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BBEJAEHUE

Baxneiimas 3amadya kypca Qu3uku — (GOpMHpPOBAHUE Y CTYJIEHTOB
IpeACTaBIeHUM O COBpeMEHHOU (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-
KYJIbI XOTSI U MaJibl, HO IPUHAJJIEKAT K YHUCITY HauboJiee KPYIHBIX M0 pa3me-
py IpENCTaBUTENEHd MUKPOMHUPA, OOBEKTBI KOTOPOTO MMEKOT XapaKTEpHbIE
pa3sMepbl — MEHBIIIE 107 m.

Crnenyroiue, 06omee MeJIKUE Mo pazMepaM, 0OObEKThl MUKPOMHpPA — CO-
CTaBHBIC YaCTU aTOMOB: AJIEKTPOHBI M aTOMHBIE S7pa. DIEKTPOHBI U HYKJIO-
HBI (IPOTOHBI U HEUTPOHBI, BXOJSIIUE B COCTAB SApa) CUUTAIOTCS MO TPaIu-
IIUU AJIEMEHTapHBIMU YacTUIlamMu. [IpudeM 3JIeKTpOHBI OTHOCITCS 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
MPUTATHBATLCA APYT K APYTY B SApeE, MOYEMY OTPHIATCIBHBIA AJIEKTPOH
HE NaJaeT Ha MOJIOKHUTENIbHOE sapo? [loueMy snpa aToMOB, cocTosIUE W3
IPOTOHOB (IIEPUOJI TOJIypacnaga KOTOPhIX ~ 10% JIET) U HEUTPOHOB (MIEPUOL
noJiypacmaia KOTopbIX Bcero ~ 11 MUHYT), OCTatOTCsl CTAOUIILHBIMU Ha TIPO-
TSDKEHUH, MO0 KpaiHed mepe s 3emiu, ~ 4,5 mupn ner? Kakue cunbHbie
U cnadble B3aUMOJIEUCTBHUS OCYLIECTBISIOTCS MEXAY 3JI€MEHTapHBIMU Yac-
turiaMu? Kak cBsI3aTh MX C TPaBUTAIMOHHBIM B3aMMOICHCTBUEM, TTPUCYIITAM
BCEM TellaM M YacTuiam? OTH W JIpyrue BOMNPOCHI MBI OyJeM 00Cy»KIaTh
B JaHHOM pasjiene odiero kypca ¢pusuku. OT peuieHus: 3TUX BOIPOCOB BO
MHOTOM 3aBUCHUT YCKOPEHUE PA3BUTHUS HAYKH U TEXHUKH.

Jist yno6¢cTBa paboThI ¢ IAaHHBIM MMOCOOMEM B MPUIIOKEHUH TTPUBEICHBI
dbyHIaMeHTalIbHbIE PU3NYECKUE KOHCTAHTHI, TAOIUIIBI (PU3NYECKUX BEITHYUH
Y HEKOTOPBIE CIIPAaBOYHBIE JJAHHBIE.

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 HacTosero Kypca (3K peain30BaHO €ro MyJIbTUMEANITHOE CO-
IPOBOXICHUE U CO3[IaH JIEKTPOHHBIM y4eOHUK, pa3MEIlEHHbIN B 3JIEKTPOH-
HoM uutaimbHOoM 3ane HTB TIIY, B cpeae AMCTaHIIMOHHOTO OOYy4EHHs
«MOODLE» http://mdl.lcg.tpu.ru u B koprmopatussoi cetu TITY WEB CT
http://e-le.lcg.tpu.ru. HaubGomnee moiaHo marepuan Kypca M3JIOKEH Ha caiTe
npemnoxasatens http://portal.tpu.ru/SHARED/s/SMIT.

ABTOpBI ¢ 6JIar0IApPHOCTHIO MPUMYT BCE 3aMEUAHUS U MOKETAHUS YUTa-
TEJIeH, CIIOCOOCTBYIONIHE YIYUIICHUIO Kypca, o aapecy Smit@tpu.ru.
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1. OIITUKA

1.1. 'eomeTpuyeckast ONTHKA.
Kopnycky/asipHo-BOJIHOBasI TEOpHS CBeTa

1.1.1. OnTuka u ee BUALI

Onmuka (ot Tped. Optike — Hayka O 3pUTEIBHBIX BOCIPUATHAX) — Pa3-
oen usuku, 6 KOMOpPoOM uU3y4aromcsa onmuyecKkoe usnyueHue (CBET), e2o
pacnpocmpanenue u A61eHUA, Hadaoaemble npu 63auUMo0eiicCmeuu cee-
ma u eeujecmea.

OnTrueckoe M3IyyeHUe MPEACTaBIsSIET COOOM ANEKTPOMArHuTHBIE BOJI-
HBI, ¥ IOATOMY OITHUKA — YaCTh OOIIEro yueHus: 00 3JIEKTPOMArHUTHOM TOJIE.

OnTuyeckuid Avana3zoH JIMH BOJH A OrPAaHUYEH, C OJHOW CTOPOHBHI,
PEHTI€HOBCKMMU JIy4aMH, a ¢ APYrOod — MHKPOBOJHOBBIM JIMANla30HOM pa-
JTUOU3ITYYEHUS.

OnmuKy npunamo noopaszoenamov HaA 2e0MEMPUUECKYIO, PUUUECKYIO
u Qusuonozuueckyio.

I'eomempuueckaa onmuka, He pacCMaTpHUBasi BOIIPOC O IIPUPOJE CBETA,
UCXOJIUT U3 AMIUPHUUECKUX 3aKOHOB €ro paclpOCTPAHEHUS U HCHOJb3YEeT
MIPE/ICTABICHUE O CBETOBBIX JIy4aX, OTPAXKAIOLIUXCS U MPETOMIIIOIIMNXCSA Ha
IPAHULIAX CpEJ C Pa3HbIMH ONTUYECKHUMHU CBOWCTBAMHU U MPSAMOJIUHEHHBIX
B ONTHUYECKU OJHOPOIHOU CpeJie.

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

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

[Ipocrelimme OoNTUYECKUE SIBJICHUS, HAIPUMEP BO3HWKHOBECHHE TEHEU
Y TIOJIy4eHHE U300paKeHU B ONTUYECKUX NpUOOpax, MOTyT OBITh MOHSATHI
B paMKax r€OMETPUYECKOM ONTUKU. [[1s1 moHMMaHusi 0oJiee CIOXKHBIX SIBIIE-
HUW HYyXHa @usuyeckas onmuxa. Ouznyeckas ONTHKA MO3BOJSET yCTAHO-
BUTH I'PAaHULIBI IPUMEHUMOCTH 3aKOHOB I'€OMETPHUYECKOM OoNTHUKHU. be3 3Ha-
HUS 9TUX IpaHull (popMalibHOE IPUMEHEHUE 3aKOHOB F€OMETPUUECKON ONTH-
KM MOYKET IPUBECTH K PE3YJIbTATAM, IPOTHBOPEYALUM OIIBITY.

QDu3uonozuueckaa onmuka N3y4aeT CTpoeHHE W (YHKIMOHHPOBAHUE
BCEro amnmapara 3peHust — OT IJ1a3a 0 KOpbl MO3Ta; pa3padaThIBA€TCsl TEOPUS
3pEHUs, BOCIIPUSITUS CBETA U 1IBETA.

Pe3ynbTaThl (PU3MONOTMYECKON ONTHUKH HCIHOJB3YIOTCS B MEIUIMHE,
(Gu3HONI0rNY, TEXHUKE MPU pa3paboTKe pa3HOOOpPa3HBIX YCTPOIMCTB — OT OC-
BETUTEJIbHBIX TPUOOPOB M OYKOB JI0 [IBETHOT'O KMHO U TEJIEBUICHUS.
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1.1.2. 'eomeTpuyeckasi ONTHKA

OcHOBHBIEC 3aKOHBI TEOMETPUUYCCKON ONTHUKHU M3BECTHHI €lIE C JPEBHUX
BpeMeH. [lmaton (430 r. 70 H.3.) YCTAaHOBUJI 3aKOH MPSMOJUHEHHOrO pac-
npocTpaHeHus: cBeta. B Tpakrarax EBkiuga gopmynupyercs 3aKOH MpSIMO-
JUHEWHOTO PacIpOCTPAHEHUS CBETA 1 3aKOH PaBEHCTBA YIJIOB MaJCHUS U OT-
paxxenusi. Apucrorens u [Itomemeit n3ydanu npenomiienne ceera. Ho Tou-
HBIX (POPMYITHPOBOK 3TUX 3AKOHO8 2€0MEMPUYECKOll ONMUKU TPEUCCKUM
¢unocodam HaliTH HE yAATOCH.

T'eomempuueckasa onmuka SBISICTCS TPEACIbHBIM CITy4aeM BOJHOBOMU
ONTHUKU, KOTJIa OSITUHA CEEM OGO 80JIHbL CIMPEMUMCA K HYJIIO.

B ocHOBY (popManmbHOTO MOCTPOCHUS TE€OMETPUYECKOW OMTHKH ITOJI0-
KEHO TOHSTHE C8EHI06020 JIy4d U Uemblpe 3aKOHA, YCTAHOBJICHHBIX OIBIT-
HBIM ITyTEM:

® 3aKOH MPSAMOJIMHEMHOTO PaCIPOCTPAHEHUS CBETA;

® 3aKOH HE3aBUCUMOCTHU CBETOBBIX JIyU€Hl;

® 3aKOH OTpa)XXEHUS,

® 3aKOH MPEJIOMJICHUS CBETA.

JIns ananvsa 3TUX 3aKOHOB HUJEPJIAHACKUM yueHbl X. [ tolreHc npen-
JIOKWJI NPOCTOM WM HATJSAIHBIA METOJl, Ha3BaHHBIM BIIOCJIEACTBUU MPUHUU-
nom I'ouizenca.

Kaowcoas mouka, 0o komopoti 0oxooum ceemosoe 8030)ocoenue, A61s-
emcs, 8 C8010 ouepedb, UEHMPOM GMOPUUHBIX 60H, NOBEPXHOCMb, O2U-
barowas 6 HeKOMopwvlll MOMEHM 8pPeMeHU dMU 8MOPUUHbLE BOJIHbL, YKA3bIBA-
em NoN0HCeHUue K dMoMy MOMEHM) (PpoHma O0eucmeumenbHo pacnpocmpa-
HSIOWelCsl BOTIHbL.

OcHOBBIBasICb Ha CBOEM MeETOfE, [ IONTreHC OOBSCHWI HpAMOIUHEl-
HOCMb PACRPOCMPAHEHUSA C8eMA Y BHIBEI 3AKOHbI OMPAXCEHUA N NPENOM-
JleHusn.

3aKOH NPAMOIAUHENH020 PACRPOCMPAHEHUS C6CMA:. CEEM 8 ONMUYECKU
00HOPOOHOU Cpede pacnpoCmpansiemcst NPAMOIUHEUHO.

Jloka3aTenbCTBOM 3TOrO 3aKOHA SIBISIETCS HAJU4YUE TEHH C PE3KUMH
rpaHUAMHA OT HEMPO3PAUYHbIX MPEAMETOB MPU OCBEUIEHUU UX UCTOUHHKAMHU
MaJibIX pa3MepoB.

TuiaTenpHble SKCOIEPUMEHTHI MMOKa3alld, OJJHAKO, YTO 3TOT 3aKOH Hapy-
1IAETCS, €CJIM CBET MPOXOAUT Yepe3 OUE€Hb Majible OTBEPCTHUS, MPUUYEM OT-
KJIOHEHHUE OT MPSAMOJMHEHHOCTH PACIpPOCTPAHCHUSI TeM OOJIbIIE, YeM MEHb-
I1€ OTBEPCTHSI.

Tenb, orOpackiBaeMasi peaMeToM, 00yCIIOBJICHA HPAMOJIUHEUHOCHIbIO
pacnpocmpanenus c6emoevix Jiyyeil B ONTHIECKU OJTHOPOIHBIX CpeIax.



ACTPOHOMUYECKON WILTIOCTPALUE HPAMOJAUHENH020 PACHPOCMpPAHe-
HUsA ceema v, B YaCTHOCTH, 0OPa30BAHMS TEHU U MOIYTEHU MOYKET CIIYKHUTh
3aTEHEHHE OJHUX IUIAaHET APYTHUMH, HanpuMmep 3ammenue JIynot, korna Jlyna
nonajaer B TeHb 3emiu (puc. 1.1.1). BeneactBue B3aumHoro asuskenus Jly-
Hbl U 3eMJIM T€Hb 3€MJIM NEPEMEIIAETCA MO MOBEPXHOCTH JIyHBI, U JIyHHOE
3aTMEHHUE MPOXOAUT Yepe3 HeCKOIbKO YacTHBIX (a3 (puc. 1.1.2).

OpbuTa nyHbl

yHa B MOMEHT
3aTMeHuns

Puc. 1.1.1

Puc. 1.1.2

3akon nezasucumocmu ceemosvix NYyuKog.

® o¢hpexm, npouzsoOUMbBLIL OMOEIbHLIM NYUKOM, HE 3A8UCUM OM MO20,
oeticmayom it 00HOBPEMEHHO OCMAbHbLe NYYKU UTU OHU YCPAHEHDL.

Pa30uBasi CBEeTOBOI MOTOK Ha OT/CJIBbHBIC CBETOBBIC My4YKH (HAIPUMED,
C MOMOIIBI0 auadparm), MOKHO MOKa3aTh, YTO JCHCTBHE BBIJICICHHBIX CBE-
TOBBIX ITYYKOB HE3aBUCHUMO.

3akon ompasicenusn (puc. 1.1.3):

®  OMPAdICEHHBIIU VY JeHCUM 8 OOHOU NIOCKOCMU C NAOAIOWUM JIYYOM
U NepneHOUKYISAPOM, NPOBEOCHHbIM K cpaHuye paszoeid 08yX cped 8 mouke
naoexus;

® )Y20J1 nadeHUsl 0. PABEH Y2y OMPAaNCeHus Y. o = .

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

o J1yu nadaowull, 1yy NPELOMACHHbIL U NePREeHOUKYIAD, NPOBEOCHHDLI
K epanuye pazoena 8 mouke naoeHusl, 1exicam 6 0OHOU NIOCKOCMU,

® OomHOWleHUe CUHYCA Vela NAOeHUsi K CUHYCY Veld NPeioMIeHUs: eCib
BeNUYUHA NOCMOSHHAS 0151 OAHHBIX CPEO.

sina. ¢

sinp v
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II

ITanatomimii
y4

OTpakeHHBbIi
n

n,

B ITpenomieHHbIi

I

Puc. 1.1.4

Heckonbko nHas GopmMynupoBKa 3aKOHA pacpoOCTpaHEHUsI CBeTa Oblia
naHa ¢paHIly3cCKUM MateMaTukoM U ¢usukom [1. depma.

CornacHo npunyuny @epma, céem pacnpocmpaHaemcs Mexicoy 08yMsa moy-
Kamu no nymu, 0Jist BPOXOHCOEHUSL KOMOPO20 HeoOX00UMO HAUMEHbULEE 6PDEMAL.

[Iprammn depma coxpaHua CBOE 3HAYEHWE A0 HAIIMX JHEH U IMOCTY-
KUJI OCHOBOW AJ1 0oO1Ied (popMyIMPOBKHU 3aKOHOB MEXAHUKH (B T.4. TEOPUU
OTHOCHUTEILHOCTH M KBAaHTOBOW MEXaHHKH ).

N3 npuniua Gepma BBITEKAET HECKOIBKO CIEACTBHM.

Oopamumocme ceemoswix ayuei. eciu oopamums ayy |l (puc. 1.1.4),
3acmasue e2o naoamov Ha 2panuyy pazoena noo yenom P, mo nperomienHsii
JIy4 8 nepeou cpede Oyoem pacnpocmpaHsimscs noo Yeiom o, m.e. nouoem
6 oopamnom Hanpasienuu 800b ayda l.

Jlpyzoit npumep — mupasic, KOTOPHIA 4aCcTO HAOIIOMAIOT MYyTEIICCTBEH-
HUKHM Ha pacKaJieHHBIX COoJHIEM moporax (puc. 1.1.5). Ouu BuUasT Brepeau
0a3UC, HO KOTJla MPUXOMAT TyJa, KPYrom oOKa3biBaeTcsi mecok. CyIIHOCTh
B TOM, YTO MBI BUJMM B 3TOM CJIy4ae CBET, MPOIIeANINNA HaJl TeckoM. Bozmyx
CUJIBHO pacKaJIeH HaJ CaMOW JIOPOTOi, a B BEPXHUX CIIOSAX XOJiojHee. [ ops-
YUl BO3AYX, paCIINPSACh, CTAHOBUTCS 00JIee pa3peKeHHBIM U CKOPOCTh CBe-
Ta B HEM 0oJiblle, YeM B XOJIOAHOM. [103TOMy CBET MPOXOAUT HE MO MPSIMOI,
a O TPAaeKTOPHH C HAUMEHBIIUM BpPEMEHEM, 3aBOpAUMBAasl B TEIUIbIC CJIOU
Bo3nyxa. Ha puc. 1.1.6 n300pakeH Tak Ha3bIBa€MbIil «BEPXHUN MUPAK).

Puc. 1.1.5 Puc. 1.1.6
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Ecnu ceem pacnpocmpansemcs us cpedvt ¢ 001buium noxazamesem
npenomnenusn 1y (ONTHYECKH OoJiee TUIOTHON) 6 cpedy ¢ MeHbuUM noKa-
3amenem npenomnenusn N, (ONTHYECKH MEHee IUIOTHOHM, Ny > N,), HaNpu-

Mep W3 CTeKJa B BO3/AYX, TO, COTJIACHO 3aKOHY NPEIOMIICHHS, HPe10MIeH-
HOLIL JIyY yoaiAemca Om HOPMAaU W Yroji TpeloMieHus [3 Oonbline, yeMm
yroi nanenus o (puc. 1.1.7, a).

-2
=3
=2
=
-2

V)

n n n -
n, n, D\‘ n, 1 J > ny, |
v P |
B | I
| 1 ]
| 1 I

a O 8 2

Puc. 1.1.7

C YBCIMYCHUCM VyIUla IMAJACHUA YBCIMYHUBACTCA YIOJI IIPCIOMIICHUA

(puc. 1.1.7, 6, ) no Tex mop, Mmoka mpu HEKOTOPOM yriie naaeHus (o = ocnp)

YToJ IpCIOMIICHUA HC OKAXKCTCA PABHBIM /2.

Yron o, HasbBacTcs npedenvuvim yenom. llpu yriax majneHus

o> oy, BECh HaIafOIINK CBET MOJHOCTHIO oTpaxaercs (puc. 1.1.7, 2):

e [lo Mepe mpubnM>keHHs] yria MajJeHus K MpPeAeIbHOMY HHTEHCHB-
HOCTB IPEJIOMJICHHOI'O JIy4a YMEHBIIAECTCS, & OTPAKEHHOI'O — PACTET.

e Ecmu o= o0, TO HHTCHCHBHOCTB NPEIOMJICHHOrO JTy4a 00pariaeTcs

B HYJb, @ MHTEHCHBHOCTh OTPAKECHHOI'O PaBHA MHTEHCHBHOCTHU I1aJIafOIIETO
(puc. 1.1.7, 2).

* Takum 0bpasom, npu yenax nadenus 6 npeoeiax om O, 00 T2 ay4
He NPeloMAsemcs, d NOJHOCIbIO OMPAdNCAemcs 8 Nepsylo cpeody, npuiem
UHMEHCUBHOCMU OMPANCEHHO20 U NA0AIOWe20 iyyell 00UHAK08bl. DMo s6ie-
HUe HA3bIBAEMC Sl NOJIHBIM OMPANCEHUEM.
IIpenesnbHbIil yroi o, onpeaensercs u3 popmybl
msina=n,sinm/2;
. Ny
Ol = arcsin—=.
n
1
Aenenue noanozo ompajxceHuss UCHOIb3YEMCA 8 NPUBMAX HOJIHO20
ompaycenus (puc. 1.1.8).
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\ A

.

A

1 2—> > I 2
2 A y
2 1
2
Yy v /

Puc. 1.1.8

[Toxa3zaTens mpenoMiIeHHs CTEKJIa paBeH N = 1,5, mosToMy IpeaenbHbIN
YOI JUIsl FPAHULBL CMEKN0 — 6030YX oLy = arcsin (1/1,5) = 42°,

[Ipu majgenun cBeTa Ha TPaHUILY CMeKIo — 6030yx Tipu o > 42° Bcerna
OyJleT UMETh MECTO TMOJTHOE OTPAXKEHUE.

Ha puc. 1.1.8 noka3aHsl IpU3MBbI MTOJIHOTO OTPAXKEHUS, TIO3BOJISIONIHUE:

a) MOBEPHYTH Jiyd Ha 90°;

0) MOBEpHYTHh U300paKEHUE;

B) 00E€pHYTH JTyUHU.

Ilpuszmol nOIHO20 OMPAdICEHUA NPUMEHAIOMCA 8 ONMUUECKUX NPUDO-
pax (Haripumep: B OMHOKIIAX, IEPUCKOIIAX), a TaKXkKe B peypakToMeTpax, 1mo-
3BOJISIOLIUX OINPENENATh MOKA3aTeI MPEIOMIICHHUS Tell (II0 3aKOHY MPEIoM-

JICHUA, U3MCPIA Otnp, OIIpCACIIAACM OTHOCHUTECJIBHBIM MOKa3aTelb IIpCIOMIIC-

HUA JBYX Cp€l, a TaKXe aOCOJIFOTHBIA MOKa3aTelb MPEJOMIICHUS] OJHOW W3
Cpell, €ciy OKAa3aTellb MPEIIOMIICHHUS] BTOPOW CPEJIbl H3BECTEH).

SIBeHNE MOJHOTO OTPaKEHUSI HMCIOJIB3YETCS TaKXKE B C8Em0600aXx,
NPEICTABISIIOIINX COOON TOHKHE, MPOU3BOJIBHBIM 00pa30M M30THYTHIE HUTU
(BOJIOKHA) U3 ONTUYECKHU TPO3PAYHOr0 MaTepuaa.

- VS Y

Puc. 1.1.9

B BOJIOKOHHBIX JETAISIX MPUMEHSIOT CTEKISHHOE BOJIOKHO, CBETOBEY-
masi Kuia (CepaIeBUHa) KOTOPOTO OKPYXKAETCS CTEKIOM — OOOJIOYKOW W3
APYroro CTeKJia C MEHbIIMM IOKa3areneM npenomiieHus. CBeT, magaromui
Ha TOPEI CBETOBOJIA HOO Y2/10M D01bUie nPedebHo20, TPETEPIICBACT HA T1O-
BEPXHOCTU pa3fesia CepALECBUHBI U O0OJOUYKH HOJIHOE OmpajceHue N pac-
IPOCTPaHSAETCS TOJIBKO 10 CBETOBEIYILIEH KUJI€.

CoBpeMEeHHbIE ONTUYECKHE BOJIOKHA HMEIOT pa3Hble MOJu(pUKAIUU
¥ OBIBAIOT OJTHOMOJIOBBIMU U MHOTOMOIOBbIMH (puc. 1.1.10).
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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. 1.1.10

CBeTOBOBI MCHOJIB3YIOTCSI MPU CO3JaHUU meezpaghHo-menehoHnbvix
Kabenei 0onvwon emxkocmu. Kadbenbp COCTOMT M3 COTEH M THICAY OITHYE-
CKHMX BOJIOKOH, TOHKHMX, KaK 4ejoBedeckuil Bosioc. [1o Takomy kabento, TOJ-
IIMHOM B OOBIYHBIN KapaHJalll, MOKHO OJHOBPEMEHHO IepeiaBaTh J10 BOCh-
MUJIECSITH THICSY TeJIe(OHHBIX Pa3TOBOPOB.

Kpome Toro, cBETOBOIbI MCIOJB3YIOTCS B ONITOBOJIOKOHHBIX 3JICKTPOH-
HO-JIYYEBBIX TPYOKax, B AJICKTPOHHO-CUCTHBIX MAaIllMHAX, JJI1 KOIUPOBAHUS
uHpopManmu, B MEIUIIMHE (HAIpUMeEp, JTUarHOCTHKA JKEIyaKa), s Leen
WHTETPAJIbHOMN ONTHKH.

1.1.3. Pa3BurHe B3IJIS10B HA IPUPOY CBETA

[lepBble TIpenCTaBICHUS 0 HpUpPoOde céema, BO3HUKIINE Y APEBHUX Tpe-
KOB U €TUIITSH, B IaJIbHEHIIIEM, IO Mepe M300PETEHUSI U YCOBEPIIICHCTBOBAHMS
Pa3IMYHBIX ONTHYECKUX MPUOOPOB, PA3BUBAIIUCH U TPAHCHOPMHUPOBAIIUCE.

B cpeanue Beka cTanu M3BECTHBI SMIUPUYECKHUE NPaBUJIA MOCTPOCHUS
n3o0paxkeHui, naBaeMbix JnH3aMu. B 1590 r. 3. SIlHCeH mocTpoun mepBbId
mukpockorn, B 1609 r. I'. I'anmuneit uzobpen teneckon. KomnuecTBeHHbIN 3a-
KOH MPEJIOMJICHUSI CBETA MPU MPOXOKJACHUU IPaHUIIbI pa3jiena IByX Cpel yc-
tanoBua B 1620 r. B. CHemmyc. Maremarndeckasl 3ammch 3TOTO 3aKOHA
B Buje Sina/sin B =const npunamiexut P. Jlekapty (1637 r.). OH e TOIbI-

Tajcs OOBSICHUTH ITOT 3aKOH, UCXOJISl U3 KOPNYCKYIApHOU meopuu. Biiocnen-
ctBun GopmynupoBkoii npunnumna ®epma (1660 r.) O6bu1 3aBepiieH pyHaa-
MEHT MOCTPOEHUSI TEOMETPUIECKON OITHKH.

JlanbHeiiee pa3BUTHE ONTHKU CBSI3aHO C OTKPBITHSAMH Ougpaxyuu
u unmepgpepenyuu ceeta (O. I'pumanbau, 1665 1.), dsotinoco yuenpenomie-
nus (2. bapronun, 1669 1.) u ¢ paboramu M. Hetotona, P. I'yka, X. ['tolirenca.
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B xonne XVII B. Ha 0OCHOBE MHOTOBEKOBOT'O OMbITAa U Pa3BUTHUS IPE-
CTaBJICHUH O CBETE BO3HUKJIM JABE MOIIHBIE TEOPUH CBETA — KOPHYCKYIAPHAA
(Heroton — [ekapt) u 6o1noeasn (I'yk — ['tolirexc).

Kopnyckynsipable Bo33peHnst Ha npupoly csera M. HproToH pasBun
B CTPOMHYIO TEOpHUI0 HcTeueHus. Ceem — KoOpnycKy/ibl, UICITyCKaeMble Tena-
MU U JIETAIIME C OTPOMHOM cKopocThio. K aHamm3y ABMKEHUS CBETOBBIX
Kopryckynl Hbl0TOH, €eCTECTBEHHO, MPUMEHUI CPOPMYIIUPOBAHHBIE UM 3aKO-
Hbl MEXaHUKU. M3 3THX Npe/ICTaBIEHUN OH JIETKO BBIBEJ 3aKOHBI OTPAKEHUS
U npejaoMicHus ceera (puc. 1.1.11).

Puc. 1.1.11 Puc. 1.1.12

Opnako u3 paccyxkaeHuid HpIOTOHA ciemaoBalio, 4TO CKOpOCHb ceéema
sina v
sinf ¢

Kpome Toro, B 1666 r. HproToH mokasai, 4To OBl CBET SBIISICTCS CO-
CTaBHBIM U COICPKUT «YHCTBIC IBETA», KAXIABIA M3 KOTOPHIX XapaKTepU3y-
eTcst cBoel mpenomisiemocthio (puc. 1.1.11), T.e. man MoOHATHE TUCTICPCHUH
cBeTa. JTa 0COOCHHOCTH OblIa OOBSICHEHA PA3IMYUEM MACC KOPIYCKYII.

B To xe Bpems, B XVII B. (Hapsiay ¢ konnenuuei [lekapra — HeroToHa)
pa3BUBANACh NPOTUBOIIOJOXKHAS, 601HO8asA, meopusa ['yka — I'roiresca
0 TOM, 4YTO C8em ecmb Npoyecc pacnpocmpaHenuss PoooIbHbIX dedopma-
UUIl 8 HEKOMOPOIL cpede, NPOHU3LIBAIOWEL 8Ce MeN0, — 8 MUPOBOM Idupe.

K kxoniry XVII B. B onTHKe CIOXKHIIOCH BEChMa CBOCOOPaA3HOE IMOJIOXKeE-
Hue. U ta u npyras Teopun oOBSCHSIIA OCHOBHBIE ONTUYECKHE 3aKOHOMEp-
HOCTH: TPSMOJIMHEHHOCTh PACHPOCTPAHECHHUS, 3aKOHBI OTPAXKEHUS U TIPEIOM-
nenus. JlampHEHIME MONBITKA 00JIee MOJHOTO OOBSICHEHUS HAOFOAaeMbIX
(haKkTOB MPUBOAMIIN K 3aTPYIHEHUIO B 00CHX TEOPHUSIX.

['folireHC HE CMOT OOBACHUTH (PU3NYECKON TMPUUMHBI HAJTUYHS Pa3IHd-
HBIX I[BETOB M MEXaHW3M H3MEHEHHUsS CKOPOCTH PacIpOCTpaHCHHUsS CBETa
B 3Upe, MPOHU3BIBAIOIIEM PA3IMYHBIC CPEIBI.

6 seugecmee bonvue CKopocmu ceema 6 8aKyyme.
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HproTOHY TpyaHO OBUIO OOBSCHUTH, IOYEMY MPU MAJECHUU HA TPAHUILLY
JIBYX Cpe€ll MPOUCXOAUT YACTUUHOE U OTPAKECHHE, U MPEIOMIIEHUE, a4 TAKKE
uHTepdepeHIuio u aucneperto ceeta. OaHako orpomHbIld aBroputeT Hbro-
TOHA W HE3aBEPILICHHOCTh BOJHOBOW TEOPHM MPUBEIA K TOMY, YTO BECH
XVIII B. mpotiien o 3HaKOM KOPIYCKYJISIPHON TEOPUH.

Havano XIX B. xapakTepu3yeTrcsi MHTEHCUBHBIM Pa3BUTUEM MaTE€MAaTH-
YECKON meopuu KoiebaHutl u 60JH U €€ MPUIOKEHUEM K OOBSICHEHUIO psja
ontuueckux spieHuil. B cBs3u ¢ padboramu T. FOura u O. @penens nodena
BPEMEHHO Mepeluia K 80IH080L ONmMuKe:

e 1801 r. — T. FOHr GpopMynupyeT NpUHIUI UHTEPPEPEHIIUHU U 00BsIC-
HSET BETA TOHKUX IUICHOK.

e 1818 . — O. ®peHenb 0OBACHAET sABJICHUE AUPPAKLIUU.

e 1840 1. — O. ®penens u Jl. Apro uccineayrot uHTEpGEPEHINIO MO SI-
PU30BAHHOTO CBETA U JI0KA3bIBAIOT MTONEPEYHOCTh CBETOBBIX KOJICOAHUH.

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

e 1849 r. — A. ®u30 U3MEPUI CKOPOCTh CBETA U PACCUUTAII IO BOJIHO-
BOM TeOpuHu KO3(PPUUMEHT npeaomiieHus BoAbl N =1,33, 4To coBHajio C 3KC-
EPUMEHTOM.

e 1848 r. — M. ®apajzeil OTKpbUI BpalleHUE IMIIOCKOCTH MOJISIpU3aLUU
cBeTa B MarHuTHOM nojie (3¢ dext Dapazes).

e 1860 r. — /I)x. MakcBei1, OCHOBBIBAsICh Ha OTKpbITUU Papajes, Npu-
1IEJT K BBIBOJY, YTO CBET €CTh 3JIEKTPOMArHUTHBIE BOJIHBI, & HE YIIPYTHE.

e 1888 1. — I'. I'epu sKkcrIeprMEHTAIBHO MOATBEPANI, YTO JIEKTPOMAT-
HUTHOE T10JI€ PACIPOCTPAHSAETCSA CO CKOPOCTBIO CBETA C.

e 1899 r. —II.H. Jlebener naMepui 1aBlieHUE CBETA.

Kazanoce, 4TO0 Ccnop MOJHOCTBIO PELIEH B MOJIb3Y BOJHOBOM TEOPUU
cBeTa, T.K. B cepenune XIX B. Obitn 00Hapy)eHBI (haKThI, YKa3bIBAIOIINE HA
CBSI3b U QHAJIOTHIO ONTUYECKUX UM AJIEKTpUUYECKuX sBieHuil. @apaneem, Mak-
CBEJUIOM U JIPYTMMH YYEHBIMHU OBLJIO MOKa3aHO, YTO CBET — YaCTHBINA CiIydail
anekTpoMaruuTHOU BOJHBI ¢ A =400 —760 Hm. TonbpKko 3TOT MHTEpBAN IJIUH
BOJIH OKA3bIBAET BO3/CICTBUE HA HAIIl TJIa3 U ABJISETCS COOCTBEHHO CBETOM.
Ho u Goinee pyinHHbBIE, U 00Jiee KOPOTKUE BOJHBI UMEIOT OJHY U Ty K€ MpH-
poJly, UTO U CBET.

OpnHako, HECMOTpPSL HA OTPOMHBIE YCIIEXU B AJIEKTPOMATrHUTHON TEOPHUU
cBeTa, K koHIy XX B. Hauany HaKaraIuBaThCA HOBBIE (aKThl, MPOTUBOpPEUA-
1€ BOJIHOBOI Teopuu cBeTa. BomHoBas Teopus He cMoriia oObsICHUTh pac-
npe/ieJieHHe SHEPTUHU B CIIEKTPE M3IydeHUs: abCONIOTHO YEPHOTO Tea U sIB-
nenue potodrddexra, kotopoe B 1890 r. uccnemonan A.I'. Croneros.

B 1900 r. Makc Ilnank nokasai, 4yTo M3IydeHHE abCONIOTHO YEPHOTO
TEla MOXKHO OOBSICHUTb, €CIH MPEANOJIOKUTh, YTO CBET H3ITydaeTcs
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HE HENPEPBIBHO, a MOPLUAMU, Kanmamu ¢ >Hepruel Eg=hv, rae v — gac-

Tota, h — nocrosinHas [1nanka.

B 1905 r. Anpbept DUHIITEHH OOBSCHUI 3aKOHOMEPHOCTU (OTO3(]-
(dexkTa Ha OCHOBE MPEJCTABICHUS O CBETOBBIX YACTUIIAX — KGAHMIAX CBETA,
¢homonax, Mmacca KOTOPBIX

o _Eo_hv_h
®Tc2 ez ac

DTO COOTHOIIECHUE CBA3BIBAET KOPNYCKVIAPHbIE XAPAKMEPUCTUKU U3TYYe-
HUS1, MACCY U IHEP2UIO KBAHMA, C BOJIHOBLIMU — YACHOMOIL U OTUHOU 6OJIHbL.

Pabote! [1nanka n DHHIIITEHHA BWIKCH HAYaJIOM Pa3BUTHUSL K8AHMOBOU
Gusuku.

Hrak, 006€e Teopun — U BOJIHOBAsI, U KBAHTOBAsI — OJJHOBPEMEHHO pa3BU-
BAJIUCh, UMESI CBOM HECOMHEHHBIE JTOCTOMHCTBA U HEAOCTATKU, U KaK ObI J0-
MOJIHSUTU APYT JIpyTa. YUeHbIe YK€ Haualld MPUXOJUTh K MHEHUIO, YTO CBET
ABJISIETCA OAHOBPEMEHHO M BOJIHAMH, W Kopryckyinamu. M Bor B 1922 T.
A. KOMIITOH OKOHYAaTEeNbHO JOKAa3aJl, YTO PEHTIEHOBCKUE AJIEKTPOMATHUT-
HBI€ BOJIHBI — OJTHOBPEMEHHO M KOPITYCKYJIbI ((DOTOHBI, KBAHTHI), U BOJHBI.

Takum oOpa3om, JUIUTENbHBIN MyTh UCCIEIOBAHUM TIPUBEN K COBPEMEH-
HBIM MPEJCTABICHUSM O 080UCHEEHHOU KOPNYCKYIAAPHO-60JIHOG0I NPUPOOe
ceema.

HNHTtepec k onTudeckuM siBjeHUSIM MoHaTeH. Okoso 80 % unbopManuu
00 OKpy’KarollleM MUpPE YeJIOBEK MOoJy4aeT yepe3 3peHue. OnTuyeckue sipie-
HUSA BCErJa HaIISIIHBI U TOJMJAIOTCS KOJUYECTBEHHOMY aHanu3y. OdeHb
MHOTHE OCHOBOIIOJIararolue MOHATHS, TaKhue Kak UHTepdepeHius, nudpax-
1Y, TOJISIpU3als U JIp., B HACTOSILEE BpeMs LIMPOKO HUCIOIb3YIOTCA B 00-
JACTAX, NAJIEKUX OT ONTHUKHU, OJlaroaps UX MpeAMETHON HArJISTHOCTH U TOY-
HOCTH TE€OPETUYECKUX MPEICTABICHUMN.

[IpumepHO 10 cepearnbl XX CTONETUS KAa3aJIOCh, YTO ONTHKA KaK HAyKa
3aKoHYMJIAa pa3BuTHE. OJHAKO B MOCIEIHUE NECATUIIETUS B ATOM 00JacTh
(U3UKK TPOU3OIILIN 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 MPOBE-
PEHHBIX MPEJICTaBICHUSX.

Haubonee BaxkxHOe CcOOBITHE B COBPEMEHHOW ONTHUKE — HKCIEPUMEH-
TaJdbHOE OOHAPYKEHHE METOJIOB T'€HEpaIlii BBIHYKJICHHOTO U3JIYYCHUS aTo-
MOB M MOJIEKYJl — CO3J]JaHh€ ONTHYECKOr0 KBAaHTOBOI'O TeHepaTopa (Jiazepa)
(A.M. IIpoxopos, H.I'. bacos u Y. Taync, 1954 r.).

B coBpemeHHON (U3MYECKOM ONTHUKE KBAHTOBBIC MPEICTABICHUS
HE IPOTUBOPEYAT BOJHOBBIM, @ COUETAIOTCSI HA OCHOBE KBAaHTOBOW MEXaHUKHU
Y KBAaHTOBOM AJICKTPOJAMHAMUKH.
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1.2. BosiHOBasi ONITHKA.
HNurTepdepenuus cBera

1.2.1. UnTepdepenuusi cBeTOBbIX BOJH

BonHoBbie cBoMcTBa cBeTa HauboJiee OTUETIMBO OOHAPYXKUBAIOT ceOs
B unmepgepenyuu M ougpaxyuu. ITU SIBICHUS XapaKTEPHBI JJIS BOJH JIIO-
O0W MPUPOJIBI U CPABHUTEIHLHO MTPOCTO HAOIIOAAIOTCS HA OMBITE ISl BOJIH HA
MOBEPXHOCTU BOJBI MU I 3BYKOBBIX BOJNH. HaOmromath ske uHTEpdEepeH-
U0 ¥ TUGPAKIIUIO CBETOBBIX BOJIH MOKHO JIMIIB MPHU OMPEIEICHHBIX yCIIO-
BUsX. CBeT, HCIyCKaeMmblid OOBIYHBIMH (HEJIA3€pHBIMH) HCTOYHUKAMH,
He ObIBaeT cTporo MoHOXpomaTuueckuM. [losTomy nnst HaOIIOACHUS UHTEP-
(depeHIn CBeT OT OAHOTO UCTOYHHMKA HY>KHO Pa3leNuTh Ha JIBa IMyYKa U 3a-
TEM HAJOXUTh UX APYT Ha Apyra. CyIiecTBYIOIUE IKCIIEPUMEHTAIbHBIC Me-
TOJIbI MOJIyYE€HUS KOT€PEHTHBIX IyYKOB M3 OJHOIO CBETOBOTO ITyYyKa MOXKHO
pa3IeNuTh Ha 08a Kiaccd.

B memooe denenun 60nn06020 ¢pponma mnydox npomyckaercs, Haupu-
Mep, uepe3 ABa OJIM3KO PACIIOIOKEHHBIX OTBEPCTHS B HEMIPO3PAUHOM SKPaHE
(ompiT FOHTra). Takoit MeToA NPUTOJEH JIMIIL IPU JOCTATOUHO MAJIbIX pa3Me-
pax UCTOYHUKA.

B npyrom merojne my4oK JemUTCs HA OMHOW (MIIM HECKOJIBKHX) YaCTHY-
HO OTPAXKAIOWIECH, YAaCTUYHO MPOIYCKAIOMIEH IOBEPXHOCTH. IJTOT METOJ
0e/leHUA AMRAUMYObl MOXET TIPUMEHSTHCS U TIPU MPOTSHKEHHBIX WCTOYHU-
kax. OH o0ecreunBaeT OOJIBIIIYI0O UHTEHCUBHOCTh U JIGKUT B OCHOBE JICUCT-
BUA pa3HOOOpa3HbIX MHTEephEepoMeTpoB. B 3aBUCHMMOCTH OT 4KcClia UHTEPPE-
PUPYIOIINX MYYKOB PAa3IUYalOT ABYIY4YeBbIE W MHOTOJy4YeBbIE HHTEp(eEpo-
MeTpbl. OHU UMEIOT BaKHbIC MPAKTUYECKUE MPUMEHEHUS B TEXHUKE, METPO-
JIOTUU U CIIEKTPOCKOIIHH.

[TycTh 1BE BOJIHBI OJJMHAKOBOM YaCTOTHI, HAKJIA/IBIBASACH APYT HA JIpyTa,
BO30YXJAal0T B HEKOTOPOM TOYKE IMPOCTPAHCTBA KOJEOaHHs OJMHAKOBOIO
HaTPaBJICHHUS:

X = A cos(@t +p);
Xo = Ay cos(ot +¢5),

r7e 1moJ X MOJApa3yMeBaeTCsl HANMPSHKEHHOCTh AJEKTpUuueckoro E m maraut-

Horo H monel BOJIHBI, KOTOPbIE MOAYUHSIOTCS TPUHIUITY CYHEPIO3ULIUH.
AMIITUTY1a pe3yabTUPYIONIETO KOeOaHUs MPU CIOKEHUH KOJIeOaHUH,

HaIpaBJICHHBIX BJOJIb OJHOU MPSIMOM, HAXOAUTCS 1O (hopmyJie

A2 = A2 + AZ + 2 A Aycos(@r — ).
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Ecnu paznocms ¢haz xonebanuii, 6030y:#cOeHHbIX 80HAMU 8 HEKOMOPOU
moyKe NPOCMpPancmea, 0CmMaemcs NOCMOAHHOU 80 8peMeHU, Mo makxue 60J-
Hbl HA3bIBAIOMCS KO2EPEeHMHBIMU.

B cnyuae nexozcepenmmubix BOJIH pa3HOCTb a3 @, —( HENPEPHIBHO U3-

MEHSETCA, IPUHUMAs C PABHOM BEPOSITHOCTBIO JIHOOBIE 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 AaAMIUIUTYIBL:

2
J = A”. OTcro1a MOXHO cJieJiaTh BBIBO/I, 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) Ha3bI-

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

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

myme J =0). CaenoBarensHo, MPU HATOXKEHUU ABYX (MJIM HECKOJBKHX) KO-
TEPEHTHBIX CBETOBBIX BOJH MPOMCXOJHUT MPOCTPAHCTBEHHOE Iepepacipeie-
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 MCTOYHHU-
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 IPYyroM. ATOMBI U3TTy4atOT XaOTHYECKH.

llepuoouueckas nociredosamenvHocms 20pb608 U 6NAOUH BOJH, 00Opa-
3VIOWUXCSL 8 Npoyecce aKma U3IydeHuss 00H020 amoma, Ha3vleaemcs uy2om
80JIH, UIU BOTIHOBBIM UYZOM.

Tporiecc u3Ty4eHns oaHOro atoMa autest mpumepro 1078 ¢. TIpu oM
nivHa 1yra | =ct=3-108-10-8 =3m.
B 0JIHOM ITyTe yKJIa [bIBaeTcs mpuMepHo 107 1mH BoH.
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Ycnoeue maxcumyma u munumyma unmeppepenyuu

[Tycts pa3aencHue Ha ABE KOT€PEHTHBIC BOJHBI MIPOMCXOIUT B TOUke O
(puc. 1.2.1).

Puc. 1.2.1

Jlo Touku P niepBasi BOJIHA IPOXOAUT 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 = A1c05co£t - i}

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

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

S 27 27
6= (D(—Z—ij =—(nsp —mys) =— (L - Ly).
Vy V1) Ag Lo

[0 Zﬂ_Zn

VYuureiBasg, 4T0 — = = k_’ MOJIYYMM BBIPOKECHUE JIJIS Pa3HOCTH (a3
C C 0
JIBYX KOTEPEHTHBIX BOJIH
27
o0=—A,
Ao

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

JUTMHA TYTH; S — FTeOMETpUYEcKas IJIMHA MyTH; Ag — JUTMHA BOJIHBI 8 8aAKyyMe.
Ecnu pa3HOCTh X0/1a paBHA LEIOMY YHCITy JUIMH BOJIH B BAKYYME
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A=tmry (M=0,1 2,..), (1.2.3)

TO 0 =22Mm u KosuebaHus, Bo30yKaaeMble B Touke P 00erMu BOJIHAMH, 0Y-
YT TIPOUCXOJIUTh B oAMHAKOBOM (paze. CinenoBarenbHo, (1.2.3) sBusercs yc-
nl08uem uHmepghepeHyUuOHH020 MAKCUMYMA.

Ecnu ontuyeckas pa3HOCTb X012

A =+(2m +1)”—20 (Mm=0,12,..), (1.2.4)

o 0 =%4(2m+1)7, u KoneOanus, BO30ykaaeMble B TOUKe P 00eMMHU BOJIHA-

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

1.2.2. OnsiT FOHra

Kak Obuto yke mokaszaHo, A HaONoAeHHs UHTEephEepEeHIMU CBeTa
HEO0OXOIUMO UMETh KOTE€PEHTHBIE CBETOBBIC IMYUYKHU, ISl YETO MPUMEHSIOTCS
pasznuuHbie npuéMbl. B onbite KOHTra KOrepeHTHBIE MyYKH MONIyYalld pasjie-
JICHUEM M TIOCTIEAYIOIUM CBEJACHUEM CBETOBBIX JIyUeH, HCXOSAIIUX 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 11eb B d9KpaHe A, na-
JeT Ha 3KpaH B ¢ AByMs LIENAMH S1 M Sy, paCHOJOKEHHBIMUA JOCTATOYHO
ONM3KO IPYT K Ipyry Ha paccTosHUK 0. DTH MIeNH SBIISIOTCS KOTEPSHTHBIMU
UCTOUYHMKaMU cBeTa. MHTepdepennus HabmogaeTcss B 00J1acTH, B KOTOPOH
NePeKpylBalomcss 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, UCXOSAIINE M3 TOUCUHBIX HCTOYHH-

KOB S1 U Sy. [Tokazarens npenomiieHus cpe/ibl paBeH N.

BbrunciuM mmpuHy 1mosioc HTepGEpeHIIUU (TEMHBIX U CBETJIBIX ).

NHTEeHCUBHOCTh B NPOU3BOJIBHOM TOuke P sKkpaHa, nexalied Ha pac-
cTostHAM X OT O, onpenensercs (I Bakyyma, koraa 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

OTtcro/la 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, CCIIN
Xmin =J_r(m+%)(;—ko. (1.2.7)

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

AX =éx0, (1.2.8)

HE 3aBHUCHUT OT THOpsiaka WHTepdepeHInn (BEIMYMHBI M) U SIBJISETCS MOCTO-
SIHHOM BEJIMYMHOM IS MaHHbIX |, d.

Paccmosnue mesncoy 08ymsa coceOHUMU MAKCUMYMAMU HA3bIBAEMC Sl PaC-
CHOAHUEM MeMHCOY UHMEPPEPEHYUOHHBIMU NOTIOCAMU, A PACCOSIHUE MediC-
0y COCeOHUMU MUHUMYMAMU — UWIUPUHOU UHMEPPEPEHYUOHHOU NOJIOCHL.

Tak xak AX 00paTHO MPOMOPHIHUOHAIBLHO O, TO P OOJIBIIIOM PaCcCTOs-
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 BBIIOIHSTE yciaoBue | >>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 uepe3 Touky O. BBepx M BHHU3 OT HEro pac-
noaazaiomest makcumymol (munumymot) nepsoco (m=1), emopoco (M=2)
NOps10KO8 U T.]I.

13 nepeuncienusix GopMy1 BHIHO, YTO IHPHHA HHTEP(EPCHIIMOHHOM
HIOJIOCHI U PACCTOSTHHE MEKIy HUMH 3aBHCAT OT JUIMHBI BOJHBI Ag. TOJBKO

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

yAAJIEHUS OT LEHTPAa MAKCUMYMBI Pa3HbIX [IBETOB CMEUIAIOTCSA APYT OTHOCH-
TEIBHO JIpyra Bce Oosbliie U Ooblle. DTO MPUBOIUT, IPU HAOIIOIEHUN B Oe-
JI0M céeme, KO Bce OOJIbIIEMY Pa3MBITHIO HHTEP(PEPEHIMOHHBIX Tos1oc. 1H-
TeppepeHIIMOHHAs KapTHUHa OyAEeT OKpallleHHOM, HO HEYETKOM (CMa3aHHOM ).
N3mepuB AX, 3Has | u d, MOXXHO BBIYMCINTG [UIMHY BOJHBI A . FIMEHHO

TaK BBIYUCJIAIOT AJIHMHBI BOJIH PA3HBIX IBCTOB B CIICKTPOCKOIIHUH.

1.2.3. KorepeHTHOCTH 1 MOHOXPOMATHYHOCTH

Ntak, HeOOXOIUMBIM yCIOBUEM MHTEP(PEPEHIIUU BOJIH SIBISETCS UX KO-
2EPEHMHOCMb, M.e. CO2NACO8AHHOEe NPOMEKAHUe 80 8PEeMEHU U NPOCMPAH-
Cmee HeCKONbKUX Konebamenvhvlx (U1 60IHOBLIX) NPOYeCccos. ITOMY YCIO-
BUIO YJIOBJIIETBOPSIIOT MOHOXPOMAMUYECKUE GOJIHbI — HEOZPAHUUEHHbIE
8 NpOCMpancmee G0JIHbl OOHOU ONPEOeNeHHOU U CMPOo20 NOCMOAHHOU Ydc-
momui. Tak KaKk HU OJUH PEAIbHBIA UCTOYHUK HE J1aeT CTPOr0 MOHOXpOMa-
TUYECKOT'O CBETAa, TO BOJIHBI, M3y4aeMble JTIOOBIMU HE3aBUCHUMBIMH HCTOY-
HUKaMH CBETa, BCErJa HEKOrepeHTHbI. CIEKTp YacTOT peajbHOM BOJHBI UME-
€T KOHEeUHY10 mrpuHy Aw. Ecnu B Kakoii-TO MOMEHT BPEMEHU BOJIHBI ObLIU
8 ¢haze, uepe3 HEKOTOPOE BpeMs T,,. PAa3HOCTH (a3 Oyner yxe paBHa T (0.1

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

At <<T,p "
®

TNI€ Ty o — 6PEMA KO2EPEHMHOCH U HEMOHOXPOMATUYECKON BOJIHBI.
3a IPOMEKYTOK BPEMEHH T, PA3HOCTH (Pa3 K0aeOAHUI U3MEHUTCS HA T.

Bpemsa kozepenmnocmu — epems, no ucmeueHuu KOmopo2o pasHoCmb
¢ a3z 80HbL 8 HEKOMOPOLL, HO OOHOU U MOUL Jce MOUKe NPOCMPAHCMBA, U3Me-
HAeMmCcs HA T.
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Bonna ¢ muknmmdeckoit yactotoi @ u (ha30BOM CKOPOCTHIO L PacIpo-
CTPAHSIETCS 332 3TO BPEMs HAa PACCTOSIHUE

TV

KOT — ,
A®

leor =0T

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

Kor
3YIOIIETOCs B IMPOIECCEe M3IYUYCHHs OJHOTO aToMa, — PACCHOSHUE MENCOY
MOYKAMU, PA3ZHOCMb (a3 8 KOMOPHIX PAGHA T.

Takum 00pa3om, IJIMHA KOTEPEHTHOCTH €CTh PACCTOSIHUE, ITPH MPOXO0XK-
JICHUH KOTOPOTO JBE WM HECKOJIBKO BOJH yTPAUMBAIOT KOTepeHTHOCTh. OT-
CI0Jla CJIEIyeT, YTO HaOIrofcHNuE WHTEP(EPEHIINA CBETa BO3MOXKHO JIUIIIH
IIPH ONTHYCCKHUX PAa3HOCTAX XOJa, KOTOPhIC MEHBIIE JJIMHBI KOTEPEHTHOCTH
JUISL UCTIOJIB3YEMOT0 UCTOYHHUKA CBETA.

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

"1 TeM OOJIbIIIe IJIMHa KOTCPCHTHOCTHU IKOF’ a CJICAOBATCIIbHO N BpPCMA 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.

Kozcepenmnocms ronebanuil, onpedensiemasi cmenenvio MOHOXPOMA-
MUYHOCMU B0JIH, KOMOPAsl CO8epuiaemcst 8 OOHOU U MOU JHce MoyKe Npo-
CMPAaHCcmMea, HaA3bl8aencs 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 =17-1015¢;

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

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

JIns KpUTHYECKOTO MaKCHMMyMa 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 TAaHHOTO UCTOYHHUKA CBETA!
A2
— <<
2Ah Ao

Hapsity ¢ BpeMEHHOW KOTE€PEHTHOCTBIO JJIsl OMMCAHUS KOTEPEHTHBIX
CBOWMCTB BOJIH B IIOCKOCTH, TIEPICHAWKYJSIPHONW HAMPaBICHUIO WX PACIIPO-
CTpaHCHHS, BBOAWTCS TIOHITHE HPOCHMPAHCHEEHHOU KozepeHmHocmu. J[Ba
MCTOYHHKA, pa3MEPHl U B3aMMHOE PACIIOJIOKEHNE KOTOPHIX ITO3BOJITIOT HAOIIO-
1aTh UHTEP(EPEHINIO, HAa3bIBAIOTCS HPOCHMPAHCHEEHHO-Kozepenmubimu. Pa-
ouycom Kozepenmuocmu (WIA JUIMHOW TMPOCTPAHCTBEHHON KOTEPEHTHOCTH)
HA3b18AEMCST  MAKCUMATIbHOE, NONEPeyHoe HANPAGIeHUr0 pPAacnpoCmpaHeHUs.
BOJIHbL PACCMOsIHUEC, HA KOMOPOM B03MONICHO NPOsAGIeHUe UHmMePhepeHyul.

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

A, <<l 150305

KOor KOr »

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

JInst TOro 4ToOBl YBEJIUUYUTH PAUYC KOTEPEHTHOCTH WJIM JJIMHY MpPO-
CTPAHCTBEHHOW KOTE€PEHTHOCTU, HEOOXOJIMMO CBETOBBIC JIy4d MPOITYCKATh
Yyepe3 OueHb Majioe OTBEPCTHE B HEMPO3pauyHOM 3kpane 4 (puc. 1.2.2).

1.2.4. MeToanbl Ha0J/II0AeHUsI MHTEeP(epeHunu

CBeT, HCIyCKaeMbIii OOBIYHBIMU UCTOYHUKAMHU, MOKHO pacCMaTpPHUBaTh
KaK Xa0THYECKYIO TIOCIIEOBATEIPHOCTD OTICIBHBIX I[yTOB CHHYCOUIATBHBIX
BOJH. JINTENBHOCTH OTIAEIBHOTO Iyra He mpesbimaer 107° ¢ maxe B Tex
CiIyJasix, KOorja aTOMbl MCTOYHHMKA HE B3aWMOJCHCTBYIOT (Ta3opaspsaHble
JaMTIIbl HU3KOTO naByienus ). JIro0oil peructpupyromuii mpuobop uMeeT 3HauH-
TEJBHO OOJIbINIee BpeMsl pa3peieHns, TO3TOMY 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 IJIUHHYIO IIETb S CBET BCIEACTBUE OUDpaK-
1M 00pa3yeT PacXOJSAIIUICS MyYOK, KOTOPHIA MajaeT Ha BTOPOM dkpaH B
C IByMsI MapaJiICIbHBIMU MEXIY COO0HM y3KUMHU HIEISIMHA S1 U Sp, pacrosioKeH-
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HBIMHU OJTU3KO JIPYT K IPYTy Ha PaBHBIX PACCTOSHUAX OT S. DTH ILIENU ACHUCTBY-
IOT KaK BTOPUYHbIE CUH(A3HbIC UCTOYHUKHU, U UCXOJIINE OT HUX BOJHBI, IIe-
PEKPBIBAsCH, CO3/IAI0T MHTEP(HEPEHIIMOHHYIO KapTHHY, HaOII01aeMylo Ha yia-
nenHoM 3kpate C. PaccTosiHne Mexxay coceTHUMU MOJIOCAMHU PaBHO

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

N3mepsis mmpuny uHTepdepeHMonHbIx nonoc, FOur B 1802 r. Boep-
BbIC ONPENEIIWII JJIMHBI CBETOBBIX BOJH JUIS Pa3HBIX LIBETOB, XOTS 3TU U3ME-
pEeHUs U HE ObLIIM TOYHBIMH.

3epkana @Ppenens

Hpyroii uHTEphEPEHIIMOHHBIN OIBIT, aHAJIOTHYHBIA onbITYy FOHTa, HO 00-
Jiee CBETOCWIIbHBIN, ObuT ocymecTBiieH O. @penenem B 1816 r. [IBe korepeHT-
HbIE CBETOBBIC BOJIHBI MOJIYYAIOTCS B PE3YJbTaTe€ OTPAXKEHUS 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. OTpakeHHbIE OT 3€pKajl IMyYKH MajJaloT Ha SKpaH,
U B TOW 001acTH, Iie OHH MEPEKPHIBAIOTCA (nose unmepg@epenyuu), BO3HU-
KaeT uHTepdepeHnonHas kaptuHa. OT mpsSMOro MomnajaHus JIyded oT Hc-
TOYHHMKA S 3KpaH 3aIluiieH mupMon D, . s pacyera OCBEIIEHHOCTH J 3K-
paHa MOXXHO CUYUTaTh, YTO HMHTEPPEPUPYIOIINE BOJHBI MCITYCKAIOTCS BTO-
PUYHBIMM UCTOYHUKAMU — S; U S, , MPEICTABISIONIMMU COO0H MHHUMBIE U30-
Opaxenus menu S B 3epkanax. [loatomy J Oyner onpeaensatbes Gpopmyron
IBYITy4eBON MHTEep(EpeHInHd, B KOTOPOM paccTosHue | OT MCTOYHUKOB JI0
9KpaHa ClIeAyeT 3aMEeHUTh Ha a+b, rime a~r — paccrosHue ot S 10 pebpa
3epkai, b — paccrosHue ot pedpa 1o skpana (puc. 1.2.4). Paccrosaue d me-
Ky BTOPHYHBIMU UCTOYHHMKaMU paBHO O ~2a¢. [loaTomy mmpuHa WHTEp-

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

bunpuszma @penena

B nanHOM MHTEp(EpEeHIIMOHHOM ONbITE, TAaKXKe MpeanokeHHoM DpeHne-
JeM, JUIS pa3/iesIeHus] UCXOJHOM CBETOBOM BOJIHBI HA JBE MCIOJIB3YIOT IIPU3-
MYy C YTJIOM TIpH BepiuHe, 6Ju3kuM K 180°.

HcTouyHUKOM CBETa CIYKUT SPKO OCBEIICHHAs 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 OWUIPU3MBI OT-
KJIOHSIET JIy4d Ha HeOoubIon yroa ¢ = (n—1)p.
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bununza buiie

AHanornyHoe ounpusme OpeHenst yecTpoicTBO, B KOTOPOM pOJIb KOre-
PEHTHBIX MCTOYHUKOB HWIPAIOT JIEUCTBHUTEIbHBIE M300paKEHUs SIPKO OCBe-
IIEHHOW IIEJH, MOJIy4aeTcs, eciau COOMpAIOLIyIO JIMH3Y pa3pes3arh o Aua-

METPY U MTOJIOBUHKY HEMHOTO Pa3ABUHYTH (puc. 1.2.6).
2

Puc. 1.2.6

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

U JIaJibllle IEPEKPBIBAIOTCS, 00pa3yst HTEphEPEHIITMOHHOE TTOJIE.

1.2.5. UnrepdepeHunss B TOHKUX IUIEHKAX

WNuTtepdepeniuio cBeta 1mo memooy oenenus amMniumyosbl BO MHOTHX
OTHOUIIEHUSAX HAOIIOJATh TPOIIE, YEM B OIBITAX C OeleHUueM BO0JHOB8020
@pornma. OnuH U3 cocoO0B, UCTIONIB3YIONINX TaKo MeToH, — onvtm Ilons.

B ombite Tlonst cBeT OT UCTOYHMKA S OTpakaeTcsl NBYMsI 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 JIy4d 00paszyroT mHTep]epeHIn-
OHHYIO KapTHHY.

h]

s

0.7
SN <Dhsin6

>4
7

s

S,%
Puc. 1.2.7
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Jlns onpeeneHust BUaa rnojaoc MOKHO MPEACTAaBUTh ce0e, YTO JTy4YH BhI-

XOJISIT U3 MHUMBIX H300pakeHUU Sq M Sy MCTOYHHWKA S, CO371aBaeMbIX II0-
BEPXHOCTSMH IUIACTUHKH. Ha ynmaneHHOM 3KpaHe, pacIoJIOKCHHOM Mapali-
JICNBHO TIJIACTUHKE, WHTEPPEPCHIIMOHHBIC TOJOCHI UMCIOT BHUJ KOHIICHTPH-
YEeCKMX KOJIell. OTOT ONBIT MPEIbSABISIET MEHEe KECTKHE TpeOOBaHMS
K pa3MepaM HCTOYHHMKA S, Ye€M PAaCCMOTPEHHBIC BHINIC OMBITHL. [loaTOMy
MOHO B KaU€CTBE S MPUMEHUTH PTYTHYIO JIaMITy 0€3 BCIIOMOTATEILHOTO JK-
paHa ¢ MaJbIM OTBEPCTHEM, YTO 0OECIIEUNBACT 3HAUYUTEIBHBIN CBETOBOU TIO-
Tok. C momompto uctouka ciroabl (TommuHou 0,03—0,05 MM) MoXHO TOJTY-
YUTh SIPKYIO UHTEP()EPEHIIMOHHYIO KapTHUHY IPSIMO Ha TIOTOJKE M Ha CTEHAX
aynutopur. Yem TOHBINE TUTACTUHKA, TeM KpyInHee MacmTadb uHTepdhepeH-
IIMOHHON KapTHUHBI, T.€. OOJIbIIIE PACCTOSHHUE MEXTY ITOJIOCAMHU.

Ionocwt PABHOZ20 HAKIIOHA

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

P

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

A=n(AB+BC)- ADiE.

31ech N — moka3arelb IPeJOMIICHHS] MaTepraiia TiacTuHku. [Ipeanona-
IracTCi, YTO Ha/ IJIACTUHKOU HaXOJUTCA BO3AYX, T.C. n=1.

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

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

C y4eToM MoTepH MOITYBOJIHBI 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 unumepgepenyuu. Ilonoca, COOTBETCTBYIONIAS J1aH-
HOMY TOPSIKY UHTEep(depeHInn, 00ycIoBIeHa CBETOM, MaJalONIUM Ha Tijia-
CTHUHKY MO/ BIIOJIHE OMpPEACICHHBIM yTJIOM o. [ToaToMy Takue mojochl Ha3bl-
BAIOT UHMepghepeHyuoHHbIMU ROI0CAMU PABHO20 HaKloHa. 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, MPOLIEAIIEM CKBO3b IUNIACTUHKY. B 3TOM cityyae oauH u3
JIy4er IPOXOIHUT IPSMO, a APYroM — IOCIIE ABYX OTPAKCHUM Ha BHYTPEHHEHN
CTOpPOHE IUIAaCTUHKU. OJIHAKO BUJUMOCTD MOJIOC IPHU 3TOM HHU3Kasl.

JUist HaOMroeHUsT T0JIOC PABHOTO HAKJIOHA BMECTO IJIOCKOMAapasielb-
HOM IUTACTMHKU YAOOHO WCIOJIb30BaTh 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 nmpoxoas P, maer 1', a myu 2,
OTpaXkasichb OT 32 U ganee ot P, naer 2'. Ilnactuaku P, 1 P, oguHaKoBEI 110
pazMepam; P, craBuTCA I KOMIIEHCAIMM PA3sHOCTU XOJa BTOPOIO 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
JIeJICHUEe aMIUTUTYAbl CBETOBOM BOJHBI OT MCTOYHUKA MPOMCXOAUIIO 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 TOHKOW IJIACTMHKM WJIM IUIEHKH
(TTOBEPXHOCTH KOTOpPOl HE 00s3aTeNbHO JOJKHBI OBITh MapayieTbHBIMU
1 BOOOIIE TJIOCKMMH) MOKHO HaOMI0AaTh MHTEP(PEPEHLMOHHYIO KAapTHHY,
JIOKQJIM30BaHHYIO BOJHM3M OTpa)karolieil MOBEPXHOCTH. Bo3HuKaromue mpu
ATUX YCIIOBUSX TOJIOCHI HA3bIBAIOT HOJIOCAMU PABHOU moauwjunsl. B 6emom
CBETE MHTEP(EPEHIIMOHHBIE TMOJIOCHl OKpamieHbl. [loaToMy Takoe siBieHHE
HA3BIBAIOT ygemamu monkux nienox. Ero nerko HabmoaaTh Ha MBUTBHBIX ITY-
3BIPSIX, HA TOHKUX IJICHKaX Macja Wiu OCH3WHA, TUIaBAIOIINX Ha MOBEPXHO-
CTH BOJIbl, Ha TUIEHKAX OKHCJIOB, BO3HMKAIOIIMX Ha MOBEPXHOCTH METAJUIOB
IpU 3aKajKe, U T.10.

Paccmotpum unTepdepennmonnyo kaptuny (puc. 1.2.10, 1.2.11), mo-
Jy4aeMylo OT IJIACTUHOK NEePEMEHHON TOJIIMUHBI (OT KJIMHA).

Puc. 1.2.11

31



Hanpagnenuss pacnpocTpaHeHHsi CBETOBOM BOJIHBI, OTPAXKEHHOM OT
BEPXHEU W HW)KHEN TPAHMIIBI KIIMHA, HE COBIIAIAOT.

WNutepdepenius Oyner HaOMIOAATHCS TOJIBKO BO 2-i 00IACTH KIIMHA,
T.K. B 1-i1 obnactu ontuyeckas pa3HOCTb xoja OyaeT OoJblle JATUHBI KOTe-
PEHTHOCTH.

Pesynbrar 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-
MEHSATHCS J1Ba Napamerpa — b u a, To ycroitunBoii nHTEp(EpEHITMOHHOM Kap-
TUHBI HE OYJET.

[TockoJibKy pa3HOCTh XOJIa JIy4eil, OTPa3UBIIMXCS OT Pa3IMYHBIX y4acT-
KOB KJIMHA, OyJE€T HEOJMHAKOBOM, OCBEIIEHHOCTh 3KpaHa OyJeT HepaBHO-
MEpHOM, Ha 3KpaHe OyAyT TEMHbIC U CBETJIbIE TIOJIOCHI (KMJTU I[BETHBIE TIPU OC-
BEIIEHUU OeNbIM CBETOM, Kak moka3zaHo Ha puc. 1.2.11). Kaxnas u3 Takux
M0JIOC BO3HUKAET B PE3YJIbTATE OTPAXKEHUSA OT yYAaCTKOB KJIMHA C OJMHAKO-
BOM TOJIIIMHOM, ITIOATOMY UX HA3BIBAIOT HOAOCAMU PABGHOU MOJTULUHDL.

Konvuya Heromona

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

»
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Puc. 1.2.12

OOmuii meHTp KOJIeIl PacIoJIOKEH B TOYKE KacaHWsA. B oTpakeHHOM
CBETE LECHTP TEMHBIN, T.K. IIPU TOJIIUHE BO3AYIIHOM MPOCIONKU, HA MHOTO
MEHBIIIEH, YeM JjIMHAa BOJHBI A, pa3HOCTh (pa3 mHTEepdEepUpyIOIIUX BOJH
00yCJIOBJIEHA pa3IMuMeM B YCJIOBHUSX OTPaKECHHUS Ha JBYX MOBEPXHOCTSIX
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u Omm3ka k 7. Tonmuaa h Bo3aymiHOTO 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 JJI1 pazmyca

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, )

Ecnu nuMH3y MOCTENEHHO OTOJBHUIAaTh OT MOBEPXHOCTH CTEKIA, TO WH-
Tep(epeHIIMOHHbIE KOJIbIa OyayT CTATMBATHCA K IEHTPY. IIpu yBeIudeHUH
paccrostHus Ha A /2 KapTHHA IPUHUMAET MPEKHUN BU, T.K. MECTO KaKIOTO
KOJIbIIa OyJET 3aHATO KOJIBIIOM ClieAyromiero mopsaka. C moMOIIbI0 KOJeIl
HeroTona, xak u B ombiTe KOHra, MOXKHO CpaBHHUTEIIBHO MPOCTBIMU CPECT-
BaMU MPUOIMKEHHO ONPEICIUTD JIUHY BOJIHBI CBETA.

[Tosockl paBHOM TONIIMHBEI MOKHO HAOJIOAATh U C TIOMOIIBI0 HHTEp(E-
pomeTrpa MalikenbcoHa, ecii ogHO U3 3epkan 31 wiu 32 (puc. 1.2.9) otkio-
HUTH Ha HEOOJIBIIION YTOI.

Hmax, nonocel pasnozo HAKIOHA NOLYYAIOMCS NPU OCEEUeHUU NId-
cmunku nocmosinnou moawunsl (b =const) paccesunvim ceemom, 6 kKomo-
pom cooepaicamest yuu pasuvix Hanpaenenuil. Ilonocel pasnoit monwgunol
HAOII0OAIOMCsL NPU 0C8eUeHUU NIACMUHKU NepeMeHHOU moaujunsl (KJIMHA)
(b = const) napannenvuvim nyuxom ceema. Ilonocel pasnou moauwunsl 10Ka-
JU306aHBL 8ONU3U NIACTIUHKU.

1.2.6. Ilpumenenue nuTepdepeHunn cBeTa

SIBnenue mHTEepdEpEHITMU BOJH HAXOJIUT PAa3HOOOpa3HOE MPUMEHEHUE.
PaccMmoTpum siiib HEKOTOPHIE TPUMEPHI TPUMEHEHUST HHTEPPEPECHITHH.

e ToT ¢akT, 4To pacnosiokeHre UHTEPHEPSHITMOHHBIX MOJIOC 3aBUCUT
OT JUTMHBI BOJIHBI M Pa3HOCTH X0J1a JIY4€H, IMO3BOJISET 1O BUIY MHTEPhEpPEH-
ITUOHHOW KapTUHBI (MJIM UX CMEIICHUIO) IPOBOIUTH TOYHBIC H3MEPEHUS pac-
CTOSTHUM TIPU WM3BECTHOW JJIMHE BOJHBI WJIM, HA000POT, ONpPEEsiTh CHEKTP
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uHTeppepupyIonmx BOIH (uHmepgepenyuonnana cnekmpockonus). Jlns
OCYIIECTBIICHUS TAKUX U3MEPEHHI pa3paOd0TaHbl pa3IuYHbIE CXEMbI BHICOKO-
TOYHBIX HM3MEPUTETBHBIX MPHOOPOB, Ha3bIBAEMBIX HHTEphepoMeTpamu
(IByX- 1 MHOroJIyueBbi€e), puc. 1.2.9. HesHaunrenpHOE nepeMenieHne 0JHO-
ro U3 3epKajl uHTepdepoMeTpa MPUBOAUT K CMELIEHUIO HHTEP(EPEHITMOHHOM
KapTUHBI, YTO MOKHO HCIOJB30BaTh JJI U3MEPEHHUS JUIMH C TOYHOCTBIO 0

1077 m. W3mepenus ¢ momomibio uHTepdepomerpa MaiikenbcoHa MPHUBEIH

K (pyHAaMEeHTaIbHBIM U3MEHEHUSIM TPEJCTaBICHUNH O MPOCTPAHCTBE U Bpe-
MEHHU; JT0Ka3ajdl OTCYTCTBHE 3PHUPa; MOCTYKHIA OCHOBOU CIIEUAIbHON TEOo-
pUU OTHOCUTEIBHOCTH.

e Ilo unmepgepeHuyuoOHHON KapmuHe MOMCHO 6blAGIAMb U U3Me-
PpAMb HEOOHOPOoOHOCcmu cpedbl (B T.4. (Ha30BbIC), B KOTOPOU PacpOCTpaHs-
IOTCS1 BOJIHBI, MJIM OTKIOHEHUS (POPMBI IOBEPXHOCTHU OT 3a/I1aHHOIA.

e SIBrneHue uHTEp(EpPEHIINH BOJIH, pACCETHHBIX OT HEKOTOPOTO 00bEKTa
(WM TpOLIEAIINX Yepe3 HEro) C «OMOPHOI BOIHOM, JIEKUT B OCHOBE 20J10-
epaguu (B T.4. onTHuecKol, akyctuueckoit win CBY-ronorpadun).

e HHrepdepeHInOHHbIE BOIHBI OT OTAEIBHBIX «3JE€MEHTAPHBIX» U3ITY-
qaTeJiel WCHOJIB3YIOTCS MPU CO30AHUU CIOHCHBIX U3AYUAIOWUX CUCHEM
(a"TEeHH) JJ1s DIEKTPOMATrHUTHBIX M aKyCTHYECKUX BOJIH.

e IIpoceemnenue onmuku u nojy4yeHue 6blCOKONPO3IPAYHBIX NOKPbI-
MUl U ce1eKMUBHbIX ONMUUECKUX PUIbmMpoas.

JUisi yMeHbIIEHUs] TOTEPh HA OTPAKEHHE MCIOJIb3YETCS MOKPBITHE OIl-
THYECKUX JeTajiel (InH3) 3 TUIGHKOW 2 CO CIenUalbHBIM 00pa3oM moja00-
pPaHHBIMH TOJIIIIMHOMW & M MOKasareyeM npenomiieHus N (puc. 1.2.13).

Wnest yMeHbIIEHUSI UHTEHCUBHOCTU OTPAKEHHOI'O CBETa OT MOBEPXHO-
CTH ONTHUYECKHX AeTallel COCTOUT B MHTEP(HEPEHIMOHHOM TallleHUH BOJIHBI,
OTPaXEHHOM OT BHEITHEW MOBEPXHOCTU 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 oTpaxeéHHon BosiHbl. HeoOxoaumoe cooTHOIIeHHE MEXIY (azaMu
A@ OTpaXEHHBIX BOJH O00ECIEYMBAETCS BBHIOOPOM TOJIIMHBI IUIEHKU d,

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

d=(2m+1DA/4.

Takum 00pa3oM, eclii BBIMOTHSIETCS 3TO YCIOBHE, TO B pe3yJabTaTe WH-
TepdepeHIIN HAOII0JaeTCs rallieHue OTPaKEHHBIX JIydel. Tak kak 100UThCs
OJTHOBPEMEHHOTO TaIlIeHHsI 1711 BCEX JUTMH BOJIH HEBO3MOXKHO, TO €T0 JETA0T
st Ag =0,55MMm. [ToaTOMy OOBEKTHUBBI C IPOCBETICHHON ONTUKONW KaKyT-

sl TOyOBbIMU.
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o [lonyuenue 6b1cOKOOMPANHCAIOUWUX OUITIEKMPUUECKUX 3EPKAL.

3HAUYHUTENFHO TMOBBICUTh KOA(POUIIMEHT OTpaxkeHUs R 3epkan MOXHO,
UCIIOJIb3Ys TOCJENA0BATEIbHOCTh YEPEAYIOIUXCA JAUIEKTPUUYECKUX CIIOEB
C BBICOKHMM I ¥ HU3KUM N, MOKa3aTelsiMU npernoMieHus (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, =X /4), To oTpakeHHBIE WX I'pAaHHUI]AMU BOJHBI HaXOAATCS, KakK

JIETKO 3aMETHUTh, B OAMHAKOBOM (ha3e W B pe3ysibTare MHTEPPEPEHLNH YCH-
JUBAIOT Apyr Apyra. Takue MHOTOCIOWHBIE NUAJIEKTPUUYECKUE MOKPBITUS
JAI0T BBICOKYIO OTPa)KaTEJIbHYIO CIIOCOOHOCTh TOJIBKO B OIPaHUYEHHOM 00-
JACTU JUIMH BOJIH BOJIM3H 3HAYEHUS A(, U1l KOTOPOTO ONTHUYECKas TOJIIIMHA

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 uM. s momyydeHus: 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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1.3. Inppaxuus cBera

1.3.1. Ipunuun I'oiirenca — @penens

Jlughpaxyun ceema — B y3KoM, HO HauOoJiee YOTPEOUTEIILHOM CMBICIIE —
o2ubaHue JIydaMH CBETa IPaHUIIbl HEMPO3PAYHBIX TeJl (SKPAHOB); MPOHUKHO-
BEHUE cBeTa B 00JacTh reoMmerpuyeckoil TeHu. Hambonee penbedno mau-
dpaxuus cBeTa MposBISETCS B 00JACTAX PE3KOr0 U3MEHEHHS TIJIOTHOCTH T10-
TOKa Jiydelt (BOJMM3M KayCTHK, OKycCa JIMH3bI, TPAHUI] TEOMETPUICCKON TCHH
U 1p.); TUpaKIys BOJH TECHO TEPEIUIETACTCs C SIBICHUSAMU PAaCIpOCTpaHe-
HUS ¥ pacCesHUS BOJIH B HEOJJHOPOIHBIX Cpeax.

