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HazHaueHWe ¥ CPOKHM BBINOJHEHUS MEPOMPUATHI 1O peanu3aiuu Bcex hopm
CaMOCTOSTENbHON PAOOTHI.
CamocTtosTenpHas paboTa MIaHUPYETCsl U BBITIOJHAETCS B COOTBETCTBUU C ['ocynap-
CTBEHHBIMH OOpa30BaTEeIIbHBIMU CTaHAAPTAMU HAIPaBJICHHS MOJTOTOBKH IS CIIe-
muanpHoctd 01.04.03 Mexanuxka u mamemamuueckoe mooenuposarue (poQuiib
NOJATOTOBKHU: Mexanuxa Oepopmupyemozo meepooeo mena (macucmepckas npo-
epamma), i B COOTBETCTBUU C y4EOHBIM IUIAHOM M pabodeld MporpaMMoi TUCITUILII-
Hbl «TeopeTnueckas GU3NKa» A CTYIEHTOB OUYHOM (OpMBbI 00YUEHHUS CTIEIUATBHO-
ctu 01.04.03Mexanuxa u mamemamuueckoe mooeauposarue (MPOGUIL MOATOTOBKH:
Mexanuxa depopmupyemozo meepooco mena) Tynl'V.

CamocTodaTenbHas paboTa CTYACHTOB OCYIIECTBIISIETCS B TEUCHHE 2-TO CEMECT-
pa cpoka oOy4eHHs.

|. Tleny u 3a7a4¥ BBITIOJHEHUS CAMOCTOATENBbHOM paOOThl MO IUCLUILIMHE
«Teopernueckas puzuka»:

1) 3akpenuTh 3HAHUS U HABBIKH, MIOJYYCHHBIC CTYICHTAMH MPU U3YUCHUU Pas3-
nena Kypca JucHuIuiuHbl «Teopernueckas (u3MKa» Ha JIEKIMOHHBIX U MpPaKTHUYe-
CKHX 3aHITHUSX;

2) TOJYYUTh CHCTEMY IMPAKTUYCCKUX HABBIKOB HMCIOJIL30BAHUS 3THX 3HAHUH
JUTSI IOCTAHOBKY MaTEMATUYECKOM 3a/1auy OMKMCAHUS JIFOOO0TO SIBJICHUS WJIH TIPoIiecca,
CBSI3aHHOTO C M3y4aeMbIMU 3aKOHAMU TEOPETUIECKON (PU3HKH, U TTOCIIETOBATEIHHOTO
pELIeHUs 3TOW 3a]1a4H;

3) chopmupoBaTh y CTYACHTOB €IUHYIO, JIOTHYECKHA HEMPOTUBOPEUUBYIO (-
3MYECKYI0 KapTUHY, CBS3BIBAIONIYIO BCE M3y4YaeMbIE SIBJICHUS, TCOPUU U MOJEITH UX
onucanus. [Ipu sTom pemraercs 3agada GOpMUPOBAHKS HAYYHOTO MUPOBO33PEHUS U
COBPEMEHHOTO (PU3UYECKOTO MBIIILICHHUS,;

4) Hay4UTHCS CAMOCTOSITEIILHO PabOTaTh ¢ Y4eOHOM M HAYYHOU JINTEPATYPOH,
CIIPaBOYHUKAMHU U SHUUKIONETUSIMH.

[I. Conepkanue camMOCTOSATEAbHON paboThl Mo nucuuiuinHe «leopeTnueckas
buszuka».

CamocrosiTennbHass paboTa SIBISETCS HEOTHhEMJIEMOW YacThio paboued mpo-
rpaMMbl y9eOHOTO TIJIaHa CTYACHTa B paMKax uM3ydeHus kypca «Teopernueckas Qu-
3UKa».

Ha BrITONHEHWE CaMOCTOSITEIBHOW PadOTHhl OTBOAMTCS 3aJaHHOE y4eOHBIM
IJIAHOM U pabodeil mporpaMMoi KOJTUYECTBO YaCOB CAMOCTOSITEIPHBIX 3aHSITUH CTY-
neHTa. MeponpusTrsi T0 CaMOCTOSTEIbHONW padOTe BBIMOJTHSAIOTCS B TEYECHUE BCETO
ceMecTpa U3y4YCHUS AUCIUIUIMHBI «TeopeTnueckas hu3mKa».

B kauecTBe 3JIeMEHTOB CaMOCTOSITEIbHOM BHEAYJUTOPHOU PabOThI MO JUCIH-
muHe «Teopetudeckas ¢uszuka» cryaeHTsl cnennanbHocTu 01.04.03Mexanuxka u
mamemamuyeckoe mooenuposanue (MpoGuUab MOATOTOBKU. MA2UCMEPCKAs Npo-
2pamma) BBITIOJHSIOT CIIEAYIOIINE BUIBI padoT:




1) u3yyeHue pas3ienoB IUCIUILUINHBI, BBIHECCHHBIX ISl CAMOCTOSITEIILHOU pa-
OOTBI B COOTBETCTBHMHM C pasaeioM 4.6 paGoueii mporpamMmsl, a Takxke Tex Tem (1Mo
yKa3aHHIO MPernoaBaresis), KOTOpble ObUTM HE PACCMOTPEHBI 10 MPUYUHE MPOIYCKa
ayJUTOPHBIX 3aHATUN W3-3a MPA3THUYHBIX THEH U MPUBIICYCHHS CTYICHTOB K JEXKYP-
CTBaM,

2) MOArOTOBKA K JBYM TEKYIIUM aTTECTALIMOHHBIM MPOIEAYpaM KOHTPOJIS Te-
KyIIIel yCIIeBaeMOCTH U K UTOTOBOMY 3aU€THOMY 3aHATHIO MO auctuiuinHe «Teope-
TUYEeCKasi (PU3HKa» B KOHIIE CEMECTPa, B X0OJIe KOTOPHIX CTYJICHTHI 00S3aHbI BBIMOJ-
HUTH KOHTPOJIbHBIE TIPAKTUYECKHUE 3a/IaHUS B BUJE TECTOB, IPOBEPOYHBIX BOTIPOCOB
¥ TIPOCTHIX MOJIETBHBIX 3a/1a4, 00pasibl KOTOPHIX MPHUBEIACHBI B paszaenie 6 paboueit
IPOTPaMMBHI,

3) caMOCTOSTEIIbHOE BBITTOJIHCHUE WHIAWBUAYAIBHBIX MPAKTHICCKUX 3aJIaHUN
M0 yKa3aHUIO MPETo1aBaTelis U3 YUCiIa TeX 3aJaHuil mo Kypey «Teopernueckas Qu-
3WKa», yCIOBHS KOTOPBIX MpuBeneHb! B [Ipunoxenun 1.

CaMocTosTenbHasi paboTa BBHITIONHSAETCS C MPHUBJICUCHHUEM BCEX WH(MOpMAIIH-
OHHBIX BO3MOKHOCTEH (Onbnmorexka Tynl'Y — ydeOHas, MoHOrpaduueckas, mepuo-
IUdecKas InTeparypa, JJIeKTpOHHBIE cpelicTBa nHpopManuu — Inet, npyroe.

[l1l. MeToauka BBIITOJHEHUS CAMOCTOSTEIHLHON paObOThI

1) OT4eThl 10 BHIIOJHECHHBIM 3aaHUSIM MIPEACTABISAIOTCSA CTYJACHTOM Ha OJHOM
U3 MOCTEAHUX 3aHATUNA CeMecTpa, MpeaHaA3HAYEHHOM JISI KOHTPOJIBHBIX MEPOTpPHSI-
THU B BUJE KOHCIIEKTA WIN TETPAJIA C PEIIEHUSIMHA 3a/IaHUN.

2) PemeHus COMpoOBOXIAIOTCSA TEKCTOBBIMH TOSCHCHHSMH, KaK 3TO JIejIacTCs
IPY HATMCAHWUY HAYYHOW CTAThU WJIM OTYETA.

3) B TekcToBOM mOsICHEHUU HEOOXOMMO 0OOCHOBATH BHIOOP METOIa PELICHHS,
BBEIOOP UCIIOJIB3YEMBIX TEOPETHUUECKUX IMOCHUIOK, OOBSICHSATD MTyTh PEIICHNUS;

4) oKOHYATEIbHBIA OTBET MOJTy4aeTCs B BUe GopMyJibl B 001IeM BUe. [10MIKHBI
OBITH MPOJIETIaHbl BCE ATaIlbl MOTYYeHUs 3TOU popmyssl 0e3 mpomyckoB. JJist mosy-
YEHHUS YUCJIOBOTO OTBETA B MOJYyYCHHYIO (GOpMYJy JOJDKHA OBITH CliejlaHa MOJCTa-
HOBKa BCEX HMCIOJIb3yeMbIX AaHHBIX B cucTteMe CHU. YUncnoBoil OTBET MOKEH OBITH
nojy4yeH B euHuIax cucteMbl CH ¢ TOYHOCTBIO HE MEHEe TpeX 3HavaImx nudp;

5) Bce HCHOJIb3yeMbI€ JaHHbIE M3 CIPABOYHOM JUTEpaTyphbl (KO3(QHUIIMEHTHI,
MOCTOSIHHBIE, MATEMATHYECKUE MPe00pa30BaHus) JOKHBI ObITh IPUBEICHBI C yKa3a-
HUEM Ha UCTOYHUK IIUTUPOBAHUS.




