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EJJEMEHTU ATOMHOI ®I3UKH TA KBAHTOBOI MEXAHIKH

TEMA 1 BOPIBCBKA TEOPISI ATOMA

§ 1 locain Pesepdopaa. SAnepHa moaenb atoma. 3ajieskHICTh KiJIbKOCTI 0-4aCTHHOK B
OJMHMUI TiJIeCHOr0 KyTa Bix KyTa po3cisinus. [Ipodaema crabijibHOCTI aTOMa 3 TOUKHU
30py fAlepHOI MoJeJIi aToMa

1 docaix Pesepdopaa. LlikaBicTs r01uHN € 0€3MEKHOI0. SIka BHYTPIIIHS CTPYKTypa aToMa
— HalJp10HIIIOT YaCTUHKU XIMIYHOTO eleMeHTa? ATOM € €JIeKTPUYHO HEeHTpaJbHUM, K yCepelnHi
aToMa pO3MOJUIEH] JO0JaTHI Ta BIA’€MHI €JIeKTpUYHi 3apsaau? BiamoBinl Ha Il MUTaHHA HIyKajau
Pesepdopn 1 #ioro crniBpoOITHUKH 32 TOTIOMOTOIO (O -YaCTHHOK, CIIOCTEPIrarouy 3MIHY HalpsAMKY iX
MOJIbOTY (PO3CIOBAHHS ), IPU MIPOXOHKEHH] Yepe3 TOHKI IIapy PEYOBUHH.

VY Toit yac, ko Pesepdopn npuctynaB 10 cBOiX AOCHIAIB, OYJI0 BIIOMO, IO O -4aCTHHKH
BUIIPOMIHIOIOTBCS AESIKUMU PEYOBUHAMU IPH PagloakTUBHOMY posnani. LIIBuakocTi O -4aCTHHOK
MaioTh mopsaok 107 m/c. BoHM MaloTh JOJATHMI 3apsi, IO JOPIBHIOE OJBOEHOMY

eleMeHTapHOMy 3apsay. llpu BTpaTi 1poro 3apsay (Npu MpPUENHAHHI JBOX E€JIEKTPOHIB)
O -4YaCTHHKA MEPETBOPIOETHCS B ATOM TEIIIIO.

Hocnin  BuxkoHyBaBcs  Tak  (puc. 1.1). //‘\\\ M
OL-YaCTMHKH  BUIPOMIHIOBAIMCS  PaJi0aKTUBHOIO Ve E
PEUYOBHUHOIO P, IpOXOIuiIu Yepe3 BY3bKHIl OTBIp 1 P / P
nomnajaiyd Ha TOHKY MetaneBy Qonery @. Ilpu ./ L Jo
MIPOXOJKEHHI qepes ¢doiery Ol -9aCTHUHKH % | I
BUIXWJSUTMCST BiJl MOYaTKOBOTO HANpPSIMKY pPyXy Ha \ @ /
pi3Hl KyTtH. PO3CisiHI O -4yacTUHKHM BHapsuiucs 00 \\ //
exkpaH E, skuil OyB MOKPUTUN CIPYMCTUM LIMHKOM, 1 N _ -

BUK/IMKAHC yIapaMH CBITIHHS CIOCTEpiranucs B Pucynok 1.1 — Cxema mocmimy Pesep-
mikpockon M. MIKpocKkom 1 ekpaH MOXHa Oy10  dopna

obepTaTi HABKOJIO OCi, IO MPOXOAHWTH Yepe3 IEHTP

po3citoBaibHOI (OJIbIY, 1 BCTAHOBJIIOBATH Mif] Oy1b-kUM KyToM 0. Beck mpunan po3mimiyBascs y
nmocyauHi, 3 skoi Oyno Bimkawano mnoBitps. lLle Oymo 3poOieHo mist Toro, mooO YCyHYTH
PO3CiIOBaHHS O -4aCTUHOK 3a PaXyHOK 3ITKHEHb 13 MOJIEKYJIAMH TOBITPSL.

2 SInepua MoJeJIb aTroma.
Bussunocs, mo neska KUIBKICTh O -4aCTHHOK
PO3CIIOETHCS Ha AY)KE BEJIMKI KyTH (Maiike 10
180°). [IpoananizyBaBuiu pe3yabTaTi
nociiny, Pesepdopa nilIIOB BUCHOBKY, IO
HAaCTUIbKM CHJIbHE BIIXWJICHHS O -YaCTHHOK
MOJIMBO TUIBKH B TOMY BHIIAQAKY, KOJIH
ycepenuHi aroMa € HaJ3BUYAHO CHIIbHE
€JIEKTPUYHE T10JIE, 1110 CTBOPIOETHCS 3aPAIOM,
SAKUI TMOB'I3aHUM 3 BEJIMKOI Macow i
CKOHIIEHTPOBaHUN y JyXke MajoMy o00'eMi.
[pydTyrourch  Ha  IOMY  BHCHOBKY,
Pesepdopn 3anpononysas y 1911 p. adepuy
Modeny amoma. Bionosiono oo Peseppopoa  Pycynok 1.2
amom s611€ cobo cucmemy 3apaoie, y

. . . . . . . ~14
YeHmpi AKoi po3miwene eaxcke dooamue a0po i3 3apsdom Ze i3 po3mipom He binvue 107" m, a
HABKONIO 0pa po3miujeHi Z eleKmpoHie, wjo po3nooileHi 8 ycbomy o0'emi amomy. Matixce 6cs
Maca amoma 30cepeoxcena 8 sopi.



3 3anexHicTh KiTbKOCTI 0-4ACTHHOK B OJMHMII TIJIECHOIO KYTa BiJ KyTa po3cCisiHHS.
Buxonsun 3 Takux npunyiieHs, Pezepdop po3poOuB KiUIbKICHY TEOPIiI0 PO3CIIOBAHHS O, -YACTMHOK
1 JOBIB (opMylly UIsi PO3MOALTY PO3CITHUX YAaCTHHOK 3aliekHO Bim kyra 0. Ilpm moBenenHni
dbopmynu Pesepdopa MmipkyBaB Tak. BigxuiieHHS O -4acTUHOK OOYMOBJICHI BIIMBOM Ha HHX
aTOMHUX sfep. [IoMITHOTO BIIXHJIEHHS Yepe3 B3a€EMOII0 3 €JIEKTPOHAMU HE MOKe OYTH, OCKUIbKHI
Maca eJIEKTpOHa Ha YOTUPH MOPSJIKA MEHIIIa BIJT MaCH Ol -4aCTUHKHU.

Konu wactunka npoJtitae mo6mau3y siapa, Ha HEl i€ KYJIOHIBChKA CHJIa BIIIITOBXYBaHHS

1 27

F = —. (1.1)

dme, r

Y 1poMy BHUIIAJIKy TpPAEKTOpis YACTUHKH ABJIsiE coOoro rimepOosy. Kyr mibk acummnroramu
rinep6onu no3Hayumo OykBoro O (puc. 1.2). Lleit kyT xapakrepusye BIIXWUICHHS YAaCTHUHKH BiJl
MEpBICHOTO HampsMKy. Bincrans b Bia sapa 10 MEPBICHOIO HAIPSIMKY IMOJBOTY O -4aCTUHKU
HA3MBA€ETHCA MPUIUIBHUM IapaMeTpoM. Yum Ommkde MmpoJslitae YyacTUHKA BiJ siapa (YUuM MeHie b ),
THUM, IPUPOJIHO, CHJIbHILIE BOHA BIIXWIseThes (TUM Outbiie O ). Benuuunu b 1 0 moB’si3aHl MK
c00010 CHIBBIJHOILIEHH M

0 _ 4neym, v’
27¢°

SIKE MOYKHA JIOBECTH, BUKOPHUCTOBYIOUHM 3aKOH 30€peXeHHs TIOBHOI MEXaHIYHOI €Heprii Ta MOMEHTY
IMITYJIBCY.

PosrnsiHeMO HacTUIBKM TOHKHH IIap do
pO3CIIOBaJIbHOI ~ PEYOBUHH, ' mo0  KOoXHa \/ -
YacTUHKA MpPH TPOXOJDKCHHI Yepe3 HHOTO /::\/ 7 N
mpoJritajga MmoOiM3y TUIBKH OJHOTO sIIpa, AR o “
TOOTO MO0 KOXHA 4YacTHHKA Majla JIMIIE *db s d - 0
OJHOKpaTHEe po3cifoBaHHA. [lag Toro mo6 '::::r:::::::ﬁ/
YaCTUHKA BiIXWIHIIACS HA KYT, IO JICKHUTD Y
Mexkax Big © 10 O+d0O, BoHa mOBHUHHA ~
OpoJIeTiTH TOONMHM3y OJHOTO 3 slep IO s
TPaeKTOpli, MNPULUIBHUNA MapaMmerp sSKOi S~ WYy
MiCTHTECS y Mexax Bim b mo b+db ~J3>
(puc. 1.3), npuyomy db i dO, sk BUIUIUBA€E -
3 (1.2), moB's3aH1 CHIBBIAHOIICHHSIM

b, (1.2)

Pucynok 1.3

I
sin*(6/2) 2 27¢*
3HaK MIHYC y IIbOMY BHpa3i 0OyMOBJICHUN THM, IO 31 30UIbIeHHSIM b (TO0OTO Tpu db >0 ) KyT

BixuieHHs 3MeHIyeTbes (dO <0 ). Hagami Hac Oyne mikaButu jiuine adCoJIIOTHE 3HaYeHHS db 'y
¢yHKLii Big 0, 1 TOMY 3HaK MIHYC MU He Oy/1leMO BpaxOBYyBaTH.

[To3HaunMO IOy MOMEPEYHOro Nepepi3y MmydKa O -4aCTUHOK
S @

db . (1.3)

O0ykBoro S . Toal KUIbKICTh aTOMIB (OJIBIM Ha HUIAXY Iy4Ka MOXHA db @
MoJaTH y BUTTISIAL nSa, 1€ n — YUCIO aTOMIB B OJIMHHUIIN 00'eMy, a — b
ToBIIMHA (ONBIHU. SKIO0 O-9aCTUHKU PO3MOJUICHI PIBHOMIPHO IO @
nepepizy mydka il yucio ix Aayxe Beluke (10 Hachpas]li Mae MicLe),

TO BIIHOCHA KUIBKICTh () -YaCTHHOK, IO MPOJIITAIOTHh MOOJINU3Y OJTHOTO @

3 s7Iep MO TPAEKTOPIT 13 MPULITBHUM TTapameTpoM Bin b 1o b+db (i, @

OTXKe, SAKI BIIXWJISIOTECS B MEXKax KyTiB Bim 6 mo 0+d0), Oyde
JOPIBHIOBATH BIIHOIICHHIO BIAMOBIAHKUX IO (UB. pucC. 1.4):

dNy nSa 2mbdb
N S

Pucynok 1.4

na2nbdb . (1.4)



VY npomy Bupasi dN, — IOTIK YaCTHHOK, IIO PO3CIFOIOTHCSA B MeKax KyTiB Bil 6 10 6+d0, N —

MMOBHHM MOTIK YaCTUHOK Y MMy4KY.
3aminuBmu y opmyni (1.4) b 1 db yepes 6 1 dO BimnosimHo ao (1.2) 1 (1.3),
OTPUMAEMO

2

2
No _ g —22¢ ametgd 149 (1.5)

N 4me,m 0 2sin*(0/2) 2

[lepeTBOpUMO MHOKHUKH, 10 MICTSITh KyT O :
ctg(6/2) _ cos(0/2) sin(0/2) _ sinb

sin?(6/2) sin*(0/2)  2sin*(6/2)

3 ypaxyBaHHSM I[bOI'O [IEPETBOPEHHS

2
dN, 27¢* 2msin © dO
=na 3 — .
N 4meym,v°  4sin*(0/2)

Bupaz 2msin 6d0 nae TuiecHuit Kyt dQQ, y Mexax SKOTO 3HAXOJSThCS HAIPSIMU, 10 BIANOBIIAIOThH
KyTaM po3citoBaHHs Bil O 10 6+ d0 . Tomy MoxHa Hanucaru

2
dNy _ 27¢* dQ (16)
N 4megm, 0> 4sin*(0/2)] '

Mu otpumanu ¢popmyny Peszepgpopoa nns poscitoBaHHS —O-yacTUHOK. Y 1913 p.
cniBpoOiTHUKN Pesepdopna 3pobwin mnepeBipky Ii€el GOpMyad MHUISXOM MIPAaxXyHKY TOUYOK
CBITIHHSI Ha €KpaHi, 1[0 CHOCTepirajaucs MiJ pi3HUMHU KyTamMu O 3a OJHaKOBI IPOMDKKH yacy. B
yMoBax jpociiny (auB. puc. 1.1) BpaxoByBaiucsl O -4aCTHHKH, SKi epeOyBaiu B Mexax OJHOTO 1
TOTO CaMOro TUIECHOTO KyTa (KM BHM3HAYa€ThCs BIAHOLIEHHSM IUIOUI €KpaHa E 10 KBajparta
BIJICTaH1 HOTO BiJ (hOBIU), TOMY YMCIIO TOYOK CBITIHHS, 1110 CIIOCTEPIrauCs MiJ PI3HUMH KyTaMH,
noBuHHE Oyno Oytu, BignmoBigHO a0 (opmynu Pesepdopma, mpomopiiiiHo 1/(sin(9/ 2))4. et
pe3ynbTaT Teopii 1o0pe MIATBEPAUBCS Ha JOCHIAL. 3aleKHICTh PO3CIIOBAaHHS Bil TOBIIMHU (hOJIBIH
W MIBUJIKOCTI O -4aCTHHOK TAKOX BUSBHUJIACS Y3TrO/DKEHOIO 3 (hopmyroro (1.6).

CrpaBenmuBICTh TEOpIi, [0 BUIUIMBAE 13 KYJIOHIBCHKOI B3a€MOJIT MDK Of-4aCTUHKOIO 1
SJIpOM aToMa, CBIIYUTH MPO TE, IO OL-YAaCTHHKA, SIKa BIIOMBAETHCS Yy 3BOPOTHOMY HAIPSIMKY, HE
IIPOHUKA€E B 00JacTh JIOAATHOTO 3apsily aroma. Pazom 3 THUM L -4aCTHHKA, IO JIETUTh TOYHO Y
HaNpsMKY sijipa, miaidnuia O 1o Horo LeHTpa Ha BIACTaHb, SKY MOKHA BU3HAYUTH, IPUPIBHSBIIU
KIHETHYHY €HEPril0 O -9aCTUHKHU JO TMOTEHINAJbHOI €Heprii B3aeMOJIli O -4aCTUHKH 3 SJIPOM Yy
MOMEHT MMOBHOT 3yNTMHKH YaCTUHKHU

mv°  2Ze*

2 4meyr,

in
(7,;,, — MIHIMaJIbHAa B1ICTaHb MDK LEHTpaMM O.-4aCTUHKH 1 siapa). [loknaBmm Z =47 (cpibiao),

v=10" m/ci my, = 6,6 10 kr, OTPUMAEMO

2
__ AT 10w

- 2
4me,m, v

Tnin

4 IIpoGsiema cTaGiTbHOCTI aToMa 3 TOYKH 30py sjaepHoi Mojaedai aroma. OTxe,
pe3yibTaTd JOCHIAIB 3 pPO3CIIOBaHHA (L-4YaCTHHOK CBiqY4aTh HAa KOPHUCTH 3alpOTIOHOBAHOI
Pezepdoprom sipeproi moneni aroma. OgHaK siAepHA MOJIETh BUSBIIIACS CYIEPEUIMBOIO BITHOCHO
3aKOHIB KJIACUYHOI MEXaHIKU U enekTpoauHaMiKi. OCKUIbKU CUCTEMa HEPYXOMUX 3apsi/iiB HE MOXKeE
nepeOyBaTu B CTIKOMY cTaHi, To Pesepdopay noBenocs BIIMOBUTHUCS Bil CTAaTUYHOI MOJEII1 aTOMa



W MPUIYCTUTH, 110 EIEKTPOHHU PyXalOThCS HABKOJIO JIpa, ONUCYIOYU BUKPUBIIEHHI TPAaeKTOPii. Ale
B LIbOMY BHUIIAJIKy €JIEKTPOH OyJe pyXaTHCs 13 NPUCKOPEHHSM, Yy 3B'I3KY 13 UMM BIINOBIAHO 0
KJIACUYHOI €JIeKTPOJMHAMIKM BIH IIOBUHEH O€3[EepepBHO BHUIIPOMIHIOBATH €JIEKTPOMArHiTHI
(cBitnoBi) xBuii. [Ipo1iec BUNIPOMIHIOBaHHS CYNPOBOKY€ETHCS BTPATOIO €HEPrii, TaK 1110 €JIEeKTPOH
MIOBUHEH B OCTATOYHOMY I1JICYMKY BIIACTU Ha SAPO.

§ 2 locryaaru bopa. IIpaBuiio kBantyBanus opoiT. locaigu ®@panka ii I'epua

1 Hocryaatu bopa. [IpaBuiio kBanTyBaHHs opoiT. Y momnepeanromy maparpadi Oyio
3'SICOBAaHO, MO SJICPHA MOJEIh aToMa 3 TOYKH 30PY KJIACHYHOT MEXaHIKM U eJeKTPOJIUHAMIKA
BHUSIBUJIACS HE3JATHOIO MOSICHUTU CTIMKICTh aTroMa. Buxim 3 mporo yrpyaHeHHs OyB 3HAWICHHUI B
1913 p. narcekum ¢idukom Hinbcom bopom, miompaBaa, LIHOK BBEIEHHS NPHUITYILEHb, IO
cylnepedarh KJIACHYHUM YSBJICHHSIM. [IpuImymeHHs, 3amponoHOBaHI bopom, MICTATBCS y ABOX
copMyIIbOBaHUX HUM TOCTyaTax (nocmynamu bopa).

1) Amom (i 6yovb-sika amomua cucmema) Mmodice nepedysamu He y 6CIX CMAHAX, WO
0ONYCKAOMbCsl KIACUYHOK MEXAHIKOW, a MINbKU 8 0esaKUX SUOPAHUX (K8AHMOBUX) CMAHAX, WO
Xapakxmepuzylomucsi NeGHUMU NepepeHUMU, OUCKpemHUMU 3HadyeHHamu enepii E,, E,, E;,... V yux

cmauax, ecyneped KiAaCUyHil enekmpoounamiyi, amom He sunpominioc. Tomy 6oHU HA3UBaomMuvCs
CMAayioHapHUMu CIMaHamu.

2) BunpominioganHs 6unyckaemvcs abdo NOIUHAEMbCA ) UAA0l C8IMI0B020 KEAHMA
eHepeii h® npu nepexooi enekmpoHa 3 00HO20 CMAYIOHAPHO20 CMaHy 6 inwul. Benuuuna
C8IMII06020 K8AHMA OOPIGHIOE PI3HUYI eHepellil CMAYIOHAPHUX CMAHI8, MIdC AKUMU 6i00)8aembCs
K8AHMOBULL nepexio eleKmpoHa:

ho=E,~E,, . 2.1)

Sxi x opOitn moTpiOHO BBakaTtu crauioHapHuMHU? Ha 1€ nmuTaHHsS BIANOBINA€E npaguio
K8AHMYGAHHA OpPOIM: Yy CMAyiOHAPHOMY CMAHI AMOMA eNeKMPOH, PYXArouucs no opoimi, noguHeH
Mamu OUCKpemHi, KEAHMOBAHI 3HAUEHHSA MOMEHMY IMRYIbCY:

L=m,or=nh (n=123,...). (2.2)

Tyt m, —maca enekTpoHa; V — HOro IBUIKICTB; # — pallyc KpyroBoi opOiTu; n — Iiijie YHCIIOo, IO
3 4YacoM OTpUMaJl0 Ha3By TOJIOBHOTO KBAaHTOBOTo uwucia. [IpaBuno kBaHTyBaHHs opOiT bop
OTpUMaB, BUXOJA4YM 3 rinmore3u [lnaHka, BIAMOBIIHO O AKOi peani3ylOThCsl TUIBKM TaKl CTaHU
rapMOHIYHOT KOJIMBAILHOT CUCTEMHU (TAPMOHIYHOIO OCIUIATOPA), EHEPris AKMX JOPIBHIOE nAw® , 1€
@ — 4YactoTa KOJMBAIBHOI cucreMu. OTpHMaHe MPaBWIO I FAPMOHIYHOrO ocumisTopa bop
MOIIMPUB 1 HA 1HII1 MEXaHIYH1 CUCTEMH.

[Tocrynatu bopa ctanmu oOrpyHTYBaHHSM TUIAHETApHOI (SIIEpHOT) MOJEII aToMa, TOSICHUIN
P eKCIIEPUMEHTIB.

2 locninm ®panka i D'epua. IcHyBanHA i
JUCKPETHUX €HEePreTUYHUX pIBHIB aToma T~ K C
MIATBEPIKYETHCSA TOCTIIaMH, BUKOHAHUMHU B 1914
p. ®pankom 1 I'epmom. Cxema iX YyCTaHOBKH ~ @)
HaBeleHa Ha puc. 2.1. Y TpyOui, ska 3amoBHEHA \If/
napaMM pTyTi MiJ HEBEIUKUM TUCKOM (~1 MM pT. I
CT.), 3HAXOJATHCS TpU enekTpoau: karon K, citka C Iy +1 -
i anon A. EnekrpoHu, 1o BWIIITAIOTh 3 Karoja [
BHACJIIOK TEPMOEJEKTPOHHOI €eMicii, MPUCKOPIO- _ n
I0ThCS PI3HMIIEIO MOTeHMianiB U, ska NpUKIajgeHa _|||| 1
MDK KaTojJ0M 1 citkoro. L{ro pi3HumIto noteHmianiB  PucyHok 2.1
MOXHa TUTABHO 3MIHIOBaTH 3a JIONOMOTOIO TMoOTeHiiomerpa I/ MibK CITKOIO W aHOJIO0M
CTBOpIOBAJIOCS ciaOke eyeKTpuyHe moJie (pi3Huus noteHuianis nopaaky 0,5 B), ske ranbmyBano
pyx eneKkTpoHiB A0 aHojaa. Ha puc. 2.2 mnoka3zaHa 3MiHa MOTEHIIaJbHOI €HEPrii eleKTpoHa
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E, =—e@ y 3a30pi MK €IEKTPOJAMH MPH PI3HUX 3HAYCHHSX HANpyrd U MDK KaTOJOM I CITKOKO

(¢ —norteHuUian, y BIAMOBIAHIN TOYII MOJIS).

JocmimkyBaBes ctpyM [ B KOJII aHOJA 3aJIEKHO BiJl Hampyrd U MDK KaToJOM 1 CITKOIO.
Cuna ctpyMy BuMipsiiacs rainbBaHoMeTpoM G , Hanpyra — BOJIbTMETpoM V' . OTpuMaHi pe3ysbTaTtu
nojgaHi Ha puc. 2.3. baunmo, mo cuia cTpymy Crmo4aTKy MOHOTOHHO 3pOCTalia, JOCSTaloud
Makcumymy npu U =4,9 B, micnsg 4oro 3 mogansmuM 30UTbieHHIM U pi3KO crajajia, JOCITalodn
MIHIMYMY, 1 3HOBY MOYHHaJa 3pOcTaTh. MaKCUMyMH CHUJIM CTPYMY HOBTOPIOBAIUCS MPU HANPY3i
U , mo popiButoBana 9,8 B, 14,7 BiT.x.

Takuii Xig KpUBOi IMOSICHIOETHCS THM, IO BHACIIJOK E
JUCKPETHOCTI €HEPreTUYHUX PIBHIB aTOMU MOXYTb IOTJIMHATH b U,
€Heprito TUIbKH MOPILISIMU:

AE, =E, - E, abo AE, = E,—E| 1TaK nani,
ne E,, E,, E;,... —eHepris 1-ro, 2-ro # T.J. CTal[lOHapPHUX CTaHIB.

IToxu eHepris enekTpoHa MeHIIa 3a AE|, 3ITKHEHHS MDK

€JIEKTPOHOM 1 aTOMOM PTYT1 MalOTh NPYKHUN XapakTep, MIPUIOMY !
OCKUTHKM Maca eJIeKTpOHa HabaraTo MEHIIIa BiJ MaCH aToMa PTYTi, K C A
EHEepPris €JIEKTPOHA MPHU 3ITKHEHHSAX MPAKTHUYHO HE 3MIHIOETHCS.
YacTuHa €JEeKTPOHIB IMONaJae Ha CITKYy, IHIII ), IMPOCKOYMBIIN
yepe3 CITKYy, JOCATaloTh aHOJa, CTBOPIOIOYM CTPyM Yy Koui rambBaHomerpa G . Uum Oulblia
HIBUJKICTD, 3 SIKOI €IEKTPOHU JIOCSTaloTh CITKU (4uM Outbuie U ), TUM Oulbllie Oyne elIeKTPOHIB,
SIK1 TPOCKOYHIIM Yepe3 CITKY, 1, OTKE, TUM OUTBIIOI0 Oy/e cuia ctpymy [ .

Konn enepris, 1mo OTpUMYyeTbCS E€IEKTPOHOM Yy I
IIPOMDKKY KaTOJ-CiTKa, Jocsara€ 3HadeHHs AE|, 3ITKHEHHs /

nepecrarTb OyTH NPYKHUMH — €JIEKTPOHM HpU yrapax 00
aTOMHU IepejaroTh iM eHeprito AE, # NpPOJOBXYIOTh HOTIM f \ /
pyXaTHCs 3 MEHILOIO MIBUAKICTIO. TOMY YHCIIO €JIEKTPOHIB, 110
JOCSTAalOTh aHoja, 3MeHiyerbes. Hampuknax, mpu U =5,3 B / \ / \ /
€JIEKTPOH IIepeJae aTroMy eHepriio, 1o Bignosinae 4,9 B VAR
(mepmmii moTeHIian 30yIKEHHST aroMa pPTYTi), 1 MPOJOBKYE
pyxarucst 3 enepriero 0,4 eB. Skmo HaBiTh Takuil eleKTpOH
3’BUTHCA MDK CITKOIO W aHOJOM, BIH HE 3MOXKeE IMepedopoTH
3arpumyrouy Harpyry 0,5 B 1 6yne noBepHyTuii Hazajl Ha CITKY.
ATOMM, IO OTpPMMAIU IPU 3iTKHEHHI 3 €NeKTpoHamu PHCYHOK 2.3

Pucynok 2.2

——

0 49 9,8 14,7 U,B

eHeprito AFE,, NnepexoliaTb y 30yMKEHMH CTaH, 3 AKOIO BOHM 4Yepe3 4ac MHOPAIKY 108 ¢
[IOBEPTAIOTHCSA B OCHOBHUM CTaH, BUIIPOMIHIOIOYH (DOTOH 13 yacToToro W=AE, /7.

[Ipu nHanpysi, mo mnepeBuirye 9,8 B, enekTpoH Ha LUISXY KaTOd-aHOJ MOXe JBidi
MEePETEePHITH HENpYKHE 3ITKHEHHS 3 aTOMaMM PTYTI, BTpayarouu INpu LpoMmy eHeprio 9,8 eB,
BHACJIOK 4YOTro cuia cTpyMy / 3HOBY mouHe 3MeHmryBatucs. [Ipu mie Ouibiniid Hanmpy3i MOXIIMBI
TPUKpaTHI HENpPYXKHI 3ITKHEHHS €JEeKTPOHIB 3 aToMaMH, [0 MPUBOAUTH JO BUHUKHEHHS
Makcumymy nipu U =14,7 B, i T.1.

[Ipu gocraTHROMY PO3pIHKEHHI HapiB pTyTi W BIANOBIIHIA BETWYMHI HMPUCKOPIOBATIBHOT
HaIpyry €JIeKTPOHM 3a Yac J0 3ITKHEHHS 3 aTOMaMHi MOKYTh OTPUMATH HIBUKICTb, JOCTAaTHIO JUIs
IIEpEBENICHHS aToMa y CTaH 3 eHepriclo FE;. YV 1npoMy BUNAAKy Ha KpuBid [ = f (U ) OyayTh

CIOCTEpIraTUCsl MAaKCUMYMHU IIpU HAIpyrax, KpaTHUX APYyroMy HOTeHLiany 30y/UKeHHs aToMa (JU1s
pPTYyTI Liel moTeHuian AopiBHIOEe 6,7 B), abo mpu Hampyrax, 110 JOPIBHIOIOTH CyMi MEpIIOTro i
JpYroro MnoTeHuianiB 30y/PKeHHS 1 T. 1.

