JEKITHA No21

YPABHEHUE HIPEJIUHI'EPA U EI'O PELIEHUA

BPEMEHHOE U CTAIIMOHAPHOE YPABHEHMS IIPEJIUHTEPA

B kBaHTOBOW MeXaHWKE BO3HHUKAET BaKHEHIas mpobieMa 00 OTHICKAHMH TaKOTO
ypaBHEHHUS, KOTOPOE SBUIIOCH ObI TEM XKE, UeM SIBISIOTCS ypaBHEHUs ABMXeHUs HproToHa ams
Kjaccuueckod MexaHukd. Kak wu3BecTHO, ypaBHeHHs HploTOHa MMO3BOJNSAIOT IS
MAaKpOCKOIIMYECKUX TEJI PEIaTh OCHOBHYK 3aJady MEXaHUKH — II0 3aJaHHBIM CHJaM,
NEHCTBYIOIMM Ha Teno (WM CUCTEMY Tell), W OIpPENEJICHHbBIM HayalbHbIM YCIOBUSAM
(HayaNbHBIM 3HAYEHUSM KOOPJIWHAT U CKOPOCTH Teja) HAUTU M1 TF000T0 MOMEHTa BpEMEHU
KOOpAMHATHI T€Ja U €ro CKOpOCTb, T. €. ONHMCaTh JBM)KEHHME Tejla B IPOCTPAHCTBE U BO
BpeMeHU. [Ipy mocTaHOBKE aHaJOTMYHOW 3aJayM B KBAHTOBOW MEXAHMKE HY)KHO Cpasy ke
y4eCTb, 4YTO JJII 4YacTUL MHKPOMHMpPA XapaKTepHa [BOWCTBEHHas IpUPOJA, KOTOpas
OTPaHUYMBAET BO3MOXHOCTh NPUMEHEHUS K TAKUM YaCTULAM KIJIACCUYECKUX MOHATHH O
KOOpPJIMHATE U CKOPOCTU (MJIU UMITyJIbCE). BeposITHOCTHOE (CTAaTUCTUUYECKOE) UCTOJIKOBAHKE
BOJIH /1€ bpOoiJIi U COOTHOILLIEHNSI HEOIIPEACICHHOCTEN YKA3bIBAOT, YTO YPABHEHHUE JIBUKCHMS
B KBAHTOBOIl MEXaHUKE JODKHO OBITh TaKUM, 4YTOOBI OHO TO3BOJIJIO OOBACHUTH
HaOI0JaeMble Ha OTBITE BOJIHOBBIE CBOMCTBA YacThll. [TOCKONMBKY MONOKEHWE YacTUIBI B
MPOCTPAHCTBE B JIAHHBIK MOMEHT BPEMEHH OIpPEIENsieTCs] B KBAHTOBOM MEXaHHUKE 3aJaHHEM
BOIHOBOW ¢yHkimu V¥ (x, y, z, t), TOYHEe BETUYMHOUN “P‘z, ONPEAEISIONIECH JINIIb
BEPOATHOCTh HAXOXKJIEHUS YacTHLBI B TOYKE X, ), Z B MOMEHT /, OCHOBHOE YpaBHEHHUE
KBAaHTOBOW MEXAaHHWKH JOHDKHO OBITH ypaBHEHHUEM OTHocuTenbHO (pynkuuu ¥V (x, y, z, t).
Hanee, 3T0 ypaBHEHHE [OJKHO OBITH BOJIHOBBIM YpaBHeHHWeM, OO W3 HEro JOJDKHEI
MOJIyYUTh CBOE OOBSICHEHHE IKCIEPUMEHTHI MO AU(PPAKIMK MUKPOUYACTHI], YKA3bIBAIOIIHE Ha
UX BOJIHOBYIO IIPUPOLY.

OcCHOBHOE ypaBHCHHE HEPEISATUBHCTCKOW KBAaHTOBOM MEXAaHHMKH OBLIO HaWIEHO B
1926 r. Opsunom llpeaunrepom. Kak u ypaBHeHus aBmxeHus HproToHa, jiexaliye B OCHOBE
KJIACCHYECKOM MEXaHMKM M TO3TOMY HE BbIBOAMMBIE, YypaBHeHue IlIpenunrepa
noctynupyercs. CrnpaBeyiuBocTh ypaBHeHus lIpennnrepa qoka3biBaeTCs T€M, YTO BBIBOJIBI
KBaHTOBOM MEXAHMKH, IIOJyYEHHBIE C IIOMOILBIO ITOI0 YPaBHEHHUS B aTOMHOM U sIEPHOMN
¢u3rKe, HaxOJATCS B XOpOLIEM corjiacuu ¢ omnblToM. YpaBHeHue lllpenunrepa umeer
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NOTCHIaJIbHAasA SHCprud 4YaCcTulbl B CHJIOBOM IoJIC, A€ dYactunua  JIBHXXCTCA,

2 2 2
A= aa >+ ;y >+ 86 5 omeparop Jlamtaca, W =Y (x, y, x, t) — nckomas BONHOBast PyHKIHS
X Z

YaCTHUIIBI; | Z\/—_l — MHHMMas ¢OUHHUILIA.

