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1 3ada491 OCeHHero cemMmeCcTrpa 110 KBaHTOBOI1 TEeopum.

Ocenn 2026 r.

Teopus Bo3myIlIeHMI1

O tHOMEpPHBI TapMOHUYECKU ocnmuiaTop. HaiiTu monpaBku K SHEPrUM n-ro YPOBHSA, BBI3BAH-
3

Hble Bo3MmyIiennem H; = ax”.
O tHOMEPHBI TapMOHUYECKHH ocnmyuiaTop. B 1M m 2M mopsijikax HaflTh MONpaBKMA K SHEPIUU
OCHOBHOT'O COCTOSHMS, BBI3BAHHLIC Bo3MymienneM H; = ax*. CpaBHUTH ¢ pesyabTaTaMy BapHa-
MMOHHOT'O METOJIA.

BapsayKeHHbI IByMEepHBII CUMMETPUYIHBIN TapMOHUYIECKUI OCIUILIATOD TOMEIeH B caaboe o/l-
HOPO/THOE MarHUTHOE I10JIe, OPUEHTUPOBAHHOE 110 OCH 2. B 1IepBOM MOpsijiKe TeOpUH BO3MYIIIEHUI
HafTH TOMPABKU K HEPIHH BTOPOIO BO30Y:KIEHHOIO YPOBHSI EO) = 3hw, BBI3BaHHbIE MAIHUT-
HBIM IIOJIEM.

JIByMepHBIII CUMMETPUYHBIN TapMOHUYECKUN OCHULIATOP. B IepBOM IMOpsIKe TEOPUU BO3MY-
IeHuil HAHTH TIONPABKHM K SHEPIUE BTOPOro Bo3byxieHHoro yposs E(©) = 3hw, BbI3BaHHbBIE
BosmytenneM H; = axy. CpaBHUTH C TOYHBIM OTBETOM.

JByMEpHBIl CUMMETPUYHBI TapMOHUYECKUN OCIM/LIATOD. B 1mepBoM HemcuesaroneM mopsike
TEOPHH BO3MYIIEHH{T HANTH HOIPABKN K SHEPIHHU IepBoro Bo3byzxieHHoro yposus £ = 2hw,
BBRI3BAHHLIC BosMyTenneM H; = axy+ By? npu o > . CpaBHATE ¢ OTBETOM JjIs OOIIETO CIydas

o~ .

. JIByMepHBIiT CHMMETPUYHBIN FApMOHHMYECKUN OCHUIIATOP. B mepBoM HemcdesaioneM MOpsIKe

TEOPUN BO3MYIIEHHI HANTH HONPABKH K SHEPTHU 1epBOro Bo3GyxKaenHoro yposas F©) = 2hw,
BBI3BaHHBIE BosMymienueM H; = ax?y + azy?.

Haiitu nuajieKTpudeckyio BOCIPUUMYMBOCTD PA3PEXKEHHOI'O ra3a, COCTOSIIEr0 U3 aTOMOB BOJIO-
poJia, HAXOAAIMNXCsT B OCHOBHOM cocTosinnu. CrmHoMm npeHeOpeds. OrpaHnydbrech MEPBBIM CJla-
raeMbIM B CyMMe 110 YPOBHSIM SHEPIUH.

HaiiTu MarHuTHyI0 BOCHPUUMYHBOCTD PA3PEKEHHOI'O Ta3a, COCTOSIIEro M3 aTOMOB BOJIOPO/IA,
HAXOJIAIIUXCA B OCHOBHOM cocTosiHnu. CITHOM TpeHedpedn.

Haiitu suepruto B3anMojieficTBus IByX aTOMOB BOJOPO/a Ha OOJIBIINX PAcCTOSHUAX (cuiibl Ban-
nep-Baasbca).

Haiitn pacmieruienne ypoBHS 1 = 2 aToMa BOJIOPOJa B CPeJHEM MAarHUTHOM IIOJIE C YYeTOM
TOHKOH CTPYKTYPBHL.

Haiitu pacmeruienne ypoBas n = 2 aToMa BOJOPO/a B CJIA00OM MArHUTHOM II0JIE ¢ YIETOM TOHKOI
CTPYKTYPHI.

Haiitu pacmeruienne ypoBas 1 = 2 aToMa BOJOPOJa B CPEIHEM JIEKTPUUECKOM TI0JIE C YHETOM
TOHKON CTPYKTYPBHL.

Haiitu pacmerienne ypoBHs n = 2 aToMa BOJIOPO/Ia B CUJILHOM JIEKTPUYECKOM IOJIE C YHETOM
TOHKON CTPYKTYPBHL.

