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I'nasa 11

PACIIPOCTPAHEHUE

§ 1.
B KPUCTAJUIMYECKOW PEUIETKE
§ 1. Cocmosnus saeKmpona § 2.
8 OOHOMePHOU Peutenike
Ha mepmmii B3raAg BaM MOM{ET TIOKABATECH,

910 obJajalomi HeboMbIol sHepruell BJIeI\'TpOH§ 3
¢ IPEeBENHKUM TPYAOM LPOTHCKUBAETCH vepes
TEePABUT Kpuerama. ATOMB B HeM VJIOKeHBI TaK,
Y70 UX LEHTPH OTCTOAT OJHH 0T APYLoTo JAHNIhL
HA HECKOJBKO aHTCTPeM, a 3PPeRTUDIBIE JuaMeTp
aToMa TPH PacCesHUN JJIEKTPOHOB COCTABIAET
npumepuo 1A maum orono sroro. Wmaue rosops,
aTOMBI, €CIM WX CPABHHBATH € LDPOMEAYTRAMHI
MeKAy HHUMU, OYeHb BENHMKM, Tak 4YTO MOFKIO
OJKUIATH, YTO cpefuuit cBobopHBIT mpober Memuay
CTONKHOBEHHAME OyeT HOPATKA HeCKOABKUX aHTr-
CTpeM, a 9TO0 HmparTHIecKM paBHO Hyxwo. Ciaemyet
0/KU/IATh, UTO DIEKTPOH TOYTH TOTHAC K€ BJIETHT
B 10T WIU WHOH aroM. Tem He MeHee mepej HAIMHI
camoe o0BIHOE ABIEHNE OPUPOXBI: KOTHA pelleTHa
uaeanbHa, BXEKTPOHY HUYEI0 HE CTOUT ILIABHO
HPOHECTHCHh CHBOBH KPUCTANJ, ITOYTH KaK CKBO3b
paryyMm. Crpanmnsii 9107 garr — mpuynga TOTrO,
9TO MEeTAAIHl TaK JerKO TPOBOMAT 3JIEKTPHUECTRO;
KpoMe T0T0, OH IOBBONII M306DECTH MHOKECTRO
pechbMa monesHux ycrpoiicts. Hampumep, 6xaro-
Japa  eMy TpaHsHCTOP CHOCO0EH HMHTHPOBATH
pazuogamuay. B pagmonamite sieKTPOHBI ABURYTCH
cBOBOIHO Yepes BaKyyM, B TPAHBHCTOPE OHHU TOKe
IBIRYTCA CBOOOMHO, HO TOJIBRO YEPE3 KPUCTAI-
aUYecKyo peierky. MexaEmaM TOTO, uTO IpOICc-
XOJUT B TPaH3UCTOpE, OYAET OIUCAH B 3TOM riase;
crenyionas IIaBa MOCBAIMeHA TPUMEHeHIAM dTHX
UPVHOUNOB B PABIHYHHX NPAKTHYCCKUX YCT-
poiicTBax.

IIposommMoOCcTh 5JEKTPOHOB B KpuCTaLIe —
OJlMH W3 IpHUMEpPOB OuYeHb 00IMero sABIeHUA.
Uepes KpHCTAIXIE MOTYT CTPAHCTBOBATH HE TOIBKO
SIEeKTPOHH, HO u JApyrHe «obberrwny. Taxk,

§ 4.

Cocrosuna
3MEKTPOHA

B OHOMepHOH
pemerke

Cocroanusn
onpeaenennocii
AUEPruM

Coeroanna,
3aBUECHIHE
6T BpPEMEHN

dnexrpou
B TpexMepHoi
peinerre

Hpyrne
COCTOSHAA

B peineTke

Pacceaune
Ha Heperyaap-

HOCTAX PpeiHeTkL

Jaxpar nepery-
JSAPHOCTAMK
peleTkn

AMIIHTY BT
pacceAnna

¥ CRAZANULIC
coeTORNNA



aTOMHBIE BO30YKIEHUS TOME MOTYT IIYTeNIeCTBOBATEL AHATOTHIHEIM
cnocofoM. flaeHne, 0 KoropoM MHE ceifuac OygeM TOBOPHTH, TO
¥ 7e10 BOSHUKAET IPH M3YIeHNHN GUBUKHA TBEPAOTO COCTOAHUSA.

Mut yike HeOQHOKpaTHO pasbupannm IPUMEpH CHCTeM ¢ JBYMS
cocTosuuAMA. lipegcrasum cefe HA BTOT pas IIEKTPOH, KOTOPHIT
MOSKeT HaXOAUTHCA B OJHOM 113 IBYX TOJ0KeHUIT, IPUYeM B RaMIoM
W3 HUX OH OKaszuBaeresa n ofnHaxkosoM okpyswenun. Ipexmomommi
TARMKE, UTO IMeeTesI 0T Pe e e ast AMITUTYHA IepeXoa IeKTPoHA
W3 OJHOTO WOJO/KEHUA B APYTOe I, eCTECTBEHHO, TaKasfd »Ke aMIlIU-
Tyna mepexoma oSpatHO, B TOYHOCTH, Kak B rn. 8, § 1 (Bam. 8)
KA MONERYIAPHOTO HOHA Bopopoma. lorma B3arOHBL KBaHTOBOII
MEXaHWKH OPLBOIAT K CACHYOMEM pesyabrataM. ¥ 2JIeKTpoHa
BOBHEKHET [Ba BORMOJRHBIX COCTOSHUS ¢ OIPeJIeJIeRHOI aHepreil,
OpAYeM KOREOE COCTOAHUE MORET OBITH OMMCAHO aMIUTHTYXOI TOTO,
4T0 HAEKRTPOH mpebhizaer B OMHOM M3 ABYX 0A3WcHHX IOJOMREHMAIL.
B rasKmoM 113 coCTOANMIT ONPCHeaeHHOH SHEPTHH BEIHIUEH 9THX
IBYX aMILTHTY[ HOCTOSHHBI BO BpeMeHH, a $as3sl MEHAIOTCA BO BpC-
MeHH ¢ ofMHaKoBOH gacroroil. C Jpyroil cTOPOHH, ecA¥ DIEKTPOH
cueppa OHT B OfHOM IOJIOMREHHH, TO cO BpeMeHeM OH mepeiiner
B IpYroe, a einie MO3se BepHeTCAd B IepBoe moiokeHne. VisMenenus
aMOATTYAH HOXOKH HA JBIGKeHUE IBYX CBABAHHHX MAafgTHHKOB.

Pacemorpum 7emeph HmeadbHYR KPHUCTAMIAYECKYIO PEUIETHY
u BOOOPAsHM, UTO B Hel 3IEKTPOH MOKET pACTONMOKHTHCH B HEKO-
TOPOH ¢AMKe» BO3NXe ONPENEIeHHOTO aToMa, MMes onpeedeHHYIO
sHepruio. JomycruM rtakyke, 4T0 y DIEKTPOHA HMEeTCs HEeKOTOpasd
aMILTETYJAa TOTO, YTO OH NEPEeCKOYAT B APYLYI0 AMKY, KOTOpas Ha-
XOANTCS HOMOJAMeRy, BogJje APYroro atoMa. 310 4eM-10 HAOMIHALT
CHCTEMY ¢ ABYMA COCTOSHUAMN, HO ¢ J00aBOYHBIME 0CIORHEHUAMIE.
Hocme Toro mar 5IeKTpoH JOCTHIAeT COCEIHETO aToMa, OH MOKeT
nepeilTH B COBEPINEHHO HOBOE MECTO MJM BePHYTHCA B MCXOMHYIO
mo2uruio. Bee 9TO 110X03KE He CTOXBKO HA RGPY CBA3ZAHHBIX MasT-
HUKOB, CKOJIBRO HA 6ECKOHEUHOe MHONCECME0 MAITHIKOR, CBARAHHH X
Meay cofoil. JTo WeM-TO HAMOMMHAET OJHY W3 TeX MainH (co-
CTaBJEHHHX U3 JJIWHHOTO PAfa Crep:RHeH, npuRpemieHHLHX K 3a-
KDPY4eHHOH HIPOBOJOKE), ¢ IOMOINbI0 KOTOPHIX HA MEPBOM Kypce
TEeMOHCTPUPOBATIOCH PACHPOCTPAHEHNE BOIH.

Ecan y Bac #Meetcsa rapMOHHYECKHII OCIUNAATOP, CBA3AHHBLLI
¢ APYTEM rapMOHHUYECKEUM OCHUNIATOPOM, KOTOPHII B CBOW oOue-
peAb CBA3aH CO CHEIYIUINM OCHUINATOPOM, KOTOPHH W T. H..., 1
ecaU BEl COBJAJUTE B OFHOM MECTé KAKYI-TO HEperyjiaapHOCTH, TO
OHA HAYHeT PacHPOCTPAHATBCsI, Rak BodHA mo mposonore. To ixwe
caMOe BOBHMRAeT M B TOM CJIyd9ae, €CAH BB HOMECTHTE JIEKTPOIU
BOBIle OJHOTO H3 aTOMOB B UIMHHON WX IHeIouxe.

Rax mpasmwiro, 3agaun mo MeXaHHUKe Jerye Beero pemarh Ha SA3HIKe
VCTAaHOBUBIIMXCA BOJH; HTO IPOME, 46M AHAXWIUPOBATH HOCTE[l-
ctBuA orgensuoro tordra. Torma nossasgercs Karas-To KaprHHA
.CMEIEHU, KOTOpasd PACIPOCTPAHAETCS [0 KPHCTALIY, KAK BOMHA
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¢ sazanHoll, QurcuposanHoll wacrtoroil. To e caMoe mpomeXoqur
¢ DJeRTPOHOM, H TMO TOH K€ UPHYHHE, HOTOMY dUT0 DJIEHTPOH
ONIUCHBASTCA B KBAHTOBOI MeXaHHKe HOXOKHMH YPABHEHHEAMI.

Ho Hy/XHO NIOMHHTH OJHY Bemlb: aMIIUTYZA A dJIeKTpoHA
OBITH B HAHHOM MeCT€ 3T0 aMniumyoda, a He BCPOATHOCTH. Eemair 0w
HIEKRTPOH HPOCTO IPOCAUHBAJCA H3 OJHOTO MecTa B JpPyroe, KAaK
BOJA Yepeas ELiPOUKY, TO er0o HoBeeHNe 6bIsi0 G5 coBeeM mHbM. Econ
OBt, craKeM, MEI COSUHMIT JARA 0auxa ¢ BOJoH TOHeHLROI Tpyfoy-
KOii, 0 KOTOpPOIl Bojma u3 oOfgHOTO 0ayka HO Kalje IIepererasna
B Opyrod, To YpOBHE BOAK BEIPABHHBATHCKH OB 1O 3JKCIOHCHTE.
C 97eKTPOHOM jXe HPOHCXOJMT LPOCAYMBAHNIE AMIJIUTYIL, a He
MOHOTOHHOC IlepeiuBaHuWe BeposdTHocrell. A OfHO H3 cBOHCTB
MHUMOT'0 wieHa (MHOEMTEIA [ B auddepeHIuaxbHLIX YpaBHEHUAX
KEAHTOBOH MeXaHZKH) — 9TO OH MeHseT SKCHOHEHIMANBHOE pellle-
rne ua KoxebarensHoe. ¥ 1o, wro mocxe HT0T0 OPOUCXONAT, HITIYTH
He IMOXOJUT HA TO, KAK BOJA IepeTeKaeT U3 OfAHOro fauyKa B APyroi.

Temeps MBI XOTHM KBAaHTOBOMeXAHUUCCKHIT ciayuail mpoaHaan-
3upoBarh KommuecrserHo. Ilycts mmeerca omHoMepnas cucreMa,
cocroAItas W3 JUIMHHON nenu aromos (ur. 11.1,q). (Kpmerana,
KOHEUHO, TpexXMepeH, HO QuU3MKa B 060MX cayuasdx OueHL GIH3KA;
ecay BB pasbeperech B OJHOMEPHOM ciaydae, TO cMosKeTe paso0-
paThCs U B TOM, 4T0 OHBAET B TpeX HaMepeHusXx.) Mu xorum sHaTh,
YTO CAYUUTCH, €CIH B 3Ty JUHHK aTOMOB IOMECTUTh OTHENbHBIH
paexkrpoH. HOHEYHO, B pPeaJbHOM KpHCTANIe TAKUX HIAEKTPOHOR
mupuajs;. Ho GonbmMHCTBO HX (B HEDPOBOJANEM KPUCTAJIE
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MOYTH Bee) 3aHuMaeT B 0fmell KapTHHe IRMKEHHA CBOE MECTO, KaK-
ABLT BePTHTCA BOKPYT CBOErO ATOMA, I BCE OKABKIBACTCA COBePUISHHO
YCTAHOBUBHIEMCH. A MBI XOTHM DacCyuaTh 0 ToM, utd Gyzmer, ecnd
BHYTPb IIOMECTUTDH Auwnull amextpon. Mu ne Oyjnem gymMaTs o TOM,
wTé JenawT IPOYHMES DIEKTPOHHI, TTOTOMY 4Yro GyIeM cunrarth, YTO
Ha TO, 4TOOH WBMEHHTH UX SHEPIruio, morpedyercs O4YeHL MHOTO
pHEPIUH BO3OyTeunsa. Mu cobnpaeMca jo0aBUTHL BIeKTPOH H CO3-
jaTh Rak OM HOBHIUI caabo csasamHsil orpunare bHui won. Ciaens
38 TEM, UYTO HOFEeNKBAET JMOM AUWKRUL DIEKTPOH, MBI JedaeM IIpH-
Gammenue, upenelperas OPH 3TOM BHYTPEHHHM MeXaHI3MOM
aToOMOB.

flenio, mTo DTOT DASRTPOH CMOKET HepelTH K APYroMy atoMy,
TepeHocsl 5 HOBOE MecTO OTpHUIatTe/bHblil moH. Myl mpenmonomuM,
110 (B TOYHOCTH, Kak W B CIydae DJCKTPOHA, «IPHIrasiiero» oT
MPOTOHA K MPOTOHY) DIACKTPOH MOMKeT € KaROH-TO aMINIUTyHOH
CIPHITATLY OT aToMa K ero cocenaM ¢ aoboll ¢cTOpPOHML.

Haw we onmnchRaTh tawyio cueremy? Utd cuHTATh padsyMHBIMH
GasmecEsMu cocTOARNsSMI? Eenm BB pemomHITe, 9TO MEH meaann,
KOrjia y 9JerTpoHa ObI0 TGALKO HBe BO3MOMKHBIE IIO3WI[WH, BH
cMomere porafgarthes. Ilyern B Hamell menovyre Bce paccTOAHMA
MeHUIY aTOMAMI OFUMHAKOBEL, I TWYCTh MBL HX IPOHYM2pyeM IO IIO-
paary, xar ma ¢ur. 11.41,a. OpHO BGasmcHOe cOCTOAHME — KOTIJA
9ITEKTPOH Haxomurca pozde aroMa Ne 6; gpyroe 6asmcHOE cOCTOS-
HOE — ROT/IA 2JICKTPOH HAXONWTCSA BO3jae Ne 7, maw Bosie N 8,
U 1. H.; #-¢ 6a3UCHOe COCTOSHEE MO/KHO ONICATh, CKABAB, UTO BIEKT-
poH Haxomgures posae aroma Ne n. O6GozmawuuM s10 JasHCcHOE CO-
crosaue |ny. Ws ¢ur. 11.1 acro, 916 moppasyMmeBaercst mog TpeMs
fasuCHBIMT COCTOAHUAMIE:

fn—1>, |n> u [n+1>.

C moMompo arux Hammx Oa3MCHBIX COCTOAHAI MOMKHO OUHCATH
m000e cOCTOSHYE | > HAMIEI'O ONHOMEPHOTO KPHCTALIa, 33JaB Bee
aMIaATy B {xlg Y TOTO, UTO COCTOAHHE |@ ) HAXOAWICA B OJHOM U3
fasHMCHBIX cOCTOMHIIT, T. €. aMINIATYAY TOTO, 9TO JAEKTPOH PACIO-
Ja03eH 613 mamzoro gactroro aroma. Torga cocrosame [ > MOKHO
salmcaTh B BHJE CYNepuosunym 0asmcuslX COCTOAHMH:

lg> =5 n><n | g>. (11.1)

Hpoye Toro, MB XOTHM elfie IPSATOTOMATH, YTO KOTHA 3IEKTPOH
HaXogurcd OXM3 OFHOTO W3 ATOMOB, TO HMEETCS HEKOTOpas aMILIN-
Tyfa TOTO, 4TO OH IPOCOYHTCA K TOMY aTOMy, UTO CIeBa, WIK
K TOMy, 910 chipaBa. BospMeM npocreiimmii cayuail, Korma cuu-
TABTCH, YTO OH MOIKET TIPOCOYRTLCA TONHKO K OIIIKAHINIEM COCemAM,
a K CIeyOLeMY cocefly OH cMOKeT foiitu B ;sa mpmeMma. [lpmmewm,
4YTO AMILTHTYIBl TOTO, HYTO BJJEKTPOH TEPEmpHIHET OT OJHOTO
aToMa K CocegHeMy, paBupl [A/h (3a emuHEmy BpeMeHn).
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MNamenuM ma Bpemsa ofo3Hauenns, W AMILIUTYRY {nlg), cBa-
3aHIYI0O ¢ n-M atoMoM, obozmaumm depes (. Torma (11.1) Gymer
EMeTh B

o> =3|n>C,. (11.2)

Ecaun 651 BH 3HaMM KUEAYI0 13 aMmiaryy C, B JaHHSII MOMEHT, T0,
B3AB KBaJpaTH UX MoJyaeH, Mo;HO OBLIO OB HOIyuHTH BEpPOSAT-
HOCTh TOTO, YTO BH YBHIUTE DIEKTPOH, B3TJIAHYB B 9TOT MOMEHT Ha
aToM n.

Ho aro cramocs 06l wyrh mosme? Iio amanornu ¢ H3yYeHHHRIMU
HAMH CICTeMaMII ¢ JBYMA COCTOAHHAMI MBI MPeJJIaradeM COCTaBUTD
TaMIIIBTOEOBB YPABHEHHA [77 5700 CHCTEMB! B BHIe ypaBHeHHIT
TaKOI0 THIIa:

2 dCL (1) g ‘
ih =22 =EC ()—AC,, (()—AC,_, (). (11.3)

ai

Ileperrii enpana roadpinuent £, GusidecKd 03HAYAET SHEPIHAIO,
ROTOPYIo wMest 6ol BIEKTPOH, ecad OBl OH He MOI MPOCAYUBATHCH OT
ofnoro aroma K ApyriM. (CoBepuieHHO HEBaKHO, UTO MBI HA30BEM
E,; Mul HeOHHOKpaTHO BUZEIH, 9TO PEANBHO DTO HE 03HAYAET HUYETO,
KpoMe BrIGOpa nyag sHeprTHH.) CIIefyomuil wieH IpeJcTaBiser
AMILTATYIY B €JUHUIY BPeMEeHH TOTO, 4TO DJIeRTPoR U3 {(n + 1)-i
AMKH OPOCOYUTCA B R-I0 SIMKY, & MOCJIEJHHIT WieH 03HAYAET aMILIH-
TyRy npocawmpanusg us (n—1)-i aMru. Kax o6wuno, A cuntaercs
OOCTOSAHHKM (He BaBUCAUIIM OT 1).

Jusa moamoro omWcaHWA IOBegeHUA JI000TO COCTOSAHAA | @)
HANO AJ Raskgoii m3 ammwintyy C, UMeThb IO OJHOMY yPaBHEHHIO
runa (11.3). Hocronbky MB HaMepeHB PAacCMOTPETh KPHUCTAII
¢ 09eHb GOABINUM KOJXUIECTBOM aTOMOB, TO JOLIYCTHM, ITO COCTOA-
HUH 1Meercd GeCKOHEYHO MHOrO, aTOMH TAHYTCA Oe3 KoHIA B 00e
cropounl. (IIpm KomedHoM dwHcie ATOMOB LPUIETCH CHEI[HAIHHO
ofpaniaThs BHIMaHEC Ha T0, UTd CAYTaeTCa Ha KOHIAX.) A ecad Ko-
anuectso N HamuX O0asuCHHX COCTOSHWE OeCKOHEYHO BEINKG, TO
H Bed cHereMa HADIMX raMITBLTOHOBBIX ypaBHeHnit Oeckomeunal
Mrr sranmmmes TOABRO 4acTh ee:

ih Cnste B,C, ,—AC, ,—AC,,

iﬁ%oncn_ACn_l—AC (11.4)

n+ 11

iﬁd_cd_,;_tl:__EOC —AC,—AC, ,,.

n+1



§ 2. Cocmoanun onpedesennoti snepeun

06 »ieKTpoHEe B pellleTKe MHL Tellephb YiKe MOKeM y3HaTh 03eHb
muoroe. Jlaa Hagama DompobyeM OTHICKATH COCTOSIHHA ONpeiesIeH-
Hol sHeprux. Har Mul Bujienu B IpeyNiuX I1aBax, 93T0 03HAYAET,
470 HAJO OTHCKATH TAKOM cayuail, KOTJa Bce aMILIUTYIK MEHAIOTCA
¢ OfHOH 9acToTOi, ecal TONLKO OHE BoOOHEe MemaoTes. Mul mmem
pelenne B BUJE

C,=a,e- Bk, (11.5)

Hommiercuoe 9uciao @, TOBOPHT HAM O TOM, KaKOBA HE 3apUCANIA
OT BPEMEHH YacTh AMIUIATYHEL TOTO, HYTO 3JEKTPOHE OyZyT 00-
HapyKeHH EBoO3Ne n-To aroMa. Ecam 510 mpobmoe pemenne mop-
CTaBUTH [ OpoBepru B ypasueuns (11.4), To moxyumm

Ea,=Eq,—Aa,,,— Aa,_,. (11.6)

llepen mamum OecKoHeUHOe THUCIO ypasHeHuil s GECKOHEUHOTO
KoJamWdecTRa HeusBecTHHX a,! Cumryamuma rsyrenas!

Ho Mer 3HaeM, 9r0 HAZO0 TOABKO B3SATH METEPMUHAHT... HET, HO-
rogute! JlerepMAHAHTEL XOPOINM, KOTHAa YPaBHEHHd gBa, TPH MWIK
gerbipe. Ho 3ech ux oueHb MHOTO, Jaske GeCKOHEURO MHOTO, U BPAL
oW ot gerepMuHaHTOR O6yaer Toak. Her, nyame monpo6oBaTh pemarh
3TH ypasHeHuA npsAMo. Bo-mepBHX, npoHyMepyeM RoaoHCeHUA
aToMOB; 6yzeM culTaTh, 4T0 N-if ATOM HAXONUTCA B Z,, a (n41)-fi—B
Z,,1- BECaIH paccTofHHe MEHIY aroMaMM pasHO b (Kax Ha
¢ur. 11.1), 10 z,,, = z,+b. BsaB Hawaxo KoOp#HHAT B aroMe
HOMEeD HYyJb, MOKHO Hayke HOAYUUTHh z, = nb. ¥ pasmenume (11.5)
MOKHO TOTT[A TEPenHcaTh B BHeE

C,=al(z,)e Bk (11.7)
a ypasuesue (11.6) mpenparurcs B
Ea(z,)=E.a(x,)—Aa(z,, ,)—Ada(z,_,). (11.8)

Iloanaysce Tem, uTo z,,, =2, -+ b, 9T0 BHpa;KEHAe MOKHO TAKMAKe
3aimcatb B BUJE

Ea(z,)=La(z)—Aa(z,+b)—Ada(x,—0b). (11.9)

910 ypapHeHMe HeMHOTO mnoxopur Ha auddepeniuansroe. OHO
TrOBOPHUT, YTO BeIUYUHA @(Z) B TOUKE &, CBARaHA ¢ TOH e Gpuamge-
CKOI BeJWUYMHOHN B COCEIHUX TOUKAX Z, -+ b. (luddepermuannnoe
ypaBHEHNE CBA3HBACT 3HAYCHNUH (YHKINY B TOUKE C € 3HAYeHUAMHA
B OecroHewno 61H3KUX ToukKax.) Mosker OwITh, 37ech HOZOWOYT
METOJH, KOTOPHIMH MK OOHIYHO HONB3yeMcs NI pemeHHA gudde-
peEnuanbunx ypasHeruii? Ilompo6Gyem.

Pemennn aumpeiinnx pudepeEnmanbHEX YpaBHeHWH ¢ mO-
CTOAHHEKME RO3(OQAMUEHTAME BCeTga MOTYT OHTE BERIpAYKEHHI qepes
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orcmoreHTH. [TompoGyem 1 3ech To ke caMoe; B KagecTBe mpofHOr 0
pemreHnst BrOepem

alx,)=ethwn, (11.10)
Torzya (11.9) obGparurcsa B
E'eikxn — Eoe!kxn _Aet‘k (xn+b)___Aet'k (x,,—b). (11 11)

CoxparuM Ha ofmuil MHOKHUTeIb e**n; momyamm
E=FE,— detkb — Ae—1kb, {11.12)

JBa mociaexEux wiena pasusworca 24 coskdb, Tar Tro
E=F,-—2A coskb. (11.13)

Mu ofHapy:RuxM, uTO TIpH 4060M BHOOpPE IMOCTOAHHONR k uMeercs
peieHne, SHEPIHsa KOTOPOTO JaeTlcd STHM ypasHeHweM. B sapucu-
MOCTH OT k MONYYATCHA PA’INYHBIE BOZMOKHEIE DHEPTHH, M Kark-
gaf k cooTseTCIBYeT OT/leAbHOMY perrenmio. Pemrenmii 6ecroneuro
MHOTO, HO 9TO W He YAUBUTEABHO, BeObh MH HcX0guM u3 Gecko-
HEYHOTO umcaa OasucHHX COCTOSHMIA.

ITocMorpuM, KawroB cMsIca dTHX pemennil. Jas Kammoll k&
ypasuenne (11.10) maer crom a. Toraa amnuurymst ofpamawTes B

C, = eitine=~ (/B Et (11.14)

npuueM HYKHO IOMHATE, 9T0 dHeprud F rakme sarucur or k B cor-
nacuu ¢ ypasuenueM (11.13). Muossurenn e*n paer npocmpancm-
6EHHYI0 8ABUCUMOCb AMIUIUTYA. AMIIUTYIH NUpH NepeXoge OT
aToMa K aroMy roaelmiorcd.

[Tpu srom mmeiite B8 BUAY, 910 KoxeGAHU S aMOIUTYIH B IPOCT-
PAHCTBE KOMRACKCHL, M0o0yab ee BOIMBM 10060TO aToMa OJWH W TOT
sie, a (asa (B maHHEIL MOMEHT) OT aTOMAa K aTOMYy caBUraercs Ha ikb.
Yro6H MOKHO OHIO BUAETH, YTO HpPOUCXOAUT, HOCTABHEM y KaiK-
JOTO arTOMa BEpPTHKAJBHYI Te PTOYKY, PAaBHYI0 BemecTBeHHOI
gacty ammauryas (pur. 11.2). Orubaromas »2THX BepTuraxei (mo-
KasamHad MITPUXOBAHHOM JUHHeH) ABIASETCA, KOHETHO, KOCHHYCO-
ugoit. MunMas wacrs €, — 970 TOMKe Komebaomasicsa QYARIUA, HO

e

@ ue. 11.2. Hamenenue sewpecmeennotc wacmu C, ¢ z,.
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D uye. 11.3.Fnepeus cmayuoHaproE COCMOAHUL
kEak Pynryus napasempa k.

oa capuayra 10 Qaze ma 90°, Tar 4ro KBaxpar MogyaA (CyMMa
KBaJpaTOB BEINECTBCHHONI W MHAWMOI dYacTeil) ¥ Bcex C opuH o
TOT IHE.

Wraw, sBwmbupas k£, Mbl modydaeM CTAHOHAPHOE COCTOSHNE
¢ ompejeneEHolt sreprueil £. 11 B KaXKaoM TakoM COCTOAHMI HJIEKT-
POHY OJUHAKOBO BEPOATHO ORABATHCA OKOIO JI0O0T0 M3 aroMoB,
HUKAKITX IPEUMYLICCTE Yy ONHOr0 atoMa mepeld ApyruM ner. Ot atoMa
K artoMy MeHseTcHa TonbKO (asza. Massl MeHAIOTCA elile ¥ CO BpeMe-
BeM. M3 (11.14) cuaemyer, 4ro BelllecTBeHHAd I MHUMAsg JacrtH
pacIpoCcTpaHAKTCA MO KPUCTANJAy, KaK BOJHB, KaK BemecTBeH-
nasg ¥ MHMMAasg 9acTH BHIPasKeHWA :

of lexn—(E/R) 11 (11.15)

Bosma moser gsurarees auGo ® mONOMUATENBUEIM, JAGO K OTPHIA-
TEJIBHBIM Z, CMOTPS WO TOMY, RAKOH 3HAK BwbOpan gis k.
3arerbTe, UYTO MB IPESIIOJOMKUIN, U4TO IOCTABJICHHOE B HaimeMm
npodHoM pemennu (11.10) wmemo k ecth 4HCHO BeIGCTBEHHOE.
Teneps pugHO, HoOUeMy B 6 ecKOHEYHOI EIIOUKEe aTOMOB Tar 1 JOJ K-
HO OHITD. ITycers k 6810 681 MumMeM anicroM —ik’. Torna aMmunurynu
@, MEHSITHCH OB, KaK *'n, yr0 03HAYANO 6K, UTO AMILTATYHA PACTOT
Bce BHIIE U BEIIIE, KOTAA £ BOSpacTaeT, Wil IpH &' oTPULATE] hHOM,
KOTfA z CTAHOBHTCA OONBIINM OTPHIATEABHHEM 9HcioM. Tanoll Buj
pemenys 6s11 G5 BHOMHE XOPOLI, ecId 65 HEII0YKA ATOMOB HA 46M-TO
KOHYaJach, HO B 6ECKOHETHOM I[eMU aTOMOB 3TO He MOsKeT OHITH Pu-
sueckmM pemeHreM. OHo npupedo O K 0eCKOHEUHBIM AMIJIUTY-
paM u, crano Omrb, K OeCKOHEeYHHKM BEPOATHOCTAM, KOTODHE He
MOTYT oOTpakarh JAeHcTBUTENBHOrO moaoskeHus seieii. [loske
MEL BCTPETHMCSI ¢ OPUMEPOM, KOTNA U Yy MHUMBIX &k €CTh CMBICIH.
Coorromenue (11.13) Mesay sHeprueir £ ¥ BOTHOBKM TUCIOM &
n3obpaskeno Ha ¢ur. 11.3. Kak caexyer u3 3T0r0 puCyHKa, dHeprus
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MoikeT MeHATHhcA oT E;—24 wmpm k=0 pmo E,+ 24 npm
k=-mn/b. I'paux HauepueH A DOTORATENLHHX A, IPH OTPALA-
TOXPHHX A KPUBYH IPHILIOCE OBl MEpPEBEPHYTh, HO o6macTb H3-
MeHeHHA ocranach On nmpemneii. CyImecTBeHHO TO, 4TO B HEKOTOPOI
obIacTd, HIH «HOTOCE» HHEPTUHl [ONYCTUMB JH0He 3HaYeHHs
HHEPINH; BHE ITOJOCH DHEPIUH OBITh He Moyker. V3 Hammx mpep-
MONOKEHUIT claegyer, UTO eCJM JIEKTPOH B KPUCTANINE HAXOJUTCH
B CTAI[OHAPHOM COCTOSHUE, DHEPTUS €ro He CMOMET OKasarbesd
BHE 3TO0i{ IIOJOCH.

Coraacno (11.10), Menpume %k orBevaior Gosee HUBKUM SHEPIeTH-
qeckuM cocrosmuaM E~FE —24. Horma k mo senmumue pacrer
(Bce paBHO, B TOJNOMRUTEJIBHYI WM OTPHLIATEABHYIO CTOPOHY),
TO DHCPTHA CIEpPBA PACTET, a MOTOM IIPH Ak = —m/b gocturaer ma-
KCHMYyMa, Rax moraszaHo Ha ¢ur. 11.3. Has k, 6oxpmux, wem m/b,
sHePrad onATh mawada 6 yomsars. o rarme k& pacemarpuparh
He CTOWT, OHH HE HPHBEAYT K KARHM-In00 HOBHIM COCTOSHUSM,
a IPOCTO MOBTOPHIOT T€ COCTOSHUA, KOTOPhIe YiKe MOSABIAIUCH HPH
MeHBIINX, k. Bor rar B aroM Mo:kHO yOemmrhes. PaceMmorpmM co-
cToaHne Hamsusmell sHeprmu, mas xoroporo k& = 0. Torma mpnm
BCceX x, woohduiment a (z,) Oymer ogun u tot ke [em. (11.10)].
Ta sxe camas sHeprusa moaysmiack 6w m upu & = 2n/b. Torpa ns
(11.10) caemovaxo 61

a (xn) — el (2T/b) xp
Ho, cunras, yro HaYax0 KOOpIWHAT WPHXOAUTCHA HA Z;, MOSKHO II0-
IOKATS Z, = nb, ¥ Torga a (r,) UPEeBPATHICH B

a(z,)==eizn =1,

T. €. COCTOSHWE, OIUCHBAEMOE STUMHU a (Z,), QUBMYeCKU HUYEM He
Gymer orauvarthes or cocroguuii mpu k = 0. OHo He mpegcraBasier
ocoforo pemenus.

B rauectBe ppyroro mpmmepa Bo3bMeM k = mn/4b. BemecTBen-
Hag gacth @ (x,) usobpasxena ma ¢ur. 11.4 xpusoit /. Eciu 6m
k 6nuto B cemb pas 6Goawme (k=7m/4b), T0 BemeCTBEHHAS YacTh
a {z,) MeHsamach OB TaK, Kak moxrasaHo Ha Kpueoi 2. (Cama rocH-
HYCOHUJA CMBICTA HE HMeeT, BayKHBL TOJABKO €@ 3HAUCHUA B MOUKAL X4,

D ue 11.4. Hapa snavenuti k, npeScmasasiowur
00ny U my e PusuMECKYID cumyayuio.
Kpusas 1 —0aa h=1/4b, spusan 2 —B8an h=7n/4b.



Kpuswe HYKXHH ©Opocto IA TOro, 4robe OHiIo BHAHO, Kak
Bce Memstercsi.) Bul Bumure, uto oba smaweHud k BO BceX , QAT
ONMHAKOBHE AMIIUTYIH.

BsiBoj; 13 Bcero aToro COCTOUT B TOM, UTO BCe BOBMOJKHAIE pelie-
RuA Hamell 3afayl MOJYIaTCH, eCAY BIATH k TOIBKO U3 HOKOTOPOM
orpanndenroil obmactu. Mur BHOepem obmacte or —n/b mo -Fm/b
(ona morasana ua gur. 11.3). B sroii obxacta sneprus cranuoHa p-
HBIX COCTOAHUI ¢ pocToM abconoTHOd BeamauHHE & BO3pactaer.

Eme oxgo mobounoe saMewanue o TOM, ¢ UeM Gbto OH 3abaBHO
nososurheA. LlpeAcraBbre, 910 DiIeKTPOH MoMKerT HEe TOINBKO Iepe-
TPHIHBATE K OMIKAAIUM cOcelAM ¢ aMuautrygoil (4 //i, HO WMeer
CHe BOSMOMRHOCTD OJHIM MAXOM II€DEIPBHIIUBATE U X caedyiowum 3a
HUMU COCENSIM ¢ HEKOTODOIl mpyroil ammmurynoit (B/h. Bu ouars
o0HapymuTe, 4TO peimeniie MOKHO HcKarh B gopMe a, = ei*n,
BTOT THI PEHIGHMIT Arjsercs yHUBepcanbHbM. BH TawmKe yBupure,
YTO CTAWOHADHBIE COCTOSHMA € BOJHOBLIM WMCIOM Kk HMMeIOT dHEp-
ruro Ey—2A4 cos kb—25 cos 2%b. Iro osnavaer, uro popMa kpunoit £
Rar QYHRIAZ &k He yHMBepcalnbHA, 4 2aBUCUT OT TeX YACTHEIX JI0-
nyUIeHWH, 1PH KOTOPHX peizaercdA 33jaud. Jro He 05a3areipHo
ROCHHYCOWIA, W OHA [a:Ke He 00A3arCHpHO CEMMETPHYHA OTHOCH-
TeABHO TopuzoHTanbE0i ocu. Ho 3aro Bcerma seprmo, uro Kpusas
BAe mETepBAIa (—/b, m/b) mosrTopsercs, rak 94T0 3a00THTHCA O
JApyrax agaveHuAX k He HYRHO,

Hocmorpum eme BrumarTenbHee Ha TO, YTO MPOUCXONUT IPH
MaJHIX &, KOTHA BapUANUI aMINATYE MeKIY ONHUM 2, U COCeTHUM
OueHD MadeHbiHe. [3yIeM OTCUMTHEBATL DHEPTHI0 OT TAKOTO YPOBHS,
urofn Gerio £, = 24; rorga MEHEMYM Kkpunoil ¢ur. 11.3 mpugercs
1a Hyab ampeprud. [as gocrarodmo MadBX A MOMHO HAMHCATH
1—022

coskd =~ —5—>

u sHeprus (11.13) mpeBparurca B
E = Ak2b2, (11.16)

Homy=aercs, 4ro sHEPIUA COCTOARUSI IPONOPIUOHATHLHA KBAaLPaTy
BOJIHOBOI'O YHCJA, ONUCHBAKMNIET0 NPOCTPAHCTEEHHHE BAapWAINK
amanryn C,.

§ 3, Cocmoanua, sasucauiue om spemenu

B sroM maparpade mMpr xotuM mompobGHee 06CyIUTL HMOBeIeHHe
COCTOARYIL B OfHOMEepHOH pewerke. Ecuu g saekTpona aMOAnTyna
TOI'0, 9TO OH OK&YKETCA B Z,, panHa C,, TO BepOSATHOCTD HAHTH eT0 TaM
oymet |C |2 las cmayuonaprblz COCTOAHNUI, ONACAHHKX yPABHEHTEM
(11.12), sTa BepOATHOCTH IPH BCEX I, OJHA M TA Ke U CO BpeMeHeM
He MeHsAercsa. Har e orofpasurs Takoe IOJ0KeHUE Belmei, KOTo-
poe rpy0o MOKHO OHIO OH OmMCaTh, CKA3aB, 9TO 3JIEKTPOH ompeje-
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@D ue 11.5. Bewecmsennas uacmv C(z,)
Ear GYHEYUR T 048 CYnepnozuyul HeCKOAbKUL
cocmosakuil ¢  6AUSKUMU  SHEPIUSMU.

JIeHHOIl BHePrUU COCPEHOTOYeH B ONpCHeaeHHON ofxacrtm, TaK 4T0
folee BepOATHO HANTH ero B KAKOM-TO OJEOM MECTE, 9eM B IPYToM?
ITOr0 MOKHO HOBHMTRCA Cymepriosunuell HECKONBKUX pelleHuii,
noxoxux Ha (11.12), Ho co cierka pasaWUHBEIME 3HAYCHUWAMA k H,
cIefloBaTeNbHO, C PAasmAYHKME dHepruamu. Torga, mo kpaiiHeil
Mepe npHa ¢ = 0, ammiuryga C, BeaegctBue HHTeppepeHIUH pas-
JUYHEIX CIaraeMHX GYIeT 3aBUCETh OT MECTOMONOMKEHUS, B TOYHOCTH
TAK jKe, KaK NMOJYYaoTCA GHeHU, KOIA MMEeTCHa CMeCh BOXH Das-
HO# aauubl [cM. o, 48 (pwm. 4)]. 3magur, MOKHO cocTarMTh TAKOM
«BOJIHOBOI ITareT™», 4T0 B HeM OyHeT mpeobmajarb BOJHOBOE UHUCIO
ky, BO GyayT mpuUCyTCTROBATH U ApPYTrHWe BONHOBHE uHCcaa, OMUBKHUE
R K, *.

B maweit cymepmosunyuy cTaMOHAPHBIX COCTOSTHUA AMILIATY B
¢ pasHHMU %k OYAyT HpeJCTaBIATH COCTOSHUA CO CIEIKA pasImy-
HEIMU SHEePTUAMU U, CTATO 0BT, CO CHETKA DaBIHIHEIMU YaCTOTaMU;
nHTepde PeHIHOHHEAA KapTUHa CyMMapHOTo (', m03TOMYy TOe Oymer
MEHAThCA BO BPEMCHMU, BOSHUKHET KapruHa «buemmily, Hax Mu Bu-
Renu B ri. 48 (BHO. 4), nwke Oumenwmil [mecra, rge |C (z,)|? HaRB-
Gonpumme] ¢ TeueHHEM BpeMeHN HAYHYT JBUTATHCA MO T; CKOPOCTH
HX OBIDKEHOA MH HasBamu «Ipyunosoiiy. Mu mauwim, wro sta rpyn-
MOBasA CKOPOCTH CBABAHA C 3aBHCHMOCTBIO k& OT WACTOTH GopMyaoil

40 (11.17)

Urpynn = % )

BCE BTO B paBHOIl Mepe oTHOCHTCA W K HameMy caydaw. Cocroanue
BIEKTPOHA, HUMEIOINEe BUJ «CKOIICHAAY, T. €. COCTOSIHUE, I KOTO-
pero C, MeHsAeTcsd B IPOCTPAHCTBE TaK, KAK Y BOJHOBOTO HMAaKeTa
Ha ¢ur. 11.5, Oymer AgBHUraThCsA BHONAH HAIIEr0 OJXHOMEPHOTO

* Toapko He cTapaiiTech cxelaTh HaKeT Tepeciyp ySKHEM.



«kpueraiay ¢ 6uctporoil v, pasnoil dw/dk, rae (0=E/ﬁ. Iloncras-
asia (11.16) smecro E, momyuaem
2402

p=2"k (11.18)

VimeMu clI0BaMHA, BACKTPONH! ARIAMYTCA 110 RPUCTALAY ¢ GRICTPOTOH,
NpONOPIUOHAILHOI camMoMy XapawkrtepuomMy k. Torma, cormacho
(11.16), sHeprus TaKOro SJACKTPOHA NPOIOPIIIOHATLHA KHAAPATY
€r0 CROPOCTH, 0K gedem cebs nodoGro raaccuveckoll vacmuye. Hoxa
MBI paceMarpuBaeM Bce B CTOIb KPynHOM MaciuraGe, 910 BFKAKHX
TORROCTell CrpoeHuA PABTISICTD 1o MOYKCM, HaIla KBAHTOBOMEXa-
OWYecKas KaPTHHA HPHUBOJAIT K TeM 0 pe3yNbTaraM, Ur0o H KILC-
cuveckas PUBHUKA.

B camom penme, ecam ma (11.18) maiitx k n nomcrazuts ero B
(11.16), ro monmyuires

E= -i- My gV, (11.19)

e m,, — NocToannaa. Msberomuans «aueprusa QBHKeHEI) 3ICKT-
pOHA B MaKeTe BABHCHT OT CKOPOCTH B TOYHOCTH TaK i€, Kak My
xaaccraeckoii vactunpt. Hocrosunas m,,,, uMedyeyMas »pderTur-
ROI Maccoll», FaeTcs BHPAYKEHHEM

7
2

_- 9
Moy, =573+ (11.20)
3amerbTe eme, YTO MOKHO HAUMCATh
— P 4
Mypa? = hik. (11.21)

Ecmr MH pemnif Haspagb m,, v «IMIYIBCOM», TO 3TOT HMIIYIbC
GyleT CBA3aH ¢ BOAHOBHIM UMCHOM k Tak ;Ke, Kax U y cBoGojHOiH
YACTHIIH.

He sabmBaiite, w0 m,,, HH4ero o0ilero He HMECT ¢ pea’abHOII
Maccoll smerrpona. OHa MoKeT OBITH COBCEM JIPYToil, X0TA ciexyer
CKa3aTh, 9T0 B POoGABHBIX KPUCTAIAX YACTO CIYIAETCA, TT0 ee
MOPALOK BENVYHHLI OKA3HBAETCA NDHAMEPHO TARHM ke (8 2 mnm,
cra;xeM, B 20 pas Goapiie, weM Miacca 2J€KTPOHa B IYCTOM mpo-
CTpPAHCTRE).

M ToabKO 4YTO ¢ BAMH PacKPHIAHN IMOPA3HTENLHYIO TAHHY —
KaK 3TO 3JEKTPOH B KpHCTalie (HaIpHMep, UYIIeHHsIT B repMaHUil
J00aBouHEIl BAEKTPOH) MOMKET NPOHECTUCDH 4epe3 Lech KpPHCTa,
MOFKeT JeTeTh IO HeMy cOBEPILeHHO ¢BOGOMHO, HAMKE €CIU eMy HpH-
XOUTCA CTATKUBATHCH CO BCEMY aTOMAMH. JTO MOAYYaeTCH OTTOTO,
4TO0 ero AaMIIUTYAH, IepeTexkas C OJHOLO artoMa Ha JpYroif,
IPOKIANEBAOT €My IOyTh depes Kpucramil. Bor oruero tBeppoe
TENO0 MOKeT MPOBORUTH JMEKTPHUUYECTBO.
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§ 4. Gnexmpon 8 mpexmepHoii peuwremie

Eiie HeMHOTO 0 T0OM, KaK MOKHO UPUMCHHTD T€ {e UAeH, 4ToHh!
HOHATH, 9T0 NPOUCXOIUT € SAEKTPOHOM B TPEX H3Mepeuuax. Peayan-
TATH OKABBIBAIOTCA O9eHb moxoskumu. IIycTs BMeeTCAa npAMOyroab-
Has pellleTiia ATOMOR ¢ PACCTOSHMAMH @, b, ¢ B TPeX HAIPaRICHHAX.
(Ecnu Bam Goapme mo gymre rkyGuueckas peimeTKa, IIPUHMHTE BCe
paccTogHUA paBHEMI ApYT Zpyry.) Ilpegnoro:xuM Tare, 410 aM-
INIATYIa OPBDKKA K cocely B HANpPaBIeHAUW x ectb (A4 x/ﬁ,; aMuiu-
TyZa OPLIKEA B HAmpasJjeHn § ecthb (4 V/fi/, a aMIIHTy (A IPBIKKA B
pampapiaenma z ects [4,/1. Rar e “ommcats SasucHbie cocros-
nita? Kak ¥ n ogmoMepHOM cayuae, 0JHO0 GA3HMCHOC COCTOSHIG —
5T0 KOTHA 3JCRTPOH HaXojHWtcsa OJAM3 aroMa ¢ KOOPAIHATAMH Z,
v, z, ve (z, ¥, 2) — OfHA H3 TOYEK pemrerru. Eciau Bmbpars navaao
KOODIAKIAT B OJHOM W3 aTOMOB, TO BCE 3TH TOYKH NPHAYTCH E&

Z ==, y=nb m z=n.,

TIO Mg, Ny, M, — TPI HEJBIX 9HCIA. Buymecto Toro wro6m cTaRmTD
Opu z, Y ¥ 2 UX HoMepa, OyzieM npocro nucath Z, Y, Z, NIMeA B BUAY,
YTO OHM HNPUHUMAIOT JUIND TAKUE 3HAYCHUA, KOTOPHIE OBIBAIOT V TO-
yer pemerky. WUrar, 6asncHoe cocrogune M306parkaeress CHMBOIOM
| prerTpoR B 2, Y, z), @ AMIJIATYJA TOTO, YTO 2AEKTPOH B HEKO-
TOPOM COCTOZHUU | ¢ > OKakercsas B HTOM 0AaBHCHOM COCTOHHEH,
ectb C (z,Y, 2)=( BIEKIPOH B Z, Y, 2 [P .

Haw u mpempe, amanaryael C (x, ¥y, z) MOTYT MEEATHCA BO Bpe-
Meun. lpm #Hammx npefuomTOIKEeHHMAX IaMUABTOHOREl ypPaDHCHUA
00513aHBl BRITIANETH CACHYIOIIUM 00pazoM:

lﬁ M:‘; EOC (.’L', Y, Z)_Axc ("L'—’rd, Y, z)__AxC ("L'*—CZ, Y, Z)‘

dt
—A,C(z,y+b,2)—A,C (x,y—b,2)—
—AC(x,y,24¢)—A,C(x,y,2—c).
(11.22)

XoTh 3TO M BLITJIA/AT FPOMOBIRO, HO Bbl cpasy, KOHeuHo, Icimere,
OTKYIa B3SJIOCH KajKmoe caaracmoe.

OmnaTe mompobyeM HailTé CTaifioHAPIOe COCTOAHEE, B KOTOPOM
Bece C MeHAIoTCA cO bpeMeHeM ofnHaropo. V1 croBa permeHHe ecrhb

HKCIIOHEHTA
C(x,y,z)= e~ iBt/hoi (ko +hyy+hoz) (11.23)

Licam Be mopcrasute 510 B (11.22), 10 yBugure, 410 OHO BIIOJHE
moroiiger, ecad ToiNbKO pHeprua E Gypmer csasama c k., ky nk,
caemyomuM o00pasoM:

E=E,—2A,cosk,a—2A4 coskb—2A4,cosk,c (11.24)

Teneps sHeprws 3aBUCAT OT Mper BONHOBHX wuHcenl K, ky, k,,
KOTOpHE, KCTaTH, ecTh KOMIIOHEHTHI TpeXMepHOro Bexropa k.
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N peitctsurenpuo, (11.23) MoxHO HepenmcaTh B BEKTOPHHX 06o-

3HAYEeHNUAX:
C(l‘, Y, Z):e—iEt/he—ik-t. (1,1'25)

AMmuiuTyma MeHsieTesl KaK KOMINIEKCHAS MJA0CKAS 80ANHA, KOTOpDAS
JIBMKETCS B TPEXMEPHOM IIPOCTPAHCTBE B HAPABICHHH k ¢ BoxmO-
BHM umenoM k= (k% -+ k2 + kY

JHepras, CBA3MBAEMAS € DTUMI CTAIHOHAPHEIME COCTOSIHUAMI,
BABHCHT OT TpeX KOMITOHGHT K ciaokesM 00pasoM, HOTUUHAACDH
ypasrenmo (11.24). Xaparxrep uameHenus E 3aBUCHT 0T OTHOCH-
TeNbHHIX 3HAKOB u Beauand A, 4, n A,. Ecam Bes ata rpoiika
LDOTOKATENBHA W €CHY HAC miTepecyLOT *pums MazenbRue k, o
3aBUCHMOCTh OKA3HBAETCH CPaBHUTEIHHO HPOCTOI.

Pasmaras wocumye, xax m paubute [em. (11.16)], mMur temeps
HPHACM K

E=E,,, -+ Aa%; 4+ A 5% 4 A 0k, (11.26)

B npocroit kyGuuecroil penrerie ¢ paccToAHNeM @ MEIRAY yaIaMu
CIejyeT ORHAATh, 9T0 M Ay, M A, u A4, OyayT Bce paBHH JApyT
apyry {(crayeM, paBHu A), Tak ‘ITO nonyquocs OBt

E=E,,,+ Ac® (k4K + k), (11.27)
niaiun
E=E,_, + Aa®k.

A a10 Rak pas cosmazaer ¢ (11.16). Ilorropas Te e paccy:xmenus,
9T0 M TOTAZ, Msl NpUmiy O K BaKIIYEHUIO, 9TO HIeKTPOHHBIL
DakKkeT B mper W3MePEHUAX (COCTABIEHHEIN ITyTeM CyTNepIro3miuiu
MHOMECTBA COCTOSHUI ¢ IOYTH OJWHAKOBHIMU SHEPTHUAMU) TAKIKE
IBYKETCH HA MaHED KIACCHUMeCKOil wacTunsl, 06aaganmeil HeRoTo-
poit adderTuBmoit Maccoii.

B xpucranne me ¢ wybuuecwoll, a ¢ Gomee Hu3KOH cuMMerpueil
(w1 gase B KyOHUeCKOM KpPHCTAINIE, HO TAKOM, B KOTOPOM COCTOS-
HEE HJIEKTPOHA OKOJO aTroMa HEeCHMMETPHUYHO) Tph KO3pPHImeHTA
Ag, A, m A, pasmuunsr. Toma @PPeRTHBHAA Macca» DICKT-
poHa, COCpeJIOTO‘IeHHOI‘O B y3KOH obmact, sasucum om Hanpasie-
Hud e20 Osuncenus. Moswer, HanpuIMep, OKA3aThcA, UTO ¥ HEro pas-
Has HHEpUUsA IpHU ABYIKOHWYM B HANIDABIEHHH £ H IPHU IBUKEHHN
B HampaBieHMm y. (/{etanm TAKOTO MOJOMKEHMs Bemell MHOTAA
ONMHCHBAIOTCA ¢ OMOINKIO «TeHBOpa 3PPeKTUBHOH MaCCH».)

§ 5. Ipysue cocmoanus 6 peutemuxe

Cormacuo (11.24), cocrosHUs HAEKTPOHA, 0 KOTOPHX MH TOBO-
PUJIN, MOTYT 06JafaTh SHepTUsAMA TOIBKO B HEKOTOPOH sHepreTu-
YecKOIl «IoJoce», HPOCTHpAIOIIelca OT HauMeHbIleH »HEprun

Ey—2(A,+4,+4,)
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no manbonbmmeil
E\+2(4,+4,+4).

Jpyrue sHepruy Toske BOSMOMKHEI, HO OHH IPHHAIEKAT K IPYTOMY
KJIACCY COCTOMHMI dxextpoHa. [mz Tex cocrosnuil, 0 KOTOpHX
TOBOPWIOCh paHbOie, MH BHROWpanu Tawne GasuUCcHHE COCTOAHMSA,
KOIJIa IEKTPOH B aTOMe KPHCTANaa HAXOAHAICA B HEKOTOPOM Onpe-
JeJEHHOM COCTOSTHUM, CKayKeM B COCTOSHHUN HaWHU3MEH sHeprum.

Ecau y Bac ecth a10M B IyCcTOM mpOCTPaHCTBE M BEL Ho0aBisiere
K HeMY BIEKTPOH, YTOOB IOJYUAICA HOH, TO 3TOT HOH MOKHO 06pa-
30BaTh MHOTHMH CIHOCODAME. OIEKTPOH MOKET PACHOJOMKUTHCH
TaK, 400K o0pazoBarh COCTOSHWE HAMUHK3MieH SHEPIHHA, WK TaK,
9100H 00pasoBaTh TO WAMW HHOE W3 MHOTUX BO3MOMKHBIX «BO30yIK-
JIeEHEIX COCTOSHHUI» MOHA, KaKIOe ¢ OIpedeleHHOU aHeprueii, Ko-
TOpas DPEeBOCXOMUT HAWHUBNIee SHAUCHHE. 10 JKe MOMKET CAYIUThCH
u B Rpucraiaae. HonyeruMm, aro sHeprus F,, Kotopoll Msl mOIB30-
BAJIHCDH BHINE, COOTBETCTBYET 6aBUCHBIM COCTOSHUAM, IPEICTABI A=
M coboll MOHH ¢ HaWHHU3MEH BoaMO;KHOU sHeprmeii. Ho mosxHO
TRK)RE BooOpasUTh HOBYK COBOKYITHOCTH OA3MCHBIX COCTOAHUIL,
B KOTOPHIX DJIEKTPOH IO-HHOMY PACIIOJIATaeTCH BOBJIE N-T0 aToMa:
on ofpasyer omHO W3 BO3OYKIEHHHIX COCTOAHMH WOHA, Tax 4YTO
sriepTug K, TeNephb yiKe CTAHOBHTCH uyTh HOBHIIE, Iark 1 pambie,
UHceTCes HeKoTopasA aMminryfa A (OTIHIHAS 0T IpeskHeH) T0To, 9T0
JJIeRTPOH NePerphirHeT U3 CBOET0 BOBOYIRICHHOrO COCTOAHUA 6aus
0/HOTO0 ATOMA B TaKoe Ke BO3OYIK/EHHOE COCTOAHUE IIOAJIe COCEeH-
pero atoma. ¥ Bech aHANMB IPOXOTUT, KAK PAHbINE; MBI 00HAD yIKIM
TMOJIOCY BOBMOJKHBIX 3Hepruif, cocpegoTo4eHHEIX EOKPYT HEKOTO-
poit Bercmnell sHepruwu. Boobime rowsops, rakux moidoc Moker GHITh
MHOTO ¥ KasKiag O0yzger oTBedaTh CBOEMY YPOBHIO BO3OY:HICHUA.

MpicauMsl B gApyrue Bo3MoKHOCTH. MoyKeT cymec1sosaTh HEKO-
TOpaA aMIUIUTYJA TOTO, YTO SAEKTPOH HEePEmpPHIHeT U3 Bo30yiKIeH-
HOIO TOJOMREHUS BO3Je OJHOT'O aToMa B HEBO3OY/KICHHOE IMOJOsKe-
Hue 6ju3 CHeTYHOMmEro atoMa. (JTo HABEIBAETCA B3aWMMOUelicTBUEM
MeRIY mostocaMu.) MareMarutueckas TeOpHA CTAHOBUTCH Bee CIOMK-
Hee U CI0KHEee IO Mepe TOTO, KaK Bl IPUHAMAacTe BO BHIMAaHOe BCE
Coxpiire u GOTBINE TOTOC U Hobanisgere Bce Goapme U GombHie Koad-
QHITHEHTOB TTPOCAYUBAHYUA MOKAY PASIHUHBIME cocrosuuamu. Hn-
KaKWX HOBHIX NMjeH He HYIKHO; HO YPABHEHUA, KAK Mbl BHIENU U3
HAIOEr0 IpPOCTOTO TPIMEPA, CUABHO paspacramTcs.

Cxenyer elie 3aMeTHTh, YTO O paziuyHHX KodpPuIueHTaX, Ta~
KUX, KaK DOABIAIOMIAACA B TEOPUU aMIIUTYAa A, craszath MOMKIHO
Jgumb HemHoroe. VX, Kak mpammmo, O4eHb TPYAHO HOACIUTATD,
K B IOpaKTHYeCKUX CIy4asX o8 5tmX IapaMerpax TeopeTHUYecKH
OBIBA€T 0YeHBL MAJO0 MBBECTHO; B TeX WJIM MHKX PEaNbHHX CIydasx
TPUXOMUTCA UX 3HAYeHUA OpaTh U3 ONHITA.

BrusaoT 1 gpyrue caydam, B KOTOPHX Bed (U3HKA M BCA MaTe-
MaTHKa OOYTH B TOYHOCTH COBIAAAIOT C T€M, 4TO MBI 00HAPYRUIR
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[ BIeKTPOHA, DBIDKYIIErocs HO KPHUCTANIY, HO B KOTOPHX [BH-
mymmiicss «ob6bext» corcem me tor. IlpegcraBum, nampmmep, uto
HAOIM HCXOJHEIM KPHUCTAXIOM (WM, JYUNIe CKABaTh, JREHEHHOI
penieTkoil) GHIa IEIOYKA HEHTPAIBHEIX aTOMOB, Y KAaMKIOTO N3
KOTOPBIX CBA3L C BHEIIHUM BJIEKTPOHOM oueHbh ciaaba. Temeps Bo-
obpasuM, YTO ME yOpaju OHUH DIEKTPOH. Y KaKOro U3 aToMoB?
ycrn C, ecth aMnamryga TOTO, 4TO BIEKTPOH UCYe3 Y aToMa,
CTOSLIETO B Touke z,. Boollne roBops, WMeeTca KaRag-TO aMIJIiH-
Tyfa A 7TOro, 9ro 9JIEGKTPOH OT COCEQHEr0 aToMa, CKajKeM OT
(n—1)-ro, mepenpetrier K R-My, OCTaBMB cBoil (n—1)-it aTom 6es
BJEKTPOHA. 70 BCe PABHO, YTO CKasarth, UT0 y «HEXBATKE DJIEKTPO-
Ha» HMeeTcs aMunutyaa A Toro, uro oHAa nepeGeperca 0T n-To aTOMa
R (n—1)-sry. Jlerro BujieTs, 4T0 ypaBHEHAA ORKYTCS TAKUMH Ke,
Kak U paHbllie, KO, KOLEYHO, caMll 4 He 00H3aTIbHO OCTAHYTCA
npexuuMu, Myl ongarh mpuieM R teM yre GOpMyNaM A ypoBHeH
BHEPTHH, IS «BOJHY BePOSATHOCTH, KOTOPHeE 0eryT IO KpPHCTALITY
¢ rpyamosoil ¢cropocrbio (11.18), gua sdderrusuoil Maccw u T. 1.
TonpKo Temepb HTH BOJHH ONHCHBIBAIOT IIOBEIEHUE HeJCCManfezo
AIIEKTPOHA WiV, KaX ero HasHBawT, «IHpPKMy. Moo ybemurnes,
970 3apsan 9TOH WACTUHE OVAeT KazaThesd MOMORUTENBHLIM. B cie-
Zylomell riaaBe M5 HCMIEOT0 mojpo0Hee pacckaskeM 06 5TUX JHIpKAX.

HApyroit mpumep. Ilpemcrarum cebe memoury weidimpaavislz.
aTOMOB, OIVH H2 KOTOPHX OBLI npuzeyeH B Bo30yKIeHHOE COCTOSTHHE,
T. e. ¢ 60jiee BEICOKOM, 9eM ¥ HOPMAJIBHOTO OCHOBHOTO COCTOSHASA,
sucprueit. lyers €, — aMmiuryma roro, 4o n-it aToM BO3OYH{IEH.
OH MOKeT B3aUMOIEICTBOBATE ¢ COCEIHAM ATOMOM, IEPeraBasg eMy
CBOH u3BHITOK PHEPTHUM W BO3BBPAIIASACH B OCHOBHOE COCTOSHUE.
OGo3HATNM aMILIHTY Ly 5T0T0 Iporecca iA/f. Br BugnTe, 4t0 OLATH
montTopsiercA ta jxe mareMmatura, Ho temeps 1o, Wwro asmixercs,
HasnBaerca sxcumornom. QHO Befer cebsa Kar HeHTpadbHAS «4acTH-
Ia», KoTopasd ABHMKETCA HePe3 KPHUCTAJLI U HeceT ¢ co00i sHepPTHIO
Boabymuenns. CymecTBOBAHUE TAKOTO ABIDKCHWS MOMKHO IPEIIIO-
nNarath B HEKOTOPHIX GMOJOTHYECKIX HpOIeccaX, TAKUX, KaR 3pe-
Hue win gorocuHrTes. Brira BHcRasaHa HOTafra, 4TO MOTJIOMEHUe
CBeTa B CeTYATKE CO3MAeT «IKCHTOH», KOTOPLI ABUAKETCS Tepes
HEKOTOPYIO MePUOIUISCKYIO CTPYRTYPY [TaKyio, Kak cIoH mamogex,
onmcanasle B ra. 36 (swm. 3); em. tam ¢ur. 36.5] w akkyMyaupyer-
¢A Ha HEKOTOPHX CHeNUAJBHLIX CTAHNUAX, IFe 9714 DHEpPIUA Hc-
TONAb3yeTCd YA BO3OYRISHUA XUMuwecKoil peaKumi.

§ 6. Pacceanue Ha HepeyasspHOCIAX Peumtemiu

Temepr MB XOTHM pPaccMOTpeTh OLUHOYHHIL SJIEKTPOH B He-
ugeanpHoM Kpucramme. [Ham mepBoOHAYANBHHI aHAIM3 IIPUBEIN
K BHEBOJY, UTO Y HJ[eal bHHX KPUCTAJI0B B IPOBOAUMOCTD HACaNbHA,
YTO HIEKTPOHH MOTYT CKONB3ATH M0 KPUCTANIY, KAK HO BAKYYMY,
Ges tpenns. OOl U3 caMbIX BaKHEIX MPUYHH, CIIOCOOHEIX IIPEKpPa-
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THTH BEUYHOEe JABIMKEHWE 9JIeKTpoHA, MABISAETCS HECOBEPLICHCTBO
KPHUCTALIA, KaKasg-TO HeperyJApHocTh B HeM. JlomycruMm, 9o rae-ro
B KPUCTAJLIE He XBATAET OFHOTO ATOMAa, MIN IPEAIONOKHUM, UTO
KTO-TO IMOCTABMJI HA MECTO, MPEeJHAZHAYCHHOEe A KAKOTO-TO ATOMA,
COBCEM He TOT aTOM, KAKOI ITOJIOMKEHO, TAK YTO B BTOM MecTe BCe
COBCOM HE TaX, KAk B mpouux MecraX. CraskeM, ppyras DHeprus
E, wnn gpyras amminryga A. Hax rorga Momuo Symer ouncarh Bee
npoucxopsamiee?

Jus onpeneneHHOCTH BepHEMcsA K OJHOMEPHOMY CJAydYaio W J0-
OyCTUM, HTO aTOM HOMEp (HYJb» — 3TO AaTOM ¢3arpA3HEHU),
«apuMecH» M y Hero COBceM He Taxag SHeprus K, Kak y Apyrux
aromos. Ob6osnaunM aty smepruio E, + F. Uro sxe mpoucxomgur?
s smekTpoHa, KOTOpHIE JOCTUT aroMa «HyIbY, €CTh Karas-
TO BEPOATHOCTH TOTO, 4TO OH pacceerca Hasan. Kcram BoxHOBOH
makKer, Myach II0 KPHCTAIUIY, MOCTHTAET MeCTa, I'te BCe HEMHOIO
WHade, TO YacTh ero Oyger HPONOIIKATH JeTeTh BHIepei, a Apyras
OTCKOYUT Ha3aj. AHAIM3UPOBATH TAKON ciaydad, mOAB3ysAch BOMI-
HOBEIM TAKETOM, O4YeHb TPYIHO, MOTOMy 4TO BCe MEHSAETCA BO Bpe-
menw. C pemeHuAME B BUE YCTAHOBUBIIMXCS COCTOSHHUI paborath
MHoro Jgerue. Mul ofpartnMcA HO3TOMY K CTAnUOHAPHBIM €OCTOA-
HHAM; MB YBHANM, YTO WX MOYKHO COCTABHUTH H3 HENpPEePHBHHX
BOJH, COCTOAIAX W3 ABYX uactell — mpobGeraomeil u oTpaskeHHOM.
B cayaae rpex msmepenuii Msl O HA3BAJIW OTPAKEHHYIO HacTh pac-
CeAHUON BOJMHOM, IOTOMY 4T0 OHA pasberasach OH BO Bce CTOPOHH.

Wexogum ns cucremst y paBaennii, noxoskeil Ha (11.6), sa oxnum
nexIOgeHmeM: ypasHenue npH n=1{_ He MoX0yKe HA OCTAJbHEIE.
Harepra ypasaenuii npan =—2, —1, 0, 41 u 4-2 paraaaur ran:

Ea ,=Ea_,—Aa_—Ada_,,

Ea_,=Eja_,—Aa,— 4a_,,
Eay=(Ey+F)a,—Aa,— Aa_,, (11.28)
Fa,=Ea,— Aa,— Aa,,
Eay,=E,0,—Aa,— Aa,,

Honeuno, 6yayr u gpyrue ypasaenus mpa |r|>2. Ouu 6yayT BHIras-
Jerh Tax ke, kax (11.6).

Ham moxaramocr OW Ha camom fede A8 OOMHOCTH THCATH
pasube A, B BABHCHMOCTH OT TOTO, NIPHTAET IU BIEKTPOH K aTOMY
«HYIDbY» WIH JKe Om aToMa «HYJAby, HO TJUABHSE YepTH TOTO, 4T
HMpPOUCXOMUT, BH YRHUAWTEe yiKe U3 YIPOUIEHHOI0 IpiuMepa, Koriaa
Bce A pasHH.

VYpasuenne (11.10) mo-mpesxmemy Gymer CHyMUTH pemieHUeM
ANsT BCeX ypaBHeHWI, KPOMe YpaBHEHHUs s aToMa «HYaAb» (His
Hero oHo He rogmrcs). HaM mysHo gpyroe peureHme; coOOpymuM ero
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rak. ¥Ypasaenne (11.10) mpepcrasnsier sonny, Gerymylo B HOJO-
JKUTEJBHOM HampasileRuu z. Boaua, Gerymas B orpummaTenbHOM
HAIpaBJeHUU %, TOMe HojoIna OH B KadecTBe permenns. Mul OH
HAIHCAIT

a(z,)=e~**n,

Camoe obmee pemenne ypasmenusa (11.6) mpexcrasasao GH coboit
COueTAHOe BOJHH BIepe] W BOIHH HAZa:

a, = oelfsn - fe=ikin, (11.29)

JTO permmenue MPEACTABIAET KOMIVIEKCHYIO BOJIHY ¢ aMIUIATyZOH o,
Oerymyio B HApaBJeHWH %, H BOAHY ¢ aMIAUTYRoH f, Gerymyio
B HaIpaBIeHAN —Z.

Temeph GpocuM B3INIAL HA CHCTEMY YpaBHeHWHA Hamel HOBOIR
sagaun: Ha (11.28) miioc Takue jKe YpaBHOHHA I OCTAIBLHBIX
aTOMOB. ¥ DaBHEHHS, KYHa BXOUAT a, ¢ n< —1, pemarorcsa gopMy-
noit (11.29) npu ycaosum, 4ro k oxaseiBaeTcA CBABAHHHEM ¢ £ u
IIOCTOAHHON peleTRE b COOTHOIICHUEM

E=E,—24 coskb. (11.30)

Qusnyeckmii CMBICI 3TOT'0 TAKOB: «IAJAIONAA» BOIHA ¢ aMILTATY O
0, IpuOIANKAETCA K aTOMy «HYJIb» (HIH «PacCemBaTeNIo») cleBa, a
«paccesHHAA» UIU «OTPAKEHHAs» BOAHA ¢ aMmmaurygoi f Gexxur
obparHo, T. e. Hamero. He Tepss o0IIHOCTH, MOMKHO IIOJOKHTH
aMINIMTYy o Najaionieil BONHHL paBHOH eguuuie. Torga aMmin-
tyma f 6ymer, BoobIme roBOpPs, KOMIIEKCHEIM UYHCIOM.

To sxe camoe MOKHO CcKasaTh U 0 pelenusax a, upu n=1. Koag-
(QUIMEeHTH MOTYT CTATh UHHMU, TAK 9T0 CJIeAOBaJ0 OBl IHCATH

a, = yetkin . Se~kon s n =1, (11.31)

3mech y — aMOINTYRa BOMHE, Gerymeil HanpaBo, a & — aMIInUTyAA
BOJHH, Upuxopamefi cmpasa. Mp X0oTuM paccMoTpeTh TaKol
pusuuecrull caydai, Korga BHAgYae BomHa OERAT TOABKO ciesa,
¥ 3a paccempareseM (WM ATOMOM 3arpsa3HeHUS) HMEETCS’ TOABKO
«IpOHIe/iHiasgy BOMHA. DyHeM mosToMy WCKATh peliieHHe, B KOTOPOM
8 = 0. Cramo 6BTH, MH IIOIKITAGMCA Y0BIETBOPUTH BCEM ypaBHe-
HEAM JUIA @,, KpoMe cpexmeil Tpoitkn B (11.28), ¢ momompio cire-
AyIomuX Npo0HKX pereHui:

a, (mas n < 0)=eit*n | Be-iken,
a, (paa n > 0)=yeitn, (11.32)

n

Iloxosxenne, 0 KOTOPOM HMjer peds, mWimocTpupyerca ¢mr. 11.6.
Wcnonwsya dopmyns (11.32) nasa a_, ua,,, MOKHO U3 cpej-
Heli Tpoiikm ypapHenmit (11.28) maiitm @, ®m pABa Koaddu-
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Pacceaunas eonHa

B -—— E Tpoxodaujas eosma
Madarouyan sonna | @ —7
1—
[ J [ J [ J L J é e o [ J [ J
n—=-4 -3 -2 -1 0 ! 2 3 4

D ue. 11.6. Boanw 8 odnomepHoil peuemre
¢ odnum «npumecnumd amomom 6 n =0

nuerra f m y. Taxum obpasoM, M HalijieM II0JHOE DOINGHU.
Hamo pemmrs tpm ypasuenus (mozarag x,=nb):

(E'_EO) {eik (~b) + ﬁe—ik (—b)}: — A {ao +eik(—2b) "I‘ ﬁe-ik(—zb)},
(E—E,—F) ag—— A [yt 1 eik (=5) - Be=ik (=)}, (11.33)
(E—E,) yeitt = — A {ye't 28) - q ),

Benonmure, aro (11.30) Bepasaer E uwepes k. lloacraspre aTo
3Hadenwe F B ypapHeHWA W yUTHTe, HYTO

oS T = %(e"" d-e~t¥);

TOrJa M3 IepBOroc YpaBHEHHUA MNOJAYUHTCA

ay— 1+, (11.34)
a T3 TpPerLero
@y =17y, (11.35)

Tro coraacyercsa OApPYyr ¢ ApYIroM TOJBHO TOr[a, KOTIa

JT10 ypaBHeHHe coo0maerT HaM, 4TO HpOIUeAMIAad BoXHA (y) — 9TO
npocTo MCXOoAHAA Hajanmas poxana (1) mmwc gobasoumas BOMHA
(P), paBHas orpaskeHHO#i. JTO He Beerga TaK, HO MPH PAacCeaHUU
Ha OJ[HOM TOJBKO aTOMe OKaseIBaeTcsd, 9ro 910 Tar. KEeanm 6wl y Bac
Onlma peJas IPYHNA aTOMOB HPHMECH, TO BeJIWuWHa, fobaniseMast
K BOJIHE, Oerymieil Bmepen, He 00S3aTENLHO BHINIA OB TRKOH ke,
HKAK y OTpaskeHHOH BOJIHEHI.

AMinuryny { oTpasieHHON BOJNHBI M5l MOMKEM HOJYTHTH U3
cpeguero ua ypasEerumil (11.33); oxameres, urto

—F
ﬁzF—ZiAsinkb' (11.37)

ME moxyuwny monEOe pelieHye A PelieTKH ¢ OFHUM HeoOHTHEIM
aTOMOM, ’
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Bac mormo ymmBmTh, OTYEro 510 NMpPOXORAINAA BOJHA OKasa-
Jach (BBLLEY, YeM NMaJaBuIas, ecJau cyiauTh uo ypasuenmwo (11.34).
Ho BenommmTe, yro M y — 4HCIa KOMIJEKCHBIE W YTO YHCIO
9acTUn B BOJNHE (MI¥, JYIUIE CKAa3aTh, BEPOATHOCTH O0HADYHUTD
9acTHIlY) TPONMOPIMOHATBHO KBAAPaTy MOAYJIsS aMmiutTy s, B meil-
CTBUTEIBHOCTH COXpalleHUe YHCIA HIEKTPOHOBY OyIeT BHIIONHEHO
JUMG NPU YCIOBHE

BRIy E=1. (11.38)

Ilonpo6yiite morazarh, WT0 B HAIme: PEMICHHI TAK OHO M €CTh.

§ 7. Baxsam nepeyAAPNOCMANU PeuLemry

DBrizaer u apyroii narepecmsril cayuaii. On MOReT BO3HUKHYTH,
Korfa & umeno ovpunarensioe. Ecam sHepTHsT BIeRTPOHA B aroMe
opaMect (npH n = 0) HInRe, weM rge-1ub0 B ApyroM MecTe, TO
BICKTPOH MOJRET ORARATHCA 3aXBAUEHHHM »tHM atomoM. Umaue
ropopa, ecan E, + F HiyEe caMorc Hi3a moJoch (MeHbLINE, 4eM
E,—24), vorpa 2ierTpoH MOKeT ORAsaThCs (HOHMAHHBIM» B CO-
croanue ¢ K< F,—2A. 13 Bcero Toro, 410 MB AeiaJIi® 10 CUX MOD,
TAKOE pPeINeHYWE HE MOIJVIO HOJAYUHTbCsS. HO 2710 pelreHme MOMKHO
noayuurh, ecan B npobuoMm pemenun (11.15) paspemurs k mpmuu-
Marb MHHMBle sHauveHusa. llomosgmMm k = ix. Hua n<O un pos
rn>>0 y Hac ousire Gyayr pasubie pemenus. Has n>0 gomycrumoe
pemrerne Moriao GH UMeTh BUJ

a, (npm n < 0)=cet*u, (11.39)

B sxcnomenTe MBI BHGpaNm MI0C; WHAYE AMILITUTYAA TPUA GONBITHX
OTpUIATENbHEX 12 cTaza O Geckomeuno Goabmoi. Touro T1am Ke
JonycruMoe pemreEHe st n>(0 uMeno Ov BUA

a, (npm n > 0)=c'e~"*, (11.40)

Ecan nopcrasurs st npobunie peurenus B (11.28), ro oun yxos-
JeTBOPST BCeM ypaBHEHUSAM, KPoMe cpejHell TPOIKH, IPU YCIOBUH,
qTo

E=FE,— A((e® J-e—xb). (11.41)

A pas cymmMa 3THX JBYX YKCHOHeHT Beerga OGonbme 2, TO 3Ta
DHEPTHsA OKa3BBAaETCS 3a IpefenaMu (HHe) OOBUYHON TOMOCH.
J1o-ro MM m uexanu. OcraBimelics Ttpoiike ypapmenumit (11.28)
VAACTCA YIOBIETBOPUTH, €CIU B3ATh ¢ = ¢ W eCIU % BHOpAThH
Tak, 4100l

A (e¥b—e=—#)= —F, (11.42)

Conocrarus nro ypasmenue ¢ (11.41), maifimem smepruo 3axsauei-
HOTO DIEKTPOHA

E=E,— V&AL T2 (11.43)



Beposimmocrmy

-AImom npumect
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@ ue 11.7. Omnuocumeavrue sepoamiocmu
obnepyrcums 3826aUEHHBLL IACKMPON 6 AMOM-
HUT ysiar nOBAUSOCMU OM NPUMNECHO2G AMo-
MA — A0YUWLKIL.

daxBaueHmi BJacKTPON o6ATAsT OMON-CEMHCIBERHOM »HEpTHEA
(a Be menoil momocoil); oHa PACIONHIROHA HECKONBKO HUMKE HOTOCH
OPOROIAMOCTH.

damersre, uro avmmruryasl (11.39) u (11.40) me yrBepmuaior,
TT0 HOHMAHHEIL 3I6KTPOH CHINT HPSMO B aroMe npusMscH. Beposr-
HOCTH OGHAPYIRUTD €70 ¥ OHOTO 113 COCETHHX atoMOB JaeTcHd KBaJl-
patoM stmx aminuryj. VsMmemenue ee mokasamo cTOACHRaMH Ha
¢ur. 11.7 (mpu wrawxoMm-to mHadope mapaMerpon). C Hambodbiici
BePOSTHOCTHIO BJIEGKTPOH MOJKHO BCTPETHTH GIH3 aroMa IIpHMecH.
s coceunx atoMoB BepOATHOCTH CHAJACT YKCIOHOHUUANBHO I10
Mepe yAAJNeHHS 0T ATOMA HpHAecil. JTO HOBHHA NpuMep «IPOHUKHO-
nenns uepes 6aprepy. C rourn BpeHis KIACCUTECKOH (UBHKA ALK~
TPORY He XBAaTHiO OBl SUeprad, 4TOOH YAAMUTLCA OT YHEPTeTHue-
CKOH «muprM» Gan3 weHTpa 3axsara. Ho KBanTOBOMEeXauMIecKkd 08
MOKeT Kyma-10 HegaleRo MPOCOTUTBCA.

§ 8. Aunaumyds paccearnus u ceAsamvie
COCITNOANHUA

Ham nocnemumit mpusmep moer OBITH HMCHOAB30BAH, UYTOGH
OPOMLIIOCTPUPOBATh OfHY RBeilh, KOTOpas B HaolM JHY OYeHb
HOJe3HA [JNd QUBAKH TacTHI BHICOKOIl pHepTHM. Pedb Hier 0 CBY3U
MOWAY AaMmIMTYAAMU DACCeSHUA II CBA3AHHGIMU COCTOSHYWAME.
Homoum, MB OTKDBUTH (UPH TOMOIUY OHBITOR U TEOPETHUECKOTO
aHaNM3a), KaK IMHOHH PACCEMBAIOTCSA HA TMPOTOHAX. JATeM OTKpSI-
BaeTCA HOBas JACTULA U KOMY-TO XOUeTCsS Y3HATH, He ABIACTCH JIH
O0HA TPOCTO KOMOMHAUMEH M3 HHoHAa W NPOTOHA, O6BEeIMHEHHHX
B OJHO CBABAHHOE COCTOAHHe (10 AHAJOIWHU C TEM, Kax JJIEKTPOH,
Oyayanm ceAsaH ¢ IPOTOHOM, ofpasyer artom Bomopopa)? Ilox
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CBA3AHHEIM COCTOSHTEM MEL IOfpasyMeBaeM KOMOUHAIUIO, SJHePIus
KOTOpOil HILKe, 9eM y HapH CBOGOAHBIX YACTHAL,.

CymeciByer 00IMas TeOPHsA, COLMACHO KOTODOH, €CHH aMIIu-
TYAY PacCesHWA MPOYKCTPALONMPOBATDL (UM, HA MATEMATHICCKOM
ASHKe, «AHANUTUYECKHU IPOMOJLRUTEY) HA DHEPTHU BHE paspelreH-
HOH 30HH, TO IPU TAKOl HHEPrUH, NPU KOTOPOIl aMIIHTY/A CTAHO-
BUTCA GECKOHEUHON, BO3HUKHET cBAsamHoe cocrognne. Ouanveckas
IpaYnHA 31010 Takosa. CBA3aHHOE COCTOSHIE — 910 KOTJA MMEIoT-
€A TOJNBKO BOJNHH, CTOAUME GJIN3 HEKOTOPOIl TOIKY; DTO COCTOAHUS
He NopoKAaercd HUKaKOl HAUaNbHON BOJIHOW, OHO HMPOCTO CYIIECT-
ByeT caMo 1o cefe. OTHOCHTENbHAS IIPOTOPIHA MEH(y TAK HashlBae-
MBEIMHU (DPACCeAHHBIMHY, JJIM CO3JaHHLIMM, BOJNHAMHY U BOJHAMIH,
«HOCHUIAEMEIMI BHYTPbL», paBHA 0eCKOHeIHOCTH. JTY HJIEI0 MH MO-
eM [POBepHTh HA HallieM HmpuMepe. BEIpasHM Hanry pacceAHHYIO
ammuutyry (11.37) npsso uepes srepruto £ paccesaniieiics TacTHLH
(a me uwepes k). Ypasuenne (11.30) MokHO mepemmcats B BHJE

2A sinkb =V 4AT—(E —L,)2,

DOITOMY paccesgHHasa aMIJIUTy/la paBHa
—F

F—i VA —(E—Ey)?’
W3 suBopa GopMyNEl caegyer, 9TO NPHMEHATH €€ MOKHO TOJBKO
JJI5 pealbHEX COCTOSTHMII — IUIA TeX, 9HePIrHus KOTOPHX HOmafaer
B 3Heprermueckyo nouaocy, F = E,+2A. Ho npexgcrassre, uro My
06 9TOM 3a0RUIM H pACHIUPWIN HANIY QOPMYyJy Ha «HeQHU3MUYECKUE)
obractm smepruu, tme | E—FE,| >2A4. Jna stux HepusmuecKux
obiacrelfl MOMRHO HammeaTb *

V4A: —(E—E) =iV (E—E,)?—4A%

Torpa «ammamvyna paccessmsay (910 O HTO BHpAsKEHH® HY 3HA-
9II0) paBHA

(11.44)

—F
PV (E—E)r—4Ar’

B (11.45)

Teneps sagaeM BOIPOC: CYDIeCTBYET JIM takaf 9HePIEA FE, npu
KOTOpoit [ craHoBHTCA GECKOHEUHHM (T. €. IPH KOTOPOH BHpaske-
uue A B umeer «noxoe»)? Ha, cymecrsyer, ecian roabko £ orpn-
nateabHo; Torma sHameHarenb (11.45) obpatures B Hydb IpH

(E—E)?—4A2 =F2,
T. €. IpH
E=E,+ V4iA> L P2,

* 3HAaK KODHH, KOTOPHIl 3JjeCh CNef0BAj0 MOCTABATH, 9TO TeXHHWYeCKHi
BOIIPOC, CBABAHHHIA C -momycrambumu 3Hakamd % B (11.39) m (11.40). Mu me
OymeM spgech BHaBaTbcd B LOHPOGHOCTH.
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IIpr 3mare MUHYC TONYYaeTCcA KAk pas TO, 4TO MH DOTYYUIU D
(11.43) mns oHepruu 3aXBa4eHHOTO BJEKTPOHA.

A kar 6nrb co 3HaKOM ILTIOC? OH NPUBOJUT K 9HEPTHH 6bilie
paspemennoii mogocsl SHepruil. W medicTBHTENBHO, CYyIIECTBYeT
IpyToe CBA3AHHOE COCTOsHNE, KOTOpOe MK IpPOOYCTIUIH, pelnas
(11.28). Haittu smEepruio ¥ aMIUINTYIH @, AIS TOTO CBASAHHOIO
COCTOSHUA BaM IPEIOCTABIACTCH CaMIAM.

OmganM m3 xaowell (TpwIeM caMeIX HaieKHHX) K pasTajKe dKcle-
PEMEHTaJIBHEX HabJHIOOeHHH HAj HOBHIMU CTPAHHEIMHI YaCTHIIAMMI
CIAYRUT HTO COOTHONICHU® MEH{Y BaKOHOM pacCesHUA M CBsA3aH-
HBIMH COCTOSTHHAMMU,



I'arasa 12

HOJAYHNPOBOIHUKN § 1. dzexrponnt
H JBIpKM B 19!
AYNPOBOJHUKAX

§ 1. Baenmponvt u dutpru § 2. Ilpumecnsie
8 NGAYNPOGOFHURAX IOJIYIPOBOJHAKY |

OpmHuM U3 caMHIX 3aMeyaTeqbHHX W poamywo-§ 3. ddderr Xonna
X OTRPHITHI MOCHEAHEX JICT SBIIOCH IIpUMe-
menne QWANKE TBEpAOro Tena K TexHWdYeckoil § 4. Ylepexompi memny
paspaborke pAga  MEKTPUYECKUX  YCTPOHCTH, HONynpoOBOTHA-
TARMX, Kak rpaHsamcropu. Msyuenme momympo- Kamu
BOMHUKOB HPUBEIO K OTRPEITHI0 MX TOJE3HLIX
CROIICTB M KO MHOKECTBY IPAKTHYeCKHX mpmMe-§ 3. Brinpamienne

meHu#. B sroit o6aacru Bee MeHserea Tak GHETPO, Ha Moxynposoj-
49TO pacCKa3aHHOE BAM CerOJHA MOKET Yepe3 rof HAKOBOM
OKa3aTbCA Yiie HeBePHBIM WM, BO BCAKOM Clydae, nepexone

aemonusM. W comepimenwno scHo, uro, moppobGHee
W3YIUB TAKEE BEWleCTBA, MBI co BpemecHeM cymeenm § 6. Tpausmcrop
OCYHmEecTBUTh kyxa Ooree yAMBHTENbLHEE BeIA.
Marepuax o10il TJIaBE BAM He NOHAZOOWMTCA HAA
NOHAMAHUA CAIVIOIUX TJIaB, HO BaM, BEPOSTHO,
Oyzer mHTepecHo yOeQuTBCSA, UTO 1O  Kpalipeil
Mepe KOe-4TO M3 TOr0, YTO BB M3YUMJIH, KaK-TO
BCe K€ CBABAHO C MPAKTHUECCKEM IETOM.
[TonynpoRoIHHKOE U3BECTHO HOMAJO, HO MBI
OTPAHUYMMCA TeMUT, KOTODEE (OJbIIe BCero LpH-
MCHAIOTCA cerofnsa B TeXHuke. I TomMy e omHu
U W3Y4eHbl Jyuile IPYIHX, TaK YT0 PasodpaBniuci
B HUX, MH 7{0 KaKOI-T0 CcTEmeHU molMeM W MHGTHE
npyrue. HauGoxee mIMPOKO UpHMeHAEMEIE B HA-
CTOfIee BpeMsi NOAYIPOBOAHUKOBHE Belectna
970 KPEeMHEMUIT ¥ repMaduii. JTH DIeMEHTH KpUCTAI-
JU3YVITCA B pelleTKe ajiMasHoTo THIA — B TAKOU
KyGHuecKoil CTpyKType, B KOTOpoil atoMsl obiaa-
JAloT deTBepHOU (rerpasipanbHOil) CBABLIG €O
cpomMu Oawradmumu cocegamu. Ilpu ouens Hus-
KHX TeMnepartypax (BOamsu aGCONIOTHOrO HYJIA)
OHMU HBJIAIOTCA HIOMATOPAMU, XOTA NPU KOMHATHON

Jdumepamypa: 4. Kmvvenb, DBuemenue B fu-
3uKy TBeproro teaa, M.—JI., 1958, ra. 13, 14, 18.
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TeMmepatype OHE HCMHOTO NPOBOJAT BJIEKTPUYECTBO. ITO HO
METaJIB, X HASBIBAIOT ROAYNPOBOOHUKAMU.

Ecan raxunM-1o 06pasoM B KPHUCTANI KPEMHUA JWIN TepMaHIA
npu HU3KOH TeMIeparype MH BBejgeM Ro0aBOYHHIA 5JIEKTPOH, TO
BO3HMKHET TO, YTO ONUCAHO B IpPEIRAYINel riaase. TaKoll saeKTpon
Hauger OMy)KIath 1O KPUCTAINY, NEPENpPBIrHBAS C MeECTa, THe
CTOUT ONHH ATOM, HA MeCcTo, THe crour Apyroil. Msl pacemorpenn
TOJNBKO MOBEICHIE ATOMa B MPAMOYTOJBHOII pelierie, a s peajb-
HOIHl pemeTKU KPEeMHHUS UJIH IepMAHUA ypapHeHHs ObiH OBl [(py-
rumu. Ho pce cyimecTrennoe MOReT cTaTh ACHBIM YiKe H3 Pe3yib-
TATOB FJAS NPAMOYTOABHOU PemIeTRI.

Rar smet Bugenu B mir. 41, v 97UX 9JeKTpPOHOB SHEPIHUM MOIYT
HAXOXUTHCH TONBKO B ONpejesIeHHOIl 110/I0ce 3HAYCHAIT, HABKIBAEeMOM
soMoli nposoduirocmu. B droil 30He SHEPIHA CRA3AHA C BOJTHOBBIM
queaoM K ammumatyRel seposraocta C [em. (11.24)] popmynoi

E=FE,—2A4 cosk,a—24 coskb—24 coske. (12.1)

Pasurie A — 510 aMmanryabl NPEURKOB B HAHPARJCHUAX Z, Y U 2,
a a, b, ¢ — 570 MOCTOAHHESIE PEMIeTRU (MHTepBaJbl MRy yaaaMmu)
B 3THX HAaNpaBJeHNUAX.

Jst saepruil sossie pua 30HH gopmyay (12.1) Mommo npuban-
SUTENHHO 3AMUCATH TAK:

E = B+ A 0% A D% A e (12.2)

(em. ra. 11, §4).

Ecnu #ac maTepecyer ABIMIKEHNE IeKTPOHA B HEKOTOPOM Olpe-
JeJeHHOM HANpaBJeHHU, TAK YTO OTHOINIEHWe KOMOOHEGHT K BCeo
BpeMs OJHO ¥ TO »Ke, TO JHEPIHA ecTh KpagparnuHas QyHKIHA
BOJHOBOTO YACJIA M, 3HAYNT, HMHYJIbCa DJAEKTpoHA. MOJKHO Hamu-
carhb

MIH

E=E, -+ a?, C(2.3)

Te 0. — HEKOTOpPAs MOCTOSHHASN, I HAYCPTHTD Ipadii 3aBHCHMOCTH
E or k (§ur. 12.1). Taroit rpagux Msl OyieM HA3BIBATH «JHEPreTHYe-
CROIl gumarpamMmoiiy. JIEKTPOIl B ONPEJeNCHHOM COCTOAHNN SHEPrUaA
U WMOYJbCa MOMKHO Ha TawoM rpadure nsobpasntb rouroidl (S ma
PUCYHKE).

Mpar ysxe ynomupaasau 8 . 11, aro ranoe ke noJomenne peinein
BO3HHMKHET, CHU MbL yOepesm 9IeKTPOH U3 HElITPAIbHOrO H30IATOPA.
Torma Ha 3TO MeCTO CMOJKET LIEPEIPHTHYTH dICKTPOH OT cOCeFHero
aroMa. OH 3aIIONHUT «IBIPKY», & CAM OCTABHT HA TOM MecTe, TIe
¢TOsII, HOBYIO «OBIpKY». Takoe nomefieHme MB MOKEM OIHCAThH,
3a7aB aMOJIUTYAY TOrO, 4T0 OWpKQA OKasKETCS BO3Je JAHHOIO OHpe-
OeIeHHOTO atoMa, W roBOpA, UT0 JupKa MOKeT IIPHITATh OT aToMa
K aromy. (IIpmuem sicHO, uro aMmuuTyAa A TOrG, YTO ABIPKA Iepe-
NOPHTEBAaeT OT aToMa @ K aroMy b, B TOYHOCTH PAaBHA AMIDIUTY[e
TOr0, 9TO DJIEKTPOH OT aroMa b mpHraer B JEHPKY 0T atoMa a.)
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@ ue 12.1. Inepeemuneckas duaz-
panma as 54EEMPORG 6 KPUCMAALAE
usoaamopa.

Kk

Marematura mist deipri Takasd sjRe, KaK A0S Ho0ABOYHOTO DIIEKT-
poHA, W MH onarh ofHAPYIRUBAEM, UTO DHEPIUs ABIPKH cBAzaHA
C €6 BOJIHOBHIM YHCJIOM YPABHEHHEM, B TOUHOCTH COBIANAKOLIIM
¢ (12.1) m (12.2), Ho, KOHEUHO, ¢ APYTHMHY TUCJICHHHMHA 3HAYCHUAME
amrutyg A., A, u A,. YV IWpPREA To/e €CTH DHEPTUA, CBIZAHHAA
€ BOJIHOBEIM UHCJIOM €€ aMIUIMTY[ BePOATHOCTH. OHEPTHS €¢ JEeFUT
B HEROTOpOHl orpanWucHHON 3oHe U OIN3 OHA BOHBI KBAJPATHYHO
MeHsTeTess ¢ POCTOM BOJHOBOIO YHCHA (WUIM HMIYJIbCA) TAK JKe, Kak
Ha ¢ur. 12.1. llosTopas mamu paccyxaeHuda ta. 11, § 3, mur ob6ma-
PYHUM, AT0 Jupke moxce sedem ceba KAK KACCCUNECKES «ACTMUYA
¢ KaKoil-to ompefelcHHOI 2¢(eKTHBHOI Maccoil, ¢ Toil TONLKO pas-
Hunei, 4ro B HeRyOGUIeCKUX KPHUCTAJIAX MAcca 3aBUCHT OT HANIPAR-
nerns pBwrenusi. Wrak, AppKa HATOMHHACT “ACMUYY C NOAOKHCU-
measbHiM 3apados, OBWKYILYIOCS CKBO3b KPHCTAWI. 3apsAl  Ha-
CTHIBI-IBIPKY [IOJI0KHUTENEH, HIOTOMY TTO OHA COCPENOTOYEHA B TOM
MecTe, THE HeT JIEKTPOHA; M KOT/la OHAa ABILKETCS B KAKYI-TO CTO-
POHY, TO HA caMOM feje 9510 B OOPATHYIO CTOPOHY [ABWIKYTCH
BIEKTPOHEL.

Ecnu B HefiTtpaApHEIN KpHCTALT HOMECTHTh HECKOJIBKO 9IIEKTPO-
HOB, TO WX [BW/KeHNe GyaeT OUeHb [I0XOKe HA JBMKEHUE AaTOMOB
B Taze, HaXOQAUIEMes Mo HU3KuM napiaenueM. Ecan ux He cammrom
MHOTO, UX B3auMofeiicTEneM MORHO 6ymeT nperepeus. Ecnu satem
OPIWIOKNTE K KPUCTALIY 2JIEeKTPHUECKOe TOJTe, TO 9JeKTPOHH Hag-
HYT ABUTaThed ¥ MOTEUEeT »ieKrTpuueckni Tox. B mpmunune onu
IOJUKHEL O4YTHTBCA HA Kpaio KPUCTANIa ¥, eCcill TaM MMeeTcd Me-
TALTNYECKWI DIEKTPOJ, NePeiTH HA HEr0, OCTAaBMB KpPHUCTANJI HEHUT-
PaNBHBIM.

Touno Tax sKe B KPHCTANI MOKHO OBLUIO OBl BBECTH MHOKECTBO
asipok. OEn GH Hawaay HOBCIOAY Opoanth Kax momago. Ecam mpu-
JORATH BAEKTPUICCKOE MOJIe, TO OHM HOTERYT K OTPHOATENBHOMY
DIIEKTPOAY U 3aTEM HX MOMKHO OHUIO OH «CHATLY ¢ HETO, 4TO W HMpO-
HCXOAMT, KOTNA UX HeHTpaIm3yloT BJIERTPOHH ¢ METAILINIECKOro
AIEKTPOLA. -
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=

Que 12.2. Inepeus E~, mpe-
6yeman dan «pordenusy c60609H020
daexmpona.

N

JIeKTPOHK U JHpPKH MOTYT OKAa3athcA B KPHCTAJLIe OJHORpe-
MeHHO. Icau uX omATh He OUYEHb MHOTO, TO CTPAHCTBOBATH OHE
OynyT HesapUcUMO. B 2iJeKTpUYecKoM [oje Bee OHM OyAyT HaBaTh
¢BOH BrJam B o0muil ToK. [lo oweBuHO HipAunHe SIEKTPOHSL HAZHI-
BAIOT OMPUYATEALHBMU HOCUMeAAMY, & ITHPKH — NOAOHUMENb-
HBMU HOCUMEeAiMU.

Jlo cux mop MBE cUMTAJNM, UTO HAEKTPOHL BHECEHH B KPUCTAII
uspHe unn (DA oGpasoBanusA ABIPKR) yaateHs us Hero. Ho moskHO
TAKIKE «CO3IATHY mapy »JEeKTPOH—/IBIpKA, YAINB U3 HeHTPAIBHOTO
aToMa CBAZAHHBIN SJCGKTPOH M MOMECTHB €r0 B TOM SKe KPHCTaJLIe
HA HEKOTOPOM paccTOAHUM. TOTfAa y Hac MOJyYaTcst CBOOOMHBIA
3MEKTPOH U ¢BOOOMHAA ABIPKA, M ABUIKEHWe UX Oy[AeT TakuM, Kar
MBl ONMCAJIN,

Jmeprus, HeobXouMasd AJIs TOTO, YTOOE IOMECTHTD DIEKTPOH B
coctostene S (MBI TOBOPHM: UTOOHL ¢COBAATELY COCTOAHME O),— 5TO
seprua E~, mokazamEas Ha ¢ur. 12.2. 910 mexoropas sHeprus,
npessimawinas E,,,. OHeprud, HeoO0XogumMas mJas TOTO, YTOOBI
«CO37MaThy THIPKY B KAKOM-TO cocTosHum S',— 510 smeprua E*

(pmr. 12.3), woropag Ha KAKY-TO JOJI0 BHIme, 9eM E (= ,Lm).

E

giu 2, 12.3. Onepeus E*+, mpe- T
yeman Oas «poxcdenua» Jupru & E*
tocmoanuu S’. ‘
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E (snexmponos)

INeKmpor
Due 12.4. Ouepzemunecrue

duazpanmul  Jan  saekmpona u

oupru.

E A grolm cozarh mapy B co-
p: crostHEAX S U .S, noTpebyeresa

E- - E”

pPOCTO BHEPIHs | .
Obpasopanre map — 970,
KAaK MBI YBUIUM [IO3Ke, 0UeHb
qactrHili mponecc, W MHOTHE

TOAW HPeAuodnTaloT  momMe-
mars ¢ur. 12.2 un 12.3 aa
OfIMH YepTesk, NPHYeM DHePIHIO
Obipok  OTRIAJBIBAIOT  BHUS3,
XO0TA, KOHGYHO, 9Ta HHEPTHSA
noaoxcumeavna. Ha ¢ur. 12.4

+ MBL OOBCIMHHUAU HTH ABA Tpa-
E"(Boipore) AUTHIL A p
¢uxa. llpemmymecrsa Taroro
(Nononumensrsie Inepeuu rpagEKa B TOM, 4T0 DHEPTUA
OMKAQBBIBAITICS 8HU3) E"ap” = E---E*, TpeGyemas

past oGpasoBanusa mMAPH (ICK-
tpora B S w pmeipku B S’), 7AeTCA MOMPOCTY PACCTOAHHEM L0
BepTURAAL MeKAY S # S', Kak moraszano Ha gur. 12.4. Haumensmas
sHeprus, TpebyeMasa Hias 00pasoBaHUS mMapsi, HA3HIBAETCA sHepre-
THUECKOH — Mmpuuoll, WIM I[HPWHONR WEJAH, ¥ pPaBHAETCA
Y- +
(MIIH + EMIIH'

MEuorma BaM MoKeT BCTPETHTBCSA M Juarpamma nompome. Ee
paACYOT Te, KOMy He WHTEpeCHA HepeMeHHAs &, HA3HIBAaA ee Ama-
rpaMmoii sHepreruuecKaX yposHeil. dra AmarpaMMa (0HA IOKasaHA
ga ¢ur. 12.9) mpocro yKaseBaeT JOOYCTHUMES BHEPIUH Yy 3JIEKTPO-
HOB W JBIPOK¥.

Kax cospaerca mapa siextpoH-—Anpka? Ecth HECKONLKO cmo-
cobos. Hanpmmep, ceeroBsie GOTOHH (WINM PEHTTEHOBCKUE YY)

*Bo MIOTEX KHIDKKAX 3Ta JKe JHepreTHIeCKadA aAarpaMMa HCcTO0JAKOBLIBaeT-
csa nuade. HIkary suepruii OTHOCAT TOALKO K saekmponar. BMeCTO TOTO 9TOGH
ayMaTh 00 SHEPTMH JHPKH, TOBOPAT O TOM DHEPrHH, KOTOPYIO uMes 6ol BIEKT-
POH, ecist GBI OH 3aIOJHAI JHPKY. 9Ta dHEPTHA MeHbULe, HEAKEIN DHEPTHS CBO-
00/[HOTO 3JIeKTPOHA, MPAYeM KAaK pa3 Ha Ty BeJHWINHY, KOTOpasd INOKa3aHA Ha
¢ur. 12.5. [Ipn Taxoii NATepIpeTaNyN IOKAJE SHEPTUil MHPHHA 3HepreTHYe-
CKOjl mWeJH — 3TO HAWMEHLMIAs SHeprusA, KOTOpOH# HYKHO cHabmuTh saekm-
pow, 9TO0H TepeBeCTH eT0 W3 CBA3aHHOIO COCTOHHMA B 30HY IPOBOJAHMOCTH.
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J E tanesmpozoe)

S,
® ue 12.5. Huazpamma snep- Sora ///éj?
2emunecELE YPOSHEE B dacKnL- sﬁbkmpoﬁfm%/)
ponos u GUPOK. npogodumocimy /

MOryT HDOTJIoTHTHeA 4 06pa-
3jopaTh mapy, €cCJIM TOJIBKO
sHeprusa  (QoToHA Goxbme E
HHEPreTUYCCKOi  IMUPUHHL.
Bricrpora o6pasosanus nap
npomopnuoHanbHa  HMHTEH- E;W
cuBHOCTH cBeta. Eenm npu- oHr
JHaTh K TOPIaM KpueTasia ﬁb[pgl[ﬁm
OBa DIEKTPOmA W npumo- nPposodumocinu ;
JRUTH «cMelfawIveey HaOps-
JKeHHMe, TO OJEKTPOHB M
OHPKE DPATAHYTCA K DIIEK-
rpogaM. Tox B memm Gymer
NPOMOPLUOHAJICH CHJIE CBe-
Ta. JTOT MeXaHU3M OTBeT-
CTEEH 32 ABJeHHE OTOMPOBOANMOCTH U 33 paboTy (0oT02IEMEHTOR.
Ilaper smexrTpoH — JgBIpKa MOTYT 00pa30BaThHCA TAKIKE YACTH-
HaMu BHCORHX sHeprmil. Horma 6BCTpo ABMIKYmascA sapsKeHHas
gacTHIA (HAIpUMep, TPOTOH WIHM LHOH C SHEeprHell B ACATKA N
corau Mos) mposeraer CKBO3b KPHCTALT, ee HJIEKTPUUECKOE MO
MO’KET BBIPBATDH HJIEKTPOHH U3 WX CBABAHHHIX COCTOAHHI, 0Gpasys
HapHl BIEKTPOH — Asipka. [lomoGHBIE sABIEHUWA COTHAMHA W THOCH-
9aM¥ IPOUCXOAAT HA KaykjoM MuiaauMerpe ciema. llocae toro ran
qaCTUNA TMPOHIeT, MOMKHO cOOPATh HOCUTENN U TEéM CaMBIM BHIBBATD
aMeRTpUYeCKud ummyabe. llepes BaMm MeXaHHW3M TOTO, Y10 pashl-
TPHBAETCA B HOJYINPOBOJHUKOBHIX CUETUMKAX, B HOCHEAHEE BPEMsi
WCHOJb3YEMEIX B ONBITAX MO sAepHOIl ¢usmre. [na raxux cuerun-
KOB HONYHOPOBOTHUKU HE HY/KHH, WX MOKHO M3IOTOBIATL U U3
KPHCTATHIECKUX H30IMATOPoB. Tak ¥ OHI0 HA caMoM Jeie: MePBEII
W3 TAKUX CUETINKOB OBUT M3rOTOBJEH U3 aJIMa3a, KOTOPHH mpH KoM-
HATHBIX TeMreparypax gpiusgerca maonsaropoM. Ho my:Hsl oueHs
9HCTHle KPHCTAJNIH, €CIN MH XOTHM, 9T00H 9JeKTPOHEl U JHPKU
MOTJIIW Jo0MpaThbes IO DICKTPOHOB, He Gosach saxsarta.lloromy u
HCHOIL3YIOTCA KPeMHMHA M TepMaHUi, uro 00pasmsl STHX MOIYIPO-
BOTHIIKOB Pa3yMHBIX PasMepoB (IOPAHKA CAHTHMETpA) MOJKHO IIO-
Jydarh GOALUION YHMCTOTHL.

Cocmostue S’

E' Obipox)
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o cnx mop ME Kacajuch TOJNBKO CBOMCTB IONYIPOBOLHAKOBHIX
KpUCTAJJIOB TpH TeMmeparypax OKoio abcomiotHOro mynsa. Ilpm
11000if HEeHYyAeBOH TeMIeparype HMeeTcd elle APYrodl MexaHW3M
cO3TaHNA map JIeKTPOH — AHpKA. JHeprued nmapy Moser cHal-
[UTH TEILIOBAA PHEPTHA KpHcrasia. Temnosse Konebauua xpucrai-
Jla MOTYT MepefiaBath Mape CBOK 9HEPTUIO, BHI3BIBASA «CAMOIIPOU3-
BOJNBHOE» POKICHEE map.

BeposarHocts (B eguHNIYy BPEMeHH) 10T0, YTO SHEPTHS, TOCTH-
rawmas BeINYUHS sHepreTHdecKold meau F . ., cOCPeTOTOUHTCA
B MecTe pAacmOJOMeHNs OJHOTO M3 ATOMOB, NPONOPHHOHAIBHA
exp (—E yemn/%7T), rae T'—reMmeparypa, a ¥— MocToAHHAA BOJbI-
mana [em. ra. 40 (pein. 4)]. BOausu aGeoaoTHoro Hyas BepOATHOCTD
514 MaJ0 3aMeTHA, HO HO Mepe POcTa TEeMIEPaTypsl BePOATHOCTH
ofpasoBaHug Takux map Bospacraer. O6pasopanue nap npu J060i
KOHEYHoll TeMmeparype JOJRHO IIPOA0AMKAThesA 0e3 KOHuA, fAasas
BCE BpEMs ¢ IOCTOSHHOI CKOpPOCTBIO BCe HOBHIE U HOBHE IOJOKI-
TenAbHEE W OTpUmarTendbHBle Hocurteau. HomeuHo, Ha caMoM mene
5TOTO He Oy/IeT, MOTOMY YTO Yepes MIHOBEHHE DIEKTPOHLL CIYIaiino
CHOBA IIOBCTPEUANTCA C JBIPKAMH, DJIEKTPOH CKATHTCS B JHPKY,
a ocBOOOMKIEHHAA DHepTHA mepeiimer K pemerke. ME craseM, aro
BIEKTPOH ¢ JHPKOH «AHHWIMIMpoBaidy. VIMeercs ompefeneHuas
BEPOSTHOCTH TOIO, YTO ABIPKA BCTPETHTCHA ¢ SIEKTPOHOM u 06a oHU
IpYyT JIpyTa YHHYTOKAT.

Ecan wonmuecrso siexTpoHoB B emumdne obneMa ectb N,
(n 0sHawaeT HeraTWUBHEIX , M OTPHUATEALHAX, HOCHTEN i), & TLIOT-
HOCTD TIOJIOMRUTENHHBX (IOBUTUBHEIX) Hocuteneid NV ,, To _BepoAr-
HOCTB TOTO, UTO 3a €AUHUINY BPEMEeHH HJIEKTPOH ¢ }ILIpI\OH BCTpE-
TATCSE W HPOAHHEUTHAUPYIOT, MNPONOPIUOHANLHA NPOUIBEJICHUI0
N.N,. llpn PABHOBECHW HTA CKOPOCTH JOIHA DPABHATBCA CKO-
pocm ¢ Kakoii o6pasyworcs mape. Cramo GHTH, HpPH PaBHOBECHH
IpOM3Be/IeHNe N N JOJNIKHO PABHATHCA MPOU3BENEHUIO HEKOTO-
poil mocroAHHOM s GOJIBIMAHOBCKII MHOYKHATEIND

Nan:const e~ Ewenn/®T , (12.4)

T'oBopA o mocTosiHHOM, MBL IMeeM B BUY ee OpUMEpPHOe MOCTOAHCTBO.,
Bonee monHast Teopus, yuUMTHBAKWIIAA DA3INYHBE AETANM TOTO,
KaK 9JIeKTPOHBHI ¢ IIPKAMH «HAXOISAT» AAPYT APYyTa, CBUACTEIBCTBYET,
9T0 (HOCTOAHHAAY CJETKA BABUCUT W OT TEMIEPATYPSI; HO [JIaBHAA
3aBUCUMOCTD OT TEMIEPATYPH JIGKHUT BCE 3He B DKCIIOHEHTE.
BoseMeM, HanipuMep, YHCTOE BellECTEO, IePBOHAUANHHO OHIBIIes
HeifTpaapEbM. Ilpu KomHewHO# TeMIepaType MOYKHO OIRHNATH, YTO
9UCI0 HONOMUTENBHHX ¥ OTPALATEIBHEIX HOCHTENel OymeT OfHO
u 10 Xe, N, = = N,. 3Hauur, Kaxmoe U3 BTUX UHCENX AOIKHO
¢ TeMIeparypoit MeH}ITLCH kKak ¢ Cmen/2*7T. Vzmemenme wmmo-
IMX CBOHCTB INONYNpPOBOAHUKA (HAmpUMep, ero TIPOBOJMMOCTH)
OTpeflesseTcsA FIABHEIM 00pa3oM HKCIOHEHITUAILHEIM MHOKHUTEIEM,
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[HOTOMY 9TO BCe Apyrue PaxKTopH HaMHOTO ciabee 3aBHCAT OT TeM-
peparyps. lllupuaa utenu ans repmanus npumepro pasua 0,72 s,
a gua kpemuus 1,1 se.

IIpm komHartHo#l Temmepatrype ®x7 cocraBiser oKomo 1/, se.
[Ipu TaKUX TeMIIEPaTypax yie ecThb HOCTATOYHO NBIPOK U HIEKTPO-
HOB, 4T00H ofecmeunTh 3aMeTHYIO HPOBOJAUMOCTH, TOIHA KaK, cKa-
seM, npu 30°K (ommofl gecsAToll KOMHATHOH TeMIepaTypH) IPOBO-
nuMocTh HesamerHa. Ilmpmaa menn y aaMmasa pasHa 6—7 g6, mo-
HTOMY IpU KOMHATHOU TeMIeparype ajiMad — XOPOIIMH MBOJATOP.

§ 2. IIpumnecrusie noAynpoeotnurY

Jlo cux mop MBI rOBOPIIY TOJNBKO O ABYX MyTAX BBeJeHus goba-
BOYHHIX DIEKTPOHOB B KpHCTAJINYECKYIO DEHIETKY, KOTOpas BO
BCEM OCTalbHOM coBepluenHo mpeanpHa. OQuH OyTh — 9T0 BIpHIC-
HYTh DJICKTPOH OT RHEIIHEr0 MCTOWHUKA, a Jpyroil — BHOGHUTH
CBAZAHHBIA DICKTPOH W3 HEHTPaJbHOTO ATOMA, COTBOPUB OIHOBDE-
MEHHO M DICKTpoH U AHPKY. Ho MOMKHO BHEAPHTE 9JIEKTPOHH
B 30HY INPOBOJMMOCTH KPHUCTAIIA COBEPIISCHHO HHBIM CIIOCOGOM.
IIpegcrasum ceGe KpueTada TepMAHUA, B KOTOPOM OJAH W3 ATOMOB
repMaHUa 3aMEHEH aTOMOM MBINIBAKA. Y aTOMOB TePMAHMNA BAJEGHT-
HOCTH paBHA 4, N KPHCTALIHYECKAA CTPYKTYpa KOHTPOIUPYETCA
9eTHPBEMSA BAJNCHTHBIME BICKTPOHAMY. A Y MBINIBAKA BAJIEHTHOCTD
pasra 5. W Bor OKAasHBaeTcA, UYTO OTACTBHHIH aToM MEINBIKA
B COCTOSAHHH 3aC€CTh B pelleTKe TepMaHmsA ([I0TOMy 4T0 rabapuThl
V HeTO KaK paa Taxkue, KaK Hafo), HO IPH HToM OH Oy[eT BHHYKIEH
nelicTBOBATH KaK YCTHIPEXBAJNEHTHHI aToM, TPATs dYeThpe BaJleHT-
HEIX DJEKTPOHA M3 CBOETO 3araca Ha CO3AaHNe KPUCTANINYeCKUX
cBazeir u orGpacHBaA HATHHA. JTOT JUIMMHUA HIEKTPOH IPUBA3AH
K HeMy 09eHb ca1alo — pHepPIWA CBs8U MeHee 1/, s¢. llpu wommar-
HOIl TeMIepaType 3JIEKTPOH ¢ JETKOCTBI0 pasgobymer Takymw He-
60JPIIYIO DHEPTHI0 Y TEINIOBOH HHEPIUM KPHCTAILIA ¥ OTIPABHUTCA
Ha cBOH crpax W phex GNYRAATH IO pellleTKe Ha mpaBaX cBoboj-
HOTO DJeKTpoHa. llpuMecHH aroM Hamomo0me MEIILAKA HA3bI-
BaeTCA JOHOPHBIM Y340M, IIOTOMY IT0 OH MOKeT CHaOOUTH KPUCTAIIT
OTpUIATENBHHM HOcUTeneM. Ecnanm Rpmerans repMaHmsa BHIpamiu-
BaeTcA M3 pacmiasa, kKyaa 6610 706aBiIeHO HeGOoNbIIOe KOJIUYECTB O
MEIIIbAKA, TO MBINIHSKOBHE TOHOPCKHE NYHKTH PaclHpefeisTcs 1o
BCEMY KPHCTANIY M Yy KpUCTANIA MOABUICA OmpefeNeHHAS HJIOT-
HOCTh BHEJPEHHHEX OTPHGATENBHHX HOCUTENIeH.