VYpaBuenne (21.1) cnpaBemymmBo il JTHO0OW YaCTHUIIBI, ABUKYIIEHUCS CO CKOPOCTHIO
v<<c (C — CKOpOCTh CBETa B BakyyMe). B pensTHBHCTCKOI 00JacTH MpU V =~ C ypaBHEHHUE
Hlpenunrepa 3ameHsieTcst 0Ooyiee CIOXKHBIM — PEISATUBUCTCKHM ypaBHeHHeM Jlupaka,
paccMOTpeHHe KOTOPOro BBIXOAWUT 3a paMKU Hamero kypca. YpasHenue Ilpeaunrepa
JIOTIOJTHSICTCS. BaXKHBIMU YCJIOBUSIMH, KOTOpPbIE HakiajpiBatoTcs Ha Qynkuuio ¥V (x, y, z, ¢).

OTUX yCIOBUHU TPHU:

\

1) dbynkus W nomxHa ObITh KOHEYHON, HETIPEPHIBHOM U OTHO3HAYHOM;

oY oY oY oY

2) npou3BOIHbIE ——,——,—— ,—— JOJDKHBI OBITh HEMIPEPHIBHBIL;
ox o0y 0z ot

3) dynkuus | Y \2 JOJIKHA OBITH UHTETPUpPYEMa, T. €. > (21.2)
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UHTeTrpa I j
o0

o
I|T|2dx dydz nomxeH ObITh KOHEYHBIM.
- J
B mpocreiimux ciydasx TpeTbe YCIOBHE CBOAMTCA K YCIOBUIO HOPMHPOBKHU
BeposiTHOCcTel. [lepBhie ABa M3 yKa3aHHBIX YCIIOBUM HE MPEACTABIIIOT COO0M 4ero-imbdo
0coOeHHOTO. DTO OOBIYHBIE TpeOOBaHMS, HaKIaJbIBaEMble Ha HCKOMOE pEIICHUE
mddepeHIHanbHOro ypaBHeHHs. TpeThe YCIOBHE OTHOCHTENBHO HHTerpupyemoctn |P|°
CBSI3aHO C T€M, 4TO (DM3MUECKUN CMBICT UMEET, KaK YK€ MOAUYEPKUBAIOCH, HE caMa (PYHKITUS
Y, a xkBagpar ee Moayms |‘P|2. Baxxnocts ycnouii (21.2) 3akimrogaercs B TOM, YTO, KaK MBI
YBUJIUM Jajibllie, ¢ MX TOMOILIbI0, He pemias ypaBHeHus lpeaunrepa, a yiuiib uccienys
BO3MOXKHBIE €r0 pEIIeHHs, MOXHO BBICKAa3aTh Psii OYEHb CYIIECTBEHHBIX 3aKIIOYEHUH 00

SHEPTUU HCCIeAYEeMOM YaCTHUIIbI U IPYTUX (PU3NUECKUX BEIMYMHAX, €€ XapaKTePU3YIOIIUX.

HIpenunarep npeutoxkui Bu GyHKIHUHA, yIOBIETBOPSIIOMUX ypaBHeHHO (21.1):
¥ (r,t)=F, D
(B

Y. (r,t)="Y e s

® - KpyroBasi 4acToTa, kK - BosiHOBOE uncio, E — 3Heprust 4acTuupl, p — €€ UMITYJIbC.
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VYpaHenue (21.1) yacto Ha3pIBalOT BpeMeHHbIM ypaBHenueMm lllpenmurepa, nbo
OHO COJIEP’KUT NPOU3BOJAHYIO OT (QyHKuuu V¥ mo BpemeHu. OgHako A OOJBIIOrO 4ucia
¢u3nyecKux SBIEHUH, MPOUCXOIAIMIMX B MUKPOMHUpE, HApUMEp AJI ONUCAHUS MOBEACHUS
JIEKTPOHA B aTOME, B DsJie CIy4yaeB BaXXHO YMETh HAaXOAUTh CTALMOHAPHBLIE PeLIeHHSs
ypaBHeHus lllpenunrepa, He copepxkamue BpeMeHM. J[1s1 pemieHust 3TOM 3ajadd HYXHO
NOJIyYUTh TaK Ha3blBAEMOE CTallMoHapHoe ypaBHeHue lllpeaunrepa, B KOTOPOM HCKIIIOUEHA
3aBucuMocTh W oT BpemeHu. OHO MMEET CMBICI I TeX 3a/ay, B KOTOPBIX MOTEHIMAIbHAs
sHeprus U He 3aBucut ot BpeMmenu: U = U (x, y, z). bynem uckats pemenue ypasuenus (21.1)
B BU/I€ IPOU3BEAEHUS IBYX (QYHKIHIA:
\P(X’ Y, Zat) = \V(X’ Y, Z) ’ (P(t)’ (213)
B KOTOPOM pasJelieHbl IMepeMEHHbIe: Y sBIseTcs (YHKIMEH TOJNBKO KOOpAMHAT, ¢ -
¢ynkueit Tonpko Bpemenu. [loxcrasnss (21.3) B (21.1) u npoussons nuddepennupoBanue,

MoJry4yaeM

n_ o n’
i ot 2m

Pa3ienum MpaBylo U JIEBYIO YaCTH yPAaBHEHMS HA IPOM3BEICHUE -@:
_'_A\V_U(Xa}cz):f'_'_- (214)
v i@

[TockonbKy J1eBas 4acTh YpaBHEHUS €CTh (YHKIMS TOJIBKO KOOPAMHAT, a MpaBas - (QyHKIHS
TOJILKO BpEMEHH, ypaBHeHUE (21.4) ynoBieTBopsieTcs NpU €IMHCTBEHHOM YCIOBHH - 00€

