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I'maBa 1

Bo3nukHoBenne KBaHTOBbBIX
IpeaCTaBJIeHNN

Ucropuyeckn KBaHTOBasi TEOPHST BO3HUK/IA IIPU HOIBITKE TEOPETUIECKOT MH-
TepHpeTaniui PaBHOBECHOTO PACIpeIeIeHNsT CHeKTPAJIbHON MJIOTHOCTH W3-
JAydeHust abCOTIOTHO YepHOTO Tema. Knacecmueckas Teopnst Paea-Ixnmcal,
IPABUJILHO OIMCHIBASA ITOT CIHEKTP B OOJIACTH HU3KUX YACTOT, MPHUBOIMIIA K
CYIIECTBEHHOMY ITPOTUBOPEUNIO C HAOJIOaeMbIMUA JAHHBIMU B 00JIACTU BBI-
cokux yacror (110 obpasnomy Beipazkenuto I1. Dpendecra’ 910 pacxox jenue
TEOPHUH U HKCIIEPUMEHTa, MOy dn10 Ha3Bauue "yibrpaduosieroBas KatacTpo-
dba'"). B BeIcOKOTACTOTHOIT 061ACTH CIIEKTPA SKCIIEPHMEeHTATbHAsT KPUBast XO-
polo onuckiBatach gpopmy/oii Buna®, koropas, o1Hako, Gblaa HOJIyUeHa UM
IPA HEKOTOPBIX ITPOU3BOIBHBIX HMPEINOI0KEHUIX U TpeboBaIa 000CHOBAHUS.
Bwmecre ¢ Tem, dopmynia Buna npaBuibHO onuchiBasia (popMy SKCIEpUMEH-

! zxon Yunbam Pameit (Crperr) (12.11.1842 - 30.06.1919) — anrmmiickuii busuk, uien
JlonmoHCcKOTO KOpomeBckoro obimecta ¢ 1873 1., a B mepuoz ¢ 1905 1. mo 1908 r. 6611 ero
npe3ugeaToM. llocae cmeptu otma B 1873 1. yHacaenoas Tutysa Jopaa Panea. B 1871 1. B
CBOEM POIOBOM mMeHHHW B Tepannse 000pymoBaa cOOCTBEHHYIO Jlaboparopuio. B mepmuorn ¢
1879 no 1884 r. 6b11 ipodeccopom u gupekropom Kapenaumickoit taboparopuu. C 1887 mo
1905 r 6611 mpodeccopm Koposesckoro nacrutyTta B Jlonmoue. Ixkeiimc XonByn JIKuHc
(11.09.1877 - 16.09.1946) — aurnuiickuii ¢pusuk u acrpodusuk, ¢ 1906 r. wien JIOHIOHCKO-
ro KopoJsieBckoro obrmecrsa. B mepuom ¢ ¢ 1905 mo 1909 r. - mpodeccop [IpurcTonckoro
yuuBepcurera, ¢ 1923 mo 1944 6bin HayYHBIM COTPyOHUKOM obcepBaTopun Mayur Buiib-
con (CIIA), B nepuoant ¢ 1924 mo 1929 r. u ¢ 1934 no 1939 r. aBnganca npodeccopom
Kopoustesckoro uncruryra B JIoH0HE.

Mayns Spendecr (18.01.1880 - 25.09.1933) - dbusuk-reoperuk. Pomunca & Bene u B
1904 r. okonuns Benckwmii yamBepcurer. B 1907 r. mepeexan B IlerepOypr, rme paboran
B [TomMTexHUYIECKOM UHCTHTYTE U BEJI TEOPETHUECKUH CeMUHAP, KOTOPBIH OPraHU30BAT Y
cebg ua gomy. C 1912 1. 6611 podeccopom JIelfiIeHCKOro yHuBEPCUTETA.

3Busbrenny Bun (13.01.1864 - 30.08.1928) — nemenkuit dbusuk, wien Bepaunckoit AH,
HoGenesckuii maypear (1911).



TaabHOI KPUBOii, TaBas MaKCUMYM paclpe/ieieHnsd, HO JOBOJIBHO CYIIeCTBeH-
HO PACXOIMIaCh C SKCIEPUMEHTAJILHOW KPHUBOH B HH3KOYACTOTHON 001acTH
crektpa (cm. puc.1.1). Pacupesesenne cniekrpasibHON IIIOTHOCTH 9€PHOIO Te-
Jla, corJiacyrolieecst ¢ HabJIIO[aeMbIM BO BCeil 00/1aCTH 4aCTOT, Y/IAJI0Ch TOJIY-
anth M. [lnanky? 8 1900 r., npasa menoit BBeIeHNs TPHHINTNAILHO HEBO3-
MOKHBIX C TOYKH 3PEHUsI KJIACCHIECKOl (DU3UKHU TP/ IITOTOKEHNH — TUCKPEeT-
HOCTH COCTOSTHUN OCIUITATOPOB, TIEPEXOIbI MEK/TY KOTOPBIMHE, COTTPOBOKTa-
IOIIUECs U3JIyHYeHUEeM WM HOTJIONIEHUEM HEPIUH, IIPOUCXOJIAT CKauKooOpas3-
HO, MUHY$ ITPOMEYKYTOIHbBIE COCTOSTHUSI.

JIpyrum sBjieHEeM, KOTOpPOe He TOJJIaBaJI0Ch UHTEPIPETAIud B PaMKax
KJ1accudeckoit pusuku, ObLo gapiaenHue (goroadpdekra. OHo Hamwio OsecTs-
mee oObACHeHHe B TeopHH, Ipeiokennoit A. Ditnmreitnom® B 1905 1., KO-
TOpas ONMWpaIach Ha MPEINOJIOKEHNE, IYTO HE TOJBKO OCIULISITOPHI UMEIOT
JIMCKPETHbIE COCTOSAHUS, HO U CaAMO JIEKTPOMATIHUTHOE I10JI€ TPEeJICTAB/ISAET
co00it TOTOK HEKOTOPHIX JIUCKPETHHIX MOPIINI SHEPTUN - KBAHTOB MK (DOTO-
HOB. DKCIepuMeHT, nmposejennbiii A. Komnronom® B 1922 r. moaTBepaua 310
IpEJINONOKEeHne DWHINTeiHA U dBJeHHEe, OTKPBITOE B 9TOM JKCIIEPHUMEHTE,
Hocut Ha3Banue d¢ddexra Komnrona. OTkpeiTe 3TOro 3hdekra npuBeso K
U3MEHEHHMIO HAYyYHOW HapaJIurMbl — HPEJICTaB/IEHHe O JIUCKPETHOCTU Helpe-
PBIBHOT'O € TOYKH 3PEHUS KJIACCHYECKON (DPU3UKU BOJTHOBOTO IPOIECCA, KAKO-
BBIM SBJISETCS JIEKTPOMAarHUTHOE TI0JIe, CTAI0 3aBOEBBIBATH OIpeeeHHbIe
o3unuu B (pU3UKe.

[IpoTuBopeune MexKJay KOPIYCKYASIPHBIMA W  BOJTHOBBIMH  CBOIi-
CTBAMHU  JIEKTPOMATHUTHOIO W3JydeHUsl (CBeTa) IOJIyYUJIM HA3BAHUE
KOPITYCKYJIIPHO-BOJIHOBOTO  JlyaJiu3Ma. JTO MPOTHBOpedne eme 0oJiee
yemawiaoch, Korga JI. ge-Bpoitas’ B 1925 1. BRICKa3aJ THIIOTe3y, UTO
KOPIYCKYJISPHO-BOJTHOBOU yajii3M paclpoCTpaHsIeTcs He TOJbKO Ha CBeT,

4Maxc Kapa Qpuer Jhiogsur Ilmank (23.04.1858 - 04.10.1947) — memenkuii pu3nK-
TEOPETHK, OCHOBOIIOJIOKHUK KBAHTOBOM Teopuu, B 1894 r. cran wrenom Bepawnckoit Aka-
nevun Hayk, a B mepuozn ¢ 1912 o 1938 1. gBsisisicd ee HEIPEMEHHBIM CEKPETAPEM.

5 Anmbept Ditnmreitn (14.03.1879 - 18.04.1955) — busnK-TeOpeTHK, OIUH U3 CO3AaTETeH
coBpeMeHHoM ¢usuku. Ponuiaca B HemMerkoMm ropoje YabMme, 3areMm nepeexan B [Iseiima-
puto, e B 1900 oxkornumn [ropuxckuit mosurexamkym. C 1902 mo 1908 1. paboran xc-
nepToM B mareHTHOM 6iopo B Bepre. C 1909 mo 1913 r. 6611 npodeccopom Iiopuxckoro
MOMUTEXHUKYMA, & ¢ 1914 o 1933 r. — npodeccop Bepamnckoro yuusepcrurera u qupexkTop
MNucturyra dusuku. Ilocie mpuxona K BracTu alinCToB MOABEPICS IPECTIECTOBAHUIM U
OBLT BRIHYKJIeH MOKUHYTh L'epmanuio. B 1933 r. nepeexan 8 CIITA, roe paboran 10 KOHIIA
xu3Hu B [IpUHCTOHCKOM WHCTUTYTE MEPCIEKTHBHBIX MCC/IETOBAHMIA.

6 Apryp Xomm Kommron (10.09.1892 - 15.03.1962) - amepukanckuii dusuk, ¢ 1927 r.
sABasics wienoM Hanmonanpaoit Axkanemun Hayk.

"JIyn ne Bpoitnb (15.07.1892 - ?) - bpanmysckuii bU3HK-TEOPETUK, OMUH U3 CO3AATEeH
KBaHTOBOM Mexanuku, B 1933 r. cran ujgenom Ilapmxkckoit Akagemun Hayk, a B mepuos ¢
1942 mo 1975 1. OBIT ee HENIPEMEHHBIM CeKPETapeM.



HOo u Ha BemecTBo. CorsacHo ae-bpoilifo, ¢ dacTuieir BelecTBa CBs3aHA
BOJTHA MAaTepHUH, aHAJOTUIHO TOMY KAaK C KBAHTOM CBETa CBA3aHA CBETOBAS
BOJIHA. DTa THIIOTE3a HAILIA CBOE HOATBep2K ienne B 1927 r. B ombitax JIpBuc-
cona n JIxepmepa®, koropeie nabmonaam 1udpPaKInio IeKTPOHOB IPU MX
paccesTHUM HAa MOHOKPHUCTAJLIE HUKE/Is, nmpudeM Au(paKIMOHHAs KapTHHA
OblIa aHAJOIMYHA W3BEeCTHON IudpPaKIUOHHON KapTHHE pPEeHTTeHOBCKUX
Jyd4eii, T.e. BOJIH.

OtHOBpEMEHHO ¢ PO0/IEeMOiT 00'bsICHEHUSI CBOMCTB U3JIyYeHUs CYIIECTBO-
BaJia npobJieMa CTPOEHHSI AaTOMOB U aTOMHBIX CIIeKTpOB. llocse pentatorimx
onbiTo . Pesepdopna’, mposemennnx B 1912 1., B o0mmx WepTax CTajo
MOHSITHO CTPOEHHe aroMa (IIaHeTapHas MOJIEJIb), HO, BMECTe C TeM, He yia-
BaJOCh MOHATH MPUPOJY ATOMHBIX CIIEKTPOB M3JIyYeHHT W HOriomeHus. K
TOMY BPeMeHH XOPOIIO ObLTO W3BECTHO, YTO ATOMHBIH CIEKTD MOTJIONICHUS 1
U3JIy9eHUs TPeJICTABIISAeT CODO cucTeMy y3KuX JUCKPETHBIX JIMHUNE. DTO HEe
HAXOUI0 OObSICHEHUsI B PAMKaX KJIACCUIECKON MEXaHUKU U IJIEKTPOIIMHA-
MHUKH, UCIOJb3YEMBIX [ OMNCAHUs CBOUCTB IJIAHETAPHOI MOJEJH aToMa.
3/ech ObLIN JIBe OCHOBHBIE ITPOOJIeMbl. Bo-niepBbIX, pobyieMa yeTOMIHBOCTH
aToma. Ecu 371IeKTPOHBI JBUZKYTCS 110 3aMKHYTHIM TPaeKTOpuaM (opburam )
BOKDYT' si/ipa, TO OHHU JIBUKYTCS C YCKOPEHUEM M, COIVIACHO KJIACCUYECKOMN
9JIEKTPOIMHAMUKE, JTOJIKHBI U3/Iy9aTh SHEPTHUIO B BUJE IJTEKTPOMATHUTHBIX
BOJTH, 9TO IPUBEJIO ObI, B KOHIE KOHIIOB, K IOTepe BCcell KNHEeTUIeCKOil SHep-
TUH 3JIeKTPOHOB U K TMAJ€HUI0 UX Ha IAPO. DTO 03HAYAJIO ObI MCUE3HOBEHUE
aToMa, 9TO SBHO TPOTUBOPEUHT HADI0IeHuIM. BO-BTOPBIX, YacTOTa 0Oparie-
HUsI 9JIEKTPOHOB B 9THX YCJIOBUSIX JIOJIZKHA ObL1a Obl HEIIPEPBIBHO MEHSITHCS,
CJIeJIOBATE/ILHO JIOJIZKeH ObLI Obl HAOJII0IAThCH CILJIONIHON CIIEKTD W3J1y4de-
HUs, & He HAOOP Y3KHUX cneKkTpaJbHbix jJuanii. Kiaccuueckas dpusznka 31ech
3alllyla B TYNUK. BBIX0Og w3 3TOro TymmkoBOro mosoxkeHus B 1913 r. mpesn-
noxun H. Bop.!'Y OcnopbiBasich na runoresax Ilnanka n Ditnmreitna, Bop

8Kaunron JIxozed Jspuccon (22.10.1881 - 1.02.1958) - amepukaHcKuii bU3MK, GIeH
Haruonanbuoit AH. Jlecrep Xan6epr Txkepmep (10.10.1896 - 03.10.1971) - amepukanckuii
duzuk, wien AMEPUKAHCKON aKaJgeMuu UCKYCCTB U HAyK.

99pnecr Pesepdops (30.08.1871 - 19.20.1937) — anryuiickuii HU3MK, OCHOBOTIOTIOKHUK
aneproii pusukn, ¢ 1903 r. wiaen JIOHIOHCKOTO KOPOJIEBCKOTO ODIIECTRA, a B epuo ¢ 1925
mo 1930 1. ero npesument. B mepuon ¢ 1895 mo 1898 r. paboran B Kapenaumickoit 1abo-
paropun mon pykoeoacteoMm JIxx. Ixx. Tomcona. C 1919 r. mpodeccop KemGpumxckoro
yHuBepcuTeTa u gupektop Kapenauiickoit maboparopumn.

YHunbe Xenapuk Jasus Bop (07.10.1885 - 18.11.1962) — Buiiatomuiics gaTckuii pusnk-
TEOPeTHUK, OJUH U3 co3zareseil coBpemennoit dbusuku, ¢ 1917 r. wien Jarckoro koposes-
ckoro obrectsa, a ¢ 1939 r. ero npesugent. B mepuor ¢ 1911 mo 1912 r. pabdoran B Kembpu-
mxe y Jx. JIxx. Tomcona, a B mepuoza ¢ 1912 mo 1923 r. - 8 Manuectepe v 9. Pezepdopaa. C
1916 r. mpodeccop Konenrarenckoro yausepcurera. B 1920 r. cran gupekTopoM cO31aH-
Horo uMm MHCTHTYTA TEopeTudeckol (U3UKM, KOTOPBI CTal MEMXKIYHAPOIHBIM MEHTPOM



chOopMyIUPOBAJ CBOU IIPEJIIOIOKEHUI B BUJIE CJAEIYIONIUX JIBYX IIOCTY/IaTOB:
1. AToMBI W aTOMHBIE CHCTEMBI MOTYT JJIHTEILHO IPEOLIBATL TOJb-
KO B OlIpeaeJIECHHbIX COCTOAHUAX — CTalUuOHAPHbLIX COCTOAHUAX, — B
KOTOPbIX, HECMOTPsA Ha IM[MPOUCXOJALAIIMEe B HUX JABU2KCHHA 3apPAXKEHHBIX
YACTHI, OHW He W3Jy4al0T W He TOIJIOMAIT HEPTU0. ITH COCTO-
SHUAS XapaKTePHU3YIOTCS SHEPrUAMH, OOPa3yIOMMUMHU JUCKPETHBIH Pl
Ey, FEs, ..., E,. CranmuoHapHble COCTOAHHS YCTOHYMBBLI. VI3MeHeHuHe 3HEp-
r'mu B pe3y/ibraTe IOIVIOIEeHUud HWJIM HU3JIyHYEHHUA IJICKTPOMAl'HUTHOI'O 110-
Jid WKW B pe3yJjbTaTe COyAdapeHHud MOXKET HPOUCXOAUTH TOJIBKO IIPpH II0JI-
HOM Mepexojie (CKaIKOM) W3 OJHOTO CTAIMOHAPHOTO COCTOSIHUSI B JIPYTOe.
2. Ilpu mepexojie U3 OJIHOrO CTAIMOHAPHOI'O COCTOSHUS B JIPYTO€ aTOMbBI HC-
MYCKAIOT WU TOTJIONIAIOT U3y YeHHe TOJIBKO CTPOTO OIIpe ieIeHHOM TacTOTHI.
Wznydenne, ucmyckaemMoe HId MOTJIONAeMOe TIPH Iepexoae U3 cocToaunda F,,
B cocTosinue [,, MOHOXPOMATUYHO, U €r0 4acTOTa U OIPEJEe/IsieTcs U3 yCJIo-
BUA

hv =FE,, — E,

(yemoBue wactor Bopa). 13 yesoBus uactor Bopa ciieoBas Tak Ha3bIBAEMbIi
KOMOWHAIMOHHEIH puHnun Putra, npenmoxennerii B. Putnem!'!' mHa ocmose
aHaJ/IM3a IMIUPUUECKHUX CIIEKTPOB aTOMOB 3a BOCEMb JIET JI0 CO3/ianus ODOPOB-
CKOif Teopu#, OJITHAKO STOT IMPUHIUII HE COJeprKajl HUKaKoil (pu3naeckoil ngien
o npupojie camoro crektpa. [Ipumenenne Teopun bBopa k aromy Bogoposa j1a-
JIO IpeKpacHble Pe3yabTaThl. Kpome 3Toro, HemocpecTBEHHBIM OITBEPIKIe-
HHueM OOPOBCKON TeopHH ABIINCH pe3yabraThl onblToB ®Ppanka u [epmal?,
noJiydeHubie uMu B 1914 1. DTu ObITH TOKA3A/IU, YTO €CJIU SHEPIHUsT JIEKTPO-
HOB, HOMOAp/IUPYIOIIMX ATOMBI BEIIECTBA, HE paBHA YHEPIUU BO30YK/ICHUS
9TUX aTOMOB, BeJIMYMHA KOTOPOI M3BECTHA M3 CIMIEKTPOCKOMNYIECKUX JTAHHBIX,
TO aTOMBI He BO30YKIAI0TCH, T.e. HE MPOUCXOIUT MOTJIONIEHUs SHEPTUU, ITO
coryIacyeTcs ¢ MmepBbIM mocTyiaToM bopa.

dusukos-reoperukos (Mucruryr Hunbca Bopa).

UBansrep Puri (22.02.1878 - 07.07.1909) — mBeiinapckuii Gu3NK-TEOPETHK U MATEMa-
tuk. [IpeaoKun BApUAITMOHHBINH METO/, PEIIEHNs YKCTPEMATBHBIX 38189 - BAPUAITAOHHBIH
meron, Purna.

12 skeitme @pank (26.07.1882 - 21.05.1964) — memernkwit dbwswk. B mepuon ¢ 1921 mo
1934 r. 6611 mpodeccopom [eTTHHrEHCKOrO yHUBEpCHUTETa W IUPEKTOPOM PU3MIEcKOro
uacTuTyTa. B 1935 1. amurpuposas B CIITA, rae ¢ 1935 mo 1938 6but mpodeccopom yHE-
Bepcutera JLxk. Tonkunca, a ¢ 1938 mo 1947 r — npodeccopom UnKarckoro yHuBEPCUTETA.
Tycras Jliopsur Tepr (22.07.1887 - 30.10.1975) — nemenkuii dbusuk, dien AH TIIP. Ilie-
manuuk lenpuxa Tepra. C 1945 no 1954 r. paboran B CCCP. C 1954 no 1962 r. sBasuics
podeccopoM U JTUPEKTOPOM HHCTUTYTA, JIeHNIUIrcKoro yHuBepcuTera.



1.1 KopnyckyJjigspHO-BOJIHOBOII /IyaJin3mM

1.1.1 IIpobiaema m3aydeHnd aOCOSIFOTHO YEPHOTO TEJa

1°. Bubpatop I'epria. CoriacHO KJIacCHYECKOI 3/IEKTPOIMHAMUKE JIEKTPO-
MarduTHbIE BOJHBI MOTYT UCIYCKATh TOJbKO YCKOPEHHO JIBUZKYIIUECS JJIEK-
Tpuveckue 3apsibl. Hanpumep, peHTreHOBCKOe n3jydenne, OTKpuiToe B 1885
r. B. Pentrenom!®, BosHUKaeT BCieJICTBHE TOPMOMKCHUS OBLICTPO JIBUZKY X~
Csl 9JIEKTPOHOB TIPU MAJEHUN WX HA AHTHKATON (AHOJ) — TAK HA3BIBAEMOE
TOPMO3HOE PEHTIeHOBCKOEe u3JjiydeHue. BoJibliylo pojib B (busmke Cbirpal,
orkpuiThiil B 1887 1. I'. Tepriem!?, remepaTop 3/1eKTpOMArHUTHOIO M3JIyde-
HUsI — SJ€KTPUIECKUii JUIOTh ¢ TTePEMEHHBIM JIUTIOJBLHBIM MOMEHTOM (BHO-
parop Tepra). Tepir Takzke pazpaboTa TEOPUIO U3JIYUEHUsT TAKOTO BUOPATO-
pa, COIIACHO KOTOPOIi, MOTITHOCTDb 3TOTO U3JTyYeHUs MIPSIMO TPOTOPIUOHATHLHO
KBaJIpaTy YCKOPEHUS 3apsA/IOB, COBEPIIAIONINX KOJTEOAHUS B JIEKTPUIECKOM
qunosie. CpeHsis SHePI s U3J1y YeHHsT OCIU/LIUPYIOMIEr0 JTUIIOIbHOIO MOMEH-
Ta B €JMHUILy BpeMeHH Bhruucsiercs mo dpopmyae |f1]

A

3c3

riae p = p(t) - nepeMeHHbBIHl JUTONBHBI MOMEHT, TOUKH O3HAYAIOT BTOPYIO
HPOU3BOJIHYIO, & YepTa CBEPXY - yCPeJHEHue 10 BPEeMeHH, C - CKOPOCTb CBe-
ta. OTcioa cjielyer, 9To TaKoil OCHU/LIATOD Oy/1eT HEIIPEPHIBHO U3/IyYaTh
9JIEKTPOMATHUTHYIO SHEPTUIO JIO TeX TOpP, MOKa KOoJedaHus 3apsIoB M0 TO
WU WHOU IPWYIHe He MpeKpaTdaTcsd. VIMeHHO 3TOT BBIBOJ, MBI XOTHM IO/ T9€PK-
HYTb, T.K. OH SIBUJICS T€M MPENITCTBAEM MPU MOCTPOSHUH TEOPUU U3JTYIeHUS
abCOTIOTHO YEePHOTO Tesa, TPEeoIoJeHne KOTOPOro U MPUBEI0 K BO3SHUKHOBE-
HUIO UJIed KBAHTOB.

2°. TennoBoe m3iydeHme. FrkeHEBHBII HAIl OMBIT CBUIETE/JIHCTBYET
0 TOM, YTO HArpeThble JI0 JOCTATOYHO BBICOKUX TEMIEPATYD Tesa, HAUMHAIOT
CBETHTBHCH, T.e. HAYMHAIOT UCIYCKATh BUIUMBII cBeT. SIpKuM mpuMepom sB-
JIseTcs OObIYHAS FJTEKTPUIECKAs JAMIIOUYKA, B KOTOPOW CBET, UCIYCKAEMBIit
HAKAJIEHHON BOJIbGMPAMOBOI CIUPAJIBIO, UCIOAb3yeTcs /i ocBertenus. O1-
HAKO U pu Hojiee HU3KUX TeMIlepaTypax JIIoOble Tejia UCITyCKAIOT HEBUIUMbIE
[J1a30M 3JIeKTPOMArHuTHBIE BOTHBI - HH(MpaKpacHble aydn. Ha 3Tom cBoiicTse

3Bumbrensm  Komupan Penrren (27.03.1845 - 10.02.1923) — Hemenkuit usuk-
9KCIIEPUMEHTATOP, Wi.-KOp. Bepaunckoit AH. Tlepsbiit cpenu duszukos nobenesckuil jay-
pear (1901 r.)

UTenpux Pygonsd Tepr (22.02.1857 - 01.01.1894) — nemenxwuit dbusmk, ui.-kop. Bep-
murckoit AH. C moMompio mpeyiozkeHHOTO UM TEHEPATOPa, IKCIIEPHMEHTAIBHO JOKA3AI
CYIIECTBOBAHUE 3JIEKTPOMATHUTHBIX BOJIH, PACTPOCTPAHAIOIINAXCA B CBOGOIHOM TIPOCTPAH-
CTBE, UTO MMEJIO DOJIBINOe 3HAUEHUE /IS TpU3HaHusA Teopun Makceena.



OCHOBaHBI IPUOOPHI HOYHOTO BUJICHHSA. Takoe u3aydeHne 0ObITHO HA3BIBAIOT
TeILIOBBIM, B OTJINYKME OT BHJIMMOTO M3JIYUEHHS, OJJHAKO MBI B JaJTbHeHIeM
Oy/ieM 1oJipa3dyMeBaTh 10JI TEIJIOBbIM U3J/IyUYeHUEM BCEBO3MOZKHbBIE 3JIEKTPO-
MarHUTHBI€ BOJIHBI, UCITyCKa€Mbl€ Hal'PETbhIM TeJIOM, IIOJAPpa3yMeBad 1101 9TUM
crocob ero BOSHUKHOBEHUS.

BosbmeM HeCKOJIbKO TeJI, HAIPEeThIX J0 Pa3/JUIHBIX TeMIepaTyp U OKpY-
JKUM UX a1uabaTHdecKoil 000JI0UKOi, KOTOpas TaKzKe IpeacTaBasgeT coDoii
0J1HO u3 Teji. MOXKHO 1peJIIIO/I0KUTh, YTO CTeHKHN a/inadarndeckoii 060/104-
KU ABJIAIOTCA nAea/JIbHO OTPaXKAIOIKUMU BO BCEM CIIEKTPE 3JIEKTPOMaIl'HUTHBIX
BOJIH, HO B 3TOM HET HEOOXOAMMOCTH, JOCTATOYHO MPEANOJI0KUTH, 9TO 000-
JIOUKa Hempo3padHa Jiid JIOObIX JIMH BOJIH. [IycTh Tesla HemocpeacTBEHHO
He KOHTAKTUPYIOT HU JIPYT C JAPYIOM HHU C MOBEPXHOCTHIO O0OJOUKH. DTH
Tesa OYAYT U3AyYaTh U MOLIOMATH 3JeKTPOMATHUTHBIE BOJTHBI B TaKUM 00-
pazom oOMeHuBaTHCs dHEPrueit Apyr ¢ Apyrom. OIbIT MOKA3BIBAET, YTO PAHO
nJn 1mO3JHO HACTYIIUT TEIJIOBOE paBHOBeECHUE, T.e. TeMIIEepaTypPbl BCEX TeEJI U
000JIOYKH CTaHYT OJMHAKOBBIMU. DTO O3HAYAET, YTO Tejaa KaK H3JIydaroT,
TaK ¥ MOIJIOMIAIOT OJMHAKOBOE KOJUYECTBO SHEPIUH B €JIMHUILY BPEMEHH, T.e
9TH TeJla HAXOAATCA B TEILJIOBOM PABHOBECHU HE TOJHKO JAPYT C APYTOM, HO
U C 3JIEKTPOMArHUTHBIM II0JIEM, CYIIECTBYIOIUUM BHYTPHU 00oJsiouku. Takoe
9JIEKTPOMATHUTHOE 1M0JIe (MJIM W3JIy9eHne) Ha3blBAaeTCs paBHOBECHBIM. Ta-
KHAM 00pa3oM, paBHOBECHOE H3JIy4YeHHe, COCTaBJAs YacThb TepPMOJIMHAMHIYe-
CKOM CHCTeMBI, HAXOJIUTCA B TEILJIOBOM PABHOBECHH C JPYTUMH €e JaCTIMU H,
CJIeJI0BATE/ILHO, UMeeT Ty Ke TeMIepaTypy.

JloirycTm, yCTaHOBUBINASICS PABHOBECHAsl TeMIlepaTypa B 3TOH cucremMe
pasua T. KakoB 1mpu 3Trom OyzeT crieKTpaJibHbIil COCTaB PABHOBECHOTO JJIEK-
TPOMArHUTHOTO TOJsI B MOJOCTH W KAKOBO OYIET pacrpejeseHne SHEePrun
9TOrO IOJIsg MO ero YacTOTHBIM KOMIOHEHTaM? DTO M eCcThb Ta IpobjeMa —
npobJieMa u3IydeHnsa abCcoTIOTHO Y€PHOTO TeJsa, pellleHne KOTOPOil MPUBEIo
M. [Lnanka K HEOOXOMMOCTH BBEJACHUS 1Y2K/JI0M JijIsd KJIacCuiecKoi pusuke
njiaenu JUCKPETHOCTHU U3JIydeHud U IMOTJIOIEHU A JUITOJIbHBIX OCHUJIJIATOPOB. B
qeM ke cyTh mpobeMbl?! [IIst oTBeTa Ha 3TOT BOMPOC HEOOXOAUMO OOCYINTH
pe3yJIbTaT, IOJYUYeHHBIH KJIaCCUIecKoi (DU3UKOH MPH MONBITKE PACCUUTATD
CHEKTPAJIbHYIO IJIOTHOCTH PABHOBECHOTO U3/IyUeHUd aOCOTIOTHO YePHOTO Te-
J1a.

3°. 3akon Kwupxroda'®. OcnoBpiBasich Ha 3aKOHAX TE€PMOIMHAMHUKH
Kupxrod mokaszaj, 4To npu npu MOCTOSHHON TeMIieparype CleKTpa/ibHas
ILIOTHOCTH TEILJIOBOTO U3JIyUYeHUs p,, TeJ, HAXOAAIIHUXCS BHYTPHU MOJIOCTH, CO-

15Tycras Pobepr Kupxrod (12.03.1824 - 17.10.1887) — nemenkuii Gbusnk, uien Bepiun-
ckoit AH. Paborer nocsarenst snekrpudectsy (npasuia Kupxroda), onruke (crekrpasib-
HbL aHa/u3), OTKpbLI jeMentTbl ue3uil (1860) u pybGuuuii (1861), orkpbul obpalueHue
CIIEKTPOB U OOBSICHUI TPUPOIY (bpayHrodepOBbIX JIMHMUIA.



BEpIIEHHO He 3aBUCUT OT HMPHUPOJLI U CBOIICTB STHX TeJ, a TaKzkKe CTEHOK
MOJIOCTH. DTa O0COOEHHOCTH PABHOBECHOI'O TEILTOBOIO M3JIYUEHHS BBHITEKAET
13 BTOPOro Hadaja TepMoanHaMuku'®. JleficTBUTeILHO, IPOBEIeM PacCy -
JleHne OT MPOTUBHOTO. JlomycTiM, 9TO CrieKTpasbHast MJIOTHOCTH MPU TEILIO-
BOM PABHOBECUHU KAKWM-JITO0 00PA30M 3aBUCHT OT TPUPOIHI TEJI, 3aKII0UEH-
HBIX B 9TOI 1Mo1ocTU. Bo3bMeM jiBe paBHOBECHBIE MOJIOCTH, HAXOIATIHECS PU
OJIMHAKOBO#I TeMIlepaType, HO 3aK/TI0YAIONINe BHYTPH Ce0d Pa3TuIHbIe Tea.
Eciin 661 yjaj0ch OCyIIeCTBUTH COODIIEHUE MEK/ly ITUMU HOJIOCTAMU, TO
HA4Ya/IbHOE PABHOBECHE B HUX HAPYIIUJIOCH Obl W MPUBEIO K yCTAHOBJIEHHIO
HOBOTO PaBHOBECHOTO COCTOSTHUSI, KOTOPOE COMPOBOYKIAJIOCH OBl BO3ZHUKHO-
BEHHEM MEXKJIy IIOJIOCTIMH Pa3HOCTH TeMmiepaTyp. B ¢Ba3um ¢ Tem, 4TO 3Ta
Pa3HOCTH TeMIlepaTyp ObLIa OBl CAMOIOAEPXKUBAIOIIEHCS, TO ee MOXKHO OBbI-
JI0 OBl UCIIOJIB30BATDL I COBEPIICHHS PabOTHI U CO3/IAaTh, TAKAIM 00Pa30M,
perpetuum mobile BToporo poja.

O6o3naunm [, BeJIMduHy SHEPTHH, KOTOPOE M3JIy9aeT Ha YacTOTe U, Ha-
rperoe Jio TeMuepaTypbl T Teo ¢ e MHHIBI CBOEil MOBEPXHOCTU B €IUHHILY
BPEMEHH B eIuMHUIY TeaecHoro yria. IlocpeacrBom A, obo3naunm ko3 du-
IIHEHT MOTJIOMIEHUs Tejla, KOTOPBIH paBeH OTHOIIEHUIO TOTJIONaeMOil TeIoM
SHEPIWH K BeJIMYWHE MOJHON dHePruu M3JIydeHus] YaCTOThl U/, N AI0Nei Ha
tes1o. Torna 3akon Kupxroda dpopmysimpyercst Tak: omuouLeHue AY4eucnyc-
kameavhoti cnocobrocmu meaa I, % ezo nozaowamervhoti cnocobrocmu A,
00UHAK0B0 ONA BCEX MEN U ABAACNCA YHUBEPCAALHOT PYHKUUET MOALKO 4a-
cmomu, U memnepamypou. 1lo ompemaeneHnio TeJo Ha3bIBA€TCI abOCOJIOTHO
YepHBIM, ecJil JiIst Bcex dactor u remueparyp A, = 1. Eciau jyueunciyc-
KaTeJIbHYIO CIIOCOOHOCTH abCOJIFOTHO YePHOTO Tejia 0D03HAYUT %,, TO 3aKOH
Kupxroda MoxkHO chopMyaInpoBaTh TaK: 0MHOWEHUE AYUEUCNYCKAMENDHOU
cnocobrocmu mena I, ® e2o nmozaousamenvhoti cnocobnocmu A, odunaroso
ONA BCET MEA U ABAACMNCA YHUBEPCANOHOT GYHKUUET MOABKO 4aCMOmbL U
MEMNEPAMYPBL, PABHOU UCNYCKAMENLHOT CNOCOOHOCTIU AOCOMOMHO YePHO20
mena 1,. OCHOBHOI BBIBOJM, K KOTOPOMY HPUBOAMT 3akoH Kupxroda u 3a-
KJIIOYAIOIIUIICS B TOM, UTO CIIEKTPaIbHAS MJIOTHOCTh U3JIydeHust aDCOTIOTHO
YEepPHOI'O TeJa SBJIAeTCd YHUBEPCAJTbHON (DYHKIUEH TOJBKO YacCTOTHI U TE€M-
IepaTypbl, MOXKeT OBITh 3AIUCAH CJIeLYIONM 00pazom [f2]

py=F,T), (1.2)

riae F(v,T) - nekoropast HeonpeienenHas yausepcaibias dyukius. 13 sro-
ro 3aKOHA CJIeJIYeT, 9TO PABHOBECHOE HM3JIyUYeHHE B IIOJIOCTH HE 3aBUCUT He
TOJBKO OT MaTepHasa ee CTEeHOK W Tes, 3aKJII0UeHHBIX B Heil, HO TaK:Ke He
3aBUCUT U OT (OPMBI MOJOCTH.

16cm. 9.B. Inoasekuit. Atomnas dusuka. T.1. M.: Hayxka, 1974. - 575 c. §82.

7



3akon Kupxroda ceirpan cymecTBeHHYIO POJIb B TEOPETUYECKOM pac-
CMOTPEHUHU TPOOJIEMBbl H3JyUeHHUs] IePHOTO Tesa, IMO3BOJUB, B YACTHOCTH,
BBECTH IIPEJIIOJIOKEHHE, 9TO MaTepua/l CTEHOK IOJOCTH U TeJI, 3aK/JII0YeH-
HBIX BHYTPH Hee, IIPeJICTaB/IsieT CODOil CUCTeMy JUIOIBHBIX OCIULISITOPOB,
OTBETCTBEHHBIX 32 M3JIyUYEeHWE U TOTJIOMIEHNE 3TeKTPOMATHUTHBIX BOJIH.

4°. 3aKoHbI U3j1y4YeHus abCOJIIOTHO YEPHOro TeJia.
3akon Credana - Boasmmana. B 1879 r. Credanom!” smmupudaeckn 6b11
YCTaHOBJIEH 3aKOH — U3JIydaTe/IbHasi CIIOCOOHOCTb YEPHBIX TEJ MPOMOPIHO-
HaJIbHA 4eTBePTOii crenenn remmeparypsi |f3]

u=oT*, (1.3)

rJie U - MHTerpaJibHasl IJIOTHOCTh W3JIyYeHusl 9epHOTO Teja, 1’ - Temieparypa
TeJia, 0 - TOCTOSTHHAS.

Yepes narh Jet, B 1884 1., Bosbnman!® moyumn sTor pesyabrar Teopern-
YeCKU U3 TePMOJIMHAMIYIECKUX COOOparkeHuil U MoKa3aJj, IYTo g abCOTI0OTHO
YePHBIX TeJl OH BBITOTHSETCS COBEPITEHHO TOYHO.

Teopema u 3akoH cmemenus Bwura. B 1893 - 1894 rr. B. Bun jo-
Ka3aJjl, 9YTO PaBHOBECHOE W3JIy4YeHUe, 3aKJII0YeHHOe B 000JI0UKEe C HjieabHO
OTPaKAIOMKUMHI CTEeHKaMHU, Oy/IeT 0CTaBaTbCs PABHOBECHBIM IIPU KBAa3UCTATH-
YEeCKOM CZKATHU WK paciupenun 060104k (Teopema Buna). Mcnonb3ys sty
TeopeMy U OCHOBBIBAsSICh Ha TEPMOIMHAMUYECKHX COODParKEHHAX, a TaKiKe
HPUBJIEKAs JIEKTPOMArHUTHYIO TE€OPUIO CBeTa, BUH yCTaAaHOBUJI CJIE/LYIOINLYIO

bopmyay [f4]

p, =VF (%) , (1.4)

rae F (%) - HEeKOTOpas yHHBepcajbHad (PYHKIHUA, B KOTOPOl aprymMeHTOM
SBJISIETCS OTHOIIEHUE 4acTOThl U3jlydenus vV u remieparypbl 1. PackpbiTh
BUJI, 9TOI (DYHKIMU, OCHOBBIBASICh TOJILKO Ha T€PMOJIMHAMUKE, T.e. Oe3 Mpu-
BJI€YEHU A KaKHX—JIH6O TUIIOTE3 O MOJIEKYJAPHOM Me€XaHU3Me HUCIIYyCKaHUuA u
HOTJIONEHUS N3YIeHH TEJI0M, OKa3aJ0Ch HEBO3MOKHBIM. 13 3T0ii (hopMy bl
crneayer 3akon Credana - BosbiiMana, B UeMm JIerKO yOeJIUTbC, BBIUHCIUB

""Hozed Credan (24.03.1835-07.01.1893) — apcrpuiickuii busuk, wien ABCTpuiicKoif
AH. JTupekTop u pexrop Uncruryra sxkcnepuMenTaabHol usnku Benckoro yaueepcure-
ta. Paspaboran Teopuio auddysun ra3os. V3ydan TemaonpoBOIHOCTD ra30B.

18 Mionpur Bombiman (20.02.1844 - 05.09.1906) — ascrpuiickuit (bU3HK-TEOPETHK, OIUH
13 OCHOBOIIOJIOXKHMKOB KJIACCHYECKOH CTarncrudeckoii ¢pusuku, wien Ascrpuiickoit AH.
Brickazan 3proiMdecKyro TUTIOTE3Y, BbIBEJ OCHOBHOE KWHETHYECKOE YDPABHEHHUE WICANTH-
HBIX TA30B, CBA3AJ SHTPONUIO CUCTEMBI C BEPOSTHOCTHIO €€ COCTOSHUS W TOKA3aJl CTATH-
CTUYECKUI XapaKkTep BTOPOro Hadaja TepMoauHaMuku, chopmymuposan H - Teopemy, u3
TEePMOIUHAMUIECKUX COODPAYKEHN BBIBEJ CYIIECTBOBAHNE JTABJIEHUS CBETA.



HHTEIr'paJibHYIO IIJIOTHOCTDb HU3JIy4Y€HUA

o
u:/mw
0
BBeJIsl IIPU TOM HOBYI0 mepemennyio & = v/T u obo3Havyasi MHTErpal

IS € F(€)d¢ = o uepes nocrosunyo Credana - Borbnmana.

13 oueBuHOrO yeaoBus p,dv = prd, ¢ ucnonb3osanueM dyukmuu (1.4),
caeayert’ | yCTaHOBICHHBIH TaKKe 9KCIEPUMEHTAIbLHO, 3aKOH cMemieHns Bu-
ua [f5]

Amaz] = const = b, (1.5)

npuveM u3 u3MepeHuil u3BectHO, 4o b = 0.2898 [cm-K|. BakoH cMmereHust
Buna ompejesisier u3MeHenue (CMeleHne) MaKCUMyMa u3J1ydeHus (T.e. JTH-
HBI BOJIHBI, HA KOTOPOIl HAOIIOJAETCA MAKCHUMAJIbLHAA HWHTEHCUBHOCTL HM3JIy-
quI/IH) IIp1 USMEHECHUHN TeMIlepaTypbl TeJia.

B 1896 r. Bun, ocHOBBIBasich Ha THUIIOTE3e O TOM, UTO paclpejeseHne
SHEPIHU JIEKTPOMATHATHOIO U3JIyI€HUS 110 YACTOTAM aHAJOIMYHO MAKCBe/I-
JIOBCKOMY PACIPEIEJICHIIO MOJICKYJ Ta3a [0 CKOPOCTAM, IPEIT0KMII (hopMy-
JIy JJI OIMCAHUS CIIEKTPAILHOM IIOTHOCTH M3IyYeHHd aOCOTIOTHO YepHOrO
resia |{6]

Py = 17 exp (cz%) , (1.6)

IJIe €1 U Co - IOCTOAHHBIE. DTa (popMyJia jlaBajia KadeCTBEHHOE COIJIaCHe Teo-
PETHYECKON M SKCIEePUMEHTAJIbHOI KPUBLIX PAaCIpe/Ie/IeHIsI SHEPTUU B CIIeK-
Tpe u3JydeHus abCOTIOTHO YePHOTO TeJia, T.€. JaBajia MAKCUMYM Ha KPUBOM
sroro pacupesenenns (puc.l.1). OgHako KOJIMYeCTBEHHOE COLJIacue ¢ JaH-
HBIMU JKCIIEPUMEHTa HAOJII0IAJI0Ch TOJIBKO B 00JIaCTH BBICOKAX YACTOT HJIH
KOPOTKHX JJIUH BOJH. Kpome 3Toro, Heobxoaumo ObLIO elmre 000CHOBATH I'H-
oTe3y, UCHOIb30BAHHYO TpH BIBOJE hbopmy.sl (1.6).

5°. ®opmyna Pagesa - d>xunaca. 9ta dhopmyna ObLIa MOTydeHA C TI0-
MOIIBIO TEOPEMBI O PABHOMEPHOM PACIpe/IeJIeHIH SHEPIUH 110 CTENEHIM CBO-
60161 (busmveckoit cucrempr. CortacHO 3TOM Teopeme, CpeTHsIst SIHEPTUsl P~
XOJIAINASACA Ha OJIHY CTEIeHb CBOOOJIbI paBHA %kT. Yarme Bcero mo;1 suepruei
o/Ipa3yMeBaeTCsd KHMHeTH4decKas dHeprus cucteMbl. OJIHAKO, B HEKOTOPBIX
CIyYasaX, UCIOJb3ysl TeOpeMy BHpPHaJa, MOXKHO HANTH CBI3b MEXKIy Cpej-
Hell KWHeTHYeCKO# u cpejiHeil moreHnuaJ bHOI sHeprueit cucrembl. Hanpumep,

19 71519 3TOro HANO BEIPA3UTEL Py U U3 YCIOBUS %L)\* = 0 monyuurs mudpdepeHnaIbHOe

ypaBHeHHe OoTHOCHTENbHO byHKkiuu F(n), rae ) = 5. Pemrenne sroro ypasueHus mpu-

BeleT K OLpeIeaeHHOMY 3HadeHuio 11 = const. Orciona u Oyner ciaemsoBaTh COOTHOIIEHHE

(1.5)
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Puc. 1.1: Cpasnenue xpusnz pacnpedesenus cnexmpanvroti naommocmu usay~enus abcoaomHo ep-
HO20 TeAd, NOAYHAEMUT € NOMOULI dopmys Buna (1), Pasea - Jowcunca (2) u Ilaanka (3). Pacnpede-
aenue, noayuennoe no Gopmyae Iaanxa coenadaem c sxcnepumenmaavho nabaiodaemvim [picl]

JIJTSl TADMOHUYECKOTO OCIIUJIIATOPA €r0 CPe/IHsAs KHHETHIeCKasd SHEPT S PaB-
HA ero cpejHeil moTeHnuaIbHOi 3ueprun. CaeaoBaTeIbHO, HA CTEIeHb CBODO-
JIbl, COOTBETCTBYIOILY 0 TADMOHUYECKOMY OCIUJLISITOPY HPUXOJUTCS IHEPIUst
pBaHaﬂ:%k]7+»%kT’::kYT

PaJieit BiepBbie BOCITOJIB30BAJICS TEOPEMOil O PABHOMEPHOM paciipe/iesie-
HUU YHEPIrUd MO CTeNeHIM CBOOOBI /I BBIYUCIEHUS ILJIOTHOCTU 3JIEKTPO-
MarHUTHON SHEPTUH B 3aMKHYTOI TosocTu. laes cocrosiia B cieayiomnieM.
[IycTh mMeeTcst HeKasd MOTOCTH, HE COMEpIKAIIas MATePUU U MMEIOTIast 3ep-
KaJIbHO OTparKalolllie CTeHKH, KOTOpble Harperbl jio Temieparypsl 1. Biia-
rojapsi U3JAy9IeHUI0 CTEHOK, BHYTPHU IOJOCTH Oy/IeT CYNeCTBOBATH 3JIEKTPO-
MarauTHOEe IoJie. DTO TOJie MOXKHO DPA3JI0KUTh Ha CHCTEMY CTOSYUX BOJH
PA3JIMYHOI YaCTOTHI U PA3HOTO HampaBiaeHusd. Kaxmad Takas cTogdas BOJHA
U TPEJICTABIIeT COOON TeMEeHTAPHOE COCTOSHUE FMEKTPOMATHUTHOTO TOJS.
Tora, corsiacHo TeopeMe 0 PABHOMEPHOM PACIpejie/IeHUN YHEPIUU, HA KarK-
JIYIO CTOSIIYIO BOJIHY JIOJI?KHA TPUXOIUTHCSI SHEprust, pasuas k7', 1o %kT’Ha
CPEJIHIOI0 YHEPIHI0 IEKTPUIECKOTO W MaruuTHOro mnosieit. CiegoBaTeshHo,
BBIYUC/IEHNE SHEPTUHU OIS JI/Isi HHTepBaJja 9acToT OT V J0 V + dV CBOIUTCS
K OTBICKAHUIO YUCTIA SJEeMEHTAPHBIX CTOSYUX BOJIH U3 33JaHHOTO WHTEpPBAJIA
gactor. Takoit mojcuer ObL1 ocyiecTsien xkuncom, a konednasi hopmyJia
nostyansia Hazsauue dopmysb Pases - Txxunca [f7]

82
Pv =

kT, (1.7)
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IJie C - CKOPOCTh CBeTa. JTa (GopMy/ia JaBaja pe3yIbTaThl, COTTACYIONINecs C
9KCIIePUMEHTATbHBIME TOJTBKO B 00IACTH HU3KUX YACTOT. B 06/1acTi BHICOKIX
4acToT HAbJII0AAI0Ch KpuTHiecKoe pacxoxaenue (puc.l.1). [deiicrBuresnbHo,
corsacio dopmyste (1.7), nHTerpaibHas MIOTHOCTH U3JIyYeHHs] aDCOTIOTHO
YePHOTO TeJIa PaBHA OECKOHEYHOCTU. DTO O3HAYAET, UTO OCIUJLISTOPHI W3JIY-
YJAOTIEro Tesa JTOJMKHBI U3Ty9aTh SHEPTHUIO 0 TeX MOp, MOKa UX TeMIepaTy-
pa He JOCTUTHET aOCOJIIOTHOTO HYJs. DTOT BBIBOJ, HAXOIUTCS B BOMUIOIIEM
IIPOTUBOPEYNH C OIIBITOM, KOTOPBIN IOKa3bIBaeT, YTO, BO-IIEPBBIX, PABHOBECHE
MeE2Ky U3JIy4YeHHeM U ero MaTepuaJibHbIMU IEHTPaMH MOzKeT 6bITb JOCTHUI-
HYTO NpH JI000H TeMIieparype M, BO-BTOPBIX, ONBIT MOKA3bIBAET, YTO MPHU
PaBHOBECHH ILIOTHOCTb YHEPTUU H3JIYyUeHUsd MaJja [0 CPABHEHHIO C IJIOTHO-
CTHIO FHEPIUH, 3aKTIOYEHHON B MaTepuaJbHbIX Teaax. [lo obpasnomy BbIpa-
xkennio [1. Dpendecra, TOT BBIBOJ, YTO OCHOBHAS YACTH SHEPTHH B CIEKTPE
U3JIydeHns: aDCOIOTHO YePHOIO TeJIa JOJIZKHA, IIPUXOJIUTHCA HA KOPOTKOBOI-
HOBYIO 00J1aCTh CHEKTpa, ObLT Ha3BaH 'yabTpaduoeToBoii katacTpodoii'.
Jlopern?®, rosops 06 3Toit Ipobieme, orMedas, 4To "ypaBHeHHs KJaccHue-
CKOMl (pUBHMKH OKa3aJIMCh HECIIOCOOHBIMU OObACHHUTD, IMOUYEMY yracliagd Iedb
He UCIYCKaeT YKeJTHIX JIyueil Hapsiay ¢ u3aydeHneM 0oJee JTHHHBIX BOTH'.

6°. @opmyna llmarmka. Popmysia Pajes - JIxkunca coorsercrBoBajia
9KCIIEPUMEHTAIBHBIM JIJAHHBIM B 00JIACTH HU3KUX 4YacTOT, a ¢opmysa Bu-
Ha — B 0OJIACTU BBICOKHX YaCTOT, HO OHU He OMHCHIBAJIU BCIO SKCIEPUMEH-
TaJIbHYIO KPUBYIO CHEKTPATbHON TJIOTHOCTH U3JIyYeHHus aDCOTIOTHO Y€PHOTO
tena. [Lranky, cHagasa 9ucTO SMOUPUUIECKH, YIATOCH HailTH (Hhopmyry, KO-
TOpasd XOpoHIO COIVIaCOBbIBaJIaCb C JaHHBIMHK OIIbITa U B ABYX IIPpE€JAE/IbHbIX
ciaydasix nepexojuia Jimbo B dopmyiy Panes - xunca, jmbo B dpopmysry
Buna. Takum obpazom [lank wamesn mareMaTudecKoe BhIParKeHHE 3aKOHA
pacrpe/iesieHus YHePruu B CIeKTpe abCOIOTHO YepHOro Tesa. OaHAKO, J7d
TEOPEeTHIECKOTI'0 BBIBO/IA 3TOH (DOPMY/IBI HEOOXOIMMO OBLIO C/Ie/IaTh TPeIIo-
JIOzZKeHue, abCOJIIOTHO HENPUEeMJIEMOE C TOYKHU 3PEHHsl BCEHl CHUCTEMBbI IIPeji-

20Xenmpuk Anrton Jlopenr (18.07.1853 - 04.02.1928) - muaepranackuii GbU3NK-
TEOPeTHUK, CO3IaTellb KAACCHICCKOH 31eKTpoHHOli Teopun, wied Hunepnannckoit AH, Ho-
GeseBckmii saypear. OcHoBbIBasich Ha Teopuu Makceesna - ['epra, co31ai KIacCHIecKyo
TEOPHIO FJIEKTPOMATHUTHBIX sIBJICHN, OA3UPYIONIYIOCS HA AaHAIM3E JABUKEHNS JUCKPETHBIX
SIEKTPUIECKAX 3aPsI0B, T.€. BBEJ B yUEHHE 00 IEKTPUIECTBE aTOMUCTHUKY. BbiBesm ¢op-
MYJy, CBA3BIBAIOIIYIO AUIJIEKTPUICCKYIO MPOHUIIAEMOCThL C MJIOTHOCTLIO AWIJEKTPUKA, U
3aBUCUMOCTD TI0KA3aTe s IPEJIOMJIEHUsT BEeCTBa OT ero miorHoctu (dbopmysna Jlopenia
- JlopeHTiia), Naj BbIparKeHUe JJisi CHIbL, AeHACTBYIOIEN Ha JBUKYIIUHACIT 3aps)l B SJIEK-
rTpomMaruuTHOM 1oJie (cuna JIopeHua), npejckas’aln aBJIeHUe PACHIEIICHUs CIEKTPAIbHBIX
JWHUR B CHIBHOM MAarHUTHOM IIOJIE, JJ1s o0bscHeHusd ombiTa Mafikeabcona - Mopsau BbI-
JIBUHYJI [HIIOTE3Y O COKPAILEHUY PA3MEDPOB TeJl B HALIDABJIECHUU UX JABUzKeHUs (COKPalLeHne
Jlopettia - DuTIKepaIbaa), BbIBEI IPEOOPa30BaHd KOOPIUHAT - IPeodpasoBaHus JIopeH-
&, TOAYIrST (POPMYJTY 3aBUCHMOCTH MACChI 9JIEKTPOHA OT CKOPOCTH ¥ MHOTOE JIPYTOE.
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craBjieHnit Kiaaccudeckoil dusuku. Heobxoaumo OBLIO Hpeanoa0KUTh, UTO
SHEPIHsl MUKPOCKOIUIECKAX OOBEKTOB (ATOMOB M MOJIEKYJ), KOTOPBIE MO-
ACJIMPOBAJIUCHL JIEMEHTAPHbIMU JUIIOJIbHBIMA OCHUJIJIATOPpaAMA (BI/I6paTOpr
[epria), MOKeT MPUHUMATD TOJBKO OIPeJIeIeHHbIe, TNCKPeTHbIe 3HadeHus . C
TOYKH 3PEHUA KJaCCU4eCcKon (i)I/ISI/IKI/I 9TO HEBO3MOZKHO — ,Z[I/IHOJIBHBHZ OCIINJI-
JIATOP MOKET UMEeTh, & TaAKZKe MOIJIOMATh U U3/1y9aTh, IPUIEM HEIIPEPHIBHO,
nr00yt0 suepruto (em. dopmyy (1.1)).

[Munoresa [Lnanka popmysiupyercs ciepyionmm odopaszom. lunosibubie oc-
TUJIJIATOPBI MOI'yT HAXOAUTHCA TOJIBKO B HEKOTOPbIX I/I36paHHbIX COCTOAHUAX,
B KOTOPBIX UX SHEPTUA ABJACTCA IEJIBIM KpaTHBIM HaUMEHbBIIECTI0O KOJINYIeCTBa
SHEPrUu € :

€0y 2€0, ...y NEQ, ..}

IPU U3JIYUYEHUN WU TOTJIOMEHUH OCIIJLISATOPB TePeXodaT U3 OJHUX COCTO-
SHUN B JIPyrue CKa4KOM, MUHYS POMEZKYTOUYHbIE COCTOSIHUS.

Ha ocunoBanuu cBoeit runore3nt [L1ank BuiBes1 (hopmyiy Jjisi CHIEKTPAJIb-
HOIi [IJIOTHOCTH HU3JIyYeHns abCOTIOTHO Y€PHOIo Tea B caenyomeM Bue [f8|

2
8y €0

3 eeo/kT_ 1

Pv = (1.8)
B cuny Toro, uro mobas npaBuibHas (popMysia u3aydeHns abCOJIOTHO dep-
HOTO TeJIa JIOJIZKHA YIO0BJIETBOPATH TEPMOJINHAMIYECKOMY 3aKoHy Buna (1.4),
TO, OYEBHUJHO, JUIst yjoBieTBoperusi dhopmysbr (1.8) sTromy 3akony, HEOOXO-
JIMMO TIPHHSATH, 41O |f9]

€ = hv, (1.9)

riae h — HeKOTOpas MOCTOFHHAsI, HMEINas PA3MepHOCTh JAefCcTBUs [dHeprus
x Bpemsd|. Takum 06pazoM moydaercs Xopomo n3sectaas dpopMyrta [Liamka
[£10]
Sthu? 1
Pv= "3 ol _ 1

(1.10)

YHuBepcaabHas HmocTosHHas h — mocrosuHas llranka — aBagerca dbymaa-
MeHTaJ/JIbHOM (busuyueckoil nocrosuuoi. Ee duciioBoe 3nadenue Moxker ObIThH
OTIPE/IE/IEHO YKCIIEPUMEHTAIBLHO Pa3/imdubiMu criocobavu. B HacTosiee Bpe-
MsT IPUHATO cJlepyiomee 3Hadenne h = 6,626176 10727 spr-c.

Qopmyna Panesa - Jlxkunca Oblia mojiydeHa Ha OCHOBAHUU TEOPEMBI O
PaBHOMEDHOM pacIpejie/IeHUNd SHEPIUU [0 CTEMeHAM CBOOOBI (DU3UUIECKOM
CUCTEMBI, IPH STOM JJIsI 3JIEKTPOMATHUTHOTO OIS HA KaXKAYIO CTeleHb CBO-
00161 TPUXOAUTCsT dHEprusi paBHas € = k7. B cmay Toro, 4ro Bejuduna
(871%/c®) dv ompejie/isieT MIOTHOCTHL YMC/IA CTeNeHel CBOOO/IbI 3IeKTpOMAar-
HOTHOI'O II0JIsI B HHTEPBaJie YacTOT OT ¥ J0 V + dv, To u3 ¢dopmysbl Il1anka
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cJiejlyeT BBIBOJ, O TOM, UTO CpeJHsA SHEPIus, IPUXOJAIIAACT Ha OJHY CTe-
IeHb CBOOO/BI, HEe OJMHAKOBA I CTOSYUX BOJIH C PA3JIUIHBIME IaCTOTAMH.
A umenno, u3 dbopmynsr [lnanka caepyer, aro |f11]

hv

Orcro1a BUIHO, 9TO C POCTOM U BEJIMYHWHA € OBICTPO yOBIBAET, 9€M U O0bsSIC-
HEeTCS KOHEYHOCTD BeJIMYNHBI MHTEIDAJIHHON NJIOTHOCTH U3TyYeHUS Y€PHOTO
Testa. TakuM o6pa3oM, BBIBOJ, BeITeKatomuit u3 popmynst [L1anka, HaxoauTed
B 1J1yDOKOM IIPOTUBOPEYUHU € TEOPEMOIT O PABHOMEPHOM PACIIPE/IeJIeHUN SHEP-
I'UU 1[I0 CTeNEeHsIM CBODO/IbI, KOTOpasi, B CBOIO O4Y€pe/ib, OCHOBAHA HA KJ/IACCH-
4eCcKoi cTaTucTuydeckoil pusuke. /g TepMoanHaMUYeCKO CHCTEMBI, TIPeJI-
CTaBJISAIONIEl cOO0i pABHOBECHOE 3JIEKTPOMATHUTHOE U3JIyYeHHe, 3Ta TeopeMa
HE CIIpaBeJIuBA.
B zakiouenuu oTMeTuM, 9TO JIJIsT HHTETPATBHON TIOTHOCTH U3y YeHUS
u3 dopmyiiel [lnanka ciaeyer 3akon Credana - Boabimana [f12]
4
u = 51.847;iT4, (1.12)
c3h3
rae nocrostaaas Credana - Boabnvana o = 51.84;@43 BBIpAXKaeTcs 4depe3
dyH1aMeHTATbHBIE TOCTOSHHBIE, YTO MOYKHO UCIOJIB30BATD /115 SKCIIEPUMEH-
TAJIBHOTO OTIPejieJIeHNs 3HAYEHHT STUX KOHCTAHT.

1.1.2 ®oroddpdexT

[IpoBojsg SKCHepuMeHThI ¢ HCKPOBBIM paspsiaoMm, [ 'epr B 1887 1. obnapy-
JKIJI, ITO IMPOCKAKUBAHUE MCKPBI MEXKIY JeKTPOJAMU Pa3psIHUKA 3HATH-
TeJTbHO 00JIeTYaeTCsl, eCJU OTPUIATENbHBIN 3IeKTPOoI 00/1ydaTh YabTpaduo-
JIETOBBIM HU3JIydeHneM. B ciegyroieM rogy 510 siBjeHHe ObLIO He3aBHCHMO
oTkpbITO BHOBL [ambsakcom?!, Puru?2 u Croneroseim?. CyTh aBiaenus co-
CTOUT B BLIOMBAHUU 3JIEKTPOHOB C MOBEPXHOCTH METAJLIa IPU OOJIyIeHUH €ro

A Bunsrennm Jlionpur Opann Famseake (09.07.1859 - 20.06.1922) - memenxuit Gpuznk
skcrepuMenTarop. llokazasn, 9To MeTajnaudeckas IJIACTHHKA PU OOJIyUeHHH KOPOTKHM
yIbTPadHUOIETOBBIM H3JIyIEHNEM 3aPAKaeTCs MOJIOXKUTEIBHO.