Takum uuHOM, y nociigax ®@panka il ['epua Oe3nocepeHbO CIIOCTEPIra€Tbes ICHYBaHHS B
aTOMIB TUCKPETHUX €HEPreTUYHUX PIBHIB.



§ 3 CnexTpanbHi 3aKOHOMIpPHOCTI y BHNpPOMiHIOBaHHI aTtomMa BoaHw. Tepmu.
Kom6inauiiinnii npunnun Pitua

1 BunpoMiHiOBaHHS HEB3AEMOJIFOYMX OJUH 3 OJHUM aTOMIB CKJIQA€THCS 3 BIIOKPEMIICHUX
CHEKTpaJbHUX JIiHIA. BiAmoBigHO 40 LBOr0 CHEKTP BUIIPOMIHIOBAaHHS aTOMIB HAa3MBAETHCS
JAiHIYacmum.

BuBueHHsI aTOMHHMX CHEKTPIB CTAJ0 KJIIOYEM N0 Mi3HaHHS OymoBu atomiB. Hacammepen
OyIJI0 MOMIYEHO, IO JIIHII B CIIEKTpax aTOMIB PO3MIILIEH] HE OE3CUCTEMHO, a MOEAHYIOThCS B IPYIIH
abo, K iX Ha3uBaIOTh, cepii ainin. Kpamie BCbOro 1e NposiBISIETHCA B CIEKTPl HAHUIPOCTIIIOTO
atoma — BojHI0. Ha puc. 3.1 nogana yacTuHa cekTpa aTOMapHOIO BOJHIO y BUIAUMIN 1 OJIM3bKIi
yabTpacdionerosiii obnacri. Cumsonamu H,, Hy, H, 1 Hg no3HadeHi Buaumi JmiHil. H_, BKasye
MexXy cepii (auB. Huxk4e). OueBHIHO, L0 JIIHII PO3MILIEHI y MEBHOMY HOpAIKY. Biacranbp Mix
JHISIMH 3aKOHOMIPHO 3MEHIIYEThCS MIPH MEPEXO/1 B1l OUIBII JOBTUX XBUJIb JI0 OUTBII KOPOTKHUX.

[Betinapcekuii gpi3uk bansmep (1885) BUsiBUB, 1110 JOBKHUHU XBWJIb III€1 cepli JIIHINA BOJHIO
MOXYTb OyTH TOYHO MOJIaH1 (OPMYIIOIO

1 1
O=R|=-—| (n=3,45,..), 3.1)
2° n
ne n — Iuie 4yucio, mo HaOyBae 3HaueHb 3, 4, 5 1 T.1.; R — KOHCTaHTa, Ha3BaHAa Ha YECTh
. . 1 .
BEACHKOTO CIIEKTpOCKoMicTa cmanoto Piodepza . Bona nopiBHIOE

R=2,07 10" (3.2)

®opmyna (3.1) Ha3UBAETHCS S s s s -
dopmynor Banemepa' | a BimnosinHa g g j CT; ::
cepisi CIeKTpabHUX JIHIA BOJHEBOTO e % @ = o
atoma — cepiero banvmepa. lonansmni |
TOCITI/DKEHHS TI0Ka3aJIH, 10 Y CHEeKTpi I
BOJHIO € 1le KuUipka cepid. B |
yinbTpadioneToBid YaCTHHI CIEKTpa ‘ ‘ HH :
3HaxoauThCs cepis Jlaitmana. [Hmii '
cepii JnexaTb B  1H(GpauepBOHIH H, Hg H, Hy H_

obnacrti. JIiHiT uX cepiit MOKyTh OyTH
M0/1aH1 y BUTJISII bopmyi, Pucynok 3.1
aHajoriyHux 110 (3.2):

) 1 1
cepist Jlaiimana =R 1—2 -— (n=2,3,4,..),

n

) 1 1
cepis [lamena w=R 3—2——2 (n=4,5,6,..),

n

) 1 1
cepist bpekera w=R yEi— (n=5,6,7,..),

n

VY CHekTpocKoIii CIeKTpaibHl JIiHIT XapaKTepu3yloTh HE YacTOTOI, a BEIMYMHOIO, sSKa OOepHEHa [0
JIOBKUHU XBUII1

1/A=w/(2nc).
dopmyna bansmepa, 1m0 HanMcaHa JUIS 11i€1 BETMYWHH, Ma€ TaKWA caMuid BUTIISA, 51K (3.1):

1 1 1
S =R ———  (n1=3,4,5,.).
A 22 ( )

Crana PinGepra naGyBae y 1bOMy BHTIaAKy 3HadeHns R’ = 10973731,77 + 0,83 m™".

6



1 1
cepist [lbynnga w=R o (n=6,7,8,...).
n

YacToTn ycixX JiHINA CIIEKTpa BOJHEBOTO aTOMa MOXHA MOAaTH OAHIE0 (POPMYIIOI0

1 1

O=R W—n—z , (33)

ne m Mae 3HadeHHs | s cepii Jlaiimana, 2 — s cepii banbmepa 1 1.1, i 3aqaHoro m 4uciio n
Ha0yBa€e BCIX IUIMX 3HA4eHb, nounmHarouu 3 m+1. Bupaz (3.3) HazuBaioTh y3azanvHeHOO
dopmynoro banvmepa.

Ipu 3poCTaHHi 7 YACTOTA JIIHIl B KOXKHiH cepil mpsAMye 10 TPaHMYHOTO 3HAYeHHS R/m’,
SIK€ HA3UBAETHCS Medcelo cepii (Ha puc. 3.1 cumBonom  H_ mo3HaudeHa mexa cepii baibmepa).

2 BisbMeMo psizt 3HaueHs Bupasis I'(n)=R/n*:

R R R
2722 30
YacroTa Oynb-sKOi JIIHIT CIIEKTpa BOJHIO MOKe OyTH MOJaHa y BUIJISII PI3HULI ABOX YUCEN PALY
(3.4). 111 yncna HA3UBAIOTh CHEKMPANbLHUMU MepmMamu, A00 TIPOCTO mepmamu. Tak, HAPUKIIA,
yactota nepwoi JiHii cepii bambmepa nopisatoe 7(2)—T7(3), npyroi miuii cepii Ildynna
TS)-T(7) iT1.n.
BuBuUeHHs creKTpiB IHIIMX aTOMIB IIOKa3ajo, 10 YaCTOTH JIIHIN 1 B I[bOMY BUIIAJKY MOXYTb
OyTH MOJaH1 y BUIJIAII PI3HUII IBOX TEPMIB!

©="1,(m)~Ty(n). (3.5)

®opmyna (3.5) Bupaxxa€ OCHOBHHMM 3aKOH CHEKTPOCKOIi, BCTAHOBJIEHUW EMITIPUYHO B
1908 p., sikuit HA3UBAETHCS KOMOiHayiiHum npunyunom Pimuya. [Ipunyun Pimya nonseae y momy,
Wo 6ce pDIHOMAHIMMA CNEeKMPANTbHUX NIHIL amoma modxce Oymu Oompumane wiisgxom NONapHux
KOMOIHaYili HabOa2amo MeHW020 HUCIA 6elUYUH, AKI HA3UBAIOMbCS CNEeKMPATbHUMU MEPMAMU.
YacToTa KOXKHOI CHIEKTPaIbHO1 JiHIT JOPIBHIOE Pi3HUIN ABOX TepMiB (3.5). Ognak Tepm  T'(n) mis

(3.4)

IHITUX aTOMIB 3BHYAHO Ma€ OUTBIN CKJIAJAHWN BHTJISAI, HDK Ui BOAHEBOro aroma. Kpim Toro,
nepiui i gpyruit unenu opmynu (3.5) 6epyThes 3 pi3HUX PAAIB TEPMIB.

§ 4 bopiBcbka Teopisi BoaHenmogi0OHOro aroma. Y3arajibHenHa ¢gopmysa baiabmepa.
Crana Pinoepra. Henosiku teopii bopa

1 BuxopuctoByroun mnocrtynatu (bopa), ymMOBM KBaHTyBaHHA OpOIT Ta JesiKl 3aKOHU
KJIJACMYHOI MEXaHIKU, bop cTBOpHUB HamiBKIIACHYHY TEOpI0 BOAHENOAIOHOTO aroMma. PosrisiHemo
JETATBHO IO TEOPIIO.

BiamosinHo mo moneni atoma Pesepdopra enekTpoH y BOJHENOAIOHOMY aTOMI PyXa€eThCs B
I0JI1 aTOMHOTO siJipa 13 3apsiioM Ze 1o koay mia aiero cuiu Kynona. Ilpu Z =1 Ttaka cucrema
BIJINIOBIIa€ aTOMY BOJIHIO, IPU IHIIMX Z — BOJHENOAIOHOMY 10HY, TOOTO aroMy 3 HOPSIKOBUM
HOMEpPOM Z , y SIKOTO BUJIYy4Y€H1 BCl €JIEKTPOHM, KpPIM OJHOT0. B aToMi €IeKTpoH mia i€l CUIn
Kynona pyxaerscs 1o xKoy10Bii opOiTi pagiyca 7 31 MIBHIAKICTIO V 3 JIOLEHTPOBUM IMPUCKOPEHHIM

2 .
Apoy =V /r. PiBHSHHS Apyroro 3akoHy Hel0TOHA JUIS €JIEKTpOHA B IbOMY BHUIIAJKY MA€ BUTIIST
v? 1 Ze?

MGy = , 20O Mo = (4.1)
0

Takox 3rifHO 3 HepumuM IMoctyiatoM bopa enekTpoH Moke pyxaTtucs TUIBKH IO
CTal[lOHapHHUX OpOiTax, I AKMX MOMEHT IMITYJIbCY €I€KTpoHa L =m,Vr BIINOBIAHO A0 IIPAaBHIA

KBaHTYBaHHs OpOIT 3a/10BOJIbHSIE YMOBY:
m,or =nh (n=1,2,3,...). 4.2)



Yucno n y Bupasi (4.1) Ha3MBAETBCA 20I06HUM KEAHMOBUM HUCTOM, € M, — Maca €IeKTPOHa;
V - HOro WBUJKICTh; ¥ — pajlyc opOitu; # — crana [lnanka.

Cucrema piBHsHB (4.1) (4.2) MOBHICTIO ONMUCYE MTOBEAIHKY €JIEKTPOHA Y BOJIHETIOIIOHOMY
aToOMI.

BuxmounBmy mBUAKICTE V 13 piBHAHB (4.1) 1 (4.2), oTpumaemMo Bupas s pajiyciB
CTaIjioHapHUX OPOIT:

o,
r=r,=4ne,———n" (n=12,3,...). (4.3)
m,Ze

Paniyc mepmoi opOitu (n=1) aroma BoaHwo (Z =1) Ha3zuBaeThcsi OOpIBCHKUM paziycom. Horo
3HAYEHHSI IOPIBHIOE

7, =0,529 107'% m. (4.4)

Binznauumo, mio OOpiBChKUN pajilyc Ma€ MOPsI0K 3HaYEHHs Ta30KIHETUYHHUX PO3MIpIB aToMa.
BuyTpimHs eHepris atoma CKIaJaeTbecs 3 KIHETHYHOI €HEeprii elIeKTpoHa (AIpo €
HEPYXOMHUM) 1 €HEprii eJeKTPOCTaTUUHOI B3a€MOIII €JIEKTPOHA 3 SAPOM:

B mel)2 1 Zze*

E —
2 4re, r
3 (79.1) BurmuBae, 1mo
my® 1 1 Ze*
2 24me, r
OTxe,

1 ze* 1 ze2 1 Ze

E

8ne, r 4me, r 8ne, r

[TincraBuBmu crogu Bupas (79.3) mans r, 3HAWAEMO 3HAYEHHsI €HEPrii aToMa Ha CTaIllOHAPHUX
opOiTax:

2
1 m,Z%e* 1

E=E =- —
dme,  20° n?

n

(n=1,2,3,...). (4.5)

Sk GaurMo, NMOBHA €HEPris BOJHENOAI0HOTO aTOMa BU3HAYa€eThCs yucioM #n. CaMme ToMy YUCIO 7
OTpUMAJIO Ha3BY r0JIOBHOTO KBAHTOBOI'O YHCIIA.
IIpu nepexoni aroma BojaHIO (Z =1 ) 31 cTaHy n B CTaH m BUIPOMIHIOETHCS (DOTOH,
EHEePTis SIKOTO BU3HAYAETHCS APYrUM mnoctyinaroM bopa
2 4
ho=E, —E =— — e? iz—iz
dre, 2n° n° m

YacToTa BUIPOMIHIOBAHOTO CBITJIA JOPIBHIOE

2 4
E,-FE, 1 me’ 1 1 1 1
W= =

= - R —_—

h 4me, 20 m? n? m*  n’

Mu npuitinu 1o y3aranbHeHoi gopmynu banbmepa, nmpuyomy ans cranoi Pigbepra orpumanu
3HAYEHHS
2 4
R= 1 ML 507100 (4.6)
4me,  2h°

Sk ©6aumMo, IpU MiICTaHOBI Y BUpa3 (79.6) YUCIOBUX 3HAYEHb M1,, € 1 I OTPUMYEMO BEIHYHHY,
10 JIy’Ke T0Ope y3roKY€EThCS 3 eKCIIEPUMEHTAIBHIM 3HAaYeHHsIM cTajoi PinOepra.
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2 Teopis bopa bOyna eenuxkum Kpoxom y po3eumky meopii amoma. BoHa MOsCHHWIIA DPsij
eKCIEPUMEHTAJIbHUX (aKTIB, cTaja MOTYKHUM CTUMYJIOM JUIsi HpPOBEICHHS Oaratbox
eKCIEPUMEHTAJIbHUX JOCHIIKEHb, K1 PUHECIH BaXKJIMB1 pe3yibTaTd. HaBiTh y TUX Bunaakax (a
TaKUX BMIAJKIB Oyia OUIBLIICTH), KOJU TEOPis HE MOTJIA KUIBKICHO MOSCHUTH Oarato sBULI, JBa
noctynatu bopa Oynu KepiBHOIO HUTKOIO Mpu Kiacugikauii 1 AKiCHIM iHTeprperanii nux ssuml. Ha
iX OCHOBI, Hampukiaja, OyB KiIacHU(pIKOBaHWN BEIMYE3HUN EMIIIPUYHUN Marepiajl aTOMHOI M
MOJIEKYJISIPHOT CIIEKTPOCKOIII.

Ilicna nepwux ycnixie meopii bopa yce uimkiwe npossiinucsa ii medonixu. OcoOIUBO
TSDKKOIO OyJia Hesdaua npu nobyoosi meopii amoma 2eito — OJHOTO 3 HAUIIPOCTIIIUX aTOMIB TICIIS
aToMa BOJHIO.

Camoro crmabkoro ctopoHoto Teopii bopa Oyna i BHYTpIIIHS JIOTIUHA CYNEPEWINBICTh: 860HA
He Oyra Hi NOCNI008HO KIACUYHOMW, HI NOCNI008HO K8aHmMO6ow meopicio. llicnsa BIAKpHUTTS
XBUJILOBUX BJIACTMBOCTEH PEYOBHMHHU CTAJIO 3pO3yMmiio, 10 Teopis bopa, sika omupaerhcs Ha
KJIJACUYHY MEXaHIKY, € MepeXiTHUM eTarioM Ha IIJISXY JO CTBOPEHHS MOCIII0BHOT KBAHTOBOI TEOPIi
aTOMHHUX SIBUIII.

TEMA 2 XBWJIbOBI BJJACTUBOCTI MIKPOYACTHUHOK

§ STinore3a ne bpoiinsa. Josxuna xBuiai ae bpoiiiasi 1 elekTpoHa, MO BiJbLHO
pyxaerbcs

1 VY pe3ynbTari NOMMPEHHS YSIBIEHb PO MPUPOLY CBITIA 3'ICYBAJIOCS, IO CBITJIO BUSBJISE
KOPIYCKYJIIPHO XBWJIBOBUH ayanisMm (HOJBiMHICTE). B onHuX sBUIaX MNpoOSBISIETbCA HOro
XBWJIbOBA MPHUPOJA, 1 BIH Bele cebe [K eNeKTpOMarHiTHa XBWwiIsl (iHTepdepeHuis, AUQpakilis), B
IHIIKX SIBUIIAX MPOSBIISETHCS KOPIYCKYJSIpHA MPUpPOJA CBITJA, 1 BIH Beae cede [K MOTIK (POTOHIB
(poroedexr, sBuiie Komnrona).

VY 1924 p. oe Bbpoiny eucynye cminugy 2inomesy, wo 0yaiizm He € 0COONUBICMIO MINbKU
ceimna. Bin npunycmue, wo i uacmunKku peuosuHu nopso 3 KOPNYCKVIAPHUMU 1ACMUBOCMAMU
Maroms makodic i X6Unb06i (KOPRYCKYIAPHO-X8UIbOGUTL 0yaAni3m YacmuHnok). /le bpoiins nepenic
HA 4aCMUHKU pe4oBUHU MAKI cami Npasuia nepexooy 6i0 KOPNYCKYIAPHUX XaApaAKMepucmux 00
XUNILOBUX, AKI € CNPABEOTUSUMU )Y BUNAOKY CEIMIA.

Tak BimoMo, 1110 (POTOH CBITJIA MA€E EHEPTIIO

E=how (5.1)
W IMITYJIBC
p=2mh/h\, (5.2)
SIK1 TIOB’sI3aHi 3 4aCTOTOIO () Ta JOBXXHHOIO A CBITJIOBOI XBHIIL.

3a rinore3oto e bpoiinsg pyx Oyab-sSKOi YaCTUHKU IMOB'SI3aHUN 13 XBWJIBOBHM IIPOLIECOM,
JOBXKUHA XBUJI1 BA3HAYAETHCS aHAJIOTTIHO 110 (5.2)

A=2mh/ p (5.3)

a yacToTa — aHajorHo o (5.1)
(5.4)

Dopmynu (5.3) ma (5.4) eusnauaromo 0o6xcuny ma wacmomy xeui oe bpoina (xeuni,
w0 6ionosioac YacmuHyi pe4oeuH).

2 Bce BuKJaJeHE BUIIE € TIIOTETUYHUM 1 TOMY HE Ma€ J0Ka30BOi cuid. TouyHuM
JIOBE/IEHHSM a00 CIpPOCTYBAaHHSAM OTPUMAHUX PE3YJIbTAaTIB MOKe OyTH TUIBKU JOCHIA. Y SKHX caMe
SBUILAX MPUPOJU MOXKYTb BHUSBHUTHUCS XBUJIbOBI BJIACTUBOCTI PEYOBUHH, SKIIO BOHU JIHCHO
icHytoTh? HeszanexHo Bia Qi3UyHOI NPUPOIU XBUIIb O TAKUX SBUIL BIIHOCATH IHTEp(epeHiio i
mudpaxiiro. besnocepeHb0 BEIMUYUHOIO, SIKA TYT JOCTIKYEThCS, € MOBKHHA XBWI A. Y BCIiX
BHUIMAJKaX JOBXHHU XBWJIb J€¢ bpoitns BuszHaudatothes (opmynoro (5.3). 3actocyemo ii 1o




HEPENIATUBICTCHKOTO PyXy YacTUHOK. [l €NEeKTPOHIB 3 Macol m,, sKi MPUCKOPEH1 PI3ZHUIICIO
noTeHuianiB U , IMITyJIbC BU3HAYAETHCS 13 3aKOHY 30€pexeHHs eHepril

2 2
P MY eU,
2m, 2
TOOTO
P =4/2eUm, . (5.5

Toni 3 (5.3) orpumaemo

A =2nh/,2eUm, . (5.6)

Busznauumo ooexcuny xeuni oe bpoiinsa ons enekmpoHnis, sKi npuckoperi Hanpyeoio 6io 100 B
0o 10 kB. TlincTaBuBUIM y CHIBBIAHOLIEHHS (5.6) BIAMOBIIHI YMCIA, OTPUMAEMO, 1O O08HCUHA
xeuni oe bpoiina maxoeo enekmpona 3minroemovcs 6i0 0,39 um 0o 0,012 Hm, mobmo sionosioae
PEeHM2eHIBCbKOMY 0iana30Hy.

Taxum uunom, oosxcuna xeuni e bpoiina Ons enekmponie, sKi npuckopeHi Hanpy2or 6i0
100 B 0o 10 kB, maroms maxuti camuil nopsooK, wo U O08HCUHU XBUb PEHMEEHIBCbKUX NPOMEHIE.
Tomy ougpaxyito makux enexmpoHié NOmpioHO HAMALAMUCS WLYKAMU MemoOaMU, AHAL0IYHUMU
00 mux, AKI 3aCMOCO8YIOMbCs Y 6UNAOKY peHmeeHiscbkux npomenis. OqHak rinoresa ae bpoitns
ySBJISUIaCh HACTUIBKM (DAaHTAaCTMYHOIO, IO MOPIBHSIHO JOBrO HIXTO 3 E€KCIIEPUMEHTATOpPIB HE
HamaraBcsl ATy ii eKCliepuMeHTalIbHIN NepeBipli.

§ 6 Mocainu [desicona ii xxepmepa. locainm Tomcona it TaprakoBcbkoro

1 I'imote3a ne bpoins Oyna miaTBepkeHa eKCIepUMEHTalbHO B jaociifax JleBicoHa i
Jlxepmepa, a Takox Tomcona (1927) ta TaprakoBChKOTO.
Hesicon 1 [Ixepmep pocaipkyBanu B 1927 p. Binourrts

€JIEKTPOHIB B1JI MOHOKpHCTaja HIKENIO, 110 HAJEXHUTh A0 KyOluHOT Io
cucteMd. By3pkuii My40K  MOHOCHEPIeTHYHUX  CJIEKTPOHIB ragbBa-
CIpSMOBYBaBCS Ha IIOBEPXHIO MOHOKpHUCTalla, SKUM  OyB HOMETpa

BiUUTIQOBAaHUN  MEpPHEHAUKYISIPHO 1O  BEIMKOi  JllaroHalni
KPUCTAJIIYHOT KOMIpKH. BiaOuTi  enekTpoHH  BIIOBIIOBAIUCA
UWITIHIPUYHUM  €JIEeKTPOAOM, SKUH OyB  NpPUEAHAHUM [0
rasibBaHoMeTpa (puc. 6.1). [HTeHCHUBHICTP  BIAOMTOrO  Iy4yKa
OLIIHIOBANACA 3a CHJIOK EJIEKTPUYHOIO CTPyMy, IO IPOXOJIUTH
yepe3 rajabBaHOMETP. 3MIHIOBAIMCS IIBHMJKICTh €JNEKTpOHIB 1 KyT ¢. Ha puc. 6.2 mokazana

Pucynok 6.1

3aJIe)KHICTh CUJIM CTPYMY, SIKa BUMIPIOBAJIacs TaJlbBAHOMETPOM, Bl KyTa () IpPH PI3HUX €HEPrisix
€JIEKTPOHIB.

BeprtukanbHa Bich Ha rpadikax BHU3HAYa€ HANpsIM €JIEKTPOHHOIO Iy4yka, L0 Maja€e Ha
MoHOKpucTan. Cuia CTpymMy B 3aJIaHOMY HampsIMKy BiIOOpakaeThbCsl JOBXKHHOKO Bimpi3Ka, SIKAN
IIPOBEJICHO BiJ MOYaTKy KOOPAMHAT JO TOYKH IMEPEeTHUHY 3 KPUBOIO. 3 PHCYHKa 0adyumMo, IIO0
pO3CIIOBaHHSI BUSIBUJIOCS OCOOJMBO IHTEHCHMBHUM IIpH IE€BHOMY 3HauyeHH1 kyta ¢@. Llei xyr

BIIMIOBIIaB BUIOMTTIO BiJA aTOMHMX IUIOIIMH, BiICTaHb ¢ MDK SKUMH Oymna Bimoma 3
peHTreHorpaduHuX AociaikeHb. [lpu qaHoMy @ cuia cTpymMy BUSIBUJIACS OCOOIMBO 3HAYHOIO MTPU
MIPUCKOPIOBANIbHIN HaMpy3l, sika JopiBHIoBasa 54 B. O6uuciena 3a popmyroro ne bpoitnsg nosxuna
XBUJI1 €JIEKTPOHA

A (6.1)

14
p 2meU
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sKa BiAMoBimae 1id Hampysi, gopiBHioe 0,167 HM. bperriBcbka JOBXKWHA XBWIII, IO BiAMOBIIA€
yMoBi® (zuB. nuTaHHs «{HbpaKIis HA IPOCTOPOBHX CTPYKTYpax. 3akoH Bymbda-Bperray)

2d sin 6 = mA

nopisaioBana 0,165 HM. 30ir WX JOBXKWH XBWJIb HACTUIPKUA Bpa)Kalouui, mo gociiau JleBicoHa i
Jl>xepmepa BU3HAHO OJMCKYYHM MIATBEPKEHHSIM 171e1 e bpoiis.

2 =

= = = = =

" o~ N he <

o0 ~ O - —

— — — < =)

T e =

<

Y
\ 4 \ 4 Y
44 B 48 B 54B 64 B 68 B
Pucynox 6.2
2 I'IL.Tomcon (1927) 1 He3anexHO Bif HHOTO doTo-
[1.C.TapTakoBChKUI OTpUMATTN AUPPAKITIHHY KapTHHY ®onbra T —
IpU TOPOXOPKEHHI E€JIEKTPOHHOIO IydykKa uepe3
MetanieBy (¢Gonbry. Cxema jgociinmy TmojgaHa Ha _ P
puc. 81.3. quQK | CJEKTPOHIB,  NPHCKOPEHUH _ o -
PI3HHIICIO MOTCHIIATIB MOPSIKY ACKUIBKOX [CCATKIE ppssefe—"— — — — —
: <
KUIOBOJIBT, MTPOXOAMB Yepe3 TOHKY METaJeBy (OIBIY Iy ST~
" 1 . ~
i momajgaB Ha q)OTonJI'a(':THHKy. Enextpon npu ymapi €JEKTPOHIB ~.
00 (oTOIUIaCTHHKY Bifirpae Taky caMy poJib, 5K 1
¢doToH. OTprIMaHa TaKUM CIIOCOOOM €JIEKTpOHOTpama
Pucynok 6.3

3omota (puc. 6.4a) monidbHa [0 PEHTTEHOTPaAMHU

anmoMiHio (puc. 6.460), axka oTpuMaHa B aHAJOTTYHUX yMOBax. [1omiOHICTE 000X KapTHUH BpaxKae.
[lrepr i1 Horo CHIBPOOITHUKHU TOKa3alH, IO AWQPAKIIiHI SBHUINAa MAIOTh MICIE TAKOX 1 JJIs
aTOMHHX Ta MOJIEKYJSIPHUX TydYKiB. Y BCIX MepeliueHuX BUMAAKax IJuQpakifiiiHa KapTHHA

BIJIMTOB1/1a€ JOBKUHI XBHJI1, SIKA BU3HAYAETHCS CHIBBiIHOMIEHHM (6.1).

a o
Pucynok 6.4

. .. T
* Kyt koB3aHHs O MOB’s13aHUIt 3 KyTOM () CIBBifHOIIEHHSIM 0 = E——.
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§ 7 CraTucTuyHa iHTepnperauisi XsuJb ae bpoiins

Sxuit xxe Qi3uYHUMA 3MicT XBWiIb e bpoiis 1 sikuil iX 3B'A30K 13 YaCTMHKaMH PEUYOBUHU?
O06’€exTH MIKPOCBITY € YACTUHKAMU, YA XBUIISIMU?

