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BBEJAEHUE

Baxneiimas 3agadya kypca (Qu3uku — GOpMHpPOBAHUE Y CTYJIEHTOB
IpeACTaBIeHUM O COBpEeMEHHOU (M3MYECKOW KapThHe Mmupa. B kiaccuue-
CKOM (pu3MKe, ONMUCHIBAIOIIEH MaKpOMUp, MaTepHsl MPEACTaBICHa B BUJIC Be-
iecTBa M MoJjisi. BelecTBo COCTOMT U3 aTOMOB M MOJIEKYJ. ATOMBI U MOJIe-
KyJIbl XOTSl ¥ MaJIbl, HO MPUHAJJIEKAT K YUCITY HanOosee KPYmHbIX M0 pa3Me-
py IpEACTaBUTENIEH MUKPOMHUPA, OOBEKTBI KOTOPOTO MMEKOT XapaKTEPHbIE
pa3sMepbl — MEHBIIIE 107 m.

Crnenyroiue, 06onee MeJIKUE MO pazMepaM, OObEKThl MUKPOMHPA — CO-
CTaBHbIC YaCTU aTOMOB: AJIEKTPOHBI M aTOMHBIE S7pa. DIEKTPOHBI U HYKIIO-
HBI (IPOTOHBI M HEUTPOHBI, BXOJSIINE B COCTAB S/Ipa) CUUTAIOTCS O TPaAIU-
IIUU AJIEMEHTapHBIMU YacTUIlamMu. [IpudeM 37eKTpOHBI OTHOCSTCS K TaK Ha-
3bIBAEMBIM (PYH/IAaMEHTAJIHBIM 3JIEMEHTApPHBIM YacTUllaM (HEIEIUMBIM),
a IPOTOHBI U HEUTPOHBI — COCTABHBIE YACTHUIIBI, OHU OOpa30BaHbl U3 OoJiee
MEJKUX YaCTHII, HA3bIBAEMBIX KBAPKaAMHU.

Kakue MoImHbIe CUIIbI 3aCTaBIISIIOT OJTHOMMEHHO 3apSKEHHBIE MPOTOHBI
MPUTATUBATHCA APYT K APYTY B SApe, MOYEMY OTPHUIATCIBHBIA AIEKTPOH
HE MaJlaeT Ha mnojoxutenbHoe Aapo? Ilouemy siapa aToMoOB, cocTOsLIME U3
IPOTOHOB (IIEPUOJI TOJIypacnaga KOTOPhIX ~ 10% JIET) U HEUTPOHOB (MIEPUOL
noJiypacmaia KOTopbIX Bcero ~ 11 MUHYT), OCTatOTCSl CTaOUIILHBIMU HA TIPO-
TSDKEHUH, M0 KpaitHe mepe it 3emn, ~ 4,5 mupa. net? Kakue cuibHbIe
U cinadble B3aUMOJIEUCTBHUS OCYLIECTBISIOTCS MEXAY 3JI€MEHTapHBIMU Yac-
tutiaMu? Kak cBsI3aTh MX C TPaBUTAIMOHHBIM B3aMMOICHCTBUEM, TTPUCYIITAM
BCEM TellaM M YacTuiam? DTH U JIpYrue BOMPOCHl Mbl OyAeM 00CYyX IaTh
B JaHHOM pasjiene odiero kypca ¢pusuku. OT peuieHus: 3TUX BOIPOCOB BO
MHOTOM 3aBUCHUT YCKOPEHUE PA3BUTHUS HAYKH U TEXHUKH.

Jlist yno6cTBa paboThl € IAaHHBIM MMOCOOHMEM B MPHUIIOKEHUU TPUBEICHbI
dbyHIaMeHTalIbHbIE PU3NYECKUE KOHCTAHTHI, TAOIUIIBI (PU3NYECKUX BEITHYUH
Y HEKOTOPBIE CIIPABOYHBIE JTAHHBIE.

Marepuan nocoOusi OCHOBaH Ha cojep»)aHuu y4eOHbIX mocoouit «Kypc
JeKUMi 1o (pu3uKe», dMEKTPOHHBIE BEPCUU KOTOPBIX pa3MEIIeHbl Ha CalTe
Hay4YHO-TeXHHUeckoi ouommoteku TITY http://www.lib.tpu.ru.

JInst HacTosiero Kypca (pU3MKu peainu30BaHO €ro MyJIbTUMEAUITHOE CO-
IPOBOXICHUE U CO3[IaH JIEKTPOHHBIM y4eOHUK, pa3MEIlCHHbIN B 3JIEKTPOH-
HoM untaimbHoM 3ane HTB TIIY, B cpeae AMCTaHIMOHHOTO OOy4eHHUS
«MOODLE» http://mdl.lcg.tpu.ru u B cpene anekrponHoro ooyueruss LMS
TITY http://Ims.tpu.ru. Haunbosee moiaHo MaTepuan Kypca U3JI0KEH Ha caiTe
npemnoaasatess http://portal.tpu.ru/SHARED/s/SMIT.

ABTOpBI ¢ 6JIar0IApHOCTHIO MPUMYT BCE 3aMEUAHUS U TMOKETAHUS YUTa-
TEJICH, CIIOCOOCTRYIONIME YIYUIICHUIO Kypca, o aapecy Smit@tpu.ru.
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1. OIITUKA

1.1. TEOMETPUYECKAS OIITHUKA.
KOPIIYCKYJAPHO-BOJIHOBAS TEOPUS CBETA

1.1.1. OnTHka 1 ee BUABI

Onmuka (ot rped. Optike — HayKka O 3pUTEIBHBIX BOCIPUATHAX) — Pa3-
oenl huzuKu, 6 KOMOPOM uU3yuarmca onmuueckoe usiyuenue (CBET), €20
pacnpocmpanenue u A61eHUA, Hada0aemble npu 63auUMo0elicmeuu cee-
ma u geujecmea.

OnTrueckoe M3NydyeHUue MpeCTaBIsieT cOOON IIEKTPOMArHUTHBIE BOJI-
HBI, ¥ IOATOMY OITHUKA — YaCTh OOIIEro yueHus: 00 3JIEKTPOMArHUTHOM TOJIE.

Ontuueckuid Auamna3oH JJIMH BOJIH A OrpaHUYEH, C OJHON CTOPOHHI,
PEHTI€HOBCKMMU JIy4aMH, a ¢ APYrOod — MHKPOBOJHOBBIM JIMANla30HOM pa-
JTUOU3ITYYEHUS.

OnmuKy npunamo noopazoenams Ha 2e0MempudecKyro, u3uuecKyro
u usuonozuueckyo.

I'eomempuueckasa onmuka, He paccMaTpuBas BOIIPOC O IIPUPOJIE CBETA,
HUCXOAUT W3 IMIIMPUYECKUX 3aKOHOB €ro PaclpOCTPAaHEHUsS WU HCIIOJIb3YET
MIPEACTABIICHUE O CBETOBBIX JIy4axX, OTPAXKAIOIIMXCS U MPEITOMIISIOMIMNXCS Ha
IPaHUIIAX CpEJl C Pa3HbIMU ONTUYECKHUMHU CBOWCTBAMHU W MPSAMOJIUHEHHBIX
B ONTHUYECKU OJHOPOIHOU CpeJie.

Haubonbiiee 3HaueHHe reoMeTrpuyeckas ONTHKA HMMEET AJis pacueTa
Y KOHCTPYHUPOBAHMSI ONITUYECKUX MPUOOPOB — OT OUKOBBIX JIMH3 JIO CJIOKHBIX
OOBEKTUBOB M OIPOMHBIX ACTPOHOMHUYECKHX HHCTPYMEHTOB.

QDu3uueckas onmuka paccMaTpUBAET MPOOJIEMBI, CBSI3aHHBIE C MPOLIEC-
CaMU UCITyCKaHUs CBETA, IPUPOJON CBETA U CBETOBBIX SIBJICHUM.

[Ipocrelimme oNTUYECKUE SIBJICHUS, HAPUMEP BO3HUKHOBECHHE TEHEU
Y TIOJIy4eHHE M300pakKeHU B ONTUYECKUX MPUOOpax, MOTYT ObITh MOHSTHI
B paMKax r€OMETPUYECKOM ONTUKU. [[1s1 moHMMaHusi 0oJiee CIOXKHBIX SIBIIE-
HUW HYyXHa @usuyeckas onmuxa. Ouznyeckas ONTHKA MO3BOJISET yCTAHO-
BUTH I'PAaHULIBI IPUMEHUMOCTH 3aKOHOB I'€OMETPUYECKON onTUKH. be3 3Ha-
HUS 3TUX TpaHull popManbHOE MPUMEHEHNE 3aKOHOB T€OMETPUUECKOM OINTH-
KM MOYKET IPUBECTH K PE3YJIbTATAM, IPOTHBOPEYALUM OIIBITY.

QDu3uonozuueckaa onmuka N3y4aeT CTpoeHHE W (YHKIMOHHPOBAHUE
BCEro amnmapara 3peHusi — OT IJ1a3a 0 KOpbl MO3Ta; pa3padaThIBaeTCs TEOPUS
3pEHUs, BOCIIPUSITUS CBETA U 1IBETA.
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Pe3ynbTaThl (PU3MOIOTMYECKON ONTHUKH HCITOJIB3YIOTCA B MEIUIIUHE,
(bu3HONI0THHY, TEXHUKE MPU pa3paboOTKe pa3HOOOpPa3HBIX YCTPOIMCTB — OT OC-
BETUTEIBHBIX TPUOOPOB U OYKOB JO IBETHOT'O KMHO U TEICBUIACHUSI.

1.1.2. I'eomeTpryeckas ONTUKA

OcHOBHBIEC 3aKOHBI TEOMETPUYECKON ONMTUKU M3BECTHBI €LIE C JPEBHUX
BpemeH. [Inaton (430 r. 10 H.3.) YCTAaHOBWJI 3aKOH MPSMOJMHEUHOTO pac-
npocTpaHeHus cBera. B Tpakrarax EBkimnma ¢opmynupyeTcs 3aKOH MpsiMO-
JMHEWUHOTO PacIpOCTPAHEHUS CBETA U 3aKOH PABEHCTBA YTJIOB MAaJICHUS U OT-
paxenus. Apucrorenb U [Itonemeit n3yyanu npenomsuenue csera. Ho tou-
HBIX (POPMYITHPOBOK 3TUX 3AKOHO8 2€0MEMPUYUECKOll ONMUKU TPEUCCKUM
¢unocodam HalTH HE yAATOCH.

TI'eomempuueckan onmuka SBIASETCS NPEACIBLHBIM CIy4aeM BOJHOBOM
ONTHUKH, KOTJIa OJITUHA CEEM OGO 80JIHbI CIMPEMUMCA K HYJIIO.

B ocHoBY (opmaibHOr0 MOCTPOCHUS T€OMETPUUECKON ONTHUKH II0JIO-
AKEHO TOHATUE C8EMO6020 Jiydd U Uemblpe 3aKOHA, YCTAHOBICHHBIX OIBIT-
HBIM ITYTEM:

® 3aKOH MPAMOJIMHEHHOTO PaCpOCTPAHEHHUS CBETA;

® 3aKOH HE3aBHCUMOCTHU CBETOBBIX JIyUYEH;

® 3aKOH OTPa)XXEHUS;

® 3aKOH IPEJIOMJICHUS CBETA.

JInst ananv3a 3TUX 3aKOHOB HUJACPJIAHACKUHN yueHbld X. [ tolrenc npen-
JIOXKWJT TPOCTOW W HATrJSIHBIA METOJl, HA3BaHHBIA BIIOCICICTBUU HPUHUU-
nom I'voiizenca.

Kaorcoas mouka, 0o komopoti 0oxooum ceemosoe 8030)coenue, 16.s-
emcsl, 8 C60K0 ouepeob, UECHMPOM GMOPUYUHBIX 60JIH; NOBEPXHOCHb, 02U-
barowas 6 HeKOMopwvlll MOMEHM 8pPeMeHU dMU 8MOPUUHbLE BOJIHbL, YKA3bIBA-
em Non0dHCeHUue K dMoMy MOMEHmM) (PpoHma OeucmeumenbHo pacnpocmpa-
HSIOUELICSL BOJIHBL.

OcHOBBIBasICb Ha CBOEM MeETOE, [ IONTreHC OOBSCHWII HpAMOUHEl-
HOCMb PACRPOCMPAHEHUs C6eMA W BbIBEI 3AKOHbL OMPANCEHUA N NPENOM-
JleHus.

3aKOH NPAMONUHENH020 PACRPOCMPAHEHUS C6CMA:. CEEM 8 ONMUYECKU
0OHOPOOHOU Cpede pacnpoCmpaHsaemcs NPAMOJUHEUHO.

Jloka3aTenbCTBOM AITOTO 3aKOHA SIBISETCS HAJW4Yue TEHH C PE3KUMHU
IrpaHUIlaMUA OT HEMPO3pavyHBIX MPEAMETOB IIPU OCBEIICHUU UX UCTOUYHUKAMHU
MaJibIX pa3MepoB.

TriaTeapbHble SKCIEPUMEHTHI MMOKa3alld, OJTHAKO, YTO 3TOT 3aKOH Hapy-
IIaeTCsA, €CIU CBET MPOXOJUT Yepe3 OUCHb Majbleé OTBEPCTHS, MPUYEM OT-
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KJIOHEHUE OT MPSAMOJIMHEHHOCTH PAaCIpOCTPAHEHUsI TeM OOJIbIIE, YEM MEHb-
1I€ OTBEPCTHSI.

Tenb, orOpaceiBaeMasi IpeIMETOM, 00YCIIOBIEHA HPAMOIUHEUHOCHIbIO
Pacnpocmpanenus c6emoenix jiy4eil B OITHYECKN OJTHOPOIHBIX Cpellax.

ACTPOHOMUYECKON WILTIOCTpAIlUEd HPAMOJAUHENH020 PACHPOCMpPAaHe-
HUsA ceema v, B YaCTHOCTH, 0OpPa30BaHMS TEHU U MOJTYTEHU MOXKET CIIYKHUTh
3aTeHEHHE OJJHUX IJIaHET APYTUMH, HanpuMmep 3ammenue JIynwt, xorna Jlyna
nonanaet B TeHb 3emun (puc. 1.1.1). Benencrue B3aumuoro neuxenus Jly-
Hbl U 3€MJI TEHb 3E€MJIM MEPEMENIAETCA MO NOBEPXHOCTH JIyHBI, U JIyHHOE
3aTMEHHE MPOXOJUT Yepe3 HECKOJIbKO YacTHRIX (a3 (puc. 1.1.2).

Op6uTta nyHbl

yHa B MOMEHT
3aTMeHuns

Puc. 1.1.1

Puc. 1.1.2

3akon nezasucumocmu ceemosvix NYyuKog:.

® o¢ppexm, npouzBOOUMbBLIL OMOENILHLIM NYUKOM, HE 3A8UCUN 0N MO20,
oeticmgyom Jiu 00HOBPEMEHHO OCMATIbHblE NYYKU ULU OHU YCIPAHEHDL.

Pa3buBasi cBeTOBOM MOTOK HA OT/ACIIbHBIE CBETOBBIE MUK (HAmpUMep,
C TIOMOIIBI0 Auadparm), MOKHO MOKa3aTh, YTO JICWCTBHUE BBIICIEHHBIX CBE-
TOBBIX ITy4YKOB HE3aBUCHMO.

3akon ompasicenusn (puc. 1.1.3):

®  OMPAdICEHHBIU VY JIeAHCUM 8 OOHOU NIOCKOCMU C NAOAIOWUM JIYYOM
U NEPNeHOUKYISAPOM, NPOBEOEHHbIM K 2paHuye paszoeia 08yX cped 8 mouKe
naoeHus,

® )20 NA0eHUs 0. padeH Y2y OMpPariCeHus Y. o = v.

3akon npenomnenusn (3akon Cnenuyca), puc. 1.1.4:

® 1Yy nadarowutl, 1yy NPeLOMIEHHbIU U NePReHOUKVIAD, NPOBEOEHHDbII
K epanuye paszoena 8 mouke nadeHus, iexicam 6 0OHOU NIOCKOCMU,
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® OMHOUWEHUEe CUHYCA Yela NA0eHUsl K CUHYCY Yeld NPeioMieHUs eChib
BeNIUYUHA NOCMOSIHHAS 0151 OAHHBIX CPeO.
sina. ¢

sinB v

II

IMaparommit OtpasxeHHbIH

ayd

B [TpenomieHHEII

Puc. 1.1.3 Puc. 1.1.4

{15 BBIBOJIA 3aKOHA OTpaXkKeHUs1 Bocnodibdyemcs puc.1.1.5 u puc. 1.1.6.

Bv1600 3axona ompasicenusn TpoBeIEeM C MOMOIILI0 NMpuHIUNa [ 'roii-
redca. [Ipeamnonoxxum, 4To TIockasi BojiHa (PpOHT BOJIHBI AB), pacnpocTpa-
HSIOINAsICSl B BAKyyM€ BJI0JIb HampaBlieHUus | co CKopocCThIo ¢, TajaeT Ha rpa-
HUIy paszgena aByx cpen (puc. 1.1.5). Korma ¢GpoHT BosHBI AB TOCTUTHET
OTPAKAOLIEH MMOBEPXHOCTU B TOUKE A, 3Ta TOYKA HAYHET U3Jy4aTh 6MOpUY-
HYI0 6OTIHY.

Puc. 1.1.5 Puc. 1.1.6

e Jlnga mnpoxoxaeHuss BOJAHOM paccrosuuss BC Tpebyerca Bpems
At = BC/v. 3a 310 e BpeMsi ppOHT BTOPUIHOHN BOJIHBI JJOCTUTHET TOYEK I10-
aycdepsl, paauyc AD kotopoit pased: oAt = BC. [lonoxenue pponTa oT-
pPaXEHHOM BOJIHBI B 3TOT MOMEHT BPEMEHU B COOTBETCTBUM C IPUHLIHAIIOM
['folirenca 3amaetcs wiockocthio DC, a HampaBiieHHe pacpOCTPAHCHHS ITON
BosiHbl — JiydoM |l. M3 paBenctBa tpeyroiasaukoB ABC u ADC BeiTekaeT 3a-
KOH OMPAdiCeHUsl. Y207l NAOeHUsl 0. PAGeH Y2ly OmMpaXCeHUs Y.

Buoi6o0o 3axona npenomnenus. llpennonoxuMm, 4To IUIOCKAs BOJHA
(bpoHT BoJIHBI AB), paclipoCTpaHsIONIascs B BAKyyMe BJOJIb HanpaBiaeHus |
CO CKOPOCTBIO ¢, MAaJaeT Ha TPaHUIly pasjlieia co CpeAol, B KOTOPOU CKO-
POCTh €€ pacipocTpaHeHus paBua v (puc. 1.1.6).
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[TycTs Bpems, 3aTpauynBaeMoe BOJHOW 111 MpoxoxaeHus nytu BC, paB-
HO At. Torma BC = cAt. 3a 310 ke Bpems (pOHT BOJIHBI, BO30YK/1aeMOH TOY-
KOM A B Cpelie CO CKOPOCTBIO U, TOCTUTHET TOYEK MOTycepbl, paanyc KOTO-
poit AD = vAt. Tlonoxxenue GppoHTa MPEIOMICHHOW BOJHBI B 3TOT MOMEHT
BPEMEHU B COOTBETCTBUU C TMPUHIMUIIOM [loiireHca 3agaercsi MIOCKOCTBHIO
DC, a nanpapienue ee pacnpoctpaneHus — aydoM lll. 13 puc. 7.6 BuaHo,

4qTo
AC=BC/sina=AD/sinp, T.. CAt/sina.=vAt/sinf.

Orcrona cnenyert 3axkon Crenuyca:
sina _ C
sinf v

Heckonbko nHas ¢popMyIupoBKa 3aKOHa pacnpOCTpaHEHUs CBeTa Oblia
naHa GpaHIly3cCKUM MateMaTukoM U ¢usukom [1. depma.

CornacHo npunuyuny @epma, ceem pacnpoCmpaHsiemcs Mexcoy 08yms
MOUKamu no nymu, OJisi NPOXOHCOEHUsT KOMOPO2o HeoOX00UMO HAUMEHbULee
epem:.

[TokaxeM NMpUMEHEHUE 3TOr0 MPHUHIUIIA K PEHICHUIO TOW K€ 3a1a4d O
MPEIOMIICHUH CBETA.

JIyd OT UCTOYHHUKA CBETa S, PACIOJIOKEHHOTO B BaKyyMe UAET 10 TOYKU
B, pacroyio)keHHOI B HEKOTOPOH cpejie 3a rpanuiie pasaena (puc. 1.1.7).

Puc. 1.1.7

B kaxnoii cpene kpatuaidmmm nyteM OynyT npsmbie SA u AB. Touky A
OXapaKTepU3yeM pPaCCTOSIHUEM X OT MEPHEeHIUKYIspa, OMYIIEHHOTO U3 HC-
TOYHHUKA Ha rpaHully pazzaena. OnpenenuM BpeMs, 3aTpauyeHHOE Ha MPOXOXK-
nenue mytu SAB:

2 2 2 2
T:S_A+AB:\/h0+x +\/h +(L-xf
C L C V
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JIns Hax0KIeHUsI MUHAMYMa HaluJeM IIEPBYIO IPOU3BOAHYIO OT T IO X U
IIPUPABHSIEM €€ K HYJIIO:
dr _ 2X 2(1 —x) -1 sma _sinB 0.

dx ZCw/h2+X 21)\/h2 v

OTCroaa MMpuxoauM K TOMY K€ BI)Ipa)KeHI/IIO, 9TO IIOJIYYCHO HUCXOOA U3 IIPUH-

. sihaa C
mura | ronrenca: ——=—.

snp v

[Tpuniun depma coxpaHui CBOE 3HAYEHHUE JI0 HAIUX JTHEH M MOCHY-
KUJI OCHOBOM 11 001ed (opMyTHPOBKH 3aKOHOB MEXAHUKH (B T.4. TEOPUU
OTHOCUTEJILHOCTH U KBAHTOBOW MEXaHUKH ).

N3 npunnuna depma BbITEKAET HECKOJIBKO CJIEICTBHIMA.

O6pamumocmo ceemoswix ayuei. eciu oopamums ayy |l (puc. 1.1.4),
3acmasus e2o nadams HA 2paHuyy pasoeia noo yeiom 3, mo nperomierHuvlil
JIY4 8 nepeoil cpede 6yoem pacnpocmpausimvcsi N0 Yeaom o, m.e. nouoem
8 oopamnom Hanpasienuu 600Jb ayda l.

/Jlpyzoii npumep — mupasic, KOTOPBIM 4acTO HAOIIOAIOT IMyTEIIECTBEH-
HUKHM Ha pacKaJieHHbIX cojHueM goporax (puc. 1.1.8). Onu BUIAT Bnepenu
0a3uC, HO KOTJa MPUXOIT TyHAa, KPYrom okazbiBaeTcsi necok. CyIIHOCTh
B TOM, YTO MBI BUJUM B 3TOM CJIy4ae CBET, MPOILICAIINI HaJl MECKOM. Bo3ayx
CUJIBHO pAcKaJieH HaJl cCaMOM JOpOroi, a B BEPXHHUX CJOsIX xonoaHee. ['ops-
YU BO3/IyX, pacIIUpPssiCh, CTAHOBUTCS O0JIee pa3peKeHHBIM U CKOPOCTh CBE-
Ta B HEM OOJIBIIIE, YeM B XOJIOAHOM. [103TOMY CBET IPOXOIUT HE MO MPSIMOH,
a 10 TPAeKTOPUH C HAMMEHBIINM BPEMEHEM, 3aBOpavMBasi B TEILIbIC CIIOU
Bo3yxa. Ha puc. 1.1.9 u3o0pakeH Tak Ha3bIBAEMBIN «BEPXHUI MUPAXKY.

Puc.1.1.8 Puc. 1.1.9

Ecnu ceéem pacnpocmpamnsiemcs uz cpeowt ¢ 0onvuium nokazamesnem
npenomaenusn 1Ny (ONTHYECKH OoJiee TUIOTHOW) 6 cpedy ¢ MeHbWUM NOKA-

3amenem npenomiaenus N, (ONTHYECKH MEHee INIOTHOH, Ny > N, ), Halpu-
MEp M3 CTEKJa B BO3AYyX, TO, COTJIACHO 3aKOHY IPEIOMIICHHSA, HPe10MACH-
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HOLl JIyY YOaisemcs om HOpManu M Yroj TpenomiieHus [3 Ooiblie, 4em
yrout nageHus o (puc. 1.1.10, a).
I |

. l
| 1
o,y o,y
| 1

=
-

A 4

=
[§]
() W
mv
=
ro
-@\'/
=
N

Puc. 1.1.10

C YBCIMYCHUCM VyIUla IMAJACHUA YBCIMYHUBACTCA YIOJI IIPCIOMIICHUA

(puc. 1.1.10, 6, 8) 10 Tex MoOp, MOKa IPU HEKOTOPOM yTJie maaeHus (o = ocnp)

YTOJI NPETOMIICHHS] HE OKa)KETCsl paBHBIM /2.

Yron o, HasblBacTcs npedensHvim yenom. llpu yriax mnaeHus

0> oLy, BECh NAJAMOMIHI CBET MOJIHOCTBIO oTpaxaercs (puc. 1.1.10, 2):

e Ilo mepe mpubnuxeHusl yria HajeHus K NpeAebHOMY HUHTEHCHB-
HOCTB MPEJOMIIEHHOTO JIy4a YMEHBIIIAETCS, a OTPAKEHHOTO — PACTET.

e Ecmn o =0, TO HHTCHCHBHOCTD MPEIOMIICHHOTO JIy4a 00paIaceTcs

B HYJIb, @ HHTEHCUBHOCTh OTPAKEHHOIO PaBHA MHTEHCHBHOCTH ITaafOIIErO
(puc. 1.1.10, 2).

* Takum 0bpasom, npu yenax nadenus 6 npeoeiax om O, 00 T2 ay4

He npenomiasemcs, a NOIHOCMbIO OMpPAadcaemcs 8 nepeyio cpeody, npuiem
UHMEHCUBHOCMU OMPAINCEHHO20 U nabaiou;eeo Jzyued 00UHAKOBbL. IMOo s6ie-
HUe HA3bIBAemCs ROTIHBIM OMPAXNCEHUEM.
Hpez[eanLIﬁ Yo anp OIIPCACIIACTCA U3 (i)OpMYJ'H)I
: : _ . Ny
msina=n,sinn/2; Ol =arcsin—=.
M
HAenenue nonnozo omparceHus UCHONbIYEMCA 6 NPUZMAX HOTHO20
ompadicenusn (puc. 1.1.11).
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Puc. 1.1.11

Iloka3zarenp mpeaomieHUs CTEKIJIa paBeH N = 1,5, mo3ToMy npeaesbHbINI
YOI JULst TPAHHULIBI CIMEKIIO — 8030YX Oy = arcsin (1/1,5) = 42°.

[Ipu mameHnn cBeTa Ha TpaHUIly cmekio — 8030yx Tpu o > 42° Bceraa
OyJeT UMETh MECTO MOJHOE OTPAKEHHUE.

Ha puc. 1.1.11 noka3zaHbl mpu3MbI TIOJTHOTO OTPAYKEHHUSI, TTO3BOJISIOIINE:

a) MOBEPHYTH Jiyd Ha 90°;

0) MOBEpHYTh U300paKEHUE;

B) 00E€pHYTH JTyUH.

Ilpuzmol no1HO20 OMpasricenus NPUMEHAIOMCA 6 ONMUYECKUX NPUHO-
pax (Hanpumep: B OMHOKJIAX, MEPUCKOIIAX), a TAKXKE B peppakTomerpax, mo-
3BOJIIOIIMX ONPEAENISATh MOKA3aTENN MPEIOMIIEHHS Tell (110 3aKOHY MPEIOM-

JICHUA, U3MCPA OLHp, OIpcacCIsiCM OTHOCHUTECJIbHBIN IOKAa3aTeb IIpeIoMIIC-

HUA JBYX Cp€l, a TaKXKe aOCOJIIOTHBIA MOKa3aTellb MPEJOMIICHHUS] OJHOW W3
Cpe, €CJIM TI0Ka3aTesb MPEIOMIICHHS BTOPOM CPE/Ibl U3BECTCH).

SIBNeHHE TOTHOTO OTPAXKECHHSI HCIONB3YETCS TAaKKE B C6E€MO0600ax,
MPEICTABIISIONINX COO0M TOHKHUE, MPOU3BOJIBHBIM 00pa30M U30THYTHIC HUTH
(BOJIOKHA) U3 ONTUYECKHU Mpo3padyHoro marepuana (puc. 1.1.12).

- VA

Puc. 1.1.12

B BOJIOKOHHBIX JA€TaIsAX MPUMEHSIOT CTEKIISIHHOE BOJIOKHO, CBETOBENY-
mas kuia (CepIeBHHA) KOTOPOTO OKPYXKaeTcs CTEKIOM — 00OJOYKON W3
JIPyTroro CTeKJa ¢ MEHBIIUM IOoKazaTesieM npenomiieHus. CBeET, Majaromuii
Ha TOPEI] CBETOBOJIA HOO Y2/10M D0.1bUle nPedeibHO20, TIPETEPIICBaeT Ha 10-
BEPXHOCTH paszjieja CEpAICBUHBI U 000JOUYKU MOJIHOEe OMmpajrceHue 1 pac-
MPOCTPAHSIETCS TOJIBKO 110 CBETOBEAYILECH JKUIIE.

CoBpeMeHHBIE OINTHYECKHE BOJOKHA HMEIOT pa3Hble MOAU(PUKAIIUH
1 OBIBAIOT OJTHOMOIOBBIMH U MHOTOMOJI0BEIMH (puc. 1.1.13).

CBeTOBObI MCMOJIB3YIOTCSI TIPU CO3JaHUU meezpaghHo-menehoHnbvix
Kabeneun 6onvuwion emkocmu. Kabenb COCTOUT U3 COTEH WU THICSY OINTHYE-
CKHMX BOJIOKOH, TOHKHX, KaK 4ejoBedeckuil Bojioc. [lo Takomy kabento, TOJ-
IIMHOM B OOBIYHBIN KapaHJalll, MO>KHO OJJHOBPEMEHHO IepeiaBaTh 10 BOCh-
MUJIECSITH ThICSY TeJIe(OHHBIX PA3TOBOPOB.
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[Moxkazarenn
npeaoMIeHHSA

ibonee HU3K K
g ;:5\;\ Ii )’ :ﬁu;n:r: BBICOKHH
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'DoTee HU3K M

MHOTOMOOIOBOE BOMOKHO CO CTYIICHYATEIM Hpﬂ(hI{J'IBM

----0onee HU3KHIL
- t e
:\ﬁ) DoJiee BBICOK Hii
f

-Donee HU3KKUI

MHOTMOMOQIOBOC IPAAHCHTHOC BOJIOKHO

Puc. 1.1.13

Kpome Toro, cBETOBO/IbI UCHOJIB3YIOTCSI B ONTOBOJIOKOHHBIX 3JIEKTPOH-
HO-JIy4EBBIX TPYyOKax, B 3JEKTPOHHO-CUETHBIX MAaIlIMHAX, JJIsl KOJUPOBAHUSA
uH(popmManuu, B MEIUMUMHE (HAIpHUMeEp, IUAarHOCTHKA KENyaKa), sl Leiel
UHTErPaJIbHOUN ONTUKH.

1.1.3. Pa3BuTHe B3IJIS/10B HA IPUPOY CBETA

[lepBbie MpencTaBIeHUs 0 npupooe céema, BOSHUKIINE Yy IPEBHUX I'pe-
KOB U €TUIITSH, B JaJbHEHIIIEM, 10 MEpPE N300PETEHUSI U YCOBEPIIICHCTBOBAHUS
Pa3IMYHBIX ONTHYECKUX MPUOOPOB, pa3BUBAIUCH U TPAaHCHOPMHUPOBAIIUCE.

B cpeanue Beka cTanu M3BECTHBI SMIUPUYECKUE TIPaBUJIa MOCTPOCHUS
n300pakeHuid, naBaembix JmH3amMu. B 1590 r. 3. SIHCeH mocTpous mepBbIit
mukpockorn, B 1609 r. I'. I'amuneit uzo6pen teneckon. KomudyecTBeHHBIN 3a-
KOH MPEJIOMJIEHUS CBETA MPH MPOXO0KIACHUU IPaHULIbl pa3jiena IByX cpel yc-
taHoBwI B 1620 r. B. CHemnnyc. MatemMatnueckasi 3amuch 3TOrO 3aKOHA
B BUje Sina/sin B =const npunaminexut P. {ekapty (1637 r.). OH ke MOmbI-

TaJcsa OOBIACHUTH ATOT 3aKOH, UCXOSl U3 KOpnycKYIsApHou meopuu. Briocnen-
ctBun (hopmynuposkoi npunmuna depma (1660 r.) ObL1 3aBepiieH PpyHaa-
MEHT MTOCTPOEHUS TEOMETPUICCKOMN OITHKH.

JlanbHeliee pa3BUTHE ONTHKU CBSI3aHO C OTKPBITHSAMH Ougpaxyuu
u unmepgpepenyuu ceeta (O. I'pumanbau, 1665 1.), dsotinoco ayuenpenomie-
nus (3. bapromun, 1669 1.) u ¢ pabotamu Y. Hetotona, P. I'yka, X. ['toiirenca.

B konie XVII B. Ha 0CHOBE MHOTOBEKOBOTO OIbITa W PA3BUTHS IPe/]i-
CTaBJICHHUI O CBETE€ BO3HUKJIU JIBE MOIIHbIE TEOPUU CBETA — KOPHYCKYIAPHASA
(Heroton — [ekapt) u 6ornoeasn (I'yk — ['tolirexc).

Kopnyckynsipusie B0o33peHuss Ha npupoay csera M. HerotoH paszBui
B CTPOIHYIO TeOopHuI0 ucteueHus. Ceem — KopnycKyJbl, UICITyCKaeMble Tena-
MU U JIETSIIME C OIPOMHOM cKopocThio. K aHanmm3y ABUXKEHUSI CBETOBBIX
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KOpITycKys1 HbIOTOH, €CTECTBEHHO, MPUMEHWT CPOPMYIUPOBAHHBIC UM 3aKO-
HBI MEXaHHUKH. V3 3THX MpeCTaBICHUI OH JIETKO BBIBEJT 3aKOHBI OTPAKCHUS
U mpesiomiieHus cera (puc. 1.1.14).

Puc. 1.1.14 Puc. 1.1.15

Opnako u3 paccyxjaeHuid HploTOHa cienoBalio, 4TO CKOpoCcmb ceema
sina_ v
sinf ¢

Kpome toro, B 1666 r. HptoToH mokasain, 4to Oemblii CBET SIBISETCS CO-
CTaBHBIM U COJCPKUT «UHUCTHIC IBETA», KAXIABIA U3 KOTOPHIX XapaKTepU3y-
eTcs cBoe mpenomsieMocthio (puc. 1.1.15), T.e. gan MoOHSATHE AMCIIEPCUU
cBeTa. Ta 0COOEHHOCTH OblIa 00BSICHEHA PA3TUYMEM MAacC KOPITYCKYI.

B To xe Bpems, B XVII B. (Hapsay ¢ konnenmueit [lekapra — HeroToHa)
pa3BUBaJlaCh IPOTHUBOIOJIOXKHASA, 601H08an, meopua ['yka — ItoiireHca
0 TOM, UTO c8em ecmb Npoyecc pacnpocmpaneruss npoooabHbIX oedhopma-
YUl 8 HEKOMOPOUL cpede, NPOHU3LIBAIOW el 8Ce MeN0, — 8 MUPOBOM Ighupe.

K koniy XVII B. B onThke ciloxuinock BecbMa CBOEOOpa3HOE MOJIOKe-
Hue. U Ta u npyras Teopuu oOBSCHSIM OCHOBHBIE ONTHYECKHUE 3aKOHOMEp-
HOCTHU: TIPSMOJIMHEWHOCTh PACTIPOCTPAHEHHMSI, 3aKOHBI OTPAXKECHUS U TIPEIIOM-
nmeHus. JlampbHEHIMe MONBITKHA 00JIee IMOJHOTO OOBSICHCHHUS HAOIII0JacMBIX
(haKkTOB MPUBOAMIIU K 3aTPYAHEHUIO B 00EUX TEOPHUSIX.

['tolireHC HE CMOT OOBSICHUTH (PU3NYECKON MPUYMHBI HATTUYHS Pa3IHd-
HBIX I[BETOB M MEXaHW3M H3MEHEHHUs CKOPOCTH pPacIpOCTpaHEHUs CBeTa
B (upe, MPOHU3BIBAIOIIEM PA3INYHBIE CPEIBI.

HeroToHy TpyaHO OBUIO OOBSICHUTH, OYEMY MPU TAJEHUN HA TPAHUILY
JIBYX CpeJl MPOUCXOAUT YaCTHUYHOE U OTPAKCHHE, U MPEIOMIICHUE, a TAKKe
uHTephepeHInio u aucnepcuro cBera. OgHaKo OrpoMHBIN aBTOpUTeT HbIO-
TOHAa W HE3aBEPIIEHHOCTh BOJHOBOW TEOPHUHM TPUBEIM K TOMY, YTO BECH
XVIII B. mpotiien o 3HaKOM KOPIYCKYJISIPHON TEOPUH.

Havano XIX B. xapaktepu3yercsi HHTEHCUBHBIM Pa3BUTUEM MaTeMaTH-
YECKOU meopuu Koaebanutl u 60aH M €€ MPUII0KEHUEM K OOBSICHEHUIO psiia

6 eeujecmee bonvue CKopocmu ceema 8 8axKyyme.
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ontuyeckux spineHuil. B cBsa3u ¢ paboramu T. FOura u O. ®@penens nobena
BPEMEHHO NEpeIIa K 80.1HOBOU ONMUKe:

e 1801 r. — T. FOur dpopmynupyer NpuHIUI UHTEPPEPEHIIUU U 0ODBsIC-
HSIET 1[B€Ta TOHKUX IJICHOK.

e 1818 1. — O. ®peHenb 00BACHSET siBJICHUE AUDPAKIIUU.

e 1840 r. — O. ®penens u . Apro uccineayror uHTepHEpPEeHIIUIO MOs-
PU30BAHHOIO CBETA U JJOKA3BIBAOT MOMEPEYHOCTh CBETOBBIX KOJIECOAHUN.

e 1841 r.—O. ®peHesnb CTPOUT TEOPUIO KPUCTAIUIOONTUYECKUX KOJICOAHHIA.

e 1849 r. — A. ®u30 U3MEpUJ CKOPOCTh CBETA U PACCUUTAII IO BOJHO-
BOU Teopuu KOd(DPUIIMEHT mpenomiieHus: Boabl N =1,33, 4To coBmaio ¢ 3Kc-
MIEPUMEHTOM.

e 1848 r. — M. @apajneil OTKpbUT BpPaAlICHUE TUIOCKOCTH MOJSPU3ALNT
cBeTa B MarHuTHOM nojue (3gdext Dapazes).

e 1860 r. — /I)x. MakcBei, OCHOBBIBAasICh Ha OTKpbITUN Papanes, Npu-
IEJ K BBIBOJY, UTO CBET €CTh 3JICKTPOMArHUTHBIE BOJIHBI, a HE YIIPYTHE.

e 1888 r. — I'. I'epu sKCcrIEpUMEHTAIBHO MOATBEPIUI, YTO SIEKTPOMAT-
HUTHOE MOJI€ PACTIPOCTPAHSIETCS] CO CKOPOCTHIO CBETA C.

e 1899 r. —II.H. JleGeneB nzmepui JaBJieHUE CBETA.

Kazanoch, 4TO CHop MHOJHOCTBIO PEIIEH B T0JIb3y BOJHOBOW TEOpUU
cBeTa, T.K. B cepeaune XIX B. Obutn 00Hapy>KeHbl (aKThl, YKa3bIBAIOIINE HA
CBSI3b M AHAJIOTHIO ONTHUYECKUX U DJIEKTpUUECKUX siBneHuil. @apaneem, Mak-
CBEJUIOM U JIPYTMMH YYE€HBIMU OBLIO MOKa3aHO, YTO CBET — YACTHBIM Cy4yai
anexkTpoMarauTHOM BOJHBI ¢ A = 400 —760 5HM. TonbKko 3TOT MHTEpBAI JUTHH
BOJIH OKa3bIBaCT BO3/ICHCTBUE HA HAIII TJIa3 U SBISIETCSI COOCTBEHHO CBETOM.
Ho u Gonee myunHbIe, 1 00Jiee KOPOTKUE BOJHBI UMEIOT OJIHY U Ty K€ MPH-
pozy, 4TO U CBET.

OnHako, HECMOTPSI HA OTPOMHBIE YCIIEXU B 3JIEKTPOMArHUTHOW TEOpUU
cBeTa, K KoHIy XIX B. Hauau HakamiIuBaThbCsl HOBbIE (DaKThI, TPOTUBOPEYA-
1[1Me BOJIHOBOM Teopuu cBeTa. BoiHOBast Teopusi HE cMOIIa OOBSICHUTh pac-
MIpe/IeJIEHUE SHEPTUU B CIIEKTPE M3IYUYEHUs1 a0COJIIOTHO YEPHOTO TeJa U SB-
nenue potodrdpdekra, koropoe B 1890 r. uccnenonan A.I'. Croneros.

B 1900 r. Makc IlnaHk mokazai, 4ToO M3JIy4eHHE aOCOIIOTHO YEPHOTO
TEla MOXKHO OOBSICHHUTb, €CIIM MPEINOJIOKUTh, YTO CBET H3IydaeTcs
HE HETIPEepBIBHO, a MOPIMAMH, Kéanmamu c >Heprueii Eq =hv, rae v — gac-
tota, h — mocTosiHuas [Tnanka.

B 1905 r. Anp0epT DUHIINTEHH OOBSCHUI 3aKOHOMEPHOCTH (PoTOod(d-
(ekTa Ha OCHOBE MPEJCTABICHUS O CBETOBBIX YACTULIAX — KGAHMIAX CBETA,
¢homonax, Mmacca KOTOPbIX
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W _Eo_hv_h
T2 2 e

OTO COOTHOIIEHUE CBSI3bIBAET KOPHYCK)IAPHbIE XAPAKMEPUCUKU U3TYYe-
HUSl, MACCY U IHEP2UIO KEAHMA, C BOTHOBLIMU — YACHOMOU U OTUHOIL 60JIHDL.

Pabote! [Inanka u DHHIIITEWHA SIBIJIKCH HAYaJIOM Pa3BUTUSL K8AHMOBOU
Guzuxu.

Htak, 00€e Teopun — U BOJIHOBAsI, U KBAaHTOBAsI — OJJHOBPEMEHHO Pa3BU-
BAJIMCh, UMESI CBOU HECOMHEHHBIE JIOCTOMHCTBA M HEAOCTATKH, U KaK ObI J10-
MOJIHSJIM APYT JApyra. YUeHble yKe Hauajdu MPUXOJUTh K MHEHHIO, UTO CBET
SIBJISIETCSL OJJHOBPEMEHHO M BOJHaMH, W Kopmyckyiaamu. M Bor B 1922 1.
A. KOMIITOH OKOHYAaTENbHO JOKa3all, YTO PEHTTEHOBCKHUE 3JIEKTPOMArHUT-
HBI€ BOJIHBI — OJTHOBPEMEHHO M KOPITYCKYJIbI ((DOTOHBI, KBAHTHI), U BOJIHBI.

Takum oOpa3om, JUIUTENbHBIN MyTh UCCIIEIOBAHUM TIPUBEN K COBPEMEH-
HBIM MPEJCTABICHUSM O 08OUCMEEHHOU KOPNYCKYAAPHO-80JIHO60I NPUPOOE
ceema.

HNHuTepec kK onTuueckuM sBieHUsIM nousateH. Okomno 80 % uHpopmanuu
00 OKpyXarolleM MUpPE YEJIOBEK MOoIyqyaeT yepe3 3peHue. Onrtudyeckue siie-
HUSA BCEr/Ja HAIVSIIHBI U TOJMJAIOTCS KOJUYECTBEHHOMY aHanu3y. OdeHb
MHOT'H€ OCHOBOIIOJIArarolue MOHATHUS, TaKUe Kak MHTepdepeHuuns, nudpak-
1Y, TOJISIpU3alMs U Jp., B HACTOSIIEE BPEMsI IIUPOKO HCIOIB3YIOTCS B 00-
JACTAX, JAJIEKUX OT ONTHKHU, Oiaroaaps UX MpeaIMEeTHON HArJIIJHOCTH U TOY-
HOCTH TEOPETHYECKUX MPEACTABICHUN.

[TpumepHo 110 cepearHbl XX CTONETUS Ka3aJI0Ch, YTO ONTHKA KaK HAyKa
3aKkoHuYWIa paszButhe. OJHAKO B TMOCJIEIHUE ACCATHIETUS B 3TOM 00JacTH
(U3UKK TTPOU3OIILIN PEBOJTIOIMOHHBIE U3MEHEHHUS, CBSI3aHHBIE KaK C OTKPbI-
THEM HOBBIX 3aKOHOMEPHOCTEN (IMIPUHLIMIBI KBAHTOBOI'O YCUJIEHUS, Ja3€phl),
TaK U C Pa3BUTHEM HJI€, OCHOBAHHBIX HAa KJIIACCUYECKHX M XOPOIIO MpPOBE-
PEHHBIX MPEICTABICHUSIX.

Haunbonee BaxkHOe COOBITUE B COBPEMEHHOM OINTHUKE — 3KCHEPHMEH-
TaJlbHOE OOHAPY)KEHUE METOJOB I'€HEpalMi BBIHYXJACHHOTO U3JIy4EHHUS aTo-
MOB U MOJIEKYJl — CO3/JaHh€ ONTHYECKOr0 KBAHTOBOI'O TeHepaTopa (Jiazepa)
(A.M. ITpoxopos, H.I'. bacos u Y. Taync, 1954 r.).

B coBpemenHOl (u3MUeCKOM ONTHKE KBAHTOBBIE TMPEACTaBICHUS
HE IPOTUBOPEYAT BOJHOBBIM, @ COUYETAIOTCSI HA OCHOBE KBAaHTOBOW MEXaHUKHU
Y KBAaHTOBOU 3JIEKTPOJUHAMHUKHU.
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KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHMUW S

=

B uem 3akiroyaeTcs CMbICIT 3aKOHA HE3aBUCUMOCTH CBETOBBIX ITyUYKOB?

YTto Takoe CBETOBOM Jy4?

3. B uem cyrs npunnumna [toiirenca? [lpumensst npunuun ['roiirenca,
BBIBEIUTE 3aKOHBI OTPAKEHUS U MPEITOMIICHUS CBETA.

4. Yemy paBeH yroJi MaJieHHs], €CJIA yTOJd MEXAY OTPAKEHHBIM U IMa/1at0-

UM JTy4aMH COCTaBJIsICT 120%?

B dem ¢usudeckuii cMbICI aOCOTIOTHOTO MOKa3aTelIs MPeIOMIICHUSA?

6. BrIpasuTe OTHOCHUTEIBHBIN MOKa3aTeNlb MPEJIOMIICHHUS uepe3 uX adco-
JIIOTHBIE MMOKA3aTEeN MPEIOMIICHUS.

7. CKOpOCTBb pacIpOCTpaHEHHUsl CBETa B IIEPBOM Cpele paBHA L, BO BTO-

N

o

poit — v, mpuuem v,>v,. g Kakoi U3 cpel aOCONIOTHBIN MOKa3a-

TeJb MPEeOMIICHUSI 00JIbIle?

8. Kak 3aBHCHT yroy OTKJIIOHEHHs JTy4eil MPU3MON OT BEIMYUHBI €€ Mpe-
JIOMJIAIOILIETO yTJIa?

9. Ilpum KakuxX yCIOBHSIX HAOIIOAETCS MOTHOE OTpaskeHue?

10. TTouemy cBepkaeT OprLTHaHT?

11. 3BecTHBI 1 BaM Kakue JUOO sIBIEHUS, HAOJIIOgaeMble B MPUPOJE,
onpeensieMble MOJTHBIM OTPAKEHUEM CBETa B aTMochepe?

12. Tlouemy B CBETOBOJI€ CEPALIEBUHY M3TOTABINBAIOT U3 00Jiee TUIOTHOTO
CTEeKJIa, YeM 000JI0UKY?

13. KakoBbI BO3MOKHBIE TPUMEHEHHSI CBETOBOI0B?

14. Kak ONBITHBIM IyTEM HAWTH TIaBHBIN (POKYC chepruuecKoro BOrHyTO-
ro 3epkaia?

15. Tlouemy Ha aBTOMOOWISIX C HApPYXKHOM CTOPOHBI YCTaHABIUBAIOTCS
BBINTYKJIbIE c(hepudeckre 3epkaa?

16. CaenaiiTe pUCYHOK ABOSIKOBBITYKJIOW M TBOSIKOBOTHYTOH JHH3. M30-
Opa3uTe Ha HEM IJIaBHYIO U MOOOYHYIO ONTUYECKUE OCU JIMH3. Y KaXKU-
T€ ONTUYECKHE LIEHTPHI JUH3, UX (POKYChI, POKYCHBIE pACCTOSHUSA, a
Takke (QokaiabHble MmIOCKocTU. Kakue (oKychl SBISIOTCS IEHCTBH-
TETbHBIMHA; MHUMBIMH?

17. TlocTpoiiTe n300pakeHNe MPOU3BOIBHON TOUYKHM S, Jexaliel Ha TIaB-
HOM ONTUYECKON OCH COOMPAFOIIICH JINH3HI.

18. B xakoM ciydae ¢ OMOIIbI0 COOMPAIOIICH JIMH3BI MMOTYYaeTCs TEeHUCT-
BUTEIIbHOE N300payKeHNEe; MHUMOE U300pakeHue ?

19.KakoBbI OCHOBHbBIE MOJIO’KEHUS U BBIBOJIbI KOPITYCKYJISIPHOM Teopun?

20. [Touemy BO3HHKJIO TIPEACTABICHUE O JBOMCTBEHHOW KOPITYCKYJISIPHO-
BOJIHOBOM MpUPO/JIE€ CBETA?
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1.2. BOJTHOBAS OIITUKA. UHTEP®EPEHIIUA CBETA

1.2.1. UuTepepenusi CBeTOBBIX BOJH

BonHoBbie cBolcTBa cBeTa HauboJiee OTYETIMBO OOHAPYXKUBAIOT ceOs
B unmepgepenyuu M ougpaxyuu. ITU SIBICHUS XapaKTEPHBI JJI1 BOJH JIIO-
O0¥ MPUPOJIbI U CPABHUTENHHO MTPOCTO HAOIIOAAIOTCS HA OMBITE ISl BOJIH HA
MOBEPXHOCTH BOJIbI WJIM JJI 3BYKOBBIX BOJH. HaOmiogaTs >xe uHTepdepeH-
U0 ¥ TUGPAKIIUIO0 CBETOBBIX BOJIH MOXHO JIUIIB MPU OMPEIEICHHBIX YCII0-
BUsX. CBeT, HCIyCKaeMmblid OOBIYHBIMHM (HEJIA3€pHBIMH) HCTOYHUKAMH,
He ObIBaeT cTporo MoHOXpomaTuueckuM. [losTomy nnst HaOIIOACHUS UHTEP-
(depeHIn CBeT OT OAHOTO UCTOYHHMKA HY>KHO Pa3leNuTh Ha JIBa My4YKa U 3a-
TEM HaJOXUTh UX APYT Ha apyra. CyliecTBYIONUE YKCIIEPUMEHTaIbHbIC Me-
TOJIbI TIOJIYYE€HUS KOT€PEHTHBIX IMyYKOB M3 OJHOTO CBETOBOTO IMTyYKa MOYKHO
pa3IeNIuTh Ha 08a Kiaccd.

B memooe denenun 60nn06020 ¢pponma mnydox npomyckaercs, Hapu-
Mep, uepe3 JBa OJIM3KO PACIIONIOKEHHBIX OTBEPCTHUS B HETIPO3PAYHOM 3KPaHE
(ompiT FOHTra). Takoil MeTOA NPUTOJEH JIMIIL IPU JOCTATOUHO MAJIbIX pa3Me-
pax UCTOYHHKA.

B npyrom merone my4oK NeTUTCs HA OMHOW (MIJIM HECKOJIBKHX) YaCTHY-
HO OTpPaXKaIoLIeH, YaCTUYHO MPOMYyCKAlOIIeW MOBEPXHOCTH. DTOT METOJ
Oe/1eHUA AMRAUmMYObl MOXET TIPUMEHSATHCS U TIPU MPOTHKEHHBIX UCTOYHU-
kax. OH o0ecreunBaeT OOJIbIIYI0O UHTEHCUBHOCTh U JIGKUT B OCHOBE JICUCT-
BUA pa3HOOOpa3HbIX MHTEephEepoMeTpoB. B 3aBUCHMMOCTH OT 4KClia UHTEPPE-
PHUPYIOIINX MYYKOB PA3IUYalOT ABYJIY4YeBbIE W MHOTOJy4YeBbIE HHTEP(Epo-
MeTpbl. OHU UMEIOT Ba)KHbIC MPAKTUUYECKUE IPUMEHEHHS B TEXHUKE, METPO-
JIOTUH ¥ CTIEKTPOCKOIIHH.

[IycTh 1BE BOJIHBI OIMHAKOBOM YacTOTHI, HAKJIAJbIBAsICh APYT HA ApYra,
BO30YXJAal0T B HEKOTOPOM TOYKE IMPOCTPAHCTBA KOJEOAaHHs OJMHAKOBOIO
HaIPaBJICHHUS:

X = A cos(ot+q);
Xo = Ay cOS(ot +@5),

r7e Moj X MOJApa3yMeBaeTCsl HANMPSKEHHOCTh 3JIEKTpuueckoro E m maraur-

Horo H monel BOJIHBI, KOTOPbIE MOAYUHSIOTCS TPUHIUITY CYHEPIO3ULIUH.
AMITTUTY1a pe3yabTUPYIONIETO KOIeOaHUs MPU CIOKEHUH KOJIeOaHUH,

HaIpaBJICHHBIX BJOJIb OAHOU MPSIMOM, HAXOAUTCS 1O (hopmyJie

AZ = A? + A2+ 27 Aycos(@p — 1)
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Ecnu paznocmu ¢paz konebanuil, 6036yHcOeHHbIX 8OITHAMU 8 HEKOMOPOLL
MouKe NPOCMpPAancmed, OCmaemcs NOCMOSIHHOU 80 8peMeHU, MO makKue 60.J-
Hbl HA3b18AIOMCS KO2EPEHMHBIMU.

B cnyuae nexozcepenmmubix BOJIH pa3sHOCTb a3 @, —( HENPEPHIBHO U3-

MEHSETCA, IPUHUMAs C PABHOW BEPOSITHOCTBIO JTHOOBIE 3HAYEHUS, BCICACTBUE
4ero cpejiHee M0 BPEMEHH 3HaueHHe COS(Po —@q) PaBHO HYJIO (M3MEHSETCS

ot —1 1o +1). Tlostomy A® = A* + A2,
VHTEeHCUBHOCT CBETa MPONOPLUOHAIbHA KBAApaTy AaMIUIUTY]IBL:

2
J = A”. OTcro1a MOXHO cJieJiaTh BBIBOJ, UTO 011 HEKO2EPEHMHbIX UCTOYHU-
KO8 UHMEHCUBHOCMb pe3yIbmupyiouell 80JHbl 8Cl00y 00UHAKOBA U PAGHA
CyMMe UHMEHCUBHOCMELL, CO30A8AEMbIX KANCOOU U3 BOJIH 8 OMOETbHOCIU.

J=J,43,=2]. (1.2.1)

B cnyuae xoeepenmmuubix BonH COS((, —@q) =CONSt (111 KaX10M TOUKU
IPOCTPAHCTBA), TAK YTO

J =J1+J2+2w/\]1\]2 COS(([)Z—([)]_). (122)

[Mocnennee ciaraemMoe B 3TOM BbIpaxkeHHH 2./J1J, COS((P, — 1) HAa3bI-

BaCTCs UHMEPPHEPEHUUOHHBIM UTICHOM.
B Toukax mpoctpancTBa, rae Cos(p, —¢q) >0, J >J; +J, (B Makcu-

myme J =4J;), rae cos(p, —¢p) <0, uateHcuBHocTs J < Jg +J, (B MUHH-

myme J =0). CaenoBarensHo, MPU HATOXKEHUU ABYX (MJIM HECKOJBKHX) KO-
TEPEHTHBIX CBETOBBIX BOJH MPOMCXOJHUT MPOCTPAHCTBEHHOE Iepepachpeie-
JIEHUE CBETOBOTO IMOTOKA, B PE3YJbTaT€ YEr0 B OJHUX MECTaX BO3HUKAIOT
MaKCHUMYMBbI, a B JPYTUX — MUHUMYMbI UHTEHCUBHOCTHU. DTO SIBJIICHUE HA3bI-
BAEeTCsl uHmepghepenyueil ceema.

YcroituuBasi uHTEpPEPEHIIMOHHAS KapTHHA TIOJIy4aeTcsl JIUIb TpU
CIIOKEHUU KOTEPEHTHBIX BOJH. HEKOTepeHTHOCTh €CTECTBEHHBIX HCTOYHU-
KOB CBeTa 00YCJIOBJICHA T€M, YTO M3IyYEHHUE Tella CIaraeTcs U3 BOJIH, UCITyC-
KaeMBIX MHOTUMH aToMaMiu. Da3bl KaKIOTO Uy2ea 60-1Hbl HUKAK HE CBS3AHBI
JPYT C IPYyTroM. ATOMBI U3Ty4atOT XaOTHYECKH.

Ilepuoouueckas nocredosamenvHocms 20pb608 U 6NAOUH BOJIH, 00Opa-
3VIOWUXCSL 8 Npoyecce aKkma U3Iy4eHus 00H020 amoma, Ha3vl8aemcs uy2om
80JIH, UIU BOTIHOBBIM UYZOM.

Tporiecc u3Ty4eHns oaHOro atoMa autest mpumepro 1078 ¢. TIpu oM
nmmHa myra | =ct=3-108-10-8 =3 m.
B ogHOM 1iyre ykiaJpIBaeTcs IPUMEPHO 10" nMH BOJIH.
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Ycnoeue maxcumyma u munumyma unmeppepenyuu

[TycTts pa3zencHue Ha ABE KOT€PEHTHBIC BOJHBI IPOUCXOIUT B TOUKe O
(puc. 1.2.1).

Puc. 1.2.1

Jlo Touku P niepBasi BOJIHA IIPOXOAUT B CPeJIE C MOKa3aTesieM Ny paccTos-
HHE $;, @ BTOpasi — B CpeJie C MOKa3aTeIeM MPEIOMIICHUsT Ny — PACCTOSHUE S .
Ecmu B Touke O (aza xonedbanuit ot (¢ =0), To nmepsast BosiHa BO30yKIaeT
B Touke P konebanue

X1 = A1COSco[t - iJ,

V1
So
a BTOpas — Xo =Aycosm| t——= |,
V2
C C . .
rne vy =—, Vy =— — (a3oBble CKOPOCTH NEpBON U BTOPOil BoiH. Crueno-
n ny

BaTeJIbHO, Pa3HOCTh (ha3 BO30YKJAa€MbIX BOJHAMHU KojeOaHuili B Touke P
paBHa

S 27 27
6= @(_Z_ij =—(nsp —mys) =— (L - Ly).
Vy V1) Ag Lo

[0 Zﬂ_Zn

YuursiBag, 4To — = = —, TIOJTyYUM BBIpOKECHUE ISl pa3HOCTH (a3
C C A
ABYX KOFCpCHTHBIX BOJIH
27
d=—A,
Ao

rae A=nySy; —yS; =Ly — Ly — onrudeckas pasHOCTh xo4a; L — onrudeckas

JUTMHA MYTH; S — F€OMETpUIEcKas IJIMHA ITyTH; Ag — JUTMHA BOJIHBI 8 8aAKYyMe.
Ecnu pa3sHOCTh X0/1a paBHA LEIOMY YHCITy JUIMH BOJIH B BAKYYME
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A=tmry (M=0,1 2,..), (1.2.3)

TO 0 =22Mmn u KosebaHus, Bo30yKaaeMble B Touke P 00erMu BOJIHaMH, 0Y-
IyT TIPOUCXOJIUTh B oAMHAKOBOM (paze. CrnenoBarenbHo, (1.2.3) sBusercs yc-
nl08uemM uHmepghepeHyUuOHH020 MAKCUMYMA.

Ecnu ontuyeckas pa3HOCTb X012

A =+(2m +1)”—20 (Mm=0,12,..), (1.2.4)

0 0 =%(2m+1)7t, u KoneOaHus, BO30ykaaeMbie B TOUKe P 00eMMHU BOJIHA-

MU, OyIyT MPOUCXOAUTh B mpoTuBodaze. CrnegosarensHo, (1.2.4) aBusercs
yenosuem unmep@epenyuoOHH020 MUHUMYMA.

1.2.2. OnsiT FOHTra

Kak Obuto yke mokaszaHo, A HaONoAeHHs UHTEephEepEeHIMU CBeTa
HEO0OXOIUMO UMETh KOTE€PEHTHBIE CBETOBBIC IMYUYKHU, ISl YETO MPUMEHSIOTCS
paznuuHbie npuéMel. B onbite KOHTra KOorepeHTHBIE MyYKH MONIyYalld pasjie-
JICHUEM M TIOCTIEAYIOIINM CBEJCHUEM CBETOBBIX JIyUeH, UCXOAIINX U3 OTHO-
IO ¥ TOTO € HCTOYHHUKA (Memoo Oenenust 8601H08020 ppouma).

PaccmoTpum wHTEpPPEPEHIIMOHHYIO KapTHHY, MOJIYYCHHYIO METOJIOM
IOnra (puc. 1.2.2).

Ay Ay
C)
; T
SM 0

Puc. 1.2.2

CBeT OT UCTOYHMKA S, MPOLISAIINN Yepe3 Y3KYIO 1Ieb B d9KpaHe A, mna-
JeT Ha 3KpaH B ¢ AByMs LIENAMHU S1 M Sy, PaCHOJOKEHHBIMU JOCTATOYHO
ONM3KO IPYT K Ipyry Ha paccTosHUK 0. DTH MIeNH SBIISIOTCS KOTEPSHTHBIMU
UCTOYHMKaMU cBeTa. MHTepdepennus HabmogaeTcss B 001acTH, B KOTOPOH
NePeKpvlaromcss 60HbL OM 3Mux ucmounukos (none unmepgepenyuu).
Ha sxpane D MbI BUIUM 4YepeoBaHHUE MOJIOC ¢ MAKCUMYMOM M MUHUMYMOM
MHTCHCUBHOCTH CBETA.
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DKpaH pacIoyIoKeH Ha paccrosHuM | oT meneit, mpuaem | >>d .
PaccMoTpuM J1Be CBETOBBIC BOJIHBI, UCXOISAIINE W3 TOUCUYHBIX HCTOYHH-

KOB S1 U Sy. [Tokazarens npenomMiIeHus Cpe/ibl paBeH N.

BbrunciuM mmpuHy 1mosioc HHTepGEepeHIuN (TEMHBIX U CBETJIBIX ).

NHTEeHCUBHOCTh B NIPOU3BOJIBHOM TOuke P sKkpaHa, nexalied Ha pac-
cTostHAM X OT O, omnpenensieTcs (JIs BakyyMma, korja N = 1) onTudeckoit pas-
HOCTBIO X0Ja A =S, —S;.

N3 puc. 1.2.1 umeem

ss =12+ (x+d/2)%; s?=1?+(x-d/2)?,
oTCIoa S% —Sf =2xd , unm

2xd

A=s,—s =2
$1+S,

W13 ycnosus | >>d crenyer, uro S; + S, ~ 21, mosTomy

_xd
I

OTtcrofla ToJIy4uM, YTO MAKCUMYMbl UHMeHcugHocmu OynyT HabIto-
JIaThCS B CIIy4ae, ecliud

A (1.2.5)

xmaxzim;—ko (m=0,1,2,..), (1.2.6)
d MUHUMYMBbL — B ClIydac, CCJIU
Xmin =J_r(m+%)(;—ko. (1.2.7)

Paccrosinue mexmy ByMs COCETHUMH MaKCUMyMamu (MM MUHUMYMa-
MU) paBHO

AX =éx0, (1.2.8)

HE 3aBUCHUT OT HOpsiaka MHTepdepeHInH (BEIUMYMHBI M) U SIBJISAETCS MOCTO-
SIHHOM BEJIMYMHOM IS MaHHbIX |, d.

Paccmosnue mesncoy 08yms coceOHUMU MAKCUMYMAMU HA3bIBAEMCSL PaC-
CHOAHUEM MeMHCOY UHmMEPPEPEHYUOHHBIMU NOTIOCAMU, A PACCNOSIHUE MediC-
0y COCeOHUMU MUHUMYMAMU — UWIUPUHOU UHMEPPEPEHYUOHHOU NOJIOCHL.

Tak xak AX 00paTHO MPOMOPHHUOHAIBLHO O, TO IIPH OOJIBIIIOM PacCTOs-
HUM MEXIy MCTOYHHMKaMHM, Hanpumep mpu d =~ |, oTaenbHbIe MOJOCH CTaHO-
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BATCS HEPA3IMYMMbIMH, CPABHUMBIMM C JUIMHOW BOJHBI Ag ~10~7 m. Ilo-

ATOMY HEOOXOUMO BBITIOIHATH ycioBue | >>d .

DTOT OMBIT MOKA3bIBAET, UTO MHTEP(EPCHIIMOHHAS KapTHHA, CO3/1aBac-
Mas Ha SKpaHe IBYMS KOT€PEHTHBIMH HMCTOYHHKAMH CBETa, MPEACTABIIACT
co00il YepeoBaHUe CBETIBIX M TEMHBIX IMOJIOC. [ Ia6HbIIL MAKCUMYM, COOT-
BeTcTByronmii M=0, npoxoaut yepe3 Touky O. BBepx U BHHU3 OT HEro pac-
noaazaiomest makcumymol (munumymot) nepsoco (m=1), emopoco (M=2)
NOps10KO8 U T.]I.

13 nepeuncienusix (GOpMyJ1 BHIHO, YTO IMHPHHA HHTEP(EPCHIIMOHHOMN
HIOJIOCHI U PACcCTOSTHHE MEXIy HUMHU 3aBHCAT OT JUIMHBI BOJHBI Ay . TOJBKO

B [IEHTPE KapTuHbl, mpu X =0 coBOagyT MakcuMyMbl BceX BOJH. ITo mepe

yAQJIEHUS OT LEHTPAa MAKCUMYMBI Pa3HbIX [IBETOB CMEUIAIOTCSA APYT OTHOCH-
TEJLHO Jpyra Bce 00JIbIle U 00JIblle. DTO MPUBOAUT, IPU HAOIIOJICHUU B Oe-
JIoM ceeme, KO BCe OOJBIIEMY Pa3MbITHIO UHTEP(EPEHIMOHHBIX NoJioc. MH-
TeppepeHIIMOHHAs KapTHHa OyAET OKpalleHHOM, HO HEYETKOM (CMa3aHHOM ).
N3mepuB AX, 3Has | u d, MOXXHO BBIYMCINTG [UIMHY BOJHBI A . FIMEeHHO

TaK BBIYUCJIAIOT AJIHMHBI BOJIH PA3HBIX IBCTOB B CIICKTPOCKOIIHUH.

1.2.3. KorepeHTHOCTH 1 MOHOXPOMATHYHOCTH

Wtak, HEOOXOIUMBIM yCIOBUEM MHTEP(PEPEHIIUU BOJIH SIBISETCS UX KO-
2EPEHMHOCMb, M.e. CO2NACO8AHHOE NPOMEKAHUe 80 8PEeMEHU U NPOCMPAH-
Cmee HeCKONbKUX Konebamenvhblx (U1 60IHOBLIX) NPOYeccos. ITOMY yCIO-
BUIO YJIOBJIIETBOPSIIOT MOHOXPOMAMUYECKUE GOJIHbI — HEOZPAHUUEHHbIE
8 NpOCMpancmee G0JIHbl OOHOU ONPEeOeNeHHOU U CMPOo20 NOCMOAHHOU Ydc-
momui. Tak KaKk HU OJUH PEAJbHBIA UCTOYHUK HE J1aeT CTPOr0 MOHOXpOMa-
TUYECKOT'O CBETA, TO BOJIHBI, M3Iy4aeMble JIIOOBIMU HE3aBHCHUMBIMHU HCTOY-
HUKaMH CBETa, BCErJa HEeKOrepeHTHbl. CIEKTp YacTOT peajbHOM BOJIHBI UME-
€T KOHEeUHY10 mrpuHy Aw. Ecnu B Kakoii-TO MOMEHT BPEMEHU BOJIHBI ObLIU
8 ¢haze, uepe3 HEKOTOPOE BPeMS T,,. Pa3HOCTH (a3 Oyner yxe paBHa T (0.1

Hbl 8 npomusogasze). Takyro BOIHY MOXXHO HPHOIMKEHHO CUMTATh MOHO-
Xpomamuueckotl TOJIbKO B TSCUCHUE BpEMEHHU

At <<T,p "
®

TI€ Ty o — 6PEMA KO2EPEHMHOCH U HEMOHOXPOMATUYECKON BOJIHBI.
3a MPOMEKYTOK BPEMEHH T, PA3HOCTH (Pa3 K0IeOAHUI U3MEHUTCS HA T.

Bpemsa kozepenmnocmu — epems, no ucmeyeHuu KOmopo2o pasHoCmb
¢ a3z 80HbL 8 HEKOMOPOLL, HO OOHOU U MOUL Jce MOUKe NPOCMPAHCMBA, UBMe-
HAeMmCcs HA T.
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Bonna ¢ muknmmdeckoit yactotoi @ u (ha30BOM CKOPOCTBIO L PacIpo-
CTpAHSIETCs 3a 3TO BPEMsI Ha PACCTOSTHUE

TV

KOT — ,
A®

leor =0T

rne |, — Onuna xocepenmuocmu, T.€. OIUHA 2APMOHUYECKO20 Uy2a, OOpa-

Kor
3YIOIIETOCs B IMPOIECCEe M3IYUYCHHS OJHOTO aToMa, — PACCMOSHUE MENCOY
MOYKAMU, PA3ZHOCMb (a3 8 KOMOPHIX PAGHA T.

Takum 00pa3om, IJIMHA KOTEPEHTHOCTH €CTh PACCTOSIHUE, ITPU MPOXO0K-
JICHUH KOTOPOTO JBE WM HECKOJIBKO BOJH yTPAUMBAIOT KOTepeHTHOCTh. OT-
CI0Jla CJIEIyeT, YTO HaOIrofcHNuE WHTEP(EPEHIINA CBETa BO3MOXKHO JIUIIIH
IIPH ONTHYECKHX PAa3HOCTAX XOJa, KOTOPhIE MEHbIIE JUIMHBI KOTEPEHTHOCTH
JTSL UCTIOJIB3YEMOT0 UCTOYHHUKA CBETA.

YeM 6nudice 601HA K MOHOXPOMAMUYECKOU, TEM MEHbBIIE MHUPHHA A®

"1 TeM OOJIbIIIe IJIMHa KOTCPCHTHOCTHU IKOF’ a CJICAOBATCIIbHO N BPCMA KOI'C-

PEHTHOCTH Ty -

Hanpumep, mist Bugumoro ceera vy =4-1014 T'u; v, =7-1014 I,
on 1
O 2nAv 2-3-1014
lor =CT=3-108-1,7-10-15 ~ 0,5 MmKMm.

Kocepenmnocms ronebanuil, onpedensiemasi cmenenvio MOHOXPOMA-
MUYHOCMU B0JIH, KOMOPAsl CO8epuiaemcss 8 OOHOU U MOU JHce MoyKe Npo-
CMPAaHCcmMea, HaA3bl8aemcs 6PEMEHHOI KO2EPEHMHOCMbIO.

WNuTtepdepeHmonHas kapTuHa He OyeT HabIt0AaThCsl, €CIIM MAaKCUMYM
m-mopsiaka Uit A+ AX OyJeT coBmazarh ¢ MHHUMyMoM (M +1)-miopsaka
st A. Yenosue nepaznuuumocmu unmeppepenyuoHHou Kapmutsl —

T =17-10"15¢;

m(A + AL) = (2m +1)%,

OTCIOIa HAWJIEM KPUMUYECKUU MAKCUMYM:
m — L
P 2AN
Mb1 MOXXeM 4eTKO HaloaaTh UHTEPPEPEHIIMOHHBIE MAKCUMYMBI MPH
m <<My, .

JIns KpUTHYECKOTO MaKCHMMyMma ONTHYECKas Pa3HOCTh Xxoja A =mMmA,
CJICIOBATEIILHO

}\’2
AIcor = AN
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rae A — makas: onmudecKkasl padsHocmbs xoda, npu KOmOPOﬁ ucuyesaem uH-

KOoT
meppepeHyuorHHaAs KapmuHa.

UtoOb1 HaOMIOAATh MHTEPHEPECHIIMOHHYIO KapTHHY, HEOOXOAUMO, UTO-
OBl onTUYecKasi pa3HOCTh X0Ja ObllIa MHOTO MEHBIIIE JJIMHBI KOTE€PEHTHOCTH
JUTS TAHHOTO UCTOYHHUKA CBETA!
A2
— <<
2Ah Ao

Hapsity ¢ BpeMEHHOW KOTE€PEHTHOCTBIO JJIsl OMMCAHUS KOTEPEHTHBIX
CBOMCTB BOJIH B IIOCKOCTH, TIEPICHAWKYJSIPHONW HAMPaBICHUIO UX PACIIPO-
CTpaHCHHS, BBOAWTCS TIOHITHE HPOCHMPAHCHEEHHOU KozepeHmHocmu. J[Ba
MCTOYHHKA, pa3MepPbl U B3aUMHOE PACTIOJIOKEHUE KOTOPHIX ITO3BOJIIOT HAOITIO-
1aTh UHTEP(EPEHIINIO, HAa3bIBAIOTCS HPOCHIPAHCHBEHHO-Ko2epeHmHubimu. Pa-
ouycom Kozepenmuocmu (WIA JUIMHOW TMPOCTPAHCTBEHHON KOTEPEHTHOCTH)
HA3b18AEMCST  MAKCUMATIbHOE, NONEPeyHoe HANPAGIeHUr0 pPacnpoCmpaHeHus:
BOJIHbL PACCMOsIHUEC, HA KOMOPOM B03MONICHO NPOsGIeHUe UHMephepeHyul.

Takum oOpa3zoM, MPOCTPAHCTBEHHAs] KOT€PEHTHOCTh OMPENEIUTCS pa-
JINYCOM KOTE€PEHTHOCTH:

A, <<l 150705

KOor KOor »

r7ie A — JUIMHA BOJIHBI CBETA; (0 — YIJIOBOM pa3Mep UCTOYHUKA.

JInst TOro 4ToOBl YBEJIMYUTH PAIMYC KOTEPEHTHOCTU WJIM JJIMHY TPO-
CTPAHCTBEHHOW KOTE€PEHTHOCTU, HEOOXOJIMMO CBETOBBIC JIy4d MPOITYCKATh
Yyepe3 OueHb Majioe OTBEPCTHE B HEMPO3pauyHOM 3kpane 4 (puc. 1.2.2).

1.2.4. MeToanbl Ha0JII0AeHUsI HHTEep(depeHuH

CBeT, HCIyCKaeMbIii OOBIYHBIMU UCTOYHUKAMHU, MOKHO pacCMaTPHUBAaTh
KaK Xa0THYECKYIO TIOCIEIOBATEIPHOCTD OT/ICIBHBIX I[yTOB CHHYCOUIATBHBIX
BOJH. JINTENBHOCTH OTIAEIBHOTO Iyra He mpesbimaer 107° ¢ maxe B Tex
CiIyJasix, KOorja aTOMbl MCTOYHHMKA HE B3aWMOJCHCTBYIOT (Ta3opaspsaHble
JIAMIIbI HU3KOTO JaByieHus ). JIro00il peructpupyromuii mpubop MMeeT 3HaAUH-
TEJNBHO OOJIbINIee BpeMsl pa3pelieHns, T0O3TOMY Ha0IoieHne nHTepdepeHIm
HEBO3MOKHO.

Onvim IOnza

O6pazoBanue UHTEPHEPEHIIMOHHON KapTUHBI MOKHO HAOJIIO/IaTh B OIBITE
IOnra, ucnone3yroriem MeTo JeneHust BoiHoBoro ¢ponta (puc. 1.2.3).

[Ipomenmuii yepe3 y3Kyro AJIMHHYIO IIETb S CBET BCIEACTBUE OUDpaK-
1M 00pa3yeT PacXOJSAIIUICS My4YOK, KOTOPHIA MajaeT Ha BTOPOMl dkpaH B
C IByMsI MapaJlICIbHBIMU MEXY COO0HM y3KUMHU IIEISIMHU S1 U Sp, pacrosioKeH-
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HBIMHU OJTU3KO JIPYT K IPYTy Ha PaBHBIX PACCTOSHUAX OT S. DTH IIENU ACUCTBY-
IOT KaK BTOPUYHbIE CUH(A3HbIE UCTOYHUKHU, U UCXOJIIUE OT HUX BOJHBI, Iie-
PEKPBIBASCH, CO3/IAI0T MHTEP(HEPEHIIMOHHYIO KapTHHY, HaOII01aeMylo Ha yia-
nenHoM 3kpane C. PaccTosiHre Mexxay coceTHUMHU MOJIOCAMHU PaBHO

AX = }“—I .
d
B C
i i
S —-»u ————————— — - Zl,— ————————
|§
L | /
|
Puc. 1.2.3

N3mepsis mpuny uHTepdepeHMonHbIx nonoc, FOur B 1802 r. Boep-
BbIC ONPENEIIWI JUIMHBI CBETOBBIX BOJH JUIS Pa3HBIX LIBETOB, XOTSA 3T U3ME-
pEeHUs U HE ObLIIM TOYHBIMH.

3epkana @Ppenens

Hpyroii uHTEphEPEHIIMOHHBIN OIBIT, aHAJIOTHYHBIN onbITY FOHTa, HO 00-
Jiee CBETOCWIIbHBIN, ObuT ocymecTBiieH O. @penenem B 1816 r. [IBe korepeHT-
HbIE CBETOBBIC BOJIHBI IMOJIYYAIOTCS B PE3yJIbTAaTe€ OTPAKEHHUS OT JIBYX 3€pKaj
(M u N), TIOCKOCTH KOTOPBIX HAKJIOHEHBI MMOJ] HEOONBIIMM YIJIIOM @ APYT

K Apyry (puc. 1.2.4).

Puc. 1.2.4
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HICTOYHUKOM CIIY>)KUT y3Kasi, sIpKO OCBEIICHHAs IIENb S, mapajuieabHas
pebpy Mexay 3epkanamu. OTpakeHHbBIE OT 3epKall MyYKH MaJaloT Ha SKpaH,
U B TOW 001acTH, Iie OHH MEPEKPHIBAIOTCS (nose unmepgepenyuu), BO3HU-
KaeT uHTepdepeHnonHas kaptuHa. OT mpsSMOro MomajaHus JIiyded oT Hc-
TOYHHMKA S 3KpaH 3alluiieH mupMon D, . s pacdera OCBEIIEHHOCTH J 3K-
paHa MOXXHO CUYUTaTh, YTO HMHTEP(EPUPYIONINE BOJIHBI HCITYCKAIOTCS BTO-
PUYHBIMH UCTOYHUKAMU — S; U S, , MPEICTABIISIONIMMU COO0H MHUMBIE U30-
Opaxenus menu S B 3epkanax. [loatomy J Oyner onpeaensatbes Gpopmyron
ABYITy4eBON MHTEep(EpeHInHd, B KOTOPOil paccTosiHue | OT MCTOYHUKOB 0
9KpaHa ClIeAyeT 3aMEeHUTh Ha a+b, rime a~r — paccrosHue ot S 70 pedpa
3epkai, b — paccrosHue ot pedpa 1o skpana (puc. 1.2.4). Paccrosaue d me-
KTy BTOPHYHBIMU UCTOYHHMKaMU paBHO O ~2a¢. [loaTomy mmpuHa WHTEP-

(epeHIIMOHHOM MMOJIOCH! Ha KpaHe paBHA
Ax~ M _Matb)
d 2ap

bunpuszma @penena

B nanHOM MHTEp(EpEeHIIMOHHOM OIbITE, TAaKXKe MpeanokeHHoM dpeHne-
JeM, JUIS pa3/iesIeHus] UCXOJHOM CBETOBOM BOJIHBI HA JBE MCIOJIB3YIOT IIPHU3-
MYy C YTJIOM TIpH BepirHe, 6Ju3kuM K 180°.

HcTouyHUKOM CBETa CIYXKUT SPKO OCBELICHHAs y3Kas MIeNb S, mapai-
JeNbHAs MPEIOMIISIoNeMy pedpy ounpusmsl (puc. 1.2.5).

B o

VAN

//

Puc. 1.2.5

MOXHO cuuTaTh, YTO 3/1eCh OOPa3yrOTCs JBa OJIM3KUX MHHUMBIX H30-
OpakeHus: — S U Sy — UCTOYHUKA S, T.K. KaXKJas MOJIOBUHA OUINPU3MBI OT-
KJIOHSIET JIy4d Ha HeOoubIoi yroa ¢ = (n—1)p.

32



bununza buiie

AHanornyHoe ounpusme OpeHenst yecTpoilcTBO, B KOTOPOM pOJib KOTre-
PEHTHBIX MCTOYHUKOB HWIPAIOT JIEUCTBHUTENbHBIE M300paKEHUs SIPKO OCBe-
IIEHHOW INEJH, MOJIy4aeTcs, eCiau COOMPAIOLIYIO JIMH3Y pa3pe3aTh MO0 Jua-

METPY U MTOJIOBUHKY HEMHOTO pa3ABUHYTH (puc. 1.2.6).
2

Puc. 1.2.6

[Tpopess 3akpbIBaeTCS HEMPO3PAYHBIM SKPAHOM A, a TIaJaroNIie Ha JIMH-
3y JIy4d OPOXOIAT 4epe3 NEHCTBUTENBHBIE H300paKEHUs IWEenu S; U Sp

U JIaJibllie IEPEKPBIBAIOTCS, 00pasyst nHTephEpPEHIIMOHHOE TTOJIE.

1.2.5. UuTrepdepeHuius B TOHKUX INICHKAX

WNuTtepdepeniuio cBeta 1mo memooy oenenus amMniumyosbl BO MHOTHX
OTHOIIEHUSX HAOII0JATh MPOIINE, YEM B OIBITAX C OeleHueM B0JHOB020
@pornma. OnuH U3 cocoO0B, UCTIONIB3YIONINX TaKo MeToH, — onvtm Ilons.

B ombite Tlonst cBeT OT UCTOYHHMKA S OTpakaeTcsl ABYMsI MIOBEPXHOCTSI-
MH TOHKOH TPO3PaYHOM MJI0CKONApaIeIbHON TTaCTHHKH (puc. 1.2.7).

B mobyro Touky P, Haxoasmryrocs ¢ TOH K€ CTOPOHBI OT TUIACTHHKH,
YTO W MCTOYHUK, MPUXOJAT JBA JIyda. DTH Jy4d 00paszyroT mHTep(epeHIn-
OHHYIO KapTHHY.

h]

s

0.7
SN <Dhsin6

>4
7

s

S,%
Puc. 1.2.7
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Jlns onpeeneHus: BUaa rmojaoc MOKHO MPEACTAaBUTh ce0e, YTO Ty BhI-

XOJSIT U3 MHUMBIX H300pakeHUU Sq M Sy MCTOYHHMKA S, CO3/71aBaeMbIX I1O-
BEPXHOCTSMH IUIACTUHKH. Ha ynmaneHHOM 3KpaHe, pacIoJIOKCHHOM Mapali-
JICNBHO TIJIACTUHKE, WHTEPPEPCHIIMOHHBIC TOJIOCHI MMCIOT BUJ KOHIICHTPH-
YeCKMX KOJIell. ODTOT ONBIT MPEIbSABISIET MEHEe KECTKHE TpeOOBaHMS
K pa3MepaM HCTOYHHMKA S, Ye€M PAaCCMOTPEHHBIC BHINIC OMBITHL. [loaTOMy
MOHO B Ka4€CTBE S MPUMEHUTH PTYTHYIO JIAaMITy 0€3 BCIIOMOTATEILHOTO JK-
paHa ¢ MaJbIM OTBEPCTHEM, YTO 0OECIIEUNBACT 3HAYUTEIBHBIN CBETOBOM TTO-
Tok. C momompto uctouka ciroabl (TommuHon 0,03—0,05 MM) MoXHO TOITY-
YUTh SIPKYIO UHTEP()EPEHIIMOHHYIO KapTHUHY IPSIMO Ha TIOTOJKE M Ha CTEHAX
aynutopur. Yem TOHBINE TUTACTUHKA, TeM KpyInHee MacmTad uHTepdhepeH-
IIMOHHOMN KapTHUHBI, T.€. OOJIbIIIE PACCTOSHUE MEXKIY MOJ0CaAMHU.

Ionocwt PABHOZ20 HAKJ/IOHA

Oco0eHHO BaKeH YaCTHBIM clydail HHTep(epeHIur CBeTa, OTPaKeHHO-
ro JBYMS IOBEPXHOCTSMH ILTIOCKOIApAJUICIbHOM IJIACTUHKH, KOT/Ia TOYKa
HaOmroneHus P HaxonuTcs B OECKOHEYHOCTH, T.€. HaOII0AeHUE BEAETCS JIN0O
IJ1a30M, aKKOMOJUPOBAHHBIM Ha OCCKOHEUHOCTD, JTU00 Ha dKpaHE, PacIoio-
’KCHHOM B (DOKaIBHOM IJIOCKOCTH coOuparorieid aun3bl (puc. 1.2.8).

P

B stom cnydae o6a myda, uaymme ot S K P, MOpPOXIeHBI OJHHUM Ia-
JAOLIMM JIYYOM M TOCJIE OTPAXKEHUS OT IMEPEIHEN U 3aJHEN IMOBEPXHOCTEU
MJACTUHKU MapajjiedbHbl ApYyr Apyry. Ontudeckas pa3HOCTh XOAa MEXKIY
HUMH B Touke P Takas ke, kak Ha auHuu DC:
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A

A=n(AB+BC)- ADiE.

31ech N — nmoka3arelb IpeJIOMIICHHS] MaTepuaiia TiacTuHku. [Ipeanona-
IracTCi, YTO Ha/ IJIACTUHKOU HaXOJUTCA BO3AYX, T.C. n=1.

Tak xak AB=BC = Z—h, AD =2htgpsina (h — TonmmHAAa TTACTHHKH,

cosf
o ¥ 3 — yriiel majeHus U IpeoMIICHUST Ha BepXHe# rpanu; Sino=nsinf),
TO AJIA1 pa3HOCTHU XOJ4a I10JIyIaEM
A =2nhcosp.

C y4eToM MoTepH MOITYBOIHBI IPU OTPAKEHUU OT CPEABI
A=2nhaBBi%?=2hVn2—ﬂnzaiéf,

rac 7\.0 — JJIMHa BOJIHBI B BAKYYMC.

B cootBeTcTBUM C NpcaAbIAymuMu pacCcCyKIACHUAMUA B T. P 6y,ZIYT CBCT-
JIBIC ITIOJIOCHI, T.C. HHTGp(bCpGHHHOHHLIﬁ MAaKCHUMYM, CCJIIN

A:ZHWﬁ—sm2ai%§=nm0=2m%?,
U MUHHUMYM, CCJIU

A=2hﬂﬂ—sm2ai%§=(mn+n%?.

3necb M — nopsaodok unmepgepenyuu. Ilonoca, cCOOTBETCTBYIONIAS J1aH-
HOMY TOPSIKY UHTEep(depeHInu, 00ycloBIeHa CBETOM, MaJalONIUM Ha Tijia-
CTHUHKY MO/ BIIOJIHE OMpPEACICHHBIM yTJIOM o. [ToaToMy Takue moiochl Ha3bl-
BaIOT UHMepghepeHyuoHHbIMU ROI0CAMU PABHO20 HaKaoHa. Ecin och 00b-
€KTHBa paCIOJ0KeHa MEPIEeHIUKYJISIPHO IUIACTUHKE, MOJIOCHI UMEIOT BHJ
KOHIICHTPUYECKUX KOJIEI] ¢ LIEHTPOM B (OKyce, MPpUUYEeM B IIEHTPE KAPTUHBI
NopsAIOK UHTEPHEPEHITNN MaKCUMAJICH.

[Tonockl paBHOrO HAKJIOHA MOKHO MOJYYUTh HE TOJBKO B OTPaKEHHOM
CBETE, HO U B CBETE, MPOUIEAIIEM CKBO3b IUIACTUHKY. B 3TOM citydyae oivH U3
JIy4er IPOXOIHUT IPSMO, a APYroM — IOCIIE ABYX OTPAXKCHUN Ha BHYTPEHHEUN
CTOpPOHE IUIAaCTUHKU. OJIHAKO BUJUMOCTD MOJIOC IPHU 3TOM HHU3Kasl.

JUist HaOMroeHUsT TO0JIOC PABHOTO HAKJIOHA BMECTO IJIOCKONApasIsIesib-
HOW IUTACTMHKU YAOOHO WCHOJIb30BaTh uHmepghepomemp Maiikenvcona
(puc. 1.2.9). Paccmorpum cxemy mHTepdepomeTpa Maiikenbcona: 31 u 32 —
3epkana. ITomympospauHoe 3epkano P, mocepeOpeHO M IENMUT Jy4 Ha JIBE

gactd — aiyd 1 u 2. JIyua 1, orpaxasice ot 31 u npoxons P, maer 1', a myu 2,
OTpaXkasichb OT 32 U ganee ot P, naer 2'. Ilnactuaku P, 1 P, oguHaKoBEI 10
pazMepam; P, craBuTCA I KOMIIEHCAIMM PAa3HOCTH XOJa BTOPOTO Jyda.
JIlyun 1' u 2' KOrepeHTHbI 1 UHTEp()EPUPYIOT.
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- 32
g " 3 C’/ *

'yl 2'
JxpaH
Puc. 1.2.9

Humepghepenyus om knuna. Ilonocel pasnoit monujunsl

Beimie ObutM paccMOTpeHbl MHTEP(EPEHIIMOHHBIE OIBITHI, B KOTOPBIX
JIeJICHUE aMIUTUTYAbl CBETOBOM BOJHBI OT MCTOYHUKA MPOMCXOJIUIIO B pe-
3y/lbTaTe€ YaCTUYHOIO OTPAKEHMs HA MOBEPXHOCTAX IUIOCKONApauIeIbHOU
IUIaCTUHKU. JIOKaIM30BaHHBIE MTOJIOCHI IPU MPOTSXKEHHOM UCTOUYHUKE MOKHO
HaOJI0aTh U B IPYTHX YCIOBUSIX.

Oxka3blBaeTcsi, 4TO JJs JAOCTATOYHO TOHKOM IJIACTUHKU WM IUICHKH
(TTOBEPXHOCTH KOTOpPOl HE 00s3aTeNbHO JOJKHBI OBITh MapayieTbHBIMU
1 BOOOIIE TJIOCKMMH) MOKHO HaOMI0AaTh MHTEP(PEPEHLMOHHYIO KAapTHHY,
JIOKQJIM30BaHHYIO BOJHM3M OTpa)karolieil MOBEPXHOCTH. Bo3HuKaromue mpu
ATUX YCIIOBUSX TMOJIOCHI HA3BIBAIOT HOJIOCAMU PABHOU moaujunsl. B 6emom
CBETE MHTEP(EpPEHIIMOHHBIE TMOJIOCHl OKpamieHbl. [loaToMy Takoe sBieHHE
HA3BIBAIOT ygemamu monkux nienox. Ero nerko HabmoaaTh Ha MBUIBHBIX ITY-
3BIPSIX, HA TOHKUX IJICHKaX Macja Wiu OCH3WHA, TUIaBAIOIINX Ha MOBEPXHO-
CTH BOJIbl, Ha TUIEHKAX OKHCJIOB, BOBHMKAIOIIMX HA MOBEPXHOCTH METAJJIOB
IpU 3aKayKe, U T.1.

Paccmotpum unTepdepennmonnyo kaptuny (puc. 1.2.10, 1.2.11), no-
Jy4aeMylo OT IJIACTUHOK NEePEMEHHON TOJIIMUHBI (OT KJIMHA).

Puc. 1.2.11

36



Hanpagnenuss pacnpocTpaHeHHsT CBETOBOM BOJIHBI, OTPAXKEHHOM OT
BEPXHEW W HW)KHEN TPAHMIIBI KIIMHA, HE COBITAIA0T.

WNutepdepenius Oyner HaOMIOAATHCS TOJIBKO BO 2-i 0ONACTH KIIMHA,
T.K. B 1-i1 obmactu ontuyeckas pa3HOCTb xoja OyaeT OoJblle JATUHBI KOTe-
PEHTHOCTH.

Pesynbrat unrepgpepeniuu B Toukax P, u P, skpana ompenensieMm 1o

. - A .
M3BECTHON popmyne A =2b,/n2 —sin2(a J_r?o, MOJICTABJISASI B HEE TOJIIHUHY

IUVICHKH B MecTe najaeHus jiyda (b, wmm by). CBeroBble nyun 00s3aTenbHO

JOJDKHBI OBIThH MapayuIeIbHBIMU (00 =CONSt): eciu OJHOBPEMEHHO OYayT W3-
MEHATHCS JBa napamerpa — b u a, To ycroitunBoii nHTEp(EpEHITMOHHOM Kap-
TUHBI HE OYJET.

[TockoJibKy pa3HOCTh XOJ1a JIy4eil, OTPa3UBIINXCS OT Pa3JIMYHBIX y4acT-
KOB KJIMHA, OyJE€T HEOJMHAKOBOM, OCBEIIEHHOCTh 3KpaHa OyJeT HepaBHO-
MEpHOM, Ha 3KpaHe OyAyT TEMHBIE U CBETIIbIC MOJOCHI (MM I[BETHBIE MPU OC-
BEIIIEHUU OeNbIM CBETOM, Kak moka3zaHo Ha puc. 1.2.11). Kaxnasa u3 Takux
M0JIOC BO3HUKAET B PE3YJIbTATE OTPAXKEHUSA OT yYAaCTKOB KJIMHA C OJMHAKO-
BOM TOJIIIMHOM, ITIOATOMY UX HA3BIBAIOT HOJAOCAMU PABGHOU MOJTU{UHDL.

Konvuya Heromona

Konvyesvie nonocvt pasnoit moawunst, Hadoriooaemvle 8 6030YUIHOM
3a30pe MeHcOy CONPUKACAIOUUMUCS 8bINYKIOU CHepuduecKkoll no8epxXHOCmbio
JIUH3bL MAJIOU KPUBU3HBL U NI0CKOU nogepxnocmvio cmekia (puc. 1.2.12), na-
3vieaiom koavuamu Heromona.

»
’

n
n >n

1
1
I
1
1
I
]
I
I
1
I
]
I
1
I

/ 1
1
I
I
1
I
L
1
1
|
T
1
'
I
1
1

Puc. 1.2.12

OOmuii meHTp KOJIeIl PacloJIOKEH B TOYKE KacaHus. B oTpaxkeHHOM
CBETE LECHTP TEMHBIN, T.K. IIPU TOJIIUHE BO3AYIIHOM MPOCIONKU, HA MHOTO
MEHBIIIEH, YeM JjIMHAa BOJHBI A, pa3HOCTh (a3 mHTEepdEepUpyIOUIUX BOJH
00yCTIOBJIEHA pa3IMuMeM B YCJIOBHUSX OTPaKECHHUS Ha JBYX IOBEPXHOCTSIX
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u Omm3ka k 7. Tonmuaa h Bo3aymHOTO 3a30pa cBsi3aHa ¢ pacCTOSHUEM I 110
TOYKH Kacanus (puc. 1.2.12):

2 2
h=R-+vR2_r2=r|1- 1- 1" | °
R2 | 2R

2
r
3/1eCh UCHOJB30BAHO YCIOBHE (Ej <<1. Ilpu HabmOAEHUHN IO HOpMa-

m\
JIM TCMHBIC ITOJIOCHI COOTBCTCTBYIOT TOJIIIHUHEC h = 7 ) HO3TOMy JJIs1 pazn/lyca

rm M-T0 TEMHOI'0 KOJIblIA IMOJIy4yaeM

rh=vmRA (m=0,1,2,...).

BI;Ian(eHI/Ie M paanyca CBCTIOI'O KOJIbIa —
rm: (m—%jRXO (m=1, 2, 3, )

Eciu nuH3Y MOCTENeHHO OTOABHUTaTh OT IMMOBEPXHOCTH CTEKJIA, TO WH-
TepepeHIIMOHHbBIC KOJIbIIa OyayT CTATMBAThCA K LEeHTpy. Ilpu yBenudeHun
paccTosiHus Ha A/2 KapTHHA MPHHUMAET MPSKHUN BHUJI, T.K. MECTO KaXKJIOTO
KOJIbIIa OyZET 3aHATO KOJBIIOM CIIeAyIOmero mopsaka. C ImMOMOIIbI0 KOJIel
HrroTona, kak u B ombiTe KOHTa, MOKHO CpaBHUTEIHLHO MPOCTHIMHU CPEACT-
BaMH MPUOIMKEHHO OTPEIETUTh JJIMHY BOJIHBI CBETA.

[Toockl paBHO# TONIIIMHBI MOYKHO HAOMIOAATh U C TIOMOIIBIO HHTEpde-
pomeTrpa MalikenbcoHa, ecii ogHO U3 3epkan 31 wim 32 (puc. 1.2.9) otkio-
HUTH Ha HEOOJIBIIION YTOI.

Umaxk, nonocel pasgnozo HaKIoOHa nonyuaomcs npu oceeujeHuu nia-
cmunku nocmosinnou moawunsl (b =const) paccesunvim ceemom, 6 kKomo-
pom coodepacamcs ayuu pazuwvix Hanpasierui. Tlonocel pasnoii monuunsl
HabI00AmMecs Npu 0ceeujeHuU NIACMUHKU nepemMeHHol moawunsl (KJIMHA)
(b = const) napannenvruvim nyuxom ceema. Ilonocel pasnou moauunsl 10Ka-
NIU308AHBL 8OIUZU NIACTIUHKUL.

1.2.6. Ilpumenenue nuTepdepeHunn cBeTa

SIBnenue mHTEepdEpEHITMU BOJH HAXOJIUT PAa3HOOOpa3HOE MPUMEHEHUE.
PaccMoTpuM nuie HEKOTOPBIE MPUMEPHI IPUMEHEHUSI HHTep(EPEHIINH .

e ToT (hakT, 4TO pacmoyioKeHHEe UHTEPPEPEHIIMOHHBIX TOJIOC 3aBUCUT
OT JUTUHBI BOJIHBI U PA3HOCTH XOJa Jy4e, MO3BOJIAET MO BUAY UHTEpPEpeH-
[IMOHHOM KapTHHBI (WM UX CMEUICHHUIO) IPOBOIUTH TOYHBIC U3MEPEHHUSI pac-
CTOSIHMI MIPU M3BECTHOW JJIMHE BOJIHBI WJIM, HA0OOPOT, OMPENEIATh CIEKTP
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uHTepPepupyronmx BOIH (uHmeppepenyuonnans cnekmpockonus). Jus
OCYIIECTBIICHUS TAKUX U3MEPEHHI pa3pad0TaHbl pa3IUYHbIE CXEMbI BHICOKO-
TOYHBIX HM3MEPUTETBHBIX MPHOOPOB, Ha3bIBaEMBIX HHTEphepoMeTpamMu
(IByX- 1 MHOroJIyueBbi€e), puc. 1.2.9. He3HaunrenpHOE nepeMeneHue 0JHO-
ro U3 3epkaj uHTepdepoMeTpa NPUBOAUT K CMEUICHUIO HHTEP(HEPEHIIMOHHON
KapTUHBI, YTO MOKHO HCIOJB30BaTh JJI U3MEPEHHUS JUIMH C TOYHOCTBIO 0

1077 m. N3mepenus ¢ momoripio uHTepdhepomerpa MaiikenbcoHa TPHUBEIH

K (pyHAaMEeHTaIbHBIM U3MEHEHUSIM TPEJCTaBICHUNH O MPOCTPAHCTBE U Bpe-
MEHH; JT0Ka3aJdl OTCYTCTBHE d(PHpa; MOCTYKUIA OCHOBOW CIIEIUaIbHON TEOo-
pUU OTHOCUTEIBHOCTH.

e Ilo unmepgepeHuyuoOHHON KapmuHe MOMCHO 6blAGIAMb U U3Me-
PpAMb HEOOHOPOoOHOCcmuU cpedbl (B T.4. (Ha30BbIC), B KOTOPOU PacpOCTpaHs-
IOTCS1 BOJIHBI, MJIM OTKJIOHEHUS (POPMBI IOBEPXHOCTH OT 33/1aHHOIA.

e SIBrneHue uHTEp(DHEPEHIIMH BOJH, PACCESTHHBIX OT HEKOTOPOTO 00bEKTa
(WM TpOLIEAIINX Yepe3 HEro) C «OMOPHOI» BOJHOM, JIEKUT B OCHOBE 20.10-
epaguu (B T.4. onTHuecKol, akyctuueckoit win CBY-ronorpadun).

e HHrepdepeHInOHHbIE BOIHBI OT OTAEIBHBIX «3JE€MEHTAPHBIX» U3IIY-
qyaTeJlel WCHOJIB3YIOTCS MPU CO30AHUU CIOHCHBIX USAYUAIOUWUX CUCHEM
(a"TEeHH) JJ1s DIEKTPOMATrHUTHBIX M aKyCTHYECKUX BOJIH.

o Ilpoceemnenue onmuku u nouyuyenue 6blCOKONPOIPAYHBLIX NOKPbI-
MUl U ce1eKMUBHbIX ONMUUECKUX PUIbmMpoas.