22 Ayrycro Purn (27.08.1850 - 08.06.1921) - uranbanckuit Gusuk, wien Axagemun jen
Junuen. OTKPBLT MATHATHBIN ructepesuc, Habioaan Baemnuil Gorodad ekt He TOIBKO y
METAJIJIOB, HO M Y JINAJIEKTPUKOB, CO31a7 (DOTOITIEMEHT W TPEIJIOKUT ITOT TEPMUH.

23 Anexcanap I'puropbesnd Croneros (29.07.1839 - 14.05.1896) — pycckuii dbusuk. [Ipo-
deccop MockoBckoro yHuBepcuTeTa, OblI MHHUIIMATOPOM CO3JaHUs (DU3UIECKOTO WHCTHU-
ryta npu MockoBckoMm yHuBepcurere. PaboThl MOCBSAIMIEHBI 3JIEKTPOMATHETH3MY, ONTUKE
1 MOJIEKyYJIApHO# ¢uzuke. OTKPHIT U MOAPOOHO MCCIENOBAIM SIBJIEHUE BHEMTHETO (HoToad-
dexra. Cosman mepsbril (POTOIIEMEHT, OCHOBAHHBIN Ha, BHeITHEM (hoTodhdeKrTe, n3yuna
HHEPIIHOHHOCTH (POTOTOKA, OOHAPYKMJI (HPOTOTOK HACHIIEHUS.
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9JIEKTPOMATHUTHBIM H3JIy9eHHEeM ITOJIXOSINeil 4acTOThl — TaK Ha3bIBaeMBbIi
BHeImHIH (HoTodddexT.

B pe3yJjibrarTe MHOI'OYUCJ/JICHHBIX OIIbBITOB 6]31.]10 YCTAQHOBJICHO, 4YTO KHWHE-
THUYIeCKad dHEePTrud BbI6I/ITbIX IJIEKTPOHOB HE€ 3aBUCUT OT MHTEHCHUBHOCTH IIO-
TOKA, W3JIy9eHWs], MaJA0NEro Ha MOBEPXHOCTH MeTa ia. OT WHTeHCUBHOCTH
3aBUCHUT JIMIIb YHCJIO BHIOMTHIX 3JEKTPOHOB (BeanmunHa GHOTOTOKA), HPUIEM
9Ta 3aBHCHMOCTD SBJISIETCS CTPOTO MPOMOPIHOHAIbHON. CKOPOCTh BBIOUTHIX
QJIEKTPOHOB 3aBUCUT TOJIbBKO OT 4aCTOTbI U3JIYyY€HUHA, & UMEHHO, C YBCJIMYCHU-
€M 4aCTOThl JUHENHO BO3pacCTaeT U KHHETHYCCKasd dHEPTUud BbI6I/ITbIX JJIEK-
TponoB. IIpudem, dporosadpdexr He HabIIOIACTCS, €CAU YACTOTA IaIAIOIIE-
IO M3JIy4eHHs MeHbIle HEKOTOPOil KPUTHYIECKON YacTOThl (KpacHasi TPDAHUIA
dboroadderra), KoTopas uMeeT cBoe XapaKTepHOe 3HAUCHHE ISl PA3THTHBIX
MeTasmoB. C mo3unuil Kaaccuueckoit (bu3nKu He yIaaoch HAUTH YIOBIETBO-
PUTEJILHOTO 00'bsICHEHUSI STUM 3aKOHOMepHOCTsAM (hoToddderTa.

[Tpobremy dorosdderTa yaamock permuts Jitamreitny, koTopsiii B 1905
I. IPEeJJIOKUIT PACCMATPUBATEH CBET KaK MOTOK YacTuil ((bOTOHOB) ¢ SHEprHeil
hv. Takast KOpIycKy/isgpHasi TOUKa 3peHUus KOPEHHBIM 00Pa30M IPOTUBOPEYH-
Jla YCTOsIBIIIEHCs B KJIacCcH4IecKoit (pu3mke BOJTHOBOI Mpupojie cBeTa. Bmecte
¢ TeM dTa I'MIoTe3a M03BOJINIA 00 bICHUTH BCe 3aKOoHOMepHOCTH (hoTodhdhek-
Ta. KadecrBennas kapruna Mexanusma Gporodddexra ¢ 310l TOUKH 3peHust
JIOCTaTO4YHO 1MpocTa. POTOH, MOIJIONASACH B METAJLIe, OTJAaeT CBOIO SHEPTHIO
9JIEKTPOHY, W €CJIU 3Ta SHEePTrud JOCTATOYHA JIJIT OCBOOOXKICHUS JTEKTPOHA
OT YJIePZKHUBAIOIIAX €r0 CBsI3eil, TO OH BBIXOJUT 3a MPeJeabl MeTaTInIeCcKO-
ro obpasia. Ecjiu npenebpeub JI0CTATOYHO PEJKUMU MHOIO(DOTOHHBIMU HTPO-
[eccaMu TOTJIONIEH ST, TO 9Ta MPOCTas KapTHHA BIOJIHE ajiekBarHa. OTcroaa
cjaeayer, 9To YucCJI0 BbI6I/ITbIX JIEKTPOHOB JOJIZ2KHO 6bITb MMPpONMOPHIMNOHAJIBHO
YUCJTY TOIVIONEHHBIX (DOTOHOB, T.€. MPOMOPIUOHAIHBHO HHTEHCHBHOCTH U3JTY-
vyenust (1-it 3akon Buemuero doroadderra - 3akon Cromerosa). Kuneru-
yecKas IHePrus BbIOMTHIX 3JIEKTPOHOB 3aBUCHT OT Hepruu (poTOHOB, a T.K.
oCJIeIHsIsT paBHA, A, TO SHEPTHST 3JI€KTPOHOB JOJI?KHA JTUHEHHO 3aBUCETH OT
HJaCTOThI a/JaloIiero n3jay4vdenund, HO He 3aBUCETh OT €ro MHTEHCUBHOCTH.

YpaBuenne Ditamreiina s ¢porodddexTa npeacrapiager codoi MpocTo
ypDaBHEHHE SHepreTuveckoro Gamanca [el]

hw=1+A+E, (1.13)

rie [ - sHeprust OTPHIBA JEKTPOHA OT aToMma (IHeprust monm3aiuu), A - pa-
00Ta BBIXOA, T.€. SHEPTHUS HEOOXOAUMAas T BLICBOOOXKIEHUS SI€KTPOHA 13
merajiia, £ = mv?/2 - kuneruueckas sHeprus BbIOUTOrO 3jleKTpoHa (M -
Macca, v - CKOPOCTh JIeKTpoHa). Ecim caurarh 3J1eKTPOHBI B MeTaJlIe CBO-
OOIHBIMHU, TO MOXKHO OJI0KUTL [ = 0.
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YpaBuenune DUHIITEITHA TOTHOCTHIO BBIIEPZKAIO BCE SIKCIIEPUMEHTATbHBIE
mpoBepku. OOpaTuM BHUMAHUE HA OJUH U3 TAKHUX IKCIEPUMEHTOB. VI3 ypas-
nenus (1.13) caeayer, uro ecsm sneprug dorona hy >> A (I = 0), 1o Kune-
THYeCKasi YHEPIusl BHIOUTOrO 3/I€KTPOHA MPUMEPHO paBHa dHepruu (oroHa,
T.e. E = mv?*/2 ~ hv. Duepruio BHIOUTHIX 3J1eKTPOHOB U3MEPSIOT € TTOMOIIHIO
sanupatornero Hanpsizkenus U, 1.e. Fy,,, = eU = hv (31ech e - 3apsa siex-
tpona). Cie0BaTeIbHO, SHEPTUS BBIOUTOrO JIEKTPOHA HE MOYKET MPeB30ii-
TH BIIOJIHE OIIPEJICJIEHHYIO BEJIMINHY - SHEPIHIO MOIJIOMEHHOTO (DOTOHA. DTO
SHEPTreTUIECKOEe COOTHOIIEHNE MOYKHO 00epHYTh. BCIOMHUM PO TOPMO3HOE
U3JIyYeHne JIeKTPOHOB, TIPUBE/IIee K OTKPHITHIO PeHTrena. YCKOpeHHBIE TTPH
POXOK/IEHUH PA3HOCTH HOTeHNUAJO0B U 3/IEKTPOHBI, IPH CTOJTKHOBEHUH C
AHTUKATO/IOM M€HePUPOBAHN JTEKTPOMATHUTHOE U3IYIEeHUE - PEHTTEHOBCKOEe
n3nyuenne. Ecau nmpeacTaBieHns 0 KOPIYCKYISPHOH TPUPOIe CBETA BEPHHI,
TO 9aCTOTa PEHTTEHOBCKOIO W3JIyUEHUsI HE MOYKET MPEBBINATH MAKCUMAJIhb-
HOT'O 3HAYEHUS Uy, = eU/h uiu 510 usjiydeHue J0JKHO UMETh MUHUMAJIb-
HYIO JUTHHY BOJHBI Apin = €/Vpmae = ch/eU - 370 KOPOTKOBOJIHOBas IPAHUIA
CILTIOIITHOTO CIIEKTPa TOPMO3HOI'O PEHTTEHOBCKOTO m3jydeHus. OTcioma cie-
JIyeT COOTHOIIEeHUE

AminU = ch/e = const.

D10 cooTHOIIEHHE OBLIO MOTBEPZK/IEHO IKCIEPUMEHTATbHBIMU HCCJIEJ0BAHU-
AMU.

B cBa3m ¢ 3THM 3KCIEpIMEHTOM 3aMeTHM cJeayioniee. TopMoO3HOe n3I1y-
JeHHe eCThb HAIVIAIHBII IpUMep POKIeHHd YacTHUll U3 dHepruu. B cBa3m c
TeM, 4TO IJICKTPOHBI, 11aJal0IHNe Ha aHTUKATOd, HE NCUYE3al0T KaK YaCTHUILbI,
TO Pe3yJIBTATOM 3ITOrO IpOoIecca fABJdAeTcs Hpeodpa3oBaHie KHHETHIECKOIl
SHEPI'MU STUX JEKTPOHOB B SHEPIUIO M3JIyUeHHsI, KOTOPOE IPeJICTABIISIeT CO-
Goit morok wactur (poroHoB). POTOHBI ABJISIOTCsI 6E3MACCOBBIMU IACTHUIIA-
MH, JBHKYIUMECS CO CKOPOCTBIO CBeTa (COBCTBEHHO, 9TO U ecTh cBeT). Du-
3UKa IJIEMEHTAPHBIX YACTHUI[ U300U/IyeT IIPUMepAMU POXKJIEHUs U3 SHEPIUu
JacTul, 00IaIaonUX HeHYJIeBOIl Maccoil MOKOos, a TaKzKe IpUMepaMu 00par-
HOT'O dBJICHHUY - TPpEBPaIleHN A BEIIECTBa B SQHEPI'UIO IIPU aHHUTUJIAINN YaCTHUIL
U aHTHYACTHI. Bce 3TH IpeBpalnenns cOrJIacyloTcs ¢ H3BeCTHON HopMyJIoil
DiinmmTeiina 06 YKBUBATEHTHOCTH Macchl i dHepruu [f13]

moc?

E=mc = =1/ 2p? + mdct, (1.14)

’U2
I=2
rjge p = MU - UMIYJIbC YacTulbl, m = mo/y/1 — v%/c? - pensTuBucTCcKas

Macca YacTHILbI, Mg - Macca, MOKOsl YacTHUIllbl. Ecjim mMacca 1MOKOsT 9aCTUILbI
paBHa HyJIt0 (HarmpuMmep, /71t (GOTOHOB), TO SHEPIHs U UMITYJIHC TAKAX YACTHIL
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cBsi3aHbl cooTHomenneM [f14]
E = cp. (1.15)

1.1.3 D9ddext Komnrona

CoryracHO BOJTHOBOII T€OPUU CBeTa MEXaHU3M PACCESTHUS COCTOUT B PacKadu-
BAHUU J€KTPOHOB eKTPOMArHUTHBIM TOJIEM T IaI0IIell BOTHBI, T.e. B BO3-
OYK/IeHUU STEKTPUUECKUAX JTUMNOJHHBIX OCIUIISITOPOB. DTU OCIUISATODHI,
coBepIasi BbIHYK/JIEHHBIE KO/Ie0aHUs ¢ IaCTOTOW BHEIIHErO IOJIsl, JTOJIZKHBI
U3JIy9aTh JIEKTPOMATHUTHBIE BOJHBI TON YK€ 9acTOTHI. ¢IBJIeHWE paccesHus
COCTOUT B TOM, 9TO W3JIyU€HUE JUTMOJeH MPOUCXOIUT BO BCe CTOPOHBI. OI-
HAKO IOCJIe OTKPBITUS PEHTTEHOBCKOTO ¥ Y-U3Ty9YeHHil CTAJIH 3aMedaTh, YTO
DU PACCeTHUU KOPOTKOBOJIHOBOTO U3JIYyYeHHS B COCTaBe DPACCETHHOTO W3-
JIy9eHUsI TOSIB/ILIOTCS OoJiee JiyIMHHbIe BOJHDBL. [0 cO3/1aHus PEHTTeHOBCKUX
creKTporpadoB 3TO siBJIEHHUE CIUCHIBAJIN HA BIUSHAE BTOPUIHBIX (DAKTOPOB.
B 1922 - 1923 rr. KomnToH, BOCIIO/IB30BABIINCH PEHTTEHOBCKUM CIEKTPOrpa-
dom, TIIaTeSTHHO H3YUUT ITO ABJIEHNE U [TOKA3aJ, YTO OHO HETOCPeICTBEHHO
CBA3aHO C CAMUM MEXaHH3MOM DACCesTHUs W ero HUKAK HeJTb3s OTHECTH K
BJIMSTHUIO 110004HbBIX (PAKTOPOB. Y BeJIMYeHUe JIJIMHbL BOJIHBI PACCESIHHOI'O W3-
aydenus AN = N — )\ 10o/1yunsI0 Ha3BaHME KOMIITOHOBCKOI'O CMEINEHUS, a
camo sBjienne - apdexkra Komrona. Boiio ycranos/jieno, 9ro BeJimdnHa KOM-
TOHOBCKOIO cMereHnst A\ He 3aBHCUT OT COCTaBa PACCEHBAOIIErO TeIa U OT
JUTHHBL TaJaolneil BOJHLL A, HO 3aBHCHT OT yIJa pacceanud 924,

C Toukm 3peHus KJaaccuueckoi (husurm 31oT 3hPeKT 0O0BLIACHUTL He
yaanock. OIHAKO, eC/i TMPeIIOI0KNATh, 9TO JIEKTPOMATHUTHOE H3J1yIeHUe
npejicTaBisier coboi MOTOK YacTHll ¢ 3Heprueid £ = Aw u UMIyJIbCOM P = hk
(h = h/2m - nocrosunas IliaHka, w - NUKJIAYECKAs IACTOTA W3JLYIeHHUs, k
- BostHOBOI1 BekTop (k| = 27/))), a aKT paccesHES IpeCTaBIseT COGOi CO-
yJIapeHue JIByX YaCTHIL - 3JIeKTPOHA U (POTOHA, TO, IPUMEHSIST 3aKOHBI COXPa-
HEHUSI SHEPIUU U UMITYJIHCA K 9TOMY TPOIECCY, MOKHO PACCUUTATH BEJIUIUHY
cMernennst A\, KOTOPOe COrJIacyeTcst ¢ JJaHHBIMU HaOJII0IeHUsI. 3anuineM 3a-
KOHBI COXPDAHEHUsI SHEPIUU U UMITYJIbca [e2)]

hw—hw':cQ(m—mo), (1.16)
hk — hk' = mv. '

31ech U - CKOPOCTH 3JEKTPOHA, mocae coyaaperus. /1o cTonkHoBenus ¢ ¢o-
TOHOM 3JIEKTPOH CYUTACTCS MOKOAIIUMCS U CBOOOJHBIM. Takoe HpeoioxKe-
HUE BIIOJIHE JIOIYCTHMO, T.K. PACCesIHIE MPOUCXOIUT HA FJIEKTPOHAX BHEITHUX

24571"OJ'I paccedauua - 3TO YTOJ MEXKAYy BEKTOPpaMU UMIYJIbCa d)OTOHa JO M TIOCJIe €ero
BSaHMO,ZLeﬁCTBHﬂ C JIEKTPOHOM.
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oboJstouek aToMoB. CenoBaTeNbHO, ¢ OHOI CTOPOHBI, JEKTPOHBI COXPAaHSI-
10T JI0 CTOJTKHOBEeHHS ¢ (DOTOHOM CBOIO JIOKATTU3AMUIO W UX CPEHSIS CKOPOCTh
HOCTYIIATEJIbHOIO JIBUYKEHHSI PaBHA HYJIO, a € JIpyrOoil CTOPOHBI, UX MOXKHO
CYUTATH MOYTH CBOOOIHBIMHU, T.K. OHU CJab0O CBsI3aHBI C S/IPOM aroMa (HU3-
kuii norennuan uonusanuu)?. Kunerudeckas sueprus B (1.16) 3anucana B
PeATUBHUCTCKOI opme, my Macca MOKod 37deKTpoHa. [Ipm mMaabix ckopo-
CTAX, T.e. KOrja v << ¢, Bblpazkenue c(m — myg) IepexoluT B BhIpazkeHue,
XOPOIIO M3BECTHOE B KJIACCHUECKOH Mexanuke, muv? /2. Bolpaxkenne ajis um-
myJibca GOTOHA JIErKO MOy IuTh ucnob3ys (1.15). JeiicrBuresbro, mojarast
BBITIOJIHEHHBIM PABEHCTBO €p = AW ¥ UCIOJIB3Ys BbIPayKeHUe Jijisi BOJHOBOIO
BEKTOpa, moaydnm p = hk.

B pesynbraTe permenus 3Toil cucTeMbl ypaBHEHH TOJTYYUM JIJIs BETMI-
HbI KOMTOHOBCKOTO CMEIIeHusl Cyejiytoniee Beipaxkenne [f15]

)
AN = 2),sin? 5 ) (1.17)

h

moc

e A\ = - KOMTOHOBCKAasl JIJIMHA BOJIHBI, KOTOpPas /I SJEKTPOHA paBHA
Ae = 0.024 A. Dra dopMysa B TOUHOCTH COOTBETCTBYET JAAHHBIM HAG/IIONE-
HUS.

CremaeM ps 3aMevaHMUil.

1°. MakcumasibHas SHEPIus, KOTOPas MOKeT ObITh lIepejiaHa 3/1eKTPoHy ¢o-

2
TOHOM YaCTOTHI V IIPH UX B3aumozeiicrsue, paBia AF,,.. = moc2%, rae
v = ’\7 U3 ypaBHenus sHepreruveckoro Gananca (1.16) BeIpasuM MakCu-

MaJTbHYIO CKOPOCTH, MPHOOPETAEMYI0 3JIEKTPOHOM IPH TAKOM COYIAPEHUH C
doroHom
1

22
1 + 142y

v=c|1-—

[Ipu v — 0 ckOpOCTH TaK)Ke CTPEMUTCs K HYJII0 U ~ ¢2v7 — 0, a npu 7 — 00
1

CKOPOCTh 3JIEKTPOHA CTPEMUTCSI K CKOPOCTH ¢BeTa v A2 ¢(1 — W) — ¢. Takum
00pa30M, XOTd BeJIMYNHA KOMITOHOBCKOI'O CMEIICHUS HEe 3aBUCUT OT YaCTOTEI
HAJAIOIIEr0 U3JIy4YeHns, HO BeJIMUNHA, IIepelaBaeMoil SJIeKTpOHY SHEepIuH, a,
CJIeI0BATENBHO, U BEJIMUIMHA IPHOOPETAEMOr0 3JeKTPOHOM UMILYJIbCA, CYIIe-
CTBEHHBIM 00PA30M 3aBUCAT OT Hee.

20, B cBa3m ¢ 9TUM BO3HMKAIOT MHTEpecHbIe Bompockl. Hampnmep, sBisercs

JI KOMTOH-3(deKT yKazaHueM Ha TO, 9T0 (DOTOH MOZKET JIe/IUThCS Ha YacTH?!

25 Jlns cpaBHEHHA yKasKeM, UTO MAKCHMAIBHBIN HOTEHINAN MOHH3ANH y ATOMA, TeiIHd
(24,58 5B), a munumasibHbiil — y aroma Harpus (5,138 9B). Jueprusd ke KBAHTOB peHTIe-
HOBCKOI'O H3JIy4eHHs HAUHHAETCS OT THICAY U LPOCTUPAETCH BILIOTH 10 108 5B
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[Ipuuem ornensiomasicsa 9acTb (POTOHA MOKET OBITH 10001 B 3aBUCHMOCTH OT
yIJIa paccessHus W JTUHBI BOTHBL. KakoB MexaHu3M B3amMo/ieiicTBus (poTona
u vekrpona’ JleficTBuTe ibHO JT1 9TO B3aUMO/EeiiCTBHE MTO0OHO COY/IaPEHITO
IByX Omybsapaabix mapos? Van sgexkTpon moromaer (OTOH, a 3aTeM WC-
MyCKAeT JIPYTOi, MOJIYIUB UMITYJIHC OTAa9n! JTO Tem 0oJjiee MHTEPECHO, UTO
9KCIIEPUMEHTATbHO OBITIO MOATBEPIKIEHO CTPOTOe CODOJIIO/IeHNe 3aKOHOB CO-
XpaHeHUs SHEPIrUU ¥ UMITYJIbCA B OJUHOYHOM aKTe B3amMmoeiicTBus (poTona
u jieKTpoHa. B 910l cBs3u uHTEPEeCHO CpaBHUTH KOMTOH-3deKT ¢ horoad-
dexrom. B nocsreinem, kak u3BecTHO, (POTOH MOTVIOMIAETCS TEJTHKOM, OTHAKO
MOTJIONIAET €r0 He W30JTMPOBAHHBIN 3JIEKTPOH, a aTOM B IEJIOM.

3°. B paccesanHOM H3Jy49eHHH Hapsly CO CMeNIeHHON JHHHel Hab/IiolaeTcs
TaKzKe W HecMellleHHas JimHuA. HecMmernennasa JTuHus MOXKeT OBITh KOHEYHO
obycoBaeHa (hboToHAMEU M30EKABIIMNMHI CTOJKHOBEHHUS ¢ dJeKTpoHaMu. Oj-
HAKO, MOMUMO 3TOr0O, HECMEIEeHHAsl JIMHUS MOYKeT ObITh obycjoBjeHa ¢o-
TOHAMW, CTAJTKUBAIONIMMUCS C IJEKTPOHAMU BHYTPEHHHUX 000JI0YEK aTOMOB.
OTHU 3JeKTPOHBI CHJIBHO CBA3AHBI C S/IDOM W HUX YK€ HeJIb3s CUYUTATh CBO-
OOTHBIME, MTOITOMY IIPH B3aMMOJIEHCTBUYE (POTOHOB C TAKUMU JTEKTPOHAMMU
00MeH 3Heprueil 1 MMMy IbCOM TPOUCXOIUT € METBIM aTOMOM. B ¢Bs3u ¢ 601b-
110it Maccoit aroma (pOTOH NMPAKTUYECKU HE Mepe/IlaeT eMy CBOeil SHeprum u
KoJimgecTBa ABukeHus. C/1e0BaTeIbHO YaCTOTA U3/IyIEHUST [IPU PACCESTHUH
HEe MeHseTCs.

DddexT KoMmToHa mOATBEp/ 1M THIOTE3Y O KBAHTOBOII IPUPOJIE IJEKTPO-
MarHUTHOTO W3JIYY€HUs W CHITPAJ CYMIECTBEHHYIO POJIb B MaTbHEHIeM pas-
BHUTHE KBAHTOBBIX 1pejcrasaenunii. [loarsepzxk ienne KOPIyCKy IsIpHBIX MPE/I-
cTaBJIeHnil 0 MeXaHI3Me KOMOTOH-3(beKTa ObLI0 MOy deHo B onbITax Bore?s
u Teiirepa®’. W3yuas paccesnime PeHTIeHOBCKHX JIydeil Ha BOIOPOIE, OHU C
MOMOIIBI0 CXeMBI COBIAIEHUN TOKA3aId, OJJTHOBDEMEHHOCTDh AKTa PACCeTHUS
U TOsBJIEHUEe 3TEKTPOHA OTAaum. TakmMm oOpa3zoM, KOMOTOHOBCKOE pacces-
HUE MPeJICTaB/IseT cO0O puMep Mmporecca, B KOTOPOM CBET BejieT cebsi Kak
YaCTULA C BIOJIHE OLPEJIeJICHHON SHeprueil u BIIOJIHE OLIPEe/1eJIeHHbIM UMILYJIb-
COM.

26Bambrep Bore (08.01.1891-08.02.1957) - Hemenkuit (bU3WK, OWH U3 MHOHEPOB s1ep-
uoit dbuszuku. Pazpadoran B 1924 r. MeTo COBIAIEHUIT, TIOMYIUBIIUN ITTPOKOE TTPUMEHE-
Hue u obycioBupmmii MHOro orkpbituii (Hobenesckas npemus, 1954). Dror meron GbLi
MCIOMB30BAH 11 IKCIEPUMEHTAIILHOTO JTOKA3ATENbCTBA BBIIOIHEHUS 3aKOHOB COXPaHe-
HUsT YHEPTUM U UMITYJIbCA B WHAWBHUIYAJTBHOM aKTe paccesHusi GOTOHA HA IJTEKTPOHE B
KOMIITOH-3(h deKTe.

Y"Xanc  Bumbremsm  Teiirep  (30.09.1882-24.09.1945) -  Hemenkuit  bu3HK-
skcrnepuMenTarop, uned bBepsmuckoit AH. IMs06pen cuerunk Telirepa, B onbiTax
Pezepdopra no paccesuuio a-gactui; 0OHAPYXKHUIJI YaCTHUIBI, OTKJIOH:ANMECH HA 90° n
0oJiee OT TIEPBOHAYATBHOTO HAIPABJEHUS, YTO CHIFPAJIO PEIIAIOILYI) POJb B OTKPBITUH

Pezepdopaa.
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1.1.4 T'umore3a ae-bpoitjiga m ee 3KCHepUMEHTAJbHOE
MMOATBEPK JICHIE

B 1925 r. JI. ne-Bpoitnb BBIABUHYJ THIOTE3y O TOM, UTO KOPIYCKYJISPHO-
BOJTHOBO# JTyaJl3M TIPUCYI He TOJBKO H3JIYUEHUIO, HO PACIPOCTPAHICTCS U
Ha BeiecTBo. [To ne-Bpoitiio, ¢ yactuieil BemecTBa cBsi3aHa BOJIHA MaTEPUH,
TOYHO TaK K€ KaK C KBAHTOM CBeTa CBsSI3aHA CBETOBasl BOJIHA. DTO COOTBET-
CTBHE yCTAaHABINBAETCH YHEPreTHIECKAM COOTHOIIEHUEM

E = hv.

13 Teopunm OTHOCUTETHLHOCTHU CJAEIyeT, UTO SHEPTHUS U UMILYJIbC SBJITIOTCH
pojcTBeHHBIMU BestmdauHamu (1.15), M09TOMY paji BHYTpeHHeli coriacoBaH-
HOCTH CJIeJIyeT MOJOKHUTh, 910 [f16]

p=hk (1.18)

e |k| = 27/ - Boamosoit Bekrop, win [f17]

h
d (119
B Tom ke Tomy Dasaccep?® mpeyiorKmI HCHOIB30BATH KPHCTALILI JI/Is
HabToleHns uMPaKIUA JIeKTPOHOB H J0Ka3aTelbCTBa UX BOJHOBOH HpH-
pojbl. JlelicTBHTEILHO, MOKHO CO3/aTh IIyU0K 3JICKTPOHOB C 3aJAHHBIM M-
IIyILCOM, TIPOIIYCTHB WX Uepe3 YCKOPSIONIYIo Pa3HOCTh HOTEHIHATIOB, TOTIA

h h h

)\:—: =
p omE  2meU’

rjie m - Macca ¥ e - 3aps/j djiekrpona, U - yckopsifoias pa3HOCTb HOTEHInA-
JioB. Eciin U BbIpazkaTh B BOJIbTaX, & JJIUHY BOJIHBI B @HI'CTPEMax, TO MOYKHO
IIOJIYYNATD BBIPAKCHUE

150

A=1/—.
U

Orcroma cienyer, aro ipu U = 100 B gymna 1e6poitieBCKOit BOJHBI 3/IEKTPO-
HOB Oy/eT npuMepHo 1.225 A, YTO CPABHAMO C ME2KATOMHBIMU PACCTOTHUAMUA
B kpuctasiax. [lpn U = 10* B 115 17MHBI 371eKTPORHBIX BOJIH IOIYIAM IPU-
Mepuo 0.1225 A, 9TO CPABHUMO C JITUHON BOJHBI YKECTKOTO PEHTTeHOBCKOTO
U3JIYIeHUS.

Z8Basbrep dnbzaccep (20.03.1904-7) - dbusuk u reodpusux, paboTbl IOCBAIEHbI 51€PHOI
duzuke u puznke 3eMIn.
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B 1927 r. /I»Buccon n /[zkepMep yCTAHOBUJIHM, YTO TIPH OTPAKEHUN dJI€K-
TPOHHBIX IIYYKOB OT METAJJIOB HMEET MEeCTO HHTepgepeHIus 3JeKTPOHOB,
HpuydeM 1o cBoeil (popme 310 siBjIeHre 0Ka3aJI0Ch MOJIHOCTHIO aHAJIOI'MYHbIM
nntrepdepeHI peHTreHoBCKuX Jiyueil. [locsie 3Toro oTkpoiTHs yKe He ocTa-
BaJIOCh COMHEHUiI B HEOOXOJMMOCTH PAa3BUTHUs HOBBIX MPEJICTABJICHUIT O MIPH-
pojie MaTepuu, TeM DoJiee, YTO BCKOpe OblLia Moy deHa Judpaxkius Ipu pacce-
SIHAM Ha KPUCTAJIAX IIYYKOB MeJJIEHHBIX HEHTPOHOB U JIazKe MOJIEKYIAPHBIX
IyYKOB BOJIOPOJa U aToMOB rejiusd. JludpakinoHHbie SKCIEPUMEHTHI C Iie-
JIBIMA aTOMaM# IIOKA3bIBalOT, YTO BOJIHOBbIE CBOMCTBA ABJIAIOTCS HeE IIpoCTO
WHIWBUIYAJIBHON 0COOEHHOCTHIO OJHWX JIUIIb 3JI€KTPOHOB. 3IECH TPOSIBJIsI-
€TCsl HOBBIIl NMPUHIUIKAIBHBIN XapaKTep MUKPOCKOIHUYECKHX SIBJICHUM, T.K.
npu Judpakinm MOJIEKY/T BOJTHOBBIM 3aKOHAM HHTEeP(MEPEHIINN O TINHACTCA
UX IeHTP Macc, T.e. HeKOTOpas abCTpaKTHas TOUKA.

B 3ax/rouenne npuseseM Bbickasbianne M. Bopna?®, mimoctpupyiomniee
HE TOJIbKO CJIy4aifHOCTh, HO U HEOOXOAUMOCTH CBOEBPEMEHHOCTH OTKPHITHI B
Hayke. "XOTs U yAUBATEIHHO, IYTO Au(PAKIUS STeKTPOHOB He ObILIa OTKPHI-
Ta paHbllle, 3TOT (aKT BCe rKe CJeJyeT CUATATh UPe3BBIYAlHO CYACTIUBOM
CIYIAWHOCTBIO IS 3apOKIalolieiicas B TO BpeMs aTOMHON Teopuu. Kakas
pPacTepPSAHHOCTDb OBJIaJle/1a Obl yUeHbIMU, ecjiu Obl Cpa3y BCJej, 3a OTKPbITUEM
KaTOJHBIX ﬂyqeﬁ BAPYT 6bIIII/I 6bI OJHOBPEMEHHO ITOCTAaBJIEHBI 9KCIIEPUMEHTbI
U [0 ONpeJeJeHII0 X 3apsijia U CIOCOOHOCTH K OTKJIOHEHHIO (B MATHHTHOM
nosie - K.IL.), u no usyuenuto ux crnocobuoctn kK uarepdepennnu! Beap u
cama OGOPOBCKasl TEOPHs aTOMa, KOTOPOH BIOCJEICTBUU CYKJIEHO OBLIO IO-
CJIy’KUTh MCXOJHBIM PyOezKOM Jijisi IOCTPOEHUS BOJIHOBOI MeXaHUKH, CyIie-
CTBEHHO 0a3MpPOBaJIACh HA IIPEIIOJIOKEHUT, YTO JIEKTPOH MPEJICTABJIAET CO-
60i1 ITEKTPIHIECKN 3apsKEHHyI0 KopmycKy.y."30

1.2 Teopusa bopa

[Tocste onbiToB Pesepdopaa crajio moHATHO, 9TO aTOM TpeJICTaB/IsgeT cODO
CHCTEMY, COCTOAMIYI0 M3 TAZKEJIOr0 KOMIIAKTHOI'O IOJIOKUTEIbHO 3apszKeH-
HOTO sipa U OOpAIMAIOIINXCA BOKPYT SAPa JIEKTPOHOB, CYMMAapHBIl OTpH-
MATETBHBIN 3apsi/i KOTOPBIX PABHSLICA 0 aOCOTIOTHON BeJTMIIHE 3apsIy siI-
pa. Beuia mpejiokena Tak Ha3biBaeMasl IJIAHETapPHAs MOJIE/b aToMa, KO-
Topasi, KaK yzKe OTMedYa/loCh BO BBEJIEHHE K ITOH IjiaBe, Obljla BHYTDEHHE
HpOTHBOpqu/IBOﬁ U HEe MOIJla OIInucCaTh Ha6IIIO,HaeMbIe ATOMHBIE CIEKTPHhI.

2Maxc Bopn (11.12.1882-05.01.1970) - nemenkuii pu3NK-TEOPETHK, OWH U3 THOHEPOB
KBaHTOBOH Teopur. Jlajl CTATHCTHYECKYI0 MHTEPIPETAIINIO BOJHOBOH (bYHKIMH, BBEJI B
KBAHTOBYIO TEOPHIO TIOHATHE ONMEpPaTopa M MHOTOe IPYToe.

30M. Bopn. Aromuas ¢uzuka. M.: Mup, 1970. - 484 ¢. // C. 113.
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Jlnsa pemenust 9Toil mpobJeMbl, Kak yxke ormedasoch, H. Bop, ocHoBbIBa-
sgch Ha runore3ax [lnanka m DitHinTeitHa, chopMyTHpoBaI JBa MOCTY/IATA:
1. AroMBl ®M arOMHBIE CHCTEMBI MOIYT JJIMTEJBHO IIPEOBIBATH TOJIb-
KO B OIPeJIeJeHHBIX COCTOSIHUSIX — CTAIlMOHAPHBIX COCTOSHUSIX, — B
KOTOPBIX, HECMOTPSI Ha NPOUCXOJISIINe B HUX JIBUKEHUS 3aPSyKEeHHBIX
YAaCTUIl, OHHM HEe W3JYYaloT U He MOIJIOMAIT 3HEPIHio. IJTU COCTO-
SHUASA XapaKTePHU3YIOTCS SHEPTUAMHU, OOPa3yIOMUMHI JUCKPETHBIH P
Ey, Es, ..., F,. CranpmoHapHble COCTOAHHSI YyCTOH4YMBBI. VI3MeHeHue sHep-
'l B pe3yjbrare IOTJIOMEHWST WM W3JIYYeHUs JIEKTPOMArHUTHOTO I10-
JIS WIN B pe3yJjibTare COYIapeHHs] MOYKET MPOUCXOAWTHh TOJHKO IMPHU MOJ-
HOM Mepexo/ie (CKAIKOM) W3 OJHOTO CTAIMOHAPHOIO COCTOSIHUS B JIPYTOE.
2. Ilpu mepexojie U3 OJIHOrO CTAIIMOHAPHOTO COCTOSHUS B JIPYTO€ aTOMBI HC-
MYCKAOT WU TOTIOIMAIT U3y YeHHe TOJTBKO CTPOTO ONpe e IeHHOM TacTOTHI.
Wziiyydenue, uciyckaemoe Hjiy MOTJIONIAEMOE IIPH HEePexojie u3 cocrosinus [,
B cocTosinue [, MOHOXPOMATUYHO, U €r0 4acTOTa U OMPEJessieTcs U3 yCJI0-
BHS
hv =FE,, — FE,

(yemoBue wactor Bopa). Oba 3Tu mocTynata pe3ko MPOTHBOPEYAT KJIACCH-
yeckoil duzuke. [leiicTBUTE/IHHO, COIVIACHO IEPBOMY IOCTYJIATY, aTOMbI He
M3JIy4Yal0T, XOTs 3JIEKTPOHbBI, BXO/ISIUE B UX COCTaB, JABUKYTCH 110 3aMKHY-
TBIM TPAEKTOPUSIM, T.€. YCKOPEHHO, a, COIVIACHO BTOPOMY TOCTYJIATY, 9aCTOTa,
U3JIy4eHUsd aTOMOB He CBd3aHa C MePUOJIUYCCKUM JIBUKEHUEM 3JeKTPOHOB.

OnbeiTet @Ppanka u I'epma. Ksanrtosble moctysiarsl bopa Hamnim Hemo-
Cpe/ICTBEHHOE KCIepuMeHTaIbHOe MOATBepKAeHne B onbiTax /2. dpanka
u I'. T'epra, mposeernbrx umu B 1912 - 1914 rr. B 3Tux ombITax aToOMbI NJIH
MOJIEKYJIbl PA3PEZKEHHOI0 ra3a 00CTPeUBAIOTCA MEJIJIEHHBIMU 3JIEKTPOHAMH.
Eciu coynapenus mpoucxosT yupyro, To pacipejeienue abCoJTIOTHBIX BeJIH-
YUH CKOPOCTeil 37IeKTPOHOB HEe MEHSeTCs, B IPOTUBHOM CJydae OHO JIOJIZKHO
n3MeHnThed. Pesynbrarsl onmbiToB @panka n ['epra nmokasaim ciemayromniee.
1. IIpu cKOpoCTAX 3TEKTPOHOB, MEHBINX HEKOTOPOTO KPUTHIECKOTO 3HAUE-
HUSI, COY/IAPEHUsI IPOUCXO/ST BIOJHE YIPYIro, T.e. 3JIEKTPOH He Iepejlaer
aToMy CBOeil SHeprum; OH MEHseT TOJILKO HallpaBJeHUuEe CKOPOCTH, HO HE ee
BEeJINIHHY.
2. IIpu cKOpoCTSAX, TOCTUTAIONAX KPUTUIECKOTO 3HAYEHUS, y/Iap MPOUCXOTAT
Heynpyro. IIpu 3TOM 3/IeKTpOH TepseT CBOIO SHEPTHUIO, & aTOM IMePeXOInT B
CTAIMOHAPHOE COCTOsIHUE € OOJIblIell SHeprueii.

Takum 06pa3om, aToM MK BOOOIIE He BOCIPHHUMAET SHEPruto (yrnpyruii
y/lap) WJIM BOCIPHHUMAET ee, HO TOJHKO B KOJIMYECTBAX, PABHBIX PA3HOCTH
SHEPruil AByX CTAIlMOHAPHBIX COCTOAHUM.
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CuekrpaJibHble cepuu aroMa Bogopoga. CrekTpa/bHble JHHIN aTOM-
HOI'O BOJOPOJA OOHAPYXKUBAIOT B CBOCH IMOCIEIOBATEILHOCTH HPOCTHIE 3a-
KOHOMEPHOCTH. Dbl OTKPBITHI CJIeJIYIOIINEe CEPUU CIIEKTPAJIbHBIX JIMHUIA,
JaCTOThI V KOTOPbLIX OIIHUCBHIBAJIUCH IIPOCTHIMU COOTHOIMICHUAMMN.

Cepus Banbmepa

Cepus Jlaitmana

Cepus ITamena

Cepusa Bpakera

Cepus [1dynma

Besinuuna T) = R/I* Gblia nassana cluekTpajibHbiM TepmoM. [locrosunas R
Ha3bIBaeTCs MOCTOsiHHOW Pumbepra.

Kiaccumueckoe paccmorpeHme aroma Bomopoga. llycts atom mpej-
cTaB/isieT co00# HEMOIBUZKHOE SI/IPO C TOJIOKUTETHHBIM 3apsi/IoM Z e, BOKPYT
KOTOPOI'O 0 KPYTroBOii OpOHWTe pajuyca 7 BpallaeTcsd JEKTPOH Maccoil m
1 3apaaoM —e (IIaHeTapHast MOJIEb). DTO JBUKEHUE XapaKTepU3yeTcs pa-
BEHCTBOM CHJI KYJIOHOBCKOI'O IPUTSKEHUs U 1eHTPOOEZKHON CUJIbI MHEPIUU

9 Ze?
mw-r = —
r
Orcroma mosryanm
Ze?
mw?r? = =—.
r
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CoriacHO 3aKOHY COXPaHeHHS SHEPTHH, CYMMa KHHETHIECKON U MOTEHIHATb-
HOM 9HEPruil JAaHHON CHCTEMBI IIOCTOSIHHA

1 Ze?
“mw?r? — 25 = E = const.
2 r

Uctonb3ys BoinenpusejieHHbie (pOpMyJibl, HAUIIEM

1
[ R S L E A
2 2r 8

Orcroza mojydaem ciejyiomiee coorHorienue |[e3|

|E]*  Z%¢'m
w? 8

= const. (1.20)

Takum 00pa3zoM, ¢ TOUYKHM 3pEHUs] KJIACCUIECKHUX IPeJACTaBJIeHuil, B aTo-
Me BOJIOPOJa JIIOOOMY pPaJiuycy OpOUTHI T WJIHM JIFOOOH yTJIOBOW CKOPOCTH W
COOTBETCTBYET ONpeeaeHHast sueprus F.

ITpuanun coorBercTBusda. B 1923 r. H. Bop npemioxun kpurepuii, ko-
TOPBIN HOJIYYHI Ha3BaHUE IPHUHIHIA COOTBETCTBUdA. CyTb 3TOro HMpPUHITUIIA
COCTOUT B CJIEIVIOIIEM. 3aKOHBI KJIACCHIeCKOH (PU3MKU MPUMEHUMBI KO BCEM
IpoIeccaM JIBUZKEHUS T BILIOTH 10 MUKPOCKOIMIECKUX, TTOPI/IKA ATOMHBIX
MacirraboB, KOTJa PACCMATPUBACTCsI JIBUKEHHE aTOMOB KaK I1eJIoro (KuHe-
THYeckas Teopus marepun). [losromy HEOOGXOAMMO IPHHSTH HENpepeKaeMblii
IIOCTYJIAT - HOBas MEXaHUKA JIOJIZKHA B IIPUMEHEHHH K KJIACCHYECKUM O0b-
eKTaM JlaBaTh Te Ke Pe3yJbTaThl, 9TO M KJjaccuueckad dpusuka. /[pyrumun
CJI0BaMH, HEOOXOIUMO TOTPeOOBATH, YTOOBI B MPEeAeIbHOM CIydae OOJbIINX
MacC WM MAKPOCKOIMMYECKUX TPACKTOPHUIl HOBasi MEXaHUKA IMEPEXO/Uja B
KJIACCUIECKYTO.

OcCHOBBIBAsICH Ha CHEKTPAJIHHBIX 3aKOHOMEDHOCTSIX MOYKHO BBIPA3HUTH
SHEPIUIo, HEOOXOAUMYIO /IS VAAJeHHs SJIEKTPOHA OT si/ipa Ha OECKOHEYHOCTD
13 COCTOAHHSI, COOTBETCTBYIONEMY CIEKTpaabHOMY Tepmy 1),, T.e. SHEPIHUIO
MOHM3AIMN aTOMa U3 COCTOsIHUS ¢ dHeprueit I,

I hR
n — T 5 -
n2
DHeprusi HOHU3AIUUA aTOMa BOJIOPOJA M3 OCHOBHOrO cocrosunsa F; = —hR

Ha3bIBAETCS MOTEHITNAJIOM HOHU3AMNN. PaccTosgnne MexK Iy TepMaMu yMeHb-
IIAeTCs [0 Mepe YBeJIMYeHHsi HOMepa TepMma (HJIH SHePreTHIecKoro ypos-
Hs1). B mpuMenennn K aTroMy BOJOPOA MPUHIAIT COOTBETCTBHS Y TBEPIKIAET,
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YTO YeM OOJIbIIle HOMEpP TepMa, TeM JIy4Ille JijIs Hero BBIIMOJTHAIOTCS 3aKOHBI
KJIACCUIECKO MeXaHWKH. /leficTBUTETbHO, IO Mepe yBeJTUdeHUs 1. PacCTOs-
HUE MeXK/Iy CIeKTPa/JbHbIMU T€PMaMU yMEHbIIACTCHd, CTPEMACh K HYJIIO LIpU
n — oo u, cjgeaoBaTrejibHO, aTOM aCUMITOTUYIECCKHU HpI/I6III/I)KaeTCH K COCTO4-
HUIO JIBUKEHUS, KOTOPOE COTJIACYeTCdA C KJIACCUIECKOW TeOopuei.

PaccmorpuMm sBa BBICOKO BO30Y2K/I€HHBIX TepMma 1, m >> 1. Yactora us-
JIydeHus MPH Tepexojie ¢ YPOBHA 1 HA YPOBEHDL M paBHA

1 1 m? —n? 2(m —n)

=R|—-—-——|=R ~R

n?  m2 n2?m? n3

[locsteiHee BbIpazKeHUe B 3TOI MEMOYKe PABEHCTB ITOJYYEHO MPH YCJIOBHH,
910 n,m >> 1 un ~m. Ectmu m —n = 1, To moayIuM OCHOBHYIO YaCTOTY
U3J1y4YeHUd

2R
VR —.
n3
s ciydas m — n = 2 mojyduM B JBa pasa OOJbIIYI0 4acToTy Vo = 2U4,
JUTd cJlydasd m — N = 3, COOTBETCTBEHHO, B TPU pa3a OOJIBIIYIO YacCTOTY

U3Iyd9eHnud V3 = 3V) B T.J. TakuM 00pa3oM, IpH BEICOKHX CTENeHSX BO30Yy K-
AE€HUA aTOM U3JIydaeT aHaJIO'MYHO KJaCCUY1eCKOMY JUIIOJIbHOMY BH6paTOpy
¢ COOCTBEHHOU 4aCTOTOH V4 U COOTBETCTBYIONIUMU BBICITUMU FAPMOHUKAMU.

[ToxcTasumM B 3Hepruio TepMma E, BMeCTo HOMepa 1 ero BhIpaskeHue depes
OCHOBHYI0 Yactory n = (2R/ 1/1)5, TOLJA IOJIY UM

1 1 1
b ap (Y (BEEVG_(RRE
4R? 4 1672
rie w = 27vy. Orcooa cpasdy nojyvaeM cooTHoIIeHue [ed]
|E*  RR
T lee s const, (1.21)

KOTOpOe JIOJIZKHO coBnagarh ¢ (1.20) mpu GOJBIIUX 1, CONVIACHO MPUHIIUILY
coorserctud. [Ipupasuusas (1.20) u (1.21), MBI HOTYyYHM BBIDAYKEHUE JIJIs
HOCTOSHHON I}

R = ROZz,
riae ) A
2m°me
o =75~

HasbiBaeTcss nocrosinnoit Pumgbepra. [lojcraBus B a1y hopmysy 3HauveHwus
KOHCTAHT €, m u h, u3MepeHHbie APYrUMU METOJAMHU, MbI IOJYIUM THCJIO-
BOe 3Ha4YeHWe I mocTosdnHoit Pumbepra, KoTopoe cOBHAaJeT CO 3HAYEHU-
eM, MOJYYEeHHBIM W3 HEe3aBUCUMBIX CHEKTPOCKOMMYecKuX mu3Mepennit. Ceii-

4ac IPUHATO CJle/lylollee 3HadeHue 3Toit Jyid nocrosiuuoit Ry = 109737
em 1 =3.29-10%¢1.

24



Kaxk mokaszanau usmepenus nag nonamu Het, Li*t| ... mocrogmnas R mpa-
BILUILHO 3aBHCHT OT 3apsI0BOTO YHCIA daapa Z, T.e. R ~ Z2. BoJee Toro, ecan
y9ecTb KOHEYHOCTb MAcChl sjpa M u paccMoTpeThb 3aja4y B CUCTEME HEHTPA
MacC aTOMa, TO MOYKHO OIEHUTH MOMPABKY, OOYCIOBJIEHHYIO T€M, 9TO BMECTO
MaccChl 3JeKTpoHa B dopmyay s Ry OyaeT BXOJUTH TPUBEJICHHAST Macca

aToMa
mM m

:m—i—]\/[:1+

i

<k

CaenoBaTesbHO, )

R - Rolf—m

M

DTO MOJIHOCTHIO MOATBEPAUIOCH dKCIepuMenTaabno. Hanpumep, B crekrpe
nona rejqust Het mmeercst nesbiii psaj JuHUi, KOTOpbIe T109TH (HO BCe 7Ke
He COBCEM) COBIAJAIOT C JHHUSMH BOJOPOIHOIO CIHEKTPa. JTO PACXOK/Ie-
Hue O0YCJOBJIEHO TeM, YTO Macca dpa reius B YeThIpe pa3a OoJibIle dapa
aToMa BOJIOPOJIA, T.€. MPOTOHA. 3ABUCUMOCTH YACTOTHI CIEKTPATbLHBIX JIMHUM
OT MaCChl sjipa aTOMa UCIOJIb30BaJIU JJIsi OOHAPYKEeHUs M30TOLOB. TakuMm
00pa30oM OblLI OOHAPYZKEH TAKeJbIil BOJIOPO/L - JiefiTepuii.

YCTaHOBUB OMpPEJEIEHHYI0 CBSI3b MEXKIy PaINyCOM OPOWTHI, IaCTOTOM
oOpallleHusd W SHeprueil B IJIaHETAPHON MOJEJH aToMa, KJacCHYecKas Me-
XaHUKa, TeM He MeHee, He Jaja O0bICHEHUS CIEeKTPAIbHBIM 3aKOHOMEDHO-
CTAM U3JIydeHUud aTOMOB. ,ZLJ'[H HpuBeJeHUA B COOTBETCTBUE C Ha6JIIO,ZLeHI/IHMI/I
HEOOXOMMO BOCIIO/Ib30BAThCsI MOCTy/IaTaMu Bopa, OJHAKO TPUPOAa TAKOTO
MoBeJEHUA aTOMHBIX CUCTEM OCTACTCHA IMO-TPEKHEMY HEBBIICHEHHOIA. Ha TN
BOIIPOCHI OTBETHJIA HOBas TeOPUs, HO MPeXK e YeM IePeXOIUTh K ee CHCTeMa-
THYEeCKOMY U3JI0KEHWIO, MBI KPATKO OCTAHOBHMCS HA OOPOBCKON KBaHTOBOII
teopun. Teopus Bopa. xoTg u okazanach He BIOJTHE COCTOSATETbHON, HO OHA
II03BOJIdEeT 06'])HCHI/ITI) MHOTI'OYHUCJIEHHbIC 9KCIIEpUMEHTAJIbHbIE DE3YyJ/IbTaThl U,
4T0 HamboJIee BayKHO, OHA HEOOXOIMMa, JIJIsi 0OOCHOBAHMS BOJIHOBON MeXaHU-
K.

KBanTtoBanue 60poBckux opout. I3 BoinenpuBeaeHHBIX (DOPMYJI JIETKO
MOJIYYUTh BbIpaKeHHe JIJI paunyCcoB OOPOBCKHUX JIEKTPOHHBIX OPOUT

7Ze? n?
ap = — = ao—
2F, 7’
rJe BeJn4YnHa
h2
apg = ——5
me?
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Ha3bIBACTCS OOPOBCKUM PAJIUYyCOM - 3TO PAJIUYC IEPBOil KPYroBOil OpOUTHI
9JIEKTPOHA B aToMe Bojopoja. Hanomunm, uro i = h/2w. HucioBoe 3HaveHue
OopoBckoro pajuyca ag = 0.528 A.

AHaJ'IOFI/ILIHO JJIAd 9aCTOTBI O6paH_[eHI/IH IJIEKTPOHA IIOJIy4Ya€M BbIDazK€HUE

Z2
Wp = woma
riae
4
me
Wy = F

st opburanbuoro momenra L = [ p] (7 - paguyc-BeKTop, J- UMILYJIbC),
CBSI3aHHOTO ¢ ODpAIlleHneM 3JeKTPOHA BOKPYT siapa, moayduM [f18]

L, = ma’w, = nh. (1.22)

Orciona ciemyer, 9To B atomMe Bopa opOWTAIbHBIII MOMEHT BCEr/ia COCTaB-
JIIeT TIeJI0e YHCJIO JJeMEHTAPHBIX KBAHTOB JeificTBus h. DT0 yTBepzK/IeHue
HA3BIBAIOT KBAHTOBLIM YCJIOBHEM JIJIsi OPOUTAIBHOTO MOMeHTa. KBaHTOBaHME
OpOUTATHEHOTO MOMEHTA, KaK MOKA3aJI0 JadbHeiilee pa3BuTHe TEOPHH, UTPA-
€T CYIIECTBEHHYIO POJIb B KBAHTOBOI MeXaHUKE.

PaccmoTpuM npumep Bpalmaromieiicss MOJIEKYJIbl, KOTOPYIO IMPeICTaBUM
KaK TBEPJOEe TeJIO - POTaTOP WM BOJTYOK. BpalmeHuwe MpPOUCXOIUT BOKPYT
HEKOTOPOi (DUKCHUPOBAHHON OCH M MOMEHT WHEPIIUU MOJIEKYJIbl OTHOCUTE b-
HO 9T0it ocu obo3HauuM I. MoMeHT UMITY/IbCa MOJIEKY/IBI OTHOCHTEIBHO ITOMH
ocu L = Jw, rje w - yriioBasi CKOPOCTh BpallleHus. JHEPIUsl BPAIIEHUST BOJIU-

Ka 9
1 L
E=-1u*=—.
2 21
Ecyiu npunsith B KadecTBe 1OCTY/IaTa yCJIOBHE KBAHTOBAHUS OPOUTAJILHOIO
MOMeHTa, T.e. L. = mh, TO /i BpallaTe/JbHBIX YPOBHEH SHEPTHH MOJIYIUM
Bpra}KeHI/Ie
h2
E, = —n?.
21

Takue sneprerudeckre ypoBHU ObLIN 3aPErUCTPUPOBAHBI SKCIIEPUMEHTAJIHBHO
(mesIaHIPOBCKIE TEePMBI).

KBanToBanme samuntudeckux opomt. I[lycrb 3j1eKTpoH JABHKETCS BO-
KPYT s/Ipa M0 SJIUNTAYECKONH opOuTe. BhInuiiem moJIHYIO SHEPTHUIO 3JIEKTPO-

Ha
p2 2.2

— 4+ —mwr‘ = E = const.

2m 2
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[IpeacTaBuM 3TO BhIpakeHUe B BUJIE

2 2
p° T
Z e b
a b
rae a = V2mE u b= \/2E/mw? - noayocu ssuiunca Ha (Ha3oBoii ILI0CKOCTH
UMIIYJIbCA P U PAJIyC-BEKTOPA JIEKTPOHA T
BorumcuB mionia b JIMICA, MBI HaliieM 00Iee yCI0BUe KBAHTOBAHMSI

9JIEKTPOHHBIX 0pouT B 6oposckom arome [f19)

j{pdr = mab = nh. (1.23)

Crporuii BeIBOJL 3TOr0 yeaosus (kBanroBanne Bopa - 3omMepdebna) ocHO-
BaH HA UCIIO/JIb30BAHUY TEOPUU a/11abATUICCKIX NHBAPUAHTOB B IIEPEMEHHBIX
neiictBue - yroj. Mbl He OyeM 3/1eCh OCTAHABJIUBATHCA HA ITOM, OTCHLIAs
quTaTess K yke nurTuposannoit kuure M. Bopna.

Teopus Bopa, onuparoriascs Ha KJIaCCHIECKYI0 MEXaHUKY, ChITPaJIa PoJib
MEPEXOIHOTO 3BE€HA B CO3JAHUHU IIOCJIE/I0BATEILHOIl TEOPUU AaTOMHBIX sBJe-
HUIA.

1.3 BoJnoBoIi makeT u runoresa Je bpoiiig

1.3.1 BoJaHoBOI1 maker

HamoMHEM HEKOTOpBIE CBeJeHHs U3 TEOPHUH BOJIHOBOIO JIBH:KeHHs. BoJHO-
BBIM yPaBHEHHEM sIBJISIeTCsl ypaBHeHHe Bua [ed]
2

%a—f - V¢ =0, (1.24)

2 ot
riae & = £(7,t) - dynknus, onuceBaOmasg N3MEHEHNE B TPOCTPAHCTBE W Bpe-
MEeHH HEKOTOPOil (hU3MIeCKOil BEJIMUUHBI, C - IIOCTOSTHHAS, UMEIOIIAsT pa3Mep-
HOCTBb cKopocTH, V2 = A - nuddepeHnuaibublil oneparop Jlamiaca. B 06-
meM caydae GyHKuus & ABageTcs BEKTOPHON BeananHol. YpasHenne (1.24)
SABJISETCS JTUHEHHBIM TuddepeHnnaIbHbIM YPaBHEHHEM B YACTHBIX TPOH3-
BOJHBIX BTOPOro mopsijika. B jJekapToBbIX KOoOpAmHaTax omeparop Jlamraca
nmveer Bug [f20]

A=Vi= —+ =+ —. (1.25)

HacrabiM perenneM ypasaenusi (1.24) siisiercst perienue B BHJE MIOCKHX
BoJiH. Ecyin, Hanpumep, och & HAIPaBUTH BOJIbL HAIIPABJIEHUS PACIPOCTPaHe-
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HU$ [JIOCKON BOJIHBI, XapAKTePH3yeMbIM BOJHOBBIM BEKTOPOM k, TO ypaBHe-
HUe TIOCKO BOJTHBI 3amuiiercs B Buje [f21]

E(x,t) = Eettho—et), (1.26)

r7ie & - aMIUTUTY/Ia BOJTHBI, HOKA3aTeIb IKCIIOHEHTH Ha3bIBaeTcsd (ha30il BOJI-
Hbl: k = 27/\ - BOJTHOBOW BEKTOP, A - JJIMHA BOJHBI, W - YacToTa. [loBepx-
HOCTb 1IOCTOSIHHO# ba3bl HaszbiBaeTcs (GPOHTOM BOJIHBL. Ecjun sra nosepx-
HOCTD IIPeJICTaB/IsieT co00# IJIOCKOCTh, TO BOJIHA HA3bIBaETCs IJI0CKOH. Tak,
Hanpumep, u3 (1.26) MoBepXHOCTH MOCTOSTHHON (Da3bl OMpPeIeISeTCsT U3 yPaB-
HeHus [e6]

kx — wt = const. (1.27)

OueBnaHO, OTCIOIA M7 JTI0O0TO (PUKCHPOBAHHOTO MOMEHTa BpeMeHH ty Io-
JIYYUM T = COnst, 4TO ABIACTCA yPABHEHHEM ILIOCKOCTH B TPEXMEPHOM HPO-
crpancrBe. Tuddepennupyst o6e qacru (1.27) mo BpemMeHH, MOIYIUM CKO-
POCTh PACIpPOCTpaHeHus BOJHOBOTO (dbpoHTa [e7|

_ Oz _w
otk

KOTOpasl Ha3bIBAeTCst (ha30BOil CKOPOCTHIO.
B cuy sumueiinocru ypasrenust (1.24), mobas Cyleprnosuius 4acTHBIX
pemtennii &;(x,t) 9TOro ypaBHEHHS sABISETCS TaKKe ero pemenneM [{22]

€($,t) = Zngj(xvt)’ (1'29)

Vo (1.28)

rae C; - nocrosHHBIEe KOI(DOUIHEHTHI.

Pacemorpum cynepriosunuio mrocknx BosH Buga (1.29). Bymem moua-
raTh, 4TO BOJTHOBBIE BEKTODPA 3THUX BOJIH JIEXKAT B HEIPEPBIBHOM HHTEPBAJIE
[ko — Ak /2, ko + Ak/2] u ayist mpocToTsl OyaeM cuuTaTh Bee KOIhOummeHTs
onunakosbiMu u pasubivu C' = A/Ak, rae A - 0jMHAKOBBIE M MOCTOSTHHBIE
AMILIATY/IB BOIH®! . B CHIly HenpepuIBHOTO PACIIpe e/ IeHns BOJTHOBBIX BEKTO-
poB, cymma B (1.29) 3amenntcst uarerpasiom [f23]

ko-i-%
A i(kz—wt)

Ak
ko—5*

31 TIpu mepexome OT AUCKPETHOTO K HEIPEPHIBHOMY PACIPeIeIeHII0 BOTHOBLIX BEKTOPOB
WHJEKC CYMMHPOBAHUA | 3aMEHSETCS Ha %. Eciu 661 aMImuTy 16l BOJTH ObLITH PA3TUTHbI-
mu, To C; Tpancdopmuposauck 661 B C(k) u BxoxuIH OBl B HOABIHTEPATLHOE BBIPAIKEHIE
(1.30).
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B O6I].[€M CJIy4dae 9aCTOTa BOJIHBI 3aBUCHUT OT BOJIHOBOI'O BEKTOPa, YTO BbIPpa-
KaeTCd YpaBHEHUEM

w=w(k)

U Ha3bIBAeTCsd 3aKOHOM juciiepcuu. Buj 3Toit dyHKIUN 3apaHee He n3Be-
CTeH, ero MOXKHO OIllpedeJIUTh U3 IKCIIepUMEHTA. OCTaBﬂHﬂ IMOKa B CTOPOHE
BOIIPOC O KOHKPETHOM BHe 3aBucuMocTh w(k), pasaoxkum 1y QyHKIHIO B
psin Teiiiopa B okpecTHOCTH TOUKE ko [f24]

w(k) = wiko) + O (k — ko) + = Pw

oF |, > 352 (k — ko) + ... (1.31)

ko

Ceitgac orpaHUYIUMCST JTUHEITHBIM 9/IEHOM PA3JI0ZKEHUsI U BBeIEeM 00O3Hade-
HUS

, Ow

ko) = =uw'(k—k = —
w( 0) Wo, W1 W( 0),&1 ok

ko 7
TOrIa
w(k) = wy + w.

