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BBEJIEHUE

ATOM BOZIOpOAQ, ABJISAACH MPOCTEUIIEH, PEATBHOM ATOMHOM CUCTEMOW,
ChITpaJl BEAYIIYIO POJb B CTAHOBJIEHUH KBAHTOBOMEXAHUYECKOTO MOAX0/1a K
V3YUYEHHUIO SABJICHUHM MUKPOMUPA. BOJIBIIION IKCIIEPUMEHTAIBHBIN MaTepual,
coOpaHHBIM TO CHEKTpaM HU3JIyYeHHs] aroMa BOJOpOAa U MPOCThIE
Maremarudeckue ¢opmynbl banbmepa, Jlaitmana, Ilamena u apyrue,
ONMUCHIBAIOIINE JJIMHBI BOJIH CEPUAIBHBIX CIIEKTPAIIbHBIX JIMNHUK BOJOPOJA,
MO3BOJIMJIA BBIPAOOTATh MOJIYKIACCUYECKYIO WJIM TOJYKBAHTOBYIO TEOPHIO
bopa, a 3areM M 4YHUCTO KBAHTOBOMEXAHUWYECKYIO TEOPHUIO CIOCOOHYIO
OIMUCATDH CIIEKTPHI U 00JI€€ CIOKHBIX AaTOMOB U MOJICKYJI.

enpto maHHOW paOOTHI SBISIETCS HW3YyYEHHE CIEKTpa AaTOMOB
BOJIOPOJA, ONpPEAECICHUE JUIMH BOJIH cepuu banbMepa U ompeneiieHue
nocTtostHHOM Punbepra.

1 KPATKAS TEOPUA

1.1 boposckas Teopus atoma

Onbitel  Pezepdopna, moaTBepkaas IJIaHETAPHYIO MOJENIb aToMma,
BCKPBLIN BCIO MPOTUBOPEUYUBOCTH CYIIECTBYIOIINX TOTAA NPEACTABICHUMN O
ctpoennn aromMa. C TOYKM 3pEHHS  KJacCUYecKor (pu3uku u
MaKCBEJUIOBCKOM  DJICKTPOJAMHAMUKH  HEBO3MOXKHO OOBSICHUTH  (haKT
JIUIUTEIIBHOTO PAa3/eIbHOTO CYIIECTBOBAHUS TOJOXKHUTEIBHO 3apSKEHHOTO
Allpa ¥ OTPHULIATEIBHBIX SJIEKTPOHOB B atome. CBOOOJHBIA 3IEKTPOH,
OKa3aBUIMKCS B KYJIOHOBCKOM IIOJIE SI/Ipa, ABUTASICh C YCKOPEHUEM JOJKEH
Ha HEro ynacTh B T€UEHUE HECKOJIbKHUX HAHOCEKYH/, M3Jly4yas MpPU 3TOM
CIUIOINHOW CIEKTp. {DaKTUUECKH K€ CIEKTPbl AaTOMOB COCTOAT W3
OTACIBHBIX JIMHUWA, YTO BO3MOXHO, €CIIH TOJBKO DJJEKTPOHBI B
AIIEKTPUUECKOM TOJIEe sipa pacrojaralorcs Mo JUCKPETHBIM opOuTaMm, H,
CJIeIOBAaTENbHO, UMEIOT AUCKPETHBI HA0Op HSHEPrui, TO €CTh SHEPTrus
aToMa KBaHTOBaHAa. B TMpeanonoXeHWu, YTO OCHWLIATOpP 00JamaeT
JTMCKPETHBIM HabopoM sHepruii, Makc I1nank BbiBes (GopmyIty, MOTHOCTHIO
OMMUCHIBAIOUIYI0 HW3JIyYeHHE aOCOJIIOTHO YEpHOro Tena. JIUCKpeTHOCTH
aTOMHBIX COCTOSTHMI OyecTsine Obuia Joka3zaHa onbiTamMu @panka u I'epia.

IIpu co3manuM HOBOW HENMPOTUBOPEUYMBOM TEOPUM CTPOCHUS aTOMA,
OMUCHIBAIONIEH CYIIECTBYIOIIUE HSKCIIEPUMEHTANIbHBIE (aKThl, B BHUIE
nepsozo nocmynama, Hunbcom Bopom OBLIO MPEI0KEHO, YTO JICKTPOHBI
(aTOMBI) IJUTENIBHOE BpPEeMsI MOTYT HAXOJUTHCS TOJIBKO B OMpPEACICHHBIX
CTallMOHAPHBIX CcOCTOSIHUAX. [lo émopomy nocmynamy bopa uzinydeHue
(TOTJIOIIEHNE) TPOUCXOJUT TOJBKO TPU MEPEXO0JI€ BJIECKTpOHA (aToma), ¢
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OJTHOTO CTAIlMOHAPHOT'O COCTOSHUS B JIPYroe€, a SHEPTHs U3IydeHHs Aw=hv

h y
(h — mocrostanas Ilnanka, 7= 2—) paBHA Pa3HOCTU DHEPTUM DIEKTPOHOB
T

Ha 3THX CTaIlMOHAPHBIX opouTax: iw = E, — E4, (E; >E)).

ITo npaBuny KBaHTOBaHUA bopa MOMEHT WMIYJbCA 3JJIEKTPOHA,
IBIDKYIIETOCS [0  CTallMOHapHBIM  opOWTamM  paauyca I HMeEeT
KBaHTOBAaHHBIC 3HAUYCHHS U PaBEH I[€JIOMY YHCITY MOCTOSHHBIX [lnanka /:

mor=ni, (n=1,2,3...) (1.1)
YUCJIO N - MO CYTH IJIaBHOE KBAHTOBOE YMCIIO. 3HAYUT, HA CTAI[MOHAPHBIX
opOHuTax yKJIaJbIBaeTCs I€JI0€ YHUCIIO DJICKTPOHHBIX BOJH J1e bpoiis.

C moMoIIpI0 3TOTO MpaBUiIa KBAHTOBAHKS HETPYIHO HAWTH PaguycChl I
KPYTOBBIX CTallMOHAPHBIX OPOUT aroMa BOJOPOJAAa M BOAOPOAONOJO0OHBIX
MOHOB U COOTBETCTBYIOIIHME HYHEPTUU. DJIEKTPOH C 3apsjioM € Bpallaercs
BOKPYT sifjpa ¢ 3apsigoMm Ze. Macca siipa MHOTO OOJIbIIIE MAacChl JIEKTPOHA
m. IlosToMy sIpO MOXHO CUMTaTh HEMOABMIKHBIM, HMEIOIIUM
OECKOHEYHYI0 MacCy, a OJJCKTPOH — JBIDKYIIUMCS BOKpPYT spa IIO
OKpY)KHOCTH pammyca I. Torga ypaBHEHHE JBWKCHHS JJICKTPOHA
3aMUIIeTCs B BUJIE:

mo’/r=Ze’/ (4 mer). (1.2)

UckmounB v u3 ypaBHenuit (1.1) u (1.2), nonydyum BbeIpakeHUE s
pPaanyCcoOB CTAIlMOHAPHBIX OPOUT:

- 47280h2n2
me’z

Orcroa paauyc ap mepBoil OopoBckoi opobuthl (N=1) B arome
Bojsioposa (Z = 1) paBen: ag= 0.529 10 w.

