KBAHTOBAAd MEXAHUKA. 3AJTAYN.

PDusnyecKrue KOHCTAHTHI.

Tocroannas Imanka A = 1.054 - 10~27erg - sec

3apsazn snexrpona e = 4.8 - 107 %ex.CTCH = 1.6 - 10719k

Macca saexrpona m, = 0.91 - 10727gr = 0.51MeV

Ckopocts ceta ¢ = 3 - 101%m/sec

Boposcknit pamyc (ar.ex.mmmnb) ag = h’/mee? = 0.53 - 10~ 8em

AToMHas enVHWIIA SHEPIUU mee‘l/h2 =4.36-10"erg = 27.2eV

AToMHAA eIMHUIS YACTOTHI mee‘l/h3 =4.13-10"0sec™!

ATOMHas eIMHAIA HATPAZKCHHOCTH 3/1eKTpUIeckoro nond e/ai = 5.14 - 10°V/em
ITocTosiHHas TOHKOM CTPYKTYpHI o = €2 /he = 1/137
Macca nporona M, = 1.67- 10" % gr = 938MeV
Pasznocrs Macc Helirpona u npotona M, — M, >~ 2.5m,
Paguyc sapa R ~ 10~ 3em

Marneron Bopa g = eh/2mqc = 0.927 - 10~ erg/Gs
dnepuwiit marneron p = eh/2Myc = 0.505 - 10~ %*3erg/Gs;
MarHuTHBIA MOMEHT IPOTOHA [, = 2.79u,

MarHUTHBIE MOMEHT HeUTpPOHA b, = —1.91u.
I'paButanmonnas nocrosuuas G = 6.67 - 10—8auu - ¢ -1~
IMocrosumas Bonbumana k = 1.38 - 10~ %erg/grad

leV = 1.6 x 10~ *2erg
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1. OmepaTopbl 1 MATPUIIHI.

1.1. IIpoBepuTh 3pMHUTOBOCTH OIEPATOPOB P = — h T = —n?L ) L; = €ijkTiDk-
1.2. Hajitu oneparopst (AB)T,[A, B]*, rne A,B - HpOHSBOJIbeIe OLIePaTOPBI.
1.3. HaiiTm onepaTop, 3pMUTORO COTIPSIZKEHHBINH OMEPATOPY exp(iﬁ%).
1.4. /Inst oneparopa
A —ad/d 9 2 02
T,=e 909 —1_4

CMEIEHNS IO KOOPAWHATE T HOKa3aTI>, qTO!
a) T,V (x) =V (z—a);b)(T,) =T o;0)T. Ty = Torp.
Haiitu omeparop T+ a Takzke cobcTBeHHbIE (DYHKINNA U COOCTBEHHBIE 3HAMEHNUSA OIEPATOPA, T,.
1.5. /IokasaTh COOTHOIITEHUsT

(o F (B, 2)] = i F (s, 2)

s F G, )] = =i F (s, )

rae F(p,, ) - npoussonbaas GyHKIM OT ONEPATOPOB UMITY/ILCA U KOOPJAUHATHL.
1.6. TIycts A u B HEKOMMYyTHUDYIOIINE onepaTopsl, « -napamerp, F(B) - dynkuus or oneparopa B .
Joka3atb, 9TO
eaAF(B)e—aA _ F(euABe—aA),

U, B 94CTHOCTH,
eloPe/Mp(g)e 1 0P/M = Pz 4 q).
1.7. Tloka3arb,9T0 /s IPOM3BOJILHBIX OMEPATOPOB A, B MMeeT MeCTO COOTHOIIEHHE

e“ Be~*4 = B + a[A, B] + ‘;2 [A,[A, B]] + 2? [A,[A, [A, B]]] +

1.8. Jlokazats dopmyay Beiikepa-Xaycmopda mms onepatopos A, B, koMmmyTarop kotopbix [A, B
ABJIACTCHA C-IHCIIOM:

_1
A+B _ oA B —3[AB]

1.9. Jokasarb ToXkAecTBO AKOOU IjIsI KOMMYTATOPOB OEPATOPOB
[A,[B,C]] + [B,[C, Al] + [C.[A, B]] = 0.

1.10. Jlns oneparopos poxjenus a” = (a)t u yHnuroxenus

h
a=2"12 <x+ixoﬁ>,x0: —,
To h mw

BBIYUCIMTH KOMMYTATOpHI |a,at], [a,aval, [a, (aT)"],[aT,a"], a Taxske HaiiTu ABHBIA BUJ TTPOU3BEICHUSA
ata.

1.11. Haittu xommyTaTop p - A(r) — A(r

1.12. ZLHH oTepaTopa MOMeHTa HMITYJIhCa
riue Li = L + ZL‘

1.13. Onsa marpun [Taynn

D BeKTOpHBIX onepaTopos P u A(r).

)
L; €k Pk HATH KOMMYTATOPBI [ﬁ“ IA/J-], [L;,L2],[L., Ly],



noKazaTh, uto : 02 = I,[0;,0;] = 2i€;;10k, & TAKIKe BLIMACIATH aHTHKOMMYTATOD [0, 0]+ = 0,0, + 0;0;.
3mecy [— enuHMYHAA MATPUIA.

1.14. JTns marpuiier A, yjaoenerropstiomeii coornormenuam A-A = 0,[A, ATy = AAT+ATA =1, rne
I - euHIMHAA MATPHIA, T0Ka3aTh,q9To a)(AT A)? = AT A b)AT AT = 0, a TakKe BEIHCIUTH COOCTBEHHDIE
3HadeHus omeparopa AT A.

1.15. Tokazarh, 9T0

e e =exp{A+ B+ %[A,B] + %[A7 [A,B]] +...}.

1.16. JTokazarh OmepaToOpHbIE COOTHOIICHMSA:

1
e P = exp{A+ / deesA Be=¢4},
0
1
€A+B — eA . exp{/ dfe—ﬁABeﬁA} —
0

1
exp{/ dée* Be= 4} - e
0

2.CobcTBentbie (PYHKITMHA U COOCTBEHHDbIE 3HAYUEHMUI.

2.1. Jaubl COMHOBbIE MaTpulpl B 0, -nipeiacrasienuu. (cm. 3. 1.13). Haiitu cobcrBennbie BeKTO-
pPbl  COOCTBEHHBIE 3HAYEHWHA ITUX MATPHUIL. BBIYHCINTH MATPUIY YHUTAPHOTO MMPECOPA3OBAHUA OT O -
MIPEICTABICHUS K O -ipeAcTapiaeHnio. Hafitu cobcrBennble 3HaMeHWsT U COOCTBEHHBIE (DYHKITMU MATPHIL
[Taynu B 0,-nipeacTaBieHnn.

2.2. B cocrosiHUM, OIUCHIBAEMOM CODCTBEHHBIM BEKTOPOM ONEPaTOpPa CIUHA §, = ho, , IPUHAIIEXKA-
UM COOCTBEHHOMY 3HAUeHuIo h/2, HaiiTu cpejHue 3HAYEHUs U AUCIEDCUM IIPOEKIU CIIMHA HA OCh Z U
oCh T.

2.3. Anomasnpsbiit 3dbderr 3eemana. Haiitu ypoBHU SHEPruu v CTAIMOHAPHBIE COCTOSHUS YACTUITHI
co cuuHoM 1/2 B HOCTOSHHOM MarauTHOM moJie.(YKa3zaHue: CYUTaTh, 4TO HOJI€ HANPABJIEHO 1O OCU %,
OPOCTPAHCTBEHHOE JBUKEHUE YACTHUILI HE yUUTHIBATD. )

2.4. JInst cBOBOMHOIN 9aCTUIBI ¢ MACCON M, ABUXKYIIEHCS B OJHOMEDHOM MIPOCTPAHCTEE, HAUTH SHEepre-
THYecKuil CeKTp U HopMupoBaHHbie ( HA 0— GYHKIMIO OT dHEpPruu) cOBCTBeHHbIE (DYHKIUKU OMEpaTopa
MOJIHON SHEPTIHu.

2.5. Hacrtuma ¢ Maccoil i OBHKETCd MO OKpy:KHOCTH paanyca R. Hafitn BOMHOBYIO (PyHKITHIO CTAIH-
OHAPHOTO COCTOSTHMS. BBIMMCNTD CpeHee 3HAYEHME U IMCTIEPCHIO ONepaTopa L, = —ihd/dp B manHOM
COCTOSTHWH. ‘

2.6. Inst BomHOBOTO makera ¥ (z) = Agikr=2"/20% yajimy: a) HOPMUPOBOYHYIO KOHCTaHTY , 6) cpenHue
3HAYEHUs] KOODJUHATHI M UMILYJIbCA, B) AUCIEPCHH (DAYKTYAUMHA KOODAMHATHI U UMILYJIbCA, 8 TaK¥Ke UX
npomn3Beenne. [IpoBepuTh CrIpaBeyInBOCTDL COOTHOIIEHNST HEOPEAETEHHOCTEN.

2.7. Joka3arb COOTHOLIEHIE HEONPEIEIEHHOCTE!N /i IPOU3BOIbHBIX HEKOMMYTUDYIOIIUX OLIEPATOPOB

AAAB > %|[A,B]|.

2.8. [Ipumensist ypapuenus [aiizenbepra, BEIBECTH COOTHOIIEHUE Heompeaeennocreii "sueprus-spema" AEAt >
h.

2.9. ITpu momory cOOTHOIIEHNUST HeoNpeaeeHHoCTel "aneprusa-BpeMsa " OleHUTh MacCy T—Me30Ha, B~
JITEIOITIErOCs TIePEHOCTMKOM SITIEPHEIX CHJI, PAINYC MeiicTBUS KOTOPBIX T, ~ 107 13em



2.10. Hactuma ¢ Maccoil m HAXOAUTCA B OgHOMEPHOH GeckoHedHO rIyOOKOH MOTEHIMAJLHON dMe C
mupunoit . Haiitu HopMupoBaHHBIE BOJHOBBbIE (DYHKIMK U YPOBHU SHEPIUH CTAIMOHAPHBIX COCTOSHUH.
Boraucanth cpentee 3HaAYEHNWE U AUCTIEPCUIO0 KOOPIUHATHI B N-M CTAIHOHAPHOM COCTOSTHWUM.

2.11. Yacruma ¢ Maccoil m HAXOAUTCA B OECKOHEYHO T/IYDOKOH MOTEHIMAJBHON siMe C IIUPUHON .
Haiitu B n-M cTarmoHapHOM COCTOSHWN PACIIPEIEIEHNE BEPOATHOCTEH JIsT MMITYJIbCA, CPEIHEe 3HAUEHUE
U AMCIEPCUI0 UMITYIIBCA.

2.12. Ucnonw3ys craimonapuoe ypasuenue [Ipegunarepa, paccMOTpeTh BOIPOC O HEMPEPHIBHOCTH BOJI-
HOBOI (yHKIuu B Touke £ = 0, B KOTOPOH MOTEHIMAIbHAA 3Heprust yacTunpbl U(x) a) u3aMeHsercsa Ha
KOHeuHoe 3HaueHne, 0) U(x) = ad(x).

2.13. Haiitu xoaddunment orparxkennss u KOIMDUIUEHT TPOXOKIEHUS JACTULBI Y€PE3 TTOTEHIIAA -
meIit Gapeep V() = ad(x).

2.14. HaiiT ypOBHHM 3HEPIMH W BOJHOBBIE (DYHKIMH 9acTUOBI B morernuane V(z) = —ad(x).

2.15. Mozaens Kponwura-Ilennu. Ilorenmuanbhas SHEprus YaCTUIbI B HIACAJTBHOM OJHOMEDHOM KPH-
cTasiyie MOXKeT OBITH AMTPOKCUMUPOBAHA DYHKITAEH

n=-+oo

U(r) =« Z o(xz — na),

n=—oo

e o = Uyl, Uy— BrIcOTa OTmenbuOro 6apnepa, [- ero mupuna, Uy — 00,l — 0,0 < aoco.

a) MOJIYYHUTh yPABHEHHE, ONPEAEIAIONIEe CIIEKTD COOCTBEHHBIX 3HAYEHUN SHEPIUM YacTulbl, 6) HalTH
I'PAHUIBI PA3PEIIEHHBIX U 3AlPEIIEHHBIX SHEPreTUIECKUX 30H, a TakKe 3(DMEKTUBHYIO MACCY YACTHIILL B
MepBOii pa3peIeHHoii 30He.

2.16. DJIEKTPOH ABUIKETCS B MOCTOSHHOM IEKTPUUYECKOM IOJI€ C HAIPIKEHHOCTHIO €. B nMmyibcHOM
MPEICTABIEHUN HAUTU BOJHOBBIE (DYHKINK YACTHUIIHI, & TAKXKE IHEPIEeTUIECKUN CIIEKTD.

2.17. Tapmonwdeckuii ocimaaTop. Beipa3uTh raMuIbTOHHAH OZHOMEDHOIO FAPMOHMYIECKOTO OCITHJI-
JIATOPA,

»? mw?z?