YaCTH PaBHBI MOCTOSTHHOM BenmmunHe. O003HauuM ee yepes (-W):

hloe_ y, (21.5)
1 @ ot
2
1
h—-—A\V -U(x,y,z) =—-W. (21.6)
2m vy

VYpaBuenue (21.6) 0ObIUHO 3aITUCHIBAIOT B hopMe

2
Awh—T(W—U)-\V:o (21.7)

U Ha3bIBAIOT cTanuoHapHbIM ypaBHenuem Llpeaunrepa. Paznocts (W — U) umeer cMbIch
KUHETUYECKON IHEPTUUN YaCTULBI, @ W — €€ 1OJIHON SHEPTUH.
VpaBuenune (21.7) sBnseTcs BaXXHEWIIUM COOTHOIIEHHWEM HEPEISTUBUCTCKON

KBAaHTOBOM MEXaHHKHM, WIPAIOIIUM OCHOBHYIO pOJb B aTOMHOM Qu3uke. DyHkuum W,
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yaoBieTBopsitomue ypaBHeHuto Illpeaunrepa mnpu gaHHOM 3HadeHUH U, Ha3BIBAIOTCS
coOCTBeHHBIMU (PYyHKIUSIMU. 3HaUeHUs W, IpU KOTOPBIX CYIIECTBYIOT PELIeHHs YpaBHEHUS
Mpenunrepa (21.7), Ha3bpIBalOTCS €OOCTBEHHBbIMHM 3HadYeHHsiMH. [IpuMepsl OThICKaHHS

COOCTBEHHBIX (YHKIMH U COOCTBEHHBIX 3HAUYeHUIl OyayT paccMOTpPEHBI B CIEIYIOLINX

naparpadax.

YacTuna B 0THOMEPHOH NPSIMOYT0JIbHON «ITOTEHUHAJIbHOH AMa» ¢ 0eCKOHEYHO

BBICOKHMMH «CTCHKaMM»

IIpoBenem KauecTBEHHBIM aHAJIU3 PelleHu ypaBHeHus Lllpenunrepa npruMeHUTEIBHO
K YacTHIIE B OJHOMEPHOI MPSIMOYTOJbHOM «IOTEHLUUATbHON sIME» ¢ OECKOHEYHO BBICOKUMU
«creHKamMu». Takas «siMa» OINUCBHIBAETCS MOTEHIHMAIBHON 3Heprue Buaa (sl MPOCTOTHI

IMPpUHHUMACM, YTO YaCTHULA ABUKETCA BAOJIb OCU X)

00, X <0,
U(x)=410,0<x </,

0, X >4,

rae ¢ — mupuHa «SIMbD», @ JHEPTUS OTCUNUTHIBAETCS OT ee nHa (puc. 21.1).

! ! Puc.21.1. IToTeHunanpHas ama.

U—w U=0 U—w

v

VpaBuenne Illpeaunrepa (21.7) nas CTalMOHApHBIX COCTOSIHMH B cliyyae

OI[HOMCpHOﬁ 3aa4M 3alIHUIIICTCA B BUIC
2
0 2m
VL (W -U)y=0. 21.8)
ox*  h?
X
ITo ycnoBuio 3amaun (OECKOHEYHO BBICOKHE «CTEHKH»), YacTHIA HE MPOHHKAET 3a
nNpeaciibl «AMBD», IIOITOMY BCPOATHOCTL €€ 06Hapy7KeHI/Iﬂ, a, CJIICOOBATCIbHO, U BOJIHOBAs
GYHKIHSA 3a MpeneinaMu «sIMbl» paBHa Hymo. Ha rpanumax «aMe» (mpu X = 0 u x = [)
HCTIPCPBIBHASA BOJIHOBAsA (I)YHKHI/IH TAaKXE IOJIKHA O6paH_IaTLCSI B HYIJIb. CHCHOB&TCHBHO,

TpaHUYHBIC YCJIOBUSA B JaHHOM CJIy4aC UMCIOT BUJ



y(0)=y(£)=0. (21.9)
B npenenax «sampl» (0<x</) ypaBaenue Lllpenunrepa (21.8) cBenercs kK ypaBHEHUIO
2
2
Zx‘f+h—TW\p=o = W=Eqy,=E
WIN
82
ax\!Jrsz:O’ (21.10)
212
e k2=2MEp K Q21.11)

O6mee pemenue auddepennuansaoro ypapaenus (21.10):
y(x)=Asinkx + Bcoskx.
Taxk kak 1o (21.9) y(0)=0, To B =0. Torna
y(x) = A-sin kx. (21.12)

Ycnosue (21.9) w(l) = A sin kl = 0 BeITIONTHSIETCS TONBKO TpH kI = n;, TAE N - eI YHUCIA, T.