JUisi yMEeHbIIEHUs] TOTEPh HA OTPAKEHHE MCIOJIb3YETCS MOKPBITHE OIl-
THYECKUX JeTajiel (InH3) 3 TUIGHKOW 2 CO CIenUalbHBIM 00pa3oM moa00-
pPaHHBIMH TOJIIIIMHOMW & M MOKa3areyeM npenomiieHus N (puc. 1.2.13).

Wnes yMeHbIIEHUSI UHTEHCUBHOCTU OTPAKEHHOI'O CBETa OT MOBEPXHO-
CTH ONTHUYECKHUX JETaIed COCTOUT B MHTEP(HEPEHUIMOHHOM TalliIeHUU BOJIHBI,
OTPaXEHHOM OT BHEITHEH MOBEPXHOCTHU JieTanu 1, BOIHOU, OTPaXKEHHOU OT
BHYTpeHHel 2. J[11s1 OCyIEeCTBICHUS 3TOTO aMILTUTY/Ibl 00EUX BOJIH JTOJIKHBI
ObITH paBHbI, a (a3l oTauvarhes Ha 180°. B aTom cinyuae obecrnieunBaeTcs
rameHue oTpaxeéHHor BoJiHbl. HeoOxoaumoe cooTHoIIeHUE Mexay (azamu
A@ OTpaXEHHBIX BOJH O00ECIEYMBAETCS BBHIOOPOM TOJIIIMHBI IUIEHKH d,

KPaTHOM HEYETHOMY YHCIY YETBEPTEU UIMHBI BOJIHBI IPOXOJSIIETO 4Yepe3
paccMaTprUBaeMylo J€Tallb CBETA:

d=(2m+1DA/4.

Takum 00pa3oM, eclii BBIMONTHSIETCS 3TO YCIOBHE, TO B pe3yabTaTe WH-
TepdepeHIIN HAOII0JaeTCs rallieHue OTpaKEHHBIX Jiydel. Tak kak 100UThCS
OJTHOBPEMEHHOTO TaIlICHHs JIJIs1 BCEX JJIMH BOJH HEBO3MOXHO, TO €TO JCIIA0T
st Ag =0,55MMm. [ToaTOMy 0OBEKTHUBBI C IPOCBETICHHON ONTUKONW KaKyT-

sl TOyOBbIMU.
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o [lonyuenue 8bicOKOOMPAa 3carouyux Oul1IeKMPULEcKUX 3epKa.

3HAUYHUTENFHO TMOBBICUTh KOA(POUIIMEHT OTpaxkeHUs R 3epkan MOXHO,
HCIIOJNIB3YS TOCJIEOBATEIbHOCTh YEPEAYIOUIUXCS AUDICKTPUUECKUX CIIOEB
C BBICOKHM Iy M HU3KHM N, MOKa3aTelsiMu mpeiomierus (puc. 1.2.14).

8 ,
T
<
1 /2] 3 <
< [
<]
S S~ TN
N \:t\\
T \\
ny
\n/
1
Puc. 1.2.13 Puc. 1.2.14

Ecnu onTuueckas ToNIIMHA BCEX CIIOEB OJMHAKOBA M paBHa Aqg/4
(vl =n,ly, =Xy /4), To oTpaxkeHHBIE UX T'PaHUIIAMHU BOJHBI HAXOAATCS, KaK

JIETKO 3aMETHUTh, B OAMHAKOBOHN (ha3e M B pe3ysibTare MHTEP(PEpEeHLIUH YCH-
JUBAIOT Apyr Apyra. Takue MHOTOCIOWHBIE NUAJIEKTPUUYECKUE MOKPBITUS
JAI0T BBICOKYIO OTPaXaTEJIbHYIO CIIOCOOHOCTh TOJIBKO B OIPaHUYEHHOM 00-
JACTU JUIMH BOJIH BOIM3H 3HAYEHUS A(, JJIs1 KOTOPOTO ONTUYECKAs TOJLIMHA

cioeB paBHa Aqg/4. OObI4HO HaHOCAT OT 5 10 15 cnoeB cynbdua 1UHKA
(n =2,3) u kpuonuta (N, =1,35). C cempro ciosimu Jerko 1oouteest R =0,9

B CIIEKTpaJIbHOM oOnacTu mupuHoi nopsiaka 50 M. s momydeHust Kodg-
¢unmenta orpaxenuss R =0,99 nago nanectu 11-13 cnoes. Takue 3epkana
HCTIONB3YIOTCS B JIa3epHBIX pe3oHaTopax (puc. 1.2.15).

Jlamna Hakauku

= D=
[Tonynposzpaunoe
3epKao
/ /////{/”/4{3{{4//////7
CTepIKeHb =
// i
=0 0=
Puc. 1.2.15
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KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHMUW S

1. KakoBbI OCHOBHBIE TTOJOKEHUS U BBIBOJIBI KOPITYCKYJISIPHOW U BOJI-
HOBOU Teopuil cBera?

2. [loueMy BO3HHUKIIO NPEICTABICHUE O JBOMCTBEHHOM KOPITYCKYJISAP-
HO-BOJIHOBOU MpHUPOJIE CBETA?

3. B yem 3akmrouaercst ocHOBHas ujes teopuu [lnanka?

4. Kakyio BeIWYMHY Ha3bIBAIOT BPEMEHEM KOT€PEHTHOCTHU? IJIMHON
KorepeHTHocTH? KakoBa CBsA3b MEXKIYy HUMHU?

S. I 4ero BBOJATCA IOHSTHS BPEMEHHOW M MPOCTPAHCTBEHHOM KO-
TEPEHTHOCTUI?

6. UTo Takoe onTHYeCKas JIJIMHA IMyTU? ONTUYECKasi pa3HOCTh XxoAa?

7. JIBa KOT€pEHTHBIX CBETOBBIX ITyYKa C ONTHYECKOM Pa3HOCTBIO XOJa

A= % A UHTEpPEpHUPYIOT B HEKOTOPO Touke. MakCUMyM WM MUHUMYM

HaOroaeTcs B 3Toi Touke? [louemy?

8. IloueMy uHTepdepeHIi0O MOXKHO HAOJIOAATh OT JBYX JIa3epoOB U
HEJb3s OT ABYX 3JIEKTpojaamn?

9. Kak uzmeHnurcs uHTepPepeHnonHas kapTiuHa B onbite KOHra, eciu
3Ty CUCTEMY IOMECTUTH B BOAY?

10. byayt nau otinuyaThesi UHTEPPEPEHIIMOHHBIE KAPTUHBI OT JBYX Y3-
KHX, OJIM3KO JIekKAIMX NapaJljIebHbIX IIEJIeH NpH OCBEUIEHUH UX MOHOXPO-
MaTH4eCKUM U OelbiM cBeToM? [louemy?

11. YUto Takoe mojoChl paBHOM TOJNIIMHBI U paBHOro HakjoHa? ['me
OHM JIOKAJTM30BaHbI?

12. Tlpoananusupyiite, MpeABApUTEIILHO 3allKiCaB, YCJIOBHsS HUHTEp(e-
PEHIIMOHHOTO MaKCUMyMa U UHTEPPEPEHIITMOHHOTO MUHUMYMA.

13. Tlouemy cymiecTBOBaHWE HHTEP(EPEHIIMOHHBIX MHUHHUMYMOB HE
MPOTUBOPEYHT 3aKOHY COXPAHEHUS SHEPTUU?

14. MoHo 11 HabnoAaTh HHTEP(EPEHILIUIO OT JBYX FOPAIIUX CBEYEH;
OT JABYX JJICKTPUUECKHUX JIAMIIOYEK; OT ABYX JiazepoB? [louemy?

15. Kak MOXHO c03/1aTh YCIOBUS, HEOOXOIUMBIE 111 BOSHUKHOBEHUS
MHTEep(PEPEHITNN CBETOBBIX BOJH?

16. IloueMy siBneHuE UHTEPPEPEHIIMH CBETA SIBISETCS JOKA3aTEIbCT-
BOM €T0 BOJIHOBOUM PUPOABI?

17. Ha skpane Habmtogaercs nuHTephepeHIIMOHHAs KapTHUHA OT ABYX
KOTE€PEHTHBIX IIIeJIeH, OCBEIIAEMbIX MOHOXPOMATHYECKUM cBeTOM. Kak n3-
MEHUTCS UHTEep(DEepEeHITMOHHAS KapTUHA, €CIIA OTOJIBUHYThH DKPaH; yMEHb-
IIUTh PACCTOSIHUE MEXIY IIEIIMU?
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1.3. IM®PAKIUA CBETA

1.3.1. Ipunuun I'oiirenca — @penens

Jlughpaxyun ceema — B y3KoM, HO HanOoJiee YOTPEOUTEILHOM CMBICIIE —
o2ubaHue JIydaMH CBETa IPaHUIIbl HEMPO3PAYHBIX TeJl (SKPAaHOB); MPOHUKHO-
BEHUE cBeTa B 00JacTh reomerpuyeckoil TeHu. Hambonee penbedno au-
dpaxuus cBeTa MposBISETCS B 00JACTAX PE3KOr0 U3MEHEHHS TIJIOTHOCTH T0-
TOKa Jiydel (BOJMM3M KayCTHK, JOKycCa JIMH3BI, TPAHUI] TEOMETPUIECCKON TCHH
U 1p.); TupaKIus BOJIH TECHO MEPEIUIETACTCs C SIBICHUSIMU PAaCIpOCTpaHe-
HUS ¥ pacCesHUS BOJIH B HEOJJHOPOIHBIX Cpeax.

Jughpaxkyueir Ha3bIBACTCS COBOKYNHOCMb AGNEeHUl, HAOII00AeMblX npu
PAcnpocmpaneHuu ceema 8 cpeoe ¢ pe3KUMU HeOOHOPOOHOCHAMU, PA3MePbl
KOMOPbIX CPABHUMbL C OJIUHOU GONHb, U CEA3AHHLIX C OMKIOHEHUSsMU OMm 3a-
KOHO8 2e0Mempuyeckol ONMuKuy.

Orubanuie mpensTCTBUN 3BYKOBBIMU BOJIHAMH (AH(PPAKIUS 3BYKOBBIX
BOJIH) HAOJIIOAeTCsl HAMU TOCTOSIHHO (MBI CIIBIIIUM 3BYK 3a YIJIOM JIOMa),
MOTOMY 4YTO JIMHA 3BYKOBOW BOJIHBI CpPaBHMMa C Pa3MEpPOM MPENsSTCTBHUS.
Jist HabmroieHus udpakiiuy CBETOBBIX Jyuel HY>KHBI 0COObIE YCIIOBHUS, 3TO
CBSI3aHO C MAJIOM JITTMHOM CBETOBBIX BOJIH.

Mexny uHTepdepeHnrein u nudpakiureil HeT CyIIeCTBEHHbIX (u3nye-
ckux paznuunii. O0a SABIEHUS 3aKII0YAI0TCS B MEPEPACIPEICIICHUN CBETOBO-
ro MOTOKA B Pe3yJbTaTe CYNepIO3UIINN BOJIH.

SBnenue qudpakuun oObsICHAETCS C TOMOLILIO npunyuna I'toiizenca,
COTJIACHO KOTOPOMY Kad#cOdsi moukd, 00 KOMOpou 00X00um 60JIHA, CIAYHCUM
UEHMPOM 6MOPUYHBIX 60JIH, A 02UOAIOWAS SMUX BOTIH 3A0aem NOJIOHCEHUE
8071H08020 (hponma & credyrouuLl MOMEHM 8PEMEHU.

[TycTh mockasi BoJiHAa HOPMAJIBHO MaJlaeT Ha OTBEPCTHE B HEMPO3pad-
HOM dkpane (puc. 1.3.1). Kaxxgas Touka ydactka BOJIHOBOTO (DpOHTA, BBIJE-
JIEHHOTO OTBEPCTUEM, CITY>KUT UCTOYHUKOM BTOPUYHBIX BOJIH (B OJHOPOJTHOM
U30TPOITHOM cpejiec OHU CPEPUICCKHUE).

bbb
AT

Puc. 1.3.1
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[TocTpouB ormdOarouryr0 BTOPUYHBIX BOJIH JUII HEKOTOPOrO MOMEHTa
BPEMEHHU, BUJIMM, YTO (DPOHT BOJIHBI 3aXOUT B 00JACTh FTEOMETPUUYECKOM Te-
HH, T.€. BOJIHA OTH0AeT Kpasi OTBEPCTHSL.

[Tpunnun ['rolireHca pemaeT Juib 331a49y O HANPaBJIECHUH PACIPOCTpa-
HEHUS BOJHOBOTO (pOHTA, HO HE 3aTparMBaeT BOIpoca 00 aMIUIUTYAE U UH-
TEHCUBHOCTH BOJIH, PACIIPOCTPAHSIOIMINXCSA 10 PA3HBIM HAIPABICHUSM.

Pemaronryro ponb B YTBEPKIECHUU BOJHOBOW NMPUPOABI CBETA ChITpal
O. O®penens B Havane XIX B. OH 00BsCHUI siBJICHUE AUGBPAKIIMU U Al Me-
TOJ, €€ KOJMYECTBEHHOT'O pAcUeTa.

dpeHenpb BI0KUI B MPpUHIMN ['folirenca Gu3n4ecKuii CMbICI, JIOMTOJTHUB
ero ujeeil HTep(epeHn BTOPUYHBIX BOJIH.

[Tpu paccmorpenun audpaxuuu OpeHenb UCXOAWIT U3 HECKOIBKUX OC-
HOBHBIX TMOJIOXKEHUH, MPUHUMAaeMbIX 0e3 Joka3zarenbcTBa. COBOKYIHOCTB
ATUX YTBEPKACHUM U HA3bIBAETCS MPUHLIMIIOM [ 'roirenca — @penens.

CornacHo npunyuny I'oiizenca, Kaxnyro moyky @pornma BOTHBI MOK-
HO pacCMaTpUBaTh KaK UCTOYHUK BTOPUYHBIX BOJIH.

@peHenp CyECTBEHHO Pa3BUII 3TOT ITPUHLIAIL

e Bce smopuunble uCmoYHuKU poHma 801Hbl, UCXOOAWeEl U3 0OHO20
UCMOYHUKA, KO2EPEHMHbBL MeHCOY COOOLI.

o PasHvie no niowaou yyacmku 60JIHOBOU NOBEPXHOCMU U3LYUAIOM
pasHvle uHmeHcueHocmu (MOLTHOCTH).

o Kaoicowlii 6mopuunblil UCOYHUK USTYYaem C8em npeumyuecmeeHHo
6 HANPA6IeHUU 6HEUIHEel HOPMAU K B0JIHOBOU NOGEPXHOCMU 8 IMOU MOY-
Ke. Amnaumyoa 6mMOpUYHBIX GOIH 8 HANPABAEHUU, COCMABIAIOUWEM Y20 O
¢ HOpMATIbIO, MmeM MeHbule, yem bobuie Yol o, U pagHa Hyuo npu o> 1/ 2.

o Jlna 6mopuyHbIX UCMOYHUKO8 CNpABeOu8 NPUHYUN CYNEPROZUYUU.
u3J1yyeHue 0OHUX Y4aACmKO8 60JIHOB0I NOGEPXHOCTNU HE GIUAEM HA U3TYYe-
Hue Opyeux (€CIM YacTh BOJHOBOM MOBEPXHOCTU MPHUKPBITH HEMPO3pPaYHBbIM
AKPAaHOM, BTOPUYHBIC BOJHBI OYIYyT U3Iy4aThCsl OTKPHITHIMU yUYaCTKAMH Tak,
Kak ecyii Obl 9KpaHa He ObLIO).

Hcnonb3ys st nonoxxenus, GpeHens yke MOT CAENaTh KOJIUYECTBEH-
HbIE pacyeThl TU(PAKLIMOHHON KAPTUHBI.

1.3.2. MeToxa 300 ®@peHes

®peHenb NPenIoKUI OPUTHHAIIBHBIN METOJ] pa3OueHrs BOJIHOBOM IO-
BEPXHOCTH S Ha 30HbI, MO3BOJUBIIMM CUJIBHO YHOPOCTUTH pPEIICHHE 3a/ad, —
Mmemoo 30n Dpenens.

['panunieii nepBoil (IEHTPaTIbHON) 30HBI CIIYXKAT TOYKUA OBEPXHOCTH S,
Haxosrecs Ha paccrosiaun | +A/2 or Touku M (puc. 1.3.2). Touku chepsi S,
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Haxojsimuecs Ha paccrosausx | +20/2, | +3L/2 u t.1. ot Touku M, o6pa-

3y1OT 2, 3 U T.1. 30H6I Dpenens.

Konebanus, Bo30yxaacmMbie B Touke M MeExy IBYMs COCCIHHMH 30-
HaMH, TTPOTHBOIIOJIOKHBI 110 ¢a3e, T.K. pa3HOCTh XOAa OT 3THUX 30H JI0 TOY-
Kk M paBHa A =)\/2, IO3TOMY NP CIOXKEHHH ITUX KOJICOAHUN OHU TOJDKHBI

B3aMMHO OCNA0JIATh APYT ApyTa:
A=A =Pyt Pg— Ayt A,
rae A — aMIUIMTy1a pe3yNbTUPYIOLIEero Kojaebanus; A — aMIUIMTy1a Koseba-

HU#, BO30yKaaeMast i-if 30H0i Dpeners.

34|56

Puc. 1.3.2

Bennuuna A 3aBHCHT OT IUIOIIAAN Sj 30HBI M yIia oj MEXIy HOpMa-

JIBIO K MOBEPXHOCTH U MPSIMOM, HANIPABJICHHOW B TOUKY M.
[Imomans 0gHON 30HEI

nRIA . . nRIA
R+1 R+1
OTcrofa BHJIHO, YTO IUIONIAAb 30HBI DpeHens HEe 3aBUCUT OT HOMEpa
30HBI I. DTO 3HAYMT, YTO NPU He CAUUKOM OOTbUUX | NIOWAOU COCCOHUX 30H
OOUHAKOBYI.

B To xe Bpems, C yBEIMYEHHEM HOMEpA 30HBI BO3PACTACT YION O

U, CJIIEI0BATENbHO, YMEHBIIAETCS WHTEHCHUBHOCTH W3JIy4€HHs 30HBI B Ha-
npaBiieHuU Touku M, T.e. ymeHpmaerca ammumtyna Aj. OHa ymeHbIIaeTcs

TAaKIKC N3-3a YBCIIMUCHHUA PACCTOAHHA 10 TOYKHU M:

A>A>A>.>A>...
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Ob6miee uncimo 30H DPpeHens, yMenanmxcs Ha JacTu chepsl, oopa-
IIEHHOM B CTOPOHY TOYKM M, O4YeHb BEJIMKO: MpU A = 5107 M = 500 HM,
R=1=0,1 M uncno 30u N~3-10° a paauyc nepBoi 30HbI 1 = 0,16 MM.

OTcrona ciemyer, 4To yribl MEXIy HOPMANbIO K 30HE U HANpaBJICHHEM
Ha TOYKy M y coceHHX 30H MPUMEPHO PABHBI, T.€. UYTO AMHIAUMYObL 6OJIH,
npuxooaujux ¢ mouxy M om coceonux 301, npumepHo pagHbl.

Tak xak TIOMAAN COCETHUX 30H OJIMHAKOBBI, TO BHIPAKEHUS B CKOOKax

PaBHBI HYJIIO, 3HAYUT PE3YJILTUPYIOIIAS aMIUIUTy1a A= —.

2

VIHTeHCHBHOCTD H3IydeHns J ~ AZ.

Takum obpazoM, pesyrbmupyrowas amniumyod, co30a8aemas 8 HeKo-
mopoti mouxe M eceii chepuueckoii nosepxHOCMbIO, PABHA NOJI08UHE AM-
naumyovl, co30a6aemMoil 0OHOU UL UCHMPATbHOU 30HOU, A UHMEHCUE-

nocmo J =J, /4.

Tak kak paanyc HeHTpanbHOM 30HBI Mall (I; = 0,16 MM), ciienoBaTeNbHO,
MOXXHO CYMTAaTh, UTO CBET OT TOUKU P 1o Touku M pacnpocmpanaemca nps-
MOJIUHEIIHO, BIOJIb MATEMAaTUYECKON TMHUU, HA3bIBAEMOU C8EM 08bIM J1yUeM.

Ecnu Ha myTH BOJIHBI TTOCTaBUTH HETMPO3PAUYHBIA IKpPaH C OTBEPCTHEM,
OCTABJISIFOIITUM OTKPBITON TOJIBKO IIEHTPATbHYIO 30HY DpeHes, TO aMILUTATY-
na B Touke M Oyner paBHa A . COOTBETCTBEHHO, HHTCHCUBHOCTH B TOuke M

Oymer B 4 pasza Oojblie, 4eM Mpud OTCYTCTBUH 3kpana (T.x. J =4J,).

Humencusnocmo ceema ygenuuusaemcs, ecid 3aKkpblims 6Ce YemHbvle 30Hbl.
Takum oOpazom, npuniu [ roiirenca — dpenens Mo3BoJsAeT OOBICHUTH
PSIMOJIMHEWHOE PACTIPOCTPAHEHHE CBETA B OJTHOPOIHOM Cpejie.
[IpaBoMepHOCTH JieJieHUs] BOJTHOBOTO (ppoHTa Ha 30HBI Dpenens non-
TBEPXKJICHA IKCIIEPUMEHTAILHO. JIJIs1 3TOTO MCIIOIB3YIOTCS 30HHBIC TIACTHUH-
KM — CUCTEMa YePeIyIONTUXCS MPO3PAYHBIX M HETIPO3PAYHBIX KOJIETI.
OnBIT MOATBEPIKIACT, YTO C TMTOMOIIBIO 30HHBIX TJIACTHHOK MOYKHO yBe-
JUYUTH OCBEIICHHOCTh B TOUKE M, MoI00HO coOMparoieil JInH3e.

1.3.3. Ju¢ppakuus PpeHesst OT NPOCTEHIINX NPerpajx

Paccmorpum nudpakiuio B cxoasmmxes dydax, uin nudpakmuio Ope-
HEJIs, OCYIIECTBISIEMYIO B TOM cllydae, Korja AudpakimoHHas KapTUHA Ha-
OyrofaeTcs Ha KOHEYHOM PACCTOSIHUM OT TPEMSTCTBUS, BBI3BABIIEIO JH-
bpakuuio.

Jugppaxyus om Kpyznozo omeepcmus

[ToctaBuM Ha TyTH CepUUYECKON CBETOBOW BOJHBI HEMPO3PAUYHBIN IK-
paH ¢ KpPyIJIbIM OTBEPCTHEM paJuyca r,. DKpaH PACIIONOXKEH TaK, 4TO Iep-
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NEHIUKYJIISP, OMYIICHHBI M3 S Ha HENMpPO3payHbId 3KpaH, MOMAJAeT TOYHO
B 1IeHTp oTBepcTHs (puc. 1.3.3).

Ha mpopomkeHNH 3TOTO MEpIEHAMKYIsipa Bo3bMeM Touky M u pac-
CMOTpPHM, 4TO OyZeT HAaOIIOAaThCS Ha DKPaHE.

R

Puc. 1.3.3
Pa300beM OTKPBITYIO YacTh BOJHOBOM MOBEPXHOCTU Ha 30HBI DpeHers.
Buo ougpaxyuonnou xapmumnvl 3aeucum om uucia 30n Ppenens, OmKpbvi-
gaemvix omeepcmuem. AMIUIUTYAA PE3YJIbTHPYIOLIEro KoueOaHus, BO30YxK-
JAEMOr0 B TOUKE M BCEMU 30HAMHU

1/2(A; + Ay,), M — HEUeTHOE;
1/2(A; — Ay,),m — uetHoe.

Takum 00pa3oM, KOrJa OTBEPCTHE OTKPBHIBACT HeYemHoe HUCA0 30H
®penens, TO aMIUTUTy/1a (MHTEHCUBHOCTh) B Touke M Oyner Oosbiie, 4em
Py CBOOOJTHOM PACHPOCTPAHEHUH BOJIHBI; €CIU YemHoe, TO aMIUIUTYIa
(MHTEHCUBHOCTH) Oy/I€T paBHA HYJIIO, KaK MMoka3aHo Ha puc. 1.3.3.

EcrectBenHo, uto ecnu Iy >> A, TO HUKaKoW TUPPaAKIIMOHHON KapTH-

HBI HE Oy/JIeT.
Jugppaxyua om oucka

Cdepuueckast BosHA, pacpOCTPAHSIONIAACS OT TOYEYHOTO MCTOYHHKA S,
BCTpEYaeT Ha CBOeM IyTH auck (puc. 1.3.4).




Touka M nexuT Ha NepHeHAUKYJsipe K LEeHTpy aucka. [lepBas 30Ha
@peHenst CTPOUTCS OT Kpast JUCKa U T.J.

AMIIIUTY1a CBETOBBIX KOJeOaHHil B Touke M paBHa MOJOBHHE amIUIH-
TyJibl, 00YCJIOBIIEHHOM TEPBOM OTKPHITOM 30HOU. Eciu pa3mep nucka HeBe-
JUK (0XBaThIBaeT HEOOJIBIIIOE YUCIIO 30H), TO ACHCTBHE MEPBOI 30HBI HEMHO-
UM OTJIMYAETCS OT ACUCTBUS IEHTPAIBHOU 30HBI BOJTHOBOTO (hpoHTA. Takum
00pa3oM, OCBELIEHHOCTh B Touke M OyzeT Takol ke, Kak U B OTCYTCTBHE IK-
paHa. BenenctBue cuMMeTpun LIEHTpallbHAs CBETIIAsl TOUKa OYJET OKpYKEHa
KOJIBLIAMU CBETA U T€HU (BHE IPAHUIL] FEOMETPUUECKON TEHN).

[TapamokcanpHOE Ha NEPBBIA B3IVILA 3aKIFOYEHHE, B CUIIy KOTOPOTO
B CAMOM ILICHTPE I'€OMETPUYECKON TEHU MOYKET HAXOIUTBHCS CBETJIAasl TOYKA,
obut0 BeIIBUHYTO Ilyacconom B 1818 r. u BmocneacTBuu ObUIO Ha3BaHO €ro
nMeHeM. «lIatHo Ilyaccona» noareepkaaeT npaBUIBHOCTh Teopun DpeHens.

1.3.4. {udpakuus B napauieJbHbIX Jy4dax
(nuppaxuusa @payurodepa)

Jlo cux mop MBI paccCMaTpUBAIMN OU@Ppaxkyuro cpepuieckux 601H, U3y-
yasi AUGPaKIMOHHYIO KapTUHY B TOUKE HAOIO/IEHNUS, JIeKalllel Ha KOHEUHOM
paccTosiHUU OT NpensaTcTBus (Ougppaxuus Dpenens).

Tun gudpakuuu, Npu KOTOPOM TUdpakiMOHHAsT KapTuHa o0pasyercs
napainelbHbIMu ny4Kamu, Ha3plBaeTcsa ougpakyuen Dpaynzogepa. 11apan-
JIeJbHBIE Ty TPOSIBATCS, €CIM MCTOYHUK U DKpaH HAXOMSTCS B OECKOHEU-
HOCTH. [IpakTHuecku ucnosb3yercs ABe JUH3BL: B (DOKyCe OJTHOM — UCTOUHHK
CBETa, a B (OKyce IPYyrou — 3KpaH.

XoTs npuHUMNUanbHO audpakuus PpayHrodepa HE OTIMYAETCA OT
mudpakiuuu OpeHensi, HO MPAKTUYECKU MMEHHO JTOT Clydail BakeH, T.K.
UMEHHO ATOT THMN AU(GPAKIUUA HCTOIB3YETCS BO MHOTHUX JIU(DPAKIIMOHHBIX
npubopax (audpaxkimoHHas pemerka, Hampumep). Kpome toro, 31eck mare-
MaTUYECKUN pacyeT MpOILIE U MO3BOJISIET pEellaTh KOJIMYECTBEHHYIO 3a7ady
1o koHma (audpakuuio OpeHens Mbl pacCMaTpUBAI Ka4€CTBEHHO).

Jugppaxyua ceema na oonoii wienu

[TycTh B HEMPEpPHIBHOM JKpaHE eCTh Ielib: MmupuHa mean AB = b, amu-
Ha 1menu (MepreHanKYJIIpHO iockoctu jucta) | >> b (puc. 1.3.5). Ha mens
NaJalT MapajjielibHble Tyuu cBeTa. [yt obsierdeHus pacuera cuuTaeM, 4yTo
B TUTOCKOCTH IIENH AB aMImuTyb1 1 (a3bl MaJaloNX BOJIH OJIMHAKOBEI.

Pa3o0Obem 1mienb Ha 30HbI PpeHens Tak, 4TOObl ONTHYECKas Pa3HOCTh
X0J1a MEXTY JTy4yaMH, UAYIIMMH OT COCETHUX 30H, OblJIa paBHa A/2.
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Eciu Ha mmpuHe mIenu yKJIaJbIBae€TCs YETHOE YHCIO TaKUX 30H, TO
B TOuKe F, (nobounsiii pokyc muusel) Oyner HabIIOAATHCS MUHUMYM HH-

TCHCUBHOCTH, a CCJIM HCUCTHOC YHUCJIO 30H, TO MAKCUMYM MHTCHCHUBHOCTH:

: A
bsing =+2m 5 VCa08ue MUHUMYMA UHMEHCUBHOCU,

: A
bsing =+(2m+1) 57 VCa08ue MAKCUMYyMa UHMEHCUBHOCTIU.

KapTrHa OyneT CMMMETpUYHONM OTHOCUTEIIBHO 21A6H020 (hOKyca TOUKH F .

3HAKU «IJTI0C» U «MUHYC» COOTBETCTBYIOT yIJlaM, OTCYUTAHHBIM B Ty WIIU
UHYIO CTOPOHY.

A
J |1
0,05
2 2022 sing
b b b b

Puc. 1.3.5

UntencusrocTs cBeta J ~ A% Kak BumHO u3 puc. 1.3.5, meHTpanbHBI
MaKCHMYyM 110 HHTEHCUBHOCTH TIPEBOCXOINT BCE OCTAIBLHBIC.

PaccMoTpuM BiHSIHHE ITUPUHBI IHENH.

Tak kak ycioBue MUHUMYMa UMEET BUI DSIN @ = £mMA, oTCro1a

sin —m
¢ b’

U3 310it HhopMyIibl BUIHO, YTO C YBEIUYECHHUEM HIMPUHBI IIETHA D moso-
KEHUSI MUHUMYMOB CIIBUTAIOTCS K UEHTPY, UCHTPAIbHBIA MAKCUMYM CTaHO-
BUTCSA pe3ye.

[Tpu yMeHBIIEHUU INHPHHBI MIEIH D BCS KapTHHA PacHIMPSACTCS, pac-
IJIBIBAETCSA, LIEHTPaJbHAsl MOJIOCKA TOXE pAaCIIMPSAETCS, 3aXBaTbIBAasl BCE
OOJIBIIIYIO YaCTh dKpaHa, a ”THTEHCUBHOCTh €€ YMEHBIIIAeTCsl.
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Jughpakuyua ceema na ougppaxkyuonnoit peuiemke

OpnomepHas mudpakIMOHHAS pEIIeTKa MPEACTABISIET COO0M CHCTEMY
u3 6ospioro yucia N oAMHAKOBBIX MO MIMPUHE U MapaUIEIbHBIX IPYT APYTY
mienieil B dKpaHe, pa3/ielCHHBIX TaKKE OJMHAKOBBIMHU IO IIUPUHE HETMpPO-
3padHbIMU TIpoMeKyTKamu (puc. 1.3.6).

HudpaxironHas KapTHHA Ha PELIETKE OMpeJeNsieTcs Kak pe3ysbTar B3a-
UMHOM HHTEep(pEPCHIIMK BOJIH, UIYIIUX OT BeeX Imenei (puc. 1.3.7), T.e. B ou-
¢pakyuoHHoll pewremke ocyuecmernaemcs MHO20J1y4ueean uHmepgepenyus
KO2EPEHMHBIX OUPPASUPOBAHHBIX NYUKO8 C8EMA, UOYUWUX OM 8CEX Weell.

AR AR
d . b, a

1/22
Puc. 1.3.6 Puc. 1.3.7

O0o3HauuM: b — wupuna wenu PemeTKN; a — PACCTOSTHHE MEKIY IIe-
asamu;, a+b=d — nocmosinnas ougparxyuonnoii pewemxu.

JIunza cobupaer Bce JIy4H, MaJarolre Ha Hee MO OAHUM YIJIOM, U HE
BHOCUT HUKAKOH JIOTOJIHUTEIIbHOW PA3HOCTH XO0/1a.

ITyctb nmyu 1 (puc. 1.3.6) magaet Ha TUH3Y MO YIJIoM ¢ (y2o.1 oughpax-
yuu). CBeToBas BOJIHA, UAYIIAs MOl ATUM YTJIOM OT IIEJId, CO3JAEeT B TOUKE
F, MAaKCUMYM MHTCHCUBHOCTU. BTOPOM JIyd, MAYIIHI OT COCCIHEH IIENH O]

3TUM K€ YIJIOM @, IPUJIET B Ty e Touky F . Oba 51 siyda npuayT B pase

U OyJyT yCUIIUBATh JIPYT JIpyra, €CIu ONTHYECKasi pa3HOCTh x0/1a OyAeT paB-
Ha MA;

A=CD =dsing.
Vcnosue makcumyma niis mupakiiioOHHON pemieTku OyAeT UMETh BUJT
dsing =+mA, (1.3.1)

rme m==+l,+2, +£3, ....

MakcuMyMbl, COOTBETCTBYIOIIUE ATOMY YCJIOBUIO, HA3bIBAIOTCS 2/1a6-
HbIMU MaKcumymamu. 3Ha4eHUEe BEJIMYUHBI M, COOTBETCTBYIOUIEE TOMY WIIU
WHOMY MakCUMYMY, Ha3bIBaCTCS HOPAOKOM OUPPAKUUOHHO20 MAKCUMYMA.
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B Touke F( Bcerma Oynmet HAaOMIOMATHCS HYl1€60ll, WA UeHMPANbHBbLIL,
OuPPaKyuoOHHbLIL MAKCUMYM.

Tak kak cCBeT, MAJAOMIAN HA JKpaH, MPOXOIHUT TOJIBKO Yepe3 IIEIU
B TU(PAKIIMOHHON PEIIEeTKE, TO YCIOBUC MUHUMYMA O wjeiu U OyneT yc-
Jl08UeM 211A8H0O20 OUPPAKYUOHHO20 MUHUMYMA OJisL PeULemKU

bsing =+mA.

Koneuno, mpu 00JIbIIIOM YHUCIIE MIETe B TOUKH SKpaHa, COOTBETCTBYIO-
IIUe TJIaBHBIM AU(GPAKIMOHHBIM MHHHUMYMaM, OT HEKOTOPBIX IIENIed CBET
Oynet monagaTh U TaM OyAyT 0Opa3oBBIBATHCS HOOOUHBIE OUPPAKYUOHHBIE
maxcumymol u munumymst (puc. 1.3.7). Ho ux MHTEHCHBHOCTH, IO CpaBHE-
HUIO C TJIABHBIMH MakCUMyMaMu, Mana (= 1/22).

[Ipm ycnoBumn

A:dﬁn@:Qm+D%

BOJIHBI, TTOCBIJIAEMBIC KaXIOW IMIENbI0, OYIyT TaCUTHCSA B pe3yibTaTe MHTEP-
(depeHIINN U TIOSABITCS 0ONOHUNETbHbIE MUHUMYMBbL.

KonuyecTBo mieneit onpenenseT CBETOBOM MOTOK yepe3 pemierky. Uem
ux Oosblne, TeM OoJblliasi PHEPTUsl IEPEHOCUTCST BOJIHOM depe3 Hee. Kpome
TOTO, YeM OOJIbIIIE YUCIIO LIENeH, TeM OO0JIbIlIe JOTMOTHUTEIHHBIX MUHUMYMOB
MOMEIIAETCS MEXAY COCETHUMHU MakcuMyMmamu. CieloBaTeabHO, MAaKCUMY-
MBI OyyT OoJiee y3kUMHU U OoJiee MHTEeHCUBHBIMH (puc. 1.3.8).

Puc. 1.3.8

N3 (1.3.1) BuaHO, uTO yroa audpakiiuu NporopIUOHATICH UTUHE BOJIHBI A.
3Hauut, qUdpaKkUOHHAs pelIeTKa pa3faraet Oelblii CBET Ha COCTaBIISIONINE,
pUYEM OTKJIOHSET CBET ¢ OOJIbIIeH JIIMHOM BOJIHBI (KpAaCHBIN) Ha OOJBIINN
yroi (B OTJIMYKE OT MPU3MBI, I/I€ BCE MPOUCXOIUT HA000POT).

3T0 CBOMCTBO AU(PAKIMOHHBIX PEIIETOK UCMOJIb3YETCsl ISl OIpeeie-
HUS CIEKTPAJIIbHOTO COCTaBa cBeTa (MudpakimoOHHbBIE CTIEKTporpadml, Crek-
TPOCKOIIbI, CHEKTPOMETPHI).
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1.3.5. ludpakuust Ha NPOCTPAHCTBEHHbIX pelIeTKAaX.
JAuppakuus peHTTeHOBCKUX JIy4en

Ilpocmpancmeennoit, unu mpexmepHoi, OUPPaKyuoHHOU peutemKoul
Ha3vl8aAemcs. MaKas Onmuyecku HeoOHOPOOHAs cpedd, 8 KOMOpPOU HeOOHO-
POOHOCMU NEePUOOUUECKU NOBMOPAIOMC NPU U3MEHEeHUU 8cex mpex npo-
CMPAHCMBEHHBIX KOOPOUHAM.

VYcaoBus TPOXOXKIACHUSI CBETa 4epe3 OOBIUHYI0 AUGPPAKIIMOHHYIO pe-
IETKY NEPUOJAYECKA U3MEHSAIOTCS TOJIBKO B OJHOM HANPAaBIICHUU, MEPIICH-
JUKYJSIPHOM K ocH 1iend. [103ToMy Takyro peleTKy Ha3blBatOT 00OHOMEPHOU.

[Ipocreimyto AByMEPHYIO PEMIETKY MOKHO MOJYYUTh, CJI0KUB JIBE OJI-
HOMEPHBIC PEIIETKU TaK, YTOOBI MX MIEIH OBLIIM B3aMMHO TEePIIECHINKYIISIPHBI.
I'nagnvie makcumymsl IByMEPHON PEIIETKH JTOJKHBI OJTHOBPEMEHHO YJIOB-
JIETBOPSTH YCIOBUIO MAKCUMYMA JJIS1 KAXKIOU U3 PELIETOK:

dising; =tmyA  u d,sine, =tm,A,

I7I€ @ — yroJ MeXay HalpaBJIEHUEM Ha TJIABHBIA MakCUMyM (HaIpaBjeHUE
Jy4ya) U HOPMaJblO K PELIETKE; 7 — NOPAIOK AMPPaKIIMOHHOTO MaKCUMyMa.

HudpakuuonHas KapTHHA MPEACTABISIET CO0OM CUCTEMY CBETJBIX IIs-
TE€H, PACIIOJIOKEHHBIX B ONPEIEICHHOM IOPSAJIKE HA IJIOCKOCTH dKpaHa. Pas-
MEpBI 3TUX IMSTEH YMEHBIIAIOTCSA MPU YBEIWYEHUH YKCIIA LIENEH, a IPKOCTh
Bo3pacTaeT. Takas ke KapTHHa IOJIy4aeTCsl, €CJIM Ha OJJHO CTEKJIO HAHECTH
PSAI B3aUMHO TMEPIIEHIUKYJISIPHBIX TOJIOC.

Hudpakuus HaOMIOAACTCS TAKKE U HA TPEXMEPHBIX CTPYKTypax. Bes-
KW MOHOKPHUCTaJJI COCTOMT M3 YIOPSAOYEHHO PAaCIIOJIOKEHHBIX aTOMOB
(MoHOB), 00pa3yrOIIMX MPOCTPAHCTBEHHYIO TPEXMEPHYIO PELIETKY (€cTecT-
BEHHAas POCTPAHCTBEHHAs PELICTKA).

Iepros aToMHOMN pemeTku — nopsaaka 107'° m; JUIMHA BOJNHBI CBETAa —
107" m. IIpy Takux yCIOBHMAX HHMKAKMX AM(PAKIHMOHHBIX SBJICHUN HA aTOM-
HBIX TU(PPaKIMOHHBIX PEIlIeTKax ¢ BUAUMBIM CBETOM He Oyner. HyxHo u3-
Jy4eHUE C MEHBIIEH JUIMHOW BOJIHBI, HAIPUMEP PEHTreHOBCKOE. [{ns peHT-
T€HOBCKHUX JIy4ei KpUCTaJUIbl TBEPABIX TEJ SABISIIOTCA UACANbHBIMU JU(paK-
LMOHHBIMH PEUIETKAMHU.

B 1913 r. pycckuii ¢usuk I'.B. Bynbed u aHrnuiickue ydeHble OTell
v cbiH ['enpu u JloypeHc bparru, He3aBUCMMO Jpyr OT APYyra, MPEIiOKUIN
OpOCTON MeToA pacueTa Tuppakiui pEeHTTEHOBCKUX Jiyuel B Kpuctamuiax. OHu
noJjiaraiy, 4To JU(GpakiMi0 PEHTTEHOBCKUX JTy4eil MOKHO paccMaTpuBaTh Kak
pe3yNbTaT OTPAKEHUSI PEHTTEHOBCKUX JIYUEH 0om niocKkocmeu Kpucmaiida. 1o
OTpaKE€HUE, B OTIMYME OT OOBIYHOTO, MPOUCXOJIUT JULULL NPU MAKUX YCTIOBUSX
naoexust 1yyel Ha KpUCmaiil, KOmopwvle COOmM8emcmeayion MakCuMymy uHmep-
pepenyuu 0 1yueti, OmpadtCeHHbIX OM PA3HLIX NJIOCKOCMEI.
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HampaBuM my4oK peHTT€HOBCKHX Jy4ded / W 2 Ha JBE COCEIHHUE IJIOC-
KocTH Kpuctamuia AA' u BB'(puc. 1.3.9).

AOCOIOTHBIN NTOKA3aTeIb MPEIOMIIEHHS BCEX BEIIECTB Il PEHTTE€HOBCKUX
ny4yeli paseH 1. [Toaromy onTryeckas pa3HOCTh XoJa MEXTy Jiydamu ['u 2’

A=ED+ DF =2dsin®,

rae 0 — yron Mexay MagalouuMi U OTPaKCHHBIMU JTy4aMHU U IJIOCKOCTBIO
KpucTasuia (yroja CKOJIbKEHHUS ).
HuTepdepeHIImonHbIe MAKCUMYMBI JOJDKHBI YJIOBIETBOPSTH YCA06UIO
Bynvgha — bparzzoe:
2dsin6=mx (m=1, 2,3, ...). (1.3.2)
N3 popmynst (1.3.2) BuaHo, uto audpakuus OyAeT HAOIIOAAThCS JIUIIIb
npu d > M2, T.e. ipu ycrnoBur A >2d OyayT OTCYTCTBOBAaTh TU(PPAKIIMOH-

HbIe MakCUMyMBbL. [loaToMy ycrosue h>2d naswieaiom ycnosuem onmuue-
CKOIl 0OHOPOOHOCIMU KpUCMAaina.

1 I'

2
(333 A-'—nz \,g/o /O—A'

@"g* 3 .

s
e

~
N
0

&
&
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=
d
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Puc. 1.3.9

N3 (1.3.2) caemyet, yTo HaOIMOJeHUE AUPPAKIUOHHBIX MAKCHUMYMOB
BO3MOKHO TOJIBKO TPHU ONPEIEICHHBIX COOTHOLIEHUSAX MEXIy A u 0. DTOT
pe3yNbTaT JIEKUT B OCHOBE CHEKMPAlbHO20 AHAIU3A PEHTTE€HOBCKOTO U3IY-
YEeHUSs, T.K. JJIMHY BOJIHBI ONPEAENSIIOT IO U3BECTHBIM d, M U U3MEPEHHOMY
Ha OMbITE yTIy.

Uccnenysa nudpakuuio peHTTeHOBCKUX Jy4Yeld, MOKHO PELIuTh U 00paT-
HYIO 3aJlayy: €CJId U3BECTHA JUIMHA BOJIHBI A PEHTI€HOBCKUX Jy4YeHd, MOKHO
OMPENEIUTh NEPUO KPUCTALTUYECKON PeIeTKH d U OPUEHTALMI0 aTOMHBIX
MJIOCKOCTEH B MpOCTpaHCTBE. DTa ujes Obula BbICKa3aHa HEMEIKUM (PU3HKOM
M. Jlays B 1912 r. u siBUnach CymeCTBEHHBIM BKJIQJOM B Pa3BUTHE (PUBUKHU
TBEPAOTO TENA.

[Monmukpuctanmudeckue oOpaslbl MPEICTABISIOT COO0W MHOXKECTBO
MEJKUX KPUCTAJUIMKOB, OPUEHTHPOBAHHBIX XaOTUYECKU B MpocTpaHcTBe. Ec-
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JM HampaBUTh Ha KpUcTal O MOHOXPOMATHYECKUUA MYyYOK PEHTTEHOBCKUX
Jy4erl OT UCTOYHUKA S C M3BECTHOW JJIMHOW BOJIHBI A, TO BCErjaa HaWmayTCs
KPUCTAJUJIbl, ODUCHTUPOBAHHBIE I10JT HYKHBIM YIJIOM, B KOTOPBIX BBIIOJHEHO
ycnoBue Bynbsgha — bparros, a pediekch! (cBeTbie TOUKH Ha oToruiacTuHke P)
OT Pa3HBIX KPHUCTAJUIOB 00pa3yloT KOHIIEHTpUYecKue okpyxHoctu Dy, D), Dj
(puc. 1.3.10).

Puc. 1.3.10

Ototr Mmeton Obul mpemyioxkeH B 1926 r. II. debaem u II. Illeppepom
(memoo /leoan — Llleppepa).

N e
N T

Puc. 1.3.11

Ha puc. 1.3.11 noka3ana debaezpamma B METOJIE peHmeeHOCmpPyKmyp-
Hozo ananusza Jlebas — Illeppepa.

1.3.6. [lousiTue o rosiorpadpuu

["onorpadust (ot rpeu. holos grapho — monHas 3anuck) — 0coObIH cITo-
co0 3anucu uapopmauuu. B 1948 r. anrnuiickuii pusuk (BEHrp 1o HaIuo-
HanbHOCTH) Jlenuc I"'abop BbICKa3an uaero NPUHIMITMAIBLHO HOBOI'O METOAa
NOJIy4eHHs] O0BEMHBIX N300pakeHU 00beKTOB. OH MPETIOKUI PETUCTPU-
pOBaTh C MOMOIUIBIO (DOTOTUIACTUHKY HE TOJIBKO aMILIUTY/Ibl © HHTEHCUBHO-
CTH, Kak C MOMOILbIO 00BIYHOM (oTOrpaduu, HO U (ha3bl pacCETHHBIX 00BEK-
TOM BOJIH, BOCIIOJIb30BABIIUCH JJIS 3TOTO SIBJICHUEM UHTEPPEPEHIIMH BOJIH.
3T0 NO3BOJISIET U30aBUTHCS OT MOTEPH UHPOPMALIUU NTPU (PUKCUPOBAHUHU OTI-
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TUYECKUX M300paxeHunil. O HaKo, MPaKTUYECKOE MPUMEHEHHUE 3TOT CIIOC00
HalleN TOJbKO MOCe U300pETEHHUSI JIA3€pOB — HCTOYHUKOB CBETA BHICOKOM
CTENEHU KOT€PEHTHOCTH (BPEMEHHOU U POCTpaHCTBEHHOM). B 1963 . Obun
MTOJIyYE€HBI [TEPBBIE JIA3EPHBIE TOJIOTPAMMBI.

Cogerckuit yuensiil FO.H. Jlenncrok B 1962 r. nmpeayioxKuin opuru-
HaJIbHBIN cI0c00 (PUKCUPOBAHHMSI TOJIOTPAMM Ha TOJICTOCIONHON IMYIIbCHH.
OTOT METO JaeT LIBETHOE U300paKEHUE, U BOCCTAHABIINBAETCS OHO OOBIU-
HBIM OEJIBIM CBETOM.

PaccMoTpuM anieMeHTapHbIi crioco0 NoayYeHHUs ToJIorpaMM Ha TOJICTO-
CJIOMHOW AMYJIbCUH (TIpocTeliias royorpapuyeckas cxema n300paxeHa Ha
puc. 1.3.12 (BS — cBeroaenutens, M1-M3 — rimyxue 3epkaia,

L —kopoTkodokycHas nun3a, C — kosumumarop, H — rosiorpama)).

HenyckaeMblid 1a3epoM JIyd, PaCIIMPAETCS U IEJIUTCS Ha IBE YACTH.
Opna yacTh najgaer Ha GOTOIIIACTUHKY, OTPA3UBIIKCH OT 3epKajia (onopmulii
JIy4), Ipyras 4acTb OTpa)xaeTrcs OT npeamera (npeomemusiii ayy). O0a myyka
JTy4der JOJIKHBI ObITh KOT€peHTHBIMH. OTOPHBINA U MTPEAMETHBIN JIyUH CKJIa-
JLIBAIOTCS HA (DOTOIIACTUHKE, 00paszyst HHTEPHEPEHIIMOHHYIO KapTHHY.
Tawm, rie MakCUMyMbl UHTEHCUBHOCTH, SMYJIbCHUS 3aCBEUMBAETCS CUIIBHEE,
r71e MUHUMYMBI — clla0ee.

Ml

Puc. 1.3.12

J11s BocCTaHOBIIEHUS M300paKeHUs IPOSBIECHHYIO (POTOIIACTUHKY
MOMENIAIOT B TO CAMOE MECTO, B KOTOPOM OHa Haxo uiack npu pororpadu-
POBaHMHM, ¥ OCBEIIAIOT OMOPHBIM MMYYKOM CBeTa (4acTh Ja3epHOTO My4Ka, KO-
TOpasi ocBelana npeamMeT, nepekpouiBaetcs). OnopHbIA My4oK dugpazupyem
Ha ToJIorpamMmMme, B pe3yJIbTaTe BOZHUKAET BOJIHA TOYHO TaKasl JkKe, KaK BOJIHA,
OTpa)kK€HHas MPEJAMETOM. DTa BOJHA JA€T MHUMOE N300pakeHHe MpeIMeTa,
KOTOpPOE BOCIIPUHUMAETCS TJ1a30M HaOII0AaTeIs.

Heo0xoaumo oTMeTHUTh, YTO 00BIYHAs (POTOIIIACTUHKA (PUKCUPYET TOIb-
KO UHTEHCUBHOCTD, a TOJIOTpaMMa — 3aBUCUMOCTb HMHTEHCUBHOCTH OT (ha3bl.

["onorpaMMel 0651a1a10T CIAEAYIOIUMU OCOOCHHOCTSIMH, OTJINYAIOIIH-
MH HX OT oTorpaduii.
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e [omorpamma gaet 00beMHOE H300paKEHUE.

e [‘onorpaMMy MOXHO pa30UTh, U KaXKIbI OCKOJIOK AAacT M300pake-
Hue. OOBSICHSAETCS 3TO TEM, YTO KaXK[as TOYKA IUIACTUHKU MPU 3KCIIOHUPO-
BaHUU TOJBEPraeTcs AEUCTBUIO BOJIH, OTPAXKEHHBIX OT BCEX TOUEK MpEAMETA.
[Ipu oTneneHuH 4acTu roJIorpaMMbl, YMEHBUIAETCS YUCIO «ILTPUXOBY CBOE-
oOpaszHoi tudpakiumoHHoM pewmeTku. [loaTtomy ymeHbIaeTcs pasperiaromas
CIIOCOOHOCTh M MHTEHCUBHOCTb M300paKE€HUs P BOCCTAHOBJICHUH, HO Kap-
TUHKA COXPaHIETCS.

e [Ipu BocmpousBeneHUU H300pAKEHUS BO3MOXKHO €r0 YBEIUYCHHE
WK yMeHbleHue. [ yBennueHuss HeoOXoIuMO TIPHU BOCTIPOU3BEACHUU HC-
MOJIb30BaTh U3Ty4YeHHE ¢ OOJNbIIEH YaCTOTOM, YeM MpH AKCMO3UIMU. B aTOM
cilydyae MaciTad yBEJIMUECHUSI MOXKHO ONPEETUTh 1o (hopMmyIie.

e [[BeTHBIE TONOrpaMMBbl MOJYYAlOT HAa TOJCTOCIOMHBIX 3MYJIbCHUSX.
[Tpu >TOM 3KCHO3ULIMS TPOBOAUTCS HECKOJIBKO pa3 ¢ MOHOXPOMAaTHYECKUM
uznyyenueM. Ha romorpamme ¢ukcupyercs HE IIIOCKast, a MPOCTPAHCTBEH-
Hasi MHTep(epeHIIMOHHAas KapTUHa U (POPMUPYETCS MPOCTPAHCTBEHHAs pe-
merka. s BocmpousBeneHUs TOJIOrpaMMy OCBEHIAIOT OelbIM CBETOM, U
MaKCHUMYyMbI BOJIH Pa3IMYHOMN JUIMHBI PACIONaraloTCs B Pa3IMYHBIX TOYKaX
MPOCTPaHCTBA, (GOPMHUPYST OOBEMHOE LIBETHOE H300pa)ke€HUe, napsiiee B
npoctpanctBe (puc. 1.3.13). Ha puc. 1.3.14 nmokaszaH CHILHO YBEITHYCHHBIH
Y4aCTOK TOJI0rpaduyecKoro HeraTuBa.

i«

"Puc.1.3.13 - Puc. 1.3.14

Xots ronorpaduto nzodpenu B 1949 r., oHa momy4ymia MIMpPOKOE pac-
MIPOCTPAHEHUE JIUINb ¢ Hadaja IIECTUICCITHIX TOJOB, IMOCIIC M300pETCHUS
na3epa. B Hacrosimee BpeMms rosiorpadus TpEACTaBIsIeT cOOOW OMHO W3
TJIABHBIX HAIIPAaBJICHUH B ONTHUYECKUX HCCIEAOBAHUAX. BemayTcs ucciemnona-
HUSA ¥ pa3pabOTKH 1O MPUMEHEHHIO rojiorpaduu B MemuiuHe. Hampumep,
MIPU TIOJIYYCHUH ONTHYECKUX TOJOTpaMM TJia3a, 00eCIICUMBAIONIUX CIMHOC
TPEXMEPHOE U300paKEHNE XPYCTAIMKA U CETYATKH, WU aKyCTHICCKUX TOJI0-
rpaMM TeJjla, KOTOPhIC MOTYT MMETh BaXKHOE MPEUMYIIECTBO MO0 CPABHEHUIO C
JBYMEPHBIMH peHTreHorpamMmmamu. K ApyruM HNPUMEHEHHSM TOJIOTPaMMbI
OTHOCSATCS WCCJICIOBAaHMS U Pa3pabOTKH IO CO3JaHUI0 KaCCETHOW BHUICO03a-
ITUCH, 3aIMIOMUHAIOIINX SJICKTPOHHO-BBIYHCIUTEIIBHBIX YCTPOHCTB, a TaKXKe
CIIOCO00B HEPA3PYIIAIOIINX HCITBITAHHIA MaTePHAIIOB.
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KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHMUW S

1. B uem 3akmtouaercs npunimn [ 'roiirenca?

2. Kakos! nononnenust @penens k npunuuny [roiirenca?

3. Uem oTnmuaercs audpakius 3Byka OT AUPPAKITAN cBeTa?

4. Kakas Teopust 00bsacHseT npunuuil [ roirenca-Openens?

5. B ueM 3akiroyaeTcss OpUHLIMI OCTpoeHUs 30H Dpenens?

6. B ueM 3akiroyaeTcss OpUHLMN I€UCTBUS 30HHBIX MIIACTHHOK?

7. B ueM oTiinuue audpakuuu OpeHesnst Ha KpyriioM OTBEPCTUH MPU
OCBEIICHUH €r0 MOHOXPOMAaTUYECKUM U OEJIbIM CBETOM?

8. Korna nabmromaercs mudpaxims @penensa? qudpakius Opayarodepa’?

9. Ilouemy nudpaxuus He HaOMIOAAETCA HA OONBIINX OTBEPCTUSAX U
OOJBIINX JUCKax?

10. Yem onpenensiercs, OyaeT au uncio 30H Openens, OTKpbIBaeMbIX
OTBEPCTHEM, YETHBIM WJIK HeYeTHbIM? OTBET 0OOCHOBATb.

11. KakoBbl xapakTepHble 0COOEHHOCTH TU(PPAKIIMOHHON KAPTUHBI,
MOJTyYarouyecs Npyu Iudpakiuy Ha MaJIoM HEPO3PaYyHOM JTUCKE?

12. Yro HaszeBaroT "mATHOM [lyaccona"?

13. HaiiguTe HampaBaeHUs HA TOUYKH SKpaHa B ciydae audpakimu Ha
IIEJTH, B KOTOPBIX MHTEHCUBHOCTh PaBHA HYJIK0; HHTEHCUBHOCTh MaKCUMaJIbHA.

14. Otnnuaercs a1 AUPpaKus Ha I IPU OCBEILIEHUN €€ MOHO-
XpOMaTHYECKUM U OEJIbIM CBETOM?

15. KakoBa npefenpHasi IMPUHA MIEH, TTPH KOTOPOH e1ie OyayT Ha-
0JIF01aTHCSI MUHUMYMbI HHTEHCUBHOCTH?

16. Kak Biusier Ha nudpakiuio OpayHrodepa OT OJTHOM 1IN yBEIH-
YEHUE JUTMHBI BOJIHBI M [IUPUHBI IENTH?

17. Tlouemy audpakiMoHHas pelIeTKa pa3iaracT Oeblii CBET B CIIEKTP?

18. Kak onpeaenuts HauOOIbIINUNA MOPSIIOK CIIEKTPa TU(DPAKIIMOHHON
pemeTku?

19. Kak uzmenurcs qudpakiiMoHHas KapTUHA MIPU YJAJIEHUHU KpaHa
OT peleTKu?

20. TToyemy ipu MCIIOJTL30BAHUH OEIIOTO CBETA TOJIBKO IIEHTPATBHBIN
MaKCUMYM O€Jiblii, a 00KOBbIE MAKCUMYMBI Pay>KHO OKPAILICHbI?

21. [louemy mTpuxu Ha TUPPAKIUOHHON PEIIETKE AOHKHBI OBITH TEC-
HO pacmnojoKeHbl ApyT K apyry? [louemy ux 10mKHO OBITH OOJIBIIOE YKCIO?

22. 3anumure ycnoBus AUPPaKIIMOHHBIX MUHUMYMOB JIJISl OJTHOM I1e-
JIM ¥ TJIaBHBIX MAaKCUMYMOB ISl petieTku. KakoB xapakTep 3TUX Au(paKiu-
OHHBIX KapTHUH?
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1.4. BBAUMOJENCTBUE CBETA C BEILIECTBOM

1.4.1. Incnepcus cBera

OI[HI/IM N3 PC3yJIbTATOB BSaHMOIICfICTBHH CBCTAa C BCIICCTBOM ABJIACTCA
CTo OUCIICPCHUL.

,Zlucnepcueﬁ ceema Haszvledemcs 3adB6UCUMOCNHTb noKasameiiid npejaomiie-
HUsA N eewecmea om 4acmomaosl V (OJZZ/IHbl 60OJIH }L) ceema, uau 3a6UCUMOCmMb
9561306’012 CKopocmu Cc8emoeblx 60JIH 'V Onl UX 4acmomeal.

I{I/ICHCpCI/DI CBCTa MMPCACTABILACTCA B BUAC 3aBUCUMOCTHU

n="f(v), um n=1(A).

CrnencTBueM AMCHEPCHUH SIBIIAETCS PA3NIOKEHHUE B CIEKTP IydKa Oeoro
CBETa IpHU MPOXO0XKJEHUU ero uepe3 npusmy (puc. 1.4.1). IlepBoie skcnepu-
MEHTaJIbHbIC HAOJIIOJCHUS TUCTIEpCUM cBeTa MpoBoaui B 1672 r. Y. HeroToH.
OH OOBSICHUII 3TO SIBJICHHUE PA3IMUUEM MacCc KOPIYCKYJI.

PaccmoTrpum aucnepcenro ceera B npusme. [IycTe MOHOXpOMaTHYECKUI
IIy4OK CBETA MAJAET HA NPU3MY C NPEAOMAAIOWUM Y2iom A W TIOKa3aTeIeM
npenomienus N (puc. 1.4.2) mox yriom o .

Puc. 1.4.1 Puc. 1.4.2

[Tocne nBykpaTHOro MpeiaoMIICHHS (Ha JIEBOM M MPaBOW TpaHIX MpHU3-
MBI) JIyd OKa3bIBa€TCs MPEJIOMJICH OT TEPBOHAUYAJIHLHOTO HANpPaBJICHHS Ha
yrox ¢. 13 puc. 1.4.2 cienyet, 4yto

¢=(0g —Py)+(0p —P2) =0y +ap - A.

[Tpennonoxum, uTo yriasl 4 U o Majbl, TOT/AA YIIbl Oy, By, By OyayT
TaK)K€ Majbl ¥ BMECTO CHHYCOB 3THX YIJIOB MOXXHO BOCIIOJIB30BAaThCS HX
3HadueHusiMU. [lostomy oy /By=n, PBo/a,=1/n, a Tx. B +Pr=A, TO

ay =PBon=n(A-py)=n(A-0oy/n)=nA—oy, wim oy + oy, =NA.
Ortcroga ciemyer, 4To
¢=A(n-1), (1.4.1)
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T.€. YroJl OTKJIOHCHHS Jy4ed MPHU3MOM TeM OOJIbIie, YeM OOJIbIIe MPeroM-
JISTFOITAH YTOJ PU3MBI.

W3 Beipakenus (1.4.1) BeITEKaeT, 4TO yroJl OTKIOHEHUS JTydeil mpu3Moi
3aBHCHT OT IMOKa3aTessl MpeloMIIeHUs N, a N — QYHKIMS JJIUHBI BOJHBI, MO~
ATOMY VYU PA3HLIX ONUH BOJH NOC]Ie NPOXOHCOCHUS NPUSMbL OMKIOHAIOMCS
Ha pa3nbie yenvl. [lyqok 6emoro cBeta 3a mpu3MoOil pas3naraercs B CIIEKTp, KO-
TOPBI HA3bIBACTCSI OUCHEPCUOHHBIM, UTTU RPUMAMUYECKUM, YTO U HAOIIO-
nan HetoroH. Takum 00pa3zom, C TOMOILIBIO MPU3MBI, TAK K€ KaK C TOMOILBIO
TUQPPAKITMOHHON PEIIeTKH, pa3jaras CBET B CIIEKTpP, MOYKHO ONPEACIUTh €ro
CHIEKTPAJIbHBIN COCTAB.

PaccMotpum pazmuuus 6 ougppakyuonHom v npuzMamuyeckom cneKkmpax.

o Jlugppaxyuonnas pewiemka pasiacaem ceem HEIOCPEICTBEHHO HO
OIUHAM BOJIH, TIO3TOMY TI0 U3MEPEHHBIM YIJIaM (10 HamlpaBJIEHUSM COOTBET-
CTBYIOIIUX MaKCHMYMOB) MOYXHO BBIYHCIIUTH JUIMHY BOJHBI (4acTOThI). Pas-
JIO’)KEHUE CBETa B CHEKTP B MPHU3ME MPOUCXOAUT MO 3HAYEHUSIM IMOKa3aTels
OpeIOMIIEHUS, IO3TOMY JUIS ONIPENETICHHS YaCTOThI WM JJIMHBI BOJIHBI CBETA
HaJ10 3HaTh 3aBUCcUMOCTh N= f (Vv), wau n= f(A).

o Cocmasnvie ysema 6 OUPPAKYUOHHOM U NPUMAMUYECKOM CHEK-
mpax pacnonazaromcs paziuuno. U3BeCTHO, 4TO CUHYC yriia B TU(paKIMOH-

. . A
HOM peIIeTKE MPOMOPIUOHATIEH IJIMHE BOJHBI (d sing =+2m E) Cneodosa-

MebHO, KPACHbLE yYU, umerowue 601bulyio OIUHY GOIHbL, YeM (uoiemossie,
OMKIIOHAIOMCSL OUPPAKYUOHHOU peutemKoli cunvHee. [Ipu3Ma xe pasznaraer
Jy4d CBETAa B CHEKTPE MO 3HAYCHUSIM ITOKa3aTelNs MPEIOMIICHUS, KOTOPBIN
JUIS BCEX TMPO3PAYHBIX BEIISCTB C YBEIWYCHHEM JUIMHBI BOJIHBI (T.e.
C YMEHBIIICHHEM YacTOThl) yMeHbIaeTcs (puc. 1.4.3).

n na

v x
Puc. 1.4.3

[ToaTOMy KpacHble JIydd OTKJIOHSIIOTCS MPU3MOM ciabee B OTIMYHME OT
TU(GPaKIIMOHHON PEIIETKH.
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dn dn .
Benuuuna D :d— (wm D :_K)’ Hazvleaemas Ouchepcuell eeuiecmaed,

nokaswsleaem, KAk 6blcmp0 MeHAemcsa nokasameinb NnpejilomMieHusl C ONUHOL
B6OJIHbL.

1.4.2. HopmanbHasi 1 aHOMAJIbLHAA U CTIEPCHUS

3aBucumocth N = f(v) He nuHelHas U He MOHOTOHHas. O0acTH 3Ha-
YEHUS V, B KOTOPBIX

dn >0 (wm dn <0)
dv da
COOTBETCTBYIOT HOPMAIbHOU Oucnepcuu céema (¢ pocmom yacmomslt V no-
Kazameinb nperomienus N ygeauuusaemcs). HopmanbHas nucnepcusi HaOJro-
JaeTcs y BEIIECTB, IMPO3pavHbIX Ui cBeTa. Hampumep, oObIYHOE CTEKIIO
pO3pavyHo IS 6uOUMO20 CBETa, M B ATOH 0OO0JACTH YacCTOT HaAOIIOJAeTCS
HOpManvHas oucnepcusi céema 6 cmekie. Ha OCHOBE SBJICHUS HOPMaJIbHOM
JTACIIEPCUN OCHOBAHO «PAa3JI0KEHHUE)» CBETA CTCKIIHHOW MPU3MOW MOHOXPO-
MaTOPOB.

Jlucriepcusi Ha3bIBACTCA AHOMAIbHOU, ECITH

d—n<0 (vn d—n>0),
dv da

T.€. C POCHOM 4acmomsl V noKazameisb npeiomienus N ymenvuiaemcs. AHo-
MajbHasl AMCIEpCUsl HaOmonaercs B 00JacTsIX 4YacTOT, COOTBETCTBYIOLIMX
10JIOCaM MHTEHCUBHOTO TOTJIONIEHUsS] CBeTa B JaHHOW cpene. Hampuwmep, y
OOBIYHOI'O CTEKJa B MH(PPAKPACHOW M YIbTPapUOJIETOBOM YacTsIX CHEKTpa
Ha0JII0IaeTCsl aHOMANIbHASI TUCIIEPCHUSL.

3aBUCUMOCTH N OT V U A noka3anbl Ha puc. 1.4.4 u 1.4.5.

i /N

<
<
)
<y

Puc.1.4.4 Puc. 1.4.5
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B 3aBHCHMOCTH OT XapakTepa IUCIIEPCUU epPYHNo8as ckopocms U B Be-
[IECTBE MOXXET OBITh Kak OoJbllie, TAK U MEHBLIE (ha3060l CKOpOCMU V
(B HEIUCIIEPTUPYIOMICH cpee U =v).

I'pynmoBast ckOpoCTh U CBsi3aHA € LMKIMYECKOW 4aCTOTOW O W BOJIHO-

do 2w 2mvn
BBIM 4MCJIOM K cooTHOIIEHHEM U = —, T1e o =2nv, K=—=——_Torna
dk A C
v
1+——
n dv

. dn
Takum 00pazom, npu HopmanvHot oucnepcuu U<V U 4 >0.
\Y

. dn
[Ipu anomanvnou oucnepcuu U > v, W, B 4aCTHOCTH, €CIIA N +vd— <1,
V

TO U > C. DTOT pe3yJpTaT HE MPOTHUBOPEUUT CIIELUATBHON TEOPUU OTHOCH-
TeNbHOCTH. [loHSATHE TpyNIOBOIl CKOPOCTU MPABUIIBHO OMUCHIBAET pacmlpo-
CTpaHEHHE TOJIbKO TAaKOr0 CHUrHaja (BOJIHOBOTO MakeTa), popMa KOTOPOTro
HE U3MEHSETCSl TIPU TepeMeleHnu curnaiga B cpene. (CTporo roBops, 3TO
YCIIOBUE BBHITIONHAETCS TOJIBKO I BaKyyMa, T.€. B HEAUCIIEPTHPYIOIIEH cpe-
ne). B obnactu 4actoT, COOTBETCTBYIOLUIMX AHOMAJIbHOW JUCIEPCUH, TPYII-
MOBasi CKOPOCTh HE COBIAJAET CO CKOPOCTHIO CHTHAja, T.K. BCIEICTBUE 3HA-
YUTENBHON nucnepcun (hopma curHaia Tak ObICTPO U3MEHSAETCS, YTO HE UMe-
€T CMBICJIa TOBOPUTH O TPYIIIOBOM CKOPOCTH.

1.4.3. Kinaccuyeckasi Teopusi IUCHepCuu

Krnaccuyeckyro TeopHio, pacCMaTpUBAIOIYIO TPOIIECChI, TPOTEKAOIINE

npu ycnosun E, << E,, Ha3wIBaIOT auneinon onmuxou. (3necy £, — am-

IUIATYTHOE 3HAYEHUE HAIPSHKEHHOCTH JIEKTPUYECKOrO IOJIA BOJIHBL, E, —
aMIUTATYZA TaKOW BOJIHBI, SHEPTUsI KOTOPON PaBHA SHEPTUHU CBS3U YaCTHULIBI B
CTPYKTYpE). 3aKOHBI JIMHEMHON OIITUKH CIIPABEIJINBbI pu
E,=10-10°B/™M. Ecmn ammmrygHoe 3Hauwenme 10°—10"B/m, To
E., = E, ¥ COOTBETCTBYIOIINI pa3iel TEOPUU OTHOCAT K HEJIMHEHHON ONTH-
KeE.

Jlucnepcus ceema s6n1emcs pe3yrbmamom 63aumMo0eucmseus 31eKmpo-
MA2SHUMHOU 8OJIHbL C 3APSNCEHHBIMU YACMUYAMU, 6XO0AUWUMU 8 COCMA8 Ge-
wecmsa. Teopust MakcBesuia He MoOria OOBSICHUTH ATO SIBJICHHE, TaK KaK TO-
raa He ObLIO M3BECTHO O CIIOKHOM CTpoeHHH atoMma. Kiaccuueckast Teopust
Obu1a paspaborana X.A. JlopeHiem JHIIb MOCIE CO3/IaHUs UM K€ JJIEKTPOH-
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HOU TCOPHUH CTPOCHUA BCIICCTBA. On IMOKas3aJl, 4To N = \/g, a € — TOXKC 3aBH-
CHUT OT 4aCTOThI.

Jlns Buammoro ceeta v~10"TI cymiecTByeT TONBKO MOJAPH3AIHS
ANEKTPUYECKU YIPYroro cMmemeHus. CMeImarTcss B OCHOBHOM BAJICHTHBIC
AJIEKTPOHBI. B mpouiecce @vinyscoennvix (o neicTBUEM Maarolel CBETO-
BOI BOJIHBI) KOJIEOAHUI 3JIEKTPOHOB C YaCTOTOHN V (YacTOTa BBIHYXAAIOIIEH
CWJIbl) NEpuoOuUYecKu U3MEHAIOMCA JTATIONbHBIE JEKTPUUECKHE MOMEHTHI
aTOMOB, YacTOTa KOTOPBIX TOKe paBHa v. CpeaHee pacCTOSHHUE MEXKIY aTo-
MaMH BEILIECTBA MHOT'O MEHBIIE MPOTSHKEHHOCTU OJTHOTO Iyra BoJyiH. Cieno-
BaTEJIbHO, BTOPWUYHBIE BOJHBI, W3JIy4aeMble OOJIBIIMM YHCIOM COCEIHHMX
aTOMOB, KOTE€PEHTHBI KaK MEXAY CcO0Oii, Tak U C MepBUYHON BoJHOMW. [lpu
CJIOKEHUU 3TUX BOJIH OHU UHTEP(EPUPYIOT, B PE3YIIbTATE 3TOM HUHTEPHEPEH-
UM U MOJYy4aroTcsl Bce HAOJI0JaeMble ONTHUUECKUE SIBJICHUS, CBS3aHHBIE CO
B3auMO/eiicTBUEM cBeTa ¢ BemiecTBoM. das3a BTOpUUHOM BOJIHBI Apyras (CKa-
3bIBACTCS 3aIa3/IbIBAHME CMEIICHUS JJIEKTPOHA — CMEIICHHE MNPOUCXOIUT
TOJIKO IPU JOCTH>KEHUU OMPECICHHON BEJIUYUHBI 3JIEKTPUUECKOTO MOJIs),
HO pa3HOCTh (ha3 NEPBUYHON U BTOPUYHON BOJIH MOCTOsiHHA. CKOpPOCTH pac-
npocTpaHeHusi ¢GpoHTa BOJHBI ((ha30Bas CKOPOCTh) 3aBUCUT OT pe3ysbTara
CJIOKEHHUS, T.€. OT (Pa3bl pe3yJbTUPYIOLIEH BOJIHBIL.

B onHOpOAHOM HM30TPOMHOM BEMIECTBE B PE3yJIbTaTe MHTEpP(hEpeHUUn
oOpa3yeTcsi MpoXoAsilas BOJHA, HANpPAaBICHHUE PAcHpOCTpPaHEHUsT KOTOPOH
COBIAJAET C HANPABIECHUEM MTEPBUYHOMN BOJIHBI.

B onmuuecku neoonopoonoii cpede (¢ pasHbiM N), CIOKCHHE TIEPBOU U
BTOPOU BOJIH IPUBOJMT K PACCESHHIO CBETA.

[Ipu mangeHun cBeTa Ha epanuuy pazoena ByX Cpell, B pe3yjbTaTe HH-
TeppepeHIuN BOZHUKAET HE TOJIBKO MpoXoisias (MpeloMyIeHHas ), HO U OT-
paxeHHas BojHAa. OTpakxeHHE NMPOUCXOAUT HE OT T€OMETPUYECKOMN MOBEPX-
HOCTHU pa3zieiia, a OT 0oJiee WIM MEHEee 3HAYUTENbHOTO CJIOS YaCTHUI[ CPEJIbl,
NPWIETAoIMX K TPaHULE pa3aena.

MBI paccMOTPUM TOJBKO 3JIEMEHTAPHYK) TEOPHIO AMCIEPCHUA B OIHO-
POHOM M30TPONHOM JuAIeKTpuKe. HaiieM MHTEpecyrolyl0 Hac 3aBUCH-
MOCTh N =N(®), rae o — MUKINYEeCKas YacTOTa KOJICOaHMIA.

MpI 3HaeM, 4TO AMDIIEKTPUYECKAs! MIPOHUIIAEMOCTh BEIIECTBA

e=1+y :1+i, (1.4.3)

€o
rae £ — MrHOBEHHOE 3Ha4Y€HHE HANpPsHKEHHOCTU DJIEKTPUYECKOro MOJsl CBe-
TOBOM BOJIHBI; ) — AMDJIEKTPUYECKass BOCHPUUMUYUBOCTb CPEbl; P — BEKTOp

noJisipu3anuy (B TaHHOM CJIydae — ero IMpoeKIvs Ha HalpaBJIeHUE BHEITHETO
noJist E), Mbl Ha3bIBaIM €ro JEKTPUUECKUM MOMEHTOM €MHUIIBI 00BbeMa.
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[TpumeM, uTo MoNsIpU3aIUsi 00yCIOBICHA CMEIIEHUEM TOJILKO BAJICHT-
HBIX (ONTUYECKHUX) DJIEKTPOHOB. JIJIs1 aTOMOB C OJJHUM ONTHYECKUM 3JIEKTPO-
HOM P=-—€r, torna P = pn, =—Nyer, rae P — IUIOJBHBIM MIEKTPUYECKUI
MOMEHT aTOMa; N, — KOHLICHTpAl¥s aTOMOB; € — 3apsj dJIEKTpoHa; I — cMe-

menue atekrpona. Toraa u3 (10.3.1), umes B BUAy, 4TO N =+/€ , MOJIYIHM
n,er
n®=1--—2-. (1.4.4)
goE
OnTuyeckuid MEKTPOH COBEPIIAET BBIHYX ICHHbIC KOJICOAHUS MO JIei-
CTBUEM CIICAYIOIIUX CHJI:

e BO3BpallaOIIel KBa3Uylnpyroui cuibsl F, :—m(ogr, riem u o, —

Macca U 4acToTa CBOOOHBIX HE3aTyXarONIMX KOJIeOaHUM AJIEKTPOHA;
® CUJBl  COMPOTUBJIEHUS  (CO  CTOPOHBI  JPYrUX  aTOMOB)

Feonp = ZBm%, rjae  — ko3P huIMeHT 3aTyxaHus;

e BhIHYXJawomlel cuinsl F =—eE.
YpaBHEHUE BBIHYXICHHBIX Kone6aHI/H71 pUMET BUJ;
d%r ) eE
—+ ZB ogf =——. (1.4.5)
dt m

B cinydae JII/IHGI/IHO-HOJ]HpI/IBOBaHHOFO MOHOXPOMAaTHYECKOTO CBETa, C
UKIMYEeCKOi 9acToToil ®, E = E,coswt. Toraa ypasuenue (10.3.3) mpumer

BUJI.

2
ar 2[3 o1 = — EEaCOSOt.
dt m
Ero pemwenne: r=-— ¢E Cos(oat + 9o) . g, =— 22503 -
m\/(mg - 0°)” +4p%0’ 05— O
Ecnu cpena ne nornomaer ceet (f=0), T0 r=— % _
m(wp — %)

[ToncraBum B (10.3.2) u nomyuum
2 2
wim N= |1+ Mo

Nye
goM(05 — ©

2 em(o? o) (1.4.6)

JInst Toro 4TOOBI MOHSTH, KaK 3aBUCHT TOKa3aTejb MPEJIOMIICHUS OT
YacTOThI, MpOaHAIM3UPyeM Tnocienuuii wieH B ypaBHenuu (10.3.4). Ilpu
3HAYEHHUSAX YaCTOTHI pacrpocTpaHsonieiics BoiHb 0T ® =0 10 ® = ®,, 3T0T
ysieH OyleT yBEeIHMYUBAThCS C YBEIMYEHUEM 4YacTOTHI BOJHBI ®. Ilpu 3Have-
HUSIX O, OJIN3KUX K M, OH CTPEMUTCS] K OECKOHEYHOCTH (yCJIOBHE PE30HaH-

ca). [Ipu Manbix 3HaueHUsAX ® nociieqHui wieH B ypaBHeHuu (10.3.4) crpe-
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MUTCA K HYJIIO, a IOKa3aTcJib IMPCJIOMIICHUSA ON30K K CANHUIIC. KauecTBen-

Has 3aBHCHUMOCTH N(®) moka3aHa Ha puc. 1.4.6.

n
[

Puc. 1.4.6
B o0Onactu 3HaueHuit o > ®, MOCJIECIHUN YIEH B YPaBHEHUH (1.4.6) ot-

pHLaTeNeH, HO 110 MOYJIIO OH YBEJIMUUBAETCS ¢ pocToM ®. IIpu aTom 3Hage-
HUU 10Ka3aTellb NPEIOMIIEHUS U3MEHSETCS OT — o0 (IIpU ® = ;) 10 1 (mmpu

®=00).

1.4.4. Ilorsiomenue (ad6copouus) cBera

Iloznowenuem (abcopouueit) ceema Haszvieaemcsi seieHue nomepu
SHepeUU C8emo8oll BOIHOU, NPOX0OAUel Yepe3 6euecmao.

Caer norJiomaercs B Tex ClIydasx, KOra IIpoxosauias BOJIHA 3aTpadynBa-
€T SHEPIHI0 Ha pasziauuHble nporecchl. Cpenu HUX: MpeoOpa3oBaHUE SHEPIUU
BOJIHBI BO BHYTPEHHIOIO DHEPrHMI0 — IIPUM HArpe€BaHWM BEIIECTBA; 3aTpaThl
SHEPruU Ha BTOPUYHOE M3IYyYEHHE B JAPYroM AMaIa3oHe 4acToT (PpoToIroMu-
HECLICHIIUS ); 3aTpaThl SHEPIUK HAa MOHU3ALUIO — NPU (POTOXUMHUUECKUX PeaK-
uusx 1 T.1. [Ipu nornoniennn cBeta KojeOaHus 3aTyXaloT U aMIUIMTYa 3JIeK-
TPUUECKOM COCTABJISIONIEH YMEHBIIAETCS MO MEPE PaCPOCTPAHEHNUS BOJIHBI.

MHTEHCUBHOCTD BOJIHBI OYJET U3MEHATLCS no 3axkony byzepa [I1. Byrep
(1698-1758) — dpaHIry3cKuil yUeHBIH]:

J(X) = Jge—ox,
rae Jo — MHTEHCHMBHOCTD BOJIHBI HA BXOJE B Cpely; X — TOJILMHA CIIOS Ccpe-
IbI; o — KO3 (ULMEHT MOTJIOMICHHUS.

[Mpn a=1/x J =Jy/e. CnenoBarensHo, K0Ighpuyuenm noznowjenus —
Qu3suueckas 6eruuuHa, YUCIEHHO PABHAs OOPAMHOMY 3HAYEHUNO MOJIUJUHDBI
C1051 8eujecmad, 8 KOMopoM UHMEHCUBHOCb BOIHbL Yovleaem 6 e = 2,12 pas3.

3aBUCUMOCTh KO3 (ULIMEHTA MOTIOUICHHSI OT JJIMHBI BOJIHBI OMPEEIIsIeT
CHEKTp MOIJIOLIEHUsT MaTepuaia. B BemecTse (Hampumep, B ra3e) MOKET

MPUCYTCTBOBATh HECKOJIBKO COPTOB YACTHWII, YYACTBYIOIIUX B KOJICOAHUSIX
MOJ1 JEUCTBUEM PACTTPOCTPAHSIOMICHCS AIIEKTPOMAarHUTHOM BOJIHBI. ECiin 3T
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YaCTHIIBI CJIA00 B3aMMOJICHCTBYIOT, TO KOA(D(PHUITMEHT MOTIOMEHUS MaJT JIJIst
IITUPOKOTO CIIEKTpa YacTOT, W JIMIIb B Y3KUX O0JIACTAX OH PE3KO BO3pACTaET

(puc. 1.4.7, a).
ok oA

A A

Puc. 1.4.7

O1H 00J1aCTH COOTBETCTBYIOT YaCTOTaM COOCTBEHHBIX KOJICOAHUMN ONTH-
YECKHUX DJICKTPOHOB B aTOMax pa3HbIX BUIOB. CIIEKTp MOTJIOMICHUS TaKHX
BEILIECTB JIMHEMYATHIN U NPECTaBIsET COOOM TEMHBIE MOJOCHI HA Paly>KHOU
OKpacKe CIEKTpa, eCiu 3TO BuAMMAs o0iacTh. [Ipu yBemnueHun maBiICHUS
ras3a IoJjiochl OTJIONIEHHUS YIIUPSIOTCSA. B )KUJIKOM COCTOSSHUM OHH CIIMBAIOT-
Cs, U CIIEKTP TOTJIOIICHHUs NMPUHUMAET BUJI, TOKa3aHHBIM Ha puc. 1.4.7, 6.
[IpuurHOM yIIMpEeHus ABISETCS YCUIICHUE CBS3M aTOMOB (MOJIEKYJ) B CpeJie.

KoadduimeHnT noriomeHus, 3aBUCSIINN OT JJIUHBI BOJIHBI A (MM Yac-
TOTHI M), JUIsl pa3JIMYHBIX BEIIECTB pazinyeH. Hanpumep, oMHOATOMHBIE ra3bl
U Tapbl METaJUIoB (T.€. BEIIECTBA, B KOTOPHIX aTOMBI PACIIOJIOKEHBI HA 3HA-
YUTENBHBIX PACCTOSHUAX JPYT OT JApyra U UX MOXKHO CUMTATh M30JIUPOBAH-
HbIMH) 00JaAar0T OJM3KUM K HYJIIO KOA(DPUIIMEHTOM MOTJIOIIEHHUS, U JIUIIb

JUISL OYeHb Y3KHX CIIeKTpalbHbIX obnmacteil (mpumepro 1072 —107 M) Ha-
OJIFOIAIOTCSL PE3KUE MAKCUMYMBbI (TaK Ha3bIBA€MbIN JIMHEWYATHIN CIIEKTP IO-
TJIONIEHUS ). DTH JIMHUM COOTBETCTBYIOT YaCTOTaM COOCTBEHHBIX KOJieOaHUMI
ANEKTPOHOB B aTomax. CHEeKTp MOTJIOLIEHUS MOJIEKYJ, ONpeaeIsieMblid KoJie-
OaHMSIMH aTOMOB B MOJIEKYJIaX, XapaKTepU3yeTCs IOJOCAMU MOTIIOIMICHUS
(mpumepro 107° —1077 wm).

Koadduruent mnormomenuss st JUAIEKTPUKOB HEBEIHUK (IIPUMEPHO
103 -10"° CM_l), OJIHAKO Yy HHUX HAOJIIOJACTCs CEJICKTUBHOE TMOTJIOIICHUE
CBETa B OMPEJCIICHHBIX MHTEPBajaxX JJIMH BOJIH, KOT/Ia 0L pe3KO BO3pACTACT
Y HaOJIIOJIA0TCS CPABHUTEIBHO IIMPOKHE TOJIOCH MOTJIONIEHUS (MPUMEPHO
107 -107° M), T.. AUICKTPUKH HUMEIOT CIUIOIIHOW CIEKTpP IOTJIOUICHHUS.
DTO CBSI3aHO C TEM, YTO B AMAJICKTPUKAX HET CBOOOHBIX JIEKTPOHOB, U TO-
TJIONIECHUE CBETa OOYCJIOBJICHO SIBJICHUEM PE30HAHCA TP BBIHYKICHHBIX KO-
nebaHusIX SJIEKTPOHOB B aTOMAaxX M aTOMOB B MOJIEKYJIaX JUAJICKTPUKA.

Koaddunment normomnieHus s METAZIOB UMEET OOJbIINe 3HAYCHUS

(mpumepro 10° —10% cM ™), ¥ MO3TOMY METAJIBI IPAKTUYECKH HEMPO3PadHBbI
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s cBeta. B Meramiax m3-3a HaJaM4uusi CBOOOIHBIX 3JIEKTPOHOB, JBIKYIIUX-
Cs TIOJI ICMCTBHEM AJIEKTPHUUECKOTO MOJISl CBETOBOM BOJIHBI, BOZHUKAIOT OBIC-
TPOIIEPEMEHHBIE TOKH, CONPOBOXIAIONINECS BBIICICHUEM KOYJIEBON Tel-
70Tel. [ToaTOMy 3HEpTHUs CBETOBON BOJIHBI OBICTPO YMEHBIIIAETCS, MPEBpaIla-
SCh BO BHYTPEHHIOIO SHEPTHIO MeTaiia. YeM Bblle TPOBOAUMOCTh METaIIa,
TEM CUJIbHEE B HEM IOIJIOIIEHUE CBETA.

Ha puc. 1.4.8 npencraBnena TUNW4YHAs 3aBUCUMOCTH Kod(duimeHTa
MOTJIOUICHHSI 0. OT YaCTOTHI CBETa V U 3aBUCUMOCTD NTOKAa3aTesl MPEIOMIICHHUS
N OT v B 00JIACTH TOJIOCHI MOTJOUIeHUs. M3 pucyHKa cleqyeT, 4To BHYTPH
MOJIOCHl TIOTJIOIIEHUS HaONoaeTcss aHoMajbHas aucrepcus (N yObiBaeT
c yBenuueHueM Vv). OfHako MOTJIOUIEHHE BELIECTBA JOJIKHO OBITh 3HAUM-
TEJIbHBIM, YTOOBI MOBIUATH HA XO/1 TOKA3aTeIsl MPEIIOMIICHUSL.

a, i
o

<y

Puc. 1.4.8

3asucumocmoio KodpPuyuenma noznowenus om uacmomol (OIUHBL
BOJIHbL) 0OBACHAEMC S OKpAUleHHOCMb noz2iowjarowux mei. Hampumep, crek-
70, c1abo MOIJIOHIAIOIIEe KPACHBIE M OPAHXKEBBIE JIyYM W CHIJIBHO MOIJIO-
HIarouiee 3eJeHble U CUHUE, MPU OCBEIICHUM O€IbIM CBETOM OYJET Ka3aTbCs
KpacHbIM. ECIIM Ha TakO€ CTEKJIO HAIIPABUTh 3€JICHBIM U CHHUM CBET, TO U3-3a
CUJIBHOTO TIOTJIOIIEHUSI CBETA ATUX JJMH BOJH CTEKJIO OYyJEeT Ka3aTbCsa uep-
HBbIM. DTO SIBIIEHUE UCIOJB3YeTCsl JIJIsl U3TOTOBJIEHUSI CBETOPHUIBTPOB, KOTO-
pBI€ B 3aBUCHMOCTH OT XMMHYECKOI'O COCTaBa (CTEKJA C MPUCATKAMH pa3-
JUYHBIX COJIEH; MVIEHKU W3 IUIACTMACC, COJAEpKAINE KPACUTENH; PacTBOPBI
KpacuTese U T.J.) MPOMYCKAT CBET TOJIbKO ONPEAEIEHHBIX JUIMH BOJIH, I10-
riomas octajibHble. PazHOOOpa3ue npeaenoB CeeKTUBHOTO (M30MpaTeIbHO-
ro) MOTJIOHICHUS y Pa3jIMYHbIX BEIIECTB OOBSICHAET pa3HOOOpa3ue u Oorat-
CTBO IIBETOB M KPacok, HaOJI0Ia0IIeecs B OKPYKAIOLIEM MUDE.

CnexmpanvHulil aHaau3 MO3BOJIIET MOJYYUTh UH(POPMALIUIO O COCTaBe
ConHila, MOCKOJBKY ONpeeIeHHbIM HA00p CHNEKTPaIbHBIX JUHUI HUCKIIOYHU-
TEIBHO TOYHO XapaKTEepU3yeT XMMHUYECKHI 3jeMeHT. Tak, ¢ moMolp Ha-
omonennii ciektpa CostHIla ObLT OTKPHIT TEITUH.
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BuauMmas yacTh COJIHEUHOTO W3JIYYEHHS MPU WU3YUYECHHH, C MOMOIIBIO
CHEKTPOAHAIM3UPYIOIIUX TPHUOOPOB, OKa3bIBAETCS HEOJAHOPOJIHOM — B CIEK-

Tpe HAONIOMAIOTCS JIMHUU NO210UieHus, BIIEpBbIe omucaHHbie B 1814 1.
. ®paynrodepom (puc. 1.4.9).

] 8 o e v 3 7 ]
[ 2 ! 7 “ ki
| |
1

r- -]
[ B g o h_[HK]

LA coly

DPEYHrOME0BE! NMHMM B CNEKTPE CONHEMHOTD VB MYHEHIA

Puc. 1.4.9

C moMouIpl0 CEeKTPaIbHOIO aHajiu3a y3HaJIW, YTO 3BE3Ibl COCTOSIT U3
TEX e CaMbIX DJIEMEHTOB, KOTOPbIE UMEIOTCS U Ha 3eMJI€.

SBNeHHEe MOTJIOMICHHS IITMPOKO UCTIOJIB3yeTCsl B a0COPOITMOHHOM CIIEK-
TpaJbHOM aHaJIM3€ CMECH ra30B, OCHOBAHHOM Ha U3MEPEHUAX CIIEKTPOB Hac-
TOT ¥ MHTEHCUBHOCTEH JMHUH (moJioc) morjiomeHuss. CTpyKTypa CHEKTpOB
TMOTJIONICHHUS ONPENEIISIETCSI COCTABOM M CTPOCHHUEM MOJIEKYJI, TIO3TOMY H3Y-
YEHHE CMEKTPOB IMOTJIOMICHUS SBJSETCS OJHUM M3 OCHOBHBIX METOJIOB KOJIU-
YECTBEHHOT'O M KQYECTBEHHOI'O MCCIIE/IOBaHHUS BEIIECTB.

1.4.5. M3nyuyenue BaBunoBa—Hepenkona

B 1934 rony I1.A.YepeHnkoB, paboTaBIIMii TOT/Ia TMOJ PYKOBOJCTBOM
C.H. BaBunoBa, uzyuas JI€iCTBUE 3JIEKTPOMATHUTHOTO U3JIyYEHUs Ha Bellle-
CTBO, OOHAPYXHII 0COObBLIl 6UO CB8EUCHUA HCUOKOCHMU TIOf ICHCTBUEM Y-
nyuert paaus. [lomo6HOe u3MydeHue cBeTa ObUIO OOHAPYKEHO U TOJ ACHCT-
BUEM JIPYTUX 3apsHDKCHHBIX YaCTHUII, HATPUMED DJIEKTPOHOB.

XapakTepHble 0COOCHHOCTH ATOTO U3ITYUCHUS:

BO-TIEPBBIX, CBeUeHUe UMeNo 201ybosamblli yeem W HAOII0JATI0Ch Y BCEX
YUCTBIX MPO3PAUYHBIX KUIKOCTEH, MPUUEM SIPKOCTh U I[BET CBEYEHHUS MaJjo 3a-
BHCEJIM OT XUMUUYECKOTO COCTaBa KUJIKOCTH;

BO-BTOPBIX, 8 Omauyue om aromMuHecyeHyuu, He HabI01an0Ch HU TeMIIe-
paTypHOTro, HU IPUMECHOT'0 OCJIa0ICHUs CBEUCHUS;

B-TPETbUX, U3IYYCHUE UMEET NOIAPU3AYUIO U HANPABGIEHHOCMb BIIONb
HaIpaBJICHUS JBUKECHHS YaCTUIIBI.

BaBuiioB npeamnonoxuii, 9To oOHAPYKEHHOE SIBJICHUE HE SBIISICTCS JIFO-
MUHECLICHLINEW, cgem u3jiyyaiom Ovicmpbvle INeKMPOHbl, OUNCYUUEC 6
scuokocmu. B 1937 rony W.E. Tamm u I.M. @pank 00bSICHIIN MEXaHU3M
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CBEUYEHUS U CO3JAIH KOJIMYECTBEHHYIO TEOPHIO, OCHOBAaHHYIO Ha YPaBHEHUAX
KJaccuueckoi anexrpoauHaMuku. B 1940 roxy B.JI. I'uH30ypr co3nan KkBaH-
TOBYIO TEOPHUIO, KOTOpAsi IPUBENA K TEM K€ PE3YJIbTATAM.

Hznyuenue Basunosa—Uepenxoea — 3mo usnyyenue 31eKmMpuyecKu
3apPANCEHHOU YaACMUUbL, OGUIICYWelica 6 cpede, CO CKOPOCHbIO VU Npe6bl-
wiaouweii cKkopocmsp céema 6 3moii cpede U=c/n:

C
—<v<C.
n

CornacHo 3JI€KTPOMAarHUTHOW TEOPHH, 3apsijl, ABWKYIIUNCA paBHOMEp-
HO HE M3JIy4aeT AJIEKTPOMarHuTHOW BoiHbI. OnHako TamMm m @pank nokasza-
JIY, YTO ATO CIPABEUIMBO JUIIb JJII CKOPOCTEN YACTHUII, HE MPEBBIIIAIOIINX
(da30ByI0 CKOPOCTh BOJIHBI B JJaHHOU cpeze. B mporiecce uznyuenus Bapuiio-
Ba—UepeHKOBa HJHEpPrusi M CKOPOCTh W3JIyyaromieid CBOOOJHONW YaCTUIIBI
YMEHBIIIAETCS, TO €CTh YACTUI[A TOPMO3UTCA.

3apspbKeHHasl YacTHUIla BBI3BIBAET KPAaTKOBPEMEHHYIO MOJISIPU3ALIMIO BEIlle-
CTBa B OKPECTHOCTHU TE€X TOYEK, YEPE3 KOTOPhIE OHA MPOXOJUT MPU CBOEM JIBU-
xeHuu. [103ToMy MOJIEKYJIBI CpeJibl, JIeJKale Ha MYTH YaCTHUIIbI, CTAHOBSTCA
KPaTKOBPEMEHHO JEHUCTBYIOIMMH KOCEPEHMHbIMU UCTMOYHUKAMU dIeMeHmap-
HbIX 2NeKMPOMASHUMHBIX 80IH, KOMOpble UHmepgepupyrom opyz ¢ OpyeoM.

[Ipu nBMXEHMM 3apSHKEHHOW YaCTHIBI B M30TPOIHOW Cpelle CO CKOpPO-
CTBIO L <U=C/N 3MeMeHTapHbIC BOJIHBI OYAyT NMPEACTABIATH OO0 ChepH,
pacIpoCTpaHsIOIIMecs CO CKOpocThio U=C/n (puc. 1.4.10).

R =ut

Puc. 1.4.10 Puc. 1.4.11
Cornacno npuniuiy [ 'tolirenca—®peHersi, B pe3yivmame unmepgeperyuu
J/leMeHmapHbvle 80HbL 2acsim Opye Opyea BCIOAY, 32 UCKIIIOYEHHEM MX OOILIeH
orubaromieil. A Mpu ABWKESHUM YaCTHUIIBI CO CKOPOCTHIO L < U 00meit orubaro-
1Ie BOJIH HET: BCE OKPYKHOCTH JIeKaT o/iHa B Jipyroil. [lostoMy 3aps0, osuorcy-
WUICS PABHOMEPHO NPSAMOTUHENHO CO CKOPOCMbIO L < U, c8em He uziydaen.
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Ecnu wactuma nBmwkercs ObICcTpee, YeM pPaCIpPOCTPAHSIOTCS BOJHBI B
cpeae (v>U), TO COOTBETCTBYIOIIUE AIEMEHTAPHBIM BOJIHAM CQephl Iepece-
KarOTCs M UX 00IIas orudaromias (BOJIHOBAS MOBEPXHOCTH) MPEICTABIISIET CO-
00l KOHYC C BEPIIMHON B TOYKE, COBMAJAIONIEH ¢ MTHOBEHHBIM ITOJIOKCHUEM
nBIKylercs yactuilsl (puc.1.4.11). B nannom cnyuae, 6 pesynvmame unmep-
pepenyuu 2nemenmapHsie 60aHbL ycunuearom opye opyea. Hopmamnu x obpa-
3YIOIIUM KOHYCa OINPEACIISIIOT BOJTHOBBIE BEKTOPHI, T.€. HAIPABJICHUS paACIIPO-
CTpPaHEHHMs CBETa. YTOJl ¢, KOTOPbIA COCTaBJISIET BOJHOBOM BEKTOP C HaIpaB-

c
JICHUEM JBUXKCHUA 4aCTHUIbI, YAOBJICTBOPSCT COOTHOIICHHUIO: COS(p = —=—.

v N
B smux nanpaenenusx emopuunvie 801HbI 6YOYM YCUIUBAMbCA U POp-
muposams uznyyenue Basunoea—Uepenkosa. CBeT, BOSHUKAIOIMNA Ha Kax-
JIOM MajOM Yy4YacCTKe TPaeKTOPHUH YACTHIIbI, PACIPOCTpaHSIETCs BAOJIL 00pa-
3yIOIlIEd KOHYCa, OCh KOTOPOTO COBMAJAET C HAIPABJICHUEM JBUKEHUS CBO-
OO0ZHOTO EKTPOHA V,, @ YIOJ IIpU BepIInHE paBeH 2¢ (puc. 1.4.12).