Morno 6m moxasaThesa, UTO Maueifliee »JIeKTPHUECKOE IIOJE,
OpUAOKEeHHOe K KPHCTAIILY, cMelo OH 5TH Hocwrenn mpoub. IHo
9TOTO He CHYTUTCS, BeIb KKRABIH aT0OM MEIMbAKA B TeJIe KPUCTAJLIA
BapsIKEH MONOKUTENBHO. UTOGH Bech KPHCTAN OCTABAJICA HEHT-
PanbHEIM, CPERHAA MIOTHOCTD OTPRHATEIBHEX HOCHTENCH — DIIEKT-
POHOB — fomkEA OHTH PAaBHA NAOTHOCTH JOHOPHEIX ysia0B. Ecoam
Bhl HPHJAO)KATE K TPAHAM 3TOI0 KpPUCTAIIA [BA SJICKTPOfia U
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HOARIIOYNTE UX K 6atapelike, MOMLET TOK; HO €C/IU ¢ OJHOTO KOHNA
YHOCATCH BACKTPOHLI-HOCUTEAM, TO Ha APYrod KoHen JOJIKHEL I10-
CTYymaTh CBe/KHe DIEKTPOHH IIPOBOAMMOCTH, TaK uTO CpPefHAA
NJIOTHOCTD HIEKTPOHOB IPOBOJAMMOCTH OCTAETCA BCE BPEMA IIpUMep-
HO paBHOH IIOTHOCTH MOHOPHHIX Y3JIOB.

[lockonBKRY HOHODHBIE YBJIE 3apsyKeHBl HOJNOKUTENBHO, Y HHUX
NOJKHO HAGMIOAaThCA CTPeMIeHNe HepeXBarThiBaTh HEROTODHE U3
3JIEKTPOHOB TPOBOAWMOCTH, KOIZA MOcJelHue ONYIKIAOT M0 KpPH-
cranny. Hosrtomy pmoHOpHBIH y3en pomsken jelicTBoBaTh Kaw pas
KaK Ta JIOBYMKa, 0 KOTOPOl MH TOBOPWIN B MpeABAyLIeM Hapa-
rpage. Ho ecnn sHepTHA 3aXBATA JOCTATOYHO Mana (KaK y MEHIbA-
Ka, HampuMep), 1o o0miee YMUCAO 3aXBAYCHHHX B KAKOH-T0 MOMEHT
nocuresgell JOMKHO COCTaBIAATH JNHUMb MAIYO dYacTh WX 00IIero
ggena. JiAs DOMHOTO HOHNMAHHS [OBeNeHAA HOJIYIPOBOFHUKOB
OTOT 3aXBar, KOHEIHO, ciAeAyerT UMeTh B BHAY. OMHAKO MBI B Jajb-
HeifnieM OyfeM CuMTaTh, 4T0 DHEPIUS 3aXBara HACTOJBKO HU3Ka,
a TeMmeparypa Tak BBHICOKA, UTO HA AOHOPHHX y3JaX HeT dJAeKT-
poHoB. KOHEYHO, 9TO BCero-HaBCero mpulbJMKeHme.

MosRHO TarsKe BHEJPUTH B KPHCTAJI TepPMAHUS ATOM IIPHMECH
¢ BAJCHTHOCTBIO 3, CKaKeM aTOM IOMHHUA. OTOT aTOM ITRITAETCs
BHaTh ce0s 32 0NBEKT ¢ BAICHTHOCTHIO 4, BOPYA KoGanoqHblil 2IeKT-
poH y cocemeii. OH MOKeT YEPACTH DJIEKTPOH Y ONHOTO U3 COCEIHHX
aroMOR TEpPMAHWs ¥ OKA3aThesd B ROHIE KOHIOB OTPUIATENbHO
SAPSIKCHHEIM aToMoM ¢ s@derTurHON BanenrtHOoCcThId 4. HoHeuno,
KOTAA OH CTaigMT Yy aroMa TepMaHusA JJIeKTPOH, TaM OCTAeTCA
IBIpKa; M 5Ta [HPKA HAUWHAET OJYIKIATh MO KPUCTANIY HA MpaBax
TONOMKUTENBHOTO HOCHTENA. ATOM IPUMECH, KOTOPHH cmocoben
TAKUM rnyTeM 00pa3oBaTh HABIPRY, HABHBACTCA AKYENNMOPOM OT
KODHA <aKuents — NPHHEUMATh. Keim Kpuerajl repMapus WU
KpUCTAAI KPeMHIS BHpAlIeH U3 paciiiana, B KOTopsii 6uuia goban-
jgeHA HeGOABIIAs NPHCAIKA ANOMHHHA, TO B KPHCTANIC OKAKCTCA
ompefeNeHHad INIOTHOCTh ABIPOK, KOTOPHE AefiCTBYIOT Kak HOJO-
JRUTEIbHEE HOCHTEIU.

Korga x monynporoganKky AoGaBieHa JOHOPHAS WM aKIEITOD-
Has OPUMECh, MBI TOBODPHM O IPHMECHOM» [OJYHPOBOIHUKE.

Korma Kpucrami repMaEusi ¢ HEKOTOPHM KOJNYIeCTBOM BHEPEH-
Hoii jOHOPHOI mpHMecH HAXOJUTCH IPH KOMHATHON! TeMieparype,
TO 9JACKTPOHBl MPOBOJUMOCTH MOCTABJIAITCA KAK TOHODPHHIMU
Y3JIaMU, TaK ¥ HyTeM POKACHUA HJICKTPOHHO-IHPOUHBIX IIap 3a C4eT
TEIUIOBOR sHepTun. EcTecTBeHHO, SIIeKTPOHBL 0T 000HX HCTOYHMKOR
BTIOJIHE SKBUBAJEHTHB IPYT APYLY, X B UrPY CTATHCTHICCKUX 1TPO-
LIeCCOB, BEAYIUX K PABHOBECUIO, BXOAUT UX mojHoe 9ucio N ,. Ecau
TeMIIepaTypa HE CHMIIKOM HUBKas, TO YHeI0 OTPUIATENbHBX HOCH-
Tesdeil, MOCTABISeMBIX ATOMaMil [JOHOPHOI NpHMeCcH, HPHUMEPHO
parHO KOJIMYECTBY MMEIOIMXcHA aToMoB npuMech. llpm pasnosecun
ypasmennme (12.4) eme o06s3aB0 cOOGNIOJATBCA; LPOU3BEACHME
NN p ApH TaHHOK TeMIEPAaTypPe ecTh BIOJHO OHpPe/elIeHHOe TUCTO.
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910 03HATAET, ITO nobaBienyie JOHOPHON MPUMECH, KOTOPOe YRe -
umBaeT WHMEIO V,, BHBHBAET TAKOE YMEHLUICHHC Konmuectsa NN,
HONIOUTENbHNX HocuTesei, aro N, N » HE MBMEHseTCs. Eean HOH-
[eHTPAAA IIPUMECH IOCTATOUHO BBICOKA, TO IHCJIO N, orpuuarein-
gHX HOCHUTeNell ompefensieTcss KOJINYECTBOM HOMOPHHEIX V3JI0B U
TOUTH He 3aBUCHT OT TEMOEPATYPH — BCE W3MEHEHNA B DKCIIOHEHTE
OPOMCXONAT 32 cUeT N , JaKe ecii OHO MHOTO MeHbine N,. B uu-
CTOM B [IYTHX OTHOMA X KpHcTamie ¢ He6ONBMION KOHpEHTpAa-
jIeil JOHOPHOI mpuMecH GyIyT npeofrafarh OTPUBATENBHEE HOCH-
TeNW; TAKO MaTepHaN Ha3HBaeTcsA HOAYOPOBOXHHKOM «7-THIA»,

Ecnu B Kpucrasimieckol pemerTke moGapieHa MpHMech arien-
TOPHOTO THUIIA, TO KOe-KakHue U3 HOBHX AHPOK, OJOyiKEas, HAYHYT
AHHANTUINPOBATD ¢ HEKOTOPHIMH CBOGOJHBIMHU DJIEKTPOHAMH, CO3-
TaBAEMBIMHU TEIUIOBHMY QuiyKTyanusamu. 910 OYAET MPOoIKaThes
10 TexX Iop, MOKa He BHIoJdHHTcA ypasHemue (12.4). B pasmosec-
HHX YCIOBUAX KOANIECTBO TOIOMUATENLHEX HOCUTENEH BospacTaer,
a KOMMYeCcTBO OTPHIATEJLHBX yOBIBaeT, mOA[ep/KUBasg MPOoU3Bele-
mue noerosHHEM. Marepuan ¢ u3GHTKOM NONOMKUATEIbHHX HOCUTE-
neli HaselBaeTCA TMOJYMPOBOIHIIKOM «D-THIIAY.

Eemun K DONYUPOBOJHHKOBOMY KPHCTAINY HPWIOKRUTH MAPY
HIEKTPOIOB 1 MPUCOCHMHNTH WX K MCTOYHUKY PAa3HUMHL MOTEHIHA-
JOB, TO BHYTPH KpUCTALIA MOABUTCA sjaeKTpmueckoe moxe. OHO
BEIHYIMUT ABUTATHCH MOJOMHUTEIbHEIE W OTPUIATENBHBE HOCUTENH,
n moreuer »neKTpuaeckuili To. IlocMorpuM cnepma, 4T0 IpPOM-
30lleT B MarepHuaje n-THOR, B KOTOPOM HMEETCA IIOFABJSAIILee
GOJNBIIMHCTRO OTPHUUATENBHHX Hocuteneii. B TakoM Martepuase
OBPKaMH MOMRHO IpeHeOpeds; OHH OueHb cinabo CKaKyTCA HA TOKe,
MOTOMY UTO MX Mao. B umeanbHOM KpHCTaJdJe NPH KOHEUHOH TeM-
meparype (a 0COGEHHO B KPUCTAJIIE ¢ MPUMEcAMN) 9JIeKTPOHH Iepe-
MemaioTes He coBceM OecmpersrerBenno. C HuMu OecripepHBHO
OPOUCXOMAT CTONKHOBEHMs, KOTOpHE cOMBAal0T NX ¢ HAaMCYEHHOTO
WMU OyTH, T.€. MEHAT WX WMNOYIbC. ITH CTOJKHOBEHUA — Te
caMBle paccesHHs, 0 KOTOPHIX MEL TONKOBAJH B HpeAbAyINell riase
¥ KOTOPHIEe MPOUCXOMAT Ha HEPOBHOCTAX KPHUCTAILINIOCKON PeITeTRH.
B marepmase n-tuma riaBHON WPUYMHON PaccesiHUA CAyRaT 1€
caMble JOHOPHBI® Y3IH, KOTOpHE HOCTaBASIOT Hocureldedr. Pasz y
5JIEKTPOHOB IIPOBOAMMOCTH SHEPTHUSA HA JOHOPHHEIX y3JaX HEMHOIO
WHAs, TO BOTHEI BEPOATHOCTH 00A3aHE HA 3TOM MecTe PacCcemBaThes.
Ho pame B umeansno uucToM Kpucerayie GHEBAWOT (IpH HEHYJIEE O
TeMIepaType) HEPeryIsApHOCTH PeNIeTKY, BHBBAHHBEC TOIIOBBIMI
KoynebapuAME. C KIACCHTECKOH TOUKH 3PEHMS MORHO TOBOPHTH,
9TO aTOMbI He BBICTPOCHHI TOYHO B NPABIUIBHYIO PEIIETRY, a B j0Goe
MTHOBeHHEe HEMHOIO CABMHYTH ¢O CBOMX MeCT IO [iPHYMHE TerIOBRIX
roreGaruil. JHeprua E, CBASHBABIMAACA IO TEODWH, M3JIOMEHHOIT
B ri1. 11, ¢ KasKgoil TOUKOH pemeTRy, 9yTh-9yTh MEHAGTCA OT OJHOTO
MecTa K APYroMy, Tak 9TO BOJHE aMIMIUTYAH BEPOATHOCTH He
nepemaloTcA HAeaNbHO, a4 KAKHM-TO MHeHpaBWABHEM 00pasoM
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paccemBaioTca. Vi mpn oueHb BHICOKAX TeMOEpaTypax Il AJaf O9eHb
YUCTHX BEMIECTB TAKOe paccesdHUe MOHET CTATh OUYEHDb BarKHEIM,
10 B GOJNBLIMMHCTBE NPHUMECHEX HOJYIPOBONHWMKOB, WPHMEHAEMHX
B OPAKTHYECKHX ycTpoiicrsBax, paccesHHe NIPOUCXOAHT TOJBKO
3a cueT aTOMOB npuMecH. MH ceffgac oneHNM BEAWUINHY 3JIEKTPUYE-
CKOii NMPOBOAMMOCTYA B TAKHUX BeleCTBAaX.

Ecam K IOXympOBORHMKY n-THOA UPIIOMHUTE DIEKTPUUYECKOe
noMe, TO KAKAHHA OTPUIATENbHHE HOCHUTeNbs HPHOOpEeTeTr B 910M
oIe yCKOpeHne, Habupas CKOPOCTH A0 TeX mop, NOKa He pacceercs
Ha OJ[HOM W3 JOHOPHBIX Y3JIO0B. IT0 03HATAET, YTO HOCUTENH, KOTO-
pHe ofnano ABIKYTCA caywafimuM obpaszoM, HMMes IPH 2TOM Tell-
JOBYIO SHEPTUIO, HAYHYT B cpefHeM IIOBHINATE CBOIO CKOPOCTD Apeii-
da BOONL AHHHA HIEKTPUYECKOTO IOJIsE, BEIZBAB TOK 4epes
Kpucrami. CRopocTs Apeiida, KAk NMPaBMIo, 110 CPABHEHUIO ¢ THHNT-
HLIME TEIJIOBLIMI CKOPOCTAMHU OUeHBb MaJa, TaK 4T0 MOKHO, MPUKH-
J(BIBasi BeNWYUHY TOKA, MPHHATH, 9TO OT CTOIKHOBEHMA K CTOJTKHO-
BEHHUIO CPeHEee BPeMA ¢TPaHeTBUIl HocuresisA nocTosHuo. JlooyeruM,
4T0 9()PEKTURHBI DIEKTPHUECKHUI 3aPAM OTPUIATEILHOTO HOCHTEI A
paBer ¢, . Cmia, gelicTBYONAaA HA HOCUTENb B 9JIEKTPUIECKOM 1108
&, Oypmer pasHa ¢, 8. B ra. 43, §3 (BHI. 4) ME Kak pa3 HOACUHTH-
B CPENHION CKOPOCTH mpeiida B TAKWX YCAOBUAX W HANUIM, YTO
oHa pasHa F1/m, rpe F — cuia, AeiicTByWOmAsa Ha 3apam; T —
cpefiiee BpeMsa cBOGOMHOTO mpoGera MeMX[y CTOINKHOBEHWSIMH, a
m — Macca, BMecro Hee Hajgo DocraBuTh 3PPeRTHRHYI Maccy,
KOTOPYI0 MH HOACYHUTHBAAY B HpPeABAyMed riase, HO HOCKONBKY
HAC MHTEPECcyeT TOALKO TPyOHIl pacuer, TO OPEUOIOMUM, TO HTA
aderTUBHAs Macca BO BCeX HalpaBlIeHUSX ofunaKkoBa. MH ee
sjech obosHauuM m,. B oroM mpuOnmKeBHH cpeJHAA CKOPOCTH
Ipeiipa Oyzer paBma

Vygei = L0 (12.5)
3duaa ckopoctpb fipeitha, MoykHO Haiith ToX. IlnmorHOCTS BIMERTPHUE-
CKOTO TOKAa j paBHA WPOCTo UMeay Hocureneidl B emmmmme obwneMa,
N, YMHOKEHHOMY Ha CPEIHIO0 CKOPOCTD Apeida M Ha 3apaj HOCH-
rexneii. Ifosromy mmormHOCTH TOKA paBHA

Npqit

s AT __'nin'n
‘],—]\nvupe%qn_—rn 8. (12.6)
Mpt BupmM, 9TO IUIOTHOCTH TOKA HPOMOPIMOHAJBHA DIEKTPUYC-
CKOMY I0OJTI0; TaKUe HOJYIPOBOJHUKOBHE MaTe PUAIE] MOTIUHAIOTCS
saxory Oma. HosduumeHT nMponmopnmoHaibHOCTH MEIKAY j ¥ §,

WIH OPOBOTUMOCTH G, PABCH
Nugit,
o= —=27=, (12.7)
. mn

A MatepuasoB n-THIA IPOBOAMMOCTL B O0IEM HE 3aBHCHT OT
TeMnepatyph. Bo-mepsrix, ofmee uncio OCHOBHEIX HocHteged KV,
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OTIpe/ieNsIeTCs IIABHEIM 00pa3oM mIOTHOCTHIO IOHOPOB B KPHCTAJLI®
(moKa TeMIepaTrypa He HACTONBKO HU3KA, 9TOOHL MO3BOXATE ATOMAM
3aXBATHTHh uePecyyp MHOTO HocHreneil), a, BO-BTOPHX, CpegHES
BPEMA OT COY/IAPEHUA K COYAapPeHWIO, T,, PeTyIUPYeTCA IIaBHEIM
06pasoM IUIOTHOCTHIO ATOMOB IPHMeCH, a OHAa, SCHOE JIEJN0, 0T TeM-
gepaTypH He 3aBUCHUT.

Te e paccymKmeHUA MOMKHO HPWIOKHATH K BEmECTBY pD-THIIA,
[ePEeMEHNB TOJBKO 3HAUEHNS MAPaMETPOB, KOTOPHE IOABJIAKTCI
B (12.7). Ecam B onfHo U TO #e BpeMA UMEETCA CPABHAMOE KOJIHue-
CTBO OTPHIATENBHEX M MOJOKUTENbHBIX HOCHTENel, TO BRIajBI
HocHTeJel oboero poma Hago caosurhb. 1loaHas mnposojnMocThb
onpeenuTcsa M3

Nyot, N,g%t
o nintn ) ZTeloTy, (12.8)
n 14

Hna ouems wucrnix semeets N, u N, mpuMepHo pasubl. OHn
OyAyT MeHBIIe, YeM y MaTepHaI0B ¢ HPAMECsAMH, TaK 4T0 W IPOBO-
muMoctb Gymer MmeHbmre. HpoMe Toro, oum OyAyT pesko MEHATHCS

¢ TeMmeparypoi (Iio 3aKoHY e Fuwea’*T) ar uwro mpomoaum-

MOCTh C TeMOeparypoil MoskeT MeHATBCA YpesBHUalHO OHCTpO.

§ 3. Sggpexm Xoaaa

Homeuno, 510 o4ens cTpaHHO, UTO B BemecTBe, Ifle eJHHCTBEH-
HHMHU Gollee WIW MeHee CBOGOJAHBIMEH O0BEKTAMHI SBIAIOTCA DIEKT-
POHH, 3JEKTPUYECKUA TOK BHI3RIBAETCA ABIPKAMU, KOTOPHE BeAyT
cefA KaK MOJOKUTETHHEE YACTHIH. MK XOTUM DOSTOMY ONMCAThH
ONHIT, ROTOPHHA JOBONBHO SBHO CBHAETENBCTBYET, 4TO 3HAK HOCHU-
TENA DHIEKTPUIECKOTO TOKA Moer OHTH moxommrenbEeM. [lycrsb
uMeerca GpycOK, M3TOTOBJICHHEN W3 MOXYDPOBOAAMIEr0 BeHlecTBA
(unu ©3 Meranya), W MH [PUKJIAfLBAeM K HEMY JJCKTPUICCKOS
mosie, 4To05l BEI3BATH TOK B KAKOM-TO HaIpaBIeHUH, CKaKeM B IO-
pusorTanbHOM (pur. 12.6). Ilycrs Mu Taxixe IPMIOMRWIN K GPYCKY
MarTHUTHOE TIOJNe TOfl MPAMBIM YIJIOM K TORY, CKaKeM, 4TOOH OHO
YXOMUIO 6 nAockocmb uepreska. JlBmwxymueca Hocurenu Oymyr
HMCOBITHBATE Helicteue MarmutHO# cmist ¢ (v X B). A T1ak Kak

+ —

@ ue. 12.6. Ifgperm Xoanra +(-)
gosnuxaem npu delicmeuts I
MAZHUMRBE CUA HE HOCU- B R
meau,

—_—
Ceepxy w cHU3Y YKA3AHH IHAKU 7
2apada npu nOA0NHUMEALHBX U J
ompuyamesrHnx (8 crobrax)
HOCUMEARX, _(+)
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D ue. 12.7. Hamnepenue sgerma Xoaaa.

cpedHsis cKOpocTh Apeiifa HampapmeHa nubo Hampaso, nmbo Ha-
JeBo (CMOTpA IO TOMY, KaxKOB 3HAK 3apsga HOCHTENA), 10 MeicT-
ByOINaA HA HOCUTENH CPefHAA MaTHUTHAs cuia 6yfer HampaBieHa
an6o BBepX, amGo BHH3. BupogeM, mer! [lpm BHGpaHHHX HaMu
HaOpapJeHus X TOKAa W MATHUTHOTO HOJIf MarHUTHAsA Cuia, geiicrt-
BYIOUIaA Ha IBIGKYINMICA 3apsam, Beerfa Oyler HATIPABJIEHA 66epx.
Ilonomurensuble 3apsAfsl, ABMRYWHECH B HAOPABICHUN j (HApaso),
TMOABEPTHYTCS JefCTBUIO CHIBI, HANPABICHHOR BREpPX. A eciu TOK
ITePEHOCUTCST OTPIIATEIbHEIMY 3apAnaMu, TO OHE OYIYT MBUTATHCA
BJEBO (OPH TOM jKe 3HAKE TOKA IPOBOAUMOCTH) M TaKHe MCHBITHI-
BalT meilcTBME CHIBI, HalpaBjeHHOIl KBepxy. Ho mocae yeramon-
NeHNA TOKA HUKAKOTO [IBIDKEHWS HocUTenel BBepX He Oymer, mo-
TOMY UTO TOK MOHET Tedb TOJBKO CJIeBa Hampapo. BHauane He-
CKOJIBKO 3apAA0B MOT'YT IIOTEYh BBEPX, 06pa30BaB BIOIH BEepPXHETO
Kpast IONYOPOBONHNUKA IIOBEPXHOCTHYIO ILUTOTHOCTE 3apsafa M OCTa-
BUB DaBHYI0 HO BeJWuHHe I 00paTHYI0 0 BHAKY HOBEPXHOCTHYIO
IJIOTHOCTD 3apsafa Ha HIDKHEN rpaHn Kpueraiwna. 3apsagsl Ha BepX-
Hell ¥ HIGKHEH MOBepPXHOCTAX OyAyT HAKAmIMBATBCS A0 TeX MOp,
IIOKa 3JeKTpuYecKHe CHAJIBI, ¢ KOTOPHMU OHH JeHCTBYIOT HA IBWKY-
myecs 3apsgH, B TOUHOCTH HOTAcAT (B CpPeJHEM) JeficTBHE MATHUT-
HO# CHJIHL, M yCTRHOBUBINUICA TOK IOHAET 10 TOPUBOHTANN. SaPAIbE
Ha BepxHell 1 HIPKHEH MOBePXHOCTAX CO3JafyT IO BEPTHKAIM MOHe-
pex KPHCTaniaa PasHoCTh HOTEHIUAIOB, KOTOPYO MOMKHO M3MEpPHTH
BLICOKOOMHBIM BOXBTMeTpOM (Qur. 12.7). 3uar pasHOCTH mOTEHNTA-
JI0B, OTMEJAaeMEIil BOJXBTMETPOM, 6YAeT 3aBMceTh OT 3HAKA HOCHTE-
Jell 3aps0B, OTBETCTBEHHEIX 3a TOK.

Korma BmepBHE CTaBIINCD STH OHBITH, CYUTANIOCH, YTO 3HAK
PA3HOCTH IOTEHNUANOB OKAKETCH OTPHUIATEIBHEM, KaK M IOJO-
JKEHO OTPHIATENBHHM 9JeKkTporaM mposogumoctd. [lostomy Bee
OBNY OoueHb YAHMBICHB, OGHAPYKUB, YTO y HEKOTODHX - BOIIECTB
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aHaK Pa’HOCTH NMOTEHLMANOB COBCEM He TOT. [[emo BHIIAAENO Tak,
CJIOBHO HOCHTEJIb TOKA — YACTANA ¢ HOJOKUTENHHHM 3maxoM. Us
HAINNX PACCYKICHAA 0 DPUMEeCHHX MOJYyHPOBOAHUKAX SCHO, UTO
NOMYIPOBOJAHNK n-THIA 00g3aH BHIBHBATH 3HAK DPasHOCTH IOTEH-
UNANO0B, CBOHCTBEHHHI OTPHIATENBLHHIM HOCHTENAM, & HOJYIPO-
BORHUK D-THIA JIOJKEH BHSHBATH Pa3HOCTH MOTEHIUANOR IPOTHABO-
TOJOMHOr0 3HAKA, TOCKONLKY TOK CO3MAeTCA MOJOMKUTeNBHO 3apsi-
JKEHHBIMH  ABIPRAMH.

OTKpsITHE AHOMAJBHOTO 3HAKA PasHOCTH MOTEHUAJIOB B apdex-
re Xonna cHagana OBUIO CAENAHO He B MOJNYHPOBORHUKE, a B Me-
rasiae. Camranock, 910 YK B METAJNAaX-TO HPOBOAUMOCTBIO BCerja
3aHUMAIOTCA DIEKTPOHB, U BAPYL OKAa3aji0Ch, 4T0 y Oepmiurms
3HAK PAa2HOCTH MOTEHIHANOB He TOT. Temeph siCHO, UTO B MeTa/LIAaX,
KaKk ¥ B [OJYOPOBOJHUKAX, HPM HEKOTOPHIX O00CTOATENBCTBAX
«o0beKTaMu», OTBETCTBEHHHIMU 3a IIPOBOAMMOCTE, OKASEIBAIOTCA
ropru., XOTA B KOHEUHOM CYeTe B KPACTAILIE ABHKYTCSH 9JIEKTPOHSI,
TeM He MeHee COOTHOIIeHNE MEesRIy UMIYILCOM M sHepruell W oTHIMK
HA pHEIIHee [{0JIe B TOUHOCTH TaKne, RAKUX CIeoBalo OBl OKMAATH,
ecanm OB 9JNEKTPUIECKUA TOK OCYI[ECTBIFICA HOJOMHUTENHHIMH
YACTHRIAMH.

[MorasguM, Heab3sa JAM KadeCTBEHHO ONEHUTH, Kaxkasg pPasHOCTh
MOTEHIHANOB MoskeT OhTh monydeHa mpu sderre Xomna. Ecum
Tox yepes BOABTMETP (cM. ¢rr. 12.7) npenelpessumMo Man, T0 3a pPAL
BHYTPH MOJYHPOBOZHUKA [OJIKHBI JABUrarhes CjIeBa HAOPABO
U BepTHRaJpHAs MATHHTHAS CHJIR [OJJKHA B TOYHOCTH TacHTbCSA
BEPTHRANBHSIM HIEKTPIIECKHUM M0oJieM, KOTOpOe MHE 0Go3HaumM § |
(uHgexe osHAauaer «momepeuHblily). Urobsl 5T0 BJIeKTPHYIECKOe TOTe
VHIOYTOMAIO0 MArHUTHEE CWIIH, JOJKHO OEHITh

8.L=— Vigenp X B. (12.9)

ITpunoMunas CcBA3H MesKIy CKOPOCTHIO Apeiida H IIOTHOCTHIO
5JIeKTPUYECKOr0 TOKa, IpmBefeHnayo B (12.6), moxywaeM

, 1.
8L=—“q—NJ><B-

PasxocTs moreHnuANoB MeXy BepXoM W HU30M KpHeTalia paBHA,
€CTeCTBEHHO, 3TOH caMOU HaNpAMREHHOCTH JIEKTPUUECKOTO MOJIA,
YMHOMNKEHHOI HA BHCOTY KPHCTALIA. HampsOKeRHOCTH BieKTpuue-
CKOTO WOJA B KpHCTajle & NPOOOPHMOHANLHA IUIOTHOCTH TOKA
U HANMPAKEHHOCTH MATHWTHOTO TodA. MHOMKUTEIb TPOLioPIHOHAIN b-
Hoctu 1/gN masumaercs kospduyuernrom Xomna u o6runo n306pa-
maerca cumsonoM Ry. Kosggunmenr Xomma sasmeut mpocto oOT
IVIOTHOCTH HOCHTENCH IPH yCJIOBMM, UTO HOCHTENHW OJHOTO 3HAKA
HaxojsArca B ABHOM GombumHcree. [lostromy msmepenme sdperta
Xoaaa aer YROGHBIA CII0CO0 ONBITHEIM IIyTeM ONpeleldATh ILIOT-
HOCTh HOCHTENe!l B HOXYIPOBOJHUKE.
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§ 4. Iepexodut mencdy noaynposodnuUramw

Teneps MB XOTUM BBIACHUTH, 9TO IOMYIHTCA, €CJIH B3ATH TBA
KyCHa IepMaH¥A HJIN KpPeMHUA ¢ HEOTUWHAKOBBRIMU BHYTpPEeHHUMN
XapaKTePHCTHKAMHI, CKAajKeM ¢ pasHLIM KOIWYECTBOM NpHMecH, N
NPIWIOMUTL X APYr K APYry, 97005 BO3HHMK «@epexos. Haumem
¢ TOro, utd MMEHYeTCA p—n-epexojoM, KOTAA ¢ OJHOH C¢TOPOHHI
TPAHUI CTOUT TepMaHuil p-tana, a ¢ Apyroil — repMauuil n-Tuma
(dur. 12.8). Ilpaxrngecku He 09eHbL YHOOHO NPUKIAMBIBATE APYT
R Ipyry ABa pasHHX KyCKa TepMaHUA U HOOHBATHCS OIHOPOTHOCTH
KOHTAKTA MERIY HUMU Ha aTOMHOM ypoBHE. BMecTo 5T0ro mepexomsr
JEJIAI0T M3 ONHOTO KpucTakna, o6paboTaHHOrO B PasHHX KOHIAX
no-pasaoMy. QuUHE U3 HPHEMOB COCTOHUT B TOM, 9TOOH MOCJe TOTO,
KaK 13 pacmiaBa Obura BHPanieHa MOJOBHHKA KPUCTANIA, To6aBUTh
B OCTABIIMICA paciiaB MOAXOmANIyo mpucaaky. Hpyroi cmocob —
9T0 HAHECTH HA IMOBEPXHOCTH HEMHOTO IIPHMECHOTO SJIEMeHTa o
3aTeM TIONOrpeTb KPUCTAMWI, 4roGBL  9acTh AaTOMOB  HpHUMECH
npopndpyHIMpoBaNa B TENO KPHCTAJNNA. ¥ CHEJAHHBIX TAKUME
cDocofaMu nepexofioB HET PEe3KOH IPaHulbl, XOTA caMHU T pPaHHUIEl
MOTYT OHITHL crenamsl oueHb TOHKUMEU — 10 107% em. na mammx
paccysaeHnii MH BoOOpasuM HAeAJbHBIH CIyualf, Korga sTH aBe
ofjacTy KPUCTANAA ¢ PasHHIME CBOHCTBAME PE3KO pasrpaHMYCHEL.

B n-o6mactu p-—n-mepexoga HMeICA CBOGOAHBIE BIEKTPOHEL,
KOTOPHE MOTYT HepexojuTh ¢ MECTa Ha MeCTO, a TaKmKe QUKCHPO-
BAHHEC JIOHODHBIC VY3JH, KOTOpHe YPABHOBEIIMBANT WWOJIHELL
DIEKTPHICCKHUI 3apax. B p-obmacTé mMeiorca CBOGOMHBIE NBIPKH,
TOKE IepexojAmye ¢ MecTa HA MecTO, ¥ paBHOE KOJIHYEeCTBO OTpU-
HaTeJIbHEX ARIENTOPHHX Y308, Tacamux moxrsi zapag. Ho B geit-
CTBUTEJIBHOCTH TaKoe OUMCAHWE IOJIOKEHWUsT Bemedl roguTcsa JIHIb
[0 TeX MOp, HoKa MeXIy MartepualaMn He OCYIIECTBIEH KOHTaKT.
Hax roanko mMarepuaiel coequHATCA, MOJOMAEHNe HA TPaHUIE W3-
Merntcs. Teneps, JOCTUTHYB TPAHUNH B MaTepuajle n-TUOA, dJEKT-
POHH He OTpasATcsA obparTHO, Kak 910 ObI0 OB Ha cBobommOH mo-
BEPXHOCTH, a CMOTYT HMPAMO mepeiitn B Marepuay p-tuma. Jacrs
BIIEKTPOHOB M3 MAaTepwasa n~THIa Ho9ToMy OyjeT CTPeMHUTBCH MPOo-
CKOJIb3HYTHh B Matepuaj p-Tuma, rge dieKTpoHoB MeHbIme. Ho tan
InThed Be3 KOHIA HE MOKeT, HOTOMY 9TO IO Mepe TOTO, KaK B
n-o6nact® GyayT TepATLCS JAEKTPOHHI, ee 3apAN HadHET CTAHO-
BHUTHCA Bee 0ojiee mMOJOKUTENBHHM, ITOKA He BOSHUKHET HJIEKTPH-
4ecKOe HANpsyKeHUe, KOTOPOe 3aTOPMO3HT AuPPysmio sIeKTPOHOB

Mamepuan p-muna  Mamepuan n-muna
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D ue 12.9. Saekmpuneckuli no-
menyuas U nNAOMHOCMU Hocumenell
& noaynposodnurosox nepexrode 6es
CMeWanuyez0  HANPANCHUS.

n p-obnacre. llomofHEBIM e
06pasoM TONOKUTEIbHEE HO-
CHTeIH W3 MaTepuaja p-THma
CMOTYT IIPOCKAJb3EBaTh TEepes
nepexoj B Marepual nr-THOA,
ocTaBiAA mosaim cebA uabbi-
TOK OTPHUILATENHHOIO 3apsja.
B ycaoBusx paBHOBeCHA IOJ-
HBEH TOK Jmddysum moisKeH
GyIeT paBHATHCS HYIW. ITO
npousoiier 6xarofapA BO3HU-
KHOBEHMIO DIIEKTPUIECKUX TO-
meil, KOTOpHE YCTAHOBATCA TAaKUM 00pazoM, 4To0H BO3BpallaTh
10 JTO;KUTEIbHEE HocuTedNw 00paTHO B p-0bmacTs.

O6a omMcaHHEX HaM¥ nponecca Aunddysun IpofoIKawTesa OH0-
BpeMeHHO, W 00a, Kag BHAUTe, JEMCTBYIOT B TaKOM HAampaBJIeHHUH,
9TO06H MaTepual n-THIA 3aPAAUTH IONOKUTENBHO, & Marepuan
p-THOA — OTpPHUIATeJbHO. BclefcrBue KOHEIHON UPOBOAVMOCTH
NOJYIPOBOJANAX MATEPHATOR M3MeHeHWe MOTeHIUaNa Memy
p-061acThI0 W n-00JacTBI0 TPOM3OLAET B CPABHHUTENBHO Y3KOM
ydacTKe GiW3 TPAEWIH; B OCHOBHOW jKe Macce Kamjoil obmactu
morermuan Oyaer oxguoposieH. llposemeM mepnemAmKyasApHO rpa-
HHne och z. Torga saerTpuueckuii noreHuuan Oyaer MEHATHCA ¢ &
TaK, Kak mokasano Ha ¢ur. 12.9,6. Ha ¢ur. 12.9,6 noxazano omxa-
HaeMoe W3aMeHeHWe mIoTHOCTH N, R-HOCHTENEl W IAOTHOCTH IV,
p-HocmTeneil. Banu or mepeXxoia MIOTHOCTH HOCHTENEH Np ulv,
AOKHEL GRITH HOMPOCTY PaBHBL TOI PaBHOBECHOM INIOTHOCTH, KOTO-
poil mONOsKeHO yCTAHABIMBATHECA B OUpeEeJeHHOM OpycKe TOTO e
MaTepualia Ip® Toil e TeMueparype. (Dur. 12.9 Beepuena A

~mepexosia, B KOTOpOM B MaTepHaje p-THOA HpuMecH OoJbire, M
B Marepuane n-tuma.) Ws-za mepemaja HoTeHm@ala Ha Iepexoje
TOJIOKATeNBPHHIM HOCHTENAM IPUXOAUTCA Ba0Hpathess HA MOTeH-
nuajbHHA X0JM, 9T00H momacth B p-06macrb. 310 03HATAeT, UTO
B yCIOBUAX PABHOBECHA B MaTepuaje n-Tuma OyZeT MeHBIIe I0J10-
HETeJbHHX HOCHTeNeH, 9eM B Marepmase p-tima. MosxHO 0:KHIATH
(BcoMHHTE 3aKOHH CTATHCTHYECKO MEXaHWKH), 9TO OTHOINCHH®
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ROJMYCCTB HOCHTeNeHd p-tuma B ofemx ofnacrax Oymer gasarhes
ypapHCHMEM

N, (p-oGiacTn) :

L4 = e~ pV/*T (12.10)

N, (n-06aacTs)

Ilpoussencaue 9p V B unmciaurene MoOKasaTreafA HKCIOHEHTHL — 3TO
KAk pas Ta 3Heprus, Koropas Tpebyercd, 9To0B HIPOHECTH 3apPANR
g, CKBO3b DPasHOCTH NIOTEHIUAIOB V.
TouHo rakoe ;ke ypaBHEHHe CYIIECTBYeT W A IAOTHOCTEH HO-
cureleil n-TUIA:
N, (n-oGnacTs)

N, (p-oBaacrsy — ¢ T (12.11)

Ecan Mbl 3HaeM pasHoBecHBle IJIOTHOCTH B KajXKgoM W3 ABYX Mare-
puanos, To awboe M3 HTHX ypaBHEHMH JjlacT HaM PasHOCTh HMOTEH-
NUAJIOB Ha Iepexofe.

3amerbre, wro mas roro, grobst (12.10) m (12.11) masaam opum-
HAKOBHE 3HA4YeHHWs pasHOCTH NOTEHUHUANOB V, mIpou3BefeHNe
N N, pomxuo Guith B p-061acTH U B n-061aCTH OHUM U TeM jKe.
(BCHOMHI/ITE 910 ¢, = —q,.) HO Ml eme paubure BUeNN, 9TO ITO
OpPOM3BE/ieHNe 3aBUCHT TOJABKO OT TEMOEPATYPH M OT INUPWHH
SHEPTeTHIEeCKON menu wpucraixia. Ecauw ofe wactuw KpuWcramia
HaXOAATCA OPU ONUHAKOBON TeMmepaType, o0a ypasHeHHA OymyT
COBMECTHEI, JaBasl OOUHAKROBOE B3HAyeHWe pasHOCTH HOTEHLHAJIOB.

Ho pas Meny AByMdA CTOPOHAMM TepeXofia WMeercsA PasHOCTh
MOTEHIWAJIOB, TO BTO HANOMHHAET 6aTapemcy Ecan COEeMHNTE
r-001acTh ¢ p-06IacTHI0 MPOBOJOTKOMA, MOKET 0 Hell moliier TOK?
910 Oyner saMewaTelbHO, BEAb TOT/IA TOK OyaeT HATH 663 0CTaHOBKH,
He HCTOUAA MaTepmana, u Mel OymaeM o0iamgarth GECKOHETHBIM MCTOU-
HHKOM DHEPIMM B HapymIeHHe BTOPOT0 3aKOHA TepMOJUHAMUKMN!
Ho ccam BH JelicTBUTEIBHO COEQUHHUTE p-06i1acTth ¢ n-obaa-
CTHI0 IPOBOAAMW, HHKaKoro .Toka He Oymer. M merko moHsars
nogeMy.

BosbMeM ciepsa npoBOJHEYOK B3 MaTeprana Oes HpI/IMGCGH Eennm
TO/ICOeUHNATD €r0 K n-00JacTH, HOJYYHTCSI NepeXxof, HA KOTOPOM
BO3HHKHET PA3HOCTH HMOTCHHUAJOB. 1lycrh, CKasKeM, OHA COCTABHT
TOJOBUHY Bcell pasHOCTM HOTEHIHAJOB MEKAY p- U n-06JIacTAMH,
A Korga Mpl NOABEIEM HALLY YHCTYIO MPOROJOKY K p-00JacTyu mepe-
X071, TO TAM CHOBA, HA HOBOM IepeXxojfie, BOBHUKHET PasHOCTh HO-
TeHIUAJNOB, ONATH PABHAS NOJOBHHE UAAeHNMsI NOTEHHUAJIA Ha
p—r-nepexoge. Bo Bcex mepexofax pA3HOCTH WOTEHIMANOB TaK
mpuiagaATesa APYyr K APYry, 9TO HHKAKOW TOK B cXeMe He IOH[eT.
M waxoil Ol B IPOBOJOKONA HE Havall COCAWHATH 06e CTOPOHH
p—n-Iepexona, y Bac BCera BHANET 1BA HOBHX IepeXola, U N0 TeX
mop, moKa TeMOepaTypa BCeX HepexXofoB ONHHAKOBA, CKAUKH IO-
TEHNUATOB HA nepexofax OyAyT KOMIOEHCHUpOBATh HPYL HAPYTa

44



u toka He Oymer. Oxaseiraercs, OHAKO (echM BH paccudTacre
BCe JIETAIH), 4T0 eCIH Yy 9acTH IePeX0/0B TeMIeparypa OTAmdaeTcsa
0T TeMIeparypsl APYIUX dacTeid, T0 TOK moiijer. IToT TOK Oymer
Harpesarh OIHM IepPeXo/bl i OXJaKAaTh APYIWe, N TemwIonasd 3Hep-
rust Oy/Jer npeBPAaIiaThCA B DIEKTPHYECKYI0. JT0 SABICHWE OHpeie-
ager coboil feiicTBme TepMomap, OpWMEHSAEMHX [Js H3MepPCHHA
TEeMOEPATYpPhl, I TePMO3JIEKTPHIEeCKUX reneparopos. To xe saBIe-
HWe WCIm0;ab3yercsi W B HeOOJNBIINX XOJOSMILHUKAX.

Ho ecam mur He B COCTOSHNT M3MepATH PA3HOCTH MOTEHIMATIOB
MERILY ABYMA CTOPOHAMH p—n-TEePeX0fid, TO OTKYAA YBEPEHHOCTb,
YTO Hepena/ HOTeHNHAJIOR, NoKasanuuil na gur. 12.9, gelicreuTenn-
uo cymiecrsyer? Hy, Bo-nepBrIX, MOKHO OCBETHTL IepeXOj] CBETOM.
Horpa ¢oroms! cBera HOTIOHAIOTCA, OHH MoOryr o0pasonath mapy
JITEKTPOH — AHIpKa. B TOM CHIBHOM 3JIeKTPUYECKOM IoJe, KOTO-
poe cymiecTByeT B Iepexofe (paBHOM HAKIOHY NOTeHEMAaIbHOI
Kpunoii na ¢ur. 12.9), apipky 3aTsiHET B p-00IaCTh, a JIEKTPOH —
B n-o6macts. Ecau Temeps ofe CTOPOHH mepeXofia MOACOCHUHUTH
KO BHelIHeil memn, 3T A006aBOYHbIE 3aPAABl BE3OBYT TOK. JHeprua
cBeTa Imepeiifier B DIEKTPHUECKYI0 sHeprurwo mepexona. CoaHewHnle
paraped, KOTOpHE TEHEPHPYIOT M COYTHUKOB 3JIEKTPUIECKYIO
MOTHOCTD, AeHCTBYIOT UMEHHO HA HTOM IIPHHIAIIe.

O6cysmas cBOCTBA MONYIPOBOSHUKOBOIO IepeXo/a, Mil Ipej-
HOJATal’, 4T0 ABPKU M DJIEKTPOHH AefdcTBYIOT §0jiee WM MeHee
1e3aBUCHMO, 6CJH He CIATATH TOTO, YTO OHU KaK-TO BCE K€ MPUXOHAT
B Tem10Boe papHoBecke, Horma MEI TOBOPIIE 0 TOKE, IO yYAI0OTEMCS
OpPY OCBEMIEHHH IIEPEX0Ma CBETOM, TO IPEeAmoJarajd, 910 DIeKTPOH
Wi JBpRa, o6pasywmuecsa B 061acTH nepexoja, mpeijie 9eM aHHH-
FHIEPOBATh ¢ HOCHTEJIEM IPOTHBONOJOKHOA MOJAPHOCTH, YCIEIOT
HOmacTh B CaMO TeJ0 KpHeralana. B HemocpefcTBeHHOI GaU30CTH OT
mepexopa, Tie IMIOTHOCTH HocuTeldell o00oMX 3HAKOB NIPUMEPHO
ONMHAKOBK, AHHUIWJIANNA LAp DJIeKTPOH — JAHpKa (HasslBaemas
qacTo «pexoMOMHATMEH») — oueHDb BaskHEIA sddeKT, H ero cienyer
OpUHAMATH BO BHUMAHHE DA AETAJHHOM AHAJM3E IIOJYIPOBOIHU-
KOBOTO IIepeXxofa.

Mul mpepmoxaraiu, 9to ABPKA WIH BJIEKTPOH, obpasyeMmele B
of0nactym mepexofa, EMERT XOPOIIHH INAHC emie JI0 peKOMOWHAIUHA
momacTh B OCHOBHOE TeJlo KpHcranna. Tmnumuroe BpeMs, Tpebyro-
mieecsA IMEKTPOHY WIW JBIpPHE AJs TOTO, 9T00H HAHTH IIPOTHBOIO-
JOJKHOTO NapTHepA M aHHUIMIMPOBATL, /IS THOWUYHHX HOAYyOpO-
BOJHHKOBHEX Matepuanos Roaebaerca MeEay 1073 u 1077 cex. Kera-
TH, 5TO BpeMs MHOTO OOXbIe BpPeMEHH CPeJHero CcBoGOLHOIrO
mpofera T Me;s[y CTOJKHOBeHHAMH C Y3JIaMH pacCesHUs B KpH-
CTajljle,— TOTO BPEMEHH, KOTOPHIM MH IOJb30BAJUCH HPH AHAJIUIE
nporopuMoctd. B tmOmaHoM p—n-Iepexosie BpeMsa, TpebyeMoe Ha
TO, YTOGK CMECTH B TEN0 KPHUCTAJJIA JIeKTPOH WM [AHpPKY, BO3-
HUKITYI0 B 061acTi Mepexofia, HAMHOTO MeHbIIe BPeMeHU peroMOu-
Hanuu, [lostomy GonsmAHCTBO map BJaMBAeTCS BO BHEINHWA TOK.
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§ 5. Bunpamnaenue na noaynpocodHULo8oM
nepexooe

Teneps MBI TOKa)KeM, KaK IOJNYHaeTCH, 9T0 p—h-IepeXox jeii-
CTBYeT KaK BHIIPSMHUTENb. ECIM M K ePeXo/y OpPUIO:KIM HATIPS-
JReHHe OJHOTO 3HaKa, T0 Iolfier OONBDION TOR, eCIUM APYyroro —
TOKA IIOYTH He OymeT. A eclI¥ K IepeXofly MpUIOKUTE IiepPeMeHHOe
HalIpsyKeH#e, TO TOK LOHIET TOABKO B OfHY CTOPOHY — OH (BHIIpS-
mutcsay. IlocMoTpuM emie pas, 9ro mMOJy4aercsl B YCIOBUsIX pPaBHO-
Becws, onucaHubnX KpuBwME fur. 12.9. B marepuane p-tuna uMeer-
Csl BHICOKAA KOHNEHTpamusl IV, NONOKATETbHHX HocHTeded. JTH
HOCHUTEIH HOBCIONY ;mq)(byﬂnnpyml‘ 1 HEKOTOpOe HX KOJIMIeCTBO
KORAYIO ceKyHAY upEOImKaeTca K MepPeXony. JTOT TOR I0J0RM-
TENBHBIX HOCHTeNeH, MOCTUTAIHMIMX Nepexofa, IpOoI0pPLUuOHAJeH
N _. Bonbimaa dacThb WX, OJHAKO, paszBopaumsaercsi 0OpaTHO, He
OyAyan B COCTOAHUMN B3ATH BHICOKWI HMOTEHIMAJIBHLIA X0IM ¥ mepe-
Xofia, W TOIBKO foas e~ 9V/#T ux wmpoxomur ganmbmie. VMeercs
TAKIHE TOK HONOMMUTENHHBIX HOCUTENeN, TNpuOImKamuxcs K me-
Pexony ¢ [Apyroil cTOPOHE. JTOT TOK TOHe IMPOMOPUUCHAIEH MIOT-
HOCTH IIOJIO;RATEIBHEX HOCHTeNell B n-00JacT, HO 3/1eCh WIOTHOCTh
HOCHTeNledl HAMHOTO HIWKe ILIOTHOCTH B p-obmactu. Horga momosxu-
TeJbHEE HOCHTEJAH HPHONIGKATCA W3 n-06JacTd K mepexofy, OHO
ofHapymuBawT mepes coG0dl XO0AM ¢ OTPUNATENBHLIM CKIOHOM
H CXO[y COCKAJB3HBAIT IOM TOPY, Ha p-cTopoHy mepexona. O6o-
aHaumM 3107 10K [, B ycunosmax parHoBecua TOKM B 06e CTOPOHEI
OIHAKOBEL. SHAYUT, MOJKHO OKHUAATh, 9T0 GyAeT BHIOJHATHCSA
chefyouee COOTHOLIEHHE:

I, ~ N, (n-06xacTn) =N, (p-obnacrs) e~9V/*T,  (12.12)

B zameuaete, aro omo Ha caMoM fexe cosmajgaer ¢ (12.10). Mu
IPOCTO BHBEIW €T0 [APYTHM CIoco6oM.

HomyeruM, ofHaxo, uwTo ML CHWSWIH Hamps:Kemme HA n-CTO-
PoHe mepexofa Ha Bexwauny AV — 210 MOMKHO cflenarh, TPUIOKIB
K Iepexojy BHEINHION pasHOocTh HOoTeHIHanoB. Temepp pasHUna
B HOTEeHIUaIaX 0 00e CTOPOHH MOTEHIUAJBHOTO XoaMa y:xe He V,
a V—AV. V r1orka NIONOKETENBOHX HOCHTeJeHd usz p-obracru
B n-06JacTh Telepb B ITOKa3aTele SKCHOHEHTH Oy/eT cTOATh KMEHHO
aTa pasHocTh moreHnuanos. O6osHauas »T0T TOK uYepes [, uUMeeM

I, ~ N, (p-o6aactp) e =9 (V=AVI/4T,
3ror Tok mpeBocxogur TOR [, B e~ 9AV/%T paz. 3uawur, Memay [,

u I, cymecrsyer cuenyiomas CBs3b:
I, =T e*adVixT, (12.13)

Tox m3 p-o6racTd NPU NPUIOKeHWYM BHEITHer0 HaUps:Kenusa AV
pacrer IO 9KCIOHeHTe. A TOK HOJOMWUTeNBbHHIX HOCHTenXeH u3
n-o6aacTH OcTaeTCA HOCTOAHHKM, IMoKa AV He CAHMOIKOM BeIHMKO.
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Hocraras Gapbepa, 3TH HOCHUTENH NO-Ipe;KHeMy GYNyT BUAETH mepef
co0ofi HAYIMMA @Oy ropy TOTeHHuad ¥ OyAyT BCe CKATHIBATLCA
B p-o6aacts. (Ecau AV Goapime ecTecTBeHHOH PA3HOCTH IOTEHITHA-
108 V, moJ0sKeHe MOKeT UBMEHNTHCS, HO UTO CIy9aeTcsd IPH TaKuX
BHICOKNX HampsKeHHAX, MH paccMarpuBath He 6yaeM.) B mrore
TOK IIOJORUTENBHEIX Hocuteneil J, Terymuil gepes nepexon, Oymner
OIIpeieAAThCA PasSHUIENd TOKOB B 00€ CTOPOHH:

T =1, (et9bV/nT 1), (12.14)

Ibipounsii Tox / Tewer B n-ob6aacts. TaMm mguprE mu@GYEAEDYIOT
B caMyio ray6s n-obracru M MOryT, Boobine TOBOpsI, aHHUTHIKPO-
BATH HA OCHOBHOI Macce OTPHIATENHHHX HOCHUTENeHl BIeKTPOHOR.
Y6BIIb DIEKTPOHOB, TEpsAEMHX LIpPH 3TOH AHHUTWIAIWH, BOCHOJ-
HAETCSI TOKOM JJEKTPOHOB W3 BHEIIHEr0 KOHTAKTAa MarepHala
n-TUOa.

Horga AV =0, to u tox B (12.14) pasern mymwo. Ecim AV
MOJOJKHUTENbHA, TOK ¢ HAalpHAKeHWeM pes3ko pacrer, a ecau AV
OTPUNATENBHA, 3HAK TOKA MEHSEeTCHA, HO YKCOOHEHNWANBHBI UjieH
BCKOpE CTAHOBUTCH IpeHeOpe:KuMMO MajbiM, M OTPHIATENLHEI TOR
HHKOTHAa He upessmaer [, — BeIWYUHE, KOTOpas, MO HameMy
HPeIoN0Ke N0, 09eHb Maxa. dror obparTubll Tok [, orpanmyen
TOR caaboil WIOTHOCTHIO, KOTOPOIl 00MazaT HEOCHOBHEE HOCHTENH
B n-06JacTd Iepexoa.

Ecau BH nposefere B TOYHOCTH TOT jKe aHAJM3 /sl TOKA OTPU-
DATeNBbHEX HOCHTENEll, TERYIEero wepes nepexoj, cmoepsa 0Oe3
BHeUIHell pasHOCTH MOTeHIMAJIOB, a Hocke ¢ HeGONBUION TPHI0KeH-
HOH m3BHE PasHOCTHIO moTeHnuanos AV, To gis cyMMapHOIO IeKT-
POHHOrO TOKA BBl OMmSTH MOJXY-
9iTe ypaBHeHWe, MOXOKee HA AI/1,
(12.14). UockoapKy momHbLd

TOK eCTh CyMMa TOKOB HOCHTe- 6T
nedl oGoero popa, 1o (12.14) 51
NPUMEHVMO ¥ K IOJHOMY TOKY,
€CIIW TOJBKO OTORAecTBUTH I, pan
¢ MaKcHMaJbpHEM TOKOM, KOTO- :
PHIH MOKeT Teub IPH IiepeMe- 31 1
He 3HaKa HAOPAREHU.
2__

D uz 12.10. 3asucumocmv moka
uepes nepexod om RNPUAOHCEHHOZO K
HEMY Hanparcenus.




Boasramuepnaa xapakrepucruxa (12.14) morasara ma ¢gur, 12.10.
Ona geMOHCTPHDYeET HaM THOHWYHOE IOBEJEHHE KPHCTAIIHIeCKHX
AUO/I0B, MOMOGHLIX TeM, KOTODHe IPUMEHSOTCS B COBPeMeHHHIX
BEIYHCAUTENbHEX MamuHaX. Hymuo ronpko samerurs, aro (12.14)
CIIpaBeJINBO JWNIb IIPH HeBHCOKUX HaupsukeHusX. [Ipu manpsase-
HUAX, CPAaBHAMHX C €CTeCTBEHHON BHYTpeHHell pasHOCTLIO IOTeH-
nuanoB V (WIN DpeBEIMIAIONINX €e), B NI'PY BXOMAT HOBbIE ABJIEHHA
U TOK y/Ke He IOAYHHAETCA CTOAb HPOCTOMY ypPaBHEHUIO.

Brrth MosieT, BE BCHOMHHITE, 9T0 B TOYHOCTH TAKOE 3Ke ypaBHe-
HUe MH LOJYYHJIN, TOBODA O «MeXaHWYeCKOM BEHIIPAMHUTEIE) —
xpamoBuke u cobauke [cM. ri. 46 (Bom. 4)]. Mm momywaam re ke
VpaBHEHMA, IIOTOMY YTO Jexalle B UX OCHOBe (H3MYecKie NPO-
I[CCCEL BEChMA CXOMKIL.

§ 6. Tpansicmop

Homanyii, caMBIM Ba;KHEIM OpPUMEHEHHEM MOJYIPOBOLHUKOB
ABAsercA m3obperenue Tpamsmcropa. CocromT OH M3 ABYX IOXY-
OpOBOJHMKOBEIX HEPeXO0Ji0B, PpACHOJ0KEHHHX BINIOTHY JpyT
K Apyry, 1 paboTa ero acTHYHO OHMPAETCA HA Te jKe IIPMHI{MIH,
KOTOpEIe MBI TOJIbKO 9TO OOMCHIBAIH, FOBOPA O MOJYIIPOBOLHUKOBOM
Juofe — BHOpsMaApnEeM nepexope. IlpegmonosuM, uto ME u3ro-
TOBHIIM M3 repMaHUA He6onbmo#d 6pycoder, COCTABIGHHbIN U3 Tpex
Y9aCTKOB: p-00m1acTh, n-00aacTs u omArh p-obiacts (fur. 12.11,a).
Takoe coweranue HMeHYeTCA p—n—p-TPAH3UCTOPOM. Benyr cebs
3TH HePeXOAH B TPAHBUCTODPE IPUMEPHO TAK Ke, KAK OMUCHBAIOCH
B mpeimpynieM maparpage. B wacTHOCTH, B RaKIOM mepexofe
RoJaskeH HAOMXIONAaTHCA Iepenaj NOTeHIWana — IaJeHWe IOTeHI[A-
ajia U3 n-001acTi B KaKAYI0 U3 p-obnacreii. Ecau BuyTpennue csoii-
cTBa 06emx p-obinacTeil OAWHAKOBEL, TO NOTEHNMAN BIONH OPyCcouKa
MeHsieTcA TaK, Kak moxasaHo Ha ¢ur. 12.11,6.

Teneps npeacrasbre cebe, 9ro Kaswias m3 Tpex oGlacredl mon-
KIi04eHa K WCTOYHWKY BHENIHero HaupsikeHus (pur. 12.12,a).
Bynem orHOCHTH Bce HANpPA/KEHHA K KOHTAKTy, IPUCOeMHEHHOMY

|
v

POV ——

@ ue 12.11. Pacnpedesenue no-
meHyuara edoav mpanaucmopa,
ecAl He NMPUAOICEeHRO HAnRpAIcenue,

—
TS
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@ uz. 12.12. Pacnpedeacnue
nomenyuaia 6 pabomanoujern
mpansucmope.

15 by
T

i o s e e

K neBoil p-o6;acTw, Tak 9TO HA 9TOM KOHTAKTe IOTeHHua€ Gyner
paBeH Hy;I0. 9TOT KOHTAKT MBI HA30BEM IMUMMEPOM; n-obaacrb
HasmBaeTcsi 6a3oll, WIN 0CHOSAKUEM, K Hell mojBe/ieR caabulii oTpu-
IaTeIbHEl MOTeHIAAN; OpaBasg p-061acTh HasHBAGTCA KOALEKMO-
PO, K Heil MOABeNEH HAMHOTO 60 UM OTPHALATENHHBI HOoTeHI A .
B rtakux ycaopmAx moteHnman OyseT MeHATHCHA BONb KPHCTAJIIA
TaK, KaK moKazaHo Ha ¢ur. 12.12,6.

TlocMoTpuM cHagana, 9T0 HPOMCXOMUT € WOJOFKUTETHHHMU
HOCHTEJSIME, TOTOMY 9TO UMEHHO HX IIOBEJleHuEe B IEPBYI0 0Iepefb
yupasuasier paboroil p—n—p-TpansucTopa. Pas moreHnmam sMmr-
tepa 6Gosee IMONOMKHUTENEH, HE)KeJHM MOTeHUHan 6ashl, TO M3 HMUT-
Tepa B 6a3y TOifieT TOK MOJORUTeIBHEX Hocureneil. Tok aror x0-
BOJBHO BEJWK, TOTOMY UTO Tepe] HaMH IIepeXoj, paboTawmuil npu
(IOTANKEBAIOIEM HANPKEHNN» (470 OTBEYaeT IPABOM IIOJIOBUHE
kpusoi ma ¢ur. 12.10). llpn TakuX yCcaOBHsAX MOJOKUTENbHEE HO-
CHUTeNAW, WAW [BPKHE, OYIyT «IMETTHDPOBATHCA» U3 p-00aacTH
B n-o6macth. MojteT mOKAa3aThCA, ITO BTOT TOK BHITEdeT M3 n-00Ja-
ctm uepes kxonrtakr B. Ho 3gecs-To m Tauress cexper TpPaH3H-
cropa. 9ta n-ofmacThb JeNaeTcs OYeHb Y3KOH, TOMHIMHOHE OGBITHO
B 1078 cx, a TO M y)Ke, HAMHOTO YiKe, 4eM ee IollepedHble Pa3MepH.
ClesoBaTelbHO, ¥ OBIPOK, IMONABUIMX B n-00macTh, MMeeTcs OYEHD
60abII0H MaHC yemeTh OpoaudyHAUpOBATH dYepes BCIO obxacth
JI0 CJIe[[yIOMeTo MepeXona, npexje 9eM OHM aHHUTHIINPYIOT C DIEKT-
poHamMu p-06xacTH. A Korga OHH TOZOHAYT K HpPaBOd TIDAHUNE
r-oGnactd, omu oOHApy:KaT mepen coboil KpyTOH CHYyCK ¢ HOTEH-
IMUAIBHOTO X0aAMa M CXOAY CCHILIIOTCS B WpaBylo p-0061actb. Jra
CTOpOHA KPUCTANJIA HA3BIBAETCA KOAAEKMOpOM, MIOTOMY YTO OH

43



cobmpaeT AHPKE LOCJHE TOr0, KAK OHH HPOCKOIB3HYT depes n-o6-
jJacTb. B THNHMYHOM TpAH3mMCTOpPE TMOYTH BeCh AbIPOYHLIA TOK, BH-
HIeAIIWH M3 SMUTTepa W momasmuil Ha 0asy, cobupaercsa B obmacti
KOJLIEKTOPA, W TOJABKO JKAJIKWe OCTATKU (ZOJIH HPONMEHTA) BRIIO-
qalTeA B CyMMapHHIM TOR ¢ smexrpoja Oassl. CymMMa TOKOB 13
6assl W KOJJIEKTOPA, eCTeCTBEHHO, paBHA TOKY depe3 BMHTTEp.

Temeps npejicrasuM cebe, 976 moayuuTEsA, €CHE MH OyIeM cieTKa
MensaTh morenmuan Vy romrakra. Ilockombrky MBI HaXOmHMCS
HA CpaBHUTENbHO KpyrToil wacrtum kpumsoii ¢ur. 12.10, nerxme
H3MEHeHWsI MOTeHNuana Vp JOBOJBHO 3HAYMTENHHO OTpPA3ATCA Ha
toke sMmurrepa Ip. A manpsiKeHme Ha RoJJexTope Vy HaAMHOIO
fojee oTpuUmareNrbHO, WeM HaOpsIKeHWe HAa 3JeKTpope 0GasH,
un 3TH ciaabele M3MEHEHHA HOTEHIUANA He CKa)KyTCSI 3aMeTHO HA
KPYyTOM IOTEHIUAJBHOM XO0JMe MEXRAYy ©6a30if # KOMIEKTOPOM.
BoabmuHCTBO MOMOATENBHEX HOCHTENeH, HCOYIEHHKX B n-00-
74CTh, MO-TpeskHeMYy OyayT monafath B rollexrop. Mrak, mame-
HEHHAM NOTEHULHAAA »3aeKkTpoma Oasw OyAyr OTBewarh W3Me-
HeHUs TOKa uepes xoaxextop Iy;. CymecTBeHHO, OQHAKO, UTO TOK
wepes 6aszy Iy Bce BpeMms OyfeT COCTaBJATH JUIMMb HeOOABUIYIO
9aCTh TORA yepe3 KoudekTop. TpaHAameTop —— 9T0 yCHIWTEND; He-
6onpuioil TOK Iy, npoXoaamuil wepes suerTpon 6a3sl, MpHUBeNeT K
cunbEOMY 10Ky (pas s 100 cunbHeil, a o 1 60abie) Gepes KOJIeK-
TOPHBI 3JEeKTPOZ,.

A rak e ofcTOMT [EJI0 ¢ DIEKTPOHAME — C OTPHIATEIbHEIMHU
HOCHUTEJNSMHE, KOTOPHIME MB J0 CHX 0D mpeHeGperanum? 3aMerbre,
BO-IIEPBHIX, 49T0 MEKAY 0as30H M KOJNJIEKTOpOM MH He ORHAaeM
CKONBKO-HUOYIE 3aMEeTHOTO TOKA 3JieKTpoHoB. llpm crons GonabimoM
OTPHIATEIHPHOM HAOPSKEHUN HA KOJJIEKTOpPe BJIeKTPeHaM u3 0asH
OpUILIOch Obl KapaGKaThcsA HA 096HB BRICOKUN HOTeHHUAJ bHBIH
XO0JIM, ¥ BepOATHOCTh BTOr0 OYeHb Mana. Tok 9JeKTPOHOB HAa KOJ-
JAEKTOP 09eHb caalb.

Ho, ¢ Apyroit cTopoHHI, 5JIEKTPOHE ¢ 06as3H Mo2ym HepPeXOoxuTh
B obacth sMuTTepa. MOMRHO OKUAATE, 9TO BACKTPOHHKIA TOK B 9TOM
HaOpaBieHuM OyoeT CPaBHEM C [IHPOYHHEIM TOKOM OT 3SMUTTEpa
R 6aze. Tarkoil 9JeKTPOHHHI TOK MOJb3H He HPHHOCUT, Ja’Ke HA-
0o60por, mOTOMY uTO OH YyBeNHYMBAET IONHHI TOK Hepes Gasy,
HYHHBIA s Toro, 9To0H TOK NHPOK K KONJIEKTOPY UMel JaHHYIO
Benmauny. llosroMy rtpasdsmcTop ycTpamepaercs Tak, 4TOOH TOK
BIEKTPOHOB K DMHUTTEDY CBECTH [0 caMOH MAJOCTH. JIEKTPOHHHIN
TOK Iponopnuonanen IV, (6a3bl)-—ILI0THOCTE OTPULATENHHBIX HOCH-
TeJqeil B BemecTBe 6asbl, TOTHA Kak NBIPOYHBIA TOK OT SMUTTEPA
sasucur or IV, (SMI/ITTepa)—nJIOTHOCTI/I HOJORATEIBHEX HOCHTesned
B obaacTu 9MHTTepa CpasuurensH0 HeGoAbmMUM HoOaBIEHUEM
upyMecH B Matepual n-Tuma NV, (6assl) MosKeT GHTH CAEIAHO MHOTO
‘mMenbme, seM N, (3Murrepa). (Kpome Toro, cuabao moMoraer odvenn
Majasg TOJIIIII/IHa fa3s, DOTOMY YTO BEIMETAHWE ABIPOK M3 DTO
06J1acTH B KOJIEKTOp 3aMETHO YBeMHMIHBAET CPEXHUH NHPOUHBIA
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TOK OT sMurTepa K 6ase, H6 3aTparuBas HIEKTPOHHOTO TOKA.)
B mrore TOK 9JEKTPOHOB 4Uepe3 ImepeXxoj IMHUTTep — 0a3a MOKer
6HTH CAelNaH MHOTO ciafee TOKA AHPOK, TAK UTO AEKTPOHEL B pa-
6ore p-—n—p-TpaH3WCTOpPA 3aMETHOH pOXH He HIpalT. TOoKH
B OCHOBHOM OTpEIeNSIOTCA ABH;KeHMeM IHpPOK, W TPAHZUCTOD HUI-
paeT poJb YCHIUTENS.

Moxuo TawKe cuenarh TpPAH3WCTOP, TOMeHAB Ha ¢ur. 12.11
MecTaMH MaTepuajbl p-THHA U r-tHma. Torja DOJYIUTCSA Tak Ha3H-
BaeMHil n—p—n-TpaH3ucrop. B TakoM TpaH3UCTOpPe OCHOBHOI
TOK — 3TO TOK DJIEKTPOHOB, TEKYMUH OT BMmTTEpa K Gase, a o7-
TyZa — B KOIJNeKTOp. PasyMeercs, Bce paccy:JieHHA, KOTOpPHIe
MH IPOBOAWIM AJdA p—n—p-TPAH3NCTOPA, B paBHOH Mepe mpuMe-
HUMBI U K n— p—N-TPAH3NCTOPY, €CHU TOJHKO TEPEeMEHUTH 3HAKH
TIOTEHUINAJIOB BJIEKTPOJOB.



I'rasa 13

IPIBIIKENAE HE3ABICHMBIX
YACTHI]

§ 1. Cnunosvie 6oarwt

B ra. 11 mMp paspaboraam T1eopiao  pacupo-
cTpageHuds siaeKTpoHa waum afoboll mApyroit «ua-
CTHIBY, HATPUMEP aTOMHOTO BO30Y#AIeHuA, B0 DL
KPHUCTANIAYECKON peurerky. B mpensigymeii raase
MEl BTy TEOPHI0 NPUMEHHIN K MOJYIPOBOIHHUKAM.
Ho xora piexTpoHOB y Hac Bcerma OGRIIO MHOIO,
MBI TeM He MeHee HeH3MeHHO IpeHedpeTall KakuM-
u00 B3auMOJelicTBIMEM MEKAY HHMH. JTO, KOHed-
Ho, OO He Oonee weM npuGAW/KeHUe, W MH
ceifuac mocrapaemcs ray0ie pasodpaTbea B camoil
MBICJIH O TOM, UTO B3aUMOJeHCTBUEM MeKY DIeKT-
poHaMu pasperiaerca npemebperarb. Msl K TOMY
7Ke BOCHIOJB3YeMCH BO3MORHOCTBI0 IPOJEeMOHCTPH-
poBaTh HOBHE MPHMEHEHHA TEOPUHU PACIPOCTpake-
uug gactur. [lockoapKy MBI Hmo-mpeskHEMY OyIeM
TPOMIOJIKATH mpeHe0perarh B3ANMOJEHCTBeM MeK-
oy dHacTHHaMu, 10 (aKTHYeCKH B HTOH TiaBe
Oyzler oYeHb MaJO HOBOTO, Pa3Be UTO HOBHe MpPHU-
nomenna. OgHAKO TepBHI ITpuUMep, KOTOPHIA MBI
XOTHM PaccMOrperTh,— 3TO MPHMEp, B KOTOPOM
CCTh BO3MOJKHOCTH COBEPIHICHHO TOYHO BBIIKCATH
OpaBUJIbHHE ypaBHeHmA [JiA ciaydas, Korga
«gactarny Ooxpume 9eM opgHa. W3 HUX MEL CMOKeM
yBOfeTh, Kak Jexaercsa mpubimmKenRne mpeHeOpe-
yenusa B3amMofelicTemeM. BropodeMm, MBl He GymeM
CHUIIKOM TINATEJIbHO AHAJUBUPOBATH BJTY IPO-
oneMy.

B xadectBe mepBOr0o mpuMepa PaccMOTPEM
«COMHOBYIO BOJAHY» B (leppOMaTHINTHOM KPHCTAJIe.

Teopuu feppoMaraeTnamMa MH Racanuch B 171.36
(spim. 7). Ilpu mynemoil Temmeparype Bce CIMHH
37€KTPOHOB, KOTOpHE [JAai0T BKIAX B MarHETH3M
Beero (JepPOMATHUTHOTO KPHUCTANA, IapalelbHb
Mesrny co6oil. Mexny cnuHaMu cyIecTBYeT sHep-
rEA B3aAMOJIeCTBHA, KOTOpas HUKe BCero TOTAA,
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KOTa BCe CIMHB HampapieHH BHU3. Ho mpm HeHymeBoii reMmepa-
Type HMeercs Kakag-TO BEPOATHOCTH TOTO, YTO 4YacTh CIHMHOB
mepeBepHETCA. ITY BEpPOATHOCTH TOT[A MB LPUONKEHHO HOM-
camreieasd. Ha aror pas ME pasoBbeM KBAHTOBOMEXAHWIECKYIO
Teopuo ABJIeHHsA, 9r00H 3HATH, 4T6 Nenarh, eCAHN HYIKHO OyAeT
pemirh 3afagy rounee. Ho MH Bee eme GyeM npuberars K Haea-
samyuu: OyaeM cumraTh, 9TO BIEKTPOHHL pacloJOyKeHbl BOIMBH aTo-
MOB, a CHOHHBL B3aHMOJIEHCTBYIOT TOABKO €O CBOHMH COCEISIMH.

PaccMoTpuM Takylo MOMeNb: HyCTh B KajKIOM aTOMe BCE HIEKT-
POHEI, KpOMe OHOTO, CIAPEHHI, W Bech MaTHUTHHIH sdgerr 06s13aH
TOMY, UTO B KaKAOM aTOMe OCTAETCS OQWH HecHapeHHSBI 3JeKTPoH
co cumHoM /.. BoofpasuM emie, 9TO 9TH 3IeKTPOHB PACHOTOHEHE]
B TeX CaMBIX y3JaX PeUIeTKH, Ife Haxopsrca atomsi. Mopeab B 06-
IHX Jeprax OTBeuaeT MEeTA/INYCCKOMY HUKEIio.

HpoMe roro, gomycrum, wuro giofas mapa BpamiaioumXcA CO-
cefleli-3IeKTPOHOB B3aUMOMIEHCTBYeT ApYyr ¢ /JApYyTOM M 9TO KajK-
Jloe Taroe B3auUMOfeficTBHe 100aBigeT B SHePTHI0 CHCTEMHI IO Cla-
TaeMOMY:

E=— %Ko, o, (13.1)

i,

30ech 0 IPEJCTABIAIOT cOGOM COMHBI, a CYMMHDOBRHHE WIET
o BceM HapaM cocefeii-amexkTpoHos. Ml yiRe TOBODHIH O IO-
A00HOIl SHePTHE B3aWMOAeilcTBMA, pacCMaTpUBasg CBEPXTOHKO®
pacienieHne BOAOPO/IA, BEIBHBAEMOE B3aUMO/eiicTRHeM MAarHUTHBIX
MOMEHTOB 3JIEKTpOHAa M IIPOTOHA B aToMe Bojopofaa. Torna Mul BHpa-
#axn 9710 B BUe A0, 0, Ha oTor pas mis mampo#t maps, ckaxkeM
751 3JeKTPOHOB M3 atoMa Ne 4 m w3 aroMa Ne 5, raMIIbTOHHAH
umeer pug —Ko, -0, Hampgasa rakas mapa Jaer mo 0gHOMY cjiarae-
MOMY, & Bech TaMHIBTOHHAH (Kak 3710 OpIBaeT M ¢ KJIaCCUYECKHMU
DHEPTHsIME) €CTh CYMMa TaKMX CJIaraeMulX [IJIsI KaKjoH B3amMo-
JelicTBymeil mapsl. JHepruA Hanumcama ¢ MHORHTenreM —K, Tax
970 mosomuTensroe K orBevaer geppoMarseTusMy, T. €. TOMY CIY-
a0, KOIZA HAMHH3IMASA SHepIrus mojydaercsd IPH HapaiaelbHOCTH
cocefHUX cO¥HOB. B peansHOM Kpmeramie MOTyT HOABHUTHCA H
Apyrue cilaraeMbie — B3aMMofeldcTBHEe C COCEOM [epe3 o00HO20
H T. ., HO Ha HallleM YPOBHE TaKWe VCJIOKHEHHA HAM He IOHA-
fobsites.

Pacmonaras rammnbronnmanoM (13.1), mbl ofaapjaeM U HOJHEIM
onucanueM (eppomMarHeTnka (B paMKax Hamero npubImKeHus),
TaK YT0 W3 HEero JOJAHHE MOJYYUThCA Bce MATHHTHBIE CBOMCTBA.
HKpowme Toro, 13 HEro e JOJIKHEL MOAYIaTHCA B TePMOTHHAMUYECKIR
CBOlicTBA TpU HaMarHUumpaHUd. Kciau Msi CMOKEM ONmpemeNuTh
BCe YpOBHY DHEDPTHH, TO MOKHO fyzer HailTy ¥ cBoficTBAa KPHCTANIA
npu remneparype I', OCHOBHBasCh Ha TOM, 9TO JJIf CHCTEMBI BEPOAT-
HOCTh OKA3aThCA B JAHHOM COCTOSHWH ¢ sHeprueid E mpomopuuo-
HanbHa e~ E/*T, Jra szajaga HuroT#a He OmUIA pemmeHa N0 KOHNA.
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Heroropsie 3agaqy ME cMOKeM pazofparth HA IPOCTOM UpuMepe,
KOIZIa BCe aTOMHI JIe;KaT Ha OJHOH mpaAMoii — cayuail ogHOMepHOH
pemerku. Bee 9Tu nipe/icTaBaeENA BH IOTOM JIeTKO CMOKeTe pacupo-
CTpPaBHUTh HA TpexMepHYI0 pemerrky. Boane kaxgoro aroma mmeercst
DJIEKTPOH; Y HEI'0 €CTh ABA BOSMOJKHEIX COCTOSHHSA — JUO0 CHHHOM
BBepX, an60 PHEZ, M BCA CHCTEMA ONMCHIRaeTCA IepevnciaeHneM Ha-
UpaBIeHnil cuuHoB. B KadecTBe raMuibTOHMAHA CHCTEMH BO3HMEM
_omeparop SHepruH paauMmoneidcrsuda. Uurepnperupyda cnHHOBbIE
pextops (13.1) waw cUrMa-omepaTtopsl, WU cHrMa-MaTpHI(BI, MbI
HaOouiweM s JUHeHHOR pelneTKM

- A~ -

q=3 (—Tan.am)- (13.2)
B orom ypaBHeHmM Ans yRoOCTBA HAIMCAH MHOMKHTENb A/2 (Tan
YTO HEKOTOpPHE U3 JadbHeAUNX ypaBHEHMI B TOYHOCTH COBHALYT
¢ ypaBHeHWsMH u3 Tia. 11).

Haxono sxe Hanamsniee coctostaue cucreMu? CoCcTosnue HAWHIS-
mieii 9HEPIUH 9TO TO COCTOSHWE, KOT[A BCe CIOMHH 1A pPAJLIe]bHH,
cKameM BCe TIAAAT BBepX*. I10 cocrospue MOKHO 0003HAUUTH
Voo =-F--...>, munm | ocH. ), 97065 TOAYEPKEYTH, YTO OHO «OC-
HOBHOe», HaWHNUsee, JHEPTHUIO ITOTO COCTOAHUA JeTKO cede mpen-
craBurh. MoHO, HanpuMep, PacIUCATh BCE CUTMa-BeKTOPH Tepe3
0., 0, M0, aKKYPATHO IOJCINTATh, KAKOB BKJIAJ KAKIOTO M3 HIX
B SHepl‘I/IIO OCHOBHOTO COCTOSHHsI, M BCe 3areM caorurs. Ilyrs,
O[IHAKO, MO}XHO CUIBHO COKPATHTH. B ra. 10, § 2 (Bsin. 8) MbI BU-
[€JIN, 9TO 0‘ 0‘ MosKeT OHITH BRIpaKeHO gepes COIWH-OOMeHHEIH orme-
parop HayJII/I

ol CHHH-00M __
6;-0,= (2P} 1), (13.3)
CIHH-06M . .
IJie omeparop P o0MeH¥BaeT COMHH i-TO U j-TO 3JeKTPOHOB.

HOCJIe S’IOI/I OOACTAHOBKH raMHUJIbTOHHAH O6pamaeTCH B
A=—4 )y < poon_ _;-) . (13.4)

Temeps y)xe J€rK0 WOMCYUTATH, UF0 WPOHCXOAUT B PABNHUIHHX CO-
crosunax. HaopuMep, ecaiv u [ 1 j cMOTpAT BBEpX, 70 0OMeH cuu-
HAMHU HU4Eero He MeHAET, Tak 410 P,;, MAeiCTBYs Ha COCTOAHHE,
OIATh HOPHBOJAT K TOMY K€ COCTOAHHUIO, T. €. OHO PaBHO3HAYHO
yunoskennic ma --1. Brrpamenme P,;— 1/, mpocto pasHO Y/,.
(B pambpmeiimeM caoBa <«cuuH-00M» Ham P Mul nmcarb e GyHeM.)

* (CHOBHOe COCTOSIHHE 3[eCh Ha CaMOM Jiefle «BHPOKmenoy, CymecTByIOT
W ApyTHe COCTOSHEA ¢ TOM jKe DHepruell, HANpPHMep, KOTHA Bee CHANE CMOTPAT
BHU3 WIR B JI06y10 1pyryo cTopory. Ho Hajlomxenne caMmoro ¢j1a60ro BaemHero
I0jIA B HampaBlleHUHM z CHAOMUT Bce DTH COCTOAHMS Da3IHIHON HHEprHeii, m
VICTHHHAIM OCHOBHHM COCTOSIHHEM OKaiKeTcs KaK pas TO, KOTOpOoe M BhIOpaiu.
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@ uea. 13.1. Basucmwoe cocmoanue
\z5> cucmemit cnurnos, pPACROAOHCEHHBE
no o0dmol auHUL.

Bee cnuitht HANDASALHB €8epX, ¢ Mom, 4MO
& X5, NEPEGEPHYM,

B ocHorHOM cocTOAHWY BCe CHMHH HANPABIEHH BBEPX; 3HATNT,
00MeH n060i mapodl COEHOB IPHBOIUT ONATH K HCXOJHOMY COCTOS-
auo. OcHOBHOE coCTOAWIR ABIAETCA cTAaNMOHapHEIM. Feau momeiicT-
BOBaTh HA HET0 IAMWUIbTOHHAHOM, HOJYIATCA ONSTH TO He COCTOs-
HUe, YMHOKEHHO2 HA cyMMy dmcen —(A/2), mo ogHOMY Ha KayKIyio
mapy cuueoB. VHade rosops, SHepPrusa CHCTEMH B OCHOBHOM COCTOS-~
HIAW cocrasiser mo —A/2 Ha aroM.

Teneps nopcunraeM sHe pruf HEKOTOPHX 3030 YIKIEHHBIX COCTOSI~
HAN. Y000 6ymeT 0TCauTHIBATh SHEPTUHE 0T OCHOBHOTO COCTOAHMIA,
T. €. B KAueCTBE HyJIEBOii SHEepPrHMH BHOPATH HHEPTUI0 OCHOBHOIO
COCTOSIHYA. JTOr0 MOYKHO KOJUTHCS, ROoDABHB K KasKAOMY claraeMo-
My B raMuibroHuaue mo sHepruu A/2. Torma 1/, B (13.4) mpocro
3aMeHurcA epuHmneli. Ham HOBHIA raMmabronmaun Oyner paBeH

R :_Ag(pn,nﬂ_ﬁ. (13.5)

Ilpm rakom raMunbsTOHWAHe SHEPTMA HUBINEr0 COCTOAHHA paBHA
HyJ10; COUH-OOMEHHEBLI OmepaTop paBHO3HAYEH YMHOKEHH0 HAa
eMHUIY (I OCHORHOTO COCTOSAHNS), ITO COKPAIAETCA ¢ equHnnEeit
B KaJKJOM CIIaraeMoM.

Ilns onmcamuA cOCTOAHMIT, OTIMIHEIX OT OCHOBHOTO, HAM IOHA-~
H0BUTCA CBOSI COBOKYIHOCTD OA3MCHBIX COCTOAHMI, Y M0GHO mofoiiTh
K Jiely Tak: CTPYUIIHPOBATH COCTOSHUS B COOTBETCTBMH € TeM, Y
CKOJABKUX DJAEGKTPOHOB COWH HAIPaBJIeH BHU3: y OJHOTO JH, Y ABYX
u r. 1. HoHeuHno, cocrosBWA, KOT[a OAWH COMH HAIPABJEH BHUS,
09eHb MHOTO: OH MOjker OBITH ONPOKHHYT, CKaskeM, y atoMa N 4
wiz y Ne 5, wnm y Ne 6... W1 Mo:xHO, KoHEYHO, B KadecTBe DasmCHBIX
cocToAnuil BHOpaTs WMEHHO TAKHE COCTOSHHUA, O003HAUMR HX
[ 4>, 15>, 16, ... Ogparo mia manbHeiimero ynoOHee, eclH Mbl
OyneM orMedaTb «HM3 psja BOH BHXOAAMMA atoM» (TOT, Y KOTOPOTO
CUUH HampaBieH BHU3) er0 KoopauHatoi z. Waade roBopsi, Ml onpe-
AeNNM cocTOAHMe | Z; ) KAK Takoe, B KOTOPOM BCe 3JIeKTPOHH Bpa-
IMAWTCA COEHAMM BBEEpX, H OJUH TOALKO (TOT, 4TO BO3JAE aTOMAa B
TOUKe ) Bpamaerca cnuHoM suams (pur. 13.1). Boobme, | z,)
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yner 0603Ha9aTh COCTOAHHUE C OFHTIM NepeBepHYTHM COMHOM, pac-
DOJOMEHHEIM B KOOPITHATE £, A-I'0 ATOMA. '

Hax e geiicteyer ramunpronuan (13.5) Ha cocrosmme | x;)?
Opue u3 YieHOB IaMIUIbTOHHAHA 370, cKamem, — A (P, g—1).

Omneparop P, ; oOMeHmBaeT cumHAMM ABa cocefHmXx aromMa Ne 7 m
N: 8. Ho B cocrosrun | z,) oHu o6a HampaBJIeHH BBepX, Tai 4TO

HI1Yero He MEHAETCH, P7,8 PABHO3HAYHO YMHOMKEHHIO HA eJWHHIY.

p7, sl Ts>=]a5>.
Orcopa cnegyer

(pn g—1)|zs> =0.

Crano 6biTh, BCe UIeHH TraMUABTOHHAHZ, KPOME TeX, Kyla BXO-

nur atrom N 5, mamyr Hyas. Omepangua P, ;, AeidcTBYys Ha €o-
CTOAIRME | z,>, o6mennBaer cimHamu aToM Ne 4 (CO COHOM BBEpX)
u aroM Ne 5 (co cumbHoM BuHm3), B pesynsrate mogpiserca co-
cTOAHTe, B KOTOPOM BCE CHOWHK CMOTPSIT BBEpX, KpOMe aroMa
B TouKke 4. MHaue rosops,

Py sl =[x,
TouHo Taxr ke

Py glzsd =]z,
3HaudT, W30 BCero raMHJBTOHWAHA BBURUBYT TOJBKO WIIEHHI

— 4 (P4,5——1) u —A(P;, s—1). Hdeiicreys na |25>, onm pajyr
coorBeTcTBeHHO — A |z,> -+ A |z;> 1 —A| x>+ A|2;>. B mrore

ﬁ]$5>:—A2(pn.n+1 —1)]235):
=—A{|z)> 2> —2]a5>]}. (13.6)

Forma raMuasTOHMAH AeficTBYET HA COCTOAHUE | Iy ), TO BOBHMU-
KaeT HeKOTOpasa aMILUIUTYA OKa3arhesl B COCTOAHMAX | 2, ) U | x4 ).
9T0 HPOCTO 03HAYAET, 4TO CYMECTBYET ONPEReIeHHAA aMIIHUTYA
TOTO, 4TO HANPABJIEHHBIH KHU3Yy COHMH IIePEOPHTHET K COCETHEMY
aToMy. SHAUYMT, H3-32 B3aMMOMEHCTBUA MY CIUHAMY, eCaN BHA-
qajie OMUWH COUH OB HampasieH BHW3, HMEETCH HEKOTOPas Be-
POATHOCTH TOTO, 9TO HO37Hee BMeCTO Hero BHHB OymeT CMOTPETHh
apyroii. Ilpu pe#iciemm ma cocrosiHue | z,) raMWAbTOHHAH JAaeT

Alz>=—A{lz,, >+]|2,_>—2lz,>}. (13.7)

JdaMerbre, B 9ACTHOCTH, YTO €CIH B35ITh HMOJHYI CUCTEMY COCTOA-
BIA TONBKO C OFHAM CHNHOM-<HePEBepTHINeM», TO OHH OyayT
IICPEMELTHBATLCA TONBKO MeXAYy co00ii. 'aMunhToOHNAE HUKOTHA He
nepeMemiaeT 9TH COCTOAHUA ¢ APYIUMH, B KOTOPHIX CIMHOB-{mepe-
Bepreimeily Gonbme. Iloka BH ToabKO OOGMeHHBAaeTeChH COMHAMM,
BH HEKOTA He CMOKeTe H3MEeHHTh OOMIEro KOJM9ecTBA mepeBepTHI-
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meii. Yao6mao GyaeT WCOOJM530BATh A raMAALTOHNAHA MaTpPHYHOL

ofozHavenne, crameM, I, .= {z, | H | z,>; ypasmerme (13.7)
SKBUBAJEHTHO CIE[YIOLEMY:
H, =24, H, o=H,,,=—A4, (13.8)
H =0-<ma |rn—m]|>1.

naym

KHaxoBH 3Ke Teneps ypoBHM JHePrUM A COCTOAHUN ¢ ONHHM
nepesepHyTHIM cruHOM? Ilyers, Kan ofeuHO, €, — aMIOAUTY/IA TOTO,
9TO HEKOTOpOe COCTOSIHHEe |1 HaXOguTCAd B COCTOAHUM | Zp ).
Ecmm Mp xornM, wrofsl |¢) 6bLI0 COCTOAHMEM ¢ OIpeJeiieHHON
sHeprueit, 10 nee C, 00A3aHL OAMHAKOBO MEHATHCA CO BPEMEHEM,
a UMEeHHO 10 TDABHIY

C,=a,e~E/h, (13.9)
Tlogcrasum sto npoGmoe pemennme B Hame OGHYHOE ypaBHeHuUe
laMuabrona
.3 dC
ih 2= H,,C, (13.10)

ne

HWCHOOJAb3yA B Kadecre MaTpuuHsIX sxementos (13.8). Mel, rRoHedHO,
nmoayauM 6OecKomedHoe WOJIMYECTBO YPABHEHMIT, HO BCe MX MOIKHO
6ynmer samimcaTs B Bue

Ea,=2Aa,—Aa, ,—Aa,_,. (13.11)

Ilepen HaMu omATH B TOUHOCTH Ta sKe 3ajaga, 9ro u B ra. 11, toxsko
TaMm, I'je papbmnie crosno £, remeps crour 2A. Pemenus orsevaioT
ammruryzaMm C, (aMIINTY[aM ¢ IePeBepHyTHM COHHOM), KOTOpHE
PaAcOpPOCTPAHAIOTCA BIAOJH PEHIETKM ¢ KOHCTAHTOH pacirpocTpasne-
HuA k m sHeprumeii

E=2A (1 —coskb), (13.12)

e b — moCTOAHHAA pEUIeTKU.

Pemrenus ¢ ompefesiernoil sHEPrueil 0TBEYAOT «BOJIHAM) e PEBO-
poTa cuuHA, HASHBAEMBIM (CIOMHOBHIME BonmaMmy. W musa wkammoi
JUIMHB BOJIHBI MMEETCS COOTBETCTBYOINAA smHeprud. {aag Gonpmmux
JVIMH BOJIH (MAJBIX k) 97a 9HEPIUA MEHAETCA O BAKOHY

E—= Ab2k2. (13.13)
Hax u npesxzie, Myl MosieM Teleph B3ATH JOKAJIU30BAHHHIN BOJHO-
BOIl maKer (cofep:;Kammuii, OHAKO, TOJBKO NJIWHHEIE BOJIHH), KOTO-
PHII COOTBETCTBYET TOMY, 9TO 3JIEKTPOH-(IePEBEPTHIII OKAMETCA B
TAKOB-TO YacTH pemleTKH. JTOT HEPEBEepHYTHIA cOud OymeT BecTH
cebsa Kak «gacTumar. Tar Kak ee sHepruaA cpsaszama ¢ k QopMyaoi
(13.13), o adpdpextusHas Macca «aacTHIE Gymer papHa

ke
Moy = 7 - (13.14)

Taxwue ¢JACTUIBDY UHOTAA MMEHYIOT (MArfaoHAMID»,
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§ 2. Jdee cnunoevie 60aHbL

Teneps Mel X0oTeAX OBl BEACHUTH, 9T0 TMPOUCXOMUT, KOT[A HMe-
eTcA mapa nepeBepHYTHX cnuuaoB. ONATL HAUHEM ¢ BHOOpPA CHCTEMEL
fasucHEnX cocrosHumii. BrfepeM Takuwe cOCTO AHHA, KOIrja CHOUHEL
IepeBepHYTH B KaKHX-TO [BYX MecraX (rak, Kak Ha ¢ur. 13.2).
OTU COCTOSHYUSI MOMKHO, CKA/KeM, OTMEYATH Z-KOODIWHATAMH TeX
ABYX Y3IOB pemerkd, B KOTOPHX OKA3AJINUCh JJICKTPOHEL € IIe-
peBepHYTEIM cnumHEOM. TO, 4T0 Ha pUCYHKEe, MOKHO 0003HAYHTH
|2,, 25 >. B obmem caygae 6a3uCHEC COCTOTHUA OYAYT | Ty, T, 0 —
MBaRIEL OeckoHewHAA COBORYIHOCTH! Ilpum TakoMm cnocofe onucanms
COCTOSIHHIE | Zy, Zy» U COCTOAHMUE | Zp, Z, » COBIAJAIOT, IOTOMY UTO
Kasi0e U3 HUX OPOCTO TOBOPHUT, UTO B TOUKAX 4 ¥ 9 coum mepesep-
HyT; HOPAAOK HX He mMeeT 3HaueHusi. He wMzer Tawme cMbIcIa
COCTOSIHUE | Z,, &y » — TAKOTO IPOcTO OHITH He Moyker. Jlio6oe co-
CTOAHZEe | > MBI MO)KeM ONHCATh, 3a7aB aMIVIMTY/H TOTO, 9T0 OHO
O0HADYRUTCA B OJ{HOM M3 Oa3MCHHX COCTOAHMIH.

Wrag, C, , = {x,, T, |{) Tenepsr o3HaTaeT aMIIUTYLY TOTO,
9TO CHCTEMA B COCTOSHUM |1 ) ORaKeTcs B COCTOAHNM, KOTOAa y
BJIEKTPOHOB, CTOAMAX BOIUSH M-T0 B R-TO ATOMOB, CIIUHEL CMOTPAT
BHU3. CIOKHEOCTH, KOTOpPHIE Temeph BOBHUKHYT, OYAYT CBASAHE
He ¢ YCIoKHeHHeM ujeil,— 870 GyOyT mpocTo YCIOKHEHWUA B
oyxranrepuu. (OfHA H3 CcROKHOCTEH KBAHTOBOM MeXAHHKHM Kaw
pas ¥ COCTOMT B I'pPOMO3AKOCTH OyXraatepud. YeM Goabime COUHOB
mepeBepHETCsI, TeM CJaOKHee craHyT o0003HadeHmsA, TeM OGOJbIme
Oyzfer MHAEKCOB, TeM cTpamiHee OYAYT BHIVAETs YPABHEHMH; HO
caMu Hfiel BOBCE He 00:3aTelbHO JOJYKHBEL YCIOMHUTHCH.)

YpapHeHNA [ABVAKeHUA COEHOBOH cHcreMB — 270 nuddepes-
nuanbHsle ypasReHuda niasa C, ¢

dC,:,m
it —; “Z(Hm,f,-)cij- (13.15)
if

Ilycts maM oumars HY)XHO HaHTH CTANMOHapHBE coctoanusa. Kaw
o0BIYHO, TPOU3BOJHEE M0 BpeMenu o0pararcd B £, yMHEOKEHHOe Ha
ammaaryny, a €, 3aMeHATCA Koo(pdunuenramu a,, .. 3ateM Hajo
aKKypaTHO paccuMTarh BaugHWe [ HA COCTOSHTE C HepeBepHYTHMY
CIMHAMHE M U k. 9T0 chedars Berpyano. Hpexcrasbre ma mMunyTy,
Y10 M AAaJNeKO OT R, TAK 9T He HY;KHO AyMaTh, 9To GyHCT, eCaH ...
u 1. . O6MeHHAA oepannsA, TPOUSBOUMAA B TOUKE Z,, IePOABUHET

3-2 -1 01 2 3 4 56 6 7

D ue. 13.2. Cocmosnus ¢ dsymsa nepesepry-
MUMU CRURAMU.
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nepeBepHYTHIT cnuH aubo K (n + 1)-my, aubo k (n — 1)-My aromy,
K 9YTO HWMeeTCs HeHyJleBasd aMIUIUTyaa TOTO, UTO TellepelIHee
COCTOAHVE HOJYIWIOCh U3 COCTOSAHUA | Z,, Tpn 1, U aMIIUTYJR
TOTO, ITO OHO NPOM3OLNIO U3 COCTOSAHUSA |Z,,, Zn_1 . Ho nmepensu-
HYTBCSA MOT W BTOPOil COHH, TAK 9TO He MCKIIOUEHA U Kakasd-TO
aMILIATyAa Toro, uro €, ,nuraerca o1 C,  ,damor C, _, .. Bce
»TH 3PPEeRTH MOIYKHE OHTH OTMHAKOBH. OKOHYATEAbHBIA BUJ[ ra-

MILIBTOHOBA ypaBHEHUA IJIA Cm,n TAKOB:

Eam,nz— A (am+1,n+am—1,n+am, n+1+am, n—1)+4Aa’m, n*
(13.16)

910 ypaBHeHNe mPWTOTHO BCET[a, 3a MCKIWYeHWeM IBYX CIy-
vaes. Ilpu m = n yparuenus sooGre Her, a npu m = n + 1 mapa
wieHoB B (13.16) moskHa mponacTb. ImuMU UCKAIOUEHUAMU Mbl
npenebpexcem. Ml npocro GyneM HrHOPHPOBATH TOT (AKT, YTO He-
KOTOpHE U3 9THX ypaBHEHHI clleTka MeHAwTrcA. Befib Hak-HHKAK
KpHCTAII cydTaeTcs GeCKOHEUHHIM W CAaraeMbIX B IaMIIbTOHHAHE
fecuCIeHHO MHOTO; IpeHeOpesKeHNe HEeKOTOPHIM MX 9HCIOM BPAL
IM CHIBHO HA 9eM-10 cKaskercs. Mrak, 8 mepBoM rpyGoM mpubiau-
JKeHMH JaBaiite mosabyneM 06 usMeHeHUAX ypasaeHuii. asmu cio-
BaMu, gonycruM, 9o (13.16) BepHO mpm; Beex m ¥ n, Jake Korga m
U 7 CTOAT IO COCEACTBY. IMO camoe cyuecmaenioe 8 Haulem npubai-
dHCeH UL,

Temeps yrre pemredue OTHCKATH HETPYNHO. Mbl HeMe/JIeHHO 1MO-
aygaeM

Cm.n:am,'n e—iEt/ha . (1317)
rae
a,, ,= (DocrosHHAmA) eki¥melk:rn, (13.18)
a
E=44—2Acosk,b—2A4 cosk,b. (13.19)

TTopasmeicauM MUHYTKY 0 TOM, yro Gbrmo Owl, ecaum O y Hac
GoiH B He3agucumbie, omdenbHble CINHOBHE BOJHB (KaK B IIpe-
ABIRymeM maparpage), coorBercrByomue k =k, u k =k,; ux sHep-
ruz u3 (13.12) mmenu 6s1 BHJ

e, =24—2A cosk;db

u
g, =2A4—2A cos kyb.

3amerskTe, uro oHeprud £ B (13.19) spusercs Kak pas mX cyMMoii:
E =¢g(k)+e (k). (13.20)

WNusMu cnopaMm, Hallle pemieHyie MOKHO TONKOBAThH CAeTYIOIIAM
o6paszoM. UMeroTca gBe YacTHms, T. €. Hapa COMHOBHX BOJH, OJHA
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M3 KOTOPHX ofxafaer MMUOYyJIbCOM, ONUCHBAEGMHM w4mcaoM Ky, a
ApyTasi — TUCIOM k,; S9HePIHUs CHCTEMBI paBHA CyMMe DHeprull oTux
aByx obwserroB. O6e gwacTuusl HefiCTBYIOT COBEPIIEHHO He3aBUCH-
Mo. Bor u Bce, 9T0 B 9T0M €CTh — UM HEH9Ero Gojgbmme.

Komeyno, M cpienainy HeKoTOphe TPUOAMKEHNA, HO B JAHHBIH
MOMEHT MH He OyfdeM oOCysKaaTh TOYHOCTH Hamero orsera. BH,
OJiHAKO, YYBCTByeTe, 9TO B KpUcTamiaX pPasyMHOTO pasMepa ¢
MHJIJIHapAaMi aToMOB M, cTajxo OHTH, ¢ MIULIHADAAMHA cllaraeMuIX
B raMuIbTOHHaHe GOXBHION OMHOKE 0T mpeHeGpeKeHNA HeMHOIMMHA
ciaraeMeMn He Buififjer. Ecim 651, KOHEYHO, mepeBePHYTHX CIHHOB
€Taj0 TAK MHOTO, 9T0 HX INIOTHOCTH Ghwia 6sl 3aMeTHO, TO mpH-
moch 66 103a60TUTHCA U O MOUPaBKaXx.

(UnrepecHo, 9T0 B cay4ae, KOI[ia HePeBEPHYTHIX COMHOB TOABKO
dea, MOMHO HamHMcaTh H TouHOe permenme. Ho pesymbrar ocoboil
Ba;KHOCTH He mpefcraBasier. llpocro mHTepecto, uro B 910M cayuae
YDPaBHEHHs MOKHO DPEINHTh TOYHO. PelreHne TakoBO:

Ay, =R mtnd sinfx, —x

(13.21)

N n
¢ sHepruei

E=44—2Acoskb—2Acosk,b

¥ C BOJHOBHMU YHcJHaMH k, u &, cBASAHHEME ¢ k; 1 k, dopmynamu
ky=k,—F, ky=Fk,+ k. (13.22)

B aroM pemenun orpasxeno u «szamMojeiicTaue» maps cuuHon. Ono
OHNCHBAaET TOT QAKT, YTO KOIY[A COHHBL CONMKAITCA, BOSHUKAET
KAaKasA-TO BEPOSTHOCTH WX paccesanus. [lopejieHue cuuHOB 09€HB IIO-
X0jKe Ha B3amMofelicTBMe gacrtun. Ho mogpobras teopua WX pac-
cegHNA BEIXOQUT 3a TpeJelsl TOro, 0 9eM M 37ech cOGpamuch ro-
BOPUTE.)

§ 3. Hezasucumvie wacmuiybe

B mpepuigymieM naparpade Mer mannmcanu raMmibroauaf (13.15)
V15t IBYXUYaCTHYHON CHCTEMbl. 3aTeM, MOJib3ysch MPUSIMIKEHIEM,
OKBUBAJEHTHHM HPEHEOPEIKeHHI0O RAKUM-IHDO (B3aUMOJICHCTEHEM»
MERIY OBYMs 9acTUIaM¥, MB HAaII¥ CTANHOHAPHBIE COCTOSHEA,
onuceisaeMsie popmymamu  (13.17) m (13.18). Iro cocrosame mo-
HPOCTY ecTh MPOW3BENeHME ABYX oOfHOuacTHIHHX cocrosmuii. Ho
pemieHme, KOTOpoe MBI Hammcanu mif a, , [fopmynsa (13.18)], Ha
caMOM Jielie YIOBJIETBOPHTH HAC He MOoeT. MH ¢ caMoro Hagaua
DOAuePKUBAIM, Y10 COCTOSHUE | Zy, X4 ) HE OMAUAEMCA 0T COCTOM-
BUA | X4, Ty ), IT0 ROPAJOE ,, U x,, HeBaykeH. BoofHie rorops, anred-
pamdecKoe BEHIpa;KeHHe AJA aMIIuTyasr €, ,, He MOJKHEO MEHATHCH
OT TepPeCcTaHOBKM 3HAYEHUN Z,, U Z,, OOTOMY YTO OHA He M3MeHseT
cocrosnus. B mwboM cayuae omHa Oyfer npefCTABAATH AMILIUTYIY
TOT0, 970 CHUH, HaOPaBJIeHHHI BHN3, 0OGHADYMATCA B X, M B T,.
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Ho o6parure BEMManme, 9T0 (13.18) Hecummempuuno wo z,, W p,
nocKOABKY Ky 7 k,, BooOIIe roBOps, PasimIHEL.

Bce geno B ToM, 4ro MH He 3acTaBWiIM Haue pemenue (13.19)
MOJYUHUTHCA STOMY A06aBOYHOMY ycmosuio. K cuacreio, moxka He-
TPYAHO BCe UCHPABHTH. 3aMeTbre, BO-IEPBHIX, YTO HUIYTh He XyKe
dopmyan (13.18) gpyroe pemenue ypasHenus IamunproHa:

a, ,= Kek*metitn, (13.23)
W pake pHeprmaA 3pmech Ta ke camas, 9ro Oma B (13.18). 3mauur,
aobas nuHelinas womb6uHanma (13.18) u (13.23) rawske Gymer pe-
IIeHZeM CHCTeMHI ¥ Oyzer 00JdafaTh Mo-Ipe)KHeMy dHepTHel, naBae-
Moit (13.19). Peutenne, xoropoe Hy:xmHO BHOpaTh IO TpeboBaHusIM
cuMMeTpHM,— mpocro cymMa (13.18) u (13.23):
am, o= K [eiklxm pikaxy _I_ etkaXm eiklx,,]' (1324)
Tenepsr npm napEwX %, u k, ammanryga €, , He 3aBACUT OT TOTO, B
KaKoM HopAfKe MH OepeM z, I Z,; €CIH MBl CHYIRHHO IOCTARNM
Z,, M &, B 0OPATHOM LOPHZIKe, MBIl HONYIHM Ty e amnauryay. W na-
nie ToJKoBaHue ypapHeHMsa (13.24) Ha A3BIKE «MATHOHOBY» TOMKE CTa-
HET MHBIM. ¥Y’Ke Heabssi TOBOPHUTH, UT0 yPaBHEeHUE MPENCTABISIET
00nY YACTHIY ¢ BOJHOBBIM GUCIOM &y U Opyzyio 9acTHIY ¢ BOJHOBHM
gmenoM k,. Ammiumryna (13.24) opepcraBiasier 000 cocTOsHHE ©
ABYyMA wacrunaMu (MarsoBaMm). CocmoArue XapakTepusyerTcs IBY-
M# BOJHOBHMH umenamu k, u k,. Haime pemenne BHIVIAIUAT KAk €O-
CTABHOE COCTOAHIE OHOH 9aCTHII ¢ MMITYIbCOM p, = ki/h u mpy-
Toit YaCTHIE ¢ UMITYIbCOM Py = k,/H, HO B DTOM COCTOAHUN HEIb3s
cKasarh, Tl Kakas 9YacTUIA.

B aror MOMeHT mOJe3HO BCUOMHHTH IMI. 2 (BHI. 8) M Hamn pac-
CKa3 0 TOKAECTBEHHBIX YacTuiax. MsI mpocTo TONBKO 4T0 MOKA3aIH,
9TO WACTHIBI CIIMHOBBIX BOJH (MAarHOHBI) BeAYT cefs Kak TOK/IeCT-
BeHHbIe 603e-vacTuipl. Bee aMIIUTYaH 00A3aHb GBITH CHMMETPHY-
HEI 0 KOOPAWHATAM ABYX 9aCTHI; 9TO BCe PABHO, Y10 CKAZATH, 4TO
mocie «oOMeHA ABYMs 9ACTHIAMM» MB CHOBA HOJYYHM Ty JKe
aMILTATYAY ¢ TeM e 3HakoM. Ho BuI Momere momyMarts: «flouemy
7Kke MBI Bce-TakH pemmau B (13.24) caoxcums nsa anena? [lowemy =He
BEIgecTh?» Bejp mpu ssaxe MEHyC 0OMEH z,, M I, OPOCTO H3MEHWI
Osl 3HAK @, ,, @ D10 He B C4eT, 370 He MMeeT 3HavenuA. Ho Begs 06-
MEH I, C I, HUYE20 He MeHAem — BCe DIEKTPOHH KPHCTAIIA 0CTa-
HyTCA TaM jKe, I/je ¥ ORUIM, TAK 9TO faske [ IMepeMeHBl 3HaKa HeT,
Kaszanock Ow, HEKakoro mosoja. Ho aTo, Komeuwmo, mioX0it ap-
TYMeHT¥*,

* KpasguacTHOH O0GCY:KAaeMOr0 THHAa MOTYT [eficTBOBaTh M KakK Gose-

M Kak (pepME-UacTANH, ¥, KAK B y CBOOOAHBIX YACTHI[, YACTHIE ¢ MEJbIM

COHUIIOM CyTh OO30HH, ¢ MOMYHETHM — (pepMHUOHB. «MarioHy CHMBOJIESIPYET,

YTO 3HJEKTPOH €O CIMHOM, HANPABIEGHHHM BBEPX, NEPeBEPTHIRAETCSH BHHSI.

gHHH Mensemes na edunuyy. SHAUAT, y MATHOHA CIOHH IeJTHA ¥ OH —-
030H.
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Hame ofcy:imenne mMeno OBOMHYI mENb: BO-NePBHX, paccka-
8aTh BAM KOE-YTO O COMHOBHX BOJHAX; BO-BTODHX, HpOJeMOHCTPH~
pPOBaTh COCTOAHNE, aMILTATY/[A KOTOPOTO PABHA npouUdeedenui0 IBYX
aMIAATYZ, & SHEPrus PABHA cymMme DHEDPIUH, OTBOUAIOMUX DTUM
amminTygam. [us Hesagucumbir wacmul AMINIATYA TOJyTaeTcst
YMHOMeHEeM, a dHeproa — ciokenueM. I[loweMy caosenmem —
JIeTKO DOHATH. DHEPIUA — 370 KOdQ(HUIUeHT NPy [ B MENMOM IOKa-
3arele DKCIOHEHTH; OHA IPOIOPHUMOHAABLHA uacrore. Ecam mapa
0GBEKTOB YTO-TO COBEPUIAET, OJMH ¢ AMIVIATY ol e—E=t/k a ppyroit
¢ aMIauTynoH e““fxfsﬁ, U ecIW aMIIUTYRA TOTO, uto o0e 2TH Bemn
OpPOW30HAYT BMECTE, ABIACTCA NPOM3BEEHUEM OTHEIbHLIX aMILIu-
TYZ, TO B OPOH3BeJeHUN HOABUTCA eMHCTBEHHAA 9acToTa, paBHAas
CyMMe ABYX 9YacTOT. JHEPTHS, 0TBEUAWINAS HPOHIBEICHII0 aMIIH-
TYJ, ecTb cyMMa 06eux dHeprTuil.

Ham momago6unoch HOBOJBHO HOATO TOBOPHUTH, YTOGEL COOOIIUTE
0YeHb HPOCTYI0 Belb: KOIJA BE HE Y4WTHIBAETe B3aMMONEHCTBY
MEKAY 9TacTHLAMU, BH BIpaBe PacCMATPUBATL KaiKAyi0 GACTHIY
HesaBucuMo. OHE MOI'YT OT/EJbHO CYUIECTBOBATH BO BCEBO3MOMKHBIX
COCTOSIHUAX, B KOTOPHX OHH mpebnBanu O M TOPO3HL, U JAaBaTh
TOT K€ BRJIAJ B DHePIWI0, KAKOW faBaim O moposns. OgHaro cie-
AyeT HOMHUTH, UTO eCJH YACTUIEl TORAECTBEHHH, TO OHH MOTYT
BecTH cebs Kak Gosze- mam (epME-9aCTHIH B 3aBHCHUMOCTH OT 3a-
pagu. Hampumep, mapa saeKTpoHOB, Z00ABIEHHAA K KPHUCTAILILY,
Befier ce0s Kak QPepmm-vacTuns. OOMeR MECTOIOJIOMKEHUsIME JBYX
9IeKTPOHOB HPHUBOJAMT K LepeMeHe 3Haxka aMmuurynsl. B ypasme-
HUM, coorsercTByomeM (13.24), Memay ABYMS caaraeMbpIMU CTOMT
sHak Munyc. Hax cliefctBue 3TOro: IBe (epMU-9aCTHIBL He MOTYT
npebHBATE B TOYHOCTH B ONHUX W TeX e YCIOBUIX — C OJUHAKO-
BHIMY COMHIME W OJWHAKOBHIME k. AMOIUTYna TAKOTO COCTOSAHUA
HYJb,

§ 4. Moneryara G6enzoaa

Xorsl KBAHTOBAA MeXaHHKA cHA(KaeT HAC OCHOBHHMU 3aKOHA-
MH, OmpefeaslOIAME CTPOEHHE MOJEKYy]I, 9TH 3aKOHH, OJHAKO,
YAaeTcsd TOYHO HPUMEHMTH JWIIb K CAMBIM OpOCTHIM COGQMHEHUSIM.
TloaroMmy xmMukn paspaCoranm pasianyHble NpUGIMIKEHHBIE CIOCO-
611 pacyeTa HEKOTODPHIX M3 CBOMCTB CIO;KHEIX Moxexrya. M xorum
37leCh PACCKa3aTh, KAK XUMHKU-OPIaHUKE IPUMEHSIOT UPHOIMHe-
HHe He3aBUCAMHX wactul. HauneM ¢ Mojeryin Gemsona. Msi ee
paccMaTpuBany ¢ Apyroi Toyku zpenus B ria. S (srm. 8). Torga s
BOCIIOJIB30BAIANCH NPWOIMKEHHBIM I PEICTABJEHNEM MOJEKYAH B
BHjle CUCTEMHI C ABYMA COCTOSTHUAME, 0a3ucHEEe COCTOAHUA KOTOPOI
moxazamsl Ha ¢ur. 13.3. IMeeTcs Konbmo w3 MeCTH yTiePOmoB, K
KaKIOMy W3 KOTODHX upHmeraHo mo Bopopoxy. o mpumsartoid
cXeMe BAJIeHTHHIX CBAZeH He00X0QUMO NOIMYCTHTH, 4T¢ MEKAY MO0~
BHHOW aTOMOB YIIEpOfia MMEIOTCA ABOHHEIE CBASH M 4TO B HUBLINX
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\C C/
® uea 13.3. Jlea Gasucunx cocmos-
nus  Moaekyaw bGenszoaa, ucnoab- / \
gosaswuecs 6 2a. 8. |I> H— o—Hh
C C
/ \
H H

DHEePreTHYeCKHUX YCJIOBHAX BO3-
HAKAIOT JIBE BO3MOKHOCTH, I10- H\ /H
kasaHHHe Ha pucyare. o, C——=C

KpOMe HTOr0, WMEIOTCHS W emle \
apyrue, 6Gojiee BHICOKODHEpTe-

tHUecKkne cocrogaud. Iorma |2> H—GC C—H
MH B TI. 8 rosopuaf o MoJje- \ /
Kyne GeH30ia, MH HOJIb30BA- S d

JUCH TOABLKO [JBYMs COCTOSI- \
uuaAMH, a mpoune 3abwurm, U H H

MH 0OHAPYRUIM, 4TO FHEPTUL

OCHOBHOTO COCTOAHHMA MOJEKYJNH He COBmAJAJA C SHepIrHel HU
OJIHOTO 13 HAPHCOBAHHHIX COCTOSHWI; HeT, OHa Oblua HIKE HA
BeJNYNHY, OIPONOPIMOHANBHYI0O aMmuATyle nepebpoca U3 OXHOTO
TAKOTO COCTOAHMS B JPyroe.

A Teneps MH XOTHM B3IVIAHYTH HA TY 3Ke MONEKYIY ¢ COBEPIICH-
HO HHOH TOYKH 3peHHA, IPHUMeHss mpHOIMKeHHe APYroro poja.
Obe To9KM 3peHUA MPHUBEAYT HAC K PA3HEIM OTBeTaM, HO KOTJa MBI
ycoBepuieHCTRYeM 00a TpuWONMIKEHUS, TO HPUAEM K HCTHHE — K
NpaBUABHOMY OHHCAHWIO OEH30A.

Opmakxo ecnm He mo3aboTHTHCH 00 9THX YCOBEPUIEHCTBOBAHUAX
(aT0 OGBIYHO M JEIAIOT), TO HE HYMHO YIUBIAATHCA, YTO DTH OMHUCA-
HUA He colifyTea. Mu mo kpaiiHeil Mepe moxajkeM, WTO IIPH HOBOII
TOYKe 3PeHHs HH3MAas DSHEPrHs MOJERYJAH 0(eH30/ia OKa3hBaeTCH
HI3Ke, 9eM Y J1060H M3 CTPYKTYDP ¢ TpeMs [BOIHBIME CBS3AMHU
(cM. Pur. 13.3).

