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1. YUTo-TO CTPaHHOE rpsjeT

KBaHT. 3TO C/IOBO OJJHOBPEMEHHO B3bIBaeT K UyBCTBaM, COMBAET C TOJKY
Y 3aBOpa)KMBaeT. B 3aBHCHMMOCTH OT TOUKW 3PeHHs] 3TO /MO0 CBU/IETETBCTBO
OOIIIMPHBIX YCIIeXOB HayK, /W00 CHMBO/J OTrpPaHUUYEHHOCTH YeJlIoBeueCcKon
WHTYULIMM, KOTOpasi BBIHYXKJe€Ha OOpOThCSI C HEOTBPATMMOK CTPAHHOCTHIO
cybaromHoM cdepsl. [ Gpu3rka KBaHTOBasi MeXaHHWKA — OfIHA U3 TPEX BEJIUKUX
OI10p, Ha KOTOPBIX MOKOMWTCS TIOHWMaHWe TPUPOAbI (iBe Apyrue — 3To obiijas
Y CrieliyajabHasi TEOPUM OTHOCHUTENBHOCTH OWHINTeMHa). Teopyur DUHIITEWHA
MMEIOT [e/I0 C MNPUPOAOM MPOCTPAHCTBA W BPEMEHUW W CWIOW TIPUTSDKEHMSI.
KBaHTOBasi MexaHWKa 3aHUMAaeTCsi BCEM OCTaJbHbIM, U MOXXHO CKa3aTb, UTO,
Kak Obl OHa HM B3bIBajia K UyBCTBaM, COMBajsa C TOJKY WM 3aBOPa’KUBAsa,
3TO BCero Jiilb (hu3rueckasi TeOpusi, OMUCHIBAIOIAsi TO, KaK MPUPOZA BejeT
cebss B gAeucTBUTeNbHOCTU. HO Jake eciM MepuThb ee T10 3TOMY BeCbMa
rparMaTUYHOMY KPUTEPUIO, OHa riopakaeT CBOEU TOUHOCTBIO
U 00BbsICHUTeNbHOW cwioi. EcThb ofMH 3KCmieprMeHT U3 0071acT KBaHTOBOM
3JIEKTPOIMHAMUKH, CTapeuller y Jiydille BCero OCMbICIEHHOU U3 COBPEMEHHBIX
KBAaHTOBLIX Teopuil. B Hem wu3MepsieTcsi, KaK 3/€KTPOH BeleT cebsi BOMM3U
MarHuTa. OU3MKU-TeOpeTHKU MHOTO JIeT YIIOPHO paboTanu ¢ pyukoi U Oymarou,
a TIOKe C KOMITbIOTepaMH, UTOOBI MpeficKa3aTb, YTO MUMEHHO TOKaXKyT TaKue
vccnenoBaHusl. ITIpakTUKYA TIPUAYMBIBAIM W CTaBWIA SKCIIEPUMEHTBI, UTOOBI
BbIBeZIaTh 1M00O0JBIIE MoApobHOCTel y npupobel. Oba farepss He3aBUCUMO JpyT
OT /Jpyra BblJlaBaM Ppe3yJbTaTbl C TOYHOCTBIO, I10[I00HOW W3MEepeHH0
paccTosHus Mexay ManuectepoM U Hblo-MOpKOM C  MOTpeliHOCTHIO
B HECKOJbKO CaHTUMeTpOB. IIpumeuaresnbHO, 4TO 1UdpPHI, TOTyUYaBIIUeCs
y 3KCIepUMEHTATOPOB, MOJHOCTBI0 COOTBETCTBOBA/IM pe3y/bTaTaM BbIUWC/IEHUH
TeOPETHUKOB; U3MEPEHHS U BbIUMC/IEHUS TTIOTHOCTBIO COT/IaCOBBIBA/IUC.

OTO He TOMBKO BIEUAT/ISIONIE, HO U YAUBUTE/NIbHO, U, €C/TH ObI ITOCTpOeHHe
Mojlesielt ObLJI0 eMHCTBEHHOM 3a00TOM KBAHTOBOM TEeOpHH, Bbl MOITIM Obl
C TIO/THBIM TIPaBOM CIIPOCHTB, B ueM >ke BooOIie rpobnema. Hayka, pazymeeTtcs,
He o0si3aHa ObITH MOIe3HOM, HO MHOTHE TeXHOJOrHuyeckKhe W 00IleCTBeHHbIe
VW3MEHeHUs], COBEPIIMBILIKME PEBOMIOLMI0 B  HallleM JKWU3HW, BBILLIA
13 (dyHZaMeHTa/lbHbIX WCC/Ie[JOBaHWI, POBOAUMBIX COBPEMEHHbIMH YUeHbIMHU,
KOTOpbIe€ PYKOBOZCTBYIOTCS JIMIIIb Ke/ITaHWEM JIydllle TTOHSITh OKPY’KaroI[Ui MUP.
Bnaromapsi 3TvM, BbI3BaHHBIM TOJIBKO JTFOOOMBITCTBOM, OTKPBITUSIM BO BCEX
OTpaC/IsiX HayKh Mbl HMEeM YBEJIWYEHHYI0 TMPO/JO/DKUTETBHOCTh JKU3HH,
MeXXZyHapoJHble aBHariepeBO3KH, CBOOOAY OT HeoOXOJUMOCTH 3aHMMAThCS



CEeJIbCKUM XO3SIMICTBOM PaJii COOCTBEHHOTO BBDKHMBAHHS, a TaKKe ITHUPOKYIO,
BIIOXHOBJISIFOIIYF0 YW OTKPBIBAIOIIYI0 TJila3a KapTHUHY HaIlero MecTa
B OeckoHeuHOM 3Be3fHOM Mope. Ho Bce 3TO B KaKOM-TO CMbIC/e TIOOOYHBIE
pe3ysbTathl. MBI WCCIeyeM U3 JIOOOIBITCTBA, a HE IOTOMY, UTO XOTHM
NOOWTbCS  JIydlllero TIOHMMaHWs peajibHOCTH WM  pa3paborath Oosee
3¢ dheKTUBHBIE Oe3/eMyIIKH.

KBaHTOBasi Teopusi — BO3MOXXHO, HAWIyUIIMKA TPUMepP, KaK OeCKOHeuHO
CJIOYKHOE JI71s1 TIOHUMaHUsI OOJBITMHCTBA JIFo/lel CTaHOBUTCSI KpaliHe T0JIe3HBIM.
OHa cloKHa /IJIs1 TIOHUMAaHUsI, TIOCKO/IbKY OMMCHIBAeT MHP, B KOTOPOM uacTHUIla
MOXET peajibHO HaXOAWTbCI B  HECKOJBKUX MeCTax OJHOBPEMEHHO
W TiepeMelljaeTcss W3 OJHOTO MeCcTa B JpPyroe, WCCAeqyss TeM CaMbiM BCIO
Bcenennyto. OHa mosie3Ha, MOTOMY YTO TIOHMMaHWe TIOBEJEHHs MaJIeMIX
KAPDIMUYMKOB ~ MHUDO3JIaHUsI ~ YKpEIUIsieT TIOHWMaHWe BCero  OCTaJbHOTO.
OHa K/1afieT Tipeie/sT HallleMy BbICOKOMEPHIO, TIOTOMY UTO MHUP HaMHOT'O CJIOXKHee
W pasHooOpa3Hee, YeM Ka3ajioCcb. HecMOTpss Ha BCIHO 3Ty CJOXHOCTB,
MbI 0OHAPY’KHJTH, UTO BCe COCTOMT U3 MHOXKECTBA Me/TRUYAlIIINX YaCTHUL], KOTOpPbIe
JBUTAIOTCSI B COOTBETCTBUM C 3aKOHAM{ KBAaHTOBOW TeOpWH. 3aKOHBI 3TU
HACTOJIBKO TMPOCTHI, UTO MX MOKHO 3arycaTh Ha 0OpaTHOW CTOpOHEe KOHBEpTa.
A 1O, uTO 711 O0OBSICHEHUs] TIyOMHHON MPHUpO/BI Bellell He TpeOyetcs ijenast
bubnmoTeka, y)ke camo 1o cebe 0/jHa U3 BeIMUAUIIIMX TaliH MUDA.

Wtak, yeM Oosibille MbI y3HaéM 00 37€eMeHTApHOW TPUPOJie MUPO3/aHWs,
TeM TIpPOIlle OHO HaM KakeTcs. [TocTereHHO Mbl TIPUZIEM K IMOHMMAaHHWIO BCEX
3aKOHOB U TOTO, KaK 3TH MaJ/ieHbKHe KUPITUUMKUA B3aUMOJEMCTBYIOT, (hOPMUPYS
mup. Ho Kak ObI MbI HU YBJIeKa/IUCh MIPOCTOTOM, JieKalllel B 0CHOBe BcesieHHOM,
HY)KHO 00si3aTe/TbHO TIOMHUTB: XOTSI OCHOBHBIE TIpaBWIa WPl TIPOCTHI,
WX TIOC/IeACTBUSI He BCETAa JIETKO BBIUMCIWTH. Halll TOBCeJHEBHBIN OIIBIT
TO3HAaHUSI MHUpPA OIPEeJe/sieTCs] OTHOIIeHWsSMH MHOTHMX MWUIMApJO0B aTOMOB,
W TIBITaThCsl BBIBECTU TIPUHIIMIBI TTOBEJIeHUs JTFOIel, >KUBOTHBIX W pacTeHUi
W3 HIOAHCOB TIOBEJIeHUsI 3TMX aTOMOB Ob1o ObI TIpocTO Tiymo. IIpu3HaB 37O,
MbI He TIPUHIKAeM €ro Ba)KHOCTH: 3a BCEMH SIBJIEHUSIMU B WUTOT€ CKPLIBAETCS
KBaHTOBasi PU3MKa MUKPOCKOITMYECKUX YaCTHII.

[IpescTaBbTe MUP BOKPYT Hac. BbI /lep>KuTe B pyKax KHUTY, ClIe/TaHHYIO
u3 Gymaru — TepeMosoToOl JpeBecHoii Macchill. JlepeBbsl — 3TO MAILMHBI,
CriocoOHbBIe TI0/TyYaTh aTOMbI M MOJIEKY/IbI, PACIIETIATh UX U pEOPTaHU30BhIBaTh
B KOJIOHWU, COCTOSIIIIME W3 MW/UIMAP/OB OTAENbHBIX YacTed. OHM [Je/lafoT 3TO
Gmarozapst MosieKysie, W3BECTHON 10, Ha3BaHWEM XJOPOMU/UT U COCTOsIIeH
W3 CTa C JIMIITHAM aTOMOB YIJIepojia, BOZOPO/ia M KHC/IOpPO/ia, KOTOPble MMEIOT
W30THYTYI0 0C00bIM o0Opa3oM ¢GopMy U CKpeIlieHbl elje C HEeKOTOPhIM
KO/TMUeCTBOM aTOMOB MarHusi ¥ Bofiopo/ia. Takoe coeJUHeHHe YaCTHI] CIIOCOOHO



yJaBiuvBaTh cBeT, mposieteBiivid 150 000 000 kM OT Halel 3Be3/jbl — SAEPHOTO
oyara 06beMOM B MWIJIMOH TaKuX T/IaHeT, KakK 3eMJ/isi, — U TIeperpaB/isTh 3Ty
SHEePTUK0 BIyOb KJIETOK, I7le C ee TIOMOII[bI0 CO3JAl0TCSi HOBbIE MOJIEKYJIbI
Y3 [IByOKHWCH yI7IepOZia U BOJbI U BbIZIeJ/IIeTCs AAOLMKA HaM XKU3Hb KUCIOPO.

VIMeHHO STU MOJeKy/sipHble Lend (OPMUPYIOT  CyHepCTPYKTYPY,
o0ObeUHSIONIYI0 W JiepeBbsi, U Oymary B 3TONM KHWUre, U BCe >KUBOE.
BbI criocoOHBI UWTaTh KHUTY W MOHWMAaTh C/0Ba, TIOTOMY YTO Y Bac eCTh IJia3a
¥ OHU MOTYT TIpeBpalljaTb pacCessHHbIM CBeT OT CTPaHHUL] B 3JIeKTpUUeCKHe
VIMITY/IbCbl, WHTEpIpeThpyemMble MO3[OM — CaMOM CJI0)KHOM CTPYKTypOU
BceneHHol, 0 KOTOpoil Mbl BOOOIIle 3HaeM. Mbl 0OHapYyKWU/IMU, UTO BCe BeIIU
B MHpe — He b6ojiee ueM CKOTMIIIA aTOMOB, a IIMpouaiiliiee MHOrooOpasuie aTOMOB
COCTOUT BCero M3 TpexX YaCTWL — 5/IeKTPOHOB, IPOTOHOB U HEWTPOHOB.
Mbl 3HaeM TakXke, UTO CAMU TIPOTOHBI U HEUTPOHBI COCTOST U3 Oosiee MenKUX
CYLLIHOCTed, VMMeHyeMbIX KBapKaMHM, M Ha HHUX Yy)Ke BCe 3aKaHUMBaeTcs —
10 KpauHerl Mepe, Tak Mbl JymaeM ceiiyac. OCHOBaHMEM /i BCEro 3TOrO
CJTY>KUT KBAHTOBAs1 TEOPUS.

Takum o6pa3om, KapTuHy BcesieHHOW, B KOTOpOWl 0OUTaeM Mbl,
coBpeMeHHasi (PU3MKa pHUCYeT C WCK/IHOUUTETbHOW MPOCTOTOW; 3/eraHTHBIE
SIBJIeHUs1 TIDOUCXOJAT [/le-TO TaM, [[e WX HeJb3sl YyBUJETb, I[OPOXKJast
pa3Hoobpa3ve Makpomupa. Bo3MO)KHO, 3TO camMoe BbIfaroleecs: [JOCTUKeHUe
COBPEMEHHOM HAayKh — CBeJleHWe HEeBEepOSITHOU CJIOKHOCTM MUpa, BKJIHOYAs
U caMuX Jitofield, K OMUCAHUWI0 TIOBeJleHUs] TOPCTKA MeTBYaiiliuX CyOaTOMHBIX
YaCTUL] U YeThbIpex CWI, JeWCTBYIOLIUX MeXAy HUMU. Jlydlive onucaHus Tpex
U3 ueThIpeX 3TUX CUM — CWIBHOTO U CJ1aboro siZiepHBIX B3auMOENCTBUM,
CYLLIEeCTBYHOIUX  BHYTPU  arOMHOrO  sijpa, MW  3/€KTPOMarHUTHOIO
B3aMMOJIEUCTBHS, KOTOpOe CK/leMBaeT aTOMbl U MOJIEKY/bl, — IpeAoCTaB/sieT
KBaHTOBasi Teopusi. JIuIllb Cuia TSXKeCTU — camast ciabasi, Ho, BO3MO)KHO, camasi
3HaKOMass HaM CuWjla U3 BCeX — B HACTOSALUMKA MOMEHT He WMeeT
YZ,0BJIETBOPUTE/IbHOIO KBAHTOBOT'O OMUCAHUSI.

CrouT mnpu3HaTh, UYTO KBaHTOBas TeOpUsS HMeeT HEeCKOJBbKO CTPaHHYH
pernyTaLuio, U ee UMeHeM TIPUKPbIBaeTCs MHOXKEeCTBO HACTosALel axvHer. KoTbl
MOTYT OBITh OJHOBPEMEHHO >KWBBLIMU U MEPTBLIMU; UaCTULIbl HAXOASTCS B JABYX
MecTax OJHOBpeMeHHO; [eli3eHOepr yTBep)KJaeT, UTO BCe HeOMpeze/eHHO.
Bce 3TO 1eUCTBUTE/ILHO BEPHO, HO BBIBO/bI, KOTOPbIE UaCTO M3 3TOr0 C/IeAyOT —
pa3 B MHMKDOMHMpPE MPOWUCXOAUT HEUTO CTPaHHOEe, TO Mbl OKyTaHbl [bIMKOW
TyMaHa, — TOYHO HeBepHbL. JKCTPACEHCOPHOe BOCIPUSTHE, MHUCTHYECKUE
ucliesieHusi, BUOpUpYytoljue OpacsieThl, KOTOpble 3alllUIal0T OT pajualuy,
Y YepT 3HaeT 4YTO ele pery/sipHO MNPOKPAaJbIBaeTCsl B IAHTEOH BO3MOXKHOTO
1oJ, JIMYMHOU CJIOBA «KBaHT». JTy UeMNyxXy MOPOXAAIT HeyMeHHe $ICHO



MBIC/TUTh, CamMO0OMaH, TOZJIMHHOe WM TIPUTBODHOE HeJOoNOHUMaHue aubo
Kakas-To 0CO0eHHO HeyJauHasi KOMOWHAI[Msi BCETro BbIlIeriepeurcIeHHOTO.
KBaHTOBass Teopusi TOYHO OIUCHIBAeT MHUP C TIOMOILIBIO MaremaThyeCKUX
3aKOHOB, HACTOJIbKO JKe KOHKDPeTHbIX, KaK U Te, YTO UCIO0Jb30Bajvd HbIOTOH
v ['anuneli. BoT moueMy Mbl MOKeM C HEBEPOSITHOM TOUHOCTBEO pacCUMTaTh
MarHuTHoe 1oJie 371eKTpoHa. KBaHTOBas Teopus IpejjaraeT Takoe OIMCaHUe
IpYUpOABbI, KOTOpOe, KakK Mbl y3HaeM, KWMeeT OIPOMHYIO IpeJCKa3aTe/bHYI0
U OOBSICHUTENbHYHO CWIy W PACIpOCTPAHsIeTCS HAa MHOXKECTBO SIBJIeHUN —
OT KpeMHUEBbIX MUKPOCXEM [0 3Be3[.

Llenp 3TOM KHUTU — COpBaTh MOKPOBBI TAaWHCTBEHHOCTHM C KBAaHTOBOM
TeOPUU — TEOPeTUUeCKOM KOHCTPYKLIMH, B KOTOPOM ITyTar0TCs C/IMILIKOM MHOTHe,
BK/IIOUasl Jia)ke CaMHX [1epBOIPOXOJLEB B 3TOM OTpacjvd. Mbl HaMmepeHbI
WCTIO/hb30BaTh COBPEMEHHYIO TePCIeKTUBY, TMO0Jb3ysiCb HapabOTaHHBIMU 3a BeK
ypPOKaMU HerpeLyCMOTPUTE/IbHOCTA U pa3BUTUs Teopud. OfHAKO Ha CTapTe
IyTelleCTBUS Mbl IlepeHecemcsl B Hadyao XX BeKa U UCC/eyeM HeKOTOpble
1po6sieMbl, 3aCTaBUBIIME (U3UKOB PaZiIMKaJbHO OTKJIOHUTHLCS OT TOTO, UTO paHee
CYUTA/I0Ch MaruCTpasjbHbIM HallpaB/JieHUeM HayKu.

Kak uyacto ObiBaeT, TMoOsiB/ieHWe KBAaHTOBOW TeOPUM CIIPOBOL[MPOBAIU
OTKDBITHSI TIPUPOJIHBIX SIBJIEHUM, KOTOPble Hesb3si ObLIO OMucaTb HAayuHbIMU
rapajurMaMy TOTO BpeMeHW. [/ KBaHTOBOM TeOPUM TaKUX OTKPBITHM ObLIO
MHOTO, TIPDUTOM pa3Ho0Opa3HOro xapakrepa. Psj HeoOBSICHUMBIX pe3y/bTaToB
TIOPOJKJaJl aXKUOTaXK U CMSITeHWe U B UTOTe BbI3Basl [IEPUO/, IKCIIepPUMeHTaIbHbIX
Y TeOpeTMYeCKUX WHHOBALMW, KOTOPbIM [IeMCTBUTENBHO  3aC/Iy’KUBAaeT
pacxoykero oOrpefie/ieHHsi «30/10TOM Bek». VIMeHa IVIaBHBIX TepOeB HaBcerja
YKODEHWMCh B CO3HaHWU J/OO0r0 cCTydeHTa-GU3MKa U uallle JpyTrux
YIIOMHHAIOTCSI B YHUBEPCUTETCKMX Kypcax W Mo ced fAeHb: Pesepdopa, bop,
[Mnank, OuHmTelH, Ilaymu, [eizen6epr, Ilpéaunrep, [upak. Bo3MoxHO,
B uCTOpuM Oosibllle He CAYUUTCS Tepuofa, KOrJa CTONMbKO WMeH OyayT
acCOLMMPOBATLCSl C BeIMYMeM HayKW TIpU [JBWKEHWU K eJUHOU Ljenm —
CO3/1aHUI0 HOBOW TEOPUM aTOMOB U CWJI, YMPaB/SIOLUUX (PU3UUECKUM MHUDOM.
B 1924 ropy, ornsapiBasiCh Ha IIpeALLIECTBYROLME [eCATUIeTUs] KBaHTOBOM
Teopud, OpHecT Pesepdopg, ©¢H3MK HOBO3€MaHACKOTO TIPOUCXOXK/EHUS,
OTKDBIBILIMM aTOMHOe s/po, nucan: «1896 rox... o3HaMeHOBajy Hauyajo TOro,
yTo OBUIO ZIOBOJILHO TOUHO HA3BaHO IepOMUeCKUM BeKOM (H3UUYeCKoW HayKu.
Huxkorga no storo B ucrtopuu (u3ukKu He HaO/MOAANOCh TaKOro Tmepuoja
IMXOpPaZIoYHOM aKTUBHOCTH, B TeueHWe KOTOpOro OjAHU (yHAaMeHTalIbHO
3HauMMble OTKPBITUS C OellleHONW CKOPOCTbE) CMEHSLTH JIPYTHe».

Ho mnpexpe uem mnepemectutecd B Ilapmwk XIX Beka, K PpOX[EHUIO
KBAaHTOBOU TeOpHH, JjaBaliTe paCCMOTPUM CamoO CJIOBO «KBaHT». DTOT T€PMHUH



nosiBusics B ¢usvke B 1900 romy Omnaromaps paboram Makca IlnaHka.
OH mbITajICsT TeopeTUYeCKyd OIucaTh U3J/yyeHue, HCIyCKaemoe HarpeTbIMu
TeJlaMd, — TaK Ha3biBaeMoe «u3jlyueHre abCOoMITHO uepHOro Tesa». Kcrarwy,
y4eHOro HaHsia JJjisl 5TOM L|e/Id KOMIIaHWS, 3aHHMMaBIUAsiCS 3J1eKTPUYeCKUM
OCBell[eHWeM: TaK /[Bepu BcejeHHONW TIOpOM OTKpPBIBAKOTCA I10 CaMbIM
TIpO3anyeCcKUM TMpuurMHaM. ['eHranbHbIe TIpo3peHusi [11aHka Mbl 006CyAUM B 3TOM
KHUTe T103Ke, a [JI1 BBeJleHUsI JOCTaTOUHO CKa3aTh: OH BBISICHW/I, UTO CBOMCTBA
u3ayueHus: abCOMIOTHO UYEpHOrO Tejla MOXHO OOBbSCHUTH, TOJILKO €C/H
TIPeJTIONIOXKUTb, UTO CBET MCIyCKaeTcsi HeOONbIIMMU TOPLUSIMU SHEPTuHu,
KOTOpble OH M Ha3Ba/l KBaHTaMU. (CaMO 3TO (JIOBO O3HAYyaeT «I1aKeTbl»,
WU «JUCKpeTHble». V3Haua/bHO OH CUMUTA/, YTO 3TO JIMILIbL MareMaThuyeckas
ynoBkKa, HO Bbimegmas B 1905 rogy pabora Anwpbepra DiiHIITelHa
0 (orosnekTpuueckoM 3(pdeKTe ropeprKasa KBaHTOBYIO TUIoTe3y. Pe3ynbTaThbl
ObulM yOeauTebHbIMU, TIOTOMY UTO HeOOJIbIle MOPLUKA SHEePTruy MOT/IU ObITh
CMHOHVMMUYHBI YaCTULAM.

W pes Toro, 4To CBeT COCTOUT U3 IOTOKA MaJIeHbKUX ITy/IeK, UMeeT [JOITYI0
W (JIaBHYIO MCTOpUIO, HauvaBllyrocad C Vcaaka HprOTOHa W poXaeHus
coBpeMeHHOU (u3uku. OpHako B 1864 rogy moTinaHAcKund ¢u3uk JxerlmMc
Knapk MakcBesi, Ka3anoChb, OKOHYAaTe/bHO paccesyl BCe CyLeCTBOBaBIINe
COMHeHUsi B psfe paboT, KoTopble AsbbepT OuHIITeNHH MO3qHee
oxapaKTepu30Baj KakK «camble TIyOOKWe U TIJIOA0TBOPHbIE U3 BCEX, UTO 3Hasa
¢usmka co BpemeH HploToHa». MakcBenn TOKasaja, uTO CBeT —
9TO 3/IKTPOMAarHUTHas BOJIHA, PACIIPOCTPAHSIOLIAACSA B IIPOCTPAHCTBe, TaK UTO
uziest CBeTa Kak BOJTHBI MMesia 6e3yKopu3HeHHOe U, Ka3ajoCh Obl, HEOCTIOPUMOE
rpoucxoxzjernve. OQHakKo B Cepuu 3KCIIEPUMEHTOB, KOoTopble Aptyp KomriToH
¥ ero Kojulern IMposesM B YHuBepcurere BammHrroHa B Cenrt-Jlyuce,
UM yZa/ioCh OT/IeJIUTh CBETOBbIE KBAHTHI OT 31eKTPOHOB. Te u fpyrue Benu cebst
CKOpee Kak OWIbsIpHbIE IIIapbl, UTO SIBHO TIOATBEPAW/IO: TeOpeTHUecKue
rpeArnosiokeHuss IlnaHka uMend MPOYHOe OCHOBaHME B peajlbHOM MUpe.
B 1926 rogy cBeTOBble KBaHThI MOJYUW/IM Ha3BaHUe (HOTOHOB. CBUETENIbCTBO
ObUIO HEOMpOBEP)KUMBIM: CBeT BeZlieT cebs OFHOBPEMEHHO KaK BOJIHA
Y KaK yacTulja. JTO 03Hayajo KOHel| K/JacCUYeCcKoW (PU3MKU — U 3aBepllieHue
Tiepyo/ia CTaHOBJ/IEHUS] KBAHTOBOW TEOPUM.



2. B iByX MeCTax 0JHOBPeMEeHHO

OpHect Pe3epdop/ Ha3biBaa HayajoM KBAaHTOBOM peBositoiiuu 1896 rog,
TOTOMY UTO MMeHHO Toria AHpU Bekkepesib B CBOel MapyXCKou jlabopaTtopuu
OTKPbLI PaJMOaKTUBHOCTb. beKkkepesb MbITa/aCs C MOMOLbI0 COeJMHeHHs ypaHa
TIOJTyUYUTh PEHTTeHOBCKHE JIy4d, KOTOpble OyKBajsbHO 3a HECKOJIBKO MecCsIieB
710 3TOTO OTKpbIT B Bropiidypre Busbresism PeHtreH. BmecTo 3Toro okasanoch,
YTO COeJJMHEHMs ypaHa UCIycKaroT les rayons uraniquest?!, kotropele crioco6He!
3acBeunBaTh (hoTOrpaduuecKre MIaCTHUHbBI, JaKe eC/IU Te 3aBePHYThI B TOJICTbIN
csioii Oymaru, yepe3 KOTOPBIM He TIDOHUKaeT CBeT. BakHOCTH yiyueli Bekkepess
BeJIMKUM yueHbld AHpU [lyaHKkape noguepkHys B CBOe cTaTke ewje B 1897 rogy.
OH 11p0o30p/AMBO MHCaN 00 OTKPBITHH: «...y>Ke CEroHs MOXXHO CUHTaTh, YTO OHO
JlaeT JOCTYI B COBEPLUEHHO HOBBIM MHP, O CyL|eCTBOBAHUM KOTOPOIO MBI JaKe
He Tofo3peBa/i». B paguoakTWBHOM pacriafie, OOBSICHSIBIIIEM OTKDBIThIN
3¢ pexT, cambIM 3arajjouHbIM ObIIO TO, UTO JIyuH, Ka3aj0Ch, WCIYCKAKOTCS
CaMOTIPOU3BO/ILHO U Herpe/icka3dyemMo, 6e3 Kakoro-in0o BHeITHero BO3/eiCTBYSI.

B 1900 roamy Pe3epdopa nucan 06 3Tom: «Bce aTombl, chopMUpOBaBIIIMECS
B OZJHO U TO >Xe BpeMms, [O/DKHbI CYILIeCTBOBaTb B TeueHWe OIpe/e/leHHOro
uHTepBaia. OTO, OJHAKO, TPOTUBOPEUMT  HaOMHJaeMbIM  3aKOHaM
TpaHC(opMalliy, COTrJIaCHO KOTOPhIM J>KM3Hb aTOMa MOXXeT HUMeTh Jio0yro
TIPO/IOJDKUTE/ILHOCTh — OT Hy/As [0 OeckoHeuHOCTW». Takoe XaoTUuecCKoe
TOBeJleHre 3/IeMEeHTOB MUKPOMHKpA CTali0 LIOKOM, NMOTOMY YTO [0 TOrO Hayka
OblIa TIOJTHOCTBIO JIeTEPMUHUCTCKOM. Ecyii B oripesiesieHHbINT MOMEHT BbI 3Ha/IA
BCe, UTO BO3MOXXHO 3HaTh O KaKOM-/M0O TipejMeTe, TO CUWUTA0Ch, UTO BBHI
CMOXeTe C YBepPeHHOCThIO TIpeficKasaTh Oyayliiljee 3Toro mipeameta. OTmeHa
5TOr0 BHJA Mpe[CKa3aTelbHOCTA — KJ/I0UeBas uepra KBAHTOBOW TeOpHH,
VIMeIOLIeM [1e/10 C BO3SMOXKHOCTBIO, @ He C YBePEHHOCTBIO, U He TIOTOMY, UTO HaM
He XxBaTaeT abCO/IFOTHOTO 3HAHUS, HO TIOTOMY, UTO HEKOTODbie AaCIeKThI
TIPUPOJBI, TI0 CYTH, YIIPAaB/SAIOTCS 3aKOHaMU ciayuast. [1o3ToMy cerosHsi Mbl
TIOHMMaeM, UTO TMPOCTO HEBO3MOXHO TMpeJCKa3aTb, KOIZa ’ke HMeHHO
KOHKDEeTHbIM aTOM IOCTUTHeT pacnaj. PajvoakTWBHBIM pacriaj — 3TO MepBast
BCTpeYa HayKy C UIPOM MPUPOABLI B KOCTH, IO3TOMY OH MHOTO JIeT CMYILia/l YMbI
(b13UKOB.

KoHeuHO, MHOTO MHTEPeCHOr0 MPOMCXOAWIO M B CaMHUX aroMax, XOTS MX
BHYTPEHHSIs1 CTPYKTypa Obljia B TO BpeMsi COBepIlieHHO Hen3BeCTHOU. KiroueBoe
oTkpbiTe coBepiua Pesepdopa B 1911 roay. OH € TIOMOIIBIO pa/li0aKTUBHOTO
UCTOUYHMKA OomMOapupoBas TOHUYAWIIMKM 30/0TOM JIUCT TaK Ha3bIBaeMbIMU



anb(Qa-uactyuiiamMu (ceiiyac Mbl 3HaeM, UTO 3TO sifipa aTOMOB renus). Pesepdops
BMeCTe C momoIHMKamu ['aHcom [elirepom u OpHecToM MapcieHoM, K CBOEMY
HEeMajioMy yAMBIIEHUIO, 0OHAPY»KK/I, uTo nMpruMepHO ofHa u3 8000 anbha-vacTui]
He TpoJieTaeT yepe3 30JI0TOU JIUCT, KaK OXKUZAI0Ch, @ OTCKaKUBAeT TPSIMO Has3az,.
BrniocnenctBun  Pesepdops;  omuMchiBasi  3TOT MOMEHT C  XapaKTepHOU
o0pa3HoCThI: «ITO ObLIO, TIOXKa/lyl, caMoe HeBepOsiTHOe COObITHe, KOTOpOe
C/y4anoch B Moei »u3HU. OHO ObIJI0 HACTOBKO K€ HEBEPOSITHO, KaK eC/TH Obl
BbI BBICTPEJIU/IM U3 TIATHAI[ATUAIOMMOBOM IYIIKK B KYCOK Tya/IeTHON Oymarw,
a sApo OoTckouwno Obl M Topasuso Bac». Pesepdoppa Bce cudTanu
XapuU3MaTUUYHbIM W TIPSMOJIMHEMHBIM 4YeJI0OBEKOM: OJHa)KIbl OH Ha3Ball
CaMO/JOBO/TbHOTO YMHOBHUKA E€BK/IMOBOM TOYKOU: «Y HEro eCTh IOJI0JKEeHUeE,
HO HeT BeJIMYUHBI».

Pe3epdop mocuuTan, uTO ero 3KCIepuMeHTasibHble pe3y/lbTaTbl MOYKHO
OOBSICHUTh TO/NILKO TeM, 4YTO aTOM COCTOMT M3 OYeHb MaJIeHbKOro sipa
Y BpallaloIMXCcsl BOKPYr Hero mo opburam 37eKTPOHOB. B TO Bpems OH,
BO3MOXXHO, HMMe/J B BH/ly NPUMEPHO Ty K€ CXemy, IO KOTOpPOM TlJlaHeTbl
BpalllaroTcs mo opbutam BoKpyr CosHila. S1[po UMeeT MOUTH BCHO MaccCy aTtoMma,
rmoueMy U CIOCOOHO OCTaHAB/IMBATh CBOM «15-A10MMOBBLIE» ajb(a-yaCTHUIbI
M OTpaXaTrb HX. Y BOJOpPOAA, NPOCTeUIIero 3jeMeHTa, SApPO COCTOUT
13 eIMHCTBEHHOTO MPOTOHa pajuycoM okomo 1,75 x 1071 m. Ecmu BhI
He 3HaKOMbI C 3TOM 3amuchio, mepeBesem: 0,000 000 000 000 001 75 m,
W/ TIPUMEPHO 2 ThICSYeMUTMOHMU/VIMOHHBIX MeTpa.

Hacko/mbkO MbI MOXKEM CYIUTh CeWdac, OAWHOYHBIM 3JIEKTPOH TTOXOX
Ha TOrO0 CaMOZIOBOJILHOTO UYMHOBHMKAa 10 Pesepdopay, To ecTb Ha TOUKY,
Y BpalljaeTcsl 10 opOMTe BOKPYT siipa aToMa BOJOpO/ia M0 paguyCy MPHUMepPHO
B 100 000 pa3 6osibliie AriaMeTpa sipa.

Aapo wWmeeT MOMOXKUTENbHBIA S/E€KTPUYECKUM 3apsi[i, a 3JIeKTPOH —
OTpULIAaTeIbHbIA, W 3TO 3HAUWT, UTO ME)K]y HHMM €CThb CHU/a TIPUTSDKEeHWUS,
KOTOpasl aHaJIOTM4Ha CUJjle TpaBUTaLvY, YJep’KyBarolierd 3eM/It0 Ha COJTHEYHOMU
opbute. 3TO, B CBOKO Ouepe/lb, 03HaUaeT, UYTO aTOMbI — 3TO B OCHOBHOM ITyCTOe
rpocTpaHcTBO. Eciu nipeicTaBUTh cebe aTOMHOE SIIPO pa3MepoM C TeHHUCHBIN
MU, TO 3JIEKTPOH OyZieT MeHbllle TbUIMHKH, JeTsieid 3a KWIOMETP OT 3TOTro
Msua. Takve LM@pbl BecbMa YyAUB/SIIOT, TIOTOMY UTO TBepjasi MaTepusi SIBHO
He Ka)KeTCsl HaM TaKOM YK IyCTOM.

Pe3zepdop/oBCKMe aTOMHbIe sij[pa IIOCTaBUIM Tiepesl (uU3UKaMUd TOTO
BpeMeHU psifi Tipo6sieM. Haripyumep, ObIZIO XOpOILIO W3BECTHO, UTO 3/IEKTPOH
JIOJDKEeH TepsITb SHEPTHIO TPH ABWXKEHUH 110 OpOMTe BOKPYT siZipa, MIOCKO/IBKY BCe
00BEKTbI ~C  2JIEKTPUYECKWM  3apsiioM  OTAAIOT  JHEepPruio,  JIBUTrasiCh
10 WCKPUB/IEHHBIM TpPAeKTOpPUsIM. OTa WJesl JIeKUT B OCHOBe PaboThI



pa/IMorepe/laTuUMKOB: 3/IEKTPOHBI KOJIeOJIOTCSl, B pe3y/ibTaTe 4ero CO3ZarTCs
3/IEKTPOMarHuWTHbIe PafioBOMHbL. [eHpux [Iepr; u3o0pesn pajuonepeaaTunk
B 1887 romy, u ko BpeMeHU OTKphITUsS Pe3epdopaomM aTomHOro sijpa yxe
CyIIleCTBOBajla KOMMepueckasi paIiOCTaHIUs, OTIIpaB/IsBILasi COObIeHUs uepe3
Atnantrueckuii okead — u3 Mpnanauu B Kanany. Takum o6pa3om, y»ke HHUKTO
He YAUBJS/ICS TEOPUM BpAILlAIOLIUXCS IO OpOuTe 3apsifioB U U3MydeHUs
Pa/IMOBOJTH, HO 3TO CMYILIA/IO TeX, KTO TBITA/NCS OObSICHUTD, KaK e 37eKTPOHbI
OCTarTCSI Ha OpOUTe BOKPYT sifipa.

Cronb ke HeoOBSICHUMBINM (heHOMEeH TpeACTaB/sii COO0l CBeT, KOTOPLIH
VICITyCKa/i pa3orpeBaeMsble aToMbl. Eile B 1853 rogy wmiBeackui yyeHbld AHAepC
AHTCTpeM TIPOMYCTW MCKPYy uYepe3 TPYyOKy, HalO/JHEHHYIO BOJOPO/OM,
Y TIpOAHAIM3UPOBa TOAyUeHHbIH CBeT. MO)KHO ObLIO TIPeTooKUTh, UTO Ta3
OyzieT CBETUTHCS BCEMU LIBeTaMU Pa/iyTu; B KOHIle KOHIIOB, uTo Takoe CosHile,
KaKk He CBeTSIUICS ra3oBblM 1map? Bmecto 3Toro AHrcrpeM 0OHapy»Xui,
YTO BOZOPOJ, CBETUTCI TPeMs OTYeT/JMBbIMU LIBeTaMU: KPaCHbIM, CUHe-3e/IeHbIM
U ($UONeTOBLIM, ZiaBasi TPU UMCThie y3KWe AYTH, Kak y pagyru. Bckope ObLio
BBISIB/IEHO, UTO TaK BelyT ce0si BCe XMMHUUECKHe 37IeMeHThI. Y KaXKJ0ro 13 HUX
eCTb YHUKaJbHBbIM 1BeTOBOM 1uTpuxkod. K ToMy BpemenHu kak Pesepdopz
BBICTYTIWJI TIO TIOBOZY aTOMHOTO sifipa, yueHbIii ['enpux Kaiizep 3aBepiiii paboty
Ha/l 11IeCTUTOMHBIM cripaBouHUKOM 13 5000 cTpanul, o3arnaBineHHbiM Handbuch
der Spectroscopie («CnpaBOYHMK I10 CIEKTPOCKOIIMK»): OH OMNMChIBal BCe
L|BeTHbIe CBETSLUECS JIMHUU U3BECTHBIX 371eMeHTOB. Borpoc, KoHeuHo, 3auem?
1 He Tombko «3aueM, mpodeccop Kaiizep?» (HaBepHOe, 3a 00e0M Haj| €ro
dbamuiviert HepeAKo IIYTWIH), HO U «[loueMy Tak MHOIO I[BETHBIX JIUHUW?».
bonee 60 seT Hayka, TMOMy4yWBIllasi Ha3BaHWe CIIEKTPOCKONHH, Oblia
SMOUPUUECKUM TPUYM(OM U TeOpeTUUeCKUM TTPOBaJIOM.

B mapre 1912 rozma garckuii dusuk Hunbc bop, ouapoBaHHBIN TTpo6/ieMoit
CTpPOeHHUsI aToMa, OTMpaBwWicsi B MaHuectep Asisi BcTpeun C Pesepdopgom.
[Toxxe OH OTMeYas, YTO MOMBbITKKA pacliu(poBaTh BHYTPEHHee CTPOEeHUe aToMa
10 [IAHHBIM CIIeKTPOCKOTIMM OBbLTM ueM-TO CPOJHU BbIBe/IeHHI0 0a30BbIX
TIOCTY/IaTOB OMONOrMM U3 packpacku Kpbiia 6abouku. Atom Pesepdopa c ero
MoJienibl0 B iyxe ConHeuHOlM cucteMbl fan bopy Heob6XoauMyro TOCKa3sKy,
u B 1913 rogy oH yke omyO/iMKOBa/ MepBYIH0 KBAaHTOBYIO TEOPUIO CTPOEHUS
aroma. Y 3TOM TUMoTe3bl, KOHeUHO, ObUIM CBOM TIPO06/eMbl, HO OHa CojieprKaa
HECKO/IbKO BaKHEMIIMX WJeW, TIOACTerHyBLIMX pPa3BUTHE COBPEMEHHOMN
KBAaHTOBOU TeopuM. Bop 3aKk/mrOumsi, 4To 3/€KTPOHbI MOTYT 3aHUMaTh JIMILb
oripezie/ieHHbIe OPOUTHI BOKPYT siipa, a OpOMTOM C caMOM HU3KOW SHepruei
Oymer Omwkanimias. OH yTBepXKAal TakXke, UYTO 37€KTPOHBI CITIOCOOHBI
TieperpbIruBaTh ¢ opoutbl Ha opouTy. OHU TiepexoAaT Ha Gosiee OTAA/IEHHYHO



opbUTy, KOrzia ToJyyaloT HEepPrur0 (HarpuMmep, OT UCKPbI B TPyOKe), a 3aTeMm
Tpo/iIBUratoTCsi O/mke K II€HTPY, OJHOBPEMEHHO H3jyuasi cBeT. LIBeT 3Toro
V3JIyYeHUsl HerOCpPeJCTBeHHO OIlpefiesisieTCsl Pa3sHOCTbK) SHEPrUM 3/1eKTPOHa
Ha 3TUX JABYyX opbutax. Puc. 2.1 wimocTpupyeT OCHOBHYIO W7Iel0; CTpesKa
TIOKa3bIBaeT, KaK 3/IeKTPOH IeperpbirkBaeT C TPeTbero SHepreTuyeCcKoro ypoBHs
Ha BTOPOW, UCIYyCKasi CBeT (Mpe[CTaB/eHHbIM BOJHUCTOM JMHUeW). B Mopenu
bopa 3/1eKTpOH MOKeT IBUraThbCsl BOKPYT MPOTOHA (sipa aToMa BOA0pO/a) JIULLIb
110 OZIHOM M3 0COOBIX, «KBAHTOBAaHHBLIX» OPOUT; ABM>KEHME I10 CITMPaIM MPOCTO
3anpeltjeHo. Takum o6pa3oM, Mojiesib bopa 1o3Bosivia eMy BBIYUCIUTH [JTUHBI
Bo/iH (TO ecThb 1iBeTa) CBeTa, KOTOpbI Habmogancs AHICTPeMOM:
OHM COOTBETCTBOBA/IM TIPBDKKY 3JIEKTPOHA C TISITOM OpOWUTHI Ha BTOPYHO
(buoneToBebili 1BET), C UeTBePTOM OpPOWTHI Ha BTOPYIO (CUHe-3e/ieHbIN I[BET)
Y C TpeTber Ha BTOPYIO (KpacHbIM 1iBeT). Mozenb bopa K TOMy >Ke KOppPeKTHO
rpe/icKa3sblBajia  CyllleCTBOBaHHWe CBeTa, KOTOPbIM JIOJDKEH UCIYCKaTbCs
TIpU Tiepexo/ie 37eKTPOHA Ha TepByk0 OopOUTy. ITOT CBeT — yibTpaduoaeToBast
yacTb CIIeKTpa, HeBUAUMAas 4YesjioBeuecKoMy ma3y. [losTomy He Buzen ee
1 AnrctpeM. OgHako B 1906 roay ee 3adukcrpoBas rapBapAckuii ¢husuk Teoqop
JlaiimaH, ¥ 3TH [J@HHbIe 3aMeuaTe/IbHO OIKChIBA/IMCh MOZenbio bopa.



Puc. 2.1. Mogens atoma bopa, wimtocTpupyroiias UCHycKaHue (pOTOHa
(BonHUCTasi NWHUS) B pe3y/jbrare Tiepexojila 3/eKTPOHAa C OJHOW OpOUThI
Ha pyryto (0603HaUeH CTpeKoii)

Xotsi Bop He cymen pacrnpoCTpaHWTb CBOIO MOAeb Jajbliie aTroMa
BOJIOPO/Ia, BBIJBUHYTHIE W/l MOXXHO ObUIO TIPUMEHUTh W K JPYTUM aroMaM.
Haripumep, eciu npeIooKuTh, UTO y aTOMOB KaKZ0ro 37ieMeHTa Habop opOuT
YHUKaJIeH, OHU OylyT MCIyCKaTh CBETOBbIE JTYUM JIUIIbL OTpeZie/ieHHOTO 1iBeTa.
Taxkum obpa3om, 3TH 1[BeTa C/Iy>KaT CBOEro pojia «OTeuaTKaMHU IajiblieB» aToMa,
Y aCTPOHOMBI, pa3yMeeTcsi, HeMeJIeHHO BOCIO/Ib30BalliCh YHUKAJbHOCTBIO
CTeKTPaJIbHBIX JIMHUIM aTOMOB J1J1s oTipefiesieHust (pr3nueckoro cocTaBa 3Be3].

Mogens bopa - Hemsioxoe Hauaio, HO BceM Oblla siCHa ee
HEe/IOCTaTOUHOCTh: HarpuMep, T[OouYeMy 3/IeKTPOHbI He MOTYT JIBUTaThCs



10 CTMpasiv, KOIrjla W3BECTHO, UTO OHU JIOJDKHBI TEPSTh SHEPTHI0, UCITyCKast
5/IeEKTPOMarHWTHBIE BOJIHBI (Wfies, TIOJyUHMBINAS peaibHOe TIO/ATBEPIKAEeHHe
C TIosiB/IeHHeM pazivio)? Y moueMy opOUTHI 3/IeKTPOHA U3HAYa/IbHO KBAHTYHOTCS?
N kak Hacuer Oosiee TSDKeNBIX, Ye€M BOZAOPO, 37€MEHTOB: UTO /[e/iaTh
JJIsT TIOHUMaHUSI UX CTPOEHUST?

Ho Kakoil Obl HeCOBepIIeHHOW HU Ka3anach Teopusi bopa, 310 ObLI
KPUTUYECKU BA)KHBIN IIAr ¥ TIPUMEp TOTO, KaK MOpPOM yUeHBIMHU [JOCTUTAeTCs
nporpecc. HeT HHWKAKOM TPUYMHBI CK/Ia/IbIBATH OpY)KHMe T[epe], JIULOM
03a/]aUMBAIOIUX U TIOPOU CTaBSMIUX B TYNHWK (akToB. B TMOAOOHBIX Ciydasx
yueHble YacTO JIeJIaf0T TaK Ha3bIBae€MbIN aH3ay — TPUKU/IKY, WU, eCJIA YTOHO,
NPaBAOIOA0OHOEe [OMyIleHrWe, a 3aTeM TIepexXofsST K BBIUMCIEHUIO €ro
nocsieicTBUM. Eciu npeonoykeHre paboTaeT, TO €CTh MMOTyYaroIascs Teopust
COITIaCyeTCs C JKCIePUMEHTA/bHBIMUA [JaHHBIMHM, TO MOXKHO C OoJiblieit
YBEPEHHOCThIO BePHYThLCS K M3HAYA/ILHOM TUTIOTE3€ U MBITaThCs Oosiee eTaibHO
B Heli pa3oOparkcs. AH3ar bopa 13 sieT ocTaBasics yCIelHbIM, HO He [I0 KOHIa
0OBbSICHEHHBIM.

MbI BepHEMCS K UCTOPUY 3THUX PAHHUX KBAHTOBBIX H/IeH Ha TI0C/IeYOUX
CTpaHMIIaX KHUTH, HO celyac Tiepes; HAMU JIMIIb MHOXECTBO CTpPaHHBIX
pe3yJibTaTOB U BOMPOChl C HETOJHBIMM OTBETAMU — KakK U TIepe[
OCHOBOIIOJIOXKHUKaMH KBAaHTOBOW Teopwy. EC/i pe3toMHpoBaTh, TO DWHINTENH,
ciienyst 3a TI1aHKOM, TIPe/ITIONIOMKI, UTO CBET COCTOMT W3 UacCTHUI], HO MakcBesu
y’Ke TIOKa3aJl, uTo CBeT BejleT cebst Kak BoiHa. Pesepdopy 1 Bop npokazabiBamm
MyTh K TIOHUMAHHIO CTPOEHHUSI aTOMa, HO TIOBe/leHHe 3/IeKTPOHAa BHYTPU aToMa
He COIVIaCOBBIBAJIOCh HHM C OJHOW W3 W3BECTHBIX B TO BpEMSI TEOPHM.
A paszHooOpa3Hbie SIBJE€HUS, HOCAIMe o0ijee Ha3BaHWe paZMOAaKTUBHOCTH,
NpA  KOTOPOM aTOMBl CIIOHTAaHHO [IIATCS HA YaCcTH 10 HEBBIICHEHHBIM
MPUYMHAM, OCTABA/TUCh 3arajIkoid — BO MHOTOM TIOTOMY, UTO BHOCH/IA B (PU3UKY
BOJTHYIOIIMIA 3/IeMeHT ciydaiHoCTU. COMHEHWM He 0CTaBajioCh: B Cy0aTOMHOM
MUpE TPS/IET UTO-TO CTPAHHOe.

CoBepIiieHre TIepBOrO Ilara K 00IeMy, COIJIaCOBaHHOMY OTBETy Ha 3TH
BOIMPOCHI  OOJIBIIIMHCTBO  TMPUIKCHLIBAIOT ~ HeMelkoMy  (u3uky Beprepy
T'etizen6epry. To, UTO OH czieas, CTAa0 COBEPIIEHHO HOBBIM TIOAX0/IOM K TEOPHU
Matepuu U ¢usnyeckux cuwi. B utone 1925 roga T'efizenbepr omyb6avkoBas
CTaThiO, B KOTOPOW paccMaTpvBaj CTapbie J0Opble WeW W THIIOTe3bl, B TOM
yuc/ie Mozieslb aroMa bopa, HO TIof YI7IOM 3peHHs COBEPIIIEHHO HOBOTO TIOZAX0/1a
K pusrke. OH Hauas Tak: «B 3Tolt paboTe /ie/1aeTcst MOMbITKA ITOJTyUYHUTh OCHOBBI
KBAaHTOBOM TEOPEeTUYEeCKOM MeXaHWKH, KOTOpble 0a3upyOTCS WCKIFOUUTETHHO
Ha COOTHOIIEHUSIX MEXIYy TPUHIMITAAIBHO HAOJI0[aeMbIMU  Be/TMUMHAMI.
OTO BaKHBIM Imar, moroMy urto Iei3eHOepr Takum 00pa3oM TOAUepKHUBAET:



7ieXkaliasi B OCHOBe KBaHTOBOM TeOpUM MareMaThka He  o0si3aHa
COIVIaCOBBLIBATbCS C YEM-TO YK€ W3BeCTHbIM. 3a/ladeil KBAaHTOBOU TeOpUU
JIOJDKHO CTaTh HETOCPeACTBEHHOe TIpe/iCKa3aHue ToBeJieHUsT Hab/roaeMbix
00bEeKTOB — HarpuMmep, IBeTa CBETOBBLIX JIydeill, HCMyCKaeMbIX aTOMaMH
Bojilopojia. Henb3sg oXujath OT Hee CKOMb-MOO  Y/IOBIETBOPUTETBHOTO
MBICJIEHHOTO TIpe/ICTaB/ieHHdss BHYTDEHHEro MexaHW3Ma T[IOBe[ieHUs aToMa,
TIOTOMY UTO 3TO U He HY)XHO, U, MOXKeT ObITh, fake HepeasbHO. OfIHUM yziapoM
lefizeHOepr pa3Besii WA O TOM, UTO [eWCTBUS TPUPOALI HempeMeHHO
COIVIaCYHOTCSl CO 37paBbiM CMBICJIOM. JTO He 3HAUWT, UYTO TEOPUS MUKPOMMUpaA
HEe MOXXET COITIaCOBbIBAaTbCSI C HAIMM [IOBCEJHEBHBIM OMbITOM OINHUCAHUS
JBYDKEeHUsI KPYTTHBIX 0ObeKTOB — HarpyuMep, CaMoJIeTOB W/ TeHHUCHBIX MsTUeil.
Ho HyXHO OBITb TOTOBBIM OTOpDOCUTH 3a0/yK[JeHHe O TOM, UTO MeJIKUe
TpeIMeThl 0Ka3bIBalOTCS BCErO JIMIIb MaJleHbKUMU Pa3HOBUHOCTSIMU KDPYTHBbIX,
a uMeHHO Tio00HOe 3abnmykJeHrne U MOXeT BbIpabOTaThCs B XOfie
JKCTIepUMEHTaJIbHBIX Hab/r/[eHuiA.

HeT HUMKaKKWX COMHEHUH, UTO KBAaHTOBasi TEOPUSl — Belllb XUTpasi, U YK TeM
Oosiee HECOMHEHHO, UTO upe3BblYaiiHO xuTep W cam mnoaxop [eiizeHOepra.
HobGeneBckuii aypeatr CtvBeH BaiiHOepr, ofjiH W3 BeJIMUaIIMX COBPEeMEHHBIX
¢bu3MKOB, Tak nucan o crarbe ['eiizenbepra 1925 roga:

«Ecmm a1t untaresnst octaeTcsl TalHOM TO, uTo Aenan [eizeH0epr,
OH B 3TOM He OAIMHOK. fI HeCKO/JIbKO pa3 MbITa/ICs MPOUUTATh CTaThbIO,
KOTOPYI0 OH HaruWcasja Mo BO3BpallleHWu C OocTpoBa [enbrosmasj, u,
XOTS § Tojaralo, uTo pa3buparock B KBAaHTOBOM MeXaHUKe,
TakK /0 KOHI]a U He y/I0BWI 000CHOBaHUSI MaTeMaTUueCKuX JiefCTBUM
aBTOpa B 3ToM pabore. PU3NKU-TEOPETUKH B CBOUX CaMbIX YCITEITHBIX
TPy[axX uaCTO UTPAIOT OJJHY U3 ABYX poJieii: OHU MO0 Myzpelibl, 100
BO/MIIEeOHUKHU... OOBIYHO He TaK CJIOKHO TIOHSITh pabOThI (hH3MKOB-
MyZIperioB, HO PaboThl (PU3HMKOB-BOJIIIIEOHUKOB TTOPOM COBEPIIIEHHO
HEeTIOCT>KUMBL. B 3TOM cMmbicie cratbs [eiizenbepra 1925 roga —
HacTosiIee BOJIIIe0CTBOY.

dunocodust TeitzeHbepra, BrOpoueM, HHUYEro Maruueckoro coOoi
He TipeficTaB/isieT. OHa MPOCTa, U UMEHHO OHa JIeXKUT B OCHOBe TOTO TIOAX0/a,
KOTOPBIM MbI TO/Ib3yeMCsl B KHHUTe: 3a/laua OOBSICHSIIOIe MPUpPOJy Teopud —
JlefiaTh ~ KOJMUeCTBeHHbIe TIpe/iCKa3aHus, KOTOpble OyJyT COMOCTaBUMBbI
C 9KCTepuMeHTalbHbIMU pe3ylbTaTaMu. Mbl He UMeeM BO3MOKHOCTU
pa3paboTaTh Teopuro, UMEIOIIYH0 KaKoe-TO OTHOILIeHHe K HallleMy BOCIPUSITUO
MHpa B 1jefioM. K cuacThio, XoTss Mbl U OepeM Ha BoopyxeHHe (unocoduio



T'efizenbepra, Oyznem ciefoBaTh 60Jiee TIOHITHOMY TO/[X0/ly K KBAHTOBOMY MUDY,
pa3paboraHHoMy Puuapiom DelinmaHOM.

Ha moc/iefHUX HeCKOJIbKMX CTpPaHWIAX 3TOW KHUTU Mbl HEOJHOKPATHO
CJIMIIKOM BOJIBHO WCITO/Ib30BA/I CJIOBO «TEOPUs», TaK 4YTO, TIpeXAe UeM
MIPOJIO/DKUTE pa3pabaThiBaTh KBAaHTOBYIO TeOpUIO, OyleT Tose3HO MofApoOHee
B3IVIIHYTh Ha Oosiee mpocTyro. Xopollasi HayuyHasi Teopusi COAEep>XUT Habop
TIPaBWI, OMpEeAENSIONUX, UTO MOXeT U UYero He MOXeT CIyUHuThCs
B OIpeJie/IeHHOM 4YacTh Mupo3jaHusi. Teopusi [O/KHA TI03BOJISATH [le/aTh
Tipe/icKa3aHusi, KOTOpble BIIOC/IEACTBUM TPOUYT TMPOBEPKY HaO/OeHUsIMHU.
Eciu mipefckKa3zaHusi OKaXXyTCsl JIOKHBIMH, TO 3Ta TeOpUsi HeBepHa U TIOZJIeXKUT
3ameHe. Ecnu mipefckasaHusi COIVIAaCylHOTC € HaOMOeHUsMH, Teopusi
»usHecriocoOHa. Hu ofHa Teopusi He MOXET CUMTAaTbCs «UCTUHHOW», B TOM
CMBIC/Ie UTO BCer/a /J0/DKHA ObITh BO3MOXKHOCTE ee (hambCcuduiiupoBaTh, TO eCTh
JoKa3aTb ee JoxHOCTb. Kak mwmcan Ouonor Tomac [ekcim, «Hayka -
9TO YIIOPSOYEHHbIN 37paBblii CMBIC/, B KOTOPOM MHOXKECTBO TPEeKPacHbIX
Teopuii ObI0 YOUTO Ypo/iMBbIMU (hakTamu». JIrobast Teopusi, KOTOpasi He MOXKET
ObITh dhanmbcuUIIMPOBaHa, He CUUTAETCs HayuyHOMU; Oosiee TOro, MOXKHO Jaxke
CKa3aTb, UTO OHA BOOOILle He COJAep)KUT HUKAaKOW J0CTOBEPHOM HUH(OpMalLUU.
Kputepuit ¢danbCcupUIMPyeMOCTH OT/IMUYaeT HaydHble TEOPUM OT OOBIYHBIX
MHeHUM. Takoe HayyHOe TOHMMaHHe TepMHHA «TeOpHsi», KCTAaTH, OT/IMYaeTCs
oT 00uxomHOTO yroTpebsieHus, MpU KOTOPOM TOf, 3THM CJOBOM 4YacTo
TI0/Ipa3yMeBar0TCsl YMO3pUTe/bHbIe pacCykaeHus. HayuHbie TeOpUM MOTYT ObITh
YMO3DUTE/NbHBIMUA, TIOKA OHM He  CTOJAKHYIUCh C  SMIIUPUYECKUMHU
CBUZIeTeTbCTBAMU, HO YTBEP/MBIIAsCS B HayKe Teopusi BCerlia MoAKperieHa
OOJIBIIMM KOJIMUECTBOM JlOKa3aTe/bCTB. YUeHble CTapaloTcsl pa3pabarbiBaTh
TeOpuM, TpU3BaHHble OOBSICHUTL KAaK MOXKHO Oosibliie siBieHud, a (U3MKWY,
B UaCTHOCTH, TIPUXOZAST B BOCTOPT OT TEPCIeKTUBbI OMMCATh BCe, UTO BOOOIIe
MOJKeT CJIyUUTHCSI B MaTepuaibHOM MUpe, C TIOMOIIbI0 HeOO/bIIOT0 KOMUuecTBa

TIpaBUJI.
OauH U3 TIpUMEpOB XOpolllel Teopud, TPUMEHHMOW BO MHOXKeCTBe
ciyyaeB, — 3T0 Teopusi Mcaaka HbpHOTOHAa O BCEMUDHOM TSTOTEHUH,

ornyO/sMkoBaHHast 5 wuronigs 1687 roma B ero «MaremMaTHuecKUX Hauasiax
HaTypasbHOU Gunocodun». ITo Obla TIepBasi COBpeMeHHasi HayuHasi Teopusi, U,
XOTSI BIIOC/IE[CTBUN OBIZIO ZI0KA3aHO, UTO B HEKOTOPBLIX CAyuyasx OHAa HETOUHa,
B 1[eJIOM 3Ta TeOopusi OKas3ajaChb HACTOJBKO XOpOlla, UTO WCIO0JIb3yeTCs
u cerogHsa. bonee TOUHYH Teopur0 TATOTeHHsT — OOIIyH0 TeOpUIo
OTHOCHTEeBHOCTH — pa3paboTtan DuHITelH B 1915 rogy.

HbIOTOHOBO  omucaHvWe TrpaBUTALMd  MOXKHO  V/IOXKWTb B OJHO
MareMaTuyeCckoe ypaBHeHue:
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OTa (popmysa MOXKeT TOKa3aThCsl TIPOCTOM WJIW CO0XKHOM — B 3aBUCUMOCTH
OT BalllUX MaTeMaTUUeCKUX TO3HaHWW. B 3Toli KHuMre Mbl mopoid Oyrem
npuberath K MaTemaruke. TeM uuTaressiM, KOTOPbIM OHa JaeTcsi HEMpoCTo,
CoBeTyeM MPOMyCKaTh ypaBHeHUsI U He 0coOeHHO OecrioKouThCs. Mbl Bcerja
OyzeM cTaparbCsi HW3J/IOKUTh K/IOueBble Wjleu, He mpuberass K MaTemaTuke.
MNobaBumu ee B OCHOBHOM K3-3a TOTO, UTO OHA I03BOJIIeT OOBSICHUTH, TIOUEMY
BeIlM TaKOBbI, KaKWe OHU eCTh. be3 3TOro Mbl BhIT/IsSAeN Obl KAKUMU-TO TYpPYy
bu3MKY, U3BNEKAIIMMU TMyOOKMe WCTUHBI TPSMO W3 BO3[yXa, a HU OJUH
TIPUIMYHBINA aBTOP 3TOTO He XOuerT.

Ho BepHemcsi K ypaBHeHuto HreioTtoHa. IlpencraBere, uTO sI6710KO
HEHa/IeXKHO JIep)XUTCS Ha BeTKe. MBIC/IU O CuJie TIPUTSDKeHUs, KOTOpbIe JIeTHUM
JTHEM 3aCTaBW/IA KOHKDETHOe criesioe si0fioko CBanuTbCs HBIOTOHY Ha TOJIOBY,
COIVIACHO HAyyHOMY (OJIbKJIOPY, CTaJud MUCTOUHHUKOM ero Teopuu. HbrOTOH
TOBOPUJI, UTO Ha s0/I0KO ZIeMCTByeT rpaBUTAlUsl, KOTOpasi TSHET ero K 3emie,
Y 3Ta CWia B ypaBHeHUM mpefcTapieHa OykBoul F. Tak 4To B TepBylO ouepe/b
ypaBHEHUe T03BOJisieT BBICUMTAaThb CUIY, JeUCTBYIOIIYIO Ha siO/I0KO, eC/u Bbl
3HaeTe, YTO 3HAUaT CUMBOJIbI B TIPABOM YaCTU (POPMY/IbI.

BykBa r obo3HauaeT pacCTOsiHUe MeXAy ILIeHTpOM siblioka U IIeHTpOM
3emu. OHO BO3Be/IEHO B KBaJ[paT, MOTOMY uTO HbIOTOH 0OHapy»>KW/, UTO CH/a
3aBUCHT OT KBa/paTa pacCTOsiHUS MexJy obbekramu. Eciu  060HTHCH
0e3 mMareMaTWKH, TO 3TO 3HAUWT, UYTO TPU YyBEJMYEHUU PACCTOSHUS MEXAY
s0/I0KOM U 1IeHTpOM 3eMJ/Id B/IBO€ T'paBUTAllMs YMeHbIIUTCA B 4 pasza. Eciu
pacCTosiHhe YTPOWTh, CUjla TNPUTSKeHUs yrnazeT B 9 pas. U Tak ganee. @U3MKU
Ha3bIBalOT TakKoe MOBeJjeHHe 3aKOHOM 00paTHbIX KBa/paTtoB. BykBbl m; u m,

o0o03HauaroT Maccy sibsioka U mMaccy 3eMmsiu, U WX TIOsIBJieHUe CBUZETeTbCTBYeT
0 TmMoHMMaHUM HBIOTOHOM  3aKOHOMEDHOCTU: CWla TPaBUTAL[MOHHOTO
TIDUTSDKEHUST MeXAy AByMsi 0O0BbeKTaMHu 3aBHUCUT OT TIPOM3BeJeHUs] UX Macc.
Ho Bo3HMKaeT BOIIPOC: YTO Takoe Macca? DTOT BOMPOC WHTepeceH caMm 1o cebe,
Y, uTOOBI TO/MyUHTh Hanbosiee MCUEPILIBAIOIIUM OTBET, TIPUAETCS TI0[0XK/1aTh,
TOKa Mbl He 3aBe/leM pa3roBOpP O KBAHTOBOW YacTulle, W3BECTHON Kak 0030H
Xwurrca. ['pybo roBopsi, Macca — 3T0O Mepa KOJIMUYeCTBa «Marepuasaa» B UeM-TO;
3em/si MaccuBHee s10/10Ka. BripoueM, Takoe ompe/iesieHre HeJOCTaTOUHO YauHo.
K cuacTbto, HbrOTOH TipuBes U criocob u3mepeHusi MacChl 00beKTa He3aBUCHUMO



OT 3aKOHa I'PaBUTALIMH, U 3TOT CI1O0CO0 BBIBOJUTCS C TIOMOII[bI0 BTOPOTO U3 TpeX
3aKOHOB [IBWDKEHUS], CTOJIb JIFOOUMBIX KaXK[biM COBDPEMEHHBLIM CTY/IeHTOM-
bur3UKoM:

1. Kakapiii ripeqMeT mpeObiBaeT B COCTOSTHUM TMOKOSI WM PaBHOMEPHOTO
TNIPSIMOJIMHEMHOTO IBV)KEHUSsI, €C/IA Ha Hero He BO3JeUCTBYeT CUJIA.

2. Ilpegmer Maccoy m TioBepraeTcsi YCKOPEHWIO d TPy BO3[eWCTBUM
Ha Hero cuibl F. B ¢opme ypaBHeHus 3TO 3anuchiBaeTcs Kak F = ma.

3. Cusa JeliCTBYS paBHa CUJie MPOTHUBO/IEUCTBUS.

Tpu 3akoHa HbpHOTOHa — OCHOBa /i1 ONWCAHUS [BW)KEHUS TPeJMeETOB
1of, BO3AeucTBUEM CW/Ibl. [lepBbIM 3aKOH OMMCHIBAET TO, UTO MPOUCXOUT
c nipeaMeToM 6e3 BO3JeHCTBUS CHII: TipeaMeT MO0 TpeObiBaeT B MOKOe, MO0
JIBUT@ETCSd TI0 TIPSMOM JIMHUM C TIOCTOSHHOM CKOpPOCThIO. MbI TmouieM
5KBUBA/JIEHTHOE  YTBEpXKJEHWe [jI1 KBAHTOBBIX 4YaCTHL] UyThb [O3XKe
U He CJUIIKOM 3a0eXXuM BIlepe/l, eCc/id CKa)kKeM, UTO KBAHTOBbIE YaCTHIbI
HUKOI/Ia He HaXOJSTCS B MOKOe — OHM MpbITaloT MOBCIOAY, JaKe eC/lu HUKaKue
CU/bl Ha HUX He felcTBYIOT. COOCTBEHHO, CaMO TIOHSATHE CH/IbI B KBAaHTOBOM
TEeOpHH OTCYTCTBYET, II03TOMY B Hell B KOp3WHY /it Oymar oTrpaB/ieH U BTOPOM
3ak0oH HploToHa. [la-fa, WMEHHO Tak: 3akKOHbI HbIOTOHA BBIOpOIIIEHBI
B MyCOpPHOE Be/IpO, TIOTOMY UTO OKa3a/MCh JIKIL MPUOIA3UTE/IEHO BEPHBIMHU.
Onu xopoilo paboTarOT BO MHOTHX C/Iy4asiX, HO TIOJTHOCTbIO HepPHMEHHMBI,
KOTZla Iefio IOXO/IUT /10 OTNUCAHUsI KBAaHTOBbIX (PeHOMEHOB. 3aKOHbl KBAaHTOBOM
TEeOpHH 3aMeHsIOT 3akoHbl HproTOHaA, oOecrieurBasi Ooslee TOUHOE OIMMCAHUE
Mupa. Pusvka HbBIOTOHa CTaHOBUTCS TIPOM3BOJHOM KBAHTOBOTO OIMMCAHUS,
TaK UTO Ba)KHO ITOHSITBH: JIeJI0 OOCTOUT He TaK, UTO «HBLIOTOHOBCKAas MeXaHHKa
[T KPYMHBIX TIPeAMETOB, a KBAaHTOBasi — /i1 MeJIKMX», — KBAaHTOBasi TeOPUSs
NIeCTBYeT BCerya.

XoTs HacC He OUeHb-TO OyzeT HMHTepecoBaTh TPeTHM 3aKOoH HBIOTOHA,
OH 3aC/y)KHBaeT HEKOTOPbIX KOMMEHTapueB /s aro0uTesneil. TpeTwil 3akoH
coo00I11aeT, YTO CHJIbI TIOSIBJISIIOTCS TTAapaMU: €CJTH S CTOIO0 Ha 3em/ie U OKa3bIBaro
Ha Hee J/laB/ieHHWe HOTaMH, 3eMJis TIPOTUBO/IeNICTBYeT B OTBeT. TakuM oOpa3om,
JUISL «3aKPbITOM» CHUCTEMbl CyMMa CWJI paBHA HYJ/IIO, U3 4ero, B CBOK Ouepe/pb,
cefyeT, UTo OOIIMM UMITY/IbC CUCTEMbI COXpaHseTcsl. Mbl OyneM HCIT0/Ib30BaTh
MOHATHE HWMMY/IbCa Ha TPOTSDKEHWU BCeU KHUTHU. [lyis 4YacTULbl HUMMY/IbC
ompezie/isieTCss KakK TpOu3BeJieHHe MacChl YaCTHIbl Ha e€e CKOpPOCTh,
YTO 3arucChiBaeTCsi Kak p = myv. VIHTepecHO, 4TO COXpaHeHWe WMITyJibCa
JIeCTBUTE/IbHO UMeeT HeKOTOPbIM CMBIC/I B KBAHTOBOM TEOPUH, JaXKe HECMOTPS
Ha OTCYTCTBHE B HEW TIOHATUS CUJIBI.

Ho ceituac Hac nHTepecyeT BTOpOU 3akOH HbroTOHa.



F = ma o3HayaeT, UTO eC/1 Bbl NIPU/IOKUTE U3BECTHYIO CUIY K TMpeAMeTy
Y BBIUMC/IATE €r0 YCKOPeHUe, TO OTHOIIIeHHe CUJIbI K YCKOpeHUto U OyzeT Maccoi
npegMera. TyT, B CBOHO oOuepefib, TIPEAIOJaraeTcsi, UTO Mbl 3HaeM,
KaK OmNpeJesUuTb CUIY, HO 3TO He TaK Y C/I0XKHO. IIpocToii, XOTd He OueHb
TOYHBIN U He OueHb MPAKTUYHbIN CTIOCOO U3MepeHus CUJIbl, — TIOTSIHYThb TIpe/IMeT
YeM-TO CTaHJapTHBIM: [OIMYCTUM, Cpe[Hsisl ueperaxa ABWXETCS IO MPSIMOU
JIMHUW U C TIOMOIIbI0 PeMHsI TSHET 3a co0oli Kakoi-To TipeameT. Ha3oBeM ee
«UYeperiaxa CU», 3amneuaTaeM B KOpoOKy U oTIpaBUM B MexxayHapogHoe 6ropo
Mep U BecoB, Haxoggsuleecsi B ropoge CeBp, ®@paHius. [IBe TsAHyIUe uepenaxu
OyAyT MpUK/IaAbIBaTh [BOWHYIO CHTY, TPU — TPOWHYIO U Tak panee. Takum
oOpa3oM, mr00ble TOMKAlOIUMe WIA TAHYIIWe YCWIWS Mbl MOXXEM OLIeHUTb
B KOJIMUECTBe CPeJHUX YeperiaxX, KOTOpbie TPeOyoTCs /1Jist X TIPUIOXKEHMUS.

[Tonb3ysACh 3TOM CHUCTEMOM, KOTOpasi JOCTaTOYHO CMeXOTBOPHA, UTOObI ee
TIpUHSI M060i MeXXIyHapoAHbII KOMUTET Mo cTaHzapTam2, Mb1 Mokem npocTo
3aCTaBUTh yepernaxy TSAHYTb T[IpeAMeT U BBbIUKMCIUTb €ro yCKOpeHue,
YTO MO3BOJIAT y3HAaTh €ro MacCy 1o BTOpoMmy 3akoHy HerotoHa. [locse 3Toro
MO)KHO TOBTOPUTh TMpOLIecC AJjisi BTOPOrO TIpeJMeTa, BBIUMCIUTH €ro Maccy,
a 3arem o0e MaccChl MO/ICTaBUTh B ypaBHEHWe T'paBUTAI[UH, YTOObLI OMpeseuTh
CYIIECTBYIOIIYI0 MeXJy MacCaMy CUy TIpUTshkeHusi. Ho 4uToObI C TIOMOIIIBIO
KOJINUeCTBa «yepenalibuxX 35KBUBAJ€HTOB» Y3HATb CU/IY IIPUTSDKEHUS MeXIy
OBYMSI MaccaMu, HY)KHO OTKaiuOpoBaThb BCHO CHUCTEMY TI0[] CaMy CHIy
rpaBUTAlLUH, /IS uero u TpebyeTcsi HOBbIY cuMBOI — G.

G — 5TO OueHb Ba)KHOE UHMC/I0, KOTOpPOEe Ha3bIBAaeTCsl TPaBUTALIMOHHOU
MOCTOSIHHOM HBIOTOHA U C/Ty>KUT MapaMeTPOM I'PDaBUTALIMOHHOM CUbl. EC/M MbI
yaBaviBaeM G, TO Mbl y[BaBaeM W 3Ty CHWIy, TaK UTO $I0JIOKO, HarpaBsisiCh
K 3emJie, yCKOpsieTCsl B ZiBa pa3a. TakuM 0Opa3oMm, 3TO UMC/IO OMUCHIBAET OFHO
u3 (yHJaMeHTalbHbIX CBOWCTB Hamleki BcesneHHoil, u Oyib OHO WHBIM,
MbI XU Obl B coBepilleHHO [ipyroii Bcesennoii. Celiuac mosaratot, uto G
VMeeT OJHO U TO Ke 3HaueHUe BO Bcell BcesleHHOM M MMeio 3TO 3HaUeHUe BO BCe
BpeMeHa (3TO YMCJIO eCTb M B TEOPDUM TpaBUTALMM DWHILTEMHa, I7le TOXe
BLICTYIaeT B pPOJM KOHCTaHTbl). B 5TOM KHWre Mbl BCTPDETUM U Jpyrue
yHUBepcasbHble KOHCTaHThl BceseHHOW. B KBaHTOBOUM MexaHWKe HauOosiee
Ba)KHOU CuMTaeTCsl MOCTossHHAs [11aHka, Ha3BaHHAsl B UeCTh MMOHEpPa KBAHTOBOU
¢usvku Makca Ilnanka u o6o3Hauaemass OykBodi h. Ham mnoHamoburcs
Y CKOpOCTb cBeTa (C), Begb S5TO He TOJBKO CKOPOCTb, C KOTOPOW CBeT
pacrnpocCTpaHsieTCsl B BaKyyMe, HO M yHUBEPCa/bHbIM TIpefies1 CKOpoCcTU. Byau
AnnieH ofHaXKIbl CKaszan: «/IBUraThcsi ObICTPee CKOPOCTH CBeTa HEBO3MOXKHO,
7la U HeXKeJlaTesTbHO, Be/ib BCe BpeMsi OyzieT cieTaTh LIsmay.

Tpy 3akoHa HbHOTOHA U 3aKOH MPUTSHKEHUSI — 3TO BCE, UTO HY)KHO



[J/1s1 IOHUMaHUS IBVW)KEHUs1 B NIPUCYTCTBUU rpaBUTALMU. HeT HUKakux Apyrux
CKPBITBIX 3aKOHOB, KOTOpble Mbl He YIOMHWHA/IM: 3TUX YeThIpeX BIIOHE
JOCTaTOYHO, W OHU TIO3BOJISIIOT HaM, HarpuMmep, TIOHATb OpPOUTHI TIaHET
ConHeuHor cucteMbl. BmecTe 5TH 3aKOHBI Cepbe3HO OrPAaHWUYMBAKOT THIIbI
TPaeKTOPUM, M0 KOTOPbIM IpeAMeTbl MOT'YT IepeMellaTbCs 0 BO3JeHCTBUeM
npuTsDkeHust. C TOMOLLBIO OHUX TOJIBKO 3aKOHOB HBHOTOHA MOXHO [j0Ka3arhb,
YTO BCe IJIaHEeThl, KOMeThI, aCTePOU/Ibl MU MeTeophbl B Hallel COo/THeUHOU CUCTeMe
MOT'YT JIBUraThCS JIULIb 10 TPAEKTOPHSAM, U3BeCTHBIM KaK KOHUUeCKHe CeYeHUsl.
Camasi mpoctasg U3 HHUX — Ta, [0 KOTOPOU C OY€Hb XOPOIIEe TOYHOCTBIO
JABUraetrcss 3emsis B CBOeM IepeMeleHUd BOKPYr CoOJIHLIA: 3TO OKPY>KHOCTb.
Ho uaire miaHeThl M WX CIYTHUKWA [IBUTAOTCS TI0 JIIMIOTUYECKUM Oopbutam
(3/UTUIICBI — 3TO BBITSHYTbIE OKPY>KHOCTH). [IBa APYTrUX M3BECTHBIX KOHUYECKUX
ceueHuss — rapabona u runep6bosa. Ilapaboma — 3TO TpaeKTOpUs JABW>KEHUS
TMYIIeYHOTO si/ipa Mpu BeIcTpesie. [Toc/ieiHee KOHUUECKOe ceueHUe, TUurnepbona, —
5TO TpaeKTOpHs, MO KOTOPOM Celyac OT HacC yJajsieTcs II0 HarpaB/IeHUIo
K 3Be3/laM CaMblii JlajieKuii OT 3eM/IM PYKOTBOPHbBIM 00beKT B mctopuu. Korga
nycasach 3Ta KHUra, «Bosmkep-1» Haxoawics Ha PaCCTOSHUM OKOJIO
17 610 000 000 km ot 3emsu 1 ygasnsacs oT CoMHeUHOM CUCTeMbI CO CKOPOCTBIO
538 000 000 km B roz. ITO MpeKpacHeuIllee JOCT)KeHUEe WHXXEHEPHOW MbIC/IU
Ob110 3aryiieHo B 1977 roay W TIPOAO/DKAeT TOAJeP>KUBATh CBsA3b C 3eMiiel,
3anuchiBasi pe3y/ibTaTbl M3MEpPEHUM COJMHEYHOro BeTpa Ha MarHUTO(OH
Y 1repefaBasg WX Ha 3emyr0 C MOLIHOCTBIO 20 BarT. «Bosgmkep-1» u ero
nobparum «Bosipkep-2» — BIOXHOBJSIOIIME MPUMeEpPLI YeioBeueCKold MeUThl
06 uccnenoBanuu BcenenHoii. O6a kocmuueckux Kopabss mocetunu FOmurep
u CatypH, a «Bosmxkep-2» — emje u Ypan u HenryH. [lo BceneHHol oHU
repeiBUraMCcb C TOYHBIM pacueToM, WCMO/b3ysl TPaBUTALMIO [Ji Pe3KUX
YCKOPEHUU TpU TPOXOZe MeXAy IUIaHeTaMd W BbUIeTe B MeX3Be3JHOe
ripoctpaHcTBO. [Ipyu pacuere Kypca Ha 3emsie UCIOJIb30BA/IMCh TOMBKO 3aKOHBI
HbIOTOHA, KOTOPBIX OKa3aJoCh A0CTAaTOYHO, UTOOBI MPOJIOKUTH ONTHUMAaJbHbIM
MyTh MeXJy BHYTPEHHUMM W BHELIHMMU IUIaHETaMU U Jajee K 3Be3/jaM.
«Bosimkep-2» otnpaBuTcsi B cTopoHy Cupuyca, camol sIpKoi 3Be3Zibl Ha Hebe,
Y OoKaxeTcss TaM Bcero yepe3 kKakux-to 300 000 set. Bce 310 MBI Chesnany,
BCe 3TO Mbl y3Ha/nu Onarofiapsi Teopuu TsATOTeHUss HbIOTOHa U ero 3akoHam
J\BIDKEHUS.

3akoHbl HpiOTOHa oOecrieunBarOT UHTYUTUBHO TOHSATHYHO KapTUHY MHpa.
Kak Mbl yxe MOMIM 3aMeTUTh, OHU TNPUHUMAKOT (OpPMYy YpaBHEHHUU
(MareMaTUueCKHUX COOTHOLUEHUM MeXXJy U3MepUMBbIMH BeJIMUMHAMU), KOTOpbIe
TO3BOJISIFOT C [OCTAaTOYHOM TOYHOCTBIO TMpe/CKa3biBaTh, KaK IepeMellaroTCs
o0bekThl. Besi 9Ta cucteMa TipeArionaraeT, uTo OObeKThl B JIt0OOW MUT Tjje-TO



HaXOJsATCSI U CO BpeMeHeM IlaBHO (6e3 CKaukoB) TiepeMeIaloTcsi C MecTa
Ha MeCTO. DTO Ka)KeTCs HaCTO/IbKO CaMOOYEBHUIHOM UCTUHOM, UTO MOXKHO ObI ee
¥ He KOMMEHTHpPOBaTb, HO Ha CaMOM /[iejie HY)XHO TIOHSITb, UTO 3TO JIWILb
nipepaccynokK. MoKHO /i ObITh YBePeHHBIMH, UTO TIPeAMEThI /1eHiCTBUTEbHO
HaxXo[saTCsi TYyT WIM TaM W He TpeObIBalOT B /IByX pa3HbIX MeCTax
ofHOBpeMeHHO? KoHeuHO, caZioBbIM capaill HUKaK He MOXXeT HaXOAUThCS B JBYX
COBEpIIEHHO pa3HbIX MeCTaX, 3TO OYeBHWJHO — HO KakK HaCyeT 3/1eKTpOHa
B arome? He MOXeT /i OH OBbITb OJHOBPEMEHHO «37eCb» U «Tam»? [IpsMo
ceituac 1ofjo0HOe Mpe/roioyKeHue 3ByuuT 6e3yMHO, BO MHOTOM TOTOMY, UTO MbI
He MOXeM [Ipe[CTaBUThb TaKyl) KapTMHY CBOEMY MbICJIEHHOMY B30pY,
HO CO BpeMeHeM Bbl YBUJUTE, UTO TaK OHO Ha CaMOM Jiejie U eCcTb. Ha 3Toi xe
CTajuy  TIOBeCTBOBaHWs, Jieflasi  HACTOJIbKO  CTpPaHHOe  3aMeyaHue,
Mbl OrpaHUYMMCS yKa3aHMeM Ha TO, YTO 3akOHbl HBIOTOHa OCHOBaHbI
Ha WHTYMILUM, TI03TOMY, KOT[a Je0 JOXOAUT A0 (yHJaMeHTaJbHOU (DU3UKH,
OHM HAllOMUHAIOT JJOM, IOCTPOEHHBIN Ha IeckKe.

V3BeCcTeH TPOCTEWILINK 3KCIIePUMEHT, KOTOpPbIM BIIepBble IIPOBe/IU
B amepukaHckoli Bell Laboratories KnuHtoH [[3BUccoH u Jlectep [I>kepmep
U pe3ynbTathl KOTOporo Obuiu omybnukoBaHbl B 1927 rogy. OH JoOKa3biBaer,
YTO WHTYWUTHBHAs KapTWHa Mupa HbloToHa HeBepHa. XOTsi sI0/I0KH, TJIaHETbI
Y JTIOJU 1eMCTBUTE/ILHO BelyT cebsi «IM0-HbIOTOHOBCKW», TIepeMeIIiasich C MecTa
Ha MeCTO pa3MepeHHbIM U TIpeJicka3yeMbiM 00pa3oM C TeueHHeM BpeMeHH, 3TOT
SKCMepPUMEHT T0Kasas, uUTo BCce (pyHZameHTasbHble CTPOWTEbHbIe KUPIUUYMKU
MaTepuM JerCTBYIOT COBEPIIEHHO He TakK.

Pabora /[I3BuccoHa u [IxepMepa HauuHaeTcsi Tak: «VIHTeHCUBHOCTb
paccerMBaHUsl OJHOPOJHOIO IIyYyKa 3JIEKTPOHOB C peryjvpyeMod CKOPOCTBIO
TpU TPOXOXK/AEHWU Yepe3 MOHOKDHUCTA/UlT HUKessl u3MepsieTcsl Kak (yHKLUsS
HarpaBneHusi». K cuacTbio, eCcTh CMocoO OLIeHWTh OCHOBHOE COjlep)KaHue UX
BLIBOZIOB Onarofiapsi  yIIpOIIIeHHOW BepCUMM TOTO JKe JKCIepuMeHTa —
TaK Ha3blBa€MOMY [IByXILleJIeBOMY SKCIIepUMeHTy. B HeM KWCTOYHMK MCITyCKaeT
5JIEKTPOHBI B HAalpaB/eHWM MPensTCTBUS C [JBYMSI Maj€HbKUMH ILe/IIMU
(Zbipkamu). C [pyrod CTOPOHBI TIPEMATCTBUSL PACIO/IOKeH 3KpaH, KOTOPBIM
3aropaeTcsi, KOraa 0 Hero JOXOAWUT 3/1eKTPOH. KakoB MCTOUHHK 371eKTPOHOB,
He TaK Ba)HO, HO C TMPAKTUYECKOM TOUKM 3DEeHUsI MOXKHO [Ipe/iCTaBUTh
BLITSIHYTBINA BJO/b MPENATCTBUS MPOBOJ, Mof, HanpsbkeHreM 4, Mbl n306pasumm
[IByXI1leJIeBOM 3KCITIePUMEHT Ha pUC. 2.2.
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Puc. 2.2. DneKTpoHHasi MyllKa BbICTPe/JMBAeT 3/eKTPOHAMU B CTOPOHY
OBYX Imesiedt, U ecau Obl 3/1eKTPOHBI Besid CeOsi KaKk «OObIYHbIE» UaCTUIIbI,
TO MOXHO ObUIO OBl OXHJATh, UTO Ha SKpaHe TMOSBUTCS TMapa IOJIOCOK,
KaK M0Ka3aHO Ha PUCYHKe. YIUBUTEJ/IbHO, UTO 3TOTO He TIPOUCXOUT

[lpencraBbTe, KakK Ha 5KpaH HarpaB/sieTCsl Kamepa, 3aTBOP KOTOpOM
OCTaBJISIETCSI OTKPBITHIM, UYTOObI 00€CTeUnTh O/TYH0 BBIIEPXKKY [I7IsT KODOTKUX
BCIIbIIIIEK CBeTa, O/IHA 3a APYrod BO3HUKAIOLIUX MpH MOMaZlaHUM 3/IeKTPOHOB
Ha 9KpaH. OO6s3aresbHO ¢GopMUpyeTCsl HekKass CUCTeMa, UM YMeCTHO
TIOMHTEePeCcoBaThCs, YTO e 3TO 3a cucTeMa. JlomyCcTyM, 3/1eKTpOHbI — 3TO IIPOCTO
YaCTHUI[bI, KOTOPbIe BeAyT cebsi Tak e, Kak siO/I0KU WK ryiaHeThl. Torjia MOXKHO
OXH/laTh, UYTO cucTeMa Oy/ieT BbII/IsSIIeTh TMPUMEPHO Tak, KaKk Ha puc. 2.2.
HekoTopbie 371eKTPOHBI MPOUAYT CKBO3b IIie/iv, OOJBIIMHCTBY 3TO HE YAACTCS.
Te, KOTOpble TPOHUKHYT B IIleJib, HEMHOIO OTTOJIKHYTCS OT €€ KPOMKH,
YTO BBI30BET WX paccesHue, HO OosbIllasi YacTh TIPOILIEIINX 3JIEKTPOHOB,
pasymeeTcsi, TIOSIBUTCS Cpa3y 3a JBYMs Ile/sIMU — C/lefloBaTe/lbHO, 3TO U Oyzer
camasi sipKasi yacTb (potorpaduu.

JToro He mMOpoucxoguT. HampoTuB, mosy4yaeTcsi KapTHHA, TOXOXKas
Ha puc. 2.3. [losyueHHasi CTPYKTypa UMeHHO Takasi, Kak Obljia mpe/icTaBieHa



HsBucconom u [bxepmepom B cratbe 1927 roma. B 1937 romy /IsBuccoH
nonyunsi  HoGeneBCKyto TpeMHI0O 32  «3KCIIEPUMEHTA/bHOEe  OTKPBITHE
9/IEKTPOHHOM  Judpakiuid Ha KpucTaiaax». [IpeMuro OH  pa3jenun
He ¢ Ixepmepom, a ¢ [opmkem ToMCOHOM, KOTOpBIA Takke Habmoman 3Ty
CTPYKTypy, TIPOBOZSI  SKCIIepUMEHTbI B  AOepJUHCKOM  YHHUBEPCUTETE.
Yepepaytoliyecs: CBeT/ible U TeMHBIE T10/I0ChI W3BeCTHbI KaK MHTep(epeHI[MOHHAas
KapTWHa, a WHTepdepeHIUs Yallle CBs3aHa C BogHaMH. UToObI TOHATH 3TO,
JlaBariTe MbICJIEHHO TPOBE/IEM JIBYXII[e/IeBOU SKCIIEPUMEHT He C 3JIEKTPOHAMH,

d C BOJIHAMH BO/JBI.
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Puc. 2.3. B peasbHOCTM yz#apel 3/1€KTPOHOB IO 3KpaHy He CBsi3aHbI
co wmensMu. Bmecto 3TOro ¢opmupyercs CTPyKTypa M3 TOJOCOK, KOTOpas
BBICTPauBaeTCsl MOCTENeHHO, 3/IEKTPOH 32 3/IEKTPOHOM

[IpencraBbTe LIMCTEPHY C BOJOW, y KOTOPOUM HAIOJIOBUHY OMYyILeHa CTeHKa
C BbIpe3aHHBIMU B HeWl [ByMs Ie/ssMU. DKpPaH U KamMepy MOKHO 3aMeHHUThb
JIeTEKTOPOM BBICOTBI BOJIH, a MPOBO/, 110/ HAMPs)KeHWeM — UeM-TO, CO3/ar0LIUM
BOJIHbI, HarpuMep, JepeBIHHOW [JOCKOW, TIOJIO)KEHHOM B/OJb LMCTePHbI
U CHaO>)KeHHOW MOTOpPOM, KOTODBIM 3acTaB/sieT ee TIOrPy’KaTbCsi B BOAY



U BbiHbIpUBaTh. (CoO37laHHbIe TakUM 00pa3oM BOJIHBI OyAyT [ABUraThCS
M0 MOBEPXHOCTU BOAbI, MOKAa He JOCTUTHYT CTeHKW. Korja BosiHa y#apurcs
0 CTeHKY, 0o/ibIlIasi ee YacTb OTKAaTUTCS, HO /iBa HeOO/bIMX (hparMeHTa MPOHAYT
CKBO3b IIle/ii. OTU [Be 00pa3oBaBIlIMeCs BOJIHbI pacXoAsSTCsl OT  Iesei
M0 HarpaB/eHWI0 K JeTeKTOPY BbICOThbI BOJIH. 3aMeTbTe, Mbl TOBOPDUM 37€eCh
«pacxoJsTCsI», TIOTOMY UTO BOJIHBI OTXOAST OT Liesiell He 1o mipsiMout. lenu
CTaHOBSITCSl ABYMSI UICTOYHMKAMH HOBBIX BOJIH, KaXKZasi U3 KOTOPBIX PaCXOJUTCS
yBeIUUMBAIOIIMMUCS MOAYKpyraMmu. Puc. 2.4 mokasbIBaeT, UTo ke TTPOHCXO/IHT.

(B BepxHel uacTM pHUCYHKa). [IBe pacxopsiydecss Kpyramyd BOJIHbI
TiepeKphIBatOTCs U UHTephepupyoT. « CrUlLib» — 3TO Te 00/1aCTH, T/ie /[Be BOJIHEI
TOracy/Iv ApyT Apyra, ¥ BoJla 0CTaaach CIIOKOMHOU

OTOT PUCYHOK — OT/IMYHAs BU3yasibHasl [eMOHCTpPALWs TOBeNEeHUs] BOJIH
Bogbl. EcTh 006sacTy, rjje BO/HBI He BO3HMKAIOT BOBCE, W Ka)XKeTCs, UTO OHU
OTXOJAT OT IleJield, Kak CIULbl OT I[eHTpa KoJjieca, B TO BpeMsl KaK JIpyrue
o0macTy TIOKPBITHI B3/IeTaMU U TaJieHUsIMA BOJH. [lapasien co CTPYKTYpOM,
KoTopyto Habmoganu  [IaBuccoH, J[>kepmep u TOMCOH, TIOpa3uTe/bHBI.
BepHYBIIMCH K 37IeKTPOHAM, yAapsIIOIIUM B 5KpaH, Mbl BUJMM, UTO Te 00/1acTH,
r7ie oOHapy’>KMBaeTCsi Majo 37eKTPOHOB, COOTBETCTBYIOT MeCTaM B I[UCTepHe,
rJle MOBEPXHOCTb BOJIbI OCTAeTCsl CIIOKOWHOW, TO eCTb TeéM CaMbIM CIIWLIaM,
KOTOpbI€ OTXOAST OT IIieJiel Ha PUCYHKe.

[ToBOBHO ~ JIeTKO  OOBSICHUTH, TIOUEMY TaKhe CIMIbl  TOSIB/ISTIOTCS
B L[MCTepHe: [e/i0 B CMeIIeHWW U CJIUSHHAU BOJIH, PAaCIpPOCTPaHSOLIUXCS
u3 iesnei. [10CKONMBKY BOMHBI UMEIOT CBOM B3/I€ThI U MaZleHUs], TO JiB€ BOJIHBI
TPU BCTPeYEe MOTYT «CKJIaAbIBaTbCSI» WU «BbBIUUTATbCs». EC/IM BCTpeya [ByX
BOJTH TIDOMCXOAUT Ha B3/IeTe OAHOW BOJIHBI U MaZleHUU [IPYTOH, TPOUCXOAUT



B3aMMHOe TIoTallleHue, ¥ BOJIHbI B 3TOW TOUKe He OyzieT. B MHBIX cydasiX BOJIHBI
MOTYT COeJUHSATHCS APYT C JAPYrOM Ha B3/leTe — B 3TOM CJ/iyuae OHU 00pasyroT
Oosiee KpymHYIO BOJIHY. B Ka)k[oll TOUKe IIMCTEPHBI PAaCcCTOsSIHUE MEXAY Hei
Y [IByMsl 11e/ISIMA HEMHOTO Pa3HUTCS, a CJ/iefloBaTelbHO, B KAKUX-TO MeCTax [iBe
BOJIHbI OyIyT COeAUHSATLCS Ha CBOMX MHKaX, B JPyrMX ofHa OyneT Ha B3jeTe,
a [ipyrasi Ha crajie, a B OO/MBIIMHCTBe TOUEK CoefuHeHue OyneT TPOUCXOAUTH
B KaKHUX-TO COUETAHUSX MEX]y STUMU JBYMs KpalHUMU TOUKaMU. B pe3ysnbrare
TMOJIyUUTCS uepeioBaHre — UHTepdepeHIIMOHHAas KapTHHa, Wid (urypa.

[Tpu Bceli HAr/SIIHOCTU KapTUHBI TIOHSTh, UTO 3JIEKTPOHBI TOXKe 00pa3yroT
uHTep(depeHIIMOHHYI0 GUTypy — a 3TO SKCIepUMeHTanbHO HabsrofaeMblil
¢akt, — oueHb TpyAHO. CornacHo HbIOTOHY, a TakXe 37[paBOMY CMBICIY,
3/IEKTPOHbI MCMYCKAKOTCSl U3 UCTOUHMKA, HAMNpaB/SIOTCS MO MPSIMBIM JIMHUSIM
B CTOpOHY Iesieli (MOCKONMBKY Ha HUX He [eWCTBYIOT HUKAaKue CU/Ibl —
BCIIOMHHUTE TIepBbIi 3aKOH HbIOTOHA), TIPOXOAST CKBO3b MLed C HeOObIIMMU
VICKPUB/IEHUSIMU (eC/I LeMVISIIOT KPOMKY) U TIPOZ0/DKAIOT ABUTAaThCs TI0 TIPSIMOM
BIVIOTb [0 9KpaHa. Ho B Takom «cjiydae uHTepdepeHIMOHHas @urypa
He T0SBUTCS — IOJIyYMTCH Mapa IoJI0COK, KakK I0Ka3aHo Ha puc. 2.2.

MOXXHO TpeANnoNOXKUTb, UTO CYIIEeCTBYeT KaKOW-TO XHWUTPbIM MeXaHU3M,
MIOCPe/ICTBOM  KOTOPOIO 3/7eKTPOHbl OKa3blBalOT Jpyr Ha Jpyra Hekoe
BO3/IEMCTBYE, B pe3y/bTaTe Uero OTK/IOHSIIOTCS OT TIPSIMbIX JIMHUM, NP0/ yepe3
mend. Ho 5To /ierko MpOBepUTh: MOXKHO MOCTaBUTh SKCIEPUMEHT, MMOChuIas
Y3 MCTOYHMKA Ha 3KpaH BCEro OJWH 3/eKTPoH 3apa3. Ilpujercs nomoxiarb —
Y MeJlJIeHHO, HO BepHO, KOTZia 3/eKTPOHbI OAWH 3a JpyruM OyayT Bpe3aThbCsi
B 9KpaH, BbIpaboTaeTcsi cucTema TOJIOCOK. JTO KpaiiHe YAWBUTE/NbHO, TIOTOMY
YTO CTPYKTypa TMOJIOCOK BeCbMa XapaKTepHa [/s1 MHTep(epupyroimux Apyr
C [pyroM BOJIH, HO Belb Halll MCTOUYHUK WCIyCKaeT 3apa3 II0 OJHOMY
3JIEKTPOHY — TOUKY 3a TOYKOW. XOpollee yIpakKHeHWe [/ yma: TNMOMNbITaTbCs
TIpeJiCTaBUTh, KaK Takoe MOXeT ObIThb W TOYeMy uacCTHUIla 3a YacCTHUllel
dbopMUpylOT HHTep(hepeHLMOHHYI0 (QUrypy TpU BbICTpe/lie B CTOPOHY [JBYX
1lesieil B 9KpaHe. YNpa)KHeHUe TeM JIyullle, YTO OHO COBEpIIEeHHO OeCIiIofHO:
HECKOJTbKO YacOB JIOMaHUsi TOJIOBbI JIO/DKHBI YOequTh Bac, UTO TIPeJCTaBUTh
TosiBJIeHWe CTPYKTYPhl TIOJIOCOK COBEpIIIEHHO HeBO3MO)KHO. Kakumu Obl
HU OBUTM WCIyCKaemble UaCTHUIlbl, OHU TOYHO He «OOBIYHBbIE» YaCTHULIbI.
ONeKTpPOHbI CIOBHO Obl «MHTepQepupyloT camu ¢ coboii». Hama 3amaua —
CO3/1aTh TEOPHIO, KOTOPasi MOXKeT 0OBSICHUTD TIPOUCXO/SIIIee.

Y 3TOM UCTOPUM eCTh UHTEepeCHelilllee UCTOPUYeCKOoe 3aBepliieHre, KOTOpoe
TIOKa3bIBaeT, Kakue nmpobieMbl UHTE/IEKTYaTbHOTO TJlaHa CTAaBUT [IBYXIIie/IeBOM
skcriepumeHT.  ko3ed Tomcon, monyuuBmmii HobeneBckyro —TpeMuio
3a OTKpbITHe 371eKTpoHa B 1899 rofy, mokasasn, YTO 3/IeKTPOH — 3TO 4YacTULa



C onpe/ie/IeHHbIM 3/7IeKTPUUYECKUM 3apsi/IoM U OIpe/ie/IeHHOW MacCOU, MasleHbKast
rnecyrHka wmartepuud. Ero ceiH [Dxopgk Tomcon 40 sieT crycrtss MoOJIyydsl
HoGeneBcKyto mpeMHIO0 3a [l0Ka3aTe/JbCTBO TOTO, UTO 37IeKTPOH BeZieT cebs
He Tak, KaK oXujan ero otel]. TOMCOH-CTapIvii He ObT HeTpaB: y 3/7eKTPOHA
JIeACTBUTE/IBHO €eCThb YeTKO OIpeJesieHHas Macca W 371eKTPUYeCKUi 3apsf,
Y KaXKJbIM pa3, Koriaa Mbl €ero BUJWM, OH KaXKeTCsd HaM KPYIWHKOW MaTepuHU.
OnHako OH He BefleT cebd 6 mMOUHOCMU KakK KpyINWHKA MaTepuH,
yTo 00Hapyumu [[3BrccoH, >xkepmep u ToMcoH-mmaaimi. BaxkHO 3aMeTHUTB,
yTo He BeleT OH cebs W 68 moyHOocmu Kak BOJIHA, TIOTOMY UTO
vHTepdepeHlIMOHHasi (urypa He ¢GoOpMUpPYyeTCd  KaKUM-TO  TIJIaBHBIM
no0aBieHreM SHepruM; CKopee, OHa COCTOUT U3 MHOXKeCTBA MeJTbUaMliIuX TouekK.
Mgl Bcerzia MoOykeM O0OHApY>KUTb TOUE€UHbIE 3/IeKTPOHbI, KAKMMHU TTPe/[CTaB/Is UX
ToMCOH-CTapInii.

Bo3moxHO, BbI yxKe BUJUTE He0b6X0[MMOCTh TIpUOErHy Th
K TipeasiokeHHOMY [eiizeHOeprom crioco0y MeiiuieHus. To, UTO MBI
Hab/ro/1aeM, — 3TO YaCTHI[bl, TO3TOMY HY>KHO CO3/laBaTh TeOpUI0 yactuil. Haiia
Teopus [O/DKHA K TOMYy e  yMeTb [pe[CKasbiBaTb  IOSIB/IEHUE
vHTep(hepeHLIMOHHbIX  (PUryp, TIOMy4yarolluXcsl, KOrjJa 37eKTPOHbI  OJUH
3a ZIpyTyUM TIPOXOZST CKBO3b IIle/IM U Bpe3aroTcs B 3KpaH. [TogpobHOcTeli Toro,
KaK 3/IeKTPOHbI [ABWXKYTCA OT MCTOYHMKA K Ie/iIM UM 3areM K 3KpaHy,
MbI HaOJTIOIaTh He MOKEM, TI09TOMY UM Heobs13aTe/TbHO COT/IaCOBLIBAThCS C TEM,
C uyeM Mbl HMeeM [eJ0 B T[IOBCEJHEBHOM >KU3HU. W [IeUCTBUTENBHO,
0 «IyTelleCTBUM» 3/IEKTPOHA MOXKHO /layke BooOII[e He BecTH peub. Bce, uTo Ham
HY)KHO, — BBIpaOOTaTh TEOpHI0, CIOCOOHYIO TIpe/icKa3aTh, UTO 3/IEKTPOHBI
TIpU KOHTAaKTe C 3KpaHoOM 00pa3yrT (urypy, Koropasi TOay4yaeTcsi B XO/e
[IByXI1IeJIeBOTr0 3KCIIepUMeHTa. JTO MbI U CZlejlaeM B CJ/Ie[yIoLel I/1aBe.

YroObl BBl HE AyMajH, UTO 3TO TPOCTO YyBJIeKaTeIbHBIA 00pa3urk (hHU3UKH
MUKPOMUPA, KOTOPbIA UMeeT Majio OTHOLLIEHUSI K MUPY B L1€/I0M, HY>KHO CKa3aTb,
YTO KBAaHTOBAsi TEOPHS UaCTHI], KOTOPYIO Mbl pa3pabaTbiBaeM i 0OBSCHEHUS
[IByX11]eJIeBOI'O 9KCIIePHUMEHTa, OKakKeTCs CTIOCOOHOM 00BSACHUTD
U CTabWUIBbHOCTH aTOMOB, W IBET Jyueid, WCITyCKaeMbIX XUMHUYeCKUMU
3/IeMeHTaMH, U paZIMOaKTUBHBIM pacria/ji, ia, COOCTBEHHO, M BCe BeJIMKHUe TalHBbl,
BOJIHOBaBIIIME yueHbIX B Hauvajsie XX Beka. 10, UTO Hallla CACTeMa OINUChIBaeT
crioco0 TIOBeZieHUs] 3/eKTPOHOB, 3aK/IIOU€HHBIX BHYTPb MaTepHH, TO3BOJIAT
TIOHSATb U TO, Kak paboTaeT efiBa /i1 He camoe BakHOe u3obOpereHre XX Beka —
TPaH3UCTOP.

B camol mnocsienHed T7aBe 5TOM KHWTA Mbl YBUAUM [1OpPa3UTe/bHOE
TpUMeHeHWe KBAaHTOBOM  TEOpWUM, JIEeMOHCTDUDYIOIlee CUIy  Hay4yHOU
aprymeHTaruu. Camble HeoObIUHbIE TMpeZiCKa3aHWsl KBAaHTOBOW TeOPUM OOBIYHO



TIPOSIB/ISIFOTCS B TIOBEZIEeHUU MasibiX 00beKTOB. Ho TocKonbKy Gosibiiivie 00beKTh
COCTOSIT W3 MaJlblX, MPHU ONpe/e/IeHHbIX 00CTOSTe/NIbCTBaX KBaHTOBas (hr3MKa
TpeOyeTcsi s OObSICHEHHsI CBOMCTB OJIHUX M3 CaMbIX KDYMHBIX OOBEKTOB
BO BcenenHoii — 3Be3n. Hamie CosHije BefleT MOCTOsSIHHYIO OopbOy C cumoi
TIDUTSDKeHUsI. DTOT Tra30BbIM 11ap, B TPM MUJUIMOHA pa3 0osiee MaCCUBHBIN,
yeM Hallla TulaHeTa, o0/ajlaeT CWION MPUTSHKEHUS MOuTH B 28 pa3 Oosbiile,
yeM 3emJsis, UTO CTaBUT €ro MoJ IOCTOSIHHYI Yrpo3y KoJsiiarnca. CuTyanus
Tipe0TBpalLl{aeTCs HarpaB/JIeHHbIM BOBHE JlaB/IeHHeM, KOTOpOe CO3/Jal0T peakLun
SIEPHOTO CHMHTE3a B CaMOM COJIHEYHOM szipe, rae exxecekyHaHo 600 000 000 T
BOJIOpO/ia TIpeBpalljatoTcsi B renuil. Ho Kak Obl HU Obla BesMKa Hallla 3Be3[a,
CTOJIb MHTEHCHBHOE CKUraHWe TOIUIMBA [O/DKHO WMETb CBOM TMOC/eCTBUS,
Y B OIUH MpeKpacHbIM JeHb UCTOYHMK ToruivBa Ha Co/HLe MpeKpaTuT CBOe
cyllecTBOBaHWe. [laBrieHue, HarpaB/eHHOe BOBHE, MPEKPATUTCS, U >Kele3HOU
XBaTKe TPaBUTALUU Heuero OyJeT TIPOTUBOIIOCTaBUTh. U TOr/a, KaXkeTcsi, HUUTO
BO BcesileHHOU He CMOXKeT TIpeloTBPaTUTh KaTacTpogy.

Ha camoM >ke Jiejie B UTPY BCTYMUT KBaHTOBasi (pU3MKa U PeIIUT rnpobiemy.
3Be3gaM TMpUAYT Ha T[IOMOLIb KBAaHTOBble 3((eKTbl: OHM CTAHYyT TakK
Ha3bIBaeMbIMU OesibiIMUA Kap/MKaMU — TakoB U OyzeT ¢uHan Harero CosHIIA.
B KOHLe 3TOM KHWTM Mbl TPUMEHHMM [IOHMMaHWe KBAaHTOBOW MeXaHHUKHU
JJisl pacueTa MaKCHMMasnbHOM Macchl 3Be3/bl — 0enioro kapiuka. BriepBeie ee
paccuutan B 1930 roxy uHpuiickuii actpodusuk CybpamanbsH YaHzpacekap,
YW BBIICHWIOCh, YTO 3Ta Macca cocrasisier npumMepHo 1,4 maccel CosHia.
Kak HU yauBHUTENIBHO, 3TO UMC/I0 MOXKHO TOJIyYUTh, 3Has JIMILIb MacCy MPOTOHA
Y 3HAUEeHUsl TpeX y)Ke M3BeCTHbIX HaM KOHCTAHT MPUPOAbI — IPaBUTALIMOHHOW
NOCTOSIHHOM HBIOTOHA, CKOPOCTH CBeTa ¥ NOCTOsSHHOM [1naHKa.

Pa3BuTre camoil KBaHTOBOM TEOPUU U M3MEpEeHUe 3THX UeTbIpexX BeJINUVH,
pa3yMeeTcsi, HUKaK He 3aBUCUT OT HabmogeHu 3a 3Be3gamMu. MOXKHO
Tipe/iCTaBUThL cebe 1UBUIM3aIMIO aropadoboB, XUBYIIUX B IMTyOOKUX Teljepax
10/l TOBEPXHOCThIO CBOeM MyiaHeTbl. OHM He UMEIOT HUKAKOro Ipe/CTaBIeHUs
o Hebe, HO MOTYT pa3paboTaTh KBaHTOBYIO Teoputo. [IpocTo fisisi COGCTBEHHOTO
YIOBOJIbCTBUSI B OJWH MPEKPaCHbIM JeHb OHU MOTYT PpeLIWTb BbIUHC/IUTH
MaKCUMaJ/bHY MacCy TMraHTCKOrO ra3oBoro mapa. [IpescraBeTre, Kak OfAHaX/bI
OTBaXKHBIN MCC/IelOBaTe/b pelllaeT B TePBbI pa3 BbIOPAThCS Ha MOBEPXHOCTh
U B BOCTOpre CMOTPUT Ha Hebo, T0/IHOe OTHel; TajakKTUKA W3 COTeH
MWIIMAPA0OB 3Be3[, TIPOTSHYBLIMXCS OT TOPU30HTA [0 TOPU30HTa. OTOT
ucciefioBaTe/ib 00HAPYKUT, Kak 0OHapy>XU/IM MbI C Halllero HabJroaTe/IbHOTO
TyHKTa Ha 3emsie, YTO CpPeJd MHOXKeCTBa 3aTyXaroLMX OCTAHKOB YMHUPAIOLLUX
3Be3/] HEeT HU OJJHOM, Ubsi Macca mpeBbiiiasa 0wl npesen YaHgpacekapa.



3. UTo Takoe yacTuia?

[luoHepoM Halllero TOAXoZa K KBAaHTOBOW Teopud cuuTaeTrcss Puuapp
@eiinmaH, maypeaT HoOesieBckoM mpeMuu U HBIO-MOPKCKUM 6GapabaHIIVK,
KOTOporo ero Jpyr u coaBrop ®pumeH [laiicoH oxapakTepu3oBasl
KaK «HaroJIOBUHY T'€HWM, HAIlOJIOBUHY IyT». BriocyieactBuu J{alicoH W3MeHMT
cBoe MHeHue: Gosiee TouHO ObuIO ObI Ha3BaTh PellHMaHa «IOMHBIM TeHUEM
Y TIOJIHBIM IIIyTOM». MbI OyZieM TIpU/Iep>KUBaThCsl B KHUTe UMEHHO ero To/xo/a,
TIOTOMY UTO, BO-TIEPBBIX, 3TO BeCe/I0, a BO-BTOPBIX, 3TO €/jBa JIM He MPOCTeNInii
crioco0 MOHSTH Hallly KBaHTOBYIO BceseHHyto.

[ToMrMO aBTOpPCTBa caMOM TIPOCTOM (hOPMY/TMPOBKH KBAaHTOBOM MeXaHUKH,
Puuapy ®eiliimMaH ObLT TakKe MpPeKpPacHbIM TelaroroM, CrioCOOHBIM TepeHeCcTy
cBoe T1yOOKoe TIOHMMaHWe (U3MKKM Ha CTPAHULIBI WIA B JIEKIIMOHHYIO
ayIUTOPUI0 C HEeCPaBHEHHOM $ICHOCThI0O M MUHHMMYMOM CyeThl. Ero crumb
W3/I0)KeHUsI COBEPIIIeHHO He TOXOAWI Ha CTWIb TeX, KTO XoTen Obl c/enaTh
¢u3MKy CIoKHee, ueM OHa Jo/bKHa ObiTb. M Bce ke B camMoM Hayaje CBoel
K/ITaCCUUeCKOM CepuM BY30BCKUX YyueOHUKOB «®PeliHMaHOBCKUe JIeKI[UU
mo ¢Qusmke» OH TMOCYUTAN BaXKHBIM Cpa3y >Ke UYeCcTHO TIpeAyIpeuTh,
YTO KBAHTOBasi TeOpUsi TIPOTUBOPEUUT ueioBeueckor HUHTyuluu. PeliHMaH
nicai, 4To cybaTOMHble YacTHUIbl «He BeAyT cebsi Kak BOJIHBI, KaK YaCTHUIIb,
Kak OWIbsIp/IHBIE I1aphl, KaK MPY)KUHHbIE BEChl, KaK TO, UYTO Bbl MOT/IA BUZETHY.
YTo K, MOMbITaeMCsi TOCTPOUTb MO/Ie/Tb TOTO, KaK OHU BCe-TaKu ceOst BeayT.

[jis Hauana TIPeAroNoKUM, UTO /IeMeHTapHbIe CTPOUTe/IbHbIe KUPITUUUKU
MIPUPOJbI — 3TO YACTUIbl. JTO TOATBEPXKJAETCS He TOMbKO JIBYXIIe/IeBbIM
9KCTIEPUMEHTOM, B KOTODOM 3/IeKTPOHBI BcCerjla MpUOBIBalOT B KOHKDETHBIE
MecCTa 3KpaHa, HO U MHOXKeCTBOM JIDyTMX HWCCe/joBaHUi. W melicTBUTENBHO,
«(y3MKa YacTull» He 3ps TaK Ha3biBaeTcs. Hy)>kKHO pelivTh Cieyroliuii BOpoc:
Kak TiepeMelaroTcst yacTulibl? KoHeuHo, mpoiile BCero Mpe/oaoXKuTb, YTO OHU
JBUTAIOTCS TI0 WJeasbHO TPSMBIM JIMHUSIM WM K€ 10 KPUBBIM, eC/Id Ha HUX
JeMCTBYIOT CW/bl COIVIacHO 3akoHaM HbtoToHa. OfHAKO 3TO He MOXKET ObITh
BepPHbIM, TIOTOMy uTO JitoOoe 0OBsICHEHWe [IBYXIIeJIeBOTO JKCTepUMeHTa
TIpeAriosaraeT, YTo 3IeKTPOHbI «UHTephepUpyrT [APYyr C APYTrOM», TIPOXOs
yepe3 L€/, a Ji/Isl STOr0 OHU JI0JDKHBI KaKUM-TO 00pa3oM paccenBaThbCs. MTak,
nipo6siemMa — Co3/1aTh TaKy TEOPHIO0 TOUEUHBIX YaCTHIL], UTOOBI 3TH YaCTHIIbI ellle
U paccerBanmuch. Ho 3ajjaua He Tak HepeasibHa, KaK Ka)keTCs: 3TO MOXKHO
c/lefiath, eC/id «I03BOJIUTh» KaXK/I0M 4YacTUlle HAXOAUTbCS OOHOBPEMEHHO
8 HecKonbKux Mecmax. KOHEUHO, 3TO ONSIThb-TaKU KaXKeTCsl HEeBO3MOXKHBIM,



HO TIpeATIo/IO)KeHHWe O TOM, YTO YaCTULja MOXKET HaXOAUTbCS B HeCKOIbKHX
MecCTax OJHOBPEMeHHO, I10 KparHel Mepe, [OBOJIbHO SCHOe, /la)Ke eC/IU 3ByUUT
BecbMa rayrno. C 3TOoro mMoMeHTa Mbl Oy/leM Ha3biBaTb TaKWe UacCTUIIbl —
MpOTUBOpeYalljieé UWHTYULUH, pacCessHHble, HO TMPU S5TOM TOUeYHble —
K8AHMOBbIMU.

Bbicka3aB MpeAmnosioKeHUWe, UTO «uyaCTHLa MOXKET OJHOBPEMEHHO
HaxoAuThCsi Oosiee yeM B OIHOM MeCTe», Mbl OTPhIBAa€MCsl OT TOBCEIHEBHOTO
onbiTa W BCTyllaeM Ha Heu3BeJaHHYH TeppuTtoputo. OAHO W3 IVIaBHBIX
MPEeNsITCTBUM /ISl Pa3BUTHUSI TIOHMMaHUsI KBAaHTOBOM (U3MKU — CMSTEHUE,
TOpOXKJaeMoe TaKuM CriocoboM MbiiieHus. UToObl ero u3bekaTb, HYXXHO
cienoBaTh 3a [eii3eHOeProM UM YUUTbCS CIIOKOWHO MUPHUTBHCS C B3IVIsiJAaMU
Ha MUD, UAYIIUMU Bpa3pe3 C XXUTeHCKUM OmbIToM. «Heyno00CcTBO» TeOpHH 4acTo
OlIMOOUHO TPUHUMAETCS 3a CMSTEeHWe, U HepelKOo U3ydarollire KBAaHTOBYIO
GU3UKY TMpOJO/DKAIOT TIBITAaTbCA TIOHSITH TIPOMCXOAdIllee C TOYKW 3peHust
MOBCeHeBHOr0 orbiTa. HO K CMAATEHUIO BeleT COINPOTHUB/IEHUE HOBBIM UJEsIM,
a He BHYTPEeHHSIS CJIOKHOCTb CaMUX UZiel, IOTOMY UTO peaslbHbIi MUD MONPOCTY
YCTPOEeH He Tak, KakK I10fiCKa3blBaeéT HaM IIOBCEeJHEBHbIM OMbIT. VI mosTomy
HY)KHO TOJAXOAWUTh K Jlely C HernpenyOexJeHHbIM yMOM W He CMYLaThCs
KaKylllelCsl CTPaHHOCTBI0. JTO noHuMall Aaxe Illekcrivp — ero ['amsier roBopur:
«Kak K uyznecam, Bbl K HUIM U OTHecuTeCh. ['oparjuii, MHOTO B MUpe eCTb TOTO,
uTO Ballel Gunocodun He CHUMOCH» 2,

Xopormwmii crocob® HayaTh — TIIATeNbHO TOPAa3MbICIUTL HaZl Bepcuei
[IByXI1leJIeBOrO SKCIIepUMeHTa /i1 BOIH BoZAbl. Hallia 11e/1b — BBIACHUTB, UTO Xe
B BOJIHAX BbI3bIBaeT MOsiBJieHWe WHTep(hepeHMOHHONW (Urypbl. Mbl [JO/DKHBI
y0OeIuThLCSsl, UTO Teopysi KBAHTOBBIX YAaCTHI] BK/IFOYAeT TaKoe )Ke TIOBefieHre U MBI
CMOXKeM TIOTIbITaTbCSI OOBSICHUTD [IBYXITIe/IeBOUM SKCIIEPUMEHT U [I7Is 37IeKTPOHOB.

BonHbl, mpoxojsiiye uepe3 [JBe Iejid, MOTYT WHTep(epupoBaTh JpyTr
C JIpyroM Ti0 AByM MpuuvHaM. [lepBasi: BoJiHA TPOXOJUT uepe3 obe wjenu
OOHOBpEMEHHO, CO3[aBasi [iIBe HOBble BOJIHbI, KOTOpble OTKJ/IOHSIFOTCS
U cMelmBaroTcsi. OueBHIHO, UTO BOJHA MOKeT ceOsi Tak BeCTH. Y Hac Her
HU Masiedmmx TrpobseM ¢ Tem, uTOObI TpeACTaBUTh cebe OAHY AJTUHHYIO
OKeaHCKYI0 BOJIHY, KOTOpasi HakaTbiBaeT Ha Oeper u pa30uBaeTcsi O IUISDK.
OTO CTeHa BOJbl — PacIpocTepTasi, He cTosillasi Ha MecTe. TakuM ob6pa3oM, Hazlo
TIOHSITh, KaK C/le/laTb TaKOM »Ke «paclpoCTepTOM, He CTOslleld Ha MeCTe» Hally
yactuly. Bropasi npyuriHa B TOM, UTO /IBe HOBbIE BOJIHBI, OTXO/SLLKE OT IIieJiei,
MOTYT TIpU CMeIIMBaHUU MO0 [00aBAsSTHCS [Py K Apyry, Jub0 ociabiasTh
JeficTBUe [pyr [Apyra. OTa CIOCOOHOCTh [BYX BOJH WHTepQepupoBarh,
OYeBU/IHO, U OyJieT K/IHoueBou Jjist 00bsiCHeHUs TOsIB/IeHUs UHTep(epeHI[MOHHOM
¢burypel. KpaitHuii ciayuali — COBMaZieHMe MaKCMMyMa OJJHOM BOJIHBI



C MUHHUMYMOM JIpyroii. B 3TOM c/lyyae OHM TIO/IHOCTBIO MOTacsT APYr Apyra.
[ToaTOMy MBI CTa/JIKMBaeMCsi C HEOOXOJMMOCTBIO 3aCTaBUTh Hallly KBAHTOBYO
YacTUIy KaKuM-TO 06pa3om nHTepdepHpoBaTh caMy C COOOM.

[IByxiriesieBOid  9KCTIEPUMEHT  CBsA3bIBAeT  TOBeJIeHHe  3IeKTPOHOB
C TIOBe/IeHHeM BOJIH, TI03TOMY JiaBaiiTe TTIOCMOTPUM, HACKOJIBKO Ia/ieK0 MOKET
3aliTu 370 cooTBeTcTBUe. [TocMoTpum Ha puc. 3.1, cHayasa TIPOMTHOPUPOBAB
JTMHUM, coefinHSsIOIHe TOUKU A ¢ E u B ¢ F, 1 cocpeioTOUMMCS Ha BOJTHAX.

BonHa B HayanbHbi  BonHa BonHa npu cTonkKHOBEHUU
MOMEHT BPEMEHW YyTb NO3xe C 3KpaHOM
F
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Puc. 3.1. Kak BoJyiHa, OMNWCHIBAIOLAs TMOBeJEHUe 3/IeKTPOHA, [ABWKEeTCs
OT WCTOYHMKA K 3JKpaHy U Kak ee HY)XHO HHTepIpeTUpoBaTb B KauecTBe
TIpe/iCTaB/eHUsl BCeX BapUAHTOB TPAaeKTOpUM 3yiekTpoHa. Ilytu ot A 1o C u E
1 oT B 1o D u F uitoCTPUPYIOT BCETO JIUIIIb ZiBe U3 OeCKOHEeUHOTO0 MHOXeCTBa
TPaeKTOPUM, M0 KOTOPBIM MOXKeT [JBUTaTbCsl OAUHOYHBIN 3JIEKTPOH

Hamr prcyHOK MOXeT OMUChIBaThb LIMCTEPHY C BOAOW. Torma BOTHUCTBIE
JIMHUY TIPeJICTaBJISIOT — C/IeBa HalpaBo — TO, KaK BOJASHAs BOJIHA KaTUTCS yepes
uctepHy. [Jomyctum, Mbl cdoTorpadrpoBaiy LMCTepHY Cpa3y Iocje Toro,
Kak JlepeBsiHHasl /I0CKa CJieBa yzlapuia 1o Boje, BbI3BaB BoHY. Ha ¢otorpaduu
OyzeT BuAHa HOBOOOpa3oBaHHas BOJHA, IIPOCTUpAOLIAsCS CBEpPXy BHHUS3.
Bcs octanbHas BoJja B LIUCTEPHE O0CTaeTCsl CMOoKoMHOoW. Ha BTropoit dotorpaduu,
CIleJIaHHOW 4YyThb MO3Ke, BHUJHO, KaK BOZSHas BOJIHA [BUIaeTCs K LessiM,
ocTaB/sisi 3a co00M poBHYIO MOBEPXHOCTh. Ellje mo3ke Bo/HAa MPOXOAUT yepe3
napy Iiejed W Co3JaeT I0JIOCaTyl0 HWHTep(epeHLMOHHYH (UIypy, KOTOPYIO
W/UTFOCTPUPYIOT BOJIHUCThIE JIMHUU B [IPaBOM YIUTY.