[Tpunoxenue 1.

YCJOBUSA MIPAKTUYECKHNX 3AJIAHUI
I BBITIOJTHEHUSI CAMOCTOSITENIbHON paOOTHI IO TUCITUIUIMHE
«Teopernyeckas puznKa»

CB00OOIHAS YaCTHIIA.

1.1.B moment Bpemenr I =0 cBoGoaHas yacTuLa onUCHIBaeTCSA BOITHOBOH (yHKIMEH
2

X .
LIJ(X,O) = Aexp{— —F+ |k0xJ . Onpenenuts koo duiment A u 06nacTh, TIe TOKAIN30BaHa

2a?

YacTUla. HAlTH IUIOTHOCTb TOKAa | , CO3/JaHHOI'O €€ JBM)KEHUEM.

1.2. It cBOOOAHOM YaCTHUIIBI, COCTOSTHUE KOTOPOW OMUCHIBACTCSI BOJTHOBOU (DyHKITHEH
2

X .
t//(x) = Aexp - ) + |k0x , HAUTHU CpeIHNE KOOPAUHATY, UMITYJIbC, BEIYUCIUTH
2a
2 2 .
(AX), (AP®) ¥ IpOBEPUTH COOTHOIIEHHUE HEOTPEIETEHHOCTEH.
1.3.Cuwras, 9to BoHOBAs (GYHKIIHSI, IPUBEACHHAS B MIPEABIAYINEH 3a1a4e, OnpeaemseT
BOJIHOBOM ITaKET B HAYAJIbLHBIA MOMEHT BpeMenu { = 0, naittu l1—’(t), MJIOTHOCTh BEPOATHOCTH

,O(X, t) U IIJIOTHOCTh TOKa j (X, t) (paccMOTpeTh pacIuIbIBAHUE BOJIHOBOTO MAKETa CO BPEMEHEM).

KBaHTOBOMEXaHHUUECKUE onepaTophbl 1 UX CBOMCTBA.
2.1. BeluucanTb KOMMYTATOPBI IPOCKIMI ONepaTOpOB paalyc-BEKTOpa U UMITYJIbCA!

[Fi 5L IFi By By By -

d)y (d_Y
2.2.Haiiti koMmmyTaTop onepatopoB | X— | u | — X | .
dx dx

2.3.Haiit kommyTartop onepatopa X u omeparopa Jlammaca.
2.4.Haiitu oniepaTopbl TPAHCISAIIUH, TIEPEBOISIIINE:

a)l/J(X) B l/J(X+ a); 0) lﬂ(r) B l//(l7 + E'_:i); l/J(¢) B l//(¢ +0’), rae @ - yriosas me-

peMeHHas (3TO omepaTop MOBOpOTa mpocTpancTBa Ha yroa O ).

2.5.Haiitn co6cTBeHHbIE GYHKIIMU U COOCTBEHHBIC 3HAYCHUS omneparopa X +—.

2.6.Haiiti cobcTBeHHbIE (PYHKIIMHM U COOCTBEHHBIEC 3HAUEHUS OIlepaTopa sin@.

2.7.0mnpenenuThb KBaJapar orneparopa in0) + A(I?) :

2.8.J1ns onepatopos L u M | ynosneTsopsromux KoMMyTallHOHHOMY YCIIOBHIO
(M — ML =1, naiiru: ) C2M M 2L 6). f (LM - Nif ().

2.9. Jloka3aTh CpaBeJIMBOCTh COOTHOIIIECHUS

etz l =a+[ﬁ,é]+%[£,[£,é]]+%[[,[ﬁ,[ﬁ,é]]h... .



d

2.10.HaiiTu oneparop, SpMHUTOBO-COIPSKEHHBIHN OIepaTopy d—
X

2.11.Haiftu omepatop, SpMUTOBO-COIPSDKEHHBIN mpornsseaeHnto oneparopos A u B.
2.12.]Toka3aTh caMOCOIPSHKEHHOCTH onepaTopa Jlarmaca.
2.13.13 BeIpaxXeHUs OTiepaTopa MOMEHTA UMITYJIbCa B JCKAPTOBOM CHCTEME KOOPAUHAT

A~
A~ ~ ~

L =7 X P, nonmyunts Beipaxenns st oneparopos L, Ly L, uL 2 5 chepruecKoi CHCTEME

A~ A~ A~

KOOpAUHAT.
2.14 Jloka3ath Cleayromnue KOMMYTAIlMOHHBIE COOTHOIIICHUS IJIs1 TPOCKITUNA ONIEpaTopoB
KOOpAWHAThI, UMITYJIbCa 1 MOMCHTA I/IMHyJ'Ibca:

a) |_Li , )’Zj J = igijkf(k : |,Li , fjj J = igijk ﬁk , TIIe 8ijk - QHTUCUMMETPUYHBIN eTMHUIHBIN
TEH30p 3-T0 paHra, s KOTOPOro sijk = _eikj y €193 = 1 (1,2,3 -COOTBETCTBYIOT MHICKCAM X, Y,

2);

b

0) 2}=ih£ijk|:j§(k |h€ )’\(E [ﬁi’ﬁz}:ihgijkl:j ﬁk_ihgijkﬁjl:k;
o [ (2+ b3+ p2)] =0, [, +y2+ 22| =0; [p2,02|=]f2,C2=0,

r) _I:i ’I:jJ:ihgijkEk’ |,E| ,EZI:O;

J1) [I0Ka3aTh, YTO B COCTOSHHUM {J/ ¢ ompeeneHHbIM 3HadeHneM L, , (ast koToporo

~ ~

I:Zl// =hmy ) cpepnue 3navenust L, n Ly PaBHBI HYJIIO.

CoOTHOIICHHUSI HEOIPESACICHHOCTCH.

3.1.Tloka3ark, 4TO €CIu JiBa oneparopa A uB YIOBIIETBOPSIFOT IIEPECTAHOBOYHOMY CO-

otromenmo AB — BA = IC npuyeM AuB - - 5PMHUTOBBI, TO UMEET MECTO COOTHOIIEHHE!

Jor)laa)s

C
st onepatopos 0 u F(P),ecm § u P ynoBneTBopsIOT nepecTaHOBOYHOMY COOTHOMIEHHIO

- . I/ICHOHBS}IH 9TO COOTHOIICHHUE, HAWTH COOTHOIICHHE HEOMPECACICHHOCTHU

ap — P4 =ih. (Vrazanue: dyaxmo F(P) npencrasurs B Buze pama Teiinopa

3.2.01eHUTh SHEPTUI0 OCHOBHOTO COCTOSTHHSI OCIIHIUIATOPA, UCIOIB3YsI COOTHOIICHUE He-
ONPEAECIEHHOCTEN.

3.3.011eHuTh PHEPTHUIO JIeKTpoHA Ha K 000J10UKe aToMa ¢ TOPSIKOBBIM HOMEpPOM Z B He-
PCIATHUBUCTCKOM U PCIIATUBUCTCKOM CJIydac.

3.4.01eHnTh SHEPTUIO0 OCHOBHOTO COCTOSIHHSI IBYX3JICKTPOHHOTO aTOMa, 3apsiI siIpa KOTo-
poro paBeH Z, ¢ TOMOIIBI0 COOTHOIIIEHHUSI HEOTIPEASTIEHHOCTEH.

3.5.HaiiTn BOJTHOBYIO (DYHKIIMIO TAaKOTO COCTOSIHHSI JUIS OTHOMEPHOTO JIBUKCHUS YaCTHIIBI,

~

4TOOBI IIPOM3BEIECHUE HEONIPEIEIEHHOCTEN KBAHTOBOMEXaHMYECKHUX ONepaTtopoB X U [y, T.€.

<(AX)2 >< (Apx )2 > OBbLIO MUHUMAJIbHBIM.