H=omt
Yepes3 OmepaTophl PO IeHUsA-yHHUTOKeHus (cM.3a1a41y 1.10.). VI3 npeanonokeHnst o CyIiecTBOBAHUN CO-
crosirus Uo(z) = |0) ¢ MuHUMAIBHOMN Heprued Eyy iy : H|0) = Ejpp |0) HaliTH HODMHPOBAHHYIO BOJTHOBYIO
byHKUMIO 3TOr0 COCTOAHMA, KOTOPOE TaKKe HA3BIBAETCA BAKYYMHBIM COCTOSHWMEM, 8 BMECTE C Hell u Mu-
HUMAJIBHYIO SHEPTHIO Eyyp TAPMOHUIECKOTO OCHHJIATOPA.

2.18. BbIumucauTh 3HEPruio n—ro Bo3byxaennoro cocroguus | n) = C,(a™)™ | 0) rapmonmveckoro
OCHMJIIATOPA, & TaK¥Ke HOPMUPOBOUHYH KoHcTaHTy (. (Ykasauwe: ncrmonb3orarh yciaosue (n | n) =|
Co P (0] a™(a*)" | 0) = 1.)

2.19. Haiitn pe3ysabrar meiicTBHs ONEPATOPOB POXKIEHHS-YHUUTOKEHUA HA N—€ COCTOAHUE apMOHU-
yeckoro octusiaTopa: at | n) =7, a | n) =7, a Takxke marpuunbie anementsl (k | aT | n) =2k |a | n) =
Wk | n)=2k]|p|n)=7

2.20. Bpr4ucaurh NPOU3BEAEHUE CPEAHEKBAAPATUYHBIX OTK/AOHEHUI KOODAMHATHL U MMILY/IbCA OCLHJI-
JIATOPA B N—M CTAIMOHAPHOM coctosianm Ap-Ax =7, rae nucnepcns GaykTyanuii (pu3maecKoil BeTMIHHbI
A B n—W cTanmHOHAPHOM cocTosHUN onpenenserca kKax (AA)? = (n|A2|n) — (n]|A|n)%. B kaxoM cocrosaum
KBAHTOBBIE IIYyMbI TADMOHUIECKOTO OCIUJIATOPA MAHAMATBHBI]

2.21. KorepeHTHOE COCTOSTHAE TAPMOHIIECKOTO OCIAILIATOPA OPEIETAETCA YPABHEHAEM: a|a) = o).
HeicruresnsHo sn cOBCTBEHHOE 3HAMEHUE (¢ OEPATOpa yHUUTOKeHUA! HaliTm ABHYIO KOODAMHATHYIO
3aBuCUMOCTh BOTHOBOH byHKuun U, () = |o) KOTEPEHTHOTO COCTOSTHUS, & TaKyKe MPON3BEIEHNE CPeIHe-
KBaIPATUIHBIX OTKJIOHEHUH KOODAUHATHL H HMITYJIBCA.

2.22. TapMOHMYECKHI OCIMJIIIATOD HAXONUTCA B KOTEPEHTHOM cocrosanu |). Halitm ammmuryny se-
posraoctu C), HAXOKIEHHUS TAKOTO OCUWJLIATOPA HA N—M yPOBHE SHEpruu (T.e. BOMHOBYIO (GYHKIMIO B
SHEPreTHYeCKOM IpeicraBienun): [a) = Y Cp|n), a TakKe CTATHCTUKY PACHpPENEIeH s [0 SHepreTHde-
ckum yporuam |Cp,|? =7



2.23. Hajitn BOMHOBYIO (DYHKIMIO TapMOHMYECKOrO OCHUJLIATOPA B MMIIYJIBCHOM IIPEACTABICHHH H
paccuntarh GYHKUUIO PACIHPEISIeHHs FaPMOHUYECKOrO OCUMJLIATOPA 110 UMILYIbCAM.

2.24. BbIUHCIUTD YPOBHU SHEPTUM U HOPMUPOBAHHBIE BOJHOBbIE (DYHKIMU KBAHTOBOW TOYKH (Tpex-
MEPHOr0 TapMOHUYECKOTO OCHUJLIATOPA) ¢ NOTEHIUAIBHON JHEPTUei

U(z,y) = %(w%mQ + wiy? + wiz?).
OnpengenuTh KPATHOCTH BBIPOXKIAEHMS OCHOBHOI'O, IIEPBOIO M N—I'0 SHEPIETUUYECKUX YPOBHEN M30TPOIHOM
(w1 = wy = w3) KBAHTOBOH TOYKH.

2.25. OnpenenuTh 3HEPTETUUECKUH CIEKTP U HOPMUPOBAHHBIE BOJIHOBLIE (DYHKIINU CTAIIMOHAPHBIX CO-
CTOSTHUH OJTHOMEPHOIO TAPpMOHUYECKOTO OCIHMJLIATOPA € 3apsAJIOM € B OJHOPOIHOM CTATHYECKOM 3JIEKTPHU-
geckoM nosie € (Oueparop sHepruu B3auMojelicrsus V = —ecx). BolaucauTh cpejiHee 3HAUEHUE IEKTPU-
YECKOTO JUIONBHONO MOMEHTA HaCTHLBL d = er, a Tak¥Ke CTATUYECKYIO0 BOCITPUUMYHUBOCTD OCIUJLISITODA,
¥ =2((d) = xE)

2.26. Yposuu Jlangay. DIeKTPOH C 3apsaioM € JBHXKETCSI B BAKyyMe€ B IIOCTOAHHOM M OZHOPOIHOM
MAarHMTHOM IIOJIE C MArHUTHON WHIYKIIHei B , HAIIPABJIEHHOM 110 OCH Z. IIpy 3TOM BEKTOp-IIOTEHIIMA A=
(0,2B,0), B = rotA. Haiitu SHEPIreTUYECKUIA CIIEKTP ¥ BOJTHOBbIE (DYHKIIMU CTAIIMOHAPHBIX COCTOSHUIA, a
TaK3Ke OMPEIEeJUTh KPATHOCTh BBIPOXKICHUS IHEPTETUUYECKUX YPOBHEH 3JIEKTPOHAT

2.27. Bamucarh BeKTOp IJIOTHOCTH TOKA J 15l 3apsKEHHON YacTHIbl B MAPHATHOM mone. Ilokasars,
aro sug J me usmensercst (J = J) NPy KaIOPOBOYHBIX MPEOOPA3OBAHUIX: A = A+ VSV (z) =
U(x) - expli(ef/hc)]. .

2.28. Tlpu momomu ypapuenuii aiizenbepra HaifiTu omepaTop CKOPOCTH vV = 7(t) 3apskeHHO# Ya-
CTUIB! B MArHATHOM T0J€ ¢ BEKTOPHBIM TMOTeHmmatoM A. Bbraucauts kommytaropst [V, Vjl, [Vi, x;] =?
MsMepuMbl 1M OJHOBPEMEHHO Pa3/IMYHBIE MPOEKINNA CKOPOCTU YacTuibl?! IIpy ycioBuu, 4TO MarHUTHOE
[IOJIE HALPABJIEHO II0 OCH Z, 3allUCATh COOTHOIIEHHE HEOIIPEAeJEHHOCTEH AJisl IIPOEKIUi CKOPOCTH Ha OCH
zuy: AV, - AV, =7

2.29. B cummeTpuyHO# KanmubpoBKe A= (—%xB , %yB ,0) paccamTarh BOTHOBBIE (DYHKIMA U YHEPTETH-
YeCKUe yPOBHH CTALUOHAPHBIX COCTOAHUI 3apsArKEHHON OeCCIMHOBON YacTULbI B IIOCTOSHHOM MArHUTHOM
none B, HaIpaB/eHHOM 1O OCH Z, TIpH YCJIOBUU , YTO TIPOEKIIUsI MOMEHTa, UMITYJIbCA HA OCh 2 TOYHO
oTpeJesieHa ¥ PABHA, HYJIO.

2.30. JInsa 6GeccnMHOBONM 3apsrKEHHOM 4aCTUIBI, HAXOIAIIEHCS BO B3aMMHO [IePIEHIUKYIAPHBIX JJIeK-
TPHUYECKOM U MAUHHUTHOM IIOJISX, HAWTH YPOBHH SHEPIHH K HOPMHUPOBAHHBIE BOJIHOBbBIE (DYHKIMK CTALIAO-
HAPHBIX COCTOAHUM.

2.31. 9ddexT Aaponosa-Boma Ijis CBI3aHHLIX COCTOSHUN. 3apsyKeHHas OCCCIMHOBAA YACTHIS, JBU-
JKETCsT BIOAB KOJIBIA C PAIUYCOM T, TPOHU3AHHOTO MO HEHTPY colieHou10M Aaponosa-Bouma.

VkazaHue: B MUJIUHAPUYECKON CHCTEME KOOPIMHAT KOMIIOHEHTHI BEKTODP-NOTEHIHAIA paBHbL: A, =
A, =0; A, = Br/2 - suyrpu conenouna Aaponosa-Boma; A, = A, = 0; A, = BR?/2r - sue conenouja.
3mech R- paguyc cosenonia, B - MarHuTHOE MOJIe BHYTPH COJIEHOUIA! Bipt = (B,=0,B,=0,B, =DB).

Boranciaurh Kiaaccuueckyw cuiy JIopeHIa, BO3AEHCTBYIOIIYI0 HA YACTHILY CO CTOPOHBI COMEHOWIA.
Paccunrarh cMeleHue SHEPreTHYECKUX YPOBHEN 3/IEKTPOHA, HA KOJbIIE, CBA3AHHOE C IPUCY TCTBHEM COJIe-
HOM/IA, 8 TAK2KE BOJHOBbIE (DYHKUMU YACTULBlI U KACATEJbHYIO K KOJIbILY IIPOEKIHUIO IIJIOTHOCTHA TOKA.

2.32. Ha cucremy ¢ aByMsi 9HepreTudeckuMu yposHamu Fi u Ey (COOTBETCTBYIOIINE CTAIMOHADHBIE
COCTOAHUS Y1, 1) HAJIOXKEHO OTHOPOIHOE NMEKTPUIECKOE MOJIE, SHEPIUd B3AUMOIEHCTBUS C KOTOPLIM V =
—dE. 3pech d - NpoeKIys ONEPATOPA AUIOILHOIO MOMEHTA CHCTEeMbl HA HAIIPaBJEHNE 3JIEKTPUIECKOrO
nousist, F - HaIpAXKEHHOCTHh BHEIIHEro 3JeKTPUYecKoro nojis. OnpeneiauTh yPOBHH SHEPIMM U BOJIHOBbBIE
dYHKUUK CUCTEMBI B 3TOM 110J1e. MaTpudHbIe 3/IEMEHTbL OLIEPATOPA JAUIIOIbHOIO MOMEHTA, IIPEIIOIAra 0T Cs
M3BECTHBIMU, TpuyeM di1 = dgo = 0.

2.33. CucremMa HAXOIUTCST B CBODOJHOM MPOCTPAHCTBE W UMEET OPOUTAILHBIN MOMEHT UMITYJILCA 1.
N3BecTHO TakKe, YTO BEPOSITHOCTH OBHAPYKUTH y cucTeMbl npu u3mepenun L pasua 1/3 s Bcex 3ua-
4enuil npoekiyy L, MOMEHTa MMOyJbCa. 3alucarTh BOMHOBYIO (yHKuuio sroro cocroauusd.(Cocrosinue
"yucroe").



2.34. KBanTOBas JacTHIIA JBIKETCA B IOTEHIAAILHOM TIofie (mpuxkenne omroMeproe) U (z) = ka2 /2, z >
0;U(z) = oo,z < 0. Haiftu sHEprernvyeckuil ClleKTp ¥ HOPMUPOBAHHBIE BOJHOBbIE (DYHKIMH CTAIIMOHAD-
HBIX cOCTOSTHUN. OObACHUTD, TOUEMY MUHUMAJILHAS SHEPTHUs OOJIbINe, YeM y TIPOCTOr0 FapMOHUYECKOTO
OCHMJLIATOPA.

3.MomeHnt nMIIyJibca. KBanToBas JacTuina B C(bepI/I‘IeCKI/I CHUMMETPHUYIHOM IIOTeHITHAJIE.

3.1. YacTuua asuxercs B cdepuuecku cummerpudnom norennuane U(7) = U(r). Sanucars ee ra-
MUJIBTOHUAH B CEPUIECKAX KOOpAMHATAX 7,1, ¢ , a TakxKe cranuonaproe ypasuenne Ipexunrepa mus
PAIMATBHON KOMIOHEHTHI BOMHOBOH (dbyHKIun. OnepaTopsl Kakux (bU3MIeCKUX BETUINH COCTABISIOT MPH
9TOM IOJHBI Habop?

3.2. Haiitu BosHOBBIE (DYHKIMM W IHEPreTHYECKUE yPOBHM CTAIMOHAPHBIX S—COCTOSHUI 9aCTUIIbI,
K TIPUMEPY, HYKJIOHA, B C(HEPUUECKH CUMMETPUYIHON MOTEHIUAIbHON fMe (B spe) ¢ HeNPOHUIAEMbIMU
CTEHKAMHU, eCJIH PAIUYC 3Tl cepnl paser ro = 107 13cm. C kakoil cuioit HyKJIOH IABUT HA CTEHKH SMbI?

3.3. IIna myknona (mpoToHa wiw HelTpoHa) B sape (cM. 3amady 3.2.) BBIYUCIUTDH CJAEAYIONIUE BeJIU-
YUHBI;

(ry =2,(r?) =7, ((Ar)?) =?,(P,) =?,(P?) =2.
[IpoBepuTh cIpaBeITUBOCTD COOTHOITEHUS HEONPEETIeHHOCTEH
((Ar)%) - {(AP,)?) =2.