A ceiiuac [aBaiiTe TiepeunTaeM TMocCAeqHUNA ab3al, TO/JBKO BMECTO
«BO/ISTHOM BOJIHBI» TO/ICTaBUM «37IEKTPOHHYIO BOJIHY», UTO ObI 3TO HU 3HAYUJIO.



OneKTpOHHasl BOJIHA, €C/Id ee WHTepIIPeTUpPOBaTh JO/DKHBIM 00pa3oM, MOXeT
OOBSICHUTh Ty TIOJI0CATYH0 (UTYPY, KOTOPYH) Mbl XOTHUM TIOHSITb, IOTOMY UTO
B JKCIlepUMeHTe OHa BeJleT cebsi Tak ke, Kak BojiHAa Bofbl. Ho ocranock
OOBbSICHUTB, TIOUEMY >Ke 3/IeKTPOHHasi (urypa TOny4yaeTcss W3 TOYeK, KOrza
5/IEKTPOHbI TIOMAZAl0T Ha 5KpaH OAWH 3a ApyruM. Ha mepBbiid B3Ms[,
3TO MPOTUBOPEUUT UJee I71aIKOM BOHBI, HO Ha CaMOM /Jiefie 3TO He Tak. Hy>KHO
JorafiaTbCsi, UTO MbI MOXeM TpeJJoXKUTb Ccjefytoilee 0ObsiCHEHUe:
5JIEKTDOHHYIO ~ BOJIHY C/le[lyeT HWHTepHpeTHpPOBaTb He KakK peasibHOe
MaTepua/ibHOe BO3MYIlleHHe (KaK B C/lyuae C BOJTHOM BO/IbI), @ KaK HEKUM Criocob
MHGOPMUPOBaHUSI HAC O TOM, T7e, BePOSITHO, 3/eKTPOH OyneT oOHapy»keH.
3aMeTbTe, Mbl TOBODUM «3/IEKTPOH», @ He «3/IeKTPOHbI», TIOTOMY UYTO BOJIHA
JIOJDKHA OIUCaTh TIOBeJieHWe OAWHOYHOTO 3/IeKTPOHAa — TakKuM 00pa3oM MbI
TOJlyYUM  BO3MOXKHOCTb OOBSICHWUTH, OTKyAa ke OepyTcsi ST TOUKHU.
OTO 3/MeKTPOHHAs BOJHA, a He BOJIHA /IEKTPOHOB, U TYT Hesb3sl OMIMOaThCH.
Ecmu Mbl mpeActaBuM cebe CHUMOK BOJHBI B KAaKOW-TO MOMEHT BpeMeHH,
TO BO3HUKHET MbIC/Ib WHTEPIPeTUPOBaTh €ro CleAyriuM o0pa3oM: Tam,
rIe BoJiHA HauOosblllas, CyIIlecTByeT Haubosblliasi BepOSTHOCTh HaWTH
3JIEKTPOH, a TaM, [Jle BOJIHA MeHbllle BCero, BEePOSTHOCTb BCTPETUTh Halll
5/IEKTPOH HauMeHbllasi. Korma BojiHa  HakoHel] JOCTUraeT — JKpaHa,
TaM TIOSIB/IIETCS ~ MaJsieHbKasi TOuKa, KOTopas M Coo0ljaeT o0 ero
MeCTOHaxoXKJeHuu. EAuHCTBeHHasi 3aZiaya 3/7€KTPOHHOM BOJHbI — [1aTh HaM
BO3MO)XHOCTb ~ BBIYMC/IUTH IIAHCBI Ha TO, UTO 3/7€KTPOH [OMafeT
B OMNpeJe/ieHHYHD  TOYKy 9KpaHa. FEciu ke He  0eCrioKouThCs,
yeM B JIeMCTBUTE/NILHOCTU «SBJSIETCS» S/€KTPOHHAs BOJHA, TO BCe Cpasy
CTaHOBUTCS SICHBIM, TIOTOMY YTO KakK TOJIbKO Mbl PacCUMTaeM BOJIHY, TO Cpa3sy
CMOXEM CKa3aTb, [Jle, CKOpee BCero, pacrosjiaraercsi 3eKkTpoH. Camoe
VHTepeCcHOe HauMHaeTCsl M03)Ke, KOrJja Mbl MbITaeMCSl TIOHSATb, KaK CBSI3aHO Hallle
TIpe/ITIOJIOKEeHHEe TI0 TIOBOAY 3JIEKTPOHHOW BOJIHBI C MyTelleCTBUEM 31eKTPOHA
OT 11]eJI1 K 9KPaHy.

Ho mpexje yeM Mbl TPUCTYNUM, TMOe3HO OyzeT elle pa3 TepeuuTarb
TipeJbIayluii ab3al], MOTOMY UTO OH OueHb BakeH. TO, UTO B HEM M3/iaraeTcs,
COBEpIIEHHO He OUeBUJHO U YK TOUHO He COOTBETCTBYeT WHTYHULIWHU.
Y mipemosnioxkeHust 00 «3/IeKTPOHHOM BOJIHE» eCTh BCe HeoOXOZMMble CBOMCTRA,
yToObl ~ OOBSACHUTL  TOsIBIeHWe  HabarofaeMoll  TpPU  3KCIepUMeHTe
VMHTep(EepeHLIMOHHOM (QUrypbl, HO B LeJIOM 3TO TUIIMYHAas [lOTaJKa O TOM,
KaKk 3TO MOXXeT TPOUCXOAUTb Ha camoM Jene. Kak xopoive (QU3KKH,
MbI JIO/DKHBI PaCCMOTPETh TIOC/IE[CTBUSI U BBISICHUTb, HACKOJBKO 3Ta [0rajKa
COI/IaCyeTcsi C MPUPOJOH.

BepHemcs K puc. 3.1. Mbl IpeAnooKuan, YTo B KaXK/ibli MOMEHT BpeMeHU



5JIEKTPOH OMMCHIBAETCS BOJTHOM — TAaKOW ’Ke, KaK BOJsHas. B repBbli MOMEHT
3JIeKTPOHHAs BOJIHA HAXOAUTCS C/ieBa OT Lije/iel. TO 3HaUWT, YTO Halll 3/IeKTPOH
B KAaKOM-TO CMBbIC/Ie T[e-TO BHYTpPU BOJIHbL. [lo3gHee Bo/sHa mpopBuUraercs
K LleJIsIM, TaK JKe KaK BOJsiHas1, ¥ 3JIeKTPOH OKa3bIBaeTCs Ile-TO B COCTaBe HOBOU
BOJIHBL. MBI TOBOPUM, UTO 37IEKTPOH «MOKeT ObITh CHauasa B A, a 1OToM B C»,
W/ «CHayana B B, a motom B D», WK Xe «CHayaja B A, a notoM B D» u T. [.
3aduKcUpyliTe HEHaZloNro 3Ty MbICIb W TIOAyMaiiTe Terepb O elle Oonee
I03JHeM BpeMeHM I10C/le TOro, Kak BOJIHA IIpOIIa 4epes3 e U JOCTUIVIA
skpaHa. Celyac 3/1eKTPOH MOXHO OOHapykuTb B E WIu, BO3MOXHO, B F.
KpuBbie, KOTOpble Mbl 1300pa3u/iv Ha JuarpaMmme, OTOOpaXkaroT /iBe BO3MOKHBIE
TPaeKTOPUH, IO KOTOPbIM 3/IEKTPOH MOT' JBUraThbCsl OT CBOEr0 UCTOYHHUKA uepes
11]e/11 B CTOPOHY 3KpaHa. OH Mor otripaBuThcs 0T A yepes C B E v ot B yepes
D B F. W 310 BCcero [Be TpaeKTOPUM U3 OECKOHEUHOTO UMC/ia BO3MOXKHBIX
[J151 3TOrO 3/IeKTPOHa.

Ba)kHO, UTO HeT HUKAKOIO0 CMBbIC/JIA T[OBOPUTh: «IDJIGKTPOH MOL
NpOC/iefloBaTh IOObIM U3 5TUX MaplLIPyTOB, HO Ha CaMOM /Jiejie OH JBUracs
TOJIbKO OJHUM W3 HUX». EC/IHM pelnTb, UYTO 35/I€KTPOH [eUCTBUTEBHO LIes
10 OFHON KOHKDETHOW TpaeKTopuu, TO y Hac OyneT He Oosibllle I11aHCOB
Ha OOBsICHEHUWe TIOsIB/IeHUs] MUHTeP(epeHI[MOHHON (UTryphl, ueM ecyid Obl MBI
3aKpbUTU OJJHY W3 1ijefleid B 3KCIiepuMeHTe C Bofioi. Ham Hy»kHO, uToObI BO/HA
Mor/iia TIpOWTM uepe3 o00e 1eM — TOMBKO TaK Mbl  TIOAYUYUM
VHTepP(PEePEeHLIMOHHYIO0 (QUrypy. 3HAUUT, HY)KHO pa3pellUuTb BCe BO3MOXKHbIE
TPaeKTOPUU [JBWKeHUsl 3JIeKTPOHA OT MCTOYHMKA K 3KpaHy. MHBIMU C/10BaMu,
1I0/] BbIpa)KeHHWeM «3JIeKTPOH T[e-TO B BOJIHe» Mbl MMe/JUd B BHUJY, UTO OH
OJJHOBPEMEHHO HaxOAUTCS1 BO BCel BoJiHe! VMIMEHHO Tak Mbl U [JOJDKHBI yMarh,
IIOTOMY YTO, €C/JIM Mbl CUUTAEM, UYTO 3/IeKTPOH [eHCTBUTEJbHO HAXOAWUTCS
B KaKOM-TO KOHKDeTHOM MeCTe, BO/JHAa YyTpauyuBaeT paclipeie/ileHHOCTb
B IIPOCTPAHCTBE, U Mbl TepsieM aHa/JOTHUI0 C BOASHOM BOJHOM. B pesynbrare
vuHTepdepeHIIMOHHas purypa octaetcst 6e3 00bsiICHeHUSI.

3[eCb, BO3MOXXHO, CHOBA MMeeT CMBbIC/I TepeynuTarb [pPUBeJeHHbIe BbIllle
paccykzieHus, IoTOMy UTO U3 HUX CjeZlyeT MHOroe M3 TOrO, YTO I'OBOPUTCA
HKe. I 5TO He Kakasg-TO JIOBKOCTb PYK: Mbl YTBep)KZJaeM, YTO HaM HY)KHO
OMMCaThb PacrpOCTPaHAIOLLIYIOCA BOJIHY, KOTOpas MPU 3TOM CUMTAETCH TakKxKe
TOYEUHbIM 3JIEKTPOHOM, U €QUHCTBEHHbIM Crocob cjienatb 3TO — 3asiBUTh,
YTO 3/IEKTPOH IlepeMelaeTcsd OT UCTOYHHMKA K IKpaHy BCEMU BO3MOXHBIMHU
TPaeKTOPUSIMU Cpasy.

COOTBeTCTBEHHO, Mbl [JJOJDKHBI ~ OINWUCHIBATH  OJWHOYHBIA  3JIEKTPOH,
OBWDKYIIUIMCS OT MCTOUHMKA K SKpaHy 10 OeCcKOHeUHOMY pa3HOooOpa3uio
MaplIpyTOB, KakK 3/eKTPOHHYIO BOJHY. VIHBIMU C/I0BaMH, TPaBU/IbHBIA OTBET



Ha Borpoc «Kak 3ToT 3nekTpoH Aobpascs 1o 5KpaHa?» 3ByuMT Tak: «OH mormat
Tyzla 6eCKOHEeUHO BO3MOXXHBIMU CIIOCO0aMH, HEKOTOPbIe M3 HUX TIpeAriosaratT
MPOXOXKJEHUEe uepe3 BEPXHIOK 1ie/lb, & HEKOTOpble — uepe3 HIKHIOK».
OnpeziesieHHO, 3TOT 37EKTPOH — He 0ObIUHasA YacTulla. ITO KBAHMOBAst uacmuyd.

OrnpefeMMBIIMCE C TEM, YTO OMKUCAHUE /IEKTPOHA BO MHOTHMX OTHOLLEHUSIX
TIo/IpakaeT TOBe/IeHUI0 BOJIH, Mbl IOJDKHBI BbIpaboTaTh O0siee TOUHbIE TOHSTHUS
0 caMuXx BOjHaxX. HauHeM C ommcaHusi TOrO, UTO TIPOMCXOAUT B LIUCTEpHE
C BOJIOM, KOr/Jja [iBe BOJIHbI BCTPEUAIOTCS, CMELMBAIOTCSl U UHTeP(EPUPYIOT ApPYyT
c apyroMm. [lnsg 3Toro HeoOXoAuMO HaWTH yHoOHBIA Crioco0 Tipe/CcTaBleHus
TI0JIO’KeHWI B3/IeTOB U MaJieHui KaXkKAoW BOJIHbI. Ha TeXHWUeCKOM >KaproHe 3Tv
TI0/I0XKeHUsT Ha3bIBatOTCs (pazamu. OOBIYHO TOBOPSIT, UTO BOJHBI «B (hase», eciu
OHM YCWIUBAIOT JIPYT Apyra, WU «B TPOTUBO(da3e», eCcii OHU OTMEHSIFOT JpyT
apyra. To ke c/10BO NIpUMeHsIeTCs 10 OTHOLIEeHUIO K JIyHe: B TeueHHe MPUMEpPHO
28 pmHeit JlyHa TpPOXOAWUT MYTh OT HOBOJIYHUSI [0 TIOJHOMYHUS M 0OpaTHO
B HETPepLIBHOM I[MK/Ie BO3pacTaHUs U yObIBaHUS. DTHUMOJIOTUS CloBa «da3a»
BOCXOJIUT K rpeueckomy phasis, KOTopoe O3HayaeT MOsIB/ieHHe U UCUe3HOBEHUe
aCTPOHOMMUECKOTO (PeHOMEHa, a peryysipHOe TOsIBJIeHWe U MCUe3HOBEHUE SIPKOU
JTIYHHOM MOBepxXHOCTU 3a 20 BEKOB MPUBEJIO K TOMY, UTO CJIOBO «(asza» CTajo
WCTIO/Th30BaThCs TIPYU 0003HaUe@HUM BCETo LIUMK/TNYeCKOTO.

1N 5T0 mojcKa3biBaeT HAM BO3MOXKHOCTh Tpaduueckoro OTOOpakeHUs
TIOJIOXKeHUSI B3/1eTOB U Ma/leHui BOJISIHBIX BOJTH.

B3rnsaure Ha puc. 3.2. OauH w3 criocoboB 0ToOpa3uTh (aszy —
TIpe/ICTaBUTh ee B BHje 1iMdepbaTa C eIMHCTBEHHON CTPeKOW. JTO TT03BOJISIeT
HaM BHU3Yya/IbHO Mpe/cTaBUTh 360-rpaflyCHbIM KPYr BO3MOXXHOCTEW: CTpeJsKa
yacoB MOXKeT yKa3blBaTb Ha 12 yacoB, Ha 3 vaca, Ha 9 4yacoB U Ha BCe
MPOMEeXXYTOUHble cTaguu. B ciayuae ¢ JlyHOM MOXHO TpeACTaBUTh,
YTO HOBOJIYHHWIO COOTBETCTBYeT CTpesjika Ha 12 uacax, HeomeHuu — Ha 1:30,
TepBOM ueTBepTH — Ha 3, pactyiuei JlyHe — Ha 4:30, mosiHOM JIyHe —Ha 6 U T. [1.
31echk Mbl UCIIOJ/Ib3yeM HeuTo abCTpaKTHOe /ijisi OITMCaHUsT Yero-To KOHKPEeTHOTO,
To ectb Iudepbsnar s ¢a3 JlyHel. Takum obpasom, 1pu n306pakeHUH
1udepbaTa co crpenkod Ha 12 yacax Bbl Cpa3y TOWMeTe, UTO Ha PHUCYHKe
Tpe/iCTaB/IeHO HOBOJIyHUe. U a)ke eCyik 3TO ClieljuaibHO He OTOBOPEHO, YBUIEB
CTpenKy Ha 5 uvacaX, Bbl JiorajiaeTeCh, 4TO TPUOMIMKAeTCsl TIOMHOMYHUE.
[TpumeHeHWe abOCTpPaKTHBIX PHMCYHKOB, W/IA CHMBOJIOB, I OTPa’Ke€HUs
peasibHBIX Belllell 0ueHb XapaKTepHO Ayist (PU3UKU: COOCTBEHHO, [I7isl TOTO (PU3UKU
Y HWCMO/b3yIOT MareMatukKy. Cuja Takoro moAxoja B TOM, 4YTO, OMepUpys
aOCTpaKkTHBIMM PUCYHKaMU C TIOMOIIbIO TIPOCTBIX IIpaBW/, MOXXHO Jie/laTh
yBepeHHble TIpe[CKa3aHusi O peajbHOM wmupe. Kak Mbl celiyac yBUUM,
1udepbnaTtel Kak pa3 Jal0T TaKyld BO3MOXXHOCTb, TIOTOMY UTO MOTYT



Cl)I/IKCI/IpOBaTb OTHOCHUTeJ/IbHBIE II0/I0KEHHWA B3J/IeTOB U H&,Z[EHI/II‘;I BOJIH. BTO,

B CBOKO Ouepe[ib, MO3BOJIUT BBIUYMC/INTE, Oy/IyT BOJHBI YCUIUBATh WU OTMEHSITh
JpYyT [pyra Npy HaJI0)KeHUHU.

K ConHuy
®
HoBanA JlyHa
N
HeoMeHKA cTapas
(Monopast JlyHa) @ W (yuwepbHas) NlyHa
/'/-l- L
— nNepsas nocneakas
N yeTBepTb 4 - YyeTBepTb O
npubbiBatoLLan ybblBatoLLLan
JyHa w W JlyHa
-

nonHaa JlyHa

©,

Puc. 3.2. ®a3bl JIyHbI

Ha puc. 3.3 u3o0pakeHbl /iBe BO/sIHbIe BOJIHBI B OIpe/le/IeHHbI MOMEHT
BpeMeHU. [IpefcTaBUM MaKCHMyMbl BOJIH B BHUe IdepO/saToB CO CTpenkoiu



Ha 12 yacoB, a MUHUMYMBI — B BU/ie [idepb1aToB co cTpenkoii Ha 6. Mbl MOXXeM
0T0Opa3UTh M TTPOMEKYTOUHbIE MEXXY MUHUMYMOM 1 MaKCUMYMOM IT0JIO>KE€HHS
BOJIH, HapucoBaB 1idep6s1aThl C MPOMEXXYTOUHLIM BpeMeHeM, Kak U B C/Iydae
c ¢a3zamu Mexay HoBoM U TionHOM JIyHou. PaccTosiHMe ~ Mexay
roc/efioBaTe/ibHbIMU ~ B37ileTaMd W MaZleHUsSIMU — BakKHasl  BeJIMUMHa;
OHa M3BeCTHA KakK O/IUHA BO/HbI.



OHD GO QD OO OHD OO OO OO O

Puc. 3.3. [IBe BOJIHBI pacriojIOKeHbl TaK, YTO TMOJHOCTbIO HEUTPaJIU3yHOT
Apyr npyra. BepxHsis U HWKHSIE BOJIHA HaxoAATCsl B MpPOTHBO(Qase, TO eCTb
MakCUMyMbl OJHOM COOTBETCTBYHOT MUHMMyMaM JApyrou. Korzga 3T BOJIHBI
CKJIa[|bIBAOTCSI, OHU racaT APYT Apyra, UTO U MOKa3blBaeT «BOJIHAa» BHU3Y B BHJle
TIPSIMOM JIMHUHA

[IBe Bo/IHBI Ha puC. 3.3 HaxoAATCsA B MPOTHMBO(dAa3e, TO eCTh MaKCUMyMaM
BepXHeM BOJIHBI COOTBETCTBYIOT MUHHMYMbI HW)KHEM BO/HBI, M HAo0OOPOT.
B pe3sysnbrare, pa3ymeeTcsi, OHU MPU C/I0’KEHUU MOJTHOCTBIO MOTacsT ApPYyT Apyra.
OTO MOKa3aHO B HWKHEW 4YaCTU PUCYHKQ, I7le BOJIHA CTAHOBUTCS COBEPIIEHHO
npsMosiHeliHoW. Ecimu roBoputh o0 1mudepbnarax, To Bce 12-yacoBbie
1udepOaThl BepXHeW BOMHBI, OTOOpakarole ee IHMKH, COOTBETCTBYIOT 6-
yacoBbIM IMdepbraTaM HIKHEH BOJHBI, OTOOpaXkaroIl[UM ee MHUHHUMYMBI.
CobcTBeHHO, Be3fie cTpenku Ha IudepOsaTax BepxHell BOHBI yKa3bIBalOT
B CTOPOHY, TTPOTHBOTIO/IOXKHYIO IfHdepbaTamMm HIKHEH BOTHBI.

Ha 3TOoM 3Tarie KakeTcs, uTo BBOZ Iudepb1aToB 151 OMMCAHUS BOMH —



W3/IMIITHee yCI0KHeHue.

KoHeuHOo, ec/ii Mbl XOTUM CJIOKUTh JIBE BOJTHBI BOJbI, TO BCE, UYTO HY>KHO, —
CIOKUTh BBICOTHI KaXkK[OM W3 BOJIH, [JjisI 4Yero HUKakKux IudepOiaToB
He TpeOyercs. [a, s OOBIYHBIX BOASHBIX BOJH 3TO BEPHO, HO MBI
He cymacIiejiie U BBeau Ludepbnarsl, Mess Ha TO CBOM ocHoBaHus. OueHb
CKOpPO OOHApY>KUTCS, YTO TMOKOCTh, IOCTUTHYTAasi C UX ITOMOIIbIO, COBEPIIIEHHO
HeoOXoMa, Korza J1ejio I0HJeT A0 KBAHTOBLIX YAaCTHII.

Ilep>ka 3TO B yMe, HEHa/IOJIT0 OCTAaHOBHUMCSI U ToTipobyeM chopMyIMpoBaTh
TOYHOE TIpaBU/IO CoKeHUsl mudepbnaroB. B ciayuae Ha puc. 3.3 MpaBUjo
JIOJDKHO BBIIVIZIETh TaK, UTO BCe 1u¢epOiaThl «B3aMMHO OTMEHSIIOTCSI», TaK UTO
HHU4Yero He ocrtaetcsl: 12 yacoB oTMeHsieT 6 yacoB, 3 yaca OTMeHsIeT 9 uacoB
U T. A. Takass coBepilleHHass B3auMMHasi HEWTpa/Ju3alysi, pa3ymeeTcsi, OTpPa’KaeT
TOT OCOOBIN Ciyuali, Korjla BOJHBI HaXOASTCS B Hjea/lbHOM IIPOTHBOGdA3e.
[ToripoOyem HaiiTh 00Iijee TIpaBuIo, paboTarolijee st CJIOKeHHsT BOJH JTF000T0
pacronoKeHus 1 1060 hopMbl.

Ha puc. 3.4 nmoka3aHbl ellle [iBe BOJIHbI, HAa 3TOT pa3 COeQUHSIOLIUECS TI0-
JIPyrOMY: OfJHa HEMHOTO CMellleHa OTHOCUTEbLHO APYrol. Mbl BHOBb OTMETH/IA
MaKCHMYMbI, MUHUMYMBbI U TIPOMEXXYTOUHbIe TOUKU 1udepbaaramu. Ceituac 12-
yacoBoii 1udepbrar BepxHel BOTHBI COOTBETCTBYET TpexuacoBoMy LiudepoOsiaty
HIDKHeW. Mbl TombITaeMcss Cc(OpPMYIMPOBaTh IIpaBU/IO, KOTOpPOe T103BOJIAT
CK/azibiBaTh 3T [Udepbnaarbl. OHO COCTOUT B TOM, UTO HY)KHO B3SITh [[BE
CTPe/IKM U COEeJIUHUTH WX TOJIOBKOM M XBOCTOM. Ilocse 3TOro mocrpaviBaeM
TPEYTO/IbHUK, PUCYSI HOBYIO CTPEJIKY, KOTOpasi CBOJUT BMeCTe /IBe MpeblaylIue.
[Ipumep npuBeseH Ha puc. 3.5. HoBasg CTpesika OT/IMYaeTCs IO JJIMHe OT [BYX
JPYyTMX ¥ YyKa3blBaeT B JPyroM HallpaBJeHWM; 3TO HOBBIM IjucdepOarT,
0TOoOpaXkaroIIuii CyMMY /IBYX TPeAbIAYIIHX.



Puc. 3.4. [IBe BOMHBI CMellleHbl OTHOCHUTENBHO JApYr Jpyra. BepxHss
Y Cpe/iHsIsi BOJTHbI CKJIa[IbIBalOTCs, 00pa3ysi HIXKHIO BOTHY

Teriepb MO)KHO [JJOOUTHCS OOJIBIIIEH TOUHOCTH M C TIOMOIIBIO ITPOCTOM
TPUTOHOMETPHH BBIUMC/IUTL Pe3y/bTaThl CIOXKEeHUs 000N KOHKDETHOM Tapbl



udepbnatoB. Ha puc. 3.5 Mbl cknagpiBaeM 12-uacoBodi U 3-4acoBOM
1udepbnarel. JonycTuM, AjiMHA CTPeJIOK ABYX MepBbIx IudepbratoB — 1 cm
(UTO COOTBETCTBYeT MaKCHMaJ/IbHOW BbICOTe BOJIHBI — 1 ¢M). Korza mMbl cBOguM
CTpPeJIKM TOJIOBKOM K XBOCTY, IIOJIy4yaeTCs TPSIMOYTO/IbHBIM TPEeYroJIbHUK,
[ilBe CTOPOHBI KOTOpPOro wuMerT JauHy 1 oM kaxzas. Crpenka HOBOrO
udepbnara OygeT uUMeTh [JIMHY TpeTbell CTOPOHBI TpeyrojibHUKa —
runorteHy3bl. TeopeMa ITudaropa rinacut, yTo KBapaT rMIOTEHY3bl paBeH CyMMe
KBaZIpaToOB KareToB: h? = x2 + y2. IlofcTraBnisgem uncia: h? = 12 + 12 = 2, UTak,
JJIMHA HOBOM cTpesiku I1udepbnara h OyzmeT paBHATHCS KBaZpaTHOMY KOPHIO
u3 2, To ectb nipuMepHo 1,414 cM. B Kakom HaripaByieHuM Oy/ieT yKa3bIBaTb 3Ta
HOBasi cTpesnka? [ljif 3TOr0 HY)XHO Y3HaTb BeJIMUYUHY YyIVIa TPEYroJIbHUKA,
OTMEUeHHOT0 Ha pucyHke OykBoii 0. B Haiem mpumepe, KOTZia /iBe CTpesKH
O[JMHAKOBOM [JIVMHBI, OHA M3 KOTOPBIX yKa3biBaeT Ha 12, a Apyras Ha 3, MOKHO
HallTu OTBeT U 0e3 BCsiKOW TpuroHometrpuu. OueBHWJHO, UTO THUIIOTEHY3a
obpasyer yron 45°, Tak UTO HOBOEe «BpeMs» Oy/eT HaXOAUTbCS Mexay 12
¥ 3 yacaMu — 3TO TI0JIOBUHA BTOporo. KoHeuHo, Takoil rpumep — 0COOEHHBIM
ciydail. Mbl Bbibpanu Takue 1ydep6iatel, 4uToObl WX CTPEKUA pacrosiaraiuch
MoJ TMpsMbIMU YIVIAMU W MMM OJWHAKOBYIO [JIMHY, a 3TO yIIpollaeT
MareMaTuKy. HoO OueBHJHO, UYTO MOKHO BBIYMC/IUTH [JIMHY CTPesKU
Y TI0/TyYatoliieecst BpeMsi TPy C/I0’KeHUH Jito00i rapsl 1udepOs1aToB.

Puc. 3.5. IIpaBusio ciioxkenus 1jucdep06/1aToB

Ternepb BepHeMCsi BHOBB K puc. 3.4. [17st 11060 TOUKU Ha MapiiIpyTe HOBOM
BOJIHBI MbI MOXEM BbIUMC/IUTH BBICOTY BOJIHBL, CIOKUB LuepOaaThI
10 TIPUBE/IEHHOMY BBIIIle TPaBU/IY U 3a/IaBIIMCh BOTIPOCOM, HACKOJBKO CTpesKa
HoBoro Iudepbnata 61m3ka K 12-uacoBomy HarpaBieHuto. Korga cTpenka
yKa3biBaeT Ha 12, Bce OYeBH/HO: BbICOTA BOJIHBI TIOTIPOCTY paBHA [IJIUHE
ctpenku. TOUHO Tak ke, KOTZla CTPeJiKa HaripaB/ieHa Ha 6, BCe OUeBHHO: BOJIHA
HaXOJUTCS Ha MUHMMYyMe, U ee TTyOMHa paBHa JjiiHe CTpenku. Bce MOHSITHO



¥ B TOM (Jlyyae, KOrjla Ha yacax 3 wid 9, IOTOMYy 4YTO BbICOTA BOJIHBI PaBHA
HYJIt0, BeJjb CTpeJIKa 4aCOB HAaXOAUTCSA TOJ MPAMBIM yIJIoM K 12-yacoBoMy
HarpaBieHu0. YToObl BBIYMC/IUTE BLICOTY BOJHBI, KOTOPYI) OIUCHIBAeT TOT
Ui uHou 1udepbnat, HY>)KHO YMHOXUTh [JIMHY CTpPeJKU h Ha KOCUHYC YIa,
KOTOpBIN 3Ta cTpesika oOpa3yeT ¢ HampaejieHUeM Ha 12 uvacoB. Haripumep, yroi,
KOTOpBI 00pa3yroT HarpaB/ieHusi Ha 3 ¥ Ha 12 uacos, paBeH 90°, a cos 90°
paBeH HY/I0, TaK YTO BBICOTA BOJHBI TOXKe paBHa Hy/mr0. [lonoBuHa BTOpOro
COOTBeTCTBYeT yriy B 45°, a cos 45° — npumMepHo 0,707, Tak UTO BbICOTA BOJIHbI
cocrasnser 0,707 oT JyIMHLI cTpenku (3ametsTe, uto 0,707 — 310 1/ V2!). Ecin
BalllMX TMO3HAaHWW B TPUTOHOMETPUU HEJO0CTATOUHO, UTOOBI MOHATH HECKOIBbKO
TIOC/IeIHUX TIPEJJIOKeHUM, MOXKHO CMeJI0 UTHOPHPOBaTh 3TH TOJPOOHOCTH.
Ba)keH MpuHLMN: 3HAs [JJIMHY CTPeJKA YaCOB W ee HarlpaB/ieHHe, Bbl MOXeTe
BBIYMC/IUTh BBICOTY BOJIHBI — U Ia)Ke eCJIU He TIOHWUMaeTe TPUTOHOMETPHUIO, JIETKO
CIIpaBUTECh, TIATe/IbHO HApHMCOBAB CTPEJIKM YacOB U CIPOeLMpoBaB MX Ha 12-
YyacoBOe HarpaB/ieHHe C TIOMOII[bI0 UepTeXXHOUW TMHEeNKU. (31eCh Mbl XOTeIHN Obl
YTOUHUTD, UTO BCEM UMTAOIIUM 3Ty KHUTY CTY/IeHTaM TakKOW CIioco0 JeicTBuid
He PEKOMeH/1yeTCs: CUHYCbl U KOCUHYChI 3HAaTh I10JIe3HO.)

TakoBO mpaBUIO cioKeHUs IudepOsaToB, U OHO TpeKpacHO paboTaer,
KaK IMOKa3bIBaeT HWKHSISL U3 TPEX KapPTUHOK Ha puC. 3.4, re Mbl CUCTeMaTHuyeCKU
TIPUMEHSJIA 3TO TMPaBWIO [/l pa3/IMuHbIX TOUEK Ha BOHaxX. B 3ToM onvcaHumn
BOZIIHBIX BOJIH BCe, YTO UMeeT 3HaueHue, — IPOoeKL1s «BpeMeHu» Ha 12-yacoBoe
HaripaB/ieHVe, CB3aHHas C eJUHCTBEHHBbIM MTapaMeTPOM — BbICOTOW BOJTHBI.

BoT mnouemy wucriosb3oBaHue 1udepOsaToB He TaK YK HeobXoquMmo
TIpDU OMUCAHWK BOZSHBIX BOJH. B3rnsiHute Ha Tpu uudepbnara Ha puc. 3.6:
BCe OHM COOTBETCTBYIOT OJJHOM U TOM K€ BbICOTE BOJIHBI U [IAI0T 3KBHBaJIEHTHbIE
CrocoObl TIpeZicTaB/IeHUsT OHOM U TOU e BbICOThI BoAbl. Ho 1mdepbaats! 3Ty,
pa3yMeeTcsl, pa3/iuuHbl, U, KaK Mbl YBUJUM, 3TU pa3/Uuusi UMEIOT 3HaueHue,
eC/IM UCIOJIb30BaTh MX [/Is1 ONKCAHUSI KBAHTOBBIX YaCTHL], [IOTOMY YTO B 3TOM
clydyae [AnvHA CTpenkd Ludepbsata (wiu pasmep I1udepbsiata, 4To OHO
Y TO ’K€) UMEIOT OYeHb Ba)KHOE MCTOJIKOBaHUe.



Puc. 3.6. Tpu pasubix nudepbnara ¢ oHOM U TOM e Tpoekijel Ha 12-
yacoBOe HarpaB/ieHue

B HEKOTOpBLIX MeCTaxX 3TOW KHUTHU, U 0COOEHHO B 3TOM, MbI OyZIeEM HUMETh
neno ¢ abcrpakiusMu.  UYToObl He TIOAJAAThCS  TOJIOBOKPY>KUTEILHOMY
OecriopsiIKy, HY)XHO TIOMHUTb 00 o0OIIel KapTuHe. OKCIepUMeHTa/bHbIe
pe3ynbTathl []3BHCCcoHa, [)kepMepa u TOMCOHA U CXO/CTBO TOJYUEHHBIX JaHHBIX
C TOBe/IeHHeM BOJSTHBIX BOJIH BJOXHOBU/IM HAcC Ha C/AeIYIOIIMK aH3al]: YaCTHUI[Y
c/lefiyeT TpeACTaBUTh B BH/Ie BOJIHBI, a CaMa BOJIHA MOXeT ObIThb HM300pakeHa
B BUJe MHOXecTBa LMdepbmaTtoB. Mbl TIpejcTaBisgseM, KakK 3JI€KTPOH
PACIIPOCTPaAHSAETCS «I0J00HO BOJSHOM BOJIHE», HO TIOKA He JaiM IOoApOOHOro
OOBbSICHEHHS, UTO K€ TPOMCXOAWT. IToKa HaM Ba)KHA TOJILKO CaMa aHasoTHs
C BOASHBIMH BOJIHAMM W TIOHMMaHHE€ TOTO, UTO 3JIEKTPOH B J/1I000H MOMEHT
MOYKEeT OBITb OIMMCAH KakK BOJIHA, KOTOpasi pacrpoCTPaHseTcs U UHTepdepupyer
NofloOHO BOJSTHBIM BOJIHAM. B criefyroijeil T/iaBe IocTapaemcsi C OoJbIieid
TOYHOCTBIO OMNMCATh, KAaK TIepeMeIIaeTCs 3/IeKTPOH C TEeUeHHWEeM BpEMEHHM.
[ToMoraTb HaM B 3TOM OyAyT pa3/iduHble OecClieHHble W/IeHW, BK/IIOUast
3HaMEeHUTBIN TIPUHIUIT HeorpeeieHHOCTH [ eiizeH0Oepra.

Ho mpeskge moTpaTiM HEMHOTO BpeMeHU Ha oOcyxieHue iudep61aTos,
C TIOMOIIIbIO KOTOPBIX MbI MPE/CTAB/SEM 3JIEKTPOHHYIO BOJIHY. IlofguepKuBaem,
yTO 3TH KdepOIaThl HU B KOEM CMbIC/IE HeJIb3sl CYUUTAaTh peabHBIMH, a YacoBast
CTpe/iKa He MMeeT HUKAKOro OTHOIIIEHUSI KO BpeMeHH CYTOK. Vest nCro/ib30BaTh
MHOKECTBO MMKPOCKOITMYECKHUX IM(epO/saToB [jisi ONUCAHUS PeasibHOro
¢usnueckoro QeHoMeHa He TaK YK Hejera, Kak 3TO MOKeT TI0Ka3aThCsl.
[TofoOHBIE TEXHUYECKHE TIPUEMBbl /JIsi OINWCAHUSI TIPUPOAHBIX  SBJIEHUH
UCTIONB3YIOT MHOTHMe (U3MKW, W Mbl Y)Ke BHJeIW, KaK 3T0 paboraeT
TIPY OMMCAHWU BOJISTHBIX BOJIH.

Ellje ouH npuMep 1moj00HOro abCcTparupoBaHUs — OMMCAHKWE TeMITEPaTypPhbl
B KOMHAaTe, KOTOPOe MOXKET OBbITh ITPe/CTaB/I€HO B BH/I€ UYKMCIOBOI'0 MHOXKECTBA.



Yucna He CyIIeCTBYIOT Kak (u3nueckre 00beKThbl, M 3TO POJHUT UX C HAIIUMU
1udepbnaramu. MHOXeCTBO UMCeN U UX CBSA3b C TOUKaMU B KOMHATe — MpOCTO
ynoOHbIN crocob mpeacTaB/ieHus TemrepaTypbl. PU3MKK Ha3bIBAIOT TaKYIO
MaTemMaThueCcKyl CTPYKTYypy rosieM. TemnepamypHoe nojse — MPOCTO UKCIOBOE
MHO>KeCTBO, OJTHO UMUCJIO ZJisI OAHOW TOUKU. B cyuae c KBaHTOBBIMU YaCTHLIAMU
nosie obnazaeT Oonblliell C/IOKHOCTBbIO, TIOTOMY 4YTO [l KaXK/[0M TOYKHU
TpeOyeTcsi He TPOCTO uuC/IO, a ILenbiii udepbsar. Takoe mone 0OLIYHO
Ha3bIlBaeTCs BOJIHOBOM (yHKLMeN uyacTulpl. To, 4TO Ham [Js1 CO3[aHus
BO/IHOBOM (yHKIMU TpebyeTrcs psif 1iudepbnaToB, XOTs [Jis TeMIlepaTypHOTO
MoJii WIX BOJH BOJbl JOCTaTOUHO UHWC/Ia, JE€MOHCTPUPYET CYLeCTBEHHYIO
pasuuily. Ha ¢usuueckom >kaproHe 1udep6saTbl TMOSBSIOTCS — [OTOMY,
YTO BOJTHOBasi (PYHKLUSI — 3TO «KOMILJIEKCHOE» T0J/ie, a Temreparypa Wiu BbICOTa
BOJSIHOM BOJIHBI — «JIeMCTBUTe/NbHOE» Tmone. Ho HaMm T10f00HBIN  SI3BIK
He TIPUTOJUTCS, TIOTOMY UTO Mbl MOXKeM paboTaTh ¢ udepbaaramu®l,

He crour O6ecCrOKOUTHCS TO TOBOJY OTCYTCTBUSI HETNOCDPeJCTBEHHbIX
CrocoO0B TOUYBCTBOBaTh BOMHOBYHO (DYHKIIMIO, B OTVIMUME OT TeMIlepaTypHOTO
nosisi. To, YTO MBI He MOXKEM ee 0Cs13aTh, HIOXaTh WU BUZETh HEIIOCPEICTBEHHO,
HUKAKOro 3HaueHUs He umeeT. UeCTHO roBopsi, Mbl Obl HEMHOTOTO AOOWIHCH
B ¢usvke, ecid Obl peIIWIM OrpaHUYUTh Cebs omucaHueM Tex Belleit
BO BcesieHHOM, KOTOpbie MOKeM BOCIIPUHUMATh HEIoCpeICTBEHHO.

[lpu oO6CyX/AeHrUU [BYXIIeJIeBOTO 3JKCIIepUMEHTa C 3/7eKTPOHAMU MbI
TOBOPU/IA, UTO JIEKTPOHHAsI BOJHA OyJeT caMoil 0O/bIlION TaM, rjie 3/eKTPOH
HaXOAUTCS C HauOoJbIlleld BepOSTHOCTBIO. JTa WHTEeprpeTalus T[03BOJUIA
0CO3HaTh, KaK MoJjocaTtasi UHTep(epeHLMOHHasi (urypa MOKET CO3[aBaThbCs
TIOCTENeHHO, TOYKa 3a TOUKOMW, 10 Mepe TIpUOBITHs /1eKTPOHOB. Ho ceituac 310
yTBEp)KJeHUe [Jis HallluX Liejiel y)Ke HeZJOCTaTOUHO TOuHOoe. Mbl XOTHUM 3Harh,
KaKoOBa BEepOSITHOCTh OOHAPY)KUTH 3/IEKTPOH B KOHKPETHOH TOUKEe; Mbl XOTUM
WU3MEepUTb 3Ty BEpPOATHOCTh KAaKUM-TMO0 uuC/IOM. 3[eCh-TO U BO3HUKAeT
notpebHOCTh B 1judepbiaTax, MOTOMY UTO Ta BEPOSTHOCTb, KOTOPYIO Mbl XOTUM
HaliTWU, He TIPOCTO BBICOTA BOMHBLI. [IpaBW/ILHO OyJeT WHTepIpeTUpOBaTh
Keadpam [IJTUHbI CTPe/IKWA KaK BePOSATHOCTb HAWTH YaCTULy B KOHKDETHOM MeCTe
1udepbnara. Bot nouemy HeobxofuMa Ta OTIOHUTETbHAsI TUOKOCTh, KOTOPYHO
U paloT  uudepbraTbl MO0 CpaBHEHUIO C  OOBIYHBIMHA  YMCJ/IaMHU.
OTa uHTeprpeTalys, pa3yMeeTcs, He COBCEM OYEBH/HA, U Y HAC HeT XOPOLIEro
00ObsICHEeHHs1 ee TPaBUIbHOCTU. MbI 3HaeM, UTO OHa TIpPaBWIbHA, TIOTOMY 4YTO
BeJIeT K Tpe/iCKa3aHUsIM, COIVIaCyHOIIUMCSI C SKCIepUMEHTa/IbHbIMU JTaHHBIMHU.
Takasgs WHTepripeTaliusi BOJHOBOW (YHKI[MM — OAWH M3 CaMbIX TPYAHBIX
BOTIPOCOB, C KOTOPbIMHU CTa/IKMBA/IMCh TI€PBOIPOXO/Ibl B 00/IaCTH KBAaHTOBOM
TEOPHHU.



BonHoBass ¢yHKIMS (TO ecTh Hail Habop mudepbraroB) Obila BBeJeHa
B KBaHTOBYK) TeOpUI0 cepueil paboT, omyOnukoBaHHBIX B 1926 romy
aBCTpUMCKUM (usnkoM OpBuHOM LlpéaunrepoMm. Ero crartbs, BbilleAllas
21 uroHA, COLepXUT ypaBHeHHe, KOTOpPOe [O/DKHO HaKperko 3aceCTb B TOJIOBe
y Kaxzaoro cryneHTa-gusvka. CoOBepIIeHHO JIOTMYHO, YTO OHO MOJIY4YU/IO
Ha3BaHWe ypaBHeHus LlIpéaunrepa:
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I'peueckass OykBa ¥ (TIPOM3HOCHUTCSI «ICH») 0003HAUaeT BOJTHOBYIO
byHkiuo, u ypaBHeHue IllpénuHrepa TOKa3biBaeT, Kak »3Ta (yHKIUs
V3MEeHsIeTCS C TeueHHWeM BpeMeHHU. [leTany ypaBHEHHs He HY)KHbI [JI HallKWX
1jesiell, TOTOMY UTO Mbl He CoOOMpaeMCsl WCII0/Ib30BaTh B KHUTE TIOAXOJ
péaunrepa. MutepecHo, uto, xots LlpénvHrep u 3anmcan IpaBUIbHOE
ypaBHeHUe BOJIHOBOUW (DyHKLIMH, BHauaje OH JajJl eMy HeBepHOe TOJKOBaHHe.
Jlvie Makc BopH, omuH u3 crapeiinux Ha 1926 roj ¢w3ukoB, paboTaBiimx
B 00/1aCTV KBAaHTOBOM TeopuM (OH HAXOJW/ICS B TIOUTEHHOM Bo3pacTe 43 JieT),
[la/l BEPHYIO WHTepIIpeTalyi0 ypaBHEHUs] B CTaTbe, BBILIEAIIEN CIyCTs BCEro
yeTbipe JHS Tocsie pabotsl IIpénunrepa. O Bo3pacTe Mbl 3aTOBOPWIN TIOTOMY,
yto B cepeauHe 1920-X romOB KBaHTOBas TeOpusi UMeJia [IPO3BULLE
Knabenphysik — «manbuniiieckasi pusrka», TOTOMY UYTO MHOTHE U3 ee K/IFOUeBbIX
nesitenielt 6bun Mosofel. B 1925 roay TeiizenGepry 6wino 23, Bosbdranry
[Taynu, €O 3HaMEHUTBHIM TPUHLIMIIOM KOTOPOTO Mbl BCTPETUMCS II03XKe,
UCTIOMHUIOCH 22, Kak U [lomo [upaky, OputaHckoMmy (hH3UKY, KOTOPBINA MepBbIM
BbIBe/l ypaBHeEHWe, BEepHO OIKChbIBawolllee 371eKTPOH. YacTo TrOBOPAT,
YTO MOJIOZIOCTb 0CBOOO/M/IA UX OT CTAphIX CIIOCOOOB MBIIUIEHUSI U TI03BOJIK/IA
MOJIHOCTBKD ~ OTAAThCSl  pPaJMKaJibHO HOBOW  KapTUHE MHpa, KOTOPYHO
TpeloCTaB/si/ia KBaHToBasi Teopus. B 3Ttou komrnanuum 38-netHuy LlIpénvnrep
ObUT CTapUKOM, W OH [IeCTBUTE/JIbHO TaK /0 KOHI[a U He OCBOWICS C TOU
Teopueil, B pa3paboTKe KOTOPOU ChIrpasi K/FOUeBYHO POJib.

PagukanbHasi WHTepripeTalyss BOMHOBOW (PyHKUMM, 3a KOTOpyro bopH
nonyunsi HoGeneBckyro mpemuto 1o ¢usvke B 1954 romy, BbII/sSAeNna Tak:
KBaZlpaT [JIMHbI CTPeJIKM 4YacOB B OIpeJe/IeHHOW TOUKe COOTBETCTBYeT
BEPOSITHOCTY HaxXOX/JeHUsi B Hel vacTvubl. Hanpumep, eciv ajvHa 4acoBOM
CTpesKH, HaXofsIlelcsl B orpesie/ieHHOM MecTe, paBHa 0,1, To ee kBagpar Oyaert
paBHATBCA 0,01. OTO 3HAUUT, UYTO BEPOSITHOCTb HAUTH B 3TOM MeCTe YaCTHULlY



Oyzet cocrapnsite 0,01, TO ecTh OfHY COTYIO. Bbl MOXKeTe CIPOCUTb, TOUEMY
BopH MpocTo He BO3BeJ B KBa/IpaT pa3Mephl [udepO1aToB, yTOObI B MOC/IeAHEM
rpy¥Mepe [jMHa CTpPeJIKM 4acoB cama IipuHsiia 3HaueHue 0,017 Ho »3t1o0
He cpaboTasio Obl Hu3-3a HEOOXOAMMOCTH pacueTa WHTep(epeHIuUu: eciu
CNOXUTh 3HaueHus 1udepbnaros, To 0,01 mmoc 0,01 gact 0,02, B To Bpems
Kak cioxkenve 0,1 u 0,1 v mociepyrolllee BO3BeJeHWE CyMMbl B KBajpar
npact 0,04.

OTy K/IFOUEBYIO /IJisi KBAHTOBOM TEOPUM UZIEI0 MOYKHO TIPOU/UTFOCTPUPOBATH
ele OJHWM MpuUmMepoMm. [JonyCcTvm, Mbl Jie/laéM C YaCTHLIEM HeuTo, U3-3a 4ero
OHa MOXKeT OBITh OIKCaHa C MOMOIIbI0 KOHKPEeTHOTO MHOXecCTBa 1ircepb1aTos.
[TormycTM Tak)kKe, y HaC eCTb MPUOOP, CIIOCOOHBIM U3MEPSITh MeCTOIIO/IOKEHHEe
yactul]. Takoe Jierko BooOpa3umoe, HO He TaK VXK JIETKO KOHCTpyUpyeMoe
YCTPONCTBO MOXKET TIpe/ICTaB/IATL CO0OM, Hampumep, HeOOMbIION SIUUeK,
KOTODBI JIeTKO BOJPY3uTh B Jt0060# ob6sactu mpoctpaHcTBa. Eciu Teopus
TOBODUT, YTO IIaHChl HAWTHW YacTULy B orpejeneHHOW Touke paBHbI 0,01
(moTOMy UTO [/IMHA CTpPeIKW 4YacoB B 3TOM Touke cocrtasaser 0,1), To,
yCTaHaB/IMBas HaIll SIfUUYeK BOMM3M 3ToM TOukHu, Mbl uMeeM 0,01 BeposITHOCTH
HaWTU B SIIIMKE HY)XHYK UYacTUIly. JTO 3HA4MWT, YTO Ha CaMOM Jiejie BpSif, 1
B SIII[UKe UTO-TO OKa)KeTCs. OJ[HAKO eC/IM BOCCO3/1aTh SKCIIEPUMEHT TaK, UTOOBI
YyacTHIla CHOBA OMMChIBAJ/IaCh TeM >Ke caMbiM HabopoM 1udep61aToB, TTOBTOPSTh
€ro MOXHO CKOJIbKO yroaHo pa3. W Ternepp wu3 kKaxzapix 100 Haimmx
3ar/Isi/ibIBAHUN B SIIIMUEK Mbl B CpelHeM OJMH pa3 OyzeM oOHapy)KuBaTh B HEM
YyacTHUIly — OCTa/ibHbie 99 pa3 siiuyek OyzieT MycT.

WHTepnpeTanisi KBaZipara JIMHbI YaCOBOU CTPEJKU KaK BEPOSITHOCTU
HaWTU YacTULly B OMNpeJeJIeHHOM MeCTe Ha BHJ He TaK YX CJI0XKHa,
HO JIeCTBUTE/IbHO Ka)KeTCsl, YTO MbI (WU, TOUHee roBopsi, Makc bopH) B3siu ee
¢ norosika. Ha camom [fiesie B MCTOpHUUECKOW TepCIIeKTUBe 0Ka3aaoCh, UTO JjaXke
TaKUM BeMYaMIlIM yueHbIM, KakK OWHImTerH W Ilpéaunrep, ObLIO TPYIHO
TIpUHATEL MofoO6Hoe ToskoBaHWe. Yepe3 50 et mocie nera 1926 roma ITosb
Mupak BcriomuHas: «[IpobiemMa TTpaBU/IBHOTO MCTOMKOBAHHMS OKa3aaach ropaszio
C/I0’)KHee, yeM MPOCTO BbIBECTU ypaBHeHUs1». HeCMOTps Ha BCIO 3Ty CJIOXKHOCTB,
CTOUT OTMETUTh, UTO K KOHLy 1926 roga criekTp cBeTa, UCIIyCKaeMOro arOMOM
BOZIOPO/Ia, KOTOPBIM CTa/l OAHOW M3 BenMYaMiMXx 3araZiok ¢pusuvku XIX Beka,
y>Ke BBIUMC/IUIM C TOMOIIbIO YpaBHeHUM Kak ['ei3eHOepra, Tak u LIpéaunrepa
(dupak co BpeMeHeM /[0Ka3ana, uTo o0a 3THUX MOAXOAAa BO BCeEX Cayyasix
COBEpIIIeHHO SKBUBA/IEHTHBI).

M3BeCTHbI BO3pakKeHUs OWHINTEHMHA NPOTUB BEPOSATHOCTHOW MPUPO/bI
KBAaHTOBOW MeXaHWKH, KOTOpble OH B ieKaOpe 1926 roja BbICKaszaa B IMHCbMe
K BopHy: «Teopusi rOBOpUT OueHb MHOrO, HO Ha /[iefle He TIPUO/IMKaeT Hac



K TaiiHe Crapuka. B moboMm ciyuae s y6exxaeH, uro OH He UTrpaeT B KOCTW».
[Ipobnema B TOM, UTO ZI0 3TOr0 BpPEMeHU CUUTAIOCh, OyATO (DU3MKa UMeeT
TMO/THOCTBID  JIETEDMUHUCTCKUM  XapakTep. KoHe4YHO, wujes BepOsITHOCTH
XapaKTepHa He TOJbKO [I/i1 KBaHTOBOM Teopud. OHa peryssipHO MPUMEHSIeTCS
BO MHOYKECTBe CHUTyal[dii — OT CTaBOK Ha 0erax /0 TepMOAWHAMWKH, KOTOPOM
3aHUMAJ/IUCh Jydlliie ymbl elle B BukropuaHckyro 5sroxy. Ho mnpuurHOU
WCTI0/Ib30BaHUSI 3THX BEPOSITHOCTeH ObIM He dyHJaMeHTa/bHbIe 3aKOHBI,
a KakK pa3 HeZIoCTaTOK 3HaHWW O COOTBETCTBYHOLLEeN cepe.

Bo3bMmeMm rmozpbOpachiBaHWe MOHETKU — apXeTHUITUeCKyl WIrpy Ciiydasl.
Bce Mbl 3HaKOMBI C BEPOSTHOCTBIO B 3TOM KOHTeKcTe. Eciu Mbl mozbpocum
MoHeTKy 100 pa3, MOXHO OXuzJaTb, 4yTO B cpenHeM 50 pa3 BbINAZET Opes
1 50 pa3 permika. /o KBaHTOBOW TeOpuu MbI 00si3aHbl ObUTM OBbI CKa3aTh, UTO,
obsaziasi BceMu HeoOXOAUMBIMHU JaHHBIMM O MOHeTe — O TOUHOM Criocobe ee
nmo/0pacbiBaHUsl B BO3/AyX, CW/Ie TIPUTSDKEHUs, O BO3ZAYIIHBIX IIOTOKAX,
TIPOXO/AIIMX Yepe3 KOMHATy, Temrieparype Bo3yXa U T. /., — Mbl MOIJIU Obl
8 npuHyune TIpejCKasarb, 4YTO BbINAJeT — oOpel WU pemka. [losgsieHue
BEpPOSATHOCTEN B 3TOM KOHTEKCTe, TaKMM 00pa3oM, MOXKHO CUUTATh OTPa’KeHUeM
HeJIOCTaTKa 3HaHWW O CUCTeMe, a He YeM-TO BHYTPEHHe MPUCYIIUM CaMOU 3TOU
cucreme.

BepossTHOCTH B KBaHTOBOM TEOPHUUW MMEIOT COBEPIIEHHO WUHYH MPUPOAY;
oHM (pyHJaMeHTa/ibHbl. Mbl MO)KeM TIpe/icKa3aTh JIUIllb BePOSITHOCTh MOsIB/IEHUST
yacTullbl B OIpeJleJIeHHOM MeCTe, U He IO0TOMY, UTO Mbl HeBe)KeCTBEHHbI.
Mol Oadxce 8 npuHyune He MOXeM TIpe[CKa3aTh, KaKOBO OyleT TMoJioyKeHUe
yacTuipl. YTO MbI MOXKeM TIpe/icKa3aTh, /la elje U ¢ abCOMOTHOW TOYHOCTHIO,
TaK 3TO BepOATHOCTb TOI'0, UTO YaCTULA OKa)KeTCs B OIpe/ie/IeHHOM MeCTe, eC/v
MbI OyZieM ee TaM HCKaTb. bosiee TOro, Mbl C aOCOMIOTHON TOYHOCTBHIH) MOXKEM
Trpe/iCKas3arb, KaK 3Ta BEPOSITHOCTb WU3MEHUTCSI CO BpeMeHeM. BOpH TipeKkpacHo
BbiCKa3zasics 06 3stom eije B 1926 rogy: «YacTuipl ABMXKYTCS IO 3aKOHaM
BepOAATHOCTHM, HO (CaMa BEepOSTHOCTb  PACIIpOCTPaHSAeTCSl II0  3aKOHY
MIPUUMHHOCTH». MMeHHO 00 3TOM ujeT peub W B ypaBHeHuu IlIpégunrepa:
OHO TI03BOJISIET TOYHO BBIUMC/IUTH, KaK OyneT BBIT/IsSeTb BOHOBast (YHKI[US
B OyzyilleM, eC/v 3HaTh ee B/, B TPOIIOM. B 3TOM CMbIC/ie OHO aHAJOTUYHO
3akoHaM HproToHa. PasHulla B TOM, UTO eC/d 3aKOHbl HbBHOTOHA I103BOJISIFOT
BBIUMC/IUTL TIOJIO)KEHHe W CKOPOCTh YacTull B JitoOoe KOHKpeTHOe BpeMs
B Oy/yilleM, TO KBaHTOBasi MeXaHHWKa T03BOJISIeT BBIUUC/IUTD JIUIIb BEPOSTHOCTD
TOTO, UTO OHU OyZIyT HAXOAUTHLCS B OMpe/ie/IeHHOM MecCTe.

MMeHHO Takoe TMajieHWe Tipe/iCKa3aTesibHOM CUMbl U OeCroKOUIo
OWHINTEMHa YW MHOrux ero kosuier. Ceiyac, C BBICOTBI BOCBMU/IECSATU
TIPOIIIeJIINX JIeT U TI0C/e OTPOMHOT0 oObeMa TpofiesiaHHOW paboThl CMIOPUTH



10 3TOMY TIOBOAY Ka)KeTCsi HEeCKOJbKO OeCCMBIC/IEHHBIM: JIeTKO 3asiBUTh,
uto boph, [etizenbepr, I1ayau, [Jupak u eirje Koe-KTo ObUIH MpaBbl, @ DUHINTEHH,
[IIpénuHrep W Apyrve mpeCcTaBUTeTN CTAapod rBapAuM oivbamick. Ho B To
BpeMsi Ka3ajoCh BIOJIHE pa3yMHbIM I0jaraTthb, UTO KBaHTOBasi TeOPHsl MPOCTO
ellle He 3aBepilieHa W UTO BEpPOSITHOCTHM BO3HUKAIOT, KaK B TePMOJWHaMUKe
UMM TpyA ToA0packiBAHUM MOHETBI, TMOTOMY YTO Mbl YITyCKaeM KaKy-TO
vHpopMalio o uacturjaX. CerofHs y 93TOM WAed MajJ0 CTOPOHHUKOB:
TeopeTUUeCcKUe 1 dKCIlepUMeHTa/lbHble JlaHHbIe CBUeTeIbCTBYIOT, UTO MPHUpPO/ia
JeCTBUTENIbHO WMeeT Jefl0 CO CAydYalHbIMM 4YMC/IaMM UM OTCYTCTBHE
BO3MOYKHOCTH TIpe/ICKa3bIBaTh MOJIOKeHWe YaCTHUIbl KaK HeCOMHEeHHbIN (akT —
3TO BHYTPeHHee CBONCTBO (DU3HMUECKOrO0 MUpaA: BEPOSTHOCTU — 3TO Jydlllee,
Ha YTO Mbl MOXKEM paCCUUTHIBATh.



4. Bce, YT0 MOXKeT C/IyUUTHCH,
AeMCTBUTE/ILHO C/Iy4aeTcs

WTak, Teriepb MOXKHO 3aHSTbCS JleTajlbHbIM HCC/IeIOBaHMEM KBaHTOBOU
Teopuu. TexHuUeckoe cofep)KaHWe OCHOBHBIX H/ieHd [OBOJIbHO IIPOCTOe —
CIOKHO JIMIIL TIPUMHPUTBLCS C TeM, 4YTO OHM OpocarT BbI30B HaIIUM
ripe1yOeskIeHUsIM 10 TIOBOZY YCTPOMCTBA MHUpa. MBI y)ke TOBOPH/IU, HallpyuMep,
YTO YaCTHUI[y MOKHO TIPe/ICTaBUTh B BH/Ie MHO)KECTBA Ma/IeHbKHUX I11chepb/1aToB,
paccTaBfieHHbIX 3[eCb U TaM, M YTO [/IMHAa CTPeIKu Takoro Iudepbnara
(BO3BeleHHasi B KBaJlpaT) COOTBETCTBYEeT BEPOSITHOCTH, C KOTOPOM YaCTUIY
MO>KHO OOHApY>XUTh B KOHKPeTHOM MecTe. LIudepbaThl — 3TO He CyTh CUCTEMBI,
a MaTeMaTHUUeCKU{l MHCTPYMEHT, KOTOPbIM MbI T10/Ib3yeMCsl, UTOObI BBIUMC/IUTD
IIaHChl HAWTU T[e-TO Hally 4YacTully. Mbl TIpMBEM NPaBWIO CJAOKEHUS
1udepbnaro, HeobxoauMoOe 17151 onvcanus peHomeHa uHTepdepeHiyu. Celiuac
HaM HY)XKHO OKOHUaTelbHO CBECTH KOHIbl C KOHILIAaMHU U C(OpPMYy/IUpPOBaTh
TIPaBU/I0, KOTOpOe OOBSICHSNIO Obl, Kak 1udepOsaThl U3MEHSIIOTCS OT OFHOTO
MOMEHTa K Jpyromy. 3OTO TMpPaBU/IO TOCAYXUT 3aMEHOW IIepBOMY 3aKOHY
HblOTOHa B TOM CMBIC/Ie, UTO MO3BOJIUT CIIPOTHO3UPOBATh [I€UCTBUS YACTUILIbI,
OCTaB/IeHHOM B Mokoe. CHavajia mpe/iCTaBUM OJJMHOYHYIO YaCTHUIy B HEKOTOPOU
TOUKe.

Mpbl 3HaeM, Kak TIpeACTaB/asSTh 4YacTully B Touke (puc. 4.1). Urak,
1300paykeH OAMHOUHBIA HUdepbnar ¢ ammHON crpenkd 1 (motomy uto 1
B KBajI[paTe — 3TO U eCTh 1, CTa/sio ObITh, BEPOATHOCTb HAWTH UaCTHUI[y B 3TOMU
Touke paBHa 1, To ectb 100 %). [Ipearnonoxum, uto Ha 1udepbOiaTe 12 vacos,
XOTSI 3TOT BLIOOp COBepIlleHHO Tipor3BojieH. C TOUKM 3peHUs BEepOSITHOCTU
CTpe/Ka 4YacOB MOXKeT yKa3bIBaTb B JTFOOOM HarpaB/ieHUM, HO HaJl0 >Ke C Uero-To
HauaTh, TaK 4YTO YCAOBUMCS Ha 12 uacoB. MbI XOTMM [1OOMTBCS OTBeTa
Ha C/IeyIOIUH BOMPOC: KAaKOBBI IIAHChI TOTO, UTO YacTuija TOKe Oyaer
HaXOUThCA TAe-TO elrje? VIHBIMH C/IOBaMM, CKOJIBKO elrle 1i1dep06/aToB HY)KHO
HapHCOBaTh U TJe UX MOMECTUTh B ciiefytoilee MrHoBeHue? Mcaaky HbroTOHY
Ha TakKOW OUEBH/HBLIM BOIPOC OTBeYaTb ObIIO ObI Jl@Ke CKYYHO: €CJIH Mbl
pasMelllaeM TI7le-TO 4YaCTULy U HUYero C HeuW He JefaeM, OHa HUKyJa
v He gBwkeTcd. Ho mnpuposa BecbMa KaTeropuyHO YTBEPXKIAeT, UYTO 3TO
riornpocTty HeBepHO. Ha camom ziesie HBIOTOH He MOT OILIMOUTHCS ellje CUTbHee.



Puc. 4.1. OpuHounbii 1Mdep6saT, TpeACTaB/IAIONIUMM YacTUIly, KOTOpas
YeTKO JIOKA/IM3yeTCsl B KOHKPETHOM TOUKe TTPOCTPaHCTBa

A BOT ¥ TpaBW/bHBIMA OTBET: uyacTULA 8 CAedylowull MOMeHm Moxcem
okasambcsi 8 Moboli mouxke BceneHHOU. ITO 3HAUUT, UTO HAM TPUAETCS
HapucoBaTh OeCKOHeUHOe MHOXKeCTBO Liv¢epOs1aToB — MO OfHOMY /ST KaXK/ou
MBICJTUMOM TOUKU B MPOCTPAHCTBE. ITO MPe/IoKeHUe CTOUT NepeunuTaTb MHOTO
pa3. HaBepHoe, syuliie pacKpbITh 3Ty MbIC/Ib.

HoryilleHyWe, UYTO 4YacTWlla MOXeT ObITb TZAe YroJHO, 3KBHBAJeHTHO
TIOJTHOMY OTCYTCTBUIO TIPEATIONIOXKEHUH TI0 TIOBOAY ee ABWXXEHHs. DTO camMoe
becriprcTpacTHOe AOMyllieHre, KOTOPOe Mbl MOXKEM CjieflaTh, U TaKoe pelleHue
obnajaeT  ompejeneHHOM ackeTuueckoilZ!  mpMBeKaTeNLHOCTBIO,  XOTH,
o oOIiiemMy TIpU3HAHUIO, AENCTBUTETHHO KaXkKeTCs, YTO OHO HapylllaeT BCe
3aKOHbI 3/IpaBOr0 CMbIC/IA, @ 3a0/JHO, BO3MOKHO, U 3aKOHbI (PU3UKHU.

Lludepbnar mnpescTaB/isieT HEUTO OIpee/ieHHOe — BepOSITHOCTb TOTO,
yTo yactula OyzeT oOHapykeHa Ha MecTe 3Toro Ludepbnara. Eciu Mbl 3Haem,
YTO YacTWlla HAXOAWUTCS B KOHKDETHOM MecCTe B KOHKDETHOe BpeMms,
TO TIpeZCTaB/sieM 3TO B BUJe ofuWHOYHOro Ludepbnara B 3ol Touke. Ho eciu
Mbl HauHeM C YaCTULIbl, HaXOJsIleiics B HY/JIeBOM MOMEHT BpeMeHU
B OIpe/ie/IeHHOM MecTe, TO /Jii «HY/eBOTO MOMEHTa IUTIOC ellle CKOIbKO-TO
BpeMeHU» MpPUJETCsS HapyuCoBaTh O'POMHOe — Ha caMoM jefie GecKOHeuHoe —
KOMMYeCcTBO  Apyrux Ludep6smaToB, 3anofHAOMMX BClo  BceneHHyto.
Tak moATBepsKJaeTcss BO3MOXKHOCTb TOTO, UTO YaCTHUlIa MepenphuiruBaeT 8 /a10b0e
Opy2oe Mecmo B oAHO MrHoBeHue. Haia uactuiia OyzeT OfZHOBpPeMEeHHO
U B HaHOMeTpe OT HCXOJHOTO TIOJIO’KEeHHUS, U B MWIIUApZie CBETOBBIX JieT
OTCIOZIa, B sifipe 3Be3/lbl OT/la/IeHHOM Ta/llakKTUKU. 3BYUYMT, TOBOPS TIO-TIPOCTOMY;,
cTpaHHO. Ho Hy>KHO €O Bceli SICHOCTbIO CKa3aTb: TeOPUs JO/KHA ObITh criocobHa



OOBSICHUTh  [JIBYXII[eJIEBOM  JKCTIIepUMEHT, MW KaK BOJHA  HauMHaeT
pPacrpoOCTPaHATLCS, €eC/lM OOMakHYyTb B CTOAUyH0 BOAY Tiajiel] HOTH,
TaK W 5JIeKTPOH, W3HAua/JIbHO PAacCIO/IOKeHHbIM B HEKOW TOUKe, [IO/DKEH
pacrpoCTpaHsATbCSI C TeueHWeM BpeMeHM. HYXHO TOJIBKO yCTaHOBWTS,
KaK UIMEHHO OH PacIipOCTPaHsSIeTCs.

MpI nipefiriosiaraem, 4To, B OT/IMYMeE OT BOASTHOM BOJTHBI, 3JIEKTPOHHAs BOJIHA
pacrpoCTpaHsieTcsl Mo Bced BceneHHOW MrHOBEHHO. B TexXHMUYECKOM CMBbIC/ie
MOYXHO CKa3aTh, YTO MPABWJIO PaCpOCTPAHEHUs YaCTHUL] OTJIMUAeTCs OT MpaBu/ia
pacrpoCTpaHeHUs] BOASHOM BOJIHBI, XOTS B 000OMX C/Iy4yasiX paclpoOCTpaHeHHe
COOTBETCTBYeT «BOJTHOBOMY YPaBHEHUIO». YpaBHeHWE [Jisi BOJSHBIX BOJH
OT/IMYAeTCsl OT ypaBHEHUs BOJIH-YACTHI] (3TO TO CamMOe 3HaMEeHUTOe ypaBHeHHe
[IIpéauHrepa, KOTOpOe MbI YITIOMSIHY/IH B TIPOILIJION T7IaBe), HO 06a OHU CBs3aHbI
¢ ¢u3mKoi Bo/H. Pa3inumsi — B [leTajisiX TOro, KaKk OOBeKThI ABMXKYTCS C MecCTa
Ha Mecto. Kcratu, eciv Bbl HEMHOrO B KypCe TEOpPUM OTHOCUTETbHOCTH
OUHINTeNHa, TO JO/DKHBI Obl 3aHEPBHWYATh, YCJIbIIIAB, UYTO MbI BeJeM peub
0 MTHOBEHHBIX TepeMeIlleHUsaX YaCTULlbl 10 BceneHHOM, Tak Kak TOyvyaeTcs,
CJIOBHO UTO-TO Tepe/iBUraeTcsi ObICTpee CKOpOCTU cBeTa. Ha camom ke [ene
uziest TOro, UTO YacTUIlA MOXKET ObITh 371eCh UM uepe3 MrHOBeHHEe OUeHb /1a/IeKO
OTCHOJ]a, caMa Mo cebe BOBCe He MPOTHUBOPEUMUT TEOpHUsAM OUHIITEHA, TTOTOMY
YTO CyTh MX B TOM, UTO OBICTpee CKOPOCTH CBeTa He MOXKET IlepeMelaThCs
uHgopmayus, a STOMy OrpaHUUYEHHIO KBaHTOBAsi TeOPUsI yIIOB/IeTBOpsieT. Kak MbI
BCKOpEe YBHU/IMM, AWHAMHKa TPbDKKOB 4acTul] uepe3 BcejieHHYI0 COBepIlIeHHO
He Takasi, KaK TpH Tepejiaue WHPOpPMAlUU, TIOTOMY UTO MbI HE MOXXeEM CKa3aTb
3apaHee, KyAa ke TpbIrHeT vactuija. KaxkeTcs, 4To Hallla Teopus CTPOMUTCS
Ha TIOJIHOM aHapxuH, W OyneT BIOJHE eCcTeCTBEHHO, eC/IM Bbl He TIOBEPUTe,
yTO TIpUpoJa Tak cebss MoxkeT Bectu. Ho masee B 3TOM KHUre Mbl yOeauMcs,
YTO TIOPSIZIOK Hallleid TMOBCeJHEBHOM >XU3HU [IeHiCTBUTeTbHO OepeT cBOe Hauasio
B 3TOM (haHTacTUUeCKHU abCypJHOM TTOBeJIeHUH.

Eciv BaM HeNpoCTO TiepeBapuTh IIO0OHYI0 aHapXWUI0 — HarpuMmep,
HeoOX0MMOCTb HAroJIHATL BCIO BcesleHHyr0 MajieHbKMMM [udepbaaramu,
yTOOBI OMMCAaTh JBIKEHHE eJWHCTBEHHON Cy0aTOMHOM 4YacTHIbl OT OJHOTO
MOMEHTa K JpyromMy, — TO Bbl B XOpolled KoMiaHuu. CHSITHe TTOKPOBOB
C KBAaHTOBOW TEOPHUU U MOMBITKU MCTOJIKOBATH €€ BHYTPEHHIOK [eATebHOCTb
TOCTaBST B TYMHUK Koro yroaHo. Hunbc bop, HarpuMep, M3BecTeH Takou ¢hpa3oi:
«Te, KTO He mpuIen B y>Kac TMPY 3HAKOMCTBE C KBAHTOBOM MEXaHUKOM, TTPOCTO
He MOryT ee TIOHATb». Puuaps @elHMaH TipeJBapWwl TPETUU TOM
«DellHMaHOBCKUX  JIeKMi 1o  ¢u3uKe»  cjloBaMu:  «Jlymaro, Mory
C YBEPEHHOCTBIO CKa3aTb, YTO HUKTO He MOHMMAaeT KBAaHTOBYI) MEXaHUKY».
K cuacTbio, cieioBaTh ee 3aKOHaM ropasfio TIpollle, UeM TbITaThCsi pa300parbCs



B ee cytu. CrocobHOCTb TIJaTeJIbHO pacCMaTpyBaThb  IIOC/E[CTBUS
orpezie/IeHHOTO Habopa TMpeAroNoKeHUH, He C/MIIKOM 3aTpyAHss ceds uXx
¢bunocoCKUM CMBICTIOM, — OAHO W3 CaMbIX Ba)KHbIX YMEHWM COBPEMEHHOTO
¢du3mKa. ITo Kak pa3 B fyxe ['eiizeHOepra: 3a/ja/iuM TePBUUHbIE TIPETIONOKEHUS
U BBIUMC/IMM WX ToC/aeAcTBus. Ecnu Mbl TosiyyaeM Habop Tpe/icKa3aHUH,
COIVIaCYIOIMXCS C TIOBCeHEBHBIMU HAOMIOeHUSIMUA, TEOpUsS ITIPU3HAETCS
>KU3HECII0COOHOM.

MHorve mpo6sieMbl C/IMIITKOM CJAOXHBI, 4YTOOBI PEIIUTh WX OJHUM
MBIC/IUTE/TbHBIM YCU/IMEM, a TTyOOKOoe MOHMMaHHe PeKo MPUXOAUT B MOMEHTHI,
KOT/la YueHbIM KPUUUT «3BpPHKa». HyKHO ybeauThCs, UTO BbI J€HCTBUTEIBHO
TOHMMaeTe KaK[blid MeJIbYaWIlWKM IIar, ¥ [0CJe [JOCTaTOYHOIO KOJIUYeCTBa
I11aroB JI0JDKHO TIOSIBUTHCS TIOHMMaHHe o0I1ell KapTHUHBL. B MpoTHBHOM ciyuae
MbI MIOMMEM, YTO TOIUIM T0 JIOKHOMY TyTH M HY>KHO HauWHaTh BCe C Hayasa.
OTU MeJibYaMllIMe I1arv, KOTOpble Mbl YIIOMSIHY/IM, HE TaK CJO0KHbI, HO Hjies
B35Th OAWH IMdepbsaT W TpeBpaTUTh €ro B OeCKOHeUYHOe MHOXKeCTBO
1iudepb1aToB, 6e3yC/IOBHO, C/I0)KHA, 0COOEHHO eC/Iv TIpe/ICTaBUTh cebe, UTO MX
BCe Ha/l0 HapucoBaTb. BeuHOCThb, eciu mnepedpasvpoBaTh Byau AnneHa, —
3TO OueHb [J0/r0, 0CoOeHHO Ombke K KoHily. CoBeTyeM He TIaHHUKOBAThb
1 He claBaTbCsl. B moboM ciiyuae Mbl IMeeM [IefI0 JIMIIb C KyCOUKOM BEUHOCTH.
Haria cienyromiasi 3aZjlaua — yYCTaHOBUTB TIPaBUJIO, KOTOpPOoe OyzeT OMUCHIBAThH
ToBe/ieHre 3TUX 1depO1aToB B orpezie/ieHHOe BpeMsi TI0C/Ie 3armyCKa YaCTHUIII.

OTO TpaBWIO — OCHOBHOM 3aKOH KBAaHTOBOW TEOPWUM, XOTSI BIOC/IEICTBUU
HaM TIOHAJOOUTCS YW BTOPOM 3aKOH, KOTZlAa MbI TIepeiieM K PacCMOTPEHHIO
BO3MOKHOCTH HajiMuMsi BO BceyeHHOI OoJibilie ofHOM uvacTulbl. Ho HauHeM
0 TIOPSIIKY U CHaua/la COCPeIOTOUMMCSI Ha eIMHCTBEHHOM Ha BCO BcesieHHYIO
YyacTHIle: HUKTO He 0OBHMHHUT HaC B TOM, UTO MbI XBaTaeMcsl 3a Bce cpa3y. UTak,
OHa CYyL[eCTBYeT B OJJUH MUl BPEMEHM — MPEINO/J0KUM, Mbl TOYHO 3HAaeM,
B KakoW HMEHHO, — W TIpe/iCTaB/ieHa eAWMHCTBeHHbIM Hudepbrarom. Haiia
KOHKpeTHasl 3ajlauya — HAMTH TIpaBW/IO, OMMCHIBaIOIlee, Kak OyAyT BBITTISIZIETh
B 1000 MOMEHT Bce HOBBIe 1iepO/iaTel, paccesiHHbIE 110 BceieHHOM.

CHauana Mbl chOpMy/MpyeM 3TO MPaBUIO, He TIO/IBOAS 10/ Hero HUKaKUX
ocHOBaHMK. K TOMy, MoueMy MpaBWIO 3BYUMT HMMEHHO TaK, a He HHaue,
BEepHEMCST uepe3 HeCKOJIbKO ab3alleB, HO cefiuac JO/DKHBI TIPOCTO TIPUHSITH €ro
Ha Bepy. MTak, BOT OHO: BO BpeMms t B Oyayiiem crpenka nudepbnara,
HaxXO/AIeroCcss Ha PacCTOSHUM X OT MCXOAHOro mudepbnara, MPOJBUHETCS
MPOTUB YaCOBOM CTPEJIKM HA BEIWUYMHY, TPOMOPLMOHAIBHYHO X% BeJMUMHA
TIPOZIBIDKEHUST TaKKe TMPOTOpI[MOHAa/lbHA MacCe 4YacTHI[bl m U 00paTHO
MPOMNOPIIMOHA/IbHA BpeMeHH t. B 3amycu C MOMOIBbK0 CMMBOJIOB 3TO 3HAYMT,
YTO HaM HY)KHO TIOBEPHYThb CTpeJIKy IMPOTHMB XOJa 4YaCcOB Ha BeWUYUHY,



TIPOTIOPIIMOHAIbHYI0 Mmx2 / t. A eciu OOBSICHATH 3TO C/IOBaMH, TO ObICTpee
aBurarTcs 1o uudepbnary 6Oonee MacCuBHBbIe YacTHIlbl, Oosiee manekve
OT MCXOAHOM TOUKH, a C TeYeHWeM BpEMEeHU XOJ CTAaHOBUTCS Me/[lJIeHHee.
CyujecTByeT airoputM — WIW, €CJIA YroAHO, PpeLeNT, — KOTOPbId TOYHO
OIMMCHIBAET, KaK OIpe/le/IUTh MOBeJeHHe Orpe/ie/ieHHOro Habopa 1udepb6iaToB
B KakOW-TO MOMeHT Oyayiriero. B Kakioi Touke BceneHHOM MbI pucyeM HOBBIN
1icdepO1aT, CTpesKa KOTOPOTO CABUHYTAa Ha 3aJaHHYIO TIPABWIOM BeMUHHY.
OTO NOJKpernJisieT Hallle MpeAno/oKeHWe 0 TOM, UTO YaCTUl[a MOXKeT (M Tak OHO
1 eCTb) IeperpbIruBaTh W3 HauaJbHOTO TMOJOXKEeHHsS B JIIOOYIO APYTyI0 TOUKY
BceieHHOM, MOpoXK/asi B MpoIjecce ABMKEHUSI HOBBIe 1depO/iaThl.

I171s1 IPOCTOTHI MbI MPEACTAB/ISUIA TOJLKO OAMH MCXOAHBIN 1HdepbOiaT, Ho,
KOHEUYHO, B KAaKOW-TO MOMEHT BPEMEHM YK€ MOXKET CYI[eCTBOBaTb HECKOJIbLKO
1[1ep06/1aTOB, U 3TO OTPaXkKaeT TMOCTY/IAT, UTO UaCTHI]a He HAXOAUTCS B KAKOM-TO
orpesieieHHOM MecTe. Kak pa3o0paTbcsi € 1iesioil Kydeid 1judep6iato? OTBeT
TaKOB: HY>KHO JleJiaTb TO, UTO MbI JieJlaliu jisg ofHoro nudepbiara, v OBTOPSThH
TpoLecC il BCeX uMeroIumxcs 1udep6saToB. IOTy W€ WIUIHOCTPUPYET
puc. 4.2. TlepBuunbliii Habop uwMdepOnaToB TIpejCTaBieH MaleHbKUMHU
KPY’)KKaMH, a CTPe/JKA TMOKa3bIBalOT, KaK YacTulla MepernpbiruBaeT C MecTa
KaKZ0oro TrepBUyHOro 1udepbrara B TOUKy X, «OCTaB/ssi» TaM HOBBIM
1udepOsaT. KoHeuHo, MpU 3TOM KaXK[bli MepBUYHBbIN IudepOiaT rmopoxaaer
B Touke X HOBbIU 1Mdepbaar, ¥ Mbl [JO/DKHBI CJIOXKUTh UX BCE BMeCTe, UTOObI
co3laTh OKOHYaTenbHBIM IUdepbmar ansgs  Toukun X. Pasmep 3rtoro
OKOHYaTe/IbHOrO 1udepbara JaeT BepOSITHOCTb BIOC/IEACTBUY HAaWTH YaCTHITY
B TOUKe X.



Puc. 4.2. Tlpeiratomuye 1udepbnarel. OKDPY)KHOCTU COOTBETCTBYIOT
MECTOHaXOXKJEeHUI0  YaCTULbl B  ONpeJe/ieHHbld  MOMEHT  BpeMeHU;
HaM HeoOXOAMMO Ka)K[OW Takol TOUKe TIOCTaBUTh B COOTBETCTBUE
no 1udepbnary. UToObl BBIUMC/INTL BEPOSTHOCTb OOHApY)KEHUS] UaCTULIbI
B TOUKe X, Mbl JO/DKHBI TO3BOJIUTh YaCTULIE MIPBITHYTh TyZAd U3 BCeX WCXOAHBIX
MecT ee mipeObiBaHMs. HecKO/MbKO TakuxX TPBDKKOB 0003HAueHO CTpeKaMu.
dopMa J/MHUKM He HUMeeT HUKAKOrO0 3HaueHWsi M YK TOUHO He O03Hauyaer,
YTO yaCTUILIA JABWXKETCS C MeCcTa HaxoxKzAeHus 1udepbiara B TOUuKy X Mo KakKou-
TO OIpe/ie/IeHHOW TPaeKTOpUHr

HeoOX0AUMOCTb CNOXKEHUs BCeX TMOSIB/SIOIIMXCA B Touke IudepOiaToB
He Tak Y cTpaHHa. Kaxapii uudepbrar cooTBeTCTBYeT crieljuduuecKoit
TPAaeKTOpUH, TI0 KOTOPOM uacTuiia mMorna Obl mpubObiTh B TOuky X. CrokeHue
1iudepO1aToB JIeTKO TOHATh, €C/IM BEPHYThCS K ABYXIL[e/IeBOMY 3KCIIePUMEHTY:
MbI TIPOCTO TibITaeMcsi Tiepedpa3rvpoBaTh OIMCaHUe BOJHBI i LKdepb1aToB.
MoskeM TIpe/ICTaBUTh [iBa UCXOAHBIX IMdepOsiaTa — M0 OHOMY Y KaXK/I0# I1ie/u.



Kax/iblii U3 HUX TIOPOXKAaeT HOBbIM LMdepb1aT Ha KOHKPeTHOW TOYKe 3KpaHa
B OJHO U3 TOCJEeAYIILIUX MIHOBEHWW, U Mbl JO/DKHBI CJIOKUTb S5THU /[Ba
mudepbnaara, utobbl MONyuMnack uHTepdepeHiyonHas ¢urypall Hrak,
TIPaBU/IO TIpe/ICKa3aHusl BHeIHero Buja Ludepbsara B 060 TOUKe COCTOUT
B TOM, uTOOBI MepeHecT B 3Ty TOUKYy BCce MCXOAHble LudepbaaThi, OAWUH
3a JpyruM, a IOTOM CJIOKUTh MX BCe MO MpPaBUIYy CJIOXKEHUS, OMUCAHHOMY
B [pe/blAyLLel I/1aBe.

Tak Kak Mbl peIIWId OMUCHIBaTh MOJOOHBIM SI3bIKOM pacIipoCTpaHeHUe
BOJIH, MO>)KHO MCII0/Ib30BaTh €ro U MpY Pa3MbIIIIeHUsIX 0 0o/iee 3HAKOMBIX HaM
BofHax. Camoil uzee yxe MHOro JieT. V3BeCTHO, UTO TOJ/UIaHJCKUM (U3UK
Xpuctuan [toWreHC OMUChIBaA TaK CBeTOBble BOJHBI emle B 1690 ropy.
OH, KOHeYHO, He yroMrHaa BoobpaykaeMbIx 1udepO1aToB, CKOpee Mo [UepKUBal,
YTO Ka)KyH TOYKYy CBeTOBOM BOJIHBI HY)KHO pacCMarpvBaTh B KaueCTBe
MCTOUYHMKA BTODUYHBIX BOJH (KaK KaXK[bid 1udepbsaT mopoxkaaeT MHOXKeCTBO
HOBBIX). OTU BTOPUYHbIE BOJIHBI 3aTeM COeJUHSIFOTCS, UTO JaeT HOBYHO BOJIHY.
[Ipouiecc TmOBTOpsETCS, TaK 4YTO KaXJas TOYKA HOBOW BOJIHBI CITYXKUT
VICTOUHWKOM De3y/IbTUPYIOIUX BOJIH, KOTOPble BHOBb COEAUHSIFOTCS [JpYr
C IpyroM, ¥ TaKUM CTIOCOOOM BOJTHA MPOJBUTAETCS JasIblIle.

Ternepb MOXXHO BEPDHYTBCSI K TOMY MOMEHTY, KOTOPbIM MOXXeT BbI3bIBAaTh
Ballle CripaBefiyiiBoe OecrokoicTBO. [TouemMy Mbl BbiOpanmu BenuuuHy mx2 / t
[J1s1 OTipefie/ieHusl CABUTrA 4aCOBOM CTpesKU? Y 5TOM BeIMYUHBbI €CThb UMS —
9TO Oelicmgue — W Jlo/irasi TIOUTeHHasi UCTOpUsi B pa3BuTuM ¢u3uku. Ha camom
Jlefle HUKTO T0Ka He TOHKWMaeT, MOYeMy 5Ta BeJMUKMHA HACTOIbKO IPOYHO
YKOpeHWach B TIpUpPOJle, a CTajo ObITh, HUKTO HE MOXeT PpalMOHa/IbHO
OOBSICHUTB, TI0UEMY CTPeJIKU ABWXKYTCS TaK, KakK JBIKYTCs. Bo3HUKaeT BOIIPOC:
Kak BOOOIIle KTO-TO TIOHSUI, UTO 3TO TaK BakHO? [loHsATHe /eliCTBUSI BIiepBbie
TIpeJI0KUI HeMelkuit pusmocod v maremaTtuk ['otdpuz JleiibHuI| B HaMMCaHHOM
B 1669 ropy, HO HeomnyO/IMKOBaHHOM paboTe, OJHAKO OH He CyMeJs HalTu Criocob
TIPOU3BOAUTL BBIUKC/IEHUS C ero mnomoupr0. BHOBb BBen ero B 1744 rony
dbpaHiy3ckuii yueHbli Ilbep Jlyu nge MormepTion, a 3aTeM ero MCIOJIb30Basl
A7s1 (DOpMY/MPOBKM HOBOTO M OYeHb MOIHOTO MPUHLIWIA TIPUPOABLI [IPYT
MoriepTior, MareMatuk JleoHapsa Oiinep. IlpeacraBbre cebe Ms4, eTSIUAN
10 BO3AyXy. Oisiep OOHapyKWI: MsY [BWKETCS IO TaKoW TpaeKTopuH,
yTo [JeliCTBUe MeXAy [JByMsi TOYKaMM MaplipyTa OyfeT Kaxablii pa3
HavMeHbIIMM. B cjlyyae ¢ MAUOM JeliCTBUe COOTHOCHMMO C Pa3HOCTBHO MEXAY
KUHETHYeCKO M TIOTeHIManbHOH sHeprueli Mmsual?. Dta 3akoHOMepHOCTBH
TO/Tyun/ia Ha3BaHUe «TPUHIUIA HauMeHbIIero AeUCTBUsS», U OH MOXKeT ObITh
VICTI0/Ib30BaH KakK ajibTepHAaTHBa HBIOTOHOBBIM 3aKOHaM [BMKeHusl. Ha nepBbiv



B3IVIsi[, TIPUHLIMTT JIOBOJIbHO CTpaHeH, MOTOMY UTO KaXkeTcs, OyzATo /s Tosieta
C HaVMEHBIIIUM [IefiCTBMEM Ilap [O/DKeH 3apaHee 3HaTh, KyJda OH coOupaeTcs
7ieTeTh ellle ZI0 TOrO, KaK OH Tyja mosneTutr. Kak vHaue OH Mor Obl JieTeTh
M0 BO3AyXy TakK, 4ToObl Be/JMUMHA, KWMeHyeMasi JeMCTBUeM, KaXK/blii pa3
TroJiyJasacb MUHUMAa/bHOW, KOTrjla OH yxke mposieten? Eciu nepedpa3upoBars,
TO MPUHLIMIT HAWMEHBLIETO [elCTBUSI Ka)KeTCs Tee0/I0TMueCKUM (TaK FOBOPSIT,
KOrJla TIpe/IoJiaraiT, UTO COOBITHSI TIPOMCXOJST C LiefbH0 JOCTUUbL 3apaHee
TipefioTipe/ie/IeHHOT0 Mcxofa). Teseonoruueckue uaerd BOOOIe TO/Ib3YHOTCS
B HayKe [ypHOM peryTallueil, U HeCJIO)KHO /I0TaJiaTbCsl modyemy. B Ouosoruu
Tesieo0/ioThyeckoe 0OBsICHEHUE TOSIBIeHHMsI C/IOXKHBIX CYIIIeCTB MOAKPeTIsiio ObI
TEOPUI0 CYIL|eCTBOBaHUSI TBOPL|A, B TO BpeMs KakK TeOpHWs 3SBOJIIOLUU I1yTeM
ecTeCTBeHHOro OTOOpa, BbIZIBUHYTas [lapBUHOM, TipejjlaraeT ropaszno Ooree
npocToe OOBsICHEHWE, KOTOpOe K TOMY JKe TIpeKpaCHO COr/lacyercs
C UMEKIUMHUCA [JaHHbIMA. B Teopuu [lapBMHa HeT TeJe0JI0ru4yecKoro
KOMIIOHEeHTa: (CJlyyaliHble MyTalWd BeAyT K TOSB/JEHUID  Bapualui
B OpraHu3Max, a BHelllHee [aBJieHHWe CO CTOPOHbI Cpelbl U [PYTHUX >KUBBIX
CYLLIeCTB OIpeJiesisieT, Kakve Bapualiy TepefaroTCs CAeAYIOLIUM [TOKOJIeHUSIM.
OTOT mpoliecC — eAUHCTBEHHBINW, CMOCOOHBI OOBSICHUTH TO MHOroOOpasue
U CJIO)KHOCTh >KU3HEHHbIX (OpPM, KOTOpble Mbl Hab/roaeM ceiiyac Ha 3emiie.
WHbIMU C/I0BaMM, YCTpaHseTCs HeoOXOAUMOCTh 00)KeCTBEHHOTO TIPOMbIC/IA
Y TIOCTeIeHHOT0 BOCXOK/€HHSI OPraHU3MOB K KAKOMY-TO COBepIIeHCTBY. BmecTo
5TOr0 OKAa3bIBaeTCsl, UTO 3BO/IOLMSA J>KU3HA — CJAy4YauHbId MYyThb, KOTOPbIW
ornpefiessieTcss  HeCOBEpPLIEHHbIM  KONMPOBAaHMEM T€HOB B TIOCTOSIHHO
MEHSIIOIIUXCST  YCJIOBUSIX BHellHel cpenbl. Jlaypear HobeseBckoil mpemuun
dpaniy3ckuii  6uosor >Kak MoHO fake Ha3Baa KpaeyrojbHbIM KaMHeM
COBpeMeHHOW OUMO/IOTUM «CHUCTeMaThYecKoe WU aKCMOMaTUueCKoe OTpHUIjaHue
BO3MOYXHOCTU TOTO, UTO HayyHOe 3HaHWe MOKeT ObITh MOJy4eHO Ha OCHOBe
TEOpHUM, KOTOpble SIBHBIM WM HesSBHbIM 00pa3oM BK/IHOUalOT B cebs
Tes1e0/I0ruue CKUU MPUHLIUID.

Y (u3uKoB, OfiHAKO, CMOpPHI O TOM, pabOTaeT Jid MPUHLUIT HAUMEHBIIIETo
JIeMCTBUS, He BeJyTCs, IOTOMY UYTO OH I103BOJIseT MPOW3BOAWUTH BBIUUCJ/IEHUS,
BEPHO OMUCHIBAIOILME TIPUPOAY, U SIBJISIETCS KpPaeyrojbHbIM KaMHeEM (PU3HKH.
Mo)XHO  BO3pasuTh, UTO TIPUHLWII  HauvMeHbIero JIeMCTBUSI  BOBCE
He TeJ/le0/IOTMUeCKHUi, HO BCe CIOpbl B JHOOOM CJjlydae 3aKOHUATCS, KOT/A MBI
BO3bMEM Ha BOOpyeHue noaxos deilHMaHa K KBAaHTOBOM MexaHUKe. Msu,
MeTAIUM TI0 BO3[YyXY, «3HaeT», KaKyl TpaeKTOpUI0 u30parb, TOTOMY 4TO
Ha CaMOM /Jiefie BTaliHe UCCieflyeT KaK/AyH0 BO3SMOXKHYIO TPaeKTOPHIO.

Kak >ke BBISICHWIOCh, YTO MPaBU/IO XOJa CTPEeJIOK 4YacOB MMeeT HeuTo
o0bIriee ¢ BeJMUMHOM, UMEHYeMOM aAeilicTBUeM? B HMcTOpUueckoll TepcrieKTrBe



MEepBbIM TaKyl (OPMYIUPOBKY KBAaHTOBOM TeOpPWUW, BK/IHOUAIOIEN TMOHATHE
JeNCcTBuYsA, npelaoxun Jlupak, HO CO CBOWMCTBEHHOM €My 3KCLI€EHTPUUHOCTBIO
orny0/MKOBas CBOe MCC/Ie[loBaHUE B COBETCKOM >KypHasie — B 3HAK TOA/I€P>KKU
coBeTckod Hayku. CraThsi TOJ Ha3BaHWeM «JlarpaHkuaH B KBaHTOBOM
MexaHuKe» Obuia omy6svkoBaHa B 1933 roay u mpeObiBasia B 3a0BeHUM MHOTO
ner. Becnou 1941 roga wmosozor Puuapny  @edHMaH — pasMBbILLUISIL,
Kak pa3paboTaTh HOBBIW MOAXOJ K KBAaHTOBOM TEOPWH, UCTIOb3Ys JIarPaHXXeBYy
(GOpMy/IMPOBKY K/JIacCUUeCKOM MeXaHWKu (9Ta (OpMYy/IMpOBKAa BbITEKAeT
Y3 TMpUHLWIA HauMeHbllero nAelctBusi). OgHaXKAbl BeuepoM Ha MUBHOU
BeuepuHKe B [IpuHcTOHe OH BcTpeTun epbepra Mere, esponeiickoro $husmka, u,
KaK 3TO BOAUTCS Y (PU3UKOB, MMOC/e HECKOMbKUX KPY>KeK OHU Hauaau 00Cy»/aTh
uied [/ MCCIefoBaHWM. Vlene BCIOMHMI JlaBHIOIO cTaThio  Jlupaxa,
Y Ha C/IeAyrolui 1eHb OHU Halllu ee B [IpuHCTOHCKOM 6ubnoteke. deliHMaH
HeMeJJIeHHO Hauaj BbIYMC/IEeHUs] 10 MeTofam /[lhpaka, U B TeueHUe [HS
Ha I7a3ax y Vene oGHapyXu/, UuTO MOXKET BbIBeCTU ypaBHeHue IIIpénuHrepa
13 TIPUHLIUIA HauMeHbIlIero AelcTBus. DTO0 Obul OOMbBILON 1Iar Briepes, XOTs
@deliHMaH M3Hauya/bHO Mpejroarasi, yTo JIupak Mor yke czesaTh TO Xe caMoe,
TOTOMY 4YTO 3TO Be/lb ObLIO 371eMeHTapHO; [la, 3JeMeHTapHO, eC/iu Bac 30BYT
Puuapgom ®eitimanoM. Co BpeMeHeM PeliHMaHy yZianoch BbISCHUTH Yy [lrpaka,
3HaJ/l M TOT, KAK MOXKHO HCII0/Ib30BaTh ero paboty 1933 ropa, eciu cjenarb
HECKOJIbKO /IOTIOJIHATe/IbHBIX MaTemathueckux 1aroB. Ilo3gHee PeliHmaH
BCIIOMUHAa/I, 4TO [lupak, Jieka Ha TIPUHCTOHCKOM TpaBe II0C/ie He CaMOu
BBIZIAIOIIIENCST JIeKLIUM, OTBETWI TpocTo: «HeT, s He 3Hajl. DTO WHTEPECHO».
Oupak ObUT OAHMM U3 BenUUANIINX (PU3MKOB B WMCTOPUM, HO TOBOPW/I OYeHb
Mano. FOmkun BurHep, caM NpUHaA/IeXaBIIMM K COHMY BeJMKHX, 3aMETHIIL:
«®eliHMaH — 3T0 BTOpPOM [lUpak, HO Ha 3TOT pa3 C Ye/IoBeYeCKUM JIULIOM.

Wtak, HarloMHUM: Mbl C(OPMY/IMPOBAJU TMPaBUIO, KOTOPOE II03BOJISIET
3apuCcoBaTh MHOXECTBO LU(epOsaToOB, Tpe/CTaBASIONIUX COCTOSTHUE YaCTHUIIbI
B HEKUM MOMEHT BpeMeHU. [IpaBWi0o [OBOMBHO CTpPaHHOE: Mbl HaroJHseM
BcenenHyto 6eckOHeuHbIM KOMMUeCTBOM IudepbnaToB, KOTOpbie BCe
OKa3bIBalOTCSI CBSI3aHHBIMU JPYT C APYTOM OTHOILEHUSIMU, 3aBUCSILMMU OT TOXKE
JIOBOIbHO ~CTPAHHOM, HO wuMelollel 0osbllloe KCTOpUYECKOe 3HaueHue
Be/IMUMHbBI — fieicTBus. Eciu Ba unu 6osee 1iudepbiata oKa3bIBalOTCS B OJJHOM
T0JIO)KEHWH B OJJHO U TO >Xe BpeMsi, OHU CyMMUPYIOTCs. [IpaBU/io OCHOBaHO
Ha TOM, 4YTO Mbl JIOJDKHBI TIPEJOCTaBUTh YacTulle CBOOOJY TMepernpbirHyTh
u3 Jo00ro KOHKPETHOrO MecTa BO BceneHHoii B sioboe JApyroe MecTo
3a 6eckoHeuHO Masioe BpeMs. Mbl cpa3y ke cKa3anu: Takve aOCyp/iHbie Ha BU/
WJien J0/DKHbI TOABEPTHYTHCSI TIPOBEPKe MyTeM CTOJIKHOBEHWSI C TPUPOAOH,
yToObI YOEAUTHCS, UTO TOJyUaeTCsl UTO-TO pa3ymHoe. [ Hauasa pacCMOTPUM,



KaK W3 JTOM KaKyIlleMcss aHapXuM BO3HUKAaeT HEUTO OueHb KOHKPETHOE.
OTO OAWH W3 KpaeyrojbHbIX KaMHel KBAHTOBOM TeOpUU — TIPUHIIMII
HeoripesiesleHHOCTH ['efizeHOepra.



IIpuniun HeonpeaeneHHocTu [eii3eHOepra

[MpuHiun HeonpeaeneHHOCTH ['eii3eHOepra — oiHa U3 CaMbIX HETIPABUILHO
MOHUMAaeMbIX uacTell KBaHTOBOW TeOpUHU, TPOMNHWHKA, IO KOTOPOW BCSIKUE
11ap/iaTaHbl ¥ MOCTABIIUKY B30pa MPOTAJKHUBAIOT CBOKO (PUIOCODCKYIO epyH/Y.
Tefizenbepr mpeacTaBUI 3Ty KoHLemniuio B 1927 roay B paboTe 1o/, Ha3BaHUEM
Uber den anschaulichen Inhalt der quantentheoretischen Kinematik
und Mechanikl¥, xotopoe ¢ Tpyzom mopzaetcs mepeBozy. Camoe TpynHOe
cioBo — anschaulich, koTopoe 3HauuT TO /M «(dU3UUeCKU», TO JiK
«AHTYWUTHBHBIN».

['efizeHOepromM, BO3MOKHO, /IBUTali0 BHYTPeHHee pas/ipakeHue 0 MOBO/Y
TOTO, UTO WHTYUTUBHO Oosiee TIOHSITHasi BepCUsi KBAaHTOBOM TeOpUH,
nipegyiokeHHasi 1IpénuHrepoM, Oblia TIPUHSITA 1IKMpe, YeM ero COOCTBeHHas,
HECMOTpPSI Ha TO uTo oba MeToza Belu K OAWHAKOBBIM pe3ynbraTam. BecHoii
1926 ropa LlIpénuHrep ObL yBepeH, UTO ero ypaBHeHUe /it BOJIHOBOW (DyHKIUU
JaeT GU3NUeCKyl0 KapTUHY TIPOUMCXOAsilero BHYTpu aromoB. OH cuuTas,
YTO BOJIHOBYHO (DYHKI[MIO MOXXHO BM3ya/lM3UpOBaTh M UTO OHA CBsi3aHa
C pacrpocTpaHeHUeM 3/1eKTPUUeCKOro 3apsi/ia BHyTPU aToMa. JTO BCe 0Ka3anoch
HEBEpHbIM, HO, TI0 KpaillHell mMepe, MO3BOMWIO (H3UKaM yBEDEHHO UyBCTBOBAThb
cebss BCIO TIepBYIO To/oBMHY 1926 Trozma, 1oka bopH He mpeioxun
BEPOSITHOCTHYIO MHTEPHpeTaLHIo.

[efi3eHOepr, C Jpyroii CTOPOHBI, TIOCTPOW CBOKO TEOPHIO Ha abCTpaKTHOU
MaTemaTHKe, KOTOpasi upe3BblUaliHO YCIIeLIHO TMpe/CcKa3biBajia pe3y/bTaThl
SKCMEPUMEHTOB, HO He Tojjie)kasa YeTKOM (M3UUeCcKOl WHTeprpeTalyu.
OH wu3noxun ceoe pasapaxeHue Ilaynmv B nucbme oT 8 wutoHs 1926 roga —
3a HeCKOJbKO Hefelb [0 TOro, Kak BopH MeTHyn cBoll MeTadopuuecKuil
raeuHblil K/TFOU B CTOPOHY MHTYUTUBHOTO nozaxoza LIpénunrepa: «Hem Gosbliie
g Jgymaro 0 (¢usnueckoid cropoHe Teopuu LlpénuHrepa, Tem Ooiee
OTBpaTUTE/NIbHOM OHa MHe Kaxercs. Tam, rae IlpéauHrep nwuiier
06 Anschaulichkeit (HarnsigHOCTH) CcBOeli TeopuH... s1 unTaro Mist». Hemerikoe
CJIOBO MiSt TEPEBOAUTCS KaK «B3[j0pP», «1€PbMO». .. WIH «epYHZa».

lelizeHbOepr pemwi  BbISICHUTb, UTO JKe  JIOJDKHO  [OHUMAThCS
10/, «<MHTYUTHMBHOM KapTuHOW», unu Anschaulichkeit, ¢pusnueckoit Teopuu. Uto,
crpocu oH cebsi, KBaHTOBasi TeOPHsl [JO/DKHA TOBOPUTH O TaKUX y’Ke W3BEeCTHBIX
CBOMCTBAX YacCTHll, KaK UX nojoxkeHue? B ayxe cBoeli OpUTMHAIbHOM TUIOTE3bI
OH MPEeATIOJI0KHU, UTO UMEET CMBIC/I BECTH Peub O T0JIOKEHUHU YaCTUL[bl, TOJIBKO
eC/M yKas3aThb MPU 3TOM, Kak ero usMepsitb. [105ToMy Hesb3si 3a/1aBaTh BOIPOC,



JleMCTBUTENIBHO JIM JIEKTPOH HaxXO[WTCS BHYTPU aroma BOJOPO/A, He OIUCaB,
KakrM, cobcTBeHHO, 06pa3oM Bbl coOMpaeTech NOMyurTh UH(OpPMALUIO0 06 3TOM.
KaxeTcsl, 3TO MOXO)Ke Ha CeMaHTUKY, HO HeT. ['eli3eHOepr 3ameTu/, UTO CaM
IIpOLIeCC U3MepeHUs] TIOpOM BHOCUT BO3MYIL[eHUe, Ppe3y/JbTaTOM KOTOPOro
CTAHOBATCSI OTPaHUYeHUs Ha TIyTU TOTO, UYTO MbI MOYKEM «3HaTb» 00 3/IeKTPOHe.
B cBoeli opurrHanbHOM pabote [eii3eHOepr cymen OLIEHUTh OTHOIIEHUS] MeXAy
TOUHOCTBIO U3MepeHUs TMIOJIOKeHUsI W UMIIyJbCa 4YacTvlbl. B 3HameHUTOM
TpUHLIUIIe  HeOlpeJe/leHHOCTH OH  yTBepXzjaeT, 4rto ecm Ax -
9TO HeOoTpe/ie/IeHHOCTh HAaIlIMX 3HaHUH O TI0JI0XKeHUU YacTulibl (rpedeckasi OykBa
A TIPOW3HOCUTCA «Je/bTa», TaKk uTo AXx MPOU3HOCUTCA «JefbTra UKC»), a Ap —
COOTBeTCTBYIOLI|Asl HeoIllpeie/IeHHOCTh UMITY/IbCa, TO

AXAp ~ h,

rge h — mocrosiHHas IlnaHka, a CUMBOJ ~ 3HAUUT «IIPUMEPHO paBeH».
WHbIMU C7I0BaMM, TMPOM3BE/leHHWEe HeOolpe/e/IeHHOCTH TI0JIOKEeHHsT 4YaCTULIbI
Ha Heorpe/ie/IeHHOCTb ee UMITy/bca OyZieT pUbIU3UTETbHO PAaBHO MOCTOSIHHOM
[lnaHka. DTO 3HaUWT, YTO ueM Oojlee TOUHO Mbl ONpeJesisieM TIOI0KeHUe
YaCTHUI[bl, TEM MeHbllle MO)KeM 3HaTh O ee UMIMYJbCe, U HAa060pOT. ['elizeHOepr
Tpullie]T K 3TOMYy BbIBOJly, paccMarpuBasi OTPbIB (DOTOHOB OT 3/IEKTPOHOB.
@®OTOHBI — 3TO CpPe/ICTBO, Gyiarosiapsi KOTOPOMY MbI «BUZIMM» 3/IEKTPOH, Kak U BCe
ocTa/iibHble OOBEKThI: (DOTOHBI OTPHIBAIOTCSA OT HUX W COOMpAIOTCs mepeq
HalmMuy 11a3aMd. OOGBIYHO CBET, UCIyCKaeMblii 0ObeKTOM, BbI3bIBa€T B CAMOM
o0bekTe J/WIL He3HAUUTeTbHbIe BO3MYIIEHHs, HO 3TO He OTMEeHseT Hallei
byHIamMeHTaIbHOM HeCrOCOOHOCTU TIOTHOCTBI0 OT/E/IUTh MPOLieCC W3MepeHuUs
OT W3MepsieMOro rpeaMeTta. JIOTMYHO MpeANoI0XKUTb, YTO MOYKHO MHHOBAThb
OrpaHUYeHUs] TPUHLIUIA HeOlpe/e/leHHOCTH, €eCAW MpUAyMarb [0CTaTOYHO
XUTPOYMHBIM 3KcIiepuMeHT. Ceiiuac Mbl TIOKa)KeM, UTO 3TO He TaK, W TIPUHLHUII
HeomnpeJie/IeHHOCTY HOCUT (PyHZamMeHTaslbHbIA XapakKTep: Mbl BBbIBEJEM €ro
VCK/TFOUMTE/IbHO U3 Hallleli Teopuu 1judepbiaTos.



BbIBOj IPUHIIMIIA Heompege1eHHOCTH I'eiizeHOepra
13 Teopuu HudepoO/IaATOB

BMecTo Toro 4tobbl HayaTh C YaCTULIBI B OTIPe/ie/IeHHOUN TOUKe, Mo/[yMaeM
Jydllie O CUTyaljuH, KOrJa Mbl JIMIIb IPUMEPHO 3HaeM, I7le HaXOAUTCS YacCTHULa,
HO TOUHOE ee MeCTOToJiIoKeHre Heu3BecTHO. Eciu oHa rae-To B HeOOMbIOM
00s1acT TIPOCTPAHCTBA, HY)XHO TIPEJCTaBUTh ee B BUje psja Iudep0OiaTos,
3aHUMAIOIIUX BCHO 3Ty 007acTb. B Kaxkaol ero Touke OyzeT HaxOJUThCS
no tudepbary, u 3tu UKdepbaaThl OTPA3sT BEPOSITHOCTb, C KOTOPOM YaCTHUILY
MO)XHO HalTH B 3TOW TOUKe. Ec/i Mbl BO3BeZieM B KBalpaT J/IMHbI BCEX CTPesoK
5TUx 1udepbnaToB B KaXKAOM TOUKe U CJIOXKUM, TO TOAyuuM 1, TO ecTb
BePOSITHOCTb HAalTH UacTUIly 20e-mo B 3Toi obsactu paBHa 100 %.

Uepe3 HeKOTOpOe BpeMsi Mbl BOCII0/Ib3yeMCsi COOCTBEHHBIMHA KBaHTOBLIMU
TpaBWIaMHU [i/Isl Cepbe3HbIX BBIUYMC/IEHUM, HO CHayasa BbIHYK/[eHbl IPU3HAThCS,
yTo 3a0BUIM YTIOMSIHYTh Ba)KHOE MOTOJHEHWe K TPaBUIy TOBOPOTa CTPEJIOK.
Mbl He XOTe/ld BBOAUTH €ro paHbllle, MOTOMY UYTO 3TO YUCTO TeXHUUYeCKast
JleTajib, HO, eC/IM UTHOPHUPOBATh ee TIPU BbIUYMC/IEHUUM PeaslbHbIX BEPOSITHOCTEN,
MpaBWIbHBIX OTBETOB He mnoayurnM. OTHOCUATCS 3Ta [JeTalb K TOMY,
YTO HalMCaHO B KOHIIe TIpe/bIayiilero ab3aiia.

Eciu Hauathk C ofuHOUHOTO IudepbsiaTa, cTpeska /0/DKHA UMeTh yIMHY 1,
TOTOMY YTO YaCTHIla [I0/DKHA HAaXOAWUTHCS B MeCTe pacrosiokeHus 1udepbiara
co 100 %-Holi BepoSTHOCTHIO. Haille KBaHTOBOe TIPABWJIO TIJIACUT: UTOOBI
OTMCaTh TI0JIOKEHUE YaCTULIbl B KAaKOW-TO MOMEHT Oy/yil[ero, MbI JO/DKHEI
repeMecTUTh 1MdepOsaT BO Bce TOUKU BcesieHHON, COOTBETCTBEHHO TOMY,
KaK YacTuLja MOXeT TIPbITHYTb W3 CBOEro TeKYLero MeCTOIO/I0KEeHHS.
EcTecTBeHHO, MbI He B CWJIaX CjleflaTh Tak, YTOObI Bce CTpesiku 1udepbiaToB
¥IMeJId JUIMHY 1, IOTOMY YTO TOI/ia BCSI UHTEpHpeTalusi BePOSITHOCTH PYLIMTCS.
[IpencraBbTe, HaTIpUMep, UTO YaCTHUI[A OMUCHIBAETCS UYeThIpbMS 1udepOiaTamu,
TaK KaK HaxOJUTCS B ueTblpex pa3HbIX MecTax. ECIM CTpeska KaK[oro
1udepbnara uMeeT JUHY 1, TO BEPOSITHOCTb TOTO, UTO YaCTULA HAXOAUTCS
B /060l U3 ueThipex Mo3uiui, OyzeT paBHATbCS 400 % — OoueBHHO, UTO 3TO
HOHCeHC. UTOoObI peruThb 3Ty 1pobsieMy, Mbl JO/DKHBI yMeHbIaTh 1iudepOaThl,
a He TOJIbKO JJBUraTh UX MPOTUB YAaCOBOU CTPEJIKU. JTO «IIPABUJIO0 YMeHbIIEeHUS»
I7IaCUT, YTO TIOCJe TOro, Kak Bce HOBbIe Ijudepbnarsl OygyT MOPOXK/EHHbI,
KaX/IbI 13 HUX [O/DKeH ObITh pa3zenieH Ha KBaJ[paTHbIM KOpDeHb U3 0011ero
komuectBa yacoBlll, [T ueTwIpex uacoB 3TO 3HAUMT, UTO KaKAYIO CTPENKY
HY)KHO pas/le/IuTh Ha V4, TO eCcTh CTpejKa Kaxkgoro Lpdepbnara OygeT UMeTsb



nmHy V4. OTcrofja ciiefiyeT: BepOsiTHOCTh TOTO, UTO uacTuija OyzeT HaiifieHa
Ha MecTe mo0oro u3 uethipex IMdepbraroB, paBHa (¥2)2 = 25 %. Takum
MIPOCTBIM CIOCOOOM MBI MOXEM YOeIUThCS, UTO BEPOSATHOCTb HAaXOXKAEHUS
yacTULbl Te-1160 Beeraa Oyzet 100 %-HoM.

KoHeuHO, KO/IMUeCTBO BO3MOXKHBIX TIOJIOKEHUN MOYKET OBbITh 6@ CKOHEUHBIM,
TakK 4To IfMdepbaaTbl MOTYT OKa3aThbCsd W HY/IEBOTO pa3mepa. JTO BbI3bIBaeT
TPEBOTy, HO MaTreMaTWKa crpaBuUTcs. [ Hamux 1iejell Mbl Bcerga Oymem
CUMTaTh, YTO UUC/IO0 I[MdepbsaTOB KOHEUHO M HaM HUKOIZa He OymeT HY»)KHO
3HAaTh, HACKOIBKO YMeHbIIIaeTCsl KaXK/IbIk [udepOar.

BepHeMcsi K mpeAno/ioKeHW0, 4yTo BceneHHass COEp)KUT eAUHCTBEHHYIO
YyacCTULly, MOJIOXKEHHE KOTOPOM TOYHO He n3BecTHO. Crieyroluii pa3ien MoXeTe
BOCIIPMHUMATh Kak HeOOJIbIIYI0 MaTeMaTUUecKyl0 3a/auy — CJIe[IUTh 3a XOJ0M
MBIC/IA CHaJaJIa OKaKeTCsl CJIOXKHO (Torza morpoOyiiTe repeunTarh), HO eC/Id Bbl
CMOXKeTe MOHSITh, YTO MPOUCXO/IUT, TO TOMMETEe U TO, KaK BO3HUKAET MPUHLIUII
Heorpe/leJIeHHOCTU. [l TIpOCTOTBHI  [IOMYCTUM, YTO 4YaCTULld [JABUKETCS
B OJJHOMEPDHOM TIPOCTPAHCTBE, TO €CTb HAaXOJUTCS I/le-TO Ha MPSAMOU JIMHUM.
bonee pea/MCTUUHBIM TpUMeEp [Jisi TpeX U3MEPEeHUW He OT/IhYaeTcs
dbyHIaMeHTa/IbHO, 3aTO €ro claokHee n300pasutb. Ha puc. 4.3 Mbl chenanu
3apMCOBKY CHUTYyal[iM OJHOMEPHOrO JBMKEHHS, M300pa3uvB uacTUIly JIMHHEeH
u3 Tpex 1udep6matoB. OMHAKO HY>KHO MPeJCTaBUThb, UTO X HAMHOTO OOJbIlle —
10 OJHOMY B KaX/OW TOUKe, [/le MOXKeT HaxOAuTbCs uacTtuua. [Ipocto
HapUCOBaTh Takoe KOMMUecTBO ObLI0 Obl OueHb TpyAHO. B 3TOM rpyrie
1[idep0O/aTOB,  COOTBETCTBYIOIIEM  HCXOAHOMY  TIOJIOKEHUIO  YaCTHIIBI,
1udepbsaTr 3 HaxoauTcs cieBa, a mudepbnar 1 — crnpaBa. Mrtak, B 3ToM
CUTyalldd Mbl 3HAaeM, YTO YaCTHLA B HayajbHbId MOMEHT HAaXOJUTCS T[e-TO
Mexay rudepbraramu 1 u 3. HeloTOH cKa3zan Obl, UTO OHA OCTAHETCS MEXAY
1udepbaTamu 1 1 3, ec/id C Hell HUUETO He Jie/laTh, HO KaK HacueT KBAaHTOBOTO
rnpaBuia? 3[eCb-TO W HauMHAeTCsl CaMOe WHTepeCHOe: Mbl ITOUrpaeM
¢ npaBwiaMu 1dep6s1aToB, UTOOLI OTBETHUTHL Ha 3TOT BOIIPOC.
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Puc. 4.3. Tpu 1mdepbnaTa, TOKa3bIBalol[e OAWHAKOBOE BpeMs
Y pacCrio/Io)KeHHbIe Ha OJHOW JIMHWH, OMKUCHIBAOT YaCTUL]y, B HaYa/IbHbI MOMEHT
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HaXOAALIYIOCs T7je-T0 B 06sactu 3Tux uudepbnatoB. Hac uHTepecyeT, KakoBbl
IIIaHChI HA TO, YTOObI HAWTH YaCTUIy B TOUuKe X B HEKOTOPBIA MOC/IeAYIOIIUIA
MOMEHT BpeMeHU

[To3BoIMM BpeMeHU WITH BIlepe], U BbIACHUM, UTO MPOM30WJET C 3TUM
psiiom 1mdep6bnatoB. IlpencraBum cebe cHauana OAHY KOHKDETHYH) TOUKY
Ha OOJIBIIIOM PaCcCTOSIHUM OT MCXOAHOM rpymrbl 1judepbnatoB. Ha prcyHke oHa
orMeueHa OykBoi X. O TOUHBIX mMapamMeTpax «OOJBIIIOTO PaCCTOSHUS
TIOTOBOPUM UYyThb I03)Ke, a Cermyac 3TO MPOCTO 3HAUMWT, UTO CTPEJIKW [OJDKHbI
CyLLIeCTBEHHO M3MEHUTh CBOe I10JIOKeHHe.

[IlpyMeHUB TpaBU/ia WIPbI, Mbl JO/DKHBI TIepeHeCTH KaXKIbld 1udepbOsat
Y3 WUCXOAHOM Tpynmbl B TOUKy X, IepeABurasi CTpeIKW W yMeHbLas WX
COOTBETCTBYHOIIUM 00Opa3oM. Pu3nueckyd 3T0 COOTBETCTBYET TOMY, UTO YacTHUIla
TpbiTaeT Y3 TOYKM 1o/ B Touky X. B Touky X mnpulyner HeCKOIbKO
1iudepb1aToB — MO OHOMY W3 KaXK/I0M UCXOAHOW TOUKH, U CelyeT CJIOKUTh WX
BCe. B uTore KBajpar J/IMHbI pe3y/bTUPYIOIlel cTpenku ydepbnaara B Touke X
[laCT HaM BepOSITHOCTb HaXOKJ€HHs YacTULbI B X.

Terepr moHab/FO@aeM 3a TPOLIECCOM B pa3BUTUU U JobaBuUM psifi Lmdp.
HoryctiM, 4To TOuKa X HaXOAUTCs Ha pacctosinuu 10 equHul] oT iudepbarta 1,
a mMpuHa o6sacTv, 3aHMMaeMON HCXOAHOUW Tpymmoi 1udepbnatos, — 0,2
equHuLbl. [Ipy oTBeTe Ha O4eBUHBIKM BOMpoC «UTo 3TO 3a paccrosiHue — 10
eUHUL[?» B Hallle TTIOBeCTBOBaHME BXOJUT MOCTOsIHHAsA [lnaHkKa, HO cerlyac Mbl
JIOBKO OTIIMXMBAaeM ee B CTOPOHY M IIPOCTO OTMevyaeM, uTo 1 eguHUL|A
paccrosiHust cooTBeTcTBYeT 1 monHomy (12-yacoBoMmy) 000pOTy CTpenKu
Ha uudepbnare. ITo 3HAUWT, uTo Touka X mpumepHo B 102 = 100 mosHBIX
o0opoTax OT W3HA4aJLHOrO T0Jisi (TTIOMHUTE O TpaBuje xo7a 4yacoB). [Tonoxum
Takke, uTo Ludepb1aThl B MCXOAHOM TpyIire ObIIM OAHOTO pa3Mepa W BCe
yKa3biBamu Ha 12 uacoB. [lpeamonoxeHwe o6 MX OAWHAKOBOM pa3Mepe —
5TO TIpeAINOJIOKeHWe O TOM, YTO YaCTULy MOKHO C OJMHAKOBbIMHU IIaHCAMU
HalTU B TOYKAaX, COOTBETCTBYHOIUX Ludepbraram 1, 2 u 3 Ha HallleM PHCYHKe,
a 3HaueHWe TOro, uTo Bce LUdepOaaThl TMOKa3bIBAIOT OMHAKOBOE BpeMs,
BBISIBUTCS TT03/[HEe.

Yrobbl mepeMecTuTh LMpepbrar u3 Touku 1 B TOUuKy X, HYXKHO
B COOTBETCTBUU C TIPABWIOM CjlefiaTh TOJIHBIM 00OpOT CTpesiKU MPOTUB XOfa
yacoB 100 pa3. Ceiuac miepeHecemcsi B TOUKy 3, KoTopasi Haxogutcsi B 0,2
eIMHUIIBI OT TOYKU 1, U mepeMectM B X U 3TOT udep6bnatr. Tak kKak 3TOT
1udepbnar gomkeH mipodtu 10,2 eauHUIIBI, OTKPYTUTh €r0 CTpesKy Ha3af
HY)KHO uyTb Aasnbiie — 10,22 pa3a, uTo oueHb 0/in3K0 K 104.

Teriepp y Hac jBa uudepbrara B Touke X, COOTBETCTBYHOIME UacCTHIIe,



npuOBIBILIeN Ty/la U3 TOUKMU 1, U yacTulle, TIpUOLIBILIEH K3 TOUuku 3. VIX HYXHO
CJIOKUTh, UTOOBI HauaTb BLIUMC/ISTH WUTOrOBbIM Ludepbsat. [Tockonbky o6e
CTpenky ObLTM OTKpyYeHbl Ha3aj, TPUMEpPHO OJIMHAKOBOE KOIMUeCTBO pa3,
TO oHU 00a ToKa3bIBalOT Npub/IM3UTenbHO 12 vacoB. [1pu c/ioKeHUM OHU JatoT
yackl ¢ Oosee [JIMHHOW CTPEJIKOM, TOXKe yKasbIBatolleil Ha 12. 3ameTkTe, PO/b
WrpaeT TOMbKO KOHEYHOe T[I0JIO)KeHWe YacoBou crpenkd. Her cwbicia
dbukcupoBaTh urco ee 060poToB. [Toka Bce XOpOI1I0, HO MbI ellje He 3aKOHUMIIY,
IIOTOMY 4YTO MeXKJy IpaBbiM U JIeBbIM KpasgMH MCXOJHOM TPYIIIbI elle eCTb
MHOKeCTBO MajleHbKUX 11depOiaToB.

