MmaBa 13. YpoBHM 3Heprum B nnaHetTapHou moaesnu atoma

YcToHunBOCTh  MOOOW  CHUCTEMBI B aTOMHBIX  MacmTabaX  BBITEKaeT W3  IMPHUHIIHIA
HeonpenenéunocTed [ aiizenOepra (4eTBEPTHIA paszen ceapbMoil TaBbl). [loaTOMy mociemoBaTeIpHOE
U3yueHHE CBOMCTB aTOMa BO3MOXKHO TOJNBKO B paMKax KBaHTOBOH TeopuH. TeM He MeHee, HEKOTOpbIe
pe3yIbTaThl, UMEIOIINE BAKHOE MPAKTUYECKOE 3HAYCHHE, MOKHO TOJIYYUTh U B paMKaxX KIacCHYeCKOH
MEXaHUKH, IPUHSB JOMOTHUTEIbHBIC TIPaBrjla KBAHTOBAHUS OPOUT.

B »oToif TnmaBe MBI BBIYHCIMM TIOJIOKEHHE DHEPreTHYECKUX YPOBHEH aroMa BOJOpoAa |
BOJIOPOJIONIOJOOHBIX MOHOB. B OCHOBY pacu€ToB MOJOXKHM IUIaHETAPHYIO MOJIENb, COTIACHO KOTOPOii
3JIEKTPOHBI BPAIIalOTCSA BOKPYT siIpa MO NEHCTBHEM CHII KyJIOHOBCKOTO NpHTsKeHHs. [lomaraem, uTto
3JIEKTPOHBI IBUXKYTCS IO OpOUTaM KPYTroBOH (POPMBI.

13.1. llpuHyun coomeemcmeus

KBaHTOBaHME YIIIOBOr0O MOMEHTa IIPUMEHAETCS B MOAEIN aTOMa BOJOPOJa, IPEII0KEeHHOH bopom
B 1913r. bop ucxoaun U3 Toro, 4To B Mpejesie MaIbIX KBAHTOB YHEPTUU PE3yNbTaThl KBAHTOBOH TEOPUHU
JOJKHBI COOTBETCTBOBATH BBIBOJIAM KilaccH4ecKoi MexaHuku. OH chopMyInpoBall TpH MOCTyJara.

1. ATOM MOXET AIUTENBHOE BpEMs HAaXOOUTHCA TOJBKO B OMNPEACIEHHBIX  COCTOSHHUAX C

MACKPETHBIMH YPOBHSAMH DJHEprud £E;. DIEKTPOHBI, Bpamasch IO COOTBETCTBYIOIUM
MIACKPETHBIM OpOWTaM, HIBIDKYTCS YCKOPEHHO, HO, TeM HE MeHee, OHH He u3iyqaroT. (B
KJIACCUYECKOU QJICKTPOJUHAMUKE U3JTYydaCT BCAKAd YCKOPCHHO JABMIXXYHIAsACAd YaCcTUlla, €CJIM OHA
UMEET OTIIMYHBIN OT HyJIsI 3apsi).

2. W3nyueHme MCXOAUT OO TOTIIOIIACTCS KBAHTAMH TIPU TEPEXO0Je MEKIY SHEPTeTHUCCKUMH
YPOBHAMU:

ho, =E —E .
3. Tlpunumun cootBercTBHsS. OH IJIACHUT, UTO IIPH MEPEXOIE MEXKIY BEICOKUMHE (711 >> 1) cocemHUMME

opburamu n u n+1, yacrora ® U3JIy4aeMOro KBaHTa SHEPIMHM DPaBHA 4YacToTe O,

n,n+l1
BpalIiCHUA 2JICKTPOHA Ha n—i 0p6HTe.
W3 stux IIOCTYJIATOB BBITCKACT IMIPABUJIO KBAHTOBAHHA MOMCEHTA BPAIICHUSA 3JICKTPOHA

(1.1) M=n-h,
€ n MOXET 6BITI> PaBCH J'I}O60My HaTypaJbHOMY YHCITY:
(1.1a) n=1,23,...

[Tapametp n Ha3bIBaeTCH 2nasHbiM K8anmosvim yuciom. Jns BeBona ¢opmyn (1.1) BbIpazuM 3HEpruio
YPOBHS 4epe3 MOMEHT BpalleHHs. ACTPOHOMHYECKHE H3MEpeHHs TPeOYIOT 3HaHHs IJIMH BOJH C
JOCTATOYHO OOJIBIIONH TOYHOCTBHIO: INECTh BEPHBIX MG U ONTHYECKHX JIMHUH M 1O BOCBMH — B
paguonuanasone. IlosToMy npu nM3y4eHHH aToMa BOAOPOAA MPEIIOJIOKEHHE O OECKOHEYHO OOINBIION
Macce siipa OKa3bIBaeTCs CIUIIKOM IPyObIM, TaK Kak MPUBOAMT K OLIHOKE B UeTBEPTOH 3Havalei nudpe.
€00X0/IMMO y4ecTh JIBIKeHHUE spa. J[ins ero y4éra BBOJUTCS NOHITUE NPUBEOEHHOU MACCHL.