[lomHast oHeprusi dSJIEKTpOHA B TOJEe SApa CKIAIbIBaeTCs U3
KHHETH4YecKoit sHeprun M v°/ 2= Ze° /(8 w &y 1)  (cMm. ypasrenue (1.2)) u
MOTCHITMATLHON YHEPTHH B3aMMOJICHCTBUS JICKTPOHA C SAPOM:

2 2 2
E_ Ze”  Ze _ Ze | (1.4)
8regt  Amegr  8megr

[Toncrapnss B (1.4) BelpaxkeHnue mist paauyca N-oid opoutsl u3 (1.3),
MOJIYYUM 3HAYCHHE TIOJTHON dHEPTHH E,, 3JIEKTpOHA, HAXOIAIIEerocs Ha N-0i
CTalMOHapHOU opouTe:

(1.3)

me®z® _ Z°hcR _  13,5057°
3272 slhn? n? n?
CxemaTH4eCKH TOJIOKEHUSI YPOBHEN SHEPIUM CTAIIMOHAPHBIX COCTOSHUM

AJIEKTPOHA B aTOME BOJIOPOJIA, omuchiBaeMble popmyiioit (1.5), nzobpaxeHs
Ha pucyHke 1.1. Ilpy N— o0 ypOBHHM BSHEpPruM CrymalOTCs K CBOEMY

E, = (1.5)
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npeaenbHomMy 3HaueHuo E,= 0. CocTosiHre aToMa ¢ HAaUMEHbIIIEH YHeprueu
HA3bIBACTCS OCHOBHBIM, & BCE JPYTUE COCTOSHUS BO30YKICHHBIMH.
N3 popmynsr (1.5) cnenyer:

452
me“Z 1 1
EZ_El:ha):W A (16)
32x°gyh” Ny N5
Nnu B Buge 0606menHoi popmynsl baimsmepa:

1 of 11
—=R-Z°| =—-—|, 1.7
yl n? n? ll

rae N HOMEpa HHWXKHUX, N BEPXHUX YPOBHEM DSHEPTUM CHEKTPAJIbHBIX
Cepuil;

me* me’

64r°sih’c  8sich®
®opmyna banemepa (1.7) npaBUIbHO ONMUCHIBAET CIIEKTPAIBHBIE CEpUU
aToMa BOJOpOJa M BOAOPOJAONOA00HBIX HOHOB. CHEKTpanbHBIC CEpUU
BO3HMKAIOT TIPU PA3PEIICHHBIX, H3JIy4aTeJIbHbIX KBAaHTOBBIX MEPEX0/axX C
Pa3TUYHBIX BO30YXKICHHBIX YPOBHEW 3HEPIUU N HA OJIMH U TOT K€ KOHECUYHBIM
HIDKHUH ypoBeHb Nj ( Nj < N ) U CXOIATCA K TpaHMIle cepuu pu N — o, Jlis

— ITOCTOAHHAsA PI/II[6epFa; A— JJINHA BOJIHBI.

KOKJIOW CHEKTPAIIBHOW CEPUM YHCIIO N, ONPENENSIONIEe HUKHUM YPOBEHD
CEpHH, ITOCTOSIHHO, & YUCJIO N, ONPEAENSIONEE BEPXHUN YPOBEHb, TIPUHUMAET
3HaueHusd oT N = Nj+l, ni+2, ni+3,...0c0 u 3a7aeT HOMEpP JUHUU B CEPUH.
[lepexomam Ha pa3WYHBIE HW)XHUE YPOBHH COOTBETCTBYIOT Pa3JIMYHbBIC
CIIEKTpaJIbHBIE CepUU: cepus JlalimaHa UCITyCKaeTCs B pe3yJIbTaTe NEPEXOI0B
3JIEKTPOHA C BBILLIEJIEKALIUX YPOBHEHW Ha MepBYI0 opouty, cepus baibmepa B
pe3yJIbTaTe MePEX0 0B Ha BTOPYIO opOuTy, cepus [lamena Ha TpeTbro opoUTy
u Tak ganee (cM. puc.l.1).

Ha pucynke 1.1 crTpenkamu moka3zaHbl NEPEXOJbI, MPUBOIAIINE K
V3JIYYEHUIO CIEKTPAIbHBIX JIMHUM B Pa3HbIX cepusix. B Kaxaou u3 cepui
CIEKTPAJIbHBIE JMHUM CTYIIAKOTCA K CBOEM KOPOTKOBOJHOBOW T'pPaHHUIIE
CEpHil, COOTBETCTBYIOLIEH NIEpEX0iaM C OPOUTHI N =oo.

Ecmr aroM morimomaer 3HEPrur0 HW3BHE, TO DSHEPTUSA DICKTPOHA
YBEJIUYMBAETCS U DJIEKTPOH MEPEXOJUT Ha OoJiee BBHICOKYIO opouty. [lpu
3TOM MOTJIONIATHCSI MOTYT TOJIBKO T€ K€ TUCKPETHBIE 3HAUYECHUS DHEPIUM,
4TO U MpU U3NydeHuu. Eciu cooOlIeHHas SHeprusl J0CTaTOYHO BEJIMKA, TO
ANIEKTPOH MOXKET MEPENTH Ha OPOUTY ¢ N = 00 M MOKUHYTh MPEeibl aToMa,
TO €CThb aToOM HOoHM3yeTcs. HeoOxoammas AJis 3TOTO 3HEpPrus Has3bIBaeTCs
IHEPTrUel NOHU3AIMU. DHEPrusl HOHU3AINHA C OCHOBHOTO cocTostHUS (N = 1)
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st atoMa Bogopoga (Z = 1), coritacHo ¢opmyite (1.5) pasaa 13,6 3B, uto
COBIIAJACT C AKCIIEPUMEHTAIBHO MTOJTyYCHHBIM 3HAUCHUCM.

