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Nekuns 5.

Mnuocouacmuunasn k6anmosas cucmemd.

Jlo cux mop MbI paccMaTpUBAU JBUKEHHUE OJHON YaCTHIIBI B IPOU3BOJILHOM MOTEHITHU-
anbHOM ToJie. OCTaHOBUMCS TETEpPh Ha HEKOTOPBIX OCOOCHHOCTSX MHOTOYACTHYHBIX KBAaHTO-
BbIX cHCTeM. MBI OTpaHMYUMCSl CIy4yaeM JBYXYaCTHYHOW KBAHTOBOM CHCTEMBI, MOCKOIBKY
00001IIeHNe HA CITyYail MHOTHX YaCTHIL JIeTIaeTCsl SJICMEHTAPHO.

BBeneM BONHOBYIO (YHKITUIO CUCTEMBI M3 JABYX YaCTHI] \|1(171,172 ), HaXOMAIIUXCS B He-

- = - = 4|2
KOTOPOM BHEIIHEM IOTEHIMANBHOM Ioje. Bennuuna p(7,7,) = |\41(r1,r2 )| NPEACTABIISAET CO-
00i1 1ByX4aCTUYHYIO IIJIOTHOCTh BEPOATHOCTH, T.€. INIOTHOCTh BEPOSITHOCTH TOT'0, YTO OJHA U3
YaCTHUI] HAXOJUTCS B TOYKE C KOOPAMHATOM 7, a BTOpas — ¢ KOOpAUHATOM 7, . IIpu 5TOM Bepo-

ATHOCTb OOHAPYKUTh OJHY MX YaCTHUI] B HEKOTOPOW TOYKE MPOCTPAHCTBA MOIY4aeTCs MyTeM
WHTEIPUPOBAHUS JIBYX4aCTUYHOM IUIOTHOCTH IO KOOPAMHATE Ipyroi yactuusl. Hampumep,

- - = \|2 ;3
p(F) = [Jw(F.7) d*r, .1)
€CTh MJIOTHOCTH BEPOSATHOCTH OOHAPYKUTh IIEPBYIO YAaCTHILy B TOUYKE C KOOPIMHATOM 7 . AHa-

JIOTUYHO, UHTETPUPYS 110 NIEPBOM KOOPAMHATE, IOJyYUM OJHOYACTUYHYIO IIJIOTHOCTH BEPOST-
HOCTH JJI1 BTOPOM YaCTHILIBL.

— - =2 43
p,(F) = [P d*r, . (5.2)
PaCCMOTpHM TeHepb 33.,Haqy Ha CO6CTBeHHBIe 3HAUYCHUA U CO6CTBeHHBIe (l)yHKI_[I/H/I OIIC-

paropa ['amuinbTOHA IBYX4acTMYHOM cucTeMsl. Ilycts onepatop I'amunbTOHa cHCTEMBI 3amnu-
ChIBAcTCA B BUJIE

H(r,n)=H,(n)+H,(%)+V,(#.5), (5.3)
rae
H, (7)) =T, +V.(r,) (5.4)
- TAMIJIBTOHHUAH § — TOW YacTUIb! (I = 1,2 ), BKIIOYAOIMUN B ce0s €e KHHETUYECKYIO SHEPTHIO,
a TaKXXe B3aUMOJICHCTBUE C BHEIIIHUM ITOTCHIIMAIbHBIM I0JIEM, U 3aBUCSALINI OT COBOKYITHOCTH
KOOPJMHAT TOJIBKO i — TOM wyactuusl, V,(7,7,) - oneparop B3auMOACHCTBHUS, 3aBUCAIIUN OT
KOOpPJIMHAT 00X YaCTHII.
Hanpumep, ecim Mbl paccMaTpuBaeM IPOCTEUIINN MHOTOJIEKTPOHHBIA aTOM, aTOM
refusi, TO B OJHOYACTUYHBIN raMUIbTOHHUAH (5.4) BXOIUT KMHETUYECKAsi SHEPTHUsl AIIEKTPOHA U
B3aUMOJICHCTBUE IEKTPOHA C SIPOM, a omeparop V,(7,7,) ONHCHIBAET MEXKAIICKTPOHHOE
B3aUMOJICUCTBHE.
CranuoHapHble COCTOSIHUA JIByXYaCTUYHOM CHCTEMBbI MOTYT OBbITh HAalAEHbI U3 CTALUO-
HapHoro ypasHenus llIpenunrepa
Hy(7,7) = Ey(#,7) . (5.5)
Kazanoce Obl, KaIbli U3 3JIEKTPOHOB JOJDKEH XapaKTepU30BATHCS CBOEH BOJIHOBOM (PyHKIM-
el y,(7,), mosToMy pelieHue ypaBHeHus (5.5) clieayer MCcKaTh B BHJE NMPOU3BEAEHHS OJIHO-

YaCTUYHBIX (QyHKIUH

v(,5) =y, (v, (7). (5.6)
Torga, B yacTHOCTH, U3 BhIpakeHHH (5.1) u (5.2) moayduM yke MPUBBIYHBIC IJI HAC COOTHO-
11(505 58

p () =|w, G w p, (7)) =|w, ) (5.7)
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Onnako, MBI ceiluac MOKakeM, 4To (pakTopu3aius IBYXYaCTHYHOW BOJHOBOW (DYHKIIMH Ha
MPOM3BEIEHUE ABYX OJIHOUYACTUYHBIX BO3MOXHA JIMIIb B CIIy4ae HEB3aHMMOJCHCTBYIOIIUX Me-
XK1y coOoi "actull. B mpoTuBHOM ciyyae BBEJEHHE OJHOYACTUYHBIX (DYHKIMA B MHOTOYAC-
TUYHON KBAHTOBOMW CHCTEME OKa3bIBAE€TCS HEBO3MOXKHBIM. J[eHCTBUTENBHO, MOJICTABUM Pa3iio-

xeHue (5.6) B ypaBHenue (5.5). YuuthiBas, uto oneparopsl H, u H, NeicTBYIOT B MOJIIPO-
CTpaHCTBax (pyHKIMH, 3aBUCSIIUX OT 7, U 7, COOTBETCTBEHHO, MOIYINM

wz(H1w1)+ %(szz)= (E—Vu)%wz- (5.8)
Pa3nenuB Bce Teneps Ha MPOU3BENCHUE Y, , , TOIyYHM
lWl - _ ZWZ +E—I/12 (59)
vV, v,

Ecmu V,,(7,,7,) =0, To neBas u mpasas yactu B (5.9) MOTryT 3aBUCETb OT KOOPAMUHAT TOJIBKO
NEPBOM U TOJIBKO BTOPON YACTHUIIBI COOTBETCTBEHHO. DTO BO3MOKHO TOJIBKO €CIH

A A

H H
—IWI = El u —Z\VZ =E2 = E_El , (510)
Vi Y,

rae £, u E, - HEKOTOpBIE IIOCTOSIHHBIE BEJIMYMHBL. B pe3ynpTare nmomydyaem gBa OQHOYACTHY-
HbIX ypaBHeHus Illpenunrepa, a £, u E, UMEIOT, O4EBUIHO, CMBICI DHEPIrUM CTALIMOHAPHBIX
COCTOSIHMM IIEpBOM M BTOPOM YaCTULBI COOTBETCTBEHHO. EcCiaM yacTUIbl B3aUMOACUCTBYIOT
MEXIy COOOH, T.e. I}lz (,7,) #0, To akTopuzamus (5.6) oka3biBaeTCsl HEBO3MOXKHOI. OnHO-

YacTUYHbIe (PYHKIMH B CUCTEME B3aUMOCHCTBYIOIIUX MEXY COOOM 4aCTHUIl BBECTH HEJIb3S.