13.2. pueedéHHasi Macca

SHCKTPOH ABMIKCTCA BOKPYT s1[ipa IOJ Z[eﬁCTBPIeM Z-)J'IeKTpOCTaTI/ILICCKOI\/'I CHIJIbI
Q1 f=—2tr,

re ' — BEKTOp, HA4ajo KOTOPOTO COBIIAJAET C MOJOXKEHHEM s/Ipa, a KOHEIl YKa3bhIBaeT Ha AIIEKTPOH.
HanomMHuM, 4T0 Z — 3TO aTOMHBII HOMED S1/1pa, a 3apsAJibl SApa U 3JEKTPOHA PaBHBI, COOTBETCTBEHHO Ze
u —e. Ilo Tperbemy 3akoHy HpioTOHa, Ha sAApO HelicTBYeT cuia, paBHas —f (oHA paBHA O MOIYJIIO H
HaIlpaBJICHa MPOTHUBOIOJIOKHO CHJIC, NEHCTBYIONIEH Ha JJICEKTPOH). 3aluIlieM YpaBHEHHUS JBIKCHUS
3JIEKTPOHA
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‘ dt
U sapa

dav
2.2b Z —_f,
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Baeaém HOBBIE MEPEMECHHBIC: CKOPOCTH 2JICKTPOHA OTHOCHUTECIIBHO A1pa
(2.3) V=V,6-V,
" CKOPOCTh LCHTpA MaccC

mV, +m,\V
(24) w=——e——ZZ
m,+m,

Crnoxus (2.2a) u (2.2b), momyunm
W = const .

TakuM 00pa3oM, LEHTP MAacc 3aMKHYTOH CHCTEMbI IBMXKETCSI PaBHOMEPHO M NpsIMONMHEHHO. Temepb

noxenuM (2.2b) Ha my u BEIUTEM ero u3 (2.2a), nen€HHOro Ha m,. B pe3ynpTare moiryqaeTcs ypaBHCHHE
JUISL OTHOCUTEIBHOW CKOPOCTH DJICKTPOHA:

dv
2.5 —=f.
23)  m—

Bxopsiimast B Hero BeandnHa

2.6) m=—z
m, + m,

HA3BIBACTCS Npugedeénnol maccoti. TakuMm oOpa3oM, 3amada 0 COBMECTHOM JBIDKECHUU JIBYX YaCTHI] —
SNIEKTPOHA U siIpa — yIpolnaercs. J[ocTaTouHO paccMOTpeTh JNBUKEHUE BOKPYT SApa OJHON YacTHIHI,
MOJIOXKEHUE KOTOPOM COBMAJacT ¢ TOJOXKEHHEM 3JICKTPOHA, a e Macca paBHa NpPUBEISHHON Macce
CHCTEMBI.

13.3. Ces3b MexAy aHepaueli U MOMEeHMOM epaujeHuUst

Cunna KyJOHOBCKOI'O B3aMMOJEHCTBHUS HAIIpaBlI€HA BIOJNb NPSIMOM, COCOUHAIOLICH 3apsibl, a eé
MOJyJIb 3aBUCHUT TOJBKO OT PACCTOAHHUA » Mexay HUMHU. CleZoBaTeNbHO, ypaBHeHHE (2.5) OMUCHIBaeT
JBUKEHHE YacTHULbl B LIEHTPAJIbHO—CUMMETPUUYHOM Iose. BakHbIM CBONHCTBOM JABMIKEHHS B IOJIE C
LEHTPAJIbHON CUMMETpPUEH ABISIETCS COXPaHEHUE SPHEPTUHM U MOMEHTA BPAILCHHUS.

3anuiieM yciIoBHE, YTO ABM)KEHHE 3JIEKTPOHA MO KPYroBOH OpOHTe ompenaessercs KyJIOHOBCKHM
MIPUTSKEHUEM K AIpY:
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W3 mero CJICOYCT, UTO KMHCTUYCCKAA SHCPI U
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paBHA IOJIOBUHE HOTCHHHaﬂLHOﬁ OHCPTUH
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B3STOM C OOpaTHHIM 3HAKOM:
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ITonnas 3Heprus £, COOTBETCTBEHHO, PABHA:

U my?
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OHa noJTyymiiach OTPULIATENFHOM, KaK U TOJKHO OBITH JUISl yCTOMUMBBIX cOCTOSHUI. COCTOSTHUS aTOMOB
Y MOHOB C OTPHUIATEIbHOW DHEpPruell Ha3bIBAIOTCA C6A3aHHbIMU. YMHOXKUB ypaBHeHue (3.4) Ha 2r u
3aMEHUB B JIEBOW YacTU MPOU3BEJECHUE mVr Ha MOMEHT BpalleHus M, BbIpa3UM CKOPOCTh V 4epes
MOMEHT:

Ze*
3.6 y=—
(3.6) v

IToacTaBmsist TOMyYeHHOE 3HAUYEHHWE CKOpocTH B (3.5), MOIyduM HCKOMYIO (GOpMYIy IS TOTHOM
SHEPTHUH:

Z*me*

37) E=-
(3.7) e

OOpaTiM BHUMaHHE Ha TO, YTO SHEPTHS MPONOPIHMOHAIFHA YETHOW CTENEHM MOMEHTa BpamieHus. B
Teopun bopa 3ToT (hakT MMeeT BaxXHBIE CIIEACTBUA.