1 Oona 3 xubHnux cinomes, 3a nonomororo sikoi [pexinrep cnpoOyBaB BIANOBICTH Ha II€
MATaHHS, a TOTIM IIBHUJKO BIIMOBHBCS Bl HEl, moJiarae y takomy. Hiskoro mayamisMy XBWJIb 1
YaCTUHOK Yy JAIMCHOCTI He iCHYe€. ICHYIOTh TUIbKM XBHWJIL. YacCTHHKHM X € CYNEpPIIO3HIII0 XBHIIb.
CrmpaBa B TOoMy, 110 4epe3 MareMaTudyHy TeopeMy Dyp'e i3 XBuwiIb pi3HUX YACTOT 1 HANPSAMKIB
3aBXK/JIM MOKHA CKIIACTH X68UIbOGUL naxkem, TOOTO Take XBUIILOBE YTBOPEHHS, L0 NPU HAK/IaJIeHH] B
MeBHUH MOMEHT 4acy XBWJI1 OyIyTh MiACHIIOBATH OJIHA OJHY B JIESAKiM Malliii 00J1acTi mpocTopy, a
mo3a L€ 00JacTi0 BIIOYIEThCS iX MOBHE TaciHHA. Takuii X6unbosuil nakem i € 4acmuHKd.
[nTeHcuBHICTh XBWIb A€ bpoins po3risgaerbcs TYT SIK BEIMYMHA, SKa MPOMOPIIHHA T'yCTHUHI
CepeIOBUINA, 3 SIKOT YTBOPIOETHCS YACTHUHKA. 37aBajiocs, 110 MIATBEP/HKEHHIM TaKoi TOUKHU 30Dy €
Ta 00CTaBHHA, 1110 LIEHTP XBUIBOBOIO MAKETa, MOAIOHO 0 LIEHTpa I'PYyIU XBHJIb, IOBUHEH Y BaKyyMi
MOIIMPIOBATUCSA 13 TPYMOBOIO IIBUJIKICTIO. A TpynoBa HMIBUAKICTb XBUIb A€ bpoilns 1 nopiBHIOE
HIBUAKOCT] YacTUHKU. O/IHaK XBWJIbOBUN MaKeT HE MOYXKE MOBOJUTHUCS SIK YaCTUHKA TPUBAJIMI yac.
[IpuunHOIO LLOTO € Te, L0 HaBiThb y BaKyyMi XBuil jae bpoins maioTe ducnepcito. Bracninok
JUcrepcii Takuil XBUJIbOBUM MakeT OyJe €BOJIIOLIOHYBAaTH B yacli. MOHOXpOMaTHYHI XBUJII PI3HUX
4acToT, 3 SIKMUX YTBOPEHUI MakeT, OyayTh PO3XOIUTHUCS 3 PI3HUMHU (Pa30BUMH MIBUAKOCTSIMHU. Lle
npusBene 10 Aedopmariii, po3IIMBaHHSA 1 3pEIITOI0 /10 po3nady MEPBICHOTO XBUJIBOBOIO MakKeTa.
TakuM 4MHOM, YaCTHHKa, SKIIO BOHA Oyila XBHJILOBUM YTBOPEHHSM, Oyiia O HECTIMKOIO i IIBUAKO
posmananacs 6. Lle »xogHOI0 Mipoto HE BianoBigae AiMCHOCTI. Takum yunom, yacmuHka He ModHce
Oymu X6unb06uM naKemom, ymeopenum iz xeuip oe bpoiina.

2 He mooicna npuiinamu i npomusiedcHy moyky 30py. NepeUHHUMU € YACMUHKU, d X6UTI
npeocmasnAomy iXHi YmMEOPeHHA, MOOMO GUHUKAIOMb Y Cepedosulyi, wWo CKIA0AEMbCA I3
YACMUHOK, NOOIOHUX 00 38VKY, WO NOWUPIOEMbCA Y nogimpi. JIIHCHO, Take cepeOBUIIE TTOBUHHO
OyTH JOCHUTH IIUTBHUM, TOMY IO MPO XBWUJIl B CEPEIOBUIL YACTMHOK MA€ CEHC TOBOPUTHU JIHIIIEC
TOI1, KOJIM CEepeHs BIJICTaHb MDK YaCTUHKAMH € J1y>KE€ MaJIOI0 y TOPIBHSAHHI 3 JOBXKHUHOIO XBWIIL. A
B TUIOBHMX BHUMAJKax JUIsl XBWIb 1€ bpoilng 181 ymMoBa He BUKOHYEThCS. AJjie SKIIO O HaBITh MU
nepeboposiu 11e YTPYAHEHHs, TO BCE-TaKM 3a3Hau€Ha TOYKa 30pYy MOBUHHA OYTH BIJKUHYTA.
HacnpaBai BoHa 03Hauae, 10 X6UIbOGI 61ACIMUBOCIT NPUMAMAHHI cucmemam 6a2amvox 4acmox, a
He okpemum yacmunkam. TUM yacoM XBUJIbOBI, IHTEp(EPEHI[1IIH] BIaCTUBOCTI YaCTOK HE 3HUKAIOTh
1 MpU MaIMX IHTEHCHUBHOCTIX Majarunx mydkiB. lle Oymo moBeneHO NpSIMHUMHU JIOCHTIIaMU
bibepmana, Cymkina i @abpukanta 3 enekrpoHamu. Y gociigax bibepmana, CymkiHa #
dabpukaHTa 3aCTOCOBYBAIMCS HACTUIBKH CIIA0K1 IMyYKH €JIEKTPOHIB, IO CEPEIHIA MPOMBKOK Yacy
MDK JBOMa TIOCHIJOBHUMH TMPOXO/PKCHHSIMHU €JIEKTpOHAa depe3 audpakiiiiHy cucreMy OyB
npuban3Ho B 30 000 pa3iB Ouibliie Yacy, sikeé BUTPAYAETHCSI OJTHUM E€JIEKTPOHOM Ha MPOXOKEHHS
BCHOT'O MpHJIay. 3a TAKUX YMOB B3a€EMO/IiSI MDK €JIEKTPOHAMM, 3BHUAiiHO, HE BIrpaia HisIKOT poJIi.
Tum yacoMm mpu AOCUTH TpHUBANIN E€KCHO3ULII BUHHMKaNAa AUQpakiiiiiHa KapTUHA, SKa HIYUM HE
BIJpi3HsIAcCS B KapTUHU, 110 OTPUMYBAJIM IPHU KOPOTKIA E€KCHO3ULIl 3 My4YKaMH EJIEKTPOHIB,

iHTEeHCHBHICTb AKHX Oyaa mpuGmusno y 107 pasiB Ginbime. BaxiueuM e Te, mo B 060X BHIAIKAX
3arajibHe YMCJIO €IEKTPOHIB, K1 MOTpanuian Ha (JOTOIIIACTUHKY, Oys10 onHakoBe. Lle mokasye, mo i
OKpemi 4acmuHKU Mawomo Xeunvoei enacmugocmi. 11001YHUM JOKa30M LILOTO € TaKOX Te, II0
XBUJILOBI BJIACTUBOCTI MAIOTh €JIEKTPOHU aTOMHHUX 000JIOHOK, HAITPUKJIIA, €AUHUN €IEKTPOH aToMa
BOJIHIO, 1 TP LILOMY IIPO CEPEIOBUIIIE, III0 YTBOPEHE €JIEKTPOHAMHU, TOBOPUTH HE JOBOUTHCS.

3 Tak sikuii xe Qi3uuHuil 3MicT xBWiIb A€ bpoitna? Ll{o6 BignosicTu Ha BUIENOCTaBIEHE
MUTaHHS, PO3TJITHEMO Takuil ekcriepuMeHT. [IpumycTumo, 1m0 Mmy4oK 4acTUHOK (ISl BU3HAUEHOCTI
OyZeMO TOBOPUTH MpO €JEKTPOHH) NaJae Ha JAEIKUM JUPPaKIIMHUA OPUCTPIM, HAIpPUKIAL
KpucTasl. SIK MOKa3ylOTh €KCIIEpUMEHTH, Audpakiis BiacTUBa W XBWIsAM Je bpoilnsa, mo
BIJINIOBIAAI0Th TUIBKM OJIHIM 4YacTUHLI. TOMy MOXHa HPUITYCTUTH, IO Yy IY4YOK, SKUN Majae,
CKJIQJIa€ThCSI BCHOTO 3 OJHOrO enekTpoHa. [Ipu mpoxo/pKeHHI BIANOBIIHOI €JIEKTPOHHOI XBUIIL 1€
bpoilnis yepe3 kpuctasm BoOHa pO30MBAETHCS Ha KUlbKa AMQpaKmiMHUX Ny4ykiB. He moocHa
NpuUnycKkamu, wo 6 KOJICHOMY 3 MAaKux MNyyYKi6é 3HAXOOUMbCS AKACL YACMUHKA eNeKmpOHd.
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Enexmpon Oie 3a6ixcou sk yine i HIKOIU He NPOABNAEMbCA UYACMUHA ENIeKMPOHA, — V UYbOMY
NPOAGNAECMbCA AMOMI3M, wo enacmueuil mikpocsimy. llpumycTumMo, 10 Ha LUIAXY OJHOTO 3
IU(pparoBaHUX MYUYKiB MOCTABJICHUHN JIUMIBHUK JUIS BJIOBJIOBAHHS €JEKTPOHIB. SIKIIO JIUMUIbHUK
CIpalLbOBY€E, TO BIH 3aBXKJIU BUSBISE LUIMNA €JIEKTPOH, a aX HIIK HE MOro 4actuHy. I3 mporo He
MO)XHAa 3pOOMTH BHMCHOBOK, IO JO BHSBIICHHS €JIEKTPOH 3HAXOJUBCS TUIBKM B OJHOMY
pO3riIsiHyTOMYy audparoBaHoMy Iy4Ky, a TOMY BcCl iHIII AudparoBaHi My4YKd HIIKOI poJil He
BiIIrpaJii — IX MPOCTO HE icHyBajio. Taka Touyka 30py Oo3Hayana 0, 10 €JIEKTPOH MPOXOJUTh Yepe3
eKCIEPUMEHTAJIbHUI NPUCTPIN K MaTepiajibHa TOYKa KIACHUYHOI MEXaHIKu. [le € mecymicHum 3
asuwjamu inmepgepenyii i oupparyii erekmponie. SIKIO MOBTOPUTH TOW CaMHI JTOCHTI 3 1HIIIUM
€JIEKTPOHOM, TO €JEKTPOH BUSBUTHCS TaKOK B OJIHOMY 3 JU(PparoBaHUX IYyYKiB, aj€ B 3araJibHOMY
BUIAJKY HE B ToMy camomy. [loniOH1 TpynHomi 3Mycunu bopHa 3anponoHyBaTH cmamucmuyny
inmepnpemayito xeunv 0e bpoiina, wo 0o360151€ 06’ cOHamu amomizm 4aCMUHOK 3 iX XBUTbOBUMU
671ACMUBOCMAMU.

4 Bionosiono 0o cmamucmuuHoi inmepnpemayii xeuni oe bpouna nompiono pozenadamu
AK X6uJi mogipHocmi. A came: inmencugnicmos xeuui oe bpoiina 6 6yov-axomy micyi npocmopy
NPONOPUIIHA UMOGIDHOCMI 6UAGUMU YACHMUHKY 6 uboMy micyi. Ane cTaTuCTHYHI a0o
IMOBIPHICH1 BJIACTUBOCTI YACTUHOK MOKYThb OyTH BCTAHOBJIEHI Ha JIOCJIi/Il HE 3 OJJHOIO YaCTUHKOIO,
a nuie 3 baeamvma yacmunkamy ado TUIBKU 3 OJHIEI0 YACTHUHKOIO, SKILO JOCHII 32 IEBHUX YMOB
noemopeHnuti bazcamopazoso. I'0BOPUTH TIPO CTATUCTUKY ¥ IMOBIPHICTH MAa€ CEHC JIUIIE CTOCOBHO
MEeBHOI CYKYITHOCTI €JI€MEHTIB, /10 SKHX Il MOHSATTS BIAHOCATH. Lle Moxe OyTu abo CYKYITHICTB
0aratbOX OJHOYACHUX €JIEMEHTIB, SIKi CIOCTEPIraloThCsl, a00 OJMH €JIEMEHT, KN CIIOCTEPIraeThCs
y MOCHIJOBHI MOMEHTH 4acy. Takl CyKyImHOCTI €JI€MEHTIB y KBAHTOBIA MeXaHill Ha3uBalOThCA
Keanmosumu ancamonamu. Keanmoesuii ancamobny, i ye € 0OHUM 3 OCHOBHUX NOJIOICEHb KEAHMOBOT
MEXAauiKu, peanizyemuvcs WAAXOM BCMAHOGIEHHS OesKUX Makpockoniunux napamempis. lle,
3BHYAalHO, HE O3HAyae, 1[0 XBHJILOBI BJIACTUBOCTI BJIACTHBI aHcaMOJISIM YacTUHOK, a HE CaMUM
yacTUHKaM. AHcaMOJ11 HeOOX1/1H1 TUIbKU JJISl 6Us6/1eHHs TAKUX BIaCTUBOCTEH.

55k 31 CTaTUCTUYHOI TOYKH 30py TMOSCHIOETHCSA AUQPAKIlsT YACTUHOK, HAIPUKIA]
enekrpoHiB? Ilepen BiayueHHSM Ha JupakUiiHUNA OPUCTPIM EJNEKTPOHH MPOXOJAATH IEBHY
MIPUCKOPIOBAJIbHY PI3HUIIIO TIOTEHLIANIB, K1 BIANOBIIAE OJIHE 1 TE€ caMe 3HAYEHHS JOBXKUHU XBUII
ne bpoiins. [IpuckoproBalibHUN MOTEHLIAN 1 € TUM MAaKpOCKOIIYHUM IMapameTpoM, IO BUILISE
KBAaHTOBUU aHcaMmOib yacTuHOK. Hexail peectpairiss €leKTpOHIB BHUKOHYETHCS 3a JOTIOMOTOIO
¢doTomnacTuHkM. Y sike miclie (OTOIIIACTUHKY MOTPANUTh IHAUBIAYaJIbHUM €JIEKTPOH, TI0CTOBIPHO
nepe10avyuTH HEMOXJIMBO; 1€ MOKHA 3pOOUTH TUIBKU 3 THM a00 IHIIMM CTYIEHEM IMOBIPHOCTI.
IMOBIpHICTP BIy4eHHsS €JIEKTpOHa B Te abo IHIIE Micle (OTOIIACTUHKHU MPOMOpLiiHEe
IHTEHCUBHOCTI XBWJI1 Jie bpoiinsg B upomy Micui. OkpeMuil €1eKTpOH 3aiuiiae Ha (HOTOIUIACTUHLI
(micns 1 mposiBy) misiMy. SIKIIO e€eKTPOHIB Mayo, TO (OTOIUIACTUHKA OyJe HaraayBaTH MIILIEHb,
0 TPOCTpPeNieHA HEBEIMKOI0 KUIBKICTIO KyJb. Y pO3MIIMIEHH]I IJIIM Ha (POTOIIACTHUHIN HE
BUSIBUTBHCSI HISIKOT 3aKOHOMIPHOCTI. 3aKOHOMIPHICTh OyZ€ CTaTUCTUYHOIO, KOJIM Ha IUIACTHHKY
MOTPAIUTh AyKE 0arato eJeKTpoHIB. Y 1IbOMY BUMAJKY BOHU NEPEBAKHO MOTPAILIATH y T1 MICUS
(bOoTOMIaCTUHKY, Ji€ MOBUHHI OyTH AudpakiiiiHi MakcuMyMmMu XBWUJIb A€ bpoitna. CykynHicTh
BIANOBIAHUX IUISIM 1 € JAU@pakliiiHOI KapTUHOK, IO OTpUMYyeThbcs Ha Jjociuial. [lokum
€JIEKTPOCTATUYHE BIAIITOBXYBAaHHS MDK €JIE€KTpOHaMM HeCyTTeBe, nudpakuiiiHa KapTuHa Oyne
OJIHIEI0 ¥ TIEI0 CaMOIO HE3AJIEXKHO BiJ TOTO, Y YTBOPHUTHCS BOHA €JIEKTPOHAMH, IO MOCIIOBHO
MIPOXOJIATh MO OJHOMY Yepe3 Mpuiiaj, ado Bipa3dy IHTEHCUBHHUM ITyYKOM OJHAKOBO MPHUCKOPEHUX
€JIEKTPOHIB, SIKUM CKJIAIa€EThCSI 3 TAKOTO CAMOT'0 YKCia YaCTHHOK.

§ 8 CniBBigHOIeHHs1 HeBU3HAYeHOcTeill 'eiizen0epra

1Y knacuuHid MexaHIll CTaH MaTepialbHOI TOYKM B JIOBUIbBHMM MOMEHT 4acy
XapaKTEPU3YEThCS 1l nON0dICeHHAM U IMNYTbCcOM, TOOTO MOYHA OJHOYACHO BCTAHOBMTHU iX TOYHI
3HA4EeHHs KOOPAMHAT Ta IMIYIbCY. [ peanvHux MIiKpOYacmuHOK MUMMEGULU CMAH He MOJICHA
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Xapaxkmepuszyeamu mMOYHUMU 3HAYEHHAMU IX Koopounam U imnyaecy. Ilpuuuna yvoco nonseae y
momy, wo 6y0b-aKa MIKPOUACMUHKA MAE SIK KOPNYCKVAAPHI, MAK [ X8UNbOSI 1ACMUBOCHI.

He moxHa cka3aru, 10 B NIEBHIN TOYIlI POCTOPY JOBKUHA XBUIII JIOPIBHIOE A, SKIIO TPO
XBWJIbOBE IIOJI€ Yy BCIX IHIIMX TOYKaX IPOCTOPY HIYOro He BigoMo. JloBkuHAa XBHWII €
Xapaxkmepucmukor cuHycoiou, a CUHYCOila — HecKiHYeHHa nepioouyna kpuea. Bupas «10BKHHa
XBWJI1 B JIaHI# TOYIII IIPOCTOPY X IOPIBHIOE A» 200 «4acTOTa XBHIBOBOTO MPOIECY B I MOMEHT
yacy ¢ JOPIBHIOE (M» HE MAlOTh HIKOTO 3MICTY — BEIMYMHA A HE € PYHKIIIEIO X, & BEJIMYHUHA () —
GbyHKII€EO £.

3 iHII0TO OOKY, SIKIO JESKE XBIJIHOBE YTBOPEHHS 3aiiMae 0OMEeXeHy 00JacTh MPOCTOPY, TO
HOro 3aBXJIM MOXKHA NOJATH CUHycoinaMu. TUIbKM OJHIET CHMHYCOINM JUIsl LbOTO HEIOCTATHBO.
HeoOxinHuii XBUJIbOBUM MAaKeT — CYNEPHO3ULIS BEIMKOI KUIBKOCTI CUHYCOIJ PI3HUX 4acToT, SKi
MIJICHTIOBANIUCA O y TMEBHOMY IHTEpBaJIl MPOCTOPY W B3a€EMHO TacWJId O OJUH OJHOTO TO03a IUM
iHTepBaJIOM. JSIKIIO JOBXMHA XBWJIBOBOIO IIaKkeTa JOpIBHIOE Ax (3apagu MPOCTOTH MH
00MEXyeEMOCSI OJIHUM BHMIPOM), TO XBHUJIbOBI YHClIa k, K1 HEOOXIAHI JJii WOTO YTBOPECHHS, HE
MOXYTh 3aliMaTW SKHUI 3aBroJHO BY3bKHMH 1HTepBan Ak. MiHIMalbHa ILIMPUHA IHTEPBAIY
XBWJIBOBUX YHCEN XBWJIBOBOTO IMakera Ak, SK JOBOASITb MaTeMaTUKH, IMOBUHHA MPUOIU3HO
3aJI0BOJILHSTHU CITIBBIAHOIICHHS

Ax Ak >2m. (8.1)

Lle — uucmo xsunvose cnisgionoweHHs.

Posrisinemo Tenep XBUJIbOBUM MakKeT 13 XBUJIb A€ bpoilsis, po3MipH sIKOTO il BIAMOBIAHI MEXi
XBWJIBOBUX YHCEN 3a/J0BOJIbHIIOTH yMOBY (8.1). BimmoBimHO 10 cTaTUCTHYHOI IHTepHpeTawii
MMOBIPHICTh BUSIBJICHHSI YaCTUHKU OyJie BiAMIHHA Bl HYJS TUIBKHM B MEXax Makera. A yomy Oyne
JOPIBHIOBATH IMITYJbC YacTUHKH? KoxHII XBUIl Ae Bpoilist 13 XBIJIBOBUM YHUCIIOM Ak BIAIOBIAAE
3HAUEHHA IMIYJIbCY p . =hk (3apaay IMPOCTOTH MU PO3IIANAEMO BHIAJOK PyXY B3IOBXK ocl X ).

[leBHOTO IMIYJIBCY JUIsl BCHOTO MAaKeTa He ICHYe. IcHye HaOIp IMITYJbCIB, 10 3alIOBHIOIOTH IHTEPBAJ
p, =hk no p, +Ap,=h(k+Ak). HeBinomo, axuil iMIynbc Oyze BUABIECHHN Y XBUIIbOBOMY ITaKeTI

pu BUMIpl. Y HalKpaniomy pas3i MO>KHa 3°sICyBaTU TUIbKU HOro WMOBIpHICTh. [Ipu BUMIp1 IMITySIBC
Oyne BHABIEHHMH 3 Ti€l0 a00 IHIIOK MMOBIPHICTIO MDK p . =hk 1 p, +Ap =nh(k+Ak). Towmy,

BUPaXXalO4YH k 4epe3 p., CHiBBIAHOIIEHHS (8.1) MOKHA mepenucaTy y BUTIIAAL

Ax Ap, >2mh=h|, (8.2)

Ile cmiBBITHOIIEHHSI HA3UBAETHCA CHIGGIOHOUIEHHAM aAO0 NPUHUUNOM HEBGU3HAUEHOCHm el
T'eitzenbepza ona Koopounamu i iMRYIbCY YACMUHKU.

CrmiBBinHomeHHs [eii3eHOepra BU3HAYa€ JOMYCTUMY NPUHYUNOBY MedHCy HemouHocmeu Ax
1 Ap,, 3 AKMMH CTaH YaCTHHKM MOKHA XapaKTePH3yBaTH KIACHYHO, TOOTO KOOPAMHATOI X M
IMITyIbCOM  p, . UMM TOYHIIE X, THM 3 MEHIIOK TOYHICTIO MOXIIMBO XapaKTEpU3yBaTH p, , 1
HaBlaku. Alie chiBBigHOLIEHHs [eii3enOepra KOJHUM YMHOM HE MOXKHA TIYMAayUTH Yy TOMY
PO3yMIiHHI, IO YacTUHKA B KOXKHMHA MOMEHT 4acy Mae€ II€BHI 3HAYeHHA X W p,, ajle MM iX
MPUHIIAIIOBO HE MOXKEMO BHU3HAUUTHU 3 OUIBIIOI TOYHICTIO, YUM II€ JIO3BOJISIE€ CIIBBIAHOIICHHS
HeBu3HaueHocTel (8.2). Taka Todka 30py 30BCIM HE BIIMOBINAE€ TPHUPOJI TOCHIIKYBAHHX
MIKpOOO'ekTIB. Cnpasgoicniti 3micm cniggionoutenns (8.2) eioobpaxcae moti ¢paxm, wjo 8 npupooi
00'€KMuU6HO He ICHYE CMAHI6 YACMUHOK 3 MOYHO 6USHAYEHUMU SHAYEHHAMU 000X SMIHHUX X 1 D, .

[Ipunuun HeBu3HaueHocTel OyB cdopmynboBanuil ['eitizenbeprom y 1927 p. 1 craB
BAYKJIMBUM KPOKOM B IHTE€pIpETallii 3aKOHOMIPHOCTEHN MIKpOCBITY i MOOY/I0B1 KBAHTOBOT MEXaHIKH.

2 V TpUBUMIPHOMY BUIIAJIKy KJIaCMYHA YaCTUHKA XapaKTePU3YETHCS TPbOMa NPSIMOKYTHUMU
KOOpJMHATAMU X, Y,z | MOB’A3aHAMH 3 HUMH IMIYJIbCAMH p,,p,,p,. Y LbOMY BHUIAIKY

cniggionouwenna nesusnauenocmei I eiizendepea BupaxarTbcs TpbOMa HEPIBHOCTAMU
Ax Ap,.2h|, |Ay Ap, 2h| |Az Ap, 2 h|. (8.3)
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Hisikux oOmexenb Ha n00yTku Thiy Ax Ap,,Ay Ap, CHIBBIIHOLICHHSA HEBU3HAYCHOCTEH HE
HaKJanaroTh. Bemmunnu x i p,, X 1 p, OJHOYACHO MOXYTh MATH i 30BCIM TOYHI 3HAYCHHSL.

3 Pasowm 3i criBBinHOMmIEHHM (8.1) y XBUITbOBIM T€OPii BABOAUTHCS TaKOK (HopMmya
At Aw=>2T. (8.4)

3MICT IBOTO CHIBBIIHOMIEHHS MOJISATAE B TOMY, 110 OOMEKEHUHN y Yaci XBUJIHOBUH MPOIIEC HE MOXKE
OyTH MOHOXPOMATHYHUM. SIKIIIO MPOIEC TPUBAE MPOTATOM Yacy Af, TO PO3KHJ YaCTOT A® XBHUJIb,
SKUMH 1Ie poLec XapaKTepUu3yeThCsl, Y HAUKpaloMy pa3i 3aJI0BOJIbHSE CHIBBIAHOLIEHHIO (8.4).
Tomy SIKIIO Ui CIIOCTEPEKEHHS! HABITh MOHOXPOMAaTHYHOTO IMPOLIECY HAJlaHO Malui yac Af, TO
yacToTa Mpollecy MPUHUUIOBO OyAe 3HailjleHa B HalkpamoMmy paszl 3 I[OMHUJIKOIO, IO
MIANOPSAAKOBYETHCS CHIBBITHOLIEHHIO (8.4).

k110 9acToTi 31CTaBUTH €HEPrito 3a hopmyrnoro E =hw, To Bupas (8.4) nepeiiae B

At AE>2mh=h), (8.5)

®opmyna (8.5) HA3UBAETHCS CRIGGIOHOUIEHHAM Hesu3Hauenocmeul Ieiizendepea ona uacy i
enepeit.

4 BumiproBaHHs y KBaHTOBIM 00J1aCT1 MPUHIIMIIOBO BIAPI3HIIOTHCS Bl KJIACUYHUX BUMIPIB.
3BUYaifHO, 1 T1 ¥ I1HIII BUMIPIOBAHHS CYNPOBOKYIOThCS MOoMMiIKamMu. OfHaK KiacuyHa (Qi3uka
BBa)Kajia, 10 LUISIXOM MOJIMIIEHHS METOJIUKU M TEXHIKM BUMIPIB MOMWIKH B HMPUHLUII MOXYTh
Oytu 3poOJeHi SK 3aBroJHO MayuMH. HaBmpoTH, 6ionoeiono 00 keanmoeoi @izuxu icHye
NPUHUUNOBA Medca mOYHOocmi eumiploeans. Bona nexcumo y npupoodi peueit i ne modxce oymu
3MEHUeHA HIAKUM YOOCKOHAIIOBAHHAM NPUNAdie i memoodie eumiprosansb. CHIBBIIHOIICHHS
HeBU3HaueHocTel ['eii3eHOepra o BCTaHOBIIOIOTH OJHY 3 TakUX Mex. B3aemoniro Mix
MaKpOCKOIIIYHUM BHUMIPIOBAIBHUM HIPUIAZAOM 1 MIKPOYACTUHKOIO T 4Yac BUMIPIOBAHHS
MIPUHIIMIIOBO HE MOXHA 3pOOUTH SIK 3aBI'OJITHO MaJIO0. SIKII0 BUMIPSETHCS, HAIIPUKIal, KOOpAUHATA
YaCTUHKH, TO BHUMIPIOBaHHS HEMHHY4YEe TPUBOJUTH JIO TPHHIMIIOBO  HemepeOopHOI
HEKOHTPOJILOBAHOI 3MIHM MTOYATKOBOTO CTaHY YaCTHHKHU, a OTXKE, 1 10 HEBU3HAYCHOCT] B 3HAYCHHI
IMITYJIbCY TIPH TOJAbIIOMY BUMIipioBaHHI. Te came BiOyBa€ThCs, SKINO MOPSIOK BUMIPIOBAHHS
KOOPJIUHATH U IMIYJBCY YACTUHKU OMIHATH MICLSMHU.

