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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
KJIacCHYecKoil (pu3uku, saBuIoch gBienne ¢dporodddexra. OHo Hamwio OJe-
cramee obbaCHeHHe B TeOpuH, Ipeaoxkennoit A. Ditnmreiinom® B 1905 1.,
KOTOpasl OMMIpaIach Ha MPEINOI0KEeHTE, YTO He TOJTHKO OCIIIITATOPH 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~
cd 3JIGKTPOHOB TIPU MAJEHUN UX HA AHTHKATO/I — TaK HAa3bIBAEMOE TOPMO3HOE
PEHTIeHOBCKOe u3JjiydeHue. BoJibiiyio pojib B (pu3uke chirpaJi, OTKPbIThI B
1887 r. I'. Tepuem'®, reneparop 31€KTPOMAarHUTHOTO W31y YeHUs — SJeKTPuIe-
CKUIi JUTIOJIH ¢ TIEPeMEeHHBIM JUIOIBHBIM MOMeHTOM (BubGparop epua). Tepir
TakzKe pa3paboTas TeOpHIO M3JIydeHUs TAaKOoro BHOpaTopa, COIVIACHO KOTO-
POii, MOIITHOCTH 3TOTO U3TYUYeHUS MPSIMO MPOIOPIUOHATBHO KBAIPATy YCKO-
PEeHUs 3apsI0B, COBEPITAIONINX KOIeOaHus B dMeKTpudecKoM autnose. Cpe-
Hsisl SHEPIUsl U3JIyYeHUs OCIUJIJIMPYIONIEro JIMIOJILHOTO MOMEHTA 33 € IUHUILY
BpeMeHH Bbraucsiercs mno dpopmye |f1]

9 —
I=— p% (1.1)
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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
€1oco0O ero BO3HUKHOBEHUSI.

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 9TOM HET HEOOXOIMMOCTH, JOCTATOYHO TPEJIINOI0KUATh, ITO 000-
JIOUKa HeIlpo3pavHa Jijid JIOObIX JauH BoJH. [lycTh BHyTpH 0607109KH Oy/1eT
BaKyyM, a TeJjia HeIOCPEeJICTBEHHO He KOHTAKTUPYIOT JAPYT C JPYTOM U C IO-
BEPXHOCTHIO 000TOUKH. DTH Testa OYAYT U3IYIaTh U TOTIOMATE YJIeKTPOMAr-
HUTHBIE BOJIHBI U TaKUM 00pa30M OOMEHUBATHCS SHEPIHEil JPYTr ¢ JPYTOM.
OmbIT MOKa3bIBAET, YTO PAHO WM TO3HO HACTYMHUT TEIJIOBOE PaBHOBECHE,
T.e. TeMIIEPATypPbl BCEX TeJ U OOOJIOYKH CTAHYT OJMHAKOBBIMU. DTO O3HA-
YaeT, YTO Teja U3JYy4YaloT U IOIJIOMAI0T OJUHAKOBOE KOJTUYECTBO SHEPIUU B
eJINHUILY BPeMeHH, T.€ STU TeJIa HaXOIITC B TEILJIOBOM PABHOBECUU HE TOTHKO
APYr € JIPYI'OM, HO U C 3JIEKTPOMAlrHUTHBIM I10JIeM, CYIIECTBYIOIIUM BHYTPHU
000/104KH.

3/1ech BOBHUKAET BIOJIHE 3aKOHOMEPHBIH Bonpoc. JlomycTuM, ycTaHOBHB-
Iasgcs paBHOBECHAas TeMIepaTypa B 9Toil cucteMe paBHa 1. Kakos mpu sTom
OyIeT CIeKTpaabHBIi COCTaB PAaBHOBECHOI'O JIEKTPOMATHUTHOIO IO B IO-
JIOCTHU ¥ KQKOBO Oy/IeT pacipee/ieHue SHEPTUH ITOTO IMOJIsl 110 €10 9aCTOTHBIM
KOMIIOHEHTaM?! DTO W ecTh Ta mpobjemMa — mpobiiemMa H3JIydeHust abCcoaT-
HO YepHOTOo Teja, penienue koTopoit npuseso M. [Lnanka K HEOOXOAMMOCTH
BBEJICHUS TY2KJIO0# /I KJIACCHYECKOl (bu3nKe Hjiew JUCKPETHOCTU H3JIyde-
HUA W TOTJIOIIEHHS JUMOJbHBIX OCIHULIATOPOB. B WeM ke cyThb mpoOeMbl?
s orBeTa Ha ITOT BOIPOC HEOOXOJAUMO OOCY/IMTH Pe3y/ibTaT, 10JIyYeHHbI
KJIACCUYEeCKO (DPU3UKOI IIPU TOIMBITKE PACCUUTATDH CIIEKTPAJIbHYIO ILJIOTHOCTD
PABHOBECHOTO W3JIy4deHusi aDCOIOTHO Y€PHOTO TeJia.

3°. 3akon Kupxrodga'®. OcnoppiBagch Ha 3aKOHaX TepPMOIMHAMUKH
Kupxrod mokaszaj, 4To mpu HpU MOCTOSHHOI TeMIepaTrype CIeKTpaibHasd
ILTOTHOCTH TEILIOBOTO U3MYUEHUs P, TeJ, HAXOAAIINXCS BHYTPH MOJOCTH, CO-
BEPIIEHHO HE€ 3aBUCUT OT HPUPOJbI U CBOMCTB 3THUX TeJ, a TakKzKe CTEHOK
MOJIOCTU. DTAa OCOOEHHOCTH PABHOBECHOTO TEILJIOBOTO W3JIYU€HUsI BBITEKAET

15Tycras Pobept Kupxrod (12.03.1824 - 17.10.1887) — nemenkuii dpusnk, uien Bepinn-
ckoit AH. Paborsl nocssauenst anekrpudecrsy (npasuia Kupxroda), onruke (cuekrpasib-
HBI aHaMu3), OTKPbLI 3jmeMenThl nesuit (1860) u py6umuit (1861), orkpbul oOparieHue
CIIEKTPOB U OOBSCHWI TIPUPOIY (bpayHrodepOBbIX JIMHMUIA.



13 BTOPOro Hadaja TepMmojuHaMuku'®. JleficTBUTeILHO, IPOBEIeM paccy K-
JleHre OT MPOTHBHOrO. /I0mycTHM, 9TO CleKTpaabHas MIOTHOCTD MPH TEILTO-
BOM PABHOBECUHU KAKMM-JIIO0 00PA30M 3aBHCHT OT IIPUPO/LI TEJI, 3aK/II09€H-
HBIX B 9TOM IIOJIOCTH. BO3BM€M AB€ PaBHOBECHbIE IIOJIOCTHU, HAXOAAIIUECHd IIPU
OJIMHAKOBOII TeMIiepaType, HO 3aK/II0YA0NNe BHYTPU ce0st Pa3IndHble TeJia.
Ecan 0Bl yIaJ0Ch OCYHNIECTBHTH COOOINEHHE MeXKJIy STHUMHU ITOJOCTIMH, TO
HAa4YaIbHOE PABHOBECHE B HUX HAPYIIUIOCH Obl M IPHUBEIO K YCTAHOBJIEHHIO
HOBOT'O PAaBHOBECHOI'O COCTOSIHUSI, KOTOPOE COIPOBOXK/AJIOCH Obl BO3SHHUKHO-
BEHHEM MEXK Iy IOJIOCTSIMU PAa3HOCTU Temieparyp. B cBs3u ¢ Tem, 910 3T1a
PA3HOCTH TeMIEpPATypP OblLIa ObI CAMOIO/IIEPKUBAIOIIENHCST, TO €€ MOYKHO ObI-
Jio OBl HCIIOJIL30BATh JJIsi COBEpIIeHHs PabOTHI U CO3/1aTh, TAKUM 00Pa30oM,
perpetuum mobile BToporo poza.

O6o3naunM [, BEIUYUNHY SHEPTHH, KOTOPOEe U3IydaeT Ha YacToTe U, Ha-
rperoe J10 Temieparypbl T Tejao ¢ eJMHUIbl CBOEH MOBEPXHOCTU B €IMHUILY
BPEMEHU B €JMHUILY TeJecHOTo yria. [locpeacrBom A, obosHaunm ko3 du-
IIIEHT IOIJIOIIEHNs TeJjia, KOTOPBI paBeH OTHOIIEHHWO IOIJIONAEeMOIl Te1oM
SHEPIuH K BeJNYnHe dHepruu, majgatomnieii Ha Tesno. Torma 3akon Kupxroda
GOPMYTHPYETCS TaK: OMHOWEHUE AYUEUCNYCKAMEADHOT CROCOOHOCTU Ted
I, x €20 nozaouamenvroti cnocobnocmu A, 00unaro6o das ecex men U A6-
AAEMCA YHUBEPCAALHOT PYHKUUET MOALKO wacmomb, u memnepamypout. 11o
OIIPE/IEJIEHUIO TeJIO HA3LIBAeTCA abCOIOTHO YePHBIM, €CJIH JIJId BCeX 9acTOT
u temneparyp A, = 1. Ecaun gydencoyckaTeabHYO CIOCOOHOCTH aDCOTIOTHO
YEepHOro Tejla 0003HAYUT %, TO 3aKOH Kupxroda MOKHO chopMyTHpOBATDH
TaK: OMHOULEHUE AYYEUCNYCKAMEAbHol cnocobrocmu meaa I, K e2o noano-
wamenavrotl cnocobhocmu A, 00UuHAK0B80 0Af 6CET MEA U ABAACMCA YHU-
8ePCanvHoll PyHKyuetd MOALKO 4aCMOMbL U MEMNEPAMYPBL, PABHOT UCNYC-
KameavHot cnocobrocmu abcortommo wepro2o meaa i, OCHOBHOM BBIBOJ, K
KOTOPOMY HMPHBOIUT 3aK0oH Kupxroda u 3aKM0YAOMNICI B TOM, YTO CIIEK-
TpaJibHad IIJIOTHOCTDb U3JIYy1C€HU A a6COJIIOTHO YEPpHOI'O TeJla dBJIdeTCd YHUBEP-
caJibHOM (pyHKIHMEH TOJBKO YacTOThl U TEeMIEPaTypPbl, MOXKeT ObITh 3aliCaH
caeayomum obpazom [f2]

pV:F(V,T), (1'2)

rie F(v,T) - HekoTOpast Heolpe/ ie/ieHHas yHUBepcaabHas (pyHKius. 113 3ro-
ro 3aKOHA CIeIyeT, 9TO PABHOBECHOE M3IyYeHHe B MOJOCTH He 3aBHCUT He
TOJBKO OT MaTephajia €€ CTEeHOK W TeJs, 3aKJIIYEeHHBIX B Heil, HO TaK:Ke He
3aBUCUT U OT (POPMBI MOJOCTH.

Sakon Kupxroda ceirpaJl cymecTBEHHYIO POJib B TEOPETUYECKOM pac-
CMOTPEeHHUHU IMPOOJeMbl U3/IyUeHHs YepPHOrO Tejia, MO3BOJHUB, B YaCTHOCTH,
BBECTH IIPEIIOI0KEHHe, YTO MAaTepHaJ CTeHOK ITOJOCTH W TN, 3aKTI0YeH-

6cm. 9.B. Inonabekuii. Atomnas dusuka. T.1. M.: Hayxka, 1974. - 575 c. §82.



HBIX BHYTPH Hee, IIPEJICTABIACT CO0O CHCTeMY JUMOIBHBIX OCHUILIATOPOB,
OTBETCTBEHHBIX 32 M3JIyUeHHE U IOIVIONICHHE 3/IeKTPOMATHUTHBIX BOJIH.

4°. 3akOoHbI N3JIydYeHNd abCOJIIOTHO YE€pPHOTrO TeJia.
Bakon Credana - Boabmmana. B 1879 r. Credpanom!” smmupuaeckn 6b11
YCTAHOBJIEH 3aKOH — M3/IydaTebHasd CIOCOOHOCTL YepHBIX TeJs IPOIOPIHO-
HAJIbHA YeTBEPTOli cremnenu remmeparypsi [f3]

u=oT*, (1.3)

re U - MHTerpaJibHasl MJIOTHOCTh W3JIyUYeHUsT 9epHOTO Teja, 1’ - Temieparypa
TeJia, 0 - MOCTOSHHA.

Yepes nath J1eT, B 1884 1., Boibnman'® momyumnm sToT pesyabraT TeopeTn-
YECKU U3 TePMOJIMHAMUYECKUX COOOpaKeHuil u 1okasaJi, 4To Jijisd abCoI0THO
YEPHbLIX Te€JI OH BBINIOJIHAECTCA COBEPIIEHHO TOYHO.

Teopema u 3akoH cmemnenus Bura. B 1893 - 1894 rr. B. Bun jno-
Ka3aJjl, 9YTO paBHOBECHOE U3JIydeHHe, 3aKJI0YeHHOe B 000JI0YKEe C HJIeabHO
OTPaKaIOIMUMHI CTEeHKaMHU, Oy/IeT 0CTaBaThCsS PABHOBECHBIM ITPU KBAa3UCTATH-
YECKOM CZKATHU WIH PacIupennn 060104k (Teopema Buna). Mcnonb3ys sty
TeopeMy M OCHOBbIBadACb Ha TEPMOJUHAMHUYICCKUX COO6pa)KeHI/I${X7 a TaKzKe
MPUBJIEKAs JIEKTPOMArHUTHYIO TEOPUIO CBeTa, BUH yCTAaHOBUJI CJIE/IYIONLYIO

dopyy |14 )
p, =V*F <T) , (1.4)

rae F(%) - nexkoropas yHuBepcasibHas (YHKIHUS, B KOTOPOH apryMeHTOM
ABJII€TCS OTHOIIEHUE YaCTOTHI W3JIydeHUs v U TemmnepaTypbl 1. PackpbiTh
BH/JT 3TOIl (DYHKIINU, OCHOBBIBASCH TOJTBKO HA TePMOJMHAMUKE, T.e. O3 mpu-
BJleYeHUs KaKUX-JInb0 I'UIIOTe3 O MOJIEKYJISPHOM MeXaHU3Me HMCILyCKAHUS U
HOTJIONIEHUS U3YUYEHUs TEJIOM, OKa3a/J10Ch HEBO3MOXKHBIM. 13 310it hopmy.ibl
craenyer 3akon Credana - Boibimana, B 4eMm Jilerko yOeJIuThCsI, BHIYHUC/INB
UHTErpaJbHYyIO IJIOTHOCTb U3JTy9YeHHs

o0

U= /p,/dl/,

0

"Nozed Credan (24.03.1835-07.01.1893) — aBcrpumiickmit dbusuk, wien ABCTPHACKOi
AH. Hupekrop u pexrop MucruryTa 3xcnepumenTaibHoil pusnku Benckoro ynusepcure-
ta. Pazpaboran teoputo nuddysun razos. Uzydan TemmonpoBOAHOCTD ra30B.

18 Mionpur Bombmman (20.02.1844 - 05.09.1906) — ascTpuiicknii hbU3HK-TEOPETHK, OTUH
M3 OCHOBOIIOJIOXKHUKOB KJIACCHYIECKOM cTaTucTudeckoil ¢gpmzuku, uien Apcrpuiickoit AH.
Brickazan 3proguveckyio UmoTe3y, BbIBEJI OCHOBHOE KHHETHYECKOE YPABHEHWE WIEAJb-
HBIX T'a30B, CBA3aJI SHTPONUIO CHCTEMBI C BEPOATHOCTHIO €€ COCTOSHUSA M JTOKA3aJ CTATH-
CTUYECKUI XapaKkTep BTOPOTO HAYajIa TepMoauHaMuku, cchopmymuposan H - Teopemy, u3
TEPMOIUHAMUYECKUX COODPAYKEHMIT BBIBEJ CYIIECTBOBAHNE TABJICHUST CBETA.



BBeJisl TPH 9TOM HOBYIO mepemennyto & = v/T u obo3Havyass HHTErpa
% ¢3 _
Jo EPF(&)d¢ = o gepes mocrogumyio Credana - Bosbivara.

13 oueBuHOrO yeaosus p,dv = prdA, ¢ ucnonb3osanuem ¢ynknun (1.4),
CJIEJLyeT, YCTaHOBJIEHHBIN TaK»Ke IKCIEePUMEHTAILHO, 3aKOH CMelleHns Buua
[£5]

Amazd = const = b, (1.5)

npudeM u3 u3MepeHuil m3BectHo, uro b = 0.2898 [cm-K|. Bakon cmernrenus
Buna oupejeiisier uamenenue (CMelieHre) MaKCUMyMa u3J/1ydenus (T.e. Jiiu-
HBI BOJIHBI, HA KOTOPOil HAOJII0JaeTCAd MAaKCUMAJIbHAasd MWHTEHCUBHOCThH U3JLy-
Y€HUsT) PU U3MEHEHUN TEMIIEPATYPhI TeJIa.

B 1896 r. Bun, ocHOBBIBasich Ha THUIIOTE3e O TOM, UTO pacIpejeeHne
SHEPI'HH JeKTPOMATHATHOIO U3/Iy9IeHHUS [0 YACTOTAM aHAJOIHMIHO MAKCBeI-
JIOBCKOMY PACIPEIETCHIIO MOJICKY Ta3a M0 CKOPOCTAM, IPEITOKAT (hopMy-

JIy JJIst OIMCAHMSL CHEKTPAJIBHOI IJIOTHOCTU U3J1y4eHus: aBCOMIOTHO YEPHOIO
tesa |{6]

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

IJe €1 U Co - OCTOAHHBIE. DTa (hpopMyIa jJaBajia KaueCTBEHHOE COTIacHe Teo-
PETHYECKON ¥ 9KCHEPUMEHTAJIBHON KPUBbIX PACIPE/IE/JIeHUS SHEPIUU B CIIEK-
Tpe u3JIiydeHuss abCOTIOTHO YEePHOTO Tejia, T.€. JaBajia, MAKCUMYM Ha KPHUBOM
sroro pacnpezenenus (puc. 1.1). OnHAKO KOJIMYECTBEHHOE COTJIACHE C JaH-
HBIMH KCIIepHUMeHTa HabJII0/Ia/10Ch TOJBKO B 00J1aCTH BBICOKMX YaCTOT WJIH
KOPOTKHX JJIUH BOJIH. Kpome 3Toro, Heobxoaumo ObLIO elre 000CHOBATL I'H-
MoTe3y, UCIOTH30BAHHYO TIPH BBIBOJE hopmysl (1.6).

5°. ®opmyna Pages - I>xuaca. dra dpopmysia Oblia MOIydeHaA C I10-
MOIIBIO TEOPEMBI O PABHOMEPHOM PACIIPeIeIeHIN SHEPIUH 10 CTEMeHsIM CBO-
607161 pusmdeckoit cucreMbl. CoryiacHo TOi TeopeMe, CpeTHsIsl SHEePrus MpH-
XOJIAIIASACI Ha OJIHY CTeIeHb CBOOOIBI paBHA %kT. Yare Bcero mo suepruei
Mo/Ipa3yMeBaeTCsd KMHeTH4IecKas dHeprus cucteMbl. OHAKO, B HEKOTOPBIX
CIydasX, MCIOJIb3ysl TEOPEeMYy BHPHAJa, MOXKHO HANTH CBSI3b MEXKIy CpPejl-
Hell KWHeTHYecKoi n cpe iHeil moTeHnuaJIbLHOI sHeprueit cucrembl. Hanpumep,
JIJI TAPMOHUYECKOTO OCIHUJIISITOPA €0 Cpe/iHsdsd KHHeTHIeCKas SHePIus paB-
Ha ero cpejHeil moTeHnuaabHoi sneprun. CaegoBaTeIbHO, Ha CTEIIeHb CBOOO-
JIBI, COOTBETCTBYIONIYI0 TAPMOHIUYIECKOMY OCIUJLIATOPY HPUXOIUTCA SHEPTHS
pBaHast %kT + %kT =KkT.

Psieit BepBbie BOCIO/IB30BAJICS TEOPEMOil O PABHOMEDHOM PACIpe/iesie-
HAW SHEPTUU MO CTENeHsIM CBOOOIBI JJIst BHIUNCIEHHUS MJIOTHOCTH JIEKTPO-
MarHuTHONW SHEPIUd B 3aMKHYTOi moJiocTH. Vges cocTosia B CI€IyIONIEM.
[IycTh nMeeTcst HEKad MOJOCTh, He COJAEpIKAIasg MaTepUH U UMEIOIasd 3ep-
KaJIbHO OTparkKalolllie CTeHKH, KOTOpble Harperbl jio Temieparypbl 1. Biia-
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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-
AeHue, noayvennoe no dopmyse Hranka coenadaem ¢ sKCNEPUMEHMAALHO HAOAI0IGEMBIM

rojaps U3JIy9IeHHI0 CTEHOK, BHYTPH IIOJOCTH Oy/IeT CYmeCTBOBATL 3JIEKTPO-
MarHuTHOE I0JIe. DTO TOJIe MOXKHO PA3I0KUTh HA CHCTEMY CTOSYNX BOJH
paB.HI/ILIHOﬁ YaCTOTbI U PA3HOI'O HallpaBJICHU . Ka)l(ﬂaﬂ TaKad CTOdYad BOJIHA
U TPEeJCTaBIsSIeT COOON S/IeMEHTAPHOE COCTOSIHUE JIEKTPOMATHUTHOTO TIOJISI.
Torga, corytacHO TeopeMe 0 paBHOMEPHOM PACIpeIeIeHIN YHEPTHH, HA KaK-
JIYIO CTOSIYIO BOJIHY JIOJIZKHA IPUXOIUTHCS dHeprus, paBHas k1, mo %kT HA
CPEIHIOI YHEPIUI0 3JEKTPUUIECKOr0 W MarHUTHOro moseil. CiemoBaTenbHO,
BbIYMCJ/IEHUE SHEPI'UU 110JId JJid UHTEepBaJia 4acToOT OT V A0 V -+ dl/ CBOJUTCHA
K OTBICKaAHHIO YHCJIa dJIEMEHTAaPHbIX CTOAYUX BOJIH U3 3a/JaHHOTI'O MHTEPBaJla
qacror. Takoit mojacuer 0T ocymecTriaen J[xkuHacom, a KoHedHast hopMmysia
nostyunia Hazsauue (opmyss Pases - Txkunca [{7]

82
Pv =

= KT, (1.7)
IJIe ¢ - CKOPOCTB CBeTa. DTa (popMyJia JaBaJja pe3yabTaThl, COTJIACYIONINECd C
9KCIIePUMEHTATBHBIMI TOJTBKO B 001aCTH HU3KUX YacCTOT. B 0071aCTH BHICOKHX
4acTOT HADJIIOIAI0Ch KpUTHIECKOe pacxox aenne (puc. 1.1). JeiicrBuresnbHo,
cormacio dopmyste (1.7), nHTErpasbHasi MIOTHOCTH MU3JIYYeHHsT aDCOTIOTHO
YEepPHOI'0 TeJ1a paBHA OECKOHEYHOCTU. DTO O3HAYAET, UYTO OCIUIIATOPHI U3JTY-
JaoIIero Teja JOJXKHBI U3/IyvYaTh JHEPTUIO JI0 TeX MOop, MMOKa UX TeMIepaTy-
pa He JOCTUTHET aOCOJIOTHOTO HY/d. DTOT BBIBOJ HAXOIUTCHI B BOIHUIONIEM
IIPOTHBOPEYNH C OIBITOM, KOTOPBI MOKA3bIBAET, YTO, BO-TIEPBHIX, PABHOBECHE
MeYK/ly M3JIy9eHHeM W ero MarTepuaabHbIMH IEeHTPAMHU MOYKET ObITh JIOCTUI-

10



HYTO NpH JI000H TeMIlepaTrype U, BO-BTOPBIX, ONBIT MOKA3bIBAET, YTO IMpHU
PaBHOBECUHU ILJIOTHOCTD SHEPIUU M3JIYUEHHS MaJja IO CPaBHEHHUIO C ILJIOTHO-
CTHIO YHEPIUU, 3aKJIIOYEHHOI B MaTepuaJ/bubix Tesiax. [Io obpaznomy Bbipa-
xxeunio 1. Dpendecra, TOT BBIBOJ, YTO OCHOBHASI YACTh YHEPIUH B CIIEKTPE
M3JIy9eHns: aDCOIOTHO YePHOTO TeJIa JOJIKHA, TIPUXOINTHCA HA KOPOTKOBOI-
HOBYIO 00J1aCTh CIEKTpa, ObLT Ha3BaH 'yabTpaduoaeToBoil KaracTpodoii'.
Jlopenn'?, roBopsa 06 3Toit Ipobieme, oTMedas, uTo "ypaBHeHHs KaaccHde-
CKOM (pU3MKKM OKa3a/IMCh HECIIOCOOHBIMU OO'bSCHUTDH, 1HOYEMY yracuias ledb
HE MCIYCKAeT KeJITHIX JIydell Hapsiy ¢ u3JydeHuem OoJiee JJTUHHBIX BOJTH'.