13.4. KeaHmoeaHue MOMeHMa epaujeHust

Bropoe ypaBHeHHE i TIEPEMEHHBIX ¥ M 7 MbI MOJYYHM W3 MPABUJIa KBAHTOBAHUS OPOUT, BBIBO
KOTOPOTO BBIMTOJTHUM, UCXOM U3 MocTynatoB bopa. Jquddepenmupys dopmymny (3.5), momydaeM CBSI3b
MEXKAY MaJIbIMU U3MCHCHHUAMUN MOMCHTA U DOHCPIUM:

2. 4
Z"me" AM

4.1 AE = ——F-———.
M- M

CornacHO TpeTheMy MOCTYyJaTy, 4acTOTa W3JIydaeMoro (MM moriomaeMoro) (GoToHa paBHA YacTOTe
oOparteHwus 3JIEKTPOHA Ha OpOuTe:

(42)  AE=ho, =h=,

v

N3 dpopmyin (3.4), (4.2) u cBs3H
M, =myr,

MEXKAY CKOPOCTBIO, MOMCHTOM BpAIICHUA U PAANYCOM BBITCKACT MPOCTOC BLIPAKCHHUEC I U3MCHCHUA
MOMCHTA UMITYJIbCA IIPU IMEPEXOAC IJICKTPOHA MECIKAY COCCAHNMU Op6I/ITaMI/IZ



(4.3) AM =h.
Wnrerpupys (4.3), nomyyaem
(4.4) M, =nh+hC.

Koncranty C Oyznem HcKaTh B IOJYOTKPHITOM HHTEPBAJE

(45) 0<C<l.

JBoiiHoe HepaBeHCTBO (4.5) He BHOCHT HUKaKUX JOMOJHHUTENBHBIX OorpaHHuYeHHi: ecin C BBIXOAUT 3a
npezensl (4.5), To €€ MOXKHO BepHYTh B 3TOT MHTEpPBal, IPOCTO NEPECHYMEPOBaB 3HAYCHUS MOMEHTA B

hopmyme (4.4).

@du3nyeckre 3aKOHbl OJMHAKOBBI BO BceX cucremax orcué€ra. llepeiiném OT MpaBOBUHTOBOM
CHUCTEMBbI KOOPAUHAT K JIEBOBUHTOBOW. DHEPIUsl, KaK BCAKAs CKaJspPHAs BEIMYMHA, MIPU 3TOM OCTAHETCA
MpEeKHEH,

(46) E—E.

Wuave Benér ceOs akcHadbHBIN BEKTOpP MOMEHTa BpaileHus. Kak u3BecTHO, BCSIKUI aKCHANBHBI BEKTOP
TIPH BHITIOJTHEHNHW YKa3aHHOH OIepanuy MeHsSeT 3HaK:

47 M- -M

Mexnay (4.6) u (4.7) HET IPOTHBOPEYHSI, TaK KaK DHEPrus, corracHo (3.7), oOpaTHO IPOMOpIHOHATBHA
KBaJIpaTy MOMEHTA U OCTaETCs IPEKHEN ITpU CMEHE 3HaKa M.

Takum oOpa3oMm, Ha0Op OTpPULATENBHBIX 3HAYCHUH MOMEHTa JOJDKEH IOBTOPATH Habop ero
TIOJIOKUTENBFHBIX 3HAYeHNH. IHBIMU ClTOBaMH, TS KaXKJOTO MTOJIOKUTENBHOTO 3HAYeHUs M, 0053aTEIbHO
JIOJDKHO HAWTUCH PABHOE €My 110 MOAYJIIO OTpUIlaTeNIbHOE 3HaueHne M,

(4.8) -M =M,

O6wenunsist (4.4) — (4.8), nonydaem auHeiiHOe ypaBHeHue i C:
—(—m+C)=n+0C,

C peleHreM

m-—n

(49) €=

Jlerko y6enuthes, uto popmyna (4.9) naér nBa 3HadeHUss KOHCTAHTHI C, YIOBJICTBOPSIONINE HEPABCHCTBY

4.5):
(4.10) C =0, szé.

n -3 -2 -1 0 +1 +2 +3

=0 M, =n-h -3 -2 -1 0 +1 +2 +3

C=U2 | M, =(n+1/2)-1 | =5/2 | =3/2 | =1/2 | +1/2 | +3/2 | +5/2 | +7/)2

C=UA | M, =(n+1/4)-n | =11/4 | =7/4 | =3/4 | +1/4 | +5/4 | +9/4 | +13/4

[Mony4yeHHBIH pe3yJIbTAT WILTIOCTPHPYET TAONUIA, B KOTOPOH NPHBEICHBI PSAABI MOMEHTa JJIsl TPEX
snayennit C: 0, 1/2 u 1/4. Xopomio BHIHO, YTO B TOCJiemHEH cTpoke (n=1/4) BeIuuMHA MOMEHTA
BpaIlleHUS [ MTOJIOKHUTEIBHBIX U OTPHUIIATEIBHBIX 3HAYCHUHN /1 Pa3IndyacTCs Mo a0CONIOTHON BEIMYHHE.