TEMA 3 KBAHTYBAHHSA ®I3UNYHUX BEJIMYHNH

§ 9 XBuiboBa ¢ynkuia. @®izmuHa cytHicTs Y -QyHkuii. CrangapTtHi yMoBH AJs
XBHJIbOBOI QyHKILII

1 Po3rnsiHeMO 4aCTHHKY, SIKa PyXa€TbCsl BUILHO Yy IPOCTOP1 3 CTAJTUM IMITYJIBCOM P Y3JIOBXK

oci X . Jle bpoilib mpUITyCTHB, 110 3 TAKOK YACTUHKOIO MOB'sI3aHa JIesKa TUI0CKAa MOHOXPOMAaTHYHA
XBUJIA

€ = Acos(wt —kx),

sKa MOLIUPIOETHCSI B HampsAMKY Tiei camoi oci X . CyTHICTH IIi€l XBHJII CIIOYATKy 3aJIMIIANACh
HE3pO3yMiJIOK. 3aMiHMBIIHM BIIMOBIAHO JO TinoTe3u ae bpoitns o i A yepe3 E 1 p, piBHSHHS

XBWJI1 1e Bpoiisis 1y1st BUIBHOT YaCTUHKH 3aITUIIEMO Y BUTIISL
W = dexp|(i/h(px—Et))] . 9.1)

Qyukyito Y Hazuearomv xeunvoeor Qynkyicro (abo nci-pynkyicro). Bona omnucye cran
yactuaku. Oynkuis ¥, gk npaBusio, OyBae KOMIUIEKCHOIO M y psAl BUNAAKIB (KOJIM YaCTUHKA
PYXa€eTbCsl B CUJIOBOMY I10J11) Ma€ HE BJIACTUBUH JJIsl XBHJII HENep1oJUUHUN xapakrep. He3Baxaroun
Ha IIe, 11 1 y IMX BUIIAJIKaX HA3UBAKOTh XBHIIHOBOIO.

2 IlpaBuipHy IHTEpIIpeTalio XBWIbOBOT QyHKUii naB y 1926 p. bopu. 3riqHo 3 bopHom
Keaopam mooyna Xeunvoeoi (ynkuii eusnauae umogipuicme dP mozo, ujo wacmunka 0Oyoe
euseiena 6 mexcax o0'emy dV :
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dP=|¥| av =¥ ¥av | (9.2)

CnissioHowenHs euzHavac i3uyHy cymHicmov Xeunv060i YyHKuii: Keaopam mMooyas Xeujiboeoil
dyukuii 6 Oeakin mouyi npocmopy € 2yCMUHOI0 UMOGIPHOCMI 3HAXO0HCEHHA YACMUHKU 8 Uil

mouyi npocmopy (dP/dV = |‘I’|2 ).

Buxonsun 3 pi3uyHOTO 3MICTY KBajpaTa MOJYJS XBHJIbOBOI (YHKIIIi MOKEMO 3HAWTH, IO
iHTerpai BiJ Bupasy (9.2), y3saTuil B ycboMy IpOCTOP1, HOBUHEH JOPIBHIOBATU OMHMIIL:

YWdy =1. 9.3)

JliiicHO, 1el IHTerpajl Jae€ MMOBIPHICTh TOrO, 110 YacTHMHKA 3HAXOAWUTbCA B OJHIM 13 TOYOK
MPOCTOPY, IO € TMOJIEI0 JOCTOBIpHOIO. Bimomo, 1m0 WMOBIPHICTH JOCTOBIPHOT MOJIi JTOPIBHIOE
omunMIl. Cniggionowenns (84.3) Hazusaroms yMOGOI0 HOPMYBAHHA.

3 3 inTepnperauii bopHa (9.2) BumiuBae, mo KBaapaT MOAYJsS XBUIbOBOI (PYHKIII €
T'YCTUHOKO IMOBIPHOCTI (IMOBIPHICTIO, BITHECEHOIO 70 OJMHUII 00'€MY) 3HAXOKCHHS YaCTUHKHU Y
BIMOBIAHOMY MICII NPOCTOpPY. 3 IbOr0 BHUIUIMBAIOTh TaKli BJIACTHBOCTI XBUJIBOBOI (DYHKIIII.
[Ici-pyHKIis NOBUHHA:

1) 6ymu 00HO3HAYHOI, HenepepeHol U CKIHYEHHOW (3a BUHAMKOM, Modce Oymu, 0CoOIUBUX
MOY0K),
2) mamu 0OHO3HAYHY, HenepepeHy Mma CKIHUEHH) NOXIOHY;

. * ~ .
3) inmeepan Y WdV , yzamuii no acbomy npocmopy, nosunern Oymu CKiH4eHHUM.

CyKynHICTh NEpeliueHUuX BUIIE BUMOI HA3UBAIOTh CHMAHOAPMHUMU YMOGAMU Ol X6UTbOGOT
dynkuii.

§ 10 3aranbHe ii cranionapne piBusaHHs Llpeninrepa

1 Po3BuBaroun inei ne bpoiins mpo XBUIIbOB1 BIacTUBOCTI pedoBuHH, Llpeainrep otpumas y
1926 p. piBHSIHHSA U1 BU3HAUYEHHS XBWJIbOBOI1 PpyHKIIl. BoHO 103BOMsE 3HAMTH XBUIIbOB1 QYHKI[IT
YaCTHUHOK, SIKI PyXarOThCsl B PI3HUX CHJIOBUX NOJSX. PIBHAHHS BUIJISAA€ TaK:

1 oy
L Aav oy =inY
2m l ot | (10.)

Tyr m — maca 4acTUHKHM; i — ysABHa omuHuLg, U — TOTEHIIaJIbHA EHEPTisl YaCTUHKU; A —
onepatop Jlamnaca, pe3ynbTar Jii SKOro Ha €Ky QyHKIII0 € CyMOIO JPYTrUX YaCTUHHUX MOXITHUX
3a KOOpAMHATAMU:

'Y N 0’ N 0*Y

ox’ ot 9zr
Pignauns (10.1) nazusaromo 3azanvnum pienaunam Ilpeoinzepa. 3 pisasung (10.1) Bunmusae, mo
BUIJISIT XBUJIBOBOI (DYHKIIIT BHU3HAYA€THCS MOTEHIIAJIbHOIO eHepriero U, TOOTO B OCTaTOYHOMY
MIZICYMKY XapaKTepOM CHUJI, L0 JIFOTh HA YACTUHKY.

Pignanna Illpedinzepa € o0CHO6HUM PIGHAHHAM HEPENAMUBGICMCLKOI KBAHM OGO
mexanixu. Bono ne moxce Gymu dosedene 3 inwux cnissionourensv. Hozo sapmo posznaoamu ax
6UXIOHE OCHOGHE NPUNYU{EHHS, CHPABEOSIUBICINb AKO20 00800UMbCA MUM, W0 6Ci HACTIOKU, AKI
GUNJIUGAIOMb I3 HbO20, MOYUHO Y3200XCYIOMbCA 3 00CTIOHUMU (pakmamu.

[pexinrep ycTaHOBHB CBO€ pPIBHAHHS, BHXOISYHM 3 ONTHKO-MeXaHI4HOT aHamorii. ILls
aHaJIOT'ld MOJISIra€e B MOJIOHOCT1 PIBHSAHD, K1 ONMUCYIOTH X1J] CBITJIOBUX IIPOMEHIB, 3 PIBHSAHHSAMH, 1110
BHU3HAYAIOTh TPAEKTOPIi YACTMHOK Y KJIIACUYHII MEeXaHIII1.

[Tosichumo, sk MokHa mpuiTH 110 3aranbHoro piBHsHHA Ilpeninrepa. s mpoctoTn
0oOMeXHuMOCS OJIHOBUMIDHUM BHUIAAKOM. PoO3riisHEMO YacTUHKY, $Ka BUIBHO PYXa€ThCS.

AY (10.2)
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BiamosinHo no imei ge bpoiuns Takiii 4acTWHINI TOTPIOHO TOCTABUTH Y BIAMOBITHICTH IIJIOCKY
XBUITIO

Y= Aexp[(i/h)(px—Et)] .

[Ipoaudepeniiroemo 110 QyHKIIIFO OJUH pa3 3a ¢, a IHIINI pa3 — IBI4l 32 X ¥ OTPUMAEMO

. 2 2
N __ipy, a—\f= L
ot /) ox fi
3Biacu
1 .o¥ , 1.,0*¥
E=—ih—, =——n . 10.3
¥ ot P ¥ oox? ( )

VY HepenaTuBICTCHKIM KJIaCMYHIM MexaHiul eHeprii E il IMIyJIbC p BUIBHOI YaCTUHKU
MOB's13aH1 CIIBB1IHOIIEHHSIM

IlincTaBuBIIM B e cHiBBigHOUIHHs Bupa3 (85.3) mms E # p” i ckoporuBmm notiMm Ha ¥,
OTPUMAEMO PIBHSIHHS
R L)
2m ox* ot
ke 30iraetbest 3 piBHsAHHAM (10.1), sxmo B ocranHboMy noksactu U =0 .
Y BuNaAKy 4YacCTMHKHM, IO PYXa€TbCsl B CHJIOBOMY TMOJII, SIK€ XapaKTepHU3yeThCs
MOTEeHLIAIbHOO eHeprieto U , eHepris £ ¥ IMIIyJIbC p TOB'S3aH1 CHIBBIIHOIIEHHIM

2

L _Ep-u.

2m

TommpuBIH i Ha el BUNagoK Bupa3s (85.3) s E i p?, oTpuMaeMo

1h282‘l’=1,8\u

Yomox? W ot

[Tomuoxumo 1ie cmiBBigHOmEeHHS Ha Y i1 mepeHecemo momanok UYW mdiBopyd 1 mpuiieMo [0
PIBHSIHHS

sike 30iraetThes 3 piBHsHHAM (10.1).

Buknaneni MipkyBaHHS HE MalOTh JIOKa30BOi CHJIM ¥ HE MOXYTh DO3TIISIIATHCS SIK
JI0BEJIeHHs 3araabHoro piBHsHHA Illpeninrepa. IX Mera — IOACHMTH, SKMM YHMHOM MOYHA OyIlo
MIPUKATH 10 BCTAHOBJICHHS I[LOTO PIBHSHHSI.

2 Slkuio cuiioBe 1oJie, y SKOMY PYXaeTbCsl YAaCTHHKA, € CTallOHapHUM (TOOTO CTajluM B
yaci), To ¢pyHKuiss U He 3aJeXUTh SBHO BiJ . Y LIbOMY BHUMAJKY po3B’si30K piBHsAHHS Llpeninrepa
pO3Ma/IaeThCs HAa J1Ba MHOKHUKH, OJIMH 13 SIKUX 3aJ€KUTh TUIbKHM Bl KOOPAWHAT, IHIIUI — TUIBKU
BiJI 4acy:

¥(x,y,z,0)=y(x,y,z)exp[-i(E/h)] . (10.4)
Tyr E — noBHa eHepris YaCTUHKY, SIKa Y BUMAJKy CTAI[IOHAPHOTO MOJIs 3ayIhiIaeTbes cranoro. o6
nepekoHarucs y cupaseyinBocti Bupasy (10.4), miacraBumo #oro B piBHsiHHS (10.1). V pesynbrari
IOTO OTPUMAEMO CITIBBITHOIIICHHS
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2

—;—mexp[—i(E/h)t] Ay +Uyexp|—i(E/h)t] =in[-i(E/n)yexpl=i(E /)] .

CKOpOTHBILY Ha 3arajibHUN MHOKHUK exp[— i (E / h)t] , IpUAAEMO 10 AU(epeHiaIbHOTO PIBHSIHHS,
10 BU3HAUYa€ PYHKIIIO Y :

2

h
— T AY+Uy=E
S AY+Uy =Ly (10.5)

Pignaunsa (10.5) nazusacmocsa pienannam Ilpedinzepa ona cmauionapuux cmamie
(cmauionapue pienanua Illpedincepa) . Hamani mu OynemMo MaTd COpaBy TUIBKHA 13 1AM
PIBHSHHSAM 1 JUISl CTUCJIOCTI OyAaemMo HasuBaTu Horo mpocto piBHsAHHAM lllpeninrepa. PiBHAHHA
(85.5) yacTo nuuIyTh y BUIJISAL

2
Awh—’?(E—U)\p:o. (10.6)

VY Bumnaaky CTal[iOHApHOTO CUJIOBOIO MM0JI XBUJIboBa (DyHKI[IS Mae BUrisA (85.4). Toxai
W' =expli(E/ )y expl—i(E/n)y=y"y.

TakuM YMHOM, T'YCTHHA IMOBIPHOCTI IOPIBHIOE \p*\p i, oTxe, BIA yacy He 3anexutb. Came ToMy
CTaHH, K1 OMUCYIOTbCA XBUIBOBUMH QyHKLIAMU BUTIsAy (10.4), Ha3uBarOTh CTAl[lOHAPHUMH.

3V kimacuyHii MexaHilll CTaH YaCTUHKHM (MaTepilaJibHOi TOYKM) BU3HAYAETHCS 3aBIaHHIM
MTOJIOXKEHHS 1 IIBUAKOCTI (200 IMITYJIbCY) YaCTUHKH. SIKILO € BIIOMHUM CTaH Yy MOYaTKOBUM MOMEHT
yacy i CHUJIOBE T0JIE, Y IKOMY 3HaXOAUThCS YaCTHHKA, TO, PO3B’A3aBIIu pIBHAHHSA HploTOHA, MOXHA
3HAWTU TOJIO)KEHHS M IMIBUJKICTh YaCTUHKH Yy OY/Ib-SIKHHM HACTYMHMII MOMEHT dYacy. Y LbOMY
MOJISITA€ CYTHICTh MPUYMHHOCTI B KJIIACHYHIA MEXaHIIli.

VY KBaHTOBIM MeXaHIilll KJIACHYHE MOHATTS CTaHy M030aBJIeHE 3MICTYy, TOMY IIIO0 KOOpAMHATA
H IIBHUJKICTh YACTHUHKU IPUHIMUIIOBO HE MOXYTh MAaTH OJHOYAaCHO IMEBHUX 3HA4Y€Hb. Tomy
KJIJACUYHE TOHSTTS MNPUYMHHOCTI TaKOoX HE MO)KHA 3aCTOCOBYBaTH y KBaHTOBIA Teopii. Cran
YaCTUHKHM 3aJa€TbCid y KBAHTOBIM MeXaHIll XBUJIBOBOIO (yHKIi€r0. SIKIIO B1IOMI XBHJIbOBA
GyHKIIS B IOYaTKOBMM MOMEHT uacy H CHUJIOBE IIOJIe, Yy SIKOMY pPYyXaeTbcs YacTHUHKA, TO,
po3B’si3aBiin piBHAHHS llpeniHrepa, Mo)kHa 3HaTH XBWJIBOBY (DYHKIIIIO B HACTYIIHI MOMEHTH
yacy. Y IbOMY MOJISTa€ CyTHICTh MPUYMHHOCTI Y KBAaHTOBIM MexaHimi. TakuM YMHOM, KBAaHTOBA
MeXaHiKa He CKacyBaJla MPUHIMUI NPUYUHHOCTL. BoHa nuie Hanana domy gopmy, sika BiIIOBIAAE
JIMCHIN pUpol peuen.

§ 11 PiBusanusa llpeninrepa ta kKBaHTyBaHHS eHeprii

1 Keanmysanns enepeii unuxkae momy, wo HA X6UIb08i (QYHKYii Y, AKI € po3e azKamu
pieusanns llpedineepa
2

—h—A\p+U\p:E\p, (11.1)
2m

HAKaoaromsvcsi NeGHi 0OMEedCeHHs — CMAHOAPMHI YMO8U Ol X6unbogoi ¢yukyii. Ilpu yux
obmedicennsx pisHaHHA (86.1) mae po3e’a3Ku, y 3a2anbHOMY 6UNAOKY, He NPU 8CIX, a MINbKU Npu
subpanux 3uauennsx napamempa E (E eusznauae ewnepcito wacmunku). TyT MaeMo BUNAJIOK,
aHAJIOTTYHUI /0 TOro, IO Mae€ Miclle B 33Jayl PO BUIbHI KOJMBAHHS CTPYHHU 13 3aKpiINIEHUMU
KiHIIMU. Yepe3 3akpiluIeHICTh KIHIIIB 111 KOJMBAHHS € CTOSSYMMH XBWJISIMU 3 TaKUMH BUOpaHUMU
4aCTOTaMH, 110 Ha JIOBXKHUHI CTPYHHU BKJIQJAE€THCS I[IJI€ YUCIIO HAIBXBHUIIb.

CrangapTHi YMOBHU JJsl XBUJIbOBOI (DYHKIi, 110 HAKJIAJAIOTHCA Ha PO3B’SA3KH PIBHAHHA
[Ipeninrepa, NoasAraloTh y TOMY, 110 XBUJIbOBa (DYHKI[IS \p(x, y,z) 1 i mep1i npocTopoBi NOXIAHI

MOBUHHI OyTH CKIHYEHHUMH, OJJHO3HAYHUMH U HENEepEepBHUMHU, IHTETrpall BiJ \p(x, y,z) 110 YCbOMY
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MPOCTOPY TMOBHHEH OyTH CKIHYEHHUM. Bubpani 3nauenns napamempa E, Onsa axux pieHauns
Lpedincepa mae po3e’si3Ku, wjo 3a0080JbHANOMb CIMAHOAPMHI YMOBU, HA3UBAIOMbCA G1ACHUMU
3HaueHHaAmMU eeruyunu E Ona oughepenyianvroco pisnanus (86.1), a BITNOBIMHI iM PO3B’SI3KH —
enacHumMu QYHKWiamu mozo camozo pieusHHA. Bracui snauennss E i bGepymv 3a Modcaugi
3HaueHHsi enepeil y cmayionapnux cmauax. BnacHi 3HadeHHs eHeprii £ MOXyTh OyTH
OUCKpemHumMu, a MOXKYTh HenepepeéHo 3allOBHIOBATH CKIHYEHHUI a00 HECKIHYEHHWH iHTepBal. Y
MEPUIOMY BUIIA/IKY TOBOPSTH, II0 HEPTETHYHUHN CIIEKTP OUCKPemHUll, @ B IPYTOMY — HenepepsHull.

TakuMm 4MHOM, KBaHTYBaHHS €HEpril BUIUIMBAE 3 OCHOBHUX ITOJI0)KEHb KBAaHTOBOI MEXaHIKH
0e3 Oyab-IKHX JOJATKOBUX MPHUIIYIIEHb.

§ 12 Yacruuka B oJHOBUMIipHili moTeHuianbHii simi. Enepria i xBuiaboBa QyHkuis
YACTHUHKM B NOTeHUiaJbHil AMi

1Y HepensTUBICTCHKIH KBAaHTOBI MeXaHilll OCHOBHUM MPHUHIMIIOM € pPIBHSHHSA
[lIpeniarepa. Ilomyk po3B’s3KiB 1BOTO PIBHAHHS, SIKI 3aJ0BOJIBHSIOTH CTaHAAPTHI YMOBH,
MIPUBOJIUTH IO IUCKPETHOCTI EHEPreTUYHUX piBHIB. [IposeMOHCTpyeMO 11e Ha MPUKIIA/l 3a1a4l PO
YaCTUHKY, SIKa 3HAXOUTHCS B OJJHOBUMIPHIN HECKIHYEHHO ITMOOKIN MOTEHIIATBHIN SIMI.

3HaiiieMo BJacH1 3HAUYEHHs €Heprii ¥ BIANOBIAHI iM BiacH1 QYHKIII JUIs YaCTUHKH, IIO
3HaXOJOUTHCS B HECKIHYCHHO TJMOOKIA OJHOBUMIPHIA MOTEHIIaNbHIM sMmi. [lpumyctumo, 1o
YacTUHKA MOJKE pyxaTucs TUIbKM y3/10BXK oci X . Hexaill pyx oOMexeHMIl HEMPOHUKHUMU IS
YACTUHKU CTIHKaMM 3 TakuMu kKoopauHaramu: x=0 1 x=/. [lorenuiansHa enepris U Mae B
LbOMY BUIAJAKY Takuil Burisf (puc. 12.1a): Bona gopiBHioe Hyit0 npu 0 < x </ il nepeTBOPIOETHCSA
y HECKIHYeHHICTh npu x<O0 ¥ x>/. Jlng po3B’s3aHHS 3ajauyl BUKOPUCTAEMO CTalllOHApHE
piBusiHHA Llpeninrepa

2m
A\p+?(E—U)\|J=O. (12.1)
U
U = U = n=3 E‘3
122 1r,
- = El
0 / X 0
a o

Pucynok 12.1: @ — HeckiHueHHO riauMOOKa MOTEHIllaJbHA sIMa; O —
cxeMma pIBHIB €Heprii YaCTUHKH, 1110 3HaXOJUThCS B TaKii siMi
2 OCKUIbKM XBUJIbOBA (DYHKIIIS 3aJ€KUTh TUIBKM Bl KOOPAMHATH X, TO piBHAHHA (12.1)
CIPOILYETHCS:
o’y 2m
§+h—2(E—U)\|I=O. (12.2)
3a Mexl1 MOTEHIIaJbHOI SIMM YaCTUHKA MOTPAIUTH HE MOXKe (TaM MOTEeHIiaJibHA €HEepris
JOPIBHIOE HECKIHYEHHOCTI U =co). Tomy HMOBIPHICTb BHUSBJIEHHS YaCTUHKH 32 MEXKaMH SIMHU
NOpIBHIOE HYy0. BignmoBimHO W QyHKUIST Y 3a MeXaMH sSMU JOPIBHIOE HYIIO. 3 yMOBHU
HENEePEepPBHOCTI BUILIUBAE, 110 Y ITOBUHHA JOPIBHIOBATH HYIIO i Ha MeXax MU, TOOTO

v(0)=y(t)=0. (12.3)
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Ile 1 € ogHa 13 cTaHAAPTHUX YMOB, SIKYy NOBUHEH 3aJJOBOJIBHATH PO3B’s30K piBHsAHHA (12.2). B
o0nacti, e Y HE JOPIBHIOE TOTOKHO HYIIO, PIBHAHHSA (87.2) Mae BUIIISA

k*==-FE, (12.5)

MPUKAIEMO 10 PIBHSHHSA
v +khy =0,

AK€ B Teopii KOJMBaHb HA3UBAIOTh AU(PEPEHLIATbHUM PIBHSIHHSIM TapMOHIYHUX KOJIMBaHb.
Po03B’s130k Takoro piBHSHHS Ma€ BUTIIS

y(x)= Asin(kx+ o) (12.6)

(y upOMy BUNAJKY 3pYUHIIIe B3ATH CUHYC 3aMiCTh KOCHHYca). YMOBH (87.3) MOXKHA 33JI0BOJIbHUTH
BIIMOBITHUM BHOOpoM cTaymmx k 1 o.. Hacammepen 3 ymoBu w(0)= 0 orpumyeMo

y(0)=4sino=0,
3BIJIKM BUIUIMBAE, IO O TIOBUHHA JOPIBHIOBATH HYIIO. Tako>k MOBHHHA BUKOHYBATUCS YMOBA
y(l)= Asin(kl)=0,
110 MOXKJIMBO JIMIIIE Y BUITAJKY, KOJIU
kK=+nn (n=1,2,3,..) (12.7)
(n=0 ne OepeMO a0 yBarW, OCKUIBKM IPH LHbOMY BHXOJUTh, MO Y =0 — dYacTUHKA Y
MOTEHILIANbHIN sIM1 BIACYTHSI).
Buxmrounsmu £ 3 piBHsHB (12.5) 1(12.7), 3HaiAEMO 61acHi 3HaueHHA eHep2ii YacCmUHKU:
n’h’
oml?

Cnexmp enepeii susguscs ouckpemnum. Ha puc.12.16 300pakeHa cxema eHEpreTUYHUX PIBHIB.
Binnosigno no ¢opmynu (12.8) miHiManpHa eHepris, SKy MOKE€ MaTH YacTHHKA, IO
3HAXOJIUTHCS B MOTEHLIANbHINA M1, BiAMIHHA BiJ HyJs. Llel pe3ynbrar 00yMOBIIEHUIN XBUILOBUMHU
BJIACTUBOCTSMM YACTUHKH i MOKe OyTH OTpUMAaHUi 31 CIIIBBIAHOLIEHHS! HEBU3HAYEHOCTEH.
3 Jlani 3HaiineMo BiacHy XBWIbOBY QyHKIito piBHsAHHSA [lpeninrepa. [lincrasusum B (12.6)
3HAYeHHS k , ke oTpuManu 3 yMoBH (12.7), 3HaiiieMo BJ1acH1 XBUIIbOBI (PYHKIIIT:

E=F

n

n* (n=1,2,3,..). (12.8)

w=wn(x)=/1sin$

(maragaemo, mo o =0). Jlnsa 3Haxo/pkeHHs KoedinieHTa 4 BUKOPUCTAEMO YMOBY HOpPMYBaHHS,
SKYy y LIbOMY BHUIIJIKY 3aIIUIIEMO TaK:
!
. o NTX
A sin® ——dx=1.
0

Hecknagno orpumaru, mo

! ) NTIX ll—cos(2nnx/l) :
sin dx = dx= ———F——— | =<

. l . 2 2 2Q@m/) |, 2
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3Bimcu A4° 1/2=1, abo A=+/2/]. Takum 9uHOM, 61aCHI dyunkuii vacmunku 6 nomenyianvHii
AMI MAXOTh BUTIIS
2 .
v, (x)= —sm? (n=1,2,3,..). (12.9)

W“ * | n=4

n=4 vy
/\

n=>2
n=>2
n=1
0 [ x 0 I X
a o
Pucynoxk 12.2: a — rpadiku BracHi QyHKIlII YaCTUHKHU, 110 3HAXOIUTHCS B
MOTEHIIAIBHINA  sM1, sika 300paxkeHa Ha pwuc. 12.1a; 6 — rTycTuHa

WMOBIPHOCT1 3HAXO/PKEHHS YaCTHMHKU B TOUYKAX 3 PI3HUMHU 3HAYCHHSIMHU
KOOpPJIUHATH X
I'padiku BrnacHux ¢yHKIIM 300paxkeHi Ha puc. 12.2a. Ha puc. 12.26 nonana ryctuHa
HMOBIPHOCTI BUSIBJICHHSI YACTUHKHM Ha PI3HUX BIJCTaHSIX B CTIHOK SIMM, 11O JTOPIBHIOE \p*\p. I3
rpadikiB, HAIPUKIIAJ, BUIUIMBAE, L0 B CTaHI 13 7 = 2 YaCTUHKA HE MOKe OyTH BUSIBJIIEHA BCEPEIAMHI
AMM H pa3oM 3 LIMM OJIHAKOBO yacTo OyBa€ fK y JiBIM, Tak 1 B mpaBiil mojioBuHi siMu. Taka
MOBE/IIHKA YACTUHKH € HECYMICHOIO 3 KJIACUYHUMH YSBICHHSIMHU TIPO TpaekTopii. Bim3Haummo, 1o
BIJIMOBIIHO JI0 KJIACHYHUX YSBJICHb YCI1 MOJIOKEHHS YaCTUHKH B SIM1 MalIOTh OJIHAKOBY WUMOBIPHICTb.