YpaBHueHue IllpeauHrepa v 3aBUCUMOCTh BEJIMYKMH OT BPEMEHHM:
4.1.BonHOBas GyHKIUS B MPOU3BOJBLHBI MOMEHT BPEMEHH OTPEIEISAETCS Yepe3 BOJHOBYIO

(QYHKIHMIO B HAYaILHBIA MOMEHT BpEeMEHH C TIOMOIIBIO HekoToporo onepatopa S(t), 3aBucsuiero

ot Bpemenn: W(t) = é(t)q—’ (0) . oxkasats, uto onepatop é('[) noquuHseTcs AuddepeHnras-

HOMY ypaBHEHHIO iha =HS(t), rne H - oneparop 'amunsToHa, a B Tom ciydae, korna H ne

_iHt
3aBHCHT OT BpeMenH, To oneparop S(t) umeer ux S(t) =e 7 .
dr dp
4.2.CocTaBuTh ONepaTopsl —— U ——— .
dt
4.3.Tlokasarh, 4TO OCHOBHOE YPAaBHEHHE KIACCUIECKON quHamukn —— = F , roe P — um-

nynsc, F —cuna, neifcTyromas Ha yacTuiy, A1 MPOCTPAHCTBEHHBIX CPETHUX (MAaTeMaTHUECKHX
OKUTaHUI) HMECT MECTO M B KBAHTOBOM MexaHMKe. [Toka3aTh, 4TO [Ist CHCTEMBI YaCTHIL IIPH OT-
CYTCTBUU BHEIIHUX CHJI UMITYJIbC CHCTEMBI OyJIeT HHTETPAIOM JIBUKCHUS.

4.4 .Tlokasarh, 4TO CpeHEE 3HAUYCHNE UMITYJIbCA B CTAIIMIOHAPHOM COCTOSIHUH JTUCKPETHOTO

CIEKTpa <6> =0.

4.5. Ins xnaccuueckoi ckooku [lyaccona (f , g) BBINOJIHEHO COOTHOIIEHUE

(f , gu) = g(f ,u) + (f , g)u e T, g, h - GyHKIMH, IpeIcTaBistonIe Gu3ndecKue BeIudu-

Hbl. CUUTAs, YTO JAHHOE COOTHOMICHHE BBIMIOTHAETCA U I onepatopos, T, §, h onpenenuts
BBIPKEHHE JIJIs1 KBAHTOBOM cKOoOKH [lyaccoHa.

KBasukiiaccuueckoe npudauxkenue, Teopus bopa-3ommepdenbaa:
5.1.Tlonp3ysck moctynatoM bopa-3ommepdenbia, MPOKBAHTOBATD ABMKEHHE OJTHOMEPHOTO
Mo’ x?
5
5.2.Ucnonw3ys noctynatr bopa-3ommepdenbna, HaWTH yPOBHU SHEPTUH JIEKTPOHA, JIBH-
KYIIETOCS 10 DIUTMIITHIECKOM opOuTe BOIM3M sapa ¢ 3apsaom ZE.

5.3.Yacruma mMaccsl I BepTHUKAIBHO MajJaeT Ha FTOPU30HTAIBHYIO IUIACTUHY U YIIPYTO OT
Hee oTpakaeTcs. Mcnonb3ys nocrynat bopa-3ommepdernbaa, MpoKBaHTOBATh ABHKEHHE YaCTHIIHI,

KBaHTOBOT'O MAPMOHMYECKOTO OCHUILIATOPa ¢ NoTennuansHoit sneprueit U (X) =

OTIPE/IENUTE Pa3pENIeHHBIE BBICOTHI [, 1 BBIMMCIIUTD ypOBHU SHEPTHH.
5.4.0npenenuth B KBa3UKJIACCUYECKOM MPHUOIMKEHUN CIIEKTP SHEPTUH YaCTULIBI B OJTHO-

Uo
ch’(x/a)

5.5.0npenenuTh B KBa3UKJIACCHUYECKOM MPUOIMKCHUHU CPEIHEE 3HAUCHHE KHHETUYECKON
SHCPTHUU CTAIUOHAPHOI'O COCTOSAHUSA U HalTU B 3TOM HpI/IGHH)I(CHI/II/I CPCAHIO0 KHNHCTUYICCKYIO

M x?
2

5.6.BEMHCINTD B KBA3UKJIACCHYECKOM NPHOIMKEHHH KOd()PUIUEHTHI TpoxoxkacHus D u
orpaxkenns R wactuipl ¢ maccoit M u ¢ sueprueii E , manaromeit Ha oqHOMEpHBIA TPAMOYTOIH-

MepHOM noTeniuansHoM mote U (X) = —

SHEPIUI0 0fHOMepHOro ocuunaTopa B one U (X) =

HBI IOTCHIMANBHBIN Gapbep mupuasl @ u Beicots Uy > E.



U (X) 5.7.BpIYHCIUTh B KBa3UKIACCHUECKOM MPUOIIKEHUN K03 du-
X LIMEHT IIPOXO3KIEHUS 2JIEKTPOHOB ¢ 3Heprueii E gepes mosepx-
0 HOCTh METaJljIa MO/ ACUCTBUEM CHIIBHOTO JIEKTPUIECKOTO TOJIS C

u HanpsHKEHHOCTBI0 €, HANPABJIEHHOM TIEPNIEHUKYJIPHO K 10~
0 BEPXHOCTHU MeTaJuia (BIOJb OCH X, CM. PHCYHOK). HaiiTu rpaHutipt
IPUMEHHMOCTH pacyera.

5.8.B AeicTBUTEILHOCTH U3MEHEHHE MOTCHIIMAILHON YHEPTUH

/PU(X) v JUTSL DJIEKTPOHA BOJIM3H MOBEPXHOCTH MeTayuta (cM. 3aaady 5.7)
eZ
npoucxoaut HenpepbiBHo. Tax 3akon U (X) = ————— (meton
167X

3epKAILHOTO OTOOPaYKEHUS) IEHCTBYET Ha OOJBIINX PACCTOSHUSIX
OT TMOBEPXHOCTH (CM. puc.). Onpeaenuth KOAPPHUIUSHT TPOXOXK-
nenusi D 371ekTpoHOB Yepe3 MOBEPXHOCTh METAILIA C YYETOM 3TOTO 3aKOHA B KBa3HMKJIACCHYECKOM
IpUOJINKESHUN.

U(x)

5.9.TlorenmnuansHoe mone U (X)

TSI HEKOTOPOU YaCTHIIBI HMEET
By N OTMHAKOBEIX IOTEHIIHAJID-
HBIX SIM, pa3JICICHHBIX OJMHAKO-
BbIMHU INOTCHLMAJIbHBIMH 6apI>e-
pamu (cM. pucyHOK). CunTas BbI-
IMOJIHCHHBIM YCJIOBUC KBAa3UKJIAC-
CHYIHOCTH, OTPEICIUTH YPOBHU

)
D
D

suepruu B nosie U (X)
X 5.10.Yacruma ¢ maccoit
N M u ¢ sueprueii E mponeraer
HaJl OMHOMEPHOM MPAMOYTOJIbHOM

o] PO

o
=1
oy
=
=z
U‘—-.——_—_—_—

al b]

MOTCHIUANBHOM ssMol mmpuHbel @ 1 rinyounsl U . OnpenenuTs B KBa3HKIACCHYSCKOM IPHOIH-

KEHHUHU YCIIOBUE a0COIIOTHOM MPO3PAaYHOCTHU 3TOH SMBI.

HOTGHHI/I&JIBHBIG 6aDBCDBI W IMMIOTCHUMAJBHBIC SIMBEI.

U(x) 6.1.OnpenenuTs ypOBHU SHEPTUH U BOJTHOBBIC (PYHKITUN YACTHIIBI,
U, HAaXOJAILIEKHCS B HECUMMETPUYHOM MMOTEHIIMATIBHON MPSIMOYTOJIbHOMN
U, OJTHOMEPHOM siMe, N300paKeHHOHN Ha prcyHKe. B wacTHOCTH, pac-

cmotpers cirydait Uy =U5.

0 a 6.2.1loka3arp, 9TO JIsl YaCTUIIBI, HAXOISAIIEHCS B OJHOMEp-
HOI IIPAMOYTOJIbHOM TToTeHIManbHOM ame mupuael 0< X< a ¢
OCCKOHEYHO BBICOKMMH CTEHKAMHM, UMEIOT MECTO CJICYIOIINE COOTHOIICHHS TSl CPSTHUX BEITHYNH

12

HUU Pe3yJIbTAaT COBIAJAET C COOTBETCTBYIOIIUM KIIACCHYECKUM.
6.3.CocTosiHIE YaCTHUIIbI B OJTHOMEPHOW 0€CKOHEUHO TITyOOKOH MOTEHIIMAIBHOM sIMe, CTCH-

KM KoTopoii pacronoskensl npu X =0 u X = @, onuceiBaeTcs BOIHOBOM (QyHKIHEH
Y (X) = Ax(a - X). Haiitu 1u1s1 Hee pacnpesieNieHue 1o HeprusM, cpeaHioro suepruo (E) u

(AE?) .

