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METOAAYECKHUE YKAZAHUA
K JOMAIIHEMY 3AJJAHHMIO I10 KYPCY OBIIEU ®U3UKHU
PA3EJ "2JIEMEHTHI KBAHTOBOH MEXAHUKHN"

1. BOJTHOBBIE CBOMCTBA YACTHII. TUIIOTE3A JIE BPOMJIA
B 1924 r. JIyu ne bpoiinb BEIABUHYI THIIOTE3Y O TOM, YTO BCE YACTHUIIBI 00JIaJaI0T BOJTHOBBIMU
cBoiicTBaMH. B 4acTHOCTH, BOJIHOBBIE CBOMCTBA CBOOOTHON YaCTHIIBI, IBMIKYIICHUCS C IIOCTOSTHHOM
CKOPOCTBIO B HaIIpaBJIEHUU OCH X, OIIUCBHIBAIOTCA INIOCKOM BOJIHOM 1€ bpoiiisd, pacripocTpaHsto-
IIEHCs B TOM JKe HarmpaBieHHH. YacToTa 3TOH BOJHBI (O M €€ JIJIHHA Ay CBA3aHBI C SHEPrueH £ yac-
THUILBI U €€ UMITYJIbCOM p COOTHOILIEHUSIMU

w:E’ )\E=ﬂ

> . (1.1)

3nech h = ZL =1,05007* JIx[d - panuonanmsupoBaHHas mocTosHHas Ilnanka.
L

B xommiekcHo# (popme ypaBHEHHE TUIOCKOM BOJIHBI e Bpoitst i 4acTUIIbl MOXKET OBITh 3amuca-
HO B BHJE!

Wix, t) = A expl[-i (ax - kx)] = A exp[- (i/ h)(Et - px)] (1.2)

3nech A - aMIUIUTy1a BOJHBI, K =2 TUAg = p/ /i - BOIHOBOE YHUCIIO; | = (-1)1/2 - MHHMas €IUHUIIA.
Hauanpnas daza Bosusl B (1.2) BeIOpaHa paBHOW HYIIO.

Bounner ne Bpoiins MoxkHO Ha3BaTh BoHaMu MaTepuH. [1o ¢pu3znyeckoMy CMBICITY 3TUX BOJIH BEPO-
SATHOCTh OOHAPY>KCHHS YaCTHUIIHI B HEKOTOPOM 00JIACTH MPOCTPAHCTBA TEM OOJIbIIE, YeM OOJIBIIIE
KBaJIpaT aMILTUTY/IbI BOJHEI Jie bpoiiss, T.e. ueM OobIlie ee MHTCHCHBHOCTb.

Bonnsl ne bpoitnsg Moryt oTpaxaTbcesi, IPEIOMISITbCSI, HHTEPPEpUPOBATH APYT C APYTOM, UCIIBITHI-
BaTh MU(QPAKIMIO MTPH B3aUMOICHCTBHH C HEOJAHOPOIHOCTAMU. B 3TOM CMBICIe, HapuUMep, MOXKHO
TOBOPUTH O AU PAKIIMN YaCTHUI] M HaOM01aTh TudpakioHHbie 3 (HEKThI B IKCIIEPUMEHTAX C JIBH-
KYITUMUCS YaCTUIIAMHU.

OnuH U3 MEePBBIX OIMBITOB MO HAOMIOAECHUIO TU(PAKIHK 3JIEKTPOHOB Ha KpucTaie (puc. 1.1, tne 1 -
AJIEKTPOHHAS MYIIKA; 2 - TETEKTOP OTPaKEHHBIX JIEKTPOHOB) ObLT BbimosHeH B 1927 1. K. J»Buc-
conoM u JI. JlxkepMepoMm; B HEM pa3oTHAHHBIE B AJIEKTPOHHOM MYIIKE 3JIEKTPOHBI aJalu Ha KpH-
CTaJUI HUKEJIS MOJ] HEKOTOPBIM YIIoM cKoibxkeHus: ©. Kak mokasan onbIT, pe3koe yBeTuueHUe YHC-
J1a OTPaKEHHBIX OT KPUCTAJIJIA U MOMaaloluX B JETEKTOP AJIEKTPOHOB HAOII0IAI0Ch B TEX CIIyda-
X, KOT'/1a BBIMIOJHSUIOCH yeaoBue Bynbga - bparra

2d sin O=n Ag, n=12,... (1.3)

COOTBETCTBYIOIIEE YCIOBHIO YCUIICHHSI BTOPUYHBIX AJIEKTPOHHBIX BOJIH, OTPAXKEHHBIX OT pa3jiny-
HBIX aTOMHBIX CJI0eB I1ockocteit. B popmyne (1.3) d -paccTosiHue MeX1y aTOMHBIMH TIOCKOCTSI-
MU, IPOXOSIIMMH Yepe3 y3JIbl KpUCTAUINYECKOHN PEIeTKH, a [IeJI0e YUCIIO N - OPAJOK MaKCUMY-
Ma OTpaKEHHUS.



ATOMHBIE ILTOCKOCTH

KPHCTAJLI
Prc. 1.1

B npencraBneHHO# cxeme OIbITa OCHOBHAsI CUCTEMA aTOMHBIX TUIOCKOCTEH, ISl KOTOPBIX aTOMBI
KpHUCTaJlla pacrloIokeHbl Haubosee rycro, Obula napaiesibHa OTILIH(OBAaHHON TOBEPXHOCTH
Kpuctania. B obmeM ciydae, olHaKO, aTOMHBIE TUIOCKOCTH MOT'YT PacIioyiaraTbCsi Moj HEKOTOPhIM
YTJIOM K MOBEepXHOCTH KpucTaia. Toraa B popmyse (1.3) yron © cienyeT paccMarpuBaTh Kak
YTOJI CKOJIbKEHUSI MyYKa MaJIaloIIUX IEKTPOHOB 10 OTHOUIEHUIO K CUCTEME aTOMHBIX TIOCKOCTEH,
OTpaXKarolIUX BOJIHBI e bpois.

[Ipumepsl perieHus 3a1a4
3amaya 1.1. [Tomyunts BeIpaykeHWE TSI ITTUHBI BOJIHEI 1€ bpoiiis pensTUBUCTCKOM YacThIlbl, 00J1a-
naroreil kunernueckoit sueprueit Ex . Ilpu xakux 3Hadenusx Ex ommoOka B onpeneneHuu JJIMHbI
BOJIHBI J1e bpoiisis mo HepenaTuBUCTCKON opMysie He MPEBBIIIAET OJJHOTO MPOLIEHTA: a) JIsl dJIeK-
TpoHa; 0) /Ui mpoToHa?
Pemienue. CBA3b MEXIY UMITYJIbCOM HEPEISITABUCTCKOM YAaCTUIIBI p U €€ KWHETHYECKOW dHEprue
E, umeer Bun;

p2 =2 mo EK
JI1st pensATUBUCTCKOM YaCTHULIBI, ABUXKYIIEHCS CO CKOPOCTBIO, CPABHUMOU CO CKOPOCTBIO CBETA B
BaKyyMe ¢, 3Ta CBsI3b BhIpaxkaercs (Ghopmyrnoin
p2 = Ex(Ex + 2m002)
Torna B coorBeTcTBUU ¢ hopmysioit (1.1) Haxonum IIMHY BOJHBI e bpoits.
JIns HepenATUBUCTCKON YaCTULIBI

\ o 2m o _  2m
3 p N2myE
JIns pensITUBUCTCKOM YaCTUILbI
21 21 E, .

p \2m,E 2m,c

OTHOCHTEIbHAS OIIMOKA PACYETOB 10 3TUM (OpMyIIaM
A = \P E 1
A 5 — K
g="5 _ZF =7 (1+ ) ?
A 2m,c’
b 0
OTcro/1a HAX0IUM 3HaYCHHE KHHETUYECKON SHEPTUH YACTULIBL, JJISi KOTOPOTO pacyeT MO HEPEeISITUBUCT-
CKOM (hopMyJie MPUBOJUT K OTHOCUTENIBHOM OIMOKE E,

-2
E(e) = 2m,e*|(1 - ) - 1]
Jnst manbix € << | nonyuyaem Eg (€§) =4 € moc2 =4¢€E, , rne Eg =myg ¢’ - SHEprus MoKos yacTuusl. B

YacTHOCTH, 17151 3ekTpoHa Eg = 0,511 M»aB, a qyis mpotona Ey = 938,2 M»B. [ToaToMy BILIOTH 110
3HaueHul kuHeTnueckoi 3neprun Ex = 20,4 kB st anextpona u Ex =37,5 MaB st nporona npu



pacuere JTMHBI BOTHBI ie Bpoiiiis Mo HepeNnaTUBUCTCKON GopMylie OTHOCHTENIbHAS OLINOKa pacye-
Ta HE MPEBBIIIAET OJHOTO MPOLEHTA.
3anmaga 1.2. Kakyro yCKOPSIOIIYIO pa3HOCTh MOTEHIIMANOB U HOKEH MPOUTH SIEKTPOH, YTOOBI
JUTMHA BOJIHBI Jie bpoiins crana paBHOM 1010 m 2
Perienue. DneKTpoH, IPOIIEAINI YCKOPSIOIIYIO pa3HOCTh MoTeHIManoB U npuoOdperaeT KUHETH-
YeCcKyIo dHepTHIoO Ex = e U . Vcnonb3ys HepensITUBUCTCKYIO (GOpMYITy JJIsl JUTMHBI BOJIHBI Jie bpoiis
A = 2 _ 2 _2m
? p \/ 2m,E, \/ 2m,eU
BO3MOYXHOCTh IIPUMEHEHUSI KOTOPO MOKHO 0OOOCHOBATh Pacue€TOM, MOIYYHM
21°h°
m,eN’
IToncrasissa unciioBele 3HaueHus, HaxoauM U = 150 B.
Tak kak 3HaueHHE KUHETUYECKON PHEPTUU IEKTPOHA, MPOLIEAIIET0 YCKOPSAIOIIYIO pa3HOCTb M0-
teHuuanoB 150 B, cocrasnsier 150 3B, To Ha OCHOBaHMM OLIEHOK, MOJTYYEHHBIX B 3aAaue 1.1, Mox-
HO CJIeNIaTh BBIBOJI O MPABOMEPHOCTH MCIOJIb30BAHUS HEPENATUBUCTCKON POPMYJIbI AJIs JJIUHBI
BOJIHBI Jie bpoiud B 3T0M 3a1aye.
3agaua 1.3. DnekTpoH ¢ kuHeTndeckoi sueprueit Ex = 100 5B u3 Bakyyma nomnajmaer B MeTasl,
BHYTpeHHUI noteHuuan koroporo U; =10 B. Haiinure noka3arens NpesoMiIeHus MeTaa i, 1Jis
3JIEKTPOHHOU BOJIHBI J1e bpoiins.
Pewrenue. [1pu nonaganuu 31€KTpoHa B METAJLI €r0 MOTEHIMAIbHAs SHEPT sl YMEHBIIIAETCS HA Be-
nu4yuny, paBuyio eU; . [1oaToMy U3 3aKOHA COXpaHEHUS CIEAYET, YTO B METAJIJIE KWHETUYECKast
SHEPTHs SJIEKTPOHA YBEJIIMUUTCA U CTAHET PaBHOMN
EK(]) = EK + eU,~ .
JnmuHa BoytHBI e Bpoiiis HepeIsITHBUCTCKOTO JIEKTPOHA B BakyyMme (cM. 3aaady 1.1) onpexnenser-
Cs1 COOTHOLLIEHHEM

U =

2T

\2myE

IIpu nonaganuu 3JI€KTpOHA B METaJI JUIMHA BOJIHBL ¢ bpoliis yMeHbIIaeTCsl U CTAHOBUTCS PABHOU

2T
A =

2w
J2m,E" J2m,(E, +eU,)

