KBAHTOBASA ®U3NKA

Jlekiuu o ¢uszuke



CmpoeHue amoma

1. Mopgenw atoma TomcoHa U Pesepdhopna.

MpegcTtaeneHne ob aTomax, Kak o Helenumbix Mensyadiluux yvacmuyax
gewjecmaa BO3HWKNO elle B aHTUYHLIE BpemMeHa.

A, Ow. TomcoH, Uccnenya OTKNOHEHWE B 3NEeKTPUYECKMX W MarHMTHLIX MOMAX
YacTWL, WCMyCcKaeMblX Nof OelcTBuem cBeTa (poToahdekT) omKpsin 3NeKmpoH.
[NTocKonbky mMacca 3fekmpoHa okaszanack B OeCAMKU MbICAY pa3 MeHblle macc
amomoas, TOMCOH Npeanoxun Modens cmMpoeHUSs amomMa, COrmacHo KOTopoW aTom
npeactaenAeT cobol HenpepbiBHO 3apAXEeHHLI MNONMOXUTENbHLIM 3apAOoM LwWap
auameTpom ~107""m B KOTOPBIA "BKpanneHe!” 3MNeKTpoHbl ("Kak W3I0M B NYyOUHT").
[[apmoHWYecknme  KonebaHuAa  ANEeKTPOHOB  OKOMO  MOMOMEHWW  paBHOBeCMA
(rapMOHWYECKWE OCUMNNAUWK) ABNAKTCA NPUYWUHON W3Ny4eHUA (MMM NOrmoLlleHWA)
MOHOXPOMAaTUYECKUX BOITH aTOMaMM.

OpHako, B akcnepumeHTax JleHapda nNO pacCcesHW0 3MNeKTpoHOB W B
akcnepuMmeHTax Pesepgbopda no pacceAHuo a-4acTUL, Ha TOHKWMX MeTannuuyeckux

NYyOK a-4acTHL nnexHkax, bLINO NoKasaHo, 4yTo
WCTOYHMK | 3KpaH noyTK BCE YyacTuubl

A A npoxoaunu Jepea conery, bea
pacceAHMA WNKU OTKNOHAACH
HAa O4YeHb Manele  yrhbl
nopAagka 1-3°. WM Tonbko
HEeKOTOpPLIE W3 HWMX (0OHa w3
10000) OTKNOHANWUC b Ha
bonblKve yrnel, nopAgka 135—180°. lNockonbky a-4actvua B 7300 pas TAxenee
ANEeKTpOHa, TO MNPWUYWMHOW TaKoro paccedAHWA He MoXeT DObITk ee paccesHue Ha
anekTpoHax. Pesepdopn npegnonoxun, Yyto pacceaHne a-yacTuubl NPpoMcXoauT Ha
NonoXuMTensHoOM 3apafe OonblioW Macckl — "sdpe” aTtoma, pasmep KOTOporo,
OYeHb Marn no cpaBHeHuo ¢ obbemom atoMa (guameTp ~10~"*m). (Hanpumep, B 1m°
nnaTuHel "0bkem” Anep paeeH 0,3 MME‘_j

[MoaTomy e amome, nodasfdwwad Jyacms KOmopoz2o cocmoum u3 nycmozao
rnpocmpadcmeaa, 3NeKmpoHbl He Moz2ym HaxodumbsCca 8 cmamu4yeckoMm pasHoeecuu.
Wx yCTOWNYMBOCTE MOXET DbITh TOMBKO AMHAMWYECKOW, Kak y NnaHeT B acTPOHOMMWM.

Pesepcghopd npennoxun nnaHemapHyro mModene amoma. CornacHo
Pesepdopay, atom npefctaendeT cobol cuUcTemy 3apAfoB, 8 UeHmpe KOTOpoW
pacnonoxeHo monoxumenbHoe A8po ¢ 3apAnoM Ze, paamepom 107°—10"m u
MaccoWl, nNpakTW4eckM paBHOW wMacce aToma, a gokpy2 HAopa, B obnactm c
NUHEAHLIMKU  pasMepamu --1D‘1ﬂm, no 3aMKkHymsiM  opbumam  OBukeTtca £
anekTpoHoB, obpa3aya anekmpoHHYyr 060104KY amoMa.

Bropol 3akoH HelOTOHa ONA 3NeKTpoHa, OBWAKYLWErocA Nno OKPYMHOCTW nog
OEACTBMEM KYTNOHOBCKOW CHIMbI

Ze-e _muU”

-
dreyr- r
rae m, W U — macca W CKOpoCTh 3MeKTpoHa Ha opbuTe paguyca 7', £;— 3NeKTpU-

ueckasi noctosaHHasn. Mpu 7 = 107" M ckopocTs aBwkeHns anektpoHos U =10°wm/c, a
yCKOpeHue U"/f' = 107" m/c”. CornacHo Knaccu4eckoi anekTpoauHaMuke, YCKOPEHHo
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OBMKYLLWECA 3NEeKTPOHEl AOMKHEI MaNy4aTk 3NeKTPOMarHMTHLIE
BOMHLI M BCMEOCTBWE 3TOMD HeNpepbIBHO TepATb 3Hepruw. B
peayneTaTe 3NeKTpoH ByneT nNpubnuxaTtscA K AOpY W B KOHEeY-
HOM cYeTe yrnadem Ha ACOpPo.

Kpome Toro, knaccudyeckan NnaHeTapHaA MoOens atoma
He 0bBACHAem NUHed4Yamo20o cnekmpa anomos.

2. JluHeW4aTblA cneKkTp aToma Bogopoaa.

JKCNepUMeHTansHoe MCcCNedoBaHWe CNeKTPOB ManydYeHWA paspemeHHblX ra3oB
(OTOENBHLIX ATOMOB) NOKa3anW, JYTO XapakTepHbld NWHEWYATHLIA CMNEeKTp Kawooro
anemeHTa npeacTaenAeT cobDOW cepMW NMWHWMIA, NOMNOKEHWE KOTOPbIX MOMET DbITb
ONWUCAaHO MPOCTEIMK 3MNUPUYECKMMKW chopMynamu. Tak, NonoxeHWe NUHWA aToma
BOAOpOOAa B BUAWMOW obnacTW cnekTpa ONWCLIBAKOTCA c¢hopmynold Banemepa:

}{:Rr{%;—}ggj, Mnu v:% ANA yacToT: L':R('}/_:—%g) (n=3.4.5...),

’ 71 ’ s 1
me R'=11-10'=, R=R"¢=329-10" - — nocmosHHas Pud6epza.
M C
[NMoagHee, B yNeTpaduoneToBoW obnacTh DeiNa obHapyweHa
cepus JlalimaHa: V= R{x 2~ %J (m=2.3,4....),

W B WHppakpacHoW obnacTtu

cepus MaweHa: V= R(}/ — %J (n=4.5.6....),

cepusi Bpakema: V= R{%; — % ) (n=5,6,7....),

cepus MgpyHOa: Vv ZR(}Q—%;) (n=6.7,8....),

cepus Xamdpu: V= R{%; — )g ) (n=7.8,9,...).

Bce 3tk cepum MoryT ObITe onucadsl o6obweHHol ¢hopmynol Bansmepa:

1 1
V=R 7 7
m- o on

rme m=1,223456 onpepenaeT cepww, a n=m+1.m+2.... onpegenaer

oTOenbHbIe NMUHWKW 3Toi cepun. C yBenWdeHWem # NUHWUA cepun cBnuKalTeA;
3HayeHWe # =co ONpedenAeT gpaHuly cepuu, K KOTOPOW CO CTOPOHbI BOMbLUMX
YyacToT NPUMBIKAET CNNOLLIHOM CnekTp.

AHanormyHsle cepun BLINK BblAENeHsbl B NMHeAYaThIX cnekTpax Opyrux aToMoB.

3. Noctynarte! Gopa.

OnA oOBLACHEHWA 3aKOHOMEPHOCTEW B NUHeWdYaThiX cnekTpax bop obkeduHUn
nnaHeTapHyw Mofene atoma Peaepdhopoa ¢ runotezon [naHka O KBaHTOBOW
npupoge ceeta. Teopua atoma bopa OCHOBLIBAETCA Ha OBYX NMocTynarax:

(I] MNepewin noctynar Bopa (mocmymam cmayuoHapHLIX COCMOAHU):
cywjecmeyrom cmauyuoHapHbie (He WAMEeHAKLIWEeCA CO BpPeMEHEM) COCMOSHUSRA
amoma, HaxoO0ficb 8 KOmopbiX OH He usnyvyaem 3Hepauu. CTaUWoHapHLIM
COCTOAHWMAM aToMa COOTBETCTBYIOT cmaylioHapHbie opbumel, No KOTOPbLIM ABUKYTCA
ANeKTpoHbl. Kaxgoe craunoHapHoe COCTOAHWE XapakTepuayeTcdA onpedeneHHbIM
(ONCKPETHLIM) 3HadyeHUeM 3HepruK. [BMKeHWe 3NeKTPoHOB Mo CcTalMoHapHLIM
opbuTam He conpoeoxdaemcA NanyJyeHWem 3NeKTPOMarHMTHLIX BOMH.

Mpasuno keaHmoeaHus opb6um Bopa yTBepkKOaeT, UTO & cMmayuoHapHOM
COCMOAHUL amoma 3snekmpoH, deuzadck nMo kpyzoesol opbume, domweH umMems
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KeaHMoeaHHLIe 3HAYeHUss MOMeHma UMMynbca, YOOBNETBOPALME YCNOBUK
myr, =nfit (n=1.2,3....),

rae 71, — Macca 3MeKTpoHa, U — ero ckopocTb Ha #1-i opBute paguyca 7;,,
h=hi(2r) .

[II) Bropow noctynart Bopa (npasuno yacmom). npu nepexode amoma us3
0dHo20 cocmosHUA e dpyaoe ucnyckaemcsa unu noznouwjaemcs oduH ¢PomoH
C 3Hepzuel

"T“'! :'Err _Emr

paeHoU pasHocmu 3Hepaul coomeemcmeyrouwux cmauyloHapHbIX
cocmosHull.

Manyuenune (E, <E,) NpoMCXOAMT MpW Mepexofe aToMa w43 COCMOAHUA ¢
DONbLEW 3HEepPrMel B COCTOAHUME ¢ MeHbLUeW aHepruel (Npu nepexofe 3nekTpoHa ¢
opouTel Donee yaaneHHoOW OT AQpa Ha DNWAHIOW K AQpY opbuTy).

Mornowenune doTtoHa (E, > E,) conpoBoxhaeTcA nepexodom aTtoma e
cocmosHue ¢ DONbLIEeR aHeprnel (Nepexoll 3NeKTpoHa Ha bonee yoaneHHYH OT

Agpa opbuty).
Habop ecee03MoMdHbIX OUCKpPEeMHbIX YacTOT KBAHTOBbLIX NepexooBs:

— JE'|.|I B E?‘F!

h
onpefendAeT AuHedYambll cNeKmp amomMa.

I.’i

4. OnbiTel @paHka 1 Mepua.

B onwtax dpavka w lepua ObINO 3KkcnepuMeHRmansHo  OoKaslaHo
cyuwjecmeogaHue 8 amomMax cmauylUoHapHLIX COCMOARUN.

JNEeKTpPoHLl, 3MWTWUPOBAaHHBIE KaTodom K, paszosdromcA B obnactu 1 nog
OedCTBUEM YCKOPAKLLEA Pa3HOCTKU NOTEHLKWANoB @

K ] )
:‘;}p{ 2 :3'14;. Mexay Katogom W ceTkod (). B obnactn 2
1 1

C SNEKTPOHLI  NPOXOAAT 4epe3a napel PTYTU W

! G pnocturaloT adoga 4. [lepeoe Bo3bDyKOEHHOE
COCTOAHWE artoma pTyTH WmeeT aHeprio 4,86 3B. lNpn yBENWYEHWUM YCKOPAKLETD
noTeHuMana ¢ 0o 3TOW BENWUYWHLI, COyAapeHWA 3NeKTPOHOB ¢ aTOMaMK CTAHOBATCA

4,86 HEeYNPYTMMKU: 3NEKTPOH OTAAeT KUHETUYECKYIO SHEPTUH
n e aTomy, Bo3DyxOas  nepexos M3 OCHOBHOIO
- 3HEepreTMYeckoro coCTOAHMA B Nepsoe BoabykaeHHoe
4,86 cocTOAHWE (MozfoweHUe 3Heprii aToMam pTyTH) —
MoK 8 ycmaHoske pe3ko ymedbluaemca. Tpu

aansHedlemM  yBenudeHuw (@, nopobHoe ke

noepefeHwe Toka HabnwgaeTcA NpW SHEPruAx,

KpammHeix AF =486 3B, Koroa ANEKTPOHLI

WCMNBITEIBAKT 2, 3, ... Heynpyrux coyoapeHuin. Takum

obpazom, B artoMe [OelcTBUTENbLHO CYLIECTBYHT

L A L, CTauuwoHapHble cOCTOAHWA (NoATBEpXOeHWe MepBoro
0 3 10 139.B noctynara Gopa).

BoabyxOeHHble aTOMbl PTYTH, NepexodA B OCHOBHOE COCTOAHWE, usny4darom

KBaHTbl CBETa ¢ ANMHOW BonMbl A =/c/AE =255Hm (noaTBepkieHwe BTOPOrO

noctynarta bopa).




5. Cnektp atoma Bogopoga no Gopy.

PaccMOTpMM  [OBMMKEHWe 3MNeKkTpoHa B BogopogonofobHoi  cucTeme,
orpaHUYMBaAch KPYTroBbIMK CTalUWoHapHLIMWU opbwuTamu. BTopol 3akoH HuloToHa

muy- 1 Ze

Ze-e m"

(opyraa dopma: J W YyCcnoBWe KBaHTOBaHWe

Ameg® T 2 2dmeyr
MOMeHTa WMmnyneca: M ur, = ki, — MNO03BOMNAKT MNONy4YdTe paguyc n-i
cTaynoHapHon op&uUThEI aNeKTpoHa: n
B2 .4 o0 E, 3B
1~ -dme
r,=nt———1 (n=1,2.3....) g e e e MW _.033
}IEQZEL 5“-_ 11! ST Jrh_g’gj
. 4- 111) U,
Ans eodopoda (£ =1) paguyc nepeoi op- 3~ o oo —1,5
OWTLl aneKTpoHa (nepesit 6opoeckull paduyc): 4 Mawewa Bpaxera
#2 . Ame ) 5. ro— -3,38
ag =1 =———2=528-10 Y Bamsepa
m_e”
MonHaa 3HepauA 3n1eKMpPoHa B BOOOpOOO-
NnogobHOW cUCTeMe cKNadblBaeTCcA W3 KMHEeTWYe-
CKOW M NOTEHUWANBEHOW 3HEPIUiA:
) ) 7
E:meu‘ _Zem _ 1 Ze
2 dme,r 2 4me,r
W, C y4ETOM KBAHTOBaHWA OpoOuT 7, , NONy4Ynm:
2 4 1
1 Z°m_e 1 -13,35
- g —1 = Cepur
= (mn=1.2,3....), Pt

n’ 8he;
r[e 3HaK MUHYC 03HAYAaeT, YTO IMEKTPOH HaxOAWTCA B CBA3AHHOM COCTOAHMAN.

Llenoe uncno », onpefenawLlee aHepreTMdeckMe YPoOBHKM aToMa, HaaslBaeTca
2naeHbIM KeaHmoebIM YUCIoM. 3HepreTMdeckMil yposeHs ¢ # =1 HasbiBaeTcA
OCHOGHbLIM (HOpManbHbIM) YypoeHeM, a COOTBETCTBYILEeE eMy COCTOAHWE atoMa
HasbiBaeTcAd OCHOEHbLIM (HopManbHbIM) cocmosiHueM. YpoBHM ¢ n>1 W
COOTBETCTBYIOLME UM COCTOAHWA HasbIBAKTCHA €036y HOeHHbIMU .

Mpuaaeaa # LUenodWclNeHHble 3HadYeHuA, nonydaem OnA aToMa Bogopoaa
3HepreTM4eckMe YPOBHW, NpeacTaBneHHble Ha pucyHke. MuHMManbHaa sHeprua
atoma sofopopa: E; =-13,553B. MakcumansHaa sveprva £_ =0 npu n=co

HasblBaeTCA SHepauell uoHusayuu aTtoma (npu E=FE_  npoucxogwT OTPbIB

aNekTpoHa oT atoma). lNepexoq w3 cTAUuWMOHapHOTO COCTOAHWA H B cTauWoHapHoe
COCTOAHWE 11 COMPOBOXAAETCA UCNYCKAHWEM KBaHTAa:
4 4
hv:E“—Em:—% {—%]foﬂ 1ﬁ—ij], roe RzLEﬁ_
8heg\n™ m” m-n 8he;

TeopeTudeckoe aHadyeHWe A XOpoOLLO cornacyeTcA co 3HadYeHWeMm NOCTOAHHOW
Pwunbepra, onpefeneHHLIM 3KCNEPUMEHTANLHO.