YeMy paBHa IMJIOTHOCTH TOKA, CO3MaBaeMasi TAHHOM dacTure?

3.4. DIEKTPOH HAXOAUTCS B aToMe BOmopona B 1 — S cocrosuun. BeraucauTs cpeHee 3HAYEHHE pa-
JUATBHON KOODIAWHATHI T B 3TOM COCTOSHHM, Aucrnepcruio (IyKTyanuii, a TakKe Hamboiee BEepOATHOE
PACCTOSTHUE T DIEKTPOHHOTO 0DJIAKA OT TEHTPA.

3.5. B cdepuueckux KoOpamHATAX HARTH COCTABJISIONINE ILIOTHOCTU TOKA JJIs JEKTPOHA B ATOME
BOZIOPO/IA.

3.6. Haiitu s¢bekTuBHbIN 31eKTpudecKuil noTenman ¢(r), JefcTBYIONMHA Ha CTOPOHHIOK 3aPsiKEeH-
HYIO YaCTHILY CO CTOPOHBI HEBO3DYIKIEHHOTO aTOMa BOIOPOJIA.

3.7. Inga nuneitneix KoMOrHANWI IpoeKnuil onmepaTropa MoMeHTa uMnyiabca Ly = L, £4¢L, BBIMUCIATD
KOMMyTaruonHblie coorromenns [L,, Ly] =?,[Ly, L_] =?. densercs s cocrosame Ly |m) cobGcTBeHHOMN
dbyukimeit oneparopa L, MPOEKIMW MOMEHTa MUMIYIhCa Ha OCh 2 .Kcaum ma, To KakoMy COOCTBEHHOMY
3HAYEHNIO OHO cooTBercTByer? (31ech |m)— cobcreennas dyHkups oneparopa L, : L,|m) = hm|m). )

3.8. Haiitn MaTpuIHBIE 3JIEMEHTHI OIEPATOPOB Lw,Ly,Lz7Li,E2 B L,— mpeacraBmennn. Beimucarn
COOTBETCTBYIOIIME MATPHUILI pu | = 1.

3.9. DJIEKTPOH B aTOMe BOJOPOIA, HAXOJAUTCA B CTAIIMOHAPHOM COCTOAHMHU |n, [, m), XapaKTepu3yeMoM
KBAHTOBBIMU YHCIAMU 1, [, m. YeMy paBHBI IPU 3TOM CpeIHNUE 3HAUCHUS TPOEKIWH MOMEHTa, UMITYJIhCA?
Brimonusercst i cooTHomenue neonpeenennocreit ((ALy)?) - ((AL,)?) =? nns aucnepenit dbaykryanuit
PA3IUYHBIX MPOEKIUH MOMEHTA UMITYJIbCAT

4.9BOJ’IIOHI/IH KBaHTOBBIX COCTOAHUI M olrepaToposB (bI/IBI/I‘IECKI/IX BeJINYUH.

4.1. Yacruma ¢ 3apsaa0M e U MacCoil m HAXOIUTCS B CBODOMIHOM OJHOMEPHOM IIPOCTPAHCTBE, UMEs B
HAYAJIBHBIA MOMEHT ¢t = () BOMTHOBYIO (DYHKIIUIO

)¥(x,0) = 6(x)

b)¥(x,0) = (%h)-l/%xp(”%"m)
)W (z,0) = (m)*lﬂsm(%).

Kaxkoe u3 arux cocrosuuii spisercs: cranuoHapabiM? Haiitu BOTHOBYIO (DYHKIIMIO U CPETHIOI TLIOT-
HOCTB JIEKTPUYIECKOrO TOKA B MOMEHT Bpemenu ¢t > 0 aJist 9TUX CIIy4aes.



4.2. BomnoBas (QpyHKIMS aToMa BOAOPOHA B MOMEHT BpeMmenu ¢t = 0
U(r,60,0) = 27"[Rio(r)Yoo (6, ¢) + Ra1 (r)Y10(6, )]

Sanucars BOMHOBYIO (yHKIuO mjisi Bpemenu ¢ > 0. Byger s usnygdars arom B moment ¢t > 07 Ecom
na, To Ha Kakoii wacrore? (Haittu (d?(ez)/dt?) =7).

4.3. Cucrema mmeer 1Ba 3Heprerndeckux yposus Ei, Fo : HY;, = E; U, ¢ = 1,2, u B Ha9aJ bHBIH
MOMeHT BpeMenu ¢ = () HAXOMUTCsT B COCTOSTHUU

T(0) = 2712(W) 4 Uy).

Haiitn BomHOBYI0 dyEKIHIO cucrembr ¥ (t) B mocmemyomme MOMeHTE Bpemenn. Ha kakoii gacrore Gymer
U3JIy4aTh NONO0HAA ABYXYPOBHEBAA CHCTEMA, €CJIM BOJHOBLIE (pyHKIuu 3mekTpona Vi (), Ua(x) obmaga-
IOT PA3INIHON YETHOCTHIO !

4.4. PacnibiBalne rayCCoBCKOrO BOJHOBOrO nakera. CBoGojuHasi HEPENATUBHCTCKAS YACTULIA B Ha-
GaTbHBI MOMEHT BpeMEHH JOKaim3oBana BOmu3u touku © = 0 : U(x,0) = (m0?)" '/ 2exp(—2?/202).
PaccautaTs 3BOMIONAI JAHHOTO KBAHTOBOTO COCTOstHUA BO Bpemern ¥ (z,t) =7 OnpemenmnTsb CKOPOCTH
PACILIBIBAHAA BOJHOBOTO IIAKETA.

4.5, DJEKTPOH B aTOME BOJOPOIA B MOMEHT Bpemenu ¢ = 0 OIHMCBIBAETCA CIeAyIOmEel BOTHOBOM (DyHK-
e

U(r,0,¢) = 27" /[Rio(r)Yoo (8, ¢) + Ra1 (r)Y11 (6, )]

Haiitn cpemmwii MArHWUTHBIN MOMEHT smeKkTpoHa ([i(t)) B mocnemyromme MOMEHTHI BpeMeHH. Bymer mm
MAarHuTO-TUIOIBHOE U3y9eHrne aToMa B MoMeHT ¢ > 07

Vkazanue: omepaTop MarHUTHOTO MOMEHTA 3JIEKTPOHA [i TIPOTTOPIIHOHAIEH OMepaTopy OpOHTATIBHOTO
vomenta L : i = —pg(L/h), tae pp = |e|h/2mec— marneton Bopa, me— Macca 31eKTpoHa.

4.6. Kaxk u3ameHsiercsi BO BDEMEHU KOrePEHTHOE COCTOSHIE TAPMOHUYECKOT0 OCuuLiaTopa? (M. 3aaady
2.21.) Byzer nu paciiibBaThCd HAYAJIbHBIA BOJHOBON MaKeT ¢ Te€YEHUeM BPeMeHuU !

4.7. Ocupnnanun Padbu. Ha cucremy ¢ aByMmsa sHeprerudeckumu ypopasyu i, Eo Bo3zgeiicTByer peso-
HAHCHOE 3JIEKTPUUIECcKoe Toe €(t) = egoswot, iwg = FEo — E1, sHeprust B3aUMOAEHCTBHUA C KOTOPHIM UMEET
sun: V(t) = —d-<(t). B npubnnxkenun Bpamaronieiicss BOsHbI (Iperedperas OCIuIIINAME Ha Y/IBOSHHOMN
9acTOTE) BHIYMCIUTEL BEPOSTHOCTD BO3OYKAEHUS ABYXYPOBHEBOI CHCTEMbI B MOMEHT Bpemenu ¢ > 0 mpu
YCIOBWH, 9TO B HAYATHHBIM MOMEHT BPEMEHU SJIEKTPOH HAXOMUJICS HA HUYXKHEM IHEPTETHIECKOM yPOBHE.
Kak uzmensiercst Ipu 9TOM CPEIHUN AUTOMbHBIT MOMEHT aroMa?

4.8. Kak u3MeHsiforcs BO BpeMeHH Tali3eHOeproBCKue Oeparopbl KOOPAMHATHI, UMIYJIbCA U CKOPOCTH
3apsI¥KEHHOM 9aCTUIBI B TOCTOAHHOM OJHOPOIHOM MarHuTHOM moje? (cM. 3amauu 2.26, 2.28.)

4.9. Ocrunnsanun Broxa. 3akoH AuCHepcruy 3JeKTPOHA B OJIHOMEDHON CBepXpeIleTKe ¢ MepuoioM d
umeer sug: E(p) = —(A/2)cos(pd/h), tme A— sneprernueckas mmpuHa MEHN30HBL. B rafisenGeprosckom
MPEICTABIEHUN PACCIUTATH SBOJIOMHUIO OMEPATOPOB KOOPAWHATHI, UMITYJIbCA W CKOPOCTU JIEKTPOHA IO,
JIefCTBAEM HOCTOSHHOTO JIEKTPUUECKOTO MOJTs £, SHEPIUs B3AUMOJEHCTBHUA ¢ KOTOPBIM paBHa V = —ecx.
Ha xakoit wactoTe 6yaer na3iaydarTh Takas cucrema’?

4.10. Yacruna co cnuHoM 1/2 HAXOAUTCS BO BPAIIAIOIIEMCSl MATHUTHOM TIOJTe g(t) = (BpCoswot, BpSinwyt, 0),
SHEpPrus B3AUMOJEHCTBUSA € KOTOPBIM paBHa V = —guod - é(t) 3mech g—g-dbakrTop YacTuiml, py =
eh/2mec—wmarneron Bopa, & —wmarpunsr ITaynm. Bo Bpamaromeiicss cucreMe 0OTCIETA DACCIATATE SBOIHO-
IIUIO OIEPATOPOB MIPOEKIHil CIIMHA.

5. IIpuban>keHHbIe MeTOAbI KBAHTOBOW TEOpHUH.

5.1. Ha omHOMepHBI#l rapMOHUYECKUH OCITUIIIATOD € 3apAA0M € W Maccoil m IefCTByeT OTHOPOITHOE
TIOCTOSTHHOE JIEKTPUIECKOE TTOJIe ¢ HAMPIKEHHOCTHIO €. BHIUYUCINTL MOMPABKU K YPOBHAM SHEPTHH OC-
IUIAATOPA ¢ TOTHOCTHIO JO BTOPOTO MOPSIKA U CPABHUTH € PEe3yIbTaTaMy 3aja4un 2.25.

5.2. YBeNMUnTCA WU YMEHBITUTCH SHEPTHA BAKYYMHOIO COCTOSHMS KBAHTOBOW CHCTEMBI DU HAJO-
KEHUH MAJIOTO BO3MYIIEHHUs € HYJI€BbIMU JMATOHAIBHBIMY MATPUIHBIMU 3JIEMEHTAMU !



5.3. Kak m3MeHsITCA ypOBHU SHEPTUN OCIUIIATOPA IIPH yUeTe aHTapMOHH3MA KOMeOaHNH, ONMUCHIBA-
emoro BosmymenneM suga V(x) = Az® 4 (x* ? Pacder nposecTs ¢ TOYHOCTBIO J0 BTOPOIO IOPSIKA IIO
MaJIOMy TIApaMeTpPy A U ¢ TOYHOCTBIO 10 MEPBOrO MOPSIKA MO MajoMy mapamerpy (. OIeHUTh TpemIeibt
MIPUMEHUMOCTH IOy 9eHHBIX PE3YIhTATOB.

5.4. Hopmagbabiil a¢gdext 3eemana. beccnnaoBas 9acTuiia HaAXOAUTCA B C(DEPUIECKH CHUMMETPUIHOM
[oJie, IPUYEM €€ HEBO3MYILEHHbBIE YPOBHU SHEPruu pasBHbl F,;. B mepBoM mopsake Teopruy BO3MYIIEHUN
HaiTH CABUI' SHEPIeTHYECKMX YPOBHEH YACTHIIBbI, & TAKXKE €€ BOJHOBYIO (DYHKIMIO IIPHM HAJJOKEHUU Ha
aTOM MOCTOSTHHOTO MAarHUTHOTO TIOJISI, HAIPABJIEHHOTO MO OCH Z.

5.5. [IpumMeHsist CTAIIMOHAPHYIO TEOPUIO BO3MYIEHWI, HANTH MOTIPABKY K YPOBHSM SHEPTUH KBAHTOBON
JaCTUIILI B MIOTEHIINATHHOM siMe C OECKOHEYHO-BBICOKMMU CTEHKAMMY, CBA3aHHBIE C HAJTUIUEM B IIEHTPE SIMbI
0—0D0pa3HOro NOTEHIMAILHOIO Haphepa:

V(z)=ad(r—a/2),0 <z <a,a>0U(xr)=00,x>ax<0.

Kak mpm 3TOM M3MEHATCS BONHOBBIE (DYHKIMH YaCTHOLI! YUTO SIBISETCA MAJTBIM MapaMeTpoM B 3TOH
3amage?

5.6. K kBanroBomy kombiy (cM.3amady 2.5.), PACHOIOKEHHOMY B [LJIOCKOCTHU (X, Y) IPUIIOKEHO TIOCTO-
AHHOE 3JIEKTPUIECKOE TI0JIE €, HAPABJICHHOE 110 OCH T, SHEPIUA B3aUMOAEHCTBUA ¢ KOTOPBIM OMUCHIBACTCA
OIIEPATOPOM

V(p) = —ecx = —ecr,cosep.