€. He00XO0IMMO, YTOOBI

k=—. 21.13
; (21.13)
W3 Boipaxkenuit (21.11) u (21.13) cnenyer, uto
2,22
n"nh
= n=123,..), 21.14
S ( ) (21.14)

T. €. craniioHapHoe ypaBHenue llIpenunrepa, onuceIBaoIIee JIBHKEHUE YACTHUIIBI B «IIOTEH-
UAIBHON sMe» ¢ OECKOHEYHO BBICOKHMHU «CTEHKaMW», YJIOBJIETBOPSIETCS TOJBKO IPHU
COOCTBEHHBIX 3HAYeHMSX FE,, 3aBUCAIIUX OT Lenoro yucia x. CrnemoBarenbHO, dHEprus E,
YACTHIIBI B «IIOTEHIIUAIBHON siMe» C OECKOHEYHO BBHICOKMMH «CTEHKaMM» MPUHUMACT JIHIIb
omnpe/ejieHue IMCKPeTHbIE 3HAYeHNsl, T. €. KBaHTyeTcsi. KBaHTOBaHHBIE 3HAYEHUSI SHEPTUU
E, Ha3pIBalOTCS YPOBHSIMM JHEPIrHU a YHUCIO A, ONPEIENSIONIee SHEPreTUYecKre YPOBHH
YaCTHIIBI, HAa3bIBAECTCS IIABHBLIM KBAHTOBBIM 4HCJIOM. TakuMm 00pazoM, MHKpOYacTHIA B
IOTEHITMALHOM siMe» ¢ OECKOHEYHO BBICOKUMHU «CTEHKAMI» MOXKET HaXOJUTHCS TOIBKO Ha
OTIPENIETICHHOM YHEPreTUYECKOM YpOBHE FE,, WM, KaK TOBOPAT, YACTHUIIA HAXOIUTCA B KBaH-
TOBOM COCTOSIHHH 71.

[ToxcraBuB B (21.12) 3nauenue k u3 (21.13), Haiinem coOcTBeHHBIE QYHKINU:



v, (x)=A sin%x.

[TocTosiHHY0 MHTErpupoBaHus A HaWJEM U3 yCIOBHS HOPMHUPOBKH, KOTOPOE I JaHHOTO

ClIy4das 3alrMuicTCs B BUAC

Azjsinzﬂ-x‘dx=l.
5 !

B pesynbrare uMHTErpHUpoBaHUS MNOIYYUM A = \/% , @ COOCTBEHHbIE byHKIMM  OyayT
UMETh BUJL
2 . nm
v, (x)= Z-sm7-x (n=1,23,...). (21.15)

I'pa¢uku coOctBeHHBIX (yHKUMHA (21.15), COOTBETCTBYIOLIME YPOBHSAM JHEPIHU
(21.14) mpu n = 1, 2, 3, npuBenens! Ha puc. 21.2,a. Ha puc. 21.2,06 n3obpakeHa MmIOTHOCTh

BEPOSITHOCTH OOHAPYI)KEHHS YaCTHUIIBI HA PA3IMYHBIX PACCTOSHUSIX OT CTEHOK» SIMBI, paBHAsI
2 *
|\|In (x)| =y, (X)'ya(x)mma n = 1,2 u 3. U3 pucyHka cuexnyer, 4ro, Halmpumep, B

KBaHTOBOM COCTOSIHUU € N = 2 YaCTULIA HE MOXKET HAXOAUTHCS B CEPEAUHE «SIMbD»Y, B TO BPEMsI
KaK OJIMHAaKOBO YaCTO MOKET MpeObIBaTh B €€ JIEBOW W MpaBoil yacTax. Takoe moBeneHHE
YaCTUIIbl YKa3bIBAET HA TO, YTO NPEACTABICHHUS O TPACKTOPHSAX YACTHIBI B KBAaHTOBOWU

MECXAaHUKE HCCOCTOATCIIBbHBI.

a) ¥ (4] y dé A l#n (4] i7 Puc.21.2. HekoTopsie
£y N_" 3 £ J pPCUICHHS YpPaBHCHUSA
[lIpenunrepa.
£z 2 & 2
- -
x x

W3 Belpaxenus (21.14) BbITeKaeT, 4TO SHEPreTUUECKUH HMHTEpPBAT MEXIy IBYMs

COCEIHMMH YPOBHSIMH PaBEH

222 222
nh nh

E = 2n+1) = .
( ) 2m/?

n n+l ~ “n
2m/?

n. (21.16)
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Hanpumep, mis saektpoHa npu pasmepax simbl [ =10 Tum (cBOOOHBIE AJIEKTPOHBI B METAILIIE)
AE, =10 *°n x = 10 " 5B, 1. e. SHEPreTUYECKUE YPOBHU PACHOJIOKEHBI CTOJIb TECHO, YTO
CIEKTP MPAKTUYECKH MOXKHO CUMTATh HEMPEPHIBHBIM. Eciu e pa3Mepsl SMbl COU3MEPUMBI C
atomusivu (I =10 '° ), To st smextpona AE, = 10 'n Ik ~ 10°n 5B, T. e. moxydaiorcs
SBHO JTUCKPETHbIC 3HAUEHUS dHEpruu (JIuHeWuaTslil crektp). Takum obpazom, mpUMEHEHUE
ypaBaenus lllpenuHrepa K dYacTuile B «IOTCHIMAIBHOW sME» C OECKOHEYHO BBICOKUMU
«CTEHKaMW» MPUBOJUT K KBAHTOBAHHBIM 3HAYEHHUSM SHEPTUH, B TO BPEMS KaK KJIacCHUUYecKast
MeXaHMKa Ha SHEPTUI0 ATON YaCTUIbl HUKAKUX OTPaHUYEHUHN HE HAaKJIaJbIBAET.
Kpome Toro, KBaHTOBO-MEXaHHYECKOE PACCMOTPEHHE JAHHOM 3aJayu MPUBOAMUT K

