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JIEKITNS 8

KBanToBasi pmnsmuka

MbI BbISICHI/IJII/I, KaKne 3aKOHBI COXpaHeHI/ISI eCThb B KBaHTOBOfI (i)I/I3I/IKe n HEe 6BIJIO B
KJIACCUYECKO.
1. NNuBepcus

[Ipu Takoit 3aMeHe UMITYIbC

MoMeHT UMITyJIbCa COXPAHSIETCH:
M = mvr — +M.

T. e. ecTb BeJINYNUHBI, KOTOPBI MEHSIOT CBOIl 3HAK, a €CTh T€, KOTOPbIE HE MEHSIOT.
Benmnunna F' coxpansercs, ecjii OHa KOMMYTUPYET ¢ TaMUJIBTOHUAHOM, T. €. CKOOKI
ITyaccomna pasuer nymo ([H, F| = 0).

YeTHOCTH COCTOSHUSA, KOTOpas onpesensercs Kak m = (—1)! — coxpamsercs.

Ha camom jiesie 3akoH coxXpaHeHtsl YeTHOCTU BBIMOTHIETCS TOJHKO B HEPEJIATHBUCT-
CKUX CJIydasx.

2. B kBaHTOBOIT (pU3MKE €CTh TOXKJECTBEHHbIE YaCTHUIIbI, KOTOPBIX HE MOXKET OBbITH B
KJIaccndeckoit pusnke. Mbl He MOXKEM ITOMETUTb YaCTHUIbl. 10XK/I€CTBEHHOCTH Ya-
CTUIT TPUBO/INT K HAJIMINIO CHMMETPUYHBIX U @HTUCHMMETPUYIHBIX DYHKIWIL. B crmy
Toro, 4ro 1% onpeeaeT BepoATHOCTL, TO MUHYC ee He MeHser.

YacTurpl, y KOTOPBIX CIUH MOJIYIEbId, & -(pYyHKIINA aHTUCUMMETPUYHA, HA3bIBA-
10TCst pepMUOHBI. HaCTUIbI, Y KOTOPBIX CIIMH IEJIbIH, & 1)-(DYHKINST CUMMETPUIHA —
OO30HDI.

st bepMUOHOB cyIiecTByeT MpUHITUIT 3alipeTa [layu, KoTopblii r1acuT, 9T0 B OJ1-
HOM U TOM K€ KBAHTOBOM COCTOSIHUU B OJTHOM M TOM K€ MeCTe He MOYKEeT HaXOUThCsI
6osee onnoit yactuiipl. [Ipunamun [Tayam npuBoguT K Tak HA3bIBAEMOMY OOMEHHOMY
B3aUMO/IEHCTBUIO.

Ecymm opburasibHoe JIBUXKEHUE HE 3aBUCHUT OT CIIMHOBOT'O, TO

U(1,2) = U(ry,re, s1,82) = (r)S(s),

T. €. IPOM3BeJIeHNEe TPOCTPAHCTBEHHONW YACTU HA CIIMHOBYIO. DTO €CJIU CIIHH-OPOH-
TaJbHOE B3anMMOJeiicTBHE ciiaboe.
[TycTs ecTth Mostekysta Bojopoga Hy. DTo aBa mpoToHA Ha JTOCTATOYHO OOJIBITOM Pac-
CTOSTHWH.
Y 3IeKTPOHOB CHUMMETPHYIHOE COCTOsSTHHUE, -(PYHKINNA oauHaKoBble. Ho cymmapHas
Cl)YHKI_H/IH JOJIZKHa 6bITb AHTUCUMMETpUYIHAa, SHAYUT CIIMHOBasA 9aCTb J0JIZKHa 6bITb AHTU-
CUMMETpHUYIHa, T. €. CIIMHBI HallpaBJICHbI B Ppa3Hbl€ CTOPOHDLI.
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Puc. 8.1.

Puc. 8.2.

