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Nekuwns 4.
OcHoBbI (popMaIN3Ma KBAHTOBOM MEXaHUKH.

Hecmayuonapnoe ypasnenue Illpeduncepa.

Beie Mbl yxe otmeuanu, uro mozaenu bopa u bopa — 3ommepdenbaa, sBistonpecs
MOJIYKIACCUYECKUMHU IO CBOEW CyTH, HE MOTYT ONUCAaTh OCOOEHHOCTH AMHAMUKH aTOMHBIX
JJIEKTPOHOB. boiiee TOro, 3T MoJenu, B OCHOBE KOTOPBIX JIEKUT JBUKEHHE DIIEKTPOHOB I10
HEKOTOPBIM Pa3peLICHHBIM OpOUTaM, MPOTUBOPEYAT HAIIUM IPEICTaBICHUAM O HEOOXOIUMO-
CTH BEPOSITHOCTHOTO OMNMCAHUS MPOLECCOB B MUKPOMUPE aTOMHO-MOJIEKYJISIPHBIX MacIITa0oOB
(cm. JI_2). Hama 3amaga temnepb — (popmMann3oBaTh OMHCAHUE MBMXKCHHS MHKPOUYACTHIL (B
JabHEHIeM JUIsl ONPEIeIEHHOCTH MbI OyJ1eM TOBOPHUThH 00 3JIEKTpOHAaX) B IPOCTPAHCTBE, pac-
CMOTpPEHHOE HaMU paHee Ha KaueCTBEHHOM YpOBHE. MBI y’k€ FOBOPHJIM O TOM, YTO YAaCTHILY
CJIElyeT OINHUCHIBATh C MOMOIIBI0 HEKOTOPOIO BOJIHOBOIO IOJISI, IPUYEM ITO IOJIE CBSA3AHO C
BEPOSITHOCTHIO OOHAPYKEHHSI MUKPOOOBEKTa B TOM MIIM WHOW 00JacTh MpocTpaHcTBa. B gacT-
HOCTH, YacTHULE C UMIYJIbCOM p (MBI pacCMaTpUBaeM OJHOMEpHBINH ciy4ail) COOTBETCTBYET

BOJTHA
y(x,t) = exp(% (px — Et)j = exp(i(kx — mt)) . 4.1

[TorrpoOyem Tereph yrajgatb BOJHOBOE ypaBHEHHE, PEHICHHEM KOTOPOTO SIBIISICTCS IIOCKast
BosTHA (4.1), mpuYeM CBsI3b ® M k (AMCTIEPCHOHHOE COOTHOIIICHHE) 3a/1a€TCS B BUJIE:

nk?
C 2m
Huddepennmpys oquH pa3 y(x,?) MO BpEMEHH H JIBX]IbI — 110 TPOCTPAHCTBEHHOW KOOPAMHA-

E = p2/2m W ho (4.2)

T€, NOJy4UM

2
oy . o'y
— =—ioy, >

ot ox
CornocraBnsis Teneps (4.3) ¢ AMCIEPCUOHHBIM COOTHOIIEHUEM (4.2), MBI IOHUMAEM, YTO UCKO-
Moe ypaBHEeHUE OyJleT ypaBHEHHEM IEepBOro Mopsjaka 10 BPEMEHU M - BTOPOro MO MPOCTpaH-
CTBEHHOW KoopauHaTe. J[eHCTBUTENBHO, YMHOXasl TIepBOe U3 cooTHouieHu# (4.3) Ha if, mo-

JTyYUM

=Ky 4.3)

oy
ih—=hovy. 4.4
Py v (4.4)
AHaJIOTHYHO, JOMHOXHM BTOPOE W3 COOTHOIIeHUit (4.3) Ha — /1° / 2m:
n* o’ nk’
V_2E . (4.5)

2m ox® 2m
CpaBuuBas (4.4) u (4.5), moyry4aem, 4TO pelICHHUE B BUAC IUIOCKOW BONHBI (4.1) ¢ mucmepcu-
OHHBIM COOTHOILIEHUEM (4.2) YIOBIAETBOPSET YPaBHEHHUIO
2 2
v __ 1o (4.6)
ot 2m ox®
YpasHenwue (4.6) ObLIO MOTYYSHO D. H_[pe,D;I/IHFepOMl B 1926 rogy, HOCUT €ro UMs U OMUCHIBA-
€T JIBIYKEHUE YaCTHUI[bl B CBOOOJHOM IIPOCTPAHCTBE.
O06001IeHre HA TPEXMEPHBIN cliydail JenaeTcs JIeMEHTapHO. BripaxkeHue Jisi BOJTHBI

ne bpoiinis 3anuiieM B BUIE

"'E.Schroedinger (1887-1961) — aBctpuiickuii usnk — reoperux, HoGenenckas npemus (1933).
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V(1) = exp %(ﬁF—Et) = expli(k7 — 1)), 4.7)
puIeM
kol
ho=""0" _ M (2 g e 48
) "

3neck k., k. k. - IpOEKIMH BOJHOBOTO BEKTOPA Ha COOTBETCTBYIOLIME OCH KOOP/AHMHAT.

Torpaa, oueBuHO, HECTallMOHapHOe ypaBHeHue LlIpenunrepa numeer Bujg

2 2 2 2 2
p Y IOV O 0w T gy (4.9)

ot 2m\ ox*  oy* oz’ 2m

O06001mMM 3TO ypaBHEHHE HA CITy4ald JTBHKCHHS YACTHIIBI B TOTEHIIUATBHOM Tonie V (7,t) . s

9TOr0 BCIIOMHHUM, 4TO B IpaBoi 4acTu ypaBHeHUs (4.9) pakTHUECKH CTOUT KHMHETHYECKas
SHEprusi yacTuibl (cM. BelpaxkeHue (4.2)). Ilpu Hanuuuu NOTEHIMAIBHOTO IOJISI €€ CIeAyeT
3aMEHUTb Ha MOJIHYI0 3HEPTHIo, T.€. 100aBUTh B (4.9) MOTEHIMANIBHBIN YJIeH

2
P LN (4.10)
Ot 2m

VYpasuenue (4.10) ects HecTannoHapHoe ypaBHeHue lllpenuHrepa, onuceiBaroiiee ABUKEHUE
YaCTHIIBI B IPOM3BOJIEHOM TTOTCHIIUAILHOM II0JIE".

Kak Bunno, ypaBuenue Illpenunrepa (4.10) siBnsiercs ypaBHEHUEM IMEPBOTO MOPSAIKA
no BpeMeHu. [losToMy A ero pemieHuss HEOOXOAMMO 3a/aTh OJHO HAayalbHOE YCJIOBHE, a
MMEHHO, BOJHOBYIO (DYHKIIMIO B HEKOTOPBIN HayallbHBIM (Hampumep, HyJIeBOW) MOMEHT Bpe-
MEHHU

y(7,t=0)=y, (7). (4.11)
Torpaa, 3Hast BOTHOBYIO (DYHKIIUIO CUCTEMbBI B HAYAIbHBIE MOMEHT BPEMEHH, IPOUHTETPUPOBAB
(4.10), MBI CMOXEM ONPEICIIUTh BOJHOBYIO (DYHKIIMIO B JIIO0OW Hamepes 3aJaHHBIA MOMEHT
BPEMEHH.

Hecraunonapuoe ypaaenue lllpenunrepa ecTh OCHOBHOE ypaBHEHHE KBAaHTOBOU Me-
XaHUKU U (DaKTHUECKU MPHUXOAUT Ha CMEHYy KilaccuiyeckuM ypaBHeHHsIM HproTona. Kak mbl
yKe€ OTMEuajH, MOCTAaHOBKAa 3aJayd B KJIACCUYECKOW MEXaHUKe (M0 HaYaJIbHBIM 3HAYCHUSIM
KOOPAMHATHI M CKOPOCTHU (MJIM UMITYJIbCa) ONMPENEIUTh 3HAYCHHUS STUX BEJIMYUH B JII000I Ha-
nepesa 3aJaHHbIi MOMEHT BPEMEHH) HEBO3MOXKHA B KBaHTOBOM Teopuu. COOTHOIICHUS HEOTI-
peneneHHoctel ['eiiseHOepra He MO3BOJSAIOT B MPUHIIUIIE 33/1aTh HAYAIbHbBIE YCIOBUS TaK, KaK
9TO JenaeTcsl B Kiaccuueckor teopuu. CocTossHue MUKPOOOBEKTa B KBAHTOBOW TEOPUHU OTIH-
CBIBACTCS BOJTHOBBIM TIOJIEM, ¥ - QyHKIHeH. Best mHpoOpMaIius, KOTOpYO MBI MOYKEM y3HATh O

CHCTEME, COIEPIKUTCS B €€ BOJTHOBOU (DyHKITHH.

Penamusucmckoe onnosoe ypasuenue.