Jughpaxyueir Ha3bIBACTCS COBOKYNHOCMb sA61E€HUl, HAOII00AeMblX npu
PAcnpocmpaneHuu ceema 6 cpeoe ¢ pe3KUMu HeOOHOPOOHOCMAMU, PA3MepPbl
KOMOPbIX CPABHUMbL C OJIUHOU GONHb, U CEA3AHHLIX C OMKIOHEHUsMU OMm 3a-
KOHO8 2e0Mempuyeckol ONMuKuy.

Orubanuie TMpensTCTBUN 3BYKOBBIMU BOJIHAMH (AU(PPAKIUS 3BYKOBBIX
BOJIH) HAOJIIOAeTCsl HaMU MOCTOSIHHO (MBI CJIBIIIUM 3BYK 3a YIJIOM JIOMa),
MOTOMY 4YTO JIMHA 3BYKOBOW BOJIHBI CpaBHMMa C Pa3MepOM MPEMSATCTBUS.
Jist HaGmroieHus udpakiiuy CBETOBBIX JTyuel HY>KHBI 0COObIE YCIIOBHUS, 3TO
CBSI3aHO C MAJIOM JITTMHOM CBETOBBIX BOJIH.

Mexny uHTepdepennrein u nudpakiueil HeT CyIIeCTBEHHbIX (u3nye-
ckux paznuumii. O0a SBIECHUS 3aKITI0YAIOTCS B IEpEepacpeieIeHHH CBETOBO-
ro MOTOKA B Pe3ybTaTe CYNEepIO3UIINU BOJIH.

SBnenue nqudpakuun o0bsICHAETCS C TOMOLIbIO npunyuna Itoiizenca,
COTJIACHO KOTOPOMY Kad#cOdsi mouka, 00 KOMOpou 00X00um 60JIHA, CIAYHCUM
UEHMPOM 6MOPUYHBIX 60JIH, 4 02UOAIOWAS DMUX BOIH 3A0aem NOJIOHCEHUE
8071H08020 (hponma & credyroujuLl MOMEHM 8PeMeHU.

[TycTh mockasi BoJiHa 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 cpejie OHU CPEPUICCKHUE).

bbb
AT

Puc. 1.3.1

[TocTpouB ormbaronryr0 BTOPUYHBIX BOJH JJII HEKOTOPOTO MOMEHTA
BPEMEHHU, BUJINM, 9TO (DPOHT BOIHBI 3aXOUT B 00JACTh TECOMETPUUECKOMN Te-
HU, T.€. BOJTHA OTHOAET Kpasi OTBEPCTHSI.
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[Tpunnun ['rolireHca pemaeT Juib 331a49y O HalpPaBJIECHUH PaCIpoOCTpa-
HEHUSI BOJHOBOTO (PpOHTA, HO HE 3aTparuBaeT BOMpOca 00 aMIUTUTYIE U WH-
TEHCUBHOCTH BOJIH, PACIIPOCTPAHSIOIMINXCS 10 PA3HBIM HAIPABICHUSM.

Pemaroniyro ponbs B yTBEPKIEHUM BOJHOBOM INPUPOABI CBETA ChITPAl
O. ®penens B Hayasie XIX B. OH 00OBsACHUI SIBIEHUE NUPPAKIUU U ATl Me-
TOJ €€ KOJMYECTBEHHOT'O pacyeTa.

dpeHenpb BIOKUI B MPpUHIMN [ folirenca Gu3n4ecKuii CMBICI, JIOMTOJTHUB
ero ujeeil nHTep(epeHn BTOPUYHBIX BOJIH.

[Ipu paccmorpenuun audpaxkuuu OpeHenb UCXOAUI U3 HECKOJIBKUX OC-
HOBHBIX TIOJIOXKEHHM, MpUHUMaeMbIX 0e3 aoka3areiabcTBa. COBOKYIMHOCTH
ATUX YTBEPKIAECHUHN 1 Ha3bIBACTCS MpUHIUIIOM [ torirenca — Openerns.

CornacHo npunyuny I'toiizenca, Kaxyo moyky (porma BOTHBI MOXK-
HO paccMaTpuBaTh KaK ICTOYHUK BTOPUYHBIX BOJIH.

@peHenp CylECTBEHHO Pa3BUII 3TOT ITPUHLINIL:

e Bce smopuunble uCmoYHuKU poHma 80Hbl, UCXOOAWEL U3 0OHO20
UCMOYHUKA, KO2EPEHMHbBL MeHCOY COOOLL.

o PasHvie no niowaou yyacmxu 60JIHOBOU NOBEPXHOCMU U3LYYAIOM
pasHvle UHMEeHCUeHOCmu (MOLITHOCTH).

o Kaoicowvlii 6mopuyHbll UCTOYHUK U3TYYaem C8em NpeumyuecmeeHHo
6 HANPA6IeHUU 6HEUIHell HOPMAU K G0JIHOBOU NOGEPXHOCMU 8 IMOU MOY-
Ke. Amnaumyoa 6mOpUYHbIX GOIH 8 HANPAGIeHUU, COCMAGIAIOWEeM Y201 O
C HOPMAbIO, MeM MeHble, yem 6oabule Y20l O, U pasra Hyao npu o> 1/ 2.

o J[ns 6MOpUYHBIX UCMOYHUKO8 CNPABEONIUE NPUHYUN CYNEePHO3UYUU:
u3JiyyeHue 0OHUX Y4acCmKO8 60JIH0B0I NOGEPXHOCNU HeE GIUAEM HA U3T)Ye-
Hue Opyaux (€CIM 4acTh BOJHOBOM MOBEPXHOCTH MPHUKPHITH HEMPO3PAUHBIM
HKpPaHOM, BTOPUYHBIE BOJHBI OYIyT U3Iy4aThCsl OTKPHITHIMU YYaCTKAMU TaK,
KakK ecyii Obl 9KpaHa He ObLIO).

Ucnonw3ys 3t nonoxenus, @peHesp yKe MOr clieaTh KOJIUYECTBEH-
HbIE pacyeThl TUPPAKIIMOHHONU KAPTUHBI.

1.3.2. Metoxa 30H ®peHes

®peHenb NPeIIoKUI OPUTHHAIBHBIN METOJ] pa30ueHrs BOJIHOBOM IO-
BEPXHOCTU S Ha 30HBI, MO3BOJIMBIINNA CUILHO YNPOCTUTH PEIICHUE 3a/1ad, —
Mmemo0 30n Dpenens.

['panurieii mepBoit (1EHTPAIBHON) 30HBI CIIYKAT TOYKUA TTOBEPXHOCTH S,
Haxojsrecs Ha paccrosiaud | +4/2 ot rouku M (puc. 1.3.2). Touku chepsr S,
Haxojsrecst Ha pacctosausx | +20/2, 1 +30/2 u 1.0. or Touku M, oGpa-

3y10T 2, 3 ¥ T.J1. 30HBI DpeHers.
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Konebanus, Bo30yxaaempie B Touke M Mexy ITByMs COCEIHHMH 30-
HaMU, TMPOTUBOIOJIOKHBI MO ¢aze, T.K. Pa3HOCTh X0Ja OT 3TUX 30H JI0 TOY-
ki M paBHa A =1/2, MO3TOMY TP CIOKEHUH ITUX KOJICOAHHI OHH JOJKHBI

B3aMMHO OCJIa0JIATh APYT JIpyTa:
A=A-A+A-A+...+A,
rae A — aMIuIMTy1a pe3yJIbTUPYIOLIEro Kojaebanus; A — aMImTya Kosneba-

HUI1, BO30Yyknaemast i-if 30001 Dpenens.

34|56

Puc. 1.3.2

Benuunna A, 3aBUCHUT OT IUIoIaaM S; 30HBI U yIJIa Oj MEXIy HOpMa-

JIBIO K TIOBEPXHOCTH U MPSIMOM, HapaBJIEHHON B TOUky M.
[iomaab OJTHOM 30HBI

aRIL . . nRIA
= (i-i+1) = :
R+ R+1
Orcroga BUIIHO, YTO ILIOIIAAbL 30HBI DpeHess He 3aBUCHT OT HOMeEpa
30HBI I. DTO 3HAYMT, YTO NPU He CAULKOM OONbUIUX | NIOWAOU COCEOHUX 30H
OOUHAKOBHL.

B To xe Bpems, C yBEIMYEHHEM HOMEpA 30HBI BO3PACTAET YION O

AS, =S, -S,,

H, CJIENOBATENbHO, YMEHBIIAETCSI MHTEHCHUBHOCTh H3JIy4€HHUS 30HBI B Ha-
npasiieHuu Touku M, T.e. yMeHbmaercs amiumryaa A. OHa yMeHbIIAeTCs

TAKIKC N3-3a YBCIMUCHHA PACCTOAHHA 10 TOUKHU M:

A>A>A>.>A>...

Ob6miee uncno 30H DpeHens, yMmMenarnmxcs Ha 4acTu cdepsl, oopa-
IIEHHOH B CTOPOHY ToukH M, odeHs Bemmko: mpu A = 5-107" M = 500 HMm,
R=1=0,1 M uncio 30u N = 3-10°, a paguyc nepsoii 30Hb I ~ 0,16 M.
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Otcrozia ciielyeT, 4To YIriibl MEXIY HOPMaJbIO K 30HE U HaIlpaBICHUEM
Ha TOYKy M y cOCeHHX 30H IPHUMEPHO PABHBI, T.€. UTO AMNIUMYObL GOJIH,
npuxooaujux ¢ mouxy M om coceonux 301, npumepHo pagHbl.

Tax kak MmaoUaAN COCEAHUX 30H OJMHAKOBBI, TO BBIPAKECHUS B CKOOKaX

PaBHBI HYJIIO, 3HAYUT PE3YJILTUPYIOMIAs aMIuuTyqa A= —.

2

VIHTeHCHBHOCTD H3IydeHns J ~ AZ.

Takum 00pa3zoM, pesyrbmupyrowas amniumyod, co30a8aemas 6 HeKo-
mopoti mouxe M 6ceil chepuueckoll noBepxHOCMbIO, PABHA NOI0OBUHE AM-
naumyovl, c030a6aemMoil 0OHOU UMb UEHMPAIbHOU 30HOU, A UHMEHCUG-
noems J =J, /4.

Tak kak paanyc neHTpaibHOM 30HBI Mall (I; = 0,16 MM), crienoBaTeNbHO,
MO>KHO CUMTaTh, YTO CBET OT Touku P 1o Touku M pacnpocmpansemca nps-
MOJIUHEIIHO, BIOJIb MATEMAaTUYECKON TMHUU, HA3bIBAEMOU C8EmM 08bIM JIyUeM.

Ecnu Ha myTu BOJIHBI OCTaBUTH HEMPO3PAYHBINA dKpaH C OTBEPCTUEM,
OCTaBJISIIOIIUM OTKPBITON TOJBKO LIEHTPAIbHYIO 30HY DpeHens, To aMIUIUTY-
na B Touke M Oyner paBHa A . COOTBETCTBEHHO, HHTCHCUBHOCTh B TOUke M

Oymetr B 4 pasza Oosibllle, YeM NpPH OTCYTCTBUU dKpaHa (T.k. J =4J,).

Humencuenocmo ceema ygeauuueaemcsi, eciu 3aKpblimsd 6Ce YemHbvle 30Hbl.
Takum oOpazom, npuniui [ roiirenca — @penens Mo3BoJsAeT OOBICHUTH
IIPSIMOJIMHEMHOE PACIIPOCTPAHEHHUE CBETA B OJHOPOAHOM Cpele.
[IpaBoMepHOCTH NiefieHUs] BOJTHOBOTO (PppoHTa Ha 30HBI Dpenens noa-
TBEPKAEHA IKCIEPUMEHTAIIBHO. {7151 3TOTO MCNOJIB3YIOTCS 30HHBIE IACTHUH-
KM — CUCTEMA YEPEAYIOIINXCS MTPO3PAYHBIX U HEMPO3PAYHBIX KOJIEIL.
OnbIT NOATBEPKIIAET, UTO C MOMOIIBIO 30HHBIX TJIACTUHOK MOHO yBe-
JUYUTH OCBEIICHHOCTh B TOUKE M, M0I00HO coOMparoieil JInH3e.

1.3.3. Iudgpakuus @peHesist OT NPOCTEHIINX MPerpaji

PaccmoTtpum nudpakiuio B cxoasmmxes dydax, uian nudpakiuio Ope-
HEJIsl, OCYIIECTBISIEMYIO B TOM Clydae, Korjaa Iu(pakiiMoHHass KapTUHA Ha-
0JIro1aeTcsl Ha KOHEYHOM PACCTOSHUM OT TPENATCTBUS, BBI3BABIIETO JIU-
dpaxuuro.

Jugppaxyus om Kpyznozo omeepcmus

IToctaBuM Ha TyTH ChepUUYECKON CBETOBOW BOJHBI HEMPO3pPAUYHBIN IK-
paH C KPYIJIbIM OTBEPCTHEM paJuyca r,. DKpaH PACIIONOXKEH TaK, YTO Iep-

NCHIUKYJIAP, OMYIIEHHBIH M3 S Ha HENpPO3pauyHbId 3KpaH, MOMagacT TOYHO
B 1IeHTp oTBepcTHs (puc. 1.3.3).
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Ha npopoimkeHun 3TOro nepneHaukyiisipa Bo3bMeM TOuky M u pac-
CMOTpPHM, YTO OyJeT HaOIIOAAThCS HA IKPAHE.

Puc. 1.3.3

Pa300beM OTKPBITYIO YacTh BOJHOBOM MOBEPXHOCTU Ha 30HBI DpeHers.
Buo ougpaxyuonnou xapmumnvl 3aeucum om uucia 30n DPpewnens, omkpbvi-
gaemvix omeepcmuem. AMIUINTYAA PE3YJIbTHPYIOLIEro KoieOaHus, BO30YkK-
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 aMIUIUTy/1a (MHTEHCUBHOCTh) B Touke M Oyner Ooiblie, 4em
Py CBOOOJHOM PAaCHpPOCTPAHEHUH BOJHBI; €CIU YemHoe, TO aMIUIUTYIa
(MHTEHCUBHOCTH) Oy/I€T paBHA HYJIIO, KaK MMoka3aHo Ha puc. 1.3.3.

EcrectBento, uto ecnu Iy >> A, TO HUKaKOW TUPPaAKIIMOHHON KapTH-

HBI HE Oy/JIeT.
Jugppaxyua om oucka

Cdepuueckast BoJIHA, paCpOCTPAHSIIONIASACS OT TOYEYHOT'O MCTOYHHKA S,
BCTpEYaeT Ha CBOeM IyTHu auck (puc. 1.3.4).




Touka M nexuT Ha NepHneHAMKYJsipe K LUeHTpy aucka. [lepBas 30Ha
@peHens CTPOUTCS OT Kpast JUCKa U T.J.

AMIIIUTY1a CBETOBBIX KOJeOaHHil B Touke M paBHa MOJOBHHE aMILIH-
TyJlbl, 00YCJIOBIIEHHOM TEpPBOIl OTKPHITON 30HON. Ecnu pasmep aucka Hese-
JUK (0XBaThIBaeT HEOOJIBIIIOE YUCIIO 30H), TO ACHCTBHE MEPBOI 30HBI HEMHO-
UM OTJIMYAETCS OT ACUCTBUS IEHTPAIBHOU 30HBI BOJTHOBOTO (hpoHTA. Takum
0o0pa3oM, OCBELIEHHOCTh B Touke M OyzeT Takoii ke, Kak U B OTCYTCTBHE JK-
paHa. BenencrBue cuMMeTpun LIEHTpallbHAs CBETIIAsl TOUKa OYJET OKpYKEeHa
KOJIBLIAMU CBETA U T€HU (BHE IPAHUIL] FEOMETPUUECKON TEHN).

[TapamokcanpHOE Ha NEPBBIA B3IVILA 3aKIFOYEHHE, B CUIIy KOTOPOTO
B CAMOM IICHTPE I'€OMETPUYECKONM TE€HU MOXKET HAXOIUTBHCSA CBETJasl TOUKA,
obut0 BeIIBUHYTO Ilyacconom B 1818 r. u BmocneacTBuu ObUIO Ha3BaHO €rO
nMeHeM. «lIatHo Ilyaccona» noareepkaaeT npaBUIBHOCTh Teopun DpeHens.

1.3.4. Iudpakuus B napauieJbHbIX Jy4ax
(audpakuusa @payHrodepa)

Jlo cux mop MBI paccCMaTpUBAIMN OUPpaxkyuro cpepuieckux 601, U3y-
yasi AUGPaKIMOHHYIO KapTUHY B TOUKE HAOJIO/IEHNUs, JIeKallled Ha KOHEYHOM
paccTosiHUU OT NpensaTcTBus (Ougppaxuus Dpenens).

Tun gudpakuuu, Npu KOTOPOM TUdpakiMOHHAsT KapTuHa o0pasyercs
napaiielbHbIMu ny4Kamu, Ha3plBaeTcsa ougpakyuen Dpaynzogepa. 11apan-
JIeJBHBIE Y4 TPOSIBATCS, €CIM MCTOYHUK W DKpaH HaXOMASITCS 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 3TOT Ciiydaldl BaKeH, T.K.
UMEHHO ATOT THMN AU(GPAKIUUA HCTOIB3YETCS BO MHOTHUX JIU(DPAKIIMOHHBIX
npubopax (audpaxkiuoHHas pemerka, Hampumep). Kpome toro, 31eck marte-
MaTUYECKUN pacyeT MpOILIE U MO3BOJISIET pEellaTh KOJIMYECTBEHHYIO 3a7ady
1o koHma (audpakuuio Openens Mbl paccMaTpUBaIN Ka4E€CTBEHHO).

Jugppaxyua ceema na oonoii wienu

[TycTh B HEMPEpPHIBHOM JKpaHE eCTh Ielib: MmupuHa mean AB = b, mamu-
Ha 1menu (MepreHInKYJIIpHO iockoctu jucta) | >> b (puc. 1.3.5). Ha mens
NaJalT MapajjielibHble Tyuu cBeTa. st obsierdeHus pacuera cuuTaeM, 4yTo
B TUIOCKOCTH IIENH AB aMImuTyIb1 1 (a3bl MaJalolX 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 YCa08ue MaKCUMyMa UHMEeHCUBHOCTIU.

KapTtrHa OyneT CMMMETpUYHONM OTHOCUTEIIBHO 21A6H020 (pOKyca 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
MaKCHUMYM I10 HHTEHCUBHOCTH MIPEBOCXOAMT BCE OCTATIbHBIC.

PaccMoTpuM BIMSTHUE IMPUHBI IIEITH.

Tak kak ycanoBrue MUHUMyMa UMEET BU bSin @ = £m\, oTcroaa

sin —m
¢ b’

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

[Tpu yMeHBIIEHUU INHPHHBI MIEIH D BCS KapTHHA PacHIMPSACTCS, pac-
IUIBIBAETCSA, LIEHTPaJbHAsl MOJIOCKA TOXE PaCIIUPSAECTCSA, 3aXBaTbiBas 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 1O MIMPUHE U MAPAIIIEIBbHBIX IPYT IPYTY
miesieil B dKpaHe, pa3/elCHHBIX TaKKE OJMHAKOBBIMHU IO IIUPUHE HETMpPO-
3padHbIMU TIpoMeKyTKamu (puc. 1.3.6).

HudpaxironHas KapTHHA Ha PELIETKE OMpeeNsieTcs Kak pe3ysbTar B3a-
UMHOM MHTEep(pEPCHIIMK BOJIH, UIYIIUX OT BeeX Imenei (puc. 1.3.7), T.e. B ou-
¢pakyuoHHoll pewremke ocyuecmernsemcs MHO20Jy4ueean 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 PemeTKU; a — PACCTOSTHHE MEXKIY IIe-
asamu;, a+b=d — nocmosinnas ougpparxyuonnoii 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, MAYIIAs MOJ 3TUM YTJIOM OT IIEJH, CO3/1a€T 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 OyJlyT yCUIIUBATh JIPYT JIpyra, €CIu ONTHYECKasi pa3HOCTh x0/1a OyAeT paB-
Ha MA;

A=CD =dsing.
Vcnosue makcumyma niis mupakiiioOHHON pemIeTKH 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 HAOMIOMATHCS HYl1€60ll, VI UeHMPANbHBbLIL,
OuPPaKyuoOHHbLIL MAKCUMYM.

Tak kak cCBeT, MAJAOMIAN HA JKpaH, MPOXOIHUT TOJIBKO Yepe3 IIEIU
B TU(PAKIIMOHHON PEIIEeTKE, TO YCIOBUC MUHUMYMA O wjenu U OyneT yc-
Jl08UeM 211A8HO20 OUPPAKYUOHHO20 MUHUMYMA OJisL PeULeMKU

bsing =+mA.

KoneuHo, mpu 00JIbIIIOM YHUCIIE MIETe B TOUKH dKpaHa, 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, TIO CpaBHE-
HUIO C TJIaBHBIMH MakCUMyMaMu, Mana (= 1/22).

[Ipm ycnoBumn

A:dﬁn@:Qm+D%

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

KonuyecTBo mieneit onpenenseT CBETOBOM MOTOK yepe3 pemierky. Uem
ux Oosblle, TeM OOJbIlast PHEPTUsl IEPEHOCUTCS BOJIHOU yepe3 Hee. Kpome
TOTO, YeM OOJIbIIIE YUCIIO LIENeH, TeM OO0JIbIlIe JOTMOTHUTEIHHBIX MUHUMYMOB
MOMEIIAETCS MEXAY COCETHUMHU MakcuMyMmamu. CienoBaTeabHO, MAaKCUMY-
MBI OyyT OoJiee y3kUMHU U OoJiee MHTEHCUBHBIMH (puc. 1.3.8).

Puc. 1.3.8

N3 (1.3.1) BuaHO, 9TO yroy Audpakiivu MporoOPIUOHAICH ITMHE BOJIHBI A.
3Hauut, qUdpaKkUOHHAs pelIeTKa pa3faraet Oelblii CBET Ha COCTaBIISIONINE,
pUYEM OTKJIOHSET CBET ¢ OOJIbIIeH JIIMHOM BOJIHBI (KpAaCHBIN) Ha OOJBIINN
yroi (B OTJIMYKE OT MPU3MBI, T/I€ BCE MPOUCXOTUT HA00OPOT).

3TO CBOMCTBO AU(PAKIIMOHHBIX PEIIETOK UCIOJb3YeTCs JIJIsl ONpeeie-
HUS CIEKTPAIIbHOTO COCTaBa cBeTa (MudpakimoOHHBIE CTIEKTporpadml, Crek-
TPOCKOIIbI, CHEKTPOMETPHI).
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1.3.5. lu¢pakuus Ha NPOCTPAHCTBEHHbIX pelIeTKAaX.
JAuppakuus peHTTeHOBCKUX JIy4en

Ilpocmpancmeennoit, unu mpexmepHoi, OUPPaKyuoHHOU peuiemKoi
Ha3vl8Aemcs MmaKas Onmuyecku HeoOHOPOOHAs cpedd, 8 KOMOpPOU HeOOHO-
POOHOCMU NEePUOOUYECKU NOBMOPAIOMC NPU U3MEHEeHUU 8cex mpex npo-
CMPAHCMBEHHBIX KOOPOUHAM.

VYcaoBus TPOXOXKIACHUSI CBETa 4epe3 OOBIUHYI0 AUGPPAKIIMOHHYIO pe-
IETKY NEPUOJAYECKA U3MEHAIOTCS TOJBKO B OJHOM HAIPAaBIICHUU, MEPIICH-
JUKYJSIPHOM K ocH 1iend. [103ToMy Takyro peleTKy Ha3blBatOT 00OHOMEPHOU.

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

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

I (¢ — YroJ MEeXJy HalpaBJICHUEM Ha TJIABHBI MakKCUMyM (HaIpaBJICHUE
Jy4a) ¥ HOPMAJIbIO K pEHIeTKe; M — MOPAI0K JUPPAKIMOHHOTO MAaKCUMYyMa.

HudpakuuonHas KapTHHA MPEACTABISIET COOOM CUCTEMY CBETIBIX IIs-
T€H, PACIOJIOKEHHBIX B ONPEIEICHHOM MOPSAKE Ha IJIOCKOCTH 3KpaHa. Pa3-
MEpBI 3TUX ISTEH YMEHBIIAIOTCSA MPU YBEIWYEHUH YUCIIA LIETEH, a IPKOCTh
Bo3pacraeT. Takas e KapTHUHA IMOJy4aeTcs, €CJIM Ha OJIHO CTEKJIO HAHECTH
PSAI B3aUMHO MEPIIECHIUKYJIPHBIX MOJIOC.

Hudpakuus HaOMIOAACTCS TAKKE U HA TPEXMEPHBIX CTPYKTypax. Bes-
KUl MOHOKPHUCTAJI COCTOUT W3 YHOPSAJOYEHHO PACIOJIOKEHHBIX aTOMOB
(MOHOB), 00Opa3yIOIIMX MPOCTPAHCTBEHHYIO TPEXMEPHYIO PEHIeTKY (ecTecT-
BEHHAs NMPOCTPAHCTBEHHAS PEILIETKA).

ITepuon aTroMHON pemeTky — nopsaka 107'° m; quMHa BOJHBI CBETA —
107" m. IIpy Takux yclIOBHMAX HMKaKMX AM(PAKIMOHHEIX SBJICHHAN HA aTOM-
HBIX TU(PAKIIMOHHBIX PEIIEeTKaX ¢ BUANMBIM CBETOM He Oyner. HyxHo n3-
JIy4EHHUE C MEHBIIEH JJIMHOW BOJIHBI, HAIIPUMEP PEHTTEHOBCKOE. [l peHT-
T€HOBCKHUX JIy4e KPUCTAJUIBI TBEPABIX TEJ SBISIIOTCA UACATbHBIMU JUDPaK-
MOHHBIMHU PEIIETKAMM.

B 1913 r. pycckuit ¢usux ['.B. Bynbd u anrnumiickue ydeHnle OTell
uceiH ['eapu u JloypeHnc bparru, He3aBUCHMMO Apyr OT Jpyra, MPEIIOKUIN
MIPOCTON METOJI pacueTra nudpaKIui peHTTeHOBCKUX Jiyde B Kpuctayuiax. OHu
noJlarajiu, 4to Judpakiydio peHTITeHOBCKUX JIy4ed MOKHO paccMaTpuBaTh Kak
pe3yNbTaT OTPAXKEHUSI PEHTTEHOBCKUX JIYUEH 0om naocKocmeu Kpucmaiida. 1o
OTpaKE€HUE, B OTIMYME OT OOBIYHOTO, MPOUCXOIUT JULULL NPU MAKUX YCIOBUSX
naoenust Tyyell Ha KpUCmaiil, KOmopwvle COOmMEemcmeayionm MakCuMymy uHmep-
Geperyuu 0 1yueti, OmpadtCeHHbIX OM PA3HLIX NJIOCKOCMEL.
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HamnpaBuM my4oK peHTT€HOBCKHX Jyded / W 2 Ha JBE COCEIHHUE IJIOC-
KocTH Kpuctamuia AA' u BB'(puc. 1.3.9).

AOCOMIOTHBIN NTOKA3aTEIb NPEIOMIIEHHS BCEX BEIIECTB Il PEHTTEHOBCKUX
ny4yelt paseH 1. [loaromy onTryeckas pa3HOCTb XoJa MEXTy Jiydamu /'u 2’

A=ED+ DF =2dsin®,

rae 0 — yron Mexay MagalouuMi U OTPaKCHHBIMU JTy4aMHU U IJIOCKOCTBIO
KpucTasuia (yroja CKOJIbKEHHUS ).

HuTepdepeHImonHbIe MAaKCUMYMBI JOJDKHBI YJIOBICTBOPSTH YCA06UIO
Bynvgha — bparzzoe:

2dsin6=mx (m=1,2,3,..). (1.3.2)

N3 dbopmynsr (1.3.2) BuaHo, uto qudpakius OyaeT HaOII0aThCs JIUIIb
npu d > A2, T.e. ipu ycaoBun A>2d OynyT OTCYTCTBOBAThH AM(PPAKIIMOH-
HbIe MakCcUMyMbI. [loaTomy ycrnosue A >2d naszvieaiom ycnosuem onmuue-
CKOIl 0OHOPOOHOCHMU KPpUCMANNda.

@ ® @ @ @ o
Puc. 1.3.9

N3 (1.3.2) caemyet, uTto HaOmOJAeHUE MUPPAKITMOHHBIX MAKCHUMYMOB
BO3MOKHO TOJIBKO TPU OMNpPEAENIEHHBIX COOTHOILEHUAX Mexay A u 0. Ortor
pE3yNbTAT JIEKUT B OCHOBE CHEKMPAIbHO20 AHAIU3A PEHTTEHOBCKOTO U3ITY-
YEeHMsI, T.K. JJIMHY BOJIHBI ONPEAEISIOT MO U3BECTHBIM d, M U U3MEPEHHOMY
Ha OIIBITE YIIIy.

Uccnenays nudpakuuio peHTTeHOBCKUX Jy4Yeld, MOXKHO PEIIUTh U 00paT-
HYIO 3aJlauy: €CJId U3BECTHA JUIMHA BOJIHBI A PEHTI€HOBCKUX JIy4Yel, MOKHO
OMPENEIUTh NEPUO ] KPUCTAUTMYECKON PEIIeTKH d U OPUEHTALMI0 aTOMHBIX
MJIOCKOCTEN B MPOCTPAHCTBE. ITa Hjes ObLla BhICKa3aHa HEMEIKUM (DU3UKOM
M. Jlays B 1912 r. u siBUnach CymecCTBEHHbIM BKJIaJ0M B Pa3BUTHE (PUBUKHU
TBEPAOTO TeNa.

[Tonukpuctaimuyeckue oOpaslbl MNPEACTaBISAIOT COO0H MHOKECTBO
MEJIKUX KPUCTAJUIMKOB, OPUEHTHPOBAHHBIX XaO0TUYECKU B ITpOCTpaHCcTBE. Ec-
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JM HampaBUTh Ha KpUCTalT O MOHOXPOMAaTHYECKUNA MYyYOK PEHTTEHOBCKUX
Jy4erl OT UCTOYHUKA S C M3BECTHOW JJIMHOW BOJIHBI A, TO BCEraa HaumayTcs
KPUCTAJIbl, OPUEHTUPOBAHHBIC TIO/] HY>KHBIM YIJIOM, B KOTOPBIX BBIIIOJHEHO
ycnoBue Bynbsgha — bparros, a pediekchl (cBeTbie TOYKH Ha oToruiacTuHke P)
OT Pa3HBIX KPHUCTAJUIOB 00pa3yloT KOHIIEHTpUYecKue okpyxHoctu Dy, D), Dj
(puc. 1.3.10).

Puc. 1.3.10

Ortotr Mmeton Obun mpemyioxeH B 1926 r. II. [debaem u II. Illeppepom
(memoo /leoan — Llleppepa).

g’* E Nt by ‘3

Puc. 1.3.11

Ha puc. 1.3.11 noka3zana dedaezpamma B METONIE peHMeHOCMPYKMYP-
Hoeo ananuza Jlebas — lleppepa.

1.4. BzaumopaeiicTBue cBeTa ¢ BEIIeCTBOM

1.4.1. [ucnepcusi cBeTa

OnHMM W3 pe3ysIbTaTOB B3aWMOJCHCTBHS CBETA C BEIIECTBOM SBJISCTCS
€ro TUCTICPCHSL.

Jlucnepcueil ceema nazvisaemcs 3a6UCUMOCb NOKA3AMEsl npenromie-
Husi N gewgecmaa om yacmomsl V (O1UHBL 6OIH N) c8ema, WU 3A8UCUMOCTIb
@azo601i ckopocmu c6emosbIX 80JIH V OM UX YACMOMDbL.
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Jlucriepcust CBETA MPEICTABIIACTCS B BHJIE 3aBUCUMOCTH
n="f(v), wmm n=f(1).

CrnencTBueM AMCIIEPCUU SIBIIETCS Pa3jioKEeHUE B CHEKTP Iydka Oesnoro
CBETa IMpPU MPOXO0XKJEHUU ero uepes npusmy (puc. 1.4.1). IlepBbie skcnepu-
MEHTaJIbHbIE HAOIIOACHUS TUcniepcur cBeta mpoBoaui B 1672 r. U. HeioToH.
OH OOBSICHUII 3TO SIBJICHHUE PA3IMUNEM MAcC KOPITYCKYJI.

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

Puc. 1.4.1

[Tocne aBykpaTHOro mpeiaoMIIeHHs (Ha JIEBOM M MpaBOW TpaHsIX MpHU3-
MBbI) JIy4 OKa3bIBaeTCs MPEJIOMJIEH OT TEPBOHAYAJIHLHOTO HAIpaBJICHHS Ha
yrox ¢. 13 puc. 1.4.2 cienyet, 4To

¢=(oq —B1)+ (o —Pp) =0y +ay - A.
[Tpennonoxum, uTo yriasl 4 U o Majbl, TOTAA YIIbl Oy, By, By OyayT

TaKKe MaJbl U BMECTO CHHYCOB 3THX YIJIOB MOXXHO BOCHOJB30BaThCs HX
3HaueHusiMU. [lostomy oy /By=n, PBo/oa,=1/n, a Tx. B +Pr=A, TO

Op = an = n(A—Bl) = n(A—OL]_/n) = nA—OL]_, HIIA Ol + 0y = nA.
Orcrona cienyer, 4to
¢=A(n-1), (1.4.1)

T.€. YroJ OTKJIOHCHHUsI JIy4ell mpu3Moi TeM OoJibllle, YeM OOJIbIlIEe MPeIoM-
JISFOIIUM yTOJ IPU3MBL.

N3 Beipaxkenus (1.4.1) BeITEKAET, UTO YroJl OTKIOHEHUS Jy4del MpUu3Mon
3aBUCHUT OT IOKAa3aTess mpeaomiieHust N, a N — QyHKIUSA AJIMHBI BOJIHBI, O-
ATOMY VYU PA3HBIX OJUH BOIH NOCILE NPOXONCOEHUs. NPUSMbL OMKIOHAIOMCS
Ha pa3nbie yenvl. Ilyqok 6emoro cBeta 3a Npu3Moi pasyiaraercs B CIIEKTp, KO-
TOPBI HA3BIBACTCA OUCHEPCUOHHBIM, VN RPUIMAMUYECKUM, UYTO U HAOIIO-
nan Hetoton. Takum oOpa3om, ¢ MOMOIIBIO TPU3MBI, TaK K€ KaK ¢ MMOMOUIbIO
TU(paKIMOHHON pEelIeTKH, pasjiarasi CBET B CIIEKTP, MOKHO OIMPEAEIIUTh €ro
CIIEKTPaJIbHbIN COCTAB.
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PaccMoTpuM paznuuus 6 OuppakyuoHHoM A npusMamuseckom CHeKmpax.

o Jlupppaxyuonnas pewemxa pasiacaem ceem HENOCPEIACTBEHHO NO
ONUHAM B0JIH, TIOOTOMY IO W3MEPEHHBIM yriiaM (TI0 HAMpPaBJICHUSM COOTBET-
CTBYIOIIUX MaKCHMYMOB) MOYXHO BBIYHCIIUTH JUTMHY BOJHBI (4acTOTHI). Pas-
JIO)KEHUE CBETa B CIIEKTP B MPU3ME MPOUCXOJUT MO 3HAYCHUAM IOKA3ATEIIS
IPEITIOMJICHHUS, TIO3TOMY JIJIsl ONIPEACTCHUS YaCTOThI WITH JJTHHBI BOJIHBI CBETA
HaJI0 3HaTh 3aBUCUMOCTh N= f (Vv), umu n= f(A).

o Cocmasnvie yeema 6 OUPPAKYUOHHOM U RPUSMAMUYECKOM CHEK-
mpax pacnonazaromcs pasiuuno. VI3BecTHO, YTO CUHYC yIjla B JTU(PPAKIHUOH-

. . A
HOM pelieTke MPONOPIUOHANECH JJIMHE BOJIHbI (d sing =+2m E) Cneodosa-

MeNbHO, KpacHbvle VYU, umeroujue OOIbULYI0 ONUHY 80IHbL, Yem (uonemossie,
OMKNOHAIOMCS OUPpaKyuonHou pewemxoti cuivhee. Ilpuzma xe pasnaraer
Jy4d CBETa B CIEKTPE MO 3HAYCHHUSAM IOKA3aTeNsl MPETOMIICHHS, KOTOPBIHA
Ui BCEX IMPO3pPAuHBIX BEHICCTB C YBEIMYECHUEM JUTMHBI BOJHBI (T.C.
C YMEHBIIIEHHEM YacTOThl) yMeHbIIaeTcs (puc. 1.4.3).

n na

v )
Puc. 1.4.3
[ToaTOMY KpacHbl€ JIydd OTKJIOHSIIOTCS MPU3MON ciadee B OTJIIMYKE OT
TU(GPaKIIMOHHON PEIIETKH.
dn
dr

noka3swsleaem, Kak 6bzcmp0 MeEHAeEMCA nokazamenb NnpejioMieHUA C ONUHOLL
B6OJIHbL.

dn g
Benuuuna D = i (umu D =—), nazvisaemas oucnepcueil éewecmaa,
\%

1.4.2. HopmajibHasi 1 aHOMAJILHAS U CTIEPCHs

3aBucumocth N = f(v) He nuHeliHas U He MOHOTOHHAst. O0acTH 3HaA-
YEHHUS V, B KOTOPBIX

d—n>0 (nm d—n<0)
dv dr
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COOTBETCTBYIOT HOPMAbHOU Oucnepcuu ceema (¢ pocmom 4acmomul V no-
Kasamenwv nperomienus N ygeruuusaemcs). HopmanbHas aucriepcust HaOuto-
JaeTcs y BEIIeCTB, MPO3pauHbIX Ajisi cBeTa. Hampumep, oObIYHOE CTEKIIO
MPO3PAYHO ISl 6UOUMO20 CBETA, U B 3TOM 00JIACTH 4YAaCTOT HAOIIOAAETCS
HopMmanvHas oucnepcus ceéema 6 cmekie. Ha OCHOBE sBIIEHUS HOPMAaJIbHOU
JUCIIEPCUU OCHOBAHO «Pa3NIOKEHUE» CBETa CTEKISTHHOW MPHU3MOM MOHOXPO-
MaTOpPOB.

Jlucriepcusi Ha3bIBACTCA AHOMAIBLHOIL, ECIIN
— <0 (wmm d—n>0),

dv di

T.€. C POCMOM YACMOMbl V NOKA3ameib npeiomienus N ymeHvuiaemcs. AHO-
MaJlbHas AMCIIEpCHs HaOionaeTcss B 00JacTsIX 4YacTOT, COOTBETCTBYIOIIMX
[0JI0OCAaM MHTEHCHUBHOTI'O TOTJIOLIEHUS CBeTa B JaHHOU cpexae. Hampumep, y
OOBIYHOTO CTEKJIa B MH(PPAKPACHOM M YIbTPa(UOIETOBOM UHACTAX CIEKTpa
Ha0JII01aeTCsl aHOMAaJIbHAs! TUCTIEPCHSL.

3aBUCHUMOCTH N OT V U A oKa3aHbl Ha puc. 1.4.4 u 1.4.5.

1A

<Yy

Puc. 1.4.4 Puc. 1.4.5

B 3aBHCHMOCTH OT XapakTepa IUCIEPCUU epYynnosas ckopocms U B Be-
IIECTBE MOXKET ObITh Kak OOJibllle, TaAK M MEHBIIE (hA3080U CKOPOCHU V
(B HEIUCIIEPTUPYIOIICH cpeie U = ).

I'pynimoBasi ckopocTh U CBsi3aHa € MUKIWYECKOM YaCTOTOM ® M BOJHO-

do 21t 21vn
BBIM YHCJIOM K coOOTHOmEHnEM U = &K’ rme o=2nv, kK=—= . Torma
C
v
U= —dn (1.4.2)
1+ —
n dv

. n
Takum obpaszom, npu Hopmanvrou oucnepcuu U<v u — >0.
\Y
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. n
[Ipu anomanvuou oucnepcuu U > v, W, B YaCTHOCTH, €CJIM N+ v—d <1,
\Y

TO U > C. DTOT pe3yNbTaT HE MPOTUBOPEUHT CIIECUUATBLHOW TEOPUU OTHOCH-
TenbHOCTH. [loHSATHE TPyNMOBOM CKOPOCTH MPABUIBLHO OMUCHIBAET pacmlpo-
CTpPaHEHHE TOJBKO TAKOTO CHUTHaia (BOJIHOBOTO MakeTa), (hopmMa KOTOPOTO
HE U3MEHSIETCSl MpU NepeMenieHun curHaina B cpege. (Ctporo roBopsi, 3ToO
YCIIOBUE BBITIOMHSAETCS TOJIBKO I BaKyyMa, T.€. B HEAUCIEPTHPYIOIIEH cpe-
ne). B obimactu 4acToT, COOTBETCTBYIOIIMX AHOMAJIbHOW JUCIEPCHH, TPYII-
MoBasi CKOPOCTh HE COBIAIAET CO CKOPOCTHIO CHTHANA, T.K. BCICJCTBHE 3HA-
YUTENHHON Mucnepcun (hopMa curHalia Tak ObICTPO U3MEHSETCS, YTO HE UMe-
€T CMBICJIa TOBOPHUTH O TPYIIIIOBOM CKOPOCTH.

1.4.3. IlorJsiomenue (ad6copouus) ceera

Iloznowenuem (abcopouueit) ceema Haszvieaemcs seieHue nomepu
9HepeUU C8emo8oll 8OIHOU, NPOXOOsAUell Yepe3 6euecmao.

CBeT norsomaercs B TEX CIy4asiX, KOrJa MpoXoAsIias BOJIHA 3aTpavynBa-
€T SHEepPIHI0 Ha pasziauuHble nporecchl. Cpenu HUX: MpeoOpa3oBaHUE SHEPIUU
BOJIHBI BO BHYTPEHHIOIO DHEPIUI0 — IPU HArpeBaHUM BEIECTBA; 3aTPaThl
SHEPrMU Ha BTOPUYHOE M3IYyYEHHE B JPYroM JAMAIa30He 4acToT (POoToIroMuU-
HECIICHIIMS ); 3aTpaThl PHEPTHU HA UOHU3ALUIO — MPU (POTOXUMHUUYECKUX PEaK-
X u T.10. [Ipu nornomniennn cBeta Kojiebanust 3aTyXaroT U aMIUIUTYa dJIeK-
TPUUYECKOM COCTABJISAIOLIEH YMEHBIIAECTCS IO MEPE PACIIPOCTPAHEHNUS BOJIHBI.

WMHTEHCUBHOCTD BOJIHBI OYJIET U3MEHATLCS no 3axkony byzepa [I1. byrep
(1698-1758) — dpaHIry3cKuil yUeHBI]:

J(X) =Jpe—oX,
rae Jop — MHTEHCHMBHOCTDH BOJIHBI HA BXOJE B CpPEly; X — TOJILMHA CIIOS Cpe-

TbI; 0 — KO3 (UITUEHT MOTIOMISHHUS.
[lpn a=1/x J =Jy/e. CnenoBarensHo, K0Ihpuyuenm noznowjenus —

Qusuyeckas eeruyuHa, YUCIEHHO PABHAS 0OPAMHOMY 3HAYEHUND MOJUJUHBL
C051 Beuecmad, 8 KOMmopoM UHMEHCUBHOCMb 80JIHbL Yovlieaem 6 e = 2,12 pas3.

3aBUCHUMOCTH KO3 (UITMEHTA MOTJIOMICHUS OT JJIMHBI BOJIHBI ONpeaeseT
CIICKTp TIOTJIOIMICHHUS MaTepuaia. B BemecTBe (Hampumep, B ra3e) MOXET
MPUCYTCTBOBATh HECKOJIBKO COPTOB YACTHIl, YYAaCTBYIOIIMX B KOJICOAHMSIX
MOJT JEUCTBUEM PACTPOCTPAHSIOMICHCS AJICKTPOMAarHuTHOM BOJIHBI. Eciin 3t
YaCTHIIBI CJIa00 B3aWMOJIEHCTBYIOT, TO KOA(D(PHUITMEHT MOTIOMIEHUS MaJT JIJIst

IMIMPOKOTO CIEKTpPa YacTOT, U JIMIIb B Y3KUX OOJACTSAX OH PE3KO BO3pACTaeT
(puc. 1.4.6, a).
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A A

Puc. 1.4.6

31U 001aCTH COOTBETCTBYIOT YaCTOTaM COOCTBEHHBIX KOJIEOAHUN OTTH-
YECKUX DJJICKTPOHOB B aTOMax pa3HbIX BUAOB. CHEKTp MOTJOMICHUS TaKuX
BEILIECTB JIMHEMYATHIN U NPECTaBIsAET COOOM TEMHBIE MOJOCHI Ha Paly>KHOU
OKpacKe CIEeKTpa, €Clid 3TO BuauMas obnacth. [lpu yBenndyeHnn AaBieHUs
ras3a moJIOChI TIOTJIOMICHHS YIIUPSIOTCA. B )KHUIKOM COCTOSITHMHM OHU CIIMBAIOT-
Csl, U CIIEKTp TOTJIOIIECHUsI MPUHUMAET BUJ, MMOKa3aHHbIN Ha puc. 1.4.6, 6.
[IpuurHOM yIIMpPEHUS ABIISIETCS YCUIIEHUE CBSA3M aTOMOB (MOJIEKYJ) B CpeIe.

KoaddunmeHnT normomieHus, 3aBUCSIIAN OT JJIUHBI BOJIHBI A (MM Yac-
TOTHI ®), ISl pa3JIMYHBIX BELIECTB pa3yindeH. Hampumep, oHOaTOMHBIE T'a3bl
U Mapbl METAJUIOB (T.€. BEIIECTBA, B KOTOPBIX aTOMbI PacIOJIOKEHbI Ha 3Ha-
YUTEJBHBIX PACCTOSIHUAX APYT OT ApYyra U UX MOKHO CUHTATh M30JIMPOBAH-
HBIMH) 00J1a1at0T OJIU3KUM K HYJIIO KOA(D(PHUIIMEHTOM MOTJIOUIEHUS, U JTUITh

JUIS OYeHb Y3KHX CIIEKTpalbHbIX obnacreil (mpumepro 1072 —107'! M) Ha-
OJIFOIAIOTCSL PE3KUE MAKCUMYMBbI (TaK Ha3bIBA€MbIN JIMHEWYATHIN CIIEKTP IO-
TJIONIEHUS ). DTH JIMHUM COOTBETCTBYIOT YaCTOTAM COOCTBEHHBIX KOJieOaHUM
ANIEKTPOHOB B aToMax. CHEeKTp MOIJIOLIEHUSI MOJIEKYJ, ONpeNesieMbIi KoJie-
O0aHMSIMHM aTOMOB B MOJIEKYJIAX, XapaKTEpU3YeTCd MOJOCAMU MOTJIOIIECHHUS
(mpumepuo 107° —1077 wm).

Koaddurment mnormomenuss st JUAIEKTPUKOB HEBEIHUK (IIPUMEPHO
102 -10"cm '), omHAKO y HUX HAGIIONACTCS CEIEKTHBHOE MOTJIOIICHHE
CBETa B ONpPENENICHHBIX MHTEpBaaX JJIMH BOJH, KOT/Ia 0 PE3KO BO3pPACTaET
Y HaOJIOAAOTCS CPABHUTEIBHO IIMPOKUE MOJIOCHI MOMIOUIEHUS (IpUMEPHO

1077 —=107° M), T.e. AMPITEKTPUKH MMEIOT CIUIONIHON CIEKTp IOTJIOMEHHS.
DTO CBSI3aHO C TE€M, YTO B AUAJIEKTPUKAX HET CBOOOJHBIX JIEKTPOHOB, U TO-
TJIONIECHUE CBETa OOYCJIOBJICHO SIBJICHUEM PE30HAHCA TP BBIHYKICHHBIX KO-
nebaHusIX SJIEKTPOHOB B aTOMAaxX M aTOMOB B MOJIEKYJIaX JUAJICKTPUKA.
Koaddunment normomnieHus i METAJZIOB UMEET OOJbIINe 3HAYCHUS
(mpumepro 10° —10% cM™), ¥ MOATOMY METaJIBI PAKTUYECKU HEMPO3PadHBbI
JUTs cBeTa. B MeTanmax u3-3a HaM4uus CBOOOHBIX DJIEKTPOHOB, JBUKYIIIUX-
Csl TIOJ] IEUCTBUEM DJICKTPUUECKOTO TOJIsI CBETOBOM BOJIHBI, BOBHUKAIOT OBIC-
TPONEPEMEHHBIE TOKH, COMPOBOXKIAIOMINECS BBIICICHUEM JHKOYJIEBOU TeEIl-
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noT1hl. [ToaTOMY SHEprusi CBETOBOW BOJHBI OBICTPO YMEHBIIIACTCS, TIPEeBpaIla-
SCh BO BHYTPEHHIOIO HEPTHIO MeTayia. YeM BBIIe IPOBOAUMOCTH METaJlIa,
TEM CHJIbHEE B HEM IIOTJIOIIEHUE CBETA.

Ha puc. 1.4.7 npencraBieHa TUNHWYHAs 3aBUCUMOCTH Kod(dduimenrta
MTOTJIONICHMSI 0L OT YaCTOTHI CBETA V U 3aBUCUMOCTH TIOKA3aTeIs IPEITOMIICHUS
N OT Vv B 00J1aCTH TMOJIOCHI moriomeHusi. M3 pucyHka cieayer, 4To BHYTpU
MOJIOCHI TIOTJIONIEHUST HaONIOJaeTCsl aHoManbHas aucrnepcus (N yObiBaeT
c yBenuueHueM V). OJHaKo MOTJIOIICHHE BEHIECTBA JIOJHKHO OBITh 3HAYM-
TEJBHBIM, YTOOBI MOBJIHATH HA X0 TIOKA3aTelsl IPETOMIICHUSI.

a, i
o

<y

Puc. 1.4.7

3asucumocmoio kodappuyuenma noerowenusi om uacmomwl (OauHbI
BOJIHbL) OOBACHAEMCS OKpAuleHHOCmb noziowarowux mei. Hanpumep, crek-
70, c1abo TMOTJIONIAKOIIee KPACHbIE M OPAaHXKEBbIE JIyYM W CHIJIBHO TMOTJIO-
Iaromiee 3eJIeHble U CUHUE, MPU OCBEIICHUH OeJIbIM CBETOM OYJIET Ka3aThCs
KpacHbIM. Eciii Ha Takoe CTEKIJIO HAIPABUTh 3€JIEHBIA U CUHUM CBET, TO U3-3a
CUJILHOTO TIOTJIOIICHUSI CBETa STUX JIJIUH BOJIH CTEKJIO OyJeT Ka3aTbCsl 4ep-
HBIM. DTO SBJICHUE WCIOJB3YeTCs JJIsl U3TOTOBJICHUSI CBETOPUILTPOB, KOTO-
pble B 3aBUCHUMOCTH OT XMMHUYECKOTO COCTaBa (CTEKJa C MpHUCAIKaMHU pa3-
JUYHBIX COJIEH; TJICHKH M3 TUIACTMACC, COJEpIKaIllUe KPACUTENH, PacTBOPHI
KpacHUTEeJIeH U T.J.) IPOIYCKAIOT CBET TOJIbKO ONPEIEIECHHBIX AJIUH BOJIH, MO-
ryiomniasi ocrajgbHbie. PazHOoOOpas3ue mpeaenoB ceaeKTUBHOTO (M30UpaTebHO-
r0) TIOTJIOIICHHUS Y Pa3IMYHBIX BEIIECTB OOBSACHICT pasHooOpa3ue u Oorat-
CTBO IIBETOB M KPacoK, HaOJI01a01Ieecs B OKPYKAIOIIEM MUPE.

CnexmpanvHblil aHaau3 MO3BOSET MOJYYUTh WH(POPMAIIUIO O COCTaBe
ConHila, MOCKOJBKY ONpeeIeHHbIM HA00p CHNEKTPaIbHBIX JUHUN HUCKIIOYHU-
TEJLHO TOYHO XapaKTEPU3YyeT XUMUUYECKUU 3yeMeHT. Tak, ¢ MOMOIb0 Ha-
omonenuii ciektpa CosHIla ObUT OTKPBIT TeIIHIA.

Buaumas 4acTh COJIHEUHOTO H3JIYyYEHMs MPU WU3YUYECHHH, C TOMOIIBIO
CHEKTPOAHATM3UPYIOMUX TPHOOPOB, OKA3bIBAETCS HEOJHOPOHON — B CIIEK-
Tpe HAOJIONAIOTCS JIUHUU NO2I0WieHUs, BIEpPBbIC omucaHHbie B 1814 T.
N. ®paynrodepom.
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1 600
55
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450
400

(OPYHIONENOBE! NMHA B CNEKTPE CONHEMHOTD VB MYMEHIA

Puc. 1.4.8

C noMoIIBIO CIEKTPAIBHOTO aHAJIW3a Y3HAJM, YTO 3BE3[bl COCTOST W3
TEX K€ CaMbIX 3JIEMEHTOB, KOTOPhIC HMEIOTCS U Ha 3eMIIe.

SIBrieHME TOTJIOMICHUSI ITUPOKO UCIOJIB3YETC B aOCOPOIIMOHHOM CIIEK-
TpPaJIbHOM aHAJIM3€ CMECH T'a30B, OCHOBAHHOM Ha M3MEPEHUSIX CIIEKTPOB Yac-
TOT U MHTEHCUBHOCTEH JUHUMN (Tosioc) moriyonieHus. CTpyKTypa CIEKTPOB
MOTJIOIIECHHSI ONIPENEISAETCA COCTABOM M CTPOCHHEM MOJIEKYJ, IOATOMY U3Y-
YEHHUE CIIEKTPOB MOTJIOMIECHUS SBJSETCS OJJHUM M3 OCHOBHBIX METOJIOB KOJIH-
YECTBEHHOTO U KaYECTBEHHOT'O UCCJIEI0BAHMS BEIIECTB.

1.5. lMoasipu3anusi cBeTa. JjaeMeHTbl KPUCTAIOONTHKH

1.5.1. EcTecTBeHHBIIi 1 NOJSIPU30BAHHBIH CBET

OcHogHOe c80UCMBO INEeKMPOMACHUMHBIX 80JIH — HONEPEYHOCMb KOJle-
Oanull 6eKMopo8 HANPAHCEHHOCHU INEKMPUYECKO20 U MACHUMHO20 NOAel NO
OMHOWEHUIO K Hanpasienuto pacnpocmpanerust 6onnvt (puc. 1.5.1).

Puc. 1.5.1
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B kaxmoMm OTIenbHOM ciydae (Ui KaXIOro Ifyra BOJIH) MUMEETCS Ta
YT MHAs OpUEHTAIMs BeKTopoB E m H B mpocTpaHCTBE MO OTHONICHHIO
K PacIpOCTpaHCHUIO (HAMpaBJieHHs Jiyda). Takas acummempus XapaKkTepHa
TOJIBKO JUII HOREPeuHbIX 80H. [Ipooonvhas 601HA 6ce20a CUMMEMPUUHA
OMHOCUMENIbHO HANPABLEHUSL PACTIPOCTPAHEHUSL.

Kak mpaBuiio, u3iaydeHne eCTECTBEHHBIX HCTOYHUKOB MIPEACTABISAET CO-
00i puMep IIEKTPOMATHUTHBIX BOJH CO BCEBO3MOKHBIMH PaBHOBEPOSTHO-
CTHBIMH OpPHEHTAIMAMH BeKTopa E, T.e. ¢ HeompenenéHHBIM COCTOSHHEM
nosspu3anuu. Takoil CBET HA3BIBAIOT HERONAPU3O6AHHBIM, WIH eCHecH-
eennwvim (puc. 1.5.2, a).

CBeT ¢ MPeUMYIICCTBEHHBIM (HO HE MCKIIOYUTEIBHBIM) HallPaBICHUEM

KoJICOaHM I BCKTOpa E Ha3weBaroT uacmuuno ROJAAPUIOBAHHBIM CEEMOM

(puc. 1.5.2, 6).

a O 8
Puc. 1.5.2

B mpupone cyuniecTByeT OOIIMPHBIN KJIacC AJIEKTPOMATrHUTHBIX BOJIH,
B KOTOPBIX KOJIEOaHUS 3JIEKTPUYECKOTO0 U MAarHMUTHOTO IMOJIEH COBEPILAIOTCS
B CTPOTO ONPEACIEHHBIX HAIPaBICHUSX. Takoe CBOMCTBO OINpENEsAeT CO-
CTOSIHUE MOIApU3auuu dJIEKTPOMAarHUTHON BOJHBI. Eciii BEKTOp HanpsKeH-
HOCTH 3JIEKTPUYECKOTO MOJS 3JIEKTPOMArHUTHOW BOJIHBI KOJIEOJETCS BAOJb
HEKOTOPOT'0 HAIPaBJIEHUs B IIPOCTPAHCTBE, TOBOPAT O JIUHEUHOU NONAPU3A-
Yuu PaccMaTpUBAEMOM AIEKTPOMArHUTHOM BoJHEI (puc. 1.5.2, 8). DnexTpo-
MarHuTHasi BOJIHA B 3TOM CJIy4ae Ha3bIBACTCS HOJHOCMbIO NOJIAPUIO6AHHOIL.

N3 ypaBHeHnit MakcBesa clienyeT CylIeCTBOBAHUE IOJHOCTBIO IOJIs-
PU30BAHHBIX JIEKTPOMAarHUTHBIX BOJIH, Y KOTOPBIX IO MEpPE paclpOCTpaHe-
HUSI BOJIHBI BEKTOPBI HANPSHKEHHOCTH 3JIEKTPUYECKOTO U MAarHUTHOTO MOJIEN
U3MEHSIOTCA TaKUM 00pa3oM, YTO TPACKTOPUS UX JIBHXKEHHS B IJIOCKOCTH,
NOMEPEYHON HAMpaBJICHUIO PACIPOCTPAHEHHUS BOJIHBI, MPEACTABISIET COOOM
AIUTUIIC WM OKPYKHOCTh. B 3TOM ciydae TOBOpSIT COOTBETCTBEHHO 00 2.1-
JURMUYECKOU WIH KpPY2080U NOJAPUAYUU DJNEKMPOMASHUMHOU GOJIHbI

(puc. 1.5.3, a, 6).
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T T
Ap=+=|Ap=——
]
X X
Ap=0 Ap==n
a 0
Puc. 1.5.3

[IpocTpaHCTBEHHYIO CTPYKTYpPY SJUIMOTHYECKH MOJIIPU30BAHHBIX BOJIH
nosicHsieT puc. 1.5.4.

BunToBas nuHusA, n300pakeHHAss HA 3TOM PUCYHKE, €CTh IeOMeTpHrye-
CKOE MECTO KOHIIOB BEKTOpa E, OTHOCAIIMXCS K PA3IMYHBIM 3HAYCHUAM Z
B OJMH U TOT Xe¢ MoMmeHT BpemeHu {. Illar BuHTa paBeH HJIMHE BOJHBI A.
C n3meHeHueM t 3Ta BUHTOBAsI TUHUSA, HE Te(DOPMUPYSCH, TIEPEMEIIACTCS CO
CKOPOCTBIO CBETa B HAIPaBJICHUHU PACIPOCTPaHEHUs BONHBL [Ipw 3TOM MBI
OJIy4HM ToJe E , Bpamaromeecs 1o 4acoBOH cTpeike (ecid CMOTpeTh Ha-
BCTpPEUY BOJIHE).

Kak moka3bIBaeT OIBIT, peajbHbIe CBETOBBIC BOJIHBI BO MHOTHX CIydasX
MOYKHO OIMCHIBATh C MIOMOIIBI0O PACCMOTPEHHBIX BBIIIE MOCICH UIHIITHYC-
CKH TIOJIIPU30BAHHBIX BOJIH.

IIpu pacnpocTpaHeHUH JICKTPOMArHUTHOM BOJHBI B peajbHBIX Cpeaax
BO3MOKHO IPEBPAIICHUE HEMOJSIPHU30BAaHHBIX BOJH B TOJHOCTBIO TOJIIPHU30-
BaHHBIE M HAOOOPOT, €clu cpena JMOO HEOTHOPOJHA, JIMOO aHW3OTPOITHA.
[TpumMepoM Takoro MpeBpaIICHUS SBISCTCS HOAAPUAUUS ITEKMPOMASHUM -
HOIl 80JIHBL NPU OMPAIHCEHUU.
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Jpyroil mpakTHYECKd Ba)KHBIM CIOCOO MONSPU3ALNN SICKTPOMArHUT-
HBIX BOJIH, B YaCTHOCTH CBETOBBIX BOJIH, MPEJICTABIISIET PACCMATPUBAEMOE
B 3TOM T€ME PACIPOCTPAHECHUE SJIEKTPOMATHUTHBIX BOJIH B ONMUYECKU AHU-
30MPONHBIX cCpedax.

EctecTBEHHO, YTO MHCTPYMEHTOM JJIsI UCCIIEIOBAHUSA ACHMMETPUU T0-
MEPEYHBIX BOJH MOXET CIYKUTh CUCTEMA, CaMma SBJISIOIIAACS aCUMMETPUY-
HOM. ['a3, )KMAKOCTh, TBEp/Ible aMOpGHBIE TeIa N30TPOITHBI.

AcummMmeTpuel 00J1alaloT KpUcTaUIMYeckue Tena. VX cBoiicTBa MOTYT
pa3nuyaTbCcsl B pPa3IMUHBIX HampaBieHUsX. OHU anuzomponuwvt. OTCrONa
CIEIYET, YTO ACUMMEMPUIO NONEPEUHBIX CBEMOGLIX JIYUell MONCHO U3Y-
uamo, NPONYCKAA ceem yepe3 AHU3OMPONHbLEe KPUCMAILTbL.

YcTponcTBa, MO3BOJISIIONIME MOJyYaTh JIMHEMHO MOJISPU30BAHHBIN CBET,
Ha3bIBAIOT noaapuzamopamu. Korga te ke camble TPUOOPHI HUCMOIB3YIOT
JUISL aHAJIM3a MOJISIPU3AIMU CBETA, UX HA3BIBAIOT aHanuzamopamu. Yepes ta-
KHE YCTPOMCTBA MPOXOAUT TOJIBKO Ta YaCTh BOJIHBI, Y KOTOPOW BEKTOP E ko-
nebneTcss B ONPEACIICHHOM HalpaBiICHUU. ODTO HaIpaBJICHHE HAa3bIBAIOT
2/1a8HOUL NJI0CKOCMbBIO RoApu3amopa (ananuzamopa).

[IycTh ecTeCTBEHHBIM CBET NAJaeT Ha KpUCTaul nojspuzaropa P

(puc. 1.5.5).

[Tonsipuzarop Amnanusarop
Ol
EcTeCTBEHHBI | [1nockononsipu30BaHHBIN

CBET 1 B 1 CTT %
JL‘,CI T vl 1 A :

R

|

I P : 0 J =0, unu
Jo==J s J =J, (max)

o 2
Puc. 1.5.5

[locne mpoxoxaeHus: nossipu3aTopa OH OyJeT JMHEHHO MOJSPU30BaH
B HanpaBiiennn OQO'. NHTEeHCHUBHOCTH CBETA MPU 3TOM YMEHBIIIUTCS HATOJIO-
BUHY. DTO OOBACHACTCS TEM, YTO IIPH CIy4ailHbIX OPUEHTALMSIX BEeKTOpa E
BCE HAIIPABJICHUS] PABHOBEPOSITHBL.

Ecnu Bpamars nossipuzaTop BOKPYI CBETOBOIO JIy4a, TO HUKAKHUX OCO-
ObIX M3MEHeHuW He mpousonaeT. Ecnam ke Ha myTH Jiyda TOCTaBUTH CIIe
Y BTOPOW KPHUCTAILT — aHaimu3aTop A, TO MHTEHCUBHOCThH CBeTa OyAeT M3Me-
HATHCS. B 3aBUCUMOCTH OT TOTO, KaK OPUEHTHUPOBAHBI APYI OTHOCUTEIIHLHO
apyra o0e TacTuHbl. MumencusHocms cBeTa OyJIeT MaKCcUManbHa, €Clu ocu

000UX KpUCMAlos napaiieiibHul, U pagHa Hyak0, €CIIH 0CU NePREeHOUKYIAPHDY
ApYT ApyTy.
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Bce 3To MOKHO 0OBSICHUTD CIEAYIOUIUM 00pa3oM:

® cgemosvle BGOJIHbl NONEpeuHvl, OJHAKO B €CTECTBEHHOM CBETE HET
MPEUMYILECTBEHHOTO HANPAaBIIEHUS KOJCOaHU;

® KpuCmaiL noApU3AmMopa IPOIyCKaeT JINIIb Te BOIHEL, BEKTOp E Ko-
TOPBIX UMEET COCTABISIONIYIO, NAPANIENbHYI0 OCU Kpucmaiia (AMEHHO To-
3TOMY TOJISIPU3ATOP OCIa0ISIeT CBET B JIBa pasa);

® Kpucmajl aHamuzamopd, B CBOIO OYepe.b, MPOMYCKaeT CBET, Korjaa
€ro 0Cb napanienlbHa 0cuU NoJApPU3IaAmopa.

1.5.2. Iloasipu3anus NpH OTPAKEHUHU U NPEJIOMJICHUH

Cseem noaspusyemcs npu OmpasceHuu om 2pavuysvl 08yxX cped u npu
NPOXOAHCOEHUU 2PAHUYbL — NPU RPETOMIACHUU.

Ecnu yeon naoenus ceema na epanuyy pazoena 08yx ousiekmpuxos (Ha-
IpUMep, BO3AYX — CTCKIIO) OMAUYEH OM HYJs, MO OMPANCEHHbIU U NPeroM-
JIEHHBIU C8em OKa3vleaemcs 4acmudno noaapusosannvim. (Ilpu orpaxxenun
CBETa OT MPOBOJAIICH MOBEPXHOCTH CBET MOJIYYAeTCs DIUTMITUYECKU TOJIS-
PU30BAHHBIM).

B orpaxkeHHOM iyde mTpeobnagaroT KoieOaHUus, nepneHOuKyIsApHble
MJIOCKOCTH TAJICHUs, a B MPEJIOMJICHHOM JIy4e — KOJeOaHus, napaiienbHole
IUIOCKOCTH majieHus (puc. 1.5.6, a).

CrerneHp MOISPU3alUN 3aBUCUT OT yTJia TaJACHUS.

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

n .

wium ycnoguio tgo=—2 =N,y TIe Ny; — NOKA3aTeb NPENOMICHHS BTOPOIl
1

Cpezbl OTHOCUTEIIBHO MEPBOM, 10 OMPANCEHHbII VY 0KA3bl6aemcs NOJIHO-

cmuio nonapuzoseannvim. Ilpenomnennslii 1yu — nOAAPU306AH UACMUYHO
(puc. 1.5.6, 6).

Yron o, yIOBIECTBOPSIOUIMK YCIOBUIO Qo= N2 , Ha3bIBACTCA Y2I0OM
M
bprocmepa. 1lpn o= o yroi Mexny OTpakK€HHBIM U IPEIOMIICHHBIM JIy4a-
MU paBeH /2.

[Ipu oTpa’keHHUU €CTECTBEHHOTO CBETA OT IUAJIEKTPUKA (IMAJIEKTpHUYe-
CKOT'0 3epKajia) UCTOob3yeTcsl ghopmyna dpenensa A pacuera CTENEHU MO-
TS pU3aLUU:

_JX_JY
S J+dy

rae Jy u Jy— MHTCHCHBHOCTH CBETa [0 OCSIM X H Y.
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| /2

Puc. 1.5.6

Takum 00pa3oM, IUIACTHMHKA MPO3PAavyHOro JUAJIEKTPUKA copmupyem
Jy4d €CTECTBEHHOI'O CBETA, OTpa)kas Jy4yd C OJJHMM HallpaBjeHUEM Kosela-
HHM U TIPETTOMJISAS C APYTHM.

1.5.3. /IBoiiHOe npeJioMJIeHHE CBeTa

B 1669 r. narckuii yuenslii Opa3m bapronun omyOnmkoBan paboTy,
B KOTOPOM cOOOIIMI 00 OTKPBITHH HOBOT'O (PU3UYECKOTO ABJICHUS — 080UHO20
npenomaenua céema. PaccmarpuBas IPEJIOMIICHHE CBETa B KPUCTAJUIE HUC-
nagjckoro mmara (CaCOgz), bapronnH 0OHapyXwi, 4TO JIyd BHYTPHU KpH-

CTaJlla pacuiervisieTcst Ha iBa jgy4a (puc. 1.5.7). Ecnu kpucTai noBopaunBath
OTHOCHUTEJIbHO HAaIIPaBJICHUsI IEPBOHAYAIILHOIO JIy4a, TO IOBOPaYUBAIOTCS 00a
Tyd4a, mpouueamue yepe3 kpuctal. OIuH U3 Jyded Ben cedsl COryIacHO M3-
BECTHOMY 3aKOHY IPEJIOMJICHUS CBETA, & BTOPOM COBEPIIEHHO HEOOBIYHO. [1o-
3TOMY bapTOiuH NepBbIN JTyd HA3BAN 00bIKHOGEHHBHIM, A BTOPOU — HEOObIK-
HOBEHHBIM.

Puc. 1.5.7

Kpome Toro, bapronun oOHapykui, 4TO JIyd CBETa, Majas B ONpele-
JIEHHOM HalpaBJIEHUU B KPUCTAJUIE UCIIAHJCKOTO I1II1aTa, HE Pa3BauBacTCsl.
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OOBbscHEeHnEe 3TOMY SBIICHHUIO 1all COBPEMEHHUK bapTonnna — royutan-
ckuii yuenbld Xpuctuad ['tolireHc. OH mokasa, 4To HeOObIYHOE TTOBEACHHE
Jy4a CBETa, MPOXOJAILIEr0 Yepe3 MCIAHACKHUM IINAaT, CBA3AHO C AHU3ZOMPO-
nuen Kpucmanna. HanpapiieHne, BIOJIb KOTOPOrO MAaJarOlIUi JIyd HE pas3-
NBanBaeTCs, [ TOUreHC Ha3Bal OMMUYECKOU OCbl0, U KPUCTAIIIbI, UMEIOIINE
OJTHY ONTHYECKYIO OChb, — 0OHOOCHbIMU Kpucmanaamu (UCIaHOCKUU wnam,
mypmanur). ONTUYECKHUE CBOWCTBA OJIHOOCHOTO KPHUCTalJIa OJWHAKOBBI
BJIOJIb BCEX HAIPaBJICHUI, OOPa3yIOMIMX OJIMH U TOT K€ YroJl ¢ ONTUYECKOU
ochio. JIrobast TIOCKOCTh, TPOXOSINAs Yepe3 ONTHIECKYIO OCh, Ha3bIBACTCS
21a6HbIM cedeHuem Kpucmaiia. CylnecTBYIOT KPHUCTaUIbl, Y KOTOPBIX
AMEIOTCS JIBE€ ONTUYECKUE OCH. TakHhe KPUCTAUIbl HA3BIBAIOT 0B8YXOCHbIMU
(eunc, cmooa).

B cBoent knure «Tpakrar o cBere», uznanHou B Jlerinene B 1690 r.,
['toiirenc moaApoOHO OOBSCHUI SIBICHHE JTBOMHOIO MpEIOMIICHUS cBeTa. bra-
roiaps CBOMM HMCCJIEA0BaHUAM [ TOMreHe moI0men K OTKPBITHIO SIBICHUS T1O-
JSIpU3aliU CBETA, OJIHAKO PEIIAOUIETO 11ara OH CAENaTh HE CMOT, OCKOJIbKY
CBETOBBIE BOJIHBI B €70 TEOPUH MPEIONATAIIACH NPOI0IbHBIMHU.

Paccmotpum monpoOHee siBjeHHE ABOMHOrO JydenperaomiieHus. OHO
3aKJIFOYAETCS B TOM, YTO JIy4 BHYTPH KpHCTaJlJIa pacIICIUISIETCS Ha JBA JIyYa.
OnuH ¥3 HUX TMOAYMHSETCS M3BECTHOMY 3aKOHY mpenomieHus CHemimnyca:
sina n, g g
——=-—%_ 9710T Jy4 (0) 0OBIKHOBeHHDBLI, & NPYTrONl HE TMOMUUHSICTCS —
sinB m
HeooOviKHoeennblil 1y4 (e). BRITIsSauT 3T0 Tak, Kak MmokasaHo Ha puc. 1.5.8, a.

WccnenoBanust mokasainu, 4TO OOBIKHOBEHHBIN U HEOOBIKHOBEHHBIN JTY-
YU SIBJIAIOTCS MOJHOCTBIO MOJSPU30BAHHBIMU BO B3aUMHO MNEPHEHAUKYISP-
HBIX HApPaBJICHUSX.

[T1nockocTh Koe0aHui OOBIKHOBEHHOTO JTy4a MEPHeHIUKYJISIPHA TJIABHO-
My CEYEHHIO, a HEOOBIKHOBEHHOT'O JIyda — COBIIQJA€T C TJIABHBIM CEUCHHEM.
Ha Bpixose u3 kpuctamuia 06a gydya pacpOCTPaHsSIOTCS B OJIMHAKOBOM HaIlpaB-
JICHUU U Pa3IMYaroTCs JIUIIb HAaITPaBICHUEM MoJisipu3arun (puc. 1.5.8, 6).

SIBneHHEe NBOWHOIO JYyYENPEIOMIICHHSI WCIOJIB3YETCS I IOTYyYEHHS
MOJIIPU30BAHHOTO CBETA.

B HEKOTOpBIX KpUCTAIIIAX OAUH U3 JIy4eH MOTJIOMIAETCS CUIIbHEE APYTO-
ro — ouxpousm. OUeHb CUJIBHBIM JIUXPOU3MOM B BUIUMOM CBETE 00JagaeT
KpUCTAIJT TypMajuHa (MPO3pavHOe KPUCTAIIMYECKOE BEIIECTBO 3€JICHOBA-
TOM OKpacku). B HeM OOBIKHOBEHHBIN JTy4 MPAKTUYECKU MOTHOCTHIO TOTJIO-
maeTcss Ha aimuHe | MM, a HeOOBIKHOBEHHBINM JIyd BBIXOJUT M3 KpPUCTaJLIA.
B xpucranne cynshara HOAUCTOr0 XWHWHA OJWH W3 JIydeil TOTJIOMAeTCs Ha
e 0,1 MM. DTO sBJ€HME HCIONB3YETCS [JIsi CO3JIaHUsl TOJIIPOUIOB.
Ha BbIx0z€ nosisiponia moay4yaercsi OJMH MOJISPU30BaHHBIH JIyY.
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Puc. 1.5.8

YacTo B KauecTBE MOJISIPU3ATOPa UCIIOIB3YETCS TaK Ha3bIBaeMasi pu3ma
Hukosnsa. Oto npusma u3 ucianockozo winama, pa3pe3aHHasi 1Mo JuaroHalu
U CKJICEHHAsl KaHaJICKUM Oasib3amoM (puc. 1.5.9).

Puc. 1.5.9

[Tokasarenp mpenoMieHUsT KaHaJCKOro Oanb3aMa JIE)KUT MEXIy 3Hade-
HUAMU IOKa3aTenaed Ny U Ny A1 OOBIKHOBEHHOTO M HEOOBIKHOBEHHOIO JIy-

4eil B ucma"iackom mmate (Ng >N>nNg). 3a c4eT 3TOro OOBIKHOBEHHBIN JIyY

IpeTeprieBacT Ha MPOCIONKe Oalib3aMa IOJHOE BHYTPEHHEE OTPAXKEHUE
U OTKJIOHSIETCS B CTOPOHY. HEOOBIKHOBEHHBIN JTyd CBOOOJHO MPOXOIUT Ye-
pe3 3Ty MPOCIOUKY U BBIXOJUT U3 MPU3MBI.