6°. @opmyna llmanka. Popmysna Panes - J[xunca coorBercTBOBAJIA
9KCIIEPUMEHTAJbHBIM JJAHHBIM B 00JIACTH HU3KUX YacTOT, a ¢opmyaa Bu-
Ha — B 00JIACTH BBICOKHX YaCTOT, HO OHHM HE OIHUCBHIBAJIU BCIO SKCIEPUMEH-
TAIbHYIO KPUBYIO CIIEKTPATbHON ITOTHOCTH U3IYyUeHUsT aDCOTIOTHO Y€PHOTO
rejqa. [lranky, cHagasa 9ucTO SMIUPUIECKH, YIAJIOCH HailTu (hopmyy, KO-
TOpasdA XOPOHIIO COIVIaCOBbIBaJIaCh C JaHHBIMHU OIIbITa U B ABYX IpedeJIbHBIX
caydagx nepexogunaa oo B dopmyiny Panes - xunca, mudo B dpopmyry
Buna. Takum obpazom Il1ank Halres MaTeMaTHueCKOe BhIpaKeHHe 3aKOHA,
pacmpeeseHnst SHEPIUNd B CHEKTpe abCOTI0OTHO depHOoro Tema. OaHAaKO, I
TEOPETHYECKOI'0 BbIBOJIA 3TOM (DOPMYJIbI HEOOXOIMMO ObLIO C/IeJIaTh ITPEeIIO-
JIOZKeHne, abCOTIOTHO HEMpUeMJIeMOe C TOYKHU 3PEeHUsi BCell CHUCTeMBI TpPeji-
crapjeHnil Kiaaccudeckoil dusuku. Heobxoaumo OBLIO HpeIIoI0KUTh, 9TO
SHEPIHsl MUKPOCKOIUIECKUX OOBEKTOB (ATOMOB M MOJIEKYJ), KOTOPbIE MO-
JIeJTUPOBATUCEH JJIEMEHTAPHBIMHA JTUTIOIBHBIME OCIIULIATOPAME (BHOPATOPBI
[epria), MOKeT MPUHUMATDH TOJBKO OLPEJIeIeHHbIE, IUCKPeTHbIe 3HaYeHus . C
TOYKH 3PEHUA KJ1aCCUu4eCcKOM (1)I/I3I/IKI/I 9TO HEBO3MOZKHO — ,ﬂI/IHOJIbeIfI OCIIJI-
JIITOP MOYKeT WMeTh, TOTJIONMATh W W3JIy9aTh, TPUYEM HEIPephIBHO, JIIOOYIO
suepruto (em. (1.1)).

[Nunotesa [Inanka popmymupyercs ciaeayonum oopaszoM. lumorbHbie oc-
HUJIJIATOPBI MOI'yT HAXOAUTbHCA TOJIBKO B HEKOTOPbIX I/I36paHHbIX COCTOAHUAX,

YXenmpux Anrom Jlopenm (18.07.1853 - 04.02.1928) - mnmaepianickuii busmk-
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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B KOTOPBIX UX YHEPTHs SIBJIAETCS MEJIbIM KPATHBIM HAUMEHBIIEro KOJTNIeCTBA
SHEPIUN € :
€0y 260, +ory TVEQ, -

IPA U3JIyYeHUU WA TOTJIOMEHUN OCIUJIATOPHI NEPEXOAAT U3 OJHUX COCTO-
SHUN B JPyTUe CKAYKOM, MUHYS TTPOMEYKYTOUYHBIE COCTOSTHUSI.

Ha ocHoBanuu cBoeit runore3nl [L1ank BeiBes1 (hopMy/Ty /IS CIIEKTPaAJIb-
HO¥i IJIOTHOCTH U3JIyYeHUs abCOTIOTHO Y€PHOrO Tea B caenyomem Bue [f8|

2
8y €0

CS 660/k’T_ 1

Pv = (1'8)
B cuny Toro, uro mobas npaBuiabHas (popMysia U3aydeHnss abDCOJTIOTHO dep-
HOTO TeJIa JIOJIZKHA YJI0BJIETBOPSTH TEPMOJANHAMUYECKOMY 3aKoHy Buna (1.4),
TO, OYEBHUIHO, JJIs yaoBieTBoperust dbopmybr (1.8) sTomy 3akoHy, HEOOXO-

JIUMO TPUHATD, 9T0 [{9]
€0 = hV, (19)

rie h — HeKOoTOpas MOCTOSHHAS, UMEIOIIAsd PA3MEPHOCTD JIHCTBUS [SHEPrHst
x Bpewmst|. Takum o6paszom nostydaercst xopoino u3sectaas dhopmysa [lianka
[£10]
Sthy? 1
Pv= "3 chujkT _1°

(1.10)

YHuBepcajibHas nocrosiiaast h — nocrosinnast [lianka — sBisiercs dysaa-
MeHTaIbHO# u3ndeckoii mocrosinuoit. Ee unciioBoe 3nadenne Moxker ObITH
OIIpeiesIeHO SKCIEePUMEHTAIbHO pa3JIMmIHbIME ciiocobaMu. B Hacrtosiiee Bpe-
Ms IPUHATO caeayiomee 3Hadenne h = 6.626176 10727 spr-c.

Qopmyna Panesa - Jlxkunca Oblia HoJTydeHa HA OCHOBAHUU TEOPEMBI O
PaBHOMEPHOM PAacCIIpe/ie/IeHUU SHEPI'uU 110 CTeleHsiM CBO0O/Ibl (DU3MIECKOi
CUCTEMBI, IIPH ITOM JIJIsi SJIEKTPOMATHUTHOTO TIOJISI HA KaXKIYIO CTeleHb CBO-
00161 TPUXOAUTCS dHEprusi paBHas € = k7. B cmay Toro, 4to BeqmunHa
8tv?/c3 onpenensger 4ucao cremeneii cBoOOALI IEKTPOMATHUTHOTO MO B
HHTEepBaJje YacToT OT V J0 V + dv, To u3 dopmynsl [ln1anka cieayer BbI-
BOJI, O TOM, YTO CPeJHss JHEePIUsi, HPUXOJAIIALACH HA OJHY CTelleHb CBOOO/IbI,
HE OJINHAKOBA JIJI CTOSIIUX BOJIH C PA3JUIHBIMU 9acTOTaMU. A WMEHHO, U3
dopmyssr [Tnanka cremyer, aro [f11]

hv

OTciofa BUJIHO, 9YTO C POCTOM V BeJIMYUHA € OBICTPO yOBIBAET, YeM U 00bsIC-
HSIETCS KOHEYHOCTD BEJIMYNHBI HHTEIPATBHON IOTHOCTH U3y YeHI 9ePHOTO
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tesa. Takum obpasom, dhopmyna [lnanka HaxoauTca B rirybOKOM MPOTHBOPE-
YU C TEOPEMOil O PABHOMEPHOM pPAaCIIpeleIeHHH SHEPTHH 110 CTeIeHIM CBO-
0011, KOTOpAsi, B CBOIO 0OY€PE/Ib, OCHOBAHA HA KJIACCUYECKON CTATHCTUIECKOIT
dusuke.

B 3aKJIIOYEeHUn OTMEeTUM, 4YTO IJId I/IHTeraﬂbHOﬁ IJIOTHOCTU H3JIy4YEeHUA
u3 dopmyasl [lnanka ciaeayer 3akon Credana - Boabimana [f12]

k‘4
u= 51.84%#, (1.12)

4
rie nocrosaHas Credana - BoabnMana o = 51.84;’713 BbIpaXKaeTcs 4depes

(byH,ZLaMeHTaJ'[beIe HOCTOAHHBIC, YTO MO2KHO UCITIOJIB30BaTh JAJIAd 9KCIIEPUMEH-
TaJIbHOT'O OIIpeae/IeHu A 3HAUYEHN 9TUX KOHCTAHT.

1.1.2 ®orodddeKT

[IpoBoas SKCHEepUMEHTHhI ¢ HCKPOBBIM paspsmaoMm, [. T'epr B 1887 1. obHapy-
2K1JI, 4TO IPOCKaKUBAaHUE HCKDPbI ME2K/AY JIEKTPOJdaMU Pa3PAJHUKA 3HAYHN-
TEJIbHO 00JIervaeTcCsi, €CJIU OTPUIATEIBHBIN 3JIeKTPOJL, 00/IydaTh YabTpaduo-
JIETOBBIM HU3JydeHueM. B cieyroimiem rojgy 3To sgBjieHHe OBLIO HE3aBHCHMO
oTkpbiTo BHOBL [anbakcom®, Purn®!' u Croneroseim??. CyThb sBIeHHA CO-
CTOUT B BLIOMBAHUHU JTEKTPOHOB C TOBEPXHOCTH MeTAJ LA IPU OOJTYIeHUHT €ro
QJIEKTPOMAI'HUTHBIM HU3JIy4Y€HUEM HO,Z[XO,ZLHIL[GI;’I 4aCcTOThl — TaK Ha3blBaeMblid
BHerHui (poToaddexT.

B pesyabrare MHOTOYHC/IEHHBIX OIIBITOB OBLIO YCTAHOBJEHO, YTO KHHE-
THYECKasi SHEPrUusl BBIOUTHIX JIEKTPOHOB HE 3aBUCUT OT MHTEHCUBHOCTHU IIO-
TOKa M3JIYUeHHs, TaJal0NMero Ha MOBepXHOCTh MeTasna. OT HHTEeHCHBHOCTH
3aBUCHT JIMIIb YUCJIO BHIOMTHIX 3JeKTPOHOB (Besmdnua GoTOTOKA), HPUIEM
9Ta 3aBUCUMOCTH SIBJISIETCS CTPOTrO MPOMOPIUOHAIBHOM. CKOPOCTH BHIOUTHIX
JIEKTPOHOB 3aBUCUT TOJIBKO OT YaCTOTHI U3JIYYC€HUA, a UMEHHO, C YBCJINYCHHN-
eéM JaCTOTBI JIUHEHHO BO3pacTaeT M KUHETHUYECKAasl SHEPTHs BBIOUTHIX /K-

2Bunbrennm Jlionpur ®Opann Famseake (09.07.1859 - 20.06.1922) - memenxuit Gpuznk
skcrepuMenTarop. llokazasn, 9To MeTajnaudeckas IJIACTHHKA PU OOJIyUeHHH KOPOTKHM
yIbTPadHUOIETOBBIM H3JIyIEHNEM 3aPAKaeTCs MOJIOXKUTEIBHO.

2L Ayrycro Purm (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.

22 A nexcanap I'puropbesnd Croneros (29.07.1839 - 14.05.1896) — pycckuit dbusuk. IIpo-
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.

13



TpoHoB. IIpuuem, doroadpdexkr He HAOIIOIAETCA, €CAU TACTOTA IIATAFOIIE-
IO M3JIy4eHUsI MEHbIIIe HEKOTOPOil KPUTHYIECKOH YacTOThl (KpacHAast TPAHUIA
dboroadderra), KoTopasi UMeeT cBoe XapaKTepHOe 3HAYCHHE JIJIsi PA3JIHIHBIX
MeTasioB. C mo3unuii KJaccuaeckoit (hu3nKn He YAaJI0Ch HANTH yI0BIETBO-
PUTEJILHOTO O0'bICHEHUST STUM 3aKOHOMepHOCTsM (hoToddderTa.

[Ipobemy doTodadbderTa yaaaoch pemuTb DiHmITeitHy, KoTopsiii B 1905
I. IPEJJIOKUIT PACCMATPUBATEH CBET KAK MOTOK JacTuil ((POTOHOB) ¢ SHEpTHEil
hv. Takast KOpIyCKyJisipHAsl TOYKA 3PEHHs KOPEHHBIM 00Pa30M [IPOTUBOPEIH-
Jla YCTOSIBINEHCST B KJIACCHYIECKOi (pU3MKe BOJTHOBON mpupojie cBera. Bmecre
¢ TeM 3Ta I'IIoTe3a MO3BOJINIA 00 bICHUTE BCe 3aKOHOMepHOCTH (hoTodhdek-
ta. KauecrBennas kapruna Mexanun3Mma GporodddexTa ¢ 3TOil TOUKU 3peHHs
JIOCTaTOYHO 1pocTa. POTOH, MOIIONAACH B METAJLIE, OTJAAeT CBOIO SHEPTUIO
9JEKTPOHY, U €CJU 3Ta dHEePTHud JOCTATOUHA /1T OCBOOOKICHUS JTEKTPOHA
OT YJIEPKUBAIOIINX €r0 CBA3€il, TO OH BBIXOJUT 33 HPEILIbl METAJInIeCKO-
ro obpasma. Eciu mpenebpedn JI0CTATOYHO PEIKUMU MHOTO(DOTOHHBIMHE TTPO-
IeccaMu IOIVIONIEeHHS, TO 9Ta IIPOCTasl KapTUHA BIOJIHE ajekBaTHa. OTcioaa
CJIeJIyeT, UTO YHCJIO BBIOUTBHIX JIEKTPOHOB JOJKHO OBITH MPOIMOPIUOHATILHO
YUCJTY MOIONEHHBIX (DOTOHOB, T.€. MPOMOPIIHOHATHLHO HHTEHCHBHOCTH U3.TY-
genusi (1-it 3akon Buemuero dorosdderra - 3akon Croserosa). Kuneru-
JecKasl JHePrus BBIOMTHIX 3JIEKTPOHOB 3aBHCHT OT HEpPruu (POTOHOB, a T.K.
OCJIeTHsIsI paBHA hl/, TO HEPIUs JeKTPOHOB J0JIZKHA JTUHEHHO 3aBUCETH OT
YaCTOTHI HAJIAIONIEr0 U3JIYUYeHHs, HO He 3aBUCETh OT er0 MHTeHCHUBHOCTH.

YpaBuenne DitamTeitna a1s ¢porodddexTa npeacrapiager coboi MpocTo
yDaBHEHHe dHepreTndeckoro basanca |el|

hv=1I+A+E, (1.13)

rje I - sHeprusi OTphIBa JIEKTPOHA OT aToma (sHeprust nonusauu), A - pa-
0oTa BBIXO/A, T.e. SHEPTHUST HEOOXOMMast /I BLICBOOOKIEHNS JIEKTPOHA, U3
Merasiia, £ = mv?/2 - kunernueckas sHeprus BHIOUTOrO 3j1eKTPOHa (M -
Macca, U - CKOPOCTh JIEKTpOHA). Ecn CYuTaTh 3JIeKTPOHBI B METaJLIe CBO-
OOIHBIMI, TO MOXKHO mOM0KUTE [ = 0.

YpaBHenue DifHIITeHHA OJTHOCTHIO BbIIEPKAJIO BCE IKCIEPUMEHTAJIBHbBIE
npoBepku. OOpaTuM BHUMaHHE HA OJWH M3 TaKUX SKCHEepUMeHTOB. I3 ypas-
wenust (1.13) caenyer, aro ecaum sueprus dorona hy >> A (I = 0), To KuHe-
THYEeCKasi SHEPrusl BRIOUTOrO 3JeKTPOHA IPUMEPHO paBHA SHepruu (porToHa,
T.e. E = mv?/2 ~ hy. dHepruto BLIGHTHIX 31eKTPOHOB H3MEPSIOT ¢ HOMOIIHIO
sanupatorero Hanpsixkenus U, T.e. Fy,,, = eU = hv (31ech e - 3aps s71ek-
tpona). CiieJoBaTE/IbHO, SHEPIUsl BBIOUTOIO JIEKTPOHA HE MOYKET MPeB30ii-
TH BIIOJIHE OMPEIEIeHHYIO BEJUINHY - SHEPTHIO MOIJIOMEHHOr0 hOTOHA. DTO
SHEPreTHYeCKOe COOTHOIIEHNEe MOXKHO 00epHYTbh. BCIIOMHMM PO TOpMO3HOE
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u3JydeHne 3JeKTPOHOB, IPUBE/IIIee K OTKPBITHIO PeHTreHa. YcKOpeHHbIe pU
MPOXOXKJIEHUN PA3HOCTH MOTEHIUAJIOB U 3JIeKTPOHBI, IIPH CTOJKHOBEHHUH C
AHTHUKATOJ0M FeHepI/IpOBaHI/I SJ'[eKTpOMaFHI/ITHOG I/I3.Hy‘{eHI/Ie - peHTFeHOBCKoe
uzjydenue. Ecim npejcraBienusi 0 KOPIYCKYJISPHO# IPUPO/Ie CBETA BEPHBDI,
TO YaCTOTa peHTFeHOBCKOFO I/I3ﬂy‘leHI/IH HE MOXKET HpeBbIHlaTb MaKCUMaJIb-
HOTO 3HAYEHUS Vppgr = €U/h Win 5T0 u3iydenune J0JKHO UMETh MUHUMAJIb-
HYIO JUIHHY BOJHBL Apin = €/Vpmaz = ch/eU - 370 KOPOTKOBOJTHOBAasI TPAHUIIA
CILJIOIITHOIO CIEKTPa TOPMO3HOIO PEHTIEHOBCKOrO u3jydenus. Orcioga cie-
JIYeT COOTHOIIEHNE
AminU = ch/e = const.

DTO COOTHOIIIEeHUE OBLIO MOATBEPKIEHO SKCIIEPUMEHTATbHBIMA UCCIIeTOBAHN-
SIMU.