PaceMmorpum ciaenyiomyio xaptuny. [IpegcrasuM cefe mecth aro-
MOB BOJOPO/IA, CBSA3aHHKIX TOJ KO OIMHOYHEMY cBAsaMu (fur. 13.4).
Mu yGpanu mecTh DIEKTPOHOR (MOCKOJBKY KaKaas CBA3b 0003-
HadaeT Tapy SJAEKTPOHOB), TaK YTO mepeld HAMH IIECTUKPATHO
HoHM3oBaHHAsE Moaexkyra Oemsoxa. Temepp mocMoTpUM, 4TO CJXY-
YHTCH, KOTJA MH HOOJMHOYKE BePHEM B MOJIEKYJIY BCIO MIECTEPKY
BIIEKTPOHOR, CYUTAA, ITO KAKILIT U3 HUX MOKET cBODOJIHO IBUTATH-
€ BORPYT Koabua. [lomycTnM TaksKe, 970 BCe CBA3SH, MOKA3aHEEE HA
¢ur. 13.4, samonHeHH ¥ He HY:KAAITCS B JalbHeillleM paccMOTpe-
Hau. Y7o mpomexonur, KOTHA MH BO3RPATAeM MOJERYIAPHOMY HOHY
ero axextpor? OH, KOHEYHO, MOMKET PACHONOMRUTHCA B JA1000M H3
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© ue. 13.4. Densoasnoe xoavyo, us
romopozo ybpaau wecmd 24eKm-
PoHGS.
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BIECTH MeCT HA KOGIEe, COOTEETCTRYOIHMX WIeCTH OA3UCHHM CO-
croapuaM. W y mero Gymer Hexoropas aMmumrtyja (craskem A)
TOTO, 4YTO OH Hmepeiifler ¢ OJHOro Mecta Ha gpyroe. Ilpm amanmse
CTAIIMOHAPHBIX COCTOAHMA o0HAPYKATCA HECKOIBKO BO3MOMKHBIX
YPOBHE# 9HeprHH. 3TO TOJBKO WPH ONHOM DIEKTPOHE.

HloGasuM eme opuu axertpon. VI caeraeM remeps caMoe CTpaH-
HOE HPeJHoIOoMeHne: mo, wmo Oeaaem o0ul 24eKMPOH, HE CKO3bi-
eaemca Ha moM, wino deaaem dpyeoti. Ha camoM mexe onu, KoHewHO,
OyayT B3amMOJIeficTBOBATH; OHH OTTAJXKHABAIOT APYT APYra ¢ IOMO-
mpI0 KYJIOHOBEIX CHJI, M, KpOMe TOTO, HX SHepPTHsd, KOTJa OHM IO-
OaJarT B OFHO MECTO, JOJJKHA 3aMeTHO OTIWYATHCA OT YABOEHHOI
BHEPIHM, KOTJ[A OHY Tyna momamaior moofpunuouke. HoseuHo, mpub-
JuleHNe He3aBUCHMHIX UYACTHI, HE3aKOHHO, KOTJAA MeCT TOJBKO
HIecTh, 0CO0GHHO KOTZA B HUX XOTAT HOMECTHTH WeCMEPKY BIeKTPO-
Hos. Ho, HecMoTpa ma 970, XMMHMKH-OPraHUKH CyMeIW MHOTOMY
HayduTbcd, fleJass HMEHHO Takoe HpHOIMyKeHHe.

ITpesne wem monpo6HO pacCUNTHBATL MOJAEKYXY GeHsom1a, BO3b-
MeM IpuMep HOmpolfe — MOJeKyAy 9TmiIeHa. B Hee BXOAAT TOABKO
JiBa aTOMa yIJepoja W Io mape aToMOB BOJOPOZA ¢ KasKmoil cropo-
B (fur. 13.5). ¥ MoueKyIH eCTh OfHA IHIIHAAY CBA3b MEMKAY
JryMsS aTOMaMH YIJiepofa, B KOTOPYIO BXOASAT JBa DAEKTPOHA.
Y6epeM oguHE U3 HTHX 2IAEKTPOHOB; uT0 Mb moayuum? To, aro ocra-
HeTeA, MOWHO OyZer paccMavpUBath KAK CHCTEMY ¢ IBYMS COCTOS-
HUAMH: OCTABINMIICA DJICKTPOH Mosxer HaXxomurhes aubo Bozae of-
HOT0 aToMa, 1ubo roaje gpyroro. ¥, Kak y BCAKOIl creTEMBL ¢ IBYMS
COCTOSTHHAMY, RONYCTUMEE SHEPrHH OTHEIBHOTO 3AEKTPOHA MOTYT
Oorrs pasHEl aubo K, — A, aubo E,+A4 (¢ur. 13.6).

HoGasuM Temeps BTOPOH dIeKTPOH. Bee 09eHE XOPOIIO: SIEKTPO-
HOR y Hac JiBA — HepBHI MOKHO NOCTABHTH B HIDKHEE COCTOSHUE,
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@ ue 13.6. Boamoxcnve yposHu smepeull (auld-
HUZY 94EKMPOHOE 8 MOACKYAE SMUACHA. E-+A
0

a BTOpoil B RepxHee, He rak ;u? He cosceMm,—~ E;  f-——==-=-
MH 0 4eM-TO 3absuid. Benp rasmoe u3 co-
CTOSAHUI HA caMoM jete apoiimoe. Korga Mu
FOBOPHUM, 9TO FOMYCTHMO COCTOAHUE C DHep-
rueit E,—A, 10 B JeficTBUTEIPHOCTA TaM UX Eo-A
papa. B ommo m 10 se cocrogEMe MOTYT mO-
macTh ARA BIEKTPOHA, OMMH €O COMHOM, HA-
TIPABJEHHHM BBEpPX, APYroii — sumM3 (Ho He Goabile, W3-3a OpPHUH-
numa 3anpera). Tak 9ro HA caMOM JleJie WMEKTCH JBA BO3MOKHBEIX
cocrossuvig ¢ pHeprue! E, — A. Moskao HayepTmTs IHMAarpaMMy
(dur. 13.7), Kotopas mowrasmmaer W YPOBHH SHEPTHH, W HX Hace-
aennocth. B cocTonnnu nmamMenbiei sueprun oba aiaeKTpoHa OYAYT
B HAHHVBIIEM COCTOSTHAY ¢ OPOTHBOMONOKHKMI COUHAMIA. JHEPIHA
«IWIIHeH» CBABH B MOJeKYJde dTHAeHA TOdTOMY pasHa 2 (E,— 4),
ecan mpeHe0peus B3AMMOJEHCTBHEM MENRAY JBYMHI 3JIeKTPOHAMI.

Tenmeps BepHeMesa k Oemzony. ¥ Kamgoro u3 ABYX COCTOSHMI
ra ¢ur. 13.3 ects Tpu nmpoimuie csAszu. U waykmas ms HUX OdYeHb
HDOX0JKa HA CBA3H B HTUUIEHe W jaeT BRiaj B dHepruo 2 (E, — A),
rae rtemepb E, — y:e sHeprus, HeoSxomuMas, 9TOOH TOMECTHTD
9JMEeKTPOH B OeH307e Ha HY)KHOe Mecto, a A — aMmiuTyja mepe-
6poca ero B cocejHee MecTo. 3HATWUT, SHePIUA MOJKHA OHTH PaBHA
npuMepuo 6 (£, — A). Ho xorga mu panpime mzyuyanan 6eH30ld, TO
OPHIITE K BHRBOJY, 4TO €r0 SHEPrHs HIDRe DHEPIHH CTPYKTYPH
¢ TpeMa ABoiiEEME crazAMu. IlocmorpmM, E
OOJNYYHUTCH AU Tewephb, ¢ Hamel HOBOI
TOUKM 3peHHdA, dHeprus GeHszona HIMKe,
9eM y Tpex IBOIHKX CBAzel.

HaumnaeM ¢ urecTHRpaTHO HMOHW30-
BABHOTO 0eH30JBbHOTO Koabua. Jlo6asasem

EtA

E, e
Que 13.7. B 006asounol cessu MOACKY.bL
amuaena dsa saekmpona (00uK co cnunoM eeepz,
Opyeoll — 6nU3) Moeym 3aAHAMb HUSWUL YpOSEHDL
SHepeuu.
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oaMH DieRTpoH. Temeps y HAC cucTeMa € ITECTHIO COCTOSHUAMU.
Mzt mora ente He pemrajid TAKHX CHCTEM, HO 3HaeM, 4T HYIKHO
Jerarth. MoyKHO HammcaTh IMECTh ypaBHEHWH AJs IMeCTH aMIIUTYH
7. 4. Ho "He xyume nu cGepeub CBOM CHXNHL, Bedb MEL yiKe pe-
AN 5Ty 3a47a9y, HCCIHENYsd DIeKTPOH B O0eCKOHeWHOH Ienouke
aromos. Koneuno, 6en301 — He GecroHewHas IemodKa, IIECTh MeECT
IJIS ATOMOB B HeM pacmonosxeHsl mo kpyry. Ho mpepcrasbre, wTo
MH DasHAXM KOJBIO B IeOb ¥ MPOHYMEPOBANHM ATOMBL BJOIb
nenu guciamMu or 4 0o 6. B Geckomeunoil funuy cJaemyioniee Mecro
nMexo Owl HOMeD 7, HO eCNM ME YCJAOBHMCS, 9TO OHO COBIAJAeT C
MecTOM HOMep 1 M T. A., TO BCE OKayKeTCS B TOUYHOCTH HOXOKUM
Ha OeHzoapHOE KOABIO. VHEIME cioBaMM, MBI MOKeM B3HTh pelre-
Hue st 0eCKOHEYHOH JWHHH ¢ dofasounslw mpebosamniem, dTOOH
pelierre OEIIO ePUONUYHEIM ¢ TIEPHOIOM [INHOI B MIECTh aTOMOB.
Coramacuo ra. 11, saexTpoH Ha mpsaMoil oblamaer COCTOSHHAIMHU
OIpefieNleHHON YHEPTHH, KOTAA aMIUIATy/a TOTo, 4TO OH OKasKeTcs
B HEKOTODOM MecTe i,, paBHa e = " Ilpm wampoM k sHep-
THs papHa

E=E,—2A coskb. (13.25)

Teneps W3 9THX pelIeHMHA HAM HY/KHO OCTABHTDH TOJIBKO TaKWe,
KOTOpHie wepes Kaskgsie 6 atroMoB morTopsifoTes, PasbepeM cmepsa
obuuii cayuait, Korjma B Koabie N atoMos. Ecau pemeHne FOLKHO
HMeTh mepuoy| B N aTOMHKIX paccTosRmil, T0 e#PN nomxHa GEITH paBHA
equnune, uiam kbN mossxma 6mTh KpatHa 2. Ecau s — moGoe e~
J0€e 9HCIO0, TO HAIlle YCJOBHE MMeeT BMN

JbN = 2nis. (13.26)

Mgl pasbIIe BUAENR, 4TO HeT cMEIcaa Opars k BHe mpefexoB -+ r/b.
JT0 03HaYaeT, YTO ME HOXYIHAM BCE MEICIUMEIE COCTOSHHUA, Oeps
SHAUEHHUs § B mpefenax - N/2.

Crasio GEITH, MBI OMPHXOAUM K TOMY, 910 ¥ /N-aTOMHOTO KOJbIa
pMeeTcas N cocTosHUIT ompegereHHOH SHepruE * M MX BOJHOBHE
g@caa k, HaoTcA HHCIaMH

k=22 s, (13.27)
HKaspoe cocrossaue mmeer suepruo (13.25). Ilonywaerca nmueiiva-
THII CIEKTP BO3MOKHEX ypoBHeil sueprmii. Coextp mias Gersona
(N=6) norasan ma ¢ur. 13.8, 6. (Uucna B croOKax YKasHEBAIOT
YHCHO PA3AUYHbIZ COCTOAHWI ¢ ONMHAROBOA dHeprueil.)

Ectb Barnagusiit cooco6 mwsoGpasmrh »TH mecth ypoBHell sHep-
rud. OH nokasad Ha ¢ur. 13.8, a. BoofpasuM Kpyr ¢ IeHTpoM Ha
omHOM ypoBHe ¢ E, u ¢ pagaycom 24. Ecan MH orioXuM, HaduHAA

* Morso Gu nmoKasathes, 910 npm derHoM N ects N +1  cocroanmi.
910 He Tak, u60 s = £ /N/2 AT OHO H TO ’Ke COCTOAHHUE,
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® ue 13.8. Ypoenu snepeuu S= E,+2A
¢ Koabye, 6 Komopom Oan T T — (1)
54eKMPORG npuzomogseHs — +
wecmb cgobodnnz meem (Ha- S=-2 € .. _Z_E"__A____ (2)
npuxep, & 6eraoavHOM). ) E
0
E,~A
§=-1 g @)
T E,-2A )
5=0 2a/6
a 9]

CHU3Y, IeCTh PABHHX AYT (HON YIJaMH, CUNTAS OT HIFKHEH TOUKH,
kb = 2ns/N, mim 2ns/6 pus GeHsona), TO BEICOTHI TOYEK KPYyTra
Oynyr pemenuamu (13.25). Ilects TOYeK upejcTaBIA0T LIECTH
BO3MOJRHEIX cocrosmuil. Husmmit yporenb sHeprum mpupmeTcd Ha
Ey — 2A4; ganplle HOYT [BA COCTOSHUA € OJWHAKOBOH DHEpruei
Ey— 4 n r. 1.* 910 BOBMOKHEE COCTOSHMS OJHOTO DIeKTPOHA,
Ecau pierTpoHOE He ofuH, a 60 bIne, TO B RAMKL0e COCTOAHNE MOAKET
MOmacTh IO J[BA SJIEKTPOHA ¢ MPOTUBOIOIOKHKIMY CIIHHAMH.

Y Mmoxeryas OeHzosa HaJ0 31eCh PasMECTHUTH LIECTH BIEKTPO-
HOB. Ecam cocrosgame ocHOBHOE, TO OHM MOJKHH [OTIACTh B HaM-
HUBIOHe BO3MOKHEIE DHepPreTHYeCKHe COCTOSHUA — mapa B s = 0,

mapa B § = -+1 u mapa B s =—1. CoriacHo mpulbiisKeHndo He3a-
BUCHMHIX YACTHIl, SHEPrHs OCHOBHOTO COCTOAHUS paBHA
E n=2(F,—24)+4(E,—A)=6E,—84. (13.28)

OHa pelicTBUTENPHO OKA3HRBAETCA MEHBIIe, 9eM Y TpeX OTHeNHHBIX
NBOMHHEIX cBsAzeil,— HA 24.

CpasHuB sHepruio 6eH30;1a ¢ 9HePIHell 3TUIeHA, MOYKHO Ol pefie-
auTh A. Jra BenuuMHA OKaswBaercs paruoit 0,8 s¢, und B equANA-
1aX, KOTOpHe HpPABATCSI XumuraM, 18 rras/moas.

ITUM onHmcaHHeM MOYKHO BOCIIONb30BATHCS, 4TOOH BERITHCIUTH
HIA WOHATH [pyrue ceoiictea OeHsoma. Hampummep, rmsams Ha
¢ur. 13.8, momxH0 pasobparbes B Bo30yMueHNM GeH30Ia CBETOM.
Yro 6w mpomsomio, ecn® OH MH HOTBITAINACH BO36YIHTH OJUH H3
anexrponos? OH Mor OH TlepeBUHYTHCA K OTHOMY W3 He3aHSTHX
Bricux cocroaHuii, Hamausmeii sHepruelt Bo36y:Kuenuss oxasaucs

————

* Horpa mMeercA mapa COCTOSHHIN (C Da3HHEIMH pacOpeleeHUAMHE aM-
WIHATYN) ¢ TOi ke DHEPTHel, MK I'OBOPHM, 4TO 5TA IAapa COCTOSHHI (BHIPOM-
llena». 3amersTe, 9T0 3Heprueii Ey—A MOryT o0aajgaTh uembipe 9I6KTDOHA.
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6B mepexofl OT HAUBHICHIEr0 3AI0JHEHHOTO YPOBHA K HAMHU3IIEMY
mycToMy. Jta pHeprus pasHa 24. Benszoa OGymer mOrIomars cser
¢ gacToroii v = 24/h. Kpome Toro, Gynet HabIORATECA TAKIKE 1O-
raomenue PoToHOER ¢ dHepruamu 34 u 44. Hedero u roropurs, uro
CIEeKTp morionienuss OeH30ya ORI M3MepeH, U KaPTHHA CHEKTPAXb-
HEIX JUHIH oKasajach 6olee MM MeHee UPaBHIBHOM, eciu He CUH-
TATh TOTO, YT0 HAMHU3IINE HmepeXOnsl HAGIOFAITCA B yabTpadmno-
nete; W 4roOHl YIOBJIETBOPHUTH BCeM JAaHHBIM, MPHIMIOCH OH B3ATH
pequuuny A oxono 1,4—2,4 9. Vimaue TroBops, umclieHHoe 3Have-
HHe A BJBOE-BTpOe BEHINE, YeM Ipe/CcKa3hBaeTcd dHepruedl Xmumu-
qecKOf CBA3M.

Kax e mocrynmaer Xumux B Takux caygasx? OH aHamusupyer
MHOKECTBO MOJIEKYJ CXOJHOTO THHA U BHIBOJUT KAaKHE-TO SMIMpPH-
geciwe npasmia. OH yuHT, HaTpUMep: A pacuera DHEPTHH CBA3U
GepuTe BOT TAKOE-TO M TaKOe-TO 3HaveHue A, a JJisf HOXYTIeHHs npu-
OJaMKEeHHO BePHOTO CHEKTPAa MOIVIONIEHHA BO3GMHUTE APYroe 3Hade-
uue 4. Bam MosxeT mokasarbesi, 4ro 3T0 3BYIHT caerxka abeypnmo. Y
BOPAMB, B yuIaX (U3UKA, KOTOPHI IEITaeTca 00BACHATD BCIO IPHU-
poay U3 NEePBROHAWAIBHEIX MPUHIMIIOR, 3TO 3BYUYMT JIOBOJIBHO JUKO.
Ho mepen xumukoM 3aaua npyras. OH 06s13aH 3apaHes KorafaThes,
9TO TPOUBOHILT ¢ MOTKYJIAMH, KOTOPHX [0 CHX WOD He OBUIO WM
KOTOPHE 0 KOHUA He MOHATH. EMy HYKeH DA SMOUPAYECKHUX IIpa-
BIJI M €My COBEPUIEHHO BCe PABHO, OTKY/A OHN BO3LMYTCA. Tax aro
Teopueil OH MOJb3yeTes COBCEM He Tak, Kak ¢maur. On Geper ypas-
HeHws, B KOTOPHIX OTPa3WiCcA CBeT HWCTHHE, a IOTOM BHIHYKIEH
MeHATh B HHX KOHCTAHTH, [Aexasd dMOHpHIeCKHe HOMpPAaBKU.

B caydae GeHszoua oOcHOBHAS NIPUYMEA HECOTIACHA JEMHT B
HAlIeM NPefOOJ0KeHIH, 9T0 DJAeRTPOHH HE3aBMCHMH; TEOpHs, U3
KOTOpPOH# MHl WMCXOMUaM, Ha caMOM Jese HesaKoHHa. TeM He MeHee
Ha Hee HajjaeT KAKOM-TO 0T6JIEeCK MCTHHHE, HOTOMY ITO Pe3yJIbTATH,
mO-BUAUMOMY, WIYT B OPABMILHOM HANPABICHMH. Npr nomouu
TAKNX YPaBHEHMH WJI0C HEKOTOPHE HMIMPHIECKNe HpaBiiIa (co
MHO)KECTBOM HCKJIIOUEHNII) XUMHK-OPTaHWE NPORJAIEIBAET CBOM
oyTh Uepe3 YAy TeX cJAOKHeHmMX Belel, KOTOPHe OH pellmIcs
n3yqars. (He sabmmpaiite, uro B JleficTBATENHHOCTH HPHYHUHA, MO
KOTOPOH PUSHKY yIaeTcs BHBOAUTH YTO-T0C U3 OCHOBHBIX MPAHIIIOR,
COCTOUT B TOM, 9TO OH BHIGHpAaeT TOJXbKO HpOcTHe zamadn. OH HE-
Korja He pertaer 3a7a17 ¢ 42 uau faxe ¢ 6 aaertponamu. J[o cux mop
OH CMOT paCCUUTATH € OPHAIUTHON TOUHOCTHIO TOJXHKO ATOM BOJO-
poja ja aTtoM Teius.)

8 5. Ewe nemnozo opeanuwueckolt cumiuu

MomHo nTH OpUMeHHTH BCe HTH HMieW NS HM3YIeHUS LPYTHX
mosneryn? PaccMorpuM Takyio Moieryny, Kak Gyraaumed (1,3); omHa
moraszaHA Ha ¢uar. 13.9 ¢ momompio oOHuHOH KAPTHHE BATeHTHRIX
cBa3eil.
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H
G=C—-C;C/
D ue. 13.9. Hszobpaxmenue ¢ no- H \

MOULLIO BALCHMHBT COA3ET MOACKY AL
6ymaduena (1,3).

N\

H

Mu MO:KeM omsATH 3aresTh TC jKe WIPH ¢ JHINHeHd dYeTBepKOil
BJEKTPOHOR, OTBEYAOUICH ABYM NBOHHBIM cBA3saM. Ecan ee y6pars,
TO OCTaercst YeTHpEe aroMa yriepoja mo ofmoil mmammH. A xak pac-
CUUTHBATH 7TAKyI0 JHHUIO, BH yixe sHaere. «Ho mossoxbre,—
cKaKkeTe BH,—sA Belb TOJBKO 3HAI0, KAK pemaTh OeCKOHeynyl IH-
auio». OfEaKo penrenus jiua GecKoHEYHOI TUHUN BRIMIAIOT TAKKE
u pemeHHs A KoHewnolt. Cuepure. Ilycrs N — umenc aromos
Ha OpsaMoil; mporyMepyem ux 1, 2, ..., N (¢ur. 13.10). B yparge-
HEM JJif aMIUIATYAH B Touke 1 y Bac He mOABHUTCA WieH IJd Hepe-
xoma w3 Touku Q. TouHo Tar ke ypapHeume st touku N Oymer
OTIUYATLCHA OT TOTO, KOTOPHIM MBI IIOJNIB30BANNCH [ 6eCKOHEUHOT
npsiMoil, mMOTOMY 4TO HHMKAKOTO BRiajga Toukw N -4 1 He Oyper.
Ho mpepcraspre, 910 MH OpUAYMANH penleHne jUis (ecKOHeWHOIT
NPAMON €O CreAYIIUM CBOICTBOM: aMIIKTYAA OKAa3aThes BONM3M
aroMa ( ecTb Hynb ¥ aMILIATYA oKasarhesa BOamsu aroma N - 1
TosKe Hydab. Torma cuerema yparHenuii nyis mcex rouex or 1 mo IV
Ha KOHeuHOIl nmHEN TarKe Oyner ynosiersopsArbed. Hasamoch OH,
TAKHX pemeHuH He ObBaer, mG0 Bce HAIIW peNIeHHA HMEIOT BUJ
ehxe | obmamarT BCIOAY OFMHAKOBOI abcoMTHOH BeJIMIHHOM.
Ho ecnmomHHTE, UTO 9HEPTHA BABUCHUT TONBKO 0T a0CONI0THON BEJH-
9UHH k, TAK 9T0 TPYTHM B PABHOH Mepe 3aKOHHHM pemeHHeM GBLIO
Oer e~%%, W T10 3®e cmpaBemauBo Hag A060I CymepHO3HIHMH TUX
IBYX pelieHWii. BHunrtasg X, MH noayduM pelmenue sin kz,, a oHO
yaoemeTBOpAer TpeGoBamEmio, 4ro6H ammamTyAa mpu x = ( Omia
myiaeM. W1 oHo Bce eumie coorsercreyer sHeprum E, — 24 cos kb.
Hamnee, noaxoasimum BHGOPOM BeIHMIUHK £ MOKHO TaKKe T06UThCA,
uTO0OB aMINIATYAA B Z,,, OBIA Toske HyxeM. Jlja sToro Hy:KHO,
9100H (N - 1) kb 6sim10 KpaTHEIM 5T, T. e. 9ITOGH

n J
kb:N—-H s, (13.29)

rje s — meaoe amcno Meskgy 1 m N. (Bepyrcd ToIbKO HmONOMH-

® ue 13.10. Ompesox npamoii ¢ N
MOAERYAANU.
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@ ue 13.11. uepzemuuecrus
yposnu 6ymaduena.

E,+16i8A

_._.-.-_.ﬁ_.._.. — e
P VO

E,+0, 618/\

E,-1,618A

TeJBHBE Kk, MOTOMY 9TO Kajoe pemeHme cojepsRur u - k, 1 — k;
nmepeMeHa 3HAKA & OIATH laer TO jKe COCTOHAHUE.) I[JIH MOJIEKYJIbl
Oyragmena N = 4, Tak 9TO UMMeeTCH YeTBePKA COCTOSHUI ¢

2 3 4
kb_—_i;-, =, _;i " ?”. (13.30)

YpORHE 5Heprul MO;KHO Temepb LPeJCTABUTH, MONB3YACh KPY-
TOROIL marpaMmoii, moxokeil Ha GeEsoxsnyw. Ha ceil pas BosbMem
HOAYKPYT, feleHHEH Ha NATh paBHHX vacteil (pur. 13.11). Toura
BAHU3Y oredaer s = (), yTo He faer KarROro-1ub0 cocrogHUA. To xKe
caMoe cOpaBeljiiBo JJAfg TOYKH Hapepxy, oTBedaiomeil s = N 4 1.
(Ocrasinmecs Yerspe TOUKA [AlOT 9eTBePKY paspelleHHHX HHepruii.
Wmeerca getblpe cTamMOHAPHEIX COCTOSHHS, Wero M CJIEKOBANO
O}EOATh, CyAs N0 4eTHpeM Oa3WCHEIM COCTOSHHAM. B Kpyrosoit
pMarpaMMe yIIH pasusl 7/5, nau 36°. Haunusmasg sHeprus okaski-
BaeTcsa pasHoil E, — 1,6184. (Kakux ronbpko wypnec He OhBaeT B
mareMature! 3oioToe cedenme* IpeKOB faeT HAM HAWHU3IIEe dHeP-
TeTHIECKOe COCTOSTHUE MOJNeRYJIH Oyrajiena, KaK JTO clefqyeT H3
Hameit reopun!)

Teneps yike ACHO, RAX MEHIETCS YHePTUA MOJIeKYIH OyTajneHa,
KOT/a B Hee BROGAT YeTBEPKY HIeKTPOHOR. JTa YeTBEpPKA 3AMOJHMUT
JBa HIGKHUX YPOBHS — KajKAslil 6yfer samojHeH mapoil HieKTpo-
HOB ¢ DPOTHROUONOKHEMH cnnHaMu. IJonnas sseprus 6ymer paBHa

E =2(Ey—1,6184) -2 (E,—0,6184) =4 (E,— 4) —0,4TTA.
(13.31)

* QTHOmeHHE CTODOH IPAMOYTOJbHAKA, KOTODHIA MOMHO pas30uTh Ha
KBafpaT W Ha TOXOOHHIA eMy IpsAMOYTOJALHHK.
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370 BRTIAANAT BIIOJHE PA3YyMHO. JHEPTHS 4YTh IOHIIKe, YeM [IPOCTO
y BBYX [BOIHEIX cBA3eil, HO CBA3L He TaK CHIbHA, KaK B GeHsore.
Bo BCAKOM ciIydae, IMEHHO TAK XUMUK aHATUBHPYET HEKOTOpHE O]~
rapugeckre MOJeKYJH.

Ho B ero pacuopskeHn# ecTh He TOJALKO DHEPIUH, HO M aMILIH-
Tyl BEPOATHOCTH., JHAA AMIVIUTYAB IS KajKI0TO COCTOSHUA 11
sHasg, KaKHe COCTOSHMS 3amO0JHEHH, OH MOMeT cOOGLMTL HaMm,
1AKOBA BEPOATHOCTH HAXOMIEHHS HJIEKTPOHA B KAKOM-HHOYIDL
mecre Mojmeryinsl. Te Mecra, rfe mpefHBaHHe dJIeKTpoHA Ooice
BePOSATHO, BCTYHAT B WIPY IPH TAKKX XHMHITECKHX 3aMerie-
HEAX, ROTOPHe TpedyoT, 9100H aileKTpoH oScayKuBax I JPyryio
rpyony aroMoB. [Ipyrie ke MecTa MOJEKYJBl y4acTBYIOT B TAKHX
saMelleHAaX, OPU KOTOPHX MOJEKYlia mMeeT TeHJeHI[UI Tepenarh
cHcTEMe elie OJUH BJIeKTPOH.

Mopobuble xe mem MOUYT IOMOYB HaM IOJAYIHTH IPIBMIBHOS
IpeflcTaBJEHHE JlasKe 0 TaKHWX CJHOMKHBIX MOJeKylTaX, KaK XJopo-
U, OMUH U3 BaPHAHTOB KOTOpOTO moKasaH Ha ¢ur. 13.12. OGpa-
THTE BHUMAaHWe, 9T0 [BOHHEe W OJUHOYHHE CBA3M 06pasywr
MIHHHOE 3aMKHYTOe KONBI0 ¢ [ABAJUATLIO WHTEpBalaMu.

Jlmmane siaeKTpoHH ARONHEIX cBAZeil MOryT 0eratb HO 3TOMY
rKoxpny. Ilpm moMmoimm MeToja Hes3aBMCHMBIX YAaCTHI, MOKHO
NONYIUTH BCI0 COBOKYNHOCTH HHEpPreTHYecKHX ypoHeil. Or ne-
pPeX0J0B Me/RAy HTHMH YPORHAMH BOSHHUKAKOT CHJIBHBE JINHUM
MOTJIOMIeHNA, KOTOpHe JeyKAT B BHINMOH 9acTH CHEKTPa W DpH-
naioT 9Toil Momexyne ee ryctoii user. W pgpyrhe caoskHEeE MoO-
JMeRYJNH, TaKWe, KaK KCAHTOQHUAN, 0T KOTOPOI'O JIMCTbSA mO-
Jy9al0T KpPAaCHYID OKpAacCKy, MO;KHO H3YIUTh TaKHM j3Ke TOYHO
crocobom,

B oprammueckoil xmMun
npu pabore ¢ moAo0HOTO
poxga Teopmeil wWCHOJXB3Y-
0T eme ofHy upmew. Oxa,
noKanyit, camMaa ypnagHasd
U3 BceX (WIA HO Kpaiimeil-
Mepe B OupefeaeHHOM CMEH-
cre camag rtounas). Oua
OTBe9aeT HA TaKOil BOMpOC:
B KaKMX CJydqaaX IOdy-

CH==CH, CH,

Due 13.12. Morexyra xaopo-
puana.
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EHOIJH

@D ue 13.13. Cymma ecex
sHepaull aneKkmponos, Koz~
4 6 8 10 12 04 HUXCHUE COCMOARUA HA
0 ? | fue. 13.8 sanoanens n
: ! saekmponamu  (npurAmMo
¢
{
|

Eo = 0).

QY

-8A

uaercH 0cO0eHHO pogHas XuMuweckas ceass? OTBeT OueHL MHTEpE-
ceH. BospMeM BHavase fius ppmMepa GeH30a M npencraBuM psji co-
OBTHIL, KOTOPHIE MPON30HAYT, CIH MEI HATHEM ¢ IIeCTHR PATHO HOHH-
30BAHHOH MOJEKyJsl M TpuMeMcs fA00anidg1h HOBHe M HOBEHE
sneKTpoRN. Torma Hys;XHO GyHeT TOBOPATH O DA3NWIHHX HOHAX
GeH3071a — OTPUIATEIABHEIX W HMOJOKuTeXbHHNX. Wsz06pasuM amep-
IHI0 HoHA (MM HeATPaNbHOH MOJERYJIH) KaK QYHKI[HIO YHACIA DK~
rporos. Ecam Mur mpumeM E, = 0 {Mu1 He sHaeMm, yeMy papHO £,),
TO NOJYIMM KpPHUBYKW, HORazamuyio Ha ¢ur. 13.13. Jlas nmepemx
JABYX 9JeKTPOHOB HAaKIOH QYHKIMH [OCTOsIHEH — HTO nOpAMasd
amHEuA. 3aTeM g KajKaod o9epeiHON TPYIOE 3J¢KTPOHOB OH BO3-
pacTtaer, MeHAsCh CKA4KOM OT OfHO# rpymmsl K gpyroii. Hawrmon
U3MEHAETCS TOTHA, KOTJA B3aKAHYMBAECTCS 3aHOJHEHHEe CHCTEMBbI
YPOBHeil ¢ oiHOH 9HeprHeH M OUepeJHOMY DIEKTPOHY HPHXOIUTCSA
nepexoquTh K OdepefHoil Gosiee BEICOKON cucTeMe ypOBHEi.

B peiicTBuTenpHOCTH MCTHHHAA SHEPTUA HMOHA OEH30IA COBep-
IeHHO "enoxoyka Ha ¢ur. 13.13 u3-3a BzanMopeiicTBHIl 3IeKTPOHOB
¥ ¥3-33 IEKTPOCTATHYCCKUX DHEPTHUIl, KOTOPHMU MBI mpeHel perian.
JTH moUpaBKH, OTHAKO, MEHSAIOTCS ¢ n AOBOJLHO miuasmo. Jlame
ecim OH WX BCe Y4eCTh, HA OKOHYATENBHOI JHEPreTHIeCKON K pUBOI
BCe PABHO OCTAINCH O MBJIOMH IIPH TAKUX 1, IPH KOTOPHX KAaK pas
3aMO0NHAITCA OTHCABHEE YPOBHA JHEPIHU.

PaccMorpnM Temeps oueHb IIANKYI0 KPUBYID, Ha KOTODOil B
cpefneM yraajeiBarTca Bce Touku (¢gur. 13.14), Mokno ckasarts,

E

Q@ ue 13.14. Touru
7] ¢ gue. 13.13 u naasnan
Kpuea.

Mouaexryan ¢ n=2, 6, 10
yemotinugee 0CMAALHBIX,
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@ ue. 13.15. Inepzemuue-
ckan duazpamma 0as kKosbya
us mper amomos.

2

9T0 TOUKH Had 3TOH KpHUBOIl 06namaiorT SHepPrUeldl «BEIMIE 4eM HOp-
MaJbHOH», & TOUKHE nod Helo «HIKe ueM HopMaibHO». W1 B ofmem
ciaydae clefyer ORUAATH, 9T0 ¥ KOHQUTYpaAmMil ¢ «HUWKE 4eM HOpD-
MaJipHOM» dHePIrHeH CpefHsA YCTORIHBOCTD OKAKETCH [OBRIICHHON,
O6pardre BHUMAaHNe, 970 KOHQUIYDAUUA, KOTOPHE 3HAYUTEILHO
HI3Ke KPHUBOH, BCerga OKasHBAIOTCH B KOHIE OHOTO W3 HPAMOJIHU-
HEMHEIX OTPE3KOB, a MMEHHO TaM, IAe 9JIeKTPOHOB KaK pas XBaTaer
HA 10, 9T00BI 3aNOJHUTH (YHEPTETHUECKYI0 060JOTKY», KaK ee HA-
3HIBAIOT. JTO OYeHb TOWHOe NpefckaszaHme Tteopun. Moneryas u
UOHbL 0060 Yemoluuebl (RO CPAGHEHUIO ¢ NPOYUMU NOOOOHBLMU KOH-
dueypayuamu ), Koeda umenwuecs § HUT 6 HAALUYUL INEKMPOHB KAK
Pas 3anoAHSIOM SHEP2EMUMECKYI0 000A0UEY.

Jra Teopus o0BACHAIA ¥ TpeACKAa3ana HEKOTOPHEe BechMa Heo-
Ooapsle xuMuueckue gaxrel. Bor ogens mpocToit mpuMep. BosbMmem
KOJbBIO M3 TpeX aToMor. IlouTH HERO3MOKHO MOBEPHUTH, 4TO XHMHK
CMOKeT M3 TpeX ATOMOE COCTABHTH KOJBIO U CHEIaTh ero yCTol-
ygspiM. Ho 3710 OBIIO cuemaHo. JHepreTHYecKuil Kpyr gis Tpex
DIeKTPoHOB moxazaH HA ¢ur. 13.15. Ecam moMectnrs B HIIKHEe
COCTOAHNe /iBA HJIEKTPOHA, TO HMONUXYT B [€I0 TOJBKO f[Ra U3 Tpex
TpeGyeMEIX 2xeKTPOHOB. TpeTHil 5ileKTPOH IPHUAETCS MOMECTHTH HA
Gosiee BHIcOKuUil yporerb. OTCIORA clefyeT, 9T0 MOJeKyxa He Oyner
CAMIIKOM yeTOiunBOii. 3aT0 ABYXdIeKTPOHHAA cTpyKTypa o6sa3ana
OniTh yeTOfumBoii. M meficTATONbHO, OKABBIBACTCS, UTO HeATPaIb-
HYI0 MOJEKYIY TPUPeHWIHHRIONPONAHIIA CAEIATh O4eHb TPYILHO,
HO 3aTO CPABHUTENHHO JETKO COOPYIHUTH MOJOMKHATESbHEN HOH, TIO-
Kaszaumelil Ha gur. 13.16. [Ipasna, Koxbyo U3 TPeX aTOMOB HEKOIVA
He OnlBaeT JeTKO CAENATH, IOTOMY ¥TO, KOTTA CBA3H B OPraHNIecKoH
MoJieRyJe 06pasyioT PaBHOCTOPOHHHI TPeyroJbHHK, BCETHA MOSB-
asfores Oonpine HanpspReaus. UtoGH coegumenuie ObLIO YCTOMH-
91BO, CTPYKTYpY HYKHO KaK-TO crafmnmamponarb. OKaswBaercs,
YT0, eCIE HOCTABHTH MO yriaM TPE GeH30MBHHIX KOJbIA, MOYKHO
C/le1aTh DOJIOKATeNbHHA HoH. (OTyero Hy:RKHO K0o0aBAATH GeH30Mb-
HEIe KOJbLA, HeHOHATHO.)
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@ ue 13.16. Kamuon mpugenua-
YUKEAONPOnAnRUAQ,

HomoGurM e 00pa3oM MOKHO TaK:ke NPOAHANMBMPOBATL IT
MATAYTOJBHOE KOAEIN0. Heau BE HaUepPTHTe PHEPreTHUeCKYH AHa-
rpaMMy, T0 KageCTBeHHO CMOsKete yOeRHTBCH, 4TO HIECTHAIEKTPOH-
Has CTPYKTYpa AomxHa OBTh 0c060 ycTOHdYMBA, TaK 910 TaKas MO-
Jeryma AoMKHA OHTH yerofitmBee BCETO B BUEEe OTPUIATE]BLHOTO
moHa. W BOT KONBIO W3 HmATH ATOMOR AEHCTBUTENHHO XOPOIIO H3-
BECTHO, JIETKO COOPYRAeTCs U NeHCTBYET BCera KAk OTPHUIATEN bHEIT
ton, IlogoGubiM ke o6pa3oM BH Jerko ybejurech, 4TO KOJBIO M3
4 u 8 aToMOB He OUCHL MHTEPeCHO, a Kouabmo u3 14 mau 10 (rak n
ronbuo m3 6) momkHo GBHITH 0c00eHHO YyCTOHTURO B dopme Heiit-
paubHOTO0 00BEKTA.

§ 6. Ipyeue npumenenus npubiuicenus

Ects gpa gpyrux ¢XOJHEIX cayuas, HA KOTOPHX ME 0CTAHO-
BUMCS JIHIOb BKpaTie. I'oBOpsA 0 CTpoeHEAH aToMa, MOMKHO CUHTATH,
9T0 DJIERTPOH 3amOJHSeT NocHefoBaTeXbHEe 0060s09Ru. Teopmio
aemxennsn anexktpona [pepumnrepa ygaercs ¢ MerKocThi0 paspa-
forath qUINb ANH 0mMOeAbHO20 DIEKTPOHA, MBIIKYIHETOCS B (I€HT-
PanbHOM» 1OJle — MONe, 3ABUCALUIEM TOJNBKO OT PACCTOSHHUA OF
roakm. Ho kar e rorga paso0paThes B TOM, 9TO HPOUCXOAMT B
atoMe, B KoropoM 22 saerrposa?! OuH u3 myrteii — BOCHOIB30-
BaThCA TPHOMMKEHAEM He3aBUCHMEIX yacTan. Cepea BB HOJCINTHI-
Baere, 9T0 NPOACXONUT ¢ OFZHUM »JIeKTpoHOM. Iloxydaere croanKo-
T0 TaM ypoBHe#l sHeprud. lloMemaere 2iIeKTPOH B HEKHee HHepre-
THYeCKoe cocTosHHe. B rpy6oil Momead BH IPOJOJKAETe WIHOpDH-
poBaTh B3aHMOJEMCTBHA DHIEKTPOHOB H WPOJOIKAeTe 3aLMONHATDH
mocxef[0BaTelbHEe 000X0YKM, HO'elie JYJIINe OTBETH MOJYJIaTeH,
€CIA ydecTh (XOTsi OH UPHOMMIKEHHO) BIUAHMWE DIAEKTPUISCKOTO
3apAafa diaeKTpoHa. JloGaBaAA 3iIeKTPOH, KaMKAGLI pas BHEYHC-
asiite aMOnNHTYRy TOro, 9T0 oH Oymer ofHapy:KeH B pPasIMUHBIX
MecTaX, M 3aTeM ¢ ee HOMOINBI0 NPHUKAALBANTe BHE chephuecKH
CUMMeTPHYHOTO pacmpefelenusa sapama. Ilome sroro pacmpegexne-
HHSA (COBMECTHO ¢ IIOJIeM HOJIOKUTEIbHOTO AApa ¥ BCeX Ipeanify -
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mEX SIeKTPOHOB) HMCHOAB3YiiTe IJdA pacueTa COCTOAHUU, moCTym-
HEIX 09epefHOMY DIeKTPoRy. TaKuM myreM BRI MOKeTe NOIYIHTD
BOOJIHE PASYMHBIE OIEHKH DHepruil HeHTpajXbHOr0 aToMa M pas-
IUYHHEIX HMOHA30BAHHHX CcOCTOSHME. BH ysumure, 910 M 374ech
EMEIOTCST DHepreTHUeCKHe OOO0JOUYKM, TAK jKe KaK Yy DIEKTPOHOB B
KOIb1eBoil moseryie. Ilpu He corceM 3amoanenHoil 000109Ke aTOM
WHOTTA 0XOTHEee MPUCOeIUATeT K cebe OJUH MIN HeCKONBKO DIEKT-
POHOR, a MHOT/IA OXOTHee X TepseT, YTOOH WPHUUTH B yCTOAHEBOE
cocrosiHame, Kornga 000J0URA 3auOJHEHA,

Jta TeopHst 00BACHAET MeXaHU3M, Je/KAllWid B OCHOBE CaMHX
OyHIAMeHTAJIBHNX XUMHYECKUX CBONCTB, HPOABILIMXCH B Ie-
pHoxmIecKoil tabmune siaeMeHTos. MHepTHbie Tassl — 3TO Te diie-
MEHTHl, ¥ KOTOPHIX KaK pa3 BaKOHYWIOCH 3amOJHeHNE 000J0UKY, U
X 0cofeHHO TPYAHO 3aCTABMTH BCTYHATH B peaknuio. (B meiicteu-
TENBHOCTH - KOHEUHO, HEKOTOPHe Y3 HUX pearupyior, HampuMmep, ¢
¢ TOPOM WM ¢ KMCHOPOAOM, HO B TAKHMX COCIWHEHHAX CBA3D OUCHD
craba; Tak HasbHBaeMHe WHEPTHHe Ta3H MHEPTHE JUIIb OTYACTH.)
ATOM, Y KOTOpPOTO Ha OZHE 3JIeKTPOH 00bINe MM Ha OJHH MEHbBIIE,
4eM Yy WHEPTHOTO I'asa, Jerko repseT WIH HPUCOeRUHMAET DTOT DICKT-
POH, uT00H 0Ka3aThCA B 0¢000 YCTOHUMBHX (HU3KOYHE PTETHYECHHX)
YCIOBUAX, KaKUe BOIHMKAIOT OT TOTO, 4T0 060I0YKA 3amOiHEeHA [0
KOHI[a,— OHHU ABJAOTCH OYeHb AKTABHHIMHM XUMWYECKUMHM DIIeMeH-
TaMH ¢ BajeuTHocTh0 +1 M —1.

P anepHOH (QU3WKe MOKHO BCTPETHTBCS ¢ HPYTHM NOROGHBIM
caydaeM. B aroMHOM sjljpe HpPOTOHE M HeHTPOHH OY€Hb CHIBHO
B3auUMoOjelicTByIoT APYT ¢ Apyrom. Ho m mpw sToM Mopens Hesasn-
CHMBIX YaCTHI, OIATH NOJNe3Ha IIA aHAJNM3A CTPYRTYPH sEpAa.
Coepea GEIO OTKPETO YKCUEPHIMEHTATIBHO, 4T0 s7Apa 0C000 YCTOik-
YUBEl, €C/IM B HUX COREPIKUTCH OHPEeAeNeHHOe YUCI0 HeHTPOHOB —-
a nMenHo 2, 8, 20, 28, 50, 82. fInpa, comepsKaipe B TAKOM e KOIM-
decTBe HPOTOHH, TOKe 0COOeHHO ycroitumehl. llocKoNbKy BHaUae
O0BSCHEHHUA HTUM 9YHCIAM He OBIIO, HX HA3BAMH «MATHIeCKUMH
gucramMuy agepHoil ¢msnkm. Xopomo H3BecTHO, wro HeliTpoHH B
IIPOTOHEL IPYT ¢ APYTOM CHIBHO B3aHMOREHCTRYIOT; MODTOMY JIONU
OBIN 4Ype3BBYAHO TOpajKeHsl, KOTHA BESICHWIOCH, YTO MOJelb
He3aBMCUMHIX 9acTHI| OpejcKasbBaeT 000J09euHOe CTPOCHHE SADA,
npuueM caMm co0off BO3HHKAIT HECKONBKO HEePBHX MarmdecKUX
gucesx. Monens 714 mpefmosarasia, 9T0 KajKAHHE HYRIOH (OPOTOH
HJIH HeHTpoH) ABHMeTCA B IeHTPATHHOM NOTEHIUAJIBHOM IoJje,
€O3/IaBa6MOM CDeIHNM BIMAHWEM BCeX NPOYUX HYRJIOHOB. OnHaKO
MOJ eJI¥ He y[laRalloch BEPHO IPEJCKA3aTh JPYTHe MarduecKue uuc-
na. Ho satem Mapusi Maiiep u Hezasucumo WemceR ¢ coTpygamka-
ME OTKPHIIM, 9TO, OPHHAMAS MOAelIb He3aBHCHMEIX YacTHL M JO-
faBiaAs TONBKO MOMpAaBKY HA TAK HA3hIBAEMOe (COUH-OPOHTAIbHOE
BaamMopelicTBre», MOMKHO B 9TOH. yCOBEepINIeHCTBORAHHOH Mogenu
DOJNYyYATh Bece Marmueckue gucna. (COouH-0pOATANBPHOE B3aWMMOeli-
CTBMe NPHMBOJUT K TOMY, YTO SHePTHA HYKIOHA OKA3HBAGTCA HHUIKe,
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eCI'M eT0 CIVMH HANPARJIEH TY[A 3Ke, Ky/a HAIpPABJeH ero opburann-
HH# MOMeHT KoJmJecTBa [BWHKeHUMs B Afpe.) Teopus pmaer mame
fonbhie — ee KAPTHHA TaK HAa3EIBaeMOM «000I09€9HOH CTPYKTY P
SIApa HO3BONIeT HPeACKas3hRaTh HEKOTOPHIE XAPAKTePHCTUKRE SAep
U AfePHHX peakUuil.

ITpubamwxenre He3aBUCUMEIX WACTHI] OKA3AJ0CH MOJE3HEM A
TIINPOKOTO KPyra SBJXeHUN — 07T QUBMKHA TBePHOrO Tejta K0 XUMHW,
or 6uomoruu 5o speproil dusukn. Taxoe mpubnwskenre 9acT0 0UeHD
rpy6o, HO OHO B COCTOSHUHA WOMOYH HaM UOHATH, O0TUEro OHBAIOT
0c0060 yCcTOHYHMBEIE YCAOBHA — OTHYer0 Bosuuraior obosouru. Ho
HOCKOIBKY OHO OIYCKAeT BCIO CIOKHOCTH B3aWMOREHCTEHI Melay
WHANBUIYANXSHEMNA YACTAIAMA, HAC He JOMKHO YAUBIATH, UTO 4acTO
eMy He yJlaeTcs OHPaBHIBHO TIPejicKazarTh MHOTHE BajKHLIe JleTalM.



reaca 14

3ABICIMOCTD AMILINTY ]
OT MECTA

§ 1. Bax Mmenaromes amnaumydst 600av
NPAMOU

BoisscHuM Terepb, KaKk B KBAHTOBON MeXaHHKe
aMIUIATYAB BePOATHOCTH MEHAITCA B IPOCTPaH-
crBe. B HexKOTODHX npemHAYIIWX IJIaBaX y Bac
MOTJIO BO3HHUKHYTH CMYTHOE YYBCTBO, 410 KOE 0
9eM Msl yMmMajuupaeM. Haunpmmep, KOTHA MBI TOJI-
KOBAJIM 0 MOJeKyle aMMIAKA, ME PENIMIH ONHCH-
BATh ee depe3 ABA OA3MCHHX COCTOSHUS. 3a OJHO
M3 HUX Msl BEIGpajiyl caydail, KOTJIa aToM as3oTa
HAaXONWUTCA «BHLIIE» IJIIOCKOCTA TPeX AaTOMOB BO-
AOpoaa, a B KadecrBe APYyroro 6asmcHOTO COCTOH-
HEA BHOpamu TakWe YCIOBHS, KOTHA aTOM asoTa
CTOHMT (HUKe» INIOCKOCTH TPEX aTOMOB BOJOPO.A.
[Iouemy e ME BHIOpasn IMEHHO 5TY HAPY COCTOH-
gait? ITouemy Os He cauTaTh, 9TO aTOM a30Ta MO-
JHeT OKasaThes aubo Ha paccTosEmum 2A OT mWiIoc-
KQCTH TpeX aTOMOB BORODOAA, AuG0 HA PaCCTOSHNH
3A, a Moxer, 1 4A. Bejs atoM azora MoskeT 3aHH-
MaTh MHOMecCTBO moJoskemumil. Mam, ®Korpma mma
pedb O MOJEKYJISPHOM MOHE BOJIOPOfia, B KOTOPOM
UMEeeTCs 3JIeKTPOH, PACHPE/AeeHHEIT MeIKIY NBYMA
TIPOTOHAMY, MH TO3Ke RoOOpasmam gBa 0asuCHHX
cocroanmia. OgHO — KOTJla DHJIEKTPOH HAXONUTCA
mo cocecTRY ¢ mpororoM No 1, u ipyroe, Korma on
npebeiBaeT B OKpecTHOCTAX mportoHA N 2. flemo,
970 MHOTHE AeTAAN ME YOYCTHIA. JIEKTPOH Bexb
HaXOTHTCS He TOYHO Yy caMoro mpotoHa Ne 2, a
TOJABKO B ero oKpectHOCTAX. OH MOMKeT 0OKasaTbCs
H I71e-TO OOBHINEe HPOTOHA, W Tfe-T0 HOHWMe, |
rle-T0 ¢JeBa, W THe-TO cOpasa.

Mn HaMepenHO H30eraqu yTOYHEHHUSI TAKHX
Jderameir. Mul rosopmnm, 41O Hac HHTEPeCyIOT
TOJBKO OUpefeTeHHRe CTOPOHH NPOHaeMH, I 8006~
PasKan®, 9TO €CIHM YK DIeRTPOH HAXOMUATCHA II0-
6musoctu ot mporoHa Ne 1, TO oH TpEHEMMaer
HEKOTOpoe [OBOJbHO oupeleleHHOS IOJOMKeHHUe.

§ 1.

§ 2.

§ 3.

§ 4.

§ 5.

§ 6.

Kax Menssorcsa
AMILIATY{bE
BIOAB TPAMOI

BoanoBasa
G yHxa

CocToannsa
¢ ompeeNeHb M
HMIIYIBCOM

Hoprmuporka
COCTOAHMI

¢ omnpenereHH O
KOOPAMHATOH X

Y paBuenne
Hipeanurepa

Kranrosanusle
YPOBHU 3HEprum
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Ha camowm fiere B 9THX YCIOBHAX BEPOSTHOCTH OGHAPYRATH DIEKT-
poH ofmajaer KaKUM-TO OHPeNEeNeEHRIM pacupefeleHHeM B TPO-
crpaHcree BOmmsm nmporora. Ho mac Takume geranm He 3a60THIH.

MosxHO HpeficTaBATH fei0 ¥ WHAwe. Horma Mel paccMaTpuBaid
MOJERYAAPHHNHA MOE BOAOPORA, TO M30panu npuGAMKeHHHIH [OJ-
XOf, ONMCHBAM WOJOKeHUE Belnell HA sg3bKe JABYX Oa3UCHHX CO-
crosauii. B JelicTBHTeNHPHOCTH JKe TAKHX COCTOSHHA yiiMma.
ANeKTPOH MOKeT HONACTh BOAM3N WPOTOHA B CBOe HAUHHU3IIee, UK
OCHOBHOE, COCTOSIHIE, HO HMEeTCs eHie M MHOKecTRO Bo30y:RIeHHEIX
cocrosHnd. B KasKIOM M3 HUX BIIeKTPOH KAaK-TO I0-0C0GOMY pacmpe-
JeaeH BOAM3E mporoHA. ITH BO3OY)KIEHHHIE COCTOSHHA MHE HIHO-
PMPOBANM, TOBOPS, 4TO HAC MHTEPECYIOT JIHIIb YCHOBUSA MpPU HAM-
mu3meit sHeprun. Ho Kark pas oHH-T0, 5TH BO3OYRICHHLIE COCTOSA-
HUS, @ OPUBOJAT K TOMY, 9TO BO3MOYKHEL PAa3iUvHBIE pacupemene-
HHS 3JeKTPOHA BOKPYT OpoToHa. Eciau ME XOTHM jlerajbHO OOHUCATH
MOJeKyISpHHI WOH BOJOPOMAA, TO CIeAyeT HPUHATH BO BHUMAHHE
¥ 9TH mpouse JonyCTUMHe GasuCHEE COCTOSHHAS. JT0 MOJKHO CJeNarh
MHOTEME cmoco0aMH, W OfWH ¥M3 HHX — JleTAlbHee paccMOTPeTh
COCTOSTHNS, KOTJA PACHONIOKEHNe DIEKTPOHA B IPOCTPAHCTBE ONH-
ceiaetcs Gojee TIIATENBLHO.

Mu ye mocTaTOYHO IOATOTOBNEHEL:, 4TO0H 3aHATHeA Oosee
TPYHOEMKO IIPoNeAy poil, KOTOpast HO3BOJINUT HaM 06cTodATeNbHEE TO-
ROPHTH 0 MECTONOJ0KEeHNN HIEKTPOHA, 3aaBasd aMIIUTYXY BEPOST-
HOCTH TOTO, 4To0 OH Gymer o6HapysKeH B KaKOM YTOJHO MecTe B
JGHHOHM cHTyanmmu. JTta Gojiee MONTHAS TeOPUA MO3BOJUT IOJKpeE-
ONUTHh Te OpUbNWKEeHHS, KOTOPHIMH MEL DaHbIIE IOJb30BAJNUCH,
Haimmn npesxane ypaBHeHHSI B KAKOM-TO CMEICAe CMOTYT GHITh BH-
BeJIeHEl KaK CBOEro popa mpulimwkeHNs K 6olee mONHOH TeopHH.

Bac Momer ymuBHTH, mOUeMy MBHl He HAuald mpAMoO ¢ Ooree
WOJNHON TEOPREM K He [AeXai¥ OpuOIMEKeHHI MO Mepe ABIKEHHUA
puepen. Ho Mul cunranu, 970, OTHPABUBIINCH OT HPUOIMAKeHNS ABYX
COCTOAHWH M IIOCTEMEHHO MOAX0Ad K 6olee HOXHOH Teopum, Bam
fyner merde mocTHYh MOHMMAHHS BCcell MeXaHUKM KBAHTOBOI Me-
xanurd. Ham mogxop, mo-smauMoMy, TPOTHROLONOKEH TOMY, KO-
TOPHI B Halilere BO MHOTHX KHHUTaX.

Horga Mur o6paTnMess K TeMe 5TOH INTaBH, BH 3aMeTHTe, ITO MH
HAPYIIaeM HPAaBUJIO, KOTOPOMY B HPONIIOM HeH3MEHHO CJIENOBANM.
Kaxoit 66 TeMBl MH HH KacajHCh, MH Bcerfia OHTaxuch Gollee unm
MeHee IOJHO OpefCTARUTH BaM (QH3UKY fela, YKAa3HBag KaK MOKHO
HOJTHee, KYAA BedyT 9TH MAed. MH crpeMunuch Hapsagy ¢ ONUCAHTEM
o0IIAX cliefiCTBUIl TEOPHUA MPeICTABHTH A HEKOTOPHE XapaKTepHHe
meTanu, 9T00KH BaM GeLIO sCHO, KyAA BefeT 9Ta Teopus. A Temeps
HAM IPHAJIETCsI HAPYWHTH 9T0 mpaBmiao. M pacckaskeM o6 aMmiam-
TYIaxX BePOSTHOCTU HpebLIBAHMA HJIeKTPOHA THe-TO B MPOCTPAHCTBE
¥ IpoJeMOHCTpHEpYeM BaM qudde peHIUANbHEE Y PaBHEHUA, KOTOPRM
OHHU ypmoBJeTBOpALT. Ho y Hac He Oymer BpeMeHN YTLIyOHTHCA .
ofcymuTs MHOIHe OYeBUIHEE BEIBOZH, CIeIYOIIHe M3 TeopHd.
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Boumee ToT0, HaM fake He y/ACTCA CBA3ATH BTY T€OPHUIO ¢ HEKOTOPHI-
MH OpuUOIM:KeHHKEME (QOPMYyJAMPOBKAMH, K KOTOPHIM MEl DAaHBITE
npuferany, cKajkeM, KOTHA H3yJadam MOJEKYJNY BOXOpPOAa HIHU
Moxeryany ammuara, Ha ator pas mpupmerces 6pocurs jexo ma mod-
nyTd, He okoHIMB ero. Hype mam Gausurcs K KOHIY, M X04ellb HE
Xo4elnrb, npujgercd 000ATHCH OHEM TOJNBLKO BBefieHWEeM B 0o6ufue
npencrapneanus. ME yRasKeM CBA3B ¢ TeM, 0 4eM TOBOPWIOCH PaHb-
e, ¥, KpoMe TOro, HeKOTOPEle Apyrue TOAXONH K 3a/1a9aM KBAHTO-
Boil MexaHuxu. HapeeMca, uro HTHX mpefcTaBleHnil BaM XBaTHT,
9106 TOTOM JBUHYTHCA CAMOCTOATENHHO H yiKe IO KHMTaM y3HATh
MHOTHe BHBOAH W3 NOPUBEACHHHX 31ech ypaBHeHmil. Bce-takm
HYKHO OCTAaBHUTH KOe-4T0 H Ha Oymyliee.

BemomuuM emme pas, 9Td HAM H3BECTHO O TOM, KaK DJIeKTPOH
MO}KeT mPOJBUTAThCH BI0Jb JuHnK atoMos. Horga sxekTpod MokeT
€ KaKOH-TO aMINIMTY/OH HepenpHIruBaTh 0T OXHOTO a4TOMa K COce[-
HEMY, TO MMEIOTCS COCTOSHUA OHpefeleHHOH SHepTHH, B KOTOPHIX
aMOANTy7la BePOSATHOCTH OGHAPYKHTH 3JIEKTPOH pacHpefleisercA
BIlOJIb peimeTKy B Buje Geryieit Bomusl. [ nANHARX BOJH (MaJHX
3HAYEHNH BOJHOBOTO 4HCIA k) DHEPIUA COCTOSHIUSA MPOIOPIUAOHATb-
Ha KBajgpaTy BOXHOBOTO uHcia. Jind KpHCTANNNIECKOH pelmeTKH
¢ L0CTOSTHHOH b, B KOTOPO#l aMmIHTy/a TOTO, UTO YIEKTPOH B e/Ju-
HHIY BpeMeHH HepeHpHTHET OT OJHOTO aroMa K CleRyHoIleMy,
pasna {A/fi, oHeprusa cocrosAns cBa3aHa ¢ k (mpu Mamwx kb) pop-
Mymnon

E = Ak*b? (14.1)

(cm. . 11, § 1). Mu sppmenn rarome, uTO TPYUnH TAKUX BOJH ¢
OIUBKUMHE DHEPIHAMHA o0pasyiT BOJHOBOH Narer, KOTODHI BejieT
cefs KaK KIacCHIECKAA JACTHNA ¢ MACCOH Myt

%2

o0 = S AT (14.2)

m

Pas BoxHB aMIWINTYAS BepOATHOCTH B KpUCTaLie BelyT cebd
KaK 9aCTHI(E, TO 6CTECTBEHHO OKHUAATH, YT0 00IMee KBaHTOBOMeXaHH-
9eCKOe ONHCaHNe FacTANH BEISIBHT TaKOe 7Ke BOIHOBOS IOBeJeHIe,
Kakoe MH HaOnroganz B pemerxe. Ilpegmomosum, MBI B3AIH OJHO-
MEepHYI0 pelleTRy X BooOpasmuH, 4To MOCTOAHHAA PelleTkH b cTaHo-
BHTCH BCe MeHbINe X MeHblne. B mpepene moayInrocs 6B, 9T IEKT-
POH MOKeT OKasarhbCs B ai060i Touxe muEnd. Ham mpmmrocs 6m
TIepelTH K HenpepHBHOMY PacIpefeTeHHI0 aMILIATYR BepOSTHOCTH.
Y saexrpoHa mogBmiaacs OH aMILIHTYRa OKA3aThCA B JIOGOM MecTe
azanA. Takos OBl OB OWH U3 myTell onucaHUA ABUAEHHA DIEKTPO-~
HOB B BakyyMe. VIHEIMHU cnoBaMu, ecrE MH B0oo0pasmM, 4TO BCe
OpOCTPaHCTBO MOKHO IPOHYMepoBaTh GeCKOHeYHHIM YHCIOM 09eHB
TECHO pACHOJIO}KeHHHX TO4eK, M CMOKeM BHIBeCTH YpaRHeHUA,
CBA3HBAIOMHPe MeXZY co00il aMmIuTyH B OfHOM TOUKe ¢ aMILUIATY-
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JaM¥ B COCEIHUX, TO TONYYUM KBAHTOBOMeXaHHYEeCKUE 3AKOHHK
JBUKEHHAS DIEKTPOHA B HmpOCTpaHCTBE.

HauneM ¢ roro, 970 HATOMHUM HEKOTODH® OOIIde IPHHIUIE
KBaHTORBOH Mexanmku. IlycTh mMeercs wacrdma, KOTOpas MOMKET
B KBAaHTOBOMEXaHWIECKOII CHCTEMe CYIIECTBOBATH B DAZHHIX YCJIO-
Bunx. Jlw6He 3agaddble yCIOBUA, B KOTOPHX MOKer GHTH ofna-
Py#ieH 3IeKTPOH, MEl Ha3KBAEM (COCTOsHMeM» W OTMeYaeM MX IIpH
IOMOIDH BEKTOPA COCTOZHUA, cKaskeM | ¢). B Rarkumx-to gpyrux
VCIORHAX M MeTKa OyfieT Apyrasd, CKaykeM BEKTOP COCTOSHUA | ).
3ateM MB BBOJHMM Hie0 O 0A3HCHEIX COCTOAHMAX. MLl roBOpUM,
9T0 MMeeTcs COBOKYNHOCTS cocroAamit | 15, 12>, [3), | 4> u 1. 1.,
obsnafatomas ciaegyoumMK croiicreaMu. Bo-mepBriX, Bce 5TH CO-
CTOSIHUST COBEPLICHHO PA3JMYHE — MEL TOBODHUM, YTO OHH OPTOrO-
HaxsEH. Ilox stuMm MpI monuMaeM, aro 1 A060% mapsl 6asucHIMX
cocToAEUA | {) u | j) paBHa HyJo ammmurypa I | j) Toro, 4ro
DIEKTPOH, OYIy4YH B COCTOMHUM | j), OKayKeTCsT TaAKKe W B COCTOS-
HuU {{ | , ecam T0JBRO, KOHEYHO, | i) 1 | /) He 0603Haval0oT OFHOTO
B TOro jKe COCTOSAHHUsI. Bce 5T0 CUMBONMYECKU IIPEICTARIAETCI

TaK:
<> =38, (14.3)

Benomuute, uto §,; = 0, ecim i m j paszmmunsl, u §;; = 1, ecan
i ¥ J ONVHAKOBHeE WHCIA.

Jlaxee, 6asucunie cocrosHAA | {) 00s3aHB OHITH MOJHOHA COBO-
KYNHOCTBIO, Tak 4TOOH Jj1060e COCTOAHME MOTVIO OHITh BEIPAIKEHO
Ha ux aswuke. WHaue rosops, aioboe cocrosnme | @) MoKer Obirs
MOTHOCTBI0O ONWCAHO 3ajlaEMeM peex amMonurtyd (i | ¢ ) ToTo, d9TO
YACTHUA B COCTOAHHE | ¢ ) 00HAPYKUICH TaK:Ke B COCTOAHUM | ).
Berrtop cocrosmms | @) upefcramBisercs cyMMoil 0asmcHHX co-
CTOSHUI, YMHOMEHHHX Kamgoe HAa KO>PPUIEEHT, ABIAPIIUACA
aMIIHTyHoit Toro, uro cocTOAHHE | @) HaXO;IHTCiI TaKkiKe B COCTOS-

- HAW | ):
Fod> =21 > <i| > (14.4)

Haxomeu, ecim paccmorpers nxi00He ABa COCTOSHHUA | @) N
[ %), 70 aMOTATYRY TOTO, 9TO COCTOAHHUE |1 ) OKamKeTCA TAKKE B
COCTOSHUA | @), MOKHO HafiTH, OpoeHEpPYSA CHepBA COCTOSHUE
|9 Ha 6asHCHHe COCTOAHWA, a 3aTeM Kajkfoe W3 6as3HCHHX co-
CTOAHUA — Ha COCTOAHWe | ¢). JTO 3aNUCHIBAETCA TaK:

<@ P> = X< li><i| P> (14.5)

CyMMupoBaHue, KOHEYHO, IPOBOJMTCA TO BCEil COBOKymHOCTH 0a-
BHCHHX COCTOAHHI | ).

B ra. 11, Korna MH paccunmrtHBaIZ, 9Té BHBaeT ¢ 3MEKTPOHOM,
TOMeIlleHEBIM B JTUHEIHYI0 IeH0YKY aTOMOB, BH BHOPAJIN COBORYII-
HOCTh GasMCHABIX COCTOAHUI, B KOTOPHX 9ieKTPOH GBI pacmonoskeH
6113 TOro WAM MHOTO U3 4TOMOB lLienouku. basuchaoe cocTosiHLE
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| ) IPENICTABAMIO IIEKTPOH, JIOKANIM30BAHHHH (pacmoio;KeHHH)
poslie aroMa HoMep n. (HoHewHo, HeraskHO, 0603HAYATD JH HALIK
6azucHbIe COCTORHAA | r) mwin | {).) Uyrh nosiKe Mul HAIIIA, 9TO
6asHCHEIe COCTOSHUS yRoOHee METHTh KOOPAMHATON aToMa, a He
HOMepoM aToMa B memouke. CocTosHHER | z, > — DTO LPOCTO APYToil
cnocod sammen cocrosHuA | n). Torma, ciemysa obmeMy upasmiy,
mofoe cocToAHMe |1 > MOKHO OIMCATE 3a/JaHHEM TOTO, 4TO DJIEKTPOKH
B COCTOSHHH |1 ) HAXOZHUTCA TAK/Ke B OJHOM M3 COCTOAHHI | z, ).
Jlnsa ymof6cTBa MBI penmiiu 0603HAYATDH 9TH AMIVIMTYH CHMBOJOM

C,= <z, | P> (14.6)

Hockonpky Gasmcnble COCTOAHNMA CBABAHH € MECTOIONOKEHIONM
SIEKTPOHA HA NHWHWUW, TO aMmiamryay C, MOMHO pPaCCMATDPHBATH
KaK QyHKIUI0 KOOPAMHATE £ B nucarth ee B Buge C (z,). AMIIRTY 10
C (z,) 6yayr B obwieM ciaydae MeHSTHCS BO BPeMeHH H IODTOMY
CyTh TaKyKe QYHKIHMH OT {, HO MBI He OyJeM 0TMeuaTh DTy 3aBHCL-
MOCTH SIBHO.

Kpose toro, B ra1. 14 Mu mpepmonosxuan, a1o aMmnauryasl C (z,)
0o6A3aHBl MEHATHCSI BO BPeMeHZ TaK, KaK IMOJIOMEHO IO TaMHIbTO-
nopy ypapHenuo (11.3). B mamem mosoM o6osmavenuu 310 ypasHe-
HUE HMeeT BUJ

ifi ) — B C(2,)— AC (2, - b)) — AC (z,—b).  (14.7)
JiBa mocieHMX caraeMeIX B IPaBoil 4acTH mpemcTaBiAI0T TAROM
nponecc, KOrfa 9JeKTPOH, HAXOAMBIINHCA Boade aroMa (r + 1)
wiad Bozae aroma (n — 1), oraketca Bosie atoma (n).
Msr mamau, aro (14.7) mMeer pemeHus, OTBEWAOIHE COCTOS-
HESM ompefeiesHolt sHepruu. ME sanuceBaim wX B BHJE

C (zn) == eiEt/h gikxy, (14_8)

Y cocroaHZii ¢ HABKOHA SHepriuell AMWHH BONH Beiukd (k Mamo)
W oHeprus cegsaHa ¢ k dopmynoi

E=(E,—24)+ Ak?b2, (14.9)

unu, ecny BHOparTh Hyab 9Hepruu 1ak, 4ro6u 6swro (£, — 24)=10,
to 9Heprus maercsa Gopmynoir (14.1). .

TlocmoTpuM, wTo 6B mpowmsouuio, ecixn 6B MH HO3BONMIH pac-
CToAHNIO b MeIy aToMaMH pemieTKH CTPeMHUTheA K HyJo, coXpa-
Hff BONHOBOE YHCIO DOCTOAHHEIM. Keam O 6GolxbIne HUYIero He
CIyumnock, TO nocnefaee ciaraeMoe B (14.9) o6patarocs 65 mpocro
B HyJb, H HAKaKO# (uamkd O He octamoch. HO IpeironomuM,
9T0 4 ¥ b BMectTe H3MeHSIOTCH TaK, 9T0 HPH CTPeMIeHUH b K HYIIO
npounseefienue Ab? mojmep:REMBaeTcA WOCTOSHHEIM*: ¢ HDOMOIIBIO
(14.2) mp1 sammmem Ab® B BUAE TOCTOSHHON ﬁ2/2m3m. Ipu srom

* TIpepcraspre cefe, 9TO MO Mepe cONMMceHAss TOYEK z, AMILIATY/a
A UPHIKKOB B X, ; B I, BO3pacTaer.
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(14.9) we HM3MeHHTCH, HO 4TO NpoH30fmeT ¢ mupPepeHI[AAN HHRM
ypassernem (14.7)?
Ilepenumem cmepsa (14.7) rax:

ih 25 (B, —24) C (2,) +
+ A[2C(2,)—C (&, +b)—C (z,—b)].  (14.10)

ITpu mamem subope E, meproe ciaraemoe Bumamer. amnee, npea-
craBuM cefe HempepwiBHYH0 ¢yHEOuio C (z), KoTopas IJIaBHO LPo-
xonur vepes sHadenus C {z,) B tourax z,. Horma paccrosmme b
CTPEeMUTCS K HyII0, TOUYRH Z, cOJNHMIKAOTCH BCe TecHee M TecHee H
feciu C () Memsercs FOCTATOYHO IIABHO] BenmwumHa B CKOGKAX
monpocTy HpouopumoHaJbHa BTOpoil mpoHsBomHoil C (z). MokHO
Hanucath (B 4eM xerxko ybemaurbcs, pasmoxuB B pax Taitropa
RasRpblii 9IeH) PaBeHCTBO

2C(x)—C(z+b)—C(x—b)~—b

LA VTS

ax

Torga B mpefielie, Korja b cTpeMuTCs K HyI0, a b4 moguep;RuABaeT-
s paBHEBIM /i2/2myypp, ypasHenne (14.7) mepexogur B

4 0C (z) A2 82C (z)
ih =5 A G G (14.12)

Ilepen maMu ypapHeHHe, yTRep:RAAIONIee, YTO CKOPOCTH M3MEHEHNUSA
C (z) — aMmIMTY ARl TOTO, 4TO DAGKTPOH Oymer obHapyskeH B x—
3aBUCHT OT aMINIATYAH TOTO, WTO JJEKTPOH Oymer of0HapymXeH
B OamaneskauiX TOYKAX TaK, 4TO 9TA CKOPOCTH NPOLOPLUOHANBHA
BTOPOH HpOM3BOXHON aMINHTYAH IO KOOpAMHATe.

ITpaBunsHOE KBAHTOBOMEXAHHUECKOE VPABHOHWE [IBMKOHUSA
BJIIEKTPOHA B LYCTOM MIPOCTPAaHCTBe BuepBrle Owio oTKpHTO Ilpe-
muarepoM. I1pn gemwkenuu nmo mpsaMoit ono umeer suy (14.12); mano
TOJNBRO Mypp 3AMEHHMTH HA /1 — MAcCCy DIEKTPOHA B IyCTOM HpO-
cTparcree. llpnm AgpmwKenum mo wpaAMOM B NycTOM UPOCTPAHCTBE
ypasuenne Ilpepmarepa mMeer Bup

4 8C 72 a2
AL S i (14.13)

2m  Ox?

Mul me XotmM, 9To0B BEL cuMTal®, OyaTo MHl ceiiYac BHEBeJHN
ypasuenue Illpegmarepa; MB TOJTBKO TOKA3HBAEM BaM OFAH W3
cmoco00B, KaKuM ero MoKHO ocMmuicauts. Horma IlIpemgunrep poep-
BhEle HamEcal ero, OH ODPHBON KaKOH-TO BEIBOJ, ONMUpAaBUIHiics HA
9BPHCTHYSCKAE MOBOXE W GJecTdAIiWe MHTYHTUBHBE moranku. He-
ROTOpEIe W3 er0 JOBOXOB OBLUIA [ajKe HEeBepHH, HO 9TO He HMeEJo
3HAYEHHA; BAKHO TO, 9T0 OKOHYATEIbHOS ypaBHeHHEe AaeT IPaBUIb-
Hoe onucanue npuponsl. U mens Hamero o6cyRIeHNA COCTOUT HPOCTO
B TOM, wro0Bl mOKas3aTh BaM, 4T0 NPaBWIbHOe (PYHTAMEHTAIBHOE
KBAaHTOBOMeXaHHYecKoe ypapHenAme (14.13) mMeer Ty e camyio
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GopMy, KaKasa HOJNY4aeTcs B NPEJEIBHOM CIyJae HIEKTPOHA, [BH-
JKYIMErocs BROAb NeIoIKH aTOMOB. JTO 3HAYUT, ITO MOKHO CYHTATH,
yro puddepernmaibaoe ypasHeHHe (14.13) omumceiBaer mauddysmio
aMIUIATYZE BePOSATHOCTH OT TOYKW K TOYKe BAOJb npsamoii. Nmage
rOBOPA, €CIN DIEKTPOH MMeeT HEKOTOPYI0 AMIIUTYAY TOTO, 9T0 OH
6yner B ofHOIl TOYKe, TO UyTh HO3/Ke y HEro HOABHUTCA aMIIATYA
TO0T0, 9TO OH Oyger B GNmaie)KamuX TOYKAX. Y paBHeHHe jeicT-
BUTENHHO HAMOMUHAET ypaBHeHUA nud@ysud, KOTOPHIME MHE IOJXb-
zopanuch B Hauasne Kypca. o ecrs m ogHO BOIKHOS OrImYEe: MHA-
MBI K02(pPUIIeHT mepe TPOUSBOHON 10 BpeMeHN IPUBOIUT K HO-
BEIEHUIO, B KOpHe OTIHIHOMY 0T 00ByHON nupdysuu (HaupuMmep,
or guddysuu rasa, pacupocTpPAHAIMErocs L0 NAWHHOA T1py6e).
Obnunan gudPysua npUBOAUT K AeHCTBUTENHHHM SKCIOHEHI{HAN b~
HEIM pemnieHusiM, a pemmenus (14.13) c¢yTh KOMIIIEKCHEIE BOJHEL.

§ 2. Boanosas hynryun

Yro0nl monyauth HEKOTOPOE IPERCTABJIEHME 0 TOM, KaK Tenepb
Bce Oymer BHIIIANETH, BepPHEMCA K €aMOMY HAYady U H3y4uM 1mpob-
JeMy ONHCAHUS NBUYKEHHA DJICKTPOHA 110 MPAMON, He paccMaTpUBad
COCTOAHMI, CBABAHHKX ¢ ATOMaMH petnerku., MBl X0TEM BO3BpATATE-
€A K caMOMY HAuajJy H [OOCMOTPerb, KAKUMU NPeACTABICHUAMH
HY/KHO IOJIB30BAThCA, YTOOK OMMCAThH ABUKeHUE CBOOORHOI gacTH-
uBl B mpocraHcTBe. Pas Hac uHrepecyer mOBejeHAe JACTHIH BHOIb
KOHTHHYYMA TOYEK, TO HPULETCA EMeTh nelio ¢ 0eCKOHEYHHM MHO-
FKECTBOM BO3MOJKHEIX COCTOAHUI M, KaK BH YBUUTE, HOEH, KOTOPHE
OBLIM PasBUTH AJA KOHEYHOTO WHCIA COCTOSAHMI, MOTpeGyT HEKO-
TOPHIX TeXHUYECKHUX BHOU3MEHOHUI.

Haguem ¢ roro, gro BexTopom cocrosHua | x> 0003HAYHM CO-
CTOAHZe, B KOTOPOM YACTHIA PACHONO/KEHA B TOYHOCTH B TOUKE
¢ KoopamHAaTOH z. 1A KaKEOro 3HAYEHWST £ BIOAD OPAMOIT — [Jis
1,73, nna 9,67, gaa 10,00 m T. O.— UMeeTcA COOTBETCTBYIOMIEE
cocroanue. BnibepeM sTH coctofEMA | x> B KauecTBe OAasHCHHIX.
Ecnu sro coenars jis BceX TOYOK £ NPAMOIL, TO HONYIUTCSA HOJIHAA
COBOKYIHOCTb COCTOAHHH MJf JBIKeHAA B OJHOM H3MEPEHHHN.
Temepp mososkmM, 910 MMeeTCs COCTOSHUE APYroro Poma, cKaykeM
|V, B KOTOPOM 9IEKTPOH KaK-TO pacIpenesieH BAONb IPAMOL.
Opun n3 cnoco0oB ommeath HTO COCTOAHNE — 3aJATh BCe AMILJIATY-
B TOTO, UTO DIEKTPOH OyeT TaKie HalifeH B KayKIOM U3 Oa3UCHEIX
cocrosmmii | 2. Hago sagats GecKOHeuHYo COBOKYHNHOCTH aMIIIN-
TYX, m0 OgHOI NJIA Kaykugoro z. 3anuieMm mX B Bume {z |{). Ham-
Tasg M3 HTUX AMIUIHTYH — KOMINIEKCHOE YHCJIO, B HOCKOJBKY ANA
RaKIOr0 3HAYEHHA I CYIECTBYET OZHO TAKOE YHUCIO, aMIIATYAA
{z |} ABaAeTcsA B AeHCTBETENHHOCTH OPOCTO QYHKIMe r. 3amd-
mem ee tarske B suge C (z): .

Cxy=<x|P>. (14.14)
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Mgl yice paccMatTpmBaiy TaKHe AMIUIATYRB, KOTOPHie HEmpephB-
HHM 00pa3oM MeHAIOTCA ¢ KOOP/MHATAMHU, FOBOPA B TJ. D (BHI. 8)
00 U3MeHeHUAX AMIIATY/ BO Bpemenu. Mu, HanpuMep, HOKAa3aln
TaM, 9TO cienyer OKUAATH, ITO YACTHIA ¢ OUPEHeICHHKM MMIYIb-
coM Oyzer o0magaTh 0COOKWM THIOM HM3MeHEHHA CBOell aMMIMTYHH!
BO BpeméHN. Ecim gacrmna mMeer ompefeNeHHBE HMOyJNbC p H
COOTBETCTBYIONYI0 €My OIpeJeleHHYI0 »Hepruio E, TO aMmimTyaa
TOro,4ro oHa Oyner OOHAPYrKeHA B I0OOM 3afaHHOM MeCTe Z, TAKOBA:

(x| > =C (x) ~ erirsik, (14.15)

910 ypaBHeHHe BRPayKAeT BAKHBIA o0muil mpwHUMOD KBAHTOBOH
MeXAaHUKY, KOTODBL CBA3HBAET OABWCHBIE COCTOAHUA, COOTBETCT-
ByIOIIAe PABINYHHM NHOJOKeHUSAM B NPOCTPAHCTEE, ¢ APYLOH
creTeMOll OABUCHEIX COCTOSHHUI — CO BCEMU COCTOSHUAMY OIpefie-
JEHHOTO HMOyibca. B HEKOTOPHX 3a74a9aX COCTOSHASA OUpeesieH-
HOTO UMIOYJAbca yHoOHee, ueM COCTOSHHA ¢ ompeneneHAsM x. U jo-
fas gpyras cucrema 6asMCHBIX COCTOAHTI TaKyKe TOXUTCA A ONH-
caumsi KBaHTOBOMeXaHmdecKoil curyammu. K cmasm mesxgy HuMm
Mii elie BepHeMcs. A cefiuac MH HmO-HperkHeMY OyleM OpHAep Ku-
BaThCS ONUCAHWA HA fA3BIKE COCTOAHUU | x).

Iipeskne wem upogommarp, mpmberHeM K HeGoNbUION 3aMeHe
o6osnauenuil, Koropas, HageeMcs, Bac He cammkoM cmyrur. Qopma
¢yurnuu C (z), ompenenennoit ypapmenueM (14.14), ecrtecTrenHo,
Oyzmer 3aBHCETh 0T PACCMATPHMBAEMOrO COCTOSHHA | ). 9TO HYIKHO
RaR TO 0TMeTHTH. MOXKHO, HAapHMeD, yKasaTh, 0 Kakoi QyHKiun

C () mmer pedb, HOCTABHB CHUSY HHeKC, ckameM C, (z). Xora
Taroe 0003HAYEHNE BHOJHE momonino Ok, HO OHO BCe me Yy TOURY
TPOMO3IKO H B GOJBINVHCTBE KHHUT BH ero He Bcrperrrte. OOHYHO
npocro yompaior OykBy C M mOJB3YIOTCA CHMBOJOM ¢ A Oupese-
JneHuA QYHKIUT

P (2) = Cy () = (x| P> (14.16)

Ilocroasky 970 06G03HATEHE HPUHATO BO BCEM MHUpe, HEIMI0X0 OBLIO
OBl W BAM HPWBHIKHYTh K HEMY W He Iyratbcs, BCTPETHUB ero rie-
Habynb. Hano ronsko moMunTs, 9ro Y reneps 6yeT BCO0NB30BATHCH
mBosgkuM oOpasom. B (14.14) ¢ oGosHagaer MerKy, KOTOPOH ME
OTMeTHNH 3aJaHHOe (EBHIecKoe coctoaHUe dlleKTpoHa. A B (14.16)
cJIeBa CHUMBOJ ) NpPUMeHAETCA IJIA OmpejeleHVsA MaTeMAaTHIecKoit
QYHRIUY OT &, PABHOH aMIIATY/e, CBABHBAEMON ¢ KAKI0U TOUKOH
z npsavoii. HameoMmes, 910 5710 HE CAMITKOM CMYTHT Bac, KOTAA BH
OpuBHEHeTe K caMol miee. Rerarn, dyrximio ¢ () 00H4MHO EMeHYIOT
«BOJHOBOH (QYHKOMeil», HOTOMY 4YTO OHAa 09eHb 9YacTO HMeer
QOopMy KOMILIEKCHON BOJIHEL CBOHX HepPeMEHHEIX.

Paz Mubl onpegenmian v (£) KaK aMIOVIATYLY TOrO, 4TO BJIEKTPOH
B COCTOSHMH 1) 0OHAPYIKATCS B TOYKe Z, TO X0TeJoch G MHTep-
mpeTHPOBATH KBagpar a0coqi0THOi BeJUYUHE P KAK BEPOATHOCTH
00HADYKUTH DIEKTPOH B T04Ke z. Ho, K coKATEBUIO, BEPOATHOCTD
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0GHAPY/RUTE JIEKTPOH B TOYHOCTH B KAKI0# MAHHOH TOUKe paBHA
Hymo, ONEeKTPOH B 0o0IIeM ciydae pasMa3sBaeTcA HO KAKOMY-10
y4acTKy UIPAMOl, W MOCKOJBKY TOUCK Ha KayKIOM ydacrke Gecko-
HEYHO MHOI0, TO BePOATHOCTh OKa3aThCA B JI0O0N M3 HAX HE MOMKET
fuTh KOHEYHBIM 4UHCHOM. BepoATHOCTE 0GHADYIRHTH 3IIEKTPOH
MBI MO)KeM OIMCATH TOJNBKO HA fABHKE pacnpedeieHus 6eposmHo-
cmeil ¥, RoTOpOE JaeT OTHOCHTENBHYIO BEePOATHOCTH O0HAPYRUTH
SJACKTPOH B pasiiduHHX HEeTOYHO YKA3aHHBIX Mectax npamoil. [lyers
Bep. (z, Ax) ofozmauaer BepPOATHOCTH OGHADYRUTH JIEKTPOH B
yaxoM maTepBane Az Bosme Touku z. Ecau Mu B RaKmoi duswmuec-
Kol curyamuy OyEeM IOAb30BATHCA JOCTATOYHO MEJIKHM MachiTa-
60M, TO BepOATHOCTH Oy/AeT 0T TOYKHI K TOUKEe MEHATHCA MJIABHO, H
BEPOATHOCTh OOHAPYIKUTH DHIEKTPOH B ILIPOU3BOJIBHOM KOHETHOM
MaJIeHBKOM OTpeske mpsaMoil Az 6yzer mpomopmmonansma Az, U
MOKHO Tax W3MEHWTL HATIM OmpefeNenust, 910Gl 310 GELIO yUTeHOo.

Mosknro cumrars, aro ammraryga {z | ) OpeacraBaser CROEro
PoOAa «IOTHOCTh AMOIHUTYA» IIA BceX OAasHCHHX COCTOHHUH | 1)
B ysKoM wuHTepBase z. lIOCKOIBKY BepOATHOCTD OOGHADYKATH
9JEKTPOH B y3KoM mnHTepBaie Ax BOnmsu £ HOJUKHA OBITH Tpomop-
HHOHAJIBHA JUTHHE WHTepBaxa Ax, MH BHEepeM Takoe ompejielieHue
{z [, gr0bs cobu0aI0Cch claegyollee yCIOBYe:

Bep. (z, Az)=|<z| P> > Ax.

Avnauryga {z |{> m03TOMY HPONOPHMOHATIBHA AMOIUTYNE TOrO,
4TO BIEKTPOH B COCTOSHUN P OyfeT 00HAapyKeH B GasuCHOM COCTOA-
HE# z, a KodpPumuweHT HOPONOPHUOHATBHOCTH BHOpaH Tak, 49T0
KBagpar abconoTHON BenmuuHH aMmunmryge {r |{) maer niom-
Hocmb gepoimuocmy 00HADY/HHTH HIEKTPOH B J1060M y3KOM miTEep-
Bame. MosHO mumcate m Tau:

Bep. (z, Az) =V (x)|? Az. (14.17)

Teneps HATO H3MeHATHh HEKOTODPHE HAIW HNpE)KHUE yPABHOHUA,
97100Bl COITACOBATH HMX € HTUM HOBHIM OIIpeNeNeHHEeM aMILIHTYIB
BeposrtHoctH. IlycTs mMeercsa oleKTPOH B cocTOSHEH [ ), a MH
XOTEM 3HATH AMIUIWTYHY TOTO, 910 oH Oyrer oGHapyskeH B gpy-
TOM COCTOAHMHM [ @), KOTOPOE MOMKET. COOTBETCTBOBATH IPYIUM
YCI0BMAM pPa3sMa3aHHOCTH sneKrpoHa. Horga peup mma o xomeu-
HOH cmcreMe OUCKpETHHIX COCTOSAHMI, MBI IOJNB30BANUCH YypaBHE-
BHEeM (14.5). lo w3MeHeHES Hamero OmpejeJeHUd AMILIATYSR MBI
AOMKHE OBIW THCATHh

(o> =2 <play<z|P>. (14.18)

Bce x

A tenepn eciim 06e 3T AMILTATY{H HOPMEPOBAHE TAK, KaK OMHCAHO
BEIilie, TO CyMMAa IO BCeM COCTOAHHMAM W3 Y3KOro MHTepBaia « Oymer

* O pacopegenennsX BepOATHOCTeH ILIa peds B ria. 6, § 4 (Buim. 1).
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JKBHBAJICHTHA YMHOKEHHIO Ha Az, & cyMMa HO BCeM 3HAYCHWSM X
mpespatutes npocto B mHrTerpan. Ilpm Hammx maMeHemHWX ompe-
JeJOHUAX mpaBHAbHASA PopMyna Gymer TaKoil:

@l=1{ (pl2) (| p>dr. (14.19)

Bee x

AMonuryga {x |¢> — 510 TO, YTO MH Temeph Ha3EBaeM P (z);
TOYHO TaK Ke aMuamuryny <{x | ¢ > Mul oGosmaunM ¢ (z). Bernomunast,
910 @ | ) KoMnIeKcHo coupsixena ¢ {zr | ¢, Mu MoxeM (14.18)
HepenucaTh B BUME

<@l py={ ¢* (@) ¥ () da. (14.20)

Npu mammx HOBHIX ompejieneHUAX BCe HOPMYIH OCTAHYTCA IIPesi-
HAMHU, eCI¥ TOJXBKO BCIOAY 3HAK CyMMB BaMEHNTh HHTErpUpoBa-
HueM 10 ZI.

K ToMy, 910 6BLIO CKa3aHO, HYKHO CHENATH OJHY OTOBOPKY.
Jlbaa mompxopamwag cucrema 0a3MCHHEIX COCTOSHHUI TOJKHA OHTH
noJIHOM, ecm XOTAT, 9T00H OHA CHONHA 0TPAKAIA BCE, 9TO MPOMC-
xopur, Hus ogHOMepHOro ABWKEHHWA HJIEKTPOHA B NeHCTBUTE b~
HOCTH HeJOCTATOYHO YyKazarh TOJAbKO OasWcHBIE cocroamums | x),
HOTOMY 9TO B KQ)KIOM W3 HTHX COCTOAHUH CIUH DIEKTPOHA MOKET
6BITh HampaeieH BBepX wmau BHu3. OnmH 3 cnoco0oB HOMyYHTh
NOJHYI0 CHCTEMY — B3ATH [ABE COBOKYHNHOCTH COCTOAHWH 1O I:
OIIHY IS COHHA BBepX, APYTYIO s COMHA BHu3. MBI, BIpoueM,
moka He OyJeM BXoAHWTH B Takume noapobHocTA.

§ 3. Cocmoanusn ¢ onpedesennvin UNNYAILCOM

Ilycrs y Hac mMeercA 5IeKTPOH B COCTOSIHHM | 1), ONHCHIBae-
MoM ammmryfoil BepoarHOCcTE {x [V) = ¢ (). MH snHaeM, uro
P (x) obosEauaer cocTOsSiHHEe, B KOTOPOM 3JEKTPOH pA3MazaH Mo
UpAMOH IO KAKOMY-TO 3aKOHY, TaK YTO BEPOATHOCTH 00HAPYIKHATH
ero B Y3KOM HHTepBajie dz OMW3 TOYKM z MOUPOCTY PABHA

Bep. (z, dx) = |y () |2 dx.

Yro MoxHO cKazaTh 00 mMmyJibce atoro arertpona? Momuo cnpo-
CATH, KAKOBA BEPOATHOCTH TOrO, YTO MMOYJIBC 3TOFO BIEKTPOHA
paBen p? HaumeM ¢ pacdera aMOJIMTYZAE TOTO, 4TO COCTOAHTE |
IPUCYTCTBYeT B APYTOM COCTOSHHUM | UMI. p), KOTOPOE MH OIpejie-
IWM KaK COCTOAHNE C OUPEHeJeHHEM UMOYIbCOM p. ITY aMIIATYLY
MOJKHO HAlTH, ODPWMeHsAs HAaWie OCHOBHOE YpaBHEHMWE AId Pasiio-
smennd aMmnnryy (14.20). B tepMunax cocrosnmii | uMmo. p )
+w

(o plpy=§ (aumpla> (z|pyde.  (14.20)

X=~®



A BepOATHOCTb TOTO, YTO y 3JIeKTpoHA Gymer oOHADYKeH UMIYJIbC
p, BBIPABATCA KBaZparoM abCoMIOTHOR BEJIUMYHHEL 5701 aAMOANTY/EL.
Ho omATh BOBHHKAeT TOT jKe BOIPOC HacdeT HOpMHpoBauusda. Bexp
poo0Ime MOKHO TOBOPUTH TOJNBKO O BEPOATHOCTH OGHAPYKATH
DIEKTPOH ¢ UMIYJIbEOM B y3Koil obnacté dp Oams sHadeHusm p.
BepoATHOCTH TOTO, Y10 EMIYJIBC B TOUHOCTH PaBeH p, PaBHA HYIIO
(pasBe YTO COCTOHHYE |1 ) OKAKETCA COCTOAHMEM C OHpPefeeHHRIM
nMayiibeom). TonbpKO BepoATHOCTD 0OHAPYKUTH UMOYIBC B HHTE]-
Bale dp BozJie 3HAUeHWA p MOKer OKazarbcA KoHeuroil. Hopmupos-
Ky MOKHO jenarh 1o-pasHoMy. Ml BeibepeM 1ot croco6 HOPMHUpPOB-
KH, KOTOPHIl HaM Kaskerca oco0eHHO ymoGHEM, XOTs BaM celiac
5TO MOKET TaK M HE TMOKA3aThCH.

IpnMeM TaKyio HOPMEPOBRY, 1TOGH BepPOsATHOCTE OHIA cBA3AHA
¢ AMIINTYROH PaBEHCTBOM

Bep. (p, dp)=| (wwam. p | ) [* 225 (14.22)

Jro ompegeneHre ZaeT HaM HOPMUPOBKY aMIIuTyusl {uMno. p | £).
Avmnmuryga {uMO. p | ), €CTeCTBEHHO, KOMINORCHO COIPSKeHA
¢ ammaurypo#t {z | uMn. p), a mocienHI0 MH mucanu B {14.15).
Ipn mameit HOpMUPOBKe OKasmBaeICA, 9T0 K03(pPHIIeHT TPOIOP-
OWOHAJBLHOCTA Iiepes DKCIOHEHTOH KaK pa3 paBeH eJUHUNE, T. €.

uMm. plzy=<x|mMm. pd*=e-irs/h, (14.23)
Torpa (14.21) npempamaerca B
+ ®
{umi. p| P> = S e~irx/h (x| ) da. (14.24)

-

Bumecte ¢ (14.22) sro ypaBHeHHe DIO3BOJSeT HAXORWUTH pacHpene-
JeHMe MMIYNBHCOB ANA JI060r0 cOCTOAHEA | Y.

BosbmeM wgacTHBII mpuMep: cKajKeM, KOT[a 9JEKTPOH pacimo-
J0KeH B HeKoTopoi obmactu BORpyT z = 0. Ilyers ME B3s11M BOJI-
HOBYH $YHKUHIO BHIA

P (z) = Ke—**/40%, (14.25)

Pacupepenenme BepoATHOCTH MMeTh TO WIW WHOEe 3HAYEHWe T [JIA
TaKoil BOMHOBON YHKIEMU HaeTcA ee KBAgpaTOM

Bep. (z, dz) = P (z) da = K2e~*/29" dz. (14.26)

Oyurnus miotaocta sepositHocTy P (x) — a0 kpmeas [ayeca, mo-
Kazamaag ma ¢ur. 14.1. Bonsmaa wacTs BepOATHOCTH COCPEROTO-
9eHAa MeKAY * = -0 M & = — ¢. MBIl rogopuM, 9T0 «IOJNyImMupHHA»
KpmBo#l ectb o, (louHee, O paBHAeTcA cpegHell KBagpaTHYHOI
ROOppuEaTe z, ecyim pasbpoc KOODAWMHAT COOTBETCTBYET 3ITOMY
pacupegenennio.) Kospdummenr K ciegoano 6w BHOpaTh TakK,
91008 TAOTHOCTD BepoATHOCTA P (2) He mpocto OBLIA nRPOROPYUO-
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P(x)

g4 D ue 14.1. Haomuocmd

eepoamuocmu  04a 60AHO-
60ii ynkyuu (14.24).

_-U’I

i
-3¢ 2o

' |
! 1
, !
1 {
t ]
i

! !
! t
! i
! 1
- o

0 20 8o T

HAAbIG BEPOATHOCTH (Ha eIWHHUY JTHHH z) 00HAPYIKHATH 3IeKTPOH,

HO uMena Ol takoit macmral, urobu P (x) Az pasnsiocy Beposit-

HoctH 00HapymuTh diekTpon B Az B6imsnm z. Rosddunument K, upn

KOTOPOM T4K W HOIYyYaercsA, MOMKHO HaHTHE u3 TpeboBaHU

+ o

g P (z) dxr = 1, moromy 4TO BEpPOATHOCTH. OOHAPYIKUTH HIEKTPOH

-_»

rge momnaso paBHa egmHmie. Mer Haxommm, uro K = (2m0%)—'/s%,
Tenepsr wmaiimem pacnpenenenme mo mmayascy. Ilycrs ¢ (p)

€CTh AMILIMTYA TOTO, YTO UMOYIbHC 3JIeKTPOHA OKAReTCHA PABHEIM P!

¢ (p) = G, p| ). (14.27)
IHopcranoBra (14.25) B (14.24) naer
+ oo
o(p)= § e-ipvt.Ke-r/10dg, (14.28)

- 00

9T0 MOJKHO TAKKe Liepenucars B Hopme
+
Ke-p*o*/h? S e~ (0%/4) (x+2ipa*/h)® gy (14.29)
-
CrenaeM Temepnh szaMeHy u:x+2ip02/ﬁ; HHTerpay obparurcd B

+w

{ gm0 qu =20V . (14.30)

MaTemaTuKaM, BEPOATHO, He TMoHpaBuxca Ol TAKOUW TyTh pacuera,

+w
* B HeNoAbzopa® TOT daxr, 4rto Se"zdtzl/n; cM. BRE, 1,

—_—

crp. 116,
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0AiHaKo WTOl, HECMOTDPA HA 3TO, BEpeH:
@ () = (Brio?) /s =piot/b2, (14.31)

M nopunmim K HHTePeCHOMY pesyJbTaTy — pacipefeldeHus
aMILIATY/ 10 p WMeeT B TOYHOCTH Ty jKe MaTeMaTHdecKyi ¢opmy,
KaKk ® pacupefeneHHe AMIIUTYI L0 Z, TOJBKO NIMPAHA KPHBOMI
Taycca mrag. MoskHO 3ammcaTsh 910 TaK!

(p) = 2rn?) =g -p?/am’, (14.32
P )

rge DOJYMIMPHUHA 1) pacupefeleHHA IO p CBABAHA ¢ MONYIIMPUHOIN
0 pacupepenedaus no x GopMyaon

f
n=g- (14.33)

Ham pesynbrar yiBepKnaer: eclli ¢IeJarh pacupejeideHNe 1o
Z 0YeHBb Y3KWM, B3AB O MaJBIM, TO ¥} CTAHET GOJBIIAM W pacmpe-
JeJleHWe [0 p CHIBHO pacmonasercsi. Miam mHaoGopor, ecam pacmpe-
JielleHIIe 110 p Y3KO, TO OHO COOTBETCTBYET HIHPOKOMY pacupeje-
nenuio mo x. MEr MosKeM, eciil YrOJHO, PACCMATPHEBATH 1} U 0 KaK
HEKYI0 Mepy HeONpeeJeHHOCTH JIOKAJW3AIMNHE HMMIYJIbca U KOOp-
OUHATH DIEKTPOHA B M3y4aeMOM HaMU cocroanuM. Ecau 0603HagnTh
ux coorsercrBeHHO Ap m Az, 1o (14.33) obparures B
h
ApAz=- . (14.34)
WHurepecHo BOT wr0: MOMKHO JOKa3aTh, 4TO HPH BCAKOM WHOM
BUJie pacupenesieHns 110 £ WA 00 p npomsBefeHUe ApAx He MoKeT
cTaTh MeHbUIe, YeM y HAaC HOJyumioch. l'ayccoBo pacmpemenenue
JaeT HAMMeEHBIIee BO3MOIKHOE BHAYEHUE NPOWZBEAEHHA CPEIHHX
KBagparduHsix. B ofmeM cayuae

- Apr}%.

(14.35)
910 KonmdecTBeHHAS OPMYJIUPOBKA MPUHIUNA HEON PeAe/leHHOCTH
Tefizenfepra, KOTOpPHI KavecTBEHHO HAM yyKe [JaBHO H3BecTeH.
Mmt ofbiuHO fAemanu npuONEIKeHHOEe YTBep/KIeHWEe: HAUMEHbIIee
3HAYeHHe NMpOU3BefeHUss ApAz— dTo amclo mopamka fi.

§ 4. Hoprupoera cocmoanuti ¢ onpedeaernoii
KOOPOIUHAMOU X

Teneps MB BepHeMCS K 0OCYKIeHUI0 TeX W3MEHEHWH B HAIIHX
OCHOBHKIX YPABHEHHAX, KOTOPEE HeoOX0quMO CHeNATh HJA padoThi
¢ KOHTHHYyyMOoM 0asucHBIX cocrtosuuii. Horga mMeercsi KOHeYHO®
YUCIO JUCKPEeTHHX COCTOSHMI, TO (yHZAMEeHTAIILHOS YycloBue,
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KOTOPOMY JIO/KHA YIOBJIETBODATH CACTCMA GA3MCHHIX COCTOAHMIA,
HMeeT BH]

(L>=8;, (14.36)

Ecan gacrua npebsiraeT B ogHoM Ga3HCHOM COCTOTHWH, TO aMILIH-
tTyna npeCHBaHES B APYyroM OasMCHOM COCTOSIHMH paBHA HYJIO.
C woMompio HONXORAMEN HOPMHUPOBKY MOJKHO TAK OIpEeHeTuTH
ammuuryny <I |j>, uro6u oma Gmuta pasma egumumme. O6a sTi
yeaosus conepyrarea B (14.36). Temeps Mb1 X01UM MOHATH, KAK HAZO
BUIOUSMEHUTE 910 COOTHOUIEHNE, KOTHA WOXB3YIOTCH GaslicHBIMII
COCTOAHUAME 9acTHIH HA mpgMoil, Kexd msBecTHO, 410 9acruua
upebrieaer B 0/{HOM 13 §a3MCHBIX COCTOAHUI | ), TO KaKoBa aMIlIK-
TyZa TOTO, 4TO0 OHa mupeGusaer B APYTOM OA3HCHOM COCTOSHHE
j2'>? Eeau z w z” — [Be pasHBle TOUKU OPAMOH, TO aMILIMTYI:
{x | '), KOHEuUHO, ecThb HYJIb, 9410 coraacyercs ¢ (14.36). Ho rorna
2 u z’ pasusl, 1o ammauryna {z | £’ ) He Gyjer paBpHa eqUHIIE U3-3:
Tl e crapoil npobiems HOpMUPOBKH. U106 yRUmerh, KaK HANO
BCe moftpasuTh, BepHeMed K (14.19) n npumMenum ato ypasucHue w
4ACTHOMY CIyYald, KOrJa COCTOsHTE | @) — HPpOCTO-HAPOCTO
Gasucuoe cocromguue |z’ >. Torga momyudrcs

' | py=§ < [ 2> ¥ (2) da. (14.37)

Hanee, ammuuryga {x [{> — 910 Kak pas To, ITO MBl HA3BAIN
pyrruuein ¢ (z). Ilomobmo »romMy u ammamryma <z’ |¢), mo-
CKOJBKY OHA OTHOCHTCH K TOMY 7Ke COCTOSHHIO ), ABIAETCA TOH yRe
yurnumeit mepeMerHo0i z’, a uMerHO P (2'). [losTomy (14.37) moxuo0
nepenycaTh TaK:

P (z')= S {z' | 2> (x) d. (14.38)

YpaBHeHNE [OJIKHO BHIIOJHATBCA AJA N000TO COCTOAHUA P X,
cramo OBTb, mua n00o0i dyarumn ¢ (x). Iro TpeboBamme 06a3aHO
NOJHOCTHIO Ompefeauts upmpony ammiurynsl (x | z°), KRoropasn,
KOHEYHO, ecTh MOOPOCTY QPYHKIUA, 3aBUCAINAA OT £ | 2,

Hama 3agaga teneps cocTomT B TOM, YTOOH OTHICKATE GyHKINIO
f (z, '), RoTopas nocjie YMHOKEeHHA HA ) (¥) M HHTEIPHPOBAHNAA 1O
BceM z fact Kak pas penwumdy 1 (z'). Ho oxasmBaercsa, uto He
CYMIeCTBYeT MaTeMAaTAYeCKON GYHKI[MA, KOTOPAs 310 yMeer Jelars!
Ilo xpaiimelt Mepe He cymECTBYeT HMYET0 HOXOKero Ha TO, YTO MH
OOBITHO WMeeM B BHAY IOJ CIOBOM «PYHKI[ZA».

BriGepem raroe-uuGynb smadenve z’, Haupumep O, m onpefe-
amM amminuryny <0 | ) Kaw Hekyo ¢QyHKumo , cKaxkeM f ().
Torma (14.38) o6parurcs B

v (©0) = f(2) b (2) da. (14.39)

HRaxoro sxe Buga dyHRnms f (x) Morna 6K yAOBIETBOPATH TAKOMY
ypapEeHmio? Pas WHTerpanx He HoJyKeH 3aBHCeTh OT TOro, Kakue
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sHAUeHMS NPUHUMAET { (X) IPH z, OTIHIHBIX OT HYJIA, TO ACHO, YTO
f (z) momkHA OMTH paBHA HYJIO [IA BCeX 3HAYCHHWH x, KpoMe HYJIA.
Ho ecam f (x) Bclofy paBHA HY.II0, TO MATErpajl Oyaer To3Ke paBeH
wyaio, u ypasuenne (14.39) He ymacres ymosiersopurs. Bozmmkaer
HEBO3MOJKHAA CHTYaluA: HaM HYKHO, YTOOH HYHKIAA Oblna HyJIem
BCIOZAY, KpoMe OJHOH TOYKY, W JlaBajia Bce jKe KOHEYHBIH mHTerpa.
Y70 3K, paz MH He B COCTOAHUH CHICKATH YHKIHUIO, KOTOPAfA TaK
OCTYMaeT, T0O MPOCTeHIMII BHXO0] — MPOCTO CKA3amb, 9T0 QYHKITUA
f (x) onpedeasemcs ypasumenumem (14.39). U umenno f (z) — raxas
¢yuxnus, Koropas genaer (14.39) npapunbueiM. Oyuxnus, RoTopas
yMeeT 3TO Helarhb, BOepBHe OHua wuzoGperena Jupanom um HOCHT
ero uMmA. Mu1 o6osnauaeM ee § (x). Bce, urto o Hell yrepikgaercs —
aro gro QyERIEA O () obnamaeT CTPAHHBIM CBOMCTBOM: €CIHM ee
nogcrasMrs BMecto f (z) B (14.39), to uarerpas Buifeper 10 3Hade-
HHOe, Kotopoe ¢ (x) npunAEMaeT npd r=0; I HOCKOZBKY HHTETpa
He [0JIKeH 3aBHCeTh OT P (2) IPH &, OTHHIHHEIX OT HyAA, 70 QYHKRIHAA
§ (z) momxua 6rTs HymeM Bcogy, Kpome z=0. CaoBoM, MH muuIeM

O]z>=198(x), (14.40)
rie O (x) ompemeisieTca COOTHOIIEHIEM
() =8y (2) de. (14.41)

Hocmorpure, gro BHIifneT, ecim BMecto ¢ B (14.41) mocraBuTs
gactuyo ¢yuxumo «1». Torma noxyumres

1={6()de. (14.42)

Wuage romopa, dyuxums 6 (z) obmagaer TeM CBOUCTBOM, YTO
BcONy, KpoMme x=0, OHA pasHa HYJ0, HO HHTErpaj OT Hee KOHEYeH
u pasern epmumne. Ilpmxoxgmrea BooGpasuts, uro QyHEKnEA O (x)
obJiajjaeT B OHON TOUKe Tako#l QaHTACTHTIECKOH GECKOHEYHOCTHIO,
Y70 TMOJHAA IJIOMALb OKABHBAETCH PABHON eIUHUIE.

Hax mpepcraBmrb cefe, Ha wro moxoska O-Ppymrmmsa Jdmpaxa?
Opur m3 cmoco6oB — BOOOPABHTH MOCHEH0BATENBHOCTh HPAMO-
YrOIBHEKOB (MI¥ APYIyI0, KaKylo Xorure QYHKIHI0 ¢ IAKOM),
KOTODAsA CTAHOBUTCA BCe YiKe W YKe W BCE BHIIE U BHEIIIE, COXPAH
BCe BpeMA eQWHUYHYIO MIOIMIAfb, Kak OOKaszamo Ha ¢ur. 14.2.
Wnrerpax ot sroit dyarimuu o1 — oo 10 0o Beerga paBeH equHHEIE.
Ecan et yMuokmre ee HA APOU3BOABHYI0 QYHKOUIO { (Z) ¥ OIPOHH-
TerpEpyere NPoW3BefileAENe, TO MOJMYIATE HEUTO, IPUONUKEHHO COB-
najaimoimee co snadeHEneM Qynunme npn x=0, nprueM OpEOIWKeHUS
CTAHOBUTCA Bee JIyTille M JIyTille, IO Mepe TOT0 KAK HPAMOYTOIbHIKKA
cramoBArcA Y:ke ¥ yme. Ecam Xortmre, MoKere NIpefcTaBIATH
O-pyHKUmIO mOCPEACTBOM TAaKOTO POJA HpefedLHOTO IIpoIecca.

0 eIMHCTBEHHO 3/16Ch BAYKHO TO, 970 O-QYHKIUHA OmPefelNeHa TaK,
aro (14.41) cmpaBefauBO HIA KaKAOH BOJHOBOH GYHRIME v ().

' §



f(z)

Qua. 14.2. Hocaedogameas-
HOCMb  PYnKYUll, 0epAHUNUERIO-
wuxr eOUHULHYIO naowyadv, 6ud
KOMOpHET 6ce CUAbLHCC U CUAbHEe
nanoxnunaem O-gynkyuo.

JTO OHO3HAYHO O peNeraer
d-pyurmuo. Ee cpoiicira
TOTAA DOAYIANTCHA TAKHUMH,
Kak ObIO cKasaHO.
daMeruM aprymeuT
z §-pyarmmu ¢ z ma x — &,
M cooTHOIEHWs o6parst-
¢ B

S(x—2z')=0, z #2,

{6 (@—a) () dr=y @)
_ (14.43)

0 z Ecim B (14.38) Bwmecro

amonarygel  {x | £') mop-

crasmtb 8 (x — 2'), T0 970 ypaBHeHue Oymer BHHOOMHEHO. B urore

[oJay4aeM, 4T0 A HAWMX OGaSUCHHX COCTOSHHUI ¢ KOOPAUHATON
z ycuoeme, coorBercrrymomee gopmyne (14.36), mmeer Bup

(& 2> =8 (x—1'). (14.44)

Teneps Mu 3aBepHIUIin Bee HeOOX0QUMEle BUNOU3MeHEHNA HAIIAX
OCHOBHEIX YpABHEHUIH, HyKHBE AJs paboTsl ¢ KOMTHHyyMoM 6a-
SACHHX COCTOSHHUN, COOTBETCTBYONUX TOYKAM Ha npsimoii. O6o6me-
HUe Ha TpPH H3MepeHHUd BIIOJHE OYEBUAHO: BO-LIEPBHIX, KOOPIMHATA
Z 3aMEHAETCA BEKTOPOM I; BO-BTOPHIX, HHTETPAJIH 10 I 3aMEHAIOTCH
HA WHTErpanH 10 &, y B 7 (MHEIMHE CJOBAaMH, OHH CTAHOBATCH
WHTErPAJIAaMA 00 06beMy); B-TPeThbUX, OTHOMePHYIO 8- yHKIUIO HAO
3aMeHHTH IPOCTO I pON3BedeHueM tpex 6-QyHKIui ot £, OT y 4 OT 2:
S(x—2)0(@y —y)d(z— 7). Cobmpasa Bce BMecTe, moJydaeM
CHENYIOINYI0 COBOKYNHOCTD YPABHEHUI [Id aMIVIMTYE YaCTHIH
B TPEXMEPHOM Mmupe:

@ly= S {p|r){x|P>d Obren, (14.45)
<rl )y =1 (r),
<rl>=9(r), (14.46)
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@) by= " ¢* (@) p(r)d Obsen, (14.47)
a|ey=0@—z)d(y—y') 0 (z—12). (14.48)

A 4qr0 GHIBaeT, KOrJa 9acTui He ofHa, a 6onbme? Ma1 paccramem
BaM, KaK YIPaBIATHCA ¢ IBYMs YACTHIAMH, W BH Cpasy noiimere,
9T HYKHO HeliaTh, eCiH BAM HOHAJOOHUTCA OHEPHPOBATH ¢ HECKOJI b-
roMu acrunamu. Ilycrs uMerores gBe wacTunsl; HazoseM nX Ne 1
Ne 2. Uro npuMenuTh B KauecTne OazucHuX cocroanuit? Oniy smonHe
npHeMIeMyi0 COBOKYHHOCTH MOKHO 3aaTh, CKAa3aB, UTO JACTHIA
Ne 1 maxogurea B z,, a gactuna N 2 — B z,, ¥ 3aIUCaB 3TO B BUJE
| 2y, Z, ). 3amMerbre, 910 YKa3aHUE KOOPAUHATEL MOAVEY 00HOU 4a-
cmuybt He onpedeasem 0azMcHOTO cocrofHua. Rampoe Gasucuoe
cocToHUE 00A3aHO OMPENENATh YCIOBWA BCEH CHCTEMbHI IIQIHKOM.
Bui He moKHEEL fyMaTh, 9T0 KK JACTANA JBIKETCS HE3aBUCHMO
KaK TpexMepHas 3oaxHa. Besaxoe PH3nTecKoe cocTOAHME | ) MOIKHO
ompenenuTh, 3ajaB Bce aMoaHrTyam {x,, Z, |P) TOro, 4ro mapa
qactur Oyger o0HAPYIKeHA B Z; ¥ Z,. Jta 0000UleHHAA aMILIATYAa
moaTOMY ABJsiercs QYHRUUeH deyr COBOKYHHOCTEH ROOPAMHAT Xy
¥ z,. Bel BEguTe, 910 TaKas PYHKIEA — DTO yrKe HE BOJHA B CMBICIS
KromeGauusi, Kotopoe pasberaercd B Tpex ma3Mepennax. TogHo rax sKe
370 H He HPOCTOe IPOU3BeleHne IBYX caMOCTOATENbHHX BOJH, HO
ONHOH A RAKIONR JacTHUbl. IT0 B 00ImEeM clyJae KaxKasf-TO BOJHA
B MIECTY W3MEPEHUsAX, OUpeeNdeMEX YUCIaMA 2, B Z,. cnu B npu-
pOJie EMeIOTCA ABe B3aUMOIeHCTRYIOIINE YaCTAIH, TO He CYIIECTBYer
cmocoba onmcaTh TO, YTO HPOMCXOTUT ¢ OFHOU W3 YACTHI[, MOTUHITAB-
Ommch BHIMUCATh BOJHOBYI yHKIuio mas uee oxmoit. WUssecrHoie
mapagoKchi, KOTOPhle MK PACCMATPWBAJM B NEepBHX IJaBax (Ije
00BABTANOCH, UTO W3MepeHUs, HpOoJeaHuble HaJ OMHON YacTANei,
B COCTOAHUWH TpeAcKasarh, 916 OyZeT ¢ Apyroil, WIH 4T0 OHH MOTYT
paspymuTrh HHiepdepeHnuio), TPAYTHRIA JIOLAM MHOTO HempPHAT-
HOCTeH, HOTOMY 9TO OHHE HHITANUCh HPHAYMBIBATH BOMHOBYI yHK-
LU0 OFHOM OTHeJBbHOY 4YacTHIEI BMECTO HPABWIBHOH BOJHOBOH
$yuxnmn Roopamuar obewx yacrun. [losnoe onmcanme MO3KHO mpa-
BAILHO HPOBECTH TOJBKO B TepMmMHAX PYHROWI KooppmHAT ofemX
YACTHIS.