2 2 2
Sy2 Pya, 32 Dy sz “Fenzn  “Gra oo

S p d f g
I=0 1 2 3 4
0  NFro == — — = —
1 4 _ CepmpakeTa
3 Cepws MawweHa
-2 ' Cepua BanbMepa
3 L Cepwsa banbmepa
2
4
5
6
7+
8 ™~ ]
Cepus JlaiimaHa
9
10 L I'maBHOE kBaHTOBOE uKciao N=1,2,3, ... o
) Opb6uransHoe kBanTOBOE ynciao |1=0, 1, 2,...n-1
11 - MaruutHoe KkBauToBOE yncio my =0, £1, £2, £3 ...+ |
CHrHOBOE KBAaHTOBOE YUCIO Mg =+1/2
-12 [TpaBuia or6opa it OpOUTATBHOTO KBAaHTOBOTO YKcia |
Al=+x1
13
-13.6%~ n=1 15 %Sy

Pucynok 1.1 — CxemMa sHEpreTud4ecKkux ypoBHEW aToMa BOAOPOIa

Opnnaxo, hopmyssl (1.5) u (1.6) 10CTaTOYHO TOYHO ONMKMCHIBASI SHEPTUU
AJIEKTPOHA B aTOME BOJIOPOJIa U B BOJAOPOOTIOAOOHBIX HOHAX, COBEPIIICHHO
HE TOMAATCA JJIsi ONMUCAHUSI SHEPreTUYECKUX COCTOSIHUM 00Jiee CIIOMKHBIX
aTOMOB, YTO BBISIBUJIO CYIIIECTBEHHBIC HEOCTATKU Teopuu bopa. Teopus He
MO3BOJISIA BBIYMCIISATh MHTEHCUBHOCTH CIIEKTPaIbHBIX JIMHUN, B paMKax
Teopun bopa He OOBACHSIMCH BOIMPOCH MOJSAPU3ALNHN, KOTEPEHTHOCTH,
TyOJICTHBIM XapaKTep CIEKTPOB IIEJIOYHBIX META/UIOB, Ja M TIOMBITKH
MIOCTPOUTH TEOPHUIO aTOMa T'eJIsl, OKOHUWIINCH HEeyAadeH.

JlanpHelmee pa3BUTHE TEOPUHM, ONMCHIBAIOIICH 3aKOHOMEPHOCTH
U3JTyYEeHHS] aTOMOB CBSI3aHO C Pa3pabO0TKOM KBAHTOBOMEXAHUYECKOW TEOPHH.
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1.2 KBaHTOBOMEXAHHUYECKOE ONMCAHHE aTOMHBIX COCTOSHUH

B pasButue uneit ne bpoitnga, B 1926 romy aBcTpuiickuii (u3uK
[[Ip€auHrep, COMOCTABHUB JBWKCHUID MHUKPOYACTHUIBI TMJIOCKYI) BOJIHY
v=a exp[-i(ot-kx)] B Buae KOMIUIeKCHON (DYHKIUU KOOPAUHAT U BPEMCHU
(BOTHOBYIO (DYHKITMIO FUTH TICH-(DYHKITHIO) TTOJIYYHJI OCHOBHOE ypaBHECHHE
HEPEIATUBUCTCKOM KBAHTOBOM MEXaHWKH, YypaBHeHue IlIpéaunrepa,
KOTOPOE ISl CTAIMOHAPHBIX COCTOSTHUA UMEET BU:

2m

2

\ W+h—2(E—U)l//=0 . (1.8)

3mech M — Macca 4YacTHIBL, | — MHHMAas €IMHUIA; V> — omeparop
0° 0° 0°

Jlannaca, V21/1= 1/2/+ l’zy+ 1,2u; U MMOTCHUUAJIbHASL DHEPTUsA
ox® oy~ oz

YaCTULBI; E — nosHas sHEPTrUs 4aCTULBI.

Pemas ypaBaenue Illpénunarepa, HaxomsaT W — QYHKIHUIO JTaHHOTO
COCTOSIHUSI MUKPOYACTHUIbI, KBaApaT MOAYJA MNCU-(PYHKIUU wff= y y*
JAeT IUIOTHOCTh BEPOATHOCTH (BEPOSATHOCTh, OTHECEHHYIO K €IUHULE
00beMa) HaXOXKJEHUS YacCTHUIIbl B COOTBETCTBYIOLIEM E€AMHUYHOM OOBEME
IPOCTPAHCTBA.

Ha v — ¢pyHkuuio Hamararotcsi onpeiejeHHble CTaHAAPTHBIE YCIOBUS,
U3 KOTOPBIX HEMOCPEACTBEHHO BBITEKAIOT MPAaBUJIa KBAHTOBAHUS SHEPIUU.
V — pyHKUIMA [OKHA OBITh OJHO3HAYHOM, HENPEPHIBHOM W KOHEYHOM,
NOJKHa MMETh HEINPEPBIBHYKD M KOHEUHYIO MpOou3BOJHYH. [lo Teopum
muddepeHmanbHbIX ypaBHeHUN ypaBHeHue Ipéaunrepa umeer pelieHue,
yAOBJIETBOPAIONIEE CTAHAAPTHBIM YCIOBHUSAM, IIPH JIIOOBIX MOJOKUTEIBHBIX
3HAQUEHUAX OHHeprum FE (HEOpephIBHBIA CIEKTpP), HO B 00JacTu
OTPULIATENIbHBIX 3HAYEHUW 3HEPruu (CBS3aHHBIE COCTOSHMS) JULIb IPU
OTpEJICTICHHBIX JUCKPETHBIX 3HAUEHUSX SHEPruu £, KOTOpbIE HA3bIBAIOTCS
COOCTBEHHBIMU 3HA4YeHUsIMH 3HEpruu. ClieI0oBaTeNbHO, CIEKTP SHEPIUU
Oynmer  nuckpeTHbIM.  PemieHusi, COOTBETCTBYIOLIME  COOCTBEHHBIM
3HauYCHUSM E, , Ha3bIBAIOTCS COOCTBEHHBIMU (PYHKUMSIMHU V. YCIOBUE
HOPMHUPOBKM I Y — QYHKIMUA TIOJIYy4YaeTcsl M3 PABEHCTBA EIUHUIIE
BEPOSITHOCTU JIOCTOBEPHOT'O COOBITHS — HAXOXKJICHUS YaCTUIIbI B OJHOUN M3
TOYeK mpocTpancTsa: | y* y dxdydz =1.

Jl1st BogopoaonoI00HbIX HOHOB NOTEHIMaNbHas dHeprus U snekTpoHa
paBaa U = —Z e° /(4 1 & ). Tak KaK 5IeKTPOH ABIKETCS B LEHTPAIBHO-
CUMMETPUYHOM TI0JIe, TO LiesiecooOpa3Ho ypaBHenue [lIpéaunrepa pemars
B cdepuueckoil cucreme koopauHart (I,0,p), a coOCTBEHHbIE (QYHKIUU

Yaim (r,0,0)= R, (r)-Y," (6,9), onpenensemsie Takxe opouTATLHEM | 1
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MarHUTHBIM M; KBAaHTOBBIMH YHCJIAMH, WCKaTh B BHUJIC IPOHU3BEICHUH
panuanbHOM M cdepuueckoit ¢yHkiuid. Torga ypaBuenume IlIpénunrepa,
IOCJIC pa3/C/ICHUs He3aBUCUMBIX MEPEMEHHBIX, PAcIIalacTCs Ha JIBE YacTH
— pauaIbHyl0 M C(EepuyYecKyro, 3aBHCAIINX OT Pa3HBIX IEPEMEHHBIX.
CrnenoBarenbHO, KaXKIas W3 dTUX YacTed MO OTACITBLHOCTH JIOJDKHBI OBITH
pPaBHBIMH OJIHOH W TOW JX€ IMOCTOSHHOW, B jgaHHOM ciydae |(l1+1), uto
CJICTyeT U3 YCIIOBUS HEMPEPHIBHOCTH U KOHEYHOCTH BHIOPAHHBIX BOJTHOBBIX
(GYHKIIMH, @ MOMEHT UMITYJIbCa SJICKTPOHA B HOHE KBAHTYETCs IO (hOpMyJIe