Tenepsp, UCTIOIB3YysI AHATIOTUIO U3 BOJTHOBOM ONTUKH, ONIPEACINM II0KA3aTEIIb IPEIOMIICHUS METAlI-
J1a JUIs DJIEKTPOHHOM BOJIHBI J1e bpoliis yepe3 OTHOILIEHHE JIJIUH BOJIH

A, =

e T 3D
N

JInst naHHBIX U3 YCIOBUA 3alaud HaxoAuM, uto #, = 1,05.
3angaua 1.4. I[Ty4ok HEPEIATUBUCTCKUX IEKTPOHOB MAAAET MO YIJIOM CKoJbkeHus O = 30° Ha
IpaHb MOHOKPHCTAIIA C PACCTOSHHEM MEX Ty aTOMHbIMH mockoctsmu d = 2,4007"° m. Onpenenu-
T€ 3HAUYCHHE MEPBON YCKOPSIONICH pa3HOCTH MOTEHIUANIOB U) , Py KOTOPOW HAOIIOAACTCS MHTEH-
CHUBHOE OTPa)K€HUE 3JIEKTPOHOB OT KpUCTAJLIA.
Pemenune. CunTasi, 4To CUCTEMA aTOMHBIX IIJIOCKOCTEHN, OT KOTOPBIX OTPAXKAIOTCS SJICKTPOHHBIE
BOJIHBI 1€ bpoiiis, napasienbHa IOBEPXHOCTH MOHOKPUCTAILIA, 3anulleM yciaosue (1.3) makcumy-
Ma OTPa)KEHUs HJIEKTPOHOB OT KpHCTaJlIa Il n-I'0 TOPsIIKA OTPasKEHUS

2dsin ©O=n Ag
Jnst niavuHbl BOJTHBI 1€ Bpoitist 3JIeKTPOHOB, YCKOPEHHBIX Pa3HOCTHIO MOTEHIMANIOB U , MOKHO 3a-
NMcaTh BeIpaXXeHUE (CM. pelleHne 3a1aun 1.2)



2

\2m,eU

ITosTOMY B Cilydae HHTEHCUBHOI'O OTPAXEHUS HIEKTPOHOB OT KPUCTAJLIA 1-T'0 IMOPSAIKA OHU YCKO-
PAIOTCA PA3HOCTBIO ITOTCHIIMATIOB
2 2
n’Tch

" 2d’m,e sin ©
Otcroa MUHMMAJIbHOE 3HAYEHUE YCKOPSIOUIEH pa3HOCTH MOTEHIIMATIOB COOTBETCTBYET n= 1 U CO-
craisger Uy = 26 B 115 1aHHBIX U3 yCIIOBUS 3aauu.
3agaua 1.5. [1y4oK HEPEIATUBUCTCKUX AJIEKTPOHOB, MPOMIEANINX YCKOPSIOUIYIO Pa3HOCTh MOTEH-
uuanoB U = 180 B, nagaeT Ha MOHOKpPUCTAJUT O] YIJIoM O =75° K ero noBepxHoctu. B Hamnpasie-
HUH, COCTABJISAIONIEM yToJ ff = 55° ¢ TOBEPXHOCTHIO KPUCTAIIIA, HAOI01aeTCI MAKCUMYM OTpaxe-
HUSI 3JIEKTPOHOB YETBEPTOTO Nopsiaka. Haiiaure paccrosinue Mexay OTpakarolIMMU aTOMHBIMU
IJIOCKOCTSIMU KPHUCTAJUIA MIPH YCIIOBUH, UTO MAJAIOUINI U OTPaXKCHHBIN MYYKH JIekKAT B OJHOU
MJIOCKOCTH, MEPIIEHIUKYISIPHOM K TOBEPXHOCTH KPUCTAIIA.
Pemenue: /Inuny BoaHBI e Bpoitis A1t 3JI€KTPOHOB, MPOIISANINX YCKOPSIOIIYIO Pa3HOCTh MOTEH-
nuanoB U , onpeaenum mo Gpopmyine

A, =

2T
\2m,eU
IIOJIYYE€HHOM Npu peleHnu 3aaauu 1.2.

B paccmartpuBaemom citydae, korna O Z [3, cucTeMa OTpakaloIIuX aTOMHBIX IIOCKOCTEH He mapall-
JieJTbHA TTIOBEPXHOCTH KpucTtasuia (puc. 1.2, rae 1 - mamaronuii 3J1eKTpOHHBIN MyY0K; 2 - OTpa)KeH-
HBIN 3JIEKTPOHHBINA y4YOK; 3 - OTpakarolas INIOCKOCTh kpHucTasia). C ydeToM 3epKajlbHOIO OTpa-
’KEHHUS BOJIH OT aTOMHBIX INIOCKOCTEH HaXOAMM, YTO ATOMHBIE TNIOCKOCTH JOJDKHBI OBITh MEPIEH-
JTMKYJISIPHBI OMCCEKTpUCE, NENSLICH MOTOoJIaM YroJl Y MeX 1y MaJaioliuM U OTPasKEHHBIM JIEKTPOH-
HbIMM ITydkamu. Y3 puc. 1.2 BUIHO, 9TO yroa MEX1y NMaJaloniuM dJIE€KTPOHHBIM ITyYKOM U CUCTE-
MOH OTPa)KarOIIHUX aTOMHBIX IUIOCKOCTEH.

A, =

@:E—lza—-|-B
2

2 2
1 s
A
A
e
e
e
e ¥ - 2
o 8
3 d
Puc. 1.2

[TosTOMy ecnm oTpa)keHHE OT ATOHM CHCTEMbI aTOMHBIX IUNIOCKOCTEI COOTBETCTBYET AN(PAKIINOH-
HOMY MakCHMYMY 71 - TO TIOpsiiKa, To BeinouHsiercst ycnosue (1.3) Bynbda - Bperra 2dsin® =nAg
KOTOpPOE MO’KHO 3aITHCaTh B BUAE



a+f n2Th

2d sin =
2 \2m,eU

OTCIOIIa HaxXoJuM HCKOMOC MCIKIIJIOCKOCTHOC PACCTOSAHUC

d= nt

+
sin GZB \2m,eU

BBIToTHSIS pacder 1o 5Toit popmysie, momydaem d = 2,100 u.

2. COOTHOIIIEHMS HEOITPEJIEJIEHHOCTEM 'EM3EHEBPT A
B 1927 r. B.I'elizenOepr ycTaHOBWII, YTO MTPH HATMYUU Y YaCTUIl BOJTHOBBIX CBOWCTB CYIIICCTBYET
CBA3b MCXKAY HCONIPCACICHHOCTAMU KOOPANHAT U COOTBCTCTBYHOIINUMU HCONIPCACICHHOCTAMHU KOM-
MMOHEHT UMITYJIbCA YaCTUIIbl. DTa CBSA3b UMEET BUJl HEPABEHCTB

Ax hp, =7
Ay Ap, 27 2.1)
Az, 27

OTU COOTHOLIEHUS UTPAIOT BAXKHYIO POJIb, TO3BOJISISI OYEPTUTH TPAHUIIBI IPUMEHUMOCTH KJlacCHyie-
CKOM MEXaHUKH, B KOTOPOH, B OTJINYME OT KBAHTOBOM MEXaHUKH, IPEHEOPEratoT BOJIHOBBIMHU CBO¥i-
crBamu yactull. (MHoraa B mpaBoii yactu HepaBeHCTB (2.1)3anuceiBator He h , a h/2 umm 21th . B
CHIIy TOTO, YTO 3TH COOTHOILIEHUS HCTIONB3YIOTCS KaK OLIEHOYHbIE, IPUHIUIHATILHOTO OTIHYHUS
MEXITy TaKUMU (OpMaMU 3aMUCH HET)
N3 cootnomenwmii ['eiizenbepra (2.1) cinemyer, 4To U3-3a HAIMYUS Y YaCTUIIHI BOJTHOBBIX CBOMCTB
HEJIb3s1 OJHOBPEMEHHO TOYHO U3MEPHUTh KOOPAWHATY YACTHIIbI, HAIIPUMED X, U COOTBETCTBYIOLIYIO
MPOSKIHI0 UMITYIIbca Ap,. JIeiCTBUTENBEHO, TPU OJHOBPEMEHHOM TOYHOM H3MEPEHUU ITHX BEJH-
yuH AX - 0 1 Apx — 0. Ho 310 npotuBopeunT HepaBeHcTBaM (2.1). OTcrona cineayer, B 4aCTHOCTH,
9TO B KBAHTOBOM MEXaHUKE JJIsl OMMMCAHUS JBUKCHHS YaCTHIIBI HEJIb3s HCIIOIb30BATh MIPE/ICTaBIIC-
HUE O JBUKEHUH YaCTUILIBI 10 ONpeAeNIEHHON TPACKTOPHH, TaK KaK TaKoe JBUKEHHE MPEANoIaraet
BO3MOKHOCTh OJJHOBPEMEHHOI'0 TOYHOTO ONPEICICHHS U KOOPIAUHAT, 1 UMITYJIbca (CKOPOCTH) Yac-
THUIBL.
AHaNOTUYHBIE COOTHOIICHUS HEOMPEACIEHHOCTEH B KBAHTOBOM MEXaHUKE 3alMCHIBAIOTCS U JUJIS
Opyrux nap Gpu3nueckux BeIUyuH. Tak, HampuMep, SHEPTUs CUCTEMBI, CYIIECTBYIOIIEH B TEUEHUE
npoMexxyTka Bpemeru At, umeet HeornpeaeneHHocTs AE, mpudem

AE (At 2 1 (2.2)
Orpanuuenus Ha HHGOPMALIMIO O IBUYKEHUH YACTHIIBI U €€ COCTOSIHUU, BBITEKAIOIINE U3 COOTHO-
IICHUH HEONpeAETICHHOCTEH, OKa3bIBAIOTCS HECYIIECTBEHHBIMH [T 1a00paTOPHBIX MaKpOCKONNYe-
cKkuxX MaciTaboB. OHAKO ATH OrPaHUYEHHSI CTAHOBSITCS CYIIECTBEHHBIMH ISl MAJIbIX MacIITaboB
paccTosHUN, UMITYJIBCOB, YHEPTHI 1 BPEMEH JKU3HH YaCTHII, C KOTOPHIMU MBI CTAIKUBAEMCS B
aTOMHOM U s/iepHOM Gu3uKe U B (PU3UKE dJIEMEHTAPHBIX YaCTHULI.

[Ipumepsl penieHus 3aj1a4y
3azaya 2.1. Onpenenure ¢ IOMOIIBIO COOTHOLIEHUM HEONPEAEIEHHOCTEH MUHUMAJIBHYIO KUHETH-
YECKYIO SHEPTHIO JICKTPOHA, JBMKYIIETOCS B 00J1aCTH, pa3Mep KOTOpoit L = 10" m COOTBETCTBYET
XapaKTEpHOMY pa3Mepy aTOMOB.
Pemenue. /171 O1IEHOYHBIX pacuyeToB OyAeM CUMTATh JBUKEHUE YACTHUIIbI OJTHOMEPHBIM U BEJTUYU-
HY HEOIPEICIIEHHOCTH KOOPMHATHI MOJIOKUM PaBHOM pa3Mepy 00JacTy ABMIKEHUS YaCTULIBL, T.€.
Ax=L . IIpu o1ieHKe HEONpeAeIEHHOCTH UMITYJIbCa IPUMEM, YTO (PU3UUECKU Pa3yMHas HEoIpeie-
JIEHHOCTh UMITYJIbCA HE JOJIKHA MPEBBIIIATH 3HAYSHHS] CAMOT0 UMITYJIbCa, T.€. MOJIOXKUM Ap, =p .
Tornma u3 cootHomenus HeonpeneneHHocter Ax/Ap,> /i morydum, 9To NP IBUKCHUAU DIICKTPOHA B
paccMaTpuBaeMoi 00JIaCTH MPOCTPAHCTBA L p= 7 , T.€. UMIYJIbC YaCTUIBI HE MOXKET ObITH MEHBILIE
yem




=N
pmin L

DTO0 03HAYaeT, B YACTHOCTH, YTO B KBAHTOBOI MEXaHUKE YacTUIIa HE MOXKET UMETh HYJEBOI M-
nyJibC, T.C. HC MOXKCT HAXOJAUTLCA B COCTOSAHUU TTOKOA.