[Ipexne ueM mepelTH K OOCYXKIEHHIO BaXXKHEHIIETO BOMPOCAa TEOPUH O (HHU3UIECKOM
CMBICJIE BOJTHOBOM ()YHKIIMM M O TOM, KakK 10 M3BECTHOW BOJHOBOM (D)YHKIIMU OINPEICINATh U3-
MepsieMble B SKCIIEPUMEHTaX IapaMeTpbl MUKPOOOBEKTA, MONBITAEMCS MOMYUYUTh («yraaaTby)
PESITUBUCTCKOE BOJIHOBOE ypaBHEHUE. Kak M3BECTHO, B PEIATUBUCTCKON TEOPUH IPOCTPAHCT-
BEHHbIC KOOPJMHATHI U BpeMsi 00pa3yroT €UHbIN YeTblpexMepHbIil BekTop. [losTomy B pens-
TUBUCTCKOE BOJHOBOE YPaBHEHUE MPOM3BOAHBIE 110 BPEMEHU U IO IPOCTPAHCTBEHHBIM KOOP-

* Bo u36ekaHue HeOpasyMEeHHs OTMETHM, 4TO MPOBEJICHHBIE PACCYK/ICHHS HH B KOSl Mepe He ABIAIOTCS «BbI-
BosioM» ypaBHeHus lllpeauHrepa, KoTopoe HE MOKET OBITh MOMYYCHO W3 KAaKUX-JIH00 OoJiee O0IMX (PH3HMIECKUX
3aKOHOB. DTO JIMIIb HEKOTOPBIH CIIOCO0 «yraiaTh €ro.
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TUHATaM JOJIKHBI BXOJUTh CUMMETPHUYHBIM OOpa3oM: HampHUMeEp, YpaBHEHHE MOXET CoJlep-
’KaTh MPOU3BOIHBIE BTOPOTO (MJIM MEPBOTO) MOPSIKA U IO BPEMEHH U M0 KOOPIUHATE.
JI71st pensiTHBUCTCKOM YaCTHUIIBI CBSI3h YHEPTUU U UMITYJIbCA 337aCTCsI COOTHOIIICHHEM

E* =p’c’ +m’c*. (4.12)
[ToaTOMy auCTIEpCHOHHOE COOTHOIICHUE (k) Tt BOJIHBI 1e bpoiiis 3anuceiBaeTcs B BUIE
o’ =k*c* +mc*[n? . (4.13)

Tenepp J€rK0 yraapIBacTCs BOJHOBOE YpPaBHEHHE, JOIMYCKAOIIEEe PEIICHHE B BHUJE TUIOCKOW
BostHBI (4.1) ¢ 3aBUcuMOcThIO (k) B BHae (4.13):

1 o>y o’y (mcjz
5 == || V. (4.14)
c” ot ox h
[TonydyeHHOE ypaBHEHHE HA3bIBACTCS YPABHEHUEM Kueiina® — Fopz[OHa4 1 OBLIO TIOJTYYEHO UMHU
B 1926 rony. B yacTHOM ciydae, eciiu Macca 4acTHIIbI paBHa HYIIO ((hoToH), ypaBHeHue (4.14)
npeBpamaeTcs B «0OBIYHOE» BOJIHOBOE ypaBHEHHE, ONKCHIBAIOIIEE, HAIPUMED, JIEKTpOMAr-
HUTHOE T1071¢”. MBI He GyeM 371ech 00CY K IaTh LBl KOMILIEKC MPO6IIeM, BOSHUKIIHX C TOJI-
KOBaHHEM cMbIcia ypaBHeHUs1 KneliHa — ['opaoHa B KBaHTOBOM Teopuu. OTMETUM TOJIBKO, YTO
OKa3bIBAETCsI BO3MOYKHBIM HAIUCATh €IIe OJHO PEJATHUBUCTCKOE BOJHOBOE ypaBHEHHE, COMEP-
Karlee TOJIBKO MTPOU3BOJIHBIC TIEPBOTO MOPSAKA IO BPEMEHHU U IO TIPOCTPAHCTBEHHON KOOP.IH-
HaTe, TaKoe, YTO ero pellieHrueM sIBIIsIeTCs TUIocKas BoiHa jae bpoitns (4.1), a cBsa3p o(k) 3axa-

ercs ¢ nmomorpbio (4.13). CooTBeTcTBYIONICE ypaBHEHUE ObUTO ToaydeHo Jupakom B 1928 ro-
Ay 1 HOCUT €TI0 UMH.

Bonnosas dhynkyusa u ee gpusuueckuii cmvica.
Kakoil ¢usnueckuii cMpIca cienyeT NMpuaaTh BBEIEHHOW HaMU BOJHOBOHM (yHKIH?
MpI yxe o0cyxnanu 310 Borpoc (cM. JI 2) u mpunum K BBIBOIY, U4TO 3TO moje (7 ,t) ompe-

JIeNIsieT BEPOSITHOCTh OOHAPYKUTh YACTHUIYy B PA3JIMYHBIX TOUKAX MPOCTPAHCTBA B 3aJaHHBIH
o - 2
MOMEHT BpeMeHHU. TouHee, KBajpaT MOJyJsl BOJIHOBOM (DyHKIIMH |\|/(r,t)| €CTb IIJIOTHOCTH BE-

POSATHOCTH OOHAPYKUTH YACTHUILY B TOUKE C KOOPIUHATON 7 B MOMEHT BPEMEHH 1 :

- - 2
p(F. ) =w(F. 1) - (4.15)
EcTecTBeHHO moiiaraTh, 4TO T/I€-TO B IMPOCTPAHCTBE YacTUIA JAOCTOBEpHO cyiuecTByeT. [lo-
3TOMY BOJIHOBAsI (PYHKIIHS IOJKHA YOBIIETBOPATD CIIEIYIONIEMY YCIOBUIO HOPMHUPOBKH

j|w(?,z)|2d3r =1. (4.16)

3nech UHTErpa Oepercst o 00IacTH ONpeieIeHUs] BOIHOBOM (yHKIIMHU, KaK MPaBUIIO, 3TO BCE
0eCKOHEYHOE MPOCTPAHCTBO. TakMM 0Opa3oM, COCTOSIHHSI YaCTHUIIBI JIOJDKHBI OIUCHIBATHCS
(GYHKLIUSMHU C UHTETPUPYEMBIM KBaJpaTOM MOIYJIS.

31ech HaC OKUIACT KHENPUSATHOCThY. EMMHCTBeHHAs BOTHOBAsK (DYHKIHS, KOTOPYIO MBI
y’K€ 3HaeM, 3TO BOJHA Ji¢ bpoiins, cooTBeTCTBYIOMIAs YacTUIE C 3aJaHHBIM 3HAYCHUEM HM-
nyibca. [T0CKOJIbKY 1151 3TOM BOJIHBI

|\|/(F,t)|2 = exp&( ﬁF—Et)j =1, 4.17)

* O.Klein (1894 — 1977) — mBecKuii UMK — TEOPETHK.

* W.Gordon (1893 — 1939) — HeMerKuii UMK — TEOPETHK.

> HekoTopoe OTIHYME €CTh H B 3TOM CJIydae: Hallle ypaBHEHHE 3aIlMCaHO JUIs OTHOM CKaIAPHOH (yHKIIHH, B T€O-
PHHU DJIEKTPOMArHUTHOTO TOJISI QHAJIOTMYHOE ypaBHEHHE BO3HHUKACT JUI BEKTOPHOH (yHKIMH, HANpHMep, BEK-
TOPHOTO NOTEHLHUAA.
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TO HOPMHUPOBOYHBII MHTETpal, 04eBUIHO, pacxoauTcs. C Ipyroil CTOPOHBI, Takas CUTyallus
noHsTHa. Ecnu uMiynbc u3BecTeH TOYHO (a AJIs BOJHBI e bpoiiis 3TO MMEHHO Tak), TO U3 CO-
OTHOIICHHS HEOTIPEICIIEHHOCTEH I HEOIPEISIIEHHOCTH KOOPAMHATHI TIOTyYaeM
Ax~n/Ap, > ©, (4.18)

T.€. YacTUIa JENOKAIN30BaHa 1O BCceMy OECKOHEYHOMY MpOoCTpaHcTBY. ViIMeHHO Takoe abco-
JIOTHO JICJIOKAJIM30BAaHHOE COCTOSIHME W 33/1aeT IUIocKas BoyiHA. KOHEYHO, K pearbHOMY CO-
CTOSIHUIO YaCTHIIbI IJIOCKAs BOJHA MPSIMOTO OTHOLICHHS HE UMEeT. DTO MaTeMaTuyeckas aocT-
pakuus. JIro0oil (GuU3NYECKU MpoIecc MPOUCXOIUT, MOXKET OBITh M B MaKPOCKOIHYECKH
0OJIBIION, HO OrpaHUYCHHON 00JacTH MpocTpaHcTBa. [103TOMYy MBI MOXKEM YTBEpXKAaTh, YTO
COCTOSIHME YACTHIBI C TOYHO OIPENEICHHBIM 3HAUYCHHEM HMITYJIbCa MPUHIMITHAIEHO HEBO3-
MOJKHO, a BonHOBas (hyHkuus Bunaa (4.1) wnu (4.7) He OMHUCHIBAET HUKAKOTO COCTOSIHUS Peaib-
HOrO (pn3ndeckoro o0bekTa. C qpyroil CTOPOHBI, €CJIM BOTHOBOH MAKET JOCTATOYHO IIUPOKH,
T.€. €r0 MPOCTPAHCTBEHHOW pa3Mep MHOro OoIblle AJIUH BOJH Ae bpoiins ero o0pasyromux,
NpUOIMKEHUE TUIOCKOW BOJHBI YaCTO OKa3bIBACTCS OYEHB YAOOHBIM C MAaTEMAaTHYECKOW TOUKH
3peHUsl.

Takum oOpa3zom, MOMUMO (YHKIMH C MHTEIPUPYEMBIM KBaApaTOM MOJIYJS B KBaHTO-
BOIl MexaHuKe ObIBaeT yAoOHO paboTaTh M ¢ (PYHKIMSIMH, KOTOpPHIE YCIOBHUIO HOPMHPOBKHU
(4.16) He ymoBneTBOpPSIIOT. PaccMOTpUM BONPOC O HOPMHPOBKE TaKMX (DYHKIMA Ha TpUMEpe
coctosiHus (4.1). MBI omsITh U1 IPOCTOTHI OTPAaHUYUMCS OJTHOMEPHBIM ciiydaeMm. byaem cum-
TaTh, YTO COCTOSTHHE B BUJIE TUIOCKOW BOJTHBI

v, (x)=4 exp(% px] (4.19)

(A = 1[1/L - HOpMUPOBOYHAsI KOHCTAHTA, HHACKC « p » YKa3bIBACT, YTO 3TO COCTOAHUC C UM-

IMyJ1bCOM p ) 33JaHO Ha OTPE3KE X € (— L/2,L) 2). Mgl nojaraeM, 4ro L BEIMKO U B Jajb-
HEWILIEeM neperaeM K npeaeny L — .