§ 8. Vpasnenue HIpedumnzepa

o cux pmop msl mpocro 3abormnmch 0 ToM, Kak OH 3ammeathb
COCTOAHIA, KOTOPHE OB YYUTHBAJIY, ITO HIEKTPOH MOYKeT HAXOUTh-
¢A B IPOCTPAaHCTBe The yromuo. Temeps ke ciiemyer mo3abormibes
0 BHJIIOYEHNH B HAlle ONMCAHNE @fusiki TOTO, YTO MOKET IPOM30UTH
B TeX WM EHHX ofcTomTenberBax. Kar m mpexme, Hajo mogyMarh
0 TOM, KaK cocTosHUA OynyT MensThess ¢O BpeMeHeM. Keam y Hac
€CTh COCTOSAHME |V ), KOTOPOe HeCKOJBKO IO3Ke NepeXofnT B ApPY-
Toe cocToAmMe |y ), TO IOJOKeHUE B J000H MOMEHT MHE CMOKEM
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OOHUCaTh, CMIeJdaB BONHOBYI0O QYHRIHMIO (T. €. HOHPOCTY aMIIHTYLY
{r | ) byRKnuUell He TOXBKO KOOPAUHAT, HO ¥ BpeMenu. Yacruiy
B JAHHBEIX YCJHOBHUAX MOKHO OymeT TOTHA ONMCHBATH, 3amaBas
MeHAMYIOCH BO BpeMeR# BOJIHOBYI0 QyrEIIIO ¢ (T, £) =1 (2, ¥, 2, 1).
9714 MEHAIOIIAACA BO BPeMEHA BOJHOBAasA QYHKIEA OMNCHBAET 3BO-
JIIOTAI0 TOCAEKOBATENBHEIX COCTOAHMIT, KOTOPAA HPOUCX O[T € Tede-
HIeM BPeMeHHN. JTO TaK HABHIBAEMOE (KOODPAUHATHOE HpEeACTaBie-
AUe»; OHO JaeT IPOeKHUM COCTOSHHA | ) HA GABMCHEIE COCTOAHMNS
| r> 7 He Bcerma MOKeT CUUTATHCA CAMBIM YIOOHBIM, HO MH C HEro

1 HAYHeM.
B rar. 6 met onmcanm Ha sskike raMmiabTORUAHA [, KaK cOCTOA-

HUA MeHAKTCA BO BpEeMeHM. M BUIeJdAH, YTO BpBMBHHclH Bapuanug
PAZIUYHHX aMIIUTYZD gaeTcd MaTpPHYHBIM ypaBHeHUuEM

i i — ZH,, . (14.49)

910 ypaBHCHHE TOBOPHT, 9TO M3MEHEHHE BO BPCMeHH KAMKIOH 13
amumurys C; UpONOPIUOHATBHO CyMMe BCeX Ipounx aMmiarys C';
c ROB(quunenTaMn H,.

Hax pommuo mersiners (14.49) npm woHtTmHyyme GasHCHEIX
cocrogruil | 2)? Benomuum cnepra, aro (14.49) MoHO TaKsKe 3amIu-
cath B BUje

Lﬁ-(l]\l)) Z<z 7> <G >

Tenmeps sicHO, uTO 1eJaTh. ,[[JIH Z-IpefcTaBJenns clIefyeT HUCATD
7 a 7 ’ ’ ’
‘ﬁ%<xl¢>=f<xlﬂlx><xlw>dx. (14.50)

Cymma no 0asmcHBIM COCTOARHAM |j) 3aMeHAeTCA WHTETPAJIOM
mo z'. HOCKOJIBHy {z | H | ') pomxua 6HTH KaKoi-T0 PyHRIMEN
orxm ', sanumeM ee kak H (z, 2'), aro coorsercryer H ;; B (14.49).
Torpa (14 50) »10 TO 3}KE CaMoe, UTO

ifi -1 (2) =SH (x, =) ¢ (&) da’, (14.51)
rae
H(z, ') = <x]H]z>

Cornacmo (14.51), GsicTpora maMeHedHs Y B TOUKe z 3aBHcena Ok
oT 3HAYeHHIi \ BO BCeX APYrUX ToUKax x'; MHOxEuUTens H (x, ') —
9TO AMNIUTYAA (B eMWHHI(Y BPEMEHH) TOTO, YTO BIEKTPOH IepeHpH-
rier u3 2’ B .OKasrBaerca, OMHAKO, UTO ¢ npupode sma amnaiumyda
6crody, Epome mover x', oueHvb GAUSKUL K X, PASHAE HY40. OTO O3HA-
gaeT, KaK MH BHJEJW HA ITpUMepe MeN0IKNA aTOMOB B HAYaJe IIaBH
[em. (14.12)], w10 mpasaa gactb (14.51) MoskeT GHITHP HONHOCTHIO
BHIPQJKEHA TOABKO YePes P U ee NPOU3BOJHLIE IO Z B TOUKE Z.

9%



Jag wacrtumwl, Koropas cBOOOJHO [ABUMKETCA B IPOCTPAHCTRE,
He MOABEPTasAch AelicTBMI0 Kakmx-imb0 cmi m BO3MyMmIeHmil, mpa-
BUILHEIN PU3NIEeCKUIT 3aKOH TAKOB:

fﬂ(x 2) P () de’ = — 2%2%11) (z).

Orrypma 910 monydaerca? 370 HEBO3MOMKHO BHIBECTH W3 9ero-1uado
HaM yjKe W3BecTHOro. Jto poskaeHo B roxose llpepmurepa, 910 BHI-
AYMaHo UM B OUTBE 33 MOHMMAHHE HCOCPUMEHTAIBHHX HAOIOmeHNi
peaasHOTO Mupa. MoskeT GHITE, KaKO-TO KII0Y K TOMY, MOYeMY TaK
ZOMHO OBITH, BAM JANyT PAIMBIILIOHAA IO NOBOLY HALIETO BEIBOA
ypasuernd (14.12), KoTopoe TPOUCTEORIO U3 PACCMOTPEHIA PACIPO-
CTPAHEHUA DICKTPOHA B KPHCTANIIE.

Koueuno, or ¢BoGogumnx gacrum Opory Mano. Uro Oymer, ecnu
K 9aCTHIle TPWIOKATH cWIB? YTo 3K, eciy [efcTRYIOmAA HA JACTHILY
cmaa MoskerT OBTH ONMCAHA € MOMOINBI0O CKAJSPHOIO LOTEHI[HAJA
V (z) (aro osHagaer, y10 pedb MAET He O MATHWTHHIX CHUJIaX, a 00
HJeKTPUYECKAX) ¥ €CIHA MH OTPAHMYMMCA HUSKUMU DHEPIUAMH,
9700 WMeTh OPaB0 HOpeHeOperarh TeMH CIHOMKHOCTAMH, KOTOPEHIe
BO3HUKAIOT IPH PeJsTHBUCTCKOM ABHKEHNN, TO TaMWIHTOHWAH,
KOTOPBIH yRIAABIBAETCA B PEATbHBI MUP, TAKOB:

(He e e =—E L y@ 1V @v@. 1452

OnAarh-TaKH HEKOTOPHH KJII0Y K HPOHCXOKIEHHIO 3TOr0 ypaBHeHUA
BHl IOJIYIUTE, €CJIH BePHETECHh K ABMKEHMIO DIIEKTPOHA B KPACTAIIIE
B OOCMOTPHTe, KaK HAJ0 W3MEHHATh YPABHEHWS, €CIH BHEPIus
BJEeKTPOHA MEIJICHHO MEHSAETCSA OT aToMa K aroMy, KakK ecam OH
K KpHECTAILILY OBUIO HPUIIOKEHO dJIeKTpUYeckoe none. Torga wien E,
B (14.7) GygeT MepieHHO MeHATHCA B 3ABHCHMOCTH OT MecTa ¥ Oyuer
COOTBETCTBOBATH HOBOMY cllaraeMoMy, mogsupmeMycs B (14.52).
[Bac Mosrer ymmeurh, or4ero Mut cpasy mepemim ot (14.51)
K (14.52), a He maaw OPaBMABHOTO BHIPAKEHHUA MJIA AMIUIATYAEL
H (z, 2')=<z|H|2' ). la moromy, ato H (x , ') MO}KHO HaH#cATb
TOJABKO ¢ IOMONIHI0 HeOOHYHKIX anTedpandeckuX QyHKnumii, a WHTe-
rpaji B npaBoil gactu (14.51) BrpaskaeTca 4epe3 IPUBHYHEE BEINH.
Ecam Bam sT0 B caMoM fene mHTEPECHO, TO BOT cMoTpure: H (z, z')
MO;KHO 3aINCATH TAK:
2
H{z, z')= —é——m 8 (x—2)+V (x) 6 (x—2'),
re 8” osHawaeT BTOPYIO IPOMBBONHYIO S-QyHKImA. ITY HOBOIBHO
CTPAaHHY0 QYHKUMIO MOKHO 3aMeHWTH 4yTh 0olee yHLOGHEM m mOJ-
HOCTHIO el PABHOSHATHKM AarefpanuecKuM BEIPAKEHHEM

H(z, z)= {-——ZL—;% +V (x)} S (xz—2').
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Mui He 6ydem O B30OBATHCA BTUMH POpMyIaM™, a npsimMo Oymem pa6o-
tarh ¢ (14.52).]

Ecnnm remeps B3sath BHpamenne (14.52) m nogcrasuts B (14.50)
BMeCTO MHTerpaza, 10 HiIa ¢ (x)= <z | ) monysmrca nuddepen-
HHAIBLHOE yPABHEHIE

ifi g;f:——g-i%w(x)—}-V(x)xp(x). (14.53)

CorepureRRO 09€BM/HO, ITO HA/JIEKUT HOCTaBATE BMecTO (14.53),
eCM HAC MHTepecyeT TpexMepsoe asmxeHue. Hapmo rtoapro d%/dx®
BAMOHUTH Ha

02 02 a2
2. 1 Z
Vi= Ga2 ' oy2 ' 9227

a V (z) samenurs ma V(z, y, z). Jlaa suektpona, npmxymerocs
B mole ¢ norenuuanom V (z, y, z), ammauryga y (z, ¥, z) yE0BJIETBO-
pser pudepeHNHATBHOMY yPARHEHUIO

ifi e éi:; V2 -+ V. (14.54)

Hasnisaerca oo ypasHenneM lllpexunrepa n 6510 nepBhiM usBect-
HLIM KBAHTOBOMeXaHUWuecKuM ypasueuueM. Ero manucan IHpegumn-
rep, mpesgie ueM OBI0 OTKPHITO N0G0e Apyroe ONMCAHHOE B 3TOM
TOME YpaBHEEEE.

XoTs MBI 37iech OPHEGLIYM K HCMY COBCEM MHBIM IyTeM, HO I0ABJIe-
pue sroro -ypasuenusi 8 1926 r., worma IlIpegunrep smepesie ero
HAIKCAJ, ABWIOCH BEJIMRUM HCTOPUYECKEM MOMEHTOM, OTMeTHBHINM
POMIEHNEe KBAHTOROMEXAHHTECKOTO ONMCAHWA Matepum. MHOTHE
robl BHYTPEHHSAA aroMHAA CTPYKTYpa BemmectBa Onlla BEJUKON
radinoii. Hukto me 6BLI B COCTOSHNT HOHATH, 910 CKPENIIAET BEINECT-
BO, OTYETO CYHMIECTBYT XMMUuecKad CBA3b, H, 0COGEHHO, KAK aToMaM
yraeres 6uiTh yeroiigusriMu. Xorsa Bop m emor fath onncanune BHyT-
pPeHHero nBH/REHHS DIEKTPOHA B aToMe BOZOPOZA, KOTOpOe, Kasza-
J0ch GBI, 06BACHSIIO HAOGNIONAEMBIH CHEKTp Jiyuell, MCOYCKaeMHX
BTHM aTOMOM, HO TPHYWHA, OTYEr0 SHEKRTPOHHI HBWHYTCH MMEHHO
TaKk, ocraBajacs tanmoii. Hlpepunrep, OTKPHB HCTUHHEE ypaBHe-
HUA IBYeHUsA AeKTPOHOB B Maciurabax aroma, cHabmuin Hac Teo-
pueli, KOTopasa MO3BOMNIIA PACCINTATH ATOMHEIE ABJIEHAA KOJAYCCT-
BeHHO, ToyHO W mojpoOHO. B npmENEme ero ypasHeHue crocobHO
00BbACHATDL BCe ATOMEHEBIE SABIEHUsI, KPOMe TeX, KOTOPHE CBA3AHH
€ MATHETH3MOM H TeO pueil 0OTHOCHTeNbHOCTH. OHO 00BACHAST YPOBHA
SHEPTHH aToMa ¥ BCe, 4TO Kacaercd XmMuieckoi cesasm. Ho, Ko-
HEYHO, 5T0 00BACHEHWe TONBKO B IpmHnume. MarteMaTnxa BCKOpe
CTAHOBHUTCA CTOMH CIOMHOM, YTO TOYHO PEINHTH YAAETCA TOMBKO,
npocreitive 3agagu. OFHE JIHIDD ATOMH BOXOPOZA W reHs OHIM
paccuATaHn ¢ BHCOKO TogHocThI0. OHAKO IyTeM PasjInyHHIX TpH-
Gumkennil, HOpod BeCbMA COMHUTEIBHEIX, MO;KHO MHOTO€ HOHATH
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u B 0ojee CIOKHHX aroMax ¥ B XUMHYECKO! CBABH MOJEKYI.
Hexoropeie 13 3TEX TpuOMIUKeHHNH OHJIX NOKA3AHH B IPEIBTYIIAX
rIaBax.

Ypasuerne [lpegznrepa B 1oM BUe, B KAKOM MBI €ro 3aIHUCAIH,
HEe YUHTHBAaeT Kakux-1u60 MarmmtHHX sdPexros. WUx, npaspa,
MORHO TpuOJIIDKeHHO NPUHATH BO BHUMAaHUe, 100aBUE B ypaBHeHHE
eme apyrie wiensl. Ho, kak Mul yGepunucs paHbile, MarHeTHsM —
3710 3QPerT cyIecTBEHHO PeNATUBUCTCKUI, TAK ITO TPABAIBHOE OIIF-
caHNe [BIGKEHHA JeKTPOHA B NPOUBBOIBHOM HIEKTPOMATHWTHOM
noJie MOYKHO 06CYKAaTh TONBKO B paMKaX HA[IEKAMEro pels THBE-
CTCKOTro ypaBHeHuA. [IpaBminHOe penATHBUCTCKOS ypABHEHHE IS
ABW/KEHUA dIeKTpoHAa ObuIo OTKpHTO J[Mpakom dWepes roj MOCHeO
toro, kak [Hpepuurep npunyman ceoe ypaBHeHHE; 0HO HMeeT CO-
BepIIeHHO Apyroi Bum. MH ero He ycmeeM 3pech M3y9UTh.

ITpessne wem mepeiit® K paccMOTPEHHUI0 HEKOTOPHIX CleJCTBMIA
u3 ypapueHmsa [Hpepmurepa, Xorelrocs. O HPOJEMOHCTPUPOBATSH,
KaK OHO BHITJIAAMAT AJIA CHCTEMH MHOrmx uvacturn. Mst ne OymeMm um
HOJB30OBATHCA, & NPOCTO XOTUM MOKA3aTh BAM €ro, YTOOK NOJIepK-~
HYTb, WTO BOJHOBAA QYHKIUA 1 He IPOCTO oOHITHAA BOJHA B HPO-
cTpaHcTBe, 8 QYHRIUA MHOrMX HepeMeHHHX. Icam vactan MHOrO,
ypaBHeHUe OpeBpamiaercs B

NMPi(ry, Ty, Xy, ... 62\1 a2y
—if 162 3 szl{ 6/ +dzi}+
+V (ry, Ty gy« o) . (14.55)

MoTennmansras pyERuyst V — 570 10, 94TO KiraccudecKU COOTBETCT-
BYeT MOAHOY MOTeHNWAJIbHOH sHepruum BceX udacrmil. Ecam Ha ga-
CTHIH He JeliCTBYIOT BHEMIHEE cWiibl, To dyHKOUS V ecTh monpocty
3IeRTPOCTATHICCKAA DHE PIAsA B3anMofielicTBuA BeeX vacran. VHade
FOBOPA, eci| 3apsf i-it yactuisl pase” Z,q,, 70 dyHEKIEA V mpocTo
pasHa *

Z.Z
VT r,.. )= 2, —Le (14.56)
Hp::e.m '_j
i 2

§ 6. Hsanmosannsvie yposHu snepzuy

B oxHo#t B3 moclenyOMAX IaB MK HA KaKOM-HHOYXb IpuMepe
6omee mompoGHO pasGepem pemienue ypasmenma Ilpeguurepa.
A ceifgac MBI XOTHEM MOKAa3aTh BAM, KaK HOJYYaeTcs ONHO M3 CAMHIX
3aMeuaTeNbHHX clencTBmid u3 ypasuermsa [lpegmmErepa — ror
mopasmTenbHHI $art, uro w3 anddepeRMUATLHOrO ypaBHEHHA,

"B KOTOpOe BXORAT TOABKO HENpPepHBHHe (YHKOUM HeIpepHBHBIX
IPOCTPAHCTBEHHHKIX NEPEMOHHEIX, MOIYT BO3SHMKHYTb KBAHTOBHIE

* JLOMHHTe, eme PaHbIIE ME YCIOBHIHCEH, 4T0 e2==q>/47e,.
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odpderTH, Kar, HaIpEMep, AUCKDPETHHE YDOBHHA HEPTHU B aToMe.
Ham Hafgo moHATH cilemyomui cymecTBeHEN GaKT: KaK 5T0 MOKeET
OLlTh, UTO HHEPrHEA HJEKTPOHA, MOHABOIEr0 B IOTEHIHAJLHBIH
«KOJIOHeT)» M BHHYMKJEHHOTO OCTAaBAThCA B OmpefiedeHHOH objactu
mpOCTPaHCTBA, ¢ HEOOXO UMOCTHI0 HPUHMMAET 3HAYEHWA TOIBKO
L3 TOYHO ONpeReleHHOH AMCKpeTHOH HX COBORYHOHOCTH.

Ilycrs peus muer 06 OZHOMepHOM ciyuae RBHKeHHUA HJeKTPOHA,
KOI7Ia HOTEHIUAJNBHAS DHePrUA MeHAeTCA 10 £ TaK, KaK IOKA3aHo
ga ¢ur, 14.3. Ilpexmonoskym, gro moTeHmMaN ABJIAeTCH CTATHIE-
CKUM: O BpemeHeM OH He MeHsercd. Har yiKe MH Henanu MHOro
pa3, HOWMIEM PEeIneHNs, OTBEHAMIlie COCTOSHUAM OmpeResieHHOl
DHEPIUH, T. €. OmpeseneHHod wactorel. Mcenoitaem taxyo dopmy

pemreHns:
P = a (z) e iEl/h, (14.57)

Ecnm mer o1y QyErnuo nogcrasuM B ypasuenue [Hpepunrepa, 1o
yBHAUM, uro QYHKuuA @ (r) off3aHAa NOSUMHATHCH CIGAYIOMEMY
JuddepeEnuAMbHOMY VPABHEHHNIO!

2

d ;;xg@:%g [V (z)—E] a (x). (14.58)
Iro ypaBHeHHe TOBOPHT, 9T0, KAKOBO OH HM OhUIO X, BTOpAas LpO-
H3BOIHAA @ (Z) MO  HpOmOpPHEOHAIBHA @ (r) ¢ KoabdImueHTOM
npomopnuoHaNsHoCcTH V — E. DBropas mnpousBogHag or & ()
3T0 CKOPOCTh H3MEHCeHEA HaKJIoHA @ (). Ecan norermuan V Gonpme
sHeprun F wacTHUIE, TO CKOPOCTh M3MeHeHUs HawJIOHA a (x) Oymer
IMETDH TOT e 3HAK, 4T0 u & (). ITO 3HAYAT, UTO KpHBasA a {x) no-
BEPHYTA BRIIYRIOCTHIO K OCH Z, T. €. oJiee MM MeHee ClefyeT XORy
HOJIOKUTENbHOH MIN OTPUNATETBHOH HKCIOHEHTH e+*. JTO 03HA-
waer, YT0 Ha yJacTKe cjiesa or z; (cM. ¢ur. 14.3), rae V Goxbme
npeanonaraeMoil sHeprum FE, ¢yHxuusa a (x) 6yxer HamoMHUHATH

OJHYy W3 KpuBHX Ha ¢umr. 14.4, a.
Ecnm e morennuansuan ¢yHxuus V MeHblie sHeprum £, 10
8HAK BTOPOI HPOU3BOXHON @ () IO £ IPOTHBONOIOKEH 3HAKY caMoH

Viz)

|
t
]
|
]
!

Zy

D ue 14.3. Homenyuasvras ama 04s
uacmuyb, deuxcyweiica edosv ocu .
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@ ue, 14.4. Bosnownve gopms 60410601
gynryuu a(z) npu V>E u npu V< E.

a (x) m wpmBasg a (xr) Oyder Bcerma BOTHYTA K OCH &, IOmo0HO
onuofl ws gunnmit ma ¢ur. 14.4, 6. Pemenue Ha 5TOM yuacTKe mpH-
o6perer fopMy KYCOYKOB CHHYCOHJ.

Teneps moriamgmM, MO:KeM JIU MH rpad9ecKn nNOCTPOUTH perie-
Hue pag QyEKmuM a(z), orTpedalomeid wacrume ¢ SHepruedl F,
npu norteRnuaie V, noxasaunoM Ha ¢ur. 14.5. Pas mac muTepecyer
TaKOe TOJIOKeHNe, KOTAA JACTUNA BAKIIOUCHA GHYMpU MOTeHIAAI b-
HOil AMH, TO MEl OygeM HCKaTh PenleHus, HPM KOTOPHX aMIIHTYIA
BOJIHK NPHHEMAET HOCNe VIATEHAS T 33 HPEeneiibl NOTeHIUaIbHOM
AMBI 0UEHH MAJIhle 3HaYeHHA. MEI 0UeHb JTeTKO MOKEM HpejcTABUTS
cebe KpuByio Harrono6ue H300 parkenHoit Ha dur. 14.5, cTrpemamyoca
K HYJI0 npa 60JbIuUX 0TPHIATEN BHEIX & U IIIABHO ODOSHUMAOMLIYIOCH
ppx npubnmrenun K z;. [lockoabry V B TOoukre z; paruo E,, 10
KpEBM3HA QYHKUEN B 9TOH TOUKe paBHa Hylwo. Mexpy z, m z,
BequguHa V — E Bcerga OTpHNATeNBbHA, TAK 4T0 QYHKUUA @ ()
BCO BpeMs BOTHYTA K OCH, a KpHBH3HA TeM Ooxbmie, wem 0oxbime
pasuocts Messny E, u V. Ecix npogomxuts KpHBYI0 B 004aCTh
MeIy &, ¥ Z,, el HPUAeTCA MATH ODPUMEepPHO TaK, Kak Ha ¢ur. 14.5.

Teneps mporsimeM 3Ty KpHBYIO IpaBee ,. 1aM OHAa HCKpPHB-
JifeTeA OPOYb OT OCH | ABYMKETCS K OONBIINM MOJOMKATSILHRM 3HA~
wenuaM (¢pur. 14.6). aa smGpamroil Hamm sHeprum E, penteHue
a {x) ¢ pocToM x pacreT Bce cHIbHee M cmiabHee. [leficTBHTENBHO,
Belb W KpUGU3HQ PeeHns @ (z) TOYKe BO3pacraer (eCJNH mOTeHIAAJ
OCTAeTCA MOYTH HOCTOAHHEM). AMINIUTYAA KPYTO BHIPACTAET 0 TH-
raaTcKux Maciutabos. Uro s10 o3Hagaer? Ilpocro uro wacruma He
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@ ue. 14.5. Boanosas (ynryua 04as
snepeuts E, cmpemawaica & Hyao npu
yOascHUL T 6 OMPUYAMELLRYID CMOPOKY.

(«CBABAHAY MOTEHIUATBHON AMoii. OBHApYyRUTH ee ére AMH GeckKo-
HegHO Goiee BEPOATHO, WeM eHympu. [\JIA UIrOTOBIEHHOTO HAMK
PeIIEHHA TOPA3fo Gojiee BEPOATHO BCTPETHTH BIEKTPOH B Z== 00,
weM rpe-1ubo eme. HaiiTi pemenue fust CBA3AHHOR JaCTHIH HAM He
yaanock.

Yro i, nonpobyeM B3gThL TPYTyI0 9HEPrHIO, CRaXeM, TyTOURY
uossime ueM E,, manpumep E, (pur. 14.7). Ecam cresa ycuaosma
OCTAHYTCA TeMH jKe, TO MBI HPHJEM K peleHNIo, HOKa3aHHOMy HA

a(z)

/

)
RS
ay

PR ing ANk APHSSN

® uz 14.6. Boanosas Pynryur a(z)
(cm. dpue. 14.5), npodesdennan 3a .

100



v

@ ue 14.7. Boanosais —
pynryus afz) dax anep-
euu Eyp, 6oavueds wem E,.
- & h L

Eq

HEmwsHeHqactu dur. 14.7. alx)
Ha  mepesix  mopax
OHO BHIIAIAT TOINYY- !
1me, HO B KOHI[e KOHIIOB

0XA3EIBAETCH TAKHUM JKe .——/\ /\ /\T\
IIOXUM, KaK ¥ pelleHHe i \/ s 3
ausa E,, TonbKO Temephb ' Il

Opu BO3PACTAHHUE X Be- ' !

gwavEa g (r) craHo-
BHTCA Bee Oonee m 60-
llee OMpuyaAMeAdbHOU.

Mosker 68ITh, B 5TOM pasragra! Pas HeGonbmioe msMeHeHHQ
oHepruu ot £, k E, npuBonur K TOMy, 9T0 KpuBasa nepeGpacrpaerca
¢ OJHON CTOPOHH OCH HA FPYLYIO, TO, MOMKET GHTh, CyHIECTBYer
9HePIusA, geaman Mesxay £, u E,, npm Koropoil Kpusas pjia 6oab-
mux z 6ymer crpeMurhes K Hyaio. Tak oo # ecthb, ¥ Mul Ha ¢ur. 14.8
u300pasmwim, KaK MO’KeT BHINISAAETH penicHne.

BaM mHy®HO mOHMMATh, 4TO pemieHne, MOKA3aHHOE HA PUCYHKE,
BTO BechMa dactHoe peureHue. Ecam 651 MBI Jarke TyTH-4yTh HOHAIN
WIA CHUSWIH DHEpruio, To (yHKIMA mepemuia O B Jgpyrue
KpHUBBIE, NMOXO0JKAe HA OfHY W3 NITPMXOBHX Kpuehx ¢ur. 14.8,

W OUATH [Jifl CBA3AHHON JacTHUIHI He MOJYYMIOCh O Hajeka-
muEx ycnorwit. M mpmmmium K BHBOAY, 9TO €clM YacTUIA TOJE-

a(z)

@ ue. ]14.8. Boanoeas Pynryus 043
snepeuu E, mewdy E, u K.
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Duz 14.9. @ynryus alz)
044 namu CeA3AHHNT COCTNOAHUL
C HAUHUSWUMU FHEPZURMU.

KO ODH BIOJHEe OIpeJeNeH-
HOHN 3HEPTHH.

E 3HagWr JAM 9710, WTO Y

E

- JHeT ¢ HeHf CIyuHThCA TONb-
gacTHNB, HaXONAIEACH B
CBA3AHHOM COCTOAHUY B HO-
TEHOUAJNBHOR sAMe, MOKeT

E

OBITH TOJIBKO OfHA DHEPTUA?

Ha HaxXouUTbCA B HOTeH-
[} OHANBHOU sMe, TO HTO MO-

e\

2
\ / Ipyrue, HO He CJIMIIKOM
6mmsko ® E, Obparure

Orawogs. Moryr Owrh ®=

BHUMAHHOe, YTO BOJHOBasd

Ey ¢yaruEa HA dur. 14.8 yeTw-

pe pasa nepeceKaer 0och HA

/ \/ yJactke z,z,. Ecim 081 M

BHIOpanyl SHEPrulw 3HATH-

y-\ \ /\_ TeNbHO Hme E,, TO MOIIO
GH TIONYYUTHCH Ppenienwve,

\/ KoTOpoe OBl HepPecewryio OCh

TOJXBKO TPEKIE, TONBKO
BB, TOJIBKO €IHHOMKIH
mwin HA pasy. Bosmoxmme
peuteHust Hamedennl Ha ¢ur. 14.9. (Moryr OmiTh M pemeHWs, oTBe-
garonige 60;1ee BHICOKEM 9HepruaM.) BEBoA cocTout B TOM, 9T0 eciu
YaCcTUNA 3aTHAHA B TOTEHNUAJIBHYIO MY, TO €¢ DHePrusa IPUHH-
Maer TOJIbKO OIpefeleHHEE cHenWalibHbe 3HAYEHHs, 00pPasyoilme
IOMCKPeTHHIT sHeprerudecKuil coextp. BH mormMaere remephb, Kaw
cnocobHo pupdepeHnUaANbHOE ypaBHEHHE OOUCATH HTOT OCHOBHOH
darT KBAaHTOBOU (QIUBUKH.

Crmemyer 3aMeruTsh TONBbRO O0gHO. Ecum pueprma E BHme Bepxa
TOTeHIUANBHOH sAMEI, T0 JUCKPeTHHX pemeHHH V:ke He Oyuer,
¥ paspelIeHHl Bce MEICAWMES DHeprmm. Taxkme pemmeHHs OTBEYAIOT
paccesHUI0 CBOOOMHEIX 4YacTHH Ha noreHnmajbHOR saMe. Ilpumep
TAKEX PENIeHW MH BERSNH, KOTA PACCMATPHBAIE BINAHAEC aTOMOB
npaMeced B KpHCTaJIIe.
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I'nasa 15

CHIMMETPUA U 3AKOHBI
COXPAHEOWA

§ 1. Cummempus

B knaccmueckoil ¢usuke HeMano BeauguH (Ta-
KHX, KaK UMOYJILC, DHEPTAS M MOMEHT KOJHKYECcTBa
IBIGKEeHNs) coxpansemes. TeopeMsl 0 coxpaHeHAN
COOTBETCTBYIONUX BEJINYWH CYINECTBYIOT U B KBaH-
TOBOI MexaHuKe. CaMoe mpeKpacHOoe B KBAHTOBOH
MeXaHWKe 9TO TO, 9TO TeOPEME COXpaHeHUA B Ompe-
7eIeHHOM CMEBICHE YaaeTcs B Heill BRBECTH H3
9ero-To0 Jpyroro; B KIACCHIECKOl jKe MeXaHWEE
OHHM CAMM I PAKTHYECKHN ABNAIOTCH UCXOTHBIMA IA
apyrux saronos. (MoskHO, mpasja, m B Kiaccude-
CKOIl MeXaHWKEe IMOCTymaTh TaK /Ke, KAK B KBAHTO-
BO#l, HO 2TO yAdercsi TOJNBKO HA OYeHb BEICOKOM
ypoeHe.) B kBaHTOBOII MeXaHUKe, OHAKO, 3AKOHBI
COXpAaHEHUA OYeHBb TECHO CBA3AHH C NPUHIUIOM
Cynepuo3umue aAMIUINTY/, M ¢ CHMMeTpueil Qusm-
YeCKUX CHCTEM OTHOCUTENBHO PA3NMYHHX M3MeHe-
Hu#. JT0 U ecTh TeMa HACTOAIEH Jermmu. XoTsd
ugen aTw MH GyieM UpUMEHATH TJIABHHEIM 06pasoM
K COXPaHeHMI0 MOMEHTA KOJNMIOCTBA HBUKEHUA,
HO CYINECTBEHHO 37lech TO, UTO BCE TEOPEMEL O
COXpaHEHWH KaKUX YTOMHO BENXWIHWH BCETHA CBA3A-
HEL — B KBAHTOBOH MeXaHMKe — ¢ CHMMETPUAMM
CHCTEMEL,

HagneMm nosroMy ¢ m3ygeHHS BOOpoca O CUM-
MeTpusix cucreM. OgUeHb TPOCTHEIM HPAMEPOM CIay-
AT MOJEKYJIApHBE WOHBL BOJOpPOJA (BIpOUEM,
B PaBHOW CTENEeHM MOJOHLIM OBl M MOJEKYJAH aM-
MHaKa), y KOTOPHIX WMMeerTcs HO /B& COCTOSHUA.
Y MoseryIapHOTO HOHA BOAOPOJA 3a ofHO Gasmc-
BOE COCTOSIHME ME HPUHMMAJA TAKOE COCTOSHHE,
KOTa 9JAeKTPOH PacmoyosKeH Bo3iae mporoHa No 1,

Jumepamypa: A. P. 3 aMOHJc, YIIOBHE MO~

§ 1. Cammerpnsn

§ 2. Cammerpnn
B ee coxpaHemue

§ 3. 3axonn
coxpanenns

§ 4. Ilonapuaosannnifi
eBer

§ 5. Pacnag A°

§ 6. Cpopra maTpmi
OBOPOTA

IToemopums: ra. 52
(o, 4)  «Cnm-
MeTpHA 3aKOHOB
duznrm»

MeRTHl B KBAHTOBO MexaHEHKe, B KH. «Jledopmamms

QTOMHEIX AFIEP?, WJ, 1958.
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a
y -
l1> / D op D ue 15.1. Ecau cocmoanus
// 11> u |2> ompasumy e naockocmu

P—P, onu nepetidym coomeem-
cmeenKo 8 cocmoanua |2 u |I).

p a sa fipyroe GasucHoe CcO-

5 CTOSIHWE TO, B KOTOPOM
/ DJAEKTPOH  pPAacHoJarajics

e’
N / 7/, - BOBIe MPOTOHA Ne 2. 3rm
P]I> ep 2 gBa cOctoAHMA (MBI HX
// HaswBaan | ) m | 2)) Mul
CHOBA  NOKAa3sBaeM HAa

¢ur. 15.1, a. U sort, no-

CKOJLKY 00a Appa B TOU-

HOCTA OJAMHAROBLI, B 3TOH

(UBMIECKOl cucTeMe MMe-

op ercAd OupefieieHHAA CUM-

mempus. VHaue ckasarts,

ecnim OB HAM HOPUILIOCH

ompasumo CUCTEMY B IIO-

P CKOCTH, ITOCTABJIEHHOH MO-

CpemMHE  MEKAY JBYMs

OpOTOHAME (UMeeTcsi B BHAY, ecal 05l Bee HAXOJAIEeCs ¢ OfHOM

CTOPOHBI HAOCKOCTH CUMMETPHIHO TEPemuio Ha APYyTYI0 CTOPOHY),

TO BO3HMKIA On KaprmHa, IpejcraBiedHasg Ha ¢ur. 15.1, 6. A

KOJIb CKOpPO UIPOTOHH TORNECTBEHHB, ONEPAYUA OMPANCEHUA Te-

pesomur | 1) B | 2), a|2) B| ). OGoszHaumM »Ty oOmepanmio
orpakenna P u mHanmmiem

PiI>=|2, P|2=|I. (15.1)

3raunr, mane P -— 370 OmepaTop, B TOM CMEICIE, ITO OH «YMO-Mo
deagem» ¢ COCTOSIHMEM, ITOOH BHIIIIO HOBOE cocrogume. VHTEpecHO

sfech 10, 4t0 P, NelficTBYA Ha 4m60e COCTOAHHUE, CO3TaeT KaK0e-TO
Opyeoe COCTOAHUE CUCTEMEL.

Haiuee, y P, Kar y BCAKOTO [PYroro OmepaTopa, ¢ KOTOPHIMHA
MBl BCTPEYAINCH, €CTh MATPUUHBIE 3IEMEHTHE, KOTOPEIE MOKHO
OIIpefienTh ¢ IMOMONIBIO OONYHEIX 09eBUAHEX 0603Hauennit. IMenno

P,=<1|2|1> w P,=<I|P|
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cyTh MAaTPUUHBIe JEMEHTH, KOTOpHe moaywsaiorces, ecaw P|I> m

P|2> ymuomurp caesa Ha <I|. Coruacao ypasmemmio (15.1), onn
paBHH N
KA|P|1y)=P,;=<1|2 =0,
UA|P|2>=P,,={]|I>=1.

Taxum ke myreM MOKHO moayuurs u P,,, u P,,. Marpuna P
omnocumeavio 6aaucholl cucmems |I> u |2) ects

p:(‘f é) (15.3)

Ms=1 cHOBa y0eskpaeMcs, 910 CIIOBA Onepanop U MAMpuya B KBan-
TOBOI MeXaHMKe NpPaKTHUeCKN B3amMo3aMeHseMel. Ectb, KOHeYHO,
JeTKYWE TeXHWYeCKHe PAsINuds, KaR MEKIY CIOBAMHU (YUCIATE]b-
HOE» M (YHMCIO», HO Ml He TaKme IMefaHTsl, 9to0bl 3a0uBaTth cebe

atuM roaosy. Taxk garo OyneM uMeHOBaThH £ TO 0OmEPATOPOM, TO MAT-
pHuei, He3aBMCHMO OT TOTO, OUPEJeasAeT IW OHO OmEPALHI0 WU
peasbHO MCIOJb30BAHO A HOJIYYCeHNA YUCICHHON MaTPHUILL.
Temepp Mbl Xx0TeiM OB KOe HA 910 00pardTh BAUIe BHAMAHUE.
ITpednosoncum, ato ¢usura BCel CUCTEMBI MOJERYIAPHOTO MOHA
BoJIopoxa cama mo cebe cummempuyna. 310ro Morao Okl U He GBITH —
3TO 3aBUCAT, HamphMep, OT TOTO, 4Td HAXOLUTCI ¢ HEH PATOM.
Ho ecam cucrema cumMMerpuyuHa, TO ¢ HeOOXOAUMOCTHIO HOIKHA OBITH
cupaBemauBa caemywomas uges. [Ipepmonomxum, uro BHagasie, upu
t=0, cmcrema HaxomuTcsa B cocTOAHMM | /), a depe3 IIPOMEIKYTOK
BpeMenu f{ MH O0Hapy:xuBaeM, 9rT0 CHCTeMa Okasajach B 6oiee
CIIOKHOM ILOJIOKeHMNA ~— B KAKOH-TO JMHEeH1.0ff KoMOmuanua o6oux
0asucHHX coctoaaui. BeuoManre, 910 B 171, 6 (BBIO. 8) MBI HPABHIKIAR
I PeiCTABIATD (dBOJMIOINIO BO BpeMeHN» YMHOKeHNeM Ha oxepartop U.
JT0 03Hagaer, UT0 CHCTEMAa depe3 MTHOBEHHe (CKayKeM AJA ompefe-
JeHHOCTH, depes 15 cex) OKAaKeTCSA B KAKOM-TO HHOM COCTOSHUU.

(15.2)

Hanpumep, s10 cocrosiHme Ha %/, MOKeT COCTOATH U3 COCTOSHUA

|I1>wHai ]/1/3 n3 cocTogHAA | 2, M MH OB Hanmcaam

llp ua 15-i1 ce1<yane>=ﬁ(15,0)'1>= ]/—%ID"H ]/g,@'
(15.4)

Temeps cupocmM: uTo sKe UPOMBOHIET, €CIN BHAYAJIE MH 3aIyCTHM
CHCTEMY 6 CUMMEM PUYHOM COCTOSHUE | &) M OPH mex jice Ycaosuar
mogosxmeM 15 cex? flcHo, 910 ecim MuUp cHMMeTpuYeH (4TO MBI K
mpegmosiaraem), To 003aTeIBHO ROAYHUMCSA COCTOSTHEE, CHMMETPHY-
HOe ¢ (15.4):

[V ma 15-it cexymmed>="U (15,0)|2) = l/%|2>+i l/%lb'
(15.5)
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a

Bep.
NN

Y
U
| 1> |2> Yepes gpefym |I> \Z>

—— -
[}

Due, 15.2. Ecau ¢ cummempuunol cucmeme
qucmoe cocmoanue | 1> paseueaemcs 6o epe-
MEHU maK, KaKk nokasarno 6 wacmu (a), mo
qycmoe cocmoanue |2) 6ydem 60 epemenu
paseueamscsa mak, Kak nokasaxo e yacmu (0},

Te e unen cxemaTnano usobpaskenst Ha gur. 15.2. Uraxk, ecian
usura cucTeMsl CUMMETPHYHA OTHOCHTENHHO HEKOTOPOH MI0CKOCTH
¥ MBI PACCUMTANM IOBEAEHHWE TOIO MM MHOTO COCTOHHHUA, TO HaM
TAKJKE M3BECTHO LOBEIEHME COCTOSHESA, KOTOPOe MOXYIMI0ChH O
IOCJe OTParKeHusl MCXOJHOI'O COCTOAHUA B IIOCKOCTH CHMMETPHI.

To me camoe MOKHO BBICKAasaTh 9yTh Goiee o0mo, T. e. 9yTh

6oiree orsimegesno. llycrs Q) — nobas w3 MHOMKeCTBA omepamui,
KOTOPHE BBl MOKETe TPOMSBECTH HAJX CUCTEMOU, He MEHAL GUIUKL.
H mpuMepy, 3a () MEI MO3KEM OPUHATH OHEPANMIO OTPAIKEHNA B IO~
CKOCTH, PACHOJOKEHHOH mOCpeWHE MEKAY OBYMS aTOMaMH MOJe-
KyJxs Bogopona. Wnum B cuereMe ¢ mByMs 3JIeKTpOHAME MOKEO ORLIO
OEI o7 () mofpasyMeBarh OHEPALHUI0 00ieHd OBYMS 2JIeKTPOHAMI.
Tperbeil BOsMOMKHOCTBIO ABMIACH OH B cepauecky CHMMETPUIHOH
CHCTeMe ONepammsa nosopomda BCEH CHMCTeMb HA KOHEYHHBIH yTOXI
BOKPYT HEKOTOpoii ocH; oT sroro Pusmra me maMmenurca. Horeuno,
B Ha/KIOM OTJENHHOM CIyd9ae MBI 6 obosHagaiu () TO-CBOEMYy.
B wacraocTH, gepes R {(0) ME1 06EUHO GymeM 0603HAYATEH OTEPALHIO
«IOBE PHU CUCTEMY BOprI‘ och y Ha yroa O». llog Q wmu IIPoCTo
OOHZEMaeM OUH M3 HAa3BAHHEIX OIEpaToOpoB M JIOGOU Jpyroi,
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KOTODHI oOcTaBAsieT BCIO (HIWYecKylo CHTYAOUI0 HEH3MeHHO.
Oueparop () Mu 6yzeM BasLIBATh ORepamopom CUMMempuu [js
CHCTEMEL.

Bor Bam eme upuMmepr omepatopos cumMerpmd. Eciu y Hac
WMEETCA aTOM, 8 GHEULHEe MAZHUMHOe WIH GHEULHEe IACKMPUYECKoe
mojie OTCYTCTBYeT, TO IIOCHIe HOBOPOTA CHCTEMBI KOODAMHAT BORPYT
a1000# ocw pusHIecKaA cucTeMa ocTaeTcA TOl ke caMoil, OmATE-TakT
MOJIERYJIa aMMUEAaKa CHMMETPUYIHA OTHOCHTENBHO OTPasKeHWs B IIO-
CKOCTH, IapaliIelbHOR TOH, B KOTOPOH JesKaT TPH aroMa BOJopona
(moxa Her axeRTpHIeCcKOro wois). Ecnm ects siexrpmdeckoe mode,
TO IpU OTpaKeHWH HA/O ObLIO Oul 0OpaTHTh H HOJde, a 5T0 MEHsIEeT
BCI0 QH3MTecKyH0 3afagy. Ho moKa BHemmmero moJs Her, MOJIERyJa
CUMMeTpHYHA.

Tenepr paccMorpum obmmit caywaii. llomosmmm, ME Hagaxd
€ COCTOAHES [P; >, a gYeped HEKOTOpOe BpeMsA HIH LOJ BIHAHUEM
JpYTAX GUsHYeCKAX YCIOBUH OHO HPEBPATWIOCH B COCTOAHME |, ).
Hannmem

9> =T | 9y). (15.6)

[TTocmorpure A Popmyay (15.4).] Teneps BooGpasute, aTo HAK Beeil
CHCTEMOHl MH IPOBOJUM OIIePAI[HIO O CocrosHze |1, > npeobpa-
BHTCA B COCTOAHME |\, ), KOTOpOE TAK/Ke 3AIMUCHBACTCA B BHIE
Q| Y,>. A cocrosmme |, mpespamaercsa B |1p;>=0 [P, >. H
BOT, ecal (fusuka CUMMETPUYHA OTHOCHTeNsHO () (He 3aGEBaiiTe

opo 9TO, eciu DTO OTHIOADb He ofIee CBOFCTBO CHCTEMBI), TOTAA,
HOJOMAAB B TeX Ke YCIOBAAX TO yKe BPEM, MH JOJKHE HOJYUHTh

[P, >=T |} (15.7)

[Kax B (15.5).1 Ho BMecro | §; > MoxHO Hammcats Q [ Py >, a BMeCTO
[, mammcats Q |P,), Tax wro (15.7) mepemmciBaercs B BHJE

Q| %.)=0U Q> (15.8)

Tewmeps, ecu |1, > 3aMeHUTH HA U [P> lem. (15.6)], To momy=amm

QU |1v>=00 |9 (15.9)

Herpyzano moHaATsh, 970 570 3Ha9AT. B oTHOMIEHMH atoMa BOXOPOZA
BTO 03HATAET, UTO «OTPA3UTH M MOCJIe HEMHOTo MOJOKAaThy [mpasas
gacrtb (15.9)] — aro 1o me camoe, ITO ¢(HEMHOT'0 IOLOKAATE, & MOCIe
orpasuTky [nesas wacts (15.9)]. Onu momssuser coBOACTD, €COH TONb-

Ko U mpm orpa)keHuH He MeHAETCA.
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A mockonbky (15.9) cmpaBegmuBO WPH 41060M HWCXORHOM CO-
cTOAHUA |1, >, TO HA cAMOM feie 3T0 yPaBHEHME /151 ONEepPATOPOB

QU=U29. , (15.10)

3T0-TO MH M XOTeJHM TOIYYHTH — MAMEMAMUNECEYIO HoPMYAUPOSKY
cunmempuu. Kormga cobaonaerca (15.10), Mer rosopum, 4ro omepa-
Topst U 1 Q rommymupyiom. Torga «cHMMeTpHIOy» MOMRHO onpede-
aumd  CIeayIonaM 06paBOM' cbngnqecﬂaa CHCTEMA CUMMEMPUYHA
oTHOCUTeNBHO omepaumn ), korma Q wommyrmpyer ¢ U (¢ omepa-
mueld mpomecTBEA BpeMenu). [Ha saswxe Marpun npouseefeHme
ABYX OHepaTopoB PaBHOSHATHO MATPMIHOMY IIPOMBBE/EHMIO, TAK
970 (15 10) B cucreme, CHMMETPIIHOH OTHOCHTEILHO npeobpasoBa-
nus Q, Bumonaseres u gua marpay Q u U]

Keratn, mockoxbky pmiusi GecKOHeUHO MAIOTO BDEMEHH &€ MEI
wmeeMm U=1 — iH s/ﬁ, rie H — o6punmslii raMmibTORMAH [¢M. Ti1. 6
(Be1m. 8)I, To nerxo Bupers, 9ro Korga (15.10) BHIIONHEHO, TO BHI-
TOJHEHO 1

QH=HQ. (15.11)

Tax uro (15.11) ects MaTeMarmuecKas GOPMYIHPOBKA yCIOBUH Ha

CIMMETPHIHOCTD PUBUUCCKOM CUTYAI[AH OTHOCUTEABHO omeparopa (.
Ona onpedessem cUMMETPUIO.

§ 2. Cummempus u ee coxpanenue

Ipempme ueM npUMeHATH TONLKO UYTO HAHJEHHHH pesyibrar,
XoTesoch OBl emre HeMHOT'0 BHUKHYTE B mjeio cuMMeTpuu. 1lonosknM,
970 cTeueHne o6CTOATe bCTB TAKOBO, UTO mocjae AedcTBUA omepa-

TOpa () Ha COCTOSTHME HOJy4aeTcsa OUATH TO jKe COCTOAHMe. ITO 0UCHb
YacTHHI CAyuail, HO Bce jKe JOIYCTHM, 9TO TAK CIOKHIOCH, UTO

cocroagmue |¢’ >=0 |),) ¢usmueckum coBmajgaer ¢ COCTOAHHUEM
| o ». 70 3HAuUMT, UTO |’ ) paBHAETCA |1, ), €CIM He CIUTATH He-
xoroporo ¢aszosoro muoskmrens *. Hak aro cebe umpefcraBisiTh?
Ilyers, nanpuMep, umeercs non H, B cocTosaHuM, KOTOpOE MBI KOT/Ia-
10 ofosmHaganu | ). ¥ aT0r0 COCTOAHUSA MMEETCA ONMHAKOBAA aM-
IIUTYRA 0o0HBaTh B GasucHEIX cocrosuuax | I) u | 2. Beposar-
HOCTH HOKasamH cTonbmramu Ha gur. 15.3, a. Ecanm Mu Ha cocrosa-

* Hcratm, BH MOKeTe [l0Ka3aTh, 9T0 § - 310 0GAZATEABHO yHUMAPH U
onepamop, T. €. €CIN OH JeHUCTByeT Ha | ), HPABOMA K | >, YMHOMKKEHHOMY Ha
HEKOTOPOe YHCIO, TO 3T0 YHCAO [OMKHO AMeTh BHJ €, Ime 0 — BeHeCTBeH-
HO. 3TO MeIKOe 3aMeJaHEe, 2 JOKA3aTeJIHCTBO OCHOBAHO HA clepylolmeM Hab-
niopeERH. Begkaa omepamms Hamopofume OTpaykeHRA HAHM IOBOPOTA HE NMPHBO-
AET K HOTepe KAaKAX-JB00 9acTHN, Tak YTO HOPMAPOBKH |¢'> I |¢> HOMKHK
COBNIAJATh; OTIMYATLCA OHU BIPaBe TOALKO H3 MHOMKETEIH ¢ YHCTO BemecT-
BeHHO (a3oii B mOKa3arele.
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Bep. A
Due. 15.3. Cocmoanue |I> ==
u cocmoanue P|I>, noayuac-
Mble ompaxcenuem I!) 8 naoc- lI> /21 — —_——— _——
Kocmu, nporodaweil nocpedu- %
He mexndy amomamu 6 UOHE
H}. o
1> 2>
Bep. A a
. N
ume |I) mogedictByem
0OHepaTopoM orpake- P II> el — o R
Hus P, oH mepeBepHer
ero, moMeHaB MecTaMu | ) 0
c| @) al2)cll); mony-
9aTCH BEpPOSITHOCTH, IIO- |’> |Z>
RaszaHmbIe Ha pur. 15.3,6.
Ilepex Hamm omate coc- 6

roague|] ). Ecrn pagars

¢ cocroaruA | Iy, 10 BEepOATHOCTH O M TOCIe OTpaskeHHs €yayT
BHEITJIAZETh TOKe ommHakoBo. Ilpasma, ecam mocMoTperh Ha amMnau-
myods, TO pasHENA BCe e ecTb. ¥ cocrosgHusA | [ ) mocie oTpake-
HASL aMILIUTYZBl OCTAHYTCS memu e, ¥ coctosanma |II) oHnu
npuodperyT MPOTUBOUONO/KHHI 3HAK., VHnMEm cioBaMn,

pl[>___p{|1>+|2>}= |2>‘*‘|1>=II>’

vz Ve
(15.12)
p|Iry=>p { ! 1;/—2!@} - '2;/—2_’”: —|IT).

Eciu manmcars p |1p0>=ei3| Yo, TO ¥ cocroanud | [ ) MH mMeeM
e’=1, a y cocrogaua | IT) nMeem " =—

Bospmewm gpyroit upmmep. Ilyerb y Hac ects TpaBonosisspu3oEaH-
HHIH 1m0 Kpyry $oToH, pacIpoCTPAHAKMMICA B HAIpaBieHHd 2.
Ecau mMs1 copepmum onepaniio noBOpOTa BOKPYT OCH Z, TO, KAK MBI
SHAeM, 5TO HPOCTO NpHUBEJET K YMHOKeHMI0 aMILIMTYyAe Ha e'?,
Ile ¢ — yroJ IOBOPOTa. 3HAYHWT, B HTOM cCJaydae i Omepalun
mosopora 6 MPOCTO PABHO YIJIY HOBOPOTA.

Ilanee, AcHO, 9T0 ecau OKAsbleAeMCA 6epHHIM, TTO OmeparTop
B KaKO#-TO MOMEHT BpEMeHM mpPocTO MeHseT (asy cocrosHNA (CKa-
eM, B Momerr t==0), to amo 6ydem eepio scecda. Nnadge rosopsa,
ecau cocrosEue |1, ) TmepeXONWT 3a BpeMA ¢ B COCTOAHME |\, ):

U (t, 0) | p1> =] P>, (15.13)
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U ecam cCMMMeTpusa Q)HBﬂ‘IeGKOI‘/’I KapTUHBL TaKoOBa, 4TO

Qlpy =69y, (15.14)

TO BE€pHO U TO, 4TO

Qlba)=e"| ). (15.15)

370 ACHO, Eedb
0 |‘|72>=QU|‘1’1>:UQ]11’1>’
n ecau @ | 1p1>=e"a|xp1>, TO
O [ Pg) = Ue® [P = e"U P> = e Pa)-

[Bepxume pasenctea caeaywor u3 (15.43) u (15.10) gnsa cummerpud-
HO#l cucreMbl, HIKHIe — U3 (15.14) m w3 TOro, 410 BCAKOE YMCIIO,
CKasKeM ¢€'’, KOMMYTHpYeT ¢ oHepaTopoM.]

Wrak, opu HEKOTOPEIX CAMMETPUAX TO, 4TO BEPHO CHAYANA, Bep-
1o Becerna. Ho pasBe ara He sakown coxpanenus? Ilal Om yreepsraaer,
YTO eCAM BH B3TJSHETe A& MCXOJHOE COCTOSHME M, HpOoJelNaB TIe-To
B cTopoHe He(0abmioH MOACUeT, OTRpOeTe, IT0 ONEepaIis, KoTopas
SIBISIGTCA onepayuett cuMMempul, 04s cucmemst, TPHBOIAT TOIBKO
K YMHOJKEHWIO HAa HEKOTOPHIH ()a30BEII MHOKHTENb, TO BH OyJdete
YBEPEHSL, YTO 3TO e CBOHCTBO OygeT BHINONHEHO i KOHEYHOTO
COCTOSIHUA — Ta jKe omepamus YMHORAT ¥ KOHEYHOE COCTOSHTe
Ha TOT sKe (hasOBHIH MHOKHTeNb. JT10 0yfAeT BepHO BCerma, Jaske
ecii BH HMYEro He 3HAeTe 0 TOM BHYTPEHHEM MeXaHW3Me MHpA,
KOTOPHII M3MEHAET CACTEMY 0T HATAIBHOTO COCTOAHMS K ROHETHOMY .
Jaske ecnu BH He m03a60THINCH BIIAAETHCA B JETAJNHA TOTO, KAKIM
MMEHHO CHOCOOOM CHCTEMA NEPeXOAUT OT OJHOL0 COCTOAHUA K
IPYTOMY, BHL BCe PaBHO HMeeTeé HPaBO TOBOPUTH, YTO €CJIH BeIb
pHagaNe HAXOMWIACH B COCTOAHMM € ONPEAEIOHHBIM XapaKTepoM
CIMMETPUU ¥ eCJIM TaMIILTOHWAH STOH BEIIM CAMMETPHIEH OTHO-
CUTENLHO DTOH oOmepanuy CAMMETpuM, TOTJa TOT JRe XapaKrep
CHMMETPHUH OCTAHETCH Y COCTOSHIA Ha BEUHHE BpeMeHa. JT0 OCHOBA
BCEX BAKOHOB COXPAaHEHWA KBAHTOBON MEXaHWEM.

Paccmorpmm uacrmsiii mpuMep. Bosemem omsars omepartop P.
Coepsa, mpaBjia, HEMHOMKKO M3MEHMM OIpefeleHme omepanuu P.

Hycts P 6yger He mpocTO 3epKANBHLIM OTPAaKeHUMEM, MOTOMY YTO
oHO Tpebyer ompejeieHnA MIOCKOCTH, B KOTOPOH MOCTABIEHO 3ep-
raixo. CymectByer 0coOHIl BmE OTpasKeHHs, KOTOpHII yKazaHWs
mwiockocT He Tpebyer. Ilepeompemenmy omepanmo P raxmm oGpa-
30M: CEpBA BH OTPasRaeTe B 3€pRaje, HAXOJAMEMCH B IIOCKOCTH z,
TAK 9T0 Z MEPeXONMT B —2Z, Z OCTAETCA X, a i OCTAeTCA YJ; 3aTeM BH
mopopaguBaeTe cHcreMy Ha yrox 180° Bokpyr ocm z, Tak 4910 %
HePEeXONuT B —z, 4 Y B —Y. DBce BMecte HasmHBaercs umngepcuell,
ob6pamenuem koopanHar. Kaskmas Touxa npoenupyercs 4epes Hauaio
KoopOunam B AHaMeTpPalbHO LIPOTHBOMONOKHOE HOJO:HeHWe. Bce
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@ ue. 15.4.0nepayus unsepcuu b.

To, ymo naxoOumca @ mouke A (x, ¥y, )
nepexodum & movry A’ («x, —y,=2).

KOODIHMHATEL BCEro Ha CBeTe /
MEHAT 3HAK. JTY ONEepanuaio
MH, KaKk U Ipemne, OyaeM
oGosmagath cumBoioM P. Oma
m3o0pasxeHa Ha ¢ur. 15.4 u
HeMHOT0 yo0Hee, 9eM IpocTas
omepangusa OTPayReHUs, MOTOMY 2

9T0 He HYIKHO YKasHBaTh, B o
KAaKo#l KOOPAWHATHOH ILIOCKO- I =
CTH TPOMCXOAUT OTPAMKEHNE, r,/
TOCTATOYHO JWUIIb YKA3aTh TOY- ,’ X

Ry, ABIAOMIYCH IEHTPOM / W /

CUMMeTpHHE. 7
Tenepb mpeamOLOKMM, TTO / ///7//

Yy Hac ecThb cOCTOAHHE [v,),
KOTOPOE LIPH OMepaNiH HHBED-
CHM Hepexomgut B e [P, ), T. e.

[Po> =P | o> =" | ).
(15.16)

CrenaeM Temeps HOBYI0 wumBepcuwo. Ilociie Jsyr WHBEpCHH MH
BepHEMCA K TOMY, ¢ Yero Hayajmu: HHYEro He ma3meHurcs. [lomxuo

HOYIATHCH o o
Ploy="P-P |y =|%o)-

PPl py>="Pe® o)y =€ P o) = (€)% ¥y)-
Orcoga caemyer, 4ro (e‘a)z—l 3HATUT, ecAu Onepamop uHeepcul
Asasemcs onepayuell cummempuy JiaA KAKOTO-TO COCTOSHMA, TO_
y 8 MoryT OBITH TOJNBKO [BEe BO3MOKHOCTH:

=41,

Ho

a 3T0 03HAYaET, 40 MIH
P> =|o>, mam P|e)=—| o). (15.17)

B raaccuueckoil QusuKe, eCIM cocTOAHMe CHMMETPHIHO OTHO-
CHTEIBHO HHBEPCHHU, TO 3TA OIEPAI(HA NAET OMATH TO e COCTOSHHe.
A B KBaHTOBOH MeXaHUKe HMEITCA ABe BO3MOKHOCTH: IOJNydaeTcd

111



aufo mo ace cocmoanue, n1uGo muryc mo xce cocrosmme. Korpa momay-

wgaercs mo gce cocrosiaae, P | P, >=|1,>, MH TOBOpPHM, 4T0 Y CcO-
CTOAHAA |,> uemmocmbv nosoxcumervha. Kciam 3Har MeHAercs,

TaK 910 P | P, >=— | §, >, MBI TOBOPHM, TTO 4eMHOCHb COCTOSHANL
ompuyameasvra. (Omeparop MHBEPCUN P maBecren Taxe Kak ome-
patop weroctr.) Cocroanue |I) mwoma H; ofmamaer monosmrens-
HOI 4YeTHOCTBIO; cocTOfHUe ke | II) — orpunareinsHoii [cM.
(15.12)]. BriBaror, KOHeYHO, COCTOAHMA, HE CHMMETPHUIHEE OTHO-
CUTeTBHO omepamun P; 510 cocrosmma Ges onpeaeneHHON YeTHOCTH.

Hanmpumep, B cucteme H; cocroamme | ) nmMmeer moxoRute bEYI0
9eTHOCTH, cocrogHMe | [[]) — orpunmartearHyr, a cocrosuue | 1)
OTIPEeeeHHON YeTHOCTY He MMeer.

Horpa Msl ToBOpuM 0 TOM, 4T0 Omepamnus (HAOpUMep, RHBEPCHUs)
Onlza coBepiIeHa «#ad gusuueckoll cucmemoliy, T0 3TO MOKHO Ipel-
crapisTh cebe gBosikuM ob6pasom. MokHO cumrarb, 9T0 BCe, 9TO
OsuI0 B TOUKE r, UBKIECKU CABWHYJIOCH B OOpDATHYIO TOYKY —T;
WM MOKHO CYHTATH, ITO MH CMOMpPuM HA TY 3Ke CHCTEMY M3 HOBOMH
cucTeMH orcdera z’, y', z, CBABAHHOH €O crTapoil ¢opmylramu
'=— g, yY=-—y B z=— 2z TovHO TaK ;Ke, KOTAA MH [OBOPHUM
0 MOBOPOTAX, TO MOKHO nu60 cauTaTh, 9T0 ME HOBOpAaYABaEM IIGIHA-
KOM BCIO (U3WHECKYI0 CHCTEMY, Ju00 4T0 HOBOPadYMBAEM CHCTEMY
KOOPAWHAT, B KOTODPOl MH W3MepseM HAmy CACTEeMY, OCTABIAA
TIOCJIEHIOW 3aKPEmIeHHON B HPOCTPAHCTBE., JTH [JBE TOUKM 3PEHUSA
IO CcymiecTBy paBHonenubl. OHM paBHONEHHH ¥ OPH IOBOpOTE,
MoAbKEO TOBOPOT cucmemyt Ha yroa O momoben mOBOPOTY CHUCTEMBI
orcuera Ha ompuyamerdvuuli yron —0. B mameM rypce Me 00HTIHO
CMOTpEeIH, YTd WO.IydaeTcs, Korma Oepercss NPOeKNMA HA HOBYIO
cucreMy oceit. To, 970 mpH 9TOM HOJNYyIAeTCH, COBIAJAGT ¢ TEM, 4TO
NOJYUMTCA, €CIHE ME OCTABUM OCH IPEKHUMHI X HOBEPHEM Tel0 HA
cTOBKO sRe Hasad. Horga Bul 9710 menaere, e 3a0yjabre HOMEHATH
3HAKU yTiIoB *,

Muorwe sakontt fU3MER (HO He BCe) He MEHATCA NPH OTpasKe-
HUW WiK uHBepcun KoopauHart. OHU cummempuurbl IO OTHONIEHWUIO
K HHBEPCUN. 3aKOHH 2IeKTPOLBHAMIUKN, HAIPEMED, He H3MEHAIOTCH,
€CIIV MK MEHAEM Z Ha —&, yHa —Y U 2z HA —Z BO 6cer ypPABHEHMAX.
To ke oTHOCATCA M K 3aKOHAM THAKECTH, M K CIUILHGIM B3auMojeir-
cTBUAM sfepHOil ¢mamku. Touabko y cxaleXx B3aUMOUeHCTBHIL,
OTBETCTBEHHHIX 32 f-pacmaj, Her taroit cammerpun. [Mur obcysspanna
B10 HeckonbKo mompobuee B ra. 52 (Bem. 4).] Ho mu ceituac mpe-
uHebpereM f-pacmagom. Torma B nr06oit usmgeckoil cucreMe, Ha
KOTOPYIO, KaKk MOKHO AyMaTh, f-pacmaj He OKasHBaeT 3aMeTHOTO
BINAHAA (B KAYecTBe NPUMepa BO3bMeM HCIYCKAHUe CBETA aTOMOM),

raMunproHuad [/ um omeparop P Oymyr Kommyrtuposath. B arEX

* B gpyrux KHATaX BH MOMKeTe BCTPETHTH GOPMyJH ¢ APYTAMHU 3HAKAME;
BCPOATHEe BCero, B HEX HCHOAB3YIOTcS YINBL, OHpefeleHHHE IT0-HHOMY.
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00CTOATEeNIbCTRAX BEPHO ClIeAylee yTBepsifieHue. Kcim 9eTHOCTH
COCTOAHNA BHAYAJe HOJORHTENBHA W BH mOMHTEpecyerech mamdae-
CKOIl curyarnueil 1epe3 HEKOTOPOE BpeMs, TO YBALUTE, 4T0 JETHOCTH
ocramercs NoaOoKHTenbHOA. Ilycrs, mampuMmep, HaM mH3BecTHO,
9T0 aTOM HepeJ TeM, Kak MCIycruth JOTOH, HAXOAWICA B COCTOSHMM
€ MOJIOKUTETbHOI 9eTHOCTRI0. Brl paccMarpmuBaere BCIO 3Ty CHCTEMY
(BKa0o9ass QOTOH) MOCHke UCOYCKAHUA; 9eTHOCTDL OIATH 6yaeT mouo-
KATEJbHA (I TOYHO TAK yHe ObLI0 Obi, ecay OB BH HAYAIM ¢ OTPHUIA-
TEIBHON 9eTHOCTH). JTOT LNPHHIUI WMEHYETCA COTPAHEHUEM 4em-
nocmuy. BB Temeph moHEMAaeTe, HOYEMY CJIOBA «COXPAHEHHE Y4eTHO-
CTH» U «CUMMOTPHUA OTHOCHTEIBHO OTpa’KeHWi» B KBAHTOBOU Mexa-
HAKe TecHO mepemiereHH. XOTA 0 MOCTeLHUX JeT CIMTATOCH, ITO
OpUpOAa BCETAA COXpAaHAeT YeTHOCTHh, Temeph H3BECTHO, YTO 3TO
ne max. BHAcHEWIOCH, 9T0 3T0 HEBEPHO, IOTOMY 9TO peaxuus f-pac-
naja oe obaagaer cAMMeTprel OTHOCHTEAbHO HHBE pCUH, 00HA pYIKeH-~
HOH B ApyTruX 3aKoHAX QHUBUKM.

Temeps M&I MOMKEM JIOKA3aTh HHTEPECHY0 TeopeMy (cupaBefid-
BYIO IO T€X HOP, HOKA cIa0KMu B3aMMOIeACTBUAMYA MO;KHO HpeHe-
OperaTs): nofee COCTOSHYE O pefleIeHHOIT DHe PTUY, He ABIAIOMEeC
BHIPOJKJCHHEIM, 00s13aH0 001afaTh OUpeeseHnoii geraocrbo. Ero
9eTHOCTH MOJKRHA OHTh JU00 IOMOMKUTENbHA, JHOO OTPUNATENLHA.
(IlpumoMuumTe, 4T0 HAM UHOTHAA BCTPEYAJUCh CHCTEMEI, B KOTOPHIX
HECKOJBKO COCTOSSHWI MMENM OfHY M TY jKe SHEPIHIO,— TAKME CO-
CTOAHMA MBI HasHBaeM egupoxclennmmu. Taxk BOT Hama TeopeMa
K HUM He OTHOCHTCH.)

Mer 3raeM, 9To ecild | P, > — COCTOSHUE OnpeieeHHOi sHepruy,
TO

H| $o)=E [ ,), (15.18)

rae £ — mpocto gmcao, sHeprus cocrosuuda. Eciam y Hac umeercs

npouagoavkuill omeparop (), KOTOPHI ABIAAGTCA OMEPATOPOM CHM-
MeTPHUH AXA CHCTEMBI, TO M MOKeM J0Ka3arth, 9TO0

Q| %> = e o), (15.19)

€CIH TOJBRO |\, > — eIWHCTBEHHOE COCTOSTHNUE ¢ NAHHOI sHeprueii.
PaceMoTpEM HOBOE cOCTOSHME |, >, KOTOPOE BH moiryIaere LOCTE
meiicreua Q. Ecaum Bca (usumea cuMMeTpmuHA, TO |1, ) AOMMHO
EMeTh Ty jKe BHeprmio, aro u | Y, >. Ho MH Begh Bmbpannm ciydaii,
KOrjja COCTOSHHUE ¢ TaKOl dHeprume#k moavko 0fno, a MMeHHO |1, >;
3HaUnT, |y, ) AOIIKHO GHITH TeM Ke COCTOAHMEM, OTIMYAACh PasBe
910 ¢asoil. TakoBo Juamueckoe JOKaz3aTENLCTBO.

Ho T0 ®e mocaenyer u u3 mameld Mmarematnrd. Hame ompememe-
HIe cumMerpur — 910 (15.10) mam (15.11), cupaBefnnBoe giIA II0-
Goro cocrosEEA | P):

HQ|y)=QH|v). (15.20)
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Ho ceiizac peus ujer 0 cocTOSHHHE | ) Y, KOTOPOe ABIAETCA COCTOA-
HYeM ¢ ompefieieHHON dHeprueil, Tak aro H [{,>=FE |P,>. A pas
E — mpocro gucio, T0O 0OHO HOUPOCTY LPOXOAHT CKBO3b (), B MH
HMeeM

QH | po>=QE | ho) =EQ | ),
H{Q v} =E{Q | }. (15.21)

dragnur, |P,>=0Q [P,> — roske cocrosmme H ¢ oupegeaeHHOI
sHeprhed M upH droM ¢ teM Re caMmeM E. Ho mo mameét rumorese

uMeeTcA TOJABKO OHO TaKOe COCTOAHNIE; 3HAYUT, | 11)0) IOJHHO OLITH

pasHo € [,>.

Bce, 410 MBI TOJBKO 9TO HOKABANH, OTHOCHTCA R JIIOOOMY omepa-
TOpY , auinb 65l oH OBLT OmEepaTOPOM CHUMMETPHM ISl (YH3NIECKOIl
cucreMsl. [loatoMy Korma B paccMOTpeHMe BXOMISAT TONXBKO DIEKTPH-
9ecKMe CYWJIH W CHIIBHBIe B3amMojeiicTBua (M Het HMKakoro f-pac-
Iaja), Tak 9T0 CHMMETpPUA OTHOCUTeNbHO HHBEPCHHE ABISAETCA BIIOIHE

JIOHyGTI/IMHM npubamiKeHENeM, B 9THX 060TOHTEJILGTBaX P [Pd=

| ). Ho ME Bugenu Taksxe, aro e® o6sasano PaBHATECA aubo
-H, anbo —1. Utak, awboe cocrosame ¢ onpefeneHHol sHepruei
(ecm 0HO He BHIPO;KAEHO) HaBceIAa CHAOMKeHO AM00 IOJIOKHTENb-
HOI, 1100 OTpUNATE] BHOH YeTHOCTBHIO.

Tar 4To

§ 3. Barxonwvt coxpanenusn

O6parmMcesa Tenephb K JpyroMy HHTePEeCHOMY HPEMEPY ONepauuy
CHMMeTPUR — K mosopory. PaccMorpmM wacrHbit caygad omepa-
TOpA, KOTOPHI MOBOpAadNBAET ATOMHYIO CHCTEMY HAa YToJ (p BOKPYT
ocm z. O6ozraunm aror omeparop R, (¢) *. [Ipegmono:xum eme, aro
HURAKWAX BIMAHWH, BEICTPOGHHEIX BIOAB ocell z M y, B HameM Qu3n-
JecKOM cliydae HeT. Bee diieKTpudecKue Wi MAaTHUTHEE HOJIS B3ATH
mapaJIeNbHLIME OCH z **, TaK 4T0 HUKAKUX U3MEHEHNH BO HEULHUL
VCIOBHAX OT MOBOPOTA BCeH (M3MUECKOIl CHCTEMBI BOKPYI OCH 2
He Hacryumr. Haupumep, ecrm mMeercd aroM B IYCTOM DpPOcTpaH-
CTBE M MBI IIOBEPHEM 3TOT aTOM BOKPYT OCH Z HA yIrOJ , TO MOJYInM
Ty ke QUBHIECKYIO CHCTEMY.

Tornma cymecTByor ocobie cocmoanus, odragamonmye TeM cBOHCT-
BOM, 9TO TAKaf omepalus co37aerT HOBOE COCTOSHUE, PaBHOE mEepBO-
HAYaILHOMY, YMHOKCHHOMY Ha HEKOTOpPHIZ (Da30BHIA MHOKUTENE.
3aMernM, 9TO KOT[a TO TaK, TO MaMeHenuwe (ase 00sa3aHO OHTH
Bcerga MpomopnuoHansHo yray ¢. llpexcraBbre, 410 BH JABasKAH

* Tounee, MH OIpenelnM Rz(q)) Kak IOBOPOT (usmdeckoli cHCTeMH Ha

—@ BOKDYT OCH 2; 9TO TO Ke caMoe, ITO HOBEPHYTH CACTEMY KOODAHHAT Ha - @.
** Mpr BceI'ia BIpaBe BHODPATh 0Ch z BIOJNh HAIPABJIEHAA HOJIA TIPA YCI0-
BHH, KOHETHO, 9TO er0 HalpaBieHWe He MeHdercd @ 4TO Ooiblle mojeil Her.
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3aXxoTea¥ OH CIeNaTh MOBOPOT HA Yrod ¢. 3T0O PABHOCHIHHO TOMY,
970 NOBEPHYTh Ha yrox 2¢. Ecim mosopor Ha yroa ¢ mMeer CBOUM
CTEHCTBUEM YMHOMeHWe COCTOSHUA | {,) HA (asoseiii MHOMKHE-
rexb e, Tak 9To

R, (@) | ho) =€" | o),

TO ABA TAKMX MOBOPOTA, OJMH BCIeJ 3a ADYTHM, NPUBEIH OB K
YMHOKEHHUIO COCTOAHWA Ha MHOKHUTENb (¢')?=e'", TaK Kak

R, (@) B, (@) [%o) =R, (¢) € | ho> =" R, () [ $o) =" | o).
Nsmenenne ¢assl § oxasmBaerca NpomopmuoHasbHEIM ¢ *. MHI,
cranro OHTB, paccMATpHBAeM JIHINb Te 0cOOhe COCTOSHUA |Pg>,
IJISE KOTOPBIX

R, (9) | o) =€ | >, (15.22)

I/ie m — HEeKOTOpOe BelecTBeHHOe THCIO.
Ham wmsBecreH Tarske TOT IpWMEUareibHEH (art, IT0 ecau
cucTeMa CHMMETPHYHA OTHOCUTENIBHO IOBOPOTA BOKPYI Z M ecal
HCXOXHOE COCTOsAHME 06JafiaeT TeM CBOHCTBOM, U0 (15.22) ORamerca
BBINOJHEHHEIM, TO W WO3yKe Yy HTOTO COCTOSHWS COXPAHUTCA TO Ke
cBOHCTBO. 3HAYAT, 2TO UUCIO M mMeeT GONBIIYI0 BayKHOCTh., Ecmam
€ro 3HaveHMe MH 3HacM B Hadale, TO MEl BHaeM eTo M B KOHie. JTO
9HCI0 M, KOTOPOE cOXpanAemes, ectb Kowcmanma deusicenus. [lpnan-
Ha, MOYeMy MH roBopuM 00 m, BEITAJIKUBAEeM ero Ha IepBHIA IIaH,
COCTOMT B TOM, 9TO OHO HE CBA3AHO ¢ KaKMM-1u00 ompefeleHHBIM
YIJIOM @, ¥ eme IOTOMY, 9T0 y HeTO eCTh COOTBeTCTBHE B KJIaccHde-
CKO#l MexaHmKe. B keammogoil Mexamumre Mbl enbupaem TIA m
(B cocrogHUAX, NMOJOGHBIX |{>) Hassanue MoMeHM KOAUECTLEA
Osudcernus eokpye ocu z. VI rorga Me1 o6Hapy:RABaeM, 9T0 B Ipefele
00JBIINX CACTEM T 3Ke BeJNIAHA PABHACTCH Z-KOMIIOHEHTE MOMEHTA
KOJIMYeCTBA ABM/REHNS U3 KJIACCHYECKON MeXaHWK{. JHAYUT, eCIH
MEL IM€EM COCTOAHHE, [JIA KOTOPOr0 HOBOPOT BOKPYT OCH Z OpH-
BOAMT MpocTO K (asoBOMy MHORUTENIO €%, T0 mepej HaMH cc-
CTOAHNE C OnpeJeNeHHHIM MOMEHTOM KOJIMYECTBA IBIKEHHUA BO-
Kpyr 3710l OcM, W MOMEHT KOJMYeCTBA JBIIKEHNA COXpaHAeTCH.
Om maBcerja ocTaercs paBHEM mfi. KOHeYHO, OBOPOTH MOKHO
JelaTh BOKPYT JMOOHX OceH, M cOXpaHeHWEe MOMEHTa KOJMIECTBA
IBWKeHUs1 TOxe 6Gymer moayuarthes muas ao0wx ocedi. Bel Buante,
9T0 coXpaHeHHMe MOMEHTa KOJHMIECTBA JABW/KEHAA CBA3AHO € TeM
daxToM, 9T0, KOT/IAa BH HOBOpAYMBAETE CHCTEMY, BBl IOJydaeTe
OIATH TO JKe COCTOSHME, TONBKO ¢ HOBHM ()a30BHIM MHOJKITEJEM.

* Jlaa GomslIell CTPOTOCTE BCE STH DACCYKICHEA Hy)KHO GhI0 OH HpO-
BeCTH [JfA MAJIHX HOBOPOTOB €. Pa3 KasKuBl yroa ¢ HpejcTaBIAeT cO00H
CyMMy HEKOTOPOTO TWHCJIA n TAKHX IOBOPOTOB, @ = ng, T0 R, (p) =
= [R, (£)]", m o6mee usMeHenne Pasu B n pas3 MPEBOCXONUT A3MEHEHHE A
Majioro yIia € W HO0TOMy IPOHNOPHUOHAILHO §.
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Ceifuac MBI HOKa<eM BaM, HACKOJIBKO 061a sta mies. [IpuMennm
€e K JBYM IpyTHM 3aK0OHAM COXpaHeHHs, 10 QH3NIeCKOA maee TOIHO
COOTBETCTBYIINUM COXPAaHeHWI0 MOMEHTA KOJNUYECTBA JABUKEHUS.
B rnacengecroit pusure cymecrsyer Takime coOXpaHeHME HEMIYIbCa
U COXpaHeHHWe SHEPIrHHU, W HHTEPEecHO, 4T0 00a OHM TOME CBABAHE
¢ HEKOTOPHIMA PU3NIeCKUMY CUMMeTpHAME. 1lonoRaM, y nac uMeer-
ca Qu3NgecKas CHCTeMAa — aTOM, WIH CJOYKHOe AAPO, MM JKe MoJjie-
RyJa, WIA 970 YTOAHO — U eClH MBI BO3bMeM ee I KaK Ieloe mepe-
ZABUHEM HA HOBOE MeCTO, TO HAYETO HE U3MEHHATCA. SHATAT, MK IMeeM
raMmIbTOHMNAH C TEM CBOMCTBOM, UTO OH B HEKOTOPOM CMEICJIE 3aBH-
CHT OT 6HYMPEHHUL KoopOuHam, HO He BABUCUT OT alCOAlMmH020
noaoxcenua B mpocrpancrBe. B atmx 06cToATeNbCTBAX CYMIECTBYET
cIeNHaJbHAA Ol PanMA CHMMETPUHN, KOTOPAasA HasEBAeTCHA MPOCTPaH-

cTBeHHHBM mepeHocoM. OmpeyenmM D, (2) Kak OmEPANUIO CMETIEHUA
Ha PAacCTOAHNE 4 BAOJb ocH Z. TOTHA JIA RarKA0ro COCTOSHMSA MBI
CMOKeM IpofieJaTh STY OUEPANHI0 ¥ MOJIYYUTH HOBOE COCTOSIHYE.
W ousnre 3mech BOBMOMKHEL BechbMa CHeOUAILHBE COCTOAHHA, 06ja-
Jamoliue TeM cBOMCTBOM, 9TO KOTJA BH WX CMemjaere 1m0 OCH X Ha a,
BBl TOJYydaere TO jKe CaMoe COCTOsHHe (ecau He cuHTaTh PaszoBOTO
muEO0EATRNA). 11 TaK Ke, KAK [eaanoch BEINE, MOMKHO JOKABATH, UTO
Korjia Tak ObBaer, 0 ¢hasa mpomopumonHanbHa ¢. Tak 4ro miasa 9THX
COENMANbHLIX COCTOAHMHA | Y, ) MOMKHO mHUCATH

D, (a)| oy =€ | py>. (15.23)

Koopdmmment &, yMHOMeHHEIT Ha /i, HA3LIBAGTCH Z-KOMNOHEHMOT
umnyavca. ETO HA3KIBAIOT TAK LIOTOMY, 4T0 9TO UMCI0, KOITA CACTEMA
BellMKA, UACISHHO COBIAAAET ¢ KIACCHIECKMM HMIYIbCOM P ..
ObIge yTBepIRACHNE TAKOBO: €CAU TAMWIbTOHMAH He MEHAETCA NPH
C/IBATE CACTEMH M eCiIM BHAYANE COCTOSHHME XapPAKTIepUsyeTcA Ompe-
JleIeHHEIM BMIYJbCOM B HANPAaBJAEHAW Z, TO UMOYIbC B HampasJe-
HOW & OCTAHETCHA ¢ TedeHMeM BpeMeHd HemsMeHHBIM. llonmetd mm-
OyJIbC CHCTEMHEI 0 M IIOCHe CTOJKHOBEHMU (MIH IOcje B3PHBOB
wWiu eme 9ero-HuOyAb?) OyaeT OJUH UM TOT JKe.

Ecre m gpyras omepaums, KOTOpast COBepUIEHHO AaHAJTOTHIHA
CMeIEHHI0 B MPOCTPAaHCcTBe: CABUT BO BpeMenu. [lomosxmM, mepep
HaM# QUaWIecKHe O6GCTOATENbCTBA, KOTMA HUWNO eéHellHee OT Bpe-
MeHM He BaBUCHT, H BOT B 3TUX 06GCTOATENBCTBAX MHE HOMEIIaeM
HE4TO B HEKOTOPHINH MOMEHT B peMeHH B JAaHHOE COCTOAHNe U MyCKaeM
€ro Ha OIPOH3BON cyALOE. A B IpYTo¥i pas (B HOBOM OMETE) MBI TO 3Ke
caMoe YCTpOMCTRO 3allycKaeM JBYMA CeRYHAAMM IIO33Ke WIu Boobuie
T CeRyHfamm mosice. UM BoOT ecqiu HAYEro BO BHENIHEX YCJIOBUAX
He 3aBHUCAT OT a0COJIOTHOrO BpeMeHM, TO Bce OyIeT Pa3sBUBATHCH
TOUHO TaK Ke, KaK Opege, W KOHEYHOe COCTOSHFE COBHAfeT
¢ OPeKHAM KOHEYHHIM COCTOAHMEM, 33 MCKIYEHHEM TOTO, 9TO 3a-
moanaer Ha BpeMsa T. B arux obcroATenbeTBax TaKie HAHAYTCA 0CO-
Obie cocTOAHNA, Y KOTOPHX pasBUTHe BO BPeMeHHU ofxamaer Toif
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0CO0EHHOCTRIO, UTO 3aMO3[aBHIee COCTOSHNE — DTO HOIPOCTY CTa-
poe cOcTOAHME, YMHOKeHHOe Ha ()asoBbiil MHOKmTenb. J Ha 3TOT
pa3 TOKe ACHO, UTO JJA DTUX OCOOHX COCTOAHHUI M3MeHeHHe (pa3h
MOJKHO OHITh HPOIOPIUOHANBHO T. M0KHO Hammcarthb

Dy (1) | 9> = =07 | ). - (15.24)

OfImenprHATO UPA ONpPEAeNeHAN © TMOJb30BATHCA 3HAKOM MHHYC;
OpH TAKOM COTJIANIEHUH ©ff — DTO OHEp2us CHCTEMEl; OHA COTpa-
Haemca. VItar, cucreMa ¢ OupefeNeHHON BHepTUEHl — HTO TaKas
CHCTEMA, KOTOpasd OpH CABATE BO BPeMEHM HA T BOCIPOMBBOJAT
caMmoe cefs, YMHOIKEHHY0 HA ¢~ 7. (D10 KaX pas TO, YTO MBI F'OBO-
PUIM, KOTHA OUPEeiANN KBAHTOBOE COCTOSHAE C OIPEeJe]eHHOM
dHepTHUeil, TaK 94TO Bee cOIIAcyeTcs.) JTo 03HATALT, UTO €CIM CHCTEMA
HAXOAWTCA B COCTOAHHM C ONpPeAeJeHHOH 5Heprueil M ecad ra-
MUJIbLTOHWAH He 3aBUCHT OT {, TO HE3ABUCHMO OT TOTO, IT) I POW30i-
JdeT majablie, CHCTEMa BO BCe HO3qHeimime BpeMeHA Oymer obiaamarh
TOM 3Ke sHeprumeiu.

Temepsb BB moHAMAaeTE, CTAIO OBITH, RAKAA CBA3b MKy 3aKOHAMHE
COXPaHeHUA U cuMMeTpHeit Mupa. CaMMeTpus Mo OTHOMIEHUIO K C/[BH-
TaM BO BpeMeHm Bieder 3a coboll coXxpaHeHWe SHEPTUH; CEMMETDHA
OTHOCHT@IBHO MOJOJKeHds Ha OCAX z, y WK z BiIeder 3a COGOH
COXpaHeHHe COOTBETCTBYIOINEH KOMIOHEHTH uMnyibca. CuMMeTpus
OTHOCHTEJHHO MOBOPOTOE BOKPYr Oceil x, y W z Bieder 3a coboit
COXpAHCHUE -, J- W z-KOMIOHOHT MOMEHTA KOJMUECTBa [BU/KCHHA.
CumMerpua OTHOCHTENBHO OTpaKeHHH BiedeT 3a c000il coxpaHeHNe
getHocTH. CUMMETpHA MO OTHONIEHWI0 K IePecTaHOBKE [ABYX JiEK-
TPOHOB BJedeT 3a co6oMl coxpaHeHTe 9ero-ro, 9eMy He OpATYMaHO
eme HasBaHWsA, W T. 1. Yacrs 9THX OPUHIANOB MMeeT KIacCHIeCKHe
aHANOTHM, & Yacrb — HeT. B KBaHTOROH MeXaHWKe ecrh OOIbIIe
3aKOHOB COXPAHEHHNA, 9eM HTO HYIKHO [Jif KIacCUIeCKON MeXaHWKM
WM WO KpaiHei Mepe weM OOHIKHOBEHHO B Hedl B XOfy.

Yro6el BB cMOTIH paszobparbcd B JPYIMX KHATaX 10 KBAHTO-
BOH MeXaHHKe, MEl clejaeM He(GONbITYI0 TeXHMUeCKY0 peMapKy H
THO3HAKOMEM BAC ¢ OHAM 00mMenpuHATHM o6ozHaueaneM. Onepanud

C/IBUTA MO BpeMeHN — 3TO KaK pas Ta camas omeparua U, 0o Koto-
poii MBIl KaK-TO TOBOPHIIH:

D,(v)=TU (¢t 4, ¢). (15.25)

Muorge npeqooOIATAIOT ABBIK 6eCKOHEUHO MAAVLL CIBUTOB MO BPCMEHM
Han GeCKOHEUWHO MAJIHX IIepeMelneHHii B OPOCTPAHCTBE WM TMOBO-
poroB Ha GeCKOHEYHO Malbple Yriabl. JIOCKOIBKY BCAKOE KOHEYHOE
CMeInenre WIM YrOJ MOJKHO IOCTEHeHHO HAKOMHTh MOCTef0BaTelb-
HHMU GecKOHEYHO MaJbIMM CMEINeHMAMY WIH HOBOPOTAMM, TO JACTO
Jlerde NPoaHAIM3MPOBATH cHadasa 3T0T GECKOHETHO MaJBIi cIydai.
Opeparop 6eckoHeuHO Majoro capura Af BO BpeMeHH ecTb (U0
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onpefenenmio rx. 6, pumn. 8)
D, (At)=1 +-ﬁi- At A (15.26)

Torpa H amaiormumo Kiaccmueckoil BenmduHe, KOTOPYI MEL HMe-
HyeM bHeprueii, moromy 910 ecam H | ) oOKashBaeTcd paBHEIM
TIOCTOAHHOM, YMHO:KeHHOH Ha | ), a uMerHO ecin H [P >=E |{),
TO 9T& IOCTOAHHAA €CTh DHEPTHA CHCTEMEL.

To ke caMoe mpomerHBaeTCa M ¢ APYTUME onepanusaMu. Ecin
MBI [lellaeM Jerkoe cMellleHHe IO z, cKaykeM HA Az, TO cOCTOfHHEE
| P>, soobwe 2060ps, uepeiiler B HEKOTOPOE HOBOE COCTOSHHE
|¢">. Mer moseM HammcaTs

> =D, (Az) (9= (1+ b0z W), (15:27)

TOTOMY 9TO, KOTHA Az cTpeMATes K Eyio, | ¢’ ) o6sa3ano oGpaTurhes
OLAATH B ]q)), MM, 9TO TO JKe caMoe, ﬁ (0)==1, a gusa mansix Az
otrjoHenue [ (Ax) OT efIVHALBl [OJKHO OHTH TPONOPHUOEAILHO
Az, OuepaTop Pz, ONpefielleHHHIT TAKEM IyTeM, HA3KBACTCA Onepa-

TOPOM HMOyabca (€CTECTBEHHO, IS Z-KOMHOHEHTHI).
ITo tem me mpuummaM [Oad MaislX NOBOPOTOB OOBIYHO WIHITYT

R, (M) (9> = (1 + %J, A(p> ) (15.28)

U HAa3pIBAIOT J onmepaTopoM 2Z-KOMIIOHeHTHI MOMEHTa KOJUYeCcTBa

HBIIKEHTA. I[JIH TeX 0COBBIX COCTOAHUIL, I KOTOPHX R, (@) | Yo >=
=% |§,>, MOMKHO JNS KaMIOTO MajoOre yria, craxeM Ag,
PaBIOKUTL HPaBYH 9acTh A0 WICHOB HEPBOrO IOpsAfra mo Ag m
DOJYUHTE

Rz (Ag)=emao| oy = (1 +imAg) [ Py>
CpaBHmBas 970 ¢ OIpe/ieIeHneM J , o dopmyite (15.28), npuxoaum K

T o> =mh | o> (15.29)

Wnawe rosops, ecam BH AeficTByere omeparopoM J, Ha cocrosHHe
C OnpedescHHYM MOMEHIMOM KOAUYECTNEA O8UNCEHUA BOKPYT OCH Z,
TO HoJyuaeTe mfi, yMHOMCHNOE Ha 3TO COCTOAHEE, T/e Mfl—KOIHh-
9eCTBO Z-KOMIIOHEHTH MOMEHTA KOoJudecTBa JBmKeHus. Bce cosep-

IEHHO AHAJOTMYHO TOMY, Kak feficteme [ Ha cocTosnme ¢ ompese-
neHHOH sHepruei naer £ [ ).

Tenepb xoTesmoch OB HEPeHTH K HEKOTOPEIM T PWIOKEHNAM HJeH O
COXpaHeHWM MOMEHTA KOJUYeCTBA JABIKEHUA, 9T00B IOKA3aTh BaM
ee B meficrum. [leao B ToM, 970 B AeHCTBUTEIBHOCTH BCE BTO OUEHb
mpocto. O ToM, 9TO MOMEHT KOIHMYecTBA [BV/REHHA COXDPAHAETCH,
BH 3HAIM W paHspile. EJUHCTBeHHOE, 9TO BaM HY:KHO 3aIOMHUTH
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¥3 BTOMH [IaBH, DTO 9TO €CJIM Y COCTOAHEA | P, ) eCTh TaKoe CBOMCTEO,
9T0 OpPH HOBOpPOTe HA YTOA ¢ BOKPYI' OCH 2z OHO IPEBPAINAETCHA
B €™ Py), TO z-KOMIOHEHT2 MOMEHTA KOJNHYECTBA JBHKEHHA
paBHa mh. DTHX BHAHUIT JOCTATOYHO, YTOGH IOIYIUTH YHMY HHTe-
PecHHIX Bemied.

§ 4. Hoaapusoeannviii ceem

Hpempe Bcero HeoO0XoAuMO HpPOBEpHUTH OAHY Hpaelw. B rm. 9,
§ 4 (Bewm. 8), MBI OKABaJHM, 9T0 KOTJ& COCTOAHAE MPABOIOJIAPUIO-
BAaHHOTO WO KpYyry csera Habmiogaercsa M3 CHCTEMBI, IIOBEpPHYTOI
Ha YIOJ @ BOKPYT OCH z *, T0 OHO OKa3HBAETCA YMHOKEHHBIM HA
¢?. He oszHagaer nu 570, 910 (OTOHE HPABOMOAAPA3OBAHHOLO 1O
KPYry CBeTa HecyT MOMeHT KOJUYECTBA MABMMCHNA BIOIL OCH Z,
pPaBHHA epwHHIE **?

Ha, marg ono u ecms. IT0 03HATAET €MIe, UTO KOTAA Y HAC MMEETCH
OYY0R CBETA, COJep/KaIuii MHOJKECTBO (OTOHOB, HOTOJOBHO ONM-
HAKOBO HMOJSAPU30BAHHBIX 10 KPYTy (Kak OHBaeT B KIACCHIECKUX
ny4ukax), to oH Oyger HectH ¢ c000il KaKOH-TO MOMEHT KOJHIECTBA
memxennua. Eciu nonmas sHeprus, YHOCHMAag NYIKOM 3a KaKOE-TO
Bpems, ectb W, 1o B HeM mmeerca N=W/hio ¢oromos. Kasmerit
HeceT 0 MOMEHTY /i, TAK 9TO OJIHHI MOMEHT KOJMIeCTBA [BHKEHIA
pasen

. w
J,=Nh=—. (15.30)

MoiKHO JiM B B KiacCHKe [OKa3aTh, 9T0 CBET, HOPaBOLOJSAPH30-
BAHHHHA 110 KPyTy, HeceT ¢ cOOOH pHEPTHI0 M MOMEHT KONHICCTEA
aBmKeHUs B mpounopuum W r o? Benp ecru Bce mpaBmibHO, 9T0
Obl710 OB KJIACCHYECKOE YTBEePMIeHWe — cAydail, KOrma MOKHO
mepeliTy 0T KBAHTOB K Kuaccuke. Hamo nposepurs, mogrsepaaercs
M 3TO0 Kiaccuyeckoir guamkoit. Torga craHer ACHO, UMeEeM W MH
UpaBO Ha3BATL /M MOMEHTOM KOJAMYECTBA ABWHeHus. lIpumoMumM,
9eM B KJIACCHMYECKOM CMEICIe SBJAAETCA IIPABOMOJAPU3OBAHHELI
ceer. OH omumchBaeTcs DIEKTPUYECKMM NONeM ¢ Kogaebiawomeica
Z-KOMIIOHEHTOH m Koxebaiomelicss y-KOMIOIOHEHTOH, CABHHYTHIMH
mo ¢aze ma 90°, tTak IO CcyMMapHBIE Bexkrop & osaexTpuHUe-
ckoro moxs Oewmr mo kpyry (dur. 15.5, a). Temepp momoxumM,
970 MEl OCBeTHJIM TaKHAM CBETOM CTEHKY, CIHOCOOHYI WOTJIOTATH
ero (Mam WO KpaitHeir Mepe YacTh €r0), M PAacCMOTPUM OJUH M3
aTOMOB CTEHKH, OINWPAsACh Ha KiIACCHICCKNe UpeicTaBieHmsa. MEl

* Jipomy mpomenzsa! 3TOT yroa uMeer 00 pAaTHHR 3HAK 10 OTHOMICHHIO K
HCUOOIb30BaBIIeMycsl B II. 9, § 4.

*% Hak TNpaBWI0, MOMEHT KOJAHYEcTBA [BH/KCHHUA ATOMHOH CHACTEMH
BecbMa y06HO H3MEPATH B emuANAX /1. Torga MOMKHO rOBOPHTH, 9TO YaCTAIA
€O cOmHOM 1/, o0aafaeT IO OTHOMERHI0 K J060H OCH MOMEHTOM KOJHYECTBA
IBmKeHES + 1/,. U BoOOmE, 9TO z-KOMIOHEHTa MOMEHTa KOJNHMYECTBA JIBHIKe-
HHs ecTb m. He HpEXOATCA Bee BpeMA MOBTOPATH F.
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Duz 155 Jaempuueckoe nose
& 6 noaspusoeannoi no kpyzy cee-
g mosoli goane (a) u epawenue aaek-
mpora, npusodumoze @ deuxenue
p=wt nOAAPUI0BAHKBM NO KDYy ceemoM

(6).

) &
a gacTo HpeI{GTaBJIH.TIH IR EHUE
5 K

SIeKTPOHA B AaTOME B BHIE

- rapMOHHYECKOTO OCHUIISATOPA,

Ny .~ KOTOPHI HPUBOAUTCA B fIeHCT-

. /& BME BHCHOIHAM BJIEKTPUICCKHEM
monem. llpepmomosmM, d9T0
aTOM HM30TPOmeH, TaK 4YT0 C

— JnexmpoH

r PaBHBIM ycmexoM Koaeliercs

‘? KAaK B HampasJeHNU r, TAK U B

p=wt=-g,

naunpasiennn y. Jlaiee, y cee-
T2, MOJAPMBOBAHHOIO IO KpY-
ry, CMemeHaA 10 & H 1o Y
OIMHAKOBHI, XOTSI M OTCTAIOT
apyr ot apyra Ha 90°. B mrore
aJIeKTpoH Gymer apurathes mo Kpyry (dur. 15.5, 6). Om cMmecrur-
Cd U3 IMOJIOKCHUS PABHOBECHA B HAYAJIe KOOPAWHAT Ha BEIMIAHY
r ¥ HavHeT XOAUTh IO KpYry, Kak-ro orcraBag uo ¢ase or
Bexrtopa &. Ceasp Mempgy & m r MosKer OBITHL TaKkas, KAk HOKA-
sag0 Ha ¢ur. 15.5, 6. JieKTpuyecKkoe WoJe C TEYCHWEM BpEMEHH
IIOBOPAYMBACTCA, HO C TAKOH Ke YACTOTON MOBOPAYMBAETCS U CMe-
MEeHne, TaKk 9TO OTHOCHTENBHAS OpHEHTANMs O0CTaeTcd TOM swe.
Tlocmorpum Temeps, kaxkasa padora NpoH3BOIUTCA HAJA DIEKTPOHOM.
CKOpoCTh, ¢ KAKOU 9JIeKTPOHY IOJAeTCA sHepPrud, PaBHA €r0 CKO-
pocTH v, yMHOKeHHOH HA KOMIOHEHTY &;, HapallllelbHYI0 3TOH
CKOPOCTHU:

2 <t. (15.31)
Ho BH He MoseTe He 3aMETHTh, 9TO ¥ 9JEKTPOHA B 9TO BpPeMs HEIl pe-
PHEBHO YBeIAIABACTCS W MOMEHT KOJIMYeCTBA ABIKEHUA, MOTOMY UTO
0H Bce BpeMdA MCHHITEBACT JIelicTBYE MOMEHTA, BPAIHAIOIIETO €TI0 B OK -
pyr Hauaja KoOpAmHAT. BpamarenpHH# MOMEHT paBeH §,r, H OH
06s3aH paBHATHCA CKOPOCTH M3MeHEHWA MOMEHTA KOJIHIecTBa
aswxeHds dJ,/dt:

Lz —g,r. (15.32)
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Benovunaas, ato v = or, mMeeM

dj, 1
aw e *

CremoBaTenbHO, €CIN NPOMHTEIPHPOBATH HOINIOMACMHIA  mou-
HHA MOMEHT KOJMYECTBAR [BHMKEHMS, TO OH OKAa’sReTCA MPOIOPIIHO-
HAJIBHEIM HOJHOH DHEPIUM, ¢ KOdPOMIMEHTOM IPOIOPIMOHATBHOCTH
1/o, aro coriaacyercsa ¢ (15.30). Crer meficTBUTENBHO HeceT ¢ co60it
MOMEHT KOJWYECTBA [ABIIKEHUA — ONHY eIVHUIY (xﬁ), Korja oH
OPaBOHOJNAPUIOBAH IO KPYTY BAOJBE OCH 2, I MUHYC OJHY eIUHMIY,
KOTZA JEeBOIOJIAPA30BAH.

Temepb 3agajuM cIeIYIOUAA BONPOC: ECIW CBET JMHEHHO MOJIMA-
PU30BAH B HANpPaBJEHMA X, TO 9eMYy PaBeH MOMEHT KOJIHMIeCTBA
gBwkeHusA? Ceer, oM PU30OBAHHHY B HAOPABICHUN &, MOKeT GHITH
NpeACTaBieH CyIepmosuuueii mopaBo- M JEeBOMOJAPU30BAHHOTO
cBera. IlosToMy mMmeeTcs HeKOTOpas aMIUIUTYAA TOTO, 9TO MOMEHT
KONMIeCTBA NBIUKEHNs paBed /i, M HEKOTOpas aMILIATY7a TOTO,
970 MOMEHT PAaBeH —J}, TAK 9TO Onpedesernto20 MOMEHTA KOJINIECTBA
JBIKEHHsT y HETO HET, A eCTh aMILTHTYAa MOABMUTHCA ¢ /i, 1 TaKas
e TOABHTHCA ¢ —J. VIHTepdeperHnys sTHX ABYX aMILIUTY/ COBNAET
I7HEeHHY0 HoaApuUsanuo, 00Jafalomy0 pasHol BepOATHOCTHIO
ORazarbCA ¢ IJIOC WA ¢ MAHYC OfHOH eIMHNIKOA MOMEHTA KOJImIe-
cTBa ABMKeHuWsA. MakpocKonwdecKre M3MepeHUsI, HPOBEICHHbIe HAJ
TYyYKOM JHHEMHO mOJNAPU30BAHHOTO CBETA, MOKAKYT, 9T0 OH HeceT
HyJeBOil MOMEHT KOJUYECTBA ABIKEHWA, HOTOMY 9T0 cpeau 00ib-
moro umciaa (OTOHOB, HECYIIAX NPOTHBOIOIOMHEIE KOJIXYECTBA
MOMEHTa, OKa’KeTCA MOPOBHY HMPABHIX M JEBHX, M CPEJAHHNA MOMEHT
KoJlgecTBa ABICKeHnsa Oyaer paBeH Hynwo. U B kiaccmaeckoit Teo-
pux BH He O0HApPYKHTe HUKAKOT0 MOMEHTA KOJUIeCTBA [BIKCHUA,
pasBe 4TO IAE-T0 OKAaKYTCs CIeJH KaKOH-TO Kpyrosoi moispmaa-
bigia @

Mp1 TOBOpHMIM, UTO YACTAL@A CO CHMHOM 1 MokeT MMeTh TpH 3HA-
genus J,: + 1,0, —1 (re TpH €OCTOAHMA, KOTOPHIe HAM BCTPETH-
auch B omsite Illrepra — I'epaaxa).

Ho y cBera cpoif Hpas: y Hero TOXBKO fBa cocrosuusa. Cocros-
HUA ¢ HyJeM y Hero Her. 91a CTpaHHAA HOTEPA CBA3aHA ¢ TeM, UTO
CBOT HEe MOJKET CTOATH HA MecTe. ¥ MOKOAMEHCA 9acTHI(H CO CIMHOM
j mmeiorea 2j -+ 1 BO3MOJKHEIX COCTOSHWA €O B3HAYCHHAMU j,,
unymumu ¢ nraroM 4 ot —j qo +j. Ho okaseiBaercs, 9ro eciiu 910-10
MMeeT ¢OUH j, 4 Macca 9TOro 4ero-To paBHa HYJIO, TO y HEro MOTYT
OBITH TOJBKO COCTOAHUA ¢ KOMIOHEHTAMHA --j M —j BJOJAb HAIpaB-
neHna geumennsa. HanpmMep, ¥ cBeta He TPH cOCTOAHHMMA, a JIBA,
xXora $oroH — 310 00BeKT co cumHoM 1. Hak ke sro cormacyercs
¢ HanMMHU NPEe/KHAMA JOKa3aTeJbCTBAMM, OOUPAIOIUMHUCS HA TO,
9T0 NPOMCXOMUT MPH MOBOPOTAX B MPOCTPAHCTSE, JOKA3ATENbCTBA-
MH TOT0, 9TO I 9acTHH o ciuHoM 1 HeoOXommma TpoiKa cocrod-
Huii? [lokoamyloca gacruiny MOMKHO IOBOPAadMBATH BOKPYT JI000H
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oCHM, He MEHAA COCTOAHHA ee MoMeHTAa. YacTHUH jXKe ¢ Hyleroit
Maccoil MOKoA (HampmMep, (POTOHH Wi HeHTPHHO) He MOTYT Ha-
XOTUTECA B IOKOE; TONBKO IOBOPOTH BOKPYT OCH, YKAa3HBAOIIER
HalpaBJeHNe JBIDKEHNAA, He H3MEHAT COCTOSHEA MOMEHTa. A mOBO-
pPOTOB BOKDYT OAHOH OCH He XBaraeT HA TO, 4TOGH JOKAa3aTh, YTO
HY)KHH 003aTCIBHO TPH COCTOAHHSA, €CIAH JAHO, YTO OJHO U3 HEX
IpH DOBOPOTaX HA YIrod (p MEHMercs, Kaw €°v ¥,

Emge onao sameganne B cropony. Boobme-To sactunH ¢ HysieBoil
Maccoi HOKoA MOTyT 0060HTHCH M0.4bKE0 0OHUM W3 JBYX CIHHOBEIX CO-
croarmi (-- j, — j) OTHOCHTENbHO JWHUW JBHMeHWA. Y HEHTPHHO
(sactur co cmuHOM 1/,) B HpUpojie CYIMECTBYIOT TONBKO COCTOSHMSA
¢ KOMIOHEHTOH MOMEHTAa KOXHMIecTBa NBUMKeHuA —N/2, ofpammuotl
HAaNpaBleHHIO ABW/KeHUA (a y aHTWHEHTPUHO — TONBKO € KOMIIO-
HEHTOil WO HaUpaBieHMIO ABmWwReHna, -+ /i/2). Korga e cmcrema
obnajaer cMMMeTpHeil MHBePCHHE (TaK 9T0 9eTHOCTH COXpAHAETCA),
Tpebylorea yi:Ke 06e KOMNOHEHTH -+ j M — j. IIpuMepom asaserca
CBeT.

8§ 5. Pacnad A°

Temepb npuBeneM HpuMep TOTO, KAK TeopeMa O COXpaHeHHWH Mo-
MeHTa KOJUYeCTBA ABUKEHUS TPAMEHSETCA B IACTO KBAHTOBO(PU3N-
geckuXx 3ajagax. PaccMorpmM pacmap nsambpa-gacransl (A), Koro-
pas pacliemisercss Ha OPOTOH W 7T~ -ME30H MOCPENCTBOM cxaboro
B3aMMOJIeNCTBUA:

Al—ptm~.

Ilycrp HaM m3BECTHO, 9TO COUH y THOHA PaBeH HYJAI0, y IPOTOHA —
mososuHe, 8 y A® Toske nososuae. MBI XoTeau OBl pemuTh CaeAYI0-
IyI0 3afagy: MOJoHuM, 4To A® poskjena takuM o6pasoM, 9To OKa-
3aJ1aCh MONHOCTHI0 HOJNAPU3OBAHHON; 9TO 3HAYMT, UTO ee CIHH
HAUpaBileH, CKayKeM, BBEPX IO OTHOMICHMIO K MOAXOJAMNIM obpasoM
BHIOpanHo#l ocu z (¢pur. 15.6, a). Boupoc sakirgaerca B TOM, C
KaKoil BepOATHOCTbI0 OHA paclajgercs Tak, 4T0 IPOTOH BELIETHUT
mop yraoM 0 & ocu z (Pur. 15.6, 6). MaRME cI0BaMH, KAKOBO YII0-
Boe pacupeneneHue pacuagos? Mm OygeM paccMaTpHBaTh pacumaj
B cucTeMe KoopamHat, rae A® moRoWTCs, W3Mepsaa YTAH B cHCTeMe
mokosa A% eciH HyHO, HX BCerja MOMKHO HEpPEBECTH B JPYTYIO
CHECTEMY.

HaumeMm ¢ paccMoTpeHmA TOr0 4acTHOTO caydas, KOTAA DpPOTOH
MCHYCKAeTCA B HeGoabIIOH TeaecHsix yroa AQ 6nus ocu z (Pur. 15.7).

* Mu nonuTanmch Ha XYAOH KOHe AOKAa3aTh, 9YTO KOMIIOHEHTa MOMEHTA
KOJHYecTBA ABMIKEHHA BJONAL HAOPABICRHA JBWKEHHSA y YACTHNE ¢ HYyJeBOR
Maccol Jo/kHaA OHTH, HapAMeP, KPaTHOH £/2, a me £/3. Ho pase TIpABeAsA
B JieiicTBHE BCEBOBMOKHbBIEC CBOICTBA Mpeobpasosanmit JIopeHna (# MEOTOE J[DY-
roe), MH ¢ 5THM He cOpaBEIEch. Moser, 910 1 He TaK. Hajo OrIo 68 moTol-
KoBaTh 06 9TOM ¢ npodeccopoM BArHepoM, KOTOPHIA 3HaeT BCE O TAKAX BellaXx.
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@ e 15.6. AP-yacmuya co cnuwnom,
HanpasaerHBM 88epx, pacnadaemcs HG
npomon u nuow (8 cucmeme yewmpa
Mace).

Kaxosa eepoamuHocms mozo, ¥mo NPOmMoH
gviaemum nod yzaom 07

Jo pacnaga cnma A° 6sun manpasiaer BBepx (dur. 15.7, ). Uepes
MTHOBeRHe (OO IpWIEHAM, 10 Ceil JeHS HEeWsBeCTHEM, H3BECTHO
TOJBKO, UTO OHM CBSI3AHE cO caabeiMu pacmagamu) A° Bsprmaercs,
obpaaya mporoH u nwoH. Ilycts mpoToH JerdT BBepX MO OCH + 2.
Torga nmoHy H3-3a COXpaHEHHWA HMMIIYJIbCA IPHFETCA HAILPABUTHCH
BHHU3. [Jockoabky mporon — 310 wacTuIa co cnmEoM 1/,, To ero comH
obs3an 6RITH HampasieH am6o BBepX, AWOO BHW3Z,— B IPUHIUIE
WMeIOTCA [Be BO3MOKHOCTH, MOKA3aHake Ha ¢ur. 15.7, 6 u 6. Co-
XpaHeHHe MOMEHTA KpIUYecTBa ABU/HEHHA Tpebyer, OHHAKO, qTO6H
CHUH OPOTOHA OB HAIIPABJIEH TOJABKO BBepX. Jlerue Bcero MOHATH
3T0 W3 CJIegyoMux paccywpenmi. Yacrurna, IBIGKYINAACA BLOIb
OCH 2z, HOIKAK He MO;KeT OpHOOPECTH 34 CUYET CBOEr0 [JBIGKEHHS
MOMeHTa BOKPYT 3TOH 0CH, IO3TOMY B J, MOTYT AaTh BKIAK TOIBKO
cuyabl. COTHOBHA MOMEHT KOMWYECTBA HBIGKEHHS BOKPYT OCH Z [0
pacmaga 6eu1 pasen -+7/2; smaumt, I mocie om Gyger paseH -+ /2.
MosxHO crasaTh, 4TO W3-33 TOrO, UTO y NHOHA HET CIWHA, CIUH
IpOTOHA JOJKeH CMOTperhb BBEpX.

Ecan Bac TpepossuT, UTO TAKOTO POJA PACCYIKICHHS M Ty~ B
KBAHTOBOH MeXaHHUKE OKA3aTHCS HeIPABHIABLHLIMHE, CTORT HOTPATATH
MUHYTRY, 4To0H DOKa3aTh, yro M IO KBAHTOBOH MeXaHWKe BCe
obcTour Tar sxe. Hawannmoe (gopacmamHoe) COCTOsIHHe, KOTODOe
MH oGosHaumM | A°, comm mo +2), obmajaer TeM cBoiicTBOM, UTO
€CJIH ero IIOBEPHYTH BOKPYT OCH z Ha yTOd ¢, TO BEKTOP COCTOAHUS
yMHO3aeTcsl Ha $asoBHIl MEOKETEAD €'°/2, (B moBepHyTOH cHCTOME
BeKTOp cocrosimmsi paseH €'%/2 | A®, cyum mo + z).) Vmenno 310
H HMEIT B BHAY, TOBODS O COHHe BBEPX Y YACTHIE CO CIIMHOM l/;.
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IMocxonsky mosenenrme OPUPOAH He 3aBMCHT OT Haimero BEGopa
oceil, T0 KOHEUHOE COCTOAHHE CHCTEMEL (IIPOTOH ILIIOC THOH) JOIKHO
ob1agars TeM e cBoiicTeoM. Homedunoe cocroanue ME Mo;keM, Ha-
IpuMep, samucarb B BUIE

| mporom JMerdut mo -+ z, COUH OO -+ z; OHOH JETUT HO — Z).

Ho pgewmenue muoma HA caMoM Jeie He HY;KHO OTrOBAPHUBATH,
DOTOMY 49T0 B BHIOPAHHO# HAMH cHUcTeMe NUOH BCETHA IBUIKETCH
TMPOTUBOMOA0KHO TMIPOTOHY; HAIle ONMUCAHWE KOHEYHOTO COCTOTHUA
MOMKHOQ YUPOCTUTH 1O

| TpoTOH JETHT WO - 2z, COMH 00 -+ z>.

Tax 4ro e CAYYUTCA ¢ DTUM COCTOSHHMEOM, €CHAHM MH HOBEPHEM CH-
CcTeMy KOOpPIUHAT BOKPYT OcH z HA yrox ¢!

Pas nporon u mmoH gBUKYTCA BIONB OCH Z, UX JBIGKEHUE MOBO-
poroM He uameHwwb. (Bor mowemy ME w BEIOPAIU 3TOT YACTHHIH
cayuait; mEage 6u Hamre paccy:KpmeHHUe He IPOMUIO.) SHAYUT, C MUHO-
HOM HWYErO He CIYYHUTCS, HOTOMY YTO COUH eT0 PABEH HyAK. Y mpo-
TOHA, OZHAKO, CIUH paseH 1/,. Ecau ero cova HanpaBieH BBepX, OH
B OTBET HA IOBOPOT W3MEHWUT (A3OBHI MHOMKUTEAb B ¢ °/2 pas.
(A ecnm GH cnivH ero GEII HAPABJIeH BHU3, TO U3MeHeHMe a3k cTalzo
6u ¢ '%/2)) Ho ecanm MOMEHT ROJIUYECTBA JBIKeHUA 0053aH COXpa-
HAThCA (& BTO TaK, W60 B raMuiIbTOHMAHE HeT AKTOPOB, 3aBUCH-
mUX 0T BHEIIHUX BO3AENCTBUN), TO U3MeHeHNe (asH M3-3a MOBOPOTA
NOMKHO GHITH ZO pachafa W mocie pacmaja oxHo u 1o ske. Uraxw,
e[IMHCTBEHHASI BO3MOKHOCTH COCTOMT B TOM, 4TO COHWH HPOTOHA
OyZer HampasieH BBepX. Ecau mpoToH ABHHYJICS BBEPX, TO M CIUH
ero HojkeH OHTH HAIpaBJeH BBepX.