JIBoitHOE JTydenpenoMIIeHHe OOBSICHSACTCS aHM30TPONHUEH KPHCTAJLIOB.
B Takux kpuctayyiax IUAJIEKTpUYECKas MPOHMUIIAEMOCTb € 3aBHUCHUT OT Ha-
npaBiieHus. B OJHOOCHBIX KpHUCTa/laX AUAICKTPUYECKas MPOHUIIAEMOCTh
B HAIPaBIICHUH ONTHYCCKOI OCH €y W B HANPABICHUSX €, MEPIICHANKYIISP-

HBIX K Heﬁ, HMCCT PAa3HbIC 3HAYCHMUA.
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ITockoImbKy N=./ell, a B HUdIEKTpHKax W = 1, To N =+/e. CrnemoBa-
TEIbHO, U3 AHU30TPOIUU € BBITEKAET, YTO AIEKTPOMATHUTHBIE BOJIHBI Pa3HBIX

HampaBlieHU# KojeOaHui BekTopa E MMeroT pasHblil moka3aTenib mpeaomIie-
HUS U, CIENOBATENBHO, PA3HYI0 CKOPOCTh pacnpocTpaHeHus. CKOpOCTh pac-

C
IMPOCTPAHCHUA OOBIKHOBEHHOT'O Jyda Vg IT, a HEOOBIKHOBEHHOT'O
€
y

C o

Vg = ——, IPUYEM HEOOBIKHOBEHHBIH JIyd pacrpoCTpaHsIETCs MepIeHINKY-
VEx

JISIPHO ONTHYECKOM OCHM KpHCTa/lia. B COOTBETCTBHMHM C STHM OJIHOOCHBIE KPH-

CTaJUIbI XapaKTEPU3YIOTCS IOKa3aTeaeM IPEIOMIEHHS] OOBIKHOBEHHOTO JIy4a

C c
no =—— H IIOKa3aTcCJICM IPCIOMIICHUA HEOOBLIKHOBEHHOT'O Jy4da ne =—.

Vg Ve

B 3aBucuMOCTH OT TOTO, Kakas U3 CKOPOCTEH — v, HIN VU — OOJIBIIE, Pa3iIu-
4aroT M0JIOKUTEIbHbIE U OTPULATENIbHBIE OJJHOOCHBIE KpHCTAILIbL. [Ipn ycio-
BHH, KOTJIA Vg > Vg, — KPUCTAILT HOJIOHCUMENbHBLIL, KOTTA Vg < Vg, — OMPU-

uamebHbl.

1.5.4. 3akon MaJtroca

B 1809 r. ¢paniry3ckuit nnxxkenep 3. Maioc OTKpbUI 3aKOH, Ha3BaHHBIM
BIOCJIEACTBUU €ro MMeHEM. B omnbiTax Maioca CBET Mociie1oBaTENbHO MPO-
MyCKaJICS 4epe3 JBE OJIMHAKOBbBIC IJIACTUHKHU U3 TYpMaJIMHA.

[ImacTMHKM MOIJIM OBOPAYMBATHCS APYT OTHOCUTEIILHO APYra Ha Yroi ¢
(puc. 1.5.10).

cCT

Puc. 1.5.10
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NHTEHCHBHOCTh NPOLIEAIIEr0 CBETa OKa3ajach MPSIMO MPOMOPIHO-
HaIIBHOM: COS2 @: J ~C0s2 .

YMeHbllIeHnEe UHTEHCUBHOCTH BOJIHBI MOYKHO IMOSICHUTH HA HArJIsiJTHOM
npumepe, n3o0pakeHHoM Ha puc. 1.5.11.

W3 pucyHka BUIHO, YTO TOBOPOT IIENU S BHI30BET 3aTyXaHUE BOJHHBI.

PaccMOTpuM MpOX0XkKAEHUE €CTECTBEHHOIO CBETA MOCIEA0BATENBHO Ye-
pe3 nBa uaeanbHbIX noyisipouna P u A (puc. 1.5.10), pa3perieHHbIe HampaB-
JIEHUSI KOTOPBIX Pa3BEPHYTHl HA HEKOTOPHIA yroi ¢. [lepBoblil momnsipous ur-
paet poib noasapuzamopa. OH MpeBpallaeT eCTECTBEHHBIM CBET B JMHEHHO-
HOJISIPU30BaHHbBIN. BTopoi mossipoun (ananuzamop) CIyKUT JUIS aHAIU3a
naJarolIero Ha Hero cBeTa. 3/1eCh TaK)Ke UCTIOIb3YETCS SIBIICHUE OUXPOUIMA.

Y

Puc. 1.5.11

B ecTecTBeHHOM CBETE BCE 3HAUEHHUS () PABHOBEPOSITHBI U CPEIHEE 3HA-
yeHHe < COS? @>=1/2. TIoaTOMy HHTEHCHBHOCTb €CTECTBEHHOTO CBETA,

MIPOLIEAIIETO OJUH MOJSPU3ATOP, YMEHBIIAETCS B 084 pasa.
ITocTaBuM Ha MyTH €CTECTBEHHOTO CBETA JBA MOJISIPU3ATOPA, INIOCKOCTH
KOTOPBIX 00pa3yroT yroua ¢. M3 mepBoro mojsipu3aTropa BBIUIET JTyY WHTEH-

CUBHOCTBIO J( =%JGCT. CornachHo 3axkony Maniwca, THTEHCUBHOCTb CBETA,
IIPOLIEAIEr0 BTOPOM MOJISAPU3ATOD,
J=Jgcos? o =%JeCT cos2 .
Oto0 0e3 yuera MOIJIOHICHHS CBETa B KPUCTAILIE;
J = Jmax :%JCCT mpu ¢ = 0.

ITpu @ = /2 J =0 — ckpenieHHbIe NOISIPU3ATOPHI CBET HE MPOITYCKAOT.
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Takum o0Opa3oM, B 3JEKTPOMArHUTHOM TEOPHM CBETAa 3aKOH Mairoca

HaxXxoauT €CTCCTBCHHOC 00BSICHEHHE Ha OCHOBE PAa3JIOKCHHUA BCKTOpA E mna
COCTaBJIAIOIIHC.

1.5.5. UcKyccTBeHHAsi aHM30TPONUS

JIBoiiHOE JTy4enpeaoMIICHUE MOKHO HaOJ0JaTh U B U30TPOIHBIX Cpe-
nax (aMmop@HBIX Telax), €CJIM NOJIBEPTHYTh X MEXAaHUYECKUM Harpy3Kam.

N30TponHOE TENI0, MOABEPTHYTOE YIPYTUM AeOpMALIMSIM, MOKET CTaTh
AHU3O0TPOIHBIM U MU3MEHHUTHh COCTOSIHUE MOJSPU3ALMU MPOXOSIIETO CBETA.
Jt0 sBieHKE, OTKphITOE B 1818 . Bprocrepom, nosryunsio Ha3BaHue (HOTOYII-
pyroctd, win mbezoontudeckoro s¢dekra. Ilpu omHOCTOpOHHEM pacTsixe-
HUU WIN CKATHUU TEJIO CTAHOBUTCS MOJOOHBIM OJHOOCHOMY KPUCTAJIIy C OI-
THYECKON OCBIO, NTApaJUICIIbHOW HAIIPABIICHUIO MPUJIOKEHHON chiibl. Mepon
BO3HUKAIOLIEH IPHU 3TOM ONTUYECKON aHM3O0TPOIUU CIIY>)KUT Pa3HOCTh IMOKa-
3areseil mpenomieHuss OOBIKHOBEHHOTO M HEOOBIKHOBEHHOTO Jiydel. OmbIT

dF
IMOKa3bIBACT, 4YTO 3Ta PA3HOCTH IIPOINOpHHOHAIbHA HAIPSKCHHUIO O =——

dS
B JJaHHOM To4ke Tena. OT 3Toro HanpsHKeHUs OyeT 3aBUCETh Pa3HOCTh MOKa-
3aTenell mpenomiieHus: Ny —N, =Ko, tae K — xoaddunment npomnopuuo-
HaJIbHOCTH, 3aBUCSIIHNNA OT CBOMCTB BEIIICCTBA.

[TomecTuM CTEKIISIHHYIO TIACTUHKY Q MEXTy IBYMs MOJISpU3aTOPaMH —
Pu A (puc. 1.5.12).

— A
E

Puc. 1.5.12

B orcyrcTBHE MexaHWYeCKO# nedopMaliiid CBET Yepe3 HUX MPOXOJUThH
He Oynaer. Ecnu e crexiio moaBeprHyTh AedopMaIiuu, TO CBET MOXKET MPO-
TH, IPUYEM KapTUHA Ha JKpaHe MONMyduTcs IBeTHasd. [lo pacmpeneneHuro
IBETHBIX TOJIOC MOXKHO CYAUTH O paclpeiesieHUH HANpsDKEHWH B CTEKIISH-
HoM tactuHke (puc. 1.5.13).
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Puc. 1.5.13

DTO SIBJIEHUE IMHUPOKO UCIOJIB3YETCS NJI ONpE/eNICHUs] TPOUYHOCTH Jie-
taneil. [Tomemas npo3payneie (HOTOyIpyrue MOAEIH MEXKIY MOISIPU3ATOPOM
M aHAJIU3aTOPOM M MOJBEpPrasi MX pPa3jIUYHbIM HArpy3KaM, MOKHO H3y4aTh
pacrpeeneHrs BO3HUKAOINX BHYTPEHHUX HANPSyKEHUN.

SIBNeHHE MCKYCCTBEHHOM aHHU30TPOIHUHM MOXET BO3HHMKATH B U30TPOII-
HBIX Cpelax nood eozdelicmeuem 3jexmpuieckozo noisi — Iggexm Keppa.
Ha puc. 1.5.14 uzo0OpaxeHna Tak Ha3biBaeMast sueiika Keppa.

+
O

REE 7

E

O
Puc. 1.5.14

Ecnu monspusaTopbl CKpeEIleHbl, TO B OTCYTCTBHE IIOJISL CBET 4YeEpe3
sueriky Keppa He mpoxoaut. B siiekTpryueckoM Moje MEXIy IMIaCTUHKAMU
KOHJIEHCATOpa KUJKOCTh (MCMOJb3yeTCsl 00BIYHO HUTPOOECH30JI) CTAHOBUTCS
aHU30TponHOM. CBET, MPOUIEAIINI Yepe3 KIOBETY, TIOBOPAYUBAET INIOCKOCTh
MOJISIpU3allii, U CUCTEMa CTAHOBUTCS Mpo3padHoil. fAueiika Keppa Moxet
CIIY’KUTh 3aTBOPOM CBETA, KOTOPBIM YIPABISIETCA MOTEHUHUAIOM OJHOTO M3
AIEKTPOAOB KOHJEHCATOPA, IOMELIEHHOTO B SYECHKY.

Ha ocHoge stueex Keppa nmoctpoeHbl NpakTHYeCKu O€3bIHEPIIMOHHbIE 3a-
TBOPBI 1 MOIYJISITOPHI CBETA C BPEMEHEM CpaldaThIBAaHUS 10 107 c.
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BenuunHa [BOWHOTO JIydeNpesloOMIICHHS TMPSAMO MPONOPIHOHATbHA
KBaJpary HaIpsHKEHHOCTHU dJIeKTpuUeckoro nojs: An=nkE2 (3akon Keppa).
3necb N — MoOKa3arenb NPEIOMIIEHUS BeElleCTBa B OTCYTCTBHE IOJI,
An=n, —Ny, TAe N, U N, — HOKa3aTeIu MPeJIOMIIEHUs 1Jii HEOOBIKHOBEH-

HOW 1 0OBIKHOBEHHOM BOJIH; K — mocTostHHas Keppa.
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2. KBAHTOBASI MEXAHUKA

2.1. KBanToBasi npupoaa u3iy4yeHus

2.1.1 JIroMuHecHeHUMS U TEIUIOBOE U3JIyUYeHHUe

Tennoeoe usnyuenue — >JICKTPOMArHUTHOE M3JIyYEHHE, UCITYCKAEMOE
BEILIECTBOM, BO3HMKAIOIIEE 3a CUET €ro BHYTPEHHEH 3Hepruu. Eourcmeern-
HbIM BUOOM UBTYHUEHUSl, KOMOPOe MOHCen HAX00UMbCsl 8 PABHOBECUU C U3TLY-
YarWUMU meiamu, A6s1emcs meni08oe usjiyueHue.

Bce npyrue Buinl cBeueHUS (M3TydeHUS CBETA), BO30YKIaeMbIe 3a CUET
m000ro ApPyroro BUa SHEPrUU, KPOME TEIJIOBOTO, HA3bIBAIOTCS JIHOMUHEC-
ueHyuei.

ITo onpenenenuro C.M. BaBunosa, aromunecyenyua — A3nydeHue, uU3-
OBITOYHOE HaJl TETUIOBBIM M HUMEIOIIEE IJIUTEIbHOCTh, 3HAUUTEIBHO MPEBHI-
HIAIOIIYIO TIEPHUO]T CBETOBBIX KOJICOAHMIA.

Oxucnstomuiics B Bo3ayxe Gpochop, THIIYIITKH, CBETIISUKH CBETATCS 3a
CYET SHEPTUM XUMUUYECKON PEAKIIUM OKUCIICHUS — XeMUTIOMUHECUECHUUU.

CBeueHue NpU NMPOTEKAHUU TOKa B rase, >KUJIKOCTH WJIM B TBEPJIbIX Te-
J1ax — 3J1eKMPOIOMUHECUCHYUA.

CBeueHue 1oJ] IEHCTBUEM CBETA — (hOMONIOMUHECUEHYUUA U T.]1.

TennoBoe u3nydeHue ObIBACT MpH JIIOOOH TeMIepaType, YeJI0BEK TOJIb-
KO HE OIIyIIaeT €ro Impu MEHBIIEH TeMmIeparype, 4eM TemIeparypa Tena,
anpu A>0,8 MKM MBI €10 HE BUJIUM.

JIroboe Teno, UMerolliee TeMIEpaTypy BbIIIe aOCOMIOTHOTO HYJISI, U3ITydaeT
ANIEKTPOMArHUTHBIE BOJHBI (TEIJIOBOe M3yudeHue). Ecim B3sITh ampiabaTthdecku
M30JIMPOBAHHOE TENO, BHYTPH KOTOPOTO UMEETCS IOJIOCTh, TO BHYTPH 3TOH MOJI0C-
TH C TEUEHUEM BPEMEHH TEIUIOBOE M3ITydEHUE MPHUJIET B PABHOBECUE C OKPYKaro-
UM TeoM. [1oaToMy TernoBoMy M3Iy4eHHIO MOKHO MPUIHCATH TEPMOANHAMMU-
YeCKHUe XapaKTEepUCTUKHU Tejla, HalpuMep Temreparypy. JlomyctiM, 4Tto paBHOBeE-
CH€ HapYILIEHO U TEJIO U3ITydaeT Oosiblie, YeM noroniaer. Torna BHyTpeHHsIs SHep-
rust OyJeT yObIBaTh, 3TO YMEHBILUT TEMIIEPATYpy Tela, YTO MPOTUBOPEUUT aIruada-
THYHOCTH crcTeMbl. ClieIoBaTeNibHO, M M3ITyUeHUE He OyIeT PABHOBECHBIM.

Bce BuApl MIOMHHECHIEHIIMN OKa3bIBAlOTCS HEpaBHOBECHBIMU. Hampu-
MEp, IIMEKTPOIIOMHHECIICHIIUS OyIeT MPOA0IKATECA 0 TE€X TOp, MOKa eCTh
PEKOMOMHUPYIOIINE YACTHIIBI, T.€. TPOUCXOIAUT Tpoliecc noHu3aruu. OObI4-
HbIE TEeMIIepaTyphl MPAKTUUECKN HE BIUSIOT HAa ATOT MPOIIECC, T.e. HEBAXKHO,
CKOJIBKO SHEPTHUH TOTJIOMIAET TEJIO OT OKPY’KaIOIIEH CPebl.

Utaxk, pasnogecuvim modcem 6vimb mMoOIbKO Meniogoe usiyiexue, mo-
ATOMY TOJIBKO K HEMY MOTYT OBITh IPUMEHEHBI 3aKOHBI TEPMOJAMHAMUKH.
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2.1.2. 3akon Kupxroga

BBeneM HEKOTOpBIE XapaKTEPUCTHKH TETJIOBOTO U3ITyUeHUSI.

TIlomox snepeuu (1100bIx yacmom), UCnycKaemvlil eOUHUYel NOBEPXHO-
cmu usyuarwe2o meia 6 eOUHUYY epemeHu 80 ecex nanpaesieHusix (6 npede-
nax menechoeo yena 4m), Haszvieaemcs uzayuamensvnHocmuvio mena (R),
[R] = Br/m>

W3nyderne cocTouT M3 BOJH Pa3IMdHON 4acToThl (V). O003HAUYMM TI0-
TOK DHEPTHH, UCITYCKAaeMOU €IMHUIICH MMOBEPXHOCTH Teja B WHTEPBAJIC Yac-
ToT OTV 110 Vv + dv, uepe3 dR,. Torma npu ganHOI Temmeparype

dRV,T = I’V,Tdv,

rne r,t — CHEeKmpaibHaAA NJIOMHOCMb U3YyUamelbHocmu, Uil u3siya-

mebHasl CHOCOOHOCHb mend.

OIBIT MOKa3bIBACT, YTO JIyYECHUCITyCKATENbHAs CIIOCOOHOCTH Tela I, 1
3aBHCHUT OT TEMIIEPATyphl Tela (I KaKI0H TeMIepaTyphl MAKCHMYM H37Y-
YeHHS JISKUT B CBOEH o0nactu yactot). Pasmeprocts [r, 1]= Jlx/m2.

3Has Ty4EeHCIyCKAaTEIbHYIO CIIOCOOHOCTh, MOKHO BBIYMCIHUTH IHEPTE-
TUYECKYI0 CBETUMOCT:

R = TdeT = TrvdeV .
0 0

[Iycts Ha 3JIEMEHTAPHYIO IUIOLIAAKY MOBEPXHOCTH TEJIa IMAJAET MOTOK
ayunctod sHeprun d®d,,, o0ycCIOBIEHHbII JIEKTPOMAarHUTHBIMU BOJIHAMH,

4acTOThl KOTOPBIX 3aKitodeHbl B uHTepBaie dv. Hacte 3Toro moroka dd',
Oyzaet nornoaTkes TenoM. be3pa3smepHas BeanunHa
_ do’,
do,
Ha3bIBACTCS NO2I0WAMENbHOI cnocodnocmuio mena. OHA TAaKKe CHIBHO

3aBHCHUT OT TEMIIEPATYPHI.
ITo onpenenennto o, 1 HE MOKET OBITH OonblIe eqUHULBL. [ Tena,

OL\/,T

NOJHOCTBIO MOMIOINAIOUIETO M3JIy4eHUsl BCEX 4acToT, o, 1 =1. Takoe Teno

Ha3bIBAECTCSI AOCONIOMHO YepHbIM (3TO NACATN3ALINS).

Teno, ons komopoco o =CONSt u MeHvule eOuHUYbl 071 8Cex Yacmom,
HA3bl16aemcs cepbim meom (310 TOXKE UICaTU3ALIYS).

Mexny u3iydaTelbHON U MOTJIOMIATEIbHOW CIIOCOOHOCTBIO Teja CyIlie-

CTBYET OIpeNelCHHasi CBs3b. MBICICHHO MPOBEAEM CIEAYIOIIUN SKCIEPH-
MeHT (puc. 2.1.1).
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Puc. 2.1.1

[IycTh BHYTpH 3aMKHYTOW OOOJIOUKM HaxoHATCs Tpu Tena. Tenma Haxo-
JSTCS B BaKyyMe, CJEIOBATEbHO, OOMEH JHEPTHEH MOXET TPOUCXOIUTH
TOJIBKO 3a cueT m3aydeHus. OIbIT MOKa3bIBACT, UTO TaKas CHCTEMA yepe3 He-
KOTOpOE€ BpeMsi NpPHUAET B COCTOSIHHE TEIJIOBOTO paBHOBecus (Bce Tena
1 00071049Ka Oy1yT UMETh OJIHY U TY K€ TEMIEPATypY).

B takom coctosHumM Teno, o0nagaroiiee OOJbIIEH H3Ty4aTeIbHOCTHIO,
TEpSET B SAMHUITY BPEMEHHU U OOJIBIIIC SHEPTUHU, HO T = CONSt, ciegoBaTelb-
HO, OTO TEJIO JOKHO 00J1a1aTh U OOIBIIIEN MTOTIOMIAIOIIEN CLTIOCOOHOCTRIO:

AL [ 5 I
oy, T 1 Ay, T 2 Ay, T 3

Hemeuxuit ¢pusuk I'yctaB Kupxrod B 1856 r. chopmynupoBan zaxou
U TIPEJIOKUT MOOE1b ADCOIIOMHO YePHO20 meId.

Ommnowenue u3iyuamenpHol K NONOUWAMENbHOU CROCOOHOCIU
He 3agucum om npupoosbl mead, OHO AGIAEMCA 01 6cex meJl 00HOU U Mo
sce (YHUBEpCAIbHOIL) hYyHKUUEH YACHOMbL U MEMNEPAMYPbL:

I
v, T
= 1(v,T),
Ay, T
rne f(v,T) — ynusepcanvnan ¢pynkyus Kupxzoga.
Ota QyHKIMS UMEET YHUBEPCATIbHBIHN, WJIK a0COJIIOTHBIN, XapaKTep.
Camu BenWYMHBI I, 1 U O, T, B3ATbIE OTIACIBHO, MOTYT M3MEHATHCS

Ype3BbIUYAHO CUJIBHO MPU MEPEX0Jie OT OJHOTO Teja K JAPYroMy, HO UX OT-
HOIIIEHUE NOCMOSAHHO JJ1sl BCeX Tell (P TaHHOM YacTOTe U TeMIeparype).
st abCOMOTHO 4YepHOro Tena o, 1 =1, ClegoBaTEeNbHO, A HEro

I

v =T (v,T), 1.e. ynueepcanvnaa pynkyus Kupxzopa ecmov ne umo unoe,

KaK u3ay4amenbHocms adCoimHo 4epHozo mena.
AOGCOIIOTHO YEepHBIX Tell B MpUpoJie He cymecTByeT. Caxka WK IUIaTh-
HOBasl 4YEpHb HMEIOT MOITOMIAIOUIYI0 CHOCOOHOCTH a7 ~1, HO TOJIBKO

B OI'paHNMYCHHOM HHTCPBAJIC YaCTOT. OI[HaKO IIOJIOCTh C MAJILIM OTBCPCTUCM
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OYeHb OJM3Ka MO CBOMM CBOWCTBaM K aOCOJIIOTHO YepHOMY Teiry. Jlyd, mo-
MaBIIUH BHYTPb, IMOCIIC MHOTOKPATHBIX OTPaKEHUH 00S3aTCIILHO IMOTJIONIA-
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, €Ciii CTSHKHU TIOJIOCTH TOICPKUBAIOTCS TIPU TEMITEPAType
T, TO U3 OTBEPCTHUS BBIXOAMT M3ITydeHHUE, BEChbMa OJM3KOE TI0 CIIEKTPATbHOMY
COCTaBY K M3JIyUCHHIO aOCOFOTHO YEPHOTO TeIa IPH TOH JKe TeMIepaType.

Pasnarast 3To u3nmydeHue B CIEKTP, MOKHO HAWTH IKCIICPUMEHTATbHBIN

By Gynkiun f(v,T) mpu pasusix Temneparypax: 73 > 1o > 11 (puc. 2.1.3).

Ly = f(v,T)

A

<y

le VmZ Vm3

Puc. 2.1.3

[Tnomans, oxBaThiBaeéMasi KpUBOMW, JACT M3IIy4aTeIbHOCTH a0COJIFOTHO
YEPHOI'0 TeJa IPU COOTBETCTBYIOLIEH TEMIIEpaTypeE.

OTH KPUBBIE OJUHAKOBBI JIJIs1 BCEX TEI.

KpuBbie moxoxu Ha QyHKIMIO pacripeeseHus MOJIEKYJI TI0 CKOPOCTSIM.
Ho tam miomanm, oxBaTeIBa€Mbl€ KPUBBIMU, MIOCTOSIHHBI, A 3/1ECh C YBEJINYE-
HHUEM TEMIIEPATYPhI IUIONMIAAb CYIIECTBEHHO YBEIWYUBACTCS. JTO TOBOPUT
0 TOM, YTO M3JIy4aTeJIbHOCTh CHUJIBHO 3aBUCHUT OT TeMIiepaTypbl. Maxcumym
uznyuenust (UzryuamenbHOCMuU) ¢ yeeaudeHueM memnepamypvl CMeuldemcs
8 CIMOPOHY OOLUUX YACTHOM.
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2.1.3. 3axon Credana — boabumana

Teopetnueckoe 00bsICHEHUE U3TYUEHHUST A0COIIOTHO YEPHOIO Tela UMe-
JI0O OTPOMHOE 3Ha4Y€HUE B UCTOPUU (PU3UKHU — OHO MIPUBEJIO K MOHATUIO KBaH-
TOBAHUS SHEPTHUH.

Ascrtpuiickuii usuk U. Credan B 1879 r., aHanu3upysi dKCHepUMEH-
TaJbHBIE JaHHBIC, IPUILEI K BBIBOLY, YTO U3AYUaAmMENbHOCHb 1100020 mena
nponopyuonavha T4,

[To3anee aBctpuiickuit ¢pusuk JI. bonpliMaH, mpuMEHUB TEPMOJAUHAMU-
YECKU METOJ| K UCCIIEJOBAHUIO YEPHOTO M3JIyYEeHHUs, TOKa3aJl, 4YTO 3TO cCIpa-
BEJIJIMBO TOJBKO ISl aOCOIOMHO YepHo20 med.

ITnomane mox kpusoi I, = f(T) paBHa SHEPreTUYCCKON CBETHMOCTH

a0coJII0THO YepHoro teina (puc. 2.1.3):
R=cT#4
— 3akon Cmeghana — borvymana.
3necs 6 =5,67 1078 Br - Mm% - K™*— mocrostuuas Credana — bonpumana.

2.1.4. 3akoH cmenienuss Buna

B 1893 r. nemenkuii yuennlii Bunbsrensm Bun paccmorpen 3amauy o0
aouabamuueckom CXKaTHH U3TYyYEHUs B HUIUHAPUYECKOM COCYE C 3epKallb-
HBIMU CTE€HKaMH U MOJIBUKHBIM 3€PKaJIbHBIM MOPIIIHEM.

®opmyna BruHa gaet xopomee cornacue ¢ OnbITOM B KOPOTKOBOJIHOBOM
YacTH CIIEKTpa U HE TOJIUTCS JJIsl JJIMHHOBOJIHOBOM (puc. 2.1.4).

1o Panero - [xuncy

+eees, JKCIIEPUMEHTAJILHAS
. 3aBHCHMOCTh

23
3

<

Puc.2.14

Bun namen 3aBHCUMOCTD Viya = f(T) (Vpax — 9acTora, COOTBETCT-
BYIOIAsl MAKCUMAJIbHOMY 3HaY€HHUIO I, 1 a0COIIOTHO YEPHOTO TENa):
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% =const. (2.1.1)

D710 3aKkon cmeuwienus Buna. CMelleHHe 4acTOThl B 3aBUCHUMOCTH OT
TeMIepaTypbl XOpPOIIO HILTIOCTPUPYETCS IKCIEPUMEHTATBHBIMU KPUBBIMU,
n300pakeHHBIMU Ha puc. 2.1.3.

Yarue 3axkon cmeujenua Buna 3anuchiBalOT B BUIE A, =b/T , rae no-

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

2.1.5. ®opmyaa Paies — I:xkunca

B 1900 r. anrnuiickuit pusuk Paseit momomeén Kk u3ydeHuIo CreKTpaib-
HbIX 3aKOHOMEPHOCTEN U3ITyYEHUSI YEPHOTO TEJIA C MO3ULUNA CTAaTUCTUYECKOM
(pU3HUKH, BOCMOJIB30BABIINCH KAACCUYECKUM 3AKOHOM PABHOMEPHOTO pac-
MpEeIeICHUs SHEPTUU IO CTEMEHSIM CBOOO/IBI.

OH paccMoTpen pasHosecHoe usiyueHue B 3aMKHYMOU HOAOCMU C 3ep-
KANbHbIMU CIMEHKAMU KAK COBOKYNHOCHL CIMOAYUX DNEKMPOMASHUMHbBIX 80H
(ocyunnsimopos).

B 1905 r. anrnuiickuii pusuk u actpopusuk JPKUHC yTOYHUIT pacyeTh
Paniesd 1 OKOHYATENBHO MOTYYHIT

2mv 2
r\,,T :C—ZkT (212)

DTO U €CTb popmyna Prnes — /rcunca.
U3 popmyier (2.1.2) BUAHO, YTO I, 7 MOHOTOHHO BO3PACTAET C POCTOM

v? B OTIMYHE OT SKCIICPHMCHTAIBHON KPUBOH, KOTOpAs HMEET MaKCHMyM
(puc. 2.1.4).

®opmyna (2.1.2) cnpaBemiuBa TONBKO B OOJACTH MAnblX YacTOT
U He coanacyemcsi ¢ 3akoHom Bunua. TlomnbiTka nomyuuts U3 Gopmyisl Panes —
Jlxunca 3akon Ctedana — boxsimana (R ~ T*) mpuBozut k abeypay:
2nkT ° 2

5 'fv dv=o0.
C
0

OTOT pe3yabTaT MOJyUYUJl Ha3BaHUE YIbMPApuoiemosoi Kamacmpo-
¢hol, T.X. C TOUKH 3peHUS KJaccUuueckou ¢hu3uku BeIBOA Panes — [[»uHca ObL1
caenaH 6e3ynpedHo.

Utak, 66110 MOTy4YeHO J1Be (DOPMYJIIBI, OMUCKHIBAIONINE U3ITydeHHE a0Cco-
JIOTHO YEPHOTO TeJa: OJHa — JJII KOPOTKOBOJIHOBOW 4acTu criekTpa (popmy-
na Buna), apyras — ajisi 1IMHHOBOJIHOBOM ((popmyna Panest — JIkunca). 3a-
Java COCTOsIa B TOM, YTOOBI TIOJYYHUTh BBIPAKEHUE, OMUCHIBAIOIIEE TEILIO-
BOE M3TyY€HHE BO BCEM JMANa30HE YacTOT.

R= ]‘)rV’Tdv =
0
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2.1.6. ®opmyaa I[lnanka. 'mnore3a o kKBaHTax

B cBoux pacuerax Hemenkuit pusuk-teopetuk [Inank BeiOpan Haubosee
IPOCTYIO MOJIENb U3Ty4alollel CUCTEMbI (CTEHOK MOJIOCTH) B BUJIE TAPMOHHU-
YECKUX OCIUJUIATOPOB (JIEKTPUUYECKUX JTUIIOJIEH) CO BCEBO3MOXKHBIMHU COO-
CTBEHHBIMM 4YacToTamu. 31ech [lnank cienposan Panero. Ho Ilnanky npunia
MBICJIb CBSI3aTh C YHEPTUEH OCIIMIUIATOPA HE €r0 TEMIIEpaTypy, a €ro 9HmMpo-
nuro. OKa3aaoch, 4TO MOJYYEHHOE BBIPAXKEHUE XOPOIIO OMUCHIBAET JKCIIE-
puMeHTanabHbie naHHble (OKTI0pb 1900 T1.). OgHako 060cHOBATH CBOIO (oOP-
myny Ilnank cmor Toabpko B gekadbpe 1900 r., mocie Toro, Kak bonee 2nyooko
NOHAN 8EPOSMHOCMHbIU CMbICI IHMPONUY, Ha KOTOPYIO yKaszan borvyman
(S=k-InQ).

Tepmoounamuuecxkan eepoasmuocms 0 — 4UCIO 803MONCHLIX MUKDO-
CKONUYECKUX KOMOUHAYUL, COBMECUMOe C OAHHLIM COCMOSIHUEM 8 YEIOM.

B nmaHHOM cnydae 3TO 4uUCIO B03MOICHBIX CNOCO008 pachpedeieHus
sHepauu MEXIy ocuwiusitopamu. OIHAKO TakOM Mpolecc MOACYETa BO3MO-
KEH, €CJIM dHeprus OyAeT NPUHUMATh He J1l00ble HenpepvléHble 3HAUCHUS,
a UL OUCKpenHvle 3HAYeHUsA, KPATHbIE HEKOTOPOU eOUHUYHOU dHepul.
Ota sHeprus KoiedaTeabHOTO JABUKEHUS JOJDKHA OBITh MPOMOPIHUOHAIBHA
Y4acTOoTeE.

Utak, snepeus ocyunnamopa 00axcHa 6bimv yeaviM KpamHvlM HEeKOmo-
PO eOuHUYbl IHEPeUU, NPONOPYUOHATILHOU €20 4acmome:

E, =nhv,

rren=1,2,3,...
MunHumanbHasi HOpLUs YHEPTUU
E =hv=r1o,
raeh =6,62-10-34— nocrosuuas [nanka; A=h/2n u © =27av.
To, uro E = hv, — 310 rennansHas noragka Maxca [lanka.
[TpuHnunmaneHOEe oTiaMuMe BbiBojA IlmaHka ot BeIBOJIOB Panes u npy-
TUX B TOM, YTO «HE MOXXET OBITb M PEYH O PABHOMEPHOM paCHpEICIICHUH
SHEPTUU MEKTY OCUWLIATOPAMI.
OxonuaTenbHblid BU (hopmydsl [Inanka —
2mv 2 hv
VT =72 ahvikT _q°
cc e 1

(2.1.3)

17001
i 2rthc? 1
M= 95 ghe/kTh 1
N3 gopmynsl Ilnanka MoxHO nonyuuts U Gpopmyny Panes — [xunca,
u hopmyny Buna, u 3akon Credana — bonsimana.

(2.1.4)
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Jnsa yausepcanbHor ¢pyHkiuu Kupxroda [1nank BeiBen popmyry

2rthv® 1

2 MK

@opMyna OJECTALIE COTJIACYETCS € SKCHEPUMEHTAIBHBIMU JAHHBIMU
[0 PAcHpEeEICHUIO0 SHEPTUH B CIIEKTPAX M3JIyYEHHUS YEPHOIO TEJla BO BCEM
MHTEpBaje 4acToT W Temrepatyp (puc. 2.1.4). Teopernyecku BBIBOJ 3TOM
dopmynsr M. [Tnank npeacrasun 14 dexaopa 1900 2. na 3acenanvuu Hemerr-
KOTro (PM3UYECKOro 00IIeCTBA. DTOT OeHb CIal 0amoil poxcoeHus KeaHmo-
601l (pu3uKu.

N3 dpopmymner [Tnanka, 3Hast yHEBEpcaibHbIe ocTosiHHBIE N, K 1 €, MOX-
HO BBIYHCIHTH NOCTOsiHHYIO Ctedana — bonbiimana ¢ u Buna b. C gpyroi
CTOPOHBI, 3Hasi HKCIIEPUMEHTAJIbHbBIC 3HAYCHUS G U D, MOXHO BhruMCIUTH h
1 K (MMEHHO Tak OBUIO BIIEPBBIC HAMJICHO YHCIOBOE 3HAYCHUE MOCTOSHHOM
[Tnanka).

Takum obOpazom, gopmyna IlnaHka HE TOJBKO XOPOUIO COIJIACYETCS
C 9KCTIEPUMEHTAIBHBIMHU JTaHHBIMH, HO U COJICPKUT B ceO€ YaCTHHIC 3aKOHBI
TeroBoro uznydenus. CnenoBarenbHo, popmyina Ilnanka sBisgeTcst HOJTHBIM
pElIEHHEM OCHOBHOM 3a/1a4d TEIUIOBOTO M3JIy4YE€HHUs, nocraBieHHOM Kupx-
rogom. Ee perienure ctano BO3MOXKHBIM JIHIIb OJarogaps peBOJIOLMOHHON
KBaHTOBOU rumnorese [nanka.

f(v,T)=

2.2. KBaHTOBBIC AABJICHUS B ONITHKE

2.2.1. ®oTo3ppeKT U ero BUAbI

I'unore3a Ilnanka, Ornectsilie pemuBIIas 3a7ady TEMJIOBOIO HM3ITy4YCHHUS
YEepHOIo Teja, MOJydrsia NOATBEPKICHUE U JalIbHEHIee pa3BUTHE MPU O0BsIC-
HeHuH QoTodddekTa — ABICHUS, OTKPBITHE U UCCIEI0BAaHUE KOTOPOTO ChIrPajIo
BaXXHYIO pOJIb B CTaHOBJICHUU KBaHTOBOM Teopuu. B 1887 1. I'. I'epir oOHapy-
WL, 4TO MPHU OCBEUICHUM OTPHUIIATENBHOTO 3JIEKTPOAA YIbTPapHOIETOBBIMU
JTy4yaMu pa3psl MEKIY JIEKTPOAaMHU MPOUCXOIUT MPU MEHBIIIEM HANPSHKEHUU.
OT0 sBJIEHUE, Kak Mmoka3anu onbIThl B. [NampBakca (1888 r.) m A.I'. Ctonerosa
(1888-1890 rr.), 00ycIIOBIEHO BBIOMBAHHUEM IO JICHCTBUEM CBETA OTPHUIIATEb-
HBIX 3apsi/IOB U3 AJIEKTPOAA. DJEKTPOH ele He Obul OTKpHIT. Jlumm B 1898 T.
JIx.JIx. Tomricon u @. Jleonapa, usMepuB yAEIbHBIA 3apsl UCITyCKAEMBbIX Te-
JIOM YacCTHII, YCTAHOBWJIH, YTO 3TO JIEKTPOHBI.

Pazmuarot dhoTodddext BHEMHNN, BHYTPEHHUN, BEHTHWIHHBIA U MHO-
ro()OTOHHBIM.

Buewnum gpomosrghgpexmom Ha3pIBaeTCA UCIYCKAHUE DIJIEKTPOHOB Be-
[IECTBOM I0J] ACHUCTBUEM JJIEKTPOMArHUTHOTO U3IYyUYeHUs. BHewnuii ghomo-
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aghgpexm HaOMIOAAETCSA B TBEPABIX Telax (MeTaiax, MOJyNpOBOJIHUKAX, THU-
AIIEKTPUKAX), a TAKXKE B ra3ax Ha OTJENbHBIX aTOMaxX M MoJiekynax (dorouo-
HU3AIHA).

Buympennuii ¢pomorghghexm — 310 BBIZBaHHBIE 3IIEKTPOMArHUTHBIM
M3JIyYEHHEM IE€PEX0/bl 3JIEKTPOHOB BHYTPH IMOJIYIPOBOJHUKA WM JUAJICK-
TPUKa U3 CBS3aHHBIX COCTOSHUU B CBOOOAHBIC, O€3 BhUIETA HApyXy. B pe-
3yJbTaTe KOHIIEHTpalUMs HOCHUTENEH TOKAa BHYTPU TeJia YBEJIUYUBAETCS, YTO
OPUBOJUT K BO3HUKHOBEHHUIO (DOTOMPOBOAMMOCTH (MTOBBIIMICHUIO 3JIEKTPO-
IPOBOJIHOCTH IMOJYIPOBOIHUKA WIIM AUDJICKTPUKA MPU €TI0 OCBEIIECHUH) WU
K BOZHUKHOBEHUIO EKTpoaBIKYyIen cuibl (C).

Benmunvnwtit homoaghgpexm siBnsiercs pa3HOBUIHOCTHIO BHYTPEHHETO
doTtoaddexra, — 310 BosHuKHOBeHHE DJIC (PpoT0oD/IC) npu ocBemieHur KoH-
TaKTa JIBYX pPa3HbIX MOJYNPOBOJAHUKOB WJIM MOJYIPOBOJHUKA M MeETailia
(Ip1 OTCYTCTBHUM BHEILIHEIO AJIEKTPHUUYECKOTrO Mouisi). BeHTunbHbIl PoTodd-
(eKT OTKpBIBAET MyTH IJIs MPSAMOI0 MPeoOpa3OBaHMS COJHEYHOU SHEPIUU
B AJIEKTPUUECKYIO.

Muozogpomonnwtii homorgpgpexm BO3MOKEH, €CIU HHTEHCUBHOCTH
CBETa OYEeHb OoJibllasi (HampuMep, IPH MCHOJIb30BAaHUU Ja3€PHBIX ITYYKOB).
[Ipy 3TOM 3IEKTPOH, HCIIYCKAEMBbI METAJIIOM, MOYKET OJTHOBPEMEHHO IOJIY-
YUTh SHEPTUIO HE OT OJIHOTO, & OT HECKOJIBKUX (DOTOHOB.

[lepBrie pyHaameHTanmbHbIE HccaenoBaHUS (HOTOA((EKTa BBHITOIHEHBI
pycckuM yueHbIM A.I'. CroneToBsiM. [IpuHIMNMaIbHAS cxema U1l HCCIIEN0-
BaHus pororddexra npusenena Ha puc. 2.2.1.

JBa snextpoza (karox K u3 ucciegyemoro marepuaia u aHox A, B Ka-
yecTBe KOTOporo CTOJIETOB MPUMEHSIT METAJUTMUECKYIO CETKY) B BaKYyMHOM
TpyOKe MOAKIIOYEHBI K OaTapee Tak, 4TO C MOMOIIbIO MmoTeHuuomerpa R
MOKHO HM3MEHSTh HE TOJIbKO 3HAYEHHE, HO U 3HAK I0/IaBaéMOro Ha HUX Ha-
npsokeHusl. TOK, BO3HUKAIOUIMI MPU OCBEIIEHWH KaToJa MOHOXpOMaTHye-
CKHM CBETOM (Uepe3 KBaplEBOE CTEKIIO), UBMEPAETCS BKIIOUEHHBIM B LIETh
MUJUTHAMIIEPMETPOM.

B 1899 r. JIxk. JI>x. Tomncon u @. Jlenapa nokaszanu, 4yto npu Gotodd-
(ekTe CBeT BHIOMBAET M3 BEIIECTBA JJIEKTPOHBI.

Bonwsramnepnas xapakrepuctuka (BAX) dotosddexra — 3asucumocmo
gdomomoxka |, 06pazyeMoro moToKOM AJIEKTPOHOB, OT HANPSDKEHUS — MIPUBE-
JieHa Ha puc. 2.2.2.

Takas 3aBHCUMOCTb COOTBETCTBYET JBYM Pa3IMYHBbIM 3HEPreTUUECKUM
OCBEILIEHHOCTAM KaToja (J4acToTa cBeTa B 00OMX ciyyasx oauHakosa). Ilo
Mepe yBenunyeHUs: U (GOTOTOK MOCTENEHHO BO3pacTaer, T.e. Bce OoJbliee
9uCiIo POTOANEKTPOHOB OCTUTaeT aHoja. [lonoruii xapakrep KpUBbIX MOKa-
3bIBAET, YTO AIEKTPOHBI BBUIETAIOT U3 KATOa C PA3JIMYHBIMU CKOPOCTSIMHU.
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Puc. 2.2.1 Puc.2.2.2

MaxkcuManbHOE 3HAUYCHUE gbomomoxa HacvlyeruA IHa OIIpCACIISICTCA

C
TaKUM 3Ha4eHUEM HanpspkeHus:t U, pu KOTOPOM BCe AJIEKTPOHBI, UCITyCKae-
MBI€ KaTOJA0M, JOCTUTAIOT aHO/Ia:

lac = NE,

r7ie N — YUCJIO AIEKTPOHOB, UCITYCKAEMBIX KaTo/IoM B 1 c.

N3 BAX cnenyer, npu U = 0 dotoTtok He ucuezaet. CrenoBaTenbHO,
AJNIEKTPOHBI, BBIOWTHIE M3 KaTo/Aa, 00JIajal0T HEKOTOPOW HAvYallbHOM CKOPO-
CTBIO V, & 3HAYUT U OTJIMYHOU OT HYJISI KHUHETUUYECKOM DHEPTHEH, MOITOMY
OHHM MOTYT JIOCTUTHYTh KaTojaa 0e3 BHemHero mojis. [ias Toro utoOsr ¢hoTo-
TOK CTajJ PaBHBIM HYJIO, HEOOXOJIMMO TPHIOKHUTH 3adeprcusarouiee Ha-
npscenue U . Tlpu U =U, HE 01UH U3 SJIEKTPOHOB, Jaxke 00IaaaroIInii

IIPpHU BBUICTC M3 KaTOoda MaKCUMaJIbHOM CKOpPOCTBIO v HC MOKCT IIPpCOa0-

max
JICTh 3aACPKUBAIOIICTO ITOJISA U AOCTUTHYTDb aHOa. CJ'IGI[OB&TCJ'IBHO,

mv?

—&X —eU,,
2
T.€., 3aMEPUB 3aJiepkuBatolee Hanpsbkenue U,, MOXKHO onpenenuTh MaKCu-
MaJIbHbIC 3HAYEHUSI CKOPOCTH U KMHETUYECKOU SHEPTUuH (POTOAIEKTPOHA.
[Tpu m3yuenun BAX pa3sHOOOpa3HBIX MaTepUaIoOB MPHU Pa3HBIX YACTO-
Tax MaJarolIero Ha KaToJ W3JyYE€HUs U PAa3HbIX IHEPrE€TUUECKHUX OCBEILICH-
HOCTSIX KaToJa ¥ 000OIICHHUH MOTYYEHHBIX JaHHBIX ObUIA YCTAHOBIICHBI TPU
3aKoHa BHENTHETo GhoTodPdekTa.

(2.2.1)
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2.2.2. 3axkonsl BHemHero ¢gorodpdexra

A.I'. CtoneToB ycTaHOBWI Tpu 3akoHa PoTodddexra, HE yTpaTUBIINE
CBOETO 3HAa4YeHHs] M B HacTosIee BpeMsi. B coBpeMeHHOM BHE 3aKOHBI
BHemHETo GotodddexTa GopMyTHPYIOTCS CIASAYIOIMHMM 00pa3oMm:

|. Ilpu ¢puxcuposannoit wacmome naodarouiezo ceema 4ucio ¢omo-
INEKMPOHOB, GbIPLIBACMBIX U3 KAMOOA 6 eOUHUUY 8PEeMEHU, NPOnOPUUO-
HAbHO UHMEHCUBHOCMU céema (CUJIAa TOKA HACBIILEHUS MPOMOPIMOHATbHA
AHEPreTUYECKOr ocBelieHHoCTH Eq KaTona).

Il. Makcumanvnaa nauanvhasa ckopocmsy (MaKCUMANbHASL HAYATLHAS
KUHemu4eckas dHepeusi) (pomoirneKmponoe ne 3a6ucum Om UHMEHCUBHO-
cmu naoawuiezo céema, a ONPeOensemcs MmoibKo €20 Yacmomoii v.

1. Ina kasxcoozo eewyecmea cywecmeyem Kpacuas zpanuuya ¢homo-
Ippexma, m.e. MuHUMATLHAS YACMOMA Vi, c8ema (3asUucAwas om xumuye-
CKOU NPUPOObL Beecmed U COCMOSIHUSL €20 NOBEPXHOCMU), HUNCE KOMOPOU
Gdomoaghghexm neeozmodicen.

KauectBenHoe 00bsicHeHue (poTtoaddexkTa ¢ BOTHOBOM TOUKH 3pEHUS Ha
MEPBBII B3IJISAJ HE JAOJHKHO ObLIO OBl MpEACTaBIATh TpyAHOCTEH. JleficTBU-
TEJBHO, MO/ JCHCTBHEM TOJIsI CBETOBOM BOJHBI B METAIlJIE BOHUKAIOT KOJe-
OaHUs 3JIEKTPOHOB, AMIUIUTY 14 KOTOPBIX (HApUMeEp, IPU PE30HAHCE) MOXKET
OBITh IOCTATOYHOM ISl TOTO, YTOOBI JIEKTPOHBI IOKUHYJIM METall, — TOIr/1a
u HaOmogaerca (otosrddext. Kunernueckass sHeprusi BhIPhIBAEMOIO 3JIEK-
TpOHA M3 MeTajjia JoJKHa Oblia Obl 3aBUCETh OT MHTEHCUBHOCTH IMaJarolie-
ro CBeTa, T.K. C YBEJIMUYEHUEM TMIOCIETHEH SJIEKTPOHY TMepeaaBaiach Obl
Oonpiias 3Heprus. OgHaKko 3TOT BbIBOA MpoTuBOpeuuT Il 3akony (orosd-
¢ekra. Tak kak, 10 BOJHOBOW TEOPUH, SHEPIHs, MlepeaaBaeMas JIEKTPOHOM,
MPOIMOPIMOHAIFHA HHTEHCUBHOCTH CBETA, TO CBET JIFOOOM YacTOTHI, HO JOC-
TAaTOYHO OOJBIION WHTEHCUBHOCTH JOJKEH OB ObI BBIPHIBATH AJIEKTPOHBI U3
MeTajia; MHBIMH CJIOBaMH, KpacHOM TpaHuilbl (porodddexra HE TOHKHO
ObITh, uTO TIpoTUBOpeunT I 3aKkony doTorddexra. Kpome Toro, BosHOBas
teopust potodadpdexra HE cMorina OOBICHUTH OE3BIHEPIMOHHOCTH (POTOI(D-
¢dekTa, yCTaHOBJICHHYIO OomnbITaMu. Takum obOpazom, GoTodpdekT Heobwsic-
HUM C MOYKU 3PEHUsl BOTTHOBOU Meopuu ceema.

2.2.3. ®oToHHas Teopus ceera. Macca, JHeprusi 1 MMIYJbC GoTOHA

B coBpemeHHOI TpaKTOBKE TMIIOTE3a KBAHTOB YTBEPIK/IA€T, UTO SHEprust E
KoJIeOaHWH aToMa MJIM MOJICKYJbl MOXeT ObITh paBHa hv, 2hv, 3hv u 1.1.,
HO HE CYILIECTBYET KOJIEOAHUM ¢ PHEprued B MPOMEKYTKE MEXKIY ABYMs I1O-
CIIEZIOBATEIbHBIMA IENIBIMH, KpaTHeIMA hv. DTo 03HAdaeT, 4YTO JHEPrus
HE HENpephIBHA, KaK IMOJIarajd Ha MPOTSHKCHHH CTOJETHH, a KEAHMYemc,
T.€. CYIIECTBYET JIMIIb B CTPOIO OMPEAEIEHHBIX JUCKPETHRIX mopuusax. Hau-
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MCHbIIas Mmopius hv Ha3bIBaeTCs KeaHMoOM IHepzuu. I'MIIOTE3y KBAHTOB
MOXXHO C(OpMYyIHUpOBaTh U KaK YTBEPXKJCHHE O TOM, YTO HAa aTOMHO-
MOJIEKYJIIPHOM YPOBHE KOJEOaHUsSI MPOUCXOJST HE C JIIOOBIMU aMIUIUTY/Ia-
Mu. JlomycTUMBbIE 3HAUEHHS aMIUIUTYbI CBSI3aHbI C YaCTOTOU KOJICOaHUs V.

B 1905 r. DitHImTElH BBIABUHYJ CMENYIO HIC0, 0000IABIIYIO THIIOTE-
3y KBAaHTOB, U TOJIOKHJI €€ B OCHOBY HOBOI TEOpUHU cBeTa (KBAaHTOBOU Teo-
pun doroddpdekra). CoriracHo Teopuu DWHINTEWHA, cgem ¢ uaACmMoOmou
V He MObKO UCHYcKaemcs, Kax 3mo npeononazan Iliamk, o u pacnpo-
cmpanaemca u RNoOIOW|Aemcsa 6euieCmeom OmoOeabHbIMU NOPUUAMU
(keanmamu), snepeus komopwix Eq = hv. Takum o0pa3zom, pactpocTpaHeHHe
CBETa HY)KHO pacCMaTpuBaTh HE KaK HEMPEPHIBHBIA BOJHOBOW TIPOIIECC,
a KaK MOTOK JIOKAJTU30BaHHBIX B IPOCTPAHCTBE TUCKPETHBIX CBETOBBIX KBaH-
TOB, JBIDKYIIHMXCS CO CKOPOCTBIO PacIpOCTPaHECHHs CBeTa B Bakyyme (c).
Keanm snekmpomaznumnozo uznyyenus noayuuil Hazeanue @omon.

Kak MBI ye TOBOPWIH, UCITYCKaHHE SJICKTPOHOB C MOBEPXHOCTH MeE-
TaJula 1o ICUCTBUEM IMAIAFOIIETO Ha HETO M3yYeHUs COOTBETCTBYET MPE-
CTaBJICHUIO O CBETE€ Kak 00 AJIEKTPOMATHUTHON BOJIHE, T.K. DJIEKTPUUYECKOE
MoJie AJEKTPOMArHUTHON BOJIHBI BO3JIEUCTBYET Ha SJEKTPOHBI B METaILIE
U BBIpbIBaE€T HEKOTOphIe W3 HUX. Ho DHHIITEH 00paTui BHUMaHUE HA TO,
YTO Mpe/ICKa3bIBa€MbIe BOJTHOBOW TeOpHUEH U (POTOHHOM (KBAaHTOBOW KOPITYC-
KyJISIpHOM) Teopuel cBeta getanu GporodddexTa CyInecTBEHHO pacXoasiTCsl.

dotoHHas (KOPIMyCKyJsipHasi) TEOpHUsl MOKAa3bIBAE€T, YTO B MOHOXpOMa-
THYECKOM Iy4Yke BCe (DOTOHBI UMCIOT OJMHAKOBYIO 3HEPTHio (paBHYH hv).
YBenuueHne HHTCHCUBHOCTH CBETOBOTO IMyYKa O3HAYACT YBEIWUYCHHUE YMCTIA
(OTOHOB B ITyYKe, HO HE CKa3bIBACTCS HA MX SHEPTHUH, €CITH YaCTOTa OCTACTCSI
HensMeHHo. CornacHo Teopuu ODWHIITENHA, 3JIEKTPOH BBHIOMBAETCSA C MO-
BEPXHOCTH METajlIa IPH COYJapEHUU C HUM OTHAeIbHOTO (doToHA. [Ipm sTOM
BCsl DHEprusi (pOTOHA TepesaeTcs SICKTPOHY, a POTOH MepecTaeT CyIIeCTBO-
BaTh. TaKk Kak JJICKTPOHBI yACPKUBAIOTCSI B METaUIe CHUIIAMH TPUTSHKCHUS,
JUTSI BBIOMBAHUSA DJIEKTPOHA C TTOBEPXHOCTH MeTalljla TpeOyeTcs MUHUMAIb-
Hast SHeprus A (KoTopasi Ha3bIBaeTCS pabOTON BBIXOJA M COCTABISET IS
OOJBIITMHCTBA METAUIOB BEITUYHHY TOPSJIKA HECKOJBKUX DJIECKTPOHBOJIBT).
Ecnu yacroTa v mamaromiero cBera maja, To sHeprun hv < Ag u suepruu ¢o-
TOHA HEJIOCTATOYHO JJI TOTO, YTOOBI BHIOUTH AJIEKTPOH C MOBEPXHOCTU MeE-
taya. Eciau ke hv > Ag, TO 37IeKTPOHBI BBUICTAIOT C MOBEPXHOCTH METallia,
NpUYeM dHepeus 8 MAKoM npoyecce COXpaHsiercs, T.e. sueprus ¢porona (hv)
paBHa KHMHETHYECKOW SHEPTMH BBIJICTEBIICTO 3JIGKTPOHA TUTFOC paboTe I0

BBIOMBAHUIO DJIEKTPOHA U3 MeTajla:

I’T]l)2

hV:T+ A (222)
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VYpauenue (2.2.2) Ha3bIBACTCS ypasHeHuem JiHuimenHa 011 eHeul-
He20 pomorhghexma.

Ha ocHoBe 3Tux cooOpakeHuil (OoTOHHAs (KOPIMYCKYJSIpHAs)) TEOPHS
CBETa MpEJCKa3bIBACT CIEAYIOIIEE:

1. VBenuueHne MHTEHCUBHOCTH CBETA O3HAUYACT YBEJIUYEHHUE YHUCIIA Ha-
JeTaromux (OTOHOB, KOTOPHIE BHIOMBAIOT C MOBEPXHOCTH METayljia OOJIbIIIe
anekTpoHOB. Ho T.k. sHEeprusi GOTOHOB OflHA U Ta K€, MaKCUMaJbHasl KUHe-
TUYECKasi PHEPTHsS JJIEKTPOHA HE M3MEHHTCS (noomeepocoenue — | 3axou
Gpomosppexma).

2. Ilpu yBenmW4YeHHH YacTOTHI MAJalOIIer0 CBETa MaKCHMallbHAs KUHe-
TUYECKasl SHEPTHUs AJIEKTPOHOB JIMHEWHO BO3pPACTaeT B COOTBETCTBUU C (op-

mysioi DuHmreiHa (2.2.2) (noomeepoicoenue — |l 3axon homospgpexma).
['paduk 5Toif 3aBUCIMOCTH MPECTABIICH Ha puc. 2.2.3:
2
MVmax _ hy — A

Puc. 2.2.3

3. Ecnu gactoTa v MeHbIIIEe KPUTUYECKON YaCTOTHI V,,,, TO BHIOMBAaHHUE

Kp b
AJIEKTPOHOB ¢ TIoBepxHOCTH He Tipoucxomut (111 3axor).

YpaBHeHue OiHINTEHHA OBLIO MOJATBEPKICHO ONbITaMH MUJIIMKEHA,
BEINOJIHEHHBIMHA B 1913—-1914 rr. OcHOBHOE oTiamune OT ombiTa CTOoNeToBa
B TOM, 4TO IMOBEPXHOCTh METaJIa NIOABEPTATIACh OUYUCTKE B BakyyMe. Mccie-
JI0BAJIaCh 3aBUCUMOCTh MAKCUMAJIbHOW KMHETHUYECKOM DHEPTUU OT YACTOTHI
U ompeessuiach mocrosiaHas [lnanka h.

J7ist 00OBsICHEHUS TETUIOBOTO M3Iy4deHus [Imank mpeanoiokKui, 4To CBET

UCITyCKaeTCs KBaHTaMH. DUHINTEHH npu 00bsicHeHun GotodrddexTa mpearmo-
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JIO’KHWJI, YTO CBET M PACIPOCTPAHSAETCSA, U MOTJIOMIAETCS KBAHTAMM, T.€. IOpP-
nusaMu. KBaHT CBETOBOM 3HEPIUM MOJTY4YUII HA3BAHUE POMOH.

HanOoisiee HEenocpeaCTBEHHOE MOATBEPKICHHE TMIOTE3bl DWHINTEHHA
7)1 OMBIT boTe, B KOTOPOM HCIOJIL30BAJICS METO coBNaacHus (puc. 2.2.4).

hAv

Cale ~ (Dj e Cy
-

—>

TT

<

Puc. 2.2.4

Tonkast metayumnueckast ¢posnbra @ nomenianach MEXAy AByMs ra3opas-
psaaHbIMu cueTynkaMu Cu. Dosibra ocBelanach ciadbIM MyYKOM PEHTT€HOB-
CKHX JIy4eW, TOJl IEWCTBUEM KOTOPBIX OHA CaMa CTAaHOBWJIACH MCTOYHHKOM
PEHTTEHOBCKUX Jy4eil (3TO SIBJICHHE HA3bIBAETCsl PEHTI'€HOBCKOH (uryopec-
ueHuueil). BenenctBue Manoil HHTEHCMBHOCTH MEPBUYHOIO My4yKa KOJIMYE-
CTBO KBAaHTOB, HCIYyCKaeMbIX (onbroif, O6nu10 HeBenuko. Ilpu nmomamanuu
KBAHTOB HAa CUYETYMK MEXaHH3M cpalaThiBajl U Ha JBHXKYILEHCS OyMakKHON
JIEHTE Jelianach oTMeTKa. Eciii Obl u3myyaemas SHEprusi pacrpocTpaHsiach
PaBHOMEPHO BO BCE CTOPOHBI, KaK 3TO CIEAYET W3 BOJHOBBIX IpE/ICTaBlie-
HUM, 00a cyeTurKa JOJKHBI ObUTH OBl CpabaThIBaTh OJHOBPEMEHHO U OTMET-
KM Ha JICHTE€ NPUXOAWIMCH Obl OJIHA MPOTUB Apyroi. B nelicTBUTENbHOCTH
e HAOJII01AJIOCh COBEPILIEHHO OECIIOPSAI0YHOE PACTION0KEHHE OTMETOK. DTO
MOHO OOBSICHUTH JIMIIb TEM, YTO B OTIAEIbHBIX AKTaX MCIYCKAaHUSA BO3HH-
KalOT CBETOBBIEC YACTHIIbI, JIETAILIME TO B OJHOM, TO B JPYIOM HaIlpaBJICHUHU.
Tax ObUIO 3KCHEPUMEHTANBHO JOKa3aHO CYIIECTBOBAHHE OCOOBIX CBETOBBIX
JacTuIl — ()OTOHOB.

Domon obaaoaem rnepeuenr E =hv=h(c/L). JIns BuaguMoro cmera

JUTMHA BOJIHBI A = 0,5 MKM u 3Heprus £ = 2,2 5B, 11 peHTreHOBCKUX JTyuen
A=10"°Mxmu E = 0,5 3B.
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Domon odradaem uHEPMHOU MACCOU, KOTOPYIO MOXXHO HAUTH U3 CO-
otHomenus E =mc?:

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

8
Domon osurxicemca co ckopocmoio céema C = 3-10° m/c. IlogcraBum
ATO 3HAYEHHE CKOPOCTH B BBIPAXKEHUE ISl PEIISTUBUCTCKON MaCCHI:
m m m
o _ Mo _Mo o
w2 N1-1 0
1--
C
Ho macca doTona Mg — KOHEYHa, T.€. TOJIy4YeHO a0CypaHOe 3aKiIroueHue. Tak
Kak Macca ()OTOHa KOHEYHA, TO 3TO BO3MOXHO TOTJa, KOT/la Macca IMOKOS
¢dorona mg = 0.
Domon — yacmuua, He 001a0aAOWAA MACCOU NOKoA. OHa Modcem
CYyuLecmeosams, moabKo 08U2AsACH CO CKOPOCHbIO céema C.
Mpg1 3HaeM PENSITUBUCTCKOE BhIPaKEHUE JIsl UMITYJIbCA U JJISl SHEPTHUM:

m =

[Tony4uum ces3b medxncoy Inepzueil u UMRYIbCOM:
E =c./p?+mic?, (2.2.4)

E2
— = p*+mic®.
C
Ho T.x. umst nokosierocst potoHa m, =0, TO m§c2 = 0. OkoHYATEIBHO MOTyYUM
2

2 E
—=p°, WM p=—.
C

NN

> =

C
Tak kak E = hv, TO MOXXHO 3amucaTh:
_hv 7o
C C

®
O6o03naunM k = —, tre K — sonnosoe uucno. Tenepsb BhIpa3uM HUMITYJIbC Ye-
C

pe3 8010801 6ekmop K

gl
I
=k
~!
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2.2.4. Iddext Komnrona

Cepus 3KCIIEPUMEHTOB, BBINOJHEHHBIX B Hadane 20-x rr. XX B., MoA-
TBepauiia (OTOHHYIO Teopuio. B oHOM W3 3THX 3KkcnepuMeHToB (1923 r.)
ObLT 0OHapyxkeH 3(h(eKT, Ha3BaHHBIA B YECTh €ro OTKphIBaTENd d(DdeKToM
Kowmnrona. A.I'. KomnToH 3aHUMAaJICs U3y4EeHUEM paccesiHUs KOPOTKOBOJIHO-
BOTO CBeTa (B JCUCTBUTEIBHOCTH PEHTTEHOBCKOTO U3JIYYEHUS) Pa3InYHbIMU
BEIIECTBAMH M OOHAPYKHII, YTO YACTOTA PACCESTHHOTO CBETa v' MEHbIIIE Yac-
TOTBI MMAJA0IIET0 cBeTa v (puc. 2.2.5). YMEHbIIIEHNE YacTOThI YKa3bIBajIo Ha
notepio sHeprur. KoMnToH mokasai, 4to oOHapy>KeHHbIN UM 3()PEKT MOKHO
O0OBSCHUTH HA OCHOBE (D)OTOHHOW TEOPUU CBETA, T.€. COyJAAPECHUEM HaJeTalo-
X (POTOHOB C AIEKTPOHAMH BEIIECTBA.

[IpuMeHNB K CTOJIKHOBEHHSIM (DOTOHOB U DJIEKTPOHOB 3aKOHBI COXpaHe-
HUS SHEPTUU U UMITYJIbCa, Kak MokazaHo Ha (puc. 2.2.5), KoMntoH ycrano-
BUJI, YTO DHEPTUH PACCESHHBIX (POTOHOB, MpeJCKa3bIBacMbie (POTOHHOM TEO-
puel, MOTHOCTBIO COTIACYIOTCS C AKCIIEPUMEHTATBHBIMU JTAHHBIMHU.

hv
Py ="

LA
I

Puc. 2.2.5

OnbITEl MOKA3aJIM, YTO Pa3HOCTh AA = A'—A HE 3aBUCUT OT JJIMHBI BOJI-
Hbl A TAJAIOLIETO W3JIYy4YEHUS U IPUPOABI PACCEUBAIOILIETO BEILECTBA, & OIl-
peleIIeTCA TOIBKO YIIIOM PacCESIHUS .

AL =N\ = 2kcsin2%, (2.2.5)

rae A — JJIMHA BOJHBI PACCESTHHOTO U3JIYyYeHHUs; A, — KOMIITOHOBCKAs JTMHA
BOJIHBI (TIpH paccessiHuu (OTOHA HA PIEKTPOHE A, = 2,426 nM).
2.2.5. TopMo3HOE pEeHTreHOBCKOEe U3JIyUYeHue

s oOBsICHEHHsI CBOMCTB TEIJIOBOIO M3JIY4YEHHsI MPUILIOCH BBECTH
npeacTaBlieHne 00 MCIYCKaHUM 3JEKTPOMATHUTHOTO M3IYUYEHHUS MOPLUSIMHU
(xBanTtamu). KBaHTOBasi MpupoJa U3ITyUYEeHUs MOATBEPKAACTCS TAKKE CYIIEe-
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CTBOBaHHEM KOPOMIKOBOIHOBOU ZPAHUUBL MOPMO3ZHO20 PEHMZEHOBCKO20
cnekmpa.

PenTreHoBckoe u3mydyeHHE BO3HHKAET MpU OOMOApIupOBKE TBEPIBIX
MUIIIEHEH OBICTPBIMU AJIeKTpOoHaMU (puc. 2.2.6). 31meck aHO A BBHITIOHEH U3
W, Mo, Cu, Pt — TsDKenmbIX TYTOIUIABKHX WJIM C BBICOKUM KO3(PHHUIIHIEHTOM
TEIUIOMPOBOAHOCTH METAJIIOB.

y ¥
‘=( ( & (e
\ /

A+

hv
Puc.2.2.6

Tombko 1-3 % 3HEprumM 3JMEKTPOHOB HAET HA MBIIYYEHHUE, OCTaIbHas
YacThb BbIIEISIETCA HA AHOZE B BUJIE TEIUIA, IO3TOMY aHO/bI OXJIAXIAI0T BOAOH.

[TomaB B BelIECTBO aHO/IA, DJIEKTPOHBI UCIIBITHIBAIOT CUIIBHOE TOPMOKE-
HUE U CTAHOBSTCA MCTOYHUKOM 3JICKTPOMArHUTHBIX BOJH (PEHTTEHOBCKUX
Ty4deit).

3aMeTHOE M3JTy4YeHUE HAOIIOAACTCs JIMIb MPU PE3KOM TOPMOXKCHHH
OBICTPBIX 3IEKTpoHOB, HaunHast ¢ U ~ 50 kB, npu atom v = 0,4C (¢ — cko-

pocTh cBeTa). B MHAYKIIMOHHBIX YCKOPHUTEISAX 3JCKTPOHOB — OETaTpOHAx
AJIEKTPOHBI NMpHoOpeTatoT 3Hepruto 10 50 MaB, vg= 0,99995 c. Hanpasus

TaKWe JICKTPOHBI Ha TBEP/IYIO MUIIICHB, MOJYYUM PEHTI€HOBCKOE U3JTYUYCHHUE
C MaJIOM JUIMHOM BOJIHBI. JTO M3Jy4CHHE 001a1acT OONBIION MTPOHUKAIOIICH
CITOCOOHOCTBIO.

CornacHo KJIaCCUYECKOM DJIEKTPOJMHAMUKE MPU TOPMOKEHUHU DJICKTPO-
Ha JIOJDKHBI BOSHUKATh U3JIYYEHHS BCEX JUIMH BOJIH OT HYJIS O O€CKOHEYHO-
cTu. J{MHa BOJHBI, HA KOTOPYIO MPUXOJAUTCS MAaKCUMYM MOIIHOCTH U3JTy4e-
HUSI, TOJIKHA YMEHBIIUTHLCS M0 MEPE YBEIUUYEHHUS CKOPOCTH AJIEKTPOHOB, YTO
B OCHOBHOM IIO/ITBEPKIaeTCs Ha ombITe (puc. 2.2.7).

OnHako ecTh MPUHIIMITHATIBHOE OTJIMUUE OT KJIACCUYECKON TEOpUU: HY-
JIeBbI€ paclpe/ie]ieHUs MOIIHOCTH HE UIYT K Hadally KOOpJUHAT, a OOphIBa-
IOTCSI TIPU KOHEYHBIX 3HAYEHUSAX Amin — 3TO U €CTh KOPOMKOBOJIHOBAA 2PAHU-
Ua peHm2eH08CK020 CheKmpa.

DKCIEePUMEHTAIIBHO YCTAHOBIICHO, YTO Apin (A) = ﬁ?;? = CCEJnSt.

CymecTBoBaHME KOPOTKOBOJHOBOW TPaHMIIbI HEMOCPEICTBEHHO BbBITE-
KAaeT U3 KBAHTOBOM INPUPOIBI U3IydeHUs. JIeHCTBUTENBHO, €CIIM U3JIy4YCHUE
BO3HUKAET 3a CYET DHEPIUM, TEPSAEMOM DJIEKTPOHOM IIPU TOPMOXKEHHUH, TO
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SHEprusl KBaHTa Nv He MOXKET MPEBBICHTH JHEPruto 3jekTpoHa eU, T.e.
eU C ch

hv <eU, orcrona V=T WIH A, =——=——.
Y

SIS

Puc.2.2.7

B maHHOM SKCIIEpHMMEHTE MOXHO ONpPEISIHTh MOocTosiHHYIO [lmanka h.
N3 Bcex meTonoB onpeneneHusa nocTossHHoM [imanka MeTo1, OCHOBaHHBIN HA
W3MEPEHUN KOPOTKOBOJHOBOM T'PaHHUIBI TOPMO3HOTO PEHTTE€HOBCKOTO CIIEK-
Tpa, ABJISETCS CAMBIM TOUYHBIM.

2.2.6. /laBJieHHe CBETA

OcHosHoUu nocmynam KOPHYCKVIAPHOU Meopuu 31eKmpOoMacHUMHO20
U3TYUeHUsl 38y4um mak. J1eKmpoMazHumHuoe usayuyenue (1, B 4YaCTHOCTH,
CBET) — M0 NOMOK wacmuy, Ha3vieaemvlx pomonamu. OOTOHBI pacnpo-
CTPAHSIIOTCA B BaKyyM€ CO CKOPOCTBIO, paBHOU mpedebHoil CKOpocmu pac-
npocmpanenus e3aumodeiicmeusn, ¢ = 3-10° m/c, macca u rnepzus noxosn
mo0oro GoTOHA pasHsl Hy/10, IHepeua pomona E cBs3aHa ¢ 4acTOTOM dJIEK-
TPOMArHUTHOTO M3JIYYEHHUSI V U JNIMHOU BOJIHBI A popMyIioit

E—hy="C (2.2.6)
A

OOparute BHUMaHue: GopMmyna (2.2.6) CBI3BIBACT KOPHYCKVIAPHYIO Xa-
PaKTEPUCTUKY 3JEKTPOMArHUTHOTO M3JIY4YE€HHUsI, IJHEPTHIO (POTOHA, C BOIHO-
8bLMU XAPAKTEPUCTUKAMU — YaCTOTOM U IJIMHOW BOJIHBL. OHa MPEACTaBISAET
co00M MOCTHK MEXIy KOPIYyCKYJISIPHOW U BOJTHOBOHM TeopusiMu. CyiecTBo-
BaHUE 3TOT0 MOCTHMKAa HEU30E€XKHO, T.K. U (OTOH, U IJIEKMPOMAZHUMHAA
60JIHA — HTO BCErO-HABCETO 06€ MOOEIU 00HO20 U MO20 JHce PEabHO Cyuje-
CMeyIuezo 00beKma — 3J1eKMpPOMAZHUMHO20 U3IYUEHUS.
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Besikast gBmkymiascs yactuna (kopnyckyna) o0nagaeT HMITYIIBCOM,
IIPUYEM COTJIACHO TEOPUM OTHOCUTEIBHOCTH JHEPTHS YaCTHULBI £ U €€ UM-

MyJBC P CBA3aHbI (HOPMYIIOi
E=\E;+(cp)?, (2.2.7)

rac EO — OHCPIUA IIOKOS YaCTHUIBI. Tak kak OHCPIUA IIOKOA (l)OTOHa paBHA

HYI0, TO U3 (2.2.7) 1 (2.2.6) cnenyioT ABE 0YCHb BaXKHBIC (DOPMYJIBI:
h

E=cp; p= .
OObpaTtumcs Teneps K SBJICHUIO CBETOBOTO JABJICHUS.
JlaBnenue cBeta OTKpbITO pycckuM yuenbiMm [1.H. JlebeaeBsim B 1901 T.
B cBOMX OIbITaX OH YCTaHOBWJI, YTO JIABJICHUE CBETA 3aBUCUT OT MHTCHCHUB-
HOCTHU CBETA U OT OTpaxaroliei cnocoOHocTH Tena. B onbiTax ObLIa HCTIONB-
30BaHa BEPTYILKA, UMEIOIIAsl YEPHBIEC U 3€pKaJIbHBIC JIETIECTKH, TIOMEILIEHHAs
B BaKyyMHPOBaHHYIO K0JIOY (puc. 2.2.8).

3CPKaJIbHasd qCpHasd

hv

Puc. 2.2.8

BenuuunHa cBETOBOTO JaBJICHUA

E
P=F/S,um P= gﬂ (1+K),

rae E.; = Nhv—sneprus Bcex pOTOHOB, MAJAIOMIUX HA €IMHUILY TIOBEPXHO-

CTH B CAMHUIY BPCMCHHU, T.C. DOHCPI'CTHICCKAA OCBCIICHHOCTDL ITIOBCPXHOCTH.
I[aBJ'IeHI/Ie CB€Ta Ha Pa3JIMYHbIC IIOBEPXHOCTH MOKHO paCcCUUTATh.

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

® CCIIM TOJIHOCTHIO TorJiomiaer (abcomoTHo yepHoe Teno), To K = 0

E
(&

uP= —H, T.C. C8emoBoe OdsieHue Ha abCOIOMHO uepHoe mejo 6 osa pasa
C

MeHbUe, YeM HA 3ePKAbHOe.
Wtak, cnepyrolee U3 KOPILYCKYJIIPHOM TEOPUM 3aKIIIOUEHUE, YTO cée-
mogoe u3jiyuenue oKazvigaem OagileHue HA MamepuaibHvle nPeoMemul,
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npuuem 6eIudUHAa 0aeneHUs NPONOPYUUOHAIbHA UHMEHCUBHOCIU U3TTYYe-
HuUsA, TIPEKPACHO MOATBEPIKIACTCSA B SKCIICPUMEHTAX.

OmHuM W3 CIENCTBHM JABJICHHS COJIHEYHOTO CBETA SBJSETCS TO, YTO
KOMETBI, TiposieTatorue BOm3u CoJTHIIa, UMEIOT «XBOCTBD (pHc. 2.2.9).

Puc. 2.2.9

2.2.7. iBoiicTBeHHAs1 IPUPO/A CBETA

BnepBbeie npobiema KOPHYCKYJISIPHO-BOJHOBOTO Jyaldu3Ma MpOsSBUIA
ce0s npu uccneaoBanuu npupoasl ceera. B XVII B. Mcaak HeroToH mpen-
JIOKUJT CYUTATh CBET NOMOKOM MENbYAUWUX KOPNYCKYA. ITO O3BOJISIIO MPO-
CTO OOBSICHUTH PsiJl HauOoJiee XapaKTEPHBIX CBOMCTB CBETa, — HAMNpPUMED,
NPAMOJIUHEUHOCTb C8eMOBbIX Jyyell U 3aKOH OMpaddceHusi, COrJIacHO KOTO-
pOMY YToJI OTpaXKEHHUsI CBETa paBeH yriy majeHus. BooOiue, Bcs ceomempu-
yeckasi onmuka MPEKPACHO COTIIACYETCSA C KOPHYCKVIAPHOU meopueu ceemd.
Ho sBnenus unrepdepeniuu u audpakidu CBeTa HUKAK B ATy TEOPHUIO HE
BIUCHIBATUCH. OOBSICHUTh UX YUYEHBIM yAaynochk juiib B XIX B. cozmarensm
801HO60U meopuu CBeTa. A meopusi 21eKmpoOMASHUMHO20 NOJisl U 3HAMECHU-
Thle ypaBHEHUs1 MakcBeiia, Ka3ajaoch Obl, BOOOIE MOCTABUIN TOYKY B 3TOH
npobsieme. OKazanoch, UTO CBET — ITO MPOCTO YACHIHBIU CAVHAU INEKMPO-
MASHUMHBIX 80.H, T.€. TMpoOIecca PacHpoOCTPaHEHUs! B MPOCTPAHCTBE JJICK-
TPOMArHUTHOTO MOJiA. Majio TOoro, BOJHOBAasi ONTHKA OOBSICHUIIA HE TOJBKO
T€ SBJICHUS, KOTOPbhIE HE OOBSICHSIUCH C MOMOIIBI KOPIYCKYJSIPHOU TEO-
puu, HO ¥ BooO1Ie Bce u3BecTHhIE K XIX B. cBeToBbIe 3 dhexThl. U Bce 3ako-
Hbl TEOMETPUUECKON ONTHUKHU TOXKE OKa3aJIOCh BO3MOXKHBIM J0Ka3aTh B paM-
KaxX BOJIHOBOW OIITHKH.