Tenepb, ecm npuOIU3UTH ATOMBI, TO BOJIHOBBIE (DYHKIMH OYIAYT IIEPEKPBIBATHCS U
[TOSIBUTCST 00JIaCTh, B KOTOPOIT MOXKeT OBITH U IEPBBIi 3JIEKTPOH, U BTOPOil. DTO IPUBO-
JIUT K TOMY, 9TO MEXKJIy aTOMaMH BOJIOPO/Ia KaK ObI TOSB/ISETCH OTPUIATEILHBIN 3apsiI,
KOTOPBII IPUTSTUBAET ATOMBI. DTO Ha3bIBAETCsI OOMEHHBIM B3aMMOeCTBUEM.

Ecnmu ke B3gTh 9acTUIBI ¢ ITPOTUBOIIOJIOKHBIMU ITPOCTPAHCTBEHHBIMU (DYHKITUSIMUT,
TO TOIJa CIIMHOBasl YacThb OyIeT CHMMETPUYHA U BEPOATHOCTb HAXOXKIEHUS JIEKTPOHA
rocepeiuHe paBHa HyI0. [[poTOHBI pacTaJKuBalOTCS.

Puc. 8.3.

[Torentuas B3anMoI€HCTBUST B 9TUX JBYX CIy9asagxX OyJIeT CJIeTyIOIIIM:
W =k + A — sHeprus paBHa KYJOHOBCKOIl ILIIOC SHEPTUH B3aUMOJIEHCTBIA, KOTOPas
MOXKET KaK TOBBIIIATh, TaK W IOHUZKATH KYJIOHOBCKYIO.

Puc. 8.4.

Nmenno obMeHHOE B3amMO/IEHICTBIE OTBETCTBEHHO 3a MPOsIBJICHUE MarHeTu3Ma, O KO-
TOPBIM MBI OyJIeM TOBOPUTH TIOTOM.
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MpbI HayIn/IMCh CTPOUTH CHCTEMY HEpreTWIecKnx ypoBHeil B arome. [Ipm mepexome
9JIEKTPOHA Ha 0OoJiee HUBKUI yPOBEHD, HCIIYCKACTCA KBAHT cBeTa. Ho Hy2KHO MOHATDH, KOT/1a
9JIEKTPOHBI MOT'YT ITE€PEXO/IUTh, & KOIJa HeT.

Korya doron BLIeTAET MM, HAOOOPOT, MOTJIOIIAETCS, TO HY?KHO €IIe YIeCTh COXPaHe-
HIE YIJI0BOI'O MOMeHTa cucTteMbl. CIIMH — 9TO COOCTBEHHBIN YIJIOBOI MOMEHT CHCTEMBI B
ero cucreMe KOOpAWHAT. A TOCKOJIBbKY, (DOTOH JIETUT CO CKOPOCTHIO CBETA, TO HEJIB3s TOBO-
puth o crmHe (poToHa. MOXKHO FOBOPUTH TOJILKO 00 YIJIOBOM MOMEHTE (DOTOHA, CBA3aAHHOM
¢ TEHTPOM MacCC CUCTEMBI.

Nznyuenune MoxKeT BOBHUKHYTDH B JIBYX CJIyUasX:

1. V3-3a nurkennust 3apsijioB (IlepecTpoiika 3JeKTPOHHOI crucreMbl). B sToM ciygae do-
TOH Ha3biBaeTcs F-hboTon (smekrpuaeckuit horon). Hanpumep obbranoe Kosebamme
3apsAJI0B (U0 ).

2. U3-3a uzmenenus BHYTPEeHHUX TOKOB. B aToMm cirydae doron nazweiBaercs M-doronom
(MArHUTHBIM (DOTOHOM). DTO €C/Iu, HAIIPUMED, MEHsIETCs OPOUTa IJIEKTPOHA.

Ho ny»xHo ere xapakTepu3oBaTh MMOJHBIH yIJIOBOII MOMEHT (hOTOHA.