2
: <X> = g , <(X - <X>)2> = a— 1- ZL].[Z . [Tokazars, 4uTo 11t OOJIBIIMX 3HAUYEHUW N mocien-
n



6.4.11pu U3y4eHnn SMUCCUH JIEKTPOHOB M3 METaJljIa HaJ0 Mpu-

U(X) HATH BO BHUMAaHHUE, YTO 3JIEKTPOHEI ¢ sHepruel E, mocrarounoii
I y VUi BbIXOJa M3 METallIa, OyayT, cOrjaacHO KBaHTOBO-
- @ ****** MEXaHUYECKUM CBOMCTBAM, OTPaXXaThCs OT €ro rpanuilsl. Pac-
CMaTpuBasi OJHOMEPHYIO MOJIEb C MTOTEHIIMAIbHON SHEPrUeh
-1, U (X) =-Ug npu X <O (ans snexrpona BHyTpH MeTaia) u

U (X) =0 npu X >0 (a5 snexkTpoHa BHe MeTana, CM. PHCY-

HOK), ONpeeTUTh K03 HUIMEHT OTpaskeHus a1ekrpona ¢ sueprueii E > 0 ot nosepxnoctu me-
Tana.

6.5.YacTuiia nBuranack B MOJIOKUTEIHLHOM HAMIPABIEHUU OCH X C OTPHUIIATEIHLHON YHEPTUEH
E <O u Bcrperuna norennuansHelii nopor (CTyneHbKY) H300paKeHHYIO HA PUCYHKE K TIPEIbLIY-
nieii 3anade 6.4.OnpenenuTs BOJMHOBYIO (PYHKIIMIO M BEIYHCIUTH TUIOTHOCTh TOKA OTPAKEHHOU U
npomenei BosH. Halitu koappuiimeHT npoxoxaeHus U OTPaXEHUS YaCTHI] OT Oapbepa.

6.6. Onpenenuts Koddduument npoxoxaeHns dactuusl ¢ sneprueit E <U j uepes npsimoyromns-

U (X) HBII IIOTCHIMANBHBIN Gapbep BoicoThl Uy, H306paskeHHbIiT Ha
HCYHKE, a Takke KOd(pPHUINEHT HaI0APhEPHOTO OTPAKECHUS OT
U pUCYH pbCp P
0 Gapbepa B ciyqae E >Uq.
| X 6.7.PaccMOTpeTh NOBEICHHUE YAaCTULIBI B CIIEAYIOLIEM IO~
0 a o npu X< 0,

tenmaipaoM moje; U (X) =<0 npu 0<x<au X=b, Or-
Uy npu a<x<b,
parnuutses cnydaeM E <U . UccnenoBars BOIHOBYIO (YHKIHMIO YaCTHUI[BI, KOTAA aMILUIATYA BO

suyTpenHeii o6mactu (0 < X < @) ropaso menbie, yeM Bo BHemHe# (X = D).
6.8.Haiiti ypoBHM SHEpPTUU U BOJHOBBIE (DYHKIIMH YACTHUIIBI B OJTHOMEPHOMN KYJTOHOBCKOMH
kq?
MOTEHIMANLHOM AMe, 3a/1aBaeMoii loTeHmanbHoi sneprueit U (X) = ———.
X
6.9.0mnpenenuTs BOJHOBbIE (DYHKIIMU 3apsDKEHHON YaCTHIIBI B OTHOPOIHOM TOJI€ C TIOTEH-
nuansHoit sneprueit U (X) = —FX.
6.10.Haiitu BoTHOBBIE (PYHKIIUU U YPOBHU YHEPTUU YACTHIIHI B
U(x) 2
a X
nose ¢ noreHuuansHoi sueprueii U (X) =Up| ———| ,
X a
X >0 (ogHOMepHas noTeHIMaNbLHAS AMA, U300paKeHHAs HA
PHCYHKE), ¥ 1T0Ka3aTh, YTO SHEPTeTUUCCKHIA CIIEKTP COBIAIaeT
CO CIIEKTPOM OJTHOMEPHOTO OCIHIUIATOPA.

0 a
U (X) 6.11.0Onpenenuts ypoBHU SHEPTUU IJI YACTUIIBI, HAXOISIICICS B
X U
/r norenmuaasHoM nose U (X) = —2—0, M300paXKCHHOM Ha
0 ch?(x/a)

PHUCYHKE.



6.12.0npenenuTs 30HBI pa3pelIeHHON YHEPTUN IS
U(X) YaCTHIIBI, IBKYIICHCS B IEPUOAMYECKOM OJTHOMEPHOM
Us MOTEHIMAILHOM T0JIe, M300pakeHHOM Ha PHCYHKE.

HccnenoBats npeaenbHbli ciydaid Uo o, b0

X

—a-b-b 0 a a+b

npu yenosuu, uto U gh = const.

6.13.Cnepa Ha IOTEHIUATLHBIHA O -06pa3HbIit

2
h
6apsep U (X) =—Q0 (X) TajlaeT MOTOK yacTul ¢ sHepruei E . [okasats, uro nannuue Gapbepa

NPUBOJUT K TOSIBJICHUIO pa3beraroreiicst B 00e CTOPOHBI OT HETO "paccessHHON BOJIHBI .

KBaHTOBBIN TapMOHUYECKUN OCITHUJIISITOD:

) ~
A PS . mwPR? .
7.1.TaMUIIbTOHMAH OJHOMEPHOTO OCIMIATOpa pasen H = + ,rIe Py 1 X
2m
YAOBJIIETBOPSIOT IEPECTAHOBOYHOMY COOTHOIIEHUIO f)x)’\( - ?f)x = —i% . OnpenenuTs HOPMHPO-
BaHHbBIC BOJHOBBIC ()YHKLIUU M YPOBHU SHEPTUHU OCLIILIATOPA.
ma?x? }
7.2.Yactuna qBuxercs B noteHnuanbpaom moie U (X) = T (oTHOMEPHBIH OCIIAILIIS-

Top). OnpeaeauTs BEPOATHOCT HAXOXKICHHUS YaCTHIbI BHE KJIACCUUECKHUX TPAHUIL JJIi OCHOBHOT'O
COCTOSIHHUSL.
7.3.HaiiTi ypoBHM SHEpruy U BOJIHOBBIE ()YHKIIMU OJJHOMEPHOTO FapMOHUYECKOTO OCIHII-

JIATOPA, TIOMENIEHHOTO B MTOCTOSHHOE DJIEKTPHIECKOE MoJie & . 3aps gacTunsl (.
7.4.Haiiti ypOBHH SHEPTHHU TPEXMEPHOTO TAPMOHHUYECKOTO OCIIMIUIATOPA C MOTEHIIMATBHON
2 2 2
kx=  k kyz
_ KX KY K

7.5.01HOMEpHBIN TApMOHUYECKUI OCLUIUIATOP HaxoauTcs Ha N-M ypoBHe sHepruu. Haii-

sueprueit U (X, Y, Z)

TH JUIS HETO <X2> ¥ CPEJIHION0 MOTEHIMATBHYIO SHEPTHIO.

YacTuiia B IICHTPAJIbHO-CUMMETPHUYHOM I10JI€:

8.1.Paccmotpets peenue ypasuenus Llpeaunrepa mis neiitpona ¢ maccot M, Haxons-
HIErocsl B CEpUUYECKU-CUMMETPUYHON MOTEHIUAIBHOM sIME pajuyca a, 3aaBaeMoil MOTEeHIIUAJIb-
-Ugy npu r<a,
noit sneprueit U () = (mone simpa). OnpenenuTh yCaoBHUe, P KOTOPOM B
O npu r>a
sIME MOKET CYIIECTBOBATh €AMHCTBEHHBIN pa3pelIeHHbIN YPOBEHb SHEPTUH JIJIsl TAKOTO HEUTPOHA.
8.2.Pemuts ypaBHenue [lpeauarepa 11st 4acTUIIBI B OECKOHEYHO TITYOOKOM chepruecku
CUMMETPUYHON MOTEHIMAIBHOM M€, 3a1aBa€MOU IIOTEHIMAJIBHON SHEPTUeH
O npu r <a,
Uu(r)= Paccmotpets ciyqaii | = 0.
© pnpu I >a.
8.3.Peunts ypaBHenue llpeaunrepa nis chepruuecku CHMMETPUYHOTO TPEXMEPHOTO OC-
2

2
'™ . CpaBHUTSH C pe3ysnbTaTaMu pelie-

HWLIATOPA C MOTEHLIMAIBHON SHEpruen U (X, Y, Z)

Hud 3amauu 7.4.
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8.4.25eKkTpoH HaXOIUTCS B aTOME BOZOPOa B OCHOBHOM COCTOSIHUH. ONpeenuTh It 3TO-