[ToacraBum 510 pasnoxkenue B dpopmyay (1.30) u, mpoBejst OUeBUHbIE TIPe-
obpaszoBanusi, nosayunm [{25]

ko+5E
/ ei(kox—wot)ei(k_ko)(x_w,t)dk =B ei(kox—wot)' (132)

Ak
ko=

A

5(1', t) = A_k

®akTop B Bbruncisercs caepyomum obpasom [f26]

ko+ 4k
A ’ / sinn
B=— ilk=ko)(z=w"t) qf. — A 1.33
Ak / © n (1.33)
ko— 5k
rune A
k: /
= —(z—uw't).
n=—(z-wt)
Takum 06pa3oM I BOJHOBOIO MaKeTa MOJydaeM Bbipazkerue [f27]
E(w,t) = AT gilkor—wot) — By ) eflhor—on) (1.34)
n

[To dopme - 3TO ypaBHEHHE ILJIOCKOIT BOJHBI ¢ aMILTATY0it B(x,t), 3aBucsa-
meii 0T KoopAuHaTH U BpeMenn. PazoBasg CKOPOCTH 3TOi BOJIHBI 1O OIIpe/Ie-
JIeHuio paBHA Uy = wo/ko. I'padbuk dynkuun f(r) = snl®) pescrasien Ha
0 0/ Ko- p

puc.1.2.
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sin(x)/k
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X
Puc. 1.2: I'papur Pynryuu f(x) = % Bdoav ocu abcyuce 3naMenus K0opdunam 0aHv 6 aHzcmpe-

wmaz (A)

Ha puc.1.3 mpeacrapieHa npoCTpaHCTBEHHAS PA3BEPTKA BOJTHOBOTO IIa-
kera (1.34) &(z) upu ycaoBum, uro Ao = % A, a Ak = ko/4 u rpyumo-
Basg CKOPOCTH BOJIHOBOTO MAaKeTa B JBa pa3a MeHbIIe ero (a3oBoil CKOpOCTH
(B1ob ocu aberucee MacmTabHON equnmieil spisercsa anrcrpem (A)). 13
9TOTO PUCYHKA BHJIHO, 4To dbyHKIus B(x) (puc.1.2) aBiagercs orubaromieit
JIS BBICOKOYACTOTHOTO BOJTHOBOTO IIPOIECCA, OIPEIEIsIeMOro IeHTPAILHON
4aCTOTON wpy. DTa rpymna BOJH - BOJHOBOI IMAKeT JBUZKETCS B HPOCTPAH-
CTBE ¢ ONpEeJeJeHHON TaK Ha3BIBACMOIl IPYNIIOBOIl CKOPOCTh. DTY CKOPOCTH
MOZKHO OIIPEJIEJTUTh U3 ycjioBug mnocrosgucTBa "daspl" ammnryas B(x,t).
JleficTBUTENIBHO, YCJIOBHE 1) = const onpeseser Ty WIK HHYIO TOUKY Ha IIPO-
CTPAHCTBEHHOI pa3BepTKe BOHOBOro makera (puc.1.3). Hampmmep, n = 0
coorBercrByer mMakcumymy upu r = 0. Torya, cKopocThb JIBUXKEHUS ITOIO
MaKCUMyMa onpeJie/iuTcs jiuddepeHmpoBaHueM M0 BpeMeHUu yPaBHEHU s

r — W't = const
U IpuBeJieT K pesysbrary [{28]

) O
- Ok hho

v (1.35)

= W

DT0 U ecTh TPyHIoOBas cKopocThb (cp. ¢ (1.28)).

B sKcnepuMeHTax BCEra perucTpUPYeTcd He aMIUTUTYIA BOJIHBI, a SHep-
I'usi, IEPEHOCUMAst BOJIHOM, KOTOpasi HPOIOPIUOHAJIbHA KBAAPATy aMILIUTY-
abt Bosbl, T.e. [ ~ |€(x, t)|%. Tpadux dyukuun I(x) npejcrasien na puc.1.4.
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Puc. 1.3: ITIpocmpancmeennas passepmxa 60anosozo naxema &(x), cozaacno (1.34). Ipunamo, wmo
A=1.

M3 3TOr0 pucyHka BHIHO, 9TO OCHOBHAs J0JISI SHEPIUH COCPEJIOTOUYEHA B 00-
aacrn 4 < Az < 4. Caexyromuii (nepBbiii m0604YHbIH) MAKCUMyM pacipe-
JleJIEHWSI UHT€HCUBHOCTH BOJIHBI IpuMepHO B 20 pa3 MeHbIlle UHTEHCUBHOCTH
IJIAaBHOTO MaKCUMyMa, WHTEHCUBHOCTH BTOPOTO TMOOOYHOIO MAKCUMYyMa yIKe
B 60 pa3 MmeHbIle, ¥YeM IJIABHOTO U T.J. VI3 3TOro HabJIIO/IeHIs MOXKHO CJe-
JIATh Ba’KHBI BBIBOJI O MTPOCTPAHCTBEHHO JIOKAJIM3AIMN BOJTHOBOTO MaKeTa.
Badurcupyem Kakoit - b0 moment Bpemenu, nanpumep t = 0. Torga, co-
riacHo (1.34), mpocrpaHcTBeHHOE paciipe/ie/ieHie SHEPTUH BOJTHOBOIO aKeTa
OyJieT TakuM 2Ke, Kak Ha puc.l.4, TOJBKO Ternepb B KAYeCTBE apryMeHTa Oy/1eT
BBICTYTIATh BEJUIUHA 7)) = %Ak‘ T.

[Ipuaumasg 3To0 BO BHUMaHHUE, MBI MOYXKEM CKa3aTb, 9TO MPOCTPAHCTBEH-
Has 00JaCTh JIOKAJIU3AIUNA BOJTHOBOIO TaKeTa He MOXKET ObITh MeHbIIe, TeM
Ang > 27, gro jgerko Bujgerh u3 (1.34). B skcmepumenre jjist ONEHKH IITH-
PUHBI UMITYJIbCA IIPUHSTO ONPEJIEJISATh €€ 10 YPOBHIO TOJIOBUHHONW BBICOTHI.
OnenenHyo TakuM 00pa30M BeJIMYUHY HA3BIBAIOT MOJIYIIMPUHON MMIIY/IbCa
1 UMEHHO ee UCTOTB3YIOT /1 XapaKTepucTukn nMnysabcea. [loctymas anasmo-
THYHO, MOXKHO PacCUUTaTh, 9TO paBeHCTBO |[£]? = % BBITIOJTHSAETCS TTPUMEPHO
upu 7o ~ 5. CiejloBaresibHO, Mbl MOXKEM OCJIA0MTh HEPABEHCTBO, HMOJIOZKHB,
qro BesmauHa A7y HE MOKeT ObITh Menblie w, T.e Any > . Vcnoab3ys
HPUHATHIE 0003HAYEHUS, 3aIUIIEM CJIe/IyI0oIlIee, XOPOIIO U3BECTHOE B OIITHKE,

HepaBeHcTBo |{29)
AkAz > 2. (1.36)

Orcroza ciaemyer, 910 4eM yzke HaDOp BOJIH B BOJIHOBOM MAaKeTe, TeM OOJIbIIe
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Puc. 1.4: Ipocmpancmeennas pazsepmya snepzun 60an06020 nakema |£(x)|?. Ipunamo, wmo A = 1.

IPOCTPAHCTBEHHAA OOIACTD, 3aHHMAaeMas STHM IIaKeTOM, H HaoGopor. Yem
MeHbBIIe MPOCTPAHCTBEHHASA 00JACTD, 3aHUMAEMAasl BOJTHOBBIM MAKETOM, TEM
GoJ1ee OH NMOXO0’K Ha KOMIAKTHYIO 4acTuily. HaoOMHUM, 9TO B IPEJeJIbHOM
CJIydae OJHOW BOJHBI, MBI MOJYYAeM MOJHYIO JCJTOKATU3ANUIO, T.€. BOJHA
3aHUMAECT BCE IPOCTPAHCTBO

CoBepIeHHO aHAJOTUIHO MOXKHO OIIPEJIETUTh BPEMEHHYIO.TOKATH3AIIIO
BOJTHOBOTO TakeTa. /g 3Toro 3adpukcupyeM Kakyio - Tu60 TOUKY MpOCTPaH-
crBa, nanpumep, nojgoxum x = 0. Toraa, n(z,t) — n(0,t) = %g—‘,‘;t. [Tposens
AHAJIOTMYHbBIE PACCYZKIEHUS ¢ TOYHOCTHIO 3aMEHBI T — §, MBI TIOJLydUM CJIe-
nyrotee HepaseHCTBO [f30]

AwAt > 2. (1.37)

DTO TaKKe XOPOIIO U3BECTHOE B ONITUKE HEPABEHCTBO, CBA3BIBAIOIIEE TITHPUHY
CIEKTPAIbHON JiuHUM Aw € JYIMTEIbHOCTHIO U3y denus: At.

1.3.2 PacrmibiBaHUe BOJIHOBOTO IMaKeTa

[Tocste (hopMyIHpPOBKHU TUIIOTE3BI e Bpoiisisg i SKCIepuMeHTATILHOIO ee TO/I-
TBEPKICHNS BO3HUK.IA TTpoOIeMa HHTepIpeTalni HOBbIX JaHHBIX. OIHOM 13
[IEPBBIX MOMBITOK TAKON MHTEpHpeTanun ObLIa HONBITKA PEIHTh KOPIYCKY-
JISPHO - BOJIHOBOIl IyaJIn3M, MPeACTaBUB YaCTUILY B BHJE BOJTHOBOTO IaKeTa.
[IpeacTaBuM, 9TO YacTUNA, HAPUMED, SJEKTPOH IIPeICTaB/IsseT coboil BOJI-
HOBO#1 makeT. MBI MOKeM BBIUUCIUTH (ha30BYIO Uy U 'PYHIOBYIO Uy CKOPOCTU
TAKOTO THakeTa. [lycTh 3JeKTPOH JBUKETCS CO CKOPOCTBIO ¥, B CBOOOIHOM
npocrpancTse. Torma, ucnoab3yst coorsomenns F = hw u p = mv, = hk,
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MIOJTY YU M

E  mc hk
W=—=— m= —.
h h’ Ve
HOILCTaBI/IB Bpr&)KeHI/Ie JJId MaCChl B Bpra}KeHI/Ie JJIA ‘{aCTOTbI, Hoﬂqu/IM
2
w=—k,
Ve

OTKY/Ia BBITEKAET 10 ONpe/IeJIeHII0 BhIpazkeHne Juist (pa3oBoit ckopoctu [f31]

C2

vy =—>c. (1.38)
Ve
[Toceanee HEpaBEeHCTBO OOYCIOBIEHO Te€M, 4TO Beerja v, < ¢. Takum obpa-
30M (pa3oBast CKOPOCTH JIJIs HJEKTPOHA MOJIydaeTcs OOJIbIe CKOPOCTH CBETa.
Tem He menee 3TOT pe3y/bTaT HUYEMY HE TPOTUBOpPEUYHT. J[e/10 B TOM, 4TO
dazoBas CKOpPOCTH He nMeeT (PU3NIECKOro cMmbicaa. OHa He MOXKeT ObITh W3-
MepeHa JKCIIePUMEHTATbHO. DTa CKOPOCTH He CBI3aHA C MEPEHOCOM KaKOIo-
00 BUA dHEpruu uin uadopManui. B KauecTBe H3BECTHOIO IPUMepa, M-
JIIOCTPUPYIOIIErO 9TO BHICKA3BIBAHUE, IPUBE/IEM CKOPOCTD MEPEMEIICHUS COJI-
HEYHOTO 3aitumka 1o creHe. [IpegcraBum cebe 3epkaJjibiie, NIPUKPEIJIEHHOE K
ocH TOJI0TO TUInHApa. [Ipu MOBOpOTE OCH MOBOPAYNBAETCS W 3ePKAJbIE, a
"saifunk" mepemermaercsa Mo BHYTpeHHeil cTeHKe mutuHapa. IlycTs pammyc
MIIAHIpA paBeH R, TOraa BpeMs, HEOOXOIMMOE CBeTy /ISl IIPOXOKICHUS
9TOro paccrosuust papuo 7 = R/c. Eciu yrinosas ¢kopocrb BpalieHust ocu
ecTh w, To "3aifunk" mepemMerniaeTcs 1Mo cTeHe co CKOpoCcThio vg = Rw. Ecian
BpAIaTh 3€PKAJIBIE C TAKOW CKOPOCTHIO, YTOOBI CBET MPU MOBOPOTE HA, JTIOOOiT
YIOJI yCIIeBaJ JONTH JI0 CTeHKH, T.e. IpH w = 27 /T, TO i $Ha30BOil CKO-
POCTH TOJYYIUM Uy = 27¢ > ¢. EcThb eme psaa IpuMepoB, WITIOCTPHPYIOIIIX
adeMepHOCTh (az0BOil CKOPOCTH, T.e. CKOPOCTH HEKOTOPOl BOOOparKaeMoii
(MaTemaTnueckoii win abcrpakTHOiT) Toukn. Hampumep, cKopocTh jBuzKe-
HUdA TOYKH IepecevdeHud JABYX IPAMbBIX.
BeraucinM Temepb rpynmoByR0 CKOPOCTD 3JIeKTPOHHOIO BOJTHOBOI'O IIaKe-
ta. [To onpenenenuio

_Ow 0F
0k Op’
g borona, T.e. a1y 6e3MaccoBoil YacTuIbl, my = 0, sHeprus paBaa F = cp

1, KaK JIeTKO BHAEThH, (a30Basg U TPYIIOBasg CKOPOCTH PABHBI CKOPOCTH CBETA
Vg = Vg = C.

Ug

JIis gacTuI ¢ HeHyJIeBOil Maccoil MOKOsi SHEPrusi PaBHA

E = \/c?p? + mict.
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CrenoBaTesbHO,

Ap  Emo.
E  me?
Takum obpa3oM, I 3JEKTPOHOB TPYIIIOBasg CKOPOCTH BOJHOBOI'O MaKeTa
J1e0pOiiIeBCKUX BOJIH COBHAIAET CO CKOPOCTHIO CAMOI'0 3JIeKTPOHA. DTOT pe-
3yJIbTAT U MOCJIYKUJI IBPUCTUIECKUM COOOPAYKEHUEM JIJIsi TOIMBITKA UHTEP-
IpeTaniyi YacTHUI] B BHJe BOJHOBBLIX ITaKeTOB BOJIH Je bpoitasg. OmgHako 10-
CTATOYHO CKOPO OOHAPYZKHUJINCH HIPUHIIUINATbHBIE TPY/IHOCTH JIJIsT TAKOI MH-
teprnperamnun. [Ipobiema 3aKkm0daIach B yCTORIABOCTH BOJTHOBOI'O IAKETA.

Vg = = V.

PacnisiBanue BosiHOBOro nakera. Kaxk usBectHo, dha3a BoHbl (kx—wt)
onpejgeJsider aMILJIMTyAdy BOJIHBI B ﬂaHHbIﬁ MOMEHT BpEMEHU B ,Z[aHHOf/,I TOYKE
npocrpancTBa. EC/M 3aKOH JUCHEPCHH, OTIPEESIONINTT 3aBUCUMOCTD 1aCTO-
ThI BOJIHBI OT BOJITHOBOT'O BEKTOPA, BbIpazKaeTCd TPOCTHIM COOTHOIITEHUEM

w = ck,

TO BCe BOJIHBI B JIAHHOW CpeJie pacpoCTPAHAIOTCA ¢ OJMHAKOBBIMHU CKOPOCTSI-
MU, CO CKOPOCTBIO C.
Ecmm ke 3akoH aucmepcun Apyroil, HaIpuMep TaKoil, KaKoil cjemxyeT nu3
(1.31)) upu yuere KBajgparudHoro 4jiena, |f32]
Ow 1 *w

w(k:) = w(l{io) + = (l{? - ]{30) +

——— | (k—ko)?, (1.39)
Ok |, 2 0k? |, ’

TO BOJIHBI ¢ PA3HBIMU BOJTHOBBIMH BEKTOPAMHU OYAYT UMETh PA3JTHIHBbIE CKO-
poctu. DTO O3HAYAET, 9TO (PA30BHIE COOTHOIIEHUS MEXKIY BOJHAMHU Oy/IyT
HapyIaThCsd B MPOIECCe PACTpPOCTPAHEHUs BOJIHOBOTO TaKeTa W, CJeI0Ba-
TeJIbHO, Oy/1eT U3MeHAThCd MHTepdepeHITNOHHA KAPTUHA, T.e. Oy/1eT MeHAThb-
ca dopma BotHOBOTO MakeTa. Hapymmenue ycmosuit uarepdepenun o3unava-
€T MCYe3HOBEHHe BOJIHOBOTO makeTa. OQmpeenM XapaKTepHOoe BpeMs TaKo-
IO MCYE3HOBEHUSs, T.€. PACIUIbIBAHUST BOJIHOBOTO nakera. [logcrasum (1.39) B
(1.30) u mpoBejieM MpoIEAYPY BbIJIEJICHHsI MOJTHOTO KBaIpara B IOKa3aTese
SKCTOHEeHTHI. [loc/ie HeCTIOKHBIX MPeodpa30BaHUl MbI TTOJIYYUM CJIEJLIYIOIIee
Boipazkenue [f33]

y2
A V2o, .
_ ig —iy
&(x,t) Ak Vo e e " dy, (1.40)
Y1
e
2(z — W't)? x— Wt — swt(k — ko)
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Buauenns npesesoB uHrerpata mouatHo u3 (1.30). 3ech BBeJEHO TakKe
OueBUIHOE 0DO3HAUCHIE
"n__ 82_(,0

COk?
Ecnu mpeanonoxurh, 9To B (hOpMHPOBAHUE BOJTHOBOIO MaKeTa IMPUHUMAET
ydacTue J0CTaTOYHO HMIMPOKUI HAOOP JUIMH BOJIH, a B IIPe/iesi BOOOIIE JI0I1y-
cruth, 4t0 Ak — 00, To narerpan B (1.40) MokeT GBITH BBIYHCIEH TOTHO

w

o0

/eiy2dy = g(l —1).

—00

Jlasee HAOMHUM, YTO SKCIEPUMEHTAJBHO BCErJia U3MepseTCsl WHTEeHCHB-
HOCTh, a He aMIIuTy1a Bojinbl, T.e. I = |{(x,t)[%. U3 (1.40) noayunm

7 27 A?
(AR)2wt

U3 npeapuiymero paccMorpenns monarno, uro A% = Iy, t.e. A? pasna max-
CUMAJILHOW MHTEHCHBHOCTH TJIABHOTO MAKCUMyMa BOJIHOBOTO TakeTa. 1oraa
OTCIOfIa TIOJIyYUM, 9TO TIPH ¢ > 7 BBINOJHEHO CJIEIyIolee paBeHCTBO (Ipu
t < 7 naber a3bl, 0OYCIOBICHHBIH KBAJIPATUIHBIM WJIEHOM, €Ile JI0CTATOY-
HO MaJjI U BOJTHOBOM ITAaKeT CYIIeCTBYeT B HadaIbHOU (bopMe, Moy deHHOit Oe3
ydera KBa[paTHIHOrO 4jieHa B paszsioxkennu (1.31))

I T

]_()_ t t>7'7

rae [£34]
2 (Ax)?
T w(ARE T RZE. (14D

31ech OBLIO UCIOIBL30BaHO, YTO AkAxr &~ 27, a TaK:Ke 0YeBHIHOE PABEHCTBO

. 0w 0’E

13 (1.41) creayer, 9T0 MHTEHCUBHOCTH IJIABHOIO MAKCHMYMa YMEHbIIAETCSI
C TedeHueM BpeMEHH, HO HE paHee, YeM 110 IPOIIeCTBUU ITPOMEZKYTKa BpeMe-
HU paBHOM T. /[0 3TOr0 BpeMeHu BOJHOBOI MAKET CYyMIECTBYET B HAYAJILHOMN
dbopwme, onpeensiemoii (1.34). Takum o6pa3om, BpeMsi T MOKHO CIUTAThH Xa-
PAaKTEePHBIM BPpEMEHEM CYIIEeCTBOBAHMS BOJIHOBOI'O IAKeTa.
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Boramenuy xapakTepHoe BpeMsl CyHMIeCTBOBAHUS BOJHOBOIO IAKETa I
doronoB. JHeprusa (GoToHOB BhIpazkaercsa dopmynoit E = cp u, ciaeaona-
TEJIbHO, 88275 = 0. Coruracuo (1.41) nosyuum it HGOTOHOB T — 00, T.€. BOJI-
HOBO# IMaKeT He pacilibiBaeTcss HUKOraa. [ljisi gacTuil ¢ HeHyJieBOil mMaccoii
nokoss E = \/c2p? + mic* m, caenosarensno, E” = 1/m. Eciu ckopocTs
YACTHUIBL JOCTATOYHO Masa, T.e. v, << ¢, To E” = 1/mg. Orcroga moaydum
XapaKTepHoe BpeMs CyIecTBOBaHus BOJTHOBOTrO nakera 7 = mo(Ax)?/h. s
necunnku mo =~ 0.1 r, Az ~ 0.1 cMm, noayunm 7 =~ 10%* ¢, T.e. maker ne pac-
mwisBaercs. s snexrpona mg ~ 10727 r, Ax =~ 1078 em, moayunm 7 ~ 10717
C, 9TO CBHUIETEJHCTBYET O MTHOBEHHOM PACIIBIBAHUM 3JIEKTPOHHOTO BOJIHO-
BOro nakera. [10106HOTO poJa ONEHKH U MOCTY KU OCHOBAHHEM JJI OTKA3a,
OT UHTepIpeTaluid MEKPOYACTHI B BAIE BOJHOBLIX IIAKETOB JAeOPOILIeBCKIX
BOJIH.
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I'1aBa 2

MaremaTndyeckuii anmapar
KBaHTOBOII MeXaHUKN 1 €ro
dbu3ndeckKkoe coaepkaHme

2.1 YpaBuenue llIpeaunrepa

2.1.1 Pazauuable poOpMbl ypaBHEHUHA ABUKEHUS MaTe-
PUAJIbHOM TOYKHN B KJIACCUYECKOU MEXaHUKE.

B knaccudeckoii MexaHWKe JIBHZKEHHE YACTHIIBI MOXKHO OIHCATDH, 3a/laB ee
dbynknuio Tamunsrona H(q, p,t), tae ¢, p - 06001meHHbIE KOOPIAMHATHL U M-
IyJILC 9acCTUIbl (BeKTOPHBIE Besnanubl), ¢ - Bpemsi. Ecin dynkuus H sBHO
OT BPEMeHU He 3aBUCHUT, T.e.

oOH
=~ _0
ot ’

TO HOJIHASI SHEPIHsSl YACTUILbl HE MEHSIeTCs C TeYeHUeM BPEeMEeHU
H = FE = const

I B HEPETATHBUCTCKOM CJIydae MMeeT BUJ [e§]

p?
— +U(q) = E = const. (2.1)

2m
3/ech mepBoe caaraeMoe ecTh KHHeTHdecKas sHeprus dactunsl 1 = p?/2m,
m - ee Macca mokos, U(q) - moreHnua bHas SHEPrus IaCTUIbL.
1Y, Ypasrenue HproTona. BozbMeM HOTHYIO TPON3BOIHYIO O BPeMeHN
or dyuknun (2.1), y4rsi IPU 9TOM, 9TO KOOPMHATHI MOI'YT 3aBHCETH OT Bpe-
menn, ¢ = ¢(t). Tak Kak SHEprusi CHCTEMbI He MEHSIETCS C Te€IeHHeM BPEMEHH,
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TO 9Ta IIPOU3BOJHaA AO0JI2KHA PAaBHATHCA HYJIIO. B pe3yJjbTraTre I0JIy4YuM

dp — —
—=—-VU(q) = F.
I (q)
— — —
Bnecy V = grad - nuddepennuanbuniii oneparop rpaauenTta, F = —VU -
cuta. D10 u ectb ypaBHenue Hprorona [e9]
dp =

— 4+ VU(q) =0. (2.2)
dt

20, Ypasuenne Jlarpam>ka 2-ro pozaa. Beenem ¢ynkmmo Jlarpanxa
(marpamxnan) L =T — U = £~ — U(q). Vuureisas, uro p = mg, nojydum

dL  dL

d_q-_p7 5

— —
VL=-VU.
dq

[ToxcraBuB 3Tn Bhipazkenust B ypasuenne Hpiorona (2.2), nosxyunm ypaBHe-
uue Jlarpauzxa 2-ro poza [el0)

sy, (2.3)

3". Kanonnmyeckue ypasHenus lamuiabTona. Beesem ¢ynxuuio a-

MHUJIBTOHA
. p
H=pj—L=2L"1U().
Pq 5 T U@
Orcroga moayunm [ell]
oH Lo 0H
og " T

D10 mepBoe KaHOHMYEeCKoe ypaBHeHne [aMuabrona. V3 mMenoukn 04eBuIHBIX
PABEHCTB TIOJIyYMM BTOPOe KAHOHHYECKOe ypaBHeHue |el12]

OoH oU dp OH
— =—=—-F=—— )= ———. )
dq dq dt - P (2:5)

(2.4)

3. Vpasuenne I'ammaprona - SIko6mu. BeeneM yHKIHIO meiicTBus

S

t

S(q,t) = /Ldt’.
0
Beraucaum rpajgueHT 3toit pyHKIIN

— dL — -
vsz/jm:/@vmm:/Fﬁ:/@:ﬁ
q
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Takum o6pazom [el3]
ﬁ
VS =p (2.6)

BoszbmeMm mosiHy1o mpou3BoIHYI0 OT (DYHKIUU JeHCTBUS

d
S 0S8 < dq

% 9 _p.
a oo
[Toxcrasum ciona Buipakenue (2.6), moxydnm
a8 oS
—+@p=L = —=L—-¢gp=—-H.
ot +qp ot qp

B pesyabrare mosydaem ypasrenne amuibrona - fIkobu [el4]

oS
& =-H. (2.7)

[Toacrasnstst BMecro dbynkunu [avuisrona (2.1) ¢ yuerom (2.6), mosy4anm
apyryo dopmy storo ypasuenus [el5|

oS 1

=T %(6’5)2 +U(q) =0. (2.8)

Ecin noreHnua bHasi SHEPrus $IBHO OT BpeMeHHu He 3apucur (r.e. H = F =
const), TO 3TO ypaBHeHHe nMeer wHTerpas [el6]

S(Qa t) =—-E-t+ SO(Q): (29)

rae So(q) Ha3BIBAETCSl YKOPOUEHHBIM JeiicTBHEM.
[Toncrasus (2.9) B (2.8), moayunm cieyroiiee Boipazkenue [el7]

H
|VSo| = p=+/2m(E - Ulq)). (2.10)
PaccMOTpUM MOBEPXHOCTH PABHOTO JeiicTBus, T.e. [e18]
—E - t+ Sy(q) = const. (2.11)

Tak KaK MOBEPXHOCTH YKOPOYEHHOTO JIeficTBHs cTanuonapHa (Sy iBHO OT Bpe-
MeHH He 3aBHCHT), TO u3 (2.11) cieayer, 4T0 MOBEPXHOCTH PABHOTO JIEHCTBHSI
JIBUZKETCSA. DTO JIETKO TMPEJCTABUTH M0 AHAJIOTHU C JBUKEHIEM MOBEPXHOCTH
nocrossHuoit aswl kr — wt = const. CKOPOCTDb it KaXKA0i TOYKU MOBEPX-
HOCTH S OTPeJIeIsieTCsi OOBIYHBIM 00Pa30M

d@
dt’

Vs =
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rie d@) - paccTosgHEe, TPOXOUMOe JTEMEHTOM [TOBEPXHOCTH 3a BpeMs dt, B Ha-
MpaBJIeHNN, MePIeHIUKYIIAPHOM K 9TOMY 3JeMeHTy MoBepXHocTH. BodbmeMm
HOJIHYIO [IPOM3BOJHYIO 110 BpeMeHu oT ypaBHenus (2.11), Torja, yuurbiBasi,

ITO ?SOJ_SO, nosyunm [el9]

@ S (2.12)
dt |V S|

MU,

dS E E _E
p

e Ve - CKOPOCTb MaTe€PUAJIbHON TOYKH.

Takum 0Opa3om, OJHOBPEMEHHO C MOBEPXHOCTHIO PABHOIO JeicTBUS S
JBUZKETCS MaTepraJbHasd TOYKA, NTPUYEM TPACKTOPUA ABUXKEHUS MaTepH-
AJIbHON TOYKM BCETJIa OCTAeTCs MepIeH/IUKYISPHOIl K MOBEPXHOCTU PABHOTO
neiicrBust. Bui TpaekTopun onpeensiercs ypasaeruem [e20]

(VS)2 = 2m(E — U(q)). (2.13)

2.1.2 BoJsHoBasg u reoMeTpuydeckas ONTHUKaA. Y paBHEHUE
IMKOHAaJIA.

B ciiyuae 3/1eKTpOMarHuTHBIX BOJIH, PACHPOCTPAHSIONIUXCS B HEKOTOPOT cpe-
Jie ¢ MOKa3aTesieM MpeIOMIIeHUs N, BOJIHOBOe ypasaenue (1.24) cierka mo-
nepausupyercs [e21]
2 92

n_Qa_g — V2% =0, (2.14)

2 ot
e IIO, 5 IIOHUMAIOTCA KOMIIOHEHTBI HalIPDA2KEHHOCTH JICKTPHUYCECKOI'0 HJIU
MArHUTHOI'O IIOJIEH. ECHI/I IIOKa3aTeJb IIpeJIOMJIEHUA CPpEAbl IMOCTOAHEH Tl =
const, T.e. cpejia SIBJISIETCsI OMHOPOJHOI, To ypaBHeHue (2.14) nmeer pernrerue
B Bujie miockux (1.26), rjae BOIHOBOI BeKTOp mMmeer BHI k = 27 /X = nw/c,
OTKY/Ia CJIeJIYeT, 4TO CKOPOCTh PACIPOCTPAHEHUST BOJIHBL Vg = C/MN.

Ecin cpesa sBisiercss HEOJHOPOHON, TO HOKAa3aTe b HPEJOMJICHUS $B-
ngerca pyHKIuei mpocrpancTBeHHbIX Koopaunat n = n(q). Haiigem Busm
perennst ypaBHenusi (2.14) B cirydae, Korja mokasaresb MPeJOMIEHHsT SBJIsI-
eTCs MeJIJIEHHO MeHsoIIeiics (DYHKITHel, T.e. MOKa3aTe b IIPEJIOMIEHUs] MaJIO
MeHgeTcd Ha MaciiTabax mopg/iKa JIUHBL BoTHA A. B 3ToMm ciaydae Oyaem uc-
Karh pemenne (2.14) B Buje [e22]

£(g,t) = &o(q) exp(i(kol (@) — wt)), (2.15)

rae ko = 27/ = w/c - BOJHOBOIT BEKTOD B BaKyyMe, BBEJEHHAs BEJIMUUHA
[(¢) masbiBaercs sitkonasom. [ogcrasum (2.15) B (2.14) u, npoBensi He0O-
XOZMMbIe JIefiCTBUS, MPUPABHIEM HYJI0 JeHCTBUTENLHYIO W MHUMYI 9acTH
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[OJIyYUBIIErOCst BbIpakKeHus. B pesyabrare 517010 moaydnM [e23]

N
ﬁv250 +n2 o (vz)z — 0’

SR (2.16)
EV2 42V & - VI =0.

[IpeamonokuM, 9TO XapaKTepHBIH JHHEHHBIA pa3Mep HeOTHOPOIHOCTH
CpeJIbl CYIIEeCTBEHHO MPEBBIIIaeT JITHHY BOJHBI A\g. B mpejese, Korma xapak-
TepHBIl pa3zMep HEOTHOPOIHOCTH CTAHOBUTCA OUYEHBb OOJBIIUM, MOXKHO OCY-
mEeCTBUTD Hpe,H,eJIbeII'?'I nepexon, nmoJiarad AJIMHY BOJIHbI UCYE3aIOIE MaJIbIX
pa3MepoB IO CPABHEHUIO C Pa3MepPOM HEOJHOPOIHOCTH CPEJIb

9
ko = X

= — — 0.
Ao A—0

Torma u3 neporo ypasuenus (2.16) momyunm [e24]
(VD2 =n*q) = |(VD)?* =n(]). (2.17)

DTO eCThb OCHOBHOE YPaBHEHUE T€OMETPUUIECKO ONTUKY HJIH YPaBHEHHE SUKO-
nasa (Knaysuyc). BBejem e lMHUYHBIN BEKTOD §, HATIPABJIEHHBIH 110 TPa/HEH-

ﬁ
Ty siikonana [(q), T.e. VI = |VI|§. Torga st BOTHOBOrO BEKTOpA MOJIYIHM
BBIDAKEeHHe

k= @ — kon() = ko| V1| = ko(V1 - ).
Orcroa cieyer BasKHOE COOTHOIIeHUe [e25]
g —
k= kon§=kyVI. (2.18)

O4eBHIHO, YTO CBETOBLIC JIYYH HAIPABJECHBI II0 BOJIHOBOMY BEKTOPY BJOJIb
SUKOHAJA U, BOOOIIE TOBOPsI, COMIAcHO (2.17, )UX TPAeKTOPHsI MOYKET OTJIH-
JaTLCA OT IPAMOil TuHIK. Pedpaknus - ecTh KIaCCHUeCKUil IpuMep TaKOro
UCKPUBJIEHUS CBETOBbBIX JIyuell B HEO[IHOPO/IHOM cpejie. Biiarosaps sTromy siB-
JIEHUIO, Mbl BUJIUM COJ_[H]_[e B T€Y€HUU HECKOJIbKUX MUHYT ITOCJIE€ €TI0 3aX0/da 3a
JIMHUIO TOPU30HTA. DTO TAKKE CJICyeT U3 PACCMOTPEHUsl JIBUYKEHUs (PPOH-
Ta BOJIHBI, T.€. MOBEPXHOCTH IIOCTOAHHOI (basbl lgol(cj) — wt = const. B3as
HOJIHYIO TIPOU3BOIHYIO II0 BPEMEHH OT 3TOTO BLIPAYKCHUS, MOJTYIIM

(Eo€l)vn—w20 = Un=§,

rje v, (aszoBas CKOPOCTH BOJIHBI B Cpejie ¢ LOKa3aTe/eM IIPeJIOMJIEHUs 1.
Kakos cmbicst Broporo ypaaenust (2.16)7 JIoMHOKUB 9T0 ypaBHEHHE HA
o, JIETKO BUIETH, 9TO OHO MPeodpa3yeTcs: B CJeAYIOIlee ypaBHEHNEe

V(Y1) = 0.
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Otciona caeayer, YTO MPOU3BeIeHNe KBapaTa aMILTUTYAbI BOJIHA Ha I'PaJIH-
€HT YMUKOHAJIA OCTAECTCId BEJIMYNHON MOCTOAHHON NpPH W3MEHEHWH ITPOCTPAH-
CTBEHHbIX KOODJAUHAT. B3HB MO/YJIb ITON BE€JIMYUHBI, 110J1yYUM

—
2 _ g2 _
&IV =& (a)n(q) = const.
D10 COOTHOILIEHNE, KAK HETPY/HO JIOIa/IaThCsl , BbIpazKaeT 3aKOH COXPaHEeHUs!

SHEPTWHU NPU PACIPOCTPAHEHUH BOJH B CPeJIE.

2.1.3 Ormnruko - MexaHn4deckad aHaJIOTUd.

CormocTaBuM JIPYT ¢ APYTOM CAEIYIONINE BBIPaKeHUsI

So(q) — E -t = const < kol(q) — wt = const.

F=VS =V ©k=kVL

(V$)? =2m(E-U(g) & (VI)?=n*q).
I/IS paCcCMOTpeHUud ITUX COOTBETCTBUII MOKHO 3aKJIIOYUTDH cJieiyromee
S ~ kl(q) — wt.
So ~ kol(Q).
E ~w.
7o~k
2m(E - U(q)) ~ n*(q)-

BaMeTI/IM, YTO MBI IIOJYYUJIXA 3TY OITHUKO - MEXaHHYIECKYIO aHaJIOTHUIO, pac-
CMaTpuBad Hpeﬂe.)'[beII‘/JI cnyqaﬁ KOPOTKHX BOJIH, KOI'la BOJIHOBad OIITHUKA
nepexoauja B reoMeTpuiIeCKylo.

2.1.4 Ypasuenue IlIpeaunrepa.

B cBa3m ¢ 310l anasorneit BO3HHKAeT BOMPOC O MeXaHMYECKOM ypPaBHEHUH,
KOTOPOE COOTBETCTBOBAJIO Obl BOJIHOBOMY YPaBHEHHWIO He TOJIbKO B 00JiacTu
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KOPOTKHX, HO ¥ B 00JIACTH JIUHHBIX BOJIH. [Ipe/imomoKmm, 410 HeKas BOJTHO-
Bast (DYHKINS, HATOMUHAIONIAS IO CTPYKTYPe ILTOCKYIO BOJIHY, JIJISI TAKOTO,
HEU3BECTHOI'O 110KA, YPABHEHHsI CYIECTBYeT U uMeer Bu/ |e26]

V(7 1) = Aexp (%S(F, t)) | (2.19)

BorauciuM 9acTHble MPOU3BOIHBIE ATON (DYHKIMH U , CIeJaB HEOOXOTHUMBIE
1peobpa30BaHusl, O/ UM

a8 ; 10y
o Yot
Ucnonb3ys ypasaenue Lamuabrona - fkodu (2.7) u cuenas dhopMagbHyIO
LHOACTAHOBKY, 110JIy4UM
e

hr
Orcroma caemyet, 9to ymHoxkenue (yukmun [ammibrona na dyHKIHUO ¥ ¢
TOYHOCTBIO 10 TIOCTOSTHHOTO MHOZKUTE/ISI PABHOCIIBHO TuMhdepeHInpoBaHTIO
1ol pyukiuu o Bpemenn. OCHOBBIBASCH HA ITOM, MbI MOKeM (HOopMaIHLHO
BBECTH orepaTop sHeprun [e27]

Hy =

~ 0
H =ih. (2.20)

Ananornvno, Beraucaus rpaauert ot Gynknuu (2.19), momyanm
— 1= . =
VS = —ZHEVQﬁ = pyY = —ihV.

AHaJIOrTYHO HPEJbIIYIEeMY, OCHOBBIBAsICh HA 9TOM PAaBEHCTBE, MOKHO (HOp-
MAaJIbHO BBECTH ONEPATOp UMIyJIbca 28]

.
p=—ihV (2.21)

2
Teneps, yunresag, uro dynkmug lavmmsrona papma H = - + U(r) u
Jenasi COOTBETCTBYIONINE MOACTAHOBKU B ypaBHeHnme [ammibToHa - fIK0OH
(2.7), nomyunm |e29|
Oy h?
ih— = ——V*) + U(r). (2.22)
ot 2m
371ech UCTIOMB30BAHO TPABHUJIO BBHIUUCTCHNS JeiiCTBHSA OIMepaTopa p° = pp =
—h?V2. Orcroga BUHO, 4TO 6€3 BBeIeHHs OlIePATOPOB 9TO YPABHEHHE 110J1Y-
YUTH HEBO3MOYXKHO. DTO ypaBHeHHe Ha3biBaeTcs ypasHeHumeMm I[lIpemumarepa.
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[IpuBeieHHBIE 3/1€CH PACCYK/IEHUS HE SIBJIAIOTCSA BBIBOJIOM TOIO YPABHEHHS.
9TO ypaBHEHHE He BBIBOJIUTCS, OHO IMOCTYIUPYETCs, KaK J1I000it pu3naecknii
3aKkoH. Ero cupaseyimBocTh 00yC/I0B/IEHA aIeKBATHOCTHIO BHIBOJOB, CJIEYIO-
IUX U3 HPUMEHEHUs 9TOr0 YpaBHEHUs K PEIIEHNI0 KOHKPETHBIX (pu3nvecKux
3a/1a.

Ucnoap3yst (2.19), nomydanm

o _ios
ot  hot "’
— 1=
Vi = ﬁVS Y,
1 = 1
2, L 2 L2
Vo = hQ(VS) v+ hV S ).
[ToxcraBuB 5TH BhIpazKkenus B (2.22), moayunm ypasuenue|e30)]
oS 1 = . ih o B
5 (VS +U) — 5 -V’S =0, (2.23)

KOTOPOE OTJINIAETCsI OT KJIACCHIeCcKoro ypapHenusi [avusbrona - SIkoom (2.8)
IPUCYTCTBUEM MOCJIeIHero caaraemoro. Ecan hopMaIbHO yCTpeMUTh MOCTO-
aanyio [Lranka K #ymo, A — 0, TO MBI TOJTYyIUM ypaBHEHUE KJIACCUIECKOil
MeXaHUKHU. Takol 1peje/ibHblil HePex0/| aHAJOIMYEH 1IePeXo/ly OT BOJIHOBO-
IO ypaBHeHHsl B ONTHUKe K yYPAaBHEHHIO dWKOHAJIA T'eOMETPUYECKON ONTHUKMU.
Yenosue h — () cOOTBETCTBYET MEpPEXOAy OT JUCKPETHOCTU K HEpPepPhIBHO-
CTH, XapaKTepHON JJIg KJIACCUIECKUX IpeJCTaBIeHuid.

2.2 @usnmvecknii CMbICJI BOJTHOBOI (DyHKIINN

ITpodyxmuenoe Pusuneckoe moluieHue
mpebyem covemanua Kax UHMYuyul, mak u MOEMEeMAMUKU.

JI. Bom

2.2.1 YpaBHeHUEe HEIIPEPBLIBHOCTH

Paccmorpum 1oToK HEcKuMaeMoii KHUIKOCTH ILJIOTHOCTHU p, TeKYIIHil CO CKO-
poCTBHIO U. BbILIemM MBICJIEHHO HEKOTOPbBIH MPOCTPAHCTBEHHBIH 00bem ()
B KujkocTu. Macca »KUJIKOCTH, BTEKAOIIas B 3Ty 00JacTb 4Yepe3 MOBEpX-
HOCTb 0 B €IMHHIY BpeMeHH, paBHa Am = — fg pUndo, The 7 - BHEIIHSIS
HOPMaJIb K TOBEPXHOCTH, 3HAK MHUHYC Tepe] HHTerpajoM yKa3biBaeT Ha TO,
4TO YKUJIKOCTh BTEKAET B 00J1aCTh POCTPAHCTBA, OI'PAHUYEHHYIO JAHHOM 110-
BEpPXHOCTHIO. ByjieM cunTaTh 00beM BBIJIEJIEHHOW 00/1aCTH MOCTOAHHBIM, T.€.
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2 = const.Ecau 661 XKUJAKOCTH ObLIa C2KUMaEMOil. TO yBeJIUUeHHUE ee MaCChl
B BBIJIEJIEHHOM OObeMe B €JIMHUILY BPEeMEeHU BBIYHCJIAIOCH OBl 10 (hopMyTe

dp
Am = [ —dS2.
m /8td
Q

Tak Kak KHJIKOCTb HECKUMaeMa, TO p = const W, CAeI0BATEIbHO, CKOJIb-
KO KHJIKOCTH BTE€KAeT, CTOJIbKO K€ U BbITeKaeT. TeM He MeHee Mbl MOZKeM
CYUTATh BHIMOJHEHHBIM PaBEHCTBO

dp -
/Edﬂ = —/p(vn)da.
Q

[

Ucnons3yst dpopmyry Ocrporpajickoro, mpeodpasyemM MOBEePXHOCTHBIN WHTE-
rpaj B 00 beMHBIi

/ () ds = / div(p)dS2.

[TomcTaBuB 3TO BBIpakeHHEe B IIPeJIBIAYINEe U YT , 9TO JAHHOE PABEHCTBO
CIpPAaBEJIMBO I JIIOOOTO (PUKCHPOBAHHOTO O0beMa, MOJYyYUM ypaBHEHHE
HenpepbiBHOCTH [al]

dp

ot
[ne Besmmuuna j = pU Ha3bIBAETCs IJIOTHOCTHIO MOTOKA. Y paBHEHHE HEIpe-
PBIBHOCTH €CTh CJIJICTBHE TIOCTOSTHCTBA (COXPAHEHNs1) TIePeHOCHMOi (bu3ude-
CKOil BeJIMYIMHBI B 33/IaHHON 00/1aCTH IPOCTPAHCTBA. B JaHHOM ciiydae - 3T0
Macca KHIKOCTH. JleiicTBUTeIbHO, KAK MBI y2Ke OTMETHJIH, CKOJTBKO YKIIKO-
CTH BTEKAeT B BBIJEJCHHBINH 00beM, CTOTBKO Ke U BuiTeKaeT. Ce1oBaTeIbHO
MacCCa ?KHJIKOCTH B JAHHOM O6'beMe HE MEHAEeTCHd. (DOpMa.HbHO B 9TOM MOZKHO
y6eIuThCsl, MBICJIEHHO OKPYZKHB BBIJIECICHHBI 00beM 3aMKHYTON MMOBEPXHO-
CThIO U HallMCaB PaBEHCTBO

%/}dgz—f@ﬁy

Tak Kak mOTOK 4Yepe3 3aMKHYTYIO ITOBEPXHOCTb PaBeH HYJI0, TO OTCIO/IA IO-
JIyIUM

+divj =0 (2.24)

/p d€) = const = m,

rIe M - Macca KHUIKOCTH 3aK/II0YeHHAsd B BBIIAEJEHHOM oObeme. Takum 00-
pPa30M ypaBHEHHME HENPEPbIBHOCTU BbIPAXKAET 3aKOH COXPAHEHUsI HEKOTOPOIi
dbusnueckoii BemauHbl (MACChl, 3apsia U T.I0).
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2.2.2 1lJ10THOCTH M TOK BEPOATHOCTU

Bosnosast dbyukiust 1, Bxojsias B ypasaenue [penunrepa (2.22), spsier-
cs1 komiuiekcHoit pyuknueii. CiaemoBarenbHo ypasuenne [Ipexumarepa cupa-
BEJINBO U JiIst (PYHKINN ¥, KOMILJIEKCHO conpsizkeHHOH yrkmun 1. Takoe
ypaBHeHHEe NMeeT BT

o* h?

s _ 2 g% *
ih T QmV@D + U(r)y™.

[IpousBesem ciaeayroniyio nporeaypy: ypasuenue [lpemunrepa (2.22) mo-
MHOXKUM cJieBa Ha ByHKIHMIO Y*, a ypasuenue [Ipeaunrepa jjisi KOMILIEKCHO
COTIPSYKeHHO (DYHKIUH JTOMHOXKHM CJIeBa Ha 1V; 3aTeM BBIYTEM MOWIEHHO U3
MEePBOTO TOTYYUBINErocs ypaBHeHHus BTopoe. B pesynbraTe momydnm

. *aw a¢* o hQ 2 ok *v72
—zh(w awat)—%(ww — V).

IaJsee, 3aMeTUM, 9TO

I -
ot ot

o*
ot

+ 1

. - * *_> 2 % * 2
div (VV 4" = Vo) = pV2" — V2,
[TojicTaBuB 9TH BHIPAKEHUsl B [IPE/bIIYyIee YPABHEHHE, [I0JYYUM yDaBHEHHE
AHAJIOTMYHOE YPABHEHUIO HenpepbiBHOCTH (2.24) [a2]

owys) b oo
o+ g div (VW V) =0, (2.25)

3/1eChb NJIOTHOCTH, HEOIPE/IE/IEHHON NMOKa, (PU3nIeCKOil BeJMINHBI BbIParKa-
ercs cIaeyIonmM obpasom [a3]

P = VU (2.26)

[110THOCTH TOTOKA COOTBETCTBEHHO MMeeT BH/I [ad|
, th 1 = . =
jo = 5= (VY0 = T). (2:27)

CoryiacHo OOIIUM TIPEJICTaBIeHNsAM, ypaBHeHue (2.25) BbIpazkaeT 3aKOH CO-
XpaHeHUsI HEKOTOPOIl BeJTMIUHBL P |ab|

p= /7,0@/1* dS) = const, (2.28)
Q
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rJie HHTerpupoBaHue IPOU3BOJUTCS IO BCeMy IPOCTPAHCTBY.

[Tockonbky ypasuenne IlIpennnrepa asisgercsa nauHeiHBIM uddepenmn-
a/JIbHBIM yPaBHEHUEM, TO BOJIHOBast (DYHKIIU 1, SABJILIONIASCS €r0 PelleHueM,
ornpe/iesieHa ¢ TOYHOCTBIO JI0 HPOU3BOJIHLHOIO MOCTOAHHOIO YMCJI0OBOIO MHOYKH-
Tesist. DTOT MHOKUTEb BCErIa MOXKHO BIOpATh Tak, 4To0bl WHTErpas (2.28)
OBLT paBeH eauHUIE, T.e. [ab]

/ww* a0 = 1. (2.29)
Q

9TO0 yCJIOBHE HAa3bIBAETCs YCJIOBHEM HOPMUPOBKU BOJHOBOW (hyHKIuHM 1.
Tak kak, 1m0 omnpe/ieIeHNnIO,

vt =yt = [y

TO yCJIOBWE HOPMUPOBKH MOXKHO 3aITHCATh Tak [a7|

/wy? dQ = 1. (2.30)
Q

CoracHo mHTepnpeTanuy, npenoxennoi M. Boprom, senmuuna py = [1]?
ABJIAETCS IIJIOTHOCTHI0 BEPOATHOCTHU HAXOXK/IEHUS] YaCTUIlbl B JAHHOU TOY-
Ke TIPOCTPAHCTBa, a, COOTBeTCTBenHo, Bemunna dp = |¢|? dQ) ecth BeposaT-
HOCTBb ODHAPY2KEeHHs YACTHUIBI B 00/IACTH IPOCTPAHCTBa 00beMoM df2, comep-
JKateil JaHHYI0 TOUKY. Besnm4anna j,, Ha3bIBaeTCs, COOTBETCTBEHHO, TOKOM Be-
pogaruocTtu. Camy BosHOBYIO (byHKIHIO 1) P. Peiinman mpenaraeT Ha3bIBATh
aMHJIHTy,ZLOfI BEPOATHOCTHU, HO ﬂaHHbeI TEPMHH HE ABJIACTCA O6H.[er[pI/IHHTbIM.

KakoBbl 66111 OCHOBHBIE COODpaKeHUsI, IPUBE/IIINE K TAKOW WHTEPIpeTa-
nuu BOJTHOBO# ¢yHKIuu? Hampumep, Kak MOXKHO HMOHSTH NPOSBJICHHAE BOJI-
HOBBIX CBOMCTB YaCTHI] B OIBITAX 10 JU(PPAKINK MydIKa 3JEKTPOHOB Ha KPH-
cramane? Jlnga obbsacHenus audpakInoOHHON KAPTUHBI HAJO JIOMYCTHTb, UTO
OCJI€ TPOXOKICHUS MEPUOIMIECKON CTPYKTYPbI PACIpe/IeIeHIe 3JI€EKTPOHOB
B IPOCTPAaHCTBE IIPOIMOPIHUOHAJIBHO OTHOCUTEJbHON MHTEHCUBHOCTHU BOJIHBLI B
9TOM MeCTe IIPOCTPAHCTBA. MOXKHO JIU CYUTATb, YTO CAMU YaCTHUIbI ABJISIOT-
¢ BoJHAMU? DTO HeJb3s HPUHATH MO CJAEIYIONUM IpudnHaM. Bo-mepBbixX,
npu audpakiuud BoTHA pa3dHUBaeTcd Ha CUCTeMY JudpParupoBaBIINX BOJIH.
DJIEKTPOH zKe BejieT cebsi Kak eauHas 1esas dacruia. OO0 9ToOM CBUIeTe b
CTBYIOT 3KCHEPUMEHTDHI C IOTOKOM OJWMHOYHBIX 3JIEKTPOHOB. BO— BTOPbIX, 9TU
7K€ OIIBIThI CBUAECTEJILCTBYIOT O TOM, 9YTO BOJIHOBBIE CBOICTBA HEJIb34 npuImn-
CaThb KOJIJIEKTUBHOMY IIOBEJICHHIO 3JI€KTPOHOB B MYUYKe, KaK, HAIIPAMEp, 3TO
XapaKTepHO [/ YACTUIL B 3BYKOBOII BOJTHE.
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Ha ocmoBanmm 3toro M. bBopn B 1926 1. mpenmoKui CTaTHCTHIECKYIO
HHTEPHPEeTaInio BOJHOBON (DYHKIINU: WHTEHCUBHOCTH J1eOPOILIeBCKUX BOJIH
B JIaHHOI 00JiacTh IIPOCTPAHCTBA B JIAHHBIF MOMEHT BPEMEHU ITPOIOPIUO-
HaJIbHA BEPOSITHOCTH OOHAPY KEHUsI YACTUIILI B 3TOH 00/1aCTH TTPOCTPAHCTBA.
Takum obpazom Y-pyHKIHST ABIAETCS BCIIOMOTATE/IHHBIM TIOHSITHEM, UCITOJIh-
3yeMbIM B KBAHTOBOII MeXaHUKe JI/is BLIUYUC/ICHHUS 3HAUYCHUI (DU3UICCKUX Be-
JIMIUH B COCTOSTHUSX, ONMUCHIBAEMBIX 3TOM (pyHKITHEi].

2.2.3 Ilpunnun cynepno3urium COCTOSHUI

O0HuUM U3 HOGBLT 3aKOHOE NPUPOIbL,
KOTopoll A6AAENCA Hauboaee PYHOAGMEHTANLHbIM,
ABAAECMCA NPUHLUN CYNEPNOZULUL COCTNOAHUT.

1. Jlupax

Ypasuenue [Ipenunrepa (2.22) siBiisieTcst OCHOBHBIM yPaBHEHUEM Hepe-
JIATUBUCTCKOI KBAHTOBOW MexaHUKU. BoyiHOBBIE (DYHKIINH, TTOJIYIaIOIIHECs B
pe3yabTaTe pelreHns 3TOr0 YpaBHEHUs, ONPEAeJaiOT PA3JANYHbIE COCTOTHUS
KBaHTOBOI cucTeMbl. OTHAM U3 OCHOBHBLIX IIOJIOKEHUH KBAHTOBOH MEXAHU-
KU gBJFETCA TPUHITAT CYNEePIO3UIUNA COCTOIHUN, KOTOPBIH YTBEPKIAET, UYTO
€CJIM CUCTEeEMa MOYKET HAaXOJIUThCHd B COCTOSAHUSAX

Y1, Yo, Y3, ...

TO OHA MOKET HAXOJUTHCS M B COCTOSHUSX, OTUCHIBAEMbIX BOJIHOBBIME (DYHK-
IUSIMH, KOTOPBIE SIBJISIOTCS JIMHEHHBIME KOMOWHAIMSME 3THX BOJHOBBIX
dbyuxuuii [ag]

Y = a1y + agps + azhs + ..., (2.31)

rae Ko DUIUeHTH ay, - JTI0ObIe KOMILTIEKCHBIE Yncaa. [TyOOKni CMBICT 3TOTO
HPUHIUIA BBISCHUTCS B JaJIbHEHIIEM PU PACCMOTPEHUU KOHKPETHBIX MPU-
mepoB. Ceifdyac oTMeTuMm, 9TO MHOTHE KBAaHTOBbIE 3(PHEKTh 00yC/IOBICHBI
9TUM MPUHIMIIOM, B 9aCTHOCTH, HAPUMED, sIBJIeHNEe AUMPAKIUT 3JIEKTPOH-
HOTO IMyYKa Ha KPUCTAJINIECKON CTPYKType. DTOT IPUHITUI TMOATBEPKIAeT
cupaBemuBOCThH ypaBHenus [lIpenunrepa, kax dpusmaeckoro 3akona, u sB-
Jisiercs ero (bopMaJibHbIM CJIEJICTBUEM, KAK MATEeMATUYeCKOI'O YPaBHEHUS.

Tak kak ypasuenue [lpegunrepa siBisiercs jimaeitnbim uddepennuab-
HBIM ypaBHEHUEM, TO U3 Hero (hOpMaJibHO CJejyeT He TOJHLKO MPUHIMIL Cy-
HEePHO3UINUU, HO U TO, YTO BOJTHOBAaS (DYHKINS ONpeeeHa ¢ TOYHOCTBIO 10
MPOU3BOJBHOTO KOMILTEKCHOTO MHOXKUTeId. CrenoBaTenbHo, ecin ) Xapak-
Tepu3yeT KaKoe-JIn00 COCTOSHIE KBAHTOBON CUCTEMBI, TO BOJTHOBAS (DYHKITUS
Y1 = ay) XapaKTepu3yeT TOXKE CaMOe COCTOSTHUE.
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W3 31X CBOMCTB BBITEKAET I'eOMETpPUYECKAs WHTEPIIPETAIlls BOJHOBOI
GYHKINN KaK BEKTOPA-COCTOSHUS B HEKOTOPOM aOCTPAKTHOM ITPOCTPAHCTBE.
B obmem ciydae 310 1mMpocTpaHCTBO MOXKET ObITh OECKOHEYHOMEPHBIM, TO-
I'Ta OHO HA3bIBACTCA FI/IJIb6epTOBbIM. HQFKO BHUAETh. 94TO B TaKOI nHrepupe-
TaoUun COCTOAHUE CUCTEMBI OllpeaesadeTCd TOJIBKO HallpaBJI€eHUEM BEKTOPa-
COCTOAHUA, HO HE €T0 JJINHOIA.

2.3 JluHeiiHble onepaTopbl B KBAHTOBOII MeXa-
HUKE

2.3.1 Camoconpsi>KeHHbIE OITEPATOPHI

OmepaTop Ha3bIBACTCS JHHEHHBIM, €CJaH OH 00JaTaeT CJIEIYIOMUMH CBOMi-
crBamu [bl]

j/\/[\(clfl +eafa) = C1M\f1 + CQM\f2, (2.32)

IJIe C1 U Cy - MIOCTOSTHHBIE KOMILIEKCHBIE KOY(DDUITHEHTHI.

Omnepatop gBasIeTCs OMpeaeIeHHbIM, eCJIM OH 3aJaH Ha HEKOTOPOM MHO-
KecTBe (DYHKIMIM, T.e. €CJiM yKa3aH 3aKOH (IIPABUJIO), € IOMOIIBIO KOTOPO-
ro KaxkJioil (pyHKIUU #u3 33[@HHOTO MHOYKECTBA COMOCTABJISIETCS (DYHKITUS
u3 TOro ke MHOkecTBa. Oneparopsl, 33/ JaHHbIE HA PA3IUIHBIX MHOKECTBAX
dbynxnmit. apagoTed pasamaabsMu. Hampuvep, omepatop Jlammaca V2 mo-
KeT ObITh ompejiesier: 1) Ha MHOXKeCTBe BeeX JBayK bl JuddepeHupyeMbix
dbyuKIWii, onpeeeHHBIX B GECKOHEUHOM MPOCTPAHCTBE; 2) HA MHOMKECTBE
nBazK bl auddepeHupyeMbiXx OYHKIUHA, KOTOPbIe OTJUYHBI OT HYJIsSI BHYT-
pPU HEKOTOPOI 00/1aCTH TPOCTPAHCTBA U YJ/IOBJIETBOPSIOT H ONPEIeTeHHBIM
FPAHUYHBIM YCJIOBUSM Ha IpaHUIE 3TOi 00acTu.

Omnepatopsl, cogepzKariue ornepanuio JuddepeHnupoBanms, Ha3bIBAIOTCS
nuddepeHITnATEHBIME OIepaTOPaME; COIepzKalllie OIepalliio HHTerpUupoBa-
HU$ - KHTEIPAJbHBIME; cojepzkaliue u auddepeHnuaibHble 1 HHTerpaIbHble
onepanun - nHTerpo-anddepeHnuaaIbHBIMIA olleparopaMu. JacTHBIM CJIyda-
€M MHTErpaJIibHbIX OMEePATOPOB SBILAIOTCSA TaK HasbiBaeMbie (DYHKIIMOHAJIBI.
OyHKIIMOHATIOM HA3bIBAETCS ONEPATOP, KOTOPBIi, IeficTBYs Ha JII0OYI0 DYHK-
A0 U3 33JaHHOTO MHOXKecTBa (DYHKIN, JaeT B pe3yabraTe HEKOTOPYIO IO-
crostaHy10. Hanpumep, GyHKIHOHAJIOM OTHOCHTE/IHHO (DYHKIUU 1) SIBJISAETCS
CKaJISIPHOE TIPOU3BE/ICHUE

(Wlo) = [ vroar

B CJIydYae MPOU3BOILHON (DUKCUPOBAHHON (DYHKIHH ¢.
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B npeapiaymem pazzene 6bL1u hOpMabHO BBEJIEHBI OTIePATOPHl HMITY. Ih-

ca [b2]

~ —
F=—ihV (2.33)
u sHepruu [b3]
~ 0
H = ih— .
Zh@t (2.34)
i [b4]
N K, B
H=—-V+U(. (2.35)

BBejieHme 0IepaTopoB B KBAHTOBYIO0 MEXAHUKY IO3BOJMIO ITOCTPOUTE Ma-
TeMaTHYeCcKuil arnnapar KBaHToBO#l Teopuu. Ilponepypa BBejenust oneparo-
POB B KBaHTOBOM MeXaHnukKe, KOTOpad HOCUT Ha3BaHUE IIPOIEAYPbl KBAHTOBa-
HUsI, OTIPEIESIETCs CJIeIYIONMMU TTPABUIAMU. R
1. Hekoropoii dusndeckoit Besmaune F' comocrapisercsa omeparop F.