MsI, cregoBaTeIbHO, 3aKIHYAEM, YTO COXpaHeHWE MOMEH-
Ta KONWMYECTBA [BMKEHWS paspemiaer IpoNeec, TMOKA3AHHEIN Ha
¢ur. 15.7, 6, HO He paspemaeT mpoUeccd, HOKA3AHHOTO HA
¢ur. 15.7, 6. A pas MH 3HaeM, UYTO pacmag Bce jKe Ipo-
WCXOOUT, TO, 3HAUYNWT, UMEeTCS HEKOTOPAasi AaMILIUTYAA s mpolecca,
morasamHoro Ha ¢ur. 15.7, 6, Korga IpoTOH JeTAT BRBEPX U COUH
ero mpd 3TOM TOMe cMoTpuT BBepX. M Mu oGosmauuM OykmOil @
AMILTATYHZy TOTO, YTO B GeCKOHEUHO MAaJbli IPOMEKYTOK BpeMeHH
npousoiier Takoil pacmam *.

Teneps mocMorpuM, uwro 6o O, ecau Os cmuH A° BHagaxe
61 HanpaBiaen BHE3. OmaTh paccMarpuBaeM pacmagsl, B KOTO-
pHIX IPOTOH BajeraeT BBePX IO OCH 2, KAK HOKasaHO Ha ¢ur. 15.8.

* Mu ceiigac mpejuoiiaraeM, 9TO MeXaHM3M KBaHTOBOl MeXaHHKH BaM
AACTONLKO 3HAKOM, 49TO 060 BCeM MOMKHO FOBODHTH Ha THCTO QH3HYECKOM
A3HKe, HE TPaTA BPEMEHHN HA PACHHCHBAHEE BCeX MaTeMaTHIeCKMX JeTajeii.
Ho ecau To, 9T0 MH 3fiecb FOBOPHM, BaM He 09eHEL ACHO, TO 06paTHTECH K KOHLY,
aTOr0 maparpada, rje IPHBeeHH HeKOTOpHe He[OCTAIOMHEE JeTalH.
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D ue. 157. Jee soamoxmnocmu
pacnada vacmuytt A® co cnunon,
HANDAGACHHUM 68EDT, €cal npO-
mon deuxcemca no ocu - z.

Momenm coxpanAemcs Moabko NPU
cxeme pacnada (6).

Bawm, koreuno, temepb sicHO,
YTO0 B BTOM CIAy4ae CUOHH
MpOTOHA HANpasJeH BHU3
(eciu TOMBKO MOMEHT KOJM-
4ecTBa ABMGKEHWs COXpa-
HAerca). O6o3HayUM aMIIN-
TYLy TAKOro pacuafa OGyx-
BO# b.

06 ammaurynax a u b el
HUJero H0Jbime CKazaTh He
cmoskem. OHEM 3aBuUCAT OT
BHYTpeHHeil MeXaHUKU Jac-
sl A% u or cnaGHX pac-
mMajgoB, ¥ HUKTO HOKAa He
3HAeT, KAK WX MHOJCIUTH-
Barh. X mpuxogurcs moxy-
yarb u3 ombita. Ho, 3Has
TOABKO JTH JBE aMIIUTYZHI,
MBI Moxcem y3Hath 06 yTiao-
BOM pacmpefeieHuM pacma-
J0B BCe, uro 3axoruM. Hamo
TOIBLKO BCEIAA TIATEIBHO I
IOJXHOCTHI0 OMpeJensith Te
COCTOSIHUS, O KOTOPHIX HIET
peus.

MEet X0THM 3HATH BEPOAT-
HOCTH TOTO, 9TO MPOTOH BHI-
JeTut mog yriaoM 0 K ocu z (B
HEKOTOPHIH y3KUHA TedecHHI

Due. 15.8. Pacnad edoav ocu
z.8aa A co cnunom, Hanpasaen-
HYM 8HUS.
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D ue. 15.9. Hea sosmoxmnuzr cocmoanus pacnada A°.

yroa AQ), rax noxaszano ua ¢ur. 15.6. IIporegeM HOBYy0 0oChb z B
5TOM HanpapieHud u o0ozHauuM ee z'! Hak amamuswpoBarh, 4ro
IPOUCXORUT BROAb aToil ocu, ME 3HaeM. 1lo oTHomeHmio K Heil
cumH A y)Ke He HanpaBieH BBepX, a UMeeT KAKYIO-TO aMINATYXY
TOTO, 9TO OH OKA;KeTCA HAUPABICHHHM BBEPX U KaKyI0-T0 — BHU3.
Bee s10 MEL yyXe mopcumrthisamu B TA. 4, 4 HOTOM OHATH B I, 8
[ypasuerme (8.30)] (soim. 8). Ammauryma Toro, uro cmmH Gymer
HaIpaBJeH BBEPX, €cTh cos 0/2, a aMIIATYA3 TOTO, 9TO COEH OyReT
€MOTpeTh BHU3, ecTb —sin 0/2 *. Korma cowa A° HanpasieH BBepX
mo ocH z', OHA WCOYCTUT MPOTOH B HANPABICHUA z ¢ AMIIHTY-
70 a. 3HAYUT, AMIIUTYA TOTO, UTO II0 HANPABICHUIO z IIpOger
NPOTOH, flepsKa CBOIl CIHUI BBepX, PaBHA

acos—g—. (15.33)

TouHO TaK e aMmAUTYHA TOr0, 9TO BAOAb NOJNOKUTEALHOH OCH
Z’ mpolifer WPOTOH, HAIPABUB CBOU CNUH BHU3, paBHA

—bsing. (15.34)

Te gBa mpomecca, K KOTOPHIM OTHOCATCS 9TH aMIIMTYRH, TOKABAHH
Ha ¢ur. 15.9.

Teneps zagapmm taroii memygpensiit soupoc. IIycrs Mu cobu-
paeMcs perucTpHpOBaTh IPOTOHEI, BHiueTalonfde moj yriaoMm 0, He
HHTEPeCYsACh WX CIOUHOM. [lBa CIUHOBEIX COCTOAHHUA (BBEPX M BHU3
10 OCH z') pasiau4uMbl, JasKe ecan O MH TOTO ¥ He XOTeIH. SHAUNT,
9106H MOAYIUTH BEPOATHOCTH, HAJO AMIIHTY b BO3BEICUTE B KBAJ-
par u crorurh, Beposithocts f (0) 00Hapy:KUTh IPOTOH B He(Oab-
moM TexecHoM yrae AQ mpm O pasHa

F(0)=|al* cos? 5 +| b2 sin® . (15.35)

Bcenommaas, urosin? 0/2 =1/, (1 —co0s0) u cos?9/2 =1/, (1 +cos 8),

* MH npoBenn ock 2z’ B INIOCKOCTH z2z W MCOOIbL3YyeM MAaTPHUHEe dIIeMEeHTH
s R, (8). To e monryamnocs 6K ¥ OpE APyroM BHOOpe oceil.

126



sanmmeym f (0) Tak:

jO)=A2LEIP R JeP0F (o, (15.36)

Yraosoe pacmpejelenme myeer BHN
f(©)=B(1- xcos0). (15.37)

OnHa wacTh BepOATHOCTU He 3aBMcHUT OT O, a jpyras zaBHCHT OT
cos O auneiino. Vs uaMepeHuil yrioB0ro pacupeeseHns MK MOKEM
noayuuth o u P, a sgawur, u |a |, u | b |

MosxHO mOTYYUTH OTBET M Ha MHOTHE OPYTIHe BompocH. Mosker
GLITB, BAC MHTEPECYIOT JUMb Te IPOTOHH, CIUH KOTOPHX HAIIPaBJSH
BRePX OTHOCHTeNBLHO cmapol ocu z! Rampmi wien B (15.33) m
(15.34) macr aMDAUTYAY TOTO, YTO CHUH MPOTOHA OKAMKETCA HAIpaB-
JEeHIIFIM BBepX UJM BHU3 HO OTHOWIEHHIO K ocu z |+ 2> m
| — z’)>). A cocroanue, KOrja CIMH HANIPABJIEH BBEPX OTHOCUTENb-
HO crTapoi# ocH, | -+ z), MOKHO BHIPa3UTh Yepes fiBa Ga3UCHHX CO-
crogaua | -+ 2> u | — z'). Mok=EO TOT[A B3ATH ABe aMILIUTY/EL
(15.33) = (15.34) ¢ mapaerkamumu KoddpduiuenramMu (cos 0/2 m
— gin 0/2) ¥ DONYIUTH HDOJNHYH AMIVIUTYRY

(a 0032%+bsin2 —2«) .
Ee xBagpar Zacr BeposTHOCTE TOTO, YTO IPOTOH BHUICTHT IOH YIIOM
0 co cmMHOM, HAIpPaBACHHHM Tyfia jKe, KYAa HAOpaBieH CIWH
A° (BBepx mo ocH z).

Ecau 65 weTHOCTH COXpaHsAiach, MOKHO Obuto GH cuenarhb ere
ofHo yreepskgenue. Pacmag ma dur. 15.8 — 5710 mpocTo 3epraIbHOO
OTpasiKeHme, CKaykeM B IIOCKOCTH yz; pacmazra ¢ ¢ur. 15.7 *. Ecau
651 weTHOCTH cOXpaHazmach, b paBHAAOCH 6K aubo a, au6o — a.
Torma koadduruent o B (15.37) 6K GH paBeH HyJI0 W pacnaj OfU-
HAKOBO 4A4CTO IPOHCXOAui GH BO BCeX HANPABJICHUAX.

PesyabraTsl omeiToB TOBOPAT, OZHAKO, UTO NPH pacuafe acuM-
MerpHs cyuecmeyem. ViaMepeHHOe YIIoBOe pacupepeneHue gefct-
BUTEJIbHO, KaK MHEl IPEACKA3aid, MEHAETCA Mo 3aKoHy cos 0, a
He 0 3aKOHy cos? § uau mo gpyroi crememu. U3 sroro yraoeoro
pacmpepneaesusd, cramo OHTh, ciexyer, 9ro cmue A° paBeH 1!/,.
Kpome roro, Me BuguM, 4o uerHOCTH He coxpauserca. JeficrBu-
TeJAbHO, KO3(QOUIMEeHT @ HA OUkITe HaligeH paBHmM —0,62 4 0,03,
TaK 4T0 b mpuMepHO BABOe Goabmre a. OTCYyTCTBUE CUMMETPHU OT-
HOCUTEIBHO OTPAKEHUA COBEpIICHHO OYEBHIHO.

Bu Bmpure, KaK MHOTO MOKHO BHEBECTH W3 COX PAHCHUS MOMEHTA
KoJuuecTBa ABWKeHuA. Eme HeKOTOpHe mpuMepsl 6yQyT I pUBeJeHEL
B clreyiommeil riase.

* BcooMHHTe, 4TO COMH — 9T0 AKCHAJALHRI BEKTOp H HPU OTPayKeHAHN
OH mHepeBOpaIMBaETCH.
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Banevanue nocae sexyuu. IIox aMIIATYA0M a 37ech ME LOAPa3yMeBalml
aMILIATYLy TOTO, YTO COCTOSHHE | HPOTOH JIETHT 10 -+ z, CUMH WO --2z> obpa-
30BaHO 3a GeCKOHEYHO Majioe BpeMA dt u3 cocrosmud |A, couH uo 25, uim,
VHBIME CJIO0BAMH, 9ITO

<NIpOTOH JeTHT Ho -z, cnuH o --z|H|A, cnun 1m0 —)—z>=iﬁa, (15.38)
rae H — raMEibTOHMAH BCer0 MHpa WX IO KpaiHeld Mepe TOi ero 4acTd,

KOTOpasi OTBeTCTBeHHa 3a A-pacmajg. CoxpaHenme MOMEHTA KOJWYecTBa JBU-
JKeNUA O03Ha4aeT, 9TO y TaMUJIBTOHMAHA AOJKHO OHITH TaKOe CBOMCTBO:

IIPOTOH JMeTUT mO -2, comH o —z|H|A, cnan o +2> = 0.  (15.39)

Mox ammnmrypoit b mogpasyMmeBaercs, 9TO

{Tpoton Jgetar mo -z, cmmHE mo —:z|H|A, cnan mo —z> = ikb. (15.40)
Coxpanende MOMEHTa KOJIMYECTBA HBIKEHHA LPENNONATACT, YTO

<OpOTOH JeTuT mo -z, cruu wo -z H|A, comw no —z> = 0, (15.41)

Ecnm BaM me AcHO, Kak HauucaHsl aMiantyast (15.33) u (15.34), Mmoo
UX 3ammcaTh B 0oXee MaTemaTHdeckoil ¢opme. Korma mm mmcamm (15.33),
‘'HAM Hy:kHA Oblla AMIUIETYJA TOTO, YTO A CO CIIMHOM, HANPABIEHHHIM 110 |2z,
pacmajjaercs na IPOTOH, MABIMKYIMAICA BJOJNb HANPaBlieHHs 3z’ M obxagaro-
MY COMHOM, HAIPABICGHHHIM TOKe Io —z’, T. e.

<IIPOTOH JIeTHT OO0 -}z, come Ho ~+-2'|H|A, conl 0o --z). (15.42)
o 06muM TeopeMaM KBAHTOBOW MeXaNUKH 9Ty aMIUINTYAYy MOMKHO 3alEcaTh
TaK:
Y . .
2‘<up0Ton fZerur mo +z’, cimm o +2'|H|A, > <A, i|A, cnma no 4z,
1

(15.43)
Ti€ CyMMIPOBalNe OPOBOANTEA 1O 0a3MCHEIM COCTOAHMAM | A, i> HOKogmeics
A-gactunnl. JIOCKONBKY cnuH A-4acTHOHl paBeH 1/,, TAKAX COCTOSHHIA HBA,
B KaKoM Om 6asmce Mol uu paGotann. Ecim B kauecTBe GasucHKX ME BHGepeM
COCTOSINHS CO CIIMHOM, HAUPABIEHHHM BBeDX W BHU3 N0 OMHOWEHUIO K OCU
z'(|4z'y, |—2’>), To ammautyna (15.43) 6ymer paBHa cymme

<mporon jetut 1o --z’, comu mo —+z'|H|A, 2> <A, + 2'|A, + 2>+

-+ <oporon sernt no-z’,comH mo -z’ |H|A,—z'><A,—z2'|A, + z>. (15.44).
Ilepsmii MHOMKHTEIL B LIePBOM cjaraeMoM pamen a [u3 (15.38)], a mepsrii
MHOKHTeNb BO BTOPOM cJjaraeMOM paBeH HYJII0 — u3 Qopmyasnr (15.41),
B CBOK 09epeib CIeAYIOMeil N3 COXPAHEHHS MOMEHTA KOJHNYECTBA JBHMIKEHUA.
Bropoii MuoskuTens <A, - z'|A, -~ z> W3 mepBoro ciaraeMoro — 3To Kak
Pa3 aMIUIMTy/ia TOr0, 9TO 9aCTHIA cO COMHOM 1/,, HANpaBJIeHHHM BBepX IO
OIHOit OcH, OyneT Takke 00JajaTh CHHHOM, HAUPDABICHHLIM BBEPX IIO JPYTOi
OcH, NOBEPHYTOH OTHOCHTeNHHO mepBOit Ha yron 0. Takas aMIUIETyda PaBHA
¢0s9/2 [cm. Taba. 4.2 (Bmo. 8)]. Tax wro (15.44) paBno mpocro a cosf /2, kar
u 6o Harmcano B (15.33). Ammamryna (15.34) creayer u3 1akux e paccysk-
Jenmii pas A-4acTHIH cO COMHOM, HANUPAaBJIeHHEM BHAS.

® ] ®
§ 6. Ceodra mampuy nosopoma

Temeps MH XoTHM COGpaTh BOEIUHO BCE, UTO MEL Y3HAJIH O IIOBO-
porax wacTur co cumHEOM !/, m cmmroM 1; sT0 Gymer ymo6HO mdis
panapHeimero. Humke BE Haligere Tabaumbl ABYX MATDHI, IOBOPOTa
R, (9) u R, (0) pna wacTan co comEOM '/,, faa gacrun co coumoM 1
u gis GoToHOB (YacTHiy co  cOMHOM 1 ¥ HyJIeBo# - Maccoil).
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Tabauya 15.1 @ MATPULBI IIOBOPOTA JIJISA CIIUHA 1/,

Hea cocmosnua: [+>, BBepx mo och z, m=-}1/,

|—>, BHM3 OO OcH 2z, m= —1/,
< e+i%r2 0
<_| 0 e—t"clz
R.V(e) l + > | — >
<+ cos 0/2 sin §/2
<'_l —sin 6/2 cos 9/2
@  MATPHUBL IOBOPOTA [ CIIIIIA 1

Tabauya 15.2

I

Ne

Tpu cocmoanual |-+>, m=-1

|0>1 m=0
I—> m=—1
Ra(@) [+> 10> | —>
<y etf® 0 0
g 0 1 0,
<—] 0 0 e~ '?
Ry(0) +> (L | >
<+ i<1 4+ cosB) - — sind 1 0
3 1 Vi sin 7( — 08 )
1
<0 — —— sin @ cos 0 —— sinb
V2 . +1/2
<— .—(1 —cose> — ——¢gind 1 .
L3 V3 5 | 14-cos0
876

129



Tabauya 15.3 ® ®OTOHDI
Hea cocmoanuar |R»= ;’%( e >-4-i| y>), m= -1
{npasonoaapusosannie)
IL>:?1E(IJC> —ily>>, m=—1

(nesonoasnpusosaiiible)

R () [R> [L>
{ R} et 0
<L} 0 e~i®

Iaa rasemoro ns EMX OpHBeeHH sxementn Marpuusl (| R | i) mo-
BOPOTOB BOKDPYT OCH 7 wid ocl y. OHU, KOHEYHO, B TOYHOCTH IKBH-
pamentEn ammmurygam tuma {4+ 7 | 0S5), KoTOpHMEH ME HOIb-
soBanmch B npepeipymux raasax. IMox R, (@) MBI moHHMaeM, 410
GepeTcsa IPOEKIU:A COCTOAHUA HA HOBYK CHCTeMY KOODAWHAT, IO-
BEPHYTYIO Ha YOI (¢ BOKPYE OCH 2, i PUYeM [ ONpeleleRusd Hanpan-
JICHHsI IOBOPOTA BCETHA MDUMeHseTCS NPABMIO HpaBol pyxu; 1 ,(0)
03Havaer, 9TO OCH KOOPHUHAT MOBEpHYTH Ha yron 0 Boxpyr ocu y.
3Hast TH [BA HOBOPOTA, BH 3aLPOCTO CMOMKETe PACCUMTATh AI000ii
mosopor. Kax ofsuno, MaTpHUUHBIH HIeMEHT NHUNIETCSA TAK, 4TO CO-
CTOAHUE cAesd — DTO GasUCHOE COCTOAHWE M0goll (HOBEePHYTOH)
CHCTEMBl, a COCTOAHUE chpasd — 310 DABUCHOE COCTOSHME cMmapol
(aemosepuyToil) cucTemsl. HaeTkd TaGIMIBI MOMKHO MCTOIKOBHIBATH
no-pasromy. K mpmmepy, Rierka =92 B taba. 15.1 osHauaer, uro
maTpuunnit saement { — | R | —) = e~%/2, Ho sro osHauaer
Tarske, 9ro R | — > = e~i0/2 | — dmam uro {(— | R ={— [e-iv,
970 BCE OHO U TO Ke.



I'aacgsa 16

MOMEHT KOJWYECTBA
ABYGKEHUSA

§ 1. Guenmpunecroe dunoavroe
uzayuerue

B upeawigymeil riiaBe MBI pa3BUIN NPeRCTaBIIe-
HIIH O COXPAHEHUH MOMOHTA KOMHYECTBA B HMKCHNA
B KBAaHTOBOH MeXaHIIKe W DOKaszand, Kax HMH
MORHO BOCIIOJIb30BATHCA A IpejcKa3aHusa yriao-
BOrO pacupefeieHnns NPOTOHOB HPH  pacmaje
Al-vactunmt. Temeppr Mul XoruMm nobGaBurh ele
HECKOJBKO WAIIOCTPAnui TeX ¢JiefAcTBHIl, KOTO-
pHe BBITEKAIOT I3 COXPAHEHMs MOMEHTA KOJIUYeCT-
Ba IBU/KEHUA B aTOMHBIX cHcTeMax. [lepseiM mpu-
MepoM WOCHyIKUT UaayueHHe cBera aToMoM. Coxpa-
IeHue MOMEHTA KOJWYOCTRA MABWKeHUS (HAapAOYy
¢ ZpyruMu 00cTOMTeIbCTRAMNA) ONPEleuT TOMAPI-
220 M YTIOBOE PpacupejeieHne WUCILYCKAEMBIX
()OTOHOB.

Iiyers mMmeercss aroM B BO3OYKIEHHOM CO-
CTOSHUI C OIPEJeJeHHHEM MOMEHTOM KOJIWYECTBA
IUIGEeHnA, CKaMKeM €O COUHOM, pasHeM 1; om,
usnyuass QOTOH, MEPEXONUT K COCTOSHUID C MO-
MEHTOM HyJb upu 6ojee HIBKOI pHeprwid. 3ajmaua
B TOM, 9T00bl OPEJCTABHTH YIVIOBOE pacHpefele-
Hiie U H0JApH3anuio goroHoB. (OHA 0YeHb HOX0MKA
Ha sagagy o pacumage A°-9acTUIlBI, HO TOJIBKO Te-
nepb cuuH paseH He 1/,, a 1.) Paz y BosGyixpenanoro
COCTOSTHUA CUUH PaBeH eIUHUIE, TO [JA Z-KOMOO-
HeHTH MOMEHTA MMEIOTCH TPH BO3MOIKHOCTH. 3HA-
qeHue m MoskeT Owith mwaud -+1, unm 0, mam —1,
Bossmem pasi mpumepa m = -+1. (Ecau mMu pas-
OopeMcst B 5TOM IpUMepe, TO COpABUMCH U € PYTH-
mu.) IlpepmonokuM, 910 MOMECHT KOJHUECTRA
IBIKEHUsA AaToMa HAampaBJeH N0  OCH + 2
(¢ur. 16.1, a),  cmpocuM, KAKOBA AMILIUTYA TOTO,
970 OH H3JIYIUT BBEPX IO OCH Z IPABOH 0N PHROEAH-
HBIH O KpPYTy CBeT, TAK YTO B pesyabTaTe ero
MOMeHT CraHer paBHBM Hymwo (¢ur. 16.1, 6).
OtBera Ha 10T BOmMpoc MH He 3uaeM., Ho zaro

5*

§1.

§ 5.

§ 6.

duexrpuueckoe
IRTONABHeE
H3JAYYCHUE

Paccesnne
cpeTa

AMHurunauusa
HOZHTPOUNA

Marpuna noso-
poTa ana wpo-
H3BOJBHOTO
cnmHa

Uzmepenusn
ANEPHOrO CNUHA

Cnomenne
MOMEHRTOB
KOJIHYECTBA
ABMKERHA

Hooasaenne 1.

Brisox marpnun:
1HOBOPOTA

Hooasaenne 2.

Coxpanenue
YeTHOCTH HpU
HeHYCKAUBM
dorena
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MH 3HaeM, YTO IPABOIOJSIPUROBAHHBIA IO KPyry cBeT YHOCHT
BAOMb HANPABJIEHUA CBOETO pPACIPOCTPAHEHUS ONHY EJUHHIY MO-
MeHTa KOJWYeCTBA ABIDKEHUA. JHAUMT, HOCJHe W3daydeHUs (PorToHA
moJIoskeHMe cTaHeT TAKWM, KaK morasano ma ¢ur, 16.1, 6, 1. e.
aTOM 0CTAaJICS C HYJIEBHM MOMEHTOM OTHOCHTENHHO OCH Z, HOCKOIBRY
MBI IPERTIONOMMIIN, UT0 HA3NIee cOCTOSTHNE ATOMA MMeeT CIIMH HyIb.
O6o3HauuM aMIIUTYyAy Takoro codwmrmsa Oykeoi a. Tounee, a
Oyner ofosHauarTh aMIIATYHy U3Ay4eHus (OTOHA B HEKOTOPHI
ysruil tenecHi yron AQ, oxkpy:Rawoumui ock z, 3a speMsa df. 3a-
MeTbTe, 9T0 AMIIUTYA H3JydeHHS JeBOTO (POTOHA B TOM Ke Ha-
IIPaBJEHNA PapHA HyJi0. ¥ TAKOro OTOHA MOMEHT OTHOCHUTEILHO
ocu z 6p11 O paBeH —1, a Tak Kar y aroMa OH paBeH HYJIO, TO H
B cyMMe DOMy4YHiIoch OBl —1, Tak 970 MOMEHT He coXpaHmucsa Obl.
Touno rtak e, ecanm COMH ATOMA BHAYAJE HANPABICH BHU3
(—1 Bpoxb ocH z), TO OH MOReT M3JIyYaTh B HANPABJICHUH OCH - z
Tonbko Jgessie Qoronu (fur. 16.2). AMmInTyay Taxkoro coGHITHH
ofo3HaynM GyxBOil b (cHOBa UMea B BHAY aMIINTYAY WUBIyYeHHHA
doToHA B HeKOTOPHIIT yaruil resecHsiil yroa AQ). C npyroifi croposH,
€CIM aTOM HAXOQUTCA B cOCTOAHEU ¢ m = (), 0H BooOL1e HE CMOMKET
WCHOYCTUTH (OTOH B _HAIIPaBieHUW -1-z, IOTOMY 4T0 y (OTOHA
MOMEHT KONHMYECTBA MBUIKEHUs OTHOCUTEABHO er0 HaIlpaBlieHUA
pacnpocrpasenus Mo;ker G6biTh Toabko -1 mam —1.

z Az

|
é ﬂpaeb/ﬁ
%D DOMON
=] Amom = Amom
Oyt J=
=1L Gomomn m=0 8 acHosHoM

COCmoAHI I COCIMIGARLU

' )
t

| AMﬂ/lumyﬂa a

Ao TTocne
a )

Duz 161. Amom ¢ m = -1 usaywaem
80oab ocu -z npasuil gomon.
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Due 16.2. Amox ¢ ! épﬂg‘;’;"z
m = —I1 usaywaem e¢dosb oo,
ocu 2z aceull omoHn.

3
Tl
Y

Anmnnumyba b

—p

Jo locre
a o

Ianee, MOKHO GOKaszarh, 910 b m a cpaszansl. [Ipomenaem mapg
cucreMoit, nzobpasennoil na gur. 16.1, npeobpasosanne nugepcHnu.
310 3HAYUT, YTO Mbl JOJKHE UpecTasurh cebe, Kak 6yner BHIIA-
JeTh CHCTEMa, eCJAM MHB Kamayio ee uacrh IePeBHHEM B COOTBETCT-
BYIOILYIO TOYKY ¢ JPYTOil ¢cTOPOHB oT Havajga xooppumuar. Ho sro
He snayum, MTO CJHEAYET OTPaskarh M BEKTODH MOMEHTa KOJXHYEecT-
Ba JBWOKEHWA, Beb OHH — HMCKYCCTBeHHBIE o0paszosanusa. Hysmwuao
Ipyroe — HyKHO 00paTHTh HCTWHHBIH XaparTep NBH/KERNA, COOT-
BETCTBYIOIIETO TaKOMY MOMEHTY KOJHYECTBA JBUMKEHHA.

Ha ¢ur. 16.3, ¢ MB noxazaju, Kak BRIIALUT Dponece, n3o0pa-
skeHHHE #Ha dur. 16.1, mo u mnocae wWHBepCHH OTHOCHTENLHO
IEHTPA aToMa. 3aMerhbre, 4TO HaNpaBJeHHE BpAIIGHWA aTOMa He
usMeHHmoch *. B obpamennoii cucreme (dur. 16.3, 6) nonyuaerca
atoM ¢ m = -1, usayvawoiuil BHU3 JeBbIA (OTOH.

Ecau Mp Temeps mOBepHEM cUCTeMY, W300paKeHHYI0 HA
¢pur. 16.3, 6, na 180° Borpyr ocu x u y, ona cosmazger ¢ ¢ur. 16.2.
Couerapme WHBepcuM M TOBOPOTA IIpeBpamaeT BTOPOil mpormecc B
mepsuiii. [oassysco TtaGa. 15.2 (crp. 129), mMm BuguM, uro mo-

* Korpa Mul nepeBOgMM z, §, 2 B —z, —y, —3, TO MOKHO IIOJyMaTh, 4TO
BCe BEKTODH NePeBePHYTCA. JTO BEPHO [JIA no4fpHbE BeKTOPOB, TAKUX, KaK
CMellleHAsA M CKOPOCTH, HO HE A akcuaabhbly BEKTOPOB HANOA00He MOMEHTa
KOJmYecTBa JBMIKEHHA, Ja M JIOOBIX BEKTOPOB, LIpEJCTaBIAOHMX CODOl BeK-
TOPHOe NpOH3BefeHNe JBYX HOIADHEIX BeKTOPOB. HOMIOHEHTH AKCUANIBHEX
BEeKTOPOB NP HHBepCHHN HE MEHAIOTCH.
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npeobpasogamd nymem UHEEPCUU
OMHOCUMEAbHO YeHmpa amoMma,
on cmanem ewezasdemsv, kak (6).

% D ue, 16.3. Ecau npoyecc (a)

l
Z

nopor Ha 180° BOpYyT
OCM ¥ RaKk pas LepeBo-
gur coctosiame ¢ m = —1 B
coctostHue ¢ m = -1, Tak
YTO aMIOTUTyga b JoJIKHA
OLlTH paBHA AMOAUTYHAE @,
ecal, He CcHUmamv 603MoJC-
HOllL nepemeHyv. 3HAKA nNPU
ungepcuu. A mepeMeHna sHa-

KA UpU WHBEPCHUU BaBUCHT
g OT 4YeTHOcTell HaYaJIbHOTO
<§> I ROHEUHOTO  COCTOSHMIL

-0~ O
|
Q

aToMa.
B aromMEHX upomneccax
YOTHOCTH COXpaHAETCS, TaK
YTO Y€THOCTh BCeil CUCTEMH
40 ® TNOCHe HBIYYCHUS QOTOHA [OMMKHA OHITH OfHOI M TOH Ke.
Yro HA caMOM Jlele MPOUBOUET, B3ABUCUT OT TOTO, IIOJNOAUTE]IbHE
WA OTPUIATEIHLHE YETHOCTH HAYANLHOTO M KOHEYHOTO COCTOS-
HHMH aToOMa — B DAa3HBIX CIydasX YrJAOBOe pacupefeieHue W3-
ay4yeHHA Gyler pasiIuUHEEIM. BosbMem obwuHHil cayuail ompuya-
meAvHoll 9eTHOCTH HAYAIBHOTO COCTOSHEA aTOMa W NOA0NCUMEAbHOl
YeTHOCTH KOHEYHOIO; OH [ACT TAK HABEIBAGMOE (3JIEKTPHUYECKOE M-
noasHoe uanyuenue». (Ecau mavambHOe M KOHEYHOE COCTOAHMIA 06-
7aJal0T ONNHAKOBOH YeTHOCTHI0, TO TOBOPAT, UTO MPOUCXOFUT «MAaT-
HUTHOE [HIOJBHOE HBIYYeHHe», HAUOMHUHAIOMEE N0 XapakTepy
M3IydYeHHUE BUTKA ¢ HepeMeHHHM TOKOM.) Ecam werHOCTD Hava bHO-
TO COCTOSIHUA OTPHNATeNbHA, er0 aMINIUTY[a IPY WHBEPCUU, IEpe-
pojsAmeil cucrtemy us @ B8 6 Ha Qur. 16.3, menser s3Hax. Komeunoe
COCTOSBUE aroMa MMeeT HONOKUTEIBHYI WeTHOCTH, TAK TT0 ero
AMIVIMTYZla OpPU WMHBEpPCHU 3HAaKa He MeHseT. Keau B peakmun
coxpaHsgeTcsad YeTHOCTH, TO aMIAHTyAa b foikHa OHTH paBHA @
10 BeJINYHHE, HO IPOTHROMOJOKHA HO 3HARY.
My mpuxommM R 3aKAUEHWN, 9TO eCJId aMIUINTYZA TOTO, 4TO
cocrosiHMe m = -1 manyumr QoTOH Bmepes, PAaBHA @, TO [ pac-
CMATpUBaeMEIX HYEeTHOCTEH HAYAJABHOr0 M KOHEYHOIO COCTOSHUII
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aMIJIBETYAA TOTO, 9TO COCTOAHMEe m = —1 U3JIyYuT BIepen Je-
pulit poron®, papHA —a.

Temeps y Hac ecrsb Bee, 4TOOEL HANTH aMIIUTYRY TOTO, 9TO (O-
toH Oyger UCIyIlieH Mo yiiioM 0 K ocu z. ITycTh BHavame aTom mosas-
pUBOBAH TaK, 4T0 m = —-1. ITO COCTOSTHUE MH MOMKEM DAa3I0KATD
Ha cocrosuma ¢ m = -+1, 0, —1 otHoCcHTEeABHO HOBOH ocH z', mpo-
BeJIeHHOIl B HAIPAaBNEHWHM WUCOYyCKaHWA (OTOHa. AMINTUTYIH TUX
TpeX cOCTOmHHMIl — KaK pas Te, KOTOpble OBLIM UPUBEJIEHEH B HUK-
meil monosume 1261, 15.2 (crp. 129). AMnauTyzna T0T0, YTO IpPaABHIl
$OTOH mCUycKaeTcs B HampasieHWN 0, paBHA TOTNA I POU3BEJCHUIO
¢ Ha AMIUTHTYHAY TOTO, 4TO B HTOM HalpaB/eHuu Oymer m = —+1,
a UMEHHO

a{-|R, (0)|+> = (1+cos ). (16.1)

AMnanryaa roro, 9TO B TOM yKe HampapieHHu OyneT UCHymeH J1e-
BB OTOH, paBHA NMPOM3BEJEHHI0 —a HA AaMILIUTYAY TOro, U4TO B
HoBOM Hampamiaeumu Oymer m = —1. MWa rabu. 15.2 caegyer

—al—|R, () |+ )=-5(1—cosb). (16.2)

Ecan Bac UHTepecy0r pyrue MOMsIPU3ANAN, T0 BX AMIUIATYIH BH
DOJy9HTe U3 CYmepilosuuy STUX ABYX aMIiauTyy. YTo0H HoayduTh
HHTEHCUBHOCTH M000H KOMIOHEHTH Kak QYHKOWO yriaa, BaM Ipi-
mercsl, KOHEUYHO, B3ATH KBAjparT MOAYIA aMIIUTY[.

§ 2. Pacceanue ceema

Bocmonbayemcss aruMu pesyabraraMi, 9TOOLI PeIINTh HEMHOLO
fosee CIORHYI0 3a7a4y, HO 3aT0 W Gomee OMUBKYIO K PeasLHOCTIH.
I pepnmosomum, 910 T€ JKe aTOMB HaXO[sITCSA B CBOEM OCHOBHOM €O~
croaanr (j = 0) u pacceusarom mapawmuii HA HAX OYYOK CBETA.
[Iycrs cBer mepBOHAYAJBHO PACHPOCTPAHAETCS B HANPaBJIEHIV
+ z, TaR 4T0 POTOHH HAfAl0T HA aTOM 43 HAODABICHUA — z, Kax
nokazano Ha ¢ur. 16.4, a. PaccesHue cBera MBI MojKeM paccMaTpH-
BaTh KaK Ipollece, cCOCTOAMUN U3 ABYX IMAroB: GOTOH MOTIOI{aeTC,
a 3aTeM BHOBL Maxyuaercd. Ecam Mpl HagHeM ¢ mpaBoro QoroHa
(pur. 16.4, a) u ccnu MOMEHT ROJIUYECTBA [BUIKCHUA COXPAHSICTCS,
TO TOCJTE TOTHONIEHHS aTOM ORAMKEeTCA B COCTOAHMH ¢ m = -1
(¢ur. 16.4, 6). AMmnuryny sToro mponecca Mbl 0603HAYUM ¢. 3aTeM
aTOM MOKeT HCIYCTUTD IpaBkil oToH B manparsaenun 0 (pur.16.4, ).
[lonmmas ammadryna rtoro, 4T0 mpasHil $oT0H pacceerTcsa B Ha-
upasiaeHun 0, pasHaA mpocto npoussenenuo ¢ ua (16.1). O6oszmauasn

* Koe-KTO MOKeT BO3pasdTb, YTO BCe 3TH DACCY:KAeHHA HeBepHbl, M0-
TOMY 9TO HAIIM KOHEYHHE COCTOAHNA He 001aJal0T ONpejeleHHOd TeTHOCTHIO.
B poGapinennmm 2 B KOHIe 5T0il IMaBEI BH Haiijere Apyroe JOKa3aTedbCTBO,
KOTOpOe BacC y[OBAETBOPHT,
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ory ammaurygy pacceamus (R’ |S§ |R), mmeem
CR'|S|RY= %0(1—}—0059). (16.3)

- Umeerca Tamme aMIDIUTYJa TOTO, 4TO IOLJOTHTCA MPABHIT
doroH, a usiayuurcsa Jgeseiit. llpoumsserenue obenx aMoiauryn —
aro ammimryma <L’ | § | R) — aMmauryfa TOro, 9ro mpaBhii
$OTOH, pacceABIIMCh, mpesparutcA B nerHii. Mcmomssys (16.2),
uMeeM

KL'|S|R>=—5 (1—cos ). (16.4)

Temeps mocMorpuM, uTd HNPOMCXOLUT, €CAM Ha aToM Hajaer
JesHblil goron. Horpga oH mormomaercs, caM aTOM HEPeXOfuT B cO-

crogHue ¢ m = —1. Paccyspas tak ke, Kak B IpefblaymeM ma-
parpade, MOKHO DOKaszarh, 470 3Ta aMmiauryxa Gyzfer pasHa —c.
AMIIHTYH2 TOTO, UTO ATOM B COCTOSHME ¢ m = —1 wmemycrnr

npapsil $oroH mox yraoM O, pasHa IMpoUsBeeHHI0 ¢ Ha aMILIUTYLyY
(+ 1R, (®)|—), pasuywo '/, (1 — cos0). B nrore nomywaercs

(R'|S|Ly=—% (1—cosB). (16.5)

Haxonen, aMmiautypa ToTO, uTO JeBH QOTOH ITOCHE pacCesHus
OCTAaHETCHA JIEBEIM, €CTh

(L' S|Ly="5 (1+cosB) (16.6)

(3mech MHHYC Ha MHUHYC JIaJ ILIIOC).

|2 b4 Az 7

a 6 8

D ue. 16.4. Pacceanue ceema amomom, pac-
cuampueaemoe KAk RPOYECC, COCMOAWUL U3
dsyx wazos. ’
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Ecnu Mu u3MepaeM unmencusnocmb paccessnusa qid aoboil zaH-
HOI KOMOWHAUUU KPYTOBHX IHOJApH3ANEiA, TO OHA Gymer mMpomop-
HNUOHANBHA KBAPATY OHOM U3 dTUX Yerhpex aMmauTyn. Hanpumep,
eCJIM majlaeT IPaBoNOIAPH3OBAHHKI Iy YOK CBETA , TO KHTEHCUBHOCTD
HpaBOIIOJIHpI/ISOBaHHOFO cBeTA B paccegHHOM u3xydenuu Oyper
meuAreea Kak (1 -+ cos 0)2.

Bce aro uperpacHo, HO jomycTuM, 4TO MH XOTexu OH Hadatrb
¢ AuHeliHo TMOAApu3oBaHHOTO cBera. Uero MomuEO Gpio OH TOT7a
oxugars? Keam cBer monspu3oBaH BRAOIb OCH X, €r0 MOJKHO IIPeA-
CTaBUTh KaK CYNEPUOZWIUI0 NPaBO- ¥ JEBOIOJSPH30BAHHOTO IIO
Kpyry csera. Mo mumem [CM. ria. 9, § 4 (som. 8)]

16.7
(2 =75 (B> L)). (16.7)
WNan ecau cser noaspusoBaH BAOJIL OCH Y, TO
i
= — po— —_— . 6'
1> == 5 (1 RY—| 1) (16.8)

Yo B0 Tremepsh XortuTe 3HATH? XOTHTE 3HATH AMIUIUTYIY TOTO, YTO
Z-TMONAPU3OBAHHEI $OTOH pacceerca moj yriaom 6 Kak HpaBH
porou? Ilosmanyiicra. [lpumenure pms »TOr0 OGHMHOE HPABUIO
romOuHupoBanus ammrnryn. Crauana ymuoxere (16.7) ma (R’ | S.
B moayuaure

<R'iS!x>=vf-2-[<R’ISIR>+<R’|S|L>1- (16.9)

Tenepp mogerasbre ciopa (16.3) u (16.5). lloayuaerca

’ =2
R'[S|z>= VT cos 0. (16.10)

Ecau 661 Bam HyRHA OBLTa aMOANTYHa TOTO, 910 Z-POTOH pacceeTcs
RaK JeBbll $oTOH, TO BH OBl MOXyquau

LS| z>= " cos0. A
KL'S|z> VZcosG (16.11)

Haxonen, nmpegcraBuM, YTO Bac 3aHHTEpecoBaa aMINIATYHa
TOTO, 4TO0 Z-MOJdApH30Banubil (QOTOH pacceeTcs, COXPaHUB CEOIO
Z-HOJApHaanno. JHaaur, saM Hy;kHO 3Hath <z’ | S | z). 910 MO~
HO 3alHcaTh TaK:

x| Say=<x" |R" >R |S|xp+<z" | L'><L |8 |xy. (16.12)

ECJIH BBL 3aTeM BCHOMHUTE COOTHOIIeHud
IR'>=—=(lz>+ily>), (16.13)

[ L= == (|2 >—i{y") (16.14)

=|l.=
\ wl‘"‘

&
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TO M3 HHX XocJgenyer

' | R’ >_ﬁ (16.15)
1
! _ —T . 6
' | L'y R (16.16)
B urore Bm momyumre
<z’ | S| x> =accos 0. (16.17)

Otser, crajo OBITH, COCTOMT B TOM, 94TO MYYOK Z-TOJAPU3OBAHHOTO
cBera paccewpaercs B HampaBJeHHH 0 (B ITOCKOCTI xz) € UHMel-
cugHocmblo, TPOHOpPIMoHaAbHOH cos? 0. Ecam e Hac mmrepecyer
y-IOJIAPU30BaHHELL CBeT, T0

<y'1S |y =0. (16.18)

{uaue rosops, paccessHHEI CBeT MONHOCTHIO MOJNSAPHZOBAH B Z-Ha-
DaBJIeHun.

3jiecs otMerEM mMHTepecuyio semnih, Dopmyns (16.17) u (16.18)
TOUHO COOTBETCTBYIOT KJACCHMIeCKOH TeOpHM paccedHHA CBeTa,
KOTOPYI0 MBI M3marajsy B ri. 32, § 5 (Bom. 3), cauras, 4T0 9IeKTPOH
¢BS3aH ¢ aTOMOM JMHEHHOH BO3Bpamaoieil cnnoli, 410 felicTByer
OR KaK Kjaaccuuyeckmil ocrumasarop. Bm momere momymain: «A B
KIIACCHYECKON TEOPHUM Bee ORUIO KYHa MPOIUIe; eCIM OHA [aeT BREPHEIH
oTBeT, 3aueM 3a0uBarh cebe roloBy KBaHTOBOII Teopueii?» Bo-mep-
BBIX, MBI IOKA PacCMOTPEN N TOIBKO OJIMH 9aCTHHI (X0Td ¥ yacTHil)
coryuail aToMa ¢ Bo3OyRAGHHHIM cocrogHmeM j = 1 m ¢ ocHOBHEIM
cosrogrusM j = 0. Ecam Ou1 B036yeHHOR COCTOAT e HMEJIO CIHH,
papHHE 2, BH OH [OAYyYHNI Y¥e HHbIE pesydabratil. Bo-prophx,
HeT LPUYHHBI, mOueMy OB MOJENb 3JeKTpOHA, NPMBA3AHHOTO K
NpYRHEHKE W DPHBOAKMMOTO B JIBIGKEHEE KOJIeOII0MUMCsT DIleKTpHYe-
CKUM moseM, nodsraa Gpia 6ol 65115 BepHA I OfWHOYHOTO (OTOHA.
lpaspga, Mbl oDHapysKuam, 4TC OHA BCe ’Ke BepHA W UYTO MHTEH-
CUBHOCTH W TOJsipu3anusd OKazmBaiorca kaxuMmm Hamo. Tax uro B
KaKOM-TO CMBICJIe MBI B TEUeHWE HALICTO Kypca JaBUPOBAJU IJe-TO
HemoJANeRy OT HCTHHEL. B Hagaje wypca MB!I MBIArald TeOPHUIO
TOKABATENA WPEJOMJIEHUS U paccesHUs CBera, OMHPAasAch HA KIac-
cHuecKHe IpeActaBieHusA. A temepb MHL IOKazalay, 9T0 KRAHTOBAA
TEOPUS B caMbiX O0OBLIYHEIX CIyJasAX OIPUBONUT K TOMY ke pPe3yibrary.
Mol arTHIeCKE TOIBKO 9T0 00BSICHIIM TaKOe, CKajKeM, fApJeHNe,
Rak MmONSApU3anus JHEBHOrO €BeTa, ¢ MOMON[BI0 KBAHTOBOMEXaHM-
YeCKHX pacCy:KAeHui, a 910 eAMHCTBEHHBIH 0-HACTOSAEMY 3aKOH-
Hilli TOYyTh.

Boobmie Bce uMewmue cerofHsa XoEmeHne KiIaccuIecKie TeopUH
JIOMKHEL OBITH B KOHEUHOM CUeTe TOATBOPMIeHH e/[HHCTBEHHO Ipa-
BUJIHPHKMY KBAaHTOBHIMHE apryMeHtaMu. LcrecrBeHEO, UTO BCe Te
Bemy, Ha OOBACHEHUA KOTOPHIX MBI WOTPATLIN Hpege CTOIHKO
ppemenn, Opin 0TOOPAaHS KaK pas u3 Tex wacrell KiaccuuaecKoi
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PU3UKM, KOTOpHIE elle HOATBEP:RAAloTCA KBAaHTOBOM MeXaHHKOI.
damernre, 9T0 M5l He ODCYREAIU BO BCeX HETANAX TaKHe MOJEIHU
a210Ma, B KOTOPHIX 9JeKTPOHH JBHTANNCH BOKPYT AApa 1m0 opburaM.
JT0 WOTOMY, 4TO TaKasd MOJETb He KaeT pe3yJIbTATOR, COINIACYEMBIX
¢ KBaHTOBOI Mexanukoii. Ho smextpoH Ha npyxuHke (X0Th Ta
KapruHa HUYYTh He CMAaXUBaeT Ha HACTOANMNE aToM) IeliCTBUTEIBHO
¢ Hell corjracyercs, I HOTOMY MEL IpPHUMEHSIH 3Ty MOJENb B TEOPHII
moKazarels HpexoMIeHHUd.

§ 3. dnmeuasyus nosumponus

Temeps xotei10ch OB paccMOTPeTHh €me OFHE 0YGHD MHTE POCHbI
upnuep. OH oueHs mpHBIEKAaTeJeH, XOTA I HEMHOTO CJOMKEH, HO,
HaJCceMCA, Bee e He cammkoM. lIpmmep sror — cucreMma, MMeHye-
Masg nO3UMpPOHUEM, T. €. «ATOM», COCTABJCHHHII U3 DIEKTpOHA I
HO3UTPOHA,— CBA3AHHOe cocTossHue ¥ u e”. OH HOXOAUT HA aTOM
BOJIOPOAA, TOJFKO BMECTO IPOTOHA CTOUT mosurpoH. Kaxk m y Bojo-
poAa, y Hero MHOrO cocrosEmi. M kak y BOfopoma, OCHOBHOE €O-
CTOSIHUE BCJIECTRBME BRAWMOJEICTRUSA ¢ MATHUTHHIM MOMEHTOM pac-
WlenJaAeTcA Ha «CBEPXTOHKYH cTpyKRTypy». CIMHH sIeKTpoHa H
HOBATPOHA pAaBHEB 1/, m moryr Geith aub0 DapamaensbHbl, nubo
aHTAmAapaLIenbHsl w000l nanHoll ocu. (B ocHOBHOM cocrosmmu
opburanhbHOe JABIKEHHe HEe CO3/aeT CBOETO MOMEHTa KOIHIecTBa
gerskenns.) Urak, Bcero ecrTb YeTBepKa COCTOAHMII: TPH M3 HUX —
MOACOCTOSAHUSA CHCTEMH CO cIuEOM 1, BCe ¢ ONHOH SHepruei;
¥ OJIHO COCTOAHHE CO COMHOM HyJb M ¢ MHOU, OTIWYHOL sHeprHell.
OpEaro pacmielieHue YpOBHeH 3jgech HAMHOTO CUJIbHee, UeM Te
1420 Mey, woTOphie eCTh B CIEKTPE BOXOPOAA, HOTOMY UTO MAT-
HUTHBIH MOMEHT y NOBMTPOHA KyHa O0O0JbHIe IHIPOTOHHOIO —
B 1000 pas.

Ho camoe BaskuOe pasiwdue B TOM, 9T0 NO3UTPOHUIA HE MOKET
cylllecTBOBaTh Beuno. lloauTpoH — 5TO aHTHUAcTHIA STEKTPOHA;
OHHM MOTYT B3aMMHO JipyT Apyra yHUYTOKUTE. [IBe JacTHUI(h TOIHO-
CTBIO McUe3aioT, 06panas CBOI0 SHEPTHIO NOKOA B M3JTyYeHNe B BUIC
Y-KBa"TOB (doronos). [Be wacThubl ¢ KoMeWHOH Maccod HOKOA
mepexXofAar B mapy (a 1o u Goabuie) 06HeKTOB ¢ HyJeBOIl Maccoi
noxos*.

HaumeM ¢ aEanmsa pacmaga cocTostHUA IO3UTPOHMA CO CUEHOM
Hyab. OH pacumajgaerca Ha jBa y-KBaHTa CO BpeMeHeM JKH3HU
10719 cex. BHavade uMMeEIOTCS HOBHTPOH ¥ 3IEKTPOH ¢ aHTHHAPAJ-
JeJIbHBIMI CIIMHAMMU, PACIOJOKeHHbe OueHs GIU3K0 OJUH K JPyTro-

* Ilpm HameM HHHeIIHEM TJIy6OKOM IOHAMaHAN MUpa HeJIeIKO OTBEeTHTH
HA BOUPOC—MeHee /I «MaTepuajibHa» DHepr@s (OTOHA, UeM BHEPruAa HJIeH-
TPOHA, Befh, KAK BH IOMHHATE, BCE TAaCTHIHI BefgyT ceGa Ouendb moxoxe. Equn-
CTBCHHOe Pasn@dme B TOM, 9T0 y (OTOHA Macca MOKOSA paBHA HYIIO.
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Que 16.5. [Jeyzdomonnaa
GHHUZUAAYUA NOZUMPOHUR.

TNosumponui
.
2, 9,
\ —
ete~
do Tocre
a 5

My u obpasyloniue cucreMy mosurporns. [locie pacnana BosH#KAOT
fza QoroHa, pasleTalolliecs ¢ pPABHBIMA U ITPOTHEOIOJOMHBIMH
umnyabcamu (¢pur. 16.5). UMnynbce o6AsaHsl GEITh PABHLI H mpPO-
TUROMOJOKHEI, TOTOMY UTO WONHBI MMOyJbC HOCIE pacmafa [oJ-
3KeH OBITH TAKUM, KaK U 0 pacmaja, T. . paBeH HYJIO (€Cad MLI pac-
CMATPUBACGM AHHUTHIAINNI B MOKOe). Keam Mo3uTpounii npmxercs,
MEBL MOJKeM HaTHarTh ero, peHIuTh 3afady U 3aTeM Bce mpeofpasoBath
obparHo B 1a00paToOpHYI CHCTEMY (BOT BUAHUTE — MBI TeHepb BCe
yMeeM; Bce, 9TO Haj0, ¥ Hac @oJ PYKOI).

Hnsa Hagana saMeTmM, 4YT0 YrioBoe pacupefejeHUEe HHTEpeca
He mpefcraBiasier. Pas comWH HAdYaAbHOTO COCTOAHHA paBed HYAIO,
TO0 HeT Rakoi-nubo BHIAENEHHOW OCH, OHO CHMMETPHUYHO OTHOCH-
TeJBHO J06KX DOBOPOTOB. SHAYNT, N KOHETHOE COCTOAHEE JOJIKHO
6LITH CHMMETPHYHO OTHOCHTEIHHO BCAKROTO MOBOPOTA. JTO 03HAUAET,
970 Bee YUAB pacuaja OMMHAKOBO BEPOATHH — aMILIHTY/A BBLIE-
TeTh B J100yio cTopoRy s $OTOHA OFHA ¥ Ta jKe. HoHeuno, ecian
odun 13 GOTOHOB OTHOPABIAETCA B OfHY CTOPOHY, TO dpyzoll ormpa-
BWICA B HPOTUBOLOJNOKHYIO.

Epuncrsennoe, 4ro HaM octaercd, 9T0 paccMOTpeTh MOJSApuUaa-
nmio gororos. IIpoBeeM ochk -~ z IO HaUpaBJIeHHUIO JBUIKEHUA Of-
HOTO ¢oToHA, & OCh —z 0[O HANPABJIGHHIO [ABIKEHUS BTOPOTO
dorona. [lasa ommcanus cocTOAHWH moasApuzanuu (OTOHOB MOKHO
UCHONB30BaTh J00Me upefcraBienus. My ruiGepeM nDpaByw u
JIeBYIO KPYTOBHEE HOMSPU3AIUY, BCETIA OTCUUTHRAA UX OTHOCHTENb-
HO HanpaBieuui gemsxerusn. Cpasy sKe BEAHO, UTO €CHH ARIDKYIUHCH
BBEPX (OTOH — MPABHI, TO MOMEHT KOJMYecTBA ABMKEHHS OCTa-
HeTCH npesknuM, ecin QOTOH, 0TI PABUBINMIICHA BHA3, TOIKE OKAKETCA
npaBmM, Kamgeii yrecer mo -1 emuHHUIIE MOMEHTA OMHOCUMEALHO
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@ ue 16.6. OFna us gosmoic-

Hocmell 34af AHHUZUAAYUU NO3U- m=+1$ Mpassid
mponus 6304b ocu z. .

Toaumporui
|
7N
j=0@ O
HARPABACHUL C80820 UMNYAD- =0 N
* : 1 ete~
ca ¥, 4ro ogHauaer -1 m

—1 OTHOCHTEIBHO OCH z.
B cymMme Symer Hyab, U Mo-
MEHT KOAWICCTRA [BIYKeHLis] .
mocJie pacHaza OKLReTCH Ta- . m=-1C> lpageur
KHM ke, KaK U [0 pacmaja
(¢pur. 16.6).

Te swe paccysrieHus mo-
KashiBaioT, 9T0 eCIy ABMKY-
mwitest BBepX (OTOH ABIAETCS UPABHM, TO [ABIDKYLIUAcS BHUS
He MoKeT OBITH JIeBRIM, BeJb TOTAR KOHEUHOE CcOCTOsHHe 0671a-
mamo 6B ABYMs eJUHUNAMHE MOMEHTa KOIWYECTBA JBUKCHUSA,
A 570 He paspemraercs, eCaH CIHH HAYaJIBHOTO COCTOSHUS paBeH
HYJIi0. 3aMerbre, Yr0 TaKOoe KOHEUYHOe COCTOAHHE HEBO3MOKHO WU
TOTJA, KOTJa OCHOBHOE COCTOSiHWE IO3UTPOHUA 00IaZaer CUMHOM
1, mWOTOMY 4YTO B BTOM cAyvae HauGoAbIAA BEIUMYWHA MOMEHTA
ROJMYECTBA JBWKEHUSA B JA0OO0OM HAUPABACHUU pPABHA eHUHUIE.

A rTemepb MBI TOKayKeM, d9T0 ABYXPOTOHHAA AHHUTHIAOWAA U3
cocTosHUA ¢0 cumEoM 1 BooOme HeposMosxma. Morio 66 mokaszaTh-
Cs1, 9T0 BTO He TAK, UT0 eCJH B3fATh cocrosEme ¢ j=1, m = 0,
Yy KOTOpDOT'0 MOMEHT KOJMYECTBA J(BUIKEHWA OTHOCHTEIHHO OCH 2
paBeH HYII0, 10 0HO Oyner MOXONUTH HA cocTOsAHUE cO cunHoM O u
I09TOMY pacmafeTcs Ha jABa IpaBstx GoroHa. HoHeuHo, U300 pasken-
HEIT Ha ¢ur. 16.7, ¢ pacmax coxpanser MOMEHT KOIMYECTBA IBUIKE-
HUsE OTHOCHUTENBHO ocu z. Ho moecmorpum, uto Oymer, ecay ME
HOBepHeM 5Ty cHcreMy BOKpyT ocu y Ha 180° momyuures 710, 9ro
mokasano Ha ¢ur. 16.7, 6, r. e. Kompurypamusi, B TOYHOCTH COB-
magawomas ¢ ¢ur. 16.7 4. O6Menanmch MecraMu 1Ba goroHa u 60ab-

* JaMeTbTe, 9T0 MBI BCeTJa aHaJIU3MPyeM MOMEHT KOJOYeCTBA ABIKCHUA
OTHOCHTEJIbHO NAaIPaBAeHAA ABIKeHHH JacTHUE. Ecim Obl MH cTalm HHTepe-
COBAaTHCA MOMEHTOM KOJIMYECTBA ABWIKEHUA OTHOCUTENBHO APYTHX Oceif, HaM
OPUOLIOC, OB YYecTh BO3MOJKHOCTH «OPOUTANBLHOIOY MOMEHTA KOJNUYECTBa
JABHKeHUA — OT WIeHa p X r. Tak, ME He BOpaBe TOBOPUTH, 9TO (JOTOHEI BLI-
IeTAT OPAMO U3 [[eHTPA NO3UTPOHUA. OHU MOTNM BLLIeTeTh, KaK JBA KOMKA
¢ oboma BepTaAmeroca Koleca. O TaKux HOAPOGHOCTAX He MPHXORUTCA 3amy-
MEBaTLCA, €CIM NPOBOAMUTHL OCh BAOJD HAaIPaBleHHAs [BIYKCHUA.

141



ete” ete-
%
@ ue 16.7. Jaa cocmoanus nosumponus ¢ | = 1 npoyecc (a) u

npoyece (6), noayuaemwii nosopomon (a) eokpyz ocu y na 180°,
¢ mounocmu cognadaom.

ite HUgero. A Bempb $orToHE — 3T0 603e-9aCTUIE; mepecTaHOBRa UX
MEecTaMI He MeHACT 3HAKA aMILTUTY/E, TAaR 9T0 aMIUIMTY/a pacmala
13 Koudurypanuio, noraszamayio Ha ¢ur. 16.7, 6, mommua 6GHTH
TaKoii sxe, Kar u Ha roudurypanuio gur. 16.7, . Ho mui mpegmomno-
SRUIAH, 970 Y HagaabHOTo 00beKTa CNUH ORI paBeH eiMAULE. A KOTHA
1M IoBOpadmBaeM 00bert co cumHOM 1 B cocrogumm ¢ m = (0 Ha
180° Bokpyrocu y, TO ero aMuINTYAA MeHsier aHAK (cM. tabm. 15.2
pasg O=m, crp. 129). 3maumr, amoanryas o6emX KOHQUTypa-
nui Ha ¢ur. 16.7 gommusl uMerh 00paTHEE 3HAKMI; YACTHIIA CO CIH-
voM 1 ne moocem pacnadamuves na dsa gomona.

Horpa obpasyercss mosmrpoHuil, T0 MOKHO OKHAATH, ITO B Te-
geHme 1/, BpeMeHn oH Oy/ieT npeBpaliarhcad B COCTOSHUE CO CMUHOM
0 um B Tewenme 3/, BpeMeHN — B COCTOsiHWE O cmuHOM 1
{cm= — 1,0 man -+1). Tar gr0 }/, BpeMeHuU Oyner WPOHCXOAUTH
nByxdoronnasn aupurmiAmya, OcranbHbe 3/, BpeMeH ABYX(GOTOH-
Hafgd AHHUTMIANHA LPOUCXONHTH He MosKer. AHHUTHIAANHA MmpPoO-
HCXOANT, HO Ha mpu $oroHa. Takoll AHHUTHASUUE TPYNHEE J0K-
jgarbes, W BpemsA sxuzEu noayuaercs B 1000 pas mombme — 0K0I0
107 cer. I10 ¥ Habnwgaerca Ha oubiTe. AHHUTHAANMed COCTOAHUA
co couHOM 1 MBI mofgpoOHee sapuMarbes He GypeM.

Jo cux mop Mu, onupasch Ha COXpaHEHUE MOMEHTA KOJIHYECTBA
JRUMKEHNA, CIUTANH, 9TO COCTOSHUE O3UTPOHUS ¢ HYIeBEIM CIUHOM
MOKeT IpeBpallaTbcA B ABa mpaBmx $oroHa. Mmeerca u gpyrasa
BO3MOKHOCTh: 9TO COCTOSIHWE MOKET I PEBPATUTHCA B Iapy JeBHIX
$oTOHOB, KaK mMoKazaHo Ha gur. 16.8. Cregyomuii Bompoc — Kako-
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BO COOTHOLIGHWE Me:KIY aMIIHTYIaMH 3THX OBYX THHCB pacmana?
JT0 MOKHO y3HATH, YUTA COX paHeHHe JeTHOCTH.

Ho gna sroro maM Hy)RHO 3HATH YetTHoCcTHh mosurporusa. Pusu-
KU-TEOPETHKY IIOKa3aJy (CIO/KHBIM myTeM, KOTOPHIA HeJlerKo modc-
HHUTH), 9T0 UYeTHOCTH 3JAEKTPOHA W IO3UTPOHA (6TO AHTHIACTHIIH)
OOJMHH OBTH IPOTHBOIONOKHEI, TaK YTO OCHOBHOE COCTOSHHE
nosuTpoHuA co conuHOM 0 gosmkHO o6magaTh OTPHNATENBHON Yer-
HOCcTHI0. ME mpocro mpennosnoskmM, 9T0 YETHOCTH OTPUINATENBHA,
M, IOCKOJBLKY MBI TIOJYYHAM COIVIACHE ¢ 9KCOEPUMEHTOM, ME COYTEM
ATO JOCTATOYHO yOeIUTeTHHEIM IOBOLOM.

ITocMoTpuM 3Ke, 9T0 WPOUZOHALT, eCTU MB HpoJeaaeM HHBePCHIO
nponecca Ha ¢ur. 16.6. llpu waBepcun ob6a PoroHa MeHSIOT CBOM
HampasieHnsA U monsapusanuu. O6pameHHad KapTHHA BHIIAJHT
TaK, KaK mokasano ma ¢ur. 16.8. Ecanm cunrarh, ¥ro YeTHOCTH. HO-
BUTPOHUA OTPHNATENHHA, TO aMIUIATYHH mporeccos ma ¢ur. 16.6
n 16.8 mommus uMers obparasie sdaku. llyers | R, R, ) — KoHneu-
Hoe cocrogume Ha Qur. 16.6, rae oba doroma npasse, a | L;L, > —
KOHeuHoe cocroamme Ha ¢ur. 16.8, rge ofa dorona — nesse. Me-
THHHOE KOHEeYHOe cocrosHue (oGozHaumMm ero | F D) moakHO OHITH
TAKNM:

|Fy>=|R,R,>—|L,L,>. (16.19)

Toryia uaBepeus moMenser MectaMu Bce R c¢o Beemu L m mpusejer
K COCTOSTHHIO

P|Fy =|L,L,>—|R,R)> = —| F>, (16.20)

uMeiomeMy no cpasaeHuio ¢ (16.19) suak Mmunyc. Smagnr, KoHeYHOE
cocrosiane | F7) obmajgaer OTPUNATENBHOH YeTHOCTHIO, COBUARAIO-
IeH ¢ TeTHOCTHIO TePBOHAYAIBHOIO COCTOAHUSA MO3UTPOHUA CO CUOHU-
moM 0. 910 e uHCTBEHHOC
KOHEYHOE COCTOAHHE, KOTO-
poe coxXpaHfer W MOMEHT
KOJNWYEeCTBA [BIKCHHA W
qeTHOCTh. MOKIO, KOHEUHO,
BHIYHCINTL aMINIUTYXY TO- s
To, 9TO HPOUM3O0HJeT pacmajp

B 3TO COCTOSAHHE, HO MBI

<> Jlessill

ete”
Q@ ue 16.8. Hpyzoi mecaumell
npoyecc aHHULUALYUU ROZUMPO-
HUA. 2> Nlesbid
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He OyneM 5TMM 3aHMMATBhCs, HAc ceiizac WHTEPECYET TO ABKO
IOJAPUBATHAL.

Uro sme oszHawaer cocroaniue (16.19) ¢msuaeckn? Opwe uz BH-
BOJOB TAKOB: eciu MH HaliwogaeM mapy GOTOHOB IPH MOMOTIM IBYX
HEeTeKTOPOB, KOTOpHE MOTYT HODO3HH CYMUTATh UHCIAO JIGBHX HIH
9HCI0 OpaBHX (OTOHOB, TO MHL Beerga OymeM BHIETh OJIHOBDE-
Menpo aubo mapy mpaBex, aubo mapy Jgessx dgorowon. Wmaue ro-
BOPs, €CJAM B BCTAHETE IO 0IIY CTOPOHY IOSUTPOHMUA, & RALN I PH-
TeAb IO APYTYIO, TO BBl CMOKETE, WaMepAA MOXAPU3ANUI0, CKa3aTh
BANIEMY HPUATENIO, RaRasd NOJSAPH3anus y Hero noayumnach. G ne-
posrrocrblo 50% BE Oypmere JOBUTH TO JERHIl, TO HpaBHil ¢oroH;
970 B3l HoiiMaere, TO U mpeacKassiBaiire.

Pa3 meras u mpamast Hoaapusanniu BCTPeYalOTCS HODOBHY, TO
BCE 9T0 CWIBHO CMaXWBaeT HA JHHEHHY moaspusanumo., Cmpocum
cebst, yro Oymer, ecan Habaogath QOTOH ¢ WOMOUIBIO CYETIHKOB,
KOTOpUe BOCHPHHHMAIOT TOMBKO JAHEEIHO HOIAPH30BAHHEIIL cBeT?
Honapusanmo y-xzanrtos HaMepsts He taK JderKo, KAk IMOJAApU3a-
A0 CBera; HeT TAKUX HOJAPHA3ATOPOB, KOTOPHIS HA CTOIb KOPOTKIX
BOIHAax Xopomo paboraor. Ho BoobpasmM, urodn ofaeruuts 06-
cywmpenme, gro rakoe Gwisaer. Ilycrb mmeercs cuerdui, KoTopmi
ROCHPHHUMAET TOJMBKO Z-IOJAPU30BAHHEIN CBET, & IO TY CTOPOHY
MOBUTPOHUS CTOWT KTO-TO, KTO TOMe HaGHIOZaeT JTUHEIIHO MOJAPHU-
B0BAHHHI cBeT, HO TOJBKO, CKajKeM, y-mojasipmaosaumsiii. Haxos
uanc, 910 B 006a OmHOBpeMeHHO 3aMerure (OTOHH OT AHHUTHIS-
nuan? Hy:rH0 Hallth aMmauryxy Toto, 4ro | F ) 6yner B cocrosTHIN
21y, >. ViHEIME cioBaMu, ME HIEM aMilIHTYIY

<z Yo | FD,
KoTopas, KOHEYHO, PaBHA HPOCTO PazHOCTH
<Yy | ByBy>—<ayyy | Ly, (16.21)

Hanee, xorsg HaM celiyac HYHHH ABYXUYACTHYELIE AMIVIHTY b
151 gnyx GOTOHOB, ¢ HUMHU 37eCh MOKHO 00paiaThes Tak ke, KAk
¢ aMIUIATYHAM¥ A7 OTAeNLHHX YacTHI, Beib KayKAAs YacTUNA
JecTBYeT HE3aBHCHMO 0T APYroi. 3T0 3HAYUT, YT0 AMILUIATYHA
{z,y, | B{R,) mompocty paBHa HpOH3BeNeHUIO JABYX HE3aBUCHUMEIX
amonaryn {z; | B,> u {y, | R,). I ammauryas (cM. tada. 15.3,

crp. 130) pasmst 1/} 2 u i/} 2, tar wro
Cayys B Ry> = g
Arajnorugso, ,
zyye | Lnln> = —";‘ .
Briunras ux, kax crasamo B (16.21), momysaem
Eyye | F>= +i. (16.22)
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3Hauur, ecai BBl 33MEeTHTC B CLOEM X-IOJSAPHIOBAHHOM JETeKTope
$OTOH, TO Ball IPHUATEAb C BEPOATHOCTBIO e0URUYa TOMKE 3aMETHT
$GOTOH B CBOEM y-DOMSPHI0BAHHOM JeTeKrope *.

Temeph HPEANOJOMHUM, UTO BAIl NPHUATENH HACTPAUBAST CEOH
CUETUWK HA Ty ’Ke Z-TOJAPU3AnUIo, 4T0 ¥ BH. Torja OH HH 3a 9TO
He IDOZYYHT OTCHeTa OFHOBpeMeHHO ¢ Bamu. llogcwuras Bce, uTo
HaJo, BH Ha#Wpere, UTO

{2120 | F>==0. (16.23)

EcrecrseHHo, eciiu BB HACTPOUTE CROM CYETUIR HA J-TIOJIPHZAIMIO,
TO Bapl OpHATe]s 6ymer HOTyTarh COBMAJNAIOUNE OTCYETHl TGJIBKO
TOTAA, KOTJA OH ¢aM HACTPOMTCH HA Z-HOJSPHU3AIUIO.

Bcee sro cospaer unrepecuoe nonosxenue. IIpencrasbre, YT0 BH
B35 KYCOK W3BECTKOBOTO TIHATA, KOTOPHIH pasjenser POoToHH Ha
2- M y-HOJAPHU30BAHHBE OYIRU, M B KAKIOM OydYKe IOCTABUAU IO
cyeryniy. HasoseM ofuH W3 HUX Z-CUCTYAK, NPYTOll — y-CUSTIHK.
Ecnu pam npuaTeas, croAmuil 0o Apyryio CTOPOHY, CHENACT 10 e
CaMOE, BB BCETIA CMOMKeTe ero HpPeAVOpeJuTh, B KAKOM HYYKE CO-
6upaercsa opoiity ero goroH. Besaxuil pas, KaK y Bac ¥ Y HETO HOAY-
aloTesA OJHOBPEMEHHBIe OTCYETH, BBl MORETE MOCMOTPeTh, B KaKoil
Ii3 BaiMX JeTeKTOoPos momank QoToH, ¥ TaTh eMY 3HaTh, KAKCH U3 ero
cUeTIHKOB noiiMas goroH. Ilycrh, craseM, B HEKOTOPOM pacraje
BB 00HAPYIKITE, YT0 OTOH BOIHEN B BAUI £-CYeTYHK; TOT/IA BH KPUK-
neTe eMy, UT0 B €ro y-cueTdHKe IMPOM30uIe] OTCYer.

Muorux ntogeil, H3y9aONUX KBAHTOBYI0 MCXAaHHKY OOBIMHBIM
(crapoMopusM) cmocofoM, 310 00CTOATENHCTB0 OUCHB BOJHYET.
Vm xoresoch 68 caurarh, 4T0 Korga (OTOH M3Iy9aercs, TO OH
FBIUKeTCSA KaK BOJHA onpepfeieHnoro Xapakxtepa. OHu xorenu GOH
JIyMaTh, 9T0 MOCKOIbKY «KayR/IBIH Xanuelii doroHy o6aagaer HEKOTO-
POil «aMIAUTYHOI» TOrO, UTO OH OKAKETCS ¥~ WIH Y-TOAsIPU30BAHHEIM,
TO JOJKEH GHITH ONpeAeaeHHbI Ianc moiMarh cro nubo B z- , aubo
B Y-CYETIYWKE, W YTO ITOT IMAHC HE JOJKEeH 3aBlCeTh OT TOTO, 9T0
ofmapy:KuBaeT IPYroii ueroBeK Y COBEPINEHHO Apyroro (oroHa.
Cum goKasBIBAIOT, UTO «eCHH KTO-TO APYLOHl HelaeT U3MEPEHUA,
OH He JOJKeH OBITh B COCTOSHWM M3MEHHUTh BEPOSTHOCTH TOTO, 4TO
A obmapymy». Hama KBaHTOBasg MeXaHHKa yTReP/HHAET, OMHAKO,
qT0, memas waMepenus Han QororoM Nt 1, BHI B cocrogHEE npen-
CKasaTh TOYHO, Karas coOmpaercs OwITh mOAApH3anua y ¢GoroHa
N 2. C aTuM HUKAK He MOT cormacurbes JifHMmTeiH. 3T0T mapamokc,
TaK HasbhBaeMBE «napamoxce Jfmmreitna — [lomoabckoro — Po-
3¢Ha», ero oueHb Occmokomn. Ho ecnu ommearh monoskenue sempeil
TaK, Kak 910 OBLIO CEJ4aHO y HAC, TO BOOOINe Her HUKAKOTO mapa-

* Ml He HOPMEPOBAJN HANIM AMINIMTY/H A He YMHOMAJIH AX HA aMININ-
TYRY Daclaja B TO HIH MHOe KOHCUHOE COCTOAHME, HO JerKo BHAETh, 9TO HaIl
Pe3yIbTaT BepeH, MO0, DPACCUATHBAA BTODPYO H3 B3aMMONCKIIOYAIONHX BO3-
moskHOCTed [cm. (16.23)], MBI HOXydaeM BepOATHOCTH HYJb.
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JIOKCca; BOOJIHE eCTeCTBOHHO MOJyYaeTcs, 9To TO, ITO M3MEpAeTCA B
OTHOM MecTe, KOPPeJIMPOBaHO ¢ TeM, 9YTo H3MepAeTcA THe-TO B APY-
roM. Paccyxnars, 91000 pesy’abrar ¢rTaj OapagoKCAJbHBIM, HaJ0
npuMepHO TaK:

1)} Ecau y Bac ecrTb cueTYHNK, KOTOPHIN co0bIaeT BaM, KaKoli Bam
$0oTOH — IpaBBId WJIW JeBHIil, TO BH MOyKeTe TOYHO IpeACcKasaTh
copr ¢oroHa (IpaBHIil WIM JeBHIl), KoTopsil o6HAPYKUT Bam mpu-
ATED.

2) KRamperii goToH, KOTOPHII OH HPUHUMAET, HOJKeH IO3TOMY
GBITEL U600 YUCTO JIeBEIM, NKMG0 YMCTO mpaBhIM, OIPUYEM gacTb $oTo-
HOB 6yZeT OJHOTO COPra, & YacTh APYToOTo.

3) Bl GeccmopHO HE B COCTOSHUN TePEMEOHUTH QPU3NUYCCKYI0 MpPHA-
poiy e2o OTOHOB, MEHAS Xaparrep TeX HAOIIOZEHUI, KOTOPHE BB
copepuaere Hay sawiumy poroHamu. Kaxme 6B BE H3MepeHUA HU
IpOJEJHBAIN HAX CBOMMEU GoroHaMu, ero (OTOHB HO-TPeHKHEeMYy
noiRael OBlTh U60 IPaBRMU, JUGO0 JEBHIMH.

4) JlomycrnM, 4to 0oH MeHseT cBoil ammapar Tak, 4TofH pacing-
OuTh CBOW (QOTOHH IPY FOMONIH KYCKa M3BECTKOBOTO IMNATa HA [Ba
JUHEHHO NOXAPU30BAHHBIX IYYKA, TAK 4T0 Bee ero GoTonst mepeiifyr
aubo B 2-TIOJNSAPU30BAHHBIN, 71HG0 B y-mOJAPU3OBAHHBIA Hy9ToK.
CoracHO KBaHTOBOH MeXaHHKe, HET HHKAKOI'0 cmocoba coolmuTh,
B Rakofl 13 ©OydYKoB mepelifer 3aJaHHHA nOpaBeil  ¢oroH.
Ecrr 50%-Has BepoATHOCTD, 9TO OH HOiimeT B xz-OywoK, u 50 % -Hag
BepOsITHOCTD, 910 B y-ny4ok. To sKe OymeT U ¢ JeBHM (POTOHOM.

5) Hocronpky wrampslii Goron aABigerca aubo JeBbIM, nubo
mpaBeM (COTIACHO HYHKTaM 2 M J3), TO KayRUBII M3 HUX NOIEH C
50 %-n0il BepOATHOCTEIO mepelity 1ubo B x-TyYOK, JuG0 B y-OyUOK,
¥ HEBO3MOKHO TpeICKa3arh, KaKol myrh oH BhGeper.

6) A Teopud IPeRCcKa3EIBAET, UTO €CJIH bl 3aMETHJIH, IT0 BAIl o-
TOH HpOIIe] Yepe3 x-MOJAPH3ATOP, TO BH €O écell onpedeseHHOCmbio
MojKeTe IpeAcKasaTh, Uro ero QoroH mpolifler B €ro y-moJispHuso-
BaHHOM Iy9YKe. JTO IPOTHBOPEUYUT HYHKTY D, TAK YTO HAJNMUIIO TADPa-
JIOKC.

Ho nmpupopma, no Bceil BHANMOCTH, He 3aMEYaeT DTOTO «Iapa-
ZOKCa», TOTOMY 9T0 OOEIT CEHJIETENBCTBYET O TOM, UTO MPefICKa3aHme
nyaxTa 6 B meficTBUTENbHOCTH BepHO. MH yiKe 06Cy®uanu RI0Y K
pelleHHIc 3TOTO «Hapagorca» B Hamell camMoll mepBoil JeRmuW mO
KBAHTOBOMeX aHNTIeCcKOMY moBefenmio [cM. 1. 37 (Bwm. 3)]. B mpa-
BEAGHHOM BHIIE pacCy:RAeHUNA NYHKTH 1, 2, 4 1 6 Bce mpanwibmsl, a
OYHKT 3 W, KaR CJHEJCTBUE 3TOr0, OYHKT D — OIMUGOYHH; OHH He
ABNAOTCA TPAaBWIBHEIM omnHcaHumeM upuponsl. Paccyxpuenme B
OyHKTe 3 TOBOPHT, UTO ¢ IOMOMIBIO gauie2o M3MepeHusa (Habmogenus
mpaBoro WIK NeBOoTo (oOTOHA) BH MOKeTe OIDPEMIENUTh, KaKoe W3
ABYX B3aMMOHCKIIOUAIOMMX cOORTHI mpoms3oiiieT y Hero (yBUAUT
W OH UpaBHii POTOH WIW JEBHI), U YTO JaKe ecin BH He npode-
JAdeme CBOUX M3MepeHUil, BH Bce PaBHO CMOKeTe CKa3aTh, 910 y HEro
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mpousoiifer aubo ofHO cobrtme, AuGO ppyroe. B arom m cocrout
cyTh paccKazaHHoro B ri1. 37 (BHO. 3) — MOAUEPKHYTH ¢pasy, ¢ Ca-
moro mHadana, uro B [Ipupome pmesno obGctoumr copcem me rtak. Ee
nyTh Tpedyer onucaHWA HA ASHKe WHTepPepUPyoOIMUX aMIINTyX,
110 OHOH aMINTUTY/E IS KasRoTo COORTHA, HCKII0IA0IIero Apyrue
cobritusa. VsMepenne, B KOTOPOM [eHCTBUTEIBHO PEANUZYETCH OLHA
13 BO3MOMKHOCTEH, paspymaer uATepPepeHnmio, HO eclu U3MEpeHTe
OpojenaHo He Gulio, BBl He BHpABE TOBOPUTH, UTO «3¢e PABHO peajn-
syercs Jnb0 OQHAZ BO3MOKHOCTH, JUGO ApYTasi».

Bor ecam 651 BB MOTIIN OmpefieTUTh AJIST KAIKIOTO U3 Bamux $o-
TOHOB, KAKCIl OH -— IIpPaBHIil WIM JEBHIl M, Kpome Mmoo, aiBIAsIET-
csl TN OH Z-TIONSIPT30BAHHRIM (BCe /A OIHOTO U TOTO sKe PoroHA), 10
970 meficTBUTeabHO G0 65 mapagokcoM. Ho atoro Bsl He caorkere
clleflaTh — Iepej BaMHU OpUMep MPUHNUIA HEONpeNeTeHHOCTH.

Ecnu BH Bce emie He YIOBIETBOPEHH W CUUTAETE 3TO (HapaToK-
COM», TO MOKAKUT2, YTO 9TO JAElCTBUTENHHO HaPAOKC: MpHIyMaiiTe
TAKOH BOOGpAKAEMBIN ONKT, 1A KOTOPOTO TEOPUS KBAHTOBOIl Me-
XaQHHKH JIBYMs PasiugHbIMA pPacCY/MIeHHAMHU mpeAcKashiBaia OBl
IBa HeCOTIACYIONUXCA peayabraTd. 3 HpOTMBHOM cayuae «mapa-
JOKC)» — DTO BCETO JWIIh KOHGIMKT MEKAY TeM, 9TO eCTh HA caMoM
Jexe, W BalUM OU[YINGHHUEM TOTO, KAKOH «IOJarajoch Ol OBITHY
peannLHOI mpmpore.

Bw1 cumraere, 910 3T0 He «napajoKcy, HO UTO 3TO BCe 3Ke OUEHD
crpanuo? C 5TuM MBI Bee MOeM coriacuthed. UMenno 9To u feaaer
GOHBUKY CTONb 3aXBaTHIBAIONE HHTEPCCHOM.

& 4, Mampuiia n060poma 048 nPouU3eoabILOL0
cnuHa

Ceiligac, A Hameoch, BaM yMKe ACHO, KaK BAYKHO OpeNCTaB-
JeHHe 0 MOMEHTE KOJNTECTBA ABIDKEHUA MJId MOHNMAHUA ATOMHLIX
nponeccon. [0 cux mop MH paccMaTpPURANA TOABKO CUCTEMHEI €O CIiM-
HaM¥ (WIN «OOJHBIMH MOMEHTAMH KOJHYECTBA NBIKenNs») 0, 1/, n 1.
Ho Gupaior, KOHEYHO, W aToMHBIE CHCTEMBI ¢ OOJIBIIAMEA MOMEHTA-
MU KOJAUYecTBA ABWkeHUs. JJis aHANH32 TAaKUX CHUCTEM HYyJKHE
TaKue ;e TafIunsl aMIvI Uty HOBOPOTA, KAKHE MBI IPUBEAH B 131, 15,
§ 6. UnwMu cropaMu, HyMHa MaTpUNA aMIUIATYJ [JAA COMHA
35, 2, ®/y, 3 M 1. 1. M He OyneM mozpoSHO pacCIUTHBATH BTH
TaGrunel, Ho Xorteam O mOKaszaTh, Kak 9T0 HAesiaercA, uTo0Hl BHI,
ecaId moHamoOuTCsA, MOTJIW caMi 3TO HPOJIesaTh.

Hak Mnl BUmean padbime, J06ad CUCTEMA €O COUHOM, HAH (II0J-
HHIM MOMEHTOM KOJWYECTBA ABUWKEHWS», | MOMKET CYIleCTBOBATH B
oguoM m3 2j 4+ 1 cocrogmmit, B KOTOPHIX Z-KOMIOHEHTa MOMEHTA
ROIWYECTBA IBWKCHHUA OPHHUMAeT OJHO H3 JUCKPOTHHIX 3HAUE-
auit j, j—1, j—2,..., —( — 1), —/ (Bce B emmammax h).
O6Go3navyan z-KOMHOHEHTY MOMEHTa KOJHMIecTBa [BIKCHUST HpO-
H3BOJBHOTO BHIODAHHOTO COCTOSHUSA ueped mh, MOMKHO ompejie-
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JWTh COCTOSIHNIE MOMEHTA KOJUYECTBA MBIYKEHHSA, 3a[aB WHCICHHbIC
3HAQYCHUA NBYX «KBAHTOBHIX YUCEJ MOMEHTA KOJHYECTBA JTBUKEHU)
j m m. Taxoe cocTossHme MOMKHO OTMETHThH, YKa3aB BEKTOP COCTOs-
HuA |/, m). B cayuae wacrun co couaom 1/, MOryr GHTH ABA COCTOA-
qua | Y,, Yy>m | Y/,, —1/, >, & cocToAHmA cHCTEMH co cumHoM 1
B 1uX 0003HAYCHUAX Mo:kHO 3ammcath Kar |1, +15, 11, 0),
|1, —1>. ¥ gacruns co cnmaoM 0 MosxeT OHTh, KOHETHO, JUIITb OJHO
cocroauue |0, 0.

Temeps MR MOKeM TOCMOTPETh, 4T6 TPOUCXOUT, KOT, 14 MBI Ipoe-
LHuDyeM ofilee cocrosHue | j, m ) HA OPECTARISHUE, OTHOCAINEOCT
K mosepryToil cucreme oceil. IIpeskie Bcero usBecrro, uro j — 910
THCI0, ROTOPOE XAPAKTEPHBYET cUcmery, TO3TOMY OHO HE MEHIeTCT.
ITpu mosopore oceil MBI MOJYYUM OPOCTO CMECh PABNIHYHBIX 3HAUE-
HUHA M st 6 JHOTO U TOTO e j. B ofmeM caydae NOABUTCH aMILIATY -
Ja TOTO, Yr0 cHCTeMa B MOBEPHYTOI cHcreMe KOOPAWHAT OKAKeTCH
B cocroanuu | j, m’ >, rme m' — HOBasA z-KOMOOHEHTA MOMEHTA KO-
nugectTBa ABICKEHHs. 3HAUHT, HaM HYKHB MATPUYHBIE 3JIEMEHTEH!
<, m"|R|j, m)> BceBoaMoHEX moBopoToB, Mur yxe 3HaeM,
urd OniBaer, ecad MOBOPOT Fesaercs Ha yrod ¢ Boxpyr ock z. Hosoe
COCTOSIHME — HT0 HOWIPOCTY Crapoe, yMHOMKeHHOe Ha ¢'™*, y Hero
OO-IpeKHEMY TO jRe BSHAYeHWe m. IT0 MOKHO 3ammcaTh TakK:

R, (@)| ], m>=eme|j, md, (16.24)
uAM, ecau BaM GoJiblle HpPaBUTCH,
<Jym' | R, (@) ], m)>=08m, mem? (16.25)

(rie 8, PAaBHO eIMHNUIIE TPU M’ = m, U HYJIIO B IPOYNX CIAYIAAX),

ITpu moBoporax BOKpyr Hi000il Hpyroil ocH BOBHHKART HepeMe-
MUBaHue pa3iIduHHX m-cocrTognuit. Momuo Obuio OB, KOHEYHO,
OOOMTATHCA NOICUNTATh MATPHYHLIe BIeMEHTHl i IPOH3BOJIBLHEIX
IOBOPOTOB, OMNMCHIBAEMEIX yIyaMu Jitepa B, u y. Ho Gyzer serye,
€CJIM Mbl BCIOMHHM, YTO caMBI# of6mmil Taroil moBopoT MokeT ObiTh
coctanied W3 rpex mosoporor R, (y), R, (), R, (B); rak uro ecan
MBI BH2EeM MaTpMUHBIe JIeMEHTH JJIf MOBOPOTOB BOKPYT OCH Y, TO
yiKe pacmojaraeM BceM HeOOXOTUMBIM.

Kax ;xe maM Halitlm Matpumy HoBOPOTa JIIA HOBOpOTA YACTHIH
co cuuHoM j Ha yroa O Boxkpyr ocu y? Omupasich Ha OCHOBHEIE 3a-
KOHBI (1 Ha TO, 4T0 yyKe OBL10), 970 cenarh Heslerko. Mul rak mocTy -
nand co COHHOM 1/, BEIBeAW BCE, YTO HYKHO, HOIL3YACH JI0BOJLHO
CIORHEME co00pakeRnsMH cumMerpun. J{ua cnmsa 1 me 3710 mpo-
Jejdanu y:;ke HHaye: PAcCMOTPeNId JacrHHIl clIyuail, Korga cHcTeMa
co comEOM 1 CKIagBIBaeTCA U3 NBYX cucTeM O couaoM '/,. Ecan Bu
mociexyere 3a HaMO M IpH3HAeTe NPaBWIBHLIM TOT (aKT, 9TO B
obmeM ciyuae 0TBETHl 3aBHCAT TOJLKO OT COHHA j, a He OT TOTO,
KaK CKpeWwIeHEl Me)Rgy co0ofl pasHble gacTH CHCTEMHEL ¢O CIMHOM
j, To MEL cMOKeM 0000ImUTE paccy:enus A cowHa 1 HA mpoms-
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ponbHLI] comi. Mer cioseM, nanpumep, cOOPYHHUTDh HCKYCCTBEHHEYIO
cHCTEeMY €O cOMHOM °/, U3 Tpex 00BeKTOB cO cOuHOM '/,. Mur cMokeM
naske w30esrarth BCAKHX YCIOKHEHMA, BooOpasmB, 4ro Bce OHH
CYyTh PA3IHIHEE YACTHIBL — CRAjKem, HPOTOH, DICKTPOH W MIOOH.
ITpeobpasya wrampeli o6BeRT cO cmuHoM 1/,, MB yBHIUM, ¥TH
OPOMCXOLUT CO Beeil CHCTEMON — HaJ0 TOJIHKO BCIOMHHTD, YTO JJIA
KOMOMHWPOBAHHOIO COCTOAHHA BCe AMIJINTYIH MMEPEMHOMKAIOTCH.
[JlapaiiTe IOCMOTPHM, KaK Bce 5TO HPOXOJHT.

JdomycraM, Mbl PACHOIOMHUAN Bee TPU oOBEeKTa co cowHOoM 1/,
CHUHAMH BBePX; 0603HATNM TaKoe cocrosinne | -+ -+ + >. Ecau Mu
B3T.IAHEM HA HeTO B3 CHCTeMH KOOPAMHAT, IOBEPHYTOIT 0THOCHTEN b-
EO OCH 2z HA YTOX ¢, TO RAKABIIL IUII0C 0CTaHE TCA MIIOCOM, HO YMHO-
swHTeA Ha e'%/2, Taxkux mMuomAreneit y mac rpoiixa, Targ dro

R, (¢) |4 + > =eGo)| 4 4 4>, (16.26)

fcuo, wro cocrogmue | -+ -~ -~ > — 270 KAk pas TO, YTO MBI HAZHI-
BaeM cocrosEMeM m = -3/, mam cocrostHmEM | 3/,, - 3/,>.

Lcenm mpr 3arteM mOBEpHEM BTY CHCTEMY BOKPYT OCH Iy, TO § KasK-
Zoro u3 0o0BEKTOB CO COMHOM 1/, MOABUTCA HEKOTOPAH aMIVIMTY-
a cTarh ILTIOCOM ILIH CTATh MHHYCOM, TaK UTO BCsI CHCTEMA CTaHeT
Temeph CMEChI0 BOCHBMH BO3MOMKHBIX RoMOunamuit | + 4+ + 5,
| — — 4> mmm | — — — ). flcHo, opHako, 4TO WX MOKHO pas-
GWth HA YeTHpe I'pyOOH, YT00H KayKIaA COOTBETCTBOBAJIA CROEMY
spagernio m. [Ipemme Bcero M uMeem | -+ -+ -, A4 KOTOpOTO
m = 3/,, 3artem WMeeTcs TpOHKa  cocrosgHUIl | + 4+ —>,
|+ — +>u | — -+ 4> — Kamygoe ¢ ABYMsA TLIIOCAMH U OJHUM
munycoMm. Ilockoawpry Haszppil M3 06BeKTOB €O CHUHHOM !/, MMeer
paBHsie IIAHCH CTATH TOCHEe HOBOPOTA MWHYCOM, TO Kaspas Hu3
ATUX TpeX KomOWHanumil JousKHA BOlty Ha paBmeX nasax. [loaro-
MY BO3bMeM KOMOUHANKIO

FellF+ =+ — o=+ ) (627

rge MuHOMUTedb 1/)3 mocramieH s HopMuposrd. Eciam ME mo-
BepHEM 3TO COCTOSHHE BOKPYT OCH 2z, TO IMOJYIWM MHOKHTEIH
/2 pag RasAoro miwca M e~ %2 mua Kaskporo mmHyca. Hampgoe
ciaaraeMoe B (16.27) ymmomurca ma €92 u o6mHI MHOMKUTEIB
ei®/2 Mpl BBIHeceM Ba CKoOKH. Takoe cOCTOSHHe COOTBETCTBYET
HapleMy OPeRCTABISHHIO 0 COCTOSAHWH ¢ M = -+1/,; MBl mpHXOIAM
K BHIBOXY, 9TO

el F = ) =5 7). (16.28)

Toumo Tak #e MOKHO HAUHUCAThH

1
Tl ==t == )=

w

S —% ), (16.29)
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970 COOTBETCTBYET COCTOAHHIO ¢ m = —1/,. 3aMerhTe, 9TO MH
OepeM TOJNBKO cuMMempUuHble COYETAHUSA, ¥ Hac HeT KoMOuparmii,
Kyja BXOAAT claraeMele co 3HaKoM Muuyc. OHu orsewanu GHl co-
CTOSHHAM ¢ TaKUM jKe M, HO ¢ UHHM j. IT0 aHANOrMYHO CJIYYaio

corHa 1, rae 1/V°2) {14+ —=>+1—+>} 6eno cocroamuem
[ 1,05, a(1/V2) { | + —> — | — +} 6mr0 cocrosmuem |0,0.
Hanoner, sl mveem
3 3
=)=l — . (16.30)
JdTa ueTBEpKA cocToAHMmIl cBefena B raba. 16.1.
Tabauya 16.1 e CECHKA COCTOSIEINT
3 3
JA- 4> = ‘2‘,+7>
1 3 1
T R e AR Y,
1 3 1
T R e 2.
3 \
2 /

|———> =

Bee, uro HaM Temeph HYRHO CeJaTh, dTO B3ATH KayK/i0e COCTOA-
HUe, HOBEPHYTH 670 BOKPYT OCH J W HOCMOTPETh, CKOJIbKO HOBHIX
COCTOAHME OHO ¢O03acT — HOJb3YACh W3BECTHON HaAM MarTpuiei
moBOpOTA AAA JacTHNM couHa !/,. MokHO mocTymarh TakK jKe, Kak
MHL 3T0 fedianu B ciaygae comaa 1 [em. ra. 10, § 6 (sum. 8)]. (Toxnko
anreOpnl Oymer moGombmme.) My OypeM cTporo caeloBaTh HMIGAM
ra. 10 (sam. 8), Tak 9ro MORpOOHHX obBACHEHUI faBaTh He OymeM.
CocrosEuA B cHcreMe S O6yqyr oGosHawarscsd

3 3
?’ +?1S>:I+++>’

3 N b4 — —
|50t g S=gFlt FF = = )

u T. A.; T-cucteMoif Gymer cuuTaThcA CHCTEMA, IOBEPHYTAA BOKPYT
ocH: y cucteMHsl S Ha yrox 8. Cocrossgna B 7-cucreme GynayT o6o3Ha-
warbed | 3/, + 8/y, T, |%,, + 1y, T> u t. m flcro, dro
| %/, + 3/,, T') ato 1o ke camoe, aro | -+’ (mrpuxu Beerga
orgocatca K 7-cucreme). Toumo rar me |%,, + *,, T Gymer
PaBHATHCSA

1 / ’ 4 ! I4 (AN . ’
T U H =0 D D)
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n 1. 0. Rampgoe |--')Y-cocrosiEme B T-cucreMe MOJydaercs KaK U3
[ 4>, Tar w13 | — H-COCTOAHUE B cucTer2 S ¢ MOMOINbI0 MATPHI-
HHX ssemerrop u3 raba. 10.4 (Bem. 8, erp. 267).

Ecan mul uMeeM Tpoiiky wacruy co cumuoM Y/,, to (10.47) mago
3aMCHUTE Ha

[+ 4= [ e =
+|—I+"+'>}-]{—abz{"—;—l-‘,*“‘,>+l—‘,+/_,>+
+ __I__I_{‘I>}+b3|_‘l_—/__/>' (1631)

Hoanaysacn obozmasenmamn taba. 10.4, womyuwnm Bmecro (10.48)
ypasHenue

3 3 3 3 1
r7 ’ 'IL”‘?Z?S)_‘(‘& 77 ] _I_V%ab]f)ﬂ—l_27T>+
LV 3an 5, ——;:,T>+b3 S =), (16.82)

OT0 yiKe TAeT HaM HEXOTODHE W3 HAMIHX ManI/I‘IHH‘{ BJIEMEHTOB
T |iSy. Yrobul monyunts BRHpaKenue jis | 3/,, - 1/,, SO, uu1 foa-
JSHEL UCXONUTH M3 mpeo0pasoBaHUsl COCTONHHA € ABYMS MJIOCAMI
u ogdaum MumHycoM. K mpumepy,

|+ +—>=a%|+ "+ + b ad |4 D abe | T
+bac|—"+"4"> b abd |+ —"'—">+bad |—"+ "' —">
b | —"—" b | ——— ">, (16.33)
JiobaBmsia gpa CXONHMX BHpaMeHms Jiua |+ — +> u |— - )
o Jensa Ha Vg, Ha#goM

%7 +_%7S>:V§azc 5 -%_?)7T>+
N 3 1
+(@d4-2ab0) | o F . T )+
F(2bad - b%) | 5, — L T )+
3 3
VB |y, —5, T ). (16.34)

[Tpoponmas aror mpomecc, Mul Hafimem Bce anementsr (7T [ iS)
Marpuis npeoOpasosanusa. OnHm wnpusegesst B Tabm. 16.2.
TMepewtit cronben moaygaerca w3 (16.32), Bropoit — ms (16.34).
ilocmenaume gBa cronbua ORUIM BHYWCIASHBI TAKUM JKe CIOCOGOM.

Teneps gonyctuM, uto T-cucreMa 6BIIa TOBEPHYTA OTHOCUTEIBHO
S-cmeremnt ma yrod 0 Bokpyr ee ocu y. Torma a, O, ¢ m d paBHH
[cM. (10.54), Brm. 8): @ = d = cos 0/2, ¢ = — b = sin 0/2. Hox-
craBifg 310 B Tabia. 16.2, moayuaem GopMyIIE, noX0KUe Ha BTOPYIO
noxoBuny taba. 15.2, HO Ha dTOT pas AJs CHCTEMEL CO CHMHOM %/,.
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Tabauye 16.2 o MATPHUIIA IIOBOPOTA JJIA YACTHIILL CO GIIMHOM 3/,

Koadpunuenrs a, b, ¢ u d o6pacuaiorca B rabx, 10.4.

IT|iS> l%+ %s) §+ —;—s> ,—‘;-—és> _;-_%s>
3 .3 3 = T 3
<TZ ,T?,T a V 3a%k V'3 ac? ¢
<—3~ +i T V 3 a% a2d -+ 2abe 2 2dac V 3c2d
2t ° = 2¢
<’§— ,—“%‘, T V3 ab? 2bad -} b2 2¢db + d2a V 3 ca?
( S 3 r b Tpe ST b a3
T V 3 b2 V 3bd

Paccyssgenns, KoTopee ME TOJAbKO 4TO PoBeIH, Oblim 0606Ie-
HHl Ha CHCTeMY ¢ HpoHsBoabmbiM cumaoM j. Cocrosmms |j, m)
MOJKHO COCTaBUTH W3 2] gacrui, co cumHoM !/, y Kasmgoi. (3 unx
j+m 6ynyrs | + >-cocroamunm, a j -~ m Oypyr B |— H>-COCTOSIHEN.)
MpoBopurca cymMMupoBaHrme O BCeM BOSMOMKHEIM CIOCO6aM, KaREMU
UX MOKHO COYETATH, & 34TeM COCTOSHES HOPMEUPYIOTCH YMHOMe-
HueM Ha Hajie;kamyl umocrosHuyw. Eciu y Bac ecth cnocobHocTH
K MareMaTuRe, TO BBl CMO’KeTe JOKa3arTh, YTO WOJYYRETCH CIeLyIo-
muit pesyaprar *:

<Gym'| Ry (0) |7, m> = [(+m)! (j—m)! (j4m)! (j—m")1]":
_NR 2j+m’ —m-—2h .; m—m’+2h
XE( 1)* (cos 0/2) (sin 6/2)
&

(m—m' k) G+m —)G—m—E)N kD

(16.35)

rie k mpoGeraer Bce Te 3HAYEHHWA, HPH KOTODPHIX HOJ 3HAKOM
darTopEana NOAYYAITCS HEOTPUIATEIbHbe BeJUMYHHEL.

310 ogeHH 3anyranHad GopMydia, HO ¢ €€ HOMOUIBI0 BRI CMOKETE
nmposepnTh Taba. 15.2 gas j=1(crp. 129) u cocraBurh Bamu
cobcTpenunie Tabaunsl nasg 66apmux j. Hexoropwe MaTpuusmie
3JIeMEHTH O0Y€Hb BAMKHBEI W TOAYYMIHA 0colnie
Hanpumep, marpuunbie 9JeMeHTH fdf m=m =0 u NeIHX |
H3BECTHHL HOJl HA3BaHWEM IIOJIHHOMOB JlewaHIpa u o003HAYAOTCA

<G, O] R, (0)[], 0>= P (cos 0).

IlepBrie M3 RuUX TakOBHI:

Py(cos0)=1,
P (cos0) = cos 0,

* Jlerannm Bhl BaiiieTe B jfobapiieHmm, crp. 165.
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(16.37)
(16.38)



1

P, (cos 0) = (3 cosz 0—1), (16.39)

o) = o

P (cosB) =+ (5 cos® 0 —3cos B). (16.40)

§ 5. Haneperre adepnoeo chuna

Hponemoncrpupyem rtemepb mpumMep, Ijle HOHATOGATCA TOIHKO
910 onucaHHHE Kodpdunuentsl. O CBA33H ¢ OPOJETAHHHMHA He
TaK JABHO WHTEPECHBIMU OMEITAMHI, KOTOPEE B TeTIeDPb B COCTOSHMM
Oypere mouars. Heroropwi ¢uauxaM saxorenoch y3Harh CHOKI
0[iHOTr0 U3 BO3OYIKAeHHHIX cocrogHuil sAzmpa Ne?0. Jlns sroro omu
OpUHATUCH GOMOUTH YTIAEPOJHYIO MUINEHb HYIKOM YCKOPEHHBIX
HOHOB YIIIEpoja 1 MOPOANIHN Hy#HOe UM BO30YIRIIEHHOE COCTOAHHTE
Ne?® (o6oznagaemoe Ne?'*) B pearium

C12—§—Cl2——>N82°*—{—OL1,

rge oy — 810 o-gacruna, uian He?* Hoe-xakue H3 cosjaBaempix
takuM oOpasom BosOympenHoiXx cocrosuuil Ne?? Heycroiiyussl u
pacragaorcd TaKUM TyTeM:

Ne2o* — O | g,

3HauiT, Ha OIblTe BUNHHK BOBHUKAOWKUE B PEAKIUH IBE CL-9a CTHIIHL,
OGozpayiM UX @y U O,; TOCKOJBKY OHU BELIETAIOT C PABHEIMU 3HED-
IUAME, X MOMKHO OTJIMYUTH APYyT OT apyra. Kpome toro, subupas
ol,, UMEIIHe HY;KHYIO 2HEPIHIO, MBI MOMKeM 0To6paTh N06He BO3-
Oysmpeunsie cocroanua Ne2,

Om®IT craBmics Tak, Kak moxasamo Ha ¢ur. 16.9. [lyuox nomos
yruepoga ¢ pHeprueit 16 Mos 6bur HampamieH Ha YINEPOLHYIO
mieary. I[lepsadg «@-gacTMna perwcTPUPOBANACH  KPOMHUERBIM
JeTeKTOpPOM, HACTPOGHHHM HA NpPHUEM (-YacTHN, ¢ HYMHOH sHep-
rueil, OBIKYMUXCSA BHepel (IO OTHOMMEGHUIO K HAJAMOIIEMY OYUKY
umomon (%), Bropag a-yactuna permcTpEpoBaiach CUSTIHKOM o,,
mocTaBiaeHHERM 1o yraoM 0 K o;. Cropocrh c4eTa CUTHANOB COBHA-
HOeHIii or oy W o, U3MepsANach Kar GyErnusa yraa 0.

+ Wpea omwta B ciuexywoneM. [Ipexme Bcero my:kmo smarh, 410
courir C'%, 0% 1 c-wactunsl Bce paBHB Hymo. HasoBem mampas-
JeHHe [BIKEHNA HaugaJbHHX dacTun (C!2 HampasmenueM -+ z; Torua
usBectHo, 910 Ne?** nommen o6iaagars HYJIeBHIM MOMEHTOM KOJH-
YeCTBA [BY/KEHUSI OTHOCUTEJ BHO OCH 2. Bemh HU y OHOM U3 0CTAJ b-
HEIX 9acTHm HeT chiuHa; KpoMe toro, C!? mpuieraer BOOXL ocu 2z
7 0., yieTaer BAOABL OCH Z, TAK 9TO y HUX HE MOMKET OLITH MOMEHTA
oTHOCHTeNbHO 510l ocH. W Kakum 6w Hum 6bu1 cmua j Agpa Ne?*,
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Tonynposodruxoasie
KpemHUessie Jemelmops!

P 7~
g
g
7~
12 e -
meor G - _[I
5 Mas x

Yenepodnas naenxa
30 mrz/om?

@ ue. 16.9. Pasmewenue npubopos
6 onwme no onpedeacHuio CRUHA 803-
6yxcdennnz cocmoanuii Ne?0,

MBI 3HAEOM, UTO 3TO ANPO Haxomgured B cocroauuu | j, 0. Uro xe
cayunrca, Korga Ne?°* pacmamerca ma O!'S u gpyrywo c-vacruny?
Yo K, 0-yacTUny HOWMAeT CYETIUK Q,, & O, urobbl cOXpanuTh .
HaYaJbHHIN UMOyabc, BHHYKIEH 6yner yiith B IPOTUBOHNONOMKHYIO
cropory*. Omrocumeavro HO60U ocl (0CH G,) He MOKET 6BITH TOME
HURAKOI KOMIOHEHTH MOMEHTA KOJW4YecTBA ABWKeHHUs. A paz
KOHEYHOE COCTOSHHE HMMEeT OTHOCHTeNbHO HOBOH ocH Hyaesoil Mo-
MEHT ROMWYecTBa IBHMKEHUs, 10 Vv pacmaga Ne?'* gommma GITh
1ekoropas ammamryxa toro, uro m' = 0, rge m’ — KBaHTOBOE
YHCIO KOMIOHEHTH MOMEHTZ KOJIHYECTBA ABIVKEHHUS OTHOCHTEILHO
HOBOHl ocH. BepoarHocrs Habmomare a, mopm yriaom O Oymer Ha
caMoM jieJie paBHA KBaApary aAMIUIATYAH (WIM MAaTPWIHOTO Ble-
MeHTa)

i, O R, (©)[], 0>. (16.41)

Hro6H monyYnTh COMH WHTEPECYIONETr0 HAC COCTOSHHMA Ne20¥,
BHUYEPTAM UHTEHCUBHOCTH HAOHOAeHUNA BTOPONl C-d4acTHOB KAaK
(QYHRNUI0 yIia ¥ CPAaBHHM C TeOPETHYECKUMN KPUBEHIMHU JJsI pas-
AWYABIX 3HAveHmil j. Kawr MH- OTMewaiu B KOHUE NPEeBITYMIEro
maparpada, ammiaryas <j, 0 IRy ®) | 7,0>—aro mpocro Qyurmuu
P, (cos 0). uanur, yraossle pacupesesenns GyxyT clIefoBath Kpu-
oM [P, (cos 0)>. OwxcmepumenrtanbHbe pesynbTaTH s ABYX
BO30YRIEHHEX cocToAHMI mokaszadmsl Ha ¢ur. 16.10. Be Bujmure,
410 YINIOBOE pacupepeierne xias cocroanus 5,80 Mas ouens xopomo
yruaaapiBaerca Ha Kpusyw [P, (cos 0)I2, r. e. omO mMommHO GHITDH

* Orpgaueif, KOTOpy0 ucHHTAI Ne20* B mepBoil peaKkiyuy, MOMKHO IpeHes-
peds. Wam, eme Jaydule, OACURTATH M CAelaTh LONPaBKY HA Hee,
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T T T T T T T !

Cocmosnue 5,80 Mss
@D uye. 16.10. Ikcne- J=1
punmenmarbrble pesysb-
mamul  usMepenun ye-
406020  pacnpedeseHus
O-4acmUY, 6uLLENAIOULUL
npu pacnade dsyx 603-
Gyncdennbir cocmoanuil

S
i
=

T
()
]

Sw

x
e
b=
“
@

=)

S5 9 O
® 3
— 1
\,»/
1

Ne20, 06+ % ]
Onu noayuensl Ha yempoti- /

cmee NORAIAHHOM Ha - E
duz. 16.9 004 /

002 .

Cocmoanue 5,63 Mas , .
J=3 036 7z [Acos 6)]
006}

v / 4

20 40 60 30 100 120 40 750
Yeos 8 cucmeme yenmpa moce, 2pad

(Coonaderus /Mpamsie omeyemsr], ,,, Ha cmepadoay

cocrogHueM co comHOM 1. C gpyroft cropOHH, MaHHEIE FJIS COCTOS-
nuga 5,63 Mos BHIIANAT COBEPUICHHO MHAYE; OHU JIOMATCH Ha
kpmByo [P, (cos 0)}2. Cnug sroro cocrosuus pases 3.

BTOM ONHITe MH H3MEPWIW MOMEHT KOJHMYECTBA IIBIKCHHS
ABYX Bo30ymueHHBX cocrosumil Ne?0* | Jroil undopmammeii MoKHO
BOCHOJIB30BAThCA, YTOOH HOHATH, KaK BeAyT cefd HOpOTOHH W
HelITPOHH BHYTPH 2TOTO AApa, W 3T0 IpuHecer Ham fobaBogYmbIe
CBO/IeHHA O TAUHCTBEHHHX AJEPHBIX CHIAX.

§ 6. Caomcenve momenmaos roavvecmea 06uICHU

Korma My msyuanu ¢cBepXTOHRYIO CTPYKTYDPY aroMa BOXOpPONA B
ra. 10 (swm. 8), HAM TPUULIOCH PACCYUTHIBATH BHYTPEHHUE COCTOM-
HHA CHCTGMBI, COCTaBJEHHOII M3 [ABYX 4uacCTH — 3JeKTpOHA W
OpoTOHA — €O cOmHaMu '/,. MBl HAmIM, YTO YeTBEPKA BOBZMOYKHBIX
COUHOBHIX COCTOAHUI TaKoil cucTeMBI MOKer ORITH pasOura Ha ABe
Ipynonsl — Ha TPOUKY cOCTOSHHI ¢ omHOIl sHeprumeli, Kotopas BO
BHELIHEeM IoJie BHIIIAZe]a KaK 9acTuia co couHoM 1, m Ha ofHO oc-
Taplieecd COCTOAHHE, KOTOPOe Bedo cebdA Kak gacTuna co cumHoM (.
Wnage roeops, ofbequmHsiss gBe YacTHUB CO CHUHOM 1/,, MOKHO
00pazoBaTh CHCTEMY, <HOJHHIH COMH» KOTOpOH paBeH InuGO eguHH-
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ne, au6o ayato. B aTom maparpade ME XOTHM paccMoTpeTs Ha Gosee
o6meM ypoBHe CHOHHOBHE COCTOAHUS cucmemil, COCTaBJIeHHON u3
ABYX UYacTUy C OpPOM3BOJHHEIMHU COWHAMH. JTO APYyrasa BasKHAs
npobieMa, CBA3AHAASA ¢ MOMEHTAMY KOJWYECTBA IBUKCHUA KBAHTO-
BOMEXaHHYECKOH CHCTEMHL.

ilepenumem cuepsa pesyabrati ria. 10 miadg aromMa Bomopona
B (hopMe, KOoTOpas IO3BOJUT PACHPOCTpPAHUTh UX HA Gomee obmImii
cayuaii. Me Havaa®m ¢ ABYX 9YacTHi, KOTOpPHE Terneph 0503HAYHM
TaK: gactuna @ (pMeRTpoH) M "acruna & (mporon), Com wacTHIH
a ObL1 paBeH f, (= 1/,), 8 z-KOMIOHEHTa MOMEHTA KOJHUSCTBA ABHKe-
HHA M, MOTJda OPHHEAMAaTh OfHO M3 HEeCKOJbKHUX 3HA4deHWH (Ha ca-
MOM flefie iBa, &8 UMeHHO m, = —+1/, uan m, = — 1/,). Touno Tar
/Ke CIIHNOBOE COCTOSHVE 9acTHIH » ONHCHIBATIOCH €6 CHNHOM J, U
Z-KOMIIOHEeHTOH MOMeHTa KoiamdecrtBa jpmkennsa m,. M3 ncero
3TOI0 MOYKHO OBUIO COCTABWTHh HECKOXBKO ROMOWHATUN CHMHOBHIX
cocroanmid AByX gactun. Haunpumep, us wacrune ¢ ¢ m, = 1/, 1
qacTHRH b ¢ m, = — 1/, MoKHO OBI0 00pasoBath COCTOZHUE
la, + 4 b, —1/,>. Boobme, o0begunennsie coCTosTHISA 00Pa3OBHI-
BAJIH CUCTEMY, V KOTOPOl «COMH CHCTEMEBD», HIW «HOJHEH CIUH»,
WIW (OOJHBE MOMeHT KOJUYecTBa JABWeHUA» J MOT OHTH paBeu
anbo epmuume, 160 HYNI, a Z-KOMIOHEHTA MOMEHTA KOJHMUYECTB&
npmwwenns M morama pasmarses +1, 0 mwnmn —1 mpun J =1 =n
vy opu J =0. Ha arom soBOM ssnike dopmyant (10.41) u (10.42)
MOKHO mepenHcath TaK, KaK moxasaHo B tabx. 16.3.

JleBmrit cronfen TabauUbl OIUCHBAGT COCTABEOE COCTOSHYUE Yepes
CrO IOJIHBEL MOMEHT Koamuectsa apmenuda J u z-rommonenty M.

Tabauya 16.3 e COCTABJIEHUE MOMEHTOB KOJIMUYECTRA
IBIGKEHUS OBYX YACTHI[ CO CIIHHOM i/,
(j,b::‘/«“ jbzl/z)

4
=1, M= 4= 4, 4o b +)

|J=1, M=05=
elle w4 s s
[J=1, M= —1>= |a, _é_-, b __;,>
|J=0, M=0>=
e+t <D=t )
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Iparnii crosnbey HOKasHBAeT, KAK COCTABIAIOTCA 3TH COCTOAHUA
3 3HaYeHuil m NBYX Jacruy a u b, '

Mur xotuM 0606mUTh 3TOT PE3YAbTAT HA COCTOSAHHA, COCTABJIEH-
HHe U3 ByX 00BEeKTOB @ U b ¢ IPOU3BOJBHEIMU COHHAMH [, M J,.
Haurem ¢ upaa6opa npuMepa, Korpa j, = Y, ® j, = 1, a uMenuo
¢ aroMa fefitepusa, B KOTOPOM YACTUIA & — 3T0 3JAEKTPOH €, 8 JaCTH-
na b — aAgpo, . e. geitrpon d. Torga j, = j, = Y/,. Heiirpon obpa-
30BAH M3 OHOTO UPOTOHA U OHHOTO HElTpPOHA B COCTOAHWHE € HOJ-
apiM couoM 1, Tak uwro j, = j, = 1. Mm xorum paccmorpers
CBePXTOHKHE COCTOAHHSA Jefitepusi, KaK MBI CHeJaal 370 JJIA BOXO-
pona. IlockonoRy y pmefirpona Momer OBITH TPH COCTOSHYA, M, =
=my = +1, 0, —1, a y saexrpona — gBa, m, = m, = + 1/,,
— 1/,, T0 Bcero HMeercsA UIECTh BO3SMOIKHHIX COCTOSHMIL, & MMEGHHO
(ncmosrsayerca oboszmagenme |e, m,; d, my)):

e, +yid, 1),
e,+—;-;d, 0>,le,———é-;d,+1,

- . (16.42)
e,+?;d,—l>,’e,——2-; a,0),
e,————é';d»_1>

O6parure BHUMaHWE, 970 MBI PR3BEpPCTAJIM COCTOAHUA COLIACHO
SHAYEHUAM CYMMBI m, M My B HODPAJKe ee yOBBaHHUA.