§ 13 Tynenbnuii epext. KoedinieHT nmpoxoxxeHHsA

1 Hexaii dacTuHKa, $Ka pyXaeTbCs 3JiBa HANpaBo, 3YCTPIYAaE HA CBOEMY LUIAXY
noTeHuianbHui Oap'ep Bucotoro U, i mmpuuoro / (puc. 13.1). 3a KiIacHYHUMH ySBICHHAMH
YaCTHHKA [TOBMHHA BECTH ceOe Tak. SIKIo eHepris 4acTHMHKM OulblIa 3a BUCOTY Oap'epa (£ >U,) ),

YacTUHKa O€3MEepelIKoHO MPOXoaAuTh Hajx Oap'epom (Ha auisHUI 0< x </ sMine 3MEHIIYEThCS
IIBUJIKICTh YAaCTUHKH, ajieé TIOTIM MpU x >/ 3HOBY HaOyze MOYaTKOBOTO 3HAYeHHs). SKmio x £
meHme U, (dx 300pa’keHO Ha PHUCYHKY), TO 4YacTHHKa BIIOMBAaeTbCA BiA Oap'epa W JIETUTH y
3BOPOTHIN O1K; Kp13b Oap'ep yaCTMHKA MPOHUKHYTHU HE MOKE.
30BCIM IHAKIIIE BUTJIAIAE TTOBEIHKA YACTUHKH 3 TOYKH 30Dy

10 KBaHTOBOI MexaHiku. [lo-nepue, HaBiTh npu £ >U|, € BIAMIHHA U}

BiJl HyJIl HMOBIPHICTb TOTO, 1110 YaCTUHKA B1110'eThCs BiA Oap'epa i Yo

HOJIETUTH y 3BOpoTHiN Oik. Ilo-npyre, npu E <U, € BIIMIHHA BiX E=T—~ B

HYJII UMOBIPHICTh TOTO, IO YaCTMHKA MPOHHUKHE «KPi3b» Oap'ep i 1 i
ONMHUTHCA B o0Ojacti, e x>/. Taka IOBEOIHKA € I[UIKOM -
HEMOXJIMBOIO 3 KJAaCM4YHOI TOuku 30py. Llg moBenminka 0 / x
MIKpOYAaCTUHKH  BHUIUIMBAaE  Oe3MocepeaHhO0 3 PIBHSHHS Pucynoxk 13.1

[peniarepa.

2 Posrnanemo Bunanok E <U,, . PiBusauns lllpeninrepa Mae BUIIIsiz
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+—FEy=0 13.1
PRI \ (13.1)
It obnacreit [ 1 111 i
d? 2m
dx‘z"+—;_l2 (E-Uyy=0 (13.2)

ans obnacti /1, nmpudomy E—-U, <0.

bynemo mrykatu po3B'si3ok piBHsHHSA (13.1) y Burmsimi = e™ . TlincraHoBKa i€ ¢byHKIIT B
(13.1) npuBOAUTH 10 XapaKTEPUCTUUHOTO PIBHSIHHS

}Lz +h_2E = 0 .
3Bigcu A =zio, e
a:%\/sz. (13.3)

TakuM yMHOM, 3arajibHUi po3B'sI30K piBHAHHS (88.1) Mae BUTIIAL
y, = 4™ + Be™™ nns obmacri 1,
W, = 4, + Bye™™ nns obmacti 111 . (13.4)

BupimuBmu micTaHOBKOIO \p=eBx piBHsHHA (13.2), oTpuMaeMo 3araJbHUN PO3B'A30K
L[bOTO PIBHSIHHS Y BUTJISAI1

W, = A,e™ + B,e™ s o6macri 11 . (13.5)
Tyr

B=%\/2M(U0 —E). (13.6)

3a3HaunMo, PO3B'A30K BUIIIAY €' BiANOBiIae XBHWII, KA IMOIIUPIOETHCS B JIOJATHOMY

HampsAMKy oci X, a PO3B'I30K BHUIUIALY € ' — XBHWI, K4 MOLIMPIOETHCA B MPOTUIECKHOMY
HanpsMKy. [1[06 1ie 3po3ymith, 3ragaemo, 10 3BUYaifHa (3ByKOBa, €JIEKTPOMArHiTHA 1 T.11.) TUIOCKA
XBWJIS, sIKA TIOIIMPIOETHCS B HANPSIMKY 3POCTaHHS X, OMUCYETHCS JIMCHOK YAaCTUHOK BHUPA3y

¢ (™M) 3 XBuNs, AKa MONIMPIOETHCA B HANPAMKY 3MEHIICHHS X, — JifCHOI YAaCTHHOIO BHPA3y

("R Yacrummi, ska pyxaeThcs B J0JATHOMY HAmpaMKy oci X, 3icTaBiseTbcs (yHKIis
P = gel!/MP-ED SIK1mo BIAKMHYTH B L1 (QYHKI[IT YaCOBUM MHOXKHHUK, TO JUI1 Y OTPUMAEMO BUpa3
V= ae' '™ | Jlns uacTHHKY, SIKa PyXa€ThCs B IPOTHICGKHOMY HATIPAMKY, Oyxe ¥ = ae ' P/M*

B oGnacti /Il € TUlbKM XBWISI, sIKa TIPOMIILIIA Yepe3 Oap'ep 1 MOIMUPIOETHCS 3/TiBa HAPABO.
Tomy xoedinieHT B, y Bupasi(13.4) 111 5 MOTPIOHO MOKJIACTH TaKMM, IO JOPIBHIOE HYIO. Jlnd

3HAXO/DKEHHS IHIIUX KOEQII[IEHTIB CKOPUCTAEMOCS CTAaHJAPTHUMU YMOBAaMHM, $KI I[OBHHHA
3aJI0BOJIBHATU XBWJIbOBA QyHKLIS . s Toro mob y Oyna Ge3nepepBHOIO y BCiid o0macTi x Bix

—oo JI0 +oo, NMOBMHHI BUKOHYBatucs ymMoBu W,(0)=wy,(0) 1 y,(/)=wy,(/). dnd Toro mob
Oyna raaKor, TOOTO HE Maja 3JI0MiB, MOBUHHI BUKOHyBatucs ymoBu i(0)=y5(0) i

V5 (1) =y5(/) . I3 tMX YMOB BHIUIMBAOTH CIIIBBIIHOLICHHS:
A +B =4,+B,,
AP + B = 4™,

iod, —ioB, =BA, —BB,, (13.7)
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B, —BBe P =iade™.

Po3spummo Bei piBHAHHSA HAa A, ¥ BBEIEMO NIO3HAYCHHS:

B A B A
by=—L, a,="2, b,=—2, a;=-—2,
Al Al Al Al
a TAKOXK
-F
n=E= UO—. (13.8)
o E

Toni piBHsiHHSA (13.7) HaOepyTh BUTIIALY
1+b,=a, +b,,
a,eP' +b,e P = aye™,
o (13.9)
i—ib, = na, —nb,,
na,e® —nb,e™ =iae™.
BinHomieHHs kBaapaTiB MOyJIIB aMIUTITY/ BIIOUTOT i Magarouoi XBUli
2
_|8|

R
[l

= |b1|2

BH3HAYa€ WMOBIPHICTh BIJOWTTS YACTUHKH BIJl TOTEHIIAILHOTO Oap'epa W HA3WBAETHCS
Koeghiyicnmom 6iooumms.
BinHomieHHs kBajpaTiB MOJIYJIIB aMIUTITY XBUJI1, 1O MPOHIIa, i Hafaryoi XBUIl

|4

o =|ay|’ (13.10)
1

BH3HAaYa€ WMOBIPHICTh TPOXO/PKCHHS YACTHHKH 4Yepe3 Oap'ep 1 Ha3UBAETbCS Koe@iyicHmom
npoxooxcenHa (abo KoegiyicHmom npo3opocmi).

Hac Oyne wmikaBUTH TUIBKM TNPOXO/JKEHHS UYAaCTHHOK depe3 Oap'ep, 1 MM 0OMEKUMOCS
3HAXODKEHHAM BeauumHu D . Cnij 3a3HAYUTH, 3HAWIIOBIIM [, Jerko 3HaWTH R, OCKUIBKH IIl
Koe(]IIieHTH TOB'13aH1 OUEBHIHUM CIIBBITHOIIEHHSIM R+ D =1.

[TomHoxkuMO niepiie 3 piBHAHB (13.9) Ha i i ckiageMo 3 TpeTiM. Y pe3ynbTari OTPUMAEMO

2i=(n+i)a, —(n—1i)b,. (13.11)
Tenep nomHoxkumo apyre 3 piBHsAHb (88.9) Ha i ¥ BigHIMEMO #oro Bij yeTBepToro. OTpuMaemo:
(n—i)eﬁlaz—(n+i)e_Blb2 =0. (13.12)

Bupimusimu cnubHO piBHsSHHS (13.11) 1(13.12), 3Haiinemo, 1o
2i(n+i)e_Bl

2" (n+i)2e_Bl —(n—i)zeBl ’
2i(n —i)eBl

2 (n+i)2e_Bl —(n—i)zeBl .

Hapemri, nizcTaBuBIIM 3Hal[IeH] HAMM 3HAY€HHA a, U b, y npyre 3 piBHaAHB (13.9), orpumaemo
BUPA3 I a;
B 4ni iol
P (n+i)2e_Bl —(n—i)zeBl

Bennunna
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Bl N2mU, —E) ;

B 7

2

AK IIPaBHJIO, € HA0araTto OUIBIIOIO 33 OJUHHUI0. TOMy B 3HAMEHHMKY BHpasy Uil a, JOJAHKOM,

SKAH MICTHTH MHOXHHK e P, MOXHa 3HEXTYBAaTU Y IMOPIBHSAHHI 3 JOJAHKOM, SKHH MICTUTH

MHOXHHK e’ (koMIUIeKCHI uuciaa n+i W n—i MawTh OJHAKOBHHA MOIynb). OTxe, MOKHa

IPHUITYCTHTH
Apie”™

ay=——¢
P (n-i)?

3rigHo 3 (13.10) kBagpaT Moy 1i€l BETUYUHU Ja€ HMOBIPHICTb NPOXO/XKEHHS YaCTUHKU 4Yepes3

MOTEHIaNbHHIA Gap'ep. YpaxyBaBu, wo | n—il=+vn* +1, oTpumaemo

2 l6n*> _
D:|a3| VS 7 € e
(n”+1)
e
p2oYo=E Uy,
E E

(mmB. popmyny (13.8)).

Bupa3s 16n* /(n* +1)* Mae BenuunHy HOPSAKY OAMHHII TOMY MOXHA BBAXKATH, 110

. 21
D=e P =exp —7,/2m(U0—E) : (13.13)

3 OTpPUMAaHOTO HaMH BHUpa3y BUIUIMBA€E, IO HMOBIPHICTh
MIPOXOJKEHHSI YAaCTUHKHU Yepe3 MOTEHIIaJIbHUM Oap'ep 1CTOTHO
3aleXHUTh Bl WMpuUHU Oap'epa [ # Bin Benmuman Uj—FE.
SIkmo npu sKiich mHpUHI 6ap'epa KOePIlieHT MPOXOKEHHS
D popisaioe, mpumyctumo, 0,01, To mpu 301TbIIEHH] IIHPUHA
y JBa pazu D Oyne JOPIBHIOBATH
0,012 = 0,0001, To6T0 3menmyeThest B 100 pazi. Toit camuit
edeKT y LbOMY BHIIAJKy BUKIUKaJIO O 3pOCTaHHS B YOTUPU
pasu BemuuuHu U, —E. Koe(ilieHT NPOXOIKEHHS PI3KO

3MEHIIYETHCS TTPHU 30UTBIIICHH] MACH YACTUHKH 71 .

=V

0 a b
Pucynok 13.2

3 IloniOHuit po3paxyHOK MOKHa BUKOHATH Y BUIIAJKy MOTEHIIaJbHOTO Oap'epa TOBUIHLHOL
dbopmu (puc. 13.2). YV upomy pazi dopmyna (13.13) moBunHa OyTH 3aMiHEHA OUTBIIIE 3araJIBHOIO:

b
D =ex —% 2m(U — E)dx

a

ne U=U(x).

(13.14)

[Ipu momonaHHI MOTEHIIAJILBHOTO Oap'epa 4YacTHHKA HIOM MPOXOIUTH YEPE3 «TYHEIb» Yy
npoMy Oap'epi (OuB. 3amITpUXOBaHy o0nacTh Ha puc. 13.2). V 3B'I3KYy 3 MM DPO3TISHYTE HaMU

SABUIIC HA3UBAIOTb MYHE/IbHUM e([)ekmom.

§ 14 Oneparopu ¢pizuunux BeauuuH. BaacHi gynkuii Ta BiaacHi 3HayenHs. IIpuHunun

cynepno3uuii

OnepaTopHHii METOJ IIUPOKO BUKOPHUCTOBYETHCSA y OLIBIIOCTI MOCHIIIKEHb 3 KBAHTOBOI

MeXaHIKH. PO3risiHeMO CyTHICTh LIbOTO METOTY.
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1 Oneparopu. VY KBaHTOBIM MeXaHIl KOXHIA (I3WYHIM BETUYMHI CTaBUTHCH Y
BIIOBIAHICT oniepatop. /1i0 onepamopom macmvcs Ha y8asi npaguio, 3a 00NOMO2010 K020 OOHIl
@yuxyii (nosnauumo ii uepez ©) 3icmasnicmvcs iHwa @QyHKYia (no3nauumo ii uepez f ).

Cume0iuHO Ye 3anucyemvcsa max:
f=0¢. (14.1)
Tym Q — noszuauenns onepamopa. [{ns Toro mo0 BIIPI3HUTH ONEPATOPHU BiJl YUCE, X MTO3HAYAOTH

yepes Q , TOOTO CTaBJIATH KpHUILIEUKY HaJl ) a00 BUKOPHUCTOBYIOTh 1HIIE MO3HAUEHHSI.

TakuM 4MHOM, M1l CUMBOJIOM OIlepaTopa po3yMilOTh CYKYIHICTb i, 32 JOIIOMOTOIO SIKUX
BUX1IHA QyHKLIA () HEpEeTBOPIOETHCA B HILY QYHKIIHO ( f).

Hanpuknan, cumBon onepamopa Jlannaca A= Ql [I03HAYa€ JIBOPa30BE YAaCTHHHE
mudepeHIliIoBaHHA 3a yciMa TpbOMa KOOpPAMHATAMH X, ¥ 1 Z 3 TOJAJBIIUM MiICYMOBYBaHHSIM
oTpuMaHuXx BupasziB. ToOTo onepatop Jlamnaca Mo>kHA 1OaTH Y BUTIISAI
82 82 82
PIERIPNPEN

3a donomozcoro onepamopa Modxcemo nooamu MHOMCEHHS GUXIOHOI YHKYIi @O Ha OesAKy

Alez

¢yuxyito U . Tonl HacTynHe neperBopeHHs f =U ¢ MOXHa 3amucaTtv y BUTISAAl f =Q2@, ne

0,=U.
BuxopucTtoByroun onepaTopHuii miaxin, pisusauusa Lllpedineepa
2

I Aty = By (14.2)
2m
MOXKHA 3anucamu 8 OnepamopHoMy 8u2soi
Hy=Ey| (14.3)
VY 11boMy piBHSIHHI CHMBOJIOM H no3Havenuii oTepaTop, SIKUW JOPIBHIOE
2
a=-T"asu. (14.4)
2m

Leii onepamop Hazuearomov caminomonianom, avo onepamopom I'aminemona. I'aminomonian €
onepamopom enepeii E .

2 CyTHicTh OmepaTopHOro MeToay. Y KBAHTOBIM MeXaHIIl KOXHIA (I3UYHIA BETUUIUHI
CTaBUTHCS Yy BIIMOBIAHICTh oneparop. Po3risaaoTbes onepaTopu KOOPAUHAT, IMIYIBCY, MOMEHTY
iMOoyabcy 1 T.4. g KoxkHOi (Di3MYHOT BENIMYMHU ¢ CKJIAQAEThCsl PIBHSHHS, aHaJOTrIuHE 0

piBusiHHSA Llpeninrepa B onepatopuomy Buriisi (14.3). Bono mae Burisin
Oy =qv| (14.5)

ne () — omneparop, KUl CTaBUTbCA y BIIMOBIAHICTD (PI3MUHINA BETUYHH] ¢ .

3nauenns q, npu axux po3e’sasox pisHsaHHa (1 4 .4) 3a00601bHAE cmanOapmui ymMosu OJist
X8UNbOBOI (DYHKYII, HA3UBAIOMbCS GNACHUMU 3HAYEHHAMU BCAUUUHU ¢, a4 CAMi po38 °a3Ku — It
enacHumu Qyuxyiamu. Bnacui 3HauenHs eenuuuHu q 1 Oepymvbcsa 3a MOXNCIUBI 3HAYEHHs yYicl

8eIUYUHU, AKI CROCMEPI2AIOMbCA 6 eKCnePUMEHNI.
Posrnsinatoun 3 nmx nosuiii piBHsHHs Ilpeninrepa (14.3), MoxkeMoO CTBEpIKyBaTH, IO
BOHO € DIBHSHHSAM Ui BJIACHUX 3HauyeHb eHeprii (g = E£). Onepatop eHeprii BHU3HAYAETHCS

cruiBBigHomEeHHM (14.4) ( Q =H ).
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3 Ilpunumn cynepmno3uuii. CriekTp BIaCHUX 3HAY€Hb MOXeE OyTHU K JUCKPETHHM, TaK 1
CyUUIbHUM. Y BHIIQJKy IUCKPETHOIO CHEKTpa BJIaCHI 3HAueHHs M BiacHI (QYHKIII MOKHa

MIPOHYMEpYBaTH:
Q1> Qas ooor Qs oovs
Vi, Vo, et W,y one

3a yMOBH JUCKPETHOTO CIIEKTPa BIACHUX 3HAYCHBb (DI3SMYHOT BEIMYMHHU CIOCTEPIraeMoO JBI
cutyanii. Mo>XJIMBI CTaHU, /Ui SIKUX IPU BUMIPIOBAHHI J€SIKOT BEIUYUHU ¢ 3aBXJIU OTPUMYEMO

(14.6)

O)IHaKOBi 3HA4YCHHA ¢, . HpO Takl CTaHU TFOBOPATH K IIPO CTaHHU, Y SAKUX 6eqIUHUHA ¢ MA€E NeeHe

snauenns. llent cran ommcyerbes (QyHKUIE0 Y, . OJHAK MOKIMBI TaKOK CTaHWU, JUIA SKHX IPU

BUMIPIOBaHHAX OTPUMYEMO 3 PI3HOIO WMOBIPHICTIO Pi3HI BjIacH1 3HaueHHs omneparopa Q. IIpo Taki
CTaHU TOBOPSATH K IIPO CTAHU, Y AKUX GEIUYUHA § HE MAE NEBHO20 3HAUEHHS.

XBuUnpoBa (PYHKIIS CTaHy, y SIKOMY ¢ HE Ma€ IE€BHOIO 3HAYEHHS, € CYNEPIIO3HIIIEI0
(HaKIageHHSIM) BIaCHUX (DYHKIIM BETUYHUHU ¢ :

V=V, (14.7)

n

ae ¢,, y 3aralbHOMYy BHUIAJKy, € KOMIUICKCHUMH YHUCIAMH, SKI HE 3ajekaTb Bl KOOPIUHAT.
KinpkicTh 0/1aHKIB Y CyMi JJOPIBHIOE YHCIY PI3HUX BJIACHUX (PYHKIIIA BETUUUHU ¢ .

®opmyna (14.7) Bupakae npunyun cynepno3uuii Xeunbosux (YHKYil: Koiu XEUIbO6i
QyHKYii Y, Wy, ooy W, ... ORUCYIOMB OEAKI Cmanu, mo i QyuKyis Y =c\Y, +c,¥, +...+c, ¥, +...
nooae 0esKy Xeunvbo8y (yHKyito, wo onucye oeaxut cman cucmemu. OOIPYHTYBAHHSIM NPUHIUITY
CYIEPIO3UIII] € Y3rOKEHICTh 3 TOCIIOM HACIIKIB, K1 BUIIMBAIOTh 3 HHOrO. Tak, 3a JOOMOT0I0
MPUHIIMITY CYNEPIIO3HIlii KBAHTOBA MEXaHIKa MOSICHIOE JU(PPAKIIIIO Ta IHTEpPEPEHLIII0 YACTUHOK.

KBagpatu monyniB koe(ii€eHTIB ¢, NOPIBHIOIOTH IMOBIPHOCTI TOTO, IO IIPH BHMIpaX, SKi
BUKOHYIOTHCSI HaJ CUCTEMOIO, 1110 nepedyBae y cTaHl Y, OyAyTh OTpUMaHi BIAMOBIIHI 3HAUEHHS
BenmnunHU ¢ . OCKUIBKM CcymMa BCIX TaKMX HWMOBIPHOCTEH IOBMHHA JIOPIBHIOBATH OJUHUIIL

KOEe(]IIEHTH ¢, 33J0BOJBHAIOTH YMOBY

§ 15 Cepenni 3HaueHHs1 (Qi3UYHMX BeJMYMH 3 TOYKHM 30PYy ONEPATOPHOrO MiAXOdy.
Onepartopu pajiyca-BeKTopa, iMIyJibcy, eHeprii. 3B'130k Mix BJIACHUMM ii cepeaHiMu
3HAYEHHSIMH

1 Ak eusnauaromev cepeone 3uaueHHs (QI3UYHOI GEIUUUHU 8 KBAHMOSIU MexaHiyi,
BUKOPUCMOBYIOUU onepamopHutl nioxio? JIjis BIAMOBIAI HA 1€ TMUTAHHS PO3TISHEMO MPHUKIIAI.
[TpumycTumo, mo 6araTropa3oBo MPOBOIUTHCS BUMIP KOOPJAWHATH X YACTHHKH, IPUYOMY YaCTHHKA
KOXKHOTO pa3y mepedyBae B OJHAKOBHX MAaKpOCKOIIYHMX yMOBaxX. ToJl CTaH YacTUHKHA B IHX
J0CTiIaX MOYXKHA XapaKTepU3yBaTH XBUWIbOBOIO (DYHKIIE W(X), SKY Ui CHPOLICHHS Oyaemo

BBaXaTH (PYHKIIIEIO TUTBKH OAHIET TPOCTOPOBOI KoopauHatu x . CepenHe 3HAYCHHS KOOPJIUHATH,
sike OyJie 3HalIEHO B PE3yJIbTAaTl BUMIPIB, MOKHA 3aIIMCATH Y BUTIISII

<x>: xdP = x\p*\pdx: \p*x\pdx. (15.1)

2 . .
Tyt Buxkopucrano, mo dP =|\p| dv =\p*\pdx €, BUXO/I9U 3 (PI3MYHOTO 3MICTY KBajJpaTa MOy

XBWJIbOBO1 (PYHKIIi1, IMOBIPHICTIO TOTO, 1110 YaCTUHKA Oy/ie 3HaliieHa B IHTepBaJll X, X +dx .
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BuxopucTtoByroun onepaTopHuil MifxiJ, BUpa3 JJs CEPEIHbOIO 3HAUECHHS <x> 3aIUCYIOTh

IHaKIIE:
(x)= vy Rydx, (15.2)

ne x omeparop BeauuunHu x . [lopiBHroroun Bupazu (15.1) i (15.2), 6aunmo, 1o onepamop x -i
KOOpOuHamu Ma€ BUTIIS

A

i=x (15.3)

AHaJIOTIYHO MOXKHa I[I0Ka3aTH, IO onepamopu y U zZ -KOOPOUHAM BUPAKAIOTHCS

y=y], £=2] (15.4)

TakuM 4yMHOM, onepamop padiyca-6eKmopa MOXHa 3aliCaTy B TaK:

dbopmynamu

F=éxtéyt+éz=ext+eéy+éz=r| (15.5)

AOCOIOTHO TaKk caMO OOYMCIIOETHCS CEpPEIHE 3HAUEHHS JAO0BUIbHOI QYHKIIT B1l KOOPIUHAT

flxp,2):

(f(x,p,2))= ¥ fydxdydz, (15.6)
ne oneparop GyHKmii f (x, y,z) 3HAXOMATh TaK, SIK 1 orepaTop paaiyca-Bekropa (ams. (90.5)):
f:f(fc,f/,%)=f(x,y,z). (15.7)

BumeBuknaneHuii MeToj 3HAXOJDKEHHS CEPEAHIX 3HAYEeHb TOMIUPIOITh y KBAaHTOBIN
MeXaHill Ha Oynp-fKy (I3UYHY BEIUMYMHY (sIKa 3aJ€KUTh HE TUIbKM Bl KOOpPAMHAT, a W BiX
IMIYIBCIB). st Oy0b-sikoi ¢hizuunoi eenuvunu F(F, p) cepeOHe 3HAUEHHA 8UBHAUACMbCA SIK

(Fy= vy'Fyar| (15.9)
oe F — onepamop eenununu F(7, p), akuil mae euensio
F=FF,p)l. (15.10)

2 3uaiioemo 8 ABHOMY 8U2IA0I ONEPAmMop IMNYabCy.
Sk BiOMO, €Heprig YacTUHKU JOPIBHIOE CyMi KIHETMYHOI Ta MOTEHLIAIbHOI €Heprii 1
BHU3HAYAETHCS (DYHKITIEIO
2

HF, p)=L—+U(x,y,2). (15.11)
2m
BuxopuctoByroun npasuiio (15.10), eneprii (15.11) MokHa NOCTaBUTH Y BIANOBIIHICTh OIIEPATOP
I:I=H(f?,;%)=ﬁ+U(£,j},2)=ﬁ+U(x,y,z). (15.12)
2m 2m

[TopiBusiemo omepatop (15.12) 3 onepamopom I'aminemona (onepamop enepeii, axuii 6U3HAYUIU 3
pieusanns Llpedineepa)

2

I:I=—§—mA+U(x,y,z)_ (15.13)

3 nopiBHsHHA (15.12) Ta (15.13) BunnmBae

2m 2m 2m
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Tyt Bukopucranu 3B’s30K MK omepatopom Jlarutaca A Ta omeparopom Habnma A=( )2 3
MOPIBHSHHS 3HAXOIMMO, IO OHEPAMOP IMAYIAbCY MAE BULTSO

A - . - d - d _d
p=-ih =—ih e,—+é,—+e,— | (15.14)
ox dy 0z

3po3ymisio, 1110 OIEpaTOp €HEprii BUSHAYAEThCS CliBBiAHOIIEHHIM (15.13).

3 3’acyemo, sk nog’sazani midc coO0K cepeOHi 3HAYEHHS, WO BUSHAYAIOMbCA CHOCOOOM
(15.9) ma énachi 3Hauenusn Gi3UUHUX BETUYUH.

Jnist cripoIIeHHsT MaTeMaTHYHUX MIEPETBOPEHb PO3TIITHEMO BUIAJIOK CTaHY CHUCTEMH, Y SKUX
BEIMYMHA ¢ Mae TIeBHE 3HaueHHs. Lle o3Hauae, M0 1el CTaH OMHCYETHCS XBHIHOBOIO (YHKIIIEIO

Y =V, , AKa BIANOBIJAa€ BIACHOMY 3HAYEHHIO ¢, . XBUIbOBAa QYHKIIA Y, 1 BJIACHE 3HAYEHHA ¢,

3aJI0BOJIBHAIOTH PIBHSHHIO

oV, =q,V,. (15.15)

ne ( — omeparop BenuuuHu ¢ . CepeqHe 3HAYEHHS BEJIMYUMHU ¢ B LIbOMY BUIIAAKY BIIINOBIJA€
BJIACHOMY 3HA4YE€HHIO, TOOTO <q> =q,.

3 iHmoro 60Ky, cepeHe 3HAYCHHS MOXKEMO TaK0X BU3HAUUTH y crocid (15.9). Tomy
(a)= w,0v,aV .
Buxopucraemo B 11boMy criBBiHOILIEHH1 piBHSIHHS (15.15) 1 oTpumaemo
(@)= viav.dV =g, v,v,dV =q,. (15.16)
Tyr BHKOpUCTanM, IO BJIACHE 3HAYEHHSA ¢, HE 3alCKUTh BIJ KOOPIMHAT, a TaKOXK YMOBY
HOPMYBaHHS 17151 XBUJILOBOT (PYHKIIIT \pi\pnd V=1.

Takum 9UHOM, cepeoni 3HaUeHHA, W0 sU3ZHaAYaAmMusca cnocooom (15.9) ma 3a oonomozorw
6/1ACHUX 3HAYEHb, MAIOMb 00HE [ me came 3HAUEHHA.

§ 16 KomyraTuBHicTh onmeparopiB. YMoBH, 32 IKMX JABi (i3U4Hi BeJJMUYMHU MOXKYTh
O0yTH BUMIpsiHi 0/ITHOYACHO

1 Posrnsinemo n1B1 Gi3W4H1 BETUYUHU @ Ta b, AKUM BiANOBiIa0OTh onepatopu 4 ta B. Yu
3a624cOU icHyE cmaHn Y, y AKOMY 00U08a onepamopu Maroms 6U3HAYEHI 61ACHI 3HaA4eHHs a ma b ?