PaccMoTpuM 3HaYEHUE CIIEIYIOIIEr0 HHTErpalia
12

I= [y, (v, (x)dx (4.20)
-1/
Boruncnenue unrerpana (4.20) naet
1 i sin AkL/2
I=— | exp| —(p—p)x |dx=—"7"7—. 4.21
LLI/Z p[h(p p)j oD (4.21)

Bnecy Ak =(p—p')/h.Tpu Ak #0 B npenene L —» oo nomaydaem, 4to / — 0, T.e. BOIHOBbIE

(YHKLIMU COCTOSHUM C Pa3IMYHbIMM 3HAaYEHUSMHU MMITYJIbCA CTAHOBSITCS OPTOrOHAJIBHBI APYT
npyry. B cnyuae A4k =0 momyuaem, uto / =1 ayisa mo060ro KOHEUHOTO CKOJIb YTOJTHO OOJIBIIIO-
ro 3HaueHusi L, T.e. ycioBue HOPpMUPOBKH (4.16) oka3bIBaeTCsi BBINOJIHEHHBIM. YKa3aHHas
npoleypa MOXKET ObITh MCIIOJIb30BaHa MPH PEIICHUHM KOHKPETHBIX 33]a4, OJJHAKO HE COBCEM
ynoOHa, Tak KaK B HCXOAHOU GyHKuuH (4.19) mosBuics HopMupoBouHbIi pasmep L . [Tostomy
0OBIYHO MOCTYNa0T HeMHOro uHave. Ilycts HopmupoBouHast koHcTaHTa A =1. Torna Beruuc-

nenue unterpana (4.21) B npenene L — o gaet
L2

. i . sinAkL/2
I=1lim | exp| —(p—p')x |dx=lim———=2nhd(p—p').
H“’_J/z p(h(p p) j M 2 (p-p")
MBI 3/1€Ch HCIIOJIB30BaId H3BECTHBIC COOTHOIICHUS limmznﬁ(x), 8(ax)=8(x)/|a|.
o—>0 x

OTtcro/1a BO3HUKAET yCIOBHE HOPMUPOBKHU Ha O - ()YHKIIHIO:
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[w, v, ()dx=8(p—p", (4.22)
I (S]
1 i
(x)= exp(— px) . 4.23
v, (x) T2 PP ) (4.23)
B TpexmMepHOM cilydae aHaJIOTUYHO MOJIy4YaeM
[, (v, (Hd*r=8(p-p"), (4.24)
pUIEM
- 1 I ..
\.llp (l") = Wexp(%pr) . (425)

YciioBre HOPMUPOBKH Ha O - (DYHKITHIO HCIIONB3YETCsl B KBAHTOBOM TEOPHH BCAKHUNA pa3, KOTaa
BOJIHOBasA (DYHKIIMS HE MOXKET ObITh HOPMHPOBAHA COTJIACHO YCJIO0BUIO (4.16).

Ypasnenue nenpepuvienocmu. Bexkmop niomuocmu moxka 8eposmHocmu.

[Tomyuum Tenepp OJTHO OYEHBb BAJKHOE CBOMCTBO, KOTOPOMY YJIOBJIETBOPSIOT BOJHOBBIE
(GyHKUIMH, SBISIOUIMECS PELICHUSAMHU HecTaluoHapHoro ypaBHeHus lllpenunrepa B mpous-
BOJIbHOM MOTEHLIMAJIBHOM IT0JIE. 3alUIIEeM JJIs 3TOro ele pa3 ypaBHeHue Lllpenunrepa

2
Y G v EwE (4.26)
ot 2m
a TaKk)Ke YpaBHEHHUE, KOMIUIEKCHO COTPSDKEHHOE eMy:
* 2
A A VN T 4.27)
ot 2m
VMuO)EM (4.26) Ha W (7,1), (4.27) — Ha y(#,1), a 3aTeM BEIYTEM OHO U3 Apyroro. ITomy-
YHM:
. % aw aw* hz *er2 2. *
iy —+y— |=——\y Vy—-yV , 4.28
(wé‘tw&tj 2m(\|f y-yviy') (4.28)
17005
ol ,
=— Viy Vy —yVy ). 4.29
Py i (v'vVy-yvy’) (4.29)
Bcnomunas, uto |\|J(17,t)|2 = p(7,t) - TUIOTHOCTBH BEPOSATHOCTH, Tiepernuiiem (4.29) B Buse
op -~
—+divj=0, 4.30
Py J (4.30)
TJie BBEJICHO 0003HAYCHUE
- h * *
J=——v'vy-yvy’) (431)
2mi

VYpaeaenne tuna (4.30) XOpoIIO M3BECTHO B PA3NIMYHBIX OOJIACTSAX (DU3HWKHU, B YACTHOCTH, B
AIEKTPOJMHAMUKE U SIBIISICTCS MATEMaTHUECKUM BBIPOKEHHEM 3aKOHA COXPAHECHUS AJICKTpHUE-

CKOTO 3apsija, MPUIEM P €CTh IUIOTHOCTH JICKTPUIECKOTO 3apsifia, @ j - TNIOTHOCTh AJIEKTPH-

yeckoro Toka. YpasHenue (4.30) o3HayaeT, 4ToO JICKTPUUYCCKUN 3apsi] HE UCUE3aeT U HE IMOsIB-
JSIETCs, a TOJIBKO TIEPETeKaeT U3 OJHOW TOYKHU MPOCTPAHCTBA B JPYTYI0. AHAJIOTHYHOE ypaB-

HEHHUE B TUAPOAMHAMUKE (P - IUIOTHOCTH KHJKOCTH, j - MOTOK MAacchl) O3HA4aeT 3aKOH CO-

XpaHeHus: Maccol. [IoATOMy 10 aHaJOTUM €CTECTBEHHO B KBAHTOBOM TEOpUU BEIIMYMHY ] Ha-
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3BaTh BEKTOPOM IUIOTHOCTH TOKa BEpOATHOCTH. [lomydyeHHOe HaMHU ypaBHEHHE HETPEpPBHIBHO-
ctu (4.30) o3Ha4aeT, 4TO IJIOTHOCTH BEPOSITHOCTH B KBAaHTOBOM TEOPUH MEpPETEKaeT U3 OJHOU
NPOCTPAHCTBEHHON TOYKH B JIPYTYIO MOJO0HO 3apsay B 3JEKTPOIUHAMUKE, MU Macce B THU-
pOAMHAMUKE.

OTMeTuM, 4TO TOJTYYCHHBIE COOTHOLICHHS SIBIISAIOTCS OOIIMMH M HE 3aBHUCAT OT KOH-
KPETHOTO BHJIa TIOTCHIINAIBHOTO IOJIsl, B KOTOPOM JIBM)KETCS YacTua. J{i1st Hac ObIII0 BaXKHBIM
TOJIbKO TpeOoBaHue, 4TOOBI MOTeHIMaNbHast pyHKIuUsA V (7,¢) Oblia BemecTBeHHOM. JIerko mo-
Ka3aTh, YTO BBEICHHE B TEOPUIO KOMIUICKCHOTO MOTEHIIMAA MOKET OBITh MCIIOJIB30BAHO IS
OTIMCAHMS TPOLECCa POXKACHHUS WM THOETH YacCTHIIbI, IPHYEM CKOPOCTh POXKACHUS (THOEIH)
OyzieT ompenensaThCs MHUMOW YacThio oTeHmana ImV (r,t).

Onpedenenue cpedHux 3Ha4eHUll U OUCHePCUU UMNYILCA U KOOPOUHANbL YACTIUYbI.
Wtak, B KBAaHTOBOW MEXaHMKE BOJHOBas QyHKUUS \Y(7,f) ONpeAeNsieT COCTOSHUE CUC-

TeMbl. OTHAKO cama BOJTHOBas (YHKITMS HEMOCPEICTBEHHO HE MOXET ObITh H3MEPEHA B IKCIIe-
pumenTe. BMecTo Hee 3KCIEpUMEHTATOP M3MEPSET TAKWE BEIWYMHBI, KAK KOOPAWHATA, UM-
MyJIbC, PHEPTUs, MOMEHT UMITyJbca U T.11. Kak, 3Has BOTHOBYIO (DYHKIHIO CUCTEMBI, OMpee-
JUTHh 3HAYCHUS 3TUX U APYTUX (HU3HUECKUX BeIrunH? MBI 3HaeM yKe, 9TO pe3yJbTaT u3Mepe-
HUS1, BOOOIIIE TOBOPSI, MOKET OKa3aTbcs pa3audHbIM. [IoaToMy akTHdecKH MOKHO TOBOPUTH O
BBIYMCIICHUH BEPOSTHOCTH TOTO WJIM MHOTO PE3YJIbTaTa U3MEPEHUS, a TAKKE CPEIHEM 3Haue-
HUU (U3UYECKON BEIMYMHBI B JAaHHOM KBAHTOBOM COCTOSHHM, OIMCHIBAEMOM (DyHKIMN
y(r,t).

Haunem o6cyxeHre Bonmpoca O BIUMCICHUH KBAHTOBOMEXAHUYECKUX CPEAHUX C OI-
peleNeHNs] CPEAHEr0 3HAYEHUSI MPOCTPAHCTBEHHOW KOOPJIMHATHI YacTUUbl. B maHHOM ciiydyae
CpelHee 3HaYeHHE MOXHO OMPEIENIUTh UCXOIS M3 BEPOATHOCTHOTO CMBICIIA BOJHOBOM (PyHK-
muu. Benmmuuna

dW (1) = [w(7,1) d’r (4.32)

eCcTh BEpPOATHOCTh 0OHAPYKUTh YACTUILY B MOMEHT BPEMEHH ¢ B dyeMeHTe o0bema d°r BOMIH-
3 TOUKHU ¢ KoopauHatoil 7 . [loaTomMy cpeqHee 1o KBAaHTOBOMY COCTOSIHUIO 3HaYEHHE KOOP.IH-
HaTbI YaCTHULIBI ONpesiessieTcs o popmyIie

- N . 2 * - .
(F (1)) = j Ay, 0 d*r = j v FOFFEDdr (4.33)
3nech CKOOKH < > 03HAYaKT MPOLEAYPY YCPEOHEHUS IO KBAHTOBOMY COCTOSIHUIO CUCTEMBI.