TeopuA bopa chirpana oOrpoMHYH) pPOfb B CO30aHMW aTOMHOWA (OWU3WKK, B
Pa3BUTMKM ATOMHOW W  MOMNEKYNAPHOW CNEKTPOCKOMWW, HO ee BHYTPEeHHAA
NPOTUEOPEYMBOCTE — COEOWHEHWE KNACCWYECKWX W KBaHTOBLIX NpefcTaBnNeHWn —
He MO3BONWIMK Ha ee OCHOBE ODBLACHWTE CNEKTPElI MHOTMO3MEKTPOHHLIX aTOMOB (Jaxe
NpOCTEALLIErD U3 HAX — aToma renunA, cofepxallero NOMUMO AOpa ABa 3NeKTpoHa).




OcHo8Hble NOHAMUA K8aHMoO60oU MexaHUKU

6. KopnyckynapHo-BoNHOBOW OYanu3M CBOWCTE BeELLECTBA.

KeaHToBas MexaHWKa, co3faHHaA [OnA ONUcaHWA CBOWCTE KBaHTOBLIX
00LEKTOB, OCHOBLIBAETCA Ha NpeanonoxeHun Jlyn ne bpoina o Tom, YTo Tak ke Kak
CBETYy MNpWCYLUW OOHOBPEMEHHO CBOWCTBA 4acTWUbl (KOPMYCKYNbl) W BOMHbI
(nBOMCTBEHHAA KOpNyCcKyNApHO-BONMHOBaA NpWpoda cBeTa), Tak W 3/1eKmpoHbIl U
nobble Opyaue Yyacmuubl Mamepuu Hapady ¢ KopnyckynapHbiMu obnadarom
maikKe eoNIHoebIMU ceolicmeamu.

Kaxagomy oObekTy NpUCcYLLW Kak KOpNycKyNAPHLIE XapakTepWUCTUKW — JHepausA
E v umnynec p, Tak W BONHOBLIE XapakTepUCTUKW — 4Yacmoma V W OnuHa

goslHbI A
COOTHOLLEHWA MEeXOy KOPMyCKYNAPHLEIMM M BOMHOBLIMW XapakTepucTUKamm

uacTUL, Takue e Kak Ana dotoHos: E=hv=ho u p=hfA.
Takum obpaszom, nwbon YacTuue, obnagawwen UMnynscoM (B TOM 4Ucne W

yacTuue, B oTnvdmne oT choToHa, obnaparwulel maccol MNOKoA), cornocmaendemncs
80MHOE0L NpoUecc ¢ ANMHOW BOMHLI, onpenensemoil no tpopmyne ae bponns:

h

arme- A=

N R idicd p
- — lwnotesa ge Bponna Gbina nogTeep-
PRy MOEeHa 3SKCMepUMEHTanbHO B OMbITax no
W{E:: nuchpakuMK 3NeKTPOHOB Ha MOHOKpUCTanmnax
ZIHITIpOROE ~.] METAmNMOB — eCTECTBEHHBIX AN PAaKLIMOHHBIX
pelleTkax — U Ha MeTanmMYecknx MreHKax.

[axe B crny4ae 4peaBbl4alHo cnabblx
NYYKOB, KOrOa Kawbli 3MNeKTpoH Npoxoaun NpenATcTBUe HezaBUCWUMO OT ApYIiX
ANEeKTPOHOB Nydka, (popMupoBanack AUpakuMoHHaA KapTUHa Kak B Npoxogalem,
Tak M B OTPaKEHHOM My4YKe 3MeKTPOHOB.

MonHas sHepsua 4Yacmuuybl onpefenAeTcA JYacToToW BonH Oe bpownAa c
NOMOLLLH COOTHOLUEHWA

E=hv

Takmm obpa3om, KopnyckKynapHo—8onHoeol JdyanuiM — yHUesepcalkHoe
ceolicmeo MamepuLi.

JT0O CBOWCTBO CYLUECTBEHHbIM  ODpazoMm NPOABNAETCA TOMBKO  OnA
Mukpoobbekmos. [INA MakpocKONMYEeCcKWX Ten AnvHel BONH Ae bpoina ucuesakoule
Manel (Tak, HanpuMmep, dacTuue maccod 1r, OBWKYLIEACA cO cKopocTe Tmic,
COOTBETCTBYET [OnNWHa BoONHel Ae bpolna c ,4.:6;62-1[}“31541} W  BOMNHOBLIMK
achbcpekTamun npeHebperatoT.

7. HeKoTopble cBOWMCTEA BONH A& Bponns.

PaccmoTpum ceoboOHO ABMMYLLYHOCA CO CKOPOCTEIO U YacTWLy Maccol 7.
da3oBan ckopocTh BoNH Ae bpowna:
R

w ho E _ mc* ¢’

v, —— = =" =
™k hk p mu v
T.e. cha3oBan CKOpocTb BONH Ae Bpoiina 6onblie cKopocTU cBeTa B Bakyyme
(TK. c>=1V).




A
2r
WMcnonb3oBaHsl cooTHowenwAa: E=hm, p=hk, k= - BOMHOBOE YMCO.

[ pynnoBaa cKkopocThk BoNH Ae bponna:
_do d(hw) dE

“Tak T dmk) ap

. 2 4 22
[nA ceoboHON YacTULb E:\/m ¢’ + p ¢, noatomy

7 2

_dE _ pec _pct muve’
dp \fmzc*d* +p262 E mc’

[pynnoBas cKopocTb BONH Oe bpolnAa paeHa ckopocTWM YacTuubl. WMHbIMK
crnoBamMu, eosiHbl de Bpolina nepemMelaromca eMecme ¢ Yyacmuuyed.

[nAa doToHa:

i

2 2 2

E  mc- pc-  mcec”
U¢a3:—:—:(’ rl HW=—= S
D mc E me”

=C

8. CooTHoWweHWE HeEONpeOeneHHOCTEN.

[IBOWCTBEHHAA KOPNYCKYNAPHO-BOMHOBaA NpMpoga MWKpoYacTul onpenenset
elle oOHO HeoDbIMHOE, © TOYKWM 3pEeHWMA KnaccUYecKuxX npefcTaBleHui, CBOWCTBO
MUKPOOOBLEKTOB — HESOIMOMHO 0O0HOBPEMEHHO MOYHO onpedenums KoopduHamy u
UMY NLC Yacmuuybl.

B camom gene, nockonbKy Kaxaon YyacTuue cOOTBETCTBYET BONMHOBOW Nnpolecc,
TO HeonpefeneHHoCTk "MecTONoNoMeHWA" 4JacTuubl nopsAaka ONWHbl BOMNHLI ae
Bpoitna Ax=A u Knaccuyeckoe noHATHE TpaekTopuW TepAeT cmbicn. [InA
MakpoCcKoNWYecknx 0DbLEKTOB ONWHBI BONH Oe bpoina wcuyesawule manbl, No3aTtomy
ONA HAX NPUMEHUMO NOHATHE TPAEKTOPWK OBWKEHWA.

B obuwem cnyyae 310 CBOWCTBO MUKPOODLEKTOB Ha3biBAETCA COOTHOLIEHWEM
HeonpeneneHHocTen NenseHGepra:

MuKpodacTuua He MOXeT UMeTk OfHOBPEMEHHO onpefeneHHyH KoopawuHaTty

(x.¥.Z) W onpefeneHHyl COOTBETCTBYIOLLYID MPOEKUMK wWmMiyneca (p,.p..Dp.),

NpuyemM HeonpeaeneHHOCTU STUX BEMWYMH YAOBNETBOPAOT COOTHOLIEHUAM
AxAp =h, AvAp, 21, AzAp_=h

T.e. npouseederue HeonpedeneHHocmel KoopduHamel U coomeemcmeayrowjed
el npoeKkyuu UMnynbca He Moxem Obimb MeHblUe eenuyuHbl nopadka i .

CooTHOWEHWE HeonpeaeneHHoOCTER NPoABNAETCA B AUbpakumMn YacTul. MNycTe
NOTOK YacTWL, OBWKETCA BAOMb ock I ¢ uMmnynscom p . Jo NpoXO#OeHWA YacTULbl

yepes Lienkb cocTaBnAlwan ee umnyneca p, =0, Tak yto Ap, =0, a koopauHaTa

Zh X FABMNAETCA COBEPLIEHHO HeonpedeneHHon. B
; MOMEHM MNPOXOMOEHWA YacTulbl 4Yepes LWWenNb
HeonpedeneHHocTb KoopAWMHAaThl X JYacTulbl
CTAHOBMTCA  paBHOW  WwMpuHe wenn  Ax .
Benepctene gudopakumn yacTuubl  ByoyT
oBvraTecA B Npegenax yrna 2¢ , rae ¢ — yron,
COOTBETCTBYHLIWA nNepeBoMy OWpakUUOHHOMY
MUHUMYMY . Takum obpazom, HeonpeaeneHHoCT
B 3HAYEHWW COCTABMNAKILLEA BOOMNL OCKM X

WL /e s '~1

“
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AT

A
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Ap, = psing = Isin(p. C ppyroi cTopoHel, Axsing =A — ycnoeue nepsoro

AudbpakuMoHHoro mMuHuMyma (cTp.6-15). CnegoeatensHo AvAp. = /i . MNMockonbky

yacTk YacTUL nonafaeT 3a npefensl Nepeoro AUMPakUuWOHHOTO MakcuMyMa, TO
nonyyaem BeipaxeHne AxAp =/, T.e. cooTHOLWEHWe HeoNpeeneHHOCTEN.

CoomHoweHue HeonpedeneHHocmel — KeaHmMosoe o2paHUYeHUe
NpuMeHUMOCMU KaccuYyeckol MexaHUuKu K MUkpoob6bekmam.

[NA MUKpPOYacTULbl HE CYLECTBYET COCTOAHWA, B KOTOPLIX ee KoopauHaThbl W
COOTBETCTBYIOLUME WM MPOSKUMM UMNyNbca WMenu Obl OfHOBPEMEHHO TOYHLIE
3HaYEeHUA.

Ona HeonpefeneHHocTH 3Heprun AE  HEKOTOpOro COCTOAHWA CUCTEMBbI W
npoMexyTka BpemeHn A7, B TEYEeHWe KOTOpOro 3TO COCTOAHWE CYLLECTBYET, TakKe
BLINOMNHAETCA COOTHOLLEHWE HeonpeaeneHHoCTeNl:

AEAtZh

CrefoBaTenbHO, cMcTeMa, UMelLlan cpedHee BPeMA #u3Hu A7, He MoxeT

BbiTb OXapaKkTepusoBaHa onpefereHHbIM 3HauYeHWeM 3Hepruu; pasbpoc 3Hepruun

AE =hfAt BoapacTaeT ¢ yMmeHblUEHWEM BPEMEHW XW3HU CUCTeMbl M YacToTa

ManyJeHHoro hOTOHa Takke [AOMKHA UMETb HeonpedenenHocTe Av =AE/h | Te.
CReKTpanbHble NIMHUM JOSTKHBI UMETh KOHEUHYIO WnpuHy: Ov=v+ AE/]

9. BonHoeaa chyHKUMA U €& CEOWUCTBA.

WMHTeHcHBHOCTE BOMH e BponnA B gaHHOW TOYKe MpocTpaHcTBa cBA3aHa C
YWMCNOM YacTWl, MNOoNaBlWKMX B 3Ty TOYKY, O YEM CBWOETENLCTBYKOT ONbITEL MO
ondpakuMi MukpodacTul. [Mo3ToMy BOMHOBLIE CBOWCTBA MUKpodacTWul Tpebyer
CTATUCTUYECKOrO (BEPOATHOCTHOIO) NOAX0AA K MX OMUCAHKMID

[nA onucaHWA NOBEOeHWA KBAHTOBLIX CMCTEM BBOOWTCA eofiHoeas (hyHKuuUsa
(npyroe HasBanne — ncu-ghywkyus) W(x.v.z.f). Owa onpegenAeTcA Takum

obpa3oM, 4ToObl BEpPOATHOCTL ¢ TOro, YTO YacTWUa HaxoOQuTcA B aMeMeHTe
obbema dFV Brina pasua:

dw= “Pz dv

duanyecknii cmbicn uMeeT He cama dyHkuma YV, a ksagpar ee mogynAa

;
|‘P| =YY" koTopbiM 3agaeTcA MHTEHCMBHOCTL BONMH Je BpoiinAa (zpece V™ —

2
dyHKUKMA, KoMmnekcHo comnpskedHaa ¢ YY), Benwuuna “P| d

-
F

WMeeT CMbICN [AAoOmMHocmu eepoAmHocmu  p ., a cama pw_dV_|

sonHoeaa dyHkuma VY umeer  cmeicn amnaumydsi
gepoAmMHocmu. Ycroeue HOpMUPOEKU eeposmHocmed +oo
Nony4aeTcA W3 TOro, YTo BEPOATHOCTE CYLLECTBOBAHWA YacTULL j|‘1’|2dV =1
roe-nubo B NpOCTpaHCTBE paBHa edWHWUE  (MHTerparn
BbIYMCNIAETCA NO BceMy DECKOHEYHOMY NPOCTPaHCTRY). -
BonHoeaa (oyHKUWA, XapakTepuaylolan BepoATHOCTE ODHapyXKeHWA NedcTBMA
MWKpOYacTMULl B 3NemMeHTe obkema OomMmkHa ObiTe 1) KoHeYyHoU (BEpPOATHOCTE HEe
MoxeT ObiTb Donblie eduHWUbl), 2) odHO3Ha4YHOU (BEpPOATHOCTbL HE MOXKET DbiThb
HEOQHO3HAYHOW BenWYMHOW) W 3) HenpepbieHol (BEpPOATHOCTE HE MOXKET
WM3MEHATLCH CKAYKoM ).




BonHoeaa (yHKUWA MNO3BOMAET BLIYUCIWTE CpefHMe 3HadyeHuAa uandeckmx

BEMWYWH, XapakTepusyLLnX JaHHbI MUKpoobLekT. Hanpumep, oo

cpefHee paccToOAHWE (}> UMeeT BUA; (;) — J‘;-|LP 2av
BonHosa# hyHKLMA yOBMNeTsopAeT NPUHUMWNY Lo

CYMepnosuLnmn: ecnv cucTemMa MOXKeT HaxoOQUTLCA B PasnuuHbIX

COCTOAHMAX, OMUCLIBAEMbIX BOMHOBLIMM hYHKLUMAMK P — E(_‘_'”L]J”

VoW, ,W,...., TO oHa Takke MOKeT HaxoOWTbCA B -

COCTOAHWUK, OMUCLIBAEMOM  NWHEWHOW  KOMDWMHauUueW 3TMX  yHKUMA  (roe
C, (n=1,2,...)— npouzsontHble, BoobLUe roBopsA, KOMNMEKCHEIE Yucna).

CnoxeHne BONHOBLIX (PYHKLUMA (amMnnNUTyd BEPOATHOCTEN), 8 HE BEPOATHOCTEW
(onpefenAeMblx  KBagpaTaMW MoOOynen BOMHOBLIX (OYHKUWMKA) NpPUHUWNKWANLHO
OTNUYaET KBAHTOBYH) TEOPUH) OT KINACCWYECKOW CTATMCTUYECKON TEOPWKM, B KOTOPOW
ONA HE3aBUCUMLIX CODLITWIA CrpaBennvBa meopemMa ClloXeHus eepoamHocmed.

10. 06wWwee ypasHeHWe LlpeauHrepa.
OcHoeHoe ypasHeHue HepenamuaucmeKol KeaHmoeol MexaHuKku UMeeT Bua

—ﬁ—&‘P +U(x, v, z.1)- W= fﬁd_—qJ
2m dt
h R S
rme h=—:; m — wmacca dacTuuel, A=——+—+— — onepatop
2r dx~  dv-  dz”

Nannaca; i =+/—1 — MmHuman eaunuua; U(x, v.z.7) — noTeHuuanbHas yHKUKUA
yacTUllkl B CMMOBOM none, B koTopom oHa aswketcs; ‘P(x.yv.z.7)— wuckomasn

BOMHOBaA (OYHKLWMA YacTULbI.

YpaBHeHWe [OMNONHAESTCA YCMOBUAMMK, HaKNafblBAaeMbIMW Ha BOMHOBYH
hyHKUMK. (1) BONMHOBAA OYHKUWA [O0MKHa ObiTk KOHEYHOW, OOHO3HAYHOW W
d¥Y o d¥ Jd¥

. \ O0N#HLI DbITE HENpepbIBHbLI;
dx dyv dz ot

HenpepsIBHOW, (2) NPOW3BOOHLIE

.
(3) doyHKUKA |‘P| OOM#Ha DbITe UHTEMPUPYEMA; 3TO YCNOBWE B NPOCTERLLWMX Cry4danx
CBOAWTCA K YCNOBWUKD HOPMMPOBKW BEPOATHOCTEN.