OpHako, B KBAHTOBOW TEOPHM MHOIOYACTHUYHBIX CUCTEM (MHOTO3JIEKTPOHHBIE ATOMBI,
3JIEKTPOHHAs! OJICHCTEMa TBEPJOTrO Tela, aTOMHOE SIPO) HIMPOKO HUCIOIb3YETCs MOHATUE O]~
HOYACTUYHOTO COCTOSIHUSI M OJTHOYACTUYHOM BOJHOBOW (PYHKUIMHU. DTH TOHSITHS MOTYT OBITH
BBE/ICHBI JINIIb NMPUOIMKEHHO, HAPUMEp, B paMKax KOHLENIMM CaMOCOTIaCOBAaHHOIO MOJI.
OcHoBHast uaes 3TOro MOAX0/Aa 3aKJII0YaeTCs B ciaeayroueM. Mbl BbIAEIsEM OJIHY W3 YacTHIL,
HalpuMep, OJWH M3 aTOMHBIX 3JIEKTPOHOB, U PacCMaTpUBAEM €ro JBWKEHHE B MOTEHLUANE
CO3/1aHHOM SIJJPOM IUTIOC BCEMU OCTaJbHBIMU aTOMHBIMU AJIEKTpOoHaMHU. M Tak moodepeaHo mno-
CTymaeMm [yl KaXKA0To 3JeKTpoHa. B pe3ynbraTe KakIblii U3 3JIEKTPOHOB XapaKTepu3yeTcs
CBOEH OJTHORJIEKTPOHHOU BOJIHOBOM (DyHKLMEH, KOTOpasi 4epe3 3IEKTPOCTaTUUECKUN TOTEHIIN-
aJl 3aBUCUT OT BOJIHOBBIX (DYHKIMH OJHO3JEKTPOHHBIX COCTOSHUI BCEX OCTAJIbHBIX 3JIEKTPO-
HOB. B TEOPHH MHOTO3IEKTPOHHBIX aTOMOB TaKOM moaxo Obut passut J|.Xaprpu' B 1928 ro-
ny, 1 OyneTr o0Cyk1aTbCsl HAMH IIPU U3YYEHUU CTPOEHUS MHOTO3JIEKTPOHHBIX aTOMOB. B Teo-
pUM aTOMHOTO fpa MPEACTABICHUE O CaMOCOIVIACOBAHHOM I10JIE€ JIE)KUT B OCHOBE TaK Ha3bl-
BaeMOU OTHOYACTHYHONH 000JI0YEYHOI MOIENH.

B 3akmroueHue, OTMETHM, YTO €CIIM PEYb MJET O CUCTEME OJAMHAKOBBIX (TOXKJIECTBEH-
HBIX) YaCTHLI, HAPUMEp, JIEKTPOHOB, BBECTH OJHOYACTUYHbBIE BOJHOBBIC (DYHKLIUU OKa3bIBa-
€TCsl HE BCErjJa BO3MOXKHO Jake B OTCYTCTBHE B3aUMOJIECHCTBUS Mexay dactuuamu. bonee
HOJPOOHO Ha 3TOM «Iapajgokce» Mbl octraHoBUMcs B JI 10 npu oOcykeHNM MpUHIUNA TOXK-
JIECTBEHHOCTH MUKPOOOBEKTOB.

JABuKeHne BOJHOBBIX MaKeToB. [IpeneibHbIH nepexo K KJIACCHYECKON MeXaHHUKe.
Kak MbI yke oTMeuanu, B KBAaHTOBOW MEXaHUKE y JABMXKYIIEHCS 4acTULIbI OTCYTCTBYET
MOHATUE TPACKTOPHUH. B KaKIbli1 MOMEHT BPEMEHHU €€ COCTOSTHUE 3a/1a€TCSI HEKOTOPBIM BOJIHO-
BbIM MTAKETOM, UMEIOIIMM KOHEUHYI0 00JIaCTh MPOCTPAHCTBEHHOM JOoKanu3auuu. Mbl Tenepb

' D.Hartree (1897-1958) — auruiickuii pu3MK — TEOPETHK.



64

00CYTM YCJIOBHS, TIPH BBIMOJIHEHHH KOTOPBIX KBAaHTOBOMEXAaHHUYECKOE IBM)KCHUE MOXKET
OBITh ONMCAHO B KJIACCUYECKOM IPEJIeiie U BO3HUKACT MPEICTABICHHE O JIBHKCHUNA MUKPOOOH-
€KTa I10 KJIACCUYECKON TPACKTOPHH.

JlokaxxeM MpEeXJie BCEro CIPaBeUIMBOCTh CIICAYIONICTO YTBEPXKICHHS (TeopeMa DpeH-
decrta). OcnosHoe ypasHeHue KIacCUuueckou MeXaHuKu, onucbléaroujee 08UNMCeHUe 4acmuybsl 6
nomenyuanoHom noae V(r)

P_fp_- vy,

dt
8 K6AHMOBOU Meopuu Cnpageduso Oiisi YCPeOHEHHbIX N0 KE8AHMOBOMY COCMOSHUI BEIUYUH,
T.C.

d » -
245 =), 10
rie
()= v E0puF.ndr, (5.12)
(Vr)= jw*(?,z)VV(?)w(?,z)d3r. (5.13)

JokaxkeMm 310 yrBepx)aenue. uddepenupys (5.12) mo BpeMeHH, Homydum
d . oy a 0 = 3 oy’ a £ 3
R = _ —+ B = _— + 8 at r.
_(p) ]( ol A R (p\u)]d I[ = v+ plow/ )]J

£
BripaxkeHus A5 NpOoU3BOJHBIX IO BPEMEHU OT Y U Y BO3bMeM U3 ypaBHeHus Llpenunrepa

Loy A Loy A
ih—=Hy, —-ih——=Hy .
o Y a Y
Tornma nomyuum

d . ] NI N DA [ « AN w2 A ] N VSN
E(p} = %j((H\v )(p\v)—w pr)fr = %j(\v Hpy -y pr)f3r = %f\v [H,p}\vd3r-
BHCCB MBI BOCIIOJIBb30BaJIUCh CBOWMCTBOM SPMHUTOBOCTU oneparopa l"amuiasToHA

J. W*Fld)dr = I(ﬁw* )d)dr . Boruncnsis kKoMMyTaTop onepaTopoB Hu ]iy
4. 5|= . 5| =invr
OKOHYATEJBHO MOIyYUM
d - * — =
—AB)=-Jw (VP d'r =~(VV) = (F(F)). (5.14)
Taxum obpazom, Teopema DpeHdecTa JoKa3aHa.

VYpasuenue Dpendecta (5.14) mo ¢popmMe coBmamaeT ¢ ypaBHEHHEM KIACCUYECKON Me-
XaHUKU. DTO coBHajeHue OyneT BBIMVIANCTDH elie OoJiee MONHBIM, €CIIU JI0Ka3aTh Cleaylolee
yTBepKaeHHE (CM. 3ama4y 5.1)

d(F) 1
—Lt=—(p), 5.15
- =—{p) (5.15)
TO €CTh MPOU3BOJHAS 110 BPEMEHH OT CPEJAHEr0 3HAYCHUS KOOPIMHATHI YaCTHIIBI paBHA CPel-

HEMY 3HAUYECHHIO CKOPOCTH < f)> / m. C yyetom cootHomenus (5.15) ypaBuenue (5.14) M0XHO

nepenuncarb B BUJAC

a’(r) _ 1
e —;<VV>. (5.16)
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Kazanoce Obl, U1 onpeneneHus CpeAHNX 3HAUYCHUH (PU3NYECKUX BEJIIMYMH JAOCTATOYHO KJlac-
CHUUYECKUX ypaBHeHMH nBmxkeHus. Ha camom nene 31o He Tak. YpaBHeHue (5.16) He mMoxer
OBITH HENIOCPEACTBEHHO MCIOJIB30BAHO JJIsl PELLIEHUS 3a]a4 IMHAMUKHU, TaK Kak Ui Onpeee-
HUS CpeJHUX 3HaueHUil HeoOxoauma MH(OpMaIys O BOJIHOBOW (PyHKIMHM CHCTEMBI, KOTOpas
MOJET OBITh TOJTy4eHa u3 pemieHus ypasaenus lllpeaunrepa. Paccmorpum, ogHako, cirydai,
KOTJ]a BEJIMYMHA CPEJIHETO MO0 KBAHTOBOMY COCTOSIHUIO 3HAUEHHS UMITYJIbCA YaCTUIbI CYILECT-
BEHHO IPEBBIIIAET €70 HEONPEAEIEHHOCTb Ap, T.€.