1Ha sK3aMeHe MOTYT ObITH IIPEIIOKEHBI GHAAOLUNHDLE 3a,IAMM.
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2 Paccegnue

[Toctpouts G0pHOBCKMIT Pl g OJHOMEPHOTO paccedHus. lIpocymmMmupoBarh GOPHOBCKUI PsIJ
Juist paccestanst Ha norennuane V(z) = Upd(x), cpaBHUTD ¢ TOIHBIM OTBETOM.

Ha arome BosOpOjia, HAXOAANIEMCS B OCHOBHOM COCTOSIHUU, PacCenBaloTcs u-Me30HbI. Haiitu
dopmdarxTop u auddepeHImaabHOe cedeHne yIIpyroro paccesiHus.

Ucrounuk norennuana FOkaBel paBHOMEPHO paclpejiesieH 10 Iapy pajuyca R ¢ ILIOTHOCTBHIO
3apdaaa po:
V@) = [ a7 poexp(—p 7 - g)/lF -7
l71<R

Haiitu dpopmdakTop u muddepennuaabioe cedenne yupyroro paccesnusl Ha TOM ITOTEHITUAJIE.

OrnpeiesuTh TOJTHOE CeUeHre YIIPYTOro paccesiHusi HeITPOHUTaeMoit ccpepoii pajumyca a Jijisi ObICT-
PBIX YaCTHIL, JIe-OpoilieBcKas JJINHa BOJTHBI KOTOPBIX A <K a. IIpoananusnpoBaTh KJIacCUIeCKUin
peJies 3a/1a91.

OrnpeiesuTh MOJTHOE CeUeHne YIPYToro paccesiHrsl HEIPOHUIaeMOil cdepoil pagmyca a st Me/I-
JIGHHBIX YaCTHIL, Jie-Opoil/ieBcKasl JINHA BOJHBI KOTOPBIX A > a.

Haiitu dasbr paccesnns na noremmmane V(r < a) = —U, V(r > a) = A/r?.
Haiitu sHepruto u Bpemsi KU3HA MeTacTaOMIbHBIX S-ypoBHeil B morentmaie V (r) = Vo §(r — a).

Haiitu sHepruio u BpeMs KU3HH MeTaCTabUJIbHBIX YPOBHEH B OJHOMEPHOM moTeHnuase V(x) =

Vod(z —a)+ Voo(x + a).

Haiitu sHepruto u BpeMs *KU3HU MeTacTabUIbHBIX YPOBHEH B ojHOMepHOM ToTeHtmase V (|x| >
a) =0, V(|z| < a) = Uy — Vpd(z). Caurars 6apbep JOCTATOUTHO MIHPOKUM.

Haiitn napnumaibHoe ceuenne paccesHus S-BoJIHBI Ha norenimare V(r) = =V, 6(r —a). Ykazars
YCJIOBHE HOSIBJICHUS] DE30HAHCOB BCEX TUIIOB.

BeraucsiuTh cevdeHne ynpyroro paccesiHusl MeJJIeHHON YacTHIbl Ha MOTeHInaIbHOi sve V(r <
a) ==V, V(r > a) = 0. Ykazarh ycjioBre HOSIBICHNAS PE3OHAHCA.

B npubsmzkennn sitkonasa HaiiTu ¢dbasbl paccesnus Ha norenmuaste A/r?. CpaBHUTH ¢ TOYHBIM
OTBETOM.

B npubnuzkenun sitkonasa HalTH (a3bl pacCesHusd U MOJIHOE CeUCHUE PACCEAHMS Ha TIOTCHITUAIC

Vip,z) =V(p <a(l —|z]/b)) = Uo, V(p,z) = V(p > a(l — |z[/b)) = 0.

Haiitu asbl paccesnus nmpu yIpyrom paccesnun Ha noreniaje V(r) = —A/r?. Haittu ceuenus
paccesHus W IOIJIOIICHUS.

Haiitu mudpdepentnmanbaoe cedenne ynpyroro KyJOHOBCKOTO PacCedHUsi JEKTPOHA Ha 3JIEK-
TPOHE JJId CUHIVIETHOI'O U TPUIIJICTHOI'O COCTOSIHUI B cHUCTEMeE IOEeHTpPa MaccC.