Puc. 1.4.12
B ’KMAKOCTSAX M TBEPABIX TEJIAX YCIOBHE U >V HAYMHAET BBINIOJHATHCS

JUTs SIeKTPOHOB 1py 3Heprusx W >10°5B, a m1s npotonos mpu W >10°3B.
Onucannblil 3¢ (deKT UCTOoNB3YIOT B cueTunkax UepeHkoBa, mpeaHa3Ha-
YEHHBIX I PETUCTPAIMU 3aPSKEHHBIX MUKPOYACTHI] (3JIEKTPOHOB, MPOTO-
HOB, ME30HOB U T.N.). B HUX CBETOBAas BCIBIIIKA, BOSHUKAIOIIAS TIPH JIBUKE-
HUW YaCTHUIIbI, MPeoOpa3yercs B AJIEKTPUUECKHI CUTHAJ ¢ MOMOLIbI0 (oTo-
YMHOXHUTENS, KOTOPBI M pErucTpupyercs. B HEKOTOPBIX YEepEHKOBCKUX
CUETYMKAX MOXKHO OMPEAETHTH Yroil ¢, MO ycIoBHIO COS® =C/(nv,), ore-

HUTh CKOPOCTh YaCTHUIIbI M, 3HASI MACCy, ONPEACIIUTh €€ dHEPTUI0 (4TO OBLIO
ucnonab3oBaHo J. Cerpe Mnpu OTKPBITUU aHTUIIPOTOHA B 1955T.).
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KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHMUW S

1. YUro Takoe nucnepcust ceerta’?

2. Kak cBsizaHbl MeXy COOOM MPETOMIISIIOIIMNI YToJI PU3MBbI
U YTOJl OTKIIOHEHHUS JTy4en e10?

3. UTo nmoka3bIBaeT IUCHEPCHUS BELIECTBA?

4. Yem oTmyaeTcss HOpMaabHAS JUCHEPCUS] OT aHOMAIbHOW?

5. 1lo KakuM TpU3HAKaM MOXHO OTJIMYUTH CIIEKTPBI, IMOJY-
YEHHBIE C MOMOIIBIO MPU3MBI U AUGPAKIIMOHHON PEHIECTKH?

6. B yeM 3aKiIFO4arOTCS OCHOBHBIC TOJOKEHHUS U BBIBOJIbBI
AJIEKTPOHHOW TEOPUH TUCIIEPCUU CBETA?

7. Ilouemy MeTaJIbl CUJILHO TOTJIONIAOT CBET?

8. B ueM ocHoBHOE oTiinune ddekta Jlomiepa aAJist CBETOBBIX
BOJIH OT 3 Pekra [lomepa B akycTuke?

9. Ilouemy monepeunbiid 3¢ dext Jlomiepa sABISIETCA PENSITH-
BUCTCKUM 3 PexkTom? Uem oH 00ycCoBIICH?

10. Korna Bo3Hukaer usnyuenue Uepenkoa — BaBunosa?
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1.5. HOJIAPU3ALUA CBETA. 9JIEMEHTbBI
KPUCTAJJIOOIITUKH

1.5.1. EcTecTBeHHBbIH M NMOJISIPU30BAHHBIN CBET

OcHogHoe c8OUCMBO INEKMPOMASHUMHBIX 80]IH — NONEPEYHOCMb KOJle-
Oanull 6eKMOPO8 HANPAHCEHHOCMU INIEKMPULECKO20 U MACHUMHO20 NOJIeU NO
OMHOWEHUIO K HanpaesieHuto pacnpocmpanenust 6onnvl (puc. 1.5.1).

Puc. 1.5.1

B kaxaom oraensHOM citydae (JUIsl KaKIOro Iyra BOJIH) MMEETCS Ta
VT MHAs OpUEHTAIMs BeKTopoB E m H B mpocTpaHCTBE MO OTHONICHHEO
K pacrpocTpaHeHHO (HampaBieHus jyda). Takas acummempusi XapaKkTepHa
TOJIBKO Il nonepeunvix 60an. IIpooonvhas 601Ha 6ce20d CUMMEMPUUHA
OMHOCUMENIHO HANPAGLEHUSL PACTIPOCTPAHEHUSL.

Kak mpaBuiio, u3iay4eHne eCTECTBEHHBIX HCTOYHHUKOB MPEICTABIIAET CO-
00i1 MprMep SIEKTPOMATHUTHBIX BOJH CO BCEBO3MOXKHBIMH PaBHOBEPOSTHO-
CTHBIMH OPHMEHTALUAMH BeKTOpa E , T.e. ¢ HEOIpeNenéHHBIM COCTOSHHEM
noJsipu3anui. Takodl CBET Ha3bIBAIOT HEHONAPU3O6AHHBIM, WIA eCHecH-
eennwvim (puc. 1.5.2, a).

CBeT ¢ MPEeUMYIIECTBEHHBIM (HO HE MCKIIOYUTEIBHBIM) HalpPaBJICHUEM

KosleOaHuii BekTopa E HAa3BIBAIOT waACMUYHO NONAPUI0EAHHBIM CEEHOM
(puc. 1.5.2, 6).
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a O 8
Puc. 1.5.2

B npupone cymiecTByeT OOIIMPHBINA KJIacC 3JIEKTPOMArHUTHBIX BOJIH,
B KOTOPBIX KOJIEOAHUS AJIEKTPUUECKOTO M MArHUTHOTO TOJIEH COBEPIIAIOTCS
B CTPOrO OIpPEAECHEHHBIX HAIpaBJICHHUSAX. Takoe CBOMCTBO ONPENEINAET CO-
CTOSIHUE ROIApU3auuu >ISKTPOMArHUTHON BOJHBI. ECu BEeKTOp HampsiHKeH-
HOCTH DJIEKTPUYECKOTO TOJS 3JIEKTPOMArHUTHOM BOJHBI KOJEOIETCS BIIOJb
HEKOTOPOI'O HalpaBJCHUs B IPOCTPAHCTBE, TOBOPST O JIUHEHHOI NOAAPU3aA-
YuUu PaccCMaTpUBAEMOMN AJIEKTPOMArHUTHOUM BoJHBI (puc. 1.5.2, 8). DnexTpo-
MarHuTHas BOJIHA B 3TOM CJIy4ae Ha3bIBAETCS HOJIHOCHbIO NOAAPUZO6AHHOU.

W3 ypaBHeHHII MakcBena cielyeT CyIlleCTBOBAaHUE MOJHOCThIO MOJIS-
PU30BaHHBIX AJIEKTPOMATHUTHBIX BOJIH, Y KOTOPBIX IO MEpE pacrpocTpaHe-
HUSI BOJIHBI BEKTOPbI HANPSHKEHHOCTHU 3JIEKTPUUYECKOTO U MAarHUTHOTO TOJIEH
U3MEHSIOTCS TaKUM OOpa3oM, 4TO TPAEKTOpPUs UX ABMXKEHUS B IUIOCKOCTH,
MOTIEPEYHON HaNpaBICHUIO PACIPOCTPAHECHUS BOJHBI, MPEACTABISET COOOM
AITUITIC UM OKPYXKHOCTh. B 3TOM cilydae roBOpAT COOTBETCTBEHHO 00 2.1-
JURMUYECKOU WIH KPY2080H NOIAPUZAYUU  IIeKMPOMACHUMHOU  B0JIHbI

(puc. 1.5.3, a, 6).

A@=+E Ap=-

I |
v

Puc. 1.5.3

[IpocTpaHCTBEHHYIO CTPYKTYPY SJUIMOTHYECKHU MOJIIPU30BAHHBIX BOJIH
nosicHsiet puc. 1.5.4.
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BuntoBas nuHUS, M300pakeHHAs] HA 3TOM PUCYHKE, €CTh Te€OMeTphye-
CKOE MECTO KOHIIOB BEKTOpa E , OTHOCAIIMXCSA K PA3INYHBIM 3HAUCHUAM Z
B OJJUH U TOT k€ MOMeHT BpemeHnu t. Illar BUHTa paBeH NJIMHE BOJIHBI A.
C uzMmeHeHueM t »Ta BUHTOBaAs JIMHUS, HE 1€POPMUPYACH, IEPEMEIIAETCS CO
CKOpPOCTBIO CBETa B HAIPaBICHUU PACIPOCTpaHEHUs BOJHBI. [Ipu 3TOM MBI
ToNyynM mojie E , Bpalaromeecs Mo 4acoBOil cTpeike (€CIM CMOTPETh Ha-
BCTpEYY BOJIHE).

Kak nmokaspIBaeT OIbIT, peajbHbIE CBETOBBIE BOJIHBI BO MHOTUX CIIy4asiX
MOYHO OMHUCHIBATh C MTOMOIIBIO PACCMOTPEHHBIX BBIIIE MOJEIIEH IILTANTHYE-
CKH TOJIIPU30BAHHBIX BOJIH.

[Ipu pacnipocTpaHeHUN 3JIEKTPOMATHUTHOM BOJIHBI B PEAIBHBIX CpeIax
BO3MOYKHO TMPEBPAIIEHUE HEMOJISIPU30BAHHBIX BOJH B MOJHOCTHIO MOJISIPU30-
BaHHBIE U HA00OPOT, €CliU cpeaa JUOO HEOJHOPOJHA, JIMOO aHU30TPOITHA.
[IprMepoM Takoro NMpeBpaALLIECHUS SIBISCTCA HOJIAPUZAUUA ITIEKMPOMAZHUN -
HOIl 60JIHbL NPU OMPAIICEHUU.

Jpyro#i mpakTUYECKH BaXKHBIA CHOCOO MOJISIPU3ALUU JICKTPOMArHUT-
HBIX BOJIH, B YaCTHOCTH CBETOBBIX BOJIH, MPEICTABIISIET PACCMATPUBAEMOE
B 3TOM T€ME paclpOCTPAaHEHUE IIEKTPOMArHUTHBIX BOJIH B ORMU4ecKu aHu-
30mMponHBIX cCpeoax.

EcrecTBEHHO, YTO MHCTPYMEHTOM [IJIsl UCCJIEOBAaHUSI ACUMMETPHH TIO-
NEPEYHBIX BOJIH MOYKET CIIYKUTh CUCTEMA, cama SBJISIOIIASICS aCUMMETPUY-
HOM. ['a3, ’KUAKOCTH, TBEpP/bIe aMOP(HBIE TeJIa U30TPOITHBI.

AcummeTpuelt o0nagaloT Kpuctauimyeckue tena. Mx cBoiicTBa MOTyT
pa3InyaTthCsl B PA3MYHBIX HampasiieHUsX. OHu anuzomponust. OTcrona
CHEAYET, YTO ACUMMEMPUIO NONEPEUHBIX CEEMOGHIX JIYUell MONCHO U3Y-
uamao, NPONYCKAA C6em yepe3 AaHU30mMpPonHvle KPUCHMATLbL.

YcTponcTBa, MO3BOJISIIONIME MOJyYaTh JIMHEMHO MOJISPU30BAHHBIN CBET,
Ha3bIBAIOT noaapuzamopamu. Korga te xe camble NMPUOOPHI UCHOJIB3YIOT
JUISl aHAJIW3a MOJIIPU3alvy CBETA, UX HA3bIBAIOT aHanuzamopamu. Yepes ta-
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KHE yCTPOUCTBA MPOXOIUT TOJIBKO TA YaCTh BOJIHBI, Y KOTOPOM BEKTOp E KO-
nebiercs B OINpPENENICHHOM HAalpaBJIEHUH. OTO HAIPaBJIEHHE HAa3bIBAIOT
2714610l n10CKOCMbI0 noaapuszamopa (ananuszamopa).

[Iycth ecTecTBEHHBIM CBET MAMAaeT Ha KpUCTaLUl nojspuzaropa P
(puc. 1.5.5).

[Tonsipuzarop Amnanusarop

[Inockononsipu3oBaHHbIHI

~ 4

o

EcTecTBeHHBIN

J =0, unu
Jy = l_j J =J, (max)

Puc. 1.5.5

[Tocre mpOXOXACHUS TOSIPU3aTOpa OH OyAET JTUHEHHO MOJIAPU30BaH
B HanpasyieHnu OO'. IHTEeHCHBHOCTH CBETA MPH 3TOM YMEHBIIUTCS HATOJO-
BUHY. DTO 0OBACHSETCSA TEM, UTO TIPH CITyYaiHBIX OPUEHTAIMAX BEKTOpa E
BCE HAIPaBIICHUS] PABHOBEPOSATHBI.

Ecnu Bpamare mosisipu3aTop BOKPYI CBETOBOTO JIyya, TO HUKAKHX OCO-
ObIX M3MEHEHUIl He mpousoiaer. Ecnu ke Ha MyTH Jiyya MOCTaBUTH €IIe
¥ BTOPOW KpUCTaJl — aHaJIM3aTop A, TO MHTEHCUBHOCTh CBETa OyJIeT u3Me-
HSTBCS B 3aBUCUMOCTH OT TOr0, KaK OPHUEHTHPOBAHBI APYT OTHOCHUTEIBHO
apyra o0e miacTuHbl. MumencusHocms cBeTa O0yJIeT MaKCcUManbHa, €Clu ocu
000UX KpUCMAI08 NAPALLeNbHbl, U PAGHA HYIO, €CIH 0CU NePNeHOUK)ISAPHbI
APYT Apyry.

Bce 3To MOKHO 0OBSICHUTD CIEAYIOUUM 00pa3oM:

® ceemosvle B0JIHbl NONEpeyHvl, OJHAKO B €CTECTBEHHOM CBETE HET
MPEUMYILIECTBEHHOTO HAMPaBJIEHUs KOJEOaHU;

® KpUCMALT NOAPU3AMOPA TIPOIYCKAET JIHIIb Te BOJNHBI, BEKTOp E Ko-
TOPBIX UMEET COCTABIAIOILYIO, NAPAIIENbHYI0 OCU Kpucmaiia (AMEHHO TO-
ATOMY MOJIIPU3ATOP OCIAOJISIET CBET B JIBa pa3a);

® Kpucmail aHamu3amopd, B CBOIO OYEpPEeIb, MPOMYCKAET CBET, KOraa
€ro0 0Cb NapaienbHa ocuU NoAPUIAmMopa.

1.5.2. lTonsipu3anus MPU OTPAKEHUHU U MPETOMICHUMN

Ceem noaapusyemcs npu Ompax3ceHuu om eparuysbl 08yX cped u npu
NPOXOAHCOEHUU 2PAHUYBL — NPU MPETOMIACHUU.
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Ecnu yeon naoenusi ceema na epanuyy paszoena 08yx ousiekmpukos (Ha-
puMep, BO3AYX — CTEKJIO) Omuder om HYyJis, MmO OMpAdCEeHHbIU U NpeioM-
JIEHHbIU c8em oKazvleaemcs yacmuuno noaapuzoseannvim. (Ilpu orpaxkenun
CBETa OT MPOBOJAIICH MOBEPXHOCTH CBET MOJIYYAeTCs DIUTMITUYECKU TOJISI-
PU30BAaHHBIM).

B orpaxkenHoM syde mnpeobiagaroT KoieOaHUs, nepneHOUKyIApHble
IUIOCKOCTU TAJICHUs, a B MPEJIOMIICHHOM JIyde — KOoJeOaHusl, napaiienvHsle
IUIOCKOCTH MajeHus (puc. 1.5.6, a).

Crenenb MOJIspU3alMY 3aBUCUT OT yTJia MaJCHUS.

Ecnu nyy naoaem ma epanuyy 08yx cped noo yenom o, y0081emeopsiio-

wum ycnosuro tgo = N2 _ Nyq, TIE Nyq — MOKa3aTeIb MPEIOMIICHHS BTOPOM
M

Cpe/ibl OTHOCUTEIILHO TIEPBOM, M0 OMPAHCEHHBLH 1YY OKA3bIEACNC sl NOJIHO-

cmuio noaspusosannvim. Ilpenomnennvlii ayy — ROAAPU3O6AH HACHIUYHO

(puc. 1.5.6, 0).

VYron o, yIOBJIETBOPSIOMIUMI ycioBHiO tg o= n—z, Ha3bIBACTCS Y210M
M
Bprocmepa. Tlpu o = o yroi Mexay OTPaKEHHBIM M MPEIOMIICHHBIM JTyda-
MU paBeH 7/2.

[Tpu OTpakeHUU ECTECTBEHHOI'O CBETa OT JMAJICKTPUKA (IMIJICKTpHUE-
CKOTO 3epKaJia) UCTIONb3yeTcsl hopmyna Dpenens nis pacdyera CTEIECHHU TO-
JSIPU3AIAH:

_ Iy y
S J+dy

rae Jy u Jy— MHTCHCHBHOCTH CBETa 10 OCSM X H Y.

Puc. 1.5.6
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Takum 00pa3oM, MJIACTHHKA MPO3PAYHOTO ITUDIEKTPUKA copmupyem
Jy4d €CTECTBEHHOTO CBETAa, OTpaXkast Ty4d C OJHUM HaIpaBlIEHHEM KoiieOa-
HHU U TIPETTOMIISASI C APYTHM.

1.5.3. /IBoiiHOe npeJioMJIeHHE CBeTa

B 1669 r. narckuii yuennlii Opa3m bapronun omyOnukoBan paboTy,
B KOTOPOM cOOO0IIMI 00 OTKPBITUH HOBOTO (PU3UYECKOTO SIBJICHUSI — 080UHO20
npenomienusn ceema. PaccmaTprBas NpPEJOMIIEHUE CBETAa B KPUCTAIUIE HC-
nanackoro mmara (CaCOg), bapronnH oOHapys:kuil, 4TO JIyd BHYTPH KpHU-

CTaJlla pacuiervisieTcst Ha /iBa jgy4a (puc. 1.5.7). Ecnu kpucTain noBopaurBath
OTHOCHUTEJILHO HANpaBJIeHHs IEPBOHAYATILHOTO JTy4ya, TO TOBOpAYUBAIOTCsS 00a
Jy4a, Tpouieamme yepe3 kpucramwi. OauH u3 aydeill Benl ce0si COrIacHO U3-
BECTHOMY 3aKOHY IIPEJIOMJICHHUS CBETa, a BTOPOM COBEPIIIEHHO HE0ObIuHO. [1o-
sToMy bapTOnuH nepBbIi JTyd HA3BaNl 0ObIKHOGEHHBLIM, A BTOPOU — HEOObIK-
HOBEHHDBIM.

Puc. 1.5.7

Kpome Toro, bapronmun oOGHapyXwi, 4To JIyd CBETa, Majias B OmNpele-
JIECHHOM HAIMpAaBJIEHUU B KPUCTAJJIE UCIAHJICKOTO LITNAaTa, HE Pa3/IBauBaeTCsl.

OOBbsicHEHUE 3TOMY SIBJIEHUIO JaJl COBPEMEHHUK bapToimHa — royutanmi-
ckuil yuenblid Xpuctrad ['rolirenc. OH mokaszai, YTo HEOOBIYHOE MOBEICHUE
Jy4a CBETa, MPOXOJAILIEro Yepe3 MCIAHACKHUI IIMNaT, CBA3AHO C AHU3OMPO-
nuein Kpucmanna. Hanpasienue, BIOJIb KOTOPOrO MAJAIOIIUN JIyd HE pas-
NBanBaeTCs, | TOUreHC Ha3BaJl OMMUYECKOI OCbl0, U KPUCTAILIbI, UMEIOIINE
OJTHY ONTHYECKYIO OChb, — 0OHOOCHBIMU Kpucmanaamu (UCIAHOCKUU wnam,
mypmanun). ONTAYECKUE CBOICTBA OJHOOCHOTO KpHUCTANIAa OJUHAKOBBI
BJIOJIb BCEX HAIIpaBJICHUM, 0OPa3yIONUX OJUH U TOT K€ YTOJ C ONTHYECKOMN
ocblo. JIrobas mIoCKOCTh, MPOXOASINIAs Yepe3 ONTHUYECKYIO OCh, Ha3bIBAETCS
2naeubim cedyenuem kKpucmanna. CylmiecTBYIOT KPHUCTAIbL, Y KOTOPBIX
UMEIOTCS JIBE€ ONTHUYECKHE OCH. Takue KpPUCTAILIbl Ha3bIBAIOT 0B8YXOCHbIMU
(eunc, cnrooa).

B cBoeit knure «Tpakrar o cBerey», uznanHou B Jlelimene B 1690 r.,
['tolireHc moApoOHO OOBACHUI SABJICHUE JBOMHOTO MpeioMiieHus cBera. bia-
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rojiapsi CBOMM HMCCIIETOBaHUAM [ FOMreHe moo1IeN K OTKPBITUIO SIBJICHUS MO-
JSPU3aLMN CBETA, OJHAKO PEIIAOIIEro ara OH CAENaTh HE CMOT, IIOCKOJIbKY
CBETOBBIE BOJIHBI B €I0 TEOPUHU MPEANIOIATATIUCH TPOI0TbHBIMH.

PaccmoTpum monpoOHee siBiI€HHE ABOMHOrO JiydenpenaomiieHus. OHO
3aKJIK0YAETCS B TOM, YTO Jy4Y BHYTPHU KpHUCTaJUIa PACILEIUIAETCSA HA JABa JTyYa.
OnuH U3 HUX NOJUYMHSETCS M3BECTHOMY 3aKOHY mpenomiieHus CHemmyca:
e _M  sror ayd (0) o0OviKHOGeHHblIl, a NPYrol HE TOTUHHICTCS —
sinf .’ ’

HeoObIKHO8eH bl Ty (€). BRINIauT 3T0 TaK, Kak mokazaHo Ha puc. 1.5.8, a.

HccnenoBanus mokasaiu, 9TO OOBIKHOBEHHBIN M HEOOBIKHOBEHHBIN JTY-
YU SIBJISIOTCS TTOJTHOCTBHIO TOJISIPU30BAaHHBIMHU BO B3aMMHO TEPIEHINKYIISP-
HBIX HaIllpaBJICHUSX.

[1nockocTh KoneOaHU OOBIKHOBEHHOI'O JIy4a MEPHEHIUKYIISPHA [JIABHO-
My CEYEHHIO, & HEOOBIKHOBEHHOIO Jy4a — COBIAJAET C TJIaBHBIM CEUYECHUEM.
Ha Bbixojie 3 kpuctamuia 06a jJydya pacpOCTPaHsIOTCS B OJIMHAKOBOM HaIlpaB-
JICHUM ¥ PA3JIMYat0OTCs JIMIIb HalpaBJICHUEM MoJsipu3aiun (puc. 1.5.8, 6).

SIBneHue NBOWHOTO JIy4ETPETOMIICHUSI UCIIONB3YETCs ISl MOTy4YeHUs
MOJIIPU30BAHHOTO CBETA.

B HEeKOTOpBIX KpUCTAJUIaX OJWH U3 JIy4el MOTJIO0MAeTCs CUlibHEee APyro-
ro — ouxpousm. OueHb CUIbHBIM JUXPOU3MOM B BUAMMOM CBETE 00JIajaeT
KpUCTAUT TypMaiuHa (IIPO3pavyHOE KPUCTAJUIMUECKOE BEILIECTBO 3€JICHOBA-
TON OKpacku). B HeM OOBIKHOBEHHBIN Jy4Y MPAKTUYECKH MOITHOCTHIO MOTJI0-
niaercs Ha JauHe 1 MM, a HEOOBIKHOBEHHBIN JIyd BBIXOJAWT U3 KpUCTAIIA.
B kpucranne cynphara HOAUCTOr0 XMHUHA OJWH M3 JIy4deil MOrIOoaeTcss Ha
nmuae 0,1 MM. DTO sIBI€HHME HCHONB3YETCSA Il CO3JAaHUS TOJISIPOUIOB.
Ha BbIXOJ1€ OJIApON 1A MOTYHYAETCSl OJIUH MOJISIPU30BAHHBIN JTyY.

|
o |
I n, Y n,
n, Iy
|B Be
| |
[
I
[0} e =f»
<>
v
a O

Puc. 1.5.8
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YacTo B Ka4eCTBE MOJSAPU3ATOPA UCTIOTB3YETCS TaK Ha3bIBaeMas Mpru3Ma
Hukomns. 3to mpusma u3 ucianockozo wnama, pa3pe3aHHas 1Mo JTUaroHaIN
Y CKJICCHHAs KaHaJICKUM Oanb3aMoM (puc. 1.5.9).

Puc. 1.5.9

[Toka3zaTenb NpenoMIIeHHs] KaHAJCKOro Oanb3aMa JIEKUT MEXIY 3Haue-
HUSAMM NOKa3aTeleil Ny U Ny 1 OOBIKHOBEHHOTO M HEOOBIKHOBEHHOTO JIy-
4eil B MCIAHJCKOM mmaTte (Ng >N>nN,). 3a c4eT 3TOro 0OBIKHOBEHHBIN JIyY
MIPETEPIIEBAET HA MPOCIONKE Oaib3aMa IOJHOE BHYTPEHHEE OTPAXKEHUE
Y OTKJIOHSAETCS B CTOPOHY. HeoObIKHOBEHHBIN Jyd CBOOOJHO MPOXOJHUT Ye-
pe3 3Ty NPOCIONKY U BBIXOIUT U3 IPU3MBI.

JIBOIiHOE JIy4enpenoMIeHHE OOBSCHIETCS aHW30TPOINUEH KPUCTAJLIOB.
B Takux KpucTamax AM3JEKTpUYEcKas MPOHHULIAEMOCTb € 3aBUCHUT OT Ha-
npaBicHUs. B OZHOOCHBIX KpHCTAJIaX AMAJIEKTPUYECKas MPOHULAEMOCThb
B HAIPABJICHUH ONTHYCCKON OCU €y U B HANPABICHUSX €, ICPICHIUKYIIIP-

HBIX K HEH, UMEET pa3Hble 3HAUECHUS.
[Tockonbky N =,/gn, a B AMDIIEKTpUKaX L = 1, TO N = Je . Crenosa-

TCJIbHO, U3 AHU30TPOIINH € BBITCKACT, UTO 3JICKTPOMAIrHUTHBLIC BOJIHBI pa3HbIX

HaIpaBJIeHU Kojebanuii BekTopa E mMeroT pa3Hblii mokaszaresns npeaomiie-
HUA U, CIEJOBATEIbHO, Pa3HYI0 CKOPOCTh pacnpocTpaHeHus. CKOpocTh pac-

C
IIPOCTPAHEHUsI OOBIKHOBEHHOIO JIyda Vg :T, a HEOOBIKHOBEHHOIO —
€
y

C .
Ve :T, MPUYEM HEOOBIKHOBEHHBIN JIyd PacHpoCTpaHseTCsl MEePIEeHIUKY-
€
X

JIAPHO ONTUYECKON OCH KpucTaiia. B cooTBeTCTBHU C 3TUM OIHOOCHBIC KpH-
CTAJUJIBbI XapaKTCPU3YIOTCS ITOKA3aTCIICM IIPCIIOMIICHUS OOBIKHOBEHHOTO Jy4da

c c
Ny =— WU IIOKa3aTelleM MpPEJIOMIICHUs HEOOBIKHOBEHHOIO Jyda N =—.

Vo Ve
B 3aBucHMOCTH OT TOTO, KaKasi U3 CKOPOCTEil — v, WIH Vp — OOJIbIIE, pa3iiu-
YaIOT MOJIOKHUTEIBHBIC M OTPULATENbHbIE OJHOOCHBIE KpHucTaLIbl. [Ipu ycio-
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BUU, KOIZIA Vg > Vg, — KPUCTAIUL HOJIOHCUMENbHBIIL, KOTIA Vg < Vg, — OMPU-
UamebHbll.

1.5.4. 3akon MaJtroca

B 1809 r. dpanmy3ckuii nmkenep 3. Mamtoc OTKPBUT 3aKOH, HA3BaHHBIN
BIOCJIEACTBUM €ro MMeHEM. B omblTax Mairoca CBET Mmociie1oBaTeIbHO MPO-
MyCKaJICS 4epe3 JBE OJIMHAKOBbBIC IJIACTUHKHU U3 TypMaJIMHA.

[InacTMHKM MOTJIM OBOPAYMBATHCS APYT OTHOCUTEIHLHO Jpyra Ha yroi ¢

(puc. 1.5.10).

€CT

Puc. 1.5.10

NHTEHCUBHOCTh MPOMIEANIETO CBETAa OKas3ajgach IPSAMO MPOIOPLHUO-
HaJBHOM: COS2 @ J ~CO0S2 .

YMeHbIIeHHe MHTEHCUBHOCTH BOJIHBI MOKHO TOSICHUTH Ha HArJISTHOM
npumepe, n300paxkeHHoM Ha puc. 1.5.11.

W3 pucyHka BHIHO, YTO TOBOPOT IIENH S BHI30BET 3aTyXaHUE BOJHHBI.

PaccmoTpuM MpoX0KIEHUE €CTECTBEHHOIO CBETA MOCIEI0BATEIBHO Ye-
pe3 nBa uneanbHbix nossipouaa P u A (puc. 1.5.10), pa3penieHHbIe HampaB-
JICHUSI KOTOPBIX PAa3BEPHYTHl HA HEKOTOPBIM yros ¢. IlepBblil MOIApOUI UT-
paet poiab noaapuszamopa. OH NMPEBpaIIAET €CTECTBEHHBIM CBET B JIMHENHO-
HoJsipu30BaHHbIi. Bropoit nomsipoun (ananuzamop) CIyXUT Ui aHAIN3a
MAJAIOIIEro Ha HErO CBETA. 31€Ch TAKKE UCIOJIb3YETCS SABICHUE OUXPOUIMA.
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Puc. 1.5.11

B ecTtecTBEHHOM CBETE BCE 3HAUCHUS (0 PAaBHOBCPOATHBI U CPCAHCC 3HA-
YCHUC <C052(P>=1/2. HOBTOMy HHTCHCHUBHOCTb CCTCCTBCHHOI'O CBCTA,

IPOIIIEIIIET0 OJUH MOJISPU3aTOP, YMEHBIIIACTCS B 08a pasd.
ITocTaBuM Ha yTH €CTECTBEHHOI'O CBETA JIBA MOJSAPU3ATOPA, INIOCKOCTH
KOTOPBIX 00pa3yroT yroi ¢. M3 mepBoro mosspuzaTopa BBIMACT JIyd WUHTCH-

CornacHo 3axkony Manioca, VHTEHCUBHOCTb CBETA,

1
CUBHOCTBIO Jg = 5 Jecr-

IMpomcamero BTOpOﬁ IMOJIAAPU3aTOoP,
J=Jgcos? o =%JeCT cos2 .
Ot10 6€3 yueTa NorJIoIeHUs CBeTa B KPUCTAILTIE,
J = Jmax :%‘JGCT pu ¢ = 0.

[Tpu @ =1/2 J =0 — ckpelieHHbIC TOISIPU3ATOPHI CBET HE MPOITYCKAIOT.
Takum oOpazoM, B 3JIEKTPOMArHUTHOM TEOPHHM CBeTa 3akoH Mairoca

HaxoauT €CTCCTBCHHOC 00BsICHEHHE HAa OCHOBE Pa3JI0KCHUA BCKTOpPaA E na
COCTaBJIAIOIIMC.

1.5.5. UckyccTBeHHAs aHU30TPOIIMS

JIBoitHOE JTydyemnmpesrioMIeHe MOKHO HaOJIt0/1aTh U B U3OTPOIHBIX Cpe-
nax (aMOp(HBIX Tenax), €CM MOABEPTHYTh UX MEXaHUYECKUM Harpy3KaM.

N3oTpomnHoe Teno, MOABEPrHyTOe YIPYTUM AepopMaiusivM, MOXKET CTaTh
AHU30TPOIHBIM U MU3MEHHUTHh COCTOSIHUE MOJSPU3ALHUU MPOXOMSIIEr0 CBETA.
Ot0 sBreHue, oTkpeitoe B 1818 r. bproctepom, momyunsio HazBaHue GOTOYII-
pyroctd, win npezoontudyeckoro 3¢ dekra. Ilpu omHOCTOpOHHEM pacTsxke-
HUU WM CKATUU TEJIO CTAHOBUTCS MOJIOOHBIM OJTHOOCHOMY KPUCTaJTy C OTI-
TUYECKOW OCBIO, MAPAJIICITbHON HANPABICHHUIO NMPUJIOKEHHOUW CUJIbl. Mepoit
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BO3HMKAIOIIEH IIPU 3TOM ONTUYECKON aHU3O0TPOIMHU CIIYKHUT Pa3HOCTh MOKa-
3aresyieil MpenoMIIeHUs OOBIKHOBEHHOTO W HEOOBIKHOBEHHOTO Jy4eil. OmbIT

dF

IMOKA3bIBACT, YTO 3Ta PA3HOCTH IIPOIIOPHMOHAJIbHA HAIIPKCHUIO OC =-——

dS

B JaHHOW Touke Tenma. OT 3TOro HanpspKeHUs OyCT 3aBUCETh Pa3HOCTh IMOKa-
3aTened mpenomieHus: Ny —N, =Ko, rae K — xoaddunuent npomnopumo-
HAJIHOCTH, 3aBHUCSIINI OT CBOMCTB BEIICCTBA.

[TomecTnM CTEKIISTHHYIO TUIACTUHKY Q MEXTy IBYMS TOJISpU3aTOPaAMH —
Pu A (puc. 1.5.12).

== > —
= A
Fe

Puc. 1.5.12

B orcyrcTBHE MexaHMYECKOH neopMalvy CBET Yepe3 HUX MPOXOJIUThH
He Oyner. Ecnu e cTeksio noABepruyTh AedopManuu, TO CBET MOXKET MPOii-
TH, MPUYEM KapTHHA Ha 3KpaHe moiyuutcs uBeTHad. Ilo pacnpenenenuro
LBETHBIX IOJIOC MOKHO CYAUTh O pAcCIpeiesieHUH HanpsLDKeHWM B CTEKJISH-
HOM mactuHke (puc. 1.5.13).

o ¥

th
—

#hu

Puc. 1.5.13

80



DTO SBIICHHUE IMHUPOKO UCIOJIB3YETCS IS ONPEACIICHHUS MTPOYHOCTH JIe-
tanei. [lomeniast mpo3paunbie GOTOYNPYTHE MOAETU MEXIY MOJIIPU3ATOPOM
M aHaJU3aTOPOM W TOABEPras WX Pa3jIMYHBIM Harpy3KaM, MOXKHO H3y4aTh
pacrnpeneneHrs BOSHUKAIOMUX BHYTPEHHUX HATIPSHKCHHM.

SIBeHNE MCKYCCTBEHHOW aHWU3O0TPOIHMH MOKET BO3HHKATh B H30TPOII-
HBIX Cpelax nod eozdelicmseuem dleKmpuyeckozo nois — igpgexm Keppa.
Ha puc. 1.5.14 uzo6pakeHa Tak Ha3biBaemas aueiika Keppa.

_|_
@)
=T
P - | A
©
Puc. 1.5.14

Ecnu mosisipu3atopsl CKpEIIEHbl, TO B OTCYTCTBHE IIOJII CBET 4YeEpe3
aueliky Keppa He nmpoxomuT. B 31€KTpUUecKOM IoJie MEXAY IUIACTHHKAMU
KOH/IEHCAaTOpa >KUJKOCTh (UCIIOJIb3YETCsl OOBIYHO HUTPOOEH30J1) CTAHOBUTCS
aHM30TpOINHOM. CBEeT, MPOUIEAIINI Yepe3 KIOBETY, IOBOPAYUBAET INIOCKOCTh
NOJISIPU3AalUM, U CUCTEMA CTAHOBUTCS Mpo3pauHoil. fuelkika Keppa moxer
CIIY’KATh 3aTBOPOM CBETA, KOTOPBIN YINPABISIETCA MOTEHIHAIOM OJHOTO W3
AIEKTPOAOB KOHJEHCATOPA, IOMELIEHHOTO B SUEHKY.

Ha ocHoge siueexk Keppa nmocTpoeHbl NpakTHUeCKH O€3bIHEPIIMOHHBIE 3a-
TBODBI K MOZLY/ISITOPBI CBETA C BpeMeHeM cpabatbiBanus 10 107 c.

BenrunHa JBOMHOTO JIydeNpeIOMIICHUS NPSMO MPONOPLHOHAIbHA
KBaJpaTy HANpPsHKEHHOCTH dyeKTpruueckoro moss: An=nkE?2 (3akon Keppa).
31ech N — TOKa3areiab NPEJOMIIEHUS BELIECTBA B OTCYTCTBHE IIOJIA,
An=n, —Ny, TO€ Ny U N, — IOKa3aTeIu MPEeJIOMIIEHUS 1Ji1 HEOOBIKHOBEH-

HOW 1 0OBIKHOBEHHOM BOJIH; K — mocTostHHas Keppa.
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KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHMUW S

1. Yto Ha3bIBaeTCAd €CTECTBEHHBIM CBETOM? ILJIOCKOIOJISPU30BAHHBIM
CBETOM? YAaCTUYHO MOJSPU30BAHHBIM CBETOM? JJUTUNTUYECKHU MOISIPU30BAH-
HBIM CBETOM?

2. Kak u3MeHsIeTCs HHTEHCUBHOCTh CBETA 3a MOJISIPU3aTOPOM IPHU €ro
BpAIllEHUH BOKPYT IMy4YKa €CTECTBEHHOTO CBETAa?

3. Kak mpakThyecku OTIUYUTH IJIOCKOMOJSIPU30BAHHEIN CBET OT €CTe-
CTBEHHOTO?

4. Yrto takoe yroi bproctepa?

5. Ilokaxkute, 4TO MPHU BHINOJHEHUHU 3aKOHA bprocTepa OTpaKEHHBIN U
MPEJIOMIICHHBIN JIy4H B3AUMHO NEPIEHIUKYIISPHBI.

6. VIHTEHCMBHOCTh €CTECTBEHHOT'O CBETa, IMPOIYIIEHHOTO Yepe3 JBa
NoJISIpU3aTopa, YMEHbIINIACh BIBOE. Kak OpMeHTHpPOBAHBI MOJISPU3ATOPHI?

7. UTo Ha3pIBAETCS ONTHUYECKOM OCBIO KpucTauia? Uem OTauM4aroTcs
JIBYXOCHBIE KPUCTAJUIbI OT OJTHOOCHBIX?

8. UeM 00yCIOBJIEHO ABOMHOE MPEIOMJIEHHNE B ONTUYECKA aHU30TPOII-
HOM OJTHOOCHOM KpHucTajie?

9. UeM oTiIMYaIOTCS OTPUIATEIbHBIE KPUCTAIIIBI OT MOJIOXKUTEIbHBIX?
[IprBeauTe NOCTPOECHNE BOJHOBBIX ITOBEPXHOCTEM IS O- U €-TTyUYEeH.

10. Kakue nonsipuzanmoHHbie MpuOOpkI Bl 3HaeTe? B ueM 3akioyaet-
Csl IPUHLIAN UX JEUCTBUSA?

11. YTo Ha3bIBaeTCs MJIACTUHKON B YETBEPTH BOJIHBI? B MTOJIBOJHBI?

12. Ha nonsipu3arop najgaet HUpPKYJISIPHO MOJISIPU30BAHHbBIN CBET C UH-
TEHCUBHOCTHIO |g. KakoBa MHTEHCUBHOCTH CBETA 3a MOJISPU3ATOPOM?

13. Kak, ucnomnb3ys IJIaCTUHKY B YETBEPTh BOJHBI U MOJSPU3ATOP, OT-
JUYUTH HUPKYJISAPHO MOISIPU30BAHHBIN CBET OT €CTECTBEHHOTO?

14. KakoBo OyzaeT aeiicTBUE TIJIACTUHKU B MOJBOJIHBI HA €CTECTBEHHBIN
CBET? Ha MUIOCKOMOJIAPU30BAHHBIA CBET, MJIOCKOCTh MOJSPU3ALNHA KOTOPOTO
cocTaBisieT yroy 45° ¢ ONTUYECKON OCHIO TIJTACTUHKU?

15. O6BsicHuTe AeicTBUE CBETOBOTO 3aTBOpa suekiku Keppa B couera-
HUU C TIOJIAPU3ATOPOM U aHATU3ATOPOM.

16. Yto Takoe >3 dexr Keppa? KakoBa pusnueckas npuurHa €ero Bo3-
HUKHOBeHU? [ 1€ npumensieTcs?

17. Kakue BemiecTBa Ha3bIBAIOTCA ONTUYECKU AKTUBHBIMU?

18. B ueM oTyinuKMe ONTUYECKOW aKTUBHOCTH OT JBOMHOTO Jydenpe-
JOMJIEHUSA?
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2. KBAHTOBASI MEXAHUKA

2.1. KBAHTOBASA IPUPOJA U3JTYUEHUSA

2.1.1 JIroMuHecHeHUMS U TEIUIOBOE U3JIyUYeHHUe

Tennosoe usnyuenue — >ISKTPOMATHUTHOE H3JIyYEHHE, HCIyCKaeMOe
BEILIECTBOM, BO3HMKAIOIIEE 3a CUET €ro BHYTPEHHEH 3Hepruu. Eourcmeen-
HbIM BUOOM UBTYHUEHUSl, KOMOPOe MOHCen HAX00UMbCsl 8 PABGHOBECUU C U3T)-
YarWUMU meiamu, A61s1emcs meni08oe usjiyueHue.

Bce npyrue Bujbl cBeueHHs (M3Ty4EHUs CBETA), BO30YKIaeMbIe 3a CUET
m000ro ApPyroro BUa SHEPrUU, KPOME TEIJIOBOTO, HA3bIBAIOTCS JIHOMUHEC-
ueHuueu.

ITo onpenenenuro C.M. BaBuiosa, aromunecyenyua — A3nydeHue, U3-
OBITOYHOE HaJl TEIUIOBBIM M HUMEIOIIEE IJIUTEIbHOCTh, 3HAUUTEIBHO MPEBHI-
HIAIOIIYIO TIEPHUO]T CBETOBBIX KOJICOAHMIA.

Oxucnstomuiicss B Bo3ayxe Gpochop, THIITYIITKH, CBETIISTUKH CBETATCS 3a
CYET SHEPTUM XUMUUYECKON PEAKIIUM OKUCIICHUS — XeMUTIOMUHECUECHUUU.

CBeueHue NpU NMPOTEKAHUHU TOKa B rase, >KUJIKOCTH WJIM B TBEPJIbIX Te-
Jax — 2J1eKmMPOIOMUHECUCHYUA.

CBeueHue 1oJ| IEHCTBUEM CBETA — (hOMOIOMUHECEHUUA U T.]1.

TenmoBoe u3nydeHue ObIBACT MpH JIIOOOH TEMIepaType, YeJIOBEK TOJIb-
KO HE OIIyIIaeT €ro Impu MEHBIIIECH TemIeparype, 4yeM TeMIliepaTypa Tena,
anpu A>0,8 MKM MBI €10 HE BUJIUM.

JIroboe Teno, UMerolliee TeMIEpaTypy BbIIIe aOCOMIOTHOTO HyJIS, U3ITydaeT
ANIEKTPOMArHUTHBIE BOJHBI (TEIJIOBOe M3iIyudeHue). Ecim B3sTh ampiabaTtrdecku
W30JIMPOBAHHOE TEJIO, BHYTPU KOTOPOT'O MMEETCS MOJIOCTh, TO BHYTPH 3TOM IMOJIOC-
TH C TEYEHUEM BPEMEHHU TEIUIOBOE M3IyYEHHE MPHUJIET B PABHOBECHE C OKPYXkKArO-
MM TesioM. [1o3ToMy TErIoBOMY M3ITyYEHUIO MOMHO MPHUITMCATh TEPMOTUHAMU-
YEeCKUE XapaKTEPUCTUKU TeJa, HalpuMep Temmeparypy. JormycTiM, 4To paBHOBE-
CHe HapyIIIEHO U TeJI0 M3ITydaeT OoJIbIle, 4YeM norsomaet. Torna BHyTpeHHsIsS SHep-
rvs OyzieT yObIBaTh, 3TO YMEHBIIIUT TEMITEPATypy TeJia, YTO MPOTUBOPEUUT aauada-
TUYHOCTH cucTeMbl. ClieIOBaTelIbHO, U U3Ty4eHre He OyIeT paBHOBECHBIM.

Bce BUIBI JTIOMUHECHCHIIMN OKa3bIBAIOTCS HEpaBHOBECHBbIMH. Hampu-
Mep, JIEKTPOIIOMUHECHEHLIUS OyAEeT MPOJOJIKATECA O TEX IMOp, MOKa €CTh
PEKOMOMHUPYIOIIUE YACTHUIBI, T.€. MPOUCXOAUT Mpoliecc noHu3aruu. O0bIu-
HbIE TeMIIEepaTyphbl MPAKTUYECKU HE BIUSAIOT HA 3TOT MPOIECC, T.€. HEBAXKHO,
CKOJIBKO 3HEpPTHUH MOIJIOMIAET TEJO OT OKPYKAIOIIEH CpeIbl.
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I/ITEIK, PABHOBECHbBIM MOIHCEN ObIMb MOALKO MEN080e usjiyuerue, 110-
9TOMY TOJIbKO K HCMY MOTI'YT OBITH IMPUMCHCHBI 3aKOHbI TCPMOJIHMHAMMWKMH.

2.1.2. 3akon Kupxroga

BBeneM HEKOTOpBIE XapaKTEPUCTUKH TETIJIOBOTO U3ITyUCHUSI.

TIlomok snepeuu (1100bIX yacmom), UCnycKaemvlil eOUHUYel NOBEPXHO-
cmu usnyuarwe2o meia 6 eOuHUYy epemenu 80 ecex nanpaeienusix (6 npede-
nax menecnoeo yena 4m), Haszwvieaemcs uziyuamensvHocmuvio mena (R),
[R] = Br/m°.

W3nydeHne cocTOUT M3 BOJH Pa3udHON 9acToThl (V). O003HAYMM TI0-
TOK DHEPrHH, UCITyCKAeMOW €UHUIICH MOBEPXHOCTU TEjla B MHTEpBAJIE yac-
TOT OTV 70 vV + dv, uepes dR,. Torna npu nanHoU Temreparype

dRV,T = rV,TdV,

rane r,t — CREeKmpaibHasa NJIOMHOCMb U3lyuamelbHocmu, Uil u3siyua-

menbHas cnOCOOHOCMb mena.

OmnbIT MOKa3bIBAET, 4YTO Jy4EHUCIIyCKaTeIbHAs CIOCOOHOCTH Tena I, 1
3aBUCHUT OT TEMIIEPATYPHI Tella (I KaKI0W TeMITepaTypbl MAKCUMYM H3ITY-
YEHUs JIEKUT B CBOEH 00actu yactor). Pasmeprocts [r, 1]= Jlx/M2.

3Has Ty4EeHCIyCKATEIbHYIO CIIOCOOHOCTh, MOXKHO BBIYMCIHUTH IHEPTE-
TUYECKYI0 CBETUMOCT:

R = TdeT = OJ?I'V,Tdv .
0 0

IIycTh Ha 3JIEMEHTAPHYIO IUIOIIANKY IOBEPXHOCTH Te€ja MagaeT IOTOK
ayunctodt sHeprun d®d,,, o0ycIOBIEHHbII 3JIEKTPOMAarHUTHBIMU BOJIHAMH,

4aCTOTbl KOTOPBIX 3aKiroucHbl B uHTepBase dv. Yacts storo noroxka dd',
Oyzer noryomarscs TesoM. be3pasMepHas BenuunHa
_do,
do,
Ha3bIBACTCS nO210uiamenvHoi cnocobnocmoio mena. OHa TAKKE CHUIBHO

3aBUCHUT OT TEMITEPATYPHI.
[To onpenenenuto o, 1 HE MOKET OBbITH OonblIe eqUHULBL. [ Tena,

OL\/,T

IIOJIHOCTBIO IOTJIONIAIOIIEr0 M3IY4YeHHs BCEX 4acToT, o, 1 =1. Takoe Teno

Ha3bIBAECTCSI AOCONIOMHO YepHbIM (3TO NACATN3ALINS).
Teno, Onsa komopozo o =CONSt u menvbute eOuHUYbL 015 6CeX Yacmom,

Hasvleéaemcs cepvim menom (3To TOKE UIeATU3ALUS ).
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Mesxny u3nmydaTenbHON W MOTJIOMIATENIFHOW CIOCOOHOCTBIO TeJa CyIlle-
CTBYET OIIPENENICHHAs! CBA3b. MBICIEHHO NPOBENEM CIEAYIOIINUNA JKCHEPH-
MeHT (puc. 2.1.1).

Puc. 2.1.1

[lycTh BHYTpH 3aMKHYTOW OOOJIOUKM HaxonATCs TpU Tena. Tena Haxo-
JSTCSl B BaKyyMe, CII€ZOBaTeIbHO, OOMEH IHEpPrHed MOXKET MPOUCXOIUTH
TOJILKO 3a cueT m3nydeHus. ONbIT MOKA3bIBAET, YTO TaKasi CUCTEMa uepe3 He-
KOTOpOE BpeMsi MPHUIET B COCTOSHHE TEIJIOBOTO paBHOBecHs (Bce Tena
1 00071049Ka OyIyT UMETh OJIHY U TY K€ TEMIEPATYPY).

B Takom coctosHuM Teno, obnagaromiee OONbIIEH U3IIy4aTeabHOCTHIO,
TEpsieT B €AMHMILY BpEMEHH U OOJIbIlIe SHEPTUU, HO | = CONSt, cienoBaresb-
HO, 3TO TEJIO I0JKHO 00J1a7aTh U OOJIbIIEH NOTIOMAONIEH CIOCOOHOCTHIO:

ST of e T const.
Ay, T 1 Ay, T 2 oy, T 3

Hemeuxuit ¢pusuk I'yctaB Kupxrod B 1856 r. chopmynupoBan zaxou
U TIPEIJIOKUI MOOETb A0COIIOMHO YePHO20 menda.

Ommnowenue u3nyuamenvHol K NOIOUWAMENbHOU CROCOOHOCIU
He 3aeucum om npupooOsvl mesid, OHO AGIAEMCA 011 6cex mesl 00OHOU U Mol
sce (YHUBeEpCaIbHOIL) hyHKUUEN YACMOMbL U MEMNEPAMYPbL '

r
T f(v,T),
0L\/,T

rae T (v,T) — ynusepcanvnas gpynxkuyua Kupxzoga.

Ota QyHKIMS UMEET YHUBEPCAJIbHBIN, WIIK a0COJIIOTHBIN, XapaKTep.
Camu BenMYMHBI I, 1 U O, T, B3ATBIE OTIACIBHO, MOTYT M3MEHATHCS

Ype3BhIUYAHO CUJIBHO MPHU MEPEeXoje OT OJHOrO Tejia K JIPYyroMy, HO UX OT-
HOIIICHUE nOCMOSHHO JJIsl BCeX Teq (MpU TaHHOW 4acTOTe U TeMIlepartype).
Jist abComOTHO 4YepHOro Tena o, 1 =1, ClegoBaTeNbHO, A HEro

r,t=f(v,T), 1.e. ynusepcanvnas pynkyua Kupxzogha ecmo ne umo unoe,

KakK uszjiyuamesibHoCHib aodconwmHo ueprnozco meia.
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AOCOIOTHO YEpHBIX TEN B IpHpoe He cymiecTByeT. Caxka UM MaTH-
HOBasg 4YE€pHb MMEIOT IOTJIOLIAIONIYI0 CHOCOOHOCTH o, 1 =1, HO TOJBKO

B OTPAHUYEHHOM HHTEpBajie 4acToT. OIHAKO MOJIOCTh ¢ MaJIbIM OTBEPCTUEM
O4YeHb OJIM3Ka MO CBOMM CBOMCTBAM K abCOMIOTHO YepHOMY Temy. Jlyd, mo-
MaBIIUKA BHYTPb, TIOCIIE MHOTOKPATHBIX OTPaXCHUH 005S3aTeNBHO IMOTJIOINIa-
eTCs, MPUIEM JIyd JIF000H JacToThl (puc. 2.1.2).

Puc. 2.1.2

M3mydaTeIbHOCTh TaKOTO YCTPOMCTBa (MOIOCTH) oueHb Oym3ka Kk f(v,T).
Takum 00pa3oM, €ClIM CTECHKHU TOJIOCTH TOICPKUBAIOTCS TIPU TEMITEPaType
T, TO U3 OTBEPCTHUS BBIXOAMT M3ITydeHHUE, BEChbMa OJM3KOE IO CIIEKTPATbHOMY
COCTaBY K M3JIyUCHHIO a0COFOTHO YEPHOTO TeIa IPH TOH JKe TeMIepaType.

Pasnarast 3To u3nmydeHue B CIEKTP, MOXKHO HAWTH AKCIIEPUMEHTATbHBIN

By Gynkiun f(v,T) mpu pasusix temneparypax: 73 > 1o > T (puc. 2.1.3).

Kor = f(V,T)

A

le Vm2 Vm3 v

Puc. 2.1.3

[Tnomans, oxBaThiBaeMasi KpUBOW, JAET W3IIy4aTEeIbHOCTH aOCOJIFOTHO
YEpPHOTo Teja MPH COOTBETCTBYIOIIEH TeMIepaType.

OTH KpUBbBIE OJIMHAKOBBI JIJIs1 BCEX TeJl.

KpuBbie moxoxu Ha GYyHKIIUIO pacipeaeICHUs] MOJIEKYJ IO CKOPOCTSIM.
Ho tam momaay, oXxBaTbiBaéMble KPUBBIMH, TTIOCTOSTHHBI, @ 3/1€Ch C YBEIUYE-
HUEM TEMIIepaTyphl ILIONIA/lb CYIIECTBEHHO YBEIWYUBACTCSA. DTO TOBOPUT
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0 TOM, YTO M3Iy4aTeIbHOCTh CUJIBHO 3aBUCUT OT TemmepaTypbl. Makcumym
uznyuenus (UsryyamenbHOCMuU) ¢ yeeaudeHueM memnepamypvl CMeuldemcs
8 CIMOPOHY OOLUUX YACTHOM.

2.1.3. 3axkon Credana — boabumana

Teopetnueckoe 00BsICHEHNE U3TYUEHHUSI A0COIIOTHO YEPHOIO TEla UMe-
JI0O OTPOMHOE 3HaUY€HUE B UCTOPUU (PU3UKHU — OHO IIPUBEJIO K MOHATUIO KBaH-
TOBaHHUSI SHEPIUH.

Agctpuiickuii pusuk W. Credan B 1879 r., aHanusupys sKcriepuMeH-
TaJbHbIC JTAHHBIE, IPULIEI K BBIBOAY, YTO U3JIYyUAMENbHOCHY 1100020 mena
nponopyuonavra T4,

[loznnee aBctpuiickuii pusuk JI. bonplMaH, TpUMEHUB TEPMOIMHAMH-
YECKUI METOJ K HCCIIEIOBAHUIO YEPHOTO U3IY4YEHUs, I0Ka3aJl, 4YTO ITO CIIpa-
BEJUIMBO TOJIBKO ISl AOCOIIOMHO 4epHO20 mead.

IInomane mox kpusoi I, = f(T) paBHA SHEPreTUYCCKON CBETHMOCTH

a0coJII0THO YepHoro teina (puc. 2.1.3):
R=ocT4
— 3akon Cmeghana — borvymana.
3n1ech 6 =5,67 1078 Br - M2 - K™% nocrosunas Credana — bonpiimana.

2.1.4. 3akoH cMenmienust Buna

B 1893 r. nemeuxuii yuensiii Bunbrensm Bun paccmoTpen 3amauy 00
aouabamuyeckom CXaTHUHM U3TYyYEHUs B LUJIUHAPUYECKOM COCYE C 3epKallb-
HBIMU CTE€HKaMH U MOJIBUKHBIM 3€pKaJIbHBIM TTOPIIIHEM.

®opmyna Bruna gaet xopomee cornacue ¢ OnbITOM B KOPOTKOBOJIHOBOM
YacTH CIIEKTpa M HE TOIUTCS JJIs JJTMHHOBOJIHOBOM (puc. 2.1.4).

[To Panero - JxuHCy

DKCnIepuMEeHTaJIbHAs

<, 3aBHCUMOCTH

P
O v

b

Puc.2.14
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Bun Hamen 3aBUCHUMOCTD Via = f(T) (Vs — YacToTa, COOTBETCT-
BYIOILAsl MAKCUMAJIbHOMY 3HAYECHHUIO I, 1 a0COIIOTHO YEPHOTO TENa):

% =const. (2.1.1)

Ot0 3aKkon cmeujenun Buna. Cmelenre 4acTOThl B 3aBUCUMOCTH OT
TEMIIEPATYPbl XOPOIIO HILIIOCTPUPYETCS SKCIEPHUMEHTAIBHBIMUA KPHUBBIMU,
M300pakeHHBIMU Ha puc. 2.1.3.

Yame 3axkon cmewjenua Buna 3anuchBaloT B BUIE A, =b/T , rae no-

crosiuHast Buna b=2,9-10-3 m-K.

2.1.5. ®opmy.aa Pajes — [I:xxknnca

B 1900 r. anrnuiickuit ¢pusuk Panel momomeén Kk M3y4eHHI0 CIeKTpaib-
HBIX 3aKOHOMEPHOCTEH M3JIyYEHHUS YEPHOTO TeJjla C TIO3UIIMU CTATUCTUYECKON
(U3MKH, BOCIONb30BABIINCH KIACCUUECKUM 3AKOHOM PABHOMEPHOTO pac-
IpeieNICHUs] SHEPTUU T10 CTETIEHSIM CBOOO/IBI.

OH paccMmoTpen pagHosecHoe usiyueHue B 3aMKHYMOU NOA0CmuU C 3ep-
KANbHbLIMU CIMEHKAMU KAK COBOKYNHOCHb CIMOAYUX DNEKMPOMACHUMHbBIX 801H
(ocyunnsmopos).

B 1905 r. anrnuiickuii pusuk u actpopusuk JPKUHC yTOYHUIT pacyeThl
Panest u okOHYATENBHO MOTYYNIT

;=T (2.1.2)

OTO U ecTb popmyna Prnes — /rcunca.
N3 popmynst (2.1.2) BUIHO, YTO I, 1 MOHOTOHHO BO3PacTaeT ¢ POCTOM

v* B OTJIMYME OT SKCIICPHMEHTANBHON KPHBOM, KOTOPAs HMEET MAKCHMYM
(puc. 2.1.4).

®opmyna (2.1.2) cnpaBemiuBa TONBKO B OOJACTH MAnblX YacTOT
U He coanacyemcsi ¢ 3akoHom Buna. TlonbiTka nomyunts u3 Gopmyinsl Panes —
Jlxunca 3akon Credana — borsimana (R ~ T*) mpuBoxut k abeypay:

R= _[rV,Tdv = ZZET Ivzdv =00,
0 0

OTOT pe3yJbTaT MOJYUYUJT Ha3BAHUE YIbMPApuoiemosoit Kamacmpo-
¢hol, T.X. C TOUKH 3peHUs Kiaccuueckoil ¢hu3uku BeIBOA Panes — [xuHca Obul
celiaH 0e3ynpeyHo.

Utak, 66110 MOTy4YeHO J1Be (DOPMYJIIBI, OMUCKHIBAIONINE U3TydyeHrne abco-
JFOTHO YEPHOTO Teja: OJHa — JIJIsl KOPOTKOBOJIHOBOM YacTH criekTpa (hopmy-
na Buna), apyras — ajis 1MHHOBOJIHOBOM ((popmyna Panest — Jlxunca). 3a-
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Jada COCToOdJIa B TOM, YTOOBI MOJYUYUTDb BBIPAXKCHHUC, OIIMCBhIBAIOIICC TCIIIO-
BOC HU3JIYUCHHUC BO BCCM JJHAIIA30HC 9YACTOT.

2.1.6. ®opmyaa Ilnanka. 'mnmore3a 0 KBaHTaxX

B cBoux pacuerax Hemenkuii pusnk-teopetuk [lnank BeiOpan Hanboee
MPOCTYIO MOJIENb U3Ty4YaloIeil CUCTEMBI (CTEHOK MOJIOCTH) B BUJIE TAPMOHU-
YECKUX OCHUIUIATOPOB (IMEKTPUUECKUX TUIOJEH) CO BCEBO3MOXKHBIMU COO-
CTBEHHBIMM yacTtoTaMu. 31ech [Inank crnenoan Panero. Ho [lnanky npunuia
MBICJIb CBSA3aTh C SHEPIrUEH OCUUILIATOPA HE €r0 TEMIIEPATYypy, a €ro IHMpo-
nuro. OKa3ajaoch, YTO IMOJTYYEHHOE BBIPAKEHUE XOPOIIO OINHUCHIBAET IKCIIE-
puMeHTanbHbIe AaHHBIE (OKTAOpH 1900 r.). OnHako 060CHOBATH CBOIO (pop-
myny [lnank emor Tonbko B gekadpe 1900 r., mocie Toro, Kak 6o.ziee enyooko
NOHSI 8EPOSIMHOCMHBIL CMbIC/L IHMPONUU, Ha KOTOPYIO yKazan borvymar
(S=k-InQ).

Tepmoounamuueckan eepoamuocms ) — 4UCIO 803MONCHLIX MUKPO-
CKONUYECKUX KOMOUHAYUL, COBMECMUMOe C OAHHIM COCMOSHUEM 8 YEIOM.

B nmaHHOM cnydae 3TO 4uUCaI0 803MOJCHBIX CnOcob608 pachnpedeineHus
9Hepeuu Mexy ocruuiaTopamu. OQHAKO Tako mpolecc MoJcyYeTa BO3MO-
KEH, €CIM dHEeprus OyAeT NPUHUMATh He J1I00ble HenpepviéHble 3HAYUEHUS,
a U OUCKpemHble 3HAYEHUA, KPATHbIE HEKOTOPOU eOUHUYHOU dHepIul.
DTta 3HEeprusi KojaedaTeabHOTO JIBHXKEHUS JOJDKHA OBITh MPOMOPIHMOHATbHA
4acToTe.

Urax, anepeus ocyunnamopa 0ondHcHa 6bimb YeavblM KpAmHbIM HEeKOmMOo-
POl eOUHUYbL IHEP2UU, NPONOPYUOHAILHOU €20 YACTNOME:.

E, = nhv,

rren=1,2,3,...
MuHuManbHasi HOpIUs SHEPTUN
E =hv=r1o,
rneh =6,62-10-34— nocrosnas [Inanka; i=h/2n u ©=2nv.
To, uro E = hv, — 310 rennansHas noragka Maxca I[Tnanka.
[TpunuunuansHoe otiinune BoiBoAa [lmanka oT BeIBOOOB Panes u apy-
TUX B TOM, UYTO «HE MOXET ObITb U PEYU O PABHOMEPHOM paCHPEICICHUU
SHEPIUU MEKIY OCHUILIATOPAME.
OxonuatenbHbIN BU hopmysl [Inanka —
2mv 2 hv
VT =T 2 ahvikT _p

(2.1.3)

HJIn
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R 2rnthc?2 1
M7 95 ghe/kTh 1
N3 gopmynsr [lnanka MoxHO monyuuts U dopmyny Panes — [xumHca,
u hopmyny Buna, u 3akon Credana — bomsiimana.
Jnsa yausepcanbHor ¢pyHkiuu Kupxroda [lnank BeiBen popmyry

2nhv3 1
2 oVIKT g

(2.1.4)

f(v,T)=

@opMyna OJECTALIE COTJIACYETCSl € SKCHEPUMEHTAIBHBIMU JAHHBIMU
[0 PACTIPEICTICHUIO SHEPTUH B CIIEKTPAX M3JIYyYCHHUS YEPHOIO Tejla BO BCEM
UHTEpBaje 4acToT U Temrepatyp (puc. 2.1.4). Teoperuuecku BBIBOJ 3TOMH
dbopmynsl M. [Tnank npeacrasun 14 dexaopa 1900 2. va 3acenanuu Hemer-
KOro (M3HYECKOro 00IIecTBa. ITOT 0eHb CIA 0Amoll POHCOCHUA K6AHMO-
6011 pu3uxu.

U3 popmyner [Tnanka, 3Hass yHUBEpCcalbHbIC MOCTOSHHBIC N, K 1 C, MOX-
HO BBIYHCIHTH MocTosiHHYI0 Credana — bonpnMana ¢ u Buna b. C apyroii
CTOPOHBI, 3Hasl SKCIIEPUMEHTAIIbHBIEC 3HAYCHUS G U D, MOKHO BBIYHCIHUTH h
u K (MMeHHO Tak OBUTO BIIEPBBIC HAWIEHO YUCIIOBOE 3HAYCHHE MOCTOSHHON
IInanka).

Takum obOpazom, gopmyna IlnaHka HE TOJBKO XOPOIIO COIJIACYETCS
C DKCIIEPUMEHTAIBHBIMH JTAaHHBIMU, HO U COACPKUT B c€0€ YaCTHBIE 3aKOHBI
TeroBoro u3nydenus. CnenoBarenbHo, popmyina Ilnanka sBisgeTcst HOJTHBIM
pELIEHUEM OCHOBHOW 3a/1a4uM TEIUIOBOI'O W3Jy4€HUs, MOCTaBlIeHHOM Kupx-
ropom. Ee perienne ctano BO3ZMOXKHBIM JIHIIIb OJIarogaps pPEeBOJIOIMOHHON
KBaHTOBOM runorese Ilmanka.

KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHUSA

1. B yeM oTiinuue TETUIOBOTO U3JIYYCHUS OT JTFOMEHECIICHCUN?

2. Kakue 13 BUI0B U3TyUYEHUS SBJISIOTCS PaBHOBECHBIMU?

3. Uto Takoe sHepreTHUeCcKas CBETUMOCTh TOKa?

4. JlaiiTe onpesieNIeHUE JIy4erCIyCKaTeIbHOU CIIOCOOHOCTH Tela.

5. UeM oTimyaeTcsi cepoe TeIo OT YEPHOTro?

6. B yem 3akiouaercsd QU3NYECKU CMBICT YHUBEPCAIbHOW (DYHKIIMU
Kupxroda?

7. Kak 1 BO CKOJBKO pa3 M3MEHUTCSl SHEPreTUYEecKasi CBETUMOCTb Yep-
HOTO TeJia, €CJIM €ro TepMOAMHAMUYECKas TeMIIepaTypa YMEHBIIUTCS BIBOE?
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8. Kak cmecTHTCS MakCMMyM CIEKTpPaJIbHON IUIOTHOCTH SHEpreTHYe-
CKOI CBETUMOCTH [, 1 YEPHOIO Teja C MOBBIIIEHUEM TEMIIEPATYPHI?

9. HapucyiiTe ¥ CONOCTaBbTE KPUBLIE I, U T, 1.

10. KakoBa cBA3b SJHEPTUM CBETUMOCTH TOKA U TEMIIEPATYPHI?

11. Yemy paBna nocrosinHas Ctedana—bonbiimana?

12. Hanmumure dhopmyny Buna. B kakoit yactu criektpa 3ta dopmysa
COTJIacyeTCs C IKCIIEPUMEHTAIBHBIMY TAHHBIMU?

13. B yem cMmbici 3akoHa cMmeliennst Buna?

14. IIpuBenure popmyny Panes—/lxunca. B kakoil yacTu cnektpa 3Ta
(dopmyna cornacyercs ¢ SKCIIEpUMEHTATbHBIMU JaHHBIMU?

15. B uem cMmbich yabTpaduoneToBoit karacTpodol?

16. Kak cBsi3ana TepmoAHaMU4Y€eCKasi BEPOSATHOCTb U SHTPOIIUSA?

17. B yeM ¢pu3n4ecKuil CMBICI TUIIOTE3bI O KBAHTAX ?

18. B uem 3akitoyaeTcs CyIHOCTh KBAaHTOBOW TMITIOTE3bI?

19. KaxoBbl cyliecTBEHHBIE AOMOJHEHUS DUHIITEHHA K KBAaHTOBOM T'H-
note3e [Lnanka?

20. Kakue xapakTepucTUKH (POTOHA OMMCHIBAIOT €r0 KOPITYCKYJIIPHBIE
CBOMCTBA; BOJIHOBBEIC CBOMCTBA?

21. 3Has nIUHY BOJIHBI A CBETA, 3alMILNTE BBIPAXKEHUE I SHEPTUU U
UMITyJIbca (POTOHA.

22. Ilpuenute popmyiy Ilmanka

23. Kak ucnons3ys ¢opmyny [lnanka, Haiitn moctosinayro Credana—
bonpumana?

24. Tlpn kakux ycnoBusx u3 (opmynsl [lmanka momy4aroTcsi 3aKOH
cmenieHust Buna u popmyna Panes—/>xunca?

25. Kaxkoit Bua umeer ¢opmyna [lmanka nnst yHuBepcanbHON (YHKIHH
Kuprodda?

26. Yrto npencrapisger coboi abCOMOTHO YepHoe Tesno? UTo MoKeT
CIIY’KUTb €T0 MOJEIBIO?

27. IloueMy OTKpPBITBIE OKHA JJOMOB CO CTOPOHBI YJIMIIbI KaXyTCs Yep-
HbIMU?

28. IloueMy JTFOMUHECLIEHIIMIO YaCTO HA3bIBAIOT «XOJIOJIHBIM» CBEUECHU-
em?

29. KakoBO 10CTaTOYHO MU3BECTHOE MPUMEHEHUE (POTOTOMUHECLICHIIUU
B TeaTpax?

30. B ueM OCHOBHO€ OTJIMYME TEMIOBOTO U3JIYYEHHUS OT JFOMUHECLICHT-
HOTO?

31. IlpuBeauTe npuMepsl JIOMUHECIICHIIMN, KOTOPBIE Bbl HAOIIOAANIN B
npupoze. K xkakum Bugam JTFOMUHECHEHIIMA OHU OTHOCATCSA?

91



2.2. KBAHTOBBIE SIBJIEHUA B OIITUKE

2.2.1. ®oTo3pPeKT 1 ero BUAbI

['unore3a Ilnanka, OnecTsie pemmMBIIas 3aady TEIUIOBOTO H3Ty4EHUS
YEepHOIo Teja, MOJIy4riIa NOATBEPKICHUE U JATIbHEHUILEEe pa3BUTHE MPH O0BsIC-
HeHnu (poTorddexra — ABICHUS, OTKPHITHUE U HCCIIEIOBAaHUE KOTOPOTO ChINPAio
BaXHYIO POJIb B CTAaHOBJICHUU KBaHTOBOHM Teopuu. B 1887 1. I'. I'epir oOHapy-
WJI, 4TO TPU OCBEUICHUM OTPHUIIATEIBHOTO 3JIEKTPOAA YIbTPapHOIETOBBIMU
JTy4aMH paspsl MKy dIEKTPOJAaMU MTPOUCXOAUT IIPU MEHBIIIEM HaIPSKEHUU.
OT0 sIBJCHUE, Kak Mmoka3anu onbIThl B. ['anpBakca (1888 r.) u A.I'. CtoneroBa
(1888-1890 rr.), 00ycIIOBIEHO BBIOMBAHUEM IO JICHCTBHEM CBETA OTPHUIIATEIIb-
HBIX 3apsiIOB U3 AJEKTPOAA. DJIEKTPOH eule He Obul OTKpHIT. JIumbs B 1898 T.
JIx.[Ix. Tomricon n @. JIeonapa, U3MEPUB yIEIbHBINA 3apsi/i UCITyCKAEMBIX TE-
JIOM YaCTHII, yCTAHOBUJIU, YTO 3TO AJIEKTPOHBI.

Paznuyaror ¢ororddext BHEMIHMI, BHYTPEHHUH, BEHTUILHBIA U MHO-
ro()OTOHHBIM.

Buewnum gpomosagpgpexmom Ha3piBaeTCA UCIYCKAHUE DIIEKTPOHOB Be-
IIECTBOM MOJ ACHCTBUEM BIIEKTPOMArHUTHOTO U3IYy4YeHUs. Brewnuii ghomo-
a¢hghexm HabMIOAACTCS B TBEPJBIX TeNax (MeTalliaX, MOJIYIPOBOJHUKAX, JTH-
AIIEKTPHUKAX), a TAKXKE B ra3ax Ha OTACJIBbHBIX aTOMaxX M MojeKyJsax ((hoTouo-
HU3AIMs).

Buympennuii ¢pomosrghghekm — >TO BBI3BaHHBIE HJIEKTPOMATHUTHBIM
U3JIYYEHUEM MEPEXO0ibl IEKTPOHOB BHYTPH MOJYNPOBOJHUKA WIH JTUSJICK-
TPUKa U3 CBA3AHHBIX COCTOSHUN B CBOOOAHBIC, O€3 BhUIETAa Hapyxky. B pe-
3yJbTaTe KOHLIEHTpAlUs HOCHUTEJEH TOKA BHYTPU Teja YBEJIMUYMBAETCS, YTO
MPUBOJUT K BO3HUKHOBEHHUIO (POTOMPOBOJUMOCTU (TOBBIIIEHUIO 3JICKTPO-
MPOBOAHOCTH MOJYIPOBOJIHUKA WU AUAJICKTPUKA MPU €r0 OCBEIICHUH) WIH
K BO3BHMKHOBEHMUIO 3J1eKTpoABKyIeH cuibl (DC).

Benmunwnwtii homorghghexm sBNAETCA Pa3HOBUIAHOCTHIO BHYTPEHHETO
doTtoaddexra, — 3T0 Bo3HUKHOBEeHHE DJIC (hoToD/C) npu ocBenieHnn KOH-
TaKTa JIBYX DPa3HbIX IMOJYNPOBOJHUKOB WM TOJYMPOBOAHUKA U MeETalljia
(Ipu OTCYTCTBUM BHEIITHETO AJIEKTPUUECKOTO Touisi). BeHTunbHbIil PoTodd-
(GeKT OTKpBIBAET MyTH IS MPSMOTO MPeoOpa3oBaHUs COJHEYHOU SHEPTHUU
B DJIEKTPUYECKYIO.

Muozogpomonnwtii  homorghgpexm BO3MOXKEH, €CIU HWHTECHCUBHOCTH
CBeTa OYeHb OoJibilasi (HarmpuMep, PHU UCTOJIb30BAaHUH Ja3ePHBIX MTYYKOB).
[Tpu 3TOM 3IEKTPOH, HCITYCKAEMbIi METAJIJIOM, MOYKET OJJHOBPEMEHHO IMOJY-
YUTh YHEPTHUIO HE OT OJJHOT0, & OT HECKOJIBKUX (POTOHOB.
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[lepBrie pyHaameHtanmbHble HccaenoBaHus (HoTod(hdeKTa BBHINOTHEHBI
pycckuM yueHbIM A.I'. CronetoBbiM. [IpuHIMNMabHAS cXema JUIsl UCCIEA0-
BaHms Gotorddexra nmpuBeacHa Ha puc. 2.2.1.

JIBa snextpona (karoa K u3 uccinenyemoro Marepuaia u aHoa A, B Ka-
gyecTBe KOTOporo CTOJIETOB MPUMEHSUT METAIUTMUECKYIO CETKY) B BaKyyMHOM
TpyOKe MOAKIIOYEHBI K OaTapee Tak, 4TO C MOMOIIbI moTeHuuomerpa R
MO’KHO U3MEHSATh HE TOJIBKO 3HaY€HHE, HO U 3HAK I0JaBa€MOro Ha HUX Ha-
npsokeHus. TOK, BO3HUKAIOIIMN NPU OCBEIICHUHM KaToJa MOHOXpOMaTH4e-
CKHUM CBETOM (4epe3 KBAPLEBOE CTEKIO), U3MEPSAETCS BKIIOUYEHHBIM B IIETIb
MUJTUAMIIEPMETPOM.

B 1899 r. JIx. JIxx. Tomncon u ®. Jlenapa gokaszanu, 4to npu Gotosd-
(exTe cBET BHIOMBAET U3 BEIIECTBA FIEKTPOHBI.

Bonpsramnepnas xapakrepuctuka (BAX) dpotoadpdexra — zasucumocmo
¢omomoxka |, 00pazyeMoro NOTOKOM 3JIEKTPOHOB, OT HAIPSKEHUSI — MIPUBE-
JIeHa Ha puc. 2.2.2.

Takast 3aBHCHMOCTh COOTBETCTBYET IBYM DPA3IUYHBIM SHEPTETHUYCCKUM
OCBEIIEHHOCTAM KaToJia (4acToTa cBeTa B 00OMX ciyyasx oauHakosa). Ilo
Mepe yBenumueHuss U QOTOTOK MOCTENEHHO BO3pacTaeT, T.€. Bce OoJblIiee
9uCiIo POTOANEKTPOHOB ocTUTaeT aHoja. [lonoruii xapakrep KpUBbIX MOKa-
3BIBAET, YTO EKTPOHBI BBUIETAIOT U3 KAaTO/1a C PA3IMYHBIMU CKOPOCTSIMH.

Puc. 2.2.1 Puc.2.2.2

MaxkcumManabHOE 3HAYCHUE d)OmOI’I’lOKa HAcCblerus IHa OIIPCACIIACTCA

C
TaKuM 3Ha4eHUEeM HanpsbkeHus: U, mpu KOTOpOM BCE JIEKTPOHBI, UCITyCKae-
MBbI€ KaTOJIOM, JOCTUTalOT aHOA:

93



lac = NE,

r7ie N — YKCJI0 AJNEKTPOHOB, UCITYCKAEMbIX KaToAoM B 1 c.

N3 BAX cnenyer, npu U = 0 ¢oroTok He ucyezaeT. CienoBaTeNnbHO,
AJIEKTPOHBI, BBIOWTHIC M3 KaTo/aa, 00JIaal0T HEKOTOPOW HAYaJIbHOW CKOPO-
CTBIO U, 4 3HAYUT U OTIMYHOMU OT HyJII KMHETUYECKOW JdHEpPruew, mO3TOMY
OHHM MOTYT JOCTUTHYTh KaTojaa 0e3 BHeIHero mnois. [ias Toro ytoObl ¢poTo-
TOK CTaJl PaBHBIM HYJIO, HEOOXOAMMO NPUIIOKUTH 3adepicugaiouiee Ha-
npaxcenue U . Ilpu U =U, HE 0MH U3 SIIEKTPOHOB, Jlake 00Ia1at0muii

IIpHU BBUICTC M3 KaTOodad MaKCUMaJIbHOM CKOPOCTBIO v HC MOKCT IIPCOI0-

max *
JICTD 3aACPKUBAOIICTO IMOJIA U AOCTUTHYTH aHOJA. CJIGI[OB&TGJII)HO,

mv?

2max — eLJ3 ,
T.€., 3aMEpUB 3ajiepxKuBaroliee HanpspkeHue U,, MOXKHO oINpenenuTb MaKcH-
MaJbHbI€ 3HAYEHUS] CKOPOCTU U KUHETUYECKOW SHEPTUH (POTOIIEKTPOHA.
[Ipu n3yuenun BAX pa3HOOOpa3sHBIX MaTepuajoB MPHU Pa3HBIX 4acTo-
Tax MAJarolIero Ha KaToJ M3JIyYeHHs] W Pa3HbIX SHEPIeTUYECKHX OCBEILECH-
HOCTSIX KaToJa U 00O0OIIEHUH MOTYYEHHBIX JAHHBIX ObUIA YCTAHOBJIEHBI TPU
3aKoHa BHEIIHEro (hoToddexra.

(2.2.1)

2.2.2. 3akoHbl BHelIHero ¢porodddexra

A.I'. CroneToB ycTaHOBWIJI TpH 3aKkoHa (GotodddexTa, HE yTpaTUBIINE
CBOETro 3HAYCHHWS W B HacTosiiee BpeMsa. B coBpeMeHHOM BHIE€ 3aKOHBI
BHemTHero Gotoddgdexra GopMyIUpPYIOTCS CISAYIOIUM 00pa3oM:

|. Ilpu ¢hukcupoeannoii wacmome naoarwuiezo ceema 4ucio omo-
INEKMPOHOB, GbIPHIGAEMBIX U3 KAMOOA 6 eOUHUUY 8PEeMEHU, NPONOPULO-
HAbHO UHMEHCUGHOCMU céema (CUJa TOKA HACBIILEHUS MPONOPLMOHATIbHA
SHEPIreTUYECKON OCBEIIEHHOCTH E¢ KaToaa).

Il. Makcumanvnas nauanvhas ckopocmv (MAKCUMATbHASL HAYATLHAS
KUHemu4eckas sHepeusi) (pomoiIneKmponoe ne 3aeucum Om UHMEHCUBHO-
cmu naoauiezo ceema, a ONPeOenaemcs moabKo e2o 4acmomoii v.

1. [na kasxcoozo eewiecmea cywjecmeyem Kpachasa zpanuua ¢gomo-
IpPpexma, m.e. MUHUMATLHAS YACMOMA Vi, Cc8ema (3asucAuas om xumuye-
CKOU NPUPOObL Beecmed U COCMOSIHUSL €20 NOBEPXHOCMU), HUCE KOMOPOU
Gdomosghghexm Hegozmodicen.

KauectBenHoe o0bsicHeHue (poTodddexTa ¢ BOTHOBOW TOUKU 3PECHHS HA
MIEPBBIN B3TJIA HE JAOHKHO OBIIIO OBl MpeACTaBisATh TpynHOCTel. [leficTBu-
TEIHHO, TIOJI JICHCTBHUEM TIOJISI CBETOBOM BOJIHBI B METAJIJIE BO3HUKAIOT KOJIC-
OaHus AIEKTPOHOB, aMILTUTY1a KOTOPBIX (HAIIpUMED, MPU PE30HAHCE) MOKET
OBITH JOCTATOYHOMW JJI TOTO, YTOOBI AJIEKTPOHBI MOKUHYJIN METAJIJI, — TOTJa
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u Habmomaercs (otorddext. Kunernueckass sHEprusl BBIPHIBAEMOTO JJICK-
TpOHA U3 MEeTajlia JOJKHA Oblja OBl 3aBUCETh OT MHTCHCHUBHOCTH IaJIarole-
ro CBETa, T.K. C YBEJIMUYCHUEM IIOCICTHEH SJCKTPOHY IepenaBaiach Obl
Oonpinas 3Heprusi. OgHaKko 3TOT BbIBOA npoTuBopeyuT Il 3akony hoToddh-
¢ekra. Tak Kak, MO BOJHOBOW TEOPHUHU, SHEPTHUS, TIepeaaBacMasi HIEKTPOHOM,
MPOIMOPLMOHAIFHA HHTEHCUBHOCTH CBETA, TO CBET JIFOOOM 4acCTOThI, HO JOC-
TATOYHO OOJIBIITON HHTEHCUBHOCTH JIOJDKEH ObLT OBbI BBIPHIBATH JJICKTPOHBI U3
MeTaJula, WHBIMH CJIOBaMH, KpacHOW rpaHuibl (Gortodrddexra HE MTOIKHO
ObITh, 4TO TIpoTHBOpeunt Il 3akony doTorddekxra. Kpome Toro, BomHOBas
Teopust doTodddexra He cMmoria OOBICHUTH OE3BIHEPIIMOHHOCTH (POTOId-
dekTa, yCTaHOBJICHHYIO OomnbITaMu. Takum obOpazom, GoTodpdekT Heobwsic-
HUM C MOYKU 3PeHUSL BOTHOBOU MeopuU ceemad.

2.2.3. ®oToHHas Teopus cBeTa. Macca, JHeprusi 1 UMIyJabc GoToHa

B coBpemMeHHO# TpakTOBKE TMIIOTE3a KBAHTOB YTBEPKIAET, UTO 3Heprus E
KOJICOAHUH aToMa WJIM MOJICKYJIbl MOXeT ObITh paBHa hv, 2hv, 3hv u 1.1.,
HO HE CYIIECTBYET KOJICOaHUN C dHEprued B MPOMEKYTKE MEXAY JABYMs IO-
CIIC/IOBATEIbHBIMU IIEJIBIMH, KPaTHBIMH hv. DTO O3HAYaeT, YTO JHEPTHs
HE HEeTpephIBHA, KaK IMOJIarajid Ha MPOTSHKEHUU CTOJNECTUN, a KeAHMmYyemcs,
T.€. CYIIECTBYET JIMIIb B CTPOTO OMPEIEICHHBIX TUCKPETHBIX mopiusax. Hau-
MeHbInas mopuusi hv HaswpiBaeTcs keanmom 3nepeuu. ['MIOTE3y KBAHTOB
MOXXHO C(OpPMYyIUPOBAaTh U KaK YTBEPXKACHHWE O TOM, YTO Ha aTOMHO-
MOJIEKYJISIPHOM YpOBHE KOJ€OaHUs MPOUCXOAST HE € JIIOOBIMH aMIUIMTYy/Aa-
MU. [lomycTMble 3HaYEHHS AaMITUTY/IbI CBA3aHbI C YACTOTOM KOJICOaHUS V.

B 1905 r. DitHmTeitH BBIABUHYI CMENTYIO HI€H0, 0000IIaBIIYIO TUIIOTE-
3y KBaHTOB, U TIOJIOKWJI €€ B OCHOBY HOBOW T€OpUHU CBeTa (KBaHTOBOU TEO-
pun doroadpdekra). CormacHo Teopuu ODWHINTEWHA, cgem ¢ 4acmomou
V He MOJIbKO UCHycKaemcs, Kak 2mo npeononazan llnaumx, Ho u pacnpo-
cmpansaemca U NO2I0UiAemcsa 6eujeCmeomM OmoeabHbIMU NOPUUAMU
(keanmamu), snepeus komopwix Eq = hv. Takum oO6pa3om, pacrpocTpaHeHHe
CBETa HY)KHO paccMaTpuBaTh HE KaK HEINpPEpbIBHBIM BOJHOBOW MpoIlecc,
a KaK MOTOK JIOKAJIM30BaHHBIX B MPOCTPAHCTBE JUCKPETHBIX CBETOBBIX KBaH-
TOB, JBIDKYIIMXCS CO CKOPOCTBIO PACIpOCTPAHEHUs] CBETa B BakyyMme (c).
Keanm snekmpomaznumnozo uznyyenus noayuuil Hazeanue omon.

Kak MBI yke TOBOpWIIHM, UCITyCKaHUE DJICKTPOHOB C MOBEPXHOCTU MeE-
TaJjia Mmoj ACHCTBHEM MaJarolIero Ha HEero M3Iy4eHHs] COOTBETCTBYET Mpe/I-
CTaBJICHUIO O CBETE Kak 00 JIEKTPOMArHUTHOW BOJIHE, T.K. DJIEKTPUIECKOE
MoJie 3JIEKTPOMAarHUTHOW BOJIHBI BO3/JCUCTBYET HA DJICKTPOHBI B METajlIe
U BBIPbIBAE€T HEKOTOphble M3 HUX. Ho DHHIITEH 00paTuin BHUMaHUE HA TO,
YTO MpeCKa3bIBAEMbI€ BOJTHOBOU TeOpuel U (POTOHHOM (KBAaHTOBOW KOPITYC-
KYJISIpHOI) Teopuel cBeta netanu GorodrddexTa CymecTBeHHO PacXOAsaTCs.
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doroHHas (KOPIYCKYJIApHAs) TEOpUs MOKAa3bIBAET, YTO B MOHOXpOMa-
TUYECKOM ITy4Ke BCE (DOTOHBI MMEIOT OJMHAKOBYIO DHEPTHIO (paBHYIO hv).
VYBenuueHne MHTEHCUBHOCTH CBETOBOTO IMyYKa O3HAYAaeT yBEIMYCHHUE YUCIIA
(OTOHOB B Iy4Ke, HO HE CKA3bIBAETCS HA X YHEPTHH, €CIIM YACTOTa OCTACTCS
Heu3MeHHOM. CoriacHo Teopuu DUHINTEHHA, 3IEKTPOH BBIOMBAETCS C MO-
BEPXHOCTH METajljia MPU COyJApeHUH C HUM OTAENbHOTO (oToHa. [Ipu aTOM
BCsl SHEprus (poToHA mepenaeTcs MIEKTPOHY, a (POTOH MepecTaeT CyIECTBO-
BaTh. Tak Kak 3JEKTPOHBI yJEP>KUBAIOTCS B METAJJIE CHJIAMH HPUTSHKEHUS,
IUI BBIOMBAHUS 3JIEKTPOHA C MOBEPXHOCTH MeTajula TpeOyeTcss MUHUMAIIb-
Hast ’Heprusi A (KOTopasi Ha3bIBaeTCs pabOTOW BBIXOJAa U COCTABISET JJIS
OOJBIIMHCTBA METAUIOB BEJMYUHY TMOPSIKa HECKOJIBKUX DJIEKTPOHBOJIBT).
Ecnu gacTtoTa v majaromero cBera maia, To d3Hepruu hv < A u sHepruu ¢o-
TOHA HEJOCTATOYHO ISl TOTO, YTOOBI BBIOUTH JIEKTPOH C TIOBEPXHOCTH Me-
tayuia. Eciu ke hv > A4g, To 371eKTpOHBI BBUIETAIOT ¢ TIOBEPXHOCTH METaIlIa,
NpUYEM dHepeus 8 MaKom npoyecce coxpansercs, T.e. sHeprus ¢porona (hv)
paBHAa KWHETHUYECKON JHEPTHUM BBUICTEBIIETO AJEKTPOHA ILIIOC paboTe o

BBIOMBAaHUIO JIEKTPOHA U3 MeTasa:

I’T]l)2

hV:T+ A (222)

VYpaBuenue (2.2.2) Ha3bIBaeTCS ypasHeHuem JiHuimenHa 011 eHeul-
He20 homorghhexma.

Ha ocHoBe 3Tux cooOpaxkeHHil (OTOHHasi (KOPHYCKYJspHasi) TeOpus
CBETa MPEICKa3bIBAET CIEAYIOLIEE:

1. YBenuyeHne NHTEHCUBHOCTH CBETA O3HAYAET YBEJIMYEHUE YHCIIA Ha-
jeTaromux (OTOHOB, KOTOPbIE BHIOMBAIOT C MOBEPXHOCTU METaljia OoJbllie
a1eKkTpoHOB. Ho T.k. sHeprus OTOHOB OJHA U Ta K€, MaKCUMAaJIbHasi KHUHE-
TUYECKas SHEPTus AJIEKTPOHA HE U3MEHUTCS (noomeepowcoenue — | 3axon
Gpomosppexma).

2. Ilpu yBenmu4eHMH YacTOTHI MAJalOIIer0 CBETa MaKCHUMallbHasi KUHe-
TUYECKasi SHEPrusl JIEKTPOHOB JIMHEWHO BO3PACTaeT B COOTBETCTBUU C (op-

mysion DuHireiHa (2.2.2) (noomeepoicoenue — |l 3axon homospgpexma).
['padux »TOM 3aBUCUMOCTH TpeICTaBIIeH Ha puc. 2.2.3:

mv2

—MaX — hy — A;

eU, = h(v—va) :
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Puc.2.2.3
3. Ecnu yactota v MeHbLIE KPUTUYECKOM YaCTOTHI V

xp> TO BEIOMBAHHE
AJIGKTPOHOB ¢ TIoBepxHOcTH He npoucxoauT (111 zaxown).

VYpaBHeHue DWHINTEHHA OBUIO MOATBEPKIAEHO ONbITAMH MUJUIMKEHA,
BbITTOTHEHHBIMU B 1913—1914 rr. OcHoBHOE oTiinune ot omnbiTa CTONETOBa
B TOM, UTO IMOBEPXHOCTh METaJljla MMOJBepraiach OUYMCTKE B Bakyyme. Mccie-
JI0BaJlaCh 3aBUCUMOCTh MAaKCUMAJIbHOW KMHETUYECKOW IHEPTUHM OT YACTOTHI
U onpeiersiiack nocrosiHHas [Lnanka h.

Jsist 00BsICHEHUS TETUIOBOTO M3iIydeHus [1maHk npeanoioxui, 4To CBET
UCITyCKAETCsl KBAaHTaMU. DUHINTEHH MpU 00bsicHeHUH (HoTodPderTa mpeno-
JIOKUJI, UTO CBET M PACHpOCTPAHSIETCSA, U MOTJIOMIACTCS KBAaHTaMHU, T.€. MOpP-
uussMu. KBaHT CBETOBOM 3HEPTUM NOJTYUYWJI HA3BAHUE hOMOH.

Hanbonee HemocpeacTBEHHOE MOATBEPXKACHUE TUIOTE3bl DUHINTEHHA
7)1 oMBIT boTe, B KOTOPOM HCIOJIb30BAJICS METO coBnaacHus (puc. 2.2.4).

hv

Cale ~ A~ (Dj e Cy
o

—>

T

<

Puc.2.2.4
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Tonkas metammdeckas ¢opra @ momenianach MKy AByMS ra3zopas-
panabiMu cueturkamu Cu. donbra ocBemanach c1adbIM MyYKOM PEHTIEHOB-
CKHUX JIy4eH, MOJ JIEMCTBUEM KOTOPBIX OHA CamMa CTAHOBWJIACh MCTOYHHKOM
PEHTICHOBCKUX JIydel (3TO SBIICHWE HA3BIBACTCS PEHTICHOBCKOW (uryopec-
LeHuuen). BeaencrBue Manoil HHTEHCUBHOCTH NMEPBUYHOTO IMy4Ka KOJIUYE-
CTBO KBAaHTOB, HCITyCKaeMbIX (oJbroi, ObUTI0 HeBenMuKo. [Ipu momamanum
KBaHTOB Ha CYETUYMK MEXaHHU3M CpalaThiBal M Ha JIBIKYHICHCS OyMa)KHOM
JIEHTE Jeianach oTMeTKa. Eciii Obl M3imydyaemasi SHEprusi pacipocTpaHsIach
PaBHOMEPHO BO BCE CTOPOHBI, KaK 3TO CJIEAYET M3 BOJIHOBBIX IMPEICTaBIIC-
HUM, 00a cueTyuKa J0HKHBI ObUTH Obl cpadaThiBaTh OJHOBPEMEHHO U OTMET-
KU Ha JICHTE MPUXOJUIUCH Obl OJHA MPOTHUB JIpyroil. B nelicTBUTEILHOCTH
e HAOJII0IAJIOCh COBEPIIIEHHO OECIIOPSIOUHOE PACTIONOKEHUE OTMETOK. DTO
MOXHO OOBSICHUTH JUIIL TEM, YTO B OTJEIbHBIX aKTaX MCIYCKAaHUSI BO3HU-
KalOT CBETOBBIE YACTHIIBI, JETAIINE TO B OJHOM, TO B IpPYyIrOM HaIpPaBJIEHUH.
Tak OBUIO SKCIIEPUMEHTAIBHO J0KA3aHO CYIIECTBOBAHHE OCOOBIX CBETOBBIX
yacTuil — ()OTOHOB.

Domon obraoaem rnepeuenr E =hv=h(c/\). Inga BuauMoro csera
JuHA BOJIHBL A = 0,5 MKM u sHeprusi £ = 2,2 3B, 1711 peHTI€HOBCKUX JTy4eit
A=10"°Mxmu E = 0,5 3B.

Domon obaradaem UHEPMHOU MACCOU, KOTOPYIO MOXKHO HAWTH U3 CO-
otHOmeEHus E =mc?:

m, = E/c?=hc/rc®=h/cr:
my = .. (2.2.3)

Domon osuricemcs co CKOpocmuvio ceéema C = 3-108 m/c. IToacraBum
ATO 3HAYECHUE CKOPOCTU B BBIPXKEHUE JJIsI pEIATUBUCTCKON MaCCHI:
My _ Mo _Mo
V2 N1-1 0
o2
Ho Macca doToHa Mg — KOHEUYHa, T.€. MOJIyYeHO adCypaHOe 3aKimodeHre. Tak
KaKk Macca (OTOHa KOHEYHA, TO 3TO BO3MOXKHO TOTJa, KOT/Ia Macca IOKOS
doTona my = 0.
Domon — yacmuua, He 001a0aAOWAA MACCOUl NOKOA. OHa Modicem
CYyuLecmeosams, moabKo 08U2AACH CO CKOPOCHIbIO céema C.
Mp&I 3HaeM PENSITUBUCTCKOE BhIpaKEHUE SISl UMITYJIbCA U JJISl SHEPTHUM:

m=
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[Tonyuum cea3p mexncoy Inepzueit u umMnyabcom:

E =cp?+mic?, (2.2.4)

HNJIN
2

E 2 2.2
—5 = Pp° +myc”.
C
Ho 1.x. ay1s1 mokostierocst porona m, =0, TO m2c? = 0. OKOHYATENBHO TOTYYUM
o\ 0o — ’ 0 - . qu
2

2 E
—=p°, M p=—.
C C
Tak kak E = hv, To MOXXHO 3anucaTh:
_hv 7o
C C

®
O6o03naunM k = —, e K — 6onnosoe uucno. Tenepsb BhIpa3uM HUMITYJIbC Ye-
c

—

pe3 6onnosoit eekmop K

2.2.4. O¢dext Komnrona

Cepusi SKCIEPUMEHTOB, BBINIOJHEHHBIX B Hayane 20-x rr. XX B., MoA-
TBepAIa (OTOHHYIO Teoputo. B ogHOM u3 »TuX skcnepumentoB (1923 r.)
Obl1 0OHapyx)eH 3P deKT, Ha3BaHHBIM B YECTh €ro OTKphIBaTess dhdexTom
Komnirona. A.I'. KomnToH 3aHMMaics M3y4eHUEM paccessHUs KOPOTKOBOJIHO-
BOT'O CBeTa (B JACMCTBUTENBHOCTA PEHTTEHOBCKOTO U3JIYYEHUS) pa3INuHbIMU
BELIECTBAMU M OOHAPYKUJI, YTO YAaCTOTA PACCESIHHOIO CBETa V' MEHbIIIE Yac-
TOTHI MaJIaloIIEero cBeTa v (puc. 2.2.5). YMeHbIIeHHE YacTOThl YKa3bIBAJIO HA
noTepro 3Hepruu. KomnToH nokaszai, 4to oOHapy>KeHHbIH UM 3Q(HEKT MOKHO
O0OBSICHUTh HA OCHOBE (DOTOHHOM TEOPUU CBETA, T.€. COyAapeHUEM HaJeTaro-
X (POTOHOB C 3JIEKTPOHAMU BEILIECTBA.

[IpyMeHHB K CTOJIKHOBEHHSIM (DOTOHOB U JIEKTPOHOB 3aKOHBI COXpaHe-
HUS SHEPTHH W MUMITYJIbCa, KaK MmokazaHo Ha (puc. 2.2.5), Komnron ycraHo-
BWJI, YTO SHEPIHU PACCESIHHBIX (POTOHOB, MpeAcKa3biBaeMble (POTOHHOU TEO-
puel, IOJHOCTBIO COTJIACYIOTCS C IKCIIEPUMEHTAIbHBIMH TaHHBIMU.
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Puc.2.2.5

OnpITHl TOKA3aJIM, YTO Pa3HOCTb AA = A'—A HE 3aBUCHUT OT JUIMHBI BOJI-
Hbl A TAJAIOLIETO W3JIYyYEHUS U IPUPOABI PACCEUBAIOIIETO BEIIECTBA, & OIl-
pEeIEIETCA TOIBKO YIIIOM PacCESIHUS .

Ah = A=A = 2 sin 2 % , (2.2.5)

rae A — IJTMHA BOJIHBI PACCESTHHOTO U3JIY4YEHUS; A, — KOMIITOHOBCKAs JIJTMHA
BOJIHBI (TIpH paccesiHuu (POTOHA HA IEKTPOHE A = 2,426 IM).

2.2.5. TopmoO3HOE PEHTTeHOBCKOE U3JIy4YeHHe

JIist OOBSICHEHUSI CBOWCTB TEIUIOBOTO H3JIYUYEHHUS MPHIILIOCH BBECTH
MIPEACTABICHHE 00 WCITYCKaHHWH 3JICKTPOMATHUTHOTO W3yYCHHUS MOPIHSIMHU
(kBanTamu). KBaHTOBasi pupoaa U3MyUYECHUS TTOATBEPKIACTCA TaKKE CyIIle-
CTBOBAaHUEM KOPOMKOGONHOBOU ZPAHUUbBL MOPMO3ZHO20 PEHM2EHOBCKO20
cnekmpa.

PentrenoBckoe wW3iIydeHHE BO3HUKACT MpU OOMOApIUPOBKE TBEPIBIX
MHUILICHEH OBICTPBIMU dJIeKTpoHaMHu (puc. 2.2.6). 31ech aHOA A BBIMTOJIHEH U3
W, Mo, Cu, Pt — TshKenabIX TYroIIaBKUX HMJIHA C BBICOKUM KOA(D(PHUIIMEHTOM
TETJIONPOBOTHOCTH METaJIOB.

o
=< { @€ (
—" 7

A+

hv
Puc. 2.2.6

Tonpko 1-3 % »Heprum >J€KTPOHOB HAET HA H3JIyYEHUE, OCTaJIbHAsS
YacTh BBIACISETCS Ha aHOJIE B BUJIE TEIJIa, TOITOMY aHObI OXJIAXKIAIOT BOAOM.
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[TomaB B BemIecTBO aHOa, IEKTPOHBI UCTIBITHIBAIOT CHIIBHOE TOPMOKE-
HUE U CTAHOBSTCS MCTOYHHKOM DJIEKTPOMArHUTHBIX BOJH (PEHTI€HOBCKHUX
Ty4deit).