<p> >> Ap ~ h/a, (5.17)
a - HavyallbHas MIMPUHA BOJIHOBOTO MakeTa. B Takoil cuTyanuu nepeMerieHnue 4YacTHIlbl 3a He-
KOTOpOE BpeMmsl ¢

L= < p>t / m
OKQXETCS MHOTO OOJbIlle, YeM HEONPEIEICHHOCTh KOOPAWHATHI YACTHIIBl (IIMPUHA TaKeTa)
Ax ~ htt / (ma ) , obycrnoBneHHas pacIIBIBAHAEM BOJHOBOTO MTAKeTa BO BPEMEHH
L >> Ax(1),

T.€. MOXKHO MPUOIMKEHHO CYUTATh, YTO YACTHIIA XaPAKTEPU3YETCS OMPEICIIEHHBIM 3HAYCHUEM
KOOPJIMHATHI, COBMAIAIOIINM C TOJIOKEHUEM «IIEHTPa TSHKECTH MaKeTa <x(t)> )

Jlist Toro uToObI U3 (5.16) creqoBan KIacCHYSCKUN 3aKOH JBYDKCHHS IS <x(z‘)> , He00-

XOUMO TaK¥XKC BBITIOJIHCHUC YyCIIOBUA

(Fo))=F((x),

TO €CTh CPEIHEE 3HAYCHHME CWJIBI JOJKHO COBIIAJATh C BEIIMYUMHOM CUIIBI B «CPEIHEN» TOUKE.
Ilocnennee ycnoBue, OUEBUIHO, BBINIOJIHEHO, €CIIM HA pasMepe x, OonpenensiomeM MUpUHY
BOJIHOBOT'O IAKeTa, BEJIMYMHA F'(X) MOYTH HE MEHSETCs, T.e. MOTeHIHaIbHas (QyHKUHUS €CTh

TU1aBHAs (PYHKLUS KOOPIUHATHI
VY| <<V (x)/ Ax. (5.18)

Takum 00pa3oM, ycIoBHEM Mepexoaa K KIACCUYECKOMY OINMMCAHUIO ABMKECHUS MUKPO-
00BEKTa ABJSICTCS €0 JBMIKEHHE C OOJIBIION CKOpPOCThIO (cM. ycioBue(5.17)) B maBHO Me-
HSIOIIEMCS B TIPOCTPAHCTBE CHIOBOM mouie (cMm.(5.18)).

OnTuKo-MexaHn4YecKasi aHAJIOTH.

Msbl yXe HEOIHOKpaTHO oOpalllaji BHMMAaHHE Ha CXOJCTBO B ONHCAHUM JIBHKECHHUS
MUKpPOYAaCTHUL] B KBAHTOBOM MEXAHUKE U PACIPOCTPAHECHUE DJIEKTPOMArHUTHBIX BOJIH B IIPO-
cTpaHcTBe. [IokaxkeM Tenepp, 4TO IPH BBITOJHEHUU HEKOTOPBIX YCIOBUI YPaBHEHUS DIIEKTPO-
JUHaMUKU MakcBesia CBOIATCS K YPaBHEHHUIO, C MATEMAaTUYECKON TOUKHU 3PEHUs SIKBUBAJICHT-
Horo ypaBHeHuto [lIpeaunrepa.

PaccMoTpuM NPOCTPAaHCTBEHHO HEOMHOPOIHYIO CPENy, XapaKTEPU3YIOLIYIOCS IUIJICK-
Tpudeckoi nmpoHumnaeMocteio €(7). Toraa cucrema ypaBHeHH MakcBeia il HapsHKEHHO-

cTei QJICKTPHUYCCKOI'O U MArHUTHOT'O [10JIEN MOXKET OBITH 3aIHcaHa B BUJC:

rotE = —lé—H,
c ot
rotH :Ea—E, (5.19)
c ot
div(sE)= 0,

divH = 0.
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Bocrnonb3oBaBmmch n3BeCTHON (hOPMYJIO BEKTOPHOTO aHAIHM3a
rot rotE = grad divE —V*E ,
Y YUYUTBIBASA, YTO JUAJIEKTPUUECKasi IPOHUIIAEMOCTb CPE/Ibl HE 3aBUCUT OT BPEMEHH, MOTYUUM
e O°E
c’ o
B IpOCTPaHCTBEHHO OHOPOAHOI cpene divE =0 1 MBI ITOIydaeM OOBIMHOE BOJTHOBOE ypaB-
HeHue. B Haiem ciydae cuTyalusi oka3bIBaeTcst 0oJiee CII0KHOM, MTOCKOJIBKY
divleE)=e divE +(EV)=0. (5.21)
[Tycth nusnexTpuyecKkas MPOHUIIAEMOCTb CPEbl SBJISETCS IUIaBHOM (pyHKUIMEH KOOPIWHATHI,

T.C. HA paCCTOAHUMN NIOpAAKA OJIWHBI BOJIHBI U3JIYUCHUA BCIWMYMHA € NPAKTHYCCKHU HC MCHACT-
Ci:

= V?E — grad divE . (5.20)

Ve << ke,
k =2m/)\ - BOnHOBOU BEKTOP. B 3TOM NpUOIMIKEHUH MOJTyYaEM, YTO

divE =0,
T.€. MPOIIECC PACHPOCTPAHEHUS HIICKTPOMArHUTHOW BOJIHBI OMHCBHIBACTCS BOJHOBBIM YpaBHE-
HUEM

-
€ O°F
c? ot?
IJIe JU3JICKTPUIECKas MPOHUIIAEMOCTh €CTh (PYHKIIUS MPOCTPAHCTBEHHON KOOPAUHATHI. Byem
UCKaTh peleHne ypaBHeHus (5.22) B BUJIE JUHEHHO MOJAPU30BAHHOIO MyYKa CBETa, PacIpo-

CTPAHSIOLIET0Cs BAOJIb OCH Z C IUIABHO MEHSIIOLIEHCS 10 MPOCTPAHCTBY aMIUIUTYIOM:

=V’E, (5.22)

E(F,1) = E,(F)expli(kz — ot)), (5.23)
rae k = (o/ C. HpI/I6J‘II/I>I(eHI/Ie MEJJICHHO MEHSIOIIECHCS aMIUIUTY Ikl 03HAYAET, YTO
\VE,| << kE,. (5.24)

[Nonyuum Tenepb ypaBHEHUE U1l MEIJICHHO MEHAOLIENCS aMIIUTy bl £ (7) . Beruncmsis

E

o _ ikE, + %, exp(i(kz — ot)),

oz 0z

: E
0 f ~| —k*E, +2ik o, expli(kz — wr))
0z 0z
(31€ch B cuity ycnosus (5.24) Mbl ipeHeOpernu ciaraeMbiM 0°E, / 0z*), Haiizem
E
V?E ~ (— k*E, + 2ik 8620 + viEOjexp(i(kz —ot)). (5.25)

2
3nece V|, =02/ox* +9?/8y* - oneparop Jlamaca Mo KOOPAHHATAM, JIEXKAIINM B MIOCKOCTH

MIEPIICHIUKYJISPHOW HANPABIICHUIO pacrpocTpaHeHus mydka. JuddepenupoBanue BeIpake-
Hus (5.23) mo BpeMeHu Aaet

O’E 2 :
e =-0'E, exp(z(kz - (ot)). (5.26)
t
Bcnomunas, uto
e=1+4ny

(% - BOCHpUUMYHMBOCTD BEUIECTBA), U3 ypaBHeHuUs (5.22) ¢ yuetom (5.25) u (5.26), nonydum
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OF
ik aZO = —%ViEO +n(F,,2)E,. (5.27)

3nech N(7,,z) = —2nk’y(7,,z), a BeKTOp F, = {x,y}.