B ¢BsI31 ¢ 3TUM 3KCIIEPUMEHTOM 3aMeTHM CJenyiomniee. TopMo3Hnoe u3my-
YeHUEe €CTh HAIVIS/IHBbIA [PUMED POXKJIEHWs YacTHll U3 dHepruu. B cBs3u c
TeM, 9TO IJICKTPOHBI, ITaJal0IINe Ha aHTUKATOd, HE NCUYE€3al0T KaK YaCTHIIbI,
TO Pe3yJbTATOM TOrO IIPOIEcca ABISETCda Mpeodpa3oBaHHe KHHETHIECKOil
SHEPIHH STUX 3JEKTPOHOB B SHEPIHIO U3JIyUeHHs, KOTOPOe IpeICTaB/IsgeT CO-
Goit morok wactur (horoHoB). POTOHBI ABIIOTCS 6E3MACCOBHIMU TACTHUIIA-
MH, JIBUKYIMMECS CO CKOPOCTBIO ¢BeTa (cOOCTBEHHO, 9TO U ecTh cBer). Pu-
3UKa IJIEMEHTAPHBIX YACTHUI[ U300UJIyeT MPUMepaMu POXKJIEHUS U3 SHEPIUu
YACTHIL, 0013 AI0IINX HEHY/IEBOI MACCOil TIOKOsI, 8 TaKyKe ITpuMepaMu 0dpaT-
HOT'O SIBJIEHUS - AHHUTHIATNNANA YaCTUI. Bce 5TH mpeBpamnieHns COrIacyTCs
¢ u3BecTHOI (bopmytoit DitHImMTEiHA 00 SKBUBAJEHTHOCTH MACChI U SHEPTUN

|[f13]
2
E=m?=—2C_ — Jezp? 4 mact, (1.14)

2
v
1-3

rje p = MU - UMIYJIbC YaCTHIBI, M = Mmo//1 — v%/c? - pensTUBHCTCKAst
Macca YaCTHUIBI, Mg - MACCa MOKOS YACTUIBL. Ecanm Macca HOKOd YaCTHILI
paBHa HyJ10 (Hanpumep, it GOTOHOB), TO IHEPTUA U UMILYJIbC TAKUX YACTHUIL
cBst3aibl coornomenueM [f14]

E = cp. (1.15)

1.1.3 SDddekr Komnrona

CorJiacHO BOJIHOBOIA Teopuu CB€Ta MEeXaHU3M pacCedHud COCTOUT B paCKa4du-
BaHUU IJIEKTPOHOB 9JIEKTPOMAronuTHBIM ITOJIEM Haﬂaromeﬁ BOJIHBI, T.€. B BO3-
6y7K,ILeHI/II/I QJIEKTPpUYICCKUX JUIIOJIBHBIX OCHUJIJIATOPOB. Syl OCIIUJIJIATOPDI,
CoBepIlasd BbIHYZK/I€HHBIE KoJIe0aHndg ¢ YaCTOTOH BHEIIHEro IoJId, JOJ2KHDBI
n3J1ydaTb 3JIEKTPOMAl'HUTHbBIE BOJIHbBL TOR K€ 4acTOThl. YBaeHue paccedHnd
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COCTOUT B TOM, YTO H3JIyUeHHE JUIOJEH MPOUCXOIUT BO Bce CTOpPOHBI. OJI-
HAKO TI0CJIe OTKPBITUSI PEHTTEHOBCKOTO U Y-U3IYUEHUil CTagIn 3aMedaThb, ITo
DU PACCesHUU KOPOTKOBOJIHOBOTO H3JIyUYeHHs B COCTaBE PACCESIHHOIO W3-
JIYIeHUsI TOSIBJISIIOTCs O0Jiee JTMHHBIE BOJHBL. [0 cO3/1aHMsT PEHTTEeHOBCKUX
crieKTporpad 0B 9TO sIBJIEHNWE CIUCHIBAJIN HA BIUSIHAE BTOPUIHBIX (DAKTOPOB.
B 1922 - 1923 rr. KomnToH, BOCIO/IE30BAaBIINCH PEHTTEHOBCKUM CIEKTPOTPA-
dom, TIATETBHO U3YUNI 9TO SIBJIEHHUE U TTOKA3AJ, YTO OHO HEOCPEICTBEHHO
CBSI3aHO C CAMUM MEXAHHU3MOM PACCeSHUS M er0 HUKAK HEJIb3sl OTHECTH K
BJANSHUIO TTOOOYHBIX (PaKTOPOB. Y BeJIMYEHNE JJINHBI BOJHBI PACCETHHOTO W3-
ayuerus AN = N — )\ NoayunI0 Ha3BaHWe KOMIITOHOBCKOIO CMEINEHWS,
camo gBienue - 3pdexra Komrona. Bbiio yecraHOB/I€HO, 9TO BeJMINHA KOM-
TOHOBCKOT'O cMelneHus A\ He 3aBUCUT OT COCTaBa PACCEMBAIOINIETO TeIa U OT
JUIMHBL TIAaolell BOJHBL A, HO 3aBHCHT OT yIjla pacceaHus U2,

C Touku 3peHusi KJIaCCHIeCKOil (uzuku 310T 3hdeKkT 0ObICHUTH HE
yaanocb. OHAKO, €C/IM NPeIIOJI0KATh, 9TO JIEKTPOMATHUTHOE U3y 1eHne
IpeJICTaB/IsgeT CODOM MOTOK YaCTHIL ¢ SHeprueit K = hw u uMmmynabcom p = hk
(h = h/2m - nocrosiunas IliaHka, w - NUKJIAYECKAs TACTOTA W3JTYIEHHUs, k
- BomHOBOI1 BekTop (k| = 27/))), a aKT paccestHES IpeCTABIET OGO CO-
yJapeHue JIByX YaCTHUIl - 3JIEKTPOHA U (POTOHA, TO, IPUMEHSIST 3aKOHBI COXPa-
HEHUSI SHEPTUN U UMITYJIHCA K 9TOMY TPOIECCY, MOYKHO PACCUUTATH BEJIUIUHY
cMerenns AN, KOTOPOe COTIACyeTcsl ¢ JaHHBIMU HAOIIOIeHUsI. 3aluIreM 3a-
KOHBI COXPDAHEHUsI SHEPIUU U UMITYJIbca [e2)]

fwy — ' = c*(m — mo), (1.16)
hk — hk! = mu. '
3/1ech U - CKOPOCTH JIEKTPOHA HOCJe coyaapenusd. Jlo CTONKHOBEHUS dJIEK-
TpoHa ¢ (POTOHOM OH CUUTAETCS MOKOAIMUMCs. Takoe TOIMyTIeHne BIOJTHE JIO-
TUYHO, T.K. pAcCessHUe TMPOUCXOMUT HA FJTEKTPOHAX BHEITHUX 000JIOYEK aTO-
MOB, 4TO, C OJIHON CTOPOHbBI, O3BOJISET CUUTATDH JIEKTPOHBI TOKOAIIUMUCH,
T.K. OHU COXPAHHAIOT JO CTOJKHOBEHHUS € (DOTOHOM CBOIO JIOKAJU3AIMIO, a C
JIpYTOil CTOPOHBI, X MOXKHO CYHTATH MIOYTH CBOOOTHBIMH, T.K. OHU €J1a00 CBS-
3aHBI ¢ sIPOM aToMa (HU3KHUil moTeHual noHu3anun). Kuuernaeckas suep-
rus B (1.16) 3anucana B pegTUBUCTCKOIT (hopMe, My Macca MOKOS SJTeKTPOHA.
[Ipu Ma/IbIX CKOPOCTHX, T.e. KOraa v << ¢, BipazKenne ¢ (m—mg) Hepexopur
B BhIPasKeHue, XOPOoIIo U3BECTHOe B KJacCHueckoit Mexanuke, muv? /2. Bripa-
JKeHUe JIJIsl UMITYJIbca (DOTOHA JIErKO MOJIyIuTh ucnosb3ys (1.15). HeiicTu-
TeJIbHO, T0JIaras BBIMOJTHEHHBIM PABEHCTBO P = hw W UCHOJIB3Ys BhIpazKeHUe
JIJIS BOJIHOBOT'O BEKTOPa, MOJIydIuM p = hk.

23571"07'[ paccedauua - 3TO YTOJ MEXKAYy BEKTOPpaMU UMIYJIbCa d)OTOHa JO M TIOCJIe €ero
BSaHMO,ZLeﬁCTBHﬂ C JIEKTPOHOM.
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B pesysnbraTe pernrenus 3TOi CHCTeMbl YPaBHEHUI MOTYyIUM /1T BeJTMIU-
HbI KOMTOHOBCKOTO CMEIIeHusl Cyiejiytoliee Beipaxkenne [f15]

AN = 2)\ sin® g : (1.17)

e Ao = mLOC - KOMTOHOBCKasI JI7TUHA BOJIHBI, KOTOPasd /s JeKTPOHA paBHA
Ao = 0.024 A. Dra dopMyIa B TOUYHOCTH COOTBETCTBYET JAHHBIM HabJIIOIe-
HU4d.

Craenaem psiji 3aMeYaHMIA.
1°. MakcnmasbHas SHEPTHs, KOTOpast MOYKeT OBITh Tepeana 31eKTpony ¢o-
TOHOM IIPH X B3amMojeiicTsue, pasHa Fy = hvg = he/X\g ~ 8.29 - 1077 spr.
[ToueMy HEeBO3MOXKHO IepeaTh 00JbIIyI0 SHepruio? Ha sTor Bompoc Jierko
OTBETUTH, €CJTH BBRIYUCIUTH CKOPOCTD IJEKTPOHA OTJAYH IMPU TAKOM B3aMMO-
neiicreun. OKas3plBaeTCsA, 9TO 1PU 3TOM v/C & 1, T.e. JEKTPOH NPH ITOM
npruobpeTaeT CKOPOCTh MOYTH PABHYIO CKOPOCTH CBETA.
20, TIoHATHO, YTO CKOPOCTDH 3JEKTPOHA MOMKET OBITH JI000i B Hpeesax OT
HYJIS JI0 CKOPOCTH CBeTa. 3aberas BIEpe/ CKazKeM, UTO 3TO 0OYCJIOBIEHO CO-
CTOSTHHEM C HEeNPepPBIBHBIM CIEKTPOM /i CBOOOJTHOTO deKTpoHa. OmHaKO,
3JIeCh BO3HUKaET JIpyroit Bompoc. fsiisiercs jim KOMTOH-3(pdeKT yKazaHu-
eM Ha TO, 9YTO (HOTOH MOXKET JIeauThcsa Ha dactu! [Ipuwaem ormesrsiromasics
JacThb POTOHA MOXKET OBITH JI000Ii, B Ipe/iesiax OT HYJ/sd /10 MaKCHUMAJILHOM’,
paBHoit Fy = hvy. KakoB MexaHu3M B3auMojeiicTBus (pOTOHA U JIEKTPOHA?
JleficTBUTEILHO JIM 9TO B3aUMOJAEiICTBHE MOJ00HO MPOCTEHIIeMy B3auMOoIeii-
CTBUIO JABYX Omjibsapaubix mapos? Wm sjiekrpon norsomaer GpoToH, a 3aTem
UCIYCKAeT JPYTOii, UCIBITAB YCKOpeHue? D10 TeM 00Jiee HHTEPECHO, YTO IKC-
MEePUMEHTAIHLHO OBLIO MOJATBEPKIECHO CTPOTOE COOJI0eHNe 3aKOHOB COXPa-
HEHUS SHEPIUU M UMILYJIbCa B OJUHOYHOM aKTe B3amMOjieiicTBHsA (HOTOHA U
9JeKTpoHAa. B 3T0il ¢cBg31M MHTEpecHO CpaBHUTHL KOMTOH-3(hdekT ¢ (horodad-
dexrom. B nociemnem, corsiacao reopun DitHmreiina, (poTOH MOIIONIAETCS
HEJTUKOM. .
3°. B paccesHHOM W3JIyUeHNN HapSIy CO CMeINeHHOi Junueil HabIomaeTcsa
TakKe U HecMellleHHasd JuHud. HecMeniennas JIMHUS MOXKeT OBITh KOHEYHO
obycyioBieHa (poToHAMHU M30EKABIIMMHU CTOJKHOBEHUS ¢ dJeKTpoHaMu. O1-
HAKO, MMOMHUMO 3TOr0, HECMEIeHHAs JUHUSA MOKeT ObITh oOycjoBiaeHa dho-
TOHaMH, CTAJIKUBAIOIUMHUCHA C IJIEKTPOHAMW BHYTPEHHHUX O6OJ’[OLI€K aTOMOB.
STI/I JIEKTPOHBI CUJIBHO CBd3aHbl C AAPOM M UX YK€ HeJIb3d CUYUTaTh CBO-
OOJHBIMH, ITO3TOMY IPH B3aUMOJEHCTBUU (POTOHOB C TAKUMH IJIEKTPOHAMHU
0OMEH dHeprueil 1 UMIYJILCOM ITPOUCXOIUT € MEJTBIM aTOMOM. B ¢Ba3u ¢ 60./1b-
II0# Maccoii aToma, COrTacHO 3aKOHY COXpaHEeHUd UMITY/Ibca, (DOTOH He Tepe-
JdaeT eMy CBOel QHEPIur U KOoJIn4deCTBa JABUZKCHUA. CJ’IG,ZLOB&TG.HBHO qacToTa
n3JjiydeHud 1Ipu pacCedHnn HEe MeHACeTCH.

17



DddexT KomTona moaTBep/ini THIOTE3Y O KBAHTOBOIT IPUPOJIE JEKTPO-
MarHUTHOTO W3JIYY€HUs W CHITPAJ CYMIECTBEHHYIO POJIb B MaTbHEHIIeM pas-
BUTHE KBAHTOBBIX 1pejcrasaenuii. [logrsepzx ienne KOPIyCKy IsipHBIX MPE/I-
cTaBJIeHnil 0 MeXaHI3Me KOMITOH-3(heKTa ObLI0 oIy deno B onbitax Bore?!
u Teiirepa?. W3yuas paccesnime PeHTTeHOBCKHX JIydeil Ha BOIOPOIE, OHU C
MOMOIIHI0 CXeMBI COBIA/IEHUN TOKA3aad, OJJTHOBDEMEHHOCTDH AKTa PACCETHUSI
U TOsBJIEHUEe 3TEKTPOHA OTAaum. TakuMm oOpa3zoM, KOMOTOHOBCKOE pacces-
HUe HpeJicTaBiiser coOOi puMep 1poiecca, B KOTOPOM CBeT BeJleT cebsi Kak
YaCTULA C BIIOJIHE OLPEJIeJICHHON 3Heprueil U BIIOJIHE OLIPEe/IeJIeHHBIM UMILYJIb-
COM.

1.1.4 Teopus ne-Bpoiijiga u ee 3KcriepuMeHTAJIbHOE ITO/I-
TBep2KIeHne

B 1925 r. JI. me-Bpoitnb BBIABUHYJ THIOTE3y O TOM, UYTO KOPIYCKYJISPHO-
BOJTHOBO# JTyaJW3M TIPHUCYII HEe TOJLKO H3JTYUEHUIO, HO PACIPOCTPAHICTCS U
Ha BerecTBo. [To ne-Bpoitiio, ¢ yactuieit BemecTBa cBsi3aHa BOJIHA MaTePUH,
TOYHO TaK K€ KaK C KBAHTOM CBeTa CBsI3aHA CBETOBAsl BOJIHA. DTO COOTBET-
CTBHEe yCTAaHABJIMBAETCH YHEPreTHIECKAM COOTHOIIEHUEM

E = hv.

I3 Teopum OTHOCHTENIBHOCTH CJEAYeT, 9TO JHEPIUsl U HMMILYJIbC SBJISIOTCS
pojacrBeHHbIMI BestmauHamu (1.15), 109TOMY paji BHYTpeHHEeli coracoBaH-
HOCTH CJIeJIyeT HOJIOKHUTh, 910 [f16]

7= hk (1.18)

rae |k| = 27/ - BoHOBOI BekTOp, MIN [f17]

h
= —, 1.19

2 Bambrep Bore (08.01.1891-08.02.1957) - Hemenkuit (bU3WK, OWH U3 MHOHEPOB s1ep-
uoit dbuszuku. Pazpadoran B 1924 r. MeTo COBIAIEHUT, IOy YUBIUN TUPOKOE TTPUMEHE-
Hue u obycioupumii MHOro orkpbituii (Hobenesckas npemus, 1954). Dror meron ObL1
MCIIOJIB30BAH I IKCIEPUMEHTAIBHOIO JIOKA3ATEJbCTBA, BBIIOJHEHN 33aKOHOB COXPaHe-
HUsT YHEPTUM U UMIYJIbCA B WHAWBHUIYAJTLHOM aKTe paccesHusi GOTOHA HA IJTEKTPOHE B
KOMIITOH-3( eKTe.

2Xanc  Busbrennm  Leiirep  (30.09.1882-24.09.1945) -  nemenxuii  usuk-
skcrnepuMenTarop, uned bBepsamuckoit AH. IM306pen cuerunk Telirepa, B omnbiTax
Pezepdopra no paccesunio a-gactui; 0OHAPYXKHUIJI 4ACTHUIBI, OTKJIOHAINMECH Ha 90° u
0oJlee OT TIEPBOHAYAIBHOTO HAMPABJEHUS, UYTO CHIFPAJIO PEINIAIOIYI0 POJIb B OTKDPBITUM

Pezepdopaa.
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B toMm xe rogy Dazaccep?® npeioKua HCIOIL30BATh KPUCTAILL JIJIs
HabT0/IeHns AU PAKIE 3JIeKTPOHOB B J0Ka3aTeIbCTBA UX BOJIHOBOM IPH-
po/ibl. JleficTBUTE/IbHO, MOZKHO CO3/IaTh IIy4YOK 3JIEKTPOHOB C 3a/IAHHBIM M-
MyJIbCOM, TTPOIYCTUB UX Yepe3 yCKOPSONIYI0 Pa3HOCTh MOTEHINAJIOB, TOTIA

h h h

A:—: p—
P omE  2meU’

IJie m - Macca u e - 3apsj 3JeKTpoHa, U - ycKopsiolias pa3HOCTb IOTEHIHA-
JioB. Eciin U BuIpazkaTh B BOJIbTaX, & JJIUHY BOJHBI B aHICTpEMaX, TO MOYKHO
MOJIYINUTH BhIPaYKeHUe

150

A=1]—.
U

Orciona cienyer, uro npu U = 100 B nuna ned6poiiieBCKOit BOJHBI 3JIEKTPO-
HOB OyJeT npuMepHo 1.225 A, 9TO CPABHUMO C MEKATOMHBIMU PACCTOTHUAMUI
B kpucrauiax. [pu U = 10* B j1g JyIMHbL 3/1eKTPOHHBIX BOJIH IOJIYYUM HPH-
MepHO 0.1225 A, 9TO CPABHUMO C JIJINHOI BOJIHBI YKECTKOT'O PEHTIeHOBCKOI'O
U3JTyYCHUS.

B 1927 r. /I»Buccon n /[:kepMep yCTAHOBU/IH, YTO TIPH OTPAKEHUN dJT€K-
TPOHHBIX IIYYKOB OT METAJLJIOB HMEET MEeCTO HHTepdepeHIus 3JeKTPOHOB,
puydeM 1o CBoeil (popme 310 siBjieHre 0Ka3aJI0Ch MOJIHOCTHIO aHAJIOIMYHbIM
nHTepgepeHIn peHTreHoBCKuX Jiyueil. [locsie 3Toro orkpoiTHs yke He octa-
BaJIOCh COMHEHUII B HEOOXOJMMOCTH PAa3BUTHUs HOBBIX MPEJICTABJICHUIT O MIPH-
pojie MaTepuu, TeM DoJiee, YTO BCKOpe OblLIa Moy deHa Judpakius Ipu pacce-
SIHAM Ha KPUCTAJIAX IIYYKOB MeJJIEHHBIX HEHTPOHOB U JIazKe MOJIEKYIAPHBIX
Iy4KOB BOJAOPOAA U aTOMOB rejus. JludpaknmoHHbIE SKCIHEPUMEHTHI C Iie-
JIBIMU aTOMaM¥ MOKa3bIBAIOT, YTO BOJIHOBBIE CBOUCTBA SBJIAIOTCS HE HPOCTO
WHINBUIYAJHHON OCOOEHHOCTHIO OJIHUX JIWIIb IJEKTPOHOB. 3/1€Ch TPOSIBIs-
€TCsl HOBBIIl NMPUHIUIKUAIBHBIN XapaKTep MUKPOCKOIHUYECKHX SIBJICHUM, T.K.
npu Judpakinm MOJIEKY/T BOJTHOBBIM 3aKOHAM HHTeP(MEPEHIINN O TINHACTCA
UX IeHTP Macc, T.e. HeKOTOopas abCTpaKTHas TOUKA.

B 3axsrouenne npuseseM Bbickasbianne M. Bopna?’, mimoctpupyiomniee
HE TOJILKO CJIY4allHOCTh, HO U HEOOXOJIUMOCTH CBOEBPEMEHHOCTU OTKPBHITHI B
Hayke. "XOTs U yAUBATEIHHO, IYTO Au(PAKIUS 3TeKTPOHOB HEe OBbILIa OTKPHI-
Ta paHbille, STOT (aKT BCe zKe CJIeJyeT CUATATh UPe3BBIYAiHO CUACTIUBOM
CIYYIARHOCTBIO /IS 3apOKIalolieiica B TO BpeMs aTOMHON Teopuu. Kakas

26Bambrep dab3zaccep (20.03.1904-7) - busuk u reopusnK, pabOTHI TOCBSAIEHbI IePHOI
dusuke u puznke 3eMIn.

2"Makc Bopn (11.12.1882-05.01.1970) - Hemenkuii (DU3HK-TEOPETHK, ONUH U3 THOHEPOB
KBaHTOBOH Teopuu. Jal CTATHCTUYECKYI0 MHTEPIPeTAllui0 BOJIHOBON (DyHKIMM, BBET B
KBaHTOBYIO TEOPUIO LIOHSATHE OlIEPaTOpa ¥ MHOI'OE JIpyTroe.
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PaCTepsHHOCTD OBJIaJes1a Obl YIEHBIMU, €CJIU ObI CPa3y BCJE 38 OTKPBITHEM
KATOTHBIX JIyUeil BAPYT OBLTN OBl OTHOBPEMEHHO MOCTABJIEHBI SKCIIEPUMEHTBI
U 10 ONPEeJIEJICHUIO MX 3apsijia ¥ CIIOCOOHOCTH K OTKJIOHEHHIO (B MATHHUTHOM
nosie - K.IL.), n no musyuennto ux crnocobroctn kK marepdepennuu! Beap un
caMa DOPOBCKas TeOpHsl aToMa, KOTOPOil BIOCTEACTBUN CYKJIEHO OBITIO TO-
CITYZKUTh MCXOTHBIM PyOeyKOM /Il TIOCTPOEHHS BOJTHOBOI MEXaHWKU, CYIIe-
CTBEHHO 0A3MPOBAJIACH HA MPEMOJIOKEHNN, YTO JTEKTPOH TPeICTaBIgeT CO-
00il 9JICKTPUUECKN 3aPSAKEHHYI0 KOPIyCKyJ1y."?®

1.2 Teopua bopa

[Toce onmbiToB Pesepdopia cramo mMOHATHO, YTO aTOM IIPEACTABIIeT COOOM
CUCTEMY, COCTOSIILYIO U3 TAKeJ0r0 KOMIIAKTHOIO IOJIOKUTE/IbHO 3apsiyKeH-
HOTO siJpa W OOPAIMAIONINXCS BOKPYT SAPa JIEKTPOHOB, CYMMAapHBIl OTpH-
MATEeTHHBII 3aPsi/i KOTOPHIX PABHSIICS TIO aOCOTIOTHON BeJTMTIHE 3apsiLy si/i-
pa. boria mpejoxkena Tak HasbiBaeMasd ILJIaHeTapHas MOJEIb aToMa, KO-
Topasi, KaK yzKe OTMedasoCh BO BBeJIEHHE K STOil IJiaBe, OblTa BHYTpPEHHE
HPOTUBOPEYMBOI ¥ HE MOTJIA ONUCATH HAOJIIOaeMble ATOMHBIE CIIEKTPHI.
s pemenusi 3Toil mpoOJieMbl, Kak yxke ormedasoch, H. Bop, ocHoBbiBa-
sich Ha runore3ax [lnanka m DitHmmreiiHa, chopMyIHpOBAI IBa TMOCTY/IATA:
1. AToMBI W aTOMHBIE CHCTEMBI MOTYT JIJIMTEILHO IIPEOLIBATL TOJIb-
KO B OIpPeJeJeHHBIX COCTOSHHUAX — CTallMOHAPHBIX COCTOAHHAX, — B
KOTOPBIX, HECMOTPsI Ha HPOUCXOJSIINE B HHUX JIBUZKEHUS 3aPSIKEHHBIX
YACTHI, OHM He W3Jy4al0T W He IOIVIONAIT IHEPIU0. DTU COCTO-
SIHUSI XapPaKTePU3YIOTCA SHEPTHsIME, OOPa3yIOINUMI JTUCKPETHBI  PsI;:
Ly, FEs, .. E, CrangoHapHble COCTOAHHS YCTOHYMBBLI. VI3MmeHenue s3Hep-
FHd B pe3yJibTaTe IOIVIOMEHUS WIH H3JIYyUYeHHs 3JIeKTPOMATHHUTHOIO IIO-
JId WIH B Pe3yabTaTe COYAAPEeHHS MOKEeT MPOUCXOJUTH TOJHKO MPH IOJ-
HOM Iepexo/ie (CKa4KoM) M3 OJHOI0 CTAIMOHAPHOIO COCTOSIHUSI B JIPYTOE.
2. Ilpu mepexose w3 OJTHOTO CTAIMOHAPHOTO COCTOSIHUSI B JIPYTO€ aTOMBI UC-
MYCKAIOT WJIU IOTJIONIAIOT U3y YeHUe TOJIBKO CTPOT'O OIIPe IeIeHHOM 9acTOTHI.
Wznydenne, uciyckaemMoe WU MOTJIONIAeMOe IIPH Iepexoe U3 cocTodanud F,,
B cocTosiHMe F,, MOHOXPOMATUYIHO, U €r0 YaCTOTa U OMPeIeasIeTCs U3 YCIo0-
B

hv =E,, — E,

(ycmoBue wacror Bopa). Oba smu mocryiara pe3ko MPOTHBOPEYAT KJIACCH-
qeckoii dusuke. /leiicTBUTE/IBHO, COIJIACHO IEPBOMY IIOCTYJIATY, aTOMBI He
U3JIYIAIOT, XOTS 3JEKTPOHBI, BXOJAIINE B WX COCTaB, JBUXKYTCI IO 3aMKHY-

28M. Bopn. Aromuas ¢uzuka. M.: Mup, 1970. - 484 ¢. // C. 113.
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TBIM TPAEKTOPUSIM, T.€. YCKOPEHHO, a, COIVIACHO BTOPOMY TOCTYJIaTy, 9acTOTa
U3JyUeHns aTOMOB He CBS3aHA C MEPHOJMIECKUM JBUKEHUEM 3TeKTPOHOB.