M wMbl mepeBOAUM BHUMaHWe Ha LUdepOsat, Jexaluil TocpeanHe
WCXOZIHOW TPYIIbI, TO eCTb B Touke 2. IToT Iudepbnar Haxomutcs B 10,1
eIMHULIBI OT X, TO eCTh HY)KHO coBepmuTh 10,12 o6opoTra cTpenku. ITO OueHb
6m3ko K 102 monHbIM 0OOpoTaM, TO eCTh CHOBA TMOy4aeTcs 1[eioe UHUCIO.
HyxHo mipubaBuTh 3TOT 1udepbraT K OCTa/JbHBIM W3 TOUKd X, W,
KaK U B MpeJbIAYLMKA pa3, CTpejKa CTaHeT JjuHHee. [Ipofo/DKuM: eCTh TOYKa
MeXy Toukamud 1 v 2, u mpu TiepeMeltieHUn Lydepbaata B TOuKy X HY>KHO
Oyzer cpaenatb 101 monHBIE 00OPOT, UYTO CHOBA VAJIMHUT CTPEJKY
nosyvatorierocsi tydepbnara. M TyT HacTymaeT Ba)KHbIM MOMeHT. Eciu
obparuthcsi K 1udepbnaty Mexay STUMH AByMsi, TO €ro HYXHO Oyaer
noakpytuTh 100,5 pa3a go gocTtwkeHusi Touku X. Takum oOpa3oM MOMyUuUTCS
1udepbnar, crpenka KOTOPOrO YKakeT Ha 6 uacoB, WU TIPU CJOXKEHUU MBI
yMeHbWUM AuHY cTpenkyd B X. HemHOro mosymaB, Bbl yOequTech, UTO, XOTS
TOUKH, OTMeUeHHbIe Kak 1, 2 u 3, garor B X 1iudepb/aThl, yKa3biBaroIive Ha 12,
KaK Y TOUKHY, jexalue Mexay 1-2 u 2—3, HO TOUKY, Jiexkalue Ha Y4 U % 1nyTtu
Mexay 1-3 u 2-3, paroT nudepbnarhl, ykasbiBarolpe Ha 6. Bcero momyuaercs
5 1udepbnatoB co crpesnkoi BBepx U 4 1udepbnaTa Co CTpPeNKOM BHU3.
[lpu cnokeHun Bcex 3TUX IudepbnaToB Mbl MOAYyYMM B Touke X TakKou
1udepbnar, cTpenka KOTOporo OyneT MUKPOCKOMHAYECKOW, TOTOMY UTO TOUTH
Bce 1udepOaTel OyAyT OTMEHSITh APYT ApyTa.

Takoe «aHHy/nMMpoBaHUe 1Mdepb1aToB», pa3ymMeeTcsi, OTHOCUTCS U K Oosiee
peayiiCcTUUeCKOMY CJIyuaro, Korjla Mbl TIDUHMMaeM BO BHUMaHUe abCOJTIOTHO BCe
TOUKH, Jiexkallie B obmactu Mexxay Toukamu 1 u 3. K nmpumepy, Touka, jeskartiast
Ha Y myTu oT Touku 1, maeT 1udep6iaT co cTpesko Ha 9 yacoB, B TO BpeMs
KaK TOYKa, Jiexkalas Ha 8 MyTH, yKasbiBaeT Ha 3 yaca — U CHOBA OHU OTMEHSIOT
apyr gapyra. B cymMmapHOM uTOre OKa3biBaeTcsi, uTo 1uQepOsaThl,
COOTBETCTBYIOIIIie BCEM BO3MOXKHBIM [IIsl UaCTHIlbl MapiipyTam u3 Ji00oii
TOUKU TI0JI1 B TOYKY X, OTMEHSIIOT [ApPyr JApyra. AHHy/JIUpOBaHUe I10Ka3aHO
B IIpaBOM yIiy pucyHka. CTpesKd COOTBETCTBYKOT YaCOBBIM CTpeJIKaM,
NIpUOBIBarOIIMM B X U3 pa3/IMUHbIX TOUEK UCXOAHOM 00/1acTu.



B pesynbrare C/i0)KeHUs] BCeX 3THUX CTPeIOK OHU OTMEHSIIOT ApPYyr JApyra.
OTO OCHOBHOM MOMEHT, KOTOPbIA HY>KHO YCBOWTb.

WTak, MOBTOpWM: MbI Celyac I0Kas3ajy, 4YTO, eC/Jd MCXOJHas TIpyIa
1udepbnaToB  JOCTaTOYHO BeMMKa W Todyka X  /IOCTATOUHO  jlafeka,
TO 751 Kakaoro nudepbsara, npubbiBaroiero B X co CTpesikoi Ha 12 4acos,
HalijeTcs: gapyrou 1udepbsaT co cTpenkoid Ha 6 UacoB, OTMEHSIOLIUMN
npeabiayiuii. Jns kaxkgoro iudepbnarta co cTpesnkoid Ha 3 yaca HaljeTcs
[PYrOM CO CTpeJIKOM Ha 9 4acoB, OTMEHSIIOLLUM TIepBbId, U T. . JTa MaccoBast
OTMeHa I0Zipa3yMeBaeT, UTO Ha CaMOM JleJie HeT MPakKTUYeCKU HUKAKKX LIaHCOB
HaWTHU 4YacTULy B TOukKe X. 3BYUWT 3TO OYEHb UHTEPECHO U BZJOXHOBJISIOLLE,
TaK KakK Ka)KeTCs, UTO OMMCaHhe COOTBETCTBYeT HeloZBWKHOM vacTtuvle. Hauas
CO CMEeXOTBOPDHOIO Ha BHWJ TMPEAIOJIOKEeHUs] O TOM, UTO YacCTHL[a MOXKeT
repeMeIiaTbCsi U3 Jit0OOM TOUKM TMPOCTPAaHCTBA B J/r0b0oe [pyroe MecTo
BceneHHoll 3a OueHb KODOTKUW CPOK, Mbl OOHapy)KvBaeM, OJHAKO, YTO 3TO
He TaK, eC/u HauaTb C Tpymnbl IudepbnatoB. B cutyaiuu, korma Bce
1udepbnarel UHTEP(EPUPYIOT APYT C JPYrOM, YacTULla TIPAKTUUECKU He UMeeT
BO3MOXHOCTH CBUHYTBHCS 1a/IeKO OT UCXOLHOTO TOJIOKEHMUS.

JTOoT BBIBOA, MO cioBaM mnpodeccopa OkcOpACKOro yHUBEpCUTETA
xerimca bsakiHy, cTan  pe3y/ibTaTOM — «HEKOHTPOIMPYEeMOM  KBaHTOBOW
uHTeppepeHLUU». [lii 3TOro SIBJIEHUS] U COOTBETCTBYIOLEN eMy B3auMHOMU
oTMeHbI 1ipepbaToB Touka X A0/KHA ObITH JOCTAaTOUHO Jlajieka OT UCXOIHOM
o0siacTH, — HACTOMBbKO, uTOOBI 1U(ep6saThl MOIJIM COBEPIIUTH [[OCTAaTOUHOE
KonuuectBo obopotoB. [Touemy? IloroMy uTo eciu Touka X pacriosioykeHa
CJIMIIKOM OJTU3KO, TO CTPe/IKW YacOB, BO3MOKHO, He YCIer0T C/ie/iaTh JlaXke OfIH
000poT, a c/efoBaTe/ibHO, He Oy0ym OTMeHSITb [IPYT [pyra CTo/ib 3G GheKTUBHO.
[lpeacraBumM, HarmpuMep, UTO pacCTOssHUE Mexay Ludepbsatom B Touke 1
u toukoit X He 10 emunui, a 0,3 emuHuibl. Termepb cTpenika nudepbnara
Ha TiepefiHeli CTOpOHe 007acTU TIOBEPHETCS MeHbIlle, YeM B TpeAbIAyIIeM
cnyuyae, coBepiias Bcero 0,32 = 0,09 obopoTa, ¥ yKa)keT Ha Haydajo BTOPOTO.
AHanoruuHo crpesika Ijudepbnata U3 TOUuku 3 Ha 3a/Hel CTOpOHe ob6sacTu
copepiut 0,52 = 0,25 obopora W ykakeTr Ha 3 uaca. COOTBETCTBEHHO,
BCe 1rdepbaaTel B X yKaXKyT Ha UTO-TO MEXK/y YaCOM U TpeMsi, TO eCTb Oosibliie
He OTMeHSIIOT JpYr Jpyra, a CK/Ia/bIBAalOTCS B OAWH Oosbliioi 1udepbnar,
yKa3bIBalOIIUi MpubIM3uTeibkHO Ha 2 uaca. Bce 3TO TOBOpUT 0 TOM,
YTO CyILeCTByeT [JOBOJIbBHO BECOMBIM IIAHC HaXOXKJEeHUs YaCTULbl B MeCTax,
paCIio/IOKeHHBIX BOMM3KM OT WCXOMHOW 00/acTH, HO BCe JKe BHe ee.
[Mog «BOMM3M» MBI TIOHMMaeM pacCTOsSIHUE, HelIO0CTaTOUuHOe [Ijisi TOrO, UTOObI
TOJIyUUTh TI0 MeHbIlleli Mepe OAWH 000pOT CTpesiku uacoB. Bce 3To yrke
HaMeKaeT Ha IIPUHLMII HeOlpeJe/leHHOCTH, HO TMO-TPe)XKHEeMY BbIIVIIUT



JIOBOJTIbHO TYMaHHO, TI03TOMY /laBaiiTe pa30epeMcsi, UTO UMEHHO MbI [TOHHMaeM
T0J], «ZIOCTaTOUHO OOJILIION» MCXOAHOM 00/1IaCThI0 U «0CTAaTOUHO YyZaJeHHON»
OT Hero TOUYKOMH.

Bcnen 3a [lupakom u @elHMaHOM MBI Cie/1a/id TIPeATioNoKeHue, UyTo, eCIu
yacTUlla MacCoOW m TIPOXOJUT PAacCTOSTHWE X 3a BpeMs t, BeJIMUWHa MOBOPOTA
CTpeJIOK Oy/ieT TpOIopLMOHAbHA JAeMCTBUIO, TO eCcTh mx? / t. OfHaKO C/ioBa
«MPOTMOPLUYOHAbHA» HEJAOCTAaTOYHO, €eC/JIM HY)KHO pacCyuTarbh peasibHbIe
BeJIMUUHBLI. Hy>KHO TOUHO 3HaTh, YeMy paBeH MOBOPOT CTPesioK. B raBe 2 Mbl
FOBODWIA O 3aKOHEe BCEMHPDHOIO TArOoTeHUsT HBIOTOHA W /i1 TOUHBIX
KOJIMYECTBEHHBIX TMPOTHO30B BBE/IM TIOHATHE T'PABUTALMOHHOW IMOCTOSHHOM
HbroTOHA, KOTOpas onpejiesisieT BeJIMUMHY CUIbl TPaBUTALUU.

C mnomolpi0 100aB/ieHUss B ypaBHeHHEe TIOCTOSSHHONW HbIOTOHAa MOKHO
MOACTaB/ATh UYMC/Ia B YPaBHEHWE W BBIUUC/SITb XapaKTEPUCTHUKU peasibHbIX
bu3nUecKUX SBJAEHUM, HarpuMep mepuos oOpaijeHuss JIyHbl 10 opbure
WM MapLIPYT ABWKEHHUSI KOCMHUUYeCKOro Kopabssi «Bosimkep-2» 1o CosiHeuHoM
cucteme. Ho HaM HY>KHO UTO-TO T0Zil0OHOe U /IJ11 KBAHTOBOM MeXaHWKH — TaKasi
TIPUPO/IHAasi KOHCTAHTa, KOTOpasl «3a/laeT MaciluTab» M TO03BOJIIeT HaM B3AThb
BeJIMUMHY JEMCTBHUS M BbIJ|JaTh TOUHOE TIpeJCKa3aHHe TOT0, CKOJIbKO 000pOTOB
JIOJDKHBI C/le/1aTh YaCOBbIe CTPEJIKW MPU MepeMeleHUU YaCTULIbl Ha KOHKPETHOe
pacCTOsSIHWEe W3 HCXOJHOIO TIOJIOKeHMST 3a 3aJlaHHOe BpeMs. JTa KOHCTaHTa
Ha3bIBaeTcs rnocrossHHou I1naHka.



Kparkas ucropus nocrossaHaou Ilnanka

Beuepom 7 okTs6pss 1900 roma B monete BAoxXHOBeHHSI Makcy IlnaHKy
yAanoCch TIOHATb, KakKUM 00pa3oM HarpeTble Tejla W3/IyudaloT SHEepruio.
Bcro Bropyro monoBuHy —XIX < Beka  TOYHbIe ~ OTHOLLEHUS  MeXIy
pacrnpoCcTpaHeHUeM CBETOBbIX BOJIH, WCIyCKaeMbIX HarpeTbIMU TejlaMu, U UX
TeMIlepaTypoii ObUTM OJHOM W3 T7JIaBHBLIX 3araflok (u3ukKd. Kaxmoe Harpetoe
TeJI0 WCIyCKaeT CBeT, MpUYeM C yBe/IMUeHWeM TeMIleparypbl IpUpoAa 3TOrO
cBeTta u3MeHsieTCc. Mbl 3HAaKOMbl C BUJMMBIM  [JWaria3OHOM  CBeTa,
COOTBETCTBYIOLLIUM L[IBeTaM paJyr'¥, HO CBeT MOXeT UMeTb U TaKyl [JIUHY
BOJIHbI, KOTOpasi OKa)KeTCsl CJIMIIKOM KODOTKOM WIA CJIMIIKOM JJIMHHOU
10 CPaBHEHWIO C BUAWMBIM UejI0OBeUeCKUM TI7a30M crieKTpoM. CBeT ¢ OoJbIeit
JJIMHOM BOJIHBI Ha3bIBaeTCsl «HH(paKpacHbIM», €ro MOXKHO HaOmoaTh
C TTOMOIIIBIO TTPUOOPOB HOUHOTO BUZAEeHUs. Elrje 6osee [AMHHBIE — PaIMOBO/IHBI.
bonee KOpOTKve, uyeM BHUAUMBIA CIIEKTD, CBETOBbIe BOJIHbI Ha3bIBalOTCS
yAbTparo/eTOBbIMUA, @ BOMHBI CaMOM KOPOTKOW /JIMHbI OTHOCATCS K raMMa-
yu3nyueHuto. HeocBellleHHBbIM KyCOK YIJIi MpPU KOMHAaTHOW TemrepaType
ucmyckaeT WH(QpakpacHoe wusnyueHne. Ho ecniu OpocuTh ero B KocTep,
OH HauHeT CBETUThbCA KpaCHbIM LiBeTOM. /leio0 B TOM, UTO TIpY MOBBILLIEHUA
TemIrieparypbl yIJisi Cpe[Hssl [JIMHA BOJIHbl M3/IyUeHWUs YMEHbIIIaeTCs,
TOCTEeNEeHHO [OXOAsA [0 3HayeHWs, BOCIIPUHMMAEeMOro Yeji0BeueCKUM IJ71a30M.
UeM cubHee HarpeTo Tejo, TeM KOpoue [JjIMHAa BOJIHbI, KOTOPYIHO OHO M3/1y4aer.
B XIX Beke, Korja TOYHOCTb 3KCIEPUMEHTA/bHbIX W3MEPEHUN CYILeCTBEHHO
BbIPOC/Ia, CTaj0 SICHO, UTO BEPHOM MaTeMaTHuuecKoi (OpMYy/bl [/ ONUCAHUS
3TOr0 HaO/MOZeHUssT He CylllecTByeT. JTy CUTyallUl0 YacTO Ha3bIBalOT
«TipobsieMoil  U37TyyeHUss UepHOTO Tesa», TOTOMY UTO (U3MKWA Ha3bIBalOT
W/ieaM3MpoBaHHble OOBEKThbI, KOTOpbIE TTOTHOCTBIO TOIVIOIIAIOT H3/TyuyeHue
Y 3aTeM Iepeu3/yyaroT ero (OCyIIeCTB/ISIOT PeSMUCCUIO), «YEePHBIMU TeaMmn».
Ota npobnema Oblsla OUeHb Cephe3HOM, MOTOMY UTO TOKa3biBajia HeCTIOCOOHOCTh
(13UKOB TTOHSTH XapaKTep CBeTa, U3/Ty4aeMOro BCeMH Ha CBeTe 0ObeKTaMH.

[TnaHk o6aymbIBa/l 3TOT U COIMpe/ie/ibHbIe BOIPOCHI TEePMOJUHAMUKH
U 3/7IeKTpOMarHeTr3Ma MHOTO JieT, TIpe)kie ueM Obul Ha3HaueH Tpodeccopom
TeopeTuueckou (pusrku B bepivHe. VM3HauaibHO MOCT Tipejyiarancs bonbiMany
u Tepiry, HO 00a OTK/JIOHWIM TIpe[Jjio’keHue. IDTO 0Ka3aj0Ch HEeOXXKUJAaHHOU
yAauer, oToMy uTo bep/H ObI 1IEHTPOM 3KCIIepUMeEHTabHBIX MCC/IeZI0BAHUIM
W3/TyueHus1 UepHOIo Tejla, a orpy>keHue [1aHka B cep/ilie S5KCIIepUMEeHTaIbHOU
paboTbl 0Ka3ajoCh K/IKUEBbIM /[ijii €r0 MOCTe[yHIIUX TeopeThyeCcKux



cBepieHU. PU3MKKU yacTo pabOoTar0T yullie, KOrJja UMEIOT BO3MOXKHOCTh BECTH
He3arlaHUpOBaHHbIe Oecelibl C KoJijleraMd TI0 CaMOMY IIIMPOKOMY CTIEKTPY
BOIIPOCOB.

MpI1 3HaeM fiaTy ¥ BpeMsi OTKPOBeHUs, SIBUBLLIerocs I1naHKy, moToMy 4to oH
C CeMbel TTPOBO/IMIT BOCKPECHBIM ieHb 7 OKTsI0pst 1900 rosa BMecCTe C KoJuierou
I'enprxom PybeHcom. 3a 006e/1oM oHU 00CYKIa/Id HETIPUTOIHOCTb COBPEMEHHBIX
UM TeopeTUUeCKUX Mojesei /sl eTaJibHOTO OObSCHEHUSI U3/TyueHus YepHOTO
Tena. K Beuepy [1naHk Hatjapamnan ¢opMmysy Ha MOUTOBOM OTKPBITKE Y OTTPaBU/
Py6eHcy. @opmysia oKa3aiach BepHOM, HO BbITJIs/lesla U BIIPSIMb OueHb CTPAHHO.
[InaHk TmO34Hee oOxapakTepu3oBal CBOM [EUCTBUS KaK >KeCT OTYasHUSA:
OH Tieperipo6oBas Bce, YTO TIPUIIIO B rojioBy. YeCTHO TOBOps, COBEPILEHHO
HETIOHATHO, KaK OH TIpuiliesl K CBoell ¢opmyse. B BenmukonenHo#t 6uorpaduu
«Hayunast fesitelbHOCT U KU3Hb AsbOepra OWHINTeHa», COCTaBJIEHHOM
Abpaxamom IladicoMm, HammcaHo: «Ero aprymeHTaiusi Oblma 6Ge3yMHOM,
HO Ge3ymue 3T0 ObIO TOTO 6OXKECTBEHHOTO COPTa, KOTOPbIN MPUBHOCST B HayKy
TONMBKO BejMuaiiiliie ee TipeAcTaBuTenu». [lpeanoxkeHue IlnaHka ObLTO
OZTHOBPEMEHHO pEeBOJIIOLIMOHHBIM U HeOoOBbsICHUMBIM. OH TIOHSI, YTO MOXKET
VCTOJIKOBaTb U3/IlyUeHWe YepHOro Teja, TOJbKO eCId IIpeAro/IOKUTh,
YTO SHEPTHs UCITyCKaeMOro U3/ydeHust COCTOUT U3 OO/bIIOro KosuuecTBa Oosee
MeJIKUX «IaKeToB» 3Hepruu. VHbIMU cC/loBaMM, 00lllasi SHeprysi KBaHTYeTCs
B eJUHUL[aX HOBOM (yHJaMeHTa/JbHOM KOHCTaHThI MPUPOAbI, KOoTopyto [lnaHK
Ha3BaJsl KeaHmom Oelicmeusi. CerofHsi Mbl Ha3bIBaeM ee TOCTOsIHHOM [11aHKa.

@®opmyna IlnaHka mipexrnosnaraer (Xotss OH He wuMen 00 3ToM
Tpe/iCTaB/IeHus1), UTO CBET 8ce20d M3/yuaeTCs U TMOIVIOL[AeTCsl TMaKeTaMH,
WU KBaHTaMU. B coBpeMeHHOM 3amucy 3T TakeTbl 00/1ajat0T SHeprueit E = hc
/ A, Te A — AJMHa CBETOBOM BOJHBI (TIPOM3HOCUTCS «IsAMO/a»), ¢ — CKOPOCTh
CBeTa, a h — nocrosiHHas [1naHka.

Ponb moctosiHHOM [lnaHKa B 3TOM ypaBHeHMM — ObITb Ko3(duiieHTOM
npeoOpa3oBaHusi [JIMHbI CBETOBOM BOJHBI B SHEPrUI0 COOTBETCTBYHOILIETO
kBaHTa. [IpeamnonoxxeHune, uro omnpenesneHHoe [[1aHKOM KBaHTOBaHHe SHepPruuv
VICITyCKaeMOro CBeTa BO3HUKAET, IOTOMY UTO CaM CBET TOXKe COCTOWUT U3 YaCTHLI,
ObUIO OUeHb OCTOPOXKHO BBIIBUHYTO AsibOepToM JMHIITeHOM. OH CcAienan 3To
nipeanosiokeHrve B 1905 roay, B uyzeCHbI rOJ, BCIIBILIKYA CBOErO0 TBOPUECKOIrO
reHUsi, Korga OH C(hOpPMy/IMpOBaJl  TaKXe  CHelUaJbHYI  TEOpHI0
OTHOCUTE/IbBHOCTH U CamMOe 3HaMeHUTOe ypaBHeHHe B UCTOPUM HayKu: E = mc2.
[TpaBzma, Hobenerckyro npemuto 1921 roza no ¢usmke (KoTopasi u3-3a KaKUux-TO
XUTPbIX OFOPOKPAaTHUECKUX Y/IOBOK Obljla BpyueHa TOMbKO B 1922-M) DUHIITeHH
nosayuun 3a pabory Haz dotosddekTtoM, a He 3a Oosee U3BECTHbIE TEOPUU
OTHOCUTE/IbHOCTU. YUeHbId TPeAIO/IOKU/I, UTO CBET MOXHO pacCMarpuBaTh



KaK TMOTOK yacTul] (B TO BpeMsi OH He HCI0J/Ib30Ba/l TEPMUH «(OTOHBI»), U BEPHO
OCO3HaJ, YTO SHeprusi Kaxjoro (oToHa 0OpaTHO TMPOTOPLMOHA/IbHA [I/TUHE
BOJTHBI. JTa uziest DUHILITEeNHA CTala UCTOYHUKOM OZJHOTO M3 CaMbIX 3HAMEHUTBIX
1apa/IoKCOB KBAaHTOBOW TEOPHWM, B KOTOPOM uacCTHUIbl BeAyT cebsi KaK BOJIHBI,
1 Hao0OOopOT.

[InaHK pa3pyliwi TepBble KaMHA B OCHOBaHMM MakcBesioBa
rpe/iCTaB/eHUs O CBeTe, MOKa3aB, UTO SHEpPrus CBeTa, U3/ly4yaeMOro HarpeTbiM
TEJIOM, MOKeT OBbITb ONMCaHa, TOMbKO €eC/AW OHAa WCIyCKAaeTCs KBaHTaMHU.
OxkoHuYaTe/IbHO pa3MeTan BeCb (yHAAMeHT K/IacCUueCKoW (U3UKKA ODWHIITEeNH.
Ero uHTepnperauus ¢oTosnekTpuueckoro 3¢@dekra 3ak/arouanack He TOJbKO
B TOM, YTO CBeT HWCOYCKAaeTCs Ma/bIM{A MOPLUSIMM, HO WU B TOM, UTO OH
B3aMOJIEMCTBYeT C Marepueld B (opMe J0KaTM30BaHHBIX IakeToB. VHbIMU
C/I0BaMH, CBET JeMCTBUTEIBHO BefieT cebst Kak MOTOK YaCTHIL.

Npes o TOM, 4YTO CBET COCTOMT HW3 4acTul, (MOXXKHO CKa3arhb,
UTO «3/IEKTPOMarHUTHOE T10jle KBAHTOBAHO») 3Byuasia TTyOOKO TTPOTHBOPEUMBO,
Y mpaBoTa JUHINTeMHa Oblla TIpU3HAHA JIMIIL Yepe3 HeCKO/IbKO JleCSITHIeTHH.
Tak >ke HeOXOTHO, KaK OHU COIIallla/IuCh C uzeei (hoToHa, OAHUM U3 COAaBTOPOB
KOTOpoU cTasn cam Ilnank, B 1913 rogy Kosieru DWHINTENMHA TPeCTaBISIIA €r0
K WIEHCTBY B TIpecTWKHOU IIpycckod akaziemMuu (3TO OBIIO CIYCTS IIe/IbIX
BOCEMb JIeT 0C/ie BBeieHUsI TTOHATUS (POTOHA):

«B 11e/10M MOXXHO CKa3aTh, UTO, KaXKeTCsl, HeT HU OJJHON KPYITHOMN
npob/sieMbl, Ha KOTOpble Tak Oorara coBpeMeHHass (H3MKa,
rae DWHINTeMH He OTMETHW/ICS Obl 3HAuMTe/bHBIM BKaazoM. To, 4to
TOpOM  ero  pacCykKAeHusi MOTYT  OKa3bIBaThbCAd  HECKOJIbKO
Oeclie/IbHBIMH, KakK, HallpyuMep, TUII0Te3a CBETOBLIX KBAaHTOB, HeJIb3sI
paccMaTpuBaTh B KaueCTBe aprymMeHTa MPOTHMB Hero, MOTOMY 4YTO
HEBO3MOJKHO TIpejijlaraTh JeMCTBUTE/TbHO HOBbIE U/IEU /la’Ke B CaMbIX
TOUYHBIX HayKax, ITOJTHOCTbIO UCK/TFOUast TF000M pHCK».

WHbIMU C/10BaMH, Ha CaMOM Jiejie B peajlbHOCTb (POTOHOB HUKTO He Bepul.
[Ilupoko pacrpocTpaHeHO ObLJI0O MHEHHEe O TOM, UTO TpeAronokeHue IlnaHka
OTHOCWIOCH 0Oofbllle K CBOMCTBAM MaTepuud — MeJBYaMIIUM OCILUIISTOPaM,
WCMYCKAOII[UM CBeT, — ueM K COOCTBEHHO CBeTy. Bbiio TMOMpOCTY CIUIIKOM
CTPAaHHO CYMUTaTh, YTO 3ameuaTe/ibHble BOJIHOBbIE YypaBHeHUs MakcBeia
T0//Ie)kaT 3aMeHe TeOprel YaCTHLL.

MbI paccka3biBaeM 3Ty UCTOPHIO BO MHOTOM [I7Isl TOTO, UYTOObI MOATBEP/UTH:
OCO3HaTh KBaHTOBYH) TEOPHMIO CJIOKHO BCEM M Bcerzna. BusyanusupoBarh Takue
00BbeKTHI, KaK 371eKTPOH Wir (OTOH, HepeasbHO: OHU BeJlyT ce0si TO KaK UacTuIla,



TO KaK BOJIHA, a WHOIJ@ KaK HU TO HHU JIpyroe. DWHINTEMHAa 3TOT BOMPOC
Gecriokous 10 KoHIIa Ku3Hu. B 1951 rofy, 3a yeThbipe ro/ia 0 CMEPTH, OH MUCAJT:
«Bce 50 et Tpyzsa He NpHOMIM3WIM MeHs K OTBETY Ha BOIIPOC: UTO K€ TaKoe
CBETOBbIE KBAHTHI?»

Cemuac, criyctd erle 60 jieT, He BO3HUKAaeT COMHEHUSI, UTO TeOPUsi, KOTOPYO
MbI TMpOJO/DKaeM pa3pabaTbiBaTh C TIOMOIIBI0 MHOXECTBA MeJIbUakIImIX
1iidepO6s1aToB, 6e30ITMO0YHO OIKCHIBAET Pe3y/bTaThl KaXKZOro 3KCIIepHMEHTa,
TIOCTABJ/IEHHOTO IJis1 ee TIPOBEPKHU.



OOparHo, K NPUHIUITY HeoIpeAe/IeHHOCTH
I'eiizeHOepra

TakoBa BKpaTLie UCTOpHs BBefeHUs1 MoCTosHHOU [lnanka. Ho asis Hawmmx
Lje/ilell BaKHee BCero OTMeTUThb, UTO IOCTOsiHHasg I[lnaHka — 3TO ejguHHMLA
«[IeUCTBUS», TO €CTh Ta e BeJIMUKMHA, KOTOpasi TOBOPUT HaM, HACKOJIbKO HY>KHO
NOBepHyTh yackl. COBpeMeHHOe 3HaueHHe MOCTOsSIHHOUW [lnaHka paBHO 6,626 X
10-34 kr-m?c, 4ro gBASIETCA KPOLIEUHOW BeJWYMHOM 10 MepKaM
MOBCEJHEBHOCTU. JTO M CJIY)KUT TPUYMHOM TOrO, NOUYEeMy Mbl He 3amedaem
B [OBCE/IHEBHOM KU3HU ee BCeIIPOHUKALOLLIero J1elCTBUSI.

BcrnoMHUTE, YTO MBI MUCAJXA O [EWCTBUM, COOTBETCTBYIOLLEM IPbDKKY
YaCTULbl U3 OJHOU TOYKH B ZPYI'YHO: OHO PaBHO MacCe YaCTHULIbl, YMHOXeHHOU
Ha KBaJpaT pacCTOSIHWS, Ha KOTOpPOe COBepLIeH TIPbDKOK, M JleJIeHHOU
Ha BpEMEHHOM HWHTepBa/, B TeUeHWe KOTOPOr0 3TOT TMPBDKOK ITPOUCXOAUT.
V3mepsieTcs1 OHO B KI*M?%/C, KaK U 1ocTossHHas [1naHka, Tak 4To ey Mbl IPOCTO
pasfieiuM JlelCTBHMe Ha MOCTOsIHHYK [lyiaHkKa, TO BCe eQVHHULIBI COKPATATCSA
Y TIOMY4YUTCAd 4ncToe urcio. CornacHo derHMaHy, 3TO UHMCTOe YUCIO U eCThb
Ta camasi Be/IMYMHA, HAa KOTOPYHO Mbl [JOJDKHBI IepeBeCTh CTPeJIKY,
COOTBETCTBYIOLYHO0 YaCTULle, KOTOpasi MpbIraeT C OJHOrO MeCTa Ha Jpyroe.
HampumMep, ec/ii uMc/Io paBHO 1, 3TO 3HAUMT OJWH TIO/HBIA 0O0POT, a eciu %2,
TO ToN-obopota, W T. 1. B cumBomuyeckoit ¢opme TOuHasi BeIMUKHA,
Ha KOTOPYIO MbI JO/DKHBI TIepeBeCTU CTPesIKy 4acCOoB [jIsl pacyeTa BepOsiTHOCTH
TIPbDKKA YaCTULIbI HAa PACCTOSTHUE X 3a BpeMsl t, paBHa mx? / (2ht).

3ameTbTe: B dopMmysie TosiBasieTcsi [pobb Y. Bbl Mo)keTe /OO TIPUHSTH
Ha Bepy, UTO OHa HeoOXoguma [/l [OCTWDKEHUSI  COOTBETCTBUS
9KCTIepUMEHTA/IbHBIM JIaHHbIM, MO0 3aMeTHTh, YTO OHAa BO3HUKAeT U3 CaMOro
onpesieneHns feiicteus 2, O6a BapuanTa npekpacHo nogoiiayT. Ceifuac, Korja
MBI 3HaeM 3HaueHue TMOCTOSSHHOM [1naHka, MOXXHO TOYHO BBIUMC/IUTDH BeJIMUKHY
TOBOPOTA CTPEJIKM YacCOB M KOCHYTbCS BOIPOCA, KOTOPbIM UyTh paHblile
octaBuiu 6e3 oTBeTa. A UMEHHO: UTO TakKoe MPbDKOK Ha paccTosiHue «10»?

[TocMOTpUM, UTO Hallla TeOpUsi TOBOPUT O MaJIeHbKOM I10 MOBCEJHEBHBIM
HOpMaM 00bekTe — O TecurHke. Teopusi KBAHTOBOW MeXaHUKH, KOTOPYIO Mbl
pa3paboTasu, mpeAroiaraeT, uTo, eC/iu TIOMeCTUTh TTeCUMHKY B KaKyH-TO TOUKY,
To3/lHee OHa ModJcem OKa3aTbCsi B Jit0O0M Japyrom MmecTe BcesieHHOM.
Ho oueBHJHO, UTO C HACTOALLMMU MEeCUYMHKAMU TaK He TIPOUCXOAUT. MbI yxe
BU/IeJIA CIIOCO0 BBIXOZA U3 3TOM MOTEHIMAJbHOU Mpo0/ieMbl, OTOMY UTO €C/H
uHTepdepeHiUs Mexay LudepbraTamMu, COOTBETCTBYIOI[UMH TIeCUHHKE,



TepenpeIrMBaroIleli W3 MHOXKeCTBA HW3HAYa/IbHBIX  TOUEK, /IOCTaTOYHa,
TO TIpU CJIo)KeHUU 1udepb1aToB OHM BCe OTMEHSIIOT JPYT Apyra, U TecurHKa
OCTaeTCs Ha MecCTe.

[TepBbIiA BOTIPOC, HAa KOTOPBIA HY)KHO OTBETHTH, 3BYUWUT TaK: CKOJILKO pa3
OyZlyT MOBEPHYTHI CTPEJKH YacOB, eC/Id MbI TIepeMeCTUM UacCTUIly C MacCOu
IeCYMHKU Ha paccrosHue, Hanpumep, 0,001 mMm 3a ofHy CekyHAY?
MBI He CMOXeM YBUZeTb Takoe HeOO/bIlIOe pPaCcCTOSTHUE HEBOOPY>KeHHBIM
IJ1a30M, HO /IJIi aTOMHOTO MUpPa OHO BCe ellle BeJIUMKO. BBIUMCUTE 3TO ZI0BOJIBHO
TPOCTO CaMOCTOSITe/IbHO, 3aMeHMB UMC/Ia B MpaBuiie xofa uacoB Peitnmanalll,
OtBetom OyzmeT r7e-TO TPWUUIMOH TIOJIHBIX OOOpPOTOB CTpenKd. TOJ/BKO
nipe/icTaBbTe cebe MacIITabbl COMYyTCTBYOLel UHTepdepeHIuH.

B pe3sysibTare mecuydHKa OCTAeTCS HAa CBOEM MeCTe, W TPAKTUYECKU HeT
IIIaHCOB, YTO OHA IIePelpbITHET Ha CYI[eCTBEHHOe paCCTOsSIHUE, XOTs
IUIS TIONYYeHHs 3TOTO BBIBOZA MbI peajibHO YUUTHIBAIM BO3MOKHOCTH TOTO,
YTO OHAa MOYKET TalHO BBITIPLITHYTh KYZIa-TO B IPYTYIO TOUKY BceneHHOM.

M >TOT pe3ynbTaT OuYeHb Ba)keH. EC/IM Bbl CcaMM TIOACTAaBUIM YHCTIA
B (hOpMyJTy, TO y>Ke TIOHMMaeTe, TI0OUeMY 3TO TaK: [1eJI0 B HUUTOXKHOU Be/TMUHHE
nocrossHHoW  [lnmanka. Ecim  3ammcaTb ee TIONHOCTBIO,  TTOJTYUHTCSI
0,000 000 000 000 000 000 000 000 000 000 000 662 6 kr-m?/c.

Ecm pasgenuts mouty r060e MPUBBIYHOE HAM UYMC/IO Ha 3TO, MOMYUYUTCS
MHO)XXeCTBO O0ODOTOB CTpPeJIOK W OrpOMHasi WHTep(hEepeHI[us, TaK UTO BCe
9K30THUECKUEe TIepeMellleHrs] Halllell MeCYrHKA 10 BceneHHOW OTMEHST ApyT
Jpyra, ¥ 3Ty IyTellleCTBEeHHUI]Y uepe3 TPOCTPAaHCTBO MbI OyZieM BOCITPUHHMATh
I KaK CKYYHYIO IMBUTUHKY, HETTOJBYDKHO JIEXKAIIYI0 Ha TITsDKE.

MbI, pa3ymeeTcs, OCOOEHHO UWHTepecyemMcsi TeMH CJydasiMH, Korja
1depO/1aThl He OTMEHSIOT APYT Apyra. Kak Mbl y)Ke BUIE/TH, 3TO TIPOUCXO/IUT,
ecIu CTpesika TIpOXoAuT He Oonee ogHOro ob6opota. B stom ciyuae
HEKOHTPOJIMpyeMoi WHTepdepeHIMU He Oyzer. [TocMOTpUM, UTO 3TO 3HAUUT
C KOJTUUeCTBEHHOUN TOUKH 3pPeHHUsl.

BosBpaiiiaemcsi K rpyrire 1u@ep6saToB, 3aHOBO HapUCOBaB ee Ha puc. 4.4,
HO Ha TOT pa3 BMeCTO paboThl C TOUHBIMU UHCIaMH OyZieM paccykaaTh Oosee
abcrpaktHo. TIpexmonokuM, 4uto 00/1IaCTh, B KOTOPOW pacIio/ioykKeHa TpyTiia
1depbaToB, uMeeT pa3mep AX, a paccTosiHUe [0 OmKaliiel TOUKU 00s1acTu
oT Toukd X paBHO X. B 3ToM ciydyae pa3mep obmactu AX COOTBETCTBYeET
HeOoTpe/ie/IeHHOCTH Halller0 3HaHWsS O HaudajbHOM TIONIOKEHWM YaCTHIIBI;
OHa CTapTyeT OTKyZa-To W3 obmactu pasmepa Ax. HaumHasi ¢ Touku 1, KoTopast
HaXOIUTCSI B HCXOAHOM obmact U Omke Bcero K Touke X, MbI JIO/DKHBI
TIOBOpAuMBaTh Yachl COOTBETCTBEHHO TMPBDKKY W3 3TOM TOUKM B TOUKYy X
Ha BEeJTMUUHY
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Puc. 4.4. OH wu3obpakaeT TO >ke camoe, 4To U puc. 4.3, C TeM

VICK/IFOUEHUEM, UTO HeT OrpaHUuYeHHsi KOHKPETHOW BeJIMUMHON pa3Mepa IPYIIIbI
11 ep01aToB WM PaCCTOSTHUEM [I0 TOUKA X
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Teneppr mepeljieM K camMou yjajieHHOM Touke — Touke 3. Korma wmbl
nepeHocuM 1LudepbsaT U3 3TOM TOUKKM B TOUKY X, CTpejKa MOBOPauyMBaEeTCS
Ha OOJBIIYIO BeJINUMHY, a UMEHHO

m(x+ A x)2
2ht '

Terepp MbI MOXXEM TOUHO C(OPMYIUPOBaTh YyC/IOBUE, MNPU KOTOPOM
1udepbnarel, TpUOBbIBalOIIMe B TOUKY X M3 BCeX TOYEK HCXOJHOTO TIOJIs,
He aHHyIupoBaiu Obl Jpyr Jpyra: pasHulla wmexay Iudepbnaramuy,
TIpUOBIBIIMMU U3 Touek 1 u 3, 1o/bKHa ObITH MeHbIIle OZHOTO TOJTHOTO 000POTa,
TO €CTh

)
|

W3 — W, < 00uH o6opom.

E.ciu 3armcarb 3TO MOIHOCTHIO, MbI IMOJIy4YnM
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PaccMOTpUM KOHKPETHBIN Cilydaid, B KOTOPOM pa3Mep obsactu Ax Oyznet
MHOIO MeHblle pacCTOSIHUA X. OTO 3HAYMT, UTO Mbl HWCC/IeJyeM YCI0BUS,
TIPU KOTOPBIX YaCTHIla COBEPIIUT CKAYOK 3HAUUTETHHO OOMbIlIMi, UueM JuameTp
ee MCXO#HOUW obnactu. B 3ToM ciyyae ycnoBue, mpu KoTopoM Liudepbnars
He OTMEHSIOT JpYr /Jpyra, BbIBOAUTCS HENOCPeJCTBEHHO M3 MpelblAyLlero
HepaBeHCTBA U BBIVISIAUT Kak

< 1.

mx A\ x
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Ecy BBl HEMHOTO 3HaeTe MaTeMaTuKy, TO TTOMMeTe, Kak 3TO T0ydaeTcs —
C TIOMOIIbIO TIEPEMHOKEHHSI WIEHOB B CKOOKaxX U NMpeHeOpe)KeHUsI TOW UacCThlo,
KoTopasi BK/IOuaeT B cebs (Ax).. 3OTo MOXKHO CJenarb, II0TOMYy UTO
T10 yC/I0BUSAM AX MO CPAaBHEHUIO C X — BeJTMUMHA OYeHb MaJjiasi, a Majiasi BeJIMurHa
B KBaJjpare — 3TO OUeHb Masiasi BeJIMUMHa.

OTo ypaBHeHMe 3aK/odyaeT B cebe ycjioBUe, TIDU KOTOpPOM Ludep6siaThi
B TOuke X He OTMEHSIIOT ApPYyr Apyra. Mbl 3HaeM, 4TO ecid Lu¢epOiaTsl
He aHHY/JMPYIOTCS B3aMHO B OIpe/ie/IeHHOW TOUKe, TO CYL[eCTBYIOT XOPOIIIUe
IIIaHChI OOHAPY)XUTh B 3TOW TOUKe YacTHUI[y. WTakK, Mbl BBIICHWUIHM, UTO €C/IU
yacTvlla U3Haya/JbHO pacrojiokeHa BHYTpU obnactu pa3smepoMm Ax, TO uepe3
BpeMsi ¢ CyleCTBYIOT XOPOIIIMe IIaHChl HAUTU ee Ha 3HAaYMTEe/TbHOM PaCCTOSIHUM X
OT TIO/i, €eC/AU HepaBeHCTBO BhIllle OyJeT BhIMONHEHO. bosee TOroO,
3TO pacCTOsiHWEe YBeJIMUUBAeTCs CO BpeMeHeM, TOTOMYy uTO B (hOpMyJsie MbI
Ha BpeMsa t gAenuM. VHBIMU cjioBaMH, ueM O0oJibllle BpeMeHU TPOXO/UT,
TeM BbIIIE BEPOSITHOCTb HAXOXKJEHUS YaCTHULIbl [JOBOJBHO Jja/leko0 OT ee
WCXOJHOTO TMON0KeHusl. TyT Mbl HAUMHAeM MO/I03peBaTh, UTO YAaCTUIA BCE-TaKU
JIBUTAeTCd. 3aMeTbTe TakXKe, 4YTO IIAHChl HAXOXAEHUs YaCTUI[bl BaIeKe
OT WCXOJHOM TOYKMU YBEJIMUUBAIOTCS, €C/IU AX yMEHBIAeTCs — TO eCThb eC/d
HEeOIpe/IeJIeHHOCTh WCXOJHOTO TOJIOXKEHUsI YaCTULbl CTAaHOBUTCSI MeEHBbIIIe.
WHbIMM c/ioBaMH, YeM 0ojiee TOUHO MBI y/laB/IMBAaeM UaCTHILy, TeM ObICTpee OHa
yJaaseTcsi OT WCXOJHOIO TMOJoKeHusl. Terepb 3TO yKe OueHb HAllOMUHAeT
TIPUHLIUI Heorlpeie/ieHHOCTH [efizeHbepra.

< 1.



Hamocnenok JaBaiiTe HeMHOro mepedopMyaupyeM Hallle HepaBeHCTBO.
3ameThTe: uTOOBI YacTHIla MpoZesiana MyTh U3 000N TOUKU UCXOAHOM 0brmacTu
Jo Toukhu X 3a BpeMms t, OHa /IO/DKHA TIPOWMTH paccTtosHue X. Ecmu BbI
JeHCTBUTENHFHO 3aperuCTPUPOBA/IM YaCcTULLY B TOUKe X, TO, pa3yMeeTCsl, TPHUIIUIN
K BBIBOZY, UTO YacTWlla TepeiBUrasach Co cKopocteio x / t. Kpome Toro,
HallOMHMM, YTO MaccCa, YMHO)KeHHasi Ha CKOPOCTb YaCTHUIIbI, €CTb ee UMITYJIbC,
TI03TOMY BeJIMUMHA mX / t — 3TO U3MePeHHbIM HaMU UMITYJ/IbC YacCTHUIlbl. Ternepb
MO>KHO TIPO/IBUHYTBCS ellje /ia/ibllle ¥ BHOBb YIIPOCTUTh HEPABEHCTBO, 3aIliCaB

PA x
<1
b 3
rie p — UMITY/IbC. MOXHO repe)OpMy/IMpOBaTh YpaBHEHHE TaK, U4TO OHO
HpI/IMET BI/I,Z[

pAx < h,

U 9TO [eHCTBUTE/NILHO 3aC/Ty>KUBAeT [a/bHEHIIero oOCy)KAeHus, TOTOMY
YTO JIJaHHOE YypaBHEHHE Y)Ke OueHb CH/IbHO HAllOMUHAeT TPHUHIUII
Heorpeie/IeHHOCTH ['efizeHbepra.

WTak, HalM MaTeMaTHYeCKHe pacuyeThbl IMOKAa OKOHYEHbI, W, €C/Id BbI
HE OueHb TMpPHUCTAJILHO CJAeJWIM 3a HUMM, BaM CJelyeT YyXBaTHUTb HUTh
PACCY>KJEHUH C 3TOr0 MOMEHTa.

Ecii HauaTb C YacCTHUIbl, HAXOAMAIIEHWCA BHYTPU CBSI3HOH 00/1acTH
pasMepoM AX, TO, KaK Mbl yCTAaHOBU/M, C TEUYEHHWEM BPEMEHH OHa MOXKET
0Ka3aTbCs TJie YTOJHO BHYTPH OoJjiee KPYIHHOM 00/1aCTH pa3MepoM X.

OTa cuTyalus Moka3aHa Ha puc. 4.5. TouHee roBOps, 3TO 3HAUUT, UTO,
eci Obl MbI MCKA/IM YAaCTUIy B Haya/IbHBIK MOMEHT, ObI/TH ObI IIIAHCHI HAWTH ee
I7ie-TO BO BHYTpPeHHel o6iacty. Ecu ObI MbI He CTaly TIPOBOJUTH U3MEpEHHS,
a PeIIWIN MOA0K/aTh, BLICOKM ObLIH ObI 1IaHChI HAWUTH €e T7e-TO BO BHEIIHEH,
Oosilee KpymHHOI CBSI3HOM 00/1IaCTH. JTO 3HAUWT, YTO UYaCTUIIA MOIJIA TEePerTH
13 TOUKW BHYTPM MaJIOM Haya/JIbHOM 00JIaCTH B TOUKY BHYTpH OoJiee KpYITHOIA.
OpHako oHa He 00si3aHa Oblla IBUraThCsl, TaK UTO JI0 CHX ITOpP €CTh BEPOSTHOCTh
HaXOXK/IeHUsI ee B MeHbIlel o6actu Ax. Ho BrosiHe BO3MOXXHO, UTO U3MEpPEHUs
TTOK&)KYT, YTO YacCTUIA JIOIIA KaK pa3 70 Kpast 6osbiuoii obnactiu 4. Eciu 651
9TOT TIpeJe/bHbIM Clay4yal OblT peany30BaH MpPU  W3MEPEHHUH, TO MbI



3aKJTIOUM/TH ObI, UTO YaCTHIIA JBMKETCS C UMITY/TbCOM, KOTOPBIN 3a/]aeTCS TOTBKO
UYTO BBbIBeJIeHHbIM HaMU ypaBHeHHEeM (eC/id Bbl He C/Ie[JOBa/iM 3a HaIIUMU
MaTeMaThue CKMMH PaCCY>KIeHUSIMH, IIPOCTO MIPUMMUTE 3TO Ha Bepy), TO eCTh p =
h/ Ax.

= - -
T = =

Puc. 4.5. Hebonbias o067acTb €O BpeMeHeM pacTeT, B TO BpeMs
KaK W3HAYa/bHO JIOKA/IM30BaHHAsi TaM uYacTWIla C TeYeHHeM BpeMeHHU
Jle/IOKaIn3yeTcs

Terrepp MOXXeM OMNATh HayaTh CHayajla W BEepPHYTh BCEe B HCXOAHOE
nosioxkeHre. Yactuija onsTb OKakeTcss B Majiod obmactu pasmepa Ax. Ilocre
W3MepeHUsl Mbl, BEPOSITHO, HaliZieM YaCTHUI[y B KaKOW-TO APYTOi TOUKe BHYTPU



Oosiee KpyIHOM 00s1iaCcTH, /10 TpaHUIlbl, U TaKuM 00pa3oM MpHUEM K BLIBOAY,
YTO ee UMITY/IbC MeHbllle TIpe/ie/IbHOr0 3HaYeHYs.

Ecmu Mbl mipeCcTaBMM, UTO BHOBb M BHOBb ITOBTOPSieM 3TOT 3KCIIEPUMEHT,
y3Mepssi HMMIIY/JbC YacCTHLpl, KOTOpas IlepBOHAYa/JbHO HAaXOLWUTCS BHYTPH
HeOosbIION  oOsacti  pasmMepoM Ax, Mbl O00bBIYHO OyZemM Io/lyYaThb
TIpU U3MEpPeHHH MHOXeCTBO 3HaueHWM p T[e-TO MeXJy Hy/JIeM M Mpee/bHbIM
3HaueHueM h / Ax. ®pasa «ecau npojesaTb 3TOT SKCIIEPUMEHT HECKOJIbKO pas,
TO MOXKHO Mpe/iCKa3aThb, YTO U3MEePEHHBIN UMITY/IbC OKaKeTCs B Ipefiesiax Mexay
Hy/eM U h / Ax» 3HAUUT, UTO «HAMITYJIbC YaCTULIbI UMEET Heolpe/e/leHHOCTh h /
Ax». Kak U B cC/lydae C HeomnpeJeseHHOCTbIO TMOJIOKeHHUs], (PU3WKU BBeJU
[J1s1 HeomnpeJe/IeHHOCTU 3TOT0 pojia CUMBOJ Ap U nuinyT, uto ApAx ~ h. 3Hauok
~ 0003HayaeT, UTO MpOU3Be/leHNe HeoIpee/IeHHOCTeN TMO/I0KeHUs] U UMITY/bCa
TIPUMEPHO paBHO TIOCTOsiHHOW [IlaHKa — OHO MOXKeT ObITh WM HEMHOTO
OoJibllie, UM HEMHOTO MeHbllle. HeMHOro yrimyOMBIIMCH B MaTeMaTHKY, MOYKHO
clielaTb 3TO ypaBHeHUe ellle Oosiee TOuHbIM. Pe3ynbTar OyzeT 3aBUCETH
OT MOAPOOHOCTeM pAaCIIO/IOKeHUsT TIepBOHAYabHOW TpyIibl 1judepbraTos,
HO He CTOMT TPAaTUTh Ha Hero CJIUILIKOM MHOIO CHJI U BpeMeHH, IIOTOMY 4YTO yiKe
C/leJTaHHOTO /I0CTaTOUHO, YTOObI TIOHATH OCHOBHBIE H/IEN.

YTBepxzaeHue, UTO Heollpee/IeHHOCTb I0/I0KeHUsI YaCTULIbl, YMHOXeHHast
Ha HeOoNpe/e/IeHHOCTh ee UMMy/bca (TpUb/M3UTeNbHO), paBHA IOCTOSIHHOM
[InaHka — BO3MOXHO, camasi u3BecTHasi (DOpDMy/JMpPOBKa TpUHLMIA
HeoripesieieHHOCTU [eif3eHbepra. Jta (pOpMy/TMPOBKA IVIaCUT: eC/Id MbI 3HaeM,
YTO YaCTUL|A HAXOWUTCS B KAaKOW-TO MCXOAHbIM MOMEHT BpPeMEHH B KaKOU-TO
obsacTy, TO U3MepeHUe TI0JIOKEHUs] YacTUI[bl B KaKOi-TO Oosee mo3qHUM
MOMEHT BpeMeHHU IIOKaXKeT, YTO uacTula [ABWXKEeTCSd C WMIIY/JIbCOM, 3HaueHue
KOTOPOTO HeJb3sl MpefcKa3aTb TOYHEee, UeM «HeUdTo Mexay HyjneM U h / Ax».
WHbIMU C/1OBaMH, eCii Mbl OyzieM Bce Gosibliie ¥ GoJiblile Cy>KaTh HauaabHYIO
00/1aCTh HaxXOXK/JEHUsSI YaCTULIbI, OHa Oy[eT CTPeMHUThCS OTMIPBITHYTh OT 3TOU
obsacTu Bce pasnbliile. JTO HACTOJNLKO BaXKHO, UTO 3aCTy>KUBAaeT TPEThero
BapuaHTa ()OPMY/IMPOBKHU: UeM TOUHEee Bbl 3HAeTe MOJI0)KEHUE YaCTULIbl B KAKOU-
TO MOMEHT, TeM XyKe Oy/ieTe 3HaThb CKOPOCTb ee JBWXXEeHHUsl M, COOTBETCTBEHHO,
Ty TOUKY, B KOTOPOM OHA OKa)XeTCsl TT03XKe.

OTa HopMy/IMpOBKa MPUHLMIIA HEOTpeieIeHHOCTH KaK pa3 U MPUHA/IIEXKUT
lefizenbepry. OHa /Ie©XXUT B OCHOBe KBAHTOBOW TEOPWH, HO TYT MbI JO/DKHBI
YeTKO 3asiBUTh, UTO CaM MO cebe MPUHIIUI BOBCE He SIBJISIETCST HeoTpe/je/IeHHbIM.
OTO yTBep)KeHue O Hallleld HeCrioCOOHOCTU TOUHOTO OTC/Ie)KUBAHUS YaCTHUIIbI,
U 37ieck He Oosibllle MecTa /il KBAHTOBOTO BOJIIIIeOCTBA, ueM B HBIOTOHOBOM
¢usuke. Ha mnoc/iegHUX HECKONbKAX CTPAHULIAX Mbl BbIBEIM MPUHLIUIL
HeoripesieneHHOCTH [elizeHOepra w3 (yHAaMeHTalbHBIX TIPaBWJI KBAaHTOBOM



Gbu3MKKM, KOTOphble COOTBETCTBYHOT TIpaBW/IaM XOZid 4YacoB, CJIOXKEeHUs
U BbluvTaHus 1udepbnaroB. N felicTBUTENLHO, €ro MPOUCXOXKIeHUe KPOeTCs
B HallleM IOTyIlleHHWH, UTO YacTWlla Yepe3 MIHOBEHHe TI0C/ie U3MepeHHs ee
TI0JIOXKEHUsSI MOXKeT OKa3aThCsl B TF0O0M ipyrom MecTe BceneHHoM. [IMKOBAaTOCTh
Halllero TIepBOro MpeArooKeH s, YTO YaCTHI[a MOXKeT 0Ka3aThCsi B COBEPIIIEHHO
TPOM3BOILHOM  MecTe  BceneHHol, Obula TipUpyueHa C  TIOMOIIIbIO

HEKOHTPOJIUPYeMOM KBaHTOBOM vHTepdepeHLInY, u TIPUHIIATI
Heomnpe/ie/IeHHOCTA — 3TO B KAKOM-TO CMBIC/Ie BCE, UTO OCTaJ0Ch OT UCXOAHOU
aHapXUHU.

[Tpexkie ueM ABUHYTBCS Jajibllle, MbI JJOJ/DKHBI CKa3aTb eIlje HeUTO OUeHb
BaykKHOe 00 MHTepIripeTaljuu IPUHIUIIA HeonpeaeneHHoCcTU. He ciegyer Brazarh
B 3a0/my)kgeHue, [Oymasi, UTO YaCTHI[a HAXOAMTCS B KAaKOM-TO KOHKPETHOM
eIMHCTBEHHOM MeCTe W UTO PpaclpoCTpaHeHWe WCXOAHBIX IHudepbaaToB
OTpa)kaeT JIMIIIb OTPaHWUYEHHOCTh HaIlero MOHMMaHus. EciuM Mbl cuuTaeM,
YTO He MOXKeM TPaBWIbHO BBIBECTU MPUHIIAIT HEOTIpe/ie/IeHHOCTH, TIOTOMY UTO
He MO)KeM MpH3HaTh HeOOXOAMMOCTh PacCMaTpHBaTh BCe 1udepbnaTsl U3 BCex
TOUEK BHYTPM WCXOAHON 00/1acTh, MOXKHO IiepeMelljaTh WX T0 Ouepeau
B OTAa/leHHyl0 TOouKy X M TIOTOM CK/Ia[biBaTh. VIMeHHO [iefast 3To,
Mbl W TIOJIyYWJIHM Halll pe3y/ibTaT, TO €eCTb HaM IPHUIIUIOCh TPeATIOI0KHUTh,
yTO YacTuila TNpuObiBaeT B X uepe3 CyMepIiO3ULIMI0 MHOTUX BO3MOXKHBIX
MapIIpyTOB.

[Mpuamunom  TeiiseHbGepra  Mbl  UyTb  I[I03K€  BOCIIOJIb3yeMCS
[Tl WITIOCTPAI[id HEKOTOPLIX TMPHMEPOB M3 peanbHOro mupa. Ceiuac xe
JIOCTAaTOUYHO U TOTO, UTO HaM y/Ja/l0Ch BLIBECTU OZIUH M3 K/TIOUEBBIX pe3y/IbTaTOB
KBAaHTOBOW TeOpWUM, He TIOMb3ysCh HHYEM [JPYTMM, KpOMe TIPOCTBIX
MaHUIY/ISAUN ¢ BOOOpa)kaeMbIMU 11 epOiaTamHu.

[TogcTaBUM B ypaBHEHMS] HECKOMBKO IUGP, UTOOBI AOOWUTHCSA yUIIIero
noHuMaHus npeameTa. CKOMBKO HY)KHO KZaTb BO3HUKHOBEHMS CYIIleCTBEHHOM
BEPOATHOCTH, UTO TeCYMHKA BBINIPLITHET U3  CIIAYEUYHOTO KopoOka?
[TpearnonoXuM, YTO CIAYEUHbI KOPOOOK HMeeT CTeHKM [JIMHOM 3 CM,
a TlecuMHKa BecuT 1 MKr. HamoMHHMM, UTO yC/IOBHe I TIOSIBJIEHUS
CYII[eCTBEHHO! BEPOSITHOCTH TepeMelrieHus eCUMHKU Ha 3aJJaHHOe pacCTOsTHUE
oripe/ie/isieTCsl HepaBeHCTBOM

mx A\ x
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rne Ax — pa3mep KopoOka. Terepb mofcuuTaeMm, KakuM [JO/DKHO OBITh
BpeMs t, eC/Ii Mbl XOTUM, YTOOBI IMEeCUMHKA TIOKpPbIZIa PAcCTOsiHHE X = 4 CM,
YTO YBEePEHHO MPEeBOCXOAUT Pa3Mephl CITUYeyHOoro Kopobka. C MOMOIIbI0 OueHb
HEeCTIOKHOM anreOpbl HAXOJUM, UTO

mx A\ x

h

TI0C/Ie Yero IO/ICTaB/IsseM YHMcC/Ia U OOHapy)XKMBaeM, UTO t JIO/DKHO OBbITh
Oonbiiie, ueM npuMepHo 1021 cekyHz. 3to okonmo 6 x 1013 jeT, TO ecThb
B 1000 pa3 Oombiie Bo3pacta BceneHHoil. Tak 4Yro, BepoSTHO, 3TOrO
He cayudTcsi. KBaHTOBasi MexaHWKa — CTpaHHas INTyKa, HO He HaCTOJIbKO
CTpaHHasi, uTOOBI TMecudHKa cama 10 cebe BBINpPbLIrMBaga M3 CIIAYEUHOTO
KopoOKa.

3aBepuiasi 3Ty [VIaBy W Tiepexofs K CJeAyrolleu, cenaeM elle OJHO,
nocneqHee  HaOmozeHwe. Hail  BbIBOA — TIPUHI[UMIIA  HEOMpezeeHHOCTH
OCHOBBIBA/ICSI HA KOH(PUTypal[iy YacoB, TTI0Ka3aHHOM Ha puc. 4.4. Ecnu roBopuTh
TOYHee, TO Mbl YCTAaHOBU/IM WCXOJHYIO T'PYIITy YacOB Tak, UTOObI BCe CTPEJIKU
ObLIM  OAWHAKOBOM [JIIMHBI M TIOKa3blBalM OAHO M TO JK€ BpeMsl.
OTO COOTBETCTBYeT YaCTUIle, HaXOZAIIEeWCs B HayaJbHOM COCTOSIHUM TTOKOS
B oOrpe/ieJieHHOM 00/1acTU TPOCTPAHCTBA, — KakK, Hampumep, IleCUHMHKA
B CIMYeyHOW KOopoOke. XOTS Mbl BBISICHW/M, UTO 4YaCTHI[Aa, CKOpee BCETO,
He Oyzmer mpeObIBaTb B TOKOE, Mbl TakKe OOHAPYKWIM, UTO [JIsi OOJIBIIMX
00BEKTOB — a /iyl KBAaHTOBOIO MUpa TeCUMHKA JeMCTBUTENIbHO OUueHb BeJIMKa —
9TO JIBW)KEHHE COBEepIIIeHHO He3aMeTHO. TakuMm o0pa3oM, KaKoe-TO JIBUKeHHe
B Hallleii TEOPUM eCThb, HO 3TO JIBM>KEHUEe HEOI[yTUMO [IJIsl JOCTaTOYHO OOJIBIITNX
00nekToB. [Toxoske, MbI yITyCKaeM M3 BU/Iy UTO-TO BaXKHOE, TIOTOMY UTO KpPYyTTHbIE
rnpeaMeTbl Ha CaMOM-TO [iejle ABWKYTCS, a KBAHTOBasi TeOpHs, KaK MbI
TIOMHHUM, — 3TO TEOPHUSI M MaJiblX, U OO/bIINX 0ObEeKTOB. Terepb Mbl JO/KHBI
0o0paTUTbCs K HOBOM TTpoOsieMe: KaK 00BSICHUTD ABH>KEHUE?

>



5. /IBMKeHHe KaK UI/TI03UA

B nmpempigyinieid 1iaBe Mbl  BBIBeIM TIPUHIWIT  HEOTIPe/Ie/IeHHOCTU
lefizeHOepra U3 pa3MbIIUIEHUH Hajl OTpe/ie/IeHHBIM UCXOIHBIM PacCTioioKeHUeM
1udepbsaToB B HeOombInoNW obmactv. Yackl MMeNd CTPEKU OJWHAKOBOTO
pa3Mepa, YKa3bIBaBIlIME B OJWHAKOBOM HampaBieHUU. Mbl BBIICHWIH, UTO 3TO
OTOOpaKaeT uacTUIy, KOTOpas HAXOAUTCI B OTHOCUTEILHO CTalMOHAPHOM
COCTOSTHUM, XOTsSI KBAHTOBBIE 3aKOHBI TIPE/III0/IAraloT, UYTO OHA BCE JKe COBepIIlaeT
Hekue mepemelrienns. Celyac MbI 3a[aiuM JIDYTYIO T€PBOHAYA/IBLHYIO
KOH(UTYpAI1O0, YTOOBI OITMUCATh YAaCTHIy B TBIKEHUH.

Ha puc. 5.1 HOBoe coueraHue LudepbaaToB. ITO MO-MpEXHEMY TpyMria
1¢ep06aToB, COOTBETCTBYIOINAs YaCTHIle, TePBOHAUA/bHO PaCIIO/I0KEHHOU
BO/M3M oT HUX. CTpesika B TIOJIo’KeHUH 1 yKasbiBaeT Ha 12, Kak U paHee, HO BCe
oCTajibHbIe CTPEJIKW B T10JIe TIOBEPHYTHI M TTOKA3bIBAIOT Apyroe Bpems. Ha 3Tor
pa3 Mbl HapUCOBAJIK TISITh YaCOB TIPOCTO TIOTOMY, UTO TaK pacCy>kKieHus OymayT
OoJiee HAIVISIAHBIMU, XOTS MBI TTO-TIPE)KHEMY ZIO/DKHBI TTPeICTaBUTh LriepOiaTh
U MeX/Iy TOUYKaMH, T7le Pa3MeINaloTCs Te, UYTO Mbl HAPHUCOBAMA: TI0 OJHOMY
1udepbaTy g KaXA0W TOUKH B oOsacty. [IpuMeHNM, Kak U paHee, TTPaBUJIO
KBAaHTOBOW TEOPUH U TIepeMEeCTHM 3TH I[udepOsaTel B TOUKY X, HaXOASIIYIOCS
JIaJIEKO OT UCXOHOU TPYIIIThI, YTOOBI BHOBB OIMUCATh TO MHOYKECTBO TPAEKTOPHH,
TI0 KOTOPBIM UaCTUL]a MOXKET ITePEMEeCTUTHCSI U3 ITOU I'PYMITLI B TOUKY X.
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Puc. 5.1. VcxonHas rpyrma (KOTOPYHO WITOCTPUPYIOT IiudepbaThl 1-5)
COCTOMT M3 YacoB, [IOKa3bIBAOLUX pasHOe BpeMs — CTPeJIKA KaXAbIX
NOC/IeYIOIUX CABUHYTHI HA TPU yaca BIlepe[ 10 OTHOLLIEeHUIO K NpeAblIyIIM.
HwxHs 4yacTb pUCYHKa [Je€MOHCTPUpPYeT, KakK OT/IvvyaeTcsi Bpemsl Ha yacax
T10 BCeW rpyIire

[ToBTOPUM YyrKe CTaBllylO, HaJeeMcsl, CTaHJapTHOM MpoLieypy: BO3bMeM
1udepbnar u3 Touku 1 M mMepeMecTUM B TOUKy X, IOBOpauvBasi CTPeJIKY
B IIpoLjecce 3TOro rnepemelreHusi. OHa OBepHETCS Ha BeJIMUUHY

?Z’XZ

2ht °
Teriepp Bo3bMeM IMdepOraT U3 TOUKKM 2 U TepeMecTuM B TOUky X.

Pacctositnue Oyner HeMHOro Oosbllie — JOMyCcTUM, uTo Oosbiiie Ha d,
u noTpeOyeTcst uyTh O0JIbIIIe TIOBEPHYTh CTPEJIKY:

W
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VIMEHHO 3TO MBI M [jeflaiv B TIpe/blAylled I1aBe, HO, BOSMOXXHO, BbI yXKe
3aMeTW/IY, UTO /jii HOBOW Hadya/jbHOW KoHpurypaiuu uydepb1aToB pesynbrar
OyzeT He COBCeM TeM »Ke, UTO B TMpOILIbIA pa3. HoBasi ycTaHOBKa CTpesioK
OT/IMYaeTcs TeM, uTo HudepbsaT 2 M3HaUabHO TOKa3biBaeT BpeMsi Ha TP yaca
gnepeo TI0 cpaBHeHMIO C Iudepbrarom 1:3 yaca, a He 12. Ho mpu mepeHoce
1udepbnara 2 B TOUKy X MbI ZIO/DKHBI TIOBEPHYTh CTPEJIKY HA3al uyTh Oosbliie,
yeM Ha LudepbsaTe 1, B COOTBETCTBUU C T€M /IOTIOTHUTETbHBIM PaCCTOSTHUEM d,
KOTOpPOe OH [I0/DKeH MOKpPBITh. EC/IM MOCTPOUTH UCXOJHYIO CUTYaLMI0 Tak,
YTO Haya/IbHOe OrepekeHue rmokas3aHui Iudepbnara 2 Oy/eT TOUHO TaKUM >Ke,
KakK [OTOJIHUTE/bHBIM MOBOPOT CTPEeNKKM B MPOLeCCe [BWKEHHS B TOUKY X,
To tudepbsar 2 npubyner B TOUKy X, Nokasbleass MOUHO Makoe ice 8pems,
kKak 1mdepbnar 1. OTo OygeT o03HauaTh, UTO TIPOU30UIET HE OTMeHa,
a cymmupoBaHue LubepbIaTOB M CO34aCTCS HOBbIA Idep6rar GOMbLINMX
pasMepoB, UTO, B CBOK Ouepe/lb, O3HauaeT Ha/Uuuhe BBICOKOU BepOSITHOCTH
HaxOXKJeHus1 4YacTulpl B TOuKe X. OTO COBEpIIEHHO He IIOXOKe Ha Ty
HEKOHTPOJIMPYEMYIO KBAHTOBYHO WUHTep(depeHL1I0, CIyUYMBIIYIOCS, KOTZAa BCe
Ham 1MdepbnaThl MOKa3biBaMM OfWHAaKOBoe BpeMsi. Ceifuac paccMOTpUM
1udepbnar 3, KOTOpbIM Mbl MOBEPHYJIM Ha 6 uyacoB Briepe/ MO CpaBHEHUIO
¢ uudepbnarom 1. ITtoT UMPepbraT AO/KEH TPOUTH IOTIOTHUTETHHOE
paccrosinve 2d 70 TOUKU X, ¥ CHOBA U3-3a CMell[eHUs] CTPesIKU 3TOT Ludepbiat
B TOUKe MpuObITUSI OyneT rokasbiBaTh 12 yacoB. Eciiv 3ajaTh Bce cMelleHUs
CTpesoK nofoOHbIM 06pa3oM, TO ke caMoe OyzieT MPOUCXOUTh TI0 BCel TpyIire,
Tak uTo BCe 1udepOsaThl B TOuke X OyyT CyMMUPOBATHCS.

OTO 3HAUYUT, UYTO BEPOSITHOCTb HAXOXKAEHUS UaCTHULbl B TOUKe X B Kakoe-TO
Oosiee mo3mHee BpeMsi OyfeT [JOCTaTOUHO BbICOKOM. Touka X oTIMYaercs
OT ApYTHUX, TIOTOMY UTO UMEHHO B Hell Bce 1udepOsiaThl U3 UCXOJHOU TPYMIIbI,
CJIOBHO CrOBOPUBIIMCH, TIOK&)KyT OLHO M TO >Xe Bpems. Ho Touka X —
He e/JUHCTBeHHasl U3 UMEKIIMX O0COOeHHBbIM XapakTep: BCe TOUKW cjieBa OT X
Ha pACCTOSHWW, PaBHOM pa3Mepy WCXOJHOW TpyImbl, 007a/fal0T TeM Ke
CBOMCTBOM: IudepOsaThl B HUX TOXKE CKJAAbIBAIOTCS C TI0JIOKUTEIbHBIM
pe3ysnbTatoM. UTOObI yBUZIETh 3TO, 3aMeThbTe, UTO MOXHO B3sTh LUdepbsat 2
U TepeMecTUTh €ero B TOYKy Ha pacctosiHuu d cieBa oT X. Jto Oyger
COOTBETCTBOBaTh TiepeMellieHNI0 1udepbiara Ha paccTosiHUe X, a 3TO TO XKe
camoe pacCTOsiHMe, Ha KOTOpOe MbI TlepeMecTu/u Liudepbsiat 1 o HarpaBieHHIO
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K Touke X. [Toce 3TOro MOXKHO TiepemMecTUTh 1iudepbaar 3 B 3Ty HOBYIO TOUKY
Ha paccTtosinue X + d, uto GyzneT TeM ke caMbIM PacCTOSIHMEM, Ha KOTOPOe MbI
10 TOro nepeMecTuiy Ludepbaar 2. 3t gBa urdepbata, ciefoBaTebHO, TOXKe
JIO/DKHBI TIOKa3bIBaTh OZJHO U TO K€ BPeMsi B TOUKe MPUOBITHSI U CyMMUPOBAThCS.
Mbl MoO)XeM TIpoJio/DKaTh JieflaTb TO »Ke camoe [7s Bcex LudepbraTo
B UCXOJHOM TpyIllle, HO TOJILKO [0 TeX MOp, IOKa paccTosiHue cjieBa OT X
He CTaHeT PAaBHO pa3Mepy WCXOJHOW TPyIIibl. 3a mpefenamu 3Tod 0coboit
obsactu 1udepbnaTel B OCHOBHOM OyZlyT OTMEHSITh APYT Apyra, TOTOMY 4YTO
octaHyTcsi 0e3 3al[uUThl OT OOBIYHOM HEKOHTPOJIMPYeMOW KBaHTOBOM
nHTepdepenyu 2.,

VcTonkoBaHMe 3TOrO SKCIepUMeHTa OYeBUJHO: rpynma LudepbraaTo
JIBIDKETCS, KaK IOKa3bIBaeT PUC. 5.2.
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Puc. 5.2. I'pymma 1udep6saToB C TIOCTOSHHON CKOPOCTBIO JBMKETCS
BOPaBO. JTO TMPOUCXOAUT TOTOMY, 4YTO B WCXOJHOU Tpymre CTPeJKU
1[1ep0O/1aTOB TIOBEPHYTHI TI0 OTHOIIEHHWIO JIPYyT K APYry TakK, KaK OITMCAHO
B TEKCTe

OTO yAUBUTENbHbIA pe3y/ibTaT. 3a/laB HadaJbHYI TPYyMIy C MOMOIIIBIO
yacoB, TIOKa3bIBAKOI[MX pa3HOe, a He O/JMHAKOBOe BpeMs, Mbl TPUIILIU
K OMMCAaHUIO JIBWXKYILENCS YacTUllpl. VMIHTepecHO, UTO Mbl MOXXEM yCTaHOBUTb
OUeHb B)KHYHO CBSI3b MEX/y YaCaMM CO C/IBUHYTBIMU CTPeIKaMHU U MOBEJJeHUEM
BOJIH.

[TomHMTE, UTO B IVIaBe 2 HaM TIPUILIZIOCh BBECTH H/let0 ndep61aToB, UTOObI
OOBSICHUTH BOJIHOBOE TIOBeJIeHHMEe UaCTHI] B [BYXIIE/IEBOM 3KCIIepHMEHTe.
BepHemcs K puc. 3.3, rae Mbl H300pa3uiu Habop 1ydep61aToOB, OMUCHIBAIOIIUIA
BosiHy. OH HarloMyHaeT Habop 1udepOsaTOB B Halllel ABWKYIEHCS TpYIIIe.
COOTBeTCTBYIOILI[YI0 BOMHY MbI u300pa3wiv Tiof, rpymnmoi uudepbaaTos
Ha pucC. 5.1, MO/B3ysaCh COBEPILIEHHO TeMU >XKe MeToJaMH, YTO U paHee:
12 yacoB — MUK BOJIHBI, 6 YaCOB — ee MUHUMYM, a 3 U 9 4aCOB COOTBETCTBYIOT
HYJIEBOU BBICOTE BOJTHBI.

Kak ™Mbl MO M0OpeBUETb, TMpECTaBIeHHe [BWKYIIENUCS YaCTHULIbI,



BUJUMO, WMeeT UYTO-TO o00ilee C BOMHOW. Y BOJIHBI €CTb JIJIMHa,
COOTBETCTBYIOIIlasi PACCTOSTHUIO Mexay [udepbmataMu € UI€HTUUYHBIMU
TMOKa3aHusIMU cTpesiokK. Mbl 1300pa3usiu ee Ha pUCyHKe, 0003HauMB OyKBOM A.

CeliuaCc MOXXHO BBIUMC/IUTb, HACKOJBKO Jlajieko Todyka X [I0/DKHA
pacriosiaratbCsi  OT MCXOJHOM TPYIbl, uTOObl CMeXXHbie LHdepbaaThI
CKJ1a/IbIBAJ/IMCh C TIOJIOXKUTETbHBIM 3HaueHrueM. DTO TIPUBOJIUT Hac K elije OZHOMY
OuYeHb Ba)KHOMY pe3y/IbTaTy B KBAHTOBOW MeXaHUKe U CYI[eCTBEHHO TPOsICHSIeT
CBSI3b MEX/ly KBAaHTOBBIMU YacTHI]aMU U BosiHaMu. CHOBa HACTyraeT MOMEHT,
KOr/la HaM TMoTpedyeTcss HEeMHOTO MaTeMaTHKHU.

B nmepBylo ouepefb HY)XHO BBIBECTU [IOTOJHUTENHLHYIO BeJMUUHY,
Ha KOTOpyHO TIOBepHyTa cCTpenka Ludepbrata 2 10  CpaBHEHHIO
¢ uudepbnarom 1, MOCKOABKY Aanbliie LydepbraT OTOpaBUTCS B TOUKy X.
C moMoI11IbI0 pe3ynbTaToB W3 Hauasa I7iaBbl HAX0JUM, UTO
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Bbl MOXKeTe caMy TIPOW3BECTU BBIUMC/IEHHS, PACKPLIB CKOOKU U OTOpPOCUB
Be/IMUMHY d?, TOCKOABKY d — paccTosHhe Mexay udep6iaTaMmu, KOTOpoOe
CJIMIIIKOM MaJio 10 CPaBHEHUIO C X — PACCTOSIHUEM [JI0 TOUKU X, Jiekallleil oueHb
Jla7ieKo OT UCXOTHOM 06/1acTy.

[IoBOILHO ~ HEC/IOKHO  3amucaTh KpuTepud U A tudep61aTos,
TIOKA3bIBAKIIMX OHO U TO K€ BpeMsi; HaM HY)XHO ellle HEMHOTO TOZBEeCTH
CTpenKu, yToObl MpU MpOJBIKeHUU IudepbnaTa 2 3TO UCXOAHOE CMelljeHue
TOKa3aHUM YacoB TIOJIHOCTbIO KOMIIEHCUPOBAJIO [IOTIONTHUTE/IbHBINA TOBOPOT
CTpenKu B Xofie TepemelljeHusi I1udepbnara. [lasi mpuMepa, TMOKa3aHHOTO
Ha puc. 5.1, udepbnar 2 AOMOJTHUTENBLHO MepeBOAUTCS Ha Y4, TIOTOMY UTO MbI
JO/DKHBI OyzleM TOBEepHYTh CTPeNKy Ha UeTBepPThb yaca Brepes. TOYHO Tak ke
1udepbnar 3 MoABOAUTCA Ha %2, MOTOMY UTO MbI JO/DKHBI Oy/lieM TOBEPHYTh
CTpesKy Briepe[ Ha rnosiyaca. CUMBO/IMUECKH BbIPa3uTh JIOJIHO MOJIHOTO 000poTa
B Bujle d / A, Tie d — paccrosiHve Mexy lrdepbiaramu, a A — JjiiHA BOJTHBI.

Eciiu BBI 3TOrO TOKa He y/aB/IMBaeTe, PACCMOTPHUTE C/lydaid, IPU KOTOPOM
paccTosiHve Mexly AByMs Liidepbiaramu OyzieT paBHSATHCS JIJTMHe BOMHBIL. Torzaa
d = A, a, cnemoBarenbHo, d / A = 1, UTO COOTBETCTBYyeT OAHOMY IIOJTHOMY
obopoTy, ipu 3ToM 00a 1udep61aTa MOKaXKyT OJMHAKOBOE BPeMsI.

[MoapiTOXKUM: YTOOBI ZiBa cocefHUX IMdepOsiaTa ToOKa3biBaiu B Touke X
O[IMHAKOBOe BpeMsl, TpeOyeTcs, uTOOBI [JOTIOTHUTENbHBIA TMOBOPOT YacOBOM




CTPeJIKU B Hada/JbHOM TMOJIOXKEHUM PaBHSJICS JOTMOJHUTEIbHOMY TIOBOPOTY
YacoOBOM CTPEeJIKU MPY PAaCHPOCTPaHEHUU BOJTHBI HA PaCCTOsTHUE:
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Kak U Bblllle, MOXKEM YIIPOCTUTb 3TO BbIpa)Ke€HUE, OTMETUB, UTO mx / t —
3TO UMMY/IbC 4YacTuilpl, p. [locne HebosbIMX TpeoOpa3oBaHuil ypaBHEHUs
TIOJTyYUM:

[TosryuyeHHbIN pe3y/bTaT HACTOMLKO Ba)KeH, UTO 3aC/Ty>KMBAeT COOCTBEHHOTO
vMeHu. U pelicTBuTenbHO, 3Ta (hopMmy/na Ha3biBaeTCsl ypaBHeHUeM zie bpoiis,
TIOCKOJTbKY BIIepBbIe B ceHTsi0pe 1923 rojia ee mpenoxui dhpaHIy3cKuid Ghr3mnK
Jlyu ne bpotinb. BaxkHOCTh (hOpMYy/ibl B TOM, UTO OHA CBSI3bIBAeT J/IMHY BOJIHBI
C W3BECTHBIM HUMITYJIbCOM YacTUlbl. ITHBIMM C/TI0BaMU, TaK MPOSIB/ISIETCS TeCHast
CBSI3b MEXK/J[y CBOMCTBOM, OOBIYHO TPHUCYTCTBYIOI[UM Yy YaCTHI] — UMITY/IbCOM,
Y CBOMCTBOM, Yallle BCEr0 aCCOLMUPYIOIIUMCS C BOJTHAMH, — JJIMHOM BOJIHBL.
TakuM o00pa3oM, W3 HalMX MAHUMOY/SIMM C YacaMM BO3HUK KOPNYCKY/ASPHO-
80/1HOBOU Oya/1U3M K8AHMOBOU MEXAHUKU.

YpaBHeHue fie bpoisis 03HaMeHOBA/I0 OrPOMHbBIM KOHLIENTYa/IbHbIM CKAuOK.
B cBoeli opurvHa/sibHON paboTe OH TMHMca, UTO «BOOOpa)kaemasl CBsi3aHHasI
BO/THa» [JOJPKHA TIPUITMCHIBAaThCS BCEM YacCTHIAM, B TOM UHCJIe 3/IeKTPOHaM,
Y 4YTO TOTOK 3/IeKTPOHOB, TMPOXOAS Yepe3 IIeb, «JO0/DKeH [1eMOHCTPHUPOBAaTh
denomen gubpakyuu»8l B 1923 romy 5To 6B elje TeopeTHUeCKHe
paccyxzieHusi, 1oToMy uto [I3BuccoH u [DxepMep OOHapy>KWIH TIOSIBJIEHUE
vHTep(depeHIIMOHHOW (UTypbl TIPU UCMYCKaHWW ITyYKOB 37€KTPOHOB TOJIBKO
B 1927-m. OUWHINTEWH CAelajl TPUMEPHO TO JKe MPeNoJoKeHue,
yTO U Jie bpoiisib, Ha APYrUX OCHOBAHUSX W MPUOIU3UTENBHO B 3TO ’Ke BpeMsl.
OTU [Ba TeOpeTUYEeCKUX pe3y/ibrara CTa/IM KaTaJu3aTOpOM [Jisi Pa3BUTHUS
BO/IHOBOM MexaHuku Illpénunrepa. B pabore, Bcien 3a kotopoii IlIpémunrep
y>Ke omyO/nMKoBa/ ypaBHeHHe CBOEro HWMeHH, OH Thcan: «Ham mpuxogutcs
Cepbe3HO OTHECTHUCh K BOJTHOBOW Teopuu jJie bpoisisg — DUHIITelHa O IBMKEHUU
HaCTHULD».



Mbl MokeM TIOApoOHee pa3obpaThcsi C ypaBHeHWeM jfie bBpoiins
U TOCMOTpETh, UTO TIPOM30i/IeT, eC/id YMEeHbBIIUTh [JIUHY BOJHBI, YTO OyzeT
COOTBETCTBOBaTh  0O/bIlIeMy CMEIIeHWI) YacOBOM  CTPeJIKU  COCeJHUX
1udepbnaroB. IHBIMU C/TOBaMH, COKPaTUM pacCTOsiHUe Mexay Liudepbnatamuy,
TOKAa3bIBAIOI[MMU OTHO M TO K€ BpeMs. JTO 3HAUUT, UYTO HY)KHO YBEeIUUUTh
paccTosiHue X, UTOObl KOMITIEHCUPOBaTh COKpallleHue A, — TO eCTb [IjIsl MOoTalleHust
JOTIOJTHUTE/IbHOM TOAKPYTKU CTpenoK Touka X [JO0/DKHA OKa3aTbCs Jasibllle.
OTO COOTBeTCTBYeT Oojiee OBLICTPOMY [IBWKEHUIO UACTHUI[bl: YeM MeHblile [I/TMHA
BOJIHBI, TeM OoJjibllle UMITyJIbC, O uUeM U TOBODUT ypaBHeHue ze bBpotins.
OT/MMYHBIA pe3y/bTaT: HaM YAa/loCh «BbIBeCTW» OObIUHOEe [BIKeHHe (IT0TOMY
YTo CO BpeMeHeM rpyrmma [udepOsaToB ABWXKETCS paBHOMEPHO), HayaB
CO CTaTUYHOTO psifia 1udepOIaToB.



Bo/s1HOBBIE NaKeThl

Ternepb BepHEMCSl K Ba&XKHOMY BOIPOCY, KOTOPBIW [0 TOTO MbI B 3TOM I/IaBe
MpOMyCTUIU. Mbl CKasaau, 4YTO WCXOAHas Tpynna LeUKOM [IBUKETCS
K OKDeCTHOCTSIM TOUKU X, HO JIMIlb MPUMEPHO COXpaHsIeT CBOI KCXOAHYIO
KOH(UTrypaLuio.

Uto MBI MeeM B BUJY MO 3TUM [I0BOJIbHO TYMaHHbIM yTBEp)KJeHueM?
OTBeT CHOBa CBsi3aH C MPUHIUIIOM Heoripe/ie/ieHHOCTH ['elizeHOepra v MpUBOAUT
HaCc K CJIeyHIleMy OTKPBITUIO. Mbl OMUCHIBaIM MPOMCXOJsIIee C TPyNrnon
LQepb1aToB, KOTOpasi CAYXXUT OTOOpa)keHHMeM UYaCTHLIbI, HaXOAsIIelcs rjje-To
B MaJsioii 06acTy mpocTpaHcTBa. JTa 06/1acThb MpejcTaBieHa Ha puc. 5.1 msTbio
uudepbaaramu. [Togo0Has rpymna Ha3bIBaeTCs 80/HOBbIM nakemom. Ho Mbl yxe
BU/IeJIM, UTO JIOKA/M3alusi YaCTULIbl B KaKOW-TO 00/IaCTH TIPOCTPAaHCTBA UMeeT
CBOM  TMOCJAeACTBUS. Mbl He  MOXeEM  BOCIpPeNsTCTBOBaTb  TOMY,
YTO JIOKa/IM30BaHHAsI YacTulla ToayuuT «yaap [eitseHbepra» (TO eCTb UMITY/IbC
ee OyZeT Her3BeCTeH KaK pa3 BBU/y ee JIOKaju3allid), U CO BpPeMEHeM 3TO
npYBeZleT K TOMY, UTO YaCTHIla «IPOCOUMTCS» 3a Tpefiesibl 00/1acTU CBOEro
VICXOZJHOT'O PacIio/IoyKeHHUs.

OTOT 3¢ eKT nMeeT MeCTo B Caydae, Korjia Bce LydepOiaThl 0Ka3bIBalOT
O[VHAKOBOe BpeMs; TPUCYTCTBYeT OH U B C/ayuyae MepeMelleHrs TPyMibl
LudepbaToB. DTO MpUBEJET K TaKOMy DPacCIpOCTPaHEHUI0 BOJHOBOTO TakeTa
M0 Mepe [IBU)KEHHUs, KOTOpDOe COOTBETCTBYET CTal[MOHAPHOMY [IBU)KEHUIO
OJVMHOYHOU UaCTHULbI.

Ecmu mopoxzaaTe [OCTaTOYHO JOAr0, TO BOJHOBOW MakeT, KOTOPOMY
COOTBETCTBYeT [BWKYILAsCsl TPyIa YacoB, TOJHOCTBIO pachafieTcsi, U Mbl
MoTepsieM BCe IIaHChl Ha Mpe/iCKa3aHWe TOYHOrO TI0JIOKEHHUsI YaCTULbl. ITO,
pa3ymeeTcsi, OyJjeT UMeTb MeCTO TIpU JIFOObIX TIOMbITKaX W3MepPeHUs] CKOPOCTU
Harieli yactuilpl. [TocMoTpum, Kak 310 paboTaer.

Xoporuii crioco6 u3MepuTh CKOPOCTb YaCTULIbI — TIPOBECTH /IBa U3MepeHUst
ee TIOJIO)KEeHHsI B JBa pa3HbIX MOMeHTa BpemeHHM. [locse 3TOro Mbl MOXXeM
BBIBECTH ee CKOPOCTb, pa3/ie/IMB MPOM/IEHHOE €0 pacCTOsTHUE Ha BPeMSl MeXIY
JBYMsI MU3MEpPEeHUsIMU. Y UUTbIBasi TO, UTO Mbl CKa3ajd, 3TO KaXKeTCsl OMacCHBIM,
MOTOMY UTO, €C/IM Mbl CJIMIIKOM TOYHO WU3MEPUM T0JIOKEeHHEe YaCTHUL[bl, MOXeM
CKaTb BeChb BOJHOBOW MakKeT, YTO WU3MEHUT €ero IMocjeAyrollee [IBUKeHHe.
Ecmu ke Mbl He XOTUM, 4YTOObI YacTulla TOJiyuyWsia 3HAUMTEbHBIN «yap
l'efizenbepra» (TO eCTh CyIeCTBEHHbIN MUMIMYJbC, TIOTOMY UTO AX CTaHOBUTCS
CJIMIIKOM MasibIM), TO [JO/DKHBI yOe[WUThCS, UTO HAIllM M3MEePeHUs TOJIOKeHUs



OyAyT [OCTaTOUHO pacryibiBUaThiMA. KOHEUYHO, CJIOBO «pPACILIbIBUATHIN»
C/IMILLKOM pacIulbIBUaTO, TaK 4YTO JlaBaiiTe ero Kak-To omnpedenuM. Eciu
BOCTIO/Ib30BAaThCsl  [IETEKTOPOM UacCTUll, CMOCOOHBIM OIpefensTh UYaCTULIbI
C TOUHOCTBIO 1 MKM, a Halll BOJIHOBOU TMakeT UMeeT IIUMPUHY 1 HM, TO JeTeKTOp
He OKa)keT TOUTHM HUKAKOTO0 BO3/EWCTBUSI Ha 3Ty UYaCTULy. DKCIIePUMEHTATop,
TIO/TyYarouil JaHHbIe C JeTeKTopa, Obu1 Obl CUaCT/IMB WMeThb pa3pellieHue
B 1 MUKDOH, HO C TOUKM 3peHHsI 3JIeKTPOHAa BCe, UTO MOXXET [eTeKTOp, —
3TO COOOIIUTh FKCIIEPUMEHTATOPY, UTO YaCTHI[a HaXOJUTCSI B HEKOEM OTPOMHOM
SAIUKe, KOTOPbIM B ThICSUY pa3 Oosiblile, ueM CyIIeCTBYIOIIUM BOTHOBOM MaKeT.
B atom ciyuae «yzaap [eiisenbepra», BbI3BaHHbIM MPOLIECCOM M3MepeHuU, OyeT
OYeHb MaJjl TI0 CPABHEHUIO C TeM, KOTOPBIM MOPOXKJAeTCsl KOHEUHbIM pa3MepoM
CcaMOro BOJHOBOTO mMakeTa. BoT u4ro Mbl uMeeM B BUAY TMOJ CJ0BaMHU
«JJOCTaTOUYHO PACIL/ILIBUATHIN».

Mbl pucoBanu 3Ty CUTyalUi0 Ha puc. 5.3, 0003HAUMB WMCXOJHYIO IIUPUHY
BOJIHOBOT'O MakeTa d U pa3pellieHue Hallero jetekropa A.
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Puc. 5.3. BonHOBOM mnakeT B [Ba pa3HbIX MOMeHTa BpeMeHM. [laker
JIBUTaeTCsl BIPaBO U PACIPOCTPAHSIETCS C TeueHWeM BpeMeHU. [lakeT ABMXKeTcs,
MOTOMY YTO CTPEJIKM YaCOB, KOTOPbIE €r0 COCTAB/SIOT, CMeLeHbl OTHOCUTETBHO
Apyr npyra (e Bpoiisib), U pacnpoCTpaHsieTCs B COOTBETCTBUM C TMPUHLUIIOM
Heorpe/eseHHOCTU. PopMa BOJIHOBOIO IaKeTa He TakK BakHa, HO I ITO/THOTHI
KapTUHBI C/ieflyeT CKa3aTh, YTO eC/U makeT Oosibiiol, To uudepbnatsl OymyT
OO/BIIMMU, a eC/TU TIaKeT Ma/leHbKUM, TO HebobImmMu OyayT U 1udeposiaTh

Mbi n306pa3u/iv Takke BOJTHOBOM MakeT B Oojiee T03/Hee BpeMsi: OH CTasl
HEMHOTO IMpe U uMeeT ImpuHy d', koTtopas Oosblie, yem d. Makcumym
BOJIHOBOTO TlaKeTa MpPOXOAUT paccTosiHe L 3a BpeMeHHOW WHTepBan t
CO CKOpOCThIO v. IIpUHOCUM W3BUHEHUS, ec/iv 3Ta (opMy/ia HaBesiia BaM [JaBHO
3a0bIThble  IIKOJIbHbIE JHH, 0e37apHO TIPOCKKEHHble 3a KMCUYepKaHHOU
Y TIOKODE>XeHHOU JIepeBIHHOW MapToM, U rojloC yuuTenss (U3UKK, TepsOLIUnCs
B MOJTyMpaKe 3UMHEr0 JHSI U BrOHSIIOLIWN B COBEPILIEHHO HEyMEeCTHYH0 JPEMOTY.
MebI MOKphIBaeMcsi TYT Me/IOBOM TbUIBIO MO Cepbe3HOM TMpUYMHE U HaJeeMcs,



YTO 3aK/IlOUeHHWe 3TOM TI/7laBbl BepHeT BaC B CO3HaHWe 3(deKTUBHee,
yeM JieTatolljast TPSAMKa JJisi BBITUPAHUSI IOCKU B JIeTCTBe.

CHOBa OKa3aBIIMCh B Halleii MeTadhopUueCKOM HayuHOH JiabopaTopuw,
Mbl TBITAEMCSI M3MepUTb CKOPOCTb V BOJIHOBOTO TlaKeTa, BBITIOJTHUB /[Ba
v3MepeHUsi ero TIOJIO)KeHWsI B JiBa pa3HbIX MrHOBeHMs. OTO [acT HaM
pacctosinve L, KOTopoe BOJIHOBOU MakeT TOKPbLI 3a BpeMms t. Ho pa3spelueHue
Halllero JieTeKTopa paBHO A, Tak YTO Mbl He CMOKe€M TOUHO BbIYMCIUTH L.
B cumBoMueckoi (popMe MOXKHO 3arucarh, UYTO M3MepeHHasi CKOPOCTh paBHa
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T7ie 3HaK TUTFOC-MUHYC MPOCTO HAllOMUHAEeT, UTO e€C/M MbI TPOBOJIMM [iBa
M3MepeHUst TIOJIOXKeHHsl, TO To/iyuaeM OObIYHO He L, a ckopee «L TUTHOC UyTb-
YyThb» WK «L MUHYC UyTb-UyThb», [ «UyThb-UyTh» ITOy4aeTcs Oy1aroapsi TOMY,
YTO MbI COTJIACU/TUChH He U3MepPSITh TIO/IOXKeHHe YaCTHUI[bl CJIUIITKOM TOYHO. Ba)kHO
TIDUHATb BO BHMMaHue, YTo L Mbl B [1eHiCTBUTE/ILHOCTU U3MEPUTh He MOXKEM:
MbI BCerjla TMojy4yaeM 3HaueHWe rie-To B Auarna3oHe L + A. TloMHUTe Takxe,
yTo BeunHa A JJo/bkHa ObIThH ropaszio 0oJibille, yeM pa3Mep BOJIHOBOTO TaKeTa,
VHaue YacTUIla COXKMeTCs U pa3pyluT ero. HemHoro mepenwuiiieM TociiefiHee
ypaBHeHUe, yTOObI Jyyllie TIOHSATb, YTO MPOUCXO/IUT:
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Oka3bIBaeTcsl, UTO, €C/IM BeJIMUMHA t Oy/leT oueHb OO0JbIIION, MbI BBITIOJTHUM
M3MepeHre CKOpoCTM vV = L / t ¢ BeCcbMa HE3HAUUTE/IbHOM TIOTPEIIHOCTHIO,
TIOTOMY UTO MOKEM >KJaTh OUeHb JJ0JIT0, OOUTHCSA, UTOOBI t OBIIO CKO/Ib YTOAHO
OonbiiiM, a A / t, COOTBETCTBEHHO, CKO/Jb YIrOAHO MaJbiM, MPUTOM YTO
Be/IMUMHA A MPOAO/DKUT OCTaBaThCsl JOCTAaTOYHO BenuKou. [loaTomy KaxeTcs,
YTO MbI HAlllJIM OTJIMYHBIM CIIOCOO BCe K€ COBEPIIWUTh TOUYHBbIE BBIUMC/IEHUS
CKOPOCTU 3TOM 4acCTHIlbl, He BMeIIIMBAsICh B ee XO/: J0CTaTOUHO JIUIIb J0JIr0
MO/IOXK/IaTh MEXK/1y TIePBbIM U BTOPbIM H3MepeHUusiMU. C TOUKW 3peHUsT UHTYULUN
BCe TIpeKpacHO U JiormuHo. [lIpejcTaBbTe, UTO BbI 3aMepsieTe CKOPOCTb
aBTOMOOWISA, IBWXKYILETOCs M0 11occe. Eciu 3aMepuTe paccTosiHUe, KOTOPOe OH
TpoeJieT 3a OJHY MMHYTY, TO Bbl, KOHEUHO, IIOJIyUdTe 3HAUMTE/IbHO Oosee




TOYHBIM TOKa3are/b ero CKOPOCTU, YeM eC/id WHTepBal MeXJy W3MepeHUsIMU
COCTaBUT OJHY CceKyHAy. MTak, Mbl 0OMaHysu ['etizeH6epra?

KoHeuHo, HeT: Mbl 3a0blIM KOe-uTOo yuecTb. YacTuila oOMMChIBaeTcs
BOJIHOBbIM  TAKeTOM, KOTODbI pacceuBaeTcsi C TeueHHeM BpeMeHH.
[lpy HaMMUMKM [OCTAaTOUHOTO BpeMEeHM paccesHWe OKOHUYaTeIbHO pa3MOeT
BOJIHOBOM TMaKeT, TaK UTO YaCTHI]a MOXKET OKa3aTbCsl T7ie YroAHO. DTO YBeTUUUT
[lara3oH 3HaueHWM, KOTOpbie MbI MTOJIyUUM TIpU U3MepeHuu L, v nepekpoeT Ham
BO3MOKHOCTb COBepIllaTh CKOMb YrOAHO TOYHOE BLIUKC/IEHWe CKOPOCTH
YaCTHUIIBL.

Wwmest fefio ¢ yacTulield, OMMChiBaeéMOM BOTHOBBIM TaKeTOM, MbI BCE PaBHO
OrpaHWYeHbl TIPUHIIUIIOM Heorpe/eneHHOCTH. Tak Kak M3HauaabHO uacTHIla
HaxoAuTCs r7e-To B obsactu pasmepoMm d, TeiizeHbepr wHbopMHUpyeT Hac,
YTO MMITY/IbC YaCTULIbI COOTBETCTBYIOIMM 00pa30M UCKa)KaeTCsl Ha BeTMUUHY
h/d. TlosToMy ecTb TOMBKO OAWH CIOCOO TIOCTPOEHUs] TaKOW KOHGUTypalyu
1udepbnatoB, urobbl TMpejAcTaBleHHas Ha Hel 4YacTulla /IBUraaach
C orpefie/ieHHbIM UMIY/IbCOM, — HY)KHO cjiefiaTh d, TO eCTh pa3Mep BOJHOBOTO
rakeTa, oueHb OosbiiuM. M uem Oosbilie OH OyzieT, TeM MeHbIlle OKaXKeTcCs
Heorpe/ie/IeHHOCTh UMIY/IbCa YaCTULIbl. YPOK SICeH: uacTWila C XOPOIIIO
M3BECTHBIM HMITYJILCOM OINMChIBAaeTCsl OOMbINON Tpymmoi 1udep6aatosllZ,
TouHee roBOpSsl, YaCTHlla C COBEPIIIEHHO TOYHO W3BECTHBIM UMITYJIbCOM OyaeT
ornvcaHa 0OeCKOHeUHO [AWMHHOW rpymnmoi I1udepOsaToB, UTO O3HAayYaeT
OeCKOHEeUHO JIMHHBIA BOJTHOBOM MaKeT.

MbI TOMBKO UTO TIOKa3ajM, YTO BOTHOBOMY TIaKeTy KOHEUHOTO pa3mepa
He COOTBETCTBYeT UaCTUILIA C OTpefie/ieHHbIM UMITY/TbCOM. JTO 3HAYMT, UTO, eC/U
WU3MEepUTb UMIYyJIbC OueHb OOMbBIIOT0 KOMWUYeCTBAa YaCTUll, KOTOpbIe
OTMCBIBAOTCS OHUM U TeM K€ UCXOJHBbIM BOJIHOBBIM MMaKeTOM, MbI He TIONTYYUM
Ka)K/IbI pa3 O/IMH U TOT ke pe3y/bTar. HampoTuB, MbI MOTyYUM HIUPOKKY Habop
pa3HbIX OTBeTOB, U wuXx pa3bpoc, kKak Obl XopomM Mbl HU ObUIH
B 9KCTIepUMeHTabHOM (pu3rKe, He MOXKET OKa3aThCsi MeHbllie, ueM h / d.

Takum o0pa3oM, Mbl MOXXeM CKa3aTb, UTO BOJIHOBOW TaKeT OMUCHIBAeT
YyacTully, KOTOpasi [JBWKETCS C WMIIYJbCOM, OIpeJe/ieHHbIM B paMKax
HeKOToporo uamna3oHa. Ho ypaBHeHue e bpoilnis mnogpa3ymeBaer,
YTO B TIOC/IeIHEM TIPE/JIOKEHUU MOYKHO 3aMEHHUTh CJIOBO «HUMITY/IbChl» CII0BaMU
«JJIAHBI BOJIH», TIOTOMY YTO UMITY/IbC YaCTHUI[bl CBSI3aH C BOJHOM Ompezie/ieHHOU
JJIMHBI. JTO, B CBOIO Ouepe/lb, 03HauaeT, YTO BOJIHOBOU MaKeT /I0/KeH COCTOSITh
Y3 BOJH pa3HOM AyivHbL. TOUHO TaK »Ke, eC/id YaCTULIA OMUCHIBAeTCS BOJIHOM
oripefie/leHHON [IMHBI, Takas BOJIHA [O/DKHa ObITh OGeckoHeuHo. KaskeTcs,
Hac TMOATAJKWBAIOT K BBIBOAY, UTO HeOOJbIONW BOJSHOBOW TaKeT COCTOUT
U3 MHOrMX OeCKOHEeUHbIX BOJSH pa3HOW [uHbBL. W /[elCTBUTENBHO,



Hac MoOy>KJar0T BUTaThbCs TI0 3TOMY IMyTH, U TO, UTO MbI OITMChIBaeM, XOPOLIIO
3HAaKOMO MareMaTvkaM, (u3uKam W WHXeHepaM. Mbl BXOAUM B 00sacThb
MaTeMaTWKM, W3BEeCTHYI0 KakK aHaiu3 @Pypbe U Ha3BaHHYIO B UeCTb
dpaniy3ckoro usrka Koseda Pypbe.

@®ypbe ObIT KOJMOPUTHOM JUUHOCTHIO. Cpeiu ero MHOTOUMCIeHHBIX
JoCTwKeHU — rybepHatopctBo B HikHem Erurite ipu HarosnieoHe U OTKpbITHE
napHukoBoro 3¢ddekra. Ilo wiyxam, emy HpaBWIOCh 3aBOPaYUBaThCSA
B TIPOCTBIHU, UTO B UTOTe TIPUBEJIO K ero Oe3BpemeHHOl koHunHe B 1830 ropy,
KOT/la OH, TIJIOTHO 3aBEepPHYBILUCH, yMaa ¢ COOCTBeHHOU necTHULIbI. ETo riaBHast
aHa/iMTUYecKas paboTa Kacasach TeTJIONPOBOJHOCTU TBEPAOro Tefaa U Oblia
onybmkoBaHa B 1807 rofy, XOTs OCHOBHasi WJiesi U3BeCTHa C ropasfio Oosiee
paHHero BpeMeHH!.

dypbe Mokasana, uTto abconmoTHO r0bas BOMHA CKOMb YTOAHO CJIOXKHOU
dopmbl U HO60TO pa3Mepa MOKeT ObITh TIOMy4YeHa C/IOKeHWeM psiia BOJIH-
CUHYCOWJ, pasHOM [JuHbl. Jlydile BCero mokas3arb 3TO C TMOMOLBIO
vwioctpauyy. Ha puc. 5.4 myHKTUpHasi KpWBas TOJydaeTcsl MpU CJIOKEHUU
[IBYX MepBbIX BOJH-CHUHYCOWJl Ha HIKHUX rpadukax. Bbl MOXXeTe C/IOKUTb UX
efiBa Jiu He B yme: 00e BOJTHbI UMEIOT MaKCUMa/bHYIO BBICOTY B LIEHTPe, TaK UTO
CK/IaZIbIBAlOTCSI UMEHHO TaM, a Ha KOHLax racar gpyr apyra. LltpuxoBas
KpHBasi — 3TO pe3yJ/bTaT CJIOXKeHHUsI BCEX UeThIpeX BOJIH, NTOKa3aHHbIX Ha HMXKHUX
rpadvKax, U B Hell TIUK B LieHTpe ellle O6osiee Bripa>keH. HakoHell, HelipepbIBHAast
KpHBasi TOKa3bIBaeT, UYTO TIPOU30WJeT TMpU CIOKEHUM TMepBbIX JeCATA BOJIH,
TO €CTb ueThlpex TIPUBEJEHHbIX Ha WWUIIOCTPAlUM IUIIOC ellje 1IeCTd
C TMoc/e0BaTe/lbHO yMeHbIawollelcs AjvHou. YeM OGosnblile Mbl AoOaBiseM
BOJIH, TeM Oosibliie TOApoOHOCTel MOXKeM YyBHUZIeTb B pe3y/brare. BomHOBOI
rakeT Ha BepxHeM rpaduke MOXeT OINUCaThb JIOKA/JM30BaHHYI UacCTULL,
B OT/IMYME OT BOJIHOBOTO MakeTa, n300pa>keHHOro Ha puc. 5.3. Takum o6pa3om,
TIOSIBJISIETCSI peajibHasi BO3MO)KHOCTh CUHTE3UPOBaTh BOJIHY Jit0OOW (opMbl —
Y BCe 3TO C TIOMOIbIO C/I0XKEHUS POCTBIX BOH-CUHYCOU/I.
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Puc. 5.4. Bepxauil rpaduk: cioXKeHUe HeCKOJbKUX BOJIH-CUHYCOW[ JaeT
B pe3y/ibTaTe BOTHOBOM MakKeT C pe3KWM NMUKOM. [TyHKTMpHasi KpyBasi COCTOUT
Y3 MeHbIllero KO/JMuecTBa BOJIH, UeM LUTPUXOBasi, a Ta, B CBOK Ouepe/ib,
13 MeHbIlero, ueM HemnpepbiBHasi. HikHre rpauKu: mepBble UeThbIpe BOJIHBI
COCTABJISIFOT BOJTHOBOU IMakeT Ha BepXHeM rpaduke
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YpaBHeHue nae Bpoiinsi coobijaeT Ham, UTO Kak[as BOJIHA Ha HIDKHUX
rpadukax puc. 5.4 COOTBeTCTBYeT UacCTHlle C Orpe/ie/ieHHbIM UMITY/IbCOM, U 3TOT
MMIY/IbC YBEJIMUUBAETCSI C yMEHbIIIEHWEeM [IJIMHbI BOJIHBI.

Terepp cTaHOBUTCS Oojiee TIOHSATHO, ITOYEMY uYacCTHI[A, OMMChIBaeMasl
JIOKa/IM30BaHHOM rpymnmnoi 1udepbnaros, fo/kKHa 00si3aTe/IbHO UMETh /ivara3oH
MMIY/TbCOB.

[Ipofo/mKUM MOSICHEHUSI W TIPEATNOJIOKHMM, UYTO YaCTUI[a OINMUCHhIBAETCS
rpynmoi 1udep6s1aToB, TpeACTaBIeHHbIX HeNpephIBHOW KPHBOW Ha BepXHEM
rpaduke puc. 5418 Mbl TonpKo UTO BBISICHWIM, YTO 3Ty YacTWIy MOXKHO
orucaTh U psiZIoM ropaszio 6osiee AJMHHBIX TPYINT LvdepO1aToB: TepBasi BOJIHA
C HIWDKHero rpauka, IyiroC BTOpas BOJIHA C HWKHero rpauika, IJIHOC TPeThs
BOJIHA C HIJKHEro rpaduka U T. [i. B 9ToM ciiyuae B KaXKZjoll TOUKe OKa3bIBaeTCsl
HeCKO/IbKO 1udepb1aToB (M0 0JHOMY W3 KaXK[OW AJMHHOW TPYMIbl), KOTOPhIE
Mbl  JIOJDKHBI ~ CJIOKUTb, UTOOBI ~ TOMYUYW/CS  eJUHAYHBIM  Ludepbnar,
TIpe/ICTaB/IeHHBIN Ha BepxHeM Irpaduke puc. 5.4. Beibop MeTo/ia Tipe/icTaB/IeHuUs
YaCTHULIbI TTIOJTHOCTBIO 3aBUCUT OT BaC: MOXKHO CUWTaTh, UTO OHA Mpe/ICTaB/IeHa
ogHUM IdepOsaToM B KaXKJOM TOuke (B 3TOM ciydae pa3mep Ludepbiara
HETIOCPe/ICTBEHHO TIOSICHSIET, T7le BeposTHee BCero OOHApY)KWUTb YaCTHILY,
a UMEHHO B OKPeCTHOCTU MHKa BepxHero rpaduka puc. 5.4). i ke MOXHO
CUMTaTh, YTO OHA OMNMCHIBAETCS KaK MaTemMaThuueckuii psj 1udepb6aToB
B JIt0OOM TOUKe, KaXk/IbI M3 KOTOPBIX COOTBETCTBYET OJHOMY M3 BO3MOKHBIX
3HaUeHWM WMIYy/IbCa 4YacTUIbl. TakuM CrocoOOM pa3/ioKeHHs B DSl Mbl
HarloMuHaeM ce0e, YTO YacTulla, JIOKa/JKM30BaHHasi B HeOOsbIION ob6sacTu
MPOCTPAHCTBA, He WMeeT OIpefe/IieHHOr0 UMIy/abca. HeBO3MOXHOCTh
MOCTPOUTh KOMITAKTHBIM BOJTHOBOM TIaKeT W3 BOJIH OJHOU-eJMHCTBEHHOU
JUTMHBI — OUeBH/IHasi 0COOEHHOCTb MaTeMaTHKH Dyphbe.

Takoii 06pa3 MBIC/IH JlaeT BO3MOYKHOCTb TTI0-HOBOMY B3IVISIHYTh Ha TIPUHIUTI
HeomnpeneneHHocTu [efizeHbepra. OH yTBep)KJaeT, UTO Mbl He MOXXEM OITMCATh
YacTUIly Kak JIOKaIM30BaHHYIO Tpymmy 1udepOiaToB, eciu 3TH LydepbaTe
COOTBETCTBYIOT BOJIHAM TOJIBKO OZ/HOW AyIMHBI. HampoTus, uToObl 1jHdepOsiaTh
OTMEHSITU [IPYyT [Ipyra 3a mpefie/iaMy JIOKaITM30BaHHOM 00/1acTH, Mbl 00si3aHBI
CMeIlUBaTh BOJIHBI Pa3HOMW [I/IMHBI, a CJe[OBaTe/bHO, U Pa3HOr0 WMITY/IbCa.
WTaK, 1jeHa, KOTOPYIO MbI IIJIaTUM 3a JIOKa/IM3aliMi0 YaCTULIbI B KAKOM-TO 00/1acTH
MPOCTPAHCTBA, COCTOMUT B TOM, YTO Mbl He 3HaeM ee UMIIy/bca. bosee Toro,
yeM CH/IbHee Mbl OrpaHUUYMBaeM 00/1aCTb BO3MO)KHOTO MeCTOIIO/IOXKEHUS
YacTUILIbl, TeM OOJIbIIe BOJTH PAa3HOM JJTMHBI HY)KHO [J0OAB/IATL U TEM XY»Ke MbI
3HaeéM MMITYJIbC YaCTUllbl. VIMEHHO 3TO M COCTaBJeT COJep)KaHWe MPUHIMIIA
HEeOIpe/leJIeHHOCTH, M OYeHb MPUSTHO, UTO Mbl MPUIIUIM K TOMY >K€ BBIBOAY



vHBIM myTem-2!,

3aBepiiiasi 3Ty I7IaBy, Mbl XOTe/U ObI ellje HEMHOTO MOrOBOPUThL 00 aHas3e
dypbe. ITO OueHb XOpOIlee CPeACTBO OMUCaHUS KBAHTOBOM TEOPUM, U OHO
TeCHO CBSI3aHO C U/lesiMU, KOTOpbIe MbI KakK pa3 oocyxaaeM. Ba)kHo, UTo KaXKzast
KBaHTOBasi YacTulla, UTO ObI OHa HU Jie/iajia, OMMChIBAeTCSI BOIHOBOW (PyHKIIVEH.
Kak MbI y)Xe TOBOPW/IM, BOMHOBasi YHKLUS — 3TO MPOCTO Psifi HeOOMbIINX
1udepbnaToB, M0 OAHOMY AJii KaXK[AOW TOUKM B TMPOCTPAHCTBE, — a pa3Mep
1udepbnara omnpefesisieT BePOSTHOCTb HAXOK/EHUSI UaCTUIbl B KOHKPETHOM
Touke. Takol MeToJ TpeACTaB/leHUs YaCTULIl HOCUT Ha3BaHWE B0/MHOBOI
(pyHKYyuu nNpPOCMpAHCMBEHHO20 NO/0XMCEHUsl, TIOCKOIbKY HeroCpeiCTBEHHO
CBS13aH C BO3MO)XHBIMH MOJIOXKEHUSIMU, KOTOPble MOXKeT UMeTh yacTulia. OHaKo
€CTb MHOIO BapUaHTOB MaTeMaTHYeCKOrO Tpe/iCTaB/ieHrs BOJIHOBOW (DYyHKLIWHY,
U MasieHbKUe 1rdepbaaThl B MPOCTPAHCTBEHHOW BEPCUM — JIUIITL OAWH U3 HUX.
Mel y>ke Kacajquch 3TOrO BOMPOCA, KOrJja TOBOPW/IM, UTO MOXKHO MpPeJCTaBUTh
YyacTULly B BUJIe CYMMbI BOJTH-CUHYCOMZ. EC/ii HeHafonro 3a/iep>KatbCsl Ha 3TOU
BO3MO)KHOCTH, JIETKO TIOHSATh, UTO COCTaBJ/IeHHeE MOJIHOTO CITMCKA BOH-CUHYCOU/]
JeNCTBUTENbHO JlaeT HCYepribiBalolljee OINMCaHWe YacTUllbl (IIOTOMYy UTO
TPU  CJAOKEHUM STUX BOJH MOXKHO TMOMy4YuTh Ludepbaarsl, CBs3aHHbIE
C BOJTHOBOU (PyHKILIMeM MPOCTPAHCTBEHHOTO MOJIOXKEHHS).

WHbIMM C7OBaMM, €CIM Mbl TOYHO YKaXkeM, Kakhe HWMEHHO BOJIHBI-
CUHYCOWJbl HY)XHbl HaM [Jii TIOCTPOEHHsI BOJHOBOTO TakeTa M C KaKuM
K03 (pUllieHTOM HY)KHO TIpUOaBUTh KaXKAYH U3 BOJH-CUHYCOWJ, UTOOBI
MOJIyUUTh HY)XXKHYHO (DOpMY TMakeTa, Yy HAC MOIYUUTCS WHOE, HO TIOJIHOCTBIO
9KBHBaJIeHTHOE OMWCaHWe BOJIHOBOTO TakeTa. MHTepecHOo, uTo aro0asi BOJHa-
CUHyCcOW/la camMa MO)KeT ObITh oOmnrcaHa OJWHOYHBIM BOOOpakaeMbIM
1udepbnaToM: ero paMep OTpa)kaeT MaKCUMaabHYIO BBICOTY BOJHBI, a (ha3a
BOJIHBI B OIpeJleJIeHHOM TOUuKe MOXKeT ObIThb TMpe/icTaB/ieHa BpeMeHeM,
Ha KOTOpOe yKa3blBaeT CTpesKa. TakuMm o00pa3oM, MbI MOXKEM TIpe/IioYecThb
TIpe/iCTaB/ieHe YacTUllbl He dYepe3 LudepOsaTbl B TMPOCTPAHCTBE, HO uepe3
aNbTepHAaTUBHBINA Habop 11dep6/1aToB — 10 OAHOMY ISl KaXK/JOTO BO3MOXKHOTO
3HaUeHUs] HKMITyJibCa YaCTULbl. JTO OIUCaHHWEe CTO/Mb JKe SKOHOMUWYHO,
Kak U Tipe[cTaByieHue «iudepbs1aToB B MPOCTPAHCTBE», U BMECTO YKa3aHUS
Haubosiee BepOSITHOTO TIOJIOKEHUSI YaCTHI[bI Mbl yKa3biBaeM HauOosiee
BepOsiITHbIe 3HAUeHUsI ee UMIy/bCa. JTOT ajbTepHAaTUBHLIN psij LrdepbaaToB
Ha3bIBaeTCsl BOAHOBOU (PyHKYUell npoOCmMpaHCmMeda UMNy/AbCo8 U COJ€P>KUT POBHO
Ty ke MH(OPMALMIO, UTO U BONHOBAs (PYHKIMS IPOCTPaHCTBa MooKeHniH 2,

B03MO)XHO, 3TO 3BYUUT OueHb abOCTPAaKTHO, HO TEXHOJIOTUs, OCHOBaHHas
Ha uzesx dypbe, yCHeIIHO UCIIOIb3YeTCs B MOBCEIHEBHOM >KU3HU: pa3/ioyKeHre



BO/THBI Ha COCTaB/SIIOIL[ME €ee BOJIHBbI-CUHYCOMJIbI — 3TO OCHOBAa TEXHOJIOTMHU
ayavo— u Bugeockatus. [IpescrtaBeTe cebe 3ByKOBBIe BOJIHBI, 00pa3yrolijye Ballly
MobUMyt0 Mesiofivi0. JTa CAOXKHAs BOJHA, KaK MbI y)Ke 3HaeM, MOXKeT ObITh
pa3buTa Ha COCTABJSAIOL[ME C TIOMOIIBIO psifia uuces, KOTOpble MOKAa3bIBalOT
OTHOCUTE/IbHBIM  BK/JQJ ~ KaKJOM M3  MHOXeCTBa  BOJIH-CUHYCOW[
B To/Mydaroiuiicsi 3ByK. OKa3bIBaeTcsi, UTO, XOTs st abCOMIOTHO TOYHOTO
BOCITPOU3BE/IEHUS] MCXOAHOTO 3ByKa TpeOyeTCs MHOXKeCTBO OT/e/NbHBIX BOJIH-
CHUHYCOW/I, MO’KHO OTKa3aThbCsl OT MHOTMX W3 HUX, UTO COBEPIIIEHHO He CKa)KeTCs
Ha BOCOPUSITAM KauveCTBa ayJguo3anvcy. Harpumep, yganastOTCd BOJHBI-
CUHYCOWJIbl OT 3BYKOB, He BOCIPUHHMAEMbIX Ue/0BEYECKHM CIyXOM.
OTO CyL]eCTBEHHO COKpaljaeT KOJMUYeCTBO [IJaHHBIX, KOTOpPbIe HY>KHbI
JIs1 XpaHeHus ayauodaiiia, T03ToOMY Ballld mp3-Tieephbl He OueHb OOJIbIIIHE.

MOo>KHO 3a/1aThCsT BOTIPOCOM: KaK peajbHO TIPUMEHHUTh JIPYTYO, ellle Oosee
aOCTpaKTHYI0 BEpCHUI0 BOJIHOBOM (YHKI[MH? PacCMOTpUM YacTuily, KOoTopasi
orobpakaeTcsi OAWHOYHBIM LMdepbsaToM B TMpeACTaBIeHUM TIPOCTPAaHCTBA
MO/I0’KeHUM. TaK OMUChbIBAeTCsl YaCTHIIA, HAXOZSIAsCs B ONpeJe/leHHOM MeCTe
BceneHHOl; B e[UHCTBEHHOW TOUKe — TaM, T7ie pacrosioxeH 1udep6Osar. Tereps
PacCMOTPHUM YacTUlly, KOTopasi oTobpaxkaeTcsi OAWHOYHBIM IudepOiaTom
B TIpeJCTaB/€HWU TIPOCTPAHCTBA HWMIMY/IbCOB. TakK OMNUCHIBAETCS YacTUIlA
C €JMHCTBEHHbIM, TOUHO OIpe/ie/IeHHbIM UMNY/IbCOM. OmnrcaHue TaKOW YaCTHULIbI
C TIOMOIIbIO BOMHOBOM (DYHKIMM TIPOCTPAHCTBA TOJOXKEHWM ToTpedyer —
TI0 KOHTPACTy — 6eCKOHEUHOTo KOo/InuecTBa 1udep6s1aToB 0[MHAKOBOTO pa3Mepa,
MOTOMY YTO, COIVIACHO TPWHLUNY HEeOINpeAeNeHHOCTH, 4YacCThlla C TOYHO
omnpe/ie/IeHHbIM MMITY/IbCOM MOXKeT HaXOJWUThCS TAe YrogHo. B pe3ynbrare
VHOI/Ia MpOolle MNPOU3BOAUTh BBIUMC/IEHUS HEMOCPEJCTBEHHO B TEePMHHAX
BO/THOBOW (DYHKI[MHU TPOCTPaHCTBA UMITY/TbCOB.

B o5TOM 11aBe WMbl BBISICHWIM, UTO OMNWCAHWE YaCTULbl METOJ0M
1[iep06/aTOB CIIOCOOHO CXBaThbIiBaTh CyThb TOTO, UTO Mbl OOBIYHO Ha3bIBaeM
«JIBWOKeHWeM». Mbl y3Ha/u, 4TO Hallle BOCIIPUATHE PaBHOMEPHOTO [BUKEHUS
00BEKTOB OT OAHOM TOUKM K JIPYTOM, COIJIaCHO KBAHTOBOM TEOPHH, SIBJISETCS
unmo3veil. bornee mpaBmomnofio6HO OyzeT TIPeArnoNoKUTb, UTO YaCTHULIBI
JIBWXYTCS W3 TOYKM A B TOUKy B BCeMU BO3MOXHBIMU TMyTSMH. TOJIBKO
TPY CJIOXKEHWM BCEX BO3MOKHOCTEHW MOSIB/ISIETCS IBM)KEHKE B TOM BU/JIE, B KAKOM
Mbl ero BocrpuHuMaeMZl. Mpl TakKe SICHO VBHZelH, KakK OIHCAaHHe
c TioMoIbl0 1udepOiaToB MO3BO/sSeT MepelTH K BOMHOBOM (DH3UKe [axke
HECMOTPS Ha TO, UTO MbI MeeM /IeJI0 JIMIIb C YaCTHUL[aMH, TOZ0OHBIMH TOUKAM.
Ceityac ropa MCII0/Ib30BaTh 3TO CXO/CTBO C BOJHOBOW (PM3UKOW JJis1 OTBeTa
Ha Ba)XKHBINM BOITPOC: KaK KBAaHTOBast TeOpUsi 0ObSICHSIET CTPYKTYPY aTOMOB?



\6. My3bika aToMoOB

W3HyTpu aTtoMm Tipe/icTaB/isieT co0oil HeuTo cTpaHHoe. Ecnu, Hampumep,
Bbl BCTaHeTe Ha TMPOTOH U TIOCMOTpUTE OTTyAa BO BHYTPUATOMHOE
TIPOCTPAHCTBO, TO YBUAUTE JIUIIb MYCTOTY. DJIEKTPOHBI OyAyT C/IUIIIKOM Maslbl,
yTOObI X Pa3I/isi/leTh, JakKe eC/M OKaXKYTCs Ha PaCCTOSIHUM BBITSHYTOW DYKW,
HO Jlayke U 3TO OyZieT IPOMCXOAUTD CJIMIIKOM pefiko. [IpoToH B AriamMeTpe paBeH
npumepHo 107 m, To ects 0,000 000 000 000 001 MeTpa, U 1O CPaBHEHHUIO
C 27IeEKTPOHOM OH MPOCTO KBaHTOBbIM KOJ0CC. EC/M BBl CTOMTE «HA MPOTOHE»
y mobepexbsi AHIMM, Ha Oenbix ckamax JlyBpa, TO pacribIBUaThie TIpe/esibl
aToMa pacrioyioykaTcs rjje-To Ha ¢epmax ceBepHOUM PpaHIU. ATOMBI OOIITUPHEI
W TyCThI, TI03TOMY Ballla TOJIHOpa3MepHasi Bepcusi ToKe OOIIMpHA W MyCTa.
[Tpocreiillivii aTOM — 3TO BOAOPOZ, COCTOSILLMK W3 OJHOTO MPOTOHA W OJHOTO
3/ieKTpoHa. [IOCKO/IbKY S/7€KTPOH ucue3arollje Maj, MOXeT I10Ka3aThbCs,
yro 00/1aCcTh ero JABWXKeHUsi Oe3rpaHWyHa, HO 3TO He Tak. OH TMpUKperieH
K TIPOTOHY B3alMHBLIM 3/IeKTPOMarHUTHBIM TPUTSDKEHUEM, U UMEHHO pasMep
u ¢opma 3TOM TIPOCTOPHOW THOPbMbI OIpe/e/sitOT XapaKTePHbIN IITPUXKO[
W3 1[BeTOB  pajlyru, TillareJbHO  3adukcupoBaHHbii B Handbuch
der Spectroscopie HalllMM CTapbIM MPUATEIEM M YaCTbIM rOCTeM MpPodeccopoM
Kaitzepom.