3aMeTHOEe H3Iy4YeHHE HAONIOAAeTCs JHIIb MPU PE3KOM TOPMOXKEHUH
OBICTPBIX 37eKTPOHOB, HaunHast ¢ U ~ 50 kB, npu 3ToM v = 0,4C (¢ — cko-

pocTh cBeTa). B MHIYKIIMOHHBIX YCKOPHUTENAX 3JCKTPOHOB — OETaTpoHax
AJIEKTPOHBI NpHoOpeTaroT 3Hepruto 10 50 MaB, vg= 0,99995 c. Hanpasus

TaKHe 3JICKTPOHBI HAa TBEPAYIO MUIICHb, TOJIyYUM PEHTTEHOBCKOE H3TyYCHHUE
C MaJoi JAJTMHOW BOJIHBL. DTO U3My4yeHHE 007a1aeT OONbIION MPOHUKAIOIIECH
CIIOCOOHOCTBIO.

CornacHO KJIaCCHYECKOM 3NIEKTPOIMHAMHUKE MPU TOPMOKEHUH AJIEKTPO-
Ha JIOJDKHBI BO3HUKATh U3IY4YEHHs BCEX JUIMH BOJH OT HYJS JO OECKOHEYHO-
cTH. J{MHa BOJIHBI, HA KOTOPYIO MPUXOAUTCS MAKCUMYM MOIIHOCTU U3IIy4e-
HUS, 0JKHA YMEHBIIUTHCS [0 MEPE YBEIMUEHUSI CKOPOCTHU IEKTPOHOB, YTO
B OCHOBHOM IOATBEPKIaeTCs Ha onbiTe (puc. 2.2.7).

OpHako ecTh MPUHIMIHAIFHOE OTINYHE OT KJIACCHYECKOW TEOPHH: HY-
JIeBBIE pacmpeiesieHus] MOITHOCTY HE MIYT K Hayalxy KOOPAMHAT, a 0OpbIBa-
IOTCS TIPU KOHEUHBIX 3HAYEHUSIX Amin — 3TO U €CTh KOPOMKO80IHO8AA 2PAHU-
Ua peHmzeH068CK020 cChneKmpa.

DKCHEepUMEHTAIBHO YCTaHOBIICHO, YTO Apmin (A) = 15?;? = C(EJnSt.

CymiecTBOBaHNE KOPOTKOBOJIHOBOM T'DAaHHIIBI HEITOCPEICTBEHHO BBITE-
KAaeT U3 KBAaHTOBOW IPUPOIBI U3ITy4YeHHUs. JIEMCTBUTENBHO, €CIU HU3ITYyYEHHE
BO3HHUKAET 3a CUET DHEPIHM, TEPSEMOM DJIEKTPOHOM IPU TOPMOKEHHH, TO
9Heprus KBaHTa hv He MOXeT NpPEeBBICHTH JHEPrHr0 3ekTpoHa eU, T.e.

eU c _ch
hv<eU, orciona V="~ wm Mpin =——=—-.
\%

SIS

Puc. 2.2.7
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B maHHOM SKCIIEpHMMEHTE MOXHO ONpPEISIHTh MocTostHHYI0 [lmanka h.
N3 Bcex meTonoB omnpeneneHus nocTosHHon [Iinanka MeTon, OCHOBaHHBIN Ha
W3MEPEHUN KOPOTKOBOJIHOBOM T'PaHUIBI TOPMO3HOTO PEHTTEHOBCKOTO CHEK-
Tpa, SABJSETCS CAMBIM TOYHBIM.

2.2.6. /laBieHue cBeTa

OcHosHou nocmynam KOPHYCKVIAPHOU Meopuu 31eKmMpOoMASHUMHO20
U3TYYeHUsl 368y4um max. 3J1eKmpoOMazHumHuoe usiyyenue (1, B 4YaCTHOCTH,
CBET) — M0 HOMOK wacmuy, Ha3vieaemvlx pomonamu. OOTOHBI pacnpo-
CTPAHSIOTCA B BaKyyM€ CO CKOPOCTBIO, PABHOU mpedesibHoil CKOpocmu pac-
npocmpanenus e3aumodeiicmeusn, ¢ = 3-10° m/c, macca u rnepzus noxos
nmo0oro GoTOHA pasHsl HY/10, IHepeua homona E cBs3aHa ¢ 4acTOTOM dJIEK-
TPOMATrHUTHOTO U3ITYYEHUS V U JITTMHOM BOJHBI A hOpMyIIon

E—hy="C (2.2.6)
A

OOparute BHUMaHue: GopMyina (2.2.6) CBA3BIBACT KOPHYCKVIAPHYIO Xa-
PAKTEPUCTUKY DJIEKTPOMArHUTHOTO M3JIy4YeHUS, SHEPTHi0 (OTOHA, C B0JIHO-
8bIMU XAPAKTEPUCTUKAMH — YAaCTOTOM M JJIMHOMN BONHBL. OHA MpecTaBiseT
co00i MOCTHK MEXIy KOPIYyCKYJIIPHOW U BOJTHOBOHM Teopusimu. CyliecTBo-
BaHUE 3TOT0 MOCTHMKAa HEU30E€XKHO, T.K. U (OTOH, U IJIEKMPOMAZHUMHAA
60JIHA — DTO BCErO-HABCETO 06€ MOOEIU 00HO20 U MO20 JHce PEalbHO Cyuje-
CMeyIuie2o 00beKma — J1eKMpPOMAZHUNHO20 U3IYYEHUS.

Besikas aBwkymasics yactuna (kopnyckyia) 00JIagaeT HMMITYIbCOM,
MPUYEM COTJIACHO TEOPUHM OTHOCUTEIBHOCTH JHEPTHS YaCTHULBI £ U €€ UM-

MyJIbC P CBA3aHBI POpMYIION
E=\E;+(cp)*, (2.2.7)

rae E, — oHeprus mokos yacTuubl. Tak Kak dHeprus Mmokos (poToHa paBHA
HYJTI0, TO U3 (2.2.7) 1 (2.2.6) cnenyroT 1Be OU4eHb BaXKHbIC (DOPMYIIBI:

h
E=cp; =—,
P P 3

OOpatumcs Teneps K SIBICHUIO CBETOBOTO AaBICHHUS.

JlaBnenue cBeta OTKpbITO pycckuM yuenbiM [1.H. JleGeaeBsim B 1901 T.
B cBoMX OmIbITaXx OH YCTaHOBWJI, YTO JIaBJICHWE CBETA 3aBUCUT OT MHTEHCHB-
HOCTHU CBETa M OT OTpaxaromiei cnocoOHocTH Tena. B onbitax Obu1a HCTIONB-
30BaHa BEPTYILKA, UMEIOIIAsl YEPHBIE U 3€pKaJIbHBIC JIEIECTKH, TOMEILEHHAs
B BaKyyMHPOBaHHYIO K0JIOY (puc. 2.2.8).
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3CPKaJIbHasd qCpHasd

hv

Puc.2.2.8

BennuuHa cBEeTOBOTO JaBJICHUA

E
P=F/S,um P=—%(1+K),
C

0= Nhv — QHCPI'UA BCCX (bOTOHOB, IMagaronmux Ha CIMHUIY IIOBECPXHO-

roe E

(S
CTH B CAMHUIY BPCMCHHU, T.C. DHCPICTHICCKAA OCBCIICHHOCTDL ITIOBCPXHOCTH.
HaBHeHI/IG CBC€Ta Ha Pa3JIMYHbIC IIOBEPXHOCTH MOXKHO paCcCUUTATh.

e eCyHM Telo 3epKanbHO oTpaxkaeT, To K=1u P =—2(1+K);

® ©CIU TOJIHOCTBIO moromaeT (abcomoTHo depHoe Teno), To K = 0

(&
ubP= —H, T.€. ceemosoe oaeierue Ha abcotomHo uepHoe mejo 6 osa pasa
C

MeHblUle, YeM HA 3ePKAIbHOe.
Utak, cnemyromiee U3 KOPIYCKYJISIPHON TEOPUH 3aKITIOUYEHHUE, YTO cée-
Mmoeoe u3jiyueHue O0Kazvléaem OasjleHUue HA MamepuaibHbvle NPeOMembl,
npuuem eIU4UHA 0A61eHUs NPONOPUUOHAILHA UHMEHCUBHOCHU U3TTYYe-
HUsA, IPEKPACHO MOATBEPKIA€TCA B SKCIIEPUMEHTAX.
OnHuM W3 CIENCTBHI JAaBJICHHS COJIHEYHOTO CBETa SIBJISIETCS TO, YTO
KOMETHI, iposieTarorre BOoau3u CoJHIla, UMEIOT «XBOCTBI» (puc. 2.2.9).

Puc. 2.2.9
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2.2.7. JIBoiicTBeHHAs PUPOJAA CBeTa

Brnepsrie mpobiiema KOpPHYCKYJISPHO-BOJHOBOTO Jyalin3Ma MpOsBHIIA
cebs npu uccnenoBanun mpupoabl ceera. B XVII B. Ucaak HwroTon mpen-
JIOKUJT CYUTATh CBET HOMOKOM MeIbYaAUuUX KOpnycKya. ITO MO3BOJISIIO MPO-
CTO OOBACHUTH Psifi HauboJiee XapaKTEPHBIX CBOMCTB CBETa, — HANpPUMED,
NPAMOJIUHEUHOCIb C8EMOBbIX Jyyell U 3aKOH OMpaddceHusi, COrIacHO KOTO-
pOMY YTOJI OTpaXeHHsI CBETa paBeH yriy najeHus. BooOie, Bcs eeomempu-
yeckasi ONMuKa TIPEKPacCHO COTIIACYETCS C KOPHYCKYAPHOU meopuell céema.
Ho sBnenns uatepdepeHiny u audpakiud CBETa HUKAK B ATy TEOPHUIO HE
BIHUCHIBATUCH. OOBACHUTH UX YUEHBIM yhanoch auuib B XIX B. cozmarensm
80IHO60U meopuu CBETa. A meopus 31eKmpoMAacHUMHO20 NOAsA U 3HAMEHH-
ThIe ypaBHEHUS MakcBela, Ka3aloch Obl, BOOOIIE MTOCTABMIIM TOYKY B ATOU
npobieme. Okazanoch, YTO CBET — 3TO MPOCTO YACMHbIL CAYHAl JIeKMpPOo-
MACHUMHBIX 60JIH, T.€. TPOIECCa PACIPOCTPAHEHHUS B MPOCTPAHCTBE IJICK-
TPOMArHUTHOTO MOJs. Majo Toro, BOJHOBAsI ONTHKA OOBIACHUIIA HE TOJBKO
T€ SIBJICHUSA, KOTOPbIE HE OOBACHSIIUCH C MOMOIIBIO KOPIMYCKYJSPHOM Teo-
puu, HO ¥ BooO1Ie Bce u3BecTHbIe K XX B. cBeToBBIe 3¢ dekThl. 1 Bce 3aKo0-
HBbl TE€OMETPUUECKON ONTUKU TOXKE OKA3aJIOCh BO3MOXKHBIM JIOKa3aTh B paM-
KaxX BOJIHOBOW ONTHKHU.

Opnako yxe B camoM Havane XX B. OMSATh BO3POIUIACH KOPITYCKYJISAP-
Hasli TeOpHs CBETa, T.K. ObLIM OOHAPYKEHBI SBICHUS, KOTOPHIE C MOMOIIBIO
BOJIHOBOM TEOpHUM OOBSICHUTH HE YIABAJIOCh. DTO — dasneHue ceema, homo-
agppexm, Komnmoun-aghghexm u 3axonvl mennosoco uznyuenusi. B pamkax
KOPITYCKYJIIPHOW TEOPHH 13TU SBJICHUS MPEKPACHO OOBSCHSINCH, U KOPITyC-
KyJbl (YacTHIIbl) CBETa Jake MOJYYWIM CIeUuaJbHOe Ha3BaHUEe. Makc
[Tnank Ha3Ban UX ceemosbimu Keanmamu (TIO-PYCCKU — nopyusimu), a AJb-
oept DUHIITENH — homonamu. O6a >TU Ha3BaHUS MPWKUIUCH U yIOTPeO-
JISTFOTCSL 10 CUX TIOP.

B utore cnoxxuiachk yIuBUTENbHAS CUTYaIlMsl — COCYIIECTBOBAHHE JABYX
CEPHE3HBIX HAYYHBIX TEOPUM, KaXK/1ast U3 KOTOPHIX OOBSICHSIIA OJTHA CBOWCTBA
CBETa, HO HE MoOrIJjla 00BACHUTH npyrue. HyxHa cunmemesupoeannas meo-
pus, 00bequHsIoNIas B ce0e U BOJIHOBYIO, M KOPIYCKYJISIpHYIO Teopuu. OHa
ObLy1a co3/1aHa U MOTydnsia Ha3BaHUE K6AHM OGO (PU3UKU.

OdJeHb Ba)KHO, YTO KBAaHTOBas (pM3HMKA HE OTBEPracT HU KOPIYCKYJISP-
HYI0, HU BOJIHOBYIO Teopuu. Kaxkmas W3 HUX MMEET CBOM MPEHUMYIIECTBA
Y CBOM, JOCTATOYHO PA3BUTHIA MATEMATUYECKUH almapar.

Ceem — Ouanekmuueckoe eOUHCMEO NPOMUBONOSIONCHBIX CEOUCHIE:
OH O00HOBPEMEHHO 0071a0aem CEOUCMEAMU HENPEPLIBHBIX ITEKMPOMA2-
HUMHBIX 60JIH U OUCKPEMHBIX (hOMOoHO0e.
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[Ipn ymeHbIIEHUHU UIMHBI BOJHBI BCE SIBCTBEHHEE MPOSIBISAIOTCA KOP-
IIyCKYJISIPHBIE CBOMCTBA. BOJIHOBBIE CBOMCTBAa KOPOTKOBOJIHOBOTO U31y4YECHUS
MPOSIBIIAIOTCA cJIabo (HampuMep, PEHTreHOBCkoe wu3iydeHue). Haobopor,
y IJIMHHOBOJIHOBOTO (MH(paKpacHOr0) H3Iy4YeHHs] KBAHTOBBIE CBOWMCTBA
MPOSIBISIIOTCA €1a00.

B3auMocCBsA3bp MEXIy KOPIYCKYJSIPHBIMA M BOJIHOBBIMU CBOWCTBaMHU
CBETa HAXOAUT NPOCTOE TOJIKOBAHHUE IMPU CTATUCTHYECKOM MOAXOAE K pac-
IPOCTPAHEHUIO CBETA.

B3aumozgeiictBue (HOTOHOB C BEUIECTBOM (HampuMmep, MpU MPOXOXKIie-
HUU CBeTa 4epe3 MUPPaKIHUOHHYIO PEUIETKY) MPUBOJIUT K nepepacnpeoerie-
HUt0 (POTOHOB B MPOCTPAHCTBE U BOBHUKHOBEHHUIO AUPPAKIIMOHHON KAPTHUHBI
Ha 3KkpaHe. OYEBHUIHO, YTO OCBEIICHHOCTh B Pa3JIMYHBIX TOUYKAX YKpaHa Ipsi-
MO MPONOPLHOHATIbHA BEPOATHOCTH MOMaJaHus (D)OTOHOB B 3T TOYKH 3Kpa-
Ha. Ho, ¢ apyroi cTopoHbl, U3 BOJHOBBIX IPEACTABICHUN BUIHO, YTO OCBe-
WeHHOCMb NPONOPYUOHAIbHA UHMEHCUSBHOCmU ceema J, a ma, & c6oro oue-
peds, nponopyuonansia keadpamy amniumyos: A°. OTCIOma BHIBOI: K6ao-
pam amnaumyoOvl c6emoeoil 601Hbl 8 KAKOU-TUD0 mOouUKe ecmb mepa eepo-
AMHOCMU NONAOAHUA (POMOHOE 6 IMY MOUKY.

KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHUW S

1. Ilouemy (OTO3NEKTPUUECKUE U3MEPEHUSI BECbMa YYBCTBUTEIBHBI K
IPUPOJIE U COCTOSIHUIO TIOBEPXHOCTH (poToKaToaa?

2. Kak npu 3aaHHOM 9acToTe CBETAa M3MEHUTCA (DOTOTOK HACHIIICHUS C
YMEHBLIEHUEM OCBEIIEHHOCTH KaToaa?

3. Kax u3 onsitoB 110 dhotorpdexrty onpeaensercs nocrosinnas [Inanka?

4. Ilpu 3ameHe OHOTO MeTajula IPYTrMM JUIMHA BOJIHBI, COOTBETCTBYIO-
11asi KpaCHOM IpaHulle, yMeHbIaeTcsl. YTo MOXKHO cka3aTh 0 paboTe BbIX0/a
ATUX METAJIOB?

5. Kak ¢ nmomompto ypaBHeHus DiHITeHHa 00bsICHUTH | 1 |l 3akoHBI
dboTorddexra?

6. Kak u3mensieTcst uucio oTorNEKTPOHOB C YMEHBIIIEHUEM UHTEHCUB-
HOCTH IaJJafouIero cBeTa?

7. O0BsicHUTE 3aKOHBI BHEITHETO (POTO3PdeKkTa Ha OCHOBE KBAHTOBBIX
IIPEICTABICHUM.

8. OOBsICHUTE, UTO O3HAYAET OE3BIHEPITMOHHOCTD (hoTodPderTa?

9. Hapucyiite 1Be BOJbT-aMIIEPHBIE XapAKTEPUCTUKH, COOTBETCTBYIO-
M€ OAMHAKOBBIM UHTEHCUBHOCTSIM, HO Pa3HbIM JUIMHAM BOJIH MAJAI0IIET0
U3JIy4YEHHUS.
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10. Hapucyiite 1Be BOJIBT-aMIIEPHBIE XaPAKTEPUCTUKHU, COOTBETCTBYIO-
1€ OJIMHAKOBOM YacTOTEe, HO Pa3HbIM MHTCHCUBHOCTSM MaJAlOIIEro CBETa.

11. Yem onpenensieTcs: kpacHas rpaauta Gororddexra?

12. Hapucyiite rpaduk 3aBucuMocTu (OTOTOKA HacklmeHus | ot

BHCpFCTH‘{CCKOﬁ OCBCIICHHOCTH Ee KaToJa.

13. YeMy paBHO OTHOIIIEHHUE JIABJICHUN CBETA HA 3EPKAIbHYIO U 3auyep-
HEHHYIO IIOBEPXHOCTH?

14. B ueM oTinMuue xapakTepa B3aUMOJEHCTBUA (DOTOHA U AJIEKTPOHA
pu dhotodddexre u r3dpdexkre Kommnrona?

15. Kak 0OBACHUTH MPOUCXOKICHUE KOPOTKOBOJIHOBOM T'PAHUIIBI CIICK-
Tpa TOPMO3HOTO PEHTIEHOBCKOTO U3IIy4EHUs?

16. Tlouemy TOpPMO3HOE PEHTTEHOBCKOE M3IIyYCHHE MMEET CILIOUTHOU
CIIEKTp, a XapaKTEPUCTUIECKOE — JIMHENYATHIN ?

17. KakoB npuOIU3UTENBHO AUANA30H JJIMH BOJIH PEHTT€HOBCKOTO M3-
TydeHus?

18. KakoBa npupo1a peHTT€HOBCKOT'O U3JIyYEHHUS?

19. KakoBBI OCHOBHBIE CBOMCTBA PEHTIEHOBCKOT'O U3JIy4CHUS?

20. Yem ompenensercs CIUIONIHON (TOPMO3HOM) PEHTI€HOBCKUM CIIEKT;
TUHEHYaThIN (XapaKTepUCTUUECKHI) PEHTT€HOBCKUMN CIIEKTP?

21. Bausier 1u Ha HAINIPaBIICHUE PEHTTE€HOBCKOTO U3IyUYEHHUS SJIEKTPHU-
YECKO€E 10JIe; MarHUTHOE?

22. JIns onpenesieHus KauecTBa CBAPHBIX IIBOB UX MPOCBEYHBAIOT PEHT-
T€HOBCKHUM H3JIy4YE€HUEM, A 3a U3/IEIIMEM ITIOMEIIAIOT PEHTT€HOBCKYIO ILUICHKY.
Kak nocne nposiBneHus MIEHKU ONPEAEIISIIOT KaueCTBO I1Ba?

23. YeM B OCHOBHOM ONPEIECIAIOTCS pa3Inunsl B CBOMCTBAX AJIEKTPO-
MAarHUTHBIX BOJIH?

24. B xakoi 00JacTH 4acTOT CHIJIbHEE MPOSIBISIOTCS BOJIHOBBIE CBOMCT-
Ba DJIEKTPOMATHUTHBIX U3JIyYEHUI; KBAHTOBBIE CBOMCTBA?

25. O0BsicHUTE BOBHUKHOBEHUE CBETOBOT'O JIABJIICHUS HA OCHOBE BOJIHO-
BOU TEOpUH.

26. UeMy paBHO aBJIEHUE CBETA B CIy4ae UICATIBHO OTPAKAIOIIETO
3epkaiia; nmoiaHocThio. [lormomaromeit moBepxHoctu? B 00oux ciydasx cBet
1aJ1a€T Ha IIOBEPXHOCTH HOPMAJIBHO.

27. JIns kakoM U3 MOBEPXHOCTEN (UI€aIbHO OTPAKAIOIIEH WUITU UEaTTb-
HO TOTJIONIAIOIIIEH ) CBETOBOE JaBJeHUE MEHbIe? Bo CKOIbKO pas?

28. KakoBo npumepHoe 3HaueHue nasienus ( B [1a), okazpiBaeMoro mna-
JAIOIIMMU Ha TOBEPXHOCTh COJIHEUHBIMHU JIy4amu ?
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2.3. BOJIHOBBIE CBOMCTBA MUKPOYACTUII BEHIIECTBA

2.3.1. I'unoresa ne bpoiis

Henocrarku teopun bopa ykasbiBaau Ha HEOOXOAMMOCTb NEpecMOTpa
OCHOB KBaHTOBOW TEOPUU U MPEACTABICHUN O MPUPOJE MUKPOUYACTHIL (IJIEK-
TPOHOB, TPOTOHOB U T.I1.). BO3HKK BOMPOC O TOM, HACKOJIBKO HCUEPIBIBAIO-
UM SIBJIIETCS MPEJICTABIICHUE PJICKTPOHA B BHJIE MAJIOM MEXaHUYECKOM Yac-
THLBI, XapaKTEPU3YIOLIEHCSl ONPEAEICHHBIMA KOOPJIMHATAMU U OIpPEACIICH-
HOU CKOPOCTBIO.

MpI yke 3HaeM, YTO B ONTHUECKUX SBJICHUSAX HaONI0/aeTcsi cBoeoOpas-
HbI nyanu3m. Hapsay c aBnenusiMu qudpakuuu, “HTEpPEpeHru (BOJIHO-
BBIMU SIBJICHUSMM) HAOMIOJAIOTCSA U SIBJICHUA, XapaKTEPU3YIOIINE KOPITYCKY-
nspHyto npupoay ceera (potodrddext, a¢pdpext KomnTona).

B 1924 r. dpanmysckuii ¢uzuk Jlyu ge bpoiinb BBIABUHYI THIIOTE3Y,
4TO Oyanu3m He AGNAEeMCcA 0COOEHHOCHbIO MOAbKO ONMUYECKUX AG/ICHUIL,
a umeem yHueepcaivHulil xapakmep. Yacmuyvt éewyecmea maxce 0ona-
0awom 60IHOBLIMU CEOUICHEAMU.

Ecmu doton obnamaer sueprueit E =hv u ummynscom p=h/A, 1O

Y yacTula (Hampumep, AJIEKTPOH), JIBHXKYIIAICS C HEKOTOPOW CKOPOCTHIO,
00J1ajaeT BOJIHOBBIMU CBOMCTBAMH, T.€. OBUINCEHUE HACMUYbI MONCHO DAC-
CMAmMpueamsb Kax 08UHNCEHUE GOJIHBI.

CoryacHO KBaHTOBOW MEXaHMKE CBOOOJIHOE JIBM)KCHHE YACTHUIIBI C MacC-
COM M ¥ UMITyJIBCOM P =Mu (TII€ V — CKOPOCTh YaCTHIIbI) MOXKHO MIpeacTa-

BUTHh KaK IUIOCKYIO MOHOXpomaTtudeckyto BoiHy Y, (6oiny Oe bpoiins)
C JUIMHOW BOJIHBI

A=, (2.3.1)

pacpOCTPaHSIONIYIOCS B TOM K€ HaIlpaBJICHUH (HAIpUMeEp, B HapaBJICHUU

OCH X), B KOTOPOM JIBIIKETCs yactuiia (puc. 2.3.1).
m

L

p=mv
/~TN\

~ coskyx

=Y
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Puc. 2.3.1

3aBUCUMOCTb BOJIHOBOM (yHKIMH ¥, OT KOOpauHATHI X Jaércst GopMyIon
Y, ~ cos(kyX), (2.3.2)

—

rac kO — 60JIHO060¢€¢ uucio, a 60JIHOBOUL 8eKmop kO HaIllpaBJICH B CTOPOHY
pacupoCTpaHCHUA BOJIHBI WX BAOJIb ABUKCHUS 9aCTHULbI:

- 2m
Ko = o
TakuMm 00pa3oM, 601HOB0U BEKMOP MOHOXPOMAMUYECKOU BOJHbL, CBSI-
3aHHOH CO CBOOOJIHO JIBIDKYINEHCS MUKPOYACTHUIICH, nponopyuonaien eé um-
RYIbLCY UL 0OPAMHO NPONOPYUOHALEH OJIUHE BOJIHBL.
HOCKOHBKy KHMHCTHYCCKasa SHCpI‘I/IH CpaBHI/ITeJ'IBHO MCECOJICHHO ABUXKY-

(2.3.3)

mieiicst gactuipl K =mu?/2, T0o IIHHY BOIHBI MOXHO BBIPA3HTb U 4Yepe3
JHEPIUIO:

L (2.3.4)
2mK

[Ipu 63aumooeticmsuu 9acTUllbl ¢ HEKOTOPHIM OOBEKTOM — C KpUCTaJ-
JIOM, MOJIEKYJIOW M T.I. — €€ DHEPrusl MEHSAETCS: K Hel M00aBIsIeTCs] TIOTCH-
[MajgbHas SHEPTHS ATOTO B3aMMOJCUCTBHS, YTO MPUBOAUT K H3MCHECHHIO
nBrKeHuss 9acTuibl. COOTBETCTBEHHO, MEHSCTCS XapaKTep paclpocCTpaHe-
HHSl CBSI3aHHOW C YacTULEW BOJHBI, MPUYEM ITO MNPOUCXOIUT COTJIACHO
MIPUHITUTIAM, OOIIMM JIsl BCEX BOJIHOBBIX sIBIICHHUH. [103TOMY OCHOBHBIE T€0-
METPUYECKHE 3aKOHOMEPHOCTH MH(PPAKIIUU YACTHI] HUYEM HE OTIMYAIOTCS
OT 3aKOHOMEpHOCTEN Tuppakiuu JTH0ObIX BOJH. OOwum ycrosuem ougpax-
Yuu 80JH 000U NPUPOObL ABNAEMC COUBSMEPUMOCTb ONUHBL NAOAlOWell 80J1-
Hol A ¢ paccmosinuem d medncdy pacceusarowgumu yeumpamu: A< d .

['unoresa Jlyn ne bpoitnsg Obl1a peBOTIOIMOHHON J1aXke JJI TOTO PEBO-
JIOLMOHHOTO B Hayke BpeMmeHH. OIHAKo OHAa BCKOpE ObLIa MOJTBEPIKICHA
MHOTUMH SKCTIEPUMEHTAMH.

2.3.2. lndpakuus 4acTuiy

Hugppakuyus wacmuy — paccesmnue muxpouacmuy (21eKkmponos, Heli-
MPOHO8, AMOMO8 U M.N.) KPUCTIAJIAMU ULU MOJICKYIAMU HCUOKOCMeEl U 2a-
308, NPU KOMOPOM U3 HAUATLHO2O NYUKA YACMUY OAHHO20 MUNA 803HUKAIOM
OONOJHUMENbHO OMKIOHEHHbLE NYyyKy dmux yacmuy. HarpaBieHne ¥ WHTCH-
CHUBHOCTH TaKWX OTKJIOHEHHBIX ITYYKOB 3aBUCAT OT CTPOCHHS PacCEHBArOIIIC-
ro oObeKTa.

JIvudpakiys 9acTHIl MOXKET OBbITh TOHATA JIMIIH HA OCHOBE KBAaHTOBOM
Teopun. JIudpakiys — sSBJICHHE BOJHOBOE, OHO HAOJIOJACTCS MPH Pacrpo-
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CTPAaHEHHWH BOJH Pa3IMYHON MPUPOLI: TU(GPAKIINN CBETa, 3BYKOBBIX BOJIH,
BOJIH Ha MOBEPXHOCTH KUAKOCTU U T.A. Judpakiuus npu paccesHUM YacCTHUI
C TOYKH 3PCHHUSI KITACCUYIECKOW (PU3UKN HEBO3MOXKHA.

Keanmoesasa mexanuxka yctpanuia aOCOJIOTHYIO IpaHb MEXIy BOJHOMU
1 yactuue. OCHOBHbIM NONOHCEHUEM K8AHMOBOU MEXAHUKU, ONUCHI8aIoujell
noseoenue MUKpooObeKmos, A6semcs. KOPRYCKYAAPHO-60THOGOU Oyaau3m,
T.€. JIBOWCTBEHHas MNpUpOJAa MHKpoyacTull. Tak, MOBeJAEHUE DJIEKTPOHOB
B OJIHUX SIBJICHUSAX, HANpUMEp NpHU HAOJIIOJEHUU UX JBIKEHUS B Kamepe
BunibcoHna wnM npu M3MEpEeHUu SIIEKTPUUYECKOro 3apsia B ¢omoaghghexme,
MOKET OBITh ONMKMCAHO Ha OCHOBE MPEJCTaBICHUI 0 yacTuiax. B apyrux xe,
0COOEHHO B ABJIICHMSIX IU(PpaKIMU, — TOJBKO Ha OCHOBE MpPEACTaBICHUS
o BojiHax. Mmes «BOJH Marepuu», BbICKazaHHas (paHIy3CKUM (U3HKOM
JI. Jle bpoitniem, mosydmiia OJiecTsiiee MOATBEPKACHUE B OIbITaxX IO JU-
dbpakiu 4acTuil.

OnbIThI 10 AUPPAKLUUHA YACTHIL
U MX KBAHTOBO-MEXaHUYECKasl HHTePIpeTalus

[TepBbIM OMBITOM TIO AUQPPAKIIUN YACTHI], OJECTAIIE MOATBEPIUBIIAM
HCXOJIHYIO HJCI0 KBAaHTOBOM MEXaHWKH — KOPITyCKYJISIPHO-BOJIHOBOW mya-
JU3M, SIBWICA OmbIT amepukanckux ¢usukoB K. Jlauccona u JI. J[xxepmepa,
npoBeieHHbIN B 1927 1. o nudpakiiuu 2IeKTPOHOB Ha MOHOKPHUCTAIJIaX HU-
kenst. Ha puc. 2.3.2 uzo0OpakeHa cxema omnbita (4 — 2JIEKTpOHHAs MYIIKA,
B — nerexrtop uznyuyeHus) u Ha puc. 2.3.3 — AMHAMHUKA AUPPAKIITMOHHOTO OT-
paKEHUS DJIEKTPOHOB IIPU U3MEHEHUHU YCKOPSIOIIEH pa3HOCTH MOTEHITUAIOB.

Ty

0
A
>

/

(0, 44 B 48 B 54 B
Puc. 2.3.2 Puc.2.3.3

Ecnu ycKopsTh 37€KTPOHBI AJEKTPUUYECKUM IOJIEM C Hampsbkennem U,
TO OHH MPHOOPETYT KHHEeTHUeCKyIo 3Hepruto K=eU (e — 3apsa anekTpoHa),
YTO MOCJIC MOJCTAaHOBKHU B paBEHCTBO (3.1.4) yuCIOBBIX 3HAYEHUM AéT
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12,26
Ju

3nech U Beipaxeno BB, aA—8 A (1 A =107 m).

[Tpu Hanpsoxenusix U nopsaka 100 B, kotopble HCONBb30BaIUCh B 3THX
OMbITaX, MOJYYAIOTCS TaK HA3bIBAEMbBIE «MEIJICHHBIE» JJIEKTPOHBI C A TO-
psagka 1 A. Dra Benmuuuba Gnu3ka K MEXAaTOMHBIM paccTosiHHsAM d B KpH-
CTalllaX, KOTOPbIE COCTAaBISIOT HECKOIBKO A M MeHee, M COOTHOIICHHE
A <d, HEOOXOIUMOE /ISl BOSHUKHOBEHHUSI TU(PPAKIINH, BHITIOTHSICTCSI.

Kpucramnsl 001a1at0T BBICOKOW CTENEHBIO YHOPSIOYEHHOCTH. ATOMBI
B HUX pAaCIOJIararoTcsi B TPEXMEPHO-TIEPUOANIECKON KPUCTAJUIMYECKON pe-
méTKe, T.€. 00pa3yloT MPOCTPAHCTBEHHYIO NU(DPAKIMOHHYIO PEIIETKY AJIs
COOTBETCTBYIOIIMX JJIMH BOJH. Jludpakuus BOJH Ha TaKOW PEMIETKE MPOUC-
XOJIUT B PE3YJIbTATE PACCESIHUSA HA CUCTEMAX MApAJIIEIBHBIX KPUCTAJIOTpa-
(pMYEeCKUX MIOCKOCTEH, HA KOTOPBIX B CTPOTOM MOPSJIKE PACIOJIOKEHBI pac-
CEHBAIOLINE LEHTPHI. Y CIOBUEM HAOMIOACHUS TUPPAKIIMOHHOTO MaKCUMyMa
OpU OTPAXKEHUH OT KpUcCTailia sBisieTcs ycnosue Bynbda — bparros:

2dsin0=nA, (2.3.5)

371ech 0 — yros, moja KOTOPHIM MajaeT My4yOK AJIEKTPOHOB Ha JAHHYIO KpH-
cTamIorpaMuECcKyI0 IOCKOCTh (YroJl CKOJNBbXeHuUs), a d — paccTosHIe Mex-
Iy COOTBETCTBYIOIIMMH KPUCTAIIOTPAPUUECKUMH MIIIOCKOCTSIMHU.

B omnpite /I3BuccoHa u J[xepMmepa npHu «OTPaXEHUW» DIIEKTPOHOB OT
ITOBEPXHOCTU KPUCTAJIIA HUKEIIS MPU ONPENEIIEHHBIX YIiax OTPa)KEHUs BO3-
HUKaIu MakcuMyMbl. Kak BugHO U3 puc. 2.3.3, sKCepuMeHTaIbHAasT KpUBast
3aBUCHMOCTH HMHTEHCUBHOCTH OT YCKOPSIIOLIETO HANPSDKEHUS UMEET
HECKOJIBKO MAaKCUMYMOB, PABHOCTOSAIINX APYT OT APYyTa.

OTH MAaKCHUMYMBbI OTPAKEHHBIX ITYYKOB AJIEKTPOHOB COOTBETCTBOBAIIN
dopmyne (2.3.5), 1 UX MOSBICHUE HE MOTJIO OBITh OOBSICHEHO HUKAKUM JIPY-
MM MyTEM, KpOME KaK Ha OCHOBE NPEJCTaBICHUN O BOJHAX W UX AUPpax-
uu. Takum 06pa3oM, BOITHOBBIE CBOMCTBA YaCTHI] — 3JIEKTPOHOB — ObUIH J10-
Ka3aHbI YKCIIEPUMEHTOM.

[Ipu Gosee BBICOKMX YCKOPSIIOLUIMX 3JIEKTPUUECKUX HANpPSOKEHUSIX (Ie-
csTKax KB) aeKTpoHbl MPUOOPETAaIOT AOCTATOYHYIO KUHETUYECKYIO SHEp-
THI0, YTOObI MPOHUKATh CKBO3b TOHKHE IJIEHKU BEIIECTBA (TOJIIUHON MO-
psimka 107° cm, T.e. Thicsun A). Torma BO3HHKAeT Tak HasbiBaeMas H(paK-
1Usi OBICTPBIX 3JEKTPOHOB Ha MPOXOXKACHHE, KOTOPYIO Ha MOJIMKPUCTAILIIH-
YECKHUX IJIEHKAaX aIIOMUHUS U 30J10Ta BIEpBbIE B 1927 T. UCCAEq0BAIM aHT-
nuvickuit ya€nsiii Jk. k. ToMCOH 1, HE3aBUCUMO OT HETO, COBETCKUMN (PU3UK
I1.C. TapTakoBCKHiA.

A
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B 1949 r. coBerckue yuensie JI.M. bubepman, H.I. Cymxkun, B.A. ®a6-
PUKAHT MOCTaBWJIM TaKOM K€ ONBIT, HO MHTEHCUBHOCTh 3JIEKTPOHHOI'O ITy4YKa
ObLIa HACTOJIBKO CIa00ii, YTO HIMEKTPOHBI MPOXOAUIHN Yepe3 MPHOOp MpaKTHye-
CKH mooanHouKe. OHAKO KapTUHA MOCIE JUIMTETBHON SKCHO3UINK OblIa TOY-
HO TaKOH ke, T.e. ObUIO JIOKa3aHO, YTO 60JIHOGbIMU CEOUCHmEamu obnadaem
Kaxcowvlit 0moe1bHblil 3/1eKMpPOH.

Bckope mnociie 3toro yaanoch HabM0AaTh U ABJICHUS JUGpaKIUUA aTo-
MOB M MOJIEKYJI. ATOMaM ¢ Maccoil M, HaxoIdIuMcs B Ta3000pa3HOM CO-
CTOSIHUM B COCYyJl€ NpU aOCONIOTHOW Temmeparype 7, COOTBETCTBYET, IO
dbopmyne (2.3.4), 1IMHA BOJHBI

L (2.3.6)

J3MKT '

T.K. CpeIHss KHHeTH4ecKas sueprus atoma K=2/3KT.

s nérkux atomos, monekyn (H, H,, He) u Temneparyp B cotHu rpa-
nycoB KenbBuna mmvHa BoaHBI A cocTapiser okosio 1 A. Tudparupyromue
aTOMBI WJIM MOJIEKYJIbI IPAKTUYECKU HE MPOHUKAIOT BIIyOb KpUCTAILIA.

CdopmrpoBaHHBIN ¢ TOMOIIBIO AUAa(parM MOJIEKYJISIPHBIN WM aTOMHBIN
MY4YOK HAMpaBiAOT Ha KPUCTALI U TEM WM HUHBIM CIIOCOOOM (DUKCHUPYIOT
«OTpaXEHHbIE» AU(PPAKIMOHHBIE MYyYKH. TakuM IyTEM HEMELKHE Y4EHbIE
O. llItepn u . Dcrepman, a Takke Ipyrue uccieaoBaresy Ha pyoexke 30-X IT.
HaO001aIM TU(PaKIMI0 AaTOMHBIX U MOJIEKYJISIPHBIX ITy4KOB (pHc. 2.3.4).

[To3xe HaOmoganack Tudpakius TPOTOHOB, a TakkKe AUpPaKIUS HEH-
TpOHOB (puc. 2.3.5), moay4yuBIIas MIMPOKOE PACIPOCTPaHEHUE KaK OJUH U3
METO/IOB UCCIIEOBAaHUS CTPYKTYPBI BEILIECTBA.

a 6
Npamoi ny4ok 370cm gg’ T=580 K nlf;qMooxﬁ i
330cm

1130 110
IF L/\ :
bl f

r=290 K[| “reee [

1 390 cm

AN LI L

-20°-10° 0° 10° 20° -20° -10° ©0° 10° 20°

Puc.2.3.4 Puc. 2.3.5

cM

Taxk, ObUTO TOKa3aHO PKCIIEPUMEHTATHHO, YTO BOJTHOBBIC CBOMCTBA MPHU-
CyIII BceM 0€3 UCKITIOYCHUSI MUKPOYACTUIIAM.

111



Judpakiusi 4acTHIl, ChIrpaBIIasi B CBOE BpeMs CTOJb OOJBIIYIO POJIb
B YCTAHOBJICHUM JIBOMCTBEHHOW TMPHUPOABI MaTEepUH — KOPIMYCKYJISIPHO-
BOJIHOBOTO Jyaln3Ma (M TeM CaMbIM IOCIY>KHUBILAs SKCIEPUMEHTAIbHBIM
000CHOBaHMEM KBAaHTOBOW MEXaHUKH), TABHO YK€ CTajla OJHUM U3 TJIABHBIX
pabounx METOAOB IS M3Y4YeHHs CTpoeHHs BemlecTtBa. Ha nudpakuuum yac-
THUI[ OCHOBAHBI /IBa BaKHBIX COBPEMEHHBIX METOJ/Ia aHaJIM3a aTOMHOM CTPYK-
TYpPBI BEIIECTBA — ANIEKTPOHOTrpadusi 1 HEUTpOHOTpadusl.

2.3.3. KopnyckyJIspHO-BOJIHOBOI 1yaJiu3M MHUKPO4YACTHIl BelleCTBA

Wtak, MukpovacTuibl 0071a1at10T HeOObYaltHBIMU CBoOMicTBaMU. Mukpo-
yacmuyvl — >mo d1emMeHmapHvle Yyacmuysl (JEKTPOHBI, IPOTOHBI, HEUTPO-
Hbl U T.J.), @ MAaKdce CAO0AHCHblE YaACmUysbl, 0OPa308aHHble U3 HEOOIbULO2O
yucia snemeHmapHuix (MoKa Hedenumvix) yacmuy (aTOMbI, MOJICKYJIbI, SIpa
aToMmoB). Ha3bIBasi 3T MUKpPOYACTUIIBI YACTUIIAMU, MBI IIOJYEPKUBAEM TOJIb-
KO OJIHY CTOPOHY, IIpaBUJIbHEE ObLIO OBl HA3BATh «YACMUYA-BOTHAY.

MukpoyacTuIlbl HE CIIOCOOHBI HEMOCPEACTBEHHO BO3JIEHCTBOBATh Ha
Hallli OpPTraHbl YyBCTB — HU BUIETh, HU OCS3aTh UX HENb3s. MBI 3HaeM, 4TO
Oynet ¢ OOJBIIUM MPEAMETOM; HO UMEHHO TaK MHUKPOYACTUIIBI HE MOCTYyIa-
to1! [loaTomy, n3yyast ux, IPUXOAUTCS MpUOEraTh K pa3InyHOrO pojaa adCcT-
PaKIMsIM, HalpsraTh BOOOPAXKEHUE U He NbIMAmbCs C8A3bI8AMb UX C HAWUM
HenocpeoCcmeeHHbiM ONbIMOM.

B noxBaHTOBOHM (hM3HKE MOHATH — 3HAYUT COCTABUTH C€0€ HAIJISIAHBIN
o0pa3 o0beKTa uiam npotecca. B kBaHTOBOW (PU3HKE TaK pacCyXAaTh HEJb3sl.
Bcesikas narnggHas monens OyneT AeMCTBOBATH MO KJIACCMYECKUM 3aKOHAM,
Y NIO3TOMY HE MPUTOJHA JJIA MPEACTABJICHHS KBAaHTOBBIX IpoieccoB. Ha-
MIpUMEP, BPALLEHUE AIEKTPOHA M0 OpOUTE BOKPYr aToMa — TaKoe Mpe/ICTaB-
JeHue. JTOo JlaHb KJIaCCUYECKOW (PU3MKE U HE COOTBETCTBYET UCTUHHOMY I1O-
JIO’KEHHIO BEUIEH, HE COOTBETCTBYET KBAHTOBBIM 3aKOHAM.

Paccmotpennbsie Hamu BosiHBL Jlyn ae bpouis He ABISAIOTCS 271eKmpo-
MA2SHUMHBIMU, 3TO BOJIHBI 0COO0H MPUPOIBI.

Boeruucnum aeOpoitieBcKyto IMHY BOJIHBI Msiunka maccoit 0,20 «r,
JBIDKYIIETOCS CO CKOPOCThIO 15 M/c:

h  667-107 JIx-c
mv 0,2-15

DTO upe3BbIYATHO Majas JJIMHA BOJHBIL. J[ake mpu KpailHe HU3KUX CKO-
pocTsax, ckaxeMm 10 *m/c, neOpoiineBckas UIHHA BOJNHBI COCTABIISIA OB
npumepro 102 m. JleOpoiineBckas ANMHA BOJTHBI OOBIYHOTO TeJa CIUIIKOM
Maja, 9TO0bI €€ MOXKHO ObLTO OOHAPYKHUTHh U U3MEPUTH. J[e710 B TOM, 4TO TH-
TUYHBIC BOJIHOBBIC CBOWCTBA — MHTEP(hEPEHIUS M JUPPAKIINAS — MPOSIBISAIOT-

A= =22.10"%wm.

112



Csl TOJIBKO TOTJ1a, KOT/Ia pa3Mepbl MPEIMETOB WM IIEJIEH CPAaBHUMBI 110 CBOEH
BEJIMUUHE C JUIMHOUW BOJHBI. HO HaM HEW3BECTHBI MPEIMETHI U 1IENH, Ha KO-
TOPBIX MOTIIH OBl TU(PArkpoBaTh BOIHBI ¢ AmHHON BoHbl 107 M, mosTomy
BOJTHOBBIC CBOMCTBA OOBIYHBIX TEJT OOHAPYKUTH HE YIACTCH.

Hpyroe nemno, ecnu peub UAET 00 IEMEHTApHBIX YaCTHUIAX THUIMA JJICK-
TpoHOB. Tak Kak Macca BXOJIUT B 3HameHarenb Gopmyisl (3.3.1), onpene-
JSAroNIeH 1e0pONIeBCKYIO IJIMHY BOJIHBI, O4Y€Hb Majloil Macce COOTBETCTBYET
OoJpITIas AJIMHA BOJTHBI.

OnpenenuM neOpOMIEBCKYIO JUIMHY BOJHBI 3JIEKTPOHA, YCKOPEHHOTO
pa3HoCThIO oTeHuanos 100 B:

lmuzzeu = v= /@zs,g-loewc,
2 m

h  66-107
mv 91.-10°%.59.10°
I/IB HpI/IBeIIeHHOI‘O HpI/IMepa BHUJIHO, 4YTO BJIGKTpOH MOKET COOTBECTCTBO-

=12-1071 u1.

OTKyJa A=

BaTh JuTHHE BoJHBI mopsiaka 107° M. XoTs 9T0 0OueHb KOPOTKHME BOJHBI, HX
MO>XHO OOHApYKHUTh SKCIEPUMEHTAIBHO: MEXATOMHBIC PACCTOSHUS B KpU-
cTasuie Toro xe nopsaka seanuunbl (1070 M) 1 perysspHO paconoKeHHbIe

aTOMBbl KPHUCTaJJIa MOKHO HCIOJB30BaTh B KauecTBe IUGPAKIMOHHON pe-
IIETKH, KaK B CIy4ae peHTT€HOBCKOro u3nydenus. Urak, ecnu runotesa Jlyu
ne bpoitns cipaBenniuBa, TO, Kak yKa3aja DUHIITEHH, ISl 91eKMPOHO8 QO0NMHC-
HO HabOOamwvcs aeleHue OUPpaKyuu.

Jughpaxyus 3nekmponos u opyzux mukpouwacmuy 00Ka3vleaem cnpa-
eéeonueocmev cunomeswt Jlyu oe bpoiina u noomeepiricoaem Kopnyckyaap-
HO-80JIHOGOIL 0YAIUZM MUKDOUYACMUY, 8eUieCEd.
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2.4. DJJEMEHTBI KBAHTOBOM MEXAHUKHA

2.4.1. ®uznyeckuii cMbIca BOJIH Ae bpoiis

N3 conepxanus § 2.3 BUIHO, UTO HUjies € bpoilsis 0 HAIMYUU y YacTHIl
BEILIECTBA BOJHOBBIX CBOMCTB MOJy4YHWJIa IKCIEPUMEHTAJIbHOE MOATBEPKAC-
HUE, KaK IS 3apsDKEHHBIX YacTull (3JIEKTPOHOB), TaK U JUIsl HEUTPaJbHbBIX —
HEUTPOHOB, aTOMOB U MOJIEKyJ. Takke ObUIO MOKa3aHO, YTO OOHAPYKHUTh
BOJIHOBBIE CBOMCTBA Y MAaKpOCKOIUYECKHX TE€J HE MPEICTABISETCS BO3MOX-
HBIM M3-3a [IPUCYIIEH UM MAJION JUIMHBI BOJIHBI.

B mactosmem pazaene mocrapaeMcsl BBIICHUTH (DU3HUECKHA CMBICT
BOJIH J1¢ bpoiins.

BepHeMcst BHOBB K CBETYy. BCIIOMHUM COOTHOLIEHUE MEXAY KOPIYCKY-
JSPHBIMH M BOJIHOBBIMU CBOMCTBAMH CBETa. BbUIO BBIACHEHO, YTO Keéaopam
AMnaumyOsl C6€MOGOI 60JIHbL 8 KAKOU-TU00 MOYKe RPOCMPAHCMEa npPo-
NOpUUOHANEn YUCay YOmoHnoe, nonadarowux ¢ smy mouky. Jlo cux nop
pedb 1UIa O JUIMHE BOJIHBI, COOTBETCTBYIOIIEH YaCTHUILIE, ABMKYILIEHCS C OIl-
peneneHHoN CKOpOCThI0. MOXKHO, 0UE€BUIHO, TOBOPUTH U 00 aMIUIUTY/AE 3TUX
BOJIH. Boripoc 0 npupoze BOH, CBA3aHHBIX C JBIKYIIMMHUCS YaCTULIAMU Be-
IIECTBA, MOKHO C(OPMYIMPOBATH KaK BOIPOC O (PU3MUECKOM CMBICIE aM-
IUTUTYZbI UM UHTEHCUBHOCTH THX BOJIH.

Humencuenocmo 6onn Oe bpoiina B naHHOW 00JacTH NMPOCTPAHCTBA
onpeoessiem Yucio 4acmuy, nonasuwiux 8 amy ooaacms. B aTom 3axnouaemcs
cmamucmuieckoe, 8eposmHOCHHOe MOJKO8AHUE 60JH, CBA3AHHBIX C JIBH-
KyHuMHUCs 4vactunamu. Keadpam amnaumyovl 0e0poineecKoil 60JIHbl
6 OAHHOII MOYKe NPOCMPAHCMEA AGIACMCA MEPOU GEPOAMHOCIU MO20,
ymo uacmuya HAxXo0umca 6 3moi o6aacmu. BEpOATHOCTHAs TPAKTOBKA
BOJIH A€ bpoitnsa npunamiexutr Makcy bophy.

IToguepkHeM ele pas3, YTO BOJIHBI, CBSI3aHHBIE C JBHKYIIMMUCS YaCTH-
[JaMH, HE MUMEIOT HHUKAKOTO OTHOILIEHUS K PacHpOCTPaHEHHUIO0 KaKOro-imdo
AJIEKTPOMATHUTHOTO ITOJIS, K 3JIEKTPOMArHUTHBIM BoHaMm. Cpeau u3BECTHBIX
B (pM3HKE 3JEKTPOMArHUTHBIX, aKyCTHUECKUX M JIPYTMX BOJIH HET aHaJIora
«BOJIHaM BEPOSITHOCTH), CBA3aHHBIM C JBIKYILIMMUCS YaCTHIIAMH BELIECTBA.

MoxHO MokKa3ath, 4To azoeas ckopocmv 6onH Oe bpoiiisi npegvluiaem
CKOpOCMb c8ema 6 8aKyyme, YTo He IPOTUBOPEUUT TEOPUH OTHOCUTEIBHOCTH.

I'pynnosas cxkopocmv 6onn Oe bpoiina menvuie ckopocmu céema, 4to
YKa3bIBA€T HA HEPA3PBIBHYIO CBA3b JACOPOIMIEBCKUX BOJIH C JBHXKYIIMMUCS
yacTUlaMH. [ pyrmoBasi CKOpOCTh BOJIHBI JIe bpoiiis paBHa CKOPOCTH JABUKE-
HUS YaCTHIIBIL.
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OTKpbITHE BOJTHOBBIX CBOMCTB JABUKYIIMXCS YACTHUI] BEIIECTBA SIBUJIOCH
BEJIMYANIIINM JOCTIKEHUEM COBpeMEHHOW (pu3nku. BmecTe ¢ TBepao ycra-
HOBJICHHBIM JKCIIEPUMEHTAIIBHO KBAHTOBBIM XapaKTEPOM 3aKOHOB, OIMCHI-
BAIOIIMX BHYTPUATOMHBIE MPOIECCH, OOHAPYKEHHUE BOJHOBBIX CBOMCTB Hac-
THIT BEMIECTBA MOCTYKUI0 (YHIAMEHTOM JISI CO3/IaHUsI KBAHTOBON MEXaHM-
ku. Tak Ha3pIBaeMbIe MyTH COBPEMEHHOW TEOPETHYECKOW (DM3UKHU, U3ydalo-
el 3aKOHBI JBMKEHHUS YacTHUI] B 00JIACTU MUKPOMHpPA, UMEIOT MACIITaObI
JJINHBI 1019 -10® M. Obvexmamu U3VYEHUs] K8AHMOBOU MEXAHUKU S675-
IOMCs amombl, MOJEKYIbl, KPUCMAIIbl, AMOMHble A0pa U dJ1eMeHmAapHbvle
yacmuysl (ANEKTPOHBI, TO3UTPOHBI, MPOTOHBI, HEUTPOHBI U JIp.).

2.4.2. CooTHomeHHe HeomnpeaeaeHHocreii ['eiizendepra

CornacHO NIBOMCTBEHHOW KOPITYCKYJIIPHO-BOJIHOBOM ITPUPOJE YAaCTHIL
BEIECTBA JIJISl ONMCAHUSI MUKPOUYACTHUL] UCIIONB3YIOTCSA TO BOJHOBBIE, TO KOP-
CKYJIApHBbIE TpencTaBiceHus. [loaTomy npuUnuceIBaTh MM BCE CBOWCTBA
YacTHUILl U BCE CBOMCTBA BOJIH HeNb3s. ECTECTBEHHO, UTO HEOOXOJMMO BHECTU
HEKOTOpbIE OIPAaHUYECHHS B MPUMEHEHUH K OOBEKTaM MHUKPOMHUpA MOHATUN
KJIACCUYECKON MEXAHUKHU.

B knaccuueckoil MEXaHUKE COCTOSIHHME MaTepUajJIbHOW TOYKHU (KJIacCH-
YECKOM 4acCTHUIIbl) ONpeeseTcs 3aJaHUEM 3HAaUeHU KOOpIUHAT, UMITYJIbCA,
SHEPrud U T.[. (IE€PEUUCIICHHbIE BEJIIMYMHBI HA3BIBAIOTCS JIMHAMHYECKUMU
nepeMeHHbIMH). CTpOro roBopsi, MUKPOOOBEKTY HE MOTYT OBbITh MPUITHCAHBI
yKa3aHHblE JUHAMUYecKue nepemMeHHble. OnHako HMHPOPMAaLUI0 O MHKpPO-
yacTUI[aX Mbl MOJy4YaeM, HaOIoAas MX B3aWMOJIECHCTBUE € MPUOOpaMH,
IIPEICTaBISIONIMMHE cOO0M Makpockonuueckue Tena. Iloaromy pesynbraTsl
M3MEPEHHI TTOHEBOJIE BBIPAXKAIOTCA B TEPMUHAX, pa3pabOTaHHBIX JJIsl Xapak-
TEPUCTUKNA MAaKpOTEN, T.€. Yepe3 3HAUYCHMS JTHUHAMHYECKUX XapaKTEPUCTHK.
B cooTBETCTBHM C 3TUM M3MEPEHHBIE 3HAYEHUS] TUHAMUYECKUX MTEPEMEHHBIX
IPUIKMCBIBAIOTCS MUKpodacTuliaM. Hanpumep, roBopsAT O COCTOSIHUM DJIEK-
TPOHA, B KOTOPOM OH MMEET TAKOE-TO 3HAYEHUE SHEPTUU, U T.JI.

BoaHOBBIE CBOMCTBA YACTHI] M BO3MOXXHOCTD 3a/1aTh JUJIS YACTULBI JINIIb
BEPOSATHOCTb ee npebvlganus 6 0aHHOU TOUKE MPOCTPAHCTBA MPUBOJAT K TO-
MY, 9TO CaMH TIOHSTHUSI KOOpOUHamsl yacmuysvl u ee ckopocmu (umu umnyio-
ca) Mo2ym NPUMEHAMbCA 8 K8AHMOBOU MeXAHUKe 8 O02PAHUYEHHOU Mepe.
B atrom, BooO1IE TOBOPS, HET HUYEro yAUBHUTENbHOr0. B kiaccuyeckoit ¢u-
3MKE MOHATHE KOOPAUHATHI B PAJIE CIy4yaeB TOKE HEMPUTOJIHO ISl OIpejie-
JIEHUs MOJIOKEeHUsI 00BbEKTa B MpOCTpaHcTBe. Hampumep, He MMeeT cMmbicia
TOBOPUTH O TOM, YTO 3JEKTPOMArHUTHAsI BOJIHA HaXOJAUTCA B JTAHHOW TOYKE
IPOCTPAHCTBA WJIM YTO IMOJIOXKEHUE (PPOHTA BOJHOBOM MOBEPXHOCTU HA BOJE
XapaKTEPHU3yeTCsl KOOpAUHATaMHu X, Y, Z.
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KopryckynsspHO-BOIHOBass JBOWCTBEHHOCTh CBOWCTB YaCTHUL, H3ydae-
MBIX B KBAaHTOBOI MEXaHHKE, IPUBOJUT K TOMY, UTO B PSI/I€ CIIy4aeB OKA3bl-
6aemcsa HeBO3MOMCHBIM, B KIIACCHYECKOM CMBICIE, OJIHOBPEMEHHO XaAPaK-
mepu308ams YACMUYy ee NOJ10HCeHUEeM 6 npocmpancmee (KOopouHamamu)
u ckopocmuto (M umnyivcom). Tak, HaIpUMEP, MNEKTPOH (U Jirodast Jpyras
MHUKpPOUYACTHUIIA) HE MOKET UMETh OJHOBPEMEHHO TOYHBIX 3HAYCHHUI KOOPAH-
HaThl X 1 KOMIIOHEHTHI UMITyJibca P, . HeompeneneHHOCTH 3HaUeHU X U p,

YIOBJIETBOPSAIOT COOTHOILIEHUIO
AXApy > h. (2.4.1)

N3 (2.4.1) cnenyet, 4TO 4eM MEHBIIE HEOIPEACICHHOCTh OJTHON BEIH-
qUHbI (X WK P, ), TeM O0JbIIE HEONIPEAEIEHHOCTh Apyroi. Bo3aMoxxHO Takoe

COCTOSIHME, B KOTOPOM OJHAa HMX MEPEMEHHBIX HMEET TOYHOE 3HAUYCHHE
(Ax=0), npyras mepeMeHHasi P 3TOM OKa3bIBACTCS COBEPIICHHO HEOIpe-
neneHHon (AP — o0 — ee HEOIpeaeIeHHOCTh paBHA OECKOHEYHOCTH), U Ha-

o0opot. Takum 00pazoM, 011 MuKpouacmuyvl He Cyuwecmeyem COCMOSHUIL,
8 KOMOPBIX ee KOOPOUHAmMbl U UMNYIbC uMenu Obl 0OHOBPEMEHHO MOYHbLE
3Hauenusi. OTCIO/Ia BBITEKACT U (DaKTHUECKass HEBO3MOXKHOCTh OJHOBPEMEH-
HOTO U3MEPEHHS KOOPAUHATHI U UMITYJIbCa MUKPOOOBEKTA C JII000H Harepes
3aJJaHHON TOYHOCTEIO.

CootHouenue, aHanornynoe (2.4.1), umeer Mecto s y U Py, A Z

)51 pz , 4 TAKXKC I OPYIrux Iiap BCIIMYHH (B KJIACCUYECKOM MEXaHHUKE TaKue

napbl Ha3bIBAIOTCS KAHOHUYecKu conpaxycennvimu). O003HAUNB KaHOHHUYE-
CKH CONPsDKEHHbIE BETMYMHBI OykBaMu A 1 B, MOKHO 3anmucarh:

AAAB>h. (2.4.2)

CootHomienue (2.4.2) Ha3BIBACTCS COOMHOUWIEHUEM HEONPeOeieHHO-
cmeii s BenuanH A u B. D10 cootHomenue BBENT B 1927 1. Bepnep [eii-
3eHOepr.

YTBepKACHUE O TOM, UTO NPoU3BeOeHUe HeonpeoeieHHOCmel 3Ha4eHull
08YX CONPANCEHHBIX NEPEMEHHBIX He MOdHcem OblmMb NO NOPSAOKY MeHbUle NO-
cmosinnou Ilnanka N, naszvieaemcsi coomuoweHuem HeonpeoeieHHoCmeil
TI'eiizenbepea.

Duepeus u 8pems SIBISIOTCA KAHOHUYECKU CONPSINCEHHBIMU BETUYUHAMU.
[TosTOMY [JIT HUX TaK)Ke CIIPaBEJTMBO COOTHOIIICHUE HEOTIPECIICHHOCTEH

AEAt>h. (2.4.3)

OTO COOTHOILIEHUE O3HAYAET, YTO ONPEIEICHUE DHEPTHU C TOYHOCTBIO
AE 10JDKHO 3aHATh HHTEPBAJI BPEMEHU, PABHBIN 110 MEHBILIEN Mepe
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AE

CooTHoOIIIEHHE HEONPEISICHHOCTeH TOMYyYeHO TpPHU OJHOBPEMEHHOM
UCTIONIb30BAaHUH KIIACCUYECKMX XapPAKTEPUCTUK JBMKCHUS YaCTHUIBI (KOOp-
JUHATBI, UMITYJIhCA) U HAJTUYMH Y HEEC BOJHOBBIX CBOMCTB. Tak Kak B KJIACCH-
YECKOH MEXaHWKE MPUHUMACTCS, YTO M3MEPEHHE KOOPJAMHATHI M MMITYJIhCa
MOKET OBITh MPOU3BEICHO C JII0OOOW TOYHOCTBIO, TO COOMHOUIEHUE Heonpe-
oenlenHocmell SIBISICTCS, TAKUM 00pa3oM, KBAHMOBbIM 02PaHUYeHUeM npume-
HUMOCMU KIACCUYECKOL MeXAHUKU K MUKPOOOEKMAaM.

CooTHoIIeHHE HEOIPeIeICHHOCTEH yKa3bIBaeT, B KaKOl Mepe BO3MOXK-
HO TIOJIb30BAaThCs TOHATUSAMH KIACCHYECKOW MEXaHWKH MPUMEHHTEIHHO
K MUKPOYAaCTHI[aM, B YACTHOCTH C KaKOW CTENEHBbIO TOYHOCTH MOXHO T'OBO-
PUTH O TPACKTOPUSIX MUKPOUYACTHUIIL. [[BHIKEHNE 1O TPACKTOPUH XapaKTEPU3Y-
€TCsl BIIOJIHE ONpPEIEICHHBIMU 3HAYCHUSIMU KOOPJMHAT U CKOPOCTH B KaxK-
ablii MoMeHT BpemeHH. [lonctaBuB B (2.4.1) BMecTo P, mpousBeneHue mv, ,

At ~

IMOJIYy4YHUM COOTHOIICHHC
AxAv, >h/m. (2.4.4)

W3 5TOro COOTHOINEHHS CIIEAYET, YTO uem OOblie MACCa 4acmuybl,
mem MeHblue HeonpedeieHHOCHU ee KOOPOUHAmMbl U CKOPOCmU, C1e006d-
menbHo, mem ¢ 6ObULell MOYHOCBIO MOICHO NPUMEHAMb K 9MOll Yacmuye
nousmue mpaexmopuu. Tak, HanpUMep, yXKe IS NBUIMHKA Maccoit 107%% kr
¥ JIMHEHHBIMU pazMepamu 10°° M, KOOpAMHATa KOTOPOM ONpeeIeHa ¢ Tod-

Hocthio 10 0,01 ee pa3mepos (AleO_8 M), HEOIPEICICHHOCTh CKOPOCTH,
no (2.4.4),

6,62.107%
107810712

T.€. HEe OYyJIeT CKa3bIBaThCS MPH BCEX CKOPOCTAX, C KOTOPHIMHU IBIJIMHKA MO-
J)KET IBUTATHCH.

TakuMm 00pa3oM, 011 MAKPOCKONUYECKUX Mell UX BOJIHOBble CBOLCMBA
He uzsparom HUKAaxKou poJiu; KOOPIUHATHL U CKOPOCTH MOTYT OBITh U3MEPEHBI
JOCTaTOYHO TOYHO. DTO O3HAYAET, YTO JJISI ONMMCAHUS JIBUKECHHUS MAKPOTET
¢ a0COJIFOTHOM JIOCTOBEPHOCTHIO MOKHO TOJIb30BAaThCsl 3aKOHAMH KJlacCH4Ye-
CKOM MEXaHUKHU.

[IpyuMeHUM COOTHOIIEHUE HEOMPENEIEHHOCTEN K JJIEKTPOHY, ABUTAKO-
meMycsi B aTOM€ BOoJIopoja. JlomyCcTum, 4TO HEONPEIEIEHHOCTh KOOPAUHA-

Av, m/c =6,62-10 " wmrc,

ThI 3JIEKTpOHA AX ~10710y (mopsiaka pa3MepoB camMoro atroma), TOrja, co-
riacHo (2.4.4),

117



_ 6,62:107%
911-10731.10710

Hcnonb3yst 3aKOHBI KJIACCUYECKOW (PU3MKHU, MOKHO MOKa3aTh, YTO MPHU
JIBMKCHUU 3JICKTPOHA BOKPYT SiApa M0 KPYroBoi opOuTe paauyca mpuoIn3u-

Av ~7.27-10" m/c.

y

teapro 0,5-107%M ero ckopocts v~ 2,3-10° m/c. Takum 06pasom, Heonpe-
0eeHHOCMb CKOPOCMU 8 HeCKONbKO pa3 boavute camoli ckopocmu. OUeBuI-
HO, YTO B JJAHHOM CJIy4ac HEJIb3sl TOBOPUTH O JIBHYKCHHUH JICKTPOHOB B aTOME
0 OIPECICHHON TPAaeKTOpPHH. VIHBIMU CIIOBaMU, JJIS ONUCAHMS JIBYOKCHUS
DIIEKTPOHOB B ATOME Hellb3sl NOIb308AMbCS 3AKOHAMU KIACCUYECKOU PUu3UKuU.

2.4.3. IlonsiTHe 0 BOJTHOBOM yHKIMH

DKcnepuMeHTaIbHOE MOATBEpKIeHue uneu Jlyu ge bpoitns o6 yHuBep-
CaJIbHOCTH KOPIYCKYJISIPHO-BOJIHOBOTO JIyallu3Ma, OTPAHUYEHHOCTh IPUME-
HEHHS KJIACCUUYECKON MEXaHUKH K MUKPOOOBEKTaM, NUKTyeMas COOTHOIIIe-
HHEM HEOMPEJCICHHOCTEN, a TAaKXE MPOTUBOPEUHS pANa SKCIIEPUMEHTOB
C MIPUMEHAEMBIMU B Hayaje XX B. TECOPUSMH NPUBEIIA K HOBOMY JTaIly pas-
BUTHSI KBAaHTOBOM (DU3UKHU — CO3JJaHUIO KBAHTOBON MEXaHUKH, OMUCHIBAIOIIEH
3aKOHBI JBM)KEHUS U B3aUMOJECHCTBUSA MUKPOYACTHUIL] C YYETOM MX BOJHOBBIX
cBoiicTB. Ee co3nganue u pasButue oxsartbeiBaeT nepuoja ¢ 1900 r. (bopmymnu-
poBka [lmankom kBaHTOBOM runoressl) 10 20-x rr. XX B. U CBA3aHO MPEXKIIE
Bcero ¢ paboramu aBctpuiickoro ¢usuka 3. [llpeaunrepa, Hemenkoro husu-
ka B. I'eiizenOepra u anrnuiickoro ¢usuka I[1. Jupaka.

Heo6xoaumocTh BEpOSITHOCTHOTO TOJIX0/1a K ONMHUCAHUI0 MUKPOYACTHUI]
SBJISIETCS BaKHEHIEH OTIMYMTEIHPHONM OCOOCHHOCTBHIO KBAHTOBOW TEOPHH.
MoHO 51 BOJIHBI J1e bpoitis UCTOJIKOBBIBATh KaK BOJIHBI BEPOSITHOCTH, T.€.
CUUTATh, YTO BEPOATHOCTh OOHAPYKUTh MUKPOYACTHUILY B PA3IUUHBIX TOUKaX
MPOCTPAHCTBA MEHSIETCS MO BOJIHOBOMY 3akOHY? Takoe TOJKOBaHHWE BOJIH
ne bpoiins yxxe HeBepHO, XOTs Obl TOTOMY, YTO TOT/Ia BEPOSATHOCTH OOHAPY-
KUTh YaCTUIy B HEKOTOPBHIX TOYKAX MPOCTPAHCTBA MOXET OBbITh OTpHUIla-
TeJIbHA, YTO HE UMEET CMBICTIA.

UToOBl yCTPaHUTh 3TU TPYAHOCTU, HeMelKui Gu3zuk M. bopu B 1926 r.
IIPEAIIOIOKUI, UTO 1O 80IHOBOMY 3AKOH) MEHAEMCs He cama 6eposimHOCMb,
a 6eluyUHA, HA38AHHAS AMRIUMYOOU 6epoAmHOcmu U O0003HaYaeMas
Y(X,Y,z,t). DTy BeIUUMHY Ha3bIBAIOT TAKKE 60.1HO60U (ynKyuen (Wi

Y -¢dyHkIuen). AMIUTUTY1a BEPOSITHOCTH MOKET ObITh KOMIUJIEKCHOM, U Be-
positHocTh W npornopiimoHaibHa KBaapaTy €€ MOIyJIs:

W ~[¥(x,y,z,t)[, (2.4.5)
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2 1 1
rae “P‘ =YY, roe Y'- QpyHkuus, KOMIUIEKCHO-conpsbkeHHas ¢ V.

OT0 0/1Ha U3 BO3MOXKHBIX TPAKTOBOK BOJHOBOHM (PYHKIIMH, APYTYIO pac-
cMoTpuM Ootee moapooHo B [IpunoxeHun.

Takum oOpa3zoM, oUCaHUE COCTOSIHUS MUKPOOOBEKTA C IIOMOIIBIO BOJI-
HOBOW (YHKIIMH HUMEET CMamucmudeckull, GeposimHOCMHbIL XapaKTep:
KBaJpaT MOJYJS BOJHOBOM (hYHKIMHU (KBaapaT MOAYJS aMIUTMTYAbI BOJHBI
ne bpoiisist) onpenensieT BEpOATHOCTh HAXOKIEHUS YaCTHUIl B MOMEHT Bpe-
MEHH B 00JIaCTH ¢ KoopauHaTtamMu X u X + dx,yuy +dy, zu z + dz.

Wtak, B KBaHTOBOM ME€XaHUKE COCTOSIHHE YACTHUIIbI OMUCHIBACTCS MPUH-
[UITMATIBLHO MTO-HOBOMY — C IMIOMOIIBIO BOJIHOBOM (DYHKIIMHU, KOTOpasi SIBISET-
Csl OCHOBHBIM HOCHTEJIEM HH(POPMALIMK 00 UX KOPIMYCKYJISAPHBIX U BOJTHOBBIX
cBoicTBax. BeposTHOCTh HaX0X/I€HUS YacTULbl B 00beMe V paBHA

dw = [¢*dV . (2.4.6)

Bemanaa “P‘Z =dW /dV (xBagpar momyas V-(GyHKIHH) UMEET CMBICT

NIIOMHOCHU 6EPOAMHOCIU, T.€. ONpedensien 8ePOoSIMHOCHIb HAXOHCOEHUsL Yac-
Mmuybl 8 eOuHUYye 00vbeMa 8 OKPeCMHOCIU MOYKU, umeroueti Koopouramol X, Y, Z.
Takum 00pazom, pu3nueckuii cMbIC uMeeT He cama W-pyHkuus, a KBaapar ee

, KOTOPBIM OIPENEIISIETCS UHMEHCUBHOCb 80IH Oe Bpoiinsa.

MOZYJIA “PZ

BepostHocTh HailTH YacTUIly B MOMEHT BpeMeHH t B koHeuHOM o0beme V,
COTJIACHO TEOPEME O CIIOAKEHUU BEPOATHOCTEM, paBHA

W = [dw = [|¥[*dv.
\Y \Y

2
Tak kax “P‘ dV ompenensercst Kak BEpOSITHOCTh, TO HEOOXOAMMO BOJI-

HOBYIO (pyHKkIMi0o ¥ mpeacTaBuTh Tak, YTOOBI BEPOSITHOCTH JOCTOBEPHOTO
coObITHSI OOparmianach B €IUHUILY, €clid 32 00beM V MpUHATH OECKOHEUHBIN
00BEM BCETO MPOCTPAHCTBA. DTO 03HAYAET, YTO MPHU JAHHOM YCIOBUU YaCTHU-
a J0JKHA HAXOJUThCS TE-TO B mpocTpaHcTBe. ClemnoBaTenbHO, YCIOBUE
HOPMHUPOBKH BEPOSITHOCTEH

o
[|¥fav =1 (2.4.7)
“o
/1€ JaHHBIA MHTETPAT BEIYUCISICTCS TI0 BCeMY OCCKOHEUHOMY MPOCTPAHCT-
By, T.C. [0 KOOpAMHATAM X, Y, Z, — OT —oo JI0 . TakkuM 00pa3oM, YCJIOBHE
HOPMHPOBKH TOBOPUT 00 OOBEKTUBHOM CYIIIECTBOBAHUM YACTHIIHI BO BpeMe-
HU ¥ TIPOCTPAHCTBE.
UtoOwl BoTHOBasE (DYHKIHS SBJISIACH OOBEKTUBHOW XapaKTEPUCTUKOU
COCTOSIHUSI MUKPOYACTHUIIBI, OHA JOJDKHA YJIOBIETBOPSTH DSy OTPaHUYU-
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TenpHbIX ycnoBui. @ynkuus W, xapakrepusyrolas BEpOsITHOCTb OOHapyxKe-
HUSI MUKPOYACTHIIBI B 3JIEMEHTE 00beMa, T0KHA OBITh:

® KOHEYHOU (BEPOSITHOCTH HE MOKET OBITh OOJIBIIIEC €IUHUIIBI);

® OJHO3HAYHOU (BEPOSTHOCTh HE MOXET ObITh HEOAHO3HAYHOW BEJU-
YUHOMN);

® HENPEPHIBHOU (BEPOATHOCTh HE MOKET MEHSITHCSI CKAUKOM).

BonHoBas (QyHKIMS yIOBIETBOPSICT MPUHIUIY CYNEPIIO3UIIUU: €CIU
CHUCTEMA MOXET HAXOJIWUTHCS B PA3IUYHBIX COCTOSHHMSX, ONHUCHIBAEMBIX BOJI-
HOBbIMH (QyHKIMAMU ¥, ¥,, ..., ¥,, TO OHA MOKET HaXOAUThCSA B COCTOS-

HUH, OITMCHIBAEMOM JIMHEHHON KOMOWHAIMEH ATUX (PYHKIIHI:
¥=>C\Y,,
n

rae C, (n=1, 2, 3,...) — mpon3BoJIbHBIE, BOOOIIIE TOBOPSI, KOMIUIEKCHBIE YHCIIA.

Cnoorcenue 601HO8bIX hyHKyul (AMIUTUTY]T BEPOSTHOCTEH, onpenensie-
MBIX KBaJpaTaMHd MOJAYJEH BOJHOBBIX (DYHKLMI) NPUHYUNUATILHO Omaudaem
K8AHMOBYI0 Meoputo Om KIacCU4ecKol Cmamucmuyeckolu meopuu, B KOTO-
POl 11l HE3aBUCUMBIX COOBITUH CIpaBeIMBA TEOPEMA CIIOKEHUSI BEPOSTHO-
CTEH.

Bonnosas ¢pynxkyua Y aensemcs ocHo8HOU Xapakmepucmurkou cocmosi-
HUsL MUukpoobvexmog. Harpumep, cpeHee paccTOsSHHUE < I > 3JIEKTpOHA OT
sJipa BIUUCIAETCA 110 hopmyrie

T2
<r>= Ir\‘P\ dv,
rJI¢ BBIYMCIICHHS MTPOBOJIATCS, Kak U B cirydae (2.4.7).

2.4.4. Ypasuenue lllpequnrepa

TonkoBanne BONH 1€ bBpoisii M COOTHOLIEHHE HEOINPEAEIEHHOCTEN
['eit3enOepra npuBeny K BBIBOJY, YTO YPaBHEHHUEM JIBI)KCHHS B KBAHTOBOM
MEXaHUKE, ONMUCHIBAIOIICH JBUKEHUE MHUKPOYACTHUIl B PA3IUYHBIX CHUIIOBBIX
MOJISIX, IOJDKHO OBITh YpaBHEHHE, U3 KOTOPOTO ObI BRITEKAIM HAOJIOaeMbIe
Ha ONBITE BOJIHOBbIE CBOMCTBA 4acTUll. OCHOBHOE YpPaBHEHHE JOJIKHO OBITh
ypaBHCHHEM OTHOCUTEJIbHO BOJHOBOHM ¢GyHkumu W(X,y,Zz,t), T.K. ©UMEHHO

2
BCJINYHHA ‘\P‘ OCYHICCTBJICT BEPOATHOCTD HpC6BIBaHI/I$I qaCTUIbl B MOMCHT

BpemeHu t B oobeme dV, T.e. B 00jacTH ¢ KOOpAMHATAMH X M X +dx, Y
uy+dy, Zu z+dz. Tak Kak UICKOMOE ypaBHEHHE JODKHO YYUTHIBATH BOJI-

HOBBIEC CBOMCTBA qaCTul, TO OHO OOJXKHO OBITH BOJTHOBBIM YpPaBHCHHUECM, I10-
I[O6HO YPAaBHCHHUIO, OITUCBIBAIOIICMY 3JICKTPOMAIHUTHBIC BOJIHLBI.
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OcHOBHOE ypaBHEHHE HEPEISITHUBUCTCKOW KBAaHTOBOW MEXaHUKU cop-
MynupoBaHo B 1926 r. aBcTpuiickum Qusukom-teopetukoM . Illpeaunre-
poM. Ypasnenue lllpenuHrepa He BBIBOAWUTCS, a mocTyaupyercs. [IpaBuib-
HOCTB 3TOI'0 YPaBHEHUS MOATBEPKAACTCS COIVIACUEM C OIBITOM I1OJIy4aeMBbIX
C €ro IOMOILIBIO PE3YJIBTATOB, YTO, B CBOK OYEPElb, IPUAACT €My XapaKTep
3aKOHA MPUPOJIBL.

Ypaeunenue Illlpeounzepa 6 o6ujem uode 3annchIBacTCs TaK:

2 2
. 0¥
—h—VZ‘P+U(x, y,z,t)\lehé—, (2.4.8)
2m ot
rae M — Macca YaCTHLEL, | — MHAMAs equHdna; V2 = A — onepatop Jlamiaca
o’y oY 'Y
VY = >+ —+—5 |/ U(X,y,z,t) — noTeHnnanbHas SHEPrus 4acTH-
OX oy 0z

bl B CAJIOBOM IIOJIE, B KOTOPOM OHa JBMXeTcs; ¥ — HCKOMas BOJHOBas
byHKIHS.

Ecnu cunoBoe moiie, B KOTOPOM JBUKETCSI 4acTHUIA, TOTEHIIUAIBLHO, TO
dbynkius U He 3aBUCUT SIBHO OT BPEMEHHM U MMEET CMBICI MOTEHIMAIbHON
sHeprud. B aToM cnyuae pemenue ypaBHenus Llpenunrepa pacnanaercs Ha
JIBA COMHOXKUTEJSA, OAWMH U3 KOTOPBIX 3aBUCUT TOJIKO OT KOOPJWHATHI,
a Ipyrou — TOJbKO OT BPEMEHU:

Y(x,Yy,2z,t)=P(x,Y, z)e_igt. (2.4.9)

3nech E — mosiHas sHEprus yacTHIIbI, KOTOpas B CAy4ae CTAllMOHAPHOTO
HOJIST OCTAeTCs MOCTOSHHOM. UTOOBI yOCAUTHCSA B CHPABEJIUBOCTH BBIpaXKe-
Hust (2.4.9), moacraBbTe ero B BeIpakeHue (2.4.8) U BbI MOJYUYUTE ypaeHeHUe
HlIpeounzepa 0n1s cmayuoHAPHBIX COCMOAHUIL

h2
—Z—VZ‘P+U‘P:E‘P;
m
VZ‘P+2—T(E _U)¥=0. (2.4.10)
h

VA
Vpasuenue lllpenunrepa moxHo 3anucats B Bujge HY = EY.

AN
B sTtom ypaBHenun H — omepatop I'amunbTOHa, paBHBIA CyMMe onepa-
2 A
2 —
TOPOB — Z—V +U = H . N'amMunbsTOHMAH SIBISIETCS OMEpaTOpOM dHepruu E.
m

B kBaHTOBOW MeXaHUKE APYTUM TMEPEMEHHBIM (TakXke W JHHAMHYE-
CKHM) COIOCTaBJISIFOTCS orepartopbl. COOTBETCTBEHHO pacCMaTPHUBAIOT OIle-
paTopbl KOOPAUHAT, UMITYJILCA, MOMEHTA UMITYJIbCA U T.J.
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PeanpHblil (QU3MUECKHl CMBICT HMMEIOT TaKWE€ pPEIICHHUS YypaBHEHUS
HIpenuHrepa, KOTOpbIE BBIPAKAIOTCS BOJMHOBBIMU (yHKUMAMH ¥ ynosie-

TBOPSIOIIUMHU YCIOBUSIM KOHEYHOCTH, OJHO3HAYHOCTH W HEMPEPHIBHOCTH.
DTO UMEET MECTO He MpH JIIOObIX 3HAYEHUAX MapaMerpa E, a nuinb npu or-
peleieHHOM uX Habope, XapakTEepHOM ISl JaHHOW 3a/ladyu. DTU 3HAYEHUs
SHEPTUHM HA3BIBAIOTCS coOCmEeHHbIMU. PelIeHns, KOTOphIe COOTBETCTBYIOT
ATUM 3HAUYEHUSAM, Ha3bIBAIOTCA cobOcmeeHubimu @yHkyusmu. CoOCTBEHHOE
3HaYeHHe E MokeT 00pa3oBbIBATH HEMPEPBIBHBIA P (CHIOWHOU cnekmp)
WIH TUCKPETHBIN P (OUCKpemublll cnekmp).
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2.5. IBUKEHUE YACTHIIBI B IOTEHIIUAJIBHOM SIME

2.5.1. J/IBu:keHue cBOOOAHOM YaCTHIIbI

Ceob00nasa wacmuya — yacmuya, 0BUNCYWAAC 8 OMCYMCMEBUE GHEUl-
Hux noneu. Tak kak Ha CBOOOTHYO YacTHITy (ITyCTh OHA JIBHYKETCS BJIOJIb OCH X)
CHUJIBI HE IEVCTBYIOT, TO NOTEHIMAbHAs 3Heprus yactuilbl U (X) = const u ee

MOYHO MPUHATH paBHOU HYJO. Torja momHas SHEpPrusi YaCTUIIbl COBMAIAET
C ee KuHeTh4ueckoil sneprueil. B takom ciyuae ypasnenue Illpeounzepa o
CMAYUOHAPHBIX COCMOAHUL TIPUMET BUJT

oY 2m
OX h
HpHMOfI HO,Z[CTaHOBKOP'I MOXHO y6€III/ITI>C5I B TOM, 4YTO YaCTHBIM pPCHIC-

HueM ypaHenns (2.5.1) sBmsercs ¢ymkmms W(x) = Ae'™, rze A=const

u K =const, ¢ cOOCTBEHHBIM 3HAYEHUEM SHEPTHH

21,2
E= nk : (2.5.2)

2m

ikx ! J2mEx
®dynknus P(x) = Ae™ = Aeh MPEJICTaBISIET COOOH TOJIBKO KO-

OpAMHATHYIO 4YacThb BOJHOBOM (yHkumu W(X,t). 3aBUCSAIIYI0 OT BpPEMEHHU
BOJIHOBYIO (DYHKIIMIO MOXHO MPEACTaBUThH B BUJIE

i
—E(Et— PxX)

P(x,1) = Ae = Ae , (2.5.3)
E k= %

Oyukius (2.5.3) npeacraBiaseT co00i MIOCKYI0 MOHOXPOMATHYECKYIO
BOJIHY 1ie bpoiis.

N3 BoIpaskenus (2.5.2) ciaenyeT, 4To 3aBUCUMOCTh SHEPTUU OT UMITYJIbCa

£ n’k* _py

2m  2m

OKa3bIBaeTCSd OOBIYHOW Il HEpeNTUBUCTCKUX dacTuil. CrenoBaTenbHO,

SHEPTUsl CBOOOIHON YACTHUIIBI MOXET MPUHUMATH JTFOOBIC 3HAUCHUSA, T.C. €€
SHEPreTUYECKUI CIIEKTP SABIISIETCS HENPEPbIGHBIM.

Takum o6pazom, cBOOOAHAS YacTHIlA OMUCHIBAETCA IJIOCKOH MOHOXPO-
MaTUYECKON BOJHOM e bpoiis. IToMy crnocoOCTBYeT HE 3aBHUCSINAsl OT
BPEMEHU HJIOMHOCHb 6€POAMHOCMYU OOHAPYKEHUS YACTUIBI B JAHHOMN TOY-
K€ MPOCTPaHCTBA

TIE M=

(2.5.4)
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o == af,

T.€. BCE MOJIOKEHUS CBOOOTHON YaCTUIIBI SIBISIOTCS] PABHOBEPOSTHOCTHBIMH.

2.5.2. YacTrua B OAHOMEPHOM NPSIMOYT0JbHOMN IMe

[IpoBeneM kadeCTBEHHBIM aHaiuu3 peuicHu ypaBHeHus lllpegunrepa
NPUMEHUTENIBHO K YaCTHIIe, HAXOJAIIEHCS B TIOTCHIIMAIBHON siMe ¢ OECKOo-
HEYHO BBICOKUMH «CTeHKaMm» (puc. 2.5.1). Takas siMma ONMUCHIBAETCS MOTCH-
rransHou 3Heprueit U(X) ciemyroiero Bujaa:

o0, X < 0;
U(x)=40,0<x<I; U= U=0l U=w
00, X > |.
>
0 [ X

Puc. 2.5.1
3meck | — mmpuna simbl, a U — 3HEPIrHst — OTCYMTHIBACTCS OT €€ HA.
Ypasuenue lllpenunrepa i CTallMOHAPHBIX COCTOSIHUM, B CIIydae OJI-
HOMEPHOM 33/1a4M, 3aMUIIETCS B BUAE

o°Y  2m
+—(E-U)=0. 255
" hz( ) (2.5.5)

ITo ycmoBuro 3amaun (OCCKOHEUHO BBICOKHE «CTEHKH») 4YacTHIIA
HE ITPOHUKAET 3a MPEACIIBl SIMbI, TIO3TOMY BEPOSITHOCTh €¢ OOHApYKCHHUS 3a
npeaenamMu sSMbl paBHa HyJr0. Ha rpanuiax sMel BoJIHOBas ()yHKITUSI TaK)Ke
JOJDKHA oOparaTtees B HyJb. Clie1oBaTeIbHO, TPAHUYHBIC YCIIOBHS B TaKOM
ClIy4ae UMEIOT BH/]I

Y(0)=¥()=0. (2.5.6)
B mpegenax simbl (0< x<1) ypaBHenue lllpenunrepa (2.5.5) cBonutcs
K YPaBHEHHUIO

2 2
a—f+2—r;E‘P=OI/IHI/I 8_‘;’_”(2\{1:0;
OX h OX
2mE
k? = o (2.5.7)

Ob6miee permenune nudepeHINaTbHOTO YPaBHEHUS —
Y(x) = Asin kx+ B coskx.

A Tak kak no (2.5.6) ¥(0) =0, ro B=0. Torna
Y(x) = Asinkx,
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ypaBuenue ¥(l) = Asinkl =0 Bemonusiercs Tonsko npu Kl =nm, rae n — me-
JIBIE YHCIIa, T.€. HEOOXOAUMO, YTOOBI
nm
k == |_ N

N3 BeIpaxkenuit (2.5.7) u (2.5.8) ciemyer, 4To SHEPrusl YaCTUIIBI 3aBU-
CHT OT N:

(2.5.8)

2 232
g, =" (2.5.9)
2ml
rren=1,23,....

Takum oOpazom, cranuoHapHoe ypaBHenue lllpeawnrepa, omuchiBaro-
mee ABHUKCHHEC YaCTUIIbBI B HOTGHHH&HBHOﬁ SIMEC C 6CCKOHe‘—IHO BBICOKUMH
CTCHKaMU, yI[OBHCTBOpHCTCﬂ TOJIBKO HpI/I CO6CTBCHHBIX 3HAUCHUAX En, 3aBU-
CAIIIMUX OT IeJaoro yuciaa n. CHeI[OBaTeHBHO, IJHepluA En yacmuyvl 6 nOMeH-
Z/Iua.]leOZZ Ame C 6€CKOH€QHO 6bICOKUMU CMEHKAMU npurHumaem Jjaullb onpe-
0€]l€HHbl€ OuCermele 3Ha4eHuA, T.C. KeanmyemcA. KGCIHWlOBble SHAYECHUA
sHepeuu E, Hazwiearomcs ypoemamu dnepzuu, a uwucio n, onpeoensioujee
JHepeemudecKkue yposHu, — CJIABHBIM K6AHMOBBIM HUCIOM.

Taxum obpazom, MUKpOUACMUYa 6 «<NOMeHYUaIbHOU ame» ¢ beCKOHeY-
HO B6blCOKUMU CMEHKAMU MOoHcCem Haxodulmoc;l MmoJIbKO HA onpedeﬂeHHOM
IJHepeemu4eCKom YypoeHe En, umu, Kaxk coeopsam, dacmuya HCDCOaZ/lWICﬂ
6 K6AHMOBOM COCMOAHUU N.

CoOcrBennble QpyHKIMH ypaBHeHus W, (X) = Asin nl_n X. OyIIyT UMETh BUT

¥ (x) = %sin(% xj. (2.5.10)

I'paduxu cobctBennbix pynkiwmii (2.5.10), cooTBeTCTBYIONINE YPOBHSIM
snepruu (2.5.9) npu n =1, 2, 3, npuBenensl Ha puc. 2.5.2, a. Ha puc. 2.5.2, 6
U300pakeHa TNIOTHOCTh BEPOSITHOCTH OOHAPY>KEHUSI YACTHIIBI Ha PA3TUYHBIX

PaCCTOSIHUSAX OT «CTEHOK» SIMBI: “P(X)‘2 =Y. (X', (x) man=1,23,...
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E (5 n E P, (x)* n

A

E=1 n

\ 4

Puc. 2.5.2

W13 pucCyHKa CIENyeT, 4TO, HAIPUMED, B KBAHTOBOM COCTOSIHHU C 71 = 2
dJacTuoa HC MOXKCT HAXOAUTHCA B HCHTPC SAMBI, B TO BPCMA KaK OAMHAKOBO
MOKET Hpe6I>IBaTI> B €€ JIEBOU U HpaBOﬁ yacTax. Takoe IMOBCACHHUEC 4aCTHUIbI
YKa3bIBACT HA TO, YTO IIPCACTABJICHUA O TPACKTOPHUAX YaCTHUILI B KBAHTOBOU
MEXAHUKE HECOCTOATCIIbHEBI.

U3 Beipaxenus (2.5.9) ciexyer, 4TO HEPreTUUECKHMI MHTEPBA MEKIY
ABYM:A COCCOIHHNMHU YPOBHAMM PAaBCH

212
AEn = En+1_ En = d hz
ml

Hanpumep, I dIeKTpOHA IpH pasmepax aMbl | =10 m (cBOGOAHBIE

n. (2.5.11)

ANEKTPOHBI B Metamie) AE, = 10%°n Ix ~10*°n 5B, T.e. sHeprermueckue

YPOBHH PACIIOJI0KEHBI CTOJb TECHO, YTO CIEKTP MOKHO CUMTATh MpPaKTHYE-
CKM HENPEPBIBHBIM. ECiM e pa3Mepsl IMbl COU3MEPUMBI C pa3MEpPaMU CTEH-
kn (1 ~107° M), To mns snexrpona AE, ~1071"n I[)Kzlozn 3B, T.e. momy-
YaloTCs SIBHO JUCKPETHBIC 3HAUEHUS dHEPruu (JIMHEH4aThi ciekTp). Takum
oOpazoM, npumenenue ypasnenus [llpeounzepa x 4acthile B NOTEHIIMAILHON
AMe ¢ OECKOHEYHO BBICOKUMU CTEHKaMH MPUBOAUT K KGAHMIO08bIM 3HAYEHU-
AM 3IHEpeuu U Koopounam, B TO BpeMs KaK KJIACCHYECKAs] MEXAHUKA Ha
SHEPTHUI0 3TOM YaCTUIIbI JIMIITHUX OTPAHUYEHUI HE HAKJIAIbIBAET.

Kpome Toro, KBaHTOBO-MEXaHUYECKOE PACCMOTPEHUE ITOM 3a]1a4u IIPHU-
BOJUT K BBIBOJY, YTO YAaCTHIIA B MOTEHIIMATIHLHON sSIME C OECKOHEYHO BBICO-

KHMH «CTCHKAMI» He MOJMCen UMemb dHEPISUi0 MEeHbULYIO, Yem MUHUMATIb-
2,2
nh

HAsA IHEP2UA, PABHAsL .
2ml?
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Hanmnume oTnvyHOW OT HyJNsT MUHHAMAIbHOW 3HEPTUUA HE CIyYalHO
Y BBITEKAET W3 COOTHOUIECHHS HeolpenelieHHocTe. HeonmpeneneHHoCTh KO-
opauHaThl AX yacthiel B sime mmpuHo# | paBaa AX = |. Toraa, cormacuHo co-
OTHOIIICHUIO HEONPEICICHHOCTEH, UMITYJILC HE MOXKET UMETh TOUYHOE, B JIaH-
HOM Clly4ae HyJeBoe, 3HaueHue. HeornpeneneHHOCTh uMITyJibca

h
Ap =~ —.
I
Takomy pa30pocy 3HaUEHUN UMITYJIbCA COOTBETCTBYET KHUHETHYECKAas
Ap?  h*m®
sHeprust E . ~——= . Bce ocTanbHble ypOBHU UMEIOT YHEPTHUIO, MpE-
™Mo2m o 2ml?

BBIIIAIONIYIO 9TO 3HAYCHUE.
N3 dynkamit (2.5.1) u (2.5.9) caenyet, yTo mpu OOJBIINX KBAHTOBBIX

n

2
yucnax (n>>1) ~—<<1, T.e. cocelHNE YPOBHU PACHOJIOKEHBI TECHO:

n

TEM TeCHee, 4eM Ooublie #n. Eciu n OoYeHb BETWKO, TO MOXXHO TOBOPHTH
0 NPAKMUYecKU Henpepvl8HOL NOCed08amelbHOCMU YPO8Hell, U XapaKTep-
Hasi 0COOEHHOCTh KBAaHTOBBIX MTPOLIECCOB — OUCKPEMHOCHb — CeNANCUBACHICSL.
OTOT pe3ynbTaT SBISETCA YACMHbIM ClyydemM RPUHUURA COOMEEmCHEUs
bopa, coriacHO KOTOPOMY 3aKOHblI K8AHMOBOU MEXAHUKU OOJHCHbL NpU
OONBUIUX 3HAUEHUSAX KBAHMOBLIX YUCEN NepPexooumsv 8 3aKOHbl KIACCUYeCcKol
Quzuxu.

bonee oOmiasi TpakTOBKa HpUHUURA COOMEEMCMEUS. BCAKAS HOBAS,
bonee obwas meopusi, AGIAIOWAACS PA3BUMUEM KIACCUYECKOU, He 0meep2a-
em ee NOJIHOCMbIO, A BKAYAem 6 ceOs KIACCUYEeCKYl0 Meopuro, YKazvleds
2paHuYybl ee NPUMEHUMOCU, TIPUYEM B OTIPEJCICHHBIX MPEACTbHBIX yCIOBU-
SIX HOBasl TEOPHUS MTEPEXOIUT B CTAPYIO.

2.5.3. 'apMoHMYECKHI OCHULIISITOP B KBAHTOBOI MeXaHUKeE

TI'apmonuueckum oCUuUNIAMOPOM HAZLIBATOM YACTUYY, COBEPUIAIOWYIO
0OHOMepHOE O8udCeHUe Noo oelicmeuem Keazuynpyeou cuivl F =KX.
[ToTeHMaaIbHAS SHEPTUS YaCTHIIBI

kx? M2 x>
k
rac o=.,/—.
\'m

U=—, wmmu U=——,
2 2

I'apmonuyeckuii ocuunIAMOpP 6 KGAHMOGOIU MEXAHUKE ONUCHIEAEH-

ca ypasuenuem Illpeounzepa
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E- ¥Y=0
dx?>  #? ( 2 )
OTCIOI[a Haﬁ,ﬂeM 3HAUYECHUS ITOJTHOU OHCPIUU OCHUIIIIATOPA
E. =(n+1/2)ho, (2.5.12)
rnien=0,1,2,...;
AEn = h(O HE 3aBUCUT OT N B OTJIIMYUE OT HpSIMOYFOHBHOI?I HOTGHHH&HBHOﬁ
SIMBI.
U
\ [
\ / E,= (2 + ljhm
n=2 2
n=0 1
E,=—ho
2
- xrr;ax + xnllax X
Puc.2.5.3

1 . y
MunumainsHas 3Heprus E, = Ehm HA3bIBACTCS H)J1€60Il IHepzuell, T.c.

mpu T =0 xomebanus aTroMoB K B KPUCTATMYECKOHN peIIeTKe HE MpeKpa-
HIAI0TCA.

B kBaHTOBOW MeXaHHKE BBIYMUCISACTCS BEPOSTHOCTH PA3IUYHBIX MEPEXO-
JIOB KBAHTOBOU CUCTEMBI U3 OJHOTO COCTOSIHUS B Apyroe. [[is rapMOHUYEcKO-
ro OCHMJUIATOPA BO3MOKHBI JIUIIb MEPEXOIbl MEKAY COCETHUMU YPOBHSIMH.

Ycnoeus, naknaovieaemvle Ha u3MeHeHUs. KBAHMOBBIX YUCEN NPU Nepexo-
0ax cucmemvl U3 00HO20 COCMOSIHUSL 8 OpY20€e, HA3bIBAIOMCS NPAGUIAMU ONl-
oopa. JIns TapMOHUYECKOTO OCIUJUIATOPA TIPABHUIIO BHIPAXKEHO (OPMYIIOit

An==1.
N3 (2.5.12) BeITEKAET, YTO SHEPTUsI KBAHTOBOTO OCIHIIISATOPA M3MEHS-

€TCs TOJBKO MOPUHUSMHU, T.€. KBaHTyeTcsA. [IpuuemM, Kak U B MPSAMOYTOJIBHOM
SAIME, DHEPTUSI OTPAHUYEHA CHU3Y MUHUMAJIBHBIM 3HAYEHHUEM

E, =1/270

— JHepaus Hyeevlx KoJjedanuil (MPSMOE CICICTBUE COOTHOIICHUSI HEOIpe-
JeJICHHOCTeN). DTO 03Ha4aeT, YTO YacTHUIla HE MOXKET HaXOJUThCS Ha JIHE
OOTEHIIUATBHOUN SIMEIL.
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2
[110THOCTE BEPOSITHOCTH HAXOKIAECHUS YaCTHULBI “P‘ =¥ ¥ uzobpaxe-

Ha Ha puc. 2.5.2. Kak u B ciay4yae npsiMOYToJIbHOM MOTEHIIUAIBHON SIMBI, TIPU
N = 2 B cepequHE SIMbl YacTUIA HAXOJUTHCS HE MOXKET. JTO COBEPIIEHHO
HETOHATHO C KJIACCUYECKOH TOUKU 3peHusl. Keanmyemcs ne movko sHepeus,
HO U KOOPOUHAMA 4aACTNUYbL.

Ctporoe KBaHTOBO-MEXAHUYECKOE PEIICHHE 3aJa4d O FApMOHHYECKOM
OCLMJUIATOPE MPUBOAUT €LIE K OJHOMY CYILECTBEHHOMY OTIMYHIO OT KJac-
CHYECKOro paccMoTpeHHs. OKa3bIBaeTCs, YTO MOXKHO OOHApYKUTh YaCTHILY
3a IpefeslaMu JO3BOJICHHON 00JaCTU: OT Xpin A0 Xmax (PHC. 2.5.4), T.e. 3a

toukamu 0 u | (cm. puc. 2.5.1).