11.¥paeHeHue LlipeanHrepa Ang cTauWoOHapPHbIX COCTOSHUM.

BakHeIM YacTHeIM _cnydaem obuwero ypaBHeHusa LUlpegwHrepa, ABnAeTcA
vpaeHeHue lllpedurzepa OnAa cmayuoHapHbLIX COCMOAHUG, B KOTOPOM WCKNKYeHa
sapucumocte V' OT BpemedHn K, noaTomMy, 3HayeHUs 2HepauU 3TUX COCTOAHMIA
ABNAKTCA pUKCUpPO8aHHBIMU (HE N3MEHAKOTCA CO BPEMEHEM ).

B atom cnyyae cunoBoe none, B KOTOPOM ABWAKETCA JYacTuua, cTauWoHapHO,
Te. yukuma U =U(x.y.Z) He 3aBUCUT SBHO OT BPEMEHW W WMeeT CMbICI

nomeryuansHol sHepaul. PelleHne ypaBHeHWA MOXeT ObITe NMpefcTaBneHo B BMAE
Npow3eeeHnA OBYX OyHKUMA — OyHKUMKW monsko KoopduHam W OYHKLUWKW MonsKo

E

epemeru. V(x.v.z.6)=w(x.v.2) -exp —r'?r'], rme E — nonHasa 3Heprua
i

yacTulbl. YpaBHeHue LLpeauHrepa:

n’ E i E\ . .E E
——-exp[—f?r]-&w-l—{s-w-exp[—f?r]:rﬁ[—:?]-w-exp —r?r]

2m i i I i
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nocrne ynpoLieHwit npuobpeTtaeT BUA

n’ . 2m

—-— Ay +Uy =Ey MK Ay +—(E-Uy =0
2m i
— ypaBHeHue LlipeguHrepa ANs cTauMoHapHbIX COCTOSHMWA.

DUIMYECKWA CMbICTT MMEIOT TOMNBKO peaynispHble BONHOBLIE (DYHKLUMN — KOHEYHsIe,
00HO3HaYHBIE U HEMPEpbISHBLIE 8MECTIE CO CE0UMU Mep8bIMU MPOU3BOOHBIMU. ITH
YCIIOBUA BBLINOIHAIOTCA TONMBKO NpU onpefaeneHHom Habope E. 3T 3HavyeHUs
3Hepauu Ha3blBAOTCA co6CMeeHHLIMU. PelleHWA, KOTopble COOTBETCTBYIOT
cOBCTBEHHLIM 3HAYEHWAM SHEpriM, HasbiBATCA co6CMeeHHbIMU YHKUUAMU.
CobcTBeHHble 3HaueHuA E  moryT o0pasoBbiBaTb Kak HEMpepbiBHBIA, Tak W
[VCKPETHLIA pAa. B nepeom cnyyae roBopAT O HempepbieHOM (MNU CrIoWHOM)
crnekmpe, BO BTOPOM — 0 QUCKPEMHOM creKkmpe.

12. levxkeHne cB060QHON HacTUUbI.
[ns ceoBogHoi YacTuuel U (x) =0 (nycTb oHa ABWKETCA BAOMNL OCH X ).

dw  2m
Peweruem ypasHeHuA llipeduHaepa: —+—Ey =0

ox fi

B I(Ef—p.x)

6ydem chyHKUUS W(x.1) = Aexp(—iowt + ikx) = Aex ;
i

D.
roe A=const, (u:?, k:TJ— BOMHOBOE 4YMCNO — MOXKET NMPpUHUMaTL niobble
i I

NONOKUTENbHLIE 3HaYeHuA, E = ok — P HenpepbieHbIl CNEKTP 3HEPTWA.
2m  2m
Takmm o0bpaszom, ceobDogHaA KBaHTOBaA 4acTWla OMNWCchIBAETCA NMNOCKOW
MOHOXPOMAaTWYECKDA BONHOW Oe bpoWnA. 3ToMy COOTBETCTBYET He 3aBUMCALLaA OT

BpEMEHW MMOTHOCTE BEPOATHOCTM ObHapykeHuA vacTuubl B OaHHOW TO4dKe

2 . 2 .
npocTpaHcTBa |‘P| =YY :|A| ., T.e. BCce nonoxeHwAa ceobogHOW YacTuubl B
NpocTpaHcTBE ABNAKTCH PABHOBEPOATHLIMK.

13.4YacTvua B 0oAHOMEPHOW NpAMoOyronsHoW "noteHuManbHoW aAme" ¢ Becko-
HEYHO BbICOKMMM "CTEHKaMK'".

--d

r PaccmoTpum OOHOMEPHYD "NMOTEHUWANBHYH AMY™:
1 co, x<0

J==ac] [J=1{) {/—=ca

Ux)=40, 0=x=]
Lﬂ. x=1

roe | — wupuHa "AMbl", a 3HEpPruA OTCYMTLIBAETCA OT

0 i X ee [Ha.
YpaBHeHne LpeauHrepa ona cTauMOHapHbLIX COCTOAHWIA B Npeaenax AMbl:
dhw 2m J 2w ,  2mE
i{ —~Ew =0 wnn i‘i +kzi1{f={]_, e k- =—
dx=  h° dx” he

3a npegensl "AME" YacTUUAa He NPOHWKAEeT, NO3TOMY BOMNHOBAA (PYHKUWA BHE
"AMbI" paBHa HYMNW, cnefoBaTelnbHO, Ha rpaHuuax "AMbl” HenpepbiBHAA BONHOBAaA
(hYHKLUWA Takke nomkHa obpalwartbea B HyNb:

w(0)=y()=0
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3TUM rpaHYHbLIM YCIIOBUAM YOOBNETBOPAET pelleHne ypaBHeHuA LLpenuHrepa

: T ,
Ww(x)= Asinkx+ Bcoskx npu B=0u f{znT. Mockoneky &~ = 2m

2 bl

;2

-

) 7 g
_Rh

E, .
2ml-

(m=12.3,...) — cobcmeeHHbIe 3HaYeHUs SHepauU.

The

[MNpW 3TOM MMHWUMANBHO BO3MOXKHOE 3HAYeHWEe IHepruKn: Em.m =

Yanld
2ml

Takum obpa3om, 3HeprMA 4dacTulbl B DEeCKOHEYHO BLICOKOW MOTEHUWanbHOW
"AME"” NPUHUMAET NUWLLE onpefeneHHle AUCKPETHLIE 3HAYEHWA, T.€. KeaHmyemcs.

KBaHTOBaHHLIE 3HAYEHWA 3HEPTUK .Eﬁ, Ha3bIBAkdTCA YROeHAMU 2HepaulUu, a

Yucrno f, onpejeninwee aHepreTM4eckye YpoBHM YacTuUUbl HaiblBaeTCcA eaeHbIM
KeaHmoebIM YUCITOM.

. nm
Cob6cmeeHHble e@osfiHoeble (hyHKUUU w“(.ﬂ:&sme‘, C  y4eToMm

ol el . SR
HOPMWUPOBKW JDH:F; (x)dx= A" Jnsm‘ T:u;(h‘ =1, 6yayT umeTb BUA;

5

YVE v " ﬁé* o n W, (x)= Zsin?% « (n=1.2.3...)
/ [

3E; 3

Ha pucyHke wnaobpameHbl rpathukm
coBCTBEHHBIX (OYHKUWIA (a) U1 NNOTHOCTL
BEepOATHOCTKU (D) obHapyKeHWA YacTulb

E, 2 E, 2 " "
Ha pasHbiX paccTOAHWAX OT “"CTEHOK
E,r-"-"’-_"‘b-l E, | AMbI, ONpeAenAeman BelpaxeHuem
i - 2 R EI
X x W, (" =w, (O, (2).

14.MpoxoxaoeHWe YacTMuUbl Yepes noTeHUuWanbHbIW Gapbep. TyHHeNbHLIW
achbekT.

PaccMoTpym nNpocTeRlIWMA NoTeHUMansHeI bapbep MpAMOYTOoNsHOW (QOpMGI
(BbicoTa IV v wupuHa /) ona ogHOMEpPHOro JBIKEHUA YacTHLbI:

0. x<0 (ob6mactel)
U(x)= 1U. 0<x</ (obmacts2)

0. x>1 (o6macTs 3)

a) s

E<U

—————— e e

Buo BONHOBBIX OYHKUWA, ABNAKLWWXCA
pelleHnAMU  ypasHeHuA LpegumHrepa aonA
obnacten 1, 2 n 3 (cM. pUCYHOK W Tabnuuy)
CBUOETENLCTBYET O TOM, YTO:

w.(x) 1) B ob6nacmu 1 BonHoBaa yHKUMA
? npefactasnAeT cobol cyMmy OBYX NNOCKMX
BONH — [OBWAYLWEWCA B CTOpoHY Dapbepa W
oTpameHHoW oT bapeepa.

2) B obnacmu 2B cnydyae E < U :

B J2m(U —E)
fi

=

——

vy |
i '4’;{-":'

AV VA v gy

-
[EE——— P ——— Y

o

g=if, roe
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3) B ob6nacmu 3 wvumeeTcA TONLKO BOMHa, npolwefwas depes bapbep
(B; = 0), koTopaA uMeeT BUA BOMH e bpoina ¢ To e ANWHON BOTHLI, HO

MeHbLLIEeR aMnnuTyOon.

Ob- YpaBHeHWe i
nacTb lipeauHrepa O6bLLee pelleHue Pewenwe npn E < U
32w 5 - o _ s
1 r_}uﬂl +Ey, =0, | yi(0) =4 +Be™ |y (x) =4+ Be™
ox”
My, . . ] _
2 r_j i‘:‘ +q%w, =0, | Wy(¥)=4,eT+Bye™® |y, (x)=4,e "+ B, "
ox”
J2ur ) B o _
’ (} '1{21 +kw, =0, | y3(x)=d;e+Bye™ Ya(x)=A;e™
ox

<

3neck k- =2 g =
h* i

Takmm obpazoM, KBaAHTOBaAA MexaHuka NPWBOOAWT K MPWHLUMNWaNLHO HOBOMY
cneunduyeckoMy KBaHTOBOMY ABMEHWD, NOMydYuBLLUEMY Ha3sBaHWe TYHHEeNbHOro
acbdhekTa, B peayneTarte KOTOpPOro MWKpOODBEKT MOXeT "NporTh” CKBO3b
noTeHUWansHLIA Bapbep.

InA onucaHnA TyHHenbHoro 3dgdiekta UCNonb3yT NoOHATHE KoadgdguyueHma
npospayHocmu [) noTeHuwansHoro Oapkepa, onpenenAemMoro Kak OTHOLUeHWe
KeaOpaToB MoOOynel npolwenweidn W nagjawwed Bondel. [OnA  cnydan

npAMoy20/1eH020 NoTeHuMansHoro Bapeepa

2m » 2m(E-U)

Ui A ) 2;
D= i =Dy exp| - ?ﬁ,’Zm{U —E)
A !
[OnA noteHyWansHoro apbepa nNpPoW3BONbLHOW
E ——— . thopmel
| X7
I | D=D,exp| -2 | 2mlUG) = E]dx
0 = Iz X fi Y

MNpoxoxgeHWe 4acTWuUbl CKBO3b 0BNacTb, B KOTOPYK, COrMacHo 3akoHam
KINaccM4eckon MexaHWKW, OHa He MOXeT MPOHWKHYTb, MOXHO MOACHWTH
COOMHOWeHUeM HeonpedenenHocmell. HeonpeoeneHHocTs uMmnynkca Ap Ha

h
oTpeske Ax=/ cocrasnaer i\p:-f? CBA3aHHaA ¢ 3TUM pa3bpocom B 3HaAYEHWUAX

(Ap)’
MMIyneca KMHeTU4eckand 3HepriA ﬂ— MOXEeT OKa3aTkeCA ,E[OCTaTOHHDﬁ OnA Toro,
=

yToDRI NONMHAaA 3HEPIUA YacTWLUEl OKazanack Donklwe NoTeHUWansHOoA.

15_JIMHeNHBIN rapMoHWYeCcKWA OCUMNNATOR B KBAHTOBOW MeXaHWKe.

JIMHEWMHBIA  FapMOHWYECKMH  OocUWNMNATOP — CWCTEeMa, CcoBepluakwan
oHOMEepHOoe ABMMeHWe nod AeWcTBUEeM KBa3uynpyrow cunbl, ABNAETCA MOOEnNbH,
KOTOpanA 4acTo WUCNOoML3YeTeA NPy ONUCaHMK KNacCHYeckuxX U KBAHTOBLIX CUCTEM.

[NpYKWHHBIA, OU3NYECKMA W MaTteMartWyeckMin MaATHUKM — NpUMepkl
KNaccUYecKnX rapmMoHUY4ecKny OCLUMNNATOPOB.
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2.2
. mayx

MoTeHUManbHas SHeprusa rapMOHWYEcKoro ocuunnATopa pasHa: U =

roe @, — cobcTBEeHHaA YacToTa KonebaHui ocuunnATopa, 1 — Macca YacTulbl.
KnaccMYyeckMid OCLUWNMATOR HEe MOXET BLIATW 3a npefensl "MoTeHUMansHOM
AMBI" C KOOpOWMHATAMW — X S X = +X . .

YpaeHeHue LlpeduHzepa [nNA cTaUWMOHApPHBLIX COCTOAHWMIA  KBAHTOBOMO
Uj ocUMNNATopa:

-
&=

7 g
a7y 2m £ Mmoyx

.H;:D

)

H-Z& Efg'ﬁmo dx~  h”

roe E— nonHas aHeprusa ocUuUnnATopa.

n=1 E, -%hmo Co6cmeeHHble 3Ha4eHUA SHEPruW [N 3TOro
1 ypaBHEHUA:
n=0 Ey=5hw, 1
0 - E, = n—i—E i, (n=0,1.2,..)

Takum o0Opasom, 3HepruA KBaHTOBOTO OCUMNNATOpa kKeaHmyemcsa (MOXeT
UMETb IWlbL  [AWCKPETHbIE 3HauyeHWA). YPOBHW SHEpPrMu  pacnonoXeHbl Ha

O0JWHAKOBLIX paCCTOAHWAX, paBHBIX ﬁfﬁln.

1
MuHumManeHana sHeprna EUZEM{}U HasblBaeTcA 3Hepaueld HyneebiX

KonebaHud.

CyllecTBOBAHWE 3HEPTUW HYNEBLIX KONebaHWi — TUNWYHO KBAHTOBLIA 3dhdhekT
— NpAMOe cneAcTBue COOTHOLWEHWA HeonpeneneHHoCTen.

YacTrya B AMe Mobor hopMel HE MOXET HaxoOWTLCA Ha ee [He, NOCKONbLKY B
HyNe  obpaw@aetcAd  WMOYNbLC  YacTWUkl W €ero  HeonpedeneHHocTb, a
HeonpeneneHHoCTk KOOPAWHATE CTAHOBWTCA DEecKOHEeYHOW, 4YTO MNPOTUBOPEYMT, B
CBOK oYepefb, YCNOoBWD NpebbiBaHWA YacTULUL! B "NOTEHUWaNbHOW AMe”.

Mpaeunamu ombopa B KBAHTOBOW MexXaHWKe HasblBalTcA YCNOBMA,
HaknagbiBaeMble Ha M3MEHEHWA KBAHTOBLIX YNCEN.

OnA rapmMoHWYECKOro OCUWNMATOPA BO3MOXHBI NWWL Nepexodbl  Mexay
cOCeaHUMW NOOYPOBHAMM, T.€. Nepexodbl, yOoBNeTBopAlLLne npaeuny ombopa:

An=+=l1

CnefnoBaTenkHO, 3HEPrMA rapMOHUYECKOro OCUMNNATOpa MOXET W3MEeHATLCA
TONbKO MOPUWAMM Fied W rapMOHWYECKWA OCUMNMNATOP MWCMyckaeT W nornollaet
3HEPTVID KBAHTaMMW.

KeaHTOBO-MexaHW4ecKoe pelleHne 3ajadyd O KBaHTOBOM  OocUMNNATope
nokasklBaeT, 4TO MMeeTcA OTNMYHaA OT HynA
BEPOATHOCTL 0BHapYHKUTE yacTuuy 3a

npedenamu obnacmu — X, SX=+X

max —
Ha pucyHke npuBedeHa  KBaHTOBaA
MMOTHOCTL BEPOATHOCTH obHapyxeHua
ocuMnnATopa nNpu =1, MMelllan KoHeYHbIe

3HAYEHWA ANA X = X .
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KeaHmosas d)HSUKE aimomMos U MOJIEKYII.

