Teopust n3ay4denus

BekTopHBI# [OTEHIMAI U3JIydeHus: B simuke o0béma Vo (raitzenGep-
POBCKOe TIpeJICTaBJIeHUe JIisi CBODO/IHONO TOJIsl WM TPEJICTaBIEHNEe B3au-
MOJIEHCTBHSI JJIsl T10JIs, B3aUMOJIEICTBYIONIEro ¢ BEIECTBOM )

A (t,r) = Z W er b —i(wt—kr) 4 g jF  gilwt—kr)
re\b, )= Voo kA O € ko by e .
k,A

B mqunosnsrom npubsimkenun

. . 2mhc? “ 7
A~A,~ Z Vo (ek,,\ bicx + € n blt)\) :

Wk RWrep.
BepOS{THOCTb CIHHOHTAHHOTO JJUIIOJIbHOTO U3JIyYUeHUsI B € JUHUIY BpeMeHU

4 w3 w3
3 h;ﬁ |ds|?, 1o yrmam: dWy; = ﬁ

nonHag: Wy, = |(efexs dyi)|? €.

IIpaBuna orbopa mo 4érHOCTH:
Py =-F,
nist 6azuca |S, Mg; L, Mp):
AS =AM, =0, AL =0,+1, AM; =0, +1;
st 6azuca |\S, Ly J, My):
AS =0, AL =0,+1, AJ =0,41, AM, =0,+1.

Iepexon L; = Ly = 0 3ampemgn.

Toamucano B medars 17.06.2025. @opmat 60x841 /6.

Yea. neq. 1. 0,75, Yu.-uzm. . 0,6. Tupax 60sk3. 3akas Ne .

DesepasibHOE TOCYAAPCTBEHHOE ABTOHOMHOE 06Pa30BaTEIbHOE YIPEXKIEHIEe
BBICIIEro 0Opa3oBanusi « MOCKOBCKU (DU3UKO-TEXHUIECKUNH UHCTUTYT
(HaMOHAJIBHBII UCCIIEI0BATEBCKUN YHUBEPCUTET)»

Tesr.: +7(495)408-58-22, e-mail: rio@mipt.ru

Otxen oneparusHoii nosmrpadun «Pusrex-nosurpad»>
141700, Mock. 06., r. Jonroupynssiit, MacruryTckuit mep., 9

ren.: +7(495)408-84-30, e-mail: polygraph@mipt.ru
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ITPOTPAMMA 1 SAJAHUNA

no mucuuninHe «KBaHToBast MexaHuka (4acTb 2)»

xagedpa meopemuveckot pusuru um. JI. /1. Jlanday

HanpasJjienue 1moaroroBkmu:
03.03.01 «IIpukgagHble MaTeMaTuKa u (pU3UKa»
IV kypc
7 cemecTp
IIporpammy u 3ajaHust COCTaBUIL:
o, K.d.-m.H. M. I". IBanos

1. Cmayuonapras meopus 603myweHus

IlepBoe u Bropoe mpub/IMKEHUST CTAIMOHAPHON TEOPUU BO3MYIIEHUIA.
Kpurepuit npumenumoctu. CrarmoHapHOe BO3MYIIEHUE BBIPOXKIEHHBIX
ypoBHeit juckperHoro cruekrpa. CekyispHoe ypasHenwe. lIpaBusbHbIe
BOJIHOBBIE (DYHKIMU HyseBoro npubsmkenus. dddexr [llrapka B aro-
Mme Bojopoa. Oyukius ['puna cranmonaproro ypasaenus [Ipéaunrepa u
TEOpUs BO3MYIIEHUIA JJIs HEIIPEPBIBHOTO CIIEKTPA.

2. Hecmauyuonapras meopus 803myuLeHuli

TIpencrasnenne B3anmMoseiicTBus. OnepaTop BOJIONUU B IIPEICTAB-
JIeHWH B3amMoielicTBusi. BepositHoCTh mepexoza. Ilepexomasr mox BausiHT-
€M BO3MYIIIECHUAD, jLeI’ICTByIOHIeI‘O B Te€YCHNE KOHCYHOI'O BpEMEHU. Hepexo,nbl
1I0/T BJIMAHUEM IIEPUOAUIECCKOI'0O BOSMYIIIEHUA B COCTOAHUSA JIMCKPETHOTO U
HenpepbIBHOTO criekTpa. “3osioroe npasuio”’ Pepmu. [lepexombr mom Bin-
SAHUEM ITOCTOAHHOI'O BO3MYIICHUI. AJ];I/Ia6aTI/IquKI/Ie 1 BHE3AIIHbIC BO3MY-
mernsi. KBasnucrammoHnapHbIe COCTOSTHUS.

3. Caootcenue MOMEHMOB UMNYABLCA
Caoxenne momentoB. Koaddurmentor Kiebma—Topnana. Croxenue
CIIUHOB %, TPUILIETHBIE W CHHIJIETHBIE COCTOSHUSI.