CrmpocuM remepb: UTO CHYYUTCS ¢ DTUMHU COCTOAHMAMIE, eCJIH
CIIPOENUpPOBATh UX B APYTYI0 cAcTeMy Koopamuar? Ecau sty HOBYyIO
cHCTeMY IPOCTO HOBEPHYTH BOKPYT OCH z HA YroJd ¢, TO COCTOSHUE
| e, m,; d, m,) yMHOmaerca Ha

eim Peima® — ei (My+mg) ¢, (1643)

(CocTosiHMe MoORIO cuMTayh IpOU3BefeHHeM |e, m,) |d, m,),
I KaKIBIH BEKTOD COCTOSHHA HE3aBHCHMO HpHBHeceT CBOU cobct-
BEHHHI DKCHOHOHNMANBHEI MHOMKHTeNb.) Muomurens (16.43)
nMeer GopMmy e'M¥, moITOMY 2z-KOMIOHEHTAa MOMEHTA KOJMYecTBa
EBIGKEHUA Y COCTOAHUA | e, m,; d, m,) ORaMeTcHa paBHOI

M=m,+m,. (16.44)

Vipade roBOps, z-KOMNOHEHMA ROAHO20 MOMEMING KOAUNECTNEA
OBUNCEHUS ecinb CYMMA Z-KOMROHEHI MOMEHMOS Koslvecmea dsudice-
Hua omoesvbrulX wacmel.

Juaunur, B mepeyHe cocrosumil (16.42) BepXHee COCTOAHNE UMEET
M = 4-3/,, nBa caenyromux M = 41/, satem npa M = — 1/, u
mocneanee cocrosume M = —3/,. Mur ¢cpasy e BHIUM, 4TO OAHOI
13 BO3MOMKHOCTEH A comHa J o0begUHEHHOTO COCTOAHTA (O

157



{I0JJHOTO MOMEHTa KOJHMIecTBAa ABIKEHUA) AOKHO Ouith 3/,, aro
norpebyer uerkipex cocrogmmi ¢ M = -3/, %, — %% u — 3/,

Ha M = +-3/, ecTb TOIBKO OANH KAHAHAAT, U MEL CPA3Y BIIHM,
470

[T=5. M=+3)=|e, +53 d +1). (16.45)

Ho uro siBaseres cocroauuem | J = 3/, M = -1 >? Raupunaron
37ech JIBa, OHH CTOSAT BO BTOPOH cTpouke (16.42), W BCAKAA UX JU-
reiiHag RoMmbumamma toxke pact M = + Y%, 3mauur, B obmem
cIyvIae MOJKHO OMKHAATD, UTO

iJ:%, M=+§)=a(e, a1 d, 0) +€5fe, —gid 1),
(16.40)

rpe o 1 § — gsa wmena. Mx mmenywor koogguyuenmun Kacbwa —
[opdona. Haitrn nx u 6yger Haimell ogepequoll sagaged,

W mm ux aerxo mafigeM, ecnd HPOCTO BCHOMHIEM, 49T10 [eliTpoi
COCTOMT M3 HEHTPOHA I HPOTOHA, ¥ B SBHOM RHIE PACIUIIEM CO-
croaHusa jefiTpona, moabsysach mpasmnaMu tabia. 16.3. Eeaum aro
npopelarb, 10 nepeunciaeHusie B (16.42) cocrosrrust 6yayr BRI~
7eTh TaK, Kak moKaszauo B rabia. 16.4.

Toapaysacs cocroguuamu us 310l Tabnmusr, Mut XoTuM 00paso-
BATL yerBepKy cocroaHmit ¢ J = 3/,. Ho orser HaM yixe mspecreH
noroMy uro B tabin. 16.1 y:me croar cocrosmia  co cHHHOM P/,
ofpazoBaHHEIE M3 TpeX gacTHil co cnwrHom !/,. fleproe cocroanue
tabr. 16.1 mmeer |J = 3/,, M = 4 3/2> 310 ] + + +>, a8
HAUIMX HEHCIMHANX 0603HAUCHINAX 310 | €, ++ /g n, 4 Yys p, -+ 15,
WM nepsoe cocroguue ns tabu. 16.4. Flo 5T0 COCTOAHAE — TO 3o
caMoe, uTo mepsoe no cnucky B (16.42), rar 9ro Hanle BHpasKeHUE
(16.45) mogreepsrmaercsa. Bropasa crpouxa B tada. 16.1 yreepmnaer,
eCITY BOCHOIL30BATLCA HAMIEMY TCHEPeIIANMA 0003HAYSHIIIMY, YTO

¢ 3 1 1 i, 1, 1
!ng, AI:“F@*):V?{ €,+’2—,n,+7,P,—?>—}—
1
+l€7 _}—_;';n’v _%,IL +'Z:
1 1 1
\[ea _é‘; n, _l_?s D, +_Z—>} (1647)

To, 9ro crTOWT B OpaBoll 9acTH, MOKHO, OUEBHIHO, COCTABUTH U3
ABYX WJIEHOB BO BTopoii crpouke tabu. 16.4, Basm ¥V 2/, or nep-
BOTO WieHa | V1/3 or Broporo. Vuaue ropops, (16.47) sxBuna-

JEHTHO
3 1\ 2 1,
+V 4l —aid 1) (16.48)




COCTOAHMA MOMEHTA KOJUYUECTBA IBIDKEHUT

Tabauya 16.4 @
ATOMA OEUTEPIIA

_3
: m=3
1 1 1 1
e, i dy )=l dpim byt p by )
_t
ln——2
1 A\t 1 1, 1
e:"i".—z‘ydr Olﬁﬁ{ e, "*"”2" n7+‘2‘; D G /+
1 1
- L’,—J,——g,n, 2,P, +E>}
1 1 1
€, ’5;(!7+1>—— Pv—?’7l’+2;pi+2>
-1
m—-——2

1 1 1 1
e’_7’d’0>— 2—{ gv"‘21”»+‘g,P,—2>+
1 1 1
-+ 6= =g P,+—2“>}
R
-T2
1 1 1 1
o —gid—1)=|0 —gin—gin—g)

M memawm pBa Hamux nepseix Rosddunumenrta Haebura — Fop-
goxa o u f [em. (16.46)]:

o= g/% s:}/? (16.49)

IlorTopsia Ty e mpoueaypy, Haiimem

r=3 M—— i):}/l e, +45d —1)+

+l/ ] ;d, 0), (16.50)

(16.51)

a Tak/me, KOHEUHO,
3 3 1

l] =5 M—————; )-—le, —; 4, ——1>.
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910 U ecTh IPABMIA COCTABICHNS U3 ciuHa 1 u couua 1/, moaroro
cmuna J == 3/,. Mu csenn (16.45) m (16.50) B rabu. 16.5.

Tabauya 16.5 ° COCTCAHHAA C J=%/, ATOMA AEUTEPHA
3 3 1.
J=—2—, ﬂ1:+?>= €, +§’d1+1>
3 1 2 1 1] 1 \
J:E‘,]W:—{—'E‘):V”ge1+21d70>+1/~3'e7 —2.-’d’1/
3 1 1) BN 1 \
J:-—Z-,Mz-— >:V§ P,—{-—z,d, 1>+“/3£,-—-—2—;d,0/
3
7 )

Ho y nac nmora ecTh TOJBKO HeTEIPE COCTOAHHA, & Y CHCTEMH,
KOTOPYI0 MBI paccMaTpuBaeM, MX O1eCTb.

Wz meyx cocrosmuii Bo Bropoit crpouke (16.42) mut jgasa of-
pasosaunda | J = 3/,, M =+ 1/, cocraBuam To1pKO OJHY JUHCH-
Hyio KombuHanmw. Ects u ppyraa gudeitmas xoMGumamus, opro-
roHaJZbHAA K Hell, v Hee toyxe M = -1/, M oHA HMMeeT BM]

i Sle + i d 0)— }/%;e — i dH1). (16.52)

Toyuno Tax sie M3 ABYX cocTOsHMUII B TpeThell cTpore (16.42) moskito
CcHOMOWHWPOBATh FRA B3AUMHO-OPTOTOHAJIBHHIX COCTOSHMS, RaIKI0E
¢ M=—1/,. To, Koropoe oproronaapto K (16.50), umeer Bux

V 2 +25a, )=y Leo —Lia, 0). 1653

910 U ecTh ABA OcTaBHIMXCA cocrosHud. Y Hux M=m,+m =+1/,;
8TH COCTOSHUSA ROJIKHH COOTBETCTBOBarh J=1/,. I/ITaI{ MH EMeeM

0)—

JJ:%*MzJF%):l/%" g
? —:d +1> (16.54)
[r=g.m Sy e i)
—]/1 —1;d,o>.

Mosxmo yOeguThes, 9To 217 iBa COCTOAHHUA AeHCTBUTENIBLHO BERXYT
ce0a Kar cocrosiHUA o0BEKTa €O CcOUHOM !/,; MJIA 3TOTO HAno
BHPA3UTh JEeHTPOHHYIO YacTh Yepes3 HeNTPOHHLIE I UPOTOHHEHE CO-
crosigmst (upm woMomm rtabin. 16.3). Ilepsoe cocrosmme B (16.53)
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OpeBpaTTCA B

T 1 1
}/F{le, T5in t5ip ——2->+
1
+€’ +?;ny'—"t +
V'3
— 1 =le
]
& 3TO MOMHO Hepenuncarb Tax:
T T
1/3[1/31
1 L4 1
— % —5 - :p’+"2">}+
1 1 1 1
+ —2"{37 +—2‘;n,——-2';P:+—2‘>—
1 1 Ry X
—lee —5im + 55D +—2‘>}] . (16.56)

HocMorpuTe Temepb Ha BHPamkeHHe B HePBHX (UTYpPHHIX cKoBKax
¥ mopyMaiite, wrh mosyuaercs npu o0beuHenny ¢ U p. BMecTe oHi
00pasyoT COCTOSHEE C HyJIeBHM COMHOM (CM. HWZKHIOIO CTPOKY
B 1abn. 16.3) m me gaoT BRIAZA B MOMEHT KOJHMYCGCTBA JBUACHMNI.
Ocranca TONBKO HeflTpOH, 3HAYHT, BCA Repsad (bm‘ypHaH cKobORa
(16.56) 6ymer Bectu ceba mpu IIOBOpOTaX Kakr HGHTpOH a UMEHHO
Kak cocroAaume ¢ J =2, M=-1%

IlopTopan Te e paccymueﬂnﬂ, yOeuMca, 9YTO BO 6MOPHLE
durypasix ckobrax (16.56) aieKTpoH U HeHTPoH OGBEIUHAIOTCA,
uTo0bI 06Paz0BaTh HYJIEBOH MOMEHT KOJHYECTBA ABWIKCHUS, U OC~
TaercA TOJIBKO BKIaJ, OporoHa — ¢ m,=--1/,. Crobka omaATh
Beger ce6s kak o6bexT ¢ J=~+Y2, M=-"%. 3Havur, u BCce BHpa-
swerme (16.56) mpeoGpasyeres kak | J=-+%, M=%, sero Mu
n xorexu. Cocrosmne M=— %, orBeuwawmee popmyrne (16.56),
MOKHO pAacOHCAaTh Taxk (3aMEHUB Besde, Ifie Hy:KHo, - % Ha — %):

VIVl tbim—din -t o
I e, — 53 N —5i D, +%>}+

Y e+ —dn 1)

1 1 1
=& —3i T3 D —7>H :
Bu sierko mpoBepHTe, 4TO 3TO COBUAJAT CO BTOPOH CTpPOUKOil B
(16.54), wax M modaraeTcsa, eciH Kaykgad CKOOKa HpPeNCTABIAET
coGoit ONHO W3 ABYX COCTOAHNN CHCTEMH €O ComHOM !/,. 3HauuT,
HANIE Pe3yJIbTaTH HOATBePRMINCH. [lefTpOH H 3JIEKTPOH MOTYT

(16.55)

1 1 !
& i 5 D ——2'>—
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CYIIECTBOBATH B IMECTH CHMHOBHEIX COCTOSHUAX, T€THPE M3 KOTODHIX
BefiyT cefA Kak cocTosHEA o0BeKta co cmmHoM 3/, (rabm. 16.5),
a IBa — Kak 00BeKT co cmHOM 1/, (16.54).

Pesyaprarer 126, 16.5 1 ypaBuenus (16.54) M moayanau, Boc-
DOJB30BaBIINCH TeM, YTO JeHTPOH COCTOMT W3 HellTpOHA M IPOTOHA.
HpasniabaocTs ypaBHennRil He 3aBUCHT 0T 8TOro 0c06010 06cTOATENb-
crea. s aw6ozo o6BbeKTa co couuom 1, o6bequHAEMOTO ¢ 06BEKTOM
co cOmHOM /,, 3aKoHH o0Beguuenus (u Ko3QPuUuHMeHTH) OXHE H
te ske. COBOKYmHOCTh ypasHeuuil B tabn. 16.5 osmauaer, 910 ecau
CHCTEMA KOOD/MHAT IOBOPAYHBAETCH, CHAMKEM, BOKPYT OCH Y, Tak
9T0 COCTOAHNA YACTHIE CO COMHOM 1/, W wacTunH co cuuHoM 1 H3Me-
"awTcd cormacHo rabx. 16.1 u 16.2, ro auneiinne KoMOumanmu mo
IPAaBYI0 CTOPOHY 3HAKA PABEHCTBA GYLYT U3MEHATHCA TAK, KaK 3T0
cBoiicTBeHHO 06BeKTy co cumHOM 3/,. [Ipm TakoM e moBopoTe co-
croauns (16.54) 6yayr MeHATbCA KaK cOCTOAHUA 00BeKTa cO CIH-
HOM 1/,. Pe3yaprarsl 3aBHCAT TOJIHKO OT CBONHCTB OTHOCHTEABHO IIOBO-
poroB (T. e. OT COMHOBHX COCTOSHWI) ABYX MCXOZHHIX YaCTHI], HO
OTHIOZLL HE OT HPOUCXOKASHNA WX MOMEHTOB KOJMNTSCTBA JBHIKCHIIA.
Mpr sTHM IPOHCXOKIEHEEM BOCHONb30BANUCH JAWME AIA BHEBOAA
POPMYJ, BRIOpAB YACTHHIN ciaydail, B KOTOPOM OFHA M3 COCTABHEIX
gacrell caMa COCTOUT U3 JIBYX YACTHI CO CONHOM 1/, B CHMMETPHIHOM
cocrosiHun. Bee Hamn pesyabraThl Me cBeau B Tabu. 16.6, usMenus
WHEKCH en dHAa ¢u b, uTo0H HONIePKAYTH UX OOIIHOCTD.

Tabauya 16.6 ° OB'BEOMHEHHUE YACTHIIBEL CO CIHUHOM Y/, (js=Y/,)
: C YACTHIEN CO CHHHOM 1 (jp=1)
/
3 3
f']:'z—"a M:‘E') == y+21b1+1>
_3 oy /3 1/
’J—.—2—-, M—E-> == _3, a+2,b0+ —_ _‘”2_‘1 bv+1>
i
3 1 a
“I:'z—r ﬂl:'—?): _3 a’+7; ’ +1/-— 2'b’ O>
l 3 3 1
J:E—, M=—~—2—>= a,—-é—, b,———-1>
T N /T 1/z
=1 M= +g)= 1 ,+2,b 0)— 2, — i b 1)
_1 = __NN_/2|, __1/1
IJ._—Z—,M_ 5= 2o, +giti— 1) ale— 25, 0)

HocraBuM Temeps cebe 00myI0 3ajawy HaAlTH COCTOAHHSA, KOTO-
phie MO3KHO 0OpasoBarh, 06BeaMHAA 182 00BEKTA ¢ HPOR3BOIBHEMA
-comHaMH. CRaykeM, ¥ O[HOTO CHOHH j, (TAK 9TO eTO Z-KOMIIOHEHTA M,
opoberaer 2j,--1 smagemwdt or — j, mo -+j,), a y Apyroro j,
(¢ z-xoMmoHeHTO# m,, mpoberajomeil sHAYEHHA OT =~ j, A0 —j,).
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O6benuHEeHERE COCTOAHHA CYTh | &, m,; b, m,», UX Bcero
(27,+1)(2/,+1). Haxme e cocTosHES ¢ HONHHM CHHHOM J MEI
obHapyKuM?

Monnasa z-kompoHenta M MOMeHTa KOJIWYECTBA NBIGKEHHUs pAB-
usAerca m,~+m,, ¥ Bce COCTOAHHA MOMHO HEPEYHCIHTH, ONMPAACH
Ha BenwunHy M [rkak B (16.42)]. Hau6onpmee M siBnsieTcA equHCT-
BEHHHIM; OHO OTBe4aeT 3HAYCHUAM m,=], U M,=], ¥ PaBHO NO-
npocry j,+j,. 9T0 osHawaer, wro HamGoibImii HONXHHN cnumE J
TaKe paBeH cyMMe f -+J,:

J=Mniaxc:ja+jb-

Cnegyrouiemy sHauenmio M, MenbmeMy weM Myay. Ha equHHIY,
GYILyT COOTBETCTBOBATE JBA COCTOAHUA (anbGo m,, nubo m, MeHBIIe
CBONX MAKCHMaJIbHEIX 3HaueHMd Ha exumuuny). Mz HEX pomxHO
OHITE 06Pa30BaHO OFHO COCTOSHHE, NMPUHA/JIeRaINee COBOKYOHOCTH
¢ J=j,+7,, m ocraHercd emle OfHO, KOTOpOe Gyler IpPHHALIEHATD
HOBOH coBokynHoctn ¢ J=j,+j, — 1. Cuenywmee snauemue M
(TpeTbe cBepXy) MOKHO €OCTABHUTH mMpems myTaMm (us m,=j, — 2,
m,=j,, u38 m,=j, — 1, m,=j, — 1 n w3 m,=j,, my=j, — 2).
JBa W3 HEX DpHHAJIEKAT K yyKe HAYABIIHM COCTABIATHCA TPYI-
maM; TpeThbe TOBODHUT HaM, 9T0 HAJ0 BRIOYATEH B PACCM OTpeHHe U CO-
crosams ¢ J=j,+j, — 2. Tarkme paccyxgenns 6yqyT mpomo-
FKATHCA {0 TeX IOP, HOKA yrKe Helb3A 6ymer, MeHAA TO 0IHO, TO APY-
roe m, HONY9YaTh HOBHE COCTOAHMIA,

Ilycrs w3 j, m j, MeHBIINM ABIAETCA [, (2 €CIH OHH OJUHAKOBHI,
BO3BMHTe JNI000e U3 HUX); TOT4A MOHANOOATCA TONBKO 2j, 3HAUeHUH
IOJHOr0 CHMHA J, UIyMMX eTUHWIHBIMHU IHaraMH OT ju, 1+, BHH3
K j, — J,- VlHage roBopsA, xorma obbepMHsIOTCA IBa 00BEKTA CO
CUMHAMH j, W j,, TO HOJTHHA MOMEHT KoJHW4YecTBa [BWKeRuWA J HMX
CHCTEME MOKeT PaBHAThCA OJHOMY W3 3HAUYSHUII:

ja+jb
ja +]b_-1
ja+jb—2
7=l (16.58)
!ja_jbl'

(Hammcas | j, — j, | BMecto j, — j,, MH MoxeM usfesxars HANO-
. MEHAHUA O TOM, 9TO [,=>f,.)

Has kancdoeo n3 stnx 3navenuii J umeerca 2J+1 cocrosumii
¢ pasnmuHsMu sHaweHuaMu M; M wmemsercs or +J go — J.
Haskpoe w3 Hux 00pa3soBaHo U3 THHEHHHX KOMOWH aIHil MCXOTHEIX
cocroAumii | @, m,; b, m,) ¢ coorBeTCTByO UMK KOd(hMI{HeHTAME —
rkosppuunmentamm HueObma — I'oppoma pms Kaskgoro OTHeNbHOTO
uneHa. MoKHO CIATATD, UTO BTH KO3)(PMIHEHTH MANT (KOMIHIECT-
BO» COCTOAHUSA | j,, M,; f,, M,), TPOABNANIUETOCA B COCTOAHUE
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Tabauya 16.7 ¢ (()B'bFJIT/IHEHI/IE IOBYX JACTHII CO CIIMHOM 1
Ja=1, Jp=1)

=2, M=-42>=|a,-}+1; b, 1>
1 1
J=2, M= = = 5 y— M
=2, M=+1> Vz""“’b' 0>+V la, 0; b,+1>

J=2, M=0>=—= 1; b,—1 —|a, b
] >= V la, + >+V le,—1; b, 1>+
+T~[a, 0; &, 0>

1

=2, M=—1>=—>=|a, 0, b,—1>+—=|a,—1; b, 0>
V3 V |

=2, M=—2>=)a,—1; b,—1>

1 1
J'——'"1, M= I d>=—= N b, ——— , ;b,
i +1> V2|a,+1 0> VZIH 0:5,+1>

1 1
J=1, M=0>=——1a, 1, b,—1 —=la,—1; b, 1
[ > V2 la, + > V3 la +1>

1
Je=1, M= —1>=-—=la, 0; b,—1>——=]a,—1; b,
=0, M=0> ! { 1; b, —1 > 1: b, 1
=V, = =T a, 5 [ ~ » 13 s -
V3 la,+ 7 >tla 1>
—_l(l?O; b70>}

| J, M. Tax aro wamguii u3 KoodduunmenroB Kuebma — I'opgona
obiafiaer, eciiu YrofHO, wecmvl) MHIeKCAMH, YKa3HBAKUIAMH ero
nojoxkenue B GOopMynax THma mpuBeAeHHEX B Tabn. 16.3 m 16.6.
Wnaue rosopst, obosuauas, crayeM, 3™l Koapdunuentst C (J, M
Ja» Mgi Jps M), MOMKHO BHIPasHTb PaBeHCTBO BO BTOPOH cTpouke
taba. 16.6 Tak:

(3. 4 bt 0=/ T

C(t. 44— )= /3.

Mu me 6ymeM 37ech MOACYHTHBATH KOIQYUUMEHTH i APYTUX
gacTHHX cxygaes ¥, Ho Bal ofmapyssure Takme 1abiumm BO MHO-
rux kumerax. IHompoGyiitTe camMm mopcamrarh ApPyrod ciayuaii,
HampuMep ofBepuHenMe HBYX 00BEKTOB co cumHoM 1. MH sxe mpo-
cto mpuseinu B Tabu. 16.7 oKOHUATEJLHHI pesyiabTar.

* Tem Gonee, 9T0 O6ABIIad YacTh PaGoOTH yiKe NpoJelaHa, pas y HaC ecTh
ofmasa Marpuna mosopora (16.35).
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It 3aKOHH O00BeUHEHHA MOMEHTOB KOJNWYECTRA IBIYHeHUSA
UMET 0YeHb BAKHOE 3HAUEHNE B U3MKe YACTHUIl, UX MPHIOHeHAAM
noucTuHe Her KoHNa. H coxaienmio, y Hac Her cefiuac Goxbine Bpe-
MeHH Ha Jpyrue IPHMepEL.

Hobaeaenue 1. BeoiBog maTpunsr moBopoTa*

Hus rex, Kro Xoren OH pasofpartbes B 9T0M momoapoOHee, ME
BEIYMCITM ceffqac 0DUTYI0 MATPUIy HOBOPOTA JJIA CHCTEMBI CO CIH-
HOM (IOJTHKM MOMEHTOM KOJHYecTBA ABWKeHusA) j. B pacuere 06-
HieTO caydas Ha caMoM Iene 60abinoil He0OXOAUMOCTH HET; BaYKHO
IOHATH HIEI0, a Bce pesymbTATH BHL CMO)KeTe HaliTh B Tabiumax,
KOTOphle mpuBoOfisArcs BO MHoruX Kumrkax. Ho, ¢ gpyroi croponrH,
BBl BAIIIT yiKe TaK JAJeK0, 9T0 ¥ BAC, eCTECTBEHHO, MOKET BO3HUK-
HYTh #eldanne yOeIWTbCHd, YTO BEl M BOPAMb B COCTOSHUY TOHATH
JaKe CTOJNb CcHOHEE QOopMyabl KBAHTOBOI MeXxanurm, kak (16.35).

Pacummpum paccyxmernd § 4 HA cUCTEMY CO COHHOM j, KOTOPYIO
OymeM cumTaTth cocTaBieHHoi U3 2j 06BerTOB co cnunoM V2. Cocros-
HOe ¢ m=j mMemo 6w BHy |-+~ ...-+)> (cj naocamm).
Has m==j — 1 6wmmo 6» 2j uwimemor ruma | +-4...+-F+—>,
| ++. . .+—+> ur. g Paccmorpum obuuii ciyqail, korga uMeeT-
cHA r III0COB M S MUHYCOB, npuueM r-+s=2j. Ilpn nosopore Bokpyr
OCH Z OT KajKJ0ro U3 r IMIOCOB MOABUTCH MHOKUTENb eti®/2,
B nrore dasa nsmernnres Ha i (r/2 — s/2) @. Msi BugumM, gro

m=""2 (16.59)

&

Kax m B caywae J=3/,, Ranoe cOCTOSIHHE ¢ ONpe[eleHHEIM m
HOoJEHO OHTH CYMMONR BCeX COCTOAHUI ¢ OFHUMI M TeMHU Ke 7 U S,
B3ATHIX CO BHAKOM IJIOC, T. €. COCTOAHMIT, OTBEUAOTIIX BCEBO3MOIK-
HHM OepecTaHoBKaM ¢ r IjocaMu U s MuHycaMu. ME cumraeMm, uro
BaM H3BECTHO, ITO BCer0 TAKUX codeTaHuil ects (r-+s)!/rls!. Urobu
HOPMHEPOBATh KayKI0e COCTOSHHWe, HANO ITY CYMMY pasmeJuTh Ha
KOpeHb KBafpaTHHI N3 3Toro gmcia. MomHO mammcars

11— ¢
|2 { T e Tt
+ Bee lIepeCTaHOBKU 1 — l ]" m>’ (1660)
mmocos M MARycos | |
rre
j="1 m=T, (16.61)

* IlepBoHa9aJBHO MaTEPHAJ 3TOTO Z00aBIEHHA BXOJUI B TEKCT JEKIUH,
HO IIOTOM MEHI TIOHAJH, ITO He CTOMT BKJIIOYATH B Hee Takoe MOIpobHOE H3II0Me-
HEe 00mero ciyiad.
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BBegem enmie HoBeie 0003HaueHUA, OHA HAM IOMOIYT B Cuere.
Hy a TOCKOJBKY MH YiK OUPENeINIH COCTOSHHS HPH IIOMOINA
(16.60), To nBa gAcHIa r M § OHPEEISIIOT COCTOSIHNE HUIYTh He XYIKe,
yem ju m. MH nerde mpociefHMM 33 BHKJIAZKaMA, eclu 0603HaTNM

. r
i, m>=[5>, (16.62)
rae [em. (16.61)]
r=j+m, S=j—m
Haxee, (16.60) M sammineM, HOIb3YACH CREYUAALLHBM 0003Ha-
yenueMm

r ) ' 1/2
|7, m>=ls>:["+”]+ {4571 —> Jnopocr . (16.63)

rl sl

O6paruTe BHUMAHEHE, YTO HOKA3aTeNb CTEIIeHE B 00H1eM MHOMKHTENE
MH H3MeHUI® Ha -+1!/,. 9T0 OTTOr0, 9T0 BHYTPH (QUIYPHHX CKOOOK
B (16.60) cromr kak pasz N=(r-+s)!/rls! cnaraemux. Ecam comocra-
Buth (16.63) ¢ (16.60), 1o sACHO, UTO

{l +>r l—>s }Hepecr

~— 9TO0 KpaTHKas 3aluch BHPaHeHUA
{|+ +...——>+ Bce mepecranonkm}
N

)

rme N — KoamuecTBO PasiNYHHIX CJaTaeMHX B cKoOKax. 9tm 000-
3HAYEHNS YHOOHH TeM, 4T0 Ka;KIHN pas mpH mOBOPOTEe BCe 3HAKH
ILTIOC BHOCAT OJWH M TOT e MHOKITEIb, TaK YTO B HTOTE OH HOJY-
gaercA B r-# cremenu. Touno Tak ke Bce 3HAKM MHUHYC JajgyT
HEKOTOPHH MHOKHTeNb B §-i cTeHeHH, B KAKOM Ol DOpAIKE 3TH
SHAKH HU CTOANMN.

Teneps HOJOHUM, ITO MBI HOBEPHYIH HAITY CUCTEMY BOKPYT OCH
y Ha yrox 0. Hac urtepecyer R, (0) | ¢>. Omepatop R (8), neii-
CTBYA Ha Rampgmil | + ), maer

R,(0)|+>=|+2CH+]—>5, (16.64)

rge C=cos0/2 u S_sm 8/2. Horma e R, () neiicrByer Ha
| —>, sT0 mpmBomuT K

R, (®)|—>=|—>C—| +>5.

Tar 4ro uckomoe BEIpayieHne pPaBHO

R, ©)15> = %52 By 0) (1457 1= > nepeor =

r! sl

— [(Lﬂ] Vz{(Ry 0) I +>) (Ry (9) i—>)s}nepec1'=

rl sl

= [SER] " 1045 C+1=> 87 (=5 C—14> ) }uepecr- (16.65)




Teneps HaO BOBBHICHTL GHHOME B CTeHeHb M mepeMuoxuth, Ilo-
ABATCA YIEHH €O BCEMH creneHamu |4~ > ot Hyas go r-+s. [locMor-
PEM, KakmMe WICHH [Aaxyr r'-io cremenb |-+ ). OHu Bcerma Gymyr
COOPOBOMIATHCA MHOKHTeneM Tmma | — )%, tne s§'=2j — r'.
Cobepem ux emecre. Ilonyumrea cymma wnemoB tama [+ ) | — )’
¢ UACHeHHRMH Koo$dumuentamu A, , KyJa BXOLAT K03(PPUUIEHTH
OMHOMMAJIBHOTO PABIOKEHAA BMecTe ¢ MHOKATensMA C 1 S. ¥Ypas-
Henme (16.65) Torma Gymer BHIIAmeTh TaK:

457" |—>% }uepeer - (16.66)

r+8
B,©)15> =3 {4

Teneps pasmenum Kampoe A, Ha MHOmUTEAb [(r'--5")1/r'ls'1]'/e
1 obosnaumM wactHoe wepes B,.. Torma (16.66) mpesparures B

r+8
R,(®)|:>= D B [(—’is—)'] 5 =3} nepeor - (16.67)

r'l s’
=9

[Mosguo npocto ckasath, uto rpeGosanne, aro0u (16.67) coBnagamxo
¢ (16.65), ompenenser B,.]

Ecnn tax onpemenuts B,, T0o ocraBuIMecss MHOMKMTEIN B OPaBoil
uacta (16.67) 6ymyT Kak pas cocrosHuaMu [->. Utak, umeeM

. T4s -
R,(0)|>= 3 Br|s>, (16.68)
=0

rie s’ peerga paBHsaercs r--s — r’. A 10, KOHEYHO, 03HA94aeT, 4TO
105)PrumeHTH B, 1 ecTh UCKOMEIe MAaTPHIHEIE DIeMEeHTHI

G |R,0)[I>=B,. (16.69)

Teneps, wuro6n wHaiitm B,, ocTaeTcA HEMHOr0: JAHMIMb HpPO-
O6uTBCs Yepes anredpy.

Cpasmmpaa (16.67) ¢ (16.65) u Bcmomuuas, uto r'-+s'=rs,
MLl BHAEMM, 49T0 B, — 3T0 mpocTo KoapduummednTt npu a” 65 B BH-
paKeHUH

r'l s'1\1s ’ s

(———r! . ) (aC -+ bS)" (bC —aS)s. (16.70)
Ocramack Jnumb HypgHAs pabora pasioXMTh CKOOKE mo OHHOMY
HrloTona 1 co0paTh YieHH ¢ JaHHBIMU cTemeHsMN g u b. Ecinu BH
Bce 9TO Wpojeiaere, T0 ysmmure, ur0 Koaddmument mpu a’'b¥’
B (16.70) mMeer BHJ

r't §'17 2 B Qpropt . r! s!
[r! s ] ;(“1) Sroriean Qe sk r—r N —R) (s—k) LR
(16.71)
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CymMma Oepercs no BceM HennM k, Ipu KOTOPHX apryMeHTH Qaxro-
puasios Oonbire Wil B KpaliHeM ciywae PaBHH HYII0. JTO BHpaKe-
HUe W €CTh HCKOMHI MaTpHYHHHN DIEeMEHT.

B KoHue HaNO BepHYThCA K HAIMMM mepBOHAYAIBLHEIM 0003HAUe-
HOAM j, m u m', 0oib3yAch popMymraMu

rzj'JFm, r’=j+m,9 S::j—m) ,=j_m"

Ilpomenas ste mojcraHOBKM, monyunM ypasuenue (16.34) ms § 4.

Jdobasaenue 2, Coxpanenne YeTHOCTH HpPU HCHYCKAHIH
torona

B § 1 MB paccMOTpeaM HCOYCKAHWE CBETA ATOMOM, KOTODEIH
HepexomuT ¥3 Bo30YRLEHHOr0 cOCTOAHNA co cumaoM 1 B ocHonHO?
cocToaane co cuvaoM (. Ecau coun BO3OyHIEeHHOTO COCTOAHAN Ha-
npaBieH BBepX (m=-1), To aTtoM MOMeT M3IYyIUTH BBePX BJOIL
OCH -z IpaBHIii QOTOH MM U BAOAL OCH -—z Jenulit. OG03HaTNM 3TH MBa
cocrosaus porona | R, > m | L, >. Hu oguo n3 Hux me obmanaer
ompejeneHHoll werHocTh0. Keam omepartop YeTHOCTH 0008HAYHTH
P7 TO P |‘RBB>:I LBH> u P ,LBK>:l RBB>'

Yro sxe Torga OyeT ¢ HAINMM OPEKHAM TOKA3ATENLCTBOM, GTO
4TOM B COCTOSHUHU ¢ OHpeleieHHON bHeprued JOAKeH UMeTh Oije-
JACNEHHYI0 UeTHOCTh, M ¢ HANINM YTBeKmeHUeM, UT0 YeTHOCTH
B aTOMHEIX Hpomeccax coxpaHsercs? PasBe He MOMKHO KOoHEZHOE
cOCTOsTHMe B 9TOH 3agade (cOCTOsHHE IOCHe NIIYYeHUS (HOTOHA)
NMeTh ompefiesieHHY0 qeTHOCTE? Jla, doascro, ecin TONBKO MH pac-
CMOTPHM R04HO0e KOHEYHOe COCTOAHAE, B KOTOPOE BXOMAT AMILTATY IH
N3NyIeHNsT (POTOHOB TON BCEBOZMOKHHMU yraamu. A B § 1 Mu
paccMaTpuBaNl TOIBKO YACTh HONHOTO KOHEYHOTO COCTOSHHA,

Ecau 351 x01HTE, MOMKHO PACCMOTPETH TONHKO KOHEYHEIE COCTOA-
HHfA, ¥ KOTOPHX JeficTBUTENBHO ompeeneHHas derHocrb. Hanpu-
Mep, pPaccMOTpPHM KOHEUHOEe COCTOSHHE [P, >, ¥ KOTOPOIO ecThb
HEKOTOPas aMILIATYa ¢ OKa3arThbcA HPaBHM (OTOHOM, HBUKY-
IDUMCA BIOIb OCH -2z, I HEKOTOPasA aMIIUTY A § 0KasaTbCs JERBIM
$OTOHOM, IBIKYIIEMCS BIOXb OcH — 2. MoyKHO Hanmcats

[P d=0|Ryy >+ B | Ly > (16.72)
Omeparop weTHOCTH, A€HCTBYS Ha BTO COCTOAHHE, JAET
P> =0|Ly>+B] Ry (16.73)
910 cocrosHMme coBmajgaer ¢ - |¢,> xmbo npu P=a, aubo mpu
p=-—a. Tar 49ro KoHeuHoe COCTOAHME C MOJOKUTENLHON wer-
HOCTHhIO TAROBO: .
195> =0 {| Ry +| Ludh, (16.74)
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a cocTtoAHue ¢ OTpPIILaTeJIBHOﬁ TeTHOCTHIO
[P >=a{[ Ry >—| Ly >} (16.75)

Jlasee, MBI XOTMM PaccMOTPeTh pacmaj] BO30YKAeHHOrO cocTofA-
HUA ¢ OTPUIATENbHOH 94eTHOCTHI0 Ha OCHOBHOE COCTOSHHIE C IOJNO-
JKETEJNBHOE 9eTHOCTHIO U Ha goTon. Ecam TeTHOCTh JOKHA cOXpa-
HHOTBLCA, TO KOHEYHOE cocTogHue (GOTOHA MONKHO HMeTh OTpPHMIA-
TenbHYI0 deTHOCTH. OHO 06s3an0 GHTH cocrogumeM (16.75). Ecnnm
aMININTYZa TOTO, 4TO Oyjier o0Hapyskeno | Ry, ), ecTb &, TO aMIIu-
Tyza Toro, 4ro Oyner obuapymkeso [ L,, D>, ecTb —a.

Tenepp ofpaThTe BHEMauMe Ha TO, 4T HOJYYaeTcHd, eCIH MH
npoBoxuM moropot Ha 180° sokpyr ocu y. HauanbHoe Bo36yKIeH-
HOe COCTOSHHE aroMa CTAHOBHTCH COCTOSHHMeM ¢ m=— 1 (cormac-
HO Taba. 15.2, cTp. 129, suaw He MeHsAerTca). A HOBOPOT KOHEIHOTO
COCTOAHUA HaeT

R, (180°) [ > = { Ry >— Ly >}. (16.76)

Cpaeumas 310 ¢ (16.75), MH yBumuM, 4r0 OpH BHOpaHHoil HaMu
9eTHOCTA KOHETHOTO COCTOSHUA aMIUIMTYa TOTO, YTO HPH HAYAN b-
HOM COCTOAHHE ¢ m=— 1 6yger modyueH JeBHH doroH, Umyurmit
B HANIPABJIEHNHU -2z, PABHA CO 3HAKOM MMHYC aMILIHTYJE TOT0, UTO
IpH HaYaIbHOM COCTOAHNE ¢ m=-41 Gymer monyden npaBHil ¢poroH,
UOYIUI B HAaOpPaRIeHWH —z. JTO COTJIACYETCA ¢ pesyibrataMiu,
noxyIeHHEMA B § 1.



raaea 17

ATOM BOJOPOJA
1 IEPHOTMYECKAA TABJMITA

§ 1. Vpasnenue IlIpedunzepa dan amona
60dopoda

CaMBIM 3aMeYaTeNBHEIM YcoeXOM B HCTOPHU
KBaHTOBOH MexaHMKu OBII0 00BsCHEHNE BCeX JeTa-
Jiell COEeKTPOB IPOCTEIlMNX aTOMOB, a TAKKe e pHo-
JE4HOCTE!, 00HADPYKEHHHX B TablHIle XUMATECKUX
8lleMeHTOB. B 5710l rimase B HamieM Kypce KBaHTO-
BOIl MeXaHNKA MH HAKOHeI(-T0 HOJOHAeM K 3TOMY
BaKHEHIIEMY MOCTIDHEHUI0 M PaccKayieM 06 06B-
ACHEHNY CHOEKTpa aToMoB Bomopoma. Hpome rtoro,
8JieCh MBI PacCKa)KeM U O KaueCTBeHHOM oOBACHe-
HHHI TAaWHCTEEHHHIX CBOMCTB XMMMYECKUX dlieMeH-
T0B. A 3TOr0o MH mOApo6HO M3YIMM MOBeeHHE
DIEKTPOHA B aTOME BOJOPOJA: B IEPBYIO 0Uepexb
MH pAacCUHATaeM €ro pacHpefielleHHsT B MPOCTpPaH-
CTBE, CledyA TeM NpPeHCcTaBlIeHNAM, KOTOPHeE
6pim  passute B ra. 14,

JAnsa nomnoro ommcaHms atoMa BOJAOpPOma cle-
IOBaJO OH ydecTh IBW;KeHHUA 00eMX 4acTHH — KaK
IPOTOHA, Tak M JIeKTPoHA, B KBaHTOBOH Mexa-
HUKe B 3TOM 3afiave CJIeHyiOT KiIaccHIecKoil mpee
00 OmMCaHWU ABWKEHUS Kagod m3 wactury mo
OTHOIIEHHIO K MX NeHTPY TsaectH. OTHAKO MH He
OynmeM »sroro pgesarb. Msl mpocTO HCHONb3YeM
npubanxenne, B KOTOPOM HPOTOH CIUTAETCH OUEHb
TAKENBM, HACTONBKO TAIKENBIM, 9TO OH Kar OH
3aKpeIieH B I{eHTpe aToMa.

Msr cpmenaeM eule M [pyroe unpHOIH;KeHHE:
3abymeM, 4TO y SIeKTpOHA MMeeTCA COMH M 910
€ro HAJJNeKHT ONNCHBATL 3aKOHAME DEIATHBHUCT-
cKoll MeXaHWKN., IT0 HOTpebyeT BHECEHUA HeGOM b~
IIEX INOOPAaBOK B HAIUW BHIKJIAJKHU, HOCKOJIBRY MHL
0yIeM moNb30BATBCA HEPEJIATHBUCTCKAM ypaBHe-
mueM Illpenmarepa m mpeHeGperkeM MarHUTHHME
adperramu. Hebonsimue MarantHee 3GPEKTH TO-
SIBJIANTCA U3-32 TOIO, 9TO IPOTOH ¢ TOYKYU 3PeHHA
SIEKTPOHA €CTh NUPRYJINPYHOIMA mO KpyTry 3a-
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P, KOTODHI co3laeT MaTHUTHOE Tojte. B aT0M mome sHeprus aJex-
TpoHA Oyjer pasiMgHa, cMOTPA IO TOMY, HAIpaBleH JU ero CIHH
BBepX HIN BHU3 IO HOJ. JHEPTHSA ATOMA [OJKHA HEMHOTO CHBH-
HYTLCA OTHOCHUTEJIHHO TOUW BEAWIMHEI, KOTOPYIO ME BHITUCINM.
Ho mu mpene6pesxeM stuM c1aGEM CIBUTOM SHEPrud, T. e. BOoOpa-
30M, 9TO SJIEKTPOH B TOYHOCTH MOKOOEH BONYKY, MBMIKYLIEMYCSH
B OPOCTPAHCTBE IO KPYT'y M cOXPAHAIOIIEMY BCe BPeMsA OXUHAKOBOE
HanpaBienue comHa. [lockonsRy peub OymeT HATH 0 CBOGOXHOM
aToMe B IPOCTPAHCTBE, HONHHH MOMEHT KOJIHTECTBA JBIGKEHUSA
Oymer coxpaHAThcd. B HameM NpHGIW;KeHHUM OyEeT CYMTATHCS,
9TO MOMEHT KOJMYeCTBA [BUKEHUS, BH3HBACMHBIA CHHHOM 3JIEKTPO-
Ha, OCTaeTCA HeM3MEHHEIM, TaK 9TO OCTABINHHACH MOMEHT KOJIMIECTBA
IBHEHHSA aToMa (T0, 970 OOHTHO HABKBAIOT «0pGHTANI BHEIMY MOMeH-
TOM KOJINYeCTBA IBHIKEHNUA) TOKEe He 6y/IeT MeHAThCA. B 09eHDb X0po-
meM IpUOAMKReNHE MOMKHO CYUTATD, UTO SNeKTPOH HBUKETCH B ATOMS
BOJIOPOJA Kak "acTuma 6ea cmmHA — ero opOUTAJNBHEIA MOMEHT KO-
INYeCTBA ARWKEHHWA HOCTOSHEH.

B srux npuGAMAKEHNAX aMIULIMTYNA TOTO, YTO BJIEKTPOH OyneT
o6HAPYHEH B TOM HJIM MHOM MeCTe HPOCTPAHCTBA, MoKeT OHTh 1rpes-
craBlieHa Kak (YHRIMS DONOMEHHA 3JEeKTPOHA B NPOCTPAHCTBE W
spemenn. O6GosHAauMM aMIINTYHLY TOTO, 4YTO JIEKTpOH Oyjer
o6Hapy)KeH B TO4YKe %, J, 2 B MOMeHT ¢ depes V{ (, y, 3, t). Co-
IJIacHO KBAHTOBON MeXaHWKe, CKOPOCTh M3MeHeHWsA 3TOH aMIan-
TYIH CO BPpeMeHEM JiaeTcA raMIIbTOHOBHM ONlePaTopoM, AeHCTBYIO-
muM Ha Ty 3Ke ¢yuxnuio. W3 ra. 14 mu snaeM, yto

P
lhgt"z%lpy (17'1)

rae £ .
H=—5- V4V (). (17.2)

3mecs m—macca 3JaeRTpoHa, a V (r) —moTeHmmanbHaA DHeEPrHUA
9JEKTPOHA B BIEKTPOCTATAYECKOM mojie mporoma. Cumras Ha
GonpnX ymaieHMAX OT mporoHa V =0, MoKHO HanmcaTh *

e?
V—-"_-"——; .
Boanosaa ¢yHrmus 1P JOMKHA TOTJa yAOBIETBOPATE YPABHEHUIO
g 0 A3 2 2
ih 5t =—5- v — . (17.3)

Mu xorEM HafiTH COCTOAHMA ¢ OmpefelNeHHON HHeprueii, mo-
aTOMYy TOmpofyeM IIOCMCRAaTh pEIIeHHA, KOTOPHE GH HMMenu BHJ

P (r, t)=e-WhEty (), (17.4)

* Kak o6mgno, =g} /4me,.
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@ uz 17.1. CPhepuneckue xo-
opdunamu r, 8, ¢ mouku P.

Torpa ¢ynxmua P (r) AomxHA OHTH pelleHHeM ypaBHEHUS

P vy =(E+L) (17.5)

rie E -— HeKOTOpOe HOCTOAHHOE YHCIO (DHEPrHA aToMa).
Paz nporemnmampuag sHeprus 3aBHCHT TOXBKO OT pajmyca,
TO BTO ypaBHeHHe JIydYlie pemaTh B OOJAPHEYX KOOpHUHATAX.
Jlaugacmanm B OpAMOYTONUBHHX KOOPAWHATAX ONpefedsics TaK:

5 8 42
2 —_
v ~_6z2+6y2+6z2 )

BMecro aTOTO MH XOTHM BOCHOIb30Barhcsa KoopamHaTamu r, 0, ¢,
m306paskenanmu Ha ¢ur. 17.1. O=HE cBsasanm ¢ #, y, z Qopmy-
JaMa

rz=rsinBcosq; y=rsinOsing; z=rcoso.

Bac sspyr moBonbHO HYRHHe anrefpaWuecKme BHKIARKA, HO
B KOHNE KOHIOB BH [O/GKHH Gyfere upmiitm ® TOMYy, 9TO0 uf
npousBoibHoil dyrxnua f(r)=f(r, 6, ¢):

2 . 1 92
Vf(rr 6’ (P)_‘TE.?(rf)'l‘
1 t 8 [ .. .0f 1 8%
o {s_’ine'a"é'(sm 955)+s“’—mzea7pf}- (17.6)
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Wrax, B DOXAPHHX KOOPAMHATAX ypaBHEHNe, KOTODOMY MOIIKIA
yroBnersopATs QyExmua P (r, 0, ¢), UPHHIMAET BHA
1 o2 1 {1 8 (. .op 1 oy
75 TV + 5 {—*sme o (Sm 959‘) + e 53}

=_%(E+e72) ¥. (17.7)

§ 2. Cgepurtecku cumnmempuunvie pertenus

MonpobyeM cumepsa OTHCKATh KaRyK-HUGYAh QYHKIHMIO TOOPO-
me, 9To0K oHa ymomiersopsuaa ypasHenutoo (17.7). Xora BosHOBas
dyHEKIEA P B 00meM caydae GymeT 3aBuceThb Kak o1 § ¥ ¢, TaKk 1 0T 7,
MOMKHO BCe jKe HOMCKaTb, He OBIBaeT JM TAKoro ocoboro ciydas,
Korpa ¢ He 3aBUcHT oT yrioB. Ecam BonHoBag QYHKIMA OT YIIOB
He 8aBHCUT, TO HpH HOBOPOTAX CHCTEMH KOODAMHAT HE OfHA M3
aMOIUTY] HEKaK He Oyper MEHATBCA. ITO 03HAYAET, UTO BCe KOM-
TOHEHTH MOMEHTa KOJHMYecTBA [BIKeHWUs paBHH Hymio. Takas
DyHKRIEA Y MONKHA COOTBETCTBOBATH COCTOAHUI0 ¢ PABHHM HYJIO
DOJTHEIM MOMeHTOM KoamuectBa [pmenwusi. (Ha camom pmeme, Ko-
HEYHO, paBeH HyId0 TOJIbKO OPSUTANBHAIL MOMEHT KOJMIeCTBA JBH-~
HEHNsI, DOTOMY 9TO OCTAeTcs eIfNe CHWH DHICKTPOHA, HO MH Ha 3Ty
wacth MOMeHTA He ofpamaeM BHUManua.) CocTosgHHUe ¢ HYJIEBHM
OpOUTANbHHM MOMEHTOM KOJHMYeCTBA [OBIGKEHUS HMeer ocoGoe Ha-
spanme, Ero HasmBaotr «s-cocToAHMeM» (MOKeTe CUMTATh, UTO §
OT cioBa «cepUyecKn CUMMETPUIHEIY) *.

Pas ¢ #e cobupaercs sasucerb 0T O U ¢, TO B HONHOM Jamacuane
OCTAHOTCA TOABKO ofuH mepBHI wieH u (17.7) cHabHO yOpPOCTHTCA:

Lty =—Z(+2) (17.8)

ITpesxge weM aaHATHCA pemeHHeM HOFOOHOrO YpPaBHEeHNSI, XOPOIIO
0w, msMenms MacnrraG, y6parb W3 HeEro Bce JHINHEE KOHCTAHTHL
Bpoge €2, m, i. OT BTOr0 BHIKIAXKH cTaHyT jJerde. Ecau cpenatsb
TIOJICTAHOBKH :

h2
=0 (17.9)
u
4
E= ’zﬁﬁe—z g, (17.10)
To ypapuenme (17.8) obpaTures (mocie yMHOMeHHS Ha Q) B
d? 2

# JIOoCKONBKY DTO W [PyTHEe OcO0Lle HABMEHOBAHHA HABIAITCA YacCThIO
O0IEUPAHATOr0 cI0BapA. ATOMHON $HBHKHM, BaM IOLUPOCTY NPHAETCA BHYYATH
nx. MH BaM IOMO;KeM HMX 3alOMHHTHL, IOMeCTHB B TOH TIJaBe HeOOJNBIIONH
4CTOBAPHK» TOJOOHHX TepMUHOB.
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914 uaMeHeHnA Macurafa 03HAYAIOT, YTO M H3MEPAEM PACCTOSHUE
r u sHepriio E B «ecrecTBeHHHX» aTOMHEX emuunnax. Hampumep,
p=r/ry, THe r8=h2/m(;2, Ha3HBaeTCA «0OPOBCKUM paguycoM» u
pasHo npuMepHO 0,528 A.Touno Tak sxe e=E/Ep, Tre ER=me4/2/iz.
Jta pHepruA HasmBaeTcs «puxbeprom» u papua mpumepHo 13,6 se.

Pas npoussefienne pyp BCTpeuaeTcsA B 00eMX 4acTAX ypABHEHUSA,
TO Jyunte paboTaTh ¢ HEM, 4eM ¢ caMuM §. Ofoanaqus

pb=1, (17.12)
Mbl IOJYYMM YyPaBHEHHUE, KOTOpO€ BRITIAAIUT Opoule:
o E)
oo (e+p . (17.13)

Tenepp maM mpemcronT HAliTH QYHRIUIO f, KOTOpasg YHOBIeT-
BopsieT ypasHeHuo (17.13), NHEIME CIGBaMH, OPOCTO PeIIuThH Tud-
depennmanpHOe ypasHeHue. I coskajienmio, He cyImecTByer HUKa-
KIX OOUINX, TOSHHEX BO BCeX CIYYafAX >KN3HA METOLOB pPeLIeHUs
n0boro nuddepenmalbHOre ypapHeHUs. BH TOMKHE mpocro mo-
KPYTHTH €ro TO TaK, TO 3TaK. X 0Th ypaBHeHWe He U3 JTeTKUX, HO J0-
71 Bce jRe HAILIM, 9TO er0 MOYKHO PONIMTH IPH HOMOLTH CJlerylomeit
oponexypn. HepenM pmenmoM BH 3aMeHAeTe f, KOTOPOE ABIAETCA
HeKoTopoil dyHKImUell oT P, HpOE3BeNeHNeM IBYX QYHKIIMI:

f(p)=e""g (p)- (17.14)

ap

3T0 mpocto osHAvaeT, UTO BH BHHOCHTe U3 f (p) MHOMKHUTERD €~
s nwboro f(p) aTo MoKHO cienath. 3agada Temepb TPOCTO CBe-
ach K OTHICKAHWMIO MOAXofdamei ¢yHRmuA g (p).

Hopcrasus (17.14) B (17.13), MH modyunM ciejfymolnee ypaBHe-
HHe JIA g:

d? d 2
‘;5—20562%—{—(—5—{—84—052)57:0. (17.15)
Mu Bopase BHOpaTth M060e ¢, MOITOMY chelNaeM TakK, YTOGH OHIIO
a?= —eg; (17.16)
TOTa TONYINM
d2g d 2
%—2—2@3%3{;:0. (17.17)

Bu MosKeTe mogyMaTh, 9TO ME He TAK YK alleKOo YUK OT ypas-
Henng (17.13); Ho HoBOe ypaBHEHHE TeM XOPOIIO, UTO €TO MOKHO
JeTKO PeIMTh pasioeHueM g (p) B paAx mo p. B mpmummme ectsb
BO3MOKHOCTh TAKMM e crocoboM pemath U (17.13), Ho Toasko Bee
OPOXOTUT cinoskHee. Mut ropopuM: ypasaennio (17.17) MoKHO yHOB-
JeTBOPHTL HEKOTOPOH QyHRmHeHd g (p), KoTopas B3amHCHEBAETCA
B BHJe pAna

4]

g(0)= 2 aw’, | - (17.18)

=1
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rfie a,— nocrogEANe Kodpdurnuents. Y Ham ocrarocs ToMbK0 HAiTH
OOnXoaAu(y0 GecKOHEUHYI0 DOCJIeN0BATENLHOCTD KO3pPUIHeHTO B!
Iposepum, rogurca am rakaa sanuch pewmeHns, [lepsas IPOH3ROL-
Had Takoi QyHKIuU g (0) paBHa
w
dg _
dp 2 agkott,
k=1
a BTopas

d% - —
0t = k=1akk(k—1)pk .

Mopcrasnas sto B (17.17), mMeem
S ki (k—1) quot—2— ;’, Qaka,ph- 4+ 3 2appt—1=0.  (17.19)
k=1 =1 k=1

Tloka eme me sicmo, BREIILIO AW y HAcC YTO-HHGYHH; HO MHE pBeMCH
poepen. Ecam Mu mepByio cymMmy s3aMeHHM HeKOTODHIM ee 9KBHBa-
JIeHTOM, TO BCe BHIpasKeHUe CTAHeT BRITAAMeTh ayumte. Hepsuil wien
B CyMMe paBeH HYJI0, II03TOMY Kajgoe &k MOKHO 3aMeHuTb Ha k-1,
OT 3TOTO HHYEr0 B 0ECKOHETHOM pAMe He W3MEHUTCA, SHAYWT, Hep-
BYI0 CyMMY MK BIIpaBe 3aOHCATh U TaK:

3 k1) hay 0.
Tenmeps MomHO 06BeUHUTH Bce TPH CYMMH B OfIHY:
% [(k4-1) ka,, —2aka, + 2a,] p*—! =0. (17.20)
k=1

Jtor cremeHHON psn KoJuKeH obpamarscad B HYNb OPE BceX
MHCIAMMHNX 3HAYEHUAX O, 9TO BOSMOKHO JIWIIb TOTTA, KOTHA K0ad-
OHUIMeHTH NPU KaXKT0il cTeNeHW p HOPO3Hb paBHH HYNI0. ME moxy-
9YUM pellleHNe JJIA aTOMa BOHOPOAA, eClIW OTHIIEM TAKYI NOCIeJo-
BaTeJBLHOCTD &, A KOTOPOH

(k+1) ka,, ,—2 (ak—1) a, =0 (17.21)

opu Beex k > 1. A ato, KOHEYHO, YCTPOUTH Jerko. Bribepure kakoe
YTOJHO ;. 3aTeM Bce Hpoune KoahpduimerTH 06pasyiiTe ¢ HOMOIIHIO
dopmMyaH

2 (ak—1
Q1= k((k+1)) (17.22)

Ionbsysice efo, BH OONYIHTE @, @,, @, U T. [i., M KaKasA napa Oyner,
Komeyno, ynoierBopATh (17.21). Mm moayumM pag mis g (p),
yroBnersopsioumii (17.17). C ero noMompo MH HaDHmeM ) —
pemenune ypasHeHHA [lpepwarepa. O6pature BHAM aHMe, 9TO
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pelileHHsT 3aBHCAT OT TOTO, . KAKOBA HPeJuoNIaraeMas HSHOpPTUA
(depe3 o), HO [IA KaKLOTO 3HAYEHHA € MONYyIaeTcAd CBOH pAI.

Pemenre-ro y Hac ecTh, HO UTO OHO HpefcraBiader uamgecru?
IlonsaTue 06 5TOM MBI HOMY9IUM, IOTIISIEB, YTO IPOUCXOMNT BIaleKe
0T OpoToHA — mpu Gombmux p. TaM ocHoBHOE 3HayeHUe MpHOGpe-
Tal0T HAMBHICIINE CTeIeHN WICHOB PsAfa, T. . HAM HAJO0 IMOCMOTPeTh,
976 GrBaer npu Goasmux k. HKorma k31, To ypapHerue (17.22)
OpubINKEHHO COBHAAET C

20
U1 g Qe

a DTO O3HAYAeT, 4TO

k
Gy = B (17.23)

+ 215

Ho sro xak pas Kox$OmuMeHTH PABIOKENIA B P € Gynu-
IHA g oKasmBaercH GHCTPO pacTyme#d sKcxoHeHTOH. L{ame nocie
yMHO;KeHUA HA e~ * momyuaromascs ¢yusuua 7 (p) [eMm. (17.14)]
Gymer npu Gombuinx p MeHATHhCH Kax e¥. MH Hamuig MareMaTmde-
CKOe pelenye, HO OHO He ABNsgerca PuamdeckuM. OHO mpejcTariser
cayvail, KOTJa DISKTPORY Menee 6ce20 BePOATHO OIYTHTHCA BOIM3II
nporoHa! Yame Bcero oH BaM HOBCTPeuaeTcAd Ha OYeHH OOJLIIMX
paccTosHHAX p. A BONHOBAA QYHRUMA [UIA C6A3QHK020 3IEXTPOHA
HOJDRIA IPU GOTBHIUX O CTPEMUTHCH K HYIIO.

[lpunmercs mogyMaTs, Heb3s1 M KaK-HAGYIb 0OMaHYTH permieHue,
OraswBaerca, Moxuo, IlocMorpure! Ecam 61, mo ceacrbio, orasa-
mock, 910 a=1/n, rme n — mwboe weioe wHMCAO, TO YpABHERNE
(17.22) npuBeno 6u K @, ;=0. U Bce Boicme wieHH ofpartmwinch
65 Toke B HyJb. DBrimrenl OH He OeckoHeUHHIH pAX, a KOHeTHBIL
muorowreH. JI06ofl MAoTOUNEH pacTer MeJleHHee, 9eM e*f, moaToMy
MHOKHATENb ¢~ * HaBepHAKa 3abber ero npu Goxblux P, W QyHK-
nus f opu Gonbmux p Gymer crpeMHTbea K Hyno. EquncrBenHEe
PEIIEHNA OAf COR3AHHBL COCMOSHUL 3TO Te, 1A KOTOPHX a=1/n,
ree n=1, 2,3, 4u 1. 1.

OI‘JIHI[HB&HCB Ha ypasuenme (17.16), Mu BugnM, uto y chepue-
CKM CHMMMETPHIHOTO BOJHOBOTO YPABHEHWS MOTYT CYLIECTBOBATH
PElIeHns [JiA CBA3AHHEX COCTOAHUI JNIIb IPH HHEPTHAX

1 1 1 1
—'821’ A ‘§'7 .1—6"“’.772—

3 e e

JLOmyCTIMEL TOBKO Te DHEPTUH, KOTOPHE COCTABIAIOT UMEHHO TaKyio
yacth pHabepra ERzme‘*/Zﬁz, T. €. DHePTHA n-T0O YPOBHA paBHa

E,=—Eqp—. (17.24)

n

HCTaTI/I, HUYEero MUCTN49eCKoOro B OTpI/IU,aTeJILHI:IX 9Heprusax Her,
OHH OTPUUATEIBHE OPOCTO TOTOMY, IT0 KOTHA MBI PeNIWIH HACATb
V=— €*/r, TO TEM caMHFIM B KadecTBe HyJs YHEPTUU BHOPaIN dHEP-
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FUI0 ANEKTPOHA, PACHOJOKEHHOTO BIaleKe OT HpOTOHA. riorga
OH OiMKe, TO ero DHEDUHA MeHbIIE, T. €. HIDKe HyJi. JHepruA HH-
e Bcero (caMas OTpPHIaTeNbHAs) OpH n=1 M BO3pacTaeT K HYII0
¢ pocroM n.

Eume 1o OTKPHTHA KBAHTOBOH MeXaHHKH DKCIEPUMEHTANLHOE
uzydenne cueKTpa BOJ0POa HOKA3aJI0, YT0 YPOBHU dHEe PIAK OHHCH-~
Barotca Gopmynoit (17.24), rne K, Kak 9710 clegyeT U3 H3MepeHHIt,
pasHo mpumepHo 13,6 26, 3arem Bop mpmmyman mopmens, Koropas
OopuBena K ToMy ke ypasmHeHwmo (17.24) m mpencrasama, aro Ep
JOIKEO paBHATECA met/22. TlepBHM 60TbIIEM yCHEXOM TeOPHHE
Hipemuurepa ABWIOCH TO, YTO OHA CMOIJA BOCHPOMBBECTH HTOT
pes3ylIbTaT OpAMO U3 OCHOBHOTO YDABHEHHMA JBUKEHHA 3JIEKTPOHA.

Teneps, Korma Mu paccamrany Haiml mepBHIT aToM, gaBaiite pac-
CMOTPHEM CBOHCTBA HOJYYeHHOTO0 HaMu peimenns. O6beguumM Bce
BHIeJIMBHINECA IO J0pore aKTOpH U BHOUNIEM OKOHYATEILHHIN
BHJ peIleHus;

n - -
¢n=-;(p-)=ep g, (o), (17.25)
T8
£n (p)zkgi a,p” (17.26)
I
2(k/n—1 .
ak+1:—k(—(;1b.ﬁ+—4‘)—) 5 (17.27)

ITorka mac wmHTepecyer IIaBHHEM 06pPA30M OTHOCHTEJNbHAs BepOAT-
HOCTh OOHapPY/KUTh BIAEKTPOH B TOM HJIH MHOM MecTe, MOYKHO B Ka-
yecTBe @, BHIOuparh aw6oe gncao. BosbpMmeMm, mampmMep, a,=1.
(O6ramo BHOUpAIOT @, Tak, 4To0H BosHOBAK QYHKIHA ORI «HOP-
MUpoBaHa», T. €. 4TOGH MOJHAS BEPOATHOCTH OCHAPYKATH BJIEK-
Tpon rue 6u To HU GEUIO B atoMe Gnuta pasna epmaune. MH B 9TOM
ceifgac He HyRIaeMcH.)
B mmsmeM sHepreTHICCKOM cOCTOSHNT =1 H

Py (p)=e". (17.28)

Ecaum atoM Bofopojia HAXOIKTCA B CBOEM OCHOBHOM (HamnGoiee HU3-
KOM 5HepreTHIecKOM) COCTOSHUN, TO AMINIHTYAa TOTO, 9TO BJEKT-
pou Gygner ofHapys;KeH B KaKOM-TO MecTe, DKCIOHEHIMANBHO Tafaer
¢ paccToAHneM OT IpoToHa. BepositHee Bcero BCTPeTHTD €ro BIOIOT-
Hylo 6au3 mporoHa. XapaKTepHOe pPAacCTOAHUE, HA KOTOPOM OH
BCTPEYAETCHA, COCTABIAET OKOIO OFHOTO P, WIH ONHOTO GOPOBCKOTO
paamyca rp. _

MongcranoBra n=2 gaeT ciedymuil Gojlee BHCOKUYA YpPOBEHb,
B BOaHOBYI0 (YHKIHIO 3TOTO COCTOSHHA BXOIAT JBA CJIaraeMHX.

Ona pasHa
P2 (0) = (1 — %) e=?2, (17.29)
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n=2

o~

D ue 17.2. Boanogtie ynryut mper nepeur COCMoA-
ruti amoma egodopoda ¢ 1 =0
Macumatn en6pans max, 4¥mobs, noANHbe gePoAMNOCTMU COBNABAIU.

Bonnozas ¢ymknua mns ciegyoilero ypoBHS paBHa

Y3 (0) = (1—%"—+§7 p”) e=%/3, (17.30)

ITH TPH BONHOBEE QYHKIUE HauepueHs Ha ¢ur. 17.2. Obuas Ten-
HeHNus yike BugHA., Bee ronHOBHE QyHKIME OpH O0JBIINX O, HOKO-
ne0aBmACh HECKONBKO pa3, mpubmmxawrea K ayawo. W peficten-
TEeJTLHO, TACTO «M3THO0BY y 1P, KAK Pas paBHO 1, WK, eCJIH YTORHO,
9Hci0 nepecedeHnil ocu abcmmec — 9meno Hymded — pasao n — 1.

§ 3. Cocmoanusn ¢ yero60ii 3a6UCUMNOCTNBIO

Mmu Hamw, 9T0 B COCTOAHUAX, ONMUCHBAEMHX BOJHOBOH (yHK-
nuelt VP, (r), aMUINTya BePOATHOCTH OGHADYKHUTEL BIEKTPOH cde-
PUYECKE CAMMETPUYHA; OHA 3ABHUCUT TOJABKO OT 7 — DPACCTOSHUA 10
uporoHa. MoMeHT KoIMuecTBAa [BIGKEHHsA TAKHX COCTOSHUN paneHn
mynao. Teneps 3aiiMeMca cOCTOAHNAME, ¥ KOTOPEIX KaKOH-TO MOMEHT
KOIMYeCTBA JBUKEHNA AMEeeTCH.

Moo 610 6B, KOHEIHO, IPOCTO UCCIE0BATH TUCTO MaTeMa-
THYECKYI0 33724y OTHCKaHuA YHKIUA oT 7, O K @, YXOBIETBOPAIO-
mux auddepennmanrbaoMy ypasHeuumio (17.7), mo6aBMB TOIBKO
$maNuecKoe yCJOBHE, 470 ©JUHCTBEHHO NDHeMIeMHe A Hac
QYHRONT — 3TO TAKEE, KOTOPHE OPH 60NbIINX 7 CTPEMATCA K HY IO,
Tax mourm Beerga w mocrymaoT. Ho Mu mompofyeM HeCKOIBKO
COKDATHTh HAlll OyTh M BOCHOJb30BATHCA TeM, 9TO MH yiKe 3HAeM,
MMEHHO TeM, UT0 HaM M3BECTHO, KaK amnnmyum 38BHCAT OT HpoO-
CTPAHCTBEHHLIX YIVIOB,
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AToM Bopmopoma B TOM ¥MIH WHOM COCTOAHWH — 3TO YACTHIA
¢ OIpeIeseHHEM (CHOUHOM» j — KBAHTOBBIM 9HCIOM IIOJHOTO MO-
MeHTa KOJUIecTBa [BMeHuA. Yacrb 5TOro cnMHA BOZHUKAET OF
COOCTBEHHOTO CIMHA DIIEKTPOHA, IPYTafd — OT ABHKEHNA dIeKTPOHA,
Mockonpry Kampmas M3 2TUX gacrell meficTByeT (B OYeHb XOpOIIEM
OpubiawKeHNH) He3aBUCHMO, TO MK mO-IpesKHeMy OyJeM UTHOPHpO-
BaTh CHOWHOBYI0 YacTh M yUTeM TOJBKO «OPOHTATBHHIA» MOMEHT.
BopogeM, 310 op6MTanbHoe gBMKEHHE B TOYHOCTH HOM0GHO CIHHY.
CrasieM, ecanm opOWTaNIbHOE KBAHTOBOE UHCIO ecTh [, TO Z-KOMIIO-
HeHTa MOMEHTAa KOJIUdYecTBA [BUMKeHUA Mosker OwTh I, I — 1,
I —2,... —1I (M#, kak ofsuHo, H3MepseM Bce B efUHANAX /i.)
HpoMme Toro, mo-npemteMy TogaTcs Bee HAIMN MaTPHIE IOBOPOTA
u Opoure m3BecTHHIe cBolictBa. (Haumbas ¢ aToro Mecra, MH delicm-
sumesvHo HaUHEM mpereGperarTh COMHOM DIEKTPOHA; FOBOPA O ¢MO-
MeHTe KOJMYECTBA IBHHeHUsA», MH OyIeM MMeTh B BHAY TOJBKO
OpOUTANBHYI0 €r0 4acTh.)

Hocronpry moie ¢ motennmaioM V, B KOTOPOM JIBHeTCA BIEKT-
POH, 33aBMCHT TOJBLKO OT r, a He oT § M He 0T ¢, TO FAaMHJIbTOHIAH
CUMMeTpHYEH OTHOCHTEIbHO moroporoB. OTciofia ciexyer, 910 |
MOMEHT KOJHYeCTBa [BHKEHHMH M BCE €T0 HPOCKIUHU COXPAHAITCAH.
Jto He ecTh 0coGoe cBOMCTBO KYNOHOBA OTEHIMAJIA ¢2/r; OHO cOpa-
BEJINBO OPH JBIKEHWH B .1000M (UeHTPATBLHOM molley — IIoJe,
3aBHUCALIEM TOABKO OT I.

Hpepcrasum cebe HeKOTOPOE BO3MOIKHOE COCTOSHUE DIEKTPOHA;
BHYTpPEHHAA YIVIOBAs CTPYKTYpa BTOTO COCTOAHUA Oymer ompefe-
IAThCA KBAaHTOBHKIM uwMciaoM [. B saBucmMocrm 0T «opHeHTAIUM»
DONHOTO MOMEHTa KOJIMYECTBA [BIKCHUA OTHOCHTEJLHO OCH Z €TO
OPOeKIUA m Ha Och 2 MOMeT PaBHATbeA omHoMy m3 2l-41 uamcen
Memxgy +Im —I. Ilycrs, nanpnmep, m=1. C rakoil aMOnuTyRoH
JJIEKTPOH OKasxKeTcA Ha OCH z Ha paccrogHAU r or Havana? C Hyme-
BON. JIeKTPOH HA OCH Z He MoXcem MMeTh KaKoro-i1u6o opburtanb-
HOI'0C MOMeHTa OTHOCHTedbHO 3Toit ock. Ho mycts Torma m=0. Bor
3TO APYroe neio; Temepb y:Ke MOKET HOABHTLCA He pPaBHAA HYJIO
AMINHUTY[A TOTO, 9TO JIEKTPOH OKaYKeTCA Ha OCH Z HA TAKOM-TO
paccrosaun or nporona. O6ozHaumM sty aMmimuTyRy F; (r). 910 —
AMIIATYA TOTO, 9TO DIEKTPOH OYHeT O0OGHAPY:KeH HA PACCTOTHUH
r mO0 OCH 2, KOTZIa aToM Haxomures B cocrosawu | [,0), T.e.B
COCTOSHUY ¢ OPOATATBHEM MOMEHTOM [ U ero z-KoMmoHeHTOI m=0.

A ecau Ham usBectHO I, (r), 10 m3BecTHO Bee. Teneps yixe B 0~
6oM cocTosHEM | I, m) MH MOKeM Y3HATL aMmIUTyRy Y, , (r)
TOTO, UTO 3JEKTPOH OCHAPYKHTCSA B RPOUSSOALHOM MecHe aTOMA.
Kax ms1 370 ysnaeM? A BoT ciemute. IlycTh ¥y HAC ecTh aTOM B CO-
crosgany | [, m). Hakoa aMminTyna toro, 910 SIeKTPOH 0OHAPY-~
HUTCA o7 yriaoM 0, ¢ m Ha paccroaum® r or Hawana? Ilposemure
HOBYIO OCb z, CKaKeM z’, mop atuM yriom (dpur. 17.3) m szamaiire
BOIPOC: KAKOBA AMINIUTYHA TOTO, 9TO HIEKTPOH OKAKETCS Ha HOBOM
ocH z’ Ha paccrospum r? MH 3EaeM, 4To OH He CMOMET OKA3ATHCA
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Qua, I7.3. Touxa (z, y, 3)
Aexcum Ha ocu z' cucmemst
roopdunam ', y', z’.

Ha ocH z', eCIM TONBKO M’ — erc z’'-KOMOOHEHTa MOMEHTA KOJU-
decTBa JBI:KeHNA — He paBHa HyI0. Horna ske m’' =0, To aMmnuTyia
TOTO, YTO IEKTPOR OGHApYKHUTCA HA ocH z', ectb F, (r). Smaunr,
peayinbTaT HOJNYYUTCA IepeMHOKeHueM nByX ammiutyp. llepsan
3TO aMINIUTYZA TOTO, 9T0 aTOM, HaXoZsamuilcsa B cocrosHUm | I, m)
OTHOCHUTEILHO OCH 2, OKaykercA B cocroaumu | I, m'=0> omnocu-
meavho ocy z'. YMHEMKDBTE 3Ty AMIUTHTYRY Ha I, (r) 1 BH DoJy4duTe
aMmiaATyny ¥, , (r) TOTO, 9TO JJIEKTPOH OCHAPYKMTCA B TOUKe
(r, 8, @) OTHOCHTENBHO HEPBOHAYANLHON CHUCTEMH OCeil.

Hasaiite Bce 310 pacuumeM. Marpunsl npeobpasoBaHUA [A
OOBOPOTOB MHEl yyike BHuHCAHAM. Uro0bl IepefirM OT CHCTeMH
z, Y, 2K cacreme z', y’, z’ (cMm. dur. 17.3), MoxHO coepBa cHenarth
HOBOPOT BOKPYL OCH zZ Ha YrOJ ¢, & HOTOM CHEIATH HOBOPOT BOKPYT
Ho8oll och y (ocu y') ua yron 0. CoBMecTHHI HOBOPOT BHPAa3UTCA

HpOI/IEBe}IeHI/IeM
R, (6) R, (9).

AMonurysma toro, 4Tto mociie HOBOPOTa OGHAPYIRUTCH COCTOSHUS
|4, m' =0, ecrb
<1, 0| R, 0) R, (¢)|1, m>. (17.31)

B wrore monyuaem
Y, m (1) =<, O| R, (O) R (9)|1, m> F,(r). (17.32)

OpburanscHoe JBH:KEHHE MOMKET 00MaZaTh TONBKO IIENKIMH 3HA-
venuami /. (Ecam snekTpoH MosKeT GRTH 0GHAPYIKEH B 11060M MecTe,
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rae r=40, T0 MMeeTcA HCKOTOpPAas aMILIMTYTa TOTO, YTO B ITOM Ha-
npasnennu 6ymer m=0. A cocroguus ¢ m=0 GBBa0T TOAbKO TpPH
HeJHX compax.) Marpumsl mosopora musi [=1 mOpuBemeHEH B
1a61.15.2 (ctp. 129). [lna Goxpmux ! e MosKeTe BOCHOIH30BATHCH
06HJ,HMM dopmymamu, Brsenennsivu B ra. 16. Marpunm R, (¢) =

(0) Ham®caHH IO OTAETLHOCTH, HO KaK HX hOMGI/IHHPOBdTL BEI
3Haere. B ofmeM cirydae BH HauHeTe ¢ cOCTOAHUA | [, m > U mopeii-
CTByeTe Ha Hero omeparopom R, (¢), HOXYyuYuB HOBOE COCTOAHHE
R, (q)) |, m)> (roropoe ]]pOCTO pasHO €%, m}). 3areM BH
nonencmyefre Ha 3TO0 COCTOSIHHE OMmepPaTOPOM R (0) u momyunre
cocrostume R, ©) R, (¢) |1, m). YuuOKeHAE ma {l,0 | macr mam
MaTpPUIHEIH STeMeHT (17.31).

Marprunsie piIeMEHTH ONepaUl MOBOpPOTa — 3TO anrelpamye-
ckue ¢pyurnmu ot § u ¢. Te dacTHHe BUIH QYHKHUWHE, KOTOpHE
noapasawrea B (17.31), BO3HUKAOT ¥ BO MHOTUX JPYTHX 3anadax,
CBABAHHHX ¢ BOaHamu Ha cepe. Vm mpucsomnm ocoboe uMs.
Ilpasma, me y Bcex aBTOPOB 0603HAUEHNA OJMHAKOBbI; Yallie BCETO
BCe e mHUINYT

<, O|R, (O R,(9)|1, my>==a¥1 (0, ¢).  (17.33)

Qyurmuu Y, , 0, ¢) HABHBAIOT CfiepuueckuMmu  2apMOHUKANL,
a @ — OpoCTO YMCIEHHBI MHOMKUTENb, KOTOPHII 3aBUCHT OT TOTO,
xak ompepenero Y, .. Ilpn ob6rranom ompenenennn

4t
21 4+1"

B s1ux 0603HaYeHEAX BOIHOBHE JYHKIUH BOJOPO/Ia 3aOACHBAIOTCA

TAK:
Vi, m (@) =Y1 (0, ¢)F, (). (17.35)

Yraossie ¢ynrnmu Y, , (0, ¢) BajKHH He TOJBKO BO MHOTHX
KBAHTOBOMEXaHHYECKUX 3a494X, HO ¥ BO MHOTHX OOIacTAX Kiac-
CHYeCKOH (MBWKHU, B KOTOPHIX ECTpeYaeTcA omeparop V2, HampuMep
B 9JeKTpoMarHermsMe. B KadecTBe Jpyroro mpmMepa MX HpHMeHe-
HIA B KBAaHTOBOH MeXaHNKe DAaccMOTPHM pacuaf, BO3OY:KIeHHOTO
cocrosuma Ne?' (0 KOTOpPOM TOBOPHIOCH B HpefHAymIcil riase),
KOTOPOe HCIlycKaeT o-gacTHly ® mpespanfaetca B 016

Ne20* — Q16 Het.

JlomyctuM, 49710 BO3OYKOEHHOE COCTOAHWe HMMeeT cnMH [ (06asa-
TeJAbHO HEJNHIT), a 2z-KOMIOOHEHTA MOMEHTA KONMTECTBA [BHIKCHUA
ectb m. CIpOCEM BOT 0 9eM: eCJH JaHH [ X m, TO KAKOBA aMILIATYA
TOTO, UTO C-YACTHIA BEUIETHT B HAIDAaBIEHUHN, COCTABIAOIIEM
¢ OCBIO0 2z YyTOJ 6 M € IIOCKOCTBIO &2 yrod ¢ (pur. 17.4)?

Pemurs aTy 3amauy HaM IDOMOKeT cieqyiomee HaOI0eHHE.
Pacnaj, B KOTOPOM .-9aCTHI(A BEIIIETAET HIPAMO BJOID OCH 2, J{OJKeH
NPOUCXONATH U3 cocrosHus ¢ m=0. Iro moromy, a10 y camux (018
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16

0

Due. 17.4. Pacnad ecsbyncdennozo cocmosnus Ne?0,

¥ 0.-9acTUIE CIWH PABeH HYN0, & 33 CUeT [BIKEHUs BIOIL OCH 2
MOMEHTa BOKPYT 5TOH och He coapamb. O003HATNM 3Ty aMIIUTYRY @
(Ha epuMHHUNY TeJecHOro yriaa). Torga, U4rob6H HAHTH AMILIATYRY
pacmaja nox HPOM3BONBHHIM yruoM (cM. prT. 17.4), ocTaerca TONBKO
y3HATDH, ¢ KaKOil aMIUIUTYnO# JaHHOe HavajbHoe cocTogHme Oymer
ofiasaTh HyJIeBHM MOMEHTOM OTHOCHTEIBHO HaIpPaBNeHUA pacHaja.
AMmmiutypa toro, 9to pacmap 6yxer B Hampasnenmu (0, ¢), ToTHa
fymer paBHa NPOMSBEJCHNI0 @ HA aMIUIUTYAY TOrO, ITO COCTOSHUE
[ I, m)> oTHOCHTEIBHO OCH z OKasKercA B cocrosumu | I, 0) orHo-
CHTeJNBHO z' (HANPABIEHHA pACHA[a). JTa MOCIeNHAA aMINIUTYHA
KaK pas m ecTh TO, Y10 MH nucaxn B (17.31). BepoarHocrs yBUmeTH
a-uacTuiy mof yriaoM (8, @), craxo OHTh, paBHa

P, g9)=a?|<l, 0| R, (O) R, (9)|1, m>|2

s npmmepa paccMOTpHM HagalbHoe cocTofgHHe ¢ [ =1 m
pasmuansMu m. W3 taba. 15.2 (crp. 129) M 3HaeM Bce HyKHEBIe
AMITATY ABL:

1 s
A, O|R, () R, () [1, +1>=1sinoe,
<1, O[R, (0) R, (p)|1, 0>=cos0,
1 .. _
<1, O|R,(B) R, (9)[|1, —1>= ——V—_Esm Be='®. (17.36)
9710 ¥ ecTh TPHE BO3MOKHEIE aMINIUTYIB YITOBHX DPACHPeNeNeHHI,
B BABUCHUMOCTH OT TOTO, KAKOe M y mePBOHAYANbLHOIO ANpA.

Takue ammanTyas, kak (17.36), BeTpewawTes Tak 4acTo ¥ Tak
BAJKHH, 9T0 UM JalH Heckoabko HasBaHWil, Ecam aMmnmryga yrao-
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BOTO pacmpejeieHus IPONOPUAOHAJIbHA M1060# U3 9TUX TpeX QYHK-
nuil wan 10604 AX THHEHHOH KOMOHHATUY, TO MHI TOBOPHM: «0pOH-~
TANBHAIA MOMEHT CHCTEeMHl paBeH ejuaune». WiIM MoKHO ckasaTk:
«Ne?0* gemryckaer p-Boary». Ylnu roBopAT: «o-4acTAA NCOYCKAETCA
B cocrogHnd ¢ [=1». Brpaskennit Tak MHOTO, IT0 JaKe CTOMUT COCTA-
BHTH CJIOBapHK. EcIn BH XOTHTE MOHAMATH PasroBOp PUBMKOB, TO
BaM mPOCTO HYMKHO BHYyYUTH UX A3HK. B raGa. 17.1 npusegen cio-
Bapb OpOHMTAJIBHEIX MOMEHTOB KONWYECTBA IBIKEHUA.

Tabauya 17.1 o CJAOBAPHK OPBHTAJBHBIX MOMEHTOB
(I=j—-LEJIBIE YYMCJA)
Opou- Op0i-
T Z-KOM- Hanve-| Yncao | Tamlb-
HbIM IIOHEeH- YTriloBasg 3aBHCHMOCTH AMIVIHTY HOBa- | COCTOA- Hasg
MoMeluT| Ta, m HIIE HIMK qer-
1 HOCTSE
0 0 1 s 1 -+
1 .
-1 — ﬁ: sin Qe'?
1 0 cos O P 3 —_
1 .
—1 'i/—é_ sin e~ 1'%
+2 K/IG' sin2 Qe2®
+1 Q sin § cos 0e’?
2 L o % (3 cos20—1) d 5 -
1 ——_~V26 sin 0 cos Be="®
—2 _l.[i sin 20e~21%
4
3 ({  GOIBOR (@)L, m> f
4 ] =Y1,n(0 @) g | 201 (—1)
5 [ = P]" (cos B)e!™? h

Ecnn op6uranbHblil MOMEHT paBeH HyJII0, TO MOBOPOTH CHCTEMB
KOOpEMHAT HUYEr0 He MEHAIOT ¥ 3aBHCHMOCTH OT yTJ1a HeT: «3aBH-
CUMOCTEY OT YIjIa UMeeT B[ HOCTOSTHHO, cKaKeM 1. To HaswBaoT
«s-cocroganeMy. EcTh TOIBKO ONHO Takoe COCTOSHFE, IIOKa MEJI0
KacaercsA TOIBKO 3aBHCHUMOCTH OT yriaa. Ecau op6uraabuslii MOMeHT
paBeH 1, TO aMIIHTY[a 3aBUCUMOCTH OT YTJOB MOMKET GHITH OTHOI
U3 TpeX HPUBeAeHHHX QYHKIuA, CMOTpA MO TOMY, 4eMy paBHO m,
WIH UX JuHefiEO# KoMOuHauued. VIX HA3HIBAIOT (P-COCTOSHUAMUY.
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Takux cocroguuil rpu. Ecnm op6uranbHHE MoMeHT paseH 2, To
momo6HHX GyHKIuA uarh (cM. Tabnuny). Jlnbas ux auHeiinas KoM-
OMHaNUA HaszpBaerTcH «/==2»-aMIUIUTYLOH, WIN AMINIHTYHOH «d-BOI-
uE, Temeps BB cpasy moragaerecs, Karas Oyder clegywinasa GyKsa.
Uro momskuo uaru mocae s, p, d? Hy, romeuno e, f, g, h ¥ T. 1.
1o anpasury. ByxBH sTH HUTero He smavar. [Korma-To onm 4ro-to
sHaquin: «peskad» (sharp), «raasmas» (principal), «quddysaasy
(diffuse) u «pymmamenranbHasy (fundamental) cepun muemit omru-
9eCKOTo cmeKkTpa aromos. Ho aro 6su10 Torma, Korma eme He GBLIO
M3BECTHO, OTKYJA aTH cepun amHuil 6epyrea. Hocue f ocoGrx Hasra-
HEH yKe He OBUIO, TAK 94TO MBI ceifdac MpOCTO MpoJoJsKaeM g, h
u T, gl

Yraopsie yHRNMYA B TaGHUIE NPOXOAAT O HECKOIbKUME KMe-
HaMH U OO peAeldioTca nopoil ¢ HeGoXbmuMA BADAANUAMA B YRCICH-
HBEIX MHOXRATENAX , CTOANTUX Bruepenn. VIHOTHA HX HasHEBawT «chepn-
HecKue rapMoERuKMWy u o6osHavawr Y, . (9, ¢). Nrorga ux mmuryt

Pl (cos 0) e™%, a mpu m=0 npocro P, (cos 0). Oyurnuu P,(cos 6)
Ha3HBaTCA «MOATHOME Jleskauapa» o cos 0, a QyHKIuK PI"(cos 0)

VMEHYIOT (IpucoequHeHHEME (yarnuaMmu Jlemangpar. TaGaus
8THX PYHKUEH BCTPEUAdTCA BO MHOTHX KHETAX.

O6pature, KeraT®w, BHEMAHWE, 9TO Bee QYHKIHMA ¢ JaHHBM [
EMEIOT Of[HY W TY jKe 9eTHOCTh — IpHX HEeYeTHHIX [ OHH OT mHzZep-
CUH MeHAIOT ¢BO#l 3Hak, npH JeTHHX [ — HeT. Iloaromy Momuo Ha-
IHCcaTh, 9T0 YETHOCTh COCTOAHNA ¢ OpOUTajbHBIM MOMEHTOM [ paB-
Ha (—1)%.

Har Mul pugennm, ogHu m Te Ke YINIOBHE pacHpemeleHUST MO-
FYT OTHOCHTHCSA K Pas3HBIM BelaM: K SJePHOMY pacnagy, K EPyruM
ANEPHHIM mpolieccaM, K pacIpefeleHH0 aMIUINTY[d HaGI0eHnA

9. Bepoamrocmy

@ ua. 17.5. I'pagur cos®0 ¢ no-
AApHEL ~ Koopdunamaz, dawuul
OMHOCUMELLHYI0 8ePOAMHOCMmY  00-
HAPYICEHUR 9aeKmpOna N0d pas-
AunHBMY Yeaanu K ocu z (8an dan-
HO20 T) 8 COCIMOAHUL GMOMA ¢
=1 u m=0
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BIEKTPOHA B TOM MIW MHOM Mecre aroMa Bogopoga. Hampmmep, ecan
9JIeKTPOH HAXOLHUTCA B p-cocToAHUY ([=1), TO aMIuIETyZA TOTO, YTO
0H 00HApY/RUTCA B KAKOM-TO MeCTe, 3aBHCHT OT yIJIa OIpeflesien-
HEM 06pa3oM, HO BCer[a mpejcraBiager co00il IUHefHYO KOMOH-
Hanuio Tpex QyHKmWi gaa !=1 wus rtabua. 17.1. BossmeMm ouenn
EHTEpEeCcEH caydaii cos 0. OH ozmagaer, 970 aMILIATY/la, CKasKeM,
moJI0KATeNbHA B BepxHeit gactn (0< 7t/2), orpunaTenbHa B HIKHEH
(0>mn/2) u pasra Hyxio npa §=90°. Bossogs ee B Kpafpar, BALUM,
YTO BePOATHOCTh BCTPETHUTD BJIEKTPOH MeHseTcA ¢ O Tak, Kak mOKa-
samHo Ha Pur. 17.5, m me saBucmr or ¢. Taxoe yriomoe pacmpefe-
ficHHe OTBETCTBERHO 3a TO, UTO B MOJEKYJASAPHOH CBA3W NPHTAMKE-
HUe 3JIeKTPOHA B coctofnud /=1 K pgpyroMy atoMy B3aBHCHT OT
Hanpasienus. Orciofa BemeT cBOe HaJajio0 HApaBleHHasd BadeHT-
HOCTH XHMHYECKOTO [IPHTAKEHIS.

§ 4. Od6ugee pewmernue dasn 6000poda

B ypaememum (17.35) M 3amucaidd BOJHOBHe (YHKIUH &TO-
Ma BOJOpOAAa B BHe

P m () =Y1,m(0, @) F, (). (17.37)
ITH BOJHOBHE (YHRINEW JO/HKHE OHTHh pemeHHAMU Iupdepenuy-

anpHOro ypasuennsa (17.7). ITocmorpmm, uro sto osmagaer. Iog-
CTaBUM (17.37) B (17.7); pomyuum

Yl F 0 Yl m ‘Fl 62Yl) m
T (r l)+r2sln969 <Sm9 50 ) EISTEY B
2
- ﬁ'" (E+ >Y[m - (17.38)

IMomuosmmm Bce ma r2/F, u mepecTaBAM wWieHsb; peaynabraT Oyjer
TAROB:

1 9 . Yy 1 8%, ,
sin 6 %(Sme 00 >+ sin?28  9¢? =

=— [ {:der(F,)—{— (B++ )}]Yl,m- (17.39)

JleBad gacTs 5TOTO ypaBHeHUA 3aBUCHT 0T O U ¢, a OT r He sagucum.
Hawoe GH 3HaueHme r MH HY B3AJH, OT 3TOr0 JeBaA yacrh He M3Me-
HUTCHA., SHAYUT, 110 e Q0ANHCHO GBI BBLNOAHEHO U AL NPABOL YACIMU.,
XoTA B BHpasKeHAH B KBA ApaTHEIX CKOGKAX TaM ¥ CAM DOOAfaloTCHA
pasHble r, Bce BHpaskeHHe OT r 3aBHCeTh He MOKeT, wmaue Ol He
NOJYYHI0Ch ypaBHeHNe, KOTOpoe TONUTCs I BeeX r. HpoMe ToTo,
KakK BH BHJWTe, 9Ta cKob6Ka He 3aBmcuT HE ot 0, HE 0T . OHa J0/KHA
OBITH TOCTOAHHKIM YHCAOM. Ero BesnuuWHa MMeeT mpaBO 3aTO 3aBU-
cerh OT 3HaYeHHA / TOr0 COCTOAHHA, KOTOPOE MBI H3Y9aeM, IOCKOIbKY
BTOMY COCTOAHWIO MpUHANIEKUT yHKnuUa F,; m09TOMY HOCTOAHHOE
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ancio MH oGosHaunM K,. Ypasaerue (17.35), craro GHTBH, paBHO-
BHAUHO ABYM YPaBHEHUSM

1 8 /. 0¥, T
S 0 ?e"(sme 30 >+sin20 oot = — KX m, (17.40)

1 o2 2 2 F
T (F)+3 (BE+5) =K, 2L (17.41)

Teneps B3rIsiHEM HA TO, 970 MH cgexanau. dusa kamgoro cocTos-
HUs, ONUCHBAEMOro 9YWciaMd ! M m, MH 3HaeM ¢yHKMHA Y, .;
rorga u3 ypasHerus (17.40) MoxHo onpenenurs K,. 3arem, mojcra-
pus K, B (17.41), Mu monydum pmpdepeHIUManIbHOE ypapHEHHE
raa Gyaskgum F, (r). Ecim Ms ero cMOsKeM pemmHTh, TO BCE
MHOKHTeRN, Bxofamue B {17.37), HaM craEyT H3BECTHH, W MH
yaHaeM ¢ (r).

Yemy :xe pasmo K,? Hy, Bo-nepnHX, saMerbTe, 9T0 OpH BCEX M
(BXOnANUX B JAHHOE [) OHO TOMIKHO OHTH OJHEM U TeM JKe, IOITOMY
M5l BIpaBe BHOGPaTh B Y, , TO m, KAKOS HAM HPABUTCA, W BCTABUTD
eirg 134)(17.40). Ilosxanyit, mpome Bcero B3ATh Y, ,. W3 ypasdenus
(16.2 '

R, (p)|l, D=¢€*|1, D, (17.42)
Marpmussiii a1eMeHT R, (6) Tome coBcem mpocr:
I, 0| R, (0) 1, I> = b (sin0)?, (17.43)
rie b—meroropoe umeno *. OGnemunsas EX, MOJdydaeM
Y, 1 ~ ¢ sin‘0. (17.44)
Ilocranonra sroit dymrnmm B (17.40) macr |
K,=1(1+1). (17.45)

Teneps, xorga Mu onpegenzin K,, ypasaernne (17.41) gacr mam
papmanbayio ¢ynaxnuio F, (r). Ilepex mamu obnaHoe ypaeneHume
IlpegnHrepa, y KOTOpOro yraosas 9acThb 3aMeHeHa €6 DKBHUBAJECH-
trom K, F,/r?. llepenumem (17.41) B Toif PopMe, B KaKoil MH mucaiin
ypasHennme (17.8):

1 q2 2 2 (1) R
7m(rpl)=_ﬁ_":{E+fr_-——(—§z—rg-}. (17.46)

* 910 HeTPYHHO BHEBecTH H3 (16.35). Ho MOxKHO 3T0 cllenaTh, HCXOAS U3
OCHOBHEIX IIPHEIWIOB; HAJ0 TONHPKO BOCIIONb30BATHCH UAEAME, H3J07KeHERME
B 1ii. 16, § 4. Cocrosanme |l, I> Momer OBITH COCTABICHO B3 2] YACTHL CO CIAHOM
1/, ¥ KOTOPHIX CIIH HAaUPAaBJIeH BBepX; a B cocrogend |!, 0> I comEOB 6RO 0K
HalpaBIeHO BBEPX, a [ — BHm3. llpm mOBOpOTe aMILIATYJa TOTO, UTO CHHH
OCTaHETCA TeM ’Ke, PaBHA cos 0/2, a aMmamTy;a TOrO, Y10 OH HepeBepHercsd,
paBBa sin 6/2. A Bac mHTepecyer aMIUIATY/IA TOTO, 9T0 ! COHHOB He IepeBep-
HyTCA, a Apyruae | mepesepuyres. Takas aMIuIuTyfa paBEA (cosd/2 sin8/2)f,
a 3TO TO ;K€ caMoe, 4To sin‘ 0,

186



Y noreHNManbHOW SHEPIAE MOABHMIACH KaKaA-To TaWHCTBEHHAA
mobasra. Xors oOHA MOABWIACH HA CBET IOCHE JJIUHHON CepHH MATE-
MarHyecKHX nIaroB, TeM He MeHee y Hee HpOCTOE PU3MIECKOE MPOUC-
xoKgenne. Mu GepeMcss pacckasaTh O €€ NPOUCXOMKICHWH IIpH
MOMOINHN IOJYKIACCUIeCKHX aprymentoB. llocie aroro oma ysxe He
OOKayKeTCsI BaM TAKOW TaWHCTBEHHOM.

IlpegcraBuM KiaccHuecKyw uacTHNY, BPANAIIYOCH BOKPYT
HEKOTOpPOTO CHA0BOTO IeHrpa. llonHas sHeprnsa coxpaHAercd H
ABJIAETCA CYMMOU IOTeHIHAJAbHON I KUHETHYECKOH DHepPTHH

U=V () + % mv? = const.

B o6mewm caywae v pasmaraercs ma pajuanbHY) KOMIOHEHTY U,
¥ Ha KacareabHyi0 KOMOOHEHTY 10, T. e.

v? =02+ (rO)2.

Mowmenr koamuecrBa ABWKeHHA mr2f ToKe COXpaHAETCA; IyCTh
oH pasHserca . Torma MoxHO HammeaTh

‘mr}d=L, nm rf=—,
' mr

T. €. 3Heprua paBHA
1 L2
LI:E mvf—-}—V(r)—i— 2——er .

Ecanm 681 MOMeHTa KOIHYCCTBA IBMKEHHUA He OBIIO, Y HAC OCTanOCh
OH TONBKO OBa mepBHX uileHa. loGamieHne MOMeHTAa KOIHMYECTBA
Ieuxennd L uaMeHAer DHEPrUio KaKk pas Tak, KaK ecan GH K moreH-
nMalpHoil sHepruu HoGaswicsa wied L?/2mr®. Ho on mogru rouno
coBuagaer ¢ go6asxoi (17.46). ExmucTBeHHas pasHMIA B TOM, UTO
BMECTO OIKMAeMOT0 YACAmTe s [2A2(3T0ro MOKHO GELIO GHI 0KIIATH)
noasnsaercd xoMbuHanusa [ (I+1) k2. Ho Mu eme pambile BELENN
[manpmvep, B ra. 34, § 7 (Boim. 7)), uro aTo OGHIYHAsm BaMeHa, K
KOTOpOH# Bcerga mpUXOAMTCA HPUGEraTh, €CIHU XOTAT, YT06H KBa3H-
KiaccHuecKue pacCcyyKAeHNA COBOAIM C NPAaBAILHEM KBAaHTOBOMeXa-
HUYeCcKMM pacueroM. I1ooToMy HOBHI WieH MOKHO IOHHMAaTh Kak
CBOETO DPOJA «HOTEHIWAN», OLPENEIAMINEN (UIeHTPOOEKHEY CHIY»
¥ BOBHUKAKINNA B ypaBHEHUAX pajdajibHOTO MBUKEHHA Bpainamo-
mieiica cucreMst [cM. ra. 12, § 5 (Bum. 1)].

Teneps MBI yike MOKeM permTh ypaeHeHne (17.46) oTHOCUTEIBHO
F, (r). OHo ouenb moxoe Ha (17.8), Tax uro mpuberseM Kk Toil e
TeXHuKe. Bce mMOBTOpAeTcs BIIOTH XO ypaBHeHms (17.19), B xOTO-
poM mOABHUTCA NOGABOUHHIH UileH

—Il+ 1)’21 Gt (17.47)
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Ero MOKHO 3ammcaTrh €lle WM Tak:

141 {%_-2 ak+1pk—1}. (17.48)

k=1

(Mn1 Boimenuam nepBLA TieH, a 3aTeM TeRymuil HHeKC & CABEHYIH
Ha enmEmy.) Bmecro (17.20) nosButcs

‘®

2 [k k+D)—1(+ D)}y — 2(ak —1)aq,] p*!—

_ e g (17.49)
p ) '

ITocronbky dieH ¢ p~! TOABKO OJ¥WH, TO OE JOMKEH 0GpaTUTheA
B Hyab. Hoaddumuenr a; momxen GulTh paBeH Hyi10 (ecAd TONBKO [
He PaBHO HyJI0, HO TOTAA MB IPUXOAUM K HalmeMy IperXHeMY pelie-
Huo). A Korja Bce KBajpartHiie cKOOKM mpu ao0wHX k ofpararcs
B Hyab, TO K Bce CIeqyiolde WieHH CTaHyT PaBHE HYJIO. I/Ia -3a
aTOTO ycnorue (17.21) mepexomur B

2 (ak—1)
ak+1_k(k_+ )——l(l—q—-_i) (1750)
Jt0 eSMHCTBEHHOE CYINECTBEHEOE BUIOWAMEHEHWE 10 CPaBHEHUIO
€0 CpepHUeCKN CUMMETPHYHEIM CIAydaeM.

Rax u pausme, psag gomuxen oGopBathed, eIy MH XOTHM, 9TO6H
PeUIeHUA NOPECTABIANYA CBABAHHEE 3NeKTpoHe. Ecium an=1,
pAn obopeerca HA k=n. YCIOBUe HA € IOAYTAETCA TAKHM IHe:
o mOMKHO GHITH paBHo 1/n, roe n — mexoe auciao. Opaaxo (17.50)
OPEBORET W K HOBOMY orTpaHmuerun. VH7Aexkc &k He MoKeT GHTDH
paseH /, B npOTHBHOM ciyuyae 3HaMeHarelrb ofparthHres B HyIb,
a a,,, — B GeckoHeuHOCTb., WHade roBops, mocKOIBKY a,=0, 10
(17.50) mopmpasymeBaer, 9TO Bce TOCAEIOBATENBHEE @, 00palialoTed
B HYJb, DOKa MH He mpHieM K 4, ;, KOTOpOe Moker GHIThH U He Y-
aeM. 9TO 03HadYaeT, 4To &k JOAKHO HaumHathbed ¢ [+1 U KoEwaThea
Ha n.

Oﬂonane.anLm wror TaxkoB: mpm aboM [ mMmeercs HabGop
BO3MOJKHEIX peliennii, KOTopsle MH oGosHawmM F, ,, rme n>I+1.
Hasxpgoe pemenne oGmagaer sHeprrei

E_n=-—§£; (\—,%) (17.51)

Bonrosas ¢yHKuua CcOCTOAEHA ¢ TaKOH 3Heprmeil W ¢ yTrJio-
BEIMH KBAHTOBEIMA uHMcjaMmm [ W m HMeeT BUJ,

\pn,l,m:Yl,m(e7 (P)Fn,z(P)7 (1752)
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o3
n
pF, (p)=e"" D ayp. (17.53)
k=l+1

Koagpdumuents a, noayqaores us (17.50). Haronen-to B pammx
PYKax IOJHOEe ONHCAHWe COCTOSHWH aroMa BOJOPOJA.

§ 5. Boanoswsie ghyrmnyuu 60dopoda

Hocmorpum ke, aro Mut oTKpbin. CoCTOAHUA, KOTOPHIE YIOB-
nersopsAnT ypasHenuno HIpepmHrepa s 27eKTPOHA B KYJIOHOBOM
Hojle, XapaKTepuaylTCA TpeMA (mpHYeM IelBIMH) KBAHTOBEIMU
q@eaaMu n, I, m. YTI0BOe pacupefiejieHue aMOJIHTYIH 3JIeKTPOHA
MOKeT ofaafaTh TOABKO OUPeReIeHHEIME (OPMAMH, KOTOPHIE MEI
oGoszpauuM Y, ,,. ORE HyMepyOTCs YUCAOM [ — KEAHIMOBHLM WUCAOM
ROAHO020 MOMEHMA KOAUNECTNAA OSUNCEHUA U M — (MAHUMHBLMY
K8AHMOGHLM 4UCAOM, KOTOPOE MOKeT MeHAThed or —I 7o +1. Ilpm
KaOKA0H yIAoBoil KOHQUIypauwd BO3MOMKHB DPAa3JUYHEE PajHalib-
HHle pacopenesaeHua F, , (r) aMOIuTy sl 0JIeKTPOHA; OHU HYMepyioT-
CSL 2AQBHBIM KBAHMOBHLM 4UCAOM T, KOTOPOE MOMKET MeHATHCA OT
1+1 go co. OHeprus COCTOAHUA BABUCUT TOJIBKO OT 1 H PacTer ¢ ..

Cocrosnme wnawmnusmiell 9SHEPruU, WAW OCHOBHOE, ABJIAETCH
s-coctogpueM. ¥ Hero [=0, n=1 u m=0. IT0 (HEeBHIPOKIECHHOE»
COCTOSHUE: UMEETCA TOJBKO ONHO COCTOAHHE C TAKOH »Heprmeii,
a BOJIHOBaA GYHKIUA y Eero chepraecKy CUMMeTpHIHA. AMINIATY A
TOTO, YTO DIEKTPOH OGHAPYIKHTCS, JOCTHTAeT MAKCUMYyMa B TIeHTpe |
MOHOTOHHO cHafaeT ¢ yAAJeHHeM OT IeHTpa. JTY 3JIEeKTPOHHYIO
AMILTHTYQY MOMHO H300pasurb »rakuM xoMmouxoM (pur. 17.6,a).

WMmeworea u gpyrme s-cocToAnma, ¢ OGOABIMNME BHEPTHAMIE;
y BUx n=2, 3, 4, ... u /=0. Kakgoit sHeprum coOTBETCTBYET TOJIbH-
KO 0OHO cocromHue m=0, m Bce OHU cPepHIECKH CHMMETPUIHEI.
AMIONIUTYAE 9THX COCTOSIHUE € POCTOM r OJWH WA HECKOJBKO pas
MeHATOT 3HaK. ViMeerca n—1 cepuuecKux y3i0BHX MOBepXHOCTEI,
Wik Mecr, rje | Opoxomgur depe3 Hyab. Hampumep, 2s-cocrosrue
(!=0, n=2) suraagur tax, Kax noxasano Ha ¢ur. 17.6, 6. (Temusie
06JIaCTE YKA3HBAIOT TE MeCTa, IJie aMILIATYRA BeJI7Ka, a 3HAKYE [II0C
¥ MHUHYC OTMEYAoT OTHOCHTEIbHEE (assl aMINIATYHH.) Y poBau
SHEPTHU $-COCTOAHMUII MOKasaHsl B mepBoM croabue ¢ur. 17.7.

3areM GwBator p-cocroanud ¢ I=1. [{na xagoro n (n paBHo mwin
Gonbmre 2) cymecTByeT TpOKa COCTOAHMIT ¢ OJUHAKOBOIl HEprHTeil,
oguo ¢ m=-1, Apyroe ¢ m=0, Tpetse ¢ m=—1. YpoBHE sHeprUH
orMedenn Ha Qur. 17.7. YrioBHe 3aBUCHMOCTH 3THX COCTOAHII
upusenens B ta6u. 17.1. Tax, npu m=0, ecaum aMOIuTyHA TOI0KH-
TelIbHA [iA yriaoB 0, GMM3KEX K Hysdw, TO mpm yriax 0, Gnuskux
x 180°, oma owamerca orpunarearHoif. VMeerca ysaoBas mioc-
KOCTh, COBHAJAMINAA C INIOCKOCTBIO . Ilpu n>>1 6nBanT TakiKe
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:
‘,'f_w DPus 17.6. Habpocku,
/ ompaxcaowue 00wl rapak-
*mep soanosux Pynryui 60do-
poda,

B aawmpuxoeanuux Mecmax am-
naumydsn geauru. IHAXU NA0OC
U MUHYC — MO OMHOCUMEALHBE
a ) sHaru aMnaumyd 8 raxwdol 06-
adcmu,

- —s~ KOHAYECKWe Y3JOBHE IO-
Yy~ .BepxXHOCTH. AMmIuuryma
n=2, m=0 nameuena Ha
2p; m=0 3p; m=0 ¢ur. 17.6,6, a BomHOBAS
8 2 ¢yuxnua n=3,m =0 —

) Ha ¢mur. 17.6, 2.

Morsizo 65 noxasarhb-
€A, YTO TOCKOJIBKY m
7aeT, TAK CKa3aTh, «OPH-
eHTALMIO» B HPOCTPaH-
CTBe, TO JOIKHH Ha0II0-
gaTbes  eIe  TaKue IKe
pacipeeieHus, HO ¢ OH-

+ -

'3d; m=0 4d; m=0' KaMd BEOJb OCH I WIH
a e BEOb ocu y. MosHO mO-

AyMarb, 9YTO 9TO CKOpee

Bcero coctoaHua ¢ m=-11 u ¢ m=—1. Oxgnaxo ato He Tak! Ho

3aTO pa3 y Hac ectb TPOHKA COCTOAHHMH ¢ OFMHAKOBHIMH DHEp-
TUAMH, TO J06asn JuHeliHAA KOMOMHAIMA M3 JTOU TPOIIKHU TOKe
Oymer cTamMOHAPHEIM COCTOSHHEM ¢ TO# Ke »Heprueii. (Oxasw-
BaeTCs, UTO «I»-COCTOAHUE (10 AHANOTHHM € «Z»-COCTOSHUEM, MW
cocrosaueM ¢ m=0, cMm. ¢ur. 17.6, ) aro auHeiinaa KoMOMHANUA

cocrosuuil ¢ m=-+1"u ¢ m=—1. [pyras womOmHammsa naer
«yr-cocrosane. TouHee, wuMeercA B BHULY, 9TTO COCTOSHUA
wr=|1, 0>,
=1L +1H+11, =1 ,
V2
«y»: !1’ +1>_“_I]-5 ‘_1> ,
iV

€CIH OTHECTH HX K CBOMM OCAM, BHIINIAAAT OJUHAKOBO.
Y d-cocrosHuil ({=2) naa xakpoil sHEepruu ecTb NATH BOZMOIK-~
HHX sHA4YcHUH m; HaWHWUSMeH Heprued obaagaer n=3. Y poBHH
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noxazagl Ha ¢ur. 17.7. Yriuopsie 3aBHCHUMOCTH VCIOMHAITCA.
K nopumepy, cocrogmma ¢ m=0 ofGragamor AByMsA KOHWIECKUMHU
YBIOBHME NOBEPXHOCTAMHA, TAK UTO IIPH HEPEXOJ€e OT CEBEPHOTO 110~
J10ca K I0KHOMY BOIHOBAA QyHKUEUA MeHaer (pasel ¢ - HA — U
ooparno Ha —+. IlpuMepHas ¢opma aMIIUTYJE HapHCcOBaHA HA
¢ur. 17.6,0 m e gna cocroaumit ¢ m=0 1 =3 u 4. W cmosa npn
0OXBIMUX 7 TOABIANTCH KOHMYECKHE Y3IOBEE IOBEPXHOCTH.

M= He 6yneM DBITaTHCA OMUCHBATH [PYTUE IOCAETYIOIIAC CO-
crosand. [logpo6uoe manorKeHne BOAHOBHX (YHKIUL BOZOPOZA BH
Haiijlere BO MHOTHX KHuUrax. PexoMenngyro BaMm ocobenno; L. P a u-
ling, E. B.Wilson, Introduction to Quantum Mechanics,
New York, 1935; R. B. Leight on, Principles of Modern
Physics, New York, 1959. B atnx xuurax Bm Halimere rpaduxu
HEKOTOPHIX QYBKuMA # rpadhueckoe u30GpasKeHme MHOTHX CO-
CTOAHUIL.

Xorenoch G YIOMSIHYTH 00 OLHOM OCOGOM CBOWCTBE BOJHOBHX
$yrrumit npm Bhicmux [: upu I >0 aMoanTyns 06pamanTes B MeHTPe
B HyJ1b. Hugero B 570M yIUBETEABHOTO HET, BeIb BICKTPOHY TPYRXHO
uMerh GONBUION MOMEHT, KOIJa Ijied0 MOMEHTa odeHb Maxo. 1lo
aroit mpuumue geM [ Goxab-
me, TeM [gajbire aMIUIATY- \VE
OBl (OTTAJTKUBAIOTCA»  OT
negrpa. Ecam sm mocmot- ‘
phTe, Kak  pajuajbHbIe L et
¢yaruma  F (r) MeHs0TCA ’ - umax danee
upd Maaux r, To u3 (17.53) : .

OKasyReTCH, 4TO

~ pt
F,,n=r. 4s 4 ' _4d 9f

NI

Taxkasa B8aBUCHMOCTH OT T
03HAYaeT, 4r0 OpH GOIB- ‘ 3s 3p
mux [ BaM HOpugercd Hajb- -
me oTouTH OT r =0, 4TOGH
MONYYATH 3aMETHYIO aMIUIU- 25 2
tyay. Takxoe mosenenue, -

KCTaTH, OmpepeisercA die-
HOM ¢ meHTpobexuoil cHioil
B pajuaibHOM YpaBHCHUH,

3d

W

@ ue 17.7. Huazpamma ypos- .
ned snepzuu sofopoda. 13,638 Is 1
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TAK 4TO BCe TO NPUMEHUMO K 11060My IOTGHIMANY, KOTOPHHA npH
MaJbX r MeHserca MepJieHHee, 4eM 1/r%, a Takoso Oo0ABUHIMHCTBO
ATOMHHX IOTEHINAJO0B.

§ 6. Hepuobuuecran madbruyae

Temepr ME XOTenu 0wl NPUMEHHTH TEOPWIO ATOMA BOAOPOTA
K OOBACHEHHI0 XHMUIOCKOH HepHOAWYECKON TabImIbl BIEMEHTOB.
B aroMe sieMeHTa ¢ aTOMHHIM HoMepoM Z uMeerca Z DJAeKTPOHOB,
KOTOpPHE YHep/KUBAIOTCH BICKTPUYECKIM NDPHTIKeHMEM AApa, HO
Ipu 5TOM B3aMMHO OTTANKABAIOTCA APYT or mpyra. Uro6u moxy-
YHTh TOWHOE pelleHNe, NPUILIOCH 0K pemuth ypanuenue Hlpegumm-
repa HiaA Z 3IEKTPOHOB B KYJOROBOM mote. Jma renus ypasmenue
¥Meer B

2e 2¢

U R IR RN (v I

Ty

rge V2 — jannacuaH, KOTOPHIL fleficTsyer HA Ty, KOOPAUHATY mmep-
BOTO 9JIeKTPOHY; V2 [eHlCTBYeT HA Ty, & I'yp=|r—1r,|. (Msr omaTs

npeHeGperaeM CHWHAME 3JIeKTpoHoB.) Yrobw Halitm cranmoHap-
HEI¢ COCTOAHWSA W YPOBHH 9HHEPTHH, ClIefoBalo OH OTHCHATH pe-
OIeHUA BHAA

P=Flr,, r,)e-WhE .

Teomerpmueckas sapwmemMocTh 3aKi0UeHA B [ — QyHKUWH ImecTn
nEepeMeHHHX — OJHOEPEMEHHHX WOJOMKeHHH [BYX 0JIGKTPOHOB.
AnanuTHueckoro pemeHus HEKTO He 3HAET, XOTA peIleRUA AIA EH3-
OIMX SHepreTHuecKuX cOCTOAHMIA M GHIN HalIeHH YHCICHHBIMH Me-
TOXAMN.

Hormga amexrponos 3 4 nau 5, GesHanesKHO NHTATHCHA HOJLYyYHTh
TOYHBIE perieHud. HoaTomy OBITO 651 OHpOMETYHBO yTBEPHAATE, UTO
KBaHTOBAasd MeXaHMKa JO KoHNa O0DACHWIA NepHOAMYecKyw Tab-
auny. Ho Bce e MOMKHO cKasaTh, 94T0 Jarke ¢ MOMOINBI0 KOBOJABHO
COMHUTEIbHEX OPUOJAMKeHUE (M Koe-KaKol moclepyrouieil ormen-
Ku) ygaercd, 00 Kpaiueil Mepe KauecTBEHHO, IIOHATH MHOTHE XVMIi-
YecKme cBOiicTBa, MPOABIAKINGAECS B MePUOAAIECKOH Tabamme.