Hcnonb3ys CBA3b MEXKIY UMITYIIBCOM p U KUHETUYECKOM d3HEpTHEl Ex IU1sl HEPEIATUBUCTCKOM Yac-
THUIBI B BUJC

p=+2m,E
3aMuIleM Ternepb CAeAYIOIIee OLEHOYHOE COOTHOUIEHUE JJI1 MUHUMAJIBLHOTO 3HAaYEHUsI KHHETHYE-
CKOM 3HEPTrUM YaCTUIIBI:

min — hz

* 2m, L’
[ozxcraBisist B 3Ty GOPMYITy Maccy leKTpoHa no = 9,100~ kr u pasmep obnactu gsixenns L=10"
10 M, HaXOJIUM EKmin = 600" JIx = 3,8 5B. UT0OBI 2JICKTPOH ¢ TaKOW KHHETHYECKOW SHEPTHEH

yaepxaTb B 00J1aCTH IBHKEHUS, HEOOXOIMMa SHEPTHs CBSA3U TAKOTO XKe MOPAIKA. DTOT BBIBOJ CO-
[JIACYETCS ¢ OMBITHBIMU JAHHBIMU Il SHEPTUM CBSI3H 2JIEKTPOHOB B aTOMAX.

3azaya 2.2. Micnionp3ysi COOTHOLIEHUS] HEONIPEIEIEHHOCTEM, TOKAXUTE, YTO B SAPE aTOMa HE MOTYT
HAaXOJUTHCS MEKTPOHBI. CUUTATh, UTO JUHEUHBIA pa3Mep sapa COCTaBIsAeT L = 5007 m.
Pemienue. Kak u B 3amaue 2.1, Ha OCHOBaHMM COOTHOILIEHUS HEOTIPEACIEHHOCTEN MOKHO OLIEHUTD
MHUHHMMaJIbHOE 3HAYEHHE UMITYJIbCa 3JIEKTPOHA

h

L

Jlnst paccMatpuBaeMoro pasmepa sjapa L = 500" M MHHIMATBHBIT UMITYJIbC COOTBETCTBYET pPeisi-
TUBUCTCKOM CKOPOCTHU 31eKTpoHa. [10aToMy, HCTIONB3YS PENSITUBUCTCKYIO (OPMYITY CBSI3U UMITYJIb-
ca p C KHHETHYECKOU 3Hepruent Ex yacTuubl

pe = JEL + 2E,E,

II0JIy4aeM KBaJpPaTHOE YPaBHEHME Il pacueTa MUHUMAJIBHOW KUHETUYECKON SJHEPTUU MIEKTPOHA B

aape
(7"} +2E,E7" - Q"’fg =0

[TonoXuTenbHBI KOPEHBb ITOTO YPABHEHUS

OL O
OIIpeAEIAeT MICKOMOE 3HaYeHNE KUHETUUECKOM SHEPTUHU AJIEKTPOHA, ABMXKYILETOCS B Ape. Y UUTHI-
Basi, 4TO SHEPrus Nokos 3eKkTpoHa E = moc2 = 8,19[1]0"14 Jx = 0,51 M»sB, HaxoauMm OKOHYATEIbHO
snauenne Ex™" = 6,200 i = 38,7 MaB.
Kaxk nokaspiBatoT s3KCIIepUMEHTANIbHBIC JaHHBIE, YHEPTUS CBSI3U YACTUIL B sAJIpe HE npeBbimaeT 10
M>5B. CrenoBarenbHO, CHIIbI, JEUCTBYIOLIKE B SIAPE, HE CMOTYT YAEP>KaTh B HEM AJIEKTPOH C KUHE-
THUYECKOM sHeprueit, paBHoi 38,7 MaB. IlosToMy 311€KTpOH HE MOXKET OBITh COCTABHOM YacTUIIEH
Apa aToma.
3anaua 2.3. Mcnionb3ysl COOTHOILIEHUS HeompeenenHocteil [ eitsendepra, moaydure oleHOYHOE
COOTHOILEHHUE, ONPEEIAIONIee TPAaHUIBl TPUMEHUMOCTH KJIACCUYECKOW MEXaHUKH JIJIsl OTIMCAHUS
JBUKCHHSI YACTHIIBI B HEKOTOPOU 00JacTH MPOCTPAHCTBA C XapaKTEPHBIM JIMHEHHBIM pa3MepoM L.
Pemenne. O4eBUAHO, UTO MOHATHE TPACKTOPUU MOYKHO HCIIOJIb30BATH I OMMCAHUS MEXaHHue-
CKOT'0 IBU’KEHHSI YaCTHULIBI TOJIBKO B TOM CIIy4ae, €ClId HEONPEAeIEHHOCTh €€ KOOPAMHATHI MaJia 1o
CPaBHEHUIO C XapaKTEPHBIM pa3MepPOM 00JIaCTH IBIKEHUS, T.e. Ax<<L .
N3 cooTHOMmIEHM HEoTIpeAeieHHOCTel, Tonarast A p, = p , IoJly4aeM Jijisi HEOTPEIeICHHOCTH KO-

pmin =




OpAWHATBI 3HAUYCHUC

&p, p 21
rzie Ap - JUTHHA BOJIHBI Ji¢ Bpoiis 1j1s paccMaTpruBaeMOi 4aCTHIIBI.
CJIGIIOBB.TGJIBHO, YCJIOBHUC, IPU BBIIIOJIHCHUH KOTOPOTO IJIA OITMCAHUA ABUXKCHUA YaCTULIBI MOXKHO
HCIOJIb30BaTh 3aKOHBI KJIACCUYECKOW MEXaHHUKH, peHeOperast KBaHTOBBIMU 3P peKTaMu, MOKHO
3alucaTtb B BUIC

Ap<<L

OTMeTuM, 4TO B 3TO YCIOBHE BXOAMT pa3Mep 00JacTy ABMKEHHS YaCTUIIbI, KOTOPbIA OOBIYHO 3a71a-
€TCsl YCIIOBUEM pellaeMoi 3a/1aui. AHaJIN3 OKAa3bIBAET, YTO MOJYyYECHHOE YCIOBHE HapyIIaeTCsl IS
YaCTHI] C MAJIOH MacCOH, T.€. MUKPOYACTHI], IBIKYIIUXCS B 00JIACTSIX POCTPAHCTBA MOPSIIKA
aTOMHBIX pa3MepoB.
3amaua 2.4. CpegHee BpeMsi )KM3HHA aTOMa B BO30Y)KJICHHOM COCTOSTHUU COCTABIISIET T = 10% c.
OI_[eHI/ITe MHWHUMAJIbHOC 3HAUCHUC HCOMIPCACIICHHOCTHU YaCTOThI U3JTYYCHUA aTOMA.
Pemenne. YacTora nsnmydeHus, COOTBETCTBYIOIIAs TIEPEXOy aToOMa U3 BO30YKJIEHHOTO COCTOSIHUS
¢ sHepruei £, B OCHOBHOE COCTOSIHUE C dHEprueit £; , onpeaensiercss u3 COOTHOLIEHUS

hw=E, - E,
N3 cooTHOMmIEHNS HEonpeaeneHHocTel (2.2) cienyeT, uto HeonpeaeneHnoctr suepruii AE; u AE,
3aBUCAIAT OT BpCMCHH JKU3HU aTOMd B OCHOBHOM U BOSGy)K,Z[CHHOM COCTOSAAHUAX, TPUYCM

ag, = aE, =
At
Tak Kak B OCHOBHOM COCTOSIHUM aTOM MOKET HaXOAUTHCS HEOTPAHUYEHHO JIOJIT0, TO CJIEYET MoJa-
rath, 94T0 At; — 0. Bpewmst )Ku3HH aToMa B BO30YKIeHHOM cOoCcTOsSSHUU Af, = T TI0 YCIIOBUIO 33Ja4H.
[Moaromy AE; =0, a AE, =h/t
Toraa miis OEHKU HEONIPEAECIEHHOCTEN YaCTOThI U3JIYyYE€HHsI aTOMA [T0JIy4aeM COOTHOIIEHUE
hAw=AE, =h/t
13 KOTOpOro ciexyet, 4to Aw= 1/T = 10® ',
HMeHHO 3T0 3HaYeHUE ONpeaeNsieT MUHUMAIbHYIO IIMPHUHY CIEKTPAJIbHbIX JUHUN U3ITYYEHHUS aToO-
MOB. PeanpHas mimpuHa CeKTpaibHBIX JIUHUI YBEJIMUYUBAETCS 3@ CUET TEIJIOBOTO JABUKEHUS U3ITY-
YaroIMX aTOMOB U JIpYruX (hakTOpOB.
3. 3AJIAUM O CTAIITMOHAPHBIX COCTOSHNAX B KBAHTOBOM MEXAHUKE

Ecnu notenumanpHas sHeprus yactuibl U(X, y, z) B HEKOTOPOM CHUJIOBOM TIOJI€ SIBHO HE 3aBHCHUT OT
BPEMEHH, TO MOJIHASL SHEPTHsI YacTULbl £ co BpeMeHeM He u3MmeHsiercs. COOTBETCTBYIOLIYIO 3a/1auy
KBAaHTOBOUW MEXaHWKHU HA3bIBAIOT CTAIIMOHAPHOM 3a7a4eil, WIIM 3a/1a4yeid O CTAllMOHAPHBIX COCTOSHU-
ax. Pemenune obmero BpeMeHHoro ypasuenus Lllpeannrepa B cTaliuoHapHOM -3a/1a4€ MOXKET OBITh
3alMCaHo B BUJE

- 0 ¢ .0
Ll-’(x, y, z) = l.|J(x, A2 z) bepElt- - Et% (3.1)

[Tockonpky BpeMeHHON MHOXHTEID B (3.1) U3BECTEH, TO OCHOBHOE BHUMAHWE MBI Oy/IeM yIelsITh
KoopauHaTHOM yacTtu YI(X, y, Z), KOTOPYIO U Ha3bIBAIOT BOJHOBOM (PYHKIIMEH CcTAallMOHAPHOW 3a/1a-
yn. Takast BonHoBast pyHKIHS Y(X, y, Z) 3aBUCUT TOJIBKO OT MPOCTPAHCTBEHHBIX KOOPAUHAT U
yaoBiieTBopsieT ypaBHeHuto [lpennHrepa s ctaimoHapHbIX COCTOSIHUN

hZ
- AY +UY = F
2m, Y+ Uy g (3.2)
WIK B APYyro ¢popme 3arnucu
AY + 2;” (E-Up=0 (3.2a)

KonkpeTHbIil BUJI CUIIOBOTO MOJIS B CTAIIMOHAPHOM 3a/1au€ KBAHTOBOW MEXaHHUKHU ONPENEIsAETCS 3a-



JTaHWEeM MOTEHIMALHOM dHepruu yacTuisl U(X, y, z). B 3TUX 3a1a4ax MIOTHOCTH BEPOSTHOCTH 00-

Hapy>KEeHUsI 4acTUIIBI (HO He caMa BorHoBas ¢hyHKms W) He 3aBUCUT SIBHO OT BPEMCHH:
w=dP/dV = [Q¥(x, y, z)[F =0W(x, y, z) [

PaccMoTpuM HEKOTOPBIE IPUMEPHI 33]]a4 O CTAIIMOHAPHBIX COCTOSHUSX B KBAHTOBOW MEXaHUKE.