Onnako yxe B camMmoM Haudasie XX B. OMSATh BO3POAWIACH KOPIYCKYJISIP-
Has TEOpHUs CBETa, T.K. ObUIM OOHAPY>KEHBI SIBJICHUS, KOTOPHIC C IMOMOIILIO
BOJIHOBOM TEOpUHM OOBACHUTH HE yIaBaJlOCh. ITO — dagneHue ceema, ¢omo-
agpghexm, Komnmon-sghgpexm u 3axoHvl mennosozo uznyuenus. B pamkax
KOPIYCKYJIAPHON TEOPUU ITU SIBJICHUS MPEKPACHO OOBICHSINCH, U KOPITYC-
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KyJbl (YacTHLIb) CBETa JaXe MOJYYWIM CIEHHaJbHOE Ha3BaHuWe. Makc
[Tnank Ha3Ban UX ceéemosvimu Keanmamu (TIO-PyCCKH — nOpYusimu), a Ajb-
oept DiHIITeHH — ¢homonamu. O0a 3T HA3BAHUS MPUKIIINCH U YHOTPEO-
JSFOTCSL 10 CUX TI0P.

B utore cioxuiack yIMBUTENbHAs CUTYalllsl — COCYIIECTBOBAHKUE ABYX
CEPbE3HBIX HAYYHBIX TEOPUM, KaXK/1ast U3 KOTOPBIX OOBSCHSJIA OJTHA CBOKWCTBA
CBETa, HO He Morya oObsACHUTH Apyrue. HyxHa cunmemesuposannas meo-
pus, o0beANHSIOMAsl B ce0e U BOJHOBYIO, U KOPIYCKYJIsIpHYIO Teopuu. OHa
ObLIa co3/1aHa U MOTy4yusia Ha3BaHUE K6AHM OGO (Yu3uKu.

OdeHb BaXHO, YTO KBAHTOBasg (M3HMKA HE OTBEpPraeT HU KOPIYCKYJSAp-
HYI0, HU BOJIHOBYIO Teopuu. Kaxkgasg u3 HMX MMEET CBOM IPEUMYIIECTBA
U CBOM, TOCTaTOYHO Pa3BUTBIM MaTEMATHYECKUI anmapar.

Ceéem — Ouanekmuueckoe eOUHCMEO NPOMUEONOIONCHBIX CEOUCME:
OH O0O0HOBPEMEHHO 001adaem CEOIUCMEAMU HENPEPLIGHBIX INEKMPoMac-
HUMHDBIX 60JIH U OUCKDPEMHBIX (POMOHOE.

[Ipn ymeHbIIEHUHU UIMHBI BOJHBI BCE SIBCTBEHHEE MPOSIBISAIOTCA KOP-
MIyCKYJISIPHBIE CBOMCTBA. BOIHOBBIE CBOMCTBAa KOPOTKOBOJIHOBOTO U31y4YECHUS
MPOSIBIIAIOTCA ¢J1a00 (HampuMep, PEHTreHOBCKoe wu3iydeHue). Haobopor,
y JJIMHHOBOJIHOBOTO (MH(pAaKpacHOTr0) H3JIy4YEHUs] KBAHTOBBIE CBOWMCTBA
POSBIISIIOTCS €1a00.

B3auMoCBsA3bp MEXIy KOPIYCKYJSIPHBIMA M BOJIHOBBIMH CBOWMCTBaMU
CBETAa HaXOJUT MPOCTOE TOJIKOBAHHUE IPU CTATUCTHUYECKOM IOAXOAE K pac-
IPOCTPAHEHUIO CBETA.

B3anmoneiicTBe (OTOHOB C BEIIECTBOM (HampuMep, NP IPOXOXKIC-
HUM CBETa 4epe3 AU(PPaKLHUOHHYIO PELIETKY) NMPUBOAUT K nepepacnpeoeie-
Huto (OTOHOB B MPOCTPAHCTBE U BOSHUKHOBEHUIO JU(MPAKIIMOHHON KapTHUHBI
Ha 3kpaHe. OUYEeBUAHO, YTO OCBEIICHHOCTh B PA3JIMYHBIX TOUYKAX SKpaHa Mpsi-
MO MPONOPLUUOHATbHA BEPOATHOCTH MOMagaHus (D)OTOHOB B 3TU TOYKH 3Kpa-
Ha. Ho, ¢ apyroi1 cTopoHbl, U3 BOJHOBBIX NPEACTABIECHUN BUIHO, YTO OCBe-
WeHHOCMb NPONOPYUOHANIbHA UHMEHCUBHOCmU ceema J, a ma,  cor oue-
peds, nponopyuoHansha keadpamy amniumyos: A°. OTCIOma BBIBOI: K6ao-
pam amnaumyoOvl C6emoeoil 60NHbl 8 KAKOU-TUD0 mouKe ecmb mepa éepo-
AMHOCMU NONAOAHUA (POMOHOE 8 IMY MOUKY .

2.3. BosiHOBBIE CBOMCTBA MUKPOYACTHII BellleCTBA

2.3.1. I'unore3a ne bpoias

Henocrarku teopun bopa ykasbiBaau Ha HEOOXOAMMOCTb NEPECMOTpa
OCHOB KBaHTOBOW TEOPUU U MPEACTABICHUN O IPUPOAE MUKPOUACTHI] (IJIEK-
TPOHOB, TPOTOHOB U T.I1.). BO3HKK BOMPOC O TOM, HACKOJIBKO HCUEPIBIBAIO-

87



LM SIBIISIETCS IIPEACTABIICHHUE DJIEKTPOHA B BHJIE MAJIOW MEXaHUYECKOU Jac-
THUIIBI, XapaKTEePU3YIOIIEHCS OIpeIeJICHHBIMU KOOPIWHATAMHU U OIpeIeeH-
HOU CKOPOCTBIO.

MeI yxe 3HaeM, YTO B ONTHYECKHUX SIBJICHUAX HAOJI0aeTcs cBOeoOpas-
HBli ayanu3Mm. Hapsny c aBrnenusimMu nudpakiuu, uaTepdepeHun (BoaHo-
BBIMU SIBJICHUAMHU) HAOTIOJAIOTCS U SBIICHUS, XapaKTEPU3YIOIIUE KOPIYCKY-
JsipHYyto npupoAay ceeta (dhotodddext, adpdext Kommnrona).

B 1924 r. dpanmysckuii ¢usux JIlyn ne Bpoiias BBIABUHYJ THIOTE3Y,
YTO Oyanu3m He A6AAEMCcA 0COOEHHOCHbIO MOAbKO ONMUYECKUX AG/ICHUIL,
a umeem yHueepcaavHvlil xapakmep. Yacmuuyvt eewyecmea makice 0oaa-
0arwom 60IHOBLIMU CEOUICHIBAMU.

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

Y yacTula (Hampumep, AJIEKTPOH), JIBHXKYIIAICS C HEKOTOPOW CKOPOCTHIO,
00J1aaeT BOJIHOBBIMU CBOMCTBAMH, T.€. OBUINCEHUE HACMUYbI MONCHO DAC-
CMAmMpueamod Kax 08UMNCEHUE BOJIHbI.

CoryiacHO KBaHTOBOM MEXaHHKE CBOOOJIHOE JIBM)KCHHE YACTHUIIBI C Mac-
COM M U UMITYIbCOM P =Mu (TJ€ L — CKOPOCTh YACTHIIBI) MOKHO TpEJICTa-

BUTh KaK IUIOCKYI0O MOHOXpomartndeckyio BoiHy ¥, (6orny oe bBpoiins)
C JUIMHOW BOJIHBI

h=—, (2.3.1)

pPacIpOCTPAHSIONIYIOCS B TOM K€ HalpaBieHUH (HAIpUMeEp, B HAIpaBICHUH
OCH X), B KOTOPOM JBWMXKeTcs yacTtuma (puc. 2.3.1).

/TN

(

Puc. 2.3.1

3aBUCUMOCTb BOIHOBOM (yHKIMK ¥, OT KoopauHaThI x Jaércst hopmyion
¥, ~ cos(k,X), (2.3.2)

—

rne K, — 6onnosoe uucno, a 601n060i 6ekmop K, HampaBieH B CTOPOHY
pacnpocTpaHEHUsl BOJIHbBI WM BAOJb ABUKEHUS YACTULIL:
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_2n
h
Takum 00pa3oM, 601HOB0U BEKMOP MOHOXPOMAMUYECKOU BOJIHbL, CBSI-
3aHHOHM CO CBOOOJIHO JIBIDKYINEHCS MUKPOYACTHUIICH, nponopyuonaien eé um-
RYIbLCY UU 0OPAMHO NPONOPYUOHALEH OJIUHE BOJIHBL.
HOCKOHBKy KHMHCTHYCCKasia BHCPFI/IH CpaBHI/ITeHBHO MCOJICHHO ABUXY-

K, (2.3.3)

mieiicst gactuipl K =mu?/2, To IHHY BOJIHBI MOXHO BBIPA3HTb U dYepe3
JHEPIUIO:

L (2.3.4)
2mK

[Ipu e3aumooericmeuu 4acTULbl C HEKOTOPBIM OOBEKTOM — C KpUCTaJ-
JIOM, MOJIEKYJIO U T.Il. — €€ DHEPrusi MEHAETCs: K Hel J00aBisgeTcs] MOTEH-
HHAAJIBHAS DHEPrus 3TOr0 B3aMMOJCHCTBHS, YTO INPUBOIUAT K H3MEHEHUIO
NBWKEHUS 4dacTULbl. COOTBETCTBEHHO, MEHSAETCS XapaKTEP PacIpOCTpaHe-
HUSI CBSI3aHHOM C YaCTULEW BOJIHBI, NPUYEM ITO MPOUCXOIUT COIJIACHO
MPUHIUIIAM, OOIINM JJIsl BCEX BOJHOBBIX sIBJIIEHUN. [103TOMY OCHOBHBIE T€0-
METPUYECKUE 3aKOHOMEPHOCTH AU(PPAKIUU YaCTHI] HUYEM HE OTIMYAIOTCS
OT 3aKOHOMEpPHOCTEN Tudpakiuu JT0ObIX BOJH. O0wum ycrosuem ougpax-
Yuu 80JIH 1000 NPUPOObL ABTIAACMCS COUSMEPUMOCMb ONIUHBL nadaloujeli 80.1-
Hbl A ¢ paccmosnuem d medxncoy pacceusarowgumu yeumpamu: A< d .

['unoresa Jlyu ne bpoitng Obl1a peBOTIOIMOHHON J1aXke JJI TOTO PEeBO-
JIOLMOHHOTO B Hayke BpeMeHU. OfHako OHa BCKOpe Oblila MOJTBEpKICHA
MHOT'MMH 9KCIIEPUMEHTAMM.

2.3.2. Indppakuus yacTum

Jugppakyus wacmuy — paccesnue muxpouacmuy (371eKkmpoHos, Heli-
MPOHO8, AMOMO8 U M.N.) KPUCIAIAMU UIU MOJICKYIAMU HCUOKOCMeEl U 2a-
308, NPU KOMOPOM U3 HAYAILHO20 NYUKA YACmUYy OaHHO20 MUNA 603HUKAIOM
OONOIHUMENIbHO OMKIOHEHHbIE NYYKU dmux yacmuy. HanpaBneHne u MHTCH-
CHBHOCTb TaKUX OTKJIOHEHHBIX MYYKOB 3aBUCIT OT CTPOCHHUS pacCcerBaroliie-
ro o0beKTA.

Jludpakiys gacTuil MOKET OBITh MOHSTA JIMIIHL HA OCHOBE KBAaHTOBOM
Teopuu. Judpakuus — sBJICHUE BOJHOBOE, OHO HAOJIOIAETCS MPU PacIpo-
CTpaHEHUU BOJH PA3IUYHON MPUPOABI: TU(DPAKIUKU CBETA, 3BYKOBBIX BOJIH,
BOJIH Ha MOBEPXHOCTH XUAKOCTU U T.A. Judpakuus mpu paccessHUM YaCTHUI
C TOYKH 3pEHHUS KJIACCUUECKOM (hM3UKH HEBO3MOKHA.

Keanmoesasa mexanuxka yctpanuia aOCOJIOTHYIO IpaHb MEXIY BOJHOMN
U gacTuied. OCHOBHbIM NOJIOJCeHUEM KBAHMOBOU MEXAHUKU, ONUCLIBAOUell
nogeoerue MUKpoOObLEeKmMo8, A615emcs KOPRYCKYIAPHO-80IHOB0U OYAIU3M,
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T.e. JBOWCTBEHHas Mpupoja Mukpouactull. Tak, MOBEICHUE IJICKTPOHOB
B OJIHUX SIBJICHUSIX, HalpUMep TMpH HAOIIOICHWHM WX JBIKCHHS B KaMepe
BuiibcoHna wnm mpu M3MEpEeHUN AIIEKTPUUYECKOTOo 3apsua B ¢omoaghghexme,
MOET OBITh OTIICAHO HA OCHOBE MPECTABICHUN O YacTHIaxX. B mpyrux xe,
O0COOEHHO B SBJICHHMSX IU(PpaKIu, — TOJBKO HAa OCHOBE MPEACTABICHUS
o BojHax. Mmes «BONH Marepum», BbICKa3zaHHas (PaHITy3CKUM (U3HKOM
JI. Jle bpoitnem, monydmiia OnecTsinee MOATBEP)KICHUE B OIbITAX IO JIH-
dbpakiuu 4acTHIl.

OnbIThl 10 AUGPAKIAN YACTHI
U UX KBAHTOBO-MeXaHHYeCKasi HHTepIpeTauuns

[lepBpIM ONBITOM MO AU(PPAKIMM YACTHIL, ONecTsIle NOATBEPIMUBIIUM
HCXOJIHYI0 HJECI0 KBAaHTOBOM MEXaHHWKH — KOPIYCKYJISIPHO-BOJIHOBOW Aya-
JU3M, SIBWICA ombIT amepukaHckux ¢u3ukoB K. J[3Buccona u JI. J[xepmepa,
MpoBeAeHHbIN B 1927 . o 1U(Ppakuuu 31EKTPOHOB HA MOHOKPHUCTAJJIAX HU-
kemsa. Ha puc. 2.3.2 m3obpaxena cxema ombita (4 — AJICKTPOHHAS MYIIKA,
B — netextop u3nydeHus) u Ha puc. 2.3.3 — TuHaMUKa AU(PPaKIHIOHHOTO OT-
paXXeHUs IIEKTPOHOB IPU U3MEHEHUHN YCKOPSIIOUIEH pa3HOCTH MOTEHIUAIOB.

o) 44 B 48 B 54B
Puc. 2.3.2 Puc. 2.3.3

Ecnu yckopsITh 3JIEKTPOHBI AJIEKTPUUYECKUM TOJIEM C HampsbkeHuem U,
TO OHH NIPUOOPETYT KMHEeTH4ecKyto 3Hepruto K=eU (e — 3apsn anekTpoHa),
YTO MOCJIE MOJCTAHOBKHU B paBeHCTBO (3.1.4) ynCIOBBIX 3HAYEHUM TaET

12,26
Ju

-10
3neck U Beipakeno B B, aA—B A (1 A=10""m).
[Tpu nanpsoxenuax U nopsiaka 100 B, koTopble UCIIONIB30BAIUCH B 3TUX
OTIBITAX, MOJYYAIOTCSI TaK HA3bIBAEMbBIE «MEIJICHHBIE)» DJIEKTPOHBI C A TIO-

A
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paaka 1 A. Dra Benuuuna 61M3ka K MEXAaTOMHBIM paccTosHuAM 0 B KpH-
cTalIax, KOTOPbIE COCTABJIAIOT HECKOJIbKO A M MeHee, M COOTHOIICHHE
A <d, HEOOXOIUMOE /IJISl BOSHUKHOBEHHSI TU(PPAKIINH, BHITIOTHSIECTCSI.

Kpucramisl 001a1at0T BBICOKOW CTENEHBIO YHOPSIO0YEHHOCTH. ATOMBI
B HUX pAaCIOJIararoTcsi B TPEXMEPHO-TIEPUOANIECKON KPUCTATUIMYECKON pe-
mETKe, T.€. 00pa3yloT MPOCTPAHCTBEHHYIO NU(PAKIMOHHYIO PEIIETKY s
COOTBETCTBYIOIMX JUIMH BOJH. J{nudpakiys BoJH Ha TaKOM pelIETKE MpOucC-
XOJIUT B pe3ylbTaTe PACCESIHUSA HA CUCTEMax NapaJlIebHBIX KpUCTaLIOrpa-
(pUUeCcKUX IIOCKOCTEN, Ha KOTOPBIX B CTPOTOM IMOPSAJIKE PACIIONOKEHBI pac-
CEMBAIOLINE LEHTPHI. Y CIOBUEM HAOIIOACHUS TUPPAKIIMOHHOTO MaKCUMyMa
pU OTPAXKEHUH OT KpUcCTajla sBisieTcs ycnosue Bynbda — bparros:

2dsin0=nA, (2.3.5)

3nech O — yroi, moj KOTOpbIM MaJaeT MYy4YOK 3JIEKTPOHOB HA JAHHYIO KpHU-
cTaJiorpaduuecKyro MmIOCKOCTh (YroJl CKObKeHNUs), a d — paccTosHruEe MEX-
Iy COOTBETCTBYIOUIUMHU KPUCTAIOIPa(PUUECKUMU TUIOCKOCTAMH.

B omnpite [I3BuccoHa u J[xepMmepa npu «OTPaXEHUW» DIIEKTPOHOB OT
MOBEPXHOCTU KPUCTAILJIA HUKEJS IPU ONPEEIEHHBIX YriaX OTPa)KeHUs BO3-
HUKaTu MakcuMyMbl. Kak BugHO U3 puc. 2.3.3, sKCepUMEeHTaIbHAasT KpUBast
3aBUCUMOCTH HWHTEHCHUBHOCTH OT YCKOPSAIOIIETO HANpPSIKEHUS HMEET
HECKOJIbKO MAaKCUMYMOB, PABHOCTOSIIUX JPYT OT JIpyra.

OTH MaKCUMyMBbI OTPaXEHHBIX ITYYKOB 3JIEKTPOHOB COOTBETCTBOBAJIU
dopmyne (2.3.5), 1 uX MOSBICHUE HE MOTJIO ObITh OOBSICHEHO HUKAKUM JIPY-
UM IyTEM, KpOME KaK Ha OCHOBE MPEJCTaBICHUN O BOJHAX M WX AUdpak-
uu. Takum 06pa3oM, BOITHOBBIE CBOMCTBA YaCTHI] — 3JIEKTPOHOB — ObUIH J10-
Ka3aHbl SKCIIEPUMEHTOM.

[Ipu Oosiee BBICOKMX YCKOPSIOIIMX 3JEKTPUUYECKUX HANpsLKEHUsIX (ze-
caTKax KB) anekTpoHbl mpuoOpeTaroT AOCTATOUYHYIO KHMHETHUYECKYIO SHEep-
TUI0, YTOOBI MPOHUKATH CKBO3b TOHKHE IUIEHKM BELIECTBA (TOJLIMHON MO-
psaaka 107 cm, T.e. THICSUH A). Torna Bo3HMKaeT Tak HasbiBaeMas IU(ppaK-
1M OBICTPBIX 3JEKTPOHOB HA MPOXOXKACHHE, KOTOPYIO HA MOJMKPUCTAIIIN-
YECKUX IUIEHKAxX aJlOMHHHS M 30JI0Ta BIEpBbIE B 1927 r. nccineqoBany aHr-
nuiickuit ya€nsiii Jk. k. ToMCOH 1, HE3aBUCUMO OT HETO, COBETCKUI (PU3UK
I1.C. TapTakoBCKHiA.

B 1949 r. coBerckue yuensie JI.M. bubepman, H.I'. Cymkun, B.A. ®a6-
PUKaHT MOCTaBUJIM TaKOW K€ OIBIT, HO MHTEHCUBHOCTH JIEKTPOHHOIO IMy4yKa
ObLTa HACTOJIBLKO CJIA00M, YTO AIIEKTPOHBI TIPOXOIMIN Yepe3 MpUOOp MpaKTude-
CKH MooanHouKe. OHaKo KapTUHA MOCIE JUIMTEIbHON SKCHIO3UIMK OblIa TOY-
HO TaKoH ke, T.e. ObUIO JI0Ka3aHO, YTO 60IHOGbIMU CEOUCmeamu obnadaem
Kaxcowlil Omoe1bHblil I1eKMPOH.
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Bckope mociie aToro ynanock HaOMIOAAaTh W SBICHUS AUPPAKIMHA aTO-
MOB U MOJIEKYJ. ATOMaM ¢ Maccoi M, HaxOoAUIMMCS B Ta3000pa3HOM CO-
CTOSIHUM B COCyJ€ Npu a0CONIOTHOW Temmeparype 7, COOTBETCTBYET, IO
dopmye (2.3.4), ITuHA BOJHBI

h
J3MKT

T.K. CpeIHss KuHeTHUeckast sneprus atoma K=2/3KT.

s nérkux atomoB, mosiekyn (H, H,, He) u temnepatyp B coTHu rpa-
nycoB KenbBuna mmuHa BoaHBI A cocTapiser okosno 1 A. Tudparupyromue
aTOMBI WJTM MOJIEKYJIbI MPAKTUYECKU HE MMPOHUKAIOT BrIyOb KpUCTAILIA.

CdopmupoBaHHBIii ¢ TOMOIIBIO TuadparM MOJIEKYJISIPHBIA WM aTOMHBIN
IIy4YOK HAMpPABJISAIOT HAa KPUCTAUIT U TEM WM UHBIM CHOCOOOM (PUKCHUPYIOT
«OTpAKEHHBIE» TU(PPAKIUMOHHBIE My4YKH. TakMM IYyTEM HEMELKHE YUYEHbIE
O. llItepn u U. DctepMaH, a Takxke Apyrue ucciaenoBaTesu Ha pyoexe 30-x IT.
HaOro 1K TUGPaKIUI0 AaTOMHBIX U MOJIEKYJISIPHBIX ITy4KOB (puc. 2.3.4).

[Tozxe HaOmrOMAMach AUQPAKIUS MPOTOHOB, a TAKXKE NUPPAKIUS HE-
TpOHOB (puc. 2.3.5), noay4yuBlIas MIHUPOKOE PACHPOCTPAHEHUE KaK OJIUH U3
METO/I0B UCCIIEAOBAHUs CTPYKTYpPhI BELIECTBA.

(2.3.6)

a

Npamoi nyyok 370cm -§5

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

Puc.2.34 Puc. 2.3.5

Tak, ObUIO TOKa3aHO SKCIEPUMEHTATBHO, UTO BOJIHOBBIE CBOMCTBA MPHU-
CyILY BceM 0€3 UCKITIOYEHUS] MUKPOYACTULIAM.

Hudpakuust yacTul, ceirpaBiiasi B CBOE€ BpeMs CTOJIb OOJBIIYIO POJIb
B YCTAHOBJICHUM JBOWCTBEHHOW MNPHUPOABI MATEPUM — KOPIIYCKYJIIPHO-
BOJIHOBOTO Jyanu3Ma (M TEM CaMbIM IOCIYXXUBIIAS SKCIEPUMEHTAIBHBIM
000CHOBaHHMEM KBAaHTOBOW MEXaHUKH), TABHO YK€ CTajla OJHUM U3 TJIABHBIX
pabounx METOAOB IS M3Y4YeHMs CTpoeHHs BemecTBa. Ha mudpaxium yac-
THL OCHOBAHBI JBa BAJKHBIX COBPEMEHHBIX METOAA AHAIN3a ATOMHOM CTPYK-
TYpHI BEIIECTBA — dJIEKTPOHOTpadusi U HeHTpoHoTpadus.
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2.3.3. Kopnycky/JIspHO-BOJIHOBO# AyaJIu3M MHUKPOYACTHUIl BelIeCTBA

Nrtak, MukpodacTuiibl 001a1al0T HEOObIYAWHBIMU CBOMCTBaMU. MuKkpo-
yacmuyvl — 2mo d1eMeHmapHsle yacmuyvl (ANEKTPOHBI, IPOTOHBI, HEUTPO-
HBbl U T.J.), @ MAK}Ce CAO0NHCHblE H4aACmUyYbl, 00pA308aHHbIE U3 HEOONbUIOZO
yucna snemenmapuvix (MOKa Hedeaumwvlx) yacmuy (aTOMbI, MOJICKYJIBI, SApa
aToMoB). Ha3bpIBast 3TH MUKpOUYACTHUIIBI YACTUIIAMH, MbI IOAYEPKUBAEM TOJIb-
KO OJIHY CTOPOHY, ITpaBUJIbHEE OBLIIO OBl HA3BATh «YACMUYA-BOTIHAY.

MuxkpoyacTHIlbl HE CIOCOOHBI HEMOCPEIACTBEHHO BO3/ICHCTBOBATH Ha
Hallld OpraHbl YyBCTB — HU BUJETh, HU OCS3aTh UX HENb3s. MBI 3HaeM, 4TO
Oyzaet ¢ OOJBIIMM IPEIMETOM; HO UIMEHHO TaK MUKpPOYACTHUIIBI HE MOCTYTa-
101! [ToaToMy, U3ydas ux, NPUXOJUTCS NpUOEraTh K pa3aIudyHOro poja adbcT-
paKLMIM, HalpsAraTh BOOOPAKEHUE U He NbIMAmbCsl C8A3b18AMb UX C HAUWUM
HEeNnocpeoCcmeenHbIM ONbIMOM.

B nokBaHTOBO# (hu3MKe MOHATH — 3HAUUT COCTaBUTh ceO€ HarjsAHbIN
oOpa3 o0beKTa WM npoiecca. B kBaHTOBOM (pU3MKe Tak paccy AaTh HEJb34.
Bcesikas HarnsggHas Moaens OyneT JeHCTBOBAaTh MO KJIACCHMUYECKHUM 3aKOHaM,
Y II03TOMY HE€ IIPUTOJHA I IPEACTaBJICHUs KBAaHTOBBIX Ipoleccos. Ha-
OpUMep, BpalleHUE 3JIEKTPOHA MO OpOUTE BOKPYr aTOMa — TaKOE MPEACTaB-
JeHue. JTO J1aHb KJIaCCUYECKOW (PU3UKE U HE COOTBETCTBYET UCTUHHOMY I1O-
JIO’KEHUIO BEUIEH, HE COOTBETCTBYET KBAHTOBBIM 3aKOHAM.

PaccmoTtpennrsie Hamu BosiHBL JIyn fe bpoisist He SBISIIOTCS 21eKmpo-
MASHUMHBIMU, 3TO BOJIHBI 0COOOU MPUPOIBI.

Boluucnum aeOpoilieBCKy0 IIMHY BOJIHBI Msiunka maccoil 0,20 kr,
JBUKYILIETOCS] CO CKOPOCThIO 15 M/c:

h  667-10° JIx-c
mo 0,2-15

DTO 4pe3BbIYANHO Majas JJIMHA BOJHBL. J[ake Ipu KpailHE HU3KUX CKO-
pocTsix, ckakeM 10%wm/c, neOpoiineBcKas AJIMHA BONHBI COCTAaBJIANA ObI
npumepHo 1072° m. Jle6poiineBckas JIMHA BOIHBI OOBIYHOTO TeNa CIUIIKOM
Maja, 4To0bl €€ MOKHO ObUTO OOHAPYKUTh U U3MEPUTH. [[en0 B TOM, 4TO TH-
UYHbIE BOJIHOBbIE CBOMCTBA — HHTEphEepeHIMs U TudpaKus — MPOSIBISIOT-
Csl TOJIBKO TOT/1a, KOT'/Ia pa3Mepbl IPEIMETOB WM IIEJIEH CPABHUMBI 110 CBOEH
BEJIMYMHE C JJIMHOM BOJHBI. HO HaM HEM3BECTHBI MPEAMETHI U ILEIH, Ha KO-

A= =22.10"%w.

TOPBIX MOTJIH ObI AU(ParupoBaTh BOMHBI ¢ AmnHOM Bonubl 107 M, mosTomy

BOJIHOBBIE CBOMCTBA OOBIYHBIX T€JI OOHAPYKUTH HE YIACTCS.

Hpyroe nemno, ecinu pedb UAET 00 3IEMEHTApHBIX YacTHIaX THUIMA dJICK-
TpoHOB. Tak kKak Macca BXOAUT B 3HameHaredb (opmyisl (3.3.1), onpene-
JstouIeil 1eOpoiyIeBCKYIO IJTUHY BOJIHBI, OUY€Hb MaJIO Macce COOTBETCTBYET
0o0JIbILIast JJIMHA BOJIHBI.
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OnpenenuM 1eOpOMIEBCKYIO JUIMHY BOJHBI 3JEKTPOHA, YCKOPEHHOTO
pasHocThIO oTeHuanos 100 B:

1mu2 =eU = v= 1,2e_U =59.10° Mm/c,
2 m

h  66-107
mv 91.107%.59.10°
W3 npuBeeHHOro npuMepa BUAHO, YTO JIEKTPOH MOKET COOTBETCTBO-

OTKyJa A= =1,2-10710 1.

BaTh jutuHe BonHE! nopsaka 107° M. XoTs 3T0 04eHb KOPOTKHE BOJHBI, HX
MOKHO OOHApyXUThb IKCIEPUMEHTAJIHHO: MEXATOMHBIE PAcCTOSHUS B KpH-
cTane Toro xe nopsaka semmauns (107° M) u perymspHo pacmosnoxkeHHbIe

aTOMBI KpHUCTa/lIa MOXXHO MCIOJIb30BaTh B KadecTBE IU(PPaKIMOHHON pe-
IIETKH, KaK B Clydae PEHTI€HOBCKOro m3inydeHus. Mtak, ecau runoresa Jlyn
ne bpoitns cipaBenniuBa, TO, Kak yka3aja DUHIITENH, ISl 91eKMPOHO8 QO0NMHC-
HO Hab0damvcs Aeienue Ouppaxyuu.

Jugppakyua r3nekmponoe u opy2ux mukpouacmuy 0okaszvleaem cnpa-
eeonueocmop cunomeswt Jlyu oe bpoiina u noomeepocoaem Kopnyckyaap-
HO-60JIHOGOIL 0YAIUZM MUKDOUACMUY, 6eU|eCNEd.

2.4. DJIeMeHTbI KBAHTOBOW MEeXaHUKH

2.4.1. ®usnyeckuii cCMbICT BOJIH e bpoiis

N3 conepxanus § 2.3 BUIHO, 4TO HUjies 1€ bpoiilsis 0 HAIMYUN Y YaCTHIL
BEILIECTBA BOJHOBBIX CBOWMCTB IOJIyYMJia 3KCIIEPUMEHTAIBHOE MOATBEPKIIE-
HUE, KaK IS 3apsDKCHHBIX Y4acTUIl (JIEKTPOHOB), TaK M JIJIST HEUTPATbHBIX —
HEHUTPOHOB, aTOMOB U MOJIEKYJ. Takke ObLIO MOKa3aHO, YTO OOHAPYKHUTH
BOJIHOBBIE CBOWMCTBA Y MaKpPOCKOIIMYECKUX TEJI HE MPEICTABISACTCA BO3MOXK-
HBIM H3-3a IPUCYLIEH UM MAJIOW JIJIMHBI BOJIHBI.

B wnactosimiem paszgene moctapaemcsi BBISSCHUTH (DU3UYECKUM CMBICI
BOJIH Jie bpoiins.

BepHemcst BHOBB K CBETy. BCHOMHMM COOTHOIIIEHUE MEXKIY KOPIYCKY-
JIIPHBIMU U BOJTHOBBIMHM CBOMCTBAMHU CBETA. BBIIO BBISICHEHO, UTO Kéaopam
amMnaumyOvl C6emoeoil 60JIHblL 6 KAKOU-IUO0 mouKe npocCmpancmea npo-
nopyuonaien yuciy omonog, nonadarouwiux ¢ my mouky. /lo cux nop
peub LA O JJMHE BOJIHBI, COOTBETCTBYIOLIECH YACTHUIIE, IBUKYILIEHCS C OII-
PENCIICHHON CKOPOCThIO. MOYKHO, OYEBUTHO, TOBOPUTH U 00 aMIUIUTYAE 3TUX
BOJIH. Bonpoc o npupojie BOJIH, CBSI3aHHBIX C JABWXKYIIMMHUCS YaCTULIAMU Be-
IIIECTBA, MOKHO C(HOPMYIUPOBATh KaK BOMPOC O (PU3UYECKOM CMBICIIE aM-
IUIATY]Ibl WJIA UHTEHCUBHOCTH 3TUX BOJIH.
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Humencusnocms 6onn 0e bpotinss B naHHON 00JaCTH MPOCTPAHCTBA
onpeoensiem Yucio 4acmuy, nonasuwiux 8 amy ooaacms. B aTom zaxnouaemcsi
cmamucmuieckoe, 6eposmHOCMHOe MOJKO8AHUE 60JH, CBA3AHHBIX C JIBU-
KylmUMuUcA dvacTuiuaMu. Keaodpam amnaumyowvt 0eOpoilie6cKoll 80J1Hbl
6 OAHHOI MOYKEe NPOCMPAHCMEA AGTIACHICA MEPOUl 6EPOAMHOCHU MO20,
umo uacmuya HAxXo0umca 6 3moi o6aacmu. BEpOATHOCTHAs TPAKTOBKA
BOJIH ¢ bpoinsa npunamiexutr Makcy bophy.

[ToquepkHeM elie pa3, YTO BOJIHBI, CBSI3aHHBIE C JBUKYIIUMHUCS YaCTH-
[[aM{, HE MMEIOT HUKAKOr0 OTHOIIEHHUS K PAaCIpPOCTPAHEHUIO KaKOro-irbdo
ANEKTPOMArHUTHOIO MOJISA, K AJIEKTPOMArHUTHBIM BOJIHaM. Cpeir N3BECTHBIX
B (pU3UKE SJIEKTPOMArHUTHBIX, aKyCTUUECKUX U JPYTMX BOJH HET aHajora
«BOJIHAM BEPOSITHOCTW», CBA3aHHBIM C JIBH>KYILIUMUCS YACTULIAMH BEILECTBA.

MoHO ToKa3ath, YTO (azoeas ckopocmv 6oaH Oe Bpoina npesviuiaem
CKOpOCMb c6ema 6 8aKyyme, 4YTo He IPOTUBOPEUUT TEOPUH OTHOCUTEIBHOCTH.

I'pynnosas cxkopocmv 6oan Oe bpoiina menvuie ckopocmu ceema, 4To
YKa3bIBa€T Ha HEPA3pPbIBHYIO CBSI3b JEOPONIIEBCKUX BOJH C JBMXKYLIUMUCS
yacTuLaMu. [ pynmoBasi CKOpOCTh BOJIHBI € bpoiiis paBHa CKOPOCTH IBHXKE-
HUSI YaCTUIIBI.

OTKpBITHE BOTHOBBIX CBOMCTB JBHMKYIIUXCS YACTHIL] BEIECTBA SIBUIIOCH
BEJIMYANIINM JIOCTH)KEHHEM COBpeMEeHHOH (u3uku. Bmecre ¢ TBepao ycra-
HOBJIEHHBIM 3KCIIEPUMEHTAJIbHO KBAHTOBBIM XapaKTEPOM 3aKOHOB, OMHUCHI-
BAIOIIUX BHYTPUATOMHBIE MPOIIECChl, OOHAPY>KEHHUE BOJHOBBIX CBOWCTB Yac-
THUI[ BEIIECTBA MOCTYXUJI0 GYyHIAMEHTOM JIJIs CO3aHUsI KBAaHTOBOW MEXaHU-
ku. Tak Ha3pIBaeMbIe IMMyTH COBPEMEHHON TEOPETUYECKOW (PU3UKH, U3ydaro-
e 3aKOHBI JBMIKEHUS YaCTHUI[ B 00JaCTH MHUKPOMHpPA, UMEIOT MacCIITaObl
nmuabl 1070 —107" M. O6wexmamu uzyuenus K6aHmMo6OU MeXaHuKu s6/s-
IOMCs AMOMbl, MOJEKYIbl, KPUCANIbL, AMOMHble A0pa U dlleMeHmAapHbvle
yacmuysl (ANEKTPOHBI, TO3UTPOHBI, MPOTOHBI, HEUTPOHBI U 1IP.).

2.4.2. CooTHoueHue Heonpenenennocrei I'eiizendepra

CornacHo IBOMCTBEHHOW KOPITYCKYJIIPHO-BOJHOBOM IPUPOJIE YACTHUIIL
BEILIECTBA ISl OIMCAHUSA MUKPOYACTUL] UCIIOJIB3YIOTCS TO BOJIHOBBIE, TO KOP-
MyCKYJIsIpHbIE TpeacraBiaeHusd. [[03ToMy npUNMCHIBaTH MM BCE CBOMCTBA
YacTHI[ U BCE CBOMCTBA BOJIH HENb3sl. ECTECTBEHHO, UTO HEOOXOAMMO BHECTU
HEKOTOpbIE OIPaHUYEHHUS B MPUMEHEHUH K 00BbEKTaM MHUKPOMHpA MOHSTHIMA
KJIACCUYECKON MEXAHUKMU.

B kiaccuueckoid MexaHUKE COCTOSIHUE MaTepHalbHOW TOUKH (KJIacCH-
YECKOM YacCTUIlbl) ONpeaesieTcs 3aJaHeM 3HAaUeHU KOOpIMHAT, UMITYJIbCa,
SHEPrud U T.J. (NEPEUUCIICHHbIE BEJIMYMHBI HA3bIBAIOTCA JAMUHAMUYECKUMU
nepeMeHHbIMH). CTpOro roBops, MUKPOOOBEKTY HE MOTYT OBITh MPUIHCAHBI
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yKa3aHHblE JUHAMUYecKue nepeMeHHble. OnHaKo HHPOPMAaLHUI0 O MHKpPO-
yacTUI[aX Mbl MOJy4YaeM, HaOJo[as MX B3aUMOJCICTBUE C NpUOOpamuy,
IIPEICTaBIIIOIIMMHE COO0M Makpockonuyeckue Tena. Iloaromy pesynbraTsl
M3MEPEHHI TIOHEBOJIE BBIPAXKAIOTCA B TEPMUHAX, pa3paObOTaHHBIX JJIsl Xapak-
TEPUCTUKNA MAKPOTEJ, T.€. Yepe3 3HAYECHUS NMHAMUYECKHX XapaKTEPUCTHUK.
B cooTBeTCTBHM € 3TUM M3MEPEHHBIE 3HAYCHUS TUHAMUYECKUX MIEPEMEHHBIX
IPUIMCBIBAIOTCA MUKpodacTuiiam. Hanpumep, roBopsAT O COCTOSHUU JJIEK-
TPOHA, B KOTOPOM OH MMEET TAKOE-TO 3HAYEHUE YHEPTUH, U T.JI.

BonHOBBIE CBOMCTBA YACTHIl U BO3MOKHOCTD 3a1aTh IS YAaCTULBI JINIIb
BEPOSATHOCTb ee npebviganus 6 0anHOU TOUKE MPOCTPAHCTBA MPUBOIAT K TO-
MY, 4TO CaMU MOHSATHS KOOPOUHAmMblL 4acmuysl u ee ckopocmu (Ui umnyio-
ca) Mo2ym NPUMEHSMbC 8 K8AHMOBOU MEXAHUKe 8 O02PAHUYEHHOU Mepe.
B atom, BooOI1IE TOBOPS, HET HUYETO yIUBUTENIbHOrO. B kiaccuueckoit ¢u-
3UKE ITOHATHE KOOPAMHATHI B PSJIE CIy4aeB TOKE HENPUTOMHO JJISI OIIpeEre-
JIEHUs MOJIOKEeHUsI 00BEKTa B MpocTpaHcTBe. Hampumep, HE UMeeT cMmbIciia
TOBOPUTH O TOM, YTO AJIEKTPOMAarHWTHAsI BOJIHA HAXOJAWUTCS B JTaHHOW TOYKE
MPOCTPAHCTBA WM YTO MOJIOKEHHE (PPOHTA BOJHOBOM MOBEPXHOCTH HA BOJE
XapaKkTepu3yeTcss KOOpAUHATAMU X, Y, Z.

KopryckynsspHO-BOIHOBass JBOWCTBEHHOCTh CBOWCTB YaCTHIL, M3ydae-
MBIX B KBAHTOBOW MEXaHUKE, IPUBOJIUT K TOMY, YTO B PALE CIIy4acB OKa3bl-
6aemcsa He603MOMCHBIM, B KIIACCUYECKOM CMBICIIE, OJHOBPEMEHHO XaAPaK-
mepu3068ams YACMUYY ee Noi0MHceHuem 8 npocmpancmee (KOOpOUHAMamuL)
u ckopocmoito (M umnynivcom). Tak, HapuMep, dJIEKTPOH (U Jrobas Apyras
MHUKPOYACTHIIA) HE MOKET UMETh OJHOBPEMEHHO TOYHBIX 3HAYEHUH KOOPAU-
HATBl X U KOMIIOHEHTBI UMITysbca pP,. Heompenenennoctu 3HaueHui X U p,

YAOBJIETBOPSIIOT COOTHOLIEHUIO
AXApy > h. (2.4.1)

N3 (2.4.1) cnenyet, 94TO 4eM MEHbBIIIE HEOIPEASICHHOCTh OJTHON BEJH-
quHbI (X WK P, ), TEM OONbILIE HEONIPEAEIEHHOCTh Apyroi. Bo3MoxxHO Takoe

COCTOSIHHE, B KOTOpPOM OJHA WX TIEPEMECHHBIX HMEET TOYHOE 3HAYCHHE
(Ax=0), gpyras mepeMeHHasi IIPH STOM OKa3bIBAE€TCS COBEPIICHHO HEOIpe-
neiaeHHon (AP — o0 — ee HeolpeeIeHHOCTh paBHA OCCKOHEYHOCTH), U Ha-

000poT. Takum 00pa3oM, 0/1s1 MUKPOUACTMUYbL HE CYUeCmByem COCMOAHULL,
8 KOMOPbIX ee KOOPOUHAmMbl U UMNYIbC uMenu Obl 0OHOBPEMEHHO MOYHble
3Hauenusi. OTCIO/1a BBITEKACT U (DaKTHUECKass HEBO3MOKHOCTb OJJHOBPEMEH-
HOT'O U3MEPEHMSI KOOPAUHATHI U UMITYJIbCa MUKPOOOBEKTA C JII000H Harepen
3aJITaHHON TOYHOCTBIO.

CoorHomurenue, aHanorndHoe (2.4.1), umeer mMecto 1 Yy U py, A Z

U P,, a TAaKXKe A APYTUX Hap BEIUYHH (B KJIACCHYECKOM MEXAHUKE TaKHe
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napbl Ha3bIBAIOTCS KAHOHUYecKu conpaxycennvimu). O003HAUNB KaHOHHYE-
CKH CONPSDKEHHBIE BETMYMHBI OykBaMu A 1 B, MOKHO 3anucars:

AAAB>h. (2.4.2)

CootHomienue (2.4.2) HaA3bIBACTCSA COOMIHOUICHUEM HEONnpPeoe1eHHO-
cmeii 111 BenuunH A u B. OT1o cooTHomenune BBEN B 1927 r. Bepuep ['eii-
3eHOepr.

YTBepKACHHE O TOM, UTO NnpouzgedeHue HeonpeoeieHHOCmell 3Ha4eHull
08YX CONPANCEHHbIX NEPEMEHHBbIX He MOdHCem OblMb N0 NOPAOKY MeHbUle No-
cmosinnou Ilnanka N, nazvieaemcsi coomuoweHuem HeonpeoeieHHoCmeil
TI'eiizenbepza.

Onepausi u 8pems ABISIOTCS KAHOHUYECKU CONPANCEHHbIMU GEIUUUHAMU.
[TosToMy MJ11 HUX TaKke CIPABEIJIMBO COOTHOIIEHUE HEONIPEACIIEHHOCTEMN

AEAt>h. (2.4.3)

OTO COOTHOLIEHUE O3HAYAET, YTO ONPEIAEICHUE DHEPTHUHU C TOYHOCTBIO
AE IOMKHO 3aHATH MHTEPBAJ BPEMEHH, PABHBIM IO MEHBLIEH Mepe

h

AE

CooTHOLIEHNE HEONPEACIEHHOCTEN MOJYy4YEHO IPU OJHOBPEMEHHOM
MCIIOJIb30BAaHUU KJIACCUYECKUX XAPAKTEPHUCTHUK JIBHIKEHHSI YacCTHIBI (KOOp-
JUHATBI, UMITYJIbCa) U HAJMYHMH Y HEE BOJHOBBIX CBOMCTB. Tak Kak B KJIaccH-
YECKOM MEXAaHHMKE MPUHUMAETCS, YTO U3MEPEHHE KOOPAMHATHl U MMITYJIbCa
MOKET OBITh MPOU3BEIECHO C JII0O0OOM TOYHOCTBIO, TO COOMHOUIEHUE Heonpe-
oenenHocmell SIBISIETCS, TAKUM 00pa3oM, K8AHMOBbIM 02PAHUYEHUEM NpuMe-
HUMOCMU KIAACCUYECKOU MEXAHUKU K MUKPOOObLEKMAM.

CooTHOIIEHNE HEONPEAEIEHHOCTEW YKa3bIBAET, B KAKOM MEpe BO3MOX-
HO TII0JIb30BaThCs TOHSATHAMM KJIACCUYECKOM MEXAaHWKU NPUMEHHUTEIBHO
K MUKPOYacCTHLaM, B YACTHOCTH C KaKOW CTENEHBbIO TOYHOCTH MOYKHO T'OBO-
PUTB O TPACKTOPHUIX MUKPOUYACTUL. [[BHKEHUE 110 TPAEKTOPUH XAPAKTEPU3Y-
€TCsl BIIOJIHE ONPENEICHHBIMU 3HAYEHUSIMU KOOPIHMHAT U CKOPOCTU B KaXK-
ablii MoMeHT BpemeHu. [lonctaBuB B (2.4.1) BMecTo P, mpou3BeAcHHE Mu,,

At ~

TIOJTyYUM COOTHOIIICHHE
AxAvy >h/m. (2.4.4)

N3 3TOro COOTHOLIEHUSI CIIEAYET, YTO ueM Ooabuie Macca 4acmuybl,
mem MeHbuie HeonpeoeleHHOCMU ee KOOPOUHAMbl U CKOPOCMU, Cled08a-
menbHo, mem ¢ 0O0bUell MOYHOCMbIO MONCHO NPUMEHAMb K MOl yacmuye
nonsamue mpaexmopuy. Tak, HAIpUMeEp, yXKe Ul TBUIMHKM Maccoi 107 kr
¥ JIMHEWHBIMU pasMepaMu 10°° M, KoOpaMHaTa KOTOPOH OIpeseieHa ¢ ToY-
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HocThO 710 0,01 ee pazmepos (AleO_8 M), HEOIPEIEIEHHOCTh CKOPOCTH,
o (2.4.4),

6,62.107%

T 1000722
T.€. HEe OYyJIET CKa3bIBaThCS MPHU BCEX CKOPOCTAX, C KOTOPHIMHU IMBIJIMHKA MO-
’KET IBUTATHCH.

TakuMm 00pa3oM, 011 MAKPOCKONUYECKUX Mel UX BOJIHOBble CBOLCMBA
He ucparom HUKAaKou po.iu; KOOPJUHATHI U CKOPOCTH MOTYT OBITh M3MEPEHBI
JOCTaTOYHO TOYHO. DTO O3HAYAET, YTO JJISI ONMMCAHUS JIBUKECHHUS MAKPOTEJ
¢ a0COJIFOTHON JJOCTOBEPHOCTHIO MOXHO TOJIb30BAThCSl 3aKOHAMM KJIacCHUYe-
CKOM MEXaHHUKH.

[IprMeHrM COOTHOIIEHHWE HEOIPEICICHHOCTEW K AJIEKTPOHY, JABUTAIO-
meMycsi B aTOM€ BOAOpoJa. JlomycTuM, 4TO HEONMPEACICHHOCTh KOOPIMHA-
0—10

Av, /c=6,62-10m/c,

ThI 3JIeKTpoHa AX =1 M (TIopsiika pa3MepoB CamMoro aroma), TOT/a, CO-

riacHo (2.4.4),
_ 662:10
911.1073t.10710

Hcrnonb3yst 3aKOHBI KJIACCUYECKON (DU3UKU, MOXKHO TMOKa3aTh, YTO MPHU
JIBMKEHUU BJICKTPOHA BOKPYT fAJipa MO KPYroBoil opOuTe paauyca npuoiIn3u-

Av —7.27-10" m/c.

y

tensho 0,5-107'%M ero ckopocts v~ 2,3-10° m/c. Takum 06pasom, Heonpe-
0eleHHOCMb CKOPOCMU 8 HeCKOIbKO paz bonvuie camoti ckopocmu. O4ueBu-
HO, YTO B JJAaHHOM CJTy4ae HEJIb351 TOBOPUTH O ABMKCHHUH JJICKTPOHOB B aTOME
10 OTIPEICTICHHOW TpaeKTOpuu. VIHBIMU ClIOBaMu, JJI ONUCAHUS ABUKCHUS
AIIEKTPOHOB B ATOME Helb3sl NONb308AMbCSL 3aKOHAMU KIACCULECKOU QU3UKUL.

2.4.3. IlonsiTue 0 BOJIHOBOW pyHKIMH

DKcrepuMeHTabHOE ToATBepkAeHue uneu Jlyu ne bpoiins o0 yHuBep-
CaJIbHOCTH KOPITYCKYJIIPHO-BOJHOBOTO Jyaju3Ma, OTPAaHUYEHHOCTh MpUMeE-
HEHHS KJIACCUUYECKOW MEXaHUKH K MUKPOOOBEKTaM, NUKTyeMas COOTHOIIIe-
HUEM HEOIpEJCICHHOCTEH, a TakKe MPOTUBOPEUUs] Psija SKCIEPUMEHTOB
C IpUMEHsIEMbIMU B Hadajie XX B. TECOpUSIMU MIPUBEIIM K HOBOMY JTaIly pas-
BUTHS KBAHTOBOM (DU3UKH — CO3JaHUIO KBAHTOBOM MEXaHUKH, ONMHUCHIBAIOIICH
3aKOHBI JIBUDKEHUSI M B3aUMOJIEUCTBUS MUKPOYACTHUI] C YYETOM MX BOJTHOBBIX
cBoiicTB. Ee co3nanue u pasButue oxBateiBaeT nepuoja ¢ 1900 r. (bopmymnu-
poBka [limankoM kBaHTOBOM rumnote3bl) 10 20-x rr. XX B. U CBA3aHO MPEK/IE
Bcero ¢ paboramu aBctpuiickoro ¢usuka 3. [lIpeaunrepa, Hemenkoro Gusu-
ka B. T'eiizenbepra u anrnmiickoro ¢usuka I1. Jupaka.
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Heo0xonumMocTh BEPOSITHOCTHOTO MOJX0/1a K OMUCAHUI0 MUKPOYACTHIL
SBJISICTCSI BAXXHEHIIEH OTIMYUTEITLHON OCOOCHHOCTBHIO KBAHTOBOW TEOPHH.
MoHO 51 BOJIHBI JIe bpoitis UCTOJIKOBBIBATh KaK BOJIHBI BEPOSITHOCTH, T.€.
CUHUTaTh, UYTO BEPOSATHOCTh OOHAPYKUTh MUKPOUYACTHUITY B PA3IMYHBIX TOUKAX
MPOCTPAHCTBA MEHSETCS MO BOJHOBOMY 3akoHy? Takoe TOJIKOBaHWE BOJIH
ne bpoiins yxxe HeBepHO, XOTsI Obl TOTOMY, YTO TOT/Ia BEPOSITHOCTH OOHAPY-
UTh YaCTUIy B HEKOTOPBIX TOYKAX MPOCTPAHCTBA MOXKET OBITH OTpHUIIA-
TEJIbHA, YTO HE UMEET CMBICJIA.

UtoOBI yCTpaHUTh ATH TPYAHOCTH, HeMelKuii ¢u3uk M. bopu B 1926 1.
NPEATIOJIONKUI, YTO NO BOIHOBOM) 3AKOHY MEHAEMCs He caMda 8epOosmHOCb,
a 6eluyuUHa, HA36AHHAS AMRAUMYOOU 6epoAamHocmu U 0003HayaeMas
Y(X,Y,z,t). DTy BEeIUYHMHY HAa3bIBAIOT TAKKE 60.1HO60U (yHKyueu (Win

Y -pyHkuuei). AMIIIUTY1a BEPOATHOCTU MOXKET ObITh KOMIUIEKCHOM, U Be-
positHOCcTh W nponopuroHaibHa KBaipaTy €€ MOIYJIS:

W ~[¥(x,y,z,t)[, (2.4.5)

2 1 1
rae “P‘ =YY, roe Y'— ¢pyHKIMA, KOMILUIEKCHO-conpshbkeHHas ¢ V.

DT0 0/IHAa M3 BO3MOXKHBIX TPAKTOBOK BOJHOBOW (PYHKIIMH, IPYTYIO pac-
cMoTpuM Oostee o ipo6HO B [IpunoxeHuw.

Takum 06pa3zom, onmrcaHue COCTOSHUS MHKPOOOBEKTa C IIOMOIIBIO BOJI-
HOBOW (YHKIIMH UMEET CMAmUucCmu4yeckull, 8eposimHOCMHbIIL XapaKTep:
KBaJIpaT MOJYJISA BOJHOBOW ()YHKIIMHU (KBaapaT MOMIYJIS aMIUTHTYIBI BOJHBI
ne bpoius) onpenenseT BEpOATHOCTh HAXOXICHUS YaCTHUIIBI B MOMEHT Bpe-
MEHH B 00J1aCTH ¢ KoopauHatamMu X u X + dX, yuy +dy, zu z + dz.

Wtak, B KBAaHTOBOW MEXaHHUKE COCTOSHUE YACTHIIBI OIUCHIBACTCS PUH-
[IUITHAIBHO [T0-HOBOMY — C MOMOIIBIO BOJTHOBOHM (DYHKIIMH, KOTOpAs SABJISACT-
Cs1 OCHOBHBIM HOCHTEJIEM HH(POPMAIIUK 00 UX KOPITYCKYJISIPHBIX U BOJHOBBIX
CBOMCTBaxX. BeposATHOCTh HAX0XICHUS YaCTHIIBI B 00beMe V paBHA

dW =|¥°dV . (2.4.6)

Bemauna “P‘Z =dW /dV (xBagpar momynst V-pyHKIMHM) UMEET CMBICT

NIIOMHOCHU 6EPOAMHOCIU, T.€. ONpedensient BePOSMHOCb HAXOHCOEHUsL Ydc-
muybl 8 eOUHUYEe 00beMa 8 OKPECMHOCIU MOYKU, uMeroueti KoopouHamot X, Y, Z.
Takum oOpazom, Gu3rueckuii CMBICT uMeeT He cama W-yHkius, a KBaapaT ee

2 g
MOZYJIS “P , KOTOPBIM OIPEJIEIISICTCS] HHMEHCUBHOCMb 80.1H Oe bpoiina.

BeposaTHocTh HailTH YacTUIly B MOMEHT BpeMeHH t B koHeuHOM oObeme V,
COTJIaCHO TEOPEME O CIIOKEHUU BEPOSITHOCTEH, paBHA

W = [dw = []¥"dv .
\Y

\
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2
Tax xak “P‘ dV ompenensercst Kak BEpOSITHOCTh, TO HEOOXOAMMO BOJI-

HOBYIO ¢GyHKIUI0 ¥ mpencTaBuTh Tak, YTOOBI BEPOSTHOCTH JTOCTOBEPHOIO
coObITHST OOparanach B €IUHUITY, €Cli 3a 00beM V MpUHATH O€CKOHEUHBIN
00BEM BCETO MPOCTPAHCTBA. DTO O3HAYAET, YTO MPU JAHHOM YCIOBUHU YaCTHU-
1[a JOJDKHA HAaXOAWTHCA TAE-TO B IpocTpaHcTBe. ClenoBaTeNbHO, YCIOBHE
HOPMHPOBKH BEPOSTHOCTEN

o8]

[|¥fav =1 (2.4.7)

—0o0
Ir7ie TaHHBIM MHTETPal BHIYUCISETCS MO0 BCEMY OECKOHEYHOMY MPOCTPAHCT-
By, T.€. 110 KOOpAWHATAM X, Y, Z, — OT —oo JI0 . TakuM oOpa3oM, YCIOBHE
HOPMHUPOBKH TOBOPUT 00 OOBEKTUBHOM CYIIECTBOBAHUHU YaCTHIIBI BO BpEMe-
HU ¥ IPOCTPAHCTBE.

YtoObl BoNHOBasE (DYHKIMS SABISUIACh OOBEKTUBHOW XapaKTEPUCTUKOU
COCTOSIHMSI MUKPOYACTHIIBI, OHA JOJDKHA YJIOBJIETBOPSTH PSAAY OIPAHHYHU-
TeIbHBIX ycinoBuil. @ynkuusa ¥, xapakrepusyroniasi BEpOATHOCTb OOHApyxke-
HUS MUKPOYACTHIIBI B 3JIEMEHTE 00beMa, J0JHKHA OBbITh:

® KOHEUYHOU (BEPOSTHOCTb HE MOXKET OBITh OOJIBIIIEC €IUHUIIBI);

® OJHO3HAYHOU (BEPOSTHOCTh HE MOXKET OBbITh HEOJHO3HAYHOW BEJU-
YUHOM);

® HENpPEPHIBHOM (BEPOSATHOCTh HE MOYKET MEHSATHCS CKAUKOM).

BonHoBass (QpyHKUMs YJOBJIETBOPSAET MNPUHLMILY CYNEPHO3ULUU: €CIIU
CUCTEMA MOXKET HaXOAUTHCS B PA3IMYHBIX COCTOSIHHUSIX, OMMCHIBAEMBIX BOJI-
HOBBIMH (QyHKIUsAMHU ¥, ¥,, ..., ¥, TO OHA MOXKET HaXOAUTHCA B COCTOSI-

HUH, OITUCHIBAEMOM JINHEHHOW KOMOWHAIMEH ATUX (yHKIIHI:

¥=>C,Y¥,.
n

rae C, (n=1, 2, 3,...) — mpon3BOJIbHBIE, BOOOIIIE TOBOPSI, KOMIUICKCHBIE YHCIIA.

Croorcenue 601HO8bIX hyHKyul (AMIUTUTY]T BEPOSTHOCTEH, omnpesensie-
MBIX KBaJpaTaMHd MOAYJEH BOJHOBBIX (QYHKLUMNA) NPUHYUNUATILHO OMAUYAem
K8AHMOBYI0 Meoputo Om KIacCU4ecKol Cmamucmuyeckolu meopuu, B KOTO-
POIi 1711 HE3aBUCUMBIX COOBITHI CITpaBeIMBa TEOpEMa CIOKEHHS BEPOSITHO-
CTEHN.

Bonnosasa ¢ynxkyus ¥ saensemcs ocHosHoU xapakmepucmurou cocmosi-
HUus Mukpoobvexmos. Hampumep, cpeHee pacCTOsiHUE < I > 3JIEKTPOHA OT
sJipa BIUUCISACTCS 110 hopmyIie

<r>= Ir\‘P\ZdV ,

—o0

IJI¢ BBIYMCIICHHS MTPOBOIATCS, Kak U B cirydae (2.4.7).
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2.4.4. Ypasuenne llpequnrepa

TonkoBanue BOJIH A€ bpoiind M COOTHOIIEHWE HEOIPEACIEHHOCTEU
I'eiizenbepra npuBean K BBIBOJY, YTO YPaBHEHHEM JIB)KCHHUS B KBAaHTOBOM
MEXAaHUKE, ONMCHIBAIOIICH JIBUKCHUE MHUKPOUYACTHUIl B PA3JIMYHBIX CHIIOBBIX
MOJISIX, TOJDKHO OBITh YpaBHEHHUE, U3 KOTOPOTO OBl BHITEKAIU HAOII0/IaeMbIe
Ha ONBITE BOJHOBBIE CBOMCTBA yacTuil. OCHOBHOE ypaBHEHHE JOKHO OBITH
YpaBHCHHEM OTHOCHTEIbHO BoJIHOBOW ¢yHkmu W(X,Y,Zz,t), T.K. UMEHHO

2
BCJINYMHA ‘lP‘ OCYHICCTBJLICT BEPOATHOCTD HpC6I>IBaHI/IH HqaCTUIbl B MOMCHT

Bpemenn t B o0beme dV, T.e. B 00JacTH ¢ KOOpAWHATAMH X M X-+dx, Y
uy+dy,Zu z+dz. Tak Kak HICKOMO€ ypaBHEHUE JOHKHO YUUTHIBATH BOJI-

HOBBIE CBOWMCTBA YaCTHUIl, TO OHO JOJHKHO OBITh BOJTHOBBIM YpPaBHEHUEM, I10-
100HO YPaBHEHHIO, ONKCHIBAIOIIEMY JIEKTPOMATrHUTHBIE BOJIHBI.

OCHOBHOE ypaBHEHUE HEPEIATUBUCTCKOW KBAHTOBOW MEXAHHMKHU COp-
MyJIHpoBaHO B 1926 r. aBcTpuiickuMm guznkoMm-teopetukom . Llpenunre-
poM. YpaBHenue lllpenunrepa He BBIBOOWTCS, a moctyaupyercs. [IpaBuiib-
HOCTb 3TOT0 YPaBHEHMS MOATBEPKIAETCS COTJIACUEM C OIBITOM MOJIY4aeMbIX
C €ro MOMOUIBIO PE3YyJIbTATOB, YTO, B CBOK OYEPEb, IPUIAET EMY XapaKTep
3aKOHa MPUPOJIBI.

Ypaeuenue Illlpeounzepa 6 oouem euode 3anvicbIBacTCs TaK:

2 2
vy uy ity =in Y (2.4.8)
2m ot
rae M — Macca YacTHLbL, | — MHAMAs equHAna; Vo =A — oneparop Jlamnaca
2 2 2
VY = g \f+ g ‘f+ g T , U(X,y,2,t) — noTeHUHaIbHAs dHEPTUs YaCTHU-
OX oy 0z

bl B CWJIOBOM IIOJIE, B KOTOPOM OHa aBmxkercd, ¥ — mckomas BOJIHOBas
GyHKUHS.

Ecnu cunoBoe moiie, B KOTOPOM JBUKETCS YaCTHIlA, TOTEHIIUAIBHO, TO
¢ynkuusa U He 3aBHCHUT SIBHO OT BPEMEHHM U MMEET CMBICI MOTEHIUATbHOM
sHepruu. B aTom ciydae pemenne ypaBHeHus Llpeaunrepa pacramaercs Ha
NBA COMHOKHTENA, OAWUH M3 KOTOPBIX 3aBUCUT TOJIKO OT KOOPIAWHATHI,
a IPyro’ — TOJIBKO OT BPEMEHU:

Y(x,y,z,t) =¥(X,Y, z)e_igt. (2.4.9)

3nech E — mostHas sHEprus 4acTHIIbI, KOTOpas B Caydae CTallHOHAPHOTO
MOJISL OCTACTCs MOCTOSTHHOM. UTOOBI yOeIUThCS B CIIPABEUIMBOCTH BhIpaXe-
Hus (2.4.9), noacraBbTe ero B BeipakeHue (2.4.8) u BbI MOyYUTE ypasHeHue
Hlpeounzepa 0n1s cmayuoHAPHBIX COCMOAHUIL
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hz
VW +U¥Y=EY;
2m

VZ‘P+;—T(E—U)‘P:O. (2.4.10)

N
VYpasuenue lllpenunrepa moxHo 3anucats B Bujge HY = EY.

A

B sTtom ypaBHenun H — omepatop I'aMunbTOHA, paBHBIA CyMMe onepa-
2 A
n" o2
TOPOB — 2—V +U = H . l'aMmunbpTOHMAH SIBJISIETCS ONEpaTOpOM 3Hepruu E.
m

B kBaHTOBOW MeXaHUKE JAPYTUM TEPEMEHHBIM (Takke W JHHAMUYC-
CKHM) COTIOCTaBJIAIOTCS omeparopbl. COOTBETCTBEHHO PacCMaTpPUBAIOT OIle-
paTopsl KOOPAUHAT, UMITYJIbCAa, MOMEHTA UMITYJIbCA U T.J.

PeanbHblil QU3WYECKHIl CMBICT HMEIOT TaKHE PEIICHHUS YypaBHEHUS
HIpenuHrepa, KOTOpBIE BBIPAKAIOTCS BOJMHOBBIMU (yHKUMAMH ¥ ynosie-

TBOPSIOLIMMHU YCJIOBUSIM KOHEYHOCTU, OJHO3HAYHOCTHU W HEMPEPHIBHOCTH.
DTO UMEET MECTO He MpH JIIOObIX 3HAYEHUAX Mapamerpa E, a nuinb npu or-
peleieHHOM uX Ha0ope, XapakTEepHOM ISl JAaHHOW 3a/ladyu. DTH 3HAYCHUs
SHEPTUHM HA3BIBAIOTCSA coOcmeeHHuiMu. PelieHns, KOTOpble COOTBETCTBYIOT
ATUM 3HAYEHUSM, HA3bIBAIOTCS coOcmeeHHbiMu @hyukyusmu. CoOCTBEHHOE
3HaYeHHe E MoXeT 00pa3oBBIBATH HEMPEPBIBHBIA P (CHIOWHOLU cheKkmp)
WM TUCKPETHBIN P (OUCKpemmbllli cnekmp).

2.5. JIBMsKeHHE YaACTUIILI B MOTEHIMAJIbHOM sIMe

2.5.1. /IBukeHue cBOOOAHOM YaCTHIbI

Ceo000Han wacmuya — wacmuya, OBUNCYWASCS 8 OMCYMCMaEUe GHell-
Hux nozei. Tak kKak Ha CBOOOIHYIO YacCTHINy (ITyCTh OHA JBMXKETCS BJIOJIb OCH X)
CHUJIBI HE ACHCTBYIOT, TO IOTSHIMAIBbHAS dHeprus yactuilbl U (X) = const u ee

MOYKHO MPUHSATH paBHOW HYJIO. Toraa mnojHas SHEpPrys 4acTHIIbl COBIAIAET
C ee KMHEeTHYeCKol sHeprueil. B Takom ciyuae ypasnenue Illpeounzepa ons
CMAYUOHAPHBIX COCMOAHUU TIPUMET BU]T
L Mew_g, (2.5.1)
ox*>  h?
[IpsiMoit TTOICTAHOBKOM MOYKHO yOETUTHCS B TOM, YTO YAaCTHBIM pellle-

nreM ypasHenns (2.5.1) sBimsercs bymkims W(x) = Ae'™, raze A=const

u K =const, ¢ coOCTBEeHHBIM 3HAUEHUEM SHEPTHH
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h2k?

ikx im
®dynknus W(x) = Ae™ = Aeh IpeCTaBIsSeT cO00M TONBKO KO-

OpAMHATHYIO 4YacTh BOJHOBOM (yHkumu W(X,t). 3aBUCAIIYI0O OT BpEeMEHU
BOJTHOBYIO (DYHKIIMIO MOKHO MIPEJCTABUTD B BUJIE

i
_%(Et_ pxx)

P(x,t) = Ae = A , (2.5.3)

E P
rme o=—, k=%,
h h
Oyukius (2.5.3) npeacrapiseT co00i MIOCKYI0O MOHOXPOMATHUECKYIO
BOJIHY Ae bpoiis.

N3 BoIpaskenus (2.5.2) ciaenyeT, 4To 3aBUCUMOCTh SHEPTUU OT UMITYJIbCa

21,2 2
UL (2.5.4)
2m  2m

OKa3bIBACTCAd OOBIYHOW [JI1 HEPESTUBUCTCKUX dacTull. ClemoBaTelbHO,
SHEPrusi CBOOOJHOM YaCTHUIIBI MOXKET NMPUHHUMATh JIFOOBIC 3HAUYCHUS, T.€. €€
SHEPTETUYECKUU CIICKTP SBIICTCS HENPEPblGHbIM.

Takum 00pa3om, CBOOOHAS YACTHIIA OMUCHIBACTCS IJIOCKOW MOHOXPO-
MaTUYECKON BOJHOM e bpoimst. ToMy crnocoOCTBYyeT HE 3aBUCSINAs OT
BPEMEHH MJIOMHOCHb 8€POAMHOCMU OOHAPYKESHHS YaCTUIIBI B JaHHON TOY-
K€ IPOCTPAHCTBA

E=

2 . 2
W == (A,

T.€. BCE MOJIOKEHHSI CBOOOAHOM YaCTHUIBI SIBISIFOTCS PABHOBEPOSITHOCTHBIMHU.

2.5.2. YacTrua B 0OAHOMEPHOM NPSAIMOYT0JIbHOM sIMe

IIpoBeneM kaueCTBEHHBIM aHAIU3 pelieHur ypaBHeHus lllpenunrepa
NPUMEHUTENIPHO K YaCTHIIe, HAXOJAIIEHCS B MOTEHIMAIBLHON siME ¢ OECKO-
HEYHO BBICOKUMH «CTeHKaMm» (puc. 2.5.1). Takas siMma ONMUCHIBAETCS MOTCH-
nuansHoi 3Heprueit U(X) ciemyroiero Buaa:

00, X < 0;
U(x)=40,0<x<I; U= U=0l U=w
00, X > 1.
=
0 / X
Puc. 2.5.1
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3nmeck | — mmpuHa ssmMbl, a U — 3HEPTHs — OTCYMTHIBASTCS OT €€ JTHA.
VYpasuenue lllpenunrepa qisl CTallMOHAPHBIX COCTOSIHUM, B CIIy4dae OJI-
HOMEPHOM 33/1a4M, 3alUIIETCS B BUAE

2
g \P+2—m(E—U):O. (2.5.5)
x> h?
ITo YCJIOBHUIO 3aJa4u (6€CKOHe‘{HO BBICOKHC «CTCHKI/I») qacTuna
HC IIPOHHUKACT 3a IIPCACIIbI AMBI, IIO3TOMY BCPOATHOCTHL €C 06Hapy>KeHH}I 3a
ImpcaciiaMu AMbI paBHA HYIIIO. Ha I'paHHUIaX SAMbI BOJIHOBAA Q)YHKHI/ISI TaKXKe
JOJI?KHA 06paHJ;aTBC$I B HYJIb. CJIGI[OBaTeJIBHO, I'PaHUYIHBIC YCJIOBHA B TAKOM

ClIy4ae UMEIOT BU]I

Y(0)=¥()=0. (2.5.6)
B npenenax simbl (0 < x<1) ypaBHenue lIpenunrepa (2.5.5) cBonutcs
K YpaBHEHUIO

2 2
a—f+2—r;E‘P=OI/IHI/I a—l§+k2‘l’:0;
OX h OX
2mE
k? = ool (2.5.7)

O6mee pemenue nuddepeHIInanbHOr0 YpaBHEHUS —
Y(x) = Asin kx+ B coskx.

A Tak xak o (2.5.6) ¥(0) =0, To B=0. Torma
Y(x) = Asinkx,
ypaBuenue () = Asinkl =0 Bemonusiercs Tonsko nipu Kl =nm, rae n — me-

JIBIE YMCJIa, T.€. HCOOXOIUMO, YTOOBI
nm
k=—.
I
N3 Beipaxkenuii (2.5.7) u (2.5.8) cnenyer, 4yTo 3HEpPrusi 4aCTHUIIHI 3aBH-
CHUT OT N:

(2.5.8)

2 2312
g, =" (2.5.9)
2ml
rren=1,23,....

Takum oOpasom, cranuoHapHoe ypaBHenue lllpeaunrepa, omuchiBaro-
[[e€ NBIKEHUE YaCTUIIbI B MOTEHIMAIBHON AME ¢ OSCKOHEYHO BBLICOKHMHU
CTCHKaMHU, YI[OBHCTBOPHCTCH TOJIBKO HpI/I CO6CTBCHHBIX 3HAQUCHUAX En, 3aBU-
CAIIUX OT ILICJIO0I'0 Yyucia n. CJ'IeI[OBaTeJ'HJHO, IHepiun En yacmuyvl 6 NOMeEH-
l/ﬂ/laﬂbHOﬁ Ame C 6€CKOH€'¢H0 6bICOKUMU CMEHKAMU npuHumaem JUllb onpe-
aeﬂeHHble OuCermele 3HaA4€HUA, T.C. KeAHmMyemc. Keanmoewie 3nauenus
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IHeEpcUuu En HA3bvlearomcs Yypo6HAMU IHeEpZUuU, a 4HUcCio n, onpedeﬂmou;ee
IHEpecemuUu4ecKue ypoeHu, — 2J1A6HbIM K6AHMOBbIM HUC/IOM.

Taxum 06pa30M, MuUKpowacmuua 6 «I’lOl’l’leHZ/ﬂ/taJZbHOMv ame» ¢ beckoney-
HO BbICOKUMU CMEHKAMU MOdcem HAX00UMbCs MONAbKO HA OI’lpede]ZeHHOM
IHEPcEMUUECKOM YDPOBHE En, uiu, Kaxk coeop:Aanit, dYacmuya HAX00Umcsi
6 K6AHMOBOM COCMOAHUU N.

CoOctBeHHble QyHKIIMM ypaBHeHus W, (X) = Asin % X. OyIyT UMETh BU]I

¥ (x) = %sin(? x]. (2.5.10)

I'paduku coOcTBeHHBIX PyHKIMH (2.5.10), COOTBETCTBYIOMINE YPOBHIM
sHepruu (2.5.9) mpu n = 1, 2, 3, npuBenens! Ha puc. 2.5.2, a. Ha puc. 2.5.2, 6
n300pakeHa TUIOTHOCTh BEPOSITHOCTH OOHAPYKEHUS YaCTUIIBI HA Pa3IMYHBIX

PACCTOSTHUSX OT «CTEHOK) SIMBI: “I’(X)‘2 =Y. (X)¥Y',(x) man=123,...

A

E e B E ¥, (x)* n

N
E=2 p=2 yARNE

E=1 n

\ 4

Puc. 2.5.2

N3 pucyHka ciaeayer, 4To, HampuMmep, B KBAHTOBOM COCTOSIHUU C 11 = 2
4acTHUIA HE MOXKET HaXOJUThCA B IIEHTPE SIMbI, B TO BpEeMsl KaK OJIMHAKOBO
MOXKET MpeObIBaTh B €€ JIEBOM M MpaBOi dacTsaX. Takoe MOBEICHUE YaCTUIIbI
yKa3bIBAa€T HA TO, YTO MPEJCTABJICHUS O TPACKTOPHUSIX YACTHUIBI B KBAHTOBOM
MEXAHUKE HECOCTOSTEIILHBI.

W3 Beipakenus (2.5.9) ciemyer, 4To SHEPreTUUCSCKUN HHTEPBAT MEXKIY
JIBYMSI COCETHUMU YPOBHSIMHU PaBEH
B T°h®

AEn = En+1 -E 2
ml

(2.5.11)

n
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Hanpumep, Ui 3IeKTPOHA IIpH pasmepax ambl | =107 m (cBOGOAHBIE
ANIEKTPOHBI B MeTaie) AE, ~107%n Ik ~10®nsB, T.c. sHeprernyeckue

YPOBHU PaCIOJIOKEHBI CTOJIb TECHO, YTO CIEKTP MOXHO CUMTATh MpaKTHUYe-
CKU HEeNpephIBHBIM. Eciu e pa3Mepsl IMbl COU3MEPUMBI C pa3MepamMu CTEH-
ki (1 =10™"% ™), To mnst smMeKTpOHa AE, ~107"n I[)Kzlozn 5B, T.e. nmony-
4aloTCs SIBHO JUCKPETHBIE 3HAUCHHS dHEPruM (JTuHeHvaTslid criekTp). Takum
oOpazoM, npumenernue ypasnenus [lIpeouneepa x 4actuilie B NOTCHIIMAILHON
M€ ¢ OECKOHEYHO BBICOKUMHU CTEHKAMH MPUBOJNUT K KGAHHI08bIM 3HAYEHU-
AM IHEpeUU U KOOpOuHam, B TO BpeMs KaK KIacCHYeCKas MEXaHHKa Ha
SHEPTUIO 3TON YACTHIIBI JIUITHUX OTPAHUYCHHUN HE HAKJIAIbIBACT.

Kpome Toro, KBaHTOBO-MEXaHUYECKOE PACCMOTPEHHE ITOU 3a7a9d MPH-
BOJUT K BBIBOJY, YTO YACTHIIA B IMOTEHIIMATLHON sSIME C OCCKOHEYHO BBICO-
KHUMH «CTECHKAMW» He MOXcem UMemb dHEPISUI0 MEeHbULYIo, Yem MUHUMATb-

n’h?
5

HaAx IHepeun, pasHas oml
m

Hanuune oOTIMYHOM OT HyJIsd MHHUMAJIbHOM SHEPrMU HE CIy4YaillHO
Y BBITEKAET W3 COOTHOUIECHHS HEOolpenesieHHocTe. HeompeneneHHoCTh KO-
opauHaThl AX yacThiel B sime mmmpuHoi | paBaa AX = |. Tornaa, cormacHo co-
OTHOIIEHHUIO HEOMPEACICHHOCTEN, UMITYJIbC HE MOYKET UMETh TOYHOE, B JIaH-
HOM CJIy4yae HyJIeBO€, 3HaueHue. HeonmpeneneHHoCTh nMmyJibca

h
Ap = —.
I
Takomy pa3z0pocy 3HaU€HUN HMITYJIbCa COOTBETCTBYET KHUHETHYECKas
Ap?  h*m?
sHeprus E; ~ ——= . Bce ocTanbHbIE ypOBHU UMEIOT YHEPTHUIO, MpE-
2m  2ml?