BbBIBOAY, UYTO YacCTHULaA «B MOTCHIIUAILHOU sIME» C OECKOHEUYHO BBICOKMMHU «CTEHKAMI» HE

222
Hanuuue

MOXKET UMCTb SHCPIrHIO MCHBIIYIO, YEM MHWHUMAJIbHAA JHCPIruUs, paBHas 5 -
2m/
OTIIUYHOH OT HYJIA MHUHHUMAaIbEHOU OHEPIrUU HEC cnyqaﬁHo N BBITCKACT HN3 COOTHOIICHUA
HeonpeaeneHHocTel. HeonpeaeneHHOCTh KOOPAUHATHI AX YaCTHUIIBI B «sIME» IHUPUHON / paB-

Ha Ax = [. Torzaa, corinacHO COOTHOUIEHHUIO HEOIPENEICHHOCTEH, UMITYJIbC HE MOXKET UMETh
h
TOYHOE, B JAaHHOM CiIyd4ae HyJeBoe, 3HaueHue. HeompeneneHHocTh ummysnbca Ap zz

TakoMy pa3bpocy 3HA4YeHHl  HMIYyJbCca COOTBETCTBYET KHHETHYECKas  DHEPTHs

(Ap)* _ B’
Emin R = .
2m  2m/?

Bce ocranphbie ypoBHU (n>1) UMEIOT 3HEPTHUIO, MPEBBIIAIONIYIO 3TO

MHWHUMAJIBHOC 3HAUYCHUC.

2
Kpome Toro, eciu BCIIOMHHTB, YTO k:T - BOJIHOBOE YHWCJIO, TIpUYEM A - JJIMHA

BOJIHBI 1€ BpOfIJDI, TO MBI HOJIy‘II/IM yCJIOBI/IH yCTOfI‘-IHBOI‘O CYH_IGCTBOBaHI/ISI qaCcTulbl B
JAHHOM TIOTEHIIMAIBHOM AIIMKe 0e3 0OMeHa SHeprue

2T nw A
"o L=nZ
A L 2

Taxkum 006pa3om, 4acTHIa YCTOWYMBO CYILECTBYET, €CIIM 00pa3yeT CTOAUYIO BOJHY €
Bpoitns, T.e., eciin Ha JHE MOTEHLUAIBHOIO SIIIHKA YKJIAJbIBAETCS LIEJI0€ YNCIIO MOIYBOJH J1€
bporins.

U3 dpopmyn (21.16) u (21.14) cnenyet, uto npu OOJbLUIMX KBAHTOBBIX YUCIax (n>>1)

AE

n

2
B ~ —<<1, T. e. coceiHNE YPOBHU PACIIOJIOKEHBI TECHO: TEM TecHee, yeM Ooubliie n. Ecnu
n

n
n O4YCHb BCJIMKO, TO MOXXHO I'OBOPUTH O IPAKTHYCCKHU HGHpGpBIBHOfI IOCJIICAOBATCIBbHOCTHU

YpPOBHEH W XapakTepHas OCOOCHHOCTh KBAHTOBBIX IMPOIECCOB - TUCKPETHOCTh -
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CriIaKUBaeTcs. DTOT PE3YIIbTAT ABJIACTCA YaCTHBIM CJIydacM IMPUHIUIIA COOTBETCTBUA Bopa
(1923), cormacHo KOTOPOMY 3aKOHBI KBAHTOBOW MEXaHUKH JIOJDKHBI TTPH OOJIBIITNX 3HAYCHUSIX
KBAHTOBBIX YHCEI MEPEXOIUTh B 3aKOHBI KJIACCHUECKON (PUHKH.
bonee o0masi TpakTOBKA NMPUHIMIIA COOTBETCTBUSA, UMEIOUIETO OTPOMHYIO POJb B
COBpPEMEHHOW (DHU3MKe, 3aKIII0YAeTCs] B CIECAYIOIIEM: BCsSKas HoBas, Ooiyiee oOmiasi Teopwus,
SBJISAIONIASCS PA3BUTHUEM KIIACCMUECKOH, HE OTBEPraeT ee IMOJHOCTHIO, a BKJIKOYAeT B cels
KJIACCHMYECKYI0 TEOPHIO, YKa3bIBasi TPAHUIIBI €€ MPUMEHEHHs, IPUYEM B OMPEENICHHBIX Ipe-
JIeNBHBIX CIy4asx HOBas TEOpHUS MEpexXolsT B cTapyro. Tak, popMylibl KHHEMAaTUKH U WHA-
MUKHU CIIELMAIbHOW TEOPUHM OTHOCHUTEIBHOCTH MEPEXOMAAT MpU V<<C B (HOPMYJbl MEXaHUKU
Hprorona. Hampumep, xoTsa rumnore3a jae bpois mpunuchbiBaeT BOJHOBBIE CBOMCTBA BCEM
TelaM, HO B TeX CiIydYasX, KOrJa Mbl UMEEM [eJ0 C MaKPOCKOMMWYECKUMHU TeJaMH, HX
BOJIHOBBIMHM CBOMCTBAaMH MOXKHO IpEeHEOpedb, T. €. NPUMEHSTh KJIACCHUYECKYI0 MEXaHHKY

Hrrotona.

IIpoxo:xkaeHne YacTULbl CKBO3b MOTEHUNAJIbHBIH 0apbep. TyHHeIbHbIH 3P PekT

PaccmoTpuM nmpocreiimmii moTeHnuaabHblid 0apbep NPSIMOYToJIbHON (POPMBI BHICOTOM
U, (puc. 21.3) nna omHomepHOro (IO OCH X) JBMDKCHHS 4YacTUbI. J[sl mMOTeHIHMaaIbHOTO

Oapbepa npsMOyTroiabHON (GopMbI BRICOTHI U 1 3amucath

0,x<0 (mmst obmactu 1),
U(x)=49U,,0<x</ (mnsobnactu 2),
0,x>1 (mns obnactu 3).