I. YacTHila B OIHOMEPHOM NOTEHIHNAIBHON sIMe ¢ OECKOHEYHO BHICOKMMHU CTEHKAaMU. B 3TO# 011HO-

MEpHOH 3aJjaue NOTEHIIMaIbHas 3HEPTUs YacTULIbI UMeeT BUJ ( puc. 3.1)

[bo npu x<0 - obaacme 1
U(x) = Eﬂ npu 0<x<a - oonacme II

npu X >a - obaacme 111
Uix)
4 I T

E=E; n=3

EzEz H=

E=F; n=

X
? a
Puc. 3.1

B o6mactsax [ u III Y = 0, Tak Kak nM3-3a OECKOHEYHOM BBICOTBI CTEHOK SIMBI YaCTHIIA HE MOYKET TaM
0Ka3aThCsl, T.€. IDIOTHOCTh BEPOSTHOCTH () ZEMJD2 obnactsx I u Il moywkHa OBITH paBHA HYITIO. B
00J1IaCTH BO3MOXKHOTO JBM>KeHUs yacTulibl 11 pemenne ypaBHenus Llpenunrepa s cTalimoOHapHBIX

coctostHMi (3.2) ¢ y4eTOM yCIOBUI HEMTPEPHIBHOCTH U HOPMHUPOBKH BOJIHOBOW ()YHKIIMH BBITJISIAUT
TaK:

P, (x) = %sin M 12,3, (3.3)

a
Kaxxnomy KBaHTOBOMY COCTOSIHHIO, OITMCHIBAEMOMY BOJTHOBOM (yHKIIHEH Wy(X) , COOTBETCTBYET
ONpeJIeJICHHOE 3HAYEHUE TIOJIHOM YHEPTUU YacTHUIlbl (KBAHTOBAHUE YHEPTUH)
2
Th

E = n’ | n=12,3, (3.4)

" 2mya’
Taxum 00pa3oM, KBAaHTOBOE COCTOSIHUE YAaCTHIIBI, IBIDKYILEICS B OTHOMEPHOM MOTEHIUATBHOM

sIME, XapaKTepU3yeTcs OAHUM KBAaHTOBBIM YUCIIOM M .

2. YacTua B ABYMEPHOH NOTEHIINAILHON IM€E ¢ HEMPOHUIIAEMBIMH CTEHKaMH. B Takol 3amaue

U(x,y)= 5’ (v.v)oQ

, =
7, (x,»)oQ

rae Q ={(x, y): 0<x<a, 0<y<b} - npssMoyroiabHas 00JIACTH ABMKCHUS YaCTHIIBI HA IJIOCKOCTH (pHC.

3.2).




¥
b
€2
=0
x
0 o
Pric. 3.2

KBaHTOBOE COCTOsIHME YaCTHUIIBI B TAKOM IBYMEPHOM 3a/1a4ue 3aJaeTCsl ABYMsI KBAHTOBBIMH YK CIIaMU
n; ¥ Ny, 2 COOTBETCTBYIOIIAS BOTHOBAS () YHKIIHS UMEET BU]T

n,Tx ., n,Ty

{4 .
W, . ()= o sin =L sin == nny=1,2,3, (3.5)

T.C. ABJIACTCA NPOU3BCACHUCM IBYX BOJIHOBBIX q)YHKL[I/Iﬁ AJIs1 OTHOMCPHBIX AM. OTMGTI/IM, YTO Ha

rpanuie o6mact | T.e. Ha HEIPOHUIIAEMBIX /ISl YACTHI[I CTEHKAX MBI BOJIHOBas (PyHKIHS 00-
paiaercs B HyJIb.
[Tonnas 3HEprus yaCTUIBI B JIFOOOM KBAHTOBOM COCTOSIHUU OIPEAEISAETCS BhIpAKECHUEM

E—Tﬁhz ﬂg B—HD n;,n;=1,2,3,. (3.6)

Zm(,@au Ob |:|

3. Yactuiia B HOTEHIMAIBHOM SIIHUKE (TPEXMEPHOU MOTEHIIMATBHOM sIME) C HENPOHUIIAEMBIMU
crenkamu. O603HaunM uepe3 G ={(x,),z): 0<x<a, , 0<y< a, , 0<z<a3} BHYTPEHHIOIO 00JIACTb MPsI-
MOYTOJIbHOTO Napayenenumnesna (puc. 3.3). B paccmarpuBaeMoil 3a1aue NoTeHIMANbHASI SHEPTUs
yacTHUIlel B Touke M (X, y z) mpocTpaHCTBa UMEET BU/T

, MOG
v(m)=H
M, MOG
F
a€;
(r Fi
0 I x
&£
3
Puc. 3.3

BHe moTeHnnansHOro AIMKa BOJIHOBAsE (PYHKIUS paBHA HYIIO. BHYTpU MOTEHIIMATBHOTO SIUKA
(MU G) BomHoBas GyHKIMS MOKET ObITh HalifieHa Kak penieHue ypaBHenus [peaunrepa s cra-
LUOHAPHBIX cOCTOSIHM (3.2)



8 . h,Tx ., n,Ty . n,T¢
Lljn,,nz,n3 (x, A2 Z) = sin sin sin

npnyn;=123....3.7
a,a,a, a, a, a, AN (3.7)

T.€. IPEACTaBIsIeT COOON MPOU3BEACHUE TPEX OJJHOMEPHBIX BOJHOBBIX (DYHKIIUH.

KBaHTOBBIC COCTOSIHUS YaCTHUIIBI, HAXOAIICHCS B TOTEHIIMAIBHOM SIIIUKE, OMPEICIISIOTCS TPeMs
KBaHTOBBIMH YUCIIAMHU 71; 1, n3.Kax1oMy KBaHTOBOMY COCTOSTHHIO COOTBETCTBYET ONpPEACICHHOE
3HAYEHHE TOJHOW YHEPTHH YaCTHIIBI

™h’ Hn, n, n, OO

E = + + E,nl,nz,n3=l,2,3,... (3.8)

2m, Hia, a, a,

TonbKO MpHU ATUX 3HAYEHUAX MOITHOM 3Hepruu E ypaBHeHue [IIpeaunrepa uMeer peryisipHbie pe-
HICHUA.

OtmeTnM, 9TO AJI TOTEHIUATBHOTO SIUKa KyOuuecKoil GopMbL, T.€. Ipu d; = dy =A3 =d , 3a7a4a
0 JIBIDKCHHH YaCTHUIIBI 00J1a/1aeT MPOCTPAHCTBEHHOW CHMMETPHEH 3a CUET paBHOIIPABUS BCEX TPEX
MPOCTPAHCTBEHHBIX HaIpaBieHUil. B 3ToM ciydae cyliecTByIOT KBAHTOBBIE COCTOSIHUS (Hampumep,
Wiz, Yi21 , Wo11 ), HAXOMSICH B KOTOPBIX YACTHIIA UMEET OJMHAKOBBIC 3HAYEHUS TTOJTHOW SHEPTHH.
COBOKYITHOCTh TaKMX COCTOSIHUHM, B KOTOPBIX YAaCTUIA UMEET OJIMHAKOBBIC 3HAYEHUS TTOJIHOM YHEP-
ruv £, Ha3bIBaIOT BBIPOKICHHBIMU COCTOSTHUSAMU. [Ipy 3TOM 4MCI0 COCTOAHUMN ¢ OAMHAKOBBIM 3Ha-
YEHUEM MOJIHOM SHEPTUU YACTHUIbI HA3bIBAIOT KPATHOCTHIO, UM CTENIEHBIO BBIPOXKICHUS 3TUX CO-
CTOSTHUH.

4. [IpoxokIeHUE YACTHIIBI Yepe3 MOTCHIIMATBHBINA opor wiu 0apbep, [TycTh yacTuma Maccoit my .
HMMEIOIIIasl TIOJIHYIO PHEPTUI0 E, HajmeTaeT Ha MOTeHIMAIBHBIN TTopor (puc. 3.4), IBUTASCh, JTSI OTI-
peIeNeHHOCTH, cieBa HanmpaBo. [loTeHnanbHast SHEPrusl YaCTUIIbI B TAKOW 3a/1au€ UMEET BUJT CTY-
MeHYaTON (PyHKITUU

U( ) 00 npu x<0 - ob6aracme 1
x) =
E{Jo npu x>0 - ooracme II

I U(x) i

T
i |

0

Pric. 3.4

Pemenus ypasuenus [lpenunrepa (3.2) ajis cTaliiOHAPHBIX COCTOSIHUH, YOBJIETBOPSIOIINE YCII0-
BUSIM HETIPEPHIBHOCTH BOJIHOBOHM (DYHKIIMH U €€ MPOU3BOAHOM B Touke X = 0, BBIMJIAIAT TaK:

g, = exp(iklx) + % exp(— ik,x)

1 2

2k
Lljz =_~"1
k, +k,

rae Yi(x) - BomHOBas GyHKIMS YacTUIlbl B obsactu I; Yy(x) - BomHOBas ¢hyHkus B obmactu II;

exp(ik Zx) (3.9)



1 1
ky = —\2m,E , k; =;\/2m0(E—U0)

BeposiTHOCTB TOT0, UTO YacTHUIa OTPA3UTCS OT MOTEHIIMAIILHOTO TIOpora, onpeensercs koddduim-

CHTOM OTpPAXKCHUMA
2

kl_kz
k, +k,

BeposiTHOCTh MPOXO0KI€HUS YaCTULIBI Yepe3 MOTEHIIUAIBHBIIN MOPOT XapaKTepU3yeTcs MPU 3TOM
KodpunmreHToM npoxoxaenus D =1-R .

[Ipu KBaHTOBO-MEXaHUYECKOM PACCMOTPEHHH 3a/1a4H O IPOXOKACHUN YaCTULIBI Yepe3 MOTEHIH-
QJIBHBIN TTOPOT KOHEYHOU TOJIIIUHBI - MOTEHIINATBHBIN 0apbep (puc. 3.5), s KOTOPOTro

00 npu x<0

U(x)=%]0 npu 0<x<d
HO npu x>d

MOXHO I10Ka3aTh, YTO CYIIECTBYET OTJIMYHASA OT HYJISI BEPOSATHOCTh TOT0, YTO YAaCTULIA TPEOIOIEET
Jla’ke BBICOKH MOTEHIIMATIBHBIN Oapbep, BbICOTa KOTOporo U, ©Ooiiblie MOJTHON SHEPruy HajleTaro-
mieit gactunpl E . Takoe mpoxoxaeHue 9acTUilbl 4Yepe3 MOTeHIMAIbHBIN Oapbep B ciaydae E< U
HA3bIBAIOT TYHHEIBbHBIM dPHEKTOM.

Uix)

*— -

_DT____ o
w ! :

Prc. 35

BeposiTHOCTB Ipeo10IeHHs YaCTHIICH BHICOKOTO MOTEHIIMATHHOTO 0apbepa XapaKkTepUu3yeTcs Ko-
s urmentom npoxoxaeHus (kodddurrenTom npo3padyHocTr) D, KOTOPHIH onpeaesieTcs: BbIpa-
KEHHEM

D=D0epo-£ 2m,U, - E H,Dol:ll (3.11)
a n u
B ciiyuae noTeHIMaNbHOTO Oapbepa Npou3BOIbHON (opMbl (pHC. 3.6) KO3PPHUIHUEHT MPO3pauHOCTH
HaxoJIT 1Mo hopmye

O 2° O
D =D, exp[r —J’\/Zmo(Uo - E)dxQ (3.12)
o e O

Wuterpupoanue B (3.12) npoBoautcs no obnactu, rae E<U (cm. puc. 3.6).
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Puc. 3.6

TynHenbHbIN 3P PEKT M03BONAET OOBICHUTH TakHe (PU3NUYECKHE SBICHUS, KaK O-pacrai saep, Xo-
JIOJHYIO WJIN aBTOJIEKTPOHHYIO IMUCCHUIO 3JIEKTPOHOB C MIOBEPXHOCTH METAJIOB U psiA APYrux pu-
3U4ECKUX SIBJICHUM.