4. Bapsod 60 sHEWHEM INEKMPOMAZHUMHOM TLONE

Vpasuenne Keitna—Poka—lopaona. ¥Ypasuenne lupaka myst cBoOOI-
HOI gacTuibl. [II0OTHOCTH BEPOSITHOCTH U ITOTOKA BEPOSITHOCTHU JIJIsl JTUPa-
KOBCKOI1 yactunbl. CIIMH ¥ TOJIHBIT MOMEHT KoJmdecTBa jpuzxkenus. Co-
CTOSTHHSI C TIOJIOXKUTEIHHBIMU U OTPUIATEIHHBIMI SHEPIUSIMUA. Y pABHEHHUE
Jlupaka Jjist 3apsizKeHHON 9aCTHUIIBI B 3JIEKTPOMATHUTHOM IToJie. [ paieHT-
Has MHBAPUAHTHOCTH ypaBHenus Jlupaka. Ypasuenue Ilaynu. CobcrBen-
HBIIi MArHUTHBI MOMEHT 3j1eKTpoHa. CIIHH-OpOUTAIBHOE B3ANMOJIEHCTBHE.
JIBrrKeHre 3apsIZKEHHOW YaCTUIbI B TIOCTOSTHHOM U OJTHOPOJIHOM MAarHUT-
HOM TI0JIe, ypoBHU JlaHmay.



5. ToorcdecmeerHbie wacmuubt

IlepecranoBounast ciMMeTPHsI CHCTEMbBI TOXK/IECTBEHHBIX JaCTUIl. Bo-
30HbI U (epmuonbl. derepmunant Cisrepa. Ilpunamun Iaymu. Pazmere-
HIe KOOPJWHATHON M CIIMHOBOI 9acTell BOJHOBOI (DYHKIINN CHUCTEMBI TOXK-
JecTBeHHbIX JacTull. CBs3b CHMMETPUU KOODIMHATHON YaCTU BOJIHOBOIA
GbYHKIUU CACTEMBI C TIOJHBIM CITTHOM.

6. Amom 2eaus
Arowm resus. Ilapa- u oprococrosinus. Ob6MeHHOE B3aUMOIEHCTBHE.

7. Caootcroili amom

BapuanuoHHBI TIPUHITAI, BBIYUCIEHHE SHEPTUU OCHOBHOI'O COCTOSI-
nus. [Ipubsmmkenne MEeHTPAIBHOTO MMOJIA. DJIEKTPOHHAS KOHMUIYpAIIHSL.
V4aéT 0CTATOTHOrO MEXKIJIEKTPOHHOTO B3ammoeiicrBus. Tepmer. [Ipasumia
Xynuna. Toukas crpykrypa yposreit. [Ipasuio nnrepsasos Jlanme. Ciaox-
HBII aTOM BO BHeITHeM MarHUTHOM mouie. DddekTtor 3eemana u Ilamena—
Baxka.

8. Teopus pacceanus

ITocranoBka 3ajaun paccestausi. Onruyeckasi Teopema. YIIpyroe pac-
cesinne. AMnTyia u cedenue paccestansi. Pyuknus I'puna 3a1a9u pacce-
suns. VnTerpasnbioe ypaBHenue 3a1a4u paccestuud. IIpubnnzkenne Bopna.
Kpurepun npumennmoctn 60pHoBCKOro npubimzkenus. Meros napnuaib-
npix BosiH. Pazpl paccesnusi. Boiparkenne aMILINTy/Ibl PACCEsTHUs Uepe3
da3er paccesinus. Paccesiine Me/[JIeHHBIX YacTHUIl, JUIMHA paccesinus. Pac-
cestHre OBICTPBIX YaCTHIl. Paccesinme TOXK/1eCTBEHHBIX dacTull. Pe3zonarc-
HO€e paccesiHue.

9. Ocroswvt meopuu u3AYyveHua

KsanroBanne CBO60,ZLHOI‘O QJICKTPOMAarduTHOI'O IIOJIA. TaMuiabronnan
U COCTOAHUA IIOJIA. BepOHTHOCTI) TIOTJIOIICHUSA W U3JTYICHUA. SJIEKTpI/I‘Ie-
CKO€ OUIIOJIbHOE HU3JIy4YeHUe. HpaBHJIa 0T60pa JJIdd QJIEKTPUYIECKOIro Iu-
IIOJIBHOT'O U3JIyYeHUd. MaruuTHoe JUIIOJIbHOE N 3JIEKTPUYECKOe KBaJpy-
IIOJIbHOE U3JIy4YCHUI. Paccesnne (i)OTOHOB.

10. Mampuua naomHocmu u meopus udmepeHuts

YHuctble u cMmemanubie cocTosinns. MaTtpuna mioraoctu. JacTuaHbIi
cien. CpejHee 110 CMEIIAHHOMY COCTOSIHUIO. BpemMeHHAsT 9BOJIONMS MaT-
PHUIBI IJIOTHOCTU 3aMKHYTO# cucreMmbl. CeJIeKTUBHBIC U HECEJIEKTUBHBIE
un3mepennsi. HepaBencrBo Besa u ero mapymenne. KBautoBbiit adpdexT
3enona.

P — KuHeMaTH4IeCKuii UMILYJIbC (MV B HEPEJISITUBUCTCKOM CJIydae),
P = —ihV — 0600IEHHBI (KAaHOHUIECKUIT) UMILYJIBC.

CJy0>KHbBIE aTOM
Tepm

25+1LJ, manpumep °P3 osmauaer S =2, L=1, J=3.

7151 cI0’KHOTO aToMa SHEPTUsl JIEKTPOHA JIydIlle HyMePYIOTCS CyM-
moit N =n+1=mn, + 20+ 1. llpu paBaom 3unauenun N = n + [ MEHbIIYIO
SHEPIHUIO NMEET COCTOsIHUE C MEHBIINM 7. (DTUM 00bsCHSIETCsI IePHOJIYe-
CKUii 32KOH.)

J1j1st HaXOXKJIEHUST OCHOBHOT'O COCTOSTHMUSI:

IIpasuia Xymnma:

(1) upu 3a7aHHOl 3IEKTPOHHON KOH(MUIYPALUK MAKCUMU3UPyeM S,
(2) norom upu 3asaHHOM S MakucumMusupyeMm L.