OnbiTel @panka u I'epma. Ksanrtossie nocrysnarsl bopa nanuim nemno-
CPEeJICTBEHHOE dKCIEPUMEHTAJIbHOE TO/ITBep: K ieHre B omnbiTax /[xk. Opanka
u ['. I'epra, mposeernnrx umu B 1912 - 1914 rr. B 3Tux ombITax aTOMBI WJIH
MOJIEKYJIBI PA3PezKEHHOT0 ra3a 00CTPETUBAIOTCA MeITEeHHBIMHI JIeKTPOHAMH.
Ecjiu coyiapenus mpoucxo/isT yupyro, To pacipe/jie/ienue adbCoJMIOTHbIX BeJIr-
YUH CKOPOCTEH 3JIEKTPOHOB HE MEHSEeTCs, B TPOTUBHOM CJIy4ae OHO JIOJIZKHO
n3MmeHnThcsd. Pesyabrarst onbiTtoB @panka n ['epiia nokasaJiu ciemayromiee.
1. IIpu ckopoCTAX 37E€KTPOHOB, MEHBINX HEKOTOPOTO KPUTHIECKOTO 3HAUE-
HUS, COy/JTapeHus MPOUCXOAAT BIOJHE YIPYTo, T.e. 3JeKTPOH He TepeIaeT
aToOMy CBOeil YHEeprum; OH MeHdgeT TOJTbKO HallpaBJIeHUe CKOPOCTH, HO He ee
BeJINYHHY.
2. ITpu ckopoCTSX, JOCTUTAIONINX KPUTUYECKOTO 3HAYCHUS, YAap MPOUCXOTUT
Heynpyro. IIpm 3TOM 3/IeKTpOH TepseT CBOIO SHEPTHUIO, & aTOM IMePeXOIuT B
CTAIlMOHAPHOE COCTOSHUE ¢ OOJbINeil SHeprueii.

Takum 06pazoM, aTOM HJIH BOOOIIE He BOCIPHHAMAET SHEPruio (yupyruit
y/lap) WJIM BOCIHPHHHMAET ee, HO TOJHKO B KOJIMYECTBAX, PABHBIX PA3HOCTH
SHEPTU ABYX CTAIIMOHAPHBIX COCTOAHUNA.

ChanekTpajibHBbIE cCepuu aToMa Bomopoga. CrekTpa/bHble JHHIU aTOM-
HOTO BOJIOPOJa OOHAPYXKHUBAIOT B CBOEil IOCIEIOBATENHHOCTH IIPOCTHIE 3a-
KOHOMEPHOCTH. DbIJIn OTKPBITHI CJIeJIYIONINEe CEPUU CIIEKTPAJIbHBIX JIMHUM,
aCTOThI V KOTOPBLIX OIMHUCBHIBAJIUCH IIPOCTHIMU COOTHOIMICHUAMMN.

Cepus Banbmepa

Cepus Jlaitmana

v=DR (% — %) .
Cepus Ilamena

v=R~R (% — %) .
Cepus Bpakera,

v=R~R (% — %) .
Cepus I1dynma

v=DR (é — %) .



Orciona BeiTeKaer obtas (popmysia

11
y:R(———):Tm—Tn.

m2  n2

Besimuuna T) = R/[* Gbiia nassana cuekTpajibHbIM TepmoM. [locrosunas R
Ha3blBaeTcsd HocTogHHol Punbepra.

Kiaccuueckoe paccmorpeHme aroma Bomopoga. llycts arom mpej-
cTaB/igeT co00i HEIOIBUZKHOE SAJ/IPO C MOJOKUTETbHBIM 3aps/IoM Z e, BOKPYT
KOTOPOT'O IO KPYTroBOii OpOWTe pajuyca 7 BpPAIaeTcs JEKTPOH Maccoil m
1 3apaaoM —e (IIaHeTapHast MOJIENb). DTO JBUKEHHE XapaKTepU3yeTcs pa-
BEHCTBOM CHJI KYJIOHOBCKOI'O NPUTSAZKEHUsI U HEeHTPOOEKHOM CHJIbI HHEPIUU

9 Ze?
mw-r = —
r
Orcroma mosryanm
Ze?
mw?r? = =—.
r

Cor1acHO 3aKOHY COXPAHEHHS YHEPIHH, CYyMMa KHHETHIECKON U OTEHIMAIb-
HOW 9HEPruil JaHHOW CHCTEMBbI ITOCTOAHHA

1 7Ze?
—mw?r? — 2C - E = const.
2 r

Ucnonb3ys BeIenpuBeeHabIe (hOPMYJIbl, HATUIIIEM

1
1 45, Ze? Z?etmw?\ ®

2 2r 8
Orcrona moJydaeM ciejytoniee cooTHorenne [e3|

|E]*  Z%¢*m
=

= t. 1.20
- cons (1.20)

Takum 006paszoM, ¢ TOUKHM 3pEHUs] KJAACCUYIECKUX TPeACTaBJIeHnii, B aTo-
Me BOJOpOJa JI0O0OMY paJuycy OpOUTHI T WU JIOOOH yIJIOBOW CKOPOCTH W
COOTBETCTBYeT OTpe/ieIeHHas SHeprus F.
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IIpuamun coorBercrBuda. B 1923 r. H. Bop npennoxkunr uaeto, KoTopas
MOy IU/Ia Ha3BaHUE MPHUHIUIA cOOTBeTCTBUs. CyTh 3TOTO MPUHIUIA COCTO-
UT B CJIJIYIONeM. 3aKOHBI KJIACCHYECKON (DUBUKHU IIPUMEHUMBI KO BCEM IIPO-
mecCaM JABHU2KEeHUdA TeJI BIJIOTH JO MUKPOCKOIMYECKHX, IMOPAdAKa aTOMHBIX,
MacrraboB, KOTJIa PACCMATPUBAETCsI JIBUKEHHE aTOMOB KaK IeJIoro (KuHe-
THYecKas Teopus MaTepnu). [losToMy HEOOXOAUMO PUHSTH HEMpepeKaeMblil
MOCTYJIAT - HOBasl MEXaHUKA JIOJ:KHA B IIPUMEHEHHH K KJIACCHYECKUM O0b-
eKTaM JlaBaTh T€ Ke Pe3y/ibraTbl, 4TO U KJjaccudeckas ¢dpuszuka. Ipyrumvu
CJIOBaMH, HEOOXOIMMO 1TOTPeboBaTh, YTOOBI B HPE/IEJIbHOM CJydae OOJIbITAX
MacCC HWJIN MaKPOCKOIINYECKUX TpaeKTOpI/Iﬁ HOBas MeXaHHUKa IepexoJuJjia B
KJIACCHYIECKYTO.

OCHOBBIBasICh Ha CIIEKTPAJbHBIX 3aKOHOMEDHOCTIX MOYKHO BBIPA3HUTH
SHEPIUI0, HEOOXOIUMYIO JI/IS VAAJTeHHS 3JIEKTPOHA OT sipa Ha OECKOHETHOCTh
13 COCTOSIHHSI, COOTBETCTBYIOIIEMY CIEKTpaJIbHOMY Tepmy 1},, T.e. SHEPIHUio
MOHU3AIMKI aTOMa W3 COCTOSHUS ¢ SHeprueit K,

I hR
n— o -
n2
DHeprust MOHU3ALUU aTOMa BOJIOPOJA U3 OCHOBHOIO cocrosuus Fi = —hR

Ha3bIBaCTCAd IIOTEHIINAJIOM MOHU3AIINH. PaCCTOHHI/Ie MeKy TepMaMu YyMEHb-
MaeTcd Mo Mepe yBeJUYEeHUs HOMepa TepMa (I/I,HI/I SHEPreTUIECKOro ypoB-
Hs). B mpuMeHeHn# K aToMy BOJOPOJIA MPHHIUI COOTBETCTBHS Y TBEPIKIAET,
YTO YeM OOJIbIIIe HOMEpP TepMa, TeM JIYYIlle I Hero BBIIMOJTHAIOTCS 3aKOHBI
KJIACCUIECKOW MeXaHUKH. /leficTBUTETHHO, IO Mepe YBeJTUYeHUs 1. PacCTOs-
HUE MeXK/Iy CIHEeKTPaJ/JbHbIMU T€PMaMU yMEHbIIACTCHd, CTPEeMACh K HYJIIO 1IpU
n — oo u, cJaeaoBaTejibHO, aTOM aCUMITOTUYIECCKHN HpI/I6III/I)KaeTCH K COCTO4-
HUIO JBUKEHUHA, KOTOPOE COIJIaCyeTCd ¢ KJIaCCUIeCKON Teopueii.

PaccmorpuMm sBa BBICOKO BO30Y2K/I€HHBIX TepMa 1, m >> 1. Yactora us-
JIy9eHus MPH Tepexojie ¢ YPOBHA N HA YPOBEHL M paBHA

1 1 m? —n? 2(m —n)

v=R(——-—)=R ~ R

n?  m2 n2m? n3

[TociieHee BhIpakeHne B 3TOM IMENOYKe PABEHCTB IOJIYyY€HO NPH YCJIOBUH,
qro n,m >> 1 un ~m. Ecim m —n = 1, T0 moJay4nuM OCHOBHYIO YaCTOTY
U3JTydeHus

2R
"M~ —.
n3
Jlng ciydag m — n = 2 mojayduM B JBa pasa OOJBIIYIO YacTOTy Vo = 2U4,
JUTS cJlydas m — N = 3, COOTBETCTBEHHO, B TPU pa3a OOJIBIIYIO YaCTOTY

U3aydeHnda v3 = 314 1 T.J. TakuM oOpa30oM, IPHU BBICOKHUX CTEMEHSIX BO30Y K-
JIEHHSI aTOM M3JIy4aeT aHaJJOIMYHO KJIACCUYECKOMY JIMIOJIbLHOMY BHOpPATOPY
¢ COOCTBEHHOW YaCTOTO V4 U COOTBETCTBYIONIUMU BHICIITUMU FAPMOHUKAMU.
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[loscTaBuM B 9HEPrUO TepMa £, BMECTO HOMEDA 7 €0 BhIpaKeHUe 1epe3
1
OCHOBHYIO Yactory n = (2R/v1)3, Torga moayaum

1 1 1
v2\? RR3V2\ 3 Rh3w?\ 3
hit 4R2 4 1672 ’

rie w = 27v;. Orcofa cpasdy nojyvaeM coOoTHOIIeHue [ed]

B R

w2 1672

= const, (1.21)

KOTOpOE JIOJIZKHO cOoBIaaarh ¢ (1.20) mpu GOJBIIUX 7, COMJIACHO MPUHIIUILY
coorserctius. [TpupasuuBas (1.20) u (1.21), MBI TOTYyYNM BBIDAZKEHUE TS
HOCTOSTHHON R

R = RyZ?,

I‘,Z[e ) A
2m°me

Ro="35—

HasbiBaeTcs nocrosinuoit Pumgbepra. IlojcraBus B 31y hopmysny 3HaveHwust
KOHCTaHT €,m u h, U3MepeHHble JIPYTHMHI MeTOJAaMH, MBI HOJYIUM YHUCIO-
BOe 3Ha4YeHWe I TmocTosdnnoit Pumbepra, KoTopoe COBHAJET €O 3HAYEHU-
eM, MOJYYeHHBIM W3 HEe3aBUCUMBIX CHEKTPOCKOMMYecKux muiMepennit. Ceii-

4ac MPUHATO CJie/lylolee 3HadeHue 3Toit i nocrosuuoit Ry = 109737
em b =3.29-10%c L
Kaxk mokaszanau usmepenus nag nonamu Het, Li?t, ... mocrogmnas R mpa-

BIUILHO 3aBHCHT OT 3apsI0BOTO YHCIA aapa Z, T.e. R ~ Z2. BoJee Toro, ecan
y9eCcTh KOHEYHOCTh MacChl gapa M u paccMOTpeTh 3aJady B CHCTEMe TeHTpa
MacC aToOMa, TO MOYKHO OIEHUTH MOIPABKY, O0YCIOBJICHHYIO T€M, 9TO BMECTO
MacChl 3JIeKTpoHa B dopmysy st Ry OyaeT BXOJUTH MPUBEJICHHAS Macca

aToMa
mM m

:m+M:1—|—

p m
M
CaenoBaTesbHO, ,

hen

M

D70 HOJIHOCTHIO HOATBEPAUIOCH dKCIEepUMeHTabHo. Haupumep, B cuekrpe
noHa rejqust Het mmeercst nesbiii psaj JuHuil, KOTOpbIe 11049TH (HO BCe 7Ke
He COBCEM) COBIAJAIOT C JHHUSMH BOJOPOJHOIO CIHEKTPa. JTO PACXOK/Ie-
Hue 0OyCJIOBJIEHO TeM, YTO MAacca sjipa Tejids B YeThipe pasa OoJIblle sapa
aToMa BOJIOPO/IA, T.€. MIPOTOHA. 3aBHCHMOCTH YACTOTHI CIIEKTPATbHBIX JIMHMM
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OT MAaCChI f/Ipa aTOMa HCIOJIB30BAIN JJIg OOHAPYKEHUs M30TONOB. Takmm
00pa3oM OBLT OOHAPY:KEH TSKeJbIil BOIOPOI - JIeiiTepuii.

YCTaHOBHUB OIPEIEJIEHHYIO CBsI3b MEXKIY PaJIuycoM OpPOUTHI, 9acTOTOM
oOpalleHust U SHEprueil B IJIAHETAPHOW MOJIEJM aTOMa, KJIACCHYECKas Me-
XaHWKa, TeM He MeHee, He JaJia O6'bHCHeHI/IH CIIEKTPpaJIbHBIM 3aKOHOMEPHO-
CTSIM H3JIy9YeHHsd aTOMOB. /[/is MIpuBeIeHns B COOTBETCTBHE ¢ HAOIOMEHU MM
HEOOXOIMMO BOCIIOJIB30BAThCA MOCTYIaTaMi Bopa, 0JHAKO HPHPOIa TAKOTO
IIoBEACHUA aTOMHbBIX CUCTEM OCTACTCHA I1O-IIPEKHEMY HEBbISICHEHHOI. Ha 9TU
BOIIPOCHI OTBETUJIA HOBAsA TE€OPUAd, HO IPEZKAE YEM IIePpEeXOJUThb K €€ CuCTeMa-
THYECKOMY M3JI0KEHHIO, Mbl KPATKO OCTAHOBUMCSI Ha OOPOBCKOil KBaHTOBO
teopun. Teopus Bopa. XoTg 1 oka3ajach He BIOJHE COCTOATEILHOI, HO OHA
O3BOJISIET O0BICHUTH MHOTOYUCIEHHBIE KCIePIMEHTAIbHbIE Pe3YIbTAThL 1,
410 HambOJIee BayKHO, OHA HEOOXOaMMa s 00OCHOBAHUS BOJTHOBON MeXAHH-
KH.

KBanToBaHue 60poBcKux opobut. I3 BoilenpuBeeHHLIX (DOPMYJT JIETKO
MOJIYYNTD BBIPayKeHUe I PaJInyCcoB OOPOBCKHUX 3JEKTPOHHBIX OPOUT

Ze? n?
Up = — 5 = A0~
2F, 7’
re BeJUINHA
h2
ap = ——=
me?

HAa3bIBACTCS OOPOBCKUM PAJIUYCOM - 3TO PAJIUYC HEPBOil KPYroBOil OpOUTHI
9JIEKTPOHA B aToMe Bogopojia. Hamomunm, uro i = h/2w. HucnoBoe 3HaveHue
OopoBckoro pajuyca ag = 0.528 A.

AHaJIOFI/IqHO JJIAd 9aCTOTBI O6pa]_[[eHI/IH JIEKTPOHA IOJIyYa€M BbIpazKEHUE

Z2
Wp = WOFa
rae
4
me
Wy — F

st opburanbuoro momenta L = [ p] (7 - paguyc-BeKTOp, J- UMITYJIbC),
CBSI3AHHOTO ¢ ODOpAIeHuEeM 3JeKTPOHA BOKPYT s/apa, moayduM [f18]

L, = ma’w, = nh. (1.22)

Orcroma ciemyer, uTo B aTroMe bopa opOUTATBLHBINE MOMEHT BCerja COCTaB-
JISIET [EJI0€ YHUCJI0 HJIEMEHTAPHBIX KBAHTOB JeficTBus h. DTO yTBEpZKIeHue
HA3bIBAIOT KBAHTOBBIM yCJIOBHEM JIJIsi OPOUTAIBHOTO MOMeHTa. KBanToBaHuMe
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OpOUTAILHOIO MOMEHTA, KaK IOKa3aJ10 JajIbHeillllee pa3BUTHE TEOPHUH, UI'Pa-
€T CYIIEeCTBEHHYIO POJIb B KBAHTOBOI MeXaHUKe.

Paccmorpum npumep Bpaniaouieiicss MOJIEKYJIbl, KOTOPYIO IPEJICTaBUM
KaK TBEpJOe TEeJI0 - POTATOpP WJIM BOJIYOK. BpalleHune mpoucxomauT BOKPYT
HEKOTOPOit (DUKCUPOBAHHOI OCH M MOMEHT WHEPIWH MOJIEKYJIbl OTHOCUTE Ih-
HO 3TOii ocu obo3HadnM I. MoMeHT IMIIy/Ibca MOJIEKYJIbl OTHOCHTEIBHO STOil
ocu L = lw, rie w - yrjioBag CKOPOCTDb BpAIlleHHsI. DHEPrus BPalleHusa BOTI-

Ka 9
1 L
E=-Iuw=—".
2 21
ECJII/I IIPpDUHATH B KadecTBe HOCTyJIaTa yC.HOBI/Ie KBaHTOBAaHHUA Op6I/ITaJII>HOFO
MOMeHTa, T.e. L = nh, To I BpallaTeIbHBIX YPOBHEH SHEPIUU MOJTYIUM
BBIDa2KEHHE
h2
E, = —n?
21
Takue snepreruveckre ypoBHU ObLIN 3aPETHCTPUPOBAHBI SKCIIEPUMEHTAJIHHO

(e aHIPOBCKIE TEPMBI).

KBanToBaHme sjmuntudeckuXx opout. [lycThb 3/1eKTpoH JBHKETCS BO-
KPYT /Ipa MO SJIUNTAIECKONR opOuTe. BhInuineM MOTHYIO SHEPTHIO 3JIEKTPO-
Ha

2 1
P + —mw?r? = E = const.
2m 2
[IpeacraBuM 5TO BhIparkeHHe B BHJIE
2 2
p re
2tp=h

rie a = V2mE u b= /2E /mw? - noayocu smunca Ha Gha3oBoii mI0cKocTn
HMITY/TbCA P B PAJNYC-BEKTOPA 3JIEKTPOHA 7.

Boruucius mwiona (b Juimica, Mbl HaitjieM o0liee ycj0BHe KBAHTOBAHUSA
9JIEKTPOHHBIX 0pouT B 6opoBckom atome [f19]

j{pdr = mab = nh. (1.23)

Crporuit BeIBOjL 3TOr0 yeaous (kBanroBanne Bopa - 3ommepdesbia) octo-
BaH Ha MCII0JIH30BAHUK TEOPUN aInabdaTHIeCKNX NHBAPUAHTOB B TEPEMEHHBIX
neiictBue - yroji. Mbl He Oy/ieM 3/1eCb OCTaHABJIMBATHCA HA ITOM, OTCBHLIAS
quTaTeNd K y2Ke MATHpoBanHoil kaure M. Bopha.

Teopusa Bopa, omuparoriagcsa Ha KIACCHIECKYIO MeXaHUKY, MOTJIa ObITh
TOJILKO IIEPEXO/IHBIM ITAIIOM K CO3/IaHUIO I10CJIe0BATEJILHONR TEOPHU aTOM-
HBIX SIBJIEHWUMN.
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1.3 BousanoBoli nmaker u runore3a je bpoiijs

1.3.1 BoJaxoBoii maker

HanoMHuM HEKOTOpBIE CBEJEHUsI U3 TEOPUHM BOJHOBOIO JBUzKeHUs. BoJHo-
BBIM yDaBHEHHEM sIBJIsIeTCsl ypaBHeHHe Bua [eb]

1 9%

— = — V=0, (1.24)

2 ot
rae & = £(7, 1) - dyHKIMs, ONUCHIBAIONast U3MEHEHUE B IIPOCTPAHCTBE U Bpe-
MEHH HEKOTOPOii (pH3U9eCKOil BeJIMIUHDL, ¢ - IOCTOSHHA, NMEIOIIas pa3Mep-
HOCTB cKopocTH, V2 = A - muddepennnanbusii oneparop Jlamraca. B 06-
meM caydae GyHKIus & ABasgeTcs BEKTOPHOH BenunHon. Ypasuenne (1.24)
ABJIAeTCA JTUHEeRHBIM 1 GepeHnnaJIbHbIM yPABHEHUEM B YaCTHBIX IIPOU3-
BOJHBIX BTOPOTO Mopsiika. B mekapTosbix Koopamnarax oneparop Jlamiaca
nmveer Bug [20]
0? 0? 0?
s+
ox?  Oy? 022
YacTHBIM perenneM ypaBHerust (1.24) sBisiercs pelieHue B BHJE MITOCKHUX
Bosin. Ecu, manpuMep, oCh T HAIIPABATHL BOJIb HAIPABICHHA PACIPOCTPAHE-
HUS IJIOCKON BOJIHBI, XapaKTePU3yeMbIM BOJIHOBBIM BEKTOPOM k, TO ypaBHe-
HUe IJIOCKOI BOJIHBI 3anuiiercs B Buje |f21]

A=V = (1.25)

E(x,t) = &e'F e, (1.26)

rjie & - aMILIUTY 18 BOJHBI, HOKA3aTe/Ib IKCIIOHEHTHI Ha3bIBAETCsI (ha30it BOJI-
Hbl: k = 27/ ) - BOJIHOBO# BEKTOD, A - JIMHA BOJIHBI, W - YacTora. [loBepx-
HOCTb TOCTOSHHOIT (ha3pl Ha3bIBaeTCsad (GPOHTOM BOJHBI. Eciu sTa mosepx-
HOCTBH MpEJCTaB/sIeT CODOM IIOCKOCTh, TO BOJHA HA3BIBAETCS ILIOCKOil. Taxk,
HanpuMep, u3 (1.26) mOBEPXHOCTH MOCTOSHHON (ha3bl OMPEIENACTCS U3 YPaB-
HeHus [e6]

kx — wt = const. (1.27)

OdeBuIHO, OTCIO/A I JTIOOOTO (PUKCUPOBAHHOTO MOMEHTa BpPEMEHH ty IO-
JIYIOM T = const, 9TO IBJISE€TCS YpaBHEHHEM ILTOCKOCTH B TPEXMEPHOM IIPO-
crpancrse. Tuddepennupyst o6e gactu (1.27) 1o BpeMeHH, MOJYIUM CKO-
POCTh pacpocTpaHeHusi BOJHOBOTO dbpoHTa |e7|

_ Oz _
-2 =

w
Yo % (1.28)

KOTOpasi Ha3biBaeTcs (ha30BOil CKOPOCTHIO.
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B cuiy smueiinocru ypasrenust (1.24), mobas Cyleprnosuius 4acTHBIX
pemtennii &;(x,t) 9TOro ypaBHeHHS ABISETCS TaKKe ero pemenneM [{22]

g(xat) = Zngj(xat)’ (1'29)

rae C; - mocrosHHBIEe KOI(DOUIHEHTHI.