E<U, Puc.21.3. IloreHnmaibHbIA  Oapbep.

[
»

0 l X

[Ipy maHHBIX YCIOBHUSX 3aJa4M KJIacCHYecKas 4acTHila, oOyamas sHeprueu E, nmmubdo
OecnpensaTCTBEHHO MpoiaeT Hax OapsepoM (mpu E> U,), mubo oTpasutcs oT Hero (mpu E<
U,) u Oynet nBuUratbcsi B 0OpaTHYIO CTOPOHY, T. €. OHa HE MOXET MPOHUKHYTh CKBO3b Oapbep.
Jlis MukpodacTHibl ke, naxe npu E>U,, uMeeTcs OTIMYHAs OT HYJS BEPOSTHOCThH, UTO
JacTHUIla OTpa3uTCs OT 6apbepa u OyneT ABUTAThCSA B 00OpaTHYO cTopony. [Ipu E<U, umeetcs
TaKXKe OTJIUYHAs OT HyJsl BEpPOSATHOCTh, YTO YaCTHIIA OKaXeTcs B obOmactu x>/ T. e.

IMPOHUKACT CKBO3b 6apbep. HOI[O6HBI€, Ka3aiaoChb 6I>I, napajgoKCaJIbHbIC BBIBOABI CICAYIOT
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HEMOCPEJCTBEHHO W3 pelieHus ypaBHeHus lllpenuHrepa, ONUCHIBAIOLIETO JBH)KCHUE

MHUKPOYACTHIIBI IPH YCIOBUSX JAaHHOW 3aa4H.

OI_ICHI/IM BCPOATHOCTD O6H3py>KeHI/I$I HYaCTULBl 3a NOMEeHUUalbHbiM 6ClDb€DOJ~l, 6

Cc80O0OHOM COCMOAHUIU. Z[J'IH OnmucCaHusg 4aCTHIbI B CBO6OI[HOM COCTOSAHHUUN NPUMCHACTCA Y -

(ynkuus Bua
y(x)=e'. .
Oyuknwust (21.17) nonyyaercst u3 ogHoMepHoi ¢pynkiuu [penquarepa
P(x,t)=A-e (@)

B KOTOPOM I MPOCTOTHI NMpUHATO A = 1 m t = 0, T.e. OTCYET BPEMEHU HAYMHAETCA OT

MOMEHTA, KOI/la YacTHULA NTPOHUKHET 3a Oapbep, KOHKPETHBIH MOMEHT BPEMEHH, KOI/la 3TO
< ikx
npousoiner, He BaxkeH. (Boobme w(x)=e" - mepuonuueckas (QyHKUUS, ypaBHEHHE

rapMOHHMYECKHX Kojiebanuit C = cos X - 1-sin X).
Torna

*
Y-V = w(X) — IIOTHOCTH BEPOSTHOCTH COOBITHS — HAXOXKJEHUS YACTHUIIBI B TAHHOM

WHTEpBaJe KOOPAUHAT X>/.

B kauecTBe KOHKPETHOI'0 IIpuMEpa pacCMOTPpHUM ABHIKCHHUC YaCTHUIbI Maccol m B

OTCYTCTBUC BHCIIHUX JICKTPUUCCKHUX TOJIeH.

Torna B hopmyne (21.17)

27 h 2nh 2nh
k=—,rme A\=2—=—-—-=——.
A mv mv p
B HepersATUBUCTCKOM ciaydae p =./2mEyg u Ex =W — U(x), rne Ex — kuneTnueckas

sHeprus yactuipl, U(X) — e€ moTeHIManbHasi SHEPTUs B TOUKE ¢ KOOpAUHATOM x, W — monHas

SHEPTHd YaCTHUIIBI.

Torna

2 k =2—n=%\/2m(W—U(x)). (21.18)

A = .
J2m(W - U(x)) ’ A

Beenem Ttenepr B Belpakenue (21.18) Bmecro U(X) koHkpeTHoe 3HaueHue U, —
BbIcOTY Oapbepa. [lockoneky U, > E, 1o pasnocts (E — U,) orpunarensHa, 4ToObI MOKHO

OBLIO OIICPHUPOBATH C paAUKAIIOM, npeo6p33yeM BBIPAXXCHHUC JIA k, BBIHOCA HU3-II0J paauKalia

BeIMUMHY V—1 =1,
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k=—.,2m(U, - W).
n

Torna V¥ - gynkus (21.17) npuoOperaeT Buj
i~ix« 2m(U,-W)
Px)=e T Zexp —%JZm(UO W) | (21.19)

[TockonbKy MHUMAas €IMHULIA 1 UcUe3Na, To ¥ - He nepuoduueckas QyHKUus.

YroObl OMpeAeanTh IUIOTHOCTh BEPOSTHOCTH W(x>/) OOHApyXEHUs YacCTHIBI B
o * *
obmactu (x>[) HeoOxoammo Haiitu w(x) = YW, rne ¥ - compsbkeHHas QyHkuus 6e3

o . * -1 .
MHHMOi acTh, T.. W - Ge3 Hed. Jlo/mkHO Gbu10 651 ObiTh ¥ = ¢, oTOpachkIBas 1, MoJry4aem

X
* _ ——/2m(U,-W)
Yi=e™=et .