2. Habnomaemoii (T.e. peanbhoit) dbusnveckoii Beninuune F cooTBeTcTBYET
TaK HA3bIBAEMOE KBAHTOBO-MEXaHMYECKOe cpejnee 3nauenue (F') omeparopa
9TOH BEJIMYMHBI, KOTOPOE BBIUUCJISIETCsI O TpaBuity |bb]

(F) = / W* Fopdr, (2.36)

IJle HHTerPUPOBAaHME ITPOU3BOJUTCS 10 BCeil 06J1acTH M3MEHEHUs] BeJTUINHbBI
F.

3. JLiist Toro, 94To0bl 3TO CpejiHee 3HaYeHUe COOTBETCTBOBAJIO (DPU3NYECKU Ha-
0J110/1aeMOil BeJIMYMHEe, OHO JIOJIZKHO ObITH BEIIECTBEHHBIM, T.€. HEOOXO MO
BBITIOJTHEHNE yCa0Bust [D6)]

(F)* = (F). (2.37)

OTO yCI0BHE HAKJAJBIBAET OIpeJieJIeHHbIe TpeOboBaHUd Ha omepaTopbl F.
JeiictBuTesbHO, cormacHo (2.36)

(F)* = / YFdr,
CJIeIOBATEJIBHO, JIOJIZKHO BBIIOJHSITHCS PaBEHCTBO |b7|
/ W Fopdr = / WY dr. (2.38)

OrmepaTopbl, yIOBIETBOPSIONINE 3TOMY YCJOBHIO HA3BIBAIOTCI CAMOCOIPSI-
JKEeHHBIMU HJIM 9PMUTOBBIME OTlepaTopamu. Eciu omepatop F' sBiasieTcs ap-
MHUTOBBIM, TO 9PMHTOBO-CONPSAZKEHHbII oneparop obo3nadaerca FT. Obmiee
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oIpeJieJieHne SPMUATOB-COMPAKEHHOTO OIlepaTopa JaeTcs BhIpazKeHmeM '
/w*ﬁxdr = /X(ﬁ+w)*dr.

Ecyin oneparop coBnajiaer co CBOUM 3PMUTOBO-CONPSZKEHHBIM OIIEPATOPOM,
T.€.

F=F*

, TO U3 ONpeesIeHnsT IPMUTOBO-CONMPSIZKEHHOTO OllepaTopa MOy IuM

/ YExdr = / Y(Fy)*dr.

Takwue ontepaTopbl Ha3bIBAIOTCSI CAMOCOIPSYKEHHBIMU. B KBAaHTOBOiT MeXaHWKe
HCIOJIBb3YIOTCS TOJIBKO JINHEiHbIe (11 YI0BIETBOPEHUsT IPUHITUILY CYIePIIo-
SUIUU) U CAMOCOTPSIZKeHHBIE (YTOOBI CpejiHee 3HAYEHHEe OBLIO JIeHCTBUTE b
HBIM) OTEPATOPBI.

ITpumepsr.
1. Paccmorpum onepatop KOOPAMHATHI T, AeHCTBHE KOTOPOrO HA BOJIHOBYIO
byHKIUIIO 1) CBOAUTCA K IPOCTOMY YMHOXKEHUIO, T.e. T = 1. CpeaHee 3HaYeHHe

5TOTO OIepPaTOpa
(ry = /w*?@/)dr: /r|@/)|2d7“.

OdeBHIHO, YTO Cpe/Hee 3HAUEHHE KOOPIMHATHI €CTh BCeryia JeiiCTBUTETbHOe
GHCTIO.

2. Pacemorpum oneparop umitysbea (2.33). st mpocToThl paccMOTpUM -
KOMIIOHEHTY 3TOr0 Omneparopa D, = —iha%. BohraucauM cpegnee 3navenue
3TOr0 OIlepaTopa

(pe) = / V' ppdr = / P* —z‘ha% Ydr = —ih / w*g—i}dx =

axd;c:/w iha wdxszpxw = (pa)”-
[IpoBes aHaIOrnYHbIe BRIYHCJIEHA I APYTHX KOMIOHEHT OIIepaTopa MM-
myabca, yOEeIUMCs, 9TO OMEpPATOp HMIIYIbCA SBJISETCS CAMOCOIPSKEHHBIM
onepaTopoMm. HpI/I BbIYHCJICHUU I9TOI'O MHTEI'DAJia HPUHUMAJIOCHL O4Y€BUIHOEC
ycJoBue ) “jooo = |¢|? |i°oo = (0, cooTBEeTCTBYIOIIEE TPEIIOJI0KEHUIO OT-
CYTCTBHA YaCTHUIL Ha 66CKOH€‘1HOCTI/I.

= —ihp* |2, +z‘h/¢

'B  asrebpamueckoil TeOpHM JIHHEHHBIX OIIEPATOPOB  OLPEIEJEHHE SPMUTOBO-
COIPSIZKEHHOTO  OIepaTopa Jaercs cuaeayommmu obpasom: (Az,y) = (z, A*y), eciu
mpu 3Trom A = A*, 10 oneparop A - camMOoCOnpsiKeHHbIH.
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3. AHAJIOIMMHO MOKHO NOKA3ATD, UTO omepatop F = (—ih?)” SABJISIETCSI
caMOCOTpsIzKeHHbIM. JleficTBrE 3TOr0 omeparopa Ha BOJHOBYIO (DYHKIHIO 1)
OIIPEJIEIAETCS TOC/IEe0BATEIBHBIM JIeHCTBIEM 7. Pa3 OIEepaTopa UMILYJIbCA.
OueBu/IHO, 9TO U JIIO0AsS CTENeHb OMEePATOPA KOOPAUHATHI, SBJISIETCSI CAMOCO-
NPSZKeHHBIM oneparopoM. CrieJoBaTeIbHO, ONepaTop BHJIA

F = F\(7) + Fy(—ikiV),

e F1 u Fy mo0bie hyHKIMT, BKJAIOYAIONUE CJIOXKEHUEe U IIPOU3BeIeHne ap-
IYMEHTOB, SIBJISIETCS SPMHUTOBBIM onepaTtopoM. Takum obpasom, ecin dpyHK-
nust F' sBjsieTcss cyMMoil Tpou3BOJIHLHON (DYHKIIMM KOOPJAWHAT W IEJIOW pa-
MUOHATBHON (pYyHKIHEil UMITYIbCOB, TO COOTBETCTBYIOIIMII eif omepaTop, Io-
JIyYaOmUiica 3aMeHOil IMITYJIbCa Ha OMepaTop P, OYyIeT CaMOCONPAKEHHBIM
OIIEPATOPOM

F(7,§) — F = F(F,—ihV).

Eciiu dyuknus F' cojiepzKuT npousBejieHus KOOP/IMHAT U UMILYJIbCOB, TO He
BCAKUIT onepaTop, MoJIydalomuiics u3 31oii GpyHKnuu 3aMenoii p — p, Oyaer
CaAMOCOTIPSI?KEHHBIM, T.K. He BCSIKOE MPOU3BEJ/ICHIE CAMOCOIPSAYKEHHBIX Ollepa-
TOPOB OYJeT CaMOCOIPSIZKEHHBIM OMEPATOPOM.

Paccmorpum sToT Bonpoc noapoGuee. Ilo onpenenenuio, Ipon3BeeHIeM
oneparopos FK HasbiBaercd oneparop, jeficrsue KoToporo Ha yHKIMIO
CBOJIMTCA K 1IOCJIEI0BATEILHOMY JEHCTBUIO CHavaa oneparopa [, a 3arem
oneparopa F'. Boobie, npoussejienne onepaTopoB HEKOMMYTaTHBHO, T.€.

FKy #£ KF.
Ecmm ke feiicTBue nmpomsBe/ieHNs ONEPATOPOB HE 3aBHCHT OT UX MOPSIKa B

MIPOU3BEJIEHUN, TO TOBOPAT, YTO OMEPATOPHl KOMMYTHUPYIOT JAPYT C APYTOM U
3aMUCHIBAIOT 3TO TaK

(FR-RF)v -0 = [F.R] -0
YciioBue KOMMYTHPOBaHHS OIe€paTopoB. PaccMorpuM JiBa spMHTO-

BbIxX oneparopa F' = F™ u K = K. Torya u3 BblllleIPUBEIeHHOIO PABEHCTBA,
cJiejlyer, 4To

/ WV FRydr = / VK Fdr.

C apyroit ctoponsr, eciu oneparop F' K gB/sieTcss SpMATOBBIM, TO BBIIIOIHEHO
cJeyroliee PaBeHCTBO

/ o FRydr = / " (ﬁf()Jr@/)*dr.
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CrenoBaTeIbHO, €CJIH OIlePaTOPbl KOMMYTHUPYIOT, TO IIPOU3BEIEHUE OIEPATO-
POB JOJI?KHO OBITH CAMOCOIPSIZKEHHBIM OIlepaTopoM. B 3ToM ciydae T0/12KHO
ObIThH BBIIIOJIHEHO PABEHCTBO

~ o~ ~~\ T
/ * K Fapdr = / b (FK) Wrdr.
13 5TOro paBeHCTBa CJIELyeT CBOICTBO
~~\ T ~ o~ ~ o~
(FK) _ KtPt = KF.

OTO Ke CBOWCTBO MOYKHO BBISIBUTH, HPOCJEIUB CJIEAYIONYIO IMEMOYKY Ode-
BU/THBIX PABEHCTB

/ VPR ydr = / Y () dr = / (Ko)(F¢7)dr =

_ / (Foyp*) Ropdr = / R Fryrar = (RF)' = FR,

Otcrosa ciemyeT, 9TO ecau OmepaTopbl KOMMYTUPYIOT, TO UX MPOW3BEJICHIe
ABJISIETCA CAMOCOUDAZKEHHBIM OllepaTropom.

Ormerum eme mosie3noe cBoiictBo. Ecan F' u K jiuHeliHbIe SPMUTOBBI
OTIepaTOPHI, TO OMEPATOPHI

§:%<ﬁf{+f{ﬁ), é:i(ﬁf{-f{ﬁ)

TAKZKe SBJIAIOTCA JMHEHHBIMH SDMATOBBIMA onepatopamu. B sTom mozKHO
yOenThCsT HEMOCPEACTBeHHOM npoBepKkoil. Ecmn omeparoper F' n K kommy-
tupyior, 10 S = (FK = KF,a G =0.

IIpumepsi.
1. Oneparopbl pa3jIMIHBIX KOOPIUHAT

2, Y|V = b — Yy = 2y — ywy = 0.

Takum obpaszoM, 3T OLEPATOPbI KOMMYTUPYIOT.
2. OmepaTopbl pa3JIndHbIX KOMIIOHEHT UMITYJIHCA,

U .0 0 0 .0
iy =i (-ingy ) v = (-ingy ) (=g ) o=

— —hQ—aQw h/2 —aQw -

Oxdy oydxr 0
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Takum o6pa3oM, onepaTopbl Pa3JIMIHLIX KOMIIOHEHT HMIIYJIHCA KOMMYTHPY-
OT.
3. Oneparopbl KOOPAUHATHI U CONPAKEHHON KOMIIOHEHTBI HMILYJIHCA

S .0 .0 ,
[z, ] = x| —ith— | — | —th— | 2 = i) # 0.
ox ox
Takum 00pa3oM, onepaTopbl KOOPAUHATH M COIPAKEHHOIT KOMIIOHEHTHI MM-
IyJIbCca He KOMMYTHPYIOT. VIX KOMMyTaTOp paBeH

B ofmem cirydae 9T0 COOTHOIIEHHE 3aMUCBIBAIOT Tak [b§]
7, Dj] = ihdy;, (2.39)

rae 0;; -cumBoa Kponexkepa.
4. OmepaTop MOMeHTa UMIy/Ibca. MOMEHT HMIIY/IbCa B KJIACCHIECKONH Mexa-
HUKE OIPEJIe/IsieTCs CJIe/ Ly IonuM 06pa3om

€ €y €,
ﬁ
L=[Fxp=|2 vy =z
Dz Py P-

OTCIO,D;& CJIeAYEeT BbIpazKeHue 1Jid OllepaTOpa MOMEHTa HMILYJ/IbCa

g & @
L=—h| > vy =z
2 9 9
ox Oy Oz

N3 sToro BbIpazK€HU JIEI'KO IMOJIYYUTh OllepaTOPbl KOMIIOHEHT MOMEHTa UM-

Ex = —ih (y% — z%) .

HeprﬂHO YCTaHOBUTb KOMMYTAaIlMUOHHbIE CBOICTBA JJId KOMIIOHEHT MOMEHTA

nysabca. Hampumep,

UMITyJIbCa

rJie WHJEKCHI 7, 7, kK 00pa3yioT MUKJIHIECKYIO IepecTaHoBKY 1,2,3.
OTMeTuM BakKHOE KOMMYTAIIMOHHOE COOTHOIIEHNE

[227 El] =0,
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rae L? = L2 + L7 + L2 - oneparop KBaJ[paTa MOJHOIO MOMEHTA HMILYIbCA.
DTUM COOTHOIIEHHEeM MBI BOCIOIb3yeMcs B JaJbHeiIeM.

OmnepaTop yrioBoro MOMeHTa yA00HO IPeJCTaBIATb B CPePHIECKIX KO-
opamnarax. Hanpumep, naiizem Buj omepaTopa MPOEKINH yIJIOBOTO MOMEHTA

Ha OCbhb 2 8 a
L.=—ih|o— —y— .
- = —ih (xay yax)

JlexapToBBI KOOPAWHATHI T, Y, Z U chepudecKkne KOOPAUHATHL T, 1, 0 CBsI3aHbBI

COOTHOIITEHUSIMHE
x = rsind cos g,

y = rsindsin g,
z = cos .

Ob6parHoe nmpeodOpa3oBaHe UMEET BHL

r2 =22 o2 4 22
cosv = %,
tgp = £.

Tax kak, Hanpumep, y = y(r, 9, ¢), 10

0 _9rd 9090  9p 0

dy Oyor  Oyo0  dyop

AHnajiormaHoe BhIpazKeHue Oyer st %. Terepb HA/I0 BBIYUCIUTH YaCTHDBIE
MIPOU3BOAHDbIC, BXOJANINEC B 3TU BbIPpa2KCHHA. HaHpI/IMep, UCIIOJIb3Y4d 1epBOe
ypaBHeHne o0paTHOTO MPeodPa30BaHUS, IOy INM
or d vy
2r— =2y = — == =sinvsingy.
dy dy r
Ucnosb3yst Bropoe ypaBHenue oOpaTHoro npeodpasobanus u juddepeniiy-
pys 0be gacTu ero mo ¥, moryanm
. Ov 2y 0¥  cosVsinp
—sind—=-—7 = —=——"+
Ay r dy r
BBIYHUC/IUB BCe HEOOXOIUMBbIE TPOU3BO/IHBIE U MTO/ICTABUB UX B BHIPAYKEHUE JIIsT
ormepaTopa, MoCjie HeCJIOKHBIX YIPOIIEHUH OKOHYATETbHO moayduM [b9]
~ 0
L, =—th— (2.40)
g
AHaJIOFI/ILIHO MOZKHO TOJIYYUTDH BbIPpazKeHUA JId JPYTUX HpOeKL[I/Iﬁ yrjaoBoro
MOMEHTA

~

L, =1ih (sin gp% + ctg Y cos goai)
¥
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Zy = —ih (cos @% — ctg ¥sin goai)
2

Ucnomnb3yst 9tu Boipazkenust, moaydnm [b10]

~ 1 0 0 1 02
5 _ 72 12 g2 2 ,
=Lvlyvlo=-h (sinﬂ@ﬁ (Smﬁaﬁ> * sin219&p2) - (24D

In 570 BRIpaykeHne MOXKHO 3amucath Tak [bll]

L* = —h*V2, (2.42)
rie [b12] L ) .
2 _ O (g @ Lo

Va= sin 09U <Sm19819) * sin? ¢ Qg2 (2.43)

yIJIOBasi 4acTh oneparopa Jlamiaca.

2.3.2 Cob6cTrBeHHBIE PYHKIINN 1 COOCTBEHHBbIE 3HAYEHUH
OIIepaTopoB

Hcnomb3ysa mpaBuio Jj1d BBIYHUCAEHHS CPEJIHUX B KBAHTOBOM MeXaHUKe
(2.36), MOXKHO BBIUHCJIUTH U CPEJIHEKBAIPATUIHOE OTKIOHEHHE OT CPEeJIHe-
ro sHavenns. [lycTsh nveerca nekoropas dusuieckas semuanna F', KoTopoit
corocTaB/ieH camoconpsikentbiit oneparop F. Ilycrs dhusnueckas: Besimanna
MOKeT MPUHUMATH PsiJi 3HAYEHUI, KOTOpble Mbl OyjieM 0003HAa4YaTh TEM JKe
cumBosioMm F'. Torna. 1mo ompejeeHnIo, OTKJIOHEHUEM JIAHHOTO 3HAYCHHS Be-
muanHbl F' ot ee cpeuero 3navenns (F') BeIpazKaeTcs CJIeAyIOMUM 00pa3oM

AF = F — (F).
BBeILeM COOTBeTCTByIOHH/Iﬁ onepaTop AJad BeJIUYUHDBI 9TOT'O OTKJ/JIOHEHH A
AF = F — (F).
Toria KBaHTOBO-MeXaHUYECKOE CpeJiHee JIsi BeJTUIHHbl OTKJIOHEHHS OyIeT
(AF)? = / O (AF)2dr = / W AF(AF)dr.
Omneparop ZF SBJISIETCS CAMOCONPSZKEeHHbIM, T.K. (F') ecTh 1pocTo jeiicTBu-

TeJIbHOE YHUCJI0, a oneparop F' sasisercs camoconpsizkernubiM. Cire1oBaTeb-
HO, TI0 OIIPE/IeJICHUIO

(AF)? = /ﬁ@/z(ﬁ*@b*)dr: / ‘Ew‘zdr.
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MozKHO 33/1aTh BOIIPOC, CYIIECTBYIOT JIK TAKUE COCTOSHUS 1), B KOTOPBIX CPe/I-
HeKBaIpaTH4IHOe OTKJIOHeHHe paBHO Hymo, T.e. (AF)? = 0?7 JIpyruMu cioba-
MM, CYHIECTBYIOT JIM TaKUe COCTOsIHUSA, B KOTOPbIX (pusuyeckas Bejuduna [
nMeeT orpeie/leHHbie 3Hadenns! Ha 3ToT BOIpoC JIerko 0TBETUTH, OCHOBBIBA~
SICh Ha TPEJIbIAYINeM paBeHcTBe. VIMEeHHO, T0JIZKHO BBITIOJHATHCS PABEHCTBO

AFy = 0.

OTcroma, UCnoaL3ys onpeeaenue s oneparopa OTKJIOHCHHUS, a TaKzKe Mo-
JIarag. 9To B COCTOAHMSIX C OIpeIeJeHHbIMA 3Hauenusavu (F) = F| moayaum
ornepaTopHoe ypasaerue [c1]

By = F, (2.44)

KOTOpOE Ha3bIBAETCA YDABHEHHEM Ha COOCTBEHHBbIE (DYHKIMU U COOCTBEHHBIE
3Ha4deHus oneparopa F' u u3 peirenuss KOTOPOro HaxXogATCsd (PyHKIMU, OIIK-
ChIBalomue COCTOAHUA, B KOTOPbIX (1)I/I3I/I‘I€CKaH Be€JIMYNHA F umeeT olpenae-
JIEHHBbIE 3HAYEHWSI.

Urak, pemenne ypapaenns (2.44) BO3MOKHbBI TOJIBKO IIPU OIPEIEJeHHBIX
3HAYEHUAX BEMIUHBL F'. DTH 0COObIe 3HAYEHNS HA3BIBAIOTCA COOCTBEHHBIME
3HAUYEHUAMH omepaTopa F', a coorBeTcTBYyONNe DYHKIUN 1) - COOCTBEHHBIMU
dyuxnusvu. COBOKYIHOCTH COOCTBEHHBIX 3HAYEHUI OMepaTopa HA3bIBAETCS
ero crekTpoM. CriekTp ObIBaeT HEMPEPHIBHBIM U JIuCKpeTHBIM. COOCTBEHHBIE
dyukiun obo3navdaT Yr. Eciu cnekTp auckperHoiit £, Fs, ..., TO nummyT
Yp, TJIe N - TaK Ha3bIBaeMble KBAHTOBBIE UHCJIA, CMBICT KOTOPBIX BBISICHUT-
cg TP PAaCCMOTPEHHH KOHKPETHBHIX omeparopoB. CdopMmyaupyeMm BazKHBIN
BBIBOJI: B COCTOSIHMM, KOTOPO€ ONMHUCHIBAETCs COGCTBEHHON (PyHKIm-
eii 1y oneparopa F, pusnueckas BesuunHa F' mMmeeTr onpesieIeHHOE
3HAYEHNE, PABHOE COOCTBEHHOMY 3HA4YE€HUIO 3TOT'0 OIEepaTropa. JTo
O3HAYaeT, YTO MPH U3MepeHUH (PU3NIECKO BeJTUIUHDBI, HAXO/AIIeiics B cOo-
CTOSHUY s, OyIeT JOCTOBEPHO MOJIy4YaThcda 3Hadenue F.

Ecim ke cocrostaue F' onuceiBaeTcst BOJIHOBOM (DyHKIUEH 1) He COBIaIA-
Ioell HU C OJIHON u3 cOOCTBEHHBIX (DYHKIMNA P p, TO TPU U3MEPEeHUuu Oy/IyT
MOJIy9aThCs pa3Hble 3HAYEHUs, KOTOPbIE, OJHAKO, OY/JyT paBHBI TOMY WJIA
HHOMY COOCTBEHHOMY 3HadeHuo. Takum oOpa3oM, CleKTp COOCTBEHHBIX 3Ha-
YeHHmii OnepaTopa yKa3blBaeT BO3MOKHbIE DE3YJIBTATBl N3MEPeHHuil.

WNuorja ojHoMy cOOCTBEHHOMY 3HAYEHUIO oleparopa F' cooTBeTCTBYIOT
HECKOJIKO JINHEITHO He3aBUCUMBbIX COOCTBEHHBIX (DYHKIIUIT 9TOr0 oreparopa.
Takue cocTosHUS CUCTEMbBI HA3BIBAIOTCS BHIPOZKJIEHHBIMU, & YUCJI0 (DYHKIUIA,
COOTBETCTBYIOIIHUX JAHHOMY COOCTBEHHOMY 3HAYEHHUIO, HA3BIBACTCA KPATHO-
CTHIO BBIPOK/ICHU.
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1°. MeiicTBUTEIbHOCTHL COOCTBEHHBIX 3HAYEHNI PMUTOBLIX OIle-
patopoB. llokaxkeMm, 94TO cOOCTBEHHbIE 3HAYEHUS CAMOCOIPSIKEHHOTO Olle-
paropa Bcerja JeiicrBuresbibie. BosbMem oneparoproe ypasaenue (2.44),
[epeHeceM BCe YJIeHbI B OJIHY CTOPOHY M JIOMHOXKHM IIOJIyYUBIIIEECs PaBeH-
CTBO CJIEBA HA KOMILIEKCHO COTIPSIZKEHHY IO (DYHKIHIO ¢V*. 3aTeM BO3bMEM KOM-
IUIEKCHO CONPSIZKeHHOe ypaBHeHue (2.44) u JTOMHOXKHM ero cjeBa Ha (yHK-
o 1. [locse 3TOro BerdTeM OTHO YpaBHEHUE U3 JIPYTOTO U TPOUHTETPUPYEM
[OYJIEHHO 110 BCeit 00/1acTu u3MeHnenus pyHKIUA.

w*(ﬁ—FW:o

;(ﬁ*—F*)w*:O

['pynnupyst u uHTErpupys, MOJIYyIUM
(F*—F) / VEpdr = / VErdr — / W*Fdr.

[IpuanuMast BO BHUMaHHe CAMOCONPSIZKEHHOCTH omeparopa F' (em. (2.38)), Bu-
JIIM , 9TO IpaBas 4acTh STOrO PABEHCTBa paBHas Hy./t0. Toria,

(F*— F) / Vbdr = 0

u, cjaeagoBaTeJIbHO,
F*=F,

YTO U JIOKA3bIBaeT JIEHCTBUTEIHHOCTH COOCTBEHHBIX 3HAYEHUH SPMUTOBBIX
OTIePaTOPOB.

2°. OproronaabHOCTL COBCTBeHHBIX (pyHKMuIit. Paccmorpum cHava-
Jla cJiydail JIMCKpeTHOro crekTpa 0e3 Boipoxkjenus. [lyctb cobcTBeHHOMY
3HaYeHWIO F, COOTBETCTByeT BOJHOBas (PYHKIWS U,, a COOCTBEHHOMY 3Ha-
qenuio F, - dyukius ¢,,. I[lposee mporeaypy, aHaIOTHIHYIO IPOJETAHHON
BBIIIIE,

w;(ﬁ—FnMn:o

bo (B = F3) 3, =0

Otciofa, yIUTBIBasI CAMOCOIPSIZKEHHOCTD OIlepaTopa F , TIOTy9uM
(F, — F,) /@/);@/)ndr =0.
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Ecau m # n, To F,, # F,, u, cjie10BaTeIbHO, JTOJKHO ObITh

/ W hadr = 0.

Caenoarenbio, GYHKIUA 1, U 1), OPTOrOHAIBHBI, KOIAA OHU OTHOCITCS K
Pa3JIMYHBIM COOCTBEHHBIM 3HaUeHusIM. K ke n = m, T.e. F,, — F,, =0, 10
UHTerpaJ He PaBeH HYJI0 U MbI [TOJIyYaeM YCJIOBHe HOPMUPOBKH

/|¢n|2dr =1

T I T BBIBOII, UT BOKVITHOCTD TBeHHBIX DVHKINI OMIepaTo-
Orcrona caemye O, 9YTO COBO OCTb cobCTBe oIepaTo
POB, UMEIOIIKMX JUCKPETHBIH CIEKTP. 00Pas3yloT CHCTEMY OPTOHOPMHUPOBAH-
ubIX byHKIHi, T.€. [¢2]

13 nmpoBeIeHHOTO pacCyzKaeHUs CIeIyeT, YTO BOJTHOBBIE (DYHKIIMH OMEpPaTO-
POB C JUCKPETHBIM CIIEKTPOM BC€ra MO2KHO HOPMHUPOBATb. STO ABJIACTCA
CJIJICTBUEM TOTO, 9TO B 3TOM CJIy4dae YaCTHUIA BCErJa HAXOIUTCS B OT'DAHU-
YeHHOI 00J1aCTU IPOCTPAHCTBA.

3°. IToxHOTA cUCTEMBI COGCTBEHHBIX (DYyHKIUI omepaTopos. [1ycTn
dusznueckas BeInunHa [ HAXOIUTCS B COCTOSHHUU 1), KOTOPOe He COBIIAIaeT
HU C OJHUM COOCTBEHHBIM COCTOSTHHEM 1,. COrjlacHO MPUHIUILY CyHEePIO3H-
o, Mbl MO2KEM 9TO COCTOAHHE ITPEACTAaBUTHL B BU/IE JINHEITHOI KOM6I/IHaL[I/II/I
COOCTBEHHBIX COCTOSTHUI 1, [cO]

= antn, (2.46)

e a, - Koadduiuentsl. BosiHoBas dbyHKIMS 1) 1012KHA OBITH HOPMUPYEMOIA.
B obrmiem ciaydae ycaoBrue HOPMUPOBKH 3AIHUIIETCS CJIEIYIONIM 00pa3oM

*

/ Yrhdr = / > it | Y amthdr =1

n m

B cuity siuneitnocTu onepanuii CcyMMUPOBAHUS U MHTEIPUPOBAHKS Mbl MOZKEM
MEHSATh UX MeCTaMH, TOTJa

/¢*¢dr - Z Z (/ a;w:am@bmd’f‘) —1

Orcroa, yauThiBasi OPTOHOPMUPOBAHHOCTH COOCTBEHHBIX (DYHKIIHI OTIepaTo-
pa, mosxydnM [c3]
/w*wdr = |a)* =1 (2.47)
n
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OTO paBeHCTBO HA3LIBAIOT YCJIOBUEM MOJTHOTHI CHCTEMbI COOCTBEHHBIX (DYHK-
it ,.Koadduruenrsr MOryT 6bITh BEIYHCICHBI 10 hopmyJie [c4]

ap = /wzwdr, (2.48)

9TO JIETKO TOJIYYUTHh U3 Pa3/ioxKeHusi (PyHKIUU 1) B PsiJi MO0 COOCTBEHHBIM
BYHKIHSIM.

Borancum cpefnee snadenue enundaunbl 1B cocrognnu 9. Vicmonbsys
pastoxenus GyHKIu ¢ 0 coOCTBeHHBIM (byHKIUAM omepatopa F', a Takzke
10, 9T0 ', = F,1),, u 1poBe/is aHAJIOTUYHBIE PACCYZKJICHUS, IOy UM

() = [ Fodr = 3" Bl

Orciona ciaeayer dusnueckuit cMpica Ko3bMUITEHTOB pa3IokKeHus: |a,|?
€CTb BEPOSITHOCTH TOTO, UYTO B Pe3yJibTare u3MepeHusi (pu3ndeckoil BemInHbI
F' B cocrosinuu 1, Mbl nojtyaum 3Hadenue F,.

Takum obpasom, cucremMa COOCTBEHHBIX (DYHKIIAI omeparopa sBJISeTCs
moJiHO (MK 3aMKHYTOl ). DT0 03HAYAeT, 4To Jtobas Apyrasg (HyHKIHs 1),
3aBUCSINAs OT TeX YKe MepeMeHHBIX U YIOBJIeTBOPSIONIAd TeM Ke IPAHTIHBIM
YCJIOBUSIM U JIJIsE KOTOPO# CYIIECTBYET UHTErPAJI

[ 1war # 00

MOXKeT OBbITh mpejcraBieHa B Buie psijga (2.46), kosdduimenTsr KOTOporo
BBIYHCIAIOTCS 110 hopmynam (2.48). Takoe pasyioKeHne BIOJHE AHAJIOTHIHO
U3BECTHOMY pa3JIoKeHuio GpyHKIuit B paasl Pypoe.

4%, Cy4ait BBIPOXKIEHHBIX cocrosHuii. llpu Hanuun BRIPOKIEHUsI
cobcTBennble (pyHKIMYU Y, oneparopa [ yioB/IeTBOPSIOT YpaBHEHUIO

F\wnl - annlv

rjie WHAEKC | HyMepyeT pa3judHble (DYHKIUH, COOTBETCTBYIONINE OTHOMY H
TOMY 2Ke COOCTBeHHOMY 3Ha4deHuio [;,. Jlerko nokasarb, 4To JIJisi Pa3/IMIHbIX
COOCTBEHHBIX 3HAYEHUH, T.€. IPU T 7 1M BHITIOJIHSIETCS YCJIOBUE OPTOIOHAJIb-
HOCTH

Opnako, mpu ToM, BoOOIIE TOBOPS, MYHKIHE Yno, Yn1, ..., Yng (f - Kpat-

HOCTb BBIPOZKJIEHHSI), COOTBETCTBYIOMIHE COOCTBEHHOMY 3HadeHuto F,, Heop-
Torona/ibubl. [lokakem Ha npumepe JBYKPATHOTO BBIPOXKJICHUSI, YTO TaKHe
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GYHKIUN Bcerja MOXKHO OPTOroHaIn30BaTh. [1ycTh 1,1 1 1,2 cobcTBeHHbBIE
dyukIun oneparopa F', cOoTBeTCTBYIOIHE COOCTBEHHOMY 3HaueHuio F),. Bpe-

JieM JiBe Jpyrue pyHKIUI
Y1 = wnla Yo = a(d}nl + bwn2)7

rjie @ 1 b - HeKOTOpbIe KOMILIEKCHBIE YHC/Ia. JIerKO BUIETh, U4TO (0 SIBJISETCS
TakyKe coOCTBeHHOI (byHKImeit s omeparopa F. Beibepem umcio b rak,
9TOOBI BBHITIOJIHAJIOCH YCJIOBUE
ES
/ pipadr =0,

a/w;il(wm + bibya)dr = 0.

T.€.

Vuursias, uto [ ¢F1,1dr = 1, nomyaum

-1

b=— /wzlwngdr

Koaddunuenr a mogsydum u3 ycjaoBUs HOPMHUPOBKH (DYHKIUU Yo, G =
+(3+ b))

5°. HenpepsIBHBII cieKTp oneparopa. CobcTBenHble (byHKINN U COO-
CTBEHHBIE 3HAYEHUS B CJIydae HEIPEPBIBHOIO CIEKTPA Heb3sl MePEeHyMepPO-
BaTh. BoJiee TOTO, (DyHKINN Y HEBO3MOKHO HOPMHUPOBATH OOBITHBIM 00OPa-
30M, T.K. HHTErpaJl OT KBaJIpaTa MOJIyJid 3TUX (PyHKIuii pacxoaurcs. Ilpuse-

JleM [pHuMep OllepaTopa MPOeKINH UMITYJIbca D, = —ihd/0x.
Oy,
—Zh% = paﬂvbp

DTO ypaBHEHHE JIeMEeHTAPHO PEITaeTcs MeTOJIOM pa3/IeseHus MepeMeHHbIX
(Merosom Pypbe) U B pesy/ibrare Mbl OJIy9aeM cOOCTBeHHbIe (DYHKIMU Ol1e-
paTopa MpOEKIUU UMILYJIbCA,

P, =A el

Orciojia HENOCPEICTBEHHO BUJIHO, YTO yDABHEHHE MMeeT DelleHHe Jisl JIO-
OBIX JIeCTBUTENIBHBIX COOCTBEHHBIX 3HAUYEeHUIT p,. Caeg0BaTeIbHO MBI HMEEM
HEIIPEPbIBHBIH CIEKTP COOCTBEHHBIX 3HAUEHHI IPOEKIINH ONePATOPA UMILY.Th-
ca —00 < & < 00. ['oBopsT , 9TO cucreMa (YaCTUNA) HAXOIUTCS B COCTOSTHAN
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ciomHoro cuekrpa. OyHKIuUA 1, ONUCHBaeT ABHZKEHHE YACTHUIIBI C OIpee-
JIEHHBIM 3HAaUYeHUeM UMITYJIbCa P, BIOJL ocH x. [lombITKa HOpMUPOBKHU 3TOM
GYHKIMU TPUBEJIET HAC K CJIe/YIONEeMY Pe3yJibTaTy

/ |1/1p|2d:c — 00.

CrnenoBarenbHo, GyHKIUHT 1, He MOTYT OBITH HOPDMIPOBAHBI OOBITHBIM OOpa-
30M.

Meton, Bopra HOpMUPOBKU BOJHOBBIX (PYyHKIUiI ¢ HENmpepPbhIB-
HBIM criekTpoM. Metox Bopra coctout B TOM, 9T0 MBI HAKJ1aIHIBAEM HA CH-
CTeMy UCKYCCTBEHHBIE Iepuojudeckue ycjaoBud. [Ipemmosioxkum, 9o GyHK-
TN 1)), ABJISIOTCA MEePHOJNIECKIMH C HEKOTOPBIM NIEePHOIOM L. T.e.

Vp(r) = Yp(x + L).

[ToncraBus cioga ABHBIN BuJ DYHKIUH 1), TOLYIUM
bx

Aelie = AT L

Orcroa mosyanm
; Pz
elnl =1.

9TO 03HAYAET, UTO

Da Dz 27N
Pef — 9pp = P _ 20
n o nooL

rae n - moboe nenoe 9ucao (n € 7). Ilpeanonoxmm, 9To 4acTUIa HAXOAUTCA
riae-To Ha orpeske —L/2 < x < L/2, torpa

L/2

/ [v|*dz = 1.

—L/2
CaenoBaTesbHO,
L/2
2 2 1
A dr=1= A L=1= A= —.
VL
—-L/2
B pesyabraTe Mbl HOJIYYHIH HOPMHPOBAHHBLIE (DYHKINN

y 1 (,27m )
= ——=exp|i—=ax | .
VL oP\L
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BBong MCKycCTBEHHYIO HNEPUOJAMIHOCTB, MBI JlejlaeM CIEKTD JUCKPETHBIM.
OHako, BBIYUCISAS CpeTHIe 3HAUYEHUs BETUINHBI B COCTOSHUU 1, B KOHEU-
HOM pe3yJ/ibTaTe MOXKHO 1epeiitu K npejesny L — oco. Beruucium, nanpumep,

()

L/2 L/2
N 0 1 ..2™n 2mn
<p95> - / wn (_Zh%> %dib’ = Z / (_Zh)ZTdI = hT = Pg-
—L/2 —L/2

Hopmuposka Ha § - dysknuio (meron dupaka). IIpexie gaanm
OTIpejie/IeHNe U TePEUnCINM HEKOTOPbhIe cBoiicTBa I-pyukmuu. [To ompemete-
Huto hyHKIusg 0(x) paBHA HYJIO BO BCEX TOYKAX, 38 HUCKJIIOUYEHHEM TOYKH
x = 0, re ona obpaimaercsa B OeCKOHEYHOCTDb. VIHTerpas ot 31oit pyHKIun
110 BCeMY LPOCTPAHCTBY paBeH eaunune. Takum obpasom, oupejeeHue o-
dyHKIUN J]aeTcs paBeHCTBaAMU

d(z)=0, x#0,
70 d(z)dr = 1.

Ota GYHKIU He aBjsgeTcs ooblaHoi (pynkmueii. /lefictBurensno, ecim pyHK-
IUs BCIOY, 32 UCKIIOUEHUEM OJIHOI TOYKW, paBHA HYJIO, TO HHTETPaa OT
TaKo# (DYHKIUU JIOJIZKEH TakzKe ObITh paBeH HyJf0. [losTomy d-dyHKIHMS OT-
HOCUTCS K KJIACCY TaK Ha3bIBaeMbIX 00001eHHbIX GyuKinii. Ke nnorna na-
3BIBAIOT MMITYJIbCHOI (dyHKIeil. C HEKOTOPBIM aHAJIOTOM TaKOil (DYHKITIH
MBI BCTPEYAJNCh NPH PACCMOTPEHHH BOJTHOBBIX NakeToB. Eciam B dopmyre
(1.30) yerpemurs Ak — 00, TO MBI HOJIYYUM UCTHHHYIO O-DYHKIIHIO

Takoe npeacrapaenne d-pyHKIUN MBI UCIIOJb3YEM B JaJIbHEHTIIeM.
[lepedncium HEKOTOpBIE CBOHCTBA O-DyHKIUN

/ f(2)(z — a)dz = f(a).

xd(z) = 0.
d(—x) = d(z).
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1

§(2* —a?) = Sl

—[0(x —a) + 6(z + a)).
/ 5(z — a)d(x — b)dz = 8(a — b).

(o)) = 3 2 =),

dp
n d:L' T=In

rje T, ABIAIOTCS IPOCThIME KOpHsiMu ypashenus ¢(x) = 0.

Ha ocHOBaHMHM 3THX CBOHCTB MHOTIA TOBOPAT, U4TO 0-(DYHKIMSA ONpPeIeIs-
eTCs He 33/IJAHUEeM ee BeJMYUHbI JIIg BCeX 3HaYeHuil apryMenTa (Kak 910 ume-
eT MecCTO Jiist OOBIYHBIX (DYHKIIHIT), a 3aaHIeM IPABUIA HHTEIPUPOBAHUS €€
IPOU3BEICHMI ¢ HeNpephIBHBIME (DYHKIUAME. EIne omHuM IpeacTaBieHneM
0-(DYHKIUU SABJISETCS CJIEJLy FOIee

5(x) = lim w
—00 i

eiictBurenibno, npu r = 0 norydaum

6(0) = klim — — 00.
—00 7T

VHTerpas MoKHO MpeJICTaBUTh CJAeAYIONIM 00pa3oM

[e’e) k
sint

1
/6(x)dx = lim — —dt =1,
k—oo T

—00 —k

rJe BBeJIeHO obo3HaveHne ¢ = kT M MCIOJIb30BAaHO, UTO

t
/26#—71'

PaccmorpuMm Tenmeph Takyio MEMOYKY pPaBEeHCTB

o) L
o R e e )
—00 —L
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OTcro/1a HEMOCPEICTBEHHO cJiejiyeT, 9To [c6]

o0

1
2

—00

e*rdl = §(x). (2.49)

Bepnemca Temeph K BOIpoCy HOPMHPOBKH. MHOMXKECTBO COOCTBEHHBIX
dbyukmmii Y p(r) oneparopa F 06pa3yior moauyto cucreMmy byHKIHU U B CIIy-
4yae HEeIPEPbIBHOIO CHEeKTPa. B 9TOM Cilydae Mbl TAKzKe MOXKEM Pas3jIOzKUTh
J00y10 byHKIMIO ¥ (T) TEX JKe NepeMEeHHbIX 10 CUCTeMe COOCTBEHHBIX (DYHK-
nwii. ToJBKO Temepb BMECTO CyMMbI Mbl JIOJKHBI IIHCATH MHTErpas (aHajaor
unrerpasia Oypoe), T.e.

¢:/EmwwMR

rjie ap - Ko duimenTsl pasiokennsi. AHAJOTHIHO COCTOSTHUSIM C JTUCKPET-
HBIM CIIEKTPOM BeqmduHa |ap|*dF ompejenser BepogTHOCTDL TOTO, YTO B CO-
crostuun (r) Bemuunna F Oyner uMers 3uavenue B unrepsaie (F, F + dF).

YeaoBHe MOJTHOTHL CUCTEMBI COOCTBEHHBIX (hyHKIHUiT Y (r) BhIpazkaercs
paBeHCTBOM

/wvwmw:/@mMF:L
() (F)

[ToxcTaBum dyHKIHUIO 1V* B BUAE Ppa3T0KEHUA
o [
(F)

B JIEBBII MHTErpas 3TOTO PaBEeHCTBA, TOrAa OyIeM HMeTh

[\ [avviar | owar = [ai | [wieiwwr | ar
( (1)

(r) \(F) F)

CocraBuM pa3HOCTH MPABOTO WHTErpPaJjia ITONO0 PABEHCTBA U IIPABOIO MHTE-
rpaJia paBeHCTBa, BbIPAXKaWIIero yCJ0BUe MOJHOThI, B Pe3yabTaTe MOy UM
HOJIb, T.K. JIEBbI€ YACTU TUX PABEHCTB PABHBI ME¥XKy COOOi

/a*F /1/1}(T)¢(T)dT—CLF dF = 0.
(r)

(F)
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,ZLJIH BLBIIIOJTHEHHUA 9TOT'0 paBE€HCTBa H€O6XO,ILPIMO CO6JIIO,IL€HI/IH yciaoBud

ar = / ()b (r)dr,
(r)

KOTOpO€ aHaJIOTUYIHO MPaBUJIy BbIYUCJICHUA KOSCbeI/H_[I/IeHTOB Pa3JI02KeHud B
carydae JUCKpeTHoro crekrpa (2.48). Hamee, 3amenum dbyHKIuo (1) ee pas-
JIOZKEHUEM, TOTJA, MOJTYIIM

aF:/ /CI,F/@Z)F/dF, w;dT’: /aF/ /@Z}F/@Z}}dT dF/

(r)  \(F) (F) (r)

J11st TOro, 9TOOBI 9TO PABEHCTBO BBHIMOJIHAIOCH /I JIOOBIX 3HAUEHHIT KO-
dburEenToB ap HEOOXOAUMO TOTPEGOBATD BHIMOTHEHHST YCJIOBHS [C5]

[ vridr =s(F - F), (2.50)
(r)

rie 0(F' — F) rak naswiBaemast 0-byuknus lupaka. Eciu norpebosarh Bbi-
[OJIHEHHSI 9TOrO YCJIOBH, TO MbI II0JIy4aeM Olpe/iesieHne 0-(pyHKIUI

/GF/(5<F/ — F)dF/ = ag.

(F)

Yenosue (2.50) siasiercst ycaoBHeM HOPMHPOBKH COOCTBEHHBIX (DyHKIHIA
B CJydYae HelMpPepbIBHOIO CIEKTPa COOCTBEHHLIX 3HAYEHUil omepaTopa. JTO
ycJI0BHe obeciednBaeT BO3MOKHOCTD HHTepIIpeTaluy Benaunbl |ar|?dF kak
BEPOATHOCTH OOHADYYKeHUs 3HAUeHUs Beanunubl F' B unrepsane (F, F+dF).
U3 (2.50) caemyer, uro upu F # F' coberBennbie (byHKIMU OPTONOHAJBHBI,
a npn F' = F' unrerpan pacxoaurcst.

Hopmupyem na 0-bynkmmo cobcrsennsie dynknmm 1, = Aexp(ifz) ome-
paropa mpoekiuu umiybca. C ofHO cTOpoHbI, coraacHo (2.50), umeer me-
CTO PABEHCTBO

/ Ypibpdr = 6(p' — p).

C apyroit cTOPOHBI, TOT YK€ WHTEerpaJ MOKHO MPEICTaBUTH B BUIE

/ Ypthde = A? / einte iR dy = A2 / ey = A*27hé(p' — p).
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CpaBHI/IBaH JIeBbl€ YaCTHU 9THUX PaBEHCTB, IIOJIy41UM

1
A22rh=1 = A= ——.
vV 2mh

Takum o6pa3zoM, HOpMUPOBAHHBIE COOCTBEHHBIE (DYHKITUU OIEPATOPa MPOEK-
oy UMIyJibCa UMEIOT BU L

Yp = \/% exp <z%x> .

B szakiiodenwe ormMeTnMm, 9TO €CJH OIEPATOp MMEeT W JUCKPETHBI u
HEINPEPBIBHBIN CHEKTP, TO BOJHOBYIO (DYHKIUIO, ONUCHIBAIONLYIO COCTOsIHUE
COOTBETCTBYIOMIEil eMy (hU3HIECKONl BeJTMIHHBI, MOXKHO PACKJa/IbIBaTh IO
IOJTHOM cucTeme (DYHKIHI C/IeIyIOmuM 00pa3oM

¢(T> - Z an¢n(7") + /aFledF

n

[Ipu 5TOM HOZKHO COOMIOIATHCS YCJIOBHE MOJHOTHI CHCTEMBI COOCTBEHHBIX
dbyHKIHIit onmepaTopa

Zlanl2+/|ap|2dF: L.

ITpumepsl cobcTBeHHBIX (DYyHKINIT OIEPATOPOB.
1. PaccmoTpuM omiepaTop HpoeKIun yIJI0BOro MOMeHTa Ha och z (2.40). Ypas-
HeHue Ha cOOCTBeHHBbIE (DYHKIIMU ¥ COOCTBEHHBIE 3HAYECHHUS UMeeT BHU/I

0
—ih% = L.U(p).

YriaoBas nmepeMenHas ¢ MeHsieTcs B mpegenax 0 < ¢ < 2. Orcoona cieayer
BAXKHOE IPaHUYHOE yCa0Bue - byHkims (@) 10/KHa ObITh TEPUOMIECKOI ¢
nepuojiom 27. Perenue ypaBHeHusi He MPeJICTaB/ISET TPY/AAa U Mbl HOJIYyYaeM

P(p) = Aexp (@'%9@)

1 UCIIOJIB3YS TPAHUIHOE YCJIOBUE, MOTYIIM
L,
exp (2€27r =1.

2#% = 2mm

Orcro/1a BBITEKAET, ITO
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WK
L, =mh,

rae m € Z. [IpoBeast HOpMUPOBKY, nosyaum A = \/%, cJ1eJI0BATeNIbHO 7]

Um(p) = —=e"™. (2.51)

Yucma m HA3BIBAIOTCSI KBAHTOBBIMHU YHCIaMH. B JaHHOM ciydae OHHU OIpe-
JIEISIIOT BEJIMYUHY TPOEKIUU yIJIOBOIO MOMEHTa Ha OCh 2. Takum 00pa3om,
3a/1aBasi KBAHTOBOE YHUCJIO, MBI 33/aeM 3HadYeHue (pU3ndecKoil BeTUINHBI B
nauaoM cocrogunu. C dbyukmusvu (2.51) MBI BCTPETUMCST IPU PACCMOTPe-
HUM 33J1a9 0 KBAHTOBOM POTATOpE M aTOMe BOJOPOIa

2. CobcTBeHHBIE (DYHKIIMH KBaIpaTa olepaTropa yIioBoro MmomenTa. Mcmomb-
3yst (2.42) u (2.43) MOXKHO BbIIUCATH yPAaBHEHHE /Il 9TOIO oreparopa. Ml
OTJIOXKUM TIOJPOOHOE pererue 3Toi 3agadn 10 pasaena "Teopust yriioBoro
MomenTa". 3/1eCh OTMETHM TOJIBKO, 9TO COOCTBEHHBIE 3HAUYEHNS BHIPAZKAIOTCS

CJeIyIONUM 0O6pa3oM
L*=hl(l+1),

rae [ = 0,1,2,.... Ha3BIBaeTCs OPOUTATHLHBIM KBAHTOBBIM 4uncJIOM. Bosee mo-
JIPOOHO MBI IIOTOBOPUM 00 3TOM IPU PACCMOTPEHUU aTOMa BOIOPOIA.

2.4 CooTHoIlleHne HeonpeaeJeHHOCTel

2.4.1 VYcjaoBus, pu KOTOPBIX HECKOJIBKO (pU3MIECKUX
BEJINYWH MOTYT MMETH OIIpPeeJeHHbIE 3HAYEHUA B
OJTHOM COCTOSTHUU

I/I3 npeabrayniero n3JiozKeHud IOHATHO, YTO e€CJIM BOJITHOBasd (bYHKI_LI/IH HEKO-
TOPOTO COCTOSAHUSI CHCTEMBI COBNAJIAeT ¢ coOCTBeHHON (dyHKmeil oneparo-
pa F, To B 3TOM cocTosHun (hu3ndecKkas BeandnHa F uMeeT olpe/iesieHHOe
3Hadenne. OYeBUIHO, ITO €CJAU BOJTHOBAA (DYHKIHS HEKOTOPOTO COCTOSHUA
CUCTEMBI BJSIETCS OJHOBPEMEHHO COOCTBEHHOI (DYHKIIMeH HeCKOIbKHUX OIle-
pPaToOPOB, TO B 3TOM COCTOSIHUM MMEIOT OIpe/ie/IeHHbIe 3HAYEHUsI Bce hu3mde-
CKHE€ BEJIMYMUHBI, COOTBETCTBYIOIIUE 3TUM OllepaTOpaM.

[lycrn ecth nBe dusnueckune pesmaunnt F u M, KOTOPBIM COOTBETCTBYIOT
onepatopsl F'u M. IlycTb BonoBast pyHKIHUS 1) ABIA€TCA COOCTBEHHOI J1Is
00OUX 3TUX OIEepPaATOPOB, T.e. HMEIOT MECTO YpaBHEHUS

Fip = Fip
M = My
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[ToneitcTByem omnepatopoMm M cieBa Ha mepBoe ypaBHEHHe, a omepaTopoMm F
- COOTBETCTBEHHO, Ha Bropoe. [locjie 9TOro BbIYTEM U3 MEPBOIO ypaBHEHHE
BTOPOE, TOTJIa MOJY9IUM

MFy — FMy = FMy — MFyp = (FM — MF)) = 0.
Orcroia BeITEKaeT TpedyeMoe YCI0BUE
[ﬁ, 1\7] — 0.

CiteioBaTesibHO, JjIst TOTO, 9TO0OBI (pu3MIeCKre BEJTUINHBI MOTJIU UMETH OJl-
HOBPEMEHHO OIpeJIeJICeHHbIEe 3HAYEHUA B OJHOM COCTOSAHWN, ONEePATOPHI ITUX
BEJIMYMAH JOJIZKHBI KOMMYTHAPOBATb.

2.4.2 CoorHoieHne HeonpeaeaeHHOcTel [eiizenbepra

yCTaHOBI/IM HEPaAaBEHCTBO, CBA3bIBAIOIIEE CPpEIHNE 3HAUYECHUA ABYX IPMUTOBBIX
onepatopoB F'u M. [Ipexke Bcero 3aMeTuM CJie/1yioniee

o~ o~ ~ * ~ 2
7y = [wRFrvar = [ (Fo) Froar = [[|Frof ar > o
anee, HeTpyIHO yOeIUTLCA B TOM, UTO
~\ T ~
(i) = —iF*.

JeiicTBUTENIBHO, C O/IHOI CTOPOHBI, U3 OIIPE/IEJIEHNS OIIEPATOPHOTO COTIPSIZKe-
He

[ o Fvar= [u@royar
mocJie YMHOYKEHHS HA MHUMYIO eUHHILY %, CJIeAyeT, 9TO
/ ¢ iFdr = / W(—iF*t ) dr.
C apyroit cTOpoHBI, /I OIIEpaTOpPa il 1o OTIpe/IeJIEHUIO0 UMeeM
/ ¢ iFpdr = / W((iF) ") dr.

13 cpaBHenusi JIeBBIX U MPABBIX YacTeil STUX PABEHCTB BBITEKAeT Tpedyemoe
cooTHomenue. B 6oiee obieM ciaydae uMeeM cJieryroinee

AN —_~ + A~ —~
(F i z'M) — P _iM*.
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Ecmu oneparopsr F' u M camoconpsizkeHHBIE, TO CAMOCOIIPS?KEHHBIM OIIepa-
TOPOM SBJIIETC TaKzKe JII00asi UX JInHelHast KOMOUHAIMS, HAlIpUMeD, TaKas

F+i\M,

IJ1e A Mbl [oJ1araemM JeficTBUTeIbHBIM YUCI0M. Toraa BbIIIOJIHEHO CJIeLyOIee
HEPABEHCTBO

((ﬁﬂ)]\?) (ﬁ+i)\1\7>+> > 0.

Orcroa mosyanm

((F + iAN) (F - z)\M+>>

= (F?) + X(M?) —i\NFM — MF) > 0.

Otcro/1a HemoCpeICTBEHHO BUIHO, YTO CPe/IHee OT KOMMYTATOpPA €CTh YHCTO
MHUMad BeJINYNHA, MHAUYEe CpeJHee 3HAUEHHEe CAMOCOIPAZKEHHOTO OIepaTopa
He OyJieT JefiCTBUTE/IbHBIM YHCJIOM, 4YTO HejonycTruMo. PaccmarpuBasi 310
HEPABEHCTBO KAaK KBAIPATHOE OTHOCHTEJIHHO A, JIETKO MOHSTH, YTO MUHU-
MaJIbHOE 3HA4YeHNe NMPaBOil YaCTN HEPABEHCTBA JOCTHUTAETCA NMPW 3HAYEHUHN

i (FM — MF)
2 <]\72> ’
CaMO MHUHHUMaJIBHOE 3HaYeHUue KBaﬂpaTHOI‘O TpquﬂeHa paBHO
o~ o\ 2
' <<FM _ MF) >

SRR

=0

Orcroa HEITOCPEICTBEHHO CJIe/IyeT
-2\ /112 1 577 e’
(F2Y(M?) > —Z<(FM—MF> >

SaMeHuM Tenepb OmnepaTopbl OMEepATOpPaAMU UX OTKJIOHEHWS] OT CPEIHUX 3HA-
4eHui, T.e.

F = AF =F — (F) n, coorBercreenno, M = AM = M — (M)
HenocpeIcTBEHHBIM BBIYHCIEHHEM JIETKO TTOKA3aTh, 9TO

(AFY(AM) — (AMY(AF) = FM — MF.
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Ciie10BaTEILHO, JOJZKHO BCETJIa BBIOJHATHCS HEPABEHCTBO [c§]
. - 1/ /e 2
(AF)(AM?) > — (FM - MF) . (2.52)

DTO 1 eCTh 3HAMEHHTOE HEPABEHCTBO, YCTAHABIMBAIONIEE COOTHOIICHIE MeZK-
Jy CPeJHUMH 3HAYEHUSIME [BYX SDMHUTOBBIX OLEPATOPOB. B Kadecrse nmpume-
pa BO3bMEM [Ba ONEPATOPA T U Dy, KOMMYTAIHOHHOE COOTHOLICHUE MEKLY
KOTOPBIMH Ob1JI0 yeTanosseno Boimre (2.39). Ilogcrasus ero B (2.52), mosyanm
I0CJTe M3BJICYCHUS KBaJIPATHOrO KOpHS [c9]

AxAp, > Z (2.53)
B knmaccuieckoit MexaHUKe KOOpAUHATA £ W COOTBETCTBYIONIAS MIPOEKITH NM-
IyJIbCA HA3BIBAIOTCA KAHOHUYECKH CONpsKeHHBIMEU BesmdnHamu. Omeparo-
PBI, COOTBETCTBYIONIHE KAHOHUYECKHU COMPSIKEHHBIM BEJIMINHAM HE KOMMY-
TUPYIOT Mez 1y coboit. Takum BejIuuMHAME, IIOMUMO T U Py, ABJISIOTCH a3U-
MYTaJIbHBIH YTOJI (0 ¥ ITPOEKIIKS YIJIOBOI'O MOMEHTa Ha OCh 2z, T.e. L, a TakxKe
BpeMs ¢ U 9Heprusd 4acTuipl £, 9To o3HAYaeT, 9TO I JJAHHOI'O COCTOSHUS
KBAHTOBOW CHCTEMBI 3TH BeJUYWHLI HE MOTYT OJHOBPEMEHHO HMETh OIIpe-
JleeHHble 3HAUYEeHUsd, CJAeI0BATETbHO U3MepeHne TPUHINIHATLHO He MOYKET
JIaTh, HAIIPEMED, OIPEJIJICHHbIe KOODJANHATY M UMILYJIbC YacTuipl. 13 (2.52)
CJIEJIyeT, 4TO YeM TOYHEee U3MEePSeTCs OJ/IHAa U3 BEJIMYUH, TeM MeHee Olpejie-
JICHHBIM CTAQHOBHUTCSI 3HaYEHUE JIPYTOil, 1 HA0OOPOT.

ITpunuun nonosaureabHOocT Bopa. Cornacuo H. Bopy, kaxnas du-
3UYecKasd BEJIMIMHA BMECTe CO CBOeil KAHOHMYECKH COIPS?KeHHOH oOpasyer
1napy JIOHOJIHUTEJIbHBIX BeJIn4rH. B JII000M COCTOsIHMY OLPE/Ie/IEHHOe 3Hade-
HIE MOYKeT MMeTh TOJILKO OJIHA U3 HUX, JIMOO Ke oHu 0Oe He UMEIOT OlpeJie-
JIEHHBIX 3Ha4YeHuii. B cBsa3u ¢ stum Bop copmyamposas npuHIUn J10M0THA-
TeJTbHOCTHU, COTJIACHO KOTOPOMY ONUCAHUE COCTOSHUS CHCTEMBI B KBAHTOBOI
MeXaHUKe paclaIaeTcd Ha JIBa B3aUMHO UCKTIOYAONINX KJIacca, KOTOPhIe sIB-
JIFIOTCA JTOMOJTHUTETBHBIMA JIPYT K APYTY B TOM CMBICTE, YTO UX COBOKYTI-
HOCTb MOTJIa Obl JIaTh B KJIACCUYECKOM MOHUMAHUU MOJHOE OIUCAHUE CUCTe-
MBbI.
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I'1taBa 3

Pemenne ypaBaeHuns
Ipeaunrepa g IpocThIX
CUCTEM

3.1 CramuoHapHbIE COCTOAHNA KBAHTOBBIX CH-
CTEM.

Paccmorpum pemtenns ypasuenns [llpeannrepa ais ciaydast, Koraa DOTeHIT-
aJIbHas SHEePIrUs KBAHTOBOI CUCTEMBI He 3aBUCUT SIBHO OT BpeMeHu. Brimuimem
nosiHoe (wau Bpemennoe) ypasuenue IlIpeaunrepa (2.22) [shred121|

n 20t _ Hip(r,t), (3.1)

ot

rie H - onepaTop SHepruu KBAHTOBOI cucTeMbl (ramuibTroHuan), h = h/2m
- nocrosinnas [Lranka, 1) - BoHOBast (DyHKINST CHCTEMBI, KOTOPAS SIBJISI€TCSI
dyuknueit BpeMenu ¢t 1 NpOCTPAHCTBEHHBIX KOOP/IMHAT, COBOKYITHOCTH KOTO-
PBIX MBI ODO3HAYUIN Yepe3 7.

[Tosnast sueprust cucrembl H, koropyio HasbiBatoT ¢yukiueit I'amMmusibro-
Ha, €CTh CyMMa KHUHETHYECKON W TOTeHIUaJbHON dnepruit. s oguoii ya-
crunbl dyuknusa [amuiabrona H = % + U(r,t). Eciiu B 370M BBIpaXKeHuu
mepeiiTi K omeparopamM COOTBETCTBYIONIUX BEJHUYUH (T.€. IIPOU3BECTH HPOIIe-
JIyPY KBAHTOBAHHSI), TO MbI MOJYIUM OMEPATOP [AMHJIBTOHA WM TaMUTh-
TOHUAH, [PEJCTAB/ILIONUNA COOOI CyMMy OLEPATOPOB KUHETUYECKOU M 110-
TeHIuaJIbHON dHepruil. [yt 0jiHON JacTUIbl MacChl M, JBUKYIIEHCS B 10JIe
noreHnuaabubix cui U(r,t) sror oneparop umeer Buj [H1|

~ h2
H=——A+U(r1), (3.2)

2m

72



riae A - oneparop Jlamnacal. Takum obpasom ypasnenue Ilpenunrepa sp/is-
eTcs JUHeHbIM TuddepeHmaaIbHbIM YPaBHEHTEM BTOPOrO MOPSIKA B 9acCT-
HbBIX ITPOU3BO/IHbBIX.