ﬂaHbI AMIIJIUTYAbI pacCedHusdA IIPOTOHa Ha HeﬁTpOHe B TPUILJIETHOM M CHHIJIETHOM COCTOAHUNAX
— f3(0) u f1(0). Haiitn BeposiTHOCTBH TI€peBOpOTa CIWHA NP PACCesTHUHM Ha yroJ @, ecau 110
paccesHUs CIIMH MIPOTOHA OBbLT HAIIPABJIEH BBEPX, & CIIUH HEHTPOHA — BHUS.
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3 Ilepexoani

FapmomnuaecKuii OCIULIATOP HIPH ¢ = —00 HAXOJUTCS B OCHOBHOM cocrosiunu. OH HoBepraercs
neiicteuio Bosmymenus Hy = ai? exp(—|t|/7). KakoBa BepogTHOCTD HANTH €ro Ha 1n-OM ypPOBHE
B MOMEHT BpeMeHn t = 4007

Fapmonndgeckuii ocruigTop npu ¢t = 0 HaXOIUTCH B OCHOBHOM cocrosHuu. Ilpu ¢ > 0 on moj-
Bepraercs Jeiictsuio Bosmymiennst Hy = — fo exp(—t/7). KakoBa BepoaTHOCTE (BO 2M mOpsiIKe
HECTAIMOHAPHON TeOpHH BO3MYIIEHWI) HaiiTi ero Ha ypoBHe |n) mpu t = +o00? IIpoBepbre BbI-
IOJTHEHUST 3aKOHA COXPAHEHU BEPOSTHOCTH.

HaiiTi BepoATHOCTDL TOTO, UTO 9JIeKTPOH B aToMe TpuTnug H3, Haxonammuiica B OCHOBHOM COCTO-
anun, nepeiier B 1s cocrosnue nona He3t npu B-pacnaze oaHoro u3 HefiTpoHOB Ipa.

FapMOHI/I‘IeCKI/Iﬁ OCHHHHHTOP B HAYAJILHBI MOMEHT BpeMeHI/I HaXOoIUTCAd B OCHOBHOM COCTOAHNN.
[Ipu t > 0 on nojBepraercs jeiicTBuio Bodmytneans H; = — foz. KakoBa BepogTHOCTE HaiiTh €ro
Ha ypoBHe |n/) B MOMEHT BpemeHu t?

lapMoHmYecknit OCIMILISTOP B HAYAIbHBI MOMEHT BPEMEHHU HAXO/IUTCsI B OCHOBHOM COCTOSTHUM.
Ou nozBepraercst JeiicrBuio Bosmyinenust Hy = —poid(t). KakoBa BeposgTHOCTH HallTH ero Ha
YPOBHE |n) B MOMEHT BpeMeHu 7

HacTua HaXoIuTCs Ha IICKPETHOM YPOBHE B Jieabra-same —Vod(z). Ona moasepraercs AeificTBHIIO
Bosmymienust Hy(t) = —poid(t). KakoBa BepogTHOCTD HAiTH ee Ha 9TOM JUCKPETHOM YDOBHE B
MOMEHT BpeMmeHHu ¢ > 07

lapMoHMYecKnit OCIUILISITOD C
P2 22
H =L 4L
2m 2
HaXOJIUTCSI B IIEPBOM BO30Y2KJIEHHOM COCTOSIHUM U B3aUMOJIEICTBYET C YacTuIeil, Haxo dreiics
Ha JINCKPETHOM YPOBHE B 0-siMe:

p2
H2 = ﬁ — U06<.112),

noTenImalt ux Baumojeicrsusd W (xy, o) = Woxixo. Haiitu Bpemst :xu3Hu 2-if yacTuiibl B 0-sime.

Yacrura HAXOUTCA Ha JUCKPETHOM yPOBHE B HOTeHIMaIbHOl sive V(z) = —Vpo(z). Hactuna
nojiBepraercst jieficrBuio Bosmytnerusi Hy = —2&Fy cos(Qt — Ix). Haiitu BpeMst »KU3HI 9acTUIIBD
B siMe. Kak cOOTHOCSTCS BEPOATHOCTU BBLIETETH M3 sIMbI HAJIEBO M BBLIETETH U3 SIMbI HAIIPABO!

YacTuna HAXOIUTCS B OCHOBHOM COCTOSIHMM B TPeXMepHOi ri1yOoKoil kybudeckoit sime V(0 <
r<a0<y<a0<z<a)=-V, V(sue kyba) = 0. Haiitu Bpems KU3HI U paciipe/ieJieHIe
YACTHUIL 110 YIJIaM BBLIETa, €CJIH OHa TOJBepraeTcs aeficreuio Bosmytnernst Hy = —22F; cos(Qt).

AToM BOZOPO/Ia HAXOAUTCS B OCHOBHOM COCTOsTHUU. HaiiTu Bpemst XKU3HU U PACIIPe/IeIeHIe JJIeK-
TPOHOB M0 YIJIaM BBLIETA, €CJIH ATOM TIOJIBEPraeTcs IeHCcTBII0 Bo3Mmy nerns Hy = —22Fj cos(Qt).