\

min 0 xmax

Puc. 2.5.4

DTO O3HAYaeT, YTO 4YacTHUIlAa MOXET NMPUOBIBATH Tam, € €€ IMOJIHAs
DHEPTUsl MEHbIIE MOTEHIIMATLHON PHEPTUU. ITO OKa3bIBAETCS BO3MO>KHBIM
BCJICAICTBUE TYHHEIBHOTO Y deKTa.

2.5.4. IIpoxoskaeHne 4acTUIl CKBO3b NMOTEHUNAJIbHBIN 0apbep.
TynHeabHbIN 3 et

PaccmoTpuMm  mpocTeHIMii  MOTEHIMAIbHBIN Oaphep MPSAMOYTOJIbHON
dbopmel (puc. 2.5.5) s ogHOMEpHOrOo (MO OCH X) IBMKCHHUS YACTHIIHI.
Jlnst Takoro Gapbepa npsMoyroyibHou (GopMbl BeICOThI U U 1mmpuHbI | MOKHO
3amnucarh:
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U A
0,x<0, 1 0061.
U(x)=qU,0<x<1, 2 o0m. E<UL )
0, x>1, 3 00 | 5 3
0 ! >

Puc.2.5.5

[Ipy maHHBIX YCIOBUSAX 3aJlaud KJjacCUyecKas yacTuila, obJjiajgas dHep-
rueit £, nubo OGecnpensaTcTBEHHO MpoiAeT Haj 6apsepom mpu E > U, nubo
otpazutcs ot Hero (E < U) u OyzaeT aBuratbcs B 00OpaTHYIO CTOPOHY, T.€. OHA
HE MOXKET MPOHUKHYTH uepe3 Oapbep.

Jlist Mukpodactuil e, naxe npu E < U, umeercst otnmyHasi OT HyJIs Be-
POSITHOCTD, YTO YaCTUIIA OTPA3UTCS OT Oapbepa u OyJIeT ABUTATHCS B 00paT-
Hyto ctopony. [Ipu E > U umeercs Takke OTJIMUHAS OT HYJIS BEPOATHOCTD,
YTO YaCTHIIA OKAXKETCS B 00yacTH X > |, T.e. IpOHHUKHET CKBO3b Oapbep. Ta-
KOW BBIBOJI CJIEIYET HETIOCPEICTBEHHO U3 pelleHus ypasHeHus peaunrepa,
ONMCHIBAIOIIETO JBUKEHUE MUKPOYACTHULIBI ITPU JAHHBIX YCIOBUAX 3a/1a4H.

VYpasuenue lllpenunrepa ajis cOCTOSHUN KakKIOW U3 BBIACICHHBIX 00-
JJacTell UMeeT BUJL

0*¥5 2mE ),
8X2| + kZ‘I’L3 =0 (Z[JBI 1,3 06 k% = 2 j,
2 —

86\1212 +0°¥, =0 (I[J'ISI 2 061 Q° = wj (2.5.13)
X

MoxxHo nonyuuTh pemieHue ypaBHeHus llpenunrepa ang tpex obiac-
Tel B cieayromeM Buie (y4uTbiBas, 4to (=i — MHHMOE 4YHCJO, T/

J2mU —E)

p= P
Y,(x) = e 4 Ble_ikx s 061 1,
¥, (x) = Ase P + ByeP* s o6 2; (2.5.14)
Yo (x) = Age! st o6, 3.
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B o6mactu 2 ¢pynkmmst (2.5.14) yxe He COOTBETCTBYET TUIOCKHM BOJIHAM,
pacHpOCTPAHSIONUMCS B 00€ CTOPOHBI, MOCKOJIbKY IOKAa3aTeld CTEIeHH
HE MHUMBEIE, a ICHCTBUTEIILHEIE.

KauectBennsii anamms pynkouid  Wi(X), Wa(x), W3(X) mnokasan Ha
puc. 2.5.6.

AU(X)
[Taparomas BoJIHA [Ipomenmias BosiHa

¥, (x) = 4™ + Ble_”“U | Pl = 48

A

E\—/@\—é:% 4,

2 [ 3
Puc. 2.5.6

=V

U3 pucyHka crnenyer, 4to 601H06asA )yHKYUA He PABHA HYJII0 U GHYM -
pu oapvepa, a 6 obaacmu 3, ecnu O0apbep HE OYCHBb IIUPOK, HyOem OISThH
umems 6uo 6o0n 0e bpoiina ¢ mem rxnce umnynvcom, m.e. ¢ moi e uac-
momoil, HO ¢ MeHbUIel AMNIUMYOOU.

Taxkum 06pa30M, K6AHMoBAaA mMexarnuka npueodum K NpuHyunuajlbHoO HO-

80MY KBAHMOBOMY SBIEHUIO — HMYHHEAbHOMY Ihhekmy, 6 pe3yibmame Ko-
Mopo2o MUKPOOOBbEKM MOdHcem npotumu yepes bapvep.

Koaddumment nposzpaunoctu 115 6apbepa npsiMOyTroabHOM (GOpMBI
D= Doexp(—%/Zm(U - E)Ij.
Jls1 6Gapbepa mpou3BOJILHON (OPMBI

X2
D = Dyexp —% [2m(U - E)dx
X

[TpoxokneHne 4acTHUIbI CKBO3b O0apbep MOXKHO MOSCHUTH COOMHOUle-
HUem HeonpeoesleHHOCmell.
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Heomnpenenennocts uMmmynbca Ha otpe3ke AX = | cocraBisier Ap >|—.

2
CBsi3aHHas ¢ ATUM Pa30pPOCOM KUHETUYECKas YHEPTHS AZLm MO>KET OKa3aTh-
Csl TOCTAaTOYHOM [IJISi TOTO, YTOOBI MOHASA SHEPeUs OKaA3aiacy Oobule no-
MEeHYUATIbHOUL, U YACTUYA MOXNCem npoumu yepes bapvep.

C xjaccH4ecKoi TOYKU 3pEHUs MPOXOXKICHUE YaCTUIIBI CKBO3b MOTEH-
nanbHbIi O0apbep npu E < U HEBO3MOXKHO, T.K. 4acTHUIlA, HAXOASACh B 00Jac-
TH Oapbepa, JODKHA Oblla Obl 00J1aIaTh OTPHUIIATEIILHOW KHUHETHYECKOM
sHeprued. TyHHENbHBIM A(PeKT SBISETCS CheyuguuecKkum KeaHmOBbIM
Ippexmom.

OCHOBBI TEOPUH TYHHEJIBHBIX IMEPEXO0J0B 3aJ0KEHBI pabOTaMU COBET-
ckux ydeHsIx JI.U. Manaensmrama u M.A. JleontoBnua B 1928 1. TyHHENB-
HOE MPOXOXKIACHUE CKBO3b MOTEHITUATIBHBIA Oaphep JCKHUT B OCHOBE MHOTHX
SIBJICHUM (PM3WKH TBEPJOTO Teja (HampuMep, SBICHHUSI B KOHTAaKTHOM CJIO€ Ha
IpaHUIE ABYX MOJYIPOBOJHUKOB), aTOMHOM U siIepHON (PU3UKU (HApUMep:
o-pacraj, MpOTEeKaHUEe TEPMOSICPHBIX PEAKIIHH ).
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KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHMUW S

1. KakoB ¢(u3uveckuii CMBICT COOTHOILIEHUSI HEOMpeeneHHocTen [ ei-
3eHOepra? Kakne KaHOHUYECKHU COIPSKEHHbIE BEJIMUYMHBI Bbl 3HAECTE?

2. Yemy paBHBI (pa3oBasi ¥ rpymnmnoBasi ckopoctu GoToHa?

3. B kakoM ciiyyae U mo4yeMy MOKHO TOBOPHUTH O JBUKEHUH YACTHULBI 110
ONpEIEICHHON TPAeKTOpUH?

4. Kak, ucxofsi U3 COOTHOILICHUS HEOIpPEAeIeHHOCTEH, 00BICHUTh Ha-
JIMYUE €CTECTBEHHON ITUPUHBI CIEKTPAJIbHBIX JIMHU?

5. Yro onpenensieT KBaapaT MOYJI BOJTHOBOW (PyHKIIUN?

6. B yem oTiInure NOHUMAHUS TPUUMHHOCTH B KJIACCHYECKON U KBAHTO-
BOW MEXaHHKe?

7. KakoBa HauMeHbIIIasi SHEPTHS YACTHUIBI B MOTEHIIUAIBHOMN siMe ¢ Oec-
KOHEUYHO BBICOKMMH CTEHKaMu?

8. bonbllle WM MEHbIE SHEPTHsl YaCTULBI, HAXOIALIEHCS B MOTEHIIU-
aNbHOU sIME C OECKOHEYHO BBICOKMMHU «CTEHKaMW», B COCTOSHHH 1 = 3 IO
CpaBHEHHUIO ¢ cocTosiHUEM 1 = 1? Bo ckonbpko pasz?

9. KakuMu CBOMCTBaAaMU MHUKPOYACTHI] OOYCIIOBJICH TYyHHEIBHBIN (-
dekr?

10. B yem ominune MOBENEHUS KIACCHYECKOW M KBAHTOBOM YacCTHIL C
sHepruedt £ < U npu ux ABUKEHUU K MPSIMOYTOJIbHOMY MOTEHIIMAIBHOMY
Oapbepy KOHEUHOM HMIMPUHBI?

11. Kax wusmenutcss kod(hOUIMEHT MNPO3paYHOCTU MMOTEHIIUATBLHOTO
Oappepa ¢ poCTOM €ro BBICOTHI? C YBEIMUYEHHUEM MAacChl YacTULbI? C YBEIH-
YEHUEM MOJHON SHEPTUH YaCTUIIBI?

12. Kakx wusmeHutcss KOA(hOUIIMEHT MPO3PAaYHOCTU MMOTEHIIMATHLHOTO
Oapbepa ¢ yBeJIMUEHHUEM €Tro IMPHUHBI B JIBa paza?

13. YUemy paBHa pa3HOCTb DHEPTUM MEXKAY YETBEPTHIM U BTOPBIM DHED-
reTUYECKUMHU YPOBHAMH KBAaHTOBOT'O OCLIMILISATOpA?

14. MoskeT M YacTUIla HAXOAUTHCI Ha JHE HNOTEHIHAIbHOU AIMBEI? On-
penensiercs im 3To GopMoil sIMbI?

15. B yeM oTiiMuKMe KBAHTOBO-MEXAHUYECKOTO M KIACCUYECKOTO OIHCaA-
HUSI TApMOHAYECKOTO OcIMiuIsiTopa? B BEIBOJAX 3TUX ONMMCAHUM?
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3. ATOMHAA U AJEPHASA ®PU3UKA. PUUKA
IJIEMEHTAPHBIX YACTHIY

3.1. MOAEJHAU ATOMOB. ATOM BOJAOPOJA 11O TEOPUU BOPA

3.1.1. 3aKOHOMEPHOCTH B ATOMHBIX CIIEKTPax

Wrak, uro xe Takoe arom? M3omupoBaHHBIE aTOMBI B BUJIE Pa3pEKEH-
HOTO Ta3a WM MapoB METAJUIOB MCIYCKAIOT CIEKTP, COCTOSIIUNA U3 OTIEIb-
HBIX CIEKTPAIbHBIX JIMHUW — JuHeiuamovlit cnekmp. VI3ydeHre aTOMHBIX
CIEKTPOB MOCITYKUJIO KIIFOYOM K ITO3HAHUIO CTPOEHUS aTOMOB.

[Ipexxne Bcero, B SKCEPUMEHTAX ObLIO 3aMEYE€HO, UYTO JIMHUM B CIIEK-
Tpax pacIoJOKEHbl HE OECHOpsAIOYHO, a cepusaMH. PaccrosiHue Mexnay u-
HUSMU B CEPUH 3aKOHOMEPHO YMEHBIIIAeTCs M0 MEpe MEPEexo/ia OT IITMHHBIX
BOJIH K KOPOTKHM.

IIgeitnapckuii gusuk M. Banemep B 1885 T. ycTaHOBWI, UTO yacmombl
BOJIH cepuul 8 BUOUMOU YACMU CNeKmMpPa 8000p00a MOTYT OBITh MPEICTABICHBI

dbopmynoin
1 1
V:R(?——Zj, (311)
n
rae R — nocrosinnas Punoepra; R=R'C= 3,29-101561, n=3,4,5, ...
JlanpHenmue uccieqoBanus MoKas3alin, YTO B CIIEKTPE BOAOPOAa UMEET-
Cs HECKOJIBKO CEpUU:

Cepus Jlaitmona: v=R 112—%], n=23,4,...
n
1 1
Cepus [Tamena: v=R 3—2——2 , n=4,56, ...
n
1 1
Cepus bpakera: v=R F__Z ., n=56,7,
n
1 1
Cepus [1dpynna: v=R 5—2——2 , nN=6,7,8,
n
O6o6mennas Gpopmyina 1. bansmepa —
V=R(k—12—n—12) 17001 %: Rl(k_lz_n_lz)’ (3.1.2)

rnek=1,2,3,...n=k+1,k+2,k+3, ...
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SIcHO OBLTO, YTO aTOM — CIIOXHAsI CHCTEMa, MMEIOIIAst CIOKHBIE aTOM-
HbIe crieKTpHI (puc. 3.1.1).

E=0 Cniownou cnekmp
_ O 5 n = 4
) 185 n=73 1 Bo30yxnennbie
’ Cepus COCTOSIHHUS
34 | n=2 \ ] Y ¥V [lauwena JUHGpaxpacnas ovonacme
Cepus
-5 banpMmepa
suoumas oonacmo
- 10
36l "=l vyvy
1’5 H(;gfalgia yiompaguonemosan oonacmo
Puc. 3.1.1

B konue XIX B. y4eHbIMU pacCMaTPUBAIMCh MHOTHE MOJIEIM aTOMOB
(puc. 3.1.2).

DJIeKTPOH

Puc. 3.1.2

B 1903 r. JIx. [Jx. ToMcoH mpenyioxxui Mojzielib atoMa: cdepa, paBHO-
MEpPHO 3aloJHEHHAs TOJOXKUTEIBHBIM JJICKTPUYCCTBOM, BHYTPH KOTOPOM
HaxomATcs AMEeKTpoHsl (puc. 3.1.2, a). AToM B IIeJIOM HEHUTpaJIeH: CymMmap-
HBIN 3aps chepsl paBeH 3apsay JIEKTPOHOB, OJHAKO CIEKTP TAaKOTO aroMma
JIOJDKEH ObUT OBITh CIIOKHBIM, HO HUKOMM 00pa3oM He JIMHEHYaThiM, YTO
MIPOTUBOPEYIIIO  DKCIIEpUMEHTaM. Mojenp aroMa, H300pakKeHHas Ha
puc. 3.1.2, 6, cocTosuta u3 cdepsl, B IIEHTPE KOTOPOH HAXOAUIOCH IOJOKH-
TEIHHO 3apsDKEHHOE SIpO, a BOKPYT HETO PacCIojarajuch AJIEKTPOHBI. JTa
MOJIeIb TaK)Ke HE BIHMCHIBAJIACh B AKCIEpUMEHTH. Hanbonee n3BecTHa B TO

BpeMs OblIa TUTaHETapHas MOJENb aToma, mpemoxkeHHas 3. Pesepdopmom
(puc. 3.1.2, 6).
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3.1.2. SinepHas moxeab atoma (Mmonesanb Pesepdopnaa)

Bonbuiyto posib B pa3BUTHH NMPECTABICHUN O CTPOSHUHU aTOMa ChIrpaiv
OMBITHI aHrIuickoro ¢uszuka 2. Pezepdopra.

Pezepdopa u ero coTpyTHUKH HAOTIOJATN MPOXOKACHUE 0.-HaCTHUIl Ye-
pe3 TOHKYIO 30710TyI0 (obry. CKopocTh a-yacTuil coctapmia 107 m/c.

DKcnepuMeHTalIbHAs YCTaHOBKA MO3BOJIsIA HAOIOAATh O-4YACTHUIIbI, OT-
KJIOHEHHBIC 30JI0TON (DOTBIOM MO Pa3HBIMU yTIIaMHU.

B To BpeMs OBIJI0 M3BECTHO, YTO O-4ACTHIIA UMEET MOJOKUTEILHBIN 3a-
psia, paBHbIN +2e.

OnBIT OCYIIECTBIISIICA 110 CXeMe, n300pakeHHOU Ha puc. 3.1.3.

aATOMEI 30J10Ta

O - YaCTHIBI
- ¥
30710Tast (Bosbra \

0L - YACTHIbI .

e

+

Puc. 3.1.3

VY3Kuil My4OK (i-4aCTHUILl UCITyCKAJICS PaJUOAKTUBHBIM BEIIECTBOM U IIO-
nazaan Ha ¢oasry. [Ipoxons yepes Gosbry, o-4acTHIIbl OTKIOHSJIUCH Ha pas-
JUYHBIC YTIIbl. PaccessHHbIE YacTHUIIBl YAAPSIUCH 00 DKpaH, MOKPHITHIA ZNS,
Y BBI3bIBAEMbIE MM BCIIBIIIKU CBETA, CYUHYULIAYUU, HAOTIOJAINCh B MUKPO-
ckone. MUKpOCKOI U CBSI3aHHBINM ¢ HUM SKpaH MOXHO ObLJIO BpaIlaTh BOKPYT
OCH, TIPOXOMAMAIICH Yepe3 IEeHTP (DOJbIH, T.€. MOKHO OBLIO BCErjaa M3MEPUTh
yrojl OTKJIOHeHUs. Bech mpubop momemiancs B BaKyyM, YTOOBI O-4aCTHULIBI
HE paccerBaJIMCh MPU CTOJIKHOBEHUH C MOJIEKYJIaMHU BO3/1yXa.

B onbiTe 00HApYKUIIOCh, YTO HEKOTOPHIE 0-HACTULBI OTKJIOHSUIMCH Ha
oosbiue yrisl, 70 180°. Pesepdopa moHsI1, 4TO Takoe OTKJIIOHEHHE BO3MOXK-
HO JIUIIb MPHU BCTPEYE C MOJIOKHUTENIBHO 3apsDKEHHOW 4YacTHIed OoJbluei
Macchl. A Maliasg BEpOSITHOCTb OTKJIIOHEHHUSI Ha OOJIbIINE YIJIbl TOBOPUIIA, YTO
JTa IMOJIOKUTENIbHA YacTULa MMEET Mallble pa3Mephl, IOpsIKa 107 M.
DnexTpoHsl, Mo MHeHUI0 Pe3epdopra, IBIXKyTCS BOKPYT spa.

OpnHako Takasi MOJENb ObUIa B SIBHOM MPOTUBOPEUYHH C KJIACCUYECKOM
ANEKTPOJAUHAMUKOM, T.K. dJIEKTPOH, JBUIasACh MO OKPY>KHOCTH, T.€. C HOP-
MaJbHBIM YCKOPEHHUEM, JTOJDKEH OBUT uziyuame 2Hepeuio, c1edo8ameibHo,
3ameodnsaimes CcKOpocmb U nadams Ha s0po. TakuMm 00pa3oM, npumeHeHue
KAACCU4eCKOoU 91eKMpOOUHAMUKY K A0ePHOU MOOelu amoma npugeno K noJ-
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HOMY Hpomueopeuuto ¢ IKcnepumeHmanvHoimu axmamu. COraacHO Kiac-
CUYECKOHN TEOPUU JOHKHBI UMETh MECTO:

® HENpepbIBHAS MOTEPS JIEKTPOHOM 3HEPIMH B BUJE U3ITYUEHUS DJICK-
TPOMAarHUTHBIX BOJIH U HEYCTOMYMBOCTh aTOMA;

® CYIIECTBOBAaHHME TOJIbKO HEMPEPBIBHOTO CIeKTpa (CIEeKTpabHBIX JIU-
HUI HE IOJKHO OBITH).

B neicTBUTENBHOCTH OKa3bIBAETCS, UTO:

©aTOM SIBJISIETCS yCTOMYMBON CUCTEMOW;

©aTOM HM3JIy4aeT SHEPTHUIO JHIIb IIPU ONPEICICHHBIX YCIOBUSAX;

® U3JIyYEHUE aTOMA UMEET JIMHEUYAThIN CIIEKTP, CBSI3aHHBIA CO CTPOEHHU-
€M U CBOMCTBAaMHU €ro 3JIEKTPOHHON 000I0UYKH.

Pa3mepsl sigep MOXKHO OIpENEIuTh, UCIONb3Yysd AU(PPAKIMOHHOE pac-
CEsHUE IIPU BBICOKHX JHEPIUSX, a TAKXKE YINPYTroe pPacCesHUE SJIEKTPOHOB
WJIA TIOTJIONIEHUE HEUTPOHOB.

Okasanocs, 4to paguyc sapa R ~ (107 — 10™°) M u 3aBucur ot uncia
HYKJIOHOB B siipe (puc. 3.1.4).

Ecnu »35eKkTpoH, yCKOpeHHBIH Pa3HOCThIO MOTeHUuanioB U, «HaueneH»
B Kpail siipa, uMerolero 3apsaa Ze u paauyc R, To, cormacHO KilacCu4ecKon
MEXaHHUKE, €ro yroJl OTKJIIOHEHUS ONPEIEISIETCS] COOTHOILIEHHEM

2
tg(gjz Ko ze :
2 RpU

Ha puc. 3.1.5 nzobpakeHa KOMIbIOTEpHAsT MOJEIb MPOIECCa PacCesTHuUs
AJIEKTPOHOB Ha sJIpe.

O

Puc. 3.14 Puc. 3.1.5

3.1.3. DuemenTapHasi teopusi bopa

Boixog u3 tynuka Obul HaiieH AarckuMm ydeHbiM Hunibcom bopom
B 1913 r., nomyunBmum HoGenesckyro npemuto B 1922 r.

Bop BhIcKa3an npeAnonokeHus, KOTopble ObUIM Ha3BaHbl HOCHLYIaAMA-
mu bopa.
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o Ilepegniii nocmynam (nocmynam CmMayuOHAPHBLIX COCMOSHULL): €K~
MPOHBL OBUNCYMCSI MOTILKO NO onpedeneHuviM (CmayuorHapusvim) opoumam.
IIpu smom, dadice 08ueascy ¢ yCKopeHuem, OHU He U3Y4aion SHepeuio.

e Bmopou nocmynam (npasuio uacmom). usiyyeHue u nocioweHue
anepeuu 6 eude keanma ceema (hv) npoucxoosm auws npu nepexooe snex-
MPOHA U3 00HO20 CMAYUOHAPHO20 COCMOAHUSL 8 Opy2oe. Benuuuna ceemogo-
20 K8AHMaA pagHa pasHoOCMU SHePULl mex CMayUOHAPHbIX COCMOAHULU, MediC-
0y KOMOpbIMU co8epulaemcs CKa4ox snekmpona: hv =E —E, .

Ortcrona cieayeT, 4To U3MEHEHHE SHEPIUr aToMa, CBSI3aHHOE C M3JTyde-

HUEM IPHU MOTJIOMEHUH (POTOHA, MPOMOPIIMOHAIBHO YaCTOTE V:
v:—”—E 15805 wzﬁ—i.
h h hoh

Ilpaeuno keanmoeanusn opoum: u3 6cex opoUm 31eKMPOHA B03MOHCHbL
MoabKo me, OJisl KOMOPbIX MOMEHM UMNYIbCA PABEH YeNoMYy KPAMHOMY NO-
cmosunou Ilnauxa:

myur =nf , (3.1.3)

romen=1, 2, 3,... — IJ1aBHOE KBAaHTOBOE YHCJIO.

[Toayuum BeIpaKeHHUE JJISI SHEPTUHU JIEKTPOHA B aTOME.

Paccmotpum snextpon (puc. 3.1.3, @), IBMKYIUICS CO CKOPOCTBIO v
B [10JIE AaTOMHOTO sJipa ¢ 3apsiaoM Ze (npu Z = 1 — atoM BoJiopojia).

Puc. 3.1.6

YPaBHeHI/Ie ABHIKCHHUA DJICKTPpOHA UMCCT BU

2 2
v Ze
N3 dopmynsr (3.1.4) BUIHO, YTO MEHTPOOEIKHASI CHJIa paBHA KYJIOHOB-
1
CcKoif cuite, rue K, = :
4re,

[ToacraBum 3Hauenue v u3 (3.1.3) B (3.1.4) u moaydumM BeIpaKEHUE IS
pamnycoB CTallMOHAPHBIX opouT (puc. 3.1.3, 6)
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B 722
n— 2
kom,Ze
Panuyc nepBoil opOUTHI BOAOPOJHOTO aTOMa Ha3bIBAIOT HOPOECKUM pa-
ouycom. lTpun =1, Z=1 nns Bogoposa umMmeem
X
2
m.e“K,
BHyTpenH:s dHeprus atoMma ciaraercsl U3 KHHETUHYECKOM DHEPTUU dJIEK-
TpOHA (AP0 HEMOABUKHO) W MOTCHIMAIBHOW SHEPIUH B3aWMOJECHCTBUS
ANEKTPOHA C ATPOM:

E_ mevz _kOZe2 _ 1 Ze? .
2 r 2 Amegr

[loacTaBuM crojla BBIp@KEHHE ISl pajudyca CTAllMOHAPHON OpOUTHI
Y TIOJIYYUM

I = =0,529A =0,529-10 " m.

1 mz%*
E,= —FW (3.1.5)
3nmech yuTeHo, 4To nocrosiHHas [Inanka h = 2x7, T.¢. An’h? =h?,
Jliist atoma Bogopoaa, ipu Z = 1, umeem
m.e* 1
" 8h%e; n?’

N3 ¢popmynst (3.1.6) BuaHO, 4yTO E, NPUHUMAET TOJIBKO JUCKPETHBIE

(3.1.6)

3HAYeHUs dHepruw, T.K. N=1,2,3, ...
CxeMa sHepreTuueckux ypoBHeW B (3B), ompenensieMblX ypaBHEHUEM
(3.1.6), moka3zana Ha puc. 3.1.1 u 3.1.7.

Cepus banbmepa

L/L/_E,;?Q/é ; ZE:O (Buaumsblii cBeT)
Cepust
[Tamena
=3 (1K)
1= E,=-15
2 Cepust
= Bbpexker
E,=-34 Flfr Ke) a
Cepust
[pynna
n=1 (VIK)
Puc. 3.1.7



IIpu nepexone 2MEKTpOHA B aTOME BOAOPOJA U3 COCTOSIHUS N B COCTOS-
Hue K u3imyqaercst JOTOH ¢ SHEpruei

YacroTa uznmydeHus

-1 1)
8h’e2\ k2 n?)

[Tomyuena o6o6mennas popmyna banbmepa, KoTopast XOpoIIo corjacy-
eTCsl ¢ AKCIIepuMeHTOM. BripaskeHue nepen ckoOkamu, Kak yxe OblUIo cKa3a-
HO, HOCUT Ha3BaHuE nocmoannoi Puooepza:.

4
_mge
8egh’

=3,29-10" ¢,

Cepbe3HbIM yCcriexoM Teopur bopa SBHJIOCH BBIYMCICHUE MOCTOSHHOMN
Punbepra st BOOpo10noA00HBIX CUCTEM U OOBICHEHUE CTPYKTYPHI UX JTU-
HeWuaThIX CHEKTPOB. bopy yaanoch OOBSICHUTH JIMHUU CIIEKTPA UOHU30BAH-
Ho2o renust. OH TEOPETUYECKU BBIYMCINI OTHOIIEHHE MACChl TPOTOHA K Mac-
C€ DJICKTpPOHA (mp /' m, =1847), 4TO HAXOAUTCA B COOTBETCTBHU C JKCIIEPU-

MEHTOM U SBJISIETCS Ba)KHBIM IMOJTBEPKICHUEM OCHOBHBIX HJIEH, comepika-
muxcs B ero teopud. Teopust bopa ceirpana orpoMHyr poJib B CO3IaHUU
atomHoi ¢uzuku. B nepuox ee pazputus (1913—-1925) Obutn cnenaHbl Bak-
HBIE OTKPBITHS, HABCET]1a BOLLEIIINE B COKPOBUIIIHUILY MUPOBOU HAYKHU.

Opnako, Hapsiy ¢ ycnexamu, B Teopuu bopa ¢ camoro Hauana oOHapy-
KUJIUCh CYIIIECTBEHHbBIEC HEOCTATKH. | TaBHEHIITUM U3 HUX ObLIIa 6HYMpPEHHSA
NpOMUEOPEeYUBOCMy TEOPUN: MEXAHUYECKOE COCIMHEHUE KIIAaCCUUECKON (u-
3WKW C KBaHTOBBIMHU TMOCTyJaTaMU. Teopusi He Moriia 0OBSICHUTH BOMPOC 00
UHMEHCUBHOCMAX CTICKTPabHBIX TUHUN. Cepbhe3HOl Heyaauel sBisiach ad-
COJIFOTHAsi HEBO3MOKHOCTh MPUMEHUTh TEOPUIO JJI1 OOBSICHEHHS CIEKTPOB
aToMma Tellds, COJAEPKAIlEero JBa 3JEKTPOHAa Ha opOuTe, U Tem Oojee st
MHOTO?JICKTPOHHBIX aTOMOB (puc. 3.1.8).




Crano sicHo, uTo Teopusi bopa sSBIsETCS MU MEPEXOTHBIM TAlOM Ha
IyTH CO3JIaHus OoJiee o01Iel n npaBUIbHONW Teopuu. Takoil Teopuei u siBU-
Jach KBAaHTOBAsi MEXaHUKA.

3.1.4. OnbiT ®panka u I'epua

CymiecTBOBaHHWE JUCKPETHBIX HHEPIETUUYECKUX YpPOBHEM aToma MOJ-
TBepxkaaecTcs onbitoM Opanka u ['epia. Hemenkue yuensie xerimc Opank
u ['ycraB ['epn 3a 3KCeprMEHTAIBHBIE UCCIEA0BAHMS JUCKPETHOCTH SHEP-
reTuyeckux ypoBHen nomyumnn Hobenesckyto mpemuto B 1925 r.

B ombiTax ucnonp3oBanack TpyOka (puc. 3.1.9), 3amonHeHHas mapamu
PTYTH NPHU AaBJIEHUH p = | MM pT. CT., U TpH 3ieKkTpoaa: karon K, cerka C
1 a”HoJ A.

DNEKTPOHBI YCKOPSUITUCh Pa3HOCTHIO MmoTeHImaioB U Mexay kaTtomom
U CETKON. DTy Pa3HOCTh MOTEHIUAIOB MOXHO OBLJIO U3MEHSATH C MOMOIIBIO
noteHmomerpa II. Mexnay ceTtkol u aHoaoMm Topmo3sdiiee mnose 0,5 B
(MeTon 3a7epKUBAIOITUX TOTCHIIUATIOR).

Omnpenensanack 3aBUCUMOCTh TOKa 4epe3 rajibBaHOMETp I’ oT pasHocTH
MOTEHIIMAJIOB MEXAY KaToJoM U ceTkoi U. B skcriepuMenTe Oblia mojiydeHa
3aBUCUMOCTB, N300pakenHas Ha puc. 3.1.10. 3gecs U = 4,86 B cooTBeTCTBY-
€T MePBOMY NOTEHIIMAITY BO30YKICHUS.

. _4.86
+ [ K Ci A LA P
T r{ : 4 %4,86;
05B 4,86
O ) :
I ! |
_ + .
|l F— 5 10 15 UB
Puc. 3.1.9 Puc. 3.1.10

CornacHo Teopun bopa, KaXkabplil U3 aTOMOB PTYTH MOXET IMOJIYYUTH
JIUIIb BIIOJIHE ONIPEICIICHHYIO SHEPTHUI0, IEPEX0/Is B OJTHO U3 BO30YKICHHBIX
cocrossHui. [loaTOMy ecnm B aToMax AEHWCTBUTENIBHO CYIIECTBYIOT CTalMO-
HapHBIE COCTOSIHUS, TO JICKTPOHBI, CTAJTKUBASACH C AaTOMaMH PTYTH, JTOJKHBI
TEPSATh DHEPTUIO OUCKPEMHO, ONPEOeIeHHbIMU NOPUUAMU, PABHBIMU Pa3HO-
CTH PHEPI'UU COOTBETCTBYIOIIMX CTAIIMOHAPHBIX COCTOSTHUN aToMa.

W3 ombita ciemyer, 4To MPU YBEJIUYECHWH YCKOPSIOUIEro MOTEHIMaa
BILIOTH 10 4,86 B aHOMHBIN TOK 803pacmaem MOHOMOHHO, €T0 3HAYECHUE TIPOXO-
TIT yepe3 MakcumyM (4,86 B), 3aTemM pe3ko yMEHBIIIAETCSI U BO3PACTAET BHOBb.
JanpHelnme MmakcuMyMbl Habmropatores ipu 2-4,86 B u 34,86 B.
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bmkaliniiM K OCHOBHOMY, HEBO30YKIEHHOMY COCTOSIHUIO aTOMa PTYTH
ABJISIETCS BO30YKJIEHHOE COCTOSTHUE, OTCTOSIIIIEE IO IIKaie SHepruil Ha 4,86 B.
[loka pa3HOCTh MOTEHIMAIOB MEXIY KaTOJIOM MU CEeTKOMl MeHblue 4,86 B,
AIIEKTPOHBI, BCTpEYas Ha CBOEM IyTH aTOMBbI PTYTH, WCIBITBHIBAIOT C HUMHU
TOJBKO ynpyrue coynapenus. [Ipu eo = 4,86 3B sHeprus 31eKTpoHa CTaHO-

BUTCSl IOCTaTOYHOM, YTOOBI BBI3BATh HEYNPYTUU yJap, MPU KOTOPOM 3J1€K-
mMpOH omoaem amomy pmymu 6cl0 KUHEMUYeCcKyl IHepzulo, BO30yxaas
Nepexo]l OJHOTO U3 ANEKTPOHOB aTOMa U3 HOPMAIBHOTO COCTOSIHUSA B BO30Y-
KICHHOE. DJIEKTPOHBI, MOTEPSABIINE CBOK KHHETHYECCKYIO JHEPTHIO, YKE
HE CMOTYT MPEOA0JETh TOPMO3SIIUHN MOTEHIIUAT U JOCTUTHYTh aHOJA. DTUM
1 OOBSACHSIETCS pe3KOe MajJeHUue aHOIHOTO Toka npu ep = 4,86 »B. IIpu 3Ha-

YEHUSX DHEPruu, KpaTHbIX 4,86, 3JIEKTPOHBI MOTYT HCIBITHIBATH C aTOMaMH
pTyTH 2, 3, ... HEYNPYrux coyaapeHus. [Ipu 3ToM OHU MOJHOCTBIO TEPSIOT
CBOIO DHEPTUI0 U HE JIOCTUTAIOT aHOJa, T.e. HaOINtolaeTcs pe3koe MajeHue
aHOJHOTO TOKA.

Takum 00pa3oM, ONBIT IMOKa3al, YTO 2J1eKMPOHbL nepeoarom ceolo
IHep2uIo amomam pmymu nopuyuamu, npudem 4,86 3B — HauMeHbI1as BO3-
MOXHasl MOPIKs, KOTOpass MOKET OBbITh MOTJIONIEHA aTOMOM PTYTU B OCHOB-
HOM 3HepreTuyeckoM cocrosiuuu. CrenoBaTenbHo, uaest bopa o cymectBo-
BaHUU B aTOMaX CTallMOHAPHBIX COCTOSIHUM OJECTSAIIE BbIACpKaia MIPOBEPKY
AKCIIEPUMEHTOM.

ATOMBI PTYTH, MOJYUYUBIIUE TIPU COYJAPEHUU C BJIECKTPOHAMU SHEPTHUIO
AE , IepexoJiaT B BO30Y>KJI€HHOE COCTOSIHUE U JIOJDKHBI BEPHYTHCS B OCHOB-
HOE, M3Ty4dasl NpH 3TOM, COIVIACHO BTOPOMY MOCTyJiaTy bopa, KBaHT cBeTa
c yactrotoii v=AE/h. Ilo uzBectHomy 3Hauenuio AE =4,86 B M0OXHO BbI-
YHCIUTh JUIMHY BOJIHBI CBETOBOTO KBaHTa: A =hc/AE =255 um. Takum 00-
pazoM, eciIM TEOpHUsl BepHA, TO aTOMBI PTYTH, OOMOapIupyeMble AIEKTPOHA-
MU ¢ 3Hepruen 4,86 3B, TOKHBI SBISTHCS UCTOYHUKOM YIbTPa(rOIeTOBOTO
U3ITy4eHUsI ¢ A = 255 HM , umo OdeticmeumenbHo 0OHAPYHCULOCH 8 ONLIMAX.

Takum oOpaszom, onbiThl Ppanka u ['eplia FIKCIEpUMEHTAIBLHO MOITBEP-

IWIA HE TOJBKO MEPBBIA, HO U BTOPOM noctyinaTr bopa u caenanu 0osbiioi
BKJIJl B Pa3BUTHE aTOMHOUN (PU3HKHU.

KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHUSA

1. Yto Takoe IMHEHYAThIM CIEKTP?

2. [IpuBenute dhopmyny bansmepa. Kakos ee ¢puzndeckuii cMbIc?

3. [Touemy U3 pa3nTUYHBIX CEPUIl CIEKTPATHHBIX JTMHUI aTOMa BOJIOPO/Ia
nepBoil ObuTa M3yueHa cepusi bamsmepa?
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4. Kakue cepuu CIIEKTpaJbHbIX JUHUI Bbl 3HAETE?

5. Kakoii cMbICT uMerOT unciia N 1 M B 0000menHon Gopmyne bab-
Mepa?

6. UeMy paBHa 4acTOTa U3Iy4YCHHs] aTOMa BOJOPO]Ia, COOTBETCTBYIOIIAS
KOPOTKOBOJIHOBOM rpanulle cepuu bpakera?

/. Hapucyiite cxemy 3HEpreTHYECKUX YpOBHEH aroMa BOJOPOJA U IO-
SCHUTE €€.

8. Kakue Monenu aToMoB npejiaraiiuch yueHbIMU KoHla X1 X — Hagana
XX Beka?

9. IIpuBenure cxemy oneita Pesepdopra u nosicaure ee.

10. Kakue nosoxXeHus: KIacCUYECKOM AIEKTPOJUHAMUKHU IPOTUBO-
pedar SKCEepUMEHTaIbHbIM (hakTaM?

11. Yro Takoe moctynarel bopa? KakoB ux ¢usmueckuil cmbicia?
Kak ¢ ux momMonipro 00bsICHIETCS TMHEHYAThIN CIEKTp atoMa?

12. Yro Takoe crauroHapHble opOuThl? Kak paccumTeiBaroTcs ux
panuycer?

13. [louemMy simepHas MOAEIb aTOMa 0Ka3ajaach HECOCTOSATEIBHON?

14, [TonmyuuTe BbIpakeHue uisl MocTostHHOW PunOepra. Uemy ona
paBHa?

15. [IpuBenure cxemy omnbita @panka u ['epua U BOIBTAMIEPHYIO
XapaKTEPUCTHKY.

16. Kakue nocrynatel bopa O0butn noarsepxaeHsl onbitamu Opanka
u 'epua.

17. Kakue oCHOBHBIE BBIBOJIBI MOKHO CZENATh HA OCHOBAHHUH OIIbI-
ToB ®panka u ['epua?

18. ATOM BOJIOpOAA HAXOAUTCS B COCTOSTHUM ¢ N= 5. CKOJIBKO JIU-
HUAW COIEPKUT €r0 CIEKTP U3IIyUEHUA?

19. [Tonb3ysice Monensio bopa, ykaxkute CreKTpalibHbIE JIMHUU, KO-

TOpPbIE MOTYT BO3HMKHYTh MPHU NEPEXOAE aTOMa BOJOPOJA M3 COCTOSTHUM C
nN=3u n=4,

20. HanecuTe Ha mKamy JUIMH BOJH TPH JTUHUHU KAaXIOW W3 MEPBHIX
JIBYX CIIEKTPAJILHBIX CEpUii aTOMa BOJIOPOA.
21. [TouemMy cnieKkTp MOIVIOIIEHUS aTOMa BOJAOPOA COJCPIKUT TOJIb-

Ko ceputo Jlaiimana?

22. Ucnonp3oBaB 00600meHHy0 Gpopmynny banbemepa, 3amumurte hopmy-
Ty, ompenenstonyto ceputo Jlaiimana B criekTpe aTomMa BOJIOpO/Ia.

23. KakoB ¢u3udeckuii CMBICI Yrces M u N B 00001eHHoN hopmyrie

banemepa v=R iz—iz ?
m n
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3.2. BOJOPOJIOMNO/IOBHBIE CHCTEMBI B KBAHTOBOW
MEXAHUKE

3.2.1. KBaHTOBO-MeXaHUYeCKAasi KAPTHHA CTPOEHUS aTOMA

B § 3.1 obcyxnanach orpaHMYE€HHOCTh OOPOBCKON TEOPUH CTPOCHUS
atoma. PaccMoTpum Tenepb KBaHTOBO-MEXAaHUYECKYIO TEOPHUIO aTOMOB, T'O-
pazzo Oosiee MoyIHYIO, YeM ctapas Teopus bopa. OHa coxpaHseT HEKOTOpbIe
acnekThl ctapoit Teopun. Hampumep, 31€KTPOHBI MOTYT HAXOAUTHCS B aTOME
TOJIBKO B TUCKPETHBIX COCTOSIHMSIX C OINPEACICHHON dHEPTUei; mpu mnepexo-
JIe DJIEKTPOHA U3 OJIHOTO COCTOSIHUS B IPYro€ UCITyCcKaeTcs (MU MOTJIoaeT-
cs1) boToH. Ho keanmosas mexanuka — e npocmo 06oo6wenue meopuu bopa.
OnHa mnpencraBisieT co0oil ropaszno OoJiee TIIyOOKYyI0 TEOPUIO U PUCYET CO-
BEPUIEHHO MHYIO KapTUHY CTpoeHMs atoMa. Co2nacHo K8AHMOBOU MexaHuKe
He cyuiecmeyem OnpeodeieHHbIX Kpy208blX opoum 3j1eKmpoHoe, Kak B TEO-
puu bopa. B cuity BOJTHOBOI IPUPOIBI 271EKMPOH «(PAZMA3AH» 8 RPOCHPAH-
cmee, H0O0OHO «00NaKY» OmPUUAMEIbHO20 3apA0a.

Pa3mepsl 1 (opMy 3JIEKTPOHHOTO OOJIaKa Il OCHOBHOT'O COCTOSIHUS
aToMa MOYKHO BBIYMCIHUTH MO (popmyJie

W(r) = \/%e_rl, (3.2.1)

rae W(r) — BoiHOBas (YHKIHMS TOJOXKCHHUS, 3aBUCSIINAs OT PACCTOSIHUA I 710
LIEHTpA.

[TocTostHHast F; COBMajaeT ¢ paguycoM IMepBOd OOPOBCKOM OpPOUTHI.
CrnenoBaTenbHO, 3JEKTPOHHOE OO0JaKO B OCHOBHOM COCTOSIHUU BOJOPOJA
chepuiyecKu-CHMMETPUYHO, KaK Moka3zaHo Ha puc. 3.2.1.

Puc. 3.2.1

DJIeKTPOHHOE 00JIako TPyOO XapakTepuszyeT pa3Mephbl aromMa, HO, TIO-
CKOJIbKY 00JIaKO MOXKET HE UMETh YETKO BBIPAKCHHBIX TPAHUII, AaTOMBI TAKXKE
HE UMEIOT HA TOYHOM TPaHUIIBI, HM OMPEACIICHHOTO pa3Mepa.
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Kax MbI yBUIUM B TalbHEUIIIEM, HE BCE AJICKTPOHHBIE 00Jlaka cdepude-
CKU-CUMMETpUYHBI. OOpaTrTe BHUMaHHUE Ha TO, 4TO, XOTs ¢pyHkuus V() mpu
OonpIMX pammycax I, Kak CJIeIyeT W3 MPUBEICHHOTO BHINIEC BBIPAKCHHS,
CIJIBHO YOBIBaeT, OHa He oOpallaercss B HyJb Ha KOHEUHBIX PACCTOSHHSIX.
[ToaTOMy KBaHTOBasi MEXaHUKa YTBEPXKIAET, YMO OCHOBHAs YACMb AMOMdA
He npedcmasnsem cooou nycmoe npocmparcmeo. Tak xak ¥ — 0 Tonbko
npu I — o0, Mbl 3aKJII0YaeM, YTO U 60 BceneHHolU He cyuwiecmeyem 8 noo-
JIUHHOM CMbLCIle HYCHL020 RPOCMPAHCHEA.

DONeKTpOHHOE 00JIAKO MOXXKHO HMHTEPHIPETUPOBATh KaK C KOPIYCKYJSp-
HOM, TaK U C BOJIHOBOM TOYKM 3peHHUs. HarmmoMHUM, 4TO MOJ YaCTULIEH MBI
MOHUMAEM HEUYTO JIOKAIU30BAaHHOE B MPOCTPAHCTBE: B JIIOOOM MOMEHT Bpe-
MEHU YaCTHIla 3aHUMAET BIIOJIHE ONPEIETICHHOE MOJI0KEHNUE B IPOCTPAHCTRBE.
CrnenoBatesibHO, Pa3MbITOE B MPOCTPAHCTBE O0JIAKO SIBISIETCS PE3yJIbTaTOM
BOJIHOBOM MPHUPOJABI JEKTPOHOB. DJIEKTPOHHOE 00JIAKO MOXHO TaKKe HH-
TEPIPETUPOBATh KaK paclpeieiieHue BEPOSITHOCTEN JJIsi TaHHOW YacCTHUIIbI.
MBI He MOXeM TpejcKa3aTh TPACKTOPHUIO, MO KOTOPOM OyAeT JBUTaThCS
anekTpoH. [locne u3MepeHus ero MnojaoKeHus TOUHO MpeJcKa3aTh, Iae OynerT
HaXOJUTHCA AJEKTPOH B TMOCIEAYIOIIME MOMEHTHI BPEMEHH, HEBO3MOXKHO.
MBI MOKEM JIMIITb BEIYUCIIATH BEPOSTHOCTh OOHAPYKEHHUS AJICKTPOHA B pa3-
JUYHBIX TOYKax. SICHO, 4TO MOAOOHAas CUTyalluss B KOPHE OTIUYAETCS OT
KJIACCUYECKON HBIOTOHOBCKOM (pusuku. Kak ormewan Bmnocneactsuu bop,
OECCMBICIIEHHO J1a)Ke CIpallluBaTh, KaK MPU UCIYCKAHUU aTOMOM CBETOBOTO
(OTOHA ANEKTPOH MEPEXOIUT U3 OJTHOTO COCTOSIHUSI B IPYTOE.

Pemenue 3amaun 00 SHEPTETUUECKUX YPOBHSIX AJIEKTPOHA ISl BOJOPOIaA
(a Tak)e BOJAOPOJHBIX CUCTEM: aTOMa IeJus He", nutus Li** u JIp.) CBOJIUTCS
K 3aJ1a4ye O JIBUKEHUU 3JIEKTPOHA B KYJIOHOBCKOM TTOJIE SApA.

[ToTeHuuanbpHast SHEPrUsl B3aUMOJICUCTBUSL DJIEKTPOHA C sIAPOM, 00Jia-
JaroIuM 3apsaoM Ze (11 atoma Bogopoaa Z = 1),

2
U(r) :—koz%, (3.2.2)
rae ' — pacCTOSTHUE MEXKIY JJIEKTpOHOM U siapoM. ['paduueckn yHkums
U(r) usoOpaxkaercs Ha puc. 3.2.2 xupHoi kpuBoit. U(r) ¢ yMeHbIeHHEM I
(pu IpUOIMKEHUH AJIEKTPOHA K SJIPY) HEOTPAHUYEHHO YOBIBAET.
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E>0

O////////////////////////////// J

Nhj w@j Jknj i

IS

Puc.3.2.2

CocTosiHME 3JIEKTPOHA B aTOME BOAOPOJA ONMCBHIBAETCS BOJHOBOU
dbynkuen Y, ynosnerBopsronie craiiionapaoMy ypaBaenuto [llpeaunrepa,
YUHTBIBaKOIIEMy 3HaueHus (3.2.2):

2
e o= o, (3.23)

VA
riae m— macca BHGKTpOHa; E — IIOJIHAA SHCPI'UA 3JICKTPOHA B aTOMC.
Paccmotpum sHepruto anekTpoHa. B Teopum auddepeHnmaibHbIX
ypaBHEHUH J10Ka3bIBACTCS, UTO ypaBHEHHUs Tuma (3.2.3) UMEIOT pellieHue,
YAOBJICTBOPAIOMICC OAHO3HAYHOCTH, KOHCUYHOCTH U HCIIPCPBIBHOCTH BOJIHO-
BOI71 (byHKHI/II/I \P TOJIBKO IIPpH CO6CTB€HHBIX SHAYCHUAX SHCPIUHU

2.4
m.Ze” 1
En =- € 2 2 _21 (324)
8h 80 n
rnien=1,2,3, ..., T.e. UMeET TUCKPETHBII HAOOP OTPUIIATEILHBIX 3HAYCHUN

SHEPIUH.

Takum 06pa3om, KaK ¥ B Cllydae MOTCHIIMAIBHON SMbI ¢ OECKOHEYHO BbI-
COKMMH CTE€HKaMH, perieHue ypaBHeHus IllpeawHrepa mis atoma Bojopoja
MIPUBOAUT K TOSIBJICHUIO OUCKPEMHBIX IHEP2emuiecKux yposHeil. BoaMoxHbIC
3HaueHus Eq, Ej, Eg, ... moka3zansl Ha puc. 3.2.2 B BUj€ TOPU3OHTAIBHBIX MO-

noc. Cambplii HUBKHMI ypoBeHb Ej, OTBeHaronmii MUHUMAaJILHON BO3MOXKHOM
sHepruu, — ocnoenoii (N = 1), Bce octaneHbie E, >E; (n =2, 3, 4, ...) — 603-
oyncoennvle. llpu E <0 dsuoicenue snexmpona sensiemcs c8A3aHHbIM — OH
HaxXOJIUTCA BHYTPHU THNEPOOJIMYECKON MOTEHIMaNbHOU simbl. U3 puc. 3.2.2
CJIEIyET, YTO TI0 MEPE POCTa IJIABHOTO KBAHTOBOTO YUCIA N DHEPTETHUECCKUE
YPOBHH pacrioyiararorcst Teciee u mpu N —>o© E —0.

Ilpu E > 0 osuoicenue snekmporna cmanosumcs c60000HbIM, T.€. 00-
nacmov E >0 coomeemcmeyem uonuzuposannomy amomy.
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Urak, ecniu bopy npunuiochk BBOAUTH JTONOJHUTEIbHBIE TUIIOTE3BI (T10-
CTYJATbl), TO 8 KEAHMOGOU MeXaHUuKe OUCKPEMHble 3HAYEHUS IHeP2UU, ABTIA-
ACb cledcmeuem camol meopuu, 6blmeKarom HenocpeoCmeeHHo U3 peuleHus
ypasnenus Lllpeounzepa.

3.2.2. KBanToBbBI€C UHCJIa

B kBaHTOBOM MeXaHWKE MOKa3bIlBaeTcs, 4To ypaBHeHuto lllpenunrepa
YIOBIETBOPAIOT coOcTBeHHble (yHKUUU ¥, |, OHpenensieMble HaOOpOM

TPEX KBAHTOBBIX YUCEIL: 21a6H020 N, opoumanvrozo | u maznumnozo m.

I'nasnoe keanmogoe uucno N xapakmepuszyem paccmosHue d1eKmpond
om s0pa — paouyc opoumol.

CormacHo (3.2.4) n ompeaenser >HEPreTUUECKUE YPOBHH JJIEKTPOHA
B aTOME€ M MOXKET MPUHUMATH JIOOBIC IIETOYUCICHHbIC 3HAYCHUS, HAYHHAS
C €IUHUIIBI.

B atoMHOl Qu3nKe COCTOSIHUSI 3JIEKTPOHA, COOTBETCTBYIOIINE TJIABHO-

My KBaHTOBOMY umciay N (n =1, 2, 3, 4, ...), npuHiITO 0003HA4YaTh OYKBaMHU
K,L, M, N, ...

0 112 |3 |4
K| L|M|N
Opoumanvhoe xkeanmosoe uucao | =0, 1, 2, ..., n— 1 xapaxmepuzyem

INMURMUYHOCMb 0pOUmbl d1ekmpoHa (puc. 3.2.3) u onpeaensieT MOMEHT UM-
IIyJIbCa DJIEKTpOHa L .

[=0

Puc. 3.2.3

2 .
KBagpar monyns dyHkuuu “P‘ XapakTepU3yeT BEPOSATHOCTb HANTH

AIEKTPOH B 3aaHHOUN Touke. OOracmb npocmpancmea, B KOMopoul 8blCOKA
seposmuocmes ooHapyxcums dnekmpor (He menee 0,95), maswvigarom opou-

manvro. OCHOBHBIC THIIBI OpOUTajel 0003HauaroT OykBamu S, p, d, f, ... (ot
cios sharp, principal, diffuse, fundamental).
| 0|12
s|p|d|f
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JIBa Tuma opOutaneit — S (oHa ogHa), P (WX TPH), MO KOTOPHIM «pa3ma-

3aH» AJIIEKTPOHHBIN 3apsij], — MOKa3aHbl Ha puc. 3.2.4.
z
s Y

&

L

N
Puc.3.2.4

Opbumanu uacmo HA36l8aI0M NOO0HOJOUKAMU 000104€K, NOCKOIbKY
OHU Xapaxmepuzyom Qopmel pasHvlx opoum, Ha KOMOPbIX MONXCHO 0OHApY-
AHCUMB DJIEKMPOHDL, HAXOOAUWUECsL 8 00HOU 000104Ke (TIPU 3aJaHHOM KBaHTO-
BOM 4HCJIe N).

Pemast mocmenoBaTenbHO 3a1a9y 00 3JEKTPOHE B MPSMOYTOJBHON TIO-
TCHIIMAJILHON sSIMe, MBI JOKa3alld, YTO JHEPTHsl M TOJIOKCHHE JJICKTPOHA
K8AHMYIOmcsl, T.€. N(PUHUMAIOM OUCKDemHble 3HAYEeHUS.

Pemas ypaBaenwms lllpenunrepa maiis aTroma, MOKHO TIOJTY9HTh BBIpaKe-
HUS JUTsI DHEPTHH, MOMEHTA UMITYJIbCa U IPYTUX JUHAMUYECKUX TIEPEMEHHBIX
AIIEKTPOHA 0€3 MPUBJICUCHHS KaKUX-TMO0 MOCTYIaTOB.

PaccmoTtpum (6e3 BbIBOJIa) TBUKEHUE DJIEKTPOHA B TOTCHIIMAIBHOM T10-
ne U =-2Ze*/r.

OOpatumMcst BHOBB K cTalMOHapHOMY ypaBHeHHto Llpeaunrepa:

2m Ze?
| E+ YV =0. (3.2.5)
h r
DTO ypaBHEHHE MMEET PEIICHHE MPU BCEX 3HAYCHUSAX TOJTHOW dHEPTHH
E > 0, uto cooTBeTCTBYET CBOOOIHOMY 3JIeKTpoHY. [Ipu E < 0 351eKTpoH Ha-

XOJIUTCS B MOTEHIHAIBHOM TIOJIE sAIpa:
£ _ m.e*Z?
" 2h%n?
Takum oOpa3om, Inepeus npunumaem OUCKpemHble 3HAYUEHUA, T.C.
kBaHtyercsi (N =1, 2,3, ...).
BriBoz Takou ke, Kak U B TeOpuM bopa, HO B KBAHTOBOW MEXaHUKE 3TOT
BBIBOJI IIOJTy4aeTCs Kak €CTECTBEHHOE credcmaue us ypasuenus [llpeounzepa.

V2P 4
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B kBaHTOBOW MeXaHUKE HIMPOKO HCIOJB3YETCS MOHATHE Onepamop.
[loxg omepaTopoM NOHUMAIOT HPABULO, NOCPEOCMBOM KOMOPO20 OOHOU
AN 7AN
Gyukyuu ¢ conocmasnsemces opyeas ynxkyus f, .e. £ =Qo, roe Q — cum-
BOJI 0003HAYeHUs Onepamopa.
Ucnonb3ys onepatop sHepruu, craimoHapHoe ypaBuenue llpeaunrepa
MOYHO 3aMucaTh B BUJE

HY=EY.
3]710 mpaaulx;MOHHblﬂ 8140 sanucu prIBHeHM}Z Hlpeduﬂeepa, 34CCh
A hz
H= —2—V2 +U — omeparop HEPTUU — 2ATbMUMOHUAH.
m

Bo3zaeiictByst Ha BOJHOBYIO (QyHKUMIO ¥, MOJYyYEHHYIO MU pELIEHUU
ypaBHeHUs (3.2.6) onepaTopoM MomeHma umnyivca (IBUKEHUE AIEKTPOHA
BOKPYT SI[pa OCYIIECTBISETCA IO KPUBOJIUHEHHON TPACKTOPHUH), MONCHO NO-
JYUUMb B8bIPAdCEHUE 051 MOMEHMA UMNRYIbCA.

Jlns MOMEHTa UMITyJIbca B KBAHTOBOM MEXaHUKE BBOJSTCS YETHIPE OIle-
A\
paTopa: omepaTop KBajpaTra MOMEHTa mMIyjibca L2 u Tpu omeparopa mpo-
AN AN AN
€KL MOMEHTa UMITyJIbCa Ha OCH KoopauHaT L, Ly, L,.

Okazanoch, 4TO OJJHOBPEMEHHO ONpPE/ICICHHBIC 3HAYCHUS MOTYT UMETh
JUIIb KBAJIpaT MOMEHTA UMITYJIbCa U OJ{HA U3 MPOEKIUH — Ha KOOPAUHATHBIE
ocu. JIBe Apyrue MpoeKIuu OKa3bIBalOTCS MIPU 3TOM COBEPIIICHHO HEOIpeie-
JICHHBIMHU. DTO 03HAYaET, YTO «BEKTOP» MOMEHTa MUMITyJIbCa HE UMEET OIpe-
JIEJICHHOTO HaMpaBJIeHUs U, CIEA0BATEILHO, HE MOXKET ObITh H300paKEH, KaK

B KJIACCUYECKOM MEXaHUKE, C TOMOILBIO HAMPABIEHHOTO OTPE3Ka MPSIMOA.
A\

Pemrenne ypasuenns L2W =L12¥ spnsercs oueHb TPyAHBIM. IlodTOMY
OTPAHUYUMCS TOJIBKO KOHEUHBIM PE3YIbTAaTOM.
Cobcmeennoe 3nauenue OpoOUmManIbHO20 MOMEHMA UMNYIbCA

L=aJ(+1),

riae | — opouranbHoe kBanToBoe uncio (=0, 1,2, ...,n—1).
Ecnu o0paTuThes K NpUBBIYHON HAM MOJIEIM aToMa, TO N XapakTepu3y-
€T CpeIHee PacCTOSIHHUE JICKTPOHA OT sipa (paauyc opOuThI), | — samunTuy-

HOCTb OPOUTBHL.

W3 BoipaxkeHust ans L BUAHO, 4TO OpOUTANbHBIH MOMEHT HMITYyJIbCca
AJIEKTPOHA B aTOME TOKE KBAHTYETCS.

OCHOBHBIM COCTOSIHUEM DJJIEKTPOHA B aTOME BOAOPOJAA SBISETCSA
s-cocrosinue. Eciu BeruncnuTh Hanboliee BEPOSATHOE PACCTOSIHUE OT siApa AJis
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h2 . .
3JICKTPOHA B S-COCTOSIHHUH, IOJIyYUM r]_ = —2 — 9TO IICPBLIN 60pOBCKI/II/I pa-
me

1 h?

mnyc (BCU rp=— ).
ko me62

JUisg 1pyrux 3Ha4€HWH N MOJIyYUM BBIPaKEHUS, COOTBETCTBYIOIIUE 0O-
POBCKHM OpOHTAM.

bopoBckue opOUTHI 3JEKTpOHA MPEACTABISIOT COOOW F€OMETPUUYECKOE
MECTO TOYEK, B KOTOPBIX C HAUOOJbIEH BEPOSITHOCTHIO MOXKET OBITH OOHa-
PYKEH 3JEKTPOH.

Ilo Teopum bopa, seposmnocmos naxodxcoenuss 21eKmpona npu aroovlx

opyaux 3Hauenusx r, kpome ¥ =1y, pasua nyao (puc. 3.2.5).

P(r) /B_Op

KB.mex

A r

Puc. 3.2.5

CornacHo KBaHTOBOM MEXaHHMKE 3Ta 6€EPOANIHOCNb docmuzaem MAaKcu-
MANIbHO2O0 3HAYEHUS Iuldb npu I = rl. I[OHYCKaeTCSI HaXO0XKICHUC JJICKTPOHA

Y Ha JIPYTUX PACCTOSHUSX OT Sipa, HO C MEHBUIEH BEPOSATHOCTHIO.

3.2.3. IIpocTpaHCTBEHHOE KBAHTOBAHME

W3 npeacTaBieHunil kiiaccuueckon (GU3MKUA CIEAyeT, YTO OPOUTATIbHBIN

MOMEHT MMILYJIbCA DJIEKTPOHA L, M NPONOPLMOHANBHBIA €My MarHUTHBINA

—

MOMEHT P, OpHEHTHpPOBaHbI MEPIEHAUKYISIPHO TMIOCKOCTH OPOUTHI 3JIEK-
TpOHA ¥ POTUBOTOJIOKHO HaMpaBjeHkI (puc. 3.2.6).
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Puc. 3.2.6

Mexny L, u Py, cymectByer cBs3b:

_ . e -
P :_YLe:_RLe’
e

rae y= & opoumanvHoe 2UPOMAZHUMHOE OMHOUICHUE.
e
Takas cBsSI3b BEKTOPOB COXpaHsIeTCs U B Teopuu bopa.
B keanmoeoii mexanuke, ecteCTBEHHO, HE MOKET OBITh yKa3aHa OpH-

—

eHTauust L u P, OTHOCUTENIBHO MJIOCKOCTH 3JEKTPOHHON OpOUTHI (OpOUTHI,
B OyKBaJIbHOM CMBICJIE€ 3TOT'O CJIOBA, HET).
Jlns ykazaHHOW opueHTamuu L m Py, MOKHO GBITH BHIOPAHO HEKOTO-

poe HanpaBleHHe B IPOCTPAHCTBE, U PACTIONOKEHHE L MOXeT ObITh 3a1aHO
YITIOM My BEKTOPOM L ¥ 3TUM HampaBlIeHHEM. 3a yKa3aHHOE HaIlpaBlie-
HUE BBIOMpaeTcs OO HaAMpaBJICHWUE BHEIIHETO MAarHUTHOTO OIS, JHOO
BHYTPEHHET0, CO3/1aBa€MOT0 BCEMHU AJIEKTPOHAMH, KPOME PAaCCMaTPHBAEMOTO
(HO 3TO TpyAHO M HEynoOHO). Kak mpaBuiio, OepyT HamnpaBlieHWE BHEIIHETO
MarHUTHOTO 10J1s1 H , COBMEIEHHOTO ¢ 0ChIO Z.

B knaccuueckoii ¢uszmke mpeAcTaBIssIoCh caMo cO00M pazyMeronumcesl,
YTO BEKTOP OPOMTATBHOTO MOMEHTAa MMITyJbCa 3JIEKTPOHA L (WMJIM MarHmr-
HOTO MOMEHTa P, ) MOXKeT ObITh OPUEHTHPOBAH OTHOCHTEILHO BHIOPAHHOTO
HaIpaBJICHUS TPOU3BOJIBHBIM 00pa3oM, T.€. TUIOCKOCTh OOPOBCKUX OpPOUT
TOKE MOXET OBITh OPUEHTHPOBAHA TPOU3BOJIHLHO.

OnHako Takoe MPEANoJIOKEHUE 0Ka3ajaoch OIMIMOOYHBIM. B KBaHTOBOM
MEXaHUKE CTPOTO JIOKa3bIBacTCs (3TO clieayeT u3 pemieHus ypaBaenus Ipe-
muHrepa), uto npoexyus (L,) Bextopa L na manpaenenue énewmnezo mae-
HUMHO20 NOJsA I MOXET MPUHUMATh JIUIIb YeN0UUCTIeHHble 3HAYEHUs, Kpam-
Hble B

L, =mha.

z
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3mece m =0, =1, £2, ..., £l — macnumnoe keanmosoe uucno; | — opourain-

HO€ KBAaHTOBOE YMCJIO, ONPEAEIISIOIIEE MOIYJIb BEKTOpA L ; i — ecTrecTBeHHAS

€IMHUIa UBMEPEHNUSA MEXaHNUIECKOTO MOMEHTA UMITYJIbCA MUKPOYACTHUII.
OnpenenuM BEIUYUHY MOIYJIS L. Tak kak IIPOCKITUST HE MOXKET OBITh

oonpiie Moayis Bekropa, To M <7, /I(1+1). Orcioga cinemyer, 4To MakcH-

MaJIbHOC 3HAUYCHHUC |m| =1.

Htak, m moxket npunuMath (21 + 1) 3nauenuit (I = 0 maet ogHO «JIHIII-
Hee» 3HaueHue), T.e. L MoxeT npuanMath (21 + 1) opHeHTammii B IpocTpaH-
cTBe. JlefCTBUTENBHO, pacuienienue IHep2emuieckKux ypoeHeil 6 MazHum-
HOM noJie ObUIO OOHapyskeHo B 1896 r. romanackuM ¢pusukom I1. 3eemanom
Y TIOJTYYHJIO Ha3BaHUeE Iphexkma 3eemana. Pacuennenue ypoeneit snepzuu
60 GHewHeM INEeKMPUYECKOM TIOJE TOXKE JOKa3aHO SKCHEPUMEHTAIBHO
1 HasbIBaerTcs agppexkmom lImapka.

Ha puc. 3.2.8 mokasaHsl BO3MOXKHBIE OPUEHTAIMK BEeKTOpa L B cocTos-
HUAX S, P, d.

z

ﬁl

+2h F—————-

N

+h

~h

) ) DE—
S-COCTOSTHHE P -COCTOSTHHE d-cocTosiHue
[=0; [=1; =2;
m = 0; m=011; m=0+] +2;
L, =9 L, =0:th; L,=0,+h,+2h.
Puc. 3.2.7

Takum o0Opazom, npocmpancmeenHoe KE6AHMOGAHUE NPUGOOUM
K «pacuienieHuio» IHepeemuueckKux yposHeil Ha pso nooyposHell.
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3.2.4. Cnun 351ekrpona. OnbiT IllITepua u I'epiiaxa

B 1922 r. nemenkue ¢puzuku O. llltepn u B. I'epnax nocTaBuiu ONbITHI,

[EeIbI0 KOTOPBIX ObUIO M3MEpPEHHE MAarHUTHBIX MOMEHTOB Py, aToMoB pas-
JUYHBIX XUMHUYECKHUX 3JIEMEHTOB. JlJIsI XMMUYECKUX 3JIEMEHTOB, 00pa3yro-
IIMX NEPBYIO IpymIly TaOnuibl MeHaeneeBa 1 UMEIOMIMX OJWH BaJCHTHBIN
AJIEKTPOH, MAarHUTHBIII MOMEHT aroMa paB€H MarHUTHOMY MOMEHTY BaJICHT-
HOTO 3JIEKTPOHA, T.€. OJAHOTO AJIEKTPOHA.

Wnes omnbiTa 3aKiro4anach B U3MEPEHUM CUJIbL, AEHCTBYIOLIEH Ha aTOM
B CWUIBHO HEOJIHOPOJHOM MarHUTHOM Iosie. HeomHOpoAHOCTE MarHUTHOTO
10JIs1 JOJDKHA OBITh TaKOBA, YTOOBI OHA CKa3bIBAJIACh HA PACCTOSHUSAX MOPSA-
Ka pazMepa aroma. TONbKO MpPU ATOM MOXKHO OBLIO MOJIYyYUTh CUITY, ACHCT-
BYIOILYIO HA KaXK/IbIil aTOM B OT/AEJIBHOCTH.

CxeMa orbITa H300pakeHa Ha puc. 3.2.9. B konbe ¢ Bakyymom 10° MM prT. CT.
HarpeBaJics cepeOpsiHbIi mapuk K 10 Temneparypbl uciapeHusl.

AToMBI cepebpa JieTelau ¢ TeIIOBOM CKopocThio okoyio 100 m/c uepes
nieneBble quadparmsl B U, MPOXOJsS pe3KO HEOJHOPOJHOE MarHUTHOE TOJIE,
nomnajaiu Ha (POTOIIACTUHKY A.

vl

B
l
T

Puc. 3.2.8 Puc. 3.2.9

Ecnm Ob1 MOMeHT ummynsca atoMa L, (M ero MarHUTHBIH MOMEHT Pp,)

MOT MPUHUMATH POU3BOJIHHBIE OPUEHTAIMH B MIPOCTPAHCTBE (T.€. B MarHUT-
HOM TI0JI€), TO MOKHO OBLJIO 0KHAATh HEMPEPHIBHOTO paCIpeiesieHus MoMa-
JaHUN aTOMOB cepedpa Ha (POTOIIACTUHKY C OOJIBIION MIOTHOCTHIO MOMaia-
HUIl B cepeauHe. Ho Ha ombiTe OBUIM MOTYYEHBI COBEPIIEHHO HEOKUIAHHBIE
pe3ynbTaThl: Ha POTOIIACTUHKE MOTYUUIIUCH 08e PE3KHE MOJIOCHI — BCE aTo-
MBI OTKJIOHSUTHCh B MArHUTHOM TI0JI€ JBOSIKUM 00Pa30M, COOTBETCTBYIOIIUM
JIUIIb 08YM BO3MOKHBIM OPUEHTAIUSIM MarHUTHOTO MoMeHTa (puc. 3.2.10).

OTUM [JOKa3bIBAICA KEAHMOGHII XAPAKMEpP MAZHUMHBHIX MOMEHMOE
21eKkmponoe. KonmyecTBeHHbIN aHaIN3 MOKa3ajl, YTO MPOEKLMs MAarHUTHOTO
MOMEHTA 3JIEKTpOHa paBHa macnemony bopa:
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Hg=——=9,27-10" JI- T ".
2 €
Takum oGpazom, 1t aroMoB cepedpa LlTepn u I'epiax moaydunsiu, 4To
npoeKyusi MacHUMHO20 MoMenma atoma (JIEKTpOHA) HA HAINpaBJIEHUE Mar-
HUTHOTO TOJISL YUCNIeHHO pasHa mazHemony bopa.
HanmomuumMm, uto

2
p__© L:Z’n 105D =, JI(1+1).

2m, e

Omnpitel TepHa u ['epiaxa HE TOIBKO MOATBEPAUIN MPOCTPAHCTBEH-
HOE KBaHTOBaHME MOMEHTOB UMITYJbCOB B MArHUTHOM MOJI€, HO U JIaJld DKC-
HNEPUMEHTAIbHOE MOATBEPKACHUE TOMY, UTO MarHUTHBIE MOMEHTHI 3JIEKTPO-
HOB moJ#ce COCTOAT U3 HEKOTOPOrO YUCIA «3JIEMEHTapHBIX MOMEHTOBY, T.€.
UMEIOT JUCKPETHYIO MPUPOAY. Eounuyel usmepenus MacHUmmubix MOMEHMO8
INIEKMPOHO8 U amomos seisemcsi machemon bopa (h — enyHUIA U3MEpEeHUS
MEXaHMYECKOTO MOMEHTa UMITYJIbCa).
Kpome Toro, B 3TMX ombITax ObUIO OOHAapy>KEHO HOBOE siBJIeHHUE. Ba-
JIEHTHBIN 3JIEKTPOH B OCHOBHOM COCTOSIHUM aToMa cepedpa uMeeT opouTaib-

Hoe kBaHtoBoe 4nciao | = 0 (s-coctosuue). Ho mpu | = 0 L=7/I(1+1) =0

(TIpoeKIMsE MOMEHTa MMITYJIbCa Ha HaIpaBJE€HUE BHEIIHETO IMOJisl paBHA HY-
m10). Bo3HUK BOMpoC: NPOCTPaHCTBEHHOE KBAHTOBAHUE KAKO20 MOMEHTA UM-
MyJibca OOHAPYXKUJIOCh B ATUX OINBITAX M MPOEKIUS KAaKOr0 MarHUTHOTO MO-
MEHTa paBHa MarHeTony bopa?

B 1925 r. cryaenTts! ['eTTuHreHckoro ynusepcurera ['aynecmut u Yien-
OEK TPEeANoNOKWIN CYIIECTBOBAHUE COOCHIBEHHO20 MEXAHUYECKO20 MO-
Menma umnynsca y nekmpona Ly (cnuna) u, COOTBETCTBEHHO, COOCHIGEH-

HO020 MAZHUMHO20 MOMEHMA I1eKmpoHa Ps.

BBenenue moHsATHs criMHA cpa3y OOBSICHHWIO PAJNl 3aTPyIHEHUN, UMEB-
IUXCS K TOMY BPEMEHHU B KBAHTOBOW MexaHHKe. M B mepByro ouepenpr — pe-
3yapTaroB onbIToB [lTepna u I'epnaxa.

ABTODBI Jalli TAaKOE€ TOJKOBAHHUE CHUHA. IJIEKMPOH — 8PAUWAIOUSULCS
sonuok. Ho Torga crnemayeT, 4To «IOBEPXHOCThY BOJIUKA (JIEKTPOHA) JOJKHA
BpaIaThCsl C JINHEMHON CKOpocThio, paBHOU 300 ¢, rae ¢ — CKOpOCTh CBETA.
OT Takoro TOJIKOBaHUS CIUHA MPUIILIOCH OTKA3aThCsl.

B coBpeMeHHOM TpeACTaBICHUU CHUH KAK 3aps0 U MACCa eCmb C8Ol-
CMB0 2JIeKMPOHA.

I1. Iupak BOOCIENCTBUM MTOKA3aJl, YTO CYIIECTBOBAHUE CITMHA BHITEKAET
U3 PEILICHUS PEJIITUBUCTCKOTO BOJHOBOTO ypaBHeHus LlIpenunrepa.

N3 06mmx BHIBOJIOB KBAHTOBOW MEXAHUKH CIIEAYET, UTO CHUH 00JIHCEH

ovimb keanmosan: L =N,/s(S+1), rae S — cnunosoe keanmosoe uucino.
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AnanornyHo npoexuus cnuna Ha och Z (Lg;) (och Z coBmamaer ¢ Ha-
[PABJICHUEM BHEIIHETO MATHUTHOI'O MOJIs) AOJKHA ObITh KBAHTOBAaHA U BEK-
TOop L MoOxkeT uMeTs (2 + 1) pa3nuyHbIX OpUEHTAUI B MATHUTHOM IIOJIE.

N3 onsiToB IllTepna u I'epnaxa cienyer, 4To TaKMX OPUEHTALIMM BCETO
nBe: 2S+1=2, a 3HaumT, S = 1/2, T.. CHUHOBOE KBAHTOBOC YHCJIO HUMEET
TOJIBKO OJHO 3HAYECHHUE.

JIns1 aTOMOB TIEPBOM TPYIIIBL, BAJICHTHBIN JIEKTPOH KOTOPBIX HAXOJIUTCS
B S-cocrosiauu (I = 0), Mmomenm umnynvca amoma pasen cnuny eanenmuo-
20 31exkmpona. [1oaToMy 00HapyKE€HHOE JJII TAKUX aTOMOB MPOCTPAHCTBEH-
HOE€ KBaHTOBAHME MOMEHTA MMITyJIbca B MATHUTHOM IIOJIE SIBIISIETCS JOKa3a-
TEJIHCTBOM HAJIM4YMs Y CIHMHA JIMIIb 08YX OpueHmayuii BO BHEIIHEM IOJIE.
(OnBITHI C NEKTPOHAMHU B P-COCTOSIHUM TOJITBEPIUIIM TOT BBIBOJ, XOTS Kap-
THHA MOJIy4YHJIach O0Jiee CII0KHOM, JKeTas IMHUS HATPpUs — TYIUIeT U3-3a Ha-
JTUYUS CIIMHA).

Yucnennoe snauenue CNUHA 31EKMPOHA —

h
L. ==,
S 2

[lo aHamoruu ¢ MPOCTPAaHCTBEHHBIM KBAaHTOBAaHUEM OPOUTAILHOTO MO-
MeHTa L mpoekums cnmHa L, kBaHTyercs (kak M=z=l, tak u m, ==S).

HpO@KHI/Iﬂ CIIMHAa Ha HaIIPpaBJICHUC BHCHIHCI'O MAIrHUTHOIO IIOJIA, SBJIASACH
KBAaHTOBOU BGHH‘IHHOﬁ, OIIPCACIIAACTCA BBIPA)KCHUCM

L., =72m,,
e M, — MarHuTHOE CIIMHOBOC KBAHTOBOE YMCJIO, Mg =41/2, T.e. MOXET

NpUHUMATh TOJBKO JBa 3HA4YeHUs, yTo W Habmomaercs B ombiTe LlTepHa
u ['epnaxa.

Wrak, npoexyus cnuno6o20 mexaHuuecko2o MOMeHma UMnyibca Ha Ha-
npaenenue HeuHe20 MAeHUMHO20 NOJISL MOXCEM NPUHUMAMb 08d 3HAYEHUS.

L, =+1/2h.

Tak Kak MbI BCErjJa UMEEM JIEJ0 C MPOEKIUSIMH, TO, TOBOPS, YTO CIIUH
HMMEET JBE OPUECHTALIMN, UMEEM B BUY ABE MPOCKIINH.

llpoekyus cnuno8020 MacHUMHO20 MOMEHMA INEKMPOHA HA HANpasJe-
HUe BHeUIHe20 MASHUMHO20 NOJIs

eh e
msz = Hp sz -
2m, m
e Mg
P e
OtHoOWEHNE % = ——— =Yg — CHUH080€ 2UPOMAZHUMHOE OMHOWERUE.

m

sz e
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KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHMUW S

1. Uro xapakTepu3ylOT KBaHTOBBIC 4YHCIA: TJIABHOE, OPOUTAIBHOE H
MarauTHoe? Kakne 3Ha4eHus1 OHU MOT'YT IPUHUMATh?
2. KakoBbl 3Ha4eHus | 1 M, AJ1s M1aBHOrO KBAaHTOBOI'O YUCIa 1 = 57?

3. CKOJBKO pa3Iu4HbIX COCTOSIHUN COOTBETCTBYET n = 47

4. KBaHTOBO-MEXaHUYECKHI CMBICII IEPBOrO0 OOPOBCKOro paaunyca?

5. CpaBHUTE IUIOTHOCTH BEPOSTHOCTH OOHApYy>KEHUS JIEKTPOHA B OC-
HOBHOM COCTOSIHUM aTOMa BOJOPOJa COIVIaCHO TeopuH bopa M KBaHTOBOM
MEXAHUKH.

6. KakoBbI nmpaBuia KBaHTOBaHHUSI OPOUTAILHOTO MEXaHUYECKOTO U COO-
CTBEHHOT'O MEXaHMYECKOTO MOMEHTOB HMMITYJIbCa 3JIEKTPOHA? MX MPOEKIUI
Ha HaIpaBJIeHUE BHEIIHETO MAarHUTHOTO MOJIS?

7. llosicHuTe CMBICI MOCTYJIaTOB bopa.

8. Ilycts E, 1 E_ - COOTBETCTBEHHO dHEPrUMM aTOMa B CTALlMOHAPHBIX

COCTOSIHUSIX JI0 U MOCIIE U3IIy4eHus (noriouieHus). KakoBo cooTHomeHue
mexny E . u E (>,=,<), ecnmu mpoucxoaut usnydeHue (HOTOHA; MOTIIONICHHUE

dboToHa?

9. KakoBsI IpoTHBOpEUNs MEXK Ty IOCTYyJIaTaMu bopa 1 3akoHaMHu Kiac-
CUYECKOU pu3uku?

10. Yem onpenensieTca rpaHuiia CEpUil B CIIEKTPE aToMa BoJopoaa?

1'1. 3anuckiBas BbIpaK€HUS JJ11 KHHETUYECKON SHEPTUU SIICKTPOHA B
aToMe BOJOPOJa M MOTEHUMAJIBHON YHEPTUU B3aUMOJCHCTBUS DIEKTPOHA C
SAPOM, HAUJIUTE TOJIHYIO SHEPTHUIO JIEKTPOHA B aTOME BOAOPOAA.

12. B 4yem 3akiroyaercs MpoTUBOPEYUBOCTh Teopuun bopa?

13. [ToueMy U3 pa3nMUHBIX CEPUIN CIEKTPAIbHBIX JUHUN aTOMa BOJIOPO-
71a TIepBoii Obli1a n3ydyeHa cepust banbmepa?
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3.3. MHOT'O3JIEKTPOHHBIE ATOMBbI

3.3.1. [IpyHIUNBI HEPA3JIUYNUMOCTH TOKIECTBEHHBIX YaCTHII.
@®epMHOHBI U 0030HBI

Ecnu nepeiiti oT paccMOTpeHUsI IBUYKEHUS OJJTHOM MUKPOYACTHUIIBI (OJTHO-
ro 3JEKTPOHA) K MHOTOJIEKTPOHHBIM CHCTEMaM, TO MPOSIBIISIIOTCS OCOOBIE
CBOICTBa, HE UMEIOIIUE aHAJIOTOB B Kiaccuyeckor (usuke. [1ycTh KBaHTOBO-
MEXaHUYECKasi CUCTEMa COCTOUT U3 OJMHAKOBBIX YAaCTHUII, HAIIPUMEP AJIEKTPO-
HOB. Bce 3JeKTpOHBI MMEIOT OJWHAKOBBIE (DU3WYECKHE CBOMCTBA — MAaccy,
ANEKTPUYECKUH 3apsifl, CIUH U APYrue BHYTPEHHUE XAPaKTEPUCTUKU (HAmpHu-
Mep, KBaHTOBbIE yKciia). Takue 4acTUIbl HA3bIBAIOT MOHCOECHIBEHHBIMUL.

HeobxonumMbie CBOMCTBA CUCTEMBI OJIMHAKOBBIX TOKJIECTBEHHBIX YACTHII
MPOSIBIISIIOTCA B (DYHOAMEHMAIbHOM NPUHUUNE KBAHTOBOM MEXAaHUKU —
NpUHYUNne HePA3IUYUMOCIU MONHCOECMEEHHBIX YACMUY, CO2ACHO KOMOPO-
MY HEBO3MONCHO IKCNEPUMEHMATIBHO PA3TUYUMb MOHNCOECMEEHHbLE YACUYDL.

B knaccuueckoii mexanuke naxxe 0OJMHaKOBBIE YAaCTULIBI MOXKHO Pa3JIH-
YUTH 110 MOJOKEHUIO B IPOCTPAHCTBE U UMITyJibcaM. ECIu 4acTUIIbl B KaKoii-
TO MOMEHT BPEMEHHU MPOHYMEPOBATh, TO B CICAYIOIINE MOMEHTHI BPEMEHHU
MO>KHO MPOCIIETUTH 3a TpaeKTopueil 1odoi n3 Hux. Kiaccuueckue yacTuiipl,
TakuM o0pa3zoM, 00JIaal0T HHAMBUAYAJIbHOCTBIO, MOATOMY KiIaccHuecKas
MEXaHHUKa CUCTEM W3 OJMHAKOBBIX YACTHUIl MPUHIMIUAIBHO HE OTINYACTCS
OT KJIACCUYECKOW MEXAHUKH CUCTEM U3 PA3IMYHBIX YaCTHIL.

B keéanmoeoit mexanuxe nonoxenue uxHoe. M3 cootHoeHus Heomnpe-
JE€JICHHOCTH BBITEKAET, YTO I MUKPOYACTUI] BOOOIE HEMPUMEHUMO TOHSI-
THE TPACKTOPHUH; COCTOSHUE MUKPOUYACTUIIHI OMKUCHIBAETCS BOJHOBOU (DYHK-

o o 2
MHUCH, IMO3BOJIAIOMICH JIMIIb BBIYHUCIIATE BEPOATHOCTD ‘lP‘ HaXO0XACHUA MHUK-

pPOYACTHIBI B OKPECTHOCTSAX TOWM WJIM MHOM TOYKHM NpocCTpaHcTBa. Ecmm xe
BOJIHOBBIE ()YHKIIMHM JBYX TOXKJIECTBEHHBIX YAaCTHIl B NPOCTPAHCTBE Mepe-
KPBIBAIOTCSI, TO pa3roBOP O TOM, Kakas 4aCcTUIAa HaXOJUTCs B JaHHOW obnac-
TH, BOOOILIE JIMIIIEH CMbICIA: MOKHO TOBOPUTH JIMILb O BEPOSATHOCTH HAXOXK-
JIeHUs B JaHHOW 00JacTH OJTHOM W3 TOXKJICCTBEHHBIX yacTHIl. TakuMm oOpa-
30M, 8 KBAHMOBOU MEXAHUKE MOACOeCMBEHHblEe YACMUYbl NOTHOCMbIO Mepsi-
1om C6010 UHOUBUOYATLHOCMb U CcmaHoeamcs nepasiuyumvimu. Clenyer
NOAYEPKHYTh, YTO MPUHLMI HEPA3IUUYUMOCTH TOXKIESCTBEHHBIX YaCTHIL
HE SIBJSIETCA TIPOCTO CJIEACTBUEM BEPOSTHOM HMHTEPHPETALMU BOJHOBOM
(YHKIIMM, a BBOAUTCA B KBAHTOBYIO MEXAHHMKY KaK HOBBII IPUHLHII, KaK
YKa3bIBJIOCH BBIIIE, SBIISIETCS (PYHOAMEHMAIbHBIM.

o 2
HpI/IHI/IMaSI BO BHUMAaHHEC (1)I/ISI/I‘ICCKI/II/I CMBICJI BEJIMYHHBI ‘\P‘ y NPUHYUN He-
pasaudumocmu MOAHCOECMBEHHbIX uyacmuy MOKHO 3aImMcarhb B CIICAYHOIICM BH/IC!
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2 2
[P (x, %2 )" =[P (2, %), (33.1)
rac Xl u X2 — COOTBCTCTBCHHO COBOKYIIHOCTH IIPOCTPAHCTBCHHBLIX W CHJIIO-

BBIX KOOPJHMHAT NEPBOM U BTOpoM yactul. M3 Beipaxkenus (3.3.1) BeITeKaer,
YTO BO3MOJKHBI JIBa CIIy4asi:

P(xg, %)= 1P (X0, % ),

T.€. IPUHIUI HEPAZIUYUMOCTH TOKJIECTBEHHBIX YACTHI] BEJIET K OIpe/IeliCH-
HOMY CBOMCTBY CUMMETpPUHU BOJIHOBOHN (pyHkimu. Ecnu nmpu nepemene yac-
THUIl MECTaMH BOJIHOBast GYHKIIHUS HE MEHSET 3HAKa, TO OHA HA3bIBACTCS CUM-
MEempUYHOIL, €CIIU MEHSIET — aHmucummempuunoi. VIaMeHeHue 3HaKa BOJI-
HOBOM (DYHKIIMM HE O3HA4YaeT W3MEHEHHS COCTOSIHUS, T.K. (U3UUECCKUI
CMBICJI UMEET JIUIIb KBaJpaT MOyl BOJTHOBOM (DYHKITUU.

B kBaHTOBOW MeXaHUKE JOKa3bIBACTCS, UTO XapaKTEep CUMMETPHUH BOJI-
HOBOU ()YHKIIMM HE MEHSIETCSI CO BPEMEHEM. DTO HE SIBJISETCS JOKa3aTEIbCT-
BOM TOT'O, YTO CBOMCTBA CUMMETPHUU WK aHTUCUMMETPUU — MPU3HAK JJAHHO-
ro THUNa MUKPOYACTHII.

VY cTaHOBJIEHO, YTO CUMMETPHUSI WM aHTUCUMMETPUSI BOJHOBBIX (hYHK-
IU{ ONpEeNeNseTcs CIMHOM 4YacThll. B 3aBUCMMOCTH OT XapakTepa CUMMET-
pUU BCE dJIEMEHTapHbIC YACTHUIIBI U TTOCTPOCHHBIE U3 HUX CUCTEMBI (aTOMBI,
MOJIEKYJIbI) JEJSTCS Ha JBa KJAacca: YAcCHUubl ¢ ROAYYeavimM cnuHom (Ha-
MpUMeEp: BJEKTPOHBI, HEUTPOHBI M MPOTOHBI) ONUCHIBAIOMCA AHMUCUMMEN -
PUYHBIMU 80JIHOBLIMU DYHKYUAMU U noOUuHAIOmcs: cmamucmuxke Pepmu —
Jlupaxa; TN 4acTUIbl HA3bIBAIOTCA ¢hepmuonamu. Yacmuywvl ¢ Hyneevim,
UnU YyenouucieHHsIM, cnunom (Hanpumep: GOTOHBI, ME30HBI) ONUCHIBAIOM -
e cummempudnvimu  Qyukyusmu (601HOBbIMU) U NOOUUHAIOMCS CHAMU-
cmuke bo3ze — Jiinmmeinna; >t 9acTUIBI HA3BIBAIOTCS O030HAMU.

Cnooicnvie yacmuysl (HaripuMep, aTOMHBIC SIAPA), COCMAB/IeHHble U3 He-
YemHo20 4ucia epmuonos, SIBISIOTCS ghepmuonamu (CyMMapHBIA CIIUH —
MOYLIEJNbIN), a U3 YuemHno2o — 6030Hamu (CyMMapHBIM CIIMH — LIEJIbIN).

3aBUCUMOCTh XapaKTepa CUMMETPHUU BOJHOBBIX (DYHKIIUN CHUCTEMBI TOXK-
JIECTBEHHBIX YaCTHUI[ OT CIMHA YaCTUIl TEOPETUUYECKH OOOCHOBaHA IIBEHIIap-
ckuM ¢uzukom B. Tlaynu, 4ro sBUIOCH €111e OJTHUM J0Ka3aTeIbCTBOM TOTO, YTO
CIHHBI SIBIISTIOTCS (PYyHIAMEHTAIBHOM XapaKTePUCTUKON MUKPOYACTHIL.

3.3.2. llpunuun Iayau. Pacnpeaesienue 31eKTPOHOB
B aTOMe 0 COCTOSTHUSIM

Ecnu ToknecTBeHHBIC YaCTHIBI UMEIOT OJIMHAKOBBIC KBAHTOBBIC YHCIIA,
TO WX BOJIHOBas (DYHKIIMSI CHMMETPUYHA OTHOCHUTEIHHO NEPECTAHOBKH YacC-
tuil. OTCI0/1a CIIeyeT, YTO JBa OJAMHAKOBBIX (PEPMHOHA, BXOISIINX B OJHY
CUCTEMY, HE MOTYT HAXOJWTHCS B OJUHAKOBBIX COCTOSIHHSX, T.K. s (ep-
MHOHOB BOJIHOBasi (PYHKITUSI TOJDKHA OBITH aHTHCHUMMETpuuHOM. O600Ias
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OTIBITHBIC JaHHBIC, HeMelkui ¢usuk-teopetuk B. [laymu cdopmupoBan
HPUHUURN UCKTIOUEHUA, COTIIACHO KOTOPOMY cucmembl (hepmMuoHos ecmpe-
uaromes 6 npupooe mojibKO 8 COCMOSIHUAX, ONUCLIBAEMbIX AHMUCUMMEN-
PUUHBIMU BOJIHOBLIMU DYyHKYUuAMU (KBAaHTOBO-MeXaHUYECKas (HOpMyIHpPOBKa
npuHuuna Iaymm).

N3 sToro mosnokeHus BhITEKaeT Ooiiee mpocTtas GOpMyIUpOBKa MPUH-
nuna [laynu, koTopas u Oblia BBe/leHA UM B KBaHTOBYIO Teoputo (1925 r.)
emie J0 MOCTPOCHUSI KBAHTOBOW MEXAaHUKU: @ cucHieme 0OUHAKO8bIX ¢hep-
MUOHO8 1100ble 06a U3 HUX HE MO2YM 0OHOBPEMEHHO HAXO0OUMbCA 6 OOHOM
u mom yce cocmosanuu. OTMETHM, UTO YHCJIO OJUHAKOBBLIX 0030HOB, HaXO-
JSIIAXCS B OJTHOM M TOM K€ COCTOSIHUH, HE JTUMUTHPYETCSI.

HamomnauM, 4T0 cOoCTOsIHHE DJIEKTPOHA B aTOME OJTHO3HAYHO OMpE/Ieis-
eTcs HabOPOM uemblpex K6AHmMO8bIX YUCET.

® TJIaBHOIO N (n: K, L N, M, )

e opOuraipHOrO | (I =s, p,d, f, ), O0OBIYHO 3THU COCTOSIHUS 0003Ha-

yaror 1S, 2d, 3f;
e marautHOoro m (m=0,+1, +2, ..., +I);
® MarHWTHOTO CIIMHOBOTO M, (M, ==£1/2).

Pacnipenenenue 37eKTpOHOB B aTOME ITPOUCXOAUT 110 npuHIuiy [laynm,
KOTOPBIM MOXET OBITh CPOPMYJIHUPOBaH [JIi aToMa B IPOCTEHINEM BHJIC:
6 00HOM U MOM JHce amome He Moxycem 0blmb 00j1ee 00H020 I1IeKMPOHA

C 00UHAKOBBIM HADOPOM Uemblpex Keanmogwix yucen —n, I, m, m,:
Z(n, I, m, m)=0wml,

rne Z (N, I, m, my) — 9ucio >MEeKTPOHOB, HAXOASIIMXCS B KBAHTOBOM CO-
CTOSIHUH, OTMCHIBAEMBIX HAOOPOM YeThIpeX KBaHTOBBIX umcen — N, [, m, mg.

Takum obOpaszom, npunuun [laynu yTBepkaaer, umo oea 31eKmpona, ceés-
3AHHbBIE 6 OOHOM U MOM Jice AmoMe, Pa3audarOmca 3HAYeHUAMU NO Kpail-
Hell Mepe 00H020 K6AHM 08020 HYUCA.

MakcumanbHoe uucio Z,(n,l,mg) 351eKTpOHOB, HaXOAAIUXCA B CO-

CTOSAHHAX, OIIMCBIBACMBIX Ha60pOM TPEX KBAHTOBBIX YHCEI — N, | um—u or-
JIMYAOMINXCA TOJIBKO OpI/IeHTa]_H/Ief/'I CIIMHOB 3JICKTPOHOB, PaBHO

Zo(n,I,m)=2,
100 CIIMHOBOE KBAHTOBOE YHCJIO MOXKET MPUHUMATSH JIMIIb JIBa 3HaUCHHs . 1/2

u-1/2.
MaxkcumanbsHoe yucio Z;(n,l) anexkTpoHOB, HAXOASAIMIUXCS B COCTOSHH-

ax, OHpeI[eJ'IHCMBIX I[BYMSI KBAHTOBBIMH YHCJIAaMU — N 1 I,
Z,(n,1)=2(21 +1).
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[Ipn 5TOM BEKTOp OpOUTAIBLHOIO MOMEHTA MMILyJIbCa JIE€KTpoHa L, Mo-

KeT MpUHUMATh B pocTpancTe (2| + 1) paznuuneix opuenTanuii (puc. 3.3.1).
MaxkcumanbHOe Yrciio 3JIEKTPOHOB, HAXOISIIUXCA B COCTOSHUSX, OMpe-
AeNsieMbIX 3HAYeHHEM IJIaBHOTO KBAaHTOBOT'O YyHciia N, paBHO

n-1
Z(n)=>2(21+1)=2n".
i=0
Cogokynnocms 31€KMPOHO8 8 MHO20ITEKMPOHHOM amome, UMerouux
O00HO U MO Jice 21a8HOe K8AHMOB0E YUCIO N, HA3bIBAemCcsl INEKMPOHHOU
0001104KOIL, UTU Cl10eM.
B xaxmoii u3 00071049eK SJIEKTPOHBI PACIPEACIISIOTCS 0 H00000.10U-
Kam, COOTBETCTBYIOIIUM JIaHHOMY |.
Obracmv npocmpancmea, 8 KOMOpOU 8biCOKA 8EPOSIMHOCHb 0OHAPY-
HCUMb 2J1eKmMpPoH, HA3bIBAIOT HOO000104KOIL, UV opOumavio. Bum ocHOB-
HBIX TUIIOB opOuTasie nmokasax Ha puc. 3.3.1.
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Puc. 3.3.1

[Tockonpky OpOUTaAIbHOE KBAHTOBOE YHUCIIO MPUHUMAET 3HadeHust oT 0
10 N—1, yncno nogo6oa0ueK paBHO MOPSAKOBOMY HOMepy N o6oiouku. Ko-
JIMYECTBO 3JIEKTPOHOB B MOJ000JI0UKE OMpPEAEIsieTCss MAarHUTHBIM U MarHuT-
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HBIM CITMHOBBIM KBAaHTOBBIMH YHCJIAMH: MaKCUMAJIBHOE YHCJIO AJICKTPOHOB
B 110,1000109Ke ¢ naHHbiM | paBHO 2(2] + 1). O603HaUeHUsT 000I0YCK, a TaK-
e pacrpe/esieHie IEKTPOHOB 10 000J0YKaM U 1M0000JI09KaM TPUBEICHO
B TaOm. 1.

Tabmuma 1
I'maBHOE KBaHTOBOE 5 3 4 5
YHUCJIo N
CuMBOJI 000JI0UKH K L M N O
MakcumanbHoe
YHUCJIO JICKTPOHOB 2 8 18 32 50
B 000JI0UKE
Opourabioe olo|1|o|1]|2|o|1|2|3]|0|1]2]|3]|34
KBAaHTOBOE 4HCIIO |
CuMBoII
e — 1s | 2s | 2p [3s|3p |3d|4s |4p|4d | 4f | 5s |5p|5d | 5f | 5g
MakcumanbHoe
YHUCJIO AJICKTPOHOB 212|612 (6|1012|61(10|14|2 |6 |10|14|18
B ITIOA000JIOUKE

3.3.3. [lepuoanyeckasi CHCTEMa XMMHYECKHX IJIEMEHTOB
.. MenaeseeBa

B nauane XIX B. ¢ pa3BuTHEM HJIEH XUMHUYECKONH aTOMUCTUKU U METO-
OB XMMHUYECKOrO0 aHaJh3a MOSIBUIUCH NEPBbIC MOMBITKM CUCTEMATH3ALMU
3JIEMEHTOB MO UX ATOMHOMY BECY, TPU3HAHHOMY OCHOBHOM KOJIMYECTBEHHOM
XapaKTEPUCTUKOMN IIIEMEHTA.

B 1817 r. .B. JI€0epeiinep 3amMeTHII, YTO aTOMHBINA BEC CTPOHIIUS MPH-
OJIM3UTENBHO COBIIAJAET CO CPEIHUM 3HAYCHHUEM ATOMHBIX BECOB KaJbITHS
U Oapusi, TpUYEM CBOMCTBA AJIEMEHTOB, cocTaBistomux Tpuany Ca—Sr—Ba,
cxonubl. B 1829 . oH yka3an u Ha 1pyrue mpuaosi.

B 1843 r. JI. 'MmenuH npuBen TaOIUIy XUMAYECKH CXOJHBIX 3JIEMEHTOB,
paccTaBICHHBIX IO TPyNHIaM B OMpPEACICHHOM nopsijake. BHe rpynm asiemeH-
TOB, BBEpXY TaOJuIlbl, ['METMH MOMECTHI TpU «OA3UCHBIX» AJIEMEHTA — KHU-
CJIOpOJI, a30T U BoAopoa. [log HUMH ObLIM paccTaBi€Hbl mpuaosl, a TaKKe
mempaovl N neHmaowl (TPYMIbI U3 YETHIPEX U MATH DJIEMEHTOB).

B 1863 r. A. ne lllankypTya pacmnoioxKuI JIEMEHThl B HOpsOKe B03-
pacmanus ux amoMHbIX 8ec08 nO CHUpaay Ha TTIOBEPXHOCTH LIWIMHJpA, pa3-
JI€JIEHHOTO Ha BEPTUKAJIbHBIE IMOJOCHL. DJIEMEHThl CO CXOAHBIMU XHMHUYE-
CKUMH W (PU3NYECKHUMH CBOMCTBAMHU OKa3bIBAIUCH MPU ATOM PACIIOIOKEH-
HBIMU Ha OJTHOM BEPTHUKAIIH.

B 1864 r. /[I. HproneHac 3ameTui, 4To €CIU PaCHOIOKUTh 3JIEMEHTHI
B MIOPSIIKE BO3PACTaHUSI ATOMHOTO BECa, TO KaXIblii BOCBMOW 3JIEMEHT, Ha-
YuHasi OT BHIOPAHHOTO MPOU3BOJLHO, B KAKOW-TO Mepe MOA00EH NEPBOMY,
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KaK BOCbMasi HOTa B MY3bIKaJIbHOW OKTaBe. HbroieHAc Ha3Bal 3Ty 3aKOHO-
MEPHOCTH 3aKOHOM oKmae. B 1865 T. 0H MOCTpOMI Takyio TabIuILy.