M, =7,/I(1+1) , a me mo (1.1). Takum 0Opa3oM, ypaBHEHUS IS paTUaIbHOM
U chepruyecKoi yacTteld BOJHOBOM (DYHKIIMU OYIyT UMETh BUI:

2 ) 1(1+1
izi(rzd—Rj+ Mg, 2 | ( :) ‘R=0, (1.9)
redr  dr h Aregl r

2
_Li(sinan} LY ity =o. (1.10)
sind 06 00) sin“6op

ATOM BOJIOpO/A M BOJIOPOAOIIO00HBIE HOHBI COCTOST U3 MOJIOKHUTEIIHHO
3apsHKEHHOTO sijipa OOJIBIION MAcChl M OJTHOTO DJIEKTPOHA, MEXKIY KOTOPHIMU
JICUCTBYET CHJIa DJIEKTPUYECKOTO TPHTSHKCHUS. DHEPrusi TaKOW CHCTEMBI
OTIpe/IeIIsIeTCSl TIOCPEACTBOM pelieHus ypaBHeHUs (1.9) nmns pamuanbHON
YaCTH BOJTHOBOU (PyHKIIHH.

Onyckas TPOMO3JIKHE BBIYUCICHHUS, CKa)XeM, 4YTO JUISI YypOBHEH
sHepruu E, BOJAOPOAONOA00HOr0 aToMa moJiydaercs Ta ke gopmyna (1.5),
HO yxe N =I|+k+1. OpoOuransnoe | m pammanpHOe K KBaHTOBBIC YHCIIA
npuHumarot 3Hadenus 0, 1, 2,..., n— 1. Torga rimaBHOe KBaHTOBOE YMCIIO
npuHUMaeT 3HaueHus N =1, 2, 3,..., u 3HadeHue N =0 aBTOMATHYECKHU
UCKIIIOYaeTcsi, a B Teopuu bopa ObUIO HE SICHO, MOYEMY HEBO3MOXKHO
HYJICBO€ 3HAYCHUE TJABHOIO KBAaHTOBOIO 4YHCJIAa W JAHHBIA (akT
IpHHUMAJICS 030 BCSIKHUX OO0BscHeHWH. [[ns kpyroBeix opoutr K=0 u
dbopmynbl (1.5) momydeHHOW W3 OOpPOBCKOM TEOpUM, U W3 PEHICHUS
ypaBHeHus [lIpénuarepa coBmamaroT.

B OCHOBHOM COCTOSTHUM aToMa BOJOpOa JJICKTPOH HAXOJHWTCS B
S—cocrossanu (N =1, 1 =0, m;=0) u opOUTATBLHBIII MOMEHT MMITYJIbCA
AJICKTPOHA PaBEH HYJIO, YTO B KJIACCHYECKON MHTEPIPETAIINA HEBO3MOKHO
¥ COOTBETCTBOBAJIO OBl paJaibHOMY JBIKCHHIO 3JICKTPOHA CKBO3b SAPO.
BonnoBas (QyHKIMS dSJIEKTpOHAa B OCHOBHOM COCTOSIHUM  SIBJISICTCS
byHKOMEH TOJIBKO paauyca, TO €CTh S — COCTOSHHE DJICKTpOHA
(pacupeneneHue 3JIEKTPOHHOTO 00JIaka B 3TOM COCTOSIHUHM) ChEepUYecKH
CUMMETPUYHO.
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B npotuBopedyne G0pOBCKOUM TEOpUH B KBAHTOBOM MEXAHUKE CKa3aTh
YTO-TMOO O TPACKTOPUHU JBUKEHHUS JIEKTPOHA B aTOME HEBO3MOKHO, YTO
CBSI3aHO C BEPOSITHOCTHBIM OINMCAHUEM JBWKEHUS MHUKpodacTUl. MOKHO
JIMIIb KOHCTAaTUPOBATh, YTO JJIEKTPOH HAXOAUTCS B TOM WA HHOM
COCTOSIHUM, JTaKe HE CBS3bIBAsl MEPEXOJ U3 OLHOIO COCTOSHHUS B JIPyroe
IIPOCTPAHCTBEHHBIM MIEPEMEIICHUEM BJICKTPOHA.

BosHoBasi ()yHKIIMSI OCHOBHOI'O COCTOSIHMSI aTOMa BOJOpPOJa HMEET
BUJ:

Yoim = Vico = A-e "% :
rae ag— 00poBckuil paauyc; A — MOCTOSAHHAS; M| — MarHUTHOE KBAHTOBOE
YKCIIO, IpUHUMaroIiee 3Hauenns 0; +£1; £2; +£3; ... £1;
Torma BeposTHOCTH OW, OOHAPYKUTH SJICKTPOH B 3JEMEHTE O0BeMa
mraposoro ciost dV , paBHa:

dw =ly1*dV = 1y1° - 4ar’dr .

HaitgeMm paccTossHUA Iy OT siApa aroMa, Ha KOTOPBIX BEPOATHOCTH
HaxO0XJICHHUS JIEKTpoHa MakcuMaiibHa. Juddepenuupys 1o r QyHkuuio

PR Anr®, w IIPUPABHUBAsL MOJIYYCHHBIN PE3YJIbTAaT HYJII0, HAUIEM,
YTO Imax= @p. ClenoBaTenbHO, B KBAHTOBOW MEXAHUKE OOPOBCKUE OPOUTHI
3TO JIMIb T€OMETPUYECKOE MECTO TOYEK, IJIE BEPOSATHOCTh OOHApYKEHUS
AJIEKTPOHA JOCTUraeT MAakCHMyMa, HO OHa OTJIMYHA OT HYJS BO BCEM
IIPOCTPAHCTBE.