CoBnageHue ¢ 3KCIEPUMEHTAIBHBIMU JaHHBIMU bopy yzaanoch mosyduTs, HONO0XKHUB KOHCTaHTy C
paBHO# Hyr0. Toraa nmpaBuio0 KBAaHTOBaHUSI OPOUTAILHOTO MOMEHTa omnuckiBaroTest popmynamu (1). Ho
TaK)Ke UMeeT cMbIca U 3HaueHue C paBHOe NojoBUHE. OHO ONUCHIBACT GHYMPEHHUL MOMEHM DIEKTPOHA,
WIN ero chuxH — TOHATHE, KOTOopoe OyAeT NOApPOOHO pacCMOTPeHO B JAPYrHX IiaBax. Yacrto
TUIaHETapHYIO MOJIENIb aTOMa M3JIararoT, HaunHas ¢ Gopmynsl (1), HO UCTOpUYECKH OHA ObLIA BBHIBEICHA
U3 IPUHLUIIA COOTBETCTBUS.

13.5. lNapamempbl opbumsbi 351IeKMpPOHa

®opmyner (1.1) u (3.7) npUBOIUT K IUCKPETHOMY HA0Opy paIuyCcoB OpPOUTBI M CKOPOCTEH
3JIEKTPOHA, KOTOPHIE MOKHO MIEPEHYMEPOBATh C MOMOIIbIO KBAHTOBOTO YUCIIA /1:

222 2 2
n°h n Ze Z
(5.1 r,= T=—a,, V,=——=0—cC.
Zme VA nh n
CeofofHbIe COCTORHKMA.
HenpepsiEHsIiA cnexTp.
n= -1.5138

Cameil HnaKmi ua BoabywadHHLX ypoBHER
n= : =3.40 2B

CBAZaHHEIE QUCKPETHEIE YPOBHM SHEDMHK

OCHOBHOE COCTORHWE
n=1 -13.6 3B

Puc.13.5.1. Cxema ypoeHeh atoma spogopoga.

WM coOTBETCTBYET MUCKPETHBIN dHepreTrueckuii crektp. [lomHas sHeprus anmexkTpoHa E;, MOXET ObITh
BbIuncIiieHa o popmynam (3.5) u (5.1):

4 2 2
me” Z Z
T

5.2 E =- —
(5-2) ! 20 n?

Mpl  TONYyYMIM  JMCKPETHBIA  HAOOp  JHEPreTHYECKUX  COCTOSHUM  aToMa  BOJOpOAa WK
BOJIOPOJIONIOIO0HOT0 MoHAa. CocCTOsIHWE, OTBEYaloliee 3HAYCHUIO 7, PABHOMY €JIWHUIIE, HA3bIBACTCS
OCHOGHbIM, BCE OCTAJbHBIC — 6030VICOEHHbLIMU, @ €CIM 1 OYeHb BEIHMKO, n>>1, To — cunvHo
6030yoco0énnvimu. Pucynok 13.5.1 mwmmoctpupyer dopmyny (5.2) mis aroma Bomopoxma. [lyHkTHpoM



0003HaYeHa TPaHWIA MOHHU3AINHA. XOPOIIO BHIHO, YTO MEPBHIN BO30YKAEHHBIM YPOBEHb 3HAYHUTEIHHO
OmbKe K TpaHMIle MOHU3AIUN, YeM K OCHOBHOMY

n=5
n=4

n=2

Puc.13.5.2. Boaby»aéHeee ypoBHW aToMa eogopoaa.

coctosiHMO. [IpuOnmxasce K rpaHulle MOHM3ALMM, YPOBHHM Ha puc.13.5.2 mocTeneHHO Cryuiarorcs.
beckoHeuHo MHOro ypOBHEH HMEET TOJIbKO YyeAWHEHHBIM aTtoM. B peanbHOM cpele pa3ivyvHbIC
B3aMMOJICHCTBUS C COCETHUMH YaCTHUI[AMH IPUBOJAAT K TOMY, YTO Y aTomMa OCTaércs TOJNBKO KOHEYHOE
YUCII0O HIWKHHUX ypoBHeW. Hampumep, B ycnoBusx 3BE3MHBIX aTMocdep atom umeeT oObraHO 20-30
COCTOSIHMI, HO B Pa3peXKEHHOM MEX3BE3IHOM raze MOTYT HAOJIOAAThCS COTHM YPOBHEH, HO He Ooiee
TBHICSYH.

B mepBoii rmaBe MBI BBENM PHUIOEPT, MUCXOIs M3 cooOpakeHuid pasmepHoctH. Popmyma (5.2)
packpbIBaeT (U3MUECKUI CMBICI 3TOW KOHCTAHTHI KaK YZOOHOW eIMHMIBI M3MEPEHMS 3HEPIHH aToMa.