Opnnaxo Tabnuia Heronenaca Gosnee MM MeHee MpaBUIIBLHO OTpakasa
MIEPUOANYHOCTh B U3MEHEHNUN CBOMCTB JIMIIb y NEPBbIX 17 amemeHToB. I1o-
ATOMY «3aKOH OKTaB» HbrojeHAca He MOyl IPU3HAHUA, U O HEM 3a0bLIU
Ha JOJITHE TOJIbI.

B mepuon 1857-1868 rr. V. OaauHT cOCTaBWJI HECKOJBKO TaOJIMII.
B tabmuie 1857 r. 49 snemenToB ObuH pa3menieHsl B 9 rpynmnax. B 1861 r.
sTa KiIaccudukanus Oblla HECKOJIbKO YCOBEPILIEHCTBOBAHA: XMMHYECKHU
CXOJHBIC AJIeMEeHTbl OJITMHT OOBEUHUI B TPUAbI, TETPAIbl U TICHTA/bl, BHE
ATUX 00BEIMHEHUN OCTAIMCh BOAOPO, O0p u 0s10B0. Hanbonbimmii nHTEpEC
npenacrapiger tabnuma 1868 r., B KOTOpo# 3jieMeHTHI (Tabiuia BKIIOYasa
45 31emMeHTOB U3 62 U3BECTHBIX B TO BPEMsI) PACIIONIOKEHBI B TIOPAIKE BO3-
pacTaHus UX aTOMHBIX BECOB.

B 1864 1. JI. Meiiep onyOnaukoBai TaOIUIly SJIEMEHTOB, COCTOSAIIYIO U3
JIBYX 4acTel, B KOTOpo# 44 aneMeHTa ObUIM pacCTaBIIEHbI B IIECTU CTOJIOLAX
B COOTBETCTBUU C UX BaJEHTHOCTHIO (BBICIICH) MO BOJIOPOY.

B 1869 r. .. MenneneeB omkpoin nepuooudecKuii 3aKon Xxumuye-
CKUX U Pu3uyuecKux ceoucme 3NemMeHmos 6 3a6UCUMOCIU OM AMOMHOU
Mmaccot (puc. 3.3.2). BBIICHIIOCH, YTO €CIIM PACIOJIOKUTh BCE XUMHUYCCKHE
AJIEMEHTHI B MOPSJIKE BO3pACTAaHUSI MX aTOMHBIX Macc, TO OOHapy>KUBAETCS
CXOJICTBO (hM3UKO-XUMHUECKUX CBOMCTB AJIEMEHTOB. Uepes3 MpOMeKyTKH, Ha-
3bIBAEMBIE HEPUOOAMU, IIEMEHTHI, PACIIOJIOAKEHHBIE B OJJHOM BEPTUKAIBHOM
PNy — epynne InemeHmog, OOHAPYXHBAIOT IMOBTOPSEMOCTHh (PU3HMUECKHUX
U XUMHYECKUX CBOMCTB. Bo Bpemena MenneneeBa ObuTH M3BECTHBI 64 3ie-
MeHTa. PacrionoxuB ux B cuctemy, MeHeneeB B HEKOTOPBIX CIydasix JI0JI-
EH ObUI OTCTYNUTh OT MPHUHIMIIA CBSI3M MEPUOJUYHOCTH C BO3pACTaHUEM
atomHol Maccel (K u Ar).
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e- Iepuonnueckasn cucrema 3nementos JI. H. Menaeneesa
pHoR CPYIIIbI 3JEMEHTOB
| 11 I Iv A% V1 VII VIII 0
1 H 1 He 2
1.008 4,00
2 Li 3 |Be 4B 51C 6|N 710 8|F 9 Ne 10
6.94 9,01 10,81 12,01 14,01 16,00 19,00 20,18
3 Na 11| Mg 12 | Al 13 | Si 14|P 15(S 16 | Cl 17 Ar 18
22,99 24,31 26,98 28,09 30,97 32,06 35,45 39,95
K 19| Ca 20 | 21 Sc |22 Ti |23 V|24 Cr|25 Mn |26 Fe |27 Co|28 Ni
39,10 40,08 | 44,96 47,90 50,94 52,00 54,94 55,85 58,93 58,71
4 29 Cu |30 Zn |Ga 31 |Ge 32 |As 33|Se 34 |Br 35 Kr 36
63,54 65,37 69,72 72,59 74,92 78,96 79,91 83,80
Rb  37|Sr 38 |39 Y (40 Zr |41 Nb |42 Mo|43 Te |44 Ru |45 Rh |46 Pd
85,47 87,62 | 88,91 91,22 92,91 95,94 (99) 101,1 102,9 106.,4
5 47 Ag |48 Cd|In 49 [ Sn 50 | Sb 51(Te 521 53 Xe 54
107,9 1124 114,8 118,7 121,8 127.6 126,9 131.3
Cs 55 |Ba 56 |57 La|72 Hf|73 Ta|74 W]|75 Re|76 Os]|77 Ir | 78 Pt
: 132,9 137,3 | 138,9 178,5 181,0 183,9 186,2 190,2 192,2 195,1
79  Au |80 Hg (TI 81 |Pb 82 |Bi 83 |Po 84[At 85 Rn 86
197,0 | 200,6 204.4 207,2 209,0 (210) (210) 222
Fr 87 |Ra 88 |89 Ac|Rf 104 (Db 105]|Sg 106 |Bh 107 |Hs 108 | Mt 109 |Ds 110
: (223) (226) (227) (261) (262) (263) (263) (263) (266) 271)
111 Rg|112 Uub |[Uut 113 [Uuq 114 [ Uup 115 | Uuh 116 | Uus 117 Uuol18
(272) (285) (284) (289) (288) (292) | (3107) (3147)
JlanTa |Ce 58 |Pr 9 |[Nd 60 [Pm 61 |Sm 62 |Eu 63 [Gd 64 [Th 65 |Dy 66|Ho 67 [Er 68 [Tm 69(Yb 70| Lu 71
nomasl | 140,12 | 14091 | 144.24 | (145) 150.4 151.96 | 157.25 | 158.92]162.50 |164.93 [167.26 |168.93 |173.04 | 174.97
Axktn (Th 90 |Pa 91 |U 92 |Np 3 |[Pu 94 |Am 5 |Cm 96|Bk 97|Cf 98|Es 99 [Fm100Md101|Ne102| Lr 103
womani | 232.04 | (231 [238.03 | (@37 | @44 | 4| can | @an| @spl @safesn | @s8) | 259)|  (260)
Puc. 3.3.2

[Ipu 5TOM YacTh KIJIETOK MEPUOAUYECKON CHCTEMBbI OKa3aiach CBOOOJ-
HOM, T.K. COOTBETCTBYIOIIME UM DJIEMEHTHI TOT/IA €Ille HE OBbUTA OTKPBITHI.
MeHieneeBy yaajioch Ha OCHOBAaHUM CBOEU CHCTEMBI MPEJICKa3aTh CYLIECTBO-
BaHHUE Psa HOBBIX XUMHYCCKHX 3JICMCHTOB (TaJIUM, CKaHIUM, TepMaHUN | Jp.)
Y OIKCATh UX XMMHUYECKUE CBOUCTBA.

B nanbHeiimem Bce 9TH AJIeMEHTHI ObLUTH OTKPBITHI U Tpecka3aHus MeH-
JIeJieeBa MOJHOCTBIO MOATBEPAWINCH. EMy yIanoch Takke BHECTH YTOUHEHMS
B 3HAUEHMSI ATOMHBIX MAacC M XHMHYECKHUE CBOWCTBA HEKOTOPBIX 3JIEMEHTOB.
Tax, aToMHBIE Macchl OepUILIUS, TUTaHA, 1IE3Us U ypaHa, BHIYMCIICHHBIE HA OC-
HOBE 3aKOHA MeH/ieneeBa, 0Ka3aauch NPaBUIbHBIMY, a TAHHBIC O HUX, U3BECT-
HbIE paHee, — OMOOYHBIMU. ITO sIBWIIOCH Tpuymdom Ilepruoanueckoit cucre-
MbI XUMHU4YeCKuX 3jieMeHTOB JI.M. MenaeneeBa. SBissaCh OQHUM U3 BaXKHEHIIINX
3aKOHOB €CTECTBO3HAHMS, IEPUOJUUYECKUAN 3aKOH MeEHieneeBa COCTaBIsIeT OC-
HOBY COBPEMEHHOW XUMHH, aTOMHOM U SIJICPHON (DU3HUKH.

@uU3NYECKU CMBICI OPSIAKOBOIO HOMEpa Z 3JIeMEHTa MEePUOINYECKOM
cucteMbl MeHieneeBa ObUT BBISICHEH B sIEpHOM Mojenu aroMa Pesepdopna.
Ilopaokoewtit Homep L 3n1emenma coenadaem ¢ YUciomM NPOMOHOE — TIO-
JIOKUTEIIBHBIX 3JIEMEHTAPHBIX 3apsA0B B Aape. Uucimo ux 3aKkOHOMEPHO BO3-
pacTaeT Ha €AUHULLY [IPU MEPEXOJE OT MPEABIIYIIEr0 XUMUYECKOTO AJIIEMEH-
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Ta K TOCJIENyIIleMy. Jmo Yucio cosnaoaem ¢ 00WUM KOJIUUECHIBOM
INIEKMPOHOB 8 AN OME OAHHO20 INIeMeHm .

XUMUYECKUE CBOMCTBA JIEMEHTOB, UX ONTHUYECKHUE U HEKOTOPHIE JIPY-
rue (U3NIECKUE CBOMCTBA OOBSICHSIIOTCS TTOBEACHIUEM BHEITHUX AJICKTPOHOB,
Ha3bIBAEMbIX 6A/IEHMHbIMU, UIU onmuuecKumu. [1epruoguIyHOCTh CBOMCTB
XUMUYECKUX DJIEMEHTOB CBS3aHA C MEPUOJUYHOCTHIO B PACIOJIOKEHUU Ba-
JIEHTHBIX JJICKTPOHOB aTOMa Pa3IuYHBIX AJIEMEHTOB.

OObsicHeHue cTpoeHus llepuoandeckoit CUCTEMBI AJIEMEHTOB, TEOPETH-
YeCKOe MCTOJIKOBAHHE IMEPUOINYECKON cUcTeMbl MeHjeneeBa ObLIO JaHO
B KBaHTOBOM Teopun bopom B 1922 1., elie 10 mosiBI€HUS KBAaHTOBOW MeXa-
Huku. [lociaenoBaTenpHas Teopusi MEPUOAUIECKON CUCTEMBI OCHOBbIBACHICA
Ha C/1e0YIOuUX NOJIOHCCHUAX.

e 00IIEE YUCIIO DJIEKTPOHOB B aTOME JTAHHOTO XMMHUYECKOTO JIEMEHTA
PaBHO MOPSAIKOBOMY HOMEPY Z 3TOTO JIEMEHTA;

e COCTOSIHME DJICKTPOHA B aTOME OINpPENENAeTCs] HA0OpOM €r0o YEeThIpeX
KBaHTOBBIX ymcen: N, |, m, mg;

e paclpeleseHUe JIEKTPOHOB B aTOME IO SHEPrETUYECKUM COCTOSTHU-
M JIOJ>KHO YAOBJIETBOPSITH NPUHIIUITY MUHUMYMa MOTEHIUAIBHOW SHEPTHU:
C BO3PACTAaHUEM YHUCJA AIEKTPOHOB KAXKIBIN CIEAYIOUIUN 3JIEKTPOH JOJLKEH
3aHSATh BO3MOHBIE SHEPTETUUECKNUE COCTOSIHUSI C HAMMEHBIIIEH SHEPTUEH;

e 3ar0JIHEHUE ANEKTPOHAMHU SHEPIETUUECKUX YPOBHEW B aTOME JOJIKHO
MPOXOJUTH B COOTBETCTBUHU C NMpUHIMTIOM [laymnu.

[Topsimox 3amojHEHUs AJIEKTPOHAMU COCTOSIHUM B Pa3IMYHBIX CIOSIX
(obosoukax), a B mpenenax oJHOi 000J0YKH — B mOArpyImmnax (moaod0ao4-
Kax) JIOJDKEH COOTBETCTBOBATH MOCJIEIOBATEIBLHOCTH PACIIOIOKEHHS SIHEPTe-
THYECKUX YPOBHEH C pa3IMuHBIMK 3HAYCHUSIMHU KBAaHTOBBIX urcen N u .

Takum oOpazom, oTKpbITass MeHjeneeBbIM EPUOJANYHOCTh B XUMUYE-
CKHX CBOMCTBax D3JIEMEHTOB OOBSCHAETCS IMOBTOPSIEMOCTBIO B CTPYKTYpE
BHEIITHUX 00O0JIOUEK Y aTOMOB POJACTBEHHBIX AJIEMEHTOB. Tak, MHEPTHBIC ra-
36l UIMEIOT OJIMHAKOBBIE BHEIIHUE OOOJOYKH M3 BOCBMH DJIEMEHTOB (3aKITIO-
YEHHBIC B S- U P-COCTOSIHMSIX ); BO BHEIIHUX 000JIOUKAX IIETIOYHBIX METAIIOB
(L1, Na, K, Rb, Cr, Fr) umeercs nuiib OJUH S-3JI€KTPOH; BO BHEITHEH 000-
JIOYKE IIeI0YHO-3eMeNbHBIX MeTaioB (Be, Mg, Ca, Sr, Ba, Ra) umeercs
2s-anextpona; ranounasl (F, Cl, Br, I, At) umeror BHemHue 000J0YKH, B KO-
TOPBIX HEJIOCTAET OJJHOT'O JIEKTPOHA 10 000JIOYKHA MHEPTHOTO rasa, u T.1.

B nacrosimee Bpems otkpbIT 118 anement — Uuo.
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KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHUSA

1. B ueM cyTh MpUHIIMIIA HEPAZTUUYUMOCTU TOKICCTBEHHBIX YACTHII?

2. Kakue yacTuiibl SBisitoTcst 6030HamMu? pepMuoHamu?

3. [Touemy aTom BoOpOAa MOKET UMETh OJHY U Ty K€ IHEPTHI0, HAXO-
JSICh B PA3JIMYHBIX COCTOSIHUAX ?

4. Kak u3MeHusnach Obl CTPYKTYpa dJIEKTPOHHBIX 000JI0UEK aToma, ecliv
OBI 2JIEKTPOHBI OBLIN HE (pepMHOHAMU, a 0030HAMHU?

5. CKOJIBKO 3JIEKTPOHOB MOXKET OBITh B aTOME, Y KOTOPOTO B OCHOBHOM
COCTOSIHUM 3anojHeHbl K- u L-000104yku, 3S-110/1000709Ka U JBa 3JIEKTPOHA
B 3p-nosio60s104ke? UTto 310 32 aTOM?

6. Kakue kBaHTOBbIE YKClia UMEIOT BHEIIHUMN (BaJICHTHBIN) JEKTPOH B
OCHOBHOM COCTOSIHUM aTOMa HATpUs?

7. 3anmummTe  DJIEKTPOHHYI0  KOHQUIypaluioo Il aTOMOB:
1) HeoHa; 2) nukens; 3) repmanusi;4) kodanbra.

8. B uem 3axkmrouaercsa npuHumn Iaymmu?

9. llepeuncnuTe KBaHTOBBIE YUCIA XaPAKTEPHU3YIOIINE COCTOSIHUE aTo-
Ma. UTo XapakTepusyeT KaKJ0oe KBaHTOBOE YnJI0?

10. Mo2eT 11 aToM MpH NEPEXOJIE B OCHOBHOE COCTOSIHUE UCITYCTUTh
IPOU3BOJIbHYIO MOopLKto d3Hepruu? Iouemy?

11. AtoMm Boziopoaa B OCHOBHOM COCTOSIHMM 00JIaZlaeT SHEpruei
E, =13,63B. Kakyto paboty (B 3B) Hafo coBepmuT, 4YT006I HOHU3UPOBATH
aToM Boaopoja?

12. o xako#t hopmyie onpeaensieTcs: SHeprus AIeKTpoHa Ha N-

1
6oposckoit opbute: E, =-n’E; E, =——E,?
n

13. Iy 1ByX SHEPreTHUECKUX COCTOSIHUI M300pa3uTe Ha pUCYHKAX Te-
pPeXo1bl, COOTBETCTBYIOIIME MOTJIOMIEHUIO; BEIHYKICHHOMY HU3J1yYEHHIO;
CITOHTAaHHOMY M3JIy4YEHUIO.

14. TlepeuncnuTe OCHOBHBIC IMOJIOKCHUS TCOPUH TEPUOIUICCKON CHC-
TEMBI.
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3.4. DUBUKA ATOMHOI'O SAJIPA

3.4.1. 3apsig, macca, pa3Mep M COCTaB AaTOMHOI0 S/IPa

Uccnenays npoxoxaeHUE 0-4aCTUIBI Yepe3 TOHKYIO 30JI0TYI0 (DOJbTY,
3. Pezepdopa npumién k BIBOLY O TOM, YTO aTOM COCTOUT M3 TKEIOrO IMO-
JIOKUTENLHO 3aPsHKEHHOTO SI/Ipa U OKPYXKAIOIIUX €r0 3JIEKTPOHOB.

Aopom nazvieaemcsa yenmpanbHas yacms amoma, 8 KOmopou cocpeoo-
MoYena NPaKmudecKy 6CsL Macca amoma u e20 NOJOHCUMETbHbIL 3apsio.

B cocmae amomnozo adpa éxooam rnemeHmapHle YACMUUbL. RPOMOHbL
U Heiimponbl (HYKIOHbL OT JTaTHHCKOTO ciioBa NUcleus — s0po). Takas mpoToH-
HO-HEUTPOHHAs1 MOJEIIb si/ipa ObLIa MpeytokeHa coBeTckuM ¢usukom 1.1, MBa-
HeHKO B 1932 1. TIpoTOH UMeeT NONOKUTENBHBIH 3apsi e =1,6- 10 K u Maccy
HoKost My = 1,673-10 'kr = 1836m,. Heiitpon (N) — HeHTpabHas JacTUIA
¢ Maccoit okost M, = 1,675 107 %"kr = 1839m, (e Macca 9IeKTpoHa M, pas-
na 0,91-10*'kr). Ha puc. 3.4.1 npuBeseHa CTPyKTypa aToMa Telust 110 Ipe-
craBieHnaM KoHIa XX — gayaima XXI B.

KBapk (<1012 m)

HyKnoH {~1017 m)

anpo (~10-14 m)

anektpoH {1012 )

atom {(~1010 m)

Puc. 3.4.1

3apsao adpa paBeH Ze, rne € — 3apsi NPOTOHA, Z — 3apsadosoe Yucio,
paBHOE NOpPAOKOBOMY HOMeEpY XUMHUYECKOro sneMmeHta B llepunonnueckoit
cucreMe aneMmeHToB (.M. MeHnneneesa, T.e. yucily IpOTOHOB B siape. Yucio
HEHUTPOHOB B syipe obo3HavaeTcs N. Kak mpasuio, Z > N.

B nacTosiee Bpemst u3BecTHsl siapa ¢ Z =1 no Z = 107-118.

Yucno HykioHOB B siipe A = Z + N Ha3bIBaeTCs MACCOBbLIM YUCIOM.
Snpa ¢ oquHAKOBBIM Z, HO Pa3IMYHBIMU A Ha3bIBAIOTCS uzomonamu. Slapa,
KOTOpBIE MPU OJAMHAKOBOM A UMEIOT pa3Hbie Z, Ha3bIBAIOTCA U300apamu.

. . A
SInpo o6o3HAYaeTCsS TEM Ke CUMBOJIOM, YTO M HEHTpaJIbHBIN aToM , X |
rae X — CUMBOJI XUMUYecKoro aiemenTta. Hanpumep: Bogopoa Z = 1 umeer
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tpu u3orona: ;H —mporuit (Z =1, N = 0), fH — npeitrepuit (Z =1, N =1),
f H — tpurnii (Z = 1, N = 2); onoBo umeer 10 uzoTomnos u T.1. B mogassio-

meM OOJBIIMHCTBE H30TOMNBI OJHOTO XMMHYECKOTO JJIEMEHTa OO0JadaroT
OJINHAKOBBIMH XMUMUYECKUMH U OJIM3KUMHU (pr3ndeckuMu cBoiictBamu. Beero
u3BecTHO okoJio 300 ycroiuuBbIX M30TONOB M Oojiee 2000 ecTecTBEHHBIX
U UCKYCCTBEHHO TOJYUYE€HHBIX pAOUOAKMUBHBIX U30MONO8.

Pa3mep siapa xapakTepu3yeTcs paJdycoM siipa, UMEIOIIUM YCIOBHBIN
CMBICTT BBUY Pa3MBITOCTH TpaHUIlbl aapa. Emé O. Pesepdopa, anamusupys
CBOHM OIIBITHI, MOKA3aJl, 4TO pa3Mep sapa MPUMEPHO PaBEH 10" ™ (pa3mep
atoma paser 10 '° m). CymectByer sMmmupuueckas GopMyla IS pacdera
paauyca sapa:

R=RyAL/3,
rme Ry = (1,3 = 1,7)-10 ° M. Otcrona BUIHO, 9TO 06BEM SIpa IPOMOPIHOHA-
JIEH YHUCITy HYKJIOHOB.

[170THOCTH SZIEPHOTO BEIIECTBA COCTABIISIET IO TOPSIKY BEIMYHHBI
10" kr/mM® u mocTosiHHA M Beex sgep. OHA 3HAYMTEIBHO IIPEBOCXOIHT
TUIOTHOCTH CaMbIX TUIOTHBIX OOBIYHBIX BEIIECTB.

[TpOTOHBI U HEUTPOHBI ABJISIOTCS hepmuornamu, T.K. IMEIOT CIUH /if2,

Anpo aroMa UMEET cOOCMBEHHbLI MOMEHM UMNYIbCA — CRUH A0PA.

Ly = 1/1(1+1),

rne | — enympennee (nonoe) cnunosoe keanmogoe Yucio.

Yucno | mpuHUMaET LEeI0YUCIICHHbIC WK ToTyIebie 3Hadenus 0, 1/2,
1,3/2,2 u .0 Snpa c uemnvimu A AMCIOT yenouucienuviti cnur (B eAMHANAX /1)
U TOJUYUHSIOTCS CTaTUCTHKE hoze — Dunwmetina (0ozonwl). Snpa ¢ neuem-
HolMU A UMEIOT noayyensiil cnux (B €AUHULIAX /1) U TOAYUHSIIOTCS] CTATUCTUKE
Depmu — Jlupaxa (1.€. 10pa — pepmuotsl).

SAnepHbie YacTUIBl UMEIOT COOCTBEHHBIE MAarHUTHBIE MOMEHTHI, KOTO-
PBIMH OIPEACIISACTCS MATHUTHBII MOMEHT siapa B, B nenoM. Exnnuneit ns-

MEPEHHSI MArHUTHBIX MOMEHTOB SIEP CIYKUT A0EPHbBLIL MACHEMOH |1,

W= en
P2m,
31ech € — abCcoMoTHAs BENMYHMHA 3aps/ia dJIEKTPOHa; M, — Macca MPOTOHa.
SlnepHslit MarHeToH B My/M, = 1836,5 pa3 meHblie MarueToHa bopa; ot1-
CI0Jla CIEAYET, YTO MAZHUMHbIE CEOIICHEA AMOMOE ONPEOeNAOMCcA Maz-
HUMHBLIMU CEOUCMEAMU €20 INEKMPOHOE.
Mexny cniuHoM siapa L, M €ro MarHMTHBIM MOMEHTOM HUMEETCS COOT-

HOIIICHUC

I:)m,m =Yan LSII[ '

167



TJI€ Yy — 0EPHOE CUPOMASHUMHOE OMHOUEHUE.
HeiiTpon nmeeT oTpulateNbHbId MarHUTHBI MOMEHT U, = — 1,913,
T.K. HallpaBJIEHUE CIIMHA HEUTPOHA U €r0 MarHUTHOTO MOMEHTA MPOTUBOIIO-
J0XHBI. MarHuTHEI MOMEHT IIPOTOHA IOJIOKUTEIEH U PABEH W, = 2,793,
Ero HampaBieHue COBNAlAET ¢ HAIIPaBIECHUEM CIIMHA IPOTOHA.
Pacrnipenenenue 3JaeKTpUUECKOTO 3apsiia MPOTOHOB IO SAPY B oOIemM
cilydae HECUMMETPUYHO. Mepoil OTKIIOHEHHS 3TOTO paclpeieieHus OT cde-
PUYECKH CUMMETPUYHOIO SIBIISIETCS K8AOPYNOJIbHBLIL IIeKMPUYECKUIL MO-
menm adpa Q. Ecnu minoTHOCTH 3aps/ia cuuTaeTcs Be3e oAuHaKoBoM, To Q
onpenensieTcs Tolbko hopmoii sapa. Tak, s Aunconaa BpaieHus
Q=227,(0? -a?).
3)
rae b — mosdyock smmmMniconma BAOJL HANpaBJICHUS CIHHA, @ — TOJIYOCh
B MIEPIEHANKYJIIPHOM HarpaBieHUu. J[Jis sjipa, BBITIHYTOrO BAOJb HAaIpaB-
neHus cnuHa, b > a u Q > 0. [yis sjpa, CIUTIONICHHOTO B 3TOM HaIPaBJICHUH,
b<awunQ<0. lng chepruyeckoro pacrpenencHus 3apsiaa B ssape b =aun Q = 0.
DT0 crpaBeIMBO JJIS SACp CO CIUHOM, paBHBIM O mu /i/2,

3.4.2. Dueprus cesasu saaep. dedext maccenl

HykIioHBI B /Ipax HaxoIATCS B COCTOSIHUSIX, CYIIECTBEHHO OTJIMYalo-
MIUXCS OT UX CBOOOJHBIX COCTOSIHUN. 3a MCKITIOYEHUEM siIpa OOBIYHOTO BO-
JI0pOJIa, 80 6cex A0pax UMEETCS HE MEHEe JABYX HYKJIOHOB, MEX]Ty KOTOPbIMU
CYILLIECTBYET 0C000€ sdepHoe cunbHoe e3aumoodeiicmeue — TPUTSKEHUE,
obecrieunBaroIee YCTOMYMBOCTh SJIEp, HECMOTPS Ha OTTAJKUBAHHUE OJHO-
MMEHHO 3apsI)KEHHBIX POTOHOB.

e Duepeuell ces3U HYKIOHA 6 A0pe HA3bleaemcsa (uzuyeckasn eeauyu-
Ha, pagHas moi padome, KOMOPYIO HYHCHO COBEPUIUMD 01 YOAIEHUS HY-
KJ10Ha u3 A0pa 0e3 coodujeHuA emy KUHEmu4ecKoll IHePZUU.

o Juepeus ceazu aA0pa onpeoesiemcs 8eauduHoU moi pabomol, KOMo-
PYVIO HYJHCHO CO8epuiumbs, 4mobbl pacuenums a0po HA COCMAGIAIOWUE €20
HYKJIOHbL 0€3 NPUOAHUS UM KUHEMUYeCKOU IHEPSUU.

N3 3akoHa coxpaHEHHWs DHEPTUU CIEAYeT, YTO MPU OO0pa3oBaHUU spa
JIOJKHA BBIJICIISITHCS TaKasi SHEPTHUSI, KOTOPYIO HY>KHO 3aTpaTUTh IIPH paciiie-
IJICHUHU $]Ipa Ha COCTABJISIIOIINE €0 HYKJIOHBI. DHEPTHs CBS3M sApa SIBIISIET-
Csl pa3HOCTHIO MEXK]Iy SHEPTHEH BCeX CBOOOIHBIX HYKIOHOB, COCTABIISIONINX
PO, ¥ UX DHEPTUEH B sAJIPE.

IIpu oOpa3zoBaHuM siipa MPOUCXOAUT YMEHBIIIEHUE €ro MacChl: Macca
sipa MEHBIIIE, YeM CyMMa Macc COCTaBJISIFOIIUX €0 HYKJIOHOB. Y MEHbBIIICHUE
Macchl sjipa Mpu ero o0pa3oBaHUU OOBSCHSIETCS BBIICICHUEM DHEPTUU CBS-
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3u. Ecniu W, — BenmuumnHa sHepruu, BbIICIAIONICHCS pu 00pa3oBaHuu sSapa,
TO COOTBETCTBYIOLIAs €l Macca

Am= Vh
c2
Ha3bIBACTCS 0eeKmom mMaccol u xapaxmepusyem YMeHbUIeHUE CYMMAPHOU
maccwl npu 00paz08aHuu A0pa U3 cCoOCMAasIAIUUX €20 HYKIOHO8.
Ecmu aapo maccoit My, 00pa3oBaHO U3 Z MPOTOHOB ¢ Maccol My, U u3
(A — Z) HEHTPOHOB ¢ Maccoi My, TO

Am=Zmg, +(A-Z)m, —M
Bmecrto maccel sapa My, Benu4rHy AM MOXHO BBIPa3UTh YEPE3 aTOM-
HYIO Maccy M,;:

ST

Am=Zmy +(A-Z)m,-M,,,
rjae My — Macca BOAOpPoJaHOro atoma. IIpu MpakTHYECKOM BBIUMCICHHH AM
MacChl BCEX YAaCTUIl U aTOMOB BBIPAXKAIOTCS B @HMIOMHBIX €OUHUUAX MACCH
(a.e.m.). OnHOM aTOMHOM €IMHUIIE MAacChl COOTBETCTBYET aTOMHAasl €IMHUIIA
sHepruu (a.e.3.): 1 a.e.n. =931,5016 M»B.
JledeKT MacChl CITYKUT MEPON PHEPTUHN CBS3U Spa:
We =Amc? =[Zmy, +(A-Z)m, - M, ]-c2.

Yoenwvnoii anepcueit ceazu aopa o, Hazvigaemcs 3Hepeust Cesa3u, npu-
X00AUWAACSA HA OOUH HYKILOH.
_Wep
CB A
Benuuuna o, cocraBnser B cpeaqHeM 8§ M»oB/nyknon. Ha puc. 3.4.2
npuBEeAcHa KpHBasi 3aBHCHUMOCTH YEIBbHOW PHEPTHUHU CBSI3M OT MacCOBOTO
gucia A, XapaKTepu3yrolas pa3IndHy0 MPOYHOCTh CBSI3el HYKJIOHOB B SIJI-

pax pasHbIX XUMUYECKHUX JJIEMEHTOB. flApa 3JEMEHTOB B CpeHEN YacTH Iie-

promueckoit cuctemsl (28< A<138), T.e. ot 3Si 1m0 oBa, mambomee

MIPOYHBI.
B stux anpax o.; 0nuska k 8,7 MaB/nykion. [lo mepe yBennueHus
qyclla HyKJIOHOB B SIZJpe yJeJbHas 3HEpPrusl CBsA3M yObIBaeT. Sapa aTomoB
XUMHUYECKUX JJIEMEHTOB, PACIOJIOKEHHBIX B KOHLIE IEPUOTHUYECKON CHCTEMBI
(Hanmpumep, SIpo ypaHa), UMEIOT ® ~ 7,6 MdB/HykiioH. DTO 00BICHSET
BO3MOXHOCTb BBIJICJICHUS] SHEPTUU TIPU JIEJICHUU TSKEINbIX sSIEp.

Q)
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Puc.3.4.2

B 061acTi MaiabIX MacCOBBIX YMCE]T HMEIOTCS OCTPBIC KITUKH» YHCHBHOﬁ
OHCPIrun CBA3U. MaKCI/IMYMBI XapaKTCPHbI HJIA AACP € YCTHBIMHU YHUCIIaMH

. 4140 12~ 16
IPOTOHOB M HEHTpOoHOB (,He ,"sC,;0), MUHUMYMBI — 715 AP C HEYSTHBI-

. 6y : 10n 14
MU KOJIMYECTBAMH IIPOTOHOB U HEUTPOHOB (5 L1,:B, 7N).

Eciu a1po uMeeT HauMeHbIIyI0 BO3MOXKHYI0 d3HEPrut0 Wi, =-W,;,, T0

OHO HAXOAUTCSI 8 OCHOGHOM IHEp2emuiecKkom cocmoanuu. Ecnu s1po ume-
et sHepru0 W >W,in, TO OHO HaXOIUTCA 6 6030yrHcOeHHOM IHepzemuye-
ckom cocmoanuu. Cnydait W =0 cooTBETCTBYET pacUICIVICHUIO SApa HA CO-
CTaBJISIOIIME €r0 HYKJIOHBl. B OTIIMUME OT SHEPreTHYecKUX ypoBHEW aToma,
Pa3IBUHYTHIX HA €JIMHUIIBI AIEKTPOHBOJIBTOB, SJHEPIrETUUECKUE YPOBHU SApPa
OTCTOSIT JIPyr OT JApyra Ha Mera’aeKTpoHBOJIBT (M»aB). OTum oObscHseTCS
IIPOUCXO0K/ICHUE U CBOMCTBA raMMa-U3JTy4YEHHUs.

Kpumepuem ycmouuusocmu amomuuix si0ep SIBISETCS COOTHOLIEHHUE
MEX1y YHCIOM MPOTOHOB U HEHUTPOHOB 8 yCmouyugom sope NS JaHHbBIX
n3obapoB ( A=const). YcioBue MUHIMYMa SHEPTHUH sipa MPUBOIUT K Clie-
AYIOILEMY COOTHOUIEHUIO MEXKIY Zyor U A:

7 A
YT 198+0,015A2/3°

Bepercs nenoe uncio Zye,, Oamxaniee K ToMmy, KOTOPOE MOITy4aeTcs Mo
aTOM (hopmye.

[Ipy ManpIX ¥ CpeHMX 3HAYEHUSIX A 4YMclia HEUTPOHOB M NMPOTOHOB
B YCTOWYUBBIX SIIpax MPUMEPHO OJUHAKOBBI: Z~ A4 — Z.
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C poctoM Z criibl KyJJOHOBCKOTO OTTAIKUBAHUS MPOTOHOB PACTYT MPO-
nopiuonansHo Z+(Z — 1) ~ Z? (napnoe szaumooeticmeue npomonos), u s
KOMITCHCAIIMH 3TOTO OTTAJKUBAHUS SACPHBIM MPUTSHKCHUEM YHCIIO HEHTPO-
HOB JIOJKHO BO3pAacTaTh OBICTpEE YKCIIa TPOTOHOB.

3.4.3. SIinepHble CHIIbI

SInepHoe B3aMMOJCHCTBUE CBUICTEILCTBYET O TOM, YTO B SIApaxX CYIIECT-
BYIOT OCOOBIE A0€epHble CUIbL, HE CBOISIINECS HU K OTHOMY M3 THIIOB CHJI, U3-
BECTHBIX B KJIACCHYECKON (hM3HKE (TPABUTAITMOHHBIX U AJIEKTPOMATrHUTHBIX).

Hoepnoie cunwl asnsaiomes kopomroodecmsayrowumu cunamu. OHU TIPO-
SIBJISIFOTCSI JIUIIThL HA BECbMa MaJIbIX PACCTOSHUSX MEXKIY HYKIOHAMHU B SAPE
mopsimka 10" m. Paccrosmue (1,5 — 2,2)- 10 M HassBaeTcst paduycom Oeii-
CMBUsL A0ePHbIX CUIL.

SlnepHble CHIIBI OOHAPYKUBAIOT 3APAO0BYI0 HE3AGUCUMOCHY: TIPUTS-
KEHUE MEXKY IByMs HYKJIOHAMU OJJMHAKOBO HE3aBUCHUMO OT 3apsiOBOTO CO-
CTOSIHUSI HYKJIOHOB — IIPOTOHHOTO WJIM HEHTPOHHOTO. 3apsaoBasi HE3aBUCH-
MOCTb SIIEPHBIX CHJI BUJIHA U3 CPABHEHUS YHEPTHUI CBSI3U 3€PKAIbHBIX A0€p.
Tax naswvigaromces s0pa, 8 KOMOPHIX 0OUHAKOBO 0bOujee YUCIO HYKIOHO8, HO
YUCI0 NPOMOHO8 8 OOHOM PABHO YUCTY HEUmpoHo8 6 opyeom. Hanpumep, si-

3 3
pa remus ,He u TsKenoro Bojopoda — TPUTHS ;1 . DHEPruM CBSI3U ITUX

sanep cocTaBisoT 7,72 MaB u 8,49 M»aB.
PazHocTh 3HEpruil cBs3u snaep, pasHasa 0,77 MaB, cooTBeTCTBYyET 3HEp-

3
T'MH KYJIOHOBCKOTO OTTAJIKMBAHUS JIBYX IMPOTOHOB B sifipe , He . Ilomaras sty

BEJINYMHY PaBHOU , MOKHO HAWTH, YTO CPEIHEE PACCTOSHUE I MEKITY

Ame, r

IIPOTOHAMHU B SI/IpE 3He paBro 1,9:107*° M, uTO cormacyercs ¢ BeIHMUMHOM
2 ] s Yy

paauyca siIepHbIX CHIL

HoepHvle cunvl obnadarom c@OUCMEOM HACHIUEHUS, KOMOPOe NpPOsiG-
JISlemcst 8 MmoM, Ymo HYKIOH & si0pe 83aUMOOelcmeayen Iulb ¢ 02PAHUuYeH-
HBIM YUCTOM OTUNCAUUUX K HEM) COCEOHUX HYKA0HO8. IMEHHO TI03TOMY Ha-
OyrofaeTcs JIMHEHHAas 3aBUCUMOCTb DHEPTUM CBSI3U SiEpP OT MX MAacCOBBIX
gucen A. IlpakTudyecku TNOJIHOE HACBIIICHHE SIAECPHBIX CHJI JIOCTUTACTCS
y 0-4aCTHIIbI, KOTOpas SBJISETCS OYEHb YCTONYMBBIM 00pa30BaHUEM.

Hoepuvie cunvl 3a8uciam om OpUEHMAUUU CRUHOE 83AUMOOELCIE)IO-
WUX HYKIOHOG. DTO TOATBEPKIACTCS PA3IMUYHBIM XapaKTEPOM PACCESHUS
HEUTPOHOB MOJIEKYJIaMU OpPTO- U MapaBoaopoaa. B Monekysne oproBogopoaa
CIIUHBI 000UX MTPOTOHOB MAPAUICTLHBI APYT APYTY, & B MOJIEKYJIE TTapaBoOJI0-
poaa oHU aHTHUHapauiedbHbl. ONBITHI MOKA3aJIM, YTO PACCESHUE HEUTPOHOB
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Ha napaBogoponae B 30 pa3 MpeBhIIAET pacCcesiHUE HAa OPTOBOAOpOE. Anep-
HBIE CUJIbI HE SIBIISIFOTCSI LIEHTPAJIbHBIMH.

Wtak, nepeuucium oodugue ceoiicmea A0epHuvlx CUJ.

e Maublid paguyc aeicTBus saepHbix cui (R ~ 1 ®wm);

OoJbiias BeuurHa sjaepHoro noteHumana U ~ 50 MaB;
3aBUCUMOCTb SIZICPHBIX CUJI OT CIIMHOB B3aUMO/ICUCTBYIOIIMX YaCTHII,
TEH30PHBIN XapaKTep B3aMOJCUCTBUS HYKIIOHOB;

AJICPHBIC CUJIBI 3aBUCST OT B3aMMHOW OpPUEHTAI[UU CIIMHOBOTO U OP-
OMTaILHOTO MOMEHTOB HYKJIOHA (CIIMH-OpOUTAJIBHBIC CHJIbI);

AJIepHOE B3aUMOJIeCTBUE 00J1a1aeT CBOMCTBOM HACHIIICHUS;
3aps/10Bas HE3aBUCUMOCTbD SIJICPHBIX CHII;

OOMEHHBIIN XapakTep sACPHOTO B3aUMOACHCTBHS,

® MPUTHKEHUE MEXTYy HYKJIOHaMHU Ha OOJIBIIMX paccTossHUsX (I > 1 Owm)
CMEHsEeTCA OTTAJIKUBaHUEM Ha MajbiX (I < 0,5 Om).

B3aumooeiicmeue mesxcoy HyKionamu 603HUKaem 6 pesyiomame uc-
NYCKAHUA U NO2I0WEHUA KEAHMOE A0EPHO20 noaA — m-Me30H06. OHU OlI-
PEACIISIOT SAEPHOE MOJIE MO aHAJIIOTHH C 3JIEKTPOMArHUTHBIM I0JIEM, KOTOPOE
BO3HMKAET Kak cleJcTBUE oOMeHa (oToHamu. B3zaumopeiicTBue Mexay Hy-
KJIOHaMH, BO3HHUKAIOIIEE B pe3yibTaTe 0OMEHAa KBaHTaMHU MaccChl M, IPUBO-
IUT K mosBiacHuio noteHimana Ugy(r):

Uf{(r) =04

e—(mc/n)r
. .

3.4.4. PainoakTUBHOCTH

Paouoakmuenocmoro nasvlieaemcs npespaujenue HeyCmoudusvlx u3o-
MON08 0OHO20 XUMUYECKO20 2NIeMEeHma 8 U30Mmonvl 0py2020 d1eMeHma, co-
npoBoCcOaroueecs: UCHYCKaHUeM HEeKOMOPbLIX Yacmuy.

Ecmecmeennoii  paduoakmugHocmvlo HA3b18aemcsi  paouoaKmus-
HOCMb, HAOIIOOAIOWAACS ) CYUWECMBYIOWUX 8 NPUPOOEe HEYCMOUYUBLIX U30-
monos.

Hckyccmeennoin  paouoakmu@HOCmbl0  HA3bI8AEMCs  paAOUOAKMUB-
HOCMb U30MONO08, NOJIYUEHHbIX 8 pe3ylbmame s0ePHbIX PeaKyull.

Ha puc. 3.4.3 nokaszaH KJ1acCHYECKHIA OIBIT, O3BOJIUBIINNA OOHAPYKUTh
CJIOKHBIM COCTAB PAAUOAKTUBHOIO U3JIyYCHUS.

PanuoakTuBHBIN mpenapar noMemancs Ha JHO Y3KOTrO0 KaHajla B CBUH-
110BOM KoHTeiHepe. [IpoTuB kaHanma momenianack ¢ororiactuHka. Ha BbI-
XOAMBIIIEE U3 KaHalla U3JIy4YeHUE JCUCTBOBAIO CHJIIBHOE MAarHUTHOE IIOJIE,
NIEPIIEHAUKYJIAPHOE K Jy4y. Bes ycraHOBKa pazMelnaiacs B BaKyyMe.
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Puc. 3.4.3

OOBIYHO BCE THUMBI PATUOAKTUBHOCTU COIMPOBOMKIAIOTCS HCITyCKaHHUEM
2aMMa-U3IYUeHUs — HCeCmKO20, KOPOMKOGOIHOBO20 I1EKMPOMAZHUMHO20
uzyuenus. l'amMMa-u3iaydeHUe SIBISIETCS OCHOBHOM (HDOpMOM YMEHBIICHUS
SHEPruu BO30YKJICHHBIX IMPOJIYKTOB PaJMOAKTUBHBIX MpeBpaieHuit. Anpo,
UCTIBITHIBAIOIIEE PAAMOAKTUBHBIN pacnaj, Ha3bIBACTCS MamepuHCKUM; BO3HU-
Karolee douepHee SAPO, KaK MPaBUIIO, OKA3bIBAETCS BO30YKJIEHHBIM, U €r0
NIEPEeX0/1 B OCHOBHOE COCTOSIHUE COMPOBOXKIACTCS UCITyCKaHUEM Y-(DOTOHA.

B 1a6:71. 2 npuBecHBI OCHOBHBIC THITHI PATHOAKTHBHOCTH.

Tabnuma 2
N3menenue
Tun paguo- H3smenenne
MacCOBOT'O Xapaxrep mpouecca
aKTUBHOCTH | 3apsifa snapa Z
qucaa A

Bbuter o-4acTHIBI — CHUCTEMBI ABYX
a-pacraz Z-2 A-4 IIPOTOHOB U JIBYX HEMUTPOHOB, COEIU-
HEHHBIX BOECMHO

B3aumuble npeBpamieHuss B - sipe

- +

B-pacman z£1 4 HEWTpOHA (Oln) Y IPOTOHA (& p)
B_-pacman Z+1 A &n—%p +(_ge+836)
B+-pacman Z-1 A %p—n% n +(ge+8\’3)
OIIEKTPOH- Fp—dn+(%e+dv,)
HBIH 3aXBaT N
(¢ - mm Z-1 4 8Ve u 8Ve — DJIEKTPOHHOE HEUTPHUHO
K-3axBar) Y QaHTUHEHUTPUHO

Jlenenue siapa OOBIYHO Ha JBa OC-
CrionTankoe Z—(1/2)A A—(1/2)A | xonka, WMEIONMX HPHOIM3UTEIEHO
JieTIeHHe

PaBHBIC MACCBI U 3apAbl
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Camonpou3BOIBHBIN pacmaji aTOMHBIX SIEp MOAYUHSIETCS 3AKOHY pa-
OUOAKMUBHO20 PAchaoa.

—AT
N=N,e",
0
rac No — KOJIMYCCTBO AJACPp B JaHHOM O6’beMe BCIICCTBA B HavyaJIbHBIA MOMEHT
BpemeHu t = 0; N — yucio simep B TOM ke o0beMe K MOMEHTY BpPEMEHH t;

A — nocmosannasn pacna()a, HMCIOIIAA CMBICII BEPOATHOCTH pacCliaja sapa 3a

1 cekyHIy W paBHas Jo0Jie sACp, PACHAJAIOIIUXCSA 3a CAWHHIYY BPEMCHH
(puc. 3.4.4).

N A
N
1
2
B
0 Tl/2 t

Puc.3.4.4

3aKOH CaMONPOU3BOJLHOTO PAAMOAKTUBHOIO pacnaja OCHOBBIBAETCS Ha
JBYX MPEANOI0KECHUSX

® NOCMOAHHAA PACRAOA HE 3A8UCUN OM 6HEUIHUX YC06UIL;

® yucno sdep, pacnadaowuxca 3a epems dt, nponopyuonansno na-
JAUYHOMY Konuuecmey saoep. Imu npeonoiodceHus 03Hauarom, 4mo pa-
OUOAKMUBHBLIL PACNAO ABIAEMCA CHAMUCMUYECKUM NPOUECCOM U pacnao
O0AHHO20 A0pa ABNAEMCA CAYUAUHBIM COObIMUEM, UMEIOWUM ONpedeleH-
HYI0 6€POAMHOCHLb.

Benuuuna 1IN pasna cpeoneii npodonrncumensnocmu sxncuznu (cpeouee
8peMsi JICU3HU) PAOUOAKMUBHO20 u30mond. JIeHCTBUTENBHO, CyMMapHas
npoaovkuTeabHocTh ku3Hu AN smep paBHa t|dN |=tANdt. Cpeansis mpo-

JIOJKHTEIBLHOCTD KM3HH (T) BCEX IEPBOHAYAILHO CYIIECTBOBABIIKX SACP
1% T 1
t=—"[ANtdt =2 [te™dt ==
No 5 5 A
XapakTepUCTUKON YCTOMYMBOCTH SIJIEP OTHOCUTEIBHO pacraaa CIyKUT
nepuood noaypacnaoa Ti,. Tak Ha3bIBae€TCsS 6pemMs, 8 meueHue KOmopo2o

NepeoOHAYANIbHOe KONUYEeCm80 s0ep OAHHO20 pPAOUOAKMUBHO20 Geuecmed
ymenvuiaemes Hanonosuny (puc. 3.4.4). Csizb A u Typ:

174



In2 0,693
Tyjp=—=—""=0,693r.
1/2 N 2 T

EcrecTBeHHast pagnoakTUBHOCTh HAOIIOAETCA Y sJIep aTOMOB XUMHYe-
CKHMX 3JIEMEHTOB, PACIIOJIO)KEHHBIX 3a CBUHIIOM B llepromndeckoil cucreme
xumudeckux 3nemeHToB .M. MenneneeBa. EctecTBeHHas paluOAKTUBHOCTD

40,, 87 115y, 138
JIETKUX U CPeAHUX sjep Halmomaercs auuib y saep oK, 37Rb, “49In, =7la,
147 175 187
[Ipy paanoaKTUBHOM pacIaje sACP BBIMOJIHICTCS 3aKOH COXpPaHCHHUS
AIIEKTPUYCCKOTO 3apsi/ia
Z,.=Y 7,
i

rae Zg,€ — 3aps MaTePUHCKOTO sapa; Zi€ — 3apsibl AAep W YacTHIl, BO3-
HUKIIHUX B pe3yJbTaTe PaAMOAKTUBHOIO pacnaga. ITOT 3aKOH MPUMEHSETCS
IIPU UCCIIETOBAHUU BCEX SACPHBIX PEAKIIHA.

Ilpasuno coxpanenus maccoevix uuces NPU SBICHUSIX €CTECTBEHHOMN
PaAMOAKTUBHOCTH:

Asm = ZAi ,

rae A;; — MaccoBO€ YMCIO MAaTEpPUHCKOro sAnpa; Aj — MaccoBble YHCIIa Jep
WJIM YaCTUL, OJIYYMBIIMXCS B pe3yJIbTaTe paJuOaKTUBHOIO pacnaja.

Ilpasuna cmewenusn (npasuna @asnca u Cooou) pU pagruoOaKTUBHBIX
pacnagax:

npu o-pacnaoe ZAX —)é:%Y 4—‘21 He :

npu B-pacnaoe ZAX —)Z+A1Y +_(1)e.

. 4
3nech 5 X — MaTepuHCKoe sapo; Y — CHMBOJ JOUEPHETO siapa; ,He —

.0
AIpO Tenusl; € — CUMBOJIMYECKOE 0003HAYEHUE AIEKTPOHA, JJISI KOTOPOro
A=0uzZ=-1
EcTtecTBeHHO-painoakTUBHBIC Sapa 00pa3ylOT mpu paouoaKxmueHuLX

. . 238 .
cemelicmea, Ha3bIBaeMBIX CeMEHCTBOM ypaHa (“g,U), cemeiictBoM Topwus

232 . 235
(“5oTh) u cemeiictBom aktunus (“59AC). CBOM Ha3BaHHs OHU HOJYYHIIH T10

«POJIOHAYATIBHUKY» — JIOJITOKHUBYIIEMY M30TOMY C HAUOOJBIIUM MEPUOIOM
noJyiypacnana. Bce cemeiicTBa mocie HEenoyku o- U -pacnazoB 3aKaHYMBa-
JOTCS HA YCTOMUMBBIX SIPAX M30TONOB CBUHIA — ‘gyPD, “goPb u “iPb. Ce-
MEMCTBO HENTYHUS, HAUWHAIOIIEECs OT TPAHCYPAHOBOTO 3JIEMEHTA HENTYHHS

237 200 i
93NP , TOJTy4eHO NCKYCCTBEHHBIM ITyTEM M 3aKaHUMBaeTCS Ha “g3BI .
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3.4.5. SIinepHble peakiMu U UX OCHOBHbIE TUIIbI

HAoepnas peaxkuus — >mo npespawjerue amMoOMHbIX s0ep NPU 83aUMO-
oeticmsuu ¢ dnemeHmapuvimu yacmuyamu (B T.4. U C Y-KBaHTaAMH) Ul Opye
¢ opyeom. Hanboiee pactipocTpaHEHHBIM BHIOM SIJICPHON PEAKIIUU SBIISCTCS
peaxius, 3auchiBaeéMasi CHMBOJIMUECKHU CIICTYIOIIUM 00pa3oMm:

X+a—Y +b,um X(a,b)y,

rae X 1 Y — UCXOJHBIE M KOHEUHBIC spa; a U b — GomOapaupyromas u uc-
nmyckaemasi (MM HCITyCKaeMbIe) B SIICPHOM peakliy 4acTUIIa.

B snepHoii usuke 3hPEKTHBHOCTD B3aUMOJICHCTBHUS XapaKTEPU3YIOT
Ihhexmusnvim ceuenuem c. C KaxabIM BUJOM B3aUMOJICHCTBHS YaCTHIIbI
C SIAPOM CBSI3BIBAIOT CBOE A(DPEKTUBHOE ceueHue: IhpekmueHnoe ceuenue
pacceanusn; 3pghpekmuenoe ceuenue nonouieHUA.

OddexTuBHOE ceueHue ASPHON PeaKkllui G HaX0IUTCA 1Mo hopmyrie

o =dN /(nNdx),

rae N — 9rcio JacTuIl, majaroyX 3a eIUHAUIY BPEMEHU Ha SIUHUITY TIIOMIaIn
MOTIEPEYHOr0 CEUEHUsS BEILECTBA, UMEIOIIETO B E€AMHUIIE O00bEMa N smep;
dN — 4KCI0 3THX YaCTHI, BCTYNAIOIIUX B PEAKIIMIO B CJIOC TOMIMHON OX. Dd-
(eKTUBHOE CEUYEHHE G MMEET Pa3MEPHOCTH IUIOIIAN U XapaKTEPU3yeT BEPOST-
HOCTb TOT'O, YTO TIPU MaJICHUH ITy4Ka YaCTUIl Ha BEIIECTBO MPOU30UIET peaKIusl.

Ennnuna usmepenus >h(QEKTUBHOrO CeYeHUs SACPHBIX IMPOIIECCOB —
éapn (1 Gapu = 10 *° m).

B mo0oit simepHOi peakivu 8bInoIHAIOMCA 3AKOHbL COXPAHEHUA ITleK-
mMpuUUecKuUx 3apao0o6 U Maccosvlx YUcel. cymma 3apsioos (1 CcyMMa Macco-
BBIX YHCEI) f0ep U 4acmuly, CMynarouux 8 peakyuio, pasHa cymme 3apsioos
(M cyMM€ MacCOBBIX YUCEI) KOHEUHbIX NPOOYKmMoa8 (Sep U YaCTHIl) peaKyuu.
Buvinonusaiomces Takxke 3aKoHbl COXPAHEHU IHEPIUN, UMNYTbCA U MOMEHMA
umnynoca.

B omimune oT pamMOaKTUBHOrO pacnaza, KOTOPBIM BCErAa MPOTEKAET
C BBIJICJICHUEM DHEPIHH, SIACPHBIE PEAKIUU MOTYT OBITh KaK IK30mepmuye-
ckue (C BBIJCIICHUEM SHEPTUHU), TaK U IHOOmepmuyeckue (C TOTIIONEHUEM
SHEPIun).

Baxneiinyto poias B 00BSICHEHUHM MEXaHM3Ma MHOTUX SICPHBIX peak-
ui ceirpanio npeanoioxenue H. bopa (1936 r.) o Tom, 4T0 s0epHbie peak-
yuu npomekarom 8 08e cmaouu no ciedyouell cxeme:

X+a—>C->Y +b.

Ilepsasa cmadus — >To 3axBaT AAPOM X YACTHUILI &, MPUOIUUBIIECHCS
. -1
K HEMY Ha pacCTOSIHUE ASHCTBUS saepHbIX cuil (mpuMepHo 2-10 M), 1 00-
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pazoBaHuE NPOMEKYTOUHOTO siipa C, HA3bIBAEMOTO COCTABHBIM (WJIA KOMIIa-
YHA-SIAPOM). DHEPrus BJIETEBIIEH B SIIPO YAaCTULBI OBICTPO pacupenessercs
MEXIy HYKJIOHAMH COCTaBHOIO Si[[pa, B PE3yJIbTATE€ YErO OHO OKa3bIBAETCS
B BO30Y>KIEHHOM COCTOSIHMM. [Ipy CTOJIKHOBEHHH HYKJIOHOB COCTaBHOTO SI-
pa OOMH M3 HYKJIOHOB (WIM KX KOMOMHAUus, HalmpuMep ACUTPOH) WA
0-4aCTUL@ MOTYT IOJYYUTh SHEPIUI0, JOCTATOYHYIO JJIsl BbUIETA U3 spa.
B pesynbrate HacTymaeTr emopasa cmaousa a0epHOll peakyuu — pacnaj co-
CTaBHOTO siJIpa Ha siIpo Y ¥ yacTuity b.

B snepHoii ¢usnike BBOAUTCS XApaKmepHoe A0epHoe 8peMs — 8peMs,
Heobxooumoe 0l npoiema yacmuyel paccmosHus NOpAOKa eUYUHbL, PAG-
noii ouamempy sopa (d =107 m).

Hoepuwie peakyuu Knaccuuyupyromcea no cie0yrouum npusHaKam:

® 70 pody Yuacmeylowux 6 HuXx uacmuy — pPeakluu TOoJ JEeUCTBHEM
HEHTPOHOB; PEAKIUH MO/ JCHCTBUEM 3apsKEHHBIX YacTUILl (HapuMep: mpo-
TOHOB, JEHTPOHOB, 0.-YACTHII); PEAKIIUU MO ACHCTBUEM Y-KBAaHTOB;

® 710 IHEpeUU BbI3LIBATOWUX UX YACTNUY — PEAKIIMHU MPU MaJIbIX SHEPTHU-
aX (MOpsAAKa ANEKTPOHBOJBT), MPOUCXOASIINE B OCHOBHOM C y4acTUEM HEM-
TPOHOB; PEAKLHMH MPU CPEHUX SHEPrusix (Mopsaka A0 HECKOIbKuX M»rB),
IPOUCXOMSIINE C Y4aCTUEM Y-KBAHTOB U 3apsDKEHHBIX YacTULl (IPOTOHBI,
0-4aCTHIIbI); PEAKIUH, TIPOUCXOASIINE MIPU BHICOKUX SHEPTUAX (COTHU U ThI-
csiun M»bB), npuBoasiue K MOSIBICHUIO OTCYTCTBYIOLUX B CBOOOJHOM CO-
CTOSIHUM 3JIEMEHTApHBIX YaCTUI[ M HMMEIOLUX OOJbIIOE 3HAUYEHUE A HX
U3Y4YCHUS;

® 110 POOY YUacmeylouux 6 Hux sioep — peakin Ha JIETkux sapax (A < 50);
peakimy Ha cpeHux sapax (50 < A < 100); peakimu Ha TSDKENBIX siqpax (A > 100);

® 110 Xapakmepy NPOUCXOOAUUX SIOEPHBIX NpespaujeHuti — PeaKuuu
C UCIIyCKaHUEM HENTPOHOB; PEAKLUU C UCIYCKAHWEM 3apsKEHHBIX YacTHLL;
peakiuuu 3axBaTa (B 3TUX PEaKLUAX COCTABHOE PO HE HUCITyCKAeT HUKAKUX
YacTHL], a IIEPEX0] B OCHOBHOE COCTOSIHHE MPOUCXOUT IPU MCIyCKaHUU OJ-
HOTO WUJI HECKOJIBKUX Y-KBaHTOB).

3.4.6. [lenienue siaep

N3ydyeHne B3aMMOIENWCTBUS HEUTPOHOB C BEILIECTBOM IIPUBEIIO K OT-
KPBITHIO SiZIEPHBIX peakiii HoBoro Ttuma. B 1939 r. O. I'an u ®. IlItpaccman
HCCIIEIOBAIM XUMHUYECKHE MPOAYKTHI, OTyJaroluecs: mpu 6oMoapIupoBKe
HelTpoHamu sifiep ypaHa. Cpenu MpOoAyKTOB peakiiiy ObLT 0OHapYKeH Oapuii —
XMMHUYECKUHN 3JIEMEHT ¢ MAacCOM MHOI0 MEHbIIIE, YEM Macca ypaHa. 3ajaya
Oblna pemiena Hemenkumu ¢usrkamu JI. Meiithepom u O. @pumem, noka-
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3aBIIMMHM, YTO NPHU IOIVIOIIEHUH HEUTPOHOB YPAHOM NPOUCXOAUT JIECJICHHUE
AJlpa Ha 1Ba OCKOJIKA:

9, U+ N> Ba+,Kr +kn,

rae k > 1.

[Ipu nenenun siapa ypaHa TEIIOBOM HEUTpPoH ¢ 3Heprueit ~ 0,1 3B oc-
BoOOXkmaeT sHepruto ~ 200 M»B. CymiecTBeHHBIM MOMEHTOM SIBIISIETCS TO,
YTO 3TOT IPOLECC COMPOBOMKIAETCS MOSBICHUEM HEUTPOHOB, CIOCOOHBIX
BBI3BIBATH JICJICHUE JIPYTUX SAEP YpaHa, — yenHasa peakuyus oenenusn. Takum
00pa3oM, OJIMH HEUTPOH MOXKET JIaTh HAYAJIO PA3BETBICHHOM LIETH JICJICHUM
A51ep, IPUYEM YHCIIO SAEP, YUACTBYIOLUIUX B PEAKIUU JEJICHMs, OyIeT 3KCIo-
HEHLMAJIBHO BO3pacTaTh. OTKPBHUINCH NEPCHEKTUBBI UCIOJIb30BAHUS LEIMTHON
PEeaKIMU JICJICHUS 8 08YX HANPABNEHUSX .

o ynpasisemas si0epHas peakyusi 0ejleHus — CO3JJaHue aTOMHBIX pPeak-
TOPOB;

o Heynpaensiemas s0epHas peaxkyus OelleHus — CO3JaHue SACPHOTO
OpYXHS.

CrnencTBreM 3aBUCUMOCTH YICIBHON SHepruu cBs3u oT A (puc. 3.4.2)
SIBJISIETCS CYILIECTBOBAHUE JIBYX MIPOLIECCOB — CUHMe3a u 0efieHus sadep. Pac-
CMOTPUM B3aUMOJICHCTBUE dJIEKTpOHA U TpoToHa. [Ipu oOpazoBanum atoma
BOJIOpOJia BEICBOOOXMaeTcs sHeprus 13,6 3B, u macca atoma Bojopoia oka-
3pIBaeTcs Ha 13,6 5B MeHbllle CyMMBI Macc CBOOOTHOTO 3JIEKTPOHA U MPOTO-
Ha. AHQJIOTMYHO Macca JBYX JIETKUX SIAEP MPEBBIIIAET MACCy MOCJE UX CO-
equHeHus Ha AM. Ecnu X COEIMHUTH, TO OHU COJIBIOTCS C BBIIAEJICHUEM
sHeprun AMc?. DTOT mpomece Ha3hIBaeTCs cunme3om adep. PasHocTs Macc
MOeT rnpeBbimarh 0,5 %.

Ecnu pacmienisiercs Tskenoe siApo Ha jaBa 0oliee JIETKHX SiApa, TO MX
Macca OyJeT MeHbIe Macchl poauTenbckoro siapa Ha 0,1 %. V msaorcenvix
sa0ep cywecmayem meHOeHYUs K 0eJleHUr) Ha 06a OoJiee JiecKux s0pa ¢ vloe-
JleHuem 3Hepauu. IHepus amoMHOU 00MObl U A0EPHO20 peaKmopa npeo-
cmaensiem co00u IHEPIUIo, GbICEODONHCOAIOWYIOCA NpU OelleHUuUu soep.
IHepzus 6000p0OOHOI OOMOBI — STO PHEPTUS, BBIACIAIOMIAACS IPU SAIEPHOM
CUHTE3E.

B cpennem npu neneHum ypana BbIcBOOOXKmaeTcst dHeprus 200 M»B.
Macca mokos siapa ypasa — 2,2-10° MaB. B oHepruio mpeBparaercs OKoo
0,1 % »Toi1 Maccel, uto paBHO oTHOMIEHUIO 200 M»>B Kk Bennuune 2,2-105 Mb>B.

Oyenka 3Hepauu, 0ceob0coaowelics npu OeleHuu, Modxcem Oblms no-
Jyuena uz gpopmynvt Baiiyzexkkepa

E., =0 A—0,A%3 —a22/ AY3 —a(A12-2)2 1 A+ as A4,
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[lpu neneHuyn sapa Ha JBA OCKOJIKA M3MEHSAETCS TIOBEPXHOCTHAS JHED-
rus B, =a,A2/3 u xynonosckas sueprus E, =03Z2/ A3, npuuem mo-

BCPXHOCTHAsS SHCPIrusd YBCIIMYMBACTCA, a KYJIOHOBCKAA SHECPIUA YMCHBINACT-
CA. I[GJ'IGHI/IG BO3MOKHO B TOM CJIydac, KOraa SHCpIusi, BBICBO60)KI[aIOHIa$IC$I

npu aenenuu, £ > 0:
¢
E ~ 013775037 -0, A?/30,26 > 0.

3necy Ay = Al2, Z1 = Z/2. OTcrofa ojyduM, 4To JeJICHUE dHEpreTHYe-
CKH BBIFOAHO, Korga Z°/A > 17. Benmunna Z°/A HasbIBacTCS napamempom
oeaumocmu. Dueprus E, 0ocBOOOXKTArOIAsICs MPU ICIIEHNUH, PACTET C YBEIIHU-
gennem Z/A.

B nporecce meneHus sapo m3MeHseT GopMy — IMOCIEAOBATEIBHO TPO-
XOJIUT Yepe3 cienyrome ctaauu (puc. 3.4.5): map, SJUIMIICOU/I, TaHTENb, Ba
IPYIIEBUIHBIX OCKOJIKA, JIBa CPEPUUECKUX OCKOJIKA.

Macchl OCKOJIKOB, 00pa3yIoluXcsi Py JEICHUU TEIIOBBIMU HEMTpOHA-
MU, HE PaBHBI. SIIpO CTPEMHTCS Pa3feIUThCS TaKUM 00pa3oM, YTOOBI OCHOB-
Hasi 4acTh HYKJIOHOB OCKOJIKAa O0Opa3oBajia yCTOMYMBBIA MarM4ecKHil OCTOB.

Ha puc. 3.4.6 IpHBencHO pacipeieneHde IO MaccaM IIpH jeineHun ~>°U .
Haunboiee BeposiTHas KOMOMHALMSA MacCOBbIX yucen — 95 u 139.
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Puc. 3.4.5 Puc. 3.4.6

OTHOILIEHHE YKCIIa HeHTPOHOB K YKCITy POTOHOB B siape 2>°U pasHo 1,55,
B TO BpeMs KaK y CTaOWJIBHBIX JJIEMEHTOB, MMEIOIIMX Maccy, OJU3KYIO
K Macce OCKOJIKOB JICJIEHUs, 3TO oTHomeHune cocrasiseT 1,25—1,45. Cneno-
BaTENbHO, OCKOJKMA JICJICHWS CHJIBbHO TEPerpy’KeHbl  HEUTpOHAMU
Y HEYCTOWYUBHI K -pacrany — paTuoaKTHBHBIL.
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B pesynbrare neneHus sapa BbICBOOOXkAaeTcs 3Heprus ~ 200 M»sB.
Oxkoiio 80 % ee MPUXOIUTCS HA PHEPTUIO OCKOJIKOB. 3a OJMH aKT JEJICHUS
oOpa3zyeTcst OoJiee ABYX HelUmpoHos OeleHusi Co CpeaHeit sueprueii ~ 2 MaB.

B 1 r moboro BemiecTBa coaep KUTCs mc? =9.10"° JIx. Henenue 1 r
ypaHa compoBoxaercs BeaenerneM ~ 9-10™ [x. Do moury B 3 MiH pa3
IPeBOCXOAUT SHepruto cxuranmst 1 T yris (2,9-10% k). Koreuno, 1 r ypana
00X0IUTCS 3HAYUTENBHO JOopoxke 1 T yris, Ho ctouMocTh 1 J[>k sHepruu, mo-
JY4YEHHOM CKUTaHWeM yriid, okasbpiBaeTcsi B 400 pa3 BbIlle, 4eM B Cilyyae
ypaHoBoro ToruinBa. BeipaboTka 1 kBT1-u sHeprun obxoawnace B 1,7 nenra
Ha DJIEKTPOCTAHLUAX, paboTaromux Ha yrie, u B 1,05 1meHTa Ha saepHBIX
AIEKTPOCTAHIIMSIX.

bnacooaps uennoii peaxyuu npoyecc oeneHus s10ep MOMCHO COelamb
camonoooeprcusaruumca. 1Ipyu KaXa0M I€ICHUN BBUIETAIOT 2 WIN 3 HEMl-
TpoHa (puc. 3.4.7). Eciu onHOMY U3 9TUX HEHTPOHOB yAacTCs BBI3BATh Jelie-
HUE JAPYroro sjipa ypaHa, To mpoiiecc OyaeT caMOIo11ePKUBAIOIIIUMCS.
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COBOKYITHOCTB JIEIISIIETOCS BEIIECTBA, YAOBICTBOPSIONIAs 3TOMY Tpebo-
BaHUIO, HA3bIBACTCS Kpumuueckoul coopkou. IlepBas takas cOopka, Ha3BaH-
Has A0epPHbIM peakmopom, Obuia noctpoeHa B 1942 r. moa pyKoOBOACTBOM
Oupuko Gepmu Ha Teppuropun Yukarckoro yausepcutera (puc. 3.4.8).

YIIpaBIISIOIHiA T T T  TemnooOMeHHHK
CTEPKEHD \
ey
I e
0eToH ——
cramo—| | / .
/ Ooooo »
TEIIOHOCHTEITh
sameyatens | | ¥ |
HEHTPOHOB |
/ <
BOJTA
snepHoe |\ / a
ropro4ne \

Puc. 3.4.8

[lepBbrit simepHbIi peakTop ObuI 3amyrieH B 1946 r. moa pyKoBOJICTBOM
N. KypuatroBa B Mockse. llepBas aroMHasi 3J€KTPOCTAHLUS MOIIHOCTBIO
5 MBrT 6b11a nymena B CCCP B 1954 1. B 1. O6HHMHCKE (puc. 3.4.9).
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Maccy *°U n ?**Pu MoxHO TaKxe cienath HaOKpumuueckoi. B srom
cllydae BO3HUKAIOIINE MIPH JICJICHUHA HEHTPOHBI OYIyT BHI3BIBATH HECKOJIBKO
BTOPUYHBIX JeseHUH. [I0CKOJIBKY HEUTPOHBI ABUKYTCSA CO CKOPOCTSIMH, Ipe-
sermarormmu 10° em/c, HAJKPUTHIECKasT COOpPKa MOXKET MOJIHOCTBIO Ipopea-
TUpOBaTh (MJIM pa3lIeTEeThCsA) ObICTpEE, YeM 3a THICSYHYIO JOJI0 CEKYHJbI.
Takoe yCTpOMCTBO Ha3bIBAETCS @MOMHOU OOMmO0u. SInepHbI 3apsa U3 ILUTy-
TOHMSI WM ypaHa NEPEeBOJAT B HAJKPUTHUECKOE COCTOSHHE OOBIUHO C IO-
MOILIBIO B3pbIBa. [IOAKPUTHYECKYIO MacCy OKPYKalOT XMMHYECKOM B3pbIB-
yaTkoi. IIpu ee B3pbIBE IUTyTOHHMEBAas WIM YpaHOBas Macca IOJBEpPracTcs
MIHOBEHHOMY CKaTuio. [10CKONIbKY INIOTHOCTH Cepbl IPU ITOM 3HAUUTEIb-
HO BO3pacTaeT, CKOPOCTh NOTJIOIIEHNUS HEUTPOHOB OKA3bIBAETCS BBILIE CKO-
POCTH MOTEPU HEUTPOHOB 3a CUET UX BBUIETA HAPYXKY. B amom u 3axmouaem-
csl ycnogue HaOKpUmMuyHOCMU.

Ha puc. 3.4.10 uzoOpaxxena cxema aroMHONH O0MOBI «Mamsin, cOpo-

IIeHHON Ha XUpocuMy. SIepHO# B3phIBUaTKOM B GoMOe cmyxun 2>°U , pas-
JICJICHHBIN Ha IBE 4acTH, Macca KOTOPbIX ObUIa MeHblIe KpuTHueckoil. Heoo-
XOJMMas JUIA B3pbIBa KpUTHUecKas Macca ~>°U co3JaBanach B pe3ylbTare

COCIUHCHUA 00enx yacrten MCTOAOM IMYHIKH» € ITIOMOIIBIO OOBIYHOM B3pPBIB-
YaTKU.

V . == OALIMHEIA EZPLIE
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LY |, v
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Puc. 3.4.10

Ilpu B3peiBe 1 T TprHETpoTOMyona (THT) BeicBoGOXKTaeTes 10° Kam, mm
4-10° Jix. TTpn B3pbIBe aTOMHOM GOMOBI, pacxomyomteit 1 kr miytorns U,
BBICBOOOXKIaeTCs okono 8-10° [k smeprum. Ato mourn B 20 000 pa3 Gonbie,
yeM nipu B3pbiBe 1 T THT. Takas 6omOa HazbiBaeTcsi 20-KHJIOTOHHOI 00MOO0ii.
CoBpemeHnHble OOMOBI MOIIIHOCTHIO B MEraTOHHBI B MUJUIMOHBI pa3 MOIIIHEE
o0bryHOM THT-B3pBIBUATKH.
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IIpOM3BOJCTBO TUTYTOHHSI OCHOBAHO Ha 06mydenmn U HeliTpoHaMy,
BeylleM K 0Opa3oBaHMIO m30TOma U, KOTOpBLI B pesyibrare Oera-
pacnaza mpesparaercst B -"Np, a 3aTeM, MociIe elle OXHOTO OeTa-pacraja,
B *°Pu. TIpy MOrNOIIEHMH HEHTPOHA ¢ MaJoil SHeprueii 06a m3oroma (*°U
u 239Pu) UCIIBITHIBAIOT JiesieHUE. [IpoIyKThl IeTieHrs XapaKTepu3yroTcs 0oiee
CUJILHOM CBs3bIO (~ 1 M»hB Ha HykIlOH), Onaronapst 4emy B pe3yJlibTaTe Jese-
HUS BeICBOOOXKIaeTcs mpumepHo 200 MaB sueprum.

Kaxnpiii rpaMM M3pacxo0BaHHOTO TUTYTOHUS WJIM ypaHa MOPOXKIAET
MOYTH TPAMM PATUOAKTUBHBIX MPOJIYKTOB JIEJIEHUs, 00JIaIal0IIUX OIPOMHOMN

PaaAnOaKTHBHOCTBIO.

3.4.7. Cunre3 siiep

Macca, unu 3Heprusi MoKosi, IBYX JIETKUX SIIEp OKa3bIBAaeTCsS OOJIbIIIE,
4YeM y CyMMapHoro siapa. Eciu nerkue siapa npuBeCTH B CONPUKOCHOBEHHUE,
TO PE3YIBTUPYIONIEES SAPO UMEI0 ObI MEHBIITYIO MAacCy U BHICBOOOIMIIACH OBI
SHEprusi, paBHasl pa3HOCTU Macc. Eciau coeTMHUTD Ba ICUTPOHA U MOJYYUTh
SIAPO TeJvsl, Macca KOTOPOI0 MEHbIIIE CyMMapHO MacChl ABYX AECHTPOHOB Ha
24 M5B, To BbIcBOOOAMTCS dHeprusi cuHre3a 24 M»aB. Ilpu oObeauHeHnn
JBYX JEUTPOHOB ¢ 00pa30BaHMEM Trejius B 3HEpruro npeppamaercs 0,6 % ux
MepBOHAYaILHON MacChl ITOKOSI.

[Iponiecc cunTe3a nmpuMepHo B 6 pa3 rddexTrBHEE Tpoliecca AeIeHUs
ypaHa. B Boje o3ep U OK€aHOB UMEIOTCS HEOTPAaHWUYEHHBIE 3amachl HEJ0pPO-
roro aeutepus. Cepbe3HbIM MPEMSITCTBUEM Ha MYTHU K MOJYYCHUIO IHEPTUU
3 «BOABDY sBisieTcs 3akoH KynmoHa. DJIEKTpoCTaTUYECKOE OTTATKUBAHUE
JBYX JEHUTPOHOB MIPU KOMHATHOM TEMIIEpaType HE MO3BOJISIET UM COJIU3UTHCS
70 PacCTOSIHUM, HAa KOTOPBIX CKA3bIBAIOTCS KOPOTKOJCUCTBYIOIIUE SIEPHBIC
CUJIBI IpUTsDKeHus. [is Toro HeoOxoauMa temneparypa T =5,6-108 K.

Ecnu Ob1 ynanoch HarpeTh AeUTepuil 10 TAKUX BBICOKHX TEMIIEpaTyp, TO
ObITI0 OB BO3MOXKHO OCYIIICCTBUTH PEAKIMIO CHHTEe3a. biaromaps ToMmy, 9To
MMEETCS BO3MOXHOCTh TPOHUKHOBEHUS CKBO3b Oaphep, HET HEOOXOAMMOCTH
B CO3/IaHMH CTOJIb BBICOKHMX Temreparyp. s momydeHus yrnpaBiaseMon Tep-
MOSIZICPHON DHEPTUU W I MHUITMUPOBAHMS TEPMOSACPHOTO B3phIBa BOJO-
pOJIHOI 6OMOBI JOCTATOYHO TeMIepaTyps! okoito 5-107 K.

Hoepuvie peakyuu, mpedyrowue 01 c80e20 0CyWecmeienus memnepa-
myp nopsoKa MUiIUOHO8 2padycos, HA3bleaomcs mepmosadepusimu. Mrao-
BEHHBIE TEMIIEpaTyphl, Pa3BUBAIONIUECS MPU B3pPHIBE aTOMHOM OOMOBI, OKa-
3BIBAFOTCS IOCTATOYHO BBICOKMMHM, YTOOBI MOKEYh TEPMOSIIEPHOE TOproyee,
T.€. 4TOOBI MIPOIIIA PEAKIIUS

2D+3T—>4He +n.
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[IpoucxoauT B3pbIB BOOPOAHON O0MOBI. TepmosaepHoe roprodee ams
BOJIOPOJHON OOMOBI (IeUTepu TNTUS-6) NEMIEBO, M HET OTPAaHUYEHUN Ha €TO
KOJIMYECTBO MPHU HCIIONIB30BAHUU B OTAEIbHOU OomOe. [IpoBoaMIMCh HCITBI-
Tanust 60M6 MommHOCTBI0 60 MeratonH (¢ THT-3xBuBaneHToM 6-107 T).

DOHEProBBIJICTICHUE TPU B3PBIBE TEPMOSIICPHONM BOJOPOTHON OOMOBI
MO>KHO TOYTH YABOUTH (IIPH 3TOM CTOMMOCTD €€ YBEIIMYUTCS HE HAMHOTO) 32
CYET MCIOIb30Banus obonouku u3 238U (cinoiika Alarm Clock), puc. 3.4.11.

B aTOM Cciydae HEUTPOHBI, BO3HUKAIOIINE B PE3YJIbTATE TEPMOSAECPHBIX
peakuuii, BHI3BIBAIOT AeneHue saep 238U, 4ro NPHUBOAMT K YBEIMYEHMIO
4uCiIa HeWTPOHOB, 6oMOapaupyromux S Li, u T.1.

TepmosiepHoe roprodee (neHUTEpUI TUTHSL)

ypaHoBas obonouka (*¥U)

Bcero 7-12 ciioes
238
TepMosiaepHoe roprouce U

IITYTOHHEBOE |
SAPO
OTpaxkaresb
HEUTPOHOB
aTOMHBIN MYCKOBOH
[TOLJIOTHTEIb
HEHTPOHOR 3apsan (Tpurrep)

B3pbIBUYaATAs

000104Ka
IyCKOBOTO 3apsia |

Puc. 3.4.11

B OonbmmHCTBE B3pHIBOB BOJOPOJHBIX OOMO 3HEProBbIJEICHHUE, 00Y-
CJIOBJIGHHOE JIeJIEHUEM SIEp, OKa3bIBACTCS TAKUM JK€, KaK M IOJy4yaeMoe
B IIPOIIECCE CUHTE3a, U COMPOBOXKIACTCS OMACHBIMU BBIMAICHUSIMH PATHOAK-
TUBHBIX MPOJTYKTOB JICJICHUSI.

3.4.8. YupaBasieMblii cMHTE3

YToOBl C MOMOIMIBIO SIAEPHOTO CHHTE3a MOIYYUTH MOJE3HYIO SHEPTHIO,
TEPMOSIIEPHBIE PEAKIIMU JTIOJDKHBI OBITh yripaBiisieMbiMu. HeoOxoauMo HalTh
CIOCOOBI CO3/IaHUS U TIOJICPKAHUSI TEMIIEpaTyp BO MHOTO MWILIMOHOB Tpa-
nycoB. OHa U3 TEXHUYECKUX MPOOJIEM CBA3aHA C TEM, YTO BHICOKOTEMITEpa-
TYpHBI Ta3 WIM IJIa3My HYKHO YAEpXKUBATh TaKUM 0Opa3oM, 4YTOOBI
HE PacIUIaBIIINCh CTEHKHW COOTBETCTBYIOIIEro oObema. Ha pemienwe 3ToM
TEXHUYECKOWN 3a/auM y>K€ 3aTpadyeHbl U 3aTPavyMBalOTCSl OTPOMHBIC YCHIIHSL.
[Ina3my MbITalOTCS U30JUPOBATH OT CTEHOK C MOMOIIBIO CHJIBHBIX MAarHUT-
HBIX MoJiel. 3a7ava 3aKJIF0YaeTCs B TOM, YTOOBI yAEpKaTh IIa3My B U30JIH-
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POBAaHHOM COCTOSIHUM B TE€UEHHE JOCTATOYHO MPOJOKHTEIHLHOTO BPEMEHH
U TIpYU 3TOM BBIpAOOTaTh MOIIHOCTb, MPEBBIMIAIOINIYIO Ty, KOTOopas Oblia 3a-
TpaueHa Ha 3amycKk TepMosiiepHoro peaktopa. Ha puc. 3.4.12 mokazana
mpemnoiaraemMasi cxema KOHCTPYKITUH peakTopa.

[ewnrepuin

Tputun

Fenwia

Mna3ma

‘ “He + 3.5 MeV 3. MarHTs
n+ 14.1 MeV

W, Tennoxocurens

Puc. 3.4.12

DneKkTpocTaHIys, padoTaronias Ha TEPMOSIIEPHON peakuu, ru3-3a OT-
CYTCTBHS B HEM MPOJIYKTOB JCJICHUS JOJDKHA UMETh 3HAUYUTEIHLHO MEHBIIYIO
PaAMOAKTUBHOCTH 0 CPaBHEHUIO C SAEPHBIMU peakTopamu. OgHAKO B TEp-
MOSIZIEPHBIX YCTAHOBKAaX HCITYCKAaeTCs, a 3aTeM 3aXBaTbIBA€TCA OOJIBIIIOE
YUCJIO HEHUTPOHOB, UTO, KaK MPAaBUIJIO, MPUBOIUT K 0OpPa30BAHUIO PaIUOAK-
TUBHBIX HM30TOMOB. [l09TOMY BOKpYTr Kamephl € TUIa3MOM MpenoJiaracTcs
co371aBaTh 000JI0UKY («OmaHKeT») u3 muTus. M B 3TOM ciiydae HEUTpOHBI Oy-

YT HIPOM3BOANTH TPUTHIL (M30TOI BOZOPOAA - T C IEPHOIOM IOTypacmaga
12 1eT), KOTOpbIi MOKHO UCIIOJI30BATh B AAJIbHEHIIIEM KaK rOproyee.

B nacTosiiiee Bpemsi, B paMKaxX OCYIIIECTBICHUS MUPOBOM TepMOsIEp-
HOM MpOTrpaMMBbl, UHTEHCUBHO Pa3pabaThIBAIOTCS HOBEWIIIME CHUCTEMBbI THUIIA
tokamak. Ha puc. 3.4.13 uzobOpaxena cxema Tokamaka: 1 — mepBudHas 00-
MOTKa TpaHchopmaTopa; 2 — KaTyIIKH TOPOWIAIBHOTO MAarHUTHOTO TIIOJIS;
3 — nmaiiHep, TOHKOCTEHHAsi BHYTPEHHSSI Kamepa sl BRIPAaBHUBAHUSI TOPOU-
JTAIBHOTO 3JIEKTPUYECKOTO MOJst; 4 — KaTyIIKA TOPOUAAIBHOTO MarHUTHOTO
MoJIst; 5 — BaKyyMHasi Kamepa; 6 — xKeJne3HbI cepeqHNK (MarHUTOIIPOBO/T).

[lepBorit  poccuiickuii chepuyecknii Tokamak «['1mobyc-M» co3man
B Cankt-IletepOypre. [lnanupyercs cosmaHue KpymHoro Tokamaka TM-15
JUISL UCCTICZIOBAHUS YIIPABJICHUS KOH(PUTYpallien 1mia3Mel.
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Wnest nmazepHOTO TEPMOSIEPHOTO CHUHTE3a 3aKII0YAETCA B OOTydCHHUH
Ja3epHBIM U3JIyUYCHHEM HeOOJIbIION chepruueckoil 000JI0UKH, 3aNOJTHEHHON
ra3000pa3HbIM WU TBEPAbIM ToruuBoM (puc. 3.4.14).

e

JHEprHA
npafeepa

S Z0u 30N

Fazmer
MATepHana ob ooy

Puc. 3.4.14

[Tox meiicTBuEeM M3IIydeHHUs] MaTepuai 000JI04uKky 1 ucmapsercs u co3za-
€T PEaKTHBHBIC CUJIBI, CIOCOOHBIE C3KaTh 000JIOYKY M COJIEpIKaIIyIoCcs B HEl
pearupyrroIyr cMech 2 1 3.

[TapannensHo ¢ nazepamu B 60-€ IT. pa3BUBAIUCh U APYrUE MOIIHBIC
JpaiBepbl — WOHHBIE U DJICKTPOHHBIC MYYKH, KOTOPBHIE TaKKE MOTJIH Obl
obecrnieunBaTh TpeOyeMble MOIITHOCTH Ha MOBEPXHOCTU MUIlICHEH. brin pas-
paboTaHbl UMITYJILCHBIE CUCTEMbI MUTAHUS, CIIOCOOHBIE CO3/1aBaTh U MOIBO-
IUTh K MHLIeHsM sHepruio 1-10 MJDx 3a 107 ¢, T.e. MOJIy4aTh MHUKOBBIE
MOIIIHOCTU Ha YPOBHE 10" Br. IosBaeHne HOBOM TEXHOJIOTHH TIOBJIEKIIO 34
co00lf MHTEHCUBHBIC UCCTEIO0BaHUS (DU3UKU B3aUMOJICUCTBUS MOIIHOTO H3-
Jy4EeHUS W MYYKOB YACTHUI] C TBEPABIM TEJIOM U MPHUBEJIO K pazpaboTKe Tep-
MOSIJIEPHBIX MUIIIEHEH, CTOCOOHBIX JaBaTh MOJOXXUTEIBHBIN BBIXO/ SHEPTHH.

186



B mpupope cymiecTByeT emie OAWH MEXaHW3M YJep>KaHus, oOecreun-
BAIOLIMI HENPEPBIBHOE BBIICICHUE TEPMOSICPHON DHEPIUH, — 3TO I'PABUTA-
[IUOHHOE yaepkaHue. OIHaKo, YTOObl 00ECTIEUYUTh JOCTATOYHO CUIIBHOE Ipa-
BUTAL[MOHHOE TI0JI€, MOTpedyeTcsa Macca nopsijika coiaHeuHoil. Kak Mbl yBu-
IMM B CJIEYIOIIEH I1aBe, HICTOYHUKAMM 3HEPTUHU B 3B€3/1aX, 0€3yCIIOBHO, SIB-
JIAIOTCS TEPMOSIICPHBIC PEAKLIUH.

3.4.9. PaananuonHas 0e30MacHOCThH

KonuyecTBO HECUACTHBIX CIIy4aeB, CBA3aHHBIX C aTOMHOM SHEPreTUKOM,
3HaUUTENbHO MeHbIIe Ha ADC, 4yem B JApyrux oOJacTAX 4eJIOBEUECKOM Jes-
TenbHOCTH. TeM He MeHee mpouciieAmas Ooixee 20 jeT Hazaj aBapus
B UepHOOBIJIE 3aCTaBisIeT MEPECMOTPETh HAIlle OTHOIICHHE K OpraHu3alluu
6e3onacHocTr paboThl ADC H 3amMTe OT HEKOHTPOJUPYEMOIO Pa3BUTHS
sanepHoi peakuuu. HeoOxonumo nanpHeIee CHHKEHHUE BEPOSITHOCTH BO3-
HUKHOBEHMS aBapUMHBIX CUTYaIlUd, XOTS, BEPOSTHO, MOJHOCThIO M30€kKaTh
WX HUKOT/Ia HE yJIaCTCA.

JIi1st Toro 9TOOB! BHEAPEHNE aTOMHOM YHEPTETUKH M MCTIOJIB30BaHHE pa-
JTMOAKTUBHOCTU B HApPOJHOM XO3SIIICTBE HE MPHUHECIO OoJbliero yuepoa,
9eM TOT, KOTOPBI HAHOCUTCS MPHUPOJIE B HACTOSIIIHA MOMEHT, CYIIECTBYET
crienuaibHas JUCITUIUITMHA, UMCHYIOMIASACS PAOUAUUOHHOIU O€30NACHOCbIO.

Paouayuonnas 6e3onacnocmsv — HOBasg HAyYHO-TIPAKTUYECKAs AUCLH-
TUTMHA, BOSHUKINAS C MOMEHTA CO3/IaHMsI aTOMHOM TTPOMBIIIIEHHOCTH.

Bo3zaeiicTBue pa3nuyHbIX BUOB MOHU3UPYIOIIETO U3ITYYCHUS] Ha BeIlle-
CTBO XapaKTEPHU3YIOT 0030l UOHUUDPYIOULE20 U3ayueHus. Paznuyaior mo-
TJIOMICHHYIO, SKCTIO3UITMOHHYIO 1 OMOJIOTHYECKYIO TO3bI U3TyUCHUS.

Hoznowennaa 0oza uznyyenus — pusnveckas BeTUUYMHA, paBHASI OT-
HOIIICHUIO YHEPTUH U3TYyUEHHUs K Macce 00JIy4aeMoro BeecTBa.

Eounuya nozcnowennoti 0ozvr uznyuenus — epeit (I'p): 1 I'p = 1 JIx/xr —
71032 U3JTyYEHHUs], TPU KOTOPOM 00TydeHHOMY BEIIECTBY Maccoil 1 kr nepena-
€TCsl PHEPTUs JH00ro HOHU3UpYoLero uanydeHus 1 Jx.

IKcno3uyuonnan 003a uznyueHusa — (punyeckas BeIUUYWHA, paBHas
OTHONIIECHUIO CYMMAapHOTO 3apsiia BCEX HOHOB OJHOTO 3HAaKa, CO3JIaHHBIX
B BO3JIyX€ MPH MMOJTHOM TOPMOKEHUU BTOPUYHBIX DJICKTPOHOB, 00pa3yIOMINX-
Csl B 3JIEMEHTapHOM 00BbeMe, K Macce BO3Ayxa B 3 TOM 0ObeMeE.

Eounuya sxcnosuyuonnoti 003wl u3mydenus: — KyjiaoH Ha kusorpamm (Kiv/kr);
BHECHCTEMHOM euHuLel spysercs peatred (P): 1 P = 2,58-10—4 Ki/kr.

buonozuueckan 0o3a uznyuenus — BeIUUWHA, ONPEICISIIONIAs BO3/CH-
CTBUE U3IIYYCHHS HA OPTaHU3M.

Eounuya buonoeuueckoii 00361 — OMOJIOTUYECKUN YKBUBAJICHT PEHTICHA
(69p): 1 69p — mo3a M0OOTO BHUIAa MOHUZUPYIOIIETO U3ITyUYCHHUS, POU3BOIS-
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IIETO TaKoe K€ OMOJIOTHYECKOEe JEHCTBHE, KaK M J103a PEHTIEHOBCKOTO WJITU
y-u3nydenus B 1 P (1 6op = 10_2I[>K/KF).

Mouwnocmsb 0036l uznyueHus — BEIVMYMHA, paBHAsS OTHOIICHHUIO J103BI
U3JIYYCHHUS KO BpEMEHH 00yueHus. Pa3nuyaior: mMouwgnocme noznowarouieii
003bl (€IUHUIIA — TPEeH Ha CEKYHNY) U MOU{HOCHIb IKCHO3ZUUUOHHOU 003bl
(eauHUIIa — aMIIep HA KUJIOTPaMM).

B Tabn. 3 mpuBemeHb XapakTEPUCTHKUA pPATAOAKTUBHBIX 3JIEMEHTOB
¥ MEpPBI IPEAOCTOPOKHOCTH IMPU PaboTe C HUMHU.

Ta6aumna 3

Ha3zsanue
JJIEMEHTA

XapakTepucTHKa 3JIeMEHTa
U MEpbI NPEJOCTOPOKHOCTH

[Tepuon
noJrypacmasa

Panon-222

I"a3, ucmyckaromuit a-uactuipl. OO6pazyercs: B TOPHBIX
nopoaax. OnaceH npy HAKOIUICHWH B TIOJ[Bajax, HE0O-
XOJINMO TTPOBETPHUBAHUE

3,8 cyTok

Kcenon-133

["a3000pa3nbie n3oTonbl. OO0pa3yrOTCS U pacmagaroTCs
B IIporiecce paboThl aTOMHOTO peakTopa. B kauecTBe
3alIUThl — U30JIIUA

5 cyTok

Mon-131

Hcmyckaer B-uactuiiel v y-u3mydenue. O0paszyercs npu
pabote atomMHOrO peakTopa. Bmecre ¢ 3eneHplo ycBau-
BacCTCA JXMBOTHBIMU U IICPEXOAUT B MOJIOKO. Hakarmmm-
BaeTCs B LIMTOBHJHOW >Kenle3e ueloBeka. B kauectse
3aIIUTHl OT OOJIyYEHUS] MPUMEHSIOT «HOMHYIO IHETY»,
T.€. BBOJIT B PAIIMIOH Y€JIOBEKA CTAOMIIbHBIN HOJT

8 cyTok

Kpunron-85

Tspxenblii ra3, UCITyCKAIOMIMNA [-4acTUIIBI U Y-H3ITyYeHHUE.
Bxonut B coctaB 0TpabOTaHHOTO TOIJIMBHOTO IIEMEH-
Ta peakTopa. Beiensercs npu XpaHeHUH. 3alura — U30-
JINPOBAHHOE MOMENIEHUE

10 ner

Crtponnuii-90

Merann, ucnyckaomuid P-yactuiel. OCHOBHOM mpo-
IOYKT J€JIEHUs B PaJUuOaKTUBHBIX oTXoxax. Hakarnm-
BaeTCsl B KOCTHBIX TKaHIX YEJIOBEKa

29 ner

Le3mii-137

Mertani, uCHycKarmImUi [-4acTULIBI U Y-U3JIydeHUE.
HakaminBaeTrcs B KJIETKaX MBIIIEYHON TKAHU

30 net

Panuii-226

Tsoxenblid Ta3, UCMYCKAIOMUN O-4aCTUIIBI, [3-4aCTHIIBI
U Y-M3JIy4eHue. 3aiuTa — YKPhITHs, yOexKuIna

1600 set

VYrnepon-14

Ucnyckaer P-yactuupl. EcTecTBEeHHBIH NPUPOAHBIN
n3zoron yriepoja. Mcnome3yeTcss mpu onpenencHun
BO3pacTa MaTepuaa

5500 net

[TyToHmii-239

Ucnyckaer o-yactuupl. CoaepX uTcsi B paguOaKTHB-
HBIX OTXOJaX. 3aIiTa — KaueCTBEHHOE 3aXOPOHEHHE
palMOaKTUBHBIX OTXOJIOB

24000 netr

Kamuii-40

Hcnyckaer B-uactuubl U y-uznyderue. Conepurcs
BO BCEX PACTEHUSX U KUBOTHBIX

1,3 miipp et
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Buosnorunyeckoe neiicTBe HOHU3UPYOIIMX M3JTy4YeHHI
U CIOCOOBI 3AIIUTHI OT HUX

PaznmuuaroT nBa Buaa 3dexra Bo3ACHCTBUS HA OPTraHU3M HOHU3UPYIO-
IIUX U3IIYYCHUN: COMAmu4ecKuil i 2eHemuyecKuil.

[Ipu comatnyeckoMm 3¢ deKTe MOCIEACTBUS MPOSBIAIOTCS HEMOCPEICT-
BEHHO y 00JIy4aemMoro, pu reHeTH4eCKOM — y €ro MOTOMCTBA.

Comaruueckue 3¢G@dEeKTsl MOTYT OBITh PAHHUMU WM OTAAJIEHHBIMHU.
PanHue BO3HMKAIOT B MIEPUOJ OT HECKOJIBKMX MUHYT 10 30—60 cyTok mocie
oOnyuenus. K HUM OTHOCAT MOKPACHEHHE U HICIYIIEHUE KOXKHU, TIOMYyTHEHHUE
XpyCTaJlMKa IJia3a, MOopaXeHUe KPOBETBOPHOW CHUCTEMBI, JIydeBas OOJI€3Hb.
Octpas nmyuyeBast 00OJE3Hb pa3BUBACTCS MPHU KPATKOBPEMEHHOM OOJy4EHUU
BCEr0 OpraHu3Ma, npu NoJaydeHud UM 10361 oT 1 10 100 u 6onee rpeii (I'p) 3a
1-3 gns. JleTanbHBIM UCXO0M, KaK MPAaBUIIO, 3aKAaHYMBAIOTCS CIydau, B KO-
TOpbIX opranu3M nosryuus 6osee 10 I'p 3a 1-3 nua. [Ipu nomydenun 10361 10
10 I'p pa3BuBaeTcs ocTpas JydeBasi 00JI€3Hb YEThIPEX CTEIIECHEN TSXKECTH.

Octpas nyuyeBasg O0J€3Hb JIETKOM CTENEHU TSKECTH Pa3BHBAETCS IPHU
BO3eiicTBIM m3nydeHus B 1o3e 1-2,5 I'p. IlepBuunas peaximus (mepBbie 2—
3 AHs) — rOJIOBOKPY>KEHHE, TOIHOTA. JIaTeHTHBIN nepuo (okojo 1 mecsia)
— MIOCTETIEHHOE CHMKEHUE TIEPBUYHBIX MPU3HAKOB. BoccTaHOBIEHUE MOJTHOE.

Octpas ndyuyeBast 60J€3Hb Cpe/HEH CTENEeHU TSHKECTH Pa3BUBACTCS MPU
BO3/lelicTBUM u3inydeHus: B jo3e 2,54 I'p. IlepBuunas peakuus (mepBbie
1- 2 yaca) — roJIoOBOKpY>KE€HHE, TOITHOTA, pBOTA. JIaTeHTHBIN Mepuo1 (OKOJI0
25 nHel) — HaNMM4YKMe W3MEHEHHMS CIM3UCTBIX 000J104eK, HHPEKITMOHHBIX OC-
JIO)KHEHHUM, BOBMOKEH JIETAJIbHBIN UCXO/I.

Octpas nmydeBasi 00Jie3Hb TSDKETION CTENEHU pa3BUBACTCA TIPHU BO3JICH-
cTBuu usnyuenus B no3e 4—-10 I'p. [lepBuunas peaxkuus (nepssie 30—60 Mu-
HYT) — TOJIOBHAsi 00Jib, TOBTOPHAsl PBOTA, MOBBIIICHUE TEMIIEPATypbl Tea.
JlatentHbiit iepuon (okosio 15 aHeit) — MHGEKIUOHHBIE TTOPAKEHUS, MOopa-
KEHUS CIU3UCTBIX 000JI0YEK, TUXopaaKa. YacTtoTa JieTadbHbIX UCXOJI0B BbI-
1€, YeM IIPHU CPEIHEHN CTENEHU TKECTH.

Octpas nmydeBas 00J€3Hb KpalHE TSXKEJION CTENEeHH pa3BUBAETCS TP
BO3JCUCTBUM u3MydeHUs: B jno3e Oosiee 10 I'p. JleranbHbli Mcxod modTH
HEU30EXKEH.

Jledenne ocTpoii JiydeBoil 00JI€3HN 3aKITIOYAETCS BO BBEJACHUH B Opra-
HU3M aHTHOMOTHUKOB C IETBI0 MPEAOTBPATUTh WH(DEKITMOHHBIC OCIOKHEHUS,
BBEJICHUH B OPTaHU3M JOHOPCKUX TPOMOOLIMTOB, Mepecaike KOCTHOTO MO3Ta.

XpoHnueckasi JiydeBas 00JIe3Hb BO3HHUKACT MPU €KETHEBHOM TOJTyde-
Hun 10361 B 0,005 I'p. HaGmromaercss pa3BuUTHE pas3idyHBIX 3a00JI€BaHUM,
CBSA3aHHBIX C AUCHYHKUIMEH jKelle3 BHYTPEHHEH CeKpelry; HapylleHnue apTe-
puansHoro nasieHus. [IpodunakTvka XpOHWYECKOM JydeBOW OOJE3HM 3a-
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KIJTF0YaeTCS B HEYKOCHUTEITHLHOM COOJIIOICHUH TPUHSTHIX HOPM pPaIHdaIliOH-
HOM O0€30IIaCHOCTH.

Hecmompsa na my onacHocmo, KOmMopylw Rpeocmasiiem amomHas
IHEpP2emuKa, OHA ABNACMCA MOl IKOJI02UYECKU YUCM O UHOycmpuell, Ha
KOmMOopY10 8031a2aem c80U HAOEHCObL 8Ce nepedosoe Hel08euectao.

KOHTPOJIbBHBIE BOITPOCHI. YIIPA’KHEHU S

1. ATomMHOE s7IpO «cocTaBUIn» U3 N HYKJIOHOB (Macca KaxJa0ro HyKJIO-
Ha paBHa m). UeMy paBHBI Macca U yjieJIbHasi SHEPIusl CBsI3U sapa’?

2. UeMm oTnmyaroTcs u300apbl OT ©30TOMIOB?

3. [Touemy MPOYHOCTH SAEP YMEHBIIACTCS Y TKEIBIX 3JIEMEHTOB?

4. Kak ¥ BO CKOJIBKO pa3 M3MEHUTCS YUCIIO SIFIEp PaJuO0aKTHBHOIO Be-
IIECTBA 3a BPEMs, pABHOE TPEM IEpHUOJIaM Moaypacnaaa?

5. [1o xakoMy 3aKOHY U3MEHSIETCSI CO BpEMEHEM aKTUBHOCTh HYKJIUAA?

6. Kak oOBsCHsIETCS 0 -pacmag Ha OCHOBE KBAaHTOBOW TEOpHUH?

7. Kak M3MEHHUTCS TOJIOKEHHE XMMHUYECKOr0 AJIEMEHTa B IepUuoauye-
CKOM CHCTEME JIEMEHTOB IOCJE JIBYX O -pPacnajoB siep €ero aToMoB? mocie

MOCJIeIOBATEIBHBIX OJTHOTO 0 -pacrajia u AByX B~ -pacmaaoB?

8. 3MeHuTCs T XUMHUYECKasi IPUPO/Ia JIEeMEHTa MPU UCITYCKAHUU €T0
SAIPOM Y -KBaHTa?

9. Kakue siBmeHUS COMPOBOXKIAIOT MPOXOXKACHHUE 7Y -U3JIyU4CHHUs uepe3

BEILIECTBO U B YEM UX CYTh?
10. ITox neficTBueM KakuX 4acTHIL ( o -4aCTHUII, HEUTPOHOB) SACPHBIC pe-
akuuu oonee 3pextuBnbl? [ouemy?

11. O6BscHNTE BBHIOPOC HEWTPHHO (AHTUHEHTPHUHO) TIpH P -pachanax?

12. Tlo xakuM mpU3HaKaM KJIacCU(UIIUPYIOTCS EpPHbIC peakiuu?

13. 3anumure cxeMy € -3axBara. Uto compoBokaaer € -3axBat? B uem
ero oTJIMYKeE OT P -pachaioB?

14. Yo npexncrapisier coOoi peakius nenenus saep? Ipumepst.

15. Oxapakrepusyite HeHTpoHbI neneHust. Kakue onn ObiBaroT?

16. B pe3ynbTaTe Kakoi peakiuu TPOUCXOIUT MPEBPAILICHHUE SeP 252

B A1pa oy PU? KakoBeI ee mepcreKTuBbI?

17. Yto MOXXHO CKa3zaTh O XapakTepe IEMHON peakIuu JIeJICHUsI, €CIIu:
1) k>1;2) k =1;3) k< 1?
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3.5. PU3UKA IJIEMEHTAPHbBIX YACTHUIL]

3.5.1. O6mue cBeaeHust 00 3JIeMEHTAPHBIX YaCTHLAX

JlaTh cTporoe omnpejesieHue MOHITHIO 3leMeHmMapHble Yacmuybl OKa3bl-
BaeTcs 3aTPyAHUTENIbHBIM. B KadecTBe MepBOro MpUOJMKEHUS MOXKHO IO-
HUMATh TOJ I1EeMEHMAPHBIMU YACMUUAMU TAKUE MHUKPOYACTHUIIbI, BHYT-
PEHHIOIO CTPYKTYpPY KOTOPBIX Ha COBPEMEHHOM YpPOBHE pPa3BUTHUS (PUBUKHU
HEeJb3sl MPEACTaBUTh KaK 00bEAUHEHUE IPYrux 4yacTull. Bo Bcex HaOmoaaB-
IITUXCS IO CUX TIOp SIBJICHUSAX Ka)KIas Takas 4acTHIla BeIET ceOsl Kak eIUHOe
1enoe. DJIeMEHTapHbIE YaCTUII MOTYT MPEBpAIIaThCs IPYT B Apyra (IpOTOH

B HEUTPOH U HA00OPOT, Y-KBAHT B € €' 1 Ha00OpOT M T.1I.).
B nacrosmiee Bpemsi 001iee YUCIO HU3BECTHBIX AJIEMEHTAPHBIX YACTHUIL
(Bmecte ¢ antmyactuiiamu) npudmmwkaercs k 400. [loka MBI BCTpedanuch

TOJIBKO C 3JIEKTPOHOM €~ (IIO3UTPOHOM €' ), IPOTOHOM P, HEUTPOHOM N, (ho-
TOHOM Y | 3JIEKTPOHHBIM (aHTH) HEHTPHHO V, (Ve ). DTH YacTUIIbI CTAOHIIBHBI

WM KBa3WCTAOWIIbHBI, U OHU CYLIECTBYIOT B MPUPOJAE B CBOOOJHOM WM Cia-
OOCBSI3aHHOM COCTOSTHMM. Tak, KBa3HUCTaOWIIbHBIE HEUTPOHBI BXOJAT B COCTaB
aTOMHBIX fJI€p, MHOTHUE M3 KOTOPBIX SBISIOTCS aOCOIIOTHO YCTONYMBBIMHU.
[TouTH BCe ocTallbHBIE 37IEMEHTAPHbIE YAaCTULIbI KpaiiHe HECTaOMIIbHBI U 00pa-
3YIOTCSI BO BTOPMYHOM KOCMHUYECKOM M3JIy4YE€HUHU WJIH IOJTy4yaroTcs B Jabopa-
TOPHUH C TIOMOILBIO YCKOPUTEJEH, a 3aTeM ObICTPO PaclafaroTcs, MPEeBpaIasiCh
B KOHEYHOM UTOT€ B CTaOWJIbHBIE YacTHIIbl. OCHOBHBIE KJIACCHI AJIEMEHTAPHBIX
YacTHUIl U UX HauboJiee BayKHbIE IPEJCTABUTENN PACCMOTPEHBI HUXKE.

JUist onuvcaHusi CBOMCTB OTAEJBHBIX AJIEMEHTAPHBIX YacTHI] BBOJIUTCS
LEJbIA s PU3NYECKUX BEIMYMH, 3HAUCHHUSIMU KOTOPBIX OHU U Pa3iuyaroT-
cs. Haubosiee M3BECTHBIMU CpeAM HUX SBJISIOTCS Macca, CpPelIHEe Bpems
KW3HU, CIIUH, DJIEKTPUYECKUN 3apsii, MATHUTHBIA MOMEHT. O Apyrux xapak-
TEPUCTUKAX YACTHUII, B T.4. O 3apsAJiaX, OTIIMYHBIX OT 3JIEKTPUUYECKOI0, OyJemM
TOBOPUTH MO XOAY U3JI0KECHHUS.

Ha puc. 3.5.1 noka3ansl Macmtabbl IPOCTPAHCTBA U CIIOCOOBI €T0 HC-
CJIEIOBAHMSI.

N3 cooTHOMIEHNN HEOINpPENEIEHHOCTEN CIEAYET, YTO Ui BbIABICHUS
JEeTaNel CTPYKTYpbl MOpsAKAa Al HYXHO HMETh 30HIUPYIOIIHE YaACTHIIBI
¢ ummyascoM (Ap >h/Ar). Eciu npunste Ap=E/c, to Ar=hc/E. Co-

BPEMCHHBIE YCKOPHUTEIU TIO3BOJISIOT TMONydYaTh YACTUIIBI C SHEPTrUer 10
12

1000 I'B = 10~ »B. CnenoBarenbHO, ¢ UX MOMOIIBIO MOXXHO MPOHUKHYTH

BIUTyOb BEIIECTBA HA PACCTOSIHUE TIOPSAKA

Ar ~ (10-34.108) /(1012 .10-19) ~10-19 w.
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BOJIbLLOM B3PbIB

nPeOPbl [ 10 OBBEKTBI
_10%

L 10-26 -

= 10'22 4 Yocrmum SUSY
| 10-18 | HiGes (mmanason cnabuix cxn)

Z/w

KBOPKM, FRIOOHM "

1014 neoton *® @5
o

f0pP0O
L 10-10- ATOM 0 % il
L 106 - BUPYC s
KNETKA
= Tm 4 (oache
- - o
PAIIAYC 3EMNU o
PAIIAYC CONHUA

TENECKON

PALIAYC HABSTIOBAEMBIX
TAJTAKTUK

TANAKTUKHA
PAOMOTENECKON

BCEJNIEHHASA
Puc. 3.5.1

Pasu4aroT mpu ypoeHs MuKkpomupa:
e nonexynapro-amomuwiii: E=1-10 3B, Ar ~10-8 -10-10 wm;

o s0epuwiii; E=106-108 5B, Ar~10-10" wm;

® snemenmapisle wacmuywl: E >10° 5B, Ar<10™ M.

3.5.2. Buasl B3aumMoaencTBuii

W3BecTHBI uemwbipe euda e3aumoodeiicmeuii MeXIy >IEMEHTapHbIMU
YaCTUL[AMU: CUJTIbHOE, IJ1eKMPOMAZHUmMHoe, ciaboe N ZPAGUmayuoOHHOe
(oHU mepedrceHbl B MOPAIKE YObIBaHUSI MHTEHCUBHOCTH). MHmeHcugHocmy
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83aUMOOELCMBUsL NPUHAMO XAPAKMEPU308amsb MAK HA3bI8AEMOU KOHCHAH-
moil 63auMO0elicCmeus o, Komopas npeocmasisiem coOou 6e3pa3smepHbili
napamemp, onpeoensiowuli 6epoImMHOCb NPOYECcCco8, 00YCI08NIEHHbIX OaH-
HVIM 8UOOM @3aumoldeucmeus. JIJId 3IEKTPOMAarHUTHOIO B3aUMOJACHCTBUSA
KOHCTaHTa

o E
m0C2’

rae E — aHeprusi B3auMOJCHCTBHS JABYX DJICKTPOHOB, HAXOJAIIUXCSA Ha pac-
CTOSIHUH A.

OTHOlLIEHHE KOHCTAaHT JA€T OTHOCUTEIbHYI0 MHTEHCUBHOCTH COOTBET-
CTBYIOIIMX B3aNMOJICUCTBUN.

Cunwbnoe é3aumooencmeue. ITOT BU B3aUMOJEHCTBUA 00€CIICUNBAET
CBSI3b HYKJIOHOB B sjipe. KoHCTaHTa CUIILHOTO B3aUMOJCHCTBUSI UMEET BEJIH-
yuHy nopsanka 1-10. HamOGosbinee paccTrosiHue, Ha KOTOPOM MPOSIBISIETCS
CHUJIbHOE B3aMMOJICHCTBUE (paauyC JEUCTBUSA), COCTABISACT MPUMEPHO
10 *°m.

Inekmpomaznumnoe e3aumooeiicmeue. KoHCTaHTa B3aWMOJICHCTBUS

paBHa 1/137 ~107% (KOHCTaHTa TOHKOH CTPYKTYphl). Pammyc neicTBHS He
orpanuyeH (I =o).

Cnaboe 63aumodeiicmeue. IT0 B3aUMOJICUCTBUE OTBETCTBEHHO 3a BCE
BUIbI [-pacnaga saep (BKIOYash €-3aXBaThl), 332 paclajbl 3JIEMEHTApPHBIX
YaCTHII, @ TAKXKE 3a BCE MPOIIECChl B3aUMOJICUCTBUSI HEUTPOHA C BEIIECTBOM.

. -10 -

KoncTanTa B3auMojieiicTBUs paBHa BerunHe nopsiaka 10 — 10 14 Cna6oe

B3aUMOJICHCTBHUE, KaK U CUJILHOE, SIBIISETCS KOPOTKOACHCTBYIOIIHM.
I'pasumayuonnoe e3aumooeiicmeue. KoHCTaHTa B3aUMOICUCTBUSA

MMEET 3HAYCHHE MOpSIKa 10738, Paguyc aeiictBus He orpaHuueH (I =),
['paBuTallMOHHOE B3aMMOJCHCTBHE SBIISIETCS YHHBEPCAIbHBIM, €My MOJABEP-
EeHbI Bce 0€3 MCKIIIOUEHMS AJeMeHTapHble yacTulbl. OgHako B mpoleccax
MHKPOMUPA TPABUTALMOHHOE B3aUMOJEHCTBHUE OLLYTUMOM POJIA HE UTPAET.

B 1abn. 4 npuBeneHbl 3HAUCHUSI KOHCTAHTBI Pa3HBIX BUIOB B3aUMOJICH-
CTBUS, a TAK)KE CpeIHEE BpEMs KU3HU YaCTHII, paclaJarollnXcs 3a CUET JaH-
HOTO BHJIa B3aMMOJICUCTBHUS (BpeMs pacnajia).
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TabOnuma 4

XapakTepHoe
Tun Mexauusm HNaTencus- Pamguycr, P P
. BpEMSI JKH3HH
B3aUMOICHCTBUSA oOMeHa HOCTb O M T
CwibHOE [JIFOOHAMU ~1 ~10-15 ~10-23
1
DnekTpoMarauTHoe | (hoTOHAMHU ~ 37 0 ~10-18
IPOMEKYTOUHBIMU
Crnaboe p yT ~10-10 ~10-18 ~10-13
0o30HaMHU
I'paBuTanioHHOE IpaBUTOHAMH ~10-38 © ?

3.5.3. Kparkas kiaccu(puranusi 1 CBOMCTBA YaCTHUIL

J1ist TOro 4T0OBI OOBSICHUTH CBOMCTBA U MOBEJCHUE DJIIEMEHTAPHBIX Yac-
TULI, UX IPUXOJUTCS HANCISATh, KPOME MACChI, JIEKTPUUECKOTO 3apsiia U TU-
na, pSJOM JIOTIOJIHUTEIIBHBIX (XapaKTEPHBIX JJISl HUX) BEJIMYMH (KBAHTOBBIX
YHUCel), O KOTOPBIX MbI IOTOBOPUM HUXKE.

DneMeHTapHbIE YaCTUIIBI OOBIYHO MOIPA3CISIOTCA Ha Yemblpe Kaaccd.
[ToMuMO 3THX KJIaCCOB, IPEIOIAraeTcs CyleCTBOBaHUE EUIE OJJHOTO Kiacca
YacTUIl — ZPA6uMmoOHO8 (KBAHTOB TPABUTAIIMOHHOTO MOJISI). DKCIEPUMEH-
TaJIbHO TH YaCTHUIIbI elI¢ He OOHAPYKEHBI.

JlamuM KpaTKyro XapaKTepUCTUKY YETBHIPEM KilaccaM 3JIEMEHTapHBIX
YaCTHII.

K olHOMy U3 HUX OTHOCUTCS TOJBKO OJ[HA YaCTHUIIA — (hOMOH.

@Domonvt y (KBaHTHI SJEKTPOMATHUTHOTO MOJI) YYaCTBYIOT B DJICK-
TPOMArHUTHBIX B3aUMOJICHCTBUSX, HO HE O00JIaJalOT CHJIBHBIM M CJIa0bIM
B3aMMOJCHCTBUEM.

BTopoii kinacc 00pa3yroT jienmonsl, TPETUN — AOPOHBL Y, HAKOHEI], YET-
BEPTHIN — Kaiuoposounsvle 6030nbt (TA0IN. 5).

Tabmuia 5
DneMeHTapHbIE YaCTULIbI
JlenToHbI KamubGpoBounbie AnpoHBI
0030HBI
bapuonsl Me30HbI

(qaq)B =1 (q6)B =0

e U T n, p, 7, K, IV u np.

VeV V W*TW™, 7,89 TUTIEPOHBI

Hee AL, E,Q uap.

bapronnbie MesoHHbIE
PE30HAHCHI PE30HAHCHI
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Jlenmonwr (rped. «Jientoc» — JETKUM) — wacmuywl, yuacmeyroujue
8 2NIEKMPOMACHUMHBIX U C1AObIX 83aumoleticmausx. K HUIM OTHOCSTCS dac-

THUIBI, HE O0O0JagaroIiie CHIbHBIM B3aUMOJCHCTBHEM: JJIEKTPOHBI (e ,e"),

MIooHBI (1 ,1*), Taonsl (17,17), a TaKKe NMEKTPOHHBIE HEUTPHUHO (V,,V,),
MIOOHHBIE HEUTPUHO (V,,V, ) U Tay-HEUTpUHO (V,,V, ). Bce nenTonsl uMeror

CTHHBI, paBHbIC 1/27 , U, clieOBaTENBHO, SBISIOTCS hepmuonamu. Bee ner-
TOHBI 00JIaalOT cIabbIM B3aUMOJICHCTBUEM. Te W3 HUX, KOTOPbIE HMEIOT
AIIEKTPUYECKUI 3apsf (T.€. MIOOHBI M 3JIEKTPOHBI), 00JIaAaI0T TAKXKE U JIEK-
TPOMAarHUTHBIM B3auMojeicTBueM. HENTpUHO y4acTBYIOT TOJBKO B CIIa0bIX
B3aMMOJICHCTBUSIX.

Aoponwl (Tped. «aipoc» — KPYMHbIA, MACCUBHBINA) — wacmuysl, y4acm-
8yroOuUe 8 CUTbHBIX INEKMPOMASHUMHBIX U c1aObIx e3aumooeticmeausx. Ce2o-
OHsl U38ECHIHO CBblUle COMHU AOPOHO8, U UX NOOPA30ensaion HA OapuoOHbl
U ME30HbL.

Bapuonwvt — aoponvl, cocmoswue uz mpéx xeapros (Qdq) u umerowue
bapuonnoe uucao B = 1.

Krnacc 6apnoHoB o0beanHseT B ce0e HYKIOHBI (P, N) U HECTaOWIbHbBIC
YaCTUIIBI C Maccoi, OOMbIIe MacChl HYKJIOHOB, MOJIYYHBIINE HA3BAHUE 2U-
neponog (A,2*,2°,27,5° 527,Q7). Bce rumepoHsl 00NagaroT CHIBHBIM
B3aMMOJICUCTBUEM U, CIIEJOBATEIIbHO, aKTUBHO B3aUMOJICUCTBYIOT C aTOM-
HbIMU siipamu. CIMH BceX O0apuoHOB paBeH 1/27 , Tak 4TO OApUOHBI SIBJISIOT-
csi ghepmuonamu. 3a UCKIIOUYEHUEM IPOTOHA, BCe OApHOHBI HECTAOWIIBHBI.
[Ipu pacnane 6aproHa, HapsiAy ¢ IPYTUMU YaCTUIIAMHU, 00513aTeILHO 00pasy-
eTcst 6aproH. JTa 3aKOHOMEPHOCTh SIBIISIETCS OJHUM U3 NPOsGIEeHUl 3AKOHA
coXpauenusi OapuoHHO20 3apsaod.

Mesonvt — aoponvi, cocmoswue u3 kéapka u auwmuksapka (qQq)

u umerouwue bapuorroe yucio B = 0.
Me30HbI — CHJIBHO B3aUMOJICHCTBYIOIINE HECTAOWIIBHBIC YaCTHIIBI, HE
HECYIIIME TaK Ha3bIBAEMOTO OapHOHHOTO 3apsna. K ux umcimy mpuHamiexaT

TU-Me30HbI, WM THoHs! (', ™, n°), K-Me30ms1, mmm kaonsl (K*, K™, K® K?),
U 1] -ME30HBI.

B otimumne oT 1€enTOHOB ME30HBI 00JIAAAIOT HE TOJLKO CJIA0BIM M, €CIIU
OHHM 3apsDKCHBI, DJIEKTPOMArHUTHBIM, HO TaK)K€ M CHJIBHBIM B3aWMOJICHCTBH-
€M, TIPOSIBJISIFONITUMCS TIPY B3aUMOJACHCTBUU UX MEXIY COOOM, a Takxke MpHu
B3aMMOJICUCTBUH MEXAy Me30HaMu u OapuoHamu. CIIUH BCEX ME30HOB pa-
BEH HYJIIO, TaK YTO OHH SIBIISIIOTCS OO30HAMU.

Kanuoposounwvie 6030Hbl — uacmuybsl, ocyuwecmeusowue 83aumooel-
cmeue medicoy hynoamenmanbrvimMu Gepmuonamu (KBapKaMH U JICITOHAMHU).
Ito wactuipr W, W, Z° v BoceMb THIIOB I'IFOOHOB g. Croga e MOXHO OT-
HECTU U (POTOH Y.
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CBoiicTBa AJIEMECHTAPHBLIX YaCTHUI

Kaxxnmas gactuma onvceiBaeTcss HaOOpoM (PU3NUECKUX BETUYNH — KBaH-
TOBBIX YHCEJN, onpeneistommux e€ cpoiictBa. Hanbonee yacto ynorpe0sie-
MbI€ XapaKTEPUCTUKU YACTHUIL CICTYIOLINE:

Macca wacmuysr M. Maccbl 4acTUIl MEHSIOTCS B IIUPOKHUX MpeJiesax:
ot 0 (dpoton) mo 90 I'3B (Z-6030H). Z-6030H — HanboIEe TSKEIAS U3 U3BECT-
HbIX yacTull. OJHAKO MOTYT CYHIECTBOBAaTb M 0OoOJiee TSKEIbIe YaCTHUIIBI.
Macchl aipOHOB 3aBUCSIT OT TUIOB BXOJSIIMX B UX COCTAaB KBapKOB, a TAKKE
OT UX CITUHOBBIX COCTOSTHHM.

Bpem=a scuznu t. B 3aBUCHMOCTH OT BPEMEHU >KU3HU YACTHULIBI JIEIISTCS
Ha cMabuibHble Yacmuysvl, IMEIOIINE OTHOCUTENBHO OOJIBIIOE BPEMs JKU3HH,
U HecmabuibHble.

K cmabunvneim yacmuyam OTHOCST 4acTULbI, pacnaJarouiiecs 1o cia-
OOMy WJIM DJICKTPOMarHUTHOMY B3aUMOJEHCTBUIO. [[eneHre JacTuil Ha CTa-
OWIbHBIE M HECTaOWIbHBbIE YCIOBHO. [103TOMY K CTaOMJIBHBIM dYacTHIIAM
NpUHAJICKAT TaKWe YAaCTHIIbI, KaK DJIEKTPOH, MPOTOH, JUIsI KOTOPBIX B Ha-
CTOsIIIIeE BpeMsl pacriajbl He 0OHAPYKEHBI, TAK U T -ME30H, UMEIOIINI BpeMs
xmsan T = 0,810 ¢.

K necmabunonuviv wacmuyam OTHOCST 4aCTULbI, pacnagaroluIuecs B pe-
3yJbTaTe€ CUJIBHOTO B3aUMOJICUCTBUA. IX OOBIYHO HA3BIBAIOT PE3OHAHCAMU.
XapaKkTepHOe BpeMst JKU3HH pe3oHaHcoB — 102107 ¢.

Cnun J. BenuunHa criiHa U3MEPSIETCSl B €IMHUIIAX /I U1 MOXKET MPUHU-
maTh 0, momyienbie u 1enbie 3HaueHus. Hanpumep, cnun n-, K-me30H0B pa-
BeH (. CrniuH a5ekTpoHa, MiooHa paBeH 1/2. Cnun ¢otona pasen 1. CymiecT-
BYIOT YacCTUIIbl U C OOJIBIIMM 3HAYC€HHUEM crnuHA. YacTulbl C MOJTYIENbIM
CITUHOM TIOMUYUHSIOTCS cTaTucTHKe Pepmu — Jlupaka, ¢ IEIBIM CITHHOM —
boze — DiiHiTeliHa.

Inexkmpuveckuit 3apad (. DJIEKTPUUECKUM 3apsa SIBISETCS 1eJION
KpaTHoit BenmunHoit oT e = 1,6-107"° Ku1, Ha3pIBaeMOil HIeMEHTapHbBIM dJIeK-
TPUYECKUM 3apsAIoM. HacTUIpl MOTYT UMETh 3apsiasl 0, £1, £2.

Buympennaa uemnocmes P. KBaHTOBOE 4nCIO P XapaKkTepu3yeT CBOM-
CTBO CHUMMETPUH BOJIHOBOH (DYHKITUH OTHOCHTEIIBHO MPOCTPAHCTBEHHBIX OT-
paxxenuii. KBantoBoe uncio P umeer 3HadeHue +1, —1.

Hapsimy ¢ obmumu 1711 BCeX YacTUIl XapaKTEPUCTHUKAMU HCIIONB3YIOT
TaK)K€ KBAHMOBblE YUCIA, KOMOPble NPUNUCHIBAIOM MOJILKO OMOETbHbIM
zpynnam uwacmuy,.

Keanmoewte uucna: d6apuonnoe uucino B, cmpannocms S, ouaposanue
(charm) ¢, kpacoma (bottomness, uiau beauty) b, sepxnuiu (topness) t, uzomo-
nuyeckuti cnux | IPUTIUCHIBAIOT TOJBKO CHUJIBHO B3aMMOJICUCTBYIOIIMM 4Yac-
TULIAM — AOPOHAM.
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Jlenmonnvie uucna: Le, Ly, L;. JlenTtonnble yncna NpUNMCHIBAIOT Yac-
THIIaM, OOPa3yIOIIUM TPYIITY JIENTOHOB. JICMTOHEI €, |1 ¥ T YYaCTBYIOT TOJIb-
KO B DJIEKTPOMAarHMTHBIX U CIIAOBIX B3aUMOAEHCTBUAX. JIENTOHBI Ve, Vi, U Vq
Y4acTBYIOT TOJIBKO B CJIa0BbIX B3aUMOCHCTBHAX. JIENTOHHBIC YHCIa UMEIOT
sHauenus Le, Ly, Ly = 0, +1, —1. Hanpumep, €, 2I€KTPOHHOE HEHTPHHO Ve
"

bapuonnoe uucno B. bapnonnoe uncino umeet 3Hauenne B = 0, +1, —1.
Bapuonsl, HanpuMep: N, p, A, X, HYKJIOHHBIC PE30HAHCHI UMEIOT OAPUOHHOE
yucio B = +1. Me30Hbl, ME30HHBIE pe30HaHChl UMEIOT B = 0, aHTHOapUOHBI
nMmeroT B = 1.

Cmpannocms S. KBaHTOBOE YHCIIO S MOXKET MPUHUMATh 3HAUYCHHS —3,
-2, -1, 0, +1, +2, +3 u omnpexaensercs: KBApKOBBIM COCTaBOM aApoHOB. Ha-
npumMep, Tureponsl A, X umerot S = —I; K-, K'-Me30HsI nMetoT S = +1.

Charm c¢. KBanToBOe 4uCIIO ¢ MOKET MPUHUMATh 3HaYeHus —3, -2, —1,
0, +1, +2, +3. B HacTos1ee BpeMss 0OHapYKEHBI YacTHUIIbI, uMmeromue ¢ = 0,
+1 u —1. Hanpumep, 6apron A" umeer ¢ = +1.

Bottomness b. KBantoBoe uuncio b moxer npunumars 3Hauenus —3, —2,
-1, 0, +1, +2, +3. B HacTosiiee BpemMsi OOHApyKEHbI YACTHUIIbI, MUMEIOIINE
b =0, +1, —1. Hanpumep, B'-me30H umeet b = +1.

Topness t. KBanToBoe unciio t MoKeT MpUHUMATH 3HaYeHus —3, —2, —1,
0, +1, +2, +3. B Hacrosiiee BpeMss OOHApYy»EHO BCEro OJIHO COCTOSHHE
ct=+1.

H3zocnun |. CUuibHO B3aMMOCHCTBYIONINE YACTUIIBI MOKHO pa30UTh Ha
TPYIIIBI YaCTHUII, 00JIAJAIONTNX CXOKUMHU CBOHCTBaMH (OJMHAKOBOE 3HAYCHUE
CIIMHA, Y6THOCTH, OAPMOHHOTO YKCIIA, CTPAHHOCTH U JIp. KBAHTOBBIX YHCEN,
COXPAHSIONINXCS B CHUJIBHBIX B3aUMOJCHCTBUSIX) — UZ0MONUYECKUE M) IbIU-
niemsl. Bennanaa n3ocnuHa | onpenenseT 9ucio 4acTHIl, BXOIANINX B OJUH
U30TONMUYECKUH MYJBTHUILIET, N U p COCTaBISIIOT H30TONMUYCCKHHN TyIUICT
| = 1/2; &, ¥, ¥ BXONAT B COCTAaB U30MONUYECKO20 mpuniema | =1,
A — uzomonuuecxkuu cunenem | = 0; 4uciIO YacTHUL, BXOMSAIIUX B OOUH U30-
monuyeckuti myromuniiem coctasiuser 2| + 1.

G — uemHnocmo — 3TO KBAaHTOBOE YHCJIO, COOTBETCTBYIOIIEE CUMMETPUHU
OTHOCHUTEJIFHO OJHOBPEMEHHOM OIepaliy 3apsI0BOT0 CONPSKEHUS ¢ U W3-
MEHEHHS 3HaKa TPEThero KoMmnoHeHTa | m3ocnmaa. G-4eTHOCTh COXpaHICTCS
TOJIBKO B CHJIBHBIX B3aHMMOJICHCTBHUSIX.

nmeror Le = +1; €., v, nmeror Le = — 1. Bee anponst umetor L =L, =L, =0.

3.5.4. CTpaHHBbI€ 4YaCTHUIIbI

B nauane 50-x rr. XX B. ObLJI0 0OHAPY>KEHO, UTO HEKOTOPHIC U3 HEJAB-
HO OTKPBITHIX YacTHII, a UMeHHO K, A, X, BenyT ce0s CTpaHHO B JBYX OTHO-
IICHUSX
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® BO-NIEPBBIX, OHM BCETJa POXKIAOTCA napamu. Hampumep, peakums
T +p—> KO+ A° MIPOXOJIUT C BEPOSITHOCTHIO, OJMM3KOM K 1, a peakuus

T+ p—>K°+n HUKOrma He HaOmozaidack. DTO Ka3zajlochk TeM 0Oosiee

CTpaHHBIM, YTO BTOpasl peaklysl He Hapyllaja HU OJAHOTIO U3 U3BECTHBIX 3a-
KOHOB COXpPaHEHUs U JUIsl €€ OCYIIECTBIEHUS ObLIO JOCTAaTOYHO YHEPTHH;

® BO-BTOPBIX, XOTS POKICHUE CIPAHHBIX YACTUL (KaK UX CTaJIH Ha3bl-
BaTh) ObUIO OOYCIIOBJIEHO CHUJIBHBIM B3aMMOACUCTBUEM (T.€. MPOUCXOJUIIO
¢ 00JBIION BEPOSITHOCTBIO), UX pacnabl HE UMEIH XapaKTEPHOIO ISl CUJIb-
HOTO B3aUMOJEICTBUS BPEMEHU KU3HH, XOTS OHU M PacnajaiiCh HA CHIIBHO

B3aUMOJECTBYIOmuUe YacTuubl (Hampumep: K —2m, X7 — p +7°). Bme-

CTO BEJIMYMH TOPSIIKA 10723 C, KaK CJIEIOBAJIO OXUJATh JIJIsS YacTHI], pacma-
JAIOIIMXCA 32 CUET CUIIBHOTO B3aUMOJICHCTBHUSA, UX BPEMSI KU3HU OKa3aJloCh

B nipezenax ot 107 1o 1078 ¢, uro xapakrepHo [ c1aGOro B3aMMOICHCTBYSI.

st oObeuHeHus 3TuX (PaKToB OBLUIO BBEIEHO HOBOE KBAHTOBOE YHCIIO
CIMPAHHOCMb Y HOBbLIL 3aKoH coxpanenusn (cmpannocmu). Tak BOT B Tiep-
BOW peakIuy CTPAHHOCTb YACTHUIl JI0 PEaKIMHU COBIAJAET CO CTPAHHOCTHIO
YacTHIl MOCJIEe PEaKIuu, a BO BTOPOM peakIuu CTPAHHOCTb HE COXpaHSAETCH,
Y TI0ATOMY 3Ta PEAKIUS HE UJICT.

CoxpaHeHue CTPaHHOCTH OKa3aJIOCh MEPBBIM MIPUMEPOM «YACTUYHO CO-
XPaHSIOMICHCSl BEJIMUUHBDY, CTPAHHOCTh COXPAHSAETCS B CHUJIBHOM U HE CO-
XpaHsieTcs B c1abOM B3aUMOJICUCTBUMU.

3.5.5. KBapku u rJ1100HbI

[Toutn Bce HabMOgaEMbIEe YACTHUIIBI TPUHAJJICKAT OJTHOMY U3 JBYX Ce-
MEUCTB: Jienmonam Win adponam. OCHOBHOE Pa3IMYUE MEXAY HUMH CO-
CTOUT B TOM, UYTO QIpOHBI YYaCTBYIOT B CUJIbHOM B3aUMOJICHCTBUH, a JICHTO-
HBI HE YYacCTBYIOT. [[pyroe Ba)KHO€ pas3jinune COCTOMT B TOM, 4TO B 60-X IT.
OBbLIM U3BECTHBI YETHIPE JICTITOHA (e—,p—,ve,vu) A UX aHTUYACTHULBI U 0oJsiee

COTHHU a/IpOHOB.

JlenTOHBI CYUTAOTCS SIIEMEHTAPHBIMU YACTULIAMH, T.K. OHU, HACKOJILKO
M3BECTHO, HE PaCIaJlaloTCs Ha COCTaBHBIC YacTH, HE OOHAPYKUBAIOT HUKA-
KOW BHYTpPEHHEU CTPYKTYpbl U HE UMEIOT omnpeeséHHoro pasmepa. (ITomsit-
KM OIPENEIUTh pa3Mepbl JIENTOHOB ITOKAa3ajy, YTO BEPXHUU MPENET COCTAB-

-18 o
aser 107" m). C npyro#t cTOpOHBI, aApOHBI OKa3aJIMCh 00JIee CIIOKHBIMH

gacturamMu. OOMIHe YK€ OTKPBITBIX U BHOBb OTKPBIBACMBIX aJPOHOB HABO-
JUT HA MBIC]Ib, UTO BCE OHU MOCTPOCHBI U3 KAKUX-TO APYrux, Oosnee dhyHaa-
MEHTaJIbHBIX, YacTull. C HauWOOJBIIUM YCIIEXOM 3Ta HACS peann3oBaHa
B KBaPKOBOW MOJenIM aJapoHOB. KBapkoBas Mojaellb OOBSICHICT HE TOJBKO
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CUCTEMAaTUKY, HO U JIUHAMUKY agpoHOB. OHa MPUBOJIUT K Macce OMpaBbl-
BAIOMIMXCS TPEACKA3aHUA W B HACTOAIIEE BPEMSI CUMTACTCS OOIIETPH3HAH-
HoM. B 1963 r. I'enmim-MaHHOM B HE3aBHCHUMO OT Hero L[Belrom Oblia BEIIBU-
HyTa TUNOTE3a, MOJITBEPKICHHAS NalbHEUIIIMMU HCCIIEI0BaHUSIMH, YTO BCE
aZpOHBI TIOCTPOCHBI W3 Oojee GyHIAMEHTAIBHBIX YaCTHIl, KOTOPHIC, IIO
npenioxenuto ['emn-Manna, Obutl Ha3BaHbl KBapkamu. Ha ocHOBe kBapko-
BOU TUIIOTE3bI HE TOJILKO ObLJIA MOHATA CTPYKTYpa YK€ U3BECTHBIX aJpOHOB,
HO M MpeJCKa3aHo CyllecTBOBaHME HOBBIX. K HacrosimieMy BpeMEHH yCTa-
HOBJICHO CYIIECTBOBAaHHE IIECTU PA3HOBUAHOCTEW (MM TaK Ha3bIBAEMBIX
apoMaTOB) KBapKOB: BEPXHUH — U, HIOKHHN — 0, CTpaHHBIN — S, OYapOBaHHBIH
— ¢, IPEKpacHbIi (mpesiecTHbIi) — b, BoIicHIuil — t. Bce KBapKku UMEIOT CIIHH
1/2 (pepmuonbl), OaproHHBIN 3apsia 1/3 U APOOHBINA JICKTPUUCSCKUAN 3apsil.
KBapku U, C, t Ha3bIBaIOT BEpXHUMH, T.K. OHU HUMEIOT JAPOOHBIN AlEKTpUUe-
ckuii 3apsag +2/3. OcranbHble KBapku d, S, b ¢ anexrpuueckum 3apsgom — 1/3
MIPUHATO HAa3bIBaTh HWKHUMU. [lonnbiil HaOOp BCEX KBAHTOBBIX YHUCEN IS
KaXJIOTO KBapKa Hocum Haszeanue apomam. Takum o0pa3oM, KBapKd UMEIOT
wecmv apomamos. KaxxaoMy KBapKy COOTBETCTBYET CBOM aHTHKBapK. KBap-
KU SIBJIIIOTCS «KUPIUYUKAMKY aJ]POHOB.

Keaproswiii cocmas 6apuonos. CriuH 0apuoHa MOJIYLENbIN, MOITOMY
OapUOHBI COCTOST U3 HEYETHOTO (KPOME OJIHOTO) YHCia KBApKOB. B oCcHOB-
HOM OapUOHBI COCTOSIT M3 TPEX KBAPKOB (YACTHIIBI C OOJIBIIMM HEUYETHBIM
YUCJIOM KBapKOB, HAIIPUMEP U3 ST — IEHTAKBAPK, OTHOCATCS K pa3psiay dK-
30THYeCKUX). PaccMoTpuMm citydaii, Kkorma 0apruoH MMeeT CIUH, paBHBIN 1/2
(korma cnuHBI ABYX KBapKOB NapajulelibHbl, @ CIUH TPEThEr0 HaIpaBJCH
IPOTUBOMONOXKHO). K Takum dacTtuiiam OTHOCATCS, HAmpuMmep, MPOTOH
1 HelTpoH. [IpoToH cocTouT M3 ABYX U-KBapKOB U oJHOTO 0-KBapka (p — uud),
HEHTPOH COCTOMUT M3 OJIHOTO U-KBapka u AByx d- -KBapKOB (n — udd). Ux aH-

THYACTHIBI TIOCTPOCHBI U3 aHTHKBAPKOB: P —> U 0dd , il —0dd .

Ksapkoswiii cocmas me3onos. Mesonwl, o0nagas 1eI0YUCICHHBIM CIU-
HOM (0030HBI), MOCTPOEHBI U3 08YX KBAPKOB: KBapKa U aHTHKBapka. Hanbo-
Jiee JIeTKUE 3apsHKEHHbBIE ME30HBI TIPEICTABIAIOTCS KOMOUHAIIUSAMHU ud u di.
ITO T-ME30HBI: T = ua . =du. HeuTpanbubiii m°-ME30H COCTOMT TAKKE
13 KBapKa U aHTUKBapka. Ho 3/1ech MposiBIseTCs] HeoObluHOe CBOVICTBO MUK-
POMUpa — JuHeliHas cynepnosuyus cmpykmyp (cocmosnuil), T°-Me30H ¢ paB-
HOM BEPOSATHOCTHIO MOKET HAXOIUTHCSA B COCTOSHUM UU U B COCTOSIHUH dd
(n° =ul —dd ).

IIpu cozmanum GaproHa 3a4acTyr0 HEOOX0AUMO, YTOOBI J1Ba (Wi OoJiee)

NICHTUYHBIX KBapKa HaXOJWJIMCb B OJHOM M TOM K€ COCTOSHHH. Owmera-
4yacTuna, HalmpuMmep, COCTOMT M3 TPEX S-KBAPKOB, IPHYEM BCEC OTH KBapKH
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JOJKHBI HAXOJIUTHCSL B OJTHOM U TOM K€ COCTOSSHUHU. ITO BO3MOXKHO TOJIBKO
JUTSl 4aCTHUL, KOTOPbIE OTUUHSIOTCS cTaTucTHKE bo3ze — DitHiureiina. KBapku
MMEIOT MOJIYLEJIbI CIIMH, HO MPYU 3TOM OHH JIOJIKHBI YJAOBJIETBOPSATH CTATU-
CTUKE, KOTOPOU MOJIUMHSIOTCS YaCTHUIIbI, UMEIOIIUE 11eJbli criiH. CBs3b CIU-
Ha CO CTaTHCTUKOW SIBISAET COOOU HenokoneOumbili TPUHIMI PEISTUBUCT-
CKOM KBAaHTOBOM MEXaHWKH. ErO0 MOKHO BBIBECTH HEMOCPEJICTBEHHO U3 TEO-
pHH, U €ro HapyIlIeHWH HUKorja He HaOmroaanock. [IockosibKy OH cripaBei-
JIUB JJISI BCEX APYTMX M3BECTHBIX YaCTHIl, TO KBAPKH HEBO3MOKHO HMCKIIIO-
YUTh U3 00JIACTH €ro rocrojcTsa. JJisi BBIX0/1a U3 ATOTO TYIHKa OBLIO TIpe/I-
JI0’KEHO, YTO KaK/JbId apoMaT KBapKa MMEET mpu pasHO8UOHOCMU, PABHbBIC
110 Macce, CIUHY, JICKTPUUECKOMY 3apsily U BCEM MPOYUM HU3MEPHUMBIM Be-
JIMYMHAM, HO Pa3JIMYHbIE MO JONOJHUTEIBHOMY CBOMCTBY, KOTOPOE CTajo
M3BECTHO TOJI Ha3BaHUEM yeem. Toraa MOXHO ObLIO yIOBJIETBOPUTH MPHUH-
LUy UCKJIIOUEHHMS, U KBAPKU MOTJIM OCTaBaThCs (epMUOHAMH, TTOTOMY YTO
B TAKOM CJIy4ae HE BCE KBApKU B OapvoOHE 3aHUMAaM Obl OJTHO U TO K€ CO-
crossaue. KBapku MOTYT OTIIMYATHCS 10 LBETY, JaXKE€ €CIIU BCE OCTAIBHBIC UX
CBOMCTBA a0COJIIOTHO OJMHAKOBBI. KBAHTOBOE UMCIIO «I[BET» MPUITUCHIBACTCS
BCEM KBapkaM, HE3aBUCHUMO OT Tuma (apomarta). [IBeT umeeT mpu 3Ha4eHUS.
OObryHO WX obo3HauarT kpachwvitl (K), zenenvii (3), cunuu (C). Kaxmapii
KBapK 00JIaJjaeT eqMHUYHBIM 1[BETOBBIM 3apsnoM K, 3 umu C. LIBeT cooTBeT-

CTBYIOILIETO aHTUKBapKa o0o3HavaeTcsi K (aHTuKpacHblii), 3 (aHTU3EJIEHBIN),

C (aHTUCUHMI) U SBISIETCS OONOJHUMENbHbIM K TBETY KBapka. CuibHOE
B3aMMOJICHCTBUE KBapKa HE 3aBUCUT OT €0 LIBETOBOT'O COCTOSHHUS, T.€. OHO
OJIMHAKOBO IJIs1 BCEX TpeX IBEeTOB. [IoHSATHE «1IBET» BBEACHO HE CIydYailHO,
a CBSI3aHO C aHaJOruen. B BUIUMOM ONTHUYECKOM CBETE CYILIECTBYIOT TPU OC-
HOBHBIX 1IBeTa (KpaCHbIN, 3€JICHBIN, CUHUI), KOTOPBhIE TIPU CMEIICHUH JAl0T
benviil, becysemnulil CBET. Bee HaOMI01aeMble adporbl HE 00Jaal0T KBAaHTO-
BbIM CBOWCTBOM «IIBET», CJICIOBATEIBHO, OHU SBJSIOTCSA Oecysemuvimu (Oe-
Jbimu). bapruoHsl COCTOST U3 TpeX KBapKoB, B HUX Bce mBera (K, 3, C) cme-
maHbl pagHomMepHo. ME30HBI COCTOAT M3 JIByX KBapKOB, OKpPalIE€HHBIX
B IIBET» W «AHTULBET». TaK KaK AHTUIIBET SIBJISIETCS JOMOJHUTEIIbHBIM

K cBoeMy I1BeTy, To koMOuHaumu KK, 33, CC cuutarTcsi becysemubimu
(6envimu). Tlo COBpeMEHHBIM TMPEACTABICHUSAM CHUJIbHBIC B3aMMOJCHCTBUS
OCYIIECTBIISIOTCS ITyTeM OOMEHa MEXTy KBapKaMu 0€3MacCOBBIMHU YaCTHUIIA-
MU CO CIIUHOM 1 ¥ HYJIEBOW MacCOW MOKOS. DTH YaCTHIIBI Ha3bIBAIOTCS 21H00-
Hamu (B TIEPEBOJIC C AHTJIMMCKOTO S3bIKa TJIOOH O3HAdaeT Kiei). OOMeH
TJIFOOHAMH MEX]y KBapKaMH MeHsem UX yeem, HO OCTABISIET Heu3MeHHbLMU
BCEC OCTaJbHBIC KBAHTOBBIC YHCJIA, T.C. COXpaHICT apomam KBapka. Kak
Y KBapKH, TJIOOHBI SBIISTFOTCS «Y8eMHbLMUY YACTUIIAMH, HO TIOCKOJIbKY KaXK-
JIBIA TJTFOOH M3MEHSET IBETa Cpa3y ABYX KBApKOB (KBapKa, KOTOPBIA HCITYC-
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KaeT TJII0OH, M KBapKa, KOTOPHIA TMOTJOTHJ TJIFOOH), TO TJIIOOH OKpauieH
08adicObl, HECS Ha ceOe LBET W aHTHIIBET, OTIUYHBIN OT 1BeTa. M3 Tpex 1Be-
TOB M QHTHUIIBETOB MOXHO COCTaBUTb BCEro JEBSATh KOMOWHanmil. Kaxmoun
Takoll oxpauwienHoti KOMOMHAIIMM COOTBETCTBYET TIJIIOOH, CJIEAOBATEILHO,
BO3MOJKHO CYIIIECTBOBAaHHWE BOCHBMH TIFOOHOB, O0JIaIafOIIMX XapaKTEPHUCTHU-
KON «UBeT». ['JIIOOHBI ANEKTPUYECKU HEUTpaNbHBI M HE O0JaJaloT CIa0bIM
B3aMMOJIEUCTBHEM. [ JIIOOHBI B3aMMOJIEHCTBYIOT MO/IbKO C KBapKaMu U Jpy-
rUMU TJII0OHaMH. B3auMojeiicTBre IIIOOHOB MEXy cOOOM MPUBOAUT K TO-
MY, YTO CHJIOBBIE JIMHUM IIBETHOT'O B3aMMOJICUCTBUSI KBAPKOB MPEACTABIISIIOT
co00¥ orceym CUIOBBIX JIMHUN, TPOTSAHYTHIM MEX1y KBAPKOM U aHTUKBAPKOM.
DTO OTIAUYAETCS OT JIEKTPOMArHUTHOTO B3aUMOJCHCTBUS, B KOTOPOM CHIIO-
BbIC JIMHUU PACXOJSTCA OT MUX MCTOYHMKA — DJIEKTPUUECKOTrO 3apsija — gee-
pom, 100 BUPTyaIbHBIC (POTOHBI, UCITYIICHHBIE OJHOBPEMEHHO MCTOUYHHUKOM,
HE B3aMMOJICHCTBYIOT JIpyT ¢ Apyrom. CamMu TIIFOOHBI, UMEsI IIBETOBBIC 3apsi-
JIbI, CTAHOBSITCSI HICTOYHUKAMH HOBBIX TJIFOOHOB, YMCJIO KOTOPBIX HApacTaeT
0 MEPE MX yJaJCHUs OT KBapKa.

Takas kapTuHa B3aWMOJCHCTBHS COOTBETCTBYET 3aBUCHUMOCTH TIOTCH-
IIMAJTLHON SHEPTHH B3aUMOJICHCTBUS MEKIY KBAPKaMH OT PACCTOSIHHUS MEXK-
Iy HEMH, TOKa3aHHOH Ha puc. 3.5.2. Jlo paccrosamst r < 10 ™ cM 3aBucH-
Mocth U(r) uMeeT BOpOHKOOOpa3HbIi XapakTep, MPUYEM CHJIa I[BETOBOTO 3a-
psizia B 3TOM 00JIaCTH PaCCTOSIHUM OTHOCUTENIBHO HEBENIMKA, PU 3TOM KBapKU
B 9TOM 00JIACTH PACCTOSHUNA MOXHO B TIEPBOM MPUOIMKEHUU pacCMaTPUBATh
KaK CBOOOJIHbIC, HEB3aUMOCHCTBYIOIINE YACTHUIIBI. ITO SIBJICHUE HOCHUT CIIE-
[IUAJIbHOE HA3BAHUE ACUMIMOMUYECKOU C80000bl KBAPKO8 TPHU MallbiX I.

OpnHako, IpH I 60JIbLIC HEKOTOPOTO KPUTHIECKOTO [, z10_13CM, BEJIMYMHA

MOTEHIMAILHON dHepruu B3auMoaeicTBus U() cTaHOBHUTCS MPSIMO POIIOP-
IroHabHOM Bennumbe . Otcroma ciemyer, yro cuna F =—dU /dr =const
HE 3aBHCHT OT PAaCCTOSHUS.

1078 I, cM

Puc. 3.5.2
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Huxaxue opyeue 63aumooeticmsus, KOTOpble (U3NKU HU3y4dadd paHee,
He 0061a0anu CTONh HEOOBIYHBIM CBOMCTBOM. PacyeThl MOKa3bIBAIOT, YTO CH-
JIbl, ICHCTBYIOIINE MEXKIY KBAapKOM U aHTUKBAPKOM, JIEUCTBUTEIBHO, HAYH-

Hast C Fg, z10_13CM, MEepPECTalOT 3aBUCETh OT PACCTOSIHUSI, OCTaBasCh Ha

YpOBHE OIPOMHO{T BemduHsl, 6imskoit k 20 1. Ha paccrostaun r ~ 1072 cm
(paBHOM paauyCy CpeIHHUX AaTOMHBIX SJep) I[BETHbIE CHJIBI Oosee dYem
B 100 ThICSY pa3 Ooblie 3IeKTPOMArHUTHBIX cuil. Eciu cpaBHUTH LIBETHYIO
CUIIY C SIIEPHBIMHU CHJIAMHA MEXIY TPOTOHOM M HEHTPOHOM BHYTPH SApa, TO
OKa3bIBACTCS, YTO I[BETHAS CUJa B ThICAYU pa3 Oouiblie simepHbIX! OnHAKO
8b10€UMb YBEMHYIO IHEP2UI0 HEBO3ZMOIICHO. ITO CBA3aHO C TEM, YTO IPHU
YBEJIMYCHUHN PACCTOSHUS MEXAY KBapKaMU JIMHEWHO pacTeT MOTEHITHaIbHAs
DHEPTUS B3aUMOJCHCTBUS O TEX TOp, MOKa YHEPTETHICCKU CTAaHOBUTCS 00-
Jiee BBITOJTHBIM 00pa30BaTh Pa3phIB C POKIACHUEM KBApK-aHTHUKBAPKOBOH ITa-
PBI 4aCTHIl. DTO MPOUCXOJUT TOT/a, KOT/1a MOTEHIMAIbHAs SHEPTHUSI B MECTE
paspbiBa OOJIbIIE SHEPTHH MOKOs KBapKa M aHTHKBapka. OTJeNeHne KBapka,
HampuMep, OT NPOTOHA, COCTABIAIONIMM KOTOPOTO OH SIBJISETCS, TpeOyeT
sueprun ~10" IB. Ho 3a101ro m0 JOCTHKEHHS TAKOTO YPOBHS SHEPIUH
BMeIascs Obl ipyroi npoiecc. Y3 sHepruu, mocTaBiIeHHON JJi BbIIACICHUS
OJIHOTO KBapKa, MaTEepHAIM30BAIUCH Obl HOBBIE KBapK M aHTUKBapK. HoBbIi
KBapK 3aHsJ1 ObI B MPOTOHE MECTO YAAJICHHOTO, M JacTuila Obliia Obl BoccTa-
HOBJIcHa. HOBBIM aHTHKBapK MPHICTIIIICS OBl K BEITSCHEHHOMY KBapKy, 00-
paszys Me30H. BMecTo oTheneHus [IBETHOrO0 KBapka Mbl JOOWJIMCH OBl JIMIIIb
co3aHusl OECIIBETHOTO ME30HA. DTOT MEXaHW3M HE JaeT HaM yBHJACTh OT-
JENbHBIA KBapK, OTIACIBHBIA TIIFOOH WJIU JIFOOYI0 KOMOWHAIMIO KBAPKOB HJTH
[JIFOOHOB, KOTOpasi MeJia Obl 11BET.

Takue xauecTBEHHBIE MPEACTABICHHUS O POXKICHUU KBapKa-aHTHKBapKa
MO3BOJISIIOT MOHATH, TOUYEMY OJMHOYHBIE KBApKK BOOOIIE HE HAOIIOIAIOTCs
U HE MOTYT HaOJI0IaThCA B PUPO/IE.

B 11BeTOBOM B3aMMOIEUCTBUM YYaCTBYIOT Mipu BUJA IIBETOBBIX «3apsi-
JIOBY», U 3TO TIPUBOJIUT K «BEYHOMY NIEeHEeHU0» KBAPKOB U TIIIOOHOB BHYTPHU
aJpOHOB, TTOATOMY BBIJICJICHUE 1IBETOBOM SHEPTHH HEBO3MONCHO. ITO SIBIIC-
HHME HEeBbLIECTa KBapKOB (IVIFOOHOB) Ha3bIBACTCs KoHpatHmenmom (oepanuye-
Hue, 3akntouenue, yoepxcanue). Caea0BaTeNbHO, S0epHble CUlbl, KAK U CUJIbI
Ban nep Baanbca, He senatomess NEUCTBUTEIBHO (hYHOAMEHMAIbLHLIMU, & SIB-
JSIOTCS JIMIIb «CAAObIM» CIEAOM Y8emo8o2o (CUIIBHOTO) B3aUMOCHCTBUS
KBapKOB H TJIFOOHOB. OIMCaHWE CHUJIBHOTO B3aWMOJICHCTBUS KBapKOB
Y TJIFOOHOB JIaeT CIICIMAJIbHAsT TEOPETHYECKas MUCIUIUIMHA — KB8AHMOBAS
xpomoounamuxa (KX]I).
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3.5.6. Buasl B3auMoaeicTBUI U MX BeJINKOE 00beIMHEeHNE

Opnna W3 TNIaBHBIX 3a/ay (PU3MKU — OMHMCaTh pa3HOOOpaszue MPUPOIbI
eIuHbIM criocoOoM. Camble OONbIINE HAYYHBIE AOCTHXKEHUS MPOILIOro ObLTH
[IaraM K 3TOH 1ienu: oObenrHeHne 3eMHOM U HebecHoM MexaHuku Vcaakom
Hrroronom B XVII cronetn; onTuku ¢ Teopueit 1eKTpUYecTBa 1 MarHeTU3Ma
Jxetimcom Knepkom Makcpemiom B XIX croneTun; reoMeTpud MpOCTPaHCT-
Ba-BpEMEHU U rpaBuTannu AnpOeprom DiHiTeHoM ¢ 1905 mo 1916 r., a Tak-
K€ XUMHUH U aTOMHOM (PU3MKK B KBAHTOBOM MexaHUKe B 20-X IT.

[locnenHsst B psAny Takux oObeauHeHud — Cmanoapmuas mooenw
B3aMMOJICUCTBHS ileMeHTapHbIX yacTull (CM), BKitoyaromnas B ce0si MUHU-
MaJIbHYI0 MOJIEJIb 3JIEKTpOociiadoro B3auMoelcTus I mamoy — BalinGepra —
Canama u xkBaHTOBY10 XpoMmoauHamMuky (KXJI). MoxHo cka3arb, 4TO Ha ce-
TONHSIIIHUN J1IeHb UMEHHO CM sBIsieTCsl peajbHbIM MUTOTOM MHOTOJIETHEU
pabOThI COTEH THICSY JIFOAEH — OT TEOPETUKOB JI0 MPOCTHIX UHKEHEPOB U Jia-
OOpaHTOB.

EcTh maen OTHOCUTENBHO TOTO, KaK TEOPHS CHIIBHBIX B3aWMOJICCTBUI
MOXET OBbITh O0BEAMHEHA C TEOPHUEH CIA0BIX M 3JIEKTPOMArHUTHBIX B3aHUMO-
neiictBuii. Takoe 0ObeIMHEHNE YaCTO HA3BIBAETCS BEIUKUM OOBCIMHCHUEM,
HO OHO MOKET cpab0TaTh, TOJBKO €CIH MOJIKIIOYUTh TPABUTALMIO. ITO CaMO
1o ce0e ABIAETCS TsLKEJEeHen 3a1adeil.

CrannmapTHasi MOJIeNIb — KBAaHTOBO-TI0JIeBast TeOopusi. OCHOBHBIE OOBEKTHI
TaKOW TEOPUU — TOJIS, BKIIIOYas dJieKTpoMarHuTHoe mosie. Konebanus Takux
MoJIeH MEePEHOCAT DPHEPTUI0 U UMITYJIC. DTH BOJHBI COOMPAIOTCS B MAKETHI,
WIN KBaHTBHI, KOTOpPhIE€ HAOIIOMAIOTCS B J1A0OpPATOPUU KaK DJIEMEHTApHBIC
yacTulbl. B 4acTHOCTH, KBaHT 3JEKTPOMAarHUTHOTO TOJISI — YAaCTULIA, U3BECT-
Hast Kak ()OTOH.

UtoObl 3aBepHINTh CTAHJIAPTHYIO MOJIENIb, HEOOXOIUMO TOJTBEPIUTH
CYIIIECTBOBAHUE CKAJSIPHBIX IMOJEH U BBISICHATH, CKOJIBKO CYIIECTBYET THUIIOB
noseit. 9To mpobiaeMa 0OOHAPYKEHUS HOBBIX JIEMEHTAPHBIX YacTHUI] 0030HOB
Xurrca, KOTOpble MOTYT OBITh 3aPETUCTPUPOBAHBI [0 CXEME, N300paKEHHON
Ha puc. 3.5.3, KaK KBaHTHI 3THX MoJjei. MiMeeTcs MOCTaTOYHO OCHOBaHUI
OKHJIaTh, YTO 3Ta 3amava OyneT BbimosHeHa K 2020 T., MOCKOJIBKY YCKOPHU-
TEJb, Ha3bIBacMbIli BoNbIINM aapoHHBIM Kojutaigepom (puc. 3.5.4), Espo-
nerckoir ymabopatopuu  (PU3MKU DJIEMEHTapHBIX dYacTull, 013 JKeHeBwl
(CERN), Oyzaet paboTaTh jy1st 3TOr0 O0J€ee AecsaTu jeT. Ha aTom komnanaepe
J0JKHA OBITH OOHAPYKEHA TI0 KpallHEeW Mepe OJIHA DJICKTPUUECKH HEeHTpaib-
Hasl CKaJsipHas 4acTHlIa.
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5.bAK
v=0,9999%¢

1. JIuneitunlii 2 Bycre 3.IIpoTronnslii

CKOPHTCIIbL HakONUIC/HL CHHXPO H
YORop MPOTOHOB poTpO n,, =T000m,
= 4 Cyie £, =7TB
- [IPOTOHHBI W /=27 xwM

 CHHXPOTPOH

Yucno crycrkos 2808
Yncno nporonos 100 sp;

v=013c v=09lc v=0%% Ysncno craokHoBeHmi 20
[=157m my, =231, Duepronorpedaenne 180 MB:
E, =25TB :
I =628m
Puc. 3.5.3

Puc. 3.5.4

OObenuHeHNEe Pa3HOPOAHBIX SIBJICHUM B OJHOM TEOPUHM YXkKe IOJTroe
BpeMS ABIISIETCS LIEHTpaJbHOM TeMol pusuku. CtaHngapTHas MoAelb pU3UKU
YaCTUIl YCIEIIHO OMUCHIBAECT TPHU (AJIEKTPOMArHeTusM, cjadble M CHUIIbHBIC
B3aMMOJICHCTBHS) U3 YETHIPEX U3BECTHBIX HAyKe CUJI, HO BIIEPEAH €Ille OKOH-
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yaTenpHOE 00BheIMHEHUE ¢ 00IIel Teopruel OTHOCUTEILHOCTH, KOTOpasi OMu-
CBIBAET IPABHUTAIMIO U IPUPOY MPOCTPAHCTBA U BpeMeHH (Talr. 6).

Tabnuma 6
AJIEKTPUYECTBO
MarHeTu3mM AJIEKTPOMarHeTu3M
AJIEKTpociIadboe
CBET o
B3aUMO/JICHCTBUE
Oera-pacmaj ciaboe CrangaprHas
HEUTPHUHO B3aUMO/ICVICTBHE MOJIETb
MIPOTOHBI ?
HEUTPOHBI CHJIBHOE B3aUMOJEHCTBUE
MTMOHBI
3€MHOE NPUTSIKEHHE
YHUBEpCallbHasi TPAaBUTALIUS O61as Teopust
HeOecHasi MeXaHHUKa
OTHOCHUTEIIbHOCTH
TeOMETpPHsI IPOCTPAHCTBA-BPEMEHU

Benukoe o0benrHeHne BCeX BUAOB B3aUMOJACHCTBUI MPOU3OIILIO 6 pe-
AIbHOCIMU eOUHCMBEHHbIU PA3, B Nepeble MeHOGeH s TI0Cie boJbIIOTro B3phI-
Ba (oOpa3zoBaHue Hauiell BeceneHHoi), KOrna OTCYTCTBOBAIM PA3IHUUS MEXK-
1y TPaBUTAIMOHHBIMHU, IJIEKTPOMArHUTHBIMH, CITA0bIMU U CUJIBHBIMU B3aU-
MOJICUCTBUSIMU, CYIIECTBOBAJIA HONHAS, WIA AOCOIOMHAS, CUMMEMPUsT MEXK-
ny Humu. Pasmep BcenieHHOM B 3TO BpeMs cOOTBETCTBOBaN IlimaHKOBCKOM
wmse ~ 10 %cM, a ee TeMIIepaTypa — SHEPTUH ~ 10" B. [Ipu pacumpennun
Bcenennoil ee temrieparypa majgana U OpU DHEPIUAX 0 ~ 10" B Ipo-
U30IIIO 71€p8oe HAPYLICHUE CUMMETPUM, €AUHOE B3aUMOJCHUCTBUAE Pa3/IeIIN-
JIOCh Ha epasumayoHHoe U Ha CUIbHOIIeKmpociaboe B3auMOCHCTBHE.

Bmopoe HapymeHne noJHOW CUMMETPHUH ITPOU30LLIO P JaJbHEUIIEM
octeiBanuu A0 sHeprun ~ 100 [3B. Cunbrnoe B3auMOJEUCTBHE OTICIUIOCH
OT 27IeKMPOoCciab02o.

[locnennee — mpemve — HapylleHUE CHUMMETPUU IMPOU3OLLIO IOCIHE
100 I'»B, xorma asnexkmpocnaboe B3aUMOJICUCTBUE Pa3ACIWIOCh Ha claboe
u anekmpomacHumuoe. CTENeHb CUMMETPUU CUCTEMbI HEPEJIKO 3aBUCHUT OT
TEMIIepaTypbl: 0OBIYHO TIPHU BBHICOKOM TeMIIepaType CUMMETPHS MPOSIBISETCS
CUJIBHEE, YeM IIpyu HU3KOW. Hampumep, )KUAKOCTh «M30TPOIHAY»: BCE €€ Ha-
IpaBJeHUs] SKBUBAJICHTHBI. [Ipu OCThIBaHMM U3 HEe MOTYT 00pa3oBaThCS
KpucTauibl. BOT 0HM yXe MOTYT OBITh KaKUMHU YT'OJIHO, TOJIBKO HE U30TPOTI-
HBIMH; OHU 00JIAJA0T YE€TKO OMPEeICHHOW CHMMETPUEH, HO HE TaKOW TOJI-
HOM, KaKk m3oTponus. OOpaTHBIM MPUMEPOM SIBIISTFOTCSI TIOCTOSITHHBIC MarHH-
Tbl. ACHMMETpPHS, OTpakacéMas CYIIECTBOBAHHEM OTHAEJIBHOTO CEBEPHOIO
Y I0’KHOTO TOJIIOCOB, UCYE3A€ET, KOTJJa MarHUT HarpeBaeTcs, TEPssi CBOM Mar-
HUTHBIE CBOMCTBA. TakuMm 00pa3oM, CIEHMAIUCTHI MO (PU3UKE YaCTHI] pac-
CMaTpUBalOT HaOJIOJIaeMble ACUMMETPUU MPUPOABI KaK HCKYCCTBEHHBIN

205



MpHU3HAaK, BBI3BAHHBINA Mpeobnangatonieil Bo BeceneHHoON HU3KON Temmepary-
poit. CoBpemMeHHas cpefHsis Temieparypa BceneHHON oyeHb HU3Kas, BCETO
Ha 3 K Bblme aOCOMIOTHOrO HyJs (HaM IPOCTO IMOBE3JIO, YTO MBI JKUBEM
BONM3u CoJiHIIA), YTO U MPHUBENIO K «KPUCHMAAAUZAUUWY OTIICTbHBIX BUIOB
B3anmoeiicTBuil. [Ipu 6osee BHICOKHX TemIepaTypax BpPOXKACHHAs CUMMET-
pudHOCTh Beenennoi mpoctymnaet 60see SBHO.

CoBpemeHHast (U3MKa BJIEMEHTAPHBIX YaCTHI[ ITOCTaBHJIA BOIPOC
0 €IMHOM TPHUPOJE BCEX B3aUMOACHCTBUM (Benuxoe obowedunenue). PaboThl,
MOCBSIIIEHHBIE YaCTUIIaM, KOTOPbIE YK€ OTKPBITHI WM OYAYT OTKPBITHI B 000-
3pUMOM OyayIeM, MOJyYUsId Ha3BaHUE ghenomeHnonozuveckue. PaboTol, mo-
CBSILIICHHBIC YaCTHIIAM, KOTOpbIE HUKOTJa HE OyIyT OTKPBITHI, MOJYYWIA Ha-
3BaHHE meopemuieckue. ITH padOThl UCXOJISAT U3 TOTO, YTO KBAHTOBAsI TEOPUS
noJist BooO1e u CtaHgapTHast MOJIENb B YACTHOCTH SIBJISIFOTCA 3(PHEKTUBHBIMU
(EeHOMEHOJIOTMYECKUMU TeopusiMUu. A (yHIAMEHTAIBHOU SIBISIETCSI TEOPUS
HE TOYCUHBIX YacTHII, a cmpyH pasmepoM mopsiaka 10 cum. Takoe pasmere-
HUE Teopui Ha (PEHOMEHOJIOTMUECKHE W TeopeThuueckue teopuu Bemmkoro
00BEIMHEHHUS CBSI3aHO C TEM, YTO MEXK]y YHEPTUSIMH COBPEMEHHBIX YCKOPH-
teneit (BAK) menbiie 100 B no IlnankoBckux sHEpruid ~ 10" I'B — or-
pOMHasi MIPONacTh, U C MOMOILBIO YCKOpUTENIEH ee BpsJ JU yJIacTcs Mpeojo-
netb. Ho, Kak M3BECTHO, TaKME DHEPIrUU CYIIECTBOBAJIM HA pPaHHEW CTaauu
pasButusa BcenenHnoit. B 3Tom cyiecTByeT TiyOoOKas cs13b6 MEXKIY (u3ukotl
anemMenmapuulx yacmuy u kocmonocueti. [loaromy nzydenue pannein Beenen-
HOI MOJKET AaTh OTBETHI HA OCTABJICHHBIE BOITPOCHI.

KOHTPOJIBHBIE BOITPOCHI. YITPA’KHEHUSA

1. YTo BBl MOHMMAETE MO/ JIEMEHTAPHBIMU YaCTUIIAMMU?

2. Kakoro o0111ee 4nc0 U3BECTHBIX 2JIEMEHTAPHBIX YaCTHIL?

3. HazoBuTE OCHOBHBIC KJIACCHI JIEMEHTAPHBIX YACTUIl U UX HauboJjiee
BAYKHBIX NIPEACTABUTEIICH?

4. JlaliTe MOHATHE CTAOMIBHBIX, KBA3HCTAOMIBLHBIX U HECTAOMIHLHBIX
3JIEMEHTAPHBIX YaCTHUIL?

5. Kakue cymiecTByrOT Tpu ypOBHSI MUKPOMHPA?

6. KakoBa npupoaa nepBUYHOTO U BTOPUYHOTO KOCMHYECKOTO M3JIyde-
Huii? Ha3oBuTEe NX CBOMCTBA.

7. IlpuBenuTe mpumepsl pacraga T-Me30HOB. [laliTe XapaKTEepUCTUKY
T -ME30HAM.
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8. Kakue pyHmaMeHTaIbHBIC THIHI B3aUMOJICHCTBUIN OCYIIECTBIISIOTCS B
MPUPOJIC U KaK UX MOXKHO OXapakTepu3oBarh? Kakoil U3 HUX ABISIETCS YHU-
BEpCaIbHbIM?

9. UTo Ha3bIBAETCA KOHCTAHTON B3aWMOIEUCTBUS

10. Kakue 3aK0HBI COXpaHEHUS BBITIONHSIIOTCS JIJISi BCEX THUIIOB B3aUMO-
JNEUCTBUHN AJIIEMEHTAPHBIX YaCTHIL?

11. Yro sBnsiercss GyHIaMEHTAIBHBIM CBOMCTBOM BCEX AJIEMEHTApPHBIX
JacTHuI?

12. HazoBuTe CBOMCTBA HEUTPUHO M aHTUHEUTPUHO. B 4emM ux cXo/IcTBO
U pazianaue?

13. Kakue xapakTEepUCTUKU SIBJISIOTCA AJI1 YAaCTUIl M aHTUYACTHI] OJU-
HakoBbIMU? Kakue — pa3HbiMu?

14. Yto Takoe CTPaHHOCTb M YETHOCTh AJIEMEHTapHbIX yacTull? Jlis ye-
ro OHU BBOAATCA? Bcerna v BBITTOTHAOTCS 3aKOHBI UX COXPaHEHHUS ?

15. I[ToueMy MarHUTHBII MOMEHT MPOTOHA MMEET TO K€ HAIMpPaBJICHUE,
YTO U CIIMH, & y 3JICKTPOHA HAIIPABIICHUS 3TUX BEKTOPOB ITPOTUBOMOJIOKHBI?

16. Kakue 3aKOoHBI COXpAaHEHHs BBHITIOJHSIOTCS TPH CHUIBHBIX B3aUMO-
JNEUCTBUSAX JIEMEHTAPHBIX YACTHUII? TPU CJIa0bIX B3aUMOACUCTBUSIX?

17. KakuM »€MEHTapHBIM YacTUIIaM U MOYEMY MPUMHUCHIBAIOT JICTITOH-
HOe yucio? OGapuoHHOe unciao? B ueM 3akimrodaroTcs 3aKOHBI UX COXpaHe-
HUS?

18. 3aueM Hy)XHa TUIIOTE3a O CYIIECTBOBaHUU KBapKOB? UTO 0OBsICHS-
eTcs ¢ ee noMolpio? B yeM ee TpyaHocTh? UTo Takoe XpoMoIMHaAMHUKa?

19. [Touemy moTpebOBaNOCh BBENIEHHWE TaKWUX XapaKTEPUCTHUK KBAPKOB,
Kak 1IBET U oYapoBaHue?
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3AK/IIOYEHHUE

MBI 3aKOHYMIIA U3YYE€HHE MTOCIIETHETO U HAWBAXKHEUILIETO pa3fena Kypca
obuieit pusukn «Ontuka. KBanToBast Mexanuka. AToMHas U siiepHasi pusmka.
@u3nKa >JIEMEHTAPHBIX YacTUI. M3 mpoiIeHHOro Marepuana BHIIHO, YTO
Cpelli BCEX TUCIUIUIMH B By3€ HET TaKUX, KOTOpPbIE MOTJM Obl CPABHUTHCS
C KypcoM (pu3HKH 1o O0TraTCTBY U MHOTOOOpPa3HIO UaeH, METOJOB HCCIe10Ba-
HUS 1 QyHIaMEHTATbHOCTH U3Y4aeMbIX B HEM JOCTIKEHUI HAyKH U TEXHUKH.

[Ipu U3M0XKEHUU OCHOBHBIX (DM3MUECKUX UJEH, METOJOB U pe3yJIbTaH-
TOB aBTOPbI CTPEMUJIMCH MOKAa3aTh, YTO MEKY KJIACCUYECKOW U COBPEMEH-
HOM (pu3uKo# HeT riayOoKoM mpomacTd U pa3pbiBa. Du3MKa MPECTaBISICT
co0Oll HENpPEepBhIBHO Pa3BUBAIOIIYIOCS HAayKy, B KOTOPOMl OJHU (PU3HUECKUE
UJIEU, TEOPUH U PE3YIbTaThl 3aKOHOMEPHO CMEHSIOTCS IPYTUMH.

CoBpemeHHas Hayka (M TEXHUKA), pa3BUBAIONIAsCd HEOOBIKHOBEHHO ObI-
CTPBIMU TEMIIAMH, PUBOAUT K PE3KOMY MOBBILIEHUIO TPeOOBaHU, KOTOPHIE
OPEIBABISIOTCS K COBPEMEHHOMY Kypcy (GU3MKH B By3e. DTH TpeOOBaHUsA
HaxXOJsT CBOE€ BBIPAKEHHWE B IIOBBINIEHUM HAYYHO-TEXHUYECKOIO YPOBHS
Kypca, BHEAPECHUY WHHOBALIMOHHBIX TEXHOJIOTU, HAIPABIICHHBIX HA AaKTHBU-
3alMI0 TIO3HABATEIbHOU JIEATEIbHOCTH CTYACHTOB, PA3BUTHE UX TBOPYECKHUX
CIIOCOOHOCTEM, HAYYHOTO MBILIUICHHS.

JlaHHBIN KypC JIEKUMKA OXBAaTWJI BCE OCHOBHBIE Pa3Aeibl KIIACCHYECKON
Y COBpeMEHHOW (pu3uku. Mbl U3yYUIIU OCHOBBI KJIACCMYECKONW MEXaHUKHU
1, PACCMOTPEB TPAHULBI €€ MPUMEHUMOCTH, MEPEUUIH K CIEeUHUaIbHON Teo-
pUM OTHOCUTENBbHOCTH. [lasiee ObLIM pacCMOTPEHBI OCHOBBI TEPMOAMHAMUKH
U MOJICKYJIIpHOU (DU3HMKH; YUYEHHUE O AJIEKTPUUYECTBE U MarHeTusme; Koiseoda-
TEJIbHBIE, BOJIHOBBIE MPOILECCHI, BKIIOYas Y4eHHE OO0 3JIEKTPOMArHUTHBIX
BOJIHAX M ONTHUKY. CylIECTBEHHOE MECTO OTBEAEHO KBAaHTOBBIM CBOWCTBaM
M3JIy4EeHMs], OCHOBAaM KBAaHTOBOU ONTHKH U 3JIEMEHTAaM KBAaHTOBOW MEXaHUKH.

B koHIle Kypca Mbl pazoOpanau BOMPOCHI, TOCBSIICHHBIE COBPEMEHHBIM
noctiwkeHusiM ¢uzuku XXI| B.. aTOMHON (PU3MKH, (PU3MKK ATOMHOIO sijipa
Y DJIEeMEHTapHbIX 4acTull. OHM CTajdu BO3MOXKHBIMU OJlaronapsi ObBICTPOMY
PAaCHIMPEHHUIO TEXHUYECKHX BO3MOXKHOCTEH HKCIIEPUMEHTAa M Pa3BUTHIO
KBaHTOBOW MEXaHHWKH, IPUMEHEHUIO €€ K TEOpPUHM TBEPIBIX TEJ, pacdyeTam
YCKOPHTEJIEH, AIEPHBIX U TEPMOSAECPHBIX PEAKTOPOB, KBAHTOBBIX I'€HEPATO-
POB, YCHIMTENEN U T.1.

Hapsiny ¢ GompmumMu JOCTIKEHUSIME (DPU3UKH BO BCEX €€ pasjeniax oc-
TaeTCs MHOTO BompocoB. Hampumep, noctpoeHre KBaHTOBOW TEOPHUH TATOTE-
HUsA, NpoOsieMbl (U3MKK TUTa3Mbl U aTOMHOTO s/ipa, TOCTPOCHUE TEOPHH,
00BEUHSIONIEH BCE U3BECTHBIE CUIIBI B3AUMOICHCTBHUS.

N3 cka3aHHOTO SICHO, KaKO€ 3HaY€HUE MMEEeT ISl OyylIero MHx eHepa
U3y4YeHHE (PU3HUKH.
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IJIOCCAPUM

AOcopOumsi cBeTa — MOTJIONICHHUE CBETA.

AOCOJIIOTHO 4YepHOE TeJl0 — IOHATHE TEOPUHU TEIUIOBOIO HM3Iy4YEHUs,
O3HAyarollee TeN0, KOTOPOE IMOJHOCTHIO IMOTJIOLIAET JII000E Majarllee Ha
€ro MOBEPXHOCTh JJIEKTPOMAarHUTHOE H3JIy4YEHHE, HE3aBUCUMO OT TEMIIEpa-
TYpPBI 3TOTO TEJIA.

APOHBI — TSHKENBIE JJIEMEHTAPHBIE YACTUIBI, YYaCTBYIOIIUE B CHJIb-
HBIX B3aUMOJICUCTBHUSIX.

AJub(pa-yacTuna — yCTOMYMBAs CUCTEMA M3 JIByX HEUTPOHOB M JABYX
IIPOTOHOB (SIAPO aTOMa T'eJIns).

AHTHYACTHLIA — U9 33JaHHOM  DBJEMEHTApHOW  YacTULbl —
AJIEMEHTApHAs YacTULA, UMEIOIIAsl Ty K€ MacCy W CIIMH U PaBHBIE 110 BEJIH-
YHHE, HO MPOTUBOIOJIOKHBIE 110 3HAKY JIpYrue PU3NYECKUE XapaKTEPUCTUKH:
ANEKTPUYECKUI 3apsij, MATHUTHBI MOMEHT U .

ATOM — HaMMEHbIIAs YacTb XMUMUYECKOTO 3JIEMEHTa, CIIOCOOHas K ca-
MOCTOSITEJIbBHOMY CYILIECTBOBAHUIO U SIBJIAIOLIAACS HOCHUTENIEM €r0 CBOWCTB.
KaxxnoMy 31eMeHTy COOTBETCTBYET OINpEAENICHHBIH poja aToMa, 0003Havae-
MBI XMMUYECKUM CUMBOJIOM 3TOTO JJIEMEHTA.

ATOM COCTOUT M3 DIEKTPUYECKHU MOJIOKUTEIBHO 3apsSIKEHHOTO sApa U
OTPULIATENBHO 3aPSKEHHBIX JJIEKTPOHOB. [IpHHAIEKHOCT aTOMa JaHHOMY
3JIEMEHTY ONPEAENSETCS BEIMUYUHON 3apana sapa +Ze. Uuciao 3JeKTPOHOB B
HEUTpaJIbHOM aTOME PAaBHO Z, UX OOIIMIA OTpHUILIATENIbHBIN 3aps] paBeH —Ze.

ATomHasi pu3uKa — pa3nen PU3MKH, MOCBIIIEHHBIA U3YYEHUIO CTPOe-
HUSI U CBOMCTB aTOMOB U DJIEMEHTAPHBIM IIPOLIECCaM, B KOTOPBIX YYAaCTBYIOT
aTOMBI.

ATOMHBIE CHIEKTPbI — CIIEKTPbI MOTJIOIIEHUS U UCITYCKaHUS CBOOOHBIX
Wi c1a00 B3aMMOJEUCTBYIOIIMX aTOMOB, BO3HUKAIOIIKE NPU H3TydaTellb-
HBIX KBAaHTOBBIX IIEPEXOJAX MEXKAY UX YPOBHSIMHU SHEPTHUU.

Bunpuszma ®penessi — B Gpusnke — JBOMHAS NMPU3Ma C OUCHb MAJIBIMU
yrjaMy TpH BEpUIMHAX, SBISIOIIASCS ONTUYECKHM YCTPOMCTBOM, II03BO-
JSIOUIUM U3 OJJHOTO MCTOYHHUKA CBETa (POPMHUPOBATH JBE KOTEPEHTHBIE BOJI-
HbI, KOTOpBIE JTAaIOT BO3MOXKHOCTh HaOMIOAaTh Ha 3KpaHe YCTONYHMBYIO WH-
TepPEPEHIIMOHHYIO KapTUHY.

BupryanbHble COCTOAHMA — KOPOTKOXXHBYLIUE NPOMEKYTOUYHBIE CO-
CTOSIHUSI MUKPOCHUCTEMBI, B KOTOPBIX HapyliaeTcsi OObIYHASI CBSI3b MEXKIY
SHEPrUeu, UMITYJIbCOM U Maccoil cuctemMbl. OOBIUHO BO3HUKAIOT MPHU CTOJIK-
HOBEHMSIX MUKpodacTul. Hampumep, npu CTOJKHOBEHHUH DJIEKTPOHA C MO3H-
TPOHOM Iapa €+ €- aHHUTWIHPYET B aJiPOHBI YEPE3 BUPTYAJIbHBIN Y-KBaHT.

BHyTpeHHsIA JHEprusi aTOMa — €ro OCHOBHAsI XapaKTEpUCTUKA. ATOM
ABJISIETCSI KBAHTOBOM CHCTEMOM, €r0 BHYTPEHHSSI SHEPIUsl KBAHTYETCS - IIPU-

210



HUMaeT JUCKPETHBIA (TPEPBIBHBIN) Psii 3HAYEHHH, COOTBETCTBYIOIIHUX YC-
TOMYMBBIM, CTAlMOHAPHBIM COCTOSIHUSAM aTOMa, MPOMEXYTOUYHbIE 3HAYEHUS
3Ta SHEPrUsi IPUHUMATh HE MOKET.

Bo30y»kaéHHbIE COCTOSHMSA aTOMA — COCTOSIHUS, UMEIOIINE KOHEYHOE
BpeMst ski3HH. JI7Tst CBOGOIHOTO atoMa oHo coctaBmseT ~107 ¢, Tak kak aTom
CTPEMUTCS IIEPEUTH B COCTOSIHME C MEHbIIEN 3Hepruen. [Ipm aTtom aTtom wmc-
nyckaeT ()OTOH, SHEPrusi KOTOPOrO paBHA Pa3HOCTH SHEPTUM BEPXHETO U
HWKHETO YPOBHEU aToma.

BoJsnbl e Bpoitinst — BOJHBI, KOTOPBIE ONMCBHIBAIOT JIBHJKEHHUE DJIEK-
TPOHOB, IPOTOHOB, HOHOB U JAPYTUX MUKPOYACTHUIL corjacHo runorese JI. ne
bpoitna 1924 r.

BosHoBasi onTuka — pazfen pU3NYECKOW ONTUKU, U3Y4aroUIUil COBO-
KYITHOCTb SIBJIEHUHM, B KOTOPBIX MPOSIBISETCS BOJIHOBAs MPUPOIA CBETA.

Bpems :xu3HM — BpeMs1, B TEUEHHE KOTOPOTO BEPOSITHOCTh OOHAPYKUTh
CUCTEMY B IaHHOM COCTOSIHHM YMEHBIIAETCS B € pas3.

I'amma-u3iaydeHne — KOpPOTKOBOJIHOBOE 3JIEKTPOMArHUTHOE U3TyYEHUE
(mamHa Bomubl ~2-10™° M). TaMMa-H3IydeHHe MPEACTABISET COOOM MOTOK
raMmMma-KBaHTOB, KOTOPbIE XapaKTepU3YyIOTCs, KaK U Apyrue GOTOHbI, YHEPTH-
€1, UMITYJIbCOM U CIIHHOM.

I'eomeTprueckasi onTuKa — pasjies ONTHKH, B KOTOPOM HU3Yy4aroTcs 3a-
KOHBI pacIpOCTPAaHEHUsI CBETA B IPO3PAYHBIX CPEAAX U YCIOBUS IOJyYECHUS
N300pakeHUII Ha OCHOBAaHMM MaTeMAaTUYECKON MoJenu (pU3NYECKUX sIBIIe-
HUM, IPOUCXOIAIINX B ONTHYECKUX CUCTEMAX, CIPABEIIMBOM, KOTa JUIMHA
BOJIHBI CBETa OECKOHEYHO MaJa.

I'naBHOe KBaHTOBOE YHCJI0 — yuciio N = 1, 2, 3,.., onpeaeIstoniee 1is
BOJOPO/Ia ¥ BOAOPOAONOA00HBIX aTOMOB BO3MOXKHbBIE 3HAUECHUS SHEPTHUH.

T'onorpagus — cnoco0d ¢pukcupoBanust Ha GOTOUYBCTBUTEILHOM MaTe-
puane Bceil uHpoOpMalu 00 OTPAKEHHOM OT OOBEKTa M3IYYEHUH, BKIIO-
Yalolie pacnpenesieHue aMIUTUTYAbl U (a3bl B KaXJ0M TOYKE BOJIHOBOTO
dbponTa. ["'onorpadust mo3BoJISET MOTYUYUTh OOBEMHOE U300paAKEHHUE.

lejieHue siiep — MpPOLECC, MPU KOTOPOM M3 OJIHOIO aTOMHOIO SiApa
BO3HHUKAIOT 2 (pexe 3) sapa - OCKOJIKa, OJM3KUX 10 Macce.

Jlucnepcusi BOJIH — B TUHEHHBIX CUCTEMax 3aBUCUMOCTD (ha30BOM CKO-
pPOCTH FapMOHUYECKON BOJIHBI OT YaCTOTHI (UIMHBI BOJIHBI) U, KaK CIIEJCTBUE,
M3MEHEHHE (OpMbI MPOU3BOJIBHBIX BOJIHOBBIX BO3MYIIEHHMH B Ipoliecce MX
pacupocTpaHEHUsI.

JMudpakuus BOJH — B IEPBOHAYATIHLHOM, Y3KOM CMBICIIE - OTHOAHHE
BOJIHAMU TIPEMSATCTBUM, B COBPEMEHHOM, 00Jiee IHUPOKOM - JIF0Oble OTKJIOHE-
HUS IPU paCIPOCTPAHEHUHU BOJIH OT 3aKOHOB F€OMETPUUYECKON ONTHKHU.

Jlo3a — MOHU3UPYIOLIETO M3JIYYECHHs - KOJIMYECTBO DHEPIUU HOHU3H-
PYIOIIET0 M3IY4YEHHUsl, KOTOPOE BOCIPUHUMAETCS HEKOTOPOU cpemoi 3a orm-
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pEIEIEHHBIN IPOMEXKYTOK BpeMeHH. J[03a MOHU3HUPYIOLIETO U3Ty4YECHUS CIIy-
KUT JUIsl OLICHKH PaJallMOHHOW OITACHOCTH U U3MEPSETCS B IPISIX.

3axkoH cmemieHuss BuHa — 3aK0H, onpeaensomuil MoJI0KEHUE MAKCH-
MyMa B paclpeiesieHUH SHEPTUU B CIEKTPE U3IyYEHHUsI a0COIIOTHO YEPHOIO
TeJIa IIPYU U3MEHEHHUH €T0 TEMIIEPATYPHI.

3amenJieHUe HEMTPOHOB — YMEHBIIEHHWE KWHETHUYECKOW 3Hepruu E
HEWTPOHOB B PE3YyJIbTATE MHOTOKPATHBIX CTOJIKHOBEHUN MX C ATOMHBIMH S~
paMHu CpeJibl.

HN30T0nBI — pa3HOBUIHOCTA aTOMOB OJHOTO M TOTO K€ XMMHYECKOTO
AJIEMEHTA, aTOMHBIE S/Ipa KOTOPBIX UMEIOT OJUHAKOBOE YMCIIO MPOTOHOB H
Pa3JIMYHOE YUCIIO HEUTPOHOB.

Karoanble jy4u — 37€KTPOHHBIM Iy4YOK B BAKYyME, MOPOXKIAOLIANA Mar-
HUTHOE T10JI€ ¥ OTKJIOHSAFOIIMICS B MATHUTHBIX U 3JIEKTPOMATrHUTHBIX MOJISX.

KBaHnToBbI€e 4HCJIa — LEIbIE WM NOJYLENbIE YNCIA, ONPEACIIOIINE
BO3MOJKHBIE TUCKPETHBIE YUCIIOBBIC 3HAUEHUS SHEPTUH, UMITYJIbCA U MOMEHTA
HMITYJIbCa CUCTEMBI, KOTOPAsi MOJYUHAETCS 3aKOHAM KBAHTOBOW MEXAHUKH.

KBapku — runoreTuyeckue 3JIeMEHTapHbIE YACTHUIBI, U3 KOTOPBIX CO-
CTOSIT BCE anpoHbl. CUMTAETCS, YTO KBAPKH 3aKJIIOYEHBI BHYTPU aIpPOHOB U
HECIIOCOOHBI UX ITOKUIATh.

Koabna HbroToHa — uHTEpPEepeHIIMOHHAS KapTHHA, BO3HUKAIOIIAS B
IIPOXOALIEM UM OTPAKEHHOM CBETE€ B OKPECTHOCTH TOYKH CONPHUKOCHOBE-
HUU BBIITYKJION ITIOBEPXHOCTH C IIJIOCKOCTBIO.

JlaiimaHna cepusi — crieKTpajbHasi Cepusi B CIIEKTpe aToma Bojiopoja (1
BOJIOPOJIOTIOTIO0OHBIX HOHOB), pacnoyioykeHHas B Y ®-001acTu criekTpa.

JIroMuHecHeHIUs — U3JIyYEHUE B IMaNla30HE BUAMMOIO CBETA, a TAKXKE B
yIbTpauoJIETOBOM M MH(PPAKPACHOM JUana3oHax, KOTOPOE BO3HHUKAET 3a
c4eT M30BITOYHOM PHEPIUH MPH MEPEXO/IE B HOPMAIBHOE COCTOSTHUE BEIIECT-
Ba, IPEIBAPUTEIILHO MOTJIOTHUBILETO ONPEACIIEHHOE KOJIMYECTBO SHEPTHUH.

Macca aTroma — onpefensieTcs B OCHOBHOM MacCoOM €ro spa 1 Bo3pac-
TaeT MPOMOPLHUOHATIFHO MACCOBOMY YHUCIY aToMma, T. €. 00IIeMy YHCIy Mpo-
TOHOB Y HEUTPOHOB - YHUCITY HYKJIOHOB B sIp€ (PO COAEPKUT Z MPOTOHOB U
A - Z wmeiitporoB). Macca snextpora (0,91-10% r) mpumepro B 1840 pas
MEHBIIE MacChl MPOTOHA WJIM HEUTPOHA, MOATOMY LEHTP TIHKECTH aTOMa
IIPAKTUYECKU COBNAJAET C SIAPOM.

Macca nmokosi — Macca 4acTHUIIbI/TeNa B CUCTEME OTCYETa, B KOTOPOH
9Ta YaCTUIIA/TEIIO TTOKOUTCS.

HejiTpanbHblii aTOM — 0003HaYaI0T CHUMBOJIOM DJIEMEHTA, I HOHOB K
CHUMBOJTY aTOMa JI00aBJISIOT UHEKCHI CITpaBa CBEPXY.

HeiiTpuHo — 3JexkTpUYecKu HEUTpalibHas CTaOWibHAs 3JIEMEHTapHas
YyacTHUI[a ¢ MacCOM MOKOsl OJMM3KOW K Hymto. HeHTpUHO y4acTBYeT TOJBKO B
c1aboM B3aMMOJIEUCTBUH, UMEET BHICOKYIO TPOHUKAIOIIYIO CIIOCOOHOCTD.
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HeliTpon — BXonsmas B COCTaB SACPHBIX SANEp DJIEKTPUYECKH HEH-
TpaJIbHAs 3JIEMEHTAPHAS YaCTHUILIA!

— ¢ Maccol Mokosi, paBHou 1838 maccaM 3€KTpOHA;

— C pacmajaiascs B CBOOOJHOM COCTOSIHMHM Ha TPOTOH, JJICKTPOH H
AHTUHEUTPHUHO C IEPUOAOM Moaypacmaaa 750 cek.;

— UMeEIoIIasl aHTUYaCTUIly (AHTUHEHUTPOH).

HyKJI0H — IPOTOH WJIK HEUTPOH.

OnTtuka — pazaen GU3nKd, B KOTOPOM U3YHAIOTCS ONTUYECKOE U3Tyye-
HUe (CBET), €ro pacHpoCTpaHEHUE M SIBJICHUS, HaOJto/laeMble MPU B3aUMO-
NEUCTBUM CBETA U BEUIECTBA.

OCHOBHOE COCTOSIHHE ATOMA — COCTOSIHUE C HAaUMEHBIIEH >HEPrUei.
DTO cocTossHME HanboJjee YyCTOHYMBO, B HEM CBOOOIHBIN, HE IMOIBEP>KCHHBIM
BHEIIHEMY BO3JICMICTBUSIM aTOM MOYET HAXOJIUThCA HEOTPAHUYEHHO JIONTO.

OuapoBaHue — aTMTUBHOE KBAHTOBOE YMCIO C, XapaKTEepU3yIOLIee -
POHBI WJIA KBapKH. YacTHUIbl ¢ HEHYJIEBBIM 3HAYCHUEM OYapOBaHMS HA3bIBA-
FOTCSI OYapOBAaHHBIMM YaCTULIAMU. B KBapKOBOW MOJENIH aJpOHOB OYAPOBAHUE
PaBHO PAa3HOCTU MEXKY YACIAMH OYaPOBAHHBIX KBAPKOB U aHTUKBAPKOB.

IliianerapHasi Mojae/ib aTOMa — MOJIENIb ATOMA, COIVIACHO KOTOPOHM B
LIEHTPE aTOMa HaXOAUTCS IMOJOXKUTEIBbHO 3apsKEHHOE SIAPO, B KOTOPOM CO-
Cpea0oTOYEHA MPAKTUYECKU BCS Macca atoma. BOKpyr sapa ABUXKYTCS DJEK-
TPOHBI, yIEPKUBAEMBIE Yy SiApa CHJIAMHU KYJIOHOBCKOTO IpuTsxkeHus. CoBo-
KYITHOCTh 3JIEKTPOHOB 00pa3yeT 000J0YKy aroMa, KOTOopas CBOMM OTpHIlA-
TEJIbHBIM 3apsiIOM KOMIICHCUPYET 3apsif Sapa.

[onsipu3anus cBeTa — OPUEHTALMS BEKTOPOB HANPSKEHHOCTU DJIEK-
TPUYECKOTO MOJII U MArHUTHOM WHAYKIUA CBETOBOM BOJHBI B IUIOCKOCTH,
MEPIECHANKYJISIPHON CBETOBOMY JIydy. BO3HMKAET MpH OTPaKEHUU U MPETOM-
JICHUM CBETA, a TAKXKE IMPU PACHPOCTPAHCHUM CBETA B AHU3OTPOIHOM Cpejie.
Paznuyarot nuHeHy10, KpyroBYyIO Y SJUIMITHYECKYIO TOJISIPU3ALIMIO CBETA.

Hocrosinnas Ilnanka — dyHaaMeHTanbHas (u3nyeckas MOCTOSHHAS,
ompeeNsonas IUCKPETHOCTh ACHUCTBUS W urparomas (QpyHIaMeHTaIbHYIO
pOIIb B KBAaHTOBOIT Mexanuke. h = 6.626176:10* Jx-c = 4.136:10 ™ 3B-c.

Iocryaarsl Bopa — ocHOBHbBIEC NOMYIIEHUS, BBEIACHHBIE O€3 J0Ka3a-
tenbcTBa H. bopoM U 1oJI0’)KEHHBIE B OCHOBY €TI0 MOJIENIM aTOMA.

Hpunmun [Mayan — GyHgamMeHTanbHBINA 3aKOH MPUPOJILI, COTIACHO KO-
TOpPOMY B KBaHTOBOW CHCTEME€ JIBE WU OOJiee TOXKICCTBEHHBIE YACTHIIBI C
MOJYUEIbIM CIIMHOM HE MOTYT OJHOBPEMEHHO HAaXOAUTHCS B OJHOM U TOM
K€ COCTOSIHUU.

PainoaKkTUBHOCTh — CIIOHTAHHOE INPEBPALLICHUE SIAEP HEYCTOWYHMBBIX
M30TOMNOB OJIHUX 3JIEMEHTOB B siApa IPYruX U30TOMOB. PaanoakTMBHBIN pac-
naJi MPOMCXOUT O 3KCIOHEHIIMATBHOMY 3aKOHY.
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Pa3mepsbl aToma — OINpeensoTcs: pa3MepaMu €ro JIEKTPOHHOM 0007104-
KM, HE UMEIOIIEH CTPOro OINPEACIICHHBIX T'paHull. JIMHEHHbIE pa3Mephl aToma:
~10® cm. [lnomams MONIEPEYHBIX CEUCHU: ~10" em’. O6BEM: ~107 M.

Pa3mepsl siapa — JMHEIHBIE pa3Mepbl AaTOMHBIX SIIEP MHOTO MEHBIIIE
JIMHEMHBIX Pa3MEpPOB aroma (~10" = 10™ cm), MO3TOMY SJIPO 4YacToO pac-
CMaTPHUBAIOT KaK TOYCUHBIN 3apsij W JIUIIb I TOHKUX 3(()EKTOB B3anMO-
NEUCTBUS SIpa C JIEKTPOHAMU YUYHUTHIBAIOT €70 KOHEYHBIE Pa3MEpBI.

PeHTreHoBcKOe H3JIy4eHHE — JIIEKTPOMArHUTHOE HW3JIyYEHHE, 3aHU-
Marolllee CIEKTPaIbHYIO 00JIaCTh MEXAY YIbTPadrOIETOBBIM U3TYyUYEHUEM U
ramMmma-u3iaydyeHueM. PEeHTreHOBCKOe H3JIyYeHHE HMCHOJIb3yeTcs B AeeKTO-
CKOIIMH, B CTPYKTYPHOM U (pa30BOM aHAJIM3€E BEUIECTB, B MEIUIIMHE.

CBeToBOM JIy4 — JIMHUS, BIOJIb KOTOPOUM PacHpOCTpaHSETCS MOTOK
SHEPIruM, UCIYIICHHBIN B ONPEICIICHHOM HalpaBJI€HUU UCTOYHUKOM CBETA.

Csi3aHHbIE€ COCTOSIHUSI — COCTOSIHUE CUCTEMBI YaCTHII, IPU KOTOPOM
OTHOCHUTEJILHOE JIBUKEHUE YaCTHUIl MPOUCXOJUT B OrpaHUUYEHHOU oOJacTu
MPOCTpaHCTBA (sBJISIETCS (PUHUTHBIM) B TEUECHHE JIJIUTEILHOIO BPEMEHHU IO
CPaBHEHMIO C XapaKTEPHBIMU JIJIs1 JAHHON CUCTEMBI IEPUOAMHU.

CuibHOe B3aUMOJeiiCTBHE — KOPOTKOJCHUCTBYIOIIEE B3aMMOJICHCTBUE

-15
3JIEMEHTAPHBIX YaCTHI] HAXOAAIMXCSA Ha paccTosauu 10 10 m.
Ciiadoe B3aumMoAeHCTBHE — KOPOTKOJACHCTBYIOUIEE B3aUMOJCHCTBHE

SJIEMEHTAapHBIX YACTHI[ HAXOISIIMXCS Ha paccrosHmd go 10 °m. Crnaboe
B3aUMOJENCTBUE OO0YCIOBIMBAET OOJBIIMHCTBO PACMAJOB 3JIEMEHTapHBIX
YacTHIl, B3aUMOJECHUCTBUS HEUTPOHOB.

Cnekrpockonusi — o0jacTh (U3UKH, TOCBAIMIEHHAS HCCIICIOBAHUIO
pacnpenesneHruss MHTEHCUBHOCTH AJIEKTPOMAarHUTHOTO U3IY4YEHUs IO JIMHAM
BOJIH MJIM 4aCTOTaM.

TemuioBoe u3JIydeHMe — 3JIEKTPOMATHUTHOE W3Iy4YEHHE, HCITyCKaeMoe
BEIIECTBOM M BO3HUKAIONIEE 3a CUET €ro BHYTPEHHEH SHEpPIruu (B OTJIMYME, Ha-
MpUMeEp, OT JIFOMUHECIICHIIUN). TerIoBoe N3IydeHne UMeeT CIUIONTHOM CTIEKTp,
TTOJIOKEHHE MAKCUMYMa KOTOPOT'O 3aBUCHUT OT TEMIIEPATYPHI BELIECTBA.

TynHeabHbIl 3¢ PekT — npoxoxaeHne (MPOCaYNBAHKE) YACTUL CKBO3b
MOTEHIMaNbHbIe Oapbepbl. TyHHENbHBIA SPQGEKT SABISETCI KBAHTOBO-
MEeXaHU4YeCKUM 3(PPEKToM, CBA3aHHBIM C TEM, YTO YACTHUIbl 00JIa1atl0T BOJI-
HOBBIMH CBOVICTBAaMH.

¥Yroa bprocrepa — yros naaeHus Jiyda HEMOJISIPU30BAHHOTO CBETA, IPH
KOTOPOM BECHb CBET, OTPAXXEHHBIM OT MOBEPXHOCTH JUAJIEKTPHKA, SIBISETCS
IIJIOCKOMOJISIPU30BAHHBIM.

Ynpyroe paccessHMe YacTHL — CTOJKHOBEHHME YACTHIl, B PE3yJIbTaTE
KOTOPOI'0 MEHSIOTCA TOJBKO UX MUMITYJIbCHI, @ BHYTPEHHHE COCTOSHUS OCTa-
FOTCSI HEU3MEHHBIMU.
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da3oBasi CKOPOCTb — CKOPOCTb PACHPOCTPAHEHUS B IPOCTPAHCTBE
(GpoHTa MOHOXPOMATUYECKOU BOJHBI.

@®epmu - eMHULA ATUHBI B iepHOi Pusuke. 1 @ = 10 m.

®OTOH — KBAaHTOBBII NAKeT (KBAHT) 3JIEKTPOMArHUTHOIO M3IYUYEHUS C
HYJIEBOM MAacCCOM M CHUHOM, paBHbIM 1. DOTOH ABISAETCS MEPEHOCUUKOM
ANEKTPOMAarHUTHOT'O B3aMMOJIEUCTBHS.

®oto3ddekT — sBICHHUE, CBI3AHHOE C OCBOOOXKICHHEM 3JIEKTPOHOB
TBEPJIOTO TEJla WM KUJIKOCTH MOJ JEUCTBUEM SJIEKTPOMATHUTHOTO U3ITy4e-
Husl. Pasnnuaior BHyTpeHHUE, BHEIIHUE U BEHTHIbHbBIE (DOTOI(PPEKTHI.

YepenkoBa — BaBwiioBa n3jiyueHue — U3Ty4CHUE CBETA AIEKTPUUECKU
3apsHKEHHOM YacTUILIEH, BOBHUKAIONIEE MPU €€ IBUKEHUH B CPEJIE C TIOCTOSIH-
HOW CKOpPOCTBIO, MpEBbIIIAONIEH (a30ByI0 CKOPOCTb CBETa B 3TOM cpene
(CKOpOCTh pactpoCTpaHEHUs B HEM CBETOBBIX BOJIH).

Illpenunrepa ypaBHeHHe — OCHOBHOE JMHAMHUYECKOE YPAaBHEHUE He-
PENATUBUCTCKOW KBAHTOBOM MEXAHUKH; IpeioxkeHo O. péaunrepom B
1926. B xBanTOBOM MexaHuke ypaBHeHMe lllpennHrepa Wrpaer Takyro xe
(yHIaMEHTAJIbHYIO POJib, Kak ypaBHeHUs HblOTOHA B KiIacCMUECKOW Mexa-
HUKE W ypaBHEHHs MakcBeia B KJIACCHYECKON TEOPUH JIIEKTPOMATHETU3MA.

JaekTpoHOrpagusi — OHKCICPUMEHTAIBHBI METOJ HCCIIECIOBAHUS
CTPOEHMSI BEIIECTBA, OCHOBAaHHBIN Ha TU(PaKIUU JIEKTPOHOB.

DJIeMeHTApPHbIe YaCTHUIBI — IPOCTEMIINE CTPYKTYPHBIE 3JIEMEHTHI Ma-
TEpPUU, KOTOPbIE HA COBPEMEHHOM YPOBHE Pa3BUTUS (U3UKH HEJIb3sI CUUTATh
COCAMHEHNUEM JIPYTUX YACTHII.

JHepreTu4ecKHe YPOBHH — 3HAUYCHHUs, KOTOPBIE MOYKET NPUHUMATh
DHEPTUsl aTOMa, MOJIEKYJIBI U IPYTrol KBAaHTOBOM cucTeMbl. OOpa3yoT Herpe-
PBIBHBIN, TUCKPETHBIN WIA CMEIIAHHBINA YJHEPTETUYECKNAN CIIEKTP CUCTEMBI.

JHeprusi MOKOSl — dHEprusl Tena (WM YacTULb) B CUCTEME OTCYETa,
OTHOCHUTENBHO KOTOPOW TENO IMOKOWUTCS. UMCIEHHO paBHA IMPOU3BEIAECHUIO
MacChl ITOKOs TEJIa Ha KBAIPAT CKOPOCTHU CBETA B BAKYYME.

dddext KomnroHa — paccessHuEe 3JIEKTPOMArHUTHOTO U3TYUYEHUST MajlbIX
JUIMH BOJIH (PEHTI€HOBCKHMX M ramMMa-iydei) Ha CBOOOJHBIX WM €1a00 CBsI3aH-
HBIX AyeKTpoHax. [Ipyu 3TOM (QOTOHBI B pe3ynbTaTe YIPYroro COyAapeHus c
IEKTPOHAMH IIEPENAIOT UM YaCTh CBOETO UMITYJIbCA M YaCTh CBOEH DHEPIUU.

AnepHas ¢pu3uMKa — HayKa O CTPOCHHMM, CBOWCTBAX U NPEBPAILLICHUSAX
ATOMHBIX sJIEP.

SAnepHble peakuUM — NIPEBPALICHUS AaTOMHBIX SIEP, BBI3BAHHBIE MX
B3aUMOJCMCTBUEM C YaCTHLIAMU WJIM JIPYT ¢ ApyroM. OOBIYHO MPOUCXOISAT
mpu 60MOApIUPOBKE TSHKEIBIX aTOMHBIX sifiep 0oJiee JITKUMU SIpaMu WA
YaCTULIAMM.
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IMPUJIOXEHME |
OT BOJIHOBOH ®YHKIIUU
K KBAHTOBOMY KOMIIBIOTEPY

Konenrarenckasi uHTepnpeTanusi BOJHOBOH (PYHKIMHU

Kak w#3BECTHO, SKCIIEpUMEHTBHI MNOJATBEPAWIN TUINOTE3Y Je bpoiins
B OTBITAX MO JU(PPAKIUU FJIEKTPOHOB HA KPHUCTAILIAX, a B JaJbHEHIIIEM — 110
IU(PPAKIIKY TPOTOHOB, HEUTPOHOB, ATOMOB M MOJIEKYJI. 3/1€Ch BO3HUKAET Ia-
PaZoKC, CBSI3AHHBINA C T€M, YTO, €CIU JIEKTPOH — BOJIHA (KaK U Jpyrue vac-
THUIIbI), @ BOJHA HEOTPAHUYEHHO JIEJTUMa, TO MbI JIOJDKHBI HAWTH MOJIOBUHY
WM 4YacTh dJeKTpoHa. OQHAKO BO BCEX JKCIIEPUMEHTAaX AJIEKTPOH BCeEraa
OBLI LIENBIM, KaK, BOpo4YeM, U (OTOH, U Apyrue yacTulbl. GU3uku npuayma-
U MaTeMaTH4eCKUui (opManu3M, C MOMOIIbIO KOTOPOTO YCTpaHSETCs NaH-
HBIW MMapaJoKC.

OTOT GopMalIi3M CTaBUT B COOTBETCTBUE KAXKIOM YACTULIE aMIUTUTYIY
BepositHocTH ‘P(X, Y, Z, t), KoTOpasi mpencTaBisieT co00H (YHKIUIO KOOPIH-
HAaT U BPEMEHU.

bbuto mpuaymMaHo ypaBHEHUE IBUKEHUS KBAHTOBBIX YACTHUI] — YpaBHE-
nue [lpeaunrepa ¢ UCMOIB30BaHUEM TICH-(PYHKITUH.

OpnHo U3 BaXHBIX CBOMCTB BOTHOBOW GyHKIMU VY — npunyun cynepno-
3UUUU KBAHMOBBIX COCMOAHUIL, KOTOPOE (POPMAIIBHO SBIISETCS CIEIACTBUEM
nuHenHocTH ypaBHenus llpenunrepa mis ncu-GyHKIUu.

W3 npuHIMIa cynepno3uiui KBaHTOBBIX COCTOSIHUM CIEAYET, YTO

2
W:‘qj‘z = ZCnLPn :Z‘Cn‘z‘an‘z'
n n

B Takom cocrositnuu kBagpar monyns kodddummenta C, omnpeaenser
BEPOSITHOCTH TOTO, YTO HPU U3MEPEHUU, IPOBEICHHOM HaJl CUCTEMOM C BOJI-
HOBOM (pyHkimedt ¥, Mbl 0OHApYXHM €€ B KBAHTOBOM COCTOSTHUH, OIHCHI-
BaeMOM BOJTHOBOU (pyHkImeit V),

MarpuuHbIii MaTEMaTUYECKHUM alapar s pacdyeTa 3TOM BEPOATHOCTU
Ob11 pa3padoTan B. 'etizen6eprom.

JlaHHast *HTEpIpeTaIus BOJHOBOM (PYHKIIMU, 0O3BYyUYEeHHAs OQUIIHMATIBHO
Ha KoHTpecce (u3ukoB B KomeHrareHne, mojyuwsia HasBaHue Konewnzazen-
CKas uHmepnpemauus.
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IIpu Takoi MHTEPIPETALMH, 110 COBPEMEHHOU MEPMUHOIOUN, MATPULIA-
MU IUIOTHOCTH OIIMCBIBAECTCS CMEUIAHHOE COCTOSIHAE KBAHTOBOU CHCTEMBI.

Cmewiannoe COCTOSIHUE BO3HUKAET TOrAA, KOIZA pPacCMAaTPUBAETCS
KBAaHTOBAsl CUCTEMA U HEKOHMpOaupyemoe BO3JICUCTBUE HA HEE OKPYXKaro-
IEH CPEeIbL.

JlanHasi MHTEpIpeTalys BOJHOBOM (PyHKIHMU OTBepraeT (hopMalibHYIO
JIOTUKY («1a-HeT», KACTHHA-JI0Kb») U NMPUBOJUT K HOBOU — 6eposamHoCcH-
HOU 102uKe.

3amUTHUKOM Takod TpakToBku Obu1 H. Bop, mpoTtuBHuKOM — A. DifH-
IITENH, KOTOPBI HE MOT CMHUPHUTBHCS C MBICIIBIO, UYTO «boz uspaem ¢ namu
6 Kocmu.

HNurepnperanus Hlpexunrepa

Hpyras uHTeprpeTanus BOJIHOBOM (pyHkuuu Oblia mpennoxkeHa Illpe-
JUHTEPOM, HO B TO BpeMs OHA HE MOJy4Wia LIMPOKOM MOAJIEPKKH H3-3a
HeeepoAmHbBIX c/1e0Cm UL, BHITEKAIOINX U3 HEE.

[Ipexne yem mepeittu k uHTepnperauuu lllpenunrepa, ormerum, yTO
NPUHYUN Cynepnosuyuy B KBAHTOBOHN (PU3HKE SBISIETCS OCHOBONONACAIOUWUM, B
TO BpeMsl KaK B KJIACCUUECKOW (PU3UKE ITOT MIPUHLUIL — HPUOTIUIHCEHHDLL.

CornacHo KJ1accCH4ecKol (pU3MKe HCCIeAyeMBbId OOBEKT MOXKET HaxXo-
IUTHCSI B KAKOM-TO OOHOM W3 MHOKECTBA BO3MOXKHBIX COCTOSHUN. OIHAKO
OH HE MOXXET HaXOAWUTHCA 6 HEeCKOJIbKUX COCMOSHUAX OOHOBDEMEHHO, T.C.
HENb3sl TPUIATh HUKAKOTO CMBICJIAa CyMME BO3MOXKHBIX cocTosiHui. Ecim
s HAX0XKYCh ceiyac B ayIUTOPHH, s, CTaI0 ObITh, HE B Kopuaope. CocTosHue,
KOrJia s OJTHOBPEMEHHO HAaXOXXyCh U B ayIAUTOPHH, U B KOPHIOPE, JUULEHO
cmbicaa. S1 Benb He MOTY OJTHOBPEMEHHO HaXOAUThCA U TaM, U Tam! U He mo-
Iy OJHOBPEMEHHO BBIUTH OTCIOJIa 4Yepe3 JABEPb U BBICKOUUTH U€pe3 OKHO.
51 mubo BBIXOXKY uepe3 JABEPh, TUO0 BhICKAaKHBa0 B OKHO. Kak BuHO, Takoi
HOJXOJ] TOJHOCTBIO COIJIACYETCSl C JKUTEUCKUM 3/IpaBbIM CMBICIOM, T.€.
C 9KCIIEPUMEHTOM.

OpHako B KBaHTOBOM (M3MKE Takasi CUTYyalUs SIBISIETCS JIMIIb OOHOU U3
603modcHbIX. COCTOSIHMSI CUCTEMBbI, KOTJla BO3MOXEH JIMOO OJUH BapHaHT,
an00 Ipyroi, B KBAHTOBOW MEXaHUKE HA3bIBAIOT CMEULAHHbIMU. ITO COCTOS-
HUSI, KOTOPBIE HENb3s OMUCATh C MTOMOIIBIO0 BOJHOBOW (DYHKIIMK U3-32 Heus-
8eCMHOCMU KOMNOHeHM, OOYCIOBIEHHBIX €€ 83aumooelcmsuem ¢ oKpyice-
Huem. OHH ONUCHIBAIOTCS MATPHIICH MJIOTHOCTU. B 3TOM ciiydae MOKHO To-
BOPUTH TOJBKO O BEPOSTHOCTH PA3IWYHBIX HCXOJOB IKCIEPUMEHTAIBHBIX
U3MEpeHHUd. DTO W MPHUBENO K TOMy, 4To KomeHrareHckass MHTEepIpeTanus
BOJIHOBOM (DYHKIIMU CTajla OCHOBHOM Ha HEKOTOPOE BpEMSI.
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Ceityac xopoI10 U3BECTHO, YTO B MPUPOJIC€ UMEET MECTO U COBEPILICHHO
Jpyras CHUTyalys, Koraa oObeKT HaXOUTCS 6 HeCKOJIbKUX COCHOAHUAX 00-
HO6PEMEHHO, T.€. IMEET MECTO HAIOKEHHUE JBYX WA 00JIe€ COCTOSIHUN JIPYT
Ha apyra. M He pOCTO HAJIIOKEHUE, & HAIOKECHUE 0e3 KaK0o20-1ubo e3aum-
HO20 6TUAHUA.

Hanpumep, skcnepuMeHTanbHO JI0Ka3aHO, YTO OJHA YacTULA MOXET
00HO8peMeHHO TIPOXOUTh Yepe3 JIBE eI B HEMPO3payHOM dKpaHe. YacTu-
11a, MPOXOsIIasl Yepe3 MepBYIO 1Ielb, — 3TO 00HO cocmosHue. Ta ke JacTu-
11a, MPOXOASAIIasl Yepe3 BTOPYIO LIEIb, — Opyeoe cocmosnue. VI IKCIepuMEeHT
MOKAa3bIBAET, YTO HAOIIOIACTCA CYMMA 3MUX COCMOAHULL, T.€. YaCTHUIIA 0OHO-
8PEMEHHO nPOX00um uepe3 0ée uieau. B TakoM ciryyae roBOpsT O cynepno-
3uuUU COCMoOAHUU.

Peubr uaer o keammoeoii cynepnozuuuu (KozepeHmmuoil cynepnosu-
yuu), T.. O CyNepro3uLIMU COCTOSTHUM, KOTOPbIE HE MOTYT ObITh pean30Ba-
Hbl OJHOBPEMEHHO C KJIACCHUYECKOW TOYKM 3peHus. Jlanmee moja cioBoM cy-
nepno3uyusi IOHUMAETCS UMEHHO K8AHMOBAS CYNEePRO3UYUAL.

Hannuue 3THX n1ByX TUMOB COCTOSIHUW — cMecu U CYynepno3uyuu — sipiis-
€TCS Y3/106bIM JITI1 IOHUMAHUSI KBAHTOBOM KapTHUHBI MUPA.

Jpyro#t BaxxHOU Uil HaC TEMOU OYIyT ycioeus nepexooa cynepnosu-
Yuy COCTOSIHUM B cMecb U HA00OPOT. ITU BOMIPOCH MBI pa30epéM KaueCTBEH-
HO (9KCIIEpPUMEHTHI MO JU(GPAKIMKU YACTHUI[ OMMCAHBI BHINIE) HA MPUMEPE
3HaMEHHUTOTO JIBYXIIEJIeBOro skcnepumenTa (puc. I1.1).

[Inuta  JloByuika p
COMIETSAMH JUlA IYIIb BeposTHOCTE )

( i
) Ie
L ]
]
®
[ ]
2
eleHUTdooy

myJIeMeT d

|
|
p

Puc. I1.1

[ToctaBuM mnynemer (MaKpOCKOMUYECKUE YACTHUIIbI) TEpe] NPensiTCTBU-
€M C JIByMs IIETsIMUA U OyaeM CTpessiTh. MOXHO MepecuynuTaTh YUCIO IMyIb,
3aCTPSABIIMX B JIOBYIIKE HA €AUHULY €€ JUIMHBI, U Pa3JCIIUTh €r0 Ha MOJIHOE
YUCJIO BBIMYIIEHHBIX MMyJlb. DTy BEIWYMHY — YHUCJIO 3aCTPSBUIMX IyJIb Ha
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€UHULY JJIMHBI JIOBYIIKHA B OKPECTHOCTH HEKOTOPOU TOYKH X, OTHECEHHOU
K MOJHOMY YHUCIY IyJib, MBI OyZIeM Ha3bIBaTh BEPOSTHOCTHIO MOMAJaHUs Y-
U B TOuKy X. 3aMeTuM, YTO Mbl MOKEM TOBOPUTH TOJBKO O BEPOATHOCTH,
BEJb Mbl HE MOXEM CKa3aThb ONPEACIEHHO, KyJa MONaAET OouepeaHas myJis.
Benp nyis, gaxe nonas B IBIPY, MOXKET CPUKOLIETUTH OT €€ Kpasi U YUTH BO-
o011e HeusBecTHO Kyna. CpaBHUB BenuuuHbl Pi, P, u Piy, MBI MOXeM che-
JIaTh BBIBO/JI, YTO BEPOSITHOCTH NPOCHO CKAAObIBAIOMCSL.
Pl + Pg = Plg.

Urak, mis nyns AEWCTBUE ABYX WLIEJIEW CKIIAIBIBAETCS U3 JIEUCTBUSA
Ka)kJI0H IIeJI1 B OT/ICILHOCTH.

[IpencraBum cebGe Takoil e OIBIT ¢ dJIEKTpoHaMH (IudpaKIus dJIeK-
TPOHOB), puc. [1.2.

Dxpan  JlerexTop
comensimu IIEKTPoHOB (© BepostHOCTh

— P

eleHnZdooy

DnexTpoHHAsA
MyILIKa

/
-

Puc. I1.2

PesynbraTel M13MEpEHUN Ui DJIEKTPOHOB B Ciydae, KOTa OJHA W3 Lie-
JIEN 3aKphITa, BBITJSAAAT BIOJHE PAa3yMHO M BECbMa IMOXOIAT HA HAll OMNBIT
C MyleMETHOMN cTpenbOol (CUHAA U 3eN€Hast KpUBasi Ha PUCYHKe). A BOT 1Jis
cllydas, KOrja 00e IIEeNHU OTKPBITI, Mbl MOJIY4YaeM COBEPIICHHO HEOMCUOaH-
Hyl0 KpuBylo Pi,, mokazaHHyro KpacHbM LBeTOM. OHa sIBHbIM 00pazoM
He coBnagaer ¢ cymmoil P; u P,. IlomyuuBiniyrocst kKapTUHY Ha3bIBalOT WH-
Tep(HEepEeHIIMOHHON KapTUHOM OT ABYX Ilesie. A Ternepb BCIOMHUM, YTO WH-
TeppepeHIs B KIACCUYECKON (PU3MKEe BO3HUKAET W3-3a JEIMMOCTH BOJIH,
OJIHAKO B CJIy4ae 3JIEKTPOHOB €20 uacmu dKCHepUMeHmMAalbHO He 0OHapyice-
Hbl U, CIIEOBATENbHO, KOPIYCKYJISIPHO-BOJHOBOM Tyalii3M 3JEKTPOHOB (Kak
U IPYTUX YacTHI]) 00YCIIOBJIEH APYroi NPUYHUHOM.

Hagaiite monpoOyemM pazodpaTbcs, B UM TYT J1e0. Ecu Mbl HCXOUM U3
THITOTE3bI, UTO AJIEKTPOH MPOXOIUT JKO0 uepe3 mienb 1, mubo uepes menb 2, TO
B CJIy4ae JIBYX OTKPBITBIX IIeJIeH Mbl JOJHKHBI IOTYYUTh CYMMY 3(P(PEKTOB OT
ONHOW W Jpyroy WIeNH, KaK 3TO MMEJIO0 MECTO B ONBITE C IYJIEMETHOU
CTPEIBOOMH.
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BeposiTHOCTH HE3aBUCHUMBIX COOBITHI CKIIQIBIBAIOTCS, U B 3TOM CIy4ae
MBI ObI oty Py + P, = Py, MoXkeT, MBI He y4JTi KaKOW-HUOYIb CYIIIe-
CTBEHHBIN A((PEKT U Cynepro3uIusi COCTOSIHUI 3/1eCh COBCEM HH TIPH Y4EM?
MoskeT ObITh, Y HaC OY€HBb MOIIHBIN MOTOK JJEKTPOHOB M Pa3HBIC DJIEKTPO-
HBI, IPOXOAS YE€pPEe3 pa3HbIE MIENIN, KAK-TO UCKAXKAIOT ABM>KEHHE JIPYT Apyra?

JInst poBepKH ATOM THIOTE3bl HAJ0 MOAEPHUZUPOBATH 3JIECKTPOHHYIO
NYyIIKY TakK, YTOObI AJIEKTPOHBI BBUIETAIM M3 HE€ J0CTATO4YHO penko. Cka-
KEM, HE Yalle, YeM pa3 B Io4aca. 3a 3TO BpeMs Ka)Abld JIEKTPOH YK TOY-
HO MPOJIETUT BCE PACCTOSHUE OT MYIIKU J0 ACTEKTOpa U OYIET 3aperucTpu-
POBaH, TaK YTO HUKAKOTO B3aMMHOTO BIIMSAHUS JICTAIINUX 3JIEKTPOHOB JPYT Ha
Ipyra yx TOYHO He OyJIeT.

MBI MOJEPHU3ZUPOBAIIN SJIEKTPOHHYIO MTYUIKY U MOJT0/1a MPOBEIH BO3JIE
YCTAHOBKH, MPOBOJIA IKCIEPUMEHT W HaOupas HEOOXOJUMYIO CTATUCTHKY.
KakoB xe pe3ynbrar? OH HE U3MEHUIICS.

Ho, MoxeT ObITh, AIEKTPOHBI KAKUM-TO 00pa3oM OIy>KJIal0T OT OTBEp-
CTHUSl K OTBEPCTHUIO M TOJBKO MOTOM JIOCTUTAIOT AETEKTOpa? ITO 0ObSICHEHHUE
TaK)X€ HE TIPOXOAUT: Ha KpUBOU P, IpU BYX OTKPBITHIX HIEJSX €CTh TOUKH,
B KOTOpBIE MOMNAJAET 3HAUUTEIBHO MEHBIIIE 3JEKTPOHOB, YEM IPH JII0O00H U3
OTKpBITHIX 1Ieieil. 1 Hao00opoT, €cTh TOUKH, KOJIMYECTBO 3JIEKTPOHOB B KO-
TOpPBIX OOJIee YeM BJIBOE MPEBBIIIACT CyMMY 3JIEKTPOHOB, MPOIIEIIINX W3
KQKJIOM LIETU TI0 OTJAEIBbHOCTH.

Crano ObITh, YTBEPXKICHHUE O TOM, YTO DJIEKTPOHBI MPOXOJIAT JIUOO
CKBO3b I1eJIb 1, OO0 CKBO3b MIeIb 2, Hesepro. OHU MPOXOIIT Yepe3 00e IIie-
T 0OHOBPEMEHHO.

Cyuiecmeyem Keanmoeasn Cynepno3unyus COCmoAHuil.

Takum oOpazom, B unteprperanuu LpeauHrepa ajisi onucanus u3onu-
POBAHHOU OT OKPYKEHUS (3aMKHYmMOU) KBAaHTOBOW CHUCTEMBI HCIOJIb3YETCS
MOHATUE YUCMO20 (WA KO2EPEHMHO20) COCTOSIHUSA, KOTOPOE XapaKTepu3y-
€TCsl BOJIHOBOM (DYHKIIMEH, HA3bIBAEMOU 6eKmMOPOM COCHOAHUS.

N
Y= ZCnTn.
n=1
Haobaonarean

Kak dbopmupyercss BEKTOp COCTOSIHUS, paCCMOTPUM Ha MpUMEPE Koma
[Mpeaunrepa. Kot lpenunrepa (komka Hlpeaunrepa) — repoit kaxyierocs
MapaJIoKCajJbHbIM MBICICHHOTO 3KcniepuMenTa JpBuHa [lpenunrepa. CyThb
MBICJIEHHOTO AKCIIEPUMEHTA 3aKJIF0YAETCSA B TOM, YTO B 3aKPBITBIM AIIUK I10-
MEMIEH KOT. B s1yke umeeTcs MEXaHu3M, COAEPKAIIUNA PATUOAKTUBHOE S~
PO U EMKOCTh C SJOBUTHIM razom. IlapameTpsl sKcriepuMeHTa MOA0OpPaHbI
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TaK, 4TO BEPOSITHOCTh TOTO, UTO SAApO pacnanctes 3a 1 gac, coctasusier 50 %.
Ecnu sapo pacnanaercsi, OHO MPUBOJIUT MEXAHU3M B JICUCTBUE, OH OTKPhIBA-
€T EMKOCTB C I'a30M, U KOT YMHUPAET.

CornacHO KBaHTOBOW MEXAHHWKE, €CJIM Haj SIpOM HE MPOU3BOAUTCA Ha-
OJNIOIEHUs], €r0 COCTOSHHE OMMCHIBACTCS CYMEPIO3UIMEN JABYX COCTOSHUN —
pacnaBLIErocs siipa ¥ HEpaclaBLIErocs sSApa; CIeI0BaTENbHO, KOT, CHIISIINN
B AILUKE, U HCUB, U MEPME OOHOBPEMEHHO. DMO 8eKMOP COCMOAHUSL KEAHMO-
8020 Koma.

A teneps BHUMaHue! Ilpoucxooum oeiicmeue. Ecinu SIUK OmMKpbImb,
TO Hada0amesnb YBUAUT TOJIBKO KaKOe-HUOYIb OJJHO KOHKPETHOE COCTOSI-
HUE — «IIpO Pacnajgoch, KOT MEPTBY» WU «AIPO HE PACHAIOCh, KOT JKHUBY.
B sTom ciydae ¢usnku roBopsiT, YTO BEKTOP COCTOSIHUSI HPU 6HEUIHEM 803-
oeiicmeuu (Habnooenuu) Konrancupyem. Vicue3aroT BCe OCTAILHBIC COCTOSI-
HUSA U OCTAETCs TOJIBKO OJTHO — COOCMBEHHOe.

B npoOneme koma BEKTOp COCTOSHUA MO ONPENEICHUI0 MOXKET «KOJ-
JIATICUPOBATHY JBYMS CIIOCOOAMU: YCTYNHUB «MEPTBOMY KOTY» WIIH «KUBOMY
KOTY».

HomyctuMm, HabmronaTenb yBHUJIEN, YTO KOT KMB. BoO3HHMKaeT Bompoc:
a KyJa Jeycs MepTBBIM KOT?

OBepeTT, Yunep u I'paxeM OpemsioKuIn UHYH MOJIENb, COKPAIEHHO
Ha3bIBaEMYIO0 MO HaydajdbHBIM OykBam ux pammwmmit — YD (EWG). B sroit
MOJENN BEKTOpP COCTOSIHUSI HUKOTAA HE «Koyutancupyer». Kaxaplii BO3MOXK-
HBINA UCXOJ IPOSIBIISIETCS B PA3IUUHBIX COOCMBEHHBIX COCMOAHUSIX.

Tak kak 3T COOCTBEHHBIE COCTOSIHMSI JOJIKHBI TJIE-TO CYIIIECTBOBATH
Y HE MOTYT COCYILIECTBOBATh B MpEesIax OJHOTO U TOTO € MPOCTPaHCTBaA-
BPEMEHH, OHU CYWECMEYIOm 8 pas3iudHblX 6celeHHblX. B Ipyroil BCeJIEeHHOU
COOCTBEHHOE COCTOSIHME COJEPKUT MEPTBOIO KOTA. JTO MPOUCXOIUT KaXkK-
IBIN pa3, KOTr/a BO3HUKAET BepoATHOCTH S0 %, — BEKTOp COCTOSHUS «paciie-
IJISIETCS» Ha JIBA BEKTOPA B IBYX BCEJICHHBIX.

HukTo eiie He BBIYMCIWII TOYHOTO YMCIia TapauieIbHbIX MUPOB (Ha3bI-
BaCMBIX Mupamu Deepemma), CyIECTBYIONIMX COTJIACHO ATOHW MOJENH, HO,
T.K. BCE BO3MOXXHBIE BCEJICHHBIC JOJDKHBI OBLIM BO3HUKHYTH W3 OJIHOTO
Bonbioro B3peiBa (Kak MPUHUMAETCSI B ATOM MOJIEIH), 3TO YUCIIO SIBISETCS
oueHb OoJbIIMM, HO He OeckoHeuHbIM. JlokTop bpaiic n1e Burr B «Pusuke
Tymi» (1970) onenun ero kak npesbimaromniee 10100, HO He cMOT YTOUHHUTB,
HACKOJIbKO npeBbimatoniee. Korna nonagem B Ipyrue BCEJIEHHBIE, TO TPOBE-
PHUM IPaBUWIBHOCTD 3TOW MOJIEIIH.

Ho MbI OTBIEKIUCH OT TeMbl Hadawdamens. Korna kom co BceM 000-
pyJOBaHUEM HAXOJWJICS B 3aKPBITOM AIIUKE, JIs1 HAc (Habarodameneti) dTa
KBaHTOBas cUcTeMa Oblila 3aMKHYmMOU W, CIeI0BATEIbHO, HAXOIUJIACh B YUC-
MOoM, KO2epeHmMHOM COCTOSIHUU, KOTOPOE VISl HAD1100amens HeeuoOUMo.
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YtoObl y3HATh O CBOICTBaX CHCTEMBI, HaO00amens 001xceH 6030el-
cmeosams Ha Hee (omKpvlmb ABEPILY), TEM CAMBIM 3ACMAGUMb BEKTOP CO-
CTOSIHUSI CUCTEMBI KOMIANCUpPOBaAms, T.€. RPOAGUMb CUCHEMY 6 Haulell pe-
anvHocmu. Takol Ipouecc Ha3bIBACTCA OeKO02epeHuuell, OH TIEPEBOAUT
KBAaHTOBYIO CHUCTEMY M3 YUCMO20 COCTOSIHUSA B cmewiannoe. Bo3zdeiicmeue
(«nabmooenue») Ha 3amKkHymylo («HesuouMmy0») KBAHTOBYIO CHCTEMY 3a-
CTaBIIIET NPOAGIAAMBCA €€ 8 Hauiell PeaibHOCHU.

HeaoxkanbHocTh Hamero Mupa

B uyncToM cynepno3uIHOHHOM COCTOSIHUM KBaHTOBAsi CHCTEMA HeGUOU-
Ma, T.€. HUKAK He NPOAGIACMCA 6 (PU3UUECKOM mMupe, He umeem mamepu-
AIbHO20 HOCUMEs, HeOWymuma, Hu ¢ yem He ceazana. Ona HeloKalbHa.

Takum oOpasom, eciu paccMarpuBath Beenennyro (Mup B 11e70M), KO-
TOpasi MO OMPEACIICHUIO SIBIIAECTCS 3AMKHYMOU CUCMEMOU, TO CIIEIYET BBIBOJ
0 TOM, 4TO Bcenennas, paccMaTpuBaeMasi Kak €QUHOE 1EI0€, SABISETCS Yuc-
Mo K8anmosou cucmemou. Bcenennas B 11€JIOM HaXOJUTCS B YUCHOM 3any-
manuom cocmoanuu (Y3C), nmm, xkak rosopuin ['epmec Tpucmerucrt, «wup
A6/1eMCsL HeBUOUMBIM 8 CBOell YelOCIMHOCTUY.

Haw mup nenoxanen. 1lapagokcsl KBaHTOBOM MEXaHUKH, KOPITYCKY-
JSIPHO-BOJTHOBOM Jyajau3M M T.J. MOTYT ObITh BBIBEJICHBI HMEHHO OTCIOZA, U3
HeloKanbHocmu. B 4UCTOM 3allyTaHHOM COCTOSIHUM BceneHHOU B 1EnoM
ecmb 8Cé, Umo ecmv, 8C€, Umo OvLIo, U 8CE, Ye2o He Ovlno. Tam ecmb u mo,
yeeo mam Hem!

Ona eéce. 1 ona nuumo. Aoconromnuwtii éaxyym. Ilycmoma.

Hpyrumu cioBamu, peaibHocmsy — 3T0 JoKaauzayua 0obekToB u3 Y3C
BCEH CHCTEMBI, IJI€ 3T OOBEKTHl HAXOAATCS B HEIOKANIbHOM BUJIE.

«Buoumoit» cucrteMy nenaeT Mpouece JEKOTepeHLMHU, KOI/la BHEIIHEE
BO3JIeHCTBHE («HAOIIOIATENIN ) IIPOSBIIIECT» ITY CUCTEMY B Hariem Mupe.

HabaronaTesib u 1eKorepeHumsi

PaccMmoTpum mponecc AeKOrepeHuu, JIOKaIu3alul 00beKTOB U3 HENo-
KQJIBHOTO YMCTOIO KBAHTOBOTO COCTOSIHHMSI Ha MPUMEPE HAIIUX DJIEKTPOHOB.
JlaBaiiTe Teneph BUAOM3MEHUM HAIll OIBIT TaK, YTOOBI MOXKHO OBLIO «IpPO-
CIEIUTHY 3a BJIEKTPOHOM, MPOCIEAUTH, YEpe3 KAKYIO ILIECIb OH HPOXOIUT
(puc. I1.3). IToctaBuM BO3JI€ OJHOM M3 IIEICH AETEKTOP, KOTOPBIH PErUCTPH-
pyET NPOXOKICHUE IIEKTPOHA CKBO3b HEE. B 3TOM ciyuae, eciii mpoNETHBIN
JIETEKTOP PETHCTPUPYET MPOXOKICHHUE DJICKTPOHA Yepe3 IIeb 2, Mbl OyeM
3HATh, YTO AJIEKTPOH MPOILIEN Yepe3 3Ty LIEIb, a €CJIU NPOJIETHBIN JETEKTOP
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HE JAET CUTHaJa, 3 OCHOBHOM JETEKTOP AJEKTPOHOB JMAET CUTHAN, TO SICHO,
YTO 3JEKTPOH MPOIIEN yepe3 menb 1.

Pe3ynbTaT 3TOr0 3KCHEpUMEHTa KaueCTBEHHO HUYEM HE OTJIMYAETCS OT
OTIBITa C MyJIEMETHOU cTpenbOoit. Takum 00pa3om, MBI HAIILIM, YTO KOT1a MBI
CMOTPHUM Ha 3JIEKTPOH, TO OOHAPYKUBAEM, YTO OH IMPOXOAUT JINOO uepe3 oA-
HO OTBEpCTHE, OO0 Yepe3 Ipyroe.

Cynepno3uyuu mux 06yxX COCMOAHUN Hem. A KOTIa Mbl Ha HETO
HE CMOTPUM, OH OJHOBPEMEHHO MPOXOJUT Yepe3 JBe MIeTu (CyNepIrio3ulius
KBaHTOBBIX COCTOSIHHMII), M paclpe/esieHue UX Ha SKpaHe COBCEM HE TakKoe,
YeM Torja, Korja Mbl Ha HUX CMOTpUM. TakuMm o0pa3om, IJisi dexozepeHyuu
(roxanuzayuu) OOBEKTA Cyu{eCHEEHHBIM OKa3bIBACTCS TOJBKO caM (akT
gukcayuu (nabniooenus — e3aumooeticmeusi) COCTOSTHHSI 00BbEKTa.

Okpan Jerextop
COLIENAMHM  SIEKTPOHOB

BeposTHOCTE

:% In!
[ ]
[ ]
L ]
[ ]
[g]
eleHuTdooy \

e — : [Iponéryerii
DnekTpoHHAasA ! JICTEKTOp
yLIKa :

L | L N
Puc. I1.3

WNuaue roBopsi, 63aumooleticmeue KBAHTOBOM (3aMKHYTOM) CHUCTEMBI
C OKpyJiceHueM, K KOTOPOMY OTHOCHUTCSI U usmepumenvras cucmema (Habuio-
oameiv), TPUBOIUT K Heobpamumomy KBaHTOBOMY 3 (HEKTy — pa3pylIeHUIO
KBAHTOBOW KOTCPCHIINU (OeKO2epeH YUl KEAHMOBLIX COCMOSIHULL).

B xoHe4YHOM UTOre KBaHTOBasi CUCTEMA docmueaen mepmoOUHaAMULecKo-
20 pagHosecusi ¢ OKpYJiceHueM W JIOKAIUZYEMCA 8 HauleM Npocmpancmee —
BpeMeHlU B CMEUWARHOM COCTOSIHUY (cmecy).

3aHyTaHHbIe COCTOSIHUA U KBAHTOBLIC KOPpPEJIAIINA

3anymannvie cocmosinusi MOTYT BO3HHUKATh B CUCTEME, KOTOpasi COCTOMUT
U3 HEeCKONIbKUX 83aumooericmsyiouiux noocucmem. Hampumep, eciu 3JeKTpOH
CTaJIKMBAETCSI C aTOMOM, TO 00pa3yeTcs 3aIyTaHHOE COCTOSTHHE, B KOTOPOM CO-
CTOSIHUE DJICKTPOHA OYIIET ckoppenuposano (3anymano) ¢ COCTOSIHUEM aToMa.

3anymannvle COCTOSTHUS HEOOXOIUMBI JUISI OTIMCAHUS COBOKYITHOM CHC-
TEMBI, 00Pa30BaHHOMN U3 8cex K020a-mo Npo83aUMOOetCMEO8ABUIUX MEXKITY
co0oM yacTen.
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Tak BOT, TEOpUs Oexozepenyuu YTBEPKIAET, YTO CYNEPHOZUYUS COCMOSI-
HUL B KaKOU-THMOO CHCTEME 603MOMCHA NWILIb B TOM CIyYae, €CIIU 8 OKpyaice-
HUU He 3anucvl8aemcs UHGopmayus, 00CMAmoOYHan i pazoeneHusi KOMNo-
Henm cynepno3uyuu. JJpyruMu cl10BaMH, BasKHO, YTOOBI COCTOSIHUS HAILIEH CHC-
TEMBI HE CIIMILIKOM «1EPEenymul8anuchy ¢ COCTOSHUEM OKPYKEHHSL.

Otcrozia ciaenyer, 4To 3alyTaHHbIE COCTOSIHUS YacTHI] O3HAYAIOT HAJIM-
YHie CBA3M KAKUX-TO XapaKTEPUCTUK ITUX YACTHIL MTOCJIE UX B3aUMOJACHCTBUS,
U 3Ta CBS3b Ky/a Oo/iee dHcécmKas, 4YeM CIeIyeT U3 KIACCUYECKUX MPeCTaB-
JICHUM.

Ecnu wactuiipl Koraa-to npogzaumooeicmseosani, TO B 3aMKHYTBIX CHC-
TE€Max CBSI3b MEXKJy HUMU OYIIET coxpanamvcs 6ce20d, U N3MEHEHHE COCTOS-
HUS OJHOM YaCTUIbI NPUBEAET K MCHOBEHHOMY WU3MEHEHUIO COCTOSIHUS JIpY-
TOW, Ha Kakom Obl paccmosanuu IpyT OT JIpyra OHU HE HAXOJWIHCh. Mup —
HEJIOKAJICH!

Kpome Toro, s Habmogatens b, HU4ero we suarowezo 0 MaHUIYJIALM-
SIX CO CBOCH YJacTHIleH HaOmogaTenss A, N3MEHEHHUE COCTOSTHUS €T0 YaCTHIIBI
b6yoem kazamucs 4yoom. Ecmwv cneocmesue — nem npuyutbl.

B HacTosiiiee BpeMsi MpoBEIEHO OKOJIO COTHU SKCIIEPUMEHTOB, JOKa3bI-
BAIOIIMX HEJOKAIBHOCTh OKPY>KAIOIIEr0 HAC MUPA.

HNHTepecHo, YTO MBICTICHHBIN SKCIEPUMEHT, OJIM3KUI K SKCIIEPUMEHTAaM,
IPOBEIEHHBIM COBCEM HEJABHO, MPOBEN e AnbOepT DUHINTEHH, MBITasICh
OMPOBEPrHYTh KBAHTOBYIO MexaHuKy. Ho mup okazancs eopazdo ¢anma-
cmuyHee, YeM 3TO EMY MPEICTABIAIOCH.

UToOBl Cka3aHHOE BBINIE CTAJIO TMOHATHEE, PACCMOTPUM SKCIEPUMEHT
(xorna (hU3MKHU HAyYHIIUChH MOTY4YaTh 3allyTaHHbIE COCTOSHUS ), TPOBEIEHHBIN
B Pouectepckom yHuBepcutete Puuapnom ManpaenoM ¢ Kosuieramu B cepe-
nuHe 90-X IT. MPONUIOro CTOJIETHS.

Jlazepubiii ayu (puc. 11.4) ¢ moMoIb0 NOJyImpo3pavyHOTo 3epKajia pac-
HIETUISIICSA Ha JiBa MyYKa, a 3aTeM KaXKIbId M3 MYYKOB HAMPABIUICS HAa TaK
Ha3bIBa€MbI HEJIMHEWHBIN KpUCTALI, T.€. MpeoOdpa3oBaTesib 4acTOTHI, CIO-
COOHBIN pacIlErIsATh KBAHT cBeTa ((hOTOH) Ha J1Ba JOUYEPHUX KBAHTA. 3aTEM
C IOMOIIIBIO CUCTEMBI 3epKall JIeJIajioCh TaK, YTO KaXKaas U3 ATUX JIBYX IMap
dboToHOB MHTEpPepupoBaia MexKIy co00l MPUMEPHO TakK, Kak MHTEpdepu-
pOBalii KOMIIOHEHTHI CYNEPHO3UILIUA B HAILEM OIBITE C PACCESTHUEM DIICK-
TPOHOB Ha JIBYX IeNsx. Pe3ynbrarel HaOmoAeHNsT nHTEPGEPEHITMOHHON Kap-
TUHBI (UKCUPOBAIIUCH JIeTeKTopamu /[1-/]2 nis nepBoi mapsl GOTOHOB H Jie-
TeKkTopamMu /[3-/[4 — niist BTOpoil maphl.
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JIrobas yactuia, obnamaronias HEHYJIEBbIM CIIMHOM, B T.4. (DOTOH, Xa-
pPaKTEPU3YETCS MOJSPU3ALUEH, T.€. IPOCKIUEN CIIMHA HA HAIIPaBJICHHUE JIBU-
xeHuss. POoTOHBI MOTYT 00JIaflaTh ABYMSI COCTOSTHUSIMU MOJISIPU3alliU, OTBE-
YaIOIUMHU JABYM BO3MOKHBIM MPOEKIUSAM CIUHA — BIOJIb U MPOTUB HAMpaB-
neHus ABuxenus (cynepnosuyus). IloaTromy aHamM3aTOpOM MOYKHO BBIIEISATH
KOMITOHEHTBI CYNEPIO3ULUH.

Wrak, Puaapny Manzgen npocTpaHCTBEHHO pa3HEC Ba ITydyKa Ha JOCTa-
TOYHO OOJIBLIOE PACCTOSTHUE (B COBPEMEHHBIX IKCIIEPUMEHTaX — JI0 COTHHU
KHJIOMETPOB) M HayaJl MEHATH C MOMOILBIO aHAJIU3aTOpPa COOTHOIIEHUE MEK-
7Ty KOMIIOHEHTaMU CYTIIEPIO3UIIUU Ha OJTHOM U3 HUX (HH)KHEM Ha PUCYHKE).

B cuny ero manunymnsuuii ¢ aHamuM3aTopoM MHTEpPEPEHIIMOHHAs Kap-
THHA Ha 3TOM My4YKe MeHsu1achk. BTopoil my4dok oH BooO1e He Tporai. Ho un-
TepdepeHIIMOHHAs KapTHHA, Ha0Iro1aemMasi Ha 3TOM (BTOPOM) My4Ke, TOUb-B-
TOYb TOBTOPsJIa UHTEPHEPEHIIMOHHYIO KapTUHY Ha IMy4YKe, C KOTOPBIM JKC-
nepumeHTHpoBai Mannen. M kaptuHa 3ta mensnace menosenno (menenop-
mayust pomona), B TO K€ caMOe BpeMsl, KOTla MCHsJIaCh KapTHHA Ha MEPBOM
nydke. M 3To IpuUTOM, 4TO HUKAKUX «OOBEKTUBHBIX)» MPUYUH ISl U3MEHEHUS
KapTUHBI Ha MEPBOM Iy4yKe MPOCTO HEe Obu10. Beaps yenoBek B 3TOM ciyyae
HUKaK HE B3aMMOJEHCTBOBAJ C 0OBEKTOM HAOIIOACHUS, U HUKAKOTO MaTepH-
aJbHOTO HOCUTENS B3aMMOJIEUCTBHS MEX]ly ITy4YKaMH He ObLIO.

BbIX0UT, KBAaHTOBBII OOBEKT KAKUM-TO HEBEPOSIMHBbIM 00pPA30M Y3HA-
8aJl, 4YTO TMPOUCXOJUT C APYTHMM OOBEKTOM, yNaJEHHBIM OT HErO0 Ha 3HAYU-
TEIBHOE PACCTOSIHUE.

DTO SBJICHUE OOBIYHO HA3BIBAIOT KBAHMIOBbIMU Koppenauuamu. Kearn-
moevie KOpperayuu — HeomvemaeMoe CEOUCMBO 3ANYMAHHBIX COCMOAHUU.
Ecnu gactuipl Korma-to mpoOB3aMMOJIEUCTBOBAIU, MO 6 3AMKHYHIbIX CUC-
memax cesa3b Mexcoy HUMU Oyoem COXpAHAMbCA 6Ce20d.
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Ecnu ¢ moMonipro anaimsaTopa Wi Ipyroro yCTpOKMCTBa Mbl ONPEIETIsieM
COCTOSTHUE (HampuMmep, NOJISIPU3AIHUI0) OAHOM YaCTUIIbI U3 TAPbl, TO COCTOSTHUE
BTOPOM YaCTULbI TOXKE MCHOBEHHO CMAHOBUMCSI ONPEOeNEHHbIM, HEe3A8UCUMO
om paccmoanus 10 nepBoi yacTuilbl. Y BecTr cedst 3Ta yactuua 6ydem menepsb
uHaye, 4eM JI0 U3MEPEHUS, TPOBEAEHHOTO C IIEPBOM YACTULICH.

PaccMoTpuM 3TO Ha mpumepe, HAJeMB (BPEMEHHO) KBAHTOBBIE YACTHUIIbI
CBOICTBaMH, YYBCTBEHHO BOCIIPMHMMAaeMbIMM Hamu. Hampumep, nsetom —
yepHbIM 1 O6enbiM. Kaxkas yacTuiia n3HaqainpHO Oernasi Win 4€pHasi, Mbl TOJIBKO
He 3Haem ux yeem. BpuieTeBlIMe yacTUllbl OYAYyT BECTH ceOsl Kak cepule, T.C.
B KQXJ0W W3 HUX OyJET NMPUCYTCTBOBATH Cynepnozuyus 0enoeo u 4épHoeo,
Y 3TO MPOSIBUTCS B 3KCIIEPUMEHTE.

Ho Tak Oyner mpoucxoauTh TOIBKO 10 TEX MOP, MOKa Mbl HE OMPEIeTIUM
[IBET OJHOM M3 YaCTHII.

Ecnu Mbl onpegenuiu €€ UBET Kak YE€pPHBIM, TO Ipyras HemeoleHHO ne-
pecmaém eecmu cebsi Kak cepas U HAUMHAET MPOSBIATH CE0sl B SKCIIEPUMEH-
T€ Kak Oenas, Ha KAKOM Obl pacCmMOAHUU OHA HU HAXOOUNACbH, T.€. TIOBEJIET
ce0s uHaue, 4eM J10 UBMEPEHUS C MEPBOM YACTUIICH.

Teneps npencraBuM, 4TO BO3JIE€ OJHOTO W3 IMy4yKOB Haxomutcs llers,
KOTOPBIM MPOBOJAUT AKCIEPUMEHTHI, a BO3JE APYyroro — Bacs, KOTOphI He
3HaeT o cyumectsoBanuu [leru. st Bacu n3aMeHneHne pe3ynbTaToB 3KCIIEPU-
MEHTa Ha €T0 MyYKe BBIMJISIAUT KAK YY00, 4Y00 8 CAMOM MPAKOOECHOM NOHU-
manuu. Benp Bacs HAYEro He J1eJ1aeT O CBOMM ITYYKOM, BCE YCIIOBUS JKCIIE-
PUMEHTa OCTAIOTCSl TIOCTOSIHHBIMHU, a MHTep(EepeHIIMOHHAs KapTUHA IO CO-
BEPIICHHO HEMOHSATHBIM MPUYMHAM MEHSETCS: TO OH BUIUT «OENble» YacTh-
b, TO «CEPBIE», TO «UEPHBIE». A HUKAKUX MPUUUH ISl U3MEHECHHS KapTUHBI
Bacs He Haiin€T, kak Obl OH HU cTapayics. [ Hero 3To BBITISIUT TakK, KaK
OyaTO ecmwb creocmeue, HO Hem NPUYUHBI.

[Tox0XKyr0 cXe€My YCTaHOBKH MO>KHO MCIIOJIb30BaTh U ISl MCHOGEHHOU
nepenayn uHdopmanuu Mexay Baceit u Ilereit, ayist aToro jaumis HeoOXOaU-
MO, 4TOOBI OHHM COTJIACOBAJIM CBOM AeHCTBUSA. COOCTBEHHO TOBOPS, HUKAKOU
nepeaayu nHPoOpMaIuy He IPOUCXOIUT, HH(POpMALIHS TPOCTO pachpeacsiceHa
MEXIy mojcucreMamu, a Bacs u Ilets B Xoae mogoOHOro SKCIEpUMEHTa
umerom 0ocmyn K eOUHOMY HE10KATbHOMY 00beKmy.

YacTo crnpammBaroT: HE NPOTUBOPEYUT JIM BO3MOXXHOCTH MITHOBEHHOU
nepeaaun nHopMaIuu TeOpur OTHOCUTEIbHOCTH? HeT, He mpoTHBOpEYHT.

Teopuss OTHOCHUTENBHOCTH TOBOPUT O MpEIesie B BUAE CKOPOCTU CBETA
Ha CKOPOCTh ABWKEHHUS MaTepUAIbHBIX OOBEKTOB M CKOPOCTh IMepeaauu
B3aUMOJICHCTBUSI MEXKIY HUMHU. JTO COBEPIIEHHO CIPAaBEIIUBO JJIsl JIOKAIb-
HBIX (KJTACCUYECKUX) OOBEKTOB.

B cnydae xe map ¢OTOHOB B 3anymaHHOM COCTOSHUM Hem HUKAKO20
83AUMOOEUCMBUSL MeHCOY HUMU, Hem HUKAKOU nepedayu UHpopmayuu Mexy
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HUMHU. OHU TIPOCTO OCTAIOTCS €OUHbIM 00BbeKmoM, Kak Obl Oaneko APYr OT
Jpyra HA HaXOJAWJIKCh.

DTO epanb peanvHocmu, KOTOpask BBIXOJUT 3a PaMKU TEOPUU OTHOCH-
TEJIbHOCTH.

JlaBaiite Teneps BooOpa3uM, yTo Bacs HaxoautTcst Bo3jie Hac, a Ilers
BMECTE CO CBOEH YCTaHOBKOM — BO3JIE 3BE3/bl, PACCTOSIHUE 10 KOTOPOU MUJI-
JIMOH CBETOBBIX JIET, T.€. lleTs mocraBui CBOM 3KCIEPUMEHTH MUJUIUOH JIET
Ha3zaa, a A0 Bacu Tonpko ceiyac JOJIETENl CBET M3 PACLICINIEHHOIO IMy4YKa,
Y OH Ha4aJl CBOM SKCIIEPUMEHTBI C HAM.

Uro xe Oynetr? byaer To ke camoe: dKCepuMeHThl Bacu usmeHsr pe-
3yJbTaThl dKcriepuMeHTOB [leTn (B mpouuiom), KOTOPBIM, MOXKET OBITh, YXkKe
JAaBHBIM-JIaBHO yMep (MpaB/ia HEM3BECTHO, CKOJIBKO KMBET MHOIUIAHETSHUH
Ilers) m naxe ycren onyOiIMKOBaTh pe3yibTaThl. Beab onpenenenne Baceit
cocTosiHUs (POTOHOB ompeneseT cBoicTBa [leTunbix (HOTOHOB, U pe3ylibTa-
ThI Y TOI'O MEHSIFOTCSI BHE 3aBUCUMOCTH OT PACCTOSIHUSI MEXK]Ty HUMH.

OTtcrona BBIBOA. Mbl U3 0YOyULE20 MOIHCEM MEHAMb COCHOAHUE CUC-
membvl 6 NPOULIIOM.

A 4YTO MPOMCXOJMT, KOTJa Mbl HaOMIOaeM CBET Han€kux 3BE31? Mim
Ha0JI0/1aeM TeMIIepaTypHbIe HEOAHOPOIHOCTHU U MOJSAPU3AIUIO PEITUKTOBOTO
U3IIyYEHUsl, KOTOPOE BO3HUKIO 33J0JI'0 /10 BO3HUKHOBEHHS TNEPBBIX 3BE3]
U ratakTuK? COBEpIIEHHO BEPHO, Mbl MOYKEM MEHSTH COCTOSIHUE JaJEKOTro
npouuioro BeeneHHoH, a cTano ObITh, MEHATh UCTOPUIO!?

JIaHHBIN TapaJoKC OTMETHUJ ellle DUHINTEHH B MOJIEMUKE O KBAaHTOBOM
bu3uKe, MPEI0KUB B KaueCTBE «HAOIIOAATEND MBIIb (Mbliub DUHIITCH-
Ha), KOTOpasi MOTJia HaOII0aTh OKPYXKAIOIINI MUp (B T.4. U AUCIYTHI (PHU3HU-
KOB) U MEHATH UCTOpHI0. Ha uTo emy 00pa3HO OTBETHIIM, YTO Y MBIIIHA Majio
Mo03roB. I 3T0 cnpaBeiMBO, MOTOMY YTO Hallle BO3JEUCTBHE MOKa (IOKa?)
He 00CmamoyHo JJIsl pa3/ieNIeHUs] KOMIIOHEHT CYyIEpPIIO3HUIINH.

A Temnepb KpaTKO M3JI0)KUM OCHOBHOE U3 BBIIIIECKA3aHHOTO.

OU3NYECKUM CUCTEMaAM Heb3si npunucams (MO KpallHeH Mepe, BCeraa)
XApPaKTEPUCTUKU KaK 0ObEKMUBHO Cyujecmsyroujue U He3asucumvle om nposo-
OUMbIX uzmMepeHuil. JIpyrumMu clioBamMH, XapaKTEPUCTUKH OOBEKTa co30aromcsi
HaOmoateneM. BHe akta HaOmoeHus (BO3ICHCTBUS BHEIIIHEH CPEeJbl Ha CHC-
TEMY) COCTOSTHHE JIF0O0T0 00BhEKTa BO MHOTOM SIBIISIETCS HEONPEOENEHHBIM.

Yactuipl, 00pa3oBaHHBIE KOT/Ia-TO B OJTHOM aKTE€, OCTAIOTCS B 3aMKHY-
TOW CHCTEME eOUuHbIM 00beKmoMm, BHE 3aBUCUMOCTHA OT TOT'0, Ha KaKOM pac-
CTOSIHUM OHM HAaXOJATCA M Kak JaBHO MPOM3OLLIO WX pasnaeneHue. Takue
00BEKTHl HAXOJATCS B 3aMKHYTOW CUCTEME 8e3de U Hucoe. B 3TOM mposBis-
€TCS HelOKAIbHOCHb HAILIETO MUPA.

B 3amknymoti cucmeme NoOHATHS BPEMEHU U MPOCTPAHCTBA, MTPUUUHBI
U CHEACTBUS MepAom CMbICIL.
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[Toxoxe, 4TO 3aMKHYyTasi cUCTeMa TUNa Hamel BceneHHoM — 1 ecTh Ta-
KOU OOBEKT.

Ha mopore 3pbl KBAHTOBbLIX KOMIILIOTEPOB

A Temepp CIPOCUM: 3TH «Oe3yMHble) CIEICTBUS W3 UHTEpHpeTaluu
[peauHrepa BoJHOBOM (DYYHKIIMU MOJCHO UCTIONB30BaTh Ha npaktuke? la,
MOHO! K M3J10)K€HUIO ATUX BO3MOKHOCTEH U TIEpenIeM.

CBOMCTBO KBAaHTOBBIX YAaCTHIl OBITh OJHOBPEMEHHO BO MHOTHX COCTOSI-
HUAX, Ha3bIBAEMOE KGAHMOBLIM RAPANIEIUIMOM, YCIEIIHO HCIOIb3YETCs
B KBAaHTOBBIX BBIYHCIICHUSX.

Ceifuac KaX1IpIil U3 Bac XOTs ObI B CaMbIX OOIIUX YepTaxX MPECTABIISACT,
YTO TaKO€ OOBIYHBIN KOMITBIOTEP. A YTO BBl CKaKETE HACUET KOMIIBIOTEPA,
MH(POPMAITMOHHBIN pecypc KOTOPOTO MPEBBIIIAECT YUCIO YacTUIl BO BceneH-
HOH (II0 OLICHKAM CIIeHHATHCTOB, OHO paBHO 10%°), T.e. KOMIBIOTEpa, KOTO-
phIif o cBoel A dexTuBHOCTH MTpeBOCcXo M Obl 00bIuHbIN [TK mpumepHo BO
CTOJIBKO € Pa3, BO CKOJIbKO BceneHHast mpeBOCXOIUT OJMH aToM?

CkaxeTte, 4TOo Takoe MpocTo HeBO3MOxHO? WM Oynere nempasbl! Ilo-
CKOJIbKY B HacTosIIee BpeMs paboTa HaJ TAKMMH KOMITbIOTEpaMH UJIET MOJI-
HBIM X0/10M. VX Ha3Ballu K8AHMOBLIMU KOMNBIOMEPAMU.

J1J1st 5TOTO YCTPONCTBA HYKHO HE TaK Y>K MHOTO pabOurX sSYEeK MaMsTH,
oOpabatsiBatonx uHGopManuoo (s odbryHoro IIK — 310 00BEM omepa-
TUBHOW TNaMSTH), — JOCTATOYHO OyJET BCEro JIMIlb HECKOJbKUX COTEH.
CkaxeM, JOBOJbHO TPEXCOT siU€eK, YTOObI MH(OPMAIMOHHBIA pecypc KOM-
nblOTEpa MpuMepHO Ha 10 MOpsAKOB MPEBBICKIT YUCIIO YACTHUIl BO BeeneHHoi
(2°° = 10%). 1 Beck sTOT ruranTckuii MaccuB HH(GOpPMALMK GYIET COIIACO-
BaHHO U3MEHATHCS (BCJICICTBUE KBAHTOBOTO Mapajieju3ma) 3a OAUH pado-
YU TAKT.

Kaxnas sueiika mamsatu oobraHoro I1K MoskeT HaxoauThes B ABYX OC-
HOBHBIX cocTosiHUSX: 0 u 1 (omun Out), obiee uncio cocrossuuit st N siue-
€K PaBHO N (6yneBbl coctostams). Kimaccuueckuii KOMITBIOTEP B KaXKJIbIA MO-
MEHT BPEMEHU MOXKET PEeaJn30BaTh JHIIb OJHY IOCIEI0BATEILHOCTh CO-
crostHuil 3 0 u 1 1711 cBOoMX OUTOB perucTpa namsiTu.

Tak, kmaccuueckuii KoMmmbioTep ¢ peructpom u3 300 6UT MOKET moce-
JIOBaTEJIbHO MEepedpaTh Te Ke 230 COCTOSIHUM, HO B KaXJbli MOMEHT BpEMe-
HU OH MOJicem Haxooumucs Iuulb 8 0OHom u3 Hux. IloaToMmy Bpewms, 3aTpa-
YeHHOE Ha Takoil mepedop (yuuTtbiBas ObicTponericTBue coBpemeHHbIX [1K)
JJIpEBBIIIACT BO3pacT BeeneHHoM.

JIJ1sl KBAaHTOBBIX KOMITBIOTEPOB, KaKJI0€ COCTOSTHIEC KBAHTOBOW CHCTEMBI
n3 N IByXypOBHEBBIX KBAHTOBBIX 3JIEMCHTOB [OHU IMOJIyYHIM HAMMCHOBAHHE
kybumos (quantum bits)], B oTiinyre OT KIacCHYECKOH, MOXKET HaXOIUThCS
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B HEKOTOPOW KOTEPEHTHOW CYNEPHO3ULIMM W3 2N OyJIeBbIX COCTOSIHUH, T.€.
XapaKTePH3yeTCss BEKTOPOM COCTOSHHS B 2'-MepHOM TI'MIbOEpPTOBOM MpO-
CTPAHCTBE.

Korza e B KBAHTOBOM KOMIBIOTEPE U3MEHsAemcs 00Ul Kyoum, TO BMe-
CTE C HUM CO2NACOBAHHO MEHAIOMCs BCE OCTAJbHBIC, U BCSA CYNEPIIO3HLIMS
M2HOBEHHO TIEPECTPAUBACTCSL.

[Ipomie roBopsi, ecinyu B 0OBIYHOM KOMIIBIOTEPE MBI COBEPIIAEM JIOTHYE-
CKHe ONepanuu Haj OyIeBbIMH COCTOSHMAMHU 2" pa3, TO B KBAHTOBOM KOM-
OBIOTEPE YHCIO KBAaHTOBBIX JIOTMYECKHUX ONEpanui, JIEHCTBYIOIIUX
B 2"-MepHOM THIBEOEPTOBOM HpOCTpaHCTBE, paBHO N.

3a cyer 3TOro OOECHeuMBAETCS TMraHTCKOE OBICTPOAEICTBHE W, IO
OLICHKaM CIIELIMAJIMCTOB, MOJIy4aeTCsl, YTO BBIYMCIIUTEIBHBIE PECYPCHI KBAH-
TOBOT'O KOMIBIOTEPA OYIYT 9KCHOHEHYUANbHO 8eAUKU TI0O CPABHEHUIO C KJac-
CUYECKHUM.

Korna 6ankupusl ocoznanu, 4To KBaHTOBBI KOMIIBIOTEP CIOCOOEH 3a pe-
aNbHOE BpeMs «8310mMambvy MUPpbl B 0aHKOBCKOU cepe, riae MUPOKO MpHU-
MEHSETCSI KPUIITOCUCTEMA, OCHOBAHHAs HAa HEBO3MONCHOCMU PA3I0KEHUS
JOCTATOYHO OOJBIIOr0 YMCIA HA MPOCThIE MHOXKHUTEIU 3a npuemaemoe Oiis
00bIUHBIX KOMNbIOMEPOS 8peMsi, OHU HANPABWIM OTPOMHBIE CpPEICTBA HA Ha-
YUHBIE UCCJIEI0BAaHUS B 00J1aCTH KBAHTOBBIX BBIUMCIICHUH.

B sty xe chepy ycTpeMMIuch 1 MHOTHE Hay4yHbIE KOJUIEKTHBBI, CPOYHO
[IEPEOPUEHTHPOBAB CBOXO TEMAaTHKy. KBaHTOBBIM BBIUMCIIEHUSM CTAJIO IOCBS-
aThcs HauOOJIbIIee KOJIMYECTBO HAYUHBIX MTyOIMKAIM 110 CPaBHEHUIO C JpY-
T'MMU paszenamMu GU3NKU. B oTaenbHble To/1bl UMCIIO HalleuaTaHHbIX B pedepu-
PYEMBIX KypHalax cTaTed Ha 3Ty TeMY IMpPEBBIIAIO KOJIUYECTBO MyOIHUKaIUii
Ha BCE JIpyrve TeMbI U3 00JIacTH (PU3UKHU, BMECTE B3sThIE. Bee 3TO criocoOcTBO-
BaJIO TOMY, YTO JOCTAaTOYHO OBICTPO OBUIM CO3/IaHbl PEajbHbIE MPOTOTHIIBI
KBAHTOBOT'O KOMITBIOTEPA, & TEOPETHUUYECKUE OCHOBBI, HEOOXOAMMBIE JJISI €ro
CO3JIaHUsl, TOTYYWIIM OYEHb MOILIHBIA UMITYJIbC K PA3BUTHIO.

Jlist mpumepa pacCMOTPUM OJUH (PU3UYECKUIT HOCUTEIb, HA OCHOBE KO-
TOPOTrO MOKHO CO3/1aBaTh KyOUTHI JUIsl KBAHTOBOIO KOMIIbIOTEpA. JTO KpH-
cTayuibl THapokcuanaruTa kanbims Cas(PO4);0H.

OTH MOHOKPHUCTAJIJIBI CYUTAIOTCA OYEHb NMEPCHEKTHUBHBIMM KaHAMaTa-
MU Ha poJib PU3NUYECKON OCHOBBI TBEPJOTEIBLHOIO KBAHTOBOTO KOMIIBIOTEPA,
KOTOpPBI MOKHO pEaIM30BaTh METOJAAMH SAEPHO-MarHUTHOIO PE30HAHCa
(SIMP). Tlpupona, clIOBHO MO 3aKa3y, cO3/aaja MaTepHual, HAealbHO MOIXO0-
JAUMI JUIsl peann3aluy KBaHTOBOTO KOMIIbIOTEpAa. MUKpPOCTPYKTypa KpH-
CTaJlla MpeACTaBIseT COOOM MIIOCKOCTH, NMEPHEHAUKYIISIPHBIE OJHOMEPHBIM
IeroYKaM MpOTOHOB ruApokcwibHbIX Tpynn OH (puc. I1.5). Kaxnas memnou-
Ka OKpY>K€Ha IIECThI0 aHAJIOTUYHBIMU, U CYUWECMBEHHO MO, YTO PACCTOSTHUE
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MEXIy OTACIbHBIMU «HUTSAMU» TIOUTH B MpU paza 001bule, 9€M PacCTOSTHHUE
MEK]ly IPOTOHAMU B CAMOM LIETIOYKE.

B(z)

Puc. IL.5

[TockonbKy numnomns-aunoisHoe B3aumojeicteue ([1JIB) saepHbix cnu-
HOB YOBIBAeT C pacCTOSHUEM Kak 1/ r3, koHcTadTa JIJIB Mexay OnuxalIiMu
sJlpaMU B OJIHOM IIETIOYKE B JIECATKH pa3 00Jibllle MAaKCUMAJIbHONH KOHCTaHThI
JI/IB CIMHOB B COCETHUX «HUTSIX.

[TosTOMYy MOXHO CUWTaTh, YTO OTIEJbHBIC I[ETIOYKU SICPHBIX CIIUHOB
c1abo B3aMMOJIEUCTBYIOT MEX1y COO0H. B HEKOTOPOM MPUOIHKEHUH MOYXKHO
paccMaTpuBaTh CTPYKTYPY THAPOKCHANATUTAa KaK KBa3MOJHOMEPHYIO (JIv-
HEWHY0). DTO MO3BOJISET OMNEPUPOBATH ILEJIBIMU IIJIOCKOCTSMH IMPOTOHOB
TaK, Kak OyJITO 3TO OJJMHOYHBIE, JIMHEITHO PACIIONI0KEHHBIE SICPHBIC CITMHBI.

[TosToMy mpennaraeTcsi co31aTh TBEPAOTENbHBIN KBAHTOBBIM KOMIIbIO-
tep Meronamu AMP Ha MOHOKpHCTaUIE TMAPOKCUAINIATUTA KA, ITIOME-
IIEHHOM B CHJIBHO€ MarHUTHOE IOJIE, U3MEHSIOLIECECS BIOJIb OJHOW U3 OCEU
MOHOKpHUCTaJIIa. B TakoM KOMIBIOTEPE MOKHO OPraHU30BaTh COTJIACOBAH-
HYI0 paboTy OueHb OOJIBIIOTO YHCiIa KyOuToB. B citydae ¢ rumpokcuanartu-
TOM CYIIECTBEHHO TO, YTO MOHOKPHCTAILI MPEACTABISIET COOOM Mmapasuienb-
HBIE€ TUIOCKOCTH, COCTOSIIINE U3 IPOTOHOB, U KANCOAsl MaKas ni0CKOCHb MO-
KET UTpaTh posib KyouTa. Takum 00pa3zoM, KyOUTOM SIBISICTCS HE OTACIbHBIN
CIIMH, a OOJIBIIIOE YHUCIIO SIACPHBIX CIUHOB, JIEXKAIIUX B OJHOM IIOCKOCTH,
Y MaHUNYJIUPOBATh UMHU CTAHOBUTCSI rOpa3zio Jierye, MOCKOJIbKY pedb HACT
0 MaKpOCKOIMYECKUX BEJINYMNHAX.

Ocoboe BHMMaHUE K 3TOMY MOHOKPHUCTAJUTy CBSI3aHO C T€M, YTO B TO-
JIOBHOM MO3T€ 4eJIOBEKa €CTh HEOOJIBIION OpraH — 3nugu3z, uiu WUUuKo8Uo-
Hoe meno. Hluwrxosuonoe meno (COrpus pineale) mpeacrapiser coboi KOHY-
COBUAHOE 00pa30BaHME JUIMHOW 6 MM W JUAMETPOM 4 MM, IPUCOSTUHEHHOE
K KpBIIIIE TPEThEro JKeNyaouka yromieHHbiM noBoakoM (habenula). Dty
KeJe3y TakKe Ha3bIBAIOT SNUPUIOM.

BHYTpeHHOCTH MIMUITKOBUIHOTO T€JIa COCTOUT U3 3aMKHYTHIX (POJUTUKYI,
OKPY>KEHHBIX BPACTaHUSIMH COCIUHHUTENbHOW TKaHU. DOJUIMKYIBI 3al0JIHE-
HBI AMIUTENUAIbHBIMU KJIETKAMU, CMEIIAHHBIMU C U3BECTKOBBIM BEILIECTBOM —
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moszoevim neckom (acervulus cerebri). M3BecTKOBBIC OTIOKEHHS Takke 00-
HapY>KABAIOTCS B TTOBOAKE AMU(H3a U BIOIh COCYAUCTBIX CIUICTCHUH.

DyuKyus WUKOBUOHO20 mela Heussecmua. JlekapT mojaraj, 4To dIu-
bu3s sBseTcs «cedanuwem oyxa». O0paTuTe BHUMaHUE Ha TO, YTO B IIUIII-
KOBHJIHOH JKeJlle3€ COACPKUTCS METbYANIIINNA «1ecoK», O POIIU KOTOPOTO CO-
BPEMEHHOH HayKe HEM3BECTHO MPAKTUYECKH HUYETO.

WccnegoBanus mokasaiu, 4TO ATOTO «HecKa» Hem 'y NeTed MPUMEPHO J10
7 ner, u y noaeu cinaboyMHBIX, U BOOOIIE y BCEX T€X, KTO CTpajaeT TeMU
WIN UHBIMU PacCCTPONCTBAMHU YMCTBEHHON OpraHU3AIIMH.

Camoe HMHTEpEeCHOE OKa3bIBaCTCS TO, YTO OSTOT «HECOK» COACPKUT
B CBOEM COCTaBe cudpokcuanamum kanivyus. VIMeHHO 0 HeM IIa pedb Kak
00 OJJHOM M3 CaMBbIX MOJXOSIINX «KAHIUIATOBY» Ha POib (U3UUECKON OCHO-
BBl KBAaHTOBOTO KoMmIbioTepa. llopasurenbHOE COBMaICHUE, W, BEPOSTHO,
HE CIIy4alHoe.

Bo3nukia rumoresa, 4TO MO3T YEIOBEKa COJMCPKUT KBAHTOBBIH KOMITh-
oTep. B pamMkax mpemiiaraeMoil THIOTE3bl MHTEPECHO TMPOAHATH3UPOBATH
€IIe ¥ TaKOH BOIIPOC: a YTO MPOUCXOIUT C YEIIOBEKOM, Y KOTOPOTO y/ajeH
snudui? Takue onepanuy NPOBOIAT MPU HAIMYUK B HEM 3JI0KAYECTBEHHOU
OITYXOJIH.

Bcerpeuarores onmcanus cirydaeB, KOTJla TIoclie yajaeHus anudusa Jto-
JI1 UCTIBITHIBAIOT TaK Ha3bIBaeMoe «Ou-pazmeujeruey. OHU TEMOHCTPUPYIOT
supmyaibHoe «Ou-pazMenieHue, Mpu KOTOPOM CYIIECTBYIOT OJTHOBPEMEHHO
U B npuspaunou peanvHocmu (OMHChIBAEMOE OOJBHBIM), U B Hacmosaujem
(coBmamaroIiee ¢ pealbHOCThIO OKPYKAIOIIUX JIFO/ICH).

3/1ech BUJIUTCSA AHAJOTHUSI CO CIIOMAaHHBIM KBAHTOBBIM KOMITBIOTEPOM,
KOTZla mepsemcsi cnocOOHOCMb BBIIEIUTh W3 CYNEPIIO3UITMOHHOTO COCTOS-
HUS TOAXOAIIYI0 «KKAPTHHKY» 80CHpUsAMuUs, 1 OHU OCTAIOTCS HAJIOKEHHBIMHU

IpyT Ha Apyra.
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HPUJIOKEHMUE 11
OCHOBHBIE 3AKOHbBI 1 ®OPMVJIbI

1. 'eomeTpuYecKasi ONTHKA

I'eomeTpuyeckas onTuka

3aKOH OTpaXeHMs CBETa: oL =7 .

siha C
3aKOH NPEJIOMIICHHS CBETA. ——— = — = Ny;.
sinf v
o . Ny
[IpenenbHBIN yTOI Oy, =arcsin—=.
n
. 1 n, 1 1
Ontrueckasd cujia TOHKOU JIUH3EI D=—=| 2 -1 —+— |.
F Nep Ri R
. 1 1 1
dopMyna TOHKOH HH3bl — —+—=*—=D.
d f F
h f
VYBenuuenue MUH3bl [ = —=—.
H d
do
VYBenuuenue nynsl [ = =
F
VYrioBoe yBennueHue teineckona I = F_
2

Veenuuenue mukpockona I'=dgaD;D,.

R
doxycHoe paccTosiHUe chepudeckoro 3epkaga F = 5

OnTuyeckas cuinia chepudeckoro 3epkana D =—

1 1
®opmyia cepuyeckoro 3epkana — =+ E = dq + % :
ITorok n3nyuenus O = VTV .

)
DHepreTUyecKast CBETUMOCTD (M3Iy4aTeabHOCTh) R = 3
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D
DHepreTuyeckas cuia cgera | = —.

0}
DHepreTuyeckas SpKocTh (JIy4UCTOCTh) B = %
OcBemeHHocte E = d;i)’ wm E= I—COSOL .

ds r2

2. BosiHoBas1 onTHKA.

HNuTtepdepenuus cBera
AMITUTYIa pe3yIbTUPYIOLIET0 KoJieOaHusl, IPU CIOKEHUH JIBYX KOJie-

Gammit, A”= A2+ A2 +2AA, cos(@, — ¢, ).
NHTEHCUBHOCTD PE3YIIBTUPYIOLIEH CBETOBOM BOJIHBI
J=J1+3,+2,/313, cos(p, — ¢y ).
2./1,1,

| — |
Bumnocty V =-M&X___MN = pay V=

I max + Imin I, + 1,
OnTuyeckas niuuHa mytd L =nS.
Omnrtryeckas pasHocts xona A= L, — L.

VYcnoBue nHTEpEpEeHIMOHHBIX MAKCUMYMOB A =+mMig (M=0,1, 2,..).

YcnoBre UHTEpPEPEHIIMOHHBIX MEHUMYMOB A = +(2m +1)%0 :
KOOpI[HHaTLI MaKCI/IMYMOB HMHTCHCHUBHOCTH
Xmax = iméxo (m=0,12,...).
KOOpI[HHaTLI MHHHMYMOB HHTCHCHUBHOCTHA
X = +(m +%)éx0 M=0,12,..).

I
KoT —

. A
Kputnuecknii Makcumym M =7
2AN
Onrtuueckas pa3HOCTh X0/, TPU UHTEPPEPEHIIMHU B TOHKUX TIJICHKAX,

A:ZnhcosBix—;:Zh\/nZ—sinzaik—zo.

Onrtuueckas pa3HOCTh X0/1a, TpU UHTEphEPEHIIUH Ha KITUHE,

A=2b./n2 —sin2(a J_rk—zo.

Bpewms korepeHTHOCTH T
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1
Pamuyc m-ro csemnioro konbsua Herotona Iy, = (m —EJXOR :

Pangnyc m-ro remHoro kosibnia Hetotona Iy =+ mMRAg.
JAudpakuusa ceera

YcaoBue mupaKkImOHHBIX MAKCUMYMOB OT OJTHOM TIEITH —

. A

asin e =+£(2m +1)E (m=123,..).
YcaoBue mudpakImOHHBIX MUHUMYMOB OT OJTHOM TIEITH —
i A
asing = imE (m=12,3,..).

HNHTeHCUBHOCTH cBeTa NMpU JU(PaKIy Ha OJHOM e —

sinz(nbSin (p]
A

2
(nbsm (pj
A

VYcaosue makcumyMa qupakiIMOHHON PEeIIeTKH —
dsing=+mA (m=+1,+2,+3,...).

l,=1o

Ycnorre MUHUMyMa TU(GPaKIIMOHHON pereTkr — bSin @ = +ma.

B3aumoaeiicTBue cBeTa ¢ BelleCTBOM

3aBUCHUMOCTh yTjia OTKJIOHEHHUS JIy4ell MPU3MOM @ OT MPEIOMIISIOIIETO
yriia A Ipyu3Mbl ¥ IOKa3aTeNs IPEJIOMIICHUS B P = A(n - 1).

Hucnepcus BemectBa D = d—n wm D= d—n
di dv

Hoasspuzauus cBera

Crenenb nomsipuzanun P = = I
+

min
max min

3akoH Maimoca: J = % Jocos®a.

Onrudueckas pasHocTh xoja B adhdexre Keppa Al (no +Ne ) =koIE2,
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YToJ1 BpaleHust IUIOCKOCTH TOJISPU3alu B KpucTauiax ¢ =od .
VYron BpalieHus MIOCKOCTH MOJIIPU3AIK B paCTBOpax @ = [a]Cd :

3. KBanToBasi MexaHuka. ATOMHas U siiepHast pu3nka.
DuU3MKA 3JIeMEHTAPHbBIX YaCTHI

KBanToBasi npupojaa usjiydeHus

o0
OHepreTuyecKkas CBETUMOCTh Tena R = Ir\, Tdv.
0

dao),
do,

[lornomarenpHas CIIOCOOHOCTH TeJIa Oy 1=

r
VYuusepcanbHas pynkuus Kupxroda: YT _§ (V,T )
oy, T

3akon Creana — Bombumana: R=coT4,
= 4
OHepreTUdecKas CBeTUMOCTb Ceporo tena Ry, = o, 70T 7.

b
3akoH cMmelenus Buna: % =CONSt, Wi Ay = T
®opwmyna [lmanka:
, 2mv2 hv . 2mthc? 1
V,T = 2 ' )\.,T = 5 '
¢ exp hv -1 A exp he. -1
kT KTA

KBaHTOBbBIE sIBJICHUSI B OITHKE
. . _ mu?2
VYpaBHeHue DiiHiTeliHa 11t BHEMHero ¢potosddexra: hy = 5 + A.

Oueprus poTtoHa E =hv = h(%)

«KpacHast rpannna» porosddekra Vi, =%; Ay =—.

Tok Hacenuenus |,,. =en.

Macca porona my, = 2—;} = % :
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NmMnynse potoHa P =7k p:E:mzzih.
c ¢ A
- 2n ‘=

. 2t o 2nv 2w
BomHOBBIE BEKTOp 1 UHCIO K = ™ P u — == =,

A v v T
Cas3b MEKTy SHEPTHEH U MMITyJIbcoM (oToHa: E =c,/ p2 + mac2 .

W3MmeHeHne 1nHBI BonHBI B 3ddexte Komnrona Al =LA =2kysin? g :

h
KoMnToHOBCKast yIMHA BOJIHBL A, = —.
mcC
KopoTkoBosHOBast rpaHuila pEHTTEHOBCKOTO CIIEKTpa
Cc ch
Amin = ——= U’
Vmax e
_ 5 1 1
3akoH Mo3zmu: V=R(Z -0)¢| ———|.
k2 n2
. hv
Hmnynse, nepeaanHblid GOTOHOM P HOTIOIWEHUH, Pyory = —— -
. 2hv
Nmnynbe, nepenanHblii POTOHOM MPU OTPAKEHUU, Porp=——"
C
DHepreTuyeckas OCBEIIEHHOCTh MoBepxHOCTH E, = Nhv.
E.
Jasnenust ceeta P =—=(1+K).
C
BosiHoBBIE CBOIICTBA MUKPOYACTHII BelIeCTBA
. h h
JlnnHa BoJHBI e bpoitng A =—=—.
P mv
. o c?
da30Bast CKOPOCTb BOJH J1€ POt Vy,, =—=—.
kK v
. do
I'pynnoBast ckopocts BOH ae bpoinst U = P =v.
. . h
CBs3b IJIUHBI BOJTHBI C KWHHETUYECKON dHEPTrUen — A = ——.
2mK
o h
JImMHA BOJIHBI, COOTBETCTBYIOIIASI AaTOMY MACCOM M, A = W
m

JJIeMeHThl KBAHTOBOM MeXaHUKH
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CootHomeHue HeonpeeneHHocTel [ elizendepra: AXAp >h, AEAt>h,

[ITIOTHOCTH BEPOATHOCTH ?j—\\//\/ = “P(X, Y, Z,t)(2 .

2
BeposiTHOCTh HaX0XKIEHHUS YaCTHIIBI B 371eMeHTe oobema W = I “P‘ dv.

\
+00

o 2
Y ci10BuE HOPMHUPOBKH BEPOSTHOCTEN — j “P‘ dv =1.

—00

o0
CpenHee pacCTOSHHUE 3IEKTPOHA OT siapa < I >= Ir\‘P\ZdV :
—00
. h? . 02¥
Oo6mee ypasuenue lllpenunrepa: — 2—A‘P +U(X,y,z,t)¥ = Ihﬁ :
m
VYpasuenue llpenunrepa qis crallmOHApHBIX COCTOSIHUM —

v2\1f+§_l—r;(E—U)‘{f=o wim HW=EW.

AN
Omnepatop 3Hepruu (raMmuwibToHuaH) H = —LVZ +U.

2m

I[BI/DKCHI/IC qJacTuuabl B OIIHOMepHOﬁ HOTCHI[I/IaJIbHOﬁ AMe

. oY 2m
VYpaBuenue lllpenunrepa ast CBOOOIHON YaCTHIIH: ) + 72 EY =0.
2,2
. hk
DHeprusi cBOOOHOM yacTubl E = ——.
2m
p2
CBs13b DHEPTHH ¢ UMITYJIbcOM — E = o
m

2 2
III0THOCTB BEPOSTHOCTH OOHapysKeHns yacThubl [W|” = W' =|A”.
o, X<0;

[MoTeHnmanpHas SHEPTUs VIS IPIMOYTONbHOM simbl - E, =40, 0 < x <1,

o, X >1.
Ypasuenue llpenunrepa 1 4aCTULlbI B sIME:
2 2
6—‘§+2—TE‘I’:0 WK 6—§I+k2‘1’:0.
OX /] OX

Oomiee pemenne ypaaenus Llpenuarepa — W(X) = Asinkx.
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n2n2h2

! (n=123,..)

OHeprus yacTuupl B sime E, =

2 . Nnn
CoOcTBeHHbIe (PyHKIMU YacTHLBI B siMe — P, (X) = \/I: sin T X.

DHepreTUYecKuil THTEPBAI MEKIY IBYMsI COCEAHUMU YPOBHSIMU

242
néh
= — — 2
AP2  m2p2
MuHnumanbHas SHEprus 4acTulpl B aMe  Eqjp =——= )
2m  ml2

VYpasuenue Lllpenunrepa 1yt KBAaHTOBOTO OCHMILIATOPA!
d2y L 2m (E— m032x2)\P 0
dx2 72 2 '

1
OHeprus KBaHTOBOTO ocuuiuitopa E, = n +§ ho .

1
MuHumanbHas (HyJeBas) SHEprusi KBaHTOBOTO ocLuuiiTopa Eg = 5 ho.

[IpaBusno or6opa: An==1.
Koadduiment npo3padyHoCTH MPSIMOYTOJILHOTO OTEHIMATIBHOTO Oaphepa

D-D, eXp(zlq/zm;(_lu - E)]_

1
exp( EL; y j -1

Pacmipenenenne @epmu — Jupaxa: <N >= E_u :
exp( ' j +1
KT

Pacnipenenenue boze — OiiHmreliHa: < Nj >=

AE
VYposens depMu B COOCTBEHHOM MOJIYIIPOBOAHUKE Ep = BN

Y,Z[GJ'IBHaH IMPOBOAUMOCTD COOCTBEHHBIX IMOJYIIPOBOJHHUKOB

v=To 2kt )’

INpaBuno Crokca Juist TFOMMHECLIEHTHOTO n3nmydenus: hv=hv . +AE.

Mopaesn aTtomoB. ATOM Boaopoaa no reopuu bopa
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O600menHas hopmyna bansmepa — v = R(kiz —izj VI
n
1 (1 1
X: R (k—z—n—z) (k :1, 2, 3, m= k+1, k+2, k+3,)

[TepBsiii moctynat bopa (paBmiio KBaHTOBaHUS OPOUT):
meur =na, (n=12,3,...).
Bropoii nocrynat bopa (npaBuio gactor): hv=E, —E;.

VYpasuenue lllpenunrepa s 31€KTpOHA B aTOME BOJAOPOAA!
2
A‘P+27m(E + € j‘P =0.

4T(£Or
2.2
4 ohn
Paaunycsl cTainoHapHbIX OpOUT I, = 0—2 (n=123,..).
komeZe
DHeprus 3JEKTPOHA B BOJIOPOIOTIOOOHOM aToOMe
2,4
1 mZ“e
En = ——2% (n =1, 2, 3, )
n“ 8h €0
met (1 1
Dueprus ucrnyckaemoro ksauta =g, -Ep=—°"—| ———1|.
8h2e§\n2 m2
mee?
OHeprus HOHM3ALMK aToma Bojopona Ej=-E;=— 8h2eZ
€
0

BoaopoaonogodHbie cucTeMbl B KBAHTOBOWH MEXaHHUKE

BonHoBas hyHKIWMs MoI0KeHHs ek TpoHa B atome: W (r) = — e .
Tl
1
[ToTeHmanbHast SHEPTUsl B3aUMOJICHCTBUS JIEKTPOHA C SIIPOM
Ze?
E (r)=-kg -

VYpasuenue lllpenunrepa qis 371€KTpoHA B aTOME:!

2m
A\P-Fh—z(E—U)\P:O

2
MarnutHslit MOMEHT aToMa Py, = Ze L= ;h JI(+D) =pgyl(1+1).
Me Me

Marueron bopa  pg = Ze—h =9,27-10-24 - T L.
m

e
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KBanroBanue opoutamsHoro Momenta ummyiasca L =7./1(1 +1).
CBs3b M€Ky MAarHUTHBIM MOMEHTOM M OpPOUTAIBHBIM MOMCHTOM HM-

. B © € r
nyjiabca 9JaekTpona: Py, =—-yLo =——Ls.
2m,
e
OpOuTabHOE TMPOMAarHUTHOE OTHOIIEHHE Y =——.
2m;
KBanroBanue crimHa snektpoHa Lg =7,/S(S+1) .
h
YuclieHHOEe 3HaYEHUE CIIMHA JJIEKTPOHA  Lg = iE.
msz €
CnmHOBOE TUPOMATrHUTHOE OTHOLICHUE Yq = L T
m
SZ (5

[Mpwamun [Taymu: Z (n, I, m, my) =0 wmm 1.

®du3nkKa aTOMHOI0 AAPpa ! JICEMCHTAPHbLIX YaCTHUII

Pammnyc sipa R = RyAY3.
MaccoBoe uncio A=Z + N.
Cnun sapa Ly, =A1(1+1).

CBs13b MEXAYy MarHuTHBIM MOMCHTOM s Apa U CIIMHOM. Pm an = YHII LSII['
g ) _en
JACPHBIM MAarHCTOH “5{;[ = W .
p

. . 2
KBaapynoibHbIi 3JeKTpUYeCKuii MOMEHT siipa Q = c Z.(b2-a?).

W,

Hedexr maceel siapa - Am=2Zmy, + (A-Z)m, —m, =—<B

=
C
DHeprusi CBSI3M HyKJIOHOB B SAPE

W,, =Amc? =[Zm, + (A-Z)m, - M ]-c.

CB

VY nenpHast DHEPrUs CBA3M sApa g, =

A

3akoH panuoakTHBHOTO pacnana: N = Nge AT .
In 2

Ilepnop monypacniana Ty = a

1
Cpennee Bpems )KH3HU PAIMOAKTUBHOTO siipa  T= —.
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dN

AKTHUBHOCTb HYKJIW/]IA A= " =AN.

IpaBmiio cmerenus 1 o -pacmaga:  SX —>8-4Y +45He.
IpaBuiio cMemenust st B~ -pacnaga: 2 X—, AY+ Je.
IpaBuio cmernenus 11 B*-pacmaga:  2X— AY +%e.
CumBonM4eckasi 3amuch Js simepHoil peakmuu: X +a—Y +b, wim
X (a,b)Y .
dN
nNdx

DddexkTrBHOE ceueHne TOTIOMEHUS SIICPHON PEaKIINN G =

®opmyna Bannzekkepa —

AU

KoHncranTa BSaHMO,Z[CP'ICTBHH MCXKOAY 3JICMCHTAPHBIMHU YaCTUIaAMHU
o= E
mqC2

Z2 A )V
ECB:OLJ_A—OtzAZ/s—(X——OQl E_Z A+OL5A_3/4.

Tpu ypoBHSI MUKpOMHUpA:

monexynspuo-amomnwii. E =1-10 5B, Ar ~107° —107'° m;
aoepnwiti: E =10°—10° 5B, Ar =107 -10""° um;
anemenmapuvie yacmuywvi: E >10% 5B, Ar <107
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IMPUJIOXEHME I11
CITPABOYHBIE TAHHBIE

q)yHIlaMeHTaJIbHLIe (])n3nqec1me NNOCTOSAHHBIC

FpaBI/ITaI_[I/IOHHaSI IIOCTOsSAHHAaA

G =6,6720-10"** H-m%/kr?

CkopocTb cBeTa B BaKyyMme

¢ =2,99792458.10% m/c

MarxauTHas OCTOSTHHAS

1o = 12,5663706144-10"" I'u/m

DJeKTpUUecKasi MOCTOSIHHAS

g0 = 8,85418782-102 d/m

ITocrossaHas Iimanka

h =6,626176-10"* ITx-c

Macca nokos QJICKTPOHA

m, = 9,109534-1073! kr

Macca nokost IpoToHa

m, = 1,6726485.10% kr

Macca nmokost HeMTpoHa

m, = 1,6749543-10% kr

OTHOIIIEHHE MacCChI IIPpOTOHA K MAaCCEC 3JICKTPOHA

my,lme = 1836,15152

DJIeMEHTApHBIN 3aps

e =1,6021892.10"° Kn

OTHo1IeHUE 3apsia MEKTPOHA K er0 Macce
(YAenbHBIH 3apsn)

e /me = 1,7588047-10" Kn/kr

AToMHAs eqUHHIA MACCHI

1 a.e.m. = 1,6605655-107 kr

ITocrosinHass ABoraapo

Na = 6,022045.10% monp

IToctosstaHas bonpiimana

k = 1,380662-10 % /K

[Tocrosinnas Credana — boiabimana

6=5,67108Br/m?- K

IlocrosiaHas Buna

b=29 -10%m K

[TocTostnnas PunGepra

R’ =10 967 758 M}

[TocTostnnas PunGepra

R=3,29-10"¢*

KomnroHOBCKAs JJIMHAa BOJIHBI 3JICKTPOHA

A, =2,4263089-10 %

Marueron bopa

u, =9,274078-10" Ix/Tn

S nepHbIii MarHeToH

H,y =5,050824-107

I'peyeckuit ajnpasur

A o —anbda Hmn—ora Nv-—H0 T 7 —Tray

B 3 — Oeta ® 0 — 1912 = & —ken Y v — uncuiion
Iy — ramma [1—1iora O 0 — oMuKpoH ®o—odu

A & — nenvra K ¢ — karmmmma II7—nou Xy —xu

E € — SIICUJIOH AA— naM6)1a P pP—po ¥ VY — IICH

Z {— n3era M p — mr0 X 0 —curma Q o — omera
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BHecucremHubie (10030700001 I/I3MepeHI/Iﬁ
1 UX MEPEBOJ B € IMHUIBI (01

Exnnnna Oo0o3Hauenue IHepeBon B ennuunbl CU
MUKPOH MKM 1-10°m
AHTCTPEM A 1-10%wm
CBETOBOU I'0J CB.TOJ 9,46 - 10%° M
napcek K 3,09 - 10'°m
JIUTP 1 1-10°%w
aTOMHAas CAUHMIIA MACChI a.c.M. 1,66 - 10" kr
TOHHA T 1000 kr
MUHYTa MUH 60 c
yac q 3600 ¢
CYTKH CyT 86400 ¢
CeKyH/Ia " 485 - 10°° pan
MUHYTa ' 2,9 - 107 pan
rpamayc ° 0,017 pan
oboport 00 6,28 pan
MOJIHBIM TEIECHBIN Yroi — 12,57 cp
000pOT B CEKYHIY 00/c 1c¢t
000pOT B MUHYTY 00/MUH 0,0167 ¢
KUJIOMETP B Hac KM/4 0,278 m/c
000pOT B CEKYyHIY 00/c 6,28 pan/c
000pOT B MUHYTY 00/MUH 0,105 pan/c
MIIIUMETpP PTYTHOTO CTOJI0A MM. PT. CT. 133 I1a
Oap Oap 1-10°Ma
KWJIOBATT-4ac KBT - 4 3,6 10° Jox
AIEKTPOHBOJIBT °B 1,6 - 107%° Jx
amIiep-yac A4 3,6 103 Kn
KaJopus Kaj 4,19 - 10° Ik
pEHTIeH P 2,58 - 1072 Kur/kr
pan pan 0,01 IHx/xr
KIopu Ku 3,7-10%¢?
pacmnaj B CEKyHIY pacrt./c 1¢t
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JlnamMeTpbl aTOMOB H MoJIeKyJ d, HM

Tenuii 0,20

Kucnopon

0,30

Bonopon 0,23

A3soT

0,30

MHOKUTEJIHN U NPUCTABKHU 1JIA 06p330BaHI/IH
ACCATHYHBIX KPAaTHBIX U JOJbHBIX €AHHUIL U UX HAMMEHOBaHMM

MHoxKHUTEIB IIpucraska O0o3Hauenune

1 000 000 000 000 = 10 Tepa T
1 000 000 000 = 10° rura r
1 000 000 = 10° Mara M
1000 = 10° KWJIO K
100 = 102 FeKTO r
10 = 10* JIeKa na
01=10" neuu i
0,01 = 107 CaHTHU

0,001 = 107 MUJIIA M
0,000001 = 10°° MHKPO MK
0,000000001 = 10°° HAHO H
0,000000000001 = 10 *2 ITHKO I
0,000000000000001 = 10 * demro i)
0,000000000000000001 = 102 aTTo a
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OcHoBHBIE XaAPAKTEPUCTUKHU IJIEMECHTAPHBIX YaCTHUII

HaunmenoBanmue Oo6o3naueHnne Macca 3ap_;1 A, | Conn, Bpewms
MOKOs, Mg e h JKH3HH, C
DoToH Y 0 0 1 CrabwieH
JlennToOHBI
DJIEKTPOHHOE HEUTPUHO Ve <4-10" 0 1/2 CrabwieH
9HeKTp9 HHoe Ve <4-10" 0 1/2 Crabunen
AHTHHEHUTPUHO
M100HHO€ HEUTPUHO Vi <8 0 1/2 Crabuiex
MIOOHH(U)C Vu <8 0 1/2 CrabuiieH
AHTH-HEUTPHHO
DJIEKTPOH e 1 -1 1/2 CrabuseH
[To3utpon e 1 +1 1/2 Crabuien
OTpHaTenbHBIA MIOOH M 206,77 -1 1/2 2,21-10°
ITonoXuATENBHBIA MIOOH p+ 206,77 +1 1/2 221-10°
Me3oHbI
TTu-muiioc n 273,18 +1 0 2,55 -10°°
Tu-MuHyC T 273,18 —1 0 2,55 -10°
Tu-Hynb m 264,2 0 0 2,3-107"°
Ka-runioc K 966,6 +1 0 1,22-10°
Ka-Munyc K 966,6 —1 0 1,22 -10°
Ka-nynn K° 974,2 0 0 K) ~ 101
AHTH-Ka-HYJIb K° 974,2 0 0 K;~6 10°
BapuoHbI HYKJIOHBI
[Iporon p 1836,12 -1 1/2 CrabuiieH
AHTHUIIPOTOH p 1836,12 +1 1/2 Crabuien
Heiitpon n 1838,65 0 1/2 1,01 - 10°
AHTHHEHTPOH n 1838,65 0 1/2 1,01 - 10°
BapuoHbI rUNEPOHBI
JlamGa-HyIb A° 2182,8 0 172 | 251-10"
AHTI/I'J'IaM6I[a'Hy.HB KO 2182,8 0 1/2 2,51 : 10710
Curma-mumoc T 23217,7 +1 1/2 |081-10-"
AHTH-CUTMa-TTIOC v 23217,7 -1 1/2 0,81-107"
CI/IFMa'MI/IHyc P 2342,6 -1 1/2 1,6 10710
AHTI/I-CI/IFMa-MI/IHyc i_ 2342,6 +1 1/2 1,6 . 10710
Curma-Hy7Ib >’ 23334 0 12 | <10-10"
AHTH-CUIMa-HYJTh 50 2333,4 0 12 | <10-10*
Keu-mumyc o= 2584,7 -1 1/2 1,7-10%
AHTH-KCH-MUHYC =" 2584,7 +1 12 | 1,7-10%
Kcu-Hymsb =’ 2572 0 172 | 35-10"
AHTH-KCH-HYJIb EO 2572 0 1/2 35-10%
Owmera-MuHYC Q 3278 -1 1/2 ~0,7-107%
AHTH-OMera-MHHYC Q 3278 +1 | 32 |~07-107"°
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YyebHoe n3gaxue

KY3HELIOB Cepren ViBaHoBWY
NUOEP Axppein Mapkosuy

OUSUKA
Yacto lli
Ontuka. KBaHTOBas npupoaa U3nyyeHus.
OcHoBbI aTOMHON (HU3MKKU M KBAHTOBON MEXaHUKMU.
®dusnkKa aTOMHOro Aapa v ANeMeHTapHbIX YacTul,

YuebHoe nocobue

HayuHbli pegakTop
[OKTOP Neaarormyeckux Hayk, npodeccop
B.B. JlapuoHos

Penaktop H.T. CuHenbHUKO8a
Bepctka J1.A. E2oposa

OTtnevaraHo B U3patenbcTtBe TMY B noNHOM COOTBETCTBUM
C Ka4eCcTBOM NpeaoCTaBNEHHOro OpuruHan-makeTa

MognucaHo k nevatut 09.01.2013 r. dopmat 60x84/16.
Bymara «CHerypoukay. Meyatb Xerox.
Yen. neyv. n. 12,32, Yu.-u3g. n. 11,16.
3aka3z 3582. Tupax 600 oK.

HaLuunoHanbHbI nCccnefoBaTeNbCKuiA

ToMCKWiA NONUTEXHNYECKUIA YHUBEPCUTET

» 4 Cnctema MeHeaXMeHTa KayecTBa

TOMCKOTO  MOMUTEXHUYECKOTO YHUBEPCUTETA CEPTUULMPOBaHa
NATIONAL QUALITY ASSURANCE no crangapty I1SO 9001:2000

MSMTEAbCTBWTHY. 634050, r. Tomck, np. JlenuHa, 30.
Ten./cpakc: 8(3822)56-35-35, www.tpu.ru
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