Pacemorpum cynepriosunuio mrocknx BosaH Buga (1.29). Bymem moua-
raTh, YTO BOJTHOBBIE BEKTODA TUX BOJIH JI€?KAT B HEIPEPBIBHOM HHTEPBAJIE
[ko — Ak /2, ko + Ak/2] u nyist mpocToThl OyaeM cuauTaTh Bee KOIhdummeHTs
onuuakoBeiMu U pasabiMu C' = A/Ak, tae A - 0JUHAKOBBIE U MOCTOSTHHBIE
AMILIUTY/IbI BOJIH. B CUJIy HENpPEpBIBHOIO pacipejie/IeHus] BOJTHOBBIX BEKTO-
poB, cymma B (1.29) 3amenntcst maTerpasom [f23]

ko-i-%
A i(kx—wt)

Ak
ko—5*

B obmiem ciydae yacTora BOJHBI 3aBUCHT OT BOJIHOBOI'O BEKTOPA, YTO BbIpa-
JKaeTcsl ypaBHeHUuEM

w=w(k)

M HA3bIBAETCSI 3aKOHOM Jjtuctepcnu. Bu aToit pyHKInm 3apanee He N3BECTEH,
€ro MOYKHO OIpPEJIeTUTDh U3 dKcrnepuMenTa. OHAKO ceifyac OH HAC HE MHTe-
pecyer. Mbi pazsioxkum dyukimo w(k) B pag Teitiopa B OKpECTHOCTH TOYKH

ko [£24]

Ow 1 J%w

w(k) :w(k}o) + % N (k?—ko)+§ w

(k — ko)* + ... (1.31)

ko
Ceiivac orpaHnYnMCs JTHHEITHBIM 1JIeHOM pa3/iozkeHns. Beegem 0603HaYeHNS

) Ow
- Ok

w(ko) = wo, w1 =W'(k— ko), w

ko
TOT/IA
w(k) = wy + w.

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

ko+4E
/ pilkoz—wot) yi(k—ko)(z—w't) J1. — B ilkor—wot) (1.32)

Ak
ko=

5(*7:7 t) = E
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®akTop B Bbruncisercs cuaepyomum obpasom [f26]

k‘o-&-%
A , / sinm
B=—— ik=ko)z=t) g; = A 1.
K 1, (1.33)
ko— 5k
rie A
k
n= 7(:1: — W't).

Takum 06pa3oM /I BOJHOBOIO MaKeTa MOJydaeM Boipazkenue [f27]

£(z,t) = A—SIE” ¢ilkor=nt) = By, ) ¢ilhor—sod), (1.34)

[To dbopme - 310 ypaBHEHUE TLIOCKOH BOJHBI ¢ amimuTyaoit B(x,t), 3aBucs-
meilt 0T KoopAuHATH 1 BpeMmenn. Pa3oBad CKOPOCTD 3TOI BOJIHBL II0 OIIpee-
_ _ o(x)

JIEHUIO paBHA vy = wy/ko. ['paduk dbyukmun f(xr) = T upencrabien Ha

puc.1.2.

1 n
0.8 :

0.6 1

sink
0.2 ~q
AN N\ A A
-0.2 ~q
-30 -20 -10 0] 10 20 30

Puc. 1.2 rpagux yrmyuu flz) = smz&

Ha puc.1.3 npeacrasiena npocTpaHCTBeHHAS PA3BEPTKA BOJHOBOTO Ta-
kera (1.34) &(x) mpu yciaoBum, 910 A9 = % A, a Ak = ky/4 u rpymmo-
Basg CKOPOCTDb BOJTHOBOT'O IIAKETA B JBa pa3a MeHbIIe ero (Ga3oBoil CKOpOCTH
(Bmos ocu abemuce MacirabHoll equmnieii apaserca Aurcrpem (A)). 13
9TOr0 pucyHka BujHO, uro dbynkuus B(x) (puc.1.2) asisercs orubaroreii
JUIsl BBICOKOYACTOTHOTO BOJIHOBOTO TIPOIECCA, OMPEIETAEMOro IMEeHTPATLHON
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JacCTOTOIl wp. DTa I'pyla BOJH - BOJTHOBOH IaKeT JIBUXKETCSI B IPOCTPAH-
CTBE C OIpeJIeIeHHON TaK Ha3bIBAEMOil I'PYIIOBOil CKOPOCTh. DTY CKOPOCTH
MOZKHO OIpeJIe/IuTh u3 ycjaoBus nocrogucrea "dase" ammmryas B(x,t).
JleficTBUTE/ILHO, YCJIOBHE 1) = CONSt OUPeJIe/IsieT Ty WM UHYIO TOYKY Ha MPO-
CTPAHCTBEHHOI pa3BepTKe BoHOBOro makera (pwuc.1.3). Hampuwmep, n = 0
coorBeTcTBYeT Makcumymy npu z = (. Torma, ckopocTb ABWKEHUS ITOTO
MaKCHMyMa omnpeeuTcs auddepeHImpoBaHneM 0 BpeMeH!n ypaBHEeHU

x — W't = const
W TpuBeJieT K pesysbrary [f28]

,  Ow

= 9% . (1.35)

Vg =W

D10 U ecTh IpyHnoBas ckopocts (cp. ¢ (1.28)).

0.8 1

0.6 1

Puc. 1.3: IIpocmparncmeennas paseepmra 60ar06020 naxema &(x), cozaacno (1.34). Ipunamo, wmo
A=1.

B skcnepuMenTax Bcerja perucTpupyercd He aMILTUTYAa BOJHBI, & SHep-
I'dsl, TePeHOCUMAasT BOJTHOM, KOTOpasl MPOMOPIHOHATbHA KBAAPATY AMILIATY-
a1 BostHbL, T.e. [ ~ |&(z,1)]2. T'pacduk dynxmun I () upeacrasien na puc.1.4.
13 sToro pucynka BUIHO, 9TO OCHOBHAs JI0JIsI SHEPTUH COCPEJIOTOYEHA B 00-
nacru 4 < Az < 4. Caenyromuii (mepBbiii mOGOYHBI) MAKCHMyM pacIpe-
JleJIeHUSI MHT€HCUBHOCTH BOJIHBI IpUMepHO B 20 pa3 MeHbIlle HHTEHCUBHOCTH
IJTAaBHOTO MaKCHMyMa, HHT€HCHBHOCTH BTOPOTO IMOOOYHOIO MAKCHUMYMa YiKe
B 60 pa3 meHnblie, 4eM rJ1aBHOrO u T.J1. VI3 31010 HabOJIIOMEHUS MOXKHO CJe-
JIATh BayKHBIH BHIBOJL O MTPOCTPAHCTBEHHON JIOKAJIM3aIlMi BOJIHOBOTO MaKeTa.
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BadukcupyeMm Kakoii - u060 MOoMeHT BpeMenu, Hampumep t = 0. Torma, co-
rinacho (1.34), mpocTpaHCTBEHHOE pacipe/ie/ieHe SHePTUH BOJTHOBOTO MAKeTa
OyJleT TakuM 2Ke, Kak Ha puc.l.4, TOJIbKO Telepb B Ka4ecTBe apryMeHTa Oy/er
BBICTYNIATh BeJINYNHA 7)g = %Ak T.

0.9 1

0.

[ee]
T

0.

N
T

0.

L

-15 -10 - 10 15
x, A

w B (42 (o)
T

N

Puc. 1.4: ITpocmpancmeennas pas3sepmia snepeun eoanoeozo naxema |&(x)|?. Mpunamo, wmo A = 1.

[IpuHuMas 3T0 BO BHUMAaHHE, MBI MOXKE€M CKa3aTb, YTO HPOCTPAHCTBEH-
Has 00J1aCTh JIOKAJIM3AIUKA BOJTHOBOIO ITaKeTa He MOXKeT ObITh MEHbIIe, YeM
Ang > 2w, uro jerko BujeTh u3 (1.34). B skcmepumenTe Jijis ONEHKH IITH-
PUHBI UMILYJIbCA TPUHATO ONPEAEJIATH €€ 10 YPOBHIO MOJOBUHHOW BBICOTHI.
Ornenennyfo TakuM 00pa30M BEJTMYIMHY HA3BIBAIOT MOIYIIHPHHON MMITYIHCA
1 MMEHHO €€ UCIIOJIb3YIOT IJId XapPaKTEePUCTUKU UMITYJIbCA. HOCTyHaH aHaJIO-
THYHO, MOZKHO PacCUUTaTh, 9TO paBeHcTBO |£]? = % BBITIOJIHAETCSA IPUMEPHO
npu 7o ~ 5. CreoBaTesbHO, MBI MOZKEM OCJTa0MTH HEPABEHCTBO, MOJOZKHB,
qro BestmauHa Ay He MOxKeT ObITh Menblne m, T.e Ang > . Vcnoab3ys
HPUHATHIE 0003HAYEHU, 3AMUIIEM CJIeIyIOIIee, XOPOIIo N3BECTHOE B OIITHKE,
HepaBeHCTBO [f29)]

AkAx > 2. (1.36)

Otciona caemayer, 9To deM yzKe HAOOP BOJIH B BOJTHOBOM ITaKeTe, TeM OOJIbIIIe
POCTpaHCTBEHHAs 00J1aCTh, 3aHUMaeMas ITUM IakKeToMm, U Haobopor. Hem
MEHBIITe MPOCTPAHCTBEHHAsT 00/1aCTh, 3aHUMAEMasi BOJTHOBBIM MAKETOM, TeM
OoJiee OH MOXOXK Ha KOMIIAKTHYIO dacTuily. HamomHuMm, 9T0 B mIpeaebHOM
CJaydae OJIHOM BOJIHBI, MBI MOJy4YaeM IOJHYIO JeJ0KATU3AIHI0, T.e. BOJTHA
3aHIMAET BCe MPOCTPAHCTBO

CoBepIiieHHO AHAJIOTHYHO MOYKHO OIPEJIE/IUTh BPEMEHHYIO.JIOKAIN3AIIAIO
BOJTHOBOTO TakeTa. JIj1st 91010 3aduKcnpyeM Kakyio - 100 TOYKY TPOCTPAH-
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crBa, HanpuMep, nojaoxum x = 0. Toraa, n(z,t) — n(0,t) = %g—‘gt. [TpoBena

AHAJIOTUYIHBIE PACCYXKAEHNUA C TOYHOCTHIO 3aMEHbI & — t, MBI IIOJIYy4YHUM CJie-

nyiotee Hepasencrso |£30]
AwAt > 27. (1.37)

DTO TaKKe XOPOIO N3BECTHOE B ONITHKE HEPABEHCTBO, CBA3BIBAIOIIEE TITHPUHY
CIEeKTPATbHON JTUHUA Aw € JJIATEJTbHOCTHIO u3aydenus At.

1.3.2 PacmuibiBaHue BOJIHOBOI'O IIaKeTa

[Tocie bopmyIMpOBKYU TUIIOTE3BI Jie Bpoilisi 1 9KCIepuMeHTATLHOTO €€ MOJI-
TBEPZK/IeHNs BO3HUKJIIA MPOOJIeMa HHTePIpeTalui HOBBIX JaHHbIX. O1HOi U3
MEePBHIX MOMBITOK TAKOIl WHTEpIpeTAIy ObLIa MONBITKA PENIUTh KOPITYCKY-
JIAPHO - BOJIHOBO#I JlyaJIu3M, IIPEJCTABUB YaCTUILY B BUJIE BOJHOBOI'O IIAKeTa.
[IpejicraBuM, 4TO 4YacTUIla, HAPUMED, JIEKTPOH Ipe/CcTaBjsgeT coO0it BOJI-
HOBOI makeT. MBI MOKeM BBIYHCINTD (ha30BYIO Uy M TPYNIIOBYIO Uy CKOPDOCTH
Takoro naketa. [lycTh 371eKTpoH JBUMKeTCS CO CKOPOCTBIO U, B CBODOTHOM
npoctpancTBe. Torma, ucmnonab3ys coorHomenud F = hw u p = mv, = hk,
HOJTY 9UM

E  md hk

Ww=—=——, m=—.

h h’ Ve

[ToxacraBuB BhIpazKeHHe J1JIsi MacChl B BbIPAKEHHE JIJIST 9aCTOThI, MOy IUM
2
c
w = —k,

/UE

OTKY/Ia BBITEKAET 10 ONpe/IeJIeHII0 Bhipazkenne Jyisi (ha3oBoit ckopoctu [f31]

C2

vg=— >c. (1.38)
Ue

[Tocieinee HepaBeHCTBO OOYCJIOBJIEHO TE€M, 4TO Beerja v, < c. Takum obpa-
30M hazoBast CKOPOCTH JIjIsl 3JIEKTPOHA TOJIYIaeTCsi 0OJIbINe CKOPOCTU CBETA.
Tem HEe MeHee 3TOT pe3y/bTaT HUYEMY He IPOTUBOpPEUYHT. Jle10 B TOM, 4TO
dazoBasg cKOpOCTh He uMeeT (pU3MIecKoro cMmbicia. OHa He MOXKeT ObITh U3-
MepeHa HKCIePUMEHTATbHO. JTa CKOPOCTh He CBA3aHa C MEePEHOCOM KaKOro-
Jin00 BUJIa dHeprun uiu uHgopmanuu. B kKauecTBe n3BeCTHOIO pUMepPa, UJi-
JIIOCTPUPYIOIIETO 9TO BHICKA3BIBAHNE, TPUBEIEM CKOPOCTD MEPEMEIIeHNsT COJI-
HEYHOro 3aiiunka 1o crene. [IpejcraBum cebe 3epkaJiblie, MPUKPEILIEHHOE K
ocH mojioro nmuauHApa. [Ipu moBopoTe ocu MoBOpavuMBaeTCs U 3epKajblie, a
"saifunk" mepemermaeTcs Mo BHYTpeHHeil CTeHKe mMuIuHapa. IlycTs pammyc
HUJIMHpa paBeH R, Torjga BpeMsi, HEOOXOJMMOE CBETY JIjIsi ITPOXOXKIECHUS
9TOr0 paccrosinug paBuo 7 = R/c. Ecin yrioBas cKOpoCTh BpallleHUs] OCH
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ecTh w, To "3ailunk" mepemMeraeTcs 1mo cTeHe ¢o CKOpoCThio vg = Rw. Ecian
BpallaTh 3€PKAJIbIIE ¢ TAKON CKOPOCTHIO, YTOOBI CBET IIPU MOBOPOTE HA, JTIOOOM
YTOJI ycneBaJ JOiTu 0 CTeHKHU, T.e. npu w = 27/7, 10 aiasa GHa3oBoii CKo-
POCTH TOJIy9IuM Vg = 27m¢ > c¢. EcThb eme psiji IpUMepoB, WLIIOCTPUPYIOMUX
sdemMepHOCTh (ha30BOIt CKOPOCTH, T.e. CKOPOCTU HEKOTOPOil BOOOparkaemoii
(MaTeMaTH4ecKoii WK abCcTpakTHOI) Touku. Hampumep, CKOPOCTH JIBHZKE-
HUA TOYKH ME€PEeCeIeHUusd JBYX MPSIMBIX.

Bobrauc/ium Temnepb rpynnoByi0 CKOPOCTD 3JIEKTPOHHOI'O BOJTHOBOI'O HAKe-
ta. [lo onpeesenunto

ow OF
YTk T ap
g dborona, T.e. aisg 6e3MaccoBoil YacTuibl, mo = 0, sHeprus pasaa F = cp
1, KaK JIeTKO BHJIETh, (pa30Bad U TPYIIOBasd CKOPOCTH PABHBI CKOPOCTH CBETA
Vg = Vg = C.
s gacTuI, ¢ HeHyJ1eBoil Maccoil MMOKOsi SHEPIrus paBHA

E = \/p?* + mict.

SAp  Amo.

E mc?
Takum o6pa3oM, I8 3JIEKTPOHOB TPYIIIOBAA CKOPOCTH BOJHOBOI'O MAKETA
J1eOPOIeBCKUX BOJIH COBIIAIAET CO CKOPOCTHIO CAMOIO 3JIeKTpPOHA. DTOT pe-
3YJIBTAT U HOCTYZKUJI 3BPUCTUYCCKUM COOOpasKeHHeM JJId MONLITKA HHTep-
IpeTalyuy YacTUIL B BHUJE BOJHOBBIX IAKeTOB BOJH Jjie bpoiirga. Oxnako mo-
CTAaTOYHO CKOpO O6Hapy}KI/IﬂI/ICb HpI/IHHI/IHI/IaﬂbeIe pr,ZLHOCTI/I JJIA TaKOI WH-
repuperanun. [Ipobiema 3akIodatach B yCTORNIMBOCTH BOJHOBOTO IIAKeTa.

CrenoBaTesbHO,

Vg = = V,.

PacnisiBanmne BosiHOBOro nakera. Kaxk usBectHo, dhasza Bonbl (kx—wt)
onpejgeJsider aMILJIMTyAdy BOJIHbBI B ﬂaHHbIﬁ MOMEHT BpEMEHU B ,Z[a/HHOI';I TOYKE
npocTpaHcTBa. EC/M 3aKOH JUCHEPCHH, OIPEESIONINTT 3aBUCUMOCTD 1aCTO-
ThI BOJIHBI OT BOJTHOBOT'O BEKTOPA, BbIpazKaeTCd TPOCTBIM COOTHOIIIEHUEM

w = ck,

TO BCe BOJIHBI B JIAHHOW CpeJie pacpoCTPAHAIOTCA ¢ OJUHAKOBBIMHU CKOPOCTSI-
MU, CO CKOPOCTBIO C.

Ecmm ke 3akoH aucmepcun Apyroil, HaIpuMep TaKoil, KaKoil ciemxyeT nu3
(1.31)) upu yuere KBajgparudHoro 4jiena, |f32]

w(k) = w(ko) + 0_w (k— ko) + L 0w

——— | (k—ko)?, (1.39)
Ok |, 2 0k? |, ’
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TO BOJIHBI ¢ PA3HBIMU BOJTHOBBIMH BEKTOPAMHU OYAYT MMETh PAa3JIMIHbIE CKO-
pocTu. DTO O3HAYAET, YTO (HA30BbIE COOTHOIIEHUS MEYKIY BOJHAMHU OYIyT
HApPYIIAThCsl B [POIECCe PACIPOCTPAHEHHWs BOJIHOBOI'O IaKeTa M, CJIeJ0Ba-
TeJIbHO, Oy/IeT U3MEHAThCH nHTeP(epeHIIMOHHAs KAPTUHA, T.€. Oy/1eT MeHATh-
cst popma BosTHOBOTO MakeTa. Hapymenne ycaosuit maTepdepennm o3nava-
€T HCYe3HOBEeHHe BOJHOBOTO makeTa. OQmpeeanM XapaKTepHOe BpeMs TaKoO-
IO MCYE3HOBEHN, T.e. PACIUIBIBAHKs BOJTHOBOTO makera. [Tomcrasmv (1.39) B
(1.30) u npoBejseM MpoIEAYPY BbIICJICHHsI MOJTHOIO KBA/JpaTa B IOKA3ATE/Ie
sKcroHeHTHI. [locse HecIoKHBIX MpeoOpa30BaHMil MBI MOIYYHUM CJIeIyomee
Bhipazkenne [f33]

Y2

A V3oL T
5(:1;,1&):E\/me‘25 /e Y dy, (1.40)

Y1
rie
2(z — w't)? r — Wt — 2"t (k — ko)

— T Yy = .
" )
w t %w//t

¢:k0$—th+

Buauenns npenesoB uHrerpata mouarHo u3 (1.30). 31ech BBeJEHO TakKe
OUYeBUIHOE 0DO3HAUCHUE
"no__ 82_"‘)

- Ok?
Ecnmu nmpeanonoxurh, 9To B (hOpMHPOBAHUE BOJTHOBOIO MaKeTa IMPUHUMAET
ydacTHe J0CTaTOYHO MIMPOKUI HAOOP JUIMH BOJIH, a B IIPe/iesi BOOOIIE JI0Iy-
cruth, 9t0 Ak — 00, To nurerpan B (1.40) MokeT GBITH BBIYHCIEH TOTHO

w

o0

/eiyzdy = g(l — Q).

—00

Jlajiee HAIIOMHMM, 4TO 3JKCHEPUMEHTAJIbHO BCErja H3MepseTcs HHTEHCHB-
HOCTb, a He aMILIATY/1a BoJiHbl, T.e. I = |{(x,t)|% U3 (1.40) noayunm

2mA?