16. ATom BOOOpPOAA B KBEAHTOBOW MeXaHWKE.

Ha npumepe BogopomonofobHbIX aTOMOB — MPOCTERlIMX aTOMOB, COAepXka-
WX EeNWHCTBEHHLIA BHELIHWA SNEeKTPOH, — pacCMOTPUM OCHOBLI CUCTEMATWKM
KBAHTOBbIX COCTOAHWMIA atoMoB. MNone BogopodonoaobHoro atoma
— 3To npuMep uyeHmpanbHozo nonA. B Takom none ynoBHo
MCMNONL30BaTL ChepUYecKy o cucTeMy koopawHat: i, 6, @

MoTeHunanbHan 3Heprusa KyNOHOBCKOro BaaumMoaelcTBuA

3MeKTpOHa ¢ aToMHbIM AgpoM, obnagawwmum sapagom Ze (ana
aToma eofopona Z =1)

-

, Ze”
£ 1rts, Ur)=- '
% 567 Arer
0- y TAe I'— paccTofHWe MeXOy 3NeKTPOHOM U AAPOM.
E CTauWoHapHoe ypaeHeHune LlipeauHrepa
2 - 2
: 2m Ze
’ Ay +—| E+ w=0
E he Ame,r
1 TONLKO pU COBCMBEHHbIX 3HAYEHUAX 3HEepauU
1 Z%me*
E”:_—_JT {?32123)
n- 8hey

(Te. OnA OWCKpPETHOro Habopa OoTpMUATENbHLIX SHEPrUA (KeaHmoeaHue
3Hepauu)) WMeeT pelleHnA, YOAoBneTBopAwwWMe TpeboBaHWMAM OOHO3HAYHOCTH,
KOHEYHOCTW M HEMPEpPLIBHOCTH BOMTHOBOW thyHKUMKW W (7,60.¢)

Bripaxenwe ana £, coenapgaeT ¢ nonyyeHHsIM B Teopun atoma bopa.
Hwxainlnin ypoeeHs £, — ocHO&HOII, BCe ocTarnbHbLle — 8036y#OeHHbIe.

Mpu E <0 pBwxeHwe anekTpoHa — cessaHHoe, npu £ >0 — ceobodHoe
(aToM UOHU3yemcs).
Oueprua E = E_ =0 gocturaetca npu i = oo

FEF€?4

JHepaua uoHuU3ayuu amoma godopoda: E, = —E, =———=13,553B.
8h-e;
CobcTBeHHble BOMHOBLIE yHKUMM W =1/, (7.6.¢) onpepenAwTca Tpema
KeaHmMoebIMU YUcAaMu: anaeHbIM 1, opbumanbHbiM | W Ma2HUMHBIM 171 .

17.KBaHTOBbIE MMCNA.

— [naBHOE KBAHTOBOE YWCNO H  ONpefenAeT 2JHepsemu4yeckue YpoeHU
2TeKMpPOoHa B aTOME.

n=12.3,...
— OpbuTanbHoe KBaHTOBOE YMcno / Mpu 3afaHHOM 71 MPUHUMAET 3HaYEHWs:
[=0,12,....(n—-1)
W  onMpedenseT  BEMWUMHY  MOMEHma  UMMysbca  (MexaHUu4YecKul
op6umanbHbili MOMEHM) 3MEKTPOHA B aTOMe:

L=t I +1)
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— MarHurHoe KBaHTOBOE YMCNO 77 NPW AaHHOM [ NPUHUMAaET 3HaYeHUA:
m=0.t1.t2.....t/

W onpefenAeT eesiuYyuHy MoMeHma uMynsca anekmpoHa e 3adaHHoM
HanpasneHuu. Tak opbuTanbHbIM MOMEHT WMMyNbCca 3NeKTpoHa .E.{ MOHEeT

MMeTb NMULE Takue opueHTalukit B NPpOCTPpaHCcTBeE, MNMPW KOTOPbIX npoeKylusa Lj__

BekTopa L, Ha WanpaeneHue eHelHe20 Ma2HUMHO20 1o1A NPUHUMAaEeT TOMNbKO
KBAHTOBAHHbIE 3HAYEHWUA, KpaTHble I (MpocmpaHcmeeHHoe keaHmosaHue):
L, =mh
F4

5 2% Takum obpasom, BekTOp J_’:I MOXeT npuHumarte 2/ +1
R 7; OpUeHTaLMii B MpocTpaHcTBe. Ha pUCyHKe MpuUBEaEH
A BO3MOXHblE OpUeHTaUWu BeKTOpoB L; ANs aNeKTPoHOB G
“ I=1(a)nl=2 (6)
-k --ﬁ CDGTBETCTBEHHG, B MarHutHom none YpoBeHbe C
)]

-2 rMaBHLIM KBAHTOBLIM YMCIIOM 7 pacljennaetca Ha 2/ +1
nogypoBHen — agbchexkm 3eemaHa.
PaculenneHne YpoBHEW 3HEPIMW BO  BHELIHEM
aNeKTpU4YecKoM none HasbieaeTcA aghgpexkmom WWmapka.

B kBaHTOBOWM MexaHwKe kgadpam ModynAa eonHosold yHKUYUL onpefenaeT
eepoAmMHOCME ODHapyMeHWA 3MekTpoHa B  eauHWue ob0bema. BepoATHoOCTh
obHapy#eHWA 3NeKTpoHa B pasHbLIX YacTAX aToMa pa3anuuHa. 3MeKTPoH Npu CBoeM
OBWHEHWW Kak Dbl "paama3zad” no eBcemy obbemy, obpa3sya anekmpodHHoe obrnako,
NNOTHOCTE (MYCTOTA) KOTOPOro XapakTepuayeT BEpPOATHOCTE HaXOXASHWA 3INeKTpoHa
B pasNWuHLIX Toukax obkema aToma.

Keanmosble yucna n u | xapakmepusyom pasmep u hopmy 3MeKmpoHHo20
obnaka, a KeaHmMoOeOe YUCMO M Xapakmepuslyem opuerRmauyulo 3neKmpoHHO20

a)

10
e, S-anexmpony g,

-3REKmpoket
me-z P P

Z |7 d-anexmponel
-2
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obnaka e npocmpaHcmee. B atoMHOW (hWaMKe, MO aHanorMKM co CNekTPOCKoNWeW,
COCTOAHWE 3MEKTPoHa, XapaKTepuaylolleecs KBaHToBbIM yicnom [ =0, HasbiBaeTcA
§ —COCTOAHWEM (3NEeKTPOH B 3TOM COCTOAHWW Ha3blBaeTcA §-3nekTpoHom), [ =1 —
p -cocTosHmeM, [ =2 — d -cocToaAnueM, | =3 — f -cocToAHMEM W T 1.

Ha pucyHke nokaszaHbl spachuyeckue usobpamenus (nonapHbie duazpammesl)
NNOTHOCTEN BEPOATHOCTM ANA §-, p-, d- W [ -3NeKTPOHOB WM COOTBETCTBYHLIEE
Kawgomy cnydaw npocmpaHcmeeHHoe kKeaHmoeaHue — TaKkadA opueHTauunA
OOpoBCKMX  OpOWUT, nNpWM  KOTOPOW MNPOEKUMA MOMEHTa MWMMNOyNkca WMeeT
COOTBETCTBYIOWee 3HadyeHue (Hanpumep, * 21 ana /=2, m=2).

18.MpaBuna otbopa.

[Nepexodbl mMexay 3NeKTPOHHbLIMW COCTOAHMAMKM BO3MOMXHLI TOMNLKO B TOM
cny4yae, ecnu:

1) wameHenwe A/ opbumaneHozo keaHmosozo 4Yucrna | yOooBNeTBOPAET

YCIIOBUID
Al=+1
2) nameHenwe Am MazHUMHO20 KeaHmMoOeo20 yucna 1 YOOBNeTBOpAeT
YCIOBUID
Am=0,%1
Tak, HanpuMep, B aToMe Bofopofa nepexodwl #p — 1s (n=2.3....) obpaayioT

cepuio Naiimana, a nepexofsl Hp — 25, ns—2p, nd —=2p (n=34....) —
cepuio banemepa.

19.CnWH 3NeKTpoHa.

JnektpoH obnagaeT cofcmeeHHbIM HeYyHUYMOXUMbIM MexaHU4YecKUM
MOMEHMOM UMMYbca, He CBA3aHHLIM C [ABWHEHWEM 3MEKTPOHA B NPOCTPaHCTEE,
— CMUHOM.

CnuH Bein obHapy#eH B skcnepumeHmax llimepHa u
lepnaxa NpW NPOXO#OEHWW Y3KOro Mydka aToMOB BoJopoa,
HAXOOALMXCA B §-COCTOAHWUK JYepes CWUMNbHOE HeOoOHOpOOHOE
MarHuTHoe none. B aToMm coctoAaHuM [ =0, MOMEHT UMMyNbLCa

Ly =i fI(I +1) =0 n marHuTHOE None He AoMKHO ObiNo BNUATL

Ha OpuxeHWe atomoB. OOHAaKO NYy4YoK aTOMOB paclenniancA Ha
dea nyuyka, cneaoBaTenkbHo, DbINo obHapy¥eHo
NPOCTPAHCTBEHHOE KBAHTOBaHWE MeXaHW4YeCcKoro MOMeHTa, He
CBA3AHHOIo ¢ opBUTaNbHLIM ABWMHEHWEM 3MEeKTpoHA.

Yacto cnuH 3nektpoHa HazsnAadHo nNpefcTaenAwT, Kak
MOMEHT MMMNyINbCa, CBA3AHHLIA ¢ BpalleHWeMm 3nekKTpoHa — TBepOoro wapuka —
BOKpYr CBOEW OCW, HO Takad Mogenet npueoguTt K abcypdHomy pesynbTaty —
NWHENHAA CKOPOCTL Ha noBepxHocTWM anektpoHa B 200 pa3 npeBbillaeT CKOpPOCTb
ceeTa.

[MoaTomy credyem paccmampusams CAUH 3NeKTpoHa (KM BCex  Opyrux
MWKpOYacTUL) Kak  eHympeHHee  HeombemnemMoe  KeaHmogoe  ceolicmeo
MukpoYacmuysli: NnogobHo TOMY Kak YacTUlbl UMEHT Maccy, a 3apAXeHHble YacTulbl
— 3apAq, OHW UMEOT eLLle M CMNKUH.

CnuH L_, kak MexaHW4ecKuit MOMEHT, KBaHTYETCA N0 3aKOHY:

L =hfs(s+1)
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rme 5§ — cnuHoeoe keaHmoeoe 4ucno. [poekuns Ls: CMWHa KBaHTYeTCA Tak,

uTo BekTop L. MoxeT npuHumaTtb 25 +1 opueHTaumii. Tak kak onbiTel LLITepHa u

1
lepnaxa obHapy:KWNW TONbKO ABe opueHTauun cnuHa, To 2s+1=2  oTkyga: s = >

o

Mpoekuna L_ =Nm_, roe m_— MasHUMHoOe cNUHO80e KeaHMoeoe Yucno,
1
KOTOpOE MOXET UMETL TOMBLKO [Ba 3HAYEeHWA. M, = iE

Takum obpasoM, cocmosHue aneKkmpoHa & amome onpedendemca Habopom
Yyemslpex KeaHmoaslX Yucer:

rmasHoro »n (m=12.3,..)
opburansHoro /| (/=0,1,2.....n-1)
mariutHoro 1 (m=—l....—L0,+1....+])

1 1
MarHWTHOro crnuHoBoro M,  (m_=+—.——)
5 £ - 2

-

20.MpuHUMN HEPaASNUYUMMOCTH TOXOeCcTBEHHbLIX YacTUl. PepMHUOHBbI U G030HbI.

B kBaHTOBOW (hWanKe 4acTWUbl, UMEKOLIWE OOWHAKOBLIE (PU3WYECKWE CBOWCTEA
— Maccy, aneKTpuYecknin 3apag, cnNMH U T.[. ABNAKTCA moxdecmeeHHbIMU.

MpuHyun HepasnuyYuMocmu moxdecmeeHHbIX Yacmuy. MoxoecmeeHHbIe
yacmuybl 3KCnepuMesmansHO Paznuyume Hee03IMOMHO.

JTOT chyHdamMeHmankHbIl (OCHOBOMONarawLwWi) NPUHLUWN KBAHTOBOW (HhW3NKK
He MMeeT aHanora B knaccudeckod duanke. B KnaccM4YecKon MexaHnke oJWHaKoBLIE
YacTULUbl MOMHO pPasnuYnTe MO TMONOMEHWH B NPOCTPAHCTBE W OTCNeduTb WX
TpaekTopuio. B KBAaHTOBOW MexXaHWKe, NOCKONbKY MNOHATWE TPAaekToOpMU NULIEeHO
CMbICTA, TO YacTWuUbl MOMHOCTHEH TEPAKT CBOK MHOWBWAYANLHOCTE WM CTAHOBATCA
HepasanMYnMbIMK.

MaTtemaTuyeckas 3annuck NPUHLWNE HEPaA3NUYUMOCTK:

2 2
|i1{,-' (x, x5, = |i1{f||:1'_«_ X )|
rie X; U X, — COOTBETCTBEHHO COBOKYMHOCTbL MPOCTPAHCTBEHHLIX M CMIMHOBbIX
KoopaAWHaT NepBoil U BTOPO# YacTul. BoaMoxHLI ABa crnyyas:

(X x) =y (xy.x) " W (X, xp) = (x5, 57)

B nepsom criyyae BONHOBAA YHKUWA CUCTEMBI NPU NEpeMeHe dJacTull
MeCcTaMK HE MeHAEeT 3HakKa; Takan (DYHKUWA HasbliBaeTcA cUMMEemMpPUYHOU.

Bo emopom criyyae npy nepeMeHe yacTtuly MecTtaMmn 3Hak BONHOBOW (DYHKLIWMK
WMamMeHAeTCA; TakaA OYHKUWA Ha3biBAETCHA aHmucuMMempuYHou.

lMpwn 3ToM xapakTep CUMMETPWW He MeHAEeTCA CO BpemMeHeMm, T.0. ceolicmeo
cuUMMempuu UNW aHmucuMMempuu — NpU3Hak daHHoO20 muna Yacmuubl.

Cummempua e0nHo8sIX dyHKULO onpedenAaemca CIuHOM Yacmuy.

YacTuubl ¢ nonyuensiM cnMHOM (HanpumMmep, 3NeKTpoHbl, NPOTOHEI, HERTPOHLI)
ONUCLIBAKOTCA  AHTUCUMMETPWYHLIMKW - BOMHOBBIMKA - (DYHKLUMAMKW WM NOOYUHAKTCA
cTatncTuke Pepmu—[dupaka: 3TW YacTuLbl Ha3blBaKITCA depMuoHaMU.

Yactuubl ¢ HYNeBbIM UMW UENOYUCNEHHLIM COUMHOM (Hanpumep, T -Me30HbI,
POTOHLI) ONUCLIBAKTCA CUMMETPUYHBIMKW BOSTHOBLIMKM (DYHKUMAMM U NOOUUHAKTCA
cTatMcTike bose—3RHIWUTENHA: 9T YacTULLI HasbiBakTCA 6030HaMU.
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21.MNoHATHA 0 KBaHTOBOW cTaTUCcTUKe Bose—3nHWTelHa M Qepmu=-Oupaka.

AHanorMyHo KnNaccUYyeckMMm CcTaTUCTHUYECKMM MeTodam, MpPUMEeHAEMbIM B
MONEKYNAPHON oM3KKe ONA WccnefoBaHWA DONbLIONO 4yucna nofobHelX 0DLEKTOB
(aToMOB, MONeKyn), ONA KBAHTOBLIX CWUCTEM, COCTOALIWX W3 OrPOMHOIMD 4ucna
HepAa3NUUUMbIX TOXOECTBEHHLIX KBAHTOBLIX YacTWl, NOOYWMHAKLIWXCA 3aKoHaMm
KBAHTOBOW MEXaHWKKW, NPUMEHAKTCA METOOLI KeaHmMogol cmamucmukuy.

HanoMmHuMm, uTo 8 MorekynapHol ¢huauke KnaccudYeckux cucmem pacnpegene-
HWe JYacTWl, waeankHOro rasa no SHeprvAM BO BHeELUHeM noTeHuwansHom none W
Npw 3aagaHHol TemnepaTtype I onucbiBaeTcA pacnpedeneHuem BonbymaHa:

H=HyeXp —;{_— roe fr— nocTonAHHan bonbumaHa.