C nomornsio 3o050Toro npasuia Pepmu HaiiTn kKodbdUIHEHT HAIOAPHLEPHOIO OTPAYKEHUS Ha T10-
rennmaze V(z) = 2 (1 + tanh(z/a)). Ilpoanamusuposars Kaccuueckuii mpesed satasn. Mccre-
JoBaTh mpejen a — 0.

OpHoMmepHoe siBHzKeHne. JacTHIa paccenBaeTcss Ha rapMOHMYECKOM ocnuiuiaTope ky? /2, koro-
PbIif HaXOJIUTCS B OCHOBHOM cocTosHuU. Halitn ko3 duimeHT Heymnpyroro orparxkeHus ¢ Iie-
pexomoMm octmuiTopa |0) — |1), ecm moreHnumas B3amMOJEHCTBUS KOHTAKTHLIA W (x,y) =

U05(13 — y)
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Haiitn ,ILI/I(b(i)epeHH‘I/IaJIbHOG CedeHrue HEylUPpYyroro paccednmnd (-Me€30Ha Ha HEIOJABUZKHOM aTOME
BOJOpPOAA. Atom IIEpexoauT N3 COCTOAHUA 1s B cocTognne 2s.

4 BropuyHoe KBAaHTOBAHUE

B mpejicraBiieHnn BTOPUYHONO KBAHTOBAHUS BBIUUCINTH MATPUIHBIN ds1ementT (kn|V|kn) oxmo-
JaCTHIHOIO ONEPATOPA MEKILY JBYXYACTHYHBIMU COCTOSTHUAME. PaccMoTpersb cirydan 6030HOB U
depmuoHoB 1 ciaydait k = n.

B npejicraBieHnn BTOpHYHOrO KBAHTOBAHUS BBIYUC/IUTH MATPUIHBIA 1ement (kn|W|kn) nByx-
JaCTUIHOT'O ollepaTOopa MEKAY ABYXYaCTUIHBIMU COCTOAHUAMMN. PaCCMOTpeTb cjry4dan 603OHOB n
depmuoHOB U ciaydait k = n.

BeraucanTs npaByio 9acTh ypaBHeHus [aiizenbepra Jyist oriepaTopa BOJHOBOI (DYHKIMHN (raMUIb-
TOHHAH COCTOUT U3 KHHETHYECKO SHEPIUHU, BHEITHErO MMOTEHINAA U TTAPHOTO B3aNMOJIeCTBIA ).

HaIU/ITI/I 3aKOH JJUCIIEpCHUU Mal'HOHa JIJILA CIIMHOBOM IIEeIIOYKN C I'aMMNJIBTOHMUAHOM
H=—-«a Z SnSn+1 — B Z SnSn4-2

HaiiTn napaMarHuTHyIO COCTAB/ISIONLYI0 MATHUTHON BOCIPUUMYUBOCTU CBOOOIHOIO (hepPMUOHHO-
ro rasza (cruH dacTuil 3/2) Ipu HyJeBOil TeMiepaType.

Haittu borykTyanuum mioTHOCTH OO30HHOIO rasa IPHU HYJIEBOH TeMmIiiepaTrype.

5 MHOro3JIeKTPOHHbBII aToM

Tpu ToKjIeCTBEHHBIX (hbepMuoHa (OJHOMEPHOE JIBUYKEHHUE) CO CHMHOM 1/2 ONUCHIBAIOTCS MaMUJTb-
TOHUAHOM

3. p2 3. 42

Hey Lty

n=1 m n=1

Haiitu sHepruio u BOJTHOBYIO (DYHKIIMIO OCHOBHOT'O COCTOSIHUS.
PasioKuTh 3/1eKTPOHHYI0 KOHMDHUTYpaIio 2p° Ha TepMbI ¢ TIOMOIIEIo guarpamm FOHTa.
Paso:KuTh 3JeKTPOHHYIO KOHGUTypaImio 3d° Ha TepMBl ¢ MOMOIIbIo auarpamm FOmTa.
Haiitu TepMbl a1ekTpoHnoil Kondurypanuu nl? ¢ momonsio guarpamm HOnra.
HaiiTu sIBHBII B, BOJIHOBBLIX (byHKIHUIT TepMOB B Kondurypamu 2p°.
HaiiTu aBHBII BUj BOMHOBEIX (PYHKIMIT TepMOB B Kondurypamnuu 2pt.
HaiiTu sIBHBII B BOJIHOBBIX (DYHKIIUII CTapIIUNX BEKTOPOB TePMOB B KOHMUrypamun 3d-.