A

Tobmo, uu 3a601c0U X6UNLOBA PYHKYIA Y € 61ACHOIO DYHKYIEIO 0OHOYACHO AK 0711 onepamopa A,

mak i ona onepamopa B ? Inwumu croeamu, uu mMoxciuo oouogi gizuuni éeruuunu a ma b
MOYHO BUMIDAMU OOHOYACHO?

A

Jljig BIANOB1JII HA 11€ MUTAHHS IPUITYCTUMO, 110 Y € BJIACHOIO (PYyHKIIIEIO SIK oneparopa A,
TaK 1 oneparopa B . To6to
Ay=ay, By=by,
ne a ¥ b — BIAacHI 3HAYEHHS OIEPaTOpIB A i B B craui, SIKOMY BIATOBIZa€ OJHA 1 Ta cama
xBWIboBa QyHKIIA . [ToMHOXMMO nepiry piBHICTh Ha ONIEPATOP B. Otpumaemo
éﬁ\p=l§a\p:al§’w:a b wvy.
AHaJIOTIYHO
fléw=ﬁbw=bﬁw=b avy.

3BiJCH BUILIMBAE, IO
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(iB-Ba)y =0,

abo

AB=BA| (16.1)

Onepamopu, siki maroms éracmugicms (16.1), Hazusaroms KOMymamueHUMU.

Omowce, axwo eci enacHi Qyukyii onepamopie A i B 3bicarombca, mo yi onepamopu
Komymyloms Mmidc coborw. Cnpaseonusa i 360pomna meopema: Axwo onepamopu A i B

KOMYMYyomu mixc co6oto, mo 36iearomuvcsi i ix 61acHi QyHKyii.
Hageneniii TeopeMi MOXxHa HajmaTu W iHIIE HOPMYITIOBaHHS. /{61 6enuuunu a U b moducHa

A A

BUMIpAMU 0OHOYACHO, MOOJI U MIbKU MO0, KOAu 8iON08IOHI im onepamopu A i B xomymyroms
Midc coboro.
2 Posrnaremo mpuxiaau. Tak KoopauHaTy X W BIANOBIOHMH il IMIyIbC p, OJHOYACHO

BUMIPSATH HEMOXJIMBO, OCKUIBKM OIEpaTopu X W p, HE € KOMYTaTHBHUMH MDK COO0OI0.
[TepexonaeMocs y npbomy. Sk Bimomo,

x=x, p,=-ihd/ox.
Toni

(B:% =35 Jy =1t % e % = —ih %(x y)-x %\u _

=—ih Y+x i\p—x i\p =—ihy #0.
ox ox

Tobro p x+#Xxp,, omeparopu X W p,_  HE KOMYTYIOTb MDK COO0OI0. 3BiJICH BHIUIMBAE, IO
OJTHOYAaCHO TOYHO BHM3HAUWTH KOOPAMHATY X Ta il NPOEKUI0 IMIIyJIsCy p, HemoximBo. Lle

TBEPPKEHHS Y3TOJDKYEThCS 3 IPUHIMIIOM HEeBU3HaueHocTel [ elizenbepra.
AHAJIOTIYHO MO’KHa BIEBHUTHCh B TOMY, L0 KOOPAMHAaTH X W ) MOXKHA BHUMIPSATH

OJIHOYACHO, TOMY II[O OTIEPaTOpu X ¥ J KOMYTYIOTb.

§ 17 KBanTyBaHHsI MOMEHTY iMmyJibcy. MoayJib i 04HA 3 IpPoeKUiii MOMEHTY iMIIyJIbCY.
A3uMYyTaJIbHe | MAarHiTHe KBAHTOBI YHCJIa

1 MoMmeHT IMIyabCy YaCTUHKH L BIIHOCHO MOYaTKy KoopAuHAT O y KJIACHYHIM MeXaHIiIll
BHU3HAYAETHCS BEKTOPHUM JOOYTKOM

e, Ey e,
L=[Fxpl=lx y z |. (17.1)
Py Py D:
Y KBaHTOBII MEXaHII[l MOMEHTY IMITYJIbCY YaCTUHKHU L BIZIIIOBIZIA€ OTIEPATOP
e, €, €, e, € e,
L=Fxpl=lz 5 2 |=| z | (17.2)
A N A
ox dy 0z

Tyt BUKOpHUCTaNH, 110 ONEpaToOp pajiya-BEKTOpa JOPIBHIOE CAMOMY PajllyCy-BEKTOPY, a OTMEepaTop

IMITyJIbCY BH3HAYAETHCS BUpPa3oM p =—ifi  (  — omeparop HaOIa).
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MoskHa BUIUTUTH YOTHPU BEJIMYUHM, SKI MOB'I3aH1 3 MOMEHTOM IMITYJIbCY YacTHHKHU. Lle

o . . S r2 g2, 12, g2
TPH MPOCKII 1 KBaApar MOMEHTY iMiynscy: L, L,, L, 1 L” =L + L) + L, . Bunuxae numanns: uu
MOJCHA OOHOYACHO eumipamu yci euwjenepeniveni womupu eeauyunu? 11106 BimmoBicTH Ha 1€

MUTaHHS, MTOTPIOHO MEPEBIPUTU: YU KOMYTYIOTh OJIMH 3 OJJHUM OINEPaTOpH LUX (I3UYHUX BETUUUH?
A came, Y KOMYTYIOTb OI€PaTOPH MPOEKIIiH

iﬁhmyjmpi,g=mx2_pi,@=4hwi——i (17.3)
z  dy dz  ox dy =~ ox
1 oreparop KBajJpara MOMEHTY IMITYJIbCY
2=, f+(,] +(2.) (17.4)

MDK coboro? HeckiiagHo MmpoBecTH pO3paxyHKH W NEPEKOHATUCSH, 10 KOMYTYIOTb MK CO00I0
TUIBKM JIB1 BEJIMYMHHU: OIEPATOp Z -KOMIIOHEHTHM MOMEHTY IMIYJIbCY YacTUHKUA W oOIeparop
KBaJpaTa MOMEHTY iMmyinbcy. lle o3Hauae, 1O 0O0HOYACHO MOIHCIUGO GU3HAUUMU JUWE
Z ~-KOMNOHEHNY MOMEHMY IMRYIbCY YACMUHKU 1l Onepamop Keaopama momenmy imnyancy. JIBi
HIII TpOeKLii BUABIAIOTHCA MPU [IbOMY aOCOJNIOTHO HeBU3HAadeHUMHU. lle o3Haudae, M0 «BEKTOP»
MOMEHTY HE Ma€ IEBHOIO HAmNpsMKYy M, OTKe, HEe MoXe OyTu 300pa’keHui, K y KIaCH4YHIA
MEXaHill, 32 JOTIOMOT0I0 CIIPSIMOBAHOTO BJIpi3Ka MPSMOi.

2 3HaiiieMo KBaaApaT MOAYJS MOMEHTY immyJbcy. Jlig 1poro moTpiOHO poO3B’sA3aTH
PIBHSIHHS Ha BU3HAUEHHS BJIIACHUX 3HAUY€Hb KBAJpaTa MOMEHTY IMIYJIbCY

Py =1y,

A

me I’ — omeparop KBampaTa MOMEHTY IMIyNbCy 9acTWHKH (quB. Bupas (17.4);I° — Bmacme
3HAUEHHS KBaJpaTa MOMEHTY IMIYJbCy YacTUHKU. PO3B’s3aHHS I1IbOTO pPIBHSAHHSA € JIOCHUTH
ckiagHuM. Tomy MH OOMEXUMOCS HABEICHHSIM JIMIIE KIHIIEBUX PE3YJbTaTIB: BJIAcHI 3HAYCHHS
orepaTopa KBaJapara MOMEHTY IMITyJIbCY JOPIBHIOIOThH

r=nrl(l+1) (I=0,1,2,..). (17.5)

Tym | — Keanmoge uucno, aKke ompumano Hazey azumymanvHoz2o. OTXe, MOJIYlb MOMEHTY
IMITYJIbCY MOYKE€ MaTH JIMIIE TUCKPETH1 3HAYCHHSI, SIK1 ONMUCYIOTHCSA (POPMYITOI0

IL|=nyi1+1) (=0,1,2,..)| (17.6)

3 3HaiiieM0 z -KOMIIOHEHTY MOMeHTY immyJabcy. /i 1poro mnorpiOHO pO3B’s3aTH
PIBHSIHHS Ha BU3BHAYEHHS BJIIACHUX 3HAUYEHb Z -KOMIOHEHTU MOMEHTY IMITYJIbCY

Ly=Ly, (17.7)

— OIEepaTop Zz -KOMIIOHEHTH MOMEHTY IMIyJIbCy YaCTUHKH; L — BJIaCHE 3HAYEHHS Ii€i

ne L

z

BEIMYMHU. Y cepuyHux KoopauHartax (7,0,¢) omepaTop MNPOEKIii MOMEHTY IMIIYJIbCY Ha
MOJISIPHY Bichk Z (Bif SIKOT BUIIIUYETHCS MOJSPHUM KyT 6 ) Ma€e JOCTaTHBO MPOCTUIN BUTIISAL

L = ind.
9P
OTrxe, piBHsHHA (17.7) HaOupae BUIIISINY:
Mgy (17.8)
9P

[lincranoBka = exp(oc(p) y piBHsAHHSA (17.8) NpUBOOUTH MIC/IS CKOPOYEHHS Ha 3arajlbHUMN
MHOXHUK exp(oc(p) 710 anredpaiyHOro piBHSAHHS

—iha=L_,

3 AKOTO Al 0. OTPUMYEMO 3HaueHHs iL, /h . Takum unHOM, po3B’A30K piBHSIHHA (17.8) Mae Bursag
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v =Cexpli(L, /h)g] .
Jist toro mo0 msg ¢yHkiis Oyna OJHO3HAYHOIO (OJHA 3 CTAaHAAPTHUX YMOB IS XBWJIHOBOT
¢yHKI1111), HEOOX1THO BUKOHATH YMOBY \p((p+ 21:) = \p((p), abo

expli(L. / n)o+2m)|=expli(L. /n)o)] -

L5 ymoBa Oyne BUKOHAHOIO, KOJIU OyJie BUKOHYBAaTUCh CIIBB1IHOIIEHHS exp[i(LZ / h) 21:] =1, abo
L =mh, ne m — uule gojgarHe abo Big'e€MHEe uHuciao abo Hyab. OTxe, BJIacHI 3HAYEHHS

Z -KOMIIOHEHTH MOMEHTY IMITYJIbCY MalOTh TUCKPETHHUM CIIEKTP:

L.=mh (m=0,%1,%2,.)]| (17.9)

3 mpuuuH, sK1 3'9CYIOTHCS AaJl, YUCIO 7 HA3UBAETHCS MAZHIMHUM KEAHMOBUM YUCTIOM.
OcCKUIbKM HPOEKIIiS BEKTOpa HE MOXE MEPEBUIIYBATH MOJYJb I[OTO BEKTOPA, TO NOBHHHA
BUKOHYBAaTHCSI yMOBa

|ma| < a1 +1).

3BiJCH BUILIMBAE, 1[0 MAKCUMAJIbLHE MOKJIMBE 3HAYECHHS |m| nopiBHIO€E [. TakMM YMHOM, MOKEMO

3allucCaTu

lL|=nyili+1) (1=0,1,2,..)

9

L. =mh (m=0, %1, £2, ..., 1)|. (17.10)

V4

L

z

I3 nux dpopmyn BUIIMBAE, 1110 3aBXKIU MEHIIIE |L| OTxe, HalIPsIM MOMEHTY IMITYJIbCY HE MOXE

30iratucs 3 BUIUIEHUM Yy mpocTopl HampsimoMm Z . lle y3romxyerbcsi 3 Ti€l0 00CTaBUHOIO, IIO
HaIpsiM MOMEHTY B IIPOCTOP1 € HEBU3HAYECHUM.

Cnip BIA3HAUMTH, IO 3 NPaBUJ KBAaHTYBaHHS MOMEHTY BHUIUIMBae€, mo craiy [lnanka 7
MOXKHA PO3TJISAATH K PUPOIHY OJUHUII0O MOMEHTY IMITYJIbCY.

4 Momenm imnynvcy cucmemu, wjo CKIAOAEMbCS 3 OEKINbKOX MIKPOUACMUHOK, TOPIBHIOE
CyMi MOMEHTIB OKpeMHuX uacToK. CymapHuii MOMEHT, [K 1 OyIb-fKM MOMEHT B3arali,
BHU3HAYAETHCS BUPA30M

=nL(L+1), (17.11)

pe3

|L

ne L — asuMyTallbHE KBAaHTOBE YHUCIO PE3YJBTYHOUOrO MOMEHTY. [l BHMAAKy CHUCTEMH, sKa
CKJIQJIA€ThCS 3 JBOX YaCTUHOK, YMCIO L MO’KE€ MaTH Taki 3HaAYEHHS:

L=l+0, L +1,—1, .|l =1, (17.12)

ne [, ¥ [, —ducia, M0 BU3HAYAIOTHL MOYJII MOMEHTIB, SIK1 CKIaal0ThCs, 32 (POPMYIIOI0
1 2

|Li| =111, +1).

TEMA 4 ®I3UKA ATOMIB I MOJIEKY.I

§ 18 Atom BoOaHI0O 3 mOrJsiAy KBaHTOBOI MexaHiku. KBantoBi uwucaa: n, I, m,.
Kpartnicts Bupoxkenns. Ilpasusio Bindéopy

1 PosrnsiHeMo cuctemy, siKa CKJIQJAa€ThCs 3 HEPYXOMOTO sijpa 13 3apsanoM Ze (Z — 1iie
YHUCJIO), 1 €JIEKTPOHA, KU pPyXaeTbcsl HABKOJO Hboro. IIpm Z >1 Taka cucTemMa Ha3MBAETHCS
BOJIHETIOAI0HUM 10HOM; TIpH Z =1 BOHA € aTOMOM BO/THIO.

[ToTeHuianpHa eHEPTis €IEKTPOHA JOPIBHIOE
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vo_L 2
4me, r

(7 —BiacTaHb enekTpoHa Bif sapa). Otxe, piBHsAHHSA Llpeninrepa mae BUrisg

2m 1 Ze?
Ty + h; E+4n8 p y=0 (18.1)
0

(m, —Maca elneKTpoHa).

[Tone, y sAKOMYy pyXa€TbCs EJIEKTPOH, € ICHTPATbHOCUMETPUYHUM. TOMYy JOIUIBHO
cKopucrtaTucs chepuuHor0 cucTeMolo koopauHart: r,0,@ . IlincraBusmm B (18.1) Bupa3 oneparopa

Jlamnaca B chepuyHUX KOOpAMHATAX, IPUIAEMO /10 PIBHSIHHS
1 o2 1 Ze
19 Loy N Il o9 . .oy o'y 2m, 4 e

r _ + =0. (182
2 Oor  Or  r’sin® 00 00 r’sin’0o¢> K’ 4me, v (182)

MosxHa mnokaszaT, 1m0 piBHAHHA (18.2) Mae po3B’S3kM A XBUIBOBOI (PYHKIIL, K1
3aJI0BOJIBHSAIOTH CTAHJAPTHI YMOBU (TOOTO OJHO3HAuHI, CKIHYEHH1 ¥ Oe3mepepBHi), y TaKuX
Bunajgkax: 1) mpu Oyap-SKUX JTOJATHUX €HEepriix £ ; 2) mpu IUCKPETHUX BIA €MHUX 3HAYEHHSX
€Heprii, o TOPIBHIOITH

4 2
B = 2 (12123, (18.3)
(4me, ) 2n° n
Bunagox E >0 BIAMOBIAAE €IEKTPOHY, IO MPOJITAE TMOOIM3Y sAapa W BiANAISETHCS 3HOBY Ha
HECKIHUYCHHICTh. Bumamok FE <0 BIANOBIIAE €NEKTPOHY, SKHH PYXAEThCS HABKOJO sApa.
[lopiBHSIHHS 3 BHpa3oM JUIsl €Heprii, sike oTpuMaHo B Teopii bopa, mokasye, 1o KBaHTOBa
MeXaHiKa MPUBOAMUTH O TaKUX CaMHUX 3HA4Y€Hb €Heprii BogHeBoro aroma. OJHaK y KBaHTOBII
MEXaHIIl 111 3HAYeHHsI YTBOPIOIOTHCS K HACIIOK OCHOBHHUX TOJIOKEHB IIi€l Hayku. bopy x st
OTPUMAaHHS TaKOTO Pe3yJbTaTy JOBEJIOCS BBOAUTHU CHEIIajbH1 JOJATKOBI MPUITYILIEHHS.
Bracui ¢pynxyii pienanns (18.2) micmamo mpu yinux napamempu — n,l i m:

V=V, (7,0,9). (18.4)

[lapamerp 7, sKuil Ha3UBAIOTH 20J106HUM KEAHMIOGUM HYUCAOM, 30Ira€TbCsi 3 HOMEPOM PIBHA
eneprii (uB. popmyny (18.3)). llapamempu | i m € azumymanoHum i MaeHIMHUM K6AHHNOBUM
yucaom, AKi 8UIHAUAOMb 3A BIONOBIOHUMU POPMYIAMU MOOYIb MOMEHMY IMAYIAbLCY U NPOEKYIt0
MOMeHmY Ha OesaKull Hanpsam Z .

Po3B'si3ku U1 XBUIIBOBOT (DYHKIIIT, SIKI 3aJJOBOJIBHSAIOTH CTAHAAPTHI YMOBHU, MAalOTh Miclle
JUIIe i 3HAa4eHb [, sK1 He mepeBUIyloTh n—1. OTxe, npu 3adanomy n Keammose yucio [
Modice Habysamu N PI3HUX 3HAYEHb:

[=0,1,2,....n—1.
IIpu 3a0anomy | keanmose uucio m mooduce nabyeamu 21 +1 piznux 3Hauens:
m=—[,—1+1,.-1,0,+1,...,/—11[.
2 3rigno 3 (18.3) eHepris eneKTpoHa 3aJeKUTh TUTLKH BiJl TOJIOBHOTO KBAHTOBOTO YHCIIA 71 .
Otxe, KOKHOMY BIACHOMY 3HA4€HHIO eHeprii £, (kpiM E|) BiANoBilae KUIbKa BIACHUX (DYHKIIN
W, 1> Kl BUIDIBHAIOTBCS 3HAYECHHAMH KBaHTOBMX uucen [ i m. lle o3Hayae, 110 aToM BOJIHIO

MOXK€ MaTH OJIHE 1 T€ caMe 3HaYeHHs eHeprii, nepeOyBaoyu B JIEKUIbKOX PI3HUX cTaHaxX. Y Tadn. 1
HABEJICH1 CTaHU, 1110 BIANOBIJAIOTH NEPIIUM TPbOM €HEPIe€TUYHUM PIBHSM.

CraHu 3 OJIHAKOBOIO E€HEPTi€I0 HA3UBAIOTHCS BUPOOMHCEHUMU, A UYWCIO PIZHUX CTaHIB 3
SAKUM-HEOy/lb 3HAUEHHSM E€Heprii Ha3UBAETbCS KPAMHICMIO GUPOONHCEHHA  BIANOBIIHOTO
€HepreTUYHOTO PIBHS.
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KpaTHicTh BUPOJKEHHS PIBHIB BOAHIO JIETKO OOYMCIIUTH, BUXOJSYH 3 MOXKJIMBUX 3HAYECHb
wist [ 1 m. KoxxHomy 3 n 3HaueHb KBAaHTOBOTO uucia / BigmoBigae 2/+1 3Ha4eHb KBAHTOBOTO
yucina m. OTKe, YUCI0 PI3HUX CTaHIB, IO BIAMOBIIAIOTH JAHOMY 7, IOPIBHIOE

n—1
Ql+1)=n’
=0

(18.5)

(mmB. TakoX MyHKT 5 1boro maparpada). s obuncnenns cymu B (18.5) Bukopucramu dpopmyny
apumMeTuyHOI mporpecii.

Tabmumg 18.1

PiBenb IIci- 3HaueHHSs PiBenb IIci- 3HaueHHs
eHeprii | GyHKUisA | n [ m eHeprii | GyHKUIA | n [ m
E, Voim E, Woim
E, V10,0 1 0 0 V3,00 3 0 0
V31,1 3 1 ~1
V2,00 2 0 0 Vi 3 1 0
E, Vi 2 1 -1 Es V31,41 3 1 +1
Va0 2 1 0 Y3z 3 2 —2
Varn 2 1 1 V321 3 2 ~1
V320 3 2 0
V3241 3 2 +1
Vi1 3 2 +2

TakuM 4KMHOM, KpaTHICTb BUPOJKEHHSI €HEPreTUYHUX PIBHIB BOJHEBOIO aToMa JIOPIBHIOE

n* (muB. Takox Ta6n. 1, .5 uporo maparpada).

3 Cranu 3 pPI3BHMMM 3HAYEHHSAMM a3UMYTAJIbHOIO KBAHTOBOTO 4YHcCia [ BIIPI3HSAIOTHCS
BEJIMYMHOIO MOMEHTY IMIYJIbCY. B amomnuitl ghizuyi 3acmoco8yromspcs 3ano3uyeHi 3i CheKmpocKonii
VMOBHI NO3HAYEHHSI CMAHIG eleKMPOHA 3 PIZHUMU 3HAYEHHAMU MoMenmy imnyascy. Enekmpon, wo
nepebysac y cmani 3 | =0, Hazusaroms s -e1eKMPOHOM (8IONOGIOHUL cCMaH — S -cmaHom), 3 [ =1 —
p -enekmpounom, 3 [ =2 — d-enekmponom, 3 [ =3 — f -enekmponom, nomim ioyme g,h i m.o.
goce 3a anghagimom. 3HAUEHHS 20]I0BHO20 KBAHMOB020 YUCIA 3ANUCYIOMb Neped YMOBHOIO
NO3HAYKOIW K8aHmosoz2o uucna l. Takum wunom, enekmpon y cmani 3 n=3 i [ =1 noznavacmuvcs
cumeonom 3p i m.o.

Ockinbku [ 3aBXKJIU MEHIIE 71, MOKJIUB1 TaKi CTAaHU €JIEKTPOHA:
Ls,
2s, 2p,
3s, 3p, 3d,
4s, 4p, 4d, 4f
Cxema piBHIB eHeprii 300pakeHa Ha puc. 18.1. Ha wmiif cxemi BimoOpaxeHo (mpaBna,
YaCcTKOBO) BUPOJIKEHHS PIBHIB, KPIM TOr0, BOHA Mae€ II€ PsiJi ICTOTHUX MepeBar, ikl CKOpO CTaHYTh
OUYEBUITHUMH.
4 Mu 3HaeMo, 110 BUIPOMIHIOBAHHSI W TOTJIMHAHHS CBITJIAa BIIOYBAETHCS MPH TEPEX0aax

€JIEKTpOHA 3 OJIHOTO PIBHS Ha IHIIMN. Y KBAHTOBIM MEXaHIIl AOBOJATH, IO IS A3UMYMATbHO20
K8aHmoe02o0 yucna | € npasuno iooopy

(18.6)
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Ile o3Hauae, 10 MOKJIMBI TUIBKU Taki MEPEX0H, NMPH SKUX [ 3MIHIOETbCA Ha ofuHMI0. [IpaBuio
(18.5) o6ymoBieHe TiM, 1110 (POTOH Ma€ BIACHUN MOMEHT iMIyJjbcy (cmiH). [Ipu BUnpominioBaHH1
(OTOH BUHOCUTH 3 aToMa L€ MOMEHT, a IpU MOTJIMHAHHI IPUHOCHUTbH, TaK L0 IPABHIO BiIOOPY
(18.6) € mpocTo HACTIIOK 3aKOHY 30€pEKEHHSI MOMEHTY IMITYJIBCY.

%

/
n
5
4

Cepis bpekera

3 Cepis [lamena

1

\S]
I
AN

Cepis

o /\4\

N Cepis
bansmepa

Emnepris, eB

Cepis Jlaitmana

-10

11—

121

-13—
-13,6 1

Pucynok 18.1

Ha puc. 18.1 mnokaszani nepexonau, siki Jo3BosieH1 mnpasuiiom (18.6). Kopuctyrouuch
YMOBHHMH TIO3HAYKaMH CTaHIB €JIEKTPOHA, IEPEXOH, SIKi TMPUBOAATH 10 BHHUKHEHHS cepii
Jlaiimana, MOXHa 3aMMCaTH y BUTJISII

np—ls (n=23,...);
cepii baapMmepa BimoBIAaIOTh MEPEX0Iu
np —2s, ns >2p, nd >2pn=3,4,.)1T1.1
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CraH ls € OCHOBHMM CTaHOM aToma BOJAHIO. Y IIbOMY CTaH1 aTOM Ma€ MiHIMaJbHY €HEprIIO.
[I{o6 mepeBecTn aToM 3 OCHOBHOTO CTaHYy B 30y/KeHe (TOOTO B CTaH 3 OUTBIIOI0 €HEPri€r0), oMy
HEOOXITHO mepenaTu eHepriro. Lle Moxke Oyt 31iliCHEHE 32 paXyHOK TEIUIOBOTO 3ITKHEHHS aTOMIB
(13 1i€l NpUYUHYU HArpITI TUIA CBITSTHCS — aTOMU BUIIPOMIHIOIOTH, MMOBEPTAIOYKCH 31 30y/KEHOIr0 B
OCHOBHHM CTaH), a00 3a paxyHOK 3ITKHEHHS aToMma 3 JOCUTh IIBUIKUM €JIEKTPOHOM, a00, HapeITi,
3a paXyHOK IOTJIMHAHHS aTOMOM (POTOHA.

@DOTOH Npu MOTIMHAHHI HOrO aTOMOM 3HHKAE, EPEeIaloul aTOMY BCIO CBOIO €HEprito. AToM
HE MOXE MOTJIMHYTH TUIbKM 4YacTUHY (OTOHA, TOMY IO (OTOH, K 1 €IEKTPOH, SK W IHIII
eJIeMEHTapH1 YaCTUHKH, € HenoAUTbHUM. OCKUIBKM aToM, SKHH TOTJIMHA€E, SK TMPaBHIIO,
3HAXOJIUTHCS B OCHOBHOMY CTaHI, CIIEKTp NOTJMHAHHS BOJHEBOIO aTOMa MOBHHEH CKIIAJAaTHCA 3
JIHIA, 10 BIATIOBIIAIOTH TIEPEX01aM

Is > np (n=2,3,...).
Le#i pe3ynbTaT MOBHICTIO Y3TOJKYETHCS 3 TOCIHIIOM.

5 Cnio 3az3nauumu, wo 6 danomy napazpagi He OVI0 8PAXOBAHO, WO eeKMPOH MAKOIHC MAE
BIACHULL MOMeHm IMnyabcy (cnin enekmpona). CHiH €IEeKTPOHA XapaKTEPU3YEThCS KBAHTOBUM
yucioM s=1/2 (aHanor opOitasibHOro KBaHTOBOro uucia /). Ilpu npoMy BiacHM MOMEHT
IMITyJIbCY €IIEKTPOHA NOPIBHIOE L, =N4[s(s+1) = n3/2. [Ipoekuis Ha BUALIEHY BiCb Z BIACHOTO
MOMEHTY IMITYJIbCY MOXe HaOyBaTH 2s+1=2 TUCKpeTHHX 3HaueHb. T0OTO MPOEKIlis BIACHOTO
MOMEHTY IMITyJIbCY JOpPiBHIOE L, =m , Ne CIIHOBEe KBAHTOBE YUCIO 71, (AHAJIOI MarHITHOIO

KBAaHTOBOTO 4YMCJIa 7 ) MOXK€ Hal0yBaTh MBOX 3HadueHb: +s=1/2 1 —s=—1/2. lllo0 ypaxyBaru
CIIHOBE BUPOJDKEHHSI, He0OX11HO popmyiy (18.5) nomuoxutu Ha 2. ToOTO 6upodscenna ¢ amomi

. 2
600HI0 00PIGHIOE 2N~ .