Kpome TpOWKH KBAaHTOBBIX YMCEN — TJIABHOTO N, OIPENEIAIOLIETO
DHEPTUIO0 DIJIEKTPOHA, opbOutampHOoro |, ompenmensromero 3HaveHuUe

opouransHoro momenta umnynsca M, =7./I(1+1) snexrpona; maraurHOrO
M), OIPEIESIONIEro 3HAYEHNE ITPOCKIME MOMEHTA UMIIyJbCa DIEKTPOHA
M=/ M, Ha HampaBjJeHHE KBAHTOBAHHMS Z, COCTOSHUE DJIEKTPOHA B aTOME
XapaKTEPU3yeTCsd COOCTBEHHBIM CIIMHOBBIM KBAHTOBBIM YHCIOM S = 1/2,
ONPEICHSAIONMM  COOCTBEHHBIM  CHOMHOBBIA ~ MOMEHT  MMIIYJIbCa
Mukpodactuibl M, =#./s(s+1) ¥ 3HadeHHe TPOEKIUH COOCTBEHHOTO

CIIMHOBOT'O MOMEHTa MMITYJIbCa JIEKTPOHA HA HAIPABICHHE KBAHTOBAHUS
corjacHo cooTHomeHuto Mg=ham;, ms==1/2. Yepe3 rupoMarHuTHbHIC
OTHOLUEHUA™ OMNpPEAENSIIOTCS COOTBETCTBYIOIIME 3HAYEHUS MATrHUTHBIX
MOMEHTOB [ ¥ UX POEKUUN L s,. CornacHo onbitam IItepna u I'epnaxa
IUIsL BOAOPOAA Ws, =% Wy (MarHeToHy bopa), 4To MO3BOIMIIO MPEAIIOIOKUTD
CYILIECTBOBAaHUE Yy 3JIEKTPOHA CIMHA, KAK HEOTHEMJIEMOM XapaKTEpUCTUKHU
anekTpoHa. be3 crnrHa HEBO3MOXHO OOBSCHUTH HAIMYUE JBYX MPOCKIUH
MarHuTHOITO MOMEHTa B S-COCTOSSHUM Yy OJEMEHTOB IMEpPBOWM TPYIIIbI
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Tabauibl MeHnjeneeBa, TOHKYIO CTPYKTYpY, aHOMaIbHBIN 3(PdekT 3eemana.
B oOmeM ciiyyae, MarHUTHbBIE MOMEHTBI aTOMOB, a TaKXXe€ MX MPOCKIUHU
OKa3aJIUCh KBAHTOBAHHBIMM M KpPAaTHBIMM MAarHeToHy bopa: W;;= wsg m,
rae g— dakrop Jlamge; m;=-J, —J+1,...J-1, J. J—KBaHTOBOE 4YMHCIO
MOJITHOTO MOMEHTA UMITYJIbCa aTOMa. B 1omnojsHeHne NpuBegeM HEKOTOPHIE
MOJIO’KEHUSI, OTHOCAIIMECS K OMMMCAHUIO CIIEKTPOB aTOMOB.

YpoBuU 3HEpTUN E,, BEIPOXKICHBI, YPOBHIO C HOMEPOM N MPUHAJICKUT
2n° cocTostHuil (KpaTHOCTh BBIPOXKJICHHUS paBHA 2n2) C YYETOM [IBYX
BO3MOKHBIX OPUEHTAIMN CIIMHA:

I=n-1 m=1

> 3 2= 3221 +1)=[2(n-1)+2]n=2n"

I=0 m=-1

To ecTh B COCTOSIHMSIX C JJAaHHBIM 3HAY€HUEM N MOTYT HAXOJMUTHCS B
atome He Gonee 2n° AJIEKTPOHOB, PA3JIMYAIOIINXCS 3HAYCHHUEM OJHOI0 M3
KBAHTOBBIX 4Hcel. TakuM o00pa3oM, COCTOSHHE KaXXKJOTO DJIEKTPOHA B
aToMe XapaKTepHu3yeTcss HabOpOM YEThIPEX KBAHTOBBIX YHCENI: TJIABHOTO N,
opOuTabHOTO |, MarHUTHOrO M| W CIMHOBOrO0 M. COIrIACHO IPHHIIMITY
3anpeta Ilaynu, B OOHOM MU TOM XK€ aToOM€ HE MOXET OBITh JABYX
AJIEKTPOHOB, OO0JIAMAIOMIMX OJWHAKOBOM COBOKYITHOCTBIO KBAaHTOBBIX
yucea, WIM B OJHOM M TOM K€ KBAaHTOBOM COCTOSSHUM HE MOTYT
HaXOJUTHCSI OJTHOBPEMEHHO JABa 3JiekTpoHa. C noMoisio npuniumna Ilaymm
BMECTE C MpaBWJIOM XYyHJAa O HaWMMEHbIIEH sHepruu (E-MuHUMaNbHA, s
Smax ¥ BO3MOKHOTO MPH 3TOM Lpay ) AJIST BCEX aTOMOB YJ1aJIoCh COCTaBUTh
AJIEKTPOHHBIE KOH(UTypalMu, TO €CTh YCTAaHOBUThH pacHpeeiiCeHue
AJIEKTPOHOB I10 KBAHTOBBIM COCTOSIHUSIM MHOTODXJICKTPOHHBIX aTOMOB U
OOBSICHUTh pa3Iuyue CBOMCTB aTOMOB B TIEPUOJUYECKON CHUCTEME
AJIEMEHTOB MeHieieeRa.

PaznuyHble COCTOSIHUS 3JIEKTPOHA B aTOME 0003HAYarOTCsA 3HAYCHHEM
IJIABHOT'O KBAHTOBOTO YMCJIAa U MajbiMU OyKBaMu JIaTUHCKOTO ajipaBUTa
(s, p,d, f, g h,..) COOTBETCTBEHHO 3HAYCHHUSAM OPOUTAILHOI'0O KBAHTOBOI'O

gucna 1 =0, 1, 2, 3, 4, 5... . Tak, 3JI€KTpOH, HAXOIAIIUNCS B COCTOSTHUH C
| =0 u n =2 Ha3BIBAOT 2S-3JICKTPOHOM B S-COCTOSIHHH, ] - DJICKTPOHOM C
=1, d- saexkrponom ¢ |=2 wu T. 1. B coorBercTBUM ¢ puc.l.l, Ha

KOTOPOM MIPEACTABICHA CXEMA YPOBHEW SHEPTUU aTOMa BOJIOPOA.