2
ro ciydas cpeanue 3Hadenus Benmmaun (I), (') 1 nokasark, uTo HauboJIEE BEPOATHOE 3HAUCHUE

h 2

pazamyca 3J1eKTPOHHOI OpOMTHI paBHO [ =
kme
8.5.1lokazaTk, YTO B OCHOBHOM COCTOSIHMM aTOMa BOZOPOAA CIEAYIOIINE CPEAHNE 3HAUCHUS

2
paBHBL: a) <]/ r> = ]/ lo: 0) <]/ r 2> = Z/FO ,rae g — Haubosee BepOsATHOE 3HAUYEHHE pauyca
AIIEKTPOHHON OPOUTHI.
8.6.D1eKTPOH B KyJIOHOBCKOM H0JI€ szipa 3apafa + Z€ HaXxomuTcs B OCHOBHOM COCTOS-

Hud. [TokaszaTe, 4TO CpeTHUIN ANEKTPOCTATHUECKUN OTEHIUAI B IPOCTPAHCTBE, CO3/1aBAEMbIN
SIPOM U 3JIEKTPOHOM, PaBEH

5 -

ke(Z -1 Z 1) -ozene n?
) =KD kg L e e = T
r ro kme
8.7.CunTast, 4TO HYKJIOH B JIETKOM SIIp€ ABUKETCS B yCPEAHEHHOM TTOTCHIIMAIIBHOM I10JIE
2
mao

suma U (r)=-U, + r2, OIPEAESIUTD YUCIIO YaCTUL] OJHOTO copTa (HEUTPOHOB MIIH IIPOTO-
0 p p p p

HOB) B 3alOJIHEHHBIX 0005104Kax. [1o1 000704KO# cieayeT MOHMMATh COBOKYITHOCTD COCTOSTHHM C
OIHHUM U TEM K€ 3HAUYCHUCM SHCPIHHU.
8.8.B3anmMopeiicTBre MEXKTy TPOTOHOM M HEHTPOHOM MOKHO MPUOIMIKEHHO OMUCATh T10-

tenmuanom U (r) = ~A€"%  Haiirn BosTHOBYIO (yHKIHI0 ocHoBHOTO coctostaus (I = 0). Haittu

sHepruio csa3u aeitpona, ecnu A=10C MaB, a = 997 (10710 .

8.9.Cuwnras, uto nocrostHHas & -pacnaga A u xo3dduunenT npozpadsocty 6apsepa D
CBA3aHbI COOTHOILICHUEM /] = nD , BBIYUCIIUTH /] , €CJIM MOJICJIb TIOTCHIIHMAJIA 3a1aCTC CIICAYTO-
mm o6pazom: U (r) =—Uq mpu I <fg,amnpu I 21,

Q' -4acTULIbl B3aUMOJICUCTBYIOT C AJIPOM, 3apsia KoToporo + Z€, o 3akony Kynona. [IpunaTts, 4to

2kzef
f[p <<———.

OnepaTopbl MOMEHTA UMITYJIbCA.
9.1.BbIpasuts pe3ynbTaT npeobpasosanus ckansproit Gynxiuu f (1) npu 6eckoneuno

MaJIOM BPAILEHUH CUCTEMBI KOOPJAUHAT Yepe3 OlepaToOpbl MOMEHTA UMITYJIbCA.

9.2.TomyunTs BEIpaXKeHHUs 11st onepaTopos L, , Ly , L, Bcdepuueckux koopauHarax,

ucxozs u3 Toro, uro Ly, Ly , L, sisiroTcs oneparopamu 6eCKOHEYHO MaJIoro MOBOPOTA.

9.3.HenocpencTBEHHBIM BHIYHCIEHUEM B KOOPAUHATHOM MPEACTABICHUHU MPOBEPUTD, YTO
ni1s cucteMbl B3 N 4acTUIl IMEIOT MECTO EPECTAHOBOYHBIC COOTHOLICHHUS

A~
—

|_|—x ,Y] =-Z, |_|—x , LyJ =-L,,rae L - oneparop MoMeHTa HMITy/IbCa CHC TEMBI B LIEJIOM, a
X, Y, Z -xoopauHarsl ee rieHTpa Macc.

9.4.TTonHbI MOMEHT YacTHIILI paBeH J , IPOEKIM MOMEHTA Ha OCh Z MMEET MaKCUMAaJlb-
Hoe 3HaueHue. OnpeaenuTh BEPOSATHOCTU PA3TMYHBIX 3HAYCHHUH MPOCSKIIUU MOMEHTA Ha HaIlpaBJie-
Hue, obpasyroriee yroi 6 ¢ ocwio Z
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HMHVJ’IBCHOG N DHEPIE€TUUYECKOE NPEACTABJICHUS.
10.1.Yacruiia HaxoQuTCs B 0ECKOHEUHO TITyOOKOH OHOMEPHOM MOTEHITHATBLHON sIME (CM.
2% h?

me?

YTO OHA MMeeT UMITYJIbe B MHTepBasie or P no P + dp. Haiitu pacnpenenenue BeposTHOCTE#H pas-

3azady 6.2.)8 COCTOSIHUHM, OTBeUaroweM sHeprun E, = . OnpeenuTh BEpPOSTHOCTH TOTO,

JINYHBIX 3HAYCHUN HUMITYJIbCA IJISd YaCTHUIIBL, HaXOHHHICﬁCH B 9TOU IMe B N-M OHCPTCTUICCKOM CO-
CTOAHUU.
10.2.Pemuts ypaBHenue llpenunrepa, T.e. HAUTH BOJHOBYIO (DYHKITHIO SISl OTHOMEPHOTO

JBUKCHHS YaCTHUIIBI BOJIM3U TOYKU TTOBOpoTa X = X1, rae E-U (X) =a (X - Xl), a =Ccons.
10.3.0Onpenenutsb BIpakeHUs ONEPATOPOB UMITYJIbCA M KOOPAMHATHI B [0 — mpejcTaBiie-

HUU, U BBIYUCIIUTh KOMMYTATOP 3THUX OINCPATOPOB.

MaTpHu4dHBIE DJIEMEHTHI M TEOPUSI BO3SMYIIEHUM .

11.1.Haiitu coOCcTBEHHBIE 3HAUEHUS SHEPTUH OJHOMEPHOT'O TAPMOHUYECKOT0 OCIMIUIATOpA
U MaTpUYHbIE 2JIEMEHThI KOOPANHATHI M HUMITYJIbCa B SHEPreTUUECKOM IpescTaBieHnn. Halitu Tak-

~

K€ MAaTPUYHBIE JICMEHTHI OIIEPATOPOB [Jy M X 3TOr0 OCUUILIATOPA B SHEPIrETUYECKOM IIPEICTaB-

JICHUH.
11.2.Haiitu pa3pelieHHbIE yPOBHH SHEPTUU OJHOMEPHOI'0 aHIAPMOHUYECKOTO OCLIUILISITO-
2.2
y . Maw™X 3 4
pa ¢ motenumnanbHol sueprueii U (X) = T +ax” + X", e @, f —manble KOHCTaHTHI.

2
11.3.0mnpenenuTh MATPUIHBIE STIEMEHTHI IUMOIHHOTO MOMEHTa, X~ U Py s gacTuier B
OECKOHEYHO TTYOOKOW OJTHOMEPHOU MPSMOYTOJIbHON MOTEHIINAILHOM sIMe, PacIlOiI0KEHHON B 00-

a a
jJactu —— S X< +—.
2 2

11.4.)KecTKuil IUTOCKHIT POTATOP ¢ MOMEHTOM MHepuuk | M gunonsHbIM MOMEHTOM Pg

Bpalaercs B c1aboM OJHOPOJIHOM NIEKTPHUUECKOM IOJI€ ¢ HANPSKEHHOCTBIO E . Boiuucnuts 1o-
IPaBKH K SHEPTHU POTATOpPa B IIEPBOM U BTOPOM NMPHUOIMIKEHUSIX.

11.5.HekoTopblil ypOBEHb SHEPTMU E  JBYKpaTHO BBIPOXKIEH M COOTBETCTBYET JIBYM OPTO-
TOHAILHBIM BOJHOBBIM (GyHKLMsIM Y4 1 5. U3BecTHO, uTo B HavansHblii Moment t =0 cucrema

HAXOJUTCS B COCTOSHUHU C BOJIHOBOH (yHKIMeil {f/, 1 BKiIIoyaeTcs cnaboe BHEIIHEE BO3MYIICHHE C

oneparopoM BosmymieHus V , o AeiicTBIEM KOTOPOTO CUCTEMA MOKET MEPEITH B COCTOSIHUE C
BOJIHOBOII (yHKuHEit (/5. HaliTn BEpOsSTHOCTB TOTO, YTO B MOMEHT BpeMeHH 1 crucrema okaxeTcs

B COCTOSIHHH C BOJHOBO#M dyHKIueH (Y.
11.6.Atom Bogopoaa B IepBOM BO30YKICHHOM COCTOSTHUH (n = 2) IIOMEIIAI0T BO BHEI-

HEE OJJHOPOJIHOE BJIEKTPUUECKOE MO C HAPSKEHHOCThIO E. Onpenenutsb pacuierieHue ypoBHeH
SHEPrHH MO JeHCTBHEM 3Toro nouis (uHeiHbIi 3¢ dekt LlTapka).