BBIIIAIONIYIO 9TO 3HAYEHUE.
N3 dynkmamit (2.5.1) u (2.5.9) caenyet, yTo mpu OOJBIINX KBAHTOBBIX

gucnax (n>>1) f

~ —<<1, T.e. coceqHHE YPOBHH PACIOJIOKEHBI TECHO:
n

TEM TecHee, 4eM Ooubine 7. Eciau n oYeHb BEIHMKO, TO MOXKHO TOBOPHTH
0 NPAKMUYECKU HenpepvléHOL NOCIe008amMelbHOCMU YPOSHell, U XapaKTep-
Hasi 0COOCHHOCTh KBAHTOBBIX MPOIECCOB — OUCKPEMHOCHb — CANCUBACTICSL.
DTOT pe3ynabTaT SBISACTCS YACMHLIM ClyddeM NPUHUURA COOMEEHICHEUs
Bopa, corimacHO KOTOPOMY 3aKOHbI K8AHMOBOU MEXAHUKU OOJNCHbI NpU
OONBUIUX 3HAUEHUSX KBAHMOBLIX YUCEL NepPexooums 8 3aKOHbL KIACCUYeCKOU
Quzuxu.

bonee oOmas TpakTOBKa MpUHUURA COOMEEMCHMBUA. GCAKAS HOBAS,
bonee obwas meopusi, AGIAOWAACS PA3BUMUEM KIACCUYECKOU, He omeepaa-
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em ee NOJIHOCMbIO, a 6KI0YAem 6 ceOs KIACCUYEeCcKylo meopuro, YKa3vleas
2paHuybl ee NPUMEeHUMOCmUY, TPUYEM B ONIPEIEIIEHHBIX MPEIEIbHBIX YCIOBH-
SIX HOBasi TEOpUSI IEPEXOTUT B CTAPYIO.

2.5.3. 'apMoHHMYeCKUIl OCUMIVIATOP B KBAHTOBOM MeXaHUKe

I'apmonuueckum ocuuIIAMOPOM HA3bIBAIOM YACMUYY, COBEPULATOULVTO
00HOMepHOe O8udceHue noo oelicmsuem Keasuynpyeou cuivt F =KX.
[ToTennmanpHast SHEPTUS YACTHUIIBI

kx? M2 x>
k
e o= |—.
\'m

U=—, mimu U=——,
2 2

I'apmonuueckuii ocuuniamop ¢ KeaHmoeoii MexaHuKe onucvléaen -

ca ypasuenuem Illpeounzepa

d’¥ 2m Mo?Xx*
> +—(E- ¥ =0.
dx* & 2
Ortcro1a HaleM 3HA4YE€HUS MOJIHOW SHEPTUU OCUILIATOPA
E,=(n+1/2)ho, (2.5.12)
rnen=0,1,2,...;
AE, = ho He 3aBHCHUT OT N B OTJIMYKE OT HPSMOYTOJIbHOM MOTECHIMATBHON
SIMBI.
U
\ [
\ / E,= (2 + ljhm
n=2 2
n=0 1
E,=—ho
2
- xrr;ax + xnllax X
Puc. 2.5.3

1 N g
MunumansHas sueprus E, = Ehw Ha3bIBACTCS HY/1€801 IHepzuell, T.¢.

npu T =0 xomnebanus atromMoB K B KPUCTATUYECKOMN peIIeTKe HE MpeKpa-
IAIOTCSL.
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B KBaHTOBOW MEXaHHUKE BBIYUCISIETCS BEPOSTHOCTh PAa3IMYHBIX MEPEXO-
JIOB KBAHTOBOM CHCTEMBI U3 OJIHOTO COCTOSIHUSA B Jipyroe. /|1 rapMOHUYECKo-
IO OCLIJUISITOPA BO3MOYHBI JIMILIb IEPEXO/IbI MEKY COCETHUMHU YPOBHIMHU.

Ycnoeus, naknaovieaemvle Ha u3MeHeHUs KEAHMOBBIX YUCEN NPU Nepexo-
oax cucmembl U3 0OHO20 COCMOSIHUA 8 OpY20€, HA3bIBAIOMC S NPAGUIAMU OM-
oopa. J1J11 TapMOHUYECKOTO OCIIIIIISITOPA MPaBUIIO BRIpaKEHO (HOpMyIoi

An=+1.

N3 (2.5.12) BeITEKAET, YTO PHEPTUsI KBAHTOBOI'O OCIMILIATOPA U3MEHS-
€TCSl TOJIBKO TMOPIHSIMH, T.€. KBaHTyeTcs. [IpuueM, kak U B MPSAMOYTOJIBHOU
sIMe, PHEPTHs OTpaHUYCHA CHU3Y MUHUMAIIbHBIM 3HAYCHHUEM

E, =1/2ho

— JHepausa Hy1eevlxX KoJedanull (MPSIMOE CIECICTBUE COOTHOIICHUSI HEOIpe-
TeJICHHOCTel). DTO 03Ha4aeT, YTO YacTHIla HE MOXET HaXOJUThCS Ha JIHE
MOTECHIINAILHON SIMBEIL.

2
[11OTHOCTE BEPOSITHOCTH HAXOKIAEHUS YaCTHULIBI “P‘ =¥ ¥ uzobpaxe-

Ha Ha puc. 2.5.2. Kak u B cny4yae mpsIMOYTOJIbHON MOTEHIIMATBHON SIMBI, TIPU
N = 2 B cepeauHe sSMbl YacTUIA HAXOAUTHCS HE MOXKET. DTO COBEPIICHHO
HEIOHATHO C KJIACCUYECKOUN TOUKH 3peHUs. Kganmyemcs ne moavko sHepausl,
HO U KOOPOUHAMA YaACUYbI.

Crtporoe KBaHTOBO-MEXaHMUYECKOE PEUICHHE 33a/ladl O TapMOHHYECKOM
OCLWJIISATOPE NMPUBOAUT €LI€ K OJHOMY CYILECTBEHHOMY OTJIMYHIO OT KJac-
CHUYECKOro paccMoTpeHus. OKa3bIBaeTcs, YTO MOKHO OOHAPYXKHUTh YACTHILY
3a mpejeslaMu JO3BOJIEHHON 00JacTh: OT Xpin A0 Xmax (PHC. 2.5.4), T.e. 3a

toukamu 0 m | (cm. puc. 2.5.1).

\

min 0 xmax

Puc.2.54

DTO O3HAYaeT, YTO YacTHIla MOXET MpUOBIBATH TaM, TJE €€ TMOJHas
DHEPTUS. MEHbIIE MOTEHIIMATLHON YHEPTUU. ITO OKa3bIBAETCS BO3MOKHBIM
BCJICJICTBUE TYHHEIBHOTO dddekTa.
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2.5.4. IIpoxoxaeHne 4acTHI CKBO3b NOTEHUMAJIbHBIN 0apbep.
TynHeabHbll 3¢ dexT

PaccmoTpum mpocTedimmii  MOTEHIMAIBHBIN Oapbep MPSIMOYTOJIbHOU
dopmel (puc. 2.5.5) s ogHOMEpHOrO (MO OCH X) JBWKCHHUS YaCTHIIHI.
Jlnst Takoro Gapbepa npsAMoyroyibHou (GopMbl BeIcOThl U U mmpuHbI | MOKHO
3aIuCcaTh:

U A
0,x<0, 1 o061.
U(x)=qU,0<x<1, 2 o0m. E<U ).
0, x>1, 3 001. ! 5 3
0 / >

Puc.2.5.5

[Ipy naHHBIX YCHOBMSX 33Ja4yM KJIACCUYECKas YacTUla, o0yanas 3Hep-
ruei £, nubo OGecnpensaTcTBEHHO MpoiaeT Hax Oapbepom npu E > U, nubo
otpazutcs ot Hero (E < U) u OyzaeT aBuratbcs B 00OpaTHYIO CTOPOHY, T.€. OHA
HE MOXKET MPOHUKHYTH uepe3 Oapbep.

Jlist Mmukpodactuil ke, naxe npu E < U, umeercst otnmuyHast OT HyJIs Be-
POSITHOCTD, YTO YACTUIIA OTPA3UTCS OT Oapbepa u OyJeT JBUTAThCS B 0OpaT-
Hyto ctopony. [Ipu E > U umeercs Takke OTIMUHAS OT HYJIS BEPOATHOCTD,
YTO YaCTHIIA OKaXeTcsl B oOyactu X > |, T.e. mpoHUKHET CKBO3b Oapbep. Ta-
KOH BBIBOJ] CJIENYET HEMOCPEACTBEHHO U3 pelleHns ypaBHeHus [lIpennunrepa,
ONMCHIBAIONIETO JBUKEHUE MUKPOYACTHULIBI ITPU JAHHBIX YCIOBUAX 3a/a4H.

VYpasuenue lllpenunrepa ajig COCTOSHUN KaKIOW U3 BBIACIECHHBIX 00-
JJacTell UMeeT BUJL

0*¥5 2mE ),
8X2| + kz‘I’L3 =0 (Z[J'I}I 1,3 06 k% = 2 j,
2 —_—

6(;{2]2 +0°¥, =0 (I{J’IH 2 o6n. ° = wj (2.5.13)
X
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MoxHo nonmyuuth pemienue ypaBHenus lllpenunrepa mns tpex obmac-
Tel B cremyromeM Buae (y4uThiBas, 4To (=i — MHHMOE 4YHCIO, T/

b= J2mU —-E) )

h

Yi(x) = elkx Ble_ikx st 0001, 1;
¥, (x) = Ay P + BoeP* s o6m. 2; (2.5.14)
Y3(x) = A3eikx st o0t 3.

B o6mactu 2 ¢pynkumst (2.5.14) yxe He COOTBETCTBYET IUIOCKHM BOJIHAM,
pPacHpOCTPAHSIONMMCS 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~

=V

Puc. 2.5.6

N3 pucyHka cinenyer, 4To 601H06aA )YyHKUUA HE PAGHA HYII0 U 6HYHI-
pu oapvepa, a 6 obaacmu 3, ecnu O0apbep HE OYCHBb IIUPOK, OyOem OIISThH
umems 6uo 6o0an 0e bpoiina ¢ mem rxnce umnynvcom, m.e. ¢ moi rce uac-
momoil, HO ¢ MeHbUIel AMNIUMYOOU.

Takum 06p2[30M, KeAHMoedsA MexarHuxka npueodum K NPUHYUNUATIBHO HO-

80MY KBAHMOBOMY SIGNEHUIO — HLYHHEAbHOMY Ihhekmy, 6 pe3yibmame Ko-
Mopo2o MUKPOOObEKM MOodicem npotumu yepes bapvep.

Koaddumument nposzpaunoctu 115 6apbepa npsiMOyTroabHON (GOpMBI

D= Doexp(—%/Zm(U - E)Ij.
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Jlns 6Gapbepa npou3BOILHON (OPMBI
X2
D = Dyexp —% [2m(U - E)dx
X

[IpoxoxaeHne 4acTUIlbl CKBO3b Oapbep MOXKHO TOSCHUTH COOMHOUle-
Huem HeonpeoeieHHoCmel.

h
Heomnpenenennocts uMmmynbca Ha otpe3ke AX = | cocraBiser Ap >|—.

2
Casi3aHHas ¢ 3TUM pa30pOCOM KMHETHYECKash SHEPIUs AZLm MOET OKa3aTh-
Csl JOCTAaTOYHOM Ui TOTO, UYTOOBI HONIHAS dHepausi OKA3anacv borvuie no-
MEHYUANbHOLU, U YACTUYa ModHcem npoumu yepes bapwep.

C KJaccU4ecKO TOYKM 3pEHUs MPOXOXKIACHUE YACTHUIBI CKBO3b ITOTEH-
nuanbHbI 0apbep npu E < U HEBO3MOXKHO, T.K. YacTULa, HAXOAACh B 00Jac-
TH Oapbepa, NODKHA Oblla Obl 00J1aIaTh OTPHUILIATEILHOW KHUHETUYECKOU
sHepruen. TyHHenbHbIN 3(PQeKT sABNsSETCSs Chneyuguueckum KeaHmo8vim
Ippexmom.

OCHOBBI TEOPUHM TYHHEJIBHBIX NEPEXOJ0B 3AJI0KEHBI PAaOOTaMU COBET-
ckux yudeHsIx JI.LU. Manaensmrama u M.A. JleontoBnua B 1928 1. TyHHENB-
HOE€ MPOXOXJACHUE CKBO3b MOTEHIIUAJIbHBIA Oapbep JEKUT B OCHOBE MHOTHX
ABJICHUH (PU3UKHU TBEPJIOTO Tesa (HampuMep, SIBJICHUS B KOHTAKTHOM CJIO€ Ha
rpaHule JBYX MOJYIPOBOJHUKOB), aTOMHOM U sIepHON (PU3UKU (HAIIpUMep:
o-pacraj], MpOTEKaHUE TEPMOSIIEPHBIX PEAKIIHN).
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3. ATOMHAA U AAEPHASA ®PU3UKA. PUSUKA
IJIEMEHTAPHBIX YACTHIY

3.1. Moaeau aToM0B. ATOM BOI0OPO/a 110 Teopuu 6opa

3.1.1. 3aKOHOMEPHOCTH B ATOMHBIX CIIEKTPAax

Nrak, yto ke Ttakoe atom? M301MpoBaHHBIE aTOMBI B BUIE Pa3peiKeH-
HOTO raza Wid IapoB METAJUIOB MCITYCKAaIOT CHEKTP, COCTOSIIUN U3 OTAEIIb-
HBIX CHEKTPAJbHBIX JIMHUU — JIMHeuyambwlii cnekmp. V3ydeHrue aTOMHBIX
CIIEKTPOB MOCIIYKUJIO KIHOYOM K MO3HAHUIO CTPOECHHS aTOMOB.

[Ipexxne Bcero, B SKCEPUMEHTAX ObLIO 3aMEYE€HO, UYTO JIMHUM B CIEK-
Tpax paclojoKeHbl HEe OecropsAIouHO, a cepusiMu. PacctosHue Mexay Jiu-
HUSIMU B CEPUHU 3aKOHOMEPHO YMEHBIIIAETCS 10 MEpe MePeXoia OT JIMHHBIX
BOJIH K KOPOTKHUM.

IIgeitmapckuii gusuk M. Bansmep B 1885 T. yCcTaHOBWI, UTO yacmombl
BOJIH cepuul 8 BUOUMOU YACMU CNeKmMpPa 8000p00a MOTYT OBITh MPEICTABICHBI

dbopmynoin
1 1
n
rae R — nocrosinnas Punoepra; R=R'C= 3,29-101561, n=3,4,5, ...
JlanbpHenmuye uccieqoBanus MoKa3alin, YTO B CIIEKTPE BOAOPOAa UMEET-
Csl 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 ., nN=56,7,
n
1 1
Cepus Ilpynpa:  v=R o2 ) n==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. [x. TomcoH npensioxkui Mojielb aroMa: 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 OBbUT OBITH CJIOKHBIM, HO HUKOMM 0O0pa3oM He JIMHEHYaThiM, 4YTO
MIPOTUBOPEYIIIO  DKCIIEpUMEHTaM. Mojenp aroMa, H300pakKeHHas Ha
puc. 3.1.2, 6, coctosta u3 cdepsl, B IIEHTPE KOTOPOH HAXOIMIOCH TOJIOXKH-
TEIHHO 3apsDKEHHOE SIpO, a BOKPYT HETO PacCIojarajuch AJIEKTPOHBI. JTa
MOJIeIb TaK)Ke HE BIMCHIBAJIACh B AKCIEpHMEHTH. Hanbonee n3BecTHa B TO

BpeMs OblIa TUTaHETapHas MOJENb aToma, mpemoxkeHHas 3. Pesepdopmom
(puc. 3.1.2, 6).
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3.1.2. Sinepuas moxeab atoma (Mmoaeanb Pesepdopnaa)

Bonbuiyto posib B pa3BUTHH NMPECTABICHUN O CTPOSHUHU aTOMa ChIrpaiv
OMBITHI aHrIuickoro ¢uszuka 2. Pezepdopra.

Pezepdopa u ero coTpyIHUKH HAOTIOJAIN MPOXOKACHUE 0.-HaCTHUIl Ye-
pe3 TOHKYIO 30710TyI0 (obry. CKopocTh a-yacTuil coctapmia 107 m/c.

DKcnepuMeHTalIbHAs YCTaHOBKA MO3BOJIsIA HAOMIOAATh O-4YACTHUIIbI, OT-
KJIOHEHHBIC 30JI0TOU (POTBIOM MO Pa3HBIMU yTIIAMHU.

B To BpeMs ObIJI0 M3BECTHO, YTO O-9ACTHIIA UMEET MOJOKUTEILHBIN 3a-
psia, paBHbIN +2e.

OnBIT OCYIIECTBIISIICA 110 CXeMe, n300pakeHHOU Ha puc. 3.1.3.

aTOMBI 30J10Ta
0L - YACTHI[BI
- ¥
30710Tast (Bosbra \

0L - YACTHIbI .

e

Puc. 3.1.3

VY3Kuil My4OK (i-4aCTHUILl UCITyCKAJICS PaJUOAKTUBHBIM BEIIECTBOM U IIO-
nazaan Ha ¢oasry. [Ipoxons yepes ¢osbry, o-4yacTHUIlbl OTKIOHSJIUCH Ha pas-
JTUYHBIC YTIIbl. PaccessHHbIE YacTHUIIB YAAPSIUCh 00 dKpaH, MOKPBITHIA ZNS,
Y BBI3bIBAEMbIE MM BCIIBIIIKU CBETA, CYUHYULIAYUU, HAOTIOJANNCh B MUKPO-
ckone. MUKpOCKOI U CBSI3aHHBINM ¢ HUM SKpaH MOXHO ObLJIO BpaIlaTh BOKPYT
OCH, TIPOXOMASAIICH Yepe3 IEeHTp (POJbru, T.e. MOKHO OBLIO BCErjaa M3MEPUTh
yrojl OTKJIOHeHUs. Bech mpubop momemiancs B BaKyyM, YTOOBI O-4aCTHULIBI
HE paccerBaJINCh MPU CTOJIKHOBEHUU C MOJIEKYJIaMH BO3yXa.

B onbiTe 00HApYKUIIOCh, YTO HEKOTOPHIE 0-HACTULBI OTKJIOHSUIMCH Ha
oosbiue yriel, 70 180°. Pesepdopa moHsI, 4TO TaKOe OTKJIOHEHHE BO3MOXK-
HO JIUIIb MPHU BCTPEYE C MOJIOKHUTENIBHO 3apsDKEHHOW 4YacTHIed OoJbluei
Macchl. A Maliasg BEpOSITHOCTh OTKJIOHEHHUSI Ha OOJIbLIME YIJIbl TOBOPUIIA, YTO
JTa IMOJIOKUTENIbHA YacTULa MMEET Mallble pa3Mephl, IOpsIKa 107 M.
DnexTpoHsl, Mo MHeHUI0 Pesepdopra, ABHKYTCSI BOKpPYT sSpa.

OpnHako Takasi MOJENb ObUIa B SIBHOM MPOTUBOPEUYHH C KJIACCUYECKOM
ANEKTPOJUHAMUKOM, T.K. JIEKTPOH, JBUIasACh MO OKPYKHOCTH, T.€. C HOP-
MaJbHBIM YCKOPEHHUEM, JIOJDKEH OBUT u3iyuame 2Hepeuio, c1edo8ameibHo,
3ameodnsaimes CKOpocmb 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 JOKHBI UMETh MECTO:

® HENpepbIBHAS MOTEPS SJIEKTPOHOM SHEPIMH B BUJE U3ITYUEHUS DJICK-
TPOMAarHUTHBIX BOJIH U HEYCTOMYMBOCTh aTOMA;

® CYIICCTBOBAHHME TOJIbKO HEMPEPBIBHOTO CIEKTpa (CIEeKTpabHBIX JIU-
HUI HE IOJKHO OBITH).

B neicTBUTENBHOCTH OKa3bIBAETCS, UTO:

©aTOM SIBJISIETCS yCTOMYMBOM CUCTEMOM;

©aTOM HM3JIy4aeT SHEPTHUIO JHIIb IIPU ONPEICICHHBIX YCIOBUSAX;

® U3JIyYEHUE aTOMA UMEET JIMHENYAThIN CIEKTP, CBSI3aHHBIA CO CTPOCHHU-
€M U CBOMCTBAaMHU €ro 3JIEKTPOHHON 000I0UYKH.

Pa3mepsl sigep MOXKHO OIpENEInTh, UCIONb3Yysd AU(PPAKIMOHHOE pac-
CEsHUE IIPU BBICOKHUX SHEPIHSX, a TAKXKE YIPYTroe paccesHUe 3JIEKTPOHOB
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 3apsag Ze u paauyc R, To, cormacHo KilacCu4ecKon
MEXaHUKE, €ro yroJl OTKJIIOHEHUS ONPEIEISETCS COOTHOLIEHUEM

2
tg(gjz Ko ze :
2 RpU

Ha puc. 3.1.5 uzo6pakeHa KOMIbIOTEpHAsT MOJEJb MPOIECCa PacCesTHuUs
AJIEKTPOHOB Ha sJIpe.

O

Puc. 3.14 Puc. 3.1.5

3.1.3. DuemenTapHas treopusi bopa

Boixog u3 tynuka Obul HaiiieH 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 Ilepebiit nocmynam (nocmynam CmMayuOHAPHBLIX COCMOSHULL): €K~
MPOHBL OBUNCYMCSI MOTILKO NO onpedeneHuviM (Cmayuonapuvim) 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-
MPoOHA U3 00HO20 CIMAYUOHAPHO20 COCMOsAHUSL 8 Opy2oe. Benuuuna ceemoso-
20 K8AHMA pagHa pasHOCMU SHeP2ULL Mmex CMAyUOHAPHBIX COCMOAHULU, MediC-
0y KOMOpbIMU co8epulaemcs CKa4ox snekmpona: hv =E —E, .

Ortcrona cneayeT, 4To U3MEHEHHE SHEPIUU aToMa, CBSI3aHHOE C M3JIyde-

HUEM IPHU MOTJIOMEHUH (POTOHA, MPOMOPIIMOHAIBHO YaCTOTE V:
v:—”—E 158105 wzﬁ—i.
h h nooh

Ilpaeuno keanmosanusn opoum: u3 6cex opoUm 31eKMPOHA B0IMOHCHbL
MoabKo me, OJisl KOMOPbIX MOMEHM UMNYIbCA PABEH YeNoMy KPAMHOMY NO-
cmosunou Ilnauxa:

myur =nf , (3.1.3)

rme =1, 2, 3,... — TI1aBHOE€ KBAaHTOBOEC 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 BHU I

2 2
v Ze
N3 dopmynsr (3.1.4) BUIHO, YTO MEHTPOOEIKHASI CHJIa paBHA KYJIOHOB-
1
CcKoif cuite, rue K, = :
4re,

[ToactaBum 3navyenue v u3 (3.1.3) B (3.1.4) u mosryduM BBIpAKEHUE IS
pamnycoB CTallMOHAPHBIX opouT (puc. 3.1.3, 6)
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h°n?
nT U 52
kom,Ze
Panuyc nepBoil opOUTHI BOZOPOJHOTO aTOMa Ha3bIBAIOT HOPOECKUM pa-
ouycom. lTpun =1, Z=1 nns Bogopoaa umMmeem
X
2
m.e“K,
BHyTpeHH:s dHeprus atoma ciaraercsl U3 KHHETUYECKOM DHEPTUU dJIEK-
TpOHA (AP0 HEMOABUKHO) W NMOTCHIMAIBHOW SHEPIUU B3aWMOJCHCTBUS
ANEKTPOHA C ATPOM:
E_ mevz B kOZe2 _ 1 Ze?
2 r 2 Amegr

[logcTaBuM 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 dopmyns (3.1.6) BuaHO, 4TO E, NPUHUMAET TOJBKO 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 u3mydaercss OTOH ¢ SHEPrue

YacroTa uznmydeHus

-1 1)
8h’e2\ k2 n?)

[Tomyuena o6o6mennas popmyna banbmepa, KoTopast XOpoIIo corjacy-
eTCsl ¢ AKCIepuMeHTOM. BripaskeHue nepen ckoOkamu, Kak yxe ObLIo cKasa-
HO, HOCUT Ha3BaHuE nocmoannoi Puooepza:.

4
_mge
8egh’

=3,29-10" ¢,

Cepbe3HbIM yCrieXoM Teopur bopa SIBUJIOCH BBIYMCICHUE MOCTOSIHHOM
Punbepra ny1st BOIOpo10M0A00OHBIX CUCTEM U OOBSICHEHUE CTPYKTYPHI UX JIU-
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 IMOJTBEPXKICHUEM OCHOBHBIX MJIEH, cOopepika-
muxcs B ero teopud. Teopust bopa ceirpana orpoMHyr poJib B CO3IaHUU
atomHoi ¢uzuku. B nepuon ee pazsutus (1913—-1925) Obutn cnenanbl Bak-
HBIE€ OTKPBITHS, HABCET 14 BOLLIEIINE B COKPOBUIIHUILY MUPOBOIl HAYKH.

Opnako, Hapsiy ¢ ycnexamu, B Teopuu bopa ¢ camoro Hauana oOHapy-
KUJIUCh CYIIIECTBEHHbBIEC HEOCTATKH. | TaBHEHIITUM U3 HUX ObLIIa 6HYMpPEHHSA
NpOMUEOPEeYUBOCMy TEOPUN: MEXAHUYECKOE COCIMHEHUE KIIaCCUUECKON (u-
3WKW C KBAaHTOBBIMHU TMOCTYyJIaTaMU. Teopus He MOryia OOBSICHUTH BOMPOC 00
UHMEHCUBHOCMAX CTICKTPabHBIX TUHUN. Cephe3HOl Heyaauel sBisiiach ad-
COJIFOTHAsi HEBO3MOKHOCTh MPUMEHUTh TEOPUIO JJI1 OOBSICHEHHS CIEKTPOB
aToMma Tellds, COJEPKAaIlEero JBa AJIEKTpOHa Ha opOuTe, U Tem Oojee st
MHOTOJICKTPOHHBIX aToMOB (puc. 3.1.8).




Crano sicHo, uTo Teopusi bopa sSBIsETCS MU MEPEXOTHBIM TAlOM Ha
IyTH CO3[IaHus OoJiee o01Iel n NpaBUIbHOW Teopuu. Takoil Teopuei u siBU-
Jlach KBAaHTOBAsI MEXaHUKA.

3.1.4. OnbiT ®panka u I'epua

CymiecTBOBaHHWE JUCKPETHBIX HHEPrETUUYECKUX YpPOBHEM aToma MOJ-
TBepkaaeTcs onbitoM Opanka u ['epia. Hemenkue yuensie xerimc Opank
u ['ycraB I'epn 3a 3KkCneprMEHTAIbHBIE UCCIEA0BAHMS JUCKPETHOCTH SHEP-
reTuyeckux ypoBHer nomyuninn Hobenesckyto mpemuto B 1925 r.

B ombiTax ucnonp3oBanack TpyOka (puc. 3.1.9), 3amonHeHHas mapamu
PTYTH NpHU AaBICHUH p = | MM pT. CT., U TpH 37eKkTpoaa: karon K, cerka C
1 a”HoJ A.

DONEKTPOHBI YCKOPSUITUCh PAa3HOCTHIO MmoTeHImaioB U Mexay KaTtoaom
U CETKON. DTy Pa3HOCTh MOTEHIIMAJIOB MOXHO ObUIO M3MEHSATH C MOMOIIBIO
noteHmomerpa II. Mexnay ceTtkol um aHogom Topmo3ssmiee nosne 0,5 B
(MeTon 3a7epKUBAIOITUX TOTCHIIUATIOR).

Omnpenensanack 3aBUCUMOCTh TOKa 4epe3 rajibBaHOMETp I’ oT pasHocTH
MOTEHIIMAJIOB MEXAY KaToJoM U ceTkoi U. B skcriepuMenTe Oblia mojiydeHa
3aBUCUMOCTh, N300pakenHas Ha puc. 3.1.10. 3gecs U = 4,86 B cooTBeTCTBY-
€T MePBOMY NOTEHIMAITY 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, Kakaplil U3 aTOMOB PTYTH MOXET IMOJIYYUTh
JIUIIb BIIOJIHE ONIPEICIICHHYIO SHEPTHUI0, IEPEXO/Is B OJHO U3 BO30YKICHHBIX
cocrossHui. [loaTOMy ecnm B aToMax AEHWCTBUTENIBHO CYIIECTBYIOT CTallMO-
HapHBIE COCTOSIHUS, TO JICKTPOHBI, CTAJTKUBASACH C AaTOMaMH PTYTH, JTOJKHBI
TEPSATh DHEPTUIO OUCKPEMHO, ONPEOeIeHHbIMU NOPUUAMU, PABHBIMU Pa3HO-
CTH PHEPI'UH COOTBETCTBYIOIIUX CTAIIMOHAPHBIX COCTOSIHUN aToMa.

W3 ombita ciemyer, 4To MPU YBEJIUYECHWH YCKOPSIOUIEro MOTEHIMaa
BILIOTH J10 4,86 B aHOMHBIN TOK 803pacmaem MOHOMOHHO, €T0 3HAYECHUE TIPOXO-
TIT yepe3 MakcumyM (4,86 B), 3aTemM pe3ko yMEHBIIIAETCSI U BO3PACTAET BHOBb.
JanpHelnme MmakcuMyMbl Habropatores ipu 2-4,86 B u 34,86 B.
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bmkaliniiM K OCHOBHOMY, HEBO30YKIEHHOMY COCTOSIHUIO aTOMa PTYTH
ABJISIETCS BO30YKJIEHHOE COCTOSTHUE, OTCTOSIIIEE 0 MIKaie 3Hepruil 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
Mepexo]l OJHOTO U3 ANEKTPOHOB aTOMa M3 HOPMAJIBHOTO COCTOSIHUSA B BO30Y-
KICHHOE. DJICKTPOHBI, MOTEPSABIINE CBOK KHHETHYCCKYIO JHEPTHIO, YKE
HE CMOTYT MPEOA0JETh TOPMO3SIIUHN MOTEHIIUAT U JOCTUTHYTh aHOJA. DTUM
1 OOBSACHSIETCS pe3KOe MajJeHUue aHOJHOTO Toka npu ep = 4,86 »B. IIpu 3Ha-

YEHUSX DHEPruu, KpaTHbIX 4,86, 3JIEKTPOHBI MOTYT HCIBITHIBATH C aTOMaMH
pTyTH 2, 3, ... HEYOpPYrux coynapenus. [Ipu 3T0M OHU MOJIHOCTBIO TEPSIOT
CBOIO DHEPTUI0 U HE JIOCTUTAIOT aHOJa, T.e. HaOINtolaeTcs pe3koe MajeHue
aHOJHOTO TOKA.

Takum 00pa3oM, ONBIT IMOKa3al, YTO 2J1eKMPOHbL Nepeoarom ceolo
IHep2uI0 amomam pmymu nopyuamu, npudem 4,86 3B — HauMeHbI1as BO3-
MOYHasl MOPIIUsI, KOTOpast MOKET OBITh MOTJIONIEHA aTOMOM PTYTH B OCHOB-
HOM 3HepreTudeckoM cocrosiuuu. CrenoBaTenbHo, uaes bopa o cymectBo-
BaHUU B aTOMaX CTallMOHAPHBIX COCTOSHUN OJIECTSIIE BhIIEpIKaIa MPOBEPKY
AKCIIEPUMEHTOM.

ATOMBI PTYTH, MOTYUYUBIIUE TIPU COYJAPEHUU C BJIECKTPOHAMU DHEPTUIO
AE , IepexoJiaT B BO30Y>KJIEHHOE COCTOSIHUE U JIOJDKHBI BEPHYTHCS B OCHOB-
HOE, M3Ty4dasl NpH 3TOM, COIVIACHO BTOPOMY MOCTyJiaTy bopa, KBaHT cBeTa
c yactrotoii v=AE/h. Ilo uzBectHomy 3HaueHuio AE =4,86 B M0OXHO BbI-

YHCIUTh JUIMHY BOJIHBI CBETOBOTO KBaHTa: A =hc/AE =255 uMm. Takum 00-

pa3oMm, eciIu TeOpUsl BEpHA, TO aTOMbI PTYyTH, OOMOapaIupyeMble IEKTPOHA-
MU ¢ sHepruei 4,86 5B, MOKHBI SBIATHCS HICTOYHUKOM YIIBTPa(HOIECTOBOTO
U3ITyYeHUsI ¢ A = 255 HM , umo OdeticmeumenbHo 0OHAPYHCULOCH 8 ONLIMAX.

Takum o0pa3zoM, onbITel Ppanka v ['epua 3KcriepuMEHTaNbHO TOATBEP-
IWIA HE TOJBKO MEPBBIA, HO U BTOPOM noctyinaTr bopa u caenanu 0osbiioi
BKJIJl B Pa3BUTHE AaTOMHOUN (PU3HKHU.

3.2. Bogopononoao0HbIie CHCTEMbl B KBAHTOBO MEeXaHUKeE

3.2.1. KBaHTOBO-MeXaHUYeCKasi KAPTHHA CTPOEHHUS AaTOMAa

B § 3.1 obcyxnanach orpaHU4eHHOCTb OOPOBCKON TEOPUM CTPOEHUS
atoma. PaccMoTpuMm Tenepb KBaHTOBO-MEXAHUYECKYIO TEOPHUIO aTOMOB, T'O-
pa3no Oosee MmoyiHyto, 4yeM crapasi Teopus bopa. OHa coxpaHseT HEKOTOpbIE
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acreKkThl cTapoil Teopuu. Hanmpumep, 31eKTpOHBI MOTYT HAXOAUTHCSA B aTOME
TOJBKO B JJUCKPETHBIX COCTOSIHUSAX C ONPENECICHHON SHEPIrUeii; Ipu mepexo-
JI€ DJIIEKTPOHA U3 OJTHOTO COCTOSIHUS B IPYrO€ UCITyCKaeTcs (MU MOTJIoIaeT-
cs1) potoH. Ho keanmoseas mexanuxka — He npocmo ob6oowernue meopuu bopa.
Omna npexacrapnsieT cob6oi ropaszno Ooisiee rayOOKyI0 TEOPHUIO U PUCYET CO-
BEPUIEHHO MHYIO KapTUHY CTpoeHHs atoMa. Co2nacHo K8AHmMoBoU MexaHuke
He cyuiecmeyem OnpeoeieHHbIX KPy206blX opoum 3j1eKmpoHoe, Kak B TEO-
puu bopa. B cuity BoHOBOM IPUPOIBI 271eKMPOH «PAZMA3AH» 6 RPOCHPAH-
cmee, HOOOOHO «00NaKY» OmPUUAMEIbHO20 3apAoa.

Pa3mepsl 1 opmy 3JIEKTPOHHOTO OOJIaKa JJIi OCHOBHOTO COCTOSIHUS
aToMa MOKHO BBIYUCIUTH MO (popmyie

W(r) = \/%e_rl, (3.2.1)

rae W(r) — BoiHOBast (DYHKIUS TTOJIOKEHHS, 3aBUCAIIAs OT PACCTOSHHUSA I 10
LEHTpA.

[locTostHHast Iy COBMAJaeT C paguycoM MepBOM OOPOBCKOMl OpPOUTHI.
CrnenoBarenbHO, 3JEKTPOHHOE OOJIAKO B OCHOBHOM COCTOSHHMHM BOJOpOJa
chepuyecKu-CUMMETPUYHO, KaK MOKa3aHo Ha puc. 3.2.1.

Puc. 3.2.1

DJIeKTpOHHOE 00JIako TPyOO XapakTepuszyeT pa3Mephbl aroMa, HO, TO-
CKOJIbKY 00JIaKO MOKET HE UMETh YETKO BBIPAKEHHBIX IPAHUI], AaTOMBI TAK)KE
HE UMEIOT HU TOYHOM IpaHULIbl, HU ONPEACIICHHOTO pa3Mepa.

Kax Mbl yBUIUM B TalibHENIIIEM, HE BCE AJIEKTPOHHBIE 00Jlaka cdepude-
CKU-CUMMeETpUYHbI. OOpaTHTe BHUMaHKUE Ha TO, 4TO, X0TsA ¢yHkuus Y(r) mpu
OonpIMX paamycax I, Kak CJleIyeT W3 TPUBEIACHHOTO BHIIIEC BBIPAKCHHUS,
CUWJIBHO yOBIBaeT, OHa HE oOpariaeTcss B HYJb Ha KOHEUHBIX PACCTOSHUSX.
IToaTOMy KBaHTOBasi ME€XaHUKa YTBEPXKIAET, YMO OCHOBHAS YACHb AMOMd
He npedcmasnsem cooou nycmoe npocmparcmeo. Tak xkak ¥ — 0 Tonbko
opu I —> o0, Mbl 3aKJII0YaeM, YTO U 60 BceneHHol He cyuwjecmeyem 8 noo-
JIUHHOM CMbILCle HYCHL020 NPOCMPAHCEA.
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DneKTpoOHHOE 00JIaKO MOXXKHO WHTEPIPETUPOBATH KaK C KOPIYCKYJISP-
HOW, TaK ¥ C BOJHOBOW TOYKM 3peHHs. HamomMHuUM, 4TO MOJA 4YacTULEW MbI
MOHUMAaEM HEUYTO JIOKAIM30BAaHHOE B MPOCTPAHCTBE: B JIOOOW MOMEHT Bpe-
MEHH YacTHUIa 3aHUMAET BIIOJIHE OMPEICICHHOE MOJI0KEHUE B IPOCTPAHCTRE.
CrnenoBatesibHO, Pa3MbITOE B MPOCTPAHCTBE O0JIAKO SIBISIETCS PE3yJIbTaTOM
BOJIHOBOM MPHUPOJABI SJIEKTPOHOB. DIEKTPOHHOE O0JIAKO MOXHO TaKKe HH-
TEePIPETUPOBATh KaK paclpeselieHue BEepPOSTHOCTEH I JTaHHOW YacCTHIIHI.
MBI He MOXKeM TIpejcKa3aTh TPACKTOPHIO, MO KOTOPOH OyAeT ABUTAThCS
anekTpoH. [locie u3MepeHus ero MmojaoKeHUsl TOYHO IMpeJcKa3aTh, Iae OyeT
HaXOJUThCS AJICKTPOH B MOCJIECAYIOIIME MOMEHTHI BPEMEHHU, HEBO3MOXKHO.
MBI MOKEM JIHIIIh BRIYUCIUTH BEPOSTHOCTh OOHAPYKEHUSI DJICKTPOHA B pa3-
JUYHBIX TOYKax. SICHO, 4TO MOJ00Has CUTyallus B KOPHE OTJIMYACTCS OT
KJIACCUYECKOM HBIOTOHOBCKOW (u3uku. Kak oTmeuan Bmnocneactsuu bop,
OCCCMBICIIEHHO JTa)Ke CIpallliBaTh, KaK MPH UCITyCKAHUA aTOMOM CBETOBOTO
(dhoTOHA PJIEKTPOH MEPEXOIUT U3 OJJHOTO COCTOSHUSI B APYTOE.

Pemienue 3aiaun 06 3HEPreTUUECKUX YPOBHSIX JIEKTPOHA JIJIsi BOJIOPOIa
(a Tak)kKe BOJIOPOIHBIX cUCTeM: aToma Trenus He', nutus Li** u JIp.) CBOAMUTCS
K 3aJ1a4e O JIBUKEHUU BJIEKTPOHA B KYJIOHOBCKOM TOJIE SApA.

[ToTeHnnanbpHast SHEPrUsl B3aUMOJICUCTBUS SJIEKTPOHA C SIAPOM, 00Ja-
JaroIMM 3apsaoM Ze (s atoma Bogopoga Z = 1),

2
u(r) =—koz%, (3.2.2)
rae I' — pacCTOSTHUE MEXKIY JJIEKTpOoHOM U siapoM. ['paduueckn yHkims
U(r) uzobpaxkaercs Ha puc. 3.2.2 xupHoi kpuBoit. U(r) ¢ ymMeHbIIeHHEM I
(ipu PHUOJIMKEHHUH JIEKTPOHA K S7IPY) HEOrpaHUUEHHO yOBIBAET.

EU}
E>0

0////////////////////////////// s

Nhj wtij prq i

IS

Puc. 3.2.2

CocTosiHME 5JIEKTPOHA B aTOME BOAOpPOAA OINMCHIBAETCS BOJHOBOW
bynaknuen Y, yaoBieTBopsroIien cranmonapHomy ypasHenuto [llpenunrepa,
YUHUTBIBAIOIIEMY 3HaueHHUs (3.2.2):
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2
% E+koZTe ¥=0, (3.2.3)

VA +
r7Ie M — Macca 3JIEKTpoHa,; E — rmosHast s3Heprus 3JIeKTpoHa B aTOME.
PaccmoTtpuMm sHepruto snekTpoHa. B Teopum auddepeHnnambHbIX
ypaBHEHUH JOKa3bIBa€TCsA, YTO ypaBHeHMs Tuna (3.2.3) MMEIOT pelIeHuE,
YAOBJIETBOPSIOIIEE OJJHO3HAYHOCTH, KOHEYHOCTH M HENPEPHIBHOCTH BOIHO-
BOI QpyHKIMH V¥ TOJIBKO MPHU COOCTBEHHBIX 3HAYCHUSIX YHEPTHUH

2.4
m.Ze” 1
Ey=—"55 >, (3.2.4)
8h €0 n
rnien=1,2,3, ..., T.e. UMeeT JUCKPETHbII HAOOP OTPUIIATEIHHBIX 3HAUYCHUM

SHEPTHUH.

Takum 00pa3om, KaK U B Clly4yae MOTEHUUAIBHON SMbI ¢ OECKOHEYHO BbI-
COKMMHM CTE€HKaMH, peleHue ypaBHeHus Illpenuurepa majisi aroma Boaopoja
MIPUBONT K MOSIBIICHUIO OUCKPEMHBIX IHEP2emuiecKux ypoeneii. Bo3MoxHbIe
3Hauenus Ej, Ep, Ej, ... mokazansl Ha puc. 3.2.2 B Bujie TOPU30HTAIBHBIX MO-
noc. Camblii HUBKHMI ypoBeHb Ej, OTBeHaronmii MUHUMAJIbHON BO3MOXKHOM
SHepruu, — ocnoenout (N = 1), Bce ocranpubie E, >E (N =2, 3, 4, ...) — 603-
oysycoennvie. llpn E <0 dsuoicenue snexmpona aensiemcs c6i3aHHbIM — OH
HaxOJIUTCA BHYTPU THIEPOOIIMYECKOM MOTeHUUanbHOU simbl. U3 puc. 3.2.2
CJIEIyEeT, YTO IO MEPE pOCTa INIABHOTO KBAHTOBOI'O YKCJA N SHEPreTHUYECKUE
YPOBHHU pacroJyiaratotcs Teciee u nmpu N —o E —0.

Ilpu E > 0 osudwcenue snekmpona cmanosumcs. c60000HbIM, T.€. 00-
nacms E >0 coomeememeyem uonuzuposannomy amomy.

Wraxk, eciiu bopy mpHIIIOCch BBOJUTH JOTIOTHUTEIBHBIC THIIOTE3BI (TI0-
CTYJIATBI), TO 68 KAHMOBOU MeXAHUKe OUCKPEMHbLE 3HAYEHUs IHeP2UU, S16]is1-
ACh CIeOCMBUeM Camoll meopuu, 8blMeKaron HenocpPeoCmeeHHO U3 PeueHUs]
ypasuenus Llpeduncepa.

3.2.2. KBaHTOBBIC YHCJIA

B kBaHTOBOM MexaHUKE JOKa3bIBaerTcs, 4To ypaBHeHHUIO lllpenunrepa
YIOBJIETBOPAIOT COOCTBEHHBblE (yHKIMH V|, OmNpeaensiemMble HaOOpoOM

TpEX KBAaHTOBBIX YUCEIL: 21A6H020 N, opoumanvhozo | v« maznumnozo m.
I'nagnoe keanmoesoe uucno N xapakmepuzyem paccmosHue 31eKmpoHa
om 0pa — paouyc opoumol.
Cornacuo (3.2.4) n omnpeaeisieT dHEPreTUYECKUE YPOBHU DJIEKTPOHA
B aTOM€ M MOXXET NMPUHUMATH JIFOOBIC IETOYHMCICHHBIC 3HAUYCHUS, HAYWHas
C JUHUIIBI.
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B aTtomHOl (pu3MKE COCTOSIHHS AJIEKTPOHA, COOTBETCTBYIOIIUE TJIABHO-

My kKBaHTOBOMY umciy N (N =1, 2, 3, 4, ...), npuHATO 0003HAYaTh OYKBaMHU
K,L, M, N, ...

0 1123 |4
K|{L|M|N
Opoumanvnoe xkeanmosoe uucao | =0, 1, 2, ..., n— 1 xapaxmepusyem

INMURMUYHOCMb 0pOUmMbL d1ekmporna (puc. 3.2.3) u onpeaenseT MOMEHT UM-

—

nyJibca AJIEeKTpoHa L .

Puc. 3.2.3

2 .
KBagpar monyns ¢yHkumm “P‘ XapaKTEpU3yeT BEPOATHOCTb HAUTH

AJNIEKTPOH B 3aJaHHON Touke. OOracmes npocmpancmea, B KOmopou 8biCOKA
sepossmuocmeb ooHapyscums 2nekmporn (He menee 0,95), nazviearom opou-

mavio. OCHOBHBIC THITBI OpOHUTalieli 0003HavaroT OykBamu S, p, d, f, ... (oT
cios sharp, principal, diffuse, fundamental).
| 01 ]2
s|p|d|f

JIBa Tumna opOutaneit — S (oHa ojHa), P (MX TpHU), MO KOTOPHIM «pa3ma-
3aH» 3JIEKTPOHHBIN 3apsijl, — MOKa3aHbl Ha puc. 3.2.4.
V4

§ y
x
Z
z z y
p y Py P, .
£ A
\ Y x X X
|
N4
Puc. 3.2.4
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Opbumanu uacmo HA3bl18aI0M NOO0OOIOUKAMU 000704EK, NOCKOILKY
OHU XApaKmepuzyiom Gopmsl paszHulX opoum, Ha KOMOPbIX MO}CHO 0OHApY-
AHCUMB DJIEKMPOHDL, HAXOOAUWUECsL 8 00HOU 000a0uKe (TIPU 3aJaHHOM KBaHTO-
BOM 4HcJIe N).

Pemas mocnenoBarenpHO 3a7ady 00 3JEKTPOHE B MPSMOYTOJIBHOU IMO-
TEHI[MAIBHON SIME, MBI JIOKa3aJH, YTO JHEPTUs U TOJOKEHHUE HIIEKTPOHA
K8AHMYIOMcs, T.€. NPUHUMAIOM OUCKDEemHble 3HAYEeHUS.

Pemas ypaBuenus lllpenunrepa ans atroma, MOKHO MOJTYYUTh BhIpaXke-
HUS JUTsl DHEPTUH, MOMEHTA UMITYJIbCa U IPYTUX AUHAMUYECKUX TIEPEMEHHBIX
AJIEKTPOHA 0€3 MPUBJICYCHUS KaKMX-THOO MOCTYJIaTOB.

PaccmoTtpum (6€3 BbIBOJIa) IBUKEHUE JIEKTPOHA B OTEHIIMAIBHOM T10-
ne U =-2e%/r.

OOpatumMcs BHOBB K cTalMOHapHOMY ypaBHeHuto Llpeaunrepa:

2m Ze?
| E+ YV =0. (3.2.5)
h r
DTO ypaBHCHHE MMEET PEIICHHE MPU BCEX 3HAYCHUSAX TOJTHOW SHEPTHH
E > 0, uto cooTBeTCTBYET CBOOOIHOMY 3JIeKTpoHY. [Ipu £ < 0 351eKTpoH Ha-

XOAUTCS B MTOTCHIIMAJIBHOM TIOJIE SIpa:
£ _ m.e*z?
" 2h°n?
Takum oOpa3oM, IHepeus npunumaem OUCKpemHble 3HAYUEHUA, T.C.
kBantyerca (N =1, 2,3, ...).
BriBoz Takou ke, Kak U B TeOpUM bopa, HO B KBAHTOBOW MEXaHUKE 3TOT
BBIBOJ] ITOJIYYAETCsI KAK €CTECTBEHHOE ciedcmaue uz ypasuenus Llpeouneepa.
B KBaHTOBOW MEXaHMKE MIMPOKO HCIOJB3YETCA IOHSITHE Onepamop.
[log omepaTopoM NOHUMAIOT NPABULO, NOCPEOCMBOM KOMOPO20 OOHOU

V2P 4

VAN N
@yuxyuu @ conocmasasiemces opyeas pynxkyus f, r.e. £ =Qq, rme Q — cum-
BOJI 0003HAYEeHUS Onepamopa.
Hcrnonw3ys omepaTop 3HEpPruH, cTaiimoHapHoe ypaBHenue IlIpenunrepa
MO’KHO 3aIlicaTh B BUIE

HY=EY.
Omo  mpaduyuonuwlli 6u0 3anucu ypasuenus Illlpeduncepa, 31ech
A hz
H = —2—V2 +U — omeparop sHEPTUu — 2a1bMUMOHUAH.
m

Bo3zaeiictByst Ha BoimHOBYIO (GyHKUMIO ‘P, MOJyYeHHYIO MPU pelIeHUU
ypaBHeHus (3.2.6) omepaTopoM MomeHma umnyivca (IBUKEHUE DICKTPOHA
BOKPYT SiAjpa OCYUIECTBISETCS IO KPUBOJIMHEHHON TPACKTOPUH), MONCHO HO-
JIy4uUms 8vbipadicenue 0t MOMEHMa UMnYbea.
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I[JDI MOMCHTA NMITYJIbCa B KBAaHTOBOM MEXaHUKE BBOIATCS 4CTBIPEC OIIC-
AN

paTopa: omepaTop KBajpaTa MOMEHTa MMIyjJbca L2 u Tpu omepaTopa mpo-
A AN N
€KL MOMEHTa UMITyJIbCa Ha OCU KOOpAMHAT L, Ly, L,.

OKa3aJ'IOCB, 9TO OJHOBPCMCHHO OIIPCACIICHHBLIC 3HAYCHUA MOT'YT UMCTb
JIMIb KBaApaT MOMCHTA UMITYJIbCa U OAHA U3 HpOeKLII/Iﬁ — Ha KOOPpAWHATHBIC
OCH. I[Be APYIryuc MpoCKUKUKU OKA3bIBAIOTCA IIPHW 3TOM COBCPHICHHO HCOIIPCIC-
JICHHBIMH. DTO O3HA4YacT, 4TO «BCKTOP» MOMCHTA MMITYyJIbCa HC UMCCT OIIPC-
ACJICHHOI'O HAIIpaBJICHUA U, CJICIOBATCIbHO, HC MOXKCT OBITH H306pa}KeH, Kak

B KJIACCUYECKOU MCXAHHKCEC, C IIOMOIIBIO HAIIPABJIICHHOT'O OTPC3Ka HpSIMOﬁ.
A

Pemenne ypasaenus L2W =[2¥ gensgercsa oueHb TpyaHBIM. 1loTOMY
OTPAaHUYMMCS TOJIBKO KOHEYHBIM PE3YIbTATOM.
CobcmeenHoe 3Hauerue OpOUMAIbHOZ0 MOMEHMA UMNYIbCA

L=aI(1+1),

rae | — opburansnoe kBanToBoe uncio (=0, 1,2, ...,n—1).
Ecnu oOpaTuThes K MpUBBIYHOM HAM MOJIEIHM aToMa, TO N XapakTepu3y-
€T CpeIHee PacCTOSIHHUE JICKTPOHA OT sijpa (paauyc opOuThI), | — samunTruy-

HOCTH OPOUTHI.

W3 Beipaxenus st L BUaHO, 94TO OpOMTANBHBIN MOMEHT HMMITYJIbCa
AJIEKTPOHA B aTOME TOKE KBAaHTYETCSI.

OCHOBHBIM COCTOSHHEM DJJIEKTPOHA B aTroMe BOAOPOJA SBISETCS
S-cocrosinue. Eciu BeraucnuTh Hanboiee BEPOATHOE PACCTOSIHUE OT sApa JJis

h? . .
9NIEKTPOHA B S-COCTOAHMH, MOIYYHUM [} = —— — 3TO NEPBHIii OOpOBCKHii pa-
me
1 h2
anyc (BCU rp=— ).

JUist ipyrux 3Ha4Y€HUW N MOJYYUM BBIPAKEHHSI, COOTBETCTBYIOLIUE 0O-
POBCKHM OpOHUTAM.

bopoBckre opOUTBI AJIEKTPOHA MPENCTABISIOT COOOW Ie€OMETPUUYECKOE
MECTO TOYEK, B KOTOPBIX C HAWOOJIbIIEH BEPOSTHOCTHIO MOXET OBITh OOHA-
PYKEH 3JIEKTPOH.

ITo Teopun bopa, eeposmnocms naxooicoenus snekmpona npu nio00bix
Opyeux 3Hayenusix ¥, kpome ¢ =1y, pasna nymo (puc. 3.2.5).
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P(r) /B_Op

KB.mex

]/i r

Puc. 3.2.5

CoryiacHO KBaHTOBOM MEXAaHMKE 3Ta 8ePOAMHOCMb 00CmMUcaenm MAaKcu-
ManbHO20 3HaAYeHus auwb npu I = . JIoImycKaeTcsl HaX0XkIeHUE IEKTPOHA

Y Ha JIPYTUX PACCTOSHUAX OT SApa, HO C MEHBIIIEN BEPOSITHOCTHIO.

3.2.3. IIpocTpaHCTBEHHOEC KBAHTOBAHME

W3 npeacTaBieHnit kiiaccuueckon (GU3MKUA CHEAYyeT, YTO OPOUTAIbHBIN

—

MOMEHT MMILYJIbCA DJIEKTPOHA L, M NPONOPIMOHAIBHBIA €My MarHUTHBIN

—

MOMEHT P,, OpHEHTHpOBaHbI NEPHEHIUKYJISAPHO IIOCKOCTU OPOMUTHI BJIEK-
TPOHA U MPOTUBOIIOJIIOKHO HarpaBlieHk! (puc. 3.2.6).

Pm
n 1
De
v
L

Puc. 3.2.6

Mesxny L u Py, cyliecTByeT CBsi3b:

—

~ e -
Pr :_YLe:_RLe’
e

€
rac y= 2— - opﬁumaﬂbnoe CUPOMACHUMHOE OMHOULIeHue.
m
e

Takas CBsA3b BEKTOPOB COXpaHsETCs U B Teopun bopa.
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B keanmoeoit mexanuke, eCTECTBEHHO, HE MOXKET OBbITh yKa3aHa OpH-

—

eHTauus L U P, OTHOCHUTENBHO IUIOCKOCTH 3JIEKTPOHHOW OpOUTHI (OpOUTHI,
B OYKBaJIbLHOM CMBICJIE 3TOT'O CJIOBA, HET).
Jlns yka3zaHHOM opueHTauuu L u P, JOKHO OBITH BBIOPAHO HEKOTO-

poe HampaBleHHe B IPOCTPAHCTBE, U PACTIONOKEHHE L MOXeT GBITh 3a1aHO
YIIIOM MEXIy BEKTOPOM L ¥ 3TUM HampaBIeHHEM. 3a yKa3aHHOE HaIlpaBie-
HUE BbIOMpaeTcss MO0 HAMpaBIEHWE BHEIIHETO MAarHUTHOTO TMOJs, JIMOO
BHYTPEHHETO, CO3aBAEMOI'0 BCEMU AIIEKTPOHAMHU, KPOME PACCMaTPHUBAEMOTO
(1O 3TO TpyAHO M HEyH0OHO). Kak mpaBuio, 6epyT HampaBiIeHHE BHEIIHETO
MarHUTHOTO 1o H , COBMEIEHHOTO ¢ 0ChIO Z.

B knaccuueckolt pusuke mpencTaBisioch caMoO CO00M pa3yMeroIIMCs,
YTO BEKTOpP OPOMTATBHOIO MOMEHTA MMITyJIbca dIeKTpoHa L (uam marHmT-
HOTO MOMEHTA P, ) MOeT ObITh OPUEHTHPOBAH OTHOCHTENHHO BHIOPAHHOTO
HaIpaBJICHUS] MPOU3BOJIBHBIM 00pPa3oM, T.€. IUIOCKOCTh OOpPOBCKUX OpOUT
TOKE MOXET ObITh OPUEHTHPOBAHA MPOU3BOJILHO.

OnHako Takoe MPEANOJIOKEHUE 0Ka3ajloch ONIMOOYHBIM. B KBaHTOBOM
MEXaHUKE CTPOro JIOKa3bIBaeTCs (3TO cienyeT u3 pemenus ypapHeHus Llpe-
muHTepa), uto npoexyus (L,) Bextopa L na manpaenenue énewmnezo mae-
HUMHO20 NOJs 7 MOXKET MPUHUMATD JIUIIb YeloYUCTIeHHble 3HAUYeHUs, Kpam-
Hole h.

L, =mnh.

3mece m =0, £1, £2, ..., £l — maznummnoe keanmosoe uucno; | — opoutaib-

HOE KBAaHTOBOE YHUCJIO, ONPEIETSIONIee MOAYJIb BEKTOpa L /i — ecTecTBeHHAsI

€JIMHUIIA U3MEPECHUS MEXaHUYECKOT0O MOMEHTa UMITYJIbca MUKPOYACTHII.
OmnpeenuM BenuduHy Moyt L. Tak Kak IPOEKIMS He MOXKET ObITh

oonbme moayis Bekropa, o M <7, /I(1+1). Orcroga cnemyer, 4ro MakcH-
MaJIbHOE 3HAUYECHUE \m\ =1.

Wrak, m moxer npuHumats (21 + 1) 3nauenuii (I = 0 maer ogHO «IUIII-
Hee» 3HaueHue), T.e. L Moxer npurmMarth (21 + 1) opuenTanmii B npocTpaH-
cTBe. J{efiCTBUTENBHO, pacuienienue InepzemuieckKux ypoeHeil 6 MazHum-
HoMm no.Jie Ob110 00HapykeHo B 1896 r. rommanackuM pusukom I1. 3eemanom
U MOJY4YWJIO Ha3BaHue I¢ppekma 3eemana. Pacuiennenue yposneil snepzuu
60 GHeuwiHeM INEeKMPUYEeCKOM TIOJE TOXE JOKa3aHO SKCHEPUMEHTAIBHO
Y Ha3bIBaetTcs dppexkmom LlImapka.

Ha puc. 3.2.8 mokasaHbl BO3MOXHBIC OPHEHTAIMN BeKTOpa L B cocTos-
HUSX S, P, d.
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N

+2h

N

+h

h

- 2h
S-COCTOSTHHE P -COCTOSTHHE d-cocTosiHue
[=0; [=1; =2;
m = 0; m=011; m=0+] +2;
.= 0 L, =0:th; L,=0,+h,+2h.
Puc. 3.2.7

Takum oOpa3zoM, mnpocmpancmeenHHoe KeaHmMO8aHue nNPUBOOUM
K «pacuienienu1o» IHepeemudecKux yposHeil Ha psao noodyposHell.

3.2.4. Caun 3aexkTpoHa. OnsiT ITepHa u I'epiaxa

B 1922 r. nemenkue ¢puzuku O. lltepn u B. I'epiax mocTaBuim ONbITHI,

IEIbI0 KOTOPBIX OBLJIO M3MEpPEHUE MAarHUTHBIX MOMEHTOB P, aTroMoB pa3-
JUYHBIX XUMUYECKUX DJIEMEHTOB. JIJIsI XMMHUYECKUX AJIIEMEHTOB, 00pasyro-
MUX TMEePBYIO Tpynmny Tadiuibl MeHeneeBa 1 UMEIOIMUX OJWH BaJICHTHBIN
AJNIEKTPOH, MArHUTHBI MOMEHT aTOMa PaBEH MarHUTHOMY MOMEHTY BaJICHT-
HOTO 3JIEKTPOHA, T.€. OJTHOTO 3JIEKTPOHA.

Wnes ombiTa 3aKkiovanack B UBMEPEHUM CHUJIbI, JEUCTBYIOIIEH HA aTOM
B CJIBHO HEOJHOPOJIHOM MarHuTHOM moje. HeoqHOpOAHOCTh MAarHUTHOTO
MOJIs JOJKHA OBITh TaKOBA, YTOOBI OHA CKa3bIBAJIaCh HA PACCTOSIHUSIX TOPSII-
Ka pa3mepa aroMa. TOJIBKO MPU 3TOM MOKHO ObUIO MOJYYHUTh CUITY, AEHCT-
BYIOIIYIO Ha KaXK]IbI aTOM B OTJEIbHOCTH.

CxeMa OIbITa M300pakeHa Ha puc. 3.2.9. B konbe ¢ Bakyymom 10° MM pr. CT.
HarpeBajcs cepeOpsHbIi mapuk K 10 TemmnepaTypbl uCIiapeHus.

AToMBI cepebpa JieTeln ¢ TeIIOBOM CKOpocThio okosio 100 m/c uepes
meneBbie quadparmMsl B U, MPOXOJs Pe3KO HEOJTHOPOTHOE MAarHUTHOE TIOJIE,
nmonajany Ha (OTOIUIACTUHKY A.
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Puc. 3.2.8 Puc. 3.2.9

Ecnm Ob1 MOMeHT nmmynibca atoMa L, (M ero MarHUTHBIH MOMEHT Pp,)

MOT MIPUHUMATh MPOU3BOJIBHBIE OPUEHTALIMU B IPOCTPAHCTBE (T.€. B MArHUT-
HOM I10JI€), TO MOXHO OBLJIO OKHJAaTh HENPEPHIBHOTO pacHpeiesieHus momna-
JaHU aTOMOB cepedpa Ha POTOMIIACTUHKY C OOJIBILION IIIOTHOCTHIO MOMaja-
HUil B cepeaune. Ho Ha onbiTe ObUIM MOTYYEHBI COBEPILIEHHO HEOKUIAaHHbIE
pe3yNbTaThl: Ha (DOTOMIACTHHKE MOJIYUYUIIUCh 06e PE3KUE TOJIOCHI — BCE aTo-
MBI OTKJIOHSUJIUCh B MarHUTHOM IT0JIE JBOSIKUM 00pa3oM, COOTBETCTBYIOIIUM
JUIIb 08YM BO3MOKHBIM OPUEHTALMAM MarHUTHOTO MoMeHTa (puc. 3.2.10).

OTUM JOKa3bIBAICS KG6AHMOGbLL XAPAKmMep MAZHUMHbLIX MOMEHM O
371eKmpor0o6. KoIM4eCTBEHHBIN aHAIN3 [TOKa3ajl, YTO IPOEKIHs MAarHUTHOTO
MOMEHTA IEKTpOHA paBHA Maznemony bopa:

Wy = ze—h =9,27 10" - Tor ™.

e
Takum oOpazom, 11t atoMoB cepebpa Ll tepn u ['epiax momyuusu, 4To
npoeKyusi MacHUMHO20 MoMenma atoma (JIEKTpOHA) HA HAIMpaBJIEHUE Mar-
HUTHOTO TIOJISL YUCAEHHO pasHa mazHemoHy bopa.
HanmomMuum, 4To

p =% L:Z’:1/|(|+1)=,u51/|(|+1).

2m,

Omnbitel [lITepHa n ['epiiaxa HE TOJBKO MOATBEPAWIN MPOCTPAHCTBEH-
HOE KBaHTOBAaHHWE MOMEHTOB MMITYJIbCOB B MarHUTHOM TI0JI€, HO U JaJIM JKC-
MEePUMEHTAIBHOE TTOATBEPKACHUE TOMY, UYTO MAarHUTHBIE MOMEHTHI AJICKTPO-
HOB 7102/Ce COCTOSIT U3 HEKOTOPOTO YHUCIA «3JIEMEHTAPHBIX MOMEHTOBY, T.€.
UMEIOT JUCKPETHYIO IPUpOAY. Eounuyel usmepenus MacHuUmMHbIX MOMEHMO8
IIEKMPOHO8 U amomos sensiemcsi machemon bopa (I — enuHUIA U3MEpEHUS

MEXaHMYECKOTO MOMEHTA UMITYJIbCA).
Kpome Toro, B 3TuX ombITax ObIO OOHAapYy>KEHO HOBOE sBJIcHHUE. Ba-
JICHTHBIN AJIEKTPOH B OCHOBHOM COCTOSTHMHM aToma cepebpa uMeeT opouTalib-
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Hoe kBaHToBoe unciao | = 0 (s-cocrosame). Ho mpu | = 0 L=7#,/I(1+1) =0

(mpoexus MOMEHTa UMITYJIbCa Ha HallpaBJICHWE BHEILIHETO IOJIs paBHA HY-
m0). Bo3HuK BONpocC: MPOCTPAaHCTBEHHOE KBAHTOBAHUE KAKO20 MOMEHTA UM-
MyJbca OOHAPYKUIIOCHh B ATHX OMBITaX M MPOEKIHMsSI KAaKOTO MarHUTHOTO MO-
MEHTa paBHa MarHeTony bopa?

B 1925 r. ctyaents! I ertunrenckoro ynusepeurera ['aynemur u Yien-
OeK NPEeNoI0KUIN CYLIECTBOBAHUE COOCHEEHHO20 MEXAHUUECKO20 MO-
Menma umnynsca y nekmpona Ly (cnuna) 1, COOTBETCTBEHHO, COOCHIGEH-

HO020 MAZHUMHO20 MOMEHMA I71eKMPOHaA Pps.

BBenenue moHsATUA CIMHA Cpa3y OOBSICHWIO pAJl 3aTPyJHEHUN, UMEB-
mKUXCcs K TOMY BpeMEHU B KBaHTOBOUW MexaHuke. 1 B mepByto ouepenb — pe-
3yabpTaroB onbITOB llITepHa u ['epnaxa.

ABTOpBI J1aJld TaKO€ TOJKOBAaHUE CHUHA. DJIEKMPOH — 8PAUAIOUSULICSL
sowok. Ho Toraa ciemyer, 4To «IOBEPXHOCThY BOJIUKA (IJIEKTPOHA) JT0JHKHA
BpallaThCs C JIMHEMHOUN ckopocThio, paBHOU 300 ¢, rae ¢ — CKOpOCTh CBETA.
OT Takoro TOJIKOBaHMS CIIMHA NPULIOCH OTKA3aThCsl.

B coBpeMeHHOM NpEICTAaBIECHUN CHUH KAK 3Aps0 U Macca ecmb C80l-
CMB0 2JIeKMPOHA.

1. lupax BOOCIEACTBUY MOKA3al, YTO CYIIECTBOBAHUE CIIMHA BBITEKAET
13 PEILICHUS PEIISITUBUCTCKOTO BOJIHOBOTO ypaBHeHus LlIpenunrepa.

N3 006mmx BBIBOJIOB KBAHTOBOW MEXAHUKH CIEAYET, UTO CHUH 00JIHCEH

ovimb keéanmosan: L =Nh,/s(S+1), rue S — cnunosoe keanmosoe uucio.

AnanornyHo mnpoexuus cnuna Ha och Z (Lg;) (och Z coBmamaer ¢ Ha-
MPaBJICHUEM BHEIIHEr0 MAarHUTHOTO MOJIsl) TOJKHA ObITh KBAHTOBAHA U BEK-
Top L Moxer umeTh (25 + 1) pasinuHbIX OpUEHTAIMI B MATHUTHOM TIOJE.

N3 onsiToB llTepna u I'epnaxa cienyer, 4To TaAKMX OPUEHTALHAN BCETO
nBe: 2S+1=2, a 3HaumT, S = 1/2, T.e. CIMHOBOE KBAHTOBOC YHCJIO MMEET
TOJIBKO OJIHO 3HAYCHUE.

JIns1 aTOMOB TI€pBOU T'PYIIIIBL, BAJIEHTHBIN JIEKTPOH KOTOPBIX HAXOUTCS
B S-coctosiauu (I = 0), Momenm umnynvca amoma pasen cnuny eaieHmHo-
20 Inekmpona. 11osToMy 0OHapyXEHHOE JIJIsl TAKUX aTOMOB NMPOCTPAHCTBEH-
HO€ KBAHTOBAHME MOMEHTA UMIIYJIbCA B MAarHUTHOM IIOJIE SABJISIETCS J0Ka3a-
TEIbCTBOM HAJIM4YMs Y CIHMHA JIMIIb O8YX OpueHmayuii BO BHEIIHEM TOJIE.
(OnBITHI € 2JIEKTPOHAMU B P-COCTOSIHUM TTOATBEPAMIIM 3TOT BBIBOJ, XOTS Kap-
THUHA MOJIy4YHIIach OoJsiee CII0KHOM, JKeNTas JUHUS HATpUs — TyIUIeT U3-3a Ha-
JUYUS CIIMHA).

Yucnennoe 3nauenue CNUHA I1EKMPOHA —



[To aHanmoruuM ¢ MPOCTPAHCTBEHHBIM KBAaHTOBAaHHEM OpPOUTAIBHOTO MO-
MeHTa L mpoekmusa cnmHa L, kBaHTyeTca (kak m=z=l, tak u mg =4+s).

HpOGKHI/IH CIIMHAa Ha HAIIPpAaBJICHUC BHCIIHCTO MAIHUTHOIO IIOJIA, ABJIIACH
KBAaHTOBOU BGHHQHHOﬁ, OIIPCACIIACTCA BBIPAKCHHUCM

L. =#m

rIe M, — MarHUTHOE CIIMHOBOE KBAHTOBOE YMCIO, Mg ==t1/2, T.e. MOXeT

SZ S

OpUHUMATh TOJBKO JBa 3HA4Y€HUs, yTo W Habmonmaercs B ombiTe LllTepHa
u ['epmaxa.

Urak, npoekyus cnuno8o20 mexaHuuecko2o MoMenma UMnyibca Ha Ha-
npasieHue HeuHe20 MaZHUMHO20 NOJIsL MONXCEM NPUHUMAMb 084 3HAYEHUSL.

L, =+1/2%.

Tak kaK MbI BCCraa MMECM ACJIO0 C IIPOCKOUAMU, TO, TOBOPsA, YTO CIIMH
HMCCT ABC OPHUCHTAIMU, UMCCM B BUAY ABC IIPOCKINH.

HpO@KLﬂ/lﬂ CNUHOB020 MACHUMHO20 MOMEHMA 2JEKMPOHA HA Hanpaeje-
HUe 6HeUHecO0 MAcHUMHKROZO NoJiA

P eh e
msz = HB = = Sz
2m, Mg
Prsz €
OtHolEHNE ——% = ——— =Y — CHUH060€ 2UPOMAZHUNIHOE OMHOUIEHUe.
m
sz e

3.3. MHOI03/IeKTPOHHbIEC ATOMbI

3.3.1. [IpuHIUNBI HEPA3JIUYNUMOCTH TOKIECTBEHHbIX YaCTHII.
@®epMHOHBI U 0030HBI

Ecnu nepeiiti oT paccMOTpeHUs! ABUKEHUS] OJJTHOM MUKPOYACTHULIBI (OJTHO-
ro 3JIEKTPOHA) K MHOTOJIEKTPOHHBIM CHCTEMaM, TO MPOSIBIISIIOTCS OCOOBIE
CBOICTBa, HE UMEIOLIUE aHAJIOTOB B Kiaccuueckol (u3uke. [1ycTh KBaHTOBO-
MEXaHUYECKask CUCTEMA COCTOUT M3 OJMHAKOBBIX YACTHII, HAIIPUMEP AJIEKTPO-
HOB. Bce 97eKTpOHBI MMEIOT OJMHAKOBBIE (PU3MYECKHE CBOMCTBA — Maccy,
AIIEKTPUYECKUI 3apsif], COIMH U JIPYyI'He€ BHYTPEHHUE XapAKTEPUCTUKU (HAIPH-
Mep, KBaHTOBBIE YKciia). Takue 4acTULbl HA3bIBAIOT MOHCOECHIBEHHBIMUL.

Heobxomumble CBOWCTBAa CUCTEMbI OJJMHAKOBBIX TOXKIIECTBEHHBIX YaCTHUIL
MPOSIBISIFOTCS. B (DYHOAMEHMAIbHOM NPUHUUNE KBAHTOBOM MEXaHUKH —
NpUHYUNE HePA3IUYUMOCIU MOXHCOECMEEHHBIX YACMUY, CO2NIACHO KOMOPO-
MY HEBOZMOICHO SIKCNEPUMEHMATILHO PAZIULUNb MOHCOECEEHHbIE YACHUYDI.

B knaccuueckon mexanuke naxe OJUHAKOBBIE YACTULIBI MOKHO Pa3iu-
YUTh 110 MOJI0KEHHUIO B IPOCTPAHCTBE U UMIyJIbcaM. ECIM 4acTHIIbI B KAKOW-
TO MOMEHT BPEMEHH IPOHYMEPOBATh, TO B CIEAYIOIIME MOMEHTHI BPEMEHU

132



MOJKHO IIPOCJIICOUTD 34 TpaeKTopHeﬁ m000i# n3 Hux. Kinaccuueckne HJaCTHUIBbI,
TaKHUM O6p8,30M, 06J'IaI[aI-OT HHAUBUAYAJIIBHOCTBIO, ITIOOTOMY KIIACCHYCCKasd
MCXAaHHKAa CUCTCM M3 OJWHAKOBLIX YAaCTHUI[ IMMPUHOUIINAIIBHO HC OTJINYACTCSA
OT KJIACCUYECKOM MEXAaHUKHU CHUCTEM U3 Pa3JINYHbIX YaCTHUII.

B keanmoesoit mexanuke mnonoxenue nHoe. M3 cooTHomeHus HCOIIpC-
ACJICHHOCTHU BBITCKACT, YTO JII MHUKPOYaCTUL] BOO6H.[€ HCIIPUMCHUMO ITOHA-
THC TPACKTOPHH, COCTOAHUC MHUKPOYACTHUIBI OIMMCBIBACTCS BOJIHOBOM (bYHK—

o o 2
MHUCH, IMO3BOJIAIOMICH JIMIIb BBIYHUCIIATE BEPOATHOCTD ‘lP‘ HaXO0XACHHUSI MHUK-

pOYACTHUIBI B OKPECTHOCTSAX TOM WM MHOM TOYKM NpPOCTpaHCTBA. Ecim xe
BOJIHOBBIE ()YHKIIMM JBYX TOXKJIECTBEHHBIX YAaCTHIl B NPOCTPAHCTBE IEpe-
KPBIBAIOTCSI, TO pa3roBOp O TOM, Kakas 4acTULA HaXOJUTCs B TaHHOM oOnac-
TH, BOOOIIE JIMIIIEH CMbICIA: MOKHO TOBOPUTH JIMIIIb O BEPOATHOCTH HaXOXK-
J€HUsI B JJaHHOM 00JacTh OJHOW M3 TOXKJIECTBEHHBIX yacTull. Takum oOpa-
30M, 8 KBAHMOBOU MEXAHUKE MOACOeCMBEHHble YACMUYbl NOJHOCMbIO Mepsi-
10m 6010 UHOUBUOYATLHOCML U cmaHoeamcs Hepaziudumbvimu. Crenyer
MMOAYEPKHYTh, YTO MPHUHIUI HEPA3INYAMOCTH TOKIECTBEHHBIX YACTHI]
HE ABJISIETCA IIPOCTO CJIEICTBUEM BEPOSTHOM HHTEPHPETALMM BOJHOBOU
(YHKIIMM, a BBOAUTCS B KBAHTOBYI0 MEXAHMKY KaK HOBBII IPHUHLHII, KaK
YKa3bIBAJIOCH BBIIIIE, SIBIIIECTCS (PYHOAMEHMAIbHBIM.

o 2
[IpuHumast BO BHUMaHu€ (PU3NUECKUIT CMBICIT BEIIMYHUHBI “P‘ , NPUHYUN He-
pasaudumocmu MOAHCOECMBEHHbIX yacmuy MOKHO 3aIIMCaTh B CIICAYIOIICM BHJIC:
2 2
“P(X].’XZX :‘\P(Xz,xlx y (331)
rane Xy ¥ Xo — COOTBETCTBEHHO COBOKYIHOCTBH IMPOCTPAHCTBCHHBIX U CHJIO-

BbIX KOOpPJIMHAT MEepBOi U BTOpoil yactull. 13 Beipaxenus (3.3.1) BbITEKaeT,
YTO BO3MOXKHBI J[Ba CiIydas:

P(x1, %) =£¥ (X0, % ),

T.€. IPUHILUI HEPA3IUYMMOCTH TOXKIECTBEHHBIX YACTHUL BEAECT K ONPEIEIICH-
HOMY CBOMCTBY CHMMETpPUHU BOJIHOBOM (pyHkimu. Ecinu mpu nepemene yac-
TUIl MECTAMH BOJIHOBasi (YHKLIHS HE MEHSET 3HAKA, TO OHA HA3bIBACTCS CUM-
MEMPUYHOU, ECIIU MEHSECT — AHmucumMmempuunou. VI3MeHeHne 3HaKka BOJI-
HOBOM (YHKIIMM HE O3HA4aeT W3MEHEHHUS COCTOSIHUSA, T.K. (U3HMYECKUU
CMBICJT UIMEET JIMILb KBaJpaT MOAYJIsl BOTHOBOW (DYHKIUU.