Bripaxenue (4.33) nerko pacnucarh JUisl KaKJI0H U3 MPOEKUUN paguyc-BeKTopa x,),z. Ha-
npuMep, I X - IPOEKIIMU UMEEM
(x() = [y @0 d’r = [w" F.Oxw(F 0dr (4.34)

OTmeTHM, 9TO peyb HIET O MPUHLIHUIUAIBHO HOBOM crioco0e yCcpeaHEeHUs, HE UMEIOIeM aHa-
Jora B KJIACCHUYECKOW Teopuu. [leficTBUTENBHO, B KIIACCHYECKON (PH3HKE YacTO MPOU3BOIUTCS
yCpeIHEeHHEe HEKOTOPOW BEIMYMHBI IO BpeMeHH. Ele oauH crnocod ycpeaHeHUs, THUITMYHBINA
JUTSL 337129 C OOJIBIIIMM YHCIIOM YaCTHIl, — BEIYHCIICHUE CPEIHETO 3HAYCHUS (PU3NICCKOU BEIH-
YUHBI 110 aHCAMOJITI0, HAIPUMEP BBIYUCIIEHUE CPEIHENH CKOPOCTH IBHKEHHS MOJIEKYN B raze. B
HAIlIeM CJIy4ae YCPEIHECHUE IMPOBOTUTCS MO KBAHTOBOMY COCTOSIHHIO MUKPOOOBEKTa B (DUKCH-
POBAaHHBIII MOMEHT BpeMEHH. BaXHO OTMETHTb, UYTO OMPEACIUTh SKCIEPUMEHTAIBLHO ATO
Cpe/iHee MO KBAHTOBOMY COCTOSIHUIO 3HaY€HHE KOOPAMHATHI HE TaK MpOCTO. J(elCTBUTENBHO,
MBI YK€ TOBOPWJIM O TOM, YTO B MUKPOMHpE MpOIeaypa U3MEpPEeHHs BIUSIET Ha MPOTEKaHUE
u3ydaeMoro (uzmdeckoro nporecca. [loaromy mocie u3mMepeHus BOIHOBasT (DYHKINS CUCTEMBI
OKa3bIBACTCs YK€ MHOW. DTa CUTyalus Ha MPUMEPE U3MEPEHHUS X — KOOPAMHATHI YACTHUIIBI
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2
npowutocTpupoBana Ha puc.4.1. CrulomHas KpuBas COOTBETCTBYET BEJIMUMHE |\|/(x)| 70 u3-

mepenus. [lyctb B pe3yabTare U3MEpeHUs] Mbl OOHAPYKMIIM YACTHUILY TZIe-TO BOJIM3U TOUKH C
KoopauHaToil x,. HoBast BoJTHOBast )yHKILIMSI CUCTEMBI OKa3bIBAETCS JIOKATU30BaHA OKOJIO 3TOU

TOYKHU (IITPUXOBAsE KPUBAsi) U OIMHUCHIBAET YKE COBCEM JIPYTrO€ COCTOSHHME YAaCTHIIbI, KOTOPOE
BO3HUKJIIO TIociie u3mepenus. [loaToMy, eciiv Mbl XOTUM ONIPEAETUTH CpeIHee 3HAUCHHE KOOP-
JTUHATHI B 3aIaHHOM COCTOSIHMH, MBI JIOJDKHBI 1M03a00TUTHCS O TOM, YTO KaXKIbIH pa3 CHOBA
MPUTOTABIMBATH ATO COCTOSTHUE MOCIIE 0YEPEAHOTO U3MEPEHHUS.
Ha npakTuke 00bIYHO MTOAPAa3yMEBAECTCS, UTO UMEETCSI OOJIBIIOE KOJIUYECTBO HICHTUY-
HBIX HEB3aHMOJCHCTBYIOIINX KBAHTOBBIX CHCTEM, HAIPHMED, CIYCTOK M3 N 9IeKTPOHOB®
MAOTHOCTb BEPOSITHOCTU (N >>1). Torna npu U3MepeHHH KOOP-
N JUHAT KKJIOTO M3 HUX MBI MOJIy4aem
‘ pacmpeneneHue 3Ha4YeHW, ompezense-
MO€ KBaJpaTOM MOIYJsl BOJIHOBOHM
‘ GyHKIUY, a IO 3TOMY pacIpe/ie]ICHUIO B
\ COOTBETCTBHUHM C BbIpakeHueM (4.33) unu
(4.34) ompenenum cpenHee 3HAYCHUE
KOOPJIMHATHI JIEKTPOHHOTO CTYCTKa.
AHaJOTMYHO TOMY, Kak 3TO Jie-
JIAeTCsl B TEOPUHU BEPOATHOCTEH YIOOHO
BBECTU €€ M MAUCIEPCUIO0 CPEIHETO
Puc.4.1. K Bonpocy 06 nsmepenunm koopamHaTtbl Yactuubl. 3HAYCHHUA KOOPJAMHATDBI, XapaKTCPU3YyHO-
IIy0 pa3dopoc H3MepsSeMbIX 3HAYCHHM
OTHOCHUTENILHO CpeiHero 3HadeHus. OnpenenuM JUCTIEPCHIO CISAYIOMMUM 00pa3om

D = <(x — <x>)2> = <x2 — 2x<x> + <x>2> = <x2> — <x>2 . (4.35)

371ech CUMBOJIOM < > BCIOJy Tak)ke 0003HaueHa MHTErpayibHas onepauus tuna (4.34). Hanpu-

koopauHaTa

Mep
* -
<x2(t)> - j\v 7, OxW(F,0)d’r (4.36)

- cpeaHee 3HaueHue KBajpaTa KOOPJIWHATHI YacTUIbl. TakuMm oOpa3oM, /i BBIYMCIICHHS JTHUC-
HepCI/II/I H€06XO,Z[I/IMO OHpGI[GJII/ITL cpe,uHee oT KBa;[paTa 41 KBaI[paT oT CpCI[HCFO, a 3aTEM BBLBI-
YeCTh OJTHO U3 JPYTOTO.

A Kak OIpeleNnarh CpeAHUEe M IUCIEPCUU APYTHX (PU3MUECKUX BEIUYHMH, HAIPUMED,
I/IMl'Iy.]'Ibca? HpC}K,Z[C YgcM OTBETHUTH HA 3TOT BOHpOC, BCIIOMHUM, YTO MbI y>1<e 3HAcM COCTOHHI/IX,
B KOTOpBIX I/IMHy.]'H:nC YaCTUIIbI TOYHO onpezleneH. 3T0 IIJIOCKAasA BOJIHA A€ BpOﬁHH

1 i
=——exp| —px|. 437
v, (x) meXp o px (4.37)

PaccmoTpuM Tenepp COCTOSIHUE, MOCTPOCHHOE B BHJIE JIMHEMHOM CYIEPIO3ULUU COCTOSHUI
(4.37)

V(@) =Y.C,v, (). (4.38)

Kaxkoe 3Hauenne nmirysbsca Oy1eT U3MEPEHO B 3TOM cocTostHUU? [IpaBUIBHBIN OTBET 3aKIItOYa-
CTCA B CIICAYIOIIEM, U 3TO NPUHIHUIINAJIBHO BAKHO JJIA HﬁﬂbHCﬁHlGFO IIOHUMAaHHus1 OCHOB (I)Op-
Maju3Ma KBaHTOBOM MEXaHUKH. byleT M3MEpEeHO OOHO M3 3HAYCHHUU p,;, COOTBETCTBYIOILEE

BOJTHOBOM (DYHKIIMHU, BXOASAIICH B pasnokeHue (4.38), mpuyemM BepOsITHOCTh ONPEIETICHHS ITO-

% [pu 5TOM IPHHIMITHATEHO BAXKHO, YTOOBI B3aHMO/IEHCTBIE MEXTy JEKTPOHAMH GBLIO TIPEHEOPEKMMO MAJIO.



53

2
, mo9TOMY camy BennanHy C,

T'O 3HAYCHUS OIIPCACIIACTCA BEIIMUMHOMN KBaapaTa MOAYJIA ‘Cpl

H4aCTO Ha3bIBAaIOT aMHHHTyHOﬁ BCPOATHOCTH. I[J'IH OKCIICPUMCHTAJIIBHOTO ONPCACIICHUA 3TUX
BepOHTHOCTCﬁ HaaAO NPUTIOTOBUTH COBOKYIIHOCTb UACHTUYHBIX HCBSaI/IMO,I[eI‘/’ICTBYI-OH_II/IX KBaH-

TOBBIX CHUCTEM, TOrJa USMCPCHUEC UMITYJILCOB AJId BCEX CUCTEM KaK pa3 W IO3BOJIMT OIPCHAC-
2
JINTb 3HAYCHHA BEPOATHOCTEU ‘C ” ‘

B oOuiem citydae, MOCKOJBKY BEJIMYMHA U3MEPSEMOr0 UMILYJIbCa «IpoOeraeT» Hempe-
pBIBHBIN HaOop 3HaueHul, BMecTo (4.38) cineayeT 3anucaTb UHTErpaIbHOE PEICTaBICHUE:

y(x) = [C,v,dp. (4.39)
[ToBTOpHM e1ie pa3: JaHHOE MPEICTABICHNE BOJTHOBOW (PYHKIIMU €CTh €€ Pa3joKEeHUE IO CO-
CTOAHUAM C TOYHO OIPCACIICHHBIM 3HAUYCHUCM HMIIYJIbCA. HpI/I 3TOM BCIIMYHMHA ‘Cp‘z C€CThb
IIJIOTHOCTH BepOHTHOCTI/I TOro, 410 HpI/I I/I3MepeHI/II/I y HJaCTHULbI 6YIICT 06Hapy>I<eHo 3HAYCHUC
HMITyJbCa, paBHOE p , a ‘C p‘zdp €CTh BEPOATHOCTH U3MEPUTH 3HAYECHUE UMITYJIbCA B HHTEPBa-
IeoT p 1m0 p+dp.