31ech e-3apsi YACTHUILI, 3AMEPTOil HA KOMBIE PAIuyca T',. B paMKax Teopuu BO3MYINEHWI BBIYUCIUTH
CIABUT JHEPIETUYIECKUX YPOBHEH, & TaKyKe W3MEHeHWe BOJHOBON (DYHKIMM JAHHON JaCTUILI. JAMUIINATE
raif3enbeproBCKue ypaBHEHWs JBUKEHUSA sl oneparopa ¢(t) W MOmbITAafTeCh WX PENATh.

5.7. HacTuua HAXOAUTCA BHYTPH HEIPOHUIIAEMOrO JLIUICOM 1 Bpalieausd (1eopMUPOBAHHOE SIPO),
TaK YTO ee [OTECHUIUAIbHAA SHEePIud UMEeT BU/I:

CC2 + y2 22

U(%Z/vza) 207 a2 +b72 < 17
$2+y2 252
U(%@J’Zv):OOaT‘i‘bj > 17

npudeM |a — b| < a. Haiitn B mepBoM mopsimke TeOpUM BOSMYIIECHUE CIABHT SHEPTETHYECKOTO YPOBHS
OCHOBHOT'O COCTOSHUS JACTHUIIBL.

5.8. Paccmorpers addekr [lrapka (pacuiemsienue HepreTuiecKux ypoBHeii BO BHELIHEM OJHOPOJAHOM
JIEKTPUUECKOM [10JI€, HAIIPABAEHHOM 10 OCH Z) B &TOME BOJOPOJA JI/Id COCTOSHUS C [JIABHBIM KBAHTOBBIM
qucaom n = 2. [JoTHOCTBIO M TPU ITOM CHUMAETCST BHIPOXK/IEHNE SHEPIETUIECKUX YPOBHEH 3JeKTPOHa,!

5.9. Haiitu pacimennenue sHepreTnieckux yPOBHEH aToMa BOZOPOAa B 1.S- COCTOSHUU 3a CUeT B3au-
MOTIENCTBUS MATHUTHBIX MOMEHTOB JIEKTPOHA U A/pa, TOoJIarasd ONePaTop BO3MYIIEHUS PABHBIM

V= A - &),

rie 0¢, 6P — marpunst [laynu sjpekTpona u npoToHa, A- mOCTOsiHHASA pazMepHocTH sueprun. Kakosa Kpar-
HOCTB BBIPOXK/IEHUS KaXKJI0r0 U3 yPOBHEH?!

5.10. B maganpubiit MoMmeHT Bpemenu ¢ = 0 cUCTEMa, HAXOAUTCA B COCTOSTHUM \1150), OTHOCAIIEMCA K
JBYKPATHO BBIPOZXKIEHHOMY IHEPreTHIeCKOMY YPOBHIO Fj : HO\IIEO) = EO\IJ,EO),Z' = 1, 2. OnpeneauTs Bepo-
SITHOCTB TOT'O, YTO B MOMEHT BpeMmenu ¢ > 0 cucrema OyJeT HaXOAUTCSA B COCTOSTHAN \Iléo), MIPY YCJIOBUH, 9TO
Hepexo/l IPOUCXOAUT IO, JeHCTBIEM IOCTOSHHOrO BO3MYIeHus V. (AuaroHajbHbIe MATPUYHBIE 3I€MEHTHI
Vi1, Voo omeparopa BO3MYIIEHHST IO BOTHOBBIM (DYHKIIHAM \Ifgo), \Ilg]) paBHbI Hys10, V1o = V5 = A).

5.11. CornacHo peIaTUBUCTCKON TEOPUH JIEKTPOH, IBHIKY IIUNACA CO CKOPOCTbIO U B IIOCTOSHHOM 3JI€K-
TPUIECKOM TIOJIE VECE, UCIBITHIBAET BO3/IEHCTBHE MATHUTHOTO IO/

H— %[g{ﬂ, e _au(n)r

dr r



. YuuTbiBas 3T0, IOKA3aTh, YTO PEIATUBUCTCKYIO IIOIPABKY K ONEpaTOPy SHEPrUH 3JeKTPOHA CO CIUHO-
BBIM MArHUTHBIM MOMEHTOM /i = pod = (efi/2m.c)d B aTOMe BOAOPOAA MOKHO TIPEJICTABUTD ( ¢ TOTHO-
cThio 710 1/2) B BUjE:

L o= Sz eh? dU(r) 1
V:: —(ILLH) = —A(T)(LS),A(T) = 427’”202 d’f’ ;7

U(r)— oneparop MOTEHIUAIBHON YHEPTUHU JIEKTPOHA B aATOME BOJIOPOJA, E, S —OorTepaTopbl OpOUTAITBHO-
TO W CIIMHOBOIO MOMEHTA KOJWYECTBa IBVKeHus. [10Ka3aTh, 9T0 ¢ y4eToM AAHHOTO CIUH-OPOUTAIBHOTO
B3aMMOIEHCTBHUS MHTEIPATAMH JIBUKEHUsI B ATOME BOJOPOIA OYAyT BEJIMYUHbBI, XaPAKTEPU3YEMBbIE OIepa-
TOpAMHA

J?=(L+8)%J.=L.+85.;L* 5>

5.12. HaiiTu peaTUBHCTCKUE MOMPABKY K YPOBHIO YHEPTHUH aTOMA BOIOPOJA C 1 = 2, 00YCJIOBIEHHBIE
OTKJIOHEHHEM 3aKOHA JUCIEPCUU 3JIEKTPOHA

JRE a7
Hp) = Ve +-m?ct = 2m * 8m3c?
oT mapaboIuYIecKOro 3aKOHa.

5.13. IIpu nomomu kBa3ukiaccu4ueckoro meroga Benruess- Kpamepca- Bpunnioena Boraucianrs Ko-
3 PUIHMEHTHI OTPAsKEHUsT U TPOXOXKJICHUST YACTUIBI Yepe3 TPSIMOYTOJBHBIA MOTEHITHAIBHBIA Gapbep C
MAPUHOH a 1 BbIcOTOH U).

5.14. Xonomguast SMUCCUS TEKTPOHOB U3 MeTaa. K MOBEPXHOCTH METAJNIA TPUIOKEHO MTOCTOSHHOE
SJIEKTPUIECKOE TIOJIE ¢ HAIIPAMKEHHOCTHIO €. IIpH 3TOM IIOTeHInAIbHaA SHeprud eKTpoHa U(x) = 0(x <
0)— BayTpu; merasa, U(z) = Uy —eex(z > 0)—BHe MeTaiuma. B KBA3UKIACCHIECKOM TPAOIMKEHAN HAWTH
BEPOSITHOCTL TYHHETUPOBAHUS 3JIEKTPOHA, CKBO3b 3TOT MOTEHIIMAJIBHLIN Daphep, eCJIM IHEPTHST HJIEKTPOHA,
E a) menbine soicorst 6apbepa Ug : E < Uy, 6) E > U.

5.15. KBanToBas 4acTula JBUKETCS B IPABUTAIMOHHOM 110jie¢ 3eMjiu (JIBUKEHUE CUUTATH OIHOMED-
HBIM). CunTag MOBEPXHOCTH 3eMIIM UACATBHO OTPAZKAIOMEH MIOCKOCThI0 (¢ = (), HANTH SHEpreTHIeCKHe
YPOBHU YaCTHUIBI B KBAZHKIACCHIECKOM TPUOTHKEHHUHN.

5.16. B kBa3UKIACCUIECKOM TTPUOIUKEHUN HANTH BEPOATHOCTH TYHHEJINPOBAHUS KBAHTOBON YACTUITHI
¢ sueprueit ' < Uy depe3 NOTEHITHAILHBIH Bapbep

2
Ula) = Up(1 = =), la] < a;U(a) = 0,Jo]| > a.

5.17. Ha 3apsKeHHBII TApMOHUYECKHH OCIUIIATOP, HAXOAAINNCSI B OCHOBHOM COCTOSTHUU, MTHOBEH-
HO HaKJIAIBIBAETCS OTHOPOIHOE W B JAJLHEHTIIEM TTOCTOSHHOE BO BPEMEHU 3JeKTpudecKoe mose €g. Haii-
TH BEPOSTHOCTH BO30YKIeHUs ocumuisaTopa. OUpeseinTs CTATUCTUKY PACIpEeIeeHns OCIUJIISTOPA, 1O
SHEPreTHYECKUM YPOBHAM (T.€. BEPOATHOCTH EPEX0/a B n—e BO30YKIEHHOE COCTOAHUE).

5.18. BoramcanTh BEPOATHOCTDL BO3DYIKIACHHUS 3aPSKEHHOTO TAPMOHMYIECKOTO OCHHUIISTOPA JIECKTPH-
YEeCKUM TI0JIEM

e(t) = A(wr) "V 2exp[—(t/7)?].

Cuurarb, 9yTo 10 BKIIOYEHHs TOs ({ = 00) OCUMJLIATOP HAXOAUJICH B OCHOBHOM COCTOSIHUH.



VYkazaHuda K pelieHndAM M OTBETDI.

1.1. OrBer: BCe OMEPATOPHI IPMUTOBHI.
1.2. Yka3aHue: JIBaXKIbl BOCTIOIb30BATHLCA OMPEIEIEHIEM 3PMUTOBO- COMPSKEHHOTO OMepaTopa

/(b* (2)ABY (z)dx =

Jror @By = [(B A7) @@ = [(AB) o) (@) (o)dz.

Oreet: (AB)T = BTA",[A,B]t = (AB— BA)T =B, AT].

1.3. Orser: {exp(id/0p)}T = exp(id/0yp).

1.4. Yxazanwe: T,V (x) sasasercsa pasaoxenreM B paj Teitnopa dyukmun ¥ (z — a).

Orser: TF = T_,. Cob6ersennbie dyukuun W, (z) = exp(icr/a) orsedarorT cobCTBEHHBIM 3HAYCHUSAM

Ao = €7'%, 0bpasyIonmMM HeNpepbIBHbI COeKTp (— AefiCTBUTEIbHOE YHCIIO. )
1.5. Ykazanue: upeBapuTesbHO JOKAXKUATE COOTHOIIEHUSI:
L 0 ‘ _
[z, ) = ih—p = ilmpy ™
Opz
[Pz, 2] = —ih%x" = —ihnz" !,

U Jajee BOCIOIb3yHrech pasnoxennem Gyukimu F(p,, ) B coorBercreytonmil psa Teiiiopa.
1.6. Ykazanue: paznoxurh F(B) B psjJi U IPUMEHUTH PABEHCTBO

eaaBnefaa — (6aaBefaa)n

B wactaocTn,
ezapm/hxe—zapm/h =4+ ewzpm/h[x’e—zozpm/h] =4

1.7. Vkazanue: nokasars, uto oneparop B(a) = e Be~ 4 yI0BIETBOPSIET YPABHEHMIO:

dB(«a)
da

= [4, B(a)]

njain

M®:B+/%HAB®L

0
U BOCIIOJIb30BATHCH METOJOM UTEPAIMii.
1.8. Ykazanue: peaure dyukimio F(a) = e*e*B, F(1) = e4e®, Torma

dF

o= AF + ¢4 Be®P = (A + e*4Be ) F(a).

[Toc/ie HHTErPUPOBAHUS TIO (¢ HAXOMM:
[e%
F(a) = exp{/ dE(A + e* Be™ ).
0

DTO COOTHOIIEHNE CIPABETINBO JJTsI TPOU3BOMBbHBIX onepatopos A, B. Ecim kommyTtarop [A, B] apiserca
c-amuciom, to [A, [A, B]] = [B,[4, B]] = 0, a 3HaunT, U3 COOTHOMIEHNs, TOKA3AHHOTO B 3.1.7 cremyer, 9To

e“Be 4 = B + oA, B], F(a) = exp{a(A+ B) + (o?/2)[A, B]}.

1.9. Ykazanwe: IpuMeHATH Onpenenerne kommyTaropa [A, B] = AB — BA.
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1.10. Vka3aHuWe: BOCIOIB30BATHCS OMIMHEHHOCTHIO omeparmyu kKoMmyTtuposanms [A + B,C + D] =
[A,C] + |4, D] + [B,C] + [B, D], u kommyraropamu [z, p,] = ih.

Oreer: [a,a™] = 1,[a,aTa] = a,[a, (a™)"] = n(a™)"1, [aT,a"] = —na"1; (p?/2m) + (mw?2?/2) =
hw(ata+ 3).

1.11. Otser: - A— A - = Z?Zl[pi, Ai(F)] = —ihdivA.

1.12. Orser: [L;, L;] = iheijx Ly (cyMma 1o nosropsiomumcs uuaexcam); [Li, EQ] =0,[L,,Ly]==£Ly.

1.13. Ucnonb3oBaTh aBHB Bua MaTputl [laymu B 0, —Tpe/IcTaBIeHTH.

Otser: [0}, Uj]+ = 0,05+ 00, = 20;;.

1.14. Ykazamme: (ATA)2 = AT(I — ATA)A = ATA; AT AT = (AA)T = 0; ATAY = \U, (AT A)20 =
AW = (ATA)¥ = AV, nostomy A2 = A XA =0mm A = 1.