B kBaHTOBOW cCcTaTUCTUKE Takke WCNoONb3yeTcA Mmodens udealnbHo20 casa
Keazuyacmutj, NpUYem OCHOBHOW XapakTepWCcTUKOW OaHHOro KBaHTOBOrO COCTOAHMA

C [OaHHblM HabopoMm [ KBAHTOBLIX 4YWCEN, ABMAETCA 4YUCAO 3arnofiIHeHus i“"rrj,

ykasblBalwllee cTeneHb 3anonHeHWA [aHHOrO KBaHTOBOrO COCTOAHWMA 4YacTulamu
CUCTEMBI, COCTOALLEA M3 MHOXECTBa TOMOeCTBEeHHbLIX YacTul. [NA cucTeM 4YacTul,
obpasoBaHHbIX 6030HaMu, YWcna 3anofHeHWA MOTyT MPUHUMaTL nobble Uenbie
sHadenusa: 0,1, 2,.... nA cucTem dacTuy, obpasoBaHHbLIX ¢hepMUOHaMU, uucna

3arnonHeHna MoryT NPUHUMAaThL MWL ABa 3HadeHdua: 0 onA cBobofgHbLIX COCTOAHWIA K
1 anA 3aHATLIX. CyMMa BCcex YMCen 3anonHeHnsA AoimkHa ObiTh paBHa YWCy YacTul
cucTembl. KBaHToBaA cTaTUCTUKa NMO3BONAET NOACYMTaThL CpefHee YMCIO 4acTul, B

AJaHHOM KBGQHTOBOM COCTOAHWK, T.€. onpefennTe cpedHne YUcna 3anonHeHuAa (;‘1'\':-).

MdeanebHblil 2as us 6osoHoe — 6Oo3e-za3 — ONUCLIBAETCA KeaHmoeol
cmamucmukol Bose-30HWMelHa.

PacnpegeneHve Bo3e—-3WHWTENHa — 3aKOH,
BhlpaXallWni pacnpedeleHne YacTUL NO 3HepreTu- 1
YecKUM cOCTOAHWAM B Do3e-raze: NpM cTaTUCTUYECKOM ( r') = E — 1l
PaBHOBECWKW W OTCYTCTBMWM B3aWMOOEWCTBWA CpefHee ex FA—T

YMCIO YacTWL B 7 -M COCTOAHWK C 3Heprnei E; paBHO:

roe k— noctosHHaa Bonbumana, T — TepMmoawHamudeckana (abconwoTHan)
Temnepatypa, [ — XuMuYeckul nomeHyuan — mepmoduHamudeckas OyHKYUA

COCIMOAHUA, ONpefenAlLllad U3MeHeHWe BHYTPEHHEW 3Heprun (1, Booblle roBopA,
OpYrMX TEPMOOUHAMWYECKMX NOTEHUWAINOR) CUCTEMEI NPWU M3AMEHEHWW YKUCNAa YacTul
B CUCTEME, MPW YCMNOBUW, YTO BCE OCTaNbHLIE BENMWYWHLI, OT KOTOPLIX 3aBUCMT
BHYTPEHHAA 3HEepruA (SHTpoONWA, o0bkem, W T.0.), PUKCWUPOBaHLL. XUMWYECKMIA
noTeHuMan HeobxoOQWMm ONA ONWCaHWA CBOWCTB OMKPLIMLIX cucmemM (CUCTEM C
nepemMeHHLIM YMCNOM YacTuL).

HNdeanbHsblil 2a3 u3 chepMuUoHoe — chepMuU-2a3 — ONUCLIBAETCA KeaHmo-
goll cmamucmukold Pepmu-Hupaka.

PacnpegeneHne @epmu-[npaka — 3aKOH,
BhlpaxallWni pacnpefeneHue YacTUL NO 3HepreTudye- < >_ 1
CKMM COCTOAHWAM B (bepMu-rase. npu cTaTUCTUYECKOM i _
PABHOBECWW W OTCYTCTBUM B3aWMOOEWCTBMA CcpefHee exp| ———

YMCIO YacTWL B 7 -M COCTOAHWK C 3Heprnei E; paBHO:

+1

Mpr  BLICOKMX  TemnepaTypax, Koraa expl(E; —,uj/k]‘"}::-}], oba
pacnpeneneHnAa boze—-3WHWTERHAa W Pepmu—[upaka NepexodAT B KNaccU4YecKoe
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pacnpegeneHuve Makceenna-EonsumaHa: (N,)leexp E , rne

1 . "
A=exp M . Takmm oDpasom, NpyU BLICOKWMX TeMmnepaTypax oba "KBaHToBbIX" rasa

BeayT cebAa NnogobHo Knaccuyeckomy rasy.

22.MprHuKnn MNaynu.
CucTeMbl 3NeKkTpoHOB (pepMMOHOB) BCTpEYaloTCA B NPUPOAE TONbKC B
COCTOAHMWAX, ONWUCbIBaeMbIX aHTUCUMMMETPUYHBIMW BONMHOEBLIMU hYHKLUNAMMA.

OTciopa cnefyeT, YTo [ABa O0WHAKOBLIX 3MNekTpoHa (chepMuoHa), BXoOALIMX B
OOHY CUCTEMY, HEe MOryT HaxoOWTbCA B OOWHAKOBLIX COCTOAHWAX (MHAJYe npu

nepecTaHOBKe BONHOBaA (DyHKUWA Dbina Dbl YeTHOM).
(OTMEeTMM: B OIMHAKOBOM COCTOAHMW MOXET HaxoOWTeCA Nwboe yucno Bo30HoE.)

[pyeas chopmynuposka npuryuna [laynuy: B ogHOM U TOM Xe aToMe He
Mo¥eT GbiTe Gonee OOQHOro 3MEeKTPOHAa C OOWMHAKOBbIM HaGopom 4YeTbipex

KBaHTOBbIX Yncen 7. /. m, m,.

23.PacnpegeneHne 3NeKTPOHOE B aTOMe NO COCTOAHWUAM.

COBOKYNHOCTL 3MEKTPOHOB B MHOMO3NEKTPOHHOM aToMe, WMelwWwKx ogHO U To
He rnaBHOe KBaHTOBOE YMCNO # , HaskblBaeTCA I/1eKMPOHHOU obonoykoil.
MakcumaneHoe YACNO INeKTPOHOB, HaxoOAWnxcA B COCTOAHWAX

onpefdendemMelx 0aHHEIM MaBHEBEIM KBEAHTOBEIM YWMCITOM, PAaBHO
n—1
Z(n)=) 2(21+1)=2n"
I=0
B kawpoon w3 obonodyek snNekTpoHbl pacnpefenswTca no nodobosioykam,
COOTBETCTBYIOLLMM OaHHoMY [ .
Mockoneky ! npuHumaeT 3Hadedme ot 0 go n—1, To yucno nodobonovek

pasHo nopAacdkoeoMy HoMepy n 0BONoYKU.
KonuuyecTeo anekTpoHoB B nogobonodke onpefenseTcA KBAHTOBLIMK YMCiaMu

M W m, MakCuManbHOe YUcno 3neKkmpoHos e nodobonoyke ¢ GaHHeiM [ pasHo
20271 +1).

O6o3HauyeHua obonodek, a TakKe pacnpefeneHle 3NeKTPOHOB No obonoykam
W nogobonodYkam npeacTaeneHsl B Tabnuue.

[ naBHoOe
3 3

KBAHTOBOE YMCIO 1 : . 4 -
Cwumeon obonoukn | K L M N O
MakcumansHoe
YMCMNO SMNEKTPOHOB | 2 8 18 32 50

B obonodke

OpbutaneHoe | | o 1 ol 12 ol1|2]30o]1]2]3]4
KBaHToBOeE uucno /

CumMmeon | i

e | 2 ip | 3

[0206ONOUKH Is |25 | 2p | 35 |3p |3d | 4s |4p | 4d | 4f | 5s | 5p | 5d | 5f | 5g
MakcKmansHoe

10|14 | 15

(%]
o

10 10| 14

[
L=}

(%]
(%]
(=}
[~
L]

YUCI0 ANEKTPOHOB
B nogobonodke
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MpuHuMn Maynu, nexaunii B OCHOBE CUCTEMATUKW 3aNONHEHUA 3MEKTPOHHBLIX
COCTOAHWA B artomax, ODBACHAET MNepuofUYEecKyHy CUCTEMY  3MNEMEHTOB
0 W MeHoeneeea NOBTOPAEMOCTED B CTPYKTYpPEe BHelHWX obonoyek y artomoB
POACTEBEHHLIX 3NEMEHTOE (CM. cTp.7—32).

24.PeHTreHoBCKWE CNEKTPLbI.

CaMbIiM pacnpocTpaHeHHbIM UCTOYHWKOM PEHTIEHOBCKOIND W3Ny4eHWA ABNAETCA
peHTreHoBckana TpyOka, B KOTOPOW BhINeTakwllWe c
katoga K  anekTpoHel ODombapauwpytoT aHog A
(aHTWKaTOO), W3rOTOBMEHHLIA W3 TAMENLIX MeTannoB
(W, Cu. Pturna).

PeHTreHOBCKOE Many4yeHWe, UCXodsALLee W3 aHofa,
COCTOMT W3  CAIOWHO20 Ccrekmpa mopMO3HO20
U3ny4YyeHUs, BO3HMKAKOUIErO NPY TOPMOMXEHWUM 3NEKTPOHOB B aHode, W uHelyamoao
criekmpa XapakmepucmuYeckozo U3Ny4vYeHUs, onNpefenAemMoro mMarepuanom
aHoga.

TOpMO3HOE WanyyeHue MMeeT KOPOTKOBOSHOBYH rpaHuly A . ., HasbiBaemyo

2paHuyeil crowHo2o crekmpa, KoTopas cooTBeTCTBYET CUTyaLuu, NPy KOTOpOW
BCA 3HEPrvA 3NeKTPoHa NepexouT B 3HEPriio PeHTTEHOBCKOro KBaHTa
E .=hv,. =eU,

I =57 wF max

W

roe U — pasHocTh noTeHuua-
NOB MeXOy aHoOOM W KaToOgom. ar
Y ding paHn4Han onNWHa BOMHLI: ol
c ch ch E
’;I'm:ir. - - = E
l"max el Emﬂ}: § 4
=50k He a3aBMCWMT OT MaTtepwana ;53:2

aHofa, a onpefensAeTcA TONbKO
HanpsKeHem Ha TpyDke.

{:I‘ 1 i 1
NuHrn  xapakTepucTuye- 003 Bos 9T A

i 7 CKOro W3ny4YeHWA BO3HWKAKT B

peaynbTaTe MNepexofoB SNeKTPOHOB BO eHYMPeHHUX
obonoykax aTOMOB, KOTOpPbIE MMEKT CXOHOe CTPOeHWe Yy Beex anemeHToB. [Noatomy
CNEKTPbl XapakTepUCTUYECKOro WM3NyYeHWA pasHbIX 23MeMEeHTOB WMEKT CXOOHLIN
XapakTep, OHW COCTOAT U3 HECKONbKMX cepuid, oboaHavaemblx K, L, M, N n O
F=0 Kaxpoaa cepwa, B CBOK oO4Yepelb, COOSPKUT
¥ A E‘ HebonbLWOK Habop OTAENLHBLIX TIMHKA,

M 5 obosHayaeMmblx B nopAgke yObIBAHWMA ONMWHL

L g—u— BOMHLI MHAEKcamu o, B, 7, ...

12 M-aguy lMNpw  BO3DYKOEHWWM  3BNEKTpoHOM  (MNK
i &
L — BHYTPEHHWX 3MNeKTPOHOB, Hanpumep, ua K -cnos.

L

thoToHOM) W3 atoma yaanAeTcA  OOWMH U3
; X

OceoboaouMBlleecA MecTOo MO¥eT DbiTb 3aHATOo
(27

M

Ky 3NEKTPOHOM W3 Kakoro-nwbo BHellHero cnosa (L,
M., N w1 — npun sTom Bo3HukaeT K -cepua).

MpwW yBenWYeHun aToOMHOrO HoMmepa Z Becb
PEHTIEHOBCKWIA CNEKTP CMellaeTca B KOPOTKOBOM-
HOBYH YacTb, HE MEHAA CBOEN CTPYKTYPbI.
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3aKoH, CBA3LIBAKLLUMA YacTOThl MMHUA ¢ aTOMHLIM HOMePOM Z WCMyCKawLLlero
WX 3NemMeHTa, HasblBaeTcs 3aKoHoM Mosnu:

v=R(Z-0) lz—ij Ve /
m n- 7

rme R — noctoadHaa  Pupbepra, M
m=12.3,... onpeaenAeT peHTIeHOBCKYH CEpPUID )
(LLM.N,...), B npuHUMaeT LUeno4YUcneHHLIe @ﬁ
3HayeHWA HadmHaAa ¢ m+1 (onpepenAeTt ¥ /dg’ﬁﬁ"'_/““
OTOENLHYID TUHMO o, 3.Y.... COOTBETCTBYI- / y’-’ﬁp
Lleid cepun), 0 — NOCTOAHHaA SKPaHWPOBaHWA, /’ P
YUYUThIBAKOLLAA 3KpaHMpoBaHue OaHHOoro

3NeKTpoHa OT  aToMHOro  Adpa  Opyrumu
anekTpoHamn aTtoma. 3akoH Moann o0beI4HO

BhlpaxaloT hopMynoi \1"{(*_2(__.'(2 —0) (C W 0 — KOHCTaHTHI).

g 2 4 & & <

25.MonekynapHble cCNEKTPbI.

Monekyna — 3T0 HauWMeHblUAA 4acTMUa BeulecTBa, COCTOALLAA W3
OOMHAKOBLIX WNMW pasNUYHbLIX aTOMOB, COEOWHEHHLIX MexOy cobol XMMWYECKUMU
CBA3AMM, M ABMAKLLAACA HOCUTENEM ero OCHOBHLIX XMMWYECKUX CBOWCTB.

XUMMYeckye cBA3W 0DYyCNOBNEHLl B3aWMOOEWCTBUEM BHEWHUX (8aneHmHbIX)
3MNeKTPOHOB aToMOB. Haubonee yacmo B MONeKynax BCTpeYakTcA ABa TUNa CBA3W

1) MoHHaa cenask OCYLWECTBNASTCA KYMNMOHOBCKUM MPUTAMEHWMEM aTOMOB MNpW

nepexofe 3NeKTpoHa OT OfHOro atoMma K Apyromy (Hanpumep, B MONekyne

NaCl: Na*---Cl7)

2) KoeaneHmHasa cefA3b OCYL|eCTBNAETCA NpW 0boDLIECTBNEHWW BANEHTHLIX
SMNEKTPOHOB [OBYMA COCEOHMMKW artoMamu (BCcnencTBWe HepasnUYUMMOCTU
TOXOECTBEHHLIX 4acTWy). HarnAagHo MowHO npenctaeuTe cebe, 4To
SMNEKTPOH Kawaoro atoMma Monekynsl NpOBOAWT HEKOTOPOE BpeMA Yy Afpa
npyroro atoma (obmeH anekTpoHamu). Takoe cneundWYecKU KBaHTOBOE
BaauMogencTBNE Ha3biBaeTcA o6MeHHbIM e3aumModelicmeuem.

Monekyna ABNAETCA KBAHTOBOW CWCTEMOW, OHa ONMWCLIBAETCA YpaBHEHWEM
lpeguHrepa, y4WuThIBAKLWWM JBUXEHUE 3MEKMpoHO8 B MONekyne, konebaHusa
amoMog B MONeKyne, gpauwjeHue Monekynsi. PellleHWe 3Toro ypaBHEHWA — OQ4YeHb
CNoXHAaA 3afada, KoTopad (Y4UTLIBAA OrPOMHOE paanuuue B Maccax 3MeKTpPoHOB W
Anep) obblYHO pasbueaemcsA Ha dee: ONA 3NEKTPOHOB W AOep

JHEPIUK M30NUPOBAHHOW MOMNEKYNElI MOXHO NpefcTaBUTe B BUOE CYMMbI

E~E_+E,_+E

Epal

rae E, — 3Heprua OBWKEHWA 3MeKTPOHOB OTHOCUTENBHO Adep, £, — 9Heprvs Ko-
nebanun Aapep, E,... — 3Heprus BpaileHns Anep. COOTHOLIEHNE MEXTY HUMM:

||m m
E_E _E =1: j— 1 —
k| KO BPaII M M

roe 71— macca anektpoHa, M — BenwuuHa, UMeloLLan NopAOoK Macchl Agep

m _s -
aToMoB B Monekyne. — =107 =107 . MoaTomy: E.>>E;>> Em.

4

Macwrab sHepruin: £ =1+103B, E__ = 107 +107"sB, E,_,_ =107 +107sB

Bpam
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Kawdaa us aHepaulli keaHmyemca u onpedenfsemca KeaHmMoebIMU
qucnamu.