Kpome Toro, ona noxaseiBaer, 4ro Ry 3aBUCHT OT OTHOILECHUS 1, / m, :

(53) Ry=—2=_

B cuiny 0OJIBIIIOTO pa3iandud MacC dpa U 3JICKTPOHA 3Ta 3aBUCUMOCTD SABJIACTCA BECbMa cna60171, HO B
HCKOTOPLBIX CIydasx Cro npeHe6peraTL Helb34. B uncnurene HOCHGHHCﬁ (bOpMYJ'ILI CTOUT KOHCTaHTa

4

(5.4) Ry, =2 _217992.10" spr=13.60583 5B,

0 2

K KOTOPOH CTpeMHTCsS BeNMurMHa Ry mpu HeorpaHHYEeHHOM YBEIMYEHUH Macchl siupa. Takum oOpasom,
MBI YTOUHMJIM €AMHHUIY U3MepeHus Ry, npuBenéHHyro B IepBoii Iase.
ITpaBuno kBanToBaHUs MOMeHTa (l.1), KOHEYHO, SBJIE€TCS MEHEE TOYHBIM, Y€M BBIPAXKECHHUE

(12.6.1) mas coOGCTBEHHOrO 3HAa4YeHMs omeparopa [ * . COOTBETCTBEHHO, ¢dopmyner (3.6) — (3.7) umeroT
BEeChbMa OT'PaHMYEHHBIN CMBICT. TeM He MeHee, KaKk MBI yOeIuMCsT HIDKE, OKOHYATETBHBIN pe3yibTaT (5.2)
JUISL YPOBHEW 3HEPTHHU COBIAmaeT ¢ pelieHueM ypaBHeHus lllpeamnrepa. M MOXHO MOJIb30BaThCS BO
BCEX CIIy4YasiX, €CIIM PEJIATUBUCTCKUE IMOMPABKH MPEHEOPEIKUMO MAJTHI.

WTak, coriiacHO TUIAaHETAPHOW MOJENH aroMa, B CBSI3aHHBIX COCTOSHHSX CKOPOCTH BpallcHU,
pamuyc OpOHMTBI M DJHEPrHs OSJICKTPOHA NPUHUMAIOT JUCKPETHBIM psj 3HAYCHHH W IOJHOCTHIO
OTPEACTSAIOTCS BEIMYMHOW TJIaBHOTO KBaHTOBOro umcia. COCTOSHHS C TOJOXKUTEIBHOW 3HEpruei
Ha3BIBAIOT CB0OO0OHLIMU;, OHM HE KBAHTYIOTCSA, U BCE MAapaMmeTphbl DIEKTPOHA B HHX, KPOME MOMEHTA
BpAaIlICHUs, MOTYT TIPUHHMATh JIOObIe 3HAUCHHS, HE MPOTHBOpEYAIINE 3aKOHAM COXPaHeHHsS. MOMEHT
BpalllcHUS KBAHTYETCS BCETA.



®opmyJibl MIAHETAPHOU MOJENH TO3BOJIAIOT BBIUUCIUTH MOTEHIIMA MOHU3AIMK aToMa BOJO0poja
WIN BOJOPOAOMOAOOHOTO HMOHA, a TAaKXe IJIUHY BOJHBEI IEpexoja MEXKIy COCTOSHHUSMH C pa3HBIMH
3HAUYCHUAMH 7. MOXHO TakKe OLICHUTH pa3Mep aTroMa, JMHEHHYI0 U YIJIOBYIO CKOPOCTH JBIKCHUS
3JIEKTPOHA TT0 OpOwUTE.

BriBenennbie  ¢GopMynpl HMEIOT JBa OTpaHWYCHUsA. BoO-TIEpBBIX, B HHUX HE YYHUTHIBAIOTCA
penstuBucTCKUE dPPEKTHI, YTO MaET OMIMOKY MOpsaKa (V/C)z. PensaruBucTckas mompaBka pacTeT Mo Mepe
YBEJIMUCHHUS 3apsaa alpa Kak AR st noHa FeXXVI yxke cocTaBiseT J0au NpoleHTa. B koHue gaHHOU
TJTaBBI MBI PacCMOTPHM 3TOT 3¢ (EeKT, OCTaBasICh B paMKax IUTAHETapHOW Mojeiu. Bo—BTOpHIX, TOMUMO
KBaHTOBOT'O YHCJIa 1 DHEPTUS YPOBHEU OMpeneNsieTcsl IPYTUMH TapaMeTpaMu — OpOHUTAIbHBIM H
BHYTPEHHUM MOMEHTaMH 3JeKTpoHa. [Io3TOMy ypOBHHM pAacIIEIUISIIOTCS HAa HECKOJIBKO MOAYPOBHEM.
Bennuuna paciieruieHus: Takke IpornopIiuoHaibHa 7' ¥ craHOBHTCS 3aMETHOI Y TSAXKEITBIX HOHOB.

Bce ocoOeHHOCTH TUCKPETHBIX YPOBHEH YUHMTHIBAIOTCS B IOCIICOBATEIILHON KBAaHTOBOH TEOPHH.
Tem He MeHee, npocTas Teopusi bopa oka3pIBaeTCs MPOCTHIM, YIOOHBIM U JOCTATOYHO TOYHBIM METOJIOM
UCCJEIOBAaHUS CTPYKTYPhl HIOHOB U aTOMOB.