IIpumepsl pemeHns 3a1a4
3agaua 3.1. DIEKTPOH HAXOAUTCS B IOTCHIMATLHOM sive mmpuHoi a= 500" M ¢ GeckoHedHO BBI-
COKMMHM cTeHKamMH. HaliTh MMHMMalIbHO BO3MOXHOE 3HaYEHHE SHEPTUU 3JIEKTPOHA B KBAHTOBOM
COCTOSIHUH, JUIsl KOTOPOT'O INIOTHOCTh BEPOSITHOCTH OOHAPYKEHMsI IEKTPOHA B LIEHTPE SIMbI paBHA
HYJIIO.
Pemenue. CranmoHapHble BOJIHOBbIE (DYHKIIMH, OMMCHIBAIOIINE KBAHTOBBIE COCTOSHUS 3JIEKTPOHA B
MIOTEHIIUAJIBHON sIME, ONIpeesatoTcs BoipaxkeHueM (3.3). Mcxoas u3 cTaTUCTUYECKOTO CMbICIIA
BOJIHOBOM (DYHKILIMU JUJIs IJIOTHOCTH BEPOATHOCTH OOHAPYKEHUS 3JIEKTPOHA B PA3JIINYHBIX TOUYKAX
SIMBI, TIOJTYYHM

(.o(x)-—-|q.| () =Zs sin” T 0 < x<a

(]

ITo ycnoBuro 3a1a4u 9Ta INIOTHOCTH BEPOSITHOCTH OOHAPY)KEHHUS YACTHIBI B TOUKE X=a/2 paBHa
HYJI0. DTO MPUBOIUT K COOTHOMIEHHUIO sin(Th/2) =0.

U3 5TOro COOTHOILECHUS CIIEAYET, YTO CYIECTBYET MHOXKECTBO KBAHTOBBIX COCTOSIHHIA, B KOTOPBIX
BEPOSITHOCTh OOHAPYKHUTH 3JICKTPOH B LIEHTPE MBI paBHA HYJIIO. DT COCTOSIHUSI COOTBETCTBYIOT

3HAYEHUSIM KBAaHTOBOTO uncia 1 =2, 4, 6, ... . Ho Tak kak 1mojHas Heprust 3JIEKTPOHA, IBUKYILETO-
Csl B TIOTEHITMATILHOM sIME, OTIPEIEISIETCS BIPayKEHUEM
Th*
En = — 7 l’lz
2m,a

TO MUHUMAJIbHOE 3HaYEHUE MOJIHOM SHEPTUU COOTBETCTBYET MUHUMAIbHOMY 3HAUYEHHUIO KBAHTOBO-
ro yucnia n, T.e. JUisl HallAGHHBIX cocTossHui 1 = 2. [loaTomy

2en? _ 20003,14)° 1,05 Q107 )?
m,a’ 9,10 osao" )’

3agada 3.2. Yactuua B OAHOMEPHOW MOTEHIMATIBHOM siMe ¢ OECKOHEYHO BBICOKMMH CTEHKaMH M-

E, =E, = 9,5 W0™" e

PUHOM @ HAXOJUTCS B HU3IIEM (IIEPBOM } BO3OYKICHHOM COCTOSIHMH. OnpeeuTe BEpOsSTHOCTD

oOHapy>KeHHsI YacTUIIbl B MHTEpBaJIe @/4 , paBHOY/AAJICHHOM OT CTCHOK SIMBI.

Pemenune. KBaHTOBOE COCTOSIHUE YaCTUIBI C MUHUMAJIBHO BO3MOKHBIM 3HAUEHUEM SHEPIMH Ha3bl-
BAeTCsI OCHOBHBIM, MJI HEBO30YKJIEHHBIM COCTOSTHHEM. TakoMy COCTOSIHUIO MU JBHM>KEHUH YacTH-
16l B IME COOTBETCTBYET 3HaUEHHE KBAaHTOBOTO uncia n = 1. OcTanbHble COCTOSIHUS Ha3bIBAIOTCS
BO30YykJIeHHbIMHU. Hu3iiee Bo30yXI€HHOE COCTOSTHIE COOTBETCTBYET 3HAUECHUIO # =2. DTO KBAHTO-
BOE€ COCTOSIHHE OIHCHIBACTCS BOJTHOBOUM (PyHKIIUEH



W, (x) = sin

2
— ,0<x<a
a

CormnacHo BEpOATHOCTHOMY CMBICITY BOJTHOBOM (DyHKIIMH, BEPOSTHOCTh OOHAPYKEHUS YaCTHIIBI B
MHTEPBAJIC X;<X < X, OIPCACIISACTCSA BhIPAXKCHUEM

P = f‘l]](x}zdx

B nameit 3ampaue x; = 3a/8, x,=5a/8 .Ilo3TOMy UCKOMasi BEPOSTHOCTh €CTh

5a/8
p=2 [ sin’ CALIPNISE SN S
a ,J. a 4 2Tt

3agaua 3.3. [Ipu kKakOM OTHOLIEHHWH BBICOTHI MOTEHIIMATIBLHOTO nopora Uy K SJHEpruy HAJIETaroLen
yactuilsl £ koapounment orpaxenus R =0,5?

Pemenue. U3 Beipaxenus (3.10) mis koaddummenTa orpaxenus cienyert, uro npu E < Uy, koraa
napamerp k, = ik BIsI€TCS YMCTO MHUMOU BenmuuHow, a Uk, - ik] =0k; + i k[, wactuna Bcerma
OTPaXKAETCsl OT BBICOKOTO MOTEHIUAJIBHOTO TTOPOra, Tak Kak it 3Toro ciaydas R = 1. Eciu xe o
yclIoBHIO 33/1auu R < 1, To, ceoBaTesIbHO, TOTEHIIMAIBHBIN MOPOT B JaHHOU 3a7a4e SABIISICTCS
Hu3kuM u E >U) . O6o3HauuB uepe3 € < 1 uckomoe otHomieHue Uy/E , 3anUIIeM BBIpaKEHUE TS
kod(pdurmenTa oTpayKeHUs B BUIC

|k -k _|VE-JE-U, | _pI-vi-¢

“U ‘ _
ki tk|  VE+JE-U,| Hi+Vi-e

Paspemasl 3TO COOTHOLICHUE OTHOCUTEIILHO €, HAXOAUM

R

R
VR

eE=1- !
7

Hns R =0,5 nonyyaem
1 -40,5

1+ 0,5

Crenyer OTMETHUTH, UTO B KJIACCHYECKON MEXaHUKe KOA(PPHUIIMEHT OTPAKESHUS YACTHIIBI OT HU3KOTO
MIOTEHIIAAJIBHOTO NTOPOTa BCEr/Ia PABEH HYIMIO. [[pyruMu c10BaMH, KJIACCMYECKAsl YaCTHUIIA BCErAa
IIPEOI0JIEBAET IOTCHIIMAIBHBIN [TOPOT, BBICOTA KOTOPOI'0 MEHBIIIE ITOJIHOW SHEPTUH HAJICTAIOLIEH
qactuipl. KBaHTOBas yactuua, T.€. yacTuua, 00JIaaromias BOJIHOBBIMU CBOMICTBAMU, UMEET OIpe-
JEJICHHYIO BEPOATHOCTb OTPA3UTHCS OT HU3KOI'O IIOTEHIUAIIBHOTO IT0pOora.

4. UIBSMEPEHUE OU3NYECKNX BEJIMYNH

B KBAHTOBO-MEXAHWYECKNX CUCTEMAX

KBaHTOBas MexaHMKa MPUHIUIINAIBHO OTIMYAETCS OT KJIACCUYECKOHN B MOAXOE K BOIIPOCY O pe-
3yJIbTaTax U3MepeHus (pU3nuecKux BeIUYHH. B KBaHTOBOI MexaHuKe (pu3ndeckas BeTMYMHA MO-
KET UMETh JUCKPETHBIN CIIEKTp 3HaYEHUH (HalpuMep, JHEPTUs aToMa BOAOPOAA), TOTAA KaK B
KJIACCHYECKON MEeXaHHKe (pU3MuecKue BeTMUYMHBI U3MEHSIOTCA HenpepbIBHO. . KpoMme Toro, pe3ysib-
TaThl U3MEPEHUIN B KBAaHTOBOW MEXAHHUKE UMEIOT BEPOSITHOCTHBIN XapaKTep - B IPOLECCE U3MEpe-
HUS C OTPE/ICTICHHOM BEPOSTHOCTBIO pealIn3yeTcsi OJJHO U3 HECKOJIBKUX 3HAUeHUH (PU3HUECcKoii Be-
JIUYMHBL. B Knaccnyeckoil MeXaHUKe BEPOATHOCTHBIN MOAXO K pe3yJIbTaTaM U3MEPEHMsI OTCYTCT-
ByeT. YKa3aHHbIC pa3inuyus TpeOyIoT Al KBAaHTOBOM MEXaHUKHU aIeKBATHOTO MAaTEMaTHYECKOTO
onucanus. Takoe onMcaHue OCYIIECTBIETCS C IIOMOIIBIO OIIEPATOPOB.
B kBaHTOBO# MexaHMKe (pr3nyecKast BeIMUMHA XapaKTEPU3yeTCs He CBOMM YHCICHHBIM 3HAYCHH-
€M, a JTMHEWHBIM 3PMUTOBBIM OIIEPATOPOM, KOTOPBIM 3Ta BEJIMYMHA NIPEACTABIACTCS. JIMHEHHOCTD
OIepaTopoB HEOOXOAMMA JIJIS BHIIOTHEHUS IPUHITUIIA CYNIEPIIO3UIMH, @ SPMUTOBOCTb - TS TOTO,

e=to=g- = 0,97
E



9YTOObI 3HaUCHHE (PU3NYECKON BETMUMHBI, TIOTY4aeMOe B pe3yJIbTaTe U3MEPEHUs, ObLIIO JeiCTBU-
TenbHbIM. Kax ol pusnueckoit BenmnuuHe (KOOpAUHATE, UMITYJIbCY, MOMEHTY UMITYJIbCA | T.1I.)
CTaBUTCA B COOTBETCTBUE CBOU omeparop (ornepaTop KOOPAUHATHI, ONEPATOP UMITYIIbCA, ONIEpaTop
MOMEHTa UMITYJIbCa  T.1I.).

[IpuBenem BbIpaXeHUs AJIS ONEPATOPOB OCHOBHBIX (DU3MYECKUX BEIMUMH.

OnepaTopbl KOOPIWHATHI:

O O O
X=Xx;5 y=y, =2 (4.1)
OHeDaTODBI IIPOCKIINHN UMITYJIbCA.

0 h 0 O h o o h oo 42)
P. =~ Py, = T3x s P.= T3 4.2
* i Ox Y i dy f 0 0z
OHeDaTODBI IIPOCKIIMHN MOMCHTA MMIIVJIBCA:
a Do oo O OO 0o ) D0 0o

L. =yp-zp,; L, =zp,—xp,; L =xp-yp, (43

0
OtMeTruM, 9TO B chepruecKkrx KOOpANHATAX BHJI ONlepaTopa L z 3aMETHO YIIPOIIAETCS:
O h o
l = —— (4.4)
R

rze ¢ - a3uMyTaabHBIN YIOJL.
Onepatop HoJIHOM dHepruu (raMIJIBTOHHAH ):

o o o
H=FEx+U

O u]
rae E, - oneparop kunetnueckon, a U - onepaTop NOTEHIUAIbHOU

SHEPTUH.
o
Oneparop kuHeTHYeCKOM dHeprun E, MMeeT BUL:
]
o 2 1 ] u] ] h2 2 2 2 h)
EK=p = )Zc+pi+pz2 == l:laz+az+az =" A
2m, 2m, 2m, E'Gx oy 0z 2m,

Oneparop NOTEHIHATIBHON YHEPTUN

o
U=U (x, Vs z)
Taxum 0Opa3oM, raMHUIIBTOHHAH MOXKHO HAalTH, UCTIONb3YS BhIpOKEHHE

O 2
H=-"

A+U(x,y,z) (4.5)
2m,
HOI[‘ICpKHeM, YTO COOTHOIICHUA, KOTOPBIC KJIIaCCUYCCKasd (1)1/[3141(3 YCTAaHABJIMBACT JJIA CBA3U MCKIY
3HAYCHUSMHU (PU3UUECKUX BEIMYUH, B KBAHTOBON MEXaHUKE ONPENEISIOT CBSA3b MEXTy Ooleparopa-
MU 3THX BCJIINYHH.