Kax BumHo, ypaBHeHue (5.27) ¢ MaTeMaTHYECKOW TOYKH 3PCHUSI DKBHUBAJICHTHO HECTa-
uoHapHoMy ypaBHeHuto [llpenunrepa. 3amaya o BpeMEHHOH 3BOJIONMK BOJMHOBOW (pyHKIIMU
JBYMEPHOM CHCTEMBI OKa3bIBAETCs AHAJOTMYHA 3a/1a4€ O BBIYHMCIECHHWH CTAllMOHAPHOIO pac-
MpeAesIeHUs] aMIUTUTYTHOTO 3HaYEHUsl HAPSHKEHHOCTH 3JIEKTPUUYECKOTO TMOJIsSl B IPOCTPAHCTBE
IIPU PACIPOCTPAHEHUH AJIEKTPOMATrHUTHOM BOJHBI B cpene. [Ipu 3Tom koopamHara z, BOOJIb
KOTOPOM pacHnpOCTPAHSETCS CBETOBOW IYyYOK, aHAJIOTMYHA BPEMEHU B KBAHTOBOM TEOpHH, A
bynkmus (7, ,z), ompenenseMas HOIIPU3YEMOCTBIO CPEIbl, MMEET CMBICI MOTCHIHAIa

V (7, ,t). B gactHocTH, eciu M(7,,z) =0 (Bakyywm), To 3ama4a (5.27) 3KBHBaJECHTHA 33/1a4€ O
CBOOOZHOM JIBMJKEHUM dYacTuipl. OTMETHM, 4YTO CpeAbl C IOKa3aTeleM MpesIOMIICHUs
n=+e>1 (s Takux cpen x> 0) B onTHKe Ha3bIBalOTCS (OKYCHPYIOIIMMHU. B KBaHTOBOM
MEXaHHUKE UM HaJI0 IOCTaBUTh B COOTBETCTBUE MpUTAruBarouuii norenuuan ¥ < 0. Haobopor,
cpensl C n = Je <1 (% < 0) Ha3bIBaIOTCS AEPOKYCHUPYIOIIMMHU, B KBAHTOBOM MEXaHUKE TaKUM

cpellaM COOTBETCTBYET OTTAJIKMBAIOIUI noteHuuan V > 0.

MareMarnueckass TOKIECTBEHHOCTb YPAaBHEHHUS METOJA MEJJICHHO MEHSIOLIUXCS aM-
IUIMTY X B ONTUKE U ypaBHeHUs Llpenunrepa sBiaseTcs OCHOBOM ONTHUKO — MEXaHUYECKON aHa-
noruu. CyniecTByeT OrpOMHOE KOJIMYECTBO KBAHTOBO-MEXaHMUYECKUX IMPOLIECCOB, ONTHUECKUE
aHaJIOTU KOTOPBIX JAaBHO M3BECTHBI U XOPOLIO M3y4EHbl. B 4aCTHOCTH MOXKHO IIOKa3aThb, 4TO
PacCMOTPEHHBIM HaMHM NPEAEIbHBIA MTEPEX0/] K KIACCHYECKOW MEXaHUKE dKBUBAJICHTEH Iepe-
X0y OT BOJIHOBOM ONTHKU K F€OMETPUYECKOU, KOIZa BO3HUKACT MPEACTABICHUE O CBETOBBIX
JTydax, a UHTepPepeHIMOHHbIE ()()EKTHI CTAHOBSTCS MMPEHEOPEIKUMO MATBIMH.

CrannonapHoe ypaBHenue IlIpenmnrepa. CnekTpbl NpoCTeHIIMX OJHOMEPHBIX
CHCTEM.

B sTOM pasnene Mbl paccMOTPUM psii IPOCTEHIIMX OJHOMEPHBIX 3a1a4 00 ompexene-
HUM YPOBHEH SHEPTUU U BOJHOBBIX (PYHKLUH CTALlMOHAPHBIX COCTOSHUM YaCTHIIbI B TOTEHIH-
QJIBHOM IIOJIE.

C80600HOE D8UdICCHUE YACTNUYDL.
Paccmotpum mpocreiinyto 3agady o0 OMpENENeHUH CTAlMOHAPHBIX COCTOSHUM CBO-
0oHOM yacTHIlbl. | aMIIIBTOHNAH TAKOH CUCTEMBI UMEET BUJL

A n* d’
H=—-——, 5.28
2m dx’ (5.28)
a ctauuoHapHoe ypaBHeHue llIpeauHrepa numeer BU
— ﬁm =F (5.29)
2m dx’ Ve '

3neck E - coOCTBEHHOE 3HAUYCHUE omnepaTopa ['aMuiIbTOHA, a MHACKC «E» Yy QyHKIMH mmoadep-
KHMBaeT ee MPUHAIEKHOCTh K COOCTBEHHOMY 3HaueHuio E. Beoas k° = 2mE/ h* >0, mepe-
numem (5.29) B Buze

Yy +kiy, =0,
OTKy/1a TI0JTy4YaeM, YTO COOCTBEHHOMY 3HAYEHUIO £ COOTBETCTBYIOT ABE QYHKIMH
exp(ikx),
v, = { PR E=h%/2m. (5.30)

exp(—ikx),
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Ha 3HayeHue BOJHOBOTO BEKTOpAa A HUKAKUX OTPAaHUYEHHUI HE BO3ZHHKIIO, T.€. CUCTEMAa UMEET
HETIPEPBIBHBINA CIIEKTP.

Haiinennsle (QyHKUIMH CTallMOHAPHBIX COCTOSIHMN COBIIAQJAIOT C BBEICHHBIMH paHee
coOcTBeHHBIMH (PYHKITUSIMU orepaTopa uMmityiabca. Coctosiaus (5.30) 0THOBPEMEHHO SIBIISIOT-
csl COOCTBEHHBIMH COCTOSHHSIMH OIl€paTopa HUMITYJIbCa, COOTBETCTBYIOIIMMHU COOCTBEHHBIM
3HaYeHUsIM p = *hk . DTO HE YIUBHUTEIHHO, U MOTJIO OBITH TpeAcKa3aHo 3apaHee. [IoCcKoIbKy

OTIepaTop UMITYJIbCa U ONEepaTop KUHETUYECKOH SHepruu (B pacCMaTpUBAaEMOM CIlydae orepa-
TOpb! ['aMUIbTOHA ¥ KMHETHUECKOM SHEPIHH TOKIECTBEHHBI) KOMMYTHPYIOT MEXy cO00ii, TO
MOKHO HAMTH COCTOSIHUS, B KOTOPHIX 00€ (PM3MUECKUE BETUUMHBI SHEPTUs (KMHETUYECKas) U
UMITYJIbC UMEIOT TOYHO OIpEIeIEHHbIEC 3HAaUEHUSI.
Kak BUIHO, CyIIECTBYeT JBa Pa3HbIX COCTOSIHHS, KOTOPBIE COOTBETCTBYIOT OJHOMY H
TOMY K€ 3HAYCHMIO SHEPruu. Takue COCTOSHUS Ha3bIBAIOTCS BBIPOKIACHHBIMU. KpaTHOCTB BbI-
POXIEHUS B pacCMaTpUBAEMOM Cilydae paBHa ABYM. OTMETHM, YTO HaJHM4YUE BBIPOXKICHUS B
cHCTEME I03BOJISIET TOCTPOUTh HEOIPAHMUEHHOE YUCIIO COCTOSIHUM C OJHUM U TEM K€ 3Haye-
HUEM dHepruu. JlelicTBUTENbHO, JTt00ast THHEeHas KoMOMHAIMs 0a3ucHbIX QyHKIWi (5.30)
vy = Aexp(ikx) + B exp(—ikx) (5.31)
JIa€T COCTOSIHHE C TeM K€ TOYHO OIpEIeICHHBIM 3HaUeHUEM dHepruu E . B 9acTHOCTH, MOKET
ObITh Y00€H ApyTroil Habop GA3UCHBIX COCTOSHUN
sin(kx),
Vi = (5.32)
cos(kx).
OtmeTuM npu 3ToM, 4T0 cocTtosiHus (5.32) (kak u coctosHus (5.31) npu HEHyNEBBIX 3HAYECHU-
X K03(ppuuueHToB 4 u B) yxe He SBIAIOTCS COCTOSIHUAMU C TOUHO OINpE/IeICHHbIM 3HAaYEeHU-

€M UMITyJIbCa.