Toraa NMIOTHOCTH BEPOSTHOCTU OOHAPYXKEHHUsS 4YacTUIBl 3a OapbepoMm, mpu x > /,

HasbIBaemas emié «kodGPuImeHToM npo3padyHocTu 6aprepa Dy oka3piBaeTCs paBHBIM

_ _ * _Z?X 2m(Uo_W) _ 2X _ 1
D=wx)=¥-¥ =e¢ =exp —7w/2miUo—Wi =———— (21.20)

= 2m(U,-W)
eh

Takum obOpa3zom, oOHapyKeHHE YacCTHIIbl, Y KOTOPOH HU B OJAMH MOMEHT BpPEMEHH

IMOJIHAs SHEPTHA HE IPCBBIIIACT BBICOTY 6apLepa, OKa3bIBACTCA HeHyneBoﬁ.

Hanpumep, s snexrpona nposoaumocty B Metamuiax U, — W = 10° 5B = 1,6-10°**
JLx. ['myOuHa BO3MOXKHOTO MPOHUKHOBEHUS 32 MPEIebl METajlla X,, Ha KOTOPOH INIOTHOCTD

BEPOSITHOCTH OOHAPYKEHHUS YaCTHUIIbI YOBIBAET B € pa3, COCTABUT

h 1,054 107 JIx -

) = = ~10”M=10A ~ 3 mapamerpa
V8m (U, - W) /8107 kr-1,6-107% T

X

PCUICTKU.

Uucnennoe wuccnegoBanue 3aBucumoctH (21.20) moka3bIBaeT, 4YTO YBEIHYEHHE
mpuHbl 0apbepa (0 — 1) B 2 pa3a ymenbmaer BenuunHy D B 100 pa3. D ymenbuiaercs ¢

poctoM Macchl m yacTtulibl ¥ pazHoctu (U, — W).

He umeem cmuicna 6 xeanmosoiul obracmu u3 noaHou IHeEpcUU W evioensmeo E[( —
KUHeMU4YeCKyro cocmasjiAArnulyo u Enom — nNomeHyuajlbHyro cocmasjAaroulyro, TaKk Kak TO4YHOC
3HaHue 0 Ex 03HauaeT ToUHOE 3HAHWE UMITYJIbCA P, @ TOYHOE 3HaHUE E, o — TOUHOE 3HAaUEHUE
KoopauHaTel X (B oaHOMepHOM ciiydae). I[locienmHee 3ampemieHO COOTHOIICHHEM

HEOIPECTIEHHOCTEM.
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Tyunenvnolti  3¢hghexm  s6nsemces  cneyugpuueckum  keaumoswvim  sgpgpexkmom. C
KJIACCUYECKON TOYKH 3PEHUS MPOXOXKICHUE YACTHIIBI CKBO3b MOTCHIUAIBLHBIA Oaphep Mpu
W<U, HEBO3MOXXHO, TaK KaK 4aCTHIIa, HAXOJSICh BHYTpHU Oapbepa, JokHa Oblia Obl 001a1aTh

ompuyamenbHoU KUHeMU4ecKol IHepeuell.

TynHenpHBINA 2Q(HEKT JEKUT B OCHOBE MHOTHX SIBIICHUN B 007aCTH (PU3UKH TBEPOTO
TeJla U MOJyIPOBOJHUKOBOM TEXHUKU (HAIIpUMeEp, SBJICHHUS B KOHTAKTHOM CJIO€ Ha IpaHUIle
paszena ABYX MOJIYNPOBOJHUKOB, HAa T'PaHUIE MOIYNPOBOAHHMK-METAUT U T.1.). EcTh naxke
TaK Ha3bIBaeMble OBICTPOJEHCTBYIOLIME TYHHENbHbIE 1HOAbl. B aToMHON U sipepHON dusnke
TYHHEJBHBIM 3(QQEeKT CIy)KUT A OOBSICHEHHS O - pachaja, NPOTEeKaHUE HEKOTOPBIX

TEPMOSIACPHBIX PEAKIUH.

JInHelHbIi rAapMOHUYECKH OCHMJVIATOP B KBAHTOBOM MEeXaHUKe

JIMHEeHbIIT TAapMOHUYECKU OCHMIISITOP - CHUCTEMa, COBEpIIAIONIasl OJHOMEPHOE
JBW)KEHUE TIOJ JIEMCTBUEM KBA3WYIPYTOM CHIIBI, - SABJISIETCA MOJEIbI0, MCIOJIB3YyEMOW BO
MHOTUX 3aJjadyax KIAaCCHYeCKOW W KBaHTOBOW Teopuu. [IpyuHHBIN, (u3nueckuili u mare-
MAaTHYECKUM MAATHUKA - T[PUMEPBI KJIACCUYECKUX TaPMOHUYECKHX OCLHILIATOPOB.

HOTGHHI/IaJ'II)HaSI OHEPTUA rapMOHHUYCCKOI0 OCHUJIATOpAa paBHA

mo X2

U=—020" (21.21)

[o3N )

T7e @, - COOCTBEHHAs YacTOTa KOJIEOAHUN OCHIIIISITOPA, 71 — Macca 4acTHUIlbl. 3aBUCUMOCTh
(21.21) umeer Bun mapabonsl (puc. 21.5), T. e. «HOTeHUUaNbHAs sIMa» B JaHHOM CIy4yae

SBJISICTCS] TApa0OJIMUECKOM.