1.15. Cum. ykazanwme K 3.1.7 u 1.8.

1.16. Cormacuo 3.1.8.

1 1
eB = e_Aexp{A+/ déet  Be=t}) = eAexp{—A—l—/ dée$4 Bef).
0 0
Cunenas 3ameny B = A + C, naxoaum ¢ yuerom 3.1.6.

1 1 1
eAC = eAexp{/ dee $40esM) = exp{/ dee=EDACEDALA - exp{/ dae®Ce™ e,
0 0 0

2.1. Ykazauwue: cobcTBeHHAsT (DyHKIUS \IJ‘; marpunsl [aymm o, (j = ,y, 2), oTBedaomas coOCTBEH-
u _ i B gk
HOMY 3HAYEHHIO A, (1 =1,2), MmoxkeT ObITH HaiffeHa U3 MATPUIHOTO YPABHEHUS O W= AW (cymmu-
POBaHMs IO MOBTOPAIOIIUMCA MHIEKCAM 3/€Ch HET).

1 1

1 (1 1 /1
(1) — —1.0® = -1
K ‘ﬁ(z‘)“l‘l’% _\/i(—i>’A2_ i

1 1
0‘:‘1’21)2\/5(é)whzlﬁzlﬂg):ﬂ((1)>,>\2:—1.

Orser: Marpuna T = |U,)(V,.| yruraproro npeobpasoBaHust OT 0, K 0;—MPEICTABICHAI) UMEET
Marpuynbie snementb TH = {UL}T . WY e WH- |, —plit cOBCTBEHHDIH BEKTOP MATPHUIBI 0, WY — v—prii
COOCTBEHHBIH BEKTOP MATPULbL 04, i,V = 1,2, T T =1,

()1

2.2. YKazaHHe: 9T0 COCTOsIHIE «, S, = (h/2)a;

(as.]|a) = ats,a = h/2, (a|s?]|a) = h?/4;

JIACTIEPCHs
D(s.) = <3§> - <32>2 = 0; (afsg|a) = 0,
$2 = (h2/4)02 = (W/4)T; D(s,) = (h%/4).
2.3. Omeparop SHEPIUM IEKTPOHA B MATHUTHOM mnoie B = (0,0,B,) paBen Hp = —ppd - B =

— oo — zB., po = eh/2m.c—marneron Bopa, m.—wmacca 37eKTpoHA. YPOBHU JHEPTUH W CTAITHOHAPHBIE
COTOSIHHS MOTYT OBITH HaliaeHbl u3 ypasuens HpV = EpW.
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Orser;: ¥ = oz,E(Bl) = —MOBZ,\IJ(Q) = 0, E](S,Q) = uoB..
2.4. OrBet: sHepreTudeckuii cnekTp Henpepbibe. CoOCTBeHHbIE (DYHKINH, HOPMUPOBAHHBIE HA § — (D YHKIUIO
OT PHEDPTUU, UMEIOT BUJI:

Up(z) = (2rh) Y2 (m/2E) V4 Aexp(ipox/h) + Bexp(—ipox/h)},

|A|? + |B|? = 1,po = V2mE, m—wmacca 9acTHIIbL.

2.5. VKa3anue: raMI/IBTOHUAH YaCTHIBI C MACCOil 4 Ha konbue H = (—h?/2uR?)(d?/de?®) = (L?/2uR?), L. =
—ih(d/dyp)—oueparop 1POEKIMU MOMEHTA MMILYJIbCA HA OCb Z, HEPHEHIUKYJIAPHYIO [LIOCKOCTH KOJIbLA.
Bomrosag dbymkms cranmonapuoro coctosaua ¥ (@) yaoBmeTsopseT crannonapHoMy ypasaeruio [[Ipe-

JUHTepa:
2

d 2

d7992\:[1 + K \I] = O,

e k2 = (2uE /h*)R?. Omnosnaunoe pemenne ¥(p) = U(yp + 27) ¢ sneprueii B, = (h*m?/2uR?) nveer
BUIL

\I’((p) ime 4 OQB—imap}’

1
= m{C’le
rne m = 1,2,3, ..—uenoe aucio, |C1[2+|Ca|? = 1.(L,) = hm(|C1|? — |Ca|?); ((AL,)?) = 4h*m?2|Cy|2|Cy)?.

2.6. Oteer: HopMupoBouHas Kouctanta A = (1ma?)~ V4 (z) = 0, (p,) = hk, (Ax)?) = a?/2, ((Ap.)?) =
h?/2a2. Jlas MaHHOrO rayCCOBCKOrO BOIHOBOTO NAKETA BLIIOIHICTCA MEHUMAIBHOE COOTHOIICHHE HEOMPe-
nenennocreii: ((Ap)?)((Az)?) = h?/4.

2.7. Ykazanue: 11 HeKOMMYTHPYIOITHAX 3pMUTOBCKIX onepaTopos A, B : [A, B] = iC,C* = C, Beectn
neorpunarensayo gynkiuo napaverpa o : J(a) = [[(eAA — iAB)V|?dz, rie AA = A— (A),AB =
B —(B),[AA, AB] = iC. Ucnonn3ys 3pMuToBOCTH 0omeparopos AA, AB, a TakyKe ONPEIEJIeHNEe CPETHEro
(A) = [ U*(x)AV(z)dx, npusectn j(a) K BUIY:

J(a) = a*((A4)?) +a(C) + ((AB)?).

U3 ycioBusl HEOTPHIATETBHOCTH ITOH KBAJAPATHIHOH (DOPMBI CIEIyeT COOTHONIEHUE HEOMPETETEHHOCTE
(AA)*){((AB)?) > 1(C).

2.8. U3 3.2.7. cienyer, uro s mobbix oneparopos R u S : ASAR > 1(|[R,S]]), tne AS =
((AS)?)1/2— cpenmexsanpaTmanoe orkioHenne (mmu craggapT) dusmaeckoii semmannsr S. IIponssonnas
oneparopa R(t) mo BpeMeHH TaKzKe IPONOPIHOHATIBHA KOMMYTATOPY h%R(t) = i[H, R], tae H- rammis-
TOHHAH, ABHO He 3aBucAmuit oT spement. Ilycts S = H, AE = ((AH)?)'/2, rorna AEAR > B|(0R/0t)|.

t+At
B3si uaTerpas ft ¢ yuerom Toro, uyro AFE = Const, raxomum

E |<Rt+At> — <Rt>‘

AEAt > 5 AR ,

rae (AR)— cpenHee 3a BpeMeHHON mHTepBan At smauvenue cranmapra AR. Ecmu AT— MuauMazbHOE
BpeMsl, 34 KOTOPOe CpelHee 3HAYCHHE KaKOH-THO0 BeJudnHbl R U3MeHseTcs Ha BeINYMHY ee CTAaHIApTa,
T0 AEAT > %

2.9. Ykazanue: Bpema moneta m—me3oHa At ~ ro/c, AE ~ h/At ~ he/ry >~ mqc?.

Otser: m, ~ h/rgc.

2.10. Orser: ¥, (z) = \/%Sin(%x),o <z <an=123.;FE, = (gzsf; () = {(n|z|n) =
a/2,((Ax)?) = (a*/12)(1 - 22).

2.11. Ykazanue: pacipe ie/eHue 1o UMITyJIbcaM onuceiBaerca dynxuueit Py, (p) = |V, (p)|?, roe ¥, (p) =
J dx¥5 (2)W,, () — BomHOBast DYHKIWS TACTHIIBI B MMITYTHCHOM MpecTaBaenin, W, () = (2%71)71/261’}7{“%}7
BomHA 71e Bpoitns.
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OTser: 5
4drh’an?

Pn(p) = - fn(p),

(p2a? — 7r2h2n2)2

rae f.(p) = Cos?(pa/2h), ecmu n- Hewernoe uwmcio, f,(p) = Sin?(pa/2h), ecim n- werHoe wmcno; (p) =
0, ((Ap)?) = m2h*n?/a?.
2.12. Ykazauue: npounTerpuposarsb ypasuenune lpemxuarepa

d? 2m
V=5

BOmm3u Touku ¢ = 0 no GECKOHEYHO MaJOMy MHTepBany |—&,+¢|, tae € > 0. Ecom U(x) B Touke & = 0

M3MeHseTCs Ha KOHEeYHOe 3HAYEeHWe, TO MPOM3BOAHAA BOMHOBOH (DYHKIMH B 3TOH TOYKE HENPepBIBHA:
U/ (+¢) = ¥ (—¢). Ecm U(z) = ad(z), T0

IpOM3BOAHAA MMeeT pa3pbi npu = = 0.

2.13. YkazaHue: TPENOIOKNUTh, Y9TO YACTHIA MAJAeT Ha Oaphep CIeBa ¢ eIWHWIHON aMIuIUTymoi
sepoaTHocTH. Torma Bommosas dyHKima B obmactn x < 0 mveer sum: VUr(z) = e + ae ™ rne
k = \/2mE/h* E— sueprus wactuust (E > 0). B obmacru & > 0 BomHOBas (byHKIMS ONMICHIBACTCH BbI-

paskerueM: W (x) = be™ (orpazkennoit Bomubl 37ech Her). Yesnopud cumsku Wi (0) = W 7 (0); U4, (0) =
U7 (0) + 2#2104\1/](0) JAIOT:

- <1+ima>l ca= i (1+¢ma>1
k) Rk k)

ILrorHOCTH TIOTOKA BEPOATHOCTH OlIpeaesideTCa COOTHOIEHUEM:

- ih
| = — (UVU* —U*VU).
7= )
Torya nasaronuii Ha 6apbep MOTOK j = hk/m, oTpaskeHHbIH TOTOK j = —(hk/m)|a|? u npomemmuit vepes

Gapbep moToK j = (hk/m)|b|?. Koabdumment npospadanoctn 6apbepa (BepOATHOCTD TyHHETHPOBAHHS)

L 2h°E
D =j/jl= ] = — 5
ma? + 2h°F
k03 duimenT orpakeHus 0T Hapbepa
2
mao
R = 1 1 = |a 2 = 7;
7/ = lal” = — pTYr
R+D=1.
2.14. YkasaHue: PacCMOTPETH TONBKO CBA3AHHBIE COCTOAHUA ¢ 3Heprmeii = —|FE| < 0. Bommopas

MYHKIMS CTAIMOHAPHOTO COCTOSTHUST UMEET BUI:

U(z) = ae™(x < 0); Urr(z) = be™ " (x > 0);

k = y/2m|E|/h* (yarensr Tombko cmamarome pemenns). CrmBka gaer a = bjk = ma/h®. Orser:

MMEETCs TOIBKO OHO CBA3AHHOE cocTofnue ¢ sueprueii £ = —(ma?/2h?) u sonuosoii dynkuueii ¥(x) =
(rk)~1/2e=*12l mopMupoBamHoii Ha euHMILY.
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2.15. Mopnens Kporura-Ilennu. Ykazanne: y4ecTb, 9TO HA MEPUOJIE PEIIETKH BOTHOBAA (PYHKIIN MPHU-
obperaer pononnuTenbhyio dasy: ¥(r + a) = e*W(x) (rk. U(r +a) = U(z), a U(z + a) u ¥(x)
Y/IOBJIETBOPSIOT UIEHTUYHBIM 10 (popme ypasHenusm [[Ipeaunarepa).

Bommoswie dynxmun nvetor sum: Vi(z) = C1et® + Coe™ " (5 I obmactn: —a < z < 0 ); Uy (z) =
Cset® 4+ Cye™ " (B 1l obmacti: 0 < & < a ); Yrr(x) = Cs5e'® + Cge % (5 Il obmactu: a < x < 2a
), tne k = ¢/2uE /h2. Ecnu z npunagnexur I obaacru, To  + a npunagme:xut II obmactu. Ilosromy
(x4 a) = eV (z), orxyma caemyer, uro Cy = ¢ F=®)eCy; Cy = "+, Venopus cimsku qaror:
Ci14+Cy =C3+Cy;C3—Cy = C1 —Cy — z'(2,u/h2)(oz//i)(01 + C3). d1a cucTema ypaBHEHWH mMeer
HETPUBUAJIBHbIE PELICHNs], ecan dueprus dactunpl B = h2k2 2/ yaoBaeTBopaeT XapaKTepPUCTHIECKOMY
YPABHCHUIO:

sin(ka
cos(ka) + PL = cos(ka),
Ka
rne P = paa/h?. Ecan Bsecru napamerp 3 : tgB = P/ka = #7-, TO ypaBHeHue Jijisl OlpeJie/eHus

SHEPTETHIECKOTO CIEKTPA IEKTPOHA B TIEPUOIMIECKOM TOTEHIINAJIE MOXKET ObITh MPeoOPa30BAHO K BUIY:

cos(ra = §) = cos(ka).
cosf3

I'paHuubl HEPreTHYECKUX 30H JIEXKAT TIPH KG = TN WK OpH Ka — 23 = 7n, Koraa cos(ka — ) =
+cos(ka). llonaras ka = mn—e, HaxoguM: (—1)"(cose—tgBsine) = coska. T.o. mpu € — +0 s1eBasi cropoHa.
9TOr0 COOTHOIIEHMS O MOJLY/TI0 MEHBIIE €IMHHIBL, 3HAIAT, HIZKE TOYEK KG = TN WIYT PA3PEIIeHHbIE 30-
HBI, 8 BBILIE - 3AIPEIICHHBIE 30HbL. AHAJOTMYHO HAXOAMM, ITO BBIIE TOUEK Ka = TN+ 20 uayT paspemen-
HbIEe 30HBI, a HU¥Ke - 3aMpelieHHble 30HbI. Hauaso 3anpelnieHHbiX 30H ONpeessieTcss CooTHoIeHneM: EY =
(m2h?/2pa?) - n?, a mauano paspemrennbix 308: ES = (72h?%/2ua?) - (n + 283/7)?.