KonebaTtenbHas 3Heprua, npu HebonbluMx 3HayeHWAX konebaTenbHoro
KBAHTOBOrO 4Yucna U, onpeaendeTcA OpMyroi OnA SHepruv rapMOHWMYECKOro
ocuunnATopa:

1
E .= +E)ﬁm (v=0.1.2...).

Mpw aTom Npasuno oTbopa Ana konedaTensHoOro KBaHTosoro yncna: Av ==+1.
BpawaTtenbHas 3Heprus Monekynsl, Bpallalwlleica ¢ YIMoBOW CKOPOCThID

@, , U IMeIoLLe MOMEHT MHepLUWK / OTHOCUTENbHO OCH, MPoXoAALei Yepes LieHTp

ee MHepLMW, paBHa:
2 2 2
BoabyKaenHoe COCTOANME Iow.  (Iw,) M

ANEKTRONA ———
E = =
= 2 27 27
roe M = Iw,— MOMEHT umMmnynsca

MOTeKYTblL.
MomeHT uMmnyneca KkeaHmyemcd no
SAKOHY:

M=tdjj+1) (j=0,12...)

roe j — epawjamenbHoe KeaHmMo-

eoe 4ucso.
CnepoeatencHo, epawjamenbHas
SHep2auA MONEeKyYnkl MOXeT UMEeTh TOMNLKO
KBaHTOBaAHHbIE 3HAYEHWA:
_h7jj+1)
Epam - -;I
[MpaeBuno otbopa dnAa epawamesbHo20
KkeaHmosozo yucna: Aj =11,

AMOKTPOKHEN YDOBHH Mpw nepexone na OOHOro
3HepreTUMYecKoro COCTOAHWA B OpYyroe, ¢ y4eTom npasun oTtbopa, nornowaetcd mnu
ucnyckaetca oTtod ¢ aHeprver AE =/v . Ha pucydHke npefctaBneHa cxema
YPOBHEW 3HEPruK OBYXaTOMHOW MOMekynel (ONA npumepa npegcrtasBneHbl TOMbBKO
OBa ANeKTPOHHLIX YPOBHA. OCHOBHOE SMEKTPOHHOE COCTOAHME W fepeoe
e030y#O0eHHOEe ANEeKTPOHHOE COCTOAHKWE).

TUNUYHBIE MONEeKyNnApHble CNeKkTpel NpedcTaBnAwT cobol coeoKynHocmb
nonoc (Monocamele crekmpbl), KOTOpbIE B CBOK OoJyepelb COCTOAT M3 OrPOMHOI0
yuicna HacTOMbKO TEeCHO  pacnonoOMeHHbIX JMHMA  — NepexodoB  Meway
IHEPreTUYECKMMKM  YPOBHAMKW, 4YTO WX MOMHO pasfennTb, TONbKO WCNOMNbayA
cnekTpanbHble NpUbopeLl BEICOKOW paspeluaklwlel cunsl.

KoneSatensHeie yDOBHH

BpawaTeibHLIe YRR

26. KomGuHaunoHHoe pacceaHue ceeTa (3cdhdekt PamaHa).
Ecnum Ha BellecTBO (ra3, #WOKOCTb, MpO3padHblid KpucTann) nagaeT cTporo
MOHOXPOMaTUYEeCKWI CBET C YacToTOW V,, TO B CNEKTpe pacCeAHHOro ceeTa Hapsady

¢ Yacmomod Vi, UCMOYHUKa W3ny4eHu:A Habmodaromes dononHUmMensHbIe

NAUHUY ¢ 4dacTotamu VvV =V, iL’r-_, roe V;— 4acToThl kKonebaTeneHbIX WINK

BpallaTenbHbLIX Nepexofos pacceuBalolmMx MoneKyr.
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NMMHMM B cnekTpe KOMDWHAUWOHHOIMO paccedAHWA C JyacToTamu V=V, =V,

MEHbLUIMMA YacToTbl V; nNajaloljero cBeTa, HasblBalOTCA CMOKCO8bIMU (WK
KpacHbIMU) CyMHuKamu.
NMuHum ¢ yactoTamu V=V, +V.,  BOMbWMMW V.,  HasbiBalTCA

aHmucmokcoebiMU (MNWU ¢puoremoebiMu) cnymMHUKamu.

KeanmoesomexaHuyeckoe obbAcHeHue aghghekma Pamana. KOMDWHaUWOHHOE
paccedHWe cBeTa ecTk nNpouecc Heynpysozo "CTONKHOBEHWA" DOTOHOE ¢
MOnekynamu, B KOTOpoM oauH (hoTOH nornowaercA v oguH POTOH WCMycKaeTcA
MOTNEKYNoW.

Ecnn 3Heprvn (OTOHOB OOWMHaKOBLI, TO B pacceAHHOM cBeTe HabnwgaetcH
HecMmeLleHHaA NMHWA.

Ecnn monekyna nog gedcTerMem cBeTa nepelaer B Bo3dywOeHHOe COCTOAHME,
TO MCNyLWeHHBIW oToH DydeT MMeTk MEeHbLUYH 4acToTy — e03HUKaem cMmoKcos
(KpacHbLIl) cymHUK.

Ecnn monekyna nepeidger u3 Bo3DYWOEHHOr0 COCTOAHWA B OCHOBHOE, TO
WCnyLLeHHBIR QOTOH DyOeT UMeTs DONLLIVID YacToTy — 803HUKaem aHmucmoKcos
(cbuonemoeksild) cnymHuK. WVIHTEHCUBHOCTE (MONETOBLIX CNYTHWMKOB pacTeT ¢
TEeMNepaTypon, a KpacHbIX NpakTUYeckn He N3MEHAETCA.

27.MNornoweHve. CNnoHTaHHOE U BbIHYKOEHHOE U3NY4YeHWe.

PaccMoTpyMmM OBa KBAHTOBLIX COCTOAHWA C 3HEPTUAMM El M E] .
1. MNMornoweHwne. Ecnn atom HaxoduTcA B OCHOBHOM COCTOAHWK nﬂrﬂﬁlﬂﬂHHE

1, T0 nog [OeWcTBMEM  BHELUHero  WanydeHua  MOoweT 2 Ez
OCYLLECTBUTLCA  BbIHYXOEHHBIA  Nepexod B  BO3DywOeHHOe
COCTOAHWE 2, NPUBOLALLMIA K NOrMOWEHWK NaNyYeHWA. BT .

i E,

2. CnoHTaHHoOe M3ny4veHue. ATOM, HaxogAck B BO3Dy#OeHHOM
COCTOAHMW 2, MOMeT cnoHTaHHo (De3 BHEelHWX BO3OeWCcTBUA)
nepedT B OCHOBHOE COCTOAHWE, WCMNycKaA npu 3Tom POTOH C

aHepren  hiv =E,—E,. Tlpoyecc wucnyckaHuAa  OTOHa CnouTaHHoe
BO3DY¥IEeHHLIM aToMoM 6e3 eHelHUX eo3delicmeull HasbIBAETCA RITYHCHHE

2
CnNoHMaHHBIM usny4deHuemM. Uem fonkLlue BEPOATHOCTE EI
CMNOHTaHHEIX NMepexofoB, T7TeM MeHelle cpeHee BpemMAa HKM3HW
daToMa B BOSE}*H(,L‘I,EHHOM COCTOAHWMK. TakKk Kak CnoHTAHHLIe

1 E

i

nepexoisl B3aUMHO He CBA3aHbl, TO CMAOHMAaHHOE u3nyyeHue
HeKo2epeHMHOo .

3. BelHyXOeHHOE WU3ny4YeHWe. A JWHWTeWH OAnNA obbACHEeHWA HabnwpgaBwerocA
Ha ONbITe TEPMOOUHAMMUYECKOrO PABHOBECUA MEXOY BEUIECTEOM W UCMYCKAEMEIM W
NormowaemelM MM W3ny4YeHWemM nOocTyNWpoBan, 4To MNOMUMMO  MOMOWEHWA W
CMOHTAHHOTO M3MYYEHWA NOIBKEH CYLIECTBOBaTE MPemull, KayecimeeHHO UHOO murl

ezaumodelcmausn. Ecnm  Ha  aTtom, HaxoOAWWWCA B BblHykaeHHOe
BO3DY#OEHHOM COCTOAHMWM 2, OelcTBYET BHELUHee WanydYeHue c H3JTyHEeHHe
yacToTod, YygoBneTBopAwWwen ycnoeuw hv =E,—E, 710 2 E,
BO3HWKAET eblHyXOeHHbIU (uHdyuyupoeaHHsblll) nepexod B .‘m
OCHOBHOE cocToAHWe 1 ¢ nanydyeHwem (DOToHa TOW e 3Hepruu

hv = E, — E, dononHumesnsHo K TOMy (OTOHY, Nof AeicTBUEM ] E|

KOTopOro npowsowen nepexon. Takum  obpaszom, B npouecc

BbIHY#OEHHOIO W3Ny4YeHWA BOBNeYeHbl O0ea pomoHa: nepsuyHsll  (homoH,
BblZbIBAKLWWA (CTUMYNUPYIOLWWA) UCNycKaHne Wanyd4eHnA Bo3DyXOeHHBIM aTOMOM,
W 8MOpPUYHEIL ¢homoH, UCNYLEHHLIA aTOMOM.
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BelHy#neHHoe Wany4eHue (BTOpWYHEIE (DOTOHBI) moxdecmeeHHo
BbIHY:AAKUWEMY (NepBUYHbIM (DOTOHAaM). OHO MMeeT Takyl e dacToTy, dhaay,
NoONApKM3aUWlD, HanpasneHue pacnpocTpaHeHWA.

CnenoeaTelnbHO, BbIHY#OEHHOE WaNy4YeHWE CMmMpPo20 Ko2epeHmHo C
BbIHYOAKWMM U3NydeHuneM, T.e. WChylleHHbIA (QoTOH HeomAau4yum oT (OoToHa,
nafaLLero Ha aTom.

McnylwenHele ©OTOHLI, OBWraacke B OOHOM HanpaBneHMW W BCTpedasn
BO3DYHOEHHLIE AaTOMbI, CTUMYNUPYIOT BbIHYMOEHHLIE Nepexodbl NpOWCXOoOMT
pasMHoXeHWe OOTOHOB.

OnAa Toro 4tobbl NPOWCXOOWMNO YCWUMEHWEe W3Ny4eHWA, Heobxoaumo, JToDL
UHMEeHCUBHOCME  BbLIHYXOeHHO20  U3nNyYyeHUA MNPeBbIWaNa  UHMeHCUBHOCME
noznowjeHus dchomoHos. A [ONA  3Toro  HeobxogMmo, 4YTODblI  3aceneHHOCTb
BO30YHOEHHOIO COCTOAHWA (4WMCNO aTOMOB B BO3DYWOEHHOM COCTOAHWKM) Dbina
Donblue, Yem 3acelfeHHOCTb OCHOBHOMD COCTOAHWA (YMCNO aTOMOB B OCHOBHOM
COCTOAHWK). Takoe TepMOOWHAMWYECKM HEepaBHOBECHOE COCTOAHWME HAa3blBAeTCcA
COCMOSAHUEM C UHeepcuell HaceneHHocmed.

lNpouecc nepeeofa CWUCTEMEI B COCTOAHWME C WMHBEPCMER HaceneHHOoCTen
HA3bLIBAETCA HAKAYKOW (OcylLlecTBNAETCA ONTUYECKAMKM, INEKTPUYECKMMKW W OPYTMMKU
cnocobamun).

WMHeepcHan cpefa, B KOTOPOW NPOUCX0OWUT YCHUNEHWe NafarlLero Ha Hee nydka

cBeTa, HasbiBaeTcA akmueHol. 3akoH byrepa [ =1[,exp(—cix) ANA Takmx cpeq
UMeeT ompulameneHbild Ko3gguuueHm noanoweHus.

28.1asepbl.

JphekT YCUNEHWA MU3NYYEHWA B  akTMBHbIX cpefax WCnonb3ayeTtca B
ONTHUYECKUX KBAHTOBbIX reHepaTtopax, WnNK nasepax (Light Amplification of
Stimulated Emission of Radiation — LASER).

INaszepbl NogpasfenAnTca:

— o muny akmueHou cpedsl (TBepaoTenkHble, ra3oBele, NonynpoBogHUKO-

Bble W XWOKOCTHLIE);

— o Memodam Hakadyku (onTudeckue, TENNOBLIE, XMMWYECKWe, 3MNeKTPONOHK-

3aUMOHHLIE W Op.);

— 0 pexumy 2eHepayuu (HenNpepbIBHOMO UMM UMNYNLCHOTO A8WCTBUA).

[lepBbll TBEPOOTENBHLIA MNMaszep — PYOWMHOBBRIA (ONWHa BOMHLI W3Ny4eHWA
0,6943 HMm) — paboTaeT No TPeXypoOBHEBOW CXEeMe: HaKadyka KpucTtanna pybwuHa
(Al-Os ¢ npumeceto  (~0,03%) Cr3+)

3 dgzziigzazgd  Bespianyyarenshblii
g NepeBodUT aToMbl XpoMa B BO3DyXOeHHOe
E KOpPOTKOXKMBYLLIEE cOCTOAHWe 3 (nepexof
= = 2 123), C KOTOpOro npoucxoauT Oesbianyya-
E % « TeNkbHLIA Nepexoq B AONToXWByllee (MeTa-
~ 7 cTabunbHoe) cocToAHWME 2 — MPOWCXOOMT
E ; "HakonneHwe" aToMOB XpoMa Ha YpPOBHe 2.
5' 2 Mpy pocTaToOYHOW MOLWIHOCTW Hakadku
1 WX KOHUeHTpauuMA Ha YypoBHe 2 byaet

ropasgo Oonblle, yem Ha ypoBHe 1, T.e. BO3HWKaeT wuHeepcHad HaceneHHoOCMmb
ypoeHA 2. (CNoHTaHHeIE Nepexoisl 3= 1 B JaHHOW cUCTEME He3HaYMTElNbHEI).
Kaxablil cQoTOH, cnyd4aWHo POOWBLUMIACH NPW CNOHTAHHOM nNepexofe 2Z2-1,
MOM¥ET NOpOAWUTEL B aKkTUBHOW cpefe NaBMHY BTOPUYHLIX (DOTOHOB.
[OnAa  MHOrOKpaTtHoOro  YCWMEHWA  Na3epHOW  reHepauuyM  MCNonb3yeTcA
ONTHUYECKMW pesoHaTop — B nNpocTedllem cnydyae — napa obpalleHHbIX Opyr K
Opyry napannenbHbiX (MNKW BOTHYTLIX) 3epkan Ha obuled onTWYecKoW ocKu, Mexny
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KOTOPLIMKW MOMELLIAETCA aKkTUBHAA cpefa (KpucTann Jeprano f;‘?’ig 3
Mnu  KwoBeTa ¢ rasom). @otoHel B u O, Z \\\\\\\%
OBWAYLIMECA MNof yrnamu K OcW KpucTanna W & \‘
KIOBETHI, BLIXOOAT W3 AaKTMBHOW cCcpefbl 4depes Anmubras cpeda
DoKoBYH) nNoBepxHOCTe. POTOHLI A, OABMAYLIMECA j,rB

BOONL ONTHMYECKOW OCK, NOcne MHOIMoKpaTHOro
OTpameHUa OT 3epKan W YCWNEeHWA B akTWBHOW
cpefe, BLIXOOAT 4Yepea Nonynpo3padHoe 3epKano,
co3faBanA CTPOro HanpaefeHHLIA CBETOBOW MYy40K
KOrepeHTHLIX OOTOHOB.

CBoOWCTBa NasepHOro Many4YeHUN:
1. BpeMeHHasa u npocmpaHcmeseHHana Koz2epeHm-

e e i =)

f ¥

———

I s

ju

-3
Hocmb. Bpema KorepeHTHocTw T ~107"¢, 4TO
COOTBETCTBYET ONuHe KOTEPEHTHOCTH

B ZZm EZ=A

- L i
S
it . o

|

5
[=cT~10"M, yTO Ha cemb NOPAOKOB Bbille, YeM ANA OBbLIMHBLIX WCTOUYHWUKOB
cBeTa.

2 Cmpozas moHoxpomamuyHocms ( AL <107 m).
10 2
3. bBonswas nnom{HoCMes MoOMoKa sHepauu (XapakTepHble BennymHel ~ 107 BT/m7)

4
4. QyeHb Mmanoe yeanoeoe pacxoxdeHue nyyka (B 107 pas MeHblue, 4Yem vy
TpaaWLUWOHHBIX ONTUYECKWX OCBETUTENEHLIX CUCTEM, HANPUMED Y NPOXeKTOpa).

JneMeHmbl husuku meepdo20 mena.

Teepdoe kKpucmannuyeckoe mesio paccMaTpuBaeTcA B 30HHOU meopuu
meepdbix men Kak cTporo nepuogudeckas CTPyKTypa, B KOTOPOW aToMHble Agpa
CO3alT nepuvoguyeckoe 3nekTpudeckoe none. 3agaya CcoOCTOMT B OMWCAHUK
noBefeHWA 3NEeKTPOHOB B 3TOM Mone.

TouHoe pelleHWe ypaBHeHWA LLpeguHrepa ANA Takod cUCTeMbl HEBO3MOMXKHO W,
Mo3TOMY, WMCMOMbL3YKT pasnuuHbie yhnpolawwue npubnuxeHus, no3BonAlLMe
CBECTW 3afjady MHOTMX Ten K OfHO3MeKTPOHHOW 3agade o6 oOHOM 3MeKTpoHe,
OBWKYLLEMCA B 3aaHHOM BHellHeM norne.