BazKHbIM KJ1aCCOM KBAHTOBBIX CHCTEM SIBJAIOTCS CUCTEMBI, JJI KOTOPBIX
raMuJibTOHUAaH H $IBHO He 3aBHCHT OT BpPeMeHH. JTO, KaK BUJHO W3 BHIPA-
JKeHUs JJIsi TaMHJIbTOHHAHA (3.2), O3HAYAET, YTO MOTEHI[HAJbHAS SHEPIHsl
cucrembl U(7) 9BHO He 3aBUCHT OT BPEMEHH. B 3TOM cjiydae Mbl MOXKEM
BOCIIOJIb30BaThCs U3BeCTHbIM MeToJioM DPypbe Jyis pemenus Juddepeniiy-
aJIbHBIX yPaBHEHWIl - MeTOJ0M pa3jeseHus: mnepeMeHHbiX. COrylacHO TOMY
MEeTO/Ly, BOJIHOBYIO (byHKIUIO (7, t) peJcTaBuM B BUJIE IPOU3BEJICHUS JIBYX
dyHKIHil, ogHA U3 KOTOPBIX 3aBUCUT TOJHKO OT BPEMEHHU, & APYTrasd - TOJbKO
OT KOODJMHAT

p(r,t) = x(t)e(r).
[MoacraBus 31oT B (byHKIMU P B ypaBHeHue (3.1) u ydTs, 4TO OmepaTop
muddepennuposanus no Bpemenn J/0t neiicTByer TobK0 Ha hyHKIMo X (1),
a orneparop H - tommko na GYHKIUIO @, U, 3aTeM, pa3Jie/inB 00e 4YacTh ypaB-
HeHUs Ha MYHKIIIO 1, MBI MIOJIYYHM CJIeYIOIIee PAaBeHCTBO
xot ¢

JleBasg 9acTh 9TOT0 paBeHCTBA 3aBUCHT TOJIBLKO OT BPEMeHH, a MpaBasd - TOTb-
KO OT MPOCTPAHCTBEHHBIX KoopawHaT. CieaoBaTebHO, 3TO PABEHCTBO BO3-
MOZKHO TOJBKO TIPU YCJIOBUU, UTO JieBasd U MpaBas YaCTH PABHBI OJHOI U TOil
ke KoHcTanTe. O003Ha4YMM 9Ty KOHCTaHTy depes F. Torma s jieBoit qactu
paBeHCTBA MOJyYUM YpaBHEHHE

@.

L 10x

—— =F.
Zxat

Ero pemenust Haxousitest 6e3 tpyzaa [1chil|
E
x(t) = Aexp —igt , (3.3)

rjie A - HOpMUPOBOUHBIH KOIDDUIHEHT.
Pemenns nis byHKIMA ¢ HAXOASTCS U3 ypaBHeHus [statShr]

Ho(r) = Bp(r), (3.4)

!'HamomumnM, 910 omepaTop Jlamnaca B JeKapTOBOil CHCTeMe KOODAHUHAT UMeeT CIefly-
IO BUJ,



KOTODO€e Ha3bIBAETCs CTAIMOHAPHBIM ypaBHeHueM l[llpenunrepa m gpisgercd
YPaBHEHIEM Ha COOCTBEHHBIE 3HAYEHUSA W COOCTBEHHBIE (DYHKIIU ONEPATOpa
H. Eciu Mbl pemuM 310 ypaBHeHue, To Haiigem cobcrBennbie hynkuuu ¢(r)
oriepaTopa H. Koukpernsbiit Bu 31ux hyHKINNE 3aBUCAT OT BU/IA TOTEHITHAIA
U(r). Tlonnast BoJiHOBast (DYHKIUsI CTAIMOHAPHOTO COCTOSIHUSI KBAHTOBOI
CHCTEMBI BBIPAZKAETCsl, CJIEI0OBATEIBHO, CJIeyomuM 06pa3oM [polpsi]

W(r,t) = Ap(r) exp —i%t) . (3.5)

Kaxk BujHO, nosHas BosHOBas (dbyHKIUs (3.5) CTAIMOHAPHOIO COCTOSHUSI
KBAHTOBOI CUCTeMbl 3aBUCUT OT BPEMEHH. DTa 3aBUCUMOCTD OIIPE e/ eTCs
Tak Ha3bIBaeMbIM (ha30BbIM MHOKHTENeM exp(—iFt/h), KoTopbii, ncnoan3ys
dopmyny Diiepa, MOKHO IPeJICTABUTL B BUJIE

L Pe) —isin (24
€Xp Zh = COS 2 7511 3 s

T.e. 3aBUCHT OT BPEMEHU 0 TAPMOHUYECKOMY 3aKOHY, TpIUYeM 3Hadenue £ co-
OTBETCTBYeT SHEPTHH JAHHOTO CTAIIMOHAPHOTO COCTOSHUS cucTeMbl. OTHAKO,
[PU BBIYUCJIEHUU KBaJIpaTa MOJLYJ/is BOJHOBOW (pyHKIMYU, (DAa30BbId MHOZKM-
TeJb eXpP (—i%t) BBITIaIaeT U3 paccMoTpenus. JleiicTBuTe/bHO,

|¢<T’ t)|2 = 77/)*(7‘, t)l/)(?“, t) = AQQOQ'

Kak Mbl HEOIHOKpATHO OTMeYa iu, UMEHHO KBa/IpaT MO/LYyJIsl BOJIHOBOI (hyHK-
AW nMeeT (DU3WIECKU CMBICI - SIBJISIETCs TJIOTHOCTHIO Pacipe/iesieHusi Be-
POATHOCTU OOHAPYZKEHHUS CUCTEMBI B 3a/laHHOM cocTosgHuu. Cre10BaTe/bHO,
¢da30BbBIil MHOXKUTETH HE BJIHSET HA 3Ty ILJIOTHOCTH BepoaTHOCTH. OTCIoaa
MOKHO C/IeJIaTh BBIBOJI, 9TO CTAllMOHAPHAs BOJIHOBas (DYHKIUs OIIPeIe/IeHa
¢ TOYHOCTBIO 70 TPOM3BOJIBLHOIO (Pa30BOr0 MHOKHUTEISA. DTO IKBUBATECHTHO
TOMY, 9TO TOTEHIHAIbHAST SHEPIUst CHCTEMBI OMpPeIeIeHa ¢ TOYHOCTHIO 0
AJIATUBHOI ITOCTOSHHOM.

O6006111a4 BBHITIEIIPUBEIEHHBIE PACCYK/IEHIS, MOZKHO CJEIATh CJIeTyIOIIIe
BBIBOJIBI
1. 3aBucumocts BOHOBOH (yHKIME (&, t) OT BpeMeHN B CTAIMOHAPHOM CO-
CTOSTHUU OJIHO3HAYHO OTpejiesisieTcs 3HadenneM ueprun. Pazjoxenne GpyHk-
UK 1) 1O CHCTeMe COOCTBEHHBIX (DYHKIHII raMUJIbTOHHAHA B CTAIlMOHAPHOM
COCTOSIHUM UMeeT BHU/I

VED =D anthu(€)e

n
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B CJIy4dae JIUCKPETHOTO CIeKTpa, U

BEt) = / axtp(€)e FidE

B CJIydae HelmpPephIBHOTO CIIEKTPA. 3aMeTnM, 9TO KO3DdHUINEeHTH pa3ioxe-
HUA A, U G OT BDEMCHH He 3aBUCAT.

2. B craruoHapHBIX COCTOSTHUAX MIOTHOCTDH BEPOSITHOCTH (2.26) M IIOTHOCTH
TOKa BeposTHOCTH (2.27) He 3aBHCAT OT BPEMEHH.

3. B cranmonapHbIX COCTOAHUAX CpejHee 3Hadenne J11000it pusnyaeckoit Besn-
YUHBI, OllePaTOP KOTOPOii ABHO OT BpEMEHH He 3aBUCHUT, ABJIACTCS HOCTOAHHOI
BEeJINIMHOIT

(F) = /@D*(ﬁ,t)ﬁ@/)({,t)df = const.

Camn (1)I/ISI/I‘IGCKI/IG BEJIMYUHBI MOT'YT HUMETH OIpeJc/IeHHbIEe 3Ha4Y€HHUA B
CTallTUOHAPHBIX COCTOAHUAX TOJBKO B TeX CJAy4YasdaX, KOrJa HX OIllepaTop
KOMMYTHUDPYET C I'aMUJIBTOHHAHOM.

3.2 Tysaenbpublii 3 @eKT.

3.2.1 Ksasuknaccudeckoe npuodsmxkenmne. ®opmysa I'a-
MOBaA.

Kax mbt Buzesn (cM. (2.23)), KBAHTOBO - MEXaHHYECKOE OIUCAHUE II€PEXOUT
B KJlaccudeckoe mpu ycaosuu b — (. DTO IKBUBAJIEHTHO TOMY, 9TO /1€0POii-
JIEBCKAasl JIJINHA BOJIHBI CTPEMUTCs K HyJ0. JleficTBuTesibHO, aebpoitaeBckas
JyaHa BOHBL A = h/p — 0 mpu h — 0. [Inuna BOJHBI Oy/IeT TaKzxkKe CTpe-
MUTCS K HYJIIO TIPH YCJIOBHH p = mu — o0. [Ipu 3TOM yCJIOBHE MOYKHO
BOCIIOJI30BATHCS KBA3UKJIACCHIECKUM [PUDJIUZKEHUEM.

Pacemorpum siBa ciaydast: (1) gacTuia HAXOAUTCS B MOTEHIMAIBHOMN siMe
(puc. 3.1A); (2) wacTuia HaseTaeT Ha MOTEHIUATIBHBIN Oaphep (puc. 3.1B).
Bonnosyto dyukiuo dacrurpl obosaaduM Y (x). [Iycrs wactuna obaagaer
noTeHnuaIbHON sueprueii U(x), a ee moHyto suepruto oboznaunm E. Toraa,
COTJIACHO KJIaccuueckoit Mexanuke, F = p?/2m + U(x). Orciona BIpazum
HMITY/IbC 9aCTULBL [imp]

p(x) = ++/2m[E — U(z)]. (3.6)

13 (3.6) Bugno, uro ecau E < U(x), TO BeJMYHHA UMITYJIbCA P(X) CTAHOBUT-
cst MEIMOIT BemanHOi. Takum 06pa3oM, 06JacTH IPOCTPAHCTBA, TJIe BBITIOJ-
ugerca uepasenctBo F < U(x), ¢ KIaccuveckoil TOYKU 3PEHUs SABJISIOTCH
HEJIOCTYITHBIME JIJIsi YACTHUIIBL.
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Puc. 3.1: cremamuueckoe usobpasicenue soanosoti ynnuuu ¥(z) nacmuys, nazodawetica 6 nomen-
yuaavnoti ame U(x) (A) u wacmuyn, nasemarowets na nomenyuarvhnti 6apvep U(x) (B). KoopduramuL
T1 U T2 HA3BEAIOMCH MOKAMU Nosopoma u coomeemcemeyiom ycaoeuto U(x1) = U(xe) = E, 20e E
- noanaa suepeua “wacmuybt. IIpu npubausceruy € 3MUM MOYKAM UMNYALC “wacmuyb p — 0, dauna
debpotiinescroti oanvs X — 00. B obracmar © < x1 u x > x2, 2de E < U(z), soanosan Pynryus V()
3amycaem.

Eciu 1ebpoitieBckast JiyinHa BOJIHBI YaCTUIBI MaJla 110 CPABHEHUIO € Xa-
PAKTEPHBIMEU pa3MepaMK KJIACCHYeCKH JIOCTYIHOM 00/1acTh MpOCTPaHCTBA U
ecau U(z) siBIsieTcst JIOCTATOYHO TLJIABHON (DYHKIMEH KOOpAuHAT, TO JIBH-
JKeHHe 3TON YaCTHIbl B KJIACCHYECKH JIOCTYHHON 00JIACTH MOYKHO OIHMCATH
KBa3uKjIaccuiecku. Kpurepnii mIaBHOCTH W3MeHEHHs MTOTEHIIUATBLHON SHep-
run U(x) wactunpt Mbl ycranopum muzke. OTMETHM, 94TO B T€X TOYKAX HPO-
cTpaHCcTBa, riae BbinosHsercsa ycaosue E ~ U(z), cormacho (3.6), uMiysbe
YACTUIBI OJIM30K K HYJIIO0, a JieOpoilieBcKast JI;TMHA BOJIHBI CTPEMUTCS K Oec-
KOHEYHOCTH A — 00. BO/M3u 9TUX TOUYEK, KOTOpPbIe HA3BIBAIOTCS TOYKAMU
MOBOPOTa, KBA3UKIACCHIECKOE PUO/INKEHIE He TTPUMEHUMO.

N est MeTo1a KBA3UKIACCHIECKOTO TIPUOINKEHUS COCTOUT B CJIEYIOIIEM.
Paccmorpum crannonapuoe ognomepnoe ypasuenue [Ipeaunrepa s qacru-
1pl, aBuzKyeiics B norernuase U(x) [Shredl|

o+ U) ) () = Bu() (3.7

[IpejicTaBuM HCKOMOE pelieHue Jijisi BOJHOBOI (byHKIMU B Bu/e [insert|

1 = exp ;—i/p(x)dx . (3.8)
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Bamernm, uaro [ p(z)dz =S (em. (2.19)). Hoacrasum (3.8) B ypasrenue (3.7),
TOrJAa MOJIYYIUM CJIejiyiolee ypaBuenue |class]

2 .
P ih Op
— +U(x)— ——=—=F. 3.9
2m +U() 2m Ox (3.9)
Orcroga BUIHO, 9TO €CIn
ih Op p?
2m Ox 2m’

TO 9THM 9JIEHOM MOYKHO MpEHeOPedb W Mbl MOTYyYUM YHCTO KJIACCHIECKOe
yDaBHEHHE [|JIsl OTpe/Ie/IeHnsT UMITYIbca JacTuIbl. Crie0BaTebHo, YCIO0BHE,
1pu KOTOPOM ypasHenue (3.7) Gyjer upubInzKeHHO yI0BIETBOPATHCS U 1I€Pe-
XOJIUTH B KJIACCHMYECKOe yDABHEHUE JIBUZKEHUS PU 110cTanoBKe (3.8), npes-
crapisiercst B Buje [uslO]

dp

2
p°>h|—|. (3.10)

dz
Bripazkas UMIYJIbC 9aCTUILI 4epe3 1eGpOiiIeBCKyIO JUIHHY BOJHDL, P(T) =
h/A(z), npegcrasum 310 yeaosue B Buje [usll]

1 |dX
— | — 1. A1
21 | dx < (3.11)

Takum 06pa30oM, MBI TTIOJIYYUJIN KOJUYECTBEHHbBIT KPUTEPU I OLEeHKN
CIpaBe/INBOCTH KBA3UKJIACCHIECKOro npubanzkenus (3.11) - gebpoiiieBckast
JIUTHHA, BOJIHBI YACTHUILI JOJIZKHA MAJIO MEHATLCS Ha PACCTOAHUSX MOPSIKA
JUIHHBL caMOit BoJiHbI. Ecsim 0603Ha4nTh Yepes [ XxapaKTepHbIe Pa3MepPbl KJIac-
CUYECKH JIOCTYIHON 00/1aCTH, TO NPUOJIUKEHHO % ~ %, 1 HepaBeHCTBO (3.11)
MEePEXOINT B HEPABEHCTBO A\ < [.

Ecnu BepuyThes K Boipazkenuio (3.10) u BocosnbzoBarbes (3.6), To yeio-

Bue IMpUMEHHMOCTH KBa3HUKJIAaCCHYECKOI'O OIIHCaHUA MOX2KHO IIpeJCTaBHUTL B

BHIC
mh(_AUN
3 dx '

Orcoia BUJHO, YTO KJIACCHYECKOEe DPACCMOTpPEHNEe KBAHTOBOMEXAHUIECKUX
CHCTeM OTPAB/IbIBACTCS TMPU IBUKEHUH YACTHUIL ¢ OOJTBITHME UMITYIHCAMI B
IMOTEeHIUAJIbHOM I10JIe C MaJIbIMU I'paJUEeHTaMHU. HaHpI/IMep, JABHUZKECHUE DJICK-
TPOHA B 3JIEKTPOHHO-JIYY€BOI TPYOKe WM B BAKyyMHOM Juojie. Kpome 3Toro
SICHO BH/IHO, 4TO 1ipu p — () ycjI0BHE KBa3UKJIACCHIHOCTU MOZKET HAPYIIATh-
cs JlazKe TPU MAaJbIX TPAJMEHTax MoTeHnuasa. Hampumep, ecianm B BaKyyM-
HBI{l JIMOJ BBECTH TpeTUil 3JeKTPOJ - CeTKy (MOJyYnTCs TPHUOJ), HA KOTO-
PYIO HOJATh TOPMO3SIIMH HOTEHIUAJ, TO HOJJjIeTast K CeTKe, JIeKTPOH Oy-
JIeT YMEHbBIATh CBOIO CKOPOCTh. [Toka cKOpocTh OyIeT J0CTaTO9YHO OOJIBINOM
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MbI MOKEM OTINCATh JIBUKEHNE 3JIEKTPOHA KJIACCUUYECKH, COIMOCTABUB ITOMY
JIBUZKEHUIO KJIACCHYIECKYIO TpaeKTopuio. OHAKO, KOTJIA 3JIEKTPOH IO IeTast
K CeTKe, pacTparuT CBOI KMHETHUYECKYIO dHEPIUIO0 Ha 1IPeojl0JIeHue TOPMO-
3SIIEr0 MOTEHIMAJIA, U ero KJIACCUYeCKas CKOPOCTb NPHUOJU3UTCH K HYJIIO,
y7Ke HEeBO3MOYKHO OyJIeT OlucaTrh JBHKEHHE dJIeKTPOHA Kjaccuuecku. [leii-
CTBUTEILHO, JeOpOilieBCKas JIIMHA BOJIHBI 3JIEKTPOHA B 3TOM CJIydae Oyaer
CTPEMHUTCSI K OECKOHEYHOCTH ¥ CYIIECTBEHHO IPEB30iieT JUHeHHbIe pa3Me-
Pbl TPUOJIA, YTO SKBUBAJEHTHO JI€JI0KAJIU3AallUU SJIEKTPOHA B IIPOCTPAHCTBE.
CiteioBaTeIbHO, B 9TOM CJIydae HEBO3MOXKHO Oy/IeT yKa3aTh €ro MOJI0KEeHHe
BHYTPH TPUOJA.

Popmyna I'amosa. I[lycrs yciaosue (3.11) BbITIOJHEHO, TOT/IA, COTIACHO
(3.9), ummysibe acTuibl onpeesiercss Bhipazxkenuem (3.6). TTogcrasum (3.6)
B (3.8), Torma MBI MOJTyYnM BOJHOBYIO byHKIHMIO dacTuisl ¢(x). Kagpar
MO/TyJIsT BOJTHOBO{i (DYHKIHH, KAK H3BECTHO, €CTh MIIOTHOCTH BEPOSITHOCTH 00-
HAPY?KEHUs YaCTHIbl B 33IaHHOI 00Js1acTu pocrpancrsa. Eciu yacruna Ha-
XOJUTCS B K/JIACCUIECKHU JIOCTYIHBIX 00/1aCTsX, T.e. TaM, Ijie UMILY/Ibe p? > 0,
TO BOJIHOBas (DYHKIMsT 9acTUIb ) (X) UMeeT OCIU/LISITOPHBIH XapakTep, 4To
B0 u3 (3.8) (cm. pue. 3.1), a kBagpar ee momys |(z)]* ectb Beamum-
HAa TOCTOSTHHAS, He 3aBHCAIIAsg OT KOOPIHHATH. DTO 03HAYAET, UTO TACTHILY
C PABHOH BEPOSITHOCTHIO MOYKHO OOHADYKUTH B JHO00H TOUKE KIACCHIECKH
JIOCTYIHOM obJracTH.

CyImecTBeHHO MHas cuTyanus OyJer B KJACCHYECKH HEJOCTYIHBIX 00/1a-
CTAX TPOCTPAHCTBa, T.e. Tam, Tae p*(z) < 0. B sroM ciaydae MOXKHO SIBHO
BBIJIEJIUTH MHUMYIO equnuiy p(x) = +i|p(x)| u Torga, oueBuHO, BOTHOBAsI
dbyHKIMSA TPUMeT BUJI 3aTYXAIOMIEil SKCIIOHEHTHI

¥(z) = Aexp {—% / IO = E)da:} , (3.12)

a KBaJpaT ee MOJLyJisl IIPUMET, COOTBETCTBEHHO, BU/J

[Y(z)]* = A® exp —%/\/Qm(U(x) — E)dz ;. (3.13)

rae A - HOpMUPOBOYHBINH MHOXKUTEb (AMIUINTY/ 14 BOJIHEL).

Bripazkenne (3.13) siBiistercst OCHOBO# J1/Is1 MOHUMAHUST TYHHETBHOTO -
dexra. Ecian Knaccuuecku HeJOCTYIIHad 00/1acTb HMeeT KOHEeYHYIO MpOT:-
JKEHHOCTD, CKazkKeM OT %1 70 T2 (puc.3.1B), To BepoaTHOCTH OOHADPYKUTDH
JacTHI[y B TOUKe T2, KOTJa OHAa HaTaJKHBaeTCd Ha HMOTEHIHAJIbHBIH Oapbep
B TOYKE T'1, BOOOIIE roBops, He pasHa Hya0. OTJHYHAd OT HyJIs BEPOsT-
HOCTDH HAXOXKJIEHNd JaCTHUIIBI B KJACCHYECKN HeJIOCTYIHO 001acTH, Tam, e
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E < U(x), o3Ha49aeT BO3MOKHOCTH MPOHUKHOBEHUS YACTHIBI B ITY O0JIACTD.
Dror 3dderT nveer cyrybo KBAHTOBBIN (BEPOSITHOCTHBII) XapakTep U He
MOZKET 6bITb IIOHAT C TOYKH 3peHuAd KJIACCUYECKON MEeXaHUKU.

Ecim wacruna okasansach B TOYKE T, T.€. IPOILIA CKBO3b HOTCHIUAIbLHBII
Gapbep mMUpUHON | = |Tro — 1|, TO OHAa BHOBb OKa3a/Jach B KJIACCHYECKH
JIOCTYIIHOM 06Js1acTi. AMILIATY 18 BOJTHOBOI (DYHKIMH Ay HOC/IE MPOXOZK ICHUST
6apbepa, coracHo (3.12), GyeT BhIpayKaThCs CIEAYIONUM 00Pa30M

A, = Aexp _% / V2m(U(z) = Eyde b . (3.14)

OTHolleHre KBAAPATOB aMILTUTY/I IPOIIe/IIeil u maaaroreii BotH ae Bbpoiira
D = A?/A? onpegenser BepoaTHOCTD HPOXOZKIEHNs JACTUIBI CKBO3b MOTEH-
MUAJTBHBI Oapbep. DToT 3G eKT Moy InI Ha3BaHUe TyHHETLHOTO 3 deKTa.
Ucnomnbays (3.14), mias serancaenns koaddunmenta D, HazpiBatomerocst Ko-
s dunmenTom mpo3padHocTu d6apbepa, moayauM dopmysry [amosa

2

2

D = exp —ﬁ/\/Qm(U(QJ) " B)dz b (3.15)

1

Ota (popMmysia MUPOKO MCIOJIb3YeTCd KaK B (pU3MKe M XMMUU, TaK ¥ B OHO-
dusuke. Opnako cieayer MOMHUTH, 4TO dTa dOpMYy/Ia sBjsgeTcs HeHome-
HOJIOTHYECKOH. DTO 00YCJIOBJIEHO TE€M, YTO /IS PEAJTHHBIX MHOTOYACTUIHBIX
CUCTEM TOYHOEe BBIYHCJIeHHEe MPOMUIII MOBEPXHOCTU MOTEHITNAIBHON SHEPTUH
B 3aJIaHHOM HampaBieHun U(X) SBIFETCS MPAKTUICCKH HEBBIIOJIHUMON 3a-
naueii. TTosromy norenmuanbayto dyukiuo U(X) 06bIUHO BHIOUPAIOT U3 TeX
WJIH WHBIX COOOPAZKEHUil, IIPUIEM ITOT BBIOOD CTAPAIOTCS CAE/IATh TaK, ITOOBI
uaTerpas B (3.15) MOKHO OBLIO BHIYHCINTH AHATUTHICCKH.

13 ycnosusg (3.11) caeayer, 9T0 KBa3HKIACCHIECKOE OMHCAHIE CIIPABE/I-
muBo mpu A = h/p < [, rme | - XapakTepHble pa3Mepbl CHCTeMbl. Eciu
nocroguuyo [lnanka dhopMaabHO TOMOKUTL paBHOW Hymo h — 0, To TO-
/13, HUKAKUX OIPAHUYEHUNl HA UMITYJIHC YACTUIBI UJIU HA PA3MEPbl CHCTEMBI
y7Ke HAaKJIabBaTh He HAT0. [Ipu 9TOM, 01HAKO, BEPOATHOCTH ITPOHUKHOBEHUST
B KJIACCWYECKW HeJIOCTYMHYIO 007acTh oOpalaeTcss B HYJb, UYTO CIeIyeT U3
(3.15), u omucaHue CHCTEMBI CTAHOBATCS YHCTO KJIACCHIECKUM. B cuity sroro
KBa3WKJIACCUIECKOe TMPUOINKEHe HA3BIBAIOT WHOT/IA TeOPHeil BO3MYIIEHUS
o napamerpy h.

ITapagokc TyHHesabHOTO 3(dekTa. Eciu gacruiia Haxoaurcs B Kjiac-
cuveckn HeocTynHoil obaactu, rae U(x) > E = const, 1o ee kuneTndeckast
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sueprua T = p?/2m dopMaibHO CTAHOBUTCA OTPUNATEJLHOI BeJHYHHOM,
re. T = E — U(zx) < 0. 9T0T BBIBOJ HA3BIBAIOT MAPATOKCOM TYHHETHHO-
ro apdekra. Ha camom jese mapajiokca Hukakoro uer. /lejio B Tom, 4910
MOJIHYO SHEPIUIO YACTHUIBI MOYKHO PACCMATPUBATH KaK ONPE/ICTeHHYIO BE/IN-
YUHY TOJBKO HA OCHOBE KJIACCHYeCcKoit mexauuwku. /leficrBurenpuo, popmy-
na E = p?/2m + U(z) npeamosaraer, 4To Mbl OJIHOBPEMEHHO TOYHO 3HAEM
BEJINUNHY KaK KUHeTH4eckoii snepruu T, Tak u norennuaibuoit U(x). D10
O3HAYAeT, YTO MbI IIPUIMCHIBAEM OJJHOBPEMEHHO OIIPEJIeIEHHOE 3HAYEHUE KO-
Op/INHATE YACTUIIBI X U €€ UMILYJIbCY P, 9TO MPOTHBOPEYUT OCHOBHBIM IOJIO-
JKEHUSIM KBAHTOBOi MeXaHWKW (MPUHIUIT HeonpeieaeHHocTH [eiizenbepra).
MoKHO HOIBITATHCA OOHAPYKUTH YACTHILY BHYTpH Oapbepa, T.e. B 00-
nacru npocrpanctsa, riae E < U(x). OpHako, ecin u3MepsieTcs TMOJI0KEeHIe
YACTHIBI T, TO, COTJIACHO NPUHITUIY HEONPEeJIeTeHHOCTH, BOSHUKAET JIOTO.I-
HUTEJIbHAS JUCHEPCUsT B MMITYJIbCe vacTunbl (Ap)? moITOMy yiKe Heb3s
YTBEPKJIATh, YTO SHEPIUsl YACTHIBI ocTaeTcst paBHoil E. 13 dopmyssr (3.15)
cJIeyeT, 9TO YaCTUIA 3aMeTHBIM 00pa30M NPOHUKAeT BHYTPb Oapbepa Ha

~1
BEJINUUHY TOpsiyika L ~ (%\/2m(Um — E)) , tie U, - MaKCUMATbHAS BbI-

cota Oapbepa. UToObl OOHAPYKUTH YACTHILY BHYTPU Oapbepa HEOOXOIMMO
bUKCHPOBATEH ee KOOPAMHATY ¢ TOYHOCTHI0O Ax < L. OaHako B 3TOM CIydae

nucepcus umiyabea (Ap)? > 4(21)2 > %. [Toscrasiss cooga L2, mostyunm

M >U,—F,
2m
T.€. U3BMEHEHNEe KUHEeTUIEeCKOI 9HEPI'MH, BHOCUMOE HEOIPEACJIEHHOCTHIO B UM-
MYJIbCE YaCTHIIBI TIPY €€ JIOKAJIU3AIUN B TPOCTPAHCTBEHHOI obstactn Ax ~ L,
OKa3bIBaeTcs: OOJIbIe TOil Heprum, KOTOpOil eii He jocTaeT 0 BBICOTHI Oa-
pbepa U,,.

CymiecTByeT onTudecKas aHAJIOTHS TYHHEJBHOTO dhdeKTa, CBI3aHHAS C
ABJIEHUEM IIOJIHOI'O BHYTPEHHEI'O OTpazKeHudd. PaCCMOTpI/IM JAB€ OJMHAKOBBIC
CpeJIbl, HAIPUMeED, MIOCKONAPaJLIeTbHbIe CTEK/ISTHHBIE TJIACTUHKH, PA3/1e/1eH-
HbI€ TOHKUM BO3/IYIITHBIM 3a30POM, Ha KOTOPbIil 3 MEepPBOii Cpe/Ibl 1 1aeT CBe-
TOBasl BOJIHA IIOJI YIJIOM, OOJIBIIAM YIJIa HOJTHOTO BHYTPEHHEIO OTPArKEeHU.
OnbiT, mpoBeeHHbI ere HbI0TOHOM, MMOKa3bIBaeT, YTO BO BTOPOii cpejie 00-
HapPy2KUBa€TCdA CBETOBasd BOJIHA. HbIOTOH paccMaTpuBaJl 9TOT OIIbIT KaK 9KC-
IMepuMeHTaJIbHOE J0Ka3aTeJIbCTBO IPOHUKHOBEHUA CBETa B OIITUYECKU MEHEE
TIJIOTHYIO CPeJly TTPW MOJHOM BHYTPEHHEM OTPayKeHNM.
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3.2.2 Pacuyer mpo3pavHOCTH MOTEHIINAJILHBIX OapbepoB
pa3andHoii (POopMBI: TPAMOYTOJBHOMN, TPEYTroJib-
HOI1, TTapaboJIMYeCcKOii.

Omnennm ¢ momorbio ¢opmyasl [amMoBa Mpo3pavHOCTh OAPHEPOB pa3IUI-

HOiT (POPMBI: ITPAMOYTOJIBHOTO, TPEYTOJHHOTO U MapabomIecKoro 6apbepon
(puc.3.2A-B).

ITpamoyroasHsbiit 6appep. PaccMmorpum cHadasia HanboJiee MpocToii cy-
Jaii mpsiMoyrobHOro Gapbep (puc.3.2A). TloreHnua bHast IHEPTUS 3a1a€TCsI
cJIeJLYIOIUM 00pa3oM

0, T < X,
Ux) =< Uy, 1<z <19, (3.16)
0, T > To,

rjae U, - BbiCOTa Oapbepa, OTCUMTaHHAS OT 3HAYEHUs SHePruu JacTUibl B,
KOTOpOe JIJis yI06CTBa MBI IIPUHAMAEM 33 HOJIb (T.e. 32 HAYAJI0 OTCUeTa JHEeP-
ruit). [upuny 6apbepa Ha ypOBHE SHEPTUN YACTUIIBI 0003HAUNM d = [T — T |
(B jaHHOM cilydae OHa OJMHAKOBA IO BCell BbicoTe Oapbepa). nrerpasn B
nokasaresie KCIHOHeHThl GopMyJbl (3.15) BBIYHCIACTCS SJIEMEeHTAPHO U JJIs]
K03 duimeHTa Mpo3pavHoOCTH MPAMOYToJIbHOTO 6apbepa D mosydaeM

2
D; = exp {—ﬁ\/QmUm d} . (3.17)

Tpeyroapusiit Oapbep. Paccmorpum Temepb TpeyronbHbBIE  Gapbep
(puc.3.2B). Iorennunasn onuchBaeTcs CaeayomumM 00pasom

0 T < 21,
Pz —a), o1 <o <ay,,
U(x) = (3.18)
Co(e —x2), Tm < <y,
0, T > To,

TJe Ty, - KOOpJAUHATA MaKCUMyMa norennuana, 1.e. U(x,y,) = Uy, di = |z, —
x1|, d2 = |r9 — x| - YACTHUHBIE MPOTIKEHHOCTH MOTEHIUATA HA YPOBHE
SHEPIUU 4acTullbl E, KOTOPOIO, KaK U B IIPEblLYIIEM C/Iy4dae, Mbl HPUHA/II
3a Hosb. UlaTerpan B mokaszarese 9KCHOHEHTHI (3.15) u 3/1€Ch BBIUUC/ISETCS
0e3 TpyJda W MbI TTOJIy9aeM

2 2
Dy = exp {_ﬁ v 2mU,, §d} : (3.19)
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Uy

Puc. 3.2: npedcmasaenn mpu sapuanma modeavnonz nomenyuanonns Gapoepos: npamoyzoassrozo
(A), Tpeyzoavuozo (B), napaboauseckozo (B). Omcuem snepeuu 6edemcs om 3HAYEHUA NOAHOT IHEP2UL
E wacmuyb, nasemaiowets o 6apvep. Cremamuneckyu u3obpasicens 60ano6an dynxyus wacmuy V().
Cmpeara yxasveaem Hanpasierue 06UNCEHUA HACMUYbl. MaKcumasbras 6vcoma 6apbepos 0603HaeNa
Unm. Koopdunamu. T1 4 T2 - MONKU NOBOPOMa, Tm - Koopdunama eepwuns, nomeryuaaa U(T).

rie d = dy + dy = |z3 — x1| - nonHag mupuHA Gaphbep Ha YPOBHE SHEPIUU
gacruipl. VI3 Beipaxenus (3.19) cieayer, 910 HPO3PAIHOCTH TPEYIOJIBHOIO
bapbepa npu GUKCUPOBAHHBIX JIJIMHAX OCHOBAHUS M BBICOTDI, HE 3aBUCUT OT
dOpMBI TPEYTOJIHHUKA.

CpaBuum Dy u Dy npu ycJI0BUU OJIMHAKOBO# IMMPUHBI U BBICOTHI Oapbe-
poB. ITomyunm

Dy, =D} > D, (3.20)

[Tonsgrao nouemy Dy > D;. [leficTBure/ibHO, KO3(MDMUIMEHT TPO3PAYHOCTH,
1o onpejenennio (3.15), He MPEBOCXOANT eMHUILY (T.K. OTPEJIeJisisi BePOsIT-
HOCTb TYHHEJINPOBAHNS) U BO3BOJUTCS B CTEIIEHD € IOKA3aTeIeM TaKzZKe MeHb-
IeM e/ TMHUTIHL.

ITapabosuyecknii 6apbep. Paccmorpum mapabonmyeckyio dopmy mo-
TeHIuaIbLHOTO Gapbepa (puc.3.2B). Kak u B mpeaplIymux caydasx, OTCUYH-
THIBAsSI SHEPTHUIO OT 3HAYEHUS YHEPIHH JACTUIBI E, MOTeHIIHAT Tpe/ICTABUM B
BHUIE

07 r < T,
Ulx) =4 ~Un (L@ —2,)?—1), <z <, (3.21)
07 xr > Io,

rJe X, - KOOpAMHATA Bepuimubl napadosst, T.e. U(x,,) = U, KaKk u B 1pepi-
JYIIEX Caydasx d = |9 — x| - mupuna 6apbepa Ha ypPOBHE SHEPIMU YACTUIIHI
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E, KoTopyto MBI TOJIOKUIA paBHOI HY/TI0. Bhiuncienne naTerpasia He mpei-
CTaBJIET 3aTPYAHEHNI U B pe3yjibTaTe MoaydaeM

2 s

CpaBuenne. Cpasaubas k03huimeHTs TPO3PATHOCTH BO BCEX TPEX CJIy-
JasX Mpu ycjaoBuu paBHoil mupuHbl d u BeIcOTH U, 6apbepoB, Mbl BUIUM,
YTO OHU CBS3aHBI HEPABEHCTBAMUI

Dy > D3 > Dy.

HackoJibKo cymiecTBeHHBI pa3indus 3TuX KodhduimeaTon, o6yca0BIeH-
Hble hopmoit 6apbepoB? g TOro, YTOOBI JydUINe 3TO MOHATH PACCMOTPUM
KOHKDETHBIH MpuMep, HO Mpexke HeMHOro Moaudutnupyem dopmyrty (3.15).
BepositHOCTH npocaumBanmsi CKBO3b Dapbep MOYKHO CBS3aTh C XapPaKTEPHBIM
BPEMEHEM T, M0 MPOINIECTBUH KOTOPOTO YACTHIA 00sI3aTeIbHO TPOTYHHE -
pyer. Kosdpdpunuent D(FE) ecTb BEpOATHOCTD IIPOHUKHOBEHHS CKBO3b Dapbep
IIpH OJTHOKpATHOMU monbITKe. [1ycTh N-g monbITKa yBeH4YaIaCh YCIIEXOM, TOTIA
MoxkHO Hanucath yeaosue ND(E) = 1. Ecau stu N nonsITok ObL1n coBep-
LIeHbI 34 BpeMsi T, T0 MOxKHO Hauucarb T2 D(E) = 1. Ornomenue v = N/T
MOZKHO TIPUHSITH 32 9AaCTOTY COBEPIIEHUS TONBITOK MPOHUKHOBEHUS CKBO3b
Oapbep, Toraa

2

7= wD(E))™ =v " exp %/\/Qm(U(x) — E)dx » . (3.23)

1

[Tostoxkum BBICOTY DapbepoB pasuoit U, ~ 1 3B, a ux mmupuny d ~ 0,7
A. Takne napamMerpsl XapakTepHBI /s 6apbepa ABYXbIMHOIO MOTEHIAANA
BOJIOPOHO# cBa3u. IlycTh TyHHe/MpyIomieit yactunei Oyger nporoH. B ka-
YeCTBE YACTOTHI COBEPINEHHUs MOIMBITOK IPOTOHA MPEOI0JIeTh Dapbep MOXKHO
IPUHATL YacTOTy ero kKodebammit v = 10 ¢!, Torma, ucnombsya (3.23),
(3.17), (3.19), u (3.22), juist XapaKTepHBIX BPEMEH MEPEHOCa MPOTOHA HOJLYy-
M T &~ 8-1070 ¢, m, 2 4-107% ¢, 3 = 6- 1077 ¢. I3 3TUX OIEHOK BHIHO,
910 (bopMa HMOTEHIUAILHOTO Dapbepa JApaMaTHdecKuM o0pa30M BjHseT Ha
BpeMeHHbIe XapaKTePUCTUKH IPOIECCa - BpeMeHa Mepexoia PasimIaloTcs Ha
MOPSAJIKN BEJTUUNHBI. XapaKTepHble BpeMeHa MOJIEKYISIPHBIX MPOIECCOB sB-
JIAIOTCS BazKHBIM (paKTOPOM, OIpeJIe/IionuM (hyHKIIMOHMPOBaHUe OUOJIOIU-
YECKUX MOJIEKYJISIDHBIX CHCTEM. DTOT (PaKTOp HEOOXOAMMO YUUTHIBATH IPH
aHaJIU3€e MOJIEKY/ISPHBIX IPOIECCOB.
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3.3 lIpgMoyroJibHbIE ITOTEHIAIbI

[IpsimoyToJibHBIE TTOTEHITUAJIBI, & U BOOOIE, PE3KO MEHSIIONINECs TIOTeHIIna-
JIBI, HAPUMED, TPEYTOJIBHOI (hOPMBI, SIBISIOTCS UAea n3alMel U B TPUPO/IE
HEe Pean3yiTCa. JTO JEerKo MOHATh, T.K. B TOUKe H3/I0Ma ITOTEHIHAJIa IIPO-
U3BOJHAS JIMOO HE CYIIECTBYeT JIMOO CTPEMHTCS K OECKOHEYHOCTH, UTO CO-
OTBETCTBYeT OeCKOHEeYHO OONBINON cume. BMmecTe ¢ TeM, Takme IMOTEHIIMALI
[PEICTABIISIOT OL9AC YA0OHbBIE MO/IEIbHBIE CHCTEMBbI, TIO3BOJIAOIIHEe "TI09yB-
cTBOBATh'" 0COOEHHOCTH KBAHTOBBIX crcTeM (cM. puc.3.3). Takue moreHnnabr
AHAJIOIIYIHBI T€TePOTeHHBIM CpejlaM ¢ pe3KHMHU T'paHunaMu passesa. [losro-
My HEOOXOJMMO YCTAaHOBUTHL I'DAHHYHBIE YCJIOBHS JJIsl BOJTHOBOI (DyHKIHH,
"pacnpocrpangioneiica' B Takoii cpee.

Im

e

Puc. 3.3: Cremamurecxasn udeaauseuua nomenyuans Mopse npamoy20abHuLM NOMEHUUAAOM. .

JIerko ycTaHoBUTH, YTO Ha MOBEPXHOCTSX Pa3pbiBa BOJHOBasA (DYHKIU
JIOJIZKHA OBITH HENPEPBIBHOM, a TakKe J0J’KHA OBITH HEIPEPHIBHOW ee mep-
Basgd MPOW3BOJHASA O HOPMAJU K MOBEPXHOCTHU pa3pbiBa MmoreHnuasa. /leii-
CTBUTEJILHO, 3TO cjaeayeT u3 ypaBHenusd [lIpemwnrepa. Kak mbl y:Ke roBo-
puJIM caMa BOJIHOBasi (DYHKIUS SIBJISIETCsI OIPAHUYEHHON BeJIMYUHOM, MHAYe
ee HeJib3s ObLI0 Obl MHTEPIPETUPOBATH KAaK BEPOSITHOCTHYIO Bejuduny. B
CHUJIy TOr'o, 4TO dHEprud YaCTUlbl U BEJIWYNHA IMOTEHIUAJIA CaMU ABJIAIOTCA
KOHEYHBIMHU BeJIUYUHAMU, TO U3 ypaBHeHud [llpenmHrepa BoITEKaeT OTpaHu-
YeHHOCTh BTOPOil IIPOU3BO/IHOI BOJTHOBOI (DYHKIINH, T.€.

2
M < M.
dz?
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CorslacHO TeopeMaM MaTeMaTHYECKOI'O aHAJIU3a, OTCI0/Ia BBITEKAET KOHed-
HOCTDb IEepPBOI MPOU3BOIHOM 1), a CJIeIOBATETbHO U €€ HelIPePbIBHOCTh, T.K. B
IPOTUBHOM CJIydae HepBast Hpou3BojHast obpaiiaJjiach Obl B 0ECKOHEYHOCTDH B
TOYKe paspbiBa. COBEPIEHHO aHAJOTUIHO U3 OIPAHUYEHHOCTH W HEMPEPHIB-
HOCTH TIePBOil TPOU3BOIHON BOJTHOBOI (DYHKIMY BBITEKAET U HENPEPHIBHOCTH
camoii (OYHKITUU 1) Ha TpaHHUIE pas3jea.

Onpenesienne MPO3PavHOCTH MPAMOYTOJILHOrO Gapbepa m3 perie-
Hug ypasuenud IlIpenunrepa. Ilponecc npoxoxKieHus 4epes IMOTeHIH-
AJIBHBI Oapbep MOYKHO OMUCATH HECKOJIBKO MHAYe, XOTs, KOHEIHO, Pe3yJIbTaT
OT TOro He u3MeHuTCs. Takoe paccMOTpeHHe PHUBEJIEHO BO BCEX YIeOHUKAX
10 KBAHTOBOI MeXaHUKe M OCHOBAHO Ha HEIIOCPEJCTBEHHOM DPEIICHHH YPaB-
wenug [Ipeaunrepa /i moTeHnuana 3aaannoii ¢popmel. PaccMoTpuM camblit
poCToii ciydail upsMoyrosbaoro 6apeepa (puc.3.2A). Ilpocrpancrso pas/ie-
aeno ua tpu obsacru I (z < 1), I (21 <z < z3) , 111 (2 > 23). [lorenuuasn
3amaercst dbopmynoit (3.16). Dueprust wactunbl Maccoii m pasua E. B T n 111
obnactax ypasuenue IlIpeauHrepa uMeeT OJMHAKOBbIH BHL

{aa_; + kQ} P(z) = 0. (3.24)

e k = %\/ 2mE. @opMalbHO 3TO ypaBHEHHE SABJISIETCS YDABHEHUEM JIJIst
KJIACCHYECKOI'0 TapMOHIYeCKOoro ociu/iisitopa. CiejnoBaresibHo, B 00/1acTsIX
[ u III 310 ypaBHEeHHe UMeeT CJIeyIONIue PelleHust

— ik —ik
1/1[—14161 x+Ble i :c’

4 ) .2
¢III :Agezk:t_i_Bge*zkx. (3 5)

B o6mactu 11 ypasuenne [Ipeaunrepa nMeer HECKOJIBKO HHON BT (ILTIOC
MeHSIeTCsl Ha MUHYC U k MeHsieTcst Ha \ )

{88_; _ ,\2} Y(z) = 0. (3.26)

rae A = £1/2m(U,, — E), a ero peuenust Tak:ke XopolIo H3BECTHbI
Wrr = Axe™ + Boe M. (3.27)

Ha rpanuinax obJsiacreil j10/12KHbI BbILIOJHATHCS yCJIOBUS HEIIPEPbIBHOCTH Ca-
MHX BOJIHOBBIX (DYHKIIMIT ¥ MX HEPBBIX IPOU3BOJIHBIX, T.€.

Yr(z) = Yrr(z1), Prr(ze) = Yrrr(xs),
{ i(xy) = Pp(x), Yi(r2) = i (xs) (3.28)
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Kpowme sToro yurem ycioBue Ha 6eckonednoctu: B obsactu 111 Her oTparken-

HOli BOsHBI, T.e. By = 0. Vcnonb3ys rpanudnbie ycaosus (3.28), Haiigem,

UHTEPecyolliee HAC, OTHOIIEHUE aMILJIUTY/I BOJIH, LIPOIIe/iiiiell CKBO3b bapbep
2

Az

7 najgaolreii na nero D = :

A 16k2)2

il e, (3.29)
Ay (k2 + A2)2 + 4k2)\2

Jlerko BUIETH, YTO BhIDAKEHNUSsT JIJIsT IPOHUIIAEMOCTH Gaphepa, a Takzke (3.17)
(3.19) u (3.22), nosyuennsie pu nomornu dbopmysabt Lamosa (3.15), ¢ Tod-

HOCTBIO 710 KOduimenta copnaanT ¢ dhopmynoit (3.29).

D=

YacTuiia B OfHOMEPHOITI MPAMOYTOJIbHOM MOTEHIINAJBHON aMe. 3a-
JIQJIIM TIOTE€HIINAJ, B KOTOPOM JIBUZKETCST YaCTHUIA, CIeIYIONnM 00pa3om

Ui)={ 0, a1 <z<u (3.30)

4 U= i
T
I 11 111
E Un\.-"A
TN
] a2 il
JLU(X) =
U
I MV
E ———
| UU|_ i
iz
H X3 B OH bid

Puc. 3.4: czemamunecroe u306pasicenue NPAMOY20ALHOT NOMEHUUAALHOT amot (A) u deyrsammozo
nomenyuaaa (B). dnepaus wacmuybi, 40KGAU0BGHHOT 6 NOMEHUUAALHOU ame, pasHa . Bhe amvl no-
menyuasvhaa Pynryus V(x) samyzaem. B 06yrsammom nomenyuane neperod wacmuyb u3 00rot amol
6 0pY2Yy10 803MONCEH TNOALKO NPU HAAUNUE COCMOAHUT ¢ 00UHAK060T IHnepauet.

DTOT MOTEHINAI ABIAETCSA KAK OBl IOMOJTHATETHHBIM K ToTeHnuay (3.16)
(puc.3.3A). AHAJIOIUYHO MPEJBIAYIIEMY Pa300beM MPOCTPAHCTBO HA TPH 00-
nacri: I (x < xq), IT (21 < & < x) , I (x > x5). Teneps B obnactax I u 111

86



ypasuenue [[Ipexunrepa 6yaer nversb Bu (3.26), rae A = %\/Qm(Um - F),
TOYHO TaKoe Ke KaK W B caydae Oapbepa, [ - sHeprusg dacTunpl B sme. B
obaacru I, ypasuenne IlIpeaunrepa, naobopor, numeer Buj (3.24), ¢ Takum
JKe 3HavYeHneM k = %\/ 2mE. CooTBeTCTBEHHO PEIIeHus ITUX YPABHEHUN JIJIst
obmacreit I n III Gyxayr nvers Bux ananormanstii (3.27), a aus obractu 1T -
BUJI AaHAJOTHIHBIH (3.25), TONBKO ¢ ApyruMu Koddhduimenramu

’lﬂ] = A1€>\x + Ble_m
Y1 = Age™™® 4 Byemthe (3.31)
Yrrr = Age?™ + Bye ™™

Ha rpanunax oGsacreii TOZKHDBI BBIIOJHATHCA ycaosud (3.28). lomomnnm
9TH YCJIOBUA TpeOOBaHUEM KOHEYHOCTU BOJIHOBOW (DYHKIIMK HA OECKOHEYIHO-
cru, T.e. mogoxkuM By = 0 mpu x — —oo u Az = 0 npu z — oo. Kpome
9TOI'0, IIOJIHAsA BOJIHOBaAd (byHKLH/ISI HYacCTUulbl J0JI2KHA Y/I0BJIETBOPATH YCJIO-
BUIO HOPMUPOBKH

/ (@) Pdz = 1. (3.32)

I3 s1ux ycaoBuit MOKHO onpeeanTh Bee kKoadbdunments B (3.31) u smep-
ruio JacTuilbl. [IpoBesig Hec/0KHBIE, HO T'POMO3JIKHE BBIKIAJIKHU, MOJTYIUM
ypaBHEHHUE JJIsl ONpe/ieIeHIs SHEPTHH YacTHIIbI B IMe

20k
13 KOTOPOTO HETPY/HO MOJIYIHT
kL = mn — 2arctg(k/\), (3.34)

rae L = |zy — 21| - mupuHa aMbl. DTO TPAHCIEHJIEHTHOE YPABHEHHE MOYKHO
PeITh YUC/JIEHHO Win Trpadudeckn. JHEPIUU JIEIKO HAXOASATCS B CJIydae
HOTeHL[I/IaJIbHOﬁ AMBI C 66CKOH€‘{HO BBICOKMMU CTEHKaMMU. B 9TOM CJIy4ae,
korga U, — oo, ornomrerue k/A = 0 u u3 (3.34) mosydaem JAUCKPETHBII
SHEPreTHYEeCKHUil CHEeKTP YaCTUIBI B OECKOHEYHO TIJIYOOKOIl MOTeHIHaIbHON
qame 9ro
mh°n
E, = -7 (3.35)
2mL
Ecin ke norennmnasinbHast siMa nuMeeT Konednyto riayouny U,,, To i SHEP-
FeTUIeCKUX YPOBHEH BOJIM3H JIHA AMbI MOYKHO HOJIYIUTH NPHOIUZKEHHOE BbI-
pazkeHnmne
4h
/ ~
E~FE,(l—-——r . (3.36)
v2mU,, L
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Kpowme storo, 3amerum, 9TO i MOTEHIUATBLHON HPIMOYTOJBHON SMBI
KOHEUYHOU TIyOMHBI KOJTUYIECTBO SHEPTeTHUECKUX YPOBHEH YacTHUILI B ITOMH
siMe SIBJISIETCs] KOHEYHBIM YUCJIOM, MAKCUMAaJIbHOE U3 KOTOPBIX MOYKHO OIIpe-
jneuTh u3 ycaosusd E = U,

2mU,
maxr — —mL 1. 3.37
n L+ (3.37)

Mogmensb AByXbAMHOTO MOTEHIIMANA. PaccMOTPUM MOJEJbHYIO CHUCTe-
My, Ha HpHMepe KOTOPOil 06CYyIuM HEKOTOpbIE MPOGIEMbI TEOPETUIECKOIO
OIMCAHUs IPOILECca IepeHoca 3apgaaa. Ilycrh 3a1aH MOTEeHIUA, COCTOAIINIA
U3 JBYX HPSIMOYTOJBHBIX SHEPreTHYeCKUX M Pa3JIndIHON TIyOUHBI U IIHPH-
ubl (puc.3.3B), KoTopslil npejcTaBisiercs cieayomum 06pa3om

Un, x<uxz, I,
Up, o1 <a <9, II,
U(x) =9 Un, @2<z<ua3 III, (3.38)
0, z3<zxz<umy, IV,
Um, T > Ty, V.

3naech npunsaro, uro Uy < U,,. Pumckumu nudpamu o603HaUYEeHBI 001aCTH,
Ha KOTOpbIe Mbl pa3ouwmu npoctpanctso. Obosuaunm Ly = |9 — x1|, Lo =
|24 — x3| - mupuny nepBoii (JeBoit) n Bropoii (1paBoii) siMbl, COOTBETCTBEHHO.

OO6paTuM BHUMaHKME HA BayKHOE OOCTOATE/IHLCTBO, SHEPIUs YaCTUIILI TPU
ee JOKAJIM3alUN B TOH MJIH WHOI MOTEHIHAJLHOHN dMe JOJIKHA OLITHL OJTHOI
u TOit ke. Kak Mbl Bujie/in BbIle, SHEPTeTUYECKUN CIIEKTD YaCTHUIBI B sMe
aBJgeTcs TUCKpeTHBIM. CJieI0BATETbHO, MePeXOJT YaCTUILI U3 OHON MBI B
JIpYT'YIO BO3MOKEH TOJIbKO IIPH BbIIIOJIHeHUu ycjaosud B, = E,, = E, e
71 U Mg HOMEpa 3HepPreTudecKux ypoBHeidl B HepBOil U BTOPO# gaMax, COOTBET-
cTBeHHO. Ec/m OBl siMbl OBLIN OJIMHAKOBBIMHU, TO 3TH HOMEPA COBIAJIAIN ObI.
Onrako, B 00IeM caydae pa3andHbIX M MOYKET CIYIUTbCd TaK, 9TO He Hail-
JleTcsl HU OJHOM TMapbl MOJAXOAANINX HOMEPOB YPOBHeH B 3TUX aMax. B aTom
cJlydae 1epexo/l YaCTUIlbl U3 OJIHON sIMbl B JIPYI'YIO CTAHET HEBO3MOXKHbBIM U
OHA OCTAHEeTCs JIOKAJIU30BaHHOI B 0/1HO# u3 gM. [lepexo/1 craneT BO3MOXKHbBIM
TOJILKO TIPH JAeHCTBUU KAaKOro-JIu00 BHENHero (hpakTopa, KOMIIEHCHPYIOIIETro
Pa3HOCTDL SHEpruil ypoBHEH B pa3JIUYHbIX AMaX.

Ucnonw3yst Boipazkenns (3.35) u (3.36), /19 HU3KOJIEKAIIUX YPOBHE
MOZKHO HafiTH yCJIOBUE UX MPUOTUKEHHOTO COBNAJCHUS B 00enx gamax. Eciau
Mbl NpHpaBHseM Bbipakenus (3.36) Juist mepBoil U BTOPO# sIMbI, TO TIOJLY-
YUM ypaBHEHUE ]I ONpeJeIeHsT HOMEPOB COBMaJaomux ypoHeit. OTme-
THM, 9TO JJI 66CKOHEYHO [JIYOOKUX M PA3HOIl MUPUHBI YCIOBHE COBIIAIEHUS
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ypOBHeﬁ B pa3HbIX AMaX HUMEET BUJ

n1 n2
. L, (3.39)

Bepuemcs k norernuany (3.38). Dueprust vactunsl £ = E,, = E,, > Uy,
TJie N1 U N - HOMepa SHepreTuvecKuX YpOBHEH B JIeBOI U MpaBoOil dMax, COOT-
BercrBenHo. Ypasuenue [peaunrepa B obmacrsx I, IIT u V umeer Buj (3.26),
a B obsmactax I u IV - Bug (3.24). dost obaacreit I, I u V kosddurments
A OJIMHAKOBBIE U PABHBI

A:%dmmaw—m.

g obnacreit IT u IV xoadbdurments k£ pasznumdarorcs: s odogactu 11

1
/{ZQ = ﬁ\/ 2m(E - U()),

a Juig obsacru IV

1

B o6aacrsx I, IIT u V BostnoBbie dynknuu npejcrapisiorcs B Bue (3.27), a
B obsacrsx II u IV - B Buge (3.25), co cBoumu kosbdunuenramu A; u Bj,
r7ie j HyMepyeT 00JIacTb. Y UTd yYCJIOBHS HA FPAHUIAX, KOTOPbIe aHAJOTTIHBI
(3.28), a TakKe ycJaoBHUsI HA GECKOHEYHOCTH, MOYKHO OIPEJIEJUTH BOJTHOBYIO
dyuknuio cucrembl. Mbl He OyZeM TPUBOAUTL 37€Ch ITUX JMTOBOJTHHO TPO-
MO3/IKUX BBIYUC/IEHUI, HPUBEJIEM TOJILKO BbIpazkeHue Jijist Kodpduimenra
npospadnoctu D, KOTOPBIil ornpejeiseTcs CIeyonuM 0opa3om

A+ B}
A3+ B}

B pesysibrare Bbruuc/enuii nojryduM koddduiiment npoxox/ienus dapbepa
MEeXKJIy JIByMsl SIMAMU B MOJIEIbHOM TPSAMOYTOJIbHOM JIBYX'bsIMHOM MOTEHIIH-
aJie

D 1-Uy/E
1 -Uy/Upn

rie d = |z3 — o3| - mupuna Gapwrepa (puc.3.1.2:1)

[TomuepkHeM emme pas, 9TO Mepexol] YACTHIBI M3 OJHOI SMbI B JIPYTYIO
BO3MOZKEH TOJIBKO IIPH yCJIOBUH COXpanenus sueprun F,, = E,,,. Ecin rakux
HOMEPOB HET, TO HeOOXOJMMO BHENIHee BJIHsHHe, 9TOOBI CKOMIEHCHPOBATH
Pa3HOCTD SHEPIHil IPH MEePEXOe MEK LY STHMH SHEPreTHICCKAMHA YPOBHIMH.
Posib Takoro BHemuero pakTopa BBIIOJHSET, KaK IPABUIO, OKPYZKAIOMAs
cpesa, ¢ KOTOPOil B3auMOJIEHCTBYeT JaCTHuIIA.

exp{—2Xd}, (3.40)
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3.3.1 IlpamoyroJjibHas CTyIlleHbKa

Jlast Toro, 9To0bl HPOBECTH HEKOTOPYIO aHAJOIHMIO MEXK/AY ONTHYCCKUMH |
KBAHTOBBIMHU SIBJIEHUSIME, PACCMOTPUM TOTEHIMAJ B BHJIE CTYIEHbKH BBICO-
toit U, (puc. 3.4). Ha 31y cTyneHbKy cjieBa Hajetaer MOTOK 3JE€KTPOHOB.
sHeprus F, KOTOpbIX 0OJIbIlle SHepruu cTyleHbku, T.e. £ > U. C kiaccuyde-
CKOIl TOYKHU 3peHHs JeKTPOHBI, HCILITAB HEKOTOPOe TOPMO3sIIee IeiCTBIe
MOTEHINAIBHON CTYIIeHbKH, TeM He MeHee IPEOI0IeI0T 3TOT Oaphbep U OyIyT
JIBUTATHCS B IEPBOHAYAIBHOM HAIIPABICHUN C YMEHbIIEHHONH CKOpocThio. Hu
OJIMH 3JIEKTPOH, ¢ KJIACCHYECKON TOYKHU 3pEHHsI, He MOBEPHET OOPATHO, T.e.
He HCIBITaeT OTpakKeHHs OT TAKOro Dapbepa.

U(x)

Puc. 3.5: Homenyuana 8 sude npamoyzosoroli cmynenvky. Ha amy nomenyuaavryio cmynenvky Ha-
AEMAIOM CAEBG INEKTPOHDL. .

OnTuyeckas aHAJOIUsI TAKOH IMOTEHIUATBHON CTYHEHBKH - 9TO CKAYKO-
obpa3Hoe M3MeHeHHe MOKa3aTes MPeJOMIeHNs Ha TpaHuIle IBYX Cpej, Ha-
IPUMED, CBET, PACIPOCTPAHSICh B BO3YIIHON Cpe/ie, MaaeT Ha CTEKISTHHY IO
IMJIACTUHKY. I/IS OIITUKE U3BECTHO, YTO YaCThb CBETa HpOﬁ,Z[eT CKBO3b IIJIaCTHUH-
KY, NCTIBITaB TIPEJIOMJIEHHE, & 9aCTh OTPA3UTCH.

[IycTh 11 BomHOBas (DYHKIMSA MATAIOIINX I€KTPOHOB

2L
Y1 = A,

rjie p1 = V2mE - UMIIyIbC HAJIeTAoINuX JIEeKTPOHOB, A1 - aMILIATY/Aa maga-
foreit BosiHbl. CorytacHo 00IIei cxeme pelreHus TaKoi 3aJadu OyaeM nMeThb
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HPOIIIETIIYIO BOJTHY 1o
- P2
Py = Age’ i ",

rie pe = \/2m(E — U,,) n 0OTpaxKeHHyio BOJIHY 13
Wy = Aze T R°

Takum obpa3oM, B epBoil 00J1aCTH CJieBa OT CTYIEHbKH BOJIHOBas (DYHKIIHA
WY OyIeT cyMMOii JIByX BOJIH

_iRn

;P1
Ur = AT 4+ Age R

Bo BTOpOit 0b67acTu, cipaBa OT CTyIEeHbKH, €CTh TOJBLKO ITPOIIE/INIast BOJIHA,

T.e.
Vi = Yo
W3 rpanudHbIX YCI0BUIA ONPEJIeIMM COOTHOIIEHUS MeK/1y KOdddunmenramu
Ay =28 A
2 gﬁrgz b
— P1—D2
A3 B P1+p2A

BeraucanM mIOTHOCTH TOKa BEPOATHOCTH B MEpPBOi 00JIACTH, COOTBETCTBY-
IOIIHe [aJAI0EeMy U OTPakeHHOMY MOTOKY 3JaekTponoB. Coracho (2.27),
IIOJIY YUM

jl %|A1|27
js = B A%
Koaddbunuent orpaxkennsa R, 1Mo onpeie/eHIIO, paBeH
_J3 _ |As]> (p1 —p2)?