11.7 .Tloka3atk: 4TO JUIs aTOMOB TIEPBOI TPYIIIIBI, y KOTOPBIX YpOBHHU 3Heprun Ep ompe-
NEeNAIOTCA 3HAYEHUAMHM KBaHTOBBIX uncen N u | , mumeitnsiii s3¢pdekr 1llTapka (T.e. pacimenienne
JIMHUN BO BHEIIHEM OJTHOPOIHOM 3JICKTPUUECKOM I10JIe) OTCYTCTBYeT. [loka3aTh, 4TO Mpu momeiiie-
HUU aTOMa BOJIOPOJA B OJTHOPOJHOE AJIEKTPUUYECKOE 10JI€ IHEPT S COCTOSIHUSI ¢ KBAHTOBBIMH UYHC-
gamu | =N —l, M=nN-1 B nuueitHOM O TIOJTIO MPUOTMKCHUH HE U3MEHSETCS, a COCTOSHUS,

OTIIMYAaOIIMECCA TOJIBKO 3HAKOM MMPOCKIIUU MOMCHTA, UMCIOT OJIHY U TY K€ SHCPIUIO.

12



BapuanmonHbie MeTOAbI pEICHNSI KBAHTOBOMEXaHMYCSCKHUX 3a-
J1a4.

12.1.TTapameTpu3ys B OCHOBHOM COCTOSIHMHM aTOMa BOJOPO/a BOJHOBYIO (DYHKIIUIO B BUJIC

— —qr
Y= Ae , TIIe ' —TnapameTp, BEIYHCIUTH C TOMOIIBI0 MeToAa PUTIa 3HaUeHNEe YHEPTUH B 3TOM

COCTOAHUU.
12.2.Vicnonb3ys pe3ynbTaT NpeabIAyIIeH 3a1a9d, U TapaMeTpHU3ysi BOTHOBYIO (DYHKITUIO
_Br
r r
3NIEKTPOHA B aTOMe Bojioposia B 2S — coctostuuu B Bujie (U, =Bl 1+ y— |€ ' e

I

ﬁ y y — mapaMeETphbl, BEIYUCIIUTH C TIOMOLIBIO METOAA PI/ITHa OHEPIHUIO 2JICKTPOHA B 9TOM COCTOSHUMU.

Oneparopsl cIvHA':
13.1.HaiiTu BotHOBBIC (DYHKIIMH CHCTEMBI U3 JIBYX YaCTHUII CO CITUHOM, ]/ 2, KOTOpBIE SB-

JSI0TCS COOCTBEHHBIMU (DYHKIIUSMU KOMMYTHUPYIOLINX OMEpaTOPOB KBaJparTa U MPOEKIMU Ha OCh Z
CYMMAapHOTI'O CIIUHA.
13.2.BbryucnuTh CKalsipHOE MPOU3BECHIE CIIMHOB JABYX YaCTHI] B TPUIUIETHOM U CHHT-

JICTHOM COCTOSHHAX. CHI/IH HJaCTHUILIbI h/Z

13.3.Cucrema coctouT U3 aByx vactuil, Criud ogHoit pasen 1/2, npyroii 0. [Toka3aTs: 4To
npu J1I000M 3aKOHE B3aUMOJICHCTBUS 3TUX YaCTULl OPOUTAIBHBI MOMEHT UMITYJIbCa SBJISIETCS CO-
XPaHAIOLIEHCS BETUYNHOM.

13.4.BpryucnuTh KBaapaT NpOEKIMH CIUHA h/ 2 Ha IPOM3BOJILHOE HATIPABJICHHUE.

01
10

A~

13.5.Haiit cobcTBeHHbIE (PyHKIIMM U COOCTBEHHBIE 3HAYECHUS ONlEepaTopoB O, =

0 -i
u gy =| . (ctunoBBIC MaTpuIb [1aymn).
|
13.6.Haubomee oOImii BU CIHHOBOM (PYHKIIMH YaCTUIBI CO CrIMHOM 1/2B “Z'-
W, =€ cosd,

W, =€”sind.

MPEICTABJICHUH €CTh Ota pyHKIMS ONMKUCHIBAECT TAKOE COCTOSTHUE YACTHIIBI, B

KOTOPOM BEpPOSTHOCTb 3HAYCHUS Tpoekiuu cruHa +1/2 fum -1/2) Ha och Z paBHa cos o (wm

2
Sin“ 0). Kakos OyneT pe3yabTaT U3MEPEHUs MPOEKIIMK CIIMHA Ha COBEPIIEHHO MPOU3BOJILHOE Ha-
npasJjeHue ?

JIBH>KEHHME YaCTHUIIbI BO BHEIITHEM 3JICKTPOMArHUTHOM MOJIC:

14.1.PenaTHBUCTCKHU OecCIMHOBBIN /T —Me30H ¢ Maccoii M u 3apsAIoM — € NIBMKETCS B
TI0JIE TSKEJIOro KyJIOHOBCKOIO IIEHTpa ¢ 3apaaoM + Z€. BeIuMCINTE pa3pelleHHbIE yPOBHH SHED-

MM Takoro “atoma’.
14.2.Boiopooro100HbIi aTOM TOMEIIEH B €1a00e BHEIIHEE 0THOPOIHOE MArHUTHOE T10-

—

ne ¢ uaykuuel B . HaiiTu Bo3HUKIIee paciienieHyne SHepreTHIeCKUX ypoBHeH, ecliu

enB .
T << ‘AE 13 ‘ ,tae AE ;5. —paccrosiHie MexLy ypOBHSIME TOHKOM CTPYKTYPBI.

2m
14.3.Ha ckoyibKO OAYpOBHEH pacIICUTCs MEPBOHAYAIBHO BBIPOXKICHHBIN YPOBEHb SHEP-

TUH, COOTBETCTBYIOIINN BOJOPOAOIIO00HOMY aTOMY ¢ KBAHTOBBIMH unciiaMu N A, KOTOPBIH TT0-

13



MEMIAIOT BO BHENIHEE CHIILHOE OJHOPOJHOE MATHUTHOE oJie ¢ uHaykuueil B ? Kakum Gyzer Be-
JMYUHA 3TOTO PACIIEIICHNs ?
14.4.Tloka3aThb, 4YTO B CiIy4ae HAJIUYUSA MarHUTHOTO MOJIS 1711 ONIEPaTOpOB KOMIIOHEHT CKO-

POCTH BBIMOIHAIOTCA CIEAYIOIIUE IIpaBUIa KOMMYTAIlUU: VXVy - VyVX 5 BZ ;
m

I (¢ [/ 2 (0

VWV, =V, vy, = 2 By V,V, —VV, = -z By .

14.5.0npenenutb ypOBHU SHEPTUU CBOOOIHOTO 3JIEKTPOHA, IBUXKYIIETOCS B OJHOPOIHOM

MarHUTHOM TI0Jie ¢ MHaykuueil B, nanpasnennom B1ons ocu Z.
14.6.0npenenuTh SHEPTETUUECKHUI CTIEKTP 3apsSKEHHON YaCTUIIBI, IBUKYIICHCS B OTHO-

—

POHOM BJIEKTPHYECKOM U OJJHOPOJJHOM MAarHMTHOM HOJISIX, HAIIPaBJIeHHs HaNpsKeHHOCTH & 1
WHIYKIUU B KOTOPBIX B3aUMHO TEPIIECHIUKYIISPHBI.

14.7.CocTaBuTh BEKTOP IJIOTHOCTH TOKA AJIs1 YaCTULBI € 3apsaaoM ( u maccoit M, nBuxy-
Ieicsa B MarHuTHOM I10JI€.

14.8.Ha »1eKkTpoH, TOMEIICHHBIN B IEHTPAIBHOE MOJIE, TOMOJHUTEIIBHO BO3ICUCTBYET OJ1-
HOPOJHOE MarHUTHOE NoJie ¢ nHayKuuel B . Onpenenuts cranmonapHble COCTOSHHUS DIIEKTPOHA U
HaWTH MONPaBKH K YPOBHSAM sHEprun. CUUTATh 3JIEKTPOH HEPEISITUBUCTCKUM, U HE YUUTHIBATH €TO
CITHH.