C maremaTtuyeckod TOUKM 3peHus npenactasieHue (4.39) ects pasnoxenue (QyHKIMU
y(x) B unTerpan dypspe. [losromy BenmunHa C, MOXKET OBITH Haii/ileHa ¢ TOMOIIBIO 0OpaTHO-

ro npeobpazoBanus Oypee:

C, =[w exp(—% px) \/% = [y, (x)dx (4.40)

Tenepb J€rKo ONpeeuTh CpeiHee 3HaUeHUE UMITYJIbCa B COCTOSTHUM, ONUCHIBAEMOM (DyHKIIH-
eit y(x). ITockombky ‘C » ‘2 €CTh IIJIOTHOCTH BEPOSTHOCTH UMITYJILCHOI'O pacIIpeaeIeHus, TO 110
AQHAJIOTHUHU C OIPEAETICHUEM <x> 3anuiemM
2
(p)=[pC,| dp. (4.41)
Kazanock, Ham mpeCTOUT AOCTATOYHO TPy A0eMKast mporenypa. I1o BoiHoBo#H GyHKIMU W (X)

Hajo onpenenutb C,, a yxe 3aTeM BBIYUCIAUTH UHTErpal (4.41). OfHaKo, MOKaXeM, YTO Mpo-

HEeAypy MOKHO CYIIECTBEHHO yrpocTuth. [lepenumiem (4.41) B Buze

(p)=[dpdp'pC;,C,5(p-p"), (4.42)
a 3aTeM BOCIIOJIb3YEMCS MHTETPAJIbHBIM MPEJICTaBICHUEM Uil O - (PYyHKIIUU
1 i
d(p—p')y=——|exp| —(p—p")x |dx. 4.43
(p=r)=—— p(h(p p)j (4.43)
[Honcrasnss (4.43) B (4.42) u, 3aTeM, MEHSAS MECTaMU MOPSA0K HHTETPUPOBAHUS, TIOTYYUM
. i dp' i dp
p)=|dx|C .exp(—— p'xj C pexp[— pxj . (4.44)
) I I ! h Jznhj : h™ )\2nh

OueBHUIHO, UTO MePBHIil BIOKEHHBIH B (4.44) HATErpan ecth mpocto ' (x). Bropoit uuTerpan
JIETKO CBOJIUTCS K TIPOM3BOJIHON OT BOJHOBOM (DyHKIIUU
i dp ., Oy
[c,p exp[% pxj = —ih—. (4.45)

N27h Ox

[ToaTOoMy OKOHUYATENBHO AJIS < p> MoJTy4aeM

(p)=[w @D(pw(x)ux, (4.46)
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I'Ie BBEIEHO 0003HAYEHNE

p=—ihofox. (4.47)
AHamoruyHo IJId AUCIICPCUHN 3HAYCHU A UMITYJIBCAa MOKHO 3aIllUCaTh
2
D, =(p*)-(p), (4.48)
TAC KBaJApaT CPCAHCTIO 3HAUCHU A UMITYJIbCA OIIPCACITIACTCA BbIPAKCHUCM
2 * 62 * ~
(p)=[p7[c,[ dp=[v (o) -1 =T far=[v" @pPwadr. (449)

Huxe BrIpakeHus uisi cpeiHUX, aHanorudnblie (4.34), (4.46), OyayT momydyeHbl U Ui
IPYTUX U3MEPSIEMbIX (PU3NUYECKUX BEITUYNH.

Onepamopuol.
WTak, mony4eHHbIe B TPEABLIYIIEM pa3ieiie BRIPAKEHHS IS CPESAHUX 3HAYCHUH KOOp-

JIMHATBI U UMITYJIbCA MOYKHO 3aMUCaTh €IUHBIM 00pa30M, €CII BBECTH ONEPaTOPbl KOOPIUHATHI
X ¥ UMIyJbca P :

(7, 0) = xy(7,t), (4.50)
ZAGIES —ihgw(ﬂt), (4.51)
ox

T.€. OTIEPATOP X - MPOCKIIUU KOOPAWHATHI €CTh MPOCTO YMHOKEHUE HA BEJIMYUHY X , & OIepa-
TOP UMITYJIbCA €CTh (C TOYHOCTHIO JI0 TIOCTOSIHHOTO MHOKUTENsS — ifi ) onepatop nuddepenim-
pPOBaHMS IO KOOpJAWHATE. AHAIIOTUYHBIC COOTHOIICHUS MOXKHO 3aIMCaTh U YIS JIBYX JAPYTHUX
npoekuuid. [losTomy B 0o0111em ciyyae A7si orepaTopa UMITYJIbca MOKHO 3aIUCaTh
5 =—ihV. (4.52)

A Temepb caenaem BaxkHoe o0oOmenne. Kaxmon pusnyeckoit BenmnyuHe, BBEICHHON B Kilac-
CHYECKON MEXaHMKE, B KBAHTOBOM MEXAHUKE CTABUTCS B COOTBETCTBHE OMNEPATOP ITOW BEJIU-
yuHbl. [Ipy 3TOM COOTHOIIIEHNE MEXIY BEIMYMHAMU B KJIIACCHUECKOM MEXaHWKE B KBAHTOBOM
MEXaHHKE MePEHOCUTCS Ha onieparopbl. Hampumep, onepaTop KHHETHUECKOH SHEPTUU €CTh

f:ﬁ_zzmz_i 0° _,_82 +az :_KVZ’ (4.53)

2m 2m 2m\ ox®  oy® oz’ 2m

oreparop NOTCHIMAIBHOW 3Hepruu V(7,¢) ecTh TakkKe Oneparop YMHOXKEHHs Ha MOTCHIIH-
anpryio yukmmo V(7,t) :

Wi(r,0) =V (r,0)w(r,1).
Ba)KHyIO PpOJib B KBAHTOBOW MEXaHUKE HUrpacTt oreparop OJIHOM OHCPIUH. Ero taxxe Ha3bI-
BAKOT onepaT OpOM FaMI/IJ'II)TOHa WK TaMUJIBbTOHHUAHOM

2
H:T+V:—h—V2+V(?,t). (4.54)
2m

Beenennsiii Hamu onepatop ['aMuiIbTOHAa MO3BOJIAET 3alMCaTh HECTALMOHAPHOE ypaBHEHUE
[penunrepa (4.10) B 6osiee KOMIAKTHOM BHJIE

L Oy A
ih—=Hy. 4.55
Py v (4.55)

7 Jlns TOro, 4TOGBI 3TO YBUIETH, JOCTATOUHO Pa3IOKHTh TOTeHIHanbHy0 Gynkmmo V (7,1) B psan Teittopa u
BCIIOMHHTH CBOWCTBA ONlepaTopa KOOPJHHATEHI.
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[TocTpoum eie onepaTop MOMEHTA KOJIMYECTBA ABMKEHHS. [I0CKOJIBKY B KIIACCHUYECKOM MeXa-
Huke L = [F X ﬁ], TO JIJIS1 OIIEPaTOpOB UMEEM

L =—in[F xV]. (4.56)
Pacrinmiem mocienHee onpesieneHne OTACIBHO IS KaXI0oW H3
KOMITOHEHT:
L, =—ih(yd/éz—z0/dy),
p L, =~in(z0/ox —x0/0z), (4.57)
Z L. =—ih(xd/dy — y6/ox).
Jlnst Hac OyzieT BaKeH elle onepaTop KBaJpaTa MOMEHTa KO-
9 YeCTBa JBIKCHUS
L=0+0+1. (4.58)
o ¥ B psine 3amay Ham OynieT ya00HO HCIIONIB30BATh cepu-
@ YeCKyI0 cUcTeMy KoopauHaT. Ilo3ToMy mpuBeaeM BBIPaKEHUS
P

IUIl HEKOTOPBIX M3 BBEIEHHBIX HAMU ONEpPaTopoB B chepuye-
CKOM cHucTeMe KoopauHar. HamoMHuM, 4TO B 3TOW CHCTEME
BMECTO TPOWKH YHCEII X,),Z, 3aJal0IUX JEKapTOBbl KOOPIMUHA-
ThI, UCHOJB3YIOTCA MOAYJb Pajuyc-BeKTOopa 7 W 1Ba yriaa 6 um ¢ (cM. puc.4.2). 3aech Mbl

Puc.4.2. Cchepuyeckan
cUCTemMa KOopAUHAT.

NPUBEJIEM BhIpaKE€HMs AJ1s oneparopa Jlamaca
10 1 1 o(. .0 1 0
V2=——2r+—2A9(p, e Ay, =———|sinb— [+—— 5
r or r sin 0 00 00) sin” 0 O
- yIrJIoBas 4acTh oneparopa Jlamiaca, a Takxke I ONEpaTopoB z — MPOEKIIMM MOMEHTA KOJIH-
YeCTBa JBMKCHHSA M KBaJpaTa MOMEHTA KOJIMYECTBA JIBHKCHHUS

A

L. =—ihd)og, L =-n4,,.

Tenepb y Hac ecTh yHUBEPCAJIbHBIN peLleNT BBIYUCICHHs CpeAHUX 3HaueHui. Eciou He-

KOTOpOi (M3MUYECKOI BenuunHe A TMOCTaBIIEH B COOTBETCTBUE Oomneparop A4, TO CpelaHee 3Ha-
yeHrne (PU3NIECKOil BeMUUMHBI A B HEKOTOPOM KBAaHTOBOM COCTOSTHHH, OTHCHIBAEMOM (pyHK-
et y(7,t), MOXKHO OTIpeIeIUTh 10 (hopmyIie

* ~ - 3
(@) = [w' F0AyFDd*r, (4.59)
Jlucriepcuio BeMMUUHBL A , XapaKTepHU3YIOLIYI0 pa30poc pe3yIbTaToOB BO3MOXKHBIX U3MEPEHHI
OTHOCHUTCIIBHO CPCAHCTO 3HAYCHH A, MOKHO BBIYHUCINTD KaK