XuMugeckne cBOMCTBA aTOMOB OIPEREIAIOTCS B NEPBYIO 04ePesb
¥UX HU3IVMY SHePreTHYecKuMH cocrogamaMu. J[na oTHcKaHAA 9THX
COCTOSTHUN ¥ WX »HEPIHH MHL BOCHOAbayeMcA cremyiomell mpubam-
MeHHOH Teopueil. Bo-nepsrix, mpemebGpeskeM COHHOM JJIEKTPOHA,
pasBe TOJNBKO UTO MPHHIMI 3alpera OYmeT NPUHAT HAMH BO BHH-
Maghme W MK OyleM cuHTaTh, YTO KarKI0e YacTHOE DIeKTPOHHOE
COCTOAHUTE MOKET OHTE 3aHATO TOXHKO OJHAM JISKTPOHOM. JTO 03HA-
gaer, 9TO Ha OJHOU OpOHTEe He MOKeT OKasaThed 00IbINe 08yx dTEeKT-
POHOB — OIUH CO COEHOM, HaIlPaBJCHHKM BBEpPX, APYrod — BHHS.
3aTteM MH B mepBoM upubiwsKeHnH - npeHeGpeskeM demassmu B3a-
EMOJEeHCTRHUSA DIEKTPOHOB M Gy[eM c9uTarh, 9T0 KayKAHM 3IeKTPOH
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JBUGKETCA B YEHMPALbHOM nose, 06paszyeMoM IOMAME ffpa U BceX
opodnx »jaeKTporoB. [Ipo HEOH, y Kotoporo 10 aaeKTpPOHOB, MBI
CRajKeM, HaOpuMep, 4YTO KAMKIBIU SJIEKTPOH B aTOMe HeOHa WCHEHI-
THIBAET BAMAHAE CPefHero NOTEHIHANA AXPA U OCTABINEHCH TeBATKH
saeKTpoRoB. MEl BOOGpasuM fanee, 910 B ypaHenue Ilpexmmrepa
IJas RasKIOoro BJIEKTPOHA ME IopcTasigeM V(r) — 1o ke mose 1/r,
HO TOJBKO BHIOM3MeHEHMOE 33 cUeT CHepHIecKH CHMMETpHYHOMH
OJA0THOCTH 3apAda, BO3HUKINEH OT OCTAJBHHX 2JI€KTPOHOB.

B rakoit Momenu rampniil 3jieKTpom BepeT ce0f Kak HeaaBUCH-
Mag 9acTHia. Y ITOBHE 3aBUCUMOCTH €ro BONHOBOU (yHKiuu 6y-
OyT MOOPOCTY TAKUMHU jKe, Kakwe ORIA y aroMa Bogopoja. IJTo
OYAYT Te e S-COCTOAHUA, P-COCTOAHUA U T. L., U Y HUX OygyT pas-
nuuHsle 3Hadenua m. Pas V(r) Goabme He ciaegyer sakomy 1/r,
TO paguajbHaA 4acTh BOJIHOBHX (YHKIHE clerka mepeKpauBaeTcH,
HO KaYeCTBEHHO OcTAHeTCH Lpe;KHeHl, Tak 4TO mo-IpeskHeMy Gyaer
CYIIECTBOBATH pajgHalibHOe KBAHTOBOE WHCJAO 7. JHEPrHH COCTOA-
HHU TOKe CTaHYT HEMHOIO KHHIMH.

H

Y7o e mpHW TAaKEX HPEICTABIECHUAX Yy HAC MOAYYHTCA C BOJO-
pogoM? Y OCHOBHOTO COCTOSIHUA BOJopoma [=m=0 um n=1; MH
rOBOpHM, 9TO y HEro »jieKTpOoHHAas Roudurypaumus 1is. JHeprus
paBaa —13,6 96. 910 3HAYUT, YTO AIA OTPHIBA BJIEKTPOHA OT ATOMA
aymuo 13,6 s¢ smeprun. Ee HasHBawT «eHeprmeil WOHW3ALHWUY,
W,. Boabmas sHepruA MOHU3ALKHA 03HATAET, YTO OTOPBATH BIEKT-
pOH TPYRHO, HO BOJOPOJ MOMKET OTHATH BJIEKTPOH Y [pyroro
aromMa, a IOTOMY OH XHMHUYeCKH aKTUBEH.

He

Temepsr oGpatumesa K reauioo. O6a »7€KTPOHA B TeiaHWd MOTYT
HaXOJHTHCA B OJHOM U TOM JKe HUYKHEM COCTOAHMM (TOABKO Y OFHOTO
cIMH HampaBjieH BBepX, Y Apyroro — suu3). B cBoeM mammuamem
COCTOSTHHY BJIEKTPOH JBHKETCS B 1OJI€ C MOTEHIIHAOM, KOTOPHLA IpH
MajnHX r MOXOZWT HA KYIOHOB MOTEHNHAN ¢ Z=2, a upd 00XbmAX
r — Ha KyJaoHOB mnoreHnmal ¢ Z=1. B pesyabrate BO3HHKaeT
«onopononofo6Hoey 1s-cocTosgHTE ¢ HeCKOABKO Golee HUSKOM aHEp-
rueii. O6a pleKTpOHA 3aHHMAIOT OZHE U Te ke 1s-cocrosmmsa (I=0,
m=0). Habaiogaemad sHeprus moHMsanuum (TrpefyeMas HA OTDPHIB
odnozo alexTpoHA) paBHA 24,6 s¢. Ilockonbky Temeph «0Gomouxay
1s saponmena (Gonbire IBYX 3JeKTPOHOB B Hee He BTHCHEND), TO
OpaKkTHIecKW He BO3HUKAeT TEHJEHIWH yBORUTH ¥ APYTHX aTOMOB
aiaexTpoHH. [enmil XuMudecKM wHEpTEH.

Li

fIopo aurtma mmeer sapag 3. CocTosHuUsA bIeKTPOHA OOATH Y-
AYT BOFODOJOHONOOHEI, H TPOHMKA 9JIEKTPOHOB 3alMeT TPH HUKHHX
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Due 17.8. Cxemamuuecras
] e ettt 7 Ouazpomma  ypognell omepauu
AMOMHOZ0 SA8KMPOHG 8 NPUCYmM-
cmeuu Opyeux 84eKmpoOHO08.

Macwma6 unoil, nexceau na guz, 17.7.

s ypopus »sneprum. [{Ba mo-
——= nagyt B coctoamus 1s, a
—— TpeTHH mOlJeT B COCTOAHES
=2. Hosorcl=0 nam
¢ [=1? B Bomopopne y atux
COCTOAHUY SHePrus OJHA U
Ta jke, B [PYTHEX jKe aToMax
5TO He TaK, W BOT HO KaKOH
npuynHe. BemomumM, dTo
Y 2$-COCTOAHUS eCTh HEKO-
* TOpas aMIOIATYyHa TOro, 9Tro
0HO OKarkercd BOMHW3U Afpa,
ay2prakoli aMONUTYH HET.
JTo 03HAYAET, ITO 28-DIEKT-
POH KaK-T0 OIYTHT TPOHHOR
dJIeKTPUUECKHi 3apAj ALpa
s P d f Li, a 2p-3/eKTpOB OCTAHETCA
TaM, THe MojJe BHTIATHAT
KaKk KYJAOHOBO OONe eNUMHWIHOTO 3apaAga. JlofGaBouHoe NPpUTHA-
MeHAe MOHHU3UT SHEPTHI0 2S-COCTOAHUS [0 CPaBHEHWI0 € DHEP-
rueit 2p-cocTosAHNA. Y DOBHE 9HEPIUM IPHMEPHO OKAKYTCH TAKUME,
KAk moraszano Ha Qur. 17.8 (cpasrmre ¢ coorBeTCTBYOINEl {HarpaMm-
wmoit ma ¢ur. 17.7 gag sogopona). 3gaumr, B aTOMe JAUTHA ABA HIEKT-
pona 6yayt B 1s-cOCTOABNAX, a OUH — B 2s-cocTroguann. [10CKOMbKY
BIEKTPOH B 2S-COCTOAHHUM o0magaer Goiee BEICOKOIT BHeprmed, aeM
BJIEKTpOH B 15-COCTOAHUM, TO €r0 CpaBHHTENbHO JETKO YOANHUTh.
Nounszannonnas dHEPrusi JUTHA BCETO 5,4 96, M OH BechbMa aKTUBEH
XUMUYECKI. ’
Tak mocremeHHO mepeji BaMW pasBepTHBaeTCH BCA KapPTHHA;
B tabu. 17.2 MB mpuBenn cnwcok nepsrix 36 3IeMeHTOB, OTMETHB
COCTOAHNSA, 3aHUMAaeMble 3TeKTPOHAME B OCHOBHOM COCTOMHIN KaiK-
mgoro aroMa. Ta6awIa naer sHePru NOHU3aLEH qiA Hauboee caabo
CBA3AaHHOTO 2JCKTPOHA W KOJHYECTBO DNEKTPOHOB, 3aHUMAIOMUX
KaMIyo «o60M0UKY», T. €. COCTOAHHEe ¢ OJAUM M TEeM JKe 7.
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Tabauya 17.2 Py SJIEKTPOHHBIE KOHOUTI'YPALINY [EPBEIX
36 OJIEMEHTOB (4ucj0 3IeKTPOHOB B Da3HEIX COCTOAHUAX)

w JneKTPOHHAA KOHQUrypamus

[ , A8

z et ! ts J2s 2n| 3530 80 fusapaaws
1 | H Bogopon 13,6 1

.2 } He reuunii 24,6 2

3 | Li anruii 5,4 1

4 | Be Gepmanuii 9,3 2

5 | B 6op 8,3 21

6 |C yraepoa 11,3 | 3anouanmeant}] 2 2

7 | N asor 14,5 2) 23

8 1 0 rucmopon 13,6 2 4

9|F drop 17,4 23

10 { Ne meon 21,6 26,

11 | Na marpuii 5,1 1

12 { Mg wmarmmi 7,6 2

13 | Al amomunui 6,0 2 1

14 1S wpemmwmii 8,1 1 —3anoaserm— | 2 2

15 | P doedop 10,5 2 3

16 |S cepa 10,4 2) 8 | 2 4

17 |CY xnop 13,0 2 5

18 | Ar apron 15,8 2 6

19 | K wanmit 4,3 1

20 {Ca wanpumi 6,1 2

21 |Sc crampmit 6,5 1 ]2

22 | Ti turan 6,8 2 2

23 |V Bamanmii 6,7 |— —3anoineHH— — 3 2

24 | Cr xpom 6,8 5 1

25 | Mn mapraseu 7,4 (2) (t)] ) 5 |2

26 | Fe keieso 7,9 6 {2

27 [ Co wobansmt 7,9 7 12

28 | Ni mmkenp 7,6 8 |2

29 | Cu mean 7,7 10 |t

30 | Zn uuew 9,4 10 12

31 | Ga ranauit 6,0 2 1
32 | Ge repmaumit 7,9 2 2
32 SAs MbIIIbAK 9,8 — — 3anoiaeHsl — — 2 z
3 e celleH 9,7 2

35 | Br 6pom 11,8 @) (8) (18) 5 5
36 | Kr wpuaron 14,0 2 6

[MockonbKy pasHHeE /-cocToARAA 06Iaga0T PA3HEIMHA SHEPIHAAMEA, TO
KayKfoe sHadeHHe [ OTBedaer HeKoTopold momobGomouxe m3 2(21+1)
BO3MOMKHBIX COCTOAHUI (C PasNUYBHIMHA m W Pas3AMIHKIMY HAal paBie-
HIAMA cHUBA): ¥ BceX y HUX YHEPIUA OJWHAKOBA ¢ TOYHOCTBIO 10
HEKOTOPHX cIa6HX 5¢heKTOB, KOTOPHMYA MH LpeHeOpeReM.
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Be

Bepunanit noxo Ha JIUTHH, TONIBKO Yy Hero B 2s-COCTOAHAH Ha-~
XOATCA IBA JJICKTPOHA, & B 3amonHenHoil 1s-060109Ke Toxe JBa.

Ot B o Ne

¥ Gopa 5 naextponoB. Ilsarnit fomken yitu B 2p-cocTogHie.
Beero 6piBaer 2 X 3 = 6 pasHHX 2p-COCTOSHUN, HOITOMY MOKHO
gpomo/KaTh HOGABIATH, MO PIAEKTPOHY, NOKA He Hoitgem 1o 8.
Tax mul goGepeMes 7o HeoHa. [[06aBiaAA 3TH 0iIEKTPOHHI, MH yBe-
J@UnBaeM TaKkmKe Z,H03TOMY BCE DJIEGKTPOHHOE pacIpe/leiieHue Bce
TecHee U TeCHee CTATHBAETCA K APy W dHEPTHA 2p-cOCTOAHHH Bce
CHIHAETCA W CHIKaerca. K TOMy BpeMeHM, KOTJa MH JOCTHIHEM
HeoHa, »Hepruda WOHW3AUHH Bospacrer o 21,6 ss. Heom nerxo
CBOETO 2JICKTPOHA He OTHAeT. ¥ HEro K TOMY e 50abINe HeT HYCTHIX
mect HAa opbure, KOTOphle MOMKHO BaTOIEUTH, TAK UTO W IyIKUe
9JIEKTPOHE eMy He HY:KHH. Crano OBTH, HEOH XUMHYECKH WHOPTEH.
Y ¢ropa ecth mycToe MecTo, HOUAB HA KOTOpOE, BJIEKTPOH MOIKET
OKa3aThCA B COCTOAHUE ¢ HU3KON dHeprueil, moITOMYy B XHUMHUe-
CKEX peakumsaXx ¢10p OYeHb AKTHBEH.

Or Na po Ar

B parpum opumEHafgnaTHi dIEKTPOH BEIEYMKIEH HAYaTh HOBYIO
00010UKy, mepeXons B 3s-cOCTOAHUE. Y POREHD 3HEPTHE 3TOr0 CO-
CTOAHMS HAaMHOTO BHIIe; SHEPTHA WOHUSAUMM PE3KO cHajaer;
HATPUIl XWUMAYECKE oOueHb artuped. Or HaTpuUA 10 aprosa s- o
P-COCTOAHUA ¢ r=3 3aMOJHAIOTCA B TOH jKe DOCIEHOBATEIBHOCTH,
Kag OT JETHA [0 HEOHA. YIJIOBHE KOHQUTYpAaIuu DIEKTPOHOB BO
BHEIIHCH HezamodHEHHOH 0601049Ke HAYT B 1O jKe HOCHEHKOBATE] b-
HOCTH, ¥ IPOrPecCHpYIOMHI pocT SHePTHHE MOHUBAIUN TOKE BEChMa
CXOK ¢ TeM, 4To ObL10 panbme. B teHepb IMoHHNMaere, mMOYeMy XH-
MUYECKHE CBOMCTBA C POCTOM ATOMHOTO YHCIA HOBTOPAITCA. XH-
MuyecKoe geiicTBre MargusA 04enb TOX0sKe Ha bepmannit, Kpemuansa —
Ha yTaepoj, xjaopa — Ha ¢rop. AproH, nogo0HO HEOHY, WHEPTEH.

Brith Mosrer, BH yie 06paTuiu BHVUMAaHUE HA TO, YTO B HOCIENO-
BaTeJIBHOCTH SHEPTHA WOHW3aLWU OT JUTUA /[0 HEOHA eCTh HEGOJIb-
mas 0coGeHHOCTH, W TaKas ’Ke ocofeHHOCTH HAGMIOLaeTCA MERTY
marpueM u aproHoM. [Tociefnuil sMeKTPOH mpUKpemneH K aTOMy
KHCA0POsa uyTh ciaabee, ueM MOKHO OBIO oykuparh. TeM ke ca-
MHM orauuaetes cepa. Qrgero GH 5T0? ITO MOIKHO HOHATH, €CTH
qyTh BHUMAaTelbHee BIyMarhcsi B 3QQeKTH B3auMOCHCTBUA MERIY
snexrponamu. [fogymaem o toM, wro GeiBaer, KOTAA MHI mOMewlaeM
B aroM Gopa mepsulil 2p-anextpon. OH nMeer HIEGTH BO3MOIKHO-
cTeil — TPU BO3MOKHHX pP-COCTOAHWUA,B KaKAOM IO [JBAa COHHA.
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IlpexcraB¥M, 9T0 5IEKTPOH CO CIMHOM BBepX HOHAJaeT B COCTOSA-
mue ¢ m=0, KoTopoe MHE TaxXe OyleM HA3HBATH «Z»-COCTOAHUEM,
noTOMY 4T0 oHO O6ueraer och z. Hy, a uro mpousoiifer 8 yraepone?
Tenepsb yme 2p-saeKTpoHoB nBa. Ecam oguA W3 HEX Homan B
«zy»-cOCTOAHHAE, TO KyHa momafier BTopoil? Hu:ke Bcero ero sHeprusa
Oyner Torjia, KOTAA OH PACHOJOKUTCA MOJanblne OT HEPBOIO BjeKT-
poHa. JTOTO MOKHO JOCTHYH, HOHIAB, CKa)KeM, B «I»-COCTOSHME
2p-060m0uKn. (JT0 cOCTOAHHME, KAK BH HOMHHTE,— HPOCTO JHUHEil-
Had RoMOuHamusa cocroammii ¢ m=-+1 u ¢ m=—1.) [axbme,
KOT/Ia MK mepeilieM K asory, T0 Y TPOHKE 2p-2iIeKTPOHOB HanMeHb-
mas PHeprus B3aUMHOIO OTTATKUBAHEA Gymger TOTAa, KOTAa OAMH
¥3 HUX TOmafieT B «I»-KOHQUTYpamuio, Ipyroi — B «y», TperTuii —
B «z». Becb sToT X0OpoBOn, OgHAKO, ANA KKCIODOAA He IPOXOMMT.
YerBeproMy 9ieKTPOHY yIiKe HEYero Be 0CcTaeTcs, Kak IONacTh B OXHO
U3 3aIOJREHHHX COCTOAHHKHA, fep:a npu aToM cuuH BEN3. Tor amexr-
POH, KOTOPHH yiKe HaXOJHTCHA B 3TOM COCTOSHWH, HAUHET €T0 CHIb-
HO OTTAJIKMBATH, TAK 4TO erQ PHeprTHA He Gymer Taxkoil HM3KOl, Ka-
Koil oHa 6blia OW B HPOTHBHOM ciydae, HOITOMY €ro Jerde OyAeT
YHEQIATE. ITHM U 06bsACHAETCA PAa3pHB B MOCaE0BATEIbHOCTH BHEP-
THY CBA3YW, KOTOPHIH HDOABIACTCH MEXIY a30TOM M KHECIOPOJIOM, H
Mexay fochopom u cepoil.

Or K pgo Zn

Mosxno 6510 65 mogyMmarb, 9T0 32 apPrOHOM HOBHIE 3JEKTPOHH
HagHyT 3anoaHATh cocrosane 3d. Ho mer! Kak MBI yike roBopusim
(z nnarocrpuposann dur. 17.7), cocrogHmA ¢ BHCIEMA MOMEHTAMHI
CABMHYTH 00 DHePTHMH BBepX. K MOMeHTY, KOIJla MH HOJOIIIK K
3d-cOCTOSTHHAM, OHU [0 DHEPIHH OKA3HBAKOTCA B3aJBUHYTHIMHA HeM-
HORKO BHIIE dHeprun 4s-cocroanusa. 110aroMy B Kamum mocregRuii
9JIERTPOH HomayeT B 4s-cocroanue. 1locae aToro B Kaapnum 060109Ka
32HOTHUTCA (ABYMA DIIEKTPOHAMH), a 3d-COCTOAHAS HAYRYT 3aHOMI-
HATHCA y CKaHIWsA, TATAHA W BaHATHUA.

JHepruu Ip- U 4S-cOCTOAHUN Tak OMIWSKH JApyr K APYry, 9TO Ma-
no3aMerHble DPQPERTH JerRO CABUral0T PaBHOBECHE B TY WM HHYIO
cropory. H MoMeHTy, KOrga mpHuer BpeMd HOMECTHATH B 3d-coCTOs-
HEA 9eTHpe 2MIeKTPOHA, WX OTTAJIKHBAHHE TAK MOIBIMET 9HEPIHIo
45-COCTOAHMA, UTO OHA CTAHET YYTh BHIDE DHEPrAU 3d-COCTOAHWA,
m03TOMY ORWE 3JIEKTPOH U3 s yxomur B d. W gaa xpoma He moay-
qaercd OKMIABIIAsCA ROMOMHANNUA 4, 2, & BMECTO 9TOTO BEICTyHAET
komGuranusa 5, 1. Hoewit anerrpon, moGapiseMsiii, 9T0GH moay-
YnTh MapraHen, OOAThH 3aHOJHAET OGONOUKY 4s K 3aTeM OFHO 3a
IPYTHM mjeT 3amoiHeRue 3d-060M0YKM, HOKA MH He HoOepemcd fo
MenH.

Ho rak kar camas BHemHAs 0GoJ0o4Kka MapraHia, sKerxesa, Ko-
0anbTa W HuKeJS MMeeT OJHY U Ty sKe KOHQHUIypaudio, TO BCe OHN
obnagaior GaAM3KUMU XMMUYeCKUMH cBoiicTeamu. (JroT adiexT eme
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cuUNbHEE BHpPaKeH Y pelKO3eMeNbHHX 5JIeMeHTOB. Y HUX BHeMHAA
0600UKa OFMHAKOBA, A B3AIOJNHAETCA TOCTENEHHO BHYTPEHHAS
AdeliKa, 9TO MEHbIIEC CKa3hBaeTcA HAa WX XHMAYeCKHX CBOHCTBAX.)

To sxe mw B Mexm. B mHeil Tosxe mocrpoennme 3d-000109K® 3aBep-
maercss rpaberoM: M3 4s-060J09RU YBOAWTCA OJHH 3JIEKTPOH.
Jueprusa xomOuHamuu 10, 1, ofgHaKo, HACTOABLKO 6GAWM3aKa y Meqd
K sHeprum KoMOuHammu 9, 2, 9T0 paBHOBeCHe MOKET CMECTHTHLCA
yiKe 0TTOr0, yT0 HO6AU30CTU CTOUT ApPYyroit aToM. Ilo atoii mpuamHe
J(Ba TIOCTeIHEX HJIeKTpOHA MeAN IMPUMEPHO PAaBHOIEHHH, ¥ BaJeHT-
Hocth Megm paHa 1o 1, T0 2. (BpeMenamu oma nposasaser cebA
TaK, KaKk ecau OH ee 9ieKTPOHH ObIM B KoMbmmarmm 9, 2.) Tloxo-
JKHe BOIME CAYYATCA W B APYTUX MecTaX TaOMHUIE; OHH-TO W OT-
BeTCTBEHHH 3a TO, 4TQ ApPYrde MeTAJJIhl, TAKWe, KaK JKeNes0, Co-
eIUHAIOTCA XUMUYEeCKHN TO ¢ TOH, TO ¢ Apyroil BamentHOcThI0. Hako-
Hen, y nuHKa 00e 000109Kky 3d ¥ 4s 3amONHAIOTCA pas3 W HaBCEr/d.

Or Ga mo Kr

Ot rammmsa 70 KPUOTOHA MOCIHEROBATEIbHOCTh OLATH LWPOLOI-
JHaeTCd HOPMAJBHO, 3amogHAsA 4p-o6onouny. BHemnwme o6omovxw,
PHEPIUHM M XUMWYecKHe CBOICTBAa HOBTOPAIT KapTHHY H3MEHEHHIT
Ha yg9acTKe oT GOpa 70 HeoHa W OT AJNIOMHMHHKA 0 aproHa.

Hpunron, kak ¥ aprou Wi HeOH, H3BecTeH Kak «0aaropogHin
rasz. Bece st Tpu «GmaropopHsIX» rasa XWMUUECKH (MHEPTHH *.
910 03HAYaeT TOARKO TO, UTO IOCHE TOr0, KAK OHM 3aLOJHHAH 000-
JOYKHE €O CPABHUTEIbHO HESKAMHA SHEPIUAMY, PefKu OyayT caydan,
KOTZ[A UM CTAHET SHEePreTUUeCKH BHITOTHO COECIUHUTHCHA B HPOCTHE
co4eTaHusa ¢ ZPYTuMu siaeMeHramE. Ho mas «GraropogcrBa» Hemo-
CTaTO4HO mpocTo ofaagaThk 3amM0iHEHHOH o6omoukoit. ¥ Gepmiaus,
HANpUMEp, WIE y MAardusA BSamoJHEHH s-000JM04KwW, HO JHEPTHUs
srax 0060/I09eK depecdyp BHCOKA, YTOGH MOKHO GRJIO TOBOpPHUTH 00
yeroitausocTu. TouHO TaK 3Ke MOKHO G0 OBl OKEIATH HOABJCHUSA
ApYToro «BIaropoAHOroy dIEMeHTa THe-TO BO3Je HUKENA, ecau OH
sHeprusa y 3d-o6omouru Oelia Gsl 9yTh mOHMKE (MIN y 4s-060i09KH
posuime). C gpyroif ¢cTOpOHH, KPHUTOH He BIOOJIHE MHEPTEH; OH 00-
pasyer ¢ XJopoM ciaafo cBfA3aHHOe COeRWHEHHE.

HockoabKky B paccMOTPEHHOHR HaMW YacTH Tabamiel yixe npo-
SABWINCEH BC¢ OCHOBHEIE YePTH HePHMONWIECKOH CHCTEMBEI, MH 0OpH-
BaeM Hame M3io)KeHue HA aieMente Ne 36 (MX ocraeTcA eme IITYK
70, a 70 u Goasnme!).

M1 XOTHEM OTMETHTD eill¢ OOQUH MOMEHT: MH B COCTOHHEHU MOHATH
B KakOi-T0 ¢TeDeHHW He TOJBKO BAJEHTHOCTH, HO MOKeM KO0e-uTo

* B peficTBATeNBHOCTH MHEeHHe 00 MHOPTHOCTA GJIAaTOPOISHHX Ta3oB OKa-
3aJi0ch, KAK H MHOTOE APyroe, CHILHEIM IpeyBenndendeM. KpANTOR, Hanpm-
Mep, BeCEMa OXOTHO coefmHAeTcA ¢ GropoM, ob6pasyda rpucrainm KrFg. Ceii-
gac XEMEsA HHEPTHHX rasoB OpespamaeTca B (OJbIIYI0 H YBileKaTelbHYIO
nayry.— Ilpum. ped.
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CKazaTh M 0 HAUpaBlIeHUAX XUMHYecKHX cBaAseil. BosbmeM raxoit
aToM, Kak xucioporg. B mem dwersipe 2p-anexrpoma. Ilepsrie Tpum
momajaldT B COCTOAHHA «I», «y» W «2», & UYETBEPTHI BHHYKICH
3aDOMHUTH ONHO M3 HOX, OCTABHB H&Ba OPYTUX — CKajkeM, «r» I
«y» — BaxauTHEIMH. llocMorpure Temeps, uro mpoucxogur B H,O.
Haxperid ws XBYX BOHODOZOB rkeaeT pasfelHTh CBOH 3IEKTPOH
¢ KACIOPONIOM, HOMOTAA KUCAOPOAY 3aN0NHHATE 000M0TRY. JTH dJICK-
TPOHE GyAYT CTPEMHETBCH MONACTH HA BAKAHCHH B COCTOAHUAX «I»
u «y». IloaTomMy nBa BOOpPORA B Mosekyse BOJH 06A3aHE pacmoao-
JRUTBCA TMOJ HPAMELIM YIJIOM APYT K IPYLY, €CiH cMOTpeTh U3 IeHTpa
artoma Kumeaopona. Ha camom meme yrom pasen 105°. Momuo pa:xe
OOHATH, HoueMy yrox Goabme 90°. O606IECTBHE CBOM BIEKTPOHHI
¢ KHCIOPOIOM, BOZOPOALl OCTAIOTCA B KOHIE KOHIOB ¢ H30BITKOM
TMOJO/KUTENBEOT0 3apAAA. OJMEeKTPUUECKOe OTTAJKHWBAHWE (PacTA-
rEBAETY BOJHOBHE GYHROUZ U pazsomut yrod go 105°. Tax e 06-
crout geno u 'y H,S. Ho aroMm cepH KpymHee, aTOME BOZOPOLa OKa-
BHBAIOTCA JATBIIE APYF OT Apyra, W yroJ pacXopHTCH TOABKO HO
93°. A ceuen eme kpynsee, mostomy B H,Se yroa y:xe cocem Gum-
30K K 90°.

AHajormuHbe pPACCY/KIGHHA NO3BOJAIOT pasodpartbcd B reo-
merpuu amMuarka H;N. B aszore ectb MecTo eme anda TpeX 2p-aiek-
TPOHOB, 0 OJHOMY Ha KQ)KAOE COCTOAHNE TANA «I», «» U «2».
Tpm Bomopopa OYRyT BHEHYKIEHH MOJCOETHHUTHCA HOR NPAMBIMH
yraaM# Opyr K OPYTy. YIIH CHOBA OKasKyTcsa 4yTh Goabire 90°,
ONATH-TAKY W3-3a HIEKTPUIECKOr0 OTTAJKUBAHWA, HO N0 KpaliHed
Mepe Teneph scHO, oTgero mosiekyaa H N ge mimockas. Yran B doc-
dune H,P ymxe 6mmwxe k 90°, a B H;As eme Grmxe. Mu1 He 3pa
npegmoaoxunm, ato NH, He miockmil, Korga ropopunn 0 HeM Kak
0 cucreMe ¢ ABYyMA cocroanuaMu. VIMenHO m3-3a 810il 00BEMHOCTH
aMMHMaKa ¥ BO3MOMKeH amMMuadHufi Masep. Bw Bupure, 9ro cama
$opMa MOMEKYIH aMMHaKa TOKe CAEAyeT K3 KBAHTOBOH MeXaHHKH.

Ypasaerne Ilpegunrepa ABHIOCH OXHHM U3 Belmdajimmux
TpryMpoB Gusuru. CHaOIUB Hac KI0OYOM K MeXaHU3MY, JeKaIieMmy
B OCHOBE CTPOEHHA aTOMa, OHO OOBACHWIO aTOMHEIE CTIeKTPH U BCIO
xnMuo, 6Gaarojgapa WeMy crajia HOHATHA (W3HYecKas IPHPOJa
MaTepHuH.
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T'anaeca 18

OIIEPATOPHI

§ 1. Onepayuu u onepamopue

Jlas rtoro 9To0M yOpaBUTBCA CO BCEM, 9TO MHI
70 CWX [Op felaiydl B KBAaHTOROH MeXaHHKe, J0-
craTodHo OBI0 6H 00BYHOM aJreGpEl, HO MH BCe
e BpeMsA OT BpeMeHH [JeMOHCTPHPOBAIN 0COGHE
cHOCO0H 3amNcH KBAHTOBOMEXAHWYECKHX BEAHYHUH
u ypaBHeHHH. MH Xoream GH pacckasaTh Temepb
HEMHOTO Gonbiie 0 HeKOTOPHX MHTEPECHHX ¥ HO-
JIe3HBIX cnocobax ONMMCAHHS KBaHTOBOMEXaHWue-
CKUX BeJHIHH.

H 1npeamery KBaHTOBOH MeXaHHKH MOMKHO
MOJOfTH pPAsHEIMH cHoc0o0aMU, B BO MHOTHX KHH-
rax npumfera0r COBCeM K WHOMY NOAXOHY, dYeM
y nac. Horga BW HauHeTe 4HTATh IPYrEe KAMKKI,
TO MOJKET OKasaTbCA, UTO BaM He YHACTCA Cpasy
CcBA3aTh TO, 9TO B HAX TOBOpHUTCA, C TE€M, 9T0 Je-
sag? ME. XO0TsS B BTOU TVIaBe MH WM IOJXYIHM Koe-
KaKWe HOBEE pPe3yJrbTarsl, OHA He HOXO0Ka HA ApY-
rue IiaBH. Y Hee cCOBceM HHaf Ielb: paccKasarh
0 IPYIrHUX cmoco0ax BHpaKeHUA TeX JKe CaMbIX Qu-
BMYECKUX OpejCcTaBleHui. 3Hasd 5710, BH Jerde
moiiMere, 0 UeM TOBOPDHUTCA B APYTHX KHIDKKAX.

Korpa aiogm Bmepsrle Hadamu paspalbaTeBaTh
KJaCcCHYeCKY0 MeXaHWKy, OHH HewsMeHHO pacum-
CHIBAJAM CBOM YpaBHeHHA depes z-, Y- H z-KOM-
moHEeHTH. 3aTeM KTO-TO -CHeJdax mar BIeper H
YKa3aJ, 4T0 BCe MOJKHO YIPOCTHTH, BBeJA BeK-
rTopame o6osHaveHusa. Ilpasga, oweHs wacro,
uTo0W mpelcraBuTh ceGe 3ajagy KOHKpeTHee,
BH pasbWBaere BEKTOPH 00pATHO Ha NX KOMIOHEH-
1. Ho 005ram0 Bee e Kyja Jerde feiarh pacaeTs
u pasbmparbcsi B cyimecTBe fena, paboras ¢ Bex-
ropamu. B KBaHTOBOII MeXaHHKe HaM TOe yIano0ch
YHPOCTHTH 3alHMCh MHOIMX Bemleil, BOCIOJb30BAB-
nmch upeell «<BeKTOPa COCTOAHHA». BeKTop cocTod-
HHAA |{Pp) HUIero o6IMero, KOHe4YHO, HE HMEET
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¢ TeOMeTPHYeCKUMH BeKTOpaMH B TpPeXMeDHOM HpOCTpaHCTBE;
BTO IPOCTO OTBICYCHHHH CHUMBOJ, KOTOpHIT of03Hawaer ghusuue-
ckoe cocmosanue, OrTMedaeMOe CBOMM «3HAUYKOMY» WJIH «Ha3Ba-
Huemy» . IlpemcraBienue 3T0 BecbMa W BechbMa MOJAE3HO, HOTOMY
9YTO Ha A3HKe 3THX CHMBOJIOB 3aKOHK KBAHTOBOM MeXaHUKH
BHIIANAT Kak aunrebpanmdeckue ypasHeHusa. K mpuMepy, TOT Hamx
$yH/aMeHTATbHE 3aKOH, YTO BCAKOE COCTOSHHE MOMKHO COCTa-
BUTh W3 JnHeiHO# KoMOmHAmuMm OasWCHHX COCTOAHWH, 3aIlUCH-
Baercd TakK:

> =261, (18.1)

rge C; — COBOKYUOHOCTh OOBIYHHIX (KOMINIEKCHBIX) 9ucesa, aMIIH-
vy C;=i|y>, a [1>, |2>, |3> ¥ 1. A. obosmauawr GasucHble
COCTOSTHUSL B HEKOTOPOM Oasuce, WM npedcmagienuil.

Ecnm su1 Gepere Kakoe-T0 mamgecKoe cOCTOSHNE M ITO-TO IPO-
JlensBaere HaJ HUM (IOBOpadmBaeTe WIN Kaete B TeUeHHe BpeMeHH
At unnm eme 4ro-To), TO BH TOsydaere yiKe gpyroe cocrosuue. Mu
TFOBOPHUM: «IPOU3BOI HAJ COCTOSHUEM Ofepamnio, mojJydaeM HOBOE
cOCTOAHTE»., JTY Keé HMIEeI0 MOMKHO BHPA3HUTH ypaBHeHHEM

lop=A|>. (18.2)

Onepanus Haf COCTOAHEEM -CO3[aeT HOBOe cocrosHue. Onepamop

A oGoszHagaer HEKOTOPYIO oHpefelneHHy0 omepamuio. Horga sra
omepamusa cosepmaercd HAK KAKUM-TO COCTOAHWEM, CKajkeM HAaf
|$>, TO OHa cO3HAaeT KaKoe-TO JPYTOe COCTOAHME | ).

Yro oszmauaer ypaBHemme (18.2)? Mut onpedeasem ero cMmsica
TaK. YMHOKAB ypaBHeHHe Ha {i| u pasmomms |¢> mo (18.1), nu
noxyunTe

Gle> =3 A<l (13.3)

(17> — @10 cocTosAHUA U3 TOH ’Ke COBOKYNHOCTH, 410 ¥ |{>).
Teneppb »710 mpocto anrebpamdeckoe ypasmenume. Yucao <ijed>
OoKasbIBaeT, KaKoe KOIMIecTBO 6a3MCHOTO cOCTOAHUA [{> BH 00-
HapyKuTe B |[@>, M OHO OHpefeNsAeTcH depes JUHEHHY Cymepuo-
3UNHI0 aMnauryn <jhp> T0T0, 9r0 BE obGmapysiuTe |Pp> B TOM WIH
naoM GasucHoM cocrosHmE. Ymena<ild |j> — aro IompocTy Koap-
QUIMEeHTR, KOTOPHE TOBOPAT, CKOXBKO (Kaxas HOJA) COCTOSHUS

~

<jhp> Bxomur B cymmy. Omeparop A 9HCITEHHO OmHCHBaercs Ha-
GopoM gmces, WIH «MaTpHiei»

Ay=<ild|p. (18.4)
3uaunr, (18.2) aro samuck ypapHenumsa (18.3) ma Bmcmem ypoBHe.
A Ha camoM feie Jajke HEMHOKKO W CBepX TOTO: B HeM IOApasyMe-

Baercs meqro Gonpmee: B-(18.2) Her ccHaKY Ha Ty WIT KHYHO CHCTE-
My GasmcHEX cocroaEmi. ¥ pasrenwe (18.3) — 2710 0Gpas ypasHe-
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nus (18.2) B Heroropoil cmcreme Gasmeurix cocrosuuit. Ho, kak
u3BeCTHO, cucreMa ropurcs jioban. VIMenno aTo M mMeeTca B BHOY
B (18.3). OneparopHas MaHepa 3amHCH, CTALO0 OHTH, YKIOHAETCH
0T TOTO Wiam uHOTO BEIGOpa cmcremsl. HoHewno, ecim BaM Xodercs
ONPeHeTeHHOCTH, BH BOIBHH H36parh 0dny us cucrem. U xorya Bt ge-
aaete 9T0T BHOOpD,BH numere ypasHeHume (18.3). 3maumr, onepa-
moproe ypasuenue (18.2) — aro Gomee oTBiedeHHHH cmocob 3a-
nucu aszebpauveckozo ypasHenus (18.3). Dro ouenb moxoguT Ha
pasHuLy MeRmy 3aluchio
e=axh

O 3allChI0

.= ayb —a, b

¢, =ab,—a xb 2

c,=a.b,—a,b..
Ilepsyiil cnmocob6 maraaguee. Ho ecim BaM moHamoOsiTea uucaa, BH
HaBepHAKA 3aJafiNTe ClepBa KOMIOHEHTH OTHOCHTeIBHO HEKOTOPOIl
cucreMsl oceii. TouHO Tak Ke, ecim BEL XOTHre gaTh HOHATH, YTO

3a mTyKa A, BaM HYIKHO GHTH TOTOBEIME 3afaTh Marpuiy Ay
Yepes Hekomopylo COBOKYNHOCTH GasMCHHIX cocroAanuii. Y1 moxa B
nMeeTe B BTy ONpefeleHHY0 COBOKYMHOCTb ancen A ;;, ypaBHeHne
(18.2) ogmauaer To ixe, aro m (18.3). (H HYHHO ellle MOMHUTE, T0
€CIIM YK BH 3HAeTe Marpuuy His OJHOHM gacTHOIl coBOKymHOCTH Ga-
3HCHEIX COCTOARMIL, TO Beerga cMoskere MOACIHATATh MATPHIY, COOT-
BeTCTBYIOINyI0 A06oMy gpyromy Gasmcy. MaTpumy Bcerga MOKHO
OpeoGpa3oBaTh 0T OJHOTO HpEACTaBIERUA K IPYroMy.)

OuneparopHoe ypasHenme (18.2) gomyckaer W Zpyrme BO3MOIK-
nocru. Ecan Ml npencraBmin cebe HexoTopsiit omepaTop A, 10 ero
MOKHO NpUMEHUTH K JI0G0MY COCTOAHMIO |p> H OH cO3ZacT HOBOE
cocrosmme Ap>. BpeMenaMu moxyuaeMoe TAKEM IyTeM (COCTOA-
HHE» MOMeT OKa3aTbCA OUEHHb CBOEOOPABHEIM — OHO MOMKET YiKe
He OpPefCTaBIATh co060il HUKAKOH (fusuyeckoll cuTyanun, ¢ KOTOpoi
MOKHO Berperurhbess B mpupoge. (Hanpumep, Momxer moayaurbes
COCTOAHKE, KOTOPOE He HOPMHPOBAHO HA BEPOATHOCTh HOJIYTHUTh
OJIMH 9JeKTPOH.) VIRBIMH CI0BaMU, BpeMeHaMH Mbl MOKeM HOJYJUTh
«COCTOAHMAY, KOTOPHE eCTh MareMaTHIeCKE HCKycCTBeHHHE ofpa-
30BAHUA. ITH UCKYCCTBEHHBIE (COCTOAHHA» MOLYT BCe PaBHO OKa-
3aThCH MOJME3HLIME, Yallie BCer0 B KaKUX-Iu60 IPOMEKYTOUHHX BHI-
YACHACHUAX.

M yi®e DpHBOAMAN MHOTO INPHMEDOB KBAHTOBOMeXaHHMYECKHX
omepaTopoB. Berpevasica HaM omepaTop MOBOPOTA R (), KoTopHI,
B3AB COCTOAHHE [, flellaeT U3 HETO0 HOBOE coc*roarme IpefcTaB-
asomee coGol cTapoe cOCTOARME ¢ TOYKM 3peHHA HOBePHYTOH clc-

TeMBI KOOD/HAT. Berpedasics omepaTop YeTHOCTH (WM MEBepcHu) P,
cO3JapIuil HOBOE cocTosiEUe o6pamenneM Bcex KooprpuuaT. Berpe-

9a IECH M OIePATOPH Oy, oy U ¢, JJiA 9acTHL CO CIUHOM '/,.
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Omneparop J, oupepieasnca B . 15 gepes omepartop moBOpoTa
HA Majue yTaH &:

R, (e)=1+%efz. (18.5)
370, KOHEYHO, HOHPOCTY 03HAYAET, 4TO
B() 10> = o>+ e .| 9. (18.6)

B sromM mpumepe fz [{> — sT0 yMHOMEHHOE Ha lifie cocrosmme,
moJaydaeMoe ToTfa, KOrja BH IOBepHeTe |Pp> Ha MaJHil yroa &
I 3aTeM BHYTeTe mpeskHee cocrossHme. OHO IPEACTABIMET «COCTOSM-
Hiie», ABIAAIOIIEECST PA3HOCMBI0 ABYX COCTOSHMIA.

Eme ogur npumep. Mul uMean ouepartop p x, OH Ha3HBAICH 0116~
paTopoM (Z-KOMIIOHEHTH) HMIYJBCA W ONpelelfAlicd ypaBHeHHeM,

noxo;kuM Ha (18.6). Ecnu D, (L) — omeparop, KoTophlil cMemaer
COCTOAHHIe BAOJD & HA ANUHY L, 10 p, OIpejlessanoch rak:

D,(8)=1+-op,, (18.7)

rie 6 — mazmoe cmemienume. CMeleHHE COCTOSHUMA \p> BROIH OCH Z
Ha Hebonbmoe paccrosnue § maer HoBoe cocroAHme [P'>. Mm ro-
BOPUM, 9TO 5TO HOBOE COCTOSHEME €CTh CTAPOE COCTOSHWE ILII0C eIe
HOBHI#I KycOYeR

= 001>

OnepaTopsl, 0 KOTOPEIX MEl TOBOpPUM cel4ac, AeHCTBYIOT Ha
BEeKTOD COCTOSHHS, CKarkeM Ha [{>, ABAARIAICH abeTpaKkTHEM
onmcaHNeM U3MYeCKOH cCUTyamuWu. 10 COBCeM He TO, UTO a42ebpa-
uueckue OUNEPATOPHI, JeHCIBYOUMe HAa MareMaTwdecKkume (QYHROWH,
Hamnpumep, d/dz s10 «omepaTop», HeiicTBHe Kotoporo Ha f(x) cos-
naer u3 f(z) mosyw ¢yurumio f'(z)=df/dx. Jpyroii npumep aiu-
rebpawdecKoro omepatopa — 370 V2. MoKHO WOHATH, 0T4ero B
060MX cAydYasX Hoab3yIOTCH ONHUM M TeM Ke CIOBOM, HO HYIKHO
IIOMHHUTH, YT0 ATO pasHEE THIH omepaTopoB. HBaHTOBOMeXaHWue-
cKmii omepatop A HeHcTBYeT He Ha anTe6pauwdecKyio QYHKIMO, a
Ha BEKTOP COCTOAHWS, CRakeM Ha |p>. B KBaHTOBO# MexaHWKe
yIoTpeGAsIoOTCA M Te W Apyrde OmepatTopH, W 9acro, KaK Bh YBH-
auTe, B YPABHEHMAX CXOMHOTO THNA.

Horma BW BmepBHe H3ydaeTe IpefMeT, TO Bce BpeMsa Hago
mMetrh B BHAY 9Ty pasHUNY. A Do3j{Hee, KOT7a OpeaMeT BaM
crader GAWMKe, BRI YBUIHTe, 4TO He TAK YK BaJKHO fAejaTh pesKoe
pasinume Me;KAy OZHUMH omepatopaMd W japyrumMu. VI so MHOTHX
KHUTaX, Kak BH y0begurech, oba TAma omeparTopos 0603HAYAIOTCA
O/[HHAKOBO!
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Temepb HaM IHopa OPOJBUHYTHCA BHEPEK- U Y3HATH O MHO-
TMX DOJe3HHX Bemiax, KOTODHe MOKHO HpPOAENHIBATL ¢ HOMOIIbI0
oneparopos. Ho nna mavana se6Goanmoe sameuanue. Ilyckait y mac

HMeeTCH omeparop A, MaTpHIa KOTOPOro B KakoM-TO Gasuce ecrb
__<l,]A > AMnnnTyna TOTO, YTO COCTOSHUE Ahp} Haxo[uTCA
TaKMe B HEKOTOPOM JAPYTOM COCTOAHMH |@>, ecThb <cp|A p>.

WMeer AW cMBICH KOMIUIEKCHO® CONpPHKeHAE JTOH AMINIMTYIBL?
B, BeposgTHO, CMOIKeTEe HOKA3aTh, 9T0

<ol A py*= <yl AT g3, (18.8)

tne A7 (umraerca «A ¢ KpecToM») 9T0 OmepaTop, MaTPUYHKE dIe-
MEeHTH KOTOPOTO pAaBHH!

Al =(4,)*. (18.9)

Wnave rosops, 49T00H mOmyg9uth £, j-H 5JIeMeHT MaTPUILHI AT,
B ofpamaerech K j, [-My 3JeMEHTY MAaTpHIILL A (WEJeKCH mepe-
CTaBJEHE]) M KOMIVIEKCHO €ro compsraere. AMIIIUTYZA TOrO, 9r0
COCTOAHEE Af*lcp) HaXOQUTCH B COCTOHHWU [\ >, KOMILIEKCHO
coupsykeHa AMIIATYAE TOTO, UTO Ahp) HAXOMTCA B [(). Ouepa-
top A'BasnBaercs «apMuTOBO CONPAKEHHEIM) OePATOPY A. Muo-

rue BaKHBIE OmepaToph! KBAHTOBOU MeXaHUKH UMEIOT crnenquaJbHOE
CBOMCTBO: eCJIN BH UX 9PMUTOBO colpAraeTe, BB OUATH BO3Bpamiae-

1ech K TOMYy jKe omeparopy. Ecam B xar pa3 Takoid omeparop, To

B*=B; ero nasmBaior «CaMOCONPSKEHHHIM)», HIAM (IPMHETOBEIM),
oIepaTopoM.

§ 2. Cpednue anepeuu

Ho cux mop Mm B OCHOBHOM HAamOMWHAIH BaM O TOM, 910 BH
yike 3Haere. A Temepb mepeitfieM K HoBoMy. Hak 651 BE nojcauranu
cpedHI010 SHEPTHIO CHCTEMH, cKasykeM, aroma® Ecau atoM Haxojurcs
B OIpe/ieleHHOM COCTOAHUN C OIpefesieHHOH pHeprueill M BH 3Ty
9HEPrUI0 H3MepsAeTe, TO BH MOJYIWTE OUpe/eNeHHYI0O sHepruio K.
Ecan BH HauHeTe MOBTOPATH M3MepeHUS ¢ KaM/bM U3 MHO/KecTBa
aToMoB, KOTOpEIe OTOOpAHH TaK, 4T0GH OHITH BCEM B OJ{RHAKOBOM
COCTOSIHUH, TO BCe M3MepeHUA Zaayr BaM FE, m «cpegHee» M30 Bcex
BAIINX WM3MEpeHWH TOKe, KOHEYHO, OKakercs E.

Ho uro cayumrest, ecam Bhl mpojesaere CBOM M3MepeHus HaJ
COCTOSHEEM |{>, KOTOpoe e Asasemcs S/TaI.II/IOHapHHM? Pa3z y cu-
CTeMbl HeT OupeledeHHOH pHEPTHH, TO OJHO M3MepeHWe HACT OLHY
SHEPIMIO, TO K6 M3MepeHWe HAJ[ JpyruM aroMOM B TOM K€ COCTOA-
HEO JacT ApyTyio u T. 5. HaxumM iKe oKarkeTca cpejiHee Bceid cepuu
uaMepeHunil sHepruum?
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Ha sT1oT BOMpoC MBI OTBETUM, ec/id BO3bMEM IPOEKIHI0 COCTOM-
HUA [p) Ha cHCTeMY COCTOSHUI ¢ oumpefeneHHOH sHeprumeir. UroOu
NOMHHATBH, 49T0 3T0 0cobui fasuc, GygeM o603HAYATE 3TH COCTOSHUA
n;>. Kampoe ua cocrosmmit |v;> oGiagaer ompefe/eHHOH dHep-
rueit E;,. B sroM mpepcraBieHHH

9> =i mo>. (18.10)
Horpa Br mpojeiisipaere N3MepeHue DHEPTHH H HOIYYaeTe HEKOTO-
poe umcao E,;, BH TeM caMbiM oOHapy:KuUBaeTe, YTO cHcreMa OBLIA
B cocrosHUE [1,>. Ho B Ka/kJ0M HOBOM HM3MEeDEHWN BH MOKeTe
noJIyauth Hoeoe gucxo. Unorga Bel monyaure £, mHorpa E,, vHOTHA
E, v t. n. Bepoammnocmy, uaro BH 0GHAPYKUTEe 9Hepruio E,, paBHA
OQUPOCTY BEPOATHOCTH OOHAPYIKUTH CUCTEMY B COCTOAHHHA [1),D,
T. e. KBajgpary Mopyaa ammiautyau C,=<n;lp>. Bepogrmocrs
o0HapyRUTHh TO MIAW WHOe BOBMOKHOE 3HAUYeHWe SHeprum L; ecrb

P=|C,pp. (18.11)

HKag e cBsizath 5TU BepPOATHOCTH CO CPEJHWM 3HAYCHUEM Bcel
LOCIEJ0BaTeIbHOCTH W3MepeHHiE smepruii? BoofpasuM, gwro MH
HONyYdAM pAJ pesyinbraroB uaMepenumii, HampuMmep E,, E,, K,
EyEWE, E, B, E,, E,,E,, E, u 1. ., Bcero THCsI9a M3MePEHUI.
CnomuM Bce sHeprum m pasmeamM ma 1000. 9ro ® ecrt cpepmee.
Moskio caoskenue npogenartb W mokopoue. llocuuraiite, cKOABKO
pas y Bac BHmwio E, (ckaykeM, 0oHO BHIIIO N, pas), CKOJBKO pas
Beumno E, (ckamkeMm, N, pas) u T. A. fcHO, 9r0 cyMMa Bcex sHep-
Ui paBHA

NE,+NyEy+NoEy+ ... =2N,-E,-.

CpepHsas 3Heprus paBHa dTOH CyMMe, MeJeHHOH Ha MOJAHOE YUCIO
H3MepeHHH, T. e. Ha cyMMy Bcex NN, Koropylo MH oGosnaauM NV:

: 2INE;
L
E,= — - (18.12)
Mut moutu y nenm. Ilog seposrHocTbio Kaxoro-HHOGYOs COOHI-
THA MR ROHUMOEM KAK pa3 4UCI0 ciay%aeB, KOrja OKujaercs Ha-
CTyIJIeHHE 3TOr0 COOGHITH, HeJNeHHOe HA o0uiee YHCI0 MCOHITAHMMA.
Oraomenne N,/N pgomxuo (upm Goasmmx N) Malo OTAMYATHCA
or P,— BepoATHOCTH OOHAPY/KUTH COCTOSHWE [N),>, XOTh U He
Gyger TOYHO COBIAfATH C P, H3-3a CTATHCTHYOCKHUX (AYKTyamdil.
0OGo3naauM OPEfCKA3EBAEMYI0 (MW «OXKUAAEMYIO») CPEeJHION JHEp-
ruto (E).,; TOrga MH BIpaBe cKazaTh

(Eyoy=XPE. (18.13)
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Te Ke paccyKIeHHAA MOAOLEAYT K M3MEpPeHUAM KaKHEX YTOTHO BeJH-
wuH. CpefHee 3HaYeHYE N3MEPAEMON BeTHIUEE A KOJRHO PABHATHCA

<A>cp=2P[Af7

rge A;—pasiaudHEle JOMYCTHMBle 3HadeHHs HaOaiofaeMoif Beau-
9mHE, a P;—BEePOATHOCTH HOJY4eHHs HTOr0 3HAYCHUSA.

Bepremcs Temeph K HamieMy KBAaHTOBOMEXAHHYECKOMY COCTO-
aumio |¢P>. Ero cpeamssa sHeprua paBHa

<E>cp:$lct“2 Ei:Z;C;CiEi' (18.14)

A temeps caemure BHEMaTexanHo! CHavasna mepemmmeM 3Ty cyMMmy
TaK:

2P [0 E <y | > (18.15)

Teneps GymeM paccMaTpHBATh Aepoe <P | Kak ofmuil MHOMMTEND.
BhineceM ero 3a 3HaK CyMMBl B HaIOHIIEM
an 1]
SR DR

S1o BHpakeHHe umeer BUE (Y| @), rie | @d>-—HEKOTOpOe «IpH-
IYMAaHHOE» COCTOAHMWE, OINpejesiseMoe PaBeHCTBOM

o> =2 > By <ny | > (18.16)

VIHEMH cI0BaMH, 3TO TO COCTOSHME, KOTOPO® y Bac WOJYIMTCHA,
€CJIM .BH BO3bMere Kaskfoe 6asmcHOe COCTOSHHE |1,> B KOJMYECTBe

E; <m; | $>.
Ho BcuomuEM Temeps, aro raxoe |1;>. Cocrosmus Ini> c9Hu-
TAOTCA CTAOUOHAPHEIMU, T. €. HJAd KaKJOT0 W3 HHUX

ﬁl n>=E;[n>.
A pas E,—mOpocTo 4HCJIO0, TO OpaBas 4acTh coBmagaer ¢ [, K,
a cymma B (18.16)—c

A < 9.
Temepb NPUXOJATCH IPOCYMMIPOBATH M0 | 00MEM3BECTHYIO KOMOH-
HaIIWI0, NPABONAMYI0 K eNHHUOE:
2 A0 o> = B Zn> <l o> = A1 >
YynecHo, ypaBHeHI/Ie (18.16) cormaso ¢

| o>=H | p>. (18.17)

CpenHsia SHEPrUA COCTOAHHUA |{)> BaNMCHBAaeTCA, CTAN0 ONTb, B
OYeHb HPHUBJICKATEAbHOM BHJE

CE>ep=<p| H P> (18.18)
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Yro6u momyuurh CpefHIO0 SHepruio, mofeiicrByiite ma hp) ome-

patopom H wn sarem yMHOKbTe Ha (p|. O4eHsb HpoCTOl pes3yabTarT.

Hawa HoBas dopMyna gus cpefmeit sHEPrAM HE TOABKO HmpUB-
AeKartenbHA, HO WM IojesHA. Temeps maM yiKe He HAHO HAYEro ro-
BOpUTh 0G o0coboil cucreMe Gasmcmmx coctosHmit. Y mame Bcex
ypoBHeil sHepruu sHATh He Hy:KHO. Ilpum pacwere JOCTaTOYHO BHI-
pasuTh Hallle COCTOAHUE Yepes Kakyl Y200n0 COBOKYHHOCTH Gasmc-
HHIX COCTOAHMI, M, eCIM MH 3HAaeM TaMHIJIbTOHOBY Marpumy H
A 5moil COBOKYNHOCTH, MKl YiKe CMOKeM y3HATh CPENHION dHep-
ruio. Ypasrernue (18.18) rosopur, 9T0 mpm 11060l COBOKYIHOCTH
Oas3WCHHIX COCTOSAHUH |{> CpejHAA SHEPTHUA MO:KeT GHITH BHIYMCIE-
HA W3

CE>ey=2 <[ i><i | H17><j 9>, (18.19)
if

rae aMoumrynas <i|H|j> ®ax pas u ecThb 5JIeMeHTH MaTpPHsl b’,-,.

IipoBepusm sTo HA TOM YaCTHOM IHpHMeDe, Korjga COCTOAHUA |L)
CYTh COCTOAHMS C Ompesiesiennoli snepruei. [las Hux Hljp= E; 17>
Tak urto <i|H|j>=ES; m

CE>ep= <15 By, <G> = D E, | i><i | v,
ij i

4TO BHOJHE €CTeCTBeHHO.

Ypasnenane (18.19) mokuEo, Kerarm, o6o6murs W Ha Apyrume
(u3NYecKue N3MEPEHUA, KOTOPHE BH B COCTOSHUY BHIPA3UTDH B BHJIE
omeparopa. Hampumep, mycrs ]32 ©CTh OmepaTop z-KOMIOHEHTH!
MoMeHTa KommgectBa EBmkenus L. CpepHas z-KoMmoHeHTA Aias co-
croasuaA P> paBHA

<Lz>cp =P {‘z’z l P>

Opmue u3 cmoco00B JOKa3aTeAbCTBA 3T0H (GopMyabl — mPHAyMAaTh
TaKyIo 3amauy, B KOTOpoll SHePTHUA HPONOPOAOHAIBHA MOMEHTY KO-
angecTBa ABIUKEHMA. Torma BCe paccyKEEHUsA IPOCTO MOBTOPHTCH.

IopgrroxkmBas, cra:keM, 4TO ecam (uawdgecku HabaoaeMad
BeqiugnHEA 4 CBS3aHA ¢ COOTBETCTBYIOHIMM KBAHTOBOMEXAHWYECKUM
omeparopoM 4, To cpefHee 3Hauenume A B cocroaBmE [p) [aeTcA
dopmyoit

(Ao = <A | . (18.20)
Iloxg »tEM mompasymeBaercs
CAdep=<p| >, (18.21)
riae
9> =4 | p>. (18.22)
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§ 3. Cpednasn snepeus amoma

Hycrs Mu X0THM y3HATD CPEFHIO SHEPTUIO aTOMA B COCTOSHNUM,
ONMCHBaeMoM BoJHOBOMH dynxmuelt P(r); Kak Ke ee Halitu? Paccmor-
puM cmepBa OfHOMEeDHYIO 3ajady, KOTJAA COCTOSHHE |\> Ompefe-
asetca aMmuantygoil <xlp>=(z). Hac marepecyer gacTHHIE cay-
vail mpuMenenns ypaeuHenus (18.19) K KoopammaTHOMY mpesmcrTas-
aeawo. Ciepxys Hamell OORYHOI Tpolemype, 3aMeHHM COCTOSHNA
ji> | |j> Ha |z> u |z’> 1 cyMmy Ha maTerpas. Mu momyumm

Erey={<pla> x| H|e> <@ | pydeds’.  (18.23)
QTOT H}ITeraJI MO/IHO ]]pI/I HMeJaHuH 3anUCHBATHh HHAaYE:
{<wla <z g da, (18.24)
rae
@l = <e|Aa> @ |p>dr. (18.25)

Vinrerpan mo 2’ B (18.25) ror ske cameiii, UTO BCTpeuascs HAM
B ra. 14 {em. (14.50) u (14.52)]. On pasen

A @4V @@

ITosroMy MokHO HAmHCATh

@@= — g eV @)} B @) (18.26)

BeooMuuM, uro <(¢lzd=<{z[p>*=¢*(x); ¢ Domompio sTOTO
paBeHCTBA cpefHee 3Hauenme suepruu B (18.23) moxuo sammcars
B BHjIE

%2

By = () {_%_ Lty (x)}xp(x) dz.  (18.27)

Ecnu BosaoOBas ¢yHKIHUA Pp(z) M3BECTHA, TO, B3AB TOT HMHTErpal,
BHl IIOJIYYUTEe CPEJHIOD sHepIruio. BH remepb HaumHAETE HOHMMATH,
KaK OT NPeACTaBJeHUWH 0 BOJHOBOM BEKTOPE MOKHO Hepeif1m K mpej-
CTABJIGHWIO O BOJHOBOH QyHKIWE B oOpaTHO.

Beanyuna B ¢urypumx crobrxax B (18.27) arto asezebpauveckuti
oneparop. [«Oneparop» V(z) osuagaer «ymuo:xb Ha V(2)».] Mu 06o3-
HAUMM ero 77

~ he a2
H=—sn itV

B srux oGosnauenusax (18.23) mpeBpamaercs B
<E>cp,=Slle* (x)FH P (z) de. (18.28)
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OnpepenenHniil 3gech anrebpamaeckuii omeparop 7, KOHEYHO,
He TOMJecTBeH ¢ KBaHTOBOMeXammyeckuM omeparopom H. Hobmii
omeparop pmeiicTByer Ha QYHKOUIO KoopimHathl P (r)=<z|p>, 06-
pasysd HOBYI0 QYHKIUIO 0T z, ¢ (z)=(z|¢p>, a I peicTByeT Ha BEK-
Top cocrosHus [{>, o6pasys JApyroil BEKTOpP COCTOSHHA [¢),
npuyeM He MMeeTCA B BUIY HU KOODAHHATHOe, HH BOOOME Kaxoe-
aubo gacrHO® npejicTaBenne. Maxo Toro, jaske B KOOPAUHATHOM

npefcTaBACHEE 7 He coBceM T0 ke, wro H. Ecnm On M PeIiIH
paboTaTs B KOOD/MHATHOM NPEACTABIEHUN, TO CMBICI omeparopy H
HpHILIOCE O HPHEABATH ¢ HOMOIIKIO MaTpuibl <z|Hlx'>, woro-
pas KaK-To 3aBUCHT OT ABYX «MHJEKCOB» £ U z’; HHade roBOpA, cile-
ZoBamo Onl ommmarh, dro [kax yrsep:kmaer (18.25)] <zle)> ca-
3aHO CO BCeMW aMmiuryramu (z|p) omepanueidl WHTETPUPOBAHUA.
A ¢ apyroit cTOpoHK, MB HamiH, 9T0 7 — 570 nuddepenTINa LHLIHT
omeparop. Cssp Memay (x|H| z'> n anrebpanueckuM omepaTopoM
F Mu yxe BuAgcHANA B 1. 14, § 5.

Hanm peayansraTsl Hy:galeTcA B 0JHOM yrtogHeHmuM. Mur mpen-
OOJIOMUIK, 9TO aMmiuryga v (z)=<z|}> HOpMHEpOBaHA,T. €. Mac-
mrabsl BHGPAHK TaK, 9TO

Clp @) de=1,

U BEpPOATHOCTL YBHAETh DJIEKTPOH 6Ce pasho z0e paBHA eUHHINE.
Ho Bm moram 6w1, ecam On 3axoreju paborars ¢ HEHOPMUPOBAH-
HOil (), ciefoBano OB TOJIHKO HHUCATh

[v* (@) HZ Y(x)dz
[o* @@ de

€
<E>,= (18.29)
3T0 OgHO M TO Ke.

O6parture BEHEMaHHe Ha cxofctso Mesxny (18.28) m (18.18).
O6a arm coocoba 3amucH OfHOTO U TOTO jKe pesyiabraTa npH pabore
B Z-UpeAcTaBIeHuN gacro Berpedaorca. OT mepBOro MOMKHO me-
peilitu Ko BTOpOMY, eciM A — AoKkaabHMWI Oomeparop, T. €. TaKoi,
JUIL KOTOPOTO WHTErpan

S<xlfi]x'><x'[1p>dx'

MOKeT OHITh 3amucad B Buie ,/l\p (z), re A — nuddepeHIa bHEIH
aarebpangecknmii omeparop. OJHAKO BCTPEWAOTCA ONEPATOPSHL,
AJA KoTOpeIX 270 HesepHo. Torma mpuxogmress paborars ¢ He-
xoauuMn ypasHeHuaMu (18.21) m (18.22).

Ham BriBOjT erko o6oGumaerca Ha Tpu uamMepenns. Vror taxos *:

CEd>ey=§ b ) 7 ¢ (r) d O6ven, 18.30)

* DumeMeHT OoOBeMa Mm of6o3Hauaem d O6vem. OH HOMPOCTy paBeR
dx dy dz, a mETerpan Geperca or — o KO -+ 0o 1O BeeM TpeM KOODLHHATAM.

209



riue

%=——-§;V2+V(r), (18.31)

npuYeM DOXpa3yMeBaeTCs, 49TO
(1 vird Ocvem=1. (18.32)

Taxue ke ypapHeHHA MONYYAIOTCA KOBOIBHO OYeBUIHHM 06pasoM 1
npu 0606MeENA HA CHCTEMH ¢ HeCKOJBKAMH DJIeKTPOHAMH, HO MHEI
He OyneM cefiuac 3aHHMAarbCf BHIOWCHBAHHEM pesyIbTATOB.

C pomompio (18.30) MoHO paccauMTaTh CPEHIOI HHEPTHIO
ATOMHOr'0 COCTOSHWSA, Jaske He 3Haf ypoBHeil sHepruum. Hymxma
TOJABKO BOMHOBAA QYHKIUA. ITO OUeHb BAKHEIE 3axod. PaccrameM
00 oHOM WHTEepeCHOM ero mpuMeHeHum. [lyctb BaM HY:KHO y3HATDH
HHEPrui0 OCHOBHOTO COCTOSHUS HEKOTOPOH CHCTeMH, CKajkeM aTo-
Ma rejus, HO BH 3aTpyjaserech pemnrb ypasHenwe Ilpegmnrepa
JUISL BOTHOBOI PYHKIMN u3-3a 60abIOT0 9Hcia mepeMeHHHX. [Tomo-
JKMM, OJHAKO, 9T0 BB PemMi¥ HOompoHoBaTh KAKYI-TO BOJTHOBYIO
¢yaxnuo (BH6paE ee MO CBOEMY JKEIAHWIO) W HOJCYUTATH CPEIHION
sHepruio. Wnawe romops, BW moibiayerech ypasHeHHeM (18.29),
0006uIeHHKIM HA TPH W3MepeHMs, 4ro0H y3HaTh, KaKoBa Obima OH
Cpe/HASA dHePruA, ecAU O aToM ObUI HA CAMOM fielie B COCTOAHWNH,
ONMECHBAEMOM 3T0i BOXHOBOM (yHKIMel. Jra spHEprus, GeccmopsHo,
OKayKeTCA BHIIE DHEPTUH OCHOBHOTO COCTOSHUA — CaMOH HU3KOM
DHEpIHH, KAKY0 MOKeT umerhb aroM *. DBosnMeMm Temepb HOBYIO
(QYHRIHIO W BEIMCIUM HOBYIO CPEIHION dHeprumo. Kcim oHa HHMEe,
9eM OBIZIO HPY OepeoM BaimeM BEOOpe, 3HAYHT, BE LHOJOULIHM OImKe
K WCTUHHON »HEePrMM OCHOBHOTO cocrosimMs., Kcim BEH mHeMHoTO
MODa3MBICINTE, BH, KOHe4HO, HaYHeTe HpoboBaTh TaKkue QYHKIUH,
B KOTOPHX ecTh HECKOJIbKO ¢B06OHHX mapaMerpos. Torga sHepraa
BHPA3UTCA Yepes DI mapaMerpsl. Bappupysa mapaMerpsl TaK, 4ro0-
O o/ yunTh HAMHUBILYIO MEICIUMYI0 DHePTHIO, BH T€M CAMEIM Hepe-
npoGyere 3a omwH pas menabiil wiace ¢ymxnmid. Cropee Bcero BH
o0Bapyskure, 9yT0 MOHMKATH SHEPIUI0 CTAHOBUTCA BCO TPYRHee U
Tpym@HEe, T. €. HagHere YGERIATBCA B TOM, 4TO YKe [OBOJBHO
6U3K0 TOZOILIM K HAUHW3INEH BO3MOKHOM sHepruu. VIMeHHO Tar
¥ O pemeH aToM rejms — HEKAKUX pudepeHnmaiIpHHX ypas-
HeHWi He Pematn, & COCTABMAM 0coOhe (QYHKHUM CO MHOKECTBOM
HOOJJAIOMMXCA MOArOHKe mapaMerpoB, Koropele Opuiu mogoOpaHsl
Tak, uro0nl garb cpejHeil sHepruM HaWHW3NIee 3HAUEHHeE.

* MomHO BHIPA3HTH 3T0 U HHade. Kakywo OH yExnEo (T. €. COCTOAHHE)
BHL HE BHGpaid, ee BCEF[a MOMKHO IIPEACTaBATH B BEje JAEHelHOH KoM6mma-
1uH GasMCHHIX COCTOAEH, ABISOMMUXCT COCTOAHHAME C OIpejelcHHOl amep-
rreit. [Tockompky B 2T0Hf KOMOWHAIMEEM TIPECYTCTByeT NpPUMeCh COCTOAHHN
¢ 0osee BHICOKNME DHEDIHAMHE, TO CPeJHAA SHEPIHA OKAa;KeTCA BLILIE DHEPrEH
OCHOBHOT'O COCTOAHHESA.
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§ 4. Onepamop mecma

Kakoso cpemHee MecTomoiojkeHue 9JIeKTpoHa B artoMe? B
OAHHOM COCTOAHUE [Pp> KAKOBO cpeJHee B3HAYeHWE KOOPZHHA-
et z? PasbepeM opmoMepHmit cayuail, a obo0meHne Ha Tpex-
MepHBIH HAM HA CHCTEMH ¢ GoiabiouM TUCIOM YaCTUI OCTAHETCSA HA
Bamy jgoaio. Mu mMeeM cocrostame, ommchHBaeMoe QyHKImei 1 (),
M IPOJ0IKAEM Pas 32 pasoM MaMepATh z. UTo modywMTcA B cpej-
HeMm? OQueBumHO, SxP (x) dz, roe P(x) — BepoATHOCTH O0HADYKHUTH
BJIERTPOH B Hebonbmom sineMeHTe JyUMHH dr Boage z. Ilycrs mior-
HocTh BepositHoctu P(x) MeHAerca ¢ z Tak, KaK HOKAa3aHo HA
¢ur. 18.1. Beposraee Bcero B 0GHApPYIRUTE BAEKTPOH INe-TO BOBJE
sepunEH Kpusoil. CpepHee 3HAaUeHWEe & TOMKe HPHAETCA KYyaa-ToO
Ha ofaacTs HeBJaJeKe OT BePIIMHE, A TOUHEe, KaK pa3 Ha IeHTP
TAMKECTH WJAOMARIM, OTPAHHYEHHON KPHBOH.

Mu Bupenm pambme, uro P(z)= |p(z)[>*=y*(x) ¢ (x), smaumr,
cpefHee Z MOMKHO 3aOUCaTh B BUJE

(LD ey = S P* (z) 2§ (x) dz. (18.33)

Hawe ypaBrenme aas <z).p, uMeeT ToT ke suj, gro (18.18).
Korpga Mt cumrann cpe/{HIO0 SHEPTUIO, Ml CTABM/IN MEELY JABYM |
omepaTop $¢, a KOIja CIUTAEM CpejHee MOMOMeHHe, CTABUM HpO-
cro z. (Ecam yrommo, Moere paccMarpuBarh z Kak axreGpaumue-
CKUH OomeparTop «YMHOMKD HA Z».) Ty Tapaiiejab MOKHO HPOBECTH
emle JaJbile, BHpasuB cpejHee MeCTOmoJIoKeHNe B hopMe, ROTOpas
coorsetcTayer ypasuenuio (18.18). IlpepmosnomuMm, 970 MBI TpOCTO
Hanucaad

(Eep= <P |0, (18.34)

rje

[ = z[ >, (18.35)

W CMOTDHM, He yJACTCA ju HAATH Taxoil omeparop z, 4To0H OH
CO3/1aBaJ COCTOAHWE |o>, mpu KotopoM ypasuenme (18.34) me
uporuBopeunt ypasHeHm0 (18.33). lmaue romops, Msl OKEH
HaliTH TakKoe | o), urobm Gruto

o> =<z>,= S P ladx <z | P de. (18.36)

PaznoxuM cmepsa <{\Pla> IO Z-OpefCTaBICHAIO:

play={ <p|2><z|a>dz. (18.37)

CpaprmM satem mHTerpansl B (18.36) u (18.37). Bm Bugure, wro
B r-npedcmasienu. (M MOAbKO B 3TOM Hpe/CTaBACHWM)

zloy=x<lz|P). (18.38)
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P(x)

@ uez 18.1. Kpusas naommno-
cmu  eeposmuocmu, npedcmag-
a810Well  A0KAAUSOEAHHYI  Hac-
muyy.

T

Bospeiicteue ua |> omeparopa z Aif HONYYCHEHA |0> paBHO3HAY-
HO yMHOKeHUI0 P (z)=<z[p> Ba  Aua moiayseHHs o (z)=<{xla>.
Tlepes HaMU ompejiesieHde OePaTopa £ B KOOPAMHATHOM TpEJICTAR-
nennn *.

(Mt He BaJaBaJuch MEJBI0 TOJIYYUTh Z-OPEACTABICHNE MaTPUIL

omeparopa 2. Ecan BH 9ecTosi06MBH, TOOKTARTECHh MOKA3aTh, ITO
lz|z’y =28 (z—z). (18.39)

Torma Bel cmosKeTe 10KA3aTh TOPA3UTENbHYI0 QOPMYyTy
x> =z, (18.40)

T. €. 9TO omepatop 2z obJajaer WHTEPECHHM CBOHCTBOM: KOTJIA
OH JieiicTByeT HA 0a3MCHOE COCTOAHUE |Z), TO BTO pPaBHOZHAUHO
YMHOKEHN0 Ha Z.)

A mMosker, BH XoTHTe 3HATh cpejHee sHaveHue z2? OHO paBHO

@y = § V¥ (2) 2% (2) da. (18.41)
WUnum, ecim jesaere, MOKEO HaNKCcaTh M TaK:
<x2>cp = <1pl C‘I>a

e )
[o"> = 22| Pp>. (18.42)

Hox z2 IOTIpa3yMeBaeTCa £& — ABA OIePATOPA IPUMEHAIOTCH APYT
sa mpyrom. G nomomsio (18.42) MoxHO mopmcumTaTh <{x) .,
TOJB3YACH KAaKUM YrOoJHO HNPEACTaBJIeHUIEeM (6331105511\41/1 COCTOA-
nuamu). Ecau sam my:kHo 3HaTh cpejlHee 3HaAUYCHHe x” WIW J1060T0
MBOTOWJIEHA TO Z, TO BH JIETKO 3TO Telephb HpojesaeTe.

* Ypasnmenme (18.38) ne oswawaem, 910 |a> = z|y> [ep. (18.35)]. Coxpa-
maTe Ha <{r| HeJb3d, IOTOMY 970 MHOKATENs z Nepex <zjP> AIA KaKEOro
COCTOALHSA x| HMeeT cBOC 3HaveHHMe. ITO — 3HAYCHUE KOOPIUHATLI BIKTPOHA
B cocrosannn |z> [cM. (18.40)].
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§ 5. Onepanmop unnyavca

Temeps MH XOTHM paccuuTath CPefHUH UMNYALC DIEKTPOHA,
ousATh HadaB ¢ ONHOMepHoro cuydas. llycth P(p)dp — Beposr-
HOCTH TOTO, 4T0 WM3MepeHWe OpPUBEAeT K MMOYIBCY B HHTEpBale
Memay p # p+dp. Torga

P>ep=§ PP (P dp. (18.43)

Ofo3HauuM Temeps wepes (p|yP)> aAMILIATYAY TOFO, 9TO COCTOSI-
BHEe |¢P> ecTb COCTOAHmE C OIpefeJeHHHIM MMOYJIBCOM |pd.
Jro Ta JKe caMad aMIIMTyga, Koropyile B ri 14, § 3, mm
obosnavaan {mMm. p|y>; oHa gBiAercAa QYHKUHWE# 0T p, Kak
(x|$> aBaaerca QymHrmmeir or z. 3areM MH BebepeM Takyio
HODMHUPOBRY AMILIUTYAH, 9T00nl 6110

P (p) = —zif [<p| > : (18.44)
JU/
Torpa monyuurca :

Po={<bip>pplv> L, (18.45)

970 O9eHD MOXO0KEe HA TO, YTO MH UMeNH JIf (T ,-

IIpn smenaHEH MOMKHO TPOROJKUIBb TY e Mrpy, KOTOPON MH
npegaBaauch ¢ (IDcp. Bo-IepBHX, 3TOT HHTEI'PAI MOKHO 3aImHCATH
TaK:

S<‘P|P><Pl ﬁ>5"%. (18.46)
1242

Teneps BH HOKHH y3HATL B STOM YPABHEHHH pasioiKcHUe
aMomauryasl  <p|f> — pasioeHme 1o 6asMCHRM  COCTOAHUAM
¢ oupejeseHHEM ummyiascoM. U3 (18.45) caemyer, 410 cocrosame
|p> ompemedsiercs ¢ uMnyabcHoM npedcmasieHuu  ypaBHeHHEM

<piB>=p<plP>. (18.47)
Wuaue romopsa, remeps MOKHO DHCATH
PPep=<P | B>, (18.48)
upuaueM
18>=p| ¥, (18.49)

THe omepaTop p oOpejiesiAeIcsd HA A3EIKe p-TPeCTABJICHWA ypaB-
nenmem (18.47). -
[ omAThp Opm sKeJaHMM MOHO IIOKAa3aTh, 9TO MAaTpHYHAA

3aNHMCH p TAKOBA:

<p|plp>=pd(p—0p), (18.50)
n 49T0

plp>=p|p>. (18.51)
BriBogmres 9710 TaK 3Ke, Kak M gua z.]
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Teneps BO3HWKAST MHTEpPECHHH Bompoc. ME MoskeM HAmucaTtsh
{P>ep TAK, Kar MH dT0 cheranu B (18.45) m (18.48); cMuica ome-

paTopa p B UMRYAbCHOM npedcmasienuy Ham Toxe usBecreH, Ho

KaK MCTOJKOBATH P B KoopduHamuom npedemasaeniiu? 910 OHIBAET
HY/KHO 3HATB, €CAH ¥ HAC €CTh BOJMHOBAA (QYHKIHUA P(r) H MK co-
GupaeMcs BHIYUCHHUTH ee cpefuuil mMoysnsce. Hoasonbre Gosree eTko
MOSICHUTH, 9T0 MMeeTcA B Bupy. Eciu M HagmeM ¢ toro, 9T0 3a-
gagqmM <p>.p ypasmemeM (18.48), To »sro ypasHenme MomHO Gy-
JIeT pasNIoATh HO P-IPEJCTABACHNIO U BepHYThca K (18.45). Ecnn
HaM 34J4aHO p-IpejcTaBIeHHe COCTOAHHUA, a WMEHHO AMILIUTY/IA
{plp> Kak anrebpamdecxas (yHEROWA uMOyabeca p, 10 U3 (18.47)
MOKHO HOJAyYHTh <p|B> ¥ mpogoi:KUTh BHYHCICHWEe WHTErpaa.
Bonpoc Ttemeps B cIedylomeM: a 4ro [elaTh, eclM HAM 3aJaHO
OHOUCAHUE COCTOSHUA B 2-TIPE/ICTABJICHNN, & UMEHHO BOJIHOBAA (PyHK-
s P(z) =<z p>?

Hy gro i, HaudeM packiaajsBath (18.48) B a-mpepcrasienum.
Hamnmeum

Pdep=§ <W]2> <z| B> dr. (18.52)

Ho remeps Hajo 3HaTh APYroe: KAK BHrAARUT cocrogame |B>
B z-mpefcrasiienun. Ecau M y3HAEM 3TO, MBL CMOYKEM B3ATL HH~
rerpan. Mrak, Hama 3ajaga — Hafitw QyEkmmio P(z)=<z|B>.

Te Mommo maiitn ciepyiomum obpasom. Mu Bumenm B ra. 14,
§ 3, rar (plp> cBazano c¢ <z|B>. CornacHo ypamsmHenmio (14.24),

p|B> =\ e=toxih x| B da. (18.53)

Ecan naM usBectHo <p|f§>, To, pemmB 510 ypaBHeHHe, ME HaiijieM
<z|p>. Ho pesyabrar, KoHe4HO, cilefoBaino OH KaK-TO BHPa3HTh
wepes P(z)=<z|y>, mOTOMY 4UTO CUMTAETCA, UTO UMEHHO 3Ta Be-
JVYWHA HaM H3BecTHA. Dygem remepb mcxoputhb us (18.47) m, onsrs
npuvenns (14.24), manumem

p|B>=p<p|p>=p § e=5h y (2) dz. (18.5%)
Wurerpas Oeperca mo z, MOITOMY p MOMKHO BHECTH HOJ MHTEIDaJ
| By = emwwrt py (2) da. (18.55)

Teneps cpasEmM 310 ¢ (18.53). Mosker OHTB, BH mogyManw, 9To
<z|B> pasmo py(z)? Her, Hanpacro! Boamosasa ¢yHrums <{z|f)>=
=f(x) mosker 3aBUCETH TOABLKO OT I, HO He OT p. B aToM-TO BCs
TPYZHOCTD.

H cuwacrslo, KTO-rO 3amerwsi, €10 mMHTErpail B (18.55) Mmo-
JKHO IpOMHTETPHPOBATH N0 dactaM. llpomsBomHas e~P*hpo g
parma (—i/h)pe-"P*h, moosromy mmterpan (18.55) aT0 Bee pamHO,
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9710 /‘
— % [ & o)y (@) d.

Ecnu sTo mpomETerpupoBaTs mo 4acTAM, OHO HPeBPATHUTCA B
# +® #i ; dy
— 2 | e~ipx/h 2\ e-ipe/h 2Y
; [e w(x)] I Se - ar.

Iloxa peds wmAeT TONBXO O CBA3AHHKEX COCTOSEUAX, P (z)
CcTpeMHATCH K HYyNI0 OpA & — -+ co, CKoOKa paBHA HYJIIO H ME
nMeeM

< ﬁ>:L:Se-fPX/h%de. (18.56)
A Botr Temeps cpapamM aTOT pesyabrar ¢ (18.53). Bu nugure, o
| =Ly (a). (18.57)

Bce reobxogumoe, aToGn B3ATh uHTerpad B (18.52), y Hac yixe ec1b.
OKoHUYaTeNBHBIA OTBET TAKOB:

D= () 2 L p(a)da (18.58)

Msut ysuanm, kax sRriaggar (18.48) B KoopaMHATHOM OpeficTaBIeHIH.

Ilepen BaMu HauMHAeT HOCTEHIEHHO BH PHCOBHBATLCA MHTEPECHAA
kaprrHAa. Horga MH 3aajiu BODPOC O CpefiHeil HePTUM COCTOSHHA
p>, To OTBeT ORIA TAKOB:

Edep=<V] 9>, e |@>=H|p>.

To sce camoe B KOOpAMHATHOM MHUpe 3aNHNCHIBACTCH TaK!

Byep={ v* (2) 9 (@) dz, Tthe @ (2) =TV ().

3nech F% — anceb pauneckuii omepaTop, KOTODHI jefcTByeT Ha
¢yHEKIU0 OT I.

Horma Msl 3afjaam BOOpOC O CpefHEM 3HA4eHHH X, TO TOMe
oGHAPYKUMIN, YTO OTBET HMeeT BHUJ

@ep=<Plo>, T |O> =7 |P>.
B woopammaTHOM MHUpe COOTBETCTBYIOIIN® YDAaBHEHHS TAKOBEL
{xDep = S V¥ (2) @ (z)dz, rHe  o(r)=zVP ().

KHorpma MH 3ajajm BoOpoc O CpejlHeM B3HAYEHHWH p, TO OTBET
oKasalicAa

<Py =<V| B>, THE |B>=Dp|P>.

B rooppmpaTHOM MUpe DKBHBAJCHTHHIC YPaBHeHWA HMenW O BUJ
hoa
Poy={ (@) B(@)dz, e B@)=" 5 b@).
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Bo Bcex Haimux Tpex HOpPUMepPax MBI HCXORWIM K3 COCTOSHHUA
|$> u cosgaBadm HOBOe (THIOTETHYECKOE) COCTOAHUE C IOMOILHIO
K6AHMOBOMeTAHUNeCK020 olepaTopa. B KoOp/MHATHOM HpefAcTaBie-
HUU MH T€HEPUPYEM COOTBETCTBYIOMYI0 BOJHOBYIO QYHKIUIO, Heii-
CTBYH HA BOJHOBYI (PYHKUHMIO P(x) aacebpauveckuiy ONEPATOPOM.
Mo:xHO TOBOPHTEH 0 B3AMMHOO/{HO3HAYHOM COOTBETCTBUM (A OFHO~
MEpHHX 3a7a9) MeXIy

. = ke g2

Hnu ﬂ='—%a—;g+v(x)v

T u oz (18.59)
a

2 L
Py M T i oz’

B pToM mepeuHe MBI BBeJAU HOBHIA CHMBOA 7, HIA asnrefpaMgecKoro
omeparopa (ﬁ/i)a/ax: :
~ [i]
p "9
Pe=T (18.60)
¥ NOCTABWIM NOJ & 3HAYOK £, 9TOOK HANOMHHTH, YTO MMEEM MOKA
IeI0 ¢ OJHOH TONBKO Z-KOMITOHEHTOH WMIyJhca.
Pesyasrar sror serko oGoGmaerca Ha tpu usMeperus. [lias
ApYyrux KOMIOHEHT UMIyJbCa
~ ~ i a8 - ~
L7 —_ i [72 J—
by =Ty = 55 b= I =
IIpu xexaHMM MO)KHO J[ayke TOBOpPUTH 00 omeparope éexmopa
HMIyJbca W NUCATh
' ~  ~ R 0 ) )
p_ 9 g d
P— = (ex 6x+e}’8y+ezaz) !
rie e,, ey’ W €,—eJMHWYHKE BEKTOPH B TPeX HAUDPABICHHAX.
MomHo 3ammcaTh 9To M €U M3AIIHee:

-k
P— P==V. (18.61)

OroHYaTenbHEIH BBIBOJ HAII TAKOB: IO KpaliHeit Mepe nasa
HEKOTOPHX KBAHTOBOMEXAaHWYECKUX ONEpPATOPOB CYMECTBYIOT COOT-
BeTCTBYIOMMe UM anrebpangecKre onepaTops B KOOPEIHATHOM Npef-
crasineHun. Bce, 4ro MBI 70 CHX mop BHBeJH {C y4eTOM Tpexmep-~
HOCTH M¥pa), mojurokeHo B tabx. 18.1. Kampuniit oneparop Mosxer
OHITH TpejIcTaBIeH B IBYX PaBHOIEHHEIX BHIax *:

aubo

lo>= 4|, (18.62)

* Bo MHOrmX KamkKax nis A u .4 HCOoap3yercs ORHE U TOT jKe CAMBOI:
¢m3mKa B HEX OfHA W Ta IKe, fa U ygobHee Bce BpemMa 00XOAUWTbCA 0€3 HOBHX
OyKB. A E3 KOHTEKCTa BCerja ACHO, YTO HMeeTCHA B BHAY.
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aubo

@ (r) = AP (r). (18.63)
Temeps MBIl JajuM HECKOJIBKO unnmmpauun npUMeHeHHA
ATUX HUIeH. I[.rm HaYaJa BHIABUM CBA3b Mewuy 5 u . FEcan
NpNMEHHATD ﬂx JBKIBI, HONYYUM
N o2
G — 2
PePe=—h 75
970 03HAYAET, 9TO MOJKHO HAIMCATL PAaBEHCTBO
~ :1 ~ -~ ~ ~ ~ ~
H o= o AP Pt PP+ PP}V ().

Wau, B BeKkTOpHHX 0603HAYCHUAX,

5 1

H =5 PPV () (18.64)

[\

(Uiaensr B anreGpandeckoM omeparope, Hag KOTOPHMU HET CUMBOJIA
omeparopa ~, 03HAGal0T OIPOCTOE YMHOKeHHe.) ITO ypaBHEeHUE 0UeHb
OPAATHO, HOTOMY 9TO €r'0 JIETKO 3aI0MHUTD, ecid BH eile He 3a0bmau
Kypca Raaccugeckoil ¢uamiu. X opomo U3BecTHO, 9TO sHeprud (He-
PeIATUBHCTCKAS) COCTOUT M3 KMHETWIecKOH sHeprum p%/2m mmioc

noTeHIuajbHAA, 4 y HAC J7 — TOMKE OomepaTop MOJHOHR HSHEPIUM.

JTOT pesyabTaT NPOU3BEN HA HeKOTOPHIX flesATenell CTOML CHIb-
HOe BOeUaTIeHNe, 9T0 OHY HAYaJIM CTPEeMUTECH BO T O TO HE CTAJO
BOUTEH CTYHEHTY B TOJOBY BCI0 KAACCHYIECKYI0 QUBHRY, Ipesje YeM
OpuCTynHTh K KBaHTOBOH. (MK nymaeM mHauwe!) Iapannennm ogeHb
"acro oomaHuuBH. Ecian y Bac ecTh omepaTopH, TO BajkeH HOPAKOK

Tabauya 18.1 [] AJITEBPAMYECKHUE OIIEPATOPHI B KOOPIU-
HATHOM NIPEJCTABJIEHITU

DU3NIECKaAA BeIUIHHA + Onepartop KooppunaTHad sanace
Smeprus i = ——V 24-V(r)
Honoxenne z z

Y y
z z
Hunyasc hoa
P 8:=7 75
- . A
Py &=T
- ~ koo
Pz - .= T o
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pasTMYHBIX MHOMKUIeNel, a B KAaccHuecKoM ypapHeHmu oH Oe3pas-
nimueH.

A B ra. 15 MBI onpegenuan omeparop ﬁ « 98PE3 OIIePATOP CMEIEHI
D, [em. dopmyny (15.27)1:

W5 =D, @ w>=(1+5p3) 1w (18.65)

rae 0 — manoe cMemenue. MBI qo/KHEL DOKa3aTbh, UTO 3TO IKBH-
BAJICHTHO HANIeMy HOBOMY OIpefedeHui0. 1B COOTBeTCTBHH ¢ TeM,
9Ty ME TOJBKO 4TO JOKA3AJH, 5TO YpPaBHEHWe JOAMKHO 03HAYATH
TO K€ caMoe, 4To W

¥ (£) = (&) +52 8.

Ho B mpasoii gactu cronr mpocto pasioxenne Y(z + 8) B pax Taii-
aopa, a P (z+8) — 10, 9TO MONYUYHTCA, eCAM CMECTHTH COCTOSHHE
BJeBO HA § (WIM CABUHYTH HA CTOJBKO jKE BIPABO CHCTEMY KOOPHU-
gar). O6a HAamK OmpejeNeHus p coraacyorcs!

Bocnoabayemess »rmM, urob6mi jokaszarh eme Koe-uro. Ilycrs
Y Hac B KaKOH-TO CIO0MHON cuCTeMe WMeeTCS MHOMKEeCTBO UACTHIL,
KOTOPHIM MH mpucsouM HoMepa 1, 2, 3, ... . ([lusa npocrorsl ocTamo-
BUMCs Ha OfHOMEpHOM cAyudae.) BonHoBasg QYyHKINA, ONMCHBAIOTNAA
COCTOSIHMe, ABJIACTCA (QYHKIUeH BCeX KOODAUHAT Z;, %y, Zg... .
SamumieM ee B Bufie P (Zy, Ly, Ly, ...). CIBAHEM Temepb cHcTeMy (BJe-
Bo) ma §. Hosas BosnHoBasn ¢pymruus

P (2y, Xy Ty, oo )=V{2yF0, 2,-+6, 2;-+8, ...)
MosieT OHITH 3ammMcaHa TaK:
P (X, Ty Ty, o)=Y (Zy, Ty Ty oel)F
oy oy A
+{ 6E+6E+6673+...}. (18.66)

Cornacno ypapueHmio (18.65), omeparop mMmylIbca COCTOAHMSA
|$> (EagoBeM ero n04x6iM MMIYABCOM) DaBHAETCA

A hof o 9, 2 |
(2] J— - 3
Proan=— {6x1+6x2+6:v3+" o

i

Ho »ro sce PaBHO, YTO HAOMUCATH

53!10:1“ = ‘6/%;@ +f/%x,+f/3xﬂ+ cee . (18.67)

Oneparopsl IMOyJabca MOKYUHATCA TOMY HPABUIY, 9TO LOJ-
HHI HMOYAbC €CTh CyMMa MMIIYJIbCOB OTJEAbHEIX dacrei. 3jech,
Kar BUAUIe, Bce 4yJecHRIM 00pa3oM HepemndieTeHO H pasSHEIE BeIlu
B3aHMHO COIMIACYIOTCA.
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§ 6. Monenmm roanuecmea deusicenusn

Jag mHETepeca PacCMOTPUM eme ONHY OHEpaIyio — OIePALHIo
opOuTaNIBHOrO MOMEHTA KoJMdecTBa ABMAeHUA. B ra. 15 mu ompe-
mesuam omeparop J, depes R, (@) — omepaTop mOBOPOTA HA yToa ¢
BOKpYyr ocm z. PaccmMorpmM ceifgac cHCTEMY, ONHMCEIBAGMYI0 BCEro
JWIOb OJHOHW-eIWHCTBeHHOH BOMHOBOR (QyHKmMeidl 1 (r), woropas
asasgercA QYHKIHe# ogHuX TONBKO KOOPAWHAT WM HE YYUTHIBAET
Toro (paKra, 4TO COMH Yy JIEKTPOHA JAOJKeH OnTh Hanpasied aubo
EBepX, 1100 BHEA3. JT0 3HAYAT, 970 MH cOBMpaeMcs moka npeHeGpeun
SHYMPEHHILM MOMEHTOM KOJHWIECTBA JBMIKEHUS M HaMepeHsl Iy-
MaTh TOJIBKO 00 opfumasvnotli gacTd. YToOB mOAYepKHYTH pasziu-
ure, 06o3HavyuM opbUranbEE omepatop L, u ompemenu ero ge-
pes omepaTop MOBOpoTa HA OGeCKOHEUHO MAJNHH yrox & dopmymaoi

Ro(e) 9> = (1oL, ) %>

(nanomuraem: 370 oOpeReseHNe HPUMEHNMO TOJBKO K COCTOSHHIO
[{>, ¥ KOTOpOTO HeT BHYTPeHHWX CIMHOBHIX IePeMeHHHX, a ecTh
TOJBKO 3aBUCHMOCTL OT KOOPIHMHAT r: Z, ¥, z). Ecam Mul BamisgHeM
HA COCTOAHHWe P> U3 HOBOI cHCTeMEl KOOPAWHAT, HOBEPHYTOH BO-
KpYr OCH z HA He(OnbIIOM yrol &, T0 YBUJAWM HOBOE COCTOSHME:

9> =R, ()| >

Ecnm MH pemuanm omHCHBATL COCTOAHNE |Pp> B KOOPAWHATHOM
npefcTaBIeHHHM, T. €. ¢ HOMOMBIO €ro BOJHOBOH QyHKIME (r),
TO CAeayer OMMAATh TAKOTO PABEHCTBA:

V)= (1+7e2.) b (@, (18.68)

Yro me Taxoe ¥? A Bor uro. Toura P (z, y) B moeoli cucTeMe Koop-
puHAT (HA caMoM Jenie z',y’, HO MBI yOpas¥ MITPUXK) PAHbIIE MMexa
roopauHatH r—ey u y-+ex (Pur. 18.2). Ilockonbry aMmmuryna toro,
9T0 BIEKTPOH OKasKeTCs B TOYKe P, He MeHAETCA OT MOBOPOTA CHCTE-
MBI KOOP/JMHAT, TO MOKHO HNCATh
'll}, (‘xi Y, Z)—:-lp ($—|~8y, y—ex, Z) =
P

M
= X _
(@, y, D) tey g —er g
(HamoMMHAEM, 9TO & — MAJNHH yrom). Jro O3mauaer, 4TO

A - va) - (18.69)

dto um ecTs Haw orBeT. Obparmre, OgHAKO, BHHMAHHE, YTO DTO
onpejeleHNe HPKBUBAICHTHO TAKOMY:

Gy =2P,— yPy- (18.70)
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D ue. 18.2. Hosopomn ocei eo-
P Kpye oci z KA MWL yzo4 €.

’

I
1
1
1
\
1
|
!
!
| z
L

B s T

X

MJ]I/I, eCAN BePHYTHhCH K HAIUHNM KBAHTOBOMEXaHHYECKUM o@peparo-
paM, MOM{HO HanucaTth

~

L,=zp,— y@x. (18.71)

91y PopMyIsy JerKO 3aHOMHUTH, IOTOMY YTO 0OHA NOX0:Ka Ha 3HAKO-

MyI0 QOpMyJIy KIAcCUIecKOM MeXaHNKMW: 3TO z-KOMIOHEHTA BEKTOp-
HOr0 OpOM3BeJeHUA

L=rxp. (18.72)

Opma m3 3a0aBHEIX CTOPOH MAHMOYJAANUH ¢ omeparopaMH 3a-
RIA0YaeTCA B TOM,9T0 MEOTHe KiIaccHdecKye ypaBHeHUS e PEHOCATCA
B KBaHTOBOMeXaHWYecKy ¢opMy. A rakme HeT? Bemp HOIIKHH e
ObITH TaKHe, ROTOPHE He MOJNYJYAI0TCHA, HOTOMY 910 eciid OH Bee IOB-

TOPSANOCH, TO B KBAHTOBON MeXaHuKe He Obu10 6K HIYEro OTIAMIHOTO
oT Kjaccwdeckoil, He Owuto 61 HOBOM (u3UMKU.

Bor BaM ypapHeHme, K0TOpO® OTIHYALTCA. B KiaccHuecKoid (pu-
suKe

zp, — pr=0.
A uTo B KBAHTOBOI MexaHmze?

ii’x'—ﬁx‘i:?

INoacuuraem 310 B 2z-mpejcraBienmu. Utobu 6uiao BUgHO, 4TO

MHL JejxaeM, UDUJIOHHM DTO K HEKOTOpO# BOJHOBOH QyHK-
uun P (z). [Numem

fi¥ie: 8

et vt Loy,
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BcenomHEM Temeph, u9TO HpPOM3BOJHEE JefcCTBYIOT Ha BCE, YTO
cupasa. Ilonywaem

OTBeTﬁHE Hyab. Bea omepanusa mompocty paBHO3HaYHA YMHOMKEHUIO
Ha —h/i:

A %
xpx-—px:z: =———T . (18.74)
Ecan 6u mocroammas Ilnamka Owuia paBHA HYJIO, TO KBAHTOBHIE M
KJIaccHuecKde pe3yabrarhi craim O OAMHAKOBHIMU U He MPUNIIOCH
OB HaM yuNTh HHKAaKOH KBAHTOBOH MeXaHUKH!
OTMeTuM, 9T0 ecau [ABa Kakux-10 omeparopa 4 u B, Baarne B
codeTaHun

AB - BA,
He Jaiom HYJIA, TO MBH TOBOPHM, YTO «OIEePATOPH He MepecTaHoBOY-
HBD», AR (OUEPATOPH HE KOMMYTHPYOT». A ypaBHeHHe HAHOJ0-
6ue (18.74) masbipaercs «IepecTaHOBOYHEIM COOTHOUIEHWEeM». BH

MomeTe caMH yOeUTbcA, 9TO IEPECTAHOBOYHOE COOTHONICHHE Jif
px U y (mm KOMMyTaTOp px H y) MMeeT BHUJ

PsY— yp,=0.

CymiecTByer eme OfHO OYeHH BAKHOE MEPECTAHOBOTHOE COOTHO-
menne. OHO OTHOCHTCA K MOMeHTAM KOJWYeCTBA IBUKeHUA. Bup
€ro TaKoB:

L,L,—L,L ,=ikL,. (18.75)

Ecau Bn XortuTe npmo0pecTd HEKOTOPHHE omuT paGoTH ¢ omeparo-
paMu x u p, moupobyiire foKazarb aty GOPMyIy caMm.

" ‘JlHTepecHO 3aMeTHTH, YTO OUEPATOPH, KOTOphle He KOMMYTHU-
PYIOT, MOKHO BCTPETUTE M B KjlaccHIecKoil dusmre. Ml ¢ sTuM yixe
CTAJIKUBANNCH, KOTHa TOBOPUIK O HOBOPOTAaX B mpocTpancrse. Ecau
BH [OBEpHEeTe 4YTO-HUOYmh, HampuMep KHWKKY, cmepsa ma 90°
BOKDPYT ocH Z, a 3areM Ha 90° BOKDYT ocH ¥, TO HOJIYIUTCHA COBCEM
He TO, 4T0 GOm0 OB, ecnu O cHagYana BH moBepHyam ee Ha 90°
BOKDYT ocH ¥, a mocie Ha 90° BOKpyr ocu z. VIMeHHO 3T0 CBOKCTBO
mpOCTPAaHCTBA M OTBeTCTBEHHO 3a ypapHenue (18.75).

§ 7. Hanenenue cpednux co epemerem

Temepr MH HO3HAKOMMM Bac ¢ elie OFHOU MHTEPECHOH BeLBIO:
BH y3Haere, KAK CpefHHe WSMEHAIOTCA BO BpeMeHH. llpencrapum

Ha MUHYTY, 9T0 y HAC €cTb omepaTop A, B KOTOpHI BPeMA ABHBIM
oGpasoM He BXogut, MiMeetcs B Bujy TaKoli omepaTop, KaK Z WIH p.
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[A mcrawwanTCA, CKa)KeM, TAKHE B, KAK ONEPATOP BHEMHETrO

norennuana V(z, t), Menawomaics 8o spemenn.] Tenepb mpegcra-
BUM, 9TO MH BHYMCIMAR (AD;; B HEKOTOPOM COCTOAHHE |}, T. e.

KAy, =<yl A ). (18.76)

Kar (A).p, Gymer sasucers or BpemeHn? Ho mowemy oHO BooOIIe
MoskeT 3aBuceth 0T BpeMeHE? Hy, Bo-mepsmix, MoseT CHyuHThHCA,
YTO OmepaTop caM SBHO 3aBHCHT OT BPEMEHH, HANPUMEP, €cad OH
OBIT cBA3aH C mepeMeHHHM moreHnmanoMm tmma V(z, £). Ho pame

eCIHW omepaTop OT { He 3aBUCHT, HAaIpHMep omepatop A=z, TO
COOTBETCTBYIOIlee CpejHee MOKeT 3aBHceTh OT BpeMeHu. Benb
cpefHee DOJIOKeHNe FacTHIH MOKeT mepeMemarhed. Ho Kar Momxer

TaKoe ABMKenne moxyuutsesa us (18.76), ecam 4 or BpeMeHH He 3a-
ucur? [leso B TOM, 4TO BO BpeMeHH MOMKeT MEHATHCA CaMO COCTOS-
nue |p>. oA HecramoHapHEIX COCTOAHWE MBI YacTo fjaske ABHO
OTMEeYaJH 3aBHCHMOCTL OT BpeMeHHM, 3amuceiBas ux Kar |P(i)>.
Temepsr MBH XOTEM LOKa3aTh, 9TO CKOPOCTH M3MeHeHHS <A >cp

IaeTcs HOBBIM OLIepaToOpoM, KoTopsiii Mul obosHaunm 4. Hamomuum,

9704 5T0 omeparop, TaK YTO TOYKA HAT A BoBce He ozHavaer nude-
PeHOUpOBAHUA O BPeMeHW, a SBJIAETCA HPOCTO cnoco0oM samucu

Hog020 onepaTopa A, ompejeaseMoro paBeHCTBOM
d T
77 <Ay =< A P> (18.77)

Bayaveit mameit 6ymer Haiitm omepaTop A.

Hpemae BCero, HaM M3BE€CTHO, YTO CKOPOCThH HM3MEHEHMUs CO-
CTOAAHMA [aeTcA raMAIABTOHHMAHOM. B YaCTHOCTH,

i L9 (0> = B (0)>. (18.78)

JTo Bcero-HaBceI'o abcTpaKTHasg (opMa 3alECH HAUIETO0 NMEPBO-
HaYaJbHOr0 OUpejeJeHds TaMAIBTOHWAHA

2 dC;
ih G =3 H,,C;. (18.79)

Ecam MB KOMIIIEKCHO cOOpM)KeM 3TO ypaBHeHHe, OHO Oyjer
SKBUBAJEHTHO
3 od o, . -
— ik = < (1) | =< (1) | H. (18.80)

[TocMoTpuM Teuephb, 9TO CAYYUTCH, €CAM MH mpoambdepeHnupyeM
(18.76) mo ¢. llockoapRy KRamjoe 1 B3aBUCHT OTF f, ME HMeeM

7 D= (dit <P l) Ajp>+<yp|a (%[ 1p>>. (18.81)
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Haronen, 3aMeHas HDpPOM3BOJHEE HX BhipakeHumsamu (18.78) m
(18.80), momyuaem

M= B H A 9> — P AH |9},
a 9TO TO e CaMoe, 4TO HAIMCATh
T A== <p|(HA—A )| p>.
Cpapuusasg 5T0 ypasuenme ¢ (18.77), MH BuguM, uTo
:El (HA—AH). (18.82)

JT0 M ecTh TO MHTePeCHOEe COOTHOMEHUe, KoTOpoe Mul ofemann; u
OHO CHOpaBeIuBO s Jboro omeparopa A.

Herarm samermm, 9t0, ecal 6H ounepatop A cam saBucesa oT Bpe-
MeHH, MH OH HOZyquin

A= 94

i L~ PN
%(HA——AH)—]— 5 (18.83)

posepum (18.82) na xaxoM-anbo upnMepe, 9T0GH HOCMOTPETS,
uMeeT NH OHO BooOme cMEcH. Hakoil, Hanpumep, onepatop coOT-

BercTBYeT 2P MH yTBepiHAaeM, 94TO 9TO HOJKHO GHTDH

z= %(Hi—iﬁ). (18.84)

Uro sro takoe? OguA coocod yCTaHOBUTE, 9T0 DTO0 TAKOE — IIepeiiTH
B KOOpJAHHATHOE IipefcTaBieHHe 1 BOCIOIb30oBATHCHA ajrebpan-
YECKHM OIepaTopoM 57. B 5TOM mpeJcraBieHME KOMMYTATOP
paBeH

PO PN B
Eciu BH HOHGﬁCTByeTe BCEM OTHM BHIpajkKeHHeM Ha BOJHOBYIO

$yHEDU0 P (r) @ BHUYHCIHUTE Be3le, Ifle HYKHO, IDOU3BOJHEE,
BH B KOHIE KOHIOB LOJYYHTE

k2 dy
T 2mdz’
Ho »T10 TO ME camoe, 9T0 H
b
—1 m "opx\p'
Tak 9ro MH o0HApy:mBaeMm, d9To
TN N
Hr—all=—1i % (18.85)
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HJAHA 4TO

z= P (18.86)

m

Ilpenecturiit pesyuabrar. OH osHauwaer, 4To ecid CpefHee 3Hage-
HUE T MEHseTCA CO BPEeMEHEeM, TO IlepeMelNeHue NeHTpa TAMKeCTH
paBHO CpeflHEMY WMIYJAbCY, AeJeHHOMY Ha Maccy m. TouHO Kak
B KJACCHYeCKOl MeXaHHKe.

Hpyroit npumep. HakoBa crOpoCTh M3MEHEHHA CPEJHEr0 HM-
nyabca cocrosiama? IlpaBmia urpu npesknme. OuepaTop 97O CKO-
poCTH paBeH

5:% (Hp—pil). (18.87)

OmnsATh BCEe MOIKHO IOACYUTATE B Z-npecrapaeHun. Hanomanu, aro p
ofbpamaerca B d/dx, a 910 08Hagaer, 9TO BaM Opugercsa nuddepeH-

HAPOBATH HOTEHHHUAABHYIO dHepruo V (B F7), HO TOABKO BO BTOPOM
craraeMoM. B KoHme KOHUOB ocraercsi TOJABKO OfWMH UieH, W BH
uoaydaere

nan

p=—"=. (18.88)

Onarth wiaccmuecKuil pesyunbrar. CIpaBa CTOMT cujiIa, TAK 9TO MH
ruBean 3akos Hrwrona! Ho nomMaurte — 910 3aKOHSL /71 onepamo-
pos8, KOTOpHE RAI0T cpednue penvauabl. OHM He ONNCHBAIT B Jie-
TadAX, 4T0 TPOUCXONUT BHYTPH ATOMA. '

CymeCTBeﬁﬁoe OTIUYMe KBAHTOBOH MEXAHMKH B TOM, 4TO

P He PaBHO zp. OHE OTIMYAIOTCHA HA CAMYIO MATOCTh — HA MasleHb-
kKoe guciao . Ho Bce mopasuredabHHe CI0KHOCTH HHTepdepeHnnm
BOJH W TOMY MOMOOHOI'0 IPOMCTEKAIOT M3 TOro HeGoabmoro danTa,

9710 ILP—pIT HE CORCEM HYUb.

Ueropus s1oit muenm roske maTepecHa. C pasuupell B HECKOABKO
mecsanes B 1926 r. Teiiseabepr u lpegunrep mesasmcumo oThl-
CKAJW OPABANLHEE 3aKOHEI, OLWCHEBAOIIWE ATOMHYI MEXaHHKY.
M peanarep u3o6pet cBo0 BONHOBYH YHRUHUIO- () ¥ HAIIET ypas-
HUe 115 Hee, a I'eiizenbepr o6HAPY/REAT, 9T0 IPAPOY MOKHO OHIO
GBl ONMCHBATH W KJIACCHYECKNMM YPAaBHCHHSAMH, Aumb OB 1p—px
OBIJIO paBHO ﬁ/i, 9ero MOjRHO OBLT0 TOOUTRCA, ONpPENeduB UX C IO-
MoIbi0 0coGoro BHAA MaTpuu. Ha DameM TemepemiHeM S3HKe OH
M0Jb30BANCA SHEPreTHYECKUM UPEICTABIEHWEM W ero MaTpUnaMu.
U 7o n gpyroe — u Marpnunas anrebpa eiizeabepra m gudpdepen-
punanbHoe ypasHenwe lpemumrepa — oObBsicHsam atoM BOROPOAA.
Hecronsrumn mMecanamu nmosnaee Hlpenumarep cmor mokasaTs, 4ToO
o0e TeopuM SKBUBAJEHTHH — MH TOABKO uT0 910 suzeau. Ho nee
pasHbie MareMarmuaecKkue (OPMH KBAHTOBOM MeXaHWKH OHIM oT-
KPHTH HE3aBHCHMO.



racea 19

YPABHEHUE HIPEITHI'EPA
B RJIACCUYECKOM HOHTEKRCTE.
CEMHHAP II0 CBEPXHIPOBOIUMOCTH

§ 1. Vpaenenue HIpeduncepa
8 MATHUMHON NOAE

v

ITy JeKmHio A GUTAKD BAM [JIf PA3BJEYEHUS.
3axoresgoch mOCMOTpeTb, 4T0 TOMYIATCH, €CAH
HAYaTh 9UTATH B HEMHOTO WHOM cTmHie. B Kypc
OHA He BXOXHUT, M He AyMaiiTe, 4TO BTO IOLBITKA
o0yauTh BaC B IOCJHETHHUII gac 9eMy-TO HOBOMY.
f1 cropee BooOpaskalo, OGyATO IPOBOMKY CeMHHAD
win OyATo medarn order o0 HCCIIeTOBAHHAX Iepep
fosee mOATOTOBIEHHON aynuropHueii, mepes J0b-
MH, KOTOPHE B KBAHTOBOU MeXaHHUKe y;Ke MHOroe
poHmMaioT. OCHOBHOE pasawdme ME;KAY CeMIHAapoOM
U peryisApHOil JeRnueidl B TOM, 9TO Ha CeMHHApe
MOKJANUMK He TPUBOJAT BCe CTALUE, BCIO airebpy
puKkIagok. OH mpocro ropopur: «Ecau BH mpope-
Jaere TO-TO M TO-TO, TO LIOJYYHTCA BOT 9TO», &'
B JeTaJH He BXOAUT. BOT W B 5T0i JeRmHU OymyT
TOJNBKO BHICKA3KBATHCA WM U IPHUBOAHTHCH
pesyabmamel pacueToB. A BH HOJKHH IIOHHMATh,
970 BOBCE He 00f3aT€IHHO BO BCEM HEMEMJISHHO M
70 KOHNA paszbupaThcs, HAZLO TOABKO BEPHTH, 4TO
©C/IY IPOENATh BCE BHRIAIKY, TO BCE TAK W ILOJIY-
9UTCA.

Ho »ro me Bce. I'maroe — 910 06 2TOM MHE
Zouwemesa TOBOPHTH. ITO TaKas cBeyKasg, aKTyallb-
Hast, COBpeMeHHas TeMa, UTO BIIOJHEe 3aKOHHO BHI-
HecTH ee Ha cemuaap. TeMasra — wiraccmdgeckmit
acuerr ypasgeaus [lpegmarepa, saBiaeHme cBepx-
D POBOAMMOCTH.

O6rrago Ta BonHOBAA QYHKIOAA, KOTOPAS MOAB-
agerca B ypasHeam:m llpegunrepa, ortHocmTea
TOABKO K ORHOH mam K aByM wactmmam. M cama
BOnHoBad (QYHKRUUA KIACCHIECKHM CMBICIOM He
obaafaer B OTIAHYINE OT BAEKTPHUIECKOTO TOAA, UIN
BEKTODHOr0 NOTEHIWAJAA, WIM JPYTHX IOAOOHHIX
pemeit. llpaefa,. BomEOBas PyHKOHA OTHEABHOH
qacTUNE — 9TO (HOJIe» B TOM CMECJIE, YT0 OHA €CTh

§1.

§2

§3

§ 4.

§ 5.

§ 6.

§7.

§ 8.

§9.

Y paBuenne
Ilfpeuarepa
B MarHUTHOM
noxae

¥ paBHenne
HENpPepPLIBHOCTH
Aad BepOATHOCTE!

HBa pona
HMIYIbCOR

Cublct BOMHOBOI
dyarmun

Ceepxmposogn-
MOCTH

Asnenne
Meiicenepa

KeanToBanue
NOTOKA

Hunamura
CBePXnpoBOJL=
MOCTH

Hepexonot

Irosedeona



QYHKINA TONOMKEHWS, HO KJIACCHYECKOro 3HAadYeHHs oma, Boobme
roopf, He uMeer. TeM He Meree OHBAIOT MHOTTA 00CTOATENLCTBA,
B KOTODHX KBAHTOBOMEXaHHYECKas BoOJAHOBaA (QYHKNuUA neiicTBH-
TeIBbHO MMeeT KJIACCHIeCKOe 3HAUEHWE, MMEHHO MX f M X049y Koc-
ByThcA. CBoeobpasme KBAHTOBOMEXaHHMUYECKOIO IIOBEEHHA Bemme-
cTBa B MeNKUX Macurrabax o6HYIHO He laeT ¢ce6A IyBCTBOBATh B KPYII-
HOMACIOTaOHHX SBJICHNAX, eCIW He CIMTATH CTAHHAPTHHX BHBOJIOB
0 TOM, 9TO OHO BBIBEIBAET K ;KU3HM 3arOHH HbloTOHA, 3aKOHH TaK
Ha3LIBaeMoll KiIaccHueckoll Mexasuku. Ho cymectsyror mopoit o6-
CTOATEALCTBA, B KOTODPHX 0CO0CHHOCTH KBAHTOBOH MeXaHUKN MOTYT
0co6HM 06pasoM CKAasaThCAa B KpynHOMAacinTaOHLIX ABIeHHMAX.