B KBaHTOBOM MEXaHHKE JOKAa3bIBACTCSA, YTO XapAKTEP CUMMETPHUM BOJI-
HOBOW (pYHKIIMM HE MEHSETCSI CO BPEMEHEM. DTO HE SIBISIETCS J10Ka3aTeIbCT-
BOM TOT'0, YTO CBOMCTBA CHUMMETPHUM WJIM AaHTUCUMMETPHUM — NIPU3HAK JAHHO-
ro TUINa MUKPOYACTHII.

VY cTaHOBIEHO, YTO CUMMETPUSI WM AHTUCUMMETPHUSI BOJHOBBIX (DYHK-
UU{ ONpENeseTcs COIMHOM 4YacThll. B 3aBUCMMOCTH OT XapakTepa CUMMET-
pUU BCE 3JIEMEHTapHbIE YACTHUIBI U TTOCTPOCHHBIE U3 HUX CUCTEMBI (ATOMBI,
MOJIEKYJIbI) AENIATCA Ha JABa KJACCa: YACMUUbL C NOAYUEabIM CRUHOM (Ha-
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IpUMep: SJEKTPOHBI, HEHTPOHBI M MPOTOHBI) ONUCHIGAIOMCS AHMUCUMMEN-
PUYHBIMU BOJTHOBLIMU YHKYUAMU U nOOUUHAIOmMCc cmamucmuxke Depmu —
Jupaxa; 5TV 4acTHUIBl HAa3bIBAIOTCS hepmuonamu. Yacmuysvt ¢ Hynesvim,
unu ueaouucieHHvim, cnunom (Harpumep: GOTOHBI, ME30HBI) ONUCHIBAIOM -
¢ cummempuunvimu  pyukyuamu (801HOBbIMU) U NOOUUHAIOMCS CHIAMU-
cmuke boze — Jitnwimenina; 5T 4acTUIBI HA3BIBAIOTCS HO30HAMU.

Cnoorcnvle yacmuysl (HaTIpuUMep, aTOMHBIE SJIpa), COCMAGIeHHble U3 He-
YemHo20 YUcia epmMuoHos, SBIAIOTCA gepmuonamu (CyMMaApHBIN CIIUH —
MOJTYLICIIBIN), a U3 uemno2o — 6030Hamu (CyMMapHBIA CIIMH — IICJIBIN).

3aBUCUMOCTDH XapaKTepa CUMMETPUHU BOJHOBBIX (PYHKIIUN CHUCTEMBI TOX-
JICCTBEHHBIX YaCTHI[ OT CITMHA YacTHUI] TeOpeTHdecku OOOCHOBaHA IIBEHIIap-
ckuM (pusukom B. Taymnm, 9To SBUIIOCH eI1e OJHIM J0Ka3aTeIbCTBOM TOTO, YTO
CTIMHBI SIBIITIOTCS (YyHIAMEHTAITBHON XapaKTePUCTUKON MUKPOYACTHIL.

3.3.2. llpunuun IHayau. Pacnpeaesienue 31eKTpOHOB
B aTOMe 10 COCTOSTHUSIM

Ecnu ToxxnecTBeHHbIE YaCTHUIIBI UMEIOT OJIMHAKOBBIE KBAaHTOBBIC YHCIIA,
TO UX BOJIHOBas (PYHKIIUSI CHMMETPUYHA OTHOCUTEIBHO MEPECTaHOBKU Yac-
tul. OTCro/1a ClieayeT, YTO JBa OJIMHAKOBBIX (DEpMHOHA, BXOSIINX B OJHY
CUCTEMY, HE MOTYT HaxXOJWThCS B OJMHAKOBBIX COCTOSIHUSX, T.K. Mg ep-
MHOHOB BOJHOBast (PYHKIUSI JTOJDKHA OBITh aHTHCHUMMETpUYHOU. O0o0O0mas
OTBITHBIE JaHHbIe, HeMelKui ¢uiznuk-teopetuk B. [laymu cdhopmuposan
HPUHUURN UCKTIOYEHUA, COTIIACHO KOTOPOMY CUCHEMbl (hepMUOHO8 ecmpe-
yarwmes 6 npupooe mojibKO 8 COCHOSIHUAX, ONUCLIBAEMbIX AHMUCUMMEN-
PUUHBIMU 8OJIHOBbIMU PYHKYusAMY (KBAHTOBO-MEXaHUYecKass (popMyIupoBKka
npuHuumna Ilaymnm).

N3 3TOro mosjoxkeHus BbITEKaeT OoJiee mpocTtas GOpMYIUpOBKA MPUH-
uuna Ilaynu, koropast u Oblla BBEJEHA UM B KBAaHTOBYIO Teoputo (1925 r.)
emie 70 MOCTPOCHUsI KBAHTOBOW MEXAaHWKU: @ CUCHieMe 0OUHAKO8bIX ¢hep-
MUOHOG N1100ble 064 U3 HUX HEe MOZYM 00OHOBPEMEHHO HAXOOUMBCA 6 0OHOM
u mom sxce cocmosanuu. OTMETUM, YTO YHCIIO OJJUHAKOBBIX 0030HOB, HAXO-
JSTIUXCSI B OJTHOM M TOM K€ COCTOSIHUM, HE JINMUTHPYETCS.

HanmomHuM, 4TO COCTOSIHUE 3JIEKTPOHA B aTOME OJHO3HAYHO OMpEIeis-
eTCsi HAOOPOM Uemblpex K6AHM0BbIX UUCEN.

® TJIaBHOTO N (n: K, L N, M, )

e opOutaigbHOro | (I =s, p,d, f, ), 0OBIYHO ITHU COCTOSIHUS 0003Ha-
yaror 15, 2d, 3f;

e marautHoro m (m=0,+1 +2, ..., +I);

® MarHWTHOTO CIIMHOBOrO M, (M, ==£1/2).
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Pacnpenenenue 31eKTpOHOB B aTOME MPOUCXOUT 1O npuHuny llaynu,
KOTOPBI MOXKET OBITh CHOPMYIHPOBAH Il aTOMa B TPOCTEHIIIEM BHUJIE:
6 00HOM U MOM Jce amome He Moxcem 0blmb 00jiee 00H020 IIeKMPOHA

C 00UHAKOBBIM HAOOPOM Yemblpex Keanmogwylx yucen —n, I, m, mg:
Z(n, I, m, m)=0wnm 1,

rae Z (n, I, m, m,) — 9KCIIO PIEKTPOHOB, HAXOISAIIUXCS B KBAHTOBOM CO-
CTOSIHHH, OTTMCHIBaeMbIX HAaOOPOM YeThIpeX KBaHTOBBIX ymcen — N, |, m, m,.

Takum obpazom, npunuun [laynu yTBepkaaer, umo oea r1eKmpona, ceés-
3AHHbBIE 8 OOHOM U MOM Jice Amome, pa3iudaromcs 3HAYeHUAMU no Kpai-
Hell mepe 00H020 K6AHN 08020 YUCA.

MakcumanpsHoe uucio Z,(n,l,mg) 371eKTpOHOB, HaXOAAIIUXCA B CO-

CTOSAHHUAX, OIIMCBIBACMBIX Ha60pOM TPEX KBAHTOBBIX YHCECIT — N, l um—u or-
JIMYAOMUXCA TOJIIBKO OpI/ICHTaHI/Ieﬁ CIIMHOB 3JICKTPOHOB, PaBHO

Zo(n,I,m)=2,

100 CIIMHOBOE KBAHTOBOE YHCJIO MOYKET IPUHMMATS JIMIIb JIBa 3HaYCHHs . 1/2
u-1/2.
MaxkcumanbHoe uncio Z;(n,l) 31eKTpoHOB, HAXOSIIMXCS B COCTOSHH-

X, OIPEACIACMBIX IBYMS KBAHTOBBIMH YUCJIAMH — N U I,

Z,(n,1)=2(21 +1).

—

[Tpu 3TOM BEKTOp OpPOMTAILHOIO MOMEHTA MMITYJbCa 3JIEKTpoHa L, Mo-

KeT MpUHUMAaTh B rpocTpancTse (2| + 1) paznuunbix opuenTaiuii (puc. 3.3.1).
MakcumanbHOE 9uciio IJIEKTPOHOB, HAXOASIINXCS B COCTOSIHUSIX, OTpe-
JESIEMBbIX 3HAYE€HUEM TJIABHOTO KBAHTOBOTO YKCIIa N, paBHO

n-1
Z(n)=>"2(21 +1)=2n".
i=0

CoBoKynHocms 31€KMPOHO8 8 MHO20IeKMPOHHOM amome, UMerouux
O0HO U MO Jice 2/la8HOe K8AHMOBOE YUCIO N, HA3bIBAeMCS INEKMPOHHOU
000110uKOIL, Uy cioem.

B xaxmoii u3 000JI09€K 3JEKTPOHBI PACHPEACISIOTCS 10 H00000.104-
Kam, COOTBETCTBYIOIIUM JaHHOMY |.

Obnacms npocmpancmea, 6 KOmopou 8blCOKA BEPOSIMHOCMb O0OHAPY-
AHCUMDB INEKMPOH, HAZBIBAIOT HO0000104KOU, NN opodumanvio. Bun oCHOB-
HBIX TUIIOB OpOMUTAaNeil nmoka3aH Ha puc. 3.3.1.
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Puc. 3.3.1

[TockoJsibky opOUTAIBHOE KBAHTOBOE YMCIIO MPUHUMAET 3HaueHus oT ()
10 N—1, yncno nogo60I04YeK paBHO MOPSAKOBOMY HOMepy N oOonouku. Ko-
JMYECTBO AJIEKTPOHOB B TIOI000JI0UKE OMPEENISIETCS MAarHUTHBIM U MarHUT-
HBIM CIIMHOBBIM KBAHTOBBIMH YHCJIAMH: MaKCHUMAJIbHOE YHCIIO DJICKTPOHOB
B 110j1000104Ke ¢ naHHbIM | paBHOo 2(2] + 1). O603HaueHUsT 000I0YCK, a TaK-
Ke pacrpeziesieHne JIEKTPOHOB MO0 000JI0YKaM M MOA0007I0YKaM MPUBEICHO
B Tab. 1.

Tabnumna 1
I'naBHOE KBaHTOBOE 1 5 3 4 5
YHuCJIo N
CumBoOI 00010YKH K L M N O
MaxkcumanbHOE
YHCIIO 3JICKTPOHOB 2 8 18 32 50
B 000JI0YKE
Opourabioe olol1]o|1l2]ol1|2|3]0o]|1|2]3]4
KBAaHTOBOE 4uCIo |
CuMBoOI
R — 1s|2s|2p |3s|3p|3d|4s|4p|4d | 4f [ 5s |5p |5d | 5f | 59
MaxkcumanbHoe
YHUCJIO AJIEKTPOHOB 212|6|2|6|10/2|61|10(|14|2 |6 |10|14|18
B I101000JI04YKe
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3.3.3. [lepuoanyeckasi cMCTeMa XUMHYECKHUX 3JIEMEHTOB
JI.A. MenaesieeBa

B nauane XIX B. ¢ pa3BuTHeM ujeil XUMUYECKOW aTOMUCTUKUA U METO-
JIOB XMMHUYECKOI0 aHaJin3a TMOSBHIUCH MEPBbIE MOMBITKM CUCTEMATHU3AIUU
AJIEMEHTOB MO0 UX aTOMHOMY BeCY, IPU3HAHHOMY OCHOBHOW KOJIMYECTBEHHON
XapaKTEPUCTUKOMN dIIEMEHTA.

B 1817 r. 1.B. JIé6epeiinep 3aMeTuI1, YTO aTOMHBINA BEC CTPOHIIMS MPHU-
OMM3UTEIBHO COBMAAAET CO CPEAHMM 3HAUCHHEM aTOMHBIX BECOB KallbLIUs
u Oapusi, MpUYeM CBOMCTBA AJIEMEHTOB, cocTaBisromux Tpuaxy Ca—Sr—Ba,
cxonubl. B 1829 r. oH yka3an u Ha qpyrue mpuaowi.

B 1843 r. JI. 'MmenuH npuBen TabauIly XUMHUYECKH CXOAHBIX 3JIEMEHTOB,
paccTaBIEHHBIX IO TpynnaM B ONpPEAEICHHOM Nopsaake. BHe rpynn anemeH-
TOB, BBEpXY TaOJUIbI, | METUH MOMECTHII TpU «OA3UCHBIX)» AJEMEHTa — KH-
CJIOpOJI, a30T W BoAopo. [log HUMM OBLIM paccTaBiICHBI mMpuaosl, a TaKKe
mempaovl U neHmaowl (TPYNIbI U3 YETHIPEX U MATH JIEMEHTOB).

B 1863 r. A. ne llankypTya pacmoyiOXKHJI 3JEMEHThI B HOpAOKe B03-
PACManusi Ux amomMHbIX 6ec08 NO CNUpaiy Ha TIOBEPXHOCTH IHIIUHIpA, pa3-
JEJIEHHOTO Ha BEPTUKAJIBHBIE IMOJOCHL. DIEMEHThI CO CXOAHBIMU XHMHUYE-
CKUMH M (PU3NYECKHUMH CBOMCTBAMHU OKa3bIBAIMCH MPU TOM PACIOJIOKEH-
HBIMHM Ha OJHOM BEPTUKAJIH.

B 1864 r. /I. Heronenac 3aMeTwi, 4TO €CJIM PaCIOJIOXUTh 3JIEMEHTHI
B [IOPSI/IKE BO3PACTAHUSI ATOMHOTO BeCa, TO KaXX/IbIi BOCBMOW 3JIEMEHT, Ha-
YyHas OT BBIOPAHHOTO MPOMU3BOJBHO, B KAKOW-TO Mepe MOA0OEH NEpPBOMY,
KaK BOCbMasi HOTa B MY3bIKaJIbHOW OKTaBe. HbroJeHAC Ha3Ban 3Ty 3aKOHO-
MEPHOCTb 3aKOHOM OKmae. B 1865 r. oH moCTpous Takyro TaOJIHILy.

Opnako tabnuna Heronenaca Oosiee MM MEHEE MPaBUIBLHO OTpakasa
NEPUOJANYHOCTh B U3MEHEHUU CBOWCTB JIMIIb Yy MepBbIX 17 snemeHToB. Ilo-
ATOMY «3aKOH OKTaB» HbrojeHca He MONy4rI TPU3HAHUA, U O HEM 3a0bLIN
Ha JIOJITUE TOJIBI.

B mepuon 1857-1868 rr. V. OmauHT COCTaBMJI HECKOJBKO TaOJIHII.
B tabmume 1857 r. 49 snemenToB ObuM pa3MenieHsl B 9 rpynmnax. B 1861 r.
sTa KiIaccudukanus Oblla HECKOJIBKO YCOBEPIIEHCTBOBAHA: XHMHYECKHU
CXOJHBIE AIeMEeHTbl OJITMHT OOBEUHUI B TPUAbI, TETPAAbl U IEHTA/bl, BHE
ATUX O0BEIMHEHHUI OCTaIMCh BOJIOPOJI, O0p U 0j0B0. Hambosbinii nHTEpEC
npeacTaBiser Tadbnuna 1868 r., B KOTOpoH 3jeMeHTHhl (Tabyuia BKIIHOYaia
45 s1emMeHTOB U3 62 U3BECTHBIX B TO BPEMsI) PACIIONIOKEHBI B TOPSIKE BO3-
pacTaHusi UX ATOMHBIX BECOB.

B 1864 1. JI. Meiiep onyOnaukoBaia TaOJIUILy SJIEMEHTOB, COCTOSIIYIO U3
JIBYX 4acTe, B KOTOpo# 44 snemMeHTa ObUTH PaCcCTaBIIEHBI B IMIECTH CTOIONAX
B COOTBETCTBUU C UX BAJIEHTHOCTHIO (BBICIIEH) IO BOJIOPOY.
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B 1869 r. JI.11. MenpaeneeB omkpuvln nepuoouiecKuil 3aKkoH xumuue-
CKUX U (pu3uyuecKux ceoicme 3J1eMeHMOo8 8 3a6UCUMOCHU OM AMOMHOI
Mmaccwt (puc. 3.3.2). BBIICHWIOCH, UTO €CJIA PACTHOJIOKUTh BCE XUMHUECKUE
AJIEMEHTHI B TIOPSIKE BO3pPACTAHUS MX aTOMHBIX Macc, TO OOHapy>KMBAETCS
CXOJCTBO (hM3UKO-XUMHUECKUX CBOMCTB AJIEMEHTOB. Uepe3 mpoMeKyTKH, Ha-
3bIBAEMBIC HEPUOOAMU, DIIEMEHTHI, PACIIOJIOKCHHBIC B OJHOM BEPTHUKAITHLHOM
Py — 2pynne 3jiemMeHmo6, OOHAPYXHBAIOT TOBTOPSIEMOCTh (PU3UYECKUX
M XUMUYECKUX CBOWCTB. Bo BpemeHa MeHpeneeBa ObUTH M3BECTHBI 64 diie-
MeHTa. PacronoxuB ux B cuctemMy, MeHaeneeB B HEKOTOPBIX CITydasx J0J-
KeH ObUT OTCTYNMUTh OT MPHUHIIMIIA CBS3HM MEPUOJUIHOCTH C BO3paCTaHHEM
atomHoi Macchl (K u Ar).

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 »TOM YacTh KJIETOK MEPHOIUYECKON CHCTEMBI OKa3ajach CBOOO/I-
HOM, T.K. COOTBETCTBYIOIIME UM DJIEMEHTHI TOT/A €II¢ HE ObUIA OTKPHITHI.
MeHieneeBy yaajloch HA OCHOBAHUM CBOEU CHCTEMBI MPEJICKa3aTh CYILIECTBO-
BaHME Psifia HOBBIX XMMHUYECKUX AJIEMEHTOB (TaJIUi, CKaHIUM, repMaHuil U Ap.)
Y OIKHCAaTh UX XMMUYECKUE CBOMCTBA.

B nanpHeiimem Bce 9TH AJIeMEHTHI ObLUTH OTKPBITHI U TipecKka3aHus MeH-
JIeJieeBa MOJHOCTBIO MOATBEPAWINCH. EMy yanoch Takke BHECTU YTOUHECHMS
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B 3HAYEHUS] ATOMHBIX MAacC U XUMHUYECKHE CBOMCTBA HEKOTOPHIX AJIIEMEHTOB.
Tax, aToMHBIE Macchl OepUILIUS, TUTaHA, 1IE3UsI U ypaHa, BHIYUCIICHHBIE HA OC-
HOBE 3aKOHa MeH ieneeBa, 0Ka3alliuCh MPaBUIILHBIMU, a JAHHBIE O HUX, U3BECT-
HBIC paHee, — OMHMOOYHBIMH. ITO SBUIIOCH TpuyMdpom [leproaudeckoit cucre-
MbI XUMHU4YECKHX 3JieMeHTOB JI.J. MenaeneeBa. SBiIssaCh OQHUM U3 BaXKHEHIIINX
3aKOHOB €CTECTBO3HAHUS, MEPUOINYECKUN 3aKOH MeH/ieneeBa COCTaBsIeT Oc-
HOBY COBPEMEHHOM XMMHHU, aTOMHOM U STACPHON (PU3UKH.

DU3NYECKUN CMBICI TTOPSAKOBOIO HOMepa Z dJeMEHTa MEePUOINYSCKOM
cucteMbl MeHieneeBa ObUT BBISICHEH B sIIEpHOM Mojenu atroMa Pesepdopna.
IHopsaokoevlit Homep Z In1emenma cosnadaem ¢ YUCI0M HPOMOHOE — TIO-
JIOKUTEIIBHBIX 3JIEMEHTAPHBIX 3apsoB B aape. Uuciao ux 3aKOHOMEpPHO BO3-
pacTaeT Ha €AUHUILY NPU MEPEXOJIE OT MPEABIIYIIET0 XUMUUECKOTO 3JIEMEH-
Ta K MOCICAYIOUIEMY. Imo HuUCl0 coenadaem ¢ O0OWUM KOJAUYECHIBOM
IJIEKMPOHOE 6 Amome OAHHO20 IJ1eEMEHMA.

XUMUYECKHE CBOMCTBA JIEMEHTOB, UX ONTUYECKUE M HEKOTOpHIE JIPY-
rue puznyueckue CBOMCTBa OOBICHSIIOTCS MOBECHUEM BHEITHUX AJIEKTPOHOB,
HA3bIBAEMBIX 6AJCHMHbIMU, UAU onmuyeckumu. [1eproaMIHOCTE CBOMCTB
XUMUYECKUX DJIEMEHTOB CBSI3aHA C MEPUOJUYHOCTHIO B PACIOJIOKEHUU Ba-
JICHTHBIX JJICKTPOHOB aTOMa Pa3IUYHBIX AJIEMEHTOB.

OObsicHeHue cTpoeHus llepuoandeckoit CUCTEMBI AJIEMEHTOB, TEOPETH-
YeCKOe MCTOJIKOBAHHE IEPHOINYECKON CHUCTeMbl MeHjeneeBa ObLIO JaHO
B KBaHTOBOW Teopun bopom B 1922 1., elie 10 mosIBICHUS KBAaHTOBOW MeXa-
Huku. [locnenoBarenbHas TEOpUsi MEPUOJUUECKON CUCTEMbI OCHOGBIBACHICA
Ha C/1e0YIOUUX NOJIOHCCHUAX.

e 00IIICE YMCIIO DJIEKTPOHOB B aTOME JJAHHOT'O XMMHYECKOTO AJIEMEHTa
PaBHO MOPSAIKOBOMY HOMEPY Z 3TOTO dJIEMEHTA;

e COCTOSIHME DJICKTPOHA B aTOME OMPEENIeTCs] HA0OpPOM €r0 YEThIpeX
KBaHTOBBIX ymcen: N, |, m, mg;

e pacrpezesieHUe 3JEKTPOHOB B aTOME IO HEPIeTUYECKUM COCTOSIHU-
M JOJKHO YIOBJIETBOPATH MPUHIMITY MUHUMYMa MOTEHIIMATILHON YHEPTHU:
C BO3pAaCTaHUEM YHKCIA 3JIEKTPOHOB KaXKJbIM CIEAYIOUINI 3JIEKTPOH JO0KEH
3aHATHb BO3MOXKHbBIE SHEPI€TUYECKUE COCTOSIHUSI C HAUMEHbBIIIEH SHEPrHUeii;

e 3aIOJIHEHUE AJIEKTPOHAMHU YHEPTETUUECKUX YPOBHEH B aTOME JIOJIKHO
IPOXOAUTH B COOTBETCTBUU ¢ MpuHItMioM [laymu.

[Topsmok 3amoNHEHUsT SJCKTPOHAMHU COCTOSHHUM B Pa3IMUYHBIX CIOSAX
(obosoukax), a B mpenenax oJHON 000J0YKH — B MmOArpyImnax (moao60ao04-
Kax) JIOJDKEH COOTBETCTBOBATH MOCIIEI0BATEILHOCTH PACIIONOKEHHSI SHEPTe-
THUYECKUX YPOBHEH C pa3IMUHBIMU 3HAYCHUSMH KBAaHTOBBIX uuces N u .

Takum oOpazoM, OTKpbITasT MeH/eneeBbIM MePHOJUIHOCTh B XUMUY -
CKHX CBOMCTBaxX JJIEMEHTOB OOBSCHSETCS TOBTOPSIEMOCTHIO B CTPYKTYpe
BHEIIHUX 00O0JIOUEK y aTOMOB POJICTBEHHBIX 3JIeMEHTOB. Tak, MHEpTHbBIE Ta-
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3bl UMEIOT OJIMHAKOBBIC BHEITHHE 00OJIOYKH M3 BOCHMHU 3JIEMEHTOB (3aKJIIO-
YCHHEBIE B S- M P-COCTOSHHUSIX ); BO BHEIIHMX 000JI0YKaX IIEIOYHBIX METAJIOB
(Li, Na, K, Rb, Cr, Fr) umeercs nuiib oquH S-3JEKTPOH; BO BHENTHEH 000-
JIOYKE IIeJI0YHO-3eMeNbHbIX MeTaimioB (Be, Mg, Ca, Sr, Ba, Ra) umeercs
2s-snmextpona; ramouasl (F, Cl, Br, I, At) uMeroT BHeNIHNE 000JIOYKH, B KO-
TOPBIX HEOCTAET OJTHOTO AICKTPOHA 10 000JOYKH HHEPTHOTO Ta3a, u T.1I.

B nacTosimee Bpemst oTkpbIT 118 sanement — Uuo.

3.4. ®u3uKa aTOMHOIO siApa

3.4.1. 3apsapa, macca, pa3Mep U COCTAB aTOMHOIO S/Ipa

Hccnenysa nmpoxoxAeHUE 0-4aCTULBI Yepe3 TOHKYIO 30JI0TYHO (DOJbTy,
3. Pesepdopa npuién K BBIBOAY O TOM, YTO aTOM COCTOUT U3 TSXKEIOTO MO-
JIOKUTENILHO 3aPsHKEHHOTO SIIpa U OKPYXKAIOLIUX €0 3JIEKTPOHOB.

Aopom Hazvieaemcs yeHmpaivHas yacms amomd, 8 KOmopou cocpeoo-
MoueHa NPAKmMuUYecKy 8CsL Macca amoma U e20 NoJIOXCUMEbHbL 3aps0.

B cocmae amomnozo adpa éxooam 3nemeHmapHvie 4acCmuybl. NPOMOHbL
U Heimponst (HYKA0HBL OT JIATHHCKOTO cjioBa Nucleus — s0po). Takast npoToH-
HO-HEUTpPOHHAs! MOZIETh si/ipa ObuIa TpesioxkeHa copeTckuM (uzukom JI.J1. MBa-
HeHKO B 1932 1. TIpoTOH MMeeT NONOKUTENbHBIH 3apsy e =1,6° 10" K u Maccy
IIOKOst My, = 1,673-10%"kr = 1836m,. Heiitpon (N) — HeHTpabHas YaCTHIA
¢ Maccoit okost M, = 1,675-10 %"kr = 1839m, (e Macca 3IeKTpoHa M, pas-
na 0,91-10*'kr). Ha puc. 3.4.1 npuBeneHa CTpyKTypa aToMa Telns 10 Mpe-
cTaBlieHUsM KoHIla XX — Hauyana XXI B.

kBapk (<1012 m)

HyinoH {~10% u)

anpo (~10:14 n)

anektpoH (<10-1% m)

atom (~10710 m)

Puc. 3.4.1

3apsao aopa paBeH Ze, rae € — 3apsA]l NPOToHA, Z — 3aps00680e Hucio,
PaBHOE NOPsAOKOBOMY HOMepy XUMHUYECKOro sjieMeHTa B I[lepmoamdeckoi
cucreMe aneMeHToB (.M. Menneneesa, T.e. yucily IpOTOHOB B siape. Yucio
HEUTpOHOB B syipe obo3nauvaercs N. Kak mpasuno, Z > N.
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B Hacrosiiee Bpemst usBecTHsl siapa c Z =1 go Z = 107-118.

Yucio HykJIOHOB B siape A = Z + N Ha3bIBaeTCs MACCOGLIM YUCIOM.
Snpa ¢ oguHaKOBbIM Z, HO pa3IMYHbBIMU A Ha3bIBAIOTCA uzomonamu. Sapa,
KOTOpBIE MTPH OAMHAKOBOM A UMEIOT pa3Hble Z, Ha3bIBAIOTCS U300apamu.

SIapo 0603HAYACTCS TEM K€ CHMBOIIOM, UTO H HEHTPaIbHBIT aToM 4 X |,
rae X — CUMBOJI XUMU4eckoro 3nementa. Hanpumep: Bogopoa Z = 1 umeer
TPHU W30TOMA! 11H —mpormit (Z=1,N=0), °H — peitrepuit (Z=1, N = 1),
f H — tpurnii (Z = 1, N = 2); onoBo umeer 10 uzoTomnos u T.1. B mogassio-

meM OOJBIIMHCTBE H30TOIBI OJHOTO XMMHYECKOTO JJIEMEHTa 00J1alaroT
OJINHAKOBBIMH XMUMUYECKUMH U OJIM3KUMHU (pr3ndeckuMu cBoiicTBamu. Beero
u3BecTHO okoJjio 300 ycroiuuBbIX M30TONOB M Oosiee 2000 ecTecTBEHHBIX
1 UCKYCCTBEHHO MOJIYUYECHHBIX PpAOUOAKMUBHBIX UZ0MONOE.

Pa3zmep snpa xapaktepusyeTcsi paguycoM siapa, UMEIOIINM YCJIOBHBIN
CMBICII BBUY Pa3MbITOCTH I'paHulbl sapa. Eme O. Pesepdopn, ananuzupys
CBOHM OIIBITHI, MOKA3aJl, 4TO pa3Mep siapa MPUMEPHO PaBEH 10" ™ (pa3mep
aToMa paBE€H 107 m). CymectByeT ammnupuyeckas gopmysa s pacuera
paauyca siapa:

R=R, Al/3
rme Ry = (1,3 = 1,7)- 10 ° M. Otcroma BUAHO, 9TO 06BEM SIpa IPOMOPIIHOHA-
JIEH YUCITYy HYKJIOHOB.

[I10THOCTE SAEPHOTO BEILIECTBA COCTABISET IO MOPANKY BEJIHMYHHBI
10Y" kr/M® u mocrosHHa s Bcex saep. OHa 3HAYUTENBHO MPEBOCXOAUT
TJIOTHOCTH CaMbIX TUIOTHBIX OOBIYHBIX BEIIECTB.

[TpOTOHBI M HEUTPOHBI ABISIFOTCS hepMUoHamu, T.K. IMEIOT CITHH /if2,

Anpo aroMa UMEET cOOCMBEHHbLI MOMEHM UMNYIbCA — CRUH A0PA.

Ly = 13/1(1+1),

rne | — enympennee (nonoe) cnunosoe Keanmogoe Yucio.

Yucno | npuHUMaET LEI0YUCIICHHbIC WK TMToTyIebie 3Hadenus 0, 1/2,
1,3/2,2 u .0 Snpa ¢ uemnvimu A UIMCIOT yenouucienuviti cnur (B SAMHANAX /i)
U TIOJUYUHSIOTCS CTaTUCTHKE hoze — Dunwmetina (0ozonwl). Snpa ¢ neuem-
HblMU A UMEIOT noayyensiil cnux (B €AUHULAX /1) U TOAYUHSIIOTCS] CTATUCTUKE
Depmu — /lupaxa (1.€. 10pa — pepmuonst).

SnepHble YacTUIBI UMEIOT COOCTBEHHBIE MAarHUTHBIE MOMEHTHI, KOTO-
PBIMH OIPEACIISCTCS MATHUTHBII MOMEHT siapa B, B uenoMm. Exnnuneit ns-

MEPEHHsI MArHUTHBIX MOMEHTOB SIIEP CILYKUT A0EPHbLIL MAZHEMOH |\,

eh
Ran =5
2m D
31ech € — abCOoNMIOTHAs BEIMYMHA 3apsiia SIEKTPOHA; M, — Macca MPOTOHa.
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SlnepHslii MaraeToH B Mp/M, = 1836,5 pa3 mensme Maruetona bopa; ot-
CI0JIa CJIEAYET, YTO MAZHUMHbIE CEOUCHEA AMOMOE ONPedenalomcesa maz-
HUMHBIMU CEOTICIMEAMU €20 INNEKMPOHOE.

Mexny cnunom sapa L, ¥ €ro MarHUTHHIM MOMEHTOM UMEETCS COOT-
HOIIICHUE

I:)m,m =Y san LSII[’
TJI€ Vuy — 0EPHOE CUPOMASHUMHOE OMHOUEHUE.

HeiiTpon nimeeT oTpulaTeNbHbId MAarHUTHBI MOMEHT U, = — 1,913,
T.K. HallpaBJICHUE CIIMHA HEUTPOHA U €r0 MarHUTHOTO MOMEHTA MPOTUBOIIO-
J0XHBI. MarHuTHLI MOMEHT IIPOTOHA IOJIOXKUTEEH U PABEH W, = 2,793,
Ero nHanpasieHue coBMaaeT ¢ HApaBJICHUEM CIIMHA TPOTOHA.

Pacnipenienenrie 37eKTpUYECKOTO 3apsiia MPOTOHOB MO fAJpy B oOIIeM
cilydae HECUMMETPUYHO. Mepoil OTKIIOHEHHS 3TOTO paclpeieieHus OT cde-
PUYECKH CUMMETPUYHOTO SIBIISIETCS K8AOPYNOIbHBLL I/ICKMPUYECKUI MO-
menm aopa Q. Ecnu minoTHOCTH 3apsjia CUMTAeTCs Be3Jle OJUHAKOBOM, TO Q
onpenensieTcs TolbKo hopmoii sapa. Tak, s AIUTUIconaa BpaeHus
Q=27,(b2-a2),

3)

rae b — mosdyock smmmMniconma BAOJAR HANpaBJICHUS CIMHA, @ — TOJIYOCh
B MEPIICHANKYJISIPHOM HarpaBiieHuH. J[Jig siapa, BRITSIHYTOTO BIOJIb HAMpaBs-
neHus cnuHa, b > a u Q > 0. s supa, CILTIONICHHOTO B 3TOM HAIPaBIICHUH,
b<awuQ<0. g chepuueckoro pactpezaeiacHus 3apsaaa B sype b =au Q = 0.
DT0 crpaBeAIMBO IS SACp CO CITUHOM, paBHBIM O mu /i/2.

3.4.2. Dueprus cesasu saaep. dedext macebl

HyxknoHbl B sipax HaxXoASTCS B COCTOSIHUSX, CYIIECTBEHHO OTJINYAlO-
MIUXCS OT UX CBOOOJHBIX COCTOSIHUN. 3a MCKITIOYEHUEM siIpa OOBIYHOTO BO-
JIOPOJIa, 80 8Cex A0pax UMEETCSl He MEHEE JBYX HYKJIOHOB, MEXKIY KOTOPBHIMU
CYIIIECTBYET 0CO00€ f0epHOe culbHoe 63aumooelicmeue — TPUTSHKCHUE,
obecrnieynBaroIee YCTOWYMBOCTh SIJIEp, HECMOTPS Ha OTTAJKUBAHHUE OJHO-
MMEHHO 3apsKEHHBIX TPOTOHOB.

e Duepeueil ces3U HYKIOHA 6 A0pe HA3bleaemcs (uzuyeckasn eenuyu-
Ha, pagHas moi padome, KOMOPYIO HYMHCHO CO8ePUIUMb 015 YOAIeHUS HY-
KJ10HA u3 A0pa 6e3 coooujeHus emy KUHemu4ecKoil IHepuu.

o Juepeusn ceaszu aA0pa onpeoesiemcs 8eauduHoU moi pabomol, KOMo-
PYVIO HYJXHCHO CO8epuiumb, 4mobbl pacuenums s10po HA COCMAGIAIOWUE €20
HYKJIOHbL 6€3 NPUOAHUS UM KUHEMU4eCKOU JHepeUulU.

N3 3akoHa coXpaHEHWs DHEPTUU CIEAYeT, YTO MPU OO0pa30oBaHUU sIpa
JIOJKHA BBIJICISITHCS TaKasi SHEPTHUSI, KOTOPYIO HYKHO 3aTpaTUTh MIPH paciiie-
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TUICHUY sIIpa Ha COCTABJISIONINE €r0 HYKJIOHBI. DHEPTHS CBS3H SApa SBISCT-
Csl Pa3HOCTBIO MEXIY dHEpPTHUel BCceX CBOOOIHBIX HYKIOHOB, COCTaBIISIONTIX
AP0, ¥ UX DHEPTHUEH B sIpE.

[Tpu oOpazoBaHuU siipa MPOUCXOAUT YMEHBIICHHE €r0 MacChl: Macca
sipa MEHBIIE, 9€M CyMMa MacC COCTABJISIFOIINX €T0 HYKJIOHOB. Y MEHBIIICHUE
MAacCHl sifjpa MpU ero 00pa3oBaHUU OOBICHSCTCS BBIICICHUEM SHEPTHH CBSI-
3u. Ecmm W, — BenmuumHa sHeprum, BBIICISAIONICICS Py 00pa30BaHUU Spa,
TO COOTBETCTBYIOIIAs €11 Macca

Am:Vh

c2
HAa3bIBACTCS 0eeKmom maccol u xapaxmepusyem YMeHbUIeHUE CYMMAPHOU
Maccol npu 006pazosanuu 0pa U3 COCMAaBIAIOUWUX €20 HYKIOHOS.
Ecmn anpo maccoit My, 00pa3oBaHO U3 Z NMPOTOHOB C Maccol My U U3
(A — Z) HEWUTPOHOB ¢ Maccoi My, TO
Am=Zm, +(A=Z)m, =My,
Bmecto maccsl sapa My, Benu4rHy AM MOXHO BBIPa3UTh YEPE3 aTOM-
HYI0 Maccy My;!
Am=Zmy +(A-Z)m,-M,,,
rae My — Macca BoJopoaHoro aroma. IIpu mpakThdeckoM BbIYMCICHHU AM
Macchl BCEX YAaCTHULl U aTOMOB BBIPAXKAIOTCS B @MOMHBIX €OUHUUAX MACCHL
(a.e.M.). OnHOM aTOMHOH €IMHMIIE Macchl COOTBETCTBYET aTOMHAsl €IMHHUIA
sHepruu (a.e.3.): 1 a.e.n. =931,5016 M»B.
JledeKT Macchl CIIyKUT MEPON SHEPTUU CBSA3U SApa:
W =Amc? =[Zmy, +(A-Z)m, - M, ]-c2.

Yoenvnoit snepzueit ceazu aopa o ., Hazvieaemcs suepeusi ce43u, Npu-

X00AUWasACs HA OOUH HYKIIOH.
W

—TcB

CB A b
Benuunna o, cocraBisier B cpenneM 8 M»aB/myknon. Ha puc. 3.4.2
IpUBEJIEHAa KpHUBas 3aBUCUMOCTU YJIEJIBbHON SHEPrUu CBSI3U OT MacCOBOIO
yucna A, XapakTepu3yrolas pa3jiuyHyl MPOYHOCTh CBSI3€H HYKJIOHOB B Si/-

pax pa3HbIX XMMHYECKHUX DJIEMEHTOB. fapa 3JIEMEHTOB B CPEAHEH YacTH Ie-

puoauueckoir cucrembl (28< A<138), t.e. or 1isi 10 ggBa, HaunOosee

IIPOYHBI.
B stux dnpax o.; 6nuska k 8,7 MaB/uykion. [lo mepe yBennueHus
YuClia HYKJIOHOB B sIpe yJeJibHas dHEprusi CBsi3u yObIBaeT. SAapa atroMoB
XUMHUYECKUX 3JIEMEHTOB, PACIIOJIOKEHHBIX B KOHLIE TEPUOIUYECKON CUCTEMBI
(Hanmpumep, Sapo ypaHa), UMEIOT O ~ 7,6 MdB/HykioH. D10 00BICHSET
BO3MOYXHOCTb BBIJIEJICHUS] SHEPTUU NIPH E€JIEHUU TSKENBIX SIEP.

Q)
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Puc.3.4.2

B 061acTi MaiabIX MacCOBBIX YMCE]T HMEIOTCS OCTPBIC KITUKH» YHGHBHOfI
OHCPIrun CBA3U. MaKCI/IMYMBI XapaKTCPHbI HJIA AACP € YCTHBIMHU YHUCIIaMH

. 4140 12~ 16
IPOTOHOB M HEHTPOoHOB (,He ,"sC,;0), MUHUMYMBI — IS 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 IHep2emuuecKkom cocmoanuu. Ecnu s1po ume-
et sHeprur0 W >W,in, TO OHO HAaXOIUTCA 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’ieKTpoHBOJIBT (M»aB). OTum oObscHsETCS
IIPOUCXO0KJICHUE 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 siipa 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-
nopimonansHo Z+(Z — 1) ~ Z? (napnoe szaumooeticmeue npomonos), u s
KOMITCHCAIIMH 3TOTO OTTAJKUBAHUS SACPHBIM MPUTSHKCHUEM YHCIIO HEHTPO-
HOB JIOJDKHO BO3pAacTaTh OBICTPEE YKCIIa TPOTOHOB.

3.4.3. Sinepuble CHJIbI

SInepHoe B3aMMOJCHCTBHE CBUICTEIBLCTBYET O TOM, YTO B SApaxX CYIIECT-
BYIOT OCOOBIE A0€epHble CUIbL, HE CBOISIINECS HU K OJTHOMY M3 THIIOB CHJI, U3-
BECTHBIX B KJIACCHYECKON (hM3HKE (TPABUTAITMOHHBIX U AJIEKTPOMATrHUTHBIX).

Hoepnoie cunwl asnaiomes kopomroodeucmsayrouumu cunamMu. OHU TIPO-
SIBJISIFOTCSI JIUIITh HA BECbMa MaJIbIX PACCTOSHUSIX 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 MEXKIY IByMs HYKJIIOHAMHU OJIMHAKOBO HE3aBUCHUMO OT 3apsiJ0OBOTO CO-
CTOSIHUSI HYKJIOHOB — IIPOTOHHOTO WJIM HEHTPOHHOTO. 3apsioBasi HE3aBUCHU-
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 HEUmMpoHO8 6 Opyeom. Hanpumep, s1-

3 3
pa remus ,He u TspKenoro Bojgopoda — TpUTHS 1. DHEPruuM CBSI3U ITUX

sanep cocTaBisoT 7,72 MaB u 8,49 M»aB.
PazHocTh 3HEpruii cBs3u snaep, pasHasa 0,77 MaB, cooTBeTCTByET 3HEP-

3
T'MH KYJOHOBCKOTO OTTAJIKMBAHUS JIBYX NMPOTOHOB 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 ¢ BEIMUHHOM
2 ] s Yy

paauyca siIepHbIX CHIL

Hoepnvle cunvl obnadarom c8OUCMEOM HACHIUEHUS, KOMOPOe NpPOsiG-
JIslemcs 8 MmoM, Ymo HYKIOH 8 si0pe 83aUMOOelcmeyen Iulb ¢ 02PAHUYeH-
HBIM YUCTOM OTUNCAUUUX K HEM) COCEOHUX HYKA0HO8. IMEHHO TI03TOMY Ha-
OyrofaeTcs JIMHEHHAas 3aBUCUMOCTb DHEPTUM CBSI3U SiZIEP 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 83AUMOOEICIE)IO-
WUX HYKIOHOG. DTO TOATBEPKIACTCA PA3IMYHBIM XAPAKTEPOM PACCESHUSA
HEUTPOHOB MOJIEKYJIaMU OpPTO- U MapaBojaopoaa. B Monekysne oproBogopoaa
CIIUHBI 000UX MTPOTOHOB MAPaAUICTLHBI APYT APYTY, & B MOJIEKYJIE TTapaBoOJI0-
poaa oHU aHTHUHapauiedbHbl. ONBITHI MOKA3aJIM, YTO PACCESHUE HEUTPOHOB
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Ha napaBogoponae B 30 pa3 MpeBhIIAET pacCcesiHUE Ha OpTOBOAOpOaE. SAnep-
HBIE CUJIbI HE SIBIISIFOTCSI LIEHTPAJIbHBIMH.

Wrak, nepeuucnum odugue ceoicmea A0epHvlxX CUl.

e Maublid paguyc aeicTBus saepHbix cui (R ~ 1 dwm);

OoJbiias BenuurHa sijepHoro noteHumana U ~ 50 M»aB;
3aBUCHUMOCTb SIAEPHBIX CHJI OT CIMHOB B3aUMOJICUCTBYIOIINUX YaCTHLL;
TEH30PHBIN XapaKTep B3aNMOJIECUCTBUS HYKIIOHOB;

AJICPHBIEC CUJIBI 3aBUCST OT B3aMMHOW OpPUEHTAI[UU CIIMHOBOTO U OP-
OMTaILHOTO MOMEHTOB HYKJIOHA (CIIMH-OpOUTAJIBHBIC CHJIbI);

AJIepHOE B3aUMOJIeCTBUE 00J1a1aeT CBOMCTBOM HACHIIICHUS;
3apsiA0Basi HE3aBUCUMOCTb SIIEPHBIX CHIL;

OOMEHHBIIN XapakTep sIACPHOTO B3aUMOCHCTBUS,

® MPUTHKEHUE MEXTYy HYKJIOHaMHU Ha OOJIBIIMX paccTossHUsX (I > 1 Owm)
CMEHsEeTCA OTTAJIKUBaHUEM Ha MajbiX (I < 0,5 Om).

Bzaumooeiicmeue medxncoy HyK10HamMu 603HUKAEm 6 pe3yjibmame Uc-
NYCKAHUA U NO2I0WEHUA KEAHMOE A0EPHO20 noaA — m-Me30H06. OHU Oll-
PEACIISIOT SIAEPHOE MOJIE M0 aHAIIOTHH C 3JIEKTPOMArHUTHBIM IIOJIEM, KOTOPOE
BO3HMKAET Kak cleJcTBUE oOMeHa (hoToHamu. B3zaumopeiicTBue Mexay Hy-
KJIOHAaMU, BO3HMKAIOIIEEe B pe3yJibTaTe 0OMEHa KBaHTaMU Macchbl M, MPUBO-

IUT K mosBiacHuio noterimana Ugy(r):

Uf{(r) =04

e—(mc/n)r
. .

3.4.4. PaanoaKTUBHOCTD

Paouoakmuenocmoro nasvlieaemcs npespaujenue HeyCmoudusvlx uU3o-
MON08 0OHO20 XUMUYECKO20 dNIeMEeHma 8 U30Mmonvl 0py2020 d1eMeHma, co-
npoBoCcOaroueecs: UCHYCKaHUeM HEeKOMOPbLIX Yacmuy.

Ecmecmeennoii  paduoakmugHocCmvlo  HA3b18aeMcsi  paouOaKmus-
HOCMb, HAOIIOOAIOWAACS ) CYWECMBYIOWUX 8 NPUPOOe HEYCMOUYUBLIX U30-
monos.

Hckyccmeennoi  paouoakmu@HOCmbl0  HA3bI8AEMCS  pAOUOAKMUB-
HOCMb U30MONO08, NOJIYUEHHbIX 8 pe3ylbmame s0ePHbIX PeaKyull.

Ha puc. 3.4.3 nokaszaH KJ1acCHYECKHIA OIBIT, O3BOJIUBIINNA OOHAPYKUTh
CJIO’KHBIM COCTAB PAJUOAKTUBHOIO U3Jy4YECHUS.

PaguoakTuBHBIN mpenapar noMemancs Ha JHO Y3KOTrO0 KaHajla B CBHUH-
110BOM KoHTeiHepe. [IpoTuB kaHanma momenianack ¢ororactuHka. Ha BBI-
XOAMBIIIEE U3 KaHalla U3JIy4YeHUE JCUCTBOBAIO CHJIIBHOE MAarHUTHOE IIOJIE,
NEPIIEHAUKYJIIPHOE K Jy4y. Bes ycraHOBKa pa3Melaiacs 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
SHEPTrUU BO30YKJIEHHBIX MPOJYKTOB PaJUOAKTUBHBIX MpeBpaiieHuil. SAmnpo,
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 1a671. 2 mpuBecHBI OCHOBHBIC THITHI PaTMOAKTUBHOCTH.

Tabnuma 2
N3menenne
Tun pagno- N3menenue
AKTHBHOCTH | 3apsia s1pa Z MaccoBOTO Xapakrep Imporecca
yucna 4

Bbuier o-yacTHIlbl — CHUCTEMBI JABYX
a-pacraz Z-2 A-4 IIPOTOHOB U JIBYX HEMUTPOHOB, COEIU-

HEHHBIX BOEJTUHO

B3auMHble mpeBpamieHus B - sApe
B-pacnan Z+1 A . 1 1

HelTpoHa (¢N) u npotona (4P )
B_-pacman Z+1 &n—%p +(_ge+836)
B+-pacman Z-1 A %p—)&n +((1)e+8v6)
OIIEKTPOH- fp—>dn+Qe+dv,)
HBIN 3aXBaT N
(¢ - mm Z-1 4 8Ve u 8Ve — DJIEKTPOHHOE HEUTPHUHO
K-3axBar) Y QaHTUHEHUTPUHO

Jenenue sipa OOBIYHO Ha JiBa OC-
C;I(;I;?:Hoe Z—(1/2)A A—(1/2) A | xonka, WMEIOMIUX MPHOIUZUTEIHHO
g paBHbBIE MACCHI U 3apsiIbl
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Camonpou3BOIBHBIN pacraji aTOMHBIX SIEp MOAYUHSETCS 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 — uucno simep B TOM ke oO0beMe K MOMEHTY BpPEeMEHH t;

A — nocmosannasn pacna()a, HMCIOIIAA CMBICII BEPOATHOCTH pacCliaja sapa 3a

1 cekyHIy W paBHas JoJie SACp, PACHaJarolIUuXCs 3a CAWHWIYY 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, pacnadarowuxca 3a epems dt, nponopyuonansno na-
JAUYHOMY Konuuecmey aoep. Imu npeonoiodcenus 03Ha4aom, 4mo pa-
OUOAKMUBHBLIL PACNAO ABIAEMCA CHAMUCMUYECKUM NPOUECCOM U pacnao
O0AHHO20 A0pa ABNAEMCA CAYUAUHBIM COObIMUEM, UMEIOWUM ONpedeleH-
HYI0 6€POAMHOCHLb.

Benuuuna 1IN pasna cpeoneii npodonncumensnocmu xncuznu (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 SJIEP OTHOCUTEIBHO pacmnaga CIyKUT
nepuood noaypacnaoa Ti,. Tak Ha3bIBae€TCsS 6pemMs, 8 meueHue KOMmopo2o

NepeoOHAYANIbHOe KONUYEeCm80 s0ep OAHHO20 pPAOUOAKMUBHO20 Geuecmed
ymenvuiaemes Hanonosuny (puc. 3.4.4). Csizb A u Typ:
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In2 0,693
Tyjp=—=—""=0,693r.
1/2 N 2 T

EcrecTBeHHast pagnoakTUBHOCTh HAOIIOAETCS Y S/Iep aTOMOB XMMUYe-
CKHMX 3JIEMEHTOB, PACIIOJIO)KEHHBIX 3a CBUHIIOM B llepromndeckoil cucreme
xumudeckux 3nemeHToB .M. MenneneeBa. EctecTBeHHas paluOAKTUBHOCTD

40,, 87 115y, 138
JIETKUX U CPeAHUX sjep HaOmomaercs auub y snep oK, 37Rb, “49In, =7la,
147 175 187
[Ipy paanoaKTUBHOM pacIaje sACP BBIMOJIHICTCS 3aKOH COXpPaHCHHUS
AIIEKTPUYCCKOTO 3apsi/ia
Z,.=Y 7,
i

rae Zg,€ — 3apsa MaTepPUHCKOTO sapa; Zi€ — 3apsibl AAep U YacTHIL, BO3-
HUKIIHUX B pe3yJbTaTe PaAMOAKTUBHOIO pacnaga. ITOT 3aKOH MPUMEHSETCS
IIPU UCCIIETOBAHUU BCEX SACPHBIX PEAKIIHA.

Ilpasuno coxpanenus maccoevix uuces NPU SBICHUSIX €CTECTBEHHOMN
PaANOAKTUBHOCTH:

Asm = ZAi ,

rae A;; — MaccoBO€ YMCIO MAaTEpPUHCKOro sAnpa; Aj — MaccoBbIe YHCIIa AJEp
WJIM YaCTUL, OJIYYMBIIMXCS B pe3yJIbTaTe paJuOaKTUBHOIO pacnaja.

Ilpasuna cmewenusn (npasuna @asnca u Cooou) Npu paauOaAKTUBHBIX
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

EcTecTBeHHO-painoakTUBHBIE sapa 00pa3ylOT mpu paouoaKxmueHuLX

. . 238 .
cemelicmea, Ha3bIBaGMBIX CeMEHCTBOM ypaHa (“g,U), cemeiictBom Topwus

232 . 235
(“5oTh) u cemeiictBom aktunus (“59AC). CBOM Ha3BaHHs OHU HOJYYHIIH T10

«POJIOHAYATIBHUKY» — JIOJITOKHUBYIIEMY M30TOMY C HAUOOJBIIUM MEPUOIOM
noJjiypacnana. Bce cemeiicTBa mocie HEnoyku o- U -pacnajoB 3aKaHYMBa-
JOTCS HA YCTOMUMBBIX SIPAX M30TONOB CBUHIA — ‘gyPD, “goPb 1 “iPb. Ce-
MEMCTBO HENTYHHUS, HAUWHAIONIEECs OT TPAHCYPAHOBOTO 3JIEMEHTA HEMTYHHS

237 200 i
93NP , TOJTy4eHO NCKYCCTBEHHBIM ITyTEM M 3aKaHUMBaeTCS Ha “g3BI .
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3.4.5. SinepHble peakMU U UX OCHOBHbIE THIIbI

HAoepnas peakuus — >mo npespawjerue amMoMHbIX s0ep NPU 83aUMO-
oeticmsuu ¢ dnemeHmapHoimu yacmuyamu (B T.4. U C Y-KBaHTaMH) 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 SIIPOM CBSI3BIBAIOT CBOE 3((eKTUBHOE ceueHUE: Ihhekmusnoe 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, MMEIONIETO B EAWHUIIE O0bEMa 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 3h(PEKTUBHOTO CEUYEHUS SACPHBIX IMPOIECCOB —
éapn (1 Gapu = 10 *° m).

B mo0oit simepHOi peakivul 8binoIHAIOMCA 3AKOHbl COXPAHEHUA ITleK-
mpuuecKux 3apa006 U mMaccoevlx Yuces. cymma 3aps0oé (1 CcyMMa Macco-
BBIX YHCEI) A0ep U 4acmuy, 6CMynaroujux 8 peakyuio, pagHa cymme 3apsoos
(M cyMM€ MacCOBBIX YUCEI) KOHEeUHbIX NPOOYKmMoa8 (Sep U YaCTHIl) peaKyuu.
Buvinonusaiomces Takxke 3aKoHbl COXPAHEHUs IHEPIUN, UMNYIbCA U MOMEHMA
umnynoca.

B omimune oT pamMOaKTUBHOrO pacnaza, KOTOPBIM BCErAa MPOTEKAET
C BBIJICJICHUEM DHEPIHH, SACPHbIE PEAKIUU MOTYT OBITh KaK IK30mepmuye-
ckue (C BBIJCIICHUEM SHEPTUHU), TaK U IHOOmepmuyeckue (C TOTIIONEHUEM
SHEPIun).

Baxneiinyto pois B 00BSICHEHUH MEXaHM3Ma MHOTUX SJIEPHBIX peak-
ui ceirpanio npeanoioxenue H. bopa (1936 r.) o Tom, 4T0 s0epHbie peak-
yuu npomekarom 6 06e CMaouu no cieoyoujeli cxeme:

X+a—>C->Y +b.

Ilepsasa cmadus — >To 3axBaT AAPOM X YACTHUILI &, MPUOIUZUBIICHCS
. -1
K HEMY Ha pacCTOSIHUE ASHCTBUS saepHbIX cuil (mpuMepHo 2-10 M), 1 00-
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pazoBaHuE NPOMEKYTOUHOTO siipa C, HA3bIBAEMOT'O COCTABHBIM (WJIM KOMIIa-
YHA-SIIPOM). DHEPrus BJIETEBIIEH B SIPO YAaCTULBI OBICTPO pacmpenensercs
MEXIy HYKJIOHAMH COCTaBHOIO Si[[pa, B PE3yJIbTATE€ YErO OHO OKa3bIBAETCS
B BO30Y>KIEHHOM COCTOSIHMM. [Ipy CTOJIKHOBEHHH HYKJIOHOB COCTaBHOTO $]I-
pa OOMH M3 HYKJIOHOB (WIM KX KOMOMHAUus, HalmpuMmep ACHUTPOH) WA
0-4aCTUL@ MOTYT IOJYYUTh SHEPTUI0, JOCTATOUYHYIO JJIsl BbUIETA U3 spa.
B pesynbTaTe HacTynaer emopasa cmaous A0epHol peaKyuu — pacnaj co-
CTaBHOTO siJipa Ha siIpo Y ¥ yacTuity b.

B snepHoii ¢usvike BBOAUTCS XApaKmepHoe A0epHOoe 8peMs — 8peMs,
Heobxooumoe 0l npoiema yacmuyell pacCmosHus NopsOKa elUyUnbl, pag-
noii ouamempy sopa (d =107 m).

Hoepuwie peakyuu Knaccugpuyupyromcea no cie0youum npusHaKam.

® 70 pody Yuacmeylowux 6 HuXx uacmuy — pPeakluu TOoJ JEeUCTBHEM
HEHTPOHOB; PEaKIUH MO/ JCHCTBUEM 3apsSKEHHBIX YacTUILl (HapuMep: mpo-
TOHOB, JEHTPOHOB, 0.-YACTHUII); 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),
OPOUCXOASIINE C Y4aCTUEM Y-KBAHTOB U 3apsDKEHHBIX YacTULl (IPOTOHBI,
0-4aCTHIIbI); PEAKIUH, TIPOUCXOASIINE MTPU BHICOKUX SHEPTUAX (COTHU U ThI-
csiun M»bB), npuBoasiue K MOSIBICHUIO OTCYTCTBYIOLIUX 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 UCIIyCKAaHUEM HENTPOHOB; PEAKLUU C UCIYCKAHWEM 3aAPSIKEHHBIX YacCTHLL;
peakiuuu 3axBaTa (B 3TUX PEaKLUAX COCTABHOE PO HE HUCITyCKAeT HUKAKUX
YacTHL], a IIEPEX0] B OCHOBHOE COCTOSIHME MPOUCXOUT IPU MCIYCKaHUU OJ1-
HOTO WUJI HECKOJIBKUX Y-KBaHTOB).

3.4.6. [lenenue sigep

N3ydyeHne B3auMOIENWCTBUS HEUTPOHOB C BEIIECTBOM IIPUBEIO K OT-
KPBITHIO SiZIEPHBIX peakiii HoBoro Ttuma. B 1939 r. O. I'an u ®. IItpaccman
HCCIIEIOBAIM XUMHUYECKHE MPOAYKTHI, OTyJaroluecs: mpu 6oMoapIupoBKe
HelTpoHamu sifiep ypaHa. Cpenu MpOoAyKTOB peakiiiy ObLT 0OHapyXKeH Oapuii —
XMMHUYECKUHN 3JIEMEHT ¢ MAacCOM MHOI0 MEHbIIIe, YEM Macca ypaHa. 3ajgaya
Oblna pemiena Hemenkumu ¢usrkamu JI. Meiitnepom u O. @puiem, 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 nenenuu siapa ypaHa TEIUIOBOM 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 JaTh HAYAJIO PA3BETBICHHOW LEMU JETICH Uil
A51ep, IPUYEM YHCIIO SAEP, YUACTBYIOLUIUX B PEAaKIUU JEJIEeHMs, OyIeT 3KCIo-
HEHLMAJIBHO BO3pacTaTh. OTKPBHUINCH NEPCHEKTUBBI UCIOJIb30BAHUS LEIMTHON
PEeaKIMU JICJICHUS 8 08YX HANPABNEHUSX .

o ynpasisemas si0epHas peakyusi 0ejleHus — CO3JJaHue aTOMHBIX pPeak-
TOPOB;

o Heynpasensiemas s0epHas peaxkyus OelleHus — CO3JaHue SACPHOTO
OpYXHS.

CrnencTBreM 3aBUCUMOCTH YICIBHON 3Hepruu cBs3u oT A (puc. 3.4.2)
SIBJISIETCSL CYILIECTBOBAHUE IBYX MIPOLIECCOB — CUHMe3a u 0efieHus sadep. Pac-
CMOTPUM B3aUMOJICHCTBUE dJIEKTpOHA U TpoToHa. [Ipu oOpazoBanum atoma
BOJIOpOJia BEICBOOOXMaeTcs sueprust 13,6 3B, u macca atoma Bojopoaa oka-
3pIBaeTcs Ha 13,6 5B MeHbllle CyMMBI Macc CBOOOTHOTO 3JIEKTPOHA U MPOTO-
Ha. AHQJIOTMYHO Macca JBYX JIETKUX SIAEP MPEBBIIIAET MACCy MOCJE UX CO-
equHeHuss Ha AM. Eciu MX COEIMHUTH, TO OHU COJIBIOTCA C BBIJIEIECHUEM
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 OoJlee Jle2Kux s10pa ¢ gvloe-
JleHuem 3Hepauu. IHep2us amoMHOU 00MObl U A0EPHO20 peaKmopa npeo-
cmaensiem co00ul IHEPIUIo, GbICEODONHCOAIOWYIOCA NpU OelleHUuU soep.
IHepzus 6000p0OOHOI OOMOBI — STO PHEPTUS, BBIACIAIOMIAACS IPU SAIEPHOM
CUHTE3E.

B cpennem npu neneHum ypana BbICBOOOxmaetcsi sHeprus 200 M»B.
Macca mokos siapa ypasa — 2,2-10° MaB. B sHepruio 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 neneHun sapa Ha JBA OCKOJIKA M3MEHSAETCS TIOBEPXHOCTHAS JHEP-
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 sHCprusi, BBICB060)KI[aIOH_[aSICH

npu aenenuu, £ > 0:
¢
E ~ 013775037 -0, A?/30,26 > 0.

3necy Ay = Al2, Z1 = Z/2. OTcrofa mojyduM, 4To JeJICHUE dHEpreTHYe-
CKH BBIFOAHO, Korga Z°/A > 17. Benmunna Z°/A HasbIBacTCS napamempom
oenumocmu. Dueprus E, ocBOOOXKTaroIasICs MpU IeTICHNHN, PACTET C YBEIIU-
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 JEIEHUU TEIUIOBBIMU HEMTpOHA-
MU, HE PaBHBI. SIIPO CTPEMHTCS Pa3feiIUThC TaKUM 00pa3oM, YTOOBI OCHOB-
Hasi 4acTh HYKJIOHOB OCKOJIKAa O0Opa3oBajia yCTOMYMBBIA MarM4ecKHil OCTOB.

Ha puc. 3.4.6 IpHBencHO pacipesiencHHe IO MaccaM IIpH jeineHun ~>°U .
Haunboiee BeposiTHas KOMOMHALMA MAacCOBBbIX uncen — 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 oTHomeHue cocrasisieT 1,25—1,45. Cneno-
BaTENbHO, OCKOJKMA JICJICHWS CHJIBbHO TEPerpy’KeHbl  HEUTpOHAMU
Y HEYCTOWYUBHI K -pacrany — paTuoaKTHBHBIL.
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B pesynbraTte genenus siapa BeICBOOOXAaeTcs sHeprus ~ 200 M»B.
Oxkoiio 80 % ee MPUXOIUTCS HA PHEPTUIO OCKOJIKOB. 3a OJMH aKT JEJICHUS
oOpa3zyeTcst OoJiee ABYX HelmpoHos Oelelusi 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
IPEBOCXOIMT Hepruo cxuranus 1 r yrms (2,9-10% Jix). Koneuro, 1 T ypana
00X0IUTCS 3HAYUTENBHO JOopoke 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 1eHTa Ha saepHbIX
ANEKTPOCTAHLIUSIX.

bnacooaps uennoii peaxyuu npoyecc oeneHus s0ep MOMCHO cOeNaAMb
camonoooeprcusaruumca. 1Ipyu KaXa0M I€ICHUN BBUIETAIOT 2 WIK 3 HEMl-
TpoHa (puc. 3.4.7). Eciu onHOMY U3 9TUX HEHTPOHOB yAacTCs BBI3BATh Jelie-
HUE JAPYroro sjipa ypaHa, To mpoiiecc OyeT caMOIoA1ePKUBAIOIIUMCS.
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COBOKYITHOCTB JIEIISIETOCS 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

[lepBrIit simepHbIi peakTop ObuI 3amyrieH B 1946 r. moJ 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).

Map [eHepaTOpR

Perynupmy owme
CT B HM
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3 amednuT ene
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Of0r SULEHHY 10

CMECE

Mz0T DNOE

¥ paHa

2AWMTS 0T PATHALMH

Puc. 3.4.9
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Maccy *°U n ?**Pu MoxHO TaKxe cienath HaOKpumuueckoi. B srom
cllydae BO3HUKAIOIINE MPH JIEJICHUU HEHTPOHBI OYIyT BHI3BIBATH HECKOJIBKO
BTOPUYHBIX JAeseHUH. [I0CKOJIBKY HEUTPOHBI ABUKYTCSA CO CKOPOCTSIMH, Ipe-
sermarormmu 10° em/c, HAJKPUTHIECKasE COOpPKa MOXKET MOJIHOCTBIO Ipopea-
TUpOBaTh (MJIM pa3lIeTEeThCsA) ObICTpEE, YeM 3a THICSYHYIO JOJI0 CEKYHJbI.
Takoe yCTpOMCTBO Ha3bIBAETCS @MOMHOU OOMO0u. SInepHbIi 3apsa U3 ILTy-
TOHMSI WM ypaHa NEPEeBOJSAT B HAJKPUTHUECKOE COCTOSHHE OOBIUHO C IO-
MOILIBIO B3pbIBa. [IOAKPUTHYECKYIO MacCy OKPYKalOT XMMHYECKOM B3pbIB-
yaTkoi. IIpu ee B3pbIBE IUTyTOHHMEBAas WIM YpaHOBas Macca IOJBEpPracTcs
MIHOBEHHOMY CKaTuio. [10CKOIBbKY IIIOTHOCTh Cephbl IPU ITOM 3HAUUTEIb-
HO BO3pacTaeT, CKOPOCTh MOTJIOIIEHNUS 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 aTroMHONH O0MOBI «Mansin, cOpo-

IIeHHON Ha XUpocuMy. SIepHO# B3phIBUaTKOH B GoMOe cmyxmn 2>°U , pas-
JICJIEHHBIN Ha IBE 4acTH, Macca KOTOPbIX ObUIa MeHblIe KpuTHueckoil. Heoo-
XOJMMas JUIA B3pbIBa KpUTHUecKas Macca ~>°U co3JaBanach B pPe3ylbTare

COCIUHCHUA 00enx yacrtei MCTOAOM IMYHKHN» C IIOMOIIBIO OOBIYHOMU B3PbIB-
YaTKU.

V . == OALIMHEIA EZPLIE
g % [u]s] il
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b ? i — ¥paH-235
LY |, v
7 M
Puc. 3.4.10

Ilpu B3peiBe 1 T TprHETpoTOMyona (THT) BeicBoGOXKTaeTes 10° Kam, mm
4.10° Jix. TTpn B3pbiBe aToMHOM GOMOBI, pacxomyiomeii 1 kr miyrorns 2°U,
BBICBOOOXKIaeTCs okono 8-10° [k smeprum. Ato mourn B 20 000 pa3 Gonbie,
yeMm nipu B3pbiBe 1 T THT. Takas 6omOa Ha3biBaeTcsi 20-KHUIOTOHHON 00MOO0ii.
CoBpemeHnHble OOMOBI MOIIIHOCTHIO B MEraTOHHBI B MUJUIMOHBI pa3 MOIIHEE
o0bryHOM THT-B3pBIBUATKH.
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IIpOM3BOJCTBO TUTYTOHHSI OCHOBAHO Ha 06mydenmn U HeliTpoHaMy,
BeylleM K 0Opa3oBaHMIO m30TOma U, KOTOpBLI B pesyibrate Ocra-
pacnaza mpesparaercst B -"Np, a 3aTeM, MociIe elle OXHOT0 OeTa-pacraja,
B *°Pu. TIpy MOrMOIIEHUH HEHTPOHA ¢ MaJOil SHeprueii 06a m3oroma (*°U
u 239Pu) UCIIBITHIBAIOT JiesieHUE. [IpoIyKThl IeTieHrs XapaKTepu3yroTcs 0oiee
CUJILHOM CBs3bIO (~ 1 M»hB Ha HykIOH), Onaronapst 4emy B pe3yJlibTaTe Jese-
HUS BeICBOOOXKIaeTcs mpumepHo 200 MaB sueprum.

Kaxnprii rpaMM M3pacxo0OBaHHOTO TUTYTOHHUSI WM ypaHa MOpPOXKIaeT
MOYTH TPAMM PATUOAKTUBHBIX MPOJIYKTOB JIEJIEHUs, 00JIaIal0IIUX OIPOMHOMN

PaaAnOaKTHBHOCTBIO.

3.4.7. Cunre3 siiep

Macca, unu 3Heprusi MoKosi, IBYX JIETKUX sIIEp OKa3bIBaeTCsS OOJIbIIIE,
4eM y CyMMapHoro siapa. Eciu snerkue siapa npuBeCTH B CONPUKOCHOBEHUE,
TO PE3YIABTUPYIONIEE SAPO UMETI0 ObI MEHBIITYIO MACCy 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 BpIcBOOOAMTCS dHEprusi cunre3a 24 M»B. [lpu oO0beguHeHUN
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 MMEIOTCS HEOTPAaHWUYEHHBIE 3amachl HEJ0PO-
roro aeutepus. Cepbe3HbIM MPEMSITCTBUEM Ha MYTH K MOJYYCHUIO YHEPTUU
3 «BOABDY sBisieTcs 3akoH KynmoHa. DJIEKTpoCTaTUYECKOE OTTATKUBAHUE
JBYX JEHUTPOHOB MIPU KOMHATHOM TEMIIEpaType HE MO3BOJISIET UM COJIU3UTHCS
70 PacCTOSIHUM, HA KOTOPBIX CKA3bIBAIOTCS KOPOTKOJACUCTBYIOIIUE SIEPHBIC
CUJIBI IpUTsDKeHus. [ Toro HeoOxoauMa temneparypa T =5,6-108 K.

Ecnu Ob1 ynanoch HarpeTh AeUTepuil 10 TAKUX BBICOKHX TEMIIEpaTyp, TO
ObLJI0 OBl BOBMOXHO OCYLIECTBUThH PEAKIMIO CMHTE3a. biarogaps ToMmy, 4to
MMeeTCs BO3MOXHOCTh TPOHUKHOBEHUSI CKBO3b Oapbep, HET HEOOXOIMMOCTH
B CO3/IaHMH CTOJIb BBICOKHMX Temmeparyp. i nosydeHus ynpapisieMon Tep-
MOSIZIEPHON 3HEPTUU U ISl MHUIIMUPOBAHUS TEPMOSAEPHOIO B3pbIBa BOJO-
POIHO# GOMOBI JOCTATOYHO TemIepaTyps koo 5-107 K.

Hoepuvie peakyuu, mpedyrowue 01 c80€20 0Cywecmeienus memnepa-
Myp nopsaoKka MUIIUOHO8 2padycos, HA3bl8AIOMCs: MmepmMoadepuvimu. Mriao-
BEHHBIC TEMIIEpaTypbl, pa3BUBAIOIIMECS MPHU B3pbIBE aTOMHON OOMOBI, OKa-
3bIBAIOTCS IOCTATOYHO BBICOKMMH, YTOOBI MOKEUYb TEPMOSIIEPHOE TOpIoYee,
T.€. 4TOOBI MIPOIIIA PEAKIIUS

2D+3T—>4He +n.
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[IporcxoauT B3pbIB BOJOPOAHONW O00MOBI. TepMosimepHOe roprouee s
BOJIOPOJHON OOMOBI (IeUTepu TNTUS-6) NEMIEBO, M HET OTPAaHUYEHUN Ha €TO
KOJIMYECTBO MPHU HCIIOIB30BAHUU B OTAEIbHOU OomOe. [IpoBoAMIMCh HCITBI-
Tanust 60M6 MommHOCTBI0 60 MeratonH (¢ THT-3xBuBaneHToM 6-107 T).

DOHEproBbuIJIeJICHUE TPU B3pPHIBE TEPMOSIEPHON BOJOPOAHONM OOMOBI
MO>KHO MOYTH YJBOUTH (IIPH 3TOM CTOMMOCTh €€ YBEJIIMYUTCS HE HAMHOI0) 3a
CYET MCIOIb30Banus o6onouku u3 238U (cinoiika Alarm Clock), puc. 3.4.11.

B aTOM Cciydae HEUTPOHBI, BO3HUKAIOIINE B PE3YJIbTATE TEPMOSAECPHBIX
peaKuui, BHI3BLIBAIOT AeneHue sgep 238U, 4ro NPHMBOAMT 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 GonbmmHCTBE B3pHIBOB BOJOPOJHBIX O0OMO 3HEProBbIJEICHHUE, 00Y-
CJIOBJIGHHOE JIeJIEHUEM SIEp, OKa3bIBACTCS TAKUM JK€, KaK M IMOJydyaeMoe
B IIPOIIECCE CUHTE3a, U COMPOBOXKIACTCS OMACHBIMU BBIMAICHUSIMH PATHOAK-
TUBHBIX MPOJTYKTOB JICJICHUSI.

3.4.8. YupaBJasieMblil cMHTE3

YToOBl C MOMOIMIBIO SIAEPHOTO CHHTE3a MOIYYUTH MOJE3HYIO SHEPTHIO,
TEPMOSIIEPHBIE PEAKIIUU JTOJDKHBI OBITH yripaBisieMbiMu. HeoOxoaumo HaiTu
CIOCOOBI CO3/IaHUS U TIOJICPKAHUS TEMIIEpaTyp BO MHOTO MWIIHOHOB Tpa-
nycoB. OHa U3 TEXHUYECKUX MPOOJIEM CBA3aHA C TEM, YTO BHICOKOTEMITEpa-
TYpHBI Ta3 WIM IJIa3My HYKHO YAEpXKUBATh TaKUM 0Opa3oM, 4YTOOBI
HE PacIUIaBIIIUCh CTEHKH COOTBETCTBYIOIIETO oObema. Ha pemienue 3toit
TEXHUYECKOWN 3a/lauM y>K€ 3aTpadyeHbl U 3aTPAvyMBAIOTCSI OIPOMHBIC YCHIIHSI.
[Ina3my MbITalOTCS U30JUPOBATH OT CTEHOK C MOMOIIBIO CHJIBHBIX MAarHUT-
HBIX MoJiel. 3a7ava 3aKJIF0YaeTCs B TOM, YTOOBI yAEpKaTh IIa3My B U30JIH-

158



POBAaHHOM COCTOSIHUM B TE€UEHHE JOCTATOYHO MPOJOJIKHUTEIFHOTO BPEMEHU
U TIpU 3TOM BBIpAOOTaTh MOIIHOCTb, MPEBBIMIAIOINTYIO 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

DneKkTpocTaHIus, padoTaronias Ha TEPMOSIIEPHON peakiuu, u3-3a OT-
CYTCTBHS B HEM MPOJYKTOB JCJICHUS JOJDKHA UMETh 3HAUUTEIHLHO MEHBIIYIO
PaAMOAKTUBHOCTH IO CPaBHEHUIO C SAEPHBIMU peakTopamu. OgHAKO B TEp-
MOSIZIEPHBIX YCTAHOBKAaX HCITYCKAaeTCs, a 3aTeM 3aXBaTbIBA€TCA OOJIBIIIOE
YUCJIO HEHUTPOHOB, UTO, KaK MPAaBUIJIO, MPUBOJUT K 0OpPa30BaHUIO PATUOAK-
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 UCIOJIB30BaTh B AAJIbHEHIIIEM KaK roproyee.

B nacTosiiiee Bpemsi, B paMKax OCYIIECTBICHUS MUPOBOM TEpMOsIEp-
HOM MpOTrpaMMBbl, UHTEHCUBHO Pa3pabaThIBAIOTCS HOBEWIIIME CHUCTEMBbI THUIIA
tokamak. Ha puc. 3.4.13 uzobOpaxena cxema Tokamaka: 1 — mepBu4Has 00-
MOTKa TpaHchopmaTopa; 2 — KaTyImIKH TOPOUJTAIBHOTO MAarHUTHOTO IIOJIS;
3 — nmaiiHep, TOHKOCTEHHAsi BHYTPEHHSSI Kamepa sl BRIPAaBHUBAHUSI TOPOU-
JATBHOTO 3JIEKTPUYECKOTO MOJst; 4 — KaTyIIKA TOPOUAAIBHOTO MarHUTHOTO
MoJIst; 5 — BaKyyMHasi Kamepa; 6 — xKeJne3HbI cepeqHNK (MarHUTOIIPOBO/T).

[lepBbrit  poccuiickuii chepudecknii Tokamak «['1mobyc-M» co3nan
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, 3aMOTHEHHON
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 000JI0uKky 1 ucmapsercs u co3za-
€T PEaKTUBHBIC CUJIBI, CIIOCOOHBIE C’KaTh 000JOYKY M COJIEpPKAILyIOCs B HEH
pearupyrroIyr cMech 2 1 3.