[Tonb3ysich nmpaBuaamu XyH/a, HailTh KBaHTOBBIe uncya S, L, J cocrosHus ¢ HanMeHbIIei sHep-
rueit g Kondurypammu ni”.

HaiiTu mornpaBKu K ypOBHAM SHEPTHU MHOTO3JIEKTPOHHOI'O aToOMa B CJIADOM OJTHOPOIHOM Mar-
HUTHOM IIOJIE.

Haiitu IIOIIPaBKMU K YPOBHAM 3HEPTUU MHOI'O3JIEKTPOHHOI'O aTOMa B CUJIbHOM OJHOPOJIHOM Mal'-
HHUTHOM IIOJIC.
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Haiitn IIOIIPpaBKM K YPOBH{AM 3HEPIMHU MHOT'O9JIEKTPOHHOI'O aTOMa B cJ1aboM O/THOPOJIHOM 3JIECK-
TPUIECKOM IIOJIE.

Metosiom XapTpu HaATH OCHOBHOE COCTOSHUE JIJIsT CUCTEMBI

2 2 2 2
V4 P> kxyi  kx;
H=-L 42 =1, ™2

(omHOMEpHOE jiBuzKeHue). CpaBHUTH ¢ TOYHBIM OTBETOM.

6 IziaydeHue

Haiitu cpegnune 3HaUeHUs U JIUCIIEPCUE HAIIPSZKEHHOCTEN IJIEKTPUIECKOTO U MAIHUTHOTO TOJIeH
B JIBYXMOJIOBOM KOT€DEHTHOM COCTOSHHH [aj; o Bk, p2>.

Haiitu cpegnune 3HaUeHus U JIUCIIEPCUH HAIPZKEHHOCTEN IJIEKTPUIECKOTO U MArHUTHOTO TIOJIeH

B cocrosmmn [¢) = |ap ) /V2+ |8, )/V2 (3mece a > 1w §>> 1),

Brisectu npasusia orbopa u dhopmysty jiid pacupejiesieHns THTeHCUBHOCTU M3/IY9YeHUS 110 YTIJIaM
U TOJIAPU3AIMAM B MATHUTHOM JIATIOJILHOM ITPUOJIMKEHIH.

Beisectn npasuiia orb6opa u popmyty Jjist pacipejie/ieHus THTEHCUBHOCTH U3JIy9IeHUs 110 YIJIaM
U TOJIAPUAIMIAM B JICKTPUICCKOM KBaJIPYIIOJILHOM MTPUOJIMKEHIH.

B jiuno/ibHOM IIPUOJIMZKEHIE BBIYHC/IATE BPEMs YKU3HH YPOBHS 23/ aTOMa BOJIOPOJIA (C yueTOM
TOHKOIl CTPYKTYDBHI).

Arom Bomopoaa momerreH B cjiaboe OZHOpPOAHOe MaruuTHoe mose. Ouucarsb U3jIydeHne Ipu Ie-
pexojie 3d — 2p (TOHKON CTPYKTYpOil IpeHeOpedsb). YKa3aTh KOJMYECTBO JIMHUI B CHEKTpe U
OIIKMCaTh paclipeae/IcHNEC UX MHTEHCUBHOCTHU II0 yIVIaM W IIOJIAPU3aIlUAgAM.

Haiitu BpeMs Ku3HM u pacupejiesieHne MHTeHCUBHOCTU 10 YIVIAM U IOJISIPU3AIUSIM IIPU [TEPEXO-
JIaX MeKJIy yPOBHsIME crinHa 1/2, TOMEIEeHHOr0 B MArHUTHOE TIOJIe.

Haiitu Bpems KU3HU U paclipejiesieHre NHTEHCUBHOCTH U3JTy4YeHUsl 110 YIVIAaM U TOJIAPU3AIAIM
IIPA Iepexo/ie MKy YPOBHAMU CBEPXTOHKOHN CTPYKTypa aToOMa BOJIOPOJA.

Jlokazarh, 9TO 0JHO(POTOHHDBIE TIEPEXOIbl S — S 3alpelieHbl BO BCeX MOPSIKAX MYJIbTUIIOIbHO-
CTH.

Haittu ceuenne dporosacdbdekra aj1st aroMa BOAOPO/Ia, HAXOISIIEIOCA B OCHOBHOM COCTOSTHUU, I10-
Jlarasi KOHEYHOE COCTOSHHE JIEKTPOHA ILJIOCKON BOJIHOIA.