OnvH U3 OCHOBHBIX ITOCTYJIaTOB KBAHTOBON MEXAHUKH YTBEPXKAAET, YTO €IUMHCTBEHHBIMH BO3MOXK-
O
HBIMHU PE3yJIbTaTaMU U3MEPEHUs PU3NUECKOM BETMUUHBI f, KOTOPOH COOTBETCTBYET omnepatop F,

SIBJIAIOTCSI COOCTBEHHEBIE 3HAYEHUS DTOTO oneparopa, T.C. COOCTBEHHBIC 3HAUCHMUS )\n YpaBHCHHA

]
Fu, =\u

nn



O
3nech u, = uy(X, Yy, z) cobcTBeHHBIC PyHKITMHU omiepaTtopa F .

Cucrema coOCTBEeHHBIX GYHKIHI {U,} TpecTaBiser coboii, Kak MPaBUIIO, MOIHYI0 OPTOHOPMHPO-
BaHHYIO cucteMy (QyHKIH. CienoBaTenbHO, BOJTHOBYIO (DYHKIIHIO ), KOTOpasi OMHMCHIBAECT KaKoe-
60 cocTOsTHUE PU3NIECKON CUCTEMBI, MOXKHO Pa30kKUTh B PSAJ] O COOCTBEHHBIM (DYHKIUAM Uy

=Ycu,, e, =J'u:quV (4.7)
n 14

B (4.7) uaTerpupoBanue BeeTcs 10 BCel 00J1aCTH U3MEHEHUS TTPOCTPAHCTBEHHBIX TIEPEMEHHBIX.
BeposiTHOCTB TOTO, YTO MPU U3MEPEHUN (PU3NIECKOI BETUUNHBI f Oy/AeT MOIYy4eHO YUCICHHOE

3HaueHue A,

2
cn

Pl,) =

(4.8)

O
Cpennee 3HaueHre GU3NIECKON BETUIMHBI f, KOTOPOW COOTBETCTBYET orepaTtop F , 6 COCTOSHUH,

OIMCBHIBAEMOM HOPMHPOBAHHOM BOJIHOBOH (pyHKIKEH ), ecTh
u]
(f) = !w F dv (4.9)

BaxxHbIM B KBaHTOBOM MEXaHHUKE SIBJIIETCS BOMPOC 00 OJHOBPEMEHHOM M3MEpPEHUH (OAHOBPEMEH-
HOM TOYHOM OTIPEACNICHUN ) IBYX (U3HUECKUX BeIUnurnH. He0OX0IMMBIM U JOCTATOYHBIM YCIIOBUEM

BO3MOYXHOCTH OJJTHOBPEMEHHOTO U3MEPEHHUS ABYX GU3MUECKUX BEIIMYUH f U g ABISETCS KOMMYTa-
O ]
TUBHOCTb COOTBETCTBYIOLIMX UM ornepaTopoB F u G , T.€. BHIIIOJIHEHUE PAaBEHCTBA
0O O |:| O a0 o0
,GHE FG-GF =0 (4.10)
O |:| O O
Oneparop ?,G HHa:«sLIBaeTc;[ KOMMYTaTOpoM ornepatopoB F u G .

IIpumepsl penieHnd 3agad
3amaya 4.1. Yactuiia Maccoit my HAXOAUTCS B OJTHOMEPHOM OECKOHEUHO TITyOOKOH MPSMOYTOJIBHOM

MOTEHITMATIBLHOM sIME IIMPUHOHN @ B IEPBOM BO30YXIeHHOM cocTosiHuU. HaliuTe cpennee 3Hade-
HUE IPOEKIUU UMITYIbCa YaCTULBI <P,=> U KBAJpaTa UMIIYJIbCa <px2 >,

Pemenue. BonHoBast pyHKITMS YaCTULIBI B OTHOMEPHON OECKOHEYHO TITyOOKOM MPsIMOYTOJIbHOM TO-
TEHIUALHOH siMe uMeeT Bun (cm. (3.3))

_ |2 . nx
w, (x) = ,[— sin
a a
rae n =1, 2, 3, ... . [leppomy BO30Y>XJ€HHOMY COCTOSTHUIO YaCTHIIBI COOTBETCTBYET 3HaUeHUEe K = 2.

Pemum cHauama 3aavy B 06H_I€M ClIy4ac OJ1d NPOU3BOJIbHOTO 3HAYCHMUA KBAHTOBOI'O YMClIa M1, a

IIOTOM B MMOJIYUCHHOC PCIICHUC MMOACTABUM 3HAYCHHUC n=2.
CornacHo (4.9) cpenHee 3HaUYCHUE TPOCKIIUHA UMITYJIbCA

= (0 p =2 gy T 0 Ho e O
(p.) = [Wi powde = 5 O [oin T Chin "% e

h Tnx |
o 2

= —sin =0
ia a |,

Taxum oOpazom, <p,=> =0- CyIl1ecTBEHHO, YTO OTBET HE 3aBUCHUT OT A , T.€. OT YPOBHsI, HA KOTOPOM
HaXOJUTCS YacTHIla B MOTEHIMANBHOU siMe. bonee Toro, MOJKHO Moka3aTh, YTO Pe3yJabTaT, MOJIY-
YEHHBIN 3ACCh I KOHKPCTHOI'O BUa HOTeHHHaHLHOfI SAMBI, OKAa3bIBACTCA CIIPABCIJIMBBIM U IJIA



Oosee o01ero ciuyyas: cpeiHee 3HaUCHHE MPOSKIIUH UMITYJIbCa YaCTHUIIbl, KOTOPAsk B CTAl[HOHAPHOM
COCTOSIHMM UMEET TUCKPETHBIA YHEPTETUUECKHUI CTICKTpP, PABHO HYJIIO.
HHTEepecHO OTMETUTB, UTO 3HaUeHue <P, =0 JUIs1 yacTUIIBI B sIME MTOJYy4YaeTCs U B KJIIACCUUECKON
MCEXaHHKCE. I[J'IH KJIaCCHYECKOMH YaCTHUILbI 3TOT PpE3YyIbTaT OYEBUACH, TaK KaK YaCTHUIla ABUXCETCA
BJIOJIb OIIHOI>’I 0CH, OTpaXKaACh OT CTCHOK MBI, 4 €€ UMITYJIbC HAITPABJICH TO B OAHY, TO B APYI'YIO,
IIPOTHUBOIIOJIOKHYIO HepBOHaanBHOﬁ, CTOPOHY. HOBTOMy CpCaHECC 3HAUCHUC <px> PaBHO HYIIIO.
Brruncnum Teneps cpeqHee 3Hau€HUE KBaapaTa UMITyJbca <px2 >. IlocKOIbKY MBI UIMEEM JIEJIO0 C
OJTHOMEPHBIM CITy4aeM, TO

I:I I:I a 2

= -’
p’ Px o’

2
B cooTBeTcTBHU C (4.9) i <Py > Haxooum

(p?) = IllJ P W,dx = -1’ D—J’sm“"x 0° anmxaix

2 2 2
%2?1 %Tﬁn% ZTrnxx=2h Trnzlji
a a 2

2 2
o\ _ TCh’n
Takum obpazom. \ P~ ) = ——
a
[MoncraBnsis 3HaueHUE B =2, TIOTy4aeM OKOHYATEJIbHBIA OTBET
2
< 2> _41’h
p n=2 az

OT1MeTHM, 9TO XOTS CpeHee 3HAUCHNE TPOSKINN UMITYIbca <P PaBHO HYJIIO, CpeTHEE 3HAUCHHE

KBaJpaTa UMITyJbCca <px2 > OTJINYHO OT HYJIA.

3aznaya 4.2. Onpenenure BO3MOKHBIE pE3YNbTaThl U3MEPEHNUS IPOESKIIMM MOMEHTA UMIyJbca Lz u
UX BEPOATHOCTH JUIsl YACTHUIIbI, HAXOAIIEHCS B COCTOSIHUU, OITMCHIBAEMOM BOJIHOBOM (DyHKIIMEN
P =A cos’ §, riae § - a3UMyTANBHBIH YTOIL.

Pemenue. [Ipexae Bcero HailieM HOPMUPOBOUHYIO KOHCTAaHTY A U3 yclIOBHSI HOPMUPOBKH CIEAY-
€T, 4TO

[u O)(®ho = A° [cos” pap = 1

2n

3n
4 —_
[TockobKY Icos Gdp = —
] 4
TO /U1 A mostydaeMm cienyromiee 3HaueHne: 4 = ——— . Takum o6pazom,

NE:

=LCOS2
w() e S

Onepatop NpoekiuKu MoMeHTa ummyibca L, B cepuueckux KoopauHaTax orneparopa MeeT
BU/I:

O
L =

z

h 9
i 0

a ero HOPMHPOBAHHBIE COOCTBEHHBIE (PYHKIIMU U COOCTBEHHBIC 3HAUCHUS OMPEACIISAIOTCS BBIpaxKe-



HusiMu [ 1]

1 .
u, (¢) = e™ L =mhn
V21 z

rnem =0, x1,£2, ..., Paznoxum BosHOBYIO GyHKIHIO YW() M0 cCOOCTBEHHBIM (DYHKIUSM OTepaTo-

o
pa L,

2 1+ cos?2 1+ cos?2

cos’ ¢ = O ¢ _ L

$m 2 3

_ 2

B cootBercTBUU ¢ hopmyroii Ditnepa
e =cosd +isina
2 )
nipesctaBum COS2Q cremyrommm o6pazom: cos2p=(e byt )/2 Tlpu 3ToM pasinoxeHue

BOJIHOBOM (pyHKIIMHU () MpUHUMAET CIICTYIOIIUI BHI:

_ 1 DT =\E 1 o6 1 \f ,-13% =
v(e) ﬁ@”ze T2 @ sy’ Vs Jon

= \/guo (@) + \/%u+2(¢)+ éu_z((])) (4.11)

o
[ockonbky B pasnoxkenuu (4.11) IpUCYTCTBYIOT TOJBKO cOGCTBEHHbIE (yHKIMM onepatopa L,

OTBEYArONIMe 3HaueHueM m=0 u m = £2, TO 3TO 03HAYAET, YTO U3 BCETO CIEKTPa COOCTBEHHBIX
0

3Hauenwuii oneparopa L, s wacTuipl, HaxojsuIeics B JAHHOM COCTOSHUH, PEATTU3YIOTCSL:
L,=0,L,=2h L, =-2h
HNmMenHO 3TH 3HaueHus U OyyT HalICHBI B pe3y/IbTaTe U3MEpPEeHU. BeposTHOCTh MOIYIHUTh MpH

M3MEPEHUH KaKoe-I100 OJTHO U3 HUX OIpeaesieTcs, coryiacHo (4.8), kBagparom Moayist Ko3ddu-
IIUECHTA Pa3JIOkKEeHHUS BOIHOBOM hyHKIMH Y(P) 1O COOTBETCTBYIOINICH COOCTBEHHON (QYHKIIMN

um(d)) Kak cnenyer u3 (4.11) ,
P(0) =3 P(Zh) =5 ( 2h) =5

5. 3AJAYN JOMAIIHET'O 3AJIAHUA
(CryneHTt permaer 3aga4qn, HOMepa KOTOPBIX ONPEACIISIOTCS U3 TaOINIBl BAPHAHTOB, IIPEIaracMoi
Kadenpoit puznxm)

1. Beruucnute AjMHY BOJIHBI A€ Bpoiiis Mosieky BOJopoaa, COOTBETCTBYIOIIYIO CPEAHEN CKOPOCTH
HX TEIJIOBOTO ABWXEHUS. ['a3 uMeetr komHaTtHyto Temreparypy 7 = 300 K.