[TapannensHo ¢ nmazepamu B 60-€ IT. pa3BUBAIUCh U APYrUE MOIIHBIC
JpaiBepbl — WOHHBIE U DJICKTPOHHBIC MYYKH, KOTOPBHIE TaKKE MOTJIH Obl
obecrnieunBaTh TpeOyeMble MOIITHOCTH Ha MOBEPXHOCTU MUIIEHEH. bbn 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 UCCE0BaHUS (DU3UKU B3aWMOJICHCTBUS MOIIHOTO W3-
JY4EeHUS W MYYKOB YACTHUI] C TBEPABIM TEJIOM U MPUBEJO K pazpaboTKe Tep-
MOSIJIEPHBIX MUIIIEHEH, CTOCOOHBIX JaBaTh MOJOXXUTEIBHBIN BBIXO/ SHEPTHH.
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B mpupope cymiecTByeT emie OAWH MEXaHW3M YJep>KaHus, oOecreun-
BAIOLIMI HENPEPBIBHOE BBIICICHUE TEPMOSICPHON DHEPIUH, — 3TO I'PABUTA-
IUOHHOE yaepkaHue. OnHaKo, YTOObl 00ECTIEUUTh JOCTATOYHO CUIIBHOE Ipa-
BUTAL[MOHHOE TI0JI€, MOTpedyeTcsa Macca nopsijika coiaHeuHoil. Kak Mbl yBu-
IUM B CJIEYIOIIEH IJ1aBe, HICTOYHUKAMM 3HEPTUHU B 3B€3/1aX, 0€3yCIOBHO, SIB-
JIAIOTCS TEPMOSIICPHBIC PEAKLIUH.

3.4.9. PagnannonHnas 0e30macHoOCTh

KonuyecTBO HECUACTHBIX CIIy4aeB, CBA3aHHBIX C aTOMHOM SHEPreTUKOM,
3HaUUTENbHO MeHbIe Ha ADC, 4yem B Apyrux oOJacTAX 4eJIOBEUECKOM Jes-
TenbHOCTH. TeM He MeHee mpouciieAmias Ooixee 20 jeT Hazaj aBapus
B UepHOObIJIE 3aCTaBisIeT MEPECMOTPETh HAIlle OTHOIICHHE K OpTraHU3aIlluu
6e3onacHocTr paboThl ADC H 3amMTe OT HEKOHTPOJUPYEMOIO Pa3BUTHS
sanepHoi peakuuu. HeoOxonumo nanpHeIee CHIKEHHUE BEPOSITHOCTH BO3-
HUKHOBEHMS aBapUMHBIX CUTYaIlUd, XOTS, BEPOSTHO, MOJHOCThIO M30€kKaTh
WX HUKOT/Ia HE yJIaCTCA.

JIi1st TOoro 9TOOBI BHEAPEHNE aTOMHOM PHEPTETUKH M UCTIOJIb30BaHUE Pa-
JTMOAKTUBHOCTU B HApPOJHOM XO3SIIICTBE HE MPHUHECIO OoJbliero yuepoa,
9eM TOT, KOTOPBI HAHOCUTCS MPHUPOJIE B HACTOSIIIHA MOMEHT, CYIIECTBYET
CreraibHas JUCIUTUINHA, UMEHYIOIASACS PAOUAYUOHHOU (GE30nACHOCHIbIO.

Paouayuonnas 6e3onacHocmsv — HOBass HAyYHO-TIPAKTUYECKAs AUCLIH-
TUTMHA, BOSHUKINAS C MOMEHTA CO3/IaHMsI aTOMHOM TTPOMBIIIIEHHOCTH.

Bo3zaeiicTBue pa3nuyHbIX BUOB MOHU3UPYIOIIETO U3ITYYCHUS] Ha Bellle-
CTBO XapaKTEPHU3YIOT 0030l UOHUUDPYIOULE20 U3ayueHus. Paznuyaior mo-
TJIOMICHHYIO, SKCTIO3UITMOHHYIO 1 OMOJIOTHYECKYIO JO3bI U3TyUCHUS.

Hoznowennaa 0oza uznyyenus — pusnveckas BeTUYMHA, paBHAS OT-
HOIIICHUIO YHEPTUH U3TYyUEHHUs K Macce 00JIy4aeMoro BeecTBa.

Eounuya nocnowennoti 0ozt nznyuenus — epeit (I'p): 1 I'p = 1 JI/kr —
71032 U3JTyYCHHUs], TPU KOTOPOM 00 TydeHHOMY BEIIECTBY Maccoil 1 Kr nepena-
€TCsl PHEPTUs JH00ro HOHU3UpYoLero uanydeHus 1 Jx.

IKkcno3uyuonnas 0o3a uznyuenus — (HpU3MUecKas BEIUYMHA, paBHas
OTHONIIECHUIO CYMMAapHOTO 3apsiia BCEX HOHOB OJHOTO 3HAaKa, CO3JIaHHBIX
B BO3JIyX€ IMPH MMOJTHOM TOPMOKEHUU BTOPUIHBIX DJICKTPOHOB, 00pa3yIOMINX-
Ccsl B AJIeMEHTapHOM 00beMe, K Macce BO3ayXa B 3TOM 00beMe.

Eounuya sxcnosuyuonnoti 003wl uamydeHus: — KyiaoH Ha kusorpamm (Kiv/kr);
BHECHCTEMHOM euHuLel spysercs peatred (P): 1 P = 2,58-10—4 Ki/kr.

buonozuueckan 0o3a uznyuenus — BeIUUWHA, ONPECISIIONIAs BO3/CH-
CTBUE U3IIyYCHHS HA OPTAHU3M.

Eounuya buonoeuueckoii 00361 — OMOJIOTUYECKUIN YKBUBAJICHT PEHTICHA
(69p): 1 69p — mo3a M0OOTO BHIAa MOHUZUPYIOMIETO U3ITyUYCHHUS, POU3BOIS-
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IIET0 TaKoe K€ OMOJOruuecKoe JACMCTBHE, KaK U J03a PEHTT€HOBCKOTO WU
y-m3nydenns B 1 P (1 69p = 1072 Jx/kr).

Mownocms 0036l u3jlyyeHus — BEIMYWHA, PaBHAsI OTHOUICHHUIO JIO3bI
U3ITY4YeHUS KO BpeMeHU o0nydeHus. Paznuuaior: mouwgnocme noznowaouieit
0036l (eUHUIIA — TPEl HAa CEKYHNY) U MOUHOCHb IKCHOZUUUOHHOU 003bl
(emuHMIIA — aMTIep HA KUJIOTPaMM).

B Tabn. 3 mpuBemeHb XapakTEPUCTHKUA pPATAOAKTUBHBIX 3JIEMEHTOB
¥ MEpPBI IPEAOCTOPOKHOCTH IMPU PaboTe C HUMHU.

Tabnuma 3

HazBanue
3JIEMEHTAa

XapakTepucTHKa 3JIeMEHTa
U MEpbI MPEJOCTOPOKHOCTH

[Tepuon
noxypacnaaa

Panon-222

I'a3, ncnyckarouuii o-yactunbsl. O6pazyercs B FOPHBIX
nopojax. OnaceH Mpy HAKOIUICHHUH B MO/IBajiax, HEOO-
XOIMMO TIPOBETPUBAHUE

3,8 cyTok

Kcenon-133

I"a3000pa3nbie n3oTonbl. OO0pa3yrOTCS U pacagaroTCs
B Iporiecce paboThl aTOMHOTO peakTopa. B kauecTBe
3alUThI — U30JIIUA

5 cyTok

Mon-131

Hcnyckaer B-uactunpl u y-usnyuenue. Obpasyercs npu
pabote atomHOrO peakTopa. Bmecre ¢ 3eneHplo ycBau-
BaCTCA JXMBOTHBIMU U IICPEXOAUT B MOJIOKO. Hakarmmm-
BacTCs B IIMTOBHJHOW >Xele3e ueloBeka. B kauecTse
3alIUThl OT OOJY4EHHsI MPUMEHSIOT «OAHYIO JHETYY,
T.€. BBOJST B PAIIMOH YeJIOBEKA CTAOMIbHBIN HOJT

8 cyTok

Kpunron-85

Tspxenblii ra3, HCMycKaoUMi B-4acTUIIbl U Y-U3ITyYEHHE.
Bxoaut B coctaB 0TpabOTaHHOIO TOMJIMBHOIO 3JIEMEH-
Ta peakropa. Beinensercs npu xpaHeHuu. 3aiura — u3o-
JIMPOBAHHOE ITIOMELIEHUE

10 net

Crtponnuii-90

Merann, ucnyckaromuid PB-yactuiel. OCHOBHOM mpo-
IOYKT JIEJIEHUs B PaJUOaKTHBHBIX oTXoAax. Hakamnm-
BAeTCsl B KOCTHBIX TKaHIX YEJIOBEKa

29 ner

Le3mii-137

Mertann, ucnyckaromui [-4acTULIBI U Y-HU3JIyYEHUE.
HakanmBaeTcs B KJIETKaxX MbIIIEYHONW TKaHU

30 net

Panuii-226

Tsoxenblid Ta3, UCMYCKAIOMUN O-4aCTUIIBI, [3-4aCTHIIBI
U Y-M3JIy4eHUe. 3aluTa — YKPhITHS, yOexKuIna

1600 set

VYrnepon-14

Ucnyckaer P-uactuupl. EcrecTBeHHBIH NPUPOAHBIN
n3zoron yriepoja. Mcnonp3yeTcss Ipu onpeneneHuu
BO3pacTa MaTepuaa

5500 net

[TnyToHmii-239

Ucnyckaer oa-gactunpl. ComepKUTCs B paguOaKTHB-
HBIX OTXOJlaX. 3alluTa — KA4€CTBEHHOE 3aXOPOHEHUE
PaJOAKTUBHBIX OTXOJIOB

24000 ner

Kamuii-40

Ucnyckaer B-uactuubl U y-uznyderue. Conepkutcs
BO BCEX PACTEHUSX M JKUBOTHBIX

1,3 miipp et
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Buosnorunyeckoe neiicTBe HOHU3UPYOIIMX M3JTy4YeHHI
U CIOCOOBI 3AIIUTHI OT HUX

PaznmuuaroT nBa Buaa 3dexra Bo3ACHCTBUS HA OPraHW3M HOHHU3UPYIO-
IIUX U3IIYYCHUN: COMamuuecKuil 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 EPUOJ OT HECKOIBKUX MUHYT 110 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
BCET0 OpraHu3Ma, pu nojydeHun um 10361 oT 1 10 100 u 6onee rpeii (I'p) 3a
1-3 nns. JleTanbHBIM UCXOJ0M, KaK MPAaBUIIO, 3aKaHYMBAIOTCS 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 CTEICHEHN TSKECTH.

Octpas nyuyeBasg O0J€3Hb JIETKOM CTENEHU TSKECTH Pa3BHBAETCS IPHU
BO3eiicTBIM m3nmydeHus B 1o3e 1-2,5 I'p. IlepBuunas peaxmus (mepBbie 2—
3 AHs) — rOJIOBOKPY>KEHHE, TOIHOTA. JIaTeHTHBIN nepuo (okojo 1 mecsia)
— MIOCTETIEHHOE CHUKEHUE TIEPBUYHBIX MPU3HAKOB. BoccTaHOBIEHUE TOJTHOE.

Octpas nmyueBas 00JIe3Hb CPEHEH CTENEHU TSKECTH PAa3BUBACTCS IMPU
BO3JlelicTBUM u3inydeHus: B jo3e 2,54 I'p. IlepBuunas peakuus (mepBbie
1- 2 yaca) — roJoBOKpy>K€HHUE, TOIHOTA, pBOTA. JIaTeHTHBIN neproa (0K0I0
25 nHel) — HaNMM4YKMe W3MEHEHHMS CIM3UCTBIX 000J104eK, HHPEKIIMOHHBIX OC-
JIO)KHEHHUM, BOBMOKEH JIETAJIbHBIN UCXO/I.

Octpas nmydeBasi 00Jie3Hb TSKETION CTENEHW pa3BUBACTCA TPHU BO3JICH-
ctBuu usnyuenus B no3e 4—10 I'p. [lepBuunas peaxuus (nepssie 30—60 Mu-
HYT) — TOJIOBHAsi 00Jib, TOBTOPHAs PBOTA, MOBBIIICHUE TEMIIEPATyphl Tela.
JlatentHbiit epuon (okosio 15 aHeit) — MHMEKIUOHHBIE TTOPAXKEHUS, MMOopa-
KEHUS CIU3UCTBIX 000JI0UEK, TUXopaaKa. YacTtoTa JieTaJbHbIX UCXOJI0B BbI-
1€, YeM IIPU CPEIHEN CTENEHU TAKECTH.

Octpas nmydeBas 00J€3Hb KpalHE TSXKEJION CTENEeHH pa3BUBAETCS TP
BO3JIEMCTBUM M3My4yeHus:i B no3e Oosiee 10 I'p. JleranmpHbIl Mcxon moyTH
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.

XpoHuyeckasi JiydeBasi 00JIe3Hb BO3HHMKACT MPHU €KEIHEBHOM MOJIyde-
Hun 10361 B 0,005 I'p. HaGmromaercst pa3BUTHE pas3iWyHBIX 3a00JIeBaHUM,
CBSA3aHHBIX C AUCHYHKUUEH jKelle3 BHYTPEHHEH CeKpelry; HapylleHnue apTe-
puansHoro nasieHus. [IpodunakThka XpOHWYECKOM JydeBOW OOJE3HM 3a-
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KIJIF0YaeTCS B HEYKOCHUTEILHOM COOJIFOICHUH TPHUHSITHIX HOPM PaJdaIMOH-
HOM O0€30IIaCHOCTH.

Hecmompsa na my onacHocmo, KOmMopylw Rpeocmasiiem amomHas
IHEpPzemuKa, OHA ABAACMCA MOl IKOJI02UYECKU YUCM O UHOycmpuell, Ha
KOmMOopY10 8031a2aem c80U HAOEHCObL 8Ce nepedosoe Hel08euectao.

3.5. ®u3zuka 3JIeMEeHTAPHbIX YaCTHII

3.5.1. O0uue cBeeHus 00 IJIEMEHTAPHBIX YaCTHIAX

JlaTh cTporoe omnpeneseHrue NOHITHIO 2leMeHmMapHble Yacmuybl OKa3bl-
BAaeTCsl 3aTPyJHUTEIbHBIM. B KauecTBe MepBOTrO MPUOIMKEHUS MOXKHO IO-
HUMAThb TOJ I71€EMEHMAPHbLIMU YACMUUAMU TAKUE MHUKPOYACTULBI, BHYT-
PEHHIOIO CTPYKTYpPY KOTOPBIX Ha COBPEMEHHOM YpPOBHE Pa3BUTUSA (DU3UKHU
HEeJb3sl PEACTaBUTh KaK 00BbEAUHEHUE IPYrux 4acTull. Bo Bcex HaOm01aB-
MIUXCS O CUX TOp SIBJICHUSX KaK[asl Takas 4acThlla BeJET ce0s KaK euHOe
1eaoe. DIEMEHTapHbIE YaCTHUIIBI MOTYT MPEBPAILATHCS APYT B Apyra (IpOTOH

B HEMTPOH U HA00OPOT, Y-KBAHT B € €' ¥ HA00OpOT U T.]I.).
B nactosmee Bpemsi 001iee YMCIO HU3BECTHBIX AJIEMEHTAPHBIX YACTHUIL
(BMecTe ¢ antuyactuiiamu) npuompkaerca k 400. Iloka Mbl BCTpedauCh

TOJILKO C DJIEKTPOHOM € (IO3UTPOHOM €' ), IPOTOHOM P, HEWTPOHOM N, (o-
TOHOM Y M 3JIEKTPOHHBIM (aHTH) HEHTPHHO V, (Ve ). DTH YacTUIbl CTAOHIIBHBI

WIN KBa3UCTAOWIILHBI, M OHU CYIIECTBYIOT B IIPHUPOJIC B CBOOOIHOM WU CJia-
00CBSI3aHHOM COCTOSTHMH. Tak, KBa3UCTaOWIbHBIE HEUTPOHBI BXOMAT B COCTaB
aTOMHBIX SIJIEp, MHOTHE W3 KOTOPBIX SIBISIOTCS aOCONIOTHO YCTONYHMBBIMHU.
[Toutn Bce ocTanbHBIE AIEMEHTAPHBIC YaCTHIIBI KpaliHe HeCTaOMILHBI 1 00pa-
3YIOTCSI BO BTOPMYHOM KOCMHUYECKOM HM3TYYCHHH WJIM TTOJYJaroTCsl B Jabopa-
TOPHUH C TIOMOIIBIO YCKOPHUTEJICH, a 3aTeM OBICTPO pacmagaroTcs, MPEBPAIIasCh
B KOHEYHOM UTOTE B CTaOMJIbHBIC YacTUIIbl. OCHOBHBIC KJIACCHI 3JIEMEHTAPHBIX
YJaCTHII ¥ UX HanOOJIee BAKHBIC MPEACTABUTEIN PACCMOTPEHBI HUKE.

JIist omucaHUs CBOMCTB OTAEIBHBIX AJIEMEHTAPHBIX YAaCTHI] BBOJIUTCS
HETbIA P GU3NUECKUX BETUYHMH, 3HAYCHUSIMHU KOTOPBIX OHH M Pa3IudaroT-
csi. Hanboniee W3BECTHBIMU CpelM HUX SBJISIOTCS Macca, CpPelIHee Bpems
KU3HU, CITUH, DJIEKTPUICCKUN 3apsi]l, MAaTHUTHBIN MOMEHT. O Ipyrux xapak-
TEPUCTUKAX YACTHII, B T.4. O 3apsA/iaX, OTIIMYHBIX OT JIEKTPUUECKOTO, OyemM
TOBOPUTH TI0 XOIY U3JI0KCHHUS.

Ha puc. 3.5.1 moka3zansl MacmTaObl TPOCTPAHCTBA M CIIOCOOBI €T0 HC-
CJIeIOBAHMUSI.

N3 coOTHOMIEHUN HEOIPENEIEHHOCTEN CIEAYET, YTO ISl BBIABIICHUSA
JeTaNe CTPYKTYpPBI TOpsAKa Al HYXHO HUMETh 30HIUPYIOIINE YaCTHIIBI
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¢ mmirysscoM (Ap >h/Ar). Ecnu npunste Ap=E/c, o Ar=hc/E. Co-

BPEMEHHBIC YCKOPHUTEIM TO3BOJISIOT IOJy4YaTh YacTHUIBI C DHEPTUEH 10
1000 I'>B =~ 10* 5B. CnenoBaTenbHO, ¢ UX MOMONIBIO MOXHO MPOHUKHYTh
BIUTyOb BEIIECTBA HA PACCTOSIHUE TIOPSIAKA

Ar ~ (10-34.108) /(1012 .10-19) ~10-19 n.

BOJbLLOWM B3PbIB
- 1034 -
nPrveoPbl [ 10° OBBEKTHI
-10-%-
- 1026 -
- e [ 1072 oo susy
o 3
@ nmen L 10-18_ '2'/3,65 (avanason cnabuix cxn)
KBOPKM, FRIOOHN -
R ~1014- neoton o® (8
gl lﬂ:m . aarPoO  ° ¢ @"
2t o™ 1107104 AtoM -
- b (amanason apeprux
L 106 { wurc %0
MUKPOCKON KIETKA
L 106 { PAmMvC3EMM 0
PAMYC CONHUA
TENECKON
7 TANAKTUKA
PABMOTENECKON .
1 PARMYC HABMIORAEMBIX
TANAKTUK

Pasnuuator mpu ypoens muxkpomupa.

BCEJNIEHHAA
Puc. 3.5.1

o nmonexynapuo-amomuwii: E=1-10 5B, Ar ~10-8 —-10-10
o s0epuuiii; E=106-108 5B, Ar~10-10" wm;

® snemenmapisle wacmuywl: E >10° 5B, Ar<10™ M.
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3.5.2. Buabl B3auMoaedcTBHA

W3BeCTHBI uemblpe 6uoa 63aumooeiicmeuii MeXay >JIeMEHTApHBIMU
JaCTUILIAMU: CUTIbHOE, INeKMPOMAZHUMHOE, Clafoe U 2pAGUMAUUOHHOE
(oHU mepedrcIeHbl B MOPSAIKE YOBIBAaHUSI UHTCHCUBHOCTH). HMHmMeEHCUBHOCDb
83AUMOOCUCMBUSL NPUHAMO XAPAKMEPU308AMb MAK HA3bI8AeMOl KOHCHMAaH-
moil e3aumooelicmeus o, Komopas npeocmasisiem cooou be3pazmephblil
napamemp, onpeoensiowuli 6eposImMHOCb NPOYECcCco8, 00YCI08NIEHHbIX OaH-
HbIM 8UOOM @3aumooleticmeus. J{msi dIeKTpOMAarHUTHOTO B3aUMOACHCTBHUS
KOHCTaHTa

o= E
mOCZ’

rae E — sHeprusi B3auMOAECHCTBHS ABYX 3JIEKTPOHOB, HAXOIAIIUXCA Ha pac-
CTOSIHUU A.

OTHOLIEHNE KOHCTAaHT JAET OTHOCUTEIbHYI) MHTEHCUBHOCTH COOTBET-
CTBYIOIIMX B3aNMOJICUCTBUN.

Cunwbnoe é3aumooencmeue. ITOT BU B3aUMOJEHCTBUA 00ECIICUMBAET
CBSI3b HYKJIOHOB B sijipe. KoHCTaHTa CUIILHOTO B3aUMOJCHCTBUS UMEET BEIH-
yuny nopsaka 1-10. HauGosbiiee paccrosiHue, Ha KOTOPOM IPOSIBISECTCS
CUJILHOE B3aWMOJICUCTBUE (paauyC JIEUCTBUSA), COCTABISET MPUMEPHO

10 M.
Inekmpomaznumnoe e3aumooeiicmeue. KoHCTaHTa B3aWMOJICHCTBUS

paBHa 1/137 ~107% (KOHCTaHTa TOHKOH CTPYKTYphl). Pammyc neicTBHs He
orpaHuyeH (I =),

Cnaooe 63aumodeiicmeue. IT0 B3aMMOJICUCTBUE OTBETCTBEHHO 3a BCE
BUIbl [-pacnaga saep (BKiIrOYas €-3aXBaThl), 3a pacnaibl 3JIEMEHTapPHBIX
YacTHII, @ TAKXKE 3a BCE MPOIIECChl B3aUMOJICUCTBUSI HEUTPOHA C BEIIECTBOM.

. -10 -

KoncTanTa B3aumojieiicTBUs paBHa BenrunHe mopsiaka 10 — 10 14 Cna6oe

B3aUMOJICHCTBHUE, KaK U CUJIILHOE, SIBISETCS KOPOTKOACHCTBYIOIIMM.
I'pasumayuonnoe e3aumooeiicmeue. KoOHCTaHTa B3aUMOICUCTBUSA

MMEET 3HAYCHHE MOpSIKa 10738, Paguyc aeiictBus He orpaHuueH (I =),
['paBuTalMOHHOE B3aMMOJAECHCTBHE SIBJISIETCS YHHBEPCAIbHBIM, €My MOABEP-
KEHBbI Bce 0€3 MCKIIIOUEHHMs 3JeMeHTapHble yacTulbl. OgHako B mpoleccax
MHUKPOMHPA IPABUTALIMOHHOE B3aUMOJCHCTBUE OLLYTUMOU POJIM HE UTPACT.

B 1abn. 4 npuBeneHbl 3HAUCHUSI KOHCTAHTBI Pa3HBIX BUAOB B3aUMOJICH-
CTBUS, a TAK)KE Cpe/IHEee BpeMs JKU3HU YaCTHII, paclaJarollnXcs 3a CU€T JaH-
HOTO BHJIa B3aMMOJICUCTBUS (BpeMsl pacraja).
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TabOnuma 4

XapakTepHoe
Tun Mexanuszm HNaTencus- Pamunycr, P P
. BpEMSI JKH3HH
B3aUMOICHCTBUS oOmeHa HOCTH O M e
CuipHOE [ITIOOHAMH ~1 ~10-15 ~10-23
1
DNIEKTPOMArHuTHOE | (POTOHAMHU ~ 137 0 ~10-18
[IPOMEKYTOUHBIMU
Crnaboe p yT ~10-10 ~10-18 ~10-13
0o30HaMHU
I'paBuTaninoHHOE IpaBUTOHAMHU ~10-38 0 ?

3.5.3. Kparkas kiaccupuranusi 1 CBOMCTBA YaCTHUIL

Jist TOro 4ToOBl OOBSICHUTH CBOMCTBA U MOBEJCHUE DJIIEMEHTAPHBIX Yac-
THUIl, UX MPUXOJIUTCA HAJENSITh, KPOME MACChI, dJIEKTPUUYECKOTO 3apsijia U TH-
ma, pSJOM JIOTIOJIHUTEIIBHBIX (XapaKTEPHBIX JJISl HUX) BEJIWYMH (KBAHTOBBIX
YHCEN), 0 KOTOPBIX MbI IOTOBOPUM HIDKE.

DJeMeHTapHbIC YAaCTHUIIBI OOBIYHO MOIPA3CIAIOTCS Ha Yemblpe Kaaccd.
[ToMIMO 3THX KJIaCCOB, MPEIITOIaraeTCs CyIIeCTBOBAHUE €II¢ OJTHOTO Kiacca
YaCTUIl — ZPA6UMOHOE (KBAHTOB TPABUTAIMOHHOTO TMOJs). DKCIEPUMEH-
TaJbHO 3TH YACTHIIHI € HEe OOHAPYKCHEI.

JlanguMm KpaTKyr0 XapaKTepUCTHUKY YETBIPpEM KjlaccaM 3JIEMEHTapHBIX
YACTHIL.

K ogHOMY M3 HEMX OTHOCHUTCS TOJIBKO OJTHA YaCTHIIA — (HOMOH.

@omonbl y (KBaHTHI DJEKTPOMArHUTHOTO TOJISI) YYacCTBYIOT B DJICK-

TPOMArHUTHBIX B3aUMOJCHCTBUSX, HO HE O0JaAal0T CUJIBHBIM U CJIaObIM
B3aMMOJCHCTBUEM.

BTopoii kiacc 00pa3yoT Jienmonst, TPETUN — AOPOHBL Y, HAKOHEI], YET-
BEPTHIN — Ka1uoposounsle 6030nbt (TAOIN. 5).

Tabnuua 5
DneMeHTapHbIE YaCTULIbI
Jlenronsl KanuGpoBouHsie AIpOHBI
0030HBI
bapuonsl Me30Hb1

(9aq)B =1 (qa)B=0

e U T n, p, 7, K, IV u ap.

VeV, V YW+ W-,Z,89 TUTIEPOHBI

Hot A2 E, Q) ouop.

bapronnsie MesoHHbIE
PE30HAHCHI pEe30HaHCHI
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Jlenmonwr (rped. «Jentoc» — JETKUM) — uacmuyvl, yuacmeyroujue
8 DNIEKMPOMACHUMHBIX U C1AObIX 83aumoleticmausx. K HUIM OTHOCSTCS dac-

THUIBI, HE O00JagaroIiie CHIbHBIM B3aUMOJCHCTBHEM: JJIEKTPOHBI (e ,e"),

MIooHBI (1 ,1"), Taonsl (T7,1"), a TAKKe NMEKTPOHHBIE HEUTPHUHO (V,,V,),
MIOOHHBIE HEUTPUHO (V,,V, ) U Tay-HEUTpUHO (V,,V, ). Bce nenTons umeror

CTHHBI, paBHBIC 1/27 , U, clienoBaTENBHO, SBISIOTCS ghepmuonamu. Bee ner-
TOHBI 00JIaalOT cIabbIM B3aUMOJICHCTBUEM. Te W3 HUX, KOTOPbIE HMEIOT
AIIEKTPUYECKUI 3apsf (T.€. MIOOHBI M 3JIEKTPOHBI), 00JIaTaI0T TAKXKE U JIEK-
TPOMAarHUTHBIM B3auMojeicTBUEM. HEHTPUHO y4acTBYIOT TOJBKO B CJIA0BIX
B3aMMOJICHCTBUSIX.

Aoponwl (Tped. «aipoc» — KPYMHbIA, MACCUBHBIN) — wacmuysl, y4acm-
8yIoOuUe 8 CUTbHBIX INEKMPOMASHUMHBIX U c1aOblx e3aumooeticmeusx. Ce2o-
OHsl U38ECHIHO CBblUle COMHU AOPOHO8, U UX NOOPA30ensaion HA OapuoOHbl
Y ME30HbL.

Bapuonwvt — aoponvl, cocmoswue uz mpéx xeapxos (Qdq) u umerowue
bapuonnoe uucao B = 1.

Krnacc 6apnoHoB o0beanHseT B ce0e HYKJIOHBI (P, N) U HECTaOWIbHbBIC
YJaCTHIIBI C MacCoM, OOMBIIEH MacChl HYKJIOHOB, TIOJYYHUBINFE Ha3BaHWUC 2U-
neponog (A, 2*,2°,27,5° 57,Q7). Bce rumepoHsl 00NagarOT CHIBHBIM
B3aMMOJICUCTBUEM U, CIIEJOBATEIIbHO, aKTUBHO B3aUMOJICUCTBYIOT C aTOM-
HbIMU siipamu. CIMH BceX 0apuoOHOB paBeH 1/27 , Tak 4TO OApUOHBI SIBJISIOT-
csi ghepmuonamu. 3a UCKIIOUYEHUEM IPOTOHA, BCe OApHOHBI HECTAOWIIBHBI.
[Ipu pacnane 6aproHa, HapsiAy ¢ IPYTUMU YaCTUIIAMHU, 00s13aTeIbHO 00pasy-
eTcs 0apuoH. DTa 3aKOHOMEPHOCThH SIBJIICTCS OJHUM U3 NPOsGIEHUl 3AKOHA
coXpauenusi OapuoHHO20 3apsaod.

Meszonvt — aopomsl, cocmoswue u3z keéapka u anmuxéapka ((Q)

u umerouwue bapuorroe yucio B = 0.
Me30HbI — CHJIBHO B3aUMOJICHCTBYIOIINE HECTAOWIIbHBIC YACTHIIBI, HE
HECYIIIME TaK Ha3bIBAEMOTO OapHOHHOTO 3apsna. K ux umcimy mpuHamiexaT

T -Me30HbI, WM THoHs! (', ™, n°), K-Me30Hs1, i kaons! (K*, K™, K® K?),
U 1] -ME30HBI.

B otTimumne oT 1€eNTOHOB ME30HBI 00JIAAAIOT HE TOJLKO CJIA0BIM M, €CIIU
OHM 3apsDKCHBI, DJIEKTPOMArHUTHBIM, HO TaK)KE M CHJILHBIM B3aWMOICHCTBH-
€M, TIPOSIBJISIFONITUMCS TIPY B3aUMOJACHCTBUU UX MEXIY COOOM, a Takxke MpHu
B3aMMOJICUCTBUH MEXAY Me30HaMu u OapuoHamu. CIIUH BCEX ME30HOB pa-
BEH HYJIIO, TaK YTO OHH SIBJISIIOTCS OO30HAMU.

Kanubposounwie 6030Hbl — uacmuybsl, ocywecmeusowue 83aumooel-
cmeue medicoy hynoamenmanbrvimMu Gepmuonamu (KBapKaMH U JICITOHAMHU).
Ito wactuipr W, W, Z° v BoceMb THIIOB I'IFOOHOB g. Croga e MOHO OT-
HECTU U (POTOH Y.
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CBoiicTBa AJIEMECHTAPHBLIX YaCTHUI

Kaxxnmas gactuia onuceiBaeTcss HaOOpoM (PU3MUECKUX BETUYNH — KBaH-
TOBBIX YHCEN, onpeneistommux e€ cpoiictBa. Hanbonee yacrto ynorpe0sie-
MbI€ XapaKTEPUCTUKU YACTHUIL CICTYIOLINE:

Macca wacmuysr M. Maccbl 4acTUIl MEHSIOTCS B IIUPOKHUX MpeJiesiax:
ot 0 (dpoton) mo 90 I'3B (Z-6030H). Z-6030H — HanboIee TSKEIAST 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 cmMabubHble yacmuysvl, IMEIOIINE OTHOCUTENBHO OOJIBIIOE BPEMs KU3HH,
U HecmabuibHble.

K cmabunvneim yacmuyam OTHOCAT 4acTULbI, pacnaJarouIiecs Mo cia-
OOMy WJIM DJICKTPOMarHUTHOMY B3aUMOJEHCTBUIO. [[eeHre JacTuil Ha CTa-
OWIbHBIE M HECTaOWIbHBbIE YCIOBHO. [103TOMY K CTaOMJIBHBIM dYacTHIIAM
NpUHAAJICKAT TaKWe YaCTHIIbI, KaK DJIEKTPOH, MPOTOH, JUIsl KOTOPBIX B Ha-
CTOsIIIIeE BpeMsl pacriajbl He 0OHAPYKEHBI, TAK U T -ME30H, UMEIOIINI BpeMs
xmsan T = 0,810 ¢.

K necmabunonuviv wacmuyam OTHOCST 4aCTULbBI, pacnagatoluIuecs B pe-
3yJbTAaTe€ CUJIBHOTO B3aUMOJICUCTBUA. IX OOBIYHO HA3bIBAIOT PEe30HAHCAMU.
XapakTepHOe BpeMst JKU3HH pe3oHaHcoB — 102107 ¢.

Cnun J. BennunHa criiHa U3MEPSIETCSl B €IMHUIIAX /I U1 MOXKET MPUHU-
maTh 0, momyienbie u 1enbie 3Hauenus. Hanpumep, cnun n-, K-me30H0B pa-
BeH 0. CriuH 3nekTpoHa, MooHa paseH 1/2. Cnun ¢otona pasen 1. Cymect-
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, Ha3pIBaeMOif H7IeMEHTapHBIM K-
TPUYECKUM 3apsAIoM. HacTUIpl MOTYT UMETh 3apsiasl 0, £1, £2.

Buympennaa uemnocmes P. KBaHTOBOE 4MCIO P XapaKkTepu3yeT CBOM-
CTBO CHUMMETPHUHU BOJIHOBOH (DYHKITUH OTHOCHTEIIBHO MPOCTPAHCTBECHHBIX OT-
paxxenuii. KBantoBoe uncio P umeer 3HadeHue +1, —1.

Hapsimy ¢ obmumu 1711 BceX YacTHIl XapaKTEPUCTUKAMU HCIIOIB3YIOT
TaK)K€ KBAHMOBblE YUCIA, KOMOPble NPUNUCHIBAIOM MOJILKO OMOETbHbIM
zpynnam uwacmuy,.

Keanmoewte uucna: d6apuonnoe uucino B, cmpannocms S, ouaposanue
(charm) ¢, kpacoma (bottomness, uiau beauty) b, sepxnui (topness) t, uzomo-
nuyeckuti cnux | IPUTIUCHIBAIOT TOJBKO CUJIBHO B3aMMOJICUCTBYIOIIMM 4Yac-
TULIAM — AOPOHAM.
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Jlenmonnvie uucna: Le, L, L;. Jlentonnbie yncna NpUnmchBalOT Yac-
THIIaM, OOPa3yIOIIUM TPYIITY JIENTOHOB. JICMTOHEI €, L ¥ T YYaCTBYIOT TOJIb-
KO B DJIEKTPOMAarHMTHBIX U CIIAOBIX B3aUMOAEHCTBHAX. JIENTOHBI Ve, Vi U Vq
Y4acTBYIOT TOJIBKO B CJIa0BbIX B3aUMOCHCTBHAX. JIENTOHHBIC YHCIa UMEIOT
sHauenus Le, Ly, Ly = 0, +1, —1. Hanpumep, €, 2IEKTPOHHOE HEHTPHHO Ve
+
o

bapuonnoe uucno B. bapnonnoe uncio umeer 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 = —|; K-, K'-Me30HsI nMetoT S = +1.

Charm c. KBanToBOe 4uCIIO ¢ MOXKET MPUHUMATh 3HaYeHus —3, -2, —1,
0, +1, +2, +3. B HacTos11ee BpeMs 0OHAPYKEHBI YacTHUIIbI, uMmerotue ¢ = 0,
+1 u —1. Hanpumep, 6apron A" umeer ¢ = +1.

Bottomness b. KBanroBoe 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 |. CUibHO B3aMMOCHCTBYIONINE YACTUIIBI MOKHO pa30UTh Ha
TPYIIIBI YaCTHUII, 00JIAJAONINX CXOKHUMHU CBOMCTBaMH (OJMHAKOBOE 3HAUCHUE
CIIMHA, Y6THOCTH, OAPMOHHOTO YKCIIA, CTPAHHOCTH U JIp. KBAHTOBBIX YHCEN,
COXPAHSIONINXCS B CHUJIBHBIX B3aUMOJCHCTBUSIX) — UZ0MONUYECKUE MYIbIU-
niemsl. Bennanaa n3ocnuHa | onpenenseT 9ucio 4acTHIl, BXOIANINX B OJUH
U30TONMUYECKUH MYJIBTUIUICT, N U p COCTABIISIIOT H30TONMUYCCKHHN TYyIUICT
| = 1/2; &%, ¥, ¥° BXONAT B COCTAaB U30MONUYECKO20 mpuniema | =1,
A — uzomonuuecxkuu cunenem | = 0; 4uciIO YacTHULl, BXOMSAIIUX B OOUH U30-
monuyeckuti myromuniiem coctasiuser 2| + 1.

G — yemHnocmo — 3TO KBAaHTOBOE YHCJIO, COOTBETCTBYIOIIIEE CUMMETPHHU
OTHOCHUTEJIFHO OJHOBPEMEHHOM OIepaliy 3apsIOBOT0 CONPSKEHUS ¢ U W3-
MEHEHHS 3HaKa TPEThero KoMmnoHeHTa | m3ocnmaa. G-4eTHOCTh COXpaHICTCS
TOJIBKO B CHJIBHBIX B3aHMMOJICHCTBHUSIX.

nmeror Le = +1; €., v, nmeror Le = — 1. Bee anponst umeror L =L, =L, =0.

3.5.4. CTpaHHbI€ 4YaCTHIIbI

B nagane 50-x rr. XX B. ObUI0 OOHApY>KEHO, YTO HEKOTOPHIE U3 HEJAB-
HO OTKPBITHIX YacTull, a uMeHHO K, A, X, BeayT ce0s CTpaHHO B JIByX OTHO-
HICHUSIX:
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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

CTpPaHHBIM, YTO BTOpPAasl peakiusi HE Hapyllaja HA OJHOTO U3 U3BECTHBIX 3a-
KOHOB COXpaHEHUSs U i €€ OCYIIECTBIEHUS ObLIO I0CTATOUYHO YHEPTUH;

® BO-BTOPBIX, XOTSl POXKJICHUE CHIPAHHBIX YACTUILl (KaK MX CTaJIH Ha3bl-
BaTh) OBLJIO OOYCJIOBJIICHO CHJIBHBIM B3aMMOJCUCTBHEM (T.€. MPOUCXOIUIIO
¢ 00JBIION BEPOSITHOCTBIO), UX pacnajbl HE UMEIH XapaKTEPHOIO ISl CUJIb-
HOTO B3aMMOJICHCTBHS BPEMEHH KU3HU, XOTS OHU U paclajajiuch Ha CUIBHO

B3aUMOJECTBYIOmuUe YacTuubl (Hampumep: K —2m, X7 — p +7°). Bme-

CTO BEJIMYMH TOPSIIKA 10723 C, KaK CJIeIOBAJIO OXUJATh JIJIs YacTHI], pacma-
JAIOIIMXCA 32 CUET CUIIBHOTO B3aUMOJICHCTBHUSA, UX BPEMSI KU3HU OKa3aJloCh

B npezenax ot 107 o 1078 ¢, uro xapakrepHo [ c1aGOro B3aMMOCHCTBYSI.

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 BTOPOH peakIuu CTPAHHOCTb HE COXpaHsETCH,
Y TI0ATOMY 3Ta PEAKIUS HE UJICT.

CoxpaHeHue CTPaHHOCTH OKa3aJIOCh MEPBBIM MIPUMEPOM «YACTUYHO CO-
XPaHSIOMICHCS BEIMYUHBDY, CTPAHHOCTh COXPAHSAETCS B CHUJIBHOM U HE CO-
XpaHsieTcs B c1abOM B3aUMOJICUCTBUMU.

3.5.5. KBapku u riir0OHbI

[Toutn Bce HabOMIOaEMbIEe YACTHUIIBI TPUHAJJICKAT OJJHOMY U3 JABYX 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€ pas3jinuyne 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 PaCIaJIaloTCs Ha COCTaBHBIEC YacTH, HE OOHAPYKUBAIOT HUKA-
KOW BHYTpPEHHEU CTPYKTYpbl U HE UMEIOT omnpenencéHHoro pasmepa. (Ilombit-
KU OIPENEIUTh pa3Mepbl JIENTOHOB ITOKAa3aJy, YTO BEPXHUU MPENETT 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 apoHOB. OHa MPUBOJIUT K Macce OMpaBbl-
BAIOIIUXCS MPEACKAa3aHU U B HACTOSAIIEE BPEMsI CUMTAETCS OONICpPU3HAH-
HoM. B 1963 r. I'enmm-MaHHOM M HE3aBHCHUMO OT Hero L[Belrom Oblia BHEIIBU-
HyTa TUNOTE3a, MOJITBEPKICHHAS NalbHEUIIIMMU HCCIIEI0BaHUSIMH, YTO BCE
aZpOHBI TIOCTPOCHBI W3 Oojee (GyHIAMEHTAIBHBIX YaCTHIl, KOTOPHIC, IIO
npenioxenuto ['emn-Manna, ObutH Ha3BaHbI KBapkamu. Ha ocHOBe kBapko-
BOU TUIIOTE3bI HE TOJILKO ObLJIA MOHATA CTPYKTYpa YK€ U3BECTHBIX aJpOHOB,
HO M MpeJCKa3aHo CyllecTBOBaHME HOBBIX. K HacrosimieMy BpeMEHH yCTa-
HOBJICHO CYIIECTBOBAaHUE IIECTU PA3HOBUAHOCTEH (MM TaK Ha3bIBAEMbIX
apoMaTOB) KBapKOB: BEPXHHUH — U, HIKHHN — 0, CTpaHHBIN — S, OYapOBaHHBIH
— ¢, IPEKpacHbIi (MpesiecTHbIi) — b, BoIcHInil — t. Bce KBapKku UMEIOT CIIUH
1/2 (pepmuonbl), OaproHHBIN 3apsia 1/3 U APOOHBINA JICKTPUUCSCKUAN 3apsil.
KBapku U, C, t Ha3bIBAIOT BEPXHUMH, T.K. OHU HUMEIOT JAPOOHBIN AlEKTpUUE-
ckuii 3apsn +2/3. OcranbHble kBapku d, S, b ¢ anexrpuueckum 3apsaom — 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 OapuoHa MOJIYLENbIN, MO3TOMY
OapUOHBI COCTOST U3 HEYETHOTO (KPOME OJIHOTO) YHCia KBapKOB. B oCHOB-
HOM OapUOHBI COCTOSIT M3 TPEX KBAPKOB (YACTHIIBI C OOJIBIIMM HEUYETHBIM
YUCJIOM KBapKOB, HAIIPUMED U3 MSTH — 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). x aH-

THYACTHIBI TIOCTPOCHBI U3 aHTHKBAPKOB: P —> U 0dd , il —0dd .

Ksapkoswiii cocmas me3onos. Mesonwl, o0nagas 1eI0YUCICHHBIM CITU-
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. Hentpanbhblii m0-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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JIOJKHBI HAXOJIUTHCSL B OJTHOM U TOM K€ COCTOSIHUU. ITO BO3MOXKHO TOJIBKO
JUTSl 4aCTHUL, KOTOPbIE OTUUHSIOTCS cTaTucTHKE bo3e — DitHiureiina. KBapku
HMMEIOT MOJIYLEJIbIA CIIMH, HO MPU 3TOM OHH JIOJIKHBI YJOBJIETBOPSATH CTATU-
CTUKE, KOTOPOU MOIUUHSIOTCS YaCTHUIIbI, UMEIOIIUE 11eJbli criiH. CBs3b CIU-
Ha CO CTaTHCTUKOW SBIIAET COOOU HenokoneOumbili TPUHIMI PETISITUBUCT-
CKOM KBaHTOBOM 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 MCKIIIO-
YUTh U3 00JIACTU €ro rocrojcTsa. JJisi BBIX0/1a U3 ATOTO TYIHKA OBLIO Tpe/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 IOJ] Ha3BaHUEM yeem. Toraa MOXHO ObLJIO 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-
crossHue. KBapku MOTYT OTIIMYATHCS 10 LBETY, AK€ €CIIN BCE OCTAIbHBIEC UX
CBOMCTBA a0COJIIOTHO OJMHAKOBBI. KBAHTOBOE UMCIIO «I[BET» MPUITUCHIBACTCS
BCEM KBapkaM, He3aBUCHUMO OT Tuma (apomarta). [IBeT uMeer mpu 3HadeHUs.
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 OONOJHUMENbHLIM K TBETY KBapka. CuibHOE
B3aMMOJICHCTBUE KBapKa HE 3aBUCUT OT €0 LIBETOBOT'O COCTOSIHHMS, T.€. OHO
OJIMHAKOBO IJIs1 BCEX TpeX IBEeTOB. [IoHSATHE «1IBET» BBEACHO HE CIydYailHO,
a CBSI3aHO C aHaJOruen. B BUIUMOM ONTHUYECKOM CBETE CYIIECTBYIOT TPU OC-
HOBHBIX 1IBeTa (KpaCHbIN, 3€JICHBIN, CUHUI), KOTOPBhIE TIPU CMEIICHUH JAl0T
benviil, becysemnulil CBET. Bee HaOMI01aeMble adporbl HE 00Jaal0T KBAaHTO-
BbIM CBOWCTBOM «IIBET», CJICIOBATEIIBHO, OHU SBJISIOTCSA Oecysemuvimu (Oe-
Jbimu). bapruoHbl COCTOSIT U3 TpexX KBapKoB, B HUX Bce 1Bera (K, 3, C) cme-
maHbl pagHomMepHo. ME30HBI COCTOAT M3 JIByX KBapKOB, OKpPalIE€HHBIX
B IIBET» W «AHTULBET». TaK KaK AHTHUIIBET SIBJISIETCSA JOMOJHUTEIbHBIM

K cBoeMy I1BeTy, To koMOuHaumu KK, 33, CC cuutarTcsi becysemubimu
(6envimu). Tlo COBpeMEHHBIM TMPEACTABICHUSAM CHUJIbHBIC B3aMMOJCHCTBUS
OCYIIECTBIISIOTCS ITyTeM OOMEHa MEXTy KBapkamMu 0€3MacCOBBIMU YaCTHIIA-
MU CO CIIUHOM 1 ¥ HYJIEBOW MacCOU MOKOS. DTH YaCTHIIBI Ha3bIBAIOTCS 21H00-
Hamu (B TIEpEBOJIE C AaHTIMHUCKOTO S3bIKa TJIIOOH 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, TJIIOOHBI SBIISTFOTCS «Y8eMHbLMUY YaCTUIIAMH, HO TIOCKOJIbKY KaXK-
JIBIA TJTFOOH M3MEHSET IBETa Cpa3y JABYX KBApKOB (KBapKa, KOTOPBIA HCITYC-
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KaeT TJII0OOH, M KBapKa, KOTOPBIM TMOTJIOTUI TJIIOOH), TO TJIIOOH OKpauieH
08ad#cOvl, HeCS Ha ce0e LBET U aHTHUIIBET, OTJIMYHBIN OT 1BeTa. M3 Tpex 1Be-
TOB W aHTULBETOB MOXHO COCTaBUTh BCEro AEBATH KomOMHarmil. Kaxmou
TaKoOW OKpaulenHou KOMOWHALIMM COOTBETCTBYET TIJIIOOH, CIIEJOBATEIBHO,
BO3MOXXHO CYIIIECTBOBAaHHE BOCHMH TJIFOOHOB, 00JANaIONIMX XapaKTePUCTH-
KOW «1BeT». ['JIFOOHBI 3JIEKTPUYECKH HEUTpPaJbHbI U HE 00JaJaroT ciaadbIM
B3auMozeiicTBueM. [TII0OHBI B3aUMOJIEHCTBYIOT MOIbKO C KBapKaMu U ApY-
TMMH IJII0OOHaMU. B3aumopeicTBie IiIr00OHOB MeXay cOO0OM NMPUBOAUT K TO-
MY, YTO CHUJIOBBIE JIMHUM LIBETHOTO B3aUMOJICHCTBUS KBAPKOB MPEACTABIISAIOT
co00i1 Jc2ym CUIIOBBIX JIMHUN, TIPOTSHYTHIM MEXy KBAPKOM U aHTUKBAPKOM.
OTO0 oTIINYAaeTCs OT MEKTPOMArHUTHOTO B3aUMOJIECHCTBUS, B KOTOPOM CHJIO-
BbI€ JINHUU PAcXOASTCS OT UX MCTOYHUKA — DJIEKTPUUECKOTo 3apsja — eee-
pom, 1060 BUPTyalbHbIE (POTOHBI, UCIYIIEHHBIE OJTHOBPEMEHHO NCTOYHUKOM,
HE B3aMMOJICUCTBYIOT JIpyT ¢ ApyroM. Camu TJIIOOHBI, UMes I[BETOBBIC 3apsi-
7Ibl, CTAHOBSITCSI NCTOYHUKAMU HOBBIX TJIFOOHOB, YHCJIO KOTOPBIX HAapacTaeT
M0 Mepe UX yJaJIeHUs OT KBapKa.

Takass kapTWHA B3aMMOJCHCTBUS COOTBETCTBYET 3aBUCHMOCTH TOTEH-
[IUATBHON PHEPTUU B3aMMOJICHCTBHS MEXIY KBapKaMH OT PACCTOSHUS MEXK-
Iy HEMH, TOKa3aHHOH Ha puc. 3.5.2. Jlo paccrosust r < 10 cM 3aBucH-
mMocTh U(r) mMeeT BOpOHKOOOPA3HbIi XapaKTep, IPUYEM CHJIa IIBETOBOTO 3a-
psiaa B 3TOM 00J1aCTH pACCTOSHUNA OTHOCUTENIBHO HEBEJIMKA, IPU ATOM KBapKH
B 3TON 00JIaCTH PACCTOSHUN MOKHO B IEPBOM MPHUOIMKEHUH pacCMaTpUBATh
KaK CBOOOJHbIE, HEB3AUMOACHCTBYIOLINE YACTULIBI. JTO SIBJIEHUE HOCUT CIie-
[IUATIbHOE HA3BAHUE ACUMIMOMUYECKOU C80000bl KBAPKO8 TPHU MallbiX I.

OpnHako, mpu I 60JIbLIC HEKOTOPOTO KPHTHIECKOTO [, z10_13CM, BEJIMYMHA

MOTEHIMAILHON dHepruu B3auMoaercTBus U() cTaHOBHUTCS MPSIMO IPOIIOP-
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. PacueThl MOKa3bIBAIOT, YTO CH-
JIbl, JICHCTBYIOIINE MEXKIY KBAapKOM U aHTUKBAPKOM, JIEUCTBUTEIBHO, HAYU-

Hast C Fg, z10_13CM, MEepPECTalOT 3aBUCETh OT PACCTOSIHUSI, OCTaBasCh Ha

YpOBHE OIPOMHO}T BeamduHsl, 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 ThICAYM pa3 Oouiblie siaepHbix! OnHAKO
8b10€UMb YBEMHYIO IHEP2UIO HEBO3ZMOICHO. DTO CBSA3aHO C TEM, YTO IPHU
YBEJIMYCHUHN PACCTOSHUS MEXAY KBapKaMU JIMHEWHO pacTeT MOTEHITHaIbHAs
DHEPTUS B3aUMOJCHCTBUS O TEX TOp, MOKa YHEPTETUICCKU CTAaHOBUTCS 00-
Jiee BBITOJTHBIM 00pa30BaTh Pa3phIB C POKIACHUEM KBApK-aHTHKBAPKOBOH IMa-
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 3am0iro 10 JOCTHKEHHS TAKOTO YPOBHS SHEPTHH
BMeIascs Obl ipyroi npoiecc. Y3 sHepruu, mocTaBiIeHHON JJi BbIIACICHUS
OJIHOTO KBapKa, MaTEepHAIM30BAIUCH Obl HOBBIE KBapK M aHTUKBapK. HoBbIi
KBapK 3aHsJ1 OBl B MPOTOHE MECTO YAAJICHHOTO, M JacTuIila Obliia Obl BoccTa-
HOBJIcHa. HOBBIM aHTHKBAapK MpHUIETIIICS 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 uMesia Obl IBET.

Takue xauecTBEHHBIE MPEACTABICHHUS O POXKICHUU KBapKa-aHTHKBapKa
MO3BOJISIIOT MOHATH, TOYEMY OJMHOYHBIE KBApKK BOOOIIE HE HAOIIOMAIOTCS
U HE MOTYT HaOJI0IaThCA B PUPO/IE.

B 11BeToBOM B3aMMOIEUCTBUM YYaCTBYIOT Mpu BUJA IIBETOBBIX «3apsi-
JIOBY», U 3TO TIPUBOJIUT K «BEYHOMY NIEeHEeHU0» KBAPKOB W TIIIOOHOB BHYTPHU
aJpOHOB, TTOATOMY BBIJICJICHUE 1IBETOBOM SHEPTHUH HEBO3MONCHO. ITO SIBIIC-
HHME HEeBbLIECTa KBapKOB (IJIFOOHOB) Ha3bIBaeTCs KoHpatHmenmom (oepanuue-
Hue, 3akntouenue, yoepxcanue). Caea0BaTeNbHO, S0epHble CUlbl, KAK U CUJIbI
Ban nep Baanbca, He senatomess NEUCTBUTEIBHO (hYHOAMEHMAILHLIMU, A SIB-
JSIOTCS JIMIIb «CAAObIM» CIEAOM Y8emo8o20 (CUIIBHOTO) B3aUMOICHCTBUS
KBapKOB H TJIFOOHOB. OIMCaHWE CHUJIBHOTO B3aWMOJICHCTBUS KBapKOB
Y TJIFOOHOB JIaeT CIICMAJIbHAsT TEOPETUYECKas MUCIUIUIMHA — KB8AHMOBAS
xpomoounamuxa (KX]I).
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3.5.6. Buasl B3auMoaeicTBUMA M UX BeJIHKOE 00 beINHEeHHE

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 cronetrn; onTuku ¢ Teopueit NeKTpUYecTBa 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 aTOMHOU (PU3MKK B KBAHTOBOM MexaHUKe B 20-X IT.

[locnenHsist B psAny Takux oObenuHeHud — Cmanoapmuas mooenw
B3aMMOJIEUCTBHS iieMeHTapHbIX yacTull (CM), BKitodaromas B ce0si MUHU-
MaJIbHYI0 MOJIEJIb JIEKTpOociiadoro B3auMoercTus I mamoy — BalinGepra —
Canama u xkBaHTOBY10 XpoMmoauHamMuky (KXJI). MoxHo cka3arb, 4TO Ha ce-
TONHSIIIHUN J1eHb UMEHHO CM SBI€TCS pealbHbIM UTOTOM MHOTOJIETHEU
pabOThI COTEH THICSY JIFOJEH — OT TEOPETUKOB JI0 MPOCTHIX UHKEHEPOB U Jia-
OOpaHTOB.

EcTh maen OTHOCUTENBHO TOTO, KaK TEOPHS CHIIBHBIX B3aWMOJICCTBUI
MOXET OBbITh O0BEAMHEHA C TEOPHUEH CIA0BIX M 3JIEKTPOMArHUTHBIX B3aUMO-
neiictBuii. Takoe oObeIMHEHNE YaCTO HA3BIBAETCS BEIUKHM 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 — TOJIA, BKIIIOUas AJieKTpoMarHuTHoe mnose. 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, N300paKEeHHOMN
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, Onu3 JKeHeBw
(CERN), Oyzaet paboTaTh jy1st 3TOr0 O0J€ee AecsaTu jeT. Ha aTom komnanaepe
J0JKHA OBITH OOHAPY)KEHA TI0 KpalHEW Mepe OJIHA DJICKTPUUECKH HEeHTpaib-
Hasl CKaJsipHas 4acTHlIa.
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Orknonenne ANCKETPOHA Pasmep naTHa mecTROM

B MATHHTHOM ITOMmE FAMME-HETY UCHHA

—

llonapuiosanHsH
WICKTPOHHEIH
ITy 0K L

Pasmep natua
MATKOTO TAMME-
HITY9CHHAA

llonapuioBaHHBEIR Ta3CpHEIH
My 10K

Puc. 3.5.3

' ¥

Puc. 3.5.4

OObenuHeHNE Pa3HOPOIHBIX SIBJICHUM B OJIHOM TEOPUM YXKe J0JIroe

BpeMs SIBJISIETCS IIEHTPaIbHOM TeMoil pu3uku. CTaHgapTHAst MOIETb (PU3UKU
YaCTHI] YCIICIIHO OMHCHIBACT TPU (DJIIEKTPOMArHETU3M, CJIa0ble U CHIIbHBIE
B3aUMOJICUCTBUS) U3 YETHIPEX U3BECTHBIX HAYKE CUJI, HO BIEPEIU €Ille OKOH-
yaTeslbHOE 00BEAMHEHUE ¢ 00IIel Teoprueld OTHOCUTENBHOCTH, KOTOpasi OIH-
CBIBACT IPABHUTAIMIO U IPUPOY POCTPAHCTBA U BpeMeHH (TalI. 6).
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Tabnuma 6

AJIEKTPUYECTBO
MarHeTu3m AIEKTPOMAarHeTU3M
3JIeKTpociadoe
CBET o
B3aUMO/JICHCTBUE
Oera-pacmaj ciaboe CrannapTtHas
HEUTPUHO B3aUMO/ICVICTBHE MOJIETb
IIPOTOHBI ?
HEUTPOHBI CUJIBHOE B3aMMOJICHCTBUE
MTAOHBI
3€MHOE NPUTSIKEHHUE BHAS FDABHTAILHS 06
nBepcal 11ast Teopus
HebecHast MexaHuKa YHHUBEP P p
OTHOCHUTEIIbHOCTH
T€OMETpPHUsI IPOCTPAHCTBA-BPEMEHU

Benukoe o0benrHeHnEe BCEX BUAOB B3aUMOACHCTBUI MPOU3OIILIO 6 pe-
AIbHOCIMU eOUHCMBEHHbIU PA3, B Nepeble MeHOGeH s TI0Cie boJbIIOTo B3phI-
Ba (oOpa3oBaHue Hamedl BceneHHoi), KOrna OTCYTCTBOBAIM PA3IHYUS MEXK-
Ny TPAaBUTAIMOHHBIMH, JICKTPOMArHUTHBIMU, CIA0BIMU U CUJIbHBIMHU B3au-
MOJCHCTBUSAMH, CYLIECTBOBAJIA NOIHAS, WIH AOCOTIOMHASL, CUMMEMPUsL MEX-
ny Humu. Pasmep BceneHHOM B 3TO BpeMsi cooTBeTcTBOBal [LmaHKOBCKOM
wmse ~ 10 %cM, a ee TeMIIepaTypa — SJHEPTUH ~ 10" B. [Ipu pacumpennun
Bcenennoil ee temrieparypa majgana U OpU DHEPIUAX 0 ~ 10" B po-
U30IIUIO 71€pgoe HAPYLICHUE CUMMETPUH, €IUHOE B3aUMOJCHUCTBUE pa3/Ieiiu-
JIOCh Ha epasumayioHHoe U Ha CUIbHOIeKMpociaboe B3auMOICHCTBHE.

Bmopoe HapylieHne NoJHOM CUMMETPUM MPOU30LLIO0 MPU JaJIbHEUIIEM
octeiBanuu A0 sHeprun ~ 100 [3B. Cunbroe B3auMOJEUCTBHE OTIEIUIOCH
OT 21eKMPOoCciab02o.

[locnennee — mpemve — HapylleHUE CHUMMETPUU IPOU3OLLIO TOCIHE
100 I'»B, xorma asnexkmpocnaboe B3aUMOJICUCTBUE Pa3ACIWIOCh Ha claboe
u anekmpomazHumuoe. CTEIEHb CUMMETPUM CUCTEMBI HEPEAKO 3aBUCUT OT
TEMIIEPATypPhl: OOBIYHO MPU BBICOKOM TEMIIEpAType CUMMETPUSI TIPOSIBIISACTCS
CUJIBHEE, YeM IIpyu HU3KOW. Hampumep, )KUAKOCTh «M30TPOIHA»: BCE €€ Ha-
IpaBJeHUs SKBUBAJICHTHBI. [Ipu OCThIBaHMM U3 HEe MOTYT 00pa3oBaThCS
KpucTtauibl. BoT oM yke MOTYT OBITh KAKMMH YTOJHO, TOJILKO HE M30TPOII-
HBIMH; OHU O0JIa/Ial0T YETKO OINpPECICHHOW CUMMETPHEH, HO HE TaKOH MOJI-
HOM, KaKk m3oTponus. OOpaTHBIM MPUMEPOM SIBIISIFOTCSI TTIOCTOSTHHBIC MarHH-
Thl. ACUMMETpHS, OTpakaeMas CYIIECTBOBAHUEM OTHEJIBHOIO CEBEPHOTO
Y FOXKHOTO TOJIFOCOB, MCUYE3a€eT, KOrJla MATHUT HAarpeBaeTcs, TEPSL CBOU Mar-
HUTHBIE CBOMCTBA. TakuMm 00pa3zoM, CIEHMAIUCTHI MO (PU3UKE YaCTHI] pac-
CMaTpUBaIOT HAOJIOJIaeMble ACUMMETPUU MPHUPOJBl KaK HCKYCCTBEHHBIM
NpU3HAK, BBI3BAHHBIN Mpeodnanaronieid Bo BceneHHONM HU3KOM Temmepary-
poit. CoBpeMeHHas cpefHss TeMiieparypa BceneHHON Oo4eHb HU3Kas, BCETO
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Ha 3 K Bblme aOCoOMOTHOrO HyJs (HaM IPOCTO IMOBE3JIO, YTO MBI JKUBEM
BONM3u CoJiHIIA), YTO U MPUBENO K «KPUCMALAUZAUUWY OTACIbHBIX BUIOB
B3aumoeiicTBuil. [Ipu 6osee BHICOKHX TemIiepaTypax BpOXKACHHAs CUMMET-
pUYHOCTH Beenennoil npoctymnaet 6osiee sIBHO.

CoBpeMenHast (u3MKa SJIEMEHTApHBIX YacTUI[ I[OCTaBUJA BOIPOC
0 €IMHOW TIPHPOJIC BCEX B3aUMONEHCTBUH (Beruxoe oowveounenue). PaboThI,
MOCBSIIICHHBIE YaCTUIIAM, KOTOPbIE YK€ OTKPBITHI WM OYAYT OTKPBITHI B 000-
3pUMOM OyayIeM, MOJyYUSId Ha3BaHUE ghenomeHnonozuyeckue. PaboTel, mo-
CBSILIICHHBIE YaCTHIIAM, KOTOpbIE HUKOTJAa HE OyIyT OTKPBITHI, MOJYYWIA Ha-
3BaHHE meopemuieckue. ITH padOThl UCXOJISAT U3 TOTO, YTO KBAHTOBAsI TEOPUS
noJist BooO1e u CraHgapTHas MOJEIb B YaCTHOCTHU SIBJISIOTCS 9P EKTUBHBIMU
(E€HOMEHOIOTHYECKUMU TeOpUsMU. A (yHIaMEHTAIbHOW SIBISICTCS TEOPUS
He TOYCUHBIX YacTHII, a cmpyH pasmepoM mopsiaka 10> cm. Takoe pasmere-
HUE TeopUil Ha (PEHOMEHOJIOTMYECKHE M TEOpeTHYeCKHe Teopuu Bemnukoro
OOBEAMHEHUS CBSI3aHO C TEM, YTO MEXIYy 3HEPIHsIMU COBPEMEHHBIX YCKOpPHU-
teneit (BAK) menbiie 100 5B no IlnankoBckux sHEprui ~ 10" I'B — or-
POMHasl MPONACTh, U C IOMOUIbIO YCKOPUTENEH €€ BpsJ JI yAAacTCs MPeoo-
netb. Ho, Kak M3BECTHO, TaKH€ SHEPIUU CYIIECTBOBAIM HA pAaHHEH CTaJuH
pa3Butusa BcenenHoil. B 3ToM cyiecTByeT TiyOoOKas c6s13b6 MEXKIY (Pu3suxou
anemMenmapuulx yacmuy u kocmonocueti. [loaromy nzydenue pannein Beenen-
HOI MOJKET AaTh OTBETHI HA OCTABJICHHBIE BOIIPOCHI.
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3AK/IIOYEHHUE

MBI 3aKOHYMIIA U3YYE€HHE MTOCIIETHETO U HAWBAXKHEUILIETO pa3aena Kypca
obureit pusukn «Ontuka. KBanToBass Mexanuka. AToMHas U siiepHasi pusmka.
@u3nKa >JEMEHTAPHBIX YacTUI. M3 mpoiIeHHOro Marepuana BHIIHO, YTO
Cpelli BCEX TUCIUIUIMH B By3€ HET TaKUX, KOTOpPbIE MOTJIM Obl CPAaBHUTHCS
C KypcoM (pu3HKH 1o O0raTCTBY U MHOTOOOpPA3HIO UAEH, METOJIOB HCCIeI0Ba-
HUS U QyHIAMEHTATBHOCTH U3y4aeMbIX B HEM JOCTIKEHUN HAYKH U TEXHUKH.

[Tpu m3nM0XKEHUN OCHOBHBIX (DM3MUYECKUX HICH, METOJOB M PE3yJIbTaH-
TOB aBTOPBI CTPEMWIACH MOKA3aTh, YTO MEXKIY KJIACCUYECKON M COBPEMEH-
HOM (pu3uKoil HeT riayOoKoM mpomacTd U paspbiBa. dusnka MpeicTaBIsICT
co00i1 HENmpephIBHO Pa3BUBAIOLIYIOCS HAayKy, B KOTOPOM OIHU (pU3NUYECKUE
UJIEU, TEOPUH U PE3YyJIbTAThl 3AKOHOMEPHO CMEHSIIOTCS IPYTHUMU.

CoBpeMeHHas Hayka (4 TEXHUKA), pa3BUBAIOIAsICA HEOOBIKHOBEHHO ObI-
CTPBIMHU TEMIIaMU, TPUBOJAUT K PE3KOMY TMOBBIIICHUIO TPEOOBAHUM, KOTOPHIC
MPEABSBISIIOTCA K COBPEMEHHOMY Kypcy (pM3MKH B By3e. DTH TpeOOBaHUsA
HaxOJSAT CBOE BBIPAXXECHHE B IOBBIIIEHUHM HAYYHO-TEXHUYECKOTO YPOBHS
Kypca, BHEJJPEHUY UHHOBALIMOHHBIX TEXHOJIOTUM, HAIPABJICHHBIX HA aKTUBU-
3aIMI0 MMO3HABATENIBHOW JNEATEIbHOCTH CTYJEHTOB, PA3BUTUE UX TBOPUECKUX
CIOCOOHOCTEH, HAyYHOTO MBIIICHUSI.

JlaHHBIN KypC JICKUMKA OXBaTUJ BCE OCHOBHBIE pa3Aeyibl KIIACCHYECKOMN
U COBpeMEHHOU (GU3MKUA. MBI M3y4WIIM OCHOBBI KIJIACCUUECKOW MEXaHHKHU
U, PACCMOTPEB T'PAHULBI €€ MPUMEHUMOCTH, MEPENUIH K CIEHHUaIbHON Teo-
pUu OTHOCUTEIBHOCTH. Jlanee ObUIM pacCMOTPEHbI OCHOBBI TEPMOJAMHAMUKU
Y MOJIEKYJIIDHON (DPMBHMKH; YUYEHHE O AJIEKTPUUECTBE M MarHeTusMe; Kojebda-
TEJIbHBIE, BOJIHOBBIE IPOIECCHI, BKJIIOYas y4ye€HHUE OO DIIEKTPOMArHUTHBIX
BOJIHAX M ONTUKY. CyIIECTBEHHOE MECTO OTBEAEHO KBAHTOBBIM CBOWCTBaM
U3JIyY€HUsI, OCHOBAM KBAHTOBOW OINTHKHU U 3JIEMEHTAM KBAaHTOBOI MEXaHUKH.

B xon1e kypca Mbl pazoOpanu BOIPOCHI, MOCBSIICHHBIE COBPEMEHHBIM
noctwkenusiM ¢uszuku XXI| B.. aTOMHOW (pU3WKH, (PU3UKKU aTOMHOTO sijpa
U DJIEeMEHTAapHbIX YacTuil. OHU CTaiM BO3MOXKHBIMHU OJjarojapsi ObICTpoOMY
PaCHIMPEHHUIO TEXHUYECKUX BO3MOXKHOCTEH OJKCIEPUMEHTa M Pa3BUTHIO
KBAaHTOBOM MEXAHWKH, MIPUMEHEHUIO €€ K TEOPUM TBEPABIX TEJ, pacyeTam
YCKOPUTEIIEH, SAIEPHBIX U TEPMOSIAEPHBIX PEAKTOPOB, KBAHTOBBIX I'€HEPATO-
POB, YCWJIUTENEH U T. 1.

Hapsiny ¢ GombumMu JOCTIKEHUSIMHE (DPU3UKK BO BCEX €€ pasjesiax oc-
TaeTCs MHOIO BONpocoB. Hampumep, nocTpoeHre KBaHTOBOW TEOPHUH TATOTE-
HUA, TPoOIemMbl (U3UKK TIIa3MBl M aTOMHOTO Sipa, MOCTPOEHUE TEOPHH,
00BEIUHSIONICH BCE U3BECTHBIE CHIIBI B3AUMOICHCTBHS.

N3 cka3aHHOTO SICHO, KaKO€ 3HaY€HUE MMEEeT ISl OyIylIero MHxeHepa
U3y4eHUe PUHKH.
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IIpuioxenue |
OT BOJIHOBOM ®YHKIIUN
K KBAHTOBOMY KOMIIBIOTEPY

Konenrarenckasi MHTepnperanusi BOJHOBOH (PYHKIMHU

Kak u3BecTHO, SKCIEPUMEHTHl MOATBEPAMIN rumnoredy ae bpoiins
B OIBITAX MO IU(PAKINU JIEKTPOHOB HA KPUCTAJUIAX, a B aJbHEUIIEM — I10
IUPPAKIUY TPOTOHOB, HEUTPOHOB, ATOMOB M MOJIEKYJI. 3/1€Ch BO3HUKAET Ma-
paJlOKC, CBA3aHHBINA C T€M, YTO, €CIIM AJIEKTPOH — BOJIHA (KaK W APYTUe yac-
THUI[bI), @& BOJHA HEOTPAHUUYEHHO JAEJMMa, TO Mbl JOJKHBI HAaUTH MOJIOBUHY
WIH YacTh 3JeKkTpoHa. OJHAKO BO BCEX HIKCIEPUMEHTaxX JJIEKTPOH BCEr/aa
OBLT IIENBIM, KaK, BIIpoYeM, U POTOH, U Jpyrue yacTuilpl. OU3NKU MpuIyma-
M MaTeMaTH4ecKuil (opMajn3M, ¢ TOMOIIBIO KOTOPOTO yCTpaHSETCS TaH-
HBIW MMapaJoKC.

OT0T (popMaM3M CTaBUT B COOTBETCTBUE KaXJIOW YACTHUIIE aMIUIATYLy
BepositHocTH ‘P(X, Y, Z, t), KoTOpas mpencTaBisieT co00H (YHKIUIO KOOPIH-
HAT ¥ BpEMEHHU.

bbuto npugymMaHo ypaBHEHUE ABM)KEHUS KBAHTOBBIX YACTHIl — YpaBHE-
Hue lllpenunrepa c ncnosib30BaHUEM ICU-(PYHKIIHH.

OnHO U3 BaXXHBIX CBOICTB BONIHOBOU (yHKIuU Y — npunyun cynepno-
3UUUU KBAHMOBBIX COCMOAHUIL, KOTOPOE (POPMAIIBHO SIBIIETCS CIEIACTBUEM
nuHeHocTH ypaBHeHus lpenunrepa nmis ncu-QpyHKIuU.

N3 npuHIuIa cynepno3uii 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 BOJIHOBOU (pyHkImeit V),

MarpuyHbIii MaTEMaTUUECKUM amIapar s pacuyera 3TOU BEPOATHOCTU
Ob11 pa3padoTan B. 'etizen6eprom.

JlaHHast *HTEpIpETaIUs BOJHOBOM (PYHKIIMM, 03ByUYEeHHAsT O(UIIMATBHO
Ha KoHTpecce (u3ukoB B KomeHrareHne, mojyuwsia HasBaHue Konewnzazen-
CKas uHmepnpemauus.

[Ipu Takoli MHTEPHNpPETALIUH, TI0 COBPEMEHHOU MEPMUHOI0ZUNU, MATPULIA-
MU TUIOTHOCTH OTMMCHIBACTCSI CMEUIAHHOE COCTOSTHUE KBAHTOBOW CHUCTEMBI.
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Cmewiannoe COCTOSSHUE BO3HUKAET TOrAa, KOIZIa PacCMAaTPUBAETCS
KBAaHTOBAsl CUCTEMA U HEKOHMpOJaupyemoe BO3JICUCTBUE HAa HEE OKPYXKaro-
IEH CPEIbL.

JlanHasi WHTEpIIpETAIs BOJHOBOW (YHKIIMH OTBEpraeT (popMaabHYIO
JOTUKY («Ia-HeT», «KMCTHHA-JI0Xb)») U MIPUBOJUT K HOBOU — @eposamHocm-
HOUl J102UKe.

3amUTHUKOM TakoW TpakToBku Obu1 H. Bop, mpoTtuBHUKOM — A. DifH-
IITENH, KOTOPBI HE MOT CMHUPHUTBHCS C MBICIIBIO, UYTO «boe uspaem ¢ namu
6 Kocmu.

Nutepuperauus Hlpeaunrepa

Hpyras uHTeprpeTanus BoIHOBOM (yHKIMH Obuia mpemyioxkena Llpe-
JUHTEPOM, HO B TO BPEMs OHA HE IMOJYYWJIA IIMPOKOM MOINEPKKUA H3-32
HeeepoAmHMbIX CJ1e0CmUil, BRITCKAIOIUX U3 Hee.

IIpexxne yem nepedt Kk uHTepnperanuu I[llpenunrepa, ormerum, 4TO
NPUHYUN Cynepnosuyuy B KBAHTOBOHN (PU3HKE SBISIETCS OCHOBONONACAIOWUM, B
TO BpeMsl KaK B KJIACCUYECKOW (PU3UKE ITOT MPUHLIUIL — HPUOTIUIHCEHHDLL.

CornacHo KJ1accH4eckoll (pU3MKe HCCIeAyeMBbId OOBEKT MOXKET HaxXo-
IUTHCSI B KAKOM-TO OOHOM W3 MHOKECTBA BO3MOXHBIX COCTOSIHUM. OAHAKO
OH HE MOXET HaXOAWUTHCA 6 HECKONbKUX COCMOSHUAX OOHOBPEMEHHO, T.C.
HEJb3Sl NMPUIATh HUKAKOTO CMBICIAa CYMME BO3MOJKHBIX COCTOSIHUMM. Ecim
s HAX0KYCh ceiyac B ayIUTOPHH, s, CTallO0 ObITh, HE B Kopuaope. CocTosHue,
KOrJa s OJJHOBPEMEHHO HAXO0XYCh M B AyJUTOPUHU, U B KOPUAOPE, JUULEHO
cmuicaa. S Benb He MOTY OJTHOBPEMEHHO HaXOJIUTHCS U TaM, U Tam! U He mo-
Iy OJHOBPEMEHHO BBIUTH OTCIOJIa Y€pe3 JBEPb M BBICKOYUTH YEpEe3 OKHO.
51 mubo BBIXOXKY uepe3 ABEPb, TMO0 BhICKAKHBa B OKHO. Kak BuIHO, Takon
NOJIXOJ ITOJIHOCTBIO COIVIACYETCS C JKUTEUCKUM 3IpaBbIM CMBICIOM, T.€.
C DKCIIEPUMEHTOM.

OpHako B KBaHTOBOM (pM3MKeE Takasi CUTYyalus SIBISIETCS JIUIIb OOHOU U3
603mocHbIX. COCTOSIHUSI CHUCTEMBI, KOTJla BO3MOXEH JIMOO OJUH BapHaHT,
100 Ipyroi, B KBAHTOBOW MEXaHUKE HA3bIBAIOT CMEULAHHbIMU. ITO COCTOS-
HUSI, KOTOPbIE HEJb3s OMHUCaTh C MOMOUIbIO BOJHOBOW (DYHKLMHU U3-3a Heus-
gecmHocmu KoMnoHenm, 0OYCIIOBIEHHBIX €€ 83aumooeucmeuem ¢ OKpyice-
Huem. OHH ONUCBHIBAIOTCA MATpPULEH IUIOTHOCTU. B 3TOM cirydae MOXHO ro-
BOPUTH TOJBKO O BEPOSTHOCTH PA3IMYHBIX HCXOJOB SKCHEPUMEHTATbHBIX
U3MEpEHU. DTO U MpuBeNo K Tomy, 4To KoreHrareHckas WHTepHpeTarus
BOJIHOBOHM (DYHKIIMM CTajla OCHOBHOM Ha HEKOTOPOE BPEMSI.