D, =(4*)-(4)". (4.60)
Bce omnepartopsl, BBeleHHbIE HaMU, SIBISIOTCS JIMHEHHBIMU OINEpaTOpaMu, JEHCTBYIOIIMMH B
pocTpaHcTBe (DyHKIUI C MHTETpUPYEMbIM KBajaparoM L, . HamoMHUM, 4TO CBONCTBO JIMHEH-
HOCTH O3HAYaET, YTO
Al +,y,) = Ay, +c, Ay, (4.61)
IZie ¢, U C, - HEKOTOpBIE YNCIA, a Y, U ¥, - GYHKLUNH, IPUHAuIeKaLme L, .
MO’KHO JI1 HalTH COCTOSIHUS Y , B KOTOPBIX HEKOTOpasi pu3nyecKasi BeaIuunHa A Mpu-
HUMaeT TOYHO omnpeneneHHoe 3Hauenne? Jla, MmoxxHo. Oka3pIBaeTCs, 4TO JJIsl ITOT0 HEOOXOI1-

~

MO, 4T0OBI BOJIHOBaAsI (QyHKIMS \y ObLIa COOCTBEHHOM (hyHKIMEH oneparopa A, T.e.
Ay, =ay,, (4.62)



56

rIe a - COOCTBEHHOE 3HAa4YEHHE, COOTBETCTBYIOIIEe QYHKIUH V. JleHCTBUTENIBHO, Ompe/e-
JIMM CpeJTHEee 3HAUCHHE

<A>=Iw22wadt =a.f\|/:\|/adr =a, (4.63)
T.e. CpeIHEe 3HAYCHHE BEJIMYHMHBI COBIANACT C COOCTBEHHBIM 3HAueHHWEM ormeparopa. [lo-
CKOJIbKY B PacCMaTpHUBAacMOM Cliydae <A2> =a’, To aucTepcus BeTMIHHEl A B COOCTBEHHOM

COCTOSAAHUH OKa3bIBACTCA paBHA HYIJIHO, T.C. Cl)I/ISI/IquKaH BCJIMYMHA UMECT TOYHO OIIPCACIICHHOC

3Ha4YeHHE, paBHOE COOCTBEHHOMY 3HAUCHHIO orepaTopa A .

CoOcTBEeHHbIE 3HAYEHMsI BCEX ONEPATOPOB (PU3MUECKUX BEIMYMH JOJDKHBI TPUHUMATh
TOJIbKO JIeMCTBUTENbHbIE 3HaueHUs. MOXKHO IOKa3aTh, YTO W3 ATOro TpeOOBaHUS CIEAyeT
CBOIMCTBO 9PMHUTOBOCTH OINEPATOPOB (HPU3NUECKUX BeIHUHH (Oosee moxpodHo - cM. IIpumoxe-
Hue 1). HespMUTOBEI oriepaTtopsl TOKE MCIIOIB3YIOTCS B KBAHTOBOW MEXaHHMKE, OJJHAKO TaKUM
oreparopaM He MOTYT OBITh MOCTaBJICHBI B COOTBETCTBHE M3MEpsieMble (PU3NUECKUE BEITHYH-
HBI.

Taxkum 00pa3oM, B KBAaHTOBOM TEOPUU BaKHOE 3HAYEHUE MPHOOpeTaeT 3a7ada Ha co0-
CTBEHHbIEC 3HAUYEHUS U COOCTBEHHbIE (DYHKIIMU ONEPATOPOB PA3IMUYHBIX (PU3NYECKUX BEIUUYMH.
Habop cobcTBeHHbIX 3HaU€HUN 00pa3yeT CHEKTp Oneparopa, KOTOPbIH MOKET ObITh KakK AMC-
KPETHBIM, TaK M HenpepblBHBIM. COOTBETCTBYIOIINN HAOOp COOCTBEHHBIX (PYHKLUI 0Opazyer
HOJIHYIO CUCTEMY, TO €CTh. IIPOU3BOJIBHOE COCTOSIHUE CUCTEMBI \ MOXKET OBITh MPEJICTABICHO

B BHJIC PA3JIOKECHHS B PsI/I 10 COOCTBEHHBIM (PYHKITUSIM KaKOTO-IHO0 oreparopa A
W = ZCan > (464)

NpUYEeM ATO PA3JIOKEHHE OJHO3HAYHO M €AMHCTBEHHO. Habop ¢yHkumit {\un} BCETJ]a MOXKET
OBITH BBIOpaH OPTOHOPMHUPOBAHHBIM:

[viw,di=3,,, e 5 = (4.65)

B (4.65) unTerpupoBaHue BeIETCs MO BCel 00JIaCTH OMpPEIeICHUS BOIHOBOU (YHKITUN CHUCTE-
Mbl. Paznoxenue (4.64) u ycimoBrue opTOHOPMUPOBAHHOCTH (4.65) 3amucaHbl s CiIydasi orie-

paTopa A ¢ JUCKPETHBIM CHEKTPOM. B cilyyae HEmpepbhIBHOTO CIEKTpa CIEAYET 3alHuCaTh
v = ICawada, (4.66)

[viw, di=8(a-a). (4.67)
[Ipexae yem paccMOTPETh HECKOJIBKO KOHKPETHBIX NMPUMEPOB 3a/1ad Ha COOCTBEHHBIE

3HAa4YeHUsI U COOCTBEHHbIE (DYHKIUH JJIsl ONIEPaTOPOB (PU3MUECKUX BEIMUMH, OCTAHOBUMCS €IIe

2

Ha (U3UUECKOM CMBbICIE pasnoxkeHus (4.64). Benmuuuna w, =|Cn €CTb BEPOSTHOCTH TOrO,

A

YTO MPH U3MEpEeHHH (PU3NUECKON BETMUUHBI, COOTBETCTBYIOIICH omeparopy A4, OyJer u3me-
pEeHO 3HaueHue A,, COOTBETCTBYIOIIEEe COOCTBEHHOH (QyHKIMHU \,. AHAJIOTWYHO, €CIIU PEYb

uAeT o GU3NYECKOIN BETMUMHE, CIIEKTP OIEpaTopa KOTOPOW SIBJISETCSI HENPEPBhIBHBIM, BEINYH-

2
da cnemyer TpakTOBaTh, KaK BEPOSTHOCTH MPU W3MEPEHUHU BEIMUUHBI A, 0OHa-

HY dw = |Ca
PYKUTh €€ 3Haue€HUE B UHTEpBae (a, a+ da).
Camu ko3¢ ¢unuentsl paznoxenuss C, wimm C, (MX 4acTO Ha3bIBAIOT aMIUIUTYIAMU

o o *
BEPOSITHOCTH) JIETKO OIPEJEIUTh 110 U3BECTHON BOJHOBOW (yHKUMHU. YMHOXKad (4.64) Ha v,
Y MHTETpUPYS TI0 BCEH 00nacTu onpeaesieHnst PyHKIUU ¢ yueToMm (4.65) Haiaem
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C, = j yy dt. (4.68)
AHaJIOrMYHO B ClIy4ae HENPEPBIBHOIO CIIEKTPA UMEEM
C, = j wy dt. (4.69)

Cobcmeennbvie 3nauenus u coobcmeennbvle GyHKYUU onepamopa UMnyibed.
PaccmoTpum 3agauy

ﬁx\‘ljp:p\‘ljp' (470)
SHGCB HHACKC « p » YKA3bIBACT HA INPUHAAJICIKHOCTDb (I)YHKI_II/II/I \|Ip CO6CTBCHHOMy 3HAa4YCHUIO

paBHOMY p . Mcnonb3ys siBHOE BBIpaXXEHHE U1 X - NPOEKLHMM omepaTtopa ummyibca (4.51),
MOy YUM

v, = exp(épxj, (4.71)

T.e. IUIOCKYIO BONHY ne bpoiins. Takum oOpa3oM, COOCTBEHHOE COCTOSHHE OINEpaTopa HUM-
myJibca €cTh BOJIHA Jie bpoiia. B 3ToM HeT HUYero yJuBUTEIHHOTO — B COOTBETCTBUU C THIIO-
Te30i Jie bpoiis (a MBI HCIIOIB30BANIN ATy THIIOTE3Y JJIsl ONPEACICHUS OlepaTopa UMITYJIbCa)
BoJIHA (4.71) M €CTh COCTOSIHUE C TOYHO OIPEJICTICHHBIM 3HaU€HUEM UMITysbca. OTMETUM, YTO
OIIEpaTOp UMITYJIbCA €CTh NMPHUMEP OINEpaTopa ¢ HEMPEPHIBHBIM CHEKTPOM, a yCIOBHE HOPMH-
poBKH (4.23) TOKIECTBEHHO YCIIOBUIO (4.67).