Jlst Toro, 9TOOBI y3HATH, BOZMOXKEH JIM TIEPEX0/T JIEKTPOHA HYKHO:

1. 3akoH coxpaHeHUs YHEPTUU

hw = AElQJ

2. 3aKOH COXpAHEHHUsI yIJIOBOI'O MOMEHTa J, T. €. KaKoil MOMEHT yHec ¢ coboit (poToH,

3. 3aKOH COXpaHE€HUA Y€THOCTH. HO JJId TOTrO, qTO6bI BBISICHUTDH CIIPpaBE€AJINBOCTH 3aKO-
Ha, HYy?KHO 3HaTb Y€THOCTDL Ha4aJIbHOI'O COCTOAHNA, Y€CTHOCTb KOHCYHOI'O, a TaK2Ke
AFE,AJ n tun ucmyckaeMoro (hOTOHA.

8.1. OTpaxkenue

Ecmu umeercss KoaeOrOIuiics AUII0/Ib, TO YeTHOCTH JOJI2KHA OBITH OTPHUIATEILHOMN
(m = —1). Ecii 2Ke MArHUTHOT'O THIIA, TO P OTPAYKEHUN HIYEro He MEHSAETCs — YeTHOCTD
IOMKHA OBITH ITOJIOYKUTEILHOIA.

Puc. 8.5.

Torma jtst saekTpudeckux (poToHOB
e = (—1)’, E17, E2T, FE3",
JJId MarHUTHBIX
mp=(—1)J+1, M1T, M2~, M3".

YTJI0BOII MOMEHT XapaKTepu3yeT JHarpaMMy HAIPABJIEHHOCTH U3JIydeHUs (CHMMeT-
puto uziydenus ). [Tpu J = 1 — nunosbHoe, npu J = 2 — KBaJIPYyIOJbHOE, U T. JI.
[Touemy roBopsT, 9To criH (POTOHA PaBeH eauHuIEe?!
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Puc. 8.6.

Pasmep atoma: R ~ 1078 cm.
. . A
A ~ 5000A = 5% 10" cmM, §>>1’
T. €. JIJINHA BOJIHBI TOPa3/i0 0oJibIlle u3jiydarornieil cucreMbl. [yt Toro, 1Tobbl HaifiTu Be-

POATHOCTD TaKOI'O U3JIyYE€HHUA, HY2KHO PA3JIO2ZKUTDL 110 MYJIBTHUIIOJIIO.
yTBep)K,ZLaeTCH, 9TO BEPOATHOCTU IIEPEXOAO0B CBsA3aHbI C BDEMCEHAMU HCITYCKaHUA:

Bepogtnocts E1  7(E2) [ A 2
Bepositrocts B2 7(E1)  \27R
BeposaTHOCTD AUMOIBHOTO U3/IyYeHNsT HA MIeCTh MOPSIKOB OOJIbIIe, 9eM KBAAPYIIO/Ib-

HOTO. A JI/TsT TUIIOJIBHOTO YTJIOBOW MOMeHT — eauHuIa. [loatomy dorony Kak Obl mpurm-
CBIBAIOT CIIWH €/ITMHUILY.

Puc. 8.7.

HyCTb €CTh OCIMJIJIATOP:

r=ae™’, rued=er — JUIOJbHBIN MOMEHT.
DJIEKTPUIECKOE TI0JIe
E oy oxd=er.

BepOHTHOCTb JUIIOJIBHOT'O U3JIydYCHUA

2 4.2
. e‘wta
Wmmoc(dfocfoc—,

3
T. K. U3JIyUeHHe MOKET OBITh CBA3aHO TOJBKO C YCKOPCHHEM.
BeposaTHOCTD M3ITydeHIs
2
1 W eZwia? e? aw\ 2 a % 2 e? 1
=) =wxa

Woa =2 =50 = T8 =\ e ) he T 137

C
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BepOHTHOCTb JUIIOJIBHOT'O U3JIyYCHUA

Wi w?’(Ei')
— 3aKkoH F? IUIOIBLHOTO M3TyTeHNs.
[Tockonmbky
B2 g0
Ey
TO TOBOPST, UTO TEPEXOJ ¢ M3MEHEHWeM | Ha JiBa 3alperieH. 910 He Tak. OH CHIbHO
ojiaBJjIeH 0oJjiee BEPOSITHBIM IIEPEX0JIOM, HO B IIPUHITUIIE MOYKET ITPOUCXOJIUTh.
Hampumep, Takoii mepexos HaOJIIOAAIOT B KOOAJIbTE.