14.9.TTonb3ysch TEOpUEH BO3ZMYIICHNS, HAWNTH TIOMPABKY K YPOBHIM SHEPIHH aTOMa BOJIO-
pojia 3a c4eT PeISITUBUCTCKOM 3aBUCUMOCTH MACChl OT CKOPOCTH (Y4eCTh WICH MOPsIKa V2 / C2 ).

14.10.B3aumozpeiicTBre cOOCTBEHHOTO MATHUTHOTO MOMEHTA JJICKTPOHA,

—

e -
Ps = —9—S, ¢ ero cobeTBeHHBIM OpOUTAIBHBIM MOMEHTOM L ommcbiBaercs B ravuisTo-

mc
g 1duU(r)
2m?c?r  dr
JIEUCTBUEM PACILCIUICHUE YHEPTETUUECKUX YPOBHEH.

. -
HuaHe wieHoMm Buaa H' = (S |:|L) Onpenenuts 00yCIOBIEHHOE TUM B3aUMO-

MHOTORIEKTPOHHBINA ATOM.

15.1.Vicnionb3ys TEOPHIO BO3MYIIICHUH, BEIYUCIUTD SHEPTHIO TeIUETOJ00HOT0 aToMa B OC-
HOBHOM COCTOSIHMH. [10713ysCh MOTyueHHOH (POPMYIIOi ONpeIeTNTh YHEPTUI0 HOHU3ALIUN aTOMa
TSl B OCHOBHOM COCTOSIHUH.

15.2.BbIYUCIUTD SHEPTHIO T'eIHEN0oJ00HOT0 aToMa, UCIob3ys MeTo]] Putia (mapamerpu-

3
_a -a (rl +r 2)
30BaTh BOJHOBYIO (D)YHKIIMIO 9TOrO COCTOSIHUS B BHje () = —€

,Tne 1, —koopau-

HATBI DJICKTPOHOB, TTapaMeTp). [1oy4nTh SHEPTHIO MOHU3AIMH aTOMa TeJUsl U CPAaBHHUTH C PE3YIib-
TaTOM NpEAbIAYLIeH 3aJaun.
15.3.Yka3aTh BO3MOKHBIEC 3HAUEHUS TIOJTHOTO MOMEHTA Y COCTOSTHHIA

's, s, °P, °D, “D.
15.4.Kakue cocTOsHHS (TepMbl) MOTYT OCYIIECTBIATBCS [UIS IBYX SJEKTPOHOB: a) NSN'S

6) NI'p; B) nen'd ; r) npn'p.

15.5.Vka3aTh BO3MOXKHBIC TEPMBI CIICAYIOIINUX KOHDUTYpaIHii: a) (n p)S; 0) (nd)z; B)

ns(n'p)’*.

15.6.0npenennuth 4€THOCTH OCHOBHBIX TepMOB aemeHToB: K, Zn, B, C, N, O, CI

14



15.7.Haiitu npenensl u3MeHenus MHoxkutens Jlanae § npu 3amaHnbix 3Havenusx L u S.

15-8.BriBecTr hopMyiy 1 oniepaTopa CHUH-OPOUTATBHOTO B3aUMOACHCTBUS TSl HYKJIO-
Ha B aTOMHOM S/Ip€, M C €€ TIOMOIIBIO PACCYUTATh PACIICIUICHHE SHEPTETHIECKOT0 YPOBHS HYKJIO-
Ha, HAXO/IANIEr0Cs B MOJ000I0UKE C KBAHTOBBIM YHCIOM | , 33 cueT cluH-0pOUTATBLHOIO B3aUMO-
NICUCTBUA.

CnuH B MarHuTHOM I10JIC.

16.1.PaccMOTpeTh MOBEIEHNE MAaTrHUTHOTO MOMEHTA AJICKTPOHA BO BHEIITHEM MarHUTHOM

245By

nore B =1 B, coswt + ] Bysinwt + kBy, rze By,B; =const w= . JIBuoKeHue

AJIEKTPOHA HE YYUTHIBAaTh. ONPENEIUTh CPEIHNE 3HAYEHMSI POEKIIUI MAarHUTHOTO MOMEHTA JJIEK-
TPOHA Ha OCU KOOPAMHAT B JAHHOU 3aJaje.

N3MeHeHne COCTOSHUS KBAHTOBOMEXAHUUYECKOU CHCTEMEI
IOJI BHEINHUM BO3JICUCTBUEM, 3ABUCSIIIINM OT BPEMEHMU.

17.1.Tsaxenas yactuua maccsl 1M ¢ 3apsaoM ( mposeraeT MUMO aTOMa BOAOPOJa Ha pac-

CTOSHHMH @, IPAKTUYECKH HE OTKJIOHSAACH OT MPSIMOU TPAEKTOPUHU. ATOM NEPBOHAYATIBHO HAXOUII-
C B OCHOBHOM COCTOSIHMH, a Ha OOJIBLIOM yJaJ€HUHU YacTUIla UMesa ckopocTh V. Ilomyunts
(GopMyiy U1 BEpOSITHOCTH IIEPEX0/a aToMa BOJAOPOAA B BO30YKIEHHOE COCTOSIHUE C KBAHTOBBIM
guciaoM N noce nposera 4acTHibl. PaccMOTpeTs cirydyan 00Jb1ION M MaJIol cKOpocTH V.

17.2.51npo Bomopo1011006HOr0 HOHA ¢ 3apsaoM + Z€, HaxOJAUBIIETOCS B OCHOBHOM CO-
CTOSIHUU (n = 1), HUCIBITAIO ,3 —pacnaz. Haiitu BeposiITHOCTh, 4TO 00pa30BaBIINICS aTOM OKa-

YKETCS B IEPBOM BO30YKIEHHOM COCTOSIHUI (n = 2). BBIYKMCIIATE 9Ty BEPOATHOCTD JjIst noHa He u
noHna Li.

Paccessaue gacTuil.
18.1.1Tyuok HEUTPOHOB paccenBaeTCss Ha ATOMHOM SIJIpe, I KOTOPOTO MOTEHITHAIbHAS

—-Uy npu r<a
O npu r>a,

JIOBHE IPUMEHHUMOCTH OOPHOBCKOTO MPUOIMKCHHSI B TEOPUU PACCESHUS.

18.2.B nepBomM OOPHOBCKOM MPUOIMIKEHUH OTIPEACIIUTh CEUCHUE PacCesTHUs HEUTPOHOB Ha

-Uy npu r<a,
aToMHOM siipe, 171 kotoporo U (r) = rae a —paauyc saapa. [lokasars, 4to
O mpu r >a,

YCIIOBHE MPUMEHUMOCTH OOPHOBCKOTO MPUOINKESHHS BBIITOJHEHO.

18.3.Ilokazarp, 4TO B IEPBOM OOPHOBCKOM MPHUOJIMIKEHUHN TTPU PACCESTHUU IJICKTPOHOB Ha
TOYEYHOM KYJIOHOBCKOM LIEHTpE MoTyyaeTcs Kiaccuueckas ¢popmyna Pezepdopra.

18.4.B nepBoM OOPHOBCKOM MPUOIMKEHUH BBIYUCIUTE AU QepeHInaTbHOe CEYCHHUE pac-
CesHHs 3IEKTPOHOB Ha SAAPax, CYUTAs, 4TO ILIOTHOCTH dIekTpudeckoro 3apsaa aapa O(r) coepu-

' Uy =60 M»B. Haiiru yc-

sHeprus B3aumoseictsus ¢ ueitrponom U () =

YeCKHM cUMMeTpHU4Ha. [TosrydeHHbIe pe3yIbTaThl IPUMEHUTD K CIIy4aro, KOra 3apsij paclupeciicH
110 00BEMy Spa C HOCTOSHHOM INIOTHOCTBIO O = O o M BEMMHUCIUTL (POPM-(HAKTOP PaCCEHBAIOLIETO

szpa.
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18.5.B nepBoM OOpHOBCKOM MPHUOIMKEHUH BBIYUCIUTH MU (HepeHInaIbHOE CeUeHUE pac-
- Z¢e* -ar
CESIHMS DJIEKTPOHOB HA SKPAaHMPOBAHHOM KYJIOHOBCKOM TtoTenmuane: U (r) == € " ,rume
r

a =cons.
18.6.Paccuntats nuddepeHnnanbHOe CEUCHHE PACCESHUS B TI0JIE OTTAIKMBAHUS

— 2 .
U= A/ '™ B OOpHOBCKOM IMPUOIMKEHUU U COTJIACHO KiIaccuyeckoil MexaHuke. OnpeaenuTs mpe-

JIeTIbl IPUMEHUMOCTH TIOJTyYEHHBIX (YOPMYIT.
18.7.Mcnonb3ys 00pHOBCKOE MPUOIIKEHUE, HATH JU(PepeHIInaTIbHOE U MTOJIHOE CeUeHHE
YIIPYTOTO paccestHus OBICTPBIX 3JIEKTPOHOB!
a) aTOMOM BOJIOpoJia; 0) aTOMOM TelTusl.
18.8.Paccunrtars ceueHre ynpyroro paccesiHust 3JIeKTPOHA Ha JIEKTPOHE U @ — YaCTHUIIbl Ha
' —Jacruue.