B ocHOBe 30HHOW TEOpPUM NEXUT Tak HasbiBaemoe aduabamuyeckoe

npuénuxexue.
KBaHTOBO—MexaHWdYeckaa cucTeMa pasfenseTca Ha maKensie W nezskue
yacTuubl — Agpa W 9NeKTPoHbl. [MOCKONbKY MacChl M CKOPOCTM STUX 4acTul

3HAUYUTENLHO Pa3NUUaTCA, MOXHO CUNTATL, UTO OBUKEHUE 3MEKTPOHOB NPOMUCXOoOaUT
B MMone HenodBWKHLIX Afep, a MeaneHHo [OBWKYUMecA fAOpa HaxoOATcA B
ycpeaHeHHOM Morie BcexX 3MekTpoHoB. [NpuHMMasn, YTo Agpa B yanax KpucTannude-
CKOW peleTkM HeMoABWkHbLI, OslXeHUe 3MeKmpoHa paccMampueaemcs 6
MOCMOAHHOM nepuodudeckoM nomne adep.

Nanee  wcnonb3yeTcA  NpubnuxeHWe  caMocoz2slacoeaHHo20  Mons.
BaaumopelcTBME JaHHOrO 3MeKTPOHa CO BCeMW OPYTMMK MeKTPoHaMK 3aMeHAeTCA
OedcTBMEM Ha Hero cTaluoHapHoOro anekTpudeckoro nons, obnapawoulero
NepUoAVYHOCTLHD KpUCTaNNMYecKor pelleTkM. 370 none co3fgaetcs yepeoHeHHbLIM &
npocmpaxcmee 3apadoM ecex Opyaux 3/1eKMpoHoe U ecex Adep.

Takum obpazoMm, B pamkax 30HHOW TEOpPUM MHOTO3MEeKTPOHHas 3agada
CBOOWTCA K 3afjade JewxeHus O00HO20 3MeKmMpoHa 60 eHelWHeM nepuoduyecKkom
fone — ycpegHeHHOM M cormacoBaHHOM Morne Beex AAep W aNeKTPOHOB.



26

PaccmoTpum  BooDpakaembli npouecc obbeguHeHnAa N TOMOECTBEHHLIX
atomMoB B Kpuctann. [loka artombl
HAXOOATCH Ha 3HAYMTENLHLIX PACCTOAHWMAX
o Opyr OoT  Opyra, OHW  WUMEetoT
TOHMOECTBEHHLIE CXeMbl 3HEepreTUYecKux
ypoBHeW. [lo mepe cONWKEHWA aToOMOB
BOMHOBLIE (DYHKUWWM BHELLHWUX 3NEKTPOHOB
aTOMOB  HauyuvHaKWT NepekpbiBaTeCA W,
BcnencTene npuHumMna Maynu, kaxablin ua
ypoBHel pacwennsetcA Ha N rycTo
pacnonoMeHHbIX NogypoBHeRn (paccToAHne

Yposin ceobonnoro atoma

h 37
r Mexdy nogypoBHAMM  AE ~107""aB),
obpasylolMxX mosocy UNW paspeweHHYo IHepzemuYecKyo 30HY (3alluTpuXoBaHkl
Ha pucyHke). BonHoBble MYHKUMW BHYTPEHHWX 3MEeKTpoHOB INMOO CcoBCeM He
nepekpeiBaloTcA, NMbo nepekpbiBaloTcA cnabo, No3ToMy YPOBHWM BHYTPEHHMWX
3NeKTPOHOB NWMO0 CoBCEM He pacllennAlTcea, NMbo pacllennAlTeA cnabo.
PaspelleHHble SHepreTMMeckMe 30Hbl pa3sfdeneHbl 30HaMKW  3anpelleHHbIX
3HAYEHU 3HEPriK, HasbiBAaeMbIMW 3anpeljeHHbIMU 3HepzemuYeckumMu 30HaMu.
B HMX 3nekTpoHbl HaxoauTbcA He MoryT. llupwHa 30H (paspelleHHbIX W
3anpeLleHHkIX) He 3aBUCUT OT pasamMepa Kpuctanna. PaspelleHHble 30HLI TEM LUMpE,
yem cnabee CBA3L BaANeHTHLIX 3NeKTPOHOB ¢ AApaM.

29.MeTannsl, AN3NeKTPUKN U NONYNPOBOOHWKMW.

B 3oHHOW Teopun TBEpOOro Tena pasnuuMA B 3NeKTPUYEeCKUX CBOWCTBax
pasHbIX TUNOB TeBepablXx Ten obbAcHAKTCA 1)  WMPWMHOW  3anpelleHHbIX
JHEpPreTMYecKMX 30H W 2) pasnMyHbIM 3anofHeHneM paspelleHHbIX IHepreTUYecknx
30H.

BaneHmHouU 30HOU Ha3blBAETCA 30HA, NOMHOCTLH 3anofIHEHHAA ANeKTPOHaMM.
3oHol npoeodumMocmu Ha3biBaeTCA 30Ha, NWbo 4acTWYHO 3anonHeHHaA

ANEeKTpoOHaMmW, NMbo ceobDoHaA.

§

MeTannbi. 4 JoHa ®) .

a)Ecnu  camana = BepxHAA  30Ha, NPOBOAMMOCTH MPOBOAMMOCTH
cofiepXallan 2MekTPoHbLl, 3anofnHeHa Nuilb
YACTUUHO, TO SHEPIUN TEMIOBOTO [BIKEHMA o PCIICHHAT 30Ha R
anektpoHoe (kT wlO"‘isB} NOCTATOYHO, HacTnyHo KPEITHA 30H
yToObI 3NEKTPOHLI Nepelnn Ha cBobogHble SafOfHERRSA BanenTran
YPOBHM B 30He (cTank cBoDOOHLIMW), Sona =S0nE

obecneyneand NPOBOOMMOCTE METANTOB.

©) Ecnn BaneHTHaA 30Ha nepekpbliBaeTcA cBODOOHOW 30HOW, To obpaayeTcA
2ubpudHas 30Ha, KOTOpanA 3anonHeHa BaneHTHLIMKW 3NeKTPoHaMK NWLLL YacTUYHO,
yTO TaKKe obecneuyneaseT NPOBOAWMOCTE METANTNMYECKOro TUNa.

OWM3NeKTPUKN M NONYNPOoBOOHUKM. e 2)
B cnyyae OUanexkTpuka (CM. PUCYHOK 3oha
(8)) wwupuHa AFE 3anpelieHHOi 30HbGI npoBa/MocTH 3oHa

HECKONbko 3B Tennoeoe [BWKEHME HE  guoerew. NpoBOAMMOCTH
MOKET — NepebpocHTL  GIeKTPOHBl U3 oA AE | Swmpemessias zosa
BaNeHTHON 30HbLI B 30HY NPOBOAMMOCTH.

B crnyyae nonynpoBofHMKa  (CM. BanetHas BareHTHas
pucyHok (2)) wwpuHa AE  3anpelleHHoW 30Ha 30Ha

3oHbl ~13B, nostomy Takoi nepebpoc [M3MEeKTpUK MonyNpoBOaHNK
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BO3MOXeH 3a cuyeT TennoBoro BO3DYKOEHWA WNKW 3@ CYET BHELUHEro WCTOYHWKA,
cnocoBHoro nepenaTk anNeKTpoHam sHepruw AE

30.CobecTBEEHHaA NPOBOAMMOCTE NONYNPOBOOHWKOB.

MonynpoBogHWKamMu ABNAKTCA TBepAble Tena, KoTopele npu 1 =0K wumetoT
MOMHOCMBID 3aHAMY 3NeKTpoHaMW eaneHmHyro V7 30Hy, OTAENEHHYD OT 30HbI
npoeodumocmu C' cpaBHWUTENLHO Y3KOW 3anpeuwjeHHol 30Hol. CBOMM Ha3zBaHMeEM
OHW 0BA3aHLI TOMY, YTO WX NPOBOAMMOCTE MEHLLUE 3MEKTPONPOBOAHOCTH METANNOB
1 DoNkLUE 3NeKTPONPOBOAHOCTH AN3INEKTPUKOB.

PaanuualoT co6cmeeHHbIe U NpUMecHbie nonynpoeodHuku . CobcTBEHHLIMW
NonynpoBogHUKaMW ABMAKTCA XMMWYECKWU YMCTRIE NONYNPOBOOHWKKA (Hanpumep, Ge,
Se), @ MX NPOBOOAMMOCTE HasbiBaeTcA cob6cmeeHHoU NPoeodUMOCmbRD.

Mpu T =0K wn OTCYTCTBMW BHeLWIHero Bo3byxaeHWA

C cODCTBEHHLIE MONYNPOBOOHWUKW BeOyT cebA Kak OUaneKTpUKW.

[Mpy MOBLIWLEHUW TemnepaTypbl 3MNeKTPOHbl €  BEPXHWUX

AE vypoeHel sanewmwHol 3046l V' mMoryT ObITe nepebpolets! Ha

HWKHWE YPOBHW 30HkI npoeodumocmu C . MNpu HanoxeHun Ha

VE g kpucTann BHELLHEro 3NeKTPUYECKoro nons OHW

nepemellatTcA NPOTUE NOMA W CO30aKT 3NEKTPUYECKMA TOK.

[NpoBoaMmocTe, 0DYCNOBNEHHAA  3NeKTpPOHaMKW, Ha3blBAeTCA  ITeKMPOHHOU
npoeoduMocmbrO UMK NPOBOAUMOCTLID 1-TUNa (negative).

B peayneTaTe nepexodoB 3NEKTPOHOB B 30HY NPOBOOWMOCTW, B BaneHTHOW
30HE BO3HWKAKT BakaHmHble COCMOAHUA, NoNnyduBluMe HasBaHwe dwipok (hole,
nokazaHel Ha puUcyHKe DenbiMK Kpyxkamu). Bo BHellHem none Ha 3To BakaHTHoe
MECTO MOMET NEepPeMecTUTLCA COCEOHWWA BAaNeHTHBIA 3MNEeKTpoH, NpW 3TOM AObIpKa
"NepemecTUTcA” Ha ero mecto. B peayneTaTte Oblpka, Tak e Kak W nepelleqnin B
30HY MPOBOAWMOCTK 3MEKTpoH, DyaeT ABUrateCA Mo KpUCTanmny, HO B HanpaeneHuu
NPOTHUBONOMNOMHOM OBWKEHWIO 3MNeKTpoHa. PopmMansHo 3TO BeIMAOWT Tak, Kak ecnu
OBl MO KpUCTanny ABWranack 4acTvua ¢ NONOMWMTENbHLIM 3apAN0M, pPaBHBIM MO
BEMWUYWMHE 3apAagy snekTpoHa. [lpoBogMMOCTE CODCTBEHHLIX MOMYNPOBOAHWKOE,
obycnoBNeHHaA  KeaawdacTMUamum —  OblpkamKi, Ha3biBaeTcA  OblpovHoOU
npoeoduMocmbro UNW P-NPOBOAMMOCTEI (positive).

B cobcmeeHHLIXx  nonynpoeodHukax — HabnwaaeTcA, TakMm  obpaszowm,
INeKMpPOHHO-ObIPOYHbII MexaHu3M NPOBOANMOCTH.

31.MpumecHas NpoBOAWMMOCTE NONYNPOBOAHWKOB.

lposodumocmes nonynpoeodHukos, obycNoOBNEHHaA MNpAMECAMK  (GTOMbI
NOCTOPOHHWX 3MEMEHTOB), TEMMOBLIMK (MYCThIE Yanbl UMW aTOMbl B MEXO0Y3NUK) K
MEeXaHWJYecKMMK (TPeLUWHsl, Oucrnokauun) aedektamu, HasblgaemcA npumMmecHou
nposoduMocmb, @ CaMmu MNONyNpPoOBOAHWKWM — MAPUMECHbIMU MomAynpoeodHU-
Kamu.
MonynpoBOOHWKWM Ha3bIBAKTCA 3NEKMPOHHbIMU (MN NonynpoeodHUKkaMu
n-tuna) ecnv NpoBoaAMMOCTE B HWX obecneuynBaeTcA M3DLITOYHBIMKM 3ANEKTPOHaMMK
////////// npuMecK, BaneHTHOCTL KOTOPOW Ha eduHudy Obonbuie
8aneHmMHoCMU OCHOBHLIX amomMoes.
DA A L o IAE, Hanpumep, nATMBaneHTHaA nNpUMeck MblllbAKa (As) B
MaTpuue YeTelipexBaneHTHoro repMadna (Ge) UckaxaeT none
peleTk, YTO NPUBOAWT K MOABMNEHWKO B 3anpelleHHOW 30He

JHepreTUMeCcKoro  YpoBHA D BaneHTHLIX  3NeKTpoHOB
MbIlUbAKA, HA3blBAEMOro ApuMecHbIM ypoeHeM. B gaHHOM
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crny4yae 3TOT ypOBeHb pacnonaraeTcA OT AHa 30Hbl MPOBOAWMMOCTM Ha paccTOAHUW
AE, =0,0133B <kT, nostomy ywe npu 0ObluHBIX TemnepaTypax Tennosas

3HEeprMA goctatoyHa AnA NepedpocKn 3NEeKTPOHOB C MPUMECHOND YPOBHA B 30HY
NPOBOOWMOCTH.

MpumecK, ABNAKIWWECA MCTOYHUKaMK 3MNeKTPOHOB Ha3klBaloTcA doHopamu, a
3HepreTU4ecKne YpoBHN 3TUX NpuMeceil — JOHOPHBIMU YPOSHSIML.

Takmm obpazom, & nonynpogodHukax n-muna (OoHOpHaA MpUMECh)
peanuayeTca M1eKMPOoHHbIlI MexaHU3M NpoBOgMMOCTH.

MonynpoBOOHWKKW HAa3bIBAKOTCA ObIPOYHBIMU (WNW  MOAynposodHuUKamMu
p-TMNa) ecnu npoBOoAMMOCTE B HUX obecneynBaeTcA [Oblpkamu, BCnefcTeqe
BBEOEHWA NPUMeCH, BaNeHTHOCTb KOTOPOW Ha eduHuyy MeHblwe earneHmHocmu
OCHOBHLIX amomos.

Hanpumep, eBBeleHWe TpexBaneHTHoOA npuMmecn ©opa (B) B matpuly
S— yeTblpexBaneHTHoro repmadHna (Ge) NpUMBOAWUT K MOABNEHMIO
,%j B 3anpelleHHon 30He NPUMECHOr0 3IHEepreTUYecKoro YpoBHA

) A He 3anATOro anekTpoHamu. B pgadHHom cnydae a3ToT
YpOBEHL pacrnonaraeTcA OT BepXHEero Kpaa BaneHTHOW 30HbI

A Ha paccToAHum AE , =0.083B. 3nekTpoHbl M3 BaneHTHOW

30HBI  MOIMYT MNepexoduTe Ha NPUMEeCcHbIn  YPOBEHB,
nokanuayAck Ha artomax ©Oopa. OOpaszopaBlUWecCA B
BANEHTHOW 30HE ObIPKW CTAHOBATCA HOCUTENAMK TOKA.

MpumecK, 3axBaThbIBAKLLIWME 3NEKTPOHLI W3 BaneHTHOW 30HbLI, HA3bIBAKTCA
akyenmopamu, a 3HepreTMYeckme YPOBHKW 3TUX NpUMecel — akuenmopHbIMuU
ypoeHamu. B nonynpogodHukax p-muna (akuenTopHasa npuMMeck) peanwayetcA
ObIpoYHbIll MexaHUu3M NPOBOANUMOCTN.

Takmm o©bpa3om, B OTNWYME OT CODCTBEHHOW NPOBOOWMOCTMW, MpumMecHas
npoeodumocme obycroaneHa HocumenAaMu odHo20 3Haka.

32. PoToNpoBOAMMOCTE NONYNPOBOAHWKOB.

@omonposoduMocme MOAYNPOsodHUKO8 — YBeNMYeHWe 3MeKTPOoNpoBOAHOCTH
NonynpoBOAHWKOB Mof AeWCTEWeM 3MeKTPOMarHUTHOIO M3Ny4YeHuA — MOXeT ObiThb
cBA3aHa Co CBOWCTBAMM KaK OCHOBHOMO BeLUecTBa, TaK WU COOepKalUXca B Hem

NPUMECEN. ey T,

CobcTBeHHaa dcoTonpoBoaAMMoOcTb. Ecnu  3HepruA
doToHOB BoNnblue WWUPKMHLL 3anpelleHHon 3oHbl (v 2 AE),

ANEKTPOHLI MOMYT ObITk NepebpolleHbl M3 BaneHTHOW 30HbLI B
30HY NpOBOOWMMOCTM (&), YTO nNpuMBeOeT K MNOABMNEHUIO
nobaBoYHbIX (HepaBHOBECHLIX) INEKTPOHOB (B 30He
NPOBOAMMOCTH) W AbLIPOK (B BaneHTHOW 30He). CobcTBeHHaA =
thoTonpoeoAMMOCTE ODYCMNOBNEHa Kak 3NekTpoHamu, Tak W —
ObIPKaMM.