R=%="= = )
Wi |Aq]? (p1 + p2)?

Anamormyno HaiigeM K03 UIMEHT TPOXOZK TEHIS

_ 2 _|AsPp2 _ Apips

T === = )
J1 |Ai?pr (p1 + p2)?

JIerko BUETH, 9TO
R+T=1.

Jlasiee, Hali/ieM IJIOTHOCTH TOKa B IEePBOil 001aCTH, HCIIOIB3Yd (DYHKIUIO Uy,

. P1 2 2 419%292 2
gr=— (|A1]F — |A = —" A"
= m (| 2 4] ) m(p: —l—p2)2’ |

91



OTO BbIparKeHHE COBIAJIAET C BbhIpaykKeHUEM ILTOTHOCTH TOKa JI/isi BTOPOil 00-
JIACTH, KOTOPYIO Mbl BBIYUCJUIN BBIIIE Jo = jr7. Takum obpa3oM, moaydaem,
YTO BbIIIOJIHACTCA PaBEHCTBO

Jr = Jir,
KOTOPO€ CBHJETEJHLCTBYET O COXpaHeHuum BepostHocTu. Ecam py — pp, TO
R — 0, Tem He MeHee oTpaskeHne Bcerga OyeT IMeTh MeCTO CKOJIb Obl MAJIBIM
HE ObLT cKadok noredrnuana U,,. Eciu p, — 0, o R — 1.

OTpazkeHne OT pe3KHX CKAYKOB IMOTEHIIHAA SIBISIETCS YNCTO KBAHTOBBIM
3¢ dekToM. ITO eCcTh MPOSIBJIEHHE BOJHOBBIX CBOHCTB MaTe€pHAIbHOIO MHUPA.
ECJII/I noTeHIuaJJI MeHAeTCd 1JIaBHO, TO OTPazK€HH A HNPAKTUYIECCKU HE ITPOUC-
xoauT. B 3TOM ciIydae BO3MOXKHO KBA3WK/IACCHUIECKOe omnucanme. Fcm ke
MOTEHIIHAJ 3aMETHBIM 00pa30M MEHSIeTCs HA PACCTOAHUSAX CPABHUMBIX C JIJTH-
HOIl 1e0pOoiiIeBCKOil BOJIHBI YACTUIILI, TO BOJTHOBBIE CBOICTBA MPOSBISIOTCS B
I pakInoOHHON KapTHHE.

3.4 TapmMoHUYeckKuii oCHMJLJIATOP.

PaccmorpuM onHOMEpHBIH TapMOHUYECKHII OCIUJLISATOP, KOTOPBIA B KJac-
CHYECKOM BapHaHTe MPEICTaBIgeT cO0O0il IPYy3MK MACCHI M Ha MPY:KHHKE
KecTKOCThIo k. V3 mkobHOrO Kypca (DU3MKu M3BECTHO, YTO IMOTEHIHAIb-
Hast dHeprus JgeopMUPOBaHHON NpyzKuHbI paBHa U = %k’xQ, e x =1 —
- nedopManus NpyzKUHBL, T.e. Pa3HOCTh MEXKIY AedOpMIPOBAHHON JITHHOM
NpY:KUHBL | ¥ ee jauHOl [y B orcyTcrBue jgedopMaruu (paBHOBECHOI JITH-
Hoit). CobCTBeHHAST YaCTOTA TAKOTO OCHMIIATOPA w = \/k/m. Vcmonab3ys
9TO OHpeJe/IeHNe MOTEHIUAJBHYI0 JHEPIUI0 OCIU/LISTOPA MOXKHO HPeCcTa-
1,0 2.2

BuTH B BUje U = smwr”.

Banumrem cramuonapuoe ypasuenune [IIpeaunarepa 3.4

Hy(z) = Ey(x), (3.41)

rae raMmuJIbTOHUNAH UMeeT BU

H=————= 4+ -mwz". (3.42)

Breem OGe3pa3mMepHble lepeMeHHbIe

T h 2K
E=—x9=1\/—, e = —. (3.43)

o mw hw
DopMaTbHO BBEJIEHHBIH 37eCh MapaMerp o, KaK Mbl YBHIMM HUXKE, HMeeT
CMBbICJI aMHJ’II/ITy,ZLbI TaK HA3bIBaE€MbIX HyﬂeBbIX KOﬂe6aHI/Iﬁ KBAaHTOBOI'o o0OcC-

nuuisitopa. B 6e3pasvepHbix nepemenubix ypasuenne [IIpeaunrepa (3.41)
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IpuHUMaeT BH/I

{aa—;—ézﬂ}w(f) =0. (3.44)

Pentenne ypaBHeHHsI KBAHTOBOTO TapMOHUYECKOTO OCIMJLIJIATOPA.
Pemenne ypasuennsi (3.44) nadneM ¢ HCCI€Z0BAHES ACHMIITOTHYECKOIO MO-
BejieHust BOJIHOBOM (byHkuuun (&) npu & — oo. Ilycrh £ HACTOIBKO BEJIMKO,
9YTO BEJIMIHHON £ MOXKHO npeHebpedn. Torma u3 ypasuenus (3.44) nosydum
OoJiee mpocToe

82
{8_52 —52}¢(5) =0. (3.45)
113 3TOro ypaBHeHHS CJIeayeT, 4TO ACHMITOTHYECKOEe IIOBEJICHHE BOJHOBOIL
byuknuu 1(€) npu £ — 0o umeer B

(€ — o) ﬁeXp{—g}. (3.46)

r7e 3HaK MHHYC B IOKa3aTeje SKCIOHEHTHI BHIOpAH M3 YCJIOBUS OTPAaHUYEH-
HOCTH BOJIHOBO# (byHKINM Ha OecKOHEIHOCTH. V13 9TOr0 BhIpaskKeHus CJe/yer,
9TO BOJTHOBast (DYHKIUS TAPMOHUYIECKOTO OCIHUJLIATOPA JOCTATOYHO CUJIBHO
3aTyXaeT mpu OOJIBIIOM OTKJIOHEHUN OT MOJIOYKEHUST PABHOBECHSI.

JI1s1 HaXOZK IeHusI IO THOM BOJTHOBOM (DYHKIIMK TAPMOHUYIECKOTO OCIIHJLISI-
Topa mpejacTaBuM 3Ty byHKIHO () B BUIE

Y() = v(€)e ¢/, (3.47)

[ToncraBum (3.47) B ypasuenue (3.44) m mocje mpeoOpa30BaHHs MOJIYIHM
ypasenue st Gynkuuu v(§)

V" =280+ (e — 1)v =0. (3.48)

Byjem uckarb perenne v(§) 3T0ro ypaBHEHUs B BUJIE CTEIIEHHOTO PSa
(&) =) btk (3.49)
k=0

[ToacrasBus (3.49) B (3.48), U CrpyINIUPOBAB YICHBI ¢ OJMHAKOBBIMI ITOKA3a-
TeaMHI cTermeHn £F) mosTydnM peKyppeHTHOe COOTHOIIeHme Jas Koddbdumu-
€HTOB Ps1JIa

2k+1—¢

k+1)(k+2)

Dy = by ( (3.50)
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Yrobbl dynkuus (3.47) Oblia KOHEYHOMH, T.e. uMesaa (HU3NICCKU CMBICIT,
He0OX0 MO, ITOOBI (DYHKIIUU ¥ HPEACTABIANA COOOM MOTHHOMBI KOHEYTHO-
ro MOpsijiKa OTHOCUTE/IBHO £. [ljisi BBIOJIHEHUST 9TOTO yCJIOBUST HEOOXOIUMO
910051 psif (3.49) obpbiBasicst Ha KAKOM HUOYIb wieHe kK = n. DTO BO3MOXKHO
¢JleJ1aTh, MOTPEOOBAB BHITIOJHEHUST PABEHCTRBA

M +1—¢e=0. (3.51)

113 sToro paBercTBa u (3.43)m0/yduM 3HAYEHNsT SHEPIUH OCIULIATOPA, P
KOTOPBIX BOJTHOBBIE (DYHKITUHU ABIAIOTCS KOHETHBIMU

E, = hw n—l—% : (3.52)
Bripaxkenue (3.52) onpe/esisieT SHEPreTHIECK i CIEKTP TapMOHHYECKOTO OC-
[UJLIATOPA, IPUYEM, KK JIETKO BHJIETD, 3TOT CIIEKTP SABJISETCS SKBUIUCTAHT-
HBIM, T.€. PA3HOCTH SHEPIUil MezK/y JIOOBIMU JBYMs COCEJHUME SHEpreTude-
CKUMU yPOBHAME PaBHO fiw. OCHOBHBIM COCTOSHUEM IapMOHIYECKOTO OCIIHI-
JIATOPA, T.€. COCTOSIHUEM C MUHUMAJILHOI SHEPIrueil, siBjIsieTCst COCTOsHUE [PU
n=0. I3 (3.52) caemyer, 910 HEPTIUST OCHOBHOI'O COCTOSIHUSI TAPMOHHYECKOTO
ocumisitopa Fy = hw/2 # 0. B npoTHBONOIOKHOCTH STOMY, JIIs KJIACCHYe-
CKOI'O TApMOHHYECKOTO OCIULIATOPA OCHOBHOE COCTOSHHE XapaKTepPH3yeTCsI
HyJIEBBIM 3HAUEHHEM MOJHON snepruu. OTaudne OT HyJisd SHEPIUH OCHOBHOIO
COCTOsIHUSI KBAHTOBOI'O IFAPMOHUYECKOI'O OCHUJLISITOPA SIBJISIETCH YUCTO KBaH-
TOBBIM 3P PEKTOM, KOTOPBI He UMeeT KJIaCCUYeCKOro aHaJjora. B ocHoBHOM
COCTOSIHUU KBAHTOBBIN MapMOHUYECKUIT OCIUJIIATOD COBEPIIAET TaK HA3hIBa-
eMoe HyJIeBble Kosebanus ¢ aMIIuTyn0il o (cm. (3.43)).

Mpl He OyaeM jaee moApOoOHO OCTAHABIUBATLCA HA PELICHUH YPaBHEHUA
(3.48), ero MOYKHO HANTH BO MHOTHX PYKOBOJCTBAX MO KBAHTOBOIl MEXaHUKE
win Maremarnieckoil gusuke. [TpeacraBum 37ech OKOHUATEILHBIH PE3Y.ib-
rar. Oyukiun v(§) npeacTaBasitor cO60i MOTMHOMBI DpMUTA

dn
() = Hy(€) = (_1)”652@ (6—52) . (3.53)
OpronopvupoBantbie (cM. (?7?)) GYHKINE TapMOHUYECKOTO OCIUJLISTODA
UMEIOT BU/L

Un(€) = Ane S H,,(€), (3.54)

—1/2
rne A, = (v/72"n!) /2 HOPMUPOBOYHBIE KOI(DPUIUEHTHI. 3aMeTuM, 9TO
ecan OT Oe3pa3MepHBIX KOOpAHHAT & mepeiiTu 0OpaTHO K OOBIYHBIM KOOP-
IUHATAM T, TO HOPMHPOBOYHBIN MHOMKHTE/Nb HAI0 NmHCAaTh B Buae A, =

(ﬁQ”n!mo)_l/Q :
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[IpuBeeM ABHBIN BHUJ HECKOJBKUX IIEPBBIX BOJIHOBBIX (DYHKIHH 1, Tap-

MOHUYECKOI'O OCHUJIJIATOPA U COOTBETCTBYIOIINE 3HAYEHU A SHepFI/Iﬁ En

n=0, Ey=j3hw, = ﬁ‘f—g/?

n—1, E;=3hw, 1 = —_2ce €/

2 Vril%s
n=2, Bp=jhw, 1= =4~ 2)e <2
n=3, By=jho, 3= g (865 —126)e ¢/

DHeprusi Tak Has3blBaeMbIX HyJIeBbIX (n = 0) kKosebaHuil OCHULIATOPA
Ey= %ﬁw # (0. D10 uncTo KBAHTOBBIN 3P PEKT, T.K. KJIACCHIECKUNH OCIIHILISI-
TOP B 9TOM COCTOSIHHH HE COBEpIIAeT KOJIeOAHHS W €ro SHepIus paBHA MpU
sToM HyJ10. Eciu bopmaibHO 3anucaTh paBeHCTBO

1 1
—hw = —mw?x},
2 2
TO OTCIO/IA JIETKO MOy IUTh JJIS aMILIITY bl HyJeBbIX KoTeOaHuil caeyomniee
BBEIDazKeHIe
h

=/ 3.55
o0 mw ( )

DTO0 BBIpaKeHHe COBMAJAET C MapaMeTpoM 00e3pa3MepuBaHUs MTePEMEHHBIX,
BBeJIEHHOM BbITe. [loguepkHeM, 9TO NpUBEIEHHBINH BBIBOJ SIBJISIETCA THCTO
uocTparuBabiM. CTPOruil BBIBOJ, 9TOIO COOTHOIIEHUS OCHOBAH HA, JI0KA3a~
TeJbCTBE, YTO HyJIeBble KoJjie0annsi KBAHTOBOIO OCIIMLISITOPA €CTh CJIE/ICTBHE
npuHIna neonpeaeaennocreit [eiizendepra.

ITpencraBienne dyuces 3amoaHeHuUs. Maremarndeckuii (opmaainim
TEOPUN TAPMOHUYECKOTO OCTIMJIIATOPA MO3BOJAET MPEJACTABATH MOJYYeHHBIE
Pe3yIbTATHI B HECKOJIBKO HHOM BHUJIE, KOTOPBINl OKa3bIBAETCS BeCbMa YA00HBIM
DU PACCMOTPEHUHN PA3TUIHLIX MPOIECCOB € yYacTueM KoJeOaHuil YacTHIl B
MHOTOYAaCTUYHBIX CHCTeMaX, HAllPUMep, IPU PACCMOTPEHUN 3JEeKTPOH - KO-
JiedaTeIbHbIX B3aUMOJEHCTBUN B MOJIEKYJISIPHBIX.

Y100bI MOJIyYUTH HOBOE IPEJICTABICHUE JIJIsI OMMMCAHUS TaPMOHUYECKOTO
OCIIIJLIIATOPA TPOJIeJIaeM s MaTeMaTHIecKuxX IpeodpaszoBanuii. CHavara
MOJIYYUM PEKYPPEHTHBIE COOTHOTIIEHUS I MOJTMHOMOB DpmuTa. [l1g nepsoii
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pou3BoHON 1o & momHOMOB dpmurta H,(€) (3.53) MOXKHO MOTYIUTH IBA
COOTHOMIEHNS (B KAYECTBE TOJE3HOTO YIPAKHEHUS PEKOMEHIYEM THTATETIO
HOJIy9UTH UX)

H7/1 = QTLHn,l,
(3.56)
H;L = 2§Hn - Hn+17
IPUPABHUBAsg KOTOPHIE, MOy YUM
1
€H, = nHy i + =Hpyr. (3.57)

2

_¢2 .
JIoOMHOKHB 5T0 paBeHCTBO Ha Ane™¢ /% i yurs sBHBIH BHJL HOPMHPOBOYHBIX
KO3 PUIMEHTOB, MOy YUM

§hn = \/gwn_l +y/ 1¢n+1. (3.58)

2

[Ipomuddepentupyem BotHOBY0 bDyHKIHIO (3.54) 10 £, HCIONB3YS Tpe/I-
crapienne (3.56), HOJYyIUM Ba BBIDAZKEHUS

B = —Ehn + 2¢/F¢n 1, (3.59)
N e |

Sk BbIpazK€HHAd MO2KHO TaKzKe IIpeJCTaBUTh B HECKOJILKO MHOM BHIE

5 (6+ %) tn = Vv,

1 ) (3.60)
7 (f - a_§> Y =Vn+ 1.
Jlanee, BBeeM orepaTop
~ .0
Pe = _28_5' (3.61)
Torpa Beipazxkenust (3.60) npumyT Bu/I
(€ + B = Vi1, -
%(5 - Zﬁ§)¢n =vn+ 1¢n+1 ’
Tenepb BBeJIEM TaKHe ONEPATOPDI
o= %5(5 ipe) (3.63)
at = (& —ipe)



BripasuMm 0TCO1a ONepaTopbl KOOPAUHATHI (CMENIEHNs) U UMILYJIbCA epe3
omneparopsl a n at

(3.64)

DTHU COOTHOIIEHN SABJIAIOTCS BeCbMa BayKHBIMH, T.K. BBEIPAKAIOT OHEPATOPHI
KOODJIMHATHI (CMEIIeHNsI) OCHUJUIATOPA U €r0 UMILYJIbCa Yepe3 OLepaTopbl
a u at. Yrobnl Jiyunie OLEHUTH BarKHOCTb U YJI00OCTBO TAKOIO IIPeCTaB-
JIeHUsI, TPOAHAJU3NPYeM CHavasa JeiHCTBHe OMepaTopoB d M 4 Ha BOJHO-
Bble (DYHKIMH FAPMOHUIECKOTO OCIILIATOpa. Vcnonb3ys (3.63), ypaBHeHust
(3.62) mpecraBuM B BUje

awn - \/ﬁiﬂn, )
atih, =v/n+ 11/1111+1- (3.65)

3 stux ypasHeHuit BUAHO, 9TO JelicTBHE oneparopa d Ha 1, COCTOUT B
nepeBoe GyHKIMH Y, B GYHKIHIO 1, 1, YMHOXKEHHYIO Ha /N, a neiicTBue
oneparopa a' 3aKIH04aeTcd B IepeBoje (PDYHKINH 1), B (DYHKIUIO ), 1, YMHO-
Kenuyio Ha /n + 1. Hampumep, av; = 1y win at¢y = /2. B mepsom
cJydae SHEpPrusi Hada/bHas CUCTeMbl [ = %hw MOHW3W/IACH, IIPUHSB 3HATE-
nue Fy = %hw, T.e. SHEPIUsl, paBHAs KOJIebaTeIbHOMY KBAHTY hw mcdesa.u3
ocuagTopa. Bo BropoMm ciiydae, Ha000pOT, SHEPrHUsd OCIUIISTOPA YBeJIH-
qiIach Ha SHEPTHI0 KoyiebaTeIbHOrO KBaHTa, IPHUHSB 3HadYeHne Fo = %Fw
Takum obpa3om, B mepBOM clydae y HAC HcYe3 KoaedaTelbHbI KBAHT W3
HAIEro OCIUJLIATOPA, a BO BTOPOM CJIydae, HA000pOT, BO3ZHUK TaMm. Borpoc
0 TOM, KyJla UCUYe3aeT U OTKY/a OepeTcs SHePTrusi OCIHU/LISITOPA MbI 00CY UM
HUYKe MPH PACCMOTPEHUN JIEKTPOH - KOJ1e0ATETHHBIX B3aUMOIEeHCTBII.

OmnepaTopel @ 1 @' COOTBETCTBYIOT TaK HA3BIBACMOMY 7PeICINaAGACHUI0
YUCEN 3ANONHEHUA, KOTOPOE YI0OHO UCIOIB30BATH /I CHCTEM, COCTOSIITUX
u3 GoJibiIoro dnciaa gacrui. V3 coornomennii (3.65) BujHO, 4TO yKasaHue
KBAHTOBOTO YUCJ/IA 1 TIOJIHOCTHIO XapaKTePU3yeT COCTOsTHIE OCuLisaTopa. Ec-
JIM YCJIOBUTHCS HA3bIBATH OJJHOKBAHTOBOE BO30YXKJIEHUE OCIULIATOpA N = 1,
0/ITHOPOHOHHBIM BO30OY:K/IeHHEeM; N = 2 - ABYX(OHOHHBIM BO30Y:K/IEHHEM U
T.J., TO TOTJA YHUCJIO N OIIpeesseT Iuca0 (POHOHOB B COOTBETCTBYIOIIEM CO-
cTogHUN ociuagTopa. Kaxapiit (honon umeer snepruio hw. Cocrosguue 1,
COOTBETCTBYET HAIMIUIO N (HPOHOHOB ¢ 00Mel sueprueit nhw. PyHknuo Y,
MOZKHO PacCMaTPUBATH KaK (PYHKIINIO HE3ABUCHMOTO TIEPEMEHHOTO N - 9HC/IA
dononos B gannoM cocroguuu. leiictBue oneparopos @ u at Ha 3Ty DyHK-
IUIO ONpejesisieTcst paBeHcTBaMu (3.65). DT omepaTopsl, KaK JIErko BUJIETh,
JIeHCTBYIOT HA YHCJa 3AIOJHEHHS N, YMEHbIIAasd WK YBEJIUUUBAA 9TO UUCIO
Ha eauauily. [1o3TOMY OlEpPATOP G HA3LIBAETCS OIEPATOPOM YHUYTOKEHUS
dbononos, a oneparop at - omeparopom poxaenust GOHOHOB.
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JlomycTuM, 94TO Ha OCIUJLISATOP JIHCTBYET HEKOTOPas CUJIA, BRI3bIBAIOIIA
OTKJIOHEHIE STOT0 OCIUJIIITOPA U3 TOJIOXKEHHST PABHOBECHS. DTOMY CMeIIe-
HUIO MOXKHO COLOCTaBHTBH oteparop suaa (3.64) ¢ Tounocrsio 10 k03hbu-
nuenTa. Torga aeficTBrue BHEITHEN CHJIBI MOYKHO TPAKTOBATH B TEPMHUHAX H3-
MEHEHHSI COCTOSTHUST OCHUJLIATOpa. /leiicTBUTE/IbHO, KaK MBI BHJIEJIN BBIIIE,
oH OysieT JinO0 BO3OYZKIAThHCs, MO0, HA0DOPOT, MEPEXOJIUTh B DOJIee HU3KOE
coctosgHue. MBI paccCMOTpUM IPUMEHEHHE THX ONepATOPOB IPU U3YUEHUU
9JIEKTPOH - KoJiedaTe/IbHbIX B3auMOeficTBUil B cjie/yonieil riase.

[Tonb3ysich BBINIENTPUBEIEHHBIMIA COOTHOIMEHUSIME JIETKO BBIPA3UTh T'a-
MUJIBTOHUAH TaPMOHUYECKOrO OCHUJLIATOPA depes oneparopbl a u at. Jleii-
CTBUTE/IHHO, BEIYUC/IUB KOMMYTATOp (@, a'], mosydnm

aat —ata=1. (3.66)
Vcnosb3yst 5T0 BhIpazkenue, a Takxke (3.63), mpecTaBuM raMIJIBTOHUAH Tap-
MOHHMYECKOT'O OCIUJLIATOPA

H =

hw e
7(? +p§)

B BH/IE

~ 1
A = hw (a+a + 5) . (3.67)

OTcrofa BUIHO, UTO JeiicTBHe omepaTopa 1 = a' a Ha PyHKIWIO 1), CBOIATCS
K YMHOXKCHHIO 3T0i pyHKIHK Ha uncao n. OmepaTop 7 HA3BIBACTCA OIEepaTO-
pom uncsia HGOHOHOB (M1 KoJiebaTebHbIX KBAaHTOB). COOCTBEHHBIE 3HAYCHMSI

raMuJIbTOHUAH (3.67)

1

PaBHBI 9UCJIY (I)OHOHOB B JaHHOM COCTOAHHH M OIIPEAe/IAI0OT dHEPruro CHUCTe-
MBI.

3.5 JIBuxkeHme  4YacTHUIIbl B  IEHTPAJIbHO-
CAMMETPUYIHOM I10JI€

[leHTpaJIbHO-CHMMETPHYHBIM HOTEHITMAILHBIM HOJIEM HA3BIBACTCA IOJIE, II0-
TEHIHAJ KOTOPOTO 3aBHCHT TOJLKO OT PACCTOAHHS 10 HEKOTOPOIl TOUKH IPO-
CTPAHCTBA, KOTOPas siBjsiercs nearpom nons, t.e. U = U(r). TpeacraBum
ypasuenue [Ipennnrepa B e [ul|

V2 + E*(r)y = 0, (3.68)
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rae k*(r) = 22(E—U(r)), a none U(r) aBasercs nenTpanbusiM. [lis cucrem
¢ NMEeHTPaJIbHOI cuMMeTpueil Haubosee yrnoOHON aBageTcd cdhepuueckas CH-
crema koopaunar (1,0, ¢). Oneparop Jlamnaca B 9Toit KOOPAMHATHON cuCTEME
nMeeT BU]T

0? 20 1 0? 0 1 0?2 1
29 29, (L VA S v E R v oY
Vv or? + ror * r2 (892 tetg 00 * sin208¢2) Vit 7"2VQ

Bech, corsacuo (2.43), yriosas uacth oneparopa Jlamiaca Vg npakTude-
CKH dBJIACTCA KBaJAPaTOM OliepaTOpa yIJIOBOT'O MOMEHTA YaCTHUILbI (MOMeHTa
HMITYJIbCA).

Byzewm pemars ypasuenue (3.68) merogom Pypbe, T.e. METOIOM pasjese-
HUS TIepeMeHHbIX. [IpegcraBuM (GhyHKIUIO 1) B BUAE MPOU3BEICHUS

¥(r,0,¢) = R(r)Y(0,9.)

[ToscraBuB 910 Bhipazkenue B ypasHenue (3.68) u ymHozkas obe ero yacru Ha

WQ(Q’@, nostyanm [u01]
r?VIR(r) | VaY (9, ¢)
r + r k2 = — Q ’ = )\, 369
R() V(0.0 (309

rje A - mocTosiHHast pasfenenus. OTCoOa MOJYUYalOTCs 1Ba ypaBHenus [u02|

A
V2R + <k2 — ﬁ> R=0 (3.70)
u |u03]
VoY + Y =0 (3.71)

Ypasuenue (3.71) aist dynkunu Y (0, ¢) He coep:KUT KOOPAUHATHI I' U He 3a-
BUCHUT OT KOHKDETHOTO BHJIa IIOTeHIMa bHON sHeprun U(r), cjiegoBaTe/bHO,
ero peIeHns CIPaBeJIUBLL JJId JIOO0r0 MEeHTPATLHOTO TOJI.

3.5.1 Teopus yrjioBoro MomMeHTa

Bpoimre Mbl yzKe omnpejie/inin coOOCTBeHHbIe (DYHKIIUU U COOCTBEHHBIE 3HaUe-
HES OTepaTopa MPOEKIHH YTJIOBOTO MOMEHTA Ha 3a/[aHHOe HATIPABICHHE, T.e.
onepatopa L, (2.51). Pacemorpum Tenepnb Gosee TOApOOHO 3ajady Ha COO-
CTBEHHbIE 3HAYEHHsI JJIsi KBAJpaTa oleparopa yrjioBoro Momenta |ul]

LY (0,6) = LY (0,¢) wm — h2V3Y = L%, (3.72)
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rae mocpeacrBoM L2 o6o3HaUYeHB COOCTBEHHBIE 3HAYeHHd omeparopa L2
Yi00Hee peniaTh MaTeMATHYECKH SKBHBAJIEHTHOE ypaBHeHue [u2]

V3Y = —)Y, (3.73)
rie A = L?/h?. C maremarudeckoii Touku 3penns ypashenue [u3|
VoY + Y =0 (3.74)

ABJIAETCS JIMHEHHBIM JudDepeHIralIbHBIM YPABHEHHEM BTOPOTO TOPSIIKA B
YACTHLIX IPOM3BOIHBIX. ByieM HCKATh €ro pemieHusi MEeTOIOM Da3/eseHus
nepeMeHHBIX (MeTozoM Pypbe). [t 9TOro mpeacTaBuM HCKOMYIO (bYHKIIHIO
Y (0, ¢) B Buge npoussenenus asyx dbyuxnuit 7(0) u ¢(¢), kaxkmas u3 Koro-
pbIX siBIsieTCst (DYHKIHE TOJIBKO OJHON HepeMeHHoil, T.e. [u4]

Y (6, 9) = T(6)D(9). (3.75)

[MoncraBum dbyukiuo (3.75) B ypasaenue (3.74) u, BOCTOJIH30BaBIINCH $B-
HBIM BHJIOM YIJIOBOII "acTm omeparopa Jlamnaca, mocje HeCJ0KHBIX IIpeod-
pa3oBaHMUii MOJTYINM JIBA ypaBHeHHs [ub]

2

1 d : ar m _
sin6 do (SIHQ%) + <)\ - m) T= O’

(3.76)
Z% +m?® = 0,

rae m? - HOCTOSHHAS Pa3/ie eHus.
Pemenne Broporo ypasuenusi (3.76) jierko nHaxomsircst. Ero MozxHO 1pe/i-
CTABUT B HECKOJIbKUX 9KBUBAJIEHTHBIX dopmax [ub]

B(p) = Cre™?4-Che™™? = A} cosmo+Agsinmeo = B cos(mp+¢y), (3.77)

rae koaddumuentsr C;, A;, B, mavanpHasg da3a ¢y I KOHCTAHTA HOPMH-
POBKH OIPEIEIII0TCS U3 TPAHUIHBIX YCJIOBUN U YCJIOBHSA HOPMUPOBKHU. ['pa-
HUYHOE YCJIOBHe, HakjIaabiBaeMoe Ha dbyHkuuio P(¢), sBiasercsa ycaoBueMm
EePUOJAMIHOCTH 3TOH (DYHKIMKU € 1EPHOAOM 27, T.e. JIOJZKHO BBIOJIHATHCS
COOTHOTIIEHIE

O(p 4+ 2m) = O(9).

W3 sToro yCI0BHU4d BBITEKaCT, HAIIpPUMEP, YTO JOJIZKHO BBIIIOJTHATLHCA PaBeH-
CTBO
ewmj) — e*”ﬂ(ﬁ — ]-7

OTKY/Ia HEIOCPEeJCTBEHHO cJjejyer, uro m = 0,+1,£2 ..., T.e. m J0/KHO
6bITb OeJIBIM 9MUCJIOM.
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O6parumcs Tenepb K mepBoMy ypaBHeHuwoo (3.76) oTHOCHTETHHO (DYHK-
mun T'(0), npudem, Kak u3sectHo, 0 mensiercs B npejgesnax 0 < 6 < w. Begem
HOBYIO niepeMenHyo x = cosf, nupu srom —1 < z < 1, a Takxke BBeJIeM 000-
snauenne T(0) — y(z). Torga ypaBHeHne OTHOCUTEIHLHO UCKOMON (DyHKIMN
y(x) npumer Bug [u7]

[(1— 22y + (A - T;) y=0. (3.78)

Oyukiua T(0), a ciepoarenbo u GyHKIUA y(r), ABAAIOTCI OrPAHUIEHHbI-
MU BO Beeil obs1acTu onpe/iesenns. B IpoTuBHOM C/Iydae OHI He COOTBETCTBO-
Bau Ol pusnueckoii peanbuoctu, T.e. |y(x)| < M = const. I3 ypaBHeHus
(3.78) caeayer, yro To4KH T = F1 ABAAIOTCSH OCOOBIMHU, T.K. IIPU ITOM 3HA-
MeHaTeIb 00pamaercst B Hyjib. IT00bI HCKJIIOYUTD PACXOJAUMOCTH HHTErpaJia
B 9THX TOYKax, Oy/IeM MCKaTh perieHue B Buje [u§|

S
2

y = (1—2?)2u(z), (3.79)

rje s - mapamerp, Tpebyommuii onpeenenus, a GyHKuuo u(r) HEOOXOAUMO
Oy/leT oupejie/uTh U3 JaJbHellero pemeHus ypasuenus. llojgcraBum 10T
Bu ynkiun y(x) B ypasHenue (3.78) u, nmoc/ie oueBuIHbIX 1Pe0Opa3oBaHuii,
nosryaum [u9|

2 .2
(1 — 22" (x) — 20(s + D' (z) + | A — s® — 5+ % —0.  (3.80)

JI1st TOro, 9TOOBI MCKJIIOUYATH 0COOEHHOCTH, HEOOXOINMO MOJIOKUTH
s = £|m)|.

Permenus, orseuaroniue pa3jindaabiM 3HAKaM rapamerpa s, MOIyT OTJINYATh-
Cd IPYT OT JPyTra TOJBKO HA MOCTOAHHBIN MHOXKHUTENb, T.€.

y(Iml) = Ay(=|m]).

B cuiy s1oro orpanuuanmvces ciaydaem s = m > 0. Ypasuenne (3.80) npunu-
maet Buj [ul0)]

(1 —2®)u" — 2z(m + D' + [\ —m(m — 1)]u = 0. (3.81)

Pemenne mist dbyukmun u(z) Oygem WCKaTh B BUje CTeleHHOro psaa [ull]

u(x) = Z apx”. (3.82)
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[ToncraBus (3.82) B ypasuenue (3.81), Bommonuus auddepeHnupoBanne u
CIPYNIIHPOBAB WIEHBI C OJMHAKOBBIME CTENEHAMHE &, MOJTyduM, 910 [ul2]

> farsa(k + 1)(k +2) — apfk(k — 1) + 2k(m + 1) — [\ = m(m + 1)]}] 2% =
k=0
(3.83)

B cumy toro, uro u(z) (3.82) mpeamonaraercs pemenneM ypasuenns (3.81),
TO paBeHCTBO (3.83) JOJIZKHO YI0BIETBOPATHCS TOXK IeCTBeHHO. Cie10BaTe b-
HO, UCKJII0Yasd TPUBUAJIBHOE PEIIEHUE, Mbl JIOJIKHbBI MOJOKUTH BCe KO du-
mueHThl psaga (3.83) TOXKIECTBEHHO PaBHBIMU HYJI0. 113 9T0r0 yCji0Bus Bbi-
TeKaeT PEKYPPEHTHOe COOTHOIIeHne Mexkiy Koddduimenramu psaa (3.82)
[ul3]
A—(k+m)(kE+m+1)

k+1)k+2) "
Orcrona cpasy cjeiyer, 4TO B 3aBUCHUMOCTH OT YETHOCTH HMHJIEKCOB BblJe-
JIIOTC MO0 YeTHoe Jinbo HedeTHoe penieHus Jyist u(r), a, CJeJ0BaTe b
HO, U Jig y(x), KoTopble 0Opa3yloT jBa JIMHEHHO He3aBUCUMBIX DEIIeHHs
ypasuenusi (3.81). B cuny orpanndennoctu uckomoii dbyuknun, psr (3.82)
JOJIZKEH MPEJCTABAATh KOHEUHBIE MOJMHOMBI, T.€. JOJKEH OOPhIBATLCA Ha
KakoM-HuOyb diene. Torga, B cuiy (3.84), Bee mocsenyomnme 4ieHbl psiia
OyayT paBHbI HYJH0. [Ipeanonokum psiji 0OpbhIBaeTCsi Ha YJIieHe C UHJIEKCOM
q, T.e. ay # 0, a mocsreayomuit a,4o = 0. Ciie/10BaTeNIbHO, U3 PEKYPPEHTHOTO
coornomtenns (3.84) moydnm yciaoBue oOpbiBa psa [uld]

(3.84)

Ag+2 = —

A=(g+m)(g+m+1). (3.85)
B cuny Toro, uto m = 0,1,2, ..., ToO MOXKHO BBECTH HOBOe OOO3HAYUEHUE
l=q+m,
npudem [ = 0,1, 2, ..., HO IPU STOM BeCbMa CYIIECTBEHHO, YTO
[ >m.

Takum 06pa3om, Juist COOCTBEHHBIX 3HAYEHUIT TToJIydaeM Bbipazkenue [ulb]
A=1(l+1). (3.86)
mwin [ul6]
L? =1*1(l+ 1), coorsercrsenno, L = fin/1(l + 1). (3.87)

KpanToBoe 4mciio [ moydmio Ha3BaHue OPOMTAJIHHOIO KBAHTOBOI'O YHCJIA,
T.K. OHO OIpejesisieT cOOCTBeHHbIe 3HAYEHUsI KBa/ipaTa oleparopa MOMEHTA
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HUMITYJIbCA WJIH YIJIOBOI'O MOMeHTa. KBaHTOBOE YHCJIO M, ONpe e Isioliee coo-
CTBEHHBbIE 3HAUYEHHS OllepaTOpa MPOEKIMH YTJIOBOI'O MOMEHTa Ha BbIAEJIEHHOE
HAIPABJICHUE, [TOJIYYH/I0 HA3BAHUE MATHUTHOTO KBAHTOBOI'O YUC/IA. DTO 00Y-
CJIOBJICHO T€M, 9TO BblJeaeHHOe Hanpas/enne (ochb "z") 9acTo co3maer BeKTOp
MarHUTHOW WHTYKIUH.

JI711 KOHEYHBIX TIOJIMHOMOB, TIOJIYYAIONUXCs U3 paaa (3.82) U ABIAIONIHX-
€SI C TOYKHU 3PEHUSA MaTeMaTHIeCKOil (pU3UKHU pereHnsIMIA TPaHUIHON 3aa491
MIrypma - JInysuiig na chepe?, Jleskanap npe/ioxkuia hopmylly, KOTOpas
OTIPEe/IE/ISIeT BCE TAKNE MOJTUHOMBI U KOTOPbIE HA3BIBAIOTCS MOJInHOMaMH .J]e-
JKaH/Ipa WJIM TPUCOEINHEHHBIMHU TOJIHHOMaMY JleKaHpa B 3aBUCUMOCTH OT
toro, m = 0 mwau m # 0, coorBeTcTBeHHO [Ul7|

dl+m

dlerm

1

= _2\m/2
=gt — )

P (x) (% — 1) (3.88)
Beraucaus HopMmy mosnmHOMOB Jlexkanmpa, I Halleir HCKOMo#t (DyHKIAN

(3.79) nostyunm BbIpazkeHue

(2l + 1)(I —m)!
2(l4+m)!

Yim(z) = B (x).

O6beuuus pemmenus s (@) u T'(0) 3amuiem OKOHIATETBHBINR OTBET TSI
uckomoii dynknun Y (0, ¢) (3.75) [ul§|

(20 +1)(L — |m])!

Yiul6,0) = 1(0,0) = ey | =g

™ (cosB) €. (3.89)

31ech yurena HopMupoBka st byukmun ¢ (em. (2.51)), apryment x 3aMene
obpaTHO Ha oS 6, a KOIDDUIUEHT @, OIPEAELIETCS CJIeLYOIMIM 00pa3oM

am = 1 mpu m > 0,
Ay, = (—1)™ mpun m < 0.

3.5.2 KBaHTOBBIT poTaTop

Porarop - 1o wactuma, cBoO0OIHO ABUKYIIAsICS 1O cdepe 33 aHHOTO Pa/In-
yca 1 = a = const, [Ipudyem npemmosaraercs, 9To NOTEHIUATbHAS JHEPIUI
gactunbl U(7) = U(a) = const gBisercss BeJTMYUHON MOCTOSTHHON HA TI0-
Bepxuoctu cdepol. He Hapynias o61mHOCTH, Mbl MOXKEM I110JIOKUTH Ty KOH-
cTaHTy paBHoil Hy/10. Takoit moTeHnuas npejacras/isier coboit YaCTHBIN CJIy-
Yaii MeHTPaAJbHO-CHMMETPUYHOTO MOJIsA. B ¢ty 9TOTO0, perienne ypaBHEHUSI

29712 331518 OBITA Y2Ke pelleHa B 18 Beke
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Ipeaunrepa (3.68) npejcraBuTcs B BHJIE

¢(7’, 0, ¢) = R(T)Yzm(a (b)a

rie dyHknuu Yy, onpeaeiaens BoipazkenueM (3.89). Bocmoab3yemces ypaBHe-
aueM (3.70) 17151 ompeie/ieHns paauaibHoil yacTu pemienus ypasaenus [pe-
JiHrepa. BoinucbiBast B SBHOM BHJIE TTapaMeTp /{;2, [IOJIY YUM [Vl]

V2R(r) + {QZZE = M:; 1)] R(r) = 0. (3.90)

B cuiy Toro, uro r = a = const, ro R(r) = R(a) = const u, ciienoBaTesbHo,
VZR(a) = 0. Otciosa Mbl cpasy I0J1ydaeM SHepreTuuecKuii CeKTp poTaTopa
[v2]

O RA(1+1) o Rl + 1)

nn by = 57 )

- MOMEHT WHepIuu JacTuirbl. Pusnmaeckoil Moje/IbI0 poTaTopa

£y (3.91)

2ma?

rae I = ma?®

MOYKET CJY’KATh BPALIAIOIIAACA KECTKas IBYXaTOMHAs MOJIEKYJIA.

B cuny Toro, 4to BoHOBBIE (DYHKIMH poTaTopa Yi,(0,¢) 3aBucar ne
TOJBKO OT OpOUTAJIBHOIO KBAHTOBOTO YHCIA [, HO M OT MAarHUTHOIO KBaH-
toBoro uncjaa m (mamomuum, — < m < [ ), a sHeprermyecKue ypOBHU
ONPEIEIAIOTCS TOJIHKO KBAHTOBBIM YHCIOM [, TO 9TH SHEPreTHYECKUE YPOBHU
ABAAIOTCs (2] + 1) - KPATHO BBIPOKICHHBIMI.

Cy1imecTByeT cieyiomnas KiaccuduKalus COCTOSHINR poTaTopa Ui, B 60-
Jiee o0IIeM cJIydae, yrJI0BOrO MOMEHTA:

[ =0 s — cocrosHue
[=1 p— cocrosuue
=2 d— cocrosaue
l=3 [ — cocrosinue
l=4 g — cocrosiaue

OCHOBHBIM COCTOSIHHEM JIJIsI POTATOPA SBJSETCS S-COCTOSHHE, IIPH 3TOM
[ = m = 0. Dueprusg sroro cocrosuus pasua U(a) = const = 0, a HOpMUPO-
BaHHas BOJIHOBas (pyHKIuA Ypo = \/%E. KOTOpasl npejcrapisier coboit cde-
py (puc.3.6). B arome Bomoposa 3Ta (byHKIHs ONpejiesisieT YIIOBYI0 YacTh
lsopburanu (cm. HuXKe).

Cocrosiame ¢ | = 1 (p-cocrosinue) xapakrepusyercst sHeprueii Fy = h72
"n ABJIAETCA TPEXKPaTHO BBIPOXKICHHBIM IO MarHUTHOMY KBaHTOBOMY YUCJIY

= 0,£1. Ilpyu m = %1 3tu pyurnun Komiiekcuol. CormacHo gopmyiie
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Puc. 3.6: s-opburaJb

Puc. 3.7: p-opburanb

Puc. 3.8: d,2-opburain
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Puc. 3.9: d,,-opburain

(3.89), momyunm [v3]

_ /3
Yi0= /4 cos0,

Yip =4/&sind e, (3.92)

Vi1 =—/&sinf e

[Tockonbky cocrognue ¢ [ = 1 gBasgercs TpeXKpaTHO BBIPOXKIEHHBIM, TO B
KHavuecTBe BOTHOBBIX (DYHKIIUN P-COCTOAHMS MOYKHO B3STh TPHU JIOOBIE JTH-
Heitubie Kombunamun Gynkuuii (3.92). Yi06H0 BHIGpaTh Takue KOMOMHAIMNI
>1uxX QYHKIUHA, 9T00bI OHM OBLIN JleficTBUTEIbHBIMU. TaK, HapuMep, KOM-

6HH&HHH
\/— 1,1 1,—-1 ] ?

a Jipyrag KOMOMHAIU

i /3 . .
_E (Yii+ Y1) = yp sin 6 sin ¢.

Toraa, UCONb3ys CBA3L MEZK/y JEeKapPTOBBIMEH U C(epUIecKUME KOOP/IMHA-
TaMM, MOYKHO BBECTH CJICJIYIOIINE TPH P-COCTOSTHUS [v4]

Dy = % sin 6 cos ¢,
py = 1/ = sinfsin ¢, (3.93)
P = % cosf.

Otu Tpu (PyHKIUU U BLIOMPAIOT JIjIsi OMKMCAHUS P-COCTOsIHWS poraropa. B
aToMe BOIOpOa 3TH QYHKINH OMPEJEIAI0T YIJIOBYIO 9acTh 2popourtasn (cM.
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umke). Kaxnas u3 dbynknuii (3.93) mpezgcrasiser coboii "'ranTesib BHITIHY-
TYIO BJIOJIb COOTBETCTBYIONIE TeKapToBoii ocu. [Ipumep oanHol 13 HUX MpeI-
CcTaBJIeH Ha puc. 3.7.

AHaJIOTMIHO MOXKHO BBHIOPATH JIEHCTBUTEIbHbIE KOMOWHAIMKA JJIsi MIATH
dbynkmii d-cocrosinust poraropa [v5|

d2 = /1= (3cos? 6 — 1),

dyp2_y2 = 1165; sin? 6 cos 24,
duy = 1/ 16> sin” 0 sin 2¢, (3.94)
dy, = 1165 sin 6 cos 6 cos ¢,

d,, =

6= sin 0 cos 0 sin @,

ﬁ

Ha puc. 3.8 npeacrasiena d,2-opburtajb, OHa BBITSIHyTa BIOJIb ocu 2. Ha
puc. 3.9 uzobpazkena d,,-opouTajb, KOTOpas HPOEHUPYeTCd Ha KOODAHHAT-
Hy10 I0CKOCTD (2y). Ha 31y 2Ke minockocTs npoenupyercst opourans dz_yz2,
O/THAKO TLIOCKOCTH TMOBEPHYTA BOKPYT OCHU 7 HA yros 45° AHaoruaHbIi BUT
HMEIOT U JIBe OCTaBIINeCHd d-OpOUTAIN, KOTOPbIE IPOEIUPYIOTCSI HA COOTBET-
CTBYIOIIHE KOOPJMHATHBIE IIOCKOCTH (2) U (yz).

3.5.3 ATom Bogopoja.

ATom Bomopoja mpenacTaBisier coboil CHCTeMY M3 JBYX YACTHI] - IOJIOKH-
TeJIbHO 3aPAKEHHOTO SApa U OTPUIATEIHHO 3aPSIKEHHOI0 SIeKTPOHA. DJIeK-
TPOH ABUZKETC B I10JI€ Ad/Ipa, KOTOPOE ABJIACTCA HEeHTPaJIbHO-CUMMETPHUIHbIM
9JIEKTPOCTATHICCKIM [OJIEM TOYEYHOro 3apsiia (KyJ1oHOBCKHM nosieM). Ecin
HAYaJI0 KOOPJAWHAT COBMECTUTH C SIAPOM, TO TTOTEHIIHA STOTO MOJIsT 3aITATIeT-
¢ CJIEIYIONHIM 00pa3om

IJe 7 - pacCTOSHUE OT d7pa, € - dJeMeHTapHbIil 3apsaa. [lo cBoeil mocTanoB-
Ke 3Ta 3a/lada aHAJOTUYHO 33Jade O JABUKEHHH IJIaHeT BOKPYT IEeHTpa/b-
HOI 3B€3/IbI, MMOITOMY HOCHT TAKKe HA3BAHUE KEILJIEPOBOW 3a/a4d. 3aady
JIByX TeJI, KAK U3BECTHO, yJIOOHO peliaTh B CUCTEME KOODJMHAT, CBA3AHHOI
¢ IIeHTpOM Macc. B aToMm cirydyae Macchl TOUeK 3aMeHSIOTCS TaK HAa3blBaeMOi

MIPUBEJICHHONH MaCCOn
mM

m+ M
B custy Toro, uro macca sjiekrpona B 1836 pa3 meHblile Macchl IPOTOHA, TO
npuBeJeHHad MaCCa IMPAaKTUYICCKH HE OTJIMYaeTCd OT MaCChl 9JIEKTPOHa U B

M:
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MI€PBOM TIPHUOIMKEHIU STHUM PA3JIHIneM MOXKHO BIIOJIHE HmpeHeOpedb. OHa-
KO CTOHUT 3aMETHTD, UTO IIPENU3NOHHbIE CIIeKTPATbHBIE H3MEePEeHNs MOKA3AIH,
YTO B TOYHLIX pacdeTax 93TO pa3/Iniue HeO6XO,Z[I/IMO Y4UTbIBATD. B IIpuHOMUIIe
3apsij siJpa MOKeT ObITh JII0OBIM B 1pejiesiax Tabsmibl Menjgeseesa. JI100oii
aTOM MOYKHO MOHU3WPOBATH 0 COCTOSIHUSI, KOT/Ia OT €ro 3JIEKTPOHHOH 000-
JIOYKH OCTAaHeTCs BCEIro OJUH 3JIeKTPOH. Takoil aToM HA3BIBAETCS BOIOPOIO-
MOA00HBIM U 3apsii ero sipa paBeH e, Ije / MOPIIKOBBI HOMEpP 3JIeMeHTa
B Hepuoindeckoi Tadsune. st 061HOCTH Mbl PACCMOTPHUM BOI0PO/ 10110100~
HBIT aTOM, TOra HoTeHImax 6yaer umers Bus V6]

Ur) = - 2= (3.95)

B CHUJIy TOI'O, 4YTO JId HEeHTPAJIbHO-CUMMETPHUYIHOI'O IOJIA pelneHue J1Jid yIJio-
BOI 9aCTH TaMUJIBTOHUAHA UMEIOT OJIMHAKOBbBIE€ pEeNIeHudA, TO HaM JIJIsd pelie-
uug ypasaenus [pegurrepa (3.68) ¢ morennuanom (3.95) ocTamzocs pemnmThb
ypasuenue (3.70), rae A = [(I + 1). IIpeobpasyem ypasuenue (3.70) K caey-
oemy By [v7]

2 Ze2  RUI+1
sz(r>+—m(E+ f - 257;7:2))]%(7“):0. (3.96)

st perenust 5Toro ypasuenus yp00H0 ot dyukiuu R(r) nepeiitu K QyHK-
n

F(r)=r R(r).
2
JleiicTBATE/ILHO, B 3TOM cydae onepanusa V2R(r) = %Tf %% IpeICTaBUTCS
B BHJIE
2
», 1d°F
Vilt= s
r dr

4TO IIPOBEPSIETCH HEIOCPEACTBEHHBIM JudDepeHImpoBaHueM.
Kpowme sroro BBejem Ge3pa3MepHbie lepeMeHHbIe, COOTBETCTBEHHO, KOOP-
JMHATH W 9Hepruio [v8|

r E
- _ —— 3.97
rae
h2
W e

HA3BIBAETCS GOPOBCKUM paamycoM (cM. paszen KsanropaHme GOPOBCKHX Op-
our), a

62 me4

ao h?



IpecTaBageT cobOoil YIBOCHHYIO SHEPIUi0 HOHH3AUU aTOMa BOIOPOJAA U B
ATOMHOH CHCTeMe eIWHHIl HasbiBaeTca 1 XapTpu. Yuuroisag, 49ro dr? =
agdp?, nns pajamanbhoit yactu ypasnenus pejunrepa s atoMa BoI0pO/Ia
nosiyanm ypasaenue [v9|

d2F 27 1(l+1)
— t(2e+ZE ) F=o. .
dp2+(€+ ; > > (3.98)

CBﬂSaHHbIe COCTOAdHUA IJIEKTPOHA BO3MO2KHO TOJIBKO IIPpU YCJIOBUU , YTO € <
0. B cBsa3u ¢ 5TuM yI00HO BBECTH IOJOKUTEJBHYIO BEJTHIHHY (v, KOTOpAs
CBA3aHA C € CJAEIYIONUM 0O0pa3oM

a? = —2e.

OxoH4YaTeIbHO ypaBHEHHE [Tl PAIUATBLHON TaCTH BOTHOBON (DYHKIUN IPH-
uumaer uj [v10]

&2 27 I(l+1
(d_p2_0‘2+7_%)F:0' (3.99)

Paccmorpum cnadajia acuMITOTHYECKHE PellleHrst 3TOT0 YPaBHEHUsI IPU p —
Ou p— oo. [Ipu p — 0o, mpenebperasi JIByMsI MOCJCTHUME CJAAraeMbIMU, T.K.
OHH [IPU 3TOM CTPEMATCS K HyJ10, u3 (3.99) mosrydum ciepyoliee ypaBHeHue
[v11]

d2
(— - oﬂ) F =0. (3.100)
Ob61iee perrenne 3TOro ypaBHEHUsST XOPOIO W3BeCTHO [v12]
F(p)=Ae" + B e, (3.101)

N3 dpusnyecknx coobparkenunit Hajgo MoJa0KUTh Kodpdunuent B = 0, T.K. B
IPOTUBHOM CJIy4ae BOJTHOBad (PYHKIHS OyJIeT CTPEeMUTCSI K OECKOHEYHOCTH
IpU p — 00, UYTO MPOTHBOPEUUT HAOTIOIECHUSIM.

[Tpu p — 0 B ypaBuenue (3.99) MOKHO TpeHEGPETD a?, T.K. IpyTHe YIeHbI
Oy/yT crpeMuTcs K OECKOHEYHOCTH IIPU 9TOM yCJI0BUU. Mbl 1OJIlydYuM ypas-

Henue [v13|
> 27 I(l+1)
> VYV EFE=0. .102

(dp2+ p p? ) ’ (3102

Ero pemenns MoxkHO monpoboBaTh UCKATh B BUJIE CTEIIEHHONW (DYHKITUN

F~ pl.
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[ToxcraBus 510 By dyHKiuu F B ypasaenue (3.102), norydnm
(g — Dp"* +2Zp"" =11+ 1)p"* = 0.

B cBa3u ¢ Tem, 9T0 IpH p — () cTeIeHn cBA3aHbl HepaBeHCTBOM p? 2 >> pi—1,
TO M3 TOIN0 ypaBHEHU IOJIYIUM

q(q —1) =1l +1).

Pemas 310 KBaapaTHOEe ypaBHEHHE OTHOCUTEJIBHO ¢, HOJIY UM
- —1
4 1+1

Yrobsr dbyukuus F(p) — 0 npu p — 0, Heo6XOAUMO BBIGPATH
qg=1+1.

Takum o6pa3oM, acuMITOTHYECKOe ToBejierue dbyukuun F(p) npu p — 0
OIIPEIE/ISITCST CIeYIOIUM 00pa3oM

F(p—0) ~ p*,

Ob61ee perenne ypasrenusi (3.99) Tenepb MOXKHO HCKaTh B BHJIE CTENEH-
HOTrO psina [v14]

Fp)=Aep™ > " B,p", (3.103)
v=0

rie A - HopmupoBounas nocroguaad. [logcraBus 3ToT B (DYyHKINN B ypaB-
nenue (3.99) u upoBejs rPYHIIMPOBKY YJICHOB IPHU OJIMHAKOBBIX CTELEHSIX p,
[OJIy9MM PEKYPPEHTHbIE COOTHOMIEHUS MeK/1y KO3 puiimeHTaMu cTerneHHo-
ro psga [v15]

2a(l+v+1)—Z]

B = (vHI+2)(v+1+1) —1(1+1)

B,. (3.104)

s Toro, urobbl dyuKIius f(p) Oblia OrpaHUYeHHON U HA GECKOHEUHOCTH
CTPEMUJIACh K HYJII0, HeOOX0/uMa 4TOObl OHA, BbIpazKaJjlaCh 4epe3 KOHEUYHbIe
MOJTMHOMBI. DTO 03HAYAET, 9TO HEOOXOINMO UTOOBI PsiJi OOPHIBAJICS Ha KAKOM-
HUOY/b YIeHe, HAlpUMEp Ha dieHe ¢ HOMepoM vV = n,. Jlng sToro Hamo
OJIOKUTD [v16]

all+n.+1)—2Z=0,. (3.105)

TOrJa BCe TOCJIeAYIONNe WiIeHbl psaga oOpaTaTcd B HYIb. V3 9TOro ycioBug
BbIPDA3UM BEJIMYUHY

7
o=—
n,+1+1
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Benovunad, uto o = —2¢, momyanm

Z? Z?
S Trmriy AL S 2
rIe BBEJEHO 0D0O3HAUECHIE
n=n,+10+1,

IpUYeM, YUCJI0 7 HAa3bIBAe€TCd TJIABHBIM KBAHTOBBIM UHCJIOM, a KBAHTOBOE
YUCJIO0 N, HA3BIBAETCS PAINATbHBIM KBAHTOBBIM YHCJI0M. [TaBHOE KBAHTOBOE
YUCJIO HA eJUHUILY OOJIbIIe CYyMMBI PaJIHaJbHOTO N, W OPOUTAIBHOIO | KBAaH-
TOBBIX YHCEJ, KOTOPbIe MOI'YT IPHHUMATH HE3ABUCUMO IIeJIbie HEOTPUIIATE b=
Hble 3Hadenus, T.e. n, = 0,1,2,... u [ = 0,1,2,.... Takum obpas3om, riaaBHOe
KBAHTOBOE YUCJIO MOXKET MPUHUMATh TOJIBKO 3HAUEHU HATYPAJIbHBIX YHCEI,
Te. n = 1,2,3,.... IIpu 3amaHHoM 3HaUEHUN IJIABHOT'O KBAHTOBOI'O YHCJA N
MBI MOYKEM COCTaBHT N — 1 KOMOMHAIM CyMMbI N, + [, KoTopast Oyaer paBHA
3a/IAHHOMY 3HAYEHWIO IJIABHOT'O KBAHTOBOTO UUC/IA.

[Tepeiijiem oT Ge3pa3MepHOit SHEPTHH € K Pa3MepHOil BeJIMYUHE, TO TOJIY-
anm [v17]

m etZ?

2h2n2
DTO BBIPAXKEHUE OIPEJIE/ISeT JHEPIeTUIECKUl CIIEKTP BOAOPOI0NOI00HOTO
aroma. MbI BHAUM, YTO BEJIWYNHA SHEPIUH TPUHUMAET JMCKPETHbIEe 3Hade-
HUsI, KOTOPBIE OMPEIELISIOTCA 3HAYEHNEM TJIABHOIO KBAHTOBOTO YHCJIA.

Hanee, Ha 1o nepeiitu 06patho or dbyukiuu F(p) Kk dbyuximuun R(r). Mol He
OyaeM 37ech MOJAPOOHO OCTAHABIMBATHLCA Ha (hOpMAaIbHON MPOIeaype JTalb-
HeHIMMX MaTeMaTHuecKux Ipeobpasosannit’. OTMeTHM TOJBKO, YTO KOHEY-
HbIE TTIOJIMHOMBI JIJI paauaibnoil pynknum R(r) npeacraBiasgior coboii B 00-
IeM CJIydae Tak Ha3bIBaeMble TPHCOeINHeHHbIe MOTMHOMBI Jlareppa (cM. Hu-
xKe).

OO0benuHss pelllenns JIJid YIJIOBO U painaabHoi yacTu ypapHeHus [pe-
JUHTepa M1 KeILIKPOBOil 3a1a4n, MpeICTaBUM Tellephb sIBHBII BHI HOPMUPO-
BAHHBIX BOJIHOBBIX (DYHKIWII jiuist aToMa BOJIopoia (r.e., nosaraem Z = 1) B
cdepuuecknx koopauuarax {r,0, ¢} [forH]

E, = (3.106)

Baeck Ry, - pajguajibHast 9acTh BOJHOBOI byHKIuu, a Y, (0, @) - ee yriosas

31ns Gosee MOAPOGHOTO PACCMOTPEHHS 3TOIO BOIPOCA PEKOMEHIyeM VieOHHK A.A.
Cokosio, I.M. Tepros, B.Y. XKykosckuit. KpantoBas mexanuka. M.: Hayka, 1979. - 528
c.
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qaCTb.

3
9 \ 5

(n—1-1)! 720+1
CEDIACT exp(—r/nao)r L, (2r/nay),

n - IJIaBHOEe KBAHTOBOE UHCJIO, | - OpOHTAIbHOEe KBAHTOBOE YHCIIO, (g =
h?/mge? - GopoBckmit pagmyc, mg - Macca W € - 3aps 3IeKTpoHa, LI'(x)
- IPUCOeJMHEHHbIC HOJMHOMBI Jlareppa

am dk
L () {eﬂf—

~ dzm dxk

).

QOyuknuu Yy, Ha3bIBAIOTCH cheprudecKuMu pyHKIUIMUA.

20+ 1)l — |m|)!

|m| me
Tl Lo (cos®)e™

Yim(0, ) = b,

kosdburpentst by, = 1 npu m > 0 u by, = (—1)™ npu m < 0, P"(x) - 310
[PUCOeIMHEHHbIE TOJTUHOMBI JIesKaHpa, HHIEKC 11 HA3bIBAETCsT MATHUTHBIM
KBAHTOBBIM IHCJIOM

m 1 2\m/2 dl+m 2 l
PM(x) = gy (1= a7)" o (a7 = 1)1
DHeprus CralMOHAPHBIX COCTOSHUIT aroma Bojopoja npu Z = 1 wu3
(3.106) [EH]
4
mope
E,=——. 3.108
2h%n? ( )

M3 3T0Oro BBIpa)KeHUsl BUIHO, UTO dHEPreTHYeCKHil CIeKTp aToMa BOIOPO-
Jla ABJISIeTCS TUCKPETHBIM, T.K. YUCJIa N SIBJIAIOTCS HATYPATbHBIMU THCIAMH.
flcHO, 9TO TOT CHEKTP HE SABJILAETCS SKBUAUCTAHTHBIM, T.K. SHEPIeTHIECKOe
PacCTOsIHAE MEYK/IY COCEIHUMH YPOBHSIMU YMEHBITAETCS ITPU YBEJINIeHUN HO-
Mepa yposueil n. Kpome 3Toro ormerum cjeyromniuit Baxkubiit MmomenT. BoJi-
HOBBIe (DYHKIIMI aToMa BOJOpoja (cobcTBeHHbIe (DYHKINHE MraMUTbTOHHAHA)
3aBUCAT OT BCEX TPeX KBAHTOBBIX YHCEN M, u m, a dHeprus (COOCTBEHHBIE
3HAYEHUsI FAMUJIBTOHUAHA) OIPEJIEJISIFOTCS TOJIBKO IJIABHBIM KBAHTOBBIM YUC-
Jiom n. Kak ormMedasoch BbIIEe, COCTOSTHUSI KBAHTOBOTO POTATOPA SIBJISIIOTCS
(2 + 1)-KpaTHO BHIPOKJIEHHBIMHE 110 MAIHUTHOMY KBAHTOBOMY YHCJIY, DA/~
AJIbHBIE BOJIHOBBIE (DYHKITUU SABJISIOTCS (1 — 1)-KPATHO BBIPOXKIEHHBIMHU 10
cyMMe OpOMTAJBLHOIO U PaIMAIbHOIO KBAHTOBBIX YHCET WU, JIPYTHEMHU CJIO-
Bami, (N — 1)-KpaTHO BRIPOXKJIECHHBIMHA 10 OPOUTATHLHOMY KBAHTOBOMY YHCITY.
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CrenoBaTeIbHO, COCTOSTHAS ATOMa BOJOPO/Ia OY/IyT UMETh CJIeIYIOILYI0 KpaT-

HOCTDb BBIPDO2KIECHHA 7Y
l=n—1

y= Y (+1)=n"
1=0
OTa cyMMa JIeTrKO BBIUHCIAETCA, T.K. OHa IIpecTaB/sgeT coboit cymmy apud-
METHYECKON TPOTrpecCum.