Celiuac Mbl MOXXEM TPUMEHUTb HAKOIIEHHble 3HaHUs [ pelleHus
BOMpOCa, KOTOpbIK cTaBui B Tynuk Pesepdopzaa, bopa u [gpyrux yueHbIx
B TepBbie JecsaTuieTrss XX BeKa: UTO UMEHHO TIPOMCXOAUT BHYyTpu atoMa? Eciu
TIOMHUTe, Tipo0sieMa cocTosijia B TOM, 4To Pe3epdop/ BeISICHU CXO/CTBO aToMa
B HEKOTOPBIX OTHOIIEeHUsX C MuHHaTiopHOUW CosHeuHoU cuctemoit: CosHile
Kak TBepZioe siip0 B I1[eHTpe, U 3/7eKTPOHbI KaK TIJIaHeThbl, BpallatoIrecs
1o yzaneHHbIM opbutam. Pesepdopz 3Han, uTo 3Ta MOJe/ib He MOXeT ObITh
BepHOM, TIOTOMY UTO 37IeKTPOHbI Ha OpOUTAX BOKPYT sifipa 0/DKHBI TTOCTOSTHHO
UCTyCKaTh CBeT. Pe3ynbTar Jo/bkeH ObITh [/ aToOMa KaTacTpoduyecKuM,
TIOTOMY YTO, €CJIM 3/IeKTPOH TIOCTOSIHHO UCITyCKaeT CBeT, OH JIO/DKEH TepsiTh
SHEPTUI0 M 3aKpyuuBaThCs 1O CIUpaJd B HarpaB/ieHUU Heu30eKHOTro
CTOJIKHOBEHHSI C TIPOTOHOM. KoHeuHo, 3TOro He MPOUCXOAUT. ATOMbI JIOBOJILHO
cTabuIbHBI, TO3TOMY B HADUCOBAHHOW KapTUHe UYTO-TO He Tak. Ho uTo?

OTa T/71aBa OueHb BaKHa /IJisi BCel KHUTH, TIOTOMY UYTO 37leCh Mbl BIIepBbIe
TIOTBITAaeMCsi C TIOMOIIIbIO Halllell Teopur OOBSICHUTD SIBJIEHUs] peasibHOTO MUpa.
Becb Ham Tpysa [0 S3TOTO MOMEHTAa HOCW/I TeOpeTUUeCKU XapakTep:
MbI pa3pabartbiBajsii  0COObIN  «popmanu3mM» — Croco0bl TMpeACTaB/IeHUs



KBaHTOBOM uacTullbl. [IpuHIUn HeomnpezeneHHoCTH [elizeHOepra v ypaBHeHUe
ne bBpoiinsg cranu BeHILIOM HaIMX YCWIWM, HO B 1eJloM Mbl Benu ceOst
JIOCTaTOYHO CKPOMHO, paccMaTpuBasi BcenleHHYIO0 Kak COCTOSIIIYIO U3 OJHOM-
eIMHCTBEeHHOW YacTuilbl. Terepsb Mopa MokKa3arh, Kak KBaHTOBasi TEOPUsI BIUSIET
Ha Hall MoBceAHeBHbIE Mup. CTPyKTypa aTOMOB — Belllb MCK/IHOUUTETHHO
peasibHasi U oOcsi3aeMasi. Bbl coCTOMTe W3 aTOMOB: WX CTPOEHHEe — 3TO Ballle
CTpOeHWe, UX CTabWIbHOCTh — Ballla CTabuabHOCTL. MoxHO 06e3 ocoboro
TpeyBeJIMUeHUsi CKa3aTb, UTO T[IOHUMaHWe CTPYKTYpPbl aTOMOB — OJIHO
13 HeTIpeMeHHBIX YC/I0BUM MOHUMaHus BcesleHHOM B 1]e/10M.

B arome Bojopo/ila 37€KTPOH 3armepT B 00/acTH, OKpY’Karoljeil TMPOTOH.
HauHewm ¢ TOro, UTO MpeACcTaBUM, OyZAITO 3TOT 3/€KTPOH 3arepT B CBOEro pofa
SAIIUKe, YTO, BIIPOUEM, He TaK /1ajiekKo OT UCTUHBI. Mbl 3aliMeMCsi UcciiefiloBaHueM
TOTO, /10 Kakoi cTereHW (pU3MKa JIeKTPOHA, 3arepToro B Ma/ieHbKOM SIIIUKe,
OTpa)kaeT KJOUeBble O0COOEHHOCTU peasbHOrO aroMa. Mbl  TPOO/DKUM
WCTIONb30BaTh TO, UTO YCBOW/IM U3 TpeAbIAyIel T7aBbl M0 TIOBOAY BOJHOBBIX
CBOMCTB KBAHTOBBIX YACTHI]: KOr/la JieJi0 [OXOAWUT [0 OMNMCAHUS aTOMOB,
BOJIHOBasi KapTWHA JeUCTBUTENbHO BCE€ YIIPOIaeT, U Mbl MOXeM J0OUThCS
Cepbe3HOro mporpecca, He 0CcoOeHHO OecroKosICh MO TOBOJy yMeHbIIIeHUS,
nobaBeHUss U CMelleHUs 4acoB U UXx CTpesiok. OfHAKO HY)XHO BCe BpeMsi
Jep)XaTb B yMe, UTO BOJIHBI — 3TO YyA0OHOoe TIpUO/IKeHWe K TOMY,
YTO TIPOMCXOJUT «IIOf IMOKPOBOM». TakK Kak CTPYKTypa, pa3paboTaHHasi HaMH
[/isl KBAHTOBBIX YaCTull, OUeHb OM3Ka K TOW, UTO OMUCHIBAET BOASIHbIE BOJIHBI,
3BYKOBbIe WA BOJIHBbI TUTAPHOW CTPYHBI, PACCMOTPUM CHauasia ToBe/leHre 3THX
3HAaKOMBbIX HaM MaTepuajbHbIX BOJH B YCJIOBUSX OIpe/leJIeHHOTO poja
OrpaHUYeHUN.

B 11e/i0M cnieflyeT cKasaTh, UTO BOJIHBI — CJIOKHbIE 00BeKThI. [IpefcTaBbTe,
yTo BBl TIpbiraeTe B 0acceliH, MOMHbIM BOAbl. Bofia HeMezjieHHO HauHeT
PAaCIl/IeCKUBAThCS, U, KaXKeTCs, He TIOYUUTCS OTUCaTh MPOUCXO/slee KaKiMU-
TO TIPOCTHIMU MeToZiaMu. OfHAKO 3a 3TOM CJAOKHOCTBIO TaWUTCSl CKpbITast
npoctoTa. KitoueBbIM hakTOpoM Oy[eT OrpaHMYeHHOCTb BOJbI GacceilHOM,
TO eCTb BCe BOJIHBI B HeM 3arepThl. DTO MOpOX/AaeT (heHOMEeH, W3BeCTHBIM
ToJ Ha3BaHUeM cmosueli 80/Hbl. CTosiluMe BOJHBI CKPBITBI OT Hac B TOM
becriopsi/ike, KOTOPbIi Mbl BU/IUM TIOC/Ie CBOEro TMpbDKKAa B OacceilH, HO eCThb
crocob 3acTaBUTh BOJy «OCLIA/UIMPOBaTh» — [IBUTAThbCs B (hOpMe peryssipHbIX,
TIOBTOPSIIOLIUXCS KOyieOaHU CcTosiurx BOJH. Puc. 6.1 moka3biBaeT, KaK BBITJISIUT
BO/[Hasi TIOBEPXHOCTh TIOC/Ie TOTO, KakK TIOABEPrHETCS OJHOMY TaKoMy
KonebaHu0. MakKCUMyMbl U MUHUMYMbI BOCXOAST M HHUCXOAST, HO Camoe
Ba)XHOE — TO, YTO OHU BOCXOJST U HUCXOJSAT CTPOTO B OTHOM W TOM >Ke MecTe.
EcTb U fpyrue cTosiuvie BOJIHBI, B TOM UKCJ/Ie TaKasl, T/ie BOZia B LIEHTPe LUCTePHBI



PUTMUYECKUA TOJHMMAETCSI U OMyCKaeTCs. DTU 0COObie BOMHBI MbI OOBIUHO
He BU/IUM, TIOTOMY UTO UX TPYZHO CO3/laTh, HO CMBIC/ B TOM, UTO abCO/IHOTHO
nmoboe Bo3MyllleHHe BOZbI — /layke BbI3BAaHHOE HAlllUM He CaMbIM 3JieTaHTHBIM
HBIDKOM M TIOC/IeAyIOllell OTUassHHOM MOJIOTbOOM pyKaMu — MOXeT ObITh
TIpe/ICTaB/IeHO B BUJIe HEKOEr0 COUYeTaHWUsl Pa3/IMYHbIX CTOSUMX BOMH. MBI yxke
BCTPeYaMCh C TaKUM TUTIOM TIOBe/IeHUs1 — 3TO TpsiMoe 000011ieHre uzein Pypre,
C KOTOPBIMM MbI TTI03HAKOMUW/IMCh B TPOLLLJION I71aBe.

Puc. 6.1. lllects mocsegoBaTe/bHBIX CPe30B CTOSUeM BOJIHBI B LIUCTEpPHe
¢ Bogou. Ocb BpeMeHM HaripaB/ieHa OT BEepPXHEro JIeBOro K HWKHEMY I[PaBOMY
CHUMKY

Tam Mbl BHJEeIM, uTO JiOOOW BOJTHOBOH IIaKeT MOXKET COCTOSIThb
W3 COUeTAHUs BOJIH OMpeZe/IeHHOW JTMHBI. JTH 0COOble BOJIHBI, OTPa’kKaroIlye
COCTOSIHME YaCTHUI[bI C OIpe/e/IeHHbIM HMIY/IbCOM, — CHHYCOHAbIL. B ciyuae
C 3arepTbiMU BOJASHBIMM BOJIHAMU MOXXHO cjlesiaThb 00001ijeHre, yuTo Jiro0oe
BO3MYII[EHHE BOJbI BCETa MOYKHO OMMCATh C TOMOII[bI0 KAKOTO-TO COUYETaHMS
cTosTuMx BOJH. ITo3Ke B 3TOH IVlaBe Mbl YBUAWUM, UTO CTOSUHE BOJHBI UMEIOT
B KBAaHTOBOM TEOPHM Ba)KHYIO MHTEPIPETAI[Ui0: COOCTBEHHO TOBOPSl, B HUX
COZIEP)XUTCS K/IIOW K TIOHMMAaHUIO CTpOeHWs aroma. Jlep)ka 3TO B yMe,
PacCMOTPUM CTOSIUME BOJTHBI O0jTee TIPHCTaJIBHO.

Ha puc. 6.2 mokaszaH ellle OfMH TIPUMEp CTOSTYMX BOJH B TMPUPOJE —
TPU U3 MHOXKECTBA BO3MOKHBIX CTOSTYMX BOJIH Ha TMTAapHOW CcTpyHe. Korza Mbl
TPOraeM TMTApPHYIO CTPYHY, MbI CJIBIIIMM 3BYK, KOTOPBIM OIpeesieTCsl CTOSTUer
BOJIHOM HaAWOOJbIIEH [IMHBI — TI€PBOM W3 TpeX, MOKa3aHHbIX Ha PHUCYHKE.



N B d)HBHKe, N B MY3bIK€ 3TO M3BECTHO I10[ Hd3BdHHEM HU3IIen I'dpMOHUKUY,
UM OCHOBHOI'O TOHA. BOJIHBI ,qpyroifl AJINHBI OOBIYHO TOXKe IMMPpUCYTCTBYIOT
M HA3bIBAIOTCA O6epTOHaMI/I, WJIN BBICIIMMHU I'dDMOHHWKdMH.

Puc. 6.2. Tpu BosHBI HauOOJBINIEN JMHBI, KOTOPble MOTYT BO3HUKHYTh
npu 1iepebope ruTapHOi cTpyHbl. Camasi JIMHHAas BOMHA  (CBEpXY)
COOTBETCTBYeT HI>KHeM rapMOHHKe (OCHOBHOMY TOHY), @ OCTa/lbHbIe — BBICILIM
rapMoHHKaM (06epToHam)

[lBe npyrve BOJSHBI Ha PUCYHKe — 3TO ABa 00epTOHAa C HauOOIbIIUMU
JJIMHAMU BOJTH.

['mTapa — OT/IMYHBIA NPUMep: JOBOJIbHO JIETKO TOHSITh, IOUeMYy TMTapHast
CTpPyHa MOKeT BUOPUPOBATh TOMBKO Ha 3TMX KOHKDPETHBIX BOMHaX. [leno B Tom,
yTo OHa (MKCHpPOBAHA Ha 0OOMX KOHIAX: C OZHOM CTOPOHBI — KOOBLIKOM2Z],
a C [pyrod — mnajbliaM{, TPWKUMAIOIIUMU CTPYHY K rpudy. OTO 3HaUMT,
YTO B [JBYX 5THUX TOUKAX CTPyHa He MOXET JABUraTbCs, UYTO W OIpefesiserT
pa3pellieHHble [I/TMHbI BOJIHBL. EC/IM Bl Wrpaete Ha ruTape, Bbl MHCTUHKTHBHO
TIOHMMaeTe Taky (GU3MKYy: repebupasi majabllaMu Mo Tpudy IO HarpaBIeHUO
K KOObLIKe, BbI yMeHbIllaeTe [JMHY CTPYHbI, TeM CaMbIM 3aCTaBiss ee
KosebaThCsi C MeHbIlled JJIMHOM BOJIHBI, UTO COOTBETCTBYeT Oojiee BBICOKUM
HOTaM.

HuokHsisi rapMOHMKA — 3TO BOJIHA, KOTOpasi UMeeT BCero /iBe CTal[MOHApHBIE
TOUKW, WIA «y3/1a»; BO BCEX OCTa/bHBbIX TOUYKax OHa JABWwkeTcs. Kak BUAHO
Ha PUCYHKe, [IJIMHA BOJHBI 3ByKa paBHa JBOWHOM [i/lMHe CTPYHbI. Crenytoiias,
MeHbllasi IJIMHA BOJIHBI Y)Ke PaBHSIeTCS JJIMHE CTPYHBI, IOTOMY UTO MbI MOXXKEM
BU/JIETH ellle OAUH y3es B LieHTpe. 3aTeM MOXKHO TOJIyUWThb BOJIHY C JJUHOU B %3
JJIUHBI CTPYHBI U T. [,



B 11esioM, Kak U B Cjiydae C BOZIOH, 3amepToii B GacceliHe, cTpyHa Oyzer
BUOPUPOBaTh B KAaKOM-TO COUYETAHWU Pa3/UUHBIX BO3MOKHBIX CTOSTUMX BOJIH,
B 3aBHCHMOCTM OT TOrO, KaK MMEHHO TPOHyTa CTpyHa. KoHkpeTHyio dhopmy
CTPYHBI BCer/la MOYKHO TIOTYUWTh, CJIOXKMB CTOSIUME BOJIHbI, COOTBETCTBYIOII[HE
Ka)KI0U U3 UMEIOIINXCS TapMOHHUK.

["apMOHUKK U UX OTHOCHUTE/IbHbIE Pa3Mephbl Ial0T XapaKTepHbIA TOH 3BYKa.
Y pasHbiX TuTap Oyner pa3sHoe pacripe/ie/ieHHe TapMOHHK, TIO3TOMY M 3ByYaTb
OHM OyAyT T0-pa3HOMY, HO cpefHee [0 (UMCTas TapMOHWKA) Ha OJHOM THTape
TpaKTUUeCKH COBIa/laeT CO CPeJHUM [0 Ha [JPYTOU.

[nst rutapbl hopMa CTOSTUMX BOJTH OUYeHb MPOCTa: 3TO YUCThble CUHYCOMU/IbI,
U UX JjvHa (GUKCHPOBaHA JJIMHON CTPyHBI. [l ciiydast ¢ OacceiiHOM CTosTuMe
BOJIHBI O0J1ee C/I0XKHBIE, UTO TI0OKa3aHO Ha puc. 6.1, HO ob1ijasi uziest Takas xe.

Bo3MO)XXHO, BaC UHTEpeCYeT, M0YeMy 3TW KOHKPEeTHbIe BOJIHbI Ha3bIBAKOTCSI
cTosiurMHU. [/lesio B TOM, UTO OHU He MeHsItoT cBoell ¢opmbl. Eciu Mbl ciienaem
[IBa CHUMKa TUTApHOM CTPYHBI, Konebrolreics: B popme cTosiueli BOMHBI, TO 3TU
nBe dortorpadun OygyT OTIMYATHCS TOJLKO OOIMM pa3MepoM BOJIHBI. [TUKM
OyayT Bcerza HaxXOAWUTHCA B OAHMX M TeX >Ke MeCTax, KaK U y3/Ibl, KOTOphIe
(UKCHUPYIOTCSI KOHLIAMU CTPYHBI WU, B CTyuae ¢ 6acceiiHoM, ero 60pTHKaMH.

C mareMaTHuyeCKOW TOYKMU 3PDEHUSI MOXKHO CKa3aTh, UTO BOJIHBI Ha [IByX
dotorpadusix OTIMUAIOTCS TOMBKO OOIIMM MHOXHUTE/eM. OTOT MHOXHUTE/Ib
TepuoInyecKy KosebeTcss o BpeMeHeM U OTpakaeT pUTMHUecKue KoieOaHust
ctpyHbl. To ke camoe BepHO W Asi OacceiiHa Ha puc. 6.1, rme Kaxzas
dororpadusi oTIMUaeTCs OT OCTaAbHBIX OOIMM MHOXUTeseM. Hampumep,
nocnenHsss ¢ororpaduss MoXKeT ObITH TIOJlydeHa M3 TI€PBOM TTOCPECTBOM
YMHOXXEHHSI BLICOThI BOJIHBI B Ka)K/JOM TOUKe Ha —1.

WHBIMM C7IOBaMM, BOJIHBI, KakKMM-TO 00pa3oM oOrpaHuueHHble, BCeraa
MOXXHO BBIPDa3uWTh B BHJIE CyMMbI CTOSIUMX BOJIH (TO €CTb TeX, KOTOpbIe
He MeHSIIOT CcBoel (DOpMbI), U, KaK Mbl y)Ke CKa3a/lu, eCTh J0BOJbHO Cephe3Hble
TPUYMHBI TTIOCBSITUTh UM CTOJILKO BpeMeHU. ['71aBHasi U3 HUX — CTOSIYME BOJIHBI
KBAaHTOBaHbl. JTO COBEpIIEHHO OUYEBUJHO [ CTOSTUMX BOJH HAa TMTapHOU
CTPyHe: [I/IMHa OCHOBHOIO TOHA B /[IBa pa3a IMpeBbIIAeT [JUHY CTPYHBI,
a cyefyroujas o JjiMHe BO3MOXKHAsl BOJIHA PaBHSETCS JJIMHe CTPYHbL. Mexay
3TUMM JIByMSI BOJIHAMU CTOsTU€id BOJIHBI C KaKOW-TMOO TTPOMEKYTOUHOMN AJTMHOMN
ObITh He MOXKET, TaK UTO MOXKHO CKa3aTb, UTO pa3pellleHHble [JIMHBbI BOJIH
Ha TUTapHOU CTPYHE KBAaHTOBAHBI.

Takum o00pa3oM, C TOMOIIbIO CTOSYMX BOJH TIPOSIB/ISETCS CJeAyOIIee:
«3anupasi» BOJIHbI, Mbl UTO-TO KBaHTyeM. B cjiyuae c rurapHOW CTPyHOU 3TO,
OUEBU/IHO, JJIMHA BOJHBI. B C/iyyae C 3/1€KTPOHOM BHYTPH SIIIMKA KBAaHTOBbLIE
BOJIHbI, COOTBETCTBYIOILIE 3JIEKTPOHY, TOXKe OyAyT 3amepThbl, U II0 aHaJIOTUU



MOXXHO O)KHMJaTh, UYTO B SIWKe OyAyT TIPUCYTCTBOBaTh JIMIIb BOJHBI
C orpe/ie/iIeHHbIM, KOHKDeTHbIM HabOpoM [I/IUH BOJH, a, C/e/l0BaTe/bHO, HeuTo
BHOBbL Oy/leT KBaHTOBaHO. [Ipyruve BOJHBI MPOCTO HE MOTYT CyIl[eCTBOBATh,
KaKk THWTapHas CTpPyHa He MOKET OJHOBPEMEHHO 3ByYaTb BCe€MH HOTaMH
B OKTaBe. M o0lijee COCTOsIHWE 3/IeKTPOHA, KaK M 3BYK TUTaphl, OMUCHLIBAETCS
CMeIlleHWeM CTOSlUMX BOJH. OTU KBAaHTOBblE CTOsSiUME BOJIHBI HAUuWHAIOT
BBITVISI/IETh OUeHb MHTepeCHO. 3auHTpUToBaHbl? [IpucTymnaeM K aHau3y.

YrobObl TIPOABHUHYTHCS B CBOMX MCC/IEAOBAHUSIX, Mbl JO/DKHBI YTOUHHUTH
dopMy sIMKa, B KOTOpbIM TOMeIllaeM Haill 37eKTPOH. [l TIPOCTOTHI
TIPEJTIONIOKUM, UTO 3/IeKTPOH MOXeT CBOOOAHO [BUraThCsi B  00sacTH
pasMepoM L, HO eMy TIOJIHOCTbIO 3ampellieHO BBIXOAUTb 3a Tipejiefbl 3TOM
obsactu. Heobsi3aTe/IbHO yTOUHATH, KAKMM 00pa3oM Mbl COOMpaeMcsi 3arpeTUTh
3JIEKTPOHY 3TO /leJiaTh, HO, €C/IM Hallla MOJie/ib TIpeTeH/IyeT Ha TO, UTOObI ObITh
YTpOILL[eHHOW MO/ie/ibl0 aToMa, HY)KHO TpeACTaBUTb, UTO 3a 3TO OTBeyaeT
TIDUTSDKEHUE TIOJIOXKUTETbHO 3apsDKeHHOro siipa. Ha HayyHOM >kaproHe 3TO
vMeeT Ha3BaHMe «IIPAMOYTOJIbHasl MOTeHI[MabHas siMa». MBI 3apHCOBa/IUA 3Ty
CUTyallUl0 Ha pucC. 6.3, U TNPUUYMHBI [ijis TAaKOTO Ha3BaHWS TIPeCTABJISIOTCS
OueBUHBIMU. Viest 3aK/TIOUeHHs] YaCTHUI[bI B TIOTEHI[MAIBLHOM sIMe OueHb Ba)kHa,
MbI 006paTUMCs K Hell ellje He pas3, TI03TOMY TMO0/Ie3HO yOeAUThCs, UTO Mbl TOUHO
TIOHMMaeM, 0 YeM HJieT peub. Kak Ha caMoM jiefie MO>KHO YJ/IaB/IMBaTh YaCTULIbI?

MoTeHywnan
A

o _—
™ DneKkTpoH, NoMMaHHbIN

B NOTEHUMaNbHYIO AMY

Puc. 6.3. D/1eKTpOH, NTOMMaHHbIN B MPSAMOYTOJIbHYIO TTOTeHLIMAaIbHYI0 MY



Bonpoc /I0BO/ILHO C/IOXKHBIM: UTOOBI A00OpaThCsi [0 €ro CyTH, HY)KHO
BBISICHUTh, KaK YaCTHLbl B3aUMOJEUCTBYIOT IPYT C APYIOM, O YeM IOUJET peub
B miaBe 10. TeM He MeHee MbI MOXKeM [JOOWUTBCSI Mporpecca B PacCyKAeHUsIX,
eciy He OyzieM 3a/jaBaTh CJIMILIKOM MHOT'O BOIIPOCOB.

CriocoOHOCTh «He 3a/laBaTh CJIMIIIKOM MHOTO BOMPOCOB» — HEOOXOJUMbIN
J/1s1 pU3MKa HaBbIK, IOTOMY UTO JJIsl Oy4YeHUs] XOTb KAKUX-TO OTBETOB I7le-TO
HaZlo TPOBECTU YepTy, TaK KakK HU OJHa CucTeMa OOBEKTOB He MOXeT ObITh
TIOJIHOCTBI0 U30/IMPOBaHHOW. KakeTcsi pa3yMHBIM, UTO TIPU JK€JlaHUM TIOHSATb,
Kak paboTaeT MUKDOBOJIHOBAasl Teub, He CTOUT WHTEpPeCOBAaTbCs [IBIKEHUEM
BOKDYT Hee.

Bce »3TO [BWKeHMe OKaKeT He3HauuTeJbHOe BAWSHUE Ha paboTy
MUKPOBOHOBKU. OHO BBI30BeT KoyieOaHUs BO3/lyXa U 3eM/id, KOTOPbIe TTOBIEKYT
3a coboii HebosbIIMe COTPSCeHUSI U CaMOU Meur. MOryT MOsIBUThCSI KaKue-TO
Opofisiuvie MarHUTHbIE TIOJSi, KOTOpble TOBMUSIIOT Ha pPabO0Ty 3/1IeKTPOHUKHY,
Kak Obl Xopoilo OHa HU Obula 3amuilleHa OT TMOJ0OHBIX BO3/eNCTBUM.
WrHopupysi Takve BeIld, JIETKO ZOMyCTUTh OIMIMOKY, TaK KaK MOXKHO YMYyCTUTh
Y3 BUJly [|eMCTBUTE/IBHO BaKHbIe JeTand. EC/v Tak ¥ IPOU30UZET, Mbl TTOTYyUYUM
HeBepHbIii OTBeT U OyzeM BBbIHY)XK/EHbI [epeCcMOTPeTh TPeATOI0KeHUs.
OTO OUYeHb BaKHbIM MOMEHT, HArpsIMyl0 CBSI3aHHbIA C HAyUHbIM YCIIEXOM:
BCe MPEATIONIOKEeHUsI B KOHL|e KOHLIOB MOATBEPXKJAKOTCS W/IA OIPOBEPraroTCs
9KCTIepUMEHTa/NIbHO. ApOUTpPOM sIBAsieTCsl TIpUpPOJia, a He uejioBeueckas
uHTyulusi. [lo3ToMy Haila cTpaterusi — UTHOPUPOBATh TOAPOOHOCTH
(GYHKIL[MOHUPOBaHUSI MexaHU3Ma yZepKaHusl 37eKTPOHa ¥ MOJIe/TMPOBaTh HEUTO
10/l Ha3BaHUeM «I0TeHIMam». ClI0BO «IOTeHIMal» Ha camoM jlefie 0603HauaeT
«BO3[]e[iCTBHE Ha UYaCTULy KakKOW-TO (hU3MYeCKOW WU WHOM CUJIbI, KOTOPYIO $
He OueHb X0uy TOAPOOHO 0OBSICHATL». MBI, BIIpoueM, Mo3ke MoApoOHO omnuiiiem
MeTOZIbl B3aUMO/IeHICTBUSI UYaCTUI], a ToKa OyzeM ymnoTpeOsisTh TepMUH
«TioTeHIMam». EciM 9TO 3BYUMT HeCKO/BKO OeclLiepeMOHHO, pacCMOTpHUTe
TIpUMep, WUTFOCTPUPYIOIIUM UCIOIb30BaHUE MOTEHLIMA/IOB B (hM3UKe.

Ha puc. 6.4 u3o0pakeH Msiu, Jiexaluii B foauHe. Eciv ynaputh 1o Msuy,
OH MOXeT IIOJHATHCS, HO JIMIIb /10 OIpe/le/IeHHOIo Ipejesa, II0C/ie Yero CHoBa
ynazieT. 3T0 OTJIMYHBbIM MPUMepP YaCTULlbl, TOWMAHHOW MOTeHLUasoM. B 3TOoM
CJlyyae TrpaBUTALlMOHHOE T[107le 3eM/IM CO37aeT IOTeHLUaa, a KPyTOH XOJIM
TOPOXKJAeT KPyTou nmoTeHMan. Hy)KHO MOHUMaTh, YTO Mbl MOXKEM BbIUKC/IUTH
TOAPOOHOCTH TiepelIBIDKeHUsI Msiua TI0 [I0JIMHe, He 3Has JeTajiell Toro,
KakK /Io/IMHA B3aUMO/JEMCTBYeT C MSUOM, TIOTOMY YTO [Ijisi 3TOTO TIPUIIIOCH ObI
3HATh ellle U TEOPUIO0 KBAHTOBOM 3JIEKTPOAMHAMUKU. Ecn oKaxkeTcs1, 4To JeTanu
BHYTPHUAaTOMHOI'O B3aUMO/€MCTBUSI MeXX/ly aTOMaMU B [J0JIMHE U aTOMaMH B Msiue



C/MIIIKOM CU/IbHO BO3/|eHiCTBYIOT Ha /[IBDKEHMe Msua, Halllk TipefcKa3aHusl
OKa)XKyTcsi HeBepHbIMM. Ha camMoM [lejle BHYTpPUAaTOMHbIE B3aWMOZENCTBUS
Ba)KHbI, TIOTOMY UTO W3 HUX BO3HMKAaeT TPeHWe, HO MOJe/IMpOBaTh CUTYalUIO
MOXKHO U 6Ge3 obparenust K auarpamMmam ®PetinMana. OHAKO Mbl YKIOHUIUCH
OT TEMBI.

MoTeHyman
A

BepwwnHa xonma

ypOBEH b AONMTNHbI

YpoBeHb MopA
Puc. 6.4. Msau nexur B pgoivHe. BbicoTa HajJ, ypOBHEM MOpPSI MPSIMO
MPOMNOpLIMOHA/IbHA ~ TOTeHLMaay, BO3JEMCTBUI0  KOTOPOIO  IOJBepraeTcs
JIBWKYILAACA yacTuLia

OTOT NpUMep OUYeHb Ba)KeH, TIOTOMY UTO B TIPSIMOM CMBIC/Ie IeMOHCTPUPYET
dopmy moreHpana23l,

OpHako uzies uMeeT Oosiee oOlllee coziep>kaHue U paboTaeT B TOM uuciie
Y [IJIS TIOTeHLIMa/IoB, CO3/laHHBIX He IpaBUTAalUell U He BNaJMHaM{ Ha 3eMHOM
1oBepxXHOCTH. [IprMepoM C/Ty>KUT 3/1eKTPOH, OKa3aBIIMMCS B TPSMOYTOJIbHOM
sMe. B oTMume oT ciydasi C MSTUOM B /I0/IMHE, BbICOTA CTEHOK SllKa He MOXKeT
ObITH TOUHOM BBICOTOH uero Obl TO HU OBLIO; CKOpee, MOYKHO TOBOPUTb, UTO OHa
COOTBETCTBYeT CKOPOCTH, C KOTOpPOM [IOJDKEH [IBUraThCsl 37I€KTPOH, UYTOOBI
BbIOpaThCcs U3 siMbl. B ciyuae ¢ JonuHOM aHanmorom 3Toro OygeT ObicTpoe
JIBIDKeHUe Msiua, TIPU KOTOPOM OH B3/IETUT BbIIlIe CTeH W BbICKOUHUT U3 sIMbI. Eciu



5JIEKTPOH JIBMJKETCSI [OCTAaTOUHO MeJJIeHHO, TOYHas BbICOTA IIOTeHLuasa
He uMeeT 0C000ro 3HaUeHUs], U MO>KHO YBEPEHHO TIPe/ITI0/I0XKUTh, UTO JABMXKEHHe
5JIEKTPOHA OrPaHUYeHO BHYTPEHHEU YaCThiO SIMBbL.

Tenepb COCpPefOTOUMMCS Ha 3JIEKTPOHe, 3aMKHYTOM B SII[MKe, KOTOPbIA
OMUCBIBAETCS MPSAMOYTOJIBHOU MOTeHLMabHOM IMOW. [IOCKO/IbKY OH He MOKeT
BbIPBAaThCS U3 SALIMKA, KBAHTOBBIE BOJIHbI JO/DKHBI YI1ACTh 10 HYJ/ISl Y €ro CTeHOK.
Tpu BO3MOXKHBbIE KBaHTOBble BOJIHBI C HauOOMBLIUMU [JIWHAMU OyayT
MOJIHOCTBKD ~ AaHAJIOTMYHbl ~ BOJIHAM,  CO3[jJaHHBIM  TMTapHOM  CTPYHOH
Y TIOKa3aHHbBIM Ha puC. 6.2: camas Ji/TMHHas BO/IHA Oy/JieT UMeThb JIBOMHOM pa3Mep
TI0 CpaBHEHUIO C SIIIUKOM, TO eCTb 2L; crefytoliias 1o AjvHe BojiHa OyzeT paBHa
pasmepy siquka — L; a cienytomias — 2L / 3. B oOieM ciyyae Mbl MOXeM
OMUCATh JEeKTPOHHBIE BOIHBI opmysnon 2L /n,tnen=1,2,3,4u T [.

Takum o06pa3om, /iJisi Halllero MPSIMOYTOIbHOTO SIIIUKA 37IeKTPOHHbIE BOJTHBI
OyAyT UMeTb TOYHO TaKyr >ke (OpPMy, UTO U BOJIHBI Ha TUTAapHOW CTpYHe:
3T0 OyAyT BOMHBI-CUHYCOU/IbI C YeTKO Orpe/iesieHHbIM HabOpOM pa3pellieHHbIX
AvH. Tereps MOXHO [BUHYTBCSI BIlepe[,, TMPU3BaB Ha IIOMOLLb ypaBHEHUE
e bpouns u3 mnpegpiayled [laBbl U CBfI3aB [JJIMHY 3TUX BOJIH-CUHYCOW[,
C MMITY/IbCOM 3/IeKTpOHa: p = h / A. B 3TOM c/iydae cTosiuMe BOJIHbI OMMUCHIBAIOT
5JIEKTPOH, KOTOPOMY pa3pelleH0 HMeTb JIMIIb Ompeje/ieHHble WMITYJIbCHI,
3ajjaHHble opmynoi p = nh / (2L), toe Bce, YTO HaM OCTaeTCsl, — MOACTaBUTh
paspelleHHbIe [JIMHbI BOJIHBI B YpaBHeHUe zie bpoits.

[TonyyaeTcsi, UTO WMMITy/IbC Hallero 3/7€KTPOHA B IIPSIMOYIOJIbHOM sIMe
KBaHTYyeTCs. ITO yke bosbliioe focTkeHre. OHAKO Ha/l0 ObITb OCTOPOXKHBIMU:
MoTeHLIan Ha puc. 6.3 — cnenuduryeckul ciiydau, AJjis JPyruX MOTEHL[MaIoB
CcTosluMe BOJIHBI OOBIYHO He cuHycoujanbHbie. Ha puc. 6.5 mokaszaHa
dotorpadusi crossunx BOJIH, CO3laHHLIX OapabaHom. Ko)ka GapabaHa ychbiraHa
TeCKOM, KOTOpbIM cobupaeTcsi B y3/1ax cTosuedd BosiHbL. Tak Kak Kaiima
BUOpUpYyroliero 6apabaHa Kpyr/asi, a He MPSAMOYTojibHasl, CTOSTUMe BOJIHBI YXKe
He 6yayT cunycougamu2t, 1o 3HauMT, yTO B GONEe peaNMCTUYHON CUTyaLyH,
KOTrJla J/7eKTPOH TIOMMaH TIPOTOHOM, CTOsilUMe BOJHBI TOXe He OyayT
cuHycouziamu. B CcBO ouepeib, 3TO MOApPa3yMeBaeT, UTO CBA3b MeX/Y IJIMHOU
BOJIHBI U UMITYJIbCOM yTepsiHa. V1 Kak B 3TOM CJ/lyyae MHTepIIpeTUPOBAaTh CTOSUHe
BO/IHBI? YUTO eC/iv y MOMMaHHBIX YaCTUL] KBAHTYEeTCSI He UMITYJ/IbC?



Puc. 6.5. Bubpupyroiuii 0apabaH TIOKPBIT TeckoM. Ilecok cobupaercs
B y3/1aX CTOSIUMX BOJIH

Mbl MOXeM HaUTH OTBeT, eCAd 3aMeTUM, YTO B TMIPSIMOYTOJIbHOMN
TOTEHL[MA/IbHOM sIMeé KBAaHTYeTCS He TOJbKO WMIIY/bC 3/1€KTPOHA, HO U €ro
9Heprusi. OTO TPOCToe Habro/[eHre, Ka)KeTCsl, He COAEepP)KUT HUKAKOW HOBOM
B&KHOW HH(OpMAaLUM, MOCKOJbKY SHEpPrusi U HUMITY/IbC TIPSIMO CBSI3aHbI JpPYT
C JpPyroMm, a UMeHHO 3Heprus E = p? / 2m, tae p — UMIY/bC YAEep’KUBAeMOro
3/1eKTPOHa, a m — ero Maccal?2l, Ho 310 HabnrofieHue He Takoe yxk GecrioniesHoe,
KaK MOXXHO [OAyMaTb, IOTOMY 4YTO [/l TOTEHLMaJOB He CTO/b MPOCTHIX,
KaK TIpSIMOYrojibHas siMa, KaKasi CTosuasi BOJHA 6ce20d COOTHOCUTCS
C YacTULer onpe/ie/IeHHOM SHepPIruM.

BaxHOe pasnnuve Mexay SHeprued U UMITYJbCOM TOSIB/SIETCS TTOTOMY,
yTO ypaBHeHHe E = p? / 2m BepHO, TOJIBKO €CJ/IA MOTeHLWal OJWHAKOB M0 BCeu
00/IaCcTH BepOsITHOTO TpeObIBaHUSI YaCTULIbI W T103BOJIIeT el /IBUraThCs
cBOOOJHO, KaK 110 MPaMOPHO# CTOJIEIITHULIE U/, UTO OO/IbIlle OTHOCUTCS K ey,
Kak 3/IeKTPOHY B TIPSIMOYTrofbHOW siMe. B o0IemM ciyuae 3Heprusi yaCTULIbI
He Oyzer cBoguthcss K E = p? / 2m; 310 OyfeT cymMMa KHWHETHUYeCKOM
Y TIOTeHL[Ma/IbHOM 3HepPruM yacTulibl. Tak paspyliaeTcs InpsiMas CBsi3b MeXIY
SHepryvey 4acTULlbl ¥ ee UMITY/IbCOM.

Mo)KHO ellle pa3 MPOWUIFOCTPUPOBATH 3TO TOJIOXKEHWEe C MOMOLbI0 Msya
B JlonuHe C pucC. 6.4. HauHem C msiua, KOTOpPbIA CYaCT/IMBO TIOKOMTCS Ha [HE.
C HuM Huuero He mpoucxoguT2®!, UToBel 3acTaBUTL MSY KAaTUTHCS BBEPX
TI0 CKJIOHY, €r0 HY)KHO yJapUTh, TO eCTh J00aBUTh eMy SHepruu. B MrHoseHue,
c/iefyroillee 3a yzapoM, BCs ero SHeprus OynerT kuHetuueckoul. Ilo mepe
MoJlbeMa Msiua T0 CKJIOHY OH Oy/leT 3aMefijiAThCs, TIOKa Ha KaKOW-TO BbICOTE
He OCTaHOBUTCS, TOC/e uero Oy/eT CHOBa MajilaTb. B MOMEHT OCTaHOBKUA OH



He OyzeT oOsafaTh KWHETUUECKOW SHeprueid, HO Belb dHEPrus He ucuessa
no Bosmie6bcTBy. Ha camoMm Jiene BCsi KMHeTHUecCKasl SHepPrusi mpeBpaTu/ach
B TOTeHLMabHY0, KOTOpasi paBHsieTCsi mgh, Te g — yckopeHHe CBOOOIHOTO
TnajieHus1 y TIOBEPXHOCTU 3eMJH, a h — BbICOTa Msiua HaJl 3€MHOM TTOBEPXHOCTBIO.
Korja Msu HauWHaeT I1a/jaTh, 3Ta HAKOIUIEHHasl TIOTeHIMa/ibHas SHeprus
npu Habope CKOPOCTH TOCTeNeHHO CHOBa TMpeBpalllaeTCs B KUHETUUYECKYIO.
WTak, roka Msiu TiepesieTaeT C OJHOTO KOHIIA JOMWHBI B IPYToi, o0Iiiasi 3Heprus
OCTaeTcsl TOCTOSIHHOW, HO TMepUoIMuecKu T[epeTeKkaeT U3 KUHETUUeCKOU
B TIOTeHI[Ma/bHYI. Pasymeercs, HMIyJIbC Msidya TIOCTOSIHHO MEHSIeTCH,
HO CyMMapHasi SHepPrusi OCTaeTCsl HeW3MeHHOU (TIpeAronoKUM, UTO TPeHWUS,
3aMe/IJISIFOIIer0 CKOPOCTh Msiua, He cyilecTByeT. Eciu Obl Mbl BK/IFOUMIU €T0
B HaIlly KapTHHY, oO0IIjasi SHeprusi ToKe OCTajaach Obl HEM3MEHHOM, HO HY)KHO
Obulo Obl J00aBUTH B KaueCTBe ee COCTaB/SANILeN HSHEepruro, UAYIIYIO
Ha TpeHue).

Ceifuac Mbl TOTIBITAEMCSI UCCJIEI0OBAaTh CBSI3b MEXy CTOSUMMH BOJTHAMH
YW YacTULIaMU OTpeJle/IeHHOM JHepruM WHbIM criocobom, He obpaiijasich
K o0cobomy cayuaro TIpIMOYTrofibHOW siMbl. Bocmonb3yemcsi Ha ceii pa3s
MaieHbKUMU KBaHTOBBIMU 1H(epOiaTamHu.

B nepByto ouepe/ib 3aMeTbTe: eC/Id 3/IEKTPOH B KaKOW-TO MOMEHT BPeMeHU
OIMMMCHIBAETCSA CTOSTUEM BOJIHOM, TO OH Oy[eT OMMChIBAaTLCSA TOW >Ke CTosueid
BOJIHOW W B 000U ciiefyromuii MoMeHT. ITof «Toii »ke» MbI Tofpa3yMeBaeM
HEW3MeHHOCTb (OpPMBI BOJIHBI, KaK B CJyuae CO CTosuell BOJSHOM BOJHOMU
Ha puc. 6.1. Mbl, KOHEUHO, He MeeM B BU/Iy, UTO BOJIHAa BOOOIIle He MeHSIeTCs:
V3MEHSIETCSI ee BbICOTa, HO He T0JI0)KeHHe TTMKOB U Y3J/I0B.

OTO TO3BOJIIET HAM YCTAaHOBUTb, KaK JIO/DKHO BBIITISIZIETh OINMMCAHUE
CTOsSTUell BOMHBI B TePMHMHAX KBaHTOBBLIX LMdepObsaToB, ¥ OHO TI0Ka3aHO
Ha puc. 6.6 /7151 c/lyuasi CTosTueil BOIHBI OCHOBHOTO TOHA. Pa3Mepsi 1judepbiaTo
BJO/Ib BOJIHBI OTPaKaroT TOJIOKEHWe MUKOB W Y3/I0B, a BCE CTPEJIKM 4YacoB
JBIDKYTCSI C OIMHAKOBOM CKOpOCThI0. HazmeeMcsl, BbI MOHMMaeTe, TOUEMY MbI
1300pas3vv UMEeHHO TaKyl rpyrnmy uudep61aToB. Y3/bl 10/KHBI BCerjja ObITh
y371aMH, a TIMKW — TTMKaMW, ¥ OHU BCe JIOJDKHBI OCTaBaThCs Ha OZJHOM MecTe.
9710 3HauuT, uTo [Mbepbratel BOMM3U Yy3/I0B [IO/DKHBI 8Ce20d ObITb OueHb
MajleHbKUMH, a 1iucepbaThbl, COOTBETCTBYHOIIME MUKAM, J0/DKHBI 8Cce20d UMETh
camMble [JIMHHBbIE CTpenKd. TakuM o006pa3oMm, eJUHCTBEHHOE, UYTO Mbl BOJBbHBI
JlesiaTh, — TaK 3TO MOMeCTUTD 1idepb1aThl MO CBOEMY YCMOTPEHUIO U 3aCTaBUTh
UX CTpPeJKM BpaljaTbCsi CHHXPOHHO. Eciu cnefoBatb  MeTO[0JI0THUA
MpebIAYIIMX TI71aB, Mbl JO/DKHBI OblMM  Obl HayaTh C KOHMUTrypalyu
1iudepbiaToB, ToKa3aHHOW B BepxHeM psily puc. 6.6, U UCMO/Ib30BaTh MpaBUa
yYMeHbIIIeHUs] ¥ TIOBOPOTA CTPEJIOK, UTOOBI MOMYUNUTh TPU HIDKHUX Psifia TO3Ke.



OTO yrnpa)kHeHHe CO CKauylumu IjudepbnataMu — CIUIIKOM CHMbHBIA CKauoK
MpoYb OT Te€Mbl KHUTU, HO €ro MOXXHO BBITIOJIHUTb, U TYT €CTb HEIUIOXOU
noBopoT2Z, MOCKONBKY, UTOGBI BBINOMHUTL YIPAKHEHWe MPaBUILHO, HY)KHO
yuecTb TOT (haKT, UTO YaCTUIIA «OTCKAKMBAET OT CTEHOK SIIHKa», Mpexae 4em
JNBUHYTbCS B CBOeM HaripaByieHuu. Kcratu, mockomnbky 1udepbnarel B 1jeHTpe
Oosibllie, Mbl MO)KEM HETOCPe/CTBEHHO 3aK/IHOUWTh, UTO 3/IeEKTPOH, KOTOPBIN
OTMChIBaeTCsI 3TUM Habopom 1udep6saToB, CKOpee OKaXkeTCsl B LIEHTpe SIIIUKa,
YyeMm 10 KpasiM.
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Puc. 6.6. UeTbipe CHMMKa CTOsTUeM BOJIHBI B TOCJIei0OBaTe/IbHble MOMEHThI
BpeMeHU. CTpe/iKM Ha PUCYHKe COOTBETCTBYIOT CTpeKaM 4YaCOB, a MyHKTHUPHasi
JUHUST — TIPDOEKLMM «/IBeHa/1[aTUuacoBOro» HaripaBieHus. Bce cTpenku
JIBIDKYTCSI B YHUCOH

WTakK, MbI BBISICHU/IU, UTO y,[[ep)KI/IBaEMbII‘;I J3JIEKTPOH OIINCBhIBAETCHA Ha60pOM
L[I/I(bep6ﬂaTOB, BCe CTpeJIKM KOTOPBLIX BpAllldlOTCA C O,[[I/IHaKOBOI‘/JI CKOPOCTBHO.
DuU3UKH, BIIpOYEM, 00OBIYHO TaK He r'OBOpPAT, 4 y>K MY3BIKAHTBI KW IIOAdBHO;
Te KW OPpyrue TroOBOpPAT, UTO CTOAYHME BOJIHBI — 35TO BOJIHBI OHPE,Z[EJ'IEHHOI‘;I



yacToThI28]. BeICOKOYaCTOTHBIE BOTHBI COOTBETCTBYIOT YacaM, CTPe/IKH KOTOPhIX
BpalllaloTcsl ObICTpee, UeM CTPeIKK UYaCOB HU3KOUYACTOTHBIX BOH. JTO TIOHSITHO,
TIOTOMY UTO eC/IM CTPeJIKa UaCOB BpalljaeTcsi ObICTpee, TO YMEHbLIIIAeTCsl BpeMs
MaZieHus BOMHBI C MakKCMMyMa [0 MHHHMyMa W 0OpaTHOToO IoAbeMa
(rpeACcTaBIEHHOTO TIOJHBLIM 000pPOTOM CTpesikh). Eciu roBOpUTh O BOASIHBIX
BO/THAX, TO BBICOKOYACTOTHBIE CTOSIUME BOJIHBI TIOAHUMAKOTCS W OITyCKarTCs
ObicTpee, ueM HH3KOYACTOTHBIe. B My3bIKe TOBOPST, UTO CpefHee 10 HUMeeT
yactoTy 262 I'1], To eCcTh rUTapHasi CTPyHa e>KeCeKyH/IHO KosnebneTcs 262 pasa.
Hora 515 BbIIle cpegHero 0, oHa umeeT yactoty 440 I't, To ecTh Kosebercs
ObicTpee (3TO OOIIENPUHSTHIM CTaHAAPT HACTPOWKU B OOJIBIITMHCTBE OPKECTPOB
U [I/I1 MY3bIKQJIbHBIX MHCTPYMEHTOB BO BCeM MHUpe). Kak MbI yXe OTMEeTH/IH,
O/THAKO, JIMIIIb JIJII YUCTHIX CUHYCOKM/J, BEPHO, UTO BOJTHBI OMIPe/IeJIeHHOM YaCTOThI
UMEIOT U OIpe/ieJIeHHYI0 [I/IMHY BOMHBL. B 006IjeM ke ciydyae dYacToTa —
dbyHamMeHTa/ibHasi BeJIMUMHA, KOTOpasi OIMMChIBaeT CTOsSiUMe BOJIHBbI, HO 3TO
omnpezie/ieHVe, KaKeTCs, HUYero He orpejesser. BoT Bompoc Ha MWIIMOH
JIO/UTApOB: 4YTO TakKoe 9SJIeKTPOH OrpefeneHHOW 4acTtoTbl?  HanomHuwm,
YTO COCTOSTHUS 3JIEKTPOHA HaM MHTEPECHbBI, TOTOMY UTO OHM KBAaHTOBAHbI, U ellje
TIOTOMY, UTO 3/IeKTPOH B OJIHOM II0[JOOHOM COCTOSIHUM OCTaeTCs TaKHUM BCe
BpeMms (TI0OKa HeUTO He BOMeT B 00/aCTh TOTeHIIMa/a, BO3/eNCTBYS Ha 3TOT
5JIEKTPOH).

[TocnenHee mpemyioKeHWe HaMeKaeT, YTO Mbl JOJDKHBI TOHSTh 3HaueHue
4yacTOThl. B 3TOM r71aBe MbI y>Ke BCTpeuaJvCh C 3aKOHOM COXPaHEHHUs SHEPIuw,
Y 3TO OJWH W3 CaMbiX HECOMHEHHBIX 3aKOHOB (u3uku. CoxpaHeHHe SHepruu
O3HauaeT, YTO eC/IM 3/IeKTPOH B aromMe BoAopofa (WIX B MPSIMOYTOJbHOU sIMe)
obmajlaeT oripesie/ieHHOM SHEpryeid, TO 3Ta SHEPIUsl He Modcem W3MEHUTbCS,
MOKa «YTO-TO He TIpou3oijeT». VIHbIMHA C/I0BaMM, 3/IeKTPOH He MOKeT
CTIOHTAaHHO HW3MEHWUTb CBOIO SHepruro0 0e3 Kakou-bo mnpuumHbl. KakeTcs,
YTO 3TO He OUeHb MHTEPEeCHO, HO CPABHUTE 3TO CO C/ydaeM, KOria W3BEeCTHO,
YTO /IEKTPOH HaXOAWTCS B OMNpe/ieIeHHOM TOYKe. Kak MbI BCe XOpOIIIO 3HaeM,
OH Terephb OyneT IepeMeniatbCsi MO Bceli BceneHHOW B 00 CEKYH/PDI,
nepeBosi OGeckoHeuHoe uMciio LudepbraroB. Ho moeenenue 1udepb1aToB
J7si cTostuer BosiHBI Oymer mHbIM. CTpykTypa Idepb71aToB COXpPaHUT CBOMO
dbopMy, 1 Bce CTpesIKK OyAyT CUaCT/IMBO BPAILlaThCs, TIOKa YTO-/IM00 He HApYIIIUT
ux xojma. HeuwsmeHHasi TpHpofia CTOSTUMX BOJIH, TaKMM 00pa3oM, JenaeT X
OUEBHU/HBIM KaH/JM/IJaTOM Ha OIMMCaHWe 37IeKTPOHA C Orpe/ie/IeHHOW SHEepPruen.

CpenaB 1m1ar, CBA3bIBAIOI[MN YaCTOTY CTOSTYEH BOJTHBI C SHEpryheur YyacCTUIbI,
Ternepb Mbl MOXKEM MCIIO/b30BaTh Hallle MpeCTaB/JeHUe O TMTApHbIX CTPyHAax
U TpeAroNoXKUTb, UTO 0osiee BBICOKME 4YaCTOThI [O/DKHBI COOTBETCTBOBATH
GonpiiM SHeprusiM. JleJlo B TOM, UTO BBICOKAas YacTOTa TOZpa3yMeBaeT



MEHBIITYI0 JITMHY BOJIHBI (TTOCKOJIbKY KOPOTKHWE CTPYHBI BUOPHPYIOT ObICTpee),
W Mbl, U3yUUB KOHKDETHbIM C/iyyall MPSIMOYTO/JbHOW TOTEHI[MaTbHON SIMBbI,
MOXXEM OXKHZaTh, UTO 0ojiee KOPOTKas JJIMHA BOJIHBI COOTBETCTBYET UaCTHIIE
c Oosbllielt sHeprueidl — 1Mo ypaBHeHUIO e Bpoiia. Takum obpa3om, MOXKHO
c7ieslaTh Ba)KHBIM BBIBOZI, KOTOPBIM HEOOXOAMMO 3allOMHHUTBL: CMosiyue 60/Hbl
onucblgarom uacmuybl C onpedeieHHOU 3Hepeuel, U uem Oo/nbuwe 3Hepaus,
mem bbicmpee udym cmpe/nku udcos.

Pe3toMupyeMm: ec/iv 3/1eKTPOH y/iep>KUBaeTCsl MOTeHIMa/IoM, TO ero SHeprusi
KBaHTyeTcsl. Ha u3nMueckoM >kaproHe 5TO 3BYUUT Tak: Y/ep>KUBaeMbli
9/IEKTPOH MOYKeT CYIlleCTBOBaTh TOJIbKO Ha Orlpefie/leHHbIX «3IHepreTuuecKux
YPOBHSIX». MUWHUMAa/JIbHO BO3MOJKHAasi SHEPTUsi 37eKTPOHa COOTBETCTBYET ero
ONMCAHUIO TO/MLKO OJHOM CTOsUell BOMHOW «ocHOBHOTo ToHa»22l u stoT
JHepreTUUeCKUii ypoBeHb OOBIYHO HA3bIBAIOT OCHOBHbIM  COCMOSIHUEM.
OHepreTvueckKre YpPOBHH, COOTBETCTBYIOI[ME CTOSUYMM BOJHaM C Oosiee
BBICOKMMH YaCTOTaMH, HOCST Ha3BaHHe 8030YH#COeHHbIX COCMOSIHULIL.

[IpencraBUM 371€KTPOH C  OIpeJe/eHHOM SHeprueu, yJep’KuBaeMbld
B TIPSIMOYTOJIbHOM TIOTEHI[MalbHOM siMe. MbI TOBOPHMM, UTO OH «HAaXOAUTCS
Ha oripe/ie/iIeHHOM HepreTHYeCKOM YPOBHe» W ero KBaHTOBas BOJHAa CBs3aHa
C eJUHCTBEHHBbIM 3HaueHWeM n. BbipakeHHe «HAXOAWUTCS Ha OIpe/e/leHHOM
HEpPreTUUeCKOM YpPOBHe» OTpakaeT TOT (haKT, UTO 3/IeKTPOH B OTCYTCTBUE
MOOBIX BHEIIHUX B/IUSHUM He JenaeT Huuero. OO00OIMM: 3/IEKTPOH MOYKHO
onucaTh Cpa3y MHOTMMHU CTOSIYUMMU BOJIHAMM, KakK 3BYK TUTapbl COCTOUT
13 MHOTMX TapMOHHK. DTO 3HAuWT, YTO B 0OIl[eM cCiy4yae 3/eKTPOH He HMMeeT
KOHKPEeTHOM SHepruu.

BakHO, UTO MpU M3MepeHUH SHEPTUM 3/IeKTPOHa Bcerza Oy/ieT MomyyaThCst
Be/IMUMHA, PaBHasi TOM, KOTOpasi CBsi3aHa C OAHOW M3 COCTABJISIOIIUX CTOSTUMX
BO/IH. UTOOBI BBLIUMC/IUTH BEPOSITHOCTb HAXOXKAEHUS 37IEKTPOHA C KOHKPETHOMU
SHeprued, Mbl JIO/DKHbI B3STh I1[MdepOsaThl, CBs3aHHble C KOHKDPETHOM
COCTaB/ISIIOIIeN 0011eld BOJTHOBOM (DYHKI[MH, BO3BECTH UX B KBAZIpaT U CIIOKUTh.
OT MNOMyYMBIIIETOCS YMCAa U 3aBUCUT BEPOSITHOCTh HAXOXK/E€HWS 37eKTPOHa
B 93TOM KOHKDETHOM »SHepreTMuyeckoM coctosinud. CyMMy BCeX TaKuX
BepOSITHOCTeW (OfHA [J1s1 KaK/IOW COCTaBJISAIOIEed CTOSYer BOJIHBI) [IO/DKHA
B WTOTe TOMYUYWUTbCS paBHOW e[WHUIle, WU 3TO Jiydylllas WIHOCTpALUsi TOrO,
YTO SHEpPrusi YacTULbl Bceraa OyzleT COOTBETCTBOBaTh KOHKPETHOM CTosiueid
BOJTHE.

Cpa3y cka)keM, UTO 3/IeKTPOH MOXXeT OJHOBPEMEHHO WUMeTh HeCKOJIbKO
pa3/IMUHbIX 3HEpPrui, U 3TO YTBep)K/eHUe HUUYTh He MeHee CTpPaHHOe, UYeM To,
YTO OH MMeeT MHO)KeCTBO TOJIO)KeHUM. KoHeuHO, [JouWMTaB KHUTY [0 3TOr0
MOMEHTa, CTpecC Bbl Bpsi[, /I HCIIbITaeTe, HO /i1 Halllero MOBCeJHEeBHOIO



BOCIIPUATUSL 5TO BCE DPABHO LIOK. 3aMeTbTe, UTO eCTb KPUTHUYECKU Ba)KHasl
pasHULIA MeXJYy YAep’KHBaeMOM KBAaHTOBOW 4YaCTHLeW U CTOSAUYMMH BOJIHAMH
B 0OacceiiHe WM Ha TUTApHOW CTpyHe. Vjies KBaHTOBaHUSI BOJIHbI Ha TUTapHOU
CTpYHe BOBCe He CTpaHHa, I0TOMY YTO BOJIHA, KOTOpasi, COOCTBEHHO, OMKChIBAeT
BUODUPYIOIIYIO CTPYHY, OJ[HOBPEMEHHO COCTOUT M3 MHOTHX DPa3HbIX CTOSUUX
BOJMH, U BCe OHU (U3NUECKU COCTaB/SIOT OOIIyl0 SHEPrui0 BOJHBI.
Tak Kak CMeIlMBaTb UX MOXKHO JItOOBIM 00pa3oMm, [elCTBUTe/bHAs SHEeprus
BUOpUpYIOILLell CTPYHBI MOXeT TIPUHKUMAaTh BOOOIIe /itoboe 3HaueHWe. OAHAKO
[J/1s1 SJIeKTPOHA, 3arepToro BHYTPU aroMa, OTHOCUTE/IbHBbIM BKJIAJ KaXK[ou
CTOstueld BOJTHbI OMUCHIBAET BEPOSITHOCTh TOTO, UTO /IeKTPOH OyzieT obHapy»xeH
C HEKOW KOHKPDETHOU SHepruenu.

BakHast pasHuLla B TOM, UYTO BOZSIHbIE BOJIHBI — 3TO BOJIHBI BOZSIHBIX
MOJIEKYJI, a 3/IeKTPOHHbIE BOJIHBI — 3TO ONpeZe/IeHHO He BOJIHBI 3/IEKTPOHOB.

Bce 5T0 mokasbiBaeT, UTO SHeprusi 37eKTPOHa BHYTPU aromMa KBaHTYeTCH.
OTO 3HAUYUT, UTO 3JIEKTPOH MPOCTO HE MOXKeT UMeTh SHEPryi0, 3HaUeHre KOTOPOU
OyzieT pacrosaraTbCsi MeX[y Orpe/ie/leHHbIMU pa3pellleHHbIMUA BeJTMUUHAMMU:
TIPUMEPHO Kak ecyid Obl Mbl CKa3ajid, UTO MallliHa MOXKeT eXaTh CO CKOPOCTBIO
10 wim 40 KMm/4, HO He C KAKOW-TO CKOPOCTbIO MeXJy 3STUMH [IByMS
BeMuMHaMu. W 5T0  (aHTacTUUeCKM  CTpaHHOE  yMO3aK/IoueHHe
HEeToCpe/ICTBEHHO OOBSICHSIET, MOUeMy aTOMbI He MCIYCKalT CBET MOCTOSIHHO,
YTO COMPOBOX/IAMOCh Obl CIMpPA/IbHBIM JBI)KEHHEM 371eKTpOoHa K sizpy. [esno
B TOM, YTO 3/IEKTPOH He MOXXeT IOCTOSIHHO, T10 UyTb-UyTb M3/y4aTb SHEPTHUIO.
EvHCTBeHHBIN CrI0CO0, KOTOPHIM OH MOXKET UCIYCKATh SHEPTUI0, — MOTEPsITh ee
Cpasy ¥ MOJIHOCTBIO.

To, UTO MBI y>Ke YCBOW/IM, MOKHO TIDUMEHUTh K HaOJIt0ZiaeMbIM CBONCTBaM
aTOMOB, & UMEHHO K YHMKa/IbHOMY LiBeTy WX u3nyueHus. Ha puc. 6.7 nokasaH
BUJVWMBIA CBeT, HWCITyCKaeMbli TMPOCTEUIIMM aroMoM — Bopopozom. Caer
COCTOUT U3 TIATU OTYET/IMBBIX L|BETOB: SIPKO-KpacHas JIMHWUS COOTBETCTBYET
CBeTy C JJIMHOM BOJIHBI 656 HM, CBeT0-To/ybast — AyivHe BOHbI 486 HM, a Tpu
OCTa/IbHble (PUO/IeTOBBIE 3aTyXalOT B Y/IbTPa(UoIIeTOBOM YacTH CIEeKTpa.
OTa cepus LBeTHbIX JIMHUMM U3BeCTHa Kak cepusi banbmepa (B uecTb
1mBeKLjapckoro (r3uka U Matemarvka MoranHa banbmepa, Kotopeiii B 1885 roay
TIpeJJIOKA (POPMYITy [/1S ee OMUCaHKs).



400 HM 486 HM 656 HM
(puonetoBbliin) (rony6oi) (KpacHblit)
Puc. 6.7. BopopogHasi cepuss basibmepa: BOT UTO BM/JHO, KOrJa CBeT,
HCITyCKaeMbIM ra3000pa3HbIM BOJIOPOZIOM, IIPOXOJUT Uepe3 CIIeKTPOCKOT

banbMep TOHSTUSI He KMesl, ToueMy ero ¢opMysia BepHa, MOTOMY UTO
KBAaHTOBasi Teopusi ellje He Oblla OTKPbITA: OH MPOCTO BbIPA3u/ PEry/siPHOCTb
cepur yno6HON Marematuueckod ¢opmysnoii. Ho mMbl MoXeM TOWTU Jasibliie
Y TI0Ka3aTb, UTO BCe [leJI0 B pa3pelleHHbIX KBaHTOBBIX BOJIHAX BHYTPH aTroMa
BOZIOPOZA.

Mgl 3HaeMm, UTO CBET MOXXHO TPe/ICTaBUTh B BH/je TTOTOKAa (DOTOHOB, KaXKAbIN
13 KOTOPBIX 067ajaeT sHeprueii E = hc / A, rjie A — JyIiHa CBeToBO BOMHBILY,
Takum o0Opa3oM, TO, YTO aTOMbI UCITyCKAalOT CBET JIMIIb OTpe/ie/IeHHOTO 1[BeTa,
O3HauaeT, YTO OHM HCIyCKalOT (DOTOHBI C YETKO OIpe/ie/IeHHOW SHeprueu.
MbI BBISICHWIN TaKXXe, UTO 37IeKTPOH, «3aK/TFOUeHHBIN B aToMe», MOXKeT 00/1a/1aTh
JIUILIL OTIpefie/ieHHOW KOHKDeTHOW SHepryeidl. JTo HeOO/bIION IIar Ha MyTH
K OObSCHEHHIO [laBHel 3arajKu IBeTa W3/JyueHUsl aTOMOB: pa3Hbie IIBeTa
COOTBETCTBYIKOT  HWCIyCKaHHWIO  (OTOHOB, TMpPU  KOTOPOM  3/IeKTPOHBI
«TIeperpbIruBalOT» C OHOIO  pa3pelleHHOI0 SHepreTUYeCcKOro  YpOBHS
Ha JIpyroil. Jta uzes rnojpasymMmeBaeT, uTo HabmofaeMasi sHeprusi GoToHa Bceraa
[I0JDKHAa COOTBETCTBOBAThb pa3HHUL[e MeXK/[y Mapol paspellieHHbIX 3HayeHun
3Hepruu 3nekTpoHa. Takoit cmocob omucaHusi GU3NUECKUX SIBEHUN OTIMUHO
WUTKOCTPUPYeT LIEHHOCTb BBbIDAKEHUS] COCTOSIHUSL 37IeKTPOHa B TepMHHAax
pa3pellieHHbIX 3HaueHWi ero 3Hepruu. Ecau BMeCTO 3TOro Mbl Obl TIPeATIOUiv
TOBOPUTb O paspelleHHbIX 3HayeHUsIX HMITy/bCa 3/€KTPOHA, TO KBaHTOBAast
TIPUpOJia TUX SIBJIeHWH He Oblla Obl CTO/Ib OYEBH/IHOM W HaM He y[anoch Obl
C TAKOW JIETKOCTBbIO 3aK/OUMTb, UTO aTOM MOJKET MCIIyCKaTb M MOIVIOLATh
V3J/lyyeHue TOJIbKO C Orpe/ie/IeHHbIMHU JJIMHAMH BOJTHBI.

Mogenb aToMa KakK 4acTHULIbI B sIII[UKe HeJJOCTaTOYHO TOYHA [ijisi TOTO, UTOOBI
M03BOJIUTh HaM BBIUMC/IWTH 3HAUEHWS] SHEPryMy 371eKTPOHAa B peaslbHOM aroMme,
HeoOXoAiMble [ijii TIDOBEPKM Bcell Hamed wujged. Ho MOXHO TIpOBeCTH
[lOCTaTOYHO TOUHBbIE BBIUKCJ/IEHUS, €CJIA Mbl JIyulle CMOZeIupyeM MOTeHLUasl
BO/M3M TPOTOHA, KOTODPbIM U yAep)KuUBaeT 3/eKTPOH. [loCTaTOYHO CKas3arh,



YTO 3TU BBIUMC/IEHUsI 0e3 TeHW COMHEHHs MOJATBEPXK/Al0T: 3[1eChb-TO U KPOeTCs
TIPUUMHA MOSIB/IEHUs 3araflouHbIX CMIeKTPA/IbHBIX JTMHUM.

HaBepHoe, Bbl 3aMeTWU/IM, UTO Mbl TI0OKa He OObSICHWU/IU, ITOUeMy 3/IeKTPOH,
ucnyckast hoToH, TepsieT 3Hepruto. [si 1iesield, 06CY>K/JatOIUXCST B 3TOM IViaBe,
Takoe 0ObsicHeHWe He TpeOyercs. Ho 4To-TO [A0/DKHO TOOYAUTH 31€KTPOH
TOKHHYTh CBSITU/IMIIE CTOSTUeM BOJIHBI, U 3TO «UTO-TO» OyaeT Temow raBbl 10.
Celiuac >ke TIPOCTO CKa)keM: 4YTOObI OOBSICHUTH Hab/ofaeMble CIEeKTPhI
CBETOBOTO W3/IyueHHsl, UCITYCKaeMOro aTroMaMH, HeoOXO[UMO TMpe/To/i0KUTh,
YTO CBeT UCIyCKaeTCsl, KOrJa 9JIeKTPOH I[iepecKakuBaeT C  OJHOTO
SHEpreTUUeCKOro ypOBHS Ha [Ipyrod, C MeHbllel >Hepruei. PaspelieHHbie
SHepreTUUeCKrWe YPOBHU OIfpefessitoTcs (OpMOM  y[ep)KUBaroLLero  silyka
Y BapbMPYIOTCSl OT aroMa K aToMy, TIOTOMY UTO pa3Hble aTOMbI CIy>KaT pPa3HOU
CpeJi0ii, BHYTPH KOTOPOM 3aK/IF0UEHbBI UX 3/IEKTPOHBI.

o Hacrosillero BpeMeHW Mbl CIIOJIHA WCIO/Ib30Ba/Id BO3MOXKHOCTHU
A7isi 0OBbSICHEHUSI TIOJIOXKEHUsI /iesT ¢ TIOMOIIbI0 OYeHb MPOCTON KapTUHBI aToMa,
HO BOOOIe-TO He TaK YK BEepHO CUWTaTh, UTO 3JIEKTPOHBI CBOOOAHO
NepeIBUraloTCsi BHYTPM KakKOrO-TO SII[MKA, KOTOPbIM WX OrpaHUYMBAeT.
Onu mnepefBUraroTCs BO/MM3M MHOKECTBAa TIPOTOHOB U [JIPYTMX 3/IeKTPOHOB,
W [/ JIydlllero TOHWMaHusl TPUPOAbl aTOMOB Mbl JOJ/DKHBI OIpe/euTh,
Kak 0oJiee TOUHO OMMCATh 3Ty CPey.



ATOMHBIH AIMK

BOOpY>XUBIIMCH TIOHATHEM TIOTeHIMala, MOXKHO 0Oojiee TOYHO OMNMCaTh
atoMbl. HauHeM c mpocreiiiero us Bcex — atoMa Bogopoza. OH COCTOUT BCero
W3 [BYX 4YaCTHUL] — 3/IeKTpOHAa U npoToHa. IIporoH moutu B 2000 pa3 Tsxkesnee
3JIEKTPOHA, TaK UYTO MbI MOXKEM TPE/IIONI0KUTh, YTO OH TIOYTH HAUEro He JiejiaeT
Y TIPOCTO TOKOMTCSI HA MeCTe, CO3/aBasi IOTeHL1aJl, YAepKUBAKOL1K 31eKTPOH.

[TpoToH 00safiaeT MoIOKUTENbHBIM 3/IEKTPUYECKUM 3apsiZioM, a 37IeKTPOH —
paBHBIM €My OTpUllaTe/bHbIM 3apsiioM. KcTraTu, npuuuHa, IO KOTOPOU
3JIeKTpUUECKUWe 3apsiibl TIPOTOHAa U 3/eKTPOHAa 68 MOYHOCMU  PaBHbI
Y TIPOTUBOTIOJIOXKHBI JIPYT APYTY, — 3TO O/HA U3 Be/JMUaMIINX 3araJlok (pU3UKHU.
BeposiTHO, eCTh OueHb BeCKasi TIPUUYMHA, KOTOpasi CBsi3aHa C HEKOeU MOKa eIrle
He OTKPBITOM Teopuell Cy0aTOMHBIX UaCTHI[, HO Ha MOMEHT HallMCAHWS 3TOU
KHUT'M HUKTO HE MOXXET CKa3aTh 3TOr0 C YBEPEHHOCTHIO.



MNoTeHywnan
A

Puc. 6.8. TToTeniuanbHas ssMa KysioHa BOKpPYT MpOTOHa. SIMa Tmy0ske BCero
Tam, TJie HAaXOAWUTCS CaM MPOTOH

YTo MBI ,Z[el‘;ICTBI/ITEJ'ILHO 3HA€M, TdK 3TO TO, UTO ITPOTHUBOIIO/IOKHBIE 3dPAAbI
IMMPpUTATNBAIOTCA KW IIPOTOH II€PETATNMBAET 3JIEKTPOH K C66€, IM0O5TOMY, C TOUKH
3peHud ,E[OKB&HTOBOﬁ ('l)I/IBI/IKI/I, OH MOXXET IIPUTAHYTb K cebe 3JIEKTPOHBI HAd CKOJIb



YrOZHO Majioe paccTtosiHdie. HaCKOMbKO OHO Maso, 3aBUCUT OT KOHKPETHOM
TIPUPO/IbI TIPOTOHA: OH TBeP/bIM IIapUK WK Kakoe-To 061ako? Ho 3ToT Bompoc
He UMeeT (PU3MYEeCKOrO CMbIC/IA, IOTOMY UTO, KaK MbI y>Ke BUJE/U, CYyLeCTByeT
MUHUMAJ/IbHbI SHEPreTUYeCKMd YpOBeHb, Ha KOTOPOM MOXeT HaXOAWUTbCS
9JIEKTPOH Y KOTOPBIN oripeziesisieTcsi (rpy00 ToBOpsi) KBAaHTOBOM BOJIHOM caMoi
OosibIIoN /IJTMHBI, KOTOpasi CrocOOHa TOMECTUThCS B TOTeHIMas, CO37aHHbIMI
IIPOTOHOM. DTOT CO37IaHHBINM MPOTOHOM ITTOTEHIIMa/l Mbl M300pa3u/iu Ha puc. 6.8.
['nybokasi «sMa» (QYHKUMOHUDYeT TaK ke, KaK Ye W3BeCTHasi HaMm
MIPSIMOYTOJIbHAsA TIOTEeHLMAa/IbHas siMa, TOJIbKO ee (popMa y)Ke He CTO0Jib MpPOCTa.
OnHa HOCUT Ha3BaHMWe ToTeHMasa KynoHa, MOTOMYy 4YTO TOAUMHSETCS 3aKOHY,
OMUCHIBAIOLLEMY B3aUMOJEWCTBUE [IBYX S/IeKTPUUECKUX 3apsiZiloB, KOTOPBII
Brepssble BbiBesl [lapabs OrtocreH e KysioH B 1783 roay.

[Tpobnema, o[HAKO, OCTAETCSI TOM >Ke CaMOi: Mbl [JOJDKHBI BBISICHUTD, Kakue
KBaHTOBBIE BOJIHBI MOT'YT COOTBETCTBOBATh 3TOMY IOTEHL[MAJTy, UTO U OIpeJenT
paspellleHHble  SHepreTMYeCcKWe ypOBHM  aromMa  Bogopoja.  bymyuu
0eCXUTPOCTHBIMU, Mbl MOIJIM ObI CKa3aTh, UTO 3TO [ie/laeTcsl TOCPe/[CTBOM
«pelleHrss BOMHOBOro ypaBHeHus IllpénvHrepa [ MNOTeHLMATbHOM SIMBI
KysioHa», UTO C/Ty>KUT CriocoOoM MpuMeHeHuUs ripaBr/a nepeBo/ia 1irdepbiaros.
[Hetanu >5TOro mnporecca YUCTO TeXHUUeCKHe, [ake [/ TaKWUX [POCThIX
00beKTOB, KaK aToM Bofiopojia. K cuacTbio, Mbl He y3HaeM 371eCb TOUTH HAYEro
HOBOTO MO CPaBHEHUIO C TeM, UTO YK€ YCBOWIH, TaK UTO IepenjeM IpsIMO
K orBeTy. Puc. 6.9 mokaspiBaeT HEKOTOpbIe MOJy4Yaroluecss CTOSYMe BOJIHBI
[J/1s1 37IeKTPOHA B aToMe BOJOPOZA. JTO KapTHMHA paclipefie/ieHUs1 BepOsiTHOCTer
HaXOXK/IeHUsl 3JIeKTPOHA B Kakou-mnubo Touke. B 6osee cBeT/ibIX 06/acTsaX Takas
BEpPOSITHOCTD BbIllle. KOHEUHO, peasibHBIM aTOM BOJOpPOJA TPeXMEepHbIM, U 3TH
PUCYHKH COOTBETCTBYIOT pa3pe3am B LieHTpe aToMa. PHCYHOK cJjieBa BBepXy —
3TO BOJTHOBAsi (DYHKLIMSI OCHOBHOT'O COCTOSIHUSI, TOKa3bIBalolllasi, YTO 371€KTPOH
B 3TOM C/yuae OObIYHO HAXOAMTCS HAa paccTosHuM npumepHo 1 x 10719 m
OT TMPOTOHA. DHEPrys CTOSTYMX BOJIH HapacTaeT OT JIeBOIO BepXHero K paBoMY
HIDKHEMY DUCYHKY. Macmrab Toxe W3MeHsieTCss B BOCEMb pa3 OT JIeBOTrO
BeDXHEr0 K TMpaBOMy HIWKHEMY DHUCYHKY, TaK 4YTO cBeT/ias 0067acTs,
TIOKpbIBatoIllasi OO/bIIYI0 YacTb JIeBOTO BePXHEro PUCYHKa, UMeeT TMPUMEPHO
TOT e pa3Mep, UTO W MajleHbKHe spKuUe TOYKM B LIeHTpe /ByX IIpPaBbIX
DUCYHKOB. DTO 3HAuuT, UTO 3/IeKTPOH, CKopee Bcero, OyneT pacrosiaratbcsi
Janbliie OT TPOTOHA, KOTJja OH HaXOAUTCS Ha 0ojiee BBHICOKUX SHEPreThueCKUX
YPOBHsIX (a c/iefioBaTesibHO, cabee C HUM CBsi3aH). ICHO, UTO 3TH BOJIHBI COBCEM
He CHHYCOM/Jbl, TO eCTb He COOTHOCATCSI C COCTOSIHUSIMH OINpeJie/IeHHOIO
uMmiynbca. HoO, Kak ™Mbl H30 BCex CWI CTapaemMcsi TOJYePKHYTb,
OHU COOTBETCTBYIOT COCTOSIHUSIM OIpe/ie/IeHHOM SHePrUu.



Puc. 6.9. UeTblpe KBaHTOBble BOJIHBI C CaMOW HU3KOM SHEpPrueu,
OTKChIBaIOIIe 37IeKTPOH B aToMe BOZopofa. B cBemibix 06/1acTsiX 371€KTPOH
MOYKeT HaXOJUThCSl ¢ Haubosibiiel BepoSITHOCThIO. [IpOTOH B 1jeHTpe. PHUCyHKU
BBEpPXY CIIpaBa U BHU3Y C/ieBa YBeJMUeHbl B 4 pa3a 0 CPaBHEHUIO C IepBbIM,

a PUCYHOK BHM3y cripaBa — B 8 pa3. IlepBblil pUCYHOK COOTBETCTBYET pasMepy
npumepHo 3 x 1071° M B fuamerpe

OTtuet/iviBasi popMa CTOSIUMX BOJIH TOsiB/isieTCsi Onmarozpapsi (opme sIMbl,
OZJHAKO HEKOTOpble JeTanu cjenyeT obcyauTs Oosee moppo6Ho. Camast
oyeBUJHasE O0COOEHHOCTb BODOHKM BOKPYI TIPOTOHA 3aK/HOuaeTcsi B ee
chepryeckoli CUMMETPUUHOCTH, TO €CTb CO BCEX CTOPOH OHA BBINISAUT
ofiMHakoBO. UTOObI TIpe/ICTaBUTh 3TO, BO3bMUTe 6aCKeTOOMbHBIN Msiu 6e3 KaKux-
b0 OTMETOK Ha HeM: 3TO HeasibHas cdepa, KOTOpas BBIMVIUT OJUHAKOBO,
Kak ee HU Bpalllail. Bo3MO)XXHO, MbI MOXKeM ZiyMaTb 00 371eKTpOHe BHYTPHU aToMa
BO/IOpPO/ia KaK O 3arepToM BHYTPU MHUKPOCKOMUYECKOro 6ackeT60/IbHOTO Msya?
OTOo orpefiesieHHO Oosee ynauHO, YeM FOBOPUTh O TOM, UTO 3/IEKTPOH MOMasCs
B KBaJIpaTHYHO MY, HO, KaK HU YJWMBUTEJBbHO, TYT eCTb HeKOe CXO[CTBO.
Puc. 6.10 moka3sbiBaeT cjieBa /iBe CTOsSUM€e BOJIHBI C CaMOW HU3KOM 3Heprueu,
KOTOpble MOTYT BO3HUKHYTh BHYTpU 0ackeTOOMbHOTO Msiya. Mbl CHOBa
paspesanu Ms4, U JaBJeHue BO3[yXa BHYTPM HEro TMOBBILIAETCS OT YEPHOro
K 6enomy. CripaBa JjaHbl /IBeé BO3MO)KHbIe CTOsIUKE BOJIHBI 3/IeKTPOHAa B aTOMe
BOZIOPOZA.



Puc. 6.10. /[lBe mpocTelllvde CTOSUYMe 3BYKOBble BOJIHbI BHYTpHU
OackerOombHOrO Msiua (csieBa) B CpPaBHEHMM C  COOTBETCTBYHOIIMMU
5JIEKTPOHHBIMU BOJIHAMH B aroMe Bofopoga (crpaBa). OHM OUeHb ITOXOXKHU.
BepxHMil pPHUCYHOK aroMa BOZAOpOJa — 95TO YyBeJWYeHHOe H300pakeHUe
LIeHTPa/IbHOM YaCTH JIeBOU HW)KHEN KapTUHKHU C puc. 6.9

PUCYHKU He W/IEHTUYHbI, HO OYeHb MOX0KU. VI cHOBa He OyZeT CTO/b YK
[JIyTI0 TIPEJNIOJIOKUTh, YTO 3eKTPOH BHYTPU aroMa BOZAOpOJa HaXOAWUTCS
BHYTDHU Ue€ro-To, MOXO)Kero Ha MUKPOCKOTMUeCKUM 0ackeTOOMbHBIA Msid. ITOT
DUCYHOK J€MOHCTPHPYET BOJIHOBOE I[IOBeJeHMEe KBAaHTOBBIX YaCTHLl, U MbI
HaJleeMcsi, UTO OH /10 HEKOTOPOW CTeleH! CpPbIBaeT MOKPOBbI TAUHCTBEHHOCTH
C [AHHOTO TMpeAMeTa: MOHUMaHWe TOBe/leHHsl 37IeKTPOHAa B aroMe BOJOpoja
He Oosiee CJIO)KHO, UeM TIOHMUMaHWe TOTO, KakK KojebreTcs BO3AyX BHYTPU
6ackeTOOMBHOTO MsTUa.

[Ipexxze yeM OCTaBUTh B TIOKOE aTOM BO/OPOZa, Mbl XOTenud Obl elrle
HEMHOI0 TIOTOBOPUTh O TMOTEeHI[Maae, CO3J4aBaeMOM TMPOTOHOM, M O TOM,
KakK /1eKTPOH TieperphiruBaeT C 0ojiee BBICOKOTO 3HEPreTUYeCKOro YPOBHS
Ha Oosiee HU3KUM, UCITyCKasi TIPYA 3TOM (POTOH.

Mbi u36ekanu pa3roBOPOB O TOM, Kak B3aUMO/ENCTBYIOT ADPYT C APyroM
TIPOTOH W 3/IeKTPOH, BBeJsl WJel0 MOTeHlyasna. JTO YIPOILeHHWe [03BOJIUIO0
TOHSITh KBAaHTOBaHWE SHEPryy 3arnepTbix yacTull. Ho ecsn Mbl BCcepbe3 XOTHUM
MOHSATb, UTO TIPOMCXOJAUT, HY)KHO TIOTIBITaThbCSI OOBSICHUTH MeXaHU3M
«3anupaHusi» vactul. Korja dyacTtvilia ABWKETCSI B pacCMaTpUBaeMOM HaMU
ALMKe, MOXXHO TIPe/ICTaBUTh HEMPOHHULIAEMYIO CTEHKY, TpeANoI0KUTE/BHO
COCTOSILIIYIO U3 aTOMOB, TaK YTO UaCTHLla HE MOXeT TPOWTH CKBO3b Hee M3-3a
B3aUMOJENCTBUS  C  3TUMM  aTOMaMH. [IpaBunbHOE  TTOHUMaHUE



«HETIPOHULIAEMOCTU» TPUXOJUT 4Yepe3 TIOHUMAaHWE TOrO, KakK YaCTULIbI
B3aUMO/EMCTBYIOT JIPYT C APYyroM. Mbl TOBOPW/IM, UTO MPOTOH B aTOMe BOZOPOAA
co3jaeT TMOTEHLMana, B KOTODOM [IBUJKETCS S7€KTPOH, W STOT TOTeHLMas
3axBaTbIBaeT 3/IEKTPOH aHAJOTUYHO TOMY, KaK UaCTHL|a Y/|eP>KUBAETCs B SILLUKE.
OT0 TIpUBOAUT K Oosiee ryboKoi mpobieme, OTOMY UTO 37IeKTPOH, OUeBU/HO,
B3aUMO/IENCTBYeT C TIPOTOHOM, U MMEHHO 3TO MpeJorpe/iesseT «3arupaHue»
3/IeKTPOHa.

B maBe 10 ™Mbl yBUAUM, UTO e HeoOXOAUMO [J00aBUTh K YXKe
chopMyMPOBAaHHBIM KBAaHTOBBIM TIpaBWIaM. JOTU M00aBKu OyayT KacaTbCst
B3auUMOJeNCcTBUsA 4YacTull. [loka HallM TIpaBW/a OU€Hb TMPOCTHI: YaCTHULIbI
JBUTAIOTCS, TIepeHOoCss C coboii BooOpakaemble Yachl, CTPEJIKM KOTOPBIX
TepeBOAIATCS  HA3aJ, TOYHO oOrpejeeHHbIM 00pa3oM B 3aBUCUMOCTH
OT pacCTOsIHWSL, Ha KOTOpOe MepeMelaloTCs uYacTULbl. Bce MpbDKKM 4YacTwll
pa3pellieHbl, TaK YTO uacCTULa MOXeT MepeMeCcTUTbCS U3 TOUKU A B TOUKY
B 1o 6eCKOHEYHOMY KOJIMUeCTBY Pa3/UUHBIX TpaeKTopuid. Kaxkias TpaeKTopusi
TIPUHOCUT B TOYKY B COOCTBeHHbIM KBaHTOBbIM LiudepbaaT, U Mbl [JO/DKHbI
CJIOKUTh WX BCe, YTOObI MOMYUYWICS eAuHBIM o0uuii 1udepOsiaT, KOTOPLI
MO3BOJIUT HaM OIpeJe/uTh BEPOSITHOCTb HAXOXKJEHWsl UacTHLbl B TOuke B.
HNobaBneHvie B3aUMOJIEHCTBUIM B 3Ty KapTUHY OKa3bIBaeTCs Ha Y/JUB/IEHHE
MPOCTBIM ZIeJIOM. MBI [IOTIO/IHSEM T[paBUia TepeMellleHrs] YacTUL] HOBBIM
MpaBUJIOM, KOTOpPOE IJIaCUT, YTO YacCTHL]a MOXKET MCIYyCKaThb WM TOIVIOLIATh
apyryto uactuily. Eciv 10 B3aumMogelicTBus Oblyia 0/lHa YacCTULIa, TO TIOC/Ie HEero
WX MOXKEeT OKa3aThCsl [[Be; eC/Id 10 B3aUMO/IeHCTBUSI uacTwl] ObLIO /iBe, TIOC/ie
HEr0 MOXeT OCTaThCsl TOMbKO OfHAa. KoHeuHo, eciu Mbl  cobOupaemcs
BbIpabaTbiBaTh MaTeMaTuueckue (pOpPMyJibl [jisi 3TOTO, Mbl 00si3aHbl YTOUHUT,
Kakve UMEHHO YaCTHUIlbl OyyT C/IMBaThCSl WIM pacriafiaThbCsi U UTO TIPOU30UeT
TI0C/ie B3auMOZIeUCTBUS C TeMH IudepOiaTaMu, KOTOpbie HeceT C co0oM Kaxkast
yacTulia. TO CTaHeT TeMoW I/aBbl 10, HO TIPeNOChUIKM OUeBU/HBI U Tak. Eciu
eCTb TPaBWIO, MO KOTOPOMY 3JIEKTPOH B XOJie B3aMMOJEWCTBUSI UCITyCKaeT
($OTOH, TO CyleCTByeT BEepOSITHOCTb TOTO, UTO 3/IEKTPOH B aToOMe BOJOpOja
MOYKET UCTYCTUTh (POTOH, MOTepsiTh SHEPTHI0 U OMYCTUThCS Ha Oosiee HU3KUMN
JHepreTuyeckuii ypoBeHb. OH MOXeT TakKe TOIIOTUTb (DOTOH, MpUOOpecTu
SHEPrUr0 U MOJHATHCS Ha Oojiee BHICOKHI SHEPreTUueCKUil ypOBEeHb.

CyllleCTBOBaHUe CMEKTPa/IbHbIX JIMHWM MOATBEPXKAAeT, UTO UMEHHO TaK BCe
Y TPOUCXOAUT, HO [a/ieK0 He C paBHOM BEpPOSITHOCTBbIO, & UMEHHO: 3/IeKTPOH
MOKeT UCIyckaTb (OTOH U JIMIIATBCS SHeprud B JitoOoe  Bpems,
HO eJUHCTBEHHbIN CroCcob TosiyueHusi SHePruu U repexofia Ha Oojiee BBICOKUI
SHepreTUUeCKri YpoBeHb 3aK/IH0UaeTCs B CyLeCTBOBaHMM (POTOHA (UM KaKOro-
TO WHOTO WCTOYHMKA HHEPruM), KOTOPbIi MOr Obl C HUM CTOJIKHYThCS.



B raszoobpasHoM Boziopo/ie TaKuX POTOHOB OOBIYHO Maso, a PACCTOSTHUE MEXY
HUMHU Be/JMKO. ATOM B BO30Y)K/€HHOM COCTOSIHUM WMeeT ropaszio Oosbliie
IIIAHCOB Ha WCITyCcKaHWe (OToHA, ueM Ha ero mnoriomieHye. O6mmii 3ddekxr
COCTOUT B TOM, UTO aTOMbI BOJIOPOJia CTPEMSTCS BBIXOJUTh W3 BO30YXKIE€HHOTO
COCTOSIHUSI (peslakCUpOBaTh), TOZ, YeM Mbl TOHUMaeMm T00ely HCIyCKaHUS
Ha/, noroijeHreM. Co BpeMeHeM aToM BO3BpalllaeTCsi K OCHOBHOMY COCTOSIHHIO
n = 1. DTo MpaBUIO He MOXeT ObITb 00IKM, TTOCKOJILKY MOYKHO TTOCTOSIHHO
BO30y>K/]aTb aTOMbI, 00eCrieurB KOHTPOMPYEMYHO TIOJKauKy 3Hepruu. Ha s3Tom
OCHOBAaHa TeXHOJIOTUs Jla3epa, HbIHEe UCII0/b3yeMasi IoBceMecTHO. [1aBHas uzes
7azepa COCTOMT B 3aKauMBaHWUM SHEPrUM B aTOMbl, TPUBOJSMIIEM K HUX
BO30y)K/leHuto, U cbope (OTOHOB, MCIyCKaeMbIX TpPU TOTepe 3/1eKTPOHaMU
SHepruu. OTU (HOTOHBI OUeHb TOJIe3HBI /IJisl UTeHUs JaHHBIX BHICOKOM UeTKOCTH,
3anucaHHbIX Ha moBepxHOocTH CD wiu DVD: BiusiHue KBaHTOBOW MeXaHUKU
Ha Hallly KU3Hb BeCbMa MHOr0o00bpa3sHo.

B 3TOli raBe Mbl CyMenu OOBSICHUTH TIPOMCXOXKAEHUEe CIeKTPa/bHbIX
JIMHUN, UCMO/b3ysl MPOCTYIO0 /€0 KBAHTOBAaHHBIX SHEPreTUUeCKUX YPOBHEH.
KaxeTcsl, HaM y/la7ochb BbIpabOTaTh MpaBU/IbHBIN B3IVIsi[ Ha atoMbl. Ho Bce ke
KOe-uTo He COBCeM Tak. He xBaraeT TMocC/iefiHeI0 KyCOYKa TOJIOBOJIOMKH,
0e3 KOTOPOro HEeBO3MOXXHO OOBSCHUTH CTPYKTYpy Oosiee TsDKesbIX aTOMOB,
yeM Bozopoj. Eciu roBoputh Oosiee Mpo3avyHO, HaM TakXke He Y[acTCs
OOBSICHUTB, TIOUEMY MbI, COOCTBEHHO, He TPOBa/JMBaeMCsi CKBO3b 3eMIII0,
yTo co374aeT TmpoOsembl JJisl  Halledl 3ameyaresibHOW Teopud TIPUPOJBI.
OOmbsicHeHMe, KOTOpOe MbI HIlleM, KpoeTcsi B paboTax aBCTpuiicKoro (hu3uka
Bonbdranra I[Naynu.



7. BcennenHas Ha O0y/1aBOYHOH I'o/I0BKe
(1 moueMy MbI He MPOBA/IMBAEMCH CKBO3b
3eMJII0)

To, uTO MBI He TPOBaMBAeMCsi CKBO3b 3eMJII0, CaMO T0 cebe HeCKO/IbKO
youBUTeNbHO. OOBACHATH 3TO TeM, UTO 3eMJisi TBepjas, He 0CO0eHHO
3¢ deKkTBHO, BO MHOroM Omarojapsi OTKpbITUIO Pesepdopga, uTo aTOMbI —
3TO TIOYTH TOJIHOCTHIO TTYCTOe MPOCTPaHCTBO. CUTYalUs YUB/sIeT elije Oosbliie,
TOTOMY UTO, HACKOJIbKO Mbl 3HaeM, (yHJaMeHTa/ibHble YaCTULlbl TIPUPOZbI
pasMepoM He 00/afar0T BoBce. MMeTh [le/l0 C uyaCTUIIAMU, «He HMEIOIUMHU
pa3Mepa», SIBHO TIPOO/IeMaTHYHO W, BEPOSATHO, Jake HEBO3MOXKHO. Ho HUUTO
13 CKa3aHHOTO B MpebIAYIINX I7laBaX He Mpe/riosaraeT U He TpebyeT OT YaCTHI]
(dbu3nyeckor MpoTsyKeHHOCTU. [loHWMaHue WX Kak [IeUCTBUTeTbHO TOUYeUHbIX
00beKkTOB Heo0si3aTe/lbHO HEBEPHO, JAae ecau OpocaeT BbI30B 3/IpaBOMY
CMBICJTy — €CJIA Y UWTaTess] OCTa/ICSl XOTb KaKOM-TO 3/IpaBblid CMBIC/T Ha 3TOU
CTaZIMM KHUTH O KBAaHTOBOW Teoprd. KoHeuHO, BecbMa BO3MOXKHO, UTO Oy/yIiiye
5KCIEepUMEHThI, HanpuMep Ha bosbllioOM aJIpOHHOM KoJiaujiepe, MOKaXyT,
YTO 9/IEKTPOHbBI U KBapKM BOBCE€ HE WCTUHHO 3/IeMeHTapHble YaCTHLIbI,
HO HbIHEIIHWEe SKCIEePUMEHTbl 3TOr0 He  TOATBEP)KAAIOT, I103TOMY
B (pyH/]JaMeHTa/IbHbIX YPaBHEHUSIX (PM3UKH YaCTHL] HET MeCTa JJIsl UX «pa3Mepar.
Henb3s1 cKa3aTh, UTO C TOUEUHLIMM YaCTMIIAMH He BO3HHMKaeT Ipobrem — uzes
KOHEUHOTO 3apsifia, 3a’KaToro B OeCKOHeUHO Masibiii 00beM, JOBOJBHO TpYyJHA
/ST TIOHMMaHWs, — HO BCe JKe yIaeTcs KaKMM-TO o00Opa3oM 000uTH
TeopeThueckre TpyAHOCTU. [loxoke, UTO pa3BUTHE KBAaHTOBOM TeOpUU
rpaBUTAIIMM — OCHOBHas TipoOsieMa dyHJaMeHTa/JbHON (PU3UKM — HaMeKaeT
Ha KOHEUHBIM pa3Mep, HO CBUJETE/NbCTB ITOKa TOIMPOCTY HeZOCTAaTOUHO, UTOObI
GbU3MKK OTKa3a/lMCh OT CTOJb TO/MOOUBIIIENCS HAeU 3/eMeHTapHBIX YaCTHII.
[TomuepkHeM elje pa3: TOUeYHbIe YaCTUL[bl He UMEIOT pa3mepa, II03TOMY BOIPOC
«UTO CiyudTcs, ecnu s paclleruviio 3JIeKTPOH HAaJBOe?» He MMeeT HUKAKOro
CMbIC/Ia — TTOJIOBUHKH 3/IEKTPOHA He ObIBaeT.

[TpusstTHeIE G0OHYC paboOTBI C 3/1eMeHTapHBIMH (PparMeHTaMH MaTepuH,
He MMEeIIMMHM HUKAaKOTO pa3Mepa, COCTOMT B TOM, UTO MbI 0e3 1mpobieM Mo)keM
TIpe/ICTaBUTh, UTO BCS BUAWMas BcejeHHass Korma-To ObLia ckaTa B OOBEKT
pa3smepoM c rpeindpyT umm gaxke c OynaBouHyro ronoBky. Kak 6bl HU 1i1a
KPYroM ToJjiOBa OT TAaKHWX MbIC/Ie — TPYAHO BOOOpa3wuTh, KakK /10 pa3MepoB
TOPOIIIMHBI CKUMAeTCsl TOpa, He TOBOPsI Y>Ke O 3Be3fie, rajlakThKe U TeM OoJiee



350 mumapgax 60MbIIKMX ralakTUK B 0003pruMoN BcesieHHOM, — HeT HUKAKUX
MIPUUMH  OOBSAB/IATL TaKoe CXKaThe HeBO3MOXKHBIM. WM /1eliCTBUTE/BHO,
COBPEMEHHbIe  TeOpUM TMPOUCXOXKAEeHUs BceleHHOM  HeMOCpeCTBEHHO
OTepHpPYIOT CBONCTBaMH, KOTOpble OHa MMe/ia B TOJ0OHOM acCTPOHOMMUECKH
TJIOTHOM COCTOSIHMM. Takue Teopyud Ha TepBbIM B3IVIs[, Ka)KyTCsS HeJlerbIMHU,
HO MMEIOT psiJi TIOATBEPXKAAIOIIMX CBUJETenbCTB. B TmocnenHel r1aBe HaMm
BCTPETATCS 00BEKTHI C TIJIOTHOCTBIO €C/Id He Kak y «BceneHHoOU B Oy/1aBOUHOM
TOJIOBKE», TO TOYHO KaK y «TOpbl B TOpOIIMHE»: Oesble KapjUKU — OOBEKThI
C Maccoii 3Be3bl MU 00beMOM 3eM/JM — W HEeUTPOHHBbIE 3Be3/lbl, HUMeEIOoI[1e
CXOXKYH0 MacCy M C)KaTble B H/jlea/ibHble IIapbl pa3MepoM C KPYMHbBIA TOPO/I.
N 310 He 0OBEKTbI M3 HAyyHOM (haHTACTHUKHM; aCTPOHOMBI HabMIOJAIOT MX
Y IPOBOZSAT TOUHEeMIIINe M3MepeHUs], a KBAaHTOBAsi TeOPHs T03BOJISIET BbIUUC/IUTD
WX CBOWCTBA U CPaBHUTh C JlaHHBIMH HaOmofeHui. [lepBbI Ilar Ha IyTH
K MOHMMaHWI0 OesbIX Kap/JMKOB WU HEUTPOHHBIX 3Be37] COCTOMT B TOM, UTOOBI
obpatuTbcs K ropaszio 6osiee Mpo3avyHOMY BOTIPOCY, C KOTOPOTO Mbl YU Haya/lu
9Ty T/IaBYy: eCv 3eMJIsi — 110 0OJIbIIel YacTy IMyCToe TIPOCTPaHCTBO, TO ITOYEMY
MbI CKBO3b Hee He MPOBa/IMBaeMCsi?

Y 3Toro Borpoca JAjuTeNbHasi W TIOUTeHHas: UCTOPHsS, U OTBET Ha Hero
He OblT chopMyTMpOBaH YAMBUTENBHO [JIOJITO: OH TOSBU/CS JUilb B 1967 rogy
B cratbe PpumeHa [avicoHa v IOHApro JleHappa. OHM TIPUHAIMCH 3a €O,
MIOTOMY UTO HeKHM (Gu3HK 1oobelran OyThIKY BUHTa)KHOTO IIIaMITaHCKOTO TOMY,
KTO CMOJKET ZloKa3aTh, UTO MaTepusi He MOXXeT C)KaTbCsl cama ro cebe. /laiicoH
TOBOPW/I, UTO /I0Ka3aTe/JIbCTBO ObLIO MCK/IFOUUTE/LHO CIOKHBIM U TyMaHHBIM,
HO OHM TIOKa3a/id, YTO Marepusi CII0COOHa ObITh CTAOWILHOM, TONMBKO eC/H
3JIEKTPOHBI OyZIyT MOAUYUHSTHLCS TaK Ha3biBaeMoMy TpuHLMMY [laymm — omHOMY
Y3 CaMbIX yJMBUTE/IbHBIX SIBJIEHUM B Halllel KBaHTOBOW BcesieHHOM.

Haunem c¢ 1mdp. B mnpoiuuioii r11aBe Mbl BUje/Hd, UTO CTPYKTYpYy
TIPOCTeNIIIero aroMa BoZopo/ia MOXKHO TIOHSITh, Haii/isi pa3pelilleHHble KBaHTOBbIE
BO/IHbI, KOTOpbIe TIOMEIalOTCS BHYTPU TIOTEHI[MAIbHOM $IMbl TIPOTOHA.
OTO TI03BOIUIO pa300paThCs, MO KpailiHel Mepe, C KOJIMUYECTBEHHOW TOUKH
3peHwusi, MOUeMy aTOMbI BOZOPO/a UCITyCKAIOT CBET UMEHHO B TaKOM JMaria3oHe.
Bynb y Hac BpeMsi, Mbl MOT/T Obl BBIUMC/IUTD U SHEPreTUUeCKHe YPOBHU B aTOMe
Boziopoza. JIroboit cTyneHT-(PpU3HK B KaKOH-TO MOMEHT OOyuUeHUsl TTPOBOJUT 3TH
BBIUMC/IEHUS], © OHU TIPEKPACHO CXOASTCS C 3KCIepMMeHTalbHbIMU JaHHBIMHU.
KcraTh, o npefpiyiiei 1/1aBe; yIpolleHue «4acTuIla B SIUKe» ObIIO I0BOBHO
y[lauHbIM, TIOCKOJIbKY CO/lep)Kajio0 BCe KPUTHUeCKHe MOMEHThI, KOTOpble MbI
XOTe/M TIoMUepKHYTb. Of/HAKO Terepb HaM TIOHAA00STCS elle Oojiee TOUHBIE
BbIUMC/IEHUS], YUMThIBaIOIIe, UTO peasibHbll aTOM BOZAOpO/ia CYIl[eCTBYeT B TpeX
v3MepeHusix. [ Halleld 4acTUIbl B SIIIIMKe Mbl pacCMaTpHBa/JU TOJIbKO OHO



V3MepeHUe U MOJIyYU/IU CEPUI0 SHEePreTUYeCKUX YPOBHEM, OMeUeHHbIX YUCI0M
n. Husmmii sHepreTMueckuii ypoBeHb ObUT Ha3BaH n = 1, ciaepyrommi — n = 2
v T. A. Korga pacueTbl pacCrpOCTpPaHSIIOTCS Ha Caydau [Jii TPeX U3MepeHUH,
OKa3bIBaeTcsi (4TO, BIPOYEM, He JOJDKHO YJUBJSTH), YTO /51 XapaKTePUCTUKU
BCEX pa3pellleHHbIX SHEePreTUYeCKUX YPOBHeM HeoOXOAMMBbI TpPU UMCIIA.
TpaJulIMOHHO OHU TIOMEYarTCsl KakK nh, | ¥ m W Ha3bIBalOTCS KBAHMOBbIMU
uucaamu (B 3TOU IJ1aBe He CJiefyeT IyTaTh M C MacCOW YaCTHULIbI).

KBaHTOBOE 4MC/I0 N — 3TO SKBUBAJIEHT YMCJIa N [Jid 4YaCTULbl B SIIUKe.
OHO npuHUMaeT uesble 3HaueHust (n = 1, 2, 3 U T. 7.), @ dHEPrusi YaCTULbI
CTPEMUTCS K yBeJIMUEHHI0 C yBenudeHueM n. Bo3moykHble 3HaueHuss | U m
OKAa3bIBAIOTCS CBSI3aHbI C N; | JO/DKHO ObITH MEHBIIIE N U MOXKET PaBHATLCS HYJIIO,
Harmpumep, ecim n = 3, To [ MmoxeT 6bITh 0, 1 UM 2; M MOXXeT NMPUHKUMATh H000e
3HaueHue OT MUHYC | 10 Tuitoc | € 1ie/IouMC/IeHHbIMUY 11araMu. Tak, eciu [ = 2,
TO M MOXeT paBHAThC —2, —1, 0, +1 umm +2. Mbl He cobupaeMcsi OOBSCHSTD,
OTKyzla OepyTcsi Bce 3TH UMC/Ia, TIOTOMY UTO K HallleMy MMOHHMaHHUIO TIpeMeTa
3TO HUYero He A00aBUT. JloCTaTOUHO CKa3aTh, UTO ueThIpe BOJIHBI Ha puc. 6.9
umetot (n, I) = (1,0), (2,0), (2,1) u (3,0) cooTBeTCTBEHHO (/1/11 BCeX 3THUX BOIH M
= 0)@.

Kak ™Mbl yXe TOBOpWIM, KBAHTOBOE UMCJIO N 3[eCb IJIaBHOE:
OHO KOHTPO/JIUPYeT paspellleHHble 3HayeHWs DSHepruyd [Jig 3JIeKTPOHa.
B HebGonbllloi  cTereHHd  paspellieHHble  3HAUeHWs  SHEPrud  3aBUCAT
Y OT 3HaueHusi |, HO TIPOSIB/ISIETCS 3TO TOJBKO TPH OYeHb TOUHBIX U3MEPEeHUsIX
HCIyCKaeMoro ceta. bop He rnprvHUMas ero BO BHUMaHuWe, BIIePBble BbIUMC/ISSA
SHEPrUl0 CIeKTpa/lbHBbIX JIMHUW BOJIOPOZila, M €ero HucxofHasi (opMy/a
BbIpaKa/laCb UCK/IFOUUTEIbHO Yepe3 n. OT m 3Heprus 3jeKTpOHa COBEepILIeHHO
He 3aBHCUT, TIOKa aTOM BO/IOpO/la He TIOMellleH B MarHUTHoe mosie (COOCTBeHHO,
m W Ha3bIBAaeTC MACHUMHbIM KBAHIMOBbIM UUC/AOM), HO 3TO He 3HAYMT, UTO m
He BakHO. YTOObI TTOHATH 3TO, BEpHEMCSI K HAIlIUM YHC/IaM.

Eciii n = 1, CKOMBKO CyleCcTByeT BO3MOKHO pa3HbIX 3HepreTuyeCcKux
ypoBHeii? [IpumeHrB copMy/nvpOBaHHbIe BbIllle MpaBuia, y3HaeMm, uTo | U m
MOTYT B Cjly4yae n = 1 paBHSITbCSI TOMBKO HY/IK, TaK UTO SHEPreTUdeCcKui
ypOBeHb OyzeT jiviib 1.

Teneps TIpoBezieM pacueThl Jjsi n = 2: | MO)KeT NMPUHUMATh JiBa 3HaueHus], 0
v 1. Eciu | = 1, To m MmoxeT paBHsATbCS —1, 0 unm +1, To eCTh nosiyvyaeTcs elile 3
SHepreTUYeCKUxX YpoBHs (BCero 4).

HOnsn = 3 | moxet coctaBasTe 0, 1 wm 2. st [ = 2 m MoKeT paBHSTBCS
-2, -1, 0, +1 wim +2, uro faet 5 ypoBHeu. MTak, Bcero nosnyvaercs 1 + 3 + 5 =
9 ypoBHeu ays n = 3. U Tak ganee.

3aroMHUTe 4Wc/a [ Tpex IepBbix 3HaueHud n: 1, 4 u 9. Teneps



MIOCMOTPUM Ha puC. 7.1, TAe moKa3aHbl IepBble YeThIpe psifia NepuojrueCcKou
TabULIbl XUMUUECKUX 3/IEMEHTOB, U MO/ICUUTAaeM, CKOTbKO 37IEMEHTOB B KaXK/I0M
psany. PasgenuB 3Ty 3HaueHus Ha 2, Mbl TionyuuM 1, 4, 4 1 9. BaxxHOCTh 3TOTO
BCKOpe€ BbISICHUTCS.
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Puc. 7.1. IlepBble uyeTbipe psiia MepUOAWYECKOM TaOMUI[LI XUMHUUECKHX
3/IeMEHTOB

YecTh pacrosioykKeHUs] XUMHUUYECKMX 3/IEMEHTOB T10I00HBIM 0Opa3om
0OBIYHO TIPUITUCBHIBAETCS PYCCKOMY XHUMUKY [IMUTpHI0O MeHeneeBy, KOTOPbIi
npencraBul ee 6 mapra 1869 roma Ha 3acegaHuu PyCcCKOro XWMUUYeCKOTO
obmjectBa. 3To OBUIO 3a[0AT0 O TOTO, KaK MPUyMa/ld BbIYUC/IATH
paspellleHHble  SHepreTUYeCcKhe YpOBHM aToMa Bojopoja. MeHzenees
PacCIiONIOKWI 3JIEMEHTBI B TIOPSIJKE MX aTOMHBIX BECOB, UTO Ha COBPEMEHHOM
SI3bIKe COOTBETCTBYeT KOJIMUECTBY TPOTOHOB W HEWTPOHOB BHYTPU aTOMHBIX
s/iep, XOTs, KOHEUHO, B TO BpeMsi OH M 3TOr0 TO)Ke He 3Haji. PacnosioxeHue
5JIEMEHTOB Ha CaMOM /iejie COOTBETCTBYeT UMCJ/Ty MPOTOHOB B sifipe (KOJMYeCTBO
HEUTPOHOB 3HAUEHMS HEe UMeEeT), HO /ISl CaMbIX JIETKUX 3/IEMEHTOB 3Ta IMOIpaBKa
He WMeeT 3HaueHus, Omarogaps ueMy MeHeneeB U CyMme/l PacCTaBUTh UX
B MpaBWILHOM TIOpsiiKe. OH peIn/ BBICTPOUTD 37IeMEeHThI B PSI/Ibl U CTOJIOIBI,
OTMETHB, UTO HEKOTOphIe 3/7IeMeHThl 00/1a/]al0T OUeHb MOXOKUMU XUMHUeCKUMU
CBOMCTBAMH, HECMOTPSI Ha Pa3HUI]y aTOMHBIX BECOB; Be€PTHUKa/bHbIE CTOJIOI[BI
Kak pa3 U 00beAuHSIIOT MM0/I00HbIe XUMUUECKHe 3JIEMeHThI — TaK, T'e/Iiid, HeOoH,
aproH ¥ KPUITTOH B KpaiiHeM MpaBoM CToJ0Lle TabauIlbl CUATAIOTCSI MHEPTHBIMU
razamMu. I MeH/iefieeB He TOJbKO MpPaBU/IbHO 3aMKCUPOBas CyllleCTBYHOII[ee
pacIioyioyKeHWe, HO U TIpe/iCKa3asl Ha/luure HOBBIX 3/IEMEHTOB, KOTOPbIE T0/IKHbI
ObLTM 3armoMHUTE Mpobensl B ero Tabmuile: 3nemMeHThl 31 u 32 (rajmmi
U repMaHuil) Obutn OTKpbITBI B 1875 u 1886 romax COOTBETCTBEHHO.
OTU OTKPBITHS TOATBEPAW/IN, UTO MeH/eneeBy yAaa0Ch HallynaTb HEUTO OY€Hb
Ba)KHOE B CTPOEHMM aTOMOB, HO MOKa HUKTO He 3HaJl, UTO 3TO TaKoe.

YnuBuUTE/NBHO, UTO B TIEPBOM PSifly 2 371eMeHTa, BO BTOPDOM U TPETbEM UX 8,



a B ueTBepToM — 18. DTU uncia poBHO B /iBa pa3a Oosibliie TeX, UTo TOMYUUIUCH
y Hac Iocje MojcyeTa pa3pelleHHbIX 3HepreTUYeCKUX YPOBHeU B BOAOPOJe.
[Touemy?

Kak Mbl yXe ymnoMHHa/ W, 5/€MeHTHl B [epUOAUYECKOU CUCTEMe
yIIOPSiJ0UeHbl CJleBa HarpaBo II0 psifaM B COOTBETCTBUM C KOJIMYECTBOM
IIPOTOHOB B si/ipe, UTO COBIIaZlaeT C KOJIMYECTBOM 3/IeKTPOHOB, KOTOPOE MOTYT
cofepyaTtb 3TW aToMbl. [IoMHUTE, UTO BCe arOMbl 371eKTPUUYECKU HEUTpPasbHbI:
TI0JIOJKUTEJIbHBIe 3JIeKTpUUYeCKHe 3apsi/bl IPOTOHOB TOYHO YpPaBHOBELLWBAKOTCS
OTpULiaTe/IbHBIMU  3apsilaMH  JIEKTPOHOB. 37eChb $IBHO YTO-TO MWHTepecHoe
CBA3aHO C XUMMWYECKUMHU CBOWCTBAMHM 3JIEMEHTOB M  pa3pelleHHbIMU
SHEpreTUYeCKMMU YPOBHSIMHM, KOTODBIA 3/7€KTPOHBI MOTYT MMeTb BO BpeMs
BpallleHusi TT0 OpOUTaM BOKPYT sifipa.

MbI MOXKeM TMpe/iCTaBUTh, KakK 0ojiee TsDKesble aTOMbI CTPOSITCS U3 Gosee
JIeTKUX, K KOTOPbIM TIO oOdepeid [100aB/sIOTCS TIPOTOHBI, HEWTPOHBI
U 37eKTpOoHbl. Hy)XHO [ep)kaThb B yMe, UTO KaXKAblii pa3 mpu [AobaBieHUM
JIULITHETO TIPOTOHA B S/IPO Mbl I0JDKHBI 100aBUTH U [IOTIONTHUTE/bHBIN 37IeKTPOH
Ha O/IUH U3 SHepreTUuecKux ypoBHel. ApudmMeTrueckue ynpaKHeHHs TOMOT'YT
co3/laTh CUCTEMY, KOTOPYIO MbI BUJIUM B TlepUOUUYeCKoW Tabnuiie, eC/ii MpoCTOo
JOMYCTUTb, UTO Ka)X[bld SHEpreTUYeCKUd YpPOBEeHb MOXeT Cofep)kaTb [Ba
Y TOJILKO [IBa 3/1eKTpPOoHa. [locMOTpuM, Kak 3T0 paboTaer.

Y BoJOpOZa TOBKO OJWH 3JIeKTPOH, KOTOPbIM MONaZaeT Ha ypoBeHb n = 1.
Y renus fBa 371eKTpOHA, KOTOpPbIe TOXKe pa3smMecTaTcs Ha ypoBHe n = 1. Tenepb
ypoBeHb n = 1 3anonHeH. UToObI TMOMyUYUTH JIUTUM, Mbl [JOJDKHBI 00aBUTH
TPeTUM 3JIEKTPOH, HO OH Yy)Ke MouieT Ha ypoBeHb n = 2. Cnepyroujue 7
3JIEKTPOHOB, COOTBETCTBYIOIIME CJ/IeAyIoluM 7 3jieMeHTam (Oepuiiuii, 6op,
yIJiepo/, a3oT, KUCA0po/, (bTOp U HEOH), MOTYT TOXe YMeCTUTbCSI Ha YPOBHE N =
2, TIOTOMY UTO TaM UMeroTcsi 4 MecTa, cooTBeTcTBytomme [=0ul=1,m=-1,0
u +1. Takum oOpa3oM MOXXHO HAMTU MeCTO [Jisi BCeX 3/IeMEHTOB /10 HeOHa
BK/IFOUUTE/IbHO. Ha HeoHe ypOBHM n = 2 3aroyIHSIOTCS, ¥ HaUMHAas C HATPUs Mbl
nepexoguM K n = 3. Cnepytroiue 8 3/IeKTPOHOB OJWH 3a APYTUM HAuMHAKOT
3aroJiHATh YPOBHU N = 3; cHauasa /1eKTpoHbl uayT Ha | = 0, 3aTem Ha | = 1.
OTO NPOUCXOAUT JJjIs1 BCeX 3JIeMEHTOB TpPeTbero psfa BIUVIOTb [0 aproHa.
YeTBepThbiii psii TabMULIbI MOXXHO OOBSICHUTb, €C/Id TPEeATNOJIOKUTb, UTO OH
COJIeP>XKUT BCe OCTaBllIMecs: 37eKTPoHbl 1 = 3 (To ecTh 10 3/1eKTpoHOB C [ = 2)
u 3eKTpoHbl N = 4 ¢ | = 0 u 1 (Bcero 8 3/1eKTPOHOB), TaK UYTO B UTOre
U TionyvyaeTcss BojeOHoe uucio — 18 asnekTpoHoB. Mbl  Habpocanu,
KaK 3JIGKTPOHBI 3arlO/IHAT 3HepreThyeckre YPOBHHU, [JIsi CaMOI0 TSKesoro
3/IeMeHTa B Hallleit Tabnuije — KpunToHa (c ero 36 3/ieKTpoHaMu) — Ha puc. 7.2.
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Puc. 7.2. 3anonHeHve SHepreTUYeCKUX YPOBHeW KpUIITOHA. TOuku
CUMBOJIM3UPYIOT 3JIEKTPOHBI, @ TOPU30HTa/IbHble JIMHUM — SHepreThueckKue
YPOBHH, TIOMeUeHHble KBaHTOBbIMU uuciaaMu h, | © m. Msl crpynnvdpoBanu
YPOBHH C Pa3/IMUHbIMU 3HAUEHUSIMU M, HO OJUHAKOBBIMU 3HAaYeHUsIMU N U |

YroObl U3/10)KEHHOEe OTHOCWIOCH K HaykKe, a He K 3aHUMaTe/IbHOU
MaTemaTvKe, TMPEeACTOUT CZe/iaTb HeCKOIbKO TOsICHEHWM. Bo-mepBbiX, HYXKHO
OOBSICHUTB, TIOUEMY XWMHYeCKHe CBOMCTBA 3/IEMEHTOB U3 OJHOTO U TOTO XKe
BePTUKAILHOTO CTOJ0IA CXOKU. VI3 Halllelf cXeMbl SICHO, UTO TIEePBbIM 3/1IeMeHT
KaKJOro W3 Tpex IepBbIX PsSZIOB HauMHaeT TPOLIeCC 3arojHEHUs ypOBHeW
C YBEJMUMBAKOLIMMCS 3HaueHWeM N. A WMEHHO: BOJAOPOJ OTKpPbIBAaeT 3TOT
TIpOLIeCC, BBOAS €AMHCTBEHHbBIN 3/IEKTPOH Ha MyCTOM /10 TOTO MOMEHTa YPOBEHb
n = 1, ¢ /IWUTHASA HauMHAeTCs BTOPOW psi[i — MepBbId 3/€KTPOH TMOSIBSETCS
Ha IyCTOM /I0 TOTO YPOBHE n = 2, a C HaTpUsl TPeTUM psAJl — 3JIEKTPOH 3aHUMaeT
MyCTOM 10 TOro ypoBeHb n = 3. TpeTuil psi, HEMHOTO BbIOKMBAETCS, IOTOMY UTO



Ha YpPOBHE N = 3 MOXeT HaxXOAUThCS 18 3/IeKTPOHOB, a B CaMOM TPeTbeM DSy
BCe ke He 18 sneMeHTOB. MOXXHO MpPeANONOKUTb, UTO MMEHHO ITPOUCXOJUT:
riepBble 8 3/1eKTPOHOB 3amoJiHAKT ypoBHU n = 3 ¢ 1 = 0 u [ = 1, a 3arem
(MO0 KakKWM-TO TIPUYMHAM) C/y4yaeTCsl Mepexo/, Ha 4YeTBepThiM psf. UeTBepThiid
psifi cofiep>KUT ocTaBiumecss 10 371eKTpOHOB Ha ypoBHAX h = 3 ¢l =2 u 8
3/IEKTPOHOB Ha ypoBHsIX n = 4 ¢ | = 0 u | = 1. To, 4TO ps/Abl He COBCEM
COOTBETCTBYIOT 3HAUEHHUIO N, CBUZETENbCTBYeT JIMIIb O TOM, UYTO CBSI3b MEXAY
XUMHEU U TIOACYETOM 3HepreTMUYeCKUX ypOBHeM He TaK MpOCTa, KaK MOXXHO
Obio Ob1 Moxymarh. OfHAKO ceMuac M3BECTHO, UTO Kaqui U KasbI[UH,
[iBa MepPBbIX 3/IeMeHTa B UeTBEPTOM PsiZly, UMEIOT 3/7IeKTPOHBI Ha YPOBHe n = 4, |
= 0, a cnepyromue 10 31eMeHTOB (OT CKaHAWs [0 LIMHKA) WUMEOT 3/IeKTPOHBI
Ha 3aro3/aibiX ypoBHIX n = 3, [ = 2.

YToObI MOHSATH, TIOUEMY 3ario/iHeHre YPOoBHel n = 3 u | = 2 OTK/1a/jbIBaeTCs
[0 CKaH/Wsl, HY>XKHO OOBSICHUTH, TouemMy ypoBHU n = 4, | = 0, Ha KOTOPBIX
HaXOJSATCSl 37MEeKTPOHbI B KalUM M Kasibl[uM, 00/aJjaloT MeHbIlleid SHeprue,
yem ypoBHU h = 3, [ = 2.

[ToMHUTE, UTO «OCHOBHOE COCTOSIHME» aToMa Oy/leT XapaKTepr30BaTbCs
KoH(uUrypalueil 371eKTPOHOB C CaMOM HU3KOW SHeprueu, MoCKONbKY B H060M
BO30Y>K/IeHHOM COCTOSTHUM aToM Oy/ieT BCer/ia TepsiTh SHEePTHI0 MPU UCITYCKaHUU
doroHa. W roBOps, UTO «3TOT aTOM COJAEPXXUT TaKue-TO 3IeKTPOHBI,
HaXOJsIIMecss Ha TaKWX-TO SHEPreTUUeCcKUX YPOBHSIX», Mbl COODIlljaeM Bam
KOH(UTypaluio 37eKTPOHOB C CaMOM HHU3KOW SHeprueil. KoHeuHo, Mbl elije
He TIbITa/IMCh MOACUNTHIBATh SHEepPreTUUeCKe YPOBHH, TaK UTO ITOKAa HEe MOXeM
Y DPACIOJIOKUTh WX IO BO3pacTaHUI0 WK yObIBaHUIO 3Hepruu. [lofcuvrarh
pa3pellieHHy0 [Jisi 37IeKTPOHAa JHEepPrui0 [jis aTroMoB Oosiee ueM C /IByMs
5JIEKTPOHAMM Ha CaMOM [iejie OueHb CJIO)KHO, M JaXe Caydald [ [ABYX
3JIEKTPOHOB (aToOM rejivsi) He Tak-TO MPOCT. [IpezmnosioxkeHre 0 paH>XUPOBaHUU
YPOBHEM TI0 yBeJMUEHUID YMC/la n — pe3yabraT ropasfio 0Oosiee MPOCTHIX
pacyeToB TI0 aTOMY BOZIOPO/Ia, /1Jisi KOTOPOTO BEPHO, UTO YpoBeHb n = 1 obsajaert
HavMeHbIler 3Hepruer, 3a HUM CJIelyl0T YPOBHUA n = 2, MOTOM ypPOBHHU n = 3
UT I

OueBHJHBIM BBIBOJ, M3 CKa3aHHOTO — 3/7eMEHTbl Ha TIPaBOM Kparo
Mepuoinyeckoll TabnMIIbI  COOTBETCTBYHOT aTOMaM, MHOXKECTBO YpOBHel
KOTOPBIX 3all0/IHEHO [0 KOoHLA. Haripumep, /151 refivs 3amno/iHeH ypoBeHb n = 1,
[J/I1 HEOHa — YpOBeHb N = 2, y aproHa IUIOTHO 3acejieH YpOBeHb n = 3,
o kpaiiHeit mepe 7151 [ = 0 u [ = 1. Mbl MOXXeM ellje HEMHOT'O Pa3BUTh 3TU UJEH,
TakiuM 00pa3oM TIOHSIB Psifi OueHb Ba)KHBIX TOJIOXKeHWW B XUMUU. K cuacTbio,
MbI TIMIIIEM He yueOHUK IO XUMHU, TaK YTO MOXKHO TOBOPUTH KPaTKo. MoeT
TI0Ka3aThbCsl, YTO MbI TbITAEMCS yJIOXKUTb BCIO TeMy B OAMH ab3al], HO BCe e



riorpobyem.