13.6.lTocmosiHHas1i Pudbepza

B onTrueckoMm nuama3zoHe crieKTpa OOBIYHO M3MEpseTcs He dHeprus KBaHTa E, a JuIMHA BOJHBI A
nepexoaa MexIy ypoBHSAMU. [1o3ToMy A MU3MEpEHUS SHEPTHH YPOBHS YacTO UCIOJIB3YETCS BOJIHOBOE

uncio E/hc, mamepsemoe B OOpaTHBIX caHTHMeTpax. BoiHOBoe umMci0, cooTBeTcTByMomee Ry,

obo3nauvaercs R :

6.1) R =% ~109737.31534 e

0
c

WHpekc oo HaIIOMUHAET O TOM, YTO Macca sIpa B TOM OIPEAETICHUH CUUTAeTCs OECKOHEUHO 0obmIoi. C
y4€TOM KOHEYHOU Macchl sijipa nmocrosinHas Punbepra paBHa

62) R,=—Le_
m

1+—=

m,

V TKETBIX AACP OHA 60.]'[]:]1.[6, qeM 'y nérkux. OTHOIICHHE Mace IMPOTOHA U 3JICKTPOHA PaBHO

(6.3) mp/me =1836.152701.

[oncraBnsst 370 3HaueHHe B (2.2) MONyYUM YUCIICHHOE BBIpa)KEHHE MOCTOSHHON Pupbepra mis atoma
BOJIOPOAA:

(6.4) R, =109677.58 cm .

Snpo Tsxénoro u3oTomna BOAOPoaa — JAEHTEpUs — COCTOUT U3 IPOTOHA U HEUTPOHA, ¥ MPHUOIU3IUTENHHO
BIBOE TsDKeJee siipa aroMa Bojxopoja — mpoToHa. [loatoMy, cormacHo (6.2), moctostHHas Punbepra y
nertepust Rp OoJbIe, 9eM y Bojopoaa Ry:

(6.5) R, =109708.60 cm .

Fmé Boimie oHa y HecTaOMIBHOTO M30TOIA BOAOPOLA — TPHUTHS, SAPO KOTOPOTO COCTOUT U3 MPOTOHA M
JIBYX HEUTPOHOB.

VY sneMeHTOB cepeluHbl TaOIUIBl MeHnaeneeBa dQPEKT N30TOMHYECKOTO CABHTa KOHKYPHPYET C
3¢ eKToM, CBA3aHHBIM C KOHEUYHBIMH pasMepaMu siapa. OTH 3(p(HeKTsl UMEIOT MPOTHBOMOIOKHBIN 3HAK U
KOMIIEHCUPYIOT ApYyT Apyra i 3J€MEHTOB, OJIM3KHUX K KaJIBIIHIO.



13.7. U30351ekmpoHHasi nocriedoeamesibHOCMb e00opo0da

CormnacHo OIpENeNeHNI0, TaHHOMY B 4YETBEPTOM pa3liesie CEeIbMOIl IJIaBbl, MOHBI, COCTOAIINE W3
Sapa W OJHOTO 3JEKTPOHA, Ha3bIBAIOTCS BOJOPOJONOINOOHBIMU. MHBIMH CIOBaMH, OHH OTHOCSTCS K
M303JIEKTPOHHON IOCIEA0BAaTENBHOCTH BoAopoda. WX CTpykTypa KaueCTBEHHO HANOMUHAET aToM
BOJIOPO/Ia, a MOJIOXKEHUE 3HEPreTHYECKUX YPOBHEH HOHOB, 3apsil Aapa KOTOPBIX HE CIMIIKOM BEIHK (Z <
10), MoxeT OBITH BBIUUCIIEHO 1O TipocToil dopmyiie (5.2). OgHako y BBICOKO3apsITHBIX HOHOB (Z > 20)
MOSIBJISIFOTCSL. KOJMYECTBEHHBIE OTJIMYMS, CBSI3aHHBIC C DPEIATUBUCTCKUMH 3P QPEKTaMHU: 3aBHCUMOCTHIO
MAacChl 3JIEKTPOHA OT CKOPOCTH ¥ CTUH—OPOUTAIILHBIM B3aUMOICHCTBUEM.

Msl paccMoTpuM Haubosee MHTEpECHBIE B acTpo(u3MKe HMOHBI Iesus, KUCIOpoda M kenesa. B
CIEKTPOCKOIIMM 3apsii HMOHAa 3alaércsi C IOMOINBID CHEKMPOCKONUYECKO20 CUMB0NA, KOTOPBIUA
3aMMCHIBACTCSl PUMCKUMH LU(paMH CIIpaBa OT CUMBOJIAa XHMHUYECKOro 3j1eMeHTa. Ynco, n3obpaxaemoe
pUMCKOM 1u¢poi, Ha eIUHHUIYY IIPEBBIIIAeT KOJMYECTBO YJAJEHHBIX M3 aToMa 3JIeKTpoHOB. Hampumep,
aToM Bojopona obo3Hauyaercss kak HI, a BomoponomojoOHbIE MOHBI TeNHWsl, KHCIOpOJAa U JKelesa,
cootBeTcTBeHHO, Hell, OVIII u FeXXVI. Jlns1 MHOT037€KTPOHHBIX HOHOB CHEKTPOCKONUYECKUI CUMBOI
coBmazaaeTt ¢ 3G PeKTUBHBIM 3apsAAOM, KOTOPBIH «UYBCTBYET» BaJICHTHBIN 3JIEKTPOH.