IIpasuno Jlauzge (uHorpa 3-e npasmiio XyHJIA): €Ciiu 3aI0JHEHO [0

HOJIUBUHBL 000/1049KN, TO J = |L — S|, nnage J = L + S.

Teopust paccesinus
. eikr
P(r = 00) = e + Tf(easﬁ)-
do =|f(6,)|* d2
Awmriuinrya paccesHus B G0PHOBCKOM IIPUOJINKEHUN:

m

—W V(I‘) efiqr d3r,

f Bopn (07 QO) =
q=k —k, k'=|k|(sinfcosp,sinfsinp,cosf)
YeaoBus IPUMEHUMOCTH GOPHOBCKOTO IPUO/IAKEHHSL:

2o\ 1 R
ka S 1: V(i) < 1; ka>1: —V(*) < 1.

2ma? ka 2ma?

3aecs V' — xapaKTepHbI IOTEHINAJ, ¢ — XapaKTePHOE PACCTOSIHIUE.
Onrudeckasi TeopeMa (CBsI3bIBAET IIOJIHOE CEYEHUE BCEX MIPOIECCOB C
AMIIIUTY/I0/ yIIPYTOro paccesHus BIEPET):

4
Otot = % Im f(O)
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IIpencraBiienne B3anmMoieiicTBus

L Hot ~ ot

H(t)=Hy+V(t), Uplt)=eT T, Ay(t) = Ul(t)An(t)Uo(t).

Uy (t) = U (1) Yu(t) = UF (1) U(t) ¥(0), iR
N——
Usa(t)
HecTanmnonapHasi Teopusi BO3MYIIIEeHU (Hemef/’I nopﬂgox)

t
UWD(ttg) =1 %/VB(tl)dtl.
to
Holi) = Eyli), Holf) = Eflf), (Ho+V(t=+00))lfr) = (Es+3Es)|fr).
wyi = 4(Ey — Bi).

Jpe mocranoBkm 3ama4m: (2) BOSMYIIEHHE BKJIFOYMIOCH W BHIKJIKOTHIOCH,
HafiTu BEPOSITHOCTH I1epexojia Mex 1y cocrosinusiMu |i) u | f), (6) Bo3mye-
HU€e BKJIIOUWIOCH B OCTAJIOCH BKJIIOUEHHBIM, HAITH BEPOSTHOCTD IIEPEXOA
MeZKJly COCTOSTHUSIMU |4) u |f1).

+o0 2
1 o (4 gy OV (E .
pgc? = hwif, / elwrit to)% dty| f # 1 (oba ciayuas).

3osoroe npasuio Pepmu (BEpOATHOCTD IEPEXOA B €JIUHUILY BPEMEHH
B HEIPEPBIBHBIA CIEKTD) (&) JJIs HOCTOSIHHOIO BO3MYyIIieHust V'

2m
dwfi = %‘szﬁ 5(Ef - El) dl/f
(6) st neprommaeckoro Bosmymenns V (t) = Fe~iwt 4 [T glwt
2w 9 2m 9
dwfi = % |Ff1| 6(Ef - F; — fw) dl/f + E |Flf| 5(Ef —F; + ﬁw) dl/f.

3aps/1 BO BHEITHEM 3JIeKTPOMATHUTHOM TOJie

Jl06aBuTh MOTEHTIHAIBHYIO SHEPTHI0 B CKAJIAPHOM MOTeHIHage 1
YJUTHHATD UMITYIThCBI:

Hy — Hy+qp(t,r), p—oP=P+ gA(t, r).
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2-e uz., nepepab. u jgor.Mocksa : MITHMO, 2023.

. Tepros A. 1. OCHOBBI PeJIATUBUCTCKON KBAHTOBOI MeXaHWMKH : |ydueGHOe

noco6ue| / A. W1. Tepuos. - Mocksa : MITHMO, 2024.

. A.J'IJII/I.J'IyeB C. I1. KanToBast Teopud CJIO2KHOI'O aTOMa U KBaHTOBasi T€OpUA

n3iydenus : y4e6. nocobue ;s By3os / C. II. Asmnyes ; M-Bo Bbici. u
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YITPAZKHEHU A

1. Pazjiokure B psij] 110 CTEIEHSM A\ OIIEPATOD G= (A — )\B)_

2. Haiigure pynxumo ['puna cBOGOLHON 4aCTUIBI B OAHOMEPHOM CJLyvae.
Ucnonb3yst 9Ty (ByHKIMIO, HAfiiUTe SHEPIUIO CBSI3AHHOIO COCTOSHHS a-
crunpt B norenmmarte V(x) = —(h2eeq/m)é(z).

3. Haiinure permenus ypasuenus: /lupaka 1isi CBOOOIHOIO 9JIEKTPOHA.

4. Ilokakure, uTo ypaBHeHUe /[npaka MHBApHAHTHO OTHOCHTEIHHO Ka-
JTHOPOBOYHOTO ITpeoOpa30BaHNUsT JIEKTPOMATHUTHOTO oIt Kak mpu aToMm
peodpa3yeTcss BOJTHOBasT PyHKIUA !