I'= et

U3 npeapLiymmero paccMorpenns monarno, uro A% = Iy, t.e. A? pasna max-
CUMAJIbHOW MHTEHCHBHOCTH IJIABHOTO MAaKCHMyMa BOJTHOBOTO Takera. Toria
OTCIOfIa TIOJIyYUM, YTO TPH ¢ > 7 BBIIOJHEHO CJIEIYIONee PaBeHCTBO (mpu
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t < 7 naber a3bl, 0OYCIOBICHHBIH KBAJIPATUIHBIM WJIEHOM, €Ille JI0CTATOY-
HO MaJI U BOJTHOBOM ITaKeT CYIIeCTBYeT B HaUaIbHOU (bopMme, Moy deHHoit Oe3
ydera KBaJ[paTHIHOrO 4jieHa B paszsioxkennu (1.31))

I T

]_[)_ t t>7'7

rae [£34]
o 2n (Aw)y?
"7 WAR? T RZE (14D

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

L 0w 0’E

13 (1.41) creayer, 9TO0 MHTEHCUBHOCTH IJIABHOTO MAKCHMYMa YMEHbIIAETCSI
C TedeHnueM BpeMEHH, HO HE paHee, YeM 110 IPOoIIeCTBUU ITPOMEZKYTKa BpeMe-
HU paBHOM T. /[0 3TOr0 BpeMeHu BOJTHOBOI IMAKET CYMIECTBYET B HAYAJILHOMN
dbopwme, onpenensemoii (1.34). Takum 06pa3om, BpeMsi T MOKHO CIHTATDH Xa-
PAKTEPHBIM BPEMEHEM CYIIEeCTBOBAHUS BOJHOBOIO TTAKETA.

Berancium xapakTepHOe BpeMs CYIIeCTBOBAHES BOJTHOBOTO MaKeTa JIJIst
d)OTOHOB.QSHepFI/IH doronoB Bbipaxkaercs dopmysioit £ = cp u, ciejpoBa-

02E

resbo, G5 = 0. Cornacro (1.41) nosyuum st GoToHOB T — 00, T.€. BOJ-

HOBO# TMaKeT He pacIlIbiBaeTcss HUKOTaa. [ljast gacTuil ¢ HeHyJieBoit maccoii
nokoa E = \/c2p? + mic* n, caenoarensno, E” = 1/m. Eciu ckopocTh
YACTHUIBL JJOCTATOYHO Maja, T.e. v, << ¢, To E” = 1/my. Orcroga moaydum
XapaKTepHOe BPeMs CyIecTBOBaHMs BOJIHOBOrO nakera 7 = mo(Ax)?/h. s
mecunnky mo ~ 0.1 r, Az ~ 0.1 cMm, noayunm 7 ~ 10%* ¢, T.e. maker He pac-
mwasBaercs. s snexrpona mg ~ 10727 r, Ax =~ 1078 em, moayunwm 7 ~ 10717
€, 9YTO CBUJIETEILCTBYET O MTHOBEHHOM PACILIBLIBAHHE JIEKTPOHHOTO BOJIHO-
BOro makera. [1o106HOr0 poia OMEeHKH U MOCTYKIAIA OCHOBAHHEM /I OTKa3a
OT MHTEepIlIpeTalui MUKPO4YaCTUIl B BU/J€ BOJIHOBbLIX 11aKETOB ﬂe6pOI7LHeBCKI/IX
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 pasjesie 6611 hOpMaIbHO BBEIEHBI OLEPATOPbI UMILY.Ib-
ca [b2]

~ —
F=—ihV (2.33)
u suepruu [b3]
~ 0
H=in2 .
Zh@t (2.34)
win [b4]
~ h? 9
H= =V U(). (2.35)

BBejieHne 0IepaTopoB B KBAHTOBYIO MEXAHUKY IO3BOJMIO ITOCTPOUTE Ma-
TeMaTHYeCKuil ammnapar KBaHTOBO#l Teopuu. Ilponepypa BBejeHust oneparo-
POB B KBaHTOBOMI MeXaHnuKe, KOTOpasd HOCUT Ha3BaHUE IIPOIEAYPbl KBAHTOBa-
HE, ONpPeIeIdeTCs CJIeIyONIMI TPABUTAMI. N
1. Hekoropoii dusndeckoit Besnaune F' comocrapisercsa omeparop F.

2. HabGnogaemoii (T.e. peanbuoit) dbusnveckoii Benmnuune F cooTBeTCTBYET
TaK HA3bIBAEMOE KBAHTOBO-MEXaHMYECKOe cpejnee 3Hauenue (F') omeparopa
9TOM BEJIMYMHBI, KOTOPOE BBIUUCJISIETCsI 1O TpaBuity |bb]

(F) = / W Py, (2.36)

r7le HHTerPUPOBAHKE ITPOM3BOAUTCS 1O BCeil 00J1acTH M3MEHEHUs] BEJIUINHbBI
F.

3. Jlng Toro, 4ToOBI 3TO CpejiHee 3HAUEHHNE COOTBETCTBOBAJIO (DU3UUECKH Ha-
OJ110/1aeMOil BeJIMYNHEe, OHO JIOJIZKHO OBITHL BEIEeCTBEHHBIM, T.€. HeOOXOIMMO
BBITIOJTHEHHE yCI0Bus ||

(F)" = (F). (2.37)

DT0O yCIOBHE HAKIAIBIBAECT ONpEJeeHHble TpeGOBAHUS HA OMepaTopbl [
[eiicTBuresbro, coriaacHo (2.36)

(F)* = / E*dr,
CJIEJIOBATEJIBHO, JIOJIZKHO BBIOJIHSITHCS PABEHCTBO |D7|
/ W Fopdr = / VE* Y dr. (2.38)

Oueparopbl, y/JI0B/IETBOPAIONINE ITOMY YCJIOBUIO Ha3bIBAIOTCH CAMOCONPI-
JKEHHBIMH WJIM SPMHUTOBbIME Orieparopamu. FEcjm oneparop F SIBJISIETCS 9P~
MHUTOBBIM, TO 3PMHTOBO-CONPSZKEHHBIN omepaTop obosznawaerca FT. Bogee
ob1ree orpe/ieIeHne SPMUTOBA OIEPATOPA JIA€TCs BBIPAKEHUEM

[oFxar= [x(Froyar
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KOTOpO€ CIIpaBE/JINBO IIPpU BBIIIOJIHEHHUH YCJIOBUA
F=F".

B KBaHTOBOI MeXaHUKE HCIOJb3YIOTCS TOJIBKO JTUHEHHbIE (JJ1s1 YI0BIeTBODe-
HUsI TIPUHITATY CYTEPIO3UIUN) U CAMOCOTPSKEeHHBIE (ITOOBI CpejiHee 3HAUe-
Hie ObLJIO JIEHCTBUTEIbHBIM) OLEPATOPHI.

ITpumepsr.
1. Paccmorpum onepaTop KOOpPAMHATHL T, AefiCTBHE KOTOPOro Ha BOJHOBYIO
byHKIHIIO 1) CBOAUTCS K IPOCTOMY YMHOXKEHUIO, T.e. T = 1. CpenHee 3HaYeHHe

3TOT0 OmepaTopa
(ry = /w*ﬂbdr = /r|¢|2dr.

O‘IGBI/I,HHO, qTO CpeagHee 3HaveHne KOOpAnHaThl eCTh BCerJa ,ZLefICTBI/ITeJIbHOG
YHCIO0.

2. PacemorpuM omeparop uMmityibca (2.33). JIjist IpOCTOTHI PACCMOTPUM -
KOMIIOHEHTY 3TOTO omeparopa p, = —ihy_-. Beraucaum cpeanee 3navenue
9TOrO orepaTopa

(p) = /w*ﬁmdm’ = /w* —ih% Ydr = —ih/z/;*g—i)dgc =

«
——inu e vin (65 de= [ (ing ) v = [upe =t
ox ox

[TpoBes aHAIOrUYHBIE BBIYUCACHUS JIJIA JAPYTUX KOMIIOHEHT OII€PATOPA MM-
MyIbCa, YOSAUMC, UTO OIepaTOp HMIIYJIbCA SBIIETCA CAMOCOIPAZKEHHBIM
onepaTopoMm. HpI/I BbIYHUCJ/ICHUU ITOI'O MHTEI'PaJia HPUHHUMAJIOCH O4YE€BUIHOE
ycaoBue ) “jooo = |¢|? |2°OO = 0, COOTBETCTBYIOIIEE TIPEINOJOKCHAIO OT-
CYTCTBUsI YaCTHI[ Ha GECKOHEYHOCTH. .

3. AHAJIOrHYHO MOYKHO IIOKA3aTh, YTO OIEPATOP F = (—ih V)" aBnsiercs
CaMOCOIIPSIZKeHHBIM. /leficTBue 3TOro omeparopa Ha BOJHOBYIO (DYHKIHMIO 1)
OLIPEJIE/IeTCS 1I0C/IeA0BATE/IbHBIM JAefiCTBUEM T Pa3 OlepaTopa UMILYJIbCA.
OueBuIHO, YTO U J1I00ast CTENEHb OIEePATOPA KOOPAUHATHI, ABJIETCS CaMOCO-
IpsizKeHHBIM oneparopoM. CrieoBaTesibHO, OIepaTop BUIA

F = F\(7) + Fy(—ikiV),

e Fy n F5 yobble bYHKIUHT, BKIIOYAIONUE CJI0KEeHUEe U IPOU3BEIeHUE ap-
I'YMEHTOB, SIBJIE€TCA SPMHTOBBIM omepaTopoM. Takum obpazoMm, ecian GpyHK-
g [ gaBageTcsa cyMMoil TpOM3BOJIbHON (DYHKIIMH KOOpAMHAT U IEJI0H pa-
HUOHAJILHON (pyHKIMEH UMITYyJIbCOB, TO COOTBETCTBYIOIIMI €l oreparop, 1no-
JIy9alomuiicss 3aMeHOi MMITyJIbCa Ha omepaTop P, OyJeT caMOCONPSAZKEHHBIM
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oIepaTopoM

F(7,p) — F = F(7,—ihV).

Ecin dynknus F' cojpepkuT npous3BeeHus KOOPJAUHAT U UMILY/IbCOB, TO HE
BCAKUIT onepaTop, 1MoJIydalomuiics u3 31oii gpyHKnuu 3amenoii p — p, Oyaer
CaAMOCOTIPSI?KEHHBIM, T.K. He BCSIKOE MPOU3BE/IEHIE CAMOCOIPSZKEHHBIX Ollepa-
TOPOB OYIET CaMOCOIPAKEHHBIM OIIEPATOPOM.

Paccmorpum sToT Bonpoc noapoGuee. Ilo onpeenenuto, Ipon3BeeHeM
omepaTopos F'K HaspiBaeTcd omepatop, AeficTBre KOTOPOro Ha byHKIHIO
CBOJIMTCA K 1I0CJIEIOBATEILHOMY JEHCTBUIO CHavasa oneparopa [, a 3arem
oneparopa F'. Boobie, npoussejienne onepaTropoB HEKOMMYTaTHBHO, T.€.

FKy # KF.
Eciin ke jieiicTBue npousBejeHus omnepaTropoB HE 3aBUCHT OT UX MOPSJIKA B

[IPOU3BEJIEHNN, TO TOBOPAT, YTO OIEPATOPbl KOMMYTHUPYIOT JIPYT C APYTOM U
3alHUCHIBAIOT 3TO TaK

(FR-KF)v=0 = [FK] =0,

YcaoBue KOMMYTHPOBaAHUS OMepaTopoB. PaccmorpuMm aBa SpMuUTO-
BbIX oneparopa F' = F™ u K = K. Toryia u3 BblllleIPUBe/IeHHOTO PaBeHCTBA,
CJTIeIYeT, ITO

/ W FRKydr = / V* K Fdr.

C apyroii cTopoHbl, ecin onepaTop F'K aBiasgeTcs 3pMUATOBBIM, TO BBITIOTHEHO
cJIe/IyIonee PaBeHCTBO

~ o~ ~~\ T
/ *FRpdr = / b (FK) brdr.
CretoBaTeIbHO, €CJTH ONEePaTOPhl KOMMYTHPYIOT, TO IPOU3BEIeHNE OIepaTo-

POB JI0JIZKHO OBITh CAMOCOIPSKEHHBIM OllepaTopoM. B 91om ciydae J10J12KHO
OBITH BBITIOJIHEHO PABEHCTBO

~ o~ ~~\ T
/ W* K Fapdr = / b (FK) Wrdr.
13 5TOro paBeHCTBa CJICLYeT CBOICTBO

~~\ T ~ o~ ~ o~
(FK) _ RtPt = RF.
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OTO Ke CBOWCTBO MOXKHO BBISIBUTDH, IIPOCJIEIUB CJIEAYIONYIO IEIMOYKY OdYe-
BHUIHBIX PaBEHCTB

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

_ / (F*g)Kpdr = / VR Fdr = (f{ﬁ>+ — FK.

Otciona cieyer, 9TO €CJIU OMepaTOPbl KOMMYTHPYIOT, TO UX IPOU3BE/ICHHE
SIBJIAETCS CAMOCOIPSIZKEHHDBIM OIEPATOPOM. N

OtMmerum eme mosie3noe cBoiictBo. Ecimum F' u K nuHeliHbIe SPMUTOBBI
OTIEPATOPHI, TO OMEPATOPHI

1 S . S
S:§<FK+KF), Gzi(FK—KF)

TaK¥Ke SBISIIOTCS JIMHEHHBIMHA SPMUTOBBIMH OIIEPATOPAMU.
ITpumepsr.
1. Oneparopsl pa3TMIHBIX KOOPINHAT

2, Y10 = Tpp — yanp = 2y — ya = 0.

Takum o6pazom, 3T onepaTopbl KOMMYTHUPYIOT.
2. OmepaTopbl pa3aInIHbIX KOMIIOHEHT UMITYJIHCA

SO .0 0 0 0
by =i (-ingy ) v = (-ing ) (=g ) o=

0? 0?

— _hQ ¢ 4 h2 ¢ _
0xdy Oyox

Takum 0O6pa3oM, orepaTopbl PA3JIMYHBIX KOMIOHEHT UMILYIbCA KOMMYTHPY-

IOT.

3. OnepaTopbl KOOPAUHATHI U CONMPAKEHHON KOMIIOHEHTHI UMITYIHCA

0.

Z,P.]v = = (—m%) b — <—m(%) atp = il £ 0.

Takum 06pa3oM, onepaTopbl KOOPJIMHATHI W COMPSIYKEHHOW KOMIIOHEHTHI UM-
myJbca He KOMMYTHUPYIOT. X KoMMyTaTop paBeH

[z, p] = ih.
B ofmeM cirydae 9T0 COOTHOIIEHHE 3aMUChIBAIOT Tak [b§]
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rae 0;; -cumBoa Kponekepa.
4. OmepaTop MOMeHTa UMITy/Ibca. MOMEHT HMIIY/IbCa B KJIACCHIECKOH Mexa-
HUKE OLPEJIe/IsieTCs CJIe/LYonuM 06pa3oM

- € €y €,
L=[xp=|2 vy =z
Pz Dy P:

OTCIO,D;& CJieAyeT BbIpazKeHue 1Jigd OllepaTOpa MOMEHTa HMILYJ/IbCa

g & @
L=—h|l z vy =z
9 2 9
ox Oy Oz

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

nysabca. Hampumep,
~ 0 0
(sl 2).

HeTpyano yctanoBUTH KOMMYTaIMOHHBIE CBOMCTBA JIJIT KOMIIOHEHT MOMEHTA
UMITYJIbCA
[LZ-,LJ} — ihLy,
IJ1e MHJEKCHI 7, ], k 00pa3yoT NUKJIMIECKYIO epecTaHoBKy 1,2,3.
OrMernM BazkKHOE KOMMYTAIMOHHOE COOTHOIIEHNE

|:Z27 Ez] - 07

rie L2 = L%+ Lz + L? - onmeparop KBajipaTa HOJHOIO MOMEHTa MMILYJIbCA.
DTUM COOTHONIEHUEM Mbl BOCHOJIB3YEMCSI B JTaJIbHEHTIIEM.

OmnepaTop yryioBOro MOMEHTa YI00HO MPEICTABIATh B C(EPHICCKIX KO-
opauuaTax. Hanpuwmep, HaiieM Bi omeparopa IpOeKINI YIJI0OBOTO MOMEHTA
HA OCh 2

JlexapToBBI KOOPAMHATH T, Y, z U cepuiecKue KOOPIUHATHL 7, 1, ¢ CBSI3aHbBI

COOTHOIIEHUSIMU
x = rsind cos ¢,

y = rsindsin g,
z = cos V.

O6parHoe npeodpa3zoBaHue UMEET BH/L
r? = 2% 4 y* 4 22,
cost) = Z,
tgp = 2.
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Tak kak, Hanpumep, y = y(r, 7, @), T0

0 oOr9d 9009 0Jp0d

9y Oyor  9yo0 " By og

AHnajioruaHoe BbIpazKeHue Oyer st %. Terepb HAJI0 BBIYUCIUTDH YaCTHDBIE
IPOU3BOAHbIEC, BXOJANINE B 3TU BbIPpazKCHH. HaHpI/IMep, UCIIOJIB3Y4d 1epBOe
ypaBHeHne o0paTHOTO MPeodpPa30OBaHus, Oy INM

T Yy . .
r— =2y = — =< =sinIsino.
T@y y oy r 14

Vcnonb3yss Bropoe ypaBHeHHe oOpaTHOro mpeobpasoBanusd u auddpepeniiu-
pyg 0be JacTu ero mo 1, moJIydnMm

oY 2y 09  cosdsinp
=—— = =
dy r dy r
BbIYUCJINB BCE HeO6XO,ZLI/IMbIe HIPOU3BOAHbIEC U ITOJACTABUB UX B BblpazKeHUE J1JIA

oreparopa, 1ocJjie HeCJIOKHBIX YIPOIIEHUH OKOHYATeTbHO Moy duM [b9]

—~ ) 0
L, = —ih— (2.40)
Oy
AHaJIOFI/ILIHO MO>KHO HOJIy‘{I/ITb Bpra}KeHI/IH JJIA ,Z[pyFI/IX HpOeKL[I/IIU/I yFﬂOBOFO
MOMEHTa

~

L, =ih (sin <p% + ctg ¥ cos goai)
¥

Zy = —ih (cos gpa% — ctg ¥sin goai)
2

Ucnonp3yst 9tu Beipazkenus, moxydnm [b10]

~ 1 0 0 1 92
2_ 72 72 72 2 :
=Lvlyvlo=-h (si1119019l (Sln19619> * sin® ) &p?) - (24D

in 5710 BhIpazkeHue MOKHO 3amucarh Tak [bll]

L? = —h*V3, (2.42)
rae [b12] L ) .
2=~ 2 (gnp L) ¢ —— L 2.4
Va sin ¥ 0V <Sm19819) T Op? (2.43)

yIJIOBasi 4acTh oneparopa Jlamaca.
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2.3.2 Cob6cTrBeHHBIE PYHKIINN U COOCTBEHHBbIE 3HAYEHUH
ornepaToposn

Vcnonp3yss mpaBuao i BBIYUCJIEHHS CPEIHUX B KBAHTOBOI MeXaHWKe

(2.36), MOXKHO BBLIUHCIUTH U CPEJIHEKBAIPATUIHOE OTKIOHEHHE OT CPeJIHe-

ro 3uadenus. [lycrbp umeercst nekoropasi pusnveckas Bejuunta I, KOTopoii

COTIOCTaBJIeH camoconpsikenubiit oneparop F. [lycth dhusnyeckas: Besmanna

MOZKET MPUHUMATDH P&/l 3HAUEHHil, KOTOPble MbI OyJieM 0O03HAYaTh TeM Ke

cumBosiom F'. Torma. 1mo ompeeneHnio, OTKJIOHEHIEM JAHHOTO 3HAYEHHs Be-
muunHbl F' ot ee cpeguero 3nauenns (F') BeIpazKaeTcs CJIeIyOMUM 00pa3oM

AF = F — (F).
BBeﬂeM COOTBQTCTByIOIl];I/Iﬁ onepaTop AJad BEJIUYUHBI 9TOTO OTKJIOHEHHA
AF =F — (F).

Torma KBaHTOBO-MeXaHUYECKOE CpeiHee sl BeJTUIHHBl OTKJIOHEHHS OyIeT
(AF)? = / O (AF)2pdr = / W AF(AFY)dr.

Omneparop AF gBiagercss caMoconpsizkenubim, T.K. (F') ectb mpocro peiicTau-
TeJIbHOE YHUCTI0, a omneparop F' saBisercs camoconpsizkeHubiM. CremoBaTe b-
HO, II0 OIIPeJIeJIEHUIO

(AF)? = /Z\Fz/;(ﬁ*zp*)dr - / ‘ﬁw “ar.

Mok HO 3a1aTh BOTIPOC, CYIIECTBYIOT JIH TAKNUE COCTOSTHUST 1), B KOTOPBIX CPeJI-
HeKBa/[paTH1IHOe OTKJIOHeHHe paBHO Hydo, T.e. (AF)? = 07 /Ipyrumu cjioBa-
MU, CYIIECTBYIOT JI TaKHe COCTOSHUSI, B KOTOPBIX (bu3mdueckas BequdnHa F
umMeer olpege/iIeHHbIe 3Ha‘leHH5{? Ha 9TOT BOIIPOC JIEI'KO OTBE€TUTDH, OCHOBbIBA-
ACb Ha MpeAblAylieM paBEeHCTBeE. I/IMGHHO, AOJIZKHO BbBIIOJIHATBHCA PABEHCTBO

AFy = 0.

Orcrona, UCnoaL3ys onpejeaeHue s oneparopa OTKJIOHEHU, a TaKzKe MO-
Jlarasi. 9T0 B COCTOSIHUSAX C ONpejiesieHHbIME 3HadeHusivu (F) = F | moiyaum
ornepaTopHoe ypasaerue [cl]

Py = Fu, (2.44)

95



KOTOpOE Ha3blBAeTCs YDABHEHHEM Ha COOCTBEHHbIE (DYHKIMU M COOCTBEHHbIE
3HAYEHHS onepaTopa F' U W3 pelreHuss KOTOPOTO HAXOAATCS (DYHKITHH, OIIH-
ChlBalomue COCTOAHUA, B KOTOPbIX (1)I/I3I/I‘{eCKaH Be€JIMYHUHA F umMmeer olpeznae-
JICHHBbIE 3HAYECHMUSI.