Yacmuya 8 npAMOY204bHOU OECKOHEYHO 21YOOKOU ROMEHUUALIbHOU AMe.
PaccMoTpum Teneph cTaliMOHApHBIE COCTOSIHUS YaCTHIIBI B TIOTEHIUAIIE

0, |x| <al2,

V(x)=
o, |x>a/2.
Craunonapnoe ypaBuenue lllpenunrepa 3anuceiBaeTcsi B BUE
n* d’
Y vy =Ey. (5.33)
2m dx
Hama 3amava 3aximro4aeTcss B HaXOKJACHUU TaKUX 3HAYCHWM dHEpruu £, IpHU KOTOPBIX ypaB-
HeHue (5.33) uMeeT HeHyJIEBOE PellieHHe, U COOTBETCTBYIOIIMX BOJTHOBBIX ()YHKITHA.
B kmaccuueckoil MexXaHWKE JIBIDKEHHE YAaCTHUIBI TPOUCXOAWT B  objactu
x € (—a/2,a/2). ECTeCTBEHHO NPEJIIONIOKHUTH, YTO U B KBAHTOBOM TEOPHHU YAaCTHIA HE MOXKET

ObITH 0OHApy’KeHa B 00J1acTH OECKOHEYHO BBICOKOI'O IMOTEHIIHANA, T.€. \y(|x| >a/2)=0, 10 ec-

Tb ypaBHeHHUE (5.33) MOXKHO Mepenucarh B BUJIE:

d*y 2mE
2 + 2

dx h

3nech x € (—a/2,a/2). Tonarast BOMHOBYIO (DYHKIHMIO HEINPEPHIBHOM, MbI JOJKHBI OTPEGO-

y=0. (5.34)

BaTh, YTOOKI HA TPAHHIIAX AMbI OHA 0OpAIIANach B HyJb, T.€.

w(x=%a/2)=0. (5.35)
Beonst k* =2mE/h* , 3amumewm obimee pemenne (5.34) B BHe

y(x) = Asin(kx) + B cos(kx). (5.36)
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VYenous (5.35) narot:

Asink—a+ Bcosk—a =0,
2 2 (5.37)
- Asin@—i-Bcos@ =0.
2 2
MpbI TIOJYYHIIH CUCTEMY OAHOPOIHBIX YPABHCHHM JJIS ONPEICICHHUS HEU3BECTHBIX K0 durm-
eHTOB A u B .JTa cuctema UMeeT HEHYJIEBOE PEIICHUE, €CIIU €€ ONPeAeTUTeNb 00paIiaercs B
HOJIb, T.€.

. ka ka
SIHT COS?
=0,
. ka ka
—sin— cos—
2 2
oTKyJa HaxoauM sin(ka) =0, To ecTb
nm
k, =—, n=0,12,...
a
Torma jist SHEPTUU COCTOSIHUM UMeeM
232
n°h
E, = -n’, n=123,. (5.38)
2ma

Pemenne ¢ n =0 craegyer orOpocuth, Tak Kak B 3ToM ciy4ae u3 (5.35) u (5.36) nomyuaem
y(x)=0.

Takum oOpazoM, B OECKOHEYHO TITyOOKOW MPSAMOYTOJIBHON MOTEHIIMAIBHOU siMe (op-
MUPYETCSl TUCKPETHBIN SHEPreTUUYECKUM CHEKTp, onpeaensemMplid cootHoueHueM (5.38). Ilo-
JIO’KEHUE PHEPreTUYECKUX YPOBHEHM MpeAcTaBlieHO Ha puc.S.l. B yacTHOCTHM, MUHMMAabHAs
DHEPrus YaCTHUIIBI B M€ (PHEPTHsI OCHOBHOTO COCTOSTHUS) €CTh

n’h’

2ma*’
U HE paBHA HYJIO, KaK 3TO CIIEJOBAJIO OXKHUAAThH C
TOYKH 3PEHUs KJIacCM4YecKol mexaHuku. [Ipowc-
XOXKICHHE STOM HEHYJIEBOW SHEPrHH OCHOBHOIO
COCTOSIHHSI JIETKO MOHSATh UCXOMS U3 COOTHOIICHUS n=3
HeomnpeaeneHHocTel. JelicTBUTENbHO, €CIU Yac-
TUIA JIOKAJN30BaHa B pa3Mepe a (IIUpHUHA SIMBI),
TO Y HEe €CTb HEOIpPEe/eICHHOCTh 3HAYCHUS HM-
mynbca Ap ~h/a, a ¢ 9TOi HEONpPEIENEHHOCTHIO

E, (5.39)

CBSI3aHO HAJMYME Y YaCTHUIbl KWHETUUYECKON dHEep-
ruu. [lockosibKy B paccMaTpuBaeMbIX HaAMHU YyCIIO-
BUSIX CpeJHee 3HaU€HUE UMITYJIbCa YaCTHUIIbI PAaBHO
HYJIO (3TO OYEBUIHO: YACTUIIA HAXOIUTCS B OJI-
HOMEpPHOM CTaTHYE€CKOM IOTEHIIHAJE), TO Xapak-
TEPHYIO BEJIMYUHY KMHETHUYECKOM YHEPTUU MOMKHO
OTpeeNUTh KaK n=1

A w
74P

2m 2ma
YTO KaYeCTBEHHO COBITAJACT C TOYHBIM 3HAUCHUECM
(5.39). Koneuno, peub UIET JUIIL O KaYeCTBEH-

n=2

= (5.40) -a2 0 as2

Puc.5.1. MpamMoyronsHasa noTeHUuansHas
siMa 6eCKOHeYHON rmyOuHeI .
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HOM TIOHMMaHuH 3(deKTa, 0OJHAKO MBI YCTAaHOBWIM (DYHIaMEHTAIbHBIN (haKT: OrpaHUYCHUE
00JacTy MPOCTPAHCTBEHHOW JIOKAIM3allUM YaCTHIIBI HEM30€KHO BENET K IMOSBJICHUIO Y HeEe
YUCTO KBAHTOBOW JOOABKM K SHEPTUHU, KOTOpAs TeM OOJIbIIE, YeM MEHBIIE pa3Mep o01acTu
JIOKaJIM3alluM YacTULIbl. B 4acTHOCTH, JUIsl 3JIEKTPOHA, JIOKAJIM30BaHHOIO B pasMepe a ~1 A,
MOJIy4aeM SHEPTUI0 B HECKOJBKO 3JEKTPOHBOJIBT. AHAIOTUYHO, €CJIM HYKJIOH JIOKAJIU30BaH B
pasmepe ~10"7 cM, TO ero KHHETHUEeCKas SHEPrUsi OKaKETCs MOPSIKA HECKONBKIX MErasiek-
TpOHBOJBT. TakuM 00pazom, 3Hasi MPOCTPAHCTBEHHBIN pa3Mep CUCTEMBI, B KBAHTOBOW TEOPUHU
MBI TYT K€ MOYKEM OLIEHUTh HEKOTOPHI MUHUMAaJIbHBIM MacITad SHEPrUH CUCTEMBI.

3aKOHUYMM TeTeph PEIleHUE 3a/1a4u U HalJIeM CHCTeMYy COOCTBEHHBIX (DYHKIIHH ormepa-
topa ["'amunbTOHA 117151 YacTHIBI B sime. M3 cooTHOmeHu# (5.37) numeem

B/ A =+tg(k,a/2) = ttg(nn/2) .

DTO 03HAYaeT, uTo s HeueTHbIX n A =0, B # 0, a ;s yeTHbIX, Haobopor A #0, B=0,
T.€. CUCTEMA XapaKTEePHU3YeTCsl CICTYIOIIM HAOOPOM COCTOSTHHMA

B, cos@, n=13,5,...
v, (x) = “ (5.41)

. HNTX
A sin—-, n=24,0,.
a

Koadduuuentsl B, u A, 101KHBI ObITh ONpPENEIIEHBI U3 yCIOBUS HOPMUPOBKH KBaJpara Mo-

yJyisi BOMHOBOW (yHKIMK Ha equuuiy. Hecnoxkubiii pacuer naer A, = B, = \/2/a . BonHosbie

(YHKINU HECKOJNIBKUX HMKHUX COCTOSIHUM TakxKe MpHuBeeHbl Ha puc.S.1.
Hrak, cuctema BOJTHOBBIX (DYHKIIMI CTallMOHAPHBIX COCTOSIHHM TocTpoeHa. JIerko B

YACTHOCTU YOCAUTHCS, YTO YCIOBUE OPTOHOPMHUPOBAHHOCTH 0a3KCa BBIMOIHECHO, T.€.
al2

v, v, (x)dx =3, .