5. Bemeaure popMysIy s IJIOTHOCTH TOKA BEPOSITHOCTH SJIEKTPOHA B
MArHUTHOM IIOJIE.

6. Borancimre cpeune snadenus oneparopos (18), (Ij) u (j8) B cocrosmm
|l7 S .j7 mj>'

7. Ucrnonpsyst MOHMZKAIONMIt ONEpaTop S_, moctpoiiTe COBCTBEHHDIE
d)yHKLLPII/I OLepaTopos S2 u S JBYX GO30HOB CO CHOUHAMHU S] = Sp = 1
(S_SI+S27 S_=81_+ 8 )-

8. BBI‘II/ICJ'[I/ITe CJ'Ie,[LyIOH_[I/Ie Ma.TpI/I‘{HbIe JIEeMEHTbI JJIA aToMa BO,/:LOpO;La:
(2pl#|1s),  (2plg[ls), (2p|Z|1s).
Kakwne npasmia orbopa oHI OIpenessior?

9. To 2Ke, HO JJId MaTPUYHbIX 3JIEMEHTOB

(2plp=|1s),  (2plpylls), (2p|p-|1s).

10. ,HOKEL}KI/ITQ CIIPaBeJINBOCTE KOMMYTAIIMOHHOI'O COOTHOIIECHUA
[IZQ, [122, d(,H =2 (IZ%ZQ + Liafﬁ) —4 (ﬁ,&) Lo,

rje do, (v = 1,2,3) — cocTaBiIsIolye onepaTopa JUI0JILHOIO MOMEHTa, ATO0-
Ma, a L — onieparop nosiHoro opburansaoro momenta (A = 1). Mcnous3ys

IIpapuso kBanTOBaHUsT Bopa—3oMmMmepdenbaa

b
NE,) = jgp(x) de =2 /p(a:) dx = 2wh(n + €),
n=0,1,2,..., V(a)=V(b) = E,.

€ 3aBUCHT OT IIOBEJICHUS HOTeHL[I/IaJ'[a BOJI3M TOIEK TOBOPOTa @ 1 b. OObIT-
HO (HOTeHIMAaI paCTeT IJTABHO) € = 3, 6ECKOHEYHOBBICOKAs CTEHKA C OJIHOt
CTPOHBI — € = 47 6eCK0HeqHOBHCOKI/Ie CTEHKH C 00enx CTpoH — € = 1.
I'(E,) — dazosas wiomans. AT =T'(E,4+1) — I'(E,) = 27h.
TIpoHNIIAEMOCTH [OTEHIUAIBHOIO bapbepa (BEPOsiTHOCTD TYHHEIHPO-
BaHusi, popmyna lamosa)

2
D = exp ~% / |p(z)|dx | < 1 — BHyTpH Gapbepa p(x) MHEMOE!

CranoHapHasi TeOpusi BO3MYHIEHUMN
H=Hotel, B =060, o) =

Hipp = Entp, - (070 = 0.
o =00 + e+ P 1, €=l 4 eED 42D 4

z/)m)\vww
— &

)

ED = (O, ER) = OV uP) = z‘

m#n

0) 0
(1) (0) 1/Jm \VW) >

m#n

1151 BBIPOXKJIEHHOTO CIIEKTPa HYKHBI NPAGUALHBLE GONHOGHIE PYHKUUL HY-
£1e6020 npubaudicenuss Gpnp (Vy, HaJO MATOHAJIN30BATS ).

Hoyl) = €00, P ZW v V= BVE,.

=WV, 68 =3 el
i
det (V) — £})8:5) =0, > Vi - 8083 enn; =0

P
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Cdepuieckne rapMOHUKU
|l,m;) B KOOpJIMHATHOM LpEJICTaBIeHUN: Y, (0, ) = (0, o|l, m;) (ba-
30Bble MHOXKUTEJH BBIOPaHBI coriacHo Kypey Jlanmay u Jludmmia)

<l/7 TrL“l’ 77Ll> = /)/}ng (07 99) }fl,ml (97 90) ‘dQ, =i 5m§m, :
sin 6 dO dp

1 N .3 i
Y()O(a,@):ﬁ7 Yio(0, ) =iy/ 1 cost, Y1.1(0,¢) = Fi S—ﬂ_smé’ei‘p

5 15 .
Yoo = \/ﬂ(lf?)coszﬁ), Yo 11 :iq/gcosﬂ sin § e*'¥,
/15 :
Y27:t2 = — % Sin2 [% Cj:?up.

ATom Bogopoza

h? . 1 me* 1 €2 Ry

= 05204, & =——"° -~ ° _ W

9B = e 0,529 4, & 2n2 K2 2n2 ag n2
Ry=13,6 B, n=1,23,..., I=0,1,...n—1, my= —1,...,+l
—_——

2141 3HauyeHune

¢nlmz (7", 97 90) = Yzmz (6> 90) Rnl (T)

VpoBHU SHEPrUM BBIPOKJEHBI 10 [, my, ms (ms = :I:%) C y4I€TOM CIIUHA
KPATHOCTD BLIPOKICHHUS — 2n°.
Pajmanbrble BosHOBbIe dDyHKIUN (06e3pasMepeHHbIe)

1 1
Rig=2¢"", Ry =—=e"?(1-%), Ry =_——c """

V2 2 2v/6

BykBennsre obo3nadenust /st OpOUTAIHLHOIO MOMEHTA [:

0=s, 1=p, 2=d, 3=f, 4=g, nanee no andasury.

KBasukisaccuka
p(z) = £/2m(E — V(x)) — KBa3uKIACCUYECKUI UMILYJIbC, HE onepaTop!
Kpurepnit mprMeHIMOCTH: ‘% = %‘;l <1, Xz) = p(r;).
KBasukiaccudeckast BoJHOBas (DyHKIUS:
. x . x
c i c_ i
P(x) = —*t _exp ﬁ/p(xl)dml + ——exp fﬁ/p(xl)d:vl
p(x) p(z)
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9TO COOTHOIIIEHNE, BLIBEIUTE IPABUIIA 0TOOPA IO OPOUTAILHOMY MOMEHTY
JJ1l TATIONIBHBIX IIEPEXO/IOB B aTOME.