2. Beruncnure qMHY BOJTHBI Jie Bpoiisis MOeKys BOJI0Opojia, COOTBETCTBYIOIIYIO UX HanOoJiee Be-
POSITHOM cKOopocTH Ipu Temneparype 7 =273 K.

3. Paccunraiite Hanboee BEpOSATHYIO IMHY BOJHBI Jie bpoiins Monekyn kuciaoposa, HaXoAsIIero-
Cs B TEpPMOJIMHAMUYECKOM paBHOBecuU npu temnepatype 7' =273 K.

4. DNEKTPOH IABUKETCA MO OKPYXKHOCTU paguycoM R = 0,5 cM B OTHOPOJHOM MarHMTHOM MOJIE €
MHIyKLUUEH B = 8107 To. Omnpenenure JUIMHY BOJIHBI Ae Bpoiiis Takoro ayieKTpoHa.

5. JIBe 0AMHAKOBbBIE HEPEISITUBUCTCKUE YACTHUIIBI ABMXKYTCS MEPIEHANKYISIPHO APYT APYTY, UMes



JUTMHBI BOJIH Jie bpoitis A u A, . Halinute ayuHbl BoH e Bpoiins ka0 4acTHIIBI B CUCTEME UX
LIEHTpa Macc.

6. HepensTuBHCTCKas 4aCTUIIA MAacCOM m| ¢ KWHETUYECKOM SHEpruel £ UCTIBITHIBAET YIIPYTOE JIO0-
00BOE coynapeHue ¢ MOKOsIIeNcs YacTulleit Maccoit m, . Halinure nedpoiiieBckue JUTMHBI BOJTH
YaCcTHUI TIOCJIE COYJJaPEHUS B CUCTEME OTCUETA, CBSI3aHHOM C IEHTPOM MACC ITUX YACTHII.

7. Beraucnute JUIMHY BOJIHBI J1e Bpoiiiist 35ieKTpoHa, ABMKYIIETOCs B aTOME BOJIOPOIa Ha N-i cTa-
[IUOHAPHOU opowHTeE.

8. [NapamienbHbIi My4YOK AJIEKTPOHOB ¢ KHHETHYECKOU 3Heprueit Ex = 25 3B ucneiThiBaeT audpax-
U0 HA TUIOCKOM MIeTH MUPUHON b = 5 MKM. OLIeHUTE MIUPHHY LEHTPATHHOTO TU(PAKIIMOHHOTO
MaKCUMyMa Ha 3KpaHe, paclojoKeHHOM Ha paccTosHuM L = 1 M ot menu.

9. V3kHil my4oK MOHOSHEPTreTHUECKUX HEPEIATUBUCTCKUX JEKTPOHOB MaJaeT HOPMAJILHO HA MO-

BEPXHOCTh MOHOKpHCTa/UIA. B HanpaBieHuu, coctasistomemM yros 0= 55° ¢ HopMaibko K IOBEpX-
HOCTH, Ha0JII0JJaeTCsl MAKCUMYM OTPaXKE€HHUs 3JIEKTPOHOB BTOpOro nopsaka. Onpeaenure CKopocTb
MaJAOLINX IEKTPOHOB, €CJIM PACCTOSTHUE MEXAY OTPAKAIOIIUMH ATOMHBIMU IIJIOCKOCTSIMU KpH-
cramia d= 0,2 Hm.

10. Y3kuii my40K MOHOPHEPIE€TUYECKUX HEPEISITUBUCTCKUX 3JIEKTPOHOB UCIBITHIBAET MPU MAJACHUU
Ha MOHOKPHUCTAJIJI UHTEHCUBHOE OTPAXKEHHE YETBEPTOro nopsijaka. PaccrosHue Mex 1y oTpaxaro-
IIUMHU aTOMHBIMH TUIOCKOCTAMHE d = 0,21 aHM. OnpeienuTe KHHETHYECKYIO SHEPTHUIO A Ial0IIHNX

AJIEKTPOHOB, €CJIM YTOJI MEXY MaJaloluM U OTPA’KEHHBIM JIEKTPOHHBIMHU ITyuykamu 0= 90°.

11. MoHO3HepreTnyecKkuii My40K HEPEIATUBUCTCKUX AIEKTPOHOB 3€PKAIILHO OTpa)kaeTcs OT I0-
BEPXHOCTU MOHOKPHCTAJIIA, UCHIBITHIBAs OPATTOBCKOE OTpaxkeHne. Ha CKoIbKo OTINYAOTCs CKOPO-
CTH 2JIEKTPOHOB JJIs ABYX MOCJIEIYIOIINX NOPSAAKOB oTpaskeHus? ITydok 35eKTpOHOB naaeT nox
yriioM ckoibkeHus © = 30°. PaccTosiHMe MEXIy COCEAHUMHU KPUCTAILTHUECKUMHE TIOCKOCTSIMHU
d=1,6500"" m.

12. IIy4oKk 3JI€KTpOHOB C KMHETHYECKOM 3Heprueit Ex=15 k3B nmpoxoaut yepe3 TOHKYIO MOJUKPH-
CTAJUIMYECKYIO 30JI0TYIO (POJIBTy, a 3aTeM MomnaaaeT Ha GoTOomIacTUHKY. OOIacTH MOYEpHEHUs Ha
IUTACTUHKE UMEIOT (POPMY KOHLEHTPUYECKUX KOJIell C LIEHTpaMu Ha ocu Iydka. PaccuunTaiite nua-
METp MEPBOrO KOJbLIA, €CIH paccTosTHUE OT Goabru a0 miaactuHku L = 10 cM. Paccrosnue mexay
COCE/IHUMH aTOMHBIMH IUIOCKOCTSIMU JIJISl PEIIETKH 30J10Ta d = 2,900 m.

13. IToTOK HEUTPOHOB MIPOXOUT YEPE3 Y3KUE paJualIbHbIE LENN B IBYX AUCKAX U3 KaJMHUs, IO-
TJIOIIAOIIEro HENTPOHBI. J[MCKHM HacaxeHbl Ha OOIIYI0 OCh TakK, YTO ILEJIH MOBEPHYTHI IPYT OTHO-

CHUTEJBHO Jipyra Ha yrou 0= 4°. Jlucku BpamaioTcs ¢ yriioBoi ckopoctbio W= 300 pax/c. Ompene-
JIUTE JIMHY BOJIHBI e Bpoiiiist HEUTPOHOB, MPOIMYCKAEMBIX TAKMM YCTPOMCTBOM, €CIIM PACCTOSIHUE
Mexay nuckamu L =1 m.

14. Ouenure ¢ MOMOUIbIO COOTHOILICHUS HeonpeaeneHHocTel I elizenbepra HeonpeaeneHHOCTb
CKOpPOCTH 3JIEKTPOHA B aTOME BOJIOPO/Ia, Iojarasi pa3mep atoma L = 10" w. CpaBHHUTE MOJTYyYEH-

HYIO BEJIMUYMHY CO CKOPOCTHIO 3JIEKTPOHA Ha TIEpBOi OOPOBCKOIT opouTe.

15. DnexTpoH ¢ kuHeTHuecKoii sHeprueit Ex= 4 3B nBuxkercs B 001acTH POCTPAHCTBA pa3MepoOM
a=10" m. Ouennre OTHOCHUTEJIBHYIO HEOIIPEACIEHHOCTh CKOPOCTH JJIEKTPOHA.

16. Mcionp3ysi COOTHOLIEHHE HEONPEAEIEHHOCTEN, OLIEHNTE MUHUMAJIbHYIO SHEPTUIO YaCTHILIbI



MAacCou m, IBUKYIIEHCA B OJTHOMEPHON MOTEHIUATBHON sIME IIUPUHOM .

17. OueHUTE OTHOCHUTENBHYIO MHPUHY AW/W CIIEKTPaIbHOMN JTUHUH, COOTBETCTBYIOIIYIO JTHHE
BOJIHBI A.= 0,6 MKM, €CITH H3BECTHO BPEMsI )KU3HH aTOMa B BO30YKIEHHOM COCTOSIHUH =107 c.

18. TunnuHOE BpeMsl )KU3HU BO30YKJICHHOTO sJIpa UMEET TOPSIOK T =10"c. Haitgure Heonpene-

JIEHHOCTb SHEPTHH (B MEra’JeKTPOHBOJIBTAX ) UCITYCKAEMBIX siipaMu Y -KBaHTOB.

19. C noMomib0 COOTHOUIEHHSI HEOIPEEIIEHHOCTEW OLIEHUTE YIVIOBYIO IIMPUHY LIEHTPAILHOTO
IU(PPaKIIMOHHOTO MaKCUMyMa Ha 3KpaHe M0cCJIe IPOXO0KIACHUS ITy4Ka 3JIEKTPOHOB C SHEPIrUeH
Ex=20 5B uepe3 nenp mupunoit b= 0,6 MKM.

20. Yactuma HaXOAUTCS B OAHOMEPHOU PSMOYTOJIBHOM MOTEHIIMABHON siMe ¢ OECKOHEYHO BBICO-

KUMHM CT€HKaMH, UMEIoLIel mupuny @ . B kakux Toukax untepsana 0 < x < @ mIoTHOCTH BEPOAT-
HOCTH OOHAPY>KCHHSI YaCTUIIBl OJIMHAKOBA JIJISI OCHOBHOTO U TIEPBOTO BO30YKJIEHHOTO COCTOSTHHIA?

21. Yactuma HaxoauTCsl B OTHOMEPHOM MPSIMOYTOJIBHOM MOTCHIIMAIBHON SIME ¢ OECKOHEYHO BBICO-
KHMHU CTEHKaMHU BO BTOPOM BO30YKJIeHHOM cocTosiHuU. [1IupuHa sMbl paBHa d . B kakux Toukax

unrepBana 0 < x < @ IIOTHOCTH BEPOATHOCTH OOHAPYKEHHSI YACTHIBI UMEET MAKCUMAJILHOE U
MUHHMAIbHOE 3HAYECHUA?

22. Yactuna HaXOAUTCS B OAHOMEPHOU PSMOYTOJIBHOM MOTEHIIMABHON siMe ¢ OECKOHEYHO BBICO-
KUMH CTeHKamu. Haliiute OTHOIIEHHE BEPOSTHOCTEN HAXOKICHHS YaCTULIBI B CPETHEU TPETH SIMbI
JUTSI TIEPBOTO U BTOPOTO BO30YKIEHHBIX COCTOSTHUM.

23. YacTtuia Maccoil my HaXOAUTCS B IBYMEPHOM KBaJpaTHOM MOTEHIIMAIBHON M€ C HEMPOHUIIAe-
MBIMH CTeHKaMH. KakoBa 9HEprus 4acTUIbl B OCHOBHOM COCTOSIHMM, €CJIM MAaKCUMAJIbHOE 3HAUYECHUE
TUIOTHOCTH BEPOSTHOCTH OOHAPY)KEHUS YACTULIBI PABHO Wy, 7

24. Yactuma Maccoi my HaXOUTCS B IBYMEPHOI KBaIpaTHOM MOTEHIIMAILHOH siMe ¢ OECKOHEYHO
BBICOKMMHM cTeHKaMu. CTOpoHa siMbI paBHa @. . HaliiuTe pa3HOCTh SHEPruii YaCTULbI HA 3-M U 4-M
ypoBHsX AEs4 , a Takke KpaTHOCTD BBIPOXKICHUS ATUX ypoBHEH K 1 Ky .