Paccunrtaem ABM)KEHHE AJIEKTPOHA MO KPYTOBOM OpOHTE C YUETOM PENATUBUCTCKON 3aBHCHUMOCTH
ero maccel ot ckopoctu. YpaBHeHus (3.1) u (1.1) B pelsITHBHCTCKOM Cllydae BBITJISIIAT CICIYIOIUM
oOpa3zoM:

2 2
712 M
reyJ1-p r
7.6 22 = nh

[IpuBenénnas macca m onpenenena Gpopmynoi (2.6). HamoMHuM Takxe, 4To
2 2
B=r?/c.

2
VMHOXHUM IIEPBOC YPAaBHCHUE HA 77 U NIOAECTIUM €TI0 Ha BTOPOEC. B PE3yabTaTC MOJIYYUM

(7.2) y=—" Bzza.
nh n

ITocTostHHAs TOHKOW CTPYKTYpHl o BBeAcHa B Qopmyne (2.2.1) mepBoi TiaBbl. 3Has CKOPOCTH,
BBIUUCIISIEM PaJIUyC OPOUTHI:

(73) r= niy1-p* .

mcf3

B crienmanbHO# TeOprH OTHOCHTETHPHOCTH KHHETHYECKAst SHEPTUS paBHA Pa3HOCTH TIOTHOM DHEPTUH Tela
U €r0 PHEPTUU MOKOSI PU OTCYTCTBUU BHEIITHETO CHIIOBOTO TOJIS:



(74)  T=m| -1

J1-p°

[orenumansuas sueprust U kak GyHkuus 7 onpenensercs ¢popmynoit (3.3). [loacrasnss B BeIpaKeHUs
it T u U nonryyeHHbIe 3HaU€HUA 3 U 7, TIOJIy4UM IMOJIHYIO SHEPTHUIO 3JIEKTPOHA:

(7.5) E:T+U:mcz(ﬁ—l):mcz

JInst 9IeKTPOHa, BPAIIAIONMIErocs Ha IMepBOil OpOHTE BOIOPOIOMOAOOHOTO HOHA JKene3a, BEIMYHHA B
pasra 0.04. V Gonee NErkux dJIEMEHTOB OHA, COOTBETCTBEHHO, emé Menbire. [Ipu <1 cnpasemmnBo

pasIoKeHne
1 1

7.6 E =-mc*| =B*+=p* |.

(7.6) ZB 8[3

[TepBoe ciaraemoe, Kak JIETKO yOSIUTHCS, C TOYHOCTHIO IO 0003HAYCHUN PaBHO 3HAYCHHIO 3HEpTuu (5.2)
B HEPENIATUBUCTCKOU Teopuu bopa, a BTopoe mpencTaBisieT co00i UCKOMYIO PENSITHBUCTCKYIO MOMPABKY.
O06o03Ha4MM IepBOE cllaraeMoe Kak Eg, TOTIa

(1.7)  E=E, 1+Z—Z =E, +E™.
n

Breimumem B sBHOM BHjie BBIPpAXXCHHUE JJIA pCHHTHBI/ICTCKOﬁ IOIpaBKH:

A

78)  E™=-
(7.8) 4n’

Ry.

WTak, OTHOCHTENbHAS BEIMYMHA PEIATHBHCTCKON MONPABKM MPONOPLHMOHATBHA MPOU3BEICHUIO 07 .
Yu€T 3aBUCHMOCTH MAacChl JJIEKTPOHA OT CKOPOCTH IPUBOIUT K YBEJIMUYEHUIO TUIYOMHBI YPOBHEH. DTO
MOXKHO TOHSTh CJCAYIOIUM 00pa3oM: aOCONIOTHAas BEIMYMHA JHEPTUU PAacTET BMECTE C Maccoi
YaCTHIBI, a JBWXKYIIUICS OJJIEKTPOH TshKenee HemonBumxkHOro. Ocnabnenne sddekrta ¢ pocToM
KBaHTOBOI'O YHMCIJIa 71 SIBJISIETCA CIIEACTBHEM 0ojiee MEIIEHHOTO ABIKEHHS 3JIEKTPOHA B BO30YKIEHHOM
coctossHuU. CUIIbHAs 3aBUCUMOCTb OT Z SBIACTCS CIEACTBHEM BBICOKOW CKOPOCTU 3JIEKTPOHA B IOJIE
saapa ¢ OompImMM 3apsAoM. B manbHeHIIeM MBI BBIYMCIHM 3Ty BEJIWYWHY IO TPaBUIaM KBaHTOBOU
MEXaHUKH U TIOJTYYHM HOBBIH PE3yJIbTaT — CHATHE BBIPOXKACHUS IO OPOUTATIHFHOMY MOMEHTY .