SAIIAYN

1.© BosMmyméHHbIH ocmLIaTop. CHonb3ys CTAIHOHAPHYIO TEOPUIO
BO3MYIIEHN{l, HAliIUTe IONPABKNA K YPOBHSIM SHEPIUU JIMHEITHOIO rapMo-
HUYECKOT'0 OCHIMJIJIITOPA 0] JeHCTBUEM CJIEYIONUX BO3MYIIEHII:

(a) V=a#, (©6)V=A# () V=5Bz'

2. Heroueunoe sapo. Haiinure cMerienne ypoBHsI SHEPIUU OCHOBHOT'O
COCTOSIHUSI aTOMa BOJIOPOJA, ODYCJIOBJIEHHOE KOHEYHBIM PA3MEPOM SIJIPA.
IIpumure, uro spo npesncrasisier cobOil PABHOMEPHO 3aPSKEHHBIN 110
obbeMy map pajuyca rg.

3.€ IonspusyeMocTb BOIOPOAA. BLIYHCINTE 3ICKTPHICCKYIO O/ IAPU-
3yeMOCThb aTOMa BOJIOPOJIa B OCHOBHOM COCTOSIHUU.

4.© DddexT IItapka. ccieyiite paciieIieHie B OIHOPOIHOM S/I€K-
TPUIECKOM IIOJIC YPOBHA dHEPIUU aTOMa BOJOPOJa C I'NIABHBIM KBaAHTOBBIM
quciom n = 2 (acbdexr Hlrapka). Kak 3aBucur Heprusi pacielieHust
OT BeJMIMHBI 10Jis? Halijinre npaBujibHbIe BOJHOBbIE (DYHKIUU HYJIEBOI'O
IPUOJIMIKEHISA.

5. Bo30y>K1enue npu [S-pacnage. B pesysbrare [S-pacmaja siapa aTo-
Ma TpuTHs 06pasyercs: nos SHeT . BoraucinTe BEpOSTHOCTH TOIO, UTO TOT
UOH OKaxkercsi: (&) B OCHOBHOM cocrosiHuH; (6) Ha 1epBoM BO30YKIEHHOM
ypoBHe. KakoBO OTHOIIIEHNE ITUX BEPOSITHOCTEN?

6. Hecranmonapuoe Bo3myienme. Haiiure BeposiTHOCTH Iepexoa
MEXKJTy COCTOSHUSMHU JIMCKPETHOT'O CHEKTPA MO AefICTBIEM BO3MYIIEHUN:

(a) V(t) = Voe t'/7° (6) V(t) = % <1 + %arctg ;) .

7.€ (He)nepeceyenue ypoBHeii. YpOBHE 3HEPIUM HEBO3MYIICHHOMN CH-
CTEMBI 3aBHUCST OT IIapaMerpa A U [IPU HEKOTOPOM 3HAYEHUHU A /IBA YPOB-
HSl 9HEPIUU II€PECEKAITCH: Eio)()\o) = Eéo)()\o). B HavasbHBIT MOMEHT
BPEMEHH CHCTEMa HAXOJMUTCS HA [EPBOM YPOBHE B COCTOSHUM 1/J§0), Ompe-
JIeJIATE BEPOSITHOCTD HANTH CHCTEMY B COCTOSHUM 1/150) B MOMEHT BPEMEHH
t, €C/TH HA CHCTEMY HAKIAIBIBACTCS MOCTOSHHOE BO3MYIIEHHE V, IpHIeM



V11 = VQQ = O, HO V12 = V2*1 7é 0.

8.C TIpeneccus cimHa B MUPKYJIAPHO MOJAPU3OBAHHOM moJe. Ha
MIOOH, MOKOSIIIUICS B OJJHOPOJIHOM MarHuTHoM mosie B || z, magaer nup-
KyJISIDHO TIOJISIPM30BaHHOEe pajanodactotHoe mose b(t) L B. Haiiaure 3a-
BUCHMOCTb OT BPEMEHHU CIMHOBOH dbyHKImn |x(¢)) 1 noaspusamum MooOHa
P(t) = (x(t)|6]x(t)), ectu B nHauanbubiii Moment |x(0)) = [+).

9.* ®a3za Beppu. Ilokosmuiics MIOOH nomMereH B MarautHoe mose B(t),
Me€JIJIEHHO TIPENeCCUPYIoNiee BOKPYT OCHA 2, COCTABJsAS C HEil MOCTOSHHBIN
yron §. Hafiure 3aBHCHMOCTH OT BpeMeHH CIMHOBOH dyHKImu |x(t)) un
nosgpusain P (t) MiooHa, ecim B HAYAIbHBI MOMEHT BPEMEHH €ro COCTO-
auue |x(0)) onpesensieTcs MOIOKATETLHON IPOEKIMeEll ClIMHA Ha HALPAB-
Jienne MarauTHoro nojis. Ilokaxure, uro P(t) ciemyer 3a HanpassieHueMm
MaruuTHOro moJjis. [Tokaxkure, 9To 3a OJUH MOJIHBIA 000POT BEKTOPA Mar-
HUTHOTO IT0JIs CIIMHOBAast (PYHKIMs pruobpeTaeT paszy, MpOoropIHoHAIbHY IO
TEJIECHOMY YLy, KOTODBIit oxBarbiBaeT BekTop B(t) (dbasa Beppn).

10. Yposuu Jlanpay. VccienyiiTe cranmonapible COCTOSTHUST GECCIMHO-
BOM 9aCTHIIBI C 3aPSIOM € U MacCOil M B IOCTOSIHHOM U OJIHOPOJHOM Mar-
uHutHOM nosie B. Haiinure yposuu suepruun (yposru Jlannay) u KparHocTn
UX BBIPOXKJICHUS, CUUTAs, ITO JBUKEHNE YACTUIIHI OIPAHUYIEHO OOJIBIINM
oobemom V. Pemure 3a/1a4dy B JEKaApPTOBBIX U IUIMHIPUIECKUX KOODIIH-
HaTax.

11.© CaepxTonkoe paciiemnenue. Haiiinre BeIHIuHy CBEPXTOHKOTO
PACIIeIJIeHnsT OCHOBHOI'O COCTOSIHUSI ATOMa BOJOpPO/ia. Boraucsinre aimHy
BOJIHBI M3JIYYEHNS, UCILYCKAIOIEr0Cs IIPU IIePeXo/ie MeXK/Ty PacCIIelIeHHbI-
MU IIOTYPOBHSIMI.

12.* Toukoe pacieniienue. Haiinre BesimanHy TOHKOTO PACIIECILIEHUS
COCTOSTHUST aTOMa BOIOPOJIA C TJIABHBIM KBAHTOBBIM UHCJIOM 7. 1 OPOUTAIIB-
HBIM KBaHTOBBIM dYHCJIOM [. BbIpazure BeIWUMHYy 3TOTO paCIIEIIeHUs B
ATOMHBIX eIUHHIAX dHepruu. Hapucyiite cxemy pacIeieHHbIX yPOBHEI
cn=3.

13.€ ToxknecrBennble yactunpl. Hajinure YPOBHHU SHEPT'UU U BOJTHOBBIE
bYHKIUU CTAIMOHAPHBIX COCTOSHUN JIBYX HEB3AMMOJECHCTBYIONIUX TOXKIE-
CTBEHHBIX YACTHUIL B TIOTEHIIMAJIHLHOM SIIHAKE

0, O0<z<a,
oo, x<0, x>a,

V(z) = {

C€CJIN SDTUMHU dYaCTUIaAMHU ABJIAIOTCA: (a) (bepl\’[I/I—qaCTI/H_LbI CO CIIMHaMH
s = 1/2; (6) 6o3e-gacruupl co cumamun s = 0; (B) Goze-uacTuupl co

[]avﬁﬁ] = iauﬁ"{.}"ﬂ [.}27.}u] = Oa [jmji] = i3i7 [j+737] = 2.}z7

32|]7m]>:.7(.7+1)|.75m]>7 3z|jamj>:mj|j7mj>a
.j:()a%a17%727"'7 m]:_]v_.]+177+.]7
~
2j+1 3Ha4yeHue

—

st opburanbHoro momenrta (st ) j Becerma resnoe u obosHadaercs [,
JUIsl CIIMHOBOT'O 9acTO (3JIEKTPOHBI, IPOTOHBI, HEATPOHBI, HEATPUHO U JIP.)
j= % u 0003HAYAETCS S.

Jelimi) = VG +m+1)(G —m)[j,m; + 1),

J(G+1)—m;(m;+1)

J-lgmi) = V(G —m+1)(G+m)|j,m; — 1).
Vi(G+1)—m;(m;—1)

1
2

(01 (0 —i /10
2=\10) %= \(i o) %2=\o0 -1 )"

S0 = %O’a, 0a0pg = iéag +ieapyoy.

w=lh=( 5 ) =m=1n x-=13 . -p=(

Chouu

OpbOurajbHbIii MOMEHT

N o o . 0 0
I,=—i—, [l =et(+= +ictgh—
18@7 + e ( 89+1Cg 890)’

r— 4 = sinf— +

10,0 1 (10 01
T r29r Or 12 \sinf 06 09 sin?00p2% )"

A9¢=—l2
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. .0 0 . 0 .0
lp = —i fsmgpﬁfctg@cosgo% y ly=-i cosgo%fctgﬁsmgo% ,



KoopaunarHoe u MMITyJIbCHOE IIP€E/ICTABJIEHUS

B() = 20 V() Pat(®) = —ma%azp(m,

¥(F) = m%zp(m, P ¥(B) = pa B(F),
Y, (F) = (i) = 8(7 = 70), ¥, (D) = (PlPo) = 8(7 — Do),

i(7,p)

V() = @np2 :ii\\@/: (pIr)~,

- 1?) '(T’ ﬁ)

() = (A1) = / G VO () = 1) = [ e v d'

»,,

V(P) — dypbe-06pas (7)), MoKHO GbLI0 661 0603HAUNTE U (), HO DU3NKI
CUUTAIOT, YTO apryMeHTa P JOCTATOYHO.

(Dl) = (Blo)" /¢ (7)o F)d?”—/aﬁ ) v () &

TapMoHUYecKUil OCIUIISITOD

~2 2.2 ~2 2
- p mwx P mw x fia g
=1 - (7 ——):fwb*b 1),
2m 2 th(,u+ h 2 ( +2)
—— N———
P2 Q2
2 2
. P . —iP .. .
R S el N A T

H |n) =&,|n), (ni|n2) = dnin,, &L:hw(n—f—%), n=0,1,2,...,
-

bln) = vnln —1), bT|n) = Vn+ 1n+ 1),
b*bln) = nln), bb*|n) = (n+1)[n),  [0) =[¢) #0
MomeHTBI nMIryJjbca

=1, + = %[?x Pl, 8o — ctmH (Marpunpt (2s + 1) X (25 + 1))

CJJ>

7 :3‘5+3‘§+3§ =J e+ 32+ 0s Ji=Jatijy =L,
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cuugaMn § = 1. Yemy paBHa B KaxKIOM M3 9THUX CJIyYa€B SHEPIHUs OCHOB-
Horo cocrostaust N dactui! OnpeaesnTe KpATHOCTU OJHOYACTAIHBIX
YPOBHEN U BCEX MOJIyYeHHBIX ypPOBHel sHepruu.

14. BapualinuoHHbIN MeTO/ JJisi BOAOPOAA. Bhraucinre SHEPTHio oc-
HOBHOT'O COCTOSTHHsI aTOMa, BOJOPO/Ia U3 BapUAIMOHHOIO IpuHIUIa. B Ka-
qecTBe MPOOHDBIX (DYHKIUI BOZLMHUTE:

(a) ¥(r) = (ma®) "'/ exp(—r/a);

(6) ¥(r) = (m0%) 3" exp(—r2/20°).

Ornpenenure napameTpsl a u b.

15." BapuanmuoHHBIIT MeTo/, A4 rejms. Haiiure, moas3ysach Bapua-
[IMOHHBIM METOJIOM, SHEPIUI0 OCHOBHOI'O COCTOSTHUS T'€JINEIIOI00HOI0 aTOMa
¢ 3apsiyioM sijpa Z. B kadecTBe mpobHOI (DyHKITUN BOZBMUTE:

(a) 9(ry, 72) ~ e 1T,

(6) w(rly,rQ) ~ 0T —Bra 4 67[37’17(17’2.

B ciayugae (6) BOCIOIB3yHTECH YUCIEHHON TIPOIEY POt MUHUMU3AIUN CPE]I-
HEro 3HAYEHUs] FaMUJIBTOHUAHA 110 mapaMerpaMm « u (. Vcnoab3ys mosry-
YeHHble Pe3YJIbTAThI, YCTAHOBUTE, CYIIECTBYET JI CTAOUJIbHBIN MOH BOJIO-
poma H™

16. ITpaBuna Xyuga. Ilosb3ysich npasnmamu XyHaa, onpeieanTe 3Ha-
YeHnsl KBAHTOBBIX uncest L, S n J B OCHOBHBIX COCTOSTHUSIX CJIEJLYIOMINX
aromos: (a) xpemuus, (6) docdopa, (B) cepsl, (r) Bamaaus, (1) Kobaabra,
(e) mepusi. st coyuaes “a”, “6” m “B” Haiigure Bce TepMbl. 3almrmure

CIHHEKTPOCKOIINYIECKNE CUMBOJIBI I1I0JIYY€HHBIX COCTOSTHHUA.

17.© Cuapr Ban-nep-Baanbsca. lcnonn3yst BTOpOH HOPSIIOK CTAIMO-
HAPHOI Teopuu BO3MYIIEHUI, ONpPeJIesInTe, KaK 3aBUCUT SHEPIHsT B3AMMO-
JIEHCTBUST OT paccTosiHust R MexKty:

(a) aTomom 1 moroM (~ 1/R*);

(6) mByms atomamm (~ 1/RS).

18.€ Ddbdexr 3eemana. JKenTolii 1y6IeT HATPHS COOTBETCTBYET OITH-
decknM nepexogam 2Py — 257 5 m 2Py 5 — 25 /5. Uccnenyiire pacimen-
JIEHHEe 5TOro Jay0Jsera B ¢jaboM M CHJIBHOM MArHUTHBIX 1oyisix. CpaBHUTE
[OJIyYEeHHbIE KAPTUHBI PACIIEIJIEHUsT JIMHUHA HATPHUS C PACIIEIJIeHUsIME
CHHTJICTHON JIMHUM KaJIMHIs, OTBedaomeit nepexoxy ' D — 1P,

19. Paccessnne kak Bo3mymieHue. C 1momomnipo “30/0TOro mnpasuia’
@Depmu nosryante hopmyity i AuddepeHIuaIbHOTO CEYeHusl YIPyTroro
paccesiHis B OOPHOBCKOM IPHUOJIMYKEHNN.

20. BopHoBckoe paccestHue. Haiiyinre B OGOPHOBCKOM INPUOJIIKEHIN



;md)(bepeHuHaanme U IIOJIHBIC CEHYCHHUA PACCEeAHNA JaCTUIbI B IIOJIAX!:

aer Vo, r<a,

B ciryuae (a) nokazkure, 9o B nipegene » — 0 quddepennuansaoe ceve-
HUe IPUHUMAET BUJ Pe3epP@OPIOBCKOTO CEUEHUs PACCETHNs 3apsKEeHHOMN
YACTHUIBI HA OTTAJKUBAIOIIEM KYJIOHOBCKOM IEHTDPE. SAIUIIATEe KPUTEPHH
IIPUMEHUMOCTH OOPHOBCKOT'O NPUOJIMXKEHUS JIJIsT PACCMATPUBAEMBIX CJIy-
qaeB.

21. Paccesinue mensieHHbIx yactull Ha cdepe. Haiinure nosnnoe cewe-
HU€ DACCEsIHUSI MEUIEHHBIX YaCTUIl Ha CHEPUICCKU-CUMMETPUIHOMN Mpsi-
MOYTOJIbHON HMOTEHIUAJIBHON siMe U CHEPHICCKU-CUMMETPUIHOM IIPSAMO-
YTOJIBHOM TIOTEHITHAJIBLHOM Oapbepe. B ciaydae Gapwepa mcciemyiite mpe-
JIeJIbHBIN coIy4ail HerporunaeMoii cepsr. B ciay4aae siMbl onipesenute, npu
KaKNX COOTHOIIEHUAX MexK 1y riryounoit Uy u pagnycom R siMbl mosiHoe ce-
JeHWe HAMHOTO TIPEBBINIACT TeoMeTpruHdecKoe 3Hadenne mR? (pesoHaHCcHOE
paccesiHue) u, Haobopot, obpaiaercs B HOIb (addexr Pamzayspa).

22.* Paccesinue ObICTPBIX dYacTull Ha cdepe. Haitaure mosHoe ce-
veHue paccesiHusi ObicTpbIX vactul (ka > 1) Ha Hemponunaemoit cdepe
paguyca a. O6cyauTe XapakTep 3aBUCUMOCTH OT yIiia paccesnus 6 nudde-
PEHIUAJIBHOIO CeYeHUsI YIIPYTOro paccesiHust. BoCHob3yHTech YHCIEHHOM
IIPOIIELy POil JIJIsl YCTAHOBJIEHUsT 3aBUCUMOCTH (ba3 paccesiHusi §; OT opou-
TaJgbHOrO MoMeHTa | misa ka = 10.

23.C Paccesinme TOXKAECTBEHHBIX YACTHIL. BoIpasure muddepenmu-
aJbHOE CEYCHUE PACCesTHNUS:

(a) a-uacTun Ha Q-vacTHIAX,

(6) mpoTOHOB Ha IPOTOHAX

Yepe3 aMIUINTYJLY PacCestHus JBYX TOUEYHDLIX 3aPsKEeHHBIX YACTHUIL JPYT
Ha JIpyTe.

24. Pacnan 8Be*. Mozxer /i pacHacTbCs Ha IBE (-UaCTHILI HOCTAOUIb-
HOe A1po SBe*, HAXOIAIIEECS B COCTOSHUE C IIOTHBIM YITIOBBIM MOMCHTOM
J =17

25. Dddexkr Meccbayspa. Onpejenure BEpPOSTHOCTH IIPOIECCA, IIPU
KOTOPOM $IJIPO, CBSI3aHHOE TAPMOHUYIECKIM IIOTEHIINAJIOM, OCTAHETCH B OC-
HOBHOM COCTOSIHUH IIOCJI€ MCITyCKAHUsI Y-KBAHTA.

26.C Cnonrannoe msiydenue. Haiimure yriosoe pacmpenesenue ¢o-
TOHOB, U3JIyYalOIIUXCsl B 1iepexojie |2p) — |1s) aToma Bomoposa, u BpeMst

JKU3HU |2p) cocrosiHusi. Beipasure 310 BpeMsl B aTOMHBIX €J[MHUIIAX Bpe-
MEeHH.

27. HeitiTpoH B MarHuTHOM moJie. HefAiTpoH HaXoauTCst B OJHOPOIHOM
maruutHOM nosie By || z. Oupenesure BpeMst KHU3HU COCTOSIHHSI C IIPO-
exiuelil crvHa Ha Hanpasienue nojst mg = +1/2. Hoaydure uuciennoe
3HadeHne BpeMenu xus3Hu it By = 1 xl'c. KakoBa monspuzamnus uzimy-
9aeMoro (pOTOHa B 3aBHCHUMOCTH OT HAITPABJIEHUSI BHLIETA!

28. ®oroadpdekT. Haitnure cegenne dporoadpdekra Ha aTroMe BOLOPOIA
oJ1 JIECTBUEM ILJIOCKOH MOHOXPOMATHYECKON BOJIHBI C 9aCTOTON w Jist
ciaydas hw > I, tie I — norenruan nonusaruu aroma. CpaBHUTE Pe3yiib-
TaThl BEIYUC/IEHUN TIPU KJIACCUYECKOM M KBAHTOBOM OIUCAHUSX [AJIAIOMIEH
3JIEKTPOMATHUTHON BOJIHBI.

IIpumepnbiit cpok craun nepsoro 3aganus: 19.10 — 24.10.2026 roza.
IIpumepnbiit cpok crauan Broporo 3aganns: 14.12 — 19.12.2026 rozxa.

CIIPABOYHBII MATEPUAJI
O6mue cBegeHust
[Za,P8] = ZaDp — PpTa = iMdap — B mobOM mpexncrasieHnn!
h=1,055-10"3* Jxx - ¢ =1,055-10"%7 apr- ¢
VYpasuenue [Ipénunrepa (obumit ciyqait!):

9 X X
ihaw = Hvy — Bpemennde, H = 1) — cranmonapHoe.

OHepaTop 9BOJIIOIIUHN (,H.HH raMu/JbTOHHAaHa HE 3aBUCAIIECIO OT BpeMeHI/I)I

o

-~ t

Uyg=e7", Ulib(to)) = [v(to + ).

A 22
Tunuanaeii ramuasronnan: H = £ + V(F) = A4 V(7).

2m 2m
Fal\II/IJ'H)TOHI/IaH JJIsd 9aCTUILBI B 9JICKTPOMAarHUTHOM I10JI€:

 (P—1A(7 1)
= 3( ))+qﬂﬁw
m
P = —ihg—F — 0606mEHHbL HMITyIBC, P = P— %g(ﬁ t) — KHHeMaTHIeCKuii

UMILYJIbC (COOTBETCTBYET MU).
Dremenrapubii 3apas: e = 1,6 - 10719 K = 4,8 - 10710 ex.CTC.

Maccsl s1eKTpoHa, IPOTOHA, HEATPOHA (11,1, B ATOMHBIX AIpax JPYIUe):

me = 511 xaB, m, = 938,3 MsB, m, = 939,6 MsB.