Kak Mbl Bue/in BbIIe, BBIPOXK/IEHHE 110 MAIHUTHOMY KBAHTOBOMY YHCJIY
m XapaKTepHO JJIst JI00OTO IMEeHTPAIbHOIO MOJIsA. DTO BHIPOXKIEHHE OTpa-
’KaeT paBHOIIPABHOCTL BCEX HAIIPaBJIEHHIl, IPOXOIAIINX Yepe3 HAYAI0 KO-
opauHAT. BRIpoK eHne 1Mo opOUTAJIHHOMY KBAHTOBOMY YHCIY | HMEET MeCTO
TOJIBKO JJIS YUCTO KYJTOHOBCKOTO B3aMMOIEHCTBHS, KOTOPOE U PeaTn3yeTcs
B aTOMe€ BOJOPOJa. B Apyrux meHTpaaibHO-CAMMETPUYHBIX MOJISIX BbIPOZK 1€~
HU€e TI0 OPOUTAJIHLHOMY KBAHTOBOMY YHC/IY OTCYTCTBYeT. [103TOMY BBIPOK Ie-
HIUE TI0 OPOUTATHLHOMY KBAHTOBOMY YHCJIY B IMIPEIWHTEPOBCKOI TEOPUH aTOMA
BOJIOPO/Ia HA3BIBAIOT CJyYalHBIM. ECan BHEIIHHM BO3IeiCTBHEM HAPYIIUThH
MEHTPAJTLHYI0 CAMMETPUIO (CHITH BBIPOXKJIEHHE), TO, BOOOIIE MOBOPSI, KaXK-
JIblil SHEpreTHYecKuil YPOBEeHb MOZKET PACIIeNUTbCH Ha N° SHepPreTndecKux
I10/1y POBHEIL.

Bagepiast 3101 paszen, orMeruM, 9to dyHknun (3.107) ucnoap3yor B
KadecTBe OA3MCHBIX /s IIOCTPOEHHS MOJIEKYISAPHBIX OpOUTaIeil B TEOPUU MO-
JleKyJ1. MBI TakzKe BOCIIOIb3YeMCsl STUMI (DYHKIUAME B JanbHeimem. [Ipe-
CTABUM B SBHOM BH/JI€ BOJTHOBBIE (DYHKIIUH OCHOBHOTO U IEPBOrO BO30Y K ICH-
HOT'O COCTOSIHHMIT aToMa BOIOPO/a, KOTOPbIe Hambojee 4acTo HCIOJIb3YeTCs
JTs OIeHOYHBIX Bhrancaenuii [funHO|

1
10,0 = Yo = ——=exp(—r/ap). (3.109)
Tag
[v18]
Yo10 = %(2&0)’3 r e 20 sinf cos ¢
Vo1 = \/L;(an)_% r e %0 sin fsin ¢ (3.110)

o1, = \/%7(2&0)7% r e %0 cosf

B dyHKIMAX BMECTO MATHUTHOTO KBAHTOBOTO YHC/IA HPOCTABIEHLI KOOP/IU-
HaTHbIE€ OCU, BJAOJIb KOTOPbIX BbITAHYTBHI 9TU Op6I/ITaﬂI/I, T.K. Mbl 31€Cb UCIIOJIb-
30BaJIN JIefCTBATEIbHBIE KOMOMHAIINH YTJIOBBIX BOJHOBBIX (yHKImii (3.93).
HTEepecHo OTMETUTD, 9TO BOJIHOBadA (DYHKIUS OCHOBHOTO COCTOSHHUS ATO-
Ma Bozopoza (3.109) mpu r = 0 He oOpaIaeTcs B HOJIb. HO MMEET KOHEeY-

Hoe 3Hauenme o(0) = \/1—3 ", CJIeJ0BaTeNbHO, TLJIOTHOCTH BEPOSTHOCTU
7ra0
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|10]? = %ag # 0. O3Ha4aeT M 9TO, 9TO CYIIECTBYET OTJINYIHAL OT HY/Isl BEPO-
SITHOCTH TOT'O, UTO 3JEKTPOH yIaJeT Ha sSapo’

JL1s1 Toro, 9TOOBI OTBETHTH HA TOT BOIPOC JAaBaiiTe CHAaYAIa BBITUCIAM
pajuyc R obsiactu, B KOTOPOit 3/IEKTPOH OY/I€T HAXO[IUTHCS C BEPOATHOCTHIO
p = 0.9, T.e. BBIYUCINM HWHTETPAJI

R R
1 _2r
P = / |11.002dv = — /e 2072 sin Odrdfde = 0.9.
way
0 0

Borauc/iup unrerpas, moJiyduam
1
1— 5(52 + 26 +2)e ¢ =0.9,

rjae BBejeHO obo3Hauvenue & = 2R/ag. Pemrag 3To ypaBHeHHE YHC/IEHHDBI-
MH MeTOJaMu WaIu rpadudecku, Haiigem, 9to & =~ 5.3 H, CI€I0BATEIBHO,
R ~ 2.65ap ~ 1.38A. TakuM 06pa3om, ¢ BepOSTHOCTBIO 0.9 MbI obHapy-
JKUM 3JIEKTPOH B IIAPOBOH 00/1aCTH € PAJIMYyCOM paBHbIM HpuMepHO 1.38 A, B
MEHTPEe KOTOPOil HAXOAUTCS MPOTOH. DTy 00IACTH MOXKHO CIUTATH 00JIACTHIO
JIOKQJIM3AIUU SJIEKTPOHA.

AHaJOrIIHO MOXKHO BBIYHCIUTH BEPOSITHOCTH TOIO, 9TO 3JEKTPOH HAXO-
JIATCS Ha s7pe, T.e. HA TpoToHe. Pajanyc mpoToHa paBeH IO TOPSIKY BeIH-
aunbl 107" ¢m, Goposeknit pauuyc ag ~ 0.5A, crexosarensno, & ~ 4 1075
Torya mostyunm

1
p=1-— 5(53 + 26 +2)e % ~ 107,

OrBer Ha BOIPOC, MaJia WIH BEIHKA 9Ta BEPOSITHOCTD, 3aBHCUT OT YACTOTHI
"momuiTOK" 3mekTpona "ymactn" Ha gmpo. CoBepIiaer Jim 37IeKTPOH TaKHe
HOUBITKH ! MbI JOJIZKHBI IIOMHUTH, YTO JaHHAs BOJHOBAas OINMMCHIBAET CTAIIM-
OHAPHOE, TPUIEM OCHOBHOE, COCTOSTHAE aTOMa BOJOPOJA. DTO O3HAYAET, UTO
B 9TOM COCTOSIHUW SHEPIHUs CUCTEMBI HE MOXKET W3MEHUTHCsl 0e3 BHEITHEro
BO3/IeiicTBUs. B HameMm paccMOTpeHHE J000€ BHEIIHee BO3IeiCTBIe HCKJIO-
qeHo. Takmm o6pa3zom, TpudINKALACH K SIJIPY, SJIEKTPOH Oy/IeT TepaTh MOTeH-
HAJIBHYIO0 (KYJIOHOBCKYIO) SHEPIUIO, HO €r0 KHMHETHYeCKasl SHeprusi Oyjer
BO3pacTarTh. VI3MeHneHne moTeHNnaIbHOM SHEPTUH JIETKO OINEHUTH
AU = gw’
rir2

rjie 1 - pajguyc Haumbojiee BEPOATHON OpOMTAM JIEKTPOHA, & Ty - PAJHYC
nporoHna. [IpunsaB jjs npoctorsl 11 = LQA, nosyuanm onenky AU ~ 2.3 1076
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9pr. [Ipenebperas Ha9aIbHON CKOPOCTHIO 3JIEKTPOHA, MOJIYIHM, YTO MIPU ITOM
ero cKopocTh yBesmuutcs npumepno Ha 7 1010 cm/c. Jlerko BugeTs, 4To 3T0
He BO3MOXKHO, T.K. CKOPOCTH CBeTa, KaK U3BeCTHO, cocrasiser "scero" 3 1010
CM/C. OTCIO,ZLa MOZKHO 3aKJ/IIOYUTH, 9TO B JaHHOM CTallMOHAPHOM COCTOAHHUHA
QJIEKTPOH HE NpeJIIPpUHUMAECT IMONBITOK YIIAaCTh Ha AJPO.

Ha 310 ke BOIpOC MOYKHO OTBETUTbL HHAYE, HCIOJb3Ys COOTHOIICHUE
HEeOIpeIeIeHHOCTel /I/1sT KOODJAMHATHI W UMIyJIbca. JleicTBUTENBHO, ec/in
ssiekTpor "yman" Ha gapo, To Mbl "3Haem" ero nosiokenue (KOOpAMHATY)
¢ Tognoctbio ~ 1071 cm. Torja, n3 cOOTHOIIEHNs HEOIIPE IeJIeHHOCTE 1101y -
amv, ato Ap > 1071, orkyma craemyer, aro Av > 101 em/c(!), aro na Tpu
HOPSI/IKA TPEBBINIACT CKOPOCTh CBETa.
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I'1aBa 4

IIpubnkenubie MeTOAbI PeHICHIS
ypaBHenus lllpenunrepa

4.1 CrammoHapHas Teopus BO3MYMIEHMIA.

Tounoe pemenne ypaBHenus lllpeaunrepa, Kak Mbl yzKe OTMeJaJIl, BO3MOZK-
HO TOJBKO /IS HEKOTOPBIX MPOCTBIX MOTEHIUATbHBIX ToJteii. [Ipu uccmemo-
BaHUU PEAJIbHbIX CUCTEM IHPUXOJMUTCS HPUMEHSTHh HPUOJINZKEHHbIE MeTO/Ibl
BBIYHCJICHUS] COOCTBEHHBIX 3HAYEHUIT 1 COOCTBEHHBIX (DYHKIMI raMu/IbTOHY-
AHOB HTUX KBAHTOBBIX cucTeM. OTMETHM, 9TO B HACTOSIIIEE BPEMS MMTHPOKOE
paCIIpOCTpaHeHNE TOJYYUIA YUCICHHBIE METOAbLl PEIICHUA 38029 KBAHTOBOM
MEXaHUKH W KBAHTOBOWl XWMHH, KOTODBIE M3JIATAIOTCA B CHENUAJIBHBIX PY-
KOBOJICTBaX. 3/I€Ch KPATKO PACCMOTPHUM CXEMy aHAJTUTUICCKOI'O OTHICKAHUSI
NPpUOJINZKEHHBIX PENIeHU JJIsi COCTOSHUIT KBAHTOBBIX CUCTEM HPHU YCJIOBUH,
4TO 3TU CHCTEMbl HE CUJIbHO OTJIMYAIOTCS OT WUIEAJTU3UPOBAHHON CHUCTEMBI,
I KOTOPO# M3BECTHO TOYHOE PEHICHUE.

Hespipoxkzennsniii ciaydaii. PaccmoTpum cxemy Teopun BO3MYIeHU
JUUTSL CTAITMOHAPHBIX 33/71a4 C JUCKPETHBIM CIeKTpoM Hepruu. Heobxommmbim
yCJIOBUEM JIJI TpUMeHeHus (hopMan3Ma TeOPUU BOIMYIIEHUIT SBIIeTCs 3HA-
HUE DeIeHuii Jisi TaK Ha3bIBAEMON HEBO3MYIICHHON (MJIM MCXOIHOM, WJIHU
WA In3uPOBAHHOIT) KBaHTOBOI cucrembl. OBO3HAYNM TAMUJIBTOHUAH HEBO3-
MYIIIEHHON CUCTEeMBI ﬁo. Mpur npejiniosiaraeM, 4to permienusi ypasuenus [Ipe-
JUHIepa N

Hopn = Eppn (4.1)

JIJISE HEBO3MYIIEHHOM CUCTE€Mbl HAM M3BECTHbI, T.€. M3BECTHbI COOCTBEHHbIE
sHadenus E° u cobersennbie GyHKIME 0, ramMuabTonuana H.
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[IpeamosiozkuM Ternepb, 9TO HA HAIINY HCXOJHYIO CHCTEMY OKa3bIBaeTCs
Kakoe 00 BO3JeiicTBIEe. DTO BO3EHCTBIE IPUBEIET K N3MEHEHUIO SHEPTUN
HeBo3MyHienHoi cucrembl £ = E°+V, riae E° - sneprus ucxoHoi cucremsl, a,
V' - sueprus, obyciosaennas Bo3zeiicreuem. bygem nonarars, aro V. << E°.
Comnocrasum Besmmanie V' omeparop V' u npeacraBuM raMiUIbTOHHAH KBAHTO-
BOil CHCTE€MBI B BUJI€ CYMMBbI

H=Hy+V,
riae ]/-\IO - TaMUJIBTOHAAH UCXOAHOW CHCTEMBbI (HeBo3MymeHH0171), JJ1d KOTOPOW
W3BECTHBI TOYHBIE PETeHns, V - masas JI00aBKa K Ha9aJIbHOMY TaMUJILTOHU-
aHy, 0OyCJIOBJIEHHAs OIIEPATOPOM BO3MYyTIeHUs . TakKuM BO3MYIIIEHHEM MOYKET
OBITH, HAIIPUMEp, YACTh FAMUJIBTOHHAHA CHCTEMBI, KOTOpas He YIUThIBaJIaCh
B Ha4YaJIbHON 3aJ1a4e, WM NOTEeHIMaJbHAad dHEPrud BHENIHErO BO3JeificTBuA
(HampuMep, STEKTPUIECKOrO TO0JIs).

Bagaqeil Teopun BO3MYIIEHWIT SIBJISIETCS HAXOYK/IEHUE SHEPTHH U BOJIHO-
BoIX (DYHKIUI BO3MYIIEHHOI (WM TOJIHOf) CHCTEeMBI, BBIDAZKEHHbBIE Yepes3
W3BeCTHBIE 3HAUeHUs 3Heprun KO u cobeTBennble (DYHKIME @, TaMEILTOHH-
aHa ﬁo.

Bysem noJiararb, 410 B HEBO3MYIIEHHON CUCTEME OTCYTCTBYET BbIPOXK/IE-

HI/Ie, T.€. Ka)K,ZLOMy CO6CTB€HHOMy 3HAYECHUIO Eg COOTBeTCTByeT CINHCTBECHHAA
cobcTBennast pyHKIU ©,,. BBemem st yao0cTBa cieyioniee 0003HaUYeHTEe

V=W, (4.2)
rjie A - MaJIblii 6e3pa3MeprlA171 rnapamerp, W - oneparop BO3MYIIEHUdA, OT-
JITYaroNIuiicss oT omeparopa V TobKO MHOKHTeneM A. MaJiblii mapamerp A,
ompeiengeMblii pasencTBoM A = V/EY, urpaer onpeessionyio pojib B Teo-
PUH, TTO3BOJIsISI IPUMEHUT /71 OTBICKAHUS PeIleHuil MOTHOM 331291 XOPOIIO
U3BECTHBI METO/ ITOCJICA0BATECJIbHBIX HpI/I6J’[I/I)KeHI/II7L

Boswmyimennoe cranuonapuaoe ypasuenne [IIpeannrepa nmeer Bux

(Ho + AW = Ev. (4.3)

3iech E neuspecTHble M0Ka COOCTBEHHbIE 3HAYEHUS, & 1) - HEM3BECTHbIE COO-
CTBEHHBIE BOJTHOBBIE (DYHKIIUU BO3MYIIEHHOIO raMu/ibronnana H.

Hasee, nepeiiieM 0T KOOPJAMHATHOTO MPEJCTABICHUS K IHEPTETHIECKOMY,
BBIOpAB B KavuecTBe 0a3ucHbIX (DyHKIHMi cucremy coOCTBeHHBIX byHKIuil @,
raMuIbToHnaHa Hy, T.e. pa3ao:KuM (pyHKIHE 1) 10 ITOJTHOI CHCTeMe OPTOHOP-
MEUpOBaHHBIX (byHKIuii {¢,} (cucrema cobcTBeHHBIX (DYHKIMI TAMUTBTOHY-
ana Hy Beerna obpasyer MoJHYI0 CHCTEMY OPTOHOPMUPOBAHHBIX (DyHKIIHIT).
Takoe pazsioxkenue (HOpMaJTbLHO aHAJOTHYHO PA3JI0KEHUIO (DYHKIUU B PsiJL
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Dypbe, TOJTBKO Tellephb B KadecTBe 0A3MCHON CHCTEMbI UCIIOJIb3YIOTCS He TPH-
roHoMerpudeckue GpyHKIUH, a GYHKIUA ©,. Toraa umeem

TS Z UnPn.- (4.4)

[lepeitnem or ypasuenus [llpenenrepa k sxBuBajieHTHON cucreme aJjredpa-
naeckux ypasrennii. st sroro noacrasum (4.4) B ypasuenue (4.3), 3arem
JIOMHOZKHM CJIeBa 3TO yPaBHEHNeE Ha CONPIKeHHYIO (DYHKIINIO ) U TPOUHTeE-
rpUpyeM MOYJIEHHO TI0 BCeMY MPOCTPAHCTBY € YI€TOM OPTOHOPMUPOBAHHOCTH
BOJTHOBBLIX (DYHKITHI 0}, B pe3y/IbTaTe HOTyIUM OCKOHeUHYIO0 CUCTeMy aJIred-
pandeckux ypaBHEHUIA

(E = Ep)am =\Y  Wntn, (4.5)

rae

MaTpuuHble! 3/1emMenTs oneparopa Bo3myienust. GuznuecKuii CMbIC/T Hejlua-
TOHAJBHBIX (M # N) MATPUIHBIX 371eMeHTOB THna (4.6), Kak Oymer sicHO W3
CJIE/TYIOIIEro Pa3esa, HOCBANEHHOMY PACCMOTPEHUIO HeCTAIMOHAPHOH Teo-
PUHU BO3MYIIIEHUIT, COCTOUT B TOM, 9TO OHHU OTIPE/IEJISIOT BEPOSTHOCTD ePeX0-
Jla CHCTEMbI U3 COCTOSIHUA (¢, B COCTOSIHHE (), TOJ JAeHCTBHEM BO3MYIIECHUSI.
JnaronasibHbie MaTpudHbIe 1eMeHTh (m = n), cornacHo (?77), onpemess-
I0T CPeJiHee 3HAUEHHe OMepaTopa BO3MYIIEHHsI B COCTOSTHUM ¢, W MPUBOIIT
TOJIBKO K CMEIIEHUIO SHEPIeTHIECKOTO YPOBHS HEBO3MYIIEHHON CHCTEMBI.

J17151 omipe tesieHnst TTOMPAaBOK K SHEPIUU U BOJTHOBOI (DYHKIINH CTAIOHAD-
HOTO COCTOSTHUS ¢ HEKOTOPBIM KBAHTOBBIM UHCIOM | BOCIIOIB3YEMCST METOTOM
[OC/IeJOBATEJIbHBIX TPUOIHKEHUIT, T.e. MPEJACTABUM SHEPIHIO BO3MYIIEHHOI
cucTeMbl 1 KO3MDMUIMEATH Pa3I0Kennsd a; B BUIe

E=E + EM + E® 4 .

4.7
a; =0, + )\ag-l) + )\2a§-2) + ... (4.7)

[ToxcraBuB 51u psijbl B ypaBHenue (4.5), nosxydnm
(B0 — B + AEM + X2E® 4+ [0 + Aaly) + A2l +..] = (48)

=AY, W [0 + Aal) + X2 + ...

13TH 3meMenRTEI Ha3hIBAIOTCA MATPHIHBIMHI IIOTOMY, UTO HX COBOKYIIHOCTD YIOOHO pac-
NOJIaraTh B BUJE YUCIOBBIX TAaOMUIl (MATPHUIL), TJe HHIECKC M HyMEPYEeT HOMEP CTPOKHU, a
HHJEKC N - HOMEp CTOI0IA.
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[Tonoxkum cHavasa m = [ ¥ nNpupaBHsIeM WIE€Hb 00enX dacTeil ypaBHEHU
(4.8), crosmue y oauHAKOBHIX cremeneii A. Torjga moayduM COBOKYMHOCTD
PaBEHCTB

!
B+ ENal! =3, Wil (49

I3 mepBoro paseHcTBa CJie/lyeT, 9UTO MONpPAaBKA K OSHEPIHH B IEPBOM
npuONMKEeHUH DaBHA CPEHEMY 3HAYEHUIO ONepaTopa BO3Mymienus Vi =
A @; W@dv B COCTOSIHUHU (p;, COOTBETCTBYIOIIEMY HYJI€BOMY ITPUOTHKEHUIO,
T.e. COCTOSIHMIO HEBO3MYIIEHHOIT cucreMbr. JleiicTBuTebHO, U3 (4.7) ¢ yueTom
nepBoro ypasuenus (4.9) nveem

E=E’+AE" = E' + \W,, = E? + V..

[Tonoxkum Temepb m # [, TOr1a TAKAM »Ke 00pa30M, T.e. IPUPABHUBAHIEM
YJIEHOB Yy OJIMHAKOBBIX CTEHEHeil A, MOy duM

an (BY = B) = Wi, m 71
By an) + (B = EfJait) = 3, Wanatl (4.10)

Ucnonb3ys nepsoe ypasuenue (4.10), a Takzke (4.2) u (4.4) ¢ yaerom Bropoit
crpoukn (4.7), HaiiiemM BOJTHOBYIO (DYHKIHIO COCTOSIHUST ¢ KBAHTOBBIM YHCJIOM
| B nepBoM npub/IMzKeHUN

wl ~ Y+ )\al wr + Z —EOSO” (4.11)
n#l £y
Bamernm, 4ro cornacHo (4.6) V, fgoanoldq = AW,, upuuem V,; <<

|EY — E?|. YkaxKeM Takze, 94TO W3 HOJHON cyMMbl (4.4) BBIIEIEH OTIEIBHO

1 1
JIEH, JJIsi KOTOPOro m = [, a WMEeHHO )\al( )gpl. Bennauna )\al( ) OTIpe1eJIsSIeTCst

u3 ycJa0BUs HOpMUPOBKHU byuknuu 1. HamoMuum, 9T0 ycjioBue HOpMUPOBKH

UMeeT BHJI
/ [|*dg = 1.

DynKIUU Q; OPTOHOPMHUPOBAHBL, HOITOMY U3 YCJIOBUS HOPMHPOBKHU € TOYHO-
cThIO /10 A\? cile/lyeT PaBeHCTBO
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[TockobKy BOTHOBBIE (DYHKIIHH OMpPEIeIeHbl ¢ TOYHOCTBIO 0 IPOU3BOIBHO-
0 _ .

ro ba30BOT0 MHOXKHUTEJISI, TO MOYKHO IPHHITH KOI(DDUIHEHTEI al( ) neiicTBU-

TEeJIbHbBIMHA BeJII/I‘{I/IHaMI/I2. C.)'[e,ILOBaTeI[bHO, JJid BBIIIOJIHEHU A 1HOCJIEJHEI'O pa-

BEHCTBA HAJ0 NPUHATH agl) = 0. Torga, B nepBoM NpubIUKEHUH BOJIHOBBIE
dbyukum 1) npencrabasores B Buge (cm. (4.11))
an
TR B Foen (4.12)
n#l n

1
[Tojcraisist jlajiee 3HaYEHHE a%) u3 nepsoro ypasuenus (4.10) Bo Bropoe

ypasuenue (4.9), HaiieM MonpaBKy K HEPIUH BO BTOPOM HPUOIHKEHUH

2 VVannl
EY =Y B 5 (4.13)
n#l n

ChenoBaTeibHO, BO BTOPOM IMOPSIAKE TEOPUHU BO3MYINEHU BbIpakKeHHUe [T
SHEPIUU HPUHUMAET BUJL

Vnz
El:ElU‘i‘Vll—FZﬁ
nl l n

I3 (4.13) caemyer, 9ro mompaBKa BTOPOTO MOPsiiKa K YPOBHIO SHEPIHU OC-
HoBHOTO coctostnus | = 0 Beerga orpunarenbna, Ey < EY, T.k. E - cambrii
HU3KUN SHEPreTUYeCcKuil ypoBeHb.

B mpakTndecKuxX mpuIOKEHHIX JACTO OTPAHUYUUBAIOTCSA TEPBBIM TTOPS/I-
KOM Teopuu Bo3mynieHuit. Meroj; reopun Bo3MyeHU OIIPAB/IbIBAETCS TOJIb-
KO B TeX CJIydasiX, KOrJa psi/i MOCJIeJI0BATETbHBIX TPUOJIUKEHUN CXOIUTCH.
HeobxoauMbiM yCJI0BHEM CXOJIMMOCTH 3TOW TPOIEAYPHl SIBJSETCS YCJIOBHE
MaJIOCTU KazKJION cJielyIolleil IONpaBKU 110 CPABHEHUIO C IPEeAbIAYIIei, T.e.
HEeOOXOIMMO BBITIOTHEHIE HepPaBeHCTBA

Vim| < |E2 — E2 | V(m # n). (4.15)

(4.14)

9TO HepaBEHCTBO, KaK YKa3bIBAeT KBAHTOP BCEOOITHOCTHU YV, TOJIZKHO BBIIOJI-
HSAThCS JIsd JII0OBIX M # n. Jpyrumu ciioBaMu, HEOOXOIUMBIM YCJIOBUEM
HPUMEHUMOCTHU TEOPUHU BO3MYIIEHUI sIB/IsIeTCsT TPeOOBAHIE MAJIOCTU HeIHa-
POHAJILHBIX MaTPUUHBIX 3J1eMeHTOB Vi, V(m # n)® oneparopa Bosmyenust
V 10 CPaBHEHHIO C PA3HOCTHIO YHEPTHIl MKy JIOOBIMHI YHEPTeTHIeCKIMM
YPOBHAMHU HEBO3MYIIIEHHOW KBAHTOBOH CUCTEMBI.

2JT1060e KOMILIEKCHOE THCA0 MOYKHO IPeICTABATH B SKCIOHEeHIUATLHON dopme. [leii-
CTBUTEJIBHO, TIYCTh 2 = a + tb, TOrIa, UCHIOIB3Ysi TEOMETPUUIECKOE MPEICTABIEHNE KOM-
IJIEKCHBIX YMCE] JIEPKO II0Ka3aTh, uTo z = pe'® rme p = Va2 + b2, ¢ = arctg(b/a).
Onyckast $ha30BbIi MHOKHUTEH ew, MBI TOJIYIUM J€HCTBUTEIbHBIN KO3 uiimentT p.

BHE,HHaFOH&HBHbIﬁ ManI/I‘IHBIﬁ JJIEMEHT - 9TO 3JIEMEHT MAaTPHUIIbI HE CTOHH_[I/Iﬁ Ha €€
[JIABHON JUATOHAJIH, T.€. KOTJA WHJIEKCH YIOBICTBOPSIOT YCIOBUIO M % N.
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Boipoxxaennsiit ciaydaii. Yciosue (4.15) BbimosHseTCs He BCerjga. DTO
yCJIOBHE HapyIlaeTcsd, KOT/Ia CUCTeMa HMeeT OJIM3KO PACIOIOKEeHHBIE JHep-
reTHYecKie YPOBHH (KBA3UBBIPOXK/ICHHIE) UM sIBJISIETCS] BBIPOXK IeHHOf. Pac-
CMOTPHM 3TOT CJIy4ail mo/ipodHee Ha MpuMepe JABYyX Ojim3kux yposueii. Kna-
3UBBIPOK/IEHHBIT (BBIPOXK/IEHHBII) cJydail, XapaKTepu3yercss TeM, 4To ole-
parop Hy nmeer aBa G6u3KUX COOCTBEHHBIX 3HaUeHust F u Ey (119 BBIPOK-
JIEHHOTO CJIy4ast - COOCTBEHHOMY 3HAYeHUIO FJ; COOTBETCTBYIOT JIBE BOJTHOBBIE
dbyukum), a ocraibabie COOCTBEHHbIE 3HAYEHUS [IYCTh OY/LyT PACIOJIOZKEHbI
naseko ot Hux. Kak BujHO u3 Beiiie npuBegeHHbx dopmya (4.12) u (4.14),
npu ycjaosun Fy — Fqy — 0 nonpaska Oyjer OOJIBIIONH, 9TO NPOTHBOPEYUT
YCJIOBUIO MPUMEHHMOCTH Teopuu Bo3mytneHuil. [losTomy B Takmx ciaydasax
1esecoo0pPa3Ho yzKe B HYJIeBOM NPUOJIMKEHUN HCKATH pellleHnue B BUIE JIU-
HeltHoit KoMOuHamn?

Y = a1p1 + asps.

BareM mojcTaB/IsIeM ITY JIMHEHHY 0 KOMOUHAIMIO B BO3MYIIEHHOE yPABHEHIE
HIpeaunrepa (4.3) u mpojesbiBas CTaAHIAPTHYIO HPOIELYPY (T.e. YMHOZKAsI
ypaBHeHHe cjeBa MOOYePeTHO Ha KOMILIEKCHO COUpsizKeHHble (QYyHKIUU ¢}
U (3 U MHTErpupys MO BCeMY MPOCTPAHCTBY) MOJYIUM OJHOPOTHYIO CHCTE-
My JIBYX aJireOpanyvecKuX ypaBHEHUIl OTHOCUTE/IbHO KOI(PDUIUEHTOB a1 U
ay (manomuum, uto (yHKIUU @) U ¢ Ham u3BecTHb) °. OJHOpPOAHAA CU-
creMa aaredpamvIecKux ypaBHEHWil WMeeT HeTPUBHAIbHBIE PEIIEHUsT TOJIHKO
pPHU YCJIOBUE PABEHCTBA HYJIIO ee TJIABHOTO ompeesuTess. CocTaBuB TiiaB-
HBIl OIpeIeTUTe b CUCTEMBl U IPUPABHAB €0 HYJII0, MBI MOJYIAM TaK Ha-
3bIBAEMOE CEKYJ/ISIPHOE yPaBHEHHE, U3 KOTOPOTO OIPEJE/IUM 3HAYEHUS JHEP-
UM, JJisi KOTOPHIX KO3(DMUIUEHTH a1 U a2 OTJIUYHBI OT HyJist (T.e. MMEITCs
HeTPUBHAJBHBIE Perennst). B ciaydae nByx GJN3KHX YPOBHEH WM B CJydae
JIBYKPATHOTO BBIPOZK/IEHUS 9TO ypaBHEHHE Oy/1eT KBAJIPATHBIM OTHOCUTETHHO
SHepruu F, peruB ero Mbl MOJYyIUM JBa 3HAUCHUST

- Viol?
by =Ej+ Vi + E?+V11—1?§3+V22)’ (4.16)
Ey = B9 4 Vi — g2

E94+Vi1—(E9+Va2)

“TlomuepKHeM, UTO MpeACTABIEHNe TAHHON (YHKINY B BUIe JUHEHHOH KOMOMHAIIIH
SIBJISIETCST YACTHBIM CJIydaeM OBIIero MareMaTHIecKoro MeTo/[a OTHICKAHWST PEIEeHIH ypaB-
HEHWA: MbI IPeJIiojgaraeM TOT WJId WHON BUJ MCKOMOTO DEIIEeHUs W MOJICTABJISIEM €ro B
HCXOIHOE yPABHEHHE, YTODBI IPOBEPUTH YAOBIETBOPAET OHO €My WJIH HET; OOBIYHO, MpPe-
MOJIATAEMOE PEIIEHNE COMEPKUT MPYTYI0 (DYHKIHIO TeX JKe MePEMEHHBIX, 9TO U UCXOTHAA
dynkuua, (nanpumep, ¥ (z) = ¢(x)e®) Torma, mMOCIE MOACTAHOBKY TIPEANIOIATAEMOTO Pe-
IIIeHUsT B UCXOJHOE YPABHEHWE MBI TIOJyYaeM YPaBHEHHE OTHOCHUTEIBHO JIPYrol (byHKIMH
o(x).

SMbl He 6y1eM cefidac MOAPOOHO OCTAHABIMBATLCA HA JETANAX PACUETA, OTJIOKUB HX
a0 paszgena "Mogeab noHa MOIEKyasl Bogopoaa.
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3/echb, KaKk W BBIIE, MATPUYHBIE 3JEMEHTHI BBIYUCIAIOTCS MO (hopMyTaM
(4.6). 3mech Takke yureno, uro |E; + Vi3 — (Ey + Vao)| > V3o, u uro
Vio = Va1. Takum 06pa3om, MbI OJIY9H/IM COOCTBEHHBIE 3HAYEHUS] BO3MY IIIEH-
HOTO TAMUJIBTOHUAHA C TOYHOCTHIO JI0 BTOPOTO TOPSIIKA TEOPUH BO3MY IEHHIT
(em. (4.14)).

OtrmeTnM, 9TO MOMpaBKa BTOPOTO MOPSIKA K SHEPTUH JIJI BO3MYIIEHHO-
r0 TAMIJIBTOHUAHA BCET/Ia YBEJUUNBAET PACCTOSHUE MeXK/1y YPOBHIMU JHED-
UM UCXOJHOTO raMujibToHuaHa. Hade, Bcerga crpaBejIniBO HEPABEHCTBO
Ey — E, > EY — EY. TlostoMy 4acTo roBOpAT, UTO SHEPreTHYeCKHe YPOBHE
BO3MYIIEHHOTO TaMUIBTOHUAHA, OTTAJKUBAIOTCS, MOHUMAs MO STUM yBeJI-
YeHNe SHePTreTHIeCKOT0 PACCTOTHIS MeXKIY COCETHUMH OJTM3KO PACHIOJIOZKEH-
HBIMU YPOBHSIMU.

JI1g BBIDOXKIEHHOTO CIydasl 3TO OTTAJTKWBAHUE, KAaK HETPYJIHO BUJIETh,
HPUBOJUT K CHSTUIO BBIPOYK/IEHUsI, PACIIEILIsisi UCXO/HBIH YPOBEHb HA JBa.
DHeprusi paciienienus: npu 3rom pasHa 2|Vis|. Bosee moapobHo Mbl pac-
CMOTPUM BBIPOZK/IEHHYIO CUCTeMY HEZKe B paszese "Mojeb nona MOJIeKy bl
BoJOpOaA".

4.2 HecranmmoHapHad Teopus BO3MYIIEHUIl -
Teopud Mepexo10B.

JAByxypoBHeBass cucrema. PaccMOTpuM JIBYXYPOBHEBYIO CHCTEMY C
HEBBIPOXKIEHHBIME cOCTOsiHUsAMU. Ha 3TOoM mnpumepe Mbl IIPOUJIIOCTPHUPY-
eM MeTO/bl HeCTallMOHAPHON Teopuu BO3MYIIEHHil, KOTOpas OMUCHIBAET Iie-
PEXOJIbI B CUCTEMe MEeK/Iy COCTOSAHHSIMHU CUCTEMbI IOJ] JeHCTBUEM BHEITHEIO
BO3MYIIEHUSI.

[IycTh mMeeTcss HEKOTOpas CHCTeMa, KOTOpas MOYKeT HaXOJIUThCA B JIBYX
COCTOSTHUSIX (1 U (po. ['aMusibTOHUAH 9TOM cucTtembl 00o3Hadum Hy. OyHKiuu
V1, P2 ABISIOTCA COOCTBEHHBIMU (DYHKIIMSAMU ITOIO FAMUILTOHUAHA, T.€. OHU
yaoBaeTBopsitoT ypasuenuio [IIpeanarepa

Hop, = B0, n=1,2. (4.17)

OyHKIUY (@, ABJIAIOTCA OPTOHOPMUPOBaHHBIMIA. COOCTBEHHbBIE 3HAYEHUS Ta-
vunbronnana EY u E onpejie/isior sHepreTuiyeckue ypoBHI cucTeMbl. Byem
[0JIaraTh COCTOAHUA (0; HEBBIPOXKJAEHHBIME U IS OHPEIETeHHOCTH IPUMeM
EY > EY. CranuonapHbie COCTOSHIA () U Py CUCTEMbI ¢ TaMuIbToHIanoM Hy
SBJIAIOTCS COCTOAHUSIMU C Olpejiesientoit aneprueit EY wim EY. D10 3na4ur,
YTO €CJIM CUCTEeMa, HaXOJUTCs, HAIPUMEDP, B COCTOSTHUU (Y1, OHA OyJeT ocTa-
BaThCd B HEM BedHO. UTOOBI IEPEBECTU CUCTEMY B COCTOSHEE (o HEOOXOTUMO
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BHeIlIHee Bo3/elicTBre. /lonycTuM B KaKoOil-TO MOMEHT BpeMeHU TaKOoe BO3-
neiicteue V Bo3HUKJIO. Bynem HazpBaTh ero BozmytienueM. C yIeToM 3TOTO
BO3MYIIEHUS FAMUJIBTOHUAH CUCTEMbBI IIPUMET BU/T

H=Hy+V.

Jlist 9TOr0 raMuJIbTOHUAHA COCTOSIHUS Q1 M Qg Y7Ke He SBJIAI0TCS COOCTBEH-
HBIMU, TIO9TOMY, B IPUHIUIE, CTAHOBUTCS BO3MOZKHBIM ITE€PEXOJ CUCTEMBI U3
OJIHOTO COCTOAHUSA B APyTOE. JIJIst OMUCcanns 3TOTo Mporecca HeoGX0ANMO Pac-
CMOTpeTh HecTanuoHapuoe ypasuenue lllpeaunrepa ¢ raMuibroHHanoM H
ind¥ _ (Ho+ V). (4.18)
ot
st permennsi 3aja49u Pa3aiokKuUM UCKOMYIO (QYHKIMIO 1) 1O TOJHON cucre-
Me OPTOHOPMWPOBAHHBIX (hyHKINI ramuabroHnana Hy, KoTopas B JaHHOM
clyvae mpejicTaBiena Beero apyMa dynkmuamu. B cmny Toro uto BOsHO-
Bble (DYHKIIUU (01 U (o HE ABISIIOTCA COOCTBEHHBIMHE JIjII TaMUIbTOHHaHa H
KO3 HUIUEHTHI PA3/IOKEHUS JOJIZKHBI 3aBHCETH OT BPEMEHU

0 E9

= al(t)gol(r)e’iETlt + ay(t)a(r)e it (4.19)

3/1ech MBI BHBIM 0OPA30M BBIJIEJIIA BPEMEHHYIO YaCTh MOJTHBIX BOJTHOBBIX
dbyHKIMiE cTATNOHAPHBIX COCTOSIHUIT HEBO3MYIIIEHHOIO TAMUIJIBTOHUAHA (CM.
(3.5)).

[MoncraBum (4.19) B (4.18); 3aTem mpomesiaeM CTaHIAPTHYIO MPONELYDPY
JIUTSl TOTO, 9TOOBI epeiiTu oT ypaBHeHud [llpeannrepa K SKBUBaJIEHTHOI eMy
cucreme guddepeHnuAIbEBIX YpaBHeHHH 11g KoaddunuenTos a;,j = 1,2
(mamomunM, GyHKIUY ¢;, j = 1,2 HAM H3BECTHBI); JJIST 9TOTO YMHOXKIM CJIEBA
9TO ypaBHEHNE HA COUPSIZKEHHYIO (DYHKIHNIO Y] U HPOMHTEIPUPYEM 00€e 4acTH
YDaBHEHHUsI [0 BCeMY MPOCTPAHCTBY, pu 3ToM yurem (4.17); morom, aHaio-
IUYHO, YMHOXKUM ypaBHeHue (4.18) Ha conpsizkeHHY0 (DYHKIHIO 0 1 TAKKe
OPOMHTETPUPYEM IO BCEMY MPOCTPAHCTBY. B pe3yabrare moaydmm cucremy
YPaBHEHUI

ih 8@1/815 = a1V11 + angge“"mt,

(4.20)
. y t
ih Oay /0t = a3Vay + ai Va2,

IJIe MATPHIHBIE 9TeMEHTHI V;; BBITUCIAIOTCS M0 OOBIIHBIM mpasmiaM (4.6)

v, = / o1 (1) Vo5 (r)do
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1 HHTErPHPOBAHME IIPOM3BOIUTCS IO BCeMy IpocTpancTBy. Kpome 3Toro Be-
JIeHbl 0003HAUYCHUS

B9 — B

—

Cucrema ypasuennii (4.20) skBupajentaa ypasuenuio (4.18). Teneps Boc-
noJab3yeMmcst reopueit Bosmymenuii. [Tpeanonoxum, uro Bosmymenue V, Oia-
rojiapst KOTOPOMY CHCTEMa MOYKET MEePEeXOIUTh U3 OJHOI0 COCTOAHUSA B JPY-
roe, dBJIAeTCd MaJIOU BEJIMIYMHON IO CPABHEHUIO C SHEPTUEH MCXOAHOU CHACTe-
Mbl Hy, T.e. HLO = a < 1. Kpome 3T0ro BBe/IeEM HavaJbHbIE YCIOBHUA, & HMEH-
HO, MPeINOIOKAM, 9TO 10 BKIIOUEHHs BO3MYIICHUS CHCTEMa HAXOIUIACK,
ckazkeM, B cocrostHun 1. C yuerom passoxkenus (4.19) sto o3nagaer, 410
a1(0) = 1, ay(0) = 0. O6parumest kK cucreme ypasHenuii (4.20) u BoCHOIb-
3yeMCsl METOJIOM IOC/IeI0BATENbHBIX NpHO/nKeHuil. [IpejicTaBuy ncKoMble

ko3 dunuentst a;(t) B Bue paia

wij =

a;(t) = a;(0) +a$"” +al? + .. (4.21)
31ech COOJII0IAeTCsl YCI0BUE: OTHONIEHUE UYJIEHA PAJIa K HPEJbIYIIEMY 110~
paaKa «, T.e. ag-l)/aj(O) = a < 1. Hac uwnrTepecyer nepexoj CHCTEMbI U3
COCTOSIHUST (Y1 B COCTOSIHUE Yo, WU, JPYTUMHU CJIOBAMU, BPEMEHHAs IBOJIIO-
nust Koapdurnumenta as(t). [ogcrasum (4.21) B (4.20) u U3 Broporo ypasHe-
HU$ TON CHCTEMBI B IIEPBOM MODS/IKE TEOPHU BO3MYIIEHNUH (B 06enX 1acTsx
YDABHEHHsI COXPAHSIEM YIEHBI IOPS/IKA () MOJLYIUM yPABHEHHE

8a§1)

ih 9

= %2&&1) + ‘/21eiWQlt. (422)

3/1eCb Mbl y4/id HAadabHbIE YCA0BHUs. UTOOBI yIPOCTUTDH BHJ 3TOIO ypaBHE-
Hus nepeiizeMm K HOBbIM KO3 dunuenra A, (t) ¢ nomomipio npeobpasoBaHust

t

an(t) = An(t) exp —%/det'
0

9TO0 mMpeodpaszoBaHme SKBUBAJTEHTHO IepeHOpMHUpoBKe dHeprun. C MOMOIIHIO
9TOro 1MpPeodpa3zoBaHus Mbl K COOCTBEHHOI HEPruu E? HEBO3MYTIEHHOH CH-
CTeMBl B COCTOSTHUHU (; J00ABJIsieM SHEPTUIO, PABHYIO CpeJHeMy 3HAYeHUIO
(muaroHaJbHBI MATPUYHBIH JEMEHT) OMepaTopa BO3MYIIEHUS B STOM CO-
cTOstHUY (T.€. TIePBYIO MONPABKY CTAIMOHADPHOMN Teopuu Bo3mytnenuii (4.14)).
B03MOKHOCTH OCYIIECTBAEHUS TAKOTO TPEOOPA30BAHNUS SIBJISIETCS CJI€/ICTBH-
€M TOr'o, 4TO AuaroHaJibHbI€ MATPUYHbIC 9JIEMEHTbI OllepaTOpPa BO3MYUICHU A
HE OTNPee/IAI0T BePOSITHOCTh MePexXo/a U3 OJHOr0 COCTOsHus B Apyroe. OHu
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MOTYT TOJIBKO CMEIATh MOJIOKeHne SHepreTudeckux yposueii. [Ipu srom Mo-
JKeT, BOOOIIE TOBOPsI, M3MEHUThCS PA3HOCTH SHEPIUil MEK Y SHEPTeTUICCKH-
MU yPOBHSIMU, y4acTByomuMu B mepexoje. C yaerom 31oro mpeodpasoBaHust
ypasuenue (4.22) npumer Bu/I

gAY

h = Voy (£)e™ 21t 4.2
th—, 21(t)e (4.23)

rae Qo1 = 3 (E9+ Voo — (EY+Vi1). B o6mem cayuae, ecmm Viy # Voo, qacrora

Qa1 # wor (mamomunm, we; = (EY — EY)/R). Taxoe, Bo3MOxXHOE, H3MEHEHHE

Pa3HOCTH SHepPruil MezK/1y YPOBHSAMH, YUACTBYIOIIUME B IIepexo/ie, He CKa3bl-

BaeTCA Ha BEPOSITHOCTHU MepexoJia, T.K. pu 3ToM |a, (t)|* = |A,(t)|?, nosromy

K03 dunmentsr A, (1) Ja0T Te XKe BEPOATHOCTH MEPEXOI0B, UTO U Ay (1).
Torma u3 (4.23) nomydanm

T

/ Vou (1) e dt, (4.24)
0

1 1
A(r) = =

th
ITo onpe/iesiennio, BepOSITHOCTh OGHAPYZKHUTh CUCTEMY B COCTOSIHUM (©; PaBHA
Pn(7) = |a,(7)|? = |An(t)]? OrpanuuuBIIECh HePBLIM TOPAIKOM TEOPUH BO3-
MYIIEHUil, TOJTYIUM, 9TO BEPOSITHOCTD HAWTU CHCTEMY B COCTOSIHUH (9 Yepes3

BpeMd T IIOCJI€ BKIIOYEHU A BO3MyIlIeHI/I$I6 BbIpazKaeTCd CJIEAYIOIIUM o6pa30M

2

1] |
p2<7-> = ﬁ /‘/Ql(t) ezgmtdt . (425)
0

Caydaii He 3aBHUCHIIEr0 OT BPEMEHU BO3MYIIeHud. B obmeMm ciyuae
Bosmytenne V=V(t) spisiercs dbynkuueit spemenn. Ceituac, oiHaKo, pac-
CMOTPUM BaKHbI 4aCTHBIA Cjly4ail, KOrjia BO3SMYLIEHUE ABHO OT BPEMEHU He
3asucut. Torga u3 (4.25) nosy«anm

_2VE 1 —cosQgt
B2 02 ’

pa(t) (4.26)

rje BepxHuii mpejest uarerpana B (4.25) Ml 0603HaUMIH .

6Mpr He OymeM 37ech paccMATPUBATh Pa3IHIHbIC PEXKUMBI BKIIOUEHHS B3amMOIeii-
CTBUs, KPAHUMM U3 KOTODPbLIX SIBJSIOTCH CJIy4ad BHE3AIHOrO U aauabarndeckoro (Iuias-
HOTO) BKJIIOUEHUsI B3auMozeiicTBus. O6CcyKIeHne 3TUX BONPOCOB MOXKHO HAWTH B CTaH-
JIAPTHBIX y4eOHMKAX 110 KBAHTOBOH MexaHHKe.
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Huddepennupys (4.26) 1m0 BpeMeHHU, MOTYIUM BEPOITHOCTD TIEPEX0Oja B
€JINHUTLY BpeMeHH

dp2(t> . 2‘/221 sin let
A Qo1

HpI/I nepexoae CuCTeMbl U3 OJHOI'O COCTOAHUA B APYTO€ JOJI2KEH BBIIIOJTHATHCA

(4.27)

3aKOH COXpaHeHus snepruu. B cuity Toro, 94To cocTodnus @; /11 BO3MYIIeH-
HOHI cuUCTeMBbl HEe SIBJIAIOTCSI CTallUOHAPHBIMU, TO IHEPIrUA ITUX COCTOSIHUM C
reyenueM BpeMenu Mensercd. CiieoBaTenbHo, Iepexol U3 COCTOAHUSA (1 B
COCTOSIHUE (V7 BO3MOZKEH IIPH YCJIOBHH, KOTJA UX SHEPIUH BBIPABHAIOTCA. DTO
O3HAYAET, YTO mepexoj Oyaer Bo3moxkeH npu (o — 0. U3 (4.27) crenyer,
YTO OJId 9TOIr'0 AOJIZKEH BBIIIOJIHATHCA Hpe,ZLeJIbeIﬁ 1epexo

sin QQlt

um —
Q21—0 le

:W(S(le) :Wh'é(Eg—El). (428)

Yenosue (4.28) orparkaer cOXpaHeHWe SHEPIWH B CHCTEMe DU ee Mepexo-
ne Mexay cocroguugmu. [logcrasus (4.28) B (4.27), mosy4nM BhIpakeHmue,
KOTOpOe Ha3biBaeTcda "3010TbIM npasuioM" @epyu

dp;—t(t) = 2%|V21|25(E2 - Ey). (4.29)
B peasibubIx cucremax Jyist BuinosHenus ycaosust (4.28) 1o/zKHbl Hpou3oifTu
T€ UJIM WHBIE TIPOIECCHI, BOCIIOIHSIONINE PA3HOCTD YHEPT il HAY9AbHBIX COCTO-
saunii o — Ey. Kak Mbl yBUJIUM HUXKe, 3TO ONPEJIe/ISeTCs B3auMOJIeHcTBIEM
BBIJICJICHHOM CHCTEMBI C OKPYZKAIoIeil cpe/1oif nyii BHEITHUMU MoJsaMu. O1ru-
CaHue 3TOr0 B3aUMOJIEUCTBUA HE BCETIA ABJAETCA IIPOCTOM 3aadeii, CKopee,
HaoObopoT. OaHAKO, UMEHHO XapaKTep TOr0 B3aMMOIEHCTBHA, KaK 3TO Oy-
JIeT TIOKA3aHO B CJIEIYyIONIel TjiaBe, u OnpejesseT 0COOeHHOCTH, HAIPUMED,
TAKOTO MPOIECCA, KaK MEePEeHOC JEKTPOHOB B PA3JIMIHBIX, B TOM YHC/IE U B
OMOIOrIIeCKIX, MOTEKYIIPHBIX CHCTEMAX.

Homycrum, uro ycaosue (4.28) oimosineno. Takas cUTyaIusi peajn3yer-
¢, HATIPUMED, B BBIPOZXKJICHHBIX CHCTEMaX WM B CUCTEMaX ¢ OJIM3KO PacIo-
JIOZKEHHBIMU SHEpreTudecKuMu ypoBHusivu (cM. padzen "Mojenb nona mosie-
KyJibl Bogopoga'). Torga dopMaabHO MOXKHO TIOJIOKATH

sin QQlt

lim ——— =t
Q1—0  og

[TpuHsIB 5T0, MOXKHO TIPOMHTETPHPOBATH YpaBHEHHUE, oIy Yarotieecs u3 (4.27)

dp> _ —2|V21|2t
dt h?
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uaTerpupysd 310 ypaBHEHHUE, KOT/Ia BEPOATHOCTD Po MEHAETCS B Mpejenax OT
0 10 1, a Bpems - or 0 10 7, TOTYIUM

B h
Vol

T

(4.30)

Orcrona caeayer oKuUIaeMblii pe3yIbTaT - XapakKTepHast CKOPOCTh MePexoia,
T.e BeJIMYHHA T ©, IPOIOPIHOHAIBHA so3mymienuto. Cornacuo (4.26), Bepo-
ATHOCTbD P2, JOCTUTHYB 34 BpeMd 7 3HAYE€HUs PABHOT'O e/IMHUIIE’ , 3aTeM BHOBb
HAYHET YMEHbIIAThCs J0 HYJs U, jlajiee, Hponece OyjeT HOCUTH OCIUJLIATOP-
HBIII Xapakrep.

AHaJTOTMYHBII pe3yJIbTaT MBI HOJYYUM B CAEAYIOIMEM pa3eie Mpu pac-
CMOTPEHUU MOJEJINA HOHA MOJIEKYJIbI BOJOPOJa, KOTOpad ABJA4eTCd BhIPOXKICH-
HOil cuctemoit. OT/IHYHEe OT PACCMOTPEHHOTO 3JIeCh ODOIIEro caydasd COCTOUT
B TOM, 4TO JJIsI TEPeXoJ0B B BBIPOKIEHHOII cucTeMe He TpeOyeTcs I0IOJI-
HUTEJILHOTO BO3JeiicTBust. [lepexobl ocymiecTiisiiorcs OJiarojgapsi B3auMo-
JEHCTBUIO MEXKJIy JacTsAMH caMoil cucTeMbl. OTMETHM TakzKe, 9TO aHAJO-
TUYHBIA TOJXO0 HIPUMEHAETCA 4 ONMCAHUA MEeXaHU3Ma MUATPAIAN SHEPIHUU
BO30YZK/IeHHSI B KBAHTOBBIX CHCTEMaX, KOTOPBI TaKzKe pacCMaTpHUBAETCS B
CAeayIoleil riase.

Hecraumonapusie perteHusi. Bepuemcs kK cucreme ypapuenuii (4.20) u
npumeMm Vo = Vo =V, Vi3 = Vo = €. Torma, oaun pa3 ckiaabpiBas STH
ypaBHEHUd, a APYTOil pa3 - BbIUNATAad, MOJYINM JIBA YPAaBHEHUA

ih%(al + ag) = (E + V)(al + a2);

(4.31)
iﬁ%(al —ay) = (e —V)(a; — as).
Otciofa J1Ierko moy4IuTh BbIpaKeHus J1s0 KO3(pDUIUEeHTOB a1 U Ay :
ay = exp(—ist) - cos %t,
(4.32)

as = iexp(—it) - sin ¥t.

M3 3Tux BBIpakeHuil BUIHO, BO-TIEPBBIX, YTO OHU YAOBIETBOPSIIOT YCJIOBHUIO
HOPMUPOBKH (4.45), a, BO-BTOPBIX, 9TO 3TH KODMUIUEHTHI OCIIILIUPYIOT C

"Il 3TOTO HEOo6XOmMMO, 9ToOLI Kocuuyc B (4.26) obpaTtmica B HOMb cos{o 7 = 0,
3 9€r0 CJIEAYET, YT T = 54— IT0OBI BepOATHOCTD NPUHAA 3HAYEHHE PABHOE €UHALE,

HEOOXOIUMO, YTOOBI 291 = % CrenoBarenbHO T = \/’213 , 9TO MPAKTUIECKN COBMATAET
21

c (4.30)
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qacToToil {dp = %, KOTOpasl Ha3bIBaeTcsa dacTroroir Padbu. l3menenne Ko3d-
duruenta ot 0 10 1 TPOUCXOIUT 32 BpeMs

(4.33)

9TO HPAKTHYECKH COBIA/IAET CO BpeMeHeM T, Haiijenubim Boire (4.30).

4.3 Mogeab moHa MOJIEKYJbl Bojaopoaa. Ilpm-
poJia XUMMUYECKON CBA3MU.

[Ipupoay TyuuebHOro 3hdekra, KOTOPHIi onpe/ie/isier NepeHoc 3apsijioB B
KBAHTOBBIX CHCTEMAaX, a TBK2Ke TIPUPOY XUMUIECKON CBSA3U, ONPEJIeTAIONLY IO
BCe CTPYKTYPHO - TUHAMHUYECKHE CBOICTBA MOJIEKYJI, MBI IIOSCHUM Ha IIpUMe-
pe TMPOCTOil MOJ/Ie T JIBYXYPOBHEBOU cucTeMoil. B KBaHTOBOII MexaHWKe OHA
UTpaeT MPUMEPHO TaKyIo ke PYHIAMEHTATBHYIO POJIb, KAK U MOJETb TapMO-
HUYECKOI0 OCIUJLIATOPA B KJIACCUYIECKON (pusuke.

Paccmorpum aBYyXypOBHEBYIO CUCTEMY Ha IIPUMePE MO/IeJIN, KOTOPYIO Oy-
JeM Ha3BIBATh MOJEILIO MOHA MOJEKYJIhl BOJOPOJa, T.e. cucreMmbl H, . Ha
IpUMepe 3TOi MO MbI He TOJHKO MPOUIIIOCTPUPYEM IPUMEHEHHe MaTe-
MaTHIECKOI'O ammapara, HO U MOJYyYUM BazKHbIe COOTHOIIEHHS, KOTOPhIE HC-
[10JIb3YeM B JIaJIbHEHIIeM JIJIsi OIMCAHUsI IIPOIECCOB JIEKTPOHHOTO U ITPOTOH-
Horo Tpancnopta. Mogeas Hy mpeacTapisgeT cucTeMy, COCTOSILYIO X aTOMa
BOJIOPOJIa U MIPOTOHA, HAXOJSIIErocst OT Hero Ha paccroguuu R (puc. 12.2 A,
B). B jaHHOM PACCMOTPEHHH MbI TIOJIATaeM sijipa CHCTEMBbI (T.e. MPOTOHDI)
HEIOJIBUKHBIMU. DTO TaK HA3BIBAEMOE HYJIeBOe aJradaTHIecKoe Mpud.IuKe-
nue. Hac uHTEpECYIOT BOIPOCHI O TOM, KAKOBbI COCTOsIHMSI TAKOW CHUCTEMBI,
KaK UX MO2KHO paCCUYUTATh U KaK MHTEPIIPETUPOBATDH IMOJIYyYEHHbBIE DEe3YyJIbTa-
THI. YUeT JABUKEHWS siep Mbl TPOBEJIEM B CJeyIolei riaase, Korjaa Oyaem
paccMaTpuBaTh JEKTPOH-KoJie0aTeIbHbIe B3auMOIeHCTBUSI.

IToctranoBka 3agaum. Bsegem cdepudeckyo cucreMy KOOpJIUHAT
{r,0,¢}, coBMecTHB ee HAYANO C OJHAM U3 HEMNOJBUKHBIX MPOTOHOB
U TOJAPHYI0O OCh 7 HAIpPaBUB BJIOJIb MPIMOW, COeIWHSIIONIEl MPOTOHBI
(puc.12.2A). Paanyc-Bekrop R HaupasJies BI0/b LOJISIPHOIl OCH 1 OLpeie-
JITeT TOJIOYKEeHWe BTOPOTO MPOTOHA, |]§| = R. IlycTb, nid onpeieIeHHOCTH,
HavaabHagd KOHUrypanusa OyJaeT Takoif, ITO 3JEKTPOH JIOKAJIUN30BaH BO3JE
[IEPBOrO MMPOTOHA, HAXO/IAIIEroCsd B HadaJje KoopjauHatr. Takum obpaszom, Ha-
YaJIbHBIM COCTOAHUEM CUCTEMBI 6y,ZLeT COCTOdHUE, KOT'la B HavYaJie KOOpAUHAT
HaXOJIHUTCS aTOM BOJOPOIa, a B TOUKE R HAXOMUTCS MPOTOH (puc.12.2A).
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COCTIORHIE {1

1—R

Puc. 4.1: czemamuunoe usobpasicenue saexmponnuz cocmoanuti 6 modeau uora MOAEKYABL 6000P00G,
H2Jr Cocmosanue Y1, COOMBEMCMEYIOULEE AOKAAUSAGUUS INEKMPOHG HA TLEPEOM NPOMOHE D1 CUCTTLEMbL H2Jr
(A), u cocmoanue P2 - AOKAAUSQUUS FAEKMPOHG Ha 6mopom npomone p2 (B). Jea npomona nazodsmes
dpye om dpyea na Purcuposarnom paccmoanuy R. Hauwaro xoopounam cosmeueno ¢ nososjceruem nep-
8020 npomona p1. Paduyc-sexkmop R, coedunarowutl d6a npomona cucmemsv. P1 U P2, HANPaBAEH 8004
noaaproti ocu z. Hoaspuwt yzoa 0 - yzoa mescdy noasaprot ocvio U paduyc-8eKMOPOM T, NPOEECEHHBLM
om nepsozo npomona p1 K aaexmpony e. Paduyc-sexmop r - R nposeden k saexmpony om eémopozo npo-
mona p2. Cmaeyuonaprsie cocmoanus cucmemo, Hy @ yemotinusoe cocmoanue (ceasvisarouias opoumans
Y1) (B) u meycmotinusoe cocmoarue (GHMUCEA3MBaI0Wasn opbumans V2) (I'). Cepum ysemom crema-
MUMECKYU U30OPAHCEHO IAEKMPOHHOE 00AAKO - 06AGCTIL HaubOAEE 8EPOAMHO20 HATOHCOEHUS, SAECKMPOHA.
Cumeoavt k u k— $opmasvHo yKaswearom Ha KOHCMAHMbL CKOPOCMET NPAMOZO U 06PAMHO20 NEPEHOCA
2AEKMPOHA MEHCAY NPOMOHAMUY NPU PEWEHUY HECTNAUUOHAPHOZ0 GAPUGHMA 34064,

Eciu moMeHATh MecTamMu aToM BOJIOPOJA U MPOTOH, TO MBI ITOJYYUM CO-
CTOSTHUE, KOTJa B Hadaje KOOPAMHAT HAXOAUTCA MPOTOH, a B TOUYKE R ua-
xoauTest aroM Bogopoga (puc.12.2 B). Hazosem 910 cocrosinne KOHEYHbBIM.
OueBuIHO, 9TO SHEPIHUST CHCTEMBI OT TAKOl IePECTAHOBKY HE M3MEHUTCS, XO-
TSI COCTOSTHUSI CHCTEMBI, KaK BUIHO, OYAYT Pa3IUIHBIMU. DTHM COCTOSTHUSIM
COOTBETCTBYIOT Pa3/IMYHbIe BOJIHOBBbIe (byHKIUU. CjeoBaTe/IbHO HAIIa, CH-
cTeMa SIBJIS€TCS BBIPOK/IEHHOIA.