Mousekyia:
19.1.Haiitu hopmymy, onpeaesiontyro 3JIeKTPOHHBIE TEPMbI TTPH B3aUMOJICHCTBUH aTOMa
rejnsa ¢ aTOMOM BOJOpOJa IpH yCJIOBUH, YTO 0621 aToOMa Haxo4sTCsI B OCHOBHbBIX COCTOSHUAX.

CI%®
19.2.0OnpenennTh MOMEHT MHEPIIUK M PACCTOSHUE MEXKLY siipaMu B Mosiekyie H ,
€CITH Pa3HOCTh YaCTOT JBYX COCEIHUX JHUHHIA BO BpallaTe/IbHO-KoIeOaTenpbHO# (MHBpaKpacHO#)

nosnoce H'C1% pasna Av =209 c L. Boruncaus cootserctBytomee AV B cnekrpe DCI .

19.3.BelYrcnuTh OTHOIICHHUE PA3HOCTEH YHEPTHH MEXKAY ABYMS MIEPBBIMH BpalaTeIbHBIMH
Y IBYMsI TIEPBBIMU KOJIeOATEIbHBIMH YPOBHIMU MoJIeKyabl HF. MomenT unepiiuu mosexyasr HF

pasen | =135 10 22w’ , a uacrora konebannit AV, =3987 c L.

19.4.0npenenuTh SHEPTUIO AUCCOIMAIIMN MOJICKYITbI D2' €CJIM SHEPTHs AUCCOLMAINHT 1

HyJIeBas sHeprus KoneOanns monekynsl H, pasusiores 4,46 26 u 0,26 26 coorsercrsenHo.
19.5. /111 anmpokcuManuu Xoaa KpUBOW MOTEHIIMATbHONW YHEPTUHU IBYXaTOMHOW MOJICKYJIbI

—ph—e2BP. s=( -
yacto ucrnons3yercs pynxmus U = D|1—e€ ; ¢ =(r —a)/a, npennoxennas Mopse. On-

pelenuTh dHepreTuueckuii crektp konebanuii npu K =0.

19.6.Monekyibl, UMEIOIIUE IBE MU HECKOJIBKO OCEH CUMMETPUU TPEThEro MK OoJiee BbI-
cokoro nopsiaka (Hampumep, CHy). Ipeacrasistior cheprueckuii BOYOK. Y TaKMX MOJIEKYIT 3JI-
nuncoun uHepuy Beipoxaaercs B chepy A= B = C. Onpenenuts yposHu sHepruu chepruecko-
ro BOJIUKA.

19.7.0Onpenenuth 3eeMaHOBCKOE paclLICIJICHUE TepMa IByXaTOMHON MOJIEKYJIbI; TEPM OT-
HOCUTCSA K CIy4aro a. MarHuTHOE MoJie IPEANoaraeTcss MajibIM, T.€. SHEPTUs B3aUMOJCHCTBUS
CMHMHA C BHEITHUM MarHUTHBIM I10JIEM MaJjia [0 CPABHEHHUIO C PA3HOCTHIO SHEPTUN MEXKIY MOCIIEe10-
BaTEJbHBIMU BpAILIATEIbHBIMU YPOBHSMHU.

19.8.0npenenuts pacuienieHre B 3JIeKTPUIECKOM I10JIe TepMa IByXaTOMHON MOJIEKYIIBI,
UMEIONIEH ITOCTOSHHBIN JUITOJILHBI MOMEHT ﬁe. PacuieruisieMblii TepM OTHOCUTCS K CITy4alo d.

19.9.11pu moMoIM TEOpUH BO3MYIIICHUH OMPEIETUTh 3aKOH B3aUMOJICHCTBUS IBYX HEBO3-
Oy KIE€HHBIX aTOMOB BOJOPO/Ia, HAXOAAIIMXCSA HA 60NIbIIOM paccTosHur R apyr or apyra.
19.10.PaccmoTpeTs IPSIMBIM BapHaIlMOHHBIM METOJIOM 3a7a4y AeuTpoHa. [loTeHnuanpHas

N N — —r/a
SHEprys B3aMMOJIEHCTBHS MEX Iy IIPOTOHOM M HEWTpoHOM 3ajaeTcs kak U (r) =-Ae . B ka-

— KT/ 200

4eCTBE MPUOMKEHHOM BOITHOBOM (GyHKMu B3aTh (Y = B Haiitu cBsI3b MeX Ay Mapamer-

pamu A u @, npu KOTOpOit st SHeprun £ moyuaercs SKcriepUMeHTaIbHO YCTaHOBICHHOE
snauenue E =—2,23 M5B (cuurars, uto O = 2 ¢hepmu .
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19.11 .Bpamenue 607b1I0T0 KiIacca MOJIEKYJ MOYKHO TPAKTOBAaTh KaK BpallleHHE TBEPIOTO
TeJla, €CIM He YUUThIBATh KOJEOaHUs siiep U JankKeHus 31eKTpoHoB. ITycTs Moniekysna nmeer ¢op-

My CUMMCTPHUYHOI'O0 BOJITYKAa C MOMCHTOM HMHCPIIUN Il OTHOCHUTCIIBHO OCHU MOJICKYJIBI © MOMCHTOM

nHepunn | 5 OTHOCHTENBHO 000 U3 EPIICHAMKYIAPHBIX OCEl: POXO/ISLIMX Yepe3 ee LEHTP

Mmacc. Mcxons u3 kinaccudeckoit ¢pynkimu ['amunbToHa, monyuuTsh ypaBHenue Llpenunarepa mos
CBOOOHBIX BPAIICHUI U OTIPEIENIUTh COOCTBEHHBIC 3HAUCHUS YJHEPTHH.

19.12./Isa aTroma BOI0PO/1a, HAXOAIINUECS 8 OCHOBHOM COCMOSIHUU, PACTIONIOKEHBI Ha pac-
crosunu R npyr or apyra. Cuuras sapa aToMOB MOKOSIIMMHKCS, TOKA3aTh, 9TO B TIEPBOM MOPSIKE
TEOPHUH BO3MYILEHHUI HEPIUs B3aMMOJIEUCTBUS aTOMOB PaBHA HYJIIO, M UTO YYET BTOPOTO NOpsAIKa
TEOPUH BO3MYILEHUN PUBOJIUT K CHIIaM IIpUTsDKeHUs Ban-nep-Baanbca. B Toi yacTu raMuibTO-
HUaHa, KOTOPasi OTBETCTBEHHA 33 B3aUMO/ICVCTBUE, OCTABUTh TOJBKO IVIABHBIE YIEHBI, TPOIIOPIUO-
HaJbHBIE HAMHU3IIEN OTpULIaTENbHOM cTenenn R.

19.13.Haiitu 5HEprrt0 OCHOBHOTO COCTOSTHUS M PABHOBECHBIN pa3Mep HEHTPaTbHOU MoJie-
KYJIbl BOAOPO/A.

MeToasl OImMcaHus DJIEKTPOHHOMN MOJCUCTEMEI B KBAHTOBOU TEO-
PUM KOHJICHCUPOBAHHOM cpenbl (TBEpIoro tena)

20.1.ITony4nTh BBIpa)KE€HHE JJIs1 CIIEKTPA BO3MYIICHHBIX CTALIMOHAPHBIX COCTOSIHUNA MOH-
HOU ¥ 3JICKTPOHHOMH MMOICUCTEM JJIsi KOHJICHCHPOBAHHOM CPEIbl METOIOM aTria0aTHUECKUX MPH-
ommkenuit. Kak 3anmuiyTcst COOTBETCTBYIONIUE BBIPAKEHHUS TIPU UCTIOIB30BAaHUH aJ1a0aTHUECKOTO
npuniuna bopua-Onmnenreitmepa?

20.2.C nomomipio Metoga Xaptpu-Poka moyduTh ogHodacTuuHoe ypaBHeHue [lpeaunre-
pa, OMUCHIBAOIIEE CIIEKTP IEKTPOHHOM MOJACUCTEMBI B CITy4ae KPUCTAITMIECKON PEIIECTKH TBEP-

noro Tena. K kakoMy BUAY OHO IPUBOAUTCS B IPUOJIMIKEHUH CITA00M CBSI3U?

20.3.Jloka3atb Teopemy bioxa u momy4uTh 6JJ0XOBCKHE BOJTHOBBIC (DYHKIIMH, OMTHACHIBAIO-
[IME CIIEKTP SHEPTUH B OTHOMEPHOM CITydae.
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