DHepruss MHOTOSJICKTPOHHBIX aTOMOB 3aBHUCHUT HE TOJIBKO OT IMOJIHBIX
opOutaibHOTrO L ¥ CHMHOBOrO S MOMEHTOB, HO U OT B3aUMHOM OpUEHTALINU
MOMEHTOB, YTO MNPUBOJHWT K PACHICIUICHUIO YHEPreTHUYECKUX YPOBHEU M
00pa30BaHUIO TOHKOW CTPYKTYPhI CIEKTpalbHBIX JIMHUWA. DHEPrusi aroma
ONPENEISACTCA IOJHBIM MOMEHTOM. YPOBHH JHEPIUU XAPAKTEPUZYOTCS
3HAYECHHUSIMU KBAHTOBOI'O 4YHCJIA J TMOJHONO MOMEHTA, NPUHUMAIOIIAMU
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3Hauenus J = L+S, L+S—1, ... IL — S|. IloatoMy ypoBeHb ¢ qanubiMu L u S
pacmierisiercss (MyJIbTHIUIETHOE paciierienne) Ha 2S+1 (mpu L > S)
pa3nuyHbIX YpOBHEU. KaxKablil U3 3TUX YPOBHEN OCTAETCA BBIPOKICHHBIM
110 HAIIPABJIEHHUSAM BEKTOpPA J, KPATHOCTH 3TOTO BBIPOXKJIECHUSA paBHa 2J+1.
[TonHbplii MOMEHT aroma OyJeT 3aBUCETh OT TOr0, KAaKUE€ MOMEHTHI
5JICKTPOHOB B3aMMOJCHCTBYIOT JIPYI C JAPYrOM CHIIbHEE: OpOMTAIbHBIC,
CIIMHOBBIE WJIM CIIMH-OpOUTaNbHbIe. B ciiyyae HopManbHOM win LS— cBs3u
(cBs13p Paccenb— CayHuepca), IpUCYILIEH JerkuM aToMaM, OpOuTajbHBIC 1
CIIMHOBBIE MOMEHTHI 3JIEKTPOHOB B3aUMOJICCTBYIOT B OTAEIIBHOCTH JIPYT C
IpYroM CcuibHee, o0pa3ys OTACIbHO pPE3YyJIbTUPYIOIIUE CIHUHOBBIM U
OpOUTANIBHBIIT MOMEHTBI, B3aUMOACHCTBUE MEXKIY KOTOPBIMHU OMPEACIISeT
noiHbli  MoOMeHT aroma. s N 3J€KTpOHOB KBAHTOBOE YHCIIO
pesynbTHpylomero couHoBoro Momenta S=Ns, Ns—1,...0, (s=1/2).
OpOuTanbHOE KBAHTOBOE YUCJIO PE3YJBTUPYIOIIEI0O MOMEHTA JIJII CUCTEMBI
u3 nByX 2aekTpoHoB L= (I1+1y), (Ii+1—1), ..., 1y — .

ATOMHBIE YpPOBHM OJHEPruud (T€pMbl) TakKe MPUHITO 0003HAYAThH
CUMBOJIaMH, aHAJIOTUYHBIMU TEM, KOTOPbIE MUCIIOJIB3YIOTCA ISl 0003HAYECHUS
COCTOSIHUM OTJENbHBIX YAaCTHUI[ C OMPEACICHHBIMU 3HAYCHUSIMU MOMEHTA.
IMEHHO, COCTOSIHUSI C Pa3IMYHBIMM 3HAYEHUSMH IIOJIHOTO OPOUTAILHOIO
momenTa L=0, 1, 2, 3, 4, COOTBETCTBEHHO 0003HAYAFOTCS OOIBIITMMHU OYKBaMHU
natuHckoro andasuta S, P, D, F, G, . B cnekrpockonuu ciieBa BBEpXy OT
CUMBOJIa YKa3bIBACTCS 4YUCIO W = 2S+1, Ha3piBa€MOE€ MYJIbTUILUIETHOCTHIO.
CrpaBa BHU3Y YKa3bIBa€TCs 3HAUYCHHE MOJHOrO MoMmeHTa J. Bmepenu ot
CUMBOJIa 3aIlMCHIBAETCS JJICKTPOHHAs KOH(UTYypalus HE3aloJHECHHOU
000JIOYKH pacCMaTPHMBAEMOIr0 aToMa, TaK KaK COCTOSIHHS aTOMa HE 3aBUCST
OT DBJEKTPOHOB 3allOJIHEHHBIX 000J04eK. OCHOBHOE COCTOSIHUE aTroMa
BOZOpOza 0003HauaeTcs B Buze 1s °S; ,, (puc.1.1).

Ha pucynke 1.1 mokaszanbl mnepexojbl, MPUBOISAIINE K H3ITYUYCHUIO
CepHuaIbHBIX JUHUM. JlaHHBIE EPEX0/Ibl COOTBETCTBYIOT MpaBMiiaM 0TOOpa.
JIs T77aBHOTO KBAHTOBOTO uMcsia AN J1000€ YUCiio; AJisi OpOUTaTBHOTO
Al=+1; JUIT MarHuTHOro KBaHTOBOro umciaa Am =0, +1; mia
KBAHTOBOTO 4KcJia J MOJTHOTO MOMEHTA UMITyJIbCa aTOMa UMEETCSl TTPaBUIIO
orbopa AJ=0, £ 1, npu 3TOM HCKIIOUYaOTCs nepexoanl J; =0 — J, = 0.

VYpasuenuss ~ Ilpé€munrepa i WIEJOYHBIX ~ METAUIOB WU
BBICOKOBO30YXKJIEHHBIX aTOMOB TOJOOHBI ypaBHEHHUSIM JJIi BOJOpPOJia U
pELIAlOTCS aHAJIOTUYHO. B BbIpaKE€HUU U1l YPOBHEM SHEPTUU ILIEITOYHBIX
METajIoB BMecTo N° B 3HameHarene dopmynsl (1.5) 6yzer [n+o(l)]° u
SHEPrusl 3aBUCUT HE TOJIHKO OT TJIABHOTO KBAaHTOBOTO 4YMCJIA N, HO U OT
OpOMTAIBHOTO KBAHTOBOTO 4YHCIA |, YTO COCTaBISET TPHHIMITHAIBHOES
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OTJIMYUE YPOBHEM HHEPrUM aTOMOB IIEIOYHBIX METAJIOB OT YpPOBHEH
SHEPTUU aTOMA BOJIOPO/IA.

OpnnHako TouHOE peunieHue ypaBHeHus IlIpénuHrepa B aHAIUTHYECKOM
BUJC B OOJIBIIIMHCTBE CIIydaeB HEBO3MOXKHO, IOITOMY IIPHUMEHSIOTCS
NpUOIMKEHHBIE  METOJBl  PEIICHWs KBAaHTOBOMEXAaHWMYECKHX  3ajad,
BAKHEHILINM U3 KOTOPBIX SIBJISIETCS TEOPUS BOZMYILICHUM.

2 OITMCAHUE YCTAHOBKU U METOJJMIKU U3MEPEHUI

Cxema »SKCIEpUMEHTAJIbHOM YCTAaHOBKHM IpHBEAcHA Ha pucyHke 2.1.
JInsi u3ydeHusl CIEKTpa aTomMa BOJOPOJa B BUAMMOM OOJACTH CIEKTpa
(cepust banpMepa) ucnonap3yeTcsi yHUBEpCalbHbII MOHOXpOoMaTop YM-2 co
CMEHHOW OKYJISIPHOM Hacagkou ¢ ykazaresem. CBET OT AYroBOMl pTYTHOM
namnsl (JIPL 250-3) wnm ra3zopaspsaHol BogopoaHoiu jammbl (TBC-15)
najacT Ha Y3KyI0 BXOAHYIO IIEJb MOHOXpOMATOpa C MPEAEIOM PACKPBHITHS
0+4wmm. Jlalee OOBEKTUBOM KOJUIUMATOpa H300pakKeHUE  IIEIU
MPOEKTUPYETCS Ha MOBOPOTHYIO, TUCHEPTUPYIOIIYIO TPU3MY, Ha KOTOPOH
CBET pasjiaraercs B CIEKTP.