-af2
OcTaHOBHMCS Ha €IIe OJHOM Ba)KHOM CBOMCTBE IMOJIyueHHbIX OazucHBIX (yHKUMH. Bee oHM
XapaKTEPU3YIOTCs ONPENEICHHON YETHOCTBIO: COCTOSHUA ¢ 1 = 1,3,5,...XapaKTepu3yroTcs 4er-

HBIMH BOJHOBBIMU (PyHKUIMAMHU, cOCTOsHUSA ¢ n = 2,4,6,..- HedeTHbIMU. C MaTeMaTH4ecKon
TOUYKH 3pEHHUS yA00HO BBECTU HOBYIO (PU3NYECKYIO BEJIMYMHY — YETHOCTh U COOTBETCTBYIOIINN
et oneparop yetHocTu P . Onpeaenum 3TOT ONepaTop CiAeaAyIonM 00pa3zomM

Py(x) = y(-x). (5.42)
A Terepb pacCMOTPHUM 3aJ1a4y Ha COOCTBEHHBIEC 3HAUCHUS ONEPaTOpa YeTHOCTH:
Py(x) = My(x) (5.43)

[ToxeiicTByem Ha cooTHoteHue (5.43) oneparopoM YETHOCTH €IIe pas:

P(Py(x)) = P(My(x)) = APy (x) = Ay (x).

C npyroii ctopons! u3 (5.42) umeeM

P(Py(x)) = P(y(=x)) = y(x).
[ostomy A =1, wm

A =41,

T.€. u3 (5.42), (5.43) cnenyer, 4TO

Y(=x) =1y(x),
TO €CTh COOCTBEHHBIC (DYHKIIMU OIEpaTOpa YETHOCTH JOJDKHBI OBITh JTMOO YETHBIMH, JINOO HE-

YCTHBIMH (1)yHKI_[I/I$IMI/I KOOpAUHATHI. HNmenno TaKOMY YCJIOBUIO YIOBJICTBOPSAIOT Haﬁ):[eHHBIe
HaMH q)YHKHI/II/I CTallMOHApPHBIX coctossHUM. TO €CTh MBI HaILIIN COCTOsIHHMA, B KOTOPBIX Cpa3dy



71

JIBE BEJIMYUHBI (FHEPTHS M YETHOCTh) UMEIOT TOYHO OIpE/IeIICHHbIC 3HAUCHHS. 3HAYUT Omepa-

TOPBI, COOTBETCTBYIOIIME ITHM BEIIMYMHAM JOJDKHBI KOMMYTHPOBATh MEKIY COOOH, T.€.
|p.1]=0.

B mocnenHemM paBeHCTBE JIETKO YOSIUTHCSI HETOCPEICTBEHHO, YUUTHIBAasi CBOHCTBO CUMMETPHHU

noteHuuana V(x) =V (—x). OTo o3HayaeT, YTO Mbl MOTJIM 3apaHee OOJeruyuTh cebe 3amady u

UCKaThb Ha0Op (QYHKUMI CTallMOHAPHBIX COCTOSHUN B BUJAE CHCTEMBbl YETHBIX M HEUETHBIX
¢yHKuMi. MBI BOCTIONB3yeMCsl 3TUM IIPHEMOM IPH aHATIU3E CIEAYIOIIEeH CHCTEMBI.

Yacmuya 8 npamoy201bHoU HOMEHYUANbHOU AMe KOHEYHOU 21YOUHbI.

PaccmoTpuMm Teneppb 3amady 00 ONpeNelICHHH CTAIMOHAPHBIX COCTOSHHUI YacTHUIBI B
NPSIMOYTOJIBHON TMOTEHLIUATIBHOU siM€ KOHEeYHOW riayOuHbl. [lycTh moTeHuuan 3afaH B ciie-
IYIOIIEM BUJIE:

0, |x| <al2,
Ve, | >a/2.

3anumiem cranmoHapHoe ypasHenue llpenunrepa B kaxaoin u3 odiacTeit HEMPEPHIBHOCTHU MO-
TeHIana (cM. puc.5.2)

Vix)= (5.44)

2 2
obmnactu LIII - h_d_\zy +Vyy =Evy,
2m dx
obnacts II - ﬁﬂ =
2m dx’
MBI NOMKHBI PACCMOTPETh IBE BO3MOXKHOCTH: E <V,
V1 ————— 4YTO COOTBETCTBYET CBSI3aHHOMY COCTOSIHUIO YacTHIIbI B
aMe, 1 E >V, 4T0 COOTBETCTBYEeT MHG)HUHUTHOMY [IBH-
I 1 T YKEHHIO YaCTHUIIBI B IPOCTPAHCTBE.
Bonee moapoOHO OCTaHOBHMCS Ha Cllydae CBs-
3aHHBIX COCTOSIHMM yactuuel B sime E <V. Bpenem
o2 0 22 k* =2mE/R* u «* =2m(V, —E)/hz. OOGe BBeJICHHBIE
Puc.5.2. MpsAMOyTonbHas noTeHUmMansHas  BETTHUMHBL SIBISIIOTCS MOJOKUTENbHbIMU. Torma B Kax-
AMa KOHEUHOR rMyGuHbI. JIOM W3 00JIaCTe HENPEephIBHOCTH TMOTCHIIMATA ypaBHE-
nue Ulpenunrepa umeet B
o6mactu LIIT v —ky=0,
o6macts 11 V' +k*y=0.
Pewrenns 5TUX ypaBHEHMI 3aIIMIIEM B BUJIE
obmactp I vy, (x) = 4, exp(—xkx) + B, exp(kx),
obmacts 11 v, (x) = A, sin(kx) + B,, cos(kx) , (5.45)
obnacts 111 Vv, (x) = 4, exp(—xx) + B, exp(kx).

BosHoBas (yHKIMS H0JDKHA YAOBIETBOPATH YCIOBHIO KBaApaTU4HON uHTerpupyemoctu. Ilo-
3TOMY HE00XOAMMO NOTpeboBaTh, uTOObI KOdpPuuuentsl 4, = B,, = 0. Ocraercs ueTbipe Ko-

s¢puuuenra B,,A,,B,, A, , U1 KOTOPBIX U3 yCIOBUI HENPEPHIBHOCTH BOJHOBOW (DYHKIMU
. .2
U €€ NepBOil IPOU3BOAHON  JIETKO MOJYYHUTh YETHIPE YPAaBHEHUSI.

* C hu3HUECKOil TOUKH 3PEHHs ITH YCIIOBHS 03HAYAIOT TPeOGOBAHHE HEMPEPHIBHOCTH BEKTOPA IUIOTHOCTH TOKA
BEPOSITHOCTH B TOYKaX pa3pbiBa IMOTEHIMANA.
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OnHako, MOXKHO CYILIECTBEHHO YIPOCTUTh PELIEHHE 3aJayud, €ClIM y4ecTb, YTO B pac-
CMaTpUBAaEMOM HaMH CIy4yae COCTOSIHUS TAKXKE XapaKTEepPHU3YIOTCS ONpPEEeIEHHON YETHOCTBIO.
[Tosromy u3 Habopa ¢yHKuui (5.45) MBI JOJDKHBI BBIICIHTH PEIICHHS, XapaKTePU3YIOIIUECS
OTIpeIelIEeHHON YeCTHOCThI0. PacCMOTpUM CHaydana cUCTeMY YETHBIX BOJIHOBBIX ()YHKIHH, T.€.
(GyHKUMH, HE MEHSIOIIMX CBOW 3HAK MPU MHBEPCUU KOOpAHMHATHI Y(x) = y(—x). O4eBHIHO,

COOTBCTCTBYHOIIINEC PCUICHUA UMCIOT BUL

obmacth I v, (x) = B, exp(kx),
obmacts 11 v, (x) = B, cos(kx), (5.46)
ob6nacts 111 W, (x) = 4, exp(—kx) .

[pu stoM B, = A,,. «CumBasi» (QyHKIUH U [EPBbIE NPOU3BOIHBIC B TOYKE PasphbiBa MOTEH-
uuana x = a/2, Haiinem’

B, cos(ka/2) = A, exp(-xa/2),

— kB, sin(ka/2) = —xA,, exp(-ka/2).