CobcmeseHnbie 3nayeHus U coocmeennble YYHKUUU 0nepamopa z- NpoeKyuu MomMeHma
KOIUYeCmed 08UNCEHUS.
PaccmoTpum eme ogny 3amavy:

LAZ\VL: =Lvy,, (4.72)
WK B Ch)EPUUECKON CHCTEME KOOPAUHAT
—ihdy, [0o=L,y, . (4.73)

Wurerpupys (4.73), Haxonum
V, = exp(é chpj. (4.74)

Bce BBIMIAIUT OYeHb MOXOKUM Ha PEIlleHUe 3aa4i Ha COOCTBEHHBIC 3HAYCHHSI M COOCTBEH-
Hble (DYHKUUU JJIs onepaTopa umiyibca. OQHAKO €CTh OJHO CYIleCTBEHHOe oTinyue. B pac-
CMaTpUBa€MOM HaMM ceiluac ciydae CyUIECTBYET JIONOJIHUTEIbHOE YCIIOBUE — YCIIOBUE Iie-
PUOIMYHOCTH BOJIHOBOM (hyHKIMH, KaK (yHKIMU MOJIIPHOro yriua. JeficTBUTeNnsHO py U3Me-
HEHUH yIJia (@ Ha 27 BOJIHOBas (QYHKIUS HE TOJKHA U3MEHHUTHCS, TO €CTh

V. (@) =y, (p+2n). (4.75)
U3 (4.75) naxoqum

exp(é L -271] ~1. (4.76)
OueBuIHO, paBeHCTBO (4.76) cripaBeUIMBO MPU CTPOTO OMPEICIICHHBIX 3HAYCHUAX L _

L =mh, m=0%1%2,.. (4.77)

MBI nony4duiam, 4TO ONeparop z - MPOEKLIUMUM MOMEHTA KOJWMYECTBA JIBM)KEHHSI UMEET YHCTO
JUCKPETHBIN CIIEKTP, BO3MOXKHBIC 3HaU€HUs1 L OKa3bIBaIOTCs KpaTHBIMM IOCTOssHHOM IlnaHka,

a KBAHTOBOEC 4YUCJIIO m (GFO Ha3bIBAIOT MAarHUTHBIM KBaHTOBBIM ‘II/ICJ’IOM) KakK pa3 1 onpcacisacT



58

BEJIMYMHY IPOEKIMU MOMEHTA. Tenepp, ¢ yueTOM yCIOBHsS HOPMUPOBKHU, Mbl MOKEM 3aIIUCATh
HOPMHUPOBaHHBIE COOCTBEHHBIE (PyHKIMU oniepaTropa L_:

1
\Ijm_\/%

Cmayuonaphoe ypasnenue Illpeduneepa.
Paccmotpum Tenepp 3amauy Ha COOCTBEHHBIC 3HAYEHUS U COOCTBEHHBIC (DYHKITUU OTle-
patopa 'amMunbpTOHa (MBI TOaraeM, 4To MOTSHIIMATBLHOE TOJIE SBISETCS CTAllMOHAPHBIM):

ﬁ\y =Ey, (4.79)

exp(ime),  m=0,£142,... (4.78)

501040
h2
—ﬂvzw +V(F)y =Ey. (4.80)

Ota 3a7aua OKa3bIBaeTCs caMOM Ba)KHOU cpenu 3a7ad Ha COOCTBEHHBIC 3HAYEHHSI U COOCTBEH-
HbIe (QYHKITUH OTIEPaTOPOB (PH3UUECKHUX BEIIMYMH U UMEET OTICIIbHOC HAa3BaHHWE — CTAIlHOHAP-
Hoe ypaBHeHHe Ilpenunrepa. Ota 3amaua ype3BbIYAiiHO pa3HOOOpa3Ha: B 3aBUCUMOCTU OT
KOHKPETHOTO BHJA IMOTEHIIMAa, BXOMAAIIETO B TaMWIbTOHHMAH, CHEKTP MOXET JUCKPETHBIM
WM HEeTIPEPHIBHBIM, MOXET OBITh U TaK, YTO €CTh U AUCKPETHBIC YPOBHH SHEPTUHU, U KOHTUHY-
yM OgHOBpeMeHHO. CTpyKTypa SHEPreTHYeCKOro CIEKTpa TaKkKe MOXKET OBITh Upe3BBIYAITHO
pa3nuuHoil. Huke MbI MO3HAKOMUMCS C pelieHus MU 3afauu (4.79) st psiia KBAHTOBBIX CHC-
TEM.

3Hanne Habopa COOCTBEHHBIX COCTOSHUN omepaTopa ['amMuibToOHa OKas3bIBaeTCs HC-
KJIFOUUTEITLHO TIOJIE3HBIM ISl PEIlIEHUsI HECTAllUOHAPHOTO YPABHEHUSI

inY Hy . (4.81)
ot

[Tycth, B HauanbHbIN (HyJ€BOW) MOMEHT BPEMEHU CHUCTEMa HAXOJIUTCS B HEKOTOPOM COCTOSI-
HUU O(7):

y(7,t=0)=¢(r). (4.82)
bynewm uckath penieHre BpeMeHHOM 3anaun (4.81) B BUie pa3nokKeHusl B psiji 10 COOCTBEHHBIM
byHKISIM {\Ifn (17)} omeparopa I'amubToHa®:

VFED =Y C, (AT, (4.83)

3nece C, - HEKOTOpBIE TOCTOSIHHBIE K03(duienTs! pasznoxenus. [loncraBiss pasinoxeHue
(4.83) B ypaBuenue (4.81), mony4dum:

>.C,|in

VYuuteiBas TCIEPb, 4YTO Y, €CTh COOCTBEHHOE COCTOSHUS oneparopa I'amunasTOHA ¢ COOCTBEH-

v, —Hy,T, | =0, (4.84)

dT,

d
HBIM 3HadeHueM E , nepenuiueMm (4.84) B Buae
dT -
>.C,|ih dt" ~ET, |y, (F)=0. (4.85)

O4eBUIHO, 3TO PABEHCTBO BO3MOXKHO, €CJIM BBIPAXKEHHUE, CTOAIIEE B CKOOKaxX paBHO HYI0. To-
I/1a [oJTy4yaeM

8 Taxoe Pa3JI0KEHNE BCETJa BO3MOXXHO U ABJIACTCA €AMHCTBEHHBIM BCJICCTBUE IMTOJTHOTHI YKa3aHHOTO Ha60pa.
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T .(t)="T.(t = 0)-exp —éEnt . (4.86)

Koadpumuents! paznoxenus C, onpeaeiauM Mo BOIHOBON (PyHKLIUHU HAyalbHOI'O COCTOSHHUSL.
Jlng HyneBoro MomeHTa BpeMeHH U3 (4.83) nmeem

O(F) =D Cy,(F), (4.87)
OTKYJ1a HAXOUM

C, = [v,Fd’r, (4.88)
npudeM 7, (t =0) =1. [TooToMy B OKOHYATEJIILHOM BHJE PEIICHUE HECTALMOHAPHOIO ypaBHE-
Hus (4.81) c HayanbHBIM ycioBUeM (4.82) 3anMCBIBaeTCS B BUIE

y(F, 0 =Y Cy,(F) exp(—%Entj. (4.89)

Takum o0pazom, 3HaHHME Oa3zuca COOCTBEHHBIX (YHKIMU omepaTopa [ 'amMuiabTOHa AEWCTBU-
TEJIBHO JIETKO MO3BOJIAET MOIYYUTh aHAJTUTHYECKOE PELICHUE HAYaJIbHOM 3a/1auu.

PaccmoTrpuM Teneps BakHbINM 4acTHBIN citydai. [IycTh B Ha4aJIbHBI MOMEHT BPEMEHHU
CHCTEMa HAaXOIUTCA B OJHOM M3 COOCTBEHHBIX COCTOSHMH ramMmibTOHMaHa \ . Torza, ode-

BUJTHO, OOI1Iee pelleHre HeCTallMOHAPHOTO YpaBHeHus (4.81) 3anuiercs B Bujae
VD=, (Fexp| = Eyt . (4.90)

Bripaxenue (4.90) onuchIBaeT 3BOJIOLUI0 COOCTBEHHOTO COCTOSIHMA omnepaTopa ['amuiabToHA
- - 2 |2
BO BpeMeHU. OTMETHM, YTO B pacCCMAaTpUBAEMOM ciydae p(7,f) = |\|1(r,t)| = |\yn(r)| U HE 3a-

BUCUT OT BpeMeHHU. [1o3ToMy cOOCTBEHHBIE COCTOSIHUSI omeparopa ['aMHuIbTOHA Ha3bIBAIOT
CTALIMOHAPHBIMHM COCTOSHUSIMHU. B TakuxX COCTOSHMSX IUIOTHOCTb BEPOSTHOCTH OOHAPYXHThb
YacTHUIly B PA3IMYHBIX TOYKAX MPOCTPAHCTBA HE MEHSAETCS cO BpeMeHeM. He MeHswTCS BO
BPEMEHH U CpeJIHUE 3HAYCHUS (PU3NUECKHUX BEIHUMH, PACCUMTAHHBIE 110 (4.59)°. B nambHeii-
memM, padotas ¢ GpyHKIusIMU , (7), OyJeM MOMHUTb, YTO 3TO MPOCTPAHCTBEHHBIE YACTH BOJI-

HOBBIX (DYHKITMI CTAIMOHAPHBIX COCTOSHUHN CUCTEeMBI. [loHBIE BOMHOBBIE (D)YHKIMU CTAIHO-
HapHBIX COCTOSTHUM cOJIepyKaT €I1e U BPEMEHHYIO YacTh U ONpeNeNstoTes ¢ nomouibio (4.90).

Kommymamop.

Beimie yxe 00Cy)kIaiock, 9to (pu3ndecKas BeIMYMHA UMEET TOYHO OTPEICIICHHOE 3Ha-
YCHHE, €CIIM COOTBETCTBYIOIEE COCTOSIHUE SIBJISIETCS COOCTBEHHBIM COCTOSTHHEM OIepaTopa
ATON (U3UYECKON BeMUYHHBI. MOXKET i TaKk OBbITh, UTOOBI cpa3y /Be (PU3MUECKUX BEIUYUHBI
MOTYT OBITh U3MEPEHBI TOYHO B OJHOM U TOM YK€ COCTOSTHUH?

[Ipexxae yeM OTBETHTH Ha ATOT BOMPOC, BBEIEM HOBOE MOHITHE KOMMYTAaTopa JIBYX

OonepaTopoB 1& u B . OHpeI[eHI/IM KOMMYTATop 1&, éJ CJICAYIOIUM 06pa30M
|4,8)= 4B- B4 (4.91)
Eciu kommyTartop l;l,éJ PaBEH HYJIIO, TO TOBOPST, YTO ONEPATOPbl KOMMYTHPYIOT. B mpoTus-

HOM CJIy4ae OIepaTopbl HEKOMMYTaTHUBHBI.
PaccMoTpuM HECKOIBKO IPUMEPOB. 3aliMeMCsl BBIYMCIEHUEM KOMMYTAaTOpa OIepaTro-
POB X - IPOEKLUI UMITYJIbCA U KOOPAUHATHI [fc, jax]. Jl1g 3TOr0 NMOAEHCTBYEM KOMMYTAaTOPOM

? IIpu 5TOM KOHEYHO MBI II0JIATAEM, UTO OTIEPATOp (U3MUECKOH BeTuuiHbl A He 3aBUCHT OT BPEMEHH.
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(3TO HOBBIN OmEpaTop, ACUCTBYIOLIUI B MPOCTPAHCTBE L, ) HA HEKOTOPYIO BOJHOBYHO (yHK-
o y(x, v, z). [omyunm:

RAM@&@=4{%§-§uw}ﬁwm%a. (4.92)

B pesyibrare nMeem [)2, f?x]: ih, T.e. omeparopsl He KOMMYTUPYIOT. C APYyroi CTOPOHBI, IMO-
CKOJIBKY X, ¥y U Z - HC3aBUCHUMBLIC IICPCMCHHBIC, JICTKO IMOKa3aThb, YTO KOMMYTATOp OIICPaATO-
POB Pa3IMYHBIX MMPOEKIUH MMITYJIbCa M KOOPAMHATHI paBeH Hyio. Hampumep, [)2, fny: 0un

T.10.