“
5 Puc. 21.5. Pemienue ypaBuenus Illpenunrepa s
n=z E2=7hw,
s OJIHOMEPHOTO TAPMOHUYECKOTO OCIUIIATOPA.
a=1 Er=Fhw,
n=g ;= EI Pw,
> - AMIudTyga  MajblXx  KoJieOaHWUH  KJIACCHUYECKOTO

OCHWJIISITOpPA OMpPEJENSIETCS €ro IMOJIHOW 3Hepruen £. B
TOYKaX ¢ KOOPAMHATAMHU +Xmax ITOJIHAS DHEPIUs £ paBHA NMOTEHUUAIBHOM dHepruu. IlosTomy
C KJIACCMUECKOW TOYKH 3PEHUS YaCTUIIa HE MOXKET BBIMTH 3a Mpeebl 001aCTH (~Xmax, TXmax)-
Tako# BbIXOJ] O3HAYaJl ObI, YTO €€ MOTCHIMAIbHASI SHEPTHUs OOJIbIIE IMOTHOW, YTO abCyp/IHO,

TaK KaK IIPUBOAUT K BBIBOAY, UTO KHMHCTUYCCKAsA SHEPTHA OTPULATCIIbHA. Taxkum 06p330M,
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KJIACCUYECKUH OCLMJUIATOP B CTALIMOHAPHOM COCTOSIHUM HAaXOJIUTCS B «IIOTEHLUATBHON SIME»
C KOOPJAMHATAMH -XmaxSX<Xmax «0€3 IIpaBa BbIXOJa» U3 HEe.

lMapmoHHMYEeCKHT OCHWIIIATOP B KBAaHTOBOM MEXAHUKE — KBAHTOBBIN OCHULIATOP —
onuceiBaeTcsi ypaBHeHueM Illpemunrepa (21.7), yuuteiBatonuMm BeIpakenue (21.21) mis
NOTEHUUATbHONW »JHEpruu. Torga CTallMOHAPHBIE COCTOSHUS KBAHTOBOTO OCIMILISTOpA
onpezensoTca ypasHeHueM lllpennnrepa Buja
2.2
4]

o’y 2m mo; X

ox>  h? 2

=0, (21.22)

rae £ — monHas »Heprusi ocipuuistopa. B teopun auddepeHnnanbHbIX ypaBHEHHHA 0-

Ka3bIBaeTCs, 4To ypaBHeHue (21.22) pemraercs TOIbKO MpU COOCTBEHHBIX 3HAYCHHSX YHEPTUU

E, = (n +%jh(o. (21.23)

®opmyna (21.23) mokasbIBaeT, YTO SHEPTUs KBAHTOBOTO OCIMIUISTOPA MOKET MMETh JIUIIb
JUCKPeTHbIE 3HAYEeHUs, T. €. KBAHTYyeTcsl. DJHEPrus OrpaHU4YeHa CHU3Y OTJIUYHBIM OT HYJIS,

KaK U IS TPSIMOYTOJIBHOM «SIMBD» C O€CKOHEYHO BBICOKMMH «CTEHKaMW», MUHUMAJIbHBIM
1 .
3HaueHHeM sHeprun E :Eh(o. CymiecTBOBaHHE MUHUMAJIBHON 3HEPruHM, — OHA Ha3bl-

BACTCS JHePrueil HyJeBbIX KOJe0aHuil — SBIAETCS TUIIWYHOM JUIsl KBAHTOBBIX CHCTEM M
MIPEACTABISIET COOOM MPSAMOE CIEACTBUE COOTHOIICHHS HEOMPEIETICHHOCTEH.

Hannuue HyneBbIx KoneOaHMl 03HAYAET, YTO YACTHIIA HE MOXKET HaXOIUThCS HA JTHE
«TOTEHITMAILHON SIMBD», TPUYEM STOT BBIBOJ HE 3aBHCHUT OT ee (opmbl. B camom nerne,
«IaJIeHUE Ha JTHO SIMBD) CBSI3aHO ¢ OOpAIICHUEM B HYJIb HMITYJIbCA YaCTHIIBI, 2 BMECTE C TEM U
€ro HeompeaeIeHHOCTH. Torjaa HeonpeaeIeHHOCTh KOOPIUHATBI CTAHOBUTCSI CKOJIb YTOJIHO
OOJIBIIION, YTO MPOTUBOPEYHT, B CBOIO OYEpPE.lb, MPEObIBAHUIO YACTHUIBI B «ITOTEHIIUATLHOMN
sIMEY.

BeiBom 0 HamuuyuMM SHEPrUM HYJIEBBIX KOJIEOAHM KBAHTOBOTO OCHMJUISTOpA
MPOTUBOPEYUT BBIBOJAM KJIACCHYECKOW TEOPHH, COMNIACHO KOTOPOM HAaWMMEHBILAsl SHEPIus,
KOTOPYIO MOXET UMETh OCIWJLISTOP, paBHA HYJIO (COOTBETCTBYET MOKOSMICHCS B TIOJIOKEHUU
paBHOBecHs dactulle). Hampumep, kinaccudeckas (pusmka MPUBOIUT K BBIBOJIY, YTO mpu T=

0K sHeprust konedaTeabHOro JBUKEHHS aTOMOB KpUCTalJIa 0J)KHA 00palaThCs B HyJIb.