[ToaenuB OfHO ypaBHEHHE Ha APYTOe, U, YUUTHIBAS, UTO K = 4/2mV) / h* —k* , nonyuum

2mV,a’
2

ka-tg(ka/2) = —(ka)* . (5.47)

ITomy4yeHHOe ypaBHEHHE €CTh YPaBHEHME JUIS ONPEACTICHUS SHEPTeTHYECKOTO CIEKTpa CHCTe-

ka tgfka/2) Mbl. bynem asHanmsupoBaTh pelieHHE
ypaBHeHust (5.47) rpaduuecku. KopHu
yYpaBHEHUsI MOTYT OBITh ONpE/EICeHBl KaK
abciucchl TOYeK mepeceueHust (HyHKIHA

fi(E)=¢€-1g(§/2) m myrm OKpyx)HOCTH
f,(E)=+B-&" (3mech &=ka) pamuyca

VB = \2mV,a®/n*  (em. puc.5.3). Kak

BUJIHO, XOTsI ObI OJIMH KOPEHb ypaBHEHMS,
T.€. OJHO YETHOE CBSI3aHHOE COCTOSHHE
Bceraa cyuiectsyer. C yBEIMYEHHEM pa-
ty AHyca OKDYXHOCTH (TJTyOMHBI SIMBI, WA

' ' ' ' €€ LIMPUHBI) YUCIIO CBSI3aHHBIX COCTOSIHUM
0 kg 2 I 4 o 6w 7 BO3PACTACT.

Puc.5.3. OnpegeneHye NonoXeHWsa YeTHbIX COCTOAHWA B AHATOMMYHEIM 06pa30M JIErKO

MPSMOYronbHOR aMe KOHeYHOR rmyBuHbI .
paccMOTpeTh Ciy4al HEYETHBIX COCTOS-
HUM Y (—x) = —y(x). 3anuiemM AJs 3TOro ciiyyasl pelieHus cTaiuoHapHoro ypasHenus Llpe-

JIUHTEPA B BUC

obmactp I v, (x) = B, exp(kx),
obmacts 11 vy, (x) = B, sin(kx), (5.48)
obnacts 111 v, (x) = 4, exp(—«x),

npudeM B, = —A4,,. Tak xe Kak 1 B NPeIblIyLIEM ClIy4yae U3 YCIOBUS HENPEPHIBHOCTH (YyHK-

MM U €€ NEPBOM NMPOU3BOJHOM MOJyYaeM ypaBHEHUWE Ul ONPEICICHUS 3HAYCHUN 3HEPruu
HEYETHBIX COCTOSHUMI

3 YcnoBus HENPEPBIBHOCTH B TOUKE X = — a/2 Jar0T TaKHUEC )K€ COOTHOLICHMA.
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2mV,a’
-

—ka - ctg(ka/2) = (ka)* . (5.49)

CTpyKTypy PHEPreTHYECKOTro CIIeKTpa, MOydarolmerocs u3 peuieHus ypaBHeHus (5.49), wi-
mocTpupyer puc.5.4. B paccmaTpuBaeMoM ciydae, €ciid siMa JOCTaTOYHO MEJIKasi, CBSI3aHHOTO
COCTOSTHUSI MOKET U He ObITh. VI3 rpaduika BUIHO, YTO YCIOBHEM €0 BOSHUKHOBEHHUS SIBJIAETCS
HEPaBEHCTBO

2mV,a’ )

e >, (5.50)

[Ipy nanpHelEeM yBEJIMYEHUN paguyca OKpYKHOCTH VB 1OABISIOTCS HOBBIE CBS3aHHBIE CO-
CTOSIHUS, XapaKTepHU3yIolecs HeYeTHOM BoaHOBOM ¢yHkuueit. Conoctasnenue puc.5.3 u 5.4
[IOKa3bIBACT, 4TO, KaK M B CIy4ae AMBL to(ka’2)

0eCKOHEUHOW ITyOUHbI, YETHBIE U HEYeT-
HbIE€ COCTOSIHUSI 4EpEeNyTCA: OCHOBHOE
COCTOSIHUE SBJIICTCS YETHBIM, CIIEHYIO-
niee COCTOSIHUE — HEYETHOE, IIOTOM —
CHOBA YETHOE U T.[.

BaxxHoil ocoOeHHOCThIO paccMaT-
pUBacMON 3ajauyd  SABJISIETCS  TO, YTO
CTPYKTypa CIEKTpa OIpeAeIsIeTCs Iapa-
MeTpoM B =2mV,a’ / h* . Hanpumep,
eclu TiyOMHa SMBbl YBEIHUYWIach B 4
pasa, a ec IIMPHHA YMEHBIIWIACh B JBa
paza, oOlee 4YHCIO CBSI3aHHBIX COCTOS- , , ,

HUN ¥ MX OTHOCUTEIIBHOE PACIIOJIOKEHHE 0 ™ 21 3r 4 S5t 6w n

[0 DHEPIrusAM OCTACTCd HEU3MEHHBIM.  Puc.5.4. OnpepeneHne NoNoXeHNa HeUeTHbIX COCTOAHI
[1y60KO#i SIMOI MbI GyeM CUHTATH MY, B MPAMOYTronbHOW AMe KOHeUHOW rmyGuHbI.

B KOTOPOH MMeeTcst OOJIbIIOE YHCIO CO-

CTOSIHUH, T.e. B >>1. OTMETUM TaKxe, 4TO PEIICHHE 3aJa4d O sIME OCCKOHEYHOU TITyOWHBI
SBJISICTCS TPEACTbHBIM CIy4aeM IOJIy4eHHOIO HaMU PEIeHUs Ui sIMbl KOHEUHOW TTyOMHBI
IIPY BBIIIOJIHEHUU YCIIOBUSL B — o0 . JIeiCTBUTENBHO, U3 AAHHBIX, IPEICTaBICHHbBIX HA pUC.5.2,
5.3, BHOHO, YTO B OTOM
Cllyyae KOpPHU YpPaBHECHUS

T COOTBETCTBYIOT TOYKaM
\ ka — nm

(n=13.,5,... 174 YETHBIX U
/—/\ n=2,4,6,..011 HEYECTHBIX

COCTOSIHMI{), 4TO Kak pa3
COOTBETCTBYET HHEPreTH-

YECKOMY CIEKTpy OecKo-
HEYHO TJTyOOKOM SIMBI.

ka

Puc.5.5. BonHoBble dhyHKLWW CTaLMOHapHbIX COCTOAHWIA Ha puc. 5.5 mpen-
NPAMOYTONbLHORA AMbl KOHEYHOR rMyBuHbI. CTaBJICHBI BOJIHOBBIC

GyHKIMM JBYX HIDKHUX
COCTOSIHUHM B MOTEHLMAJIbHON siME KOHEYHOM ri1yOuHbl. BaxkHON 0COOEHHOCTBIO 3THUX BOJIHO-
BBIX (D)YHKIUH SBJISETCS HEHYJIEBAsi BEPOSTHOCTh OOHAPY)KUTh YACTHILy B OOJIACTH KIlacCHYe-
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CKH 3aIpEIeHHOT0 JABMKEHUS, TO €CTh JUIsl 3HAUEHUNH KOOPAMHATHI |x| > a/2 . ITy BepOSTHOCTD

MOKHO OIIPpCACINTDb KaK

w=2 j|\|f(x)|2dx.

al2
HpI/Iqu, yeM OJIrKe SHEPrus COCTOAHUA K BCINYHNHE VO , TEM MCIJICHHCC Y6BIB8.CT BOJIHOBAas

(GyHKIUS B 00JIACTH KITACCHYECKH 3aMPEIIEHHOTO IBUKECHUS, K TEM OOJIbIIIE BEIMYMHA W .
B 3akmrouenue 3TOro pasiena OCTaHOBMMCS Ha ciydae £ >V, COOTBETCTBYIOIIETO

UHQUHATHOMY JBIKEHHIO YacTHIbl. Pemenue craimonapuoro ypasHenus Llpenunrepa Mox-
HO HaWTH aHAJIOIMYHO CIy4al0, paCCMOTPEHHOMY BbilIe. IIpu 3TOM OKaspiBaeTcs, 4To 3TO pe-
IIEHUE CYIIECTBYET JAJIS JII0OOr0 3HAYEHUs SHEPIuH, T.€. NHOUHUTHOMY JBMKEHHMIO YaCTHUIIbI
COOTBETCTBYET HENPEPBIBHBIA IHEPreTUUECKUN CIEKTp, NMPUYEM CTALMOHAPHBIE COCTOSHUS
TaK)KE€ IBYKPaTHO BBIPOKICHBI: KAXKIOMY 3HAYEHHMIO SHEPTUU MOXKHO IOCTaBUTh B COOTBETCT-
BHUE JIBa PA3HBIX COCTOSHUS, XapaKTEPU3YIOLUXCSl Pa3IM4YHON MPOCTPAHCTBEHHON YETHOCTHIO.