Chopmynupyem Teneph BakHYI0 Teopemy (0e3 mokaszaTenbcTBa). /[[éa onepamopa
umerom cognaoaroujue Habopvl cOOCMBEHHBIX PYHKYULL 8 MOM U MOILKO MOM Cliyuae, eciu OHU
KomMmymupyrom. ITO 03HAYaeT, YTO €CIIM KOMMYTATOp JIBYX OMEPAaTOPOB OTIIMYCH OT HYJISI, TO
busznyecKkrue BEIMYUHBI, UM COOTBETCTBYIOIIHE, HE MOTYT OBITh TOYHO M3MEPEHBI OJHOBpE-
MeHHO. M, HA00OpOT, €cu KOMMYTAaTOp paBeH HYJI0, MOKHO HAWTH 0OmIne COOCTBEHHBIC
(GYHKIIUM IBYX OINEPaToOpoOB, a, CIEAOBATEIBHO, CYIIECTBYIOT COCTOSIHHSI, B KOTOPBIX JIBE (hu-
3WYECKUX BEJIMYMHBI MOTYT OBITh M3MEpPEHBl TOYHO OJHOBpEMEHHO. Hampumep, Kak MBI yKe
BUJICNIU, OTIEPATOPHI OJTHOW M TOHM ke MPOEKIUH UMITYJIbCa U KOOPIWHATHl HE KOMMYTHPYIOT
MEXIy co00i. DTO O3HA4aeT, YTO HE CYIIECTBYET TaKHX COCTOSIHUH, B KOTOPBIX COOTBETCT-
BYIOIIHE BEIMIMHBI 33]JaHBl TOUHO OJHOBPEMEHHO. JTO YTBEPKIECHUE HAaM 3HAKOMO. PaHee Mbl
€T0 MOJIYYHIIH U3 COOTHOIIIEHUSI HeotnpeneneHnHocTeil. C qpyroi CTOPOHBI, MOXXHO HAWTH TaKHe
COCTOSIHUSI, B KOTOPBIX, HAIIPUMEP, X - MPOEKIUS MMITYJIbCAa U ) - KOOPJMHATA MOTYT OBITh

orpezieNieHbl TOYHO.

Jlnia Hac ceifyac Ba)kKHO, YTO MpaBUja KOMMYTAIUUA ONEPATOPOB MO3BOJISIOT O€301IH-
00YHO MpeacKa3bIBaTh Pe3ysbTaT Jake KOrja COOCTBEHHbIE (PYHKIIMHM ONEpPaTOpOB HEU3BECT-
HBl. B KauecTBe ele OJHOTO MpUMEpPA HCIOIB30BaHHS CHOPMYIHPOBAHHONW TEOPEMBI pac-
CMOTpI/II(l)VI CEpUI0 KOMMYTAaTOPOB Pa3IMUHbIX KOMIIOHEHT MIPOEKLINH MOMEHTa KOJIMYECTBa JIBU-
JKEHUs .

|i..2,|=ini., |i,,L.|=ini,, |L..L,]|=inL,. (4.93)
To ecTh Bce TPpU MPOCKIUN MOMCHTA KOJIMYCCTBA ABUXKCHUS IMOMMAPHO HC KOMMYTHPYIOT MCXK-

ny cob6oii. C apyroit CTOpOHBI, MOXKHO MOKa3aTh, YTO KBAPAT MOMEHTA KOJIMYECTBA JIBIKCHHS
KOMMYTHPYET C Ka)KJJ0H U3 MPOEKIIUH:
|£2.2,]=0. 17 i =x,y.z (4.94)

[TpaBuna kommyTaruu (4.93), (4.94) B 3HaUMTENBHON Mepe ONMpeAeNsoT cnenuduueckue uep-
Thl MOMEHTA KOJIMYECTBA JABIDKEHHSI B KBAHTOBOW MeXaHHMKe. MBI MOXEM HAiTH COCTOSHUS C
TOYHO OIPE/CTICHHBIMU 3HAUCHHUSMH KBaJpaTa MOMEHTa W OJHOW W3 €ro MmpoeKuuil (Hampu-
Mep, Ha och z ). [IBe Apyrue mpoeKIuy MOMEHTa OKa3bIBAIOTCSl B TAKOM COCTOSIHUM TOYHO HE
OIIpEJICTICHBI, U MBI MO’KEM TOBOPHUTH JIMIIH O BEPOSITHOCTH U3MEPEHHSI TOTO WIJIM MHOTO 3Ha4e-
HUS OTUX MPOEKIU.

3agaun.
4.1. BomHoBas ()yHKIHMS YaCTHUIIBI B HEKOTOPBII MOMEHT BPEMEHH ONPEICISICTCS] BBIpaXKe-
HUEM
2
1 1x
W) = ——=oxp| -5

a\/g 2a

' CooTBeTCTBYIONINE KOMMYTATOPHI JIETKO BBIYHCIIAIOTCS B I€KAPTOBOM CHCTEME KOO IMHAT.
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OHpeI[CJ'II/ITB Cp€AHUC 3HAYCHHA W JUCIICPCHUH KOOPAWHATBI U UMITYJIbCAa 4YaCTULBI B
3TOM COCTOSAHHU.
Pemmuts NpeaAbIAYYO 3a1a4y i1 COCTOSAHHA 4YaCTHILbI, OIIMCBIBACMOI'O BOJIHOBO#

2
byukuent y(x) = L-exp(ikox)- exp —lw
Jan 2 a
B oOCHOBHOM cocTOSHHMM aToMa BOJOPOAA BOJHOBas (QYHKIUS HMEET BHJ
W(r) = Aexp(-r/a,), r - yHajeHHe S]IEKTPOHA OT NPUTATMBAIOLIETO LEHTPa, d, - bo-
poBckuii pamuyc, A - HOPMUPOBOYHAsE KOHCTaHTa. ONpenenuTs CpeaHHe 3HAYCHUS
KMHETUYECKON U TOTEHIUAIBHON SHEPTUH HJICKTPOHA.
Onpenenutb cOOCTBEHHbIE 3HaYEHUSI U COOCTBEHHBIE (DYHKLMHU OnepaTopa KMHETHYe-
ckoit snepruu T, = p? /2m.
[TokazaTh, 4TO TaycCOB BOJHOBOW MAaKeT MUHHUMHU3UPYET COOTHOIICHHE HEONPEIeIICH-
HOCTEH.
MosxeT 11 Tak OBITh, YTO B OHOM M TOM K€ COCTOSIHUM UMITYJIbC M TIOJIHASI SHEPTUs
UMEIOT TOYHO OTIpEIeICHHBIC 3HAYCHUS ?
Jloka3aTh CHpaBeUIMBOCTh CIIEIYIONIMX KOMMYTAIIMOHHBIX COOTHOILICHUHN JJIs omepa-
TOpa MOMEHTA KOJMYECTBA TBHYKCHUS
.2, |=ini., |i*,L.]=0.
Jlokasarp, 9TO B IEHTPAJIHHO CUMMETPUYHOM MOTEHIIMATIE MOKHO HAWTH CTal[MOHAp-
HBIE COCTOSIHUS, KOTOpBIE XapaKTEpU3YIOTCS TOYHO OMNpEACICHHBIMH 3HAYCHHSIMHU
KBaJpaTa M z - MPOCKIIMN MOMEHTA KOJIMYECTBA JIBHKCHHUSI.
CocTosiHME YaCTHIIBI ONIPEEISeTCs] BOIHOBOM (DyHKIMEH
l (x— xo)2

1=l {12

OmnpenenuTs INIOTHOCTH BEPOSITHOCTH pacipeieleHus ummyibca W(p) .

BonHoBast pyHKIMS CHCTEMBI KaK (PYHKLHUS HOJSPHOTO yIiia () 3a/1aeTCs BBIPAKCHUEM
(A - HOpMUPOBOYHAS KOHCTAHTA):

a) y(@)=dcosq,

6) w(p)=4sin’ @,

B) y(9) = A(1+sin(p)cos(p)),

Kakwne 3nauenus z- MIPOCKIIMKU MOMCHTA KOJIMYCCTBA ABUIKCHHA U C KaKou BCPOATHO-
CTBIO MOT'YT OBITE HU3MCPCHBI B 5TOM coctossHun? KakoBBI CpeaHEC 3HAUCHUC U TUC-

nepcust BenuauHsl L ?
BonHoBast hyHKIIMS HEKOTOPOH CUCTEMBI B CPEPHUCCKUX KOOPIMHATAX OMPEICIISACTCS
BBIPAKCHUEM:
sin @
a) W(r’e’(p):R(r’e)' D
VT
06) w(r)=R(r)sin(20)cos(p),
B) y(7) = R(r)cos(0)(1+sin(0)sin(p)),
Kakue 3Ha4eHUs z- MPOEKIMH MOMEHTA KOJMYECTBA JBWKEHUS M C KaKOW BEPOSTHO-
CTBIO MOTYT OBITh M3MEPEHBI B 3TOM COCTOsSIHMM? KakoBbI cpelHee 3HAaYCHUE M JTUC-

nepcust Beauyuusl L, ?