OcHoBHOe HabmOeHWe B TOM, UYTO aTOMbl MOTYT CKDeIUISIThCS,
0OMeHMBasICh 3/IEKTPOHAMU: Mbl BCTPETUMCSI C 3TOM HZieeil B Creytollleli riase,
Korza Oyzem pa3buparbcs, Kak rapa aTOMOB BOJJOPOZia COe/IUHSIETCS B MOJIEKYJTY
BoZiopozia. OOIllee MpaBW/IO TaKOBO: 37€MEHTHI «IPeATIOUNTAIOT» T0IHOCTBIO
3aMo/IHATh BCe CBOM 3HepreTHyeckrde YpPOBHU. B cilyuae c renuem, HEOHOM,
aproOHOM M KPUINITOHOM YPOBHM Y)Ke 3arlo/IHEeHbl, TaK UTO 3TUM 3JieMeHTaM YxKe
«XOPOLLIO»: UM «HEMHTEPEeCHO» peardpoBaTth C APYTUMHU. [Ipyrue >ke 37eMeHTbl
MOTYT «TbITaThCSI» 3allOJIHUTh CBOM YPOBHU, OOMEHUBAsICh 37€KTPOHAMMU
C ApyruMH sjieMeHTaMu. Bogopony, HanpyuMep, HY>KeH OJIMH [IOMOJHUTEbHbIN
3JIEKTPOH /il 3aTl0/IHeHUsI YPOBHS N = 1. DTOT0 MOXXHO [I0CTUYb, 0OMEHSIBIIIUCh
5/IeKTPOHaMH C [JPyrdM aToMoM Bogopoza. Takum ob6pasoMm ¢opmupyercs
MoJjieKy/ia BOJOpOZa; ee xUMHuecKass 3anucb — H,. 3DTo obblyHas ¢opma

CyLLleCTBOBaHUSA BOZOpoZa. Y ymiepojga 4 5jIeKTpOHAa U3 BO3MOXHBIX 8
Ha ypoBHSX n = 2,1 =0ul =1, U eMy «X0OTel0Ch ObI» MMOMYUYUTH ellje 4, UTOOI
3aT0/THUTh BCe YPOBHU. JTOTO MOYKHO /JOOUTHCS TTyTeM COeJUHEHUSI C UeThIPbMSI
aroMamu Boziopogia. O6pasyetcst CH, — ra3, u3BeCTHbIH 110/ Ha3BaHWEM MeTaH.

ATOM yIyiepojjla MOXeT COeAUHUTbCS WU C JBYMsSI arOMaMHu KHUCJIOPOZa,
KOTOpbIe CaMU HY’>KJAIOTCS B [IByX 3/7IeKTPOHAX, UTOObI 3aKOHUNTH YPOBEHb N =
2. D10 mpuBOAUT K obpasosanuto CO, — aByokucu yriepoza. Kucinopos moxet

3aKOHUUTh CBOW YPOBEHb U C MOMOILBIO JBYX aTOMOB BOZOpO/ia, 00pasys Bojy —
H,O. 1 Tak panee. DTO OCHOBbI XUMHU: aTOMbl CTPEMSITCS 3allO/IHUTh CBOU

SHepreTUyeCcKrie YpOBHU 3/IGKTPOHAMHY, JiaXKe [IOCPeCTBOM peakL{i C COCe0M.
OTO UX «KeJlaHKe», KOTOPOe BOCXOAUT K CTPeMJ/IEHUI0 HaXOAUTLCS B COCTOSIHUU
HavMeHbIIIel SHepruu, yrpae/seT oOpa3oBaHHEM BCEX COeIUHEHUUM — OT BOJbI
no IHK. B mwupe, KoTophlii OoraT Ha BOJOpO[, KHUCIOPOJ U YIVIEPOZ, JIerKo
TOHATh, TOUEMY TaK YaCTO BCTPEYAKOTCS YIVIEKUC/IbIN ra3, BOJA U MeTaH.

OTO BCe OUeHb BIOXHOBJ/ISIET, HO HY)KHO OOBSICHUTH U TTOCeAHUN KyCOueK
rO/IOBOJIOMKH: TIOUeMYy TOJIbKO JiBa S7€KTPOHAa MOTYT 3aHUMaThb KaK/bId
SHepreTUyeCcKrui ypoBeHb? Tak yTBepskzaaeT npuHLun [layini, U OH OueHb BaXkKeH
JJisl CBSI3W B e/IMHOE IieJioe BCETo, UTO MbI 00CyX/JaeM. be3 Hero 371eKTpOHbI
TOJITTUINCh Obl Ha HU3IIEM SHEPreTUYeCKOM YPOBHE BOKPYT KaXKIOTO siapa,
1 HUKAaKOM XMMHUU He Obl/1o Obl. DTO He camasi MpUsATHasl MepCIeKTHBa, TTIOTOMY
YTO TOTZA He ObUI0 ObI MOMIEKYII, a C/ieloBaTebHO, U )KU3HU Ha 3eMJie.

YTBepx/leHue O TOM, UTO KaXK[bli SHEPreTUYeCcKud YpOBEHb MOTYT
3@aHUMATh [iBa M TOJIBKO [Ba 3/IeKTPOHA, KaXKeTCsl KaKUM-TO IIPOU3BOJILHBIM.
o Toro Kak 3Ta uzes Oblja BIIepBble ITIpPeIoYKeHa, HUKTO He BbICKAa3bIBall
TIPEITIONIOKEHU TI0 3TOMY I0BOAY. I[lepBbIii MPOpPLIB B 3TOM 00/1acTH ObLI



coBepiieH JaMyHAOM CTOyHepoM, CbIHOM TIpO(eCCMOHANLHOTO UIpOKa
B KpUKeT (KOTOpbIM MpoIlle/ BOCEMb KaqUTOK B urpe ¢ HOxkHou Adpukoit
B 1907 rogy, ecnrm Bbl uutaete Wisden Cricketers’ Almanack) u ObIBIIMM
ctyfeHtoM Pesepdopja, BrocieCTBUM BO3IVIABUBIIUM (pU3UUECKUM (aKyJIbTeT
B YHuBepcutere Jlupca. B oktsabpe 1924 roga CToyHep MpezionoxKuI,
YTO Ha KaXX/IOM SHepreTMueckoM ypoBHe (n, I, m) AO/DKHO HaxOAWUThCS [Ba
snekTpoHa. [laymu pa3sun ugen CtoyHepa u B 1925 roay orny61MKoBas rMpaBuiio,
KOTOPOMY rofioM mo3xe [dupak npucBoun ero ums. Ilpuniun I[laynm cocrout
B TOM, YTO HM OJJHA Mapa 3/JIeKTPOHOB B aTOMe He MOXXeT UMeTb OJHU U Te Ke
KBaHTOBbIe urcaa. OIHAaKO OH CTONKHYJ/CS ¢ MpobieMoii: Bce yKa3bIBajo Ha To,
YTO Ha CaMOM /Jiejie [iBa 3/7IeKTPOHA MOTYT UMeTh OJJMHAKOBBIM HAabop 3HaueHUit
n, | u m. Iaynmu oboien mpobsemy, MPOCTO BBeJsi HOBOE KBAaHTOBOE UMCJIO.
OTo ObLT aH3all: OH He 3Haj, YeMy COOTBETCTBYeT 3TO UWC/IO, HO OHO MOIJIO
TIPUHMMATh OJHO W3 BCero AByX 3HadeHuM. [laynu npusHaBasncs: «bosiee TOUHO
IPUYMH CYLLIEeCTBOBAaHMSA S5TOr0 IIpaBW/a Mbl yKa3aTb He MokeM». HoBoe
OTKpBbITHE Cayuunock B 1925 rogy u Obuto u3noxkeHo B pabote [[Kopmaka
Yinenb6eka u Csomrosna laygcmura. B mmonckax BO3MOMKHOCTH TIPOBeJI€HUS
TOUHBIX HW3MEPEeHUN aTOMHBbIX CIIeKTPOB OHU CBSI3a/Id  JIOMOJIHUTEeIbHOe
KBaHTOBOe umcio [laynu c peasbHbIM (DM3UUECKMM CBOMCTBOM 3JIEKTPOHA,
KOTOpPOe HOCHUT Ha3BaHue cnur32!,

OcHOBHasi ujiesd CrUHA JOBOJIBHO MpocTa M Bocxogut elle K 1903 roay:
OHa 3HAUWTe/IbHO CTaplle KBaHTOBOM Teopyu. Yepe3 HECKO/IBKO JieT Mocjie
OTKDBITHSI COOCTBEHHO 37IeKTpOHa Hemelkuii (u3mk Makc Abpaxam
TIPeATOJIOKIJI, UTO 3JIEKTPOH — 3TO MeJjibyauiliasi Bpallarolasicsl 3/1eKTpruueCcKy
3apsbkeHHasi cepa. Ecu 661 3T0 ObLIO BEPHO, TO 3/1€KTPOHBI MOABEPraivcCh ObI
JleCTBUI0 MAarHUTHBIX TI0JIed B 3aBUCUMOCTM OT OpHEeHTalUu I10JiA
10 OTHOIIEHWIO K OCU UX BpailleHusi. B cratbe 1925 ropa, omy6ivMKoBaHHOM
yepe3 TpU Trofa mocyie cMeptd Abpaxama, YneHbek u ['ayacMuT oTrmedasn,
YTO MOjle/lb BpAIllAloL[erocsi 11apa He MOKeT ObITb BEepHOM, MOTOMY 4TO
[/ TIOATBEP)KAEHUS]  SKCIepUMEHTa/lbHbIX  [JaHHBIX  S/IEKTPOH  [JOJDKeH
BpalllaThCsi ObICTpee ckopocTy cBeTa. Ho cam Aiyx uzien ObLT BepeH: y 37eKTpOHa
[leACTBUTE/IBHO €CTh CBOMCTBO M0/, Ha3BaHUEM CITMH, KOTOPOEe [eHCTBUTEIbHO
B/IMSIeT Ha ero IoBeJleHWe B MarHUTHOM mnojie. OJHako Ha CamMOM Jesie uzes
CIMHA — 3TO HeNOCpPe[CTBEHHOE U J[0BOJIbHO TOHKOe I10C/Ie[CTBUEe TeOopuHr
CreLMaJbHOM OTHOCUTEbHOCTY OWHILTEKHA, TOTy4YuBIIee [O/DKHYI OLIEHKY
TOJILKO Tocsie Toro, Kak Ilonp [lupak B 1928 roay 3ammcan ypaBHeHuUe,
OMMCHIBAIOLLlee KBAaHTOBOE TOBeJieHMe 37IeKTpPOHA. [ Hammx Lesed ceiyac
HY)XHO TOJIBKO yKa3aThb, UTO CYLLEeCTBYeT [Ba THWIIA 3/IeKTPOHA, KOTOPble MbI
OymeM Ha3blBaTb «CIIMH BBEPX» M «CIMUH BHU3». OHU OTIMYAIOTCS



TIPOTUBOTIO/IOKHBIMUA 3HAUeHUSIMM MOMEHTa BpallleHHsl, TO eCTb CJIOBHO Obl
BpAILlAlOTCsl B MPOTUBOIOIOXKHBIX HaripaBieHusix. OueHb Xasb, yTo Abpaxam
/I HEMHOI'O He JIOXKWI 10 OTKPBITUSI UCTUHHOW MPUPO/BI CIIMHA 3/IeKTPOHa,
IIOTOMY 4YTO TaK U He OTKasajCsd OT CBOEro IOJ03peHus, UYTO 3JIeKTPOH —
9T0 Mesbuaiiiiiass cdepa. B Hekposore Abpaxamy B 1923 rogy Makc BopH
u Makc ¢ou Jlays mucamu: «OH ObUT IOCTOWHBIM OMIOHEHTOM, CpPakKascs
ZIOCTOVHBIM OpPY’>KHeM U He CTapasiCsl 3aMacKHMpOBaTh MOPaKeH!s MPUUUTaHUSIMA
Y He OTHOCSILMMHCS K Jeny aprymeHTamu... OH mo0un cBoii abCO/MOTHBIN
5¢up, CBOM  ypaBHEHUsI  TI0Jis, CBOM  HEMOJBWKHBIM  3/I€KTPOH,
Kak TIOB3DPOCJIEBIINI Ye/IOBeK JIFOOUT CBOIO TEpPBYH) CTPAacTb, BOCTIOMUHAHUS
O KOTOpOM He 3aTMUT HMKAKOW Moc/ieAyrolui onbIT». Eciu Okl Bce Hallv
OTMOHeHTHI ObIM TaKuMU, Kak Abpaxam!

B ocraBiiielicsi yacTU 3TOW IVIaBbl MbI TIOTILITA@MCSl OOBSICHUTh, TIOUEMY
3JIEKTPOHBI BeAyT cebsi CTO/Mb CTPAaHHBIM 00pa3oM, OMMCAHHLIM B TIPUHIIUIIE
[Maymu. Kak 00bIYyHO, TOCTapaemMcsi MO MaKCUMyMY WCII0/b30BaTh HaIlU
KBaHTOBble  Iudepbnarel. s 3TOro moaymaeM, UTO  TIPOM30MET
IpU «OTTaJIKUBaHUW» JJIEKTPOHOB Jpyr oT aApyra. Ha puc. 7.3 1mokasaH
KOHKDETHbIM ClieHapuii, Korja /iBa 3/eKTPOHA, moMeuyeHHble Ludpamu 1 u 2,
HaUMHAKT CBOe [IBVJKeHUE B OJHOM MeCTe U 3aKaHUYMBAKOT B KAKOM-TO [PYIOM.
KoHeuHble TOUKM Mbl OTMeTWIM OykBamMu A U B. 3allITpuxOBaHHblE KDPyTU
HallOMUHAKOT, YTO Mbl II0Ka He JyMajyd II0 TMOBOAY TOrO, 4UTO C/Iy4yaercs
TIpU B3aUMO/IeHICTBUU JBYX JIEKTPOHOB [IPYT C JpPyroMm (moApoOHOCTU 3TOTO
nporiecca /il HbIHEeLlIHUX LieJieil He UMetoT 0cob0ro 3HaueHusl).
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Puc. 7.3. Pa3net JByX 3/1eKTPOHOB

Hy>XHO mpejcTaBUTh, UTO 3/IEKTPOH 1 BBITIPBITMBAET U3 HMCXOAHOU TOYKHU
Y 3aKaHUYMBaeT [IBMKeHUe B ToUuke A. TOUHO Tak ke 3/IeKTPOH 2 «IIpU3eMJISeTCsI»
B TOUKe B. JT0 rnoka3aHo Ha BepxHel wuttocTpanuu. Ha camoMm fiesie aprymeHr,
KOTODBbI Mbl HaMmepeHbl TIPebSIBUTh, TIPeKpacHO paboTaeT, JAaxe eCau
WICHOPUPOBaTh BO3MOXXHOCTh B3aMMOJEUCTBUS 3JIEKTPOHOB. B 3TOM cCiiyyae
9/IeKTPOH 1 TmomazaeT B TOUKYy A He3aBUCUMO OT Ji0ObIX Omy>KJaHMi
5JIEKTPOHA 2, U BEPOSATHOCTb HAWTWU 3JIEKTPOH 1 B TOuke A M 3/€KTPOH 2
B TOUKe B OyzieT BCero JMIllb MPOU3Be/IeHHeM /IByX He3aBUCUMbIX BePOSITHOCTEH.

Hampumep, npejicTaBuM, UYTO BEepOSATHOCTh TIPUOBITHS 37IeKTPOHA 1 B TOUKY
A paBHa 45 %, a BepOATHOCTb 3/IeKTPOHAa 2 B TOUKy B — 20 %. BeposaTHOCTb
HaXO0K[eHUs 71eKTpoHa 1 B Touke A v 371eKTpoHa 2 B Touke B paBHa 0,45 % 0,2 =
0,09 = 9 %. 3mecb MbI T0/b3yeMCss OOBIUHOM JIOTHMKOMW, KOTOpask TOBOPUT,
YTO BEpPOSTHOCTh TOJ0POCUTh MOHETKY, UTOObI BbIMlas Opes, U emecme C mem
Opocuth KyOuMK, UTOOBI BhITIa/ia IleCTepKa, paBHbI ¥ X Y6, uto cocrasnser 1/12
(To ecThb uyTh Gonbie 8 %)23], Kak nokasano Ha unmocTpaLyy, y 31eKTPOHOB
eCTb M JIPYroM criocob oka3aTbCsl B TOUKax A v B. 3neKTpoH 1 MOKeT MoracThb
B TOYKy B, a 3nektpoH 2 — B TOuky A. [JomycTuM, BepOSITHOCTb HaWTH
5/1eKTPOH 1 B Touke B paBHa 5 %, a BEpOSITHOCTb HAUTU JIEKTPOH 2 B TOUKe A —
20 %. Torga BepOATHOCTb HAWTHU 3JIEKTPOH 1 B TOUKe B U 371eKTPOH 2 B TOUKe A
paBHa 0,05 x 0,2 =0,01 =1 %.

Takum o0pa3oM, y HaC ecTb /[Ba BapUaHTa HAaXOXKJeHUs IBYX 37IeKTPOHOB
B TOUKax A U B — ofiH C BepOATHOCTBIO 9 % U OJWH C BepoATHOCTBHIO 1 %%.
Takum 00pa3oM, BepOSTHOCTh TOTO, UTO OJUH 3/IeKTPOH OyzneT B Touke A,
a Jpyros B TOUuke B, ec/iu He WMeeT 3HAUeHUs, KaKOM Tie OKaXKeTcsl, JO/DKHA
coctasiiaTb 9 % + 1 % = 10 %. Bce nipocTo; HO HEBEpPHO.

Ommbka COCTOUT B TIPEJIIONOKEHUWA O TOM, UYTO BOOOIe MOXHO
yTBep)K/aTh, KAKOU 3JIEKTPOH MOMazaeT B TOUKY A, a Kakoi B TOUky B. Uto e
JIEKTPOHBI TOJIHOCTBIO WUZEHTUUYHBI? KaXeTcs, 4To 3TOT BOMPOC He uMeer
HUKAKOIO 3HaueHWs, OJHAKO 3TO0 He Tak. Kcraty, mpeamnonoxeHve,
YTO KBAHTOBBIE UACTHUIIbl MOTYT OBbITb MOHOCTHIO W/IEHTUYHBI, BIlepPBbie ObLIO
chopMy/nMpoBaHO B CBSI3M C 3aKOHOM H3/ydeHUs depHOro Tena [liaHka.
ManousBectHbli (usuk Jlagucnac Harancon eme B 1911 rogy 3ametus,
yTO 3aKOH [laHKa HecOBMeCTUM C TIPeJI0/IOKeHHeM, UTO (DOTOHBI MOXKHO
uneHTuduIIpoBaTh. IHBIMU C/l0BaMU, ec/id ObI MOXKHO ObLIO TTOMeTUTh (OTOH
Y OTC/IeJUTh ero TiepeJBrKeHus1, 3aKoH [11aHKa He TIoyumnscs Obl.

Ecnu 351eKTpoHsbl 1 U 2 COBepIIeHHO UeHTUYHBI, MOXKHO OIUCaTh IpoLiecc
WX pasjieTa ciaefyromuM 06pa3oM: U3HaYa/lIbHO eCTh [IBa 3/IeKTPOHa, a ellle uepe3s



HEKOTOpOe BpeMs IO-TIpeXKHeMY eCTb /iBa 3JIeKTPOHA, PACIlO/I0KeHHbBIX B Pa3HbIX
MecTax. Kak HaM yKe U3BeCTHO, KBAHTOBbIE YAaCTUL|bI He [BUTAOTCS 10 XOPOLLIO
omnpe/ie/leHHbIM TpPaeKTOPUSAM, TaK YTO Jake B TIPUHLIUIIE HEBO3MOXXHO
OTCNeUTh UX mepeMellleHre. Takum 00pa3oM, HeT CMbIC/Ia YTBEpPXKAATh,
YTO JIeKTPOH 1 1mosiBU/ICA B TOUKe A, a 371eKTpOH 2 — B TOUKe B. MbI pocTo
He MO)KeM 3TOTO CKa3aTh, a CTaji0 ObITh, HET CMbIC/A UX KAK-TO MapKUPOBATh.
BoT 4TO moHMMaeTcs TOJ «UAEHTAUYHOCTBIO» YaCTHL] B KBAHTOBOW TEOPUM.
U Kyza ke HacC 3aBeflyT MOA0OHbIe PaCCyKIEHUSs ?

[TocmotpuTe ellle pa3 Ha PUCYHOK. B HallleM KOHKDeTHOM Cjydyae JBe
BEPOSITHOCTH, KOTOpble MbI CBSi3bIBa/id C AByMs auarpammamu (9 % u 1 %),
BepHbl. OpHako 3T0O eme He Bce. Mbl 3HaeMm, UYTO KBaHTOBble YaCTHULIbI
onuchIBalOTCs 1udepbnatamMy, Tak 4YTO Mbl JIO/DKHBI CBs3aTh LUdepOsat
C 1eKTpOHOM 1, TIpUOBIBAKOIIMM B TOUYKy A, TIpu 3ToM pasmep Iudepbiara
Oyzer paBeH V45 %. Touno Tak e gpyroii wuudepOnar OyzeT CBsa3aH
C 2JIEKTPOHOM 2, TIpUOBIBAIOIMM B TOUKYy B, u ero pasmep OyzeT paBHSThCS
V20 %. Temepr MOXHO C(OPMYIMPOBaTL HOBOE KBAaHTOBOE IIPABUJIO:
OHO TJIACHUT, YTO MbI JIOJDKHBI CBs3aThb OT[e/bHbINA Iudepbnar ¢ 1enbim
TIPOL[eCCOM, TO ecTb OyzeT cyljecTBoBarh Iudepbnar ¢ pa3mepoMm, KBazpat
KoToporo OyJeT paBeH BepOSTHOCTM HaXOX/eHHus 3/MeKTpoHa 1 B Touke A
Y 5/IeKTPOHa 2 B TOUKe B. VIHbIMU C/I0BaMH, BepxXHeH WITIOCTPALUM Ha puc. 7.3
OyzeT cOOTBeTCTBOBaTh CBOM Ludepbrar. Mbl BuUAMM, uTO 3TOT LudepOiaT
J0/DKeH UMEThb pasMep, paBHbIH V9 %, TIOCKOILKY UMEHHO C 3TOM BePOSTHOCTBIO
npoucxoaut Tiporjecc. Ho kakoe Bpemsi oH OyzeT moka3biBaTh? OTBeT Ha 3TOT
Borpoc OyzeT maH B rnaBe 10, U OH CBsi3aH C ujeell yMHOXXeHUs LUdepO1aToB.
[y ueneit >ke 3TOM TI7IaBbl 3HATh BpeMsi HeoOsi3aTe/bHO; MOHAZO0OUTCS JIUIIIb
TOJIKO YTO C(OPMY/IMPOBAHHOE HOBOE Ba)KHOE TPaBU/I0, KOTOPOE CTOUT JAake
MOBTOPUTH, IIOTOMY 4YTO OHO CyIIIeCTBEHHO /[jIsi BCeM KBAHTOBOU TeOPHMU:
Mbl [IO/DKHBI CBsSI3aTh OOUHOYHbIL 1MdepbsaT co BCeMU BO3MOXKHBIMU
crocobamu, KOTOPBIMU MOXeT UITH 8ecb npoyecc. Ludepbnat, KOTOpPbIM MbI
CBSI3bIBaéM C HaxOXKJeHWeM OJUHOYHOM 4YacCTHLBbl B KOHKDETHOM MecTe, —
5TO MPOCTeuIasi WITFOCTPALUs Halllero npaBu/a, U 10 3TOr0 MeCTa B KHUAre Mbl
yKe TipoABUHY/nMCh. Ho 3To 0coOblii ciydail, ¥ pa3 YK Mbl Hauaau
paccMaTpuBath 6osiee 0JJHOM YaCTHIIbI, TO TIPABWIO HYXX/IAeTCSl B PACIIMPEHUU.
OTO 3HAUWT, YTO C BepXHeW WIIICTpalvell Ha PUCYHKe CBsi3aH Ludepbsat
pa3mepom 0,3. TouHO Tak >ke ecTb U BTOpoi Ludepbnar pazmepom 0,1 (moTomy
yto 0,12 — 3710 0,01, TO ectb 1 %), CBA3aHHBIM C HWKHEW W/UIKOCTpaLuen
Ha pucyHke. Takum obpa3om, y Hac ecThb fABa Iudepbrara, U HY>KHO HaWTH
crocob MCToMb30BaTh UX [Jist OTIpe/iesieHUst BePOSITHOCTH HaWTH OJIWH 37IeKTPOH
B Touke A u Jpyroii B Touke B. Eciu Obl 3T [1Ba 371eKTPOHA MOXKHO ObLIO



OTJIMYUTH JIDYT OT [IpyTa, OTBET ObLT ObI OUEBHAHBIM: MBI IPOCTO CIIOXKUIUA OBl
BEPOSITHOCTH (HO He 1udep0/aThl), CBSI3aHHbIE C KaXK/I0M BO3MOKHOCTBIO. Y Hac
nosyuuscs 6u1 otBeT — 10 %.

Ho ec/iii HeT HUKAkKOro criocoba Orpe/ie/iiTh, Kakod W3 H300pa’keHHbBIX
Ha /JUarpaMMax IIpOL[eCCOB  TIPOW30MIeNl B JeMCTBUTENILHOCTH — —
YTO CIpaBe//INBO, €C/IA 3TeKTPOHbI HEOTIMUUMEBI AIPYT OT JpyTra, — TO, CJIeAys
JIOTHKe, KOTOPYIO MbI pa3paboTasiy /sl CKAaUKOB OJJUHOYHOM YAaCTHUIIbl U3 TOUKU
B TOUKY, HY)KHO CKJ/a[[biBaTh WMeHHO IudepOmatbl. MBI CTOMM Ha mopore
00001IleHUsT TIpaBW/Ia, YTBEP)KIAIOIIETO, UTO il OJHOW YaCTHUIBl HY)KHO
CKMafpiBaTh [udepbnaTel, CBSI3aHHBIE CO BCEMU pa3/IMUHBIMU CIIOCOOaMu
JNOCTIDKEHUSI ITOM UacCTULleH OIpe/ie/IeHHOW TOYKH, UTOOBI OIpe/e/iTh
BEPOSITHOCTh HaXOXK/[€HHSI YaCTHUIIbl B 3TOM KOHKDETHOM TOuke. [IisT CHUCTEMBI,
COCTOsIIIIe W3 MHOXKeCTBAa W/IEHTHUHBIX UaCTUll, HY)XHO COUYeTaTb BCe
1depO/aThl, CB3aHHBIE CO BCEMH BO3MO)KHBIMU CIIOCOOAMU, KOTOPBIMH 3TH
YacTUIBl MOTYT TIOTMAacTb B CBOM KOHEUHbIE TIYHKTBI, UTOOBI OMpe/eUTh
BEPOSITHOCTh WX HAXOXKAEHUSI B 3TUX KOHEUHBIX MyHKTaX. OTO A0CTaTOYHO
Ba)KHOE TIOJIO’KeHHe, UTOOBI MepeunTaTh ero HeCKOIbKO pas: I0/DKHO OBbITh SICHO,
YTO 3TOT HOBBIM 3aKOH coueTaHus Lydep6saToB cay>kuT 06001IeHreM 3aKOHa,
KOTOPBI MBI HCITIO/Mb30Bad [jii OJUHOYHOM vacThilbl. OfHAaKO BbI MOITIA
3aMeTUTh, YTO MbI OUeHb TIATe/JbHO BBIOMpaeM TepMUHBI. MbI He CKa3ajw,
uTo 1[cepO/IaThl Hy>KHO 00513aTe/TbHO CK/1a0bl8AMmb: MbI TOBOPHM, UTO UX HY>KHO
couemamb. V1 ijisi TAKOW OTOBOPKU €CTh IPUUNHBI.

CaMbIM MPOCTHIM Ha BH/| ObLJIO ObI [IEMCTBUTEILHO CIOXKUTH LHhepO/IaTh.
Ho mpexkzie ueM 3aHSTBCS 3THM, HAJ0 CIIPOCUThL Ce0sl, KaKOBbI, COOCTBEHHO,
OCHOBAHUSI CUMTATh 3TO [IeHCTBHE TMPAaBUIBHBIM. DTO XODPOIIWH TIPUMEp TOTO,
yTo B (pM3WKe He BCe CTOMT CUMTaTh CaMO COOOM pa3yMeroluMCs: TPOBepKa
TIPe/ITIO/IOXKEHN YacTo BeZIeT K HOBBIM HesiM, KakK M B 3ToM ciiydae. CrenaeM
Imar Haszajl U TOJyMaeM O UeM-TO KaK MOXHO Oosiee oOIIeM — HarpuMmep,
NpeACTaBUM, 4UTO OAWH  IMdepOaT  IMepPeBOAUTCI WM CKAMAeTCs
(v pacimpsieTcs) o obinero ciokeHus Iudep6satoB. PaccMorpuM 3Ty
BO3MOKHOCTb OoJiee 1opo6HO.

Mkl roBOpUM: «Y MeHs ecTh [Ba LudepOsata, ¥ S XOUy COUYETaTh WX,
YTOOBI TIOSTYUHJICS OZIMH, U I MOT C ero TIOMOIIbIO Y3HaTh, KAKOBA BEPOSTHOCTh
HaXOK/JIEHWsI IByX S37eKTPOHOB B Toukax A u B. Kak MHe uX coyerarh?»
He Oygem 3aberath Briepes, C OTBETOM, IIOTOMY UTO XOTHM IIOHSTb,
JNEeUCTBUTE/ILHO /M CTOUT BOCTIO/NB30BaThbCsl  CIOKEHWEM  I[udepOsiaToB.
OkKka3bIBaeTcs, Mbl He OUYeHb-TO CBOOOJHBI B /IeHCTBUSIX, M, KaK HU CTPaHHO,
TIPOCTOE CJIoKeHe 1rdepb1aToB — 3TO OflHA U3 BCETO 08YX BO3MOXXHOCTEH.

YroObl ~ ympocTuTh  pasroBop, OyaeM  HaspiBath  IudepOsar,



COOTBETCTBYIOIIUH [IBW>KEHUIO YaCTUIlbl 1 B TOUKY A U JBWKEHUIO YaCTHULIbI 2
B TOuky B, 1udepbnatom 1. 3To 1udepOiaT, KOTOPbIM CBsA3aH C BepXHei
uocTpanyei Ha puc. 7.3. LudepbsaT 2 cOOTBETCTBYET APYTroil BO3MOXKHOCTH,
Korza yactuija 1 TpUXOAUT B TOUKY B. Ba)KHO TMOHATH: eC/id Mbl TepeBefeM
udepbnar 1 go ciaoxenus c uudepbratom 2, TO BblUMC/IsgeMas o00ias
BEPOSITHOCTb JIO/KHA OBITH TaKOM »Ke, KakK ecyid Obl Mbl TaKuM >ke 0Opa3om
riepeBesiu LudepOsiaT 2 nepes ero cjoxkeHveM ¢ rudepoiatom 1.

B 1oka3zaTe/bCTBO 3TOT0O MOXKHO YKa3aTb, UTO IepeMeHa HauMeHOBaHWU
A ¥ B B HallMX /JuUarpaMMax, OUeBUJHO, He MOXXeT HHUYero W3MeHHUTb.
OTO MPOCTO WHOW Crocob ornMcaHusi OfIHOTO M TOTrO »Ke Tiporjecca. Ho ecnu
roMeHsAITb A Ha B u Haob6OpOT, TO U AuarpaMmbl Ha pHUC. 7.3 TIOMEHSIHOTCS
MecTaMu. OTO 3HAuWT, 4YTO, €CJM Mbl peliuM TOAKPYTUTh Ludepbaar 1
(CoOoTBeTCTByIOIIMM  BepxHel AuarpaMme) Tiepes ero IipubapiieHHeM
K uudepbrary 2, 3TO [JelCTBUe [O/DKHO TIOJIHOCTbIO COOTBETCTBOBATh
cMeltleHuto tudepbsata 2 nepes ero npubaeneHueM K nudepbnaty 1 mocre
TOTO, KaK MbI TIOMEHSI/TU UX Ha3BaHUs. JTO JIoTHUeCKoe cooOpaXkeHUe KU3HEHHO
Ba)XKHO [I/I1 HAC, TaK YTO ero HeoOXOJWMO ZIOBECTU /10 CO3HaHUs. Tak Kak Mbl
TIPEJITIOJIOKUIA, YTO HET BO3MOXKHOCTH OIpe/e/uTb pasHULy MeXIy ABYMs
yacTUI[aMU, TO MOXHO TIOMEHSATb MeCTaMW UX Ha3BaHUS. OTO 3HAUWMT,
yro ToABefieHWe 1wMdepbrata 1 JO/DKHO [JlaBaThb TOT JKe pe3yJibTar,
yTo UM Takoe >Ke TofBefeHWe LMdepbnara 2, MOCKOABKY HeT HUKAKOU
BO3MOYKHOCTHU 3TU LM(epb1aThl pa3MuunTh.

[lpuBeneHHoe  Bbillle  HaO/MOZieHWe  Heb3sh  Ha3BaTb  CKPOMHBIM
WU He3HAuuTe/lbHbIM: OHO WMEeT OuUeHb Ba)KHble TOC/EeACTBUS, TMOCKOJBbKY
CyIIecTByeT JiMIlIb 08a BO3MOXHBIX criocoba TIO[BeleHHsT U yMEeHBIIIeHUs
1udepbnaToB, mpexae uveM C/IOKUTh HUX, B pe3yjbrare uero IOJyUnuTCs
KOHeuHbIli 1MdepbaaT co CBoWCTBaMH, He 3aBUCAIIUMMH OT TOTrO, KaKoi
13 UCXOAHBbIX 1Udep6iaToB noaseprcsi 06paboTke. ITO MoOKa3aHO Ha puc. 7.4.
BepxHsisi 110/I0BUHA PUCYHKA WJUTIOCTPUPYET, UTO eC/iv TIOAKPYTUTh Liudepoar 1
Ha 90° u nmpubaBuTh ero K 1udepbaTy 2, TOo ToNyUUBIIMCS 1rdeponar Oymer
He paBeH M0 pa3Mepy TOMY, KOTOPbIM MOIYUUTCS, €CAU MOAKPYTUTh Ha 90°
1udepbnar 2 v npubaBuTh ero K 1udepbnary 1. OT0 MOXKHO BU[ETh, TIOTOMY
YyTO, €C/AM CHauaja MOAKPYTUTh LudepbsaTr 1, To HOBas CTpe/ika, KOTopas
MoKa3aHa 3/leCb TYHKTHDOM, Oy/leT TiOKa3biBaTb B TMPOTHUBOIIOI0KHOM
10 OTHOIIEHHIO K CTpesike 1udepOnaTa 2 HarpaB/lieHHWH, TakKUM 00pa3om
YaCTUYHO OTMeHsisi 3TOT Ludepbnar. Ilpu cmeieHuu ke 1udepbiata 2 ero
CTpe/iKa MPOJAO/KAaeT YKa3blBaTb B TOM JK€ HarpaB/leHWW, UTO U CTpesKa
1udepbnara 1, Tak uTo OHU NMPUOAB/ISAIOTCSA, 00pa3ys 6osiee ATUHHYIO CTPEJIKY.
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Puc. 7.4. BepxHsisi 4aCTb PUCYHKaA MOKAa3bIBaeT, UTO CIOKeHue 1udepOiaToB
1 u 2 nmocsne cmetienus udepbnara 1 Ha 90° He SKBUBA/IEHTHO UX CJIOKEHUIO
nocsie cmellleHusi Ha Te ke 90° umdepbraara 2. HukHssT yacTh MOKa3biBaeT
WHTEepeCHYH0 BO3MOXHOCTb CMelljeHus1 ofjHoro 13 nudepbsatoB Ha 180° mepes
CJ1I0)KeHHeM

HNomkHo OBITE sicHO, uTo 90° — 3TO He KaKOM-TO 0COOBIN C/lyuaid, U Apyrue
YIJIbI TOXKEe AanyT udepbsaThl, KOTOPble 3aBUCAT OT TOTO, KOTOPbIM U3 JBYX
VICXOZIHBIX MbI MIPEJIIOYIN MMOAKPYTUTb.

OueBHHOE UCK/IIOUEHHE — 3TO TepeBoj, CTPeaKU yacoB Ha 0°, ToToMy uTo
cmellenue 1udepbnata 1 Ha 0° C  TOC/eAyIONUMM  €r0  CJIOXKEHWeM
c tudepbmatom 2 — 3T0, pa3ymMeeTcs, TO >Xe cCaMOe, UTO U CMelleHUe
1udepbsaTa 2 Ha 0° c TMoOC/IeAyHOIMMM ero cjokeHneM c Iudepbiatom 1.
OTO 3HAUUT, UTO CoXKeHUe 1UdepOaToB 6e3 BCAKOTO mepeBojja UX CTPeoK —
3TO BIIOJIHE >KU3HECTIOCOOHasi BO3MOXKHOCTb. TOYHO Tak ke TIOZOWJeT



U TmioABesieHve oboux 1udepbraToB Ha OfHY W Ty >Ke BeJUUMHY, HO 3TO
dakTHUeCKU Ta ke CUTyalusi, YTO U cyiyuail «0e3 CMeIleHUs»: HY>KHO TMPOCTO
Tiepeornpe/ie/iuTh TO, UYTO Mbl OyZeM Ha3biBaTh «12 yacamu». DTO PaBHOLIEHHO
YTBEP)KJEHUIO, UYTO Mbl BCerja MoOXeM cMellath Jioboid 1mudepbnar
Ha orpe/ie/IeHHYIO BeJIMUMHY, eC/Id 3Ta BeJIMUrMHa PaBHa /17151 BcexX 1udepOsaToB.
OT0 HUKOr/]a He OyZieT OKa3biBaThb BO3/|eHICTBUE Ha Te BEPOSTHOCTH, KOTOPbIE MbI
TIbITaeMCS MO CUUTATb.

HwokHsIst yacTh pucC. 7.4 TIOKa3bIBaeT, UTo, Kak Obl CTPaHHO 3TO HU 3By4Yalio,
ecTh ellle ofivH criocob couetanusi 1uepOb1aToB: Mbl MOXKEM TOBEPHYTh OJUH
r3 Hux Ha 180° c nocneayrommM ux cjioxkeHueM. He mmosydaeTcst OQUH U TOT Ke
1udepbnar B BYX CaydasiX, HO pa3Mep TIpU 3TOM OCTAeTCsl TeM >Ke CaMbIM,
c/leloBaTe/IbHO, 3TO MNPUBOJWT K TOM K€ CaMOU BEPOSTHOCTU HaXOK[eHHs
OJHOTO 3JIEKTPOHA B TOUKe A U JIpyroro B TOUke B.

[Togo6HBIe pacCyK[eHUs] MOXXHO TIPUBECTA U TIO TIOBOAY BO3MOYKHOCTU
OKaTusi WA pacilivpeHuss ofHOro u3 IudepbraToB mepes UX CIOKEHUEM,
TIOTOMY YTO €C/Iu Mbl CoXMeM Idep6satr 1 Ha orpezeeHHYI BeJMUYUHY,
npexkzie yem rpubaBuTh ero K I1udepbnaty 2, TO mosiydaThcsi OyfieT He TOT
pe3y/ibTaT, uTO TpU OKaTtuu Iudepbsata 2 Ha Ty >Ke BeJUUUHY Tiepe[
CJI0’KeHueM ero ¢ [udep6saTom 1, U UCK/TIOUEHUH Y 3TOTO TIpaBUjia Her.

WTak, MOXXHO CZie/siaTb WHTEePeCHbIM BBIBOJ. XOTS Mbl Hauajud C TOrO,
yTO ZlapoBasiv cebe TIOHYIO CBOOOAY /1eHCTBUI, 0Ka3ali0Ch, UTO, TIOCKOJIBKY HET
BO3MOYXHOCTUA OTJIMUUTb YaCTHUIIbl JIPYT OT Jpyra, ecTb JIMIIbL fBa Crocoba
couetanusi 1udepb1aToB: Mbl MOXKeM CJIOXKUTh UX b0 cpasy, nbo mocse
II0BOpOTa CTpesiKM ofHoro w3 Hux Ha 180°. UM camoe 3ameuyaresbHOe,
YTO MPUPO/a uieT 060UMHU My TIMHU.

B cnayuae ¢ a/eKTpoHaMu Tiepes CaoKeHWeM 1MdepbIaToOB  HY)KHO
TIPOM3BECTU JIMITHUK 000poT. B ciyuae ¢ ¢oroHamu wiu 603oHamMu Xwurrca
HY)KHO C/JIOXKUTh IMdepOsaTel, He Tmipuberas K TOBOPOTY. MTak, YacCTHUIIbI
TIPUPO/bI  JIeNIITCSI HAa /iBa TWUMA: Te, KOTOPbIM HY)KeH JIMIIHUN 000poT,
Ha3bIBalOTCS (pepMuoHamu, a Te, KOTOpble 00XoasTcs 6Ge3 Hero, UMEHYHOTCS
6o30Hamu.

Yrto ompenesnsieT, ¢hepMUOH KOHKpeTHasi uacTuila wiu 6030H? Ee crivH.
CnuH, KaK MOXHO J0rajarbCsi MO STUMOJIOTMM CjaoBa (OT aHmi. spin —
«Bpaljath»), — 3TO Mepa YIVIOBOTO MOMEHTa 4acTWllbl, U ()epPMHOHBI BCerja
MIMEIOT CITMH, paBHbI monyrenomy uncay, a y 6030HOB CrmH 1esblil.
Mbl roBOpUM, UTO y 3/IeKTPOHA CIUH paBeH %5, y ¢oTtoHa — 1, a y 6030Ha
Xwurrca — 0. He xoTuM BAaBaThbCsi B 1Mo[poOHOCTH T10 TIOBO/Iy CIIMHA, TIOTOMY YTO
OHU B OCHOBHOM UHMCTO TexHUueckre. OHaKO B pasroBOpe O IepuojuyecKon
CUCTeMe OKa3aJioChb BaKHO, UTO B pe3ysbTare 3/1eKTPOHBI Je/ATCS Ha JiBa TUIIa



B COOTBETCTBMU C [ABYMsI BO3MOKHBIMM 3HAu€HUSIMA MX YIJIOBOTO MOMEHTa
(crivH, HampaB/eHHBbIM BBepX, WM CIIWH, HaripaBleHHbIM BHU3). DTO MpUMeEp
o0I11iero rpaBuia, KOTOpOe TJIaCUT: YaCTHUILIbI CO CITUHOM S 0OBIYHO UMEHOT 25 + 1
TUIIOB, HAalIpUMep YaCTULIbl CO CITMHOM %2 (TO eCThb 3/7IeKTPOHbI) UMEIOT /iBa TUIMa,
CO CIUHOM 1 — TpH THMa, a cO cruHOM 0 — OZIUH THII.

B3auMOCBs3b MeX/y YIVIOBBIM MOMEHTOM YaCTHUI[bl U HAIlUM CIOCoO0M
COUYeTaHUsl YacoOB M3BeCTHa Kak Teopema [laynu, unm Teopema O CBSI3U CIMHA
co crarictiko. OHa BBIBOOUTCS B TOM Cjyyae, Korja (opMy/arpoBKa
KBAaHTOBOM TEOpPUU COIVIaCyeTCsl CO CIeLyaJbHOM Teopuell OTHOCUTEeTbHOCTU
OuiHTeiHa. TouHee roBOpsl, 3TO MPSIMOM pe3y/bTaT BbIMIOJIHEHUS MPUYMHHO-
C/1IeJCTBEHHBbIX 3aKOHOB. K co)kaseHWIo, BbiBeJjeHHWEe TeOpeMbl O CBSI3U CITMHA
CO CTATHMCTUKOU JIe)KUT 3a Tpefie/iaMyd YPOBHS TOM KHUTY — KaK, YeCTHO TOBOPH,
Y MHOTUX JIpyTuX. B «PeiiHMaHOBCKUX JIEKLUAX 10 (PHU3UKe» aBTOPY MPUILIOCH
CKasarb Caefyrolee:

«MpbI TIPOCUM TIPOLIeHUs 3a TO, UTO HECIOCOOHBI 3/IeMeHTapHO
00bsicHUTE BaM 3T0. Ho oObsicHeHue cyiiecTByeT, ero Haien [laynu,
OCHOBBIBasSICh Ha CJIOXKHBIX J[OBOAAX KBAaHTOBOM TeOpUU MOJS
U Teopud OTHOcuTenbHOCTU. OH TmMOKasana, uYTro 3TU  (aKThbl
10 HeoOXOJUMOCTU CBsI3aHbl APYT C APYTOM; HO MbI HE B COCTOSIHUU
HaliT crioco® BOCTIPOM3BECTH €r0 apryMeHThl Ha 3/eMeHTapHOM
ypOBHe. JTO, BUAUMO, OJHO M3 HEMHOTMX MecCT B (u3uKe, Korja
npaBu/io (OPMY/IMPYeTCs OueHb TMPOCTO, XOTS CTOJb >Ke TMPOCTOro
00ObsICHEeHUS1 eMy He Hal/leHO».

BcrioMHMB 0 TOM, urto Puuaps ®eiiHMaH BBIHYXKAeH ObUI HarMcaTb
nofilo0Hoe B yueOHUKe YHUBEPCHUTETCKOTO YPOBHSI, MbI MOXKEM TOJIBKO TIOAHSTH
pyK# u caatbcsa. Ho mpaBwio camo 1o cebe ZOBOJBHO TIPOCTOe, W BaM JIWIIb
TIPUZIETCS TIOBEPUTh HaM Ha CJI0BO B €ro /OKa3aTesbCTBe: i (hepMUOHOB
TIOBOPOT HeoOxoauM, a /st 6030HOB — HeT. Cyzsi IO BCeMY, MOBOPOT CJIYXKUT
NIpUYMHOM nipuHIwIa [laysuy, a cyiefoBaTeslbHO, M CTPYKTYPhI aTOMOB, W TeTlepb,
HaKOHell, MbI MOXKeM /IaTh OYeHb TIPOCTOE 00BsICHEHUE TI0C/Ie BCel TIpeAbIaAyIei
KPOTIOT/IUBOU paboThI.

[IpescTaBbTe, UTO TOUKU A U B Ha puc. 7.3 OBWKYTCS Bce Omke U OTike
apyr K papyry. Korja oOHM OKa3bIBalOTCSi coBceM Onm3ko, 1udep6Omar 1
u rmudepbnar 2 AO/DKHBI CTaTh TNPUMEPHO OFHOTO pa3Mepa U TI0Ka3bIBaThb
TIPUMEPHO OfiHaKoBoe BpeMs. Korza A 1 B 1epeKpbIBaroTCsl, TO U IudepOIaTh
JO/DKHBI  OBITh HM€HTUUYHBIMH. OTO OUEBUJHO, TIOCKONBKY Iudepomar 1
COOTBETCTBYeT YacTuile 1, 3aKaHUMBaroIIel JBIKeHHe B TOUKe A, a riudepbnar 2



B 5TOM KOHKDETHOM CJlyuyae IOKa3blBaeT TOUHO TaKOe ’Ke BpeMsi, MOCKOJIbKY
TOUKd A ¥ B miepekpbiBatoTcsi. TeM He MeHee 1ubepb1aToOB TMO-TIpe)KHEMY [IBa,
U Mbl TIO-TIDEXKHEMY [O/DKHbI UX CI0KWATb. HO TyT M BO3HUKAaeT TOHKOCT:
ansi GpepMUOHOB ofuiH U3 [Mbepb1aToB [0/DKeH ObITh Tiepes CIoKEeHHeM
noBepHyT Ha 180°. 3T0 3HauuT, uTO I[MdepOMaThl Bcerga OyayT MOKa3bIBATh
TOUHO MPOTHUBOMOJIOXKHOE BpeMs [/l C/lyyasi COBIaJleHusi Touek A u B (eciu
Ha ofHOM OyzeT 12 YacoB, TO Ha JpyroM 6 YacoB), TaK UTO TIPU CJIOKEHUU
Bcerga OyzeT mosiydaThesi LydepbaaT Hy/seBOro pasmepa. JTO 3aMeudaTesibHbIN
pe3y/ibTar, MOCKO/JbKY OH O3HauyaeT, YTO BepPOATHOCTb HAXOXJEeHUsl [BYX
9JIEKTPOHOB B OJJHOM W TOW >Ke TOUKe Bcerna OyJeT paBHa HY/IO: 3aKOHBI
KBAaHTOBOH (pM3MKM MOOY>KAal0T WX u3berath JApyr apyra. Uem O/mike OHU ApPYT
K [Jpyry, TeM MeHbllle TIo/iydaromuiics 1mdepbsatr H, COOTBETCTBEHHO,
BEPOSITHOCTb TakoW OaM30CTU. ITO OfUH U3 CriocoboB (GopMyIUpPOBKU
3HaMEeHUTOTro NpuHIuIIa [Taynmu: 3meKTpoHbI U30eraroT ApyT Apyra.

CHavasla MbI coOHpasMCh TIOKa3aTh, UTO HH OfHA Tlapa HAEHTHUYHBIX
3/IEKTPOHOB HE MOXXET HaXO[WUThCSA Ha OJHOM U TOM Ke SHepreTuyeCkoM ypOBHe
B aroMe BOAOpoja. Mpbl IOKa ellje OKOHUYaTe/JbHO 3TOT0 He [JO0Kasajy,
HO 3aMeuaHre O TOM, UTO 3/IeKTPOHBI U30eraroT /Ipyr Apyra, pa3yMeeTcsi, UMeeT
MOCJ/IeICTBUSA [IJis1 aTOMOB U TIOHUMAaHUS TOTO, TI0YeMY »Ke Mbl He [IPOBa/IMBaeMCs
CKBO3b 3eMJI0. Termepbp CTAaHOBUTCS MOHATHO He TOJIbKO TO, YTO 3JI€EKTPOHBI
B Haileli 00yBHM OTTa/JIKMBAlOTCSA OT 3/IEKTPOHOB 3eMHOM ITOBEPXHOCTU
M0 TpaBWIy OTTaJKWBaHWUS OJHOWMEHHBIX 3apsifloB, HO W TO, UTO OHU
OTTAJIKUBAIOTCS, TIOTOMY UTO eCTeCTBeHHbIM o0Opa3om u3beraroT Apyr aApyra
B COOTBeTCTBUH C TpUHLUIOM [laynu. Oka3biBaeTcCs, COI/IaCHO J0Ka3aTe/ibCTBY
HaiicoHa u JleHap/ia, UMEHHO 3TO u30eraHue U He TI03BOJISIET HaM MPOBATUTHCS
CKBO3b 3emr0. OHO JKe 3acTaB/sieT 3JIGKTPOHBI  3aHUMMAaThb  pasHble
SHepreTUYeCKre YPOBHM BHYTPU aTOMOB, OMpejie/isisi UX CTPOEHWe, U B UTOre
CAY>KUT TIPUUMHOM pa3HOOOpa3vsi XWMHUECKHUX 37eMEeHTOB, KOTOpOEe MbI
Habmoaem B mipupoje. OmpesiesieHHO, 3TOT (U3MYEeCKUil 3aKOH MMeeT O4YeHb
Ba)KHbIE [I/1s1 TOBCEHEBHOM JKU3HU MOCAeACTBUS. B roc/ieiHel riiaBe KHUTH Mbl
paccKkakeM Takxke, Kak npuHuun Ilayniu  wurpaetr  K/aOueByH) — POJib
B MIpeI0TBPALLIeHUU TPAaBUTALIMOHHOIO KOJIJIariCa HEKOTOPBIX 3Be3/.

B 3aBepiiieHre MbI [IO/DKHBI OObSICHUTh, KaK W3 TOTO, YTO HH OJ[HA Tapa
3/7IEKTPOHOB He MOJKeT HaXOAUTbCS B OAHOM M TOM >Xe MeCTe B OJHO U TO Xe
BpeMsi, C/e/lyeT, UTO HU y OJHOM Mapbl 3/1eKTPOHOB B arOMe He MOXeT ObITh
O/IMHAKOBBbIX KBAaHTOBBIX YMCe/, TO €CThb JiBa 3/IeKTPOHAa HE MOryT HUMETh
OJIMHAKOBYIO SHEPryIO Y CIUH. Bo3bMeM /1Ba 3/IeKTPOHA C OAVUHAKOBBIM CIIMHOM
Y IOKa)KeM, UYTO OHH He MOTYT IpeObIBaTh Ha OJJHOM W TOM K€ SHePreTHueCcKoM
ypoBHe. Ecmu Obl OHM HaXOAWIMCh Ha OJHOM SHEPreTUYeCKOM YPOBHE,



TO KaKIbIM T10 HEoOXOAMMOCTH OIMMCHIBA/ICS Obl COBEpPIIIEHHO O/[MHAKOBBIM
Habopom 1MpepbaaToOB, pacrpesiesieHHbIX B TIPOCTPAHCTBe (B COOTBETCTBUU
C TIpUMEHUMMOW 37[eCh CTosder BOMHOM). [l KaKJOW TMapbl TOUYeK
B TPOCTpPaHCTBe — 0003HauMM ux X u Y — ecThb ABa 1udepbata. [udepbnar 1
COOTBETCTBYeT «3/IeKTpPOHY 1 B TOuke X» M «37€KTPOHY 2 B TOUKe Y»,
a 1udepbmaT 2 COOTBETCTBYET «3/M€KTPOHY 1 B TOukKe Y» U «3/IEKTPOHY 2
B Touke X». VI3 mpeapiylux pacCy>KAeHWd Mbl 3HaeM, uTo 3TU IjrudepOsaThl
HY>KHO CJIO)KUTB TT0CJIe TIepeBo/ia OAHOTO U3 HUX Ha 6 4acoB, UTOObI BHIUMC/IUTD
BEpPOSITHOCTb HAaXOXK/IeHWsI OJTHOTO 37IeKTpOHa B TOouke X, a APyroro B Touke Y.
Ho ecsu iBa 31eKTpoHa 00/1a1at0T O/IMHAKOBOM Hepruei, To repe;| pelatoimm
JIOTIONTHUTE/IbHBIM TIOBOPOTOM IfHdep06saThl 1 ¥ 2 [O/DKHBI ObITh WAEHTUUHBI.
[Tocne moBopora >ke OHU OyAyT ITOKa3bIBaTh MPOTHBOIIONOXKHOE BpEMS U,
Kak U paHblile, TIPU CIA0KeHHWU o0pa3yroT 1udepbnar, He UMerIIUi pa3mepa.
OTO BepHO i Jit0OOT0 KOHKPETHOTO TIOoKeHHs1 ToueK X U Y, Tak uTo
BEpPOSITHOCTb HAWTU TMapy 3/IeKTPOHOB B OZJHOU U TOM >Ke KOH(PUTypalLuu CTosTuei
BOJIHBI, TO €CTh 00/1a/1at0IUX OIHOM W TOW >Ke SHeprueii, paBHa Hy/m0. VIMeHHO
3TMM B KOHEUHOM CYeTe U OIpeje/seTcss CTaOW/IbHOCTh aTOMOB B HallleM
OopraHu3me.



\8. B3anMo03aBHCHMOCTh

o s5Toro BpemMeHM Mbl Yyeasiii MPUCTaJbHOE BHHMMaHWe KBaHTOBOU
¢ur3UKe M30/IMPOBAaHHBIX YaCTUL] U aTOMOB. Mbl BBISICHW/IM, UTO 3/IEKTPOHBI
Haxo[sATCs BHYTPM aTOMOB B OMpe/e/IeHHbIX SHEPreTUYecKUX COCTOSTHUSIX,
U3BECTHBIX KaK CTalldOHapHble COCTOSIHUSI, XOTSl arOM MOXKeT ObITh
B CYTIePHO3ULIMA HECKONBKUX TMOJ00HBIX COCTOSSHUM. MbI Ompefeuid Takke,
YTO 37IEKTPOH MOXKET MEepPEeNTH U3 OJHOTO SHEPreTUYeCcKoro COCTOSIHUS B [Ipyroe
C COMYTCTBYIOILIMM UcCHyckaHueM (ortoHa. WcryckaHve (OTOHa, TaKuM
o0Opa3oM, CBU/IeTENbCTBYeT O Ha/JUUMM SHEPreTUUeCKUX COCTOSSHUW Yy aToMa;
MbI TIOBCIOZy BU/JMM XapaKTepHble I[BeTa aTOMHbIX mepexofoB. OAHAKO Halll
¢bur3UUeCcKulil OMBIT CBSI3aH C BOCIIPUSITUEM MHOXKECTBA CTPYMNIUPOBaHHBIX
Mexxay coboil aToMOB, M Y)Ke IO03TOMY IlOpa HayaTb pa30buparbCcs C TeM,
YTO MIPOMCXO/IUT, KOT/la aTOMbI FPYIIITAPYIOTCS.

Pa3mblllvieHHsT HaJ, COUYeTaHUSIMM aTOMOB TIOBEAYT HAC K XUMHUYECKUM
CBSI35IM, pa3HULIE MeX]y MNPOBOJHMKAMMU U W30/5iITOPaMHA M B KOHLE KOHIL[OB
K TIO/yTIPOBOAHUKAM. DT WHTEepecHble Marepuasnbl 00/1a/jal0T CBOWCTBaMH,
KOTOpble MOXHO MCIO/Ib30BaTh [jIsi CO3[@HUsl MeJIbuallluX YCTPOUCTB,
CNOCOOHBIX MPOU3BOAUTHL 0a30Bble jioTWUYeCKWe orepaiuu. Takue yCTPOMCTBa
Ha3bIBAlOTCSI MpAH3UCMopamu, W TpuU OO0beJUHEHUW MHOTHUX MWIJTMOHOB
TPaH3WCTOPOB MOXKHO CO3/[aTh MUMKpOUMIbl. Kak Mbl yBUAUM, Teopus
TPAH3UCTOPOB UMeeT KBAaHTOBYIO MPUPO.Y. TPY/IHO MOHSTh, KAK MOXKHO ObLIO OBI
1u300pecTd U WCIOb30BaTb  TPAH3UCTOpPhl 0e3  KBAaHTOBOW  TeopuH,
a COBpeMeHHbI!i MUp 0e3 HUX yKe Hesib3sl Tpe/[CTaBUTh. JTO 3aMeuaTe/bHBbIN
NpUMep HAay4yHOM [POHULIATEIbHOCTU: Mbl CTOJIbKO BpPEMEHH OIKChIBaIU
TIPOTUBOpeUallivie UHTYULIUY TT0/[POOHOCTH UCCIeJOBAHUM TTPUPO/IBI, TBUKUMBIX
YUCTBIM JIFOOOTIBITCTBOM, M BOT OKAa3bIBaeTCsl, UTO OHU TPUBEIU K PEBOJIIOL[UU
B MOBCeZIHEBHOM KU3HU. Yumbsam Llloknu, oguH u3 u3obperateseli TpaH3UCTOPA
u maBa [pymmbel ¢usuku TBepgoro Tesa B kKommaHuu Bell Telephone
Laboratories, nmpekpacHO moka3aja, ueM upeBaTbl MOMbBITKU KIaCCU(PULMPOBATh

N KOHTPOJIMPOBATHL HAYUYHLIE 3HaHHH@I

«51 xoren Obl BbIpa3uThb CBOIO TOYKY 3DeHUs] Ha OIpe[e/ieHusl,
KOTOPbIMH YaCTO MbITAIOTCA K/IaCCU(ULIMPOBaTh THUIIbI (PU3AUYECKUX
VCC/IeJOBaHUI: HampuMep, YKCTasi, TMpUK/aZHasi, HeorpaHWuYeHHasl,
dyHgameHTanbHasi, 0a3oBas, akKajemMuueckasi, IPOMbIIILIEHHas,
npakTuyeckass ¢u3uka U T. [. MHe KaKeTcs, YTO CJIMIIKOM 4YacTo



HEKOTOpbIe C/IOBa HCIIOJ/JIB3YKOTCA B HpEHEGpE)KI/ITEJIbHOM CMBbIC/Ie:
C O,[[HOﬁ CTOPOHBI, 3TO IMPUHWXAET ITPAKTHUYECKHE eI ITPOU3BOACTBA
TI0JIe3HBIX Belllei], a C Ipyro — OTPULIaeT BO3MOXKHOE JI0/IT0CPOYHOe
3HaueHue I/ICCJ'Ie,Z[OBaHI/Iﬁ B HOBBIX OTpPAC/IAX 3HAHHWA, I'A€ HEJIb3d
rpeAcKasaTb [IOSIBJIEHWe TI0JIe3HBIX pe3y/ibraToB. MeHs yacTo
CIIpalliKBaJIH, Halripumep, OTHOCHTCA HJI&HHPYEMLIFI MHOM
9KCTIepUMEHT K UMCTOW WM TIPUK/IAJHOM HayKe; s )Ke cuuTaro bosiee
BA’)KHBIM IIOHATb, MOXXET JIK OSKCIIepUMEHT IIpUHEeCTH HOBLIE,
JKeJlaTe/IbHO OCTarolecs Ha BeKa 3HaHUA O rpupoze. Ecay nonyunTsb
TdKHWE€ 3HdHHA YyOdeTCd, TO 3TO, Hd MOM B3IVIA4, W €CTb XOpOollas
dbyHIaMeHTa/bHasA HayKa; U 3TO ropasfo Gosiee BaXKHBIN TIOKa3aTeJlb,
UeM TO, DPYKOBOACTBYETCA JIM SKCIIEPUMEHTATOP )K&)K,[[Oﬁ UHNCTO
3CTeTH4YeCKOro YA0BJ/IETBODEHUA N IIbITA€TCA ITOBBICUTB
CTabUIBbHOCTD paGOTbI TPAH3UCTOPA  BBICOKOI'O HalIpsDKEeHUS.
[ns Beiciiero Ojlara uesioBeuecTBa TpeOyeTcss WM TOT M JIpyrou
moaxoabDn».

[TocKo/bKy Tak TOBOPWU/J He KTO-TO, a u3o0peraresib e[jBa Ji1 He CaMOTO
MOJIe3HOT0 TpeJMeTa CO BpeMeH TIOSIBJIeHUsl KoJjieca, 3aKOHOZaTesisiM
W yIhpaB/jeHI[aM BCero MHpa CTOWO Obl TIPUCAYIIATbCS K ITUM CJIOBaM.
KBaHTOBasi MexaHVKa M3MeHW/a MUD, a HOBble TeOpUM, BO3HUKAIOIIIMe B HalllU
[THUA Ha TepegHeM Kpar (PU3MKH, HaBepHSIKa CMOTYT ellle pa3 W3MeHUTb Hallly
JKU3Hb.

Kak Bcerma, Mbl HauHeM C Hadajsa: OT BceneHHOW C OJHOW 4YacCTHULlen
niepeliileM K paccMoTpeHuto BceneHHol, rae wactull Oyzet gBe. IlpencraBbre
cebe, Haripumep, MPOCTYI0 BcesieHHYI, COCTOSIIYI0 U3 ABYX U30/MPOBAHHBIX
aTOMOB BOZIOPO/Ia; /iBa 3/IeKTPOHA CBsi3aHbl C /IByMsl OT/a/ieHHbIMU MPOTOHAMH,
BOKPYT KOTOPBIX BpalljaloTcs 1o opbuTe. YUepe3 HECKO/LKO CTPAHUI] Mbl HAUHEM
CBOIUTh UX BMeECTe M TMOCMOTPUM, UTO MOJYUUTCS, HO TIOKA TPeZTI0/I0KUM,
YTO OHU PacIio/IO’KeHbI OUeHb Jlaieko ApyT OT JApyra.

[Tpunuun Ilaynu yTBepsk/jaeT, uUTO JiBa 37€KTPOHA He MOTYT HaXOAUTbCS
B O/IMHAKOBOM KBAaHTOBOM COCTOSIHUU, TIOTOMY 4YTO 3TO He OTJIMUYUMBIE [pYT
ot apyra depmuonbl. CHauasia MOXeT TIOSIBUTbCSI Cco0/a3H 3asiBUTh, UTO, €C/IU
aTOMbl Jla/IeK0 Jpyr OT Jpyra, TO /JBa 5/eKTPOHA [OJDKHBI TpeObIBaTh
B pa3/IMUHbIX KBAaHTOBBIX COCTOSTHUSIX, TaK UTO U TOBOPUTH TYT He 0 ueM. Ho Bce
3HauMTeNbHO WHTepecHee. IlpejcTaBbTe, UTO MBI TIOMelljaeM 3/eKTPOH 1
B aToM 1, a 3/1eKTpoH 2 — B aToM 2. Uepe3 HeKOTOpoe BpeMsi yTBepiKJeHHe
«3MeKTpoH 1 Bce eme B atomMe 1» He OygeT uMeTb cMbicia. OH MOXKeT
HaxoAUTbCSA M B aroMe 2, TOTOMYy UTO BCerjla eCTb BepOSITHOCTb TOTO,



YTO 3/IEKTPOH COBEPIIN/I KBAaHTOBBIM CKauOK. Kak MbI [TOMHHM, BCE, UTO MOXKET
TIPOU30UTH, [JeHCTBUTENHHO TPOMCXOJUT, W 3MEeKTPOHLI BIIOJIHE MOTYT
3a MrHoBeHue o0seteTh BCto BeenenHyro. Ha s3bike Menbuaiiiimx 1udepbaaros,
JaXe ecJid HadyaTb C TOro, KOTOPBI OMMChIBAeT OAWH W3 3JIEKTPOHOB,
PacCIoIoXKeHHbIM BO/IM3U TOTLKO OZJHOTO W3 MPOTOHOB, TIPUAETCS B CJIeAYHOIIHMA
MUT BBeCTH ye W Iudepbsar BOMM3M Apyroro TIpoToHa. M XoTd
ro/ipa3ymMeBaetcsi, uto Iudep6saTel BOMM3M BTOPOro IIPOTOHA OyAyT OYeHb
Masbl, UX pa3Mepbl BCe >Xe He paBHbI HY/IIO, TaK UTO CYIIeCTBYeT KOHeuHasl
BEpPOATHOCTb HaXOKAEHUs TaM 3/eKTpoHa. UToObl Oosiee UeTKO Tpe/iCTaB/IsATh
cebe mocnencTBUs TIpUHOMMA [laynu, HY)KHO TlepecTaTb MBICUTh O JBYX
M30/TMPOBAaHHBIX aTOMaX M TE€PeMTH K PACCMOTPEHHIO BCell CHCTEMBI B 11€/IOM:
y Hac ecTb /iBa TPOTOHA W /[IBa 3/7€KTPOHA, W Halla 3a/ladya — IOHATh WX
CcamMOoOpraHu3alyio. YMPOCTUM CHUTYyalui0: TIpeHeOpe)keM 3/1eKTPOMarHUTHBIM
B3aMMO/IeHICTBEM MEXy ABYMsI 371€KTPOHAMM, UTO OyZeT BIIOJIHE HErIOXHUM
npubI>KeHWeM, ec/id TIPOTOHBI yAa/leHbl APYr OT Jpyra, K TOMYy >Ke Ha Xofie
HaIlIMX PacCyKAEeHUM 3TO IMOUTHU HUKAK He CKaXKeTCsl.

Yro MBI 3HaeM O pa3pelleHHOW SHEepPruM 3JIeKTPOHOB B JABYX aToOMax?
Inst obiielt ugen MoXKHO 000UTHCH Oe3 BBIUMC/IEHUM — TeM, UTO MbI y>Ke 3HaeM.
Eciv mpoTOHBI HaxoASTCS OueHb Jajieko Apyr oOT jApyra (Harpumep,
B HECKOJIbKMX KW/IOMETpax), TO camas HM3Kas pa3pelleHHas >SHeprus
[Jisl 37IeKTPOHOB JI0/DKHA 00si3aTelbHO COOTBETCTBOBaTh CUTYallMH, KOTZA OHU
CBsi3aHbI C TPOTOHaMW W 00pa3ylOT JBa W30JMPOBaHHBIX aTOMa BOOPO/a.
B srom «iyuae BenuK coOsa3H cfenaTb BBIBOZ, UTO CamMoOe HU3KOe
SHEepreTUUYEeCKOe COCTOSIHWE /11 BCeM CHCTeMbI C [ByMsI TIPOTOHAMHM W JIByMSI
9JIeKTpOHAaMH OyZieT COOTBETCTBOBAaTh [JBYM aTOMaM BOZIOPOZia, KOTOpbIe
HaXO[ATCS B CBOMX CaMbIX HU3KMX SHEPreTUUeCKUX COCTOSHUSIX W TIOTHOCTBIO
WUTHOPHUPYIOT Apyr Apyra. Ho KakuM Obl BepHBIM 3TO HH Ka3ajoCh, Ha CaMOM
Jiefie 3T0 He MOXKeT ObITh BePHBIM. MBI /I0/KHBI MBICJIUTh O CCTEME B I[€JIOM,
a 9Ta CHCTeMa W3 YeThIpeX YaCTHI], KaK W W30JIMPOBAHHBIA aTOM BOJ[OpPO/a,
JIOJDKHA WMeTh COOCTBEHHBLIM YHUKAJIbHBIM CIEKTP pa3pelleHHbIX SHeprui
y/iekTpoHa. WM mpuHuun [laynu mMopckasbiBaeT, UTO 3/€KTPOHBI HE MOTYT
OJJHOBpPEMEHHO OBbITb Ha COBEpPIIIEHHO OJWHAKOBOM JHEpPreTMUeCKOM YPOBHE
BO/IM3M Ka)Xk/IOTO ITPOTOHA, HAxXOAsCh B OylakeHHOM HeBeJ|[eHWH II0 TIOBOAY
CyIecTBoBaHuUS ApyT Apyra3®.,

KaxkeTcsi, Mbl JIO/DKHBI 3aK/IIOUMTh, UTO Tlapa HEHTHUUYHBLIX 3/IEKTPOHOB
B /JIByX OTJa/JeHHbIX aToMaxX BOJOpO/la He MOXKeT 00/aZiaTb OJMHAKOBOM
JHeprued, HO Mbl TaKXKe CKa3ajid, UTO OXKHJAeM HaxoKIeHHe 37eKTPOHOB
Ha  CaMOM  HH3KOM  JHEpreTMUeCKOM  YpPOBHE,  COOTBETCTBYIOILEM
W/iea/Ii3UPOBAHHOMY, MOTHOCTBIO U30/IMPOBaHHOMY atoMy Bozopoza. Oba 3tux



yTBepXK/eHUsI He MOryT ObITh WCTUHHBIMH, W, HEMHOrO TOAyMaB, MOKHO
TIOHSATb, KaKUM [IO/DKeH OBbITb BBIXOZ, M3 TOJIOKEHUS: B Heali3UpPOBAHHOM
Y W30/IMPOBAaHHOM aTOMe BOJIOPO/ia [O/KHBI ObITh /iBa SHEPreTUUeCKUX YPOBHS,
a He O/IMH, KaK MbI Tpe/rio/iarajyd M3HauaabHO. TakuMm 00pa3oM Mbl CMOXKeM
yMeCTUTb Ha HeM [iBa 3/IeKTpOHA U He HapyluuTh npuHuuna [laynu. Pa3sHuiia
MeX/Ty STUMH JBYMSI SHEPTUSIMU [T0JDKHA ObITH OUeHb Masla, eC/IM aTOMbI CUJTEHO
yAaieHbl APYr OT [Jpyra, TaK 4YTO Mbl MOXeM TMpeACTaBUTb, YTO aTOMbI
He oOpalljatoT Apyr Ha Apyra BHMMaHusi. Ho Ha camom jfiesie OHU He 3a0bIBarOT
O CyILlleCTBOBaHUM JAPYT Apyra, U BCe U3-3a Be3jecyllero npuHiuna I[laynu: eciu
OAVUH U3 S/IeKTPOHOB HAaXOJWUTCSA B OJHOM SHEPreTUYeCKOM COCTOSIHUH,
TO BTOPOM 37IeKTPOH [O/DKeH TpeObiBaTh B JIPYrOM, OTJMYHOM OT T€PBOTO,
SHEPreTUUeCKOM COCTOSTHUM, W 3Ta TeCHasi CBSI3b MeXJy JABYMsl aToMaMu
COXPAaHSIeTCsl He3aBUCUMO OT TOT0, HACKOJILKO OHU yJajieHbl APYyT OT Jpyra.

Ta >ke JIOTMKA pacripoCTpaHsieTCsl He TOJbKO Ha CUCTEMY U3 [IByX aTOMOB:
eciu 10 BcenenHoil paccesitHel 24 atoma BOAOpOJAa, TO Ha Kaxzoe
JHepreTUyYeckoe COCTOSIHHE B MHUDe eIMHCTBEHHOrO aroMa OyzeT MpUXOAUThCS
24 >HepreTUYeCKUX COCTOSIHUS, TIPUHUMAIOIIUX CXOXKMe, HO He paBHble ApYT
Apyry 3HaueHus. Korga 3/eKTpOH B OJHOM M3 aTOMOB 3aHMMaeT HEeKOe
KOHKPEeTHOe COCTOSIHHE, OH MPU 3TOM «3HaeT» BCe COCTOSIHUSI OCTaBIIUXCS 23
9JIEKTPOHOB, Kak Obl Ja/eko Te HU HaxoAWIuCh. WTak, KaXK/AbIM 31eKTPOH
BO BceneHHOl o0cCBejoM/IeH O COCTOSTHUM Ka)K[Or0 JpPyroro 3jeKTpoHa.
U1 ocTaHaBMMBaThCS Ha 371eKTPOHAX Heobsi3aTelbHO: TIPOTOHBI U HEUTPOHBI TOXKeE
MOXXHO CyMTaTb ()epMHUOHAMM, TaK YTO KaXK/bl TPOTOH 3HaeT O [IPyrux
MPOTOHAX U KaXKAbIM 37€KTPOH 3HaeT O APYrux 3iekTpoHax. CBsS3b Mexny
yacTULIAMM, U3 KOTOPbIX COCTOMT Halla BceneHHasi, HaCTOIBKO TeCHa,
YTO pacrnpocTpaHsieTcsi Ha BCto BeenenHyro. CBsi3b 5Ta 3(heMepHa B TOM CMBbICTIE,
yTO /[JI1 CWIbHO OTAAJeHHbIX YaCTWL] pa3HUllA SHEPrud HaCTOMbKO Masa,
YTO He OKa3bIBaeT CKOJIb-HUOYIb CYI[eCTBEHHOTO BO3/eHCTBUSI Ha Hallly
MOBCEHEBHYIO >KU3Hb.

OTO OJHO W3 CaMbIX CTPaHHO 3ByYalllUX YTBEPXKJEHWUU, K KOTOPbIM MbI
TIPUILLLTM Ha CTPaHMLIAX KHUTU. KakeTcs, uyTo 3asiB/ieHUe 0 B3aUMOCBSI3U KaXKJ0ro
aromMa Bo BcenieHHOU € KaKAbIM ApYyrUM — 3TO Opeliib, uepe3 KOTOPYH) MOKeT
TIPOPBAThCs BCsIKasi XoaucTuueckast beccmbicuiia. Ho Ha camom fiene 37ech HeT
HUYero, ¢ yem Obl Mbl He BCTPEYaIUCh [0 3TOr0. BCIOMHUTE TMPSIMOYTOMBHYIO
MOTEeHLIMA/IbHYIO SIMY, paccMaTpyBaeMyto B r7iaBe 6. IllvpuHa siMbl omnpejensieT
pa3pellieHHbIN CIIeKTP SHePreTUYeCKUX YPOBHEM, U C U3MEeHeHWeM pa3Mepa SIMbI
V3MEHSIeTCSI U CIEeKTD SHepreTUYeCcKux ypoBHeW. To ke BepHO U B JJaHHOM
ciyyae: (popma sSIMbI, B KOTOPOM HaXOASTCS HAalll 3/IEKTPOHBI, a CJie[J0BaTe/IbHO,
SHepreTUUeCcKre YpOBHH, KOTOpPble WM pa3pelleH0 3aHuMaTbh, OIpee/sieTcs



TO/I0’KeHWEeM TPOTOHOB. EcC/M MpPOTOHOB [1Ba, TO SHEPreTUYEeCKUMr CIIEKTP
oripeiesisieTcsl MofokeHHueM o0oux. A ecii Mbl uMeeM jiesio ¢ 1080 TIpOTOHOB,
dbopmupyromux BceneHHyI0, TO TI0/I0KeHHe F000ro U3 HUX BAUsIeT Ha (opmy
sAMbl, B KoTopoii HaxozasTcsi 1080 snekTpoHoB. CylliecTByeT JIMIIb OAWH Habop
SHEPreTUYeCKUX YPOBHEW, M KOrJa UTO-TO MeHsieTCsl (Harpumep, 3JIEKTPOH
TepexofuT C OJHOTO SHEPreTUUYeCKOro YPOBHSI Ha JPyroiul), TO BCe OCTa/JbHOE
JIOJDKHO HeMe[JIeHHO TIepecTPOMThLCSA, TaK UTOObI HU OfHA Tapa (epMHOHOB
He OKa3a/laCh Ha OJIMHAKOBOM SHEpPreTHYeCKOM YPOBHE.

WNpes o TOM, UTO 3/IEKTPOHbI HEMEJJIEHHO «y3HaKT» BCe JPYr O Apyre,
Ha TIepBbIM B3IV TPOTMBOPEUMT TEOPUM OTHOCUTENBbHOCTHM OWHINTEMHA.
B03MO)KHO, MBI MOYKEM CO3/]aTh KaKON-TO CUTHAJIbHBIN arirapat, KOTOpbIiii Oyzer
WCMO0/Ib30BaTh 3T MOMEHTa/IbHble KOMMYHUKALUM /I [lepeMelleHust
vHbOpPMallMM Ha CKOPOCTH BbIllIE CKOPOCTM CBeTa. OJTa, Ka3aloch Obl,
rapajiokcajibHasi 4YepTra KBAaHTOBOM TeODWMH BIEPBbie [MOAy4MWsa OLIEHKY
B 1935 ropmy — OuHiuTeiitHoMm BMecTe ¢ bopucom Ilomonbckum u HaraHom
Po3eHOM: OWHILTEWH Ha3Bajl ee «3J/I0BeL[MMU [EeHNCTBUSIMU Ha PaCCTOSTHUN»
U B 1IeJIoM HeB3/mobus. IIpomnuio onpefeneHHoe BpeMs, Tpexae ueM (PU3UKU
0CO3Ha/iM, YTO, HECMOTPSI Ha BCHO 3/I0BelleCTb, /i TepeHoca UHbOpMaluu
ObIcTpee CKOPOCTU CBeTa 3TH JalbHOOOWHBIE COOTBETCTBUSI MCIIOIb30BaTh
HeJIb3sl, TAaK YTO 3aKOHY MMPUUYUHHO-CJ/Ie/ICTBEHHBIX CBSI3€M HAUTO HE yIPOXKaerT.

[TogobHOe He340pOBOE YMHOMKEHNE YHepreTUUeCKUX YPOBHEM MPOUCXOAUT
He M0 KakKMM-TO 330Te€pPUUeCKMM MpUUMHaM — 3TO ¢u3nueckoe 0O0CHOBaHHE
XMMHWYECKUX CBsi3er. Kpome TOro, 3To K/rO4eBas NMpPUUYMHA TOTO, MOYEMY OJHU
Marepuasibl TPOBOAAT 3/JEKTPUUECTBO, a [APYrMe HeT, a TakKXKe MO/CIOpbe
B 00BbsicCHeHMM paboThl TpaH3ucTOpa. HauHeM Hall TyTh K TPaH3UCTOPY
C BO3BpallleHUs] K TOMY «YIIPOLLEHHOMY» aTOMY, KOTODPbIM W3BEeCTEH HaM
Y3 [71aBbl 6, I7le 3/eKTPOH YAEP>KUBAJICAd B MOTEHLUATBHOM siMe. JTa MpOCTast
MOZie/lb He JlaBajia BO3MOKHOCTM BEDHO BbIUKMC/IUTh SHEPreTUUYECKHUU CIEKTP
[/l aToMa BOZIOpOJila, HO HayuuWja Hac MHOroMy B 0067acTv TIOBe/leHUs
OT/leJIbHOTO aToMa. XOPOLLIO TTOC/TY>KUT OHa U 37eCb. Bo3bmeM /IBe coeilUHEHHbIE
MPSIMOYTO/IbHbIE SIMBI U Cle/laéM K3 HUX MO/leJib JBYX CMEXHBIX aTOMOB
Bogoposa. CHauasa oOCyauM cCiy4yadl [ABWKEHWS OJWHOYHOTO 37eKTPOHA
B TMOTeHLWase, CO3[JaHHOM [BYyMsI TMPOTOHaMWU. BepxHsisi WUIIOCTpaLus
Ha puc. 8.1 moka3biBaeT nipoucxopsiiee. [ToTeHiran octaeTcsi pOBHbIM, a IOTOM
HBIpseT BHU3, 00pa3ys [iBe sMbl, UTO COOTBETCTBYET BO3ZIEMCTBHIO [IBYX
MPOTOHOB, YAEPXXUBAKOIIUX 3IEKTPOHbI. JlOCTAaTOUHBIM OTCTYIl B L€HTpe
MO3BOJISIET  y/lep)KUBaThb JJE€KTPOH M B JIEByO, WM B TIpaByl0 CTOPOHY.
Ha TexHHWUYeCKOM >KaproHe TOBOPST, UTO 3/IeKTPOH [ABWXKETCS B O08YX6AMHOM
nomexyuare.
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Puc. 8.1. Cepxy n300pa’keH [IByXbAMHBIM TMOTEHI[MAJ, @ CHU3y — YeThbIpe
VHTepeCHbIe BOJTHOBbIe (DYHKIIMH, OMMChIBaIOIMe 3/IeKTPOH B 9TOM IOTeHIHaIle.
TonbKo JBe HWKHUE (QYHKI[MA COOTBETCTBYIOT 3/IEKTPOHY C OIpejie/ieHHOM
SHeprueu

Haiiia epBasi 3a/1aua — C MOMOII[bIO 3TOM MO/|e/IU TIOHSATb, UTO MPOUCXO/IUT,
KOTZla Mbl CBOAMM JiBa aToOMa BOZAOPOJia: Mbl YBHAWM, 4YTO, KOIZla OHHU
B /IOCTaTOYHON Mepe cOmkawTcs, oOpa3yeTcsi monekyna. Ilocie 3Toro
TOpa3MBIIIUIsieM HaJl CUCTEMaMH, COCTOSIUMHU 0Oosiee ueM W3 ABYX aTOMOB,
YTO TI03BOJIUT OLIEHUTh, UTO MPOUCXOAUT BHYTPU TBepAoro Tena. Ecau siMbl
oueHb IyOOKW, MOXKHO BOCIIO/Ib30BAThbCA pe3y/bTaTaMd W3 TI/aBbl 6
Y OIpe/ie/iuTh, UYeMy JO/DKHbl COOTBETCTBOBaTh HauWMeHbIIIME 3/1eKTPOHHbIe
cocTosiHUSl. [/ OJMHOUHOIO 3/IeKTPOHA B OJMHOYHOW IIPSIMOYTOJIbHOM siMe
caMoe HM3KOe 3/IeKTPOHHOE COCTOSIHWE OIMCBhIBAeTCSl BOJIHOM-CUHYCOUOH,
J/IMHa KOTOPOW B ZiBa pasa MpeBbllllaeT pa3mep siuka. CreayrolleMy 3a HUM
COCTOSIHHIO COOTBETCTBYET CUHYCOHW/ia, paBHasi 0 JI/TMHE pa3Mepy SIIUKa, U T. [I.
Ecnu moMecTUTh 37€KTPOH B OJHY YacCThb JBOMHOM SIMbl UM €C/ld 3Ta siMa
JIOCTAaTOUHO T[/yDOOKa, pa3pellieHHble SHEPrud AO/DKHbI  ObITh  OMM3KU
10 3HAUeHWI0 K 3HaueHUsIM Jjisi 3/IeKTPOHA, Y/ep>KMBaeMOro B OJWHOUHOM
rnybokoli siMe, Tak uTO BO/JHOBasg (GyHKIUA OygeT odueHb HAllOMHHATh
CUHYCOU/Y.

OpHako Hallle BHMMaHHe ceiuac OyzleT MPUKOBAaHO K HE3HAUUTE/bHBIM
pas/ivuusiM MeXKJy Wjlea/ibHO M30/MPOBaHHBIM aTOMOM BOJIOpPOJia U aTOMOM
BO/IOPO/ZA B y/la/IeHHOU JIpyT OT Apyra mnape.

MO)KHO C yBepeHHOCTbIO OXKU/IaTh, UTO /IB€ BepxXHHEe BOJHOBbIE (YHKIIUU,
n300pakeHHble Ha puUC. 8.1, COOTBETCTBYIOT (YHKLUMSIM [Jisi OJUHOUYHOTO
3/IeKTPOHA, PaCIo/IOKeHHOTO B JIEBOM WM MpaBoM siMe (TTOMHUTE, UTO CJIOBa
«aToM» U «sgIMa» B [JaHHOM Cjyuyae B3aMMoO3aMeHsieMbl). BojHbI — TmouTH
CUHYCOW/Ibl, UX [ITMHA PaBHSETCS ABOWHOU IMPUHE siMbl. [10CKONBKY BOTHOBBIE
GyHKIMM  WIeHTUYHbl 10 (QopMe, MOXKHO CKa3aTb, UYTO OHU [JOJDKHBI
COOTBETCTBOBaTh UaCTHI]aM OJ[MHAKOBOW 3Heprud. Ho 3TO He MOXKeT OBITh
BEpHbBIM, ITOTOMY UTO, KaK MbI YK€ TOBOPW/IHM, /I0/KHA OBITb OUeHb HebosIbliiast
BEpPOSITHOCTb, UTO 37€KTPOH MOXXeT TepeCcKOYuTh U3 OAHOU SIMbl B [IPYTYIO
HE3aBHCHUMO OT TOTO, HAaCKOJILKO IVTyOOKM 3TH SIMbl M KaK OHHU yZa/leHbl ApPYyT
oT apyra. Mbl HaMeKHYIM Ha 3Ty BO3MOKHOCTh, H300pa3syvB HEKOTOpOe
«TpOCauMBaHKe» BOH-CUHYCOU/] Uuepe3 CTeHKHU sSIMbl, UTO OTpakaeT Kak pa3 Ty
He3HAUMTE/NbHYI0  BEpPOSTHOCTb  HAxOKAeHWs  HeHy/IeBbIX I[HdepO1aToB
B COCeJIHEeN sime.

To, uTO y 2/1IeKTpOHA BCerjJa eCTh KOHeuHasi BO3MOXXHOCTb TepeCKOUUTH



Y3 OfHOW SIMbl B JAPYryl0, O3HayaeT, UTO [Be BepXHUE BOJHOBbIe (PYHKLIUU
Ha puc. 8.1 He MOryT COOTBETCTBOBATh 3JIEKTPOHY C OIMpeJie/IeHHOM SHepruenu,
IIOTOMY UTO M3 IJIaBbl 6 HaM M3BECTHO, YTO TAKOW 3JIEKTPOH OIMUCHIBAETCS
cTosiueld BOJTHOM, (popMa KOTOpDOUM He MEHsIeTCs CO BpeMeHeM, WM Habopom
1iudepbnaToB, pa3Mepbl KOTOPbIX He MEHSIIOTCS CO BpeMeHeM. Eciiv ¢ TeueHuem
BpeMeHU B W3HauajbHO ITyCTOW siMe oOpa3yroTcst HoBble 1udepOsiaTel, hopma
BOJIHOBOM (DYyHKI[MH, pa3yMeeTcs, Takxke u3MeHsieTcs. MTak, COCTOsiHUe
orpeJie/IeHHOM SHepPrud COOTBETCTBYeT [JBOMHOM siMe? OTBET TakOB: COCTOSIHUS
JO/DKHBI  OBbITH OOJsiee  1eMOKPAaTUUHBIMH, BbIpaKasi pPaBHYH) BO3MOXKHOCTb
oOHapy>keHusi 3/eKTpoHa B /000N U3 sM. OTO eOUHCTBEHHBIM Crocob
o0Opa3oBaTh CTOSTUYIO BOJIHY Y He JaTh BOJTHOBOM (hYHKILIMU MeTaThCs Ty/a-Cro/a,
OT OZIHOU SIMBI K JIDYTOM.

[lBe HIWKHUE BOMHOBbIe (QyHKUMK C puc. 8.1 Kak pa3 0061ajaroT 3TUM
CBOMCTBOM. VIMEHHO Tak ¥ BBIVISIAAT CaMble HHU3KME SHepreTuyeckue
COCTOSHUSI. JTO e[UHCTBEHHbIe TIpe/CTaBMMble CTalMOHAapHbIe COCTOSIHUSA,
KOTOpble BBIIVISIAST KaK OOHOSIMHble 80/MHOBble (PyHKYuu [Isl  KaXK[ou
VIHJVBU/ya/lbHOM $SIMBI U TIPA 3TOM OIMCBHIBAIOT 3JIeKTPOH, C OJWHAKOBOM
BEPOSITHOCTbI) HaXofsuics B JioO0M U3 sM. DTO W eCTh Te [Ba
SHEpPreTUYeCKUX  COCTOSIHUSL, KOTOpble, KaK Mbl  BBIICHWIHA, MOLYT
TIPUCYTCTBOBaTh, €CJAU TOMECTUTh [[Ba 3/eKTPOHAa Ha OpPOUTY BOKDYT ABYX
y[a/leHHbIX TPOTOHOB W TMOJYYWTh [JBa IOYTU WUJEHTUUHBIX aroMa BOAOPOJa
B COOTBeTCTBUM C NpuHUMIIOM [laynu. Ecim oguH 3/1eKTPOH OMUChIBAeTCS OAHOU
Y3 IByX 3TUX BOJHOBBIX (DYHKLWW, TO APYrOM 3/IeKTPOH JO/DKEH OMUCHIBAThHCS
BTOpOIi — Tak TpebyeT npunrun Hayml2Z,

Ec/u siMbI I0CTaTOUHO T/yOOKW WM aTOMbl JIOCTaTOYHO yZa/ieHbl, TO /iBe
9Hepruu OyJyT MOUTH PaBHBI, TIPU 3TOM OHU CTAHYT MOUTH PaBHbI CaMOW HU3KOM
SHEPrUd YaCTULlbl, YyJep)KMBaeMOW B OJWHOYHOU M30/IMPOBAHHOU siMe.
He HYy»XHO 0eCrOKOUTHCS MO TIOBOAY TOTO, YTO OJHA W3 BOJIHOBBLIX (DYHKIIMIA
CJIOBHO OBl BCTasa C HOT Ha TrojioBy: He 3a0biBaiiTe, UTO TpHU OIpeje/eHu!
BEPOSITHOCTA HAWTH YaCTUIly B KakKOM-JIMOO MecTe 3HaueHUEe HMEeT TOJIbKO
pa3mep 1udepbnara. 'HbIMU CI0BaMU, Mbl MOYKeM 00paTUTh BCe HapHCOBAHHBIE
B 3TOM KHWIre BOJHOBbIe (DYHKLMM M MPUA 3TOM HUCKOIBKO HE U3MEHUTb MX
¢du3nueckoro cogepkaHusi. «YacTMUHO BCTaBllasi Ha TOJIOBY» BOJIHOBasi
byHKIMsi (Ha pUCYHKe OHa TIOAMNMCaHAa KaK «aHTUCUMMETPUYHOe
SHEepreTUUeCcKoe COCTOSIHMEe») TI09TOMY TIPOZAO/DKAeT OIMUChIBaTh PaBHYIO
CYTepIiO3ULMI0 3/IeKTPOHA, Yy[epXKUBaeMOro B JIeBOU siMe, U 3/IeKTPOHa,
yIep>XuBaeMoro B mpaBou sme. Ho BaKHO 3aMeTUTb, UTO CUMMeETPUYHAas
W aHTUCMMMETpDUYHasi BOJIHOBble (YHKI[MM He TIOJIHOCTbI0 COBMAJA0T
(v He momkHBL, a To Ilaymu Obl pacctpowsicsi). UToObl ybGemuThcsi B 3TOM,



JIOCTaTOUYHO MOCMOTpPeTh Ha TMOBeJileHUe 3TUX ABYX BOJHOBBLIX (DYHKI[MN CamoOu
HU3KOU SHEPruu B 00/1aCTU MeXy sIMaMH.

OpHa Bo/HOBasi PyHKLMSI CAMMETPUYHA 110 OTHOLIEHUIO K LIEHTPY [IBYX SIM,
a Jpyrasg aHTUCMMMeTpUuHa (TaK OHM M TIOMeYeHbl Ha pPHUCYHKe).
ITox cuMmeTpueit Mbl UMeeM B BUZLY TO, UTO JieBasi BOJ/IHA 3epKa/JlbHO OTpakaeT
npaByto. [loj aHTUCMMMeTpueli — TO, UTO JieBasi BOJiHA OyJeT 3epKajbHbIM
OTpa)KeHHWeM IIpaBOM TOJBKO IIOC/A€ TOr0, KaK I[OBEPHETCS BBEPX HOraMHU.
TepMUHOMOTUS He TaK Ba)kHa. BakHO ToO, UTO B 00/71aCTH MeXy AByMs siMaMU
5T BOJIHBI pa3nnuaroTcs. VIMEHHO 3Ta He3HauuTe/IbHas pa3HULlA U MOKAa3bIBaer,
YTO OHM OINMUCHIBAKOT COCTOSHUSI C OYEHb Majo0 pas/MyarllUMUCS SHEPTrUsiMH,
HO BCe e pa3nnuariumucs. [103ToMy 1oBOpOT OJHOM U3 BOJH BBEPX HOraMu
JeNCTBUTETbHO MMeeT 3HaueHue, HO OueHb HeDOJIbIIIoe, eC/u SIMbI 0CTaTOUHO
r1yO0KM UM JOCTaTOUHO B3aUMOY/Za/eHbl.

Ecmu cuvrtarh, UTO 4YaCTULl UMEIOT OIpPe/e/IeHHYIO SHEePryi0, MOXKHO
3aryTarbCs, MOTOMY UTO, KaK Mbl TOJIBKO UTO BBISICHW/IA, OHU OITHMCHIBAIOTCS
BOJIHOBBIMU  (DYHKIUSIMU, UMEIOIIMMU OJIMHAKOBBIA pa3Mep B 00eux sMax.
OTO ToJpa3yMeBaeT PaBHYIO BepOSTHOCTb OOHapy)KeHUsi /1eKTpoHa B 0benx
sMax, Jaxke eciv 3TU sIMbI paszesisieT Bcs BceneHHast.

Kak 1300pa3uTh TIpoucxogsiiiee B TOM C/iyuae, KOTZia MbI TOMelljaeM OfIH
5JIEKTPOH B OJHY $IMY, & BTOPOW 3/IEKTPOH B Jpyryr0? Mbl yKe TOBOpW/IH,
YTO OXKU/IaeM HarloJIHeHUs1 U3HauabHO MyCTol siMbl Ludepbiatamu, uto Oyzer
oToOpa)kaTh BEPOSITHOCTh TOTO, UTO YaCTUI[A MOXKET TePecKOUUTb C OJJHOU
CTOPOHBI Ha Jpyryr. Mbl fake HaMeKHy/JM Ha OTBeT, CKa3aB, UYTO BOJIHOBAas
byHKIUS «pa3Ma3biBaeTCs» Tyfa-ctofa. UToObl yBU/IeTh, KaK 3TO TMPOUCXOUT
B  /IMCTBUTE/IbHOCTH, 3aMeTHUM, UTO MOXHO BbIpa3UTh COCTOSIHUE,
JIOKa/IM30BaHHOe Ha OJHOM U3 IIPOTOHOB, uepe3 CyMMY [JBYX BOJIHOBBIX
(GYHKIMI C caMOU HU3KOM SHeprueil. Mbl ToKa3asay 3TO Ha puC. 8.2, HO UTO 3TO
3HauuT? EC/IM 3/1€KTPOH HaXOAUTCS B OMpeie/ieHHOe BpeMsi B KOHKPETHOM siMe,
3TO Mpejrio/iaraeT, YTo y Hero OTCYyTCTBYeT OIlpefie/ieHHasi SHeprusi. A UMeHHO:
V3MepeHue ero SHepruu JacT 3HaueHWe, paBHOe OJHOMY U3 IBYX BO3MOXKHBIX
3HAYeHWM, COOTBETCTBYIOLIUX [BYM COCTOSHUSIM OIpeJe/IeHHOM >SHepruu,
KOTOpble 00pa3yroT BOJHOBYIO QyHKLMIO. TakuM 06pa3oM, 371eKTPOH HaXO[UTCS
B /IBYX 3HepPreTUYeCcKUX COCTOSHUSIX. Mbl HajjleeMcsl, 4TO Ha 3TOW CTaJjuy KHUTH
nofioOHasi ujiesi BaM y>ke He B HOBUHKY. HOo BOT UTO MHTEPeCHO: MOCKOJbKY 3TH
[Ba cocTosiHUSI 00/1ajaloT He COBCEM OJMHAKOBOW SHepruei, CTPeNKu UX
L1Qep61aTOB BpalLjatOTCsi C HEMHOT'O Pa3HOM CKOPOCTHIO.
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Puc. 8.2. BBepxy: 51€KTpOH, J/IOKa/W30BaHHbIM B JIEBOU SIME€, MOXXHO
Npe/CTaBUTh KaK CyMMY [ByX COCTOSIHUM C CaMOM HHW3KOW SHepruen. Buusy:
TOYHO Tak >Xe 3/IeKTPOH, JIOKa/IM30BaHHbIM B TIPaBOM sIMe, MOXKHO TIPe/ICTaBUTh
KaK Pa3HOCTb [IByX COCTOSIHUW C CAMOU HU3KOM SHeprueu

B pesynbrare uyacTuvlla, W3Hauya/JbHO Ha3BaHHAsl JIOKA/JM30BaHHOW BOKDYT
OJJHOTO TPOTOHA BOJIHOBOHM (YyHKI[MeH, cO BpeMeHeM Oy[eT OIMUChIBaThCS
BO/THOBOUM (DYHKIIMel, pa3MellleHHOW BOKpYT [pyroro mpoToHa. He BaBasich
B JleTa/ii, I0CTaTOUHO CKa3aTh, YTO 3TOT ()eHOMEeH aHaJIoTUUeH TOMY, KakK /Be
3BYKOBBI€ BOJTHbI TIPUMEPHO O/HOM UaCTOThl CK/IaJIbIBAIOTCS, AaBasi B pe3y/bTare
BOJIHY, KOTOpasi CHavasia OyzieT rpoMKOM (KOria ZiBeé BOJIHBI HaxoAsATcs B (a3ze),
a 3areM, uepe3 HEKOTOpOe BpeMsi, THUXOW (KOrja [Be BOJIHbI OKaXKYTCS
B mpoTuBodasze). DTo siBjeHUe Ha3biBaeTcsi OueHusmu. Korzma uactoTa BOJIH
CTAaHOBUTCSI Bce OKe, BPeMEHHOW HWHTEpPBa/l MeXAY TPOMKHM W THUXUM
TepUoZiaMH YBeTMUMBAETCS, TI0Ka, HaKOHeI], BOJIHBI He 00peTaroT COBEpPIIIEHHO
OAIMHAKOBYIO 4YacToTy, o0Opa3ysi uWCThIi TOH. Bce 3To 3HakoMo JitoGoMy
MY3bIKaHTY, KOTOPbIH, BO3MO)XHO, HEOCO3HAHHO MOKWHAEeT TIJIOAbI 3TOW Cdepbl
BO/THOBOW (DM3UKH, TIO/Nb3ysICh KaMepTOHOM. To >ke camMoe TIPOUCXOJUT
¥ CO BTOPbIM 37€KTPOHOM, pacIioJiokeHHbIM BO BTOpoui siMe. OH ToXKe
CO BpeMeHeM TIepexOoJUT W3 OJHOM SIMbI B JPYI'yl, U ero TroBejeHue
C 3epKa/ibHOM TOUHOCTBIO OTpakaeT IOBe/leHHWe TepBOro 3/eKTPOHA. XOTs
B Hayajie 3KCIlepyMeHTa OJWH 3/IeKTPOH HaxXOAUTCS B OJHOW siMe, a JPYroul —
BO BTOpPOM, uepe3 [IOBOJIbHO [I0JiITO€ BpeMsi 3/eKTPOHbI TTOMEHSIFOTCS
MeCTOMOJIOKEHUEM.

Tenepb uCMo/b3yeM TO, YTO yCBOWIM paHee. OueHb MHTepecHasi (u3uKa
TIPOMCXO/IUT, KOTZIa Mbl HauMHaeM MpUO/IKaTh aTOMbI APYT K ApPyry. B Haiei
Mo/ie/id PUO/IV>KeHNe aTOMOB COOTBETCTBYeT CY>KeHUI0 Oapbepa, OT/esIsoIero
nBe siMbl. Korzia 6apbep ucToHYaeTcsi, BOJTHOBbBIe (DYHKI[MM HauMHAIOT C/TMBAThCS,
Y BepOSITHOCTb TOTO, UTO 3J€KTPOH OKaXeTCsi MeXKAy [ByMsl TIPOTOHaMU,
yBenuuuBaeTcs. Puc. 8.3 WIIOCTpUpYeT, KakK BBLIIVISIAST UeTbIpe BOJIHOBbIE
GYHKI[MM C camMod HU3KOW 3Hepruei, Korzga Oapbep CTAHOBUTCS TOHBIIIE.



VHTepecHO, uTO BO/JHOBas (PYHKIMSI C caMOM HM3KOW SHepruedl HauuHaeT
HallOMUHaThb BOJIHY-CMHYCOMJly C CaMOM HHU3KOM 3HEprued, KOTOPYH MbI
no/iydusid Obl, eci ObI UMEU /IeJI0 C OJIMHOYHBIM 3/IEKTPOHOM U OAMHOYHOM
MMpoOKoW siMoM. To ecTh [Ba TIMKA C/IMBAlOTCS, 00pa3ysd equHBIM ITHK
(c HeGonpM yrybneHuem). B To ke BpeMsl BOJIHOBasi (YHKIMS /sl UYTh
Oosiee BBICOKOW SHEPrUM TOXKe BeCcbMa I[I0XOXKa Ha BOJHY-CUHYCOU.Y,
COOTBETCTBYIOIIYIO UyTh Oojiee BBICOKOW SHEPryud [jid OJWHOUHON IIMPOKOM
sMBbl. DTOTO U CJIeZIOBaJI0 OKU/ATh, IIOTOMY UTO UeM y>ke Oapbep MeXxay siMaMH,
Tem ciabee ero 3dekT, U co BpeMeHeM, Korja OGapbepa BOBCe He OCTaHETCS,
3QpeKT ero cTaHeT paBeH HY/II0, TAK UTO Halll 37IeKTPOH OyzieT BeCcTu cebsi TOUHO
TaK ke, KaK B OZJMHOYHOU sIMe.
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Puc. 8.3. HamomuHaer puc. 8.1, TONMbKO siMbl HaxoAsTcsi Omke [Apyr
K apyry. «IIporeuka» B IpOCTPaHCTBO MeXZAy sIMaMH Bo3pacTaeT. B ominuue
oT puc. 8.1, MbI MoOKa3biBaeM TaKKe BOJHOBble (YHKI[MH, COOTBETCTBYOL[ME
rape SHepreTUYeCKWX YpOBHeld ¢ uyThb Oosiee HU3KOW  3Heprue,
yeM MUHMMaJlbHas

YBuUzIEB, UTO TIPOMCXOAUT B KpalHUX Cylydasix (KOTZa siMbl HAXOJSATCS OYeHb
Janeko U OueHb OJM3KO Jpyr OT J[pyra), Mbl MO)XeM 3aKOHUWTb KapTUHY
pacCMOTPEHMEM  BapbMPOBAaHUSI  pa3pelleHHbIX  SHEePrUid  5/eKTPOHA
TP yMEHbBIIEHUU PacCTOSIHUAS MeXAY siMaMd. Mbl 3apuCcOBad Pe3y/bTaThl
[JIs1 4eTbIpeX CaMbIX HU3KUX SHEPreTUYeCKUX YpPOBHeM Ha puc. 8.4. Kaxpas
13 UeThbIpeX JMHUN COOTBETCTBYET OJJHOMY W3 UeThIpeX HU)KHUX SHepreTrueCcKux
YPOBHEW, W DpSIOM C HUMU Mbl HauyepTWU/IM COOTBETCTBYIOIME BOJHOBbBIE
¢byskiuu. [lpaBblii  Kpali pUCYHKa T[OKa3biBaeT BOJIHOBble  (DyHKLUU
npu OOJIBIIIOM PpaCCTOSTHUM MeXay sMamu (cMm. Takke puc. 8.1). Kak Mbl
U OXWUJaNy, pasHULlA MeXAYy SHepreTUUeCKMMU YPOBHSIMU 3/I€KTPOHOB
B KaXZOM KOJOALle TOouTd He omyTuMa. OJHako Korja sIMbl CXOZJSTCS,
SHepreTUUeCKrWe YPOBHM HAUMHAIOT OTAAIATHCS [JPYyr OT Jpyra (CpaBHUTe
BOJIHOBbIe (DYHKIIMM CjeBa C H300pakeHHbIMM Ha puc. 8.3). WHTepecHo,
YTO SHEepreTUYeCcKWid ypOBeHb, COOTBETCTBYHOIIMM  aHTUCUMMETPUUYHOU
BOJIHOBOM  (DYHKLIMM, pacTeT, a COOTBEeTCTBYIOL[UN CUMMETPUUHON —
yMeHbILIaeTCsl.
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PaccTtoaHne mexay atomamm

Puc. 8.4. BapuaHT pa3pelleHHbIX SHEepPruil 37eKTPOHa TpU H3MeHeHUU
PaCCTOSTHUSL MeXAY SIMaMU

910 uMeeT ™IyOOKHe TOCAEeNCTBUSL /s peasbHON CHUCTeMbl U3 [IByX
TIPOTOHOB U JIByX 3/JIeKTPOHOB — TO €CTb JBYX aToMOB Bojopopa. ITomHure,
YTO B pPeasibHOCTH [IBa /IeEKTPOHA MOT'YT HaXOAUTHCSI HA OIHOM SHepreTuyeckoM
YPOBHe, eC/IM UMEIOT TPOTUBOMOJIKHbIE CIWHBI. DTO 3HAUUT, UTO OHU 00a
MOTYT TIOMECTUTBCSI Ha CaMOM HHU3KOM (CMMMETPUYHOM) 3HepreTuyeckoM
YPOBHE, a CaMoOe I7laBHOEe — UTO 3TOT yPOBEHb TepsieT SHePryi0, KOrJa aTOMbI
cxopsatcs. CrenoBarenbHO, s OBYX YyAaJeHHBIX aToMOB cOmkeHue Oyzert
SHepreTMuecKd 6raronpuaTHo. VIMEeHHO Tak ¥ TpoucxoguT B mpupoge 8l
CMMMeTpPUYHas BOJHOBasi (GYHKI[MSI OMMUChIBAeT CUCTEMY, B KOTOPOM 3/IeKTPOHbI
pacripesiesieHbl MeXXJy ABYMsi IPOTOHaMu Oojiee POBHO, YeM MOYKHO ObLO OBbI
OXKUJATb OT «OTJajleHHOW» BOJHOBOM (YHKLMM, W, TIOCKOJBKY 3Ta
«pacrpefiensitoiiasi»  KoHpurypaiusi obsaziaeT HU3KOM SHEprueil, aToMbI
MIPUTSTUBAIOTC APYr K JApyry. OTO TIPUTSDKeHWEe B KAaKOM-TO MOMEHT
TpeKpalaeTcs, TMOCKOJAbKYy o00a TIpOTOHA  3apsbKeHbl  TIOJIOXKUTEbHO
U KAaK TakoBble He MOTyT He OTTaJKuBaTbCsli (M W3-3a paBHBIX 3apsiioB



5JIEKTPOHOB B TOM YHCJIE), HO 3TO OTTaJIKMBaHWE TMPEBOCXOJUT MeXXaTOMHOE
TPUTSDKEHWEe JIMIIb Ha paccTossHusix MeHblie 0,1 HM (OpU KOMHaTHOM
TeMneparype).

B pe3synbrare rnapa aToMOB BOOPO/ia B COCTOSIHHU ITOKOSI OKaXKeTCsI BMeCTe.
Y 5TOW naphl CBA3aHHBIX aTOMOB BOZAOPOJa €CTh CBOE Ha3BaHWe: 3TO MOJIeKyJa
BOZIOpOJa.

[TpukperieHre [JBYX aTOMOB JApPyr K [Jpyry TIOCpeACTBOM OOMeHa
3/IEKTPOHAMU HOCUT Ha3BaHUe KOBA/IEHMHOU CBSI3U.

BepHeMmcsi K BepxHel BOJHOBOM (yHKIMM Ha puc. 8.3: MpHUMepHO Tak
BBIIVIAIUT KOBAaJ/IeHTHasi CBSi3b B MOJIeKy/je Bogopoga. [loMHUTe, 4TO BBICOTA
BOJTHBI COOTBETCTBYET BEPOSITHOCTH HAaXOXEHUs 3eKTPOHA B KOHKDETHOM
Touxel3Y, Has ka0 sIMOH, TO eCTh BOKPYT Kask[OrO IPOTOHA, HAOMIOAeTCs
MUK, U 3TO COOOIllaeT HaM, UTO KaXK/blii 3/IeEKTPOH BCe ellje Oojiee BepOSITHO
HaliTW BOMM3M OJHOTO WM JAPyroro nporoHa. Ho mpu 3TOM cCyijecTByeT
M 3HauWTe/IbHAs BEPOATHOCTb TOTO, UTO 3/IeKTPOHBI OyAyT pacrojararbCs
Y MEXy POTOHaMHU.

XUMUKU TOBOPST, UYTO MPU KOBAJIEHTHOM CBSI3U aTOMbl «JeJIAT JpYyT
C IpyroM» 37IeKTPOHbBI, U 3TO MBI 3/leCh U Hal/ofiaeM — Jjake B Hallleli Mofiesiu
c ABymsi simamMu. [ToMrMMO MOJ/ieKyJibl BOAOPOAA, TEHJEHLIUI0 aTOMOB [1€/TUThCS
3JIEKTPOHAaMM MbI BU/JI€/IA, TOBOPSI O XUMHUUYECKHUX PeaKIUsIX.

OTOT BBIBOJ, HAC TOJHOCTBIO  yJOBAETBOpPsSeT. Mbl  BbISICHW/IH,
YTO [JI1 aTOMOB BOJOPO/a, PAaCIlONIOKEeHHBIX OUeHb Jajneko APyr OT [pyra,
TOHKHE pa3vuvsg MeXAy [ByMs CaMbIMA HU3KUMU SHepreTruueCcKuMu
COCTOSTHUSIMA WMMEIOT JIMIIb aKaJieMUueCKUU UHTepeC, XOTS OHWM M HaBe/d Hac
Ha MBICJIb O TOM, YTO KaXk/Ablli 3/IeKTpOH BO BceneHHoW 3HaeT 000 Bcex
OCTa/IbHbIX ee 371eKTpoHaxX. VM 3Ta MbIC/b TPOCTO 3aBopaxkuBaeT. C Jpyrou
CTOPOHBI, /IBa COCTOSSHUSI HAUMHAIOT BCE Jjajiblile PAaCXOAUThCS, KOTAa MPOTOHbI
CXOASTCsA, U Oojiee HU3KOe COCTOSIHHE HAauMHAaeT CO BpeMEHEM OIMMCHIBATh YKe
MOJIeKy/ly Bozgopoga. Terepp B €0 BK/IIOUAeTCsl He MPOCTO akaJeMuueCKun
VWHTEpeC, MOTOMY 4YTO KOBaJIeHTHasl CBA3b — MPUYMHA TOTO, UYTO BbI HE TMPOCTO
MHO>KeCTBO aTOMOB, pa3Ma3aHHbIX B Oec(hOpMEHHYIO Kyuy.

[Tpomo/mKUM 3Ty UHTE/UIEKTYalbHYI0 JIMHUIO U TIOAYMAaeM, UYTO MPOUCXO/IUT,
Korjja BMecTe cobupaetcsi Oonee OByx aromMoB. Tpu Oosibliie [BYX, Tak 4YTO
HauHeM C PacCMOTPeHMsl TPeXbsIMHOI'O MOTeHLMasa, MOKa3aHHOro Ha puc. 8.5.
Kak 00bIuHO, HY)KHO MpeCTaBUThb, UTO KaXK7joe yrayOseHre — 3TO aToM. 37eCh
JIOJDKHO OBITb TPU CaMbIX HU3KUX SHEPreTUUeCKUX COCTOSIHUS, HO TPU B3IJIsizie
Ha DUCYHOK JIETKO PEIluTb, YTO Ha KaK[0€ COCTOSTHHE OJWHOUYHOIO KOJIOALa
TIPUXOJUTCS MO 4YeThbIpe. Te yeTbIpe COCTOSIHUS, KOTOPDble Mbl UMEEM B BUZY,
TTOKa3aHbl Ha PUCYHKe U COOTHOCSITCS C BOJTHOBBIMM (DYHKI[USIMU, KOTOPbIE JTHOO



CUMMETPUYHBI, MO0 aHTUCHUMMETPHUHBI I10 OTHOIIEHWIO K I[€HTPY [JBYyX
ToTeHIManbHBIX 6aphepoB2Y. DtoT moacyer He MOXKeT GBITH BEPHBIM, TOTOMY
YTO HHAde TOYyUYHUI0Ch Obl, UTO B 3THUX UETHIPEX COCTOSHUSX MOITIM Obl
HaxXOAUThCSl UeThIpe O/MHAKOBBIX (hepMHOHA, Hapylllasi TeM CaMbIM ITPUHIIHUII
[Maynmu. Yrobbl mpuHnmn Ilaynu cobmromasncsi, SHEPreTHYeCcKUX COCTOSTHUM
JIOJDKHO OBITH TOJIBKO TPU — U UX, Pa3yMeeTCsl, UMEHHO CTOJIBKO.
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Puc. 8.5. TporiHasi sMa, MOZIeTUPYIOIasi psiJi U3 TPeX aTOMOB, ¥ BO3MOXKHbIE
BO/THOBBIe (DYHKIIMM C CaMOM HHU3KOW 3Heprueil. BHU3y ToKa3aHO, Kak W3 TpeXx
OCTaJ/IbHbIX BOJIH MOXKHO T1OJIyYUTh HAKHIOHO

YrobObl ybeauThCsi B 3TOM, HY>KHO OTMETUTb, UTO Mbl BCerjla MOXKeM
3arnMcarh OJHY U3 UeTbIpeX BOJHOBBIX (DYHKI[MI Ha 3TOM PUCYHKE KaK COueTaHUe
Tpex Jpyrux. B HKHel yacTu pUCyHKa TOKa3aHO, Kak 3TO paboTaeT B JJaHHOM
ciydae; Mbl TIPOJEMOHCTPUPOBA/IY, KakK IIOYUYUTh I[IOC/IEeJHIOK BOJIHOBYIO
(GYHKIMIO MyTeM CJIOKEeHHUSI U BBIYUTAHUS TPEX OCTaJ/IbHBIX.

OrnpefiesiiB TpU CaMbIX HU3KMX 3HEpPreTUUeCKUX COCTOSAHUSA [JI YaCTUL[bI,
HaxosdIencss B TPeXbIMHOM IIOTeHLajse, MOXeM 3aJaTbCsl BOMPOCOM,
Kak B JaHHOM ciydyae OyzneT BbIVisiieTb puc. 8.4, W He YAUBJISATHCS,
YTO BBLIIVISAJIETh €r0 aHalor OyleT OueHb MOXOXKe — TOJIbKO Tapa pa3pelleHHbIX
SHepreTUYeCKHUX COCTOSHUM MPEBPATUTCS B TPHO.

Ho xBatut 0 Tpex aroMax — Mbl Cpa3y ’Xe IIepeHOCMM BHUMaHUe
Ha IIeMoUKy M3 MHOXeCTBa aTOMOB. JTO 0COOEHHO WHTEpeCcHO, MOTOMY 4TO
VIMEHHO 3/1eCh COJep»Karcs K/roueBble HWied, KOTOpble MO3BOJIST MHOIOe ITOHATh
O T[POUCXOAALleM BHYTPU TBepAbix Tena. Eom cywectsyer N am
(mpu MojenupoBaHUM Lernd U3 N aroMoB), TO [Ji1 KaK[JOU paspeLleHHON
9HepPruu B O/[uHOYHOM siMe Oyznet N sHepruii. Eciu N 6yaeT paBHITbHCS UeMy-TO
BpoZie 1023, UTO THUIUYHO i KOJIMYECTBA aTOMOB B HeOOJIBIIIOM KyCKe
TBEPAOr0 Marepuana, TO TMPOUCXOAUT OrPOMHOE KOJMYEeCTBO C/AUSHUM.
B pe3ysnbrare puc. 8.4 6yeT B 3TOM C/iydae BBIIVISiZIETb IPUMEPHO Kak puc. 8.6.
BeptukasibHasi MyHKTUPHAs JIMHUSA I[10Ka3bIBaeT, UTO Yy aTOMOB, OT/e/IeHHbIX
COOTBETCTBYIOL[MM  PAcCTOSIHWeM,  3/eKTPOHbl ~ MOTYT  UMeThb  JIMIIb
ompezie/ieHHble paspellleHHble 3Heprud. OTO HUKaK He MOKeT BbI3BaTh
yAuB/IeHus (a eC/Id BCe elle yAUBIISeT, yullle HayaTb YATATh 3Ty KHUTY 3aHOBO),
HO WHTEepecHO, 4YTO paspelleHHble 3Hepruu WUAYT «rojocamu». Hanpumep,
paspellieHbl 3Hepruu ot A 10 B, HO 3aTreM He paspelleHO HUYero BIUIOTH 10 C,
rocsie uero paspeiieHbl 3Hepruu ot C o D u 1. A. To, 4TO B 1]eTib 00beAUHEHO
MHOIO aTrOMOB, 3HAa4WT, YTO B KaX[JOM MO0JI0Ce CYLIeCTBYeT OYeHb MHOIO
paspeliieHHbIX dHepruil. CoOCTBEHHO, WX TaK MHOTO, UTO MOXKHO
TIPeJTIONOXUTh: B TUITMYHOM TBEDJOM Tejie pa3pellleHHble SHepruu 00pa3yroT
KOHTMHYYM B Ka)X[OU Mojoce. OTa uepTa Halleld MOJe/Nd COXpaHsSeTcs
U B peajibHOM TBepZIOM TeJie: 3/IeKTPOHbI IeCTBUTEIbHO 00/1a/1at0T SHEPrUsiMHy,
CTPYIIIUPOBAaHHBIMUA B TIOZIOOHBIE TIONOCHL, U 3TO OOYC/IOBAMBAeT Ba)KHbIE
0COOEHHOCTH TBepAbIX Tejl. B YaCTHOCTH, 3TU TONOCHI OOBSCHSIOT, TOUEMY
HEKOTOpble Marepuasbl (MeTa/ibl) TIPOBOJAT 3JIEKTPUYECTBO, a Jpyrue
(M30/IATOPBI) HEe TIPOBOJSIT.
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' PacctoaHune mexay aTomamu
Puc. 8.6. DHepretrueckue IoIOCbl B TBepPZOM Tejle U UX BapbUpOBaHHE
Ha pacCTOSIHUU MeXXJy arToMaMu

[Touemy Tak? HauHemM ¢ aHanmM3a 1ienMd aToMoB (Kak  OOBIUHO,
MOZIe/TMPYEMOM Kak Iielb MOTEeHI[MA/IbHBIX M), HO TMPE/IOI0KUM Ha Ceu pas,
YTO B KaK/[OM aTOMe HECKOJIbKO 3/1eKTPOHOB. Pa3ymeercsi, 3TO HOpMasbHOe
sIBJIeHUe — TOJIbKO y BOZOPO/ia BCEro OUH JIeKTPOH CBSI3aH C OZHUM IPOTOHOM,
TaK UTO MbI TIepPexXouM OT OOCYXX/eHusi 1IeTI0YKKM aTOMOB BoJopoJa K Ooiiee
VHTEPEeCHOMY CJTyUYar) LIeTIOUYKKW aTOMOB MoTspKesiee. Hy)KHO BCIIOMHUTBH TakxKe
0 TOM, YTO CyIIECTBYeT /iBa TUIMA 3JIEKTPOHOB — CO CITMHOM BBEpPX U CO CIIMHOM
BHM3, a NpuHOUI [laynu [1acUT, 4YTO MbI MOKEM TIOMECTUTb Ha KaXK[bIi
pa3pellieHHbIN dHepreTUUeCKUil ypoBeHb He Oosee [BYX 3/1eKTpoHOB. OTcroza
crefyeT, UTO /i LieNW aTOMOB, KaXKAbIM W3 KOTOPBIX COAEPXKUT BCEr0 OAWH
5/IEKTPOH (TO €eCThb 3TO aTOMbl BOJAOPOJA), SHepretThyeckas rnosoca n = 1
3arojiHeHa HaroJIoBMHY. JTO TOKa3aHO Ha puc. 8.7, rae Mbl u300paswiv
SHepreTUYeCcKre YPOBHM ISl LIeNA U3 MSITH aTOMOB. JTO 3HAUMT, YTO KaXKzast
10/I0Ca COAEPXKUT TATh OTYET/IMBO BbIJENsIeMbIX pa3pelleHHbIX SHepPrumu.
OTU TMATh SHEPreTUYeCKUX COCTOSHUKA MOTYT MPUHATb MakCUMyM [1eCSITh



9JIEKTPOHOB, ~ HO  HaM  CTOUT  OeCrOKOMThCS ~ JMIIb O  TISATH,
TaK Kak B KOH(UWrypalyyd C caMOM HU3KOM 3Hepruer Lieflb aTOMOB COJEP’KUT
IITH 3JIEKTPOHOB, 3aHUMAIOIUX HWKHIOKO TI0JIOBUHY SHEepreTU4eCKOM I0JI0CHI N
= 1. Ecm 661 y Hac B tenu 6buio 100 atomoB, To mosnoca n = 1 morna Obl
cogep>katb 200 37€KTPOHOB, HO B Cayuae C BOJopojaoM OyzeT Tosbko 100
3JIEKTPOHOB, TakK 4TO Mojoca n = 1 B KOH(pUTypaluu C caMOU HU3KOW 3Hepruen
BHOBb 3arl0/IHATCS HAaroj0BUHY. Prc. 8.7 mokasbiBaeT Takke, YTO MPOUCXOLUT
B TOM CJlyyae, KOrJja Ha arOM MPUXOJWTCS [Ba 3/7eKTPOHa (renuvi) Wid TpHU
(utuii). B ciyyae c renveM KoHGUWrypauus C CaMOM HU3KOM SHeprueu
COOTBeTCTBYeT 3arl0/IHeHHOM Tosioce n = 1, a B c/iyuyae C JIMTHeM — 3all0JIHeHHOU
nojsoce n = 1 W HaroONOBUHY 3arojHeHHOW Tmosioce n = 2. JIo/KHO ObITh
TIOHATHO, YTO TakKasi CXeMa I[IOJIHOTO M TIOJIOBUHHOTO 3arojiHeHust Oyger
TIPO/IOJKATbCsA, TaK UTO aTOMbl C UETHBIM UKCOM 3/IeKTPOHOB Bcerja OyayT
VIMeTb 3arl0/IHeHHbIe [10/I0ChI, & aTOMbI C HEYETHBIM — HarlOJIOBUHY 3allO/IHEHHBIE
nosiockl. CTerneHb 3aro/iHeHUsl TOJ0Chl, KaK Mbl OUe€Hb CKOPO BbIICHUM,
YU CJIY)KUT TIPUYMHOU TOro, MOYeMy HEKOTOpble Marepuasibl OKa3bIBaHOTCS
TIPOBOJHUKAMHU, a ApyTUe — U30/IITOPaMH.
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B aTOMe B aTOMe B aToMe
Puc. 8.7. PacnosiokeHue 5>/IGKTPOHOB B CaMbIX HU3KUX JOCTYIIHBIX

SHEepreTUUeCKUX COCTOSSHUSIX B L[eTIOYKe M3 TSITU aTOMOB, Te KaXK/bli aToM
copepxut 1, 2 unu 3 snekrpoHa. YepHble TOUKHM 0003HaUatOT 371EKTPOHbI

Ceityac mpe/iCTaBKMM, UTO MbI TO/[CO€JMHSIEM KOHIIbl aTOMHOM I[eTIOUKH
K KieMMaM Oarapeu. Ilo ombITy W3BECTHO, UTO, eC/Id peub HjaeT o0 aromax



MeTaJslia, 3/IeKTPUUeCKUd TOK Oy/ieT poBOAUThLCS. HO UTO 3TO 3HAUMT U Kak 3TO
0OBSICHSIETCSL TEM, UTO MbI YK€ 3HaeM?