Bonoponnas
JamIia
(A \
——
- [l
IToBopoTHas

\

Bxonnas
meb

npu3Ma

d

YM-2

3putenbHas TpyoOa
C yKaszaTesneM

Pucynok 2.1— Cxema 3KCIIepUMEHTAIbHOM YCTaHOBKHU

[Ipu3ma ycTaHOBJIEHa Ha TOBOPOTHOM MEXaHU3MeE, CBSI3aHHBIM C
O0apabaHOM JJUH BOJH C OTHOCUTEIBHBIMHM YIJIOBBIMU JEICHUSIMU @ U
OEryHKOM yKa3aTesieM, CKOJIb3SIIMM BIOJb KaHaBKM Oapabana. Bpamias
OapabaH, B ToJIe 3pEHUSI OKYJIsIpa MOXKHO BBIBOAUTH OOJACTh CIIEKTpa OT
1000 tm 1o 400 HM, oOXBaThHIBAIOIIYIO OJMKHIOK HWHOPAKPACHYIO U
BUJIMMYIO 00JacTH.

Nnentudukanusi CHeKTpalbHBIX JIMHUN TPOU3BOJUTCA MOCIEAOBA-
TEJIbHBIM COBMEUICHUEM HX CO CTpPEJIKOM-yKa3aTeleM B I0JIe€ 3pEHUs
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OKylsipa Y (UKCHUPOBAHUS COOTBETCTBYIONIETO 3HAYEHUS yria Ha
Oapabane. bapaban MoHOXpomaTopa MpOrpagyHMpoBaH B Tpaaycax,
MOATOMY JJIsl ONIPE/ICNICHUS JIJTMH BOJTH HEU3BECTHBIX CIEKTPAIbHBIX JIUHUN
HEOOXOJMMO CHayajga MporpajayupoBaTb MOHOXpPOMATOp, TO €CTh
COMOCTAaBUThH JEJICHUsM OapabaHa (¢ H3BECTHBIC UIMHBI BOJIH A. Jlis
rpagyupOBKH MOHOXPOMATOPA UCTIONIB3YETCS U3IyYEHUE PTYTHOM JIaMIIbI C
3alaHHbIMU B Ta0nuie 3.1 anuHaMu BoyH. Mcrons3ys 3HaUeHUs ¢ U A s
JUHUM  PTYTH, CTPOUTCS TpPaagyHpOBOYHAsA KpHBasg, IO KOTOPOU
ONpPENEIATCS  JJIMHBI  BOJH  CIEKTpa  aromMa  BOJAOpoOJa IO
COOTBETCTBYIOIIMM 3HAYEHUSIM (O IJIs JIMHUM Boaopona. Ilo HaligeHHBIM
JUIMHAM  BOJIH CHEKTPaJbHBIX JIMHUM BOJOpPOJA CTPOUTCA Tpaduk
IMHeapu3oBaHHOW  3aBucumoct  1/A=f(1/n®. Io  rpaduxy
ompenaeisieTcs mocTosiHHas Punbepra R kak yrioBod kospdunmeHT
npsimoii. [locTosiHHyr0o R MOXHO ONpENenuTh TakKKe M 10 TOYKE
MepeceueHusl JaHHOTO rpaduka ¢ OChIO OpPJMHAT KaK CBOOOJHBIA YJIEH,
YMHO)KEHHBIN Ha 4, Tak Kak Jiuisi cepun baabmepa Nnj= 2, u hopmyna (17)
npumer Bux. 1/1 = R/4 —R/n® [m™].

3 3AJAHMA U TTOPAAOK BBIIIOJIHEHW A PABOTHI

3.1 BxitouuTh pTyTHYIO JIaMIy ¢ ToMoIbio 01o0ka nutanus I11C-111,
nepexioyas Tymosepsl “cets”’ u “nammna JIPIII” B mosio)keHHe BKIIIOUYEHO.
Ecnu ngyra He 3aropaercs HEOOXOJAMMO HECKOJIBKO pa3 HaXkaThb HA KHOIKY
nyck. Jlate pasroperbcsi jlamme B TedeHue 2 + 3 MHUHYT, U Peryaupys
IIUPUHY BXOJHOW IIeNM U (OKYCHPOBKY TIEPEMEIICHUEM OKYISPHON
HACaJIKU JIOOUTHCS, YTOOBI CIIEKTPAIbHBIC JUHUM B TOJIC 3PEHUS OKYIISpa,
ObUTM TOHKHE W pe3Kue. PTyTHy namiy 0e3 3aujummnozo cmekia Ha
OKOIIIKE JIaMIIbl He 6KAI0Uamb.

3.2 IlocnenoBareibHO MOABOAS CIEKTPAIbHBIC JIMHUU PTYTH, HAUMHAs
c kpacHoii juHMHM ¢ A=708,2HM (mmm 691 HM) 10 ¢uoNETOBON C
A =405 uwm, K CTpeJIKEe-yKa3aTellto OKYyJIsIpa, 3a(MKCUPOBATh
COOTBETCTBYIOIIME  JiejeHus OapabaHa. B  memsix  yMeHbIIEHUS
MOTPEIIHOCTH U3MEPEHUI 3a cuet Jirodra OapadaHa, peKOMEHIYETCsl JINHUU
MOJBOJIMTH K YKAa3aTeN0 TOJIbKO C OJTHOM CTOPOHBI. 3HAYEHHUS () 3amucaTh
B Tabmumy 3.1. Ilpm moBopoTre OapabaHa ciaeauTh, YTOOBI OETYHOK HE
NEPECKAKUBAJI C OAHOW KAHABKU Ha JPYTYIO.

3.3 Tloctpouth rpaayupoBodHbi rpaduk ¢ = f (A) monab3ysacs naHHBIMU
Tabmuiel 3.1. Pazmep rpaduka qoimkeH ObITh He MEHBIIIE TTOJIOBUHBI JINCTa A4,
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3.4 BpIKTIOYHTH PTYTHYIO JIAMIly M Ha €ro MeCTO YCTaHOBHUTh
BOJIOPOJIHYIO JIaMITy, OPHUEHTHUPYS KalWUIAPHYI0 TPYOKYy BIOJb IIEJIH.
Bxkawuumo 6000poonyw namny ne 0oavuie uem Ha 10 MUHYT.

3.5 3aduxkcupoBaTh JeneHUs (¢, OapabaHa, COOTBETCTBYIOIIUE
YEThIPEM CIIEKTPaJbHBIM JIMHUSAM aTOMa BOJOPO/Ia U 3aMKCaTh B TAOJIHITY .

3.6 Ilonb3ysach MOMYYCHHBIMH 3HAUYCHHUSMU (O JUISA JJUHUA BOJOPOJA
M0 TPaJyUPOBOYHONW KPUBOW OIPEIACITUTh COOTBETCTBYIOIINE 3HAYCHUS
JUTH BOJIH CTIEKTpa aToMa BOAOpoa U 3anucarh B Tabnuiy 3.1.