Urak, permenne ypaBaenus (2.44) BO3MOKHbBI TOJIBKO TIPH OTPEIEJeHHBIX
3HAUEHUAX BeJMIUHBL F'. DTH 0cOObIe 3HAYEHUS HA3BIBAIOTCA COOCTBEHHBIME
3HAYEeHUAMH omeparopa F', a coorBeTcTBYyONNe (DYHKIUU 1) - COOCTBEHHBIMA
dyuxnusivu. COBOKYIHOCTH COOCTBEHHBIX 3HAYEHUI OEepaTopa HA3bIBAETCS
ero crektpoM. CriekTp ObIBaeT HENPEPHIBHBIM U JIUCKpeTHBIM. COOCTBEHHBIE
dyukiun obosznavaT Yr. Ecim cnektp auckperuwiit Iy, Fs, ..., TOo nunryT
Up, TJIE N - TaK Ha3bIBaeMble KBAHTOBBIE UHCJIA, CMBICT KOTOPBIX BLISICHUT-
cd TPU PAaCCMOTPEHHH KOHKPETHBHIX omeparopoB. CdopMmymupyeMm BaKHBIN
BBIBOJI: B COCTOSIHMM, KOTOPO€ ONUCHIBAeTCs COOCTBeHHON (yHKIm-
eii )y oneparopa F, pusunyeckas BesmunHa ' mMeeT onpesieIeHHOE
3Ha4YeHNEe, PABHOE COOCTBEHHOMY 3HAYEHUIO 3TOTO OIEepaTopa. 1o
O3HAYaeT, YTO MPH U3MepeHUU (PU3UIECKOH BeJTUIUHDBI, HAXO/AIIeiics B co-
CTOSHUY ) pr, OyleT JOCTOBEPHO MOJIy4YaThcd 3Hadenue F.

Ecnu ke cocrosuue F' onuceiBaeTcss BOTHOBON (DYHKIHEH 1) He COBIaJIA-
omieit Hu ¢ OHOW u3 coOCTBeHHBIX (DYHKIMI g, TO NpU U3MepeHuu OyayT
MOJIy9aThCs pa3Hble 3HAYEHUs, KOTOPbIE, OJHAKO, Oy/JyT paBHBI TOMY WJIA
HHOMY COOCTBEHHOMY 3Ha4UeHH 0. Takum oOpa3oM, CIeKTp COOCTBEHHBIX 3Ha-
YeHHuii OnepaTopa yKa3blBaeT BO3MOXKHbIE De3yJIBTAThl U3MEpeHHuii.

WNuormga omHOoMy cOOCTBEHHOMY 3HAUEHHIO omepaTopa F' cOOTBETCTBYIOT
HECKOJIbKO JIMHEHTHO He3aBUCUMBbIX COOCTBEHHBIX (DYHKIIUIT 9TOr0 oleparopa.
Takue cocTosgHus CUCTEMbI HA3bIBAIOTCS BBIPOZKJIEHHBIMU, & YUCJI0 (DYHKIUIA,
COOTBETCTBYIOIIUX JAHHOMY COOCTBEHHOMY 3HAYEHWIO, HA3BIBAETCS KPATHO-
CTBIO BBIPOK/ICHU.

1°. JeiicrBuTempHOCTL cO6CTBeHHBIX hyHKIMii. [TokazkeM, 9T0 co0-
CTBEHHbIEC 3HAQYEHUA CaMOCOIPAZKEHHOI'O OllepaTOpa BCErla ,ZLeI;’ICTBI/ITeJ'IbeIe.
Bosbmem oneparoproe ypasaenue (2.44), mepeHeceM Bce WJIEHBI B OJHY CTO-
POHY W JIOMHOZKHWM MOJIYIUBIIEECS PABEHCTBO CJIEBA HA KOMILJIEKCHO COTIPSI-
JKeHHY10 (pYHKIHIO ¥*. 3aTeM Bo3bMeM KOMILIEKCHO CONPIzKEHHOE YPaBHEHHE
(2.44) m pomuoxkuM ero ciaea Ha dyHKIUI0O . [locae TOro BBIYTEM OJHO
ypaBHEHHE U3 JIPYTOro U MPOUHTEIPUPYEM MOUJIEHHO 10 BCeil 001aCTH U3Me-
HeHnus PyHKIHUI.

b (ﬁ . F) =0

w(ﬁ*—F*)w*zo
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['pynnupysd m mHTeTpupys, MOy IAM
(F*—F) / VEpdr = / VErdr — / * Fdr.

[IpuauMast BO BHUMaHHe CAMOCONPSIKEHHOCTH oteparopa F' (em. (2.38)), Bu-
JIIM , 9TO NpaBas 4acTh STOrO PABEHCTBA paBHas Hy./10. Tormia,

(F* — F) / YSpdr =0

u, cjaeagoBaTeJIbHO,

YTO W JOKA3bIBAET JeiCTBUTENTHHOCTH COOCTBEHHBIX 3HAYEHHIT IPMUTOBBIX
OTIePaTOPOB.

20, OproronaabHOCTL COBCTBEHHBIX (pyHKIuIii. Paccmorpum cHava-
Jla cJIydail JIMCKpPeTHOro crekTpa 0e3 Bouipoxkjenus. [lyctb cobcTBeHHOMY
3Ha4YeHnIo F, cOOTBeTCTByeT BOJTHOBas (DYHKIHSA 1, & COOCTBEHHOMY 3HA-
qenuio F, - dyukius ¢,,. [Iposeae mporeaypy, aHaIOTHIHYIO POJETAHHON
BBIIIIE,

Ui (F = Fa) 6 =0
o (B = By ) 03 =0

Otciofa, yIuTBIBasE CAMOCOIPSIXKEHHOCTD onepaTopa F', moayanm

(F, — F,) /@Z);*nd)ndr =0.

Ecau m # n, To F,, # F,, u, clie10BaTeIbHO, JTOJKHO ObITh

[ v =0

CaenoBarebio, MYHKIUU 1y, U 1, OPTOIOHAJIbHBI, KOI/Ia OHU OTHOCIATCI K
pa3InIHBIM COOCTBEHHBIM 3HaueHHIM. Ecau ke n = m, t.e. I, — F, =0, 10
UHTEeI'PaJl HE PaBEH HYJIIO U Mbl 110J1y4aeM YyCJIOBUE€ HOPMHUPOBKU

/|¢n|2dr = 1.

Otciona ciieryer BbIBOJ, YTO COBOKYITHOCTb COOCTBEHHBIX (DYHKITUI OIEepaTo-
POB, UMEIOIINX IUCKPETHBIN CIeKTpP. 00pa3yloT CHCTEMY OPTOHOPMHPOBAH-
ubIX byHKIHi, T.e. [c2]
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13 npoBeieHHOTO pacCyzKIeHUs CJIe/IyeT, 9TO BOJTHOBBbIE (DYHKIIMH OIEpPATO-
POB C JUCKPETHBIM CIIEKTPOM BCErJa MOYKHO HOPMHPOBATH. DTO SIBJIAETCA
CJIJICTBUEM TOIO, 9TO B ITOM CJIydae 4aCTUIA BCEr/a HAXOAUTCS B OI'DAHU-
YeHHOI 00/1aCTH TPOCTPAHCTRA.

3°. ITonHOTA cUCTEeMbI COOCTBEHHBLIX (DYHKIUI onepaTopos. [lycTn
dusznveckas pendnHa [ HAXOIUTCS B COCTOAHHUU 1), KOTOPOe He COBIIAIaeT
HU C OJTHUM COOCTBEHHBIM COCTOSHUEM 1,. Cor/lacHO MPUHITUIY CyHEPIO3H-
oy, Mbl MO2KEM 9TO COCTOAHHE LIPEACTABUTL B BU/IE JIMHEMHOM KOM6I/IHaL[I/II/I
cOOCTBEHHBIX cocTOsSTHU 1, [cO]

e a, - Koadduiuentsl. BosiHoBas dbyHKIu 1) 1012KHA OBITH HOPMUPYEMOIA.
B obmiem ciydae ycaoBrue HOPMUPOBKH 3AIHUIIETCS CJIEIYIONIM 00pa3oM

*

/ Ypdr = / D anthn | D amthmdr =1

n m

B cuty siuneitnocTn onepanuii CcyMMUPOBAHUS U MHTETPUPOBAHUS MbI MOZKEM
MEHATb UX MeCTaMH, TOTJa

/ vredr=2 3 / A Aty | = 1

Otciofa, yauThbIiBass OPTOHOPMUPOBAHHOCTH COOCTBEHHBIX (DYHKITHI OIepaTo-

pa, mosydnm [c3]
/w*wdr =Y laf =1 (2.47)

DTO paBEHCTBO HA3LIBAIOT YCJIOBUEM IOJTHOTHI CHCTEMbI COOCTBEHHBIX (DYHK-
it ,.Kosdduruenrsr MoryT 6biTh BEIYHCIEHBI 110 hopmyJie [c4]

Ay, = /@Z);;@Ddr, (2.48)

YTO JIETKO TOJIYYUTHh U3 Pa3/iokKeHusl (PyHKIUU 1) B PsiJi O COOCTBEHHBIM

BYHKIIHSIM.
Boeraucaum cpennee 3Hadenue BeqnduHbl [’ B coctognun 1. cmomb3ys

paszyiokeHus pYHKIUA 1 10 COOCTBEHHBIM (DYHKIIMAM ornepaTopa F', a Takxke
10, 9T0 ', = F,1),, u 1poBe/is aHAJIOTUYHBIE PACCYZKJICHUS, IOy UM

(F) = /w*ﬁwdr =Y " Ful aql®
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Orciona cieayer busHdecKuii cMbICT KO3(bDQHIUEHTOB Pa3IOKeHH: |d,|
€CTh BEPOATHOCTD TOTO, UTO B pe3y/IbTaTe N3MepeHnsa (PU3NIECKOH BeTUINHBI
F' B cocrosinum 1, Mbl 1io/1yduM 3uadenue F,.

Takum obpazom, cucrema COOCTBEHHBIX (DYHKIMI oleparopa sBJISeTCs
nosiHO# (MM 3aMKHYTOI ). DT0 03HAvaeT, 4To Jobas aApyras DyHKIHs 1),
3aBUCAIINAs OT TeX Ke MepeMEeHHBIX U YIOBJIeTBOPSIONIad TeM K€ 'PAHTIHBIM
YCJIOBHSIM U JIJIsI KOTOPO#i CYIECTBYeT HHTErPaJI

[ 1war # 0

MOZKeT OBITh mpejcrTaBieHa B Buie psja (2.46), ko3dduimenTsr KoToporo
BBIYHCIAIOTCS 110 hopmynam (2.48). Takoe pasyioyKeHne BIOJTHE AHAJIOTHYHO
U3BECTHOMY Pa3JIOKeHuio (GpyHKIui B paasl Pypoe.

4%, Cxy4ait BBIPOXKIEHHBIX cocrosHmii. llpu HaMuMn BRIPOKIEHUSI
cobcTBeHnble (pyHKIMY Y, oneparopa [’ yioBJIeTBOPSIOT YpaBHEHUIO

F\wnl = annla

rjle WHAEKC | HymMepyeT pas3jndHble (DYHKIUH, COOTBETCTBYIOIINE OJHOMY H
TOMY Ke cOOCTBEHHOMY 3HadeHHio [},. Jlerko mokazaThb, 9TO JJ1d Pa3JIUIHBIX
COOCTBEHHBIX 3HAYEHUH, T.€. IPU N 7 M BBHITOJTHIETCS YCJIOBUHE OPTOTOHAJb-
HOCTHU

/ b bmdr = 0.

Opmako, npu 1oM, BoobIe roBopst, GYHKIUA Yng, Yn1, ..., Yns (f - Kpaz-
HOCTb BBIPOXKJIEHHSI), COOTBETCTBYIOIINE COOCTBEHHOMY 3HadeHuto F,, Heop-
ToroHa/ibHbl. [lokakem Ha mpumepe JBYKPATHOTO BBIPOYKJICHWSI, YTO TaKHe
byHKIMI BCerga MOKHO OpTOrOHaMM30BaTh. IIycTh ¢y 1 ne cOOCTBEHHBIE
dyukIun oneparopa F', cOoTBeTCTBYIOIHE COOCTBEHHOMY 3HaueHnio F),. Bpe-

JieM JiBe Jipyrue pyHKIu

Y1 = 1/}n17 P2 = a(d}nl + bwn2)7

rjie a u b - HeKOTOpbIe KOMILIEKCHBIE YHC/Ia. JIerKo BUIETH, UTO (09 SIBJISIETCS
TakyKe cOoOCTBeHHOI (byHKImeit s omeparopa F. Beibepem umcio b rak,
YTOOBI BBITIOJIHAJIOCH YCTIOBHE
%
/ pipadr =0,

a/wil(zﬁm + bt )dr = 0.

T.C.
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VuureBag, uto [ ¢F1,1dr = 1, momyaum

b= — ( / ¢;1¢n2dr> il.

Koadgpdunuenr a nosydum u3 ycjaoBusi HOPMUPOBKU (DYHKIUU Yo, G =
+(3+ (%)

5°. HenpepriBHBII ciekTp oneparopa. CobcTBennble (byHKINH U COO-
CTBEHHbIE 3HAYEHUsI B CJIyYae HEIIPEPLIBHOI'O CIEKTpa HeJIb3d IepeHyMepo-
BaTh. Bosiee Toro, GpyHKINN 1 HEBO3MOXKHO HOPMUPOBATH OOBIYHBIM 00Opa-
30M, T.K. HHTEIPaJI OT KBaJIpaTa MOJYJ/sl 3Tux (PyHKIuit pacxoaurcs. [Ipuse-

JIeM TIPUMED OlepaTopa MPOeKIMU UMILYJIbca P, = —ihd /0.
o
i = .
or * ¥r

OTO ypaBHEHHE JeMEeHTapPHO PEITaeTcs MeTOJIOM pas3/IeseHus MepeMeHHbIX
(merogom Pypbe) u B pesy/ibrare Mbl H0Jy4aeM cOOCTBeHHbIE (DYHKIUH Olle-
paTopa HpPOEKIUU UMILYJIbCA,

Y, =A e,

Orciona HEMOCPeACTBEHHO BUAHO, UTO yDABHEHNE WMeeT PelleHne [JIs JIEo-
OBIX JeflCTBUTEIbHBIX COOCTBEHHBIX 3HAUeHNUil p,. Cile10BaTeIbHO MBI HMeeM
HENPEPLIBHBII CIEKTP COOCTBEHHBIX 3HAUEHHI IPOEKIINH ONePATOPA NMILY/Th-
ca —00 < = < 00. 'oBopsr , 4To cucrema (4acTUNA) HAXOAUTCS B COCTOSTHUH
crIomHOro crekrpa. OyHKIUs 1)), ONUCHIBACT ABUKEHHE TACTHIBI C OMPEIe-
JICHHBIM 3HAYCHHEM HMITYJIbCA P, BIOJIb Och 2. [IombITKa HOPMUPOBKH ITOIl
dbyHKIUN IpEBeIET HAC K CAEAYIONEMY Pe3yIbTaTy

/ |1/)p|2d$ — 00.

CaenosarenbHo, GyHKINN 1), HE MOTYT OBITH HODMHPOBAHBI OOBIYHBIM 0Opa-
30M.

Meton, BopHa HOpMUPOBKHU BOJHOBBIX (DYHKIUiI ¢ HEmpepbIB-
HbIM criekTpoM. MeTton Bopua cocTout B TOM, 9TO MBI HAKJIAIBIBAEM HA CHU-
CTeMy UCKYCCTBEHHbIe Iepuojinieckue ycjosus. [Ipemosioxkum, 4o dpyHK-
AN 1), ABJIAIOTCS ePHOJNIECKAME C HEKOTOPBIM 1epruogoM L. T.e.

Up(z) = p(z + L).
llogcraBus ciona ABHBLI BU (DYHKIUA 1)), HOJIYyINM

AemT = AwT AL,
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Orcroma moxydnm

Al =1,
DTO 03HAYALT, UTO
Da Pr 27N
—L=2m = —=—)
h h L

re n - boe nenoe ucsio (n € 7). Tpeanosiokum, 4o 4acTuia HaX0uTCs
rje-1o Ha orpeske —L/2 < x < L/2, rorpa

L/2
/ [|2dr = 1.
—L/2
CremoBaTesbHO,
L/2
A? / dr=1= A*>. L=1 = A:L.
VA
~L/2

B pesysibraTe Mbl MOJIyYHIM HOPMUPOBAHHBIE (DYHKIIUN

v 1 . (Z_Zﬂnx)
w=——exp |i—uz ] .
va P\

BBongl MCKyCCTBEHHYIO HNEPUOJAMIHOCTb, MBI JleJlaeM CIEKTD JUCKDPETHBIM.
O/tHaKo, BBIYUC/IASA CPeTHUE 3HAYCHUS BETUINHBI B COCTOSHUU 1, B KOHEU-
HOM pe3yJibTaTe MOXKHO 1epeiitu K mnpejeny L — oco. Beruuciaum, nanpumep,

(p)

L/2 L)2
* 1 \.2Tn 2mn 2rkL
(p) = / Yppdr = 7 / (—zh)sza: =h = I S Bk = p.
—L/2 —L/2

Hopmuposka ua § - dyakuuio (merox Jdupaka). IIpexie gaganm
Olpe/IeJIEHUE U [EPEYnCIUM HEKOTOpbIe CcBOMCTBa, O0-pyrkiuu. [1o onpeee-
o (HyHKIUs 0(x) paBHA HYJI0 BO BCEX TOYKAX, 38 UCKJIIOUYEHHEM TOYKH
xr = 0, rie ona obpairaercss B OecCKOHeIHOCTh. IHTerpasa ot sroit pyHKINM
II0 BCeMY NPOCTPAHCTBY paBeH eaunuie. Takum obpas3oM, ompejeseHne o-
GYHKIUN JaeTcsd paBeHCTBaMU

d(z) =0, x#0,
}o d(z)dx = 1.
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Ota GYHKIHU He aBjsgeTcs ooblaHoit pynkmueii. /leficrBuresnbno, ecim pyHK-
s BCIOZY, 33 MCKJIOUEHHeM OJIHON TOYKH, PaBHA HY/II0, TO WHTerpaa OT
TaKO# (DYHKIUU JIOJIZKEH TakKzKe ObITh paBeH HyJif0. [losromy d-dyHKImMs 01-
HOCHUTCSI K KJIACCy TaK Ha3bIBaeMbIX 00001eHHbIX pyukinii. Ke nnorna na-
3BIBAIOT UMITYJIbCHON (byHKImeit. C HEKOTOPHIM aHAJIOTOM TaKOil (DYHKITHH
MBI BCTPeYAJNCh IPU PACCMOTPEHUH BOJTHOBBIX HakeToB. Eciam B dopmyre
(1.30) yecrpemurs Ak — 00, TO MBI HOJIYYUM UCTHHHYIO O-DYHKIIHIO

[e.e]

i(z) = /ei(m_“t)dk.

—0o0

Takoe npejcrasierue 0-DYHKIUU Mbl UCIOJIb3YEM B JIaJIbHEHIIIEM.
[Tepeuncinm HEKOTOPBIE CBOICTBA d-DYHKIUN

/ f(2)(z — a)dz = f(a).

xd(x) =0
d(—z) =d(x)
5ax) |61L—|5(x)
52 — a?) = ﬁ[é(az —a)+ 6z + a)].

/ d(z —a)d(x —b)dr = o6(a —b).

(o)) = 3 A=),

de
n dx T=Tn

TJE T, SIBJISIOTCS TPOCTHIME KOpHsIMU ypasHeHus ¢(x) = 0.

Ha ocHOBaHNEI 5THX CBOWCTB MHOI/IA TOBOPST, UYTO 0-(DYHKIHA OMPEIeIsI-
eTcs He 33J]aHUeM ee BeJTUYMHBL JIJIsl BCEX 3HAUEHUI apryMenTa (Kak 910 uMe-
er MecTo Jiist OObIYHBIX (DYHKIMIT), a 3a/[aHUeM TIPABUIJIA HHTEIPUPOBAHHUS e
MIPOU3BEJICHUIT C HelIPePbIBHBIMU (hyHKIMAMU. Fille oHuM IpejicTaBieHneM
0-pYHKINYU ABISAETCS CJIELYIOEe

d(z) = lim M

k—oo T
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HeiictBuTeibHO, TpU © = () MOTyInM

6(0) = klim — — 00.
—00 T

VHTerpas; MOXKHO IIpeJICTaBUTh CJIEIYIONIM 00pa3oM

[es) k
1 int
/ d(z)dr = lim — Ly - 1,
k—oo T t
—00 —k

re BBeJeHO obo3HadeHne ¢ = kT M MCIOJIb30BAHO, UTO

sint
/ LT
t

Paccmorpum Terepb Takyro MMemovKy paBeHCTB

o) L
1 , : in(xL
B A e e L IOy Ty
2T L—oo L—oo 7L
—00 —L
OTcro/1a HEMOCPEJICTBEHHO CJiejiyeT, 9o [c6]

Bepremcst Tereph K BOmpocy HOPMUPOBKH. MHOMKECTBO COOCTBEHHBIX
dbynknuii Yp(r) oneparopa F' 06pazyior moauyo cucremy GbyHKIuil u B CJ1y-
4ae HempepbIBHOrO CIIEKTpa. B 3TOM ciyvae Mbl TaKyKe MOXKeM Pa3/I0KHUTh
J00yI0 pyHKIMIO ¥ (T) TEX JKe NepeMEeHHbBIX M0 CUCTeMe COOCTBEHHBIX (DYHK-
muii. TobKO Termepb BMECTO CyMMBI MbI JIOJIZKHBI MUCATH HHTErpas (aHajior
unrerpasia Oypoe), T.e.

b= / arp(r)dF,

rjie aF - KO3 duImenTsl pasioKennsi. AHAJOTHIHO COCTOSTHUSIM C JTUCKPET-
HBIM CIIEKTPOM BesimduHa |ap|*dF onpesenser BepoSATHOCTb TOTO, 9TO B CO-
crostuun (r) Bemuunna F Oyner uMers 3uavenue B unrepsaie (F, F + dF).

Ve10BHE TOJHOTHL CUCTEeMBI COOCTBeHHbIX (hyHKIuil Yp(r) BhIpazkKaercs
PaBEHCTBOM

/ () (r)dr = / dhapdF =1,
(r)

(F)
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[ToxcraBuMm dyHKIHUIO ©V* B BUE pa3I0KEHUAA
= [apuiar
(F)

B JIEBBII nHTEerpaJi 9Toro paBeHCcTrBa, TOr'Za 6y,ZLeM nMEThb

/‘/@%Mzmmz/@(ﬁwm@mdp
( (r)

) \(®) F)

CocTaBuM pa3HOCTH MPABOr0 MHTErpaJia 3TOTO PaBEHCTBA M MPABOr0 MHTe-
rpaJjia PaBeHCTBA, BbIPAKAIOIIEr0 YCJIOBUE TOJHOTHI, B PE3yJIbTaTe MOy YuM
HOJIb, T.K. JIEBbIe YaCTU STUX PABEHCTB PAaBHbI MeXKy CO0Oit

/ /1#}}(7“)1/)(7’)(17’ —ap| dF =0.
(F) ()

,ZLJIH BLBITIIOJTHEHUA 9TOT'O paBE€HCTBa He O6XO,HI/IMO CO6.HIO,H€HI/IH yciaoBud

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

KOTOpO€ aHaJIOTUYIHO MPaBUJJIy BbBIYUCJICHUA KOSCbeI/H_[I/IeHTOB Pa3JI02KeHud B
clrydae JUCKpeTHoro crekrpa (2.48). Hasee, 3amenum dbyHKIuo (1) ee pas-
JIOZKEHUEM, TOTJA, MOJIYIIM

CLF:/ /@F’wF’dF, ¢;d7“: /CLF/ /wpfw}k;dr ClF/.