2.16. OrBer: SHEpreTHYECKNIT CIIEKTD HenpepbiBeH. BonmHoBast GyHKINSA B HMIYJIbCHOM IPEICTABICHHH

; 3
Cr(p) = (QWﬁF)*l/Zexp |:hZF (Ep — a)} JF=ec>0,

- HOPMHUPOBAHA HA 0— (DYHKIUIO OT YHEPTUH:
+oo
| aCiCe ) =58 - B,
— 00

BosnoBast dyHKIUA B KOOPAMHATHOM IPEACTABIEHUN UMEET BU;

Uy (z) = / dpeP /" O (p) =

1 400 P ( E) pS :|
—_— dpCos | = (z+ = | — ——] -
2wV E /_oo b [h F) 6uhF
2.17. Papmonntueckuit ocuuasarop. Lamumbronnan: H = hw(ata + 1).
VYrazanue: Paccmorpers cocrostaue ¢|0) 1 MOKa3aTh, 9TO €ro SHEPTUA MEHbIIe MUHAMANbHOI: Hal0)

(Emin — hw)al0), u, 3rauwut, a|0) = 0. Vcnons3ys sBHBI BUg OmepaTopa a = %({ + d%),f =x/x0,T0 =

A/ pw (em.3.1.10.), HAXOAUM BOJIHOBYIO (DYHKIIMIO BAKYYMHOTO COCTOSIHUS ¢ dHEPTUeH Ei = hw/2 :

0) = Uo(2) = (rad) "V eap (x) |

2.18. YkazaHme: MHOTOKPATHO HCHOIL30BATL TepecTaHoBouHoe cootHomenne: Hat = a™H + hwa™.
Torza, x npumepy, Ha™|0) = hw(1 4 1)a™|0);

1
H(a™)"|0) = hw(n + 5)(a+)"|0>;n =0,1,2,..

14



[Ipu BHIYUCTEHUH HOPMHPOBOYHON KOHCTAHTHI (), MOMKHO BOCHOMb30BATHCA KOMMYTATOpoM |a, (a™)"] =
n(a™)" L
Oteer: C,, = (n!)~1/2
1 1
[n) = —=(a™)"(0); Hn) = hw(n + 3)[n).
n!

2.19. Otser: at|n) = (n))~Y2(a)"1|0) = Vn+1|n + 1);aln) = /nln — 1). Orauans or nynsa
CIeJTyIONIHe MATPUTHBIE SJIEMEHTBL: Ty i1 = (nfz|n + 1) = (h/2uw) ™ 2V/n + L 2nny = (n|zjn — 1) =
(h/2uw)~Y2\/n; (n — 1|p|n) = —ipw(n — 1|z|n) = —i(huw/2)~Y2/n; (n + 1|pjn) = ipw(n + 1|z|n) =
i(hpw/2)~ 2 /n+ 1.

2.20. Otser: (n|p?|n) = huw(n + 1/2); mucnepcus dayKTyanmii UMIYJIbCa B N—M CTAIMOHAPHOM
COCTOSTHUM TapMOHUYECKOTO ocluaaaTopa pasna: (n|(Ap)?|n) = huw(n + 1/2); mucnepcus baykTyarmit
koopauHaTh (n|(Az)%|n) = (h/uw)(n + 1/2); Tak 9T0 TPOU3BEIEHNE CPEIHEKBAIPATIIHBIX OTKIOHeHHIT

Ap = ((n|(Ap)*[n) =12 Az = ((n|(Az)*|n)) /2

pasro: Ap - Az = (h/2)(2n 4+ 1),n = 0,1,2,.. KBaHTOBBIE IIyMBI MUHUMAJBHBL B OCHOBHOM (BAKYyyM-
HOM) cocrogamn (n = () TADMOHUYECKOTO OCIUJTATOPA, OMHCHIBAEMOM TayCCOBCKUM DACTIDEIETEHUEM O

koopauHaraM (i no ummymbeam): |Wo(x)|? = (rad) Y 2exp{—(x/x0)%}, xo = \/I/pw.
2.21. KorepeHTHOE COCTOSTHIE

1 1 ?
U, (z) = |a) = (nz2)"Y4exp [(a2 - aa*)} -exp [ <a: - \@04) ]
2 2 \xg
YJOBJIETEOPSAET YPABHEHUIO: a|a) = o), mim
1 d T
—= (xodx + > Vo(z) = a¥q(z)

\/5 Zo

¢ KOMTIJIEKCHBIM 3HAUEHUEM TapaMeTpa <. Pacrnpenenrenue Mo KOOpAWHATAM OTUCHIBACTCS MTPU 3TOM CMe-
IIEHHON TayCCOBCKON KPUBOIi:

2
|Wa(@)]® = (wag) " ?eap l— (xo - ﬂRea) ] ;

(x) = V2xoRea; (p) = v2(h/xo)Ima; (Ax)?) = 22/2; (Ap)?) = (h?/2x2). Tpouspeenne cpeTHEeKBaI-
PATUYHBIX OTKJIOHEHUH KOODIAMHATHL U MITYJIbCA B KOTEPEHTHOM COCTOAHUM MUHUMAIbHO:Ap- Az = (h/2).

2.22. Ykazanue: paznoxuth ¥, (x) M0 MOMHOMY HAOOPY CTAIMOHAPHBIX COCTOSHUI TAPMOHUYECKOTO
OCITUILIIATOPA

W, (z) = |n) = (2"n!/7mx) Y 2eap [_QZ%} H,(z/xg),

e Hy(€) = (—1)"ef (d"/de™)e 8 - Uo(a) = Y, CpW, (),

) = / T e ()0 () =

— 00

(—1)"wo(vV/Two2 nl) /2 / " 46w (€€ (@ fdem e,

— 00

& = x/xo. Murerpupys n—pa3 mo 4acrsiM, HAXOAUM

a'l’L
Co = S=cap(—laf*/2),

Vn!
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TaK 4YTO BOJTHOBaA d)yHKIlI/IH KOI€peHTHOI'O COCTOAHUA UMEET BHI:

U, (z) = eap <—|a22> Ojo %\Iln(m).

Pacrnipenienenne mo sHeprerndecknM yposHsam E, = hw(n+1/2) B korepenTHom coctosianu ¥, () omu-
2
ceBaetca crarucrakoit Hyaccona |Cp|? = (Jaf?™/nl)e~ 11" co cpemmmy snagermmem (n) = > 00 n|Cy|? =
al? d
2.23. Ykasanue: B UMILyJIbCHOM NPEJICTABIEHNI ONEPATOP KOOPIMHATBL & = ifij;, ONepaTop AMILyJIb-

ca p = p, u rammnsronuan H = (p?/2p) — (uh*w?/2)(d?/dp?), tax uro ypasmenne Illpeammrepa mis
BosioBoil bynkiuu C(p) B UMITYJILCHOM MPEJICTABIEHUU MOXKET ObITh 3alUCAHO B BHIE:

?  2u 1 p?
- E - = U.
{dp"’ TR e ( 2#)] Oty =0

Cnenas 3ameny ¢ = p/pw, monyaaem ypasrenune IlIpexunrepa B Toi ke GopMe, 9TO U B KOOPIAXHATHOM
MpeCTaBIeHUN:

d2 21 1%

—C — | E— C(q)=0.

i (9) + 5 < 5 (q)

Bonnosas (byHKILI/IH B UMITYJHCHOM TPEJACTABJICHUN UMeeT BUMI:

Cu(p) = (thpw) /420~ 2exp {_25%} Hy(p// phw).

OyHKIMsA pacipejesenus 1o umiyiscam pasna: Py, (p) = |Cp(p)|?.

2.24. Yka3aHue: IOMHY BOJTHOBYIO (DYHKIMIO Hy2KHO MCKATH B BUJE NPOM3BEIECHNs BOMHOBBIX (DyHK-
Uil OTHOMEPHOTO TAPMOHHYECKOTO OCHHIIATOPA: U nons (T, Y, 2) = Wp () U, (¥) Uy (2).

Oreer: Ep nyny = hwi(ny +1/2) + hwa(ne +1/2) + hws(ng +1/2), tome n; =0, 1,2, ..

2.25. YKazaH@e: orepaTop MOTeHIHATBHON SHEPTHH MOKeT ObITh 3anucan B puge: U(z) = uw?2?/2 —
ecx = (uw?/2)(x — es/uw?)? — e%*e? /2uw?. amee HeOGXOAMMO BBECTH HOBBIC MEpeMeHHBIC: I = & —
ee/uw* E = E + %2 /2pw?.

Otser: sueprerudeckuii cnexTp: B, = hw(n+1/2)+e2%e?/2uw?, sommoswie dynxmun Ve (v) = ¥, (v —
ee/pw?), tne ¥, (r)- BomHOBasg (GYHKIHsS OOBITHOrO TAPMOHHYECKOro ocmuiaaTopa; (d) = e(x) = xe,
CTATHHYeCKas BOCIPHUAMYHBOCTD X = €2/ pw?.

2.26. Yposuu Jlannay. ¥Ypasuenne llpenunrepa numeer Bu;:

Pz + (py = (¢/0)Ba)* +pi
2p

(:r7 y7 Z) = qu(z7 y? Z)?

rie p = —ihV— omeparop umnyiabca. T.K. KO3 MUIUEHTHI 3TOrO ypaBHEHUsI HE 3aBUCAT OT Y, 2, TO
U(x,y, 2) MokHO HCKATE B Buge: W (x,y, 2) = ek tk=2)0 (), rne U(x) yaoBaerBOpseT ypaBHEHHIO:

g PR ped (0 Bk
20 2 eB

d? 2
i /i it
dl’Q (l‘) +

U(z) = 0.

Otrser: Cuexrp suepruu B, . hwp(n 4 1/2) +h?k?/2p nveer GeCKOHEUHYI0 KPATHOCTH BBIPOZK ICHHS,
T.K. He 3aBHUCUT OT ky; BOITHOBBIE (DYHKIINH

Uiy . (2,9, 2) = Cret vy Hh2eqp(— €2 /2)H, (€), Cp, = (pwp/mh)Y*(2"n!) "2 wp = eB/ pe.

2.27. YKazanwe: BRIMHCIUTE Tpoussoanyio 0 | ¥ |2 /ot.
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OTser:

7= (h/2ip)(T*VY — VO U) — (e/2uc)A | O 2.

-,

2.28. 13 ypasuenuii Daitsenbepra ih(t) = [F(t), H]_ cieiyer BblpaskeHue jyis OLEPATOPa CKOPOCTH
V = (75— (e/c)A) /. Kommyraropsr: [V, V;] = (ieh/pc)eijnB; [, Vi] = (ih/1)ds;.

2.30. Yka3aHue: HATPaBUThL MArHUTHOE TIOJIE B 1o ocu 7, & 3MEKTPUIECKOe Toje & - M0 OCH X U
UCIO/Ib30BATE KAIHOPOBKY BekrTop-noreniuana A, = 0,4, = Bz, A, = 0. Torna raMuIbTOHHAH KMeeT
BHI:

(py —eBx/c)*  p?

P2
ﬂ + —QM + ﬂ — ecx.

CobcrBennbie HyHKINE MOXKHO BRIODATH B BUJIE:

H =

1

> (Pyy + pzz)} U, (z).

1
\Ijnvpyvpz E‘ Eapyvpz> = ﬁea:p [

Jna U, (x) nonygaerca ypasuenue [lpeaunrepa s TapMOHHYECKOTO OCHUIISTOPA.

Orser:
1

i
| n,py,p2) = L [h

Enpy.p. = hwo(n +1/2) + p2/2u — cepy /B — pc’e®/2B*,n = 0,1,2, ..;

@w+m@}%ﬂ$(MﬁBW%kw%

U, (z)— BonmHOBasg HYHKUMA OCHMILIATOPA ¢ 4acTOTOR wo =| eB | /uc.
2.31. OTBeT: MAarHUTHOE TIOJIE BHE COJEHOWIA PABHO HYJIO, K IPUMEDY,

o L[orA) o,
oy or dp

)

(B2)ezt = 0; cuna JlopeHua B 00J1aCTH JIBHXKEHHS 3JICKTPOHA TAKZKE PABHA, HYJIIO.

OHAaKO YPOBHY SHEPTHH 3JIEKTPOHA Ha, KOJIBIIE CMEIIAIOTCS IO BO3AeHCTBIEM TIoTeHITaa AapoHoBa-
Boma: E,, = (h*/2ur?)(m — ®/®,)?, rae m - marauTHOe KBaHTOBOE wHCIO (M = 0,41,42,..), &y =
he/e = 2mhe/e - KBaHT MATHUTHOTO TIOTOKa; ® = mR2B - MArHUTHBIH TIOTOK BHYTDH COMEHOHIA. Bom-
noBag Gbynkmus pasaa mpu srom ¥, () = (27) " 2exp{imep}. Torenmman Aaponosa-Boma crmvaer
BBIPOXKJIEHUE COCTOSTHUI C MTOJIOKUTETbHBIME W OTPUIATEIbHBIMU 3HAYCHUSIMEU MATHUTHOI'O KBAHTOBOTO
qucia £m.