Puc. 8.8.

Moxkna0 TakKe ckazaTh:

E3 M1 2R
E2 E1 A
T. e. BepoATHOCTh MArHUTHBIX IIOPAJIKOB Ha 6 IIOPAJIKOB MEHBIIIE, YeM 3JICKTPUYECKUX.

Orciona nmosBsOTCA TIpaBuia orbopa. OHU MOKA3BIBAIOT, KAKMe BO3MOXKHO IIEPEXOJIbI U3
BCEX SHEPreTUYICCKUX COCTOAHUM.

AJ = +1,0,

kpome 0 — 0 mepexomoB. Hanmpumep, eciim BekTop J moBopadmsaercs, To AJ = 0.

Teneps kBanToBBIE Uncaa: Am, = 0. Ecim ciun MeHsieTcs1, TO 9T0 3HAYHUT, YTO ITEPEXOT,
MarHUTHBIN, a OH KpaiiHe MajoBepodTeH. Ecim ecTh cOOCTBEHHBIN yIJIOBOIT MOMEHT, TO B
CWJIy OTPUIATEJbHOTO 3apsa/a 3JEeKTPOHA, CIIMHOBBII MArHUTHBIA MOMEHT HAIIPaBJIEH B
apyryio cropony. CIIHBI BHICTPAUBAIOTCS HE IO IMOJI0, a IIPOTHUB IOJIs.

Puc. 8.9.

HOCKOJ'H)Ky mg = ﬂ:%, TO BO3MOXKHDBI JIBa COCTOAHMA.

1
= -JS.
c
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Puc. 8.10.

Ecan ecthb 371€KTpOH, Bpalaoiuiics 10 opouTe, TO B IIEHTPE BUTKA II0JI€ HE PABHO
HyJ/I10. A ecjm MBI IlepeiijieM B CUCTEMY KOOPIHHAT 3JIEKTPOHA, TO MOJIYUUTCH, 9TO YIKE
3aps]l sIpa co3JaeT MAarHUTHOE II0JIe, KOTOPOe B3aUMOJIEHCTBYET € 9JIEKTPOHOM. DTO Ha-
3BIBAETCsI CIIMH-OPOUTAIbHOE B3aUMO/IEeliCTBHE.

Ho eciin HeT opbuTaabHOrO MOMEHTa, TO HET U B3aMMOIEHCTBHS.

[Iycts n = 2, [ = 0, Torma cocrosinue 25 1 A ecim 1=1, TO BOBHUKHET pacIlereHne
Ha 2Ps u 2P:. Orcioga u nosiisercs ayoser Harpus. Moxker ere ObITh CIIMH-CIIMHOBOE
B3aI/IM?),ILeI7'ICT§BI/Ie, HO OHO y>KacCHO MaJIeHbKOE.

MokeT ObITH B3aMMO/IEICTBIE CITMHA 3JIEKTPOHA ¢ MArHUTHBIM MOMEHTOM dipa. Kro

SHEPrus
Hos sy
Weq = 3
r

Ho, nmockonbky siaepubliit Maruutabiii MoMeHT B 2000 pa3 MeHbIIIe 3JIeKTPOHHOTO, TO 9Ta
SHEpPrus MaJja, a paclielieHne Ha3bIBaeTCd CBEPXTOHKUM.
A B3amMoselicTBIe CIMH-OPUOTA HA3bIBAETCS TOHKNM paciierienneM. Mbr Oymem pac-
CMaTpUBATh TOHKOE pacIelieHue.
Bce st pacmerienust Mbl YBUIUM 1 6€3 BHEIIHEro 10Jisd. A Ternepb IIOMECTHM aTOM B
MAarHUTHOE TIOJI€E:
U=Usy+Usuy+Urn

— CyMMapHOe B3auMOJICHCTBHUE CKJIAJIbIBAETCS U3: CIIMH-OPOUTAJIBLHOTO, CIIUH C ITOJIEM U
opbuta ¢ mosieM. MaruuTHbBI MOMEHT aToOMa

M= —gAlij

Hy»Ho onpeiesinTh, Kakoe mojie Gy/1er (CruibHOe uin caaboe), Mo CPABHEHUIO ¢ BHYT-
peHHUM 10JIeM (06Pa30BAHHOE CIIUH-OPOUTON ).