§ 19 Marneru3m aromis. Jocain LllTepua if I'epiaaxa. Coin ejieKTpoHa

1 Marnerusm aromiB. [3 yacy Awmmepa MarHetusM MOSICHIOBABCS E€JIEKTPUYHUMU
CTpyMaMH, 5iKi, 3@ HOTO YSBJIEHHAMHU, IUPKYJIIOIOTh YCEpEAUHI MAIUX YaCTUHOK PEYOBUHH (aTOMIB
1 mosiekyn). [Ipupoa ux ctpymiB OyJia BCTAHOBJICHA 3 TIOSIBOIO €JIEKTPOHHUX YSBIIEHB MPO OYIOBY
pedoBuHU 1 Teopli bopa. BBaxanocs, 1mo MOJEKyIsApHI CTpyMH AMIepa CTBOPIOIOTHCS
€JIEKTPOHAMH, K1 00epTar0ThCsl HABKOJIO pa aToMa.

OCKUIbKU €JIEKTPOHM, SIKI YTBOPIOIOTH OOOJIOHKY aToOMa, €JIEKTPUYHO 3aps/DKEeHl i MaroTh
MacH, 3 iX pyXxoM B 000JIOHII (TaKuil pyx Ha3UBaIOTh OPOITAJILHUM) MOB'I3aHUN HE TUIBKU MOMEHT

iMoynascy L =|FXp|, ane W marditHuii MoMmeHT atroma p, =1 S . 3B'I30K MDK IIUMH JIBOMa
m

MOMEHTaMH B)K€ pO3IJsfaBcs paHiumie. [ oJHOro eyneKTpoHa, SKHM pyXaeTbcsl MO KpPYrosiit
opOiTi, BUKOPUCTOBYIOYH METOAM KJIACUYHOI (P13UKH, OyJI0 OTPUMAHO

p, =TL, (19.1)
e
ro—td (192)
2m

e
VY npoMy BUNAJKy BIZHOIIEHHS MarHiTHOrO MOMEHTY €JIE€KTpOHAa O MOMEHTY IMIynsCy p,, /L

HA3UBAEMBCS 2IPOMAZHIMHUM GIOHOUIEHHAM O/ OPOIMAIbHO2O0 PYXY eleKMPOHA.

Takuif caMuii 3B'130K MK MarHITHUIM MOMEHTOM 1 MOMEHTOM IMIYJbCy 30epiraerbcs M y
KBaHTOBIM MexaHini. OnHak Tenep HEOOXIAHO KJIACHYH1 YSABJIEHHS 3aMIHMTH KBAaHTOBUMH. SIK 1y
BUIIAJIKy MOMEHTY IMITYJIbCY KBAHTOBA MEXaHIKa pO3B’s3y€ 3a/lauy PO MarHITHUM MOMEHT aToMa 3
BUKOPUCTAHHSIM ONEPATOPHOTO METOAY. TakuM YMHOM, BUBUEHHS MAarHiTHOrO MOMEHTY YaCTUHKHU

3BOJIUTHCA 10 BUBYCHHS BJIACTUBOCTEH omeparopa p,, , AKui BiamoBiaHo 10 (19.1) mae Burisg

35



p, =TL. (19.3)

Ockinbku omepatopu L # p,, BIOPI3HAIOTHCA TUIBKU CTAJIMM MHOXXHHUKOM I, TO IX BJIIaCTHBOCTI

noAi0Hl. Mar"iTHU MOMEHT 1 MOMEHT IMIYJIbCY KBaHTYIOTbCS 3a OJHAKOBUMH IpaBUIIAMHU.
Crnaoosi MazHimuo2co MomMeHmy Ha 0yOb-5Ki 08a PIZHUX HANPAMU He MOICYMb 0OHOUACHO Mamu
BU3HAYEHO20 3HAYEHHA. Y cmayionapHOMy CMAaHi 6U3HAYEHI 3HAYEHHS MOXNCYMb Mamu MilbKu
K8aopam MAacHimHO20 MOMEHMY U 0OHA 3 1020 NPOeKYili Ha KOOpOUHamHi oci. 3a TaKky MPOEKIIi0
Oeperbcst mpoekuis Ha Bick Z . 3 dopmyn (19.3), (19.2) 1 Toro, mo st opOITAILHOTO PYXY
eleKTpoHa L =mh (m =0,x1, £2, ), 0e31mocepeIHbO BUTLITUBAE

pm,z :FLZ :_%Lz :_ME m, (194)
e
e -23
g = —=0927 107 Jbw/Tn (19.5)
m

e

Cmany g Haszusaromo maznemonom bopa.
2 Cxema aocainy Llrepua ii I'epinaxa. HasBHicTh B aTOMIB MarHiTHUX MOMEHTIB 1 iX
KBaHTyBaHHs Oysno moBeneHo npsimumu fgocminamu Llltepua it I'epmaxa B 1921 p. V mocyausi 3
BMCOKMM BaKyyMOM CTBOPIOBABCS 3a j0noMororo miagparm D i D" (puc. 19.1) pisko oOMmexenuit
aTOMHUN IyYOK JOCIIIKYBAHOTO €JIEMEHTa, SKUi BUNapoByBaBcs 3 neul K. Ilydok mpoxonaus
yepe3 CUJIbHE MAarHiTHe MOJje 3 IHAYKUIE0 B MDK MOJIOCHUMU HaKOHEYHHMKamMu N # S
esniekrpomartita. OJuH 3 HaKOHEYHMKIB ( N ) MaB BUIJISA IPU3MHU 3 TOCTPUM peOpoM, a Y3I0BXK
iHmoro () Oymna BUTOYEHAa KaHAaBKA. 3aBISKM TakKid KOHCTPYKII TOJIIOCHUX HAKOHEYHHUKIB
MarHitHe mnose OyJlo CHJIBHO HEOAHOPITHUM. Ilicis mpoXoKeHHs uyepe3 MarHiTHEe IoJie My4YOK
nonajaas Ha (OTOIUIACTUHKY P i 3auiiaB Ha Hif CIif.
3 Po3paxyHOK TMOBEIiHKH aTOMHOIO
nyuyka. Skmo p, — MarHiTHUH MOMEHT

aToMa, TO Ha aTOM Y HEOJHOPLAHOMY

MarHiTHOMY M0JIi i€ cuna (auB. (6.4)) Y
F=(5, ). z

CrpsimyeMo BICh Z Y3/10BK Mar"iTHOTO MHOJIst

(tobto Bin N 10 S mnepneHAUKYISIPHO [0 D

I
MOJIOCHUX HAKOHEUHUWKIB). Toal mpoekiis |D |_J/

CWJIY B LIbOMY HanpsMKy Oyze

r_, OB 0B, 0B, @m
S R T =

X Pucynok 19.1

Mo:xHa mokaszaTu, 110 IePIIUMH JBOMA
JI0JIaHKaMU B IIbOMY BUPa3i MOKHA 3HEXTYBaTH. 1Ol cepeHe 3a YacoM 3HAYCHHS Z -KOMITIOHEHTH
CHJIHM, IO JIi€ HA aTOM 3 MarHiTHUM MOMEHTOM p,, , JOPIBHIOE

— oB
F, = pm,za—;- (19.6)

ITig niero wiei cunm aToMu OyayTh 3MILLYBAaTUCS B3I0BX ocl Z (1uB. puc. 19.1).

BapTo ouikyBaTH pi3HUX pE3yJbTaTIB JOCIILY 3 KIACHUYHOI i 3 KBaHTOBOI TOYOK 30py. Y
nocnigax llrepna it ['epinaxa crovyatky OTpUMYBaJIM CJIiJi aTOMHOT'O ITydka Ha (DOTOIIACTHHIII PU
BUKJIOYEHOMY MArHiTHOMY MOJIi, & MOTIM NpPH BKIKOYEHOMY. SIKmo O mnpoekuis p, . Moria

HaOyBaTu OyAb-IKHI HENIEPEPBHUX 3HAUECHb, K TOTO BUMAra€ KIacuyHa meopis, To cuia I, Takox
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HaOyBayia 0 OyAb-sIKW HETIEPEPBHUX 3HAYCHb. BKIIFOUEHHS MAarHiTHOTO TOJISI MPUBOJIUIO O TOA1
TUIBKU J0 PO3UUPEHHS NYYKA 830084C OCi Z .
[Hmwmii pesynbTar BapTO OUIKYBAaTH, BUXOISUU 3 KEAHMOGIU meopii. Y 1bOMY BUNAAKY

IpoeKUis p,, ., a 3 HEIO i cepeaHs cuia F, MOXYTb HaOyBAaTU TUIBKHU PO OUCKPEMHUX 8UOPAHUX

3Hauens. SIKO opOiTanbHE KBAHTOBE YKCIIO aTOMa JOPIBHIOE [, TO 32 KBAHTOBOIO TEOPIEIO MYHYOK
B3/I0BXK OCl1 Z po3menuTbes Ha 2/ +1 mydkiB (KUIbKICTh TaKUX MYUYKIB JOPIBHIOE YUCTY MOXKIMBUX
3HA4Y€Hb, K1 MOXK€ Ha0yTH KBAaHTOBE YMUCIO m ). TakuM YMHOM, 3aJIEKHO BiJ 3HAUYEHHS yucia /[
BapTo Oyno O oOuiKyBaTu, IO My4OK po3mienuthes Ha 1,3,5,... ckmanoBux. OyikyBaHE 4YHCIIO
CKJIaJIOBUX ITyYKa HOBUHHO 0Y10 O Oymu 3a6x#cO0u HenapHum.

4 Pesyabratu pociainy Lltepna it I'epnaxa. Y pesymprari mocminmy Ha ¢GOTOIUIACTHHIN
CIIOCTEPIraiocsi PO3IICIUICHHS My4YKa aToMiB. Taxkum uunom, oocuiou lllmepna i I'epnaxa oosenu
Kéanmyeannsi npoekyii  p, .. OOHak ix pezynomamu He 3aexcou 6iONOGIOaIU mMeopii, sKa

suxnaoena euuje. Tak y nociigax BUKOPUCTOBYBAJIUCA ITYUYKH aTOMIB cpibia, i sIKUX opOiTagbHe
KBaHTOBE 4HMCJIO JOpiBHIOBaNO Hymo (/=0). BignoBinHo 10 KBaHTOBOI Teopli, sfika BUKJIAJEHA
BHUILIE, PO3LICTICHHS MyYKIB HE TOBUHHO OyI10 6 BiiOyBaTHCs (PO3ILEIIIICHUX MYYKIB TIOBUHHO OyTH
2[+1=2 0+1=1). B excnepuMeHTI XK CHOCTEpIrajJjoch, II0 Y MAarHiTHOMy IOJl IY40K
PO3IIEIIIOBABCS B3JIOBXK OCl Z Ha /Bl CKJIAIOBl. AHAJOTIYHUH pe3ynbTaT OyJi0 OTPUMAHO JUIs
aToMiB BOJAHIO. /{71 aTOMIB IHIIMX XIMIYHHX €JIEMEHTIB Oylla oTpuMaHa OUIbII CKJIaJHa KapTHHA
PO3IIEIJIEHHS, OJHAK YUCIIO PO3LIEIUIEHUX My4YKiB OyJI0 HE TUIbKM HEMapHUM, SK Lie nepeadayana
Teopis, aje i mapHuM, O cynepeuwno id. TakuM 4uMHOM, @ K6anmogy meopilo HeobXioHo Oy1o
8HECMU KOPEKMUBU.

4 Cnin. Po3risgaroun HEBIAMOBIAHICTE Teopii Ta excriepuMenTy llTtepHa Ta ['epiaxa Takox
MOTPIOHO B3SATH JI0 yBaru pesyiapraTtd jpociuiniB EifHmrelina @ ne l'aaza 3 BHU3HAYeHHA
ripOMarHiTHOTO BiAHOLIEHHS. [[y1s 3a1i3a BUSIBUIIOCS, 1110 TIPOMAarHiTHE BITHOIIEHHS JOPIBHIOE

p—Lm= mi (19.7)

e

TOOTO € ynBiUl OUIBIIMM, HDK BUILIMBAE 3 KilacuyHoi Teopii (auB. cmiBBinHomeHHs (19.1) Ta
(19.2)).

Takoxk, BUSBUJIOCA, 10 CHEKTPaJIbHI TEPMHU JIY’KHHX METalIB MalTh TaK 3BaHy 1yOJeTHY
CTPYKTYpPY, TOOTO CKIIaJal0ThCs 13 ABOX OJU3bKO PO3MIIIEHUX pIBHIB. s omucy i€l CTpyKTypH
TPhOX KBAHTOBUX YHUCEN n,[,m BUSBWIOCA HEIOCTAaTHRO — HEOOXiAHO OyJIO BBECTHU YETBEPTE

KBaHTOBE uucio. Lle Oyn0 roJoBHUM MOTHBOM, uepe3 skuil YienOek it ['ayncmit y 1925 p. BBenu
einomesy npo cnin enekmpora. CyTHICTh III€l TIMOTE3W MOJISITAE B TOMY, IIIO B E€JIEKTPOHA € HE
TUTBKH MOMEHT IMIYJIbCY ¥ MarHiTHUH MOMEHT, SIK1 MOB'sI3aH1 3 MEPEMIIICHHIM I[i€1 YaCTHHKU K
IUI0TO. ENeKmpoH mMae maxodic 61dcHull, abo SHYMPIWHIL MeXaniuHut momenm imnyascy. Lleti
BIACHULL MOMEHM IMNYIbCY U HA3UBAEMbC CRIHOM (8i0 AHNINICHKO20 CN08A 0 SPIN — 6ePMIMUCSL).
Bionogionuii tiomy macHimHuil MOMeHmM HA3UBAEMbCA CHIHOBUM MAZHIMHUM mMomenmom. 11
MOMEHTH MO3HAYAKOThCS BIANOBIAHO vepe3 L, 1 p, . Ha BIIMIHY BiJl OpOiTAILHUX MOMEHTIB L, i

Pmi- ‘Iemeepme K6AHMOe6€E YUCI0 NO3Ha4aoms npocmo 4epes s I HA3UBAaMb CNIHOM.

Cami Ynen6ek 1 'ayncmiT nmpumyckanay, IO CIHIH BUHUKA€E yepe3 oOepTaHHS €JEeKTpOHa
HaBKOJIO Bi1acHOI ocl. Uepes 11e icHyro4a B TOH 4ac MOJIeJIb aToOMa OTpUMaJa 1€ OuIbIy nmoAiOHICTh
no ConstaHoi cuctemu. Enextponu (mmaHeTH) HE TUIbKH o0epTaroThes HaBKoJo sapa (CoHis), ane
i HaBKOJIO BiacHUX oced. OJHaK BlIpa3y K 3'icyBajiacsi XMOHICTh TaKOTO KJIACHYHOTO YSBJICHHS
Ipo ciiH (Takl ysABJIEHHS HE 3MOIIM MOACHUTH pe3yibTar (19.7)). ¥V 1928 p. [dipak nmokasas, 110
CHIH €JeKTPOHAa aBTOMAaTHYHO BUIUIMBAE 3 MOro Teopli €JIEeKTpoHa, sika Oyla 3acHOBaHa Ha
pENATUBICTCBKOMY XBUJILOBOMY pIBHAHHIL. Y Teopii Jlipaka Oyno OTpHUMaHO TipOMAarHiTHe
BIIHOIIIEHHS IS BIIACHUX MOMEHTIB, sike 30iranocs 3 pociinoM (auB. (19.7)). Takum uuHOM, CIIiH
€JIEKTPOHA € KBAaHTOBO-PEJISATUBICTCHKUM €(EeKTOM, SIKUH HE Ma€ KIACUYHOro TiymadeHHs. [loTim
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KOHLEIIiSl CIIHY SK BHYTPILIHBOTO MOMEHTY IMIYJbCy Oylla MOLIMpEHa Ha IHII1 eJIeMEHTapH1 i
CKJIaJIH1 YaCTUHKH ¥ 3HaMIIa MIATBEPHKEHHS M IIMPOKE 3aCTOCYBAaHHS B CydacHii Qi3uil.

5 Cnin ejiekTpoHa. Y 3araJlbHOMYy Kypcl (I3MKH HEMAaE MOMJIMBOCTI BUKIJIACTU JOKIIATHY
TEOpit0 CIHiHy. MM Bi3bMEMO SK BHXIIHE IOJIOXKEHHS, IO CIIHOBOMY MOMEHTY IMIIYJbCY
BIJINIOB11a€ BEKTOPHUN ONEpaTop, MPOEKIIl SKOr0 MarOTh BJIACTUBOCTI, MOJIOHI 10 BJIACTUBOCTEN
orepaTopa OpOITaJbHOTO MOMEHTY IMIYJbCy. [3 1bOro BHIUIMBae, 110 BHU3HAYEHI 3HAYEHHS B
OJIHOMY 1 TOMY CaMOMY CTaHI MOXYTb MAaTHU TUIbBKM KBaJpaT IOBHOTO CHIHY # oJHa 3 HOro
NPOEKIIil HAa BU3HAYEHY BIiCh (BiCh Z ). SIKIIIO MaKCHMaJIbHE 3HAYEHHS TIPOEKIi L, ¢ JOPIBHIOE s 7

(s — crHiHOBE KBAHTOBE YMCIIO, CIIIBBIIHOLIEHHS HANWCaHE 3a aHaiuoriero 3 L ;,=m,, 7, ne

M. =1), TO 4ACIIO BCIX MOKJIMBUX IPOEKIIH, AKi BIINOBIAAIOTh JaHOMY KBaHTOBOMY YHCIY S,

Oyne mopiBHIOE 2s5+1 (y BUMAgKy OpOITATILHOTO PyXy Ma€ MICIE aHAJIOTIYHE CHIBBIAHOIICHHS
2[+1).

VY Hocnimax lItepna # 'epiaxa atoMu BOAHIO mepeOyBalid B S -CTaHl, TOOTO iX opOiTanbHI
MoMeHTH jaopiBHIOBaIM HymO (/=0).Tomy Ynenbex 1 ['ayacMit mpumycThiIu, mo po3IIEIIICHHS
nmydyka oOyMOBJICHE HE OpOITaJbHUM, a CIIHOBHMM MAarHiITHUM MOMEHTOM. Te came CTOoCyeTbes i
JOCTI/IIB 3 aToMaMH cpibyia. AToM cpibiia Ma€e €IMHUN 30BHILIHIN €IeKTPOH. ATOMHUII OCTOB 4epes
HOro cUMETpito CIIHOBOTO 1 MarHITHOTO MOMEHTIB HE Ma€. Bech MarHiTHUI MOMEHT aToMa cpibiia
CTBOPIOETHCSA TUIBKM OJIHUM 30BHIIIHIM eniekTpoHoM. Konm atom mnepeOyBae B HOpMalbHOMY,
TOOTO § -CTaHi, TO OpOITAJIbHUNA MOMEHT BAJIEHTHOTO €JIEKTPOHA JIOPIBHIOE HYJIIO — BECb MOMEHT €
crniHoBuM. ToMmy pe3ynbTatv JOCHIJAIB Yy IIbOMY BHUIAQJKy BHM3HAYAJIUCS BUKIIIOYHO CIIHOBHUMHU
MOMEHTaMH €JIEKTPOHa.

Hocninu Ilrepna # ['epnaxa mokasanu, mo Juist atoma cpibna Ta BoaHio (/=0) mydok
po3iierioBaBcsi Ha J1Ba nydukd. Lle o3Hauae, mo 2s+1=2. 3BiaCH OTPUMYEMO JJsl €JIEKTPOHA
s=1/2.

Lna enexmpona, makum 4yuHoMm, CHiHO8e KGAHMOGe YUCI0 00pieHIoe 1/2:

(19.8)

JUis BIIaCHOTO MOMEHTY IMIYJBCY € CHpPaBEIJIMBUM CIIIBBIIHOIIECHHS, aHAJOTIYHE [0
OpOITaJIbHOTO MOMEHTY IMITYJIbCY €JIEKTPOHA:

L =hs(s+1)=r3/2], (19.9)

[Ipoexkiiis BIaCHOTO MOMEHTY IMIYJIbCY Ha BiChb Z BH3HAYA€THCS CIIBBITHOILIECHHSM

L. =hm, (m,=+s=%1/2)| (19.10)

Bumipy npoexiii MarHirHoro Momenry p,, . B gocuini llrepna i I'epnaxa nokasamu, mo
IUI aTOMIB BOJHIO 1 cpi0iia BeIM4MHA p,, . JOPIBHIOE MarHeToHy bopy U, . Takum unHOM, Oyno
OTPUMAHO I'ipOMAarHiTHE BIAHOLIEHHS JJIs €JIEKTPOHA

Poc|_ w5 _| e
| L, | n/2 |m,

|, (19.11)

z

sIKe BIANOBIA€ pe3ysbTary, uo 0y 3Hailnenuit EitnmreitnoM 1 ae ['aaszom (qus. (19.7)).

§ 20 llpunuun Ilaygi. Ilepionnuna cucrema enementiB /JI.I. MenaeneeBa 3 morasay
KBAaHTOBOI MeXaHiKH

1V xnacuuHii MexaHIl YaCTUHKHU OJHAKOBOI IPUPOJM (HANpHUKIIAL, €IEeKTPOHH) MOKHA
pospisHaTu. IIpoHymepyBaBImIM iX y A€AKHII MOMEHT 4acy f,, MOXKHA CIIOCTEPIraTH 3a KOKHOIO 3

HUX M1 4ac ii pyXy [0 TpaekTopii i y Oyab-IKUH MOMEHT 4acy ¢ 3a3Ha4uTH, SKUH HOMep OyB
MIPUBJIACHEHUH Tl a0 1HIIM YaCTHHIIL.
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VY KBaHTOBIM MexaHill 1Sl mpobieMa po3risAaeThCsl NPUHIIMIIOBO 1HaKIIe. Yepe3 mpuHIUI
HEBU3HAYEHOCT] (CHIBBIAHOILIEHHS HEeBU3HaueHocTel ['elizenHOepra) MOHATTS TPAEKTOPIi YACTUHKU
BTpauae 3MicT. TOMy CTEXUTH 3a KOXHOIO 3 OJHAKOBHUX YAaCTUHOK 1 TUM CaMUM PO3PIBHATH iX
HEMOXJIMBO. TakuM YMHOM, y KBAHTOBIM MeXaHIlll YaCTMHKH OJHAKOBOI HPHUPOJU MOBHICTIO
BTPAyalOTh CBOI «IHJMBIIYyaJIbHICTE» — BOHHU BUSBISIOTHCA Hepo3pizHeHuMU. lle TBepkeHHd
Ha3UBAIOTb HPUHUUNOM HEPO3pi3Henocmi, a00 NPUHUUNOM HIOMONCHOCIMI OOHAKOBUX
YACMUHOK.

2 [IpuHIIMI HEPO3PIZHEHOCTI OJHAKOBUX YACTHHOK MPHUBOJMUTH 0 TIHOOKHX (HI3MUHUX
HachiakiB. Hexail € cuctema 13 1BOX TOTOXHHUX YaCTHHOK. [lo3HAaYMBIM CyKYIHICTH KOOPAMHAT 1
HpOEKIIii criny yacTuHOK OykBamu &, i &,, posrisHemo xBuiboBy (yHKmito cucremu Y(E,,E,) .
OCKITbKH YaCTHHKM HEpO3pi3HEHi, mepectaHoBka &, i &, He MOBMHHA NPUBOAMTH 1O 3MiHH

(GBUYHUX BIACTUBOCTEH CHCTEMH, TOOTO 3MIHIOBAaTH KBaApaT MOIYJSA XBWIbOBOI PyHKIll. OTxKe,
MMOBUHHA BUKOHYBATHUCS PIBHICTh

2 2
|\|’(i1ai2)| = |\|’(i2ai1)| .
Ipu IbOMY MOKJIMBI JIBa BHITAKH:

V(ELE)=W(E,.8) 1 W(ELE) =-Vv(E,.5).

V nepmomy BHNAAKY GYHKINS \J BUSBISETHCA CHMETPHIHOIO BITHOCHO 3MiHu &, i &, , y apyromy

BUIIA/IKY — QaHTHCUMETPUIHOIO.

BusiBnsieTbest, 0 YaCTUHKY 3 HYJTBOBHM a00 IUTMM CITIHOM OTIHCYIOTHCS CHMETPUYHHUMHU, a
YaCTUHKHM 3 HAMIBUUIUM CIIHOM — AHTUCUMETPUYHMMM XBUJIbOBUMH (yHKHissMU. [lomambrimii
aHayi3, SIKUM yepe3 HOTO CKIAJHICTh MH BHKIAQJATH TYT HE MAaEMO MOXKIJIMBOCTI, MIPUBOIUTH IO
TaKHUX pe3yJbTaTiB.

YacTuHKH 13 LUIMM a00 HYIHOBUM CIIIHOM MOXKYTh IepeOyBaTH B MeKax JaHOI CUCTEMH B
OJIHAKOBOMY CTaHI B HEOOMEKEHIH KUIBKOCTI. Taki YacTMHKH IIKOPSIOTHCS CTATUCTHIII,
po3pobmnenoto bose i EifHIITeHHOM, 1 TOMY Ha3UBaIOThCA H030Hamu. MokHa cKazaTH, 10 0030HU €
«KOJIEKTUBICTaMU», M «110JJ00A€THCS» HAKOMUYYBATHCS B OJJHOMY 1 TOMY CAaMOMY CTaHI.

YacTUHKM 3 HaMIBUUIUM CIIIHOM MOXYTh Iepe0yBaTH Yy KBAHTOBUX CTaHaX TUIbBKU
noouHIl. Taki YacTUHKU MIJKOPSIOTHCS CTaTUCTUll, po3pobneHoi dDepmi U [ipakom, i
Ha3UBAIOTHCS hepmionamu. DepMIOHH € «IHAUBITYaTICTAMM.

VY 1925 p. Mayni chopmyitoBaB npunyun, ugo Ma€ Moro m's, 8i0N0GIOHO 00 AKO20 8 0OHOMY
i momy camomy amomi (a6o 6 AKIU-HeOYOb IHWIIN KEAHMOBIN cucmemi) He Modce Oymu 080X
eneKkmponie (abo iHWUX YACMUHOK 3 HARIGULIUM CRIHOM), WO MAOMb 00HAKOBY CYKYHHICHb
Kéanmoeux uucen. IHIIMMU CJIOBaMH, y OJHOMY 1 TOMY caMOMY CTaH1 HE MOXYThb IepeOdyBaTu
OJIHOYACHO JIBa EJIEKTPOHHU.

3 Po3nodin enekmponie 3a enepeemuyHumu cmanamu 6 amomi. Haramaemo, mo crtaH
€JIEKTPOHA B aTOMI XapaKTEPU3Y€ETHCS YOTHPMA KBAHTOBUMH YHCIIAMH:

FOJIOBHUM n (n=123,..),
a3UMyTaTbHUM [ (1=012,..,n-1),
MAarHiTHUM m; (m; =0,%1,...+]),
CIIIHOBUM m; (m; =+1/2,-1/2).

Enepris crany atoma B 3arajlbHOMY BUIIQ/IKY 3aJI€KUTh B OCHOBHOMY Bij uucen 7 1 /. Kpim Toro, €
crabKka 3aJeXHICTh €Heprii Bl 4Mcel m; 1 m,, OCKUIBKM iX 3HAYeHHs IOB'A3aHl 3 B3a€EMHOIO
OpIEHTALII€}0 MOMEHTIB IMITYJIBCIB, Bl SIKO1 3aJI€KUTh €HEPTis CHIH-0pOiTanbHO1 B3aemoii. Exepris
CTaHy CHUJIBHIIIE 3pOCTa€ 31 30UIBLIEHHSAM 4uCia n, HDK 31 30uibieHHsM /. Tomy, sK mpaBuio,
CTaH 3 OUIBIIUM # Ma€ HE3aJeKHO BiJl 3HaAYEHHS [ OUIbIIY €HEepriio.