TouHoe [elicTBMe OarapeM Ha aTrOMbl BHYTPU TIPOBO/Ia, K CUacThiO,
TIOHUMaTh He Ha/lo. Bce, UTo HY)KHO 3HaTh, — 3TO UTO MOACOeIMHeHUe K OaTapee
JlaeT UCTOYHUK SHEpPruM, CrIOCOOHBINA TMOJTONKHYTH 37eKTPOH, TpUYeM BCerja
B OJJHOM U TOM >Xe HampapjeHud. [Touemy OaTapesi BefeT ceOsi UMEHHO Tak?
Xopoumii  Borpoc. [leno B TOM, UTO OHa CO34aeT BHYTPU IIPOBOAA
3/IeKTpUYECKOe T10jie, KOTOpPOe M TMOATAaJKWBaeT 3/eKTPOHbL. JTO He camMoe
yIOBIeTBOPUTEIbHOEe O00BsICHEHWe, HO B Tipefileflax KHUTU OHO Hac BIIOJHe
ycTpout. B KoHIle KOHIIOB, Mbl MOT/IM Obl 0OpaTUTLCS K 3aKOHaM KBaHTOBOM
9/IEKTPOAAMHAMUKA U TIOTBITaThCsi  OOBSICHUTH ~ 3TO  sIBJIeHHWe  uepe3
B3aUMO/IeMCTBHE 3/IEKTPOHOB € ¢hoToHaMu. Ho mpu 3TOM K pa3roBopy, KOTOPbIU
MbI BefleM celiuac, He J00aBUOCH Obl POBHBIM CUETOM HHUUETO, TaK 4YTO
B MHTepecax KPaTKOCTH MbI 3TOTO He C/e/iaeM.

[lpencraBbTe  27€KTPOH, HAaXOASIIUWCS B OAHOM U3  COCTOSIHUM
C oripefie/ieHHOM 3Heprueil. Haunem c TipeAmnonoxeHus1, UTo felicTBUe OaTtapeu
JWILIb HEe3HAYUTEeJIbHO TO[TaJKUBaeT 3/eKTPOHbl. EcC/M 3/1eKTpOH HaxoAuTCs
B COCTOSSHUM HU3KOW SHEPTMM U MHOTHE ApPYyrue 37eKTPOHBbI CTOSIT BBIIIE ero
Ha SHEPreTUYecKOM JjecTHUIle (UCTOMb3ysi 3TOT 00pa3, Mbl [I€PKUM B yMe
puc. 8.7), OH He CMOXET TIOMYUUTh SHEpPreTUUYecKuil TOMUOK OT Oarapewu.
Ero 3a6/10KUpYIOT, TOTOMY UTO 0O0jiee BBICOKHE SHepPreTuueckue COCTOSTHUS yiKe
3arosiHeHbl.  Hampumep,  0Oarapes  crmocobHa — BBITONKHYTb — 3JIeKTPOH
Ha SHepreTUuUecKoe COCTOSTHME HeCKOJbKMMU CTYTeHbKaMU BbIllle, HO, eC/Id BCe
JOCTYTIHbIE CTYTEeHbKM YK€ 3aHATbl, Halll 3/eKTPOH [IO/DKEH OTKa3aThbCsi
OT TOJIy4YeHUsI AOTIOIHUTE/TbHOW SHEPruM, MOCKO/BbKY JABUTaThCsl MPOCTO HEKYy/a.
[TomHuTe, uto mpuHUun [laysyu roBOpuUT O TOM, UTO, €C/IM BCe MeCTa 3aHSThl,
JOTIO/THUTE/IbHBIE /IEKTPOHBI HE CMOTYT TOMacTh BbIllle. JJIEKTPOH BbIHYXK/EH
BeCTU cebsi Tak ke, Kak ec/iu Obl HUKAaKOM Garapeu MpOCTO He CyIeCTBOBAJIO.
WNHasi cuTyauuss C 3/€KTPOHaMM, WMEIOLIMMU CaMbleé BBICOKME SHEpPruHu.
Onu HaxofsATCsi OMM3KO K BepXy W MOTYT B TIDUHLIWIE BIUTAaTh HeOOJbIION
JHepreTUUeCcKuii TOJUYOK OT OaTapeu U mepelTu Ha Oosiee BHICOKOE COCTOSIHUE —
HO TOJIbKO €C/IM He pacrio/iaraloTcsi Ha CaMOM BepXy Y)Ke 3ario/IHeHHOM TMOJIOCHI.
BepHyBIIMCH K puC. 8.7, yBUAUM, UTO 3/IEKTPOHBI C CaMOM BBICOKOW 3Heprueiu
CMOT'YT BITUTaTh SHEPTUI0 OT OaTapeu, eCu aTOMbI B IeMU COJiep)KaT HeueTHOe
YKMCJIO 371EKTPOHOB. EC/IM 3TO 4MC/I0 UeTHOe, TO BepXHUE 37IeKTPOHBI BCE PaBHO
He CMOTYT HUKY/A CABUHYTbCS, MOTOMY UTO B SHEPreTUYecKoW JieCTHHULIe
Hab/rosiaeTcst OOMBILON pa3phIB, MPeo/0/ieBaeMblii TOJBKO C TOMOIIBIO0 OueHb
CUJIBHOTO TOJTYKaA.

OTcropa ciefiyeT, UTO eC/id aTOMbl TBEPZIOTO TeJjla COAEepPrKaT UeTHOe UKC/I0



3JIEKTPOHOB, TO 3TU 37IeKTPOHBI MOTYT BECTH Ce0sl Tak ke, KaK eciu Obl K HUM
He TMOAK/IIoUaJd HUKakod Oaraper. TOK MpPOCTO He IIOTeUeT, MOTOMY UTO
5JIEKTPOHbI He CMOTyT BIIWTaThb SHEPrui0. ITO ONUCaHWe H30JIATOopa.
EQVHCTBEHHOE WCK/IFOUeHWEe — eC/Id pa3pbiB MeX/y BepXHeW 4acTbI) CaMou
BBICOKOM 3all0JTHEHHOW 3HEepreThUYeCKOU IMO0Chl U HWKHEW YaCThbiO C/IeIyIoIen
MyCTOM TMOJIOCHI JIOCTaTOYHO HEBE/JWK, U OuUeHb CKOpPO HaM MpPUAETCS
pPacCMOTpeTh 3TOT ciaydaid 6osiee oapo6HO. HampoTuB, ec/ii aTOMbl COfiep>KaT
YeTHOE UHUC/IO0 37IeKTPOHOB, TO BepXHHe 3/eKTPOHbI Bcerga OyayT CrioCcOOHBI
BITUTLIBATh SHEpreTHUeCcKuii ToTYoK baTtapen. B pe3ynbrate OHM repecKakKUBarOT
Ha Oosiee BBICOKWI SHEPreTUYECKHM YpPOBEHb, U, TTOCKOJIbLKY TOJUOK BCerja
MPOMCXOAUT B OAHOM W TOM >Ke HamnpaB/€HWM, B UTOTe BbI3bIBAETCS [IBUYKEHHE
3TUX MOOHW/IBbHBIX 3/IEKTPOHOB, KOTOPOE MbI M OMpeiesisieM Kak 3/1eKTpruueCKUi
ToK. OueHb YTIPOIIIEHHO MbI MOKeM, TakKUM 00pa3om, cienaTb BBIBOJ: €C/d
TBepZi0e TeJI0 COCTOMT M3 aTOMOB, COZep)KalljuX HeueTHOe YUCJIO 3JIeKTPOHOB,
OHO JI0/DKHO CTaTh 3/IEKTPUYECKUM MPOBOJHUKOM.

K cuacTelo, peasbHBIM MHD He HACTOJbKO TIIpocT. Tak, anma3s -
KPUCTa/JINUeCKOe TBepZoe TeJo, MOJHOCTBIO COCTOsILLiee M3 aTOMOB YIVIepO/a,
KOTOpbIE COJIePKaT IIeCTh JTEeKTPOHOB, — OKa3bIBaeTCsi MU30/1ATOpoM. ['padut xe,
TOKe TTOJTHOCTBIO COCTOSILLMK U3 yITIepofa, — NpoBOAHUK. bosee Toro, Ha fesne
BBIXO/IUT, UTO MPAaBUJIO YeTHOTO M HEUETHOTO UKCJIa 37IEKTPOHOB PeJIKO paboTaer.
[IpocTo Hala Mojenb JWHUM M3 M C/IWIIKOM pyAUMEHTapHa. A BOT UTO
COBEpIIIEHHO BEpHO, TaK 3TO TO, UTO XOPOIlIWe TIPOBOAHUKH 3I€KTPUYEeCTBa
XapaKTepU3yTCs BO3MOXKHOCTBIO 3JIEKTDOHOB C CaMOM BBICOKOW 3SHeprueu
repeckakuBaTh B COCTOSIHUS C Oosiee BBICOKOM SHEpPrue, B TO BpeMs
KaK CBOMCTBa H30/IATOPOB O0YC/IOBIIEHBI TEM, UTO ZOCTYIl MX CaMbIX BEPXHUX
3JIEKTPOHOB Ha 0osiee BBICOKWI ypOBeHb OJOKUPYeTCS Pa3pbIBOM B JIeCTHUILIE
pa3pelleHHbIX SHEPTUi.

Wctopusi sTa obpeTaeT HOBBI TOBOPOT, U MMEHHO OH OOBSICHUT HaM
B C/eqytolleld T7aBe, Kak MOMYTIPOBOJHUKN TIPOBOJAT TOK. [IpencraBbTe cebe
9JIEKTPOH, KOTODbIi MOKET CBOOOAHO [ABUraThCsl M0 He3aro/JHeHHOW ToJoce
uieabHOrO0 KpHCTa/ula. Mbl BbIOpanM KpUCTalla, 4YTOOBI YCTAaHOBUTb,
YTO XUMUUECKHe CBsI3U (BO3MOXKHO, KOBaJIEHTHbIE) CIIOCOOCTBYIOT Pery/isipHOM
OpraHu3aluy aTOMOB.

Hama ogHOMepHasi Moziesib TBepZ0ro Tejia COOTBETCTBYeT KPUCTAJINY, eCIn
BCe SIMbl paBHOYJAAJEHbl JIpyr OT Jpyra W HWMEKT OJWHAKOBbIA pasMep.
[MogcoeauHuTe Oaraper0 — W 3/€KTPOH C PaJOCTbIO TeperphIrHeT C OFHOTO
YPOBHSI Ha /JpYyrou IIOC/e TOro, Kak ero cjerka IOATOJIKHeT IPUI0KeHHOe
3/IeKTpUUeCKoe Tiosie. B pe3ysbTare 3/eKTpyuecKuil Tok OyzieT MOCTOSIHHO PacTH,
TIOCKOJTbKY 3/IEKTPOHBI OyIyT BIUTHIBATH BCe OOJIbIIIE SHEPTUU U IBUTATLCS BCE



ObicTpee U ObicTpee. 1 KaXKI0r0, KTO XOTh KaK-TO 3HAKOM C 3/IeKTPUUECTBOM,
3TO YTBep>)K/eHUe JO/DKHO 3BydaTb CTPaHHO, MIOTOMY UTO HMKAKOTo 3akoHa Oma
He Hab/mofaeTcst (HarlOMHUM: TOK [ 3aBHUCHT OT TIPUIOKEHHOTO HampsbkeHuss U
cornacHo dopmyne U = I X R, rme R — conpotubieHue 1jenu). 3akoH Oma
BO3HMKaeT, MOTOMY UTO 3/IeKTPOHBI, TlepecKakuBasi BBepX IO dHepreThueCcKou
NleCTHULle, MOTYT TepsiTb SHEPrui0 U BO3BpaAIllaTbCsl B TPe)KHee COCTOSTHUE;
3TO MOKET TIPOM30MTH, TOMBKO eC/Ii aTOMHasi pellleTKa He ujieasibHa — MO0 u3-
3a mipuMeceli (TO eCTh C/Tyd4alHbIX aTOMOB, OT/IMYAIOU[UXCS OT OOJIBIITMHCTBA),
b0 u3-3a TOro, UTO aTOMbl COBEPINAIOT 3HAUMTE/bHbIE [ABWXKEHMS, a 3TO
rapaHTHPOBAHHO TTPOUCXOUT TIPH JIF0O0H OTIMUaroIelcst OT HyJis TeMIlepaType.
B pe3ynbrare 37eKTPOHBI OOMBIIYI0O YacTh BPEMEHHM WrpaloT B  «3Meu
Y JIeCTHULIbI» Ha MUKDOYPOBHE: OHU B30MPAIOTCs TI0 SHePreTUUeCKOo JieCTHHILIE,
TOJILKO UTOOBI CHOBa ymacTh B pe3y/ibTaTe B3aWMOJEMCTBUI C HeCOBepIIeHHOU
aTOMHOW pelleTKoM. B cpegHeM mosyyaeTcss munu4Hasi 3Hepausi 31€KMpoHa,
YTO BejleT K MOCTOSIHCTBY TOKA. DTa TUIIMYHAs SHEprus 37eKTPOHa orpejessieT
CKOPOCTb TeueHHUsl 3JIeEKTPOHOB II0 TMPOBOAY — TOrO, UTO Mbl Ha3bIBaeM
3/IeKTpUYeCKUM TOKOM. COMNpOTHBEHWEe TIPOBOAA — Mepa TOro, HAaCKOJIBKO
HeCOBepIlleHHa aTOMHasl pellleTKa, uepe3 KOTOPYIO UAYT 371eKTPOHBI.

Ho 5T0 He Takoil yxX KpyToul TmoBopoT. [dake 6e3 3akoHa Oma TOK
He HapacTaj Obl paBHOMepHO. Korzia 37eKTpPOHBbI [IOCTHTalOT BepXHeW 4acTH
T10JIOChI, OHM HAUMHAIOT BeCTH Ce0si OueHb CTPaHHO, W B pe3y/bTaTe TaKOro
TOBeJleHHsI TOK HauWHaeT YyMeHbIaThCs, @ CO BpeMeHeM pa3BOpaurBaeTcsi
B [Ipyryl0o CTOpoHY. W 3TO oOueHb CTpaHHO: JaXe HECMOTps Ha ToO,
YTO 3/1eKTprUUeCKoe ToJie To/[Ta/IKUBaeT 3/1eKTPOHbI B OJ[HOM HaripaB/ieHWH, OHH,
JIOCTUTHYB Bepxa HEPreTUUeCKOM TMOJI0Chl, TeKYT BCMATh. OObsSCHEHHWE 3TOro
yAUBUTE/NbHOTO 3d@eKTa /eXUT 3a TpefielaMd Halllel KHWUTHM, a TIoKa
JIOCTaTOUYHO CKa3aTb, UYTO KJ/IOUEBYIO DOJb 37eChb HWrPAlOT TOJIOKUTETBHO
3apsDKeHHbIe si/Ipa: OHU TaK TOJIKAlOT 3/7IeKTPOHbI, YTO Te MEHSIFOT HarlpaBJ/ieHue.

WTak, Kak ¥ ObI/IO 3asiBJIeHO paHee, Mbl PAaCCMOTPHM, UTO ITPOMCXOJMT,
KOI/la TIOTeHIMalbHBIA H307STOpP BefieT cebs KakK TPOBOAHMK, IOTOMY UTO
pa3pbiB MeXJy MOCAeAHeHd 3aro/JIHEHHOM TI0/I0COM W CeAyroller, IyCTOU
TI0JIOCOM «JJOCTATOYHO Mas». Ha 3Tol cTafiul CTOUT TTO3HAKOMUTBLCS C HAyUHbIM
»xaproHoM. IlocnenHsss (To ecTb camasi BbICOKasi) SHepreThyeckas M0J0cCa,
3aro/THeHHast 371eKTpoHaMu 6e3 cBOOOJHBIX MeCT, Ha3bIBAaeTCs 8A/1€HMHOL 30HO,
a creaywoujasi mnosoca (B HalleM aHaau3e — IMycTas WIM HaroJIOBUHY
3aro/iHeHHas) — 30HOU nposodumocmu. Ecid BajeHTHasi 30Ha M 30HA
TIPOBOJIUMOCTU TlepeKpbIBalOTCsA (@ 3TO BIOJIHE BO3MOXKHO), TO HHKAKOTO
pa3pbiBa He HabO/IrOaeTCSd M TIOTEHLUAJbHBIM W30/IATOP HauMHaeT BecTu cebst
KaK MPOBOAHUK. A UTO eC/iM pa3pbiB €CTb, HO MPU 3TOM OH «JOCTAaTOYHO Masi»?



Mbl ykaszanu, 4TO 37€KTPOHbI MOTYT TOAy4YaTb SHEPrur0 OT OaTapeu, Tak uToO
MOXXHO TIPeZTIO/IOKUTh: ec/ii Oarapesi JOCTaTOUHO MOILHAsi, OHA MOXKeT JaTh
JIOBOJILHO MOIIHBIM TOMUOK [iji Tiepexofia 3/eKTpoHa BOMM3M OT Bepxa
BaJIeHTHOM 30HBI B 30HY MPOBOAMMOCTH. JTO BO3MOXKHO, HO MbI He Oyzem
paccMaTpvBaTh Takue Cay4yad, TIOTOMY UTO OObIUHbIe OaTraper He CIIOCOOHBI
co3/aTh [JOCTAaTOYHO MOIIHBIM SHepreTUUeCcKui Tom4oK. JlobaBum 1udp:
3JIEKTPUUECKOE T10Jie B TBEP/IOM Tejie 0ObIUHO UMeeT TIOPSiZIOK HeCKOJIbKUX BOJIBT
Ha MeTp, a HaM, UToObI MOATONKHYThL 37eKTPOH K CKAauKy Ha 371eKTPOHBOMLT AL
V3 BaJeHTHOW 30HbBI K 30He TIPOBOJVMMOCTU B THUIIMYHOM M30JSTOPE,
TIOHAIO0STCS TI0/11 HECKOMbKUX BOJIBT Ha HaHOMeTp (TO eCTb B MW/UIMApP[, pa3
cuibHee). 3HauWTe/NbHO Oosibllle HaC WHTEpecyeT TOMUOK, KOTOPBIM 3/eKTPOH
MOXeT TIOJlyYUTb OT aTOMOB, COCTAaB/AMIIUX TBeproe Ten0. OHU He CUAAT
HEIOJBWXHO Ha OJHOM W TOM JXe MeCTe, HEMHOIO pacKauMBarOTCs, U ueM
ropsiyee TBepzloe Teslo, TeM CU/IbHee OHM packauuBaroTcs. Kawarommiics atom
MOXKeT COOOIIUTD 3/1eKTPOHY ropaszio 6osblile SHepruu, yeM oObiuHasi Oatapesi —
JI0CTaTOUHO, YTOObI Heprvsi atoMa MOACKOYMIa Ha HECKOIbKO 3/1eKTPOHBOJIBT.
IIpy KOMHaTHOM TeMriepaType, BIIPOUEM, 37IeKTPOH [JOBOJIBHO PeAKO IOyvyaeT
nolo0HBIA TOMUOK, TOCKOMbKy Tipu 20 °C TersioBasi SHEPrusi COCTaB/sET
ripuMepHO 1/40 snekTpoHBOBT. HO 3TO /MIb CpeiHKI MTOKa3aresib, a B TBEPAOM
Tejle OYeHb MHOI'O aTOMOB, II03TOMY Takoe I[epUOAUYeCKU Ciaydaercs. B sTtom
Cjlydae 3/IeKTPOHBI MOTYT 0ekaTh U3 THOPbMbI 30HbI BaJIleHTHOCTH U TepenTH
B 30HY MPOBOJUMOCTH, T/ie BITUTATh JieTKHe JHepreTHyeckre TOMUKU OT Oarapeu
Y BbI3BaTh 3/IEKTPUUECKUH TOK.

Marepuanbl, B KOTOPbIX IIPU KOMHAaTHOM TeMIiepaType [OCTaTOYyHOe
KOJINUeCTBO 3/IeKTPOHOB MOXKHO IlepeBeCcTM M3 Ba/IeHTHOM 30HbI B 30HY
MPOBOAMMOCTHU, UMEIOT COOCTBEHHOE Ha3BaHUe: 3TO NO/YNPOBOOHUKLU.

IIpn KOMHATHOU TemIiepaType OHU MOTYT MPOBOAUTH 3/I€KTPUYECKUM TOK,
HO, KOT/]a OHU OXJIXKJAFOTCSI U KX aTOMbl PACKaUMBAKOTCSI MeHblIIIe, ClIOCOOHOCTh
IPOBOJAUTL  JIEKTPUUECTBO CHWKAeTCs, M OHM CHOBa IIpeBpalljatOTCs
B M30/ATOpPbI. [IBa K/jacCMYyeCKuxX IpyUMepa IIO/YIIPOBOJHUKOB — KpEeMHUH
W repMaHui, u Osarojapsi CBoeli [BOWCTBEHHOW HaType OHM MOTYT
UCMO/b30BaThcsl € Oosbiio  Beirofoil. Ha camom fene He  Oyger
rpeyBe/iMueHueM CKasarb, 4TO TeXHOJIOTUUeCKoe TIpUMEeHeHHe
T10/1yIIPOBOJHUKOBBIX MaTepUasioB IIPOM3Be/I0 B MUPEe PeBOJIIOLIUIO.



9. CoBpeMeHHbII MHP

B 1947 romy Obul co3gaH TiepBbIi B MHUpe TpaH3UCTOp. B Hamm aHu
exxerofiHo rpousBoautcs 6omee 10 000 000 000 000 000 000 TpaH3UCTOPOB,
yro Bo 100 pa3 Gosiblile, ueM UKMC/I0O PUCOBBIX 3epeH, MOIJIOIAeMbIX eKeTr0/[HO
CceMbl0 MwUMapAamu >xutened 3emnu. [lepBbli B Mupe TpaH3UCTOPHBIN
KoMIibloTep Obl1 cobpaH B 1953 rogy B MaHuectepe W cozepxxan 92
TpaH3uctopa. CerofHss MokHO Kynutb 6omee 100 000 TpaH3UCTOPOB TIO IjeHe
PUCOBOTO 3€epHBIIIKA, a B BallleM MOOUIBHOM Tesie)OHe WX OKOJI0 MUJLTHUAp/A.
B 3Toi1 m1aBe Mbl omnuiiieM paboTy TpaH3UCTOpa, KOTOPYO, 6e3yCc/I0BHO, MOYKHO
CUUTATh CaMbIM Ba)KHBIM TMPUIOXKEHHNEM KBaHTOBOU TEOPUHU.

Kak Mbl yxe BuZend B IpeAblAylled I/iaBe, IPOBOJHUK IIOTOMY
¥ TPOBOJHUK, UTO HEKOTOpble 3/eKTPOHbI  PAcriojiaraloTcsi B 30HE
npoBoguMoCTU. [lo 3TOM TpUUMHE OHU JIOBOJILHO MOOW/BbHBI W MOTYT
«TiepeTeKaThb» T0 MPOBO/AY, KOT/la TIoACoenHsIeTCs: OaTapesi. YMeCTHA aHaJ/IOTHs
C TeKylleli BO/OM; Oarapesi 3acTaB/isieT TOK Teub. [ljisi WUIFOCTpAlUM Uzed
MOKHO BOCTIONIb30BAThCSl /laXke KOHIIETIel «ToTeHI[uana»: OaTtapesi co3jaet
MOTEeHL[a/l, BHYTPU KOTOPOIO [ABWXXYTCS 3JIEKTPOHBI 30HbI IPOBOAUMOCTH,
Y MOTeHLal B KaKOM-TO CMBIC/Ie CO3JaeT «CK/IOH». [Io 3TOMy CK/IOHY B 30He
TIPOBOZIMMOCTHM MaTepHasa 3/eKTPOH «CKaTbIBAaeTCs», oOpeTasi TIPU [IBM)KEHUU
9HepPrur. JTO APYrou criocob mnpescTaBaeHuss HeOOMbIIKMX TOJTYKOB, O KOTOPBIX
MbI TOBOPW/IM B TIPOIIUION IJlaBe, MPU KOTOPOM He Oarapesi TOJIKaeT 3/€KTPOH
C YCKOpeHUeM TI0 TIPOBOAY, a 00pa3yeTcsi UTo-TO BPO/ie Ta/leHusl BOZbl C X0/IMa.
OTO XOpOLUMK BapuaHT BU3yaJM3aldd TMPOBOAUMOCTH  3/IeKTpUUYeCTBa
9JIEKTPOHAaMHK, UM Mbl U OyJemM TI0/ib30BaThCsl [0 KOHI]a STOW TJaBhl.
B nmnonynpoBOAHMKAax, TaKWX KaK KpPeMHUM, TPOMCXOAUT HEeUTO OYeHb
VHTEepeCHOe: TOK MepeHOCUTCSI He TOJIBKO 3/IeKTPOHAaMU B 30HE MPOBOAUMOCTH.
ONeKTPpOHbI B BaJIeHTHOW 30He TOXKe BHOCAT CBOM BKiaz. Ilocmorpure
Ha puc. 9.1. Crpenka mNoka3biBaeT, KaK D3/1€KTPOH, W3HA4Ya/lbHO WHEPTHO
TIOKOSLLIMICS. B 30HE BaJIHTHOCTH, MOIVIOIAaeT HEKOTOPOe KOJIMYeCTBO SHepruuv
Y TIepexO/IUT B 30HY MMPOBOAUMOCTH.
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Puc. 9.1. ITapa 3/1eKTpOH-JbIPKa B MOJIYIIPOBOJHUKE

KoHeuHo, mocjie 3TOro 3/eKTPOH CTaHOBUTCS ropaszio 0osiee MOOUIBHBIM,
HO MOOM/IBHOCTh OOpeTaeT U ellle KOe-uTO: B 30HE Ba/IeHTHOCTU OOpasyertcs
JIbIDKa, U OHa JlaeT BO3MOYXHOCTb MaHeBpa 3/IEKTPOHAM M3 30HbI BaJl€HTHOCTH,
JI0 TOTO CTO/b >Ke€ WHEePTHbIM. Kak Mbl MOT/IM BH/IETh, TI0/ICOeIMHeHHe GaTapeu
K 95TOMYy TIOMYNPOBOJHUKY 3aCTaBUT 3JIEKTPOH W3 30HbI MPOBOJUMOCTH
COBEpIINTh 3JHEPreTMYeCKWHd CKadoK, BbI3BAB TEM CaMbIM [IBMJKEHUE
5JIEKTPUUECKOr0 TOKa. UYTO C/IyUMTCS C STOM [ABIPKOU? ODJeKTpuueckoe MoJie,
co3/laHHOe Oarapeeil, MOXKeT 3aCTaBUThb 3JIEKTPOH, HAXO/SAIIUICS B Ba/leHTHOM
30He B KAKOM-TO 0ojiee HHU3KOM JHEPreTUUYecKOM COCTOSIHUM, TTeperpbIrHYThb
B 3Ty CBOOOJHYIO ABIPKY. Temepb [bIpKa 3arojiHeHa, HO TTOSIBJISIETCS JbIPKa
«rmyoxe» — Ha 6osiee HU3KOM SHEPreTHUeCKOM YPOBHe B BajlleHTHOI 30He. Korja
9JIEKTPOHBI B BajJIeHTHOM 30He IIepeCKaKWBalOT B CBOOOAHYIO [IBIPKY,
Ta BpailjaeTcs. BmMecTo TOro utrobbl OTCIEKUBATh ABM)KEHHE BCEX 3/IeKTPOHOB
B TIOYTW 3allO/IHEHHOW Ba/IeHTHOM 30HE, Mbl MOXEM OTCJIEXKUBATh
MeCTOTIO/IO)KEHHE ABIPKU, 3a0bIB 00 sjekTpoHax. Takoll omTuUMH3alyeil
1o/icueTa MPUBBIUHO TO/b3YHOTCS CIeLHAaJUCThI 10 (PU3KKe T0J/yTIPOBOJHHUKOB.
Ham oHa To)ke 06/1eruuT >KU3Hb.



[Tpuno)keHHOE >7eKTPUYeCcKoe TMojie TPUBOJUT B [IBUYKEHHE 3S/1€KTPOHbI
30HbI TIPOBO/IUMOCTH, CO3/laBasi TOK, U HAM XOTeJI0Ch Obl 3HAaTh, UTO TIPOUCXOJUT
B 9TOM CJyyae C JbIpKAMU B BajieHTHOW 30He. Mbl 3HaeM, UTO 3/IeKTPOHbI
Ba/IEHTHOW 30HbI HE MOTYT [IBUraThbCsl, TOCKOJBbKY MX TIOUTH ITOJIHOCTBIO
cAep)kuBaeT npuHUMI [layny, HO Mop AelcTBHUEM 3/€KTPUUECKOro TMOJsi OHHU
yyThb CJBUralOTCS, W [blpKa [JBUraeTcsi Hapsily C HuMU. HaBepHoe,
5TO MPOTHMBOPEUUT MHTYULIUU, TaK UYTO, €C/U Bbl HE MOXKETe CMUPHUTBCSI C TeM,
YTO KOTZA 3/IeKTPOHbI B Ba/leHTHOW 30HE CMEIAl0TCsl BJIEBO, TO U JIbIPKAa TOXe
CMelllaeTcsi B/IEBO, pPAacCCMOTpUTe CJeAyrollyt0 aHajoruto. IlpezacraBbre
00BbIUHYHO ouepe/ib. PaccTosiHMe MeXAy JHOJbMU COCTaB/sieT 1 MeTp, HO T/e-To
B CepeJyHEe oOuepelu OJHOTO YeJiOBeKa He XxBaTaeT. JTU JIIOAU — aHajor
3JIEKTPOHOB, a OTCYTCTBYIOIIIUI Ue/IOBeK — aHa/Ior JAbIpKU. Terepb BooOpasure,
YyTO BCe 3TH JIFOAU TMPOJBUHY/IMCh Ha MeTp BIepell, TaK UTO KaXKIbId U3 HUX
OKasza/csl Tam, TAe [0 Hero CTOsUT WAYLIUW Tiepes HUM B ouepeiun. OueBUHO,
yTo Opelllb B ouepeivd TOXKe MPO/BUraeTcss Ha MeTp. Tak BegyT ceOst U ABIPKHU.
Kpome 3TOro, MOXXHO Mpe/ICTaBUTh, KaK BOZiA TeueT Io TpyOe: My3bIpeK BOJbI
OyzeT ABUraThCSl B TOM K€ HarlpaB/IeHWH, UTO U CTPYs, U 3Ta «OTCYTCTBYHOIIIAst
BO/la» COOTBETCTBYET AbIPKe B BaJIEHTHOU 30HE.

Ho TyT, kKak OyAaTo ObLIO HEAOCTAaTOYHO BCETO OCTAbHOTO, TOSIB/ISETCS
JIOTIOJIHUTE/IbHOE Ba)KHOE OCJIOXKHEHUe: Mbl I0JDKHBI 00paTUThCS K TOM 001acTu
¢bu3MKY, Kotopas Oblla BBeleHa B «HEOXKWJAHHOM TII0BOPOTe» B KOHIIE
Tipe/ibIAYILEeH T/1aBbl.

Kak BbI MTOMHUTE, 5/1EKTPOHBI, ABWXKYLHECS B BEDXHEH YaCTH 3aro/THEHHOU
SHEepreTUUeCcKOr TMOJ0Chl, MOAy4YalOT YCKOpPEeHHWe OT 3/IeKTPUYEeCKOro TI0Jist
B 00pamHyto CTODOHY OTHOCHUTE/IbHO 3/IeKTPOHOB, ABWXKYIIUXCS B HIDKHEU
YacTU TOW ’Ke TMOJIOChl. JTO 3HAYUT, UTO [ABIDKU, KOTOPble HAXOZSTCS BBEPXY
Ba/IEHTHOM  30HbI, /[BUTAIOTCSI B  TPOTHUBOIOJIO)KHOM  HarpaB/ieHUU
M0 OTHOLIEHWI0 K 37eKTPOHaM, HaxXO[ALIUMCSI B HIWKHEM YacTU 30HbI
TIPOBOAUMOCTH.

Pe3ynbTaT TakoB: Mbl MO)KeM H300pa3uTh TMOTOK 3/IEKTPOHOB B OJHOM
HarnpaB/ieHWd W COOTBETCTBYIOIIUK €My TMOTOK [bIpPOK B ApyroM. MOoKHO
CUMTaTh, YTO AbIPKA MMeeT 3JIeKTPUUeCKUU 3apsif], TPSIMO MPOTUBOIIOIOXKHbBIN
3apsily 37eKTpoHa. BcromMHuTe, UTO Marepuas, uepe3 KOTODPbIM TeKyT Halld
9JIEKTPOHbI U [bIDKU, B CpeAHeM 3/IeKTpPUUeCcKu HeWTpasibHbId. B mroboit
OTAENbHO B3STONW O0O/macTM MaTepuas He WMeeT 3apsifia, TOTOMY 4TO
OTpULaTe/IbHbIN  3apsifi 37eKTPOHOB OTMEHsIeT  TOJIOKUTE/IbHBIN  3aps,
MepeHOCUMbIA aTOMHbIMU siipaMd. Ho eciii Mbl co37aguM Mapy 3/1eKTPOH-
JbIPKa, TIepeMeCTUB J1eKTPOH U3 BaJIEHTHOU 30HbI B 30HY MPOBOJUMOCTH (TakK,
KakK MbI y)Ke Omucasm), oopasyeTcsi CBOO0HO ABMXKYIIUICS 3/1IeKTPOH, KOTOPBIM



co3/aeT U30BITOK OTPUILIATENILHOTO 3apsiia 10 CpPaBHEHUI0 C OOLIYHBIMU
YCJIOBUSIMU B 3TOM 0671acTu Marepuasna. TOUHO Tak ke [IbIpKa — 3TO OTCYTCTBUE
5/IeEKTPOHa, U B MecCTe, I/le OHA ecCTb, IpeobrajjaeT MOJOXKUTENbHBIA 3apsif.
ONeKTpUYeCKU TOK [0 OIMpefe/IeHHI0 OKa3blBaeTCs BeJIMUMHOM, C KOTOpPOM
[BWKYTCS TIOJIOKUTEJIbHbIE 3apsifibl, TaK YTO 3/7eKTPOHbI BHOCAT B TOK
oTpULIaTe/IbHBINA BKIaA 2, a IbIPKM — MONI0KUTe/BHBIH, eC/IA ABUKYTCS B O/JHOM
¥ TOM e HampasieHuM. EciM, Kak B C/lydae C HallUMM IOYIPOBOJHUKOM,
5JIEKTPOHBI U [BIPKU JBWKYTCS B MPOTHMBOIIOJIOXKHBIX HarpaBIeHUsIX, TO OHU
CK/IaJbIBAlOTCS, B WTOre TofydaeTcsi OonbLIMii 3apsii U, CJe0BaTe/bHO,
OosibIlIast cusia ToKa.

XOTs1 BCe 3TO KaKeTCsl JOBOJIBHO 3allyTaHHbIM, pe3y/bTarhl SICHbI Kak JieHb:
MBI [IOJDKHBI TIPE/ICTaBUTh, UTO TEUEHHe 3/IeKTPUUeCTBa yepes MOIyIPOBOJAHUK —
3TO TeuyeHWe 3apsfa, a OH COCTOMT U3 3JIEKTPOHOB B 30He IIPOBOAUMOCTH,
JBIDKYLMXCS B OJHOM HarpaB/ieHUH, U JbIPOK B BaJIeHTHOU 30He, [IBVKYILIUXCS
B 00paTHyl0 CTOpOHY. JTa CUTyal[usi OT/IMYaeTCsi OT [JBWKEHUs TOKa
B TIPOBOJHHMKe, KOIJa CWia TOKa OIpejessieTcd [BWKEHUeM OrPOMHOIO
KOJIMYeCTBa 1eKTPOHOB B 30HE IIPOBOAUMOCTH, a [OIOJIHATe/IbHAsl CHUJIa TOKa,
co3faBaeMasi mpu 00Opa3oBaHMU Tap 3/1E€KTPOH-[bIPKa, TMpeHeOpeKuMo Mara.
[ToHATH TI0/IB3Y TIOMYIIPOBOJHUKOB — 3HAUWT OCO3HATh, YTO TOK, WYL
10 TIOJYIIPOBOJHKWKY, He/b3sl Ha3BaTb HEKOHTPO/JMPYEMbIM [IBDKEHUEM
5/IEKTPOHOB [0 TIPOBOAY, KakK B TIPOBOAHMKe. JTO ropasfo 6Oomee coxHast
KOMOUWHaLIUsI JBMYKeHU 3/IeKTPOHOB U [ILIPOK, KOTOPast TIPU [IOJDKHON HaCTPOMKe
MOKeT OBITb WCIO/Mb30BaHA [Jisi CO3/[aHUS MUKDOCKOMUYECKUX YCTPOMCTB,
CrocoOHBIX 06eCIeunThb TIOJTHBIM KOHTPOJIb 3a IBUKEHUEM TOKa I10 1IerH.

Crnenytolilee M3/10)KeHHEe — BAOXHOB/ISIFOLUIN TIPUMeED MPUK/IaJHOW (PUKKU
U TexHUKU. Wgess B TOM, uTOObI CO3HATe/NbHO 3arpsi3HUTh KYCOK UMCTOTO
KPEMHMUSI W/IA TepMaHusi [Jig CO3[4aHUSI HEeKOTOPbIX HOBBIX JOCTYIHBIX
SHEPreTUYeCKHMX YPOBHEM S/eKTPOHOB. OTU HOBble YPOBHU  IT03BOJISIT
KOHTPOJIMPOBATh ITOTOK 3JIEKTPOHOB M JbIPOK, MAYLLWK Yepe3 IMOIYIIPOBOJHUK,
KaK Mbl MOXKEM C TIOMOLLbIO KJ/IallaHOB KOHTPOJIMPOBAaTh [IBW)KEHHE BOJbl
no Tpybam. KoHeuHO, KOHTPO/IMPOBaTh TOK, WAYIIHMM 10 TPOBOAY, B TIPUHIIUTIE
JIeTKO: 0CTaTOUHO JiepHyTh pyOmnbHUK. Ho Mbl cefiuac He 06 3ToM, a 0 TOM,
Kak co3jatb Oosiee TOHKHe TiepeK/rodare/ U AUHAMHUYeCKHd KOHTPOJIMPOBAaTh
C ¥X TIOMOLLBIO TOK B LieNU. DTU MepeK/Ioyare/id — CTPOUTe/IbHbIe KUPITUUKUKU
JIOTUYeCKUX CxeM, a U3 JIOTMYeCKUX CXeM, B CBOI Ou4epelb, COCTOAT
MUKpornpotieccopbl. ITak, Kak ke Bce 3T0 paboTaet?

JleBast yactb puc. 9.2 MokKasbIBaeT, UTO MPOUCXOAUT, €C/IM KyCOK KpPeMHUS
3arpsisHeH (ochopoM. YpPOBeHb 3arpsi3HeHHsT MOKHO TOYHO KOHTPOJIMPOBATh,
YyTO OueHb BakHO. [IpefcTaBbTe, UTO B KpUCTa/l/le YUCTOTO KPEMHUS KaKAbIW



aToM TMocC/e/loBaTeNlbHO 3amellaeTcss atoMoMm (ocdopa. Atom docdopa
roraziaeT Ha MeCTO, OCBOOOKJEHHOe aTOMOM KpeMHHS, U eJUHCTBeHHas
pasHMIla COCTOMT B ToM, uto y ¢ocdhopa Ha OAUH 3/1€KTPOH Oosiblile,
yeM y KpeMHHS. DTOT JIMIITHUN 3/eKTPOH OueHb C/1labo, HO CBs3aH CO CBOUM
aTOMOM, OH He /0 KOHI[a CBOOOJIeH ¥ 3aHHWMaeT >SHEPreTUUYeCKUil YpPOBEHD,
HaXOAIIUNCA Cpa3y TOf, 30HOW MPOBOJUMOCTH. IIpy HM3KMX TeMIlepaTypax
30Ha TPOBOJAMUMOCTH ITyCTa, W JIUIITHUE 37IeKTPOHBI, TIOSB/ISIOIINECS U3 aTOMOB
docdopa, pacronararTcs Ha JOHOPHOM YHEpreTUYeCKOM YPOBHe, OTMEUeHHOM
Ha PUCYHKE.

NnEoBOANMOCTb NPoOBOAMNMOCTb

\,D,OHoprlP'l YPOBEHb
aKL|eNTOPHbIN yPOBEHb

N

BaJIEHTHOCTb BaJIEHTHOCTb

Puc. 9.2, HoBble  >HepreTMyeckde  ypOBHU,  TOSIBUBLIKECS
B TMOJIyTIPOBO/IHMKE n-TUMa (C/eBa) U MoTyIpOBOAHUKE p-TuMa (Cripasa)

ITpu KOMHaTHOU TemIiepaType napa 371eKTPOH-AbIPKa B KDEMHUU CO3/1aeTCs
OueHb peako. JIWIb OAWMH W3 MNPUMEPHO TPW/UIMOHA SJ€KTPOHOB TMOJydyaeT
JI0OCTaTOYHO SHEPTUM OT TepMUUeCKUX KosebaHul peleTku, uToObl IepeCcKOUrThb
Y3 BaJIEHTHOW 30HbI B 30HY NPOBOAMMOCTH. HampoTWB, MOCKO/IBKY JOHOPHBIN
3/1IeKTPOH B (pocope oueHb cnabo CBsi3aH C aTOMOM, BeMKa BEpPOSITHOCTH,
YTO OH CMOXKET COBEpIIUTb HeOO/bIION CKauOK C JOHOPHOTO YPOBHSI B 30HY
TIPOBOIUMOCTU. MTakK, TPy KOMHATHOM TeMriepaType TpU ypOBHe 3arpsisHeHUst
BbIllle YeM OAWH artoM (ocdopa Ha TPWIUIMOH aTOMOB KpEMHUS, B 30He
TIPOBOJIUMOCTU  OyyT TpPEeUMYIleCTBEHHO TIPUCYTCTBOBaTh  3/IEKTPOHBI,
ocBoOOXieHHbIe aToMamMu (hocdopa. ITO 3HAUUT, UTO MOYKHO C OUeHb BBICOKOMU
TOYHOCTHIO KOHTPOJIMPOBAaTh TPUCYTCTBHE MOOW/IBHBIX 3/IEKTPOHOB, KOTOPBIE



CIIOCOOHBI TIPOBO/IUTh TEKTPUUECTBO, TIPOCTO BapbUpysi cTereHb (HochopHOTOo
3arpsi3HeHus. [10CKONBKY TOK B 3TOM C/y4ae MepeHOCST 37eKTPOHbI, CBOOOIHO
JBWDKYIMECsT B TI0JI0C€ TPOBOAUMOCTH, MbI TOBODUM, UTO TaKOW THII
3arpsi3HEHHOT0 KPeMHHUs HasblBaeTCs n-TUNoMm (OoT c/ioBa negative —
OTpULIaTeTbHBIN).

[IpaBasi yacTb puc. 9.2 TOKa3blBaeT, UYTO MPOUCXOAUT, €CAU BMECTO
docdopa Mbl 3arpsi3HsieM KpPeMHUN aTOMaMU aJlOMUHUS. ATOMBI aTFOMUHUS
BHOBb pacIiojlaratoTCsl Cpeid aTOMOB KDEeMHMsI M TIPeKpPacHO 3aMellalT UX.
PasHuIja B TOM, UTO y a/IlOMUHHSI Ha OZIUH 3/7IeKTPOH MeHbllle, ueM y KpPeMHUSI.
Tak B 4MCTOM KpUCTasijie TIOSIBJISIOTCS ABIPKU, B TO BpeMsi Kak rpu (GocdopHom
3arpsi3HEHUU TIOSIB/ISUTUCH JIMIITHUE 37IeKTPOHbL. JTH [BIDKU  PACIIO/IOKEHbI
BOJIM3M OT aTOMOB a/IlOMUHUSA, U UX MOXKHO 3arlOJTHUTh 37IeKTPOHAMM, KOTOpbIe
NepecKakuBarOT M3 BaJeHTHOM 30HbI COCEIHUX aTOMOB KpeMHUS. «[lbIpuarblii»
aKLIe[ITOPHBbIM ypOBeHb TOKa3aH Ha pucyHke. OH pacrionaraeTcsi TMpsiMo
Ha/l BaJIEHTHOW 30HOM, MOTOMY UTO 3/IeEKTPOH U3 aToMa KpPeMHUsI B BaJleHTHOMU
30HE MOXXET JIeTKO TMEePeCKOYUThb B [IBIPKY, OCTAaB/JIEHHYI0 aTOMOM aJIFOMUHUSI.
B 3TOM c/lydyae eCcTeCTBEHHO CUMTAaTh, UTO 3JIEKTPUUYECKUN TOK MEPEeHOCUTCS
JbIDKaMU, TI0O3TOMY TaKOW THUI 3arpsi3HEHHOTO KPeMHUsI Ha3bIBaeTCsl p-TUIIOM
(or cnoBa positive — mnosoxuTenbHblM). Kak w B mOpeabiayleM Ciaydae,
NpU KOMHATHOW TeMIiepaType YpOBeHb aTlOMUHMEBOTO 3arps3HEeHUs MOXKeT
ObITH He Oosiee OIHOM TPUUTMOHHOM, TIpeXk/Je yeM Orarofapsi JBMKEHUIO JbIPOK
13 aJIFOMUHUS TTOMJET TOK.

Wtak, Mbl TOKa TPOCTO J0OKa3aqu, UYTO MOKHO CZe/laTb TakKOW KYyCOK
KpeMHUsI, KOTOPbIY Oy/ieT TIPOBOJJUTh TOK — /1aB BO3MO)KHOCTh JTMO0 3/1IeKTPOHAM
13 atoMoB (pocopa ABUTaThCS B 30HE MMPOBOAUMOCTH, MO0 AbIPKaM U3 aTOMOB
aJIFOMUHUS IBUTATHCS B BasieHTHOU 30He. Hy 1 uTto?

Ha puc. 9.3 mnokazaHo, uTO Mbl Ha MNOYTA K UYEMY-TO Ba)KHOMY:
OH [J€eMOHCTPUPYeT, UTO TIPOMCXOJWT, €eCAu CJIO)KUTb BMeCTe [iBa KycCKa
KpDEMHUSI — OJIMH N-TWUTMAa W OAWH p-Tuna. V3HayaibHO B 00/aCTH n-TUMa
JOBWKYTCSL 27eKTPOHbI U3 ¢ocdopa, a B 00/1acTU p-TUMA — 3JI€KTPOHBI
13 aJTFOMUHUS.
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Puc. 9.3. CoepgunHeHure 1ByX KyCKOB KpeMHUSI — N-TUIIA U p-TUIIA

B urtore 3neKkTpoHbl M3 00/1aCTH n-TWMA TepeTekaroT B 00/acTb p-TuMa,
a 3/1IeKTPOHBI M3 00/1acTU p-TUmNa — B 0067acTh n-Tuna. B 3ToM HeT HMKaKoM
3arajIku; JIeKTPOHbI W [ILIDKM 3MeATCs 10 COWIeHEHWIO [IByX MaTepuasios,
KaK Karuiss YepHWI pacTBOPSIeTCS B BaHHE C BOZOW. HO MOCKOMBKY 3/1eKTPOHBI
U JbIPDKH [JBWKYTCS B TPOTHBOIOJOXKHBIX HallpaB/IeHUSIX, OHM OCTaB/ISIOT
3a coboit 00sacTH TOMOXKUTENBHOTO 3apsiia (B oOsacTu n-tuma) v obsacTu
oTpuliaTeslbHOTO 3apsiia (B obmactu p-tuma). Takoe pacrionioeHHe 3apsiZioB
TIPEeNsATCTBYeT AajbHeMIleld MWrpaluu TI0 TMpPaBWIy «OJHOWMEHHBIE 3apsifibl
OTTaJIKUBAIOTCS», CO BpeMeHeM HacTyrnaeT 6asaHC U MUTpalvsl 3aKaHUUBaeTCs.

Ha BTOpoil wumocTpaiuu puc. 9.3 ToKa3aHO, KaK MOXXHO OMNMCaTh 3TO
siBJieHe Ha s3blKe TIOTeHIMa/NoB. [leMOHCTPUPYeTCs, KaK 3eKTpUYecKuil
TIOTeHI[Ma/l W3MEeHsIeTCsl TI0 BCeMy couieHeHUt0. B rnybuHe obnactu n-tuma
3 peKT couneHeHHsI Masi, U TOCKOJbKY HACTYIUIO COCTOsSIHME paBHOBECHS,
TOK OTCYTCTBYeT. 3HauuT, B 3TOM 00/1aCTU TOTeHLMasn nocrosiHeH. [Ipexe uem
JIBUTATBLCS /ajibllle, HaZlo ellle pa3 pa3bsiCHUTh, TTIOUEMY HaM Ba)kKeH TOTeHI[UaJI:
OH TIPOCTO TOKAa3bIBaeT, KakKue CUJIbI JIeHCTBYIOT Ha 371eKTPOHbBI U AbIpKU. Eciu
TIOTeHI[Ma/l POBHBIM, 3MeKTPOH He Oy[eT ABUTAThCsl, KaK He [[BUraeTCs Msu,
Jie>KallMi Ha POBHOM TMOJTY.

Ecmu moTeHLMAn yXOJUT BHU3, MOXKHO TIPEJTIONIOXKUTb, UTO 3JIeKTPOH,
HaXoAAIMIUNCsA BOMM3M 3TOTO Ta/Alolero ToTeHI[uana, Oy/eT ToXe «KaTUThCS
BHU3». K co)KaneHuto, TIPUHSTO J[OBOJILHO Hey[AoOHOe pellleHHe CUWTaTh,
UYTO CHIDKEHUE T[IOTeHI[Masla O3HauaeT «IIOBBIIIEHWe» 3eKTPOHA, TO €CThb
3JIEKTPOHBI TIOTEKYT BBepX. VIHBIMU C/I0BaMH, Maarol[Uii TIOTEHIUAT CTY>KUT
[JisT 37IeKTpOHa OapbepoMm, uTo Mbl W M300paswid Ha PHUCYHKe. JTO CUIA,
TIO/ITa/IKUBAIOIIIAst 37IEKTPOH MPOUb OT 00/1aCTU p-TUMA, KaK CIeJCTBUE CO3/[aHUs
oTpuliaTeNlbHOTO  3apsiia  Omarojapsi Tpou3ollle/ileli paHee MUTpalUU
3JIEKTPOHOB. JTa CW/la MpeAoTBpallaeT [JasbHelllee JBWKEHUE 3/1€KTPOHOB
13 KpEMHUS N-TUTIAa B KPeMHUM p-Tura. Vicrosib30BaHWe CHWKeHMs TTOTeHIraa
JJIs1 WTIOCTPalMd BOCXOXKAEHUsI 3JIeKTPOHAa Ha CaMOM Jlefie He TakK IVIyIio,
KaKk Ka)KeTcsi, TOTOMY 4YTO cebuac Oosblliasi HamIssAHOCTb JOCTUTAeTCs
Jis IIPDOK, TaK KaKk OHU eCTeCTBeHHbIM 00pa3oM TeKyT BHM3. MOXXHO CUMTATh,
YTO Halll crocob Tpe/iCTaB/eHUs TIOTeHI[Maa (ABUKYILErocs ¢ BbICOKOW TOUKH
CJieBa /10 HA3KOM TOUKM CripaBa) KOPPEKTHO OTMUChIBAeT U TOT (hakT, UTo MajieHue
TIOTeHI[Maa He TI03BOJIsieT bIpKaM MOKUHYTh 00/1aCTh p-TUTIA.

TpeThsi WIMIOCTpAlLsi Ha PUCYHKe — aHajJOTus C TeKylleid BO/OA.
ONeKTPOHbI CJieBa TOTOBbI U HaMepeHbl T0Teub BHU3 10 TIPOBOY, HO Gaphep
MelllaeT UM CJiesiaTh 3T0. TOYHO Tak ke AbIPKU B 006/1aCTU p-TUIA CKarTUBatOTCs



He C TOW cTOopoHbl Oapbepa; BOAsiHON Oapbep U TiajieHHWe TMOTeHIMama —
JiBa pa3HbIX criocoba mpeJCcTaB/ieHusl OJHOTO U TOro xke. Tak o0CTosT fena, eciu
TIPOCTO CKPEeNUTb BMECTe [iBa KyCKa KPeMHUsI — n-Tuma u p-tuna. OfHako ux
cKperuieHUe TpebyeT HeCKOMbKO OOJBIINX YCHUIUM, YeM MOYKHO TIPe/ITIO/IOXKUTD:
WX HeJb3s TPOCTO CKJIeUTb, MOTOMY UTO Takoe COuJieHeHHe He TI03BOJIUT
3/IEKTPOHAaM U JIbIpKaM CBOOO/THO TiepeTeKaTh U3 OA/HOM 00/1aCTH B IPYTYIO.

CamMoe WuHTepeCcHOe, eC/d TMOJAK/IIOYUTL 3TOT pn-riepexofi K Oartapee,
9TO TIO3BOJIUT TIOBBILIATh WM TIOHWXKaTb T[OTeHLUaIbHbIA Oapbep Mexay
obsacTsiMu n-Tumna u p-tumna. Ec/v MoHW3UTh MoTeHIMan 06/acTu p-Turna, To OH
ymajieT eije CubHee, TaK UTO 37IeKTPOHAM U [IbIDKaM CTaHeT ellle CJIO)KHee
JBUTATbCSI MO couieHeHWO. Ho TIOBbIlleHWe TIOTeHI[Masa o0siacTu p-TuIia
(v ocnabneHve ToTeHIMana 061acTy n-Turna) 1moj00HO MOHMXXEHHIO TIJIOTHHBI,
clep>KuBarolllell BoAy. OJIeKTPOHBI 00/IaCTH N-TUMa HeMe/JIeHHO HauWHaroT
3aTorIATh 00/MacTh p-TUMA, a [AbIPDKU [JIBWXKYTCS CTO/b JK€ MacCOBO,
HO B TIPOTUBOIOJIO)KHOM HaripaB/ieHUd. TakuM 00pa3oM pn-miepexof] MOXKeT
WCTIONB30BaThCsl KaK [AUO/: OH MOKeT obecrieuuTh [BW)KeHUE TOKa, TpaB/a,
TO/MLKO B ofHOM Harpasnennn 3, Ho guospl He IMaBHBIA TpefMeT HaIlero
VHTepeca.

Puc. 9.4 — 370 HabOpPOCOK yCTPOMCTBA, U3MEHHUBIIIETO MUP, — TPAH3UCTOPA.
OH moKa3bIBaeT, UTO MPOU30U/IET, eC/IU CZiesiaTh CBOeoOpa3HbIii CIHABUY — CJIOU
KPeMHUSI p-TUIa pa3MeCTUTh MEX/y JByMsl CJIOSIMU KPeMHUsI N-Tura. 37ieCb HaM
XOpOIIYI0 C/IYy>KOy COCTYXUT OObSICHEHHWe TpO JUOA, TIOTOMY UTO Wjen
TIPUMEPHO Te JKe camble. DJIEKTPOHBI ABWXKYTCSI U3 o0sacTedt n-tura B 0bsacTu
p-TWTa, a [AbIPKU ABWXKYTCS B 0OpaTHOM HampaB/ieHWM, TOKa W3-3a MaJieHuil
TOTeHI[MaNla B COWIEHEHUSIX MeXJy C/I0sIMM TaKoe B3auMOIIPOHHUKHOBEHUE
He TpeKkpailaeTcsa. B M30/MPOBAaHHOM BHZE MOXKHO TIPeACTaBUTHL cebe
CyIleCTBOBaHHE [IByX pe3epByapOB 3/eKTPOHOB, pa3eieHHbIX Oapbepom,
Y OfIUH pe3epByap JbIPOK, 3a)KaThlii MEXXy HUMHU.
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Puc. 9.4. Tpansucrop

Camoe MHTEpeCcHOe TMPOUCXOAUT, KOTAA Mbl MPUKI/IA/IbIBAEM HarpssKeHue
K 00/acTW n-TMma C OFHOM CTOPOHBI U K 00/acTU p-TUMa B CepejvHe.
[Tpuno)keHre TIO/IOKUTETBHOTO HaIpsDKeHUs 3acTaB/sieT MOAHSTHCS M/I0CKYIO
YyacTb KPUBOH C/ieBa (Ha BeJIMUMHY VC) U TUIOCKUN y4acTOK B 00/IaCTH p-TUTia
(Ha BemuuuHy Vb). OTO MOKa3aHO CIVIOWIHOM JIMHWEW Ha LeHTpalbHOU
puarpamme. Takolf cmocob pacriosio)keHHsl TOTEHIMA/JOB HMeeT Cepbe3Hble



MOC/eACTBUSA:  CO3[@aeTCAd  HaCTOSIUM  BOZOMAJ  3JIEKTPOHOB,  KOTOpbIe
TIPeoZioIeBal0T CHIKeHHBIN 1leHTpabHbIA Oaphep U HarlpaB/sSIOTCS B 00/1aCThb N-
THIIA CjieBa (HAallOMHUM, UTO 3/IEKTPOHBI TEKYT «B TOpPKy»). Eciu Vc Oonbiie,
yeM Vb, TO MOTOK 3/IEKTPOHOB OyJeT OJHOCTOPOHHUM U 3/IeKTPOHBI CJieBa
He CMOTyT TipeofionieTb 06macTh p-tura. Kak Obl 6e300uHO HU 3By4aid 3TU
(dpa3bl, HO Mbl TOJILKO UTO OMHWCA/IX 371eKTPOHHbBIA KiaraH. MTak, rocpeficTBOM
TIPUMeHEeHUS HampsDKeHUs K 00/1aCTH p-THTIa Mbl MOXKEM BKJTFOUATh W BBIK/TFOUATh
3JIeKTpHUYEeCKAU TOK.

M BOT 3aBepilieHWEe: Mbl TOTOBbI K IIOJTHOMY OCO3HaHUIO TOTEHLMana
CKpOMHOro TpaH3ucropa. Ha pwuc. 9.5 cHOBa [eMOHCTpUpyeM [elCTBUE
TPaH3UCTOpa uYepe3 MapaylelM C Tekylled Bogou. CuTyalus «3aKpbITOrO
K/lariaHa» TIOJIHOCTBI0 aHAJIOTHYHA TOMY, UTO TIPOMCXOAWUT B 00/1acTU p-THIIA
6e3 BCSIKOro HampsbkeHUs. [IpuMeHeHHe HarpspKeHUSI COOTBETCTBYET OTKPBITHIO
KnarnaHa. ITog gBymss TpyOKaMu Mbl WM300pa3suiMi CUMBOJI, KOTOPbI OOBIYHO
UCTIONB3YeTCsl ISl TPAH3UCTOPA, U C U3BECTHOU Jlosieli BOOOpa)keHUsI MOXKHO
yTBEP’K/IaTh, UTO OH JIa)Ke MOX0K Ha KJ/laraH.
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Puc. 9.5. AHasorusi TpaH3UCTOpa C BOASHBIMU TPyOKaMu

YTo MOXHO caejaTb C K/ldllaHdAMHU U TPY6KaMI/I? Mgb1 MOXeM CO344aTb



KOMITBIOTED, a €eC/Au TPYOKM U KjarmaHbl [OCTaTOYHO Masibl, TO BIIOHE
Cepbe3HbIU KOMITBIOTED.

Puc. 9.6 mpencrapnsier co00M KOHLENTYa/lbHYIO WJ/UTIOCTPAL[MI0 TOTO,
Kak MO)KHO HCITIONb30BaTh TPYOKy C [AByMsI KjaraHaMM W CO3[laTh HEUTO
TI0/] Ha3BaHUEM «JIOTMUUeCKUM BeHTU/Ib». Y TPyOKu cyieBa 00a K/iariaHa OTKPBITHI,
B pe3y/ibTaTe CHU3Y BbITeKaeT Boja. Y TPyOKU B 1leHTpe u TPyOKU CripaBa OfiuH
K/IallaH OTKPBIT W OJWH KJjarnaH 3akKpbIT, TaKk YTO, OYEeBHUJHO, BOJA CHU3Y
He BbUIMBaeTCsl. Mbl pellidiv He u3o00pakaTh UeTBEPThIM BapUaHT — Korja o0a
K/JlaraHa 3akpeiThl. Ecnu 0003HauuTh BbITEKaHWE BOAbI W3 [HUINA TPyOOK
udpoit 1, OTCYyTCTBUE TaKOro BbiTeKaHWs — LM@poit 0, a Takke Ha3HAUWUThb
JJIs1 OTKPBITOTO KijaraHa tugpy 1, a anas 3akpeitoro nudpy 0, TO MOXHO
n300pasuTh flelicTBHe ueThIpeX TPYOOK (Tpex HapUCOBAaHHBIX W  OHOU
HeHaprcoBaHHOW) ypaBHeHUssMM 1 11 =1, 1u0=0,0u1=0u0u0=0.
C/moBo «m» — JIOTMYECKUM Oreparop, KOTOPbIM MCIIO/Ib3YeTCsl  37eCh
B T€XHUYECKOM CMbIC/Ie: CUCTeMa M3 TPYOKHU U K/IaraHOB, KOTOPYIO MbI TOJIBKO
YTO OMUCA/U, Ha3bIBAeTCs «BEHTW/b W». DTOT BEHTWIb pa3pelllaeT [Ba BBOJA
(cocTosiHMe IByX K/IallaHOB) U BO3BpalllaeT eJMHCTBEHHOE 3HaueHue (TeueT BoZa
WU HeT), TIPU 3TOM eJUHCTBEeHHbIM C0Ccob MoyuynuTh Ha BbIXoZie 1 — 3TO BBECTH
oba pasa 1. Hazmeemcs, Terephb TOHSTHO, KaK MOXXHO C TIOMOIILbIO TIaphI
MO/ICOeJMHEeHHbIX TPaH3UCTOPOB CJe/laTb «BeHTW/Ib HW» — IIPUHLUIIAA/IbHAs
CxeMa /laHa Ha 3TOM PUCYHKe.
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Puc. 9.6. «BeHTWIb W», CO3/lJaHHBINA C TIOMOIIBIO BOASIHOW TPYObI U [IBYyX
K/IaraHoB (csieBa) U mapbl TPaH3WCTOPOB (cripaBa). Bropol BapuaHT ropasno
Ayullle MOAXOAUT J/Isl CO3/laHtsI KOMIbIOTEPOB

MbI BUAMM, UTO TOK HauyHMHAeT TeUb TOABKO B TOM Ciy4ae, eCau o00a
TpaH3UCTOpa BK/IIOUeHbl (TO €eCTb eCAu TIPWIOKUTb  TIOJIOKUTEIbHOE
HanpspkeHue K obnactsMm p-tuma, Vb; u Vb,), a UMEHHO 3TO U TIPUBOAUT

K IOSIBJICHUIO «BEHTUJISI U».

Hpyras noruueckasi cxema u3obpakeHa Ha puc. 9.7. 3pech Boja Oyzer
BBITEKAaTb CHU3Y, eC/IU OTKPBIT JIF0O0M U3 K/araHoB, U He OyZieT BbITeKAThb, eC/iU
o0a K/araHa 3aKphITbl. TO Ha3bIBAeTCSl «BEHTU/IEM MJIW», U €e MOXKHO OTUCaTh
aHajiornyHo npeabiayme: 1w 1 =1, 1uwm0=1,0mwm 1=1u0nm 0 = 0.
CooTBeTCTBYy!OLLasl CXema TPaH3MCTOpa TOXKe M0Ka3aHa Ha pUCyHke. Tok moiger
BO BCeX C/Iy4Yasix, KpoMe TOro, Korzia 06a TpaH3UCTOpa BIK/IIOUEHbI.

Puc. 9.7. «BeHTU/Ib WIW», CO3[@HHBIM TIPU TIOMOIIH [IByX BOJSHBLIX TPYO
Y IByX KJlaraHoB (C/ieBa) WM Napbl TPAaH3UCTOPOB (CIipaBa)

VIMeHHO Ha TaKuX JIOTUUeCKUX CXeMax W OCHOBaHa Cuia I[U(PPOBbIX
9JIEKTPOHHBIX MPUOOPOB. OTH CKPOMHBIE CTPOUTEbHbIE KHUPITUUWUKU [AlOT
COUeTaHUsI JIOTUUECKHUX CXeM, KOTOpble MOXXHO HCII0/Ib30BaTh [/ CO3/aHUS
CKOJIb YTOAHO C/IOXKHBIX a/JfOPUTMOB. MOXXHO Ha3HAUMTh CIUCOK BBOJUMBIX
3HaUeHWM B HEKOTOPBIX JIOTMUECKUX liersx (Habop Hysel W eWHWULT), IPOTHATh
3TM 3HaueHUs uepe3 HEKYH U30I[PeHHYI KOH(Urypalydi0 TpaH3UCTOPOB
U TONYYUTh HA BBIXOJl@é CIMCOK APYTMX 3HaueHWd (Apyrod Habop Hysei
1 eauHuI]). TakuM 00pa3oM MbI CO3/laeM LIeMH JJisi COBEpIIeHHUsT C/IOKHENIITNX
MaTeMaTHuyeCKUX pacyeToB WU MPUHSTUS PellleHUH, OCHOBAaHHBIX Ha TOM, KaKue



KJaBUIIIM HA)KUMAIOTCST Ha KjaBUaType. 3aTeM Mbl CHabkaem 3Toi
vH(dopMalLeil yCTPOWCTBO, KOTOPOE BBIBOJUT COOTBETCTBYIOIIME CHUMBOJIbI
Ha 3KpaH, WM 3alyCkaeM CUI'Ha/l TPeBOrH, eC/IM KTO-TO B/IAMbIBAeTCS B [IOM,
WA TIOChL/IaeM TIOTOK TEeKCTOBBIX CUMBOJIOB TI0 OMNTOBOJIOKOHHOMY Kabestto
(Tipy 3TOM OHM TIpeJiCTaB/ieHbl B BU/le OMHAPHOTO KOJja) Ha APYroi KOHel| MUpa,
WIW... ]a UTO YTOJHO, TIOTOMY UTO TPAKTUUeCKH JI000M 3/1eKTPOHHBIN Mpubop
B HallleM PaCIOPsSKeHUU MO/, 3aBsSI3Ky HaOUT TpaH3UCTOpaMH.

[MToreHian ux Ge3rpaHUueH, U Mbl Y>Ke BOBCIO UCIIO/Ib3yeM TPaH3UCTOPHI
A7t u3MeHeHusi mupa. He GyzneT mpeyBe/MueHWeM CKa3aTh, UTO TPaH3WUCTOP —
camoe Ba)kHOe wu300peTeHue 3a mocnegHue 100 seT: coBpeMeHHbIH MUD
MOCTPOEH Ha TOJYNPOBOJHUKOBBIX TEXHOJOTHUSAX W C(OPMHUPOBAH UMH.
C mpakTHuYeCKOM TOYKM 3peHUsl 3TU TeXHOJIOTWM CIac/Jd MU/UIMOHBI JKA3HEU:
B 0COOEHHOCTM CTOWUT yKa3aTh Ha MpUMeHEeHWe BbIYUCIUTE/NbHBIX YCTPOWCTB
B 0OO/MbHUIIAX, TIPEUMYIIeCTBa OBICTPBIX, HAJI@XKHBIX W PACIpPOCTPaHEHHbIX
110 BCeMY MHPY KOMMYHUKALIMOHHBIX CHUCTeM, HWCIIO0JIb30BaHUE KOMIIbIOTEPOB
B Hay4YHbIX MUCC/Ie40BaHUAX U 151 KOHTPOJIUPOBAHUSA CJIOXKHBIX MPOMBILIIEHHBIX
IIPOM3BO/CTB.

Yunesam Hlokny, Ixon bapaun v Yonrtep Bparrelin B 1956 rogy nosnyunnu
HoGeneBckyto mpemuto 1o ¢u3MKe «3a HCCIeJOBaHUE TIOMYIIPOBOHUKOB
U OTKpBITHE TpaH3ucCTOpHOro 3¢dekra». Bo3moxHo, Hukorna HobeneBckas
npeMusi He TpUCY)XJanach 3a paboTy, Kortopas Obl B Takoill CTerneHu
HeIoCpe/CTBeHHO 3aTparvBasia >KM3HU OTPOMHOIO YKCJIa JIF0eH.



10. Bzaumoaencreue

B mnepBbIX IaBax Mbl pacCKasblBa/M O 3aKOHAX, MO KOTOPBIM [ABMKYTCS
Mespuakie yacTuiibl. OHU TlepecKakMBalOT C MecTa Ha MecTo, 0e3 CcTeCHeHUs
UCC/ielysi TIPOCTPAaHCTBO W MeTadopuueckd TiepeHOcs C coboli  cBou
MHUKpOCKOIMUeckre 1udepbnarel. /lobaBUB  MHOXKecTBO  Iiudep6siaTos.,
COOTBETCTBYIOIIMX pa3HO0Opa3HbIM CriocobaM, KOTOPbIMU OHH MOTYT TIPUOBIThH
B HEKYIO OIpe/ie/IeHHYIO0 TOUKY B IPOCTPAHCTBE, MbI ITO/TyYaeM eUHBIN 00Iuii
1iidepOs1aT, pasmep KOTOPOTO CBUETE/NILCTBYET O BEPOSITHOCTH HAWTH YaCTHITY
«Tam». M3 JUKUX, aHapXU4eCKUX MPOSIBJIEHWHA KBAaHTOBBIX CKAYKOB TOSIBJISTFOTCS
Oosiee U3BeCTHLIE HAM CBOMCTBA MOBCEIHEBHBIX TIPEIMETOB. B KaKOM-TO CMbIC/Ie
KKABIA 37€KTPOH, KaXK/bId TIPOTOH U KaXK/bld HEUTPOH, TPUCYTCTBYHOIHE
B BalleM Tejle, NOCTOSSHHO HWCC/IeAYHT BCHO BceneHHYr0, W TOJIBKO KOrja
BbIUMC/IeHa 0011jasi cyMMa BCeX 3TMX WCC/Iel0BaHUM, Mbl OKa3bIBaeMCSI B MHPE,
rJle aTOMbl Halllero Teja, K CYaCTbi), CTPEMSITCS HaXOAUTbCS B OTHOCUTEBHO
cTabuibHOM (hopMe — 10 KpaiiHel Mepe, Ha BeK Win OoJibitie. Ho MbI 10 CHX TTOp
HUKOMM 00pa3oM He Kaca/MChb TIPUPOAbI B3aMMOZENCTBUN MEXAy YaCTULIAMH.
MBI yXUTPUIUCh NOBOJIBHO [A/€KO MPOJBUHYThHCS, HE KacasCh BOMpPOCa O TOM,
Ha KakKOM $13bIKe YaCTHUIIbl pa3roBapuBaroOT ApPYyr ¢ ApyroM. Bo MHorom momorna
ujes noreHurana. Ho wuro Takoe mnoreHuuan? Ecii wmup  cocTout
WCK/TIOUMTE/IbHO M3 YacCTUL], TO, pa3yMeeTcCsi, Mbl MOXEM COBCEM OTKa3aTbCs
OT CMYTHOrO TIpeJCTaB/eHUs, YTO YaCTHULbl [BUTAlOTCS «B TMOTEHIMaJIe»,
CO3/]JaHHOM IPYTMMHM 4YaCTULIAMH, U TOBOPUTH YK€ O TOM, KaK UMEHHO JABH)KYTCS
YaCTHULIbI U KaK B3aUMOZEHMCTBYIOT.

CoBpeMeHHbIM moAxoA K  (dyHAaMeHTa/bHOW  (U3UKe, U3BECTHbIN
Kak KBaHTOBasl TEOPUSI MOJs, JeMCTBUTEIBHO YCTPaHseT 3TO TOHATHe, A00aBisis
K 3aKOHaM /IBIDKEHHUSI YaCTHI] HOBbIe 3aKOHBbI, KOTOpble OOBSICHSIIOT, KaK 3TH
YaCTUIIbl B3aUMOJIEHCTBYIOT [Py C APYroM. OTU 3aKOHBI OKa3bIBAIOTCSI Oosee
C/IO’KHBIMM, UeM Te, C KOTOPbIMHA MbI Yy)Ke€ BCTPEUa/iMChb, U OAHO W3 4YyHec
COBPEMEHHOM HayKd B TOM, YTO, HECMOTPSI Ha BCHO C/JI0’KHOCThb W 3alyTaHHOCTH
MHpa MPUPO/ibl, 3aKOHOB 3THUX He TaK Y»K MHOT0. Aib0epT DWHINTEHH MHcat:
«BeuHasg TallHa MHpa — B €ro MOHSTHOCTW», @ TO, UYTO «OH TIOHSITEH,
5TO HACTOSILL|ee Yyz0».

Haunem c ¢opMy/nMpOBKM 3aKOHOB TI€PBOM OTKPBITOM KBAaHTOBOW TeOpUH
TI0JISl — KBAHMOBOU 31eKmpoouHamuKu, cokpaiieHHo QED. Vcroku 3Toi Teopuu
BocxomAT K 1920-m rogam, koraa JlMpaky c 0coOeHHBIM YCIeXOM YZAanioCh
MOCTaBUTh 3J€KTPOMAarHUTHYK) TEeOpUK0 MakcBesijla Ha KBAHTOBbIE PpeJIbChI.



MpI1 y>Ke MHOTO pa3 BCTpeYa/IiCh B 3TOM KHUTrEe C KBAHTAMH 3/IEKTPOMarHUTHOTO
ToJisi, a UMeHHO C ()OTOHaMU, HO B TO BpeMsi C HOBOU Teopuel ObLIO CBSI3aHO
MHOTO OUeBHUJHBIX TPO6eM, ocTaBaBIIMXCSl HepaspelmMbiMu B 1920-1930-e
roabl. Kak uMeHHO, HarpuMmep, 3/AeKTPOH MCHyCKaeT (POTOH TIPU J[BWXKEHUU
MeXIy SHepreTUUeCKUMHU YPOBHSMU B aroMme? VM UTO MPOMCXOJUT C (POTOHOM,
KOTZjJa OH IIOIVIOLAeTCs 3/IeKTPOHOM, YTO I103BOJISIET 3/IeKTPOHY IleperpbirHyTh
Ha 0osiee BBICOKMI 3HEpreTUueCKuil ypoBeHb? OueBUAHO, YTO (POTOHBI MOTYT
C03/jaBaThCsl M paspyllaTbCsi BO BHYTPUATOMHBIX IIpoLjeccax, XU TO, KaK 3TO
MPOUCXOJUT, He OIUChIBAETCS TOW «CTapOMOJHOW» KBAHTOBOW TeOpUeH,
C KOTOPOW MBI [I0 CUX [1IOP UMEeJH J1eJI0 B 3TOU KHUTe.

B ucTtopuy HayKu eCTb HECKObKO JieTeHJapHbIX COOpaHui yYeHbIX —
BCTpeY, KaXeTcs, OIpeje/leHHO M3MEeHMBIIMX XOJ HayKu. Bo03MOXHO,
3TO HEMHOT'O He TakK, TTOCKO/IbKY OOBIYHO yUaCTHUKHU TaKWX BCTPeU Yy)Ke MHOTO
net paboranu Haji CBOMMHM TIpoO/ieMaMu, HO COCTOsIBIIIasicsi B utoHe 1947 roza
koH(epeHuus B lllentep-AlineHsae, Ha okoHeuHOcTU JloHr-AineHga B Heto-
lopke, o6najaeT BeCKMMU OCHOBAaHMAMU HAa TO, UTOOBI CUMTaThCH
Kara/jn3aTOpOM HAyYHbIX OTKPBITHUM. YKe TOJbKO CITMCOK YYaCTHHUKOB CTOUT
TOTO, UTOOBI MPOYMUTATH €T0 BCJIyX U C BhIpaXKeHHEM, TOTOMY UTO OH KpPaToOK
U TeM He MeHee COAEp)KUT HMeHa BeIMYaMlliiX aMepUKaHCKUX (U3UKOB
XX Beka. Bor oH B andaButHOM nopsigke: XaHc berte, [ssuzg bom, ['peropu
Bpeiit, Buktop Batickond, Kapn dappoy, Xenjpuk Kpamepc, Yummuc JIam6,
HNyukan MakunHec, Po6ept Mapiak, [IxoH ¢boH HelimaH, ApHonbg Hop/cuk,
PoGept Omnmenreiimep, Abpaxam [latic, Jlatinyc TTomunr, Mcugop Pabu, BpyHo
Poccu, PoGepr Cepbep, Onpapg Temnep, IxoH Yunep, [kopmk YneHOek,
Puuapy ®etinman, 'epman @emibax, ko BaH Prek u [Ixynuan IIBuHrep.
YuTaTenb yke BCTpeuaa B KHUTe HEKOTOPbIe U3 YIIOMSHYThIX WMeH, a 0ol
CTyaeHT (usnueckoro (akysnbTeTa, BepOSITHO, 3HaeT OOJBIIMHCTBO U3 HUX.
AmMepuKaHCKUM nucarenb [31B bappu opgHaxabl ckasan: «Eciv OfHUM CJI0BOM
ompezie/IuTh, II0YeMy uejioBeyecKasi paca He pacKpblila U HUKOIZA He pacKpoeT
TIOJTHOCTBIO CBOM TIOTeHI[Man, TO 3To OydeT cioBo “cobpanusi”». 3To,
Ge3yc/ioBHO, BepHO, HO BcTpeua B Illentep-AtineHsie Oblla HCKIHOUEHUEM.
CobpaHue HauasoChb C Tpe3eHTal[uu TOro, UTO C TeX TOp TOJIyur/I0 Ha3BaHUe
n1amboecko2o  coguea. Ywinuc  JIsMO ¢ TIOMOIIBE)  BBICOKOTOUYHBIX
MUKDOBO/THOBBIX MeTO/|0B, pPa3paboTaHHBIX B xo/e BTopoli MHpOBOI BOWHBI,
oOHapy>KW/I, UTO CIeKTP BOAOpPOJa Ha CaMOM jiejie He /10 KOHIIA OIMUCHIBAeTCs
CTapoii KBaHTOBOM Teopuel. CylliecTBOBa/ MeJBUaNIIMKM CBUT Hab/r0aeMbIX
JHEepPreTUYeCcKUX YPOBHeW, KOTOpbIM Helb3si ObLI0 OOBSCHUTH Teopuew,
W3/I0)KeHHOM HamM¥ B TIepBOM 4acTh KHUTH. JTOT 3(h(deKT ObLT KPOXOTHBIM,
HO CTasl HaCTOSII[UM BbI30BOM [IjIsi COOpaBIIIMXCSI TEOPETHKOB.



Tyt mbl octaBum lllentep-AtineH], BonHyroluiics mociae peun JIsmOa,
1 00paTUMCsl K TeOpYH, BO3HUKILIEH B C/ieAyIOle MeCslibl U rofibl. TeM cambiM
MbI pacKpoeM TIPOMCXOX/IeHre JAMOOBCKOTO CABUTa, a ceiiuac, uToObl pa3xeub
Balll aNmeTuT, MNpUBeJEeM [O0BOJbHO 3araZloyHoe OIMCaHWe OTBeTa: IPOTOH
Y JIeKTPOH B aTOMe BOZIOPO/ia He OJIHU.

QED - Teopus, onuceIBaroLasi, KaK 371eKTPUUYECKU 3apsUKeHHbIe YaCTHULIbI,
HarpyuMep 371eKTPOHBI, B3aMMOZEUCTBYIOT APYr C APYIOM U C YaCTMLIAMM CBeTa
(potonamu). OHa ofHa crmocoOHa OOBSCHUTH BCe TIPUPOJHbBIE SIBJIEHUS,
3a UCK/IFOUEHUEM TpaBUTALIUU U si[iepHbIX (peHOMeHOB. K siepHbIM (peHOMeHaM
MbI 00paTUMCSI 1103Ke U 00BSICHUM, TIOUeMy aTOMHOE SiZIpO He pacria/laeTcsi, XOTs
nipefcTaB/isieT €000 MHOXECTBO TIOJIOKUTE/IbHO 3apsDKeHHBIX TIPOTOHOB
U HeUTpOHOB 6Ge3 3apsifia, KOTOpble B OJHY CEKYHAY pa3/eTesuch Obl, ecu Obl
BHYTPU s/pa He TMPOUCXOAWIM Kakue-TO mnpoueccel. [IpakTuyecku Bce
OCTa/ibHOe — U YK TOUHO BCe, UTO Bbl BUJWUTE U OIlylljaeTe, — 0OBSICHIETCS
Ha ryouHHbIX ypoBHsX QED. Marepus, CBeT, 3/IeKTPUUECTBO U MarHeTU3M —
BCce 310 QED.

HauHem C TONMKOBaHUSI CUCTEMBbl, C KOTOPOM Mbl HEOJHOKDATHO YrKe
BCTpeYa/IMCb B 3TOM KHUre, a UMEHHO BcejleHHOW C OJHHWM 3JIEKTPOHOM.
KpyXKy Ha pUCYHKe CO «CKaukamu Ludep6saToB» Ha pDUC. 3.6 TOKa3bIBalOT
MHOXXeCTBO BO3MOJKHBIX MECTOHAaXOK[EHHW 3JIeKTPOHA B KaKOU-TO MOMEHT
BpeMeHU. UTOOBI BbIBECTH BEPOSITHOCTb HAXOXKEHUs 3/7IeKTPOHA B HEKOTOPOM
Touke X B Oosee mo3aHee BpeMs, KaK TOBOPSIT HAIllM KBAaHTOBbIE TIPaBUIIA,
MbI JIO/DKHBI TIO3BOJIUTH 3/IEKTPOHY TepecKouuTh B TOukKy X u3 J06oit
BO3MOYKHOW MCXOTHOM TOUKU. KaXK/blii CKauOK TIPUHOCUT B TOUKy X Lincepbnar,
MbI CYMMHMPYEM HX U M0JIy4aeM OTBET.

Celtuac Mbl cZiesiaeM TO, UTO MOXKeT HW3HayaJbHO TMOKa3aTbCsl CAUIIKOM
CJIOKHBIM, HO, KOHEUHO, UMeeT T10j; cob0ii cepbe3Hble OCHOBaHus. [Ipuzercs
3a/1eliCTBOBAaTh HECKONIBKO A, B 1 T — MHBIMH CJIOBaMU, Mbl CHOBA BO3BpalllaemMcsl
Ha TioJie TBU/IOBBIX JKWUJIETOB U MeEJIOBOM TibLIM; He OecriokoiTecs,
5TO HEHaJl0Jro.

Korzpa vactvia U3 TOUKM A B Hy/eBOe BpeMsl HarlpaB/sieTCss K TOukKe B
BO BpeMss T, Mbl MOXeM TIOACUMTaTh, Kak OyzneT BbirsggeTh Iudepbnar
B TOUKe B, repeBejsi CTpe/lKU B TOUKe A Has3aJ Ha BeJIMUMHY, OIpe/eseHHYH
paccTossHueM Mexay B M A ¥ BpeMeHHbIM HHTepBajoM. VHbIMU C0Bamy,
MO)KeM 3arucarb, uto Ifudepbsar B Touke B 3amaercs C(A, 0) P(A, B, T),
rne C(A, 0) npeacrapsieT UCXoAHbIN 1MpepbaaT B Touke A U B Hy/leBOe BpeMms,
a P(A, B, T) — BoruiolljeHre TIpaBU/a MepeBofia U yMeHbllleHus1 1udepO/1aToB,
CBA3aHHOrO co ckaukoM u3 A B B4, Mu 6ymem HaswiBath P(A, B, T)
«TiporiaratopoM» ((pyHKIMel pacrpocTpaHeHusi. — [Ipum. peo.) TiepemelleHuUs



U3 TOuKW A B TOuky B. Tenepb, Korjza M3BeCTHO IPaBWIO MepeMeleHus
Y3 TOUKM A B TOYKY B, Mbl TOTOBbI BBIUKWC/IUTH BEpPOSITHOCTb HaxOXIEeHUs
yacTuLpl B Touke X. Ha puc. 4.2 eCTb MHO)KeCTBO UCXOJHbIX TOUYEK, TAK UTO HaM
TIPUZETCS TIPOJBUHYTHCS B TOUKY X M3 BCeX 3TUX CTAPTOBBIX TOUYEK U CJIOKUTh
BCe monyuuBiivecs Iudepbnarel. B Haieit kaxyielicsi 3yboapoburtenbHON
HoTamu Tonydaercs uudepbmar C(X, T) = C(X1, 0) P(X1, X, T) + C(X2, 0)
P(X2, X, T) + C(X3,0) P(X3, X, T) +..., toe X1, X2, X3 u TaKk [ajsee OTpa’karOT
BCe TIO3WLIMM YaCTULbl B HyJieBOe BpeMs (TO eCTb MO3WLIMKA KPYXXKOB Ha
puc. 4.2). Yrounum: 3armuck C(X3, 0) P(X3, X, T) mpoCTO 3HauWT «B3SITh
1udepbnar B Touke X3 U mepeMecTuTh ee B TOuky X 3a Bpemsi T». He crtout
AymaTb, UTO TYT IPOMCXOAWUT HEUTO OYeHb C/A0KHOe. Bce, uto Mbl gmenaewm,
TaK 3TO BKparTiie 3alyChIBaeM TO, UTO y)Ke 3HaeM: «B3sTb 1udepbsat B Touke X3
B HyJIeBOe BpeMs M PacCUMTaTb, HACKOJIIBKO TepPeBeCTU CTPEJIKU U YMEHBLIUTh
1udepbnaT B COOTBETCTBUM C TyTeM YacTUI[bl U3 TOUKU X3 B TOuKy X
B HeKoTopoe Oosiee mo3aHee BpeMsi T, a 3aTeM IOBTOPUTH TIPOLIeCC [Jisi BCEX
OCTa/NbHBIX LM(epbsaTOB B Hy/leBOe BpeMs U, HaKOHel], CJIOKUTb BCe
1udepbnatel BMeCTe TI0 TIpaBWIy CAoXKeHUs 1udepOiaToB». YBepeHbI,
Bbl COIVIACUTECh, YTO 3TO CJIMIIKOM MHOTOC/JOBHO, MO3TOMY C COKpAallleHHOH
3arMChI0 KUTh Oy/IeT TpoItie.

Mps1 uMeeM MpaBO CUUTATh, YTO MPOIAraTop BOILIOLAET MIPaBU/IO TlepeBoja
U yMeHbllleHUs 1Udep6saToB. MbI MOXKeM TakXe CUWTaTh IIpPOIArarop
udepbnatom. UYrtobbl ompaBAath 3T0 Oeccopep)kaTesibHOe — 3asiB/ieHUe,
Tpe/CTaBbTe, UYTO Mbl C YBEPEHHOCTbIO 3HAaeM, 4YTO 3/eKTPOH HaxOAUTCSA
B Touke A Bo Bpemsi T = 0 u UTO 3Ta CUTyal[usi OMUCHIBaeTcs LudepbraTom
pa3mepa 1, mokasbiBaroiijeM 12 uyacoB. Mbl MO)KeM U300pa3uTh repemelijeHue
C TIOMOINbIO BTOpOro 1HudepbsaTa, U ero pa3mep COBIAJaeT C BeIUUUHOMU,
Ha KOTODPYIO ZIo/KeH ObITh yMeHbIlleH UCXO/HbIN 1udepb/at, a BpeMs, KOTOpOe
ToKa3biBaeT BTOPOM LMdepbaaT, COOTBETCTBYeT BeJMUMHEe HeoOXOAUMOTro
repeBojia uacoB. Ec/iu CKauoK 37eKTpOHa W3 TOUKU A B TOuKy B Tpebyet
yMeHbIIIeHUs] UCXOHOTO IudepbiaTa B 5 pa3 u nepeBojia CTPeJIOK Ha 2 yaca
Ha3aj, To mpomaratop P(A, B, T) MOXHO TIpe/iCTaBUTh B Buje Ludepbara,
pa3smMep Kotoporo paBHsiercsi 1/5 = 0,2, a CTpe/lKu KOTOPOTO YKa3bIBarOT
Ha 10 yacoB (To ecTh TiepeBe/ieHbI Ha 2 yaca Ha3af ¢ 12). Lludepbnat B Touke B
T1I0/Ty4aeTcsl MPOCTbIM «yYMHOXKEHHEeM» WCXOAHOro Idepbsata B Touke A
Ha 1udepbaT-rpomnararop.

OTcTyrnieHvde Ay TeX, KTO pa30upaeTcsi B KOMIUIEKCHBIX BeMUMHaX:
kKak C(X1, 0) u C(X2, 0), Tak u P(X1, X, T), P(X2, X, T) moryT OBbITb
TIpe/iCTaB/IeHbl B BU/|e KOMIIJIEKCHOTO UMCJ/la, U OHA COYETArTCsl B COOTBETCTBUHU
C MaTeMaTU4eCKUMU TIpaBUIaMA YMHOXXEeHUS] KOMIVIEKCHBIX YMCe/l.



[ns Tex, KTo He pa30upaeTcs B KOMIUIEKCHBIX BeJIMUMHAX: 3TO HEBa)KHO,
TIOTOMY YTO OIKCaHue C TOMOIIbI0 11depOIaToB CTOMb >Xe TOUHO. MbI BCEro
JIUILL TIPeAICTaBUIN CJieTKa WHOM B3IJIsA]] Ha TpaBWIO repeBoja Liydepb1aToB:
MOKHO TIepeBO/IUTh CTPEeNKM W YMeHbIaTh LudepbsaT ¢ MOMOIIbIO [IPYroro
1udep6bara.

Ham HUUTO He MelllaeT BbIpaboTaThb IMpaBUIO YMHOXKeHUs 1udepbraros,
KoTopoe OyzieT paboTaTh: YMHOXUTh pa3Mephl AByX [udep6satos (1 x 0,2 = 0,2)
Y COBMECTUTh BpeMs Ha 3TUX AByX LiidepbaaTax Takum 0O6pa3oM, UTO CTPEsKU
niepBoro Iudepbnara OyayT TiepeBefieHbl Ha Bpemsi BToporo: 12 mwuHyc 10,
TO eCTb 2 yaca. KakeTcs, yTo MbI I7le-TO C/lerka rnepeycepaCcTBOBalid, U 3TO
orpeJileJIeHHO He TO, UTO HY)XHO, KOIrZla Mbl MMeeM Je/i0 JIMIIb C OJHOH
yactuieii. Ho ¢u3uKu NIeHrBbI, TaK UTO OHU He CTajiu Obl BIaJaTh BO BCe 3TU
CJIOKHBIE DPACCY>XJeHUs, ecnu Obl 3TO He S5KOHOMU/IO BpeMs UM YCWIUsA
B /JOJICOCPOYHOW TMepcrieKTuBe. BBeleHHasi 3/jeCbh 3amuCbhb OKa3bIBAeTCS OUY€Hb
ToJIe3HbIM CIIOCOO0OM  CleIUTh 3a BCEMU TepeBoJlaMU U YMeHbIleHUsIMU
udepbnaToB, Korja Mbl TofoMeM K 0Ooslee WHTepeECHOMY  CJIydaro
C HeCKOJIbKMMM YacTullaMu — HallpuMep, IpyU paCCMOTPEHUH aToMa BOZ0pOZa.

He3aBrucumo OT geTanerl MOXKHO CKasaTb, UTO B HallleM MeToJe Mojcyera
BEPOSITHOCTeH HaxOXJeHUs1 OJWHOKOM 4YacTULpl rfe-TO BO BceneHHOM ecCTb
BCEro /IBa K/HOUeBbIX MOMeHTa. Bo-TmiepBbiX, HY)KHO yKa3aTb Habop MCXOAHBIX
1udepbiaToB, 3akoUaroIUX B cebe MH(OPMALIMIO O TOM, T/ie YaCTULIAa MOXKET
HaxOAUTBCS B HyJIeBOe BpeMsl. Bo-BTOpBIX, HY>KHO 3Hath nporaratop P(A, B, T),
KOTOPBIA CaM BBICTyTaeT B posiv Ijudepbiara, 3ak/rouaroiero B cebe rmpaBusio
repeBOfia M YMEHbLIEeHUs [/l 4YaCTULbl, [epecKakuBarwolled U3 TOYKU A
B Touky B. Ecnu Mbl 3HaeMm, Kak BBIIVISIIUT TIporiaratop Jjisi JitoOoil maphbl
VICXOJHBIX U KOHEUHBbIX TOYeK, TO Mbl 3HaeM BCe, UYTO HY)KHO 3HaTb, U MOXeM
C YBEPEHHOCTbIO BBICUMTATh BeMUYECTBEHHO CKYUHYIO AUHAaMUKY BceseHHOW,
cojepxkaljer ofHy uvactydly. Bnpouem, K Hel He/b3sl OTHOCHUTBHCS
TipeHeOpe)XUTe/bHO, TIOTOMY 4YTO TakKoe TIPOCTOe TIo/ioKeHWe Jen  caabo
3aryThIBaeTCs, KOrJa B UrPy BCTyIaeT B3aMMOZeNCTBHe yacTvll. BeezeM xe ero.

Ha puc. 10.1 rpaduyecku n300pa’keHbI BCe K/HOUeBbie HeH, KOTOPbIe MBI
XOTUM 37lecb 00CyauTb. DTO Hallle TepBoe 3HAKOMCTBO C JuUarpaMMaMu
deitHMaHa — CpeJCTBOM pacueTa npodeCCUOHATBLHOTO CIelraarcTa no Gusmke
yactul]. Hailla 3ajjaua: HallTM BepOSITHOCTh OOHApY>KeHUsI Tlapbl 3/1eKTPOHOB
B TOUuKax X u Y B HekoTopoe Bpemsi T. CHauaia HaM CO0O011]aeTcsl, r7ie 3/1eKTPOHEI
HaxXO[ATC B Hy/JeBOe BpeMs, TO €CTb KakK BBIVIALAT UCXOAHbIe [0JIA
1udepbnaToB. TO Ba)KHO, MOTOMY UTO CMOCOOHOCTb OTBETHUThH Ha MOAOOHBIN
BOMPOC SKBUBA/IEHTHAa CMIOCOOHOCTH y3HaTh, «UTO TMPOUCXOJUT BO BceneHHOM,
cofiepxkailleli Ba 3/1eKTpoHa». KaxeTcs, B 3TOM HeT ocoboro rmporpecca,



HO Teriepb BeCb MHD Y HAC B KdpMdH€, IIOTOMY UYTO MblI MOXEM Y3HATh,
KdK OCHOBHbBIE€ CTPOUTE/IbHbIE KHPIIMUMWKHW IIPDUPOAbI B3aHMOAEﬁCTBy}OT Apyr

C IDyTOM.
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Puc. 10.1. HekoTtopbie criocoObl pacmazia Mapbl /1€KTPOHOB. JDJIEKTPOHbI
HaUMHAIOT JBM)KEHHeE C/ieBa M BCerj/la 3aKaHYMBaKT ero B OHOU U TOM Xe Tape
Touek, X U Y, Bo Bpemss T. DTU rpauUKyd COOTBETCTBYIOT HECKOJbKUM
pa3IMYHBIM CrIoco6am, KOTOPBIMU YaCTULIbI MOT'YT IOCTUYb TOueK X U Y

[ns ympoitieHyss Mbl M300pasu/v JIKIllb OFHO W3MepeHUe TMPOCTPaHCTBa,
Y BpeMs [BWXKeTCSl CjleBa HarpaBo. OJTO HHMKAaK He CKaKeTCs Ha HalluxX
yMo3ak/noueHussx. HauHem c omvcaHusi mepBoi cepud rpadgukoB Ha puc. 10.1.
Menkuve Touk B T = 0 COOTHOCATCSA C BO3MOKHBIMHA MeCTOIIO/IOKEHUSIMU JIBYX
5JIEKTPOHOB B HyJieBOe BpeMmsi. [ljis WIFOCTPAaTUBHBIX LieJied MpPeIionoXKuM,
YTO BEPXHUU 3JIEKTPOH MOKET HaXOAUTBhCS B OJHOM W3 TpPeX MeCT, B TO BpeMs
Kak HWKHUM — B OHOM U3 JBYX (B peajbHOM MHpe HaM MPUIIIOCh Obl UMETh
J1eJI0 C 3MeKTPOHAMU, KOTOpbie MOTYT HaXOAUTbCS B OECKOHEUHOM KOJMueCTBe
MeCT, HO eC/Ii Obl TIPUILIZIOCh 3TO 3apUCOBaTh, TO KOHUWU/IUCH Obl YepHUIIA).

BepxHUii 571eKTPOH TMepecKakrBaeT B TOUKY A B HEKOTOpPoe Oosiee moszHee
BpeMsi U OJHOBPEMEHHO JiejiaeT OUeHb MHTEPECHYIO Belllb: OH HUCIyCKaeT (POTOH
(Ha pyUCyHKe Tpe/iCTaB/IeH BOJTHUCTOU JIMHUEN).

[Tocne sToro ¢GOTOH MepeckakvBaeT B TOYKY B, rie mormiomaeTrcsi Apyrum
5JIEKTPOHOM. BepxXHuii 3/IeKTPOH 3aTeM IepecKakvBaeT M3 TOYKU A B TOUKY X,
a HWKHUM — 13 TOUKU B B TOuky Y. DTO BCcero nuiilb OAUH W3 OeCKOHEUHOTOo
MHOXXeCTBa BapUaHTOB Mepexo/a MCXOAHOW Tapbl 3/JIeKTPOHOB B TOUKU X U Y.
Mb1 MmoxeM cBsizaTh L¢epO1aT co BceM MpoLieccoM — Ha30BeM ero «1udepbnar
1», cokpamjenHo C1. QED posmkHa faTe Ham MpaBu/ia WIPhbI, TTO3BOJISOLIHAE
BBIUMC/IUTD 3TOT LUdepOart.

[Tpexge uyem yrnyOnsThcsi B fAeTanu, pa3bepeMcsi, KakK 3TO JO/DKHO
npoucxogutb. Ha camoMm BepxHeM pHCYHKe Mpe[CTaB/leH OJWH W3 MHPHa0B
croco60B, KOTOPHIMU MCXO[[Hasi Tlapa JIeKTPOHOB MOJKET MOMacTh B TOUKU X
u Y. Ha apyrux pucyHKax mpeZicTaB/ieHbl MHbIe CriocoObl. OCHOBHas Ujiesi B TOM,
YTO [I/Is1 KaXKJJ0TO0 BO3MOYKHOTO CToco0a Toma/ilaHus 3/IeKTPOHOB B TOUKU X U Y
MbI JIOJDKHBI OTIPeJIe/IUTh KBaHTOBbIN 1U(epOsiaT — yxxe ynomsiHyToii C1 Oyget
IIL TIepBBLIM B J/IMHHON uepese mubepbaato®2. Korja Bce 1udepbnars
oripefiesieHbl, HY>)KHO CJIOKUTh WX U TIOJNYUUTh OJIUH «IVIaBHBIM» LudepOsart.
Pa3smep 3Toro nudepbsara (Bo3BeleHHBIM B KBaJlpaT) yKa)kKeT Ha BePOSITHOCTb
HaxOXJeHUs1 Tapbl 5/JeKTPOHOB B Toukax X W Y. WTak, Mbl CHOBa [OJDKHBI
TpeiCTaBUTh, UTO 3/IEKTPOHBI ABWXXYTCA K TOUKaM X M Y He MO KakOMy-TO
oripefie/ieHHOMY MapIIpyTy, a CKOpee pacCeMBalOTCs BCEMM Criocobamu cpasy.
Ha nocneHuX HeCKOMbKHUX PUCYHKAaX MOXKHO YBUJETh psifi Oojiee M30IPeHHBIX
crioco0OB paccerBaHUs 3/1€KTPOHOB. OJIEKTPOHbI He TOMbKO 0OMEHMBAIOTCS
dboToHaMU — OHK MOTYT WCITyCKaThb M CHOBA TOIJIOINIAaTh COOCTBeHHbIe (DOTOHBI,



a Ha TIOCJIeIHUX /IByX PUCYHKaX BOOOIIle TIPOMCXOAUT HeuTo cTpaHHoe. Ha Hux
MOKa3aH CLeHapyuii, TIpU KOTOPOM KaXkKeTcsi, YTO (DOTOH MCIYyCKaeT 3JIeKTPOH,
KOTOPBIM «XOAMUT TI0 KPYry», MpeXJe ueM 3aKaHuWBaeT CBOM IyTb TaM >Xe,
rie Hauas: 6osiee moApoOHO 06 3TOM MBI CKaXkKeM uyTh Moke. Celiuac ke MOXKHO
TIPOCTO TIPeACTaBUTL PsiJi Bce Oosiee CIOXKHBIX AMArpamMM, COOTBETCTBYHOIIUX
CjlydasiM, TIDU KOTODBIX 3/eKTPOHbI MCMYCKAalOT W TIOIVIOL[AIOT Oosblioe
KOJIMYeCTBO (DOTOHOB, MpeXJe YeM B UTOre 3aBepllaloT MyTh B TOUYKax X u Y.
IIpupaeTcss paccMaTpyBaTh MHOTOUMC/IEHHBIE TTyTH, KOTOPble MOTYT OKOHUMUTHCS
J7151 9JIEKTPOHOB B TouKax X M Y, HO /iBa MpaBuia (pOPMY/IUPYIOTCS OUeHb YeTKO:
JIeKTPOHBI MOI'YT TOJILKO IIepecKakuBaTb C MeCTa Ha MeCTO U UCIyCKaTb
WU Toraouare oguH (oToH. BOT U Bce: 5/1€KTPOHbI MOTYT MepecKaKWBaThb
WU paciivpsiThcsi. bonee nmospo6HOe paccMOTpeHUe TOKa3bIBaeT, UTO HU OfUH
Y3 TIPUBE/|€HHBIX BbIllle PUCYHKOB He HapyllaeT [BYX 3TUX IPaBWJ/, IOTOMY UTO
Ha HUX He u300paxeHO HuYero Oosiee CAOXKHOTO, UeM COUIeHeHWe [BYX
9/1IeKTPOHOB U (oToHa. Celuac Mbl [JO/DKHBI OOBSICHUTh, Kak OIpe/ensTh
COOTBETCTBYHOIIMe LdepO1aThl — OAWH /I KaXKA0W quarpaMMbl Ha puc. 10.1.
Cocpegorounmcsi Ha CaMOM BepxHeW JWarpaMMe M IIOCMOTPHM,
Kak OTpe/ie/IUTh BHEIITHUM BU/|, CBSA3aHHOTO C Heto nudepbnara (uudepbmar C1).
B camoMm Hauase mporecca ecTb /jBa 3JIeKTPOHA, U KaK/bli U3 HUX UMeeT CBOU
1udepbnar. Cnesyer HauaTh C UX TIEPEMHOKEHUS] B COOTBETCTBUU C TIPABUJIOM
yMHO)KeHUs1 1iudepbiatoB. Mbl OMyuynuM HOBBIN eIWHBIN 11depOsiaT, KOTOpbii
o6o3Hauum OykBoit C. YMHOKeHUe 1ucepbs1aToB UMeeT CMBICI, MOTOMY UTO
Henlb3si 3a0biBaTh — 1UdepOsnaThl CayXKar [y 0003HaueHUs] BepOSITHOCTEH,
a ec/iu UMeIOTCsl /IBe He3aBHCHMble BEPOSITHOCTH, TO CMOCOOOM UX COueTaHUs
OyzeT mepeMHO)KeHUe. Hampumep, BepOSTHOCTh BbIMa/IeHUs Opjia Ha [BYX
MOHeTax OyzieT paBHa %2 X % = 14, TouHO Tak ke TTO/TyYarOIUICS B pe3y/bTaTe
1udepbnar C yka3biBaeT Ha BePOSITHOCTb TOTO, UTO /iBa 3/ieKTpoHA OyayT
HaXOJWUTHCS Ha UCXOAHBIX MO3ULUAX. OcTasbHOe TOXKe CBA3aHO C YMHOXeHueM
1udepbnatoB. BepxHUWIl 571€KTPOH TiepecKakuBaeT B TOYKy A, Tak 4YTO
CyIIeCTByeT CBsi3aHHbIM C 3TuUM Iudepbnar; HazoBem ero P(1, A), TO ecTb
«yactulja — particle — 1 mepeckakuBaeT B TOUKy A». TeM BpeMeHeM HWKHUM
3JIEKTPOH TlepecKakrBaeT B TOUKY B, u [ist 3TOro Toxxe ectb cBoi 1udepbnar,
KOTOpbIK Mbl Ha3oBeM P(2, B). TouHo Tak >ke uMeroTcs eirje aBa rudepbnara,
COOTBETCTBYIOIIIME Mepexofly JeKTPOHOB B KOHEUHbIe TOUKU; UX MbI 0003HAUNM
kak P(A, X) u P(B, Y). Hakoner, cyujectByeT u Ijudepbnar, CBs3aHHBIMI
¢ GOTOHOM, KOTODbIM TlepecKakuBaeT U3 TOUKU A B TOUKY B. [Tockonbky $HoTOH —
3TO He 3/1eKTPOH, TPaBW/IO paclpoCTpaHeHHsi (POTOHA [O/KHO OTIMYAThCS
OT TpaBWJia pPacMpOCTPAHeHHs /IeKTPOHA, TaK UTO Jjis ero nudepbsiata HY>KHO
UCTIONB30BaTh Apyro cumMBosi. O6o03HaunM 1MdepbsaT, COOTBETCTBYIOIIHIA



CKauKy ¢oroHa, Kak L(A, B)%. Temepr MbI mompocTy nepeMHOKaeM BCe
1idepO1aThl, TOyUass OWH «IaBHbIN»: R = C P(1, A) x P(2, B) X P(A, X) X
P(B, Y) x L(A, B). Mbl yxe OMM3KM K YCIleXy, HO HY)KHO ell[e HEeMHOIO
yMeHbIIUTh 1depOsaTel, ToromMy uto mnpaBwio QED 1o moBoay Toro,
YTO TIPOMCXOJUT, KOT/la /IeKTPOH MCIYCKaeT WK TOIollaeT (POTOH, TOBOPUT
0 HeoOXOAMMOCTH BBe/leHHsI yMeHbIawollero ko3dduiuenta g. Ha Harmeit
JlyarpaMMe BepXHUM 3/71eKTPOH HCIycKaeT (DOTOH, a HVDKHUM ero BITUTHIBAeT,
TaK 4TO KO3((UI[MeHTOB CTAaHOBUTCS J/iIBa, U Mbl HCIIO/Mb3yeM BeJUUHHY g-2.
Teriepp Bce [1eHCTBUTE/NILHO TOTOBO: KOHEUHbIM «iudepbsar 1» mosmyuyaeTcs
¢ nomo1ibio popmysiel C1 = g2 x R.

YMeHblIatOIUK KO3 GULIMEHT,  BO3MOXXHO,  BBIIVIIJUT  HEMHOIO
MPOU3BOJILHO, HO HMeeT OueHb Ba)KHYI0 (PU3NUECKYI0 WHTepIIpeTalulo.
OH oueBUIHBIM 00pa30M CBsi3aH C BEPOSTHOCTBbIO HCITyCKAHUSI 3JIEKTPOHOM
(dboTOHa, TaK UTO OTpPa’kaeT BeJTMUMHY 3/1IeKTPOMarHUTHOM Cu/bl. [1e-To B Hallmx
BBIUMC/IEHUSX MbI JJOJDKHBI OBI/IM 33/1aTh CBSI3b C peajibHbIM MUPOM, TIOTOMY UTO
celuyac BBICUWTHIBAEM peasibHble Belu. VM Kak HbIOTOHOBAa TIpaBUTAllMOHHAS
noctosiHHasi G HeceT B cebe BCI0 UH(OPMALIMIO O CUJie TPaBUTALIMM, TaK g HeCeT
BCIO MH(OPMALIUIO O BeJIMYMHE 37eKTPOMarHUTHOM cublAZ,

Ecim 6bI MbI TPOBOAW/IM TIOJHBIE pacueThbl, Celuac TIPUILIOCH Obl
oOpatuThCsi K CeAylolel auarpaMmMe, OTobOpakarwoiledd WHOM crocob
JIOCTYDKEHUsI TOU >Ke Mapou 3JIEKTPOHOB TeX ke ToueK X u Y. Bropas auarpamma
OueHb HallOMWHAET MEePBYIO: IEKTPOHbI HAUMHAKOT CBOW MYTh U3 TEX >Ke TOUEK,
TOJIBKO Ha 3TOT pa3 BEepPXHUM IeKTPOH HUCIycKaeT (POTOH B JAPYroul TOUKe
TIPOCTPAHCTBA U B JIpyroe BpeMmsi, a HWKHUM 371eKTPOH BOMThIBaeT 3TOT (hOTOH
TOKe B Jpyroe BpeMsi U B [pPYyroM TOYKe NPOCTpaHCTBa. Bce ocranbHOe
TIPOMCXOAUT TOYHO TaK >Ke, U MbI To/iyuaeM BTopou 1udepbnar — «iudepbnar
2», obo3HauaeMbiii «C2». MbI MpOJO/KaeM CHOBAa M CHOBA ITOBTOPSITb BCHO
TIPOLIeIYPY [/Is1 KaXKJ0r0 U JitoOOT0 BO3MOYKHOTO MeCTa UCIYyCKaHUs 3/IeKTPOHa
Y Ka)KJ0ro U JIF060T0 BO3MOYKHOTO MeCTa ero TorioileHusi. Mbl IO/KHBI TaKKe
MPUHATL BO BHHWMAaHWE, UTO 37€KTPOHbl MOTYT HAuyWMHATh JIBMKEHUE
13 HECKO/IbKUX Pa3/IMUHbIX UCXOAHBIX ToueK. OCHOBHAs Uziesl B TOM, UTO HY>KHO
yuecTb KaXKAblii U Jit00oi criocobd A0CTaBKU 37eKTPOHOB B Touku X u Y
Y acCOLMMPOBATh BCe 3TH CrocoObl co cBoumMu Iudepbiatamu. CobpaB Bce
1idepO/aThl, MBI «IIPOCTO» CK/IaJbIBAéM WX, II0ydass OAWH KOHEUHbBIN
1udepbnar, pa3mep KOTOPOTO yKa3biBaeT Ha BEPOSITHOCTh HAXOX/IEHHsI OFHOTO
5JIeKTPOHA B TOYKe X U BTOPOro — B TOuke Y. Terepb Mbl 3aKOHUWIA, U HaM
MPeJCTOMT BBISICHUTb, KaK J/iIBa 3/€KTPOHA B3aUMOJEUCTBYIOT APYT C [IPYTOM,
XOTSI IPyTOro BbIX0/la, KPOME KaK MO/ICUUTHIBAaTh BEPOSITHOCTH, HET.



To, 4TO MBI OMUCaaU, — 3TO CaMoe $IPO KBAHTOBOMW 3/1€KTPOJWHAMUKU,
Jpyrve CWbl TIPUPOJBI MOXHO OINUCAaTb TPUMEPHO CXOXUM 00pa3om.
MB&I BepHeMCs K 3TOMY UyTh [103Ke, [I0Ka »Ke HY>KHO IIOTOBOPUTH KO€e O UeM elrle.

CHauana — ab3aij ¢ ornvcaHieM AByX HeOOJBIINX, HO BaXKHBIX AieTasneli. Bo-
T1epBbIX, Mbl YIIPOCTU/IM CYTh Jieia, IPOUTHOPHUPOBAB TO, YTO Y 3/IEKTPOHOB eCTh
CIIMH Y UTO OHU 10 3TOMY IPU3HAKY Je/saTCd Ha ABa Tuna. Kpome TOro, CcrivH
ecTb U y (OTOHOB (3TO 6030HBI), KOTOPbIE /ESTCS Ha TPU TUMA. DTO HEMHOTO
3aTpyJHsEeT BbIUMC/IEHUs, TIOTOMY YTO Mbl JO/DKHBI C/1e[UTh, C KAKUMU THUIIAMU
(GOTOHOB U 5/IEKTPOHOB UMMeeM [leJlo Ha KaX/J0u CTaguu I[epexoja
Y paccevBaHus. BO-BTOpbIX, eC/I1 Bbl BHMMAaTe/JbHO YUTAa/A, MOIVIU 3aMeTUTh
3HaKM MUHYycCa nepej mapou guarpamm Ha puc. 10.1. OHU CTOAT Tam, IIOTOMY
YTO Mbl TOBOPUM 00 HUJEHTUUHBIX 3/IEKTPOHAX, MepecKakKUBaroIUX U3 TOUKU X
B TOUKY Y, a [iBe JuUarpaMmbl CO 3HaKaMU MHHYyCa COOTBETCTBYHOT B3aUMHOMY
oOMeHy 3/IeKTPOHOB TI0 CpPaBHEHWIO C /JPYTUMHU [uarpaMMaM#, TO eCTb
5JIEKTPOH, KOTOPBIM Hauas [BUWKeHHe W3 BePXHero IoJisi TOUeK, 3aBepliaeT ero
B TOUKe Y, a BTOpOM, HW)KHUM 3/IeEKTPOH OKa3biBaeTcs B Touke X. VI Kak MbI yxe
TOBODWIM B IJlaBe 7, Takasg CMeHa KOH(Urypaluii coueTaeTcCsl TOMbKO MOC/e
JIOTIOJIHUTE/ILHOTO TepeBo/ia ivdepbaTta Ha 6 YacoB — OTCHOJja U 3HAK MUHYCA.

He uckiroueHO, 4TO BbI 3aMeTW/IM M BO3MOXXHBIM HeJOCTAaTOK B HalleM
TJlaHe: CyIIecTByeT OeCKOHeUHOe KOJIMYeCTBO JMvarpaMM, OIMMCHIBAFOIIUX
BapUaHThbl Iepexoja 4YacTUl, U3 TOYKM X B TOUKYy Y, U CyMMUpPOBaHUe
OeckoHeUHOro KomnMuecTBa LMdepOIaTOB MOXKET O0Ka3aTbCsl, MSITKO TOBOPA,
V3HYpUTEe/IbHbIM 3aHaTMeM. K cyacTblo, TpU  KaXK[OM pacCesHUd Iapbl
3JIEKTPOH — (DOTOH B pacueThbl BXOJUT ellje OAUH MHOXUTEJIb — g, YTO YMeHbIlIaeT
pa3mMep UTOroBoro nudepbsata. DTO 3HAUUT, UTO UeM CJIO)KHEe AUarpaMma,
TeM MeHbIlle COOTBEeTCTBYHOIMK LMdepbrar U TeM MeHee BakeH OH
anist urtoroBoro nudepbsara. [ KBAaHTOBOW 3/1eKTPOAVMHAMUKYU BeJIMUMHA ¢
JOBOJIBHO Masa (okoso 0,3), Tak UTO yMeHblleHVe TP YBeJWUYeHWH 4YUC/Ia
paccessHUl CTAaHOBUTCSI HAMHOTO Oosee siBHBIM. OueHb YacTO /[IOCTaTOUHO
y4ecTb TOJIbKO TaKve ArarpaMMsbl, Kak repBble nsaTh Ha puc. 10.1, rae paccessHui
He Gosiee IByX, UTO SKOHOMUT MHO>KECTBO YCHUJTUM.

Takoii miporjecc BbluMcaeHus I1udepbnaaToB (Ha HAYUHOM >KaproHe
V3BeCTHbIM KaK «aMIUVIMTyZa») [/ Kaxgou pauarpaMmel  DeiiHMaHa,
CyMMUpOBaHUe Bcex 1U(epOsaToB U BO3BeJeHHE T10/lyUeHHOTO0 WTOrOBOTO
nudepbnata B KBaZipaT C I1[eJibl0 Ofpe/ie/ieHUss BePOSITHOCTU TIPOTeKaHUs
npotiecca — 3To xj1eb ¢ Macj0M COBpeMeHHOM (PU3UKU YaCTuL].

Ho 1mop mnoBepXHOCTBIO BCero, 4ro Mbl CKasajld, TauTCA 3arajouyHast
npobsiemMa, KOTOpasi OUeHb CUJILHO OeCTOKOMT OfHHUX (PU3UKOB U COBEPIIIEHHO
Oe3pa3nuuHa JAPYTHM.



IIpo06/1eMa u3MepeHHsI B KBAHTOBOM TeOPHHU

[Tpu cknagbpiBaHuy 1udep61aToB, COOTBETCTBYIOIIUX Pa3HbIM AWarpaMMamM
deitHMaHa, nosieasieTcs: 3¢@deKT KBaHTOBOW HMHTepdepeHMU. Kak U B ciydae
C [IByXIIleJiIeBbIM 3KCIIEPUMEHTOM, KOr/la HY)KHO ObL/I0 TIPUHSATH BO BHUMaHUe BCe
BO3MOXKHbIE€ TPAeKTOPUM IyTHM YaCTHLbI K 3KpaHy, Mbl [OJDKHBl y4eCTb BCe
BEPOSITHOCTM  Mepexoja IMapbl  YaCTUL, M3  MCXOAHBIX  TOJIOXKEHUH
B OKOHYaTeJIbHble. JTO T03BOJIsIeT TIPUMTH K MPaBUILHOMY OTBETY, [IOTOMY UTO
CTaHOBUTCSl BO3MOKHOW HHTepdepeHLUs] MeXy pa3/MyHbIMU AuarpaMMaMHu.
Tonbko B KOHIle mpoliecca, kKorja Bce LydepOiaTbl MPOCYyMMHPOBaHbI U BCe
VMHTep(EepeHLIUN yUuTeHbl, HY)XHO BO3BECTM B KBaZlpaT pa3Mep WTOTOBOTO
1udepbnata ¥ BBIUKMCIUTL BEpPOSTHOCTh TIPOTeKaHWs mpoiiecca. [IpocTo.
A Tenepsb nmocMotpure Ha puc. 10.2.

[pOoCTpaHCTBO [pocTpaHCcTBO
A A

» Bpems » Bpems
Puc. 10.2. YenoBeueCKri 171a3 CMOTPUT Ha MPOUCXOSIIEe

YTo CyuuTCsi, eC/id Mbl MOMbITaeMCSsl OTIPe/Ie/TUTh, UTO /le/IatoT 3/1eKTPOHbI
TIpU TiepecKakuBaHUM B TOuku X U Y? EAMHCTBeHHBIM Cmocob wWccieoBarh,
YTO TIPDOMCXOJWT, — B3aMMOJEWCTBOBaTb C CUCTEMOW IO MpaBW/IaM WIPHI.
B KBaHTOBOU 3/1eKTPO/IMHAMUKE 3TO 3HAUWT, YTO MbI [JOJDKHBI MPUJEP)KUBATHCS
MpaBu/a pacCerBaHUsI 3/IEKTPOHOB-(POTOHOB, TMOCKOJbKY HUKAKUX APYyTUX
npaBusi HeT. MTak, mompoOyeM B3auMOEMCTBOBaTh C OJHUM U3 (DOTOHOB,
KOTOPBIA MOKeT ObIThb UCIYIeH OAHUM W3 ABYX 3/1eKTPOHOB. OripesiesiMM ero
C TIOMOIIbIO JIMYHOTO JeTeKTopa (OTOHOB — COOCTBEHHBIX TI71a3. 3aMeThTe,
MBI 33/laeM TeopeTUUeCKH MHOM Bompoc: «KakoBa BepOSITHOCTh HAWTH 371EKTPOH
B TOuke X, IPYrou 3/1eKTPOH B TOUKe Y, a Takke ()OTOH B COOCTBEHHOM I/Ia3y?»
Mebl 3HaeMm, 4TO cAenaTb [Js1 TOAyUeHHsI OTBeTa: HY)XHO CJIOXKHUThb BCe
1udepbnarel, CBsI3aHHbIE C PA3/IMYHBIMU JUarpaMMaMU [jisi ABYX 3JIEKTPOHOB,
KOTOpbIe 3aBepLLIalTCs HaXOXKJeHUEeM OJHOT0 3JIeKTPOHa B TOUke X, BTOPOIO



B Touke Y u (OoTOHa «B COOCTBEHHOM r/ia3y». TouHee, Mbl /10/KHbI TOBOPUTH
0 TOM, KaK ()OTOH C 3TUM «MOHMM COOCTBEHHBIM I71a30M» B3aUMOJIEMCTBYET.

XoTs BCe 3ByUMT OTHOCUTEJIBHO MPOCTO, MPOLIECC BCKOPE BbIPLIBAETCS W3-
1nosi KoHTpoJsisi. HaripuMep, ¢hOTOH OTpbIBaeTCsi OT 37€KTPOHa, HaXO/SILerocs
B O[HOM U3 aTOMOB MOETO I7/ia3a; 3TO 3alycKaeT LIeTOUKy COOBITHM, KOTopas
B KOHEYHOM CyeTe BeleT K MOeMy BOCIIPUSITUIO (POTOHA: 51 CO3HATe/bHO
Hab/ro/lat0 BCIIBIIIIKY CBeTa B COOCTBeHHOM T/a3dy. MTak, 4ToObI MOTHOCTBIO
Onucarb TO, UTO TIPOMCXOAMT, Mbl [JO/DKHBI OMpEe/UTh TOJ0KEeHUe KaXKI0u
YacTULIbl MOEr0 MO3ra, MOCKOJIbKY BCe OHU pearupyroT Ha mosiBjieHue (poToHa.
M TyT MBI BIUIOTHYIO TIOJXOAWM K TaK Ha3blBaeMoW IpobiieMe H3MepeHUs
B KBaHTOBOU TEOPUM.

Ilo cux mop MblI JOBOJBHO ITOAPOOHO OIMMCHIBAM METOAbI BBIUMC/IEHUS
BepOSITHOCTel B KBaHTOBOM (u3uke. [lof 3THM MOHUMaeTCsl, UYTO KBaHTOBas
TeOpHUsi TI03BOJISIET BBIYMC/IWTH IAHChI W3MEpPEeHUs] HEKOero Orpefe/eHHOro
HCX0Ja dKCcrepruMeHTa. B 3ToM mpoliecce HET HUKaKUX JBYCMBICJEHHOCTEH —
JIOCTaTOYHO (CJie[IoBaTh MpaBWJIaM WUIPbl U HE OTK/IOHSATHCS OT BBIYMC/IEHUS
BEPOSITHOCTU TOTO, UTO MOXeT npou3ouTh. OAHaKO CaydaeTcs HeuTo
HenpusiTHoe. [IpencTaBbTe, UTO yUYeHbIM MPOBOAUT SKCIEPUMEHT, /151 KOTOPOIO
BO3MOYKHBI JIMIIIL [IBA UCXO/la — «Jla» U «HeT». MTak, 3KCIiepUMeHT COCTOSIICS,
Y B pe3yJibTare 3KCIIepUMEeHTAaTOp 3arvcaa UCX0[, «[a» U «HeT», HO YK HUKaK
He TO U JIpyroe ogHOBpeMeHHO. [1oka Bce xopoio.

Temneps NpeACTaBUM, UTO MO3Ke BTOPOU SKCIIEPUMEHTATOP U3MepSIeT HeUTO
pyroe (4To UMEHHO — He UMeeT 3HaueHus).

CHOBa mpUMeM KakK [JaHHOCTb, YTO SKCIIEPUMEHT TIPOCT U BO3MOXXHBIX
VCXOJIOB [IBA — «ECTb LIETUOK» U «HeT Ieuka». [IpaBuia KBaHTOBOU (DH3UKHU
JMUKTYIOT: MbI JIO/DKHBI BBIUUC/IUTh BEPOSITHOCTh TOTO, UTO BTOPOM SKCITIEPUMEHT
JaCT  «II[eTUOK», TPOCYMMUpOBaB IMdepOsaThl, CBSI3aHHbBIE CO BCEMH
BEPOATHOCTSIMU, BEAYIIIUMH K TaKOMy MCXOAY. DTO MOKET BK/IOUATb B CeOs
BAapUaHT, YTO MEPBbIM SKCIIEPUMEHTATOP MOJIy4YaeT UCXO/, «a», U TOTOTHSAOIUN
€r0 BapUaHT C UCXOZ0M «HeT». TOJIbKO Moc/ie CYMMUPOBaHUS [IBYX UCXOZ0B MbI
MOTYUYUM TIPaBU/IbHBIA OTBET U Y3HaeM, KaKOBa BEPOSITHOCTb pe3y/ibTara «eCTb
1[e/TY0K» BO BTOPOM 3KcrieprmeHTe. Ho Tak jikd 5T0? []eMCTBUTENBHO JIU HY>KHO
MIPUHUMAaTh B pacyeT He0OXOAWMOCTb TIO[Jep)KaHWs CBSI3HOCTH MHpa Jake
TI0CJ/Ie TOT0, KaK HeKOe M3MepeHHe 3aBepIInioch? Vu xke Ha camoM Jesie ociie
TOJTyueHUs1 pesysbTaTa «/la» WM «HeT» B TIePBOM JKCTepuMeHTe Oyayiiee
3aBUCUT /UL OT U3MepeHusi? Hampumep, BO BTOPOM KCIIEPUMEHTE 3TO 3HAUMT,
YTO eC/IM TepBbId SKCIIePUMEHTATop MoJydaeT «Ja», TO BepOSITHOCTb MCXOJa
«eCThb IIIeJTUOK» BO BTOPOM 3KCIEPUMEHTE [JO/DKHA BBIUUC/ISTHCS HE MCXOAs
13 CyMMbl BEPOSITHOCTEM «Jla» U «HeT», a JIMilb M0C/ie yyeTa BepOsiTHOCTEN,



TIPU KOTOPBIX MUP MOXKET Pa3BUTHCSI OT «I€PBBIM 3KCIIEPUMEHTATOp MOoydyaeT
OTBeT Ja» [0 «BTOPOM SKCIEepUMEHT JaeT LleT4oK». PasymeeTcsi, mpyd 3TOM
TIOJTYUUTCST He TOT OTBET, KaK MPU CyMMUPOBaHUM 000UX UCXOZIOB «JIa» U «HET»,
TaKk 4TO, eCJId Mbl CTPEMHUMCSI K TIOJIHOMY TOHMMAaHUIO, HY)XHO BBISICHUTD,
Kak c/ieflyeT MOCTyIaTh.