8.2. Cuaboe noae Ugy < Usgy,

E = Ey — [iB = Ey + gapsJ B = Ey + gapsm; B,

rie Fy — sueprus, kotopas Oblia 6€3 MAarHUTHOT'O ITOJIS.

[Tony4aeTcs, 9T0 MBI CHIMaeM BBIPOKJEHHE 110 1 HOTOMY YTO SHeprud OyleT 3aBHU-
CeTHb OT TOrO, IOJ] KAKUM HallpaBJIEHHEM OPUEHTUPOBaH j.

PaccmoTpuM, Kak 3TO MPOUCXOIUT B aTOMe HATpud. ITOOBI BO3OYIUTD 9JIEKTPOH, HY K-
HO TiepeBecTH ero B cocrosgane 3P. Tam ecThb /1Ba cOCTOsIHAS, KOTOPBIE ONIPEIENIIOTCS TOH-
KOI CTPYKTYpoil. MbI roBopmin, 9T0 3HEPrusi 3aBUCUT TOJHLKO OT TJIABHOTO KBAaHTOBOT'O
YUCJIa, & TYT UMeeM COBEPIINEeHHO Jpyryio Kaptuny. Ho jyis P-000/109Ku 9KpaHUpPOBaHUe
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Puc. 8.11.

9JIEKTPOHOB MEHBIIIE, €M JIIs S-9JIEKTPOHOB, HOITOMY YPOBHHU pasHble 10 sHepruu. Ecim
BHEIIHEE 110JI€ PABHO HYJIIO, TO YBHUAUM JIyOJIeT HATPUSI.
Tereps npuaoKuM caboe BHEIIHee HoJIe.
Yposens 3P pacmenurest na (2. + 1) = 4 yposust.
Yposens 3P1 pacmenurest na (2.J + 1) = 2 yposust.
Yposens 351 pacmennres na (27 + 1) = 2 yposns.

Puc. 8.12.

Tenepsr pazbepemcst ¢ TeM, 9TO Mbl yBHUJINUM, KOTJia Harpeem mapbl. Bocrosb3yeMmcst
npaBuiamMu otbopa. Bo3moxkHble mepexoisl npuBesienbl Ha rpaduke. Cucrema ypoBHeit
CTIOYKHAsI. DTO HA3BIBAIOT CJIOKHBIM 3ddekToM 3eemana. [Ipossisercs 10 guamit. 3a-
IIPENIEeHbl TOJILKO JIBa IIEPEXOJIA.

Puc. 8.13.
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8.3. Cuabnoe noJjie Ugy > Ugy,

B noste pacmierienue 6osibiie, 1eM CIUH-0pOUTaIbHOE. Torga cauTaeM, 9To eCTh IIPO-
cTO S-ypOBeHb U P-ypoBeHb. My, + 2mg — HE3aBUCUMO CKJIAIBIBAIOTCA MOMEHTHI. B 3TOM
caydae OyaeT TOJbKO Tpu juHu, T. K. Amg = 0.

Puc. 8.14.

Ecim ecTb u3tydenue, sHEpPrug KOTOPOTro COBIIAJIAET € PACIPeeIeHuEM YPOBHEH JIeK-
TPOHOB BO BHEIIHEM MarHUTHOM IIOJIe, TO IOSIBJISIETCA PE30HAHCHOE IOIJIOIIEHNE WJIN
IIIP — sjieKTpOHHO-TTApaMarHUTHBIA PE30HAHC. A eC/I 9TO MPOUCXOIUT HE BO BHEIII-
HEM II0JIEM, a ITPOCTO ¢ BHYTPeHHUM, TO 310 SAIMP — sgaepHbIit MAarHuTHBII pe30HAHC.
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