25. Yactuia HaxoauTCs B ABYMEPHON MPSIMOYTOJIBHOM MOTEHITUATBHOM siMe ¢ O€CKOHEYHO BBICO-
KuMU cTeHKaMu. KoopauHats! X, ) yacTuusl jgexar B npegenax 0 <x <a, 0 <y <b,rmeaub -
CTOPOHHI siMBL. OTIpeenuTe BEpOATHOCTh HAXOXKICHHSI YACTHIIBI C HAMMEHBIIEH SHepruel B obac-

™ a) 0<x <a/3,;6)0<y<b/3,B)0<x<a3 b 0<y<b/3

26. YacTHIla HAXOIUTCS B IBYMEPHOM KBaIpAaTHON MOTEHIIUAIBHOH siMe ¢ OECKOHEYHO BHICOKUMU
CTEHKaMH BO BTOPOM BO30YXk/I€HHOM cocTostHiH. CTOpOoHa siMBI paBHa d. . OnpeenuTe BeposT-
HOCTb HaXOK/I€HHs YaCTHLBI B 00nactu: a) a/4 <x<3a/4 ; 6) a/4< y<3a/4, B) a/4<x<3a/4, a/4<
y<3a/4.

27. YacTHiia Maccoi my HaXOQUTCS B KyOM4eCKOW MOTEHIIMATBHOU sSIME C a0COIFOTHO HETPOHMIIAS-
MbIMH cTeHKaMmu. J{uHa pebpa kyba paBHa @ . Haliaure pa3HoCTb SHEPTUil 4aCcTUIBI HA 5-M U 6-M
ypoBHsX AEsq 1 KpaTHOCTH BRIpOXKIeHHS 3TUX ypoBHEH Ks 1 Kg .

28. Yactuia maccoi nmy HaXOIUTCS B KyOMUeCKOM MOTEHIIMAILHOM siMe ¢ aOCOTIOTHO HEMPOHHUITAEe-
MBIMU cTeHKaMu. Haiiaure nimuny pebpa ky0Oa, eciiu pa3HOCTb S3Hepruil 3-ro u 4-ro ypoBHEl paBHa
AE .



29. KBaHTOBBIN FapMOHUYECKUN OCHMIIISATOP HAXOAUTCS B OCHOBHOM cocTostHuu. Haitaure Bepo-

ATHOCTH P 0OHapykeHHsI 4acTUIIBI B 00J1acTh -4 < X< A, T1e A - aMIUTUTy/1a KJIACCUYECKUX KOJIe-
OaHuii.

30. Yactuua c sHeprueit £ nagaet Ha NPpAMOYTOJIbHBIN NOTEHIUAIbHBIN mopor BeicoToi U. . [Toka-
xute, uto npu £ < Uy K03 HUIIMEHT OTPpaKEHHsI YaCTUIIBI OT IOpOra R paBeH €AMHHULIE.

31. YacTuma maccoii my, obnanatomias sHeprued £, majgaet Ha NpsMOYToJbHBIA MOTEHIIMATbHBIHI
nopor Beicotoit Uy<E . Haligute koaddunmeHT oTpakeHus R u ko3phuueHT npoxoxaeaus D
aTOrO Mopora. Yoemurech, uto R + D = 1.

32. Yactuua ¢ 3Hepruei £ najaer Ha NpsMOYTOJIbHBIA MOTEHIMAIBHBINA Topor BbicoTol Uy . Haii-
JUTE TPUOIMIKEHHOE BRIpAXEHUE 1T K03 duiinenTa otpaxkenus R mis ciydas Uy/E<<1 .

33. DHeprus HaJIETAIOUIEH Ha IPSIMOYTOJIBHBIN MOTEHIUAIBHBIN OPOT YacTUllsl £ B N=2 pa3 npe-
BBIIIIAET BeICOTY nopora Uy . Haiiaute koaddumueHT oTpakeHus 4acTUIlbl OT mopora R u ko3 du-
LUEHT MPOXO0XKICHHS YaCTHUIIBI uepe3 mopor D .

34. KoapdunueHT npoxoxaeHus YaCTUILL Yepe3 HU3KUH MOTeHIHaIbHbIN opor D paBeH ko3¢ du-
UeHTy oTpaxeHus R. HaiiauTe, BO CKOJIBKO pa3 SHEPTHs YacTull £ OOJIbIe BHICOTHI OTCHIIHAIIb-
Horo nopora Uy .

35. Haiinure k03 HUIIMEHT IPOXO0KICHUS YaCTHIIBI MACCOU My Yepe3 TPEyroabHbIN MOTeHIINAIb-
HBII Oapbep BHUIA

O 0, x<90
U(x)=§]0§l—§§ 0<x<d
H o, x>d

B 3aBUCUMOCTH OT 3HEpruu yactuisl £ npu £ < U,.
36. Haiiqute ko3 pHUIMeHT MpOoX0KASHUS YaCTHIIBI MAaCCON 1) Yepe3 TPEYTrONbHBIN MOTEHIIUAIb-
HBII 6apbep BUAA

a o, x<0
0

U(x)=|j]0%, 0<x<d
HO, x>d

B 3aBUCUMOCTH OT 3HEPruu yactulsl £ npu E < U..

37. Haiinure k03 HUIMEHT TPOXO0KICHUS YaCTUIIBI MACCON M Yyepe3 NOTEeHIMAIbHBII Oapbep BU-
na

O 0, x<-d
2
U(x)=%0%—x—za —d<x<d
0 d
H 0, x>d

B 3aBUCUMOCTH OT 3HEPruu yactulsl £ ipu E < U .

38. YacTHIia Maccoii m, nagaet Ha MPAMOYTOJIBHBINA MOTEHIUAILHBIM Gapbep MUPHHON d U BBICO-
Toi Uy ,ipudeM 3Heprus yacTuusl £ > Uy . Haliaure ko3 puumenT npoxoxaeHus 4acTUIlbl 4epes
Oapbep D , a TakKe 3HAYCHUS SHEPTHH £ , TpH KOTOPBIX YacTHIa OyaeT OecrpensaTCTBEHHO MPOX0-



TUTH uepe3 bapnep.

39. YacTuua maccoii m, , o0nanaromas s3aeprueii £, nagaer Ha NpsMOYTroJiIbHYIO MOTCHIIMATBHYIO
AMY IIUPUHON @ U rryounoit Uy. Haitnnte ko3 UIMEHT NPOXO0XKACHUS SIMBI ISl 9TOW 4aCTHIIBI.

40. YacTuia Maccoii m, najaer Ha NpSIMOYToJbHYIO MOTEHIIHAIBHYIO IMY IIUPUHON ¢ U TITyOUHOM
Up . lpu xakux 3HaUYEHUSAX SHEPTUU YacTULbl £ oHa OyaeT OecrpensTCTBEHHO MPOXOAUTh Yepes3
amy? YOeauTech, 4TO 3TO MPOUCXOINUT IIPU YCIOBUH, YTO IIMPHUHA SIMBI paBHA LIEJIOMY YHCTY 1€0-
POIIEBCKHUX TOTYBOJIH YaCTHUIIBI BHYTPH SIMBI.

41. B HEKOTOpBIA MOMEHT BPEMEHH YaCTHIA HAXOJUTCA B COCTOSIHUU, OMTMCHIBAEMOM BOJTHOBOM
(byHKIMEH, KOOpAMHATHAS YacTh KOTOPOIl UMEET BU

? a
(x) = Aexpl - +i
Ylx Aexpg— e +thH,
rae A ¥ a - HeKOTOpBhIE TTOCTOSIHHBIC, a k - 3aaHHBIA IMapaMeTp, UMEIONTUN pa3MEepHOCTh OOpaTHOM
JUTMHBL. HaliiuTe 11 JTaHHOTO COCTOSIHMS CPETHHE 3HAYEHUSI KOOPAUHATHI < X> U MPOEKIUU UM-
MyJibCa YaCTULbI <Py > .

42- YacTHia Maccoit m) HaXOAUTCS B OTHOMEPHON MOTEHIIUAIBHOM sIMEe ¢ OECKOHEUHO BHICOKUMU

CTEHKaMH B IIEpBOM BO30YK/I€HHOM cOocTosiHMH. Haliute mupuny MBI d , €CIIU CpeiHee 3HaueHue
KUHETUYECKON SHEPIUU YaCTHUIIbI PaBHO £ .

43. YacTuiia HaXOAUTCS B IBYMEPHOW KBAIPATHOM MOTEHIIMAIBHON SIME C HEMTPOHUIIAEMBIMU CTEH-
KaMHu BO BTOPOM BO30YXJICHHOM cocTosiHMH. HailiuTe miomans siMel S, €Clii cpeiHee 3HaueHue

KBaJIjpaTa UMITyJIbCa YaCTHUIIbI <p2 > paBHO poz .

44. Onpenennute BO3MOXKHBIE pE3yJIbTAaThl U3MEPEHHUS IPOESKIIMY MOMEHTA UMITyJIbca Lz, U UX BEPO-
ATHOCTH JJISl YaCTHIIBI, HAXOJIAIICHCSA B COCTOSIHUY, OIIMCHIBAEMOM BOJHOBOM (DyHKITHEH
WY(P)=A(1+sin §) , rme ¢ - a3uMyTaTBHBIN YToJI, a A - HEKOTOpast IOCTOSHHASL.

45. Haiigute cpeHue 3HaYCHHUS] KHHETUYECKOW M TOTEHIIMAIbHOW SHEPTUid KBAHTOBOTO OCIIUJIIIS-
TOpa C YaCTOTOH () B OCHOBHOM COCTOSTHUH, OMTMCBIBAEMOM BOJIHOBOW (DyHKIIMEH

O 20
[I_j(x) = A expD- MD
o 2n O

rac A- HCKOTOpAasa NOoCTOAHHAA, a My - MacCa OCHUIIATOPA.

2
46. JlokaxxuTe, 4TO KBaIpaT MOMEHTA UMITYJIbCa YaCTUILIBI L MOKET OBITh OJJHOBPEMEHHO H3Me-
D 2
PUM C KHHETUYECKOW dHEepruen yactuupl Ex. Ykaszanue. PaccMoTpute kommyTaTop oreparopoB L

o
n k£, .

47. YacTHiia Maccoi my HaXOAUTCS B OJHOMEPHOMN MPSIMOYTOJIbHOM MOTEHIINALHOM siMe ¢ abco-
JIFOTHO HEMTPOHMIIAEMBIMH CTCHKAMHU B COCTOSIHUH, ONMCHIBAEMOW BOJTHOBOM (pyHKITHEH

PE)=Ax (a-x)
rae A -HeKoTopasi IOCTOsSIHHAs, @ « - KMpUHA siMbl. Halinute cpeiHee 3HaUYeHHEe KUHETUYECKOM
3Hepr1/n/1 YaCTUIIbI B 9 TOM COCTOAHHUUN.

48. B 0THOMEpPHO MPSMOYTOIBHOM MOTSHIIUATLHON SIMe C a0COIIOTHO HEMPOHHUIIAEMBIMU CTCHKA-



MU HaXOJUTCS YaCTHUIIA B COCTOSIHUHU, OITMCHIBAEMOM BOJTHOBOW (hyHKITHEH
. T
lp(x) = Asin’ —
a
rze d - mupuHa sMel. Halimute BeposTHOCTh ee MpeObIBaHMsI B OCHOBHOM COCTOSTHUH.

49. BonmHoBast GyHKITUS YaCTHIIBI UMEET
r)=—ex —
w(r) ;s B

TJ€ ¥ - paCCTOSTHUE YaCTHUIbI OT CHJIOBOTO LIEHTPA, @ d - HEKOTOpas KOHCTAHTAa, UMEIOIasl pa3Mep-

HOCTh JyiHBL. Haiigute 3naueHue kordduimenta 4 u cpeHee paccTossHue < ¥ > 4acTHUIIbI OT IeH-
Tpa.
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