YrtoObl y3HaTh, Kakoli U3 MeTO/IOB BepeH, TpeOyeTcsi orpe/ieNIuTb, eCTh iU
YTO-TO 0COOEeHHOe B CamMOM Tipoljecce u3MepeHus. VI3MeHsieT /i OH MUp,
TIPENSITCTBYSl CJIOKEHWIO KBAHTOBBIX aMIUIUTYl, WM TPOCTO OKa3bIBaeTCs
YacTbi0 OOIIMPHOW CJIOXKHOW CeTH BepOSTHOCTEM, OCTaBasCh BCerjla B OfHOMU
Y TOU Xe cymneprno3uiuu? JIro[sM MPUATHO CUUTATh, YTO M3MepeHHEe KaKHUM-TO
obpa3om (TmonyueHreM OTBeTa «Ja» WIH «HeT», HallpuMep) HeoOpaTHMO MeHsIeT
Oyayiiee, Tak uToO, eC/id 3TO TpaBia, HUKakKoe Oyayillee u3MepeHHe He MOXKeT
TIOMUTH OJJHOBPEMEHHO TYTAMMU «Ja» U «HeT». HOo coBepiieHHO HEMNOHSATHO,
JIeMICTBUTENIBHO JIM 3TO TakK, MOTOMY 4YTO, CyZAs MO BCEMY, BCerjla CylleCTByeT
BEPOSITHOCTb HaMTU Takoe Oyzyiiiee cocTtosiHue BceneHHOM, K KOTOPOMY MOYKHO
nofioliti oboumu crmocobamu. [si TaKWX COCTOSSHUM 3aKOHBI KBaHTOBOM
¢bu3MKKM, ecnu BOCIPUHUMATh UX OyKBajibHO, TIPSIMO-TaKW 3aCTaBJIsIIOT
BBIYUC/IATh BEPOSITHOCTh UX MPOSIB/IEHUS TyTeM CyMMUPOBaHUSI BAPUAHTOB «/1a»
U «HeT». Kakum Obl CTpaHHBIM 3TO HU Ka3ajaocb, 3TO He 0osiee CTPaHHO,
yeM CyMMUPOBaHUE HCTOPHM, KOTOPbIM Mbl TOCTOSIHHO 3aHUMAa/JUCh B 3TOU
KHUre. Bce fe/10 B TOM, UTO MbI HAaCTO/IBKO Cepbe3HO OTHOCUMCS K 3TOU Ujee,
YTO TOTOBBI COBEpIIaThb COOTBETCTBYIOLWE JE€HCTBUSI JaXke TPUMEHUTEeTbHO
K moasM U ux gedctBusM. C 3TOM TOUKMA 3peHUS] HUKAKOU «IpoO/ieMbl
M3MepeHus» He CyllecTByeT. To/bKO eC/id Mbl HaCTaWBaeM, UTO aKT M3MepeHUst
U €ero pesynbTaT — «J@a» WIA «HET» — peaJbHO MeHsieT TPHPOAY Belllek,
BO3HUKAIOT MPO6/eMbl, TIOTOMY UTO B 3TOM CJ/iyuae Ha HacC JIe)KUT 00si3aHHOCTh
OOBSICHUTB, UTO »Ke 3allyCKaeT TpollecC M3MeHeHWM W HapylllaeT KBaHTOBYHO
CBSI3HOCTb.

[MToaxop K KBaHTOBOM MeXaHWKe, KOTOPbIM MbI 00Cy)KlaeM, OTBepraeT camy
WJIel0, UTO MpPUpOJia KaXIbIM pa3, KOrga KTO-TO (WM UTO-TO) «IIPOBOAUT
M3MepeHue», BbIOMpaeT KOHKPETHYIO BEPCHIO0 peaibHOCTH. OH JIeXKUT B OCHOBE
TaK Ha3blBaeMOM WHTEpIIpeTalid MHOXECTBEHHOCTH MHUPOB. OJTO O4YeHb
TIpUBJ/IEKaTe/IbHO, TIOTOMY UTO BBICTYIIaeT JIOTUYECKUM CJIe[JCTBUEM CEepbe3HOr0
BOCTIDUSITUSL ~ 3aKOHOB,  YIMpaB/SIOLMX  37eMEHTapHbIMU  UYaCTHULaMH,
Y pacrpoCcTpaHeHus MX Ha Bce peHOMeHbl. Ho moc/iefiCcTBUSI TAKOTO CEPbE3HOTO
BOCIIPUSITUS LIIOKUPYIOT, TTOTOMY UTO TIPUZETCS MpeACTaBUThb, UTO BceneHHasi —
9TO KOTepeHTHasi CyTepro3ULius MH0bIX [IeHCTBUM, KOTOpble MOTYT MPOU30MTH,
a BOCIIPUHUMaeMblii HaMyd MUP (KOTODPbIM, KaK Mbl TpeAroaaraeM, KOHKpeTHast
peasibHOCTh) TaKOB JIMIb TOTOMY, UYTO Mbl OIIMOOYHO  CUUTAEM,



yTO TpU  U3MEpPeHHWH TepsieTCsI  KOTepeHTHOCTb. VIHBIMM  CJIOBaMH,
MOe CO3HaTe/JibHOe BOCTIpUSITUE MHUpPAa OOBSICHSIETCST TeMm, uTo KpaliHe
MajIOBepOSITHO, UTOOBI a/ibTepHaTHBHbIE (TIOTEHIMANLHO WHTepdepupymoiiye)
VICTOPUM MOIJIM TIPUBECTU K TOMY K€ CaMOMYy COCTOSIHHIO «Ceryac», a 3HauyuT,
KBaHTOBOM MHTep(depeHLireil MOKHO rpeHeOpeub.

Ecnu v3mepeHue He paspyluaeT KBaHTOBOM CBSI3HOCTH, TO B KaKOM-TO
CMbIC/Ie BCS JKW3Hb TMPOTEKaeT BHYTPU OJHOM TUraHTCKOW [Warpammbl
dellHMaHa, U Hallle jkejlaHue [ymaTb, YTO MPOMCXOAAT HEKUe Orpeje/ieHHble
BelllW, — CJIe/ICTBUE HAIlleT0 C/IUIIKOM MPUOIU3UTENILHOTO BOCTIPUSATHS MUpa.
MO)KHO TIPeJTIONOXUTb, UTO B KAaKOW-TO MOMEHT OyAyIlero C¢ HamMu MOXKeT
TIPOM30UTU HEUTO, UYTO MOXKET ObITh OOBSICHEHO JIUIIL TeM, UTO B TIPOIIJIOM MBI
TpOU3Be/IM  OJHOBPEMEHHO /[iBa IIPOTHMBOpeYalluxX JApyr [Jpyry [JeWCTBUS.
Pa3symeeTcsi, 3T0T 3(deKT He3HauWTeseH, TaK KakK OYEBHUJHO, UTO «s TMOIyUYUII
paboTy» U «s He TIoyurs1 paboTy» — ZiBa COOBITHS, OKa3bIBaIOIIie COBEPIIIEHHO
TIPOTUBOIIO/IOKHOE BO3/€MCTBHE HAa Hally J>XW3Hb, W He Tak-TO IPOCTO
MIpUIyMaTh CIjeHapUM, KOTOpPBhIM TipuBes Obl K MAEHTUUHBIM OyayLIUM
BceneHHbIM (TTIOMHUTE, UTO Mbl JO/DKHBI CK/Ia/bIBaTh TOJIBKO T€ aMIUIATYbI,
KOTOpble BeAyT K OJWHAaKOBbIM ucCxofam). B 3ToM ciiydyae mnosydeHue
U HerojyueHWe paboThl He CJUIIKOM WHTepGhepUpyroT, U Mbl BOCTPUHHUMAaeM
MUD TakK, YTO OIHO COOBITHE TIPOU30IILTIO, a pyroe HeT. OfiHaKO Bce 06CTOUT TeM
MeHee  OJHO3HaYHO, YeM MeHee [JiBa  a/bTEePHATUBHBbIX  CLi€Hapus
TIPOTUBOTIOJ/IOXKHBI, U, KaK MbI y>Ke BUJIeNH, /Jisi B3aUMOZeNCTBUM HebOosbIIIoro
KOJIMUeCTBa YacCTWL] CYMMMDPOBaHMe pasHbIX BO3MOXKHOCTEW COBEpILIEeHHO
HeoOxopumo. Tak Kak B TIOBCEJIHEBHOM >KU3HU 3a/leliCTBOBAHO OTPOMHOE
KOJIMYECTBO 4YacCTWl], /[Be CYLIeCTBeHHO pa3Hble KOH(Urypalyud aTroMoB
B OIpeJe/ieHHOe BpeMs (HaripuMmep, CUTyallMd [IOJyUYeHWs] U HeroJyuyeHUs
paboThl) C KpaiiHe Masioll BepOSITHOCTBIO MOTYT TPUBECTH K 3HAUUTeTbHBIM
V3MeHeHUsIM B HekoeM OyjyilleM clieHapuu. B CBOO ouepefib, 3TO 3HAUWT,
YTO Mbl MO)KEM [IBUraTbCsl BIiepejl, CUMTasi, UTO MUP HeoOpaTUMO W3MEeHUJICS
B pe3y/braTe H3MepeHUs, [ake eCIM Ha CaMOM /[iejie HUYero Mofo0HOro
He TIPOU30ILIIO.

Ho Bce 3TO He Tak Ba)XHO, KOTZa [eJI0 JAOXOAUT /10 Cepbe3HOM 3ajau —
BBIUMC/IEHHSI BEPOATHOCTH, YTO HEUTO T[pPOU30WJeT TpU T[OCTaHOBKe
JKCriepuMeHTa. Mbl 3HaeM TIpaBU/ia pellieHus: 3TOU 3a7lau U Mo)keM 0e3 KaKux-
mibo tipobsieM ux mpuMeHUTh. Ho Koraa-HuOyAb Takoe yauyHOe CTeueHHe
00CTOSITE/ILCTB MOKET W3MEHUThCS: Celuac 3KCIepUMeHTalbHOe pa3pellieHue
BOIpOCA O TOM, KaK Halle T[IpOLUIoe MOXeT C TIOMOLIbI0 KBaHTOBOMU
uHTepdepeHIIMU TMOBMUSATh Ha Oyaylllee, MOMPOCTY HEBO3MOXKHO. Ta CTereHb,
[0 KOTOPOW YMCTBOBaHUS T10 MOBOJY «WUCTUHHOW TIPUPO/Ibl» MUpa (U MUPOB),



OMMKMCHIBAEMOT'0 KBAHTOBOM Teopuel, MOTYT MelllaTb HAyuHOMY IIPOTpeccy,
OT/IMUHO OTPaKaeTCsl MO3UIMer (U3NUYeCKON IIKO/IbI «3aTKHUCh W CUMTaM»,
KOTopasi TIOC/iefiIoBaTe/IbHO  OTBepraeT JitoOble TIOMBITKA — PaCCY>K/eHUi
0 peasibHOCTH Belljel.



AHTUMaTepus

BepHemcst Kk Hamemy mupy. Ha puc. 10.3 mokasaH elje ofuH Crocob
pacxoXKAeHUs ABYX 3/1eKTPOHOB. OIMH U3 BXOZSIIUX MepeCcKakrBaeT U3 TOYKU A
B TOUKYy X, Mo jgopore ucrnyckasi (GoToH. Bpoze Bce Kak Bcerja, HO B JJaHHOM
Cjlyyae 9/IeKTPOH TIOBOpauMBaeT BO BpeMeHM — o00paTHO B TOUuky Y,
I7le Tor/iollaeT eme oguH (OTOH, U HarpaBsieTcsi B Oyzyllee, B KOTOPOM OH
MOKeT ObITh OOHapyeH B Touke C. DTa AMarpaMMa HUKakK He TIPOTUBOPEUUT
rpaBWaM Tiepexo/la M pacCesHusl, IIOTOMY 4YTO 5/IeKTPOH MCIyCKaeT
Y moromaer (OTOHbI B TOUHOM COOTBETCTBUM C TMpEeANUCAHUSIMU TEOpHH.
OTO MOXKeT TPOU30UTH B COOTBETCTBUM C T[IpaBWIaMU, a CTajo ObITh,
KaK yTBep)KJaeT Ha3BaHWe STOM KHUTHM, [JEeUCTBUTENbHO TPOUCXOMMUT.
Ho nogo6Hoe noBefieHre, Cy/s 10 BCeMy, HapylilaeT rpaBu/ia 37jpaBoro CMbICIa,
MOTOMY YTO TIPUXOAUTCSI TIPUHSITH TOT (PAKT, UTO S/€KTPOHBI ABWXKYTCS Hasaf,
BO BpeMeHU. ITO HHTepecHass HayyHas (aHTacTWKa, HO HapyllIeHUsIMU
TIPUUYMHHO-CJ/Ie[[CTBeHHbIX CBsize BceneHHyro He mnocrpouiis. Kpome Toro,
TakuM 00pa3oM KBaHTOBasi TeOpUsl, KaXeTCs, BCTylaeT B KOH(IUKT
CO CreLuraabHOM Teoprer OTHOCUTE/IbHOCTU DWHILTeHHa.

[pocTpaHCTBO
4 A

» BpemA

1 2 3 4
Puc. 10.3. AHTuhMarepusi... WIMA 5JIEKTPOH, KOTOPBIM [BWXeTCSl Has3a[

BO BpEMEHU

BripoueM, Kak HM CTpaHHO, II0fI00HBIe IIyTEIIeCTBHUS BO BpeMeHH
He 3ampelleHbl Cy0aTOMHBIM YacTHilaMm, Kak B 1928 rogy ycranHoBun [lupak.



Mbl MOXeM TMOHSITh, MMOYEMY BCE He TaK HEBEPOSITHO, KaK KaXkeTcs, eC/v
MepercToIKOBaTh mpoucxojsdilee Ha puc. 10.3 C TOUKU 3peHUs «JBUKEeHUS
Briepesi». [1oCcTaTOuHO BEeCTH OTCUET COOBITMM Ha AuarpaMMe cJjieBa Haripaso.
Haunem co Bpemenu T = 0, Korja CylieCTByeT MUP BCEro U3 [IByX 3JIEKTPOHOB,
HaxoJsAIIMXCd B TOUKax A ¥ B. MbI mipoJijo/bkaeM pacCMaTpyuBaThb MUD U3 [BYX
5JIEKTPOHOB /10 BpeMeHH T, KOI/la HYDKHUM 3/IeEKTPOH HCITyCKaeT (POTOH; MeXIY

BPpEMEHHBIMUA TOUKAMU Tl n T2 MHD COCTOUT M3 IBYX 3/IEKTPOHOB WM OAHOI'O

dboToHa.
Bo Bpemss T, ¢oTtoH mnorubaer U 3aMeHsieTCsl 37eKTPOHOM (KOTOpPbIH

3aKaHuMBaeT CBOW MyTb B Touke C) W BTOpOM uacTuleld (GUHULLKPYIOLLIEN
B Touke X). DTy BTOPYIO UaCTHULy Mbl He MOXXeM Ha3BaThb 3JIEKTPOHOM, TTIOTOMY
YTO 3TO «37IeKTPOH, KOTOPbIN JBWKETCS Ha3aZ BO BpeMeHW». Borpoc BOT B ueM:
KaK BBIIVIIIAT /1eKTPOH, KOTOPBIM ABWXXETCSI Ha3a/, BO BpEMEeHU, C TOUKH 3PeHUs
HaOsroziaTesist (HarpyuMep, C Bailieii), IBUraroIerocs Briepe/; BO BpeMeHH?

[ns oTBeTa Ha 3TOT BOMNPOC MpeJCTaBUM, UTO Mbl BeZieM BHUIE0CHEMKY
3JIEKTPOHA, [IBUTAlOIerocsi mobgM30CTH OT KaKOro-TO MarHMTa, Kak TOKa3aHo
Ha puc. 10.4. Ecnu 31eKTpoH ABWKeTcss He cmmkoM ObicTpol#8l oH 6Gymer
coBepIiaTh OObIYHbIE KDYrOBble [BWKEHUs. BO03MOXHOCTh OTK/IOHEHUS
3JIEKTPOHOB MarHUTOM — 3TO, KaK Mbl Yy)Ke TOBODW/IM, OCHOBHasi ujiesi paboThl
He TOMBKO CTapOMOJHBIX Te/leBU30POB HAa KaTOAHO-Ty4YeBbIX TpyOKax,
HO U YCKOpUTeJIel uacTul], B TOM 4uc/ie bo/bllioro aipoHHOro KoJiaiaepa.



/1 S/1EeKTPOH

Puc. 10.4. O51eKTpoH, ABWXKYLIMUCS BOKPYT MarHvra

A Temepb TIpe/icTaBbTe, UTO OyZeT, eC/aM IyCTUTh BHUE03alKUCh 3a/10M
Hariepesl. IMeHHO Tak «3/1eKTPOH, KOTOPBIM [IBWXKETCS Ha3aJ, BO BpEMEHW»
u OyzieT BBIIVISIZIETb C TOUKU 3peHusi Habmro/iaTessi, KOTOPBIM «/IBUXKETCS BIepe]
BO BpeMeHW». Temepp Mbl BUAUM, KaK «IBWKYILIUWCS HaszajZ, BO BpPEMEHW»
37IEKTPOH BpalllaeTCsi B TIPOTHMBOIIOJIOKHOM Harpas/ieHud [0 Mepe TOro,
Kak ujet 3anuch. C TOUKM 3peHUst (pr3UKa BUE03arCh YaCTUL[bI, ABMKYIIeCs
Has3ajJ, BO BpPEMEHU, WJeHTHUYHa BH/I€03alliCU YaCTHULbl, ABWKYIIEWCS BIiepe[
BO BpeMeHH, C TeM WCK/IIOUeHWeM, UTO 3Ta uvacTulja OygeT HecTu
TOJIOJKUTE/IbHBIM 3JIEKTPUUYECKUU 3apsi[l. MTak, Mbl MOJyYu/M OTBET Ha CBOU
BOMNPOC:  S/IGKTPOHBbI,  [BWKYLUWECS  Has3aJ BO BpPeMEeHW,  BbIVISAAT
KaK «3JIEKTPOHBI C MOJIOXKUTEIbHBIM 3apsSiZiOM».

Takum  obpa3om, ecid  3/€KTPOHBI  [IeHCTBUTE/NLHO  COBEpIIAOT
MyTelleCcTBUsT Has3aZ, BO BpPeMEHH, Mbl MOXEM OXHU/JaTb, YTO CTOJIKHEMCS
K HEKMMU «3JIEKTPOHAMMU C T10JIOXKUTE/IbHBIM 3apSi0M».

Takue  vacTUIpl  JE€WCTBUTE/NIbHO  CYIIECTBYHOT M HAa3bIBAKOTCS
«T103UTpOHaMM». [ToHATHe 3THX YacTull BBea B Hadasie 1931 roga [Jupak, uToObl
pelmTh TpobremMy, BCTaBIIyIO TIPH  BBIBOJe  KBAHTOBO-MEXaHWUECKOTO
ypaBHeHUs1 [Jid 3JIeKTpOHA: YpaBHeHUe, Cy[s [0 BCeMy, [pe/CcKas3bIBajio



CylLleCTBOBaHMeE YaCTHL] C OTpULaTesIbHOU SHepruen. [1o3nHee [Jvpak pacckasain,
0 YeM ZiyMaji B 9TOT MOMEHT, ¥ IIPU3HAJICS, B UaCTHOCTH, UTO ObI/I TBEP/IO YBEpeH
B MPAaBUIbHOCTH MaTeMaTUKu: «51 cMUpHU/ICS C TeM (PaKTOM, UTO OTpULiaTe/ibHbie
SHEpPreTUYeCKre COCTOSTHUSI HeJib3sl MCK/IIOUUTh U3 MaTeMaTUYeCKOU TeOpuH,
Y PELLKI, YTO HY>KHO TTPOCTO HAUTH /151 HUX (pr3nueckoe 00bsICHEHUE».

Bcero uepe3 rog Kapn AH/iepcoH, KOTOPbIH, Cy/isi TIO BCeMy, He ObUT 3HAKOM
C Tipe[icKa3aHusMHU [lypaka, 3aMeTu/ HeKOTOpble CTPAaHHOCTH B paboTe CBOEro
9KCTIepUMEHTA/IbHOTO ~ arrapara 1o HaOM[eHW0 YacTUI] M3 COCTaBa
KoCcMUueckoro wusnydyenusi. OH chenan ciaeAyromud  BeiBog:  «Kaxkercs
He0oOXOMMbIM TIpU3BaTh Ha TOMOIIb ITOJIOXKUTE/LHO 3apsDKeHHYI0 UacCTHILY,
Macca KOTOpPOW COTOCTaBMMa C MacCOM 3/ieKTpoHa». JTO ellle OAWH oOpasel]
BCel MOIIM MaTeMaThyeCKUX paccykaeHui. UToObl 00bICHUTL MaTeMaTH4eCcKoe
ypaBHeHuWe, [IWpak BBe/ W0 HOBOM YaCTUIlbl — MO3UTPOHA, U yXe uepe3s
HECKOJTbKO MecsilleB ObI0 OOHapy)KeHO, 4YTO 3Ta uacTUIld TOPOXK/AeTCst
B CTOJIKHOBEHUSIX YaCTHI] KOCMUYECKOro u3aydeHus. [103UTpOH — Hallla repBast
BCTpeya C KpaeyrojibHbIM KaMHeM HayuHO! (haHTaCTUKU: aHTUMaTepueil.

BOOpy>KMBILIMCh ~ WHTEpIIpeTaliel MyTelIeCTBYHOIU[UX BO  BpEMEHHU
9JIEKTPOHOB KaK IMO3UTPOHOB, Mbl MOXXeM 3aKOHUWUTH pabOTy MO O0OBSICHEHUIO
puc. 10.3. HyxHo cka3atb, uTo, Korzia (POTOH [JOCTUraeT TOUKUA Y BO BpeMs T»,

OH pacriafilaeTcsl Ha 3/IeKTPOH U TMO3UTPOH. Kak[as M3 3TUX 4acCTHl] JABUXKETCS
BIlepe], N0 BpeMeHU T, KOrja IMO3UTPOH M3 TOUKU Y [OCTUraeT TOYKH X,

rJje C/IMBAaeTCsl C UCXOIHbIM BEPXHUM 3/71eEKTPOHOM U TIPOU3BOAUT BTOPOM (hOTOH.
OTOT (POTOH pacrpocCTpaHsieTcsl 40 BpeMeHU T4, KOrzia OH IOIVIOLAaeTCsl HYKHUM

3JIEKTPOHOM.

Mo)keT T1OKa3aTbCsl, UTO BCe 3TO HECKOIbKO TIPUTSHYTO 3a VIIU:
AHTUYACTULIbl TIOSIBWIMCh W3 Hallleld TeopuH, TMOTOMY UTO MbI pPa3peliuiv
yacTUI]aM My TellleCTBOBaTh Ha3a/ BO BpeMeHH. [IpaBusia mepexofia U pacCesiHUsI
TI03BOJISIIOT YacCTUllaM TepeCcKakUBaTh KakK Briepe/l, TaK W Ha3aj, BO BpeMeHH,
W HEeCMOTps Ha TO, UTO Mbl, BO3MOXXHO, XOTeJid Obl UM 3TO He TI03BOJIUTH,
OKa3bIBaeTCsl, YTO Mbl HE MOXXEM M He JIO/DKHbI UM B 3TOM MPeTsiTCTBOBATh.
Bosmee TOro, oOKasbiBaeTcs, UTO, €C/JM Mbl He pa3pelllaeM YaCTUI[AM
riepeCcKakuBaTh Ha3a/l BO BDeMeHH, KaK pa3 Torjja M HapylllaeTCsl 3aKOH MPUUMHEI
U CJeCTBUS. OTO CTPAHHO: KaXkeTCs, UTO J[IO/DKHO ObITh POBHO HAa00ODOT.
OpHako BCce He C/y4allHO W HaMeKaeT Ha JieXallieé B OCHOBe TITyOMHHbIe
MaTeMaTUueCcKue CTPYKTypbl. BO3MOXXHO, y Bac CO3/ja7oCh BIleYaT/ieHue,
YTO TIpaBU/Ia TepPexofia U pacCesiHUsl YaCTUL] YCTaHOBJIEHbI KaK-TO MPOU3BOJIBHO.
MO)KHO T4 YCTAaHOBUTH ellle KaKue-TO TpaBWia pacCesiHUsl U TOAPery/IupoBaTh
TipaBU/Ia Tepexojia U U3yuuTh TNocieAcTBus? Ho eciu chenath Tak, Mbl TIOUTH



HaBepHSIKAa TIOJIyYMM IUIOXYIHO TEOPHI0 — HalpuMep, Takyl, KoTopas Oyzmer
HapyllaThb 3aKOH MNPUYMHBI U cneactBus. Keanmoegasi meopusi nons (QFT) —
Ha3BaHHWe TOW camoi ryOMHHON MaTeMaThueCKON CTPYKTYPbI, KOTOpPasi Y JIEXKUT
B OCHOBE MpaBW/I Tepexofia U paccesiHusl. YJUBUTETbHO, HO 3TO eOUHCMBEHHbIU
crioco® co3/aTh KBAaHTOBYIO TEOPHIO MeJIbUAMIIMX YacTUL] C  YYeTOM
CrieliuaIbHOM TeOPHUU OTHOCUTETbHOCTU. BOOPYXUBIIMCH animiapaTOM KBaHTOBOM
TeOpuMy TIO/sl, TpaBWIa T[epexo/la W pacCesiHhs YacCTUL[ CTAHOBSITCS
He3bI0/IeMbIMH, UMbl JIMIIIAeMCs CBOOOJBI BbIOOpa. OTO OueHb BaXKHBIU
pe3y/bTaT [Jid HWCCiefoBaTesiss (yHJaMeHTalbHbIX 3aKOHOB, IIOTOMY 4UTO
HCTI0/Ib30BaHUe «CUMMETPHUM» JJIs YCTPaHeHWs BbIOOpa CO37iaeT BrieuaT/ieHHe,
uyTo BceneHHasi TIPOCTO [JO/DKHA OBITH «BOT TaKOW», U 3TO CO3/laeT OIIyIlleHHe
JIyulllero ee MOHMMaHUs. Mbl UCTIO/IB30Ba/M 3/1eCh CJIOBO «CUMMETPUS», [IOTOMY
YTO OHO Ka)KeTCsI OYeHb MOAXO/SIIUM: MOKHO CUATaTh, YTO TEOPUM DWHILTENHA
HAK/IaJbIBalOT CUMMETDHUUYECKHe OrpaHWuYeHus] Ha CTPYKTYpy IIPOCTpPaHCTBa
U BpeMeHU. MHble «cUMMeTpum» ellle Oojiee OrpaHUUMBAIOT TIPaBUIa mepexoja
Y pacCesiHusi, U Mbl BKpaTLe paCCMOTPUM UX B C/IeAyIOLlleN I/1aBe.

[Tpexkie ueM 3aKOHUWUTb C KBAHTOBOM 3/IEKTPOJWHAMUKOM, He0b6X0[uMo
yCTPaHUTh MocC/aefHee HernoHWMaHve. Kak Bbl TOMHHUTE, MEPBbIM [AOK/a/,
Ha KoH(pepeniuu B IllenTep-AiineHge Kacancs a3MOOBCKOTO Tiepexoja —
aHOMAJIMW B CITEKTPe BOZOPO/a, KOTopasi He 00bsICHsA/IaCh B paMKaX KBAaHTOBOM
Teopuu ['eiizen6epra u llIpénunrepa. Uepes Hezesnto moc/ie 3TOM BCTpeur 'aHC
Bere BbIzIa/ MepBhIe, ellje MpUO/IM3UTe/IbHbIE BhIUKCIeHUs oTBeTa. Ha puc. 10.5
MOKa3aH aTOM BOJOPO/JAa C TOUKW 3DEHHs] KBAaHTOBOW 3JIEKTPOJMHAMUKMU.
OeKTPOMarHUTHOE B3auWMO/IeICTBHe, CBSI3bIBAlOIllee TMPOTOH UM 3JIEKTPOH,
MOXKHO TIpeJCTaBUTb B BuJe psga auarpamm @PeillHMaHa BO3pacTarolen
C/IO’)KHOCTH, KaKk W B CJiyyae C JABYMSI B3aUMOZEMCTBYIOIIMMU 3SJ€KTPOHAMU
Ha puc. 10.1. Msl u300pa3wid [Be TIPOCTeMIlIHe BO3MOXKHBIE JTUAarpaMMbl
Ha puc. 10.5. [Jo KBaHTOBOM 3/I€KTPOAWMHAMHUKUA pacueTbl SHepPreThyeCcKux
ypOBHeH 3/IeKTpPOHa BK/IIOUa/IM B Cebs1 TOJILKO BEPXHIOIO IMarpaMMy Ha pUCYHKe,
KOTOpasi OTpakaeT (DU3MKY 371eKTPOHa, y[ep>KUBaeMOro B TMOTeHIMabHOM sIMe,
KOTOpasi COo3/laHa TPOTOHOM. Ho MbI y>Ke BBISICHWJIM, UTO TMPUA B3aUMOZEHNCTBUU
MOXKET TMPOU30MTU ellle MHOro Bcero. Brtopas jguarpamma Ha puc. 10.5
TOKa3bIBaeT KpaTKOBpPeMeHHYI0 (DyKTyaluio (DOTOHa B 3/IeKTPOH-TI03UTPOHHOM
rnape, W STOT TMPOLIECC TOXE CTOUT Yy4eCTb MPU pacyeTe BO3MOXKHBIX
SHEPreTUYeCKHUX ypOBHEW 3/1eKTpPOHa. JTa JuarpaMma, Kak ¥ MHOTHe [IpyTHe,
BHOCHUT B pe3yrbTar nogcuetoB 4 HeGonbIie KOppeKTHBL
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Puc. 10.5. Atom Bozmopoga

bete COBEpILIEHHO CIIpAaBE€A/IMBO BKJ/IFOUWJ/I B PACUETHI BA’XKHbBIE€ DE3YJ/IbTdThI
«OJHOIIET/IEBBIX»  AHWAI'DAMM, HO,Z[O6HBIX I/I306pa>KEHHbIM Ha  PHCYHKE,
u O6H8py>I(I/IJ'[, UTO OHKM OKd3bIBAIOT HEKOTOpO€ BJ/IMAHHWE Hd CIOBUI



SHepreTUUeCKMX YpPOBHeMW, a «l1eJoBaTe/lbHO, W Ha BUJIWMBIA CIIEKTP.
Ero pe3ynbraTthl COOTBETCTBOBa/M u3MepeHUsiM JIamba. VHbIMU ci0Bamuy,
KBaHTOBas JIeKTPOJAUHAMUKa 3acCTaBiisieT IpefCTaBUTh aTtOM BOAOpPOJa B BHUJe
HEBepOSITHOM Kako(hOHUU cybaTOMHBIX 4yacTull, TOPOXKJAIOLUXCSA
W TIpeKpallaioliux CylecTBoBaHWe. JISMOOBCKWM CABUT cTan TepBoi
HEeTOoCpe/ICTBEHHOM BCTpeuell uesioBeyecTBa C 3TUMHU 3(UPHBIMA KBaHTOBBIMU
baykTyalusmu.

[Tpouio HeMHOTO BpeMeHM — U 3CTa(eTHYI0 MajouKy MepexBaTU/Iu [[BOe
JPYrMX yuyacTHUKOB BcTpeud B [llentep-Annenge: Puuapy ®@elinmaH u [J)KynivaH
IITBuHrep. Yepes mapy JjieT KBAHTOBas 3JIEKTPOJWHAMHKA y)Ke pa3BUiach B Ty
TeOPUI0, KOTOPYKO Mbl 3HaeM ceWuaC, — IPOTOTHIl KBAHTOBOW TEOpPHUH MOJIS
u obpasel] A/ TeX TeOopui, KOTOPbIM ellle TPeACTOs/I0 TIOSIBUTLCS Ha CBET
U KOTOpbIe OMKMChIBaIM CU/IbHOE W cylaboe B3auMOAeNCTBUS. 3a CBOU 3aCiyru
@eitnman, IIBuHrep M snoHckut ¢usuk CuHbUTUPO TomoHara B 1965 rogy
nonyuunu  HobeneBckyto  mipemuto  «3a  dyHJameHTa/ibHble  pPabOThI
TI0 KBAaHTOBOM 3/IEKTPOIMHAMIKe, UMeBIIINe ITy0oKue TIoC/IeCTBUS /5T (DHU3UKU
5/1eMeHTapHBIX YacTUll». K 3TUM rimyboKuM MociefCTBUSM Mbl U TT€PEXOJUM.



11. IlycToe nmpoCTPaHCTBO He TAaKOoe YK l'lyCTOE‘

He Bce B Mupe GepeT Haua/io BO B3aUMO/IeHiCTBHUY YaCTHI] C 3/IeKTPUYeCKUM
3apsiioMm. KBaHTOBasi 3/1eKTpOJMHAMUKA He OOBbSCHSIET «CUJBbHBIX $S[I€PHBIX»
MpPOLIeCCOB, KOTOpbIe CLEIUISIIOT KBAapKW BHYTPU TIPOTOHOB W HEWTPOHOB,
U «CnabbIX siZiepHBIX» MPOLIeCcCoB, O1arofapsi KOTOPbIM TopuT Haitie CosiHIle.

Henb3s nvcatb KHUTY O KBaHTOBOM TeOpUU IMPUPOABI U OCTaBUTH 3a ee
paMKaMU T0JIOBUHY (pyHJaMeHTaIbHbIX CUJI, TaK UTO B 9TOM I7laBe Mbl 3all0JIHUM
nipo0eJi, TIpeXK/ie UeM TIOTPY3UThCSI HEMOCPeCTBEHHO B ITyCTOe TPOCTPAHCTBO.
OxkakeTcsi, UTO BaKyyM — 3TO OUeHb MHTepeCHOe MeCTO, TIOJIHOe BO3MOXKHOCTeH
Y TIPEMNATCTBUM Ha Iy TH YaCTUL].

B miepByto ouepe/ib HY>KHO MOAUEPKHYTb, UTO Cjlaboe U CUBHOE silepHoe
B3aMMOJIEUCTBUSA OIMMCHIBAIOTCSI TPU TIOMOILM TOYHO TaKOrO >Ke II0AXOoZa
K KBAaHTOBOW TE€OPHUM M0J/Isl, O KOTOPOM II/Ia peub TIPU pa3sroBOpe O KBaHTOBOM
/1IeKTpoAUHaMuKe. VIMEHHO B 3TOM CMbIC/IE MOXXHO T'OBOPUTh O Cepbe3HbIX
nocsieficTBusix pabotbl @eitHmana, [lIBuHrepa u TomoHaru. B 1iesiom Teopus
5TUX TpeX B3aWMOZEMCTBUM TMOJMyuyl/la BeCbMa HeWTpaJbHOe Ha3BaHHe
CmaHndapmuol modenu ¢usuku uacmuy. Korma Mbl TiHIlIeM 5TU CTPOKH,
CranjapTHasi MoZie/ib TIPOXOAUT TeCTUPOBAaHWE Ha Pa3pbiB B CaMOl OObILOMN
Y CaMOM XWTPOYMHOHW MalllMHe B UCTOPHH YesioBeueCTBa — BobIIOM aZipOHHOM
kostargepe LIEPH (oH xe BAK). «Ha paspeiB» — yziauHoe BbIpakeHue, [I0TOMY
YTO B OTCYTCTBUE Yero-To [0 CUX IIOp He OTKpbITOro CraHjapTHas MoOZesib
TpekpalaeT Jeaarb OCMbIC/JIEHHbIe Mpe/CcKa3aHus TPU SHeprusx, KOTOPbIMU
conpoBoxzaroTcst B BAK cTONKHOBeHHsI MIPOTOHOB HAa CKOPOCTH, MOYTU PaBHOU
ckopocTty cBeTa. Ha si3bIke 3TOM KHWUIM MOXKHO CKa3aTh, UYTO KBAHTOBBIE TIpaBUJIa
HauMHAIOT TOPOXKJaTh LUdepOsaThl CO CTpesKamMu AjauHOW OGosee 1, a 31O
3HAUWT, YTO OIfpe/ie/ieHHble TIPOLeCChl, CBs3aHHbIe CO CJabbIM KBAHTOBBIM
B3aMMO/IeHCTBHEM, HAUMHAIOT TIPe/[CKa3bIBaThCs C BEPOSATHOCTLIO Oosiee 100 %.
OTO OYeBHJHBIM HOHCEHC, W mpeprnosnaraercs, uto BAK no/mkeH HaUTH HeUuTo
HoBoe. [Ipobnema B TOM, 4TOObI WAEHTUGUIMPOBaTH 3TO HOBOE B COTHSX
MWIJTMOHOB CTOJIKHOBEHUM TPOTOHOB, KOTOPbIe KaXkKAYH) CEeKYHJY ITPOUCXOJAT
Ha rmyoude 100 m o, FOpckumu ropamu.

CranfiapTHasi Mofie/ib eMCTBUTENTbHO COJeP)KUT JiIeKapCcTBO OT 0osie3Hu
TOBBILIEHHBIX BEPOATHOCTEM, W S5TO JIEKAPCTBO M3BECTHO I107, Ha3BaHHWEM
XUTTCOBCKOTO MexaHu3Ma. Eciu oHo BepHO, To BAK mo/mkeH 0OHapyXuTh elije
OfIHy TIPHUPOAHYI0 YacTully — 0030H Xwurrca, Tocjie UYero Halllu B3IJISI/IbI
Ha COZep)XUMoe IyCTOr0 MPOCTPAHCTBA [O/DKHBI KapAWUHAIbHO M3MEHUTHCS.



B »3Toli TnMaBe Mbl 00OpaTUMCSi K XWITCOBCKOMY MeXaHU3My UYTb TI03XKe,
HO CHayajla HY)XHO JiaThb KpaTKoe OMNMCaHWe T0Ka Mo0eJoHOCHOM, HO yxke
Tpeljaieii 1o mBam CTaHJapTHOM MO/Ie/NH.



CraHjapTHasa Mojeb (GPU3UKU YaCTHI]

Ha puc. 11.1 ™Mbl 0epeyucyiuiM  BCe  HW3BECTHble  YaCTULIBL.
OTO CTpouTe/bHble KUPMWYMKKA BcesieHHOW, M0 KpaliHeld Mepe TakoBa TOYKa
3peHUsi HA MOMEHT HalMCaHWs 3TOW KHUTH, HO Mbl OXKU/laeM OOHapY>KUTh ellle
HECKOJTbKO — BO3MOXKHO, Mbl YBUIUM 0030H XWITCa WIM HOBYH UaCTHILY,
CBSI3aHHYIO C CYII[eCTBYIOLeli B OOJIBIIIOM KOJIMYEeCTBe 3araZloyHON TeMHO
MaTepuel, KoTopasi, BeposiTHO, HeoOXoiuMa /Jisi OnucaHusi Bceil BcenmeHHOM.
Wnu, BO3MOXKHO, HaC O)KUZJAKOT CyllepPCUMMETPUUHBIE UaCTHUL[bI, TIPe/ICKa3aHHbIe

Teopyeid CTpyH, unM Bo30ykzaeHus Kanyipi — KiefiHa, XapakKTepHbie
IS JOTIOJIHATE/IbHbIX ~ M3MepeHWM  TIPOCTPaHCTBA, WM  TeXHUKBApKU,
WIW  JIeNTOKBAapKW, WIW... TEeOpeTUUeCKHUX PacCy)KJeHWld MHOXeCTBO,

1 00513aHHOCTh TeX, KTO IIPOBOAUT SKCIIEDUMMEHTBI Had EAK, B TOM, YTOOBI Cy3UTb
I10JIe ITIOMCKd, UCK/IFOUUTh HEBEPHbLIEC TEOPDHUU U YKd3dTh IIYTh BIIEDE/.
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Bce, uTo MOXKHO YBHIeTb U TIOTPOTraTh; Jitobasi HeoAyIleB/IeHHas MallliHa,
moboe KuUBOe CyllecTBO, r0bast ckana, /000 UeoBeK Ha IlaHeTe 3eMJis,
mobast TuiaHeTa W Jiro0asi 3Be3fla B Kakou w3 350 MWIIMap/oB ralakTUK
B Habmomaemoli BceneHHOM COCTOUT M3 YacTHI] U3 MepBOro ctosbiia. Bel camu
COCTOMTE W3 COYETaHUs BCEr0 TPeX YaCTUl] — BEepXHEro W HWKHETO KBapKOB
Y 27eKTpoHa. KBapKy COCTaB/SIOT aTOMHOE $/IpO, a 3/7€KTPOHbI, KaK MbI YiKe
BU/IE/IM, OTBEUAIOT 3a XMUMHUeCKHe mporecchl. OCTaBIIasCs yacTulla U3 MepBoro
cToniblja — HeUTPUHO — BO3MOYKHO, 3HAKOMa BaM MeHblIlle, HO CoJiHIje POH3aeT
KaX/IbIA KBaJIpaTHbIM CAaHTUMeETP Ballero teaa 60 MuaimapAaMyd TakKuxX 4acTHI]
exxecekyHZHO. OHM B OCHOBHOM 0e3 3a/iep)KK{ TIPOXOZST uepe3 BaC U BCIO
3eM/Il0 — TIOTOMY-TO Bbl HHKOI/Ia WX He 3aMeda/M W He Olyljald HX
NMpUcyTCTBUA. HO OHM, Kak Mbl BCKOpE YBUJUM, WIPAlOT K/OUYEBYIO POJIb
B IpoLeccax, KoTopble AatoT 3Hepruto CosiHLIA, a C/ie0BaTebHO, [e/atoT
BO3MO)XHOM CaMy Hallly >KU3Hb.

OTHU ueThIpe uacCTUI[bl 00pa3yroT TakK Ha3bIBaeMoOe TIepBOe TIOKOJIeHUe
MaTrepuM — BMeCTe C ueTbipbMs (PyHJaMeHTa/lbHbIMU  MPUPOAHBIMU
B3aWMO/IEUCTBUSIMA 5TO BCe, UTO, Cy[s MO BCEMY, HY)XHO [Jisi CO3[aHUS
Bcenennou. OHaKo IO TpPUYMHAM, KOTOpPbIe TOKa [0 KOHLIA He TOHSITHBI,
TpUpo/ila TIpeAriousia CHaOAWTH HaC elle ABYMs ITOKOJEHUSIMH — K/IOHAMH
TIePBOr0, TOBKO 3TH UaCTHI[bl O0siee MaccMBHBI. OHU Mpe/iCTaBeHbl BO BTOPOM
1 TpeTbeM cTosib1jax puc. 11.1. Torm-kBapk B 0COOEHHOCTH TTPEBOCXOAMT MaCCOM
apyrve dyHaaMeHTa/ibHble dYacTWIbl. OH OBIT  OTKPBIT Ha YCKOpHUTese
B HairioHambHOM yCKOpUTeTbHOM JlabopaTtopui M. SHpHKo Pepmu mof, Urkaro
B 1995 romy, u ero macca, COIZIacCHO H3MepeHHUsiM, Oonee uem B 180 pa3
MPEeBOCXOIUT MacCy TMpoToHa. [loueMy TOM-KBapK OKa3asCsi TAKUM MOHCTPOM,
TIPUTOM 4YTO OH CTOJIb K€ MOX0XK Ha TOUKY, KaK U 3/7IeKTPOH, TOKa 3arajika. XoTs
BCE 3TU JIOMOJITHUTE/IbHBIE TOKOJIEHUSI MaTepUX He WUrpar0T HEeToCpeCTBEHHOU
ponu B OOBIUHBIX [leflaXx BceneHHOW, OHH, BepPOATHO, ObLTM K/IHOUEBLIMH
WrpoKamu cpasy nocsie bosbiioro B3peiBa... Ho 3T0 coBCceM fpyras UCTOPUSI.

Ha puc. 11.1 B npaBoM cTosiblje MOKa3aHbl TaK)Ke UaCTHUIbI-TIePeHOCUUKH
B3auMojelicTBUsA. [paBuTauus B Tabmuile He TipejcTaBjieHa. [lombITKa
riepeHeCcTd Bbluvc/ieHUs1 CTaHAApPTHOM MOJEeIM Ha TEeOpUI0 TpaBUTALIUU
HATa/JIKMBAIOTCSl Ha OMpe/ie/ieHHble CA0KHOCTU. OTCyTCTBHE B KBAHTOBOU
TeOpMHM  TpaBUTALIUM  HEKOTOPbIX  Ba)KHBIX  CBOMCTB,  XapaKTepPHbIX
nnst CTaHJApPTHOW MOJIe/Id, He TIO3BOJISIET TPUMEHSATh TaM Te K€ MEeTO/bI.
MpbI He yTBEPXX/aeM, UTO ee He CYLLeCTBYeT BOBCE; TeOPHs CTPYH — 3TO MOMbITKa
MPUHAThL TCpPaBUTALIMI0 BO BHMMAaHWE, HO TMOKa YCOeXW 3TOM TMOMbITKU
orpaHuueHbl. Tak Kak rpaBUTallys OUeHb Cjaba, OHAa He WUTpaeT 3HAUWUTETbHOU



PO/ B 9KCIlepMMeHTax Mo (U3rKe yacCTull, U TI0 3TOM BeCchbMa IparmMaruuecKoin
rpyuurHe Mbl He OyzeM Oosibllle O HeM TOBOPUTh. B mpoIuioi TInaBe MbI
yCTAHOBW/IM, UYTO (POTOH CAY)KUT TIOCPeJHUKOM B  paclpoCTpaHeHur
5JIEKTPOMarHMTHOTO B3aWMOJIEUCTBUSI MEXAY SJIEKTPUUYECKH 3apsKeHHbIMU
yacTullaMy, YU TakKoe TOBe/leHre Orpefie/isieTCsl HOBbIM TIPaBUJIOM pacCCesHUS.
YacTuipl W U Z fenatoT To ke camoe /ijisi ¢/laboro B3auMofieCTBYS, a TTFOOHBI
TepeHOCAT CUIbHOE B3aumoiecTBUe. OCHOBHBIE pa3/IMuUs MeX1Y KBAHTOBBIMU
OTMCAHUSIMU CUJT CBSI3aHbI C Te€M, UYTO MpaBu/a pacCcesiHusl pa3iuuHbl. [la, BCe
(MouTH) TakK MPOCTO, U HEKOTOPbIE HOBbIE TpaBW/a PacCesHAS Mbl TIPUBEU
Ha puc. 11.2. CXoACTBO C KBaHTOBOW 3/E€KTPOJAMHAMHUKOM TTO3BOJIIET JIETKO
TIOHATH (PYHKIIMOHUPOBAHWE CHUIBHOTO Y C/Iab0ro B3auMO/eHCTBHUI; HaM HY)XKHO
TOJIbKO TTOHWMAaTbh, KAaKOBbI TIpaBWJia pacCessHus /I HUX, TOC/e Yero MOXKHO
HAQUepTUThb TakWe >Ke auarpamMMbl DellHMaHa, KOTOpble Mbl TPUBOJUIA
JI/ISI KBAHTOBOM 3/€KTPOAMHAMUKM B MpPOLUIOW miaBe. K cuacThro, M3MeHeHue
TIpaBUJI paccesiHUsI — 3TO OUeHb BayKHO i HU3UUeCKOro MUpa.



HeliTpuHo HuxHnin KBapk

INEKTPOH BepxHuii1 KBapkK

W-uyactunya W-yactuua

JNeKTpoH

INEeKTPOH

Z-yactuya

[NiooH FnooH

Puc. 11.2. HekoTopble TMpaBua paccesiHusi [jisi CWIBHOTO W c1aboro
B3aUMO/IeICTBUM

Ecmu 6b1 MBI mucany yueOHUK TI0 KBAaHTOBOM (pU3MKe, MOXKHO ObLIO OBI
mepeiTH K BBIBOAY TIPaBWI pacCessHUs [Isi KaXKAOT0 U3 TIOKa3aHHBIX
Ha puc. 11.2 mporeccoB, a Takke /il MHOTUX JIDYTUX. JTH MpaBuja W3BeCTHbI
Kak mnpaBuia @PeilHMaHa, W OHU BIIOCJEJCTBUM TIOMOI/IA ObI BamM —
WA KOMITBIOTEPHOM TpOrpaMMe — pacCUMTaTh BEPOSTHOCTh TOTO WM WHOTO
npoliecca, Kak Mbl /leflajii 3TO B I7laBe 0 KBAaHTOBOM 3/1eKTPOJJUHAMUKE.

OTU TIpaBWIa OTPaXkKalOT HEUTO OueHb Ba)KHOe O HallleM MUpe, U OueHb
yAauHO, UTO HUX MOYKHO CBECTH K HaOOpy TPOCThIX KAPTUHOK U TIOJIOXKEHUHM.



Ho MbI BooOI1ie-T0 He TuilieM yueOHUK M0 KBaHTOBOU (hM3MKe, TaK UTO BMECTO
3TOr0 COCPeJ0TOUMMCSI Ha JuarpaMMe CIipaBa BBepXy: 3TO NpAswio pdcCesiHus,
0CcoOeHHO Ba)kHOe /IJisi XKU3HU Ha 3emsie. OHO TOKa3biBaeT, Kak BEPXHUM KBapkK
TepexoJUT B HWKHUM, HUCcnyckKasgs W-yacTully, ¥ 5TO TMOBeJeHue MPUBOLUT
K IPaH/IMO3HbIM pe3ysibTaTaM B szape CosHLa.

CosnHile — 9T0 rasoobpa3Hoe Mope TIPOTOHOB, HEHTPOHOB, 3/1EKTPOHOB
U (HOTOHOB 00bEMOM B MU/UIMOH 3€MHBIX IIIApOB. JTO MOpe KOJJIariCUpPyeT
nof, cobcTBeHHOM cuol TsokecTU. C)kaThe HeBEepOsITHOM CUJIbl pa3orpeBaeT
conHeyHoe siipo o 15 000 000 °C, u mpu Takoi Temrieparype IPOTOHBI
HauWMHaIOT C/IUBaThCs, GopMupys sigpa renusi. [Ipy 3TOM BBICBOOOXK/AeTCs
SHEeprus, KOTOpas yBe/uWuyuBaeT [aB/ieHWe Ha BHEIIHWEe YPOBHU 3Be3[bl,
yPaBHOBeLIMBast BHyTPEHHIOK CUITY TSKeCTH.

[TogpobHee MBI pacCMOTPUM 3TO pACCTOSTHMe ILIAaTKOTO paBHOBeCHUs
B 3MWJIOre, a Ceruac MpPOCTO XOTHUM IOHSITh, YTO 3HAYUT «IIPOTOHBI HAYMHAIOT
C/IUBaThCs [Pyr C ApyroM». KaxkeTcs, 4TO BCe [OBOJIBHO IPOCTO, HO TOYHBIN
MeXaHU3M TaKOro C/IUsSIHUSL B COJTHEUHOM si/ipe ObLT UCTOUHUKOM TTOCTOSTHHBIX
HayuHbIX criopoB B 1920-1930-e roabl. bputanckuil yueHblt ApTyp SAAUHITOH
TepBbIM TIPeATIOIOKUI, YTO WCTOUYHUK 3Heprum ComHIja — sifiepHbId CHUHTe3,
HO OBICTPO OOHApYXU/IOCh, YTO TeMmIlepaTypa BpoJe Obl C/MILIKOM Mana
JJ/1s1 3arycKa 3TOro mpolecca B COOTBETCTBUU C M3BECTHBIMHA Ha TOT MOMEHT
3akoHaMu Gu3uKu. OfHAKO OAJWHITOH TPUEP)KUBAJICS CBOEr0 MHEHUSI.
XOopo110 U3BeCTHO ero 3aMeuanue: «['efuii, ¢ KOTOPbIM Mbl UIMeeM [ief10, JOJDKeH
Obu1 00pa3oBaThCsi B Kakoe-TO BpeMsi B KAaKOM-TO MecTe. Mbl He CIIOpPUM
C KPUTHKOM, 3asiB/IAIOLIMM, 4YTO 3Be3[bl HEJOCTaTOUYHO TOpSYM [JI 3TOrO
TpoLiecca; Mol rpejijiaraeM eMy HauTH MeCTO MoKapue».

[Ipobnema cOCTOUT B TOM, UTO, KOrjla /iBa OBICTPO [BMIKYIIUXCSI TIPOTOHA
B COJHEYHOM siipe COMMKalOTCS, B  pe3y/ibrare 371eKTPOMarHUTHOIO
B3aMMOJIEUCTBUA (WM, Ha SI3blKe KBAHTOBOW 3/1€KTPOJAWHAMUKH, B pe3yJsbTare
oOMeHa (OTOHaMU) OHU OTTA/NKUBAKOTCS. [/ CAUSTHUSI UM HY)KHO COMTUCH
e/iBa JIi He 10 TIOJTHOTO TIePeKPBITHSI, @ COTHEUHbIe TIPOTOHBI, KaK XOPOIIIO ObLIO
W3BECTHO OJJUHTTOHY W €ro KoJijieraM, J[BUTalOTCs HeJ0CTaTOUuHO ObICTpO
(motomy urto CosiHLIe HeZOCTaTOYHO TIOpPsAYO0) [JIs1 TPeOfioleHUs] B3avMHOI'O
5/1eEKTPOMarHWTHOTO OTTajKuMBaHUs. PeOyc paspelllaeTcsi Tak: Ha aBaHCLiEHY
BbIXOIUT W-vacTvila u cracaetr cuTyauuro. IIpy  CTO/KHOBEHMM OJWH
13 MMPOTOHOB MOKET TIPeBPAaTUTLCSI B HEUTPOH, 0OpaTUB OZIUH U3 CBOMX BEPXHUX
KBAapDKOB B HIKHHW, KaK yKa3aHO Ha W/UIIOCTPALMM K MpaBUIy pacCessHUs
Ha puc. 11.2. Terepb HOBOOOPa30BaHHbBINM HEUTPOH U OCTABIIUICS MPOTOH MOTYT
COUTHUCH OYeHb O/IM3KO0, MOCKOJILKY HEMTPOH He HeCeT HUKAKOTo 3/IeKTPUUeCKOro
3apsifia. Ha si3bike KBaHTOBOM TEOPUM T10JIsI 3TO 3HAUUT, yTO oOMeHa (poToHamu,



TIpU  KOTOPDOM HEWTPOH U TIPOTOH OTTaJKUBA/JMCh OBl Apyr OT JApyra,
He npoucxoAuT. OCBOOOJUBIIINCH OT 1€KTPOMAarHUTHOTO OTTA/IKUBAHUSI, TIPOTOH
Y HEeWTPOH MOTYT C/JIUTBbCS BMeCTe (B pe3y/brare CU/IBHOIO B3aMMOZEUCTBUS),
oOpa3ysi AeUTpoH, uTO OBICTPO TPUBOAUT K OOpA30BaHWIO Teyvs, KOTOpPOe
BBICBOOOJK/IAeT HSHEpPruio, [Jarollyl0 >XU3Hb 3Be3fie. OTOT TMpoLecC IoKa3aH
Ha puc. 11.3 u oTpakaeT TOT (akT, YTo W-uacTulja >KUBET HeZ0/r0, pacnasasich
Ha TMO3UTPOH U HEWTPHMHO, — 5TO U €CTb WCTOUHUK TeX CaMbIX HEWTPHHO,
KOTOpble B TaKUX KO/JMYeCTBax MPOJeTarOT yepe3 Baille Tejo. BOMHCTBeHHas
3alUTa JAJWHITOHOM CHUHTe3a KaK HCTOYHMKA COJTHEUHOW 3Hepruu Obina
CTpaBe/lJIMBOM, XOTSl Y Hero He ObLIO HYM Te€HW TOTOBOTO pellieHusi. W-dacTuiia,
oOBbsICHSIIOIIIAsA TO, UTO TPOUCXOAUT, Oblia oTkpeiTa B LIEPH BMmecte ¢ Z-
yactuiier B 1980-e ropl.

[lpocTpaHCTBO

NPOTOH HEeNTPOH

» Bpems

Puc. 11.3. IlpeBpaiijleHWe TIpOTOHA B HEUTPOH B paMKax craaboro
B3aMMOJIEUCTBUSA C MCITyCKaHWEeM I03UTPOHA M HeWTpuHO. be3 sToro mpouecca
ComnHile He MOITIO ObI CBETUTD

B 3aBepmieHve kKpatkoro o063opa CraHjapTHOM Mofenu o0paTUMCS
K CUIbHOMY B3auMopelicTBuio. [IpaBusia pacceuBaHUsI TAaKOBbI, UTO TOJILKO
KBapKd MOTYT T[epexofUuTb B IVItOOHbL. bosee TOro, oHu c Oosiblieit
BEPOSITHOCTBHIO clealoT  UMEHHO 3TO, yeM  uTo-1MbO eltle.
[TpeapacrosiokeHHOCTh K MCMYCKAaHHIO TIJIFOOHOB — WMEHHO Ta TIPUUKHA,



110 KOTOPOW CW/IbHOE B3auMOJEUCTBYe TOYUr/I0 CBOe Ha3BaHHe U MO KOTOPOH
paccessHWe TJIFOOHOB CIMOCOOHO TIPeofio/ieTb  JIeKTPOMarHUTHYH — CUITY
OTTAJIKUBAHMS, KOTOpas Moryia Obl TIPUBECTH TIOJIOKUTELHO 3apsDKeHHBIN
MPOTOH K pa3pylleHut0. K cyacTero, CWIbHOe silepHOe B3auMOJENCTBHE
paCIpOCTpaHseTCsl JIUIIbL Ha HeOOo/bllloe paccTosiHue. [JIF0OHBI TIOKPHIBAOT
paccrosinue He Oomee 1 demrtomerpa (10-15 M) M BHOBB pacrafarOTCs.
[TpyurHa, 10 KOTOPOM B/MSIHHE T/FOOHOB HACTOJ/ILKO OrPaHUUeHO, 0COOeHHO
10 CpaBHEHWIO C (POTOHAMM, CIOCOOHBIMM ITyTelIeCTBOBAThH uepe3 BCIO
BceneHHyr0, COCTOUT B TOM, UYTO IVIFOOHBI MOTYT MpeBpalllaTbCsi U B JIpyTrue
[JIFOOHBI, KaK TOKa3aHO Ha JByX IMOC/IeHUX AuarpaMmax puc. 11.2. JTa y/ioBKa
CO CTOpPOHBI IJIFOOHOB CYLIeCTBEHHO OT/IMYaeT CU/IbHOe B3aWMOJeNCTBUe
OT 3JIEKTPOMarHMTHOTO M OrPAaHWYMBAET I0JIe €ro AesiTeIbHOCTU COAepPKUMbIM
aTOMHOTO sifipa. Y ¢OTOHOB MOM0OHOTO camoriepexofia HeT, U 3TO XOPOIIIO,
IIOTOMY UTO WHaue Bbl ObI He BW/Ie/IM, UYTO ITPOMCXOAUT y Bac mepej HOCOM,
MOTOMY uTO (DOTOHBI, JIeTAI[Me K BaM, OTTA/JKMBaIMCh Obl OT TeX, KOTOpPbIE
JIBUTAIOTCS BZO/Tb Balllei TMHUM 3peHus. To, yTo MbI BOOOII[e MOXKEM BUZIETb, —
OJTHO W3 uyJleC MPUPObI, KOTOPOE K TOMY XK€ CJIY)KUT SIPKUM HarlOMUHaHHUEM,
yTO (hOTOHBI BOOOIIlEe PeIKO B3aUMOZEMCTBYIOT.

MpbI He 0OBSICHW/IM HU OTKYy/ja OepyTcsi BCe 3TU HOBbIE TIpaBH/Ia, HU TIOUEMY
BceneHHasi colep)XUT WMEHHO Takou Habop dyactuil. M Ha TO ecTb CBOM
TIPUYMHBL; HA CaMOM /Jiejle Mbl He 3HaeM OTBeTa HU Ha OJWH W3 3THUX BOIPOCOB.
YacTuupl, U3 KOTOPBIX COCTOMT Halla BcejeHHast — 37€KTPOHbI, HEUTPUHO
Y KBapKHW, — 3TO aKTephbl, UCIIOHSIOIYE [JIaBHbIE PO/IM B Pa3BOPAYMBAIOLLIEUCS
Ha HaIllMX I/a3aX KOCMMUeCKOW JpaMe, HO TOKAa Yy Hac HeT yOeauTeTbHBIX
crioco00B 00BSICHEHUS, TTIOUEMY COCTaB aKTepPOB ZI0/DKEeH ObITh UMEHHO TaKOB.

OpHako BepHO, UTO, WMesi CIMCOK 4YaCTULl, Mbl MOXXEM UYaCTUYHO
Tpe/icka3aTh CIOCO0 WX B3aWMOEMCTBUS ADPYr C APYIOM, MpeArrCchIBaeMblid
npaBWiaMu paccesiHusi. [lpaBuia paccesiHUs (PU3KMKU B3s/IM He U3 BO3AyXa:
BO BCeX C/ydasix OHM IpPeJCKa3bIBAlOTCSI Ha TOM OCHOBaHWM, 4TO TeOpUs,
OIMMCHIBAIOIasl B3aUMO/IeHCTBUS YaCTHI], J0/DKHa OBbITh KBAaHTOBOW TeopHei
Mojis C HEKUM [IOTIOJIHEHWEeM, TIOJyUMBIIMM Ha3BaHHWE KaauOpPOBOUHOM
nHBapuaHTHOCTURY,

Ob6cy»xaeHre TIPOMCXOXK/IeHHs TIPaBU/ PAcCesiHUsl 3aBesio Obl HAaC CUILIKOM
JlaJIeKO OT OCHOBHOI'O HarlpaB/ieHUs] KHUTH — HO MbI BCE K€ XOTUM MOBTOPWUTH,
YTO OCHOBHbIE 3aKOHbI OUeHb MPOCTHI: BCcesieHHass COCTOUT M3 YacCTHll, KOTOPbIe
JIBUTAIOTCS ¥ B3aUMOJIEMCTBYIOT B COOTBETCTBHUU C PSiZIOM MpPaBWI Mepexo/a
Y paccesiHus. Mbl MOKeM TI0/Ib30BaThCsl STUMH TMpPaBW/IaMU TP BbIUUC/IEHUA
BEPOSITHOCTU TOTO, UTO «HEUTO» npoucxooum, CKiajbiBasi psiibl 1xdepbaaTos,
TpUYeM KaKIblM 1depOsaT COOTBETCTBYET KaXKAOMY CIIOCO0Y, KOTOPBIM



«HeUTO» MOodKem npou3otimu.



ITpoucxoxgeHue Macchbl

3asB/isiss, UYTO YaCTULbl MOTYT Kak IepeCcKakKWBaTb W3 TOYKHA B TOUKY,
TaK M PAaCCeMBaThCsl, MbI BCTYIIaeM B 00/1aCTh KBAaHTOBOM Teopuu ross. ITepexop
Y pacCerBaHWe — 3TO TPaKTUUYeCKU BCe, yeM OHa 3aHuMaeTcst. OHaKO Mbl MOKa
MOYTU He YIIOMHWHA/M MacCy, TOTOMY UTO pellW/id OCTaBUTh CaMO€e WHTEePeCHOe
Haroc/ae/oK.

CoBpeMeHHasi (¢M3uKa YacTWl] TIpyM3BaHa [JaTb OTBeT Ha BOIPOC
0 TIDOMCXOXJEHWU MacCbl UM JlaeT €ero C TIOMONIbI0 TPEeKPacHOro
Y YAUBUTE/ILHOTO pasfiefia (pUM3UKH, CBA3aHHOTO C HOBOW uvacTullei. [Ipruuem
HOBasi OHa He TOJIbKO B TOM CMBbICJIe, UTO MBI ellle He BCTPeYa ee Ha CTPaHULax
5TOM KHUITM, HO U TIOTOMY, UTO Ha CaMOM /[ejle HUKTO Ha 3emsie elje
He BCTpeuascsi C HeM «IMI[OM K JIMIy». JTa 4YacThlla Ha3biBaeTcs 0030HOM
Xwurrca, 1 BAK yxe 65130k k ee o6HapyxeHuto. K centsbpro 2011 roga, korga
MBI TIHIIIeM 3Ty KHUTY, Ha BAK Habmromancst mo00NbITHEIM 00BEKT, 1000HbIM
6030Hy XWIrca, HO MOKa IIPOM3OLLIO0 HeAOCTaTouHO cobbItuii2ll uTo6HI
peIlnTh, OH 3TO WX HeT. Bo3M0O)KHO, 3TO ObUIM /JMIIIb MHTEPECHbIE CUTHAJIbI,
KOTOpBbIe TIPY JiabHEUIIIEM PaCCMOTPEHUM ucYe3id. Bompoc o MpouCXoKeHnn
Macchl 0COOEHHO 3amMeuaresieH TeM, UTO OTBET Ha Hero IieHeH ¥ TOMHUMO Halllero
OUEBHHOTO >Ke/laHWSl y3HaTh, UTO Takoe Macca. IlombiTaeMcsi 0OBSICHUTL 3TO
JIOBOJTLHO 3arafilouHoe ¥ CTpaHHLIM 00pa30M CKOHCTPYHPOBAaHHOE MpeIoyKeHHe
6onee rogpobHoO.

Korma Mbl roBOpWIM 0O (OTOHaX U 3MeKTPOHaX B KBAHTOBOU
3JIeKTPO/IMHAMUKE, BBEJIM MPABWJIO Tlepexofia i KaXKJ0ro U3 HUX U OTMETHU/IH,
YTO 3TW TMpaBWia OTIMYAIOTCS: Jid CBSI3aHHOTO C TMEPexX0[0M 3JIeKTPOHa
U3 TOUYKM A B TOYKy B ™Mbl wucnons3oBaim cumBon P(A, B),
a JIJisl COOTBeTCTBYIOIIlero MpaBu/a, CBsi3aHHOTO ¢ ¢hoToHOM, — cumBoa L(A, B).
Hactano Bpemsi pacCMOTPeTb, HACKOJIBKO CHUJIBHO OT/IMYAKOTCS TIpaBWiIa B 3THUX
JIByX cJjiyyasix. Pa3HuWIla COCTOMWT, Haripumep, B TOM, UTO 3JIEKTPOHBI [IeJIATCS
Ha fBa Tumna (KakK Mbl 3HAaeM, OHU «KPYTATCS» OJHHUM M3 JIBYX pa3/IMUHBIX
crioco6oB), a OTOHBI — Ha TPH, HO 3TO pa3/iMuMe Hac celiyac WHTepeCcoBaTh
He OyzeT. Mbl oOpaTM BHHUMaHWEe Ha JIpyroe: 37eKTPOH o00/iafilaeT MacCoM,
a ¢oToH — HeT. IMeHHO 3TO MbI ¥ OyZieM MCC/ieZloBaTh.

Ha puc. 11.4 nokaszaH OgyWH U3 BapUaHTOB, KaK Mbl MOXXeEM Ipe/CTaBUTh
pacrpocTpaHeHHe 4YacTHIlbl, OOsazarorier Maccoi. YacTuila Ha PHCYHKe
repecKakrBaeT M3 TOYKU A B TOUKY B 3a HeCKOJIbKO cTafiui. OHa TepexofuT
13 TOYKU A B TOUKy 1, U3 TOUKA 1 B TOUKy 2 U TaK Jajiee, MOKa, HAKOHeLl,



He TornaziaeT U3 TOUYKM 6 B TOUKy B. VIHTepecHO, OfjHaKo, YTO B TakOM BHU[e
TIPaBUJ/IO JJ1s K&XX/I0T0 CKauka — 3TO TPaBUJIO [Jisl YaCTHULbl C HY/IeBOM MacCOM,
HO C OJHOW Ba)XHOW OrOBOPKOM: Ka)KIbl pa3, KOrJa YacThlla MeHseT
HarmpaB/ieHWe, Mbl [JOJDKHbI T[PMMEHWTb HOBOE TMPaBWIO YMeHbLIEeHUs
1udepbiara, MpuueM BeIMUKMHA YMeHbIIIeHHst 00paTHO MPOMOPILIMOHaIbHA Macce
OMUCHIBAEMOM UaCTULbl. OJTO 3HAYUT, UYTO MPU KaXKAOM I[lepeBo/ie 4YacoB
1iudepbnarel, CBsIi3aHHbIE C TSHKETbIMUA YaCTHI[aMH, YMEHbIIAIOTCsl MeHee Pe3Ko,
yem 1MdepOnaThl, CBsA3aHHbIe C Oosiee JIETKMMH YacTUIlAMU. BaxkHO
MOJYEPKHYThb, YTO 3TO MPABUJIO CUCTEMHOE.

[lpocTpaHCTBO
A

» Bpema

Puc. 11.4. MaccyBHasl yaCcTUL|a, ABWXKYLLAsCSA U3 TOUKU A B TOUKY B

M  3ursaroobpa3Hoe  [JBWKeHWe, U  yMeHbllleHWe  1udepbiaTa
HEMOCPeJCTBEHHO BBLITEKAKOT W3 mpaBwil PellHMaHa /i pacOpoCTpaHEeHUSs
MaCCHBHOI 4YacTHIlbI 6e3 KaKUX-TO APYTHX npeanonoxkenuii?Z, Ha puc. 11.4
TIOKa3aH JIMIIb OF[UH CIIoCco0 ToMalaHusl YaCTUIbI M3 TOUKU A B TOUKY B — 1ocie
IIIeCTH TI0BOPOTOB U IIIeCTU yMeHbIlleHUd. YToObI TO/IyUUTh WTOTOBBIN
1ucdepOarT, CBSI3aHHBIN C MaCCMBHOM  4YaCTHLIeH, riepexo/sien
U3 TOUKM A B TOUKy B, Mbl, KaK BCerj/la, JO/DKHBI CIOXKHTh OeCKOHeUHoe
KO/IMuecTBO IMdepbaToB, CBA3aHHBIX CO BCEMH BO3MOKHBIMU CITOCOOAMH,
KOTOPBIMHU YaCTUIIA MOXKET TIPOiesiaTh CBOM 3Wr3aroobpasHblii yTh U3 TOUKH A
B Touky B. Camblii TipocToii criocob — mpsiMoi myTb 6e3 BCSIKMX TTOBOPOTOB,
HO TIpU/IeTCSl TIPUHSTh BO BHMMaHWE W MapIIPyTbl C OTPOMHBIM KOJIAUECTBOM
TIOBOPOTOB.



1151 yacTul ¢ HY/JIeBOM MacCOM yMeHbIIAUi KO3(HULIMeHT, CBA3aHHbIN
C Ka)KJbIM TIOBOPOTOM, MPOCTO YOUICTBEHeH, OTOMY uTO OeckoHeueH. VIHbIMU
C/IOBaMH, TIOC/Ie TIEepPBOTO JKe MOBOPOTAa Mbl yMeHbllaeM LudepOsiaT o Hy/sl.
Takum obOpa3om, Ajs yactuil 6e3 MacChl MMeeT 3HaueHHe TOJbKO MPSIMOM
MapupyT — JpPyIMM TpPaeKTOpPUSIM MPOCTO He COOTBEeTCTBYeT HUKAKOU
1udepbnar. IMeHHO 3TOTO Mbl U OXKUJAJIU: [Jisi YacTUl] 6e3 MacChl Mbl MOXKeEM
VICII0/Ib30BaTh IpaBU/IO CKauka. OfHako [/ 4aCTUL] C HeHY/JeBOM MacCou
TOBOPOTHI pa3pellleHbl, XOTS eC/Id YacTUlja OueHb Jierkas, TO KO3(QHULMeHT
yMeHbllIeHHs HajlaraeT CypOBO€e BEeTO Ha TPaeKTOPUU CO MHOTMMH MOBOPOTaMH.

Takum o6pa3om, Haubosiee BepoOsiTHble MapLIPYThl COfep)KaT Maso
1moBopoToB. M HaobOpOT, TsHKeNbIM UYaCTUIIAM He T'DO3UT CJIUIIKOM OObILIOwHN
yMeHbIIAIIUK KO3(PULMeHT Npy MOBOPOTe, TaK YTO OHHU Yallle OMUCHIBAIOTCS
MapIIpyTaMu C 3ur3aroobpasHbiM [BWKeHHeM. [103TOMy MOXKHO CUMTATh,
YTO TsDKesible YaCTUIbl MOXHO CUWTaTh 4YacTUllaMd 0e3 MaccChl, KOTOpbIe
JBUTAKOTCS U3 TOUKU A B TOUKy B 3urizaroobpasHo. KonuuecTBo 3ur3aroB —
5TO U e€CTh TO, YTO MbI Ha3bIBaeM «MaCCOW».

Bce 3T0 3aMeuaresnibHO, IOTOMY UTO Telepb Y Hac MOSIBUJICS HOBbIN CrI0c00
TnpeficTaB/ieHys1 MacCUBHBIX yactvl. Ha puc. 11.5 nokas3aHo pacripocTpaHeHue
TpeX pa3HbIX YaCTHUL] C BO3pacTarolerd Maccor 13 Touku A B Touky B. Bo Bcex
Cyvasix TpPaBWIO, CBsI3aHHOE C KaXAbIM «3UI3aroM» WX MYyTH, COBMAaZJaeT
C TIPAaBWIOM /Il 4YacTULIbl 0e3 MacChl, U 3a KaXK/Ablii TOBOPOT TPUXOAUTCS
pacriauvBaThbCsl yMeHbllleHWeM ILudepbratra. Ho He crefyeT C/IMIIKOM
Pa/IOBaThCsA: TIOKa Mbl ellle He OObICHWIM HUYero (yHAaMeHTanbHOro. Bce,

4UTO IIOKa YyAaJ/JIoCb CAe/1dTb, — 3TO 3dMEHUTb CJIOBO «MdCCa» CJI0BAMH
«CTpeMJ/iIeHHEe K 3HuIl'3dar'dM». OTO0 MOXXHO OBIJIO caenarb, IIOTOMY 4YTO oba
BdpHUdAHTA — MdATEMdTHUYECKHW >SKBUBAJIEHTHBIE€ OIITMCdHUSA PACIIDOCTPdAHEHMA

MacCUBHOM uacTullbl. HO [ga)ke TpyM TakKuX OrpaHUUEHUSIX Hallld BbIBObI
Ka)KyTCsl MHTepeCHbIMU, a Celuac Mbl y3HaéM, 4TO 3TO, OKa3bIBaeTCsl, He TIPOCTO
MaTeMaTHyeCKui Kypbe3.



[TpocTpaHCTBO

&
YaCTULa Ge3 Maccbl nerkas YacCTUUa
4
Y
A TAXeJlaAa YacTuua

» Bpems
Puc. 11.5. YacTuupl C BO3pacTarollled MacCOu [ABWXKYTCS M3 TOUKM A
B Touky B. Uem 6osee MaccrBHa uacTuLia, TeM 00Jibllie 3UTr3aroB B ee JBU)KeHUU

[lepeHecemcsi B LIapCTBO YMO3PUTEIBHOIO — XOTSI K TOMY MOMEHTY, KOrza
Bbl OyleTe uuTaTb 3Ty KHWTY, TeOpUSI MOXKET YK€ U TIOJIyuuTb CBOe
TIOZTBEPIKIeHUe.

B Hacrosiquii MmomeHT Ha BAK coBepuiatoTcsi CTONIKHOBEHHsI MPOTOHOB
o6irieit sHeprueii B 7 TaB. TaB — 3T0 TepasneKTPOHBO/BThI, UTO COOTBETCTBYET
SHEepPruy, KOTOPyH0 uMen Obl 3/1eKTPOH, TIPOMYIeHHbI uepe3 pPa3HOCTb
norteHianos B 7 000 000 MuimvoHOB BOJIBT. [l1s1 CpaBHeHUSI OTMETUM,
YTO MPUMEPHO TaKOBa SHEPTusi, KOTOPYIO CyOaTOMHbIe YaCTHI[bI UMeU uepe3
TPU/UIMOHHYIO [IOJIF0 CeKyH/bl mnocsie bBoiblioro B3peiBa, W 3TOM SHEpPruv
JI0CTaTOUHO, UTOObI CO37aTh MPSIMO U3 BO3/yXa MacCy, SKBUBAJEHTHYIO Macce
7000 mpoToHOB (B COOTBeTCTBUU C (popMysoul DuHITerHAa E = mc?). U 3T0
JUIIL TIOJIOBUHA pAacyeTHOM sHepruv: Tipu Heobxogumoctu BAK moxkeT
BKJTFOUUTb U 60siee BbICOKHE 000POTHI.

OpHa 13 OCHOBHBIX TIPUYMH, T10 KOTOPBIM 85 CTpaH BCero Mupa COeuHUIN
CU/bl, CO3Za/M 3TOT TMTAaHTCKUM [ep3KWK SKCIIePUMEHT U YIIPaB/sAlOT UM, —
CTpem/leHWe  HaWTWU  MeXaHW3M, OTBevaroluii 3a  CO3/laHhe  MacChbl
(dbyH1aMeHTa/IbHbIX YyacTuLl. Haubosnee pacrpocTpaHeHHast uzes
TIPOUCXOKJEHHS MacChbl COCTOMT B ee CBfI3U C 3Wr3araMu M YCTaHaB/IMBaeT
HOBYI0 (PyHZaMeHTa/bHYI0 YaCTHULy, Ha KOTOPYHO «HaTaJKWUBalOTCS» JApyrue



YacTUI[bl B CBOEM JBWXeHuUW 1o BceneHHoi. Dta uactuija — 6030H Xwurrca.
B cootrBerctBuu co CraHgapTHOM Mojenbto, 6e3 6o3oHa Xwurrca
dbyHIamMeHTa/IbHBIE YaCTULIbI TlepecKakuBaiu Obl ¢ MecTa Ha MecTo 6e3 BCSIKUX
3ur3aroB, u BceneHHasi Oblia 661 coBceM MHOW. Ho ecnu Mbl 3amofHUM TTyCTOe
MeCTO vacTuljaMu XUITCa, OHU CMOTYT OTKJ/IOHATb YaCTHULbI, 3aCTaB/ssd UX
COBepllaTh 3UI3ard, 4YTo, KakK Mbl yXe YCTaHOBWIM, BeZeT K IIOsB/IeHUI0
«Maccel». [lpumMepHO Tak, Kak Bbl HJeTe uepe3 TeperosHeHHbI Oap:
BaC TOJIKAIOT TO CJieBa, TO CIpaBa, U Bbl MPAKTUYECKW 3Ur3araMy npobupaetech
K CTOMKe.

MexaHu3m Xwurrca ToJiyuus CBOe UMsi B UeCTh 3JUHOYPrcKOro TeopeTHka
[Tutepa Xwurrca; 3To TOHSATHE OBIIO BBelleHO B (pu3uKy yactull B 1964 ropy.
Wpes, oyeBMJHO, HOCWIACh B BO3[yXe, IOTOMY UTO ee BbICKAa3ajJd B OZHO
Y TO JXe BpeMs Cpa3y HeCKOJIbKO 4YesIOBeK: BO-TepBbIX, KOHEUYHO, caM XWITC,
a Takke PobGepr Bpayr u ®panHcya Ournep, paborapmume B bproccerne,
u noHgjoHubl [xepansg ['ypanbauk, Kapn Xetiran u Tom Kub6a. x pabotsi,
B CBOIO Ouepelb, OCHOBBLIBA/JIMCh Ha 0Oosee paHHUX TpyJaX MHOTUX
Tpe/IeCTBeHHUKOB, B TOM uucie Beprepa [IeiisenGepra, Eutupo Hawmby,
xedpdpu Tonacroyna, @ununa AHzgepcoHa u CtuBeHa BatinGepra. ITosmHoe
OCMBIC/IeHHe 3ToW ujeH, 3a kKoropoe B 1979 rogy Illenmon I'nmamioy, A6ayc
Canam u Batinbepr nonyuwiu HobGeneBcKyro TpeMuio, — 3TO U eCTb He uTO
nHoe, Kak CrtaHzapTHasi mojenb (pusuku yactull. Cama ujesi 10BOJIbHO MPOCTa:
MyCTOe MeCTO Ha CaMOM /iejie He TyCTO, UTO U MPUBOAUT K 3ursaroobpasHoMmy
[JBWKEHUIO U TMOABJIEHWI0 Macchl. Ho HaMm, OueBHJHO, HY)XHO ellle MHOroe
o0bsicHUTh. Kak e oOKa3aaoch, 4YTO TyCTOe MeCTO BJPYI CTaa0 HabWUTO
yacTuijaMu Xurrca, — pa3Be Mbl He 3aMeTWId Obl 3TOro paHbliie? M Kak 3TO
CTpaHHOe COCTOsIHKe Bellleid BooOIIle BO3HUK/IO? [IpessioxkeHre eiCTBUTETEHO
KaXkeTcsl JOBOJIbHO 3KCTpaBaraHTHBIM. KpoMe Toro, Mbl He 0OBSICHWIH, TIOUeMY
y HEKOTOpBIX uacTul] (Harmpumep, y (OTOHOB) HET Macchl, a Apyrue (W-6030HbI
W TOT-KBapKy) 007a/jat0T Maccoi, COTMOCTaBUMOM C Maccoi aroma cepebpa
WJIY 30JI0Ta.

Ha BTOpOM BOIpOC OTBETUTH Jjlerye, yeM Ha IepBblid, MO0 KpaWHeu Mepe
Ha TepBbld B3mIgA. YacTULbl B3aMMOZEMCTBYHOT [ApPYyr C JPYIOM TOJIBKO
110 MpaBWIy pacCeUBaHWs; He OTIUYAlOTCA B 3TOM OTHOLUEHUWM M YaCTHULbI
Xwurrca. [IpaBuno pacceviBaHus /sl TOIM-KBapKa MoJpa3yMeBaeT BepOATHOCTb
€ero C/AusIHUS C yvacTuled Xurrca, M COOTBETCTBYIHOL[ee yMeHbIIeHHUe
1udepbnara (MOMHUTe, UTO TPU BCeX TMpaBWIaX pacCerBaHUs [1eHCTByeT
yMeHbIIalommi ko3 duiirient) OyneT TOpa30 MeHee 3HAUWTE/bHBIM,
yeM B C/Tydae C OGosiee JIeTKUMU KBapKaMu. BOT «rouemy» TOM-KBapK HACTOJILKO
MacCUBHee, ueM BepXHUM KBapK. O/lHaKO 3TO, pa3ymeeTcsi, He OOBSCHSET,



royemMy TpPaBU/IO0 pPacCeUBaHUsI UMEHHO TAaKOBO. B cOBpeMeHHOM HayKe OTBET
Ha 3TOT BOMpOC 00ecKypakuBaeT: «[10ToMy uTO». TOT BOIPOC CPOAHU IPYTHUM:
«IToueMy MOKOIEHUU YaCTUL] UMEHHO TpU?» U «llouemy cuia TIpUTSKEHUST Tak
cnaba?» TouHo Tak ke A (DOTOHOB HET TMpaBW/Ia pPacCeMBaHHs, KOTOPOe
JaBaio Obl WM BO3MOXKHOCTb COCTAaBUTb Iapy C 4YacTHI[aMUd XWITCa,
B pe3y/ibTaTeé OHM C HUMU U He B3aUMOJEHCTBYIOT. JTO, B CBOKO OUepe/pb,
TPUBOJUT K TOMY, UTO OHU He JBWXKYTCS 3Ur3araMyd U He UMEHOT MacChl. XOTs
MbI, MOYKHO CKa3aTb, CHSI/IA C Ce0SI OTBETCTBEHHOCTD, BCE K€ 3TO XOTb KaKOoe-TO
obObsicHeHre. U y»K ompefieleHHO MOXHO CKa3aTh, uTo ecnu BAK momoker
00HapyXuUTh 6030HBI XHUIrTCa U MOATBEPIUTh, UTO OHU JeHCTBUTETHHO 00pa3yioT
mapel C JPYyrUMH 4YacTMIlaMM TI0J00HbIM 00pa3oM, TO MbI MOXKEM
C YBEPEeHHOCTbIO 3asiBUTh, UTO HAIUIA BO3MOXHOCTH YAMBHUTENIbHBIM 00pa3oM
TIO/ICMOTPETH 3a TeM, Kak paboTaeT rpupo/a.

Ha nepBbIl >Ke M3 HallMX BOMPOCOB HAWTHU OTBET HECKOJILKO TPY/Hee.
HarioMHMM, MBI WHTEPEeCOBa/IMCh: KaK BBIIUIO, YTO MYCTOE MPOCTPAaHCTBO
0Ka3a/0Ch 3aro/IHEHO YacTullaMu Xurrca? s pa3orpeBa CKakeM CJiefyroliee:
KBaHTOBasi (hM3MKa YTBEpP)K/aeT, YTO HeT TaKOro TOHSTHS, KakK IIyCToe
MpPOCTPaHCTBO. TO, UTO MbI TakK Ha3blBaeéM, — 35TO KWUIYUYUM BOAOBOPOT
Cy0aTOMHBIX UaCTHI], OT KOTOPbIX HUKAK He/b3sl OTAenaThcsi. OCO3HaB 3ToO,
MBI Y’Ke TOpa3/lo Mpollle OTHECEMCS K TOMY, YTO IyCTOe MPOCTPAHCTBO MOJKET
ObITh TIO/THO yacTHI] Xurrca. Ho 060 BceM 1o mopsiKy.

[TpencraBbTe cebe MasleHBKMM KyCOUueK MEXX3BE3[QHOTrO IMPOCTPAHCTBA —
OJWHOKHWI yronok BceseHHOW B MWIIMOHAaX CBETOBLIX JIeT OT O/vpkaiiieid
ranakTuki. Co BpeMeHeM OKa3bIBaeTCsl, YTO YaCTHULIbl MOCTOSTHHO BO3HUKAKOT
TaM HUOTKYyJa W MCYe3aroT B HUKyza. [louemy? [lesio B TOM, UTO MpaBu/a
pa3pelaroT MPOoLeCcC CO3/JaHUsl U aHHUTWISIIUA aHTUYaCTULIbI-4acTULlbl. [Ipumep
MOX>XHO HAaWTH Ha HWKHeW auarpamme puc. 10.5: rpejcraBbTe, UTO Ha HEM HET
HUUYero, KpoOMe »3JIEKTPOHHOM MeTIh. Tenepb /JguarpaMma COOTBETCTBYET
BHE3alTHOMY BO3HUKHOBEHUIO UM TMOC/IEAYIOIIEMY MCUE3HOBEHUIO 3/I€KTPOH-
MO3UTPOHHOM TMapbl. Tak Kak 4yepTeXX IeT/JyM He HapyllaeT HUKAaKUX MpaBUI
KBAaHTOBOW 3/1IEKTPOJAVUHAMUKUA, Mbl [IO/DKHBI TPU3HATh, YTO 5TO peaJibHast
BO3MOXXHOCTb:  [IOMHMTE, BCe, UTO MOXET CJIy4YUTbCS, C/Iy4daeTcs.
OTa KOHKpeTHass BO3MOKHOCTb — BCEr0 OAWH W3 0OeCKOHEeUHOro MHOKeCTBa
BapuaHTOB OypHOM >KM3HK MYCTOTO IMPOCTPAHCTBA, M, NMOCKOJIBKY MbI JKUBEM
B KBaHTOBOW BceneHHOM, MpaBUIbHO OyZieT CYMMUPOBATh BCe 3TH BEPOSITHOCTH.
VHBIMM C/IOBaMH, CTPYKTypa BaKyyMa HeBepOSTHO Oorara WU COCTOWUT W3 BCeX
BO3MOYKHBIX CITOCOOOB ITOSIBJIEHHS U KICUE3HOBEHHS YaCTHII,

B mocnenHem ab3arje Mbl YIIOMSIHY/IM, UTO BAaKyyM He TakK YK IIyCT,
HO KapTWHAa €ro CyIIeCTBOBaHUS BBIVIIAUT [JOBOJBHO JA€MOKDPAaTUYHOMU:



BCe 3/ileMeHTapHble YaCTUI[bl UTPatOT CBOM POJK. UTO ke Tak OT/iMuaeT UMEeHHO
60300 Xwurrca? Eciu Obl Bakyym ObL1 BCETO JIMIIbL KHITydel IHATaTebHOM
cpefiol il POXKJEeHWS] U aHHUTWISALIMM Tap aHTUMaTrepus-Marepusi, TO BCe
3/leMeHTapHble YacTUIlbl TPOJo/DKaid Obl 00majaTh Hy/neBOW Maccoil: camMu
no cebe KBaHTOBBIe TeTIM Maccy He mopoxzaoT2l, HeT, HyKHO HacenMTh
BaKyyM UeM-TO WHBIM, U 3/leCb B UTPy BCTYyIIaeT Lie/iblii BarOH 4acCTHI] XUrTca.
[Tutep Xurrc npocTo chenan NpejrionoKeHue, 4Tto MyCcToe NPOCTPAHCTBO MOJHO
HeKuMH uactuniaMu®?| He uyBCTBys cebsi 06sI3aHHBIM IyCKaThCsl B IIyGOKHe
TIOSICHEHUs], TIoYeMy 3TO Tak. YacTulilbl XWUITca B BaKyyMe CO3/lal0T 3Ur3aroBbliii
MeXaHM3M, a TakKe TIIOCTOSTHHO, 06e3 OTAbIXa B3aUMO/IEHICTBYIOT C KayK/OM
MaCCHBHOU uacTtuileii BO BceneHHol, n30upaTenbHO 3aMe[jIsisi UX JIBH)KEHUE
U co3aBasg Mmaccy. OOmuii pe3y/nbTaT B3avMOJENCTBUN MeXIy OObIUHOM
Marepueli U BaKyyMOM, HarlO/HEHHBIM YacCTHllaMM XWITCa, COCTOUT B TOM,
yTo MUp U3 GechopMeHHOTO CTAHOBUTCS pa3HOOOpa3HBIM U BeMKOJENHbBIM,
HaceJ/IeHHbIM 3Be3/laMU, raJlaKTUKaMU U JIIO[bMHU.

KoHeuHO, BO3HMKaeT HOBBIM BOIPOC: OTKyda 06030HBI Xwurrca BooOiie
B3siMCch? OTBeT TMOKa HeW3BeCTeH, HO CUMUTAeTCs, UTO 3TO OCTaTKHA Tak
Ha3blBaeMOro (pa3oBOro rMepexo/la, KOTOpbIM MPOM30Ile/l BCKOpe TIOC/e
Bonemoro B3peiBa. Eciv [J0oCTaToyHO [AOATO CMOTPeTb HAa OKOHHOE CTEKJIO
3MMHUM BeuepoM, KOTZila CTaHOBUTCSI XOJIO/IHee, Bbl YBU/IUTEe, KaK W3 BOJASHOTO
rapa HOUHOTO BO3/lyXa, CJIOBHO TI0 BOJIIEOCTBY, BO3HUKAeT CTPYKTYPUPOBAHHOE
COBEPIIEeHCTBO JIe[sHbIX KpUCTa/anoB. [lepexos OT BOASHOrO mMapa KO JIbAY
Ha XOJIOAHOM CTeK/ie — 3TO U eCThb (Da30BbiM Iepexo[], MOCKOJIbKY MOJEKY/bl
BO/Ibl TIepe)OPMUPYIOTCSI B JieisiHble KPUCTA//Ibl; 3TO CIIOHTAHHOEe HapyllleHue
cummeTpun  OecopmeHHOro  obOsaka Tapa  BC/IEACTBHE  TIOHVMDKEHUS
TeMriepaTypbl. JleAsiHble KpUCTa/sibl  (POPMHUPYIOTCSA, TOTOMY UTO 3TO
SHepreTUUeCcKy 0/1aronpusTHO. Kak Msiu KaTHUTCSI C TOpbI, UTOOBI BHU3Y MPUNATH
K Oo/see HU3KOMYy JSHEPreTUUECKOMY COCTOSIHUIO, KaK  3/IeKTPOHbI
repecTpavBalOTCs BOKPYT aTOMHBIX sifiep, (hOpMHUDYsl CBSI3W, y/ep>KUBaroIlue
MOJIEKY/TbI BMeCTe, TaK M TouyeHasi KpacoTa CHEXXUHKW — 3TO KOHUrypaius
MOJIEKY/T BOZIbI C Oojiee HU3KOM sHeprueld, ueM 6ecopmeHHoe 00s1aKo mapa.

Mbl moslaraeM, 4TO HeuTo TMo/00HOe TPOM30III0 W B Hauajge UCTOPUU
BcenenHoii. HoBopoxkzeHHass BceneHHasi TipefcTaB/isiyia cOO0OW M3HaYa/IbHO
ropsiuMe 4acTHllbl ra3a, 3aTeM paclldpuiach W OXJ1a/Iujiacb, U BbISICHUIOCh,
YTO BakyyM 0e3 6030HOB XHWITCa OKa3asCsi SHePreTHYeCKU HeO/aronpUsiTHBIM,
Y eCTeCTBEHHbIM CTaji0 COCTOSTHME BaKyyMma, IOJHOTO 4YacTul] Xurrca. JTOT
TpoLiecc, IO CYTU, CXOXK C KOHJeHcaldeld BOJbl B KalId WIWA JIbJUHKHU
Ha xosiofHOM cTeksie. CrioHTaHHOe oOpa3oBaHWe KarieneK BOJbl TIPU UX



KOH/IeHCAL[Mi Ha XOJIOAHOM CTeK/le CO3/aeT BlieyaT/ieHWe, YTO OHU IOMPOCTY
o0Opa3oBaiuch «HUOTKy[a». Tak U B cyiydyae ¢ 6030HaMu XUrTca: Ha TOpSUUX
cTafusax cpasy Iocie bosblioro B3pbiBa BaKyyM KuUIleJl MUMOJIETHBIMU
KBaHTOBbIMU  (IyKTyauussMu  (TIpeJCTaBA€HHbIMU TET/IIMA Ha  HalluX
AvarpamMax @erHMaHa): YaCTULbl U aHTUYACTULbl BO3HUKAIM M3 HUOTKYJA
Y CHOBa WUcuyesasd B HuKyzga. OpHako 3areM, Korga BceneHHass OCTbLIa,
IPOM30LIJI0 HEYTO pajyKajbHOe: BHe3alHO, U3 HUOTKYJa, KaK Karuisi BOZbI
TIOSIBJISIETCS Ha CTeKJle, BO3HUK «KOHJeHcaT» 4acTvl] XUITCa, KOTOpble CHayasa
yAepXKUBA/IMCh ~ BMecTe  Osarozapsi  B3auMOfeWcTBUI,  00bequHeHHbIe
B He/I0/ITOBEUHYI0 B3BeCh, Yepe3 KOTOPYHO PaclpoCTPaHAIUCh ApyIryue YaCTULIbI.
IIpeacraBieHyie 0 TOM, YTO BaKyyM 3ario/IHEH MarepyasioM, IMpeIioaraer,
YTO MBI, KAK U BCe OCTajibHOe BO BceneHHOM, XKMBeM BHYTPU TMTAaHTCKOIO
KOH/IeHCaTa, KOTOPbIM BO3HUK I[PHW OCThbIBAHUM BceneHHOW, Kak BO3HHUKaeT
Ha paccBeTe yTpeHHsis poca. UYToObl Mbl He [ymanid, UYTO BakKyyM oOpen
cofiepXkaHuWe JIMITb B pe3y/bTaTe KOHJeHCAllMM 0030HOB XWITCA, YKaXKeM,
YTO B BaKyyMe eCTb He TOJbKO OHHU. [Io Mepe [ajibHeMIlero OXJiaK[eHHUs
BceneHHOM KBapKd U IVIFOOHbI TOXe KOHZEHCHUPOBAIUCh, U TIOYUYUIIUCH,
YTO HeyJWBUTE/IbHO, KBAapKOBble U IVIFOOHHbIe KOHZeHcaTbl. CyljecTBoBaHUE
9TUX [BYX XOpOLIO YCTAHOB/IEHO 3KCIIePUMEHTa/lbHO, U OHW MIPAOT OYeHb
Ba)KHYIO pO/b B HallleM ITOHMMaHWW CWIBHOIO SIZIEPHOTO B3auMO/EHCTBUSI.
Ha camom [ienie uMeHHO Osarofjapsi 3TOW KOHZEHCAlluW TIOsSIBUach OoJibImast
YyacTb MacChl TIDOTOHOB M HEUTPOHOB. Bakyym Xwurrca, Takum oOpa3om,
B KOHEUHOM CueTe co3/an Hab/ro/jaeMbie HAMU MacChl 3/IeMEHTAPHBIX UaCTUL] —
KBAapKOB, 3/IEKTPOHOB, Tay-, W— 1 Z-uactul. KBapKOBbIM KOHZEHCAT BK/IFOYaeTCs
B /leJio, KOrJja HY>KHO OOBbSCHUTh, UTO TIPOMCXOAUT, €C/IM MHOXKECTBO KBAapKOB
o0beuHsSIeTCS B IPOTOH WM HEUTPOH. VIHTepecHO, UTO XOTS MeXaHu3M XWrrca
MeeT OTHOCHTEeNIbHO HEeMHOTO 3HaueHUs [jisi OOBsICHEHUs] MacChl TIPOTOHOB,
HEUTPOHOB U TsDKeJIbIX aTOMHBIX sifiep, TO J/isi 00bsicHeHusi MacC W— U Z-yaCTui]
OH O4YeHb BakeH. [I/i1 HUX KBapKOBble U IVIFOOHHbIE KOHJIeHCaTbl B OTCYTCTBUE
yacTuipl Xurrca co3ganu 6wl Maccy mpuMepHo 1 I'3B, HO 3KcriepyuMeHTabHO
ToJTlyueHHbIe MacChl 3TUX uacTul] npumepHo B 100 pa3 Beiie. BAK 6bin
ripeJjHa3HaueH /s paboTbl B 3HepreTuuecko 3oHe W— u Z-yactuil, 4YTOObI
BBISICHUTb, KaKOW MexaHW3M OTBedaeT 3a MX CPABHUTETBHO OOJBIIYH) Maccy.
YTo 3TO 3a MeXaHU3M — JIOTOXK/IAHHBIM 6030H XUITCa UK YTO-TO Takoe, O uemM
HUKTO U MOJyMaTh He MOT, — [TIOKa)XyT TOJIbKO BpeMs U CTOJIKHOBEHUS YaCTUL].
Pa36aBuM paccyx/leHusl HeKOTOPBIMU YIUBUTeTbHBIMU L(pamMu: SHeprus,
3aK/Ir0YeHHas B 1 M3 MyCToro rnpoCTpaHCTBa B pe3ysbrare KOH/eHCalluu KBapKoB
Y IVIFOOHOB, paBHseTCs HeBepoATHbIM 1035 mKoy/isiM, a 3Heprusi B pesy/ibTare
KOH/leHCalK yactui] Xurrca emie B 100 pa3 Gonbiiie. BmecTe 0HM paBHSIFOTCS



TOMY KOJIMYeCTBY 3Hepruu, Koropoe Hame CosHie npoussoguT 3a 1000 et
TouHee roBoOpsi, 3TO «OTpULIATeIbHAS» SHEPTHUs, TIOTOMY YTO BaKyyM HaxXOAUTCS
B 0Oomee HU3KOM SHEpPreTMUeCKOM COCTOSIHMM, 4eM BceneHHasi, KoTopas
He COZEepP)XUT HUKAKUX yacTul. OTpuliaTte/ibHasi SHEPIUsl — 3TO SHEPrUsi CBA3HY,
COTpOBOX/aroliasi 0bpa3oBaHue KOH/IEHCATOB U caMa To cebe HU B Koell Mepe
He 3araziouHas. OHa He Gosiee yvBUTebHA, UeM TOT (DAKT, UTO [I/Isi KUTISTUEHUS
BO/bI (4 obparjenuss a3oBOro mepexofa W3 Mapa B JKUJKOCTb) HYXKHO
TIPUJIOXKUTD SHEPTHUIO.

Ho 3arazka Bce ke eCTb: Takasi BbICOKasi OTpHLaTe/lbHasi SHepreTryeckas
TJIOTHOCTh KaXK/IOTO KBaZIpaTHOTO MeTpa MYCTOro TPOCTPAHCTBA JO/DKHA Obl
BOOOI11[e-TO TIPUHECTH BO Bcenennyro TakKoe OIyCTOLLIeHYe,
YTo He TIOABWIMCh Obl HU 3Be3Abl, HU JrOAU. BceseHHasi OykBa/JbHO
pasneTeniach 6bI Ha YacTH uepe3 MTHOBeHuUs nocje bosbiioro B3peiBa. Bot uto
npou3onuio Obl, ecnmu Obl Mbl B3M W3 (U3MKU YaCTHUI] Mpe/CcKa3aHUs
O BaKyyMHOM  KOH/IEHCAlldiM U  HENOCPeJCTBEHHO  A00aBWId  UX
B IDaBUTALIMOHHbIE ypaBHeHUs] DWHILTeWHa, MPUMEHUB [/ BCeld BceyieHHOMN.
OTOT MasonpusATHBIM pebyCc u3BeCcTeH Kak TMpoOsieMa KOCMOJIOTUYEeCKOU
koHCTaHTHI22!,  CobGCTBEHHO, 3TO OfHa U3 IIeHTpadbHBIX  TpobIeM
dbyHmaMeHTanbHOM (Pu3Mku. OHa HaroOMWHAaeT, YTO 3asiB/siTh O TOTHOM
TMOHVMAaHUU TIPUPOJbI  BaKyyMa W/WIA TpaBUTALUU HAL0 C OOMbILOM
OCTOPOXXHOCTBIO. IToKa MbI He TTOHMMaeM Uero-To BecbMa (pyHJaMeHTabHOTO.

Ha sTom mipezjiokeHUM 3aKaHuvBaeM IOBeCTBOBaHWE, IOTOMY UTO JOLIA
[l0 TpaHUL] Halllero rmo3HaHus. 30Ha MO3HAHHOTO — 3TO He To, C yeM paboTaer
y4eHbIW-UCCIeoBaTesib. KBaHTOBasi Teopus, Kak Mbl 3aMeTWIH ellle B Hauvase
KHUTY, HUMeeT penyTaluil0 CJIOKHOW U OTKPOBEHHO CTPAaHHOW, IOCKOJIBbKY
MO3BO/IsSIeT e/lBa JId He JitoOoe TOBeJeHUe MarepuanbHbIX uacTvl. Ho Bce,
YTO MbI OMUCA/H, 38 UCKJIFOUEHHWEM 3TOW MOC/IeJHel I/1aBbl, U3BECTHO U XOPOILIO
noHATHO. Crieflyss He 3[paBOMY CMBICJIY, a JOKa3aTeJbCTBaM, Mbl MPUILIIA
K Teopuu, CrocOOHOM orucaTh OTPOMHOE KOJMYeCTBO SIBJIEHWU — OT Jiyuel,
VCIIyCKAeMbIX TOpPSYMMHM aroMaMu, [0 SJEepHOro CUHTe3a B 3Be3jax.
[IpakThueCckoe TIpUMEHeHHWe S3TOW TeOpUM IIPUBEJ0 K CaMOMYy BaXHOMY
TeXHOJIOTUUeCKOMY TpopbiBy XX Beka — MOSIBJIEHHIO TPaH3UCTOpa, a paboTa
3TOTO YCTPOMCTBA Oblia ObI COBEpIIIEHHO HEMOHSTHOW 6e3 KBaHTOBOTO TO/X0/a
K MUDY.

Ho KBaHTOBasi Teopusi HeUuTO ropasZio Oosblliee, yeM TIPOCTO TPUyM®
NosicHeHWH. B pe3ysbTaTe HACWUIBHO 3aK/IHOUEHHOTO Opaka MeXk1y KBaHTOBOM
Teopuell U OTHOCUTeThHOCTBIO B KaueCTBe TeOpeTHUUeCcKOW HeoOXOJWMOCTH
MOSIBU/IaCh aHTUMAaTepus, KOTOPYH II0C/ie 3TOr0 JAeUCTBUTE/NbHO OTKPBLUIU.
CrivH — dyHJamMeHTa/lbHOe CBOMCTBO Cy0aTOMHBIX UaCTHI, JieXalllee B OCHOBE



CTabUMBHOCTH  aTOMOB, — TOXKe UW3HauaJbHO OBLT  TeopeThUueCKUM
Tipe/icka3aHreM, KOTopoe TpeOOBasioCh /iJisi YCTOMUMBOCTU Teopud. A ceiuac,
BO BTOPOM KBaHTOBOM CTOJIeTHH, BOMbILION a/[pOHHBIN KOJIIaiiiep OTIPaB/sieTcs
B Heu3Be/laHHOe, uTOOBbI MCC/AeOBaTb CaM BakKyyM. JTO W €CTh Hay4HbIi
Tporpecc: TIOCTOSIHHOe U TIiaTre/lbHOe co3/jaHue Habopa O00bsiCHeHUit
Y MpeJiCcKa3aHuii, B UTOTe MU3MEHSIOIero Hallly >KU3Hb. JTO U OT/IMYaeT HayKy
OT BCero oCTajbHOro. Hayka — 3TO He MPOCTO WHasi TOUKA 3peHUs], OHAa OTpa’kaeT
peasibHOCTh, KOTOPYIO ObLI0 ObI C/I0XKHO TMPe/ICTaBUTh JjaXke 00/1a/1aTesto CaMoro
W3BpallleHHOTO W CIOppeajiuCTUUeckoro  BooOpakeHus.  Hayka — —
3TO WCC/e/loBaHMe peaslbHOCTU, U eC/Id peajbHOCTb OKa3blBaeTCs MpPU 3TOM
CIOppea/IMCTUYeCKOM, 3HAYUT, OHAa Takasg M ecTb. KBaHTOBasi Teopusi —
HaWIyYIlKi TIPUMep CUJIbl HAyuyHOro MeTozia. HUKTO Obl He CMOT BBIIBUHYTH €e
0e3 kak MOXXHO Oosiee TIaTebHBIX U TMOJPOOHBIX IKCTIEPUMEHTOB, a (U3HUKU-
TEOPeTUKH, ee CO3/IaBIliMe, CMOIJIM OTOPOCUTH CBOU TTyOOKO YKOpPEHUBIIIMECS
KOM(OPTHBIE TIpeJICTaB/IeHUsI O MUPe, UTOObI OOBSICHUTH JieXXall[ue repesi HUMU
Jl0Ka3arenbCTBa. BO3MOXHO, 3araZika BaKyyMHOM SHEPrMM — 30B K HOBOMY
KBaHTOBOMY  MyTeIllIeCTBUIO; BO3MOXHO, BAK  rmpefocTaBUT  HOBBIE
U HeoObsSICHUMbIe [laHHbIe; BO3MO)KHO, BCE, UTO CO/IEDP)KUTCS B 3TOW KHWTe,
OKa)KeTCsl JIMIIb TIpub/mKeHWeM K Topa3no Oonee r1yOOKOW KapThHe —
YIUBUTENBHBIA MyTh K TIOHUMAHUKO Hallled KBaHTOBOW  BceneHHo
TIPOZ0/KAETCS.

Korga Mbl TO/BKO OOyMbIBa/d 3Ty KHHUTY, HEKOTOpPOe BpeMsl CIIOpW/IH,
yeM ee 3aKOHUYUTb. XOTeJOCh HAUTU OTPaKeHWe WHTe//IeKTyalbHOU
Y TIPaKTAYeCKOW MOIIM KBAaHTOBOW TeOpHH, KOTopoe ybeauno Obl Jaxke caMOro
CKeNTUYHOTO YUTaTessi, UTO HayKa [IeCTBUTE/NIbHO BO BCeX TOAPOOHOCTSIX
OTpa’kaeT MPOUCXO/siijee B MUpe. Mbl 006a COTIacCUINCh, UTO TaKOe OTPa’keHue
CyIIecTByeT, XOTs U TpeOyeT HEKOTOPOro MoOHWMaHUs aireOpbl. Mbl U30 BCex
CWI CTapajuChb pacCyxiaTtb 0e3 TIaTebHOTO pPacCMOTPEHHsI YpaBHEHUM,
HO 371eCch U30e)KaTb 3TOTO HUKAK Hesb3s, TAaK UTO Mbl XOTs1 ObI MpeaymnpexaaeM.
WTak, Hallla KHWTa 3aKaHYMBAeTCs 37leCh, [aXe €eC/JU BaM XOTeloChb Obl
Gosbiniero. B amnunore — camas ybenuTtenbHas, Ha Halll B3MVIsiZl, A€MOHCTpALIUs
MOII[ KBAHTOBOM TeOpUU. YJjauu — U 106poro myTu.



JMUJIOr: CMePTh 3Be3]

YMmupasi, MHOrue 3Be3[bl 3aKaHUMBaKOT CBOW IIyTb B KadyecCTBe
CBEpPXIUVIOTHBIX WIapOB $/IePHOM MaTepvy, MepervieTeHHOU C MHOXeCTBOM
3JIEKTPOHOB. JTO TakK Ha3biBaeMble Oesble Kap/iuku. Takoit Oymer u cyabba
Hatero ConHIa, KOrjja OHO TPUMEpPHO uepe3 5 MWUIMApPJOB JIeT KWCuepriaeT
3arachl siIepHOTO TOTTMBA, U CyAbOa elrje 6onee 95 % 3Be3y Haiteit ['amakTUKY.
[Tonb3ysACh TOMBKO PYyuKol, OymMaroii U HEMHOTO TOJIOBOM, MOYKHO BBIUUC/UTH
HauOOJBIITYI0 BO3MOXKHYH) MAcCy TaKuX 3Be3/l. JTH BBIUMCJ/IEHUS, BIepBbIe
npeanpuHsateie B 1930 rogy CyOpamanbsiHoMm YaHzpacekapoMm, C TIOMOIIbIO
KBAaHTOBOU TEOPHH U TEOPUU OTHOCUTEBHOCTH TTO3BOJIM/IM CZeJaTh [iBa SICHBIX
TIpOrHO3a. Bo-1epBhIX, 3T0 OBLIO TIPeJCKa3aHre CaMoro CYIeCTBOBaHHUS Oesbix
Kap/IMKOB — IIapUKOB MaTepuH, KOTOpble, MO mpuHumny Ilaynu, cracaet
OT pa3pyllieHusi Cua COOCTBEHHOUM TpaBUTal[uM. Bo-BTOpBIX — €C/IU MbI
OTBJIeUeMCsl OT JIUCTKA OyMaru CO BCSKMMHU TeOPeTHUYeCKMMH KapaKy/siMU
Y TIOCMOTPUM B HOUHOe He00, Mbl HUKO20d He yBUUM Oerblii Kap/iuK C MacCOH,
kotopasi Obl Oonee yem B 1,4 pa3a mpeBocxoauna Maccy Haiiero CosHIa.
Ob6a 3TuX NpearnonoXKeH sl OT/IMUAOTCSI HEBEPOSITHOM /1ep30CThIO.

CerofiHsi aCTPOHOMBI Y)Ke 3aHec/jd B Kartajiorn okosio 10 000 Gesbix
Kap/JuKoB. Y OOJIBIIIMHCTBA M3 HUX Macca cocTapisieT mnpumepHo 0,6 macchl
ConHija, a camasi Oosibiniast 3a)MKCUPOBaHHasi — HeMHo2UM MeHee 1,4 MacChl
ConHua. 3to umcio — 1,4 — CBUAETENBCTBO TpuyMda HAyuyHOrO MeToja.
OHO onupaeTcs Ha TIOHUMaHWe SepPHOM (PU3MKM, KBAHTOBOM (DU3MKU
U CrenuanabHOW TeOpUd OTHOCUTEbHOCTH JUWHILTEeMHA — TpeX KUTOB (DU3UKHU
XX Beka. Ilpu ero BbluncieHun TpeOyroTCs Takxke GyHJaMeHTa/lbHbIe
KOHCTaHTBhI TPUPO/bI, C KOTOPBIMU MbI Y Ke BCTpeyaauch B 3TOU KHUre. K KOHLY
SMUJIOra Mbl BBISICHAM, UTO MaKCHMMaJlbHasi Macca orpe/iesisieTCsi OTHOLLeHWeM
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HauOO/BIITYI0 Maccy yMmuparoljel 3Be3fibl C  TIOMOIIbI0  COUeTaHUs
dyHIaMeHTa/NbHbIX  KOHCTaHT. TpexCTOpOHHee coOueTaHWe TpaBUTALIWY,
OTHOCUTe/ILHOCTU M KBaHTa JleficTBYS, Moss/sionieecs B ypapHeHuu (he / G)%,
Ha3bIBaeTCsl TIJIAHKOBCKOM MacCOW, W TMpH TOACTaHOBKe LU(D OKa3bIBaeTCs,
YTO OHA paBHAa NPUMEPHO 55 MKI, TO eCTb Macce IecudHKu. [losTomy,
KaK HU CTPaHHO, rpezen YaHapacekapa BbIYMCISETCS C MOMOLBIO IBYX MacC —
MeCYMHKA M TIPOTOHA. M3 TakuMX HUUTOXKHBIX BeJWUMH 00Opa3syeTcsi HoBas
dbyHmamMeHTa/bHas eIMHUIIA Macchbl BceneHHOM — Macca ymuparolei 3Be3[bl.
MbI MOXKeM JJOBOJTBHO 0/T0 00BSICHSTD, KakK ToJiyuaeTcs ipezies1 YaHapacekapa,
HO BMECTO JTOrO TIOM/IeM HEeMHOTO [asbllle: Mbl OINUIIEM COOCTBEHHO
BBIUMC/IEHUS], TIOTOMY UYTO OHU M eCTb Camasi MHTPUTYIOLlas 4acThb IIpoLiecca.
Y Hac He mnonyuutcsi TouHOro pe3synabtata (1,4 maccel CosiHI@), HO MBI
npubIM3UMcs K HeMy W YBHAUM, Kak TipodeccroHasibHble (DU3UKKU Je/1aroT
rTy0OKKe BBIBOZIBI C TIOMOIIIBIO TIOC/IeZI0BaTe/IbHOCTU TIIAaTeIbHO MPOAYMaHHBIX
JIOTUUeCKUX XOJIOB, TIOCTOSTHHO oOpailjasick MPU 3TOM K XOPOIIO H3BECTHBIM
¢dbusmyeckum mpuHiMnaM. Hu B ofjuH M3 MOMEHTOB BaM He TPU/IeTCSI BEPUTh
HaM Ha cnoBo. CoxpaHsisi XOJIOAHYIHO TOJIOBY, Mbl OyleM Me[JIeHHO
Y HEOTBPATUMO TMPUOIKAThCS K COBEPILIEHHO MOpPa3UTeTbHbIM 3aK/TF0UeHHUSIM.

HauHem c Boripoca: uto Takoe 3Be371a? MoxXHO 1ouTu 6e3 ommbku ckas3aTh,
yTO BUJVMas BceneHHasi COCTOUT U3 BOJOPO/A U TeJivs — [ABYX CaMbIX MPOCTBIX
3/IEMEHTOB, C()OPMHPOBAaHHBLIX B MepBble HECKOJIbKO MUHYT Tocjie bombiioro
B3pbIBa. [locie mpumMepHO mosnymMuIMapa JieT paciuvpeHust BeeseHHas crasna
JIOCTaTOYHO XOJIO[JHOU, UTOObI Oosee TIOTHbIe 007aCTU B ra3oBBIX OO/aKax
10/, IeiCTBYeM COOCTBEHHOM TpaBUTAI[UM CTad COOUpAThCs BMecTe. ITO ObLIU
TepBble 3aUaTKU Ta/llaKTHK, U BHYTPU HHUX, BOKPYT 00jiee MeJIKMX «KOMKOBY,
Haua/ M (OpMHUPOBATLCS MepPBbIe 3Be3/bl.

['a3 B 3THUX MpOTOTHMIIAX 3Be3J, [0 Mepe TOro KakK OHU KOJIIariCUPOBasIH,
CTAaHOBWJ/ICSI BCe ropsiyee, UTO M3BECTHO r0O60MY 00majjaTesito BeoCUIeHOTO
Hacoca: Ipy CKaThM ra3 HarpeBaeTcs. Korga ras gocturaet temrneparypbl OKOJIO
100 000 °C, snekTpoHbl 6ObIlle HE MOTYT YAEP)KUBAThCSI Ha OpPOMTax BOKPYT
siep BOJOpO/la M Tefusi, U aTOMbl DacrafialoTcsi, obpasys ropsiuyro Iuia3my,
COCTOALLYIO U3 sijlep M 3JIeKTPOHOB. [opsAunid ra3 mnbITaeTcsl PacClIMPUTHCS,
TIPOTUBO/EHCTBYS Ja/bHeNIIeMy CXJIONbIBAHWIO, HO TPU [OCTAaTOYHOM Macce
rpaBUTALYs OflePXKUBAET BepX.

Tak Kak TIPOTOHBI HWMEIOT TIOJIOKUTENbHbIM 3JIEKTPUUECKUM  3apsi/,
oHU OyyT B3aMMHO OTTajKWBaTbCs. HO rpaBUTalMOHHBIN KoOJIIaric HabupaeT
CUJTy, TeMIriepaTypa MpOoA0/DKaeT MOBbIIATHCS, U MPOTOHBI HAUWHAIOT JBUTAThCS
Bce Onictpee. Co BpeMeHeM TIpU TeMriepaType B HECKOJbKO MWIJTMOHOB
I'PajJlyCoB MPOTOHBI OYAYT ABUraThbCSl MAaKCUMabHO OBICTPO U MPUOIU3STCS APYT



K ApYyry Tak, uTo cjiaboe siiepHOe B3auMojelicTBUe B0300sazaeT. Korma 3to
TIPOU30MET, [IBa MPOTOHA CMOTYT BCTYINUTb B PeakLUI0 APYr C JAPYroM: OAWH
Y3 HUX CIIOHTAHHO CTAHOBUTCSI HEUTPOHOM, OJHOBPEMEHHO WCITyCKasi I03UTPOH
Y HeWTPUHO (TOYHO Tak, Kak Moka3aHo Ha puc. 11.3). OcBo60AUBIINCE OT CUJIbI
5JIEKTPUUECKOT0 OTTa/KWBAHUS, TIPOTOH U HEUTPOH C/AMBAKOTCS B pe3yJibTaTe
CWIBHOTO SIIEPHOTO  B3auMofielicTBUsi, o00pa3ys geuitpoH. [lpu  3ToMm
BBICBOOOXK/IaeTCsl OTPOMHOE KOJIMUeCTBO SHEPTvH, MOCKOBbKY, KakK U B Cyuae
c oOpa3oBaHueM MOJIeKy/bl BOJOPO/ia, CBSI3bIBAaHME UEro-TO  BMeCTe
BLICBOOOXK/IaeT SHEPTHIO.

[lpy OfHOM C/USTHUM TIPOTOHOB BBICBOOOXK/IA@TCSI COBCEM Maji0 dHEepPruu
110 MOBCeAHEeBHbIM CTaHjgapTaM. OJVWH MWIJIMOH C/IMSHUM Map MPOTOHOB JlaeT
SHEPryl0, PaBHYI0 KHWHETUUYeCKOW SHEpPrud KoMapa B TII0JieTe WIA SHepruv
nsnyuenusi 100-BaTTHOM J1TaMMOYKY 3a HAaHOCeKyHAy. Ho B arTomapHOM Maciiitabe
5TO TUraHTCKOe KOJINUeCTBO; KpOMe TOr0, [IOMHUTE, UTO Mbl TOBOPUM O TJIOTHOM
spe CKUMAFOIIerocsi ra3oBoro obsiaka, B KOTOPOM KOJMYECTBO TIPOTOHOB
Ha 1 cm® gocturaer 10%°. Eciu Bce MpOTOHBI B KYOMUECKOM CaHTHUMeETpe
COJILIOTCS B JIeWTPOHBI, 0cBoOoauTcs 1013 mkoynmedt SHEPrud — JI0CTAaTOYHO
A7ist obecrieyeHust TOI0BOM MOTPeOHOCTH HeBOIBIIIOro TOpo/ia.

CnvsiHue [ByX TIPDOTOHOB B [€UTPOH — Hayaja0 CaMOro pa3Hy3[jaHHOI'O
cuHTe3a. CaM 3TOT JeMTPOH HILeT BO3MOXHOCTU CIIUTHCS C TPETbUM IIPOTOHOM,
obpasyst 6osiee nerkuit u3otorn renus (reuii-3) U Ucnyckast OTOH, a 3T sfpa
re/idsi 3aTeM TIOPOKIAIOT TMapy WM CAMBAIOTCS B OOBIUHBINA renmmi (renuii-4)
C UCMyCKaHWeM JIByX MPOTOHOB. Ha KaXk/ol cTafiud CHHTe3a BbICBOOOXKAeTCs
Bce Oosibliie 5Heprun. KpoMe TOro, MO3UTPOH, TOSBUBIIKNACS B CaMOM Hauaje
L[ETIOYKM TIpeBpall[eHul, ToxXe OBbICTPO C/AMBAeTCsl B OKPY’Karolllel Tia3me
C 9/eKTpOHOM, 0Opasys mapy ¢oToHoB. Bcsi 3Ta ocBoOoXkeHHasi SHeprus
HarpaB/isieTCsl B TOpPsSiYMM ra3, COCTOSALIMK M3 (DOTOHOB, 3/IEKTPOHOB U siJiEP,
KOTOPBIM MPOTHUBOCTOUT CXKaTHI0 MaTepyuyd W OCTaHaBIMBaeT I'PaBUTALIMOHHBIN
Kosiiaric. TakoBa 3Be3za: siiepHbIM CHHTe3 CXKUraeT Haxojdlleecsi BHYTpHU
siIepHOe TOTL/IMBO, 00pa3ys BHeIlIHee JlaB/ieHre, KOTOpoe CTabuIn3upyeT 3Be3qy,
He JlaBasi OCyLeCTBUTHCS IPABUTALIMOHHOMY KOJI/IarICy.

Pa3ymeercsi, Korga-To BOJOPOAHOE TOIUIMBO 3aKaHUMBaeTCsl, Belb €ro
KOMMuecTBO KOHeuHo. FEcmu  sHeprusi  Oosbllle  He  BBICBOOOXK/AeTcCs,
TipeKpalljaeTCs BHeLIHee JlaB/ieHre, rpaBUTALlMsl BHOBb BCTyIlaeT B CBOM IIpaBa,
U 3Be3Zla BO300HOB/SIET OT/IOXKEHHBbIM Kosuianc. Eciu 3Be3fia  [A0CTaTOUHO
MaCCHhBHa, ee $Jp0 MOXeT TMpOrpeTbCsi [0 TemIlepaTypbl MNPUMEPHO
100 000 000 °C. Ha »3ToM cTaguM rejuidi — TMOOOYHBIA TIPOJAYKT CXKUTaHMs
BOJIOPOJla — BOCIJIAaMEHsIeTCsl M HauWHaeT CBOW CHHTe3, o0pasys yriepof
Y KUCJIOPO/, M TPaBUTALMOHHBIM KOJI/IAariC CHOBA MPeKpaljaeTCsl.