Ecimm mbl yaaauM 1nporod B 0€CKOHEYHOCTh, TO dHEPIrusi CUCTeMbl Oyjier
paBHa HEPruH OCHOBHOIO COCTOAHHMA aToMa Bojopoja Ky = —555, a BoJ-
HoBast (pyHknus ¢ OyjeT yJI0BJIETBOPATH CTamuoHapuomy ypasaenuio [IIpe-
JleHTepa JIJIs U30JIMPOBAHHOIO aTOMa BOAOPOJa (BO3OYKIEHHBIE COCTOSHUS
aToMa BOJIOPOJIa PACCMATPHBATH He Oy/1eM)

H(gm)%,z = Eop10. (4.34)

JIma mepBoro caydas, T.e. KOTJIa aTOM BOJOPO/Ia HAXOJUTCS B HadaJe KOOp-
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JIMHAT, OII€PATOP M BOJIHOBas (PYHKIIHS UMEIOT BT

HY W V2 ¢ ! exp(—r/a) (4.35)
= —— _ = XD(— . .
0 om " r’ ¥1 /_7Ta3 P

rie a = h?/me? - Tax HasbiBaemblit 60poBcKuil paauyc. s Broporo ciydas,
KOTJIa aTOM BOJOPO/Ia HAXOAUTCA B TOUKe R, omepaTtop u BoHOBas (byHKIHUS,
COOTBETCTBEHHO, UMEIOT BU]T

o, e? 1
s Vi = = ——
2m " o R T Vad

PaccmorpuMm Temeps oOIIyIO cuCTEeMY: TPOTOH HAXOIUTCS HA PACCTOAHUH

HY = — exp(—|7 — R|/a). (4.36)

R or aroma Bomopojga. Takyio cucremy Oy/iemM Ha3bIBATH HOJHON WM BO3-
mytierHoit. Cucremy, B KOTOPO# TIPOTOH y/ajieH B GeCKOHeYHOCTh (T.e. co0-
CTBEHHO aTOM BO,Z[OpO,ZLa), Oy/eM Ha3bhIBaTh MCXOIHOW WJIM HEBO3MYIIEHHON
cucTeMoii. ['aMIIbTOHNAH TTOTHONW CHCTEMbBl 3aIUIIeM C YIeTOM, YTO TPOTO-
HbI HEMOJIBUKHBI U, CJIeJI0BATENbHO, X KHHETHYeCKas JHEePrus paBHA HYJIIO

h*_, e e? e?

H=—-——V>_-— —. (4.37)

T

- = +
2m r - Rl R
3aMeTuM, 9TO 9TOT FAaMHJIBTOHHAH MOYKHO HPEJICTAaBUTH JBYMS pa3/Ind-
HBIMU CIIOCODAMU

H=H"+V (4.38)

e2

2
e

r L—— = -, WJIN

e Vi |7~ R R’ J

H=H?+V, (4.39)
rae Vo = —% + %.
15t HaXozKieHusl BOJIHOBBIX (DYHKIMI 1OJIHOM CUCTEMbI MOYXKHO HCIIOJIb-
30BaTh KaK CTAllMOHAPHOE, TAK M HECTAIMOHAPHOE (BPEMEHHOE) ypaBHEHUe
[IIpeauurepa. Utororoe pererne ot 3Toro BeIOOpa He 3aBucut. OT 3TOTO 3a-
BHCHT (opMa IpeCTaBIeHNUs DelleHuil - WIH B BUJE CTOAYNX, WJIH B BUJE
Oerymux BOJTH. AHAJIOTHYHAS CUTYAIUs UMEET MECTO B KJIACCHIECKOH Me-
XaHUKe TPHU PACCMOTPEHUH KOJeOAHU, HATTPUMED, 3aKPEIJIeHHONH CTPYHBHI.
Kak um3BecTno, npu BO30YyKJ/IeHUU KOJI€OaHUIT OINpEJIeJIEHHbIX YacTOT B Ta-
KOI CTPYHE MOTYT BO3HUKATH CTOSIIME BOJHBI. DTO AHAJOT CTAIMOHAPHO-
IO COCTOSAHMS KBAHTOBOU cucTeMbl. OHAKO, CTOSIYIO BOJHY BCET/Ia MOXKHO
IPEJICTABUTD KAK Pe3yJIbTaT Cylnepno3uuu (MHTepdepenimn) aByx Oerymmx
HABCTPEYY BOJIH ONpEIETeHHON JaCTOTHI.
st ravusbronnana (4.37) BosHOBbIE QYHKIIUK 1 U Qg HE SIBJISIIOTCS CO0-
cTBeHHbIMHE. J[J1s1 HAX0XKIeHnsT COOCTBEHHBIX (DYHKITUI 3TOTO raMUJIbTOHUAHA
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MBI BOCIIOJIb3yeMcsd HecTalmoHapHbiM ypaBuenueM [pegunrepa. B cuiy To-
ro, 9TO HAIlla CHCTeMa ABJISIETCS BBIPDOXKIEHHOM, T.. pa3HOCTb SHEPTUil STHX
COCTOSIHUI PaBHA HYJIIO, Mbl, COIVIACHO 00Ieii cxeme (cm. 12.3. "Boipoxkjien-
HbIiT citydail") | yzKe B HyJeBoM puOInzKeHnn Oy/1eM NHCKATh DEleHne B BUJIE
JIMHEIHOW KOMOWHAINN, & B KadecTBe 0A3UCHBIX (DYHKIMI BhIOEpeM BOJIHO-
Bble (DYHKIIUU HEBO3MYIIEHHOTO TaMUJIBTOHUAHA

Y = a1(t)p1 + az(t)ps, (4.40)

e Koabdurmentst a,(t) u as(t) aBasorcsa QyHKIUIME BpEMeHH, a caMa UC-
koMast yukius (4.40) yaoBieTBopsier HecTaloHapHOMY ypasHenuto [1Ipe-
JIEHTUPA

@'h%—f = (H"™ + Vi), (4.41)
3/1ech BHIOMPAIOTCS JTUOO TepBbIe, TUOO BTOPbIE WHJIEKCHI.

Jaee mpoJebiBaeM CTaHJAPTHYIO Tporeaypy (cM., manpumep, (4.5)):
nogcrasum (4.40) B (4.41); 3areM yMHOXKHM CJIeBa 9TO yDaBHEHHE HA KOM-
IJIEKCHO CONPSIPKeHHYI0 (DYHKINIO ] W TPOMHTErpupyeM o0e JacTH ypas-
HEHUsI [I0 BCEMY TPOCTPAHCTBY, IpU 3ToM yureM (4.35); moToM, aHAJOTHIHO
IpeJIbLIYIIeMy, YMHOKUM ypaBHenue (4.41) Ha conpsizkeHHY0 DYHKIHUIO ¢ 1
TaK:Ke MPOMHTErPUPYEM TI0 BCEMY POCTPAHCTBY, yuTsd (4.36). Mbl mpeiara-
eM YHTATe/I0 B KAUeCTBE YIPAXKHEHUS ITPOJIE/IATH ITH HECJIOKHbIE BHIKJIAIKH.
B pesyabrare mogydum cucrtemy ypaBHEHHI

ih dy + RS dy = (Ey + Vi1)ay + (EpS + Vig)as,
(4.42)
ihS dy + ih dy = (EgS + Var)ay + (Eo + Vag)as,

rJie JJIsl AHTErpaJia MepeKpPbiBAHUS BOJTHOBBIX (DYHKIM S U MATPUUHBIX JJ1e-
MeHTOB V;; BBeJeHBI 0003HAUEHHsI, aHATOrTIHO (4.6)

S = /wiwzdv = /@Ssoldv,

VYll = /gp){‘/vlgold?], ‘/12 = /(,DTVYQQOQCZU7

Vor = /@S%mdv, Voo = /903‘/2s02dv.

MHTErPUPOBAHKE IPOU3BOJUTCS 110 BCEMY IPOCTPAHCTBY.
Cucrema ypasuennii (4.42) skBuBajieHTHa ypaBHeruio (4.41).
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CranuonapHsble pemeHnd. OpeenM CTAIIOHAPHBIC COCTOSHAA CHCTE-
Mbl. B cranmonaproM coctosanu Ko3bdOUIHEeHTH @, KAK Mbl OTMEYAJIH BbIIIe
(3.5), JOJIZKHBI IPEJICTABISTHCS B BUJIE

ai(t) = Alexp{_i%t}, as(t) = Aﬁl‘p{—z’%t},

rjae xkodddunuentsr A; or BpemMeHu yxKe He 3aBUCAT. 3HAaYeHHs dHeprun E
CTAIMOHAPHBIX COCTOSTHUI TOJI/IeXKaT onpe/iesiennto. [logcrasisis Takoe mpei-
crapienue a; B (4.42) u jgenas HeoOXoIUMbIe TTPEOOPA3OBAHUS, OTY UM AJT-
reOpanvecKyio CHCTeMY ypaBHEeHHI

(Eo+ Vi1 — E)AL + (EoS + Via — ES) Ay = 0,

(EoS + Va1 = ES) A1 + (Ey + Vs — E) Az = 0. (4.43)

13 Kypca JinHeiHO a/redphbl ©3BECTHO, YTO OJIHOPOJIHAS CUCTEMa JTUHEeHHBIX
ypaBHEHHII IMeeT HeTPUBHAIbHOE PelleHne, KOTIa ee IIAaBHbBIN ONpPe/ e TNTe b
paser Hy110. COCTABJIASA STOT ONPEILTUTENb U IPHPABHUBAS €r0 HYJTIO, TOJIY-
9UM KBaJIPATHOE YpPaBHEHHE JJIsi OIPeIeIeHusl COOCTBEHHBIX 3HAYEHUN dHEP-
run E ramusnbrornana (4.37). Jlerko 3aMeruThb, 9TO 9Ta MPOIEypa BIOJIHE
AHAJIOrMIHA TAKOBOM JI/IsT HAXOXK/I€HUsI COOCTBEHHBIX YACTOT CHCTEMBI JIBYX
CBSI3AHHBIX TAPMOHUYECKUX ocumuisaTopos (77), (77).

[Ipe:kae 1eM HAXOOWUTH PelIeHusl 3TOH CHCTeMbI 0OpaTHM BHEMAHHE Ha
MaTpudHbie djieMeHTbl. Herpyano Bugers, aro Viy = Voo u Vip = Vo1, D10
00CTOSITEJILCTBO CYIIECTBEHHO YIPOIIAET HAXOXKIEHWE PEIIeHWil U Mbl TOJIY-
JaeM JBa 3HAYEHUsT SHEPTUN

— Vii4Via
=Byt e (4.44)
E, = E(] + 1;7312

Hanee, s 3navennii sueprun ) u Fy u3 cucremst (4.43), MOZKHO OIpeie-
auTh Kodbdunuentsl A;. Jlerko BuneTs, uto q1a ' = E) BeIIOTHSAETCA pa-
BencrBo Ay = Ag, a s cayuass E = Ey umeem, coorBercrBenno, A; = —A,.
JIas1t moJiyueHns: SIBHBIX BbIpaKeHUil HEOOXOINMO BOCIIOJIB30BATHCS YCIOBHU-
€M HOPMHWPOBKH TOJIHOI BOJHOBOIN (DYHKIINU, KOTOPOE JIjIsI HAIeH CHCTEeMBI
IMeeT BH/I

/ [Y)2dv = A3 4+ 2A, 4,5 + A3 = 1. (4.45)

Mer monaraem xosddunuentsr A; neficTBUTETBHBIMA.

Tenepb MOXKHO BBIIUCATH BOJTHOBBIE (DYHKIIUU CTATTMOHAPHBIX COCTOSTHMIA.
BosinoBast (pyHKIMSI, COOTBETCTBYIONAs CTAIMOHAPHOMY COCTOSIHUIO CHUCTE-
MBI ¢ 3Heprueit F; nmeer BuI

1

By
— + —1—t ], 4.46
(O 2019) (P14 @2) exp | —i— (4.46)

132



a BOJIHOBas (DYHKIIMSA, COOTBETCTBYIOINIAsI COCTOSHUIO ¢ dHeprueit Fo

1 By
y = m(‘ﬁl — (pg) exp (—270 : (4.47)

Oynkiun (4.46) u (4.47) OMUCBHIBAIOT CTAMOHAPHBIE COCTOSHUS HOJIHOM
cucreMbl Hy m mpeacrapBasior coboil, KaK BUAHO M3 3THX BBIPasKeHmMil, cy-
[IEePIIO3UIUI0 COCTOAHUN HEeBO3MYIEHHOMN (chozmoﬁ) cucTtembl. HamomumM,
YTO COCTOSTHUS UCXOTHON CHCTEMBI (01 U (03 COOTBETCTBYIOT JIOKATN30BAHHBIM
COCTOSIHUSM 3JIEKTPOHA (ATOM BOJIOPOJA) B ToUKax 7 = 0 u 7 = R, coorBer-
crBenHo. [lepemenuBanue 9Tux cOCTOAHUN O3HAYAET, YTO B HOJIHOW CHCTEME
9JIEKTPOH JIEJIOKAJIN3YETCsI - OH OTHOBPEMEHHO (YaCTHIHO) HAXOUTCS U BO3JIE
MEePBOro MPOTOHA W BO3JIE BTOPOTO. DTO sIBJIEHHUE TTOJIY YN0 Ha3BAHUE WHTEP-
depennun cocTosHUI U ABIACTCS CJICACTBUEM IPUHIUIA CyTIepro3uiiuu. Mbl
MOKeM Telephb CKa3aTh TOJIBKO, UTO 3JEKTPOH JOKAIN30BAH B 00JTACTH MPO-
CTPAHCTBA, IJie paciosaraiorcs 00a IpoToHa, T.e. B 00JIACTH HPOCTPAHCTBA €
3 PEeKTUBHBIM PaIMYyCOM TTOPSIKA MEXKsiIepHOTo paccrosinus R. [leranbHas
nH(MOPMAIHST COAEPIKUTCI B BOJTHOBBIX (DyHKIHAX. MOXKHO yKa3zaTh 001aCTh,
B KOTOPOii, Hanpumep, [ ||*dv = 0,9. JT1a 061acTh OyJET COOTBETCTBOBATD
9JEKTPOHHOMY O0JIaKy - 00JIACTH JIOKAJTU3AIUN JIEKTPOHA. DJIEKTPOH, KaK
roBop4T, "pazmasbiBaeTcs' MeXK /Ty JABYyMs HEHTPAMU U Mbl HE MOYKEM CKa3aTh
6oJiee TOYHO TJI€ HAXOUTCS JIEKTPOH, OH JeJTOKATH30BAH.

Ob6s1acTh JIOKAJIN3AMNN JIEKTPOHA OIPEIEISIeTCs] BOJTHOBBIMU (DYHKITHSI-
v (4.46) u (4.47) cranumonapuslx coctosunii. HeMHOrO HIUZKe MBI [OJTYIHM
SIBHBIE BBIPaZKEeHUsI [JTsl SHePrHil cucreMbl E o(R) (4.57) B 9THX COCTOSTHUSAX,
AHAJIN3 KOTOPBIX NOKa3biBaet, uro Fi(R) umeer MUHUMYM, 4TO COOTBETCTBY-
eT ycToitunBoMy cocTogHmio cucteMpl Hy . CucreMa B 3TOM COCTOSHUE TIPEI-
cTaBjsieT co0Oi JIeficTBUTEIHLHBIH MOH MOJIEKYJIbl BOJOPOJA M, B CHJLYy 3TOTO,
BostHoBag dynkius (4.46) nazpiBaeTcs cBa3bIBaloleii opburabo. 13 sToro
PACCMOTPEHUST CTAHOBATCS MOHATHBIMU OCHOBHBIE UJIEH, JIeZKAIie B OCHOBA-
HUU KBAHTOBOTO ONMUCAHUS XUMUIECKON CBA3U. B TPOTUBOMOTIOKHOCTD, SHEP-
rust Fo(R) He uMeeT MUHUMYyMa U HA3bIBAETCH aHTUCBS3bIBAIONICH WIN pas3-
PHIXJISIONIEH OPOUTAIBIO [T HOHA MOJIEKYJIbl Bogopoaa. B cocrostnum (4.46)
9JIEKTPOHHAS IIOTHOCTD COCPEJIOTOYCHA IPEUMYIIECTBEHHO MEZK/Ty IIPOTOHA-
mu (puc. 12.2 B), a B cocrosiuun (4.47) - BHe 310ii obaactu (puc. 12.2 T').

Hecraumonapusie pemteHusi. Bepaemcs K cucteme ypaprenuii (4.42) u
IIOCMOTPUM Ha Hee HEeCKOJbKO MHade W MOIMpoOyeM HalTH HecTalmoOHapHbBIE
pelennst 3Toit cucrtembl. g 3Toro Bocmosb3lyeMcss TeMm, 9To Vi = Voo u
Vie = V5. Torna, cnadajia ckjiajipiBasi 3TH ypaBHEHHUs, a 3aT€M BbIUUTAS WX
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JIPYT U3 JIpyra, MOJYYHM CJIeIVIONIYI0 CUCTeMy ypaBHEeHUi

ih(1+ S)%(al + az) = a(ay + az),

(4.48)
'Lh(l — S)%(al — CLQ) = ﬁ(al — CLQ),
rie
a= Ey(1+5)+Vii+ Vig, B =Ey(1—5)+ Vi1 — Vis.
113 (4.48) mosyaum perreHust
a1 + ap = Cy exp (—i£2t) exp ( ‘gfs‘;ft)
(4.49)

a1 — as = Cyexp (—i%t) exp < _‘(111—5\;'1; t>

[Tpumem mauasbubie yeiaobus ai(0) = 1, a9(0) = 0. Torga jerko BUgeTh, ITO
Cy = Cy = 1. Ucnonb3ys ycaosue HopmupoBku st pyaknuu (4.40) MOKHO
TakzKe Mmokasarh, uro auoo C = Cy = 1, oo C] = —Cy = 1. Jlanee, ecin
S < 1, To MOKHO IPUOJIMZKEHHO CHHTATD, YTO |a;]? COOTBETCTBYET BEPOATHO-
CTH HAXOXK/CHUS CHCTEMBI B COCTOSHHUN ;. MasocTh HHTerpasa mepeKpbBa-
HUA BOJTHOBBIX (DYHKIMHA S B JAHHOM CIydae ABISETCH BAXKHLIM yCIOBHEM.
JeiicTBUTEIBHO, MBI XOTUM HHTEPIPETUPOBATL PE3YJILTATEI B TEPMUHAX II€-
penoca 3apgaa. [IpuueM HAC MHTEPECYeT MEPEeHOC MMEHHO HEJI0r0 3apsjia,
JACTUYHBINA MEPEHOC, KAK Mbl BUJIEJIN BBIINIE, OCYIIECTBAsCTCs. JIist Hameit
CHCTEMbI MAJIOCTh S SKBHUBAJEHTHO OOJIBIIOMY MEXKAIEPHOMY DACCTOSHHIO.
DT0 1MO3BOJIAET TOBOPUTD, YTO B KAKOH-TO MOMEHT BPEMEHH IOJIHAS CHCTEMA
Hyf 6ynmer "noxoxka'na cucremy "aTom Bogopoma-tnporon"(H + pt), T.e. na
cucremy "JIOKQJIM30BAHHBIN JIEKTPOH-APYyTOit 1ieHTp"”

Hecioxxabie BbraucjieHusi npu HadaabHbix yeaosusax aq(0) = 1,a2(0) =0
IPUBOJAT K BbIPAZKEHUAM

arf? = 4 (14 cos (J=8t) )
(4.50)
las]? = 3 (1 — cos <V%i_“5g§t))
Orcioia BUHO, YTO Yepe3 BpeMs T, paBHOe
_ wh(1—S?) (4.51)
VS — Vi '

koabbummenTs npuMyT ciepytonme snadenus |ai(7)]? = 0, a |aqo(7)|* = 1,
T.e. C BEPOATHOCTHIO OJU3KOI K €JMHHUIIE 3JEKTPOH OyjeT JOKAJIN30BaH HA
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BTOPOM IIPOTOHE. 3aTeM OH BHOBb IepeiijieT Ha MepBblil NpoToH U T.71. Bo3-
HUKHYT, TAaK Ha3bIBaeMble, KBAHTOBBIC OCITH/LTATINY ¢ YacToToil 7~ 1. B ganHoi
CUTYyaIUM 1IepeHoca 3apsi/ia, B TPAJMIIMOHHOM IIOHUMAHUU CMbICJIA CJIOBA, HE
MPOUCXO/IUT. DJIEKTPOH, MePEeCKAKUBAET C OJHOTO MPOTOHA Ha JAPYTOil, BCe
BpeMsl OCTaBasiCh TJIe-TO MeXKJy HUMHU. Takas CUTyalusi CXeMAaTUYEeCKH TO-
Ka3aHa cTpesjodkamu Ha puc. 12.2 B, rue ykazanbl popMaibHbIe KOHCTAHTHI
CKOPOCTH TIePEHOCA 3TeKTPOHA OT OJHOTO IPOTOHA K Apyromy k = k_ = 771,
[lepenoc 3apsijia B TPaJUIUOHHOM IIOHMMAHHM, T.€. KOIJIA COBEPIIAETCS
HAIPABJIEHHbBINA UM HEOOPATUMBII [IEPEHOC, MOYKET OCYIIECTBUTHCH B HaIlleil
MO/IeJIN TIPU JIONIOJIHUTE/IBHOM YCJIOBUU, & UMEHHO, eCJII B MOMEHT BpeMeHU
T KakuM Ju60 00pA30M H3MEHUTCsI COCTOSIHEE JIPYTOro HeHTpa (Hampumep,
K MPOTOHY MOJOfIeT aApyras moJgphas rpymnma). Torga "npbiray s 06paTHo
Ha TePBBIN EHTP MeKTPOHY OYIeT TpyIHee U OH JOKATU3YeTCsS Ha STOM BTO-
poMm tmeHTpe. 3/1eCh, KAK Mbl BUUM, BOSHUKAET CTOPOHHUN (haKTOP, KOTOPHIil
00BIYHO 0D03HAYAETCS KaK OKPYKaoIas cpeja, O POJIM KOTPOro B Ipoliecce
3JIEKTPOHHOI'O TPAHCIIOPTa Mbl TIOTOBOPHUM B CJIeJIyIOIeil TyiaBe.

Bbelunciienne MaTPUYHBIX 3JIEMEHTOB. I3 NPOBEIEHHOrO PaccMOTpe-
HHsI MOKHO CJI€TaTh HEKOTOPBIE KAYeCTBEHHDIE BBIBOIBI O MEXaHI3MAaX, OIIpe-
JeJIIONIUX MePeHoC 3apsa/ia U OCYIIeCTBIAONNX XUMAIECKYI0 CBa3b. OJ1-
HAKO, 4TOOBI HOJIYyYUTh KOJMYECTBEHHbIE OLEHKU M CPABHUTH UX C KCIIEPH-
MEHTAILHBIMA JTAHHBIMA MbI JIOJI?KHBI BBIYHCIMTH ABHBIM 0OpPa30M MaTpHY-
HBIE 3JIeMEHTBI, (PUTYPHUPYIOIIAEe B OOMIMX BLIPAYKCHUAX W COACPIKAIINE BarK-
HBIE JICTAJM KBAHTOBOTO IIpomecca. JIIs CIOXKHBIX MOJIEKYTAPHBIX CHCTEM,
KOTOpBI®, BECbMa TPYAHO, €CJU BOOOIIE BO3MOXKHO, BLIYHCIUTH HEOOXOIH-
Mble MaTpuuHble djgeMenTbl. OaHaKo, B Haleil uieajn3upoBaHHON MO/IeIH,
JII KOTOPOIi M3BECTHBI BCE HEOOXOAMMBbIE TAPAMETPHI, 3TO CAEIaTh MOKHO, a
HOJIyYeHHBIe SIBHBIC BHIPAKEHUS M CACTAHHbIC HA X OCHOBE YMCIOBLIC OLEeH-
KU MOZKHO (C OIpEJeJeHHBIMA HONPABKAMHU) UCHOJIb30BATD JJIS THUCJIOBBIX
OIEHOK MapaMeTpOB 0oJiee CIO0KHBIX cuCcTeM. VIHBIME CI0BAMU, MOJETh HOHA
MOJIEKY/TBI BOJOPOJA ABISCTCA HYJTCBBIM NPUOIHKEHAEM K PeATbHBIM CHCTe-
MaM, OCYIIECTBJISAIONMM 3eKTPOHHDI TPAHCIOPT B CJOKHBIX KBAHTOBBIX
CHCTeMax, B TOM 4YHUCJIe U B OMOJOTMYCCKUX CTPYKTypPax.

Bolumcienne MHTErpasioB, T.e. MATPHYHBIX 3JIEMEHTOB, MOXKHO IIPOH3BO-
JWTH B JIOOBIX KOOPIMHATAX, OJHAKO YI00HEEe 3TO CIENATh B S/UIHITHICCKAX
WM, KaK UX HA3BIBAIOT WHaYe, C(hepORIATLHBIX KOOPIXHATAX, KOTOPHIE BBO-
JaTCst caeaytomum oopasom (puc. 12.2 A rue 1’ = |7 — ﬁ|)

41 r—r

H= Ta V= Ta (ba (452)

rae ¢ - yroa moBOpoTa BOKPYT ocu z. IIoHATHO, 9TO 3TOT KOOPAMHATHBIM
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YyTOJI COBIA/IAET C a3UMYyTATbHBIM yIJIOM ¢ chepUIeCKON CUCTEMBI KOOD/IH-
uar. Eciin monoxuTh 1 = const, T0 u3 nepBoro coorHomenust (4.52) Gymer
CJIe/I0BATh, YTO KOOP/JMHATHBIMU JIMHUSMU SBJISIOTCH d/11uIchl. Ecin xe 11o-
JOXKHUTh V = const, TO u3 BTOpPoOro coornomrenust (4.52) OGyaer cienoBarhb,
YTO KOOPJAMHATHBIMU JIMHASIMU SBJISIOTCS rutiepOo.int. [Ipudem, st Kaxko0i
rurepOO0sIbl BEJIMYNHA V' TOCTOSTHHA [0 MOJIYJIIO, HO PA3JNYAeTCs 3HAKOM Ha
ee BeTBAX. Jlerko BueTh, ITO

J119 BBIYMHC/IeHNS HHTErPaIoB HEOOXOINMO BHIPA3UTH PAJIUYCHI - BEKTOPEI
r, ' m cosf, a Takzke sj1eMeHT 00beMa dU B HOBBIX KOOPAMHATAX (i, U, P. VI3
(4.52) caremyer, aTo

R .
r=—(pu+v), r=F—R|=

2

g(u —v). (4.53)

— —

U3 tpeyrosibHuKa, 00pa30BaHHOIO BeKTOpaMu 7, 1/, R, MCIoJb3ys TeopeMy
KOCHHYCOB, IOy IIM

1+ pv

ptv

cosf =

1, CJIeJI0BATeTHHO,

1
ptv

V(2 = 1)(1 - ).

sinf =

Broipaxkenne 151 s7eMenTa oobemMa B SJLIMITHYECKUX KOOPAMHATAX TIO0-
JIyJaeTCsI C UCIOJb30BaHUEM TeOpPEMbl aHAJIN3a O 3aMeHe IepeMEHHBIX B N-
KPaTHOM WHTerpae

[ 1wy = [ 5w % a1

rae
D(y)
—22 | = |detT
‘D(x) [detT|
MOJIY/Ib SKOOMaHa, KOTOPBIi COBIAIAET C MOJLYJIEM OIPeIeTUTeNIT MATPUILBI

JIMHEITHOrO MpeoOpa3oBaHus MepeMeHHBIX. B HallleMm ciiydae 3TOT ompeaen-
TeJIb UMEEeT BHJ]

/ / /
- w v e :
D(p,v, ) (b;x o ¢;5
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Yurs, 9T0 KOOPAMHATHI 7, €, ¢ BBIpaXKalTCI Yepe3 [, V, ¢ CJIeLyIOIIIM
obpazoMm
R 1+ pv
r=—(u+v), 0§ =arccos | —— |, ¢ = ¢,
2 w+v
1 [IpOjie/iaB HeOOXOIMMbIe BBITHCIEHN, IOy IHM /I dJIeMEeHTa 00beMa, KO-
TOpPBIT B cepuiecKnX KOOpAMHATAX uMes Bua dv = 12 sinOdrdfdeo, Boipa-
KeHue B JIJIMIITUICCKUX KOOpAUMHaTaX
RS
dv = g(;ﬂ — v dudvdé. (4.55)
MCHOHBSyH JIJIMIITUYIECKUE KOOPAWHATBI, Mbl JOBOJIbHO JIETKO ITOJIYYUM
JITsT MATPUIHBIX 3JIEMEHTOB CJIeIYIOIIIe BhlpaKeHHs

2

Vip = Vo = %(12_(1_"/0)6_2/))7
Vig=Var = Sp(1+p)e?, (4.56)
S = (1 +p+ %pQ) e’

rJle BBeJIeHO 0bo3Havenmne p = R/a - Ge3pazMepHOe PACCTOSHUE MeKJLy siji-
pavu. Hanomuum, a = h?/me? =~ 0.53A- 6oposckuit pajamyc.

DHeprusd CTaMOHAPHBIX cocTOosHUii. /g Hepruii cTanuoHAPHBIX CO-
crostuuii Hameil cucrembl, UCno/b3yst (4.56), HOIYyYnM SIBHBIE BbIDAZKEHUSI

2 (I4p)e 2P +(1-3p%)eF
E\(R)=E+ % RN R S

(4.57)
I+p)e2P—(1-3p?)e="
1=(1+pt3 p2e?

EQ(R) - E()+ %(

DHeprus 3TUX COCTOAHUN, KaK BUIHO u3 (4.57), apaMeTpuvecK 3aBUCHT
oT MexKsaepHoro paccroganus R. Ha pucynke 12.3 npejcraBienbl rpaduku
3aBHCUMOCTe E(R) JJId ABYX CTAIlMOHAPHBIX COCTOAHUN MOJICJIBHOW CHUCTe-
Mbl H;r 3a BbIYETOM COOCTBEHHOIl Heprum aroma Bojopoja Fy.. VI3 sTux
rpadukoB BUAHO, 9TO dHeprust Fy(R) nveer munumym (ycroiumsoe cocTo-
siHUe), KOTOpHIi mocturaercss npu R = 2, 5a, re. R ~ 1,32 A, a smeprus
FE>(R) MuaumyMma He uMeeT (HEyCTONYMBOE COCTOSHIEE), MOHOTOHHO BO3DAC-
Tag MPU YMEHBITEHUN MeXKATePHOTO PACCTOSHUA. 3aMETUM TaKKe, UTO MPH
p A~ 6 mm, 4To TO K€ camoe, npu R ~ 3 A, MOseKy/IsSIPHBLE HOH BOZOPOIA
JILCCOIUUPYET.
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Puc. 4.2: 3asucumocms anepeuu E(p) 06YT cmayuonapruls cocmoanuti cucmemyl H2+ 30 6BIMETNOM
cobecmseennoli anepauy amoma eodopoda Eo, eeaununa komopot ne 3asucum om R. Cocmosawnue 1 xa-
pakmepusyemea snepeueti E1(p) (kpusasa 1) u cocmoanue o zapaxmepusyemcs snepauet E2(p) (kpusas
2). Hapamemp p = R/a, 20e a =~ 0.5 A- 6oposcruti paduyc. Ilo ocu opdunam snepeus usmepaemcs 8
amomnnz edunuuar (Xapmpu).

XapakTepHblii TIepmoJ, CMEHBbI CcOCTOgHWil. llcnonb3ys 1ojydeHHbie
BBIDAKEHNUs JIJIT MATPUYHBIX JeMeHTOB (4.56) BbINWIEM sIBHbIH BHJ Bpe-
menu 7 (4.51), KOTOpoe MBI, MOKa YCJIOBHO, COOTHOCHM C XapaKTePHBIM Bpe-
MeHeM IepeHoca dMeKTPOHA

wh ae’

¢ (I50* — 1)
371€eCh (e - 3apsiyi TMEKTPOHA, p = R/a. Beraucaum 7 st pa3iudHbIX 3HAYE-
HUil MexsijiepHoro paccrosguus R. Pesysibrarsl npejcraBum B TabJjiuiie, 1je
PACCTOSIHIE NPEACTABICHO B A, & BpeMsl B CEKYH/AX

R, A| 1,32 2 5 30
7.c | 2,7-100 [4-10° [ 2,35-10 4 | 3,3 - 10°

DTN YUCTOBBIE OMEHKU YIAJIOCH MOJYUYUTH TOJTBKO TOCTE SBHOTO BBLIYUC-
JIEHUsI MAQTPUIHBIX 3/IeMEHTOB 3aja4u. V3 Tabjgunbl BUIHO, 9TO HA MAJIBIX
PACCTOSTHUSAX OCIUJLISIUE OBICTPBIE, CPABHUMBIE C ONTUYECKUMU TACTOTA-
MM 9JTeKTPOMArHUTHOTO m3yydeHus. OTHAKO, KOTJIa PACCTOSIHAE CTAHOBUTCS
CYMIECTBEHHBIM IO CPABHEHUIO C ATOMHBIMHU Pa3MepaMu, OCIIHIISIIN PaK-
THYECKH MPEeKpaIanTcsa. Mbl MOKEM CKa3aTh, IYTO MPU PACCTOSHUUA MEXKIY
nporonamu nopsaka 30 A peaansyercs JOKaJIN30BAHHOE COCTOSHUE - JJIEK-
TpoH "xuBet''BO3/TE€ 0IHOTO TPOTOHA B TEUYEHWE MHOTHX 9acoB. BMecTre ¢ Tem
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OTMETHUM, YTO B OMOJIOTMYECKHX CHUCTEMAaX, B YaCTHOCTH B (DOTOCHHTETHIE-
CKHUX PEaKIHOHHBIX MEeHTPaX, 3JeKTPOH TYHHEJbHBIM O0OPa3oM IepeHOCUT-
¢ Ha paccrogHus nopsjaka 30 A 3a BpPEMeHa CYIeCTBEHHO MeHbIIHe OJIHON
CEeKYH/JIbI, T.e. IPUMEPHO Ha 7 - 8 HMOPSIAKOB ObICTpee, YeM 3TO CJeyeT W3
tabyiuipl. [Ipuwauny sToro mMber 00Cy MM HUZKe, KOTJia OyJIeM pacCcMaTpUBAThH
B3anMOJEHCTBHE 3JIEKTPOHA CO CPEJOii.

4.4 BapuamuoHHBII MeTO HAXO0XK/IeHIs CTalll-
OHAPHBIX COCTOSTHUIA.

Uou Bomopona - 3To OGazoBas MOJeJb I U3yYeHHsT KBAHTOBOU MPUPOJIBI
XUMUYECKON CBSI3M M OCHOB T€OPUHU JIEKTPOHHOI'O HEPEHOCA, II0ITOMY IPO-
AHAJIM3UPYEM €ee C IMTOMOIIBIO JIPYToro, MUPOKO HCIOIb3yeMOI0 B KBAHTOBOM
TEOPUHU, METO/Ia - BAPHAIIMOHHOTO METO/Ia, Pa3BUTOr0 B padborax Puria, Xu-
Jlepaaca u JIp. 9TOT MeTOJ, B OTJIUYUE OT METO/Ia T€OPUU BO3MYIIEHUIT, M03-
BOJISIET HAXOUTH YHEPTHIO OCHOBHOTO COCTOSIHUS BO3MYIIEHHON CUCTEMBI U B
TOM cJIy4ae, KOTJIa SHePrusl BOIMYIIEHUS He SIBIIETCS MAIol BETUUUHON 1O
CPaBHEHUIO € dHEPrueil HeBO3MYIeHHOI cucTeMbl. CyTh BapHAIMOHHOIO Me-
TOJIa COCTOUT B cieayiomieM. CpeHion SHEPIUIO CUCTEMbI MOZKHO BHIYUC/IATH
o dopmyie (77)

(B) — / o Hibdo. (4.59)

Jlerxo mokasarh, 9TO HanMeHbIIee cOOCTBEHHOE 3HaUYeHNe [J) TaMuIbTOHNAHA
H B cocrostnnm 1) n ero cpejnee 3HadeHNe, BhrancaeHnoe mo (4.59), cBs3anbl

HEPABEHCTBOM
(E) > Ey.

OueBu/1HO, HEOOXOAMMO HAfTH MUHUMAJIbHOE 3Hadenue uHTerpasa (4.59),
T.K. OHO OyJieT Hau/y4qiiemM npub/inzKeHueM K UICTUHHOMY COOCTBEHHOMY 3Ha-
YeHWIO raMuJIbTOHUaHa. [j1st 5Toro Ha1o BHIOpaTh MPOOHYIO (DYHKINIO 1) KaK
GYHKIUIO HEKOTOPBIX ITapaMeTpOB TAKUM 00pa30M, YTOOBI JIaHHBIN HHTEIrpaJl
MOKHO OBLIIO BBIYHCJIUTH TOUHO. Ilocse sToro sueprug F cranoBurcsa GpyHK-
nuedi BBeIeHHbIX napaMerpos, nanpumep F = E(«, ), tae a, (3 - BoiOpannbie
napaMmerpbl. MuHIMaIbHOE 3HadeHne F kak dyHknnm o, § 1012KHO TPUOIIH-
JKaThCs K JICHCTBUTE/IHHOMY 3HAYEHUIO OCHOBHOI'O COCTOsiHUS Fy.

OcHOBHagl TPYJHOCTH B 9TOM METOJie COCTOUT B BBIOOpE NMpOOHON (DyHK-
muu. 37ech HeT HUKAKUX PEIeNTOB U, B MPUHINIE, TaKasd (DYHKIIHASI MOYKET
OBITH JTI000#. [Ipu ee BBIOOpe HEOOXOAMMO HUCIOIH30BATH BCIO JOCTYIIHYIO
nadopmanuioo o0 coiicTBax cucreMbl. JacTo npoOHbIE (DYHKIMH I1010Upa-
0T TaKUM 00pa30oM, 4TOOBI OHM XOTs ObI 10 (pOpMe HATIOMUHAJM PelleHus
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ypasuenusi [[Ipenunrepa 6e3 Bosmymenusi. Hanpumep, Xusurepaac (1927 r.)
¢ TIOMOTIIHIO BapPUAIMOHHOTO METOJA OMpeIeTU/T SHEPTHI0 OCHOBHOTO COCTO-
dHusd aroMa rejus. B KadecrBe npoOHOit (pyHKIuu OH BbIOpas (DyHKIUIO
OCHOBHOI'O COCTOSIHUSI aTOMa BOJIOPO/ia, 3AMEHUB B Hell 3apsij 2 HEKOTOPbIM
9 dEKTUBHBIM 3apsag0M 2, TPeJCTaBAABIIM OO0 HEM3BECTHBINH BapbUPY-
€MBbIil ITapaMeTp, KOTOPBIA TaKzKe HAJIJIEZKUT OIPeJIe/INTh U3 BapUAIMOHHON

MIPOTIE/TY PHI.

Mopens moHa MOJIEKYJIbI BOAOPOJa. Beprnemcda K Hameit Moe bHON
cucreme u BbibepeM B KauecTBe HPOOHON (PyHKIMYU JIMHEHHYIO KOMOUHAIUIO

Y = a1 + Pea, (4.60)
rie a u (3 - napaMerpsl, a HyHKIUA

1 = (ma®) Y2 exp(—r/a),

02 = (7a®) 2 exp(—|F — R|/a) (4.61)

IPeJICTABISIIOT c000i, Kak u Bbime (4.35), (4.36), dbyHKIUI OCHOBHOTO CO-
CTOSHUS aTOMA BOJIOPO/IA, lIEeHTPUPOBaHHbIE HA 1IEPBOM U BTOPOM 1IPOTOHAX,
COOTBETCTBEHHO. DT (DYHKIMH, KAK Mbl BUJEJIH, ONPE/IEISIOT JTJOKAJIUIAIHIIO
9JEKTPOHA, Ha COOTBETCTBYIOIIEM ITPOTOHE, MPH YCJIAOBHU OTCYTCTBHS IPYTO-
ro.

Omupegennm suepruto cucrembl F(R) ¢ mOMOIIBIO BAPUATIMOHHON TIPOIIE-
IypbI, & UMEHHO HOJYYUM YCIOBHSI, OOpAIAoOIe B HY/Ib BAPUAIMIO HHTEe-

rpajia®

5 / W*[H — E(R)J¢dv = 0. (4.62)

[Toncrasum (4.60) B (4.62) u MpoBeeM MOUWIEHHOE HHTEIPUPOBAHEE, TOT/IA
110/T 3HAKOM BAapHAIMU Y HAC MOy IUTCS BBIPAZKEHUE, 3aBUCAIIEe OT TTapaMeT-
poB a u 3. Bapbupys, t.e. nudepeHnupysi, 370 BbIpazKeHue CHava/Ia 1m0 o
W IPUPABHUBAs HYJIIO MOy YUBINEeCst BbIpakeHnne, a 3areM auddepeHnupyst
HCXOHOE BBIPAKeHHUE IO (3 W NPUPABHHUBAS HYJIO PE3YJBTAT, HOJYIHM B
anrebpanvecKux ypaBHEHHsI

{ 20(e(R) + Vi1) + B(2Se(R) + Vig + Vap) =

0,
a(2Se(R) 4 Vig 4 Vo) + 26(e(R) + Vo) = 0, (4.63)

8 Jlanmasg mporielypa aHaTOrHYHO HAXOKICHIIO 9KCTPeMyMa HeKOTOpoit hyHKINI, Ko-
I/1a MBI IPUPABHUBAEM HYJIIO €€ TIePBYIO TPOU3BOIHYIO. 3/1eCh Mbl UMeeM J1eJ10 He ¢ hYHK-
1ueit, a ¢ GYHKIMOHATIOM, [TO9TOMY YCIOBHE HAXOXK TEHUS IKCTPEMATbHOrO 3HadeHust Hhop-
MyJUPYeTCa WHade, 9eM s (DYHKINU, HO CMBICT OcTaeTcd TeM ke. O BapHAllMOHHOM
UCYUCTEHWN CM., HampuMmep, J1.9. Duascrombn. Juddepennnaibuble ypaBHEHUS U Bapua-
nnorHOe ncunciaenue. M.: Hayka, 1969. - 424 c.
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I/ BBeJIeHBbI 0003HAUEHUS

2
Vi :/ 1 ——=p1dv,
11 ©1 - B ©1
o2
‘/22:/902 paduv,
o2
sz/sol padv,

o2
Vor = /902 —p1dv,
™ — R|

S = /wlg@dv = /wzgpldv

YeaoBre HOpMUPOBKHU BOJIHOBO# byuKImu (4.60)

AR

B HallleM cnyqae HpI/IHI/IMaeT BUJI
o> +208S+ 6% =1. (4.64)

13 ycsioBusi HeTpuBHAJILHOCTH perienus: cucreMmbl (4.65), T.e. u3 paBeHcTBa
HYJIIO €€ TJIABHOTO OIpeJIe/IuTe s, MOJyIuM ajiredOpanieckoe ypaBHeHUe, U3
KOTOPOTO OIpeJIesIuM 3HadeHust SHeprun £ (R), COOTBETCTBYIONIE MUHUMY MY
dyHKIIMOHATA (4.62). 3areM W3 9TOW CHUCTEeMbl YpaBHEHWil /I HailIeHHBIX
suavenuit F(R) onpegenum, ucnosb3ys (4.64), mapamerpsl « u 3.
Wcronb3yst 3/uiMnTunyeckue KOOPAUHATHI, JIjIsI MATPUYHBIX 3JIEMEHTOB 110~
JIYIMM TaKue JKe BbIpazkeHwusi, 9To u Bbimie (4.56). [Ipunumvasi Bo BHUMaHue,
aro Vi3 = Voo u Vi = Vi, upescraBum cucremy ypasaenuii (4.63) B Buje

{ aVii+€)+B(Vig+ Se) =0

a(Viz + 8¢) + (Vi1 +¢) = 0 (4.65)

[IpupaBHUBas HY/IIO ITIABHBII OMPe/IeTUTETb 3TON CUCTEMBI, OJTYIAM CJIETy-
IOTIMEe BbIpazKeHus JJs SHEPTuit

e = Ey(R) — Eg — & = — e,
(4.66)

:EQ(R)—EO—% — vli ;/12.
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Jlasee, mojicTaBUB BhIpazKeHHe €1 B JII0O0Oe ypaBHeHue cucteMbl (4.66), mosy-
9UM, 9TO

a:/87

a UCIoJIb3ysl ycJoBrue HOpMUPOBKH (4.64), onpegennm o
1
V201 +S)

Bosnosast Gbynknus nameit Mozgesnbnoii cucremst (4.60) npunuMaer B, aHa-
JorugHeiit (4.46)

1 €1
Y1 = m(% + 12) exp <_Et> :

AHAJOrI9IHO JJIsI SHEPIUHU €9 MOJYIUM o = —[3, T (v = ﬁ U COOTBET-

CTBYIOIIAs BOJIHOBas (DYHKIMsI UMeeT Takoii ke Bu, Kak (4.47)

1 €2
Y = m(iﬁl — 1b3) exp <_Et> .

Cocrostust 11 u 1y, Takzke Kak u (4.46), (4.47), SABISAIOTCS CTAIMOHAPHBIMH.

BoinumeMm siubiii Bug suepruu E(R), OTCIUTBIBAST SHEPIUIO OT 3HATCHUS
coOCTBeHHOIT sHepruu aroma Bogopoja Eg, T.e. nonarag B (R) = E(R) —
Ey=¢ + %. DTa SHEPrusi COOTBETCTBYET COCTOSHUIO g

2(1+ =20 4 (1 —2p2) "
EI(R):E0+6—( p)e ( 3p)e.

4.67
R 1+ (1+p+3p2)er (4.67)

KOTODBIN COBHAAET C BBIpAXKEHHEM, MOJIYYeHHBIM Bbime (cp. ¢ Fi(R) u3
(4.57)).

[lpu p = 2,5 pannasg QyHKIMS MMEeT MUHAMYM M COCTOSHHE C SHEp-
rueit E; gaBisgercs ycroitduuBbiM. BosiHOBas (byHKIHSA 17 3TOTO COCTOAHHS
HA3BIBAETCSl CBA3BIBAIONIEH OpOUTATBI0. MUHAMYM SHEPIAH COOTBETCTBYET
MEZKSUIEPHOMY PACCTOSHHI0 R, = pag &~ 1,32 A. DKcrepuMenTANbHOE Ke
snauenne R, = 1,08 A. [?]. Dro pacxoxienue 0Gyc/10BIeHO IPyGOCTHIO JaH-
HOiT Bapmanuonnoit npoueaypbl. Corslacue ¢ 3KCHepUMEHTOM 3HAYUTEILHO
yarydrraercst, ecam B npobHoii dyukmun (4.60), HAPSAAY ¢ BapHAIMOHHBIMU
napamerpamu « u (3, BBeCTH TpeTuil mapamerp - 3hdeKTUBHBIN 3apsan z*
AP MOJIEKYIL.

Buauenune snepruu B munumyme Ey(R,,) = —0,9 3B. ITo cBoemy cmbicay
OHa, JI0JIZKHA ObITh paBHA SHEPIUH JAMCCONUAIMN HOHA MOJICKYJIbI BOAOPOIA Ha
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IIPOTOH U aTOM BOJIOPOJa, OJHAKO 3KCIepUMeHTaJIbHOe 3HaYeHue B TPH pasa
Gonbiie (2,65 5B). D10 pacxoxK/eHne TakzKe 00yCIOBIEHO TPYOOCTHIO MeTO-
Jda pacdeTa. Tem He Menee 1IOJIy4YE€HHbI€ De3YyJIbTaTbl MOXKHO HCIOJIb30BaTb
AJId Ka9eCTBEHHOI'0O MOHUMAaHUA ITPUPOAbI XUMHUYECKOH c¢Ba3u. B cocrognun
1) IJIOTHOCTH 3JIEKTPOHHOI'O 00JIaKa MaKCHMaJsIbHa B 0OJIaCTH HPOCTPAHCTBA
MezKJly S/IpaMU U CHCTeMa sIBJIseTcs ycroitunBoil (puc.12.2B).

B mpoTuBOmO/IOXKHOCTE 3TOMY 3Heprus [Lrr, cOOTBeTCTBYIOMIAsS COCTOS-
HUIO 177, HE UMeEeT MUHUMYyMa U BO3PACTAeT DU YMEHDbINEHUU PACCTOSTHUS
MEXK/Iy siIpaMu. DTO COCTOSIHWE HE YCTOINYINBO U (DYHKIUS ;7 HA3BIBAETCS
aHTI/ICBHCBbIBaIOHleﬁ Op6I/ITaJ'IbIO. B sTom cocrogannm QJIEKTPOHHAad MJIOTHOCTH
COCpeZI0TOYeHa B 00/IACTAX HPOCTPAHCTBA BHE MeKSJIePHOTO IMPOMEZKyTKa,
YTO U NPUBOJUT K OTTATKUBAHUIO Yacreii cucremsr (puc.12.2T).
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I'1aBa 5

Teopuda nzaydenuss 1 aTOMHbBIE
CIIEKTPbI
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I'1aBa 6

Couun
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I'maBa 7

JlonmostHeHE

7.0.1 OmnpiTel dpenxadTa

Apcrpuiickuii puznk DpeaxadT 3aHIMAJICS TONCKAMU MArHATHOTO MOHOITO-
Jig. OH HAOJII01aT JIBU2KEHHE YKeJIe3HBIX IIBIJINHOK B MArHUTHOM 1oJ1e. Korma
IBITMHKA 00JTy9Ya ach CUIBHBIM JIVIOM CBeTa, €€ JBHKeHHe H3MEeHSITOCh Ta-
KHM 00pa30M, KaK eCJan Obl CBET BBIOMBAJI C €€ MOBEPXHOCTH MATHUTHBINA 3a-
psii. Oubir He Hamen oobsicaenns (1987 r.) Pesynbrarer onbita Dpenxadra
OBLIN TTOATBEP K IEHBI APYTUMHU HE3aBUCUMBIMU MCCJIEI0BATEISIMU.

[Touemy snexkTpudeckuii 3apsy aBiasgercda auckperasiM? 1. Jlupak nckas
OTBET Ha 3TOT BOIPOC, HO HE HAIIE.

7.0.2 OmnpwiTer JIaypenca u bumca

Jlaypenc u Bumc (panee 1930 r.)1 IBITAIUCH PA30UTh KBAHT CBETA Ha JIBE Ya-
CTH IIpH IIOMOIIH 3aTBopa Keppa, KOoTopslil cpabaTsiai 3a Bpems 7 ~ 107 c.
Ecnu 661 cBeTOBast BoTHA OBL/Ia HENIPEPBIBHOI, KaK 3TO CJIeAyeT U3 Kaaccuie-
CKUX TIPEJICTABJICHUI, TO JUId ONpe/eJeHHbIX HHTEeHCUBHOCTE? cBeTa BpeMs
MIPOXOK/IEHUsI TIOJTHOTO KBaHTa SHEPTUHU ObLJIO Obl 3HAYUTEIHHO DOJIBIE, YeM
1072 ¢. CaenoBaTeabHO, MOXKHO OBLTO OB OKHIATH, UTO 3aTBOP pPa300beT
KBaHT cBeTa Ha Oojiee Menkue dacTu. OIBIT, OJHAKO, JaJl OTPUIATETbHBIN
pe3yabTar. OTCIoMa BOBHUK/IA THIIOTE3a, YTO KBAHT CBETA SIBJISETCS HeJIe/TH-
MOM nopuueil smepruu.

Heynaunbivu oKazanch Takzke BCe MOIMBITKH OOHAPYZKUTh HEIPePbIBHbII

'Wcrounnx- . Bom Ksanrosas Teopus. M.: TUOMJL. 1961. - 728 c. (c. 40)

2JIHTEHCUBHOCTD SI€KTPOMATHUTHON BOJHBI | = ﬁEQ. CremosaTenbHO, €CIN 3aTBOD
HMeEeT ILIOWAAL S, TO 3a BpeMs T 4epe3 Hero npoiaer nmopuus sueprund w = I75. Takum
obpazom, ecau I < f—g, TO 33 BpeMs tau depes3 3aTBOP MPOMIeT SHEPTUs MEHbINAS SHEPTHH
KBaHTa CBeTa JaHHON dacTorhl. (Moe npumenanue)
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xXapakTep mepegadn sHeprun. CienoBaTe/bHO, Iepexo KBAHTa U3 OIHON CH-
CTeMBI B JAPYLYIO ABJISETCS JIUCKPETHBIM IIPOIEcCOM. /IMCKpeTHOCTh KBAHTA
QHEPIruru n JUCKPETHOCTDL IIPpOHECCa IliepeJadu IHEPruu CBA3aHbl ME2K/Y CO-
ooit. [TosroMy Heb3si cuuTaTh, YTO B HPOIECCE MEpeladl KBAHTA SHEPIrUU
cucTeMa MepexouT Yepes MoCIe0BATeILHOCTL TPOMEXKYTOYHBIX COCTOSTHUIA,
B KOTOPBIX SHEPIHUs MEHSETCd HelpepblBHO. KBaHTOBBIN MPOLECC - 3TO JTHUC-
KPEeTHBIi aKT U OH SBJILETCI OJHUM U3 OCHOBHBIX CBOMCTB HAIIErO MHUPA.
Ero nesnb3s onucarb ¢ HOMOIIBIO KAKUX-TO JPYIHX HPOIECCOB. Ero mMoxKHO
Ha3BaTb 3JIEMEHTapPHBIM IIPOIECCOM.

CyH_[eCTBeHHOQ OTJINYNEe KBAaHTOBBIX 3aKOHOB OT KJIACCUYECKUX COCTOUT B
TOM, YTO KJIACCHYECKasi TEOPUs BCEr/Ia UMEET JIeJI0 C HEIPEPBIBHO M3MEHSIIO-
MIMMECS BeJIMYMHAME, a B KBAHTOBOI MeXaHUKe MBI UMEeM JIEJIO C HPepPhIB-
HBIMH, JUCKPETHBIME IIporeccaMu. [Ipyroe pasiamume MexKAy KJIACCHIECKOM
U KBaHTOBOI TEOPUSIMHU COCTOUT B TOM, YTO KJACCHYECKAs TEOPHs IOJIHO-
CTBIO OIIPEIe/ISIeT CBA3b MKy IepeMeHHbIMHI B JIF0OOT MOMEHT BpeMeHH, T.e.
MMeeT MeCTO MeXaHuIeCKuii (JaIIacOBCKUil) JeTepMUHI3M, & KBAHTOBbIE 3a-
KOHBI OIIPEIEJISIOT TOJBKO BEPOITHOCTH COOBITHII 110 38 aHHBIM HAYAJIbHBIM
YCJIOBHSIM.

Moe szameuanue. Kax 00pachums ¢ mouky 3penus HEOCAUMOCTU KEGH-
ma ceema sgpexm Kommona? Ilpu pacceanuu snepeus K6aHmMa MEHAECMCS,
oH wacmob ceoetll snepeuu omadaem saekmpony. Tom owce uau dpyeot xearm
ceema Mol umMeem nocae axma pacceanua? Ecau mom owce, mo smo o3nava-
em, “mo Mbl MOACEM 0EAUMD KEAHMBL, OMPLIBAA OM HUT KYCOUKU IHED2UL.
Imu coobpastcenus, Bom npuses das ussocmpayuu Heodbxodumocmu eeede-
HUA QUCKDPEMHOCTIU 8 ONUCGHUE IAEMEHMAPHHLEL NPOUECCO8, 00HAKO, GONPOC
OMHOCUMEALHO JEAUMOCTIU KEAHMA CEEMA OCMAEMCA.

147



OrsiaBJjieHue

1 Bo3HuKHOBEeHHE KBAHTOBBIX IPEICTABJICHUIA 1
1.1 KopmycKyasgpHO-BOTHOBOM JAYATU3IM . . . . « . . « o o o o . . . 5)
1.1.1  ITpobGsaema uzjydenusi abCOIIOTHO YEPHOIO TeJIa, .9
1.1.2  DorodpderT . . . . .. 13
1.1.3 9ddexkr Komnrona . . . . . . ... ... ... .. ... 16
1.1.4 T'mnore3a ne-Bpoiiasg u ee 3KcHepuMeHTAJILHOE IIOJ-
TBEPZKIICHUIE . . . . o o v v e e e e e e e e e 19
1.2 Teopusi bopa . . . . . . . ... 20
1.3 BoJsnosoit naker u runoresa je bpoisg . . . . ... L L 27
1.3.1 BoaHOBOI MakeT . . . . . . . . . .. 27
1.3.2 PacmiapiBanme BOJTHOBOTO MAKeTa . . . . . . . . . . . . . 32

2 Maremarnuyeckuii anmapar KBaHTOBOII MeXaHHKU M ero u-

3MYecKoe colepKaHue 37
2.1 Vpasuenune lpegunrepa . . . . . . . . . . ... 37
2.1.1 Pasymunbie ¢poOpMbl YpaBHEHUS JBUKEHUS MaTEPUAb-

HOW TOYKW B KJIACCHIECKOW MeXaHWKe. . . . . . . . . . 37
2.1.2 BoJsHOBag u reomerpuyecKas ONTHKA. Y paBHEHUe Jii-
00} €2 ) €2 Y 40
2.1.3 Ouruko - MeXaHUYECKAST AaHATOTHA. . . . . . . . . . . . 42
2.1.4 Vpasueuue [lpegunrepa. . . . . . . .. . ... .. .. 42
2.2  Q@usuyeckuit CMbICJ BOJTHOBOW (DYHKIUHA . . . . . . . . . . . . 44
2.2.1 YpaBHeHUEe HEMPEPBIBHOCTH . . . . . . « « o « o « . . . 44
2.2.2 1I1OTHOCTH M TOK BEPOATHOCTH . . . . . . . . . . . . . 46
2.2.3 llpuHnun cynmepmo3unuu COCTOAHUN . . . . . . . . . . . 48
2.3 Jluneitnble oneparopbl B KBAHTOBOW MeXaHUKE . . . . . . . . . 49
2.3.1 CamocoupsizKeHHBIE OMEPATOPBL . . . . . . . . . . . . . 49
2.3.2 CobcrBennbie (DYHKINN U COOCTBEHHBIE 3HAYEHUST OTTe-
PATOPOB . . & v v v i e e e e e e e e 56
2.4 CooTHoOIlIeHWe HEOMPEeAeTeHHOCTeH . . . . . . . . . . . . . . .. 68

148



2.4.1 VcyoBug, MpU KOTOPLIX HECKOJBKO (PU3HMIECKUX BEJIU-
YUH MOTYT WUMeETh Olpeje/ieHHble 3HAUYEHUS B OJTHOM

COCTOSTHUMU . . « « o v v e e it e e e e e e e e e e 68
2.4.2 Coornormrenne Heomnpeaesennocreit [eitzendbepra . . . . 69
Pemtenne ypaBuenus Illpegumarepa aJisi pOCTBIX CUCTEM 72
3.1 CrammoHapHble COCTOSTHUS KBAHTOBBIX CHCTEM. . . . . . . . . . 72
3.2 Tymmenbubiit apdext. . . . . . . ..o 75
3.2.1 Ksazuknaccuueckoe npubdmkenune. Popmyna amosa. . 75
3.2.2 Pacuer nmpo3pavHOCTH TOTEHIIHATLHBIX ODAphEPOB pas3-
JINYHOU (POPMBI: HIPSIMOYTOJIbHOM, TPEYTOJILHOM, mapa-
ODOJIMIECKOM. . . .« v v v o o i e e e e e e 81
3.3 llpgamoyrospHble MOTEHIHAIBL . . . . . « « o o o o v o oo o 84
3.3.1 IlpgamoyroiabHas CTYHEHBKA . . . . . « « . « « .« . . . 90
3.4 TapMOHUYECKUU OCTIMIIIATOD. .« « « « v v v v v e e e oo e e 92
3.5 JIBuzKeHHe 4aCTHUIIBI B EHTPAJIbHO-CUMMETPUYHOM 1oJie . . . . 98
3.5.1 Teopusi yrjioBOro MOMEHTA, . . . . . . + « « « o o o . . . 99
3.5.2  KBaHTOBBI pOTATOP . . . . .« . v v v 103
3.5.3 ATOM BOTOPOIA. . . . v v o v v e et e 107

ITpubaukennnvie meToapl penienusd ypaBueHud IlIpenunrepall6

4.1 CranuoHapHasg TeOpUd BOZMYIMEHUMA. . . . . . . . . . . . . .. 116
4.2 HecranyonapHas Teopusi BO3MYILEHUI - TeOpus 11epexoios. . . 122
4.3  Mojenb nona MoJsiekyJibl Bojiopojia. [lpupojga xumudeckoit cesa3u. 128
4.4 BapuainmoHHBI METO HAXO0XK/IEHWs CTAIIMOHAPHBIX cOCTOsHUA. 139
Teopus n3aydeHNss 1 aTOMHBIE CIIEKTPHI 144
Crnun 145
domosrHeHUE 146

7.0.1 OmuwiTer dpeHxadTa . . . . . ..o 146

7.0.2 Ompwiter Jlaypenca uw Bumca . . . . . . .. 000 146

149