Ha sTOM mpumepe oTMETHM Ba)KHYIO 3aKOHOMEPHOCTb. Besikmii pa3, Korna JBUKECHHE
CUCTEMBI OIPAHUYEHO HEKOTOPON MPOCTPAHCTBEHHOW 00JAacCThiO y CHCTEMbI BO3HMKAET IMC-
KPETHBIN SHEPreTHUYeCKuil CIIEKTp, U, HA0OOPOT, €CIIM JBM)KEHUE MHOUHUTHO, SHEPreTHIECKUN
CIEKTp SBIISIETCS CIUIOMIHBIM. Bo3HUKaeT KOHTUHYYM cocTostHUA. [Ipu 3TOM BOTHOBEIE (yHK-
UM COCTOSIHUM KOHTMHyyMa (B MpocCTeiIleM ciaydae, pacCCMOTPEHHOM HaMH, 3TO BOJIHBI /i€
Bpoiins) He MOTyT ObITH HOPMHPOBAHBI HA €IMHUILY B COOTBETCTBUU C YCIOBHEM

2
J|\p| dt=1,

MOCKOJIBKY Ha OECKOHEYHOCTH BOJIHOBAsl ()YHKLHMS TAaKUX COCTOSHUI HE CTPEMHTCS K HYIIO,
XOTSl M OCTA€TCsl OrpaHMYEHHOM. MOXKHO MMOKa3aTh, YTO YCIOBUE HOPMHUPOBKM Ha O - (pyHK-
o (cM. JI 4) sBasiercst 001UM YCIOBMEM HOPMUPOBKH COCTOSIHUN HEMPEPBIBHOTO CHEKTPA.
Kak MBI ye oTMeudanu, HEBO3MOKHOCTb YOBJIETBOPUThH YCIOBHIO KBAJPaTUYHONM MHTETPH-
PYEMOCTH O3Ha4yaeT, 4TO CTAlMOHAPHBIE COCTOSIHUSI B KOHTMHYYME HE MOTYT OBbITb peajlbHO
peanu3oBaHbl. Ha mpakTHke COCTOSHHE YacTHIBI B 3TOM CIy4ae MOXKET ObITh IPEACTaBICHO
KaK BOJHOBOM MAaKET, COCTABIICHHBIA M3 COCTOSIHMM KOHTUHYyMa U OO0JIaJalolIfii HEKOTOPOH
SHEPreTUYECKOW IIUPUHOM.

3anauu.
51 HOKaSaTB, qTO AJIs1 4aCTUulbl, [[BI/I)KYHIGfIC?I B HpOI/ISBOJ'II)HOM IIOTCHIOWAJIBHOM IIOJIC
V(x), cpeaHee 1Mo KBAaHTOBOMY COCTOSIHHIO 3HaYCHHUE MMITYJIbCA yIOBJICTBOPSET COOT-
d(x)
HOILIEHUIO < px> = mT 31ech <x> - cpeiHee 3HauUeHUE KOOPAMHATHI, m - Macca yac-
t

THULBL.
5.2. Ilokaszarb, 4YTO nJs 4YacTHULIbl, JABIXKYIIEHWCS B TapMOHHUYECKOM IOTEHIMAJE

2.2
V =mo'x / 2, U3MEHEHHUE BO BPEMEHH CPEIHEro 3HaueHHsI KOOPAMHATHI <x(t)> orpe-

JeNSeTCs KIIACCUUYECKUM 3aKOHOM JIBHXKEHUS.
5.3. Yacruma maccbl m HaXOAWUTCS B OJHOMEPHOW OECKOHEYHO ITyOOKOM MpsSMOYTOIbHOM
NOTEHIMATIBHON sSiMe MMPHHON a . HammcaTh BOTHOBBIE (YHKIMHU XOTsI ObI ABYX CO-
2n’h?
ma’
5.4. CocrostHue 4YacTHUIIBI B CBOOOJIHOM MPOCTPAHCTBE XapaKTEPU3YETCs BOJHOBOW (PYyHK-

ueit y(x,y,z) = A(y,z)sin kx . Kakue 3HaueHUs X - MPOEKIIUU UMITYJIbCa MOTYT ObITh

CTOSIHUM, B KOTOPBIX CpeJHEe 3HAUEHUE YHEPTUU YaCTULIBI PABHO <E > =

M3MEPEHBI B 3TOM cityqae?
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qaCTI/II_[a MacCcCbl m HAXOAUTCA B OCHOBHOM COCTOSHHHU B O,Z[HOMGpHOfI 6GCKOHG‘IHO
rIIyOOKOW NPAMOYIOJBbHOM MOTEHUUAIBbHOW siMe upuHOW a. Haiitu 3Hauenus p ,

KOTOpPbIE MOTYT OBITh U3MEPEHBI B ITOM COCTOSIHMU. KakoBa BEpOATHOCTh UX H3Mepe-
Hus? YeMy paBHO cpe/iHee 3HaU€HHE BEIUYUHBL p 7

o x<0,
YacTtuna mMaccel m HaXOAUTCS B OHOMEpHOM noteHuuane V(x) =40, 0<x <a.
Vy, x> a.

OnpenenuThb, CKOJIBKO CBA3AHHBIX COCTOSHUM HaXOAUTCS B SIME B CIEAYIOIIMX CIyya-
sx: a) Voa® =750 m, 6) Vya® =h*/m.

OnpenenuTs HEPTUI0 HUKHETO CTALIMOHAPHOTO COCTOSIHUSA YaCTHIIBI B OJJHOMEPHOM
NPSIMOYTOJIBHOW — TOTEHIIMAIBHOW  sIME KOHEYHOM TIyOMHBI B  Clydasx: a)
2mV0az/h2 <<1, 0) 2mV0012/h2 >>1 (V, - romyOMHA NOTEHUHMANBHOW SIMBI, a - €e
IIMPUHA).

[Toka3aTb, 4TO BOJSHOBas (PYHKIMS CUCTEMBI U3 JABYX B3aUMOJEHCTBYIOIMX YaCTHUIL
MOYET OBITh TpENICTaBlIeHa B BHUJE MPOW3BEICHUS BOJHOBBIX (DYHKIMH, ONMMCHIBAIO-
IIUX OTHOCUTEIbHOE JIBUKEHUE YACTHILL U JIBUKEHUE IICHTPa Macc.

Heiitpon umeet sHepruto cBsizu E =2.23 M»>B, cpeanee paccTosiHHEe MEXAy HpPOTO-
HOM ¥ HelTpoHOM a =2-107" cM, B030yXIEeHHOTO COCTOSHHSA y AeiTpoHa Her. Uc-
NOJB3ysl 3T JAHHbIC, OLEHHUTh TIyOMHY MOTEHIMAJbHOM SMbI TOJS SACPHBIX CHIL.
Ykazanue: Amy cuumamo npamoy2oavbHoOU, a ee pazmep NOL0NCUMb PAGHLIM PACCMOs-
HUWO a.

Yactuua HaxoauTcsi B OECKOHEYHO IIyOOKON MPSMOYTOJbHON MOTEHIMAIBHON sIME B
coctosgHuu Y(x,t =0) = o, (x)+Pe,(x), ¢,(x) 1 ¢,(x) - BOIHOBbIE QYHKIUN HHUXK-

o ~ 2 2
HUX CTAallUOHAPHBIX COCTOSAHUH, O U B - JCUCTBUTCJIbHBIC YUCJIA, [IPUICM O +B =1.

Onpenenuth cpefHee 3HAYCHHE M JIUCIEPCHIO KOOPAMHATHI YAaCTULBI KakK (YHKIHIO
BPEMEHHU.