Ho uTo MpOUCXOUT, eC/U 3Be3/la HeZIoOCTaTOYHO MaCCUBHA, UTOOBI Havyasics
reqivieBbld cuHTe3? Co 3Be3famM, Macca KOTOPbIX MeHee IIOJIOBUHbI MacChl
Hauero CosiHLIa, CJIyyaeTCs HeuTo KpaviHe yauBuTesibHOe. [Ipu oxatuu 3Be3fa
pasorpeBaeTcsi, HO elle [0 TOro, Kak $Jp0 [JOCTAraeT TeMIlepaTypbl
100 000 000 °C, Koe-uTo MPUOCTAaHAB/IMBAET KOJIANC. DTO KOe-UTO — [JaB/IeHHe
3JIEKTPOHOB, KOTOpble cobmrofaroT mnpuHimn [laynu. Kak Mbl yxe 3HaeM,
npuHuun [laynd >KU3HeHHO HeoOXOoAWM [IIsi TIOHMMaHUSI TOTO, KaK aTOMbI
octarTcs crabunbHbiMU. OH JIEXKUT B OCHOBE CBOWCTB MaTepuu. M BOT elile
OZJHO ero JOCTOMHCTBO: OH OOBSICHSIeT CYI[eCTBOBAHWE KOMIIAKTHBIX 3Be3/,
KOTOpble TIPOJIO/DKAIOT CBOe CYI[eCTBOBaHMWE, XOTS y»Ke BbipaboTanu Bce
siiepHoe TOTuMBO. Kak ke 3T0 paboraeTt?

Korzma 3Be3zia okMMaeTcsi, 3/IeKTPOHbI BHYTPHM Hee HauWHAKOT 3aHUMaThb
MeHbIIUKA 00beM. MbI MO)KeM TMpe/CTaBsTh IeKTPOH 3Be3/bl uepe3 ero
UMITyJIbC P, TEM CaMbIM acCOLIMUPYsl €ro ¢ AJIMHOM BoJiHbI fe bpoiins, h / p.
HarmoMHUM, UTO uacTuila MOXeT OBbITb OIMCaHa TOMbKO TaKWM BOJIHOBBIM
TaKeTOM, KOTODbIM I10 KpavWHel Mepe He MeHblle CBSI3aHHOM C Heul [JIMHOW
BonHEI2®, 3T0 3HAUMT, UTO ecsM 3Be3ja OCTATOUHO IJIOTHAS, TO 371EKTPOHEI
[IOJDKHBI TlepeKpblBaTh [Jpyr [Jpyra, TO €eCTb Heab3s CYUTaTb, 4YTO OHHU
OMUCBIBAIOTCH M30/IMPOBAHHBIMU BOJIHOBBIMU TlaKeTaMHu. JTO, B CBOK O4epe/p,
o003HauaeT, uyTO [Jis OIMUCAHUsS 3JeKTPOHOB Ba)KHbI 3(PQeKThl KBAHTOBOMU
MeXaHUKH, B 0CO0eHHOCTH TIpuHLMI [layind. DeKTPOHBI YIIJIOTHSIFOTCS 10 TeX
1op, IOKa J[Ba 3JIeKTPOHA He HAUMHAKT MpeTeHJ0BaTb Ha 3aHATUE OJHOM
Y TOM >Ke TO3WLIUH, a TIpuHUMI [laysv [1acvT, U4TO 3/1eKTPOHBI HE MOTYT 3TOrO
nenatb. TakuM obpa3oMm, U B ymuparoiieii 3Be3/ie JIeKTPOHbI u30eratoT Apyr
ApyTa, uTo MoMoraeT 130aBUTHCS OT Ja/bHEHIlero rpaBUTaljMoOHHOTO KoJIIarca.

TakoBa cygb6a Oosee jierkux 3Be3. A uro Oyzer ¢ CosHIIEM W JJPYyTUMH
3Be3/laMy MOA00HON Macchl? MBI yIIIM OT HUX Mapy ab3aileB Hazajl, Korja
Tepe)Xuraim Tenul B yriepon W BoaopoA. Urto OyzeT, Korga refuii ToXe
KoHuuTCcsi? OHU TOXe [O/DKHbI OyyT HauaTb CKUMAaThCS 0[] [IeHCTBUEM
coOCTBeHHOM TrpaBUTALUU, TO €CThb /IeKTPOHBI OyAyT YIJIOTHATHCS. VI pUHIUTT
[laynu, Kak ¥ B cjiydae C Oosiee J/IeTKUMU 3Be3[jlaMH, B WTOTe BMeIaeTCs
Y TIpeKpaTuT Kosiiarnc. Ho i cambIX MaCCHUBHBIX 3Be3[ Jaxke mpuHuuI [laynu
OKa3biBaeTcsi He BcecuaeH. Korga 3Be3zma COKAMaeTcsi U 3JIEKTPOHBI
YIUIOTHSIOTCS, SIAPO pa3orpeBaeTcsi, W 3JIEKTPOHbl HAYMHAKOT [BUTATbCs BCe
ObicTpee. B J0CTaTOYHO TsDKeNbIX 3Be3/lax JIeKTPOHBI  TMPUOIMKAIOTCS
K CKODOCTH CBeTa, I0C/e 4Yero IMpPOMCXOAWT HeuyTo HoBoe. Korza 3/1eKTpOHbI
HaUMHAKOT [BUraTbC C TaKOWM CKOPOCTBIO, [aB/ieHWe, KOTOpOe 3JIeKTPOHBI
CroCcOOHBI pa3BUBATh il TIPOTUBOCTOSIHUSI T'DAaBUTALIUM, TIOHWXKAETCs, U 3Ty
3ajlauy OHM y>Ke He CroCcoOHbI peiinTh. OHU MPOCTO HosIbIle He MOTYT OHOPOTHCS



C rpaBuTalier ¥ OCTaHaBAMBaTh Kosularic. Hama 3azaua B 3TOM [iaBe —
paccuuTaTh, Korja 3TO MPOU30KMJET, U Mbl YK€ pacckasalud Camoe MHTepeCHOe.
Ecmu macca 3Be3mnl B 1,4 pasa u Oosbiie mipeBocxoguT Mmaccy CosHila,
3JIeKTPOHBI TePIIAT [MOpa’keHue, a rpaBUTaLUs BbIUTPbIBAET.

Tak 3akaHuuBaeTcsi 0030p, KOTOPbI TOCAY)KUT OCHOBOW HallUX
BbIuMC/ieHU. Terepb MOXKHO JIBUTAThLCS /lajiblile, T03a0bIB O silepHOM CHHTe3e,
TIOTOMY UTO TOpsilliie 3Be3/Ibl JieXkaT BHe c(epbl Halllux UHTepecoB. Mbl Oygem
IbITaTbCSl 0CO3HATh, YTO MIPOUCXOAUT BHYTPU MePTBLIX 3Be3/. MBI ocTtapaemcs
IOHATb, KAaK  KBAHTOBOe  [aBjleHWe  YIUIOTHUBLLIUXCA  3/IEKTPOHOB
ypaBHOBeIIMBaeT CUIy TpaBUTALiMM U KakK 3TO [aBjleHVe yMeHbIaeTCs, eC/u
9JIEKTPOHBI /IBUralOTCSl CAMIIKOM ObicTpo. Takum o06pa3oM, CyTh Halliero
YICCJIeJOBaHUSA — IIPOTUBOCTOSIHUE TPaBUTALIMM YU KBAHTOBOIO /1aB/I€HUS.

XOTs BCe 3TO He TaK Ba)KHO I IOC/IeYIOIUX PaCyeToB, Mbl He MOXXeM
Bce OpocuTb Ha cCaMOM UHTepecHOM MecTe. Korma wmaccuBHasi 3Be3fia
CXJIOTIBIBAeTCs, Y Hee OCTalTCs /[Ba BapvaHTa pa3BuThsi cobbitTwil. Ecu oHa
He CJIULLKOM TspKeJiasi, TO B Hel MPOJO/DKUTCS CKaTve TPOTOHOB U 3/1EKTPOHOB,
TI0Ka OHU He CUHTEe3WPYIOTCA B HEUTPOHBI. TakK, OWH MPOTOH U OJUH 3JIEKTPOH
CIIOHTAaHHO TIPEBPALAlOTCd B HEWTPOH C UCIyCKaHWeM HEUTPUHO, OIATH JKe
Gnaropapsi cnabomy sijepHoMy B3aumogeiicTButo. [TomobHbIM 0oOpa3oM 3Be3zia
HEYMOJIUMO TIpeBpalljaeTcss B HeOO/bIIoW HeWTpOHHBIM Imapuk. [lo ciioBam
pycckoro ¢wusvka JIeBa JlaHjay, 3Be3fja CTAaHOBUTCS «OAHUM TMIAHTCKUM
sanpoM». JlaHgay HamMcan 3To B cBoeld pabore 1932 roma «K Teopuu 3Be3ny»,
KOTOpasi MOosiBW/Iach B IeyaTd B TOM CamMOM Mecsue, korga [Txeumc YeBuk
OTKpBLT HEUTpOH. HaBepHOoe, cAUIIKOM cMesio Ob1o Obl cka3aTh, uto JlaHzaay
Tpe/icka3aj CyLeCTBOBaHWE HEUTPOHHBIX 3Be3[l, HO OH OIpeJe/IeHHO YTO-TO
nofioOHOe TIpeJUyBCTBOBa/J, U C OOJBIION /1aJbHOBUIHOCTHIO. BeposiTHO,
TIPUOPUTET cJieyeT Npu3HaTh 3a Banerepom baaze u ®@puriem LIBUKKH, KOTOpLIe
B 1933 ropgy Hamucaimm: «Mbl UMeeM BCe OCHOBaHUS IIpeJIio/ararh,
YTO CBEpPXHOBbIe TIPEJCTAaBASIOT COOOM Tiepexosi OT OOBIYHBIX 3Be3]
K HEMTPOHHBIM 3Be3/]aM, KOTOPbIe Ha KOHEUHBIX 3Tarax CylleCTBOBaHUS COCTOST
Y3 Upe3BbIYalHO [JIOTHO YIIAKOBaHHBIX HEMTPOHOBY.

OTa uzes MoKasaach HaCTOMBKO HeJsernoi, urto Obuia criapoaupoBaHa B Los
Angeles Times (cm. puc. 12.1), U HEUTPOHHBIE 3Be3/bl A0 cepeauHbl 1960-x
rOZJ0B OCTaBa/IMCh TEOPeTUYECKUM KypPbe30M.
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Puc. 12.1. Kapukarypa 13 HOMepa 1:a3ebe Loé Angeles Times ot 19 siHBaps
1934 rona

B 1965 rogy OutoHu Xbroumn U Comrosn Okovie Hallid «CBUJIETe/bCTBA
HEOOBIUHOTO MCTOUHMKA SIPKOCTA paZiMOW3/TyueHus BBICOKOM TemriepaTypbl
B KpaboBuHOM TyMaHHOCTH», XOTSI U He CMOIJIM OTO3HaTh B 3TOM HCTOUYHHKE
HelTpoHHyI0 3Be3ny. OrosHaHue ciayuunoch B 1967 roxy Gmarogaps Mocudy
[ITk/10BCKOMY, a BCKOpe, Toc/ie 6osee moApoOHBIX MCCIeqoBaHUM, U Oyarojaps
Mxocemun bennm u tomy ke Xbrouuly. [lepBbld mpumep OJHOTO K3 CaMbIX
9K30TUUYECKUX 00bEeKTOB BO BcesieHHOM Mosyuns Ha3BaHue Mysibcapa XbIOUIIIA —
Oxkoite. IHTepeCHO, 4TO Ta ke CBepXHOBasi, YTO MOPOAM/IA My/abcap XblOUIA —
Okoite, Obina 3ameueHa acTpoHoMamu 3a 1000 setr g0 3Toro. Besnukas
cBepxHoBasi 1054 ropma, camasi sipkasi B 3a(UKCUPOBaHHOW HCTOPUH,



HabMoflanach KWATAWCKUMKM — aCTPOHOMaMM UM, KakK U3BeCcTHO Omarozpapsi
3HaAMEHUTOMY HaCKaJIlbHOMY PUCYHKY, JKUTeIsIMU KaHbOHa Yako Ha roro-3ariajie
coBpemMeHHbIx CIIA.

Mbl 1i0Ka elje He TOBOPW/IM O TOM, KaK 3THM HEWTPOHaM y[aeTcs
COTIPOTUB/ISITbCSI TPABUTALIMM U TIPENSITCTBOBAaTh Ja/lbHEWIleMy KOJUIarcCy, HO,
BO3MOXKHO, Bbl U CaMU B COCTOSIHUHU TIPEATIOJIOKUTh, TI0YEMY 3TO TMTPOUCXO/UT.
HeliTpoHbl (Kak W 37€KTPOHbI) — pabbl mpuHiumna [laymu. OHU ToXXe MOTYT
OCTaHaB/IMBATh KOJIJIAMC, U HEMTPOHHBIE 3Be3/Ibl, KaK M Oesible Kap/uKU, — OIUH
13 BapUaHTOB OKOHYAHHWSI KWU3HMU 3Be3/bl. HelTpoHHbIe 3Be3/ibl, BOOOIIe-TO,
OTCTYIUIEHMEe OT Hallero IOBeCTBOBaHUS, HO Mbl He MOKEM He OTMETUTb,
YTO 3TO COBepIlIeHHO 0COOeHHbIe 0OBEKThI B Halllel BeMKOJeNHOW BceneHHOM:
5TO 3Be3[bl pa3MepoM C TOpOJZ, HACTONBbKO IUIOTHbIE, UTO YalHas JIOXKKa KX
BellleCTBa BECUT KaK 3eéMHasi Topa, a He pacrajlaloTCs OHU TOBbKO Osarofaps
€CTeCTBEHHOU «HEeTPUSI3HW» YaCTHL] OHOTO CIIMHA APYT K JpYTY.

[ns caMbIX MacCUBHBIX 3Be3/l BO BceneHHOW OCTaeTCsl TOJIBKO OfiHa
BO3MOXXHOCTb. B 3TMX 3Be3/lax [gake HEWTPOHbI JBWKYTCSI CO CKOPOCTHIO,
Omu3Kol K CKOpOCTM cBeTa. Takue 3Be3/bl KIeT KaracTpoda, MOTOMY UTO
HEeHWTPOHbBI He CrIOCOOHBI  CO37laBaTh  JOCTAaTOUHOE JlaB/ieHWe, UTOObI
MPOTUBOCTOSATh TpaBUTALMU. [loka HeusBecTeH (U3UUECKUM MeXaHU3M,
He JaroIUii siIpy 3Be3/Ibl, Macca KOTOPOU MPUMEePHO B TPU pa3a 0osibliie MacChI
CosnHija, ymacTb caMoMy Ha cebsi, U pe3y/lbTaTOM CTAHOBUTCSI uepHas [bIpa:
MeCTO, B KOTOpPOM BCe WU3BeCTHble HaM 3aKOHbl (PU3UKHA OTMEHSHOTCSI.
[IpeamnonaraeTcs, UTO 3aKOHbI MPUPOABLI BCE >Ke€ MPOAO/DKAIOT JeHWCTBOBATh,
HO /I TIOJIHOTO TIOHMMAaHWSI BHYTPeHHeM paboTbl uepHOH AbIpbl TpedyeTcs
KBaHTOBasi TeOpUs FPaBUTAl[MU, KOTOPOU MOKa He CYI[eCTBYeT.

OpHako mopa BEpHYTbCS K CYTH Jiefla U COCPeNOTOUYMTHCS Ha Hallleu
JIBOSIKOM 11eJTU — JlOKa3aTe/IbCTBe CYIeCTBOBAaHUsI OesibIX KapJMKOB W pacuere
nipefena Yangpacekapa. Mbl 3HaeM, Kak MOCTyTaTh: HEOOXOIMMO YPaBHOBECUTh
rpaBUTALIMI0 U JlaBjieHHWe 3JIeKTPOHOB. Takue BBIUKMC/IEHWS Hejb3sl Cle/aTh
B yMe, TaK YTO CTOUT HAMETUTh TIJIaH JilelCcTBUM. VTak, BOT IJIaH; OH /IOBOJILHO
JUTMHHBIKA, TI0TOMY UTO Mbl XOTHUM CHadaja pa3bsiICHUTb HEKOTOpbIe
BTOPOCTETIeHHbBIE [IeTaiu U IMOATOTOBUTh TIOUBY /151 COOCTBEHHO BBIUMCIEHHM.

Ilae 1: ™Mbl AO/DKHBI ONpeAeIUTb, KakOBO [aB/ieHWEe BHYTPU 3Be3[bl,
OKasblBaeMOe CU/IbHO CKaTbIMMU 3/IeKTPOHaMU. B0O3MOXXHO, Bac 3avHTepecyer,
rmoueMy Mbl He oOpaillaeM BHHMaHUsS Ha J[PyrHe YacTUI[bl BHYTPU 3Be37Ibl:
yTO HacueT sijiep U (OTOHOB? POTOHBI He TMOJUUHSIOTCS TipuHUUIY [laymu,
TaK 4TO CO BpeMeHeM OHU BCe paBHO IMOKUHYT 3Be31y. B 60pbbe c rpaBuTaryeit
OHM He TOMOLIHUMKK. YTO ke [0 saep, TO fApa C TOAyLe/biM CIIUHOM
MOAUUHSIOTCS TpuHLMNY [layny, HO (KaK Mbl YBUIUM) M3-3a TOrO, YTO UX Macca



Oosibllle, OHU OKa3bIBAalOT MeHbIllee JaBjieHHe, ueM 3/IeKTPOHbI, U WX BK/af
B 60pb0y C rpaBUTalMeil MO)KHO CIMOKOMHO WUTHOPUPOBAaTh. JTO CYIleCTBEHHO
ympolliaeT 3ajauy: BCe, UTO HaM HY)XHO, — JaBjeHHe 3/eKTpoHOB. Ha Tom
Y YCIIOKOUMCS.

Illaz 2: BbIUMCAUB JaBJeHUE 3/IeKTPOHOB, Mbl [O/DKHBI 3aHSIThCS
BOMpOCaMu paBHOBecusi. MoxeT ObIThb HETIOHSTHO, UTO fiefaTh Aasbiie. OfHO
Jle7I0 CKa3aTb, YTO «TpaBUTalLUsl JABUT, @ 3J€KTPOHBbI MPOTUBOCTOSIT 3TOMY
JlaBJIEHUIO», COBCEM [Ipyroe — OIMepHpoBaTh MpU 3TOM uuciaamu. [laBieHue
BHYTpY 3Be3/lbl Oy/leT BapbUpOBaThCs: B IieHTpe OHO OyzeT Oosblile,
a Ha TOBEPXHOCTU MeHbllle. Hanuuve rmnepenasoB [aBieHUs] OYEHb Ba)kKHO.
[lpencraBere cebe KyO W3 3Be3[HON MaTepuM, KOTOPBIM HAXOAWUTCS Te-TO
BHYTPH 3Be3/Ibl, KaK MOKa3aHo Ha puc. 12.2. ['paBuUTalvis HampaBUT Ky0 K 1[eHTPYy
3Be3/lbl, U MbI [JIOJDKHBI TIOHATh, KaK OyJieT MpPOTHUBOCTOSITh 3TOMY JaB/ieHUEe
3/IEKTPOHOB. [laB/ieHWe 3/1eKTPOHOB B ra3e OKa3blBaeT BO3ZEMCTBUE Ha KaXKAyIO
U3 111eCTH rpaHel Ky0a, U 3TO Bo3jelicTBUe OyJeT PaBHO [laB/IeHUIO Ha I'DaHb,
TTOMHO>XEHHOMY Ha TJIOLIa/ib 3TOM T'paHU. JTO YTBEP)KJeHUe TOYHO. [10 TOro Mbl
WCTIONBb30Ba/Id CJIOBO «/aBJIeHHe», Tipejrosaras, uTo ob/ajjaeM [0CTaTOUHbLIM
WHTYUTUBHBIM TIOHMMaHUEeM TOro, OyJTO ra3 Mpy BbICOKOM [IaBI€HUU «IABUT»
Gosbltie, yeM Tipu HU3KOM. COOCTBEHHO, 3TO U3BECTHO HOOOMY, KTO XOTh pa3
HaKauuBaj HaCOCOM CAYBIITYHOCS aBTOMOOUTbHYHO LIIUHY.



Puc. 12.2. He6osmbiolt KyO TAe-To B cepeauvHe 3Be3zibl. CTpesiku
TIOKa3bIBAKOT CUITY, IeHCTBYIOIIYIO Ha KyD CO CTOPOHBI 37IEKTPOHOB B 3Be3/ie

[TockoMbKy HaM HY)KHO [O/DKHBIM 00pa3oM TIOHSITh TPUPOJY [JaBleHMUS,
c/lelaeM KpaTKyl BbIa3Ky Ha Oosiee 3HakoMmyro TeppuToputo. OOGpatumcs
K TIpUMepy C IIMHOM. PU3MK CKa3an Obl, UTO IMHA CAy/ach, MOTOMY UTO
BHYTPEHHEro BO3/YILIIHOTO JaBJeHWs HeZO0CTAaTOUHO, UTOObI yep>XKMBaTh BecC
aBTOMOOW/IA Oe3 medopMal[iy MIMHBI — 3a 3TO-TO Hac, (PU3UKOB, U I[EHIT.
MbI MO)KeM He OrpPaHMUHTLCA STUM W BBIUMC/IUTb, KAaKOBO [IO/DKHO OBIThH
JlaBjIeHye B IIMHAX [l aBTOMOOM/Ist ¢ Maccoii 1500 Kr, ec/ii 5 CM IITUHBI TO/DKHO
MOCTOSIHHO ~ MOJJIep)KUBaTh KOHTAKT C TMOBEPXHOCTHbIO), KaK T0Ka3aHO
Ha puc. 12.3: onsaTh HaCTaao BpeMs JOCKU, MeJjla U TPAIMKU.

Ecmu mvpyvHa mmHbl — 20 €M, a JJIMHA COMNpPHKACarlencs C A0pOorou
MOBEPXHOCTM — 5 CM, TO IUIOU[a[b TOBEPXHOCTU IIIMHbI, HaXOJSIIENCs
B HeIOCPe/ICTBEHHOM KOHTakKTe C 3emyed, Oyzer paBHa 20 X 5 = 100 cwm3.
Tpebyemoro [aBjieHUsI B IIIMHE MBI ellje He 3HAaéM — ero-TO U HaJi0 BBIUYMC/IUTD,
TaKk 4To 0003HauMM ero cumBojioM P. Ham mnorpeOyeTcsi Takxe 3HaTh



JIeACTBYIOLLYI0O Ha JOPOTYy CWIy, KOTOPYH IIPMK/a[blBaeT BO3AYyX B LIKHeE.
OHa paBHa /1aB/IeHHIO, TIOMHOKEHHOMY Ha IUIOLIa/lb LIMHbI, KOHTAKTUPYIOLYIO
c poporou, To ectb P x 100 cm2 Mbl [JO/KHBI YMHOXWTH 3TO elje Ha 4,
TIOCKO/IbKY y aBTOMOOW/ISI, KaK W3BEeCTHO, ueTkipe MMHbL: P x 400 cm2. TakoBa
oOmiass cusia BO3Ayxa B IIMHAX, [eHCTByroljasi Ha TIOBEPXHOCTb [IOPOTH.
IIpencraBbTe ee Tak: MOJIeKy/la BO3/yXa BHYTPU ILIMHbI MOJIOTST I10 3emsie (eciu
ObITh COBCEM Y)K TOUHBIMU, TO MOJIOTSIT OHM TI0 pe3uHe IIMHBI, KOTOopas
KOHTaKTUPYeT C 3eMJIel, HO 3TO He TaK BaKHO).

3emMisi 0OBIYHO TIPU 3TOM He TPOBA/MBAeTCsl, TO €CTh pearupyeT C PaBHOM,
HO TIPOTHBOIIO/IOXKHOM CHJION (ypa, HaKOHeL[-TO HaMm TIPUTOAW/ICA TPeTUU 3aKOH
HeroToHa). MammHy npunojHMMaeT 3emysi WM OINyCKaeT TIpaBUTaLUs, W,
TIOCKOJIbKY TIPM 3TOM OHa He IPOBa/IMBAaeTCs B 3eMJIK0 U He BOCHapsieT B BO3AYX,
MBI TIOHMMaeM, UTO 3TH [iBe CWIbI JOJDKHBI YPaBHOBELLMBATh APYT Apyra. Takum
oOpa3oM, MOXHO cuuTaTh, uTo cwia P x 400 cM? ypaBHOBEIIIMBAETCS
TIDVWKUMHOM CUJIOW TpaBUTAlMM. DTa CUIa paBHA BeCy aBTOMOOW/SI, U MBI
3HaeM, KaK BBIYMC/IWTHL ero C IOMOLbI0 BTOpOro 3akoHa HeroroHa F = ma,
T7ie a — yCcKopeHre cBOOOTHOTO TaZieHust Ha TIOBePXHOCTH 3eMJ/H, KOTOPOe PaBHO
9,81 m/c2. Utak, Bec cocrasasier 1500 kr % 9,8 m/c?2 = 14 700 H (HbHOTOHOB:
1 HBIOTOH — 3TO TIPUMEPHO 1 Kr*M/C2, YTO NMPUOIM3UTE/ILHO PABHO BeCy sI0JI0Ka).
Tak Kak /jBe CHJIbI paBHbI, TO

P x 400 cm? =14 700 H.

Peuute 510 ypaBHeHue jierko: P = (14 700 / 400) H/em? = 36,75 H/cm2.
Hasnenvie B 36,75 H Ha cM? — BO3MOXXHO, He BIIOJIHE 3HAKOMBI HaMm Crocob
BbIp@KEeHUs /laB/ieHUs B IlIMHAX, HO €ro MOXKHO Jierko mpeobpa3oBath B Oosee
TIPUBBIYHbIE «Oapbi».



Puc. 12.3. [1luHa HeMHOTO /Ie(hOpMUPYETCS T10/] BECOM aBTOMOOMU/IS

OpuH 6ap — 3TO CTaHZApTHOE /IaB/IeHHe BO3AyXa, KoTopoe paBHo 101 000 H
Ha M2. B 1 m2 10 000 cm?, Tak uto 101 000 H Ha m2 — 510 10,1 H Ha cm2. Takum
obpa3om, Hallle >KejlaeMoe JlaBjieHHe B IIIMHaX paBHseTcs 36,75 / 10,1 = 3,6 6ap
(wmn 52 ¢dyHTa Ha KBaJpaTHBIM [AOWM — 3TO Bbl MOXKeTe BBIUUC/IUTH
camocTosTenbHO). C TIOMONIBIO HAlllero ypaBHEHUSI MOXKHO TakKXKe TTOHSTh,
YyTO ec/iu JlaBfieHWe B mMHaxX mnazaetr Ha 50 % mo 1,8 Gap, To MbI yaBauBaem
TJIONIA/Ib IIMHBI, HAXOASIIYHOCS B KOHTAKTe C MOBEPXHOCTBIO [JOPOTU, TO €CThb
1IIMHAa HeEMHOTO0 cAyBaeTcs. [Toc/ie 3TOro ocBeskarolero 3KCKypca B BbIUYMC/IEHUE



JlaBJIeHHsI MbI TOTOBBI BEPHYThCSI K KYOUKY 3Be37IHON MaTepUu, KOTOPhIN ToKa3aH
Ha puc. 12.2.

Ecmu HWwKHSIS TpaHb KyOa O/vke K IIeHTPY 3Be3fibl, TO JlaBjieHHe Ha Hee
JO/DKHO ObITh HEeMHOro Oorbllie, YeM /laB/ieHWe Ha BEpPXHIOK TpaHb. Takas
Pa3HOCTh /laB/IeHUi MTOPOXKAAeT /1eHCTBYIOIIYIO Ha Ky0 CU/Ty, KOTOpasi CTpEMUTCS
OTTOJIKHYTb €ro OT LieHTpa 3Be3[bl («BBepX» Ha PHUCYHKe), Yero Mbl U XOTHUM
N0OUTHCS, TIOTOMY UTO Ky B TO >Ke camoe BpeMsl rpaBUTalllel MoATaTKUBaeTCs
K LIeHTpPy 3Be3fbl («BHU3» Ha pUCYHKe). Eciu Obl Mbl MOIIM TOHSTS,
Kak coyeTaTrh [iBe 3TU CHUJbI, TO YAyUullIiud Obl CBOW TMpe/CTaBIeHUs O 3Be3je.
Ho 370 n1erye ckasartb, yeM CZieslaThb, IIOTOMY 4TO, XOTS wWaz2 1 1mo3BoJsseT HaM
TIOHSTb, KAKOBO /laB/ieHNe 3/IeKTPOHOB Ha Ky0, Bce ellje MPeICTOUT PaCCUUTATh,
HAaCKOJIbKO BEJIMKO [laB/ieHWe TpaBUTALlMM B MPOTHMBOIIOJIOKHOM HarpaBieHUH.
KcTaty, HeT HY)XX/Ibl YUUTBIBATh /laB/ieHre Ha OOKOBbIe TpaHu Kyba, OTOMY UTO
OHU PaBHO Y/laJIeHbl OT LieHTpa 3Be3/lbl, TAK UYTO JlaB/ieHVe Ha JIeBy}0 CTOPOHY
yPaBHOBECUT JlaBjieHWe Ha TpaBylo, U KyO He OyJeT ABUraTbCsi HU Hampaso,
HU HaJIeBo.

UToObl BBIICHUTH, C KaKOW CWIOM TpaBUTalUs [elCTByeT Ha Kyo,
MBIl JI0/DKHBI BEPDHYTbCS K 3aKOHY NPUTsDKeHUs1 HbIOTOHA, KOTOPBIM TOBOPWT,
YTO KaXK/IbIM KyCOueK 3Be3[HOW MaTepuu AeMCTByeT Ha Halll KyOMK C CUJIOH,
yMeHbILaIoIIelics ¢ yBeJIMUeHHeM pacCTOsiHUS, TO eCTh Oosiee Janekve KyCKd
MaTepuu [IaBAT MeHbllle, yeM Osn3kue. KakeTcs, TOT (hakT, UTO rpaBUTALIMOHHOE
JlaBjieHre Ha Halll Ky0 pa3/iiyHO [/isi Pa3/IMUHBbIX KYCKOB 3Be3[HOM MaTepuu
B 3aBHCUMOCTH OT UX Y/|aJIeHHOCTH, MpeJCTaB/sieT coboil cokHYy0 npobiemy,
HO MbI YBU/IUM, KaK OOOWTH 3TOT MOMEHT, IO KpaliHeii Mepe, B TIPUHIIUIIE:
MBI Hape)XeM 3Be3/ly Ha KyCOUKHU M 3aTeM BbIUMC/IUM CHJTY, KOTOPYHO OKa3bIBaeT
Ha Haml Ky0 Kakapld TakoM Kycouek. K cuacTbio, HeT HeoOXOAUMOCTH
TIpe/ICTaB/IsATh Ky/JIMHAPHYI0 Hape3Ky 3Be3/bl, [IOTOMY YTO MOXXHO HCII0/1b30BaTh
OT/IMYHBIN 00X0/HOM MaHeBp. 3akoH ['aycca (Ha3BaHHBIM B UaCTh JieTeHZAAPHOTO
HeMmeLkoro maremaruka Kapsa [Maycca) coo0ijaet, uTo: a) MOXKHO TOJTHOCTBIO
WICHOPUPOBAaTh TPUTSKeHWe BCEeX KYCOUKOB, HaXOMSALIMXCS Jajiblie OT LieHTpa
3Be3/Ibl, ueM Haill KyOuk; 0) obillee rpaBUTAl[MOHHOE /laB/ieHUe BCeX KyCOUKOB,
HaxoAsImumxcst OKke K IIeHTPY, B TOYHOCTA paBHO [laBJIeHWIO, KOTOpOe
OKa3biBaM Obl 3T KYCOUKH, eC/u Obl HaXOAWIUCh DOBHO B LIEHTpE 3Be3bl.
C nomoipro 3akoHa ['aycca v 3akoHa npuTsbkeHUs: HbproTOHa MOXHO cZesarb
BBIBOZI, UTO K KyOWKY TMpHUK/Ia/bIBAeTCS CUJla, KOTOpasi TOJIKAeT ero K I[eHTPy
3Be3/bl, U UTO 3Ta CUjla paBHa



M I M cibe
G :

rae Min — wmacca 3Be3ibl BHYTpU Cdepbl, pajuyC KOTOpPOW paBeH
pacCTOsTHUIO OT LieHTpa Ao Kyba, Mcube — macca Ky0a, a r — paccTosiHie OT Kyba
1o 1ieHTpa 3Be3nl (G — koHcTaHTa HetoToHa). Harpumep, eciiu Ky6 HaxoauTCst
Ha TOBEPXHOCTH 3Be3ibl, To Min — 5To0 o0ujasgs Macca 3Be3abl. [ Bcex
OCTaJ/IbHBIX MeCTOToJIoKeHu Min GyzneT MeHbIIIe.

\Y18i n00MIUCh oripe/ie/IeHHbIX yCITeXOB, TOTOMY uTo
JJisi  ypaBHOBeIlIMBaHHUsI [JIeMiCTBUM, OKa3biBaeMbIXx Ha Ky0 (HamoMHUM,
3TO 3HAuuT, uTO KyO He [BWKeTCs, a 3Be3fa He B3pbIBAeTCs
1 He Konnarncupyet2Z), Tpebyercs, uTo6bI

MiﬂMaf
(pbpz‘z‘am_Ptqb)A:G > k) (1)

r

rae Pbottom v Ptop — JaBneHWe 3/71eKTPOHOB ra3a Ha HWKHeW U BepxHel
rpaHsx Ky0a COOTBETCTBEHHO, a A — TUIOIIA/Ib KaXK/I0l CTOPOHBI Kyba (TToMHHTe,
yTO CWIa, OKa3blBaemasi [aB/JeHUEM, paBHA /[aB/IeHUID, YMHOXEHHOMY
Ha I/101113/1b). Mbl OTMETU/IU 3TO ypaBHeHue 1u@potii (1), MoToMy UTO OHO OUeHb
B&)KHO U MbI K HEMY eIlle BePHEMCSL.

IlIaz 3: cpnenatite cebe uaro ¥ Hac/laxaanWTeCch coOOM, MOTOMY UTO, C/le/aB
wae 1, Mbl BBIUMC/IWIN JaBjeHuss Pbottom u Ptop, a mocne waea 2 cTano
TIOHATHO, KaK MMEHHO YpaBHOBeCUTb CWibl. OfHAaKO OCHOBHas paborta erre
BIEpev, TOTOMY UTO HaM HY)KHO 3aKOHUMTb waz 1 U OrnpejenvuTb pa3HULly
JlaBleHuH, (GUrypyUpyIOIyIo B JieBoi yactu ypaBHeHus (1). 3To u Oyzner Haliei
crenyrolen 3ajauen.

[IpencTaBbTe 3Be3/y, HAlIOJTHEHHYIO 3/1€KTPOHAMU U [IPYTUMH YaCTUL[AMH.
Kak paccesiHbl 9T 3/1eKTpOHBI? OOpaTUM BHUMaHHE Ha «THUIMTAYHBIN» 37IEKTPOH.
Mbl 3HaeM, UTO 3/1€KTPOHbI TOAUMHSIOTCA npuHuuny Ilaynn, TO ecTh [Ba
9JIEKTPOHA HE MOTYT HaXOJWUTLCS B OJHOM M TOW >ke 00/acTH MpPOCTpaHCTBa.
YTo 5TO 3HAUWMT [Ji1 TOrO MOpS SJIEKTPOHOB, KOTOpO€ MblI Ha3bIBaeM
«3NIeKTpOHaMH rasa» B Hauled 3Be3zie? Tak KaK OYeBHUJHO, UYTO 3JIEKTPOHBI
OT/leJieHbl JIDYT OT Jpyra, MOKHO TPEeIION0XKUTh, YTO KaXKAbIM HaXOJWUTCS
B CBOeM MHUHHATIOPHOM BOOOpakaeMOM KyOuKe BHYTpH 3Be3bl. Boobiije-To 310
He COBCEM BEPHO, TTIOTOMY UTO MbI 3HAa€M, UTO JIEKTPOHBI Je/sTCS Ha [iBa TUIA —



«CO CITMHOM BBEPX» M «CO CIIMHOM BHU3», a TIPUHIMI [lay/iy 3arpelrjaeT TOIBKO
CJIUIIKOM OJTU3KO€e PACIo/IoXKeHHe WIeHTUUHBIX UaCTUll, TO €CTh TeOPeTHUeCKH
B KyOHKe MOTYT HaxO[UThCS U [IBa I€KTPOHA. DTO KOHTPACTHUPYeT C CUTYyallieH,
KOTOpast BO3HUK/IA Obl, €C/TM ObI 3/IEKTPOHBI He MOJUUHSIMCh MPUHLUITY [Tay/im.
B 3ToM @iyyae OHM He cujenud Obl 1O [BOe BHYTPU «BHUPTYabHBIX
KOHTeliHepoB». OHU ObI PaCIpOCTPAHS/IMCH U TIOb30BA/UCh TOpa3f0 OOIbIIM
KMU3HEHHbIM  TIpocTpaHCTBOM. CoOCTBeHHO, ecmu Obl  MOXXHO  ObLIO
WUTHOPUPOBATh PAa3/IiUHble CIIOCOOBI B3aWMOJEMCTBUSI  3JIEKTPOHOB  ApPYT
C [IpyroM U C JPYTMMH YaCTHIIAMU B 3Be3jle, UX >KU3HEHHOMY IPOCTPAHCTBY
He ObII0 OBbI Tipefesia. Mbl 3HaeM, UTO TPOMCXOAWT, KOIZla Mbl OTpaHUYMBAEM
KBAaHTOBYIO YACTHUI[y: OHAa COBEpIaeT CKAYOK B COOTBETCTBHU C TPHUHIIATIOM
HeornpesiesieHHOCTH ['efizeHbepra, v yeM OoJibllle OHa OorpaHWYeHa, TeM OOJIbIie
CoBepIllaeT CKaykoB. DTO 3HAUMUT, UTO, KOT/IA Halll Oesiblii Kap/IMK KOJIJIAICHUpYeT,
57IeKTPOHBI  Bce 0ojlee  OrpaHMYMBAIOTCS W CTAHOBATCS Bce  Oosee
BO30y)K/leHHbIMU. VIMEHHO [laBlieHWe, BbI3BaHHOE WX BO30OyXKIeHHUEM,
Y OCTaHaB/IMBaeT I'PaBUTALIMOHHBIN KOJIIarIC.

MBI MOXKEM 3alTH ellfe Jjajbliie, TIOTOMY UTO MOYKHO TIPUMEHHTDH TIPUHITHIT
HeorpeZie/ieHHOCTH [eif3eHOepra [yii  BBIUMC/IEHHWS] TUIMYHOTO HMITY/IbCa
57eKTpoHa. Hariprumep, ec/ii Mbl OrpaHAYMBaEeM 3JIeKTPOH 00/acThiO pa3mepa
Ax, oH OymeT coBeplIaTh CKAaYKW C TUIAYHBIM UMIyabcoM p ~ h / Ax.
CoOCTBeHHO, KaK Mbl TOBOPWIH B T7aBe 4, UMITY/IbC TPUOIU3NUTCS K BEPXHEMY
TipeZiesly, a TUIMAYHBIA UMITYJIC OyZleT paBHSATBCS UYeMY-TO OT HYJ/S /10 3TOTO
3HAUeHWsT; 3aTIOMHHTE 3Ty WH(OPMAIIHM0, OHa TTOHAJ00UTCA HaM TI03Ke. 3HaHUe
UMITy/IbCa TI03BOJISIET HeMe/JIEHHO Y3HaTh ellle /iBe Bellyd. Bo-TiepBbIX, eciu
5/IEKTPOHbI He TIOJUUHSIIOTCS TpuHIOMIYy Ilaynu, To oHM OyAyT OrpaHUYeHbBI
obnacTero He pa3mepa Ax, a ropa3zo Oosbliero pa3mepa. JTo, B CBOIO OUepe/ib,
O3HauaeT ropas/io MeHblllee KOJMUeCTBO KoieOaHui, a uemM MeHblIlle KojiebaHuH,
TeM MeHbIIle JjaBjieHue. VITak, O4eBHIHO, UTO MPUHLUIT [Tay/i BXOAUT B UTPY;
OH HACTOJBKO [JaBUT Ha 3/IEKTPOHBI, UTO Te, B COOTBETCTBUU C TPHUHIIATIOM
Heorpesie/ieHHOCTH ['eii3eHOepra, ZeMOHCTPUDPYIOT W30BITOUHBIE KOjeOaHusl.
Yepe3 HEKOTOpoe BpeMsi MbI IpeoOpa3yeM uzel0 HW30BITOUHBIX KojeOaHMiA
B (Qopmyny faBneHHWs, HO CHayaja y3HaeMm, uTo e OyJeT «BO-BTOPBIX».
Tak Kak UMMy/IbC p = mv, TO CKOPOCTh KojieOaHUU TOXKe HMMeeT O0OpaTHYIO
3aBUCUMOCTh OT MAacChl, TaK UTO 3JIEKTPOHBI TIPHITAIOT TYyZa-CIoZia TOpaszio
ObIcTpee, ueM Oosiee TsDKesTbIe sifipa, KOTOPBIE TOXKE UacTh 3Be3/bl. BOT mouemy
JlaB/ieHHe aTOMHBIX sifiep IPeHeOpeXXrMOo MaJo.

NTak, KaK MOXKHO, 3Has UMIY/IbC 3/IeKTPOHA, BBLIUMC/IUTH [laBJI€HUE,
KOTOpOe OKa3bIBaeT COCTOSIIIWN W3 3TUX 37eKTPOHOB ra3? [Ijisi Hauasia HYXKHO
BBISICHUTh, KAaKOTO pa3Mepa [O/DKHBI ObITh OJIOKM, COZiep>Kallyie Iapbl



9/1IeKTPOHOB. Haiiiu maseHbkue 6710k umeroT oobeM (Ax)3, U, TTOCKOTBbKY MBI
JIOJDKHBI pasMeCTUTh BCe 3/IeKTPOHbI BHYTPU 3Be3/bl, BbIPAa3suUTb 3TO MOKHO
B BH/Ie UMCJ/ia 3JIeKTPOHOB BHYTpU 3Be3/bl (N), AeseHHOTro Ha 06beM 3Be3abl (V).
YToObI MOMECTU/IUCH BCe 3/IEKTPOHBI, MOHAA00UTCS poBHO N / 2 KOHTEeHepOB,
TOCKOJIBKY B KaXK[IOM KOHTelHepe MOXKeT pacrojararbCsi /JBa 3/eKTPOHa.
OTO 3HAUUT, UTO KaXK/IbIi KOHTelHep OyzneT 3aHUMaTh 00beM V, neneHHbIN Ha N /
2, To ectb 2(V / N). Ham HeofHOKpaTHO ToHazoOuTcss BenmumHa N / V
(KO/TMYeCTBO 3/IEKTPOHOB Ha eAWHUI]y OO0beMa BHYTPU 3Be3/bl), TaK UTO
TIPUCBOUM el cOOCTBeHHbIN CUMBOJ n. Tereps MOXKHO 3amMcaTh, KAKUM JI0JDKeH
ObITh 00bEM KOHTeMHepOoB, UTOObl B HEM TMOMECTU/IUCh BCE 3/IeKTPOHBI 3Be3/bl,
To ectb (Ax)® = 2 / n. V3pneueHue KyOWUYeCKOro KOpDHsI U3 TIPaBOM YacCTH
ypaBHeHUs JjJaeT BOSMOXKHOCTb BbIBECTH, UTO

Ax=2/n=2/n)">

Tenepb MOXHO COOTHeCTHM 5TO C HAIIKMM BbIDA’)KEHHWEM, I10/1YyYEHHBIM
N3 ITIpUHOWIIAa HeoIlpeaAe/IeHHOCTHM, W  BBbIYHUC/INUTDb TUTTMYHbBIN HUMITYJIbC
3JIEKTPOHOB B COOTBETCTBHHU C UX KBAHTOBBLIMH Ko/1e0aHUAMU:

p~hn/2)?% (2)

rJje 3HaK ~ O3HauaeT «IpPHMepHO paBHO». Pa3yMeeTcsi, ypaBHeHUe
HE MOXET OBbITb TOUHBIM, IIOTOMY UTO BCe 3JIeKTPOHbI HHKAaK He MOTYT
K0J1e0aThbCsl OJJUHAKOBO: OJHU OyyT ABUTATbCS OBICTpEe THUITAYHOTO 3HAUYEHMs,
apyrve MejmneHHee. [IpuHIUIT HeorpeziesieHHOCTH [eii3eHOepra He criocobeH
TOYHO CKa3aTh, CKOJIbKO 3/7IEKTPOHOB JABM)KYTCSI C OJHOUW CKOPOCTBIO, @ CKOJILKO
c gpyroii. OH [aeT BO3MOXKHOCTb CJenaTtb Oojee MpUOIHU3UTE/IbHOE
yTBEP)KJeHHe: HalpuMep, ecau CkKaTb 00/1acTb 3/1IeKTpOHa, TO OH Oyzer
KoJj1e0aTbCsl C WMITY/IbCOM, MPHUMEpPHO paBHbIM h / Ax. Mbl BO3bMEM 3TOT
TUTIAYHBIA UMITYJIbC W TIOJIO)KUM €ro OJWHAKOBBIM [/ BCeX 3/IeKTPOHOB.
Tem caMblM HEMHOrO TOTepsieM B TOUHOCTU BBIUMC/IEHWW, HO CYyII[eCTBEHHO
BbIMI'PaeM B MPOCTOTe, a (U3MKa SIBJIeHWs OTpeJe/ieHHO OCTaHeTCSl TOW >Ke
camoi 28],

Tenepp Mbl 3HaeM CKOpPOCTb 3J/IeKTPOHOB, UTO JaeT /0CTaTOuHO
vH(opMaLMu /1Sl oripejiesieHUs] [aBleHUs, KOTOpOe OHM OKa3bIBalOT Ha Halll
KyOuk. UToObl yOequThCsi B 3TOM, MpeACcTaBbTe, KaK Iie/blii (10T 3/1eKTPOHOB



JBIDKETCS B O[HOM U TOM »Ke HarlpaB/JIeHUM C OJIHOW U TOU ke CKOPOCThiO (V)
10 HarpaBleHWI0 K TMpsiMoMy 3epkany. OHU  ygapsiOTCs O  3epKasio
Y OTCKaKWBalOT, IBUTasiCh BCe C TOM >Ke CKOPOCTBIO, HO Ha cell pa3 B obpaTHOM
Harpap/ieHuy. /laBailiTe BBIUMC/IUM CHTY, C KOTOPOWM 3/IEKTPOHBI J€HCTBYIOT
Ha 3epkaso. [locrme »3Toro MOXHO TiepeiiTh K 0Oosnee peanuCTUUYHBIM
BLIUMC/IEHUSAM JIJI1  C/lydaeB, KOIJla »S7eKTPOHbI JBUTAIOTCS B  Pa3HBIX
HarpaBieHUsiXx. Takasi MeTOAOIOTUsI OUeHb pacrpocTpaHeHa B (pu3MKe: cHadasa
CTOUT IOPa3MbIC/IUTE Hajl 60Jiee MPOCTHLIM BapUAHTOM 3a/lauM, KOTOPYIO XOuelllh
pemmTh. TeM caMbIM MOKHO pa3o0paTbcs B (U3MKe $SIBJIEHHSI C MEHbIINMU
nipobsieMamMul 1 06pecTy yBePeHHOCTh [IJIs peliieHusi 0oJiee cepbe3HOM 3aiaui.

[TpencraBbTe, uTO (JIOT 3/€KTPOHOB COCTOMT M3 N UacTUI[ Ha M3
U [/l TIPOCTOTHI MMeeT B KPYIVIOM CeueHWU IUIomiagb 1 M2, KakK I10Ka3aHo
Ha puc. 12.4. Uepe3 ceKyHAy nv 37eKTPOHOB YJAApUTCsA O 3epKano (ecyid v
13MepsieTCs B MeTpax B CEKYH/Y).

<+«— v X1 cekyHga —»

S @+
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nnowiagb
1 m?

Puc. 12.4. ®noT 5/1eKTPOHOB (Ma/ileHbKHE TOYKH), JBWXKYIUNCS B €IUHOM
HarpaB/ieHUU. Bce 3/1eKTpoHbI B TPyOKe Takoro pasmepa OyayT exeCeKyH[THO
yAapsSIThCS O 3epKajio

Mbl 3HaeM 3TO, TIOTOMY UTO BCe 3JIeKTPOHbI, y/AajeHHble OT 3epKasa
Ha pacctosHue Vv X 1 ¢, OyAyT eXeCeKyHAHO Bpe3aThCsi B 3epKajo.
OTO OTHOCUTCS KO BCEM 3/1eKTpOHaM B TpyOKe, M300pakeHHON Ha PHUCYHKe.
[TockobKy 00beM IWIMHApPA paBeH TIUIOIIA[U €ero TOIMepeyHoro CeueHwus,



TTIOMHO>XeHHOM Ha JyIMHY, TO 00beM TpyOKHM paBeH vV M3, a MOCKO/IbKY BO (hiore
3/IeKTPOHOB Ha 1 M3 MIPUXOUTCS N 3/1IeKTPOHOB, 3HAUUT, €XKeCeKYH/IHO B 3epKasio
Bp€3aeTcsi NV 3/IeKTPOHOB.

Korzia KaXkzipiii 37IeKTPOH OTCKaKUBaeT OT 3epKajia, OH Tojy4yaeT 00paTHbIN
VMMITYJ/IbC, TO €CTb KaXK/bIl 37IEKTPOH U3MeHsieT CBOM UMITY/IbC Ha BeJTMUMHY 2Mmv.
Cuna TpeOyeTcsi Kak Jjsi TOro, utoObl OCTAHOBUTHL [IBWKYIIMMCS aBTOOyC
Y OTIIpaBUTh €ro B TIPOTHMBOIIO/IOKHOM HarlpaB/ieHUM, Tak W JJis TI0BOPOTa
VMMITy/ibCa 3/1eKTpoHa. M TyT BHOBb B Urpy BcTynaeT VMcaak HptoToH. B r1aBe 1
MBI 3alKcaiyd ero BTOPOH 3akoH B Buje F = ma, HO BOOOIIe-TO 3TO YaCTHBIN
ciiyuaii Gosiee obiilero mnpaBu/ia, KOTOPOe TJIACUT, YTO CUJla paBHA W3MEHEHHIO
nmmynbcal?Y, ViTak, Bce 57eKTpOHBI IPUK/IA/IbIBAIOT K 3epKasy obmiyio cuny F =
2mv X (nv), MOTOMy YTO HWMEHHO TaKOBO 00Illlee eKeCEeKyHJHOe H3MeHeHUe
VMMITyJ/IbCa 3/IeKTPOHOB. byiaro/iapsi ToMy, 4To My40K 3/IeKTPOHOB UMeeT T1/I0111a b
1 Mm% TakoBO e OygeT W [JaBleHHe, OKa3blBaeMOe BCEMU 3JIeKTPOHAMMU
Ha 3epKaJlo.

OT myyka DS/7€KTPOHOB [0 ra3a, COCTOSIIEr0 W3 3eKTPOHOB, JIUIIb
MaJieHbKUH 111ar. Mbl 10/DKHBI Terepb y4eCTb, UTO He BCe 3/7IeKTPOHbI ABMKYTCS
B O/JHOM HarlpaB/ieHUM: KaKWe-TO [IBWXKYTCSI BBepX, Kakue-TO BHU3, KaKWe-TO
HaripaBoO, KakKue-TO HajieBO WU T. 7. B pe3ynbrare Mbl AO/DKHBI pas3fieUTh
JlaBjieHre, OKa3biBaeMoe B JItOOOM HaripaB/ieHWH, Ha 6 (BCIIOMHUTe O IIeCTU
rpansx Ky6a). [Momyuurcs (2mv) X (nv) / 6 = nmv? / 3. B 3TOM ypaBHEHUH V
MO>XHO 3aMeHUTh TUITUUHBIMUA CKOPOCTSIMU JIBM)KEHHSI 3/IEKTPOHOB, KOTOpPbIe MbI
MOJIyYWd B TpeAplAylleM ypaBHeHWM (2) Omarojaps  IIPUHLMITY
HeorpeaeneHHOCTH ['eif3eHOepra, ¥ BBIUKMCIUTHL OOIIYI0 BeMUMHY JaBJ/IeHUS,
KOTOpOe OKa3bIBAIOT 37eKTPOHBI B 3Be3/e — 6eom kapuke 8Y:

, 2/3
1 h? /nnN\2/3 1 (1 h? .
P = — hin —\ 5 = = | = _ﬂ-?r—?’
3 Vi 2 3 \2 /i y

Ec/v moMHUTE, MBI TIPeIyTIPEXKJau, UTO 3TO MPUOIHU3UTE/IbHBIN pe3y/bTar.
[TonHbIéi pes3ynbTaT, [Asi KOTOporo TpeOyeTcss ropasfio Oosibllle MaTeMaTUKH,
TaKOB:

2/3 2
L (2) L, ©

P = —
40 \ =« m



OTO OTVIMUHBIA pe3ysbTar. OH TOBOPUT, UTO [laBjieHMe B HEKOTOPOM MeCTe
3Be3/lbl BapbHUPYeTCs TMPOMNOPLIMOHATBLHO KOJUUYECTBY 3/IEKTPOHOB Ha €IUHULLY
oObeMa B 3TOM MecCTe, BO3BeZleHHOM B cTernieHb 5/3. He GecrokoiiTech 0 TOM,
YyTO Mbl He TIONYUYWIA KOHCTAaHTy IIPOMOPLIMOHA/LHOCTU B  3TUX
NpUOIM3UTeNBHBIX pacyeTax, — Ba)KHO, UTO BCe COILIOCh. MBI TéM CaMbIM
CKa3a/i TakXKe, YTO Hallla OLleHKa WMITyJibCa 3J€KTPOHOB, BEpPOSITHO, UyThb
3aBbIllIeHa, UTO OOBSCHSET, TIOUEMY Hallla OI[eHKa JlaB/IeHUs] OKa3asach BHIIIIe
WCTUHHOTO 3HaUeHMUSI.

BrlpakeHue aBieHus1 yepe3 IUVIOTHOCTb JIEKTPOHOB — XOpolllee Hayaslo,
HO HaIlMM IIeJIsIM JIydille COOTBETCTBOBA/IO ObI BBIPA3UTh €ro uepe3 UCTUHHYIO
TJIOTHOCTh 3Be3/jbl. DTO MOXKHO C/ieJlaTh, BbICKAa3aB Ha peJKOCTh 0Oe3oracHoe
TIPe/ITIONIO’KEeHNe, UTO T10/aBJisitolee OOMBIIMHCTBO MACChl 3Be3/bl MMPUXOAUTCS
Ha si/ipa, a He Ha 37eKTPOHbI (Macca mpoTtoHa mpuMmepHo B 2000 pa3 Gosiblie
MaccChl 371eKTpoHa). Mbl 3HaeM Take, YTO KOJIMYEeCTBO 3/71€KTPOHOB B 3Be3/e
JIOJDKHO PaBHSITHCSI KOJTMYECTBY MPOTOHOB, TOTOMY UTO 3Be3/a 3JIeKTpUUYEeCKU
HeliTpanbHa. YTOOBI MOMYUHUTH MACCOBYIO TIJIOTHOCTb, Mbl JIO/DKHBI 3HAaTh,
CKOJIbKO TIDOTOHOB W HEWTPOHOB TIPUXOAWUTCS Ha 1 M3 3Be3fbl, MpPU 3TOM
0 HeWTpoHax 3a0bIBaTh He/b3s, TaK KaK 3TO MOOOUYHBIM TPOAYKT MpoIiecca
cuHTe3a. Y Oosiee nerkux OesbIX Kap/JWKOB SiIPO B OCHOBHOM OyJieT COCTOSITh
U3 rejusi-4, KOHEUHOIO IIPOJYKTa BOJOPOJHOIO CHUHTe3a, a CJie[0BaTesbHO,
KOJIMUeCTBO HEHUTPOHOB YW TPOTOHOB OyzeT OAWHAKOBLIM. Terepb HEMHOIO
00 ycnoBHbIX 0003HaueHusix. HoMep aToMHOM Macchl A YC/IOBHO WCIO/b3YyeTCs
J71s1 0003HaueHHs YKC/Ia IPOTOHOB U HEUTPOHOB B sizipe. [list renusi-4 A = 4.

KonmuecTBO MPOTOHOB B sizipe Mbl 00603HauMM OykBOM Z, Ajis renus Z = 2.
Terepp MOKeM BbIpa3UTb OTHOLIEHWE MeX/y IUIOTHOCTBK) 3/IEKTPOHOB I
Y MaCCOBOM IIJIOTHOCTBIO p:

n=Zp/(m,A),

M Mbl MPEIIONIOKIIN, YTO Macca MPOTOHA, My, paBHA Macce HEHTPOHA,

YTO BIIOJIHE JOCTAaTOUHO /1JIs1 HAIlUX L{eslei.
BemuiHa mpA — 9T0 Macca Kax/oro syipa; Torja p / mpA — KOJIUYeCTBO

sep Ha eguHUIYY oObeMa, a Z — KOJIMUECTBO TIPOTOHOB Ha eAUHUIY 00beMma,
KOTOpOe J0/DKHO COBMAZiaTb C KOJMYECTBOM 3/IeKTPOHOB, UTO M TOIyvYaeTcs
B YpaBHEHUU.

MbI MO)KeM BOCIIO/Ib30BaThCsI 3TUM ypaBHEHHEM, uTOObI 3aMeHUTb N



B ypaBHeHHMU (3), W TOCKOJbKY n TIPOMOPLMOHAIBLHO p, TO OKa3bIBaeTCs,
YTO JaB/ieHHWe BapbUpPyeTCs TMPOIMOPLMOHAIBHO IUIOTHOCTU B CTeleHu 5/3.
MBbI TOJIBKO UTO 0OHAPY>KUJIH CYII[eCTBEHHYIO (PU3UUeCKyI0 3aKOHOMEPHOCTD:

P =xp*, (4)

U He CTOUT C/MIIKOM OeCrioKOMThCS TIO TI0BOJAY KOHKPETHBIX Ludp,
3ajarolyx oOIMi MaciTab [aBjieHusl, Tak YTO Mbl MPOCTO OOBEAVHUINA HUX
BCex B cuMBoJie K. CTOUT OTMETUThb, UTO K 3aBUCUT OT OTHOIeHUs Z U A,
a TIoToMy OyJeT OTIMYaThbCA /i pa3HbIX BHU/IOB 3Be3/] — Oe/bIX Kap/IMKOB.
OO6benvHeHUe YKcesl B OIHOM CUMBOJIe T03BOJISIET YBU/ETh, UTO 3/1eCh Ba)KHO.
B HailleM cjiyyae CUMBOJIbI MOTYT OTBJIeUb OT CAMOTO CYII[eCTBEHHOT0, @ UMEHHO
OT 3aBUCUMOCTH MeXK/y /laB/IeHUEeM U TJIOTHOCTHIO 3Be3/bI.

[Ipexxae uYeM Mbl TPOAO/DKUM, HY)XXHO OTMETUThb, UTO JaBJeHUe,
OKa3bIBaeMOe KBAaHTOBBIMU KOJIeOaHUSIMU, HE 3aBUCUT OT TeMITepaTyphbl 3Be3/Ibl.
BaxkHa TOJIBKO CTereHb ee CxkaTus. [laBjieHue 37eKTPOHOB OyJeT HeCKOJIbKO
Oo/bIIIMM, TIOTOMY UYTO 3/IEKTPOHBI «HOPMAa/bHBIM 00pa3oM» IepeMelaroTCs
Gnaromapsi cBoeli TemriepaTrype, U uUeMm >Kapue 3Be3/la, TeM WHTEHCUBHee OHU
nepemerriatoTcsi. O6 3TOM UCTOUHMKE JIaB/IeHUSI Mbl He CTa/li TOBOPUTh, TIOTOMY
YTO MaJi0 BpeMeHH, a ec/iid Obl TIPUIIJIOCH €T0 PaCCUUTHIBATh, Mbl Obl BBISICHIIH,
YTO OH HAUTOYKEH 10 CPABHEHHIO C TOPa3/i0 OO/BIIIMM KBAaHTOBBIM /[aB/IEHHEM.

MTak, Mbl HaKOHeL|-TO MO)XeM BCTaBUTb ypaBHeHHe KBAaHTOBOTO JaBJeHUs
B K/Tt0OUeBOe ypaBHeHUe (1), KOTOpoe CTOUT 3/1eCh MOBTOPHUTh:

Mf'ﬂ Mm&
(Pefv#om - Pfcp)A = G > . (1)

r

OpHako BCe He TaK MPOCTO, KaK Ka)KeTCsl, MOTOMY 4YTO HY>KHO 3HaThb elje
pa3HUIly JaBJeHUM Ha BEPXHIOI M HIDKHIOI rpaHW KyOa. MOXXHO TOTHOCTBIO
riepenucarb ypaBHeHUe (1) OTHOCMTETBLHO MVIOTHOCTU BHYTPH 3Be3/bl, KOTOpast
cama 1o cebe MeHSIeTCS OT MeCTa K MeCTy BHYTPH 3Be3/bl (MHaue Obl BOKpYT
Kyba He CyIIleCTBOBa/I0 HUKAKOW pa3HUIIbI JABJEHUM), a TIOTOM ITOIBLITAThCS
PEIIUTb ero, 4TtoObl Ompe/le/IMTh, KaK IJIOTHOCTh W3MEHSIeTCS C pacCTOSHUEM
OT 1jeHTpa 3Be3abl. Ho mpu 3TOoM rmipujercsi pemiatbh aud@epeHranbHOe
ypaBHeHHe, a MaTeMaTHMK{d TaKOro YPOBHSI Mbl XOTUM H30exaTb. IIposBUM
1300peTaTrelbHOCTh W MPEATIOUTeM IIOJOJIbIIe IIOAyMaTh M IIOMEHbIIe
MIOCYUTATh, UTOOBI MPUMEHUTh ypaBHeHHe (1) A1t BBIBO/Ia B3aMMOCBSI3M MEXKIY



Maccoy U paZiiycoM 3Be3/ibl — 6es10ro KapJivka.

OueBUIHO, UTO pa3Mep Hallero KyOWKa U ero pacriojiokeHue BHYTpU
3Be3/jbl COBEPILLEHHO MPOU3BOJIbHBI, [I03TOMY HUKaKHe BbIBOJABI O CaMOM 3Be3/e
He MOTYyT 3aBUCeTb OT 3TUX JeTasied. HauHem C TOro, 4to cpejiaeM HeYTO
coBepIlieHHO Oecriosie3Hoe Ha TepBbId B3IVIS/,

MpbI MeeM BO3MOKHOCTb BbIPasWThb pasMep U MeCTOHaXOXKJeHue Halllero
Kyba uepe3 pa3mep Bceil 3Be3zibl. Eci R — paguyc 3Be3/bl, MOXKHO 3arvcaTh
paccrosiHve Kyba OT 1ieHTpa 3Be3/bl Kak r = aR, riae a — mpocto Ge3pa3mepHoe
yncio Mexay O u 1. Tlom 6e3pa3sMepHOCTbIO Mbl TIOHMMaeM TO, UTO OHO
He COOTBeTCTBYeT HMKAKOW e[MHHLIe, 3TO TOJIbKO YKMC/IeHHbIW ToKa3aresb. Ecimn
a = 1, To Ky0O HaxoAUTCI Ha TIOBEPXHOCTH 3Be3/bl, a €CIU a = Y,
KyD pacrnonioxeH CTporo rocepefuHe. TOUHO Tak ke MOXXHO BbIPa3UTh pa3Mep
Kyba uepe3 pazauyc 3Be3pl. Eciu L — ayivHa cTOpoHbI Kyba, Mbl MOYKEM 3arucaTth
L = bR, e b — 3TO OnAATh >Ke TOJILKO YMCJ/IEHHBIN M0Ka3are/ib, KOTOPbIN JO/DKEeH
ObITh OuUeHb MaJj, eClId Halll Ky0 Man OTHOCUTE/NbHO 3Be3fibl. 371eCh HeT
abCoJIFOTHO HUUETO CJIOKHOTO, TaK UTO Ha 3TOM JTarle BCe IO/DKHO Ka3aTbCs
HACTOJIbKO MPOCTBIM, UTO 3alMChIBATh, KAXKETCS, axke OeCroiesHo.

3aMeTuM TOJIbKO, 4YTO WCIIO/b30BaTh pacCTosiHue R COBepIIeHHO
eCTeCTBEeHHO, TIOTOMY UTO HeT /JADYTMX OTHOCAIUXCS K 0e/loMy Kap/uKy
pacCTOsiHUM, KOTOpble MOIIM Obl TIPE/ICTaBASATh CKOJb-HUOYAb pa3yMHYHO
a/lbTepHAaTHBY.

Mbl MOXeM TIpOZIO/KaTh CBOU «0eCcCMbIC/IeHHbIe» 3aHSATHS W BbIPa3UTh
TJIOTHOCTh 3Be3/lbl B MeCTe HaXox/eHusi Kyba uepe3 Cpe[HIOH TIOTHOCTh
3Be3/Ibl. 3aluilieM, uTo p = fp, rje f — OmsTh ke MPOCTO YKUC/IeHHbIH [T0Ka3aTeb,
a p — CpefiHsisl TIOTHOCTh 3Be3/ibl. Kak Mbl y)Ke yKa3bIBajIM, IJIOTHOCTh KyOa
3aBUCHUT OT ero IMOJIOKeHUsS] BHYTPU 3Be3/bl — ueM O/IibKe K 1[eHTPY, TeM 0oJibIlie
TUVIOTHOCTh. Tak Kak CpefHsist MJIOTHOCTh P OT ITIOJIOKEeHHs Kyba He 3aBHCHT,
3aBUCHUMOCTh JIO/DKeH OOHapy’KvBaTh TOKa3aTesib f, KOTOPBIM, TakuM 00pa3oM,
3aBUCUT OT PAacCTOSIHUS I, a CJlefloBaTe/bHO, U OT Mpou3BefeHus: aR. U 3t1o
K/ItoueBasi MHQOpMalusi, Jexkaljas B OCHOBE BCeX HallUMX MOC/IeIYHOIINX
BBIUUC/IEHUM: [ — 3TO UUCTOe UUCI0, a R — He 4YucToe 4MC/io, a pe3y/bTar
v3MepeHusi pacctosiHusl. M f MoXXeT 3aBUCETb TOMBKO OT d, a HUKaK He OT R.
OTO OUeHb BaXKHBIM pe3yJibTar, [I0TOMY UTO OH CBU/IeTe/IbCTBYET, UTO IIJIOTHOCTD
Genoro KapivkKa «He 3aBUCUT OT Maciutaba». 3TO 3HAUWT, UTO TIJIOTHOCTb
V3MEeHsIeTCd Ha paJilyCce He3aBHMCHMO OT BeJIMUMHBI 3TOro pajguyca. Harpuwmep,
IUVIOTHOCTL B TOYKe, paCloO/OKeHHOM Ha 3 pacCTOssHUS OT  L|eHTpa
[0 TIOBEPXHOCTH 3Be3/lbl, Oy/leT COBepIlieHHO O/MHAKOBOW B /r000M Oesiom
Kap/iMKe He3aBUCUMO OT ero pasmepa. EcTh [Ba crmocoba OI|eHKH 3TOTO
VCK/TFOUMTE/IbHO Ba)KHOTO pe3y/ibTaTa, U Mbl PELIW/IU, UTO TIpUBeJeM 37ech o0a.



OmvH u3 Hac OOBsICHAET 3TO Tak: «/leso B ToM, uTo Jitobass Ge3pa3mepHast
dbyHkims ot r (a f — 3T0O UMEHHO OHAa) MOXKeT OBbITb TOMBKO Oe3pa3MepHOM,
TaK KakK 93T0 (QyHKUusi Oe3pa3MepHON mepeMeHHOW, a eJIUHCTBeHHas
Ge3pa3MepHasi TilepeMeHHasi B HallleM Ciaydae — 3To ' / R = a, mockoyibKy R —
eIMHCTBEHHas BeJIMUMHa, CBSI3aHHAasl C PaCCTOSIHMEM, U3 HaXOJSIIUXCSl B HallleM
pacriopsHKeHU».

Bropoii coaBTop cuuTaer 0Oosee UYeTKUM C/eAyroillee pa3bsiCHEHUe:
«f MOXeT B TIPDUHLIUAIIE T0-Pa3HOMY CJIOKHbIM 00pa3oM 3aBUCETb OT I —
paccrosiHus KyOWKa OT IieHTpa 3Be3bl. Ho faBaiiTe mMpeicTaBUM, UTO 3TU
BeJIMUMHBI TIPSIMO TIPOTIOPI[MOHA/bHBI, TO eCTh [ « r. UHbIMU ciioBamy, f = Br,
rie B — koHCTaHTa. 37eCb CaMOe BaKHOE TO, UTO [ — UWCTO YUCIEeHHbIN
roKasaresib, B TO BpeMsi KakK I U3MepsieTcsi, Hampumep, B MeTpax. Otcroza
cienyeT, 4to B momKHO u3MepATbCs B 1/M, uTOOBI eJUHUIIbI PaCCTOSTHUS
B3aMMHO COKpalllaiuch. MTak, uTO HY)KHO BbIOpaTh nA7si B? Mbl He Mokem
Ha3HAUMTh HEUTO MPOU3BOJIbHOE, HarpuMep «1 00paTHBIM MeTp», IMTOCKOJ/IBKY 3TO
OecCcMBIC/IEHHO U HUKaK He CBSI3aHO CO 3Be3/oi. [Touemy, Haripumep, He BbIOpaTh
ofuH oOpaTHBIM CBeTOBOW TIOfi, TIOAYYMB COBEpILEHHO JpYyroi OTBeT?
EJWHCTBEHHOe pacCTOsiHWE, C KOTOPbIM Mbl UMeeM [Jieio, — 3T0 R, gusnueckuii
pajiiyCc 3Be3/bl, TaK 4YTO TMPU/ETCS UCIOoIb30BaTh ero, utobel f Bcerga
0CTaBasI0Ch UACTHIM UYKUCIOM. DTO 3HAYUT, UTO [ MOXKET 3aBUCEThb TOJBKO OT I' / R.
Bbl, HaBepHOe, y»Ke TOHSUIU, UTO TOT Ke BbIBOJ, MOXKHO ObL/IO c/ienaThb, ec/iv Obl
MbI Haya/ii C TIPe/To/ioyKeHus], uTo, Haripumep, [ « r2». CoOCTBEHHO, POBHO
TO K€ TOBOPWJI U MePBbIi COABTOP, TOJBKO Ceiluac BBIILIO JJTUHHEE.

OTO 3HAUWT, YTO MOXXHO BBIpa3WTh MacCy Hailiero Kybuka pasmepoMm L
U obbeMoM L3, HaXofslillerocs Ha pacCTOSTHUM I OT LieHTpa 3Be3[bl, B BU/E
Mcube = f(a)L3p. Mb1 Hamicanu f(a), a He TIPOCTO f, uTOOLI He 3a0bIBaTh, UTO f
Ha Jlesie 3aBUCUT OT Halllero Bbibopa a = r / R, a He OT KaKMX-TO MacCITaOHbIX
CBOMCTB 3Be3/ibl. TOT >Ke apryMeHT MOXKHO MCII0/Ib30BaTh MPY YKa3aHUU, UTO MbI
MOXKeM 3anucaTb Min = g(a)M, tae g(a) — 3TO OMSTh >Ke TOJbKO (YHKIUS OT d.
Hanpumep, ¢yHkuus g(a), BeicuMTaHHasi Ajasi a = Y5, MOACKa3biBaeT, KakKoe
KOJIMYECTBO MacChl 3Be3/bl TPUXOJUTCS Ha cdepy C pajuycoM, pPaBHBbIM
TI0JIOBUHE pajiyca BCel 3Be3/bl, U 3TO KOJIMUeCTBO HEM3MEeHHO /IJisl BCeX OesTbix
Kap/JIMKOB HEe3aBUCMMO OT UWX pajdyca TI0 TpUYMHe, T[PUBEJEeHHOU
B mpeisigymem a63anel®l. Bpl Morm  3amMeTuTh, UTO MBI [IOCTOSIHHO
n30aB/sieMCsi OT TeX CHUMBOJIOB, KOTOpble BCTpeuaroTcs B ypaBHeHuM (1),
3aMeHsIT UX Oe3pasMepHbIMM BenuuvHamu (a, b, f U g), TTOMHO)XeHHBIMU
Ha BeJIMUMHBI, 3aBUCALME TOJBKO OT MacChl W pajuyca 3Be3fbl (CpeHsis
IJIOTHOCTh 3Be3/bI OIpe/e/seTcs uepe3 M u R, IOCKOMbLKY p = M/ Vu V = 4nR3
/ 3, obbem cdepsl). B moBepiiieHre HY>KHO CjleflaTh TO Ke caMoe /il Pa3HULIbI



JaBJIeHWM, KOTOpPYIHO Mbl Omarofiaps ypaBHeHHIO (4) MOXXeM 3arucaTh
Kak Pbottom — Ptop = = h(a, b)xp®3, tne h(a, b) — 6e3pa3mepHasi Be/MUMHa.
To, uto h(a, b) 3aBUCUT OIHOBpPeMEHHO OT a U b, CBsSI3aHO C TeM, UTO pa3HUIlA
JlaBJIeHUI 3aBUCUT He TOJIbKO OT MeCTOIOJIOXKeHHUsT KyOa (TipeJCcTaBIeHHOro a),
HO U OT ero obbema (TipezCTaB/eHHOTO b): y Oomee KPyIHBIX KyOOB Oosiblie
pasHulia jAaBneHuii. CaMoe BakHOe 37ecCh TO, UTO, Kak u f(a), u g(a), h(a, b)
He MOXXeT 3aBUCeTh OT pajiiyca 3Be3/bl.

MpbI MO)KeM BOCIT0/Tb30BaThCsl TOMIBKO UTO BbIBeIeHHbIMU BbIPa)KeHUSIMHU
Y Tlepenvcarb ypaBHeHue (1):

(eM) x (fo°R>p)
a’R?

KaxkeTcsi, 4TO B ypaBHEHMM I[apUT XaoC; HETOX0Ke, UTOOBI yKe
Ha CleAyrolled CTPaHULe Mbl TPUILIM K pe3yibrary. [7laBHOe — 3aMeTuTh,
YTO ypaBHEHHE BbIPA)KAET OTHOLIEHUSI MEXIY MacCOU 3Be3/lbl U ee PafiuyCoM —
KOHKDeTHasi 3aBUCUMMOCTh MeXJy HUMH Yy)Ke HalllyNbIBaeTcsd (WA Ha BUAY,
HO YYJOBMIIHO Jajeka — B 3aBUCHMOCTHM OT Balller0 YPOBHSI B/aJeHUs
MaremaTtukou). Iloc/ie BBeleHMsI B Hallle XaOTUYeCKOe YpaBHEHHe CpeaHeun
IJIOTHOCTH 3Be3Abl (To ectb p = M / (4nR3 / 3)) OHO TIpUHMMAET
CNenyroLAnd BU/;

RM 7 = % /(AG), (5)

bxp?) X (FR*) = G
e

rae

AN
3 ha?

Teriepb A 3aBUCUT TOMBKO OT 0Oe3pa3MepHBIX BenuuuH a, b, f, g u h,
a CJiefloBaTe/IbHO, He 3aBUCUT OT BeJIMUMH, KOTOpbIe OMMCHIBAIOT 3Be3/y B LIe/IOM,
M v R, a cnepoBatenibHO, A IO/DKHA MMETh OJHO M TO K€ 3HaueHue [Jisi BCeX
GenbIX KapIUKOB.

A =



Ecnu Bac uHTepecyeT, uTo TIPOU30ii/ieT, eC/ii U3MeHUTh a u/unu b (To ecthb
HM3MEHUTb MeCTOIIO/IOKeHWe W/WIM pa3Mephl Halllero KyOHKa), TO Bbl YITyCTH/IH
I7laBHOE B HaIllMX apryMmeHTrax. Eciu mMoHuMaTh OyKBalbHO, KaXkeTcs,
YTO M3MeHeHHWe d U b U3MeHUT U A, TaK UTO Mbl TIOJIyUYUM JPYrou pe3y/bTar
IS RM”*. Ho Be/lb 3TO HEBO3MOXHO, TaK KakK U3BECTHO, 4TO RM” 3aBucut
OT CaMOM 3Be3/lbl, @ He OT KOHKDETHBIX CBOMCTB TOTO KyOWKa, KOTODbIA MbI
npyiyMasad (Ui He OpUAYMasn).

OTO 3HAUWT, UTO /IOObIe U3MEHEHHUSI d WU b JO/HKHBI KOMITEHCUPOBATHCS
COOTBETCTBYIOIIUMU U3MeHeHUsIMU [, g U h.

YpaBHeHue (5) JOBOJBLHO YBEPEHHO YTBEP)KJAeT, UTO Oesible KapIMKH
MOT'YT CyllleCTBOBaThb. [le/10 B TOM, UTO HaM y[aJoCh YPaBHOBECUTHL ypaBHeHUe
rpaBUTALUM-/|aB/ieHus] — ypaBHeHUe (1). 3To ObLJI0O He TaK-TO TMPOCTO: BIIOJIHE
MOIJIO OKa3aTbCsl, YTO YpaBHEHUIO He Y 0BJIeTBOPsieT HU OAHO coueTaHue M u R.
YpaBHeHue (5) TakKe TMpe/cKasblBaeT, uTo BeauuuMHa RM” [o/KHa ObITh
MOCTOSIHHOMN. VIHBIMM C/I0BaMH, €C/TM TIOCMOTPeTh Ha HeO0 W U3MEPUTh PaJiuycC
U Maccy O6enbIx KaplIMKOB, Mbl [IO/DKHBI OOHApY>KUTb, UTO pajinyC,
TMOMHOXEHHbIA Ha KBaJIPAaTHBIM KOPEHb MacChl, AACT OAWH U TOT K€ pe3yJibTar
Au1si iioboro 6eoro Kapavka. ITo CMesioe MpeficKa3aHue.

TONbKO UTO W3/0’KEHHBIM apryMeHT MOXKHO elle YCWIUThb, IMOCKOJIbKY
BO3MOYKHO C TOYHOCTBIO BBIUMC/IUTL 3HaueHue A, mpaja, AJis 3TOT0 TMPUJeTCs
peuTh AuddepeHiiManbHOe ypaBHeHWe BTOPOTO TOpsiika C YUeTOM IJIOTHOCTH,
a Takasi MaTeMaTHKa JIEXXUT [Ia/ieKo 3a mpefiesiaMuy Hallleld KHUry. [ToMHuTe, uTo
A — 3TO UMCTOEe UYMC/O: OHO 3HAUMT TOMBKO «TO, UTO 3HAUUT», U Mbl MOXEM
BLIUMC/IUTH €ro C TIPUB/IEUEHHMEM MaTeMaTWKH 4UyTb Oojiee BBICOKOTO YPOBHSI.
ToT (akT, uTO 37€Ch Mbl He CTaJM 3TMM 3aHUMAaThCSl, He JOJDKEH 3aTMeBaThb
HaIlMX [JOCTW)KEHHWM: MbI I0Ka3ajM, uTo Oesible KapJUKU MOTYT CYII[eCTBOBaTh,
Y CyMeJd cZienaTh TpeJCcKa3aHue, CBsi3aHHOe C MX Maccou U paguycoM. [locne
BbIUMCTeHUsI A (KOTOpOe MOXXHO BBITIOJIHUTh Ha [OMalllHEM KOMIIbIOTepe)
Y BBeJIeHUs 3HaueHu Ay1si K U G Hallle Tipe/icKa3aHue TIpUMeT BU/I:

RM” = (3,5 x 107 k" m) x (Z / A)5,

yto paBHsieTcd 1,1 x 1017 krl/3 M ajis sgpep, COCTOSALMX U3 UUCTOTO rejivs,
yrnepoja iy kucjaopoga (rae Z / A = V4). ns xene3nbix sifep Z / A = 26/56,
Tak uro 1,1 ceogurca nouty K 1,0. Mbl nponucTanu CripaBOYHYIO JIATeparypy
1 cobpanu faHHbIe 0 MaccaxX U pajrycax 16 OesbIx KapavKOB, PACIIOIOKeHHBIX
B Mieunom ITytu, 6ivkaiiiied K HaM TajlakTvke. st KayKIoi Takou 3Be3/ibl MbI



BBLIUMCIUINA 3HaueHMe RM”, u pesynbTaThl aCTPOHOMHUECKMX HabmofeHuit
ToKa3aiM, 4To OHO npubmusutensHo pasHo 0,9 x 10Y kr” m. CoorBercTBHe
MEXIy  HaOMoJeHWssMU U TeOPeTUYECKUMHM  BBIKJIAJKaMH  IIPOCTO
TOpa3UTe/IbHOe: C MOMOIIbI0 TpUHIMIA Ilay/iu, TpUHIUIIA HeompeaeIeHHOCTH
lefizenOepra W 3akoHa MpUTsDKeHWss HblOTOHA MbI CyMenud IIpe/cKas3aTh
3aBUCUMOCTh MEK/Iy MacCOW ¥ PajIdyCoM Jjisi Oe/bIX Kap/TUKOB.

Pa3ymeeTcs, B UMC/Iax eCTh HeKasi IPUOIM3UTeTbHOCTE (HallpuMep, Teopust
naet 1,1 wi 1,0, a pe3ynbrar Habmogenuii — 0,9). Byab y Hac HacCTOSIIMM
HayUHbBIM aHa/Tu3, Mbl ObI Haua/IM cefiuac TOBOPUTh, HACKOJIBKO BEPOSTHO TIOJTHOE
COOTBETCTBHE TEOPHWU JKCIIEPUMEHTY, HO /i1 HalluX I[efied Takou
aHAJTUTUYECKUI YPOBEHb He CTOJIb He00X0/IM, TIOTOMY UTO COOTBETCTBHE U TaK
YAWBUTEILHO Herioxoe. IIpocTo (haHTacTHKa, YTO MBI CyMeJH TIOACUNTATh BCe
3TO C TOTPEeITHOCThI0 TipuMepHO 10 %, U 3T0 ybenuTe/bHOE [[0Ka3aTebCTBO
HaIlleTo MPWIMYHOTO TIOHUMAaHUsI KBaHTOBOW MeXaHWKH U 3Be3[.

[TpodeccronambHble PU3MKU U ACTPOHOMBI Ha 3TOM Obl HE OCTAaHOBUJIHCh.
OHu OBl pelvIM TIPOBEPUTH TeOpeTHYeckoe TIOHMMaHWe B MeJTbUaMimX
TOAPOOHOCTSIX, /i1 Uero CJieloBa/io Obl Y/IyUINNTL Hallle OMUCaHWe B STIAJIOTE.
B 4acTHOCTH, YTOUHEHHbBIN aHa/M3 MPUHSUT Obl BO BHUMAaHWeE, UTO TeMIiepaTrypa
3Be3/Ibl BCe JKe UrPaeT HEKOTOPYIO POJib B ee CTPYKType. bosiee TOro, 3/1eKTPOHBI
POSITCSI BOKPYT TTOJIOXKUTETHHO 3apsDKEHHBIX aTOMHBIX s/Iep, a B HAIlIMX pacueTax
MBI TIOJTHOCTBIO TIpeHeOperyid  B3aUMOJEMCTBUSIMU  MEXIY 3/IeKTPOHAMU
U sapamMyd (a 3a0JHO W MEXAy CaMHUMH 3/1eKTpOHamMH). MBI He CTaid UX
YUUTBIBAaTh, IOTOMY UTO Cpa3y >Ke 3asiBW/IM: OHU BHECYT JIWIIb He3HAUNTe/IbHbIe
KOPPEKTHBBI B IPOCTOE pellleHre. DTO 3asiBjieHWe ObLIO TIOATBEP)KIeHO Oosiee
NoAipoOHBIMU  pacueTaMy, W BOT TIOUEMY Hallle YIPOINleHHOe pellleHre Tak
XOPOIIIO0 COOTHOCHUTCSI C JIAHHBIMHU.

OueBUZIHO, UTO MBI y3HAIM Y)Ke OUYeHb MHOTO HOBOTO: YCTaHOBUIIH,
UTO JlaB/IEHWe 3/IEKTPOHOB CIIOCOOHO TIOAJep)KMBaTh CYIIleCTBOBaHUE 6eoro
Kap/vKa, U CyMeJIM C OIpe/ie/IeHHONH TOUYHOCTBIO TIpe/iCKa3aTh, KaK MEHSIeTCs
paguyc 3Be3/bl C TIpUOaB/IeHWEM WM CHIKEHWEM ee MacChl. 3aMeTkTe, uTo,
B OT/IMUHE OT «OOBIYHBIX» 3Be3[l, WHTEHCHBHO >KI'YI[UX TOprouee, Oesbie
Kap/IMKW [apa/loKCaibHBIM 00pa30M YMEeHBINAIOTCsA C TIpHOaB/ieHWEM MacChl.
OTo ToTOMY, UTO J00aB/IEHHAst Macca UJeT Ha yBeWdeHre rpaBUTAIVU 3Be3/Ibl,
3aCTaB/isii ee CKUMaThCs. Ha TiepBbIM B3IVISIT OTHOIIEHUS, BbIPa)KEHHbBIE
B ypaBHeHuu (5), TIpe/Iio/iararmT, 4To HeoOXoquMO [00aBUTH OeCKOHEeuHoe
KO/TMUECTBO MacChl, TIPeXKe YeM 3Be3/la COXMETCS 0 HYJ/IEBOrO pa3Mepa.
OfiHaKO 3TOr0 He TPOUCXOAWT. Ba)kHO, KaK Mbl TOBODWJIM B CAMOM Hauaje
SMUJIOTA, YTO MbI TTOCTEIEHHO TEPEeXOJUM B TO COCTOSTHHE, KOTZiA 3/I€KTPOHBI



pa3MeIalTCsl OueHb IIJIOTHO, U TIePBOCTENEHHYH0 Ba)KHOCTh oOpeTaer
crieliajbHasi TeOpUsi OTHOCUTENBHOCTU OWHINTEMHA, MOTOMY 4YTO CKOPOCTh
9JIEKTPOHOB TIPUOMMKAaeTC K CKOPOCTHM CBeTa. B pe3ynbrare Mbl JIO/DKHBI
OTKa3aThbCsl B pacueTax OT 3aKOHOB JBW>KeHUs HblOTOHa, 3aMeHMB UX 3aKOHAaMU
OWHILTeMHa. B 3TOM-TO BCe U zieno.

MpI cefiuac 0OHapy>KUM, UTO MPHA POCTe MAaCCHUBHOCTH 3Be3/bl /laBjieHHe,
OKa3bIBaeMOe 37IeKTPOHAMH, TepecTaeT ObITb IPOITOPIIMOHAILHBIM TJIOTHOCTH,
BO3BE/IECHHOM B CTereHb 5/3; C KAaKOro-TO MOMEHTa /[iaB/ieHue HadyuHaeT
BO3pacTaTb MeJjieHHee, 4eM TIUIOTHOCTb. PacueTbl Mbl MpOBeAeM, HO TIOKa
MOXXHO OTMETHTb, UYTO 95TO TPO3UT KaTacTpOoUUeCKUMM T[0C/Ie[CTBUSIMU
IS 3Be37ibl. [lesio B TOM, UTO MpU MpHOaBIeHUM MacChl OOBIUHOE yBeTuYeHUe
rpaBUTALM OyJIeT COMPOBOXK/IAaThCSI MEHBIIIMM yBenueHueM jaiieHust. Cyabba
3Be3/Ibl 3aBUCUT OT TOTO, HACKOJIbKO MEHBIIIMM OyZleT 3TO yBe/MueHue /1aB/IeHus
110 CPABHEHUIO C YBeJIMUEHHEM TIJIOTHOCTH, €CJTH 3IeKTPOHBI ABMXXYTCS OBICTPO.
WTak, HacTasio BpeMsl BBIICHUTh, KaKUM Oy[eT AaB/ieHUe «PeISITUBHUCTCKOTO»
rasa.

K cuacTbio, HaM He HY)>KHO BBbIKAaTbIBaTh Ha CLIEHY FPOMO3JKHE MEXaHU3MbI
Teopur OUWHINTEWHa, MOTOMYy YTO pacyeT /aB/le€HUs] B rase, KOTOPbIM COCTOUT
W3 9/IeKTPOHOB, [IBIDKYIIUXCS CO CKOPOCTBbIO, OJIM3KOM K CBETOBOW,
MPOM3BOJUTCS TIOYTH MO TEeM >Ke JieKajaM, 4TO W JJisi ras3a, COCTOSIEro
U3 «MeJJIeHHbIX» 3JIeKTPOHOB. KitoueBasi pa3HuIla B TOM, YTO Mbl HE MOXEM
Obonee omupaTbCsd Ha YypaBHEHHWe p = mv, TaK KaK 3TO CTaHOBUTCS
HEKOppeKTHbIM. OJJHAKO MO-TIpe)KHEMY BEpPHO, UTO CHUJ/la, C KOTOPOW JeUCTBYIOT
3/IeKTPOHbI, PaBHAa W3MEHEHWI0 UX HMITy/bca. PaHee Mbl BbIBeU, UTO (HIOT
5JIEKTPOHOB, OTPAXKaIOIIUXCS OT 3epKajia, OKa3bIBaeT AaBjaeHue P = 2mv X (nv).
st pensiTUBUCTCKOTO CJ/Ty4yasi MOXKHO 3arvcaTh TO K€ BbIpakKeHHe, 3aMEeHUB My
UMITyJIbCOM p. MBI TakKe TiojlaTaeM, UTO CKOPOCTh 37eKTPOHOB O/M3Ka
K CKOPOCTH CBeTa, TaK 4YTO 3aMeHsieM V Ha c. HakoHer], uToOBI TO/JyYUTH
JlaB/ieHre B 3Be3/le, HY)KHO He 3abbIBaTh O fejieHWH Ha 6. VTak, Mbl MOXeM
3amnucarh JaBjeHre [Jisi PeIITUBUCTCKOrO ra3a Kak P = 2p x nc/ 6 = pnc/ 3.

Kak u paHee, MOXXeM BOCITIO/Ib30BaThbCsl MPUHI[AIIOM HeOIpeJe/eHHOCTH
leit3eHOepra M ykKasaTh, UTO, MOCKOMBKY THUITAYHBIA WMITY/IbC OTPaHUUYEHHBIX

3/1eKTPOHOB paseH h(n/2)”, To

®
1 n\ V3
P = —mh|— x 7>,
3



MBI onsITh MOXKEM CPaBHHUTL 3TOT pe3y/ibTdT C TOYHLIM pelIeHHeM, KOTOpOoe
BBIIVIAOANT TakK:

1 3 1/3
_ (2 o 4/3
16 \ = '

HakoHel], MOXXeM BOCIO/Ib30BaThCsl TIPUBBIYHOW METO/0/IOTHeM, UTOObI
BbIDa3UTh /[laB/leHWe Yepe3 MacCOBYKH IUIOTHOCTb 3Be3[lbl M  BbIBECTH
a/bTepHaTHBY YpaBHEHUIO (4):

P=kK' P4/3,

re k' « he x (Z / (Amp))*3. Kak Mbl u obeljany, jaBieHre, aHaJ0TMYHO
IUIOTHOCTH, YBe/MUYMBAeTCsl MeJJIeHHee, YeM B HepPeJITUBHUCTCKOM Cilyuvae,
a UMEHHO: IUIOTHOCTh yBe/JIM4YMBaeTcsl CO CrerneHbt0 4/3, a He 5/3. IIpuunnHa
TaKOro 3aMejjieHus] KpPOeTCs B TOM, YTO 3JIKTPOHBI He MOTYT JBUIaTbCsl
ObICTpee CKOPOCTM CBeTa. JTO 3HAUWT, UTO «BEKTOPHBIM» T[IOKa3areib nv,
KOTOPBIM MBI UCI0JIb30Ba/IM [/Is1 BBIUKMC/IeHWS [aB/IeHus], TlepeHachIlliaeTcs B nc,
U Ta3 He MOXKeT MepeHecTH 37eKTPOHbI K 3epKany (Wid rpaHu Kyba), uToObI
ToJ/lepsK1Bajach MIOTHOCTb p°'°. Tereph MOXXHO M3YUMThb MOC/EJCTBUS TAKHX
V3MEeHEeHWH,  TIOCKOJIbKY C  TOMOLb0  TexX  JKe  pacCyK[eHuH,
UYTO U B HEPeJIATUBUCTCKOM CJiydyae, Mbl MOXKEM TMPUUTH K aHAJIOTy ypaBHEHUs

(5):

K'M*3 « GM>.

OTO O4eHb Ba)KHbIM pe3y/bTat, IOTOMY 4YTO, B OT/IMYMe OT ypaBHeHUs (5),
37leCb OTCYTCTBYeT Kakasi-ii00 3aBUCUMOCTb OT Pajiiyca 3Be3[bl. YpaBHeHUe
TJIACUT, UTO 3Be3/la 3TOTO THTIa, MeperoHeHHast OUeHb ObICTPBIMU /IEKTPOHAMU,
MOXKeT WMeTb JIUIIb OYeHb KOHKPETHYIO MaccCy. BBe[si B ypaBHeHUe BMeCTO k'
BbIpaKeHUe U3 Tipe/iblyliiero ab3aiia, moayuum ciiefiyroliee rpecKa3aHue:



3/2
he Z
Mo (2 L
G Am '
P

O6 3TOM-TO pe3yasTaTe Mbl M TOBOPUIM B CaMOM Hadajae SIH/IOTa
KaK 0 MaKCHMajbHOH Macce, KOTOPYIO MOXKET UMeTh 3Be3Ja — Oesblil KapJvK.
Meb! O4yeHb G/M3KM K TOMY, uTOOGbI BOCIIPOM3BECTH pe3ynbTarT UaHpacekapa.
OcTaeTcsi JMIIb TOHATh, MOYeMy MMeHHO 3TO KOHKPeTHOe 3HaueHHe U eCTb
MaKCHMa/IbHO BO3MO)KHasi Macca.

MBI 3HaeM, 4TO y He CJTMIIKOM MAaCCHBHBIX 6Ge/bIX KapIUKOB pajuyc byzeT
He C/IMIIKOM Maj, a 37eKTPOHbI — He C/IMIIKOM YIUIOTHeHbl. Takum o6pasom,
OHH He COBEpIIAIOT upe3MepHbIX KBAHTOBBIX Ko/meOaHWi, a HX CKOPOCTh
110 CPaBHEHMIO CO CKOPOCTBIO CBeTa HeBelMKa. MbI 3HaeM, uTO 3T 3Be3[bl
cTabU/IbHEl C OTHOLIEHMEM MacChl M pajuyca B ¢opme RM” = KoHCTaHTa.
Teneps Npe/CTaBETe, UTO 3Be3/a oOpeTaeT 60/bINYI0 MacCy. OTHOLIEHUS MEXIY
Maccoii M pajMycoM JaroT TIOHATb, UTO TP 3TOM 3Be37a yMeHbILaeTcH,
M 3MeKTPOHbl B pe3y/lbTaTe elje OOJbIIe CKUMAIOTCSA, a C/lefoBaTe/lbHo,
nepeMeljaloTcs  ObicTpee. JIo6aBUM Macckl — M 3Be3jja  elje HEeMHOIO
yMeHbIIUTCS. [Ipy yBeMUeHUH MacChl YBeIMUMBAETCS CKOPOCTh 3/IEKTPOHOB,
TI0Ka OHM CO BpeMeHeM He HAauMHAIOT JBUraThCs CO CKOPOCTSMH, CPABHUMBIMU
CO CKOPOCTBIO CBeTa. B To ke BpeMs JaB/eHue MOCTeNeHHO U3MeHsieTcs ¢ P «
p’3 1o P « p*3, u B mocnegHeMm ciydae 3Bessia GyneT CTabUIbHA TOJMBKO
TP KOHKPETHOM 3HAueHHMM Macchl. ECM Macca BbIle 3TOTO KOHKPETHOTO
3HAUeHUs, TO TIpaBasi YacThb BbIpakeHHss k'MY3 « GM? Gomblle, ueM jeBasd,
TO eCTb ypaBHEHHe OKa3blBAeTCs HEBepHBIM. OTO 3HA4yWT, UTO JaBJIeHUS
3/1eKTPOHOB (KOTOPOE OTPaKeHO B JIeBO UaCTH ypaBHeHMs) He0CTaTOYHoO,
yTOOBI yPaBHOBECHTb BHYTPEHHIOIO IPAaBUTAIMIO (TIPUCYTCTBYIOLIYIO B IIPaBOM
yacTH), ¥ 3Be37ly OKU/aeT Hen3beXKHbIil KOJLIarIC.

Eciu 661 MBI 6osee TIATebHO BLIYMCIAIM HMITYIbC 3/€KTPOHA
¥ BBIKATU/IM Obl Ha CIIeHY BBICIIYIO MaTeMaTUKy JJIsl TI0fiCUeTa OTCYTCTBYIOIINX
mupp (OmATh e ferkas 3ajaua /s NepCOHANLHOTO KOMITBIOTEpPA), MOXKHO
651710 ObI C/leaTh TOYHOE TIpe/iCcKa3aHe MaKCUMaIbHOI Macchl 6e/10ro Kap/ivka.
OmHa paBHa:
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rJie Mbl BbIpa)kaeM MHOXXeCTBO (PU3HuUeCKHX KOHCTAHT uepe3 MacCy Halllero
ConHua (M). 3ameTbTe, KCTaTH, UTO BeChb [OIOJHUTE/IbHBIA TSDKKUM TPYI,
OT KOTOpPOrO Mbl OTKa3ajuCh, JaeT B pe3y/bTaTe BCEro JIMIIb KOHCTAHTY
IPOIOPLIMOHA/ILHOCTA €O 3HaueHueM (,2. DTO ypaBHeHHWe U BbIpaXkaeT
BOX/e/leHHbIU rpeies1 Yanapacekapa: 1,4 coTHeUyHOM MaccChl, ecnu Z / A = Y.

WTak, Halle myTellecTBUe MOZOIIO K KOHIY. PacueTbl B 3MU/I0re UMeIn
bonee BBICOKMM MaTeMaTHUYeCKWM YpOBeHb, UeM BO BCelM OCTa/IbHOW KHWTe,
HO 3TO, Ha Halll B3IVIsA/l, OAHO W3 CaMbIX HaIVIIHbIX [JOKa3aTe/JbCTB BCEH MOIA
COBpeMeHHON (PU3MKH. DTO He MPOCTO KaKas-TO «IoJie3Hasl Belllb» — 3TO OJUH
13 BeMYaMilMX TpUuyM(dOoB ueioBeYeCcKOro pasyma. Mbl HCII0/b30Ba/id TeOPUIO
OTHOCHUTE/IbHOCTH, KBAHTOBYIO MEXaHUKY U MOC/e[j0BaTe/IbHbIe MaTeMaTuyeCKre
pacCyKZieHuss  Jid ~ TOYHOTO  BBIUKMCJIEHUSI ~ MaKCHMaJbHOrO  pa3mepa
MaTepyuasibHOTO 1lIapa, KOTOPbIM C TIOMOIMIbI0 TipuHOuMNa Ilaynim Moxker
MPOTUBOCTOATh TpPAaBUTAL[MW. 3HAUMT, HAyKa I[ipaBa: KBAaHTOBasi MeXaHWKa,
Kakoi ObI CTpaHHOM OHa HH Ka3ajach, — 3TO TEOPHs [l OMMCAHUSI peanbHOro
mupa. M Ha 5TOM MeCTe CTOUT MOCTAaBUTh TOUKY.



JI/151 fanbHeiinero yreHus

[Ipu TOATOTOBKE 3TOW KHWUTU MBI WCIIO/b30Ba/id MHOTHE Jpyrue paboThl,
Y HEKOTODbIe U3 HUX 3aCTy>KUBAIOT 0C000T0 yIIOMUHAHUS U PeKOMeH 1alui.

[IBa OCHOBHBIX MCTOYHMKA IO MCTOPUU KBAHTOBOU MEXaHUKU — 3TO [IBe
Be/IMKoJierHble KHUrM Abpaxama [latica: Inward Bound («CBsi3aHHbIe U3HYTPU»)
u Subtle Is the Lord... («[ocrnoab wusoipeH»). Obe OHU HOCST JOBOJILHO
TeXHUYeCKUH XapakTep, HO 110 UCTOPUUEeCKUM T0/[pOOHOCTSIM UM HeT PaBHbIX.

Knaura Puuapma ®entnmana QED: «K3 — cTpaHHasi Teopusi CBeTa
u BemjectBa»%2] HamcaHa Ha TOM JKe ypOBHe W3MOKeHMs, UYTO M Halla,
1 B Haubosiblllel CTereHW, KaK MOXKHO TIOHATb M3 Ha3BaHUs, COCpeloToueHa
Ha TeOpUM KBAaHTOBOM SJ/IEKTPOAUHAMUKM. UuTaTb ee OAHO Y[ OBOJIbCTBUE,
Kak 1 60/bIIMHCTBO pabot PeitHMaHa.

s Tex, KTO UHTepecyeTcsi 6osee 1Mo[poOHBIM OMMCAHKWEM, Ha Halll B3IJIs],
Jyullleldd KHWAIOW MO OCHOBaM KBAaHTOBOM MeXaHWKH BCe ellle OCTaeTCs KHUra
Ions [lupaka «IIpuHImmBl KBaHTOBOM Mexanuku»3l, Jlna  opnagenus
u3jlaraeMblM B  Hell  marepuajsioM T1OTpeOyeTcsi  BBICOKHMN  ypOBEHb
MareMaTruyeCKOM MOArOTOBKH.

Msbi xoTenu Obl TTIOPEKOMEHZIOBaTh U /iBa JOCTYITHBIX OHJIAMH JIEKI[MOHHBIX
Kypca, KOTopble MOKHO HauTu B iTunes University: kypc Jleonapga CacckuHja
Modern Physics: The Theoretical Minimum — Quantum Mechanics
(«CoBpeMeHHas1 (u3vka: TeopeTUueCcKuii MUHUMYM — KBaHTOBas MeXaHHKa»)
u Oosiee mpoBUHYTHIN Kypc [IxeliMca bunuau 3 OkcdopAcKoro yHUBepcUTeTa
«KBanToBass MexaHuKa». [IpunmuHoli MaTemathueckor 06a3bl TpebOyroT o00a

Kypca.

notes




CHocKH




Ecnu, KOHe4yHO, Bbl uMTaeTe He J3JIEKTPOHHYIO KHUI'Y, WHad4ie€ IIpUAeTCsHd
ImoaHaripsA4b B006pa)KEHI/Ie. 30echb u danee npum. aem., ec/au He YKa3dHO UHOoe.



YpanogBsle jiyuu (¢p.). [Ipum. nepes.




HpaB,qa, OHAa He TIOKa)KeTCSl TaKoH VXK CMEXOTBOPHOﬁ, eC/in BCIIOMHUTD,
UTO 40 CHX ITIOp HCIIOJIL3YEeTCA TdKdd €AMHKUId U3MEPDEHUS, KdK JIOIIdAWHAA CHJId.



KOI",[[a-TO 9Ta HAed MCII0/JIb30Ba/ldCb B pa60Te TeJIeBU30POB. IToTok
3JIEKTPOHOB, MCIIYCKdE€MBIX IIpPOBOAOM II0A  HAIIPSDKEHUEM, c061/1pa11c;[,
d)OKYCI/IpOBaJ'ICH B JIY4 W HAIIPABJIAJICA MdaHUTHBIM I10JIEM Hd 3KPdH, KOTOprﬁ
CBETHWJICA IIPU IIOIIdJdHKWH 3JIEKTPOHOB.



ITepeBop b. IlacTepHaka. IIpum. peo.




6

TeM, KTO 3HAaKOM C MaTeMaTUKOM, [IOCTaTOYHO TIPOCTO CMEHUTHb
TEePMUHOJIOTHIO: «1UdepOsiaT» 3aMeHsIeTCs «KOMIUIEKCHBIM UHCTIOM», «pa3Mep
1udepbnara» — Mofy/ieM KOMIUIEKCHOTO UHKC/Ia, a «HarpaB/ieHHWe YacOBOM
cTpenku» — (aszoii. [IpaBuio cnoxenusi 1udepbsaToB — 3TO BCEro JIMIIb
TIPaBUJIO CJIOXKEHUsI KOMIT/IEKCHBIX UHCeJl.



Wy scTeTryecKou — B 3aBUCMMOCTHU OT Balllel TOUKU 3pEHUH.




8

Ec/ii BaM HeIpoCTO MOHSTh TIoC/ieiHee Mpe/iioXkeHue, onpobyiite BMeCTO
cyioBa «1ucepbaar» Mo/CTaBUThL CJIOBO «BOTHA».



9

KuHeTnueckasi sHeprusi paBHa mv? / 2, a noTeHLMa/ibHas 3Heprusi — mgh,
KOT/la I1ap HaXO/IUTCSI Ha BbICOTe h Haj| 3emyield, g — 3TO yCKOPeHHe CBOOOAHOTO
najieHust [ijis BCeX TpeJIMeTOB B 007acTh AeMCTBUS 3eMHOTO TPUTSDKEHUSI.
[elicTBUe — 3TO Pa3HOCTb SHEPTUid, MPOMHTETPUPOBAHHAS 10 BPEMEHU MEXIY
MOMEHTaMHU, CBSI3aHHbIMU C IPOXOXKAEHUEM /IByX TOUEK Ha MyTH.



10

M3naHa Ha pycckom s3blke. O HaAAHOM COJepKaHUM KBAHTOBO-
TeOpeTUUeCKOM KMHeMaTWKu U MexaHuku. M.: YOH, 1977. T. 122. Bem. 4.
C. 651-671.



11

Henenvie Bcex 1rdepb1aToB Ha OFHO U TO >Ke UMCJIO BEPHO TOJILKO B TOM
clyyae, ecid  Mbl  WUrHopupyeM  3(QdeKTbl  CrhelUasbHOM  Teopuu
OTHOCUTeNbHOCTU ~ OuHIlTeliHa. IHaue HekoTopble Iudepbnarel  OyayT
yMeHbIIaTbCsl 00sibille ocTanbHbIX. HO HaM HeT Hy»X/bl 6eCITOKOUTHCS Ha 3TOT
CUeT.




12

[nst yacTuLbl Maccoy m, KOTopas TOKpbIBAaeT pPacCTOSSHWE X 3a BpeMms i,
JenctBue cocrasaser 1 / 2m(x / t)’, ecid 4acTULlA JBUWKETCS IO TMPSAMOU
C TOCTOSIHHOW CKOPOCThHO. HO 3TO He 3HaAuWT, 4YTO KBAHTOBAas YacTULA
[leMCTBUTE/IBHO MepeMelriaeTcsi C MeCcTa Ha MeCTO 10 TIpSAMbIM JIMHUsM. [IpaBumno
X0/la YaCOB BBIBOAUTCS U3 COOTHeceHUs I1udepO1aToB CO BCEMU BO3MOXKHBIMU
MaplpyTaMH, KOTOPbIMM UYaCTULIA MOXKET CJIef0BaTb MEXAY ABYMS TOUKaMH,
¥ JMIIb CJly4alHO [I0C/ie CyMMHDOBAHMSI BCeX OCTa/lbHbIX TpPaeKTOpUH
pes3y/bTaT OKasbIBAaeTCsl HACTOMBKO NPOCT. Hampumep, mpaBuio Xoja 4acoB
OyzieT He HAaCTOJBKO TIPOCTBHIM, €C/M Mbl TIPUMeM TIOTIPaBKU it J0CTHKEeHUs
COOTBeTCTBHS CreljualbHOM TeOPUH OTHOCUTE/IbHOCTA DUHIITEeNHA.



13

OObIyHasi Macca TIeCUMHKU — OKOJI0 1 MKT, TO eCThb OfiHa MWIIMapAHast
KWJIorpaMMa.



14

Ectb BE€POATHOCTD, uTo UaCTHIla IMMpOABHUHETCA emie AdJibllie,
ueM B «IIpeaejIbHOM»  CjlIydde, OIpdHHY€HHOM 0O0JIBIIION OKPY>XHOCTBLIO
Ha PpHUCYHKE, HO, KdK MbI yXXe€ I10Kd3dJ/Ikd, CJ/IOJKEHHE I_[I/Id)ep6f[aTOB IIpUBOOUT
K OTM€HE TdKHUX CLIeHdPHEB.



15

Eciu xoTuTe, NpoBepLTe CaMu.




16

HNubpakuyss — TepMUH, WCHOMb3yeMbld [Ji1 XapaKTePUCTUKU OJHOTO
13 BU/I0B MHTep(epeHLINH; IPUMEHSIETCSI K BOJTHAM.



17

KoHeuHo, ecu BenvurHa d OUYeHb BeJIMKa, TO MOXKHO 3a/1aThCsl BOIIPOCOM,
Kak BooOIle u3MepuTh UMMy/AbC. Ho 3Ta mpoGsieMa peliiaeTcsi, MOCKObKY,
Kakoii Obl HU Obla BesinurHa d, L Bce paBHO OKa)KeTCsl HAMHOTO OoJIbIIIe.



18

BcrioMHUM 0 TOM, 4YTO wu300pa)keHWe BOJMIH — 3TO YyAOOHBIA CrHocob
3apPUCOBKH MPOEKIIUI CTPEIOK YacoB, YKa3bIBAIOIIUX Ha 12.



19

OTOT crioco0 BbIBeZleHUs TIPUHIUIIA HeOorpe/ie/IeHHOCTH, BIIPOYEM, TOXKe
onupaeTcsi Ha ypaBHeHue Je bpolins, cBsi3biBarolljee AJMHY BOJMHBI C ee
VMITY/IbCOM.



20

B HaYQHOﬁ TEPMHKUHOJIOTMH BOJIHOBLIE CI)YHK]_[I/II/I IMPpOCTPAHCTBA UMITYJ/ILCOB,
COOTBETCTBYyHOIIME YaCTHLAM C OIIpeaejIeHHbIM  KWMMIIY/IbCOM, H3BECTHLI
KaK COOCTBEHHbIE COCTOSIHUS HNMITYJ/IbCOB.



21

WHaue roBopsi, HaO/MoJaeMble HaMH COOTHOIIIEHUS]  BBITIOJTHSIFOTCS
J7Isl CpeTHUX 3HaueHuM HabromaeMbIX BesInuuH. [Ipum. peo.



22

Kobbinka (OpuikK, MOACTPYHHUK) — YaCTh TUTapbl B CaMOM HIDKHeN 4acTu
Kopriyca. HekoTopble MoJenu COBpeMEHHbIX 3BYKOCHUMaresjel HaXo[saTCs
BHYTPH KOOBLJTKHU, T7Ie M CYUMTBIBAIOT BUOpal[iy CTPyH. IIpum. peo.



23

['paBUTALIMOHHBIM MOTEHLMal TOYHO COOTBETCTBYeT KapTe MeCTHOCTH,
MOTOMY uTO BOJIM3U 3eMHON TIOBEPXHOCTHM OH TIPOTOPIIMOHANIEH BbICOTE
Ha/l YyPOBHEM MOpHI.



24

Onu onuckiBaroTCa PyHKLUsIMU beccersi.




25

OTO BBIBOAUTCA W3 TOrO, UYTO SHepruss paBHa 1 / 2mvZ u p = mv.
OTHW ypaBHeHUs] KOPDPEKTHPYIOTCSl CIleliia/lbHOM Teoprer OTHOCHUTEbHOCTH,
HO [i/1 3/1IeKTPOHA BHYTPU aToMa Boziopozia 3((eKT HeBeJIUK.



26

910 OOJIBIIOH MAY, TdK UYTO MOXHO HE€ AyMdTb O BCAKHX KBAHTOBBIX
B(b(bEKTaX, HO, eC/IM TaKdd MBIC/Ib IIPpUIllJIa BdM B I'OJIOBY, 2TO XOpOIHI/II‘/JI 3HAK:
Badllla MHTYHULIUA CTAHOBUTCA KBaHTOBOM.



27

BykBanbHO aBTOpbI MpoOU3HOCAT KanamOyp: «There is a nice twist»,
rjje CJI0OBO twist O3HauaeT OJHOBPEMEHHO W «TBUCT» (TaHel]), YTO HaMeKaeT
Ha CKauk{, O KOTOpBIX IIJIa peyb Ilepes 3TUM, U «IIOBOPOT», «3aBUXPEHUE».

ITpum. peo.



28

BripoueM, My3bIKaHTBl, HaBEpPHOe, W TaK He TOBOPAT, 0COOEHHO
OapabaHIIMKH, BeJlb B CJIOBE «4aCTOTa» I[eJIbIX TPU CJIora.



29

To ecTh A8 cilyyasi IPIMOYTO/TIbHOM TTOTeHI[MaTbHOM sSIMbI N = 1.




30

Kcrary, ecnu Bbl 3HaeTe, UTO [Ii YaCTWIL], JIMIIEHHbIX Maccel, E = cp,
YTO CUUTAeTCs C/IeICTBUEM  CHel[daJbHOM Teopud  OTHOCUTEIbHOCTH
OliHIlTeliHa, TO E = hc / A He3aMeJuTeNbHO BBIBOAUTCS W3 3TOW (hOPMYJIbI
C TIOMOII[bIO YpaBHeHUs1 Jie bpoiins.



31

TexHUYeCKHd, KaK Mbl Yy)Ke TOBOPW/IM B TMpeAbIAylled I/aBe, pelleHue
ypaBHeHusi IlIpéauHrepa [J0/DKHO OBITH TIPOTOPI[MOHAMBLHO —ChepuuecKoit
rapMOHMKe, TIOCKOJIbKY IIOTeHI[Ma/bHasi siMa BOKPYr TIPOTOHa cdepuyeckas
U CHMMeTpDUYHasl, a He TpPSIMOYTo/ibHbIM sUK. CBsi3aHHasi C 3TUM YIJIOBast
3aBUCUMOCTb TIOPOXK/jaeT KBaHTOBble uvciaa | u m. PaguanbHasi 3aBUCHMOCTD
pellieHys JaeT IJIaBHOe KBaHTOBOE YMCJIO N.
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[ToHsTMe crnvHA OBIIO TIPeIOXKEeHO, UTOObI OOBSICHUTH PpaclierieHue
CTIeKTpabHON JIMHUMA OCHOBHOT'O COCTOSIHUSI aTOMa cepebpa B MarHUTHOM TIOJIe.
ITpum. peo.
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B mraBe 10 ™Mbl y3HaeM, uTo, ecid OpaTb B pacueT BepOSITHOCTb
B3aUMOJENCTBUSL ABYX 95/€KTPOHOB JpYyr C JPYyrOM, HY)XHO BBbIYUC/IUTh
BEpPOATHOCTb HAaXOXJeHUs 3/eKTpoHa 1 B Touke A U 3/eKTpoHa 2 B Touke B
«Cpa3y», TOTOMY UTO OHAa He CBOAMUTCS K YMHOXXEHWIO [IByX HE€3aBUCUMbBIX
BEpPOSITHOCTEH.
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B enunuiax nocrossHHOM [11aHKa, AeneHHOU Ha 2Tt
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OtpbiBok u3 HoGeneBckoit peun Y. [llokmu 1956 ropa.
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3meck Mbl /1J1si IPOCTOTHI Oy/1eM UTHOPHPOBAaTh CMUH 1eKTpoHa. Cka3aHHOe
BEPHO U /11 IByX 37IEKTPOHOB C OZMHAKOBBIM CITHOM.
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ITomHUTE: MBI r'OBOPpUM O ABYX OAWMHAKOBBLIX 3JIEKTPOHAX, TdK UYTO y HHX
O,Z[I/IHEIKOBBIIZ CITHNH.
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Ecmmu IIPOTOHLI HE ABHUXYTCSA C/IMITKOM 6bICTpO OTHOCHUTEJIBHO APYT ApYyTrad.
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OTO BEpHO /il CTOSIUMX BOJIH, I7je pa3mep Iudepbiata U mpoekius Ha 12-
YyacoBOe HarpaJieHHe TIPONOPLMOHAJBHEI IPYT ADYTY.
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MOXHO PpeluTb, UTO €eCTb elje YeTbipe BOJHOBbIE (PYHKLIUU,
COOTBETCTBYIOIIME Te€M, YTO Mbl HauepTWIW, HO TOBEPHYTble BBEPX HOTaMHU.
Ho, Kak Mbl y>ke TOBODWIH, OHU TOJHOCTbIO SKBUBA/JE€HTHBI MPHUCYTCTBYIOLLIUM
Ha PUCYHKEe.
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ONeKTPOHBO/BT — 3TO OUeHb yA00Hasi eIMHUIIA SHEPTUM MPU 00CY>KAeHUU
3/IeEKTPOHOB B aromax, IIMPOKO HCIIO/b3yeMasi B sijlepHOM ¢u3uke U (u3MKe
yacTull. OTO DJHEpPrusi, KOTOPyH TIpHoOpeTaeT 37eKTPOH IIPU YCKOPEeHUU
Pa3HOCTBHIO MOTEHIIUAIOB B OfIuH BoJbT. CaMo orpefiesieHre He uMeeT 0C060ro
3HAUYeHMsI: BaXKHO, UTO 3TO Crocob u3MepeHust SHepruy. YToObl BbI JIydllie MOT/IN
cebe TMpeACTaBMASTh 3Ty BeJWUMHY, CKa)KeM, UTO 2JHeprusi, Tpebyemas
[Jisl TIOJTHOTO OCBOOOXKZEHUsI 37eKTPOHAa M3 OCHOBHOTO COCTOSIHUSI aToMma
BO/J0pO/ia, paBHa 13,6 3/IeKTPOHBOJIBT.
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OTO orpesiesieHNe — MPOCTO BOMPOC YCIOBHOCTU U MCTOPUUECKUI Kyphes3.
C TeM >ke ycriexoM MOKHO ObUIO OBbI OIpe/esTUTh TOK uepe3 JBW)KEHUE
3JIEKTPOHOB B 30HE TIPOBO/IUMOCTH.
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[Iviog, MOXKeT TIPOBOAMTHL TOK M B 0OpaTHOM HarlpaB/IeHUU, HO 3TOT 3 deKT
MaJ. Ilpum. peo.
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[Tporiaratrop ymeHbItiaeT U 1udepbnar, utodsl Bo BpeMs T obecrieunThb
HaxoXKJieHre YacTullbl BO BceseHHON ¢ BepOSITHOCTHIO 1.
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Mpbl yXe BCTpeuasiiChb C 3TOU MJeel, KOorja pacCMaTpuBaivd B TI/iaBe 7/
nipuHLun [laynu.
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ITO TeXHUUECKU MOMEHT, IOTOMY UTO TpaBW/IO TlepeBoJa U yMeHbIIIeHUS
1iudepb1aToB, KOTOPLIM MbI TOb3yeMCSi B 3TOM KHUTe, He BK/IOUaeT B cebs
MOC/e/[CTBUMA CreluaJbHOM TeOpUM OTHOCUTeTbHOCTH. Ecin BBeCTU WX,
KaKk U HY)XHO CJiefiaTb MpPU ONWCAHUM (POTOHOB, OKaXKeTCs, YTO IpaBWJA
repeBo/ia YacoB ZJ1s1 3/IeKTPOHOB U (DPOTOHOB OT/IMYAKOTCS.
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BennunHa g cBg3aHa C mpeKpacHOW CTPYKTYPHOU KOHCTaHTOU: o = g2 / 4.
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OTO TeXHUUYECKUM MOMEHT: Bd>XHO, YTOOBI J3JIEKTPOH IIpU [BHWXXE€HHUHN
HCIIBITBIBAJI IIPUMEPHO OAWMHAKOBYIO CUJIY MdAI'HUTHOI'O IIDUTSDKEHNS.



49

Bnepseble nipejcka3sanHbivi bopom B 1913 ronay.
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KanmbpoBouHasi ”HBApHAaHTHOCTh 03HAUAeT, YTO TeOPHUs U ee MpeZiCcKa3aHuUs
He MEHSIIOTCSI TPHM HEKUX TpeoOpa30BaHMSX TOJeH, BXOASIIUX B TEOPHIO.
ITpum. peo.
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[Tox «cobbITHeM» ToApa3yMeBaeTCsi CTOJIKHOBEHHE MPOTOHA C MPOTOHOM.
[TockonbKy yHIaMeHTa/bHast (PU3MKa — 3TO CUETHAsi UTPa, KOTOPasi UMEEeT JIeJio
C BepOSITHOCTSIMH, HeOoOXOJUMO TIPOZIO/KaTh CTaJKWBaTh TMPOTOHBI, UTOOBI
HaKOIUTh [OCTaTOYHOE KOJMUeCTBO 3TUX OYeHb DeJKUX COOBLITUIA, BO BpeMs
KOTOPbIX  pOXKJaeTcs uvacTulja Xwurrca. Kakoe KoO/IWuecTBO — CUYMUTATh
JOCTaTOUHbIM — 3aBHUCUT OT TOrO, HACKOJbKO TMPaBUWIbHO M YBEPEHHO
9KCMePUMEHTAaTOPbl YMEIOT UCKIII0UaTh U3 PACCMOTPEHMUSI JIOKHbIE CUTHAJIBI.
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To, yTO MbI MOXXeM CUMTaTh MAaCCHUBHYH YaCTHUI]y 4dacTuiieli 6e3 macchl,
K KOTOPOU NPUMEHSIeTCs TIPaBU/I0 «IOBOPOTa», UCXOAUT U3 ypaBHeHus P(A, B) =
L(A,B)+L(A, 1) L(1,B) S+ L(A, 1) L(1, 2) L(2, B) S2 + L(A, 1) L(1, 2) L(2, 3)
L3, B) S3 + ..., tne S — Ko3(pbULIMeHT yMeHbllIeHUs], aCCOLUUPYIOLIUNCS
C KaX/bIM MOBOPOTOM. TO ecTh HeoOXOAWMO CyMMHUDPOBaThb BCE BO3MOXKHBIE
IIPOME)KYTOUHbIe TOUKU — 1, 2, 3U T. [.
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OTO TOHKWM MOMEHT, KOTODPBbIM BBIBOAUTCA U3 «KaJIUOPOBOUHOM
VHBAapUaHTHOCTW», Jie)Kallleil B OCHOBe TIpaBWI Tiepexofia U pacCesiHusi
JJ151 271eMeHTapHbIX YaCTHL.
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KOHEI-IHO, OH OBL/I C/TUILIKOM CKPOMEH, yTOOBI HAa3BaTh X CBOMM UMEHEM.
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[Ipobnema COCTOMT B KOMOCCAJbHOM pa3MuUd MEXJy TeopeThuueCKUM
3HaYeHHeM KOCMOJIOTUUEeCKOM KOHCTaHThI, BLIUMC/IEHHOW UCXO/[s1 U3 BaKyyMHBIX
duiykTyaluit yacTuil, U ee HaO/rOaeMbIM 3HaueHueM. I[Tpum. peo.
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Kak ™Mbl 3HaeM W3 T7aBbl 5, YaCTHIIbl OTpeJe/ieHHOTO UMITy/ibCa Ha jesie
OMUCHIBAIOTCSI 0eCKOHEUHO /[JIMHHBIMH BOJIHAMH, TaK UTO MbI JIO/DKHBI
pa3pellinTh HEeKYH Heolpe/e/leHHOCTb MMITY/IbCa, €C/AM XOTUM JIOKaJIUu30BaThb
yacTtuily. Ho HeT cMbic/ia TOBOPUThL O YacTULle C OTpejie/ieHHOW JJIMHOW BOJIHBI,
€C/IY OHA JIOKA/IM3yeTCsl Ha PACCTOSTHUM MeHbIlle 3TOW CaMOM JJIVHBI.
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Mbl MokeM 0000IIUTh [0 BCel 3Be3/bl, TOTOMY UYTO He YKa3aj,
r7ie UMeHHO HaxoAuTcsi Ky0. Ecu MokeM fiokKa3aTh, UTO Ky0, pacrionoKeHHbIH
B KaKOW-TO TOUKE 3Be3/bl, HE JIBWKETCS, 3TO 3HAUMT, UTO BCe TMOA00HBIe KYOBbI

He OBUI'alOTCA U 3B€3/d ctabubHa.
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KOHELIHO, MOJXHO BbIUHUC/IMTL CKOPOCTb ABH)XEHHA S/IEKTPOHOB H bosee
TOYHO, HO 3TO HOTPE6yeT Ky/za OoJIBIIIero I[MpUBJ/IEUEHUA MdTEMATUKMU.
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Bropoli 3akoH HblooToHa MoXHO 3anucatb B Buge F = dp / dt.
17151 MOCTOSTHHOM MaccChl OH oOpeTaeT 6oJiee TIpUBbIUHYO hopmy: F = mdv / dt =
ma.
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37eck MbI C/IOKWAIM TI0Ka3aTed CTeNeHH 1o oOIeMy IpaBHIy: xaxb =
xa+b.
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3afaHue Ajs robuTesel MaTeMaTHKU: JoKaxurte, uto g(a) = 4nR3 pfal
x2f(x)dx, To ectb uTO PyHKUMS g (a) ompenensieTcsi, eCau u3BecTHa QYHKLUSA f

(a).
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®elinman P. @. K31 — cTpaHHas Teopust CBeTa U BelriecTBa. M.: AcTpesib;
[Monurpadusaar, 2012.
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Hupak I1. A. M. TIpyHLUIIBI KBAHTOBOM MeXaHUKU. M.: Mup, 1979.
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