Tabauma 3.1 - TabnuuHble W AKCIEPUMEHTAJbHbIC JaHHBIC IS
rpaJyupOBKA MOHOXPOMATOPA U ONpEACICHUs JJIMH BOJH Bojopoaa u R

JIMMHBI BOJIH PTYTH JIniHBI BOJIH BOAOPO/Ia
IIBET A, HM o) I[BET ox |Aam| n |1/ n® | 1/, am?

KpacHBIN 708,2

KpaCHBIN 690,8 KpaCHBI

KpacHBIN 623,4

JKEJITBIN 579,1

JKEIITBIN 577,0 rojyoou

3€JICHBII 546,1

roJryooi 491,6

J— 4358 (hHOIETOBBIN

¢uonerossiii |407,8
dbuonerossiit | 404,7

(dbuoneToBbIN

3.7 Hocrpours rpaduk 3aBucumoctu 1/A=f(1/n°), u ompexemuts
noctosiHHyto Punbepra R kak yrioBoil Ko3QUIUMEHT MOTYyYEHHOU MPSIMOM.
ITocrosinnyto Punbepra onpeaenuTs U 1o 3HaYeHUI0 cBOOOAHOTO WwieHa R/4 B
dopmyne banbMmepa, paBHOTO TOUKE IepeceueHust MPSIMOM C OChIO OPAMHAT.

3.8 Ilo ycMoTpeHwuto mnpernojaBaTessi MOCTOsSIHHYI0 Pundepra R moxHO
OTIPECIIUTh METOJIOM HaWMEHBIIIUX KBAJIPATOB M OIEHUTH MOTPEITHOCTb.

3.9 Tlonb3ysch TPagyUpOBOYHON KPUBOW BBIYHCIUTH IOTPEITHOCTU

omnpenesieHusl JJIMH BOJIH 1O (GopMyie: G(g):gi.a(¢). Cunrath, 4TO

HOTPEIIHOCTD B YIIIOBBIX eauHHUIaX ¢ () = 10°.

3.10 CpaBHuTh 00OpaTHBIC YIJIOBBIE NMCIEPCUU JUISI KPACHOM 00JacTH
crieKTpa v AJist GuoJIETOBOM.

3.11 Onpenenutb MOTPENIHOCTD ONPEEIeHuUs TOCTOSTHHON Prundepra.
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4 KOHTPOJIBHBIE BOITPOCHI

4.1 BeiBectu dopmyny baibmepa 13 MoayKIacCCHUECKUX COOOpaKEHUH.

4.2 Chopmynupyiite noctynarsl bopa, kakue U3 HUX MOATBEPAMIH
onbITel Ppanka u ['epua.

4.3 3anumure ctarimoHapHoe ypaBaenue Illpenunrepa.

4.4 KakuMyd KBaHTOBBIMM YHUCJIAMH XapaKTEPU3ZYIOTCA COCTOSHUS
ANEKTpOHOB B arome? Kakue 3HaueHuss OHM MOryT npuHumath? Kakue
npaBuia 0TOOpa CYyIIECTBYIOT JJIsl KBAHTOBBIX YUCEN?

5 PEKOMEHIAYEMAS{ JINTEPATYPA

5.1 CasenseB M.B. Kypc oOmeit ¢usuku: ydeOHOe mocobue B 5
kaurax. Ku. 5 KBanrtoBas ontuka. ATomHas ¢usuka. Ousznka TBEpIOTO
tenma. Pu3nka aroOMHOTO Spa M dJeMEHTapHbIX 4vactul. —M.: Hayka.
®duzmariaut, 1998.-368 c.

5.2 CasenpeB, U.B. Kypc ob6meit pusmkm [DIEKTpOHHBIA pecypc]:
yueOoHuk. T. 3 : KBantoBas ontuka. AToMHas ¢uzuka. dusuka TBEPIOTO
Tena. Gu3nKa aTOMHOTO siipa U iaemMeHnTapHbix yactuil./ M. B. Casenbes. -
CIIO6.: JIanb, 2017.

5.3 Cagenbes, U.B. Kypc ob6mieit puzuku: yueOHOe nmocodue s
By30B: B 3 T. T. 3 : KBantoBas ontuka. AToMHas ¢pusuka. Ouszuka
TBEepAoro Tena. @u3nka aTOMHOTO S/Ipa U 3JIEMEHTApHBIX YacTull. - 10-¢
u3 ., crepeorun./ Y. B. Casenses. - CI16.: Jlans, 2011. - 318 c.
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[TPUJIOKEHUE

I’'MpoMarHuTHOE OTHOIIEHHE 3TO OTHOIICHHE OPOUTAIBbHOIO MAarHUTHOT'O
MOMEHTa JJIEKTPOHA L (WIM €ro MpOEKIHH |, Ha BBIOPAHHYIO OCh Z) K
MEXaHHYSCKOMY MOMEHTY UMITyJIbca M, (Wau K ero npoekiuu M,,), paBHOE
w/M=-el2m, IUIE  OpOUTAIbHBIX MOMEHTOB MW IS CIHHOBBIX
MOMEHTOB s / Ms=—¢ /M, B 1Ba pa3a OoJIbIIIE.

Marneron Bopa pz;= e /2'm,=9,27 10 Tox/ T,

Jl1s1 aToMa moJiHbIi MoMeHT umnyabea M, =7,/J(J +1) ananoruuxo

My u My, aero npoexuuu
M,,=Aam, , raed=L+S, L+S—-1,...IL—-S]

[ToytHBIIT MAarHUTHBIA MOMEHT atoMa ;= W Q+/J (J +1).

[Ipoekuus MOJTHOrO MArHUTHOIO MOMEHTA aToMa Ly, = Usg m, ,
m;=-J,-J+1...J-1, J. J— KBaHTOBOE YMCJIO MOJIHOIO MOMEHTA UMITyJIbCa
aToMa, UM BHYTPEHHEE KBAHTOBOE YHCIIO.

daxTop Jlanae g yuuThIBa€T CIMH-OPOUTAIIBHOE B3aUMOJICUCTBUE U
paBHO:

J(J+1)-L(L+1)+S(S+1])
2J(J +1)

rne L, S, J— xBaHTOBBIE YHUCIIA.

g=1+

Ilo mnpaBuny XyHaa HauMeHbLIEH JHeEprue obnamaer TepM ¢
MaKCHUMAaJIbHBIM 3HaY€HUEM S MpU AaHHOW 3JEKTPOHHOM KOH(UTypaluu U
MaKCUMAaJIbHO BO3MOYKHBIM TIPU ITOM Sy, 3HAYCHUH L.

J=L-S, ecntu no1060J104Ka 3an0JIHEHA MEHEE YEM HAIOJIOBUHY, U

J =L+S B ocTaJIbHBIX CiTyUasx.