13.8. BbICOKOB0O36Y)XOEHHbLIE COCMOSIHUS

CocTosiHUSI aTOMa WM HOHA JIIOOOTO XUMHUYECKOTO 3JIEMEHTa, B KOTOPOM OAMH M3 DJIEKTPOHOB
HaxXOOUTCS Ha BBICOKOM 3HEPreTUYECKOM YPOBHE, HA3bIBAIOT  GbICOKOBO30YIHCOEHHBIMU, WIIH
puobepzosckumu. OHM 00NaTAIOT BAXXHBIM CBOHCTBOM: TOJIOXKEHHE YPOBHEH BO30YKIAEHHOTO 3JIEKTPOHA
C JIOCTaTOYHO BBICOKOW TOYHOCTBIO MOXKET OBITH ONMCAaHO B pamkax mozenu bopa. [emo B Tom, uTo
3JIEKTPOH ¢ OONBLIMM 3HAaUEHHEM KBAaHTOBOT'O 4YHCia 71, cOrnacHo (5.1), HaxoauTca O4eHb JaleKo OT Aapa
U JIPYruX 3JEKTPOHOB. TakoW 3JEKTPOH B CHEKTPOCKONMM IPUHITO HA3BIBATh «ONTHYECKUM», WIH
«BaJICHTHBIM», @ OCTAJIbHBIC SJIEKTPOHBI BMECTE C SIPOM — «aTOMHBIM OCTaTKOM». CXeMaTHYecKH
CTPYKTypa aToMa ¢ OJHUM CHIIbHO BO30YKAEHHBIM 3JIEKTPOHOM H300paxkeHa Ha puc.13.8.1. CneBa BHU3Y
IIOMEIIEH aTOMHBII
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Pue.13.8.1. Anpo (B ), snektpoel atomHor ocTaTtka (@) 1 onTHeeckuil snexTpoH (@)

OCTaTOK: AJIPO W DIIEKTPOHBI B OCHOBHOM COCTOSHUH. [IyHKTHpHas cTpenka yKa3plBaeT Ha BaJICHTHBIN
9EeKTpOH. PaccTosHuS MeXIay BCeMH DJIEKTPOHAMH BHYTPH aTOMHOTO OCTaTKa ropasfio MeHbIIe, 9eM
paccTtosiHue OT JI00r0 M3 HUX /0 ONTHYECKOro anekTpoHa. [loaTomMy uX cymMMapHBIA 3apsi MOXHO
CUNTATh NPAKTHYECKH MOJHOCTHIO COCPEJOTOYCHHBIM B 1eHTpe. CrenoBarenbHo, MOXKHO MOJIaraTh, 4TO
ONTHUYECKUMN AJIEKTPOH ABMIKETCS MOJ JIEUCTBUEM KYJIOHOBCKOM CHUJIbI, HAIIPABIEHHOM K SIAPY, U, TAKUM
00pa3oM, ero YpoBHH JHEPTHH BBIMHCISIOTCS 10 (opmyne bopa (5.2). DiekTpoHBI aTOMHOTO OCTaTKa
9KPaHUPYIOT SIpO, HO HE NONHOCTHIO. Jlns y4yéra YacTUUHOW SKPaHWUPOBKM BBEACHO IOHITHE
ahpexmuenozo 3apsda aTOMHOTO oOcTaTka Zeff. B paccMaTpuBaeMoM cilydae CHIIBHO YyIAIEHHOTO

JJIEKTPOHA BEIWYMHA Zoff PaBHA pPa3HOCTH AaTOMHOTO HOMEpa XHMHYECKOTO JJIEMEHTa Z W 4YHhCia
AJIEKTPOHOB ATOMHOTO OCTaTKa. 3/1eCh MbI OIPaHUYHUMCS CIydaeM HEUTpallbHBIX aTOMOB, IJISI KOTOPBIX
Zer = 1.

[omoxxenne cuinbHO BO30YKIEHHBIX YpPOBHEW MoOdydaercs B Teopun bopa st aroboro aroma.
HocratouHo B (2.6) 3aMEHUTH /71, Ha Maccy aTOMHOI'O OCTaTKa M, , KOTOpas MEHBIIE MacChl aToMa 771,

Ha BCJIMYUHY MACCHI DJICKTPOHA. C MMOMOMLIBIO MOJTY4aeMOT 0 OTCIOJa TOXKACCTBA

Mbl MOXKCEM BBIPA3UTh MOCTOSHHYIO PI/I,Z[6€pl"a KaxK (1)YHKLII/IIO aToMHOro Beca A paccMaTpuBacMoOro
XUMHUYCCKOT'O DJICMCHTA.

1

81 R=R|[1l-—
1822.8- 4

MHoxwuTenb nepen A paBeH oOpaTHOW BETMYMHE aTOMHOTO Beca JJIEKTpoHa. B pacu€rax MBI MCXOIMIH
13 (U3NYECKON IIKajbl, B KOTOPOW aTOMHBIA BeC HM30TONa yriepoja 2c paBeH TOYHO JBEHAILATH.
ATOMHBIE Beca BOJIOpOJa U IeNUs B 3TOH I1LIKaJle paBHbI, COOTBETCTBEHHO, 1.007825 u 4.00260.
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