2.32. Ykazauue: BOJHOBYIO (DYHKIHUIO, yIOBIeTBOpsionyto ypasuenuto (Hg + V)¥ = EVU, HyxHO

HACKaTh B Buae: ¥ = Cllllgo) + Cg\IféO), rie HO\IJEO) = Ei(o)\Il(O),i = 1,2. Cucrema ypasueuuit gyist C,, :

S Wien + (B = E)o1n]C = 0,

nMeeT HETPUBUAJIBHBIC DEIEHNA €CIN dHEePIUud CUCTEMBI DaBHA!

1 1
E=gm”+@%i¢gﬁm—m%%wmﬂ%

. . 0
rae Vor = (n|V]k)— MaTpudHbIil 9/1eMeHT, B3AThINA M0 HEBO3MYIIEHHBIM BOJHOBBIM (DYHKIIUAM \IIE ),
2.33. OTger:

RS
V3

3mech (j— HEKOTOPLIE BEIIECTBEHHBIC KOHCTAHTHI, R(1)— mpoussoibHas GYHKIUS OT 1.

U(r,0,9) = —=R(r) [e"*°Y1,0(0, ) + €Y1 11(0,0) + Y1 _1(0, )] .
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2.34. Ykazanmue: B obnactu ¢ > 0 ucnosb3oBars pemrenve y. Llpeguarepa st rapMOHUYIECKOTO OC-
MILIATOPA, Jajiee CIINTh 3TO PEIIeHre ¢ TpUBHAIbHBIM perteHueM B obnactu z < 0. Ocranyrcs TOIBKO
ypoeHU ¢ HedeTHbIMU 1 = 2] + 1,1 =0,1,2, ..

Otser: By = hw (20 + 3/2); ¥i(z) = V5i¢, (x), e BommoBas GYHKIMA OCHHINATOPA € HaCTOTOH w =

VI k| /i umeer Bun
pw\/4 1 pwr? pw
\POSC — < ) " ,
25¢(x) — 2nn!exp o, H, |x 5

H,(§{)— nonurom Jpmura.

3.1. Orser:
P 1y
H=—+4U(r) =1, r),
ot (r) Pt el (r)
Ie OIepaTop PaTuaIbHON KMHETHYECKON SHEPIUH 3AIUCBIBACTCA B BHJE:

R (9% 20 R 102
Th=—— |t - | == (r-..).
2u \Or2  ror 2u 1 Or?

OmnepaTop KBaapaTta MOMEHTA NUMITYJIbCA

) 1 0 0 L (&
2 _ 2 = — 2 an J ap <in2f 02
[? = —1?Ag, 7‘bww(m%0+mﬁ<WJ]

Tlomuerit HAOOP cocTaBsIOT ONepaTopsl H, I_:2, L, = —ihd/0p, Tak uTO0 NOMHAS BOJIHOBAs (DYHKIMS UMEET
Bug ¥U(r,0,¢) = R(r)Yim (0, ). Olaposas bysruus Vi, (6, @) yaoBrerBopsieT ypaBHeHUAM:

LY = W21 + 1)Yim; L2 Yim = himYip,.

B nenTpanbHO-cuMMeTpUYHOM Hoje ypasHenue IlIpeauHrepa CBOIUTCA K yPaBHEHHUIO JJisl PaIuasIbHOM
dbynkuun R(r) :
h? d? R+ 1
_4“7“m+4iﬁg
2ur dr 2ur
3.2. Ykasanue: BOCIIONb30BaThCs ypasHeHueM st dyukimu R(r) (3.3.1) u caesarb moiCTaHOBKY
R(r) = x(r)/r.
Otser: Yposnu sueprun E,, = (7hn)?/(2urd),n = 1,2, .. BomHosble byHKIum

R+U(r)R = ER.

1 1 ™
v, s 05 = T/ } - 7 < .
(1,0, ) ST sin ( o r) r<rg

Cuna napnenns F,, = —(0E,/0ro) = (xhn)?/(urd) > 0.
3.3. Otser: (r) = ro/2, {(Ar)?) = (r3/12)(1 — 6/7*n?); p, = —ihd/Or.
3.4. Orger: (1) = 3a/2; ((Ar)?) = 3a2/4,7 = a = h*/ ue® — nepwbIii GOPOBCKMI pamyc.
3.5. Ykazanue: B ¢hepuuecKux KOOPAMHATAX

vV ={0/0r,(1/r)(0/98),(1/rsind)(d/0p)}.
JIns MIOTHOCTH SJIEKTPHICCKOTO TOKA
7= (eh/2ip)(T*VU — VD)
B aToMe BOAOPOIA € BOMHOBBIME MYHKIHAMH W5, (10, 0) = Ryi(1) Py (cosd)e™?, tae Py, (cosd)— Be-
MIECTBEHHDIHA TIOJHHOM JIEKAHIPa, HAXOIUM

hm
Jr »J6 7]Lp ursin@ ‘ nlm |

18



3.6. Ykazaume: CpenHuil NOTEHUHAT Pe(r), CO3MABAEMBIH SI€KTPOHHBIM OGJAKOM B TOUKE T, Ompejie-
nsierca pemennem ypasaenuns Ilyaccona Ag. = —4mp(r), rae WIOTHOCTD MEKTPUIECKOrO 3P UMEeT
Bugt p(r) = —le| | W1o0 |? (1), mpuuenm | ¥igg |*= (1/7a?)exp(—2r/a) 3aBUCUT TOMBLKO OT MOJYJIst PaHyC-
BekTopa 7. Ilpu yenosuun, 9ro ©.(0) < 005 (00) = 0, A/ TOTEHIMATA JNTEKTPOHHOTO OBIAKa, HAXOIUM:
ve(r) = (le|/a)(1 4+ a/r)exp(—2r/a). C yaeTom moTenmmana aapa @y = |e|/r TOMHbI TOTeHIMAT, CO3Ta-
BAEMBIHl ATOMOM BOZOPOJA HA PACCTOSHUH T OT nieHTpa pasen ¢(r) = (le|/a)(1+a/r)exp(—2r/a), rne a—
OOpPOBCKHI pPaamyc.

3.7. Orser: [Ly,L_]=2hL,;[L,,Ly] = thbly; L. (Li|l,m)) =h(m £ 1)Li|l,m).

3.8. YKasanue: BOCIONL30BATLCH ONEPATOPHLIME coorHomenuamu Ly L = L2 — L2 + L., (L)t =
Ly, (,m—=1|L_|l,m)={,m| Ly |l,m-—1)*

OTBer: OTIMYHBI OT HYII4d CIEAYIOINUE MATPHUYIHBIC 3JIEMEHTDI:

(Im| Ly |l,m—=1)={,m—1|L_|l,m)=nh/I+m)(l—m+1);

(bm| Ly | 1,m—1) = (I,m —1| L, | ,m) = (h/2)\/(L + m)(I — m +1);
(L,m| Ly | l,m—1)=—{I,m—1]|Ly,|l,m)=—(ih/2)\/I +m)(l —m+1).

3.9. Orser: 1) (L,) = hm;(L,) = (L) = 0.
2) ((AL:)*)(ALy)?) = (R /4)[1(1+ 1) = m?]* > (h'm?/4); (AL.)?) = 0.

4.1. Ykazanue: HAYAIBHYIO BOTHOBYIO (DYHKIUIO PA3IOKUTH MO COOCTBEHHBIM (DYHKIIASIM OIEPaTOpPa
HMITYJIbCA, KOTOPBIE B 9TOM CJIYUae SIBJSIOTCA CTAIMOHAPHBIMUA COCTOSHUSIMH.

Orser: Cocrosnue 1 - necrammonapuoe. V(x,t) = (1/2h/7)exp{ima?/2ht}.

4.2. Orser:

U(r,0,p,t) = 2_1/2[R10(T)Y00(9, p)exp{—iE t/h} + Ro1(r)Y10(0, p)exp{—iEst/h}],

rie F, E5 - sHEpTuM OCHOBHOTO U TIEPBOTO BO30YKJAEHHOTO COCTOsSHUS aroMa Bogopoaa. Cpemree 3Hade-
HUE JUIMOJBHOIO MOMEHTA aTOMa B MOMEHT BPEMEHHU ¢ : (dz>(t) = Cy e a sinwat, toe g >~ 1. Arom 6yzer
W3Iy9aTh HA 9acToTe Wwoy = (Eo — E1)/h = (3/8)mee4/h3.

4.3. Otser: U(x,t) = 27 2[0, (2)exp{—iEit/h} + Uy (x)exp{—iFat/h}].

4.4. Ykazauue: pa3jIoXKUTh HAYAJIBHYIO BOJHOBYIO (DYHKIHIO 1O BomHaM ne-Bpoitas. [lpu stom Ha-
JaJbHAS BOJHOBasS (DYHKIWS B UMITYJTHCHOM IPEJICTABJICHUN PABHA

o2\ /4 202

2
_ 2\—1/4 : 2y—-1/2 - v ;
U(x,t) = (mo?) (14 iht/mo”) exp [ 2071+ iht/maQ)} ;

OTser:

W,/H ht/mo—f [ 2021 + (ht/mo?)? ]]'
Az = /((Az)?) = (6/V2)\/1 + (ht/mo?)2.

4.5. Oreer: Cpennnit maraurabrii Mmoment () = (0,0, u, = pp/2). MarauTo- TMMIOABHOTO W3TyYEHUS
He 6yJer, T.K. CPeJHNi MATHUTHBIA MOMEHT HE M3MEHACTCHA BO BPEMEHH.

4.6. YKazaHue: pasjoKUTh HAYaJIbHOE KOPEPEHTHOE COCTOAHUE [0 CTAIMOHAPHBIM COCTOSHUAM LaPMO-
Hrgeckoro ocummasaropa U, () ¢ sneprueit E, = hw(n+1/2) (cum. 3.2.22). BonHosast GyHKIMs B MOMEHT
BpPEMeHU ¢ MOXKeT OBITh HalIeHa TIPU TIOMOIIY OTIEPATOPA, SBOJTIOIHN:

| U(,t) =

U(x,t) = exp{—iHt/h} ¥ (x,0) ZC’“emp{—zE t/h}U,(z),
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rae ko3 dunuentsr C),, HaligeHbl B 3aga4e 2.23.
Orser:

Waot) = (ra) e ey | @20~ [ ) eap |55~ VEa(0)?]

a(t) = aexp(—iwt);

Wl t) = — {iuxc(t»?] .

= ——eap
Nz xg

IlenTp TSKECTH BOTHOBOIO IIAKETA COBEPIIACT TAPMOHNYECKNE KOIeOAHUA B COOTBETCTBUN € KJIACCHIE-

CKUMU yPABHEHUAMY [|BUZKCHUA:

x.(t) = V2x0Re (aew) = TpnazCOSWL,

a (hopMa OCTAeTCsT HEM3MEHHOMH.
4.7. Yka3anue: BOTHOBYIO (DYHKINIO MOXKHO UCKATh B BUJE:

U(t) = C1(t)¥rexp(—iErt/h) + Co(t)Vaexp(—iEqt/h),

rue I;TO\I/Z- = F;VU;,i = 1,2. Tlpenebperaa kKomeOaHUAMHA HA yIBOECHHOM WUacTOTE /s KOIMDPUITNEHTOB
C;,i = 1,2 nonyuaem ypasuenus: C; +Q2C; = 0, rue Q =| Vig | /2h— wacrora Pabu, Vis = —dyseg, dio =
(¥ | d| ¥a)— MaTpUUHBIH 3JIEMEHT ONEpaTopa JUMOJHEHOTO MOMEHTA M0 HAYAILHBIM BOJTHOBBIM (DYHKI[H-
siM. Ecaii B HadasbHBIH MOMEHT BpeMerH ¢ = 0 3JIeKTPOH HAXOIUTCS Ha HUKHEM 3HEPreTHIeCKOM YPOBHe,
T.e. C1(0) =1,C%(0) = 0, To BomHOBast DyHKIMsT B MOMEHT BpeMenu t > 0 mMeer BuUI;

U(t) = cosQtexp(—iE1t/h) Uy — i{ Va1 /200 }sinQtexp(—iEqt/h) ¥y

BeposaTHocTb BO36YKIEHIsA CHCTEMbI OCIILIUPYeT ¢ yacroroii Pabu: Po(t) = sin?Qt.
4.8. OTBeT: KOOPAWHATHI YACTHUIIHI B MJIOCKOCTHU, TEPIEHIUKYISPHON HATPABIEHNIO MATHUTHOTO OIS,
9BOJIIOIUOHUPYIOT CJIEIYIOINM 06pazoM:

£(t) = £(0) + va(0) 2Ll 1y, (0) L 0%,
We We
sinw.t 1 — coaw,t
(0 = 5(0) + 1, (0) T — 0 0) L,
4.9. OTser: o
p(t) = p(0) + ect; v(t) = (Ad/2h)sin [p(h) + QBt:| ;
_ A _ [p(0)d = Qpt]
2(t) = 2(0) + sin(Qt/2)sin [h N 2} ,

Qp = eed/h— gacrora GJOXOBCKUX OCIHUJLISIWIA.
4.10. Yka3auwne: ygoOHO mepeifiTr BO BPAIIAOIIYIOCS CHCTEMY OTCYETa W BBECTH HOBBIE CIIMHOBBLIE II€-
PEMEHHBIE:
X (t) = oycoswot + oy sinwot,

Y (t) = —ogsinwot + oycoswt.