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

JLst TOrO, 9TOOBI TO PABEHCTBO BBITIOJIHSIOCH JIJIsT JIOOBIX 3HAYEHUH KOID-
dburEenToB ap HEOOXOAUMO OTPEGOBATD BLIMOTHEHHS YCJIOBH [C5]

/ﬂwﬁm:MF—FL (2.50)
(r)

rie §(F' — F) rak HaspiBaemas d-dyukius Jupaka. Eciau morpe6oBaTh Bbi-
HOJIHEHKS STOTO YCJIOBHs, TO MbI [OJIy4YaeM ompejeaerue 0-pyHKIUN

/GF/(5<F/ — F)dF/ = ag.

(F)
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Yenosue (2.50) sBisieTcs ycJoBHEM HOPMHUPOBKH COOCTBEHHBIX (DYHKITHIA
B CJIydae HeIPEepBIBHOIO CIEKTPa COOCTBEHHLIX 3HAYEHHil omepaTopa. DTO
ycsioBue 06eceunBaeT BO3MOKHOCTh HHTePIpeTanuu seinautbl |ap|*dF xak
BEPOATHOCTH OOHAPY KeHUs 3HaYenus seqnunubl F' B unrepsane (F, F+dF).
U3 (2.50) caemyer, uro npu F # F' coberBennbie (byHKIMN OPTONOHAIBHBI,
a npu I’ = F' uaTerpan pacxoanTed.

Hopmupyem na 0-bynkmmo cobcrsennsie dbynknmm 1, = Aexp(ifz) ome-
paropa npoekiuu umiryabea. C ogHoit croponbl, coraacto (2.50), umeer me-
CTO PaBEHCTBO

/ bptide = 55 — ).

C pyroit CTOPOHBI, STOT K€ MHTEerpasl MOXKHO IPEJCTaBUTh B BUIE

/ Ypihrdr = A? / e Ry — A / ¢y — A227hé(p' — p).

CpaBHI/IBaH JIEBbl€ YaCTHU 3THUX PaBEHCTB, IIOJIY4YUM

1
V2rh

Takum 06pazoM, HOpMUPOBAHHBIE COOCTBEHHBIE (DYHKITNH OTIepaTOpa MPOeK-
oy UMITyJIbCa UMEIOT BU

Arh=1 = A=

Yp = \/%_h exp (z%x) .

B sakiaodenwe ormMeTnM, UTO €CJIH OIEPATOp MMeeT W JUCKPETHBI u
HEINPEPBIBHBIN CHEKTP, TO BOJHOBYIO (DYHKIUIO, ONMUCHIBAIONIYIO COCTOSIHUE
COOTBETCTBYIOMIEil eMy (bU3HIECKOl BeJTMIMHBI, MOXKHO PACKJa/IbIBATh IO
MOJTHOM cucTeme (DYHKIHI C/IeIyIOmuM 00pa3om

Y(r) = antbn(r) + / aptpdF.

n

[Ipr 5TOM HOZKHO COOMIOIATHCS YCJIOBHE MOJHOTHI CHCTEMBI COOCTBEHHBIX
dbyHKIHIiT onmepaTopa

Z|an|2+/|@F|2dF= L.

n
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ITpumepsl cobcTBeHHbIX (DYHKIHIT OIIEPATOPOB.
1. PaccMoTpuM omepaTop OpoeKIue yrJI0BOro MOMeHTa Ha och z (2.40). Ypas-
HeHue Ha cobcTBeHHble (DYHKIMU U COOCTBEHHBIE 3HAYEHUsI UMEET BU/L

0

YrioBast mepemenHas ¢ Mmensiercs B npejenax 0 < ¢ < 27, Orciona cieayer
BasKHOE TPAHUYHOE yCJI0BHe - (PyHKIUsE () 10J2KHA ObITH TIEPUOUYECKOIl ¢
nepuojoMm 27. Peltenne ypaBHeHUs He TPEJCTABIAET TPYAa U Mbl MOJIydaeM

L,
Y(p) = Aexp i~

" UCIIOJIb3Yy4d I'PaHUYIHOE YCJIOBHUE, IIOJIYy1YUM
L,
exp Z%QW = 1.

2 L. 2
T— = 2mTm
h

Orcioza BeITEKAET, YTO

nim

L, =mh,

rie m € Z. [IpoBeass HOpMUPOBKY, moayanm A = \/LQ—W, CJIeJIOBATENIbHO 7]

Um(p) = —=e"™. (2.51)

Yuca m HA3BIBAIOTCS KBAHTOBBIMHU YUCIAMU. B JaHHOM Cydae OHH Ompe-
JIEJIAIOT BEJIMYUHY ITPOEKIMH yIJIOBOIO MOMEHTa Ha och z. Takum obpazowm,
3aJlaBasg KBAaHTOBOE YHUCJIO, Mbl 33jaeM 3HadeHne (PU3NIECKO BeJTUINHBI B
nauaoM cocrogunu. C dbyukmusvu (2.51) MBI BCTPETUMCS TIPU PACCMOTPE-
HUU 33/1a9 O KBAHTOBOM POTATOPE W aTOMe BOJIOPO/IA

2. CoberBennbie DYHKIUH KBAIPATa OMEPATOPa yrioBoro MomMenTa. Vcmnoib-
3y (2.42) u (2.43) MOKHO BBIIIECATH YPABHEHHE Il 9TOrO oneparopa. Mbl He
OyZeM 3J1eCh 9TOro Jie/laTh, CKazKeM TOJIbKO, UTO MOJYUUTCHd ypPaBHEHUE [T
MPUCOETUHEHHBIX MOJTUHOMOB JlexkaHpa, pemreHusaMH KOTOPOTO ABJSIIOTCS
chepuueckne Gyakiun. CoOCTBEHHbIE 3HAUECHUS BbIPAZKAIOTCS CJIe /Ly FOIUM

obpazom
L* =hI(l+1),

e [ = 0,1,2,.... Ha3bIBaeTCsI OPOUTAJIBLHBIM KBAHTOBBIM 4dncJIOM. Bosee 1o-
JIPOOHO MBI TOTOBOPUM 00O 3TOM MPU PACCMOTPEHUU ATOMA BOJIOPOIA.
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2.4 CooTHolleHne HEeOonpe e I€eHHOCTEI

2.4.1 VcjaoBus, Ipu KOTOPBIX HECKOJIBKO (hbU3MIEeCKNX
BEJINYMH MOTYT MMETHh OIpPeaeJieHHbIe 3HAUEHUd B
OJHOM COCTOSIHUM

W3 npeaplayinero u3/10KeHus MOHATHO, YTO €CJI BOJTHOBas (DYHKIIHUSA HEKO-
TOPOTO COCTOSHUS CUCTEMBI COBHAJIAeT ¢ coOCTBeHHON dyHKImeil omeparo-
pa F, To B 3TOM cocTosHun (hpu3ndecKkas BeaInInHA F UMeeT oIpeIesIeHHOe
3nadenne. OYeBUIHO, YTO €CJI BOJHOBAsE (DYHKIUS HEKOTOPOI'O COCTOSIHUSI
CUCTEMBI SIBJISIETCS OJITHOBPEMEHHO COOCTBEHHOil (DYHKIIMEH HEeCKOJIbKHUX Ore-
PaTOpPOB, TO B 9TOM COCTOSTHUU UMEIOT ONpE/Ie/IeHHbIe 3HAUYeHNsT BCe (hu3nde-
CKH€ BEJIMYUHBI, COOTBETCTBYIOIIUE STUM OIEPATOPAM.

[Iycts ectnb nBe pusniaeckne peuannbl ' M, KOTOPBIM COOTBETCTBYIOT
oreparopst F'u M. Ilycts BosiHOBast (byHKIUS ) siBjIsieTCsi COOCTBEHHOM J1/1st
000UX ITUX OIEePATOPOB, T.e. UMEIOT MECTO YPaBHEHUSI

Fip = Fip
M = My

[ToxeiicTByem oneparopom M ciieBa Ha 1epBoe ypaBHeHUeE, a onepaTopom F
- COOTBETCTBEHHO, Ha BTOpoe. lloce 3Toro BbIYTEM W3 MEPBOTO ypaBHEHHE
BTOPOE, TOT/Ia MOJIYIUM

MFp — FMyp = FMyp — MEFy = (FM — MF)y = 0.
Orcroia BeITEKaeT TpedyemMoe YCI0BUe
[13, ]\7] —0.

CretoBaTeIbHO, 71T TOTO, YTOOBI (pU3NTECKIE BEJTUINHBI MOTJIH UMETH OJl-
HOBPEMEHHO OIPENeICHHBIC 3HAYCHNAS B OJJHOM COCTOAHNH, OIIEPATOPHI ITUX
BEJIMYMAH JOJIZKHBI KOMMYTHAPOBATb.

2.4.2 CoorHoieHne HeonpeaeaeHHOcTel [eiizenbepra

YcTaHOBUM HEPABEHCTBO, CBA3BIBAIONIEE CPEJIHIE 3HAYCHUS JIBYX SIPMUTOBBIX
onepatopoB F'u M. [Ipexe Bcero 3aMeTuM CJie1yioniee

(PR = /wﬁﬁwczr _ / (ﬁ+¢>*ﬁ+¢dr :/’ﬁ+¢’2dr > 0.
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Jamee, HeTPYAHO YOEIUTHCSI B TOM, 9TO
~\ + ~
(u?) — Pt

JleiicTBUTETBHO, PACCMOTPUM TETIOYKY OYEBUTHBIX PABEHCTBA

/ BB dr = / " (iﬁ+)*w*dr __ / WiFyrdr = — / b <¢ﬁ>*wdr.

I3 cpaBHenust mepBOro W MOCJEIHEr0 WHTErpajia m ciaegayer Tpedyemoe pa-
BeHCTBO. B OoJiee obrem ciaydae OyaeM UMeTb COOTHOIIEHUE

AN —_~ + A~ —~
(F i z'M) — Pt _iM*.

Ecin oneparoper F' u M camoconpsizkeHHbIe, TO CAMOCOIIPS2KEHHBIM OIlepa-
TOPOM SIBJISIETCSI TaKzKe JTI00as UX JuHeiiHasd KOMOMHAIUS, HAIIPIMED, TaKasl

F+i\M,

re A MBI [oJ1araeM JeficTBUTeTbHBIM JUCI0M. Toraa BBITOTHEHO CJIeIyoIee
HEPABEHCTBO

<(13 + m?) (ﬁ + M]\?Y) > 0.

Orcroma moydanm

((F+ixdd) (Bt —ixdit)) =
= (F?) + N(M?) —i\MFM — MF) > 0.

Orcroga HEMmoCpeaACTBEHHO BUJIHO, 9TO CPEIHEE OT KOMMYTaTOPa €CTh YHCTO
MHUMas BeJIMYNHA, MHaUYe cpeJHee 3HAYeHWe CaMOCOTPSIYKEHHOTO oTlepaTopa
He OyJeT JeifiCTBUTE/JbHBIM YHCJIOM, YTO HejaomyctuMo. PaccmarpuBas 310
HEPABEHCTBO KaK KBaJIPAaTHOE OTHOCHTEJLHO A, JErKO HOHATH, YTO MHUHH-
MaJbHOE 3HaveHNe IPaBOil YacTH HEPaBEHCTBA JOCTHUTAETCH NPH 3HAUEHHHI

i (FM - MF)
2 <]\72> ‘

CaM0O MUHEMAaJIbHOE 3HAYEHUE KBaJIpaTHOT'O TpexX4dJjieHa PaBHO

O
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Orcro/1a HEITOCPEICTBEHHO CJIe/IyeT
. 1/ /e N2
(FY() > -7 <(FM - MF) > .

BaMeHI/IM Tenepb onepaTopbl OoliepaTOpaMi UX OTKJIOHEHHA OT CPpeAHUX 3Ha-
YeHUM, T.e.

—

F = AF = F — (F) u, cOOTBeTCTBeHHO, M = AM=M - (M)
HeHOCpe,ZLCTBeHHI)IM BbIUHCJ/JI€EHUEM JIETKO IIOKa3aTb, 9TO
(AFY(AM) — (AMY(AF) = FM — MF.
Cirie1oBaTENILHO, JOJIZKHO BCETJIA BBITIOJHATHCS HEPABEHCTBO [c§]

~ — o~ -\ 2
(AF(ADMP) > —i (FM - MF) . (2.52)

DT0 1 ecTh 3HAMEHHTOE HEPABEHCTBO, YCTAHABINBAIOIIEE COOTHOIIEHNE MerK-
Ty CPEJHUMU 3HAYCHUSIME BYX SDMHTOBBIX OIEPATOPOB. B KadecTBe mpume-
pa BO3bMEM J[Ba ONEpPATOPa T U D, KOMMYTAIOHHOE COOTHONICHHE MEZKY
KOTOPBIMH OBLIO yeTaHoBIeHO Boime (2.39). IToactaBus ero B (2.52), momydanm
Hoc/Ie U3BJICYCHUsT KBAJIPATHONO KOPHs 9|

AxAp, > Z (2.53)
B kjaccuyueckoit MexaHuke KOOpJMHATA T U COOTBETCTBYIONIAs MPOEKIINs UM-
My/IbCa HA3BIBAIOTCS KAHOHUYECKW COMPsKEeHHBIMU BeandanHamu. Qneparto-
DB, COOTBETCTBYIOIIHE KAHOHWUYECKN COMPSKEHHLIM BETUYNHAM HE KOMMY-
THPYIOT MexKIy coOoil. TakuM BeIUUYnHAMEU, TIOMUMO T U Py, ABJIAIOTCS a3U-
MyTaJIBHBII YTOJI © ¥ ITPOEKIUsl YTJIOBOIO MOMEHTA Ha OCh 2, T.e. L., a Takzxke
BpeMmsi ¢ U 9HEPrusi YacTUIbl F. DTO 03HAYAET, 9TO JJIsI JAHHOTO COCTOSIHUSI
KBAHTOBOW CHCTEMBI 3TU BEJUYUHBI HE MOTYT OJHOBPEMEHHO MMETh OIIpe-
JleJleHHbIe 3HAYEHWsI, CJIeI0BAaTeIbHO U3MepeHne TPUHIUINATHLHO He MOYKET
JIATh, HAIPUMED, OIPEJIeIeHHbIe KOODJANHATY ¥ UMILY/IbC YacTuipl. 13 (2.52)
CTIEIYEeT, UTO YeM TOYHEee M3MepseTCs OHA U3 BEJIUYUH, TeM MeHee OIlpe/ie-
JICHHBIM CTAHOBHUTCSI 3HaYEHUE JIPYTOil, 1 HA0OOPOT.

IMpuanun mononaureasuoctu Bopa. Corinacno H. Bopy, kaxtas dpu-
3WYecKas BeJUYNHA BMECTe CO CBOell KAaHOHWYEeCKH CONPSZKEeHHOI oOpas3yer
napy JOMOJTHUTETbHBIX BeTUINH. B 11060M cocTodHUN ompejieleHHoe 3Hade-
HIEe MOYKeT UMeTh TOJBKO OJHA U3 HUX, JTUOO Ke OHU 00e He MMEIOT OIpe/ie-
JIEHHbIX 3Ha4YeHuii. B cBa3u ¢ 3tum bop copmysimposast npunimn om0 Hu-
TEJIbHOCTHU, COTJIACHO KOTOPOMY OITMCAHUE COCTOSIHHMSI CHCTEMbI B KBAHTOBOM
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MeXaHHuKe pacCllaJacTCd Ha JBa B3aMMHO HCKJ/IIOYaIONUX KJaCcCa, KOTOPbLIE dB-
JIAI0OTCA JOIOJIHUTEJIbHBIMU APyl K APYTrY B TOM CMBLICJIE€, YTO HX COBOKYII-
HOCTBH MOTLJIa OBl JdaTh B KJIaCCUYE€CKOM IIOHMMaHHHU IIOJIHOE OIIMCaHue CUucTe-
MBI.
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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
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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
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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’ |
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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.

96



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€

[HeATpa bHO-CHUMMETPUIHLIM TMOTEHIHAJTBHBIM MTOJIEM HA3BIBAETCH TIOJIE, TIO0-
TeHIHAJ KOTOPOTO 3aBUCHT TOJBKO OT PACCTOAHHALI O HEKOTOPOI TOUYKH MPO-
CTPAHCTBA, KOTOPas siBjsiercs nearpom nons, t.e. U = U(r). TpeacraBum
ypasuenue [Ilpenunrepa B Buje

V2 + k2 (r)y =0,
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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

3.5.1 Teopusa yrjioBoro MoMeHTa

3.5.2 KBaHTOBLII poTaTop

3.5.3 ATom Bogopoja.

OtmernM, uTO cranmuonapHoe ypasHenue [llpenwHrepa TOYHO MOXKeT OBITDH
PEIleHo I BecbMa OTPAHWYEHHOTO KpyTa 33Jad, HAIPUMeED, IS POTATO-
pa, JJIs FapMOHMYECKOT0 OCIMJLISATOPA, JJIs aTOMa BOJAOPO/ia U HEKOTOPHIX
Japyrux 3ajgad. s cucreM, COCTOSIIMX W3 TPEX 4YacTull u 0oJjiee, TOYHBIE
AHAJIUTUYIECKUE PEIIeHUs TMOJTYIYUTh TPAKTHIECKH HEBO3MOYKHO.

BonnoBbie dyHKIUU, mogydeHHbIe U3 PEIIeHus CTAIHOHAPDHOTO ypaBHe-
uug [IIpenunrepa amd atoma BOIOPOIA, UTPAIOT BaXKHYIO POJIb B KBAHTOBOI
MeXaHHKe, OCOOEHHO B KBAHTOBOW TEOPUH MOJIEKYJ/I, T.K. OHU HUCHOJIb3YIOT-
cs B KadecTBe 0A3UCHBIX (DYHKIMH JJIsi TOCTPOEHUS] MOJIEKYJISPHBIX OpOU-
taneii. [Tonpobroe pemmenne ypasuenus [IIpeannrepa mis aroma Bomopoa
(T.H. KemaepoBa 3a/1a4a) IPUBEIEHO BO MHOTUX PYKOBOJICTBAX MO KBAHTOBOM
MexaHuKe. MBI pacCMOTpUM KPAaTKO 3TH pe3yabTaThl. [IpecraBuM BOJTHOBbIE
dbynknuu B cdepuuecknx koopaunarax {r, 0, ¢}

o(r,0,0) = Ruy(r)Yim(0, ¢). (3.68)

Buech R, - pajnajibias 4acTh BOJHOBOM Gynkiun, a Yy, (0, @) - ee yriuosas
JaCTh.

exp(—r/nao)rlLiljll (2r/nay),

N - TJIABHOE KBAHTOBOE YHUCJO, [ - OpOWTAIbHOE KBAHTOBOE 9HCJIO, Q) =
h*/mge? - Goposckuii pajuyc, mgy - Macca W € - 3apsaj 31ekTpona, L'(r)
- MpUCOeUMHEHHbIe TOJUHOMBI Jlareppa

Ly(x) {

_ 7 (k
~dam |© dxk(x ‘ )}
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OyHKIUK Y}, HA3BIBAIOTCA chepruIecKUMU (DYHKITUIMHA.

20+ 1)(1 — |m])!
an(l+ |m])!

Yim (0, ¢) = by, Pl‘m‘(cosﬁ)eim),

kodbdunuenrst b, = 1 upu m > 0 u by, = (—1)" nupu m < 0, P"(x) - s1o
IPUCOEIMHEeHHbIE TIOJMHOMBI JIexKanapa, MHICKC 11 HA3BIBAETCS MATHUTHBIM
KBAHTOBBIM YHCJIOM

m 1 2\m/2 dl+m 2 l
P (I):W(l—w) m@ — 1)

DHeprus CTalMOHAPHBIX COCTOSHUII aToMa BOJOPOJA, HaligeHHAd U3 pe-
menns ypapaenus lllpeaunrepa, BeIpazkaeTcsa CAeIYIONIAM 0Opa30M

4

B, = — 20
2h2n?

(3.69)
13 310ro BBIpasKeHUs BHIHO, YTO SHEPrETHYECKUI CHEKTP aToMa BOIOPO-
J1a ABJISIETCS JUCKPETHBIM, T.K. 9UCJIa N ABJISIOTCA HATYPAIHHBIMU YUCJIAMH.
SlcHO, 9TO STOT CIEKTD HE ABJIAETCS KBUIUCTAHTHBIM, T.K. SHEPIeTHIECKOe
PACCTOSTHIE MEZK/Ty COCEJTHUMU YPOBHSIME YMEHBIIAETCS TIPU YBETHIeHIH HO-
Mepa ypOBHeN n.

Kak mbl yxe ormerwian, ¢dynknun (3.68) ucnonb3yior B KadecrBe Oa-
3MCHBIX /IS HOCTPOEHUsI MOJIEKYJIAPHBIX opOuTaseii B reopun MoeKysr. Mpr
TaKzKe BOCIIOJIb3yeMCs 3TUMHU (DYHKIMAMEI B JATbHEHIIeM.

[IpescTaBuM B SIBHOM BHJIE BOJTHOBYIO (DYHKIIUIO OCHOBHOTO COCTOSTHUSI
aToMa BOJOPOJA, KOTOpas HauboJee YacTO MCIOTb3YeTCs JJIs OMEeHOTHBIX
BbIYUCJICHU

1
Yo = —F— exp(—r/ao).
v mag

BonnoBbie dbyHKIUE (0, yIOBIETBOPSIONINE CTAIMOHAPHOMY YPaBHEHUIO
[[Ipeauurepa, 9BAIIOTCS COOCTBEHHBIMU (DYHKITUSIMHI COOTBETCTBYIOTIETO Ta-
MHJIBTOHUAHA, a COOCTBEHHbIE 3HAYEHUsI ITOrO oneparopa [, COCTaBJIAIOT
€r0 SHEPreTUIeCKUil CIeKTP. DHEPIreTUIECKUil CIIEKTP MOYKeT OBITh KaK JIHC-

(3.70)

KPEeTHBIM, TaK W HElPEPHIBHBIM.
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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)
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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

JlonmostHeHE

5.0.1 OmnpiTel IdpenxadTa

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.

5.0.2 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.
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