B ocnoBHOMY (HE30ymKEHOMY) CTaHi aToMa €JIEeKTPOHW TIOBHHHI PO3MIIIYyBaTUCA Ha
HaWHWKYMUX JOCTYIHUX I HHUX EHepreTMyHux piBHAX. [losicHEHHs XapakTepy 3alOBHEHHS
OCHOBHHUX CTaHIB aroMiB jae npuHuui [laymi. CTOCOBHO 10 €JIEKTPOHIB B aToOMi L€ MPUHIIMII
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MO>KHa C(HOPMYJIIOBATH TAK: 8 0OHOMY [ MOMY CAMOMY amomi He Modce Oymu 080X el1eKMpPOHIE, U0
Marms 0OHAKOBY CYKYRHICHb K6aHmMoeux yucen n,l,m;, i m,.

AHali3yroun atoM BOJHIO 3 HOIVISy KBAaHTOBOI MEXaHIKM OyJIO MOKa3aHo, L0 JIaHOMY 7
Bimmosinae n’ CTaHiB, SK1 BIIPI3HAIOTBCSA 3HaYeHHsAMH / i m, . KBaHTOBE unCcI0 m, MOXe HaOyBaTn
NBOX 3HayeHb: *+1/2. Tomy B cTaHax 3 JaHUM 3HAYEHHSM # MOXYTb 3HaXOJWUTHUCSA B aTOMI HE

Ginbire 27° eNEeKTPOHIB:

CTaHU 3 n =1 MOXYTb MaTH 2 €JIEKTPOHH,

CTaHU 3 n =2 MOXYTb MaTH &8 €JIEKTPOHIB,

CTaHH 3 n =3 MOXYTb MaTH 18 eNeKTpOHiB,

CTaHU 3 n =4 MOXYTb MaTH 32 €JIeKTPOHa,

CTaHH 3 n =15 MOXYTb MaTH 50 €NeKTPOHIB 1 T.J.

CyKyIHICTb €JEKTPOHIB, 1110 MAalOTh OJHAKOB1 3HAYEHHSI KBAHTOBOI'O YKCJIA 7, YTBOPIOIOTH
060n10nKy. OOONOHKM MIAPO3AUISIOTECS HA HIN000J0HKU, TIO BIIPIZHSIIOTHCS 3HAYEHHSIM
KBAHTOBOro 4mcia /. BigmoBimHO 10 3HAYEHL # OOOJIOHKAM JAlOTh MO3HAYEHHS, 3al03HYEH] 31
CIEKTPOCKOIIT pEeHTI€HIBCHKUX POMEHIB:

3Ha4YCHHS 71 1 23456 7.

[To3nauennst 0600HKH KLMNOPDQOQ..

Po3noain MOXIMBUX CTaHIB €IEKTPOHA B aTOM1 Ha OOOJIOHKHU H MiZ0O0JOHKHU MMOKa3aHUN y
Tabm. 1, y sAKii 3amiCcTh mo3HayeHb m,==11/2 3acTocoBaHl JuIi HAOYHOCTI CHMBOJH T .
[Tino6onoHKy, SK 3a3Ha4eHO B TAOJIMI, MOXKYTh II03HA4YaTUCS JBOMA CIIOCOOAMHM, HaNpuKiag, L,
(amoxHINA 1HACKC | Mo3HaYae HOMep Mi1000JI0HKH) abo 25 (n=2,[=0).

J1J1 MOBHICTIO 3alIOBHEHOT M1JT000JIOHKU XapaKTepHa PIBHICTb HYIIO CyMapHUX OpOITaIbHUX
1 cymapHoro cmiHoBoro MomeHTiB (L =0,5=0). Orxe, MOMEHT IMIYyJbCy Takoi MiJ0O0JIOHKU
nopiBaioe Hymt0. [lepekoHaemocs B 1mpoMy Ha mpukiaml 3d -mipo0ononku. CmiHM BCIX JECSATH
€JICKTPOHIB, IO BXOJATH Y IO MiI000JIOHKY, TTOTIAPHO KOMIICHCYIOTh OJIMH OJTHOTO, BHACIIIOK YOTO
KBaHTOBE YHMCJIO CYMapHOTo CIiHOBOro MomeHTy S =0 . KBaHTOBe 4MCIIO NPOEKIIii pe3ynomyouozo
opoOimanbHo20 MOMeHmy Imnyavcy i€l TiTO0O00JOHKM Ha BICh Z Mae€ €IuHE 3HAYCHHS
m; = m;=0. OTxe, KBAHTOBE 4YUCIO DPE3YJIbTYHOUOr0 OpPOITAIBHOIO MOMEHTY IMIyIbCy L

TaKOX JIOPIBHIOE HYJO. TakuM 4YMHOM, IpU BU3HA4YeHHI L ¥ S aToma 3amoBHEHI Mi0OOJOHKH
MO>KHa He Opatu 10 yBar.

4 Ilpunuun Ilayni pgae  mosicHEHHS  NEpIOAMYHOT 2p A
MOBTOPIOBAHOCTI ~ BjacTuBocTtedd  aromiB.  [Ipocrexxumo '
o0YyI0BY nepioduunoi cucmemu elemenmis o LAl

-~ I

. I.Menoenceesa. Ilounemo 3 aromMa BOJHIO, SIKHA Ma€ OJUH Y '
enekTpoH. KoXHME HacTymHuMI atoMm OymaeMo OTpHMYBATH, sl A (AL AL A

. o STt Y1 1 Ty
30UTBIIYIOUH 3aps] A]ipa NONEePEeIHbOr0 aToMa Ha OJMHUIII0 I HlHelLi | Be | B
JOJIAl0YM OJIMH €JIEKTPOH, SKUH MU OyJemMo pO3MIIIyBaTH B
JOCTYIHUI JUIS HBOTO BINNOBIMHO 10 mpuHImy [layni cran 3 289! Sy 1’8, 'Sy |72,
HalMEHIIIOI0 CHEPTi€l0. p 201 _C

B aromi BogHIO € B OCHOBHOMY CTaHl OJMH ncynok 20.1 — Cxema 3anos-
HEHHS EJICKTPOHAMHU EHEepreTHY-

Ls -eJIeKTPOH 3 JOBUILHOIO OpieHTalli€rO ciHa. KBaHTOBI uncia i
aToma maroTh 3HadeHHs: L =0,5 =1/2,J =1/2. Tyt kBaHTOBE HHUX PIBHIB

quciio J XapakTepusye pe3yabTYyIOUHMi MOMEHT IMITYJIbCY aTOMa, IO CKJIAIA€ThCS 3 OPOITAIIBHOTO
i CHIHOBOTO MOMEHTIB IMIyJIbCy. BiANOBIIHO CHMMBOJI OCHOBHOTO CTaHy BOJHEBOIO aroMma Mae

BUTJISI 2S1/2 (2=25+1, ne S=1/2; cumBon S mo3Hauae, mo L =0; iuaexkc 1/2=J; He ciixa

TUTYTaTH CITIHOBE KBAaHTOBE YHCIO S 3 MO3HA4YEeHHSAM S, sKe BKa3ye, M0 OpOiTallbHE KBAaHTOBE
YHCIIO JTOPIBHIOE HYIIIO L =0).

SIKmo 3apsn siapa aToMa BOJHIO 30UTBIIUTH HA OJMHHUINO M JIOJATH 1€ OJWH EJIEKTPOH,
oTpuMaeMo atom remiro. OOuBa eJIeKTpPOHU B I[bOMY aTOMi MOXYTh nepedyBatu B K -000JI0HII],
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ajie 3 aHTUIApAJIEIbHOIO OpIEHTALI€I0 CIIHIB. Tak 3BaHa enekmponHa Koughizypayia aToMa MOXe
6yTu 3amucana sk ls® (mBa ls -enexrponn). OCHOBHUM CTaHOM 6yie 1SO (L=0,5=0,J=0).
Ha artomi renito 3akiHuyeTbcs 3anoBHEHHS K -00070HKH. TpeTiit eleKTpoH aTroma JITio

MoKe 3aifHaTH nume piBeHb 2s (puc. 20.1). YTBOprOeThCs enekTpoHHA KoH(irypamis  1s?2s.
OCHOBHHUI CTaH XapaKTEPHU3YEThCS KBAaHTOBUMU unciaamu L =0,5=1/2,J =1/2. Tomy ocHOBHUM

CTaHoOM, SIK 1 y BOJHIO, Oyze 28 . TpeTiii eNeKTPOH aTroMa JITiio, 3aiMaro4u OUIbLI BUCOKMUIA
1/2 5

€HepreTUYHUN piBeHb, HDK I1HIL J[BA €JIEKTPOHH, BUSBISEThCS cialKille, HK BOHM, MOB'SI3aHUM 3
SJIpOM aToMa. Y pe3ysibTaTi BiH BU3HAUYAE ONTUYHI i XIMIYHI BJIAaCTUBOCTI aTOMA.

VY yeTBepTOTO €NMEMEHTa, OepHITis, MOBHICTIO 3aITOBHIOETHCS MiI000JOHKA 25 . Y HACTYIMHUX
mectu enemenTiB ( B,C,N,O,F 1 Ne) BinOyBaeTbcs 3alIOBHEHHS €JIEKTPOHAMH T11000JIOHKH 2 p ,
y pe3yJbTaTi YOr0 HEOH Ma€ MOBHICTIO 3all0BHEH1 000J10HKM K (1BOoMa enekTpoHamu) 1 L (BicbMa
€JIEKTPOHAMH), IO YTBOPATH CTIMKY CHCTEMY, MOJIOHY 0 CHCTEMH TeNil0, YUM OOYMOBITIOIOTHCS
crenuQiuH1 BIaCTUBOCTI IHEPTHUX Ta3iB.

[Ipomec 3a0yn0BU €MEKTPOHHUX OOOJOHOK MepIux 36 €IeMEHTIB MeploAUYHOI CUCTEMHU
nonanuil y tabi. 20.2. OnuHaAusITHI €JIeMEeHT — HaTpii, KpiM 3armoBHEHUX 000sI0HOK K 1 L, Mae

OIMH eIeKTpOoH y mimobomonmi 3s. Enexkrponna kondirypaumis mae Burmam ls® 2s? 2p* 3s.

OcHOBHUM cTaHOM Oyne °S,,,. EnekTpon 3s moB's3ammii 3 sjapoM ciabkimre Bix iHmmx i €

eaneHmHum, a00 ONMUYHUM e/leKMmPOHOoM. Y 3B'S3Ky 13 IIUM XIMIYHI W ONTHYHI BJIACTHBOCTI
HaTPI0 MOJI0H1 IO BJIACTUBOCTEH JITIIO.
Tabmuus 20.1

0Ooo0- n [ " . ITimo0o0- 0Ooo0- n [ " . ITimo0o0-
K 1 0 0 T K(1s) 0 0 T | N(49)
-1 T
0 0 T | L(29) 1 0 T | Ny(4p)
L 2 +1 ™
i) T
-1 T -1 T
1 0 N Lep | 4 2 0 T | N;(4d)
+1 T +1 T
201
0 0 T | M,(39)
1 T -3 T
| o | T | MG 2 N
T 1l »3p) q M
M 3 i) Tl 3 0 T | Ny(4f
Ak e
2 0 ™| M,3d
1 T\L 3( ) +3 T\L
+2 T

VY HacTymHHMX 3a HaTpiEM €JIEMEHTIB HOPMaJbHO 3allOBHIOIOTHCS MiZ000JIOHKU 3s U 3p.
[TinoGosionka 3d mpu JaHiil 3aranbHi KOHQIrypaiii BUSBISETHCS EHEPreTUYHO BHILIOKO BiJ
mig000JIOHKU 45, y 3B'I3Ky 13 UMM IpPU HE3aBEPILIEHOMY B LIJIOMY 3alOBHEHHI 000JOHKH M
MOYMHAETHCS 3arlOBHEHHS 000J0HKM N . IlimoGosonka 4p nexuTh yxe Bulle, HUK 3d, Tak 110
micis 4s 3alOBHIOETHCS ITiI000I0HKA 3d .

3 aHaAJOTIYHUMHU BIACTYNAMHU BiJ 3BHYAWHO1 IMOCTIZIOBHOCTI, IO TMOBTOPIOIOTHCS Yac Bil
yacy, 3[1MCHIOEThCS 3a0ynoBa €JIEKTPOHHUX PIBHIB Bcix aromiB. [lpy npomy mnepioanyHo
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MOBTOPIOIOThCS MOJIOH1 €JIeKTpOHHI KoH(irypanii (Hampukian, ls,2s,3s 1 T.1.) HOHAJ MOBHICTIO

3alOBHEHUX MiJO0O0JIOHOK, YUM OOYMOBIIOETbCA TEpPIOAUYHA IOBTOPIOBAHICTh XIMIYHUX

OINTUYHHUX BJIACTUBOCTEH aTOMIB.

Taomuusa 20.2
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§ 21 CnonTanHe i BuMynieHe BunpoMiHioBanHs. Koedinientu Eiinmreiina

1 BigmosigHo

OutbII HM3bKMI E, 3 BUIIPOMIHIOBaHHAM (QoToHa hw=FE, —E, . Taki nepexoan OyneMo Ha3UBaTH

0 Teopli

i

bopa wmaroTh Micue JBa BHMJIM IEPEXOJIB AaTOMIB MK
CHEpPreTHYHUMH PiBHAMHM. [lepmmii Buj — mepexin 3 OUIbII BUCOKOTO €HEPreTHYHOro piBHA FE, Ha

cnonmanHumu (aToM CIIOHTAHHO, CAMOYMHHO IE€PEXOJUTH 13 OUIbII BHCOKOTO €HEPreTUYHOIrO

42



piBHA Ha OUlbIl HU3BKUK) (ouB. puc.21.la). Jpyruit Bua — mnepexin 3 OUIbII HU3BKOTO
€HEPreTHYHOro piBHA E, Ha OUIbII BUCOKMH £, I Ji€X0 BUITPOMIHIOBaHHA (IIOITIMHAHHA (POTOHA
ho=E, —E
(mepexiJl 3aJ€KUTh Bl HASBHOCTI ¥ IHTEHCHUBHOCTI MOJISi BUIPOMIHIOBAHHS, TOMY HAa3UBAETHCS
BUMYILIEHUM) (1uB. puc. 21.10).

KU majae Ha aTtoMm). Taki mepexoiu Ha3UBAIOTHCA GUMYUIEHUM NOAUHAHHAM

m?

q E, N E,
\ hw \
! E, 3 E,
a o
Pucynok 21.1 — Cxemu: a — CIOHTaHHOIO BHIIPO-

MIHIOBaHHSI; 6 — BUMYIIIEHOTO TIOTJIMHAHHS

2V 1916 p. EiHmreliH 3BepHYB yBary Ha Te, IO JBOX 3a3HAUYEHUX BHUIIE BHU/IIB
BUIPOMIHIOBaHHSI HEJOCTATHBO JUISl TOSICHEHHS ICHYBaHHS CTaHy TEIUIOBOI pPIBHOBarM MK
BUIIPOMIHIOBaHHSM 1 peu0BUHOI0. J[1iCHO, IMOBIPHICTh CHOHTAHHUX [E€PEXO/1IB BU3HAUAETHCSI JIUIIIE
BHYTPIIIHIMU BJACTUBOCTSAMHU aTOMIB 1, OTXeE, HE MOKE 3aJIeKaTH BlJl IHTEHCUBHOCTI MaJar0uoro
BUIIPOMIHIOBaHHS, y TOM 4Yac K IMOBIPHICTh «IOTJIMHAJBHUX» MEPEXOJIB 3aJIEKUTh SK BiJ
BJIACTHUBOCTEH aTOMIB, TaK 1 BiJ IHTEHCHBHOCTI IaJai0uoro BHUIPOMIHIOBaHHS. JlJIi MOKJIMBOCTI
BCTAQHOBJICHHSI PIBHOBaru Npu JOBUIbHIA IHTEHCUBHOCTI M1aJJal0YOr0 BUIIPOMIHIOBAHHS HEOOX1THO
ICHYBaHHSI «BHUIIPOMIHIOBAJIbHUX» MEPEXO0JIB, IMOBIPHICTh SKUX 3pocTaia O 31 30UIbIICHHSIM
IHTEHCUBHOCT1 BMIIPOMIHIOBaHHS. ToOOTO «BUIPOMIHIOBAJILHUX» IIE€PEXOJIB, SKI 3ajexXaTb,
CHPUYMHSAIOTECS BUIIPOMIHIOBAaHHSAM. BuNpoMiHIOBaHHS, fKE€ BHUHUKA€ B peE3yJbTaTl TaKUX
MIePEXO0/IIB, HA3UBAETHCS GUMYUIEHUM, 200 IHOYKOGAHUM GUNPOMIHIOBAHHAM.

Bumyniene BUIpOMiHIOBaHHS Ma€ JOCUThH BaKJIMBI BiacTuBocTi. Hanpsm ifioro nommupeHHs
B TOYHOCTI 30Ira€eTbcs 3 HaMPSMOM MOIIMPEHHS 30BHIIIHBOIO BUIIPOMIHIOBAHHS, SIKE€ CIIPUUYMHUIIO
nepexia. Takox 30iraroTbcst yacToTH, $aszu i nosspusanii HUX BUIPOMiIHIOBaHb. OTXKe, BUMYILIEHE
BUIIPOMIHIOBaHHS ¥ Te, sIKE CHPUYMHWIO NEpexis, BUSIBISIFOTHCS CTPOTO KOTepeHTHUMH. Llg
0COOJIMBICTh BUMYLIEHOTO BUIIPOMIHIOBAHHS JIEKUTh B OCHOBI1 [ MIJICHJIIOBAYIB 1 T€HEpaTOpiB
CBITJIA, IKMX HA3WBAIOTh JIA3EPaAMH.

N,

" [}
A'N, BN ,u(m) BN, u(®)
\

AV W

Pucynoxk 21.2 — Ilepexoau atoma: 1 — CHoHTaHHE BUTIPOMIHIOBAHHSI;
2 — BUMYIIIEHE BUIMPOMIHIOBaHHS; 3 — BUMYIIIEHE TTOTJIMHAHHS

E

\

Em

3 OnumemMo AKICHO CTaH TEPMOAMHAMIYHOI pPIBHOBard MDK BUIIPOMIHIOBaHHSM 1
pedoBHHOIO. JlocimmKyeMo MepexiJ aToOMIB MK CTaHaMu 3 eHeprismu E, i E, (auB. puc. 21.2).

Hexait N, 1 N,, —4ucio aToMiB y craHax £, 1 E, , npudomy ctanu E, i E, MOXyTb OyTH B3STi
SAKAMH 3aBIOJIHO 3 PsAy NPHUITYCTUMHX CcTaHiB. CepelHe YMCIIO MEepexXoiiB aTOMIB 31 cTaHy £, B
craH FE, 3a OJMHHIIO 4Yacy 4yepe3 CIIOHTaHHE BHUIPOMIHIOBAHHS OyJle NMPONOpPLIAHE BUXITHOMY

ypcy atomiB N, . [logamo ioro y Burisani A4, N, . EfiHmTeiin noctymoBas, Mo 4epe3 iHAyKOBaHe

BUIIPOMIHIOBaHHSI CEpE/IHE YHUCIO MEepPexOo]iB MK TUMU CaMHMH pIBHSAMH Oyne sK 1 paHiie
HPONOPUIHHO N, , a TAKOK CIIEKTPalbHIM I'yCTHHI BUIIPOMIHIOBaHHS u(®,,,) IPH YacTOTI CBITIA,
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sKa BHUIPOMIHIOETBCS y PO3IIAHyToMy mepexoxi. Ilo3Haummo ne umcno uyepe3 B)'N, u(®,,) .

AHaJOI4HO, CepelHE YUCIO NepexoidiB 3 piBHA FE, Ha piBeHb E, dYepe3 IOINIMHAHHS CBITJIA

Moxemo momatd sk BN, u(®,,). Bemmuunu A,', B,', B, Ha3uBalOThCS Koediyichmamu
Eitnuumenna. BoHu € xapakTepuCTHUKaMU TUIBKM CaMOTO aToMa ¥l MOXXYTh 3ajieKaTH JIMIIE Bil
9aCTOTH (0, .

4 BusHaunmo 38130k Mk B)' i B, . [IpumycTumo, 110 TOJIe BATIPOMIHIOBAHHS, y SIKOMY
3HAXOJAThCA aTOMM, pIBHOBakHe M Mae Temneparypy 7. Toai Mae wicue TepMOJIMHAMIYHA
piBHOBara i Tomy

m m _ n
An Nn+Bn Nnu((omn)_BmNmu((omn)' (211)

bynemo nigBuinyBatu temnepatypy cuctemu. Koedinientn EliHinTeiiHa npu 1boMy 3MIHIOBATUCS
He OynyTb, TOMYy IO BOHM BiI TeMmrepaTypu He 3ainexarb. CHekrpanbHa T'yCTHHA
€JIEKTPOMArHITHOTO BUIIPOMIHIOBaHHA u(®,,,) Oyne 3pocrat. ToMy CHOHTaHHE BUIIPOMIHFOBAHHS
(e szamexuts Big u(®,,)) Oyxe BiAIrpaBaTH BCE MEHINY i MEHIIY pOjb Yy IOPIBHAHHI 3

BUMYILEHUM. 32 YMOBU T — oo HUM MOXHa 3HEXTyBaTHU. ToJl ymMOBa JeTajabHOI piBHOBaru mpu
T — oo Habepe BUTISALY

BignosinHo no popmynu bonsrmana N = N, exp(—E /(kT')). Tomy
Nn =N06Xp(_En/(kT)):eX _En_Em — exp _En_Em =6Xp(—0)=1.
N, Nyexp(=E, /(kT)) kT oo

Tob6ro npu 7' — co 3aceneHicTh piBHIB N, N, IOBHHHA 3pIBHATUCA. 3BiAcHU i 3 Gpopmynn (21.2)

BUILIMBAE, IO
B'=B,,. (21.3)

TakuM 4YMHOM, ICHYIOTH TpPU BHJIM IEPEXOAY AaTOMIB: CIIOHTaHHE BHIIPOMIHIOBAHHS,
BUMYILIeHE (1HAYKOBaHE) NOTJIMHAHHA, BUMYyIlIeHe (IHIyKoBaHe) BUIpoMiHIOBaHHA. L{i mepexonu

XapakTepu3yroThes Koedinientamu Eitnmreiina A4, B))', B, , npuiomy B,'=B) .

§ 22 InBepcHa 3acenenicth. Jlazepn

1B 50-x pokax XX cr. Oynu CTBOpEHI MPHUCTPOI, IPU MPOXOKEHHI uepe3 sKi
€JIEKTPOMArHiTHI XBWJI1 MIJICUIIOIOTBCA 32 PaxXyHOK BIAKpUTOro EHHIITEHHOM BHUMYILEHOTO
BunpomiHooBaHHs. Y 1953 p. Bacosum 1 IlpoxopoBum 1 He3zanexxHo Big Hux TayHcom Oynu
CTBOPEHI TEPIIi MOJIEKYJIPHI TEHEPATOPH, K1 MPAIIOIOTH Y J1ala30H1 CAHTUMETPOBUX XBUIIb 1 SIKi
oTpuManu Ha3By MmaszepiB. (Y 1964 p. bacoBy, [IpoxopoBy # TayHcy 3a me Oyna mpucymkeHa
HobeniBcpka npemis.) CoBo «ma3ep» MOXOIUTh B Hepuiux OykB aHriiicbkoi Ha3BU Microwave
Amplification by Stimulated Emission of Radiation (rmocuieHHS MIKpOXBWJIb 32 JIOTIOMOTIOIO
BUMYILIEHOTO BUIIPOMIHIOBAHHS).

Y 1960 p. MeiimanoMm OyB CTBOpPEHMH MEpIIMH aHAJOTTYHMM Mpuiaja, L0 MpalIoe B
onTUYHOMY aianasoHi, — aazep (Light Amplification by Stimulated Emission of Radiation —
MIOCWJIEHHSI CBITJIa 3a JIOIOMOIOI0 BUMYIIEHOTO BHUIIPOMIHIOBaHHS). Jlazepu Ha3MBaIOTh TaKOX
ONMUYHUMU KEAHMOBUMU 2eHepamopamu. Y LIl 4ac TEPMIH «Ia3ep» NOEJHY€E B cO01 HE TUIbKU
ONTHYHI KBAHTOB1 FT€HEPATOPH.

2 Jlazep mpalfioe 3a HPUHUUNOM IHOYKOGAHO20 eunpominioeanus. IlpunycTuMo, mo Ha
arom nazgae GoToH 3 eHepriero hw=FE,—FE,, ne E, i E, — nedKi 1Ba eHepPreTH4Hi PiBHI aToMa.

SIKIIO aTOM 3HAXOAUTHCS HA HWXKHBOMY PiBHI E;, To (OTOH, IO Majgae Ha HHOIO, MOXKE
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HNOIVIMHYTUCS. SIKIIO K aTOM 3HAaXOAMTbCA HA BEPXHbOMY pIBHI E,, TO MOXe BIIOyTHCA
BUMYLICHUH I€peXxiJi Ha HWXKHIA piBeHb E| 13 BUIIPOMIHIOBaHHAM Jpyroro (otoHa. IHIykoBaHO
BUNPOMIHEHUH (OTOH XapaKTEepU3yeTbCs HE TUIBKM TIEKD CaMOK YacTOTO ® (SK 1 mpu
CIIOHTAaHHOMY BHIIPOMIHIOBAHHI1), ajié TaKOX THUMH X (a3010, MOJApHU3ALIE€I0 W HANPIMKOM
MOIIMPEHHS. 3aMICTh OJHOTO TaJarodoro (OToHa YTBOPIOETHCS ABa TOTOXHHUX (QoToHH. Ll
0COOJIMBICTh 1HAYKOBAHOI'O BUIIPOMIHIOBAHHS I BUKOPUCTOBYETHCS B Jla3epax.

PosrisiHemo Tenep He OAMHUYHUE aTtoM, a cepefouule 3 aromis. [lozHaunmo uepes N, 1
N, uyucna atoMiB B oauHuIl o0'eMy Ha piBHAX £E, 1 E, BimnosinHo. Ilpunmyctumo, mo B
CepeI0BUILI NOIIHUPIOETHCS TNIOCKa MOHOXPOMATHYHA XBHJISL, YACTOTA SIKOIO BU3HAYAETHCS YMOBOIO
ho=E,—E,. 3a 4ac df i3 HHKHBOTO PiBHs HA BEpXHiil EPEXOIUTh y cepenHboMy u(®)B] N, dt
aToMIB 1 Take caMe 4YuciIo (DOTOHIB MOTJIMHAEThcA. Yepe3 I1HIyKOBaHE BHUIIPOMIHIOBAHHS 3
BEPXHBOI'O PIBHS Ha HIKHIN nepeiine u((o)B;det aTOMIB 1 YTBOPUTHCS TaKe CaMe€ YUCIO (POTOHIB
TiEl caMoi moJspu3aulii ¥ HanpsMKy MOMIMPEHHsS, WO ¥ y po3risHyroi xBuii. DOTOHH, SKi
BUIIPOMIHEH1 CHOHTaHHO, a TaKoX (OTOHH, SIKI IHAYKOBaHI IHIIMMHM XBWISIMM, MOXHa HE
BpaxoByBaTH, TOMY IO CepeJ] HUX TUIbKM HE3HayHa YacTHHA IOLIMPIOETbCS B MOTPIOHOMY
HanpsIMKy ¥ Mae noTpiOHy nosispuzanito. 30UIbLIeHHS yKicia GOTOHIB B OAUHMUII 00'eMy 3a yac df
MO>KHA [10JIaTH BUPA30M

dN,,, =(BLN, — BXN, h(w)dt = BL(N, — N, Ju(w)d 22.1)

Tyt ypaxyBanu, mo koediuieHTy EifHmTeiina 312 71 B; 3B'S13aH1 CHIBB1IHOIICHHSM BlzzB; .3
(22.1) BunuBae, mo6 xBuiis miacuiatoBanacs (- dN, pom >0 ), HeOOX11THE BUKOHAHHS YMOBU

N,—N,>0,a6o N, >N,. (22.2)

VY 3BHYalHMX yMOBaxX, KOJIM CEepeloBHIlEe IepedyBae B TEpMOJMHAMIUHIA pIBHOBa3l,

CHIBBIIHOIIEHHS (22.2) He BUKOHYeThcA. T0oOTO Mae Miclie 3BOpOTHE cliBBitHOmMEHH N, <N, Ha

KO)KