Masa 11. JINHeNHbIN rapMOHNYECKUN OCLUINATOP

JIMHEMHBIM TapMOHHNYCCKHUM OCHUJUIATOPOM HA3BIBACTCA CUCTEMA, MMOTCHIHAIbHASA SHCPIUa KOTOpOﬁ
KBaJpaTUYHO 3aBUCUT OT KOOPAUHATHI:
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mo’x’
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3mech m — Macca 9acTHIIBL, a (0 — COOCTBEHHAs JacToTa ociuniaTopa. Ha puc. 11.1 3aBucumocts (1)
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Puc. 11,1, [NoTEHUMANEHAR IHEPTHA
NUHENHOM CCUMNNATORE.

mo0pakeHa rpapuyecku. KpuBas U(x) cBoell KpyTH3HOW M OSCKOHEYHO OOJBIION BBHICOTOW HATIOMHHAET
MOTEHIMAIBbHYIO sMy. Hmke MBI yBUAMM, 4YTO JUHEWHBIH OCHMIUIATOp, AEHCTBUTENBHO, MPOSBISIET
HEKOTOpBIE CBOMCTBAa YacTHIBI B OECKOHEYHO BBICOKOH MOTeHUMadbHOM siMe. Hampumep, oH umeer
0EeCKOHEYHOE 4YHCIIO IUCKPETHBIX ypoBHEH. Ho B OTiaMuYMEe OT OTBECHBIX CTEHOK $IMBI, ITOTEHIIHMAN
OCHMJUIATOpA pacTéT IJIaBHO, U, KaK CIIEACTBHE, MOSBISIETCS HEKOTOpasi BEPOATHOCTh OOHAPYKHUTh YaCTHILY
JOCTaTOYHO JaJIeK0 OT Havaja KoopAwHaT. IlmaBHas ¢opma MOTEHIHMajda MO3BOJSIET OCUHWILIATOPY HpH
onpenes€HHBIX YCIOBUSX IPOSBUTH CBOMCTBA KJIACCHMYECKOH (HE KBaHTOBOH) uacTuubl. JiIst 3TOTO
JIOCTaTOYHO, YTOOBI JUIMHA BOJIHBI Jie Bpoiins Oblla MEHbIIE XapaKTePHBIX Pa3MepoB OONACTH M3MEHEHUS
noreHnuana. B ciydae HOTEeHUMANbHOH sMBI, JHOO TOTCHUUATBHOTO Oaphepa, Takas BO3MOXKHOCTH
MOJTHOCTBIO HCKIIOYEHA, TaK KaK TaM IOTEHIMaJl MEHSeTcs CKaukoM B oxHoi Touke. [lepeiiném x
KOJINUECTBEHHOMY PEILICHHUIO 33/1a4H.
Hanumem ognomepHoe ypasHenue Llpenunrepa ¢ noreHnansHoi sHepruei (1):
dv 2m mo’x’

~+—| E——7—|v=0.
dx h 2
VY Hero HeT ecTECTBEHHBIX IPAaHMYHBIX YCIOBUH. JIUCKpETHBIE YPOBHH SHEPIUHU MOIYYalOTCs KaK CIEICTBUE
OTPAaHUYEHHOCTH BOJIHOBOW (DYHKITHH.

[Ipeobpaszyem ypaBHeHHE (2): BMECTO KOOPIUHATHI X BBEIEM Oe3pa3MepHBIN apryMeHT
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1 BMeCTO E — Oe3pasMepHy0 SHEPTHIO OCIIUILISTOpa
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Jlerko yOenuthcsi, 4yTO OOpaTHas BEIMYMHA MOJKOPSHHOTO BbIpakeHWs B (3) paBHa NPOU3BEICHUIO
KOMIITOHOBCKO# JUIMHBI BOJIHBI 371eKTpoHa A (1.3.1) 1 sumHsI BonHbl X = A/(27) =¢/®, COOTBETCTBYIOIIEH

coOcTBeHHOH vacToTe ocumiuitopa. C NpUHATEIME 0003HaYeHUsIMHU ypaBHeHHe Lllpenunrepa mpuHUMaeT
BUJ:

5 y'+(e-y)y=0.

3nech mrpuxamMu 00o3HaueHo AuddepeHIpoBaHre 0 KOOpIUHATE ).



KBanTOBBIC CBOMCTBA OCHIIIIATOPA HMEIOT MHOTOYHCIICHHBIC TIPIIIOKCHHS B aTOMHOM (hm3uke. Hike
MBI PaCcCMOTPUM JIBa U3 HHUX: BJIIMAHUEC HYJCBBIX KoeOaHui QJICKTPOMAroHMTHOTO BaKyyMa Ha (bYHKHI/IIO
[1naHka U CBA3aHHBINA C HUMH T3MOOBCKHUI CIBUT METAaCTA0OMIBHOTO YPOBHS aTOMa BOJIOPOJIA.

11.1 PeweHue e0/1IHOB020 ypasHeHUSs

YpaBuenue (5) pemaeM METOJOM Pa3ioKEHUS B P C MPEABAPUTEILHEIM BEIICICHUEM MHOXKHTEIIS,
OBICTPO YOBIBAIOIIET0 Ha OOJBINIMX PACCTOSHUAX OT Hayaja koopauHaT. O0O03HAYMM IMOCPEICTBOM Vo,

BOJIHOBYIO Q)YHKLII/IIO npu OOJIBIIKMX 3HAYCHUIX apryMEcHTa: y > €. Eir COOTBCTCTBYECT aCUMIITOTHYCCKAA

dbopma ypasuenus llpenuarepa
1.yl -y'y,=0.

2 o
Muoxutens Y~ mnepex (GYHKUMEH NOSBIACTCS NpU IBYKpaTHOM An((EepeHIMPOBAHUH 3KCIIOHEHTHI
2

eXp _y_ , d HMMCHHO!
2
d’ y? 2 y’
—| €X _ = _1 X - .
| TP T2 (v ~1)exp| —3

B 06acT GOMBIINX 3HAYCHHIT apryMeHTa MOXKHO HpeHeOpeys eNHHIIEH 10 CPABHEHHMIO C ) B MHOXKHTENE

2
(y - 1) . CJ'IG,I[OBEITCJ'IBHO, paccMarpuBaceMasd  OKCIIOHCHTa  MOXKET  CIIYXKHUTb ACUMIITOTUYCCKUM

HpI/I6J'H/I)KeHI/ICM TOYHOTO PCHICHUS:
2

y
=exp| ——
Ve p >

Pemenne ypaBuenus (5) npu NPOU3BOJIBHBIX 3HAUCHHUAX apryMEHTa OyAeM HCKaTh B BUIE
2

(12)  y=/f(»)-exp _%

CornacHo (5), hbyHKIMS f{V) YIOBIETBOPSIET ypaBHEHUIO

(13) "2y +(e~1)f=0.

Hmewm pemenue B Bue psna:

(14)  f=> 4"

JBaxap! mpoandhepeHIIpyeM HCKOMYIO (YHKITHIO

fr — ZVAV)/V_I,

v

£ =Yvv=nAp

[loncraBuB atu pasnoxenus B (1.3), momydunM OECKOHEYHYIO IEeNb JHWHEHHBIX ypaBHEHWH s
KO3 GUITMEHTOB pas3ioKeHUs Ay

Dv(v-DA4,y" =D (2v+1-g)4,y" =0.



CO6CpGM CTCIICHU C OAMHAKOBBIMHU IIOKA3aTCIIsIMHA, JJId 4€ro MHACKC HGpBOﬁ CYMMBI YBCJINYUBACM Ha ABA:

D v+ D(v+2)4,, - (Rv+1-8)4,]y* =0.

v

CyMMa TOXJIECTBEHHO paBHa HYJIO, KOTJla Mcue3aeT Kaxablii koddduuument mpu y'. OTciofa BbITeKaeT
PEKYypPEHTHOE COOTHOIIEHHE I KO3 PHUIMEHTOB pasioxeHus (1.4):

(1.5) A, _ 2v+i-eg '
A (v+D(v+2)

3amaB 4o U A, MBI mony4YuM Bce KO3(PHUIMEHTH A4,, COOTBETCTBEHHO, C YETHBIMH U C HEYETHBIMU
HoMepamu. DopManbHOE pPelleHUE 3a/1a4u MOIYUYEeHO.
Tenepp mMOKaXeM, YTO YCIOBHIO OTPAHHMYCHHOCTH BOJHOBOW (DYHKITMHM YIOBIETBOPSIET TOJIBKO

KOHCYHad CyMMa, HO HC OCCKOHEUHBIH pAA. Hﬂﬂ OTOTr0 IIOKa>XeM, 4YTO pPAn, KOB(I)(bI/ILII/ICHTLI KOTOpOTO
2

MOYUHSIOTCS yenoBuio (1.5), pactér OpicTpee, yeM eXp y? . Paznmoxxum sxcnionenty B psan Teitnopa:

2 2 \H

Y 1y 1 v v
1_6 —_— = —_— — = _—_— = l? .
(1.6)  exp| EH 115 E(V/Z)!.zmy EV VY

v=2u

3,[[60]: V IPpUHUMACT TOJIBKO y€THEIC 3HAYEeHUS. MBI BBEIIH 0003HAYCHUE

1
B =—s.
Y (v/2)r2”

OTtHolIeHne
B,, (v2p2? 1 1 1
= V2 A =
B, (v/2+1)!-2 2 X+1 v+2

mpu OOJNBININX 3HAUEHUSX V cTpeMuTces K 1/v. B To ke Bpems u3 (1.5) cnenyer:

A 2
A, %

Teneps sicHo, uTo (DyHKIMS, onuckiBagMasi cooTHorneHueM (1.5), pactér OwicTpee, uem 3kcroneHnta (1.6).
CnenoBatensHo, npou3BeneHue (1.4) mpu OONBIIMX 3HAYCHUSAX apryMEHTa HEOTPAHMYCHHO BO3PACTacT.
[TosTOoMy (pr3mdecKuii CMBICT UMEET TONbKO Takoe permeHue (1.3), B koropoM cymma (1.4) comep kuT JIAITH
KOHEYHOE YHCIIO CIIaraeMbIX.

[MokaxkeM, kak TpeOOBaHME KOHEYHOCTH YHMCIIA CIaraeMbIX IPUBOJUT K JTUCKPETHOMY CIECKTpPY
ypoBHel ocipuistopa. I1ycTh n — HOMep mocnenHero wieHa paaa (1.4), He paBHOTO HYIIO:

A #0, 4,.,=0.

U3 (1.5) BeITEKaeT CBA3D MEXKIY BETUIMHOIN SHEPTETHUECKOTO YPOBHS M €70 HOMEPOM:



(1.7) e=2n+1.

Wtak, MBI CHOBa MONYYHIN TUCKPETHBIE YPOBHH dHeprur. KaxkloMy YpOBHIO C HOMEPOM 71 COOTBETCTBYET
POBHO OJTHAa BOJTHOBAs (DyHKITHIS:

2

(1.8)  y,=f,-exp _y? ’
rme

(1.8a) |, = i Ay,

v=0(1)

npuu€M HWKHUW TIpeleN paBeH HYJO NMPU YETHOM # U CIUHUIIC — IMPU HEYETHOM. YPOBHU SHEPTHUH,
cornacHO (4) u (1.7), IpUHUMAIOT AUCKPETHBIN s/ 3HAUCHUI:

(1.9) E,1=h(o(n+%), n=0,1,2,....

O6paTI/IM BHHMAaHHEC Ha TO, YTO HAMMCHBIICC U3 BO3MOKHBIX 3HA4YCHHUH OHEPTHHU, paBHOC

(1.10)  E, :%"’,

OTJIMYHO OT HyJISl. DTO COCTOSHUE COOTBETCTBYET TAK HA3BIBAEMBIM HYJIE8bIM KOJLEOAHUAM.
PexyppentHoe cootHomenue (1.5) ¢ yaérom (1.7) mpuauMaeT BUL

G 20v-n)

AP T (v+D)(v+2)’

(1.11)

OHO MO3BOJISIET BOCCTAHOBUTH BCE KOAIPPHUIMEHTH cyMMbI (1.8a) ¢ TOYHOCTBIO 10 OOIIEr0 MHOXHTEIS;
MTOCJICTHUN MOXET OBITh HAWICH W3 YCIOBHS HOPMUPOBKH BoJHOBOW (yHKIMHU (1.8). [Tockombky V <1, TO
cymma (1.8a) — 3HakonepemenHas. OyHKIMSA f, sBIsSETCS YETHOM MpH YETHBIX 3HAUCHHAX e€ HoMepa i,
Heu€THOM — mpu HeuéTHhIX #. OHa NMPONOPLHMOHATbHA M3BECTHBIM B MaTeMaTHKE MOJMHOMaM ODpMHTA
H,(y). BeimuiieMm 11 cripaBKu HOPMUPOBAHHYIO BOJIHOBYIO (DYHKIIMIO COCTOSHHS OCLIMJUIATOPA C HOMEPOM
n:

-1/2
. nh 2
1L12) w0 =|2"nl " | H,(y)-exp| —2-
mo 2

[IpuBeném HECKOIBKO MEPBBIX MTOJTMHOMOB JPMUTA:

H(»)=1, H/(y)=2y, H,(y)=4y"-2,
H3(y):8y3—12y, H4(y):16y4—48y2+12.

B ob6mem ciydae



d" 2
H,(5)= (1)’ -exp(yz)'—exczg 7)

HCCJ’ICI[yeM TMOJIYYC€HHOC PCUICHUC.

11.2 Ceolicmea K8aHMOB020 ocuyuJsisIsmMopa

JIuHEHHBIA OCHWIIIATOP HMMEET SKBUAMCTAHTHYIO CUCTEMY YPOBHEW: pPa3HOCTb SHEPIHHA ABYX
COCETHUX YPOBHEH IMOCTOSIHHA M paBHa /(). IMEHHO TaKoif KBaHT SHEPIHHU M3Tyd4aeTCsl MM MOTIIOMASTCSI
MpHU TIepexojie MeXy coceTHUMH ypoBHsiMH. Ha puc.11.2.1 cneBa nmpuBeaeHs! rpaguku BOTHOBOW (yHKIIUU
IUIsl TPEX MEepBBIX 3HAUeHHH 7. [10 TOpU30HTAIBHON OCH OTIIOKEHBI 3HAUECHHsI Oe3pa3MepHOr0 apryMeHTa .
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Puc.11.2.1, BonHossie (yHKUMK (CNEBa) M BEPOATHOCT: OOHARYKEHNA (CNPaBa) NMHERHOM 0 CUMNNATORa,
[lapabonma w300pakaeT TNOTEHIHMAIbHYIO (YHKIHWIO, a TOPU3OHTAJbHBIE TMIpsIMblE — 3HAYEHHUS

SHEepreTHYecKux ypoBHeH. s yzoOcTBa BOCHPUSTHSA BOJHOBbIE (D)YHKIHH CIBHUHYTHI IO BEPTHKAIBHON
OCH.

BonHoBbIe (pyHKIMM JHHEHHOTO OCHMJUIATOPA W PACCMOTPEHHOH BBIIIEC 3aJaddl O MPSIMOYTOJBHON
MOTEHIMAIBHOM SIME HMEIOT HEKOTOPBIE CXOJHBIE YePThl. BO—TIEPBBIX, y HUX OJMHAKOBO KOJUYECTBO Y3JIOB.
31eck MBI enié€ pa3 BCTpeuaeMcsl C MPOSIBIIEHUEM OCHMIIISIIHOHHON TEOpEMBI, yIIOMSHYTOH B I€BATOI riiaBe.
Tak, BomHOBas (QYHKIHUSI OCHOBHOTO COCTOSIHUSI Yo HE oOpalaercsi B HyJlb HA B OJJHOM TOYKe Ha TIPSMOH, a
rpaduku GYHKUMH W, U Y, MEPECEKAIOT TOPU30HTAIBHYIO OCTh, COOTBETCTBEHHO, OIUH M ABa pasa. s
OCTaJIbHBIX COCTOSIHUM MMEET MECTO TOT K€ CaMBId pe3ylbTaT. [IeHCTBUTENBHO, U3 TEOPUH CIIEIHAIBHBIX
(GYHKUMI W3BECTHO, YTO TOJMHOM JpMHUTA n-TO Topsiaka H, uMeeT pOBHO n KOpHEH. Bo—BTOpEHIX,
KBAaHTOBYIO YaCTHIy MOYKHO OOHApy>XUTb M B 00JacTH, 3alpelIEHHON Ui IBMXKEHHUS B KJIACCHYECKOMN
MeXaHHKe, YTO WILTIOCTpUpYeT rpaduk Ha puc.11.2.1 cnpaga.

B cocrosHMAX ¢ CHIBHBIM BO30YXKICHHMEM KBAaHTOBBIM OCHHJUIATOP NpUoOpeTaeT CBOIcTBa
Kiaccudeckor yactunbl. Ha puc. 11.2.2 cxematnuecku n300pak€H rpa ik BEPOSTHOCTH B



X

Fuc. 11.2.2. BepoaTHOCTE 0GHADYHESMA 0CUMANATOPE
NPW CUNBEHON BO3IEYHOIHWA,

npenene #n>>1. IIyHKTHpOM, Kak M BbIlIe, OTMEUCHA IIOTCHIHAIbHAS KPUBAas, a CHHUM I[BETOM —
BEPOSTHOCTh OOHapyxkeHus. @yHkuus W(x) ObICTpO ocMIUIHPYET, TpruuéM e€ orubaromas (oHa 0003HaYeHA
Ha PUCYHKE KPacHBIM L[BETOM) MOHOTOHHO PacTET OT LeHTpa K nepudeprn. Takol pocT UMeeT aHAJIOTHIO B
KJIaCCHYECKOW MEXaHMKE, KOTJla BEpOATHOCTh OOHAPY)KEHHs YacTHIBI HAa OTpe3Ke UIMHOM Ax 0oOpaTHO
IPOIIOPIHOHATIBHA €€ CKOPOCTH V:

a2
v

B Toukax IMOBOpPOTa CKOPOCTH O6paH.[aCTC$I B HYJIb, IIO3TOMY TaM JICT4€ BCEIO HaUTH qacTuly. B camom
AcJC, paCCMOTPUM ABHUKXCHUC YaCTHULIBI 110 3aKOHY

X =X,SInt.

Krnaccuueckyro BeposTHOCTh OOHApY>KEHHUS YaCTUIIBI Ha OTPE3KE OT X J10 X + dx OMpeAeTuM KaKk OTHOIICHHE
BPEMEHHU MIPOXOKICHUS OTPE3Ka

K IIOJIOBUHC IICPUOJa KoJIeOaHMIH:

AW =£d_'x=L
o X

BeposATHOCTE 3HAYMTENBFHO YBEIMYMBACTCA BOIM3M TOYEK IOBOpPOTa X = EX,. Jlng mocTatouno GoabmImx

3HAYEHUH 7 B amepTypy Hpubopa ¢ KOHEYHOH pa3pelaroleil CriocOOHOCTHIO IMONaAaeT MHOTO IopOoB,
MO3TOMY OCHWUISILIMKA BOJIHOBOM (YHKIMM B KJIACCHYECKOM Ipeaesne HezameTHbl. Ho 1 ocHOBHOrO
COCTOSIHMS KBAaHTOBas TEOpUS M KIACCHYECKas MEXaHHWKa JaloT MPUHLUIHAIBHO pPa3HbIe OTBETHI, YTO
wimoctpupyert puc.11.2.3. 3enénasd auHUA HA HEM



Prc.11.2.3. KeaHToBan v KNacCUYLckan BEPORATHOCTH
OCHOBHOMD COCTORHWA OCLMNNATOPE.

0003HavYaeT ypoBeHb HyJeBbIX kojeOanuii Ey u3 (1.10). Knaccuueckass BepOATHOCTh YBEIMYMBAETCS IO
Mepe MpUOIMKEHUST K TOUKE Xy, onpeaenseMoil ycnosueM U(xg) = Ej, HO HE MOXET MEpPEHTH depe3 3Ty
rpanuity. KBaHTOBasi Teopus IpelCcKa3blBaeT YMEHBLICHHE BEPOSTHOCTH NPH NPUOIMKEHUH K IpaHMUIE,
MpU4YEM YacTHIIa MOKET ObITh OOHapyKeHa B KJIACCHYECKH HETOCTYITHON 00JIaCTH X > Xj.

11.3. Hyneesblie konebaHus

B camoM HHU3KOM COCTOSIHUU OCIHHUJIIATOP UMCECT OTIIMYHYIO OT HYJIS SHCPruro (110), onpeaciIsaeMyro
€ro COOCTBEHHOM 4YacTOTOH. Hy.]'ICBLIe KoneOanus OCHUJIIIATOpa HMMCIOT YUCTO KBAHTOBYKO NpUPOAY U
HaXoIsT CBOE OOBSCHEHHWE B COOTHONICHMH HeompenenéHHocTed. [lomHas sHeprusi ocuuuisTopa paBHA

CyMMCE KUHETHYCCKON M IIOTCHIHAJIbHOM

2 2.2
G E=2  "OX
2m 2

Ecnm dwactuma nokann3oBaHa BHYTPH OOJacTH pa3MepoM X, TO, COTJIIacHO MpuHIMIY | aiizenOepra, eé
HUMITYJIBC HE MOXKCT GI)ITB MCHBIIC, YEM

n
Ap >—.

X

Takum o6pazom, repBoe crnaraemoe B (3.1) yMeHbIIaeTcs 0 Mepe YBEIIMYCHUS X, 2 BTOPOE — PACTET:

2 2.2
h mo x
3 + .
2mx 2

E ~

Ilonuas OHEPIrus Kak (l)YHKLII/ISI X UMCCT MUHUMYM B TOYKE

h
xX=,—),
ma@®
PpaBHBII
E . =ho.

HonyquHoe 3HAQYCHUC B JIBA pa3a OTIMYACTCA OT PE3yJjibTaTa TOYHOI'O pacqéTa. 10 HE YAUBUTCIIBHO, TaK
KaK IIpUHIUIT HeOHpeI[eJIéHOCTI/I HNMCCT XapaKTCP OLICHKHU I10 MOPAAKY BCIIMYHHBI. HpaBI/IJII)HOC BBIPAXKCHUC
JUIA SHEPTUU HYJICBBIX KoJIeOaHu MoJry4acTCd Ha OCHOBEC (I)OpMy'J'ILI, conepmameﬁ TOYHOC HEPABCHCTBO IJIA
,Z[I/ICI'IepCI/Iﬁ MOMCHTA U KOOPAWHATHI:

(2 ((@p))-((ax))= gz



dopMarsHO OHa BBIBOIWTCS CIEAyIOMMM oOpa3zoM. IlycTh cocTosiHME 4YacTHIBI OMUCHIBaeTCS (QyHKIHMEH
y(x), mpuuéM cpelHHE 3HAYCHUS WMITYJIbCa M KOOPAWHATHI I TPOCTOTHI BBIBOAA MPEIIONAraroTCs
paBHBEIMU HyJTt0. Hamumem oueBUIHOE HEPABEHCTBO

+00 2

(3.3) j

—00

dx >0,

dy
oxy + I
r7ie o, — JAeHCTBUTENbHAs IOCTOSHHASL. J[ajiee BBIYUCIMM TPH TOJIE3HBIX BHIPAKEHHS:
[ ol ax=((ax)"),
dy * dvy d |\|!|2 B 2,
J'( i \|/+x\|1*d jdx I i dx——j|\|l| dx=-1,

[ YLy ).

OHH TTO3BOJIIIOT IIPEe0Opa30BaTh JIEBYIO 9acTh (3.3) B KBaAPATUIHBIN IO O TPEXUIICH:
<(Ax)2> o —o +— <(Apx) )>0.

OTo0T TpéX‘IJ'IeH HE MCHACT 3HAKA HU IPU KaKUX 3HAUCHUAX O, €CJIM €ro JMCKPUMHWHAHT OTPULIATCIICH, 0o
PaBCH HYJIIO. OTCIOI[a BBITCKACT YCJIIOBUC

4-<(M)2>~%~<(Apx)2>21.

Jlerko BUIETH, 9TO OHO TOXKIECTBEHHO (3.2).

MNOTHOCTbL 3HEeprum HyneBbIX KonebGaHumn

IIpu BeIBOme dopmyner [lmanka (2.4.7) MBI TPENCTAaBHIN CHEKTPAIBHYIO IUIOTHOCTH JSHEPTUU
m3nyuenust U, d® kak TpOU3BEJACHUE YacCTOThI MOJ KojieObaHud dN, B eauHUIle 00bEMa HA CPEIHIOIO
SHEPIHI0 OCIMIUIATOpa <E>. BhIUMCIeHWE cpelHell 3Hepruu BBIMONHSIIOCH B paMKax rumote3sl [lmanka.
[Inank wucxomun W3 mpaBuia KBaHTOBaHWs ocuwuiitTopa (2.4.1) —(2.4.3), HE YUYMTHIBAIOMIETO HYJICBBIC
KoneOaHus ociusTopa. [[OBTOPUM BBIYMCICHHSI BTOPOW TJIABhI, 3aMEHUB B OIPEICICHUH CpEAHEH
sHeprum (2.4.4) BeIpakeHUe IS dHeprum ociunsaTopa E, (2.4.1) — (2.4.3) Ha BbIBeleHHOE B ATOH TIIaBe
npaBuiIo kBaHToBanwms (1.9):

i n+/ exp[ (n+/) }
(3.4) <E>=hp= .
Zexp[ n+/) }

fio
COKpaTI/IM YUCJIUTCIb U 3HAMCHATCJIb HA HOCTOHHHI)II/I MHOXHUTCJIb eXp (——

2T




[TepBas cymma B mpaBoit dactu (3.5) yxe Oblia BRIUHCIICHA B pazaenie 2.2.4 BTOPOW TJIaBBI, KOT/A IPHU
pacuére cpemHel sHeprun ocImuIiTopa u3 (2.4.4) mul nomyumnu (2.4.6). BeiHeceM 3a CKOOKH MHOXHUTEIb
A0 ¥ HamUIIIeM OKOHYATEIbHBIN pe3yJIbTaT:

1 1
—_l__
exp ho 2

T

(3.6) <E>=ho

Ero, koHEYHO, MOKHO OBLIIO TIPEIBUICTh: YCPEAHCHUE TIOCTOSHHOM BENUYUHBI /i, 100aBIsIEMON K DHEPTHU
(2.4.2), MOXeET maTh TOJBLKO caMy HO0aBKY.

VY4u€r HyJeBbIX KoneOaHWil NPUBOJUT K NEPEONpPEACTICHUIO YHCEN 3alloJIHEHHS 7, BMecTo (2.4.7)
TeTephb HaJo MUCaTh

(3.7) nm:;+l.
exp ho -1 2
T

[Moacrapisist cpemuioro dHepruio (3.6) U CHEKTPaIbHYIO IUIOTHOCTH YHcia ocnmwnIaTopoB (2.2.8) B (2.2.1),
IMOJIydYrMM HOBOC BBIPpAXKXCHUE MJIA IIJIOTHOCTH OJSHEPTHUU U3ITYUYCHUSA ‘IépHOFO TC€JlIa C y‘IéTOM HYJIEBBIX
KOJICOQHMIA:

2 3 2
38) Udo=2pp., tde 1 lodo,,
TC e ho 2 me
eXp 7 -1

[Tocnenuee cinaraeMoe B IpaBOH YacTH M €CTh INIOTHOCTH SHEPTHH HYJICBBIX KOJICOaHUN:

ho’do
3.9 U%dp=—"—
(3-9) ® 2nle?

HyneBbie konebaHus MMEIOT XaOTHUYECKWH XapakTep W IMO3TOMY HE JaloT BKJIaJa B BEKTOp YMOBa—
[To#taTuaTa. [TombiTKa TpOMHTETPUPOBATH hopMyITy (3.9) o BceMy AMaria3oHy 9acToT Ja€T pacX oIy OCs
BeNMUYHUHY. Takoro poma pacXOAMMOCTH YacTO BO3HUKAIOT B KBAHTOBOW AJIEKTPOIMHAMUKE, W MPEAIOKCHBI
pasiuyHBIe pelenThl WX YCTpaHeHHs. B Bompocax, paccMaTpwBaeMbIX B JaHHOM Yy4YeOHOM IOCOOHH,
MOJIO)KEHUE CcracaeT TO OOCTOATENhCTBO, YTO HYyJIEBhIE KOJNEOAaHWS TPOSBISIOTCA TOJNBKO BO
B3aMMOJEHUCTBUU C APYTUMH (PHU3NUEeCKUMU oOBekTaMu. [Ipu 3TOM Bcerga HaxoIWTCS CIOCO0 yCTpaHEHUs
pPacXxoauMOCTEH, MOCKOJIbKY HMHTEpBAN YacTOT, YYaCTBYIOIIMX BO B3aMMOACHCTBUHM, OTPAHUYMUBAETCS IIO
€CTECTBEHHBIM (PM3UYECKUM MpUYMHAM. J[anmee MBI YBUAMM, Kak 3TO JIENAeTCs MPH PEIIeHUH 3aladyd O
C/IBUTE aTOMHBIX YPOBHEH 1O/ BIUSHUEM HYJIEBBIX KOJIeOaHNH — B 3a/1a4e 0 IPMOOBCKOM CIIBUTE.
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