MpumecHasa cdoTonNpPOBOAMMOCTL. ECnKM NonynpoBOOHWMK COOEPKUT MPUMECH,

s P TO hOTONPOBOAMMOCTE MOMXET BO3ZHWKATL

U npu fv < AE: npu doHopHol npumect
.o doToH pgonkenH obnagate  3Hepruei

hv zAE,, Apu akyenmopHol npumecu

h\r‘ﬂ I ﬁEi hv ZAE,. Tlpn normoweHun cBeTa

E MPUMECHLIMK  LUEHTpamMu  MpoUCXOOUT
@ nepexo[ 3NeKkTPOHOB ¢ GOHOPHLIX YposHell

6)
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B 30HY NPOBOAWMOCTK B Crny4dae NonynpoBogHWKa n-tuna (puc_(0)) wnuw ua BaneHTHOW
30HbI Ha akuenmopHsie yposHU B cnydae NonynpoBoaHWKa p-tuna (puc.(B)).
lNpumecHan c¢homonpogodumocmes ANA NONYNPOBOOHWKOB N-TUNa — Yucmo
AneKkmpoHHag, ANA NonynpoBOAHMKOB p-TUNa — YUWCmo ObIpoYyHasA.
Takum obpasom, ecrm v ZAE ana cobBCTBEHHLIX MNONYNPOBOOHWMKOB, W

hv =z AE, nna npuMecHbIX NonynpoBOAHWKOB, TO B NOMYNPOBOAHUKe BO3DywaaeTcA

dpoTonpoBogumocTs (3aeck AE, — 3HeprnA akTMBaLMW NPUMECHBIX aTOMOB).

OTclofa MOXHO onpefenuTbk KPacHyr zpaHuly comonposodumMocmu —
MakcuMmanbHylo  OnNWHY  BOMHBL, MNpWM  KOTOpoW ewe  oTonpoBOOMMOCTB

ch ch
Bo3byxpgaetcA: A, =——, A, =—— OnA coOCTBEHHbIX W  NPUMECHBIX

AE AE,
NonynpoBOOHWKOB, COOTBETCTBEHHO.

Hapagy ¢ nornoweHwem, nNpueogAWMM K MNOABMNEHWK OTONPOBOAMMOCTM,
MOMET UMETL MECTO MNOrnolleHne ceBeTa ¢ obpasoBaHueM 3KCUMmoHoe, KOTOPOoe He
e« o & 2 s s s s e NpUBOAUT K DOTONPOBOAWMOCTW. 3KCUMOH — 3TO

g KBaanyacTuua, npegcrasnAwan cobol cBA3aHHYH
napy anekTpoH—AblpKa, KoTopad MoXeT cBobofHo
* nepemellaTbeA B KpucTanne. IKCUTOHDI
« B03DyWOawTcA (PoTOHAMM C SHEPTMAMK MEeHbLUWMW

IHEPIUU 3anpeLleHHOn 30HLI U MOy T BbITh HarmAQHO

npegctaeneHsl B BWOE  MOAENA  CNapeHHbIX

e 3NeKTpoHa (e) v AOslpkv (h), OBMAYIWWXCA BOKPYT

« 00Wero yeHTpa Macc, KOTOpbIM He XBaTUIO 3HEPIMK,

yTobblI OTOpBaTLCA OPYr OT Apyra (Tak HaablBaeMbli

akcumoH Banbe—NMomma). B uenom 3KCWTOH 3NeKTpu4eckn HeWlTpaneH, noaTtomy
3KCMTOHHOE MOMOoLLUeHWe CBeTa He NPUMBOAMT K YBENUYeHUH (DOTONPOBOOUMOCTMI.

33. JlioMUHecUeHUWA TBEepObIX Ten.

JTomuHecyeHyueld HasbiBaeTcA WanydYeHwe, W3DbITOYHOE NpW  JaHHOW
TemnepaType Hag TennoBbiM ManydeHWeMm Tena W WMerllee ONUTENbHOCT,
DONbLLWYK Nepuoga CBETOBLIX KonebaHuA.

BewecTtea, cnocobHble nog OeACTBMEM pasnNUYHOrD poda Bo3dyKOeHWA
CBETUTLCA, HA3bIBAKTCA NHOMUHOopamMu .

B aaBucumocTy oT cnocofoB BO3DYHAEHWA pasnuualT. (GomonroMUHECeH-
yur (Nnod OedcTBMEM CBETA), peHmaeHoNMMUHecyeHUUr (Nod OeWCTEMEM PEHT-
reHOBCKOro WanydeHwsa), kamodonroMuHecyesyuro (Nog OeiCcTBMEM 3MEKTPOHOB),
paduonroMuHecUueHUyue (Npy BO3DYXKOEHWW AOEpPHLIM W3NYYeHWEM, Hanpumep
Y -uanydeHueM,  HeWTpoHamu, NPoTOHaMW), XeMunrwMUHecyeHuyur  (nNpu

XMMUUYECKUX NpeBpalleHnsx), mpubomoMUHecyeHUUo (NpyM pacTUpaHun Kunu
packKanklBaHWW HEKOTOPbLIX KPUCTANIOoB). Crexo nornomerns €
Mo ANWTENLHOCTW CBEYEHWA YCNOBHO pasznuyaloT: (BOIGYHIEHHA)  JUOMHHECUEHIHN

chriyopecueHyUu o {rilﬂ_scj n chocchopecyeHyUO
— CBeYyeHWe, npoforKawlleeca 3amMeTHbIA NPOMEKYy-
TOK BpeMeHW nocrne npexkpaweHna Bo3DyKOeHWUA.

YXe B NepBbliX KONWYECTBEHHBLIX WccnefoBaHWAX -
noMUHecUeHUWMKM Bbino  cdopMmynupoBaHO mpasuio
Cmokca: [nuHa BOMNHbI NMIOMWHECUEHTHOrO WanyuyeHuWAa Bcerga Oonblle ONWHLI
BOIMHLI CBeTa, BO3DyQWBLUErO &ro.
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Teepokle Tena, npefcTaenAwlune cobon 3PEOEeKTUBHO TMHOMWUHECUMPYHOLWWE
WMCKYCCTBEHHO MPUIroTOBMNEHHLIE KpUCTannbl ¢ YyHepoAHbIMA NMPUMECAMK, NOMTYy4Ynnn
Ha3zeaHWe Kpucmannowocgopos.

' o % Ha npumepe kpuctannodgocdopoB paccMOTpUM
MexaHW3mbl BO3HWKHOBEHWA docdopecleHUM ¢ TOYKK
3pEeHWA  30HHOW Teopuu Teepdblx Ten. Mexay
BaneHTHOW 30HOW W 30HOW NPOBOAUMOCTK
kpuctannodgocdopa pacnonarakTcH npUMecHble
YPOBHW  aKTMBartopa A. [OnAa  BO3HWKHOBEHWA
ONUTENBHOMO CcBeYyeHnAa Kpuctannodocdop aOomkeH
coep#aTe LUEHTPbl 3axeata, WNWM  NOBYLWKW 4nA
anektpoHoe  (f1;, J12).  [QnuTeneHocTe  npouecca
MUrpaUMKn 3NekTpoHa 40 MOMeHTa pekombuHauum ero c
WOHOM aKTWUBaTopa onpefenAeTcA BpemMeHemM npebbiBaHWA 3NEKTPOHOB B NOBYLIKAX.

34. KOHTaKT 3NeKTPoOHHOro W AbIpo4YHOro NonNynpoBoaHWKOB (p-n-nepexon).

[‘paHMUa CONPUKOCHOBEHUA OBYX MNOMYyNpPOBOOHWKOB, OAWH W3 KOTOPLIX MMeeT
ANEKTPOHHYK, a APYron — [AbIPOYHY) MPOBOAWMMOCTbL, Ha3bIBAETCA 3MEeKMPOHHO-
deIpoYHbIM NepexodoM (UNKU p-n-nepexogom).

p-n-Nepexon o0DObIMHO coO30aeTcA NpW cNeunansHoW
obpaboTke KpWCTannoB, HanpuMmep, NpW BbIOepkKe NNOTHO
NPVHaThLIX KpUCTannoe repmadHud (n-tuna) v uHauma npu 500°C B
Bakyyme (a) atomel WHOWA OWddyHOMPYIOT Ha HEKOTOpYH
rmyBuHY B repmanuid, obpasyna NpoMexyToOUYHBIA CNOoW repMaHua,
oboraweHHoro MHOWem, NPoBOOWMOCTE KOTOpOro p-Tuna (D).

INEeKTPOHBI U3 N-NONYNPOBOOHWKA, TOe WX KOHUeHTpauwA
Beile, byoyT anddpyHOWMpOBaTE B p-nonynpoBodHuK. Oduddyana
ObIPOK NponcxoguT B obpaTHOM HanpaesneHun. B n-nonynpoeog-
HWKE W3-3a yxoda 3nekTpoHoB BONWM3W rpaHuuel oOCcTaeTcA
HEeCKOMMEHCHUPOBaHHLIN NofoxumenbHeIl obbemMHbIl 3apAad HeNOABUAHLIX NOHW3O-

O6n BAHHLIX [OOHOPHLIX aTtoMoB. B p-nonynpoBogHWKke W3-3a
nepexona yxoaa Ablpok BOHNM3WM rpadHuubl obpasyeTca ompuuamerns-
~_ Hblll 0bLeMHbIl 3apAd  HeNOOBWHKHLIX  WOHW30BaHHLIX

1H+i==] akuenTopoB. 3TW 0oDbeMHble 3apsAnbl CO30aKT 3anuparo-

A-THH :II IZ: PTHIL | ypull pasHOBECHLII KOHMAaKMHLIG Croll, NpenATCTBYHLLMIA
AankHellwemy nepexoay aNekTPOHOB WU OkIPOK.

ConpoTHBNeHWe 3anvuparLLEero cnofd MOXHO MAMEHWTL ¢ NMOMOLLLK eéHeWwHe20

anekTpwyeckoro nonA. Ecnw Hanpaenedwe BHelwHero nona FE coBnagaeT ¢
HanpaBneHneMm E ;- Nona KOHTaKTHOrO cnosA (a), TO 3anuparoLLmniA Croi paclumpAeTca
M ero conpoTHUBNe-

E,

¥ n-un . 6) nrun % porun HWe Bo3pacTaeT —
=8 I+t |-==i o= &= i+|-| =0 Takoe HanpaBneHwe

-D b d it O = 4 | =10
O 4 il I +- Q HasblBaeTcA sanu
" { ° 1 parowum (obpam-
|i— -1+ -
ik i - HbiM). Ecnn Ha
T-h- -T npaeneHue  BHell-

Hero MonsA NpoTUBO-
MONOXHO MOMK KOHTaKkTHOro croA (B), To nmepemelleHue 3MNEeKTPOHOB W AbIPOK
NPUBEOET K CYKEeHUI0 KOHTaKTHOTO CMNoA W ero CONpPoTUBNEHUE YMEHLLUWTCH — Takoe
HanpaBneHue HasbiBaeTCA NPONYCKHbIM (MPAMBbIM).
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35.MonynpoBogHWKOBLIE AWoAbLl M ThWoAbl (TpaH3UCToOpbI).

O0dHoCMOpPOHHAA (BeHMuUNbHaA) NPOBOAWMOCTL p-nN-Nepexofa ucnonbayeTcA
B nonynposodHukoeblx duodax, coAepKallux oQuH p-n-nepexof. Mo KOHCTPYKLKUM
OHW OENATCA HA MoYeyHbie U MI0OCKOCMHbIE.
B moueyHsix guogax p-n-nepexon obpasyeTcA B
) 7 TOYKE KacaHUA MeTannuyeckoro KoHtakta 1 v nonynpo-
////A BOOHWKA 2 (HanpMMmep, B TOYEYHOM [epMaHWEeBOM
anoge auddyana antoMUHMA B n-TepMmaHiii obpaayeT B
repmaHun p-crnon). TexHoNnormA WaroTOBMEHWA repma-
HWEBOro MIOCKOCMHO20 Anoaa onnucada Bhllle.
p-n-MNepexoabl obnagawT He TONLKO NPekpacHeIMKW - BbINPAMMAAKLLMMMK
CBOWCTBAMMW, HO MOTMYT DbITk UCNONL30BaHLI TAKKe ONA YCUNEHWA, a eclin B CXemy
BBECTW 0DpaTHYD CBA3b, TO W ANA reHepaunn 3aneKTprudyecknx konedbanni. MNprdopel,
npefHasHavyeHHble ONA 3TUX Uenel nonyyunu HasaHue nonynpoBOOHWKOBLIX
TPMOOOB WNWM mpaHsucmopoe. WNaobpeteHne TpaHaucTopoB B 1949r. cuutaertcn
CaMbiM 3HAYWTENBLHEIM WM30DpeTeHWem XX Beka W DbINo oTmedeHo B 1956 rogy
HobeneBckoW npeMrei.
TpaHancTopel MOMyT ObITe TWNA N-pP-N W TANA pP-N-p B 3aBUCUMOCTH OT
yepefoBaHmMA obnacTel ¢ pasnUuYHOW NPOBOOMMOCTLID. [NA Apumepa paccMoTpMm
Omutrep Baza  Kosnekrop Tpuopd Tvna p-n-p. Pabouve "anekTpogbl”
\ y4 TpWoda, KoTopkiMK  ABnAlTCA  Dasa
(cpedHAA YacTb TpaH3ncTopa), SMATTER W
KonnekTop (Npunerawuine K baze ¢ obeux
CTOpOH obnactTh € MHbBIM  THUNOM
NPOBOOWMMOCTK), BKMKYAKTCA B CXEMY C
- NOMOLLLI) HEBLINPAMIMAKLMX KOHTaKTOB
— MeTannuyeckux npoeogHukoB. Meway
IMUTTEpPOM W Dasol npuknagbiBaeTcA
NOCTOAHHOE CMellaklles HanpsxeHWe B NPAMOM HanpaeneHun, a mexay tazon wn
KONMNeKTOPOM — MOCTOAHHOE CcMellaklles HanpaxeHune B obpaTHOM HanpaeBneHun.
Ycunueaemoe nepeMeHHOoe HanpaxeHwe nogjaeTcA Ha BXoQHOe COnpoTUBNEHWe

RBK , d YCUNeHHOEe — CHUMaeTCA C BeIXOOHOMo conpoTuBneHnA RBBD{ i

[NpoTekaHne Toka B UEenW 3MuTTepa 0BycnoBMEHO B OCHOBHOM [ABWMEHWEM
OLIPOK (OHWM ABNAKTCA OCHOBHBIMW HOCWUTENAMW TOKA) W CONPOBOXOAETCA WX
"BNpLICKUBAHMEM" — UHMekyuel — B obnacTe Basbl. [lpoHWKWKWEe B Dazy OLIpKW
OWhyHOWPYOT NO HaNpAaBMNeHWH K KONNeKTopy, NpUYeM Npu HEDOMNLLIOA TONUWWHE
a3kl 3HAa4YUTENbLHAA YacTb MHMEKTMPOBAaHHLIX ALIPOK OOCTUraseT Konnektopa. 30eck
OLIPKA 3axBaTelBalOTCA Nonem, AeNcTEYIOLWMM BHYTPW Nepexoga (MpUTArMBalTCcA K
OTpUUATENLHO 3apAMEeHHOMY KOMNNEKTOpy), BCMNEOCTBME Yero W3MeHAeTCcA TOoK
konnektopa. CnegoeaTelbHO, BCAKOE W3MEHEHWE TOKa B LUENW 3MWTTEPA Bhi3bIBAET
M3MeHEeHWE TOKA B LIENW KONNeKTopa.

MNpuKnagbiBad Mexny aMUTTEPOM M Daz0l NepemMeHHoe HanpAXeHue, Nony4yum
B LEenW KOMNeKTopa MNepeMeHHLIl TOK, a Ha BLIXOQHOM COMPOTMBNEHWMW —
nepeMeHHoe HanpAxeHwe. BenwuwHa ycuneHuUs 3aBWUCWT OT CBOWCTE p-N-

NnepexofoB, Harpy3o4HbIX COMPOTWBIEHWA W Hanpsxenwa Datapen b_. O6bluHO

R >> R, noatomy U, >>U,, (ycunexnwe moxet gocturate 10 000). Tak kak
MOLLHOCTb NepemMeHHoro Toka, Bbigenaeman B R__., MokeT ObiTb Oonblue, yem
pacxogyemas B Lieny 3MWTTepa, TO TPaH3ucTop AaeT W ycuneHue MoOWHOCMU.
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