Ilpn muskux rtemmeparypax, Korga SHEPTHA CHCTOMHE OUeHb-
OYCHB CHJIBHO YOHIBaeT, BMECTO IPEKHEI0 IPOMajgHoro KOAMdecTBa
COCTOSHUI B UIPY BKIIOYAETCA TOJBKO 04EHB-0UYCHb Maoe KOoJmuue-
CTBO COCTOSHMIT — TeX, KOTODHE PpAaCHOJOMEHb HEeNOoAeKy OT
ocHOBHOTO. IIpu TAKUX yCAOBHAX KBAHTOBOMEXaHMIECKHUI XapaKTep
3TOr0 OCHOBHOTO COCTOSHUS MOKeT HPOABUTHCA HA MAKPOCKOIUYE-
CKOM ypoBHE. Bor mexbio 910l AeKIun 1 6yeT mpogeMoHCTPAPOBATh
CBA3Hh MEKIY KBAHTOBOM MeXaHWKOW M KpynHoMacinTaOHEMH 3¢-
¢erTaMu — He 0OHUHOe OOCY:RIeHHE IYTH, 10 KOTOPOMY KBaHTO-
Bad MeXaHHKA B CpellHEM BOCIHPOU3BOANUTCA HBIOTOHOBOH MeXaHU-
KO, 8 COeNUANbHbIH CAYydail, KOIVa KBARTOBAS MEXAHUKA BH3HBAET
cBom co0cTBeHHEIE, XapaKTepHBle qis Hee 5(¢eKTH B KPYIHHX,
«MAKPOCKOIMYECKHUX» pasMepax.

Haugny ¢ toro, uro HamoMHI0O BAM KOe-KaKWe CBOHCTBA ypaBHE-
gus HIpenuuarepa *. f1 xouy ¢ nmomomplo ypasmeHusi [llpepunrepa
OIIMCATH IOBEeJeHNe YaCTHNH B MarHUTHOM IIOJie, MOTOMY 9TO SIBJe-
HEA CBEPXIPOBOJUMOCTH CBS3AHH ¢ MATHHTHHME moxsaMu., Bremr-
Hee MATHHTHOE IIOJie OIMCHBAETCH BEKTODHHM HOTEHIIMAIOM, K
BOIIPOC COCTOUT B TOM, KAKOBHI 3aKOHEL KBAHTOBOII MEXaHUKH B II0Je
BEKTODHOro motednuaia. llpuanun, onpenexsiomyii KBaHTOBOMEXa-
HHYeCKOe IIOBEJCHHMe YACTHOH B II0Je BEKTOPHOTO HOTeHIIHAIA,
OYeHB MPOCT. AMIVIUTYJA TOTO, YTO YACTHHA NpY HAJWINK TOJAA He-
peliier Mo HEKOTOPOMY LIyTH U3 OXHOTO Mecra B xpyroe (¢pur. 19.1),
paBHa AMILLATYJE TOr0, 9T0 0HA Hpounia 6Hl 1o 5ToMy HyTH 6e3 moi4,
YMHOMEHHON HA 9KCOOHEHTY OT KPHBOIMHEHHOIO UHTErpaia oT BeX-
TOPHOrO MOTEHIHANA, YMHO/KEHHOTO B CBOI0 Odepenb HAa BIEKT-
pudecKmii 3apsy U feleHHOro Ha mocroandyo Ilnanka [cM. ra. 15,

§ 2 (Bum. 6)]: ,
<b]a>s none a==<b| @>a=, €Xp {% SA-dS}. (19.1)

dro HCXOonHoOe yTBep:KlIeHue KBAHTOBOH MEXaHHKH.

* (DaKTHYeCKH STO He HANOMHHAHHe, NOTOMy 4TO HEKOTODHE W3 3THX
ypaBHeBWil s paHbIie He INPHBONWJ; He 3aby/bTe, 9TO A Bey HACTOA-
muil ceMmHAP.
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D ue 19.1. Amnaumyda nepexoda uz a
6 b no nymu T nPONOPYUOHALLHA

expl(—ig/h) [ A-ds). r

a

1 Bor B orcyrerBmMe BeKTOpHOTO mMOTeHIHana ypapaHerne [IIpe-
OWHTepa AIA 3apAKeHHol JacTuns (HepeiATHBACTCKOH, 6e3 cnmHa)
uMeeT BHJ

hoy 1 (h R

—_—_———t = % =—{ — o | - .

F =T =g (£ V) (FV) btaev,  (19.2)
rae @ — DIEKTpHYecKHI IIOTeHIMAN, TAK 9YT0 ¢ — HOTeH-
nuanbaas pHeprusa *. A ypasmennme (19.1) paBHosHagHO yTBeprKze-
HOIO, 9TO B MaTHUTHOM IO0J€ TPaJUeHTH B TaMAILTOHHAHE HYKHO

. ig
KayKel pas saMeHATH HA TpagueHT MUHYC £3 A, raxgro (19.2) mpe-

BpamaerTcs B

— 5 == i:—n (é V——-qA) . (hT V——-gA) Y+geyp.  (19.3)
9to m ecrb ypasHesgme lpermumrepa mns wacTHOH C 3apAmoM ¢
{(AepensiTHBUCTCKOIL, 03 CIMHA), ABHKYIHEHCA B DI1eKTPOMATHUTHOM
moae A, @.

Yro6H ¢Tax0 SCHO, 4T0 OHO HPABUIBHO, f X049y IPOWILIIOCTPHPO-
BATh BTO IPOCTHM HPUMEPOM, KOT/Aa BMECTO HEIPEPEIBHOTO CAydas
uMeeTcs ANHUS ATOMOB, PACCTABIEHHHX HA OCH Z HA PACCTOAHHUE D
APYT OT APyra, W cymecrsyer aMuanryna —K rToro, 9T0 9AeKTPOH
[ePEeUPHIAET B OTCYTCTBHE HOJS OT ONHOTO aToMa K ApyroMy **,
Torma, cornacao ypasaernuio (19.1), ecim uMeeTcA BEKTOD-IOTEH-
guad Ax(zr, {) B z-HaOpaBIeHHM, TO AMILTUTYAA IEPECKOKa IO
CPABHEHUIO ¢ TeM, 9T0 OHIIO paHbilne, USMEHUTCA, e IIPHETCHA [0~
MHOKETH Ha exp [(ig/fi)A xb] — DRCIOHEATY € HOKAasaTedeM, PABHbIM
OpOWSBENCHMIO [g/fi HA BEKTODPHBIN LIOTEHI(HAJ, HPOMHTETPUPOBAH-
HH{ 0T OAHOTO aToMAa [0 Apyroro. Ilna mpocrors MK 6ymeM oucarh
(q/ﬁ,)Ax——_:]‘(x), IOCKOABRY A,, BOOGIE TOBOpPS, 3aBHCHT OT XZ.
Ecan o6o3Haunrs wepes C(x)==C, aMIIuaTyLy TOTO, 970 DAEKTPOH
OoGHADY;KHTCA BO3JIEe aToMa 7, PACHONOKEHHOTO B TOUKE ¥, TO
CHOpPOCTh HM3MEHEHHA 5T0li aMuAmTynH Oyjer jasartbcsd ypaBHe-

* TonpKo, MOKaJyHcTa, HE HyTalTe STO ¢ ¢ HAIMMM IPEXEMM 0003HaUe-
HEeM COCTOSIBEA @ |

** K — 3TO Ta caMad BeJUYHMHA, KOTOPAd B 3ajadue O JIMHEHHON peineTke
obosHadanack OyKBo#H A4 (cMm. ra. 11).
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HHEM
~——7:l— ‘%C (z) = EC (z) — Ke~ 1ol (x+b/2)C (g + b) —
— Ke+tl=oC (z—b).  (19.4)

B mem tpu gactu. Bo-mepsHX, ¥ saeKkTpoHa, KOTOPHI HAXOIHTCSA
B TOYKE ¥, €CTh heKoropas sHeprua F,. Jro, xar ofugno, maer
wien E,C(z). 3arem mMeercas wien —KC(z-+b), 1. e. ammauryna
TOTO, 9TO SJEKTPOH oT aTOMa n+1, pacmoaomenHoro B -+b, OTHpHIT-
HyJ Ha mar Hasag. OQHAKO eCJIU ATO IPOUCXOJUT B IPHACYTCTBHU BEK-
TOPHOTO MOTeHI[Ha%a, 10 ¢asa aMImIuTyAH 00si3aHa CMECTHTHCA CO-
raacHo mpasmuay (19.1). Ecau 4 , Ha paccTossHum Me;KRY cOcefHAMI
aTOMAaMME 3aMETHO He M3MEHSEeT s, TO MHTerpaji MosKHO 3alNCATh II0-
HpOCTY B BUfe 3HadeHUs A, MOCpeUHe, YMHOEHHOr0 HA PACCTOA-
aue. Wrax, npouseegenue (ig/h) Ha mmrerpan passo ibf(z-+b/2).
A pas 3aeKTpOH IIpHiraj Hazaj, A 9TOT CABUT Ja3kl 0TMEYAI0 3HAKOM
MuHyC. IT0 laeT BTOPYIO YacTh. Ml T09HO TaK 3Ke mMeeTca HEKOTODAsd
aMILIATY[a TOTO, 9To 6yAeT mphiKOK BIEpesl, HO HA HTOT pas y:ke fe-
percs BEKTODHHIT HOTeHI[HAN ¢ [PYTOil CTOPOHH OT &, HA pPAacCTOs-
HUH b/2, m yMHOKaeTcA HA PacCTOSHUE b. JTO [aeT TPEThIO 9acTh.
B cymMe monyuaercs ypaBHeHHe IS AMIDIUTYIH TOTQ, 9T0 YACTHI
B 1OJie, XapaRTepM3yeMOM BeKTOPHHIM IOTEHLHAJNOM, OKasKeTcs
B TOYKE Z.

Ho panenre ma1 3gaeM, uro ecnu pyurmast C(x) JoCTATOYHO ILIAB-
naa (M GepeM IMMHHOBONHOBHIL Ipefies) M ecil Mbl CABHHEM aTo-
MHl moTecuee, TO ypasHeHue (14.4) (c1p. 80) 6yner npubausnrens-
HO ONHCHEBATH HOBeJieHMe dieKTpoHA B mycrore. Ilosrtomy caemyro-
MM IATOM ABUTCA pasiokerue obenx cropor (19.4) no crenensm b,
cuuraa b ouenb ManmM. K mpuMepy, ecam b=0, To upasasg gacrb
6ymer pasma npocro (F,—2K)C(x), TaK 9T0 B HYJEeBOM IpHGIHKE-
aun sHeprus pasHsercsa E,—2K. 3areM molmyr crenenu b, Ho u3-3a
TOTO, 4TO 3HAKH IOKasaredell 9KCIMOHEHT POTHBOIONOKHE, OCTA-
HYTCA TONBKO YETHHE cTeIeHn. B ATore, €CIM BE PA3IIOKHTE B PAN
Taitnopa C(z), f(x) m dKcHOHEHTH m cobepere saTeM WieHH ¢ b2,
BH LOXyuHTe

— _ifia%gx) — E,C (z) — 2KC () —

— Kb2[C" (2)—2if (z) C" (&) —if’ (z) C (@)— f2 (2) C ()] (19.5)

(mrpuxu obosgawaror AuddepeHuHpoBadue IO ).
10 yiMAacHOE HATPOMOKIEHEE pas3HsiXx OYKB BHITIALAT OYCHDL
caokHO. Ho MaremMarmyecku 0HO B TOYHOCTH COBIAJAET €
hoc(z)
[ T

— Kb [%—if (x)] [%-—if (x)] Cl@.  (196)

(E,—2K) C () —
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Bropas cxo6ka, pmeiictsys ma C(z), mact C'(x) mumyc if(z)C(z).
Ileppas ckofra, pmeifcTBys Ha oTH fABa wieHa, nact wieH ¢ C”,
WIEHSL ¢ e PBEIMU [IPOU3BOHHIMI f(2) ¥ ¢ mepBoit mpoussogoil C(z).
A Tepmeps BCHOMHMTE, UTO DENIEHHA B HYIEBOM MarHUTHOM IIOJIE
(cm. rar. 11, §3) msolbpamaior gacTuny ¢ 9QPeK THBHOI MACCOIT 712,44,
HaBaeMoii dopmyion

I3

Kb? = .
Madd

Ecaun eu sarem nonosure E,=-2K © cuoBa BepHerech R
f(x)==(g/h)A ., To nerro ybemurecs, ato (19.6) vT0 TO ME camoe, UTO
pepsad gacre (19.3). (Ilpomcxoskpedme dieHa ¢ HOTeHIHAJIBHOI
SHEprueil X0poino U3BECTHO, U A He OYAY MM 3aHMMATbCSA.) VY TBEPIK-
nmenne (19.1) o ToM, yTO BeKTOPHSIT MOTEHIMAJN YMHOKAeT BCe aMIl-
AUTYB HA DKCIIOHEHIMAI BHEIA MHOKUTEAb, DPABHOSHAYHO IIPABMIY,
gro omeparop wumuyabca (f/i)V samemserca ma (7/i)V—gA, rax
MH ¥ cpeaanu B ypasHenuu [Ipegmrrepa (19.3).

§ 2. Vpasnenue nenpepuienocimu 0aa 6epogimnocmeti

Tepexoxy Temeph KO BTOPOMY IYHKTY. BaKHY0 cTOpoHy ypas-
penusi Ilpequarepa orTmeabHOoll YacTHOH cOCTaBiasier WAesl O TOM,
970 BEPOATHOCTH OOHAPY/KHTH YacTUNY B KAKOM-TO Mecre OIpene-
nseTcd KBAamgpatoM abconoTHOH BeJWYHMHH BOJAHOBOH (QYHKIUM.
Jlas KBaHTOBOI MeXaHUKK XapaRTePHO TaKyKe TO, 9T0 BEPOSTHOCTD
COXPAHAETCH JIOKAJBHO (T. €. B KaJKAOM OTHEIbHOM Mecre). Horma
BEPOATHOCTH OCHAPY/KUTh DAEKTPOH B TAKOM-TO Mecre YOHBaer,
a BePOATHOCTH OOHAPYIKUTL €ro B KAKOM-TO IPYyroM Mecre BO3pac-
Taer (TaK 4TO0 IOJHAA BEPOATHOCTb He MeHAeTcs), TO0 4ro-T0 B IPO-
MeKYTKEe MEKIY 3TUMU MecTaMi KOJKHG 6o mpousoiitu. Wanmu
cJ0BAMU, DJAEKRTPOH 00Nazaer HEIPEPHBHOCTHIO B TOM CMBICIE, 9TO
ecn¥ BepOATHOCTH cUajlaeT B OMHOM MeCTe M BO3DACTAET B JPYTOM,
TO MEKIY DTHUMH MeCTaMH MOJKHO YTO-TO IPOTeRaTh. Tak, ecim BH
MeyKIy HUMY IIOCTABHTE CTEHRY, TO 9T0 CKAKETCH HA BEPOATHOCTHX
¥ OHH CTAHYT He TaKuMU, Kak 6eam. CaeoBaTeNbHO, OMHO TONHKO
COXpaHeHWE BepOSTHOCTH He eCTh HOJNHAsT (OPMyNMPOBKA 3aKOHA
COXpaHEHHUA, Bce PABHO KAK OHO TOJHKO COXpaHEHWE dHEPTHE HE
obamaer rakoii rayOmHOIl M He HpPEACTABASET TAKOH BAMKHOCTH,
Kak JIOKaXbHOe coxpaHenme dHeprmm [cM. ra. 27, § 1 (swim. 6)].
Ecnm pHeprms ucuesaer, 10 3TOMY HOUKEH COOTBETCTBOBATH OTTOK
SHEPTHH OT HTOro MecTa. BOT U y BeposTHOCTH X0Tea0ch 66 00HADPY-
JKUTH TAKOH jKe «TOK». Xo0Tenoch O, uwrobm OHAO TaK: ecad rie-
HuOynbp IepeMeHHTCs IJIOTHOCTh BEPOATHOCTH (BEpOSITHOCTL 00-
HADYMUTH UTO-TO TaM TakKoe B efuHHIE o6BeMa), TO Iro0H MOYKHO
OBLIO CUKMTATH, 9TO0 BEPOSTHOCTH OTKYAA-TO CI0ja NPHUTEKIA (UIu
yTeKaa orciofia Kyaa-To eme). Takoil Tok 0BT 6B BEKTOPOM, KOTO-
PHIT MOKHO OHLIO OB TOAKOBATL CIELYIOIAM 0GpazOM: €ro Z-KOM-
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monedTa Gbina OB 9HCTOH BEPOATHOCTBIO (B CEKYHAY M Ha eJWHHIY
ofbeMa) TOrO, 4TO WACTHIA HPOHAeT B HANPaBIeHMM T depes ILIo-
CKOCTD, NapalIenbHyI0 miocKoCcTH yz. Ilpoxon B HampaBiesnu -z
CUATaeTCA IOJAOKHTENLHHEM [IOTOKOM, & IPOX0X B OGPATHYIO CTO-
POHY — OTPHUATEABHEM IOTOKOM.

Cymecrsyer nu raroil Tok? BE 8Haere, 4ro mAOTHOCTH BEPOAT-
HocTH P(r, ) BHpajKaercAd gepe3 BOJTHOBYIO (YHKOUIo

P, ty=vy*(x, )P(x, 1) 19.7)
11 Bor, s cmpamuBao: cyilecTByer JH Takoit Tok J, 9ro
opP
=—VvVF (19.8)

Ecau s opopmdpdepernupyio (19.7) mo BpemeHm, TO monydy aBa
¢JIaraeMelx

=t 2 T (19.9)

Temeps m1s dp/0¢t Bossmure ypasHenme Illpegunrepa — ypanue-
uue (19.3); kpoMe Toro, KOMIIEKCHO €TI0 CONPATATE, T. 6. HePeMEeHUTE
3HAK IUpH KaKIOM i, 4Tobm moayumrh 0¢*/0f. ¥ Bac Buiiger

%?=——% [113* o <£l V—qA> y G V—qA> P+ appHp—

— @ V-]-qA> . <ff_ V—]—qA> w*—q¢\p1p*]. (19.10)

Unensl ¢ HOTEHOHWAJBHON »dHEeprumeil m MHOrWME Jpyrue YJeHbI
B3aUMHO YHHUYTOMKATCA. A TO, 9T0 OCTAHETCA, OKABRIBAETCH, Jeli-
CTBUTEJBHO MOHHO B3aIUCATh B BUje NOJHOHW guBepreHmuy. Bce
ypaBHEHENWe [ENNKOM DKBUBAJICHTHO YDPaBHEHWIO

o __y {¢*< v_ ‘IA)lP‘i‘ll’(—ﬁ‘V qA>1p*}.(19.11)

He rar y® cnou0, Kak KajKeTCHA HA MEePBHIH B3TAAX. ITO CHMMeT-
pugHad KoMOmHanuA u3 Pp*, yMHOKEHHOTO HA HEKOTOPYIO OIle pamuio
HaJ 1, II0C P, YMHOMKEHHOe Ha KOMILIEKCHO COIPSIKEHHYI0 ollepa-
puo Hag )p*. 9710 OpocTO HEeKoTOpas BeJHMUMHA INIIOC KOMILIEKCHO
CONpssKeHHAd ¢ff BeJIWYMHA, TAK YTO BCe BMecTe (KaK WM HOJO-
‘seHo OHTH) Bemecreendo. Omepanmld 3amOMHBHAETCA TAK: 3TO
mompocry omeparop mmuyiabca & mMunyc gA. Tok mz (19.8) a mory
5amHCATh B BHJIE

J:—;«{[ﬂs—;fi’lw] Y+ p* [_J:LA q;]} (19.12)

Torma 810 # ecrh TOT TOK J, KOTOPHI yHOBACTBOPAET yPABHEHMU)

(19.8).
230



Ypasaerane (19.8) noxaseiBaer, 9T0 BEPOATHOCTH COXpPaHAETCA
JIOKaJbHO. Ecau gacTunma ucdesaer M3 OfHOH obmacTH, TO OHA He
MOKeT OKasarhes B APYyrol 0e3 Toro, 9ToOH 94TO-TO HE IPOTEKIO B
OpoMeRyTKe MeKxy obmacramu. Boobpasure, 910 mepsas obaacth
OKDY’KeHA 3aMKHYTOU IOBEPXHOCTHIO, KOTOpAas LIPOBEJEHA TaK Ja-
JEKO, 9T0 HMeeTcA HyJieBasd BepoATHOCTh OOHAPY;KUTH Ha Hell DIEKT-
pox. IlonHas BepPOATHOCTH OOHAPYIKUTH HJAEKTPOH TINE-TO BHYTPH
moBepXHOCTH paBHA oO0bemHoMy uHTerpany or P. Ho, coraacuo
reopeMe 'aycca, obbeMuEIll uHTErpaa OT quBEpreHunn J pasuAercA
TTOBePXHOCTHOMY wHrerpaay ot J. Ecam ¢ Ha moBepXHOCTH paBHO
myao, To (19.12) yreseprpaer, aro u J ecTh HyIb; 3HAUMT, IOTHASA
BCPOATHOCTh OTHICKATH 9YACTHNY BHYTPU IOBEPXHOCTH He MOMKET
U3MeHHuThCA. TOXBKO TOrga,KOTJa 9acTh BEePOATHOCTH XOCTHIaeT
TPAHUNS], KAKAA-TO ee YacTh MOReT BHTeYs HAPY:KY. MH Bmpase
FOBOPUTH,YTO OHA BHIOUpaeTcd HAPYKRY TONBKO 9epes IIOBepXHOCTh—
970 U €CTh JAOKAABHAA COXPAHAEMOCTE.

§ 3. Jea pooa umnyavcos

Y papHeHue [JiA TOKA [OBOAbHO MHTEpPECHO, XOTS IODPOil npuam-
faser HeMawmo 3a60T. Tox MoxHO OHI0 O cYUTATE YEM-TO BPOJe IpPO-
U3BeJeHHS IIOTHOCTH 9acTHi HA cKopocth. IldorHOCTE BHITAAAENA
GBI Kar Yp*, Tar 9T0 37ech Bee B mopaxke. Haskpuil qnen B (19.12)
HAIOMHHAeT THIWYHOE BHpajKeHHe [Jif CPefHEIo 3HAUYEHHA onepa-
TOpa

P—dA (19.13)

m
ITosromy, O6HTH MOKeT, ciaefoBato OH paccMaTpHBATH €ro KaK CKO-
pocts motoka? Ho rorpga momydaercsi, 910 CKOpOCTH C HMIYIbCOM
MOMKHO CBA3aTh JBOAKHM 00paszoM, Beib ¢ PABHHM IPABOM MOKHO
66110 OB CIUTATH, YTO CKOPOCTHIO TOJKHO OHTH OTHONIEHHE MMITYJI b-

ca K Macce P/m. ITH [iBe BOIMOKHOCTH PAHATCH HA BEKTOpP-TOTEH-
ouadl.

OxashBaercs, Te e Be BOBMOKHOCTE HMENNCH eIle B KIaccH-
deckoll ¢usMKe, W B Hell ToyKe OBLIO HAMIEHO, 4TO MMIIYJIHC MOMKHO
oupefexuTh qByMA nyTaMu *. OquA MOKHO HA3BATD (KUHEMATHIE-
CKUM HMIYJIbCOM», HO Juisi abCOMIOTHON ACHOCTH A B 9TOH JIeKIUEA
6yny ero HA3HBATH WN Y-EMIIyIHCOM». ITO UMIYJbC, HOXYIAEMbIi OT
TepeMHOKeHNA MacChl Ha cKopocTs. [lpyroi, 6osee MaTeMaTHIHBIA,
Gojee OTBIEUEHHHII UMIYJIbC, UMEeHYyeMHEIl MHOTAA «QUHAMUICCKUM
HMIOYJABCOM», @ A ero Oyny HAsHBaTh «p-UMIyabey. Vrak, y Hac

* CM., mampmmep, J. D. Jackson, Classical Electrodynamics,
New York, 1962 (ects mepeBog: J[. [l 3 e K ¢ 0 H, KuaccuiecKas aIeKTpo-
AEHAMEKA, H3[-BO «Mmp», 1965). i
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D ue 19.2. Suermpuuecroe noae
CHAPYXHCU CONEHOUDT, MOK & Koino-
DOM Yseautueaemed.

|

> A
kU/

Al
i
/

_’f‘
i\

I

€CTh JIBC BO3MOMN{HOCTH:

-1

MU-UHNYADE == MY, (19.14)
p-umnyasve =mv -+ A. (19.15)

11 Bor OKasbiBaeTcs, dUTO B
KBAHTOBOI MeXaHUKE, BKJIO-
yatomell Mardwrdele TMOaA, ¢

OoIepaTopoOM IpagHenTta J° cBid-
3aH HMEHHO p-UMOYJIbC, Tar
gTO ONEpaTop CKOPOCTH DTO
(19.13).
8 3nechk s XxoTenm OB HEMHOTO
OTKIOHUTHGH OT TeMH W [10-
SCHHTb, LOYEeMYy TaK IIOJY-
9aeTCsi —OTYEr0 B KBAHTOBOH MexaHuie MOKHO OHITH HEYTO IO-
xoskee Ha (19.15). Boamosas ¢yHruuma MeHAeTCA cO BPEeMCHeM,
caenysi ypasueEmio ilpemurrepa (19.3). Ecam 6m a Bmesammo
W3MeHU/I BEKTODHBIH HOTeHOMAaJ, 70 B IepBOS MIHOBEHHe BOJ-
HOBas (QYHROUA He W3MeHMJaach Obl, a H3Menmiachk OB TONBKO
cropocTh ee maMmenenusi. Temeps wpexcrassre cede, 4T0 CAYIATCA
B crefylonmx obcroarenbersax. llyers nMeerca JIMHHLIA COMEeHONT,
B KOTOPOM s CO3JAI0 IOTOK MarHutHoro moJidA (moisa B), Kak noxa-
saHo Ha ¢ur. 19.2, A nobausoctu cumgur sapsaennaas gactuna. o-
IyCTHM, 9T0 TOT HOTOK [IOYTH MIHOBEHHO ¢ HYIA BHIPACTAET J0
raxoro-ro sHaveHusa. Cmepsa BeKTOpHHIl IOTEHOUAJ PABEH HYIIO,
a TOTOM 1 ero BKJI0YAI0. JTO 03Hagaer, 910 s BHe3alHO CO3[al0 Kpy-
TroBOH BeKTOp-moTeHnuas A. Brl moMumre, 90 KPHBOJMHEHHBI WH-
Terpak or A BIOJb HETIIH 9TO TO 3Ke caMoe, YTo MoTok 1n0JA B ckBo3s
meraw [em. ra. 14, § 1 (sem. 5)]. U wro ke mpomcxogur, Korga s
MTHOBEHHO BRJIOYAN BeKTOPHEH morennuan? CoraacHO KBaHTO0BO-
MeXaHHIeCKOMY yPaBHOHWI0, BHE3AMHOE N3MeHeHHe A He BEIBHBACT
BHE3ANHOTO M3MEHEHHA 1p; BOJHOBAA (QYHKIMA IIOKA Ta e camas.
SHAUAT, U FPafiHeHT He M3MEeHMICH,
Ho BcmomuETe, 9T0 UPOMCXOMHUT HIEKTPUUCCKM, KOTAA A BHe-
8a0HO BIJIIOYAIO MOTOK. B Teuenme Kparroro BPeMeHHM, MOKa HMOTOK
pacrer, BOSHHMKAET DHJIEKTPHYECKOE 10Je, KOHTYpPHHIA HETErpas or
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KOTOpOro paBeH CROPOCTH M3MEHEHHsdA LIIOTOKa BO BpEMeHH

E= 9%, (19.16)
at

Ecnn motok pesko MeHAercs, TO DIEKTPHYECKOe IOXe TOCTUIAeT
OTPOMHO BeINYHHbI U OKASHBAaET CHIBHOE BO3/ICHCTENE HA YACTHLY.
JTa cHja paBHA IPOM3BeJeHMI0 3apsAga Ha JJICKTPHYeCKOe IOJe;
crano OHTb, B MOMEHT MNOMBJEHHS [OTOKA 9YaCTHNA [OXYy4Yaer
HONMHHIN WMIyIbe (T. e. WsMeHeHWe B mv), paBHbil —gA. VEnva
CJI0BAMU, €CJIK BEI mofeficrByere HA 3apAJ BEKTOPHBIM HOTEHIIAIOM,
BKJIIOYYUB €r0 BHE3ANHO, TO 9TOT 3apAjd HEMeANeHHO CXBATHUT
my-uMIynbc, pasuslii —gA. Ho uMeercs neuto, He MeRAKINIEeCH He-
MeJJIeHHO,— BTO PasHOCTb MesKny mv # —gA. Crano OurTh, cyMMa
p=mv--gA ¥ ecThb T0, 9TO He MEHJercs, eCJN BH HOABepraere
BeRTOP-IIOTCHIHAJ BHEe3ATHOMY WaMeHeHHI0. VIMeHHO 5Ty Beamauny
MH VMEHyeM p-HMOyJAbcOM, HMEHHO OHA& Nrpaer BajKHYI polb
B KJACCHYECKOH JMHAMHKe; OHA >Ke OKA3BBaeTcs CYMeCTBEHHOKR
M B KBAHTOBOI MeXaHWKe. JTa BeJHYMHA 33BHCHT OT XapaKrepa
BOJHOBOIl jyHKIIUM M ABJAAETCA NPEeeMHUKOM omeparopa

ﬁsév

OpY¥ HAaJUU¥¥y MArdvTHOro mnoJafd.

§ 4. Cuvtenr 60an060U PHyHryuu

Roraa lllpenuarep BoepBhe OTKPHLI CBOE ypaBHeHUe, OH OTKPHII
3201HO, 9T0 3aK0H coxpanernusa (19.8) ects caemcreme sToro ypasn-
menust. Ho oH HempaBmabHO pemmia, 4ro P 5T0 MIOTHOCTDH DAEKT-
pUYECKOT0 3apANa DJIEKTPOHA, a J — INIOTHOCTH 3JEKTPHYECKOTO
TOKA, T. €. OH AYMAall, 9TO 3JEKTPOHH B3aUMOJCHCTBYIT C DIEKT-
pOMAarguTHHM HOJeM depes 9TH 3apsAsl ¥ Toku. Penias ceou ypas-
HeHHUs JJIA ATOMA BOAOPOKA WM BHUMCIAS \, OH He BHUUCIAN HUKA-
KO¥ aMIAATYRH (B TO BpeMdA elne He ORLIO aMIJIETYX), & TOXKOBAJ
9T0 COBEPIICHHO MHAYe. ATOMHOE ANPO GBHLIO CTALMOHADPHO, BOKPYT
/e HeTO TeKJHu Toku; 3apAgs P w roku J remepuponanm saexrpo-
MArHHTHBIEC NOJA, M BCE BMEcTe DTO Madydaio cBer. Ho Bexope, pe-
mas 3ajady 3a 3ajaded, OH HOHAM, 4TO pACCYy;KgaeT He BIIOJIHE
opasmiabHo. W mMeHHO B 9TOT MOMeHT BoOpH BHjBHHYA BechbMa He-
rpuBEanbHyl0 maer. Wmerso Bopr mpaBmibho (HaCKOJBKO HAM
H3BECTHO) OTO;RIECTBUA P B ypapHeunu lllpefuarepa ¢ aMILIUTY-
L0H BepOATHOCTH, IPEATONI0KHUE, 4TO KBAJ[PAT AMILIATYIH ~— DTO HE
MAOTHOCTh 3aPAAA, & BCETO JHMIIb BEPOATHOCTH (HA eguHULNY 00be-
Ma) OOHApPYKMTh TaM 3JEKTPOH M 9YTO ecJH BH HAXOJHUTE HJeK-
TPOH B HEKOTOPOM MeCTe, TO TaM OKaj;KeTCsI M Bech cro sapsan. Bes
a1a uped npmHamieskur bopry.
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Bonnosasa ¢ymxuua {(r) »IeKTPOHA B ATOMEe HE ONHCHIBACT,
craao ObITh, pPasMasaHHOTO JIEKTPOHA ¢ INIABHO MeHAmelcH
MIIOTHOCTBIO 3apsAna. JAeKTPOH MoKeT Guth Aubo 3xech, aubo TaMm,
6o THe-To elte, Ho re Obl OH HE GBI, OH Beerga— TOYEUHSIH 3a s,
Ho, ¢ xpyroii cropoHH, mpexcraBuM cebe caydail, Korga orpoMHOeE
9HCI0 YaCTHI HAXOAUTCA B ONHOM T TOM K€ COCTOSTHHMH, 09eHb 501b-
10e WX YACIO ¢ OJHOU ¥ TOH ke BONHORBON ¢yurnumeil. Yro torma?
Opma u3 mux 6yger sgech, Apyras — TaM, I BepOATHOCTH o0Hapy-
AATh q00yi0 U3 HAX B JAHIIOM Mecrte mpomopumomaiabHa PW*. Ho
TIOCKOJIBKY 9YACTHI[ TAK MHOTO, TO, €CJH f MOCMOTPIO B KaKO&-HH-
fynsp o6weM dxdydz, si, BooOIme roBopsi, OOHAPY/RY TaM NPHUMEPHO
YWp¥dedydz gwacrun. Wrak, xorma Y— BONHORAS OQYHRIUA Kan(-
0if M3 OTPOMHOTO KOJUYECTBA TACTHI[, HOTOAOBHO NpPedHBAIOMUX
B Oj{HOM ¥ TOM }Ke COCTOSIHYM,TO B 9TOM cirydae ¥ ModHcHO OTOIRIECT-
BJIATH ¢ MIOTHOCTEIO JacThi. K¢l B 3TUX YCAOBHMAX BCE YaCTHIH
HECYT OQUWHAKOBEIE 3APSANH ¢, TO ME MOKeM HOHTH JaJbINe U OTOK-
IecTBUTL Y™ ¢ mIOTHOCTBIO asekmpuuecmed. O6uano, ecam Ppy™
¥MeeT pasMepHOCTh DIIOTHOCTH BePOSITHOCTH, TO Pp* HA0 YMHOKHTH
1ma g, 9robH mONYYHTH pasMEPHOCTH WMJOTHOCTH 3apana. [ag ma-
IIAX TemepeIlHUX Hedell ME MOReM BRIIOTUTH HTOT MOCTOSAHHEI
MHOKHTEJNb B ) M IPHHATH 3a MAOTHOCTH JIEKTPUILCKOTO 3apsAia
camo Yp*. Ecam noMuuts 06 5TOM, TO ¥ (TOT TOK BEPOATHOCTH, KO-
TOPHA f BRIUMCAMI) MOKHO Oyfer CIWTAT: LPOCTO IJIOTHOCTHIO
DICKTPUIECKOT0 TORA.

Wrak, KOTjja B OMHOM M TOM K€ COCTOSHUE MOKeT HaXOJUThCS
OYeHb MHOTO 9acCTHI[, BOSMOMKHO WHHOe (U3WIECKOEe TOMKOBAHHE
BoHOBHX Qyuknzil. IlaoTHOCTL 3apAga M 2IERTPUIECKHEH TOK MO-
ryT OBITh BRIYWCAEHH IPAMO U3 BOJHOBHYX (YHKIMI, W BOJIHOBHS
¢yurnue npuobperaior PUIMIECKU CMBICJ, KOTOPHIA pacmpocTpa-
HAETCH HA KJIacCHYecKNe, MAKPOCKONHYECKHUe CHTYAIVH.

Hearo mofobHoe MOMET CAYIUTHCH U ¢ HeHTPANbHKME JACTHILa-
mum, Eciu y nac umeercs BoJHOBas QYHKIUA OTHENBHOTO POTOHA, TO
3TO — aMIUIMTYZA TOTO, 9T0 oH Oyner obHapy:weH rme-10. Xord MH
1 He ODHCAJIM €r0, OAHAKO CYIEeCcTByeT ypaBHeHue IIA GOTOHHON BOJ-
HOBOI pYHKOMY, aHAIOTHYHOE ypaBHeHwmo IllpegnArepa pad saex-
TpoHa. (DoTOHHOE ypaBHEHWE IOIPOCTY COBHAZAET C yPABHEBHAMU
Maxcgenia AIa DIEKTPOMATHHTHOLO HOASA, & BOJHOBAA QyHRIUA—
¢ BeKTOpDHHIM IoTeHIanoM A. Bomxsopasg (QYEKIHA OKa3HBAETC:
OOBIYHLIM BEKTOPHEIM mortennuasoM. (Dpmsura KBaHTOB CBETA COBIA-
ZIaeT ¢ KiIaccHdueck ol Gu3uK o, 1oToMy 9T0 (OTOHK CYTh HEB3ANMO-
neiicteylomue 603e-9acTUIH W MHOCHE U3 HUX MOTYT NpeGHBATH B
OJMHAKOBOM COCTOSHHH; Goliee TOTO, KK BH 3HaeTe, OHHU A100am Ghl-
BATH B OIWHAKOBOM COCTOAHHE. B MOMeHT, KOTHa MEPHANE MX OKa-
FKYTCS B OJTHOM M TOM K€ COCTOAHMM (T. €. B O{HOM B TOI #Ke BIEeKTPO-
MAaTHHTHOH BOJHE), BH CMOJKeTe HeMOCpPeJCTBEHHO H3MEPUTh BOJHO-
BYIO QYHEIUIO (T. €. BeKTOPHHI morernuan). Konegno, ncropugeckn
pCe 10 UHHM myTeM. Ilepssie mabaopeHud OBIH HpOBeeHH TIpU
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Taknx obcrosrenbcTBaX, Korma GBIO MHOrO (POTOHOB B OfHHAKO-
BOM COCTOSIHMH, M TeM CAMEIM Y/jaji0oCh OTKPHTH OPABIIbHEIE YpaB-
HeHHA a4 orfeabaoro Goroda, aabioaA HeNOCPEICTBEHHO CBONME
ria3aM IPUPoOAy BOJHOBOH (YHRIUHM HA MAKDPOCKOIKYECKOM
ypoBHe. .

TpyasocThb ¢ 5AEKTPOHOM COCTOHT B TOM, UTO BH HE MOKETe mo-
MECTHTHh B OJHO H TO jKe cocrosigume 0oJblle OTHOTO DIEKTPOHA.
ITooroMy o9eHB JOAro cumranoch, 9TO BOAHOBAS (PYHKIUA ypaBHe-
aua Illpegmarepa nmkorga He Gymer MMeTh MAKDPOCKOOWYECKOTO
TMPeNCTABACHNA, TOXOOHOTO MAKPOCKOIHMYECKOMY W PEACTABICHUIO
aMIUIATY I8 1715 oronoB. Ho remeps crasio ACHO,9TO ABICHNE CBEPX-
IpPOBOJMMOCTH IIPEACTABAACT UMEHHO TaKoll caydail.

§ 5. Ceepxnpocodunocmv

B 3maere, 9To OYEHHP MHOTHE METaliibl HIKe OIpPEeieTeHHON
TeMIepaTypHl (TeMIeparypa y KasKgoro MeTajia CBOS) CTAHOBATCH
cBepxupoBopamuME *. Ecau BH KaK cliefyer CHE3HTE TeMIepaTypy
TO METAJJAH HAYMHAIT OIPOBOJUTEH DIEKTPUICCTBO Oe3 BCAKOTO COM-
poruBjieduss. ITO ABICHNIE Ha0A0aN0Ch ¥ 09¢Hb MHOTHX METAJJIOB,
HO He y BCeX, U TeOpUA HTOTO ABJACHUA NPUYMHAIA HeMAJIO0 XJIOMOT.
IMonagobunocs goBoasHO Hojaroe BpeMsa, urobu pasobparncs, 910
OPOUCXOTAT BHYTPHU CBEPXIIPOBOMHYUKOB, M 51 OLHNITY 3/ECh TOJBKO
TO, 94TO BymeT HYKHO JJ/if HALIMX HEHEIMHNX nenleil. OrasnBaercsd,
YTO M3-33 B3AaWMOJEHCTBHSA BJIAEKTPOHOB ¢ KOJAeOAaHWAMH aTOMOB
B pemeTke BO3HUKaeT ciaboe sPeKTHBHOE RpumMAINCEHUE MEETY
DAeKTPOHAME. ['py60 roBops, SIeKTPOHH B MTOTe BlauMofeiicTeuA
00pasyoT cBA3amHEE HAPH.

HNasecTHO Tamme, 9T0 KaKABI OTHEJDHBII DJIEKTPOH fAB-
aserca ¢epmm-uactuneii. Ho ceasamHag mapa yme Oyzer BectH
cebsn Kar 6osze-gacTUia, HOTOMY YTO, €CHAK 1 HEpecTaBafAld MeCTaMU
IBa DJIEKTPOHA B mape, A ABAKIH MEHAI0 3HAK BONHOBOH $yHRIHUA, a
DTO 03HAYAET, TO A HUIero He Mensam.Ilapa asasnerca 6ose-gacTunmeii.

JHeprus cuapuBaHus (DHEPTHs UPHTAKEHNA 9IIeKTPOHOB) 09€HE-
odenb ciaaba. HesHaumrensnolt TeMmeparypsl JOCTATOYHO, YTOOHI
TenaoBoe BO3Oy:KHeHue pasbpocano sIeKTPOHH M 00paTHIO HX B
«HOpMaJIbHEEe» siiekTpornt. Ho ecau cHUBMTH TeMIepaTypy HOCTa-
TOYHO CHJIBHO, TO 9TU 3IJIEKTPOHH CJEJANT BCe OT HUX 3aBHCHA-
niee, 9TOOH IPHATH B caMoe HaWHH3HIee COCTOSAHNE, H Y TOITA-TO
meficTBATeNbHO pas3bepyrcs mOuapHO.

Mue me xoreioch Ov, gT00H BH BOOOpasunu, GyAro mapH u
BIPSMB CKPEIMJICHH 09eHb TECHO, CJOBHO TodedHEIe dacTunbl. B meii-

* Bueppuie 570 OTKpHX Ommec B 1911 r. [H. K. Onnes, Comm.
Phys. Lab., Univ. Leyden, N: 119, 120, 122 (1911)]. [Ipekpacuoe CoBpPeMeHHOQ
H3I0KEHNe NPeAMeTa BH HajifieTe B Kudre E. A. L y nt on, Supercondu-
ctivity, New York, 1962 (ecrp mepesom; E. Jl m H T 0 H, CBepXIpoBOnH-
MocTh, M., 1964).

235



CTBHTEIBHOCTH, IMEHHO B 9TOM IIyHKTe Jeskala HauGoJabmasa. Tpya-
HOCTh B HOHMMAHHKH DTOTO ABJEHMA HA IEPBHX nopax. J[Ba sinek-
TpoHa, obpasyomue Hapy, B JIeHCTBHTENBHOCTH PACXOJATCH HA
3aMeTHHE PACCTOSHHA; U CpeJHee PacCTOSHUE MERIY HapaMu MeHb-
e pasMepa orfenbHON Iaphl. Heckoasxo map ogHOBpPEeMeHHO 3a-
HAMAWT OAWH H 10T 3Ke 06peMm. Obbsacuenne npudnasl ofpasoBasud
BNeKTPOHAME B MeTalljie MAap W ONSHKA DHEPTHY, BHIAEHACMON TpH
obpasopanuu map, crano TpuyMGOM cOBpPeMeHHON HAYRK, ITOT QYH-
DAMEHTANLHBIA (GaKT B ABICHUMH CBEePXIPOBONHMOCTH BIEpPBEIE
paswsicHeH B reopmw, cosgaunoii Bapamuom, Hymepom u llpudg-
depom *. Ho me sro Gymer reMoit nainero ceMmrapa. Msr nonpocry
DpUMeM Kak JaHHOe [PeJCTaBIeHne 0 TOM, 970 HISKTPOHH TaK UM
HHave JeilcTByIT IOMAPHO, YTO MOYRHO CYUTATh, UTO 3TH HaPH BEAYT
cebsa Goee MM MeHee KAK YACTHIEL H 970 HOITOMY MOYKHO TOBO-
PUTH O BONHOBOM (QYHKIHUU «IIaPHI».

Ypasuerue IHlpeguarepa gaa naps 6onee WIn MeHee MOX0Ke HA
(19.3). EputcrBenras pasHWma COCTOET B TOM, 910 3apsg ¢q Oy-
JeT YABOSHHHM 3aPsAoM saeKrpona. HpoMe Toro, Mbl He 3HaeM HHep-
pun (mau 9pdeKTusHON MAcCcH) HapH B KPUCTALTHYECKOH pemerke,
IO3TOMY HEW3BECTHO, KaKoe uucio uocrasurs sMecro m. He cae-
JyeT TaK:Ke cUMTATh, 9T0 €CIU mepeilTH K 04eHb BHICOKMM 9acTOTaM
(MU KOPOTKUM BOJHAM), TO OpMa yPaBHEHHUS OCTAHETCA NPABUIb-
HOil, Belb KUHOTHUECKAS SHEPTHUA, KOTOPas OTBEYAeT OYCHDH PE3HO
MEHAIOIINMCA BOJNHNBHM (QYHKOMAM, MOXKET ¢TaTh CTOAb OONBIION,
4TO paspymur naps. 1lpn KoHewHHX TeMImepaTypax B COOTBETCTBUN
¢ reopueii BoapuMana Becerjia BeTpeuaeTcs CKOABKO-TO pa3pyMIEeHHHIX
nap. BeposirHocts TOr0, 4r0 mapa paspywwrcs, MPOLOPUHOHATIbHA
exXp(— Euapn/kT). He cpazapHBe mOIapHO DI€KTPOHE HA3HBAKTCA
CHOPMAJIBHEIMIY ¥ JABIGKYTCA 10 KpuUCTAAny oOHYHHM 06paso.
I 6yny, ommaro, paccCMaTPUBATDH TOABKO CIydYall HMCTMHHO HYJAeBOH
TeMIepaTypHl WIH, BO BCIKOM cyuae, IpeHebpery ycroxaeHHAMY,
BBIBEIBAGMEIME Te€MH 3JI6RTPOHAME, ¥ KOTOPHX HeT Iaphl.

Pa3s mapsl 0aeKTpPoHOB—3T0 GO30HH, TO KOIA MHOYKECTBO UX
cobupaercsi B OJHOM COCTOSHHMM, AaMILIUTYJa IIepexona ApYTrux
Tap B TO K€ COCTOSTHNE CTAHOBUTCH 0COOGHHO BEIWKa, SHAUNT, OYTH
BCe IapHl JOJKHBL CKOUMTHCS TP HAWHU3IIEH SHEPTHM 6 MOYHOCU
B 00UHAKOBOM COCMOANUL, COERATH KOMY- -1ub0 M3 HUX B JPyroe
COCTOAHIIC OYEHDb HEJETKO. Y KaXKMOH mapel aMIIATyZa TOrO, 9TO

oHa mepeiifer B 3aHATOe cocrofiume B V2 pas Goabme, ueM B He-

3aHATOE (Ifle XOpOINO HBBECTHHI darxTop }/ n oupepensercs Hace-
JIEHHOCTHI0 7 HAWHHUBIIEr0 COCTOAHUA). SHAUHMT, MH BIpPaBe OMKU-
maTh, 9TO BCe mAPH OYAyT ABUIATLCA B OJHOM COCTOSHHUH.

* J. Bardeen, L. N.Cooper, J.R.Schrieffer, Phys.
Rev., 108(,) 1175 (1957) (cm. nepesog B coopuuKe «TeopHa CBEPXIPOBORUMOCTHY,
Na, 1960).
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Kax sxe torga 6ymer BHiAReTh Hama Teopua? f1 o6ozHady de-
pe3 | BOAHOBYW (GYHKIOUIO HApPEl B HAMHU3NIEM SHEPreTHIECKOM CO-
crostamn. OfHAKO U3-3& TOrO, 4TO PPp* OKa’KeTCHA IPOHOpPIHMOHA b-
HHM IJOTHOCTH 3apAAa O, S ¢ PAaBHHM IPABOM MOTY 3amucaTh 1
KAaK KBQJPATHHIH KOpEHb M3 IIOTHOCTH 3apANA, YMHO:KCHHBIH Ha
HEKOTOPHH (a30BHI MHOKHUTEND

P(r) =V p(r) e, (19.17)

rae p 10 — peficTrurensunie pyurnuu ot r. (B rakoM Bue MOKHO,
KOHEYHO, 3alHcaTh N00yw KOMIUIEKCHYR (yHRIuDL.) Yro MH moj-
pasyMeBaeM, TOBOPSA O ILIOTHOCTH 3apsjpa,— 5TO ACHO, HO KaKOB
duzmaeckuii cmuica dasm 0 BoaHoBol ¢yurkmun? Hy uro sre, na-
BafiTe DOTIASAM, 9TO MONYUATCSH, €CIK MBI nogcTasuM P(r) B (19.12)
¥ BHPA3WM IVIOTHOCTH TOKA Yepes 9TH HOBHE IepeMeHHsie o u 0.
1o WpoCcTaf 3aMeHa llepeMeHHBIX, B, He. IOBTOPAsS BCEX BHKIAIOK,
Sl OpUBEAY pesyJibTaT:
b

J:;<V6—% A) 0. (19.18)

IlockoAbKY W TAOTHOCTH TOKA M IJIOTHOCTH 3apPAja HMEIOT JUIs
CBEPXUPOBOAALIETO 3JIEKTPOHHOIO ra3a HpAMOit Gr3MuecKull CMEICT,
To M p n 0 — BOONHE peanbHbie BeM. (Pasza cToab ke Haba0IaEMa,
KaK M 0: 970 yacts maorHoctH To0Ka J. A6coaomnas dasza HeHabmio-
maeMa, HO ecaum rpajguent ¢assl M3BECTEH BO BCEX TOUKAX, 10 dasa
H3BECTHA ¢ TOYHOCTHIO [0 KOHCTaHTH. VI eciu BH ompegeamre Io
¢BoeMY :keqaHmio Gasy B OflHOH TOYKE, TO BO BCEX OCTANBHHX TOY-
KaxX OHA YKe OlpemenuTcs caMa co0oil.

Heraru sameruM, uTo ypapHeHHe A TOKA MOKHO MpoaHaIH3N-
poBarh ¥ M3SAIIHEE, €CAM IPeICTaBHTh cefe, 4T0 IJIOTHOCTH TOKA
U énpaMb COBLIAJAET ¢ NPOM3BEJeHUEM IUIOTHOCTH 3apsifa Ha CKO-
pOCTb TORA BJEKTPOHHOH RupKOCTH, T. €. uro J=pv. Torma (19.18)
PABHOZHAYHO YPABHEHUIO

mv =hV0—gA. (19.19)

Mmu 3zaMeuaeM, 9T0 B M y-MMIIyJdAbCe e€CTHh [{Be 4ACTH: OJHA CBA3aHA
¢ BEKTOPHEIM IIOTEHIMAJOM, a Hpyrad ¢ LOBEHXeHHEM BOJHOBOI
ynxnuu. Unsvn cropamu, Besrmanna i VO— 510 Kax pas 1o, 910 MBI
Ha3LBAAN pP-UMIOYIbCOM.

§ 6. Heaerue Meviccnepa

Tenepb ysKe MOKHO KOe-9T0 PACCKa3aTh W O ARJICHUH CBEPXIPO-
pojguMocTH. lIpeskage Bcero sfiech OTCYTCTBYeT dIeKTPHYECKOE
COMpOTHBIEHNE. A HET COIPOTHBIEHHA OTTOrO0, YTO BCE SIEKTPOHH
KOJIIeKTHBHO IPeGHBAIOT B OJUHAKOBOM cocroanmu. Ilpu obnanoM
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TeUeHWH TOKA TO OUH 9JIEKTPOH, TO APYToil BHOHBAETCA M3 PABHO-
MepHOro IMOTOKA, IOCTEIEeHHO pa3pymas IOJHHIA uMIyibc. 37ech
JKe He TAK-TO IPOCTO HMOMEmATh OJHOMY DJAEKTPOHY HENATH TO, 4TO
jenaot Apyrue, 6o Bce $03e-9ACTHIEL CTPEMATCA HDOTACTH B OH-
HaroBoe cocrosnme. TOK, eciA” y OH IOIIENX, TO DTO HaBEKH.

Jlerko raryKe OHATDH, YTO €CAN UMEETCH KYCOK METAaiia B CBepX-
TMPOBOAAIMIEM COCTOSHHY U BEH BKJIIOYMTE HE 0Y9CHDb CUIbHOE MATHHIT-
Hoe noJe (216 6yaer, KOTIA OHO CMIIBHOE, MBI 000iieM MoIgaHueM),
TO OHO He CMOJKET IPOHAKHYTH B Meranl. Ecau 65 B MOMeAT cO3/a-
HUA MATHUTHOTO IOAS XOTh KAaKafg-TO ero 9acTh BO3POcJga BHYTPA
MeTalia, TO B HEM MOABHAAch OB CKOpPOCTL M3MEHEHUA IIOTOKA,
a B pesyibraTe U HJAeKTpUYECKOe I0jie, KOTOPOe B CBOIO O4Yepefb
HeMe[JIeHHO BHI3BAJO0 Ol HACKTPUIECKUI TOK, ROTOPHII, M0 3aKOHY
Jlenma, 6ma O HampasieH HA YMEHbUIeHHMe IOTOKA. A pas Bce
3JAeKTPOHH OYIYT ABAraTHCA COBMECTHO, TO OECKOHEYHO MAI0E DIEK-
TPHYECKOE 1I0JI€ YK€ BEHI30BET MOCTATOYHHIN TOK, 4TOOH MOJHOCTHIO
BOCIPOTUBHTHCS HAJLOKEHHIO AI060TO MarHWTHOrO HOif. JHATHT,
eclHu BH BHJIOYATE IIOJEe II0¢Ae TOTO KAK OXJafWiM MeTaan A0
CBEePXUPOBOAANIETO COCTOAHUA, BHYTPh OHO JOIYIEHO HH 33 YTO
He Oyzer.

Eme unTepecHee gpyroe CBA3aHHOE ¢ DTHM ABIAEHHe, DKCIEpPH-
MeHTanbHO obmapymenunoe Meiiccaepom *. Ecam mMeercsi Rycox
MeTaiAa LPW BHCOKOH rteMmepartype (T. e. OOHUHHI npoBOIHMK)
M B HeM BHI CO3JIaJ ¥ MaTHUTHOE IT0JIe, & 3aTeM CHE3HIE TeMIepaTypy
HIDKe KPHTHYECKOT0 ypoBHA (KOTAa Meraskl CTAHOBMTCH CBepX-
IPOBOAHUKOM), TO nose Gydem swmoaknymo. VHHMEH ciaoBaMH,
B CBEPXIIPOBOJHHKE BO3HUKAET CBOH coGCTBEeHHHIH TOK, M KaK paj
B TaKOM KOJHYeCTBe, 4TOOH BHITOJKHYTH II0Je HADPYRKY.

IIpryuHy 5TOTO MOKHO HOHATH U3 YpaBHeHUH, U cefiuac A 00bAc-
g0 KaK. Ilyers y Hac uMeercsd CIUIONIHOH KYCOK CBEPXIIPOBOISAINETO
Marepuajga (6es orBepcrmii). Torma B J0060M YCTAHOBHBIIEMCHA
IIOJI0KEHNN [TUBEPTEHHUA TOKA ROMKHA OHTH paBHA HYXNI0, HOTOMY
970 eMY HEKyJa Tedb. ¥ fo6HOo 6ymer BRIOpaTh fUBEpPreHNHI0O A paB-
Hoit aymo. (HoHeaHo, mosaranoch GH 00BACHUTH, 0TIEr0 HPUHATHE
STOr0 COTJAUICHUS He 03HAYAET HOTepH obImHOCTH, HO A He XO0u4y
TPATHTH HA 970 B pemA.) Ecau B3ATH [UBEpPIreHOUIO OT ypaBHEHHA
(19.18), to B MTOre oKasKeTcA, 4TO JAmIACHAH oT O JossxeH GBITH pa-
Ber pyaio. Ho norogure, a xax ke ¢ sapuanueir p? fl sabua yno-
MAHYThH 00 OHOM BaKHOM HyHETe. B Merasaie cymecrByer JoH mo-
J0ATENBHEX 3aPANOB (M3-32 HANHUIAA ATOMHHX HOHOB peNIeTKH).
Ecnu nnoraocTs 3apaga p ogHOpoRHA, TO He OyJeT HE OCTATOIHOTO
sapsAga, HO sieKTpuaecKoro mnoxf. Kcam O B KAKOM-TO Mecte
DJIIEKTPOHK U CKOIMJNCH, TO WX 3apsAf He OHA OB HEeHTpPaIm30BAH U
BO3HMKJO OH CHILHeHIIce OTTATKMBAHEE, KOTODPOE PACTOIKAIO OB

* W, Meissner, R. Ochsenfeld, Naturwiss., 21, 787
(1933). -
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BIEKTPOHH O BCeMy Merasny *. 3Hagur, B OOHYHHEIX 0O6GCTOATEIb-
CTBAX INIOTHOCTH DJAEKTPOHHOTO 3apsAia B CBEPXIPOBOAHHKAX I0Y-
TH HFeaJbHO OJHOPOJHA, M A BOpPABe CIATATH P MOCTOAHBEM. [la-
llee, eQMHCTBEHHAA BO3MOMHOCTH, 4T00H V20 OBLIO paBHO HYJIIO
BCIOAY BHYTPH CILIOOIHOTO KYCKAa MeTajlia,— 5T0 IMOCTOAHCTBO 0.
A 570 03Hagaer, 910 B J He BXomMT WieH ¢ p-EMmyiabcoM. COraacHo
Brpaxennio (19.18), rork mpomopruonazen p, yMHOKeHHOMY Ha A.
SHAYHT B KYCKe CBEPXIpPOBONAINEr0 MaTephaia TOK ¢ HeoGXOoxuMo-
c1b0 OyJerT IpPONOPHMOHANCH BEKTOP-IOTEHIHATY

—p
J=—p mA. (19.20)
3HaKU p ¥ ¢ OAUHAKOBH (OTpHIATeJbHH), U MOCKOIBKY P — BeJaHu-
YUHA TOCTOAHHAS, TO I MOTY HOAOKHUTH pg/m=—(HEKOTOpasa Io-
crosaHHasn). Torma
J=— (mexoropass mocrosuHaa) A. (19.21)

910 ypaBHeHme BrepBhie mpemio:kmin Oparba Jlomgor **, wroful
o0BACHATD SKCOEPUMEHTaJbHKE HAOIIJeHnA HaJ, CBEPXIIPOBOIM-
MOCTLIO, 3aJ0JAro IO TOTO, KAK NOIU yscHWIN cebe KBAaHTOBOMEXa-
HUYeCKOe IIPOHCXOKIeHUe dPderTa.

Mu reneps mosxeMm mopcrasuth (19.20) B ypaBHeHma siexTpo-
MarfeTMsMa W OHpPENenuTh HoNsg, BeKTOpHBIA NOTEHIUAN CBSI3AH
¢ ITOTHOCTHI0 TOKA YpaBHEHUEM

VA=

€402

3. (19.22)

Ecnu Bmecro J a mogcrasmio (19.21), to moayay

VA =A%A, (19.23)
rge A?—IpocTo HOBAA HOCTOSHHASA
q

AM=p o (19.24)

Tenepp Mo;HO WOMPO6OBATH PEIIATH 9TO YpPABHEHHE OTHOCH-
TeNbHO A M JieTasqbHee IOCMOTPETh, 4T0 TaM mpomcxoxur. Hampn-
Mep, B ogHOMepHOM ciaydae y (19.23) uMewTca HKCIOHEHIUATbHEIR

pentenns Buna e~ mw e*'*. OrTm pelIeHHA 03HAYAIOT, UTO BEKTOD-
EHI HOTeHNNAN 0013aH DKCIOHEHUUANIBHO yOs6amb 0 Mepe yaaie-

HUSA OT IOBEPXHOCTH BHYTpb o0pasna. (Bospacrars oH He MOsKeT —

* B pelicTBHTEILHOCTH, ecau OH 9JAEKTPHYECKOE WMOJIE OKA3aloch
Hepecdyp CHILHEIM, TO DapH Pa30pPBaauch GH, ¥ CPEIA BOZHAKMHX «HOPMAJb-
HHX» DIEKTPOHOB HAYajoch OH [JBUMKEHHE 33 HOHTPANH3ANAI BCAYECKHX
HM3JHIIECTB B HOJNOKATENBHOM 3apame. Ho Bce :me mnA of6pasoBaHASA STHX
HOPMANBHBIX BJIEKTPOHOB ToOHajoGmnach OH 3HEPrus, Tak UTO OCHOBHAA
MHIC/Ib, 3AKAKOYAIMAACA B TOM, 9TO HOYTH ONHODOAHAS INIOTHOCTH P OUeHB
BHTOJIA SHEPIeTHIECKH, OCTAeTCH CHpPaBeIJIMBOii.

** HH London, F. London, Proc. Roy. Soc. (London), A149,
71 (1935); Physica, 2, 341 (1935). ‘
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@D ue. 19.3. Ceepxnposodawutl
Yuaundp ¢ maznumnom noae (a)
u maznumnoe noae B kar dynk-
yus om r (6).

/

Oymer B3puB.) Eciau wycox
. MeTaJia OuYeHb BEJHUK 110
cpaBHeHmO ¢ 1/A, TO moue
IPOHUKHET BHYTPb TOJBKO
B TOHKHH caoifi y moBepx-
HOCTH TOJUIUHOI okoxo 1/A.
Bee ocrambuoe mecTo BHYT-
pE mpoBopHUKA OyAer cBO-
3 06OHO OT TOJs, KAK II0Ka-
sapo ma ¢ur. 19.3. Irtum u
obpAcHseTca ABgeHne Melic-

caepa. .
Haxoza ste sta «raybuna
npoHuKHOBeHus» 1/A? Bu
IIOMHWUTE, 9T0 Iy — «IAEKTPO-
| MAarHUTHHI paguyc» dIEK-
{ Tpora (2,8-10713 ¢m) — BHI-
:[ pasaercst popMyNoi
1

r 2

2
me® = .
dmegrg

e

By momuuTe TaKKke, 9410 ¢ BABOe OOJbINE 3apsAma DJAEKTPOHA, TAR
970

q 8mnrg

gome? de

3amicas p B Buge ¢, N, rae N — 9mcio pJAEKTPOHOB B KyOUYECKOM
CAHTHMETpPE, MKl IO JIYY UM

A2 =8nNr,. (19.25)
V takoro MeTasia, KaK CBHHEI, HA Ka KIHH KyOMdecKWid CABTHE MeTP
npaxofurcs 3-1022 aroMoB, # ecAM KaKgHE aToM cHaGAur Hac

OJHOM DJIEKTPOHOM HpoBoauMocTH, 10 1/A 6yner mopapka 2-1073 cm .
IT0 aeT BaM MOPAROK BEIHINHHN dPPerTa.
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§ 7. Keanmoeanue nomora

¥ pasuenue Jloagosor (19.21) 6ximo mpexnosxeno, aro0H 00BAC-
HUTH HAOMIOJABIIHECA IPU CBEPXITPOBOMUMOCTY ABJIEHNA, BKIIOYAA
apperr Melticcaepa. Opnako B mociaegaee BpeMsa Opo3Bydann u 60-
Jdee mOpasureabHHe Ipejackasanuma. OjHo us mpexckasanmit Jlon-
TOHOB OBLIO TAKHM CBOCOOPA3HEIM, UTO HUKTO JaKe He ofparui Ha
Hero ocoGoro sHmMamns. 06 stoM A u pacckasky. Ha ceil pas 603e-
MeM CBePXUIPOBOIAMee KOABIIO, TOALHHA KOTOPOI'O MO CPaBHEHHIO
¢ 1/k Benamka, W mOCMOTpPHM, UTO CJAY9HUTCA, €CAH MH CIepBA Ha-
J0KUM HA KOJbBI0 MATHHTHOE IIOJie, 3aTeM OXJIaJNM KOAbLO M0
CBePXIMPOBONANIECTO COCTOAHUA, a H0oToM yOepeM IepBOHAUadbHBII
rerounuk moss B. Iocaegosarenbrocth 9THX cOOHTHII M300paskeHa
Ha ¢ur. 19.4. B mopmansaom cocrosuun (fur. 19.4,a) B Tene roxp-
IIa ¥Meercs MarHuTHoe mojge. Horjga Koabmo ¢cTaHOBUTCA cBepXUpO-
BOAALIUM, HoTe (KaK Mpl yKe 3HAeM) 8buMmaikusdemca U3 BemecTna
roabua. Ho Torpa, kak mokasano Ha ¢ur. 19.4,6, ocraHerca HeKo-
TOpPHI{l TOTOK MOXA CKBO3h OTBepcTHE Kosbma. Ecau temeps ybparn
BHEUIHGE [OJe, TO Te JUHHY I10JIA, KOTOPHE I depe3 OTBepCTHe,
Oynyr «amoposkers» (pur. 19.4,6). Iorok @ gepes merrp coiitn
Ha HeT He MOmer, noromy gro dM/dt momkHO OHTH Bee BpeMs
paBHO KOHTypHOMY materpaay or E Bmonb koxbma, a E BEyTpR
CBEPXIPOBOJXHUKA paBHO Hyno. W BoT, Korga MH ybupaeM BHeInHee
moje, T0 O KOJbHY HAYHHAET T€Yb CBEPXIPOBOMAIUH TOK, IEJb
KOTOPOr0 — COXPAaHUTh IOTOK 9epe3 KOJBHO HEHM3MEHHHIM. (IT0
crapasd mjes O BEXPEBHX TOKAaX, TOABKO ¢ HYJNEBHIM COLPOTHBJE-
rueMm.) Ho Bce 91n roxm OyAyr Te4b TOABKO y CaMOil MOBEpPXHOCTH
(ra rnybuse He Gomee 1/A), 9TO cle[yeT U3 TAKOIO Ke aHAAH3A, KaK
U NPOfeJaHHHIH 1A CIVIOUIHOTO KYyCKa. JTH TOKH B COCTOSAHUM Cle-
Jartb Tark, 9To0B MAarHHTHOE IIOJe He HONAAajdo BHYTPb KOJbIA,
HO 3aT0 BCE BPeMsi JepKajloch BOKPYT HETO.

Ho specs uMeercs cyimecTBeHHOe pazamune, H HANIM yPABHEHHSA
IpeJcKa3HBalT NopasuredbHulil sddperr. Paccyxaenue o toM, 910
¢asa 0 B corommoM Kycke JOMKHA OBITH WTOCTOSHHON, K Koabyy
HenpuMenuMo; B 9TOM BaM LOMOTYT YOeTUTHCA CJAENYIOMHUE pac-
CYAUTeHUA.

[anexro B rnybune rexa Koabma MI0THOCTH TOKA J paBHA HYIIIO;
snaqur, (19.18) osmauder, dro

ive =qA. (19.26)

Teneps mMOCMOTPHM, 9TO HOIYYUTCA, €CIHN MBl BO3bMEM KOHTYDHBII
wHTerpaX oT A 10 Kpupoil [', KOTOpasA IPOXOMUT IO CAMOMY LEHTPY
[OIEePEeYHOr0 CeYeHMA KoJblla, HHUIJE He NoiXofsd OAWSKO K HO-
sepxuocth (dur. 19.5). U3 (19.26)

h$ve.ds=q $A-ds. (19.27)
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@ ue 19.4. Koavyo ¢ maznummom
noae,

a—8 HOPMAABHOM  COCMOAMUU, 6G-—-¢
ceepxnposoaﬂ,u;em COCMOARUU,; 8 ~—nocae
mo20, KaK Hewnee noae yopaau.

Br 3naere, 4ro KOHTYpHEII
uHTerpad o1 A mo 6ol
meTae paBeH moToky B wepes
TeTIIO

P A-ds=— .

Crano 6urb, ypasuernne (19.27)
npeBpamaerca B

ﬁve.ds:%cp. (19.28)

KpusoauneiinHit maTETpax OT
O7HOII TOURM 70 ApyTroil (CKa-
#eM, oT To9Ru 1 mo r1ourm 2)
OT TPaJHCHTA PaBeH PA3HOCTII
3HAUEHUN (YHKOUUI B DTHX
OBYX TOYKAX:

2
{vo.ds—6,—0,.

1

Ecanm HagaTh cOTMKATDE TOTKH
1 u 2, urobn merafg crajaa
3aMKIYTOl, TO HA MNepPBHIi
B3IAAT MOrio OB TOKasaThesd,
910 0, craHer paBHO 0,, Tax
gro muTerpat B (19.28) obpa-
taTcsl B Hyab. Tax oHO u OEIIO
OBl JI7ifl 3aMKHEYTHX IIeTelIb B OJ{HOCBA3SHOM KyCKe CBEPXIIDOBO/IHUKA,
HO JIA KOIbneoOpas3Horo Kycka sTo He obsmsarenbpHo. EpuHcTBeR-
HOe usuyeckoe TpeGoBaHMe, KOTOPOE ML BOpaBe NpenbABHUTh, STO
9100k 8 KEasic0ol mouke 80410808 PYHEYUSL M02AQ NPUHUMAMD MOAb~
%0 00n0 snavenue. Uto 651 BEE memasa paza 0, KOTHA BB JBHKETECH
10 KOJBIly, HO KOTJa BH BO3BpalaeTech K HAYaIbHOH TOUKE, asa
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@ue 19.5. Kpuean T enympu
CeepInNpOsOIHUKO6020 KOABYA.

~—
~ T, ————

o — e -

0 obs3ama ofecmeynTh BaM IpesKHee 3JaTeHUE BOJHOBON (yHKIMR

1p=Vp ¢'. Tar Gyumer, eciu O MeHAeTca Ha 2nn, rjge n — aw06oe
nesaoe gncao. Mrax, ecnm MH fenaeM OguH HOMHHI 060pPOT BOKPYT
Kombma, 10 aepas wacth (19.27) mommma Omrs paBEa fi- 2mn.
ITogcrasaaa copa (19.28), momyyaem

2nnh = qO. (19.29)

Bazxeavennwii nomor ecezda obazan Gwmbv rpamuum wucay 2mwh/q!
Ecau 65 KonbI0 GBIO KAACCHYECKUM 00BEKTOM ¢ MaealbHOH (T. e.
GecrouedHON) HMPOBOTUMOCTHLIO, TO MOMHO OBUIO OH mOZyMarth,
970 B KOAbIEe ob6A3ad ocTarbes Bech NPOXOAMBIIMIT dYepe3 Hero
TOTOK, KaKo# OH BeJWYWHHE OH HEU OBLI, T. €. MOMKHO 3aMOPO3UTH
aoboe xogugecrso morora. Ho kBanToBOMEXaHWYeCKAas Teo pus
CBEPXOPOBOAUMOCTY YTBEIRIALT, 9T0 HOTOK MOKeT GHTL nubo my-
aeM, aubo 2nfi/q, mubo 4rh/q, mubo 61fi/q 1 7. 1., HO TOXBKO He TMpO-
Me;kyTovyabIM grcaoM! O 00s3aH GHITE KPaTHHM (YVHIAMEHTa I bHO
KBAHTOBOMEXAHETIECKON KOHCTAHTE.

Jlorgon * mpemckassipai, 4TO IOTOK, 3aXBATHIBAEMBIl CBEpX-
TPOBORAIMMM KOJBIOM, OKaMKeTcd KBAHTOBAHHHIM M JOmyCTAMAs
BeJHUEHA HOTOKA Oyner mana ypasHenmeMm (19.29), rae ¢=gq,—
sapsany anexrpona. Coraacuo Jlorgony, pyHgaMeHTaAIbHAN eIAHAIA
IOTOKA [O/KHA OHITh pasHa 2nh/q,, T. €. oxomo 4-10-7 zc-cm?.
Yrobm mnpencraBuTh cebe dTy BeAWUHHy, BooGpasmTe TOHKHM
HUARHIPUK TONOHHON B OFHY KecATryIo JOMI0 MIULIEMeTpa; MATHHT-
Hoe II0JIe BHYTPU HETO, €CJIHE OH COIEPKUT TAKYIO BEIUYNHY HOTOKA,
COCTABHT OKOJO OFHOTO IPOLEHTa MAarHUTHOrO moaa J3eMuan. C mo-
MOITBI0 9YBCTBATEI bHNX MATHHTHE X H3MePEeHUH TaKOH HOTOK MOKEO
BapErucTPUpPOBATD.

B 1961 r. Nusep u Meitpboux ** uz Craadopackoro yumeepen-
TeTa TPeJUPHHANE NOUCKN TAKOT0 KBAaHTOBAHHOI'O MOTOKA W HALLTH

ero; NIpAMEpHO B TO yKe BpeMs 3710 upogexanu ona u Habayap *#*
B I'epmannm.

* F. L on d on, Superfluids, Vol. 1, New York, 1950, p. 152.

** B. S.Deaver,Jr.,, WM. Fairbank, Phys. Rev. Letters,
7, 43 (1961).

*#*% R.Doll, M. Nabauer, Phys. Rev. Letters, 7, 51 (1961).
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B onmmite Jlusepa u Deiipboura cBepXnpoBogAIuil IMIITHHAPHK
OLITT H3TOTOBNEH HIERTPOOCAMKICHNEM TOHKOIO CJIOA 0J0Ba HA KYy-
couke MenHod mposonoxm puamerpom 1,3-1073 ca (maumoit 1 cm).
Hmxe 3,8°K 0m080 cTaHOBUTCA CBEPXIPOBONAMMM, & MEIb 0CTAGT-
cA HopMaJbHEIM MetannoM. llposonora 6ra nomemena B HeGOMb-
nroe peryiupyeMoe MarHHTHOE IIONe M TeMIepaTypa CHHKaJdach K0
TeX HOP, IIOKA 0JIOBO HE CTAJ0 CBePXIPOBOJHUMKOM. 3ateM yGpamu
pHemuNI mcroyHMK nojs. Br moHmMaere, 4ro mo zaxony Jlenna
5TO BHI3BAJNO IOABIEHHE TOKA, CTPEMUBINEIOCH HOracuthb sPdext
yOBIBAHUA NOTOKA BHYTPH mmimpjpa. [{mammipux npuoGpen mar-
HHUTHBIII MOMEHT, IPONMOPIMHOHATIBHBIT TOTOKY BHYTPH HEro. JToT
MaTHOTHHE MOMEHT W3MepPsaM, AJA €9eTO BOAWIH NPOBOJIOYKOM
BBEDX M BHHU3 (KaK UIJofl B mpeifHoll MamuAKe, HO €O CKOPOCTBIO
100 pas B cexymay) EHYTPH maphl MajeHBKHX KaTylmedex, Imome-
MEeHHHX ¥ KOHIOB OJXOBAHHOTO IWIHHAPUKA. Mepoil MarHmTaOTO
MoMenTa OBLIO HaBOJAMMCE B KATYINKAX HAUPsKEHUe.

Husep n Qeitpboux, mpogenas c¢Boil omsir, o6HApYRAAU, 9TO
HIOTOK [eHCTBETENBHO KBARHTYeTCH, HO giynbamenmasvras edunuya
pasha notosune moii, komopyl npedckasar Jondor. Tor me pesysab-
rar moaywurn [oma u Habaysp. Cmepsa 2710 BEITIAHENO O9eHb
TAHHCTBEHHO *, HO Temeps crajo ACHO, 0T49ero Tak BHuwTo. Cornac-
HO Teopuum cmepxuposomuMmoctn bapaomura, Kymepa m Ulpuddepa,
T0 ¢, koropoe cromt B (19.29), p10 3apsax napw 5IeKTPOHOB, T. C.
pasno 2¢,. DyHraMerragbHAHd ejMHMLA HOTOKA pABHA

i

e

D, = ~2.1077 2c-cm?, (19.30)
T. €. pAaBHA IIOJOBHHE TOr0, 9r0 ORJIO TpexcKasaHo JIOHIOHOM.
Teneps Bce CXOOHTCA, U HM3MEpEHHA CBUIETENBCTBYIOT O CYIMECTRO-
BaHUY NPElCKA3aHHOTO 9HCTO KBAHTOBOMEXAHHWYECKOTO, HO KpyI-
HoMacnrrabHoTO ABJNEHWA.

§ 8. Junanuxa ceepxnpogodumnocmu

IPpderr Meiiccrepa H KBAaHTOBaHNE MOTOKA MOJTBEPIK/AAIOT HATNH
ofmue mpexcraBieHusa. s HOTHOTH CTOHT elle IIPOAEeMOHCTPH-
PoBATH, KaK ¢ BTOHl TOUKU 3PeHUWA BHIAAENW OH IOHEE ypaBHe-
HUA CBEPXNUPOBOAAMCH JKATKOCTH, — IHOJAYYAETCs JOBOJBHO HHTE-
pecro. Jlo crx mop A moACTAaBAAT BHpPayKeHHe [ P TOIBKO B yPaB-
HeHUA IUIOTHOCTH 3apapga u Toka. Ho ecam A mx mopcrasiro
p noxanoe ypasaenme Ulpenmurepa, 10 monyuy ypaBHeHHS nid P
u 0. ViHTepecHo HorIAgeTh, 9TO0 U3 ATOT0 BHIIIET, IOTOMY 4TO Hepes
HAMHE ceif9ac (RUIKOCTDY DJIEKTPOHHEX Iap ¢ IIOTHOCTHIO 3apAaa O
W ¢ TAHHCTRCHHON 0; MBI MOKeM ITOCMOTpEeTh, KAK BBRINIAIAT ypaB-

* Korga-To OuH3arep rosopHi, 9TO 9TO BO3MOKHO (CM. UTHPOBAHHYIG Ha
crp. 243 KumkKy Jlompoma), HO HHKTO He IOHHMaJ, HOYeMYy.
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HeHuA Ttakof wrumgroctwy! Mrax, mojcraBUM BOJHOBYIO (YHK-
nuio (19.17) 8 ypasuernune lpegurrepa (19.3) u pcmoMumM, 4T0 O
u 0 sT0 BewecrBeHEHE (YHKIUH OT Z, Yy U z. Eenm Mel oTjennm
BEIIECTBEHHYI0 HYAacTh OT MHNMOH, TO YPaBHeHHIl ctaHeT Ba.
Yro6u 3annch Gsl1a KOpoe, s, ciaenys ypasHerno (19.19), namnury

hyg 9 gy (19.31)
m m
Torjga opHo W3 [Apyx ypasHeumi LpuMeT BHJ
20 —y-pv. (19.32)

Tockonsry pv ato u ectb J [eM. (19.18)], To MBI mpocTo emge pas
HNOJIYIMIH ypaBHeHwe wuempepunHoctu. Bropoe e ypanmenwme
rogopur 06 mameHenuwm 0:

M om (1 oy :
ﬁﬁ———z—vz-rq(P—QTn{V—p—V (Vo )} . (19.33)
Te u3 Bac, KT0 XCpPOWIO BHAKOM ¢ THAPOAVHAMHKON (gyMaro,
OYeHb HEMHOIYE), B 9TOM YPABHEHUU y3HAIOT YPABHEHUE [BIKCHUA
HIEKTPUYECKY 3APSIKEHHON JKUJKOCTH, €CIM TOABKO OTOHAECTBUTE
A0 ¢ «IOTEHIATIOM CKOpOCTel»; HO TOJNBKO B IOCHACHHEM 4UIeHe,
KOTOPHH nomxeH OHTH dHEePrHed CHKATHA YKUIKOCTH, HMeeTcA J0-
BOJBHO CTPAHHAA 3dBUCHMOCTD OT HIOTHOCTH 0. Bo BesAKoM ciryuae,
5T0 ypaBHEHWe YTBEDPIKAAET, 9T0 CKOPOCTh UBMEHEHWUA BeJHUUNHH
hO pmaeTcst wiIeHOM ¢ KHMHeTHuecKOH sHeprumeit (m/2)e® mwiioc wreH
¢ MOTeHINATILHON 9HepTHil g miaoc Xo0aBOIHLIH YieH ¢ MHOMKUTC-
7eM fi?, KOTODHH MH Ha30BeM «KBAHTOBOMEXaHMIECKOH HHepTHeii.
Msr Bupenum, 910 BHYTPH CBePXIPOBOJHNKA HIEKTPOCTATHYECKHE
CHAH NOJIeP:REBAIOT P 09eHD OTHOPORHEIM, IIO3TOMY BO BCEX MpaK-
THYeCKUX IPUMeHeHWAX 9TUM 9IeHOM MOUTH HABEPHAKA MOKHO Ipe-
HeGpeus HPU YCAOBUM, YTO EMEETCS TOJBKO OJHA CBEPXIPOBOAAIIAS
obiacts. Ecnu Mexay nByMa cBepXIpPOBOJHHEKAMU HMeeTcd Ipa-
Huna (W1 ecTh Apyrue o6cTOATENBCTBA, 38 CUET KOTOPHX O MOKCT
HAYaTh PE3KO MEHITHCH), TO 9TOT YJIEH MOYKET CTATh CYNIECTBEHHEIM,
Jladg rex, KT He TaK YyK 3HAKOM C YPABHEHHAMY IHPOEHAMIKH,
A noupobyro mepenucarh (19.33) B toM Bmae, xoTopLlll 1O3BOJUT
sAcHee BumeTh Qusnky. f memonbsyo (19.31), aro6u 6 BHpasuTh
gepes v. bepa ot Becero ypasaenma (19.33) rpamument m BHIpaskas
¢ momompio (19.31) VO wepes A m v, s moxnyuy
v g

dA
Et—nﬁ(—V(P—E'>“_V><(VXV)——(V'V)V—"
f2

1 —
_V_27n_<v,—p_v21/p ) (19.34)
Yro ske 03HAUAeT 910 ypapHente? BCHOMEEM, BO-IepBHX, 9T0

94 LK (19.35)

— Vg2
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3areM zaMeTHM, UTO €CIM BzATh porop or ypasmenmsa (19.19), to
OO YIUATCA

Vxv=—-=LyxA, (19.36)

TOCKOJIBKY POTOp TIpajumeHra Bcerma Hyab, Ho VXA — aro mar-
HUTHOE HoNe B, Tak 9410 gBa mepBHX wieHa MOKHEO 3alMCATH B BHIE

L (E+vxB).

Haronen, Bu pomrusl ysicunts cebe, aro dv/5t oGosmagaer CKO-
pocTh M3MEHEHUA CKOPOCTU ;KHAKOCTH B Jannoli mouke. Fennm sxe
Bac WHTEpeCYeT OTAedbHAA yacmuya, TO ee YCKOPEeHWe BHPA3HTCH
noAHOU TPOU3BOAHON OT V (MJIW, KaKk WMHOTAA TOBOPAT B NUHAMUAKE
JRHIROCTEl, (CONYTCTBYIOUIUM YCKOpEHWEM»), CBA3AHHOH ¢ Ov/0t
dopmynoit [em. ra. 40, § 2 (sum. 7)]

av =X vy (1937

dt | (conyrersyiomee) -

B mpasoit vacti (19.34) cromr Tot ke wnen (v-V)v. Ecaw mepenectu
ero Bieso, 10 (19.34) nepenmmerca Tax:

dv 52 4 —
— = E B —_ Ay 2 . 9
" dt (COMYTCTRYIOLIEE) 1 ( X ) v 2 <V0 v VP > (1 38)
Baren ma (19.36) cnemyer
Vxv=—-=LB. (19.39)

JT0 ¥ eCTh YPABHEHHA [IBWREHUA CBEPXUPOBOAAIIEH DIEKTPOH-
moii sKugKocTH. Ilepoe ypaBHeEme — 3T0 mpocTo 3aKoH Hborona
AASA 3apAKEHHOW JKMIKOCTY B 2JeKTpoMarHHETHOM mome. OHo yT-
BepIKIAeT, 9T0 YCKOpeHHe KayKIoH JacTrmbl MRUJKOCTHE ¢ 3aPAIOM ¢
BHIBHIBaeTCH JeficTBHeM OOHUHON JopenueBoil cmam g(E-+v X B)
winoc Zo0aBoYHAA CHMJIA, ABAAIOINASCT I'PagUeHTOM KAKOTO-TO TaWH-
CTEEHHOT0 KBAHTOBOMEXAHMYECKOTO MOTEHIHANA; ATa cuiaa ODBIYHO
Mana X CTAHOBHTCA 3aMETHO{l TOJIBKO HpH CONPEKOCHOBEHWH JIBYX
pasHBIX CBEPXUIPOBONHHKOB. Bropoe ypaBHeHWe yTBep:KAaeT, 470
MUIKOCTh (UAeanbHA» — POTOp oONafaeT HYJNeBo# IWBepreHIlmei
(y B pmBeprennud Bcerna Hyab). IT0 03HAUAET, ITO CKOPOCTH MOYKET
GHITH BEIpaJKEHA Yepes IOTeHIMAl cKopocteil. OORYHO 1A Mueasb-
nofl Ruproctd Myt V X V=0, H0o .11 udea1bHoli 3apaxcenHoll sHcud-
KOoCMU ¢ MUZHUMHOM hode 9T0 ypasHenme obpamaercsa B (19.39).

Wrak, ypasaenne Ilpeguarepa nma aeKTpOHHEX map B cBepx-
UPOBORHUKE JaeT HAM YDaBHEHUA IBI)KeHUS DJIEKTPUUYECKU 3aps-
JKeHHOH WpeanbHOU RHAKOCTE. TeopHs ¢BEepXIPOBOIUMOCTE COB-
majaer ¢ sajavedl rUAPOAMHAMUKY 3apAMKeHHON KuARocTH. Ecan B
XOTHTE peINuTh KaKyo-1ubo 3amavy, Kacaomlylocsa CBepXHpOBOI-
HHKOB, BH 6epere 9Tn ypaBHeEWA A ;KUJKOCTH [MIM paBHONEH-
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Hyio uM napy (19.32) u (19.33)] n cogeraere ux ¢ ypasrennamu Maxk-
cBeIa, 4robe MoaydnTh IoAfA. (3apANH H TOKH, KOTOPEIMHA BH
110J1b3yeTech, YTOOH Y3HATH OIS, TOJIKHLL, €CTeCTBEHHO, BRI0YATD
KaK 3apaAAbl I TOKM OT CBePXIPOBOAHHUKA, TAK 3apAXs W TOKH OT
BHEIIHNX HMCTOYHNKOB.)

Keratu, s cumralo, uto ypasuenue (19.38) ne ouerns-to mpasmip-
HO, B Hero cjiepyer 100aBHTh WIeH ¢ MIOTHOCTHI0. OH onpenesnsercs
11C KBAHTOROII MeXaiuKoil, a BEITeKaeT U3 OOBIYHONI 9HEpPTHH, CBA3AL~
rofi ¢ BapHALIIAMI IUIOTHOCTH, TAK jKe KAK B YpPaBHEHHN IuA 06md-
HOll MUIKOCTH JOMIKHEA CTOSATH IMIOTHOCTh MOTEHI[MAIBHON oHepruwy,
NPONOPIHOHATbHAA KBAPATY OTKIOHEHUA O OT o, (HEBOaMYIenHoiT
MJAOTHOCTI, KOTOpasd B HauieM Caydae PaBHA TAKyKe JIOTHOCTH 3a-
pAfa xpucranangecioil pemerkn). [[0CKOIBKY HOMKAL HAGMIONATE-
cf CHJIHI, IMPOTOPIHEOHANBHEE IPaANedTy 970 sHeprum, 1o B (19.38)
00s13aH CTOATH eile ONUH WieH, HPOMOpPHUOHAIBHHE V (0—py)2.
I3 mamem amanuse oH He MOABUICH, IMOTOMY 9TO BOBHUKAET OH OT
B3AUMOEACTE MA MEKIY YACTUIIAMHI,, KOTOPHM 51, HpUMEHAA 1 prban-
jueHule Hes3aBuCHMHX gactuim, npenebper. Ho aro ta camas cmia,
Ha KOTOPYIO A COCHAJCHA, KOIJA 1elal KayeCTBeHHOE yTBEPIKIeHue
0 TOM, YTO 3JEKTPOCTATHIeCKHEe CHIH CTPEeMATCA COXPAHUTHL P
BIOJb CBEPXUPOBOJHHUKA IIOYTH HEM3MEHHHBIM.

§ 9. Hepexodw JJucosegicona

1 por mamocaeqoK A MepexoiKy K pasbopy oY9eHb MHTEPECHOTG
cayuast, puepsrie otMeuenHoro [Isxosedcomom *| x amanmsy Toro,
qr) OnBaer MpE KOHTAKTE GBYX cBepXIpoBogHHKoB. llycts y mac
¢CTH /IB& CBEPXIPOBOJHUKA, CBA3AHHEE TOHKHM CJ0€M H30IATOpA
(pur. 19.6). Temepp Taroe ycTpOHCTBO HABHBACTCA (HEPEXOLOM
Jsrosedconay. Ecnu maonupylommuit ciaoil TOJCT, AEKTPOHH He
MOTYT IPOHTU Yepe3 Hero, HO eCIM OH JOCTATOYHO TOHOK, TO JEKT-
POHBI MOTYT WMeTh 3aMETHYI0 KBARTOBOMEXAHUYECKYI0 AMIVIUTYAY
DepecKoKa. JT0 LONPOCTY HOBHI IpPUMep KBAHTOBOMEXAHUYECKOTO
npoHUKHOBeHHA wyepes Oapbep. J{#osedcOH MpOAHATHSMPOBAT Ta-
KOif caydail B BEIACHUT, 9YTO IPH 2TOM TOJMKHO MPOUCXOANTH HEMAIO
CTPAHHHEIX sBJIEHWH.

Jlna amanmsa TaKoro KOHTaKTa st 0003HAYY AMIIHUTYHY TOTO,
4TO DNEKTPOH OKAaKeTCA HA OJHOI CTOPOHEe, Jepes §;, & TOT0, 9TO HA
Ipyroit,— vepes 1,. B CBEPXHPOBOJANIEM COCTOHHHW BOTHOBASA
¢yHKOAA 1, — 970 00MAA BOJHOBAA (PYHKIUA BCEX IIEKTPOHOB
¢ OfHOK CTOPOHBI, & P, — COOTBETCTBYOMAA (VHKIUA C ApYyroit
CTOPOHH. JTY 3aJATy MOMKHO PElaTh [JIA CBePXIPOBOMHUKOB Pas-
HOTO €OPTA, HO MH OTPaHWYMMCA CaMBIM IIPOCTHIM ciydaeM, Koraa
BeIIECTBO IO 00e CTOPOHHL OJHO W TO jKe, — TAK 4TO cOeUHEeHNe ca-
Moe mpocroe n cumMerpuaroe. U nycrh nmoka HUKaKOTO MATHETHOTO

* B. D.Josephson, Physics Letters, 1, 251 (1962).
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H30n5mop

D ue 19.6. Jea csepznposoduuxa,
Pa30eseHIEE MOHKUM UI0AAMODOIL.

C@epxnpaaoaﬂux

nosst ret. Torga ¢BA3H MEKIY HTUMH JBYMS aMITUTYRaMMA JOJIKHA
OLITE TAKOIL:

ity % Uy, + K,
ih %‘f%= Uy, + Kipy.

Nocrosewaa K xapaxrepmayer panuoiii mepexon. Ecam 6m K
OmLJIa paBHA HYJIO, TO 9TA Hapa YPaBHEHUI MOIPOCTY ONMCHEBAaga OBl
HaAuHM2NIee PHepreTHueckoe cocrosinme (¢ sHeprumeir U) Kam-
noro ceepxuposoguuka. Ho ofe cropoun ceazamsl amoaurynoit K,
BEIPa;KaIoleil BOBMOMKHOCTD YTEUYKH W3 OJHOH CTOPOHHL B JPYTYIO
(oTO KaR pas MBRECTHAN HAM TO ABYXYPOBHEBBIM CHCTEMaM aMILIH-
Tyna «nepebpoca»). Ecam obe cropount ogmsarose, To U, Oymer
pasdo U,, B A uMen0 mpaso MX npocro Budects. Ho remeps mpej-
TOJOKUM, 970 Mbl HOMCOCTUAWAN NBe CBepXIpoBOAAIHe obmacry
X OBYM mojiocaM Oarapeiliku, rax 9ro K Hepexony OKazajach mpHU-
JoskeHHOR paspocrs moreHpmanos V. Torga U,—U,=qV. [aa
yao6cTrra s Mory BEIOpatTh HyJab dHeprum mnocpemmme Mmemnpy U,

u U,, u rorga ypanHeaHsa odparaTcid B
g O |4
lﬁ"gf:q Py - Kps,
ap, (19.40)
ih 20 1, Kpy.

910 cTaHIApTYHHE YPABHEHNA OBYX CBA3AHHBIX KBaHTOBOMeXa-
mmyeckux cocrosHuit. Ha 9ror pas papafite mpoamanmsmpyeM ux
no-nuoMy. CrenaeM NOJICTAHOBKU:

v =V e, (19.41)
Py :VE): g0z, .

rae 0, u 0,— Pass mo 06e cTOPOHH KOHTAKTA, & P; U Py— IJIOTHO-
CTH DJIEKTPOHOB B ?THX JAByX TOYKaX., BCmOMHHM, UYTO Ha OpaKTHKe
Q1 ¥ p; IOYTH TOYHO COBOAJAIOT APYT C APYTOM M PABHEI Dy — HOp-
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MaJbHOW MIOTHOCTH 3JIEKTPOHOB B CBEPXIPOBOAAMEM MATepHaie.
Ecau pu remeps mopcrasure a1t Gopmyast ans P; u P, B (19.40)
I TpHpaBHAeTe BEDICCTBCHHEE YACTH BEIECTBCHHLIM, a4 MHM-
Mble — MHUMBIM, TO NOJIYYATCA 9YETBEPKA YpPaBHCHMI (jus Kpat-
Koctn obosnaueno 0,—0,=0):

. 2 —_—
Pr1= +7KV92915”1 6,

. 9 — - (19.42)
Pz:’_TKv Papy sin G,
. - — Vv
81:—}—% %COS‘S_';E’
X s e (19.43)
\ K 01 qV
0, = + 7 ]/pgcosé—}—%.
Ileppass mapa ypanHenwWil TOBOPHT, uT0 0;=—p, «Ho,— cra-

’KeTe BH,— OHU BeIb 00e HOJKHH OBHITH PABHH HYTIO, pas p; ¥ 0,
00e TTOCTOAHHE! M paBHH Pg». He cosceM. ITU ypaBHEANA OUHCHBAIOT
He pee. Ouu roBopar, KAKUMHE OBIN O O W Py, ecalt 6ol e 6ua0 Jo-
6a80UHNT IACKMPUNECKUL CUL 32 CIET TOTO, UTO HeT GajyaHca Memay
SIEKTPOHHON JKMAKOCTHI0 B (POHOM IOJOKUTEJNBHEIX moHOB. OHEU
coo0manT, Kak Hagajgd OBl MEHATHCH IIOTHOCTH, ¥ IHOATOMY
ONHCHRBAIOT TOT TOK, KOTOPHIA HA9a N 681 Teub. ITOT TOK, TeKYIWl OT

cToponsl 1 K cropore 2, 6va6H Kak pa3 pabed @, (wim — 0,), mam
J :% V p4p, sin 8. (19.44)

Takoil ToX BCKOpe 3apAXUI 6B CTOPOHY 2, ecau Mo HHO Ou.20 6ul 3a-
6wmb, 910 00€ CTOPOHH COeAUHEHH Npopogamu ¢ Gatapeeit. Oguaxo
OH me zapAamT obaactb 2 (M He paspagur obmacrs 1), moromy uTo
BOBHHKHYT TOKW, KOTOpPHIE BHPOBHSIOT NOTEHIMAX. B HAM ypas-
HeHHA DTE TOKHW ot 6arapeu He BXogAr. Ecam OH mx pobaButh,
TO p; H P, OCTABANUCH OB PAKTHYSCKH HOCTOSHHHIME, & TOK Yepes
nepexoy onpegenanca Ou Qopmymoit (19.44).

IHockonsKky p; B 0, HEHCTBUTENBHO OCTAIOTCH IOCTOSHHBIMUI
U paBHEIMA (g, JaBaiTe IOIOKHM Zi'{p(,/ﬁ:.]0 ¥ HAOUMIEM

J=J,sin 8. (19.45)

Torpa J,, nogobuo K, ecTh umcio, XapakTepusymwinee TanHHT
nepexof.

Jipyraa mapa ypapHermit (19.43) maer mam 0, n 0,. Hac wure-

pecyer pasHocTb 0=0,—0;, KOTODPYI0 MB XOTHM INOACTABHTL B
(19.45); m3 ypapHeHHi ke MH WMeeM

qV
i

8=0,— 0, — (19.46)
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STO 3HAYUT, 9YTO MOMHO HaOUCcaThk
5(‘)=50+%‘§V(t) dt, (19.47)

roe 8, — sunavenme 8 mpm ¢=0. He zaGuBaiite tamsme, 910 ¢ —
aTo 3apsaj mapwe, q=2q,. B ypassenmax (19.45) u (19.47) copmep-
JKUTCA BayRHHI pesyaprat — obmaa teopus mepexomos Jmosed-
COHA.

Tak uto ke U3 HuUX ciexyer! CHAYAIA TPHIAOKHAM MOCTOAHHOE
Hampsskenne. LcaW OpPWIOANTh NOCTOAHHOE HanpsKenwe V),
10 apryMenT cumyca mpuMer Bu 8,1 (g/h)Vot. llockonsky f /g —uic-
70 MaJenbKoe (D0 CPABHEHHIO ¢ OOBITHEIMA HALPSIKEHMAMU W Bpe-
MeHaMH), TO CHRYC 6yaer KoaeGarscA JOBOJNBHO GHCTPO W B HTOTE
HuKaKoil Toxk He mofizer. (IIpaxTmueckw, MOCKOJIBKY TeMIepaTtypa
He paBHA HyI0, HeOOJXbIIOI TOK Bee Ke OyHeT U3-3a OPOBORUMOCTH
«HOpMaJbHEIX» JeKTpoHOB.) C Apyrofl cropoHbl, ecnu HaNpsKe-
HUEe HAa IepeX0ope PaBHO Hy.4l0, TO TOK Moyer moiitu! Ecnm mer ma-
UpMKEeHnsA, T0 TOK MOKeT PaBHATHCA 11000 BeanunHe Mexny +J,
1 —J, (B 3aBMCUMOCTH 0T TOTO, KaKOBO 3uaveHne 8y). Ho monpobyii-
Te MPIJIOKITH HAPAYKEHNEe —7 TOK 00paTHTcs B HYAb. JT0 CTPaAH-
HOe ToBeeHUe HeQaBHO HAOMIOXANOCH HKCIEPHMEHTANBHO *,

Tox MOMKHO MONYINTE B HPYTUM cIOCOOOM: KPOME MOCTOAHHOIO
HATIPSIKEHUS — IPAAOKHATD eIl M BECOKYI wgacrtory. Ilyers

V=V,+vcosot,
e v<£V. Torpa

6(t):60+~q—V0t+~q*—v~sin wt.
i oo
Ho npm manmx Az
sin (z - Az) &~ sinx - Az cos z.
Paznomxus no sromy mpasmay sind, s momyday
-
J=J, [sin <60—{—% V0t> —}—%—-& sin @t cos (60+%V0t)J .

Tleproiit YicH B cpegHeM Jaer HYIb, HO BTOPOil B Hydb He 00-
pammaercd, ecan

m:—%—Vo.

3HAuNT, eciE 9YacTora NepeMeHHOTO Hampsykemmsa pasaa (g/R)V,,
T0 uepes KoHTart moiger tok. [HMammpo ** coobmur, 4To 0oH HAD-
Jq0faT TAaKOH pe3OHAHCHHIA dPPeKT.

* P W.Anderson, J. M. Powell, Phys. Rev. Letters, 10, 230

(1963).
*%¥ S Shapir o, Phys. Rev. Letters, 11, 80 (1963).
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Duea 19.7. Jdsa na-
pPaaleAbHbT nepexoda
Hacoseficona.
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N \
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08epxnpo6odHUK

Ecnu Bo mpocmorprre paGoTH HA 2Ty TeMY, TO 3aMeTHTE, 4TO
B HEX (OPMyJa IJA TOKA YaCTO 3AHACHBAETCH B BUJE

J =J,sin <60+%SA-ds) , (19.48)

rae miTerpad Gepercs mo myTw, BexymeMy gepes nepexon. Ilpuunmna
3/IeCh B TOM, 4TO €CJ¥ IePeX0[ HAXOAWUTCA B II0JNE BEKTOPHOTO IO-
TenIimasa, TO ¢asa aMIIATYIH Tepebpoca BUIOM3MEHAETCSA Tak,
Kax 6ruro oObsacHeno sHawane [ypasueune (19.1)]. Ecau sur Becony
BRIYNTe TaKoll cuBuUr ask, T0 moaydmre HYKHbE GOPMYILL.
Haxoner, s xoren 0w oumcarb oueHb aQderRTHHI U WHTEpeC-
HH OOHT M0 HETepPePEHIUN TOKOB, MPOXONANMX Yepes [Ba mepe-
X0/13, KOTOPH OB HeflaBHO Ipopetad. Msl IPUBHKIYA BCTPEIaTHCH
B KBaHTOBOIl MeXaHUKe ¢ mATepepeHNMed aMOIHTYZ OT ABYX me-
aeit, Ceituac Mu GygeM nMerb fesio ¢ unTepdepeHIueil JByX TOKOB,
TEeKYI[MX 4Yepes [Ba Iepexofa MesKny csepxupopoguukamu. Ouna
BHIBHIBaeTCA pasianmumeM B (asax, ¢ KOTOPHMH CIMBAIOTCA TOKH,
npomeymye no xByM pasmuM nyram. Ha ¢rr, 19.7 noxaszamo ma-
pasiieNbHoe cOeUHEHNe IBYX HepeXonoB a i b MesKay CBe pXIpoBo/-
nuxama. Hornw cBepxnposogunkoB P u () mopwaiodenH k mnpubo-
paM, KOTOpPHIME ME usMepseM TOK. Bmemuui#t 1ok Jnons Oyuer
CyMMOIl TOKOB Wepes Kayijmii n3 nepexogos. Ilycrs J, u J, aro ro-
KE 9epe3 IepeXoJHl, H NycTs BX ¢asu Oyayr &, n §,. Pasrocrs daa
BOAHOBHX QyHRW B Toukax P w Q jpomma OThL OLUHAKOBOIA,
mo KaxoMy 6w myrd BH au pomin. Ha roMm myTw, KoTOpHil ciaegyer
gepes mepexoy &, pasHoctd Pas Memay P u ¢ pasHa O, ONIOC KpH-
BOJIMHEeHHHI MATETpaX OT BEKTOPHOI'0 MOTEHIUAJA BIOJDb BEPXHETO
MyTH;
A Dazsip_, o = aa+% { A-ds. (19.49)

*
Bepxu
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IHogemy? [lotomy uro dasa O cmssama ¢ A ypasmemmem (19.26).
Eciau BE 9T0 ypaBHeHWe NPOMHTEIPApYeTe BAOJIb KAKOTO-TO IYTH,
TO JieBad YacTh JacT M3MeHeHHe (a3bl, KOTOPOE TeM CAMEIM KaK pas
OKaKeTcA HPOMOPIMOHANBHHM KPUBOJWHEIHOMY HHTerpajiy oT A,
9T0 U Hammcauo. VsMeHenme assl mo HWyKHeMy IyTH MOKeT OHITDH
3aI0HCAaHO TMOJOOHBIM jKe 00pasoM:

A @asmpw:abﬁ-;—e [ A-ds. (19.50)
14 ©
Hinxwr

91V BeJIMINHBL JOMKHEL OBITH PABHEL; CIAU A UX BHYTY, TO HOAYYY,
qT0 pasHOCTh NEAbT JOJAHA OBITH pPaBHA KOHTYPHOMY WHHTErpaly
0T A 10 3aMKHYTOMY WYTH

61,—6“:2%9%-035.
r

3mecs uHaTETpat GepercA mo saMKHyYTOMy RouTypy I' (cM. dur. 19.7),
nmpoxojsaiemy yepes oba mepexoga. Murerpan or A 510 MArHETHEIH
norox O wepes xouryp. Urar, gBe meibTH OKA3HBAIOTCA OTIMYAI0-
TUMUCH HA 2qe/ﬁ, VMHOKeHHOEe HAa MarauTeHi noroxk @, KoTopsri
OPOXOMUT MEMHIY HBYMA BETBAMU CXEMEI:

ab—aa:%cp. (19.51)

WsMmenas MATHUTHOE IIOJIe B cXeMe, A CMOTY KOHTPOJHPOBATH 3Ty
pasuocth $as. I ee mpmnaky rawr, yroGH IOCMOTpPETH, LPOABUTCH
7 B IIOJIHOM TOKE, TeKYIIeM CKBO3b 00a mepexona, nHrepdepeHnus
Memy ero wactaMu. Ilomumi rox pasen cymme J, uJ,. Huas yno6-
cTBA A HpUMY

8, =5, +‘_’ﬁe.c1>, abzso_—qﬁe@.

Torna
y S {sin (50+-"h—e tD) L sin (50*_‘%& @)} =

=2J,sin §, cos q%q) . (19.52)

Mul ne 3HaeM, Kakono sHagyeHme §,, I HPHPORA 3JeCh MOKET,
B 3aBUCUMOCTH OT 00CTOATENBCTS, BHTBOPSATH Bee, 410 et 3abaaro-
paccymareda. B wacrHoctu, 8, MojKeT 3aBuceTh OT HPHIATAEMOTO
K TmepexopaM BHemHero Haupsamernda. Ho gro 6m Ml HE penany,
sind, He OKaKeTcA Gonbmie eNHAUIN. SHATUT, NPEOEALHO CUALHbIL
ToK miaA xaxpgoro ganmoro O maerca dopmymnoi

q.D

=2, 5

CoS

JMaKC

252



Tox Jxo3egrona,
npou3GoEHbIE E0UHULE
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MazuumHoe noae, Mmac

\

D ue 19.8. Banucy moka uepes 9sa napasaesbrux nepexoda [Hoico-

seficona karx @Pynryuu macnumuozo noas & obaacmu Mmewdy OeyMA
nepexodamii.

IJTOT HpENeNbHBIH TOK MEHAETCSH, CMOTPA IOo ToMy, Karono D, m
caM JOCTHraeT MakcuMyMa BCAKMH pas, Korja

wh
de

D =n

b

rge n — Henoe uuciao. MHKMU CA0BAMHU, TOK AOCTHUTAET CBOEro
MaKCUMyMa, KOTHA B3anelsiomuiicad 3a CXeMy MOTOK TIPHHUMAET -
Te CaMbie KBAHTOBAHHHE 3HAYCHNA, KOTOPHe MH HOAYYWIHA B ypas-
nennn (19.30)!

Tox [o3edcona wepes ool mepexoa HegasHO O H3Me-
per * Kak QYHKIHA MATHUTHOTO TMOJA B 00JaCTH M@y BeTBAMH.
Pesyabrarer npusegens na dur. 19.8. 3gech Mu Bupum obmumit hon
OT TOKOB, BHB3HBAEMHX DAa3NUIHLIMU 5PPeKTaMu, KOTOPHME MH
npenebperau, #Ho GecTpblie KomeSamHUs TOKA HpU W3MEHEeHWM MAr-
HUTHOTO TOJA OOBACHAITCA HAJAUIUEM UHTEpde PeHIIMOHHOTO TIeHA
cos(q,®/h) B (19.52).

OnvH W3 cCAaMBIX HHTPHTYIOMIHUX BONPOCOB KBAHTOBOM MEXAHNKE —
3TO BOIPOC O TOM, CYHIECTBYET JM BEKTOPHLIA mOoTeHmmal B TOM
Mmecte, rfe Her roaa**, OmwT, KOTOPHH A TOJABKO YTO ONMCAI, OB
OpOfieNIaH TOXKE ¢ Y3eHBKAM COJEHOUIOM, MOMeINeHHHM MERIY ABY-
MA TMePEeXOJaMU, TAK UTO 3aMETHOE MATHUTHOe noJe B 6E10 TONBKO
BHYTPY COJEHOW/A, a HA CBEPXIPOBOAAINUME OPOBOJA €ro IOIa-
namo mnpemebpermmo Mamo. NI por owazsamocs, 9ro CHJIA TOKa
royebleTcA ¢ M3MEHEHNeM MOTOKAa MATHETHOTO IOId BHYTPH 3TOTO

*Jaklevic, Lambe, Silver, Mercereau, Phys,
Rev. Letters, 12, 159 (1964).

** Jaklevic, Lambe, Silver, Mercereau, Phys. Rev.
Letters, 12, 274 (1964). -
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COJIEHOU/IA, JaKe €CJM CAMO MO W He KacaeTcsa IPOBOJOB. IT0 emme
OIHO JOKA3ATEJNBCTBO «(OHBUYECKOU pealbHOCTH» BEKTOPHOTO MO-
reanuana [em. ria. 15, § 5 (smm. 6)].

f1 me smaro, gro Temeph HAa ouepeam. Ho mocmorpure-xa, gro
MORHO OBLTO OH cyienarhb. Bo-meperix, saMersre, 910 HHTEpdE peHIAA
MeKIY ABYMSA MepexofaMu MosKer OHTH MpuUMeHeHa AAA CO3TAHUM
9YBCTBHTEABLHOTO MarmmrToMerpa. Eciam miomags, oxpaTelBaeMas
ABYMs MEPEeX0JaMu, paBHa, cKameM, 1 Mm%, To MAKCMMyYMH HA KpH-
Boit ¢ur. 19.8 Gyayr orcroars apyr or apyra #Ha 2-1073 z¢. Opmy
AecATYI0 IMPOMEKYTHA MERAY IIMKAMU BalPOCTO MOMKHO 3aMETUTH;
3HATHT, TAKUM COGZMHECHWEM MOKHO OyneT W3MEDATH HOJST BeJH-
qupoli B 2-107° 2c, mum saMepATE 60IBIINE TOIA CO CTOID JKE XOPO-
meit Tognocreio. MokaOo mayke moiirk mansme. lpepcrasum, Ha-
TmpuMep, 9TO MHL BIIOTHYIO [APYT K APYTY HA PABHEIX PACCTOAHUAX
paccrapmian 10—20 mepexomos. Torya moayunrea unrtepdepeanysa
pa 10—20 menax, W Opu WBMEHEHNE MATHHTHOTO TMOJA MH OONXY-
qIM OYeHb pE3KMe MAaKCHMyMul ¥ MmEHHMyMBl. Bwmecro murepde-
PEHOUH HA [BYX IeJAX y Hac 6yAeT ABagnatH-, a Moer OHTH, W
cromieaesoilt marepdepoMerp A H3MEepeHWH MACHUTHOTO MOJA.
BeposaTHo, MOYKHO TpefcKa3aTh, 970 N3MepeHHA MArHETHHIX moJgei
npU HCHOTH30BAHME KBAHTOBOMEXAaHWYECKOH MHTepepeHmun cra-
HYT IOYTH TAKUME jKe TOYHBIMM, KaK HMBMEPEHHS IJIWH CBETOBHIX
BOJH.

ITo ellle OHA WINIOCTPAIUA K TOMY, 910 NPOUCXOIUT B (PU3NKE
B mocjaedHee BpeMsA — NOABIeHHWe TPAHBWCTOpA, Jasepa, a Tenepb
5TH TepeXOhl CBePXIPOBOJHMKOB, NPAKTHUIECKOe 3HAUYEHWE KOTO-
PHX TOKa eIlle He PACKDPHTO HONHOCThIO. HBaHTOBaA MeXaHUKA,
orkpmrad B 1926 r., mMmena sa cpomMm niewaMu: mourm 40 Jger
pasBuUTHSA, KOIHA BAPYr BHE3AUIHO OHA NONYYHJIA MHOKECTBO pe-
aJbHHX TpaKTHYecKnX mupuMeneHwit. Kak-ro cpasy mnosBmiach
BO3MOIKHOCTh KpaiiHe [eNWKATHO WM TOHKO YIPAaBJAATH IIPUPOAOIL.

WU moxsxeH BaM cOOOIATD, M3KEHTIBMEHB, KAK 9TO HU IPUCKOPG-
HO, 9TO JAJAA TOT0, 9TO0H IPHUHATL B 3TOM yuacTtume, BaMm abco-
JIIOTHO HEOOXOAUMO KaK MOKHO OBICTpee MBYYHTH KBAHTOBYIO MeXa-
guKy. B 9TOM Kypce ME DONHITAANCH OTHICKATD NYTh, HA KOTOPOM
raiiasl aToi ofnmacty ¢mauRE crasm OH BaM HOHATHEIMH KaK MOK-
HO pPaHbIIE.

KOHEIL] TPETBEIrO TOMA



Bnuaoe

Hy o 1, A BHCTYIAT Hepe] BaMHI IBA rofa, HOPa W HepecTath,
Hoe B wem A XoTen 611 nONPOCUTH NPOMEHNA, 1oe B ueM Her. A na-
peiocs (0omee Toro, sHao!), YTO UYeNOBEK ARajHaTbL-TPHALATE 3
BAC OKABAJUCH B COCTOMINH CACAUTE Ba BCEM C GONBUIMM MOTBEMOM
U nosayunin 60abrioz yEosoabereue. Ho s suaw u 10, 9ro «obyuen ue
PeIRO TPIHOCHT Mo KOMYy-IHO0, KpoMe TeX, KTO UPIAPACIONC-
JHEH K HeMy, HO UM OHO HOYTH He HYKHO». 3HauuT, 0 76X LBy X-
TPCX [@CATKAX W3 BAC, KOTOPHE BCE DOHHMAIY, $ MOTY CKA3arh,
YTO JIWIHb PACKPHUI Lepel HUMHE HCTHHHOE NOJo:Reiuie pemeldl. Yro
3Ke KacaeTca npounx, 1o Gpui0 651 yaib, ecan OB MOU JeKIHA 3acTa-
BUJIE HX DBO3HEHaBUZETH mpexMer. Sl HUKOTIZA Iperkne e mpencja-
BAd HieMeHTapiHOll (PUBMKK | HODTOMY NPWHOILIY WM BCAJecKUe ¥3-
purenns. Ho eee ke A Hajleochb, 970 He OYEHDb BAC HATIYrad W BH jie
GpocuTe 2TOrO 3aMEUATEABHOIO 3aHATHA. MosKer 6wlth, Kro-HMGYIH
APYrofl BMYYHT BAC BeeMy, YEMY HYIRHO, He BHSHBas pasgpaske-
HEA, U B KORIE ROATOB BH BApPYT IofMeTe, 9YTO BCE HTO HEe Tak
CTPANUIHO, RAK CHEPREA KA3aJ0Ch.

Crew 3aMeTUTh, HAKOHEI[, 9TO A He ¢TaBHI cebe 1eabio mMOjro-
TOBHUTH BAC K KAKHUM-TO 9K3aMeHaM W Jajke K paboTe B NPOMBIILIeH-
HOCTH W B BOeHHOM fgede. fl Xorea, 9To6H GONBIIMHCTBO U3 Bac
CMOTJIO OHEHITH KPacoTy Hallero MPeKPacHoIo MUpa W BMeCTe ¢ TeM
TONYYUTh (YUsHIECKoe HpejcraBienne 0 Mupe, KoTopoe, s AyMaro,
cocraBifAeT ceiiyac IMIaBHYI0 YacTh HMCTHHHOM RYJIBTYpH Hamei
anoxu. (BeposarHo, =HafigyrcAd 1mnpemogasateln [pYrux HAHCIE-
TJIMH, KOTOPHE B3aXOTAT 4YTO-TO BO3PAaswWIb, HO A-TO 3HAK, YTO
oun abcoxOTHO HEIpaBHL.)

A Momer OHTH, BH He TONBKO CcyMeerte OTAATH HOJIKHOE DJTOMH
KyabType; He HCKIOYeHO, 9TO ¥ BAC CAMHUX WOTAHET HOARIIOYUTLCA
K DTOMY BelWYafillieMy fep3aHNio, Ha KoTOpog Korga-nmbo myc-
KaJlcfl YeNOBEUECKHHE pasyM,



Om pedaxmopa nepeeoda

Mu xoresm O JO0ABHTH, K U3BUHEHHWSAM aBTODA eille OJIHO.

B Bwm. 5, na crp. 107, umeercsa omuGra, TpeGyomas mempas-
nermsa. Tam CKasaHO, YTO «HHUKAKOE CTATMYECKOC pacHpefeieHue
3apaAga BHYTPH 3aMKHYTOTO CILIOIIHOTO TpoBOJHWKA (NOApasy-
MEBaeTcs, KOHETHO, B IOJocTH.— Ped.) HE MO/KeT c0o34aTh HoJe
Bue ero. 3amura JgeiictByer B 00e cTopomEni!» ABTOPH JOJKHEL
Owutm GBI OTOBOPUTH, 4TO mHone BHe obosouxm (mpum mwoboM cra-
TUYECKOM paclpeseleHny 3apAj0z BHYTPH e€¢) OTCYTCTBYET NHMb
B TOM ciayuae, eclH IOCHeJHAsA 3azeMmieHa. AHAJTOTHIHOE BaMe-
yanue OTHOCHTCH M K TOCIAYIOIEMY YTBePRIEHHIO AaBTOPOB O
HEe3aBICHMOCTH DAEKTPHYECKUX Hodeil mo ofe CTOPOHH CHIOMI-
HoOit mporogmmeit ofoxouxm m K paccy:ijgermaM ma crp. 121.