Ceifuac XOpOIIO U3BECTHO, YTO B NIPUPOJE UMEET MECTO U COBEPILICHHO
Apyras cuTyalus, Koraa oObeKT HAXOIUTCS 6 HECKOJIbKUX COCOAHUAX 00-
HOBPEMEHHO, T.€. UMEET MECTO HaJIOXKEHHUE JABYX WJIH 00Jiee COCTOSHUMN ApyT
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Ha apyra. I He mpocTo HaJoOKEHHE, & HAJIOKEHUE De3 KaKo20-1ubo e3aum-
HO20 61UAHUA.

Hanpumep, skcrieprMeHTanbHO AOKA3aHO, YTO OJHA YacCTHLA MOYKET
00HO8peMeHHO TIPOXOJUTh Yepe3 JIBE LIENIN B HEMPO3payHOM 3KpaHe. Yactu-
11a, MPOXOAMIast Yepe3 MePBYIO MIeb, — 3TO 00HO cocmosanue. Ta e JacTH-
1a, MpoXoAsuIas yepe3 BTOPYIO WIENb, — Opy2oe cocmosnue. VI SKCIepuMEHT
MOKa3bIBACT, YTO HAOIIOMACTCS CyMMa SMUX COCMoAHULL, T.€. YacCTUIla 0OHO-
6pEMEHHO npoxooum uepe3 06ée wieau. B TakoM ciydyae roBopsT O cynepno-
3UUUU COCMOAHUIL.

Peub unmer o xeammosoii cynepnosuyuu (KozepenHmuoil cynepnosu-
yuu), T.€. 0 CyNeprno3UINHN COCTOSTHUI, KOTOpPbIE HE MOTYT OBITh peain30Ba-
HBl OJTHOBPEMEHHO C KJIAaCCUYECKOW TOYKM 3peHus. Jlajiee 1moj CiIoBOM cy-
nepno3uyusi IOHUMAETCS UMEHHO K8AHMOBAS CYNEePRO3UYUAL.

Hannuwne 3THX IBYX THIOB COCTOSIHUW — cMecU U CYRepno3uyuy — sBJs-
€TCSA y3/1068bIM 17151 TOHUMAHUS KBAHTOBOM KapTHHBI MUPA.

Jpyro#i BaxXHOU Uil HAC TEMOU OYIyT yC106uUs nepexooa cynepnosu-
Yuu COCTOSIHUM B cMecb U HA000pOT. DTU BOIIPOCHI MBI pa30epéM KauecTBEH-
HO (OKCTIEPUMEHTHI 1O MU(PAaKIIMU YacTHI[ OMHCAHBI BBINIE) HA TPHUMEPE
3HaMEHHUTOTO JIBYyXIIeJIeBOro skcnepumenTa (puc. I1.1).
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Puc. I1.1

[TocTaBuM mynemMeT (MaKpOCKOMMYECKUE YACTHIIBI) TIEPE] MPENsITCTBH-
€M C JIByMs IIETsIMUA U OyaeM cTpessiTh. MOXHO MepecunuTaTh YUCIO IMyIb,
3aCTpPSBIIMX B JIOBYIIKE HA €IUHUILY €€ JUIMHBI, U Pa3/IeTUTh €ro Ha MOJHOE
YUCJIO BBIMYIIEHHBIX MMyJlb. DTy BEIWYMHY — YHUCJIO 3aCTPSBUIMX IyJIb Ha
€JIMHUILY JJIMHBI JIOBYIIKA B OKPECTHOCTH HEKOTOPOM TOYKU X, OTHECEHHOU
K TIOJIHOMY YHCIY ITyJib, MBI Oy/IEM Ha3bIBaTh BEPOSITHOCTHIO MOMAJaHUS ITY-
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a1 B TOUKy X. 3aMeTuM, YTO Mbl MOKEM T'OBOPUTH TOJBKO O BEPOSITHOCTH;
BEJAb Mbl HE MOXEM CKa3aTb ONPEACNEHHO, KyJa MONaAET ouepeaHas myJis.
Benp nyis, gaxe nonas B IbIPY, MOXKET CPUKOILIETUTH OT €€ Kpasi U YUTH BO-
o011e Heu3BecTHO kyna. CpaBHUMB BenuuuHbl Pi, P, u Piy, MBI MOXeM che-
JIaTh BBIBOJI, YTO BEPOSITHOCTH NPOCHO CKAAObIBAIONICSL:
P1 + P2 = P12.

WUrak, mis nyns AEWCTBUE ABYX WIEJIEW CKIIAIBIBAETCS U3 JEUCTBUSA
Ka)KJOM IIIEIN B OTJACIILHOCTH.

[IpencraBum cebGe Takoil e OIBIT ¢ dJIEKTpoHaMH (IudpaKIus dJIeK-
TpPOHORB), puc. I1.2.
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Puc. I1.2

Pe3ynbpraTel n13MepeHuil Uil 3JEKTPOHOB B Cilydae, KOTrJa OJHA W3 Iile-
JIEN 3aKphITa, BBITJSAAAT BIOJHE PAa3yMHO M BECbMa IMOXOAAT HA HAll OMNbIT
C MyJeMETHOMN cTpenbOOi (CHHSS U 3eNI€Hast KpUBasi HA pUCYHKE). A BOT ISt
ciiyyasi, Korja o0e IIeJd OTKPBITHI, Mbl TIOJy4aeM COBEPUIEHHO HEOMCUOAH-
Hyl0 KpuBylo Pi,, mokazaHHyro KpacHbIM LBeTOM. OHa sIBHBIM 00pazoM
He coBnagaer ¢ cymmoil P; u P,. IlomyuuBiniyrocst kKapTUHY Ha3bIBalOT WH-
Tep(HEepEeHIIMOHHOW KapTUHOM OT ABYX Ilesieil. A Ternepb BCIOMHUM, YTO WH-
TepdepeHIs B KIACCUYECKOM (PU3MKEe BO3HUKAET W3-3a JEIMMOCTH BOJIH,
OJIHAKO B CJIy4ae 3JIEKTPOHOB €20 Yacmu 9KCNepumMeHmaibHo He 0OHapyice-
Hbl ¥, CIEJOBATENBHO, KOPIYCKYISIPHO-BOJIHOBOM Iyalli3M 3JEKTPOHOB (KaK
U IPYyTUX YacTHI]) 00YCIIOBJIEH IPYroi MPUYHUHOM.

Hagaiite monmpoOyemM pazodpaTbcs, B UM TYT J1e10. Ecu MbI HCXOUM U3
THITOTE3bI, YTO AJIEKTPOH MPOXOIUT JHO0 uepe3 mienb 1, mubo uepes menb 2, To
B CJIy4ae JIByX OTKPBITBIX IIeJIel Mbl JOJHKHBI IOJTYYUTh CYMMY 3(P(PEKTOB OT
ONHOW W Jpyrod WIeNH, Kak 3TO MMEJIO MECTO B ONBITE C IMYJEMETHOU
CTPEIBLOOI.
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BeposiTHOCTH HE3aBUCHUMBIX COOBITHI CKIIQIBIBAIOTCS, U B 3TOM CIy4ae
MBI Ol oty Py + P, = Pp,. MoXeT, MBI He y4JIi KaKOW-HUOYIb CYIIle-
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?

JIns IpoBEepKH ATOM TMMOTE3bl HAJI0 MOJEPHUZUPOBATH 3JIECKTPOHHYIO
NYyIIKY TakK, YTOOBI AJIEKTPOHBI BBUIETAIM M3 HE€ J0CTAaTO4YHO 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 BIIMSHHUS JIETAIIUX SJIEKTPOHOB APYT Ha
Ipyra yx TOYHO He OyJIeT.

MBI MOJEPHU3ZUPOBAIIN JIEKTPOHHYIO MMYLIKY U MOJITOa TPOBEIH 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 00BSICHEHUE
TaK)X€ HEe TIPOXOAUT: Ha KpUBOU P, IpU IBYX OTKPBITHIX HIEJSIX €CTh TOUKH,
B KOTOpBIE MOMNAJAET 3HAUUTEIBHO MEHBIIIE 3JEKTPOHOB, YEM IPH JII0O00H U3
OTKpBITHIX 1Ieieil. 1 Hao0opoT, €CTh TOYKH, KOJIMYECTBO 3JIEKTPOHOB B KO-
TOpPBIX 0OJiee YeM BJIBOE MPEBBIIIAET CyMMY 3JIEKTPOHOB, MPOIICIIINX M3
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 Iie-
T 0OHOBPEMEHHO.

Cyuiecmeyem Keanmoeasn Cynepno3unyus COCmoAHuil.

Takum oOpazom, B unteprperanuu LlpeauHrepa 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 kaxxyiierocs
MapaJioKCaJbHbIM MBICICHHOTO 3KcnepuMenTa OpBuHa [lpenunrepa. CyThb
MBICJIEHHOTO AKCIIEPUMEHTA 3aKJIF0YAETCSA B TOM, YTO B 3aKPBIThIM AIIUK I10-
MEMIEH KOT. B s1uke umeeTcs MEXaHu3M, COAEPK AN PATUOAKTUBHOE S~
PO U EMKOCTh C SJOBUTHIM razom. llapameTpsl 3KcriepuMeHTa MOJ00paHbI
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TaK, 4TO BEPOSTHOCTh TOTO, UTO SAApo pacnanacres 3a 1 gac, coctasusier 50 %.
Ecnu sapo pacnanaercsi, OHO MPUBOJIUT MEXAHU3M B JICUCTBUE, OH OTKPBIBA-
€T EMKOCTB C I'a30M, U KOT YMHUPAET.

CornacHO KBaHTOBOW MEXAHHWKE, €CJIM Haj SIpOM HE MPOU3BOIAUTCA Ha-
OJNIO/IEHUs], €r0 COCTOSHHE OMHCHIBACTCS 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 AIUK OmMKpbimy,
TO Hada00amesnb YBUAUT TOJIBKO KaKOe-HUOY/b OJJHO KOHKPETHOE COCTOSI-
HUE — «IIpO Pacnajgoch, KOT MEPTB» WU «AIPO HE PaACHaNOCh, KOT KUBY.
B sTom ciydae ¢usnku roBopsiT, YTO BEKTOP COCTOSIHUSI HPU 6HEUIHEM 803-
oeiicmeuu (nabnooenuu) Konrancupyem. Vicue3aroT BCe OCTAILHBIC COCTOSI-
HUA U OCTAETCs TOJIBKO OJTHO — COOCMBEHHOe.

B npoOneme koma BEKTOp COCTOSHUA MO ONPENEICHUIO MOXKET «KOJ-
JATICUPOBATHY JBYMS CIIOCOOAMU: YCTYNUB «MEPTBOMY KOTY» WM «KUBOMY
KOTY».

HomyctuMm, HabmronaTenb yBUJEN, YTO KOT KMB. BO3HHMKaeT Bompoc:
a KyJa Jeycs MepTBBIM KOT?

OBepeTT, Yunep u I'paxeM NpeasioKuIn UHYH MOJIENb, COKPAIIEHHO
Ha3bIBaEMYIO0 MO HaudajdbHBIM OykBam ux pammwmmit — YD (EWG). B sroit
MOJENHN BEKTOpP COCTOSIHUSI HUKOTAA HE «Koyutancupyer». Kaxaplii BO3MOX-
HBINA UCXOJ IPOSIBIISIETCS B PA3IUUHBIX COOCMBEHHBIX COCMOAHUSIX.

Tak kak 3T COOCTBEHHBIE COCTOSIHMSI JOJIKHBI TJ€-TO CYIIIECTBOBATH
Y HE MOTYT COCYILIECTBOBATh B MpE/ESIax OJHOTO U TOTO € MPOCTPaHCTBA-
BPEMEHH, OHU CYWECMEYIOm 8 pas3iudHblX 6celeHHblX. B Ipyroi BCeJIeHHOU
COOCTBEHHOE COCTOSIHME COJEPKUT MEPTBOIO KOTA. JTO MPOUCXOIUT KaxkK-
IbIA pa3, KOrjaa BO3HUKAET BepOsTHOCTh 50 %, — BEKTOpP COCTOSIHUS «pacliie-
IJISIETCS» Ha JIBA BEKTOPA B IBYX BCEJICHHBIX.

HukTo eiie He BEIYMCINI TOYHOTO YKCIIa TapaluIeSIbHBIX MUPOB (Ha3bl-
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 ne Burr B «®usnke
Tymi» (1970) onenun ero kak npesbimaromniee 10100, HO He cMOT YTOUHHUTB,
HAaCKOJIbKO npeBbimatoniee. Korna nonagem B Ipyrue BCEICHHbBIE, TO TPOBE-
PHUM IPaBUWIBHOCTD 3TOW MOJIEIIH.

Ho ™Mbl 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-
MoM, KO2epeHmMHOM COCTOSIHUU, KOTOPOE VISl HAD1100amens HeeuoOUMo.
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YtoObl y3HATh O CBOICTBaX CHCTEMBI, HaO00amens 001x4ceH 6030eli-
cmeosams Ha Hee (omKpvlmb ABEPILY), TEM CAMBIM 3ACMAUMb BEKTOP CO-
CTOSIHUSI CUCTEMBI KOMIANCUpO8ams, T.€. RPOAGUMb CUCHEMY 6 Haulell pe-
anvHocmu. Takol Ipouecc Ha3bIBACTCA OeKO02epeHuuell, OH TIEPEBOAUT
KBAaHTOBYIO CHUCTEMY U3 YUCMO20 COCTOSIHUS B cmewiannoe. Bo3zdeiicmeue
(«nabmooenue») Ha 3amKkHymylo («Hesuoumy0») KBAHTOBYIO CHCTEMY 3a-
CTaBIIIET NPOAGIAAMBCA €€ 8 Hauiell PeaibHOCHU.

HeaoxkanbHocTh Hamero Mupa

B uncToM cynepno3uIOHHOM COCTOSIHUM KBAHTOBASI CUCTEMA HeGUOU-
Ma, T.€. HUKAK He NPOAGIACMCA 6 (PU3UUECKOM mupe, He umeem mamepu-
AIbHO20 HOCUMES, HeOWYmumMa, Hu ¢ yem He ceazana. OHa HeloKalbHa.

Takum oOpasom, eciu paccMarpuBath Beenennyro (Mup B 1e0M), KO-
TOpasi MO OMPEACIICHUIO SIBIIACTCS 3AMKHYMOU CUCMEMOU, TO CIENYET BBIBOJ
0 TOM, 4TO Bcenennas, paccMaTpuBaeMasi Kak €IUHOE 1EJI0€, SIBISETCS YucC-
Mo K8aumosou cucmemou. Bcenennas B 11€JIOM HaXOJUTCA B YUCHMOM 3any-
manuom cocmoanuu (Y3C), nmm, xkak rosopuin ['epmec Tpucmerucrt, «wup
A6/1eMCsL HeBUOUMBIM 8 C8Oell YeNOCHHOCHIUY.

Haw mup nenoxanen. llapagokcsl KBaHTOBOM MEXaHUKH, KOPITYCKY-
JSIPHO-BOJTHOBOM Ayaju3M M T.J. MOTYT ObITh BBIBEJCHBI HMEHHO OTCIOZA, U3
HeloKanbHocmu. B 4UCTOM 3allyTaHHOM COCTOSIHUM BceneHHON B 1ENoM
ecmb 8Cé, Umo ecmv, 8C€, Umo OvLIo0, U 8CE, Ye2o He OvLio. TaM ecmb u mo,
yeeo mam Hem!

Ona eéce. 1 ona nuumo. Aoconromnuwtii éaxyym. Ilycmoma.

Hpyrumu cinoBamu, peaibHocmsy — 3T0 JoKaauzayua 0obekToB u3 Y3C
BCEH CHCTEMBI, IJI€ 3T OOBEKTHl HAXOAATCS B HEIOKANIbHOM BUJIE.

«Buoumoit» cucrteMy nenaeT Mpouecc JEKOTepeHLMHU, KOIrla BHEIIHEE
BO3JIeHCTBHE («HAOIIOIATENIN ) IIPOSBIIIECT» ITY CUCTEMY B Hariem Mupe.

HabaronaTeb U 1eKorepeHums

PaccMmoTpum mponecc AeKOrepeHuu, JIOKaIu3alul 00beKTOB U3 HENo-
KQJIBHOTO YMCTOIO KBAHTOBOTO COCTOSIHHMSI Ha MPUMEPE HAIIUX DJIEKTPOHOB.
JlaBaiiTe Temneph BHUAOM3MEHHUM HAaIll OMBIT TaK, YTOOBI MOXKHO OBLIO «IpPO-
CIEINTHY 3a BJIEKTPOHOM, MPOCIEAUTH, YEpPe3 KAKYIO IIEJIb OH MPOXOAUT
(puc. I1.3). IToctaBuM BO3JIe OJHOM M3 IIEICH AETEKTOP, KOTOPBIH PErUCTPH-
pyET NPOXOKICHUE IIEKTPOHA CKBO3b HEE. B 3TOM ciyuae, eciii mpOnETHBIN
JIETEKTOP PETUCTPUPYET MPOXOXKICHUE DJICKTPOHA Yepe3 IIeb 2, Mbl OyJeM
3HATh, YTO AJIEKTPOH MPOLIEN Yepe3 3Ty LIENb, 4 €CIU NPOJETHBINA JETEKTOP
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HE JAET CUTHaJa, 3 OCHOBHOM JETEKTOP AJEKTPOHOB JMAET CUTHAN, TO SICHO,
YTO 3JEKTPOH MPOIIEN yepe3 menb 1.

Pe3ynbTaT 3TOr0 3KCNEpUMEHTa Ka4€CTBEHHO HUYEM HE OTJIMYAETCS OT
OTIBITa C MYJIEMETHOU CcTpenbOoi. Takum 00pa3om, MBI HAIIUTHA, YTO KOT/1a 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 COCTOSIHUI), U pacrpejielieHne X Ha SKpaHe COBCEM HE Takoe,
YeM Torja, Korja Mbl Ha HUX CMOTpUM. TakuMm o0pa3om, IJisi dexozepeHyuu
(roxanuzayuu) OOBEKTA CyuiecMEeHHbIM OKa3bIBACTCS TOJBKO caM (akT
gukcayuu (nabniooenus — e3aumooeticmeusi) COCTOSTHHSI 00BbEKTa.
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Puc. I1.3

WNuaue roBopsi, 63aumooleticmeue KBAHTOBOM (3aMKHYTOM) CHUCTEMBI
C OKpyJiceHueM, K KOTOPOMY OTHOCHUTCSI U usmepumenvras cucmema (Habmo-
oamenv), TPUBOANT K HeoOpamumomy KBaHTOBOMY 3 dekTy — paspyiieHuro
KBAaHTOBOMW KOTEPEHINH (OeKoeepenyuu KBAHMOBbIX COCMOSIHULL).

B xoHe4YHOM UTOre KBaHTOBasi CUCTEMA docmueaen mepmoOUHaAMULecKo-
20 pasHosecusi ¢ OKpYJiceHueM W JIOKAIUIYEMCA 8 HauilemM Npocmpancmee —
BpeMeHU B CMEUWAHHOM COCTOSIHUY (cmecy).

3aHyTaHHl>Ie COCTOSIHMA U KBAHTOBLIC KOPppPeE/JIAlIUA

3anymamnHvle cocmosanusi MOTYT BO3HUKATh B CUCTEME, KOTOPAsi COCTOUT
U3 HeCKOJIbKUX 83aumooeticmsyrouux noocucmem. Hanpumep, eciu 37eKTpoH
CTAJIKUBAETCS C aTOMOM, TO 00pa3zyeTcs 3alyTaHHOE COCTOSIHHE, B KOTOPOM CO-
CTOSIHUE DJICKTPOHA OYIIET ckoppenuposano (3anymano) ¢ COCTOSIHUEM aToMa.

189



3anymannvle COCTOSSHUSA HEOOXOAUMBI Il ONTMCAHUSI COBOKYITHOM CHC-
TEeMbI, 0OpPa30BaHHON U3 6cex K020a-mo Npo83auMo0etcmeo8asuiUx MEXITy
co00if yacTei.

Tak BOT, TEOpUs Oexocepenyuu YTBEPKIAET, UTO CYNEPHOZUYUS COCMOSI-
HUL B KaKOW-THMOO CHCTEME 603MOMCHA NWILIb B TOM CIyYae, €CIIU 6 OKpyJice-
HUU He 3anucvléaemcs UHGopmayus, 00CMAmMOYHan i pazoeneHusi KOMNo-
Henm cynepno3uyuu. JIpyruMu cioBamu, BayKHO, YTOOBI COCTOSIHUS HAIlleH CHC-
TEMBI HE CIIULLIKOM «1epenymul8aniucty ¢ COCTOSHUEM OKPYKEHUSI.

Ortcrona cnenyer, 4YTo 3allyTaHHbIE COCTOSIHUS YaCTHI] O3HAYAIOT HAJIH-
Yye CBS3HM KaKUX-TO XapaKTEPUCTUK 3TUX YACTUI] ITOCIE UX B3aUMOIECHCTBUS,
U 3Ta CBS3b Ky/a Oo/iee dHcécmKas, 4YeM CIEeIyeT U3 KIACCUYECKUX MPeCTaB-
JICHUM.

Ecnu yactuipl Korga-to npog3aumooeicmseosani, TO B 3aMKHYTBIX CHC-
TE€Max CBSI3b MEXKIYy HUMU OYJIET coXpanamvcs 6ce20d, U N3MEHEHUE COCTOS-
HHSI OJJTHOM YaCTHUIIbI PUBENET K MCHOBEHHOMY WU3MEHEHUIO COCTOSHUS JIPY-
TOW, Ha Kakom Obl paccmosanuu IpyT OT JIpyra OHU HE HAXOIWIHCh. Mup —
HEJIOKAJICH!

Kpome Toro, ansa Habmogatens b, HU4Yero xe suarnowe2o 0 MaHUIYJIALM-
SIX CO CBOCH YacTHIleH HaOmogaTensa A, H3MEHEHHUE COCTOSIHUS €TI0 YaCTHIIbI
6yoem kazamuvcs uyoom. Ecmov creocmesue — nem npuyumbl.

B nHacrosiiee BpeMs ITPOBENEHO OKOJIO COTHU AKCIIEPUMEHTOB, JOKA3bI-
BAIOILHUX HEJIOKAJIBHOCTh OKPYKAKOLIEr0 HaC MUpA.

NHTepecHo, 4TO MBICICHHBIN SKCTIEPUMEHT, OJM3KHI K SKCIIEPUMEHTAaM,
POBEIEHHBIM COBCEM HEJABHO, MPOBEN e AnpOepT DUHINITEHH, TMHITasICh
OTPOBEPTHYTh KBAHTOBYIO MexaHUKy. Ho mup okazancs eopazoo ¢amnma-
cmuyHee, Y4eM 3TO EMY MPEICTABIAIOCS.

UtoOBl CKa3aHHOE BBINIE CTAJ0 MOHSATHEE, PACCMOTPUM JKCIIEPUMEHT
(koraa pU3MKHU HAYYUITUCH MOy4YaTh 3allyTaHHBIE COCTOSHUS ), POBEIEHHBIM
B PouectepckoM yHuBepcutere Pruuapnom MaHzenoMm ¢ KoJuieramu B cepe-
nuHe 90-X IT. MPONUIOro CTOJIETHS.

Jlazepubiii ayu (puc. 11.4) ¢ moMoIb0 NOJyIpo3pavyHOTo 3epKajia pac-
HICTUISUICS. Ha JIBA MYy4YKa, a 3aT€M Ka)XIbld M3 My4YKOB HANPAaBISUICS HAa Tak
HA3bIBAEMbI HEJIMHEHHBIM KPHUCTAILI, T.€. MpeoOpa3oBaTeib 4acTOTHI, CIIO-
COOHBIN pacIIerisATh KBAHT cBeTa ((DOTOH) Ha NBa JOUYEPHUX KBAHTA. 3aTeM
C IOMOIIIBIO CUCTEMBI 3€pKaJl JIeJIalioCh TaK, YTO KaXKAas U3 ATUX JIBYX Iap
doToHOB MHTEpPEepupoBaIa MeXIy COO0M MPUMEPHO TaK, Kak WHTEpQEepu-
POBAIM KOMIIOHEHTHI CYNEPIO3UIUA B HAIIEM OMNBITE C PACCESTHUEM DJICK-
TPOHOB Ha JIBYX IeNsx. Pe3ynbrarel HaOmoaeHUsT HHTEPGEPEHITMOHHON Kap-
TUHBI PUKCUPOBAIUCH JAeTekTopamu /J[1-/]2 s iepBoi nmapsl POTOHOB U Jie-
TeKTOpamH /[3-/[4 — st BTOpOU Maphl.
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JIrobas yactuiia, obnamaroniasi HEHyJIEBbIM CIIMHOM, B T.4. (DOTOH, Xa-
PaKTEpU3YETCS MOJSIPU3ALMEN, T.€. IPOCKUKUEN CIIMHA HA HAIPaBJICHUE JBU-
xeHuss. POTOHBI MOTYT 00JIaflaTh JBYMSI COCTOSTHUSIMU MOJISIPU3alliU, OTBE-
YAOUMMH JBYM BO3MOKHBIM IIPOEKIUSAM CIIMHA — BIOJb U IPOTHUB HaIPaAB-
neHus aBuxkeHus (cynepnosuyus). IloaroMmy aHamM3aToOpoM MOXKHO BBIIEISATh
KOMIIOHEHTBI CYTIEPIIO3ULIUN.

Wrak, Puaapny Manzgen npocTpaHCTBEHHO pa3HEC Ba ITydyKa Ha JOCTa-
TOYHO OOJIBLIIOE PACCTOSTHUE (B COBPEMEHHBIX IKCIIEPUMEHTaX — JI0 COTHHU
KHJIOMETPOB) M HayaJl MEHATH C MMOMOILBIO aHAJIM3AaTOpPa COOTHOIIEHUE MEK-
Iy KOMIIOHEHTaMH CyNEPHO3UIMU Ha OJJHOM U3 HUX (HUKHEM Ha PUCYHKE).

B cuny ero mMaHunynsinuid ¢ aHaIM3aTOPOM MHTEpP(PEPEHIIMOHHAs Kap-
THHA Ha 3TOM My4YKe MeHsu1achk. BTopoiil my4dok oH BooO1e He Tporai. Ho un-
TepdepeHIIMOHHAs KapTHHA, Ha0Iro1aemMasi Ha 3TOM (BTOPOM) My4Ke, TOUb-B-
TOYb TOBTOPsJIa UHTEP(HEPEHIIMOHHYIO KAPTUHY Ha MyYKe, C KOTOPBIM JKC-
nepumeHTHpoBai Mannen. M kaptuHa 3ta mensnace menosenno (menenop-
mayusi homona), B TO Ke caMoe BpeMsi, KOTJ]a MEHSUIACh KApTHHA Ha IIEPBOM
nyudke. U 3To mpuTOM, 4TO HUKAKUX «OOBEKTUBHBIX)» MPUYHH JIJIST U3MEHEHUS
KapTUHBI Ha TIEPBOM IydKe MPOCTO He Obu1o. Beapb denoBek B 3TOM ciydae
HUKaK HE B3aMMOJEHCTBOBAJ C 0OBEKTOM HAOIIOACHUS, U HUKAKOTO MaTepH-
aJbHOTO HOCUTENS B3AUMOJICHCTBUS MEXK]ly ITyYKaMH HE ObLIO.

BbIX0UT, KBAHTOBBII OOBEKT KAKUM-TO HEBEPOSIMHBbIM 00pPA30M Y3HA-
8aJl, 4YTO TMPOUCXOJUT C APYTHMM OOBEKTOM, yIaJE€HHBIM OT HEro Ha 3Ha4yu-
TEJIbHOE PACCTOSTHUE.

JTO siBJIeHWE OOBIYHO HA3BIBAIOT KGAHMOBbIMU Koppenauyuamu. Kean-
moevie KOpperayuu — HeomvemaeMoe CEOUCMBO 3aNYMAHHBIX COCMOAHUU.
Ecmu gactuipl Korma-to mpoOB3aMMOJIEUCTBOBAIN, MO 6 3AMKHYHIbIX CUC-
memax céa3b MeHcoy HUMU Oyoem COXpaHamsvcs 6cezod.

Ecnu ¢ moMomipro anaimsaTopa Wi Ipyroro yCTpOrWCTBa Mbl ONPEETsieM
COCTOSIHME (HampuMep, MOJIIPU3ALIMIO) OAHON YaCTULbI U3 Tapbl, TO COCTOSIHUE
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BTOPOM YaCTULbI TOXKE MCHOBEHHO CMAHOBUMCSI ONPEOENEHHbIM, HEe3A8UCUMO
om paccmoanus 10 nepBoi yacTuilbl. Y BecTr cedst 3Ta yactuua 6ydem menepsb
uHave, 4eM JI0 U3MEPEHUS, TPOBEAEHHOTO C IIEPBOM YACTULICH.

PaccMoTpuM 3TO Ha mpuMepe, HAJEeIUB (BPEMEHHO) KBAHTOBBIE YaCTHUIIbI
CBOICTBaMM, YYBCTBEHHO BOCIpMHUMAaeMbiMM Hamu. Hampumep, nsetom —
4yepHbIM U OenbiM. Kaxkaas yactuiia n3HadalibHO Oenasi Wi YEpHast, Mbl TOJIBKO
He 3Haem ux yeem. BpuieTeBlIMe yacTUllbl OYAYyT BECTH ceOsl Kak cepule, T.€.
B KQXJ0W W3 HUX OYJET MPUCYTCTBOBATH Cynepnozuyus 0enoco u 4épHoeo,
Y 3TO MPOSIBUTCS B 3KCIIEPUMEHTE.

Ho Tak Oyner mpoucxoauTh TOIBKO A0 TEX MOP, MOKa Mbl HE OIIPEIeIUM
LBET OJJHOM U3 YACTHII.

Ecnu Mb1 onpegenunu e€ UBET Kak YE€PHBIN, TO Ipyrasi HemeoleHHO ne-
pecmaém eecmu cebsi Kak cepas U HAUMHAET NPOSBIATH 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 HKCIEPUMEHTHI, a BO3JE APYyroro — Bacs, KOTOphI He
3HaeT o cymecTtBoBaHuM lletu. /Insg Bacu n3smeHeHne pe3yabTaToB dKCIEPH-
MEHTa Ha €ro My4YKe BBIMJSIUT KaK 4y00, Yy0o 8 camom MpakobecHoM NOHU-
manuu. Benb Bacst HU4ero He AenaeT co CBOMM IYYKOM, BCE YCIIOBHSI dKCIIe-
PUMEHTa OCTAIOTCSl TIOCTOSIHHBIMHU, a MHTep(EepeHIIMOHHAs KapTHUHA MO CO-
BEPIICHHO HEMOHSATHBIM MPUYMHAM MEHSETCS: TO OH BUIUT «OEJbIe» YacTU-
b, TO «CEPBIE», TO «UEPHBIE». A HUKAKUX MPUUYUH JJIs1 U3MEHECHHS KapTUHBI
Bacs He Haiin€T, kak Obl OH HU cTapayics. [[s Hero 3To BBITISIUT TaK, KaK
OynTo ecmsb ceocmeaue, HO Hem NPUHUHBI.

[Tox0XKyr0 cXeéMy YCTaHOBKH MO>KHO MCIIOJIb30BaTh U ISl MCHOGEHHOU
nepenaun uHdopmanuu Mexay Baceit u [lereit, qyist 3Toro auiis HE0OXOIU-
MO, 4TOOBI OHHM COTJIACOBAJIM CBOM AeiCTBUSA. COOCTBEHHO TOBOPS, HUKAKOU
nepegayu nHPopMaIuy He IPOUCXOAUT, HH(POpMALIHS TPOCTO pachpeaesiceHa
MeXIy mojcucremMamu, a Bacs u Ilets B Xoae mogoOHOr0O SKCIEpUMEHTa
umerom 0ocmyn K eOUHOMY HeJ10KATbHOMY 00beKmy.

YacTo crnpammBarOT: HE NPOTUBOPEYUT JIU BO3MOXKHOCTh MTHOBEHHOM
nepenayu uHGoOpMaIu TEOPUU OTHOCUTENbHOCTH? HeT, He MpOTHBOpEYHT.

Teopuss OTHOCUTENBHOCTA TOBOPUT O IIpEJEie B BUJE CKOPOCTU CBETA
Ha CKOPOCTh ABWKEHHUS MaTepUAIbHBIX OOBEKTOB M CKOPOCTh IMepeaauu
B3aUMOJICHCTBUSI MEXKIY HUMHU. JTO COBEPUIEHHO CIPAaBEIIUBO JJIsl JIOKAIb-
HBIX (KJIACCUYECKUX) OOBEKTOB.

B cnyuae xe map (OTOHOB B 3anymanHoM COCTOSIHUM Hem HUKAKO20
83AUMOOEUCMBUS MeHCOY HUMU, Hem HUKAKOU nepedayu UHpopmayuu Mex1y
HUMHU. OHU TIPOCTO OCTAIOTCSI eOUHbIM 00BbeKmoM, Kak Obl Oaieko NPyT OT
JIpyTa HU HaXOJUJINCh.
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JT0 epanb peanvhocmu, KOTOpas BBIXOJIUT 32 PaMKU TEOPUU OTHOCH-
TEJIBbHOCTH.

JlaBaiite Teneps BooOpa3uM, uTo Bacs HaxoautTcst Bo3ie Hac, a Ilers
BMECTE CO CBOEH YCTaHOBKOM — BO3JIE 3BE3/bl, PACCTOSIHUE A0 KOTOPOU MUJI-
JIMOH CBETOBBIX JIET, T.€. IleTs mocTaBmil CBOM AKCIIEPUMEHTHI MUJIJIMOH JIET
Hazaza, a 10 Bacu Tonbko celyac IOJeTeNl CBET M3 PaclICIUIEHHOrO IMy4YKa,
Y OH Ha4aJl CBOM SKCIIEPUMEHTBI C HUM.

UYro xe Oynetr? byzaer To ke camoe: dKCepuMeHThl Bacu usmeHsr pe-
3yJbTaThl dKcriepuMeHTOB [leTn (B mpouuwiom), KOTOPBIM, MOXKET OBITh, YXkKe
JABHBIM-IaBHO yMep (MpaB/ia HEM3BECTHO, CKOJIBKO >KMBET MHOIUIAHETSHUH
[lers) n naxe ycren onyOiIMKOBaTh pe3yibTaThl. Beab onpenenenue Baceit
coctosiHust GOTOHOB ompenensieT cBoricTBa [leTuHbBIX (HOTOHOB, U pe3ybTa-
ThI Y TOI'O MEHSIIOTCSI BHE 3aBUCUMOCTH OT PACCTOSIHUSI MEXK]Ty HUMH.

Otcrozia BBIBOA: Mbl U3 0yOyuLec0 mModxceMm MeHAMmMb COCMOAHUE CUC-
membl 6 NPOULILOM.

A 4YTO MPOMCXOJMT, KOTJa Mbl HaOIIOaeM CBET Nanékux 3BE3a? Mim
Ha0II0AaeM TeMIlepaTypHble HEOTHOPOJHOCTH U MOJIIPU3ALMIO PEITUKTOBOTO
U3IIy4YEeHHS, KOTOPOE BO3ZHMKJIO 33J0JI0 /10 BO3HUKHOBEHHUS MEPBBIX 3BE3N
U rasiakTuK? COBEpIIEHHO BEPHO, MBI MOKEM MEHATHh COCTOSIHHE JajIEKOTo
npouuioro BeeneHHoH, a cTano ObITh, MEHSATh UCTOPUIO!?

JIaHHBIN MapaJOKC OTMETUI €lle DWHIITENH B MOJEMHUKE O KBAHTOBOM
bu3nKe, NpeIoKUB B KaUeCTBE «HAONIOAATEINSD MBIIb (Mbliis DUHIITEH-
Ha), KOTOpasi MOTJia HaOII0aTh OKPY>KAIOIINI MUp (B T.4. U AUCIYTHI (PHU3H-
KOB) M MEHATH UcTOoputo. Ha yTo eMy 00pa3HO OTBETHIIM, YTO y MBIIIA MaJjo
MO3roB. M 3T0 cripaBemsiiBO, MOTOMY YTO HAIlle BO3JIEUCTBUE MOKa (1oKa?)
He 00CmamoyHo i pa3ieJIeHUs KOMIIOHEHT CYNEpIIO3ULIUH.

A Tenepb KpaTKO M3JI0KUM OCHOBHOE M3 BBIILIECKA3aHHOTO.

OU3NUECKUM CUCTEMaM Helb3sl npunucams (MO0 KpalHEl mepe, Bcernaa)
XApPAKTEPUCTUKU KaK 0ObEKMUBHO Cyujecmsyroujue U He3asucumvle om nposo-
OUMbIX uzmepeHuil. JIpyrumMu clioBamMH, XapaKTEPUCTUKH OOBEKTa co30aromcsi
HabOmogareneM. BHe akta HaOmogeHNs (BO3ACHCTBUS BHELIHEN Cpebl HA CHC-
TEMY) COCTOSTHUE JIF0O0r0 0ObEKTa BO MHOTOM SIBJISIETCS. HEONPEOENEHHBIM.

Yactuipl, 00pa3oBaHHbBIE KOT/Ia-TO B OJTHOM aKTe€, OCTAIOTCS B 3aMKHY-
TOU CUCTEME eOuUHbIM 00bEKmOoM, BHE 3aBUCUMOCTH OT TOTO, HA KaKOM pac-
CTOSIHUM OHM HAaXOJSATCA M Kak JaBHO MPOU3OLLIO WX pasnaencHue. Takue
OOBEKTHI HAXOAATCS B 3aMKHYTOH cHUCTEME ge30e U Hueoe. B 3TOM mposiBiis-
€TCSl HEeJIOKAIbHOCMb HAILIETO MUPA.

B 3amxnymoti cucmeme TOHATUS BPEMEHU M NPOCTPAHCTBA, IPUUYMHBI
U CIICJICTBUSI Mepsom CMbICIL.

[Toxoxke, 4To 3aMKHyTasi CUCTEMA TUIIA HAlleW BceleHHon — U ecTh Ta-
KOU OOBEKT.
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Ha mopore 3pbl KBAHTOBbLIX KOMIILIOTEPOB

A Temepp CIPOCUM: 3TH «Oe3yMHble) CIEICTBUS W3 UHTEpHpeTaluu
[peauHrepa BoJHOBOM (DYHKIIMU MOJCHO UCTIONB30BaTh Ha npaktuke? [a,
MOHO! K M3J10)KE€HUIO ATUX BO3MOKHOCTEH U TIEpenIeM.

CBOICTBO KBAaHTOBBIX YAaCTHIl OBITH OJHOBPEMEHHO BO MHOTHX COCTOSI-
HUSIX, HA3bIBAEMOE KEAHMI08bIM NAPAIIETUZMOM, YCIICIIHO HCIOIb3YEeTCs
B KBAHTOBBIX BBIYUCIICHUSX.

Ceifuac KaXIpIil U3 Bac XOTs ObI B CaMbIX OOIIUX YepTax MPEICTaBIsCT,
YTO TaKO€ OOBIYHBIN KOMITBIOTEP. A YTO BBl CKaKETE HACUET KOMITBIOTEPA,
MH(GOPMALIMOHHBIN pecypc KOTOPOTO MpEBBIIIAeT YUCIO0 YacTull Bo Beenen-
HOH (II0 OLEHKaM CHEIUaIUCTOB, OHO PABHO 10%), r.e. KOMITBIOTEPA, KOTO-
phIif o cBoel 3pPexkTrBHOCTH MpeBOCX0aua Obl 00bIuHBIN [IK mpumepHO BO
CTOJIBKO K€ pa3, BO CKOJIbKO BceneHHast npeBOCXOUT OAUH aTOM?

Ckaxere, 4To Takoe HpocTo HeBo3MoxHO? UM Oynere nempassl! Ilo-
CKOJIbKY B HacTosIIee BpeMsi paboTa HajJl TAKUMH KOMITbIOTEpaMH UJIET MOJI-
HBIM X0/10M. VX Ha3Ballu K8AHMOBLIMU KOMNBIOMEPAMU.

J1J1st 3TOTO yCTPONCTBA HYKHO HE TaK YK MHOTO pabOuuX sSYeeK MaMsITH,
oOpabatsiBaronux uHGopManuo (s odsryHoro I[IK — 310 06BemM omepa-
TUBHOW MaMATH), — JIOCTATOYHO OYJET BCEro JIMIb HECKOJbKHX COTEH.
CkaxeM, JOBOJBHO TPEXCOT siU€EK, YTOOBI MH(OPMAIMOHHBIA pecypc KOM-
NbIOTEpa MpuMepHO Ha 10 MOpsIKOB MPEBBICHIT YUCIIO YacTUIL] BO Beenennoi
(2°° = 10%). 1 Beck sTOT ruranTckuii MaccuB HHGOPMALMH GYIET COIIACO-
BaHHO U3MEHATHCS (BCIIEICTBUE KBAHTOBOTO Mapalijiein3Ma) 3a OJuH pado-
YU TAKT.

Kaxnas sueiika nmamsatu oobruHoro 1K mMoxkeT HaxoauThes B JBYX OC-
HOBHBIX cocTosiHUSX: 0 u 1 (omun Out), obiee uncio cocrossuuit st N siue-
€K pPaBHO N (6yneBbl coctostams ). Kimaccuueckuii KOMITBIOTEP B KaXKJIbIA MO-
MEHT BPEMEHU MOXET PEeaqn30BaTh JIMIIb OJHY IOCJIEI0BATEIbHOCTh CO-
crostHuil 13 0 1 1 171 cBOMX OUTOB perucTpa NamsTu.

Tak, kmaccuueckuii KoMmmbioTep ¢ peructpom u3 300 6UT MOXKET moce-
JIOBATEJIbHO TIepedpaTh T€ Ke 2°% cocTostHuit, HO B KaXKIBII MOMEHT BpeMe-
HU OH MOJKcem Haxooumucs auulb 6 o0onom u3 nux. Iloatomy Bpewms, 3arpa-
YeHHOE Ha Takoil mepedop (yuuThiBas ObicTpozeiicTBue coBpeMmeHHBIX 1K)
JJIpEBBIIIAET BO3pacT BeeneHHo.

JI71s1 KBaHTOBBIX KOMIIBIOTEPOB, KaXKI0€ COCTOSTHUE KBAHTOBOM CHCTEMBI
n3 N IByXypOBHEBBIX KBAHTOBBIX 3JIEMCHTOB [OHU IMOJIyYHIM HAMMCHOBAHHE
kyoumos (quantum bits)], B omiimune oT KiaccHUYECKOM, MOXKET HaXOAUThCS
B HEKOTOPOM KOTE€PEHTHOW CYIEPIIO3ULIMU U3 2N OyJIeBbIX COCTOSIHUH, T.€.
XapaKTEePU3yeTCs BEKTOPOM COCTOSHHS B 2'\-MEPHOM TI'MIBOEpPTOBOM MpO-
CTpaHCTBE.
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Korza e B KBAHTOBOM KOMIBIOTEPE UZMEHsAemcss 00Ul Kyoum, TO BMe-
CT€ C HUM CO2NACOBAHHO MEHAIOMCs BCE OCTAJbHbIC, U BCSA CYNEPIIO3HLIMS
M2HOBEHHO TIEPECTPANBAETCS.

[Ipoiie roBops, ecau B 0OBIYHOM KOMIIBIOTEPE MBI COBEPILIAEM JIOTHYE-
CKHe ONepaIuy Haj OyIeBBIMH COCTOSHUAMHU 2" pa3, TO B KBAHTOBOM KOM-
MBIOTEPE YHMCIO KBAHTOBBIX JIOTMYECKHX OINEpauui, JEeWCTBYIOIIHUX
B 2"-MepHOM runBGepTOBOM MpocTpaHcTBe, paBHO N.

3a cyer 3TOro 0OECleurMBaeTCsl TUTAaHTCKOE OBICTPOJEHCTBUE U, IO
OIIEHKAaM CIICLIMAINCTOB, MOJIYYaeTCs, YTO BBIYUCIUTEIbHBIE PECYPChI KBaH-
TOBOTO KOMIBIOTEpA OYIYT 9KCHOHEHYUANbHO 8eIUKU TI0O CPABHEHUIO C KJlac-
CUYECKHUM.

Korna 6ankuper ocosnanu, 4To KBaHTOBBI KOMIIBIOTEP CIIOCOOEH 3a pe-
aNbHOE BpeMs «8310mambvy MUPpbl B OaHKOBCKOW cepe, rIae MUPOKO MpHU-
MEHSETCSI KPUIITOCUCTEMA, OCHOBAHHAs Ha HEBO3IMONCHOCMU PA3I0KEHUS
JOCTATOYHO OOJBIIOr0 YUCIA HA MPOCThIE MHOXKHUTEIU 3a npuemaemoe Ois
00bIYHBIX KOMNBLIOMEPOS 8peMsi, OHU HAalPAaBWIM OTPOMHBIE CPEICTBA HA Ha-
YUHBIE UCCIIEOBAHMS B 00JACTH KBAHTOBBIX BHIYMCIICHHM.

B a1y ke chepy ycTpeMIIIUCh 1 MHOTHE HAay4YHbIE KOJUIEKTUBBI, CPOYHO
MEPEOPUEHTHPOBAB CBOIO TEMATUKY. KBaHTOBBIM BBIYMCICHHUSM CTaJIO MOCBS-
aThcs HauOOJIbIIEe KOJIMYECTBO HAYUHBIX ITyOJIMKAIM 110 CPaBHEHUIO C JpY-
T'UMU paszeniaMu GU3HKU. B oTaenpHbIe T0/1bl UMCIIO HalleYaTaHHbIX B pedepu-
PYEMBIX XKypHalax cTaTed Ha 3Ty TeMY IPEBBIIAIO KOJIUYECTBO MyOIMKaIUil
Ha BCE JIpyrue TeMbl U3 00JacTh (PU3MKHU, BMECTE B3sThIE. Bee 3T0 criocobcTBO-
BAJI0 TOMY, YTO JOCTaTOYHO OBICTPO OBUIM CO3aHbl pEalbHbIC MPOTOTHIIBI
KBAaHTOBOI'O KOMIIBIOTEPA, @ TEOPETHUYECKHE OCHOBBI, HEOOXOIUMBIE IJISI €ro
CO3JIaHUsl, TOJYYMIIM OYEHb MOILIHBIA UMITYJIbC K PA3BUTHIO.

Jlist mpumepa paccMOTPUM OJUH (PU3UYECKUIT HOCUTEIb, HA OCHOBE KO-
TOPOTr0 MOKHO CO3/1aBaTh KyOUTHI JUIsl KBAHTOBOIO KOMIIbIOTEpA. DTO KpH-
cTayuibl THapokcuanaruta kKanbims Cas(PO4);0H.

OTH MOHOKPHUCTAJLIBI CYUTAIOTCA OYEHb MEPCHEKTUBHBIMU KaHAMIaTa-
MU Ha PoJib (PU3HYECKON OCHOBBI TBEPAOTEIHLHOIO KBAHTOBOI'O KOMIIBIOTEPA,
KOTOpPBI MOKHO p€aju30BaTh METOAAMH SACPHO-MarHUTHOIO PE30HaHCa
(SIMP). Ilpupona, cloBHO MO 3aka3y, co3jaja MaTepHall, UaealbHO MOIXO0-
JAUMI JUIsl pean3aluy KBaHTOBOTO KOMIIbIOTEpAa. MUKpPOCTPYKTypa KpH-
CTaJlla MpPeACTaBIseT COOOM MIIOCKOCTH, NMEPHEHAUKYIISIPHBIE OJHOMEPHBIM
1ernoYKam npoToHoB ruapokcuibHbIx rpynn OH (puc. I1.5). Kaxmas nemou-
Ka OKpPY’KE€HA LIECThIO aHAJIOTUYHBIMU, U CYUECMEEHHO MO, YTO PACCTOSHUAE
MEX1y OTACIbHBIMU «HUTSAMU» MOUYTH B mMpuU paza 601vule, YeM PacCTOSTHUE
MEKy IPOTOHAMH B CAMOM LIETIOUKE.
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Puc. I1.5

[TockonbKy aumnoJib-aumnojibHoe B3aumoericteue (1JIB) saepHbIx cru-
HOB YOBIBA€T C pacCTOSTHUEM Kak 1/ r®, koHcTaHTa JIB mexny Omkaiimmmu
sJlpaMU B OJIHOM IIETIOYKE B JIECATKH pa3 0oJibllle MAaKCUMAJIbHONH KOHCTaHThI
JI/IB CIMHOB B COCETHUX «HUTSIX».

[TosTOMYy MOHO CUMTaTh, YTO OTIEIbHBIC LEMOYKH SICPHBIX CIUHOB
c1ab0 B3aMMOJICUCTBYIOT MEX1y COO0M. B HEKOTOPOM MPUOIMKEHUH MOYKHO
paccMaTpuBaTh CTPYKTYPY THAPOKCHANATUTAa KaK KBa3MOJHOMEPHYIO (JIv-
HEWHY0). DTO MO3BOJISIET OMNEPUPOBAThH ILEJIBIMU IIJIOCKOCTSMH MPOTOHOB
TaK, KaKk OyJITO 3TO OJJMHOYHBIE, IMHEIHO PACIIOI0KEHHBIC SIACPHBIC CITHHBI.

[Tostomy mpemiaraercsi co31aTh TBEPAOTEIbHBIN KBAHTOBBIA KOMIIbIO-
Tep Meronamu SIMP Ha MOHOKpHUCTajle€ TMAPOKCHANATUTA KaJbLHUs, ITOME-
IIICHHOM B CHJIbHO€ MarHUTHOE I10Jie, M3MEHSIONIEEeCS BA0JIb OJHOM M3 OCeH
MOHOKpHUCTaJJIa. B TakoM KOMIBIOTEPE MOKHO OPraHU30BATh COTJIACOBAH-
HYI0 paboTy OueHb OOJIBIIIOTO YHCia KyOuToB. B citydae ¢ rumpokcuanartu-
TOM CYIIECTBEHHO TO, YTO MOHOKPHUCTAJII MPEACTABISET COOON Mmapasuiesb-
HBIE€ TUIOCKOCTH, COCTOSIIINE U3 TPOTOHOB, U KANCOAsl MaKas ni0CKOCHb MO-
KET Urpath posib Kyourta. Takum oOpa3zom, KyOUTOM SIBISICTCSI HE OTIEIbHBIN
CIUH, a OOJIBIIIOE YMCIIO SIIEPHBIX CIWHOB, JIEKAIIUX B OJIHOM MJIOCKOCTH,
Y MaHUMYJUPOBATh UMHU CTAHOBUTCS TOpa3qo JIeT4Ye, MOCKOJIbKY peudb HJIET
0 MaKpOCKOIMYECKUX BEJINYMHAX.

Ocoboe BHUMaHUE K 3TOMY MOHOKPHUCTAJUTy CBSI3aHO C T€M, YTO B TO-
JIOBHOM MO3T€ YeJIOBEKa €CTh HEOOJIBIION OpraH — snu@u3z, uiu WUUUKo8Uo-
noe meno. [[luwkosuonoe meno (COrpus pineale) npeacrapiser co0oi KOHY-
COBUJIHOE 0Opa3oBaHue JJIMHOW 6 MM U AuaMeTpoM 4 MM, MIPUCOEIUHEHHOE
K KpBIIIE TPETHETO KeNyIouka yIuloneHHbM noBoakoM (habenula). Dty
KeJe3y TakKe Ha3bIBAIOT SNUPDUIOM.

BHYTpeHHOCTH MIUITKOBUIHOTO T€JIa COCTOUT U3 3aMKHYTHIX (POJUTUKYI,
OKPY>KEHHBIX BPACTaHUSMH COCIUHUTENBHON TKaHU. DOJUIMKYJBI 3alO0JIHE-
HBI AMIUTENUAIbHBIMU KJIETKAMU, CMEIIAHHBIMU C U3BECTKOBBIM BEILIECTBOM —
moz2o6bim neckom (acervulus cerebri). M3BecTkoBBIE OTIOKEHUS TaKkKe 00-
HapYy>KUBAIOTCS B MTOBOJAKE AMU(H3a U BIOIh COCYAUCTHIX CIUICTCHUH.
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DyuKyusa WUWKOBUOHO20 mea Heuzgecmua. JlekapT mojarai, 4yTo 3Mu-
bu3s sBaseTcs «cedanuwem oyxa». O0paTuTe BHUMaHUE Ha TO, YTO B IIUIII-
KOBUIHOM JKEJIE3€ CONEPKUTCS MENBUYANIINMN «1ecoK», O PO KOTOPOTO CO-
BPEMEHHOW HAYKE HEM3BECTHO MPAKTUYECKU HUYETO.

HccenenoBanus mokasany, 4TO 3TOTO «necka» Hem 'y J1E€TeU IPUMEPHO 110
7 net, n 'y mojei caaboyMHBIX, U BOOOIE y BCEX TEX, KTO CTpalaeT TeMHU
WJIM UHBIMU PacCTPOMCTBAMHM YMCTBEHHOW OPTaHU3ALINH.

Camoe HWHTEpECHOE OKa3bIBAETCA TO, UYTO 3TOT «HECOK» CONEPKUT
B CBOEM COCTaBe cudpokcuanamum kanivyus. VIMEeHHO 0 HEM IIa pedb Kak
00 OJTHOM M3 CaMbIX MOJIXOSIINX «KAHAUIATOB» Ha POJb (U3UUECKON OCHO-
Bbl KBAaHTOBOTO KoMIbtoTepa. llopasurenbHOe coOBIAgeHHUE, U, BEPOSITHO,
HE CIIy4anHOE.

Bo3nukiia runoresa, 4To MO3r YEJIOBEKA COJICPKUT KBAHTOBBIM KOMIIb-
oTep. B paMkax mnpemiiaraeMoil TUIOTE3bl MHTEPECHO MPOAHATIU3UPOBATH
€lI€ U TAKOM BOIIPOC: & YTO MPOUCXOAUT C YEJIOBEKOM, Y KOTOPOTrO yJIaJICH
snudui? Takue onepanuu NPOBOIAT MPU HATMYUK B HEM 3JI0KAYECTBEHHOU
OITyXOJIH.

Berpeuarores onucanus ciiy4aeB, KOTJla MOciie yIajaeHus 3udu3a Jro-
JI1 UCTIBITBIBAIOT TaK Ha3bIBAEMOE «Ou-pazmewyerue». OHU AEMOHCTPUPYIOT
supmyaibHoe «Ou-pazMenieHue, Mpu KOTOPOM CYIIECTBYIOT OJTHOBPEMEHHO
U B npuspaunou peanvHocmu (OMHUCbIBAEMOE OOJBHBIM), U B Hacmosaujem
(coBmaaroIiee ¢ pealbHOCThIO OKPYKAIOIIUX JIFO/ICH).

31ech BUOUTCA AHAJIOTUSI CO CIIOMAaHHBIM KBAaHTOBBIM KOMIIBIOTEPOM,
KOTJIa mepsemcsi CHOCOOHOCMb BBIICIUTh W3 CYIEPHO3UIIMOHHOTO COCTOS-
HUS MOJIXOISNIYI0 «KaPTUHKY» 8OCHPUSAMUSL, U OHH OCTAIOTCA HAIIOKEHHBIMH

IpyT Ha Apyra.
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IIpuioxenue 1

OCHOBHBIE 3AKOHBI 1 ®OPMYJIbI

1. FeOMeTpnquRaﬂ U BOJIHOBadA OIITHUKA

FeOMeTpnquKaﬂ OoITHKA

3aKoH OTPaXCHHUs CBCTA. 0. =7 .

sina. C
3aKOH IMPCIIOMIICHUA CBeTa. ———=—= n21.
sinB v
Ny

HIpenenbHbIi yroa o, = arcsin—=.
M

. 1 n 1 1
Onruueckas cwjia TOHKOM JuH3bl D=—=| 2L -1 | —+— |.
F Nep Rl Ry

®dopmysia TOHKOM JIMH3BI — 1 + 1 = il =D.
d f F
h f
YBenuueHnne MMH3bl ['=—=—.
H d
YBenuuenue nynsl [ = dFO .
F

VYrioBoe yBennueHue Teneckona I'=—=,
F
VBenuuenue mukpockona I'=dgaDDs.

R
®doxkycHoe paccTosiHue cepudeckoro 3epkana F = 5

OnTuyeckas cuna chepudeckoro 3epkana D = l

1 1
®dopwmyna chepuueckoro 3epkana — =+ E = E * ? :
[Torok n3nyuenuss @ = VTV :

)
DHepreTuyeckasi CBeTUMOCTD (M3y4aTelbHOCTh) R = 3

)
DHepreTuueckas cujia ceeta | = —.
0)
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Al
DHepreTuyeckas SpKocTh (JIyductocts) B = —.

AS

OcBemeHHocte E = d;i)’ wm E= I—COSOL .
ds r2

2. BoinoBasi ontuka. Untepdepenuus csera

AMITUTYa pe3yIbTUPYIOIIET0 KoJieOaHusl, IPU CIOKEHUH JIBYX KOJe-

Gammit, A”= A7 + A2 +2AA, cos(@, — ¢, ).
NHTEHCUBHOCTD PE3yIbTUPYIOMIEH CBETOBOW BOJIHBI

J =J1+J2+2 J1J2 COS((PZ_(Pl)'
211,

| — | i
Bumnocty V =-M&X__MN = pyy V=

max * 'min I+ 1,
Onruueckas mHa myta L =nS.
Omnrtryeckas pasHocts xona A= L, — .

VYcnoBue nHTEpEpEeHIMOHHBIX MAKCUMYMOB A =+mMig (M=0,1, 2,..).

YcnoBue uHTep(HEepeHIIMOHHBIX MUHIMYMOB A = £(2m Jrl)%0 :
Koopaunatsl MakCMMyMOB HHTEHCUBHOCTHU
Xmax = imgxo (m=0,12,...).
KoopauHatsl MUHUMYMOB HHT€HCUBHOCTH
X = +(m +%)éxo (M=0,12,..).

T
KoT —

. A
Kputnuecknii Makcumym M =7
2AN
Onrtuueckas pa3HOCTh X0/, TPU UHTEP(EPEHIIUN B TOHKUX TIJICHKAX,

A:ZnhcosBik—;:Zh\/nZ—sinzaik—zo.

Onrtuueckas pa3HOCTh X0/1a, TpU UHTEphEPEHIIUH Ha KITUHE,

A =2b,/n2 —sin2(a) J_rk—zo.

1
Paguyc m-ro csemnioro koibsua Herotona Iy, = (m —EJKOR .

Bpewms korepeHTHOCTH T

Paanyc m-ro Temuoro xoibiia Herotona I, =+MRAg.
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JAu¢ppakuus ceera

VYcaoBue nuPpakmOHHBIX MAKCUMYMOB OT OJTHOM ILIEeNTH —
. A
asin e =+£(2m +1)§ (m=12,3,..).
YcaoBue mupakImOHHBIX MUHUMYMOB OT OJTHOU TIEITH —
i A
asing = imE (m=123,...).

NHTEeHCUBHOCTD cBeTa MpHU AUGPaKIIUKA HA OJTHON TSN —

sinz(nbsin q)j
l, = A

¢~ 0 . \2
(nbsm (pj
A

VYcnoBue makcumyMa qudpakiiMOHHON PEIeTKH —

dsing=+mi (m=+1+2,+3,...).

YcnoBre MUHUMYMa TU(GPAKIIMOHHON pereTkr — bSin @ = £ma.

B3aumopaeiicTBHe cBeTa ¢ BEIIECTBOM

3aBUCUMOCTbD yTJIa OTKJIOHEHHUS Jy4ell MPU3MON (¢ OT MPEIOMIISIONIETO
yriia A npru3Mbl U IOKa3aTeNs NPEIOMIICHUS 1 P = A(n — 1).

Hucniepcus BemiectBa D = d_n, wm D=—.
dr \

IMoasipu3zanus cBera

Crenens nonsapusanuu P =

— 1
+ |

max min

max min

3akoH Mamoca: J = % Jocos’a.

Onrudueckas pasHocTh xoja B 3dpdexre Keppa Al (no +Ne ) =kolE2.
VYrou BpallieHHs IIIOCKOCTH TOJISPU3aIliU B KpucTamuiax @ =od .
Yron BpalieHus MI0CKOCTH TIOIAPH3aLMHI B pacTopax ¢ =[a|Cd .
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3. KBanToBasi MexaHuKa. ATOMHAas U siiepHast pu3nka.
DuU3MKA 3JIeMEHTAPHbBIX YaCTHUI

KBanToBasi npupojaa usjayyeHus

o0
OHepreTuyeckas CBETUMOCTh Tena R = Ir\, Tav.
0

),
do,

HOFHOHI&TGJII)HEUI CITOCOOHOCTH Teja Oy 1=

r
VYuusepcanbHas pynkuus Kupxroda: o (V,T )
oy, T

3akon Creana — Bombumana: R=coT4,
- 4
OHepreTUdecKas CBeTUMOCTb Ceporo tena Ry, = o, 70T 7.

b
3akoH cMmeleHus Buna: % =const, Wi Ay = =3
®opwmyna [lmanka:
, 2mv2 hv T 2mthc? 1
v,T = 2 ' AT = 5 '
¢ exp v -1 A exp he. -1
kT KTA

KBaHTOBBIE sIBJICHUS] B OITHKE
. . _ mu?2
VYpaBHeHue DiiHiuTeliHa 11t BHEMHEro ¢potodddexra: hv =——+ A,

Oueprus potoHa E =hv = h(%)

A hc
«KpacHast rpanuna» porosddekra Vy, = b KKP = a
Tok naceimenus |, =en.
h

Macca porona my =—=—.

¢ T2 e
NmMnynbe potona p=rhk; p= E = hv = 2nh

c C

= 2T
BonHOBBIE BekTOp M uncio K= o P u

AV v T
Cas3b M€y SHEPTHEH 1 MMITYJIbCOM (poToHa: E =C,/ p2 + mac2 .

A
(L 2n_o 2w _2m
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W3MmeHeHue qauHbI BoIHBI B d3dpdekte Komnrona Al =L"-L=2Lysin? % :

h

KomnronoBckast JJINHa BOJIHBI 7\’K =—.
mc

KOpOTKOBOHHOBa}I rpaHHua peHTFeHOBCKOFO CHCKTpa
C ch

Amin = ——=——-
Vmax €U

1 1
T\ = - 6)2| —_ —
3akoH Mo3mu: v=R(Z - o) (kZ nzj'

hv

Wmnynse, nepeaanHblii (OTOHOM IPU NOMIIOWEHUH, Pyory = —

. 2hv
WMmiysbc, nepeqanHbli (OTOHOM IPU OTPaKEHHH, Porp=——-

C
DHepreTuyeckas OCBEIIEHHOCTb MoBepxHOCTH E, = Nhv.

HaBnenus ceera P = Ee Q+K).
c

BoJsiHOBBIE CBOMCTBA MUKPOYACTHII BelleCTBA

h h

JlnvHa BonHel e bpoinss A=—=—.
p my

2
o o C
da3zoBast CKOPOCTH BOJIH A€ bpoilst vy, = —=—
k v
. do
I'pynmnosast ckOpocTh BOJH A€ bpounss U= P V.
CBs13b IMHBI BOJHBI C KUHETUYECKOM dHEPTHEN — A = —.
2mK
h

JInrHa BOJHBI, COOTBETCTBYIOIIASA AaTOMY MAacCou m, A = Nl
m

JieMeHThl KBAHTOBOM MeXaHUKH

CootHolenue HeonpeaeneHHocTel ['erizendepra: AXAp >h, AEAt>h,

[L1OTHOCTH BEPOSITHOCTH ?j—\\//\/ = “P(X, Y, Z,t)(z.

2
BeposTHOCTh HAXO0XKIEHUS YaCTHIIBI B oeMenTe oobema W = I “P‘ dv .
\Y
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+00
o 2
Y ci10BuE HOPMHUPOBKH BEPOSTHOCTEN — j “P‘ dv =1.

—0o0

o0
CpenHee pacCTOSHHUE 3IEKTPOHA OT siapa < I >= Ir\‘P\ZdV :
. h? . 02¥
Oomee ypaBuenue Illpeaunrepa: — 2—A‘P +U(X,y,z,t)¥ = Ihﬁ :
m
VYpasuenue llpenunrepa qis cralilmOHapHBIX COCTOSIHUM —

VZ‘P+;—Z](E—U)‘P:O wim HW=EW.

N
Omnepatop 3Hepruu (raMmuwibToHuaH) H = —LVZ +U.

2m

JABUKeHre YaCTHIBI B OJHOMEPHOM NMOTEHIMAJIbHOU AMe

. oY 2m
VYpasuenue lllpenunrepa st CBOOOIHON YaCTHUIIBIL: Y] + 2 EVY =0.
X
2,2
. hk
DHeprusi cBOOOHOM yacTuibl E = om
m
p2
CBs13b DHEPIUM C UMITYJIbCOM — E = o
m

2 2
IT10THOCTH BEpPOATHOCTH OOHApy)eHns dacTuusl |P|” =YW’ =|A”.
o, X<0;

[MoTeHnmanpHas SHEPTUs VIS IPIMOYTOJbHOM siMbl - £, =40, 0 < x <,

0o, X >1.
VYpasuenune lllpeaunrepa 1yist 4aCTHIIBI B SIME!
2 2

6—‘§1+2—TE‘I’:0 WIN a—§I+k2‘1’20.

OX h OX
Oomiee pemenne ypasaenus Llpenuarepa — W(X) = Asinkx.

nn2n?

DHeprus yacTuipl B sime E,=——— (N=12,3,...)

2ml?
2 . Nn
CoOcTBeHHbIE PyHKIMYU YacTULBI B iMe — Wy, (X) = n sin T X.

DHEpPreTUYeCKUi NHTEPBAI MEXAY ABYMs COCETHUMU YPOBHSIMU

n2h2
AE, =Eny —Ep =

nZ,
ml 2

203



AP2  n2p2
2m  ml2
VYpasuenue Lllpenunrepa 1yt KBAaHTOBOTO OCHMILIATOPA!

d2¥ 2m Mm2Xx2
+ E - Y =0.
dx2 h2 ( 2 )

MuHuMasbHas OHCPIrusg 4aCTUIBI B SIMC Emin =

1
OHeprus KBaHTOBOrO ocuuiusitopa E, =| n +§ ho .

1
MuHumanbHas (HyJeBas) SHEpPrusi KBaHTOBOTO ocLuuiiTopa Eg = 5 ho.

[IpaBuio ot6opa: An==1.
Koaddurment npo3padyHocTy MpsIMOYToJILHOTO OTEHIMATILHOTO Oaphepa

D-D, eXp(zlq/zm;(_lu - E)]_

1

exp( EL; y j -1

1
exp[Ei _uj+1

Pacnipenenenue boze — OiiHmreliHa: < Nj >=

Pacnipenenenne @epmu — J{upaxa: <N >=

KT
AE

VYposens depMu B COOCTBEHHOM MOJIYIIPOBOAHUKE Ep = BN

Y,Z[GJ'IBHaH IIPpOBOANMOCTD COOCTBEHHBIX IMOJYIIPOBOJHHNKOB

Y=70 okt )

ITpaBuno Crokca Juist TFOMMHECLIEHTHOTO n3imydenus: hv=hv . +AE.

Mopaenu aToMmoB. ATOM Bogopojaa no reopuu bopa
1 1
O6o6menHas popmyna banemepa — v=R k_2 —— |, WM
n
1 (1 1
X: R (k_Z_n_Z) (k :1, 2, 3, m = k+1, k+2, k+3,)
[lepBerit noctynar bopa (mpaBuiio KBAHTOBAHUS OPOUT):
meur =na, (N=12,3,...).
Bropoii nocrynat bopa (npasuio gactor): hv=E, —E;.
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VYpasuenue lllpeaunrepa s 31€KTpoHA B aTOME BOJOPOAA!
2
A‘P+27m£E+ ¢ J‘on.

47'[80r
2.2
4rephn
Paauycsl craninoHapHbIX OpoUT I, = 0—2 (n=123,..).
komeZe
OHeprus 3JI€KTPOHA B BOJAOPOJONOJ00OHOM aTOMe
2,4
1 mZ%e
En = ——2% (n :1, 2, 3, )
n< 8h €0
me* (1 1
DHeprus Ucmyckaemoro kauta hv=E,-E,=—%—| ——-—|.
8h2e¢3\n2 m?2
mee?
OHeprus HOHM3ALMK aToMa Bogopona Ej=—-E;=— 8h2eZ
€
0

BoaopoaononodHbie cucTeMbl B KBAHTOBOW MeXaHUKeE

BonHoBas hyHKIWMS MOSI0KEHHs 5IeKTpoHa B atome: W (r) = — e n.
e
1
HOTGHHH&HBH&H BHGPFI/I}I BBaHMOHGﬁCTBHH BHCKTpOHa C H,Z[pOM
Ze?
Ey(r)=—ko =~

VYpasuenue lllpenunrepa qys 37€KTpoHA B aTOME:!

2m
AlP-Fh—Z(E—U)\P:O

2
MarnutHslit MOMEHT aToMa Py, = Ze L= ;h JI(+D) =pgyl(1+1) .
m Me

(]

Marueron bopa  pg = ze—h =9,27-10-24 JTx- T 1,
m

e
KBanroBanue opouransHoro Momenrta ummyiasca L =7./1(1 +1).
CBsI3b MKy MarHUTHBIM MOMEHTOM U OpPOHUTAIbHBIM MOMEHTOM HM-

. B i e r
myJbCa dJIEKTpoHa: P, =—ylg = “om. e
Me

€
Op6I/ITaJIBHOC TUPOMArHUTHOC OTHOUICHUEC 7V = 2— .
m
e

KBanroBanue crnimHa snektpoHa Lg =7,/S(S+1) .
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YuciieHHOE 3HaYEHUE CIIMHA DJICKTpoHa Ly ==+

N | St

Prnsz __¢

LSZ me

CnMHOBOE TUPOMAarHUTHOE OTHOIIEHHUE Vg =

[Mpuamun [Maymu: Z (n, |, m, my) =0 wm 1.

®dusuka aTOMHOI0 gApa ! 3JIEMECHTAPHBIX YaCTHI

Pammyc siipa R = RyAY3.

MaccoBoe unciio A=Z+ N.

Cnun agpa Ly, =71(1 +1).

CBs13b MEX/y MATHUTHBIM MOMEHTOM S1/Ipa ¥ CriHOM: P, = Vo Lon-

. eh
SImepHbIid MATHETOH g, = o
Mp

. . 2
KBanpymonbHbIH 27IEKTpUYEeCKHiA MOMEHT siyipa Q = 3 Z.(b2—a?).

Hedekr maccet siqppa - Am=2Zm, + (A-Z)m, —m, = V%

DHeprus CBA3U HYKJIOHOB B sJIpe
W,, =Amc? =[Zm, + (A-Z)m, =M ]-c?.

CB

VY nenbHast JHEPTUs CBA3U AAPA MO.p =

A
3akoH paxuoakTuBHOTO pacnana: N = Nge AT,

In 2
[lepnon nonypacnaga Ty = ik

1

CpenHee BpeMs J)KU3HH PAJIMOAKTUBHOTO siijpa T=—.

dN
AKTHUBHOCTb HYKJIH/]IA A= _t =AN.

TpaBuiio cmernenus U1 o -pacmaga:  SX—>8-4Y +45He.

IpaBuio cmernenust 1t B~ -pacmaga: X —, AY+ Je.
+ .

Ipasmio cmernenust st B*-pacmaga: 2 X —, AY +9e.

CuMBoOJIMUeCKas 3amluch I sjaepHoi peakuuu: X +a—Y +Db, wmm
X(a,b)Y .
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dN
nNdx

OddexTuBHOE ceueHne NMOTIOMICHUS SIIEPHON peaklu G =
®opmyna Banzekkepa —

22 A Y
E., =yA—a,A23 —a——our(——Zj A+agA-3/4,

AY3 2
Koncrtanra B3&HMOI[CI>1CTBH$I MCIKAY 9JICMCHTAPHBIMU YaCTULIAMHA
_ E
a__nbcz'

Tpu ypoBHSI MEUKpOMHpA:
monexynspuo-amomnwii. E=1-10 5B, Ar =107 —107'% m;
aoepnwni;. E =10°-10° 5B, Ar =10 -10"" um;
anemenmapnuvie yacmuysl: E >10° 5B, Ar <107
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IIpunoxenue 111

CITPABOYHBIE TAHHBIE

q)yHIlaMeHTaJIbHLIe (])nanecmle MNOCTOAAHHBIC

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

IMoctostanas I1manka

h =6,626176-10">* IIx-c

Macca nokos QJICKTPOHA

m, = 9,109534-107! kr

Macca mokost IpoToHa

m, = 1,6726485.10% kr

Macca nmokost HeMTpoHa

m, = 1,6749543-10% kr

OTHoOIIIEHHE MacCChI IIPpOTOHA K MACCEC 3JICKTPOHA

my,lme = 1836,15152

DJIeMEHTApHBIN 3apsj

e =1,6021892.10° Kn

OTtHonieHne 3apsaa 3JCKTpPOHA K €ro 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

ITocrostaHas bonsiimana

k = 1,380662-10% Jim/K

[Tocrosinnas Credana — boiabimana

6=15,67108Br/m?- K

IlocrosiaHas Buna

b=29 -10%m K

[TocTostnnas PunGepra

R’ =10 967 758 M}

[TocTostnnas PunGepra

R=3,29-10"¢*

KomnroHoBcKast IUTHHA BOJHEI €

A, =2,4263089-10 %

Marueton bopa

u, =9,274078-10" Ix/Tn

S nepHbIii MarHeToOH

M,y =5,050824-107

I'peuyeckuii ajngpasur

A o —anbda Hmn—ora Nv-—H0 T T —Tray

B 3 — Oeta ® 0 —19Ta E & —ken Y v — uncuiion
I' y — ramma [1—1iora O 0 — oMuKpOH ® ¢ —du

A & — nenbra Ky — kamma II7—nou Xy —xu

E € — SIICUJIOH AA— naM6)1a P pP—po Y Y — IICH

Z {— n3era M p — mr0 X G —curma Q » — omera
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BHecucTreMHbIC eAMHULBI U3MEPEHU
U ux nepesoa B exuHnubl CU

Exnnnna Oo0o3Hauenue IHepeBon B ennuunbl CU
MUKPOH MKM 1-10°m
AHTCTPEM A 1-10%wm
CBETOBOU I'OJl CB.TOJ 9,46 - 10%° M
napcek MK 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 c
CYTKH CyT 86400 ¢
CeKyH/Ia " 485 - 10°° pan
MUHYTa ' 2,9 - 107 pan
rpamayc ° 0,017 pan
oboport 00 6,28 pan
MIOJIHBIN TEJIECHBIA YTOI — 12,57 cp
000pOT B CEKYHY 00/c 1c¢t
000pOT B MUHYTY 00/MUH 0,0167 ¢*
KUJIOMETP B Hac KM/4 0,278 m/c
000pOT B CEKYHIY 00/c 6,28 pan/c
000pOT B MUHYTY 00/MUH 0,105 pan/c
MUJUTUMETP PTYTHOTO CTOJI0a MM. pT. CT. 133 Ila
Oap oap 1-10°Ma
KUJIOBATT-4ac KBT - 4 3,6 - 10° Jx
AIEKTPOHBOJIBT °B 1,6 - 107%° Jx
amrep-Jac Ay 3,6 103 Kn
KaJopus Kan 4,19 - 10° Ik
pEHTIreH P 2,58 - 10 Ku/kr
pan pan 0,01 Ix/xr
KIOpH Ku 3,7 1010¢1
pacmaj 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 06p33OBaHI/IH
ACCATHYHBIX KPAaTHBIX U JOJbHBIX €AHHUIL U UX HAMMEHOBaHMM

MHoOXKHUTEIB IIpucraBka O0o3Hauenune

1 000 000 000 000 = 10" Tepa T
1 000 000 000 = 10° rura r
1 000 000 = 10° Mara M
1 000 = 10° KIJIO K
100 = 102 FeKTO r
10 = 10* IIeKa na
01=10" neuu i
0,01 = 107 CaHTHU

0,001 = 103 MUJIIA M
0,000001 = 10°° MHKPO MK
0,000000001 = 10°° HAHO H
0,000000000001 = 10 *? IIHKO I
0,000000000000001 = 10 * demro i)
0,000000000000000001 = 102 aTTo a
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OcHoBHBIE XaAPAKTEPUCTUKHU IJIEMECHTAPHBIX YaCTHUII

HanmenoBanme 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°°
TTu-MuHyC T 273,18 —1 0 2,55 -10°
Tu-Hynb m 264,2 0 0 2,3-10"°
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 1/2 | <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 12 | 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
[MO3LEEBA 3nbsupa BagumosHa
LIOLWWH 3ayapa bopucosuy

OUSUKA
Yacts lli
OnTtuka. KBaHTOBas npupoaa U3nyyeHus.
OcHOBbI aTOMHOWN (PU3UKN U KBAHTOBOW MEXAHMKM.
®u3nka aTOMHOro Aapa 1 3NeMeHTapHbIX YacTul

YyebHoe nocobve
HayyHbIn pegakTop
LOKTOP Nefarormyeckunx Hayk, npogeccop
B.B. JlapuoHos
Penaktop H.T. CuHenbHUKO8a

Bepctka JI.A. Eaoposa

OtneyartaHo B U3patenbcTtBe TIY B nonHOM cOOTBETCTBUU
C Ka4yeCTBOM NPeAoCTaBNEHHOro OpUriHan-makerta
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