OrMernM, 9TO STU ONEPATOPHI SBHO 3aBUCAT OT BPEMEHH U YIOBJETBOPSAIOT CIEAYIONIAM ypPABHEHUSIM
JBVKEHUA:

d3 d?
— X+ X =0 —Y (@) +Q*Y () =0;
SSX() + QIX(1) = 05V (1) + QY (1) = 0
d3
00 + Qo) =0,
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re Q2 = w2 + A% A = 2910 Bo.

Orser: ) .
X(t) = X(0) + %Y(O)stt - %WSX(O) + wolAa, (0);
A 1 — cosQt
0.(t) = 9:(0) + Y (0)sint - %(A%Z(O) + woAX(0));
sin§t

Y (t) = Y(0)cost —

(woX(0) + Ac.(0)).
Marpuusr [laym B HEMOABHKHOM CHCTEME OTCIETA MOTYT OBITH HAHJIEHBI TTPU TIOMOIIH COOTHOTITEHMIA:
0. (t) = X (t)coswot — Y (t)sinwot;

oy(t) = X (t)sinwot + Y (t)coswpt.

2
5.1. Orser: B2 = — | ee |2 /2mw?, rae w— cobcrsennas 4acTOTa OCUUIATODA.
5.2. OTBeT: yMEHBIINTCS:

(2) | Vo |2
Ey) =) —5 g <0,
— B\ — B

T.K. E(go) < E,(CO).
5.3. YKazauue: BOCIOIb30BAThCA (POPMyIaMu TEOPUN BO3MYIICHUI:

Vi |?
En:E(O)+‘/ + |n7
n nn g 0 0’

Vin 0)
D IO S O
ST

3mech Vi, — MATPUYHBIA SJIEMEHT ONepaTopa SHEPTUN BO3MYIEHU O HAYAIBHBIM BOJTHOBBIM (DYHKITUSIM
0 0
\1151 ), \If,(€ ), MarpudHble 31eMeHThI:

h
Tk = \/T(ﬁénJHJ + \/mék,n+1);
mw

(@)1 i [Vn(n — 18,100 + (2n+ 1) + /(0 + 1) (n+2)8,,-2];

- 2mw

N
(%)p — () (VA0 =100 = 20 rs + 3026, 1+

2mw

3(n+1)326, 51+ (n+1)(n+2)(n+ 3)dnr_3];

(@")nn = <h>2 302 + (3n + 1)2].

2mw

Orser:

2
E, = hw(n+1/2) + 3¢ (2;;}) (2n% +2n +1)—

A2 0 n o\
hw<2mw> (30n% 4 30n + 11).
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5.4. YKazanne: HeBO3MYIIEHHAA BOIHOBaA (DYHKIHA 3JIEKTPOHA B aTOME BOIOPOIA UMEeT BII:
Yy Yy
U pim =| nlm) = Rpi(r) Py (cosf)e™?.

DHeprus B3auMOAEHCTBAS JIEKTPOHA €O CaabbiM MarHuTHbM 1oseM V = (ihe/uc)(A - V) nponopuuo-
HAJBHA OMEPATOPY MPOEKINE MOMEHTa HMITYJIbCa HA OCh Z L, = —ifi(0/0y) :

ihwc 0 0 _ We
V—( 2 )(%y‘yaJ— ol

riae we = eB/uc— UUKIOTPOHHAS Y9aCTOTa, (i1— MACCA JMEKTPOHA.

1
Orser: BV = —(hwe/2)m, m— MarHNTHOE KBAHTOBOE YHCIIO.
5.5. OTBeT: ypOBHU SHEPIUH C YeTHBIMH 1 He CABUraioTca. CABUD HEYETHBIX SHEPIeTHUECKUX yPOBHEN
onpenensierca coorromennem: Foyq = 2a/a.

5.6. Yka3zaHue: HEBO3MYIIEHHbIE BONHOBbE (DYHKIUM YaCTHIBl HA KOJBIE UMEIOT BH: \117(3)(90) =
(2m) = 2exp{ime}.

OTBer: CABUT SHEPreTHIECKUX yPOBHEI: EY = (2ur3 /h?)(eero)?/(4m? — 1).

5.7. Ykazanume: crenarh 3aMeHy nepemenubrx: &' =,y =y, 2’ = az/b. Tk. | ¢ |[< 1,6 = (a — b)/a,
TTOTHBIN TAMUIBTOHUAH MOYKeT ObITH mpeacTasieH B sune: H = Hy + V, roe

h2<82 0? 82)-1/— R 9?

+ _Egﬁ

HO = ax/Q + 6y’2 82/2

“2m

Wcnonb3ys BeIpazkeHns At COOCTBEHHON (PYHKIMH M SHEPTHH OCHOBHOI'O COCTOSTHUA YACTHIIBI B cepn-
9eCKOH sIMe C HeMPOHUIAEMBIMU CTEHKAMU
2
1 1 . o (0) R
—sin—; Ey’ =
V2ma T a

1 2
JUIST TIOTIPABKY NIEPBOTO MOPSIIKA MOy IaeM: E(g ) = (h*m2e/3ma?).
5.8. Ykazanume: ypOBHIO SHEPTUU C N = 2 OTBEYAIOT 4 HEBO3MYIIEHHbIE COOCTBEHHBIE (DYHKIIAN:

o =

(Y =] 200) = Roo(r); UL =| 210) = R (r)cosb;

Uy =| 211) = Ryy(r)sinfe’®; U =| 21, ~1) = Ry, (r)sinfe %,

rie . .
r r
R = (1 — 7) _T/2G7R — —7‘/2(L.
20(7) 8ma3 2a ¢ 21(r) 8mald 2a ‘

)

4 0
CobGcrBentbie (HyHKINE IOIHOTO TAMIILTOHNAHS CIELyeT UCKATh B Buge: ¥ =) - | CZ-\IIE . ITpu aTom

SHEPTEeTUYIECKUE YPOBHU BBIUUCIAIOTCA U3 YCIOBHSA PABEHCTBA HYJIIO JETEPMUHAHTA
ESY —E)ou+ (i |V k) |=0
| (By" — E)du + (i | V [ k) [=0,
i,k =1,2,3,4. OTaugHbI OT HYJs TOJBKO ABA MATPUYHBIX JIEMEHTA ONEPATOPA IHEPIUU B3ANMMOIEHCTBYS
3JIEKTPOHA, ¢ BHEmHAM Tojiem V = — |ec | 2: (1 |V |2) =(2 |V | 1) =3 |ec ] a.
OrBer: YpoBeHb 9HEPTHH PACIIEIIISIETCS HA JIBA HEBBIPOXKIEHHBIX IO/ POBHS:
0 0
EI:E§)+3|es|a;EH:E§)—3|es\a;

. 0
¥ Ha OJWH ABYKPATHOBBIPOXKIAEHHBIN momypoBenb: Frrr = Ery = Eé ) C COOTBETCBYIOIIUMHU BOJTHOBBIMU

(byHKHI/IHMI/II
0 0

Sl

U, = (\1150) + \Péo)) s Wrr

Sl
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Uy = C:){H\I':(;O) + szH‘I’z(lo)§ Uy = C'?{V\I/go) + Civ‘lfio)-

5.9. Orser: E; = E©) 4+ A -1pexxparo BBIpoxKeHHbIH ypoBenb; Fy = E(©) — 3A -neBbIpoK meHHbIi
yposenn. 3necy B0 - neposmymennas sneprust 1 — S cocrosamst.

5.10. Tlox BO3mE#iCTBIEM TIOCTOSHHOIO BO3MYINEHUA ABYKPATHO BBIPOXKEHHBIN yPOBEHD SHEPTUN PAC-
MIETJISETCs HA JBa TOAYPOBHs ¢ 3Heprueil E + A u onHosolt dyrkumeii Uq(0) = 2*1/2(\1150) + \I/(QO)); c
sueprueit £ — A u Bonnopoit dbynxmueit Uy (0) = 271/ 2(\1150) — \Ilg))). BpemvenHag 3BOMIONAS 3TUX CTAIH-
OHAPHBIX COCTOSHHUI ONMUCBIBAETCA COOTHOIIEHMSIMIE:

U, () = Wy (0)exp{—i(E + A)t/h}; Ua(t) = Wy (0)exp{—i(E — A)t/h}.

BomHoBas (pyHKIMS CHCTEMBI B MOMEHT BPEMEHHU ¢ B OOIIEM CIydae paBHa Cynepruosunuu cocrosuuit Wy (t)
u Us(t) : U(t) = C1¥4(t) + Co¥s(t). U3 nauanbuoro ycmosus V(0) = \I/(lo) cnepyer: Op = Co = 1/4/2.
Takum obpazom,

At At
U(t) = exp{—iEt/h} <005h‘1’go) - iSi”fh‘Iféo)> :

OTBeT: BEpOATHOCTH NIEPEXO/IA U3 COCTOAHUA \I/(lo) B COCTOSHUE \Iléo) OCIMJITIMPYeT o BpeMereM: P(t) =
sin?(At/h).

5.14. YkazaHnue: BEPOATHOCTb TYHHEJIHPOBAHUS B KBA3UKIACCUIECKOM MPUOINKEHUN OMPEIESIAeTCs

COOTHOIIEHUEM: —_—
D = Dgexp {—2;/ VU(z) — Ed:c} ,
z1

rje 1, T2 - KOOPAMHATH ToYeK nopopora: U(x;) = E i =1,2.
Otrser: Bepogrnocth TynHemupoanus (Ko HUIUEeHT Npo3padHocTu 6apbepa) paBeH:

D(E) = Dycayp l_4 V2m (U — E)3/?

3 h e€

CpenHuit O SHEPTHSIM AJIEKTPOHOB B MeTaJlie KOIMMUIMEHT MTPO3PATHOCTH ONPEIEISETCsT COOTHOTIE-
aueM: (D) = (Do)exp(—eo/e), tme (Do), €0 - KOHCTAHTBI, 3aBUCAIIAE OT THUIA MeTaia. Tok XoroaHoM
smuccnn J(e) = Jo(Do) = Jeexp{—c/eo}.

5.15. Yka3zaHue: TpUMEHUTH MPABWIIO KBaHTOBaHUsT Bopa-3ommepdernsba:
o
/ V2m(E, —mgzx)dx = wh(n + 3/4).
x1

g— ycKopeHue cBOOOIHOIO I1a/IeHHusl.
OTser:

1
E, = 5(97r2mg2h2)1/3(n +3/4)23:n=0,1,..

5.16. OTBer: KO3 DUIHMEHT TPO3ZPATHOCTH

+xo
D ~ exp {—Til\/QmUo/ \Jxd — xde] = exp {—Wha\ / 2U—m(UO — E)]
0

—To

Baeck 3 = —x1 = xg = ay/1 — E/Uy— KOOpAMHATHI TOYEK IOBOPOTA.
(0)

5.17. BepoAaTHOCTD Nepexoia CUCTeMbl U3 cocroanua V¥,

3allHOI'O BO3MYUIECHUA

B HOBOe cocToAnue ¥y mof neffcTBHEM BHe-

V(t) = —esozf(t), 0(t) = 1(t > 0),0(t) = 0(t < 0),
paBHa

Pri=| [ @50 .
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(0)

3aece ¥, - i—asa BonHOBast QyHKIMsT OOBIYHOIO TAPMOHUYECKOrO ocuusisaropa, Wy- f—as BonHOBas

dynrruna cmemerHoro ocruisropa V() = \IJSP)(QS —10), 20 = F/uw? - cMermenne neRTpa MOTEHIHATb-
HOIl sIMBI OCHMJLIATOPA ¢ Maccoil p nox meficrueMm cuibl F' = egg (cm. 3.2.25.). Ucnonb3ysa sBHBI BuL
MOJIUHOMA, DPMHUTA
2 d® 2
Ha(€) = (~1)"e gee™,
JIJTST TIEPEKPECTHOrO WHTETPAJA, TTOIY TaeM:

/‘ dz\IJéo)(x)\Ilz,(x) = ¢h/mexp(€2/4), &0 = wor/pw/h = F/\/huw?.

OrBer: BEepOATHOCTH MEPEX0JIa OCIUJLIATOPA U3 OCHOBHOTO B k—o0€ BO3OYXKIEHHOE COCTOSHUE OIMUChHI-
Baercs craructukoit Ilyaccona:

Nk
P = 7€ N

rie N = £2/2 = F?/2uhw?.
5.18. BepOosSTHOCTD Mepexoa OCHUIIIATOPA K3 OCHOBHOLO B IIEPBOE BO30YKICHHOE COCTOSHUE DABHA

1 e iwt |2
Py = 72 |/ dtVipe™* |,

e 9acTOTa MEePexona MeKIy YPOBHAME wig = w, Vig = —ee(t)\/ /2w — MATPUIHBIN 3J6MEHT SHEPTHH
B3aUMOLEHCTBUS C 3JEKTPUYECKIM OJIeM.
Otser:

po_ e? A%t (g)Q
10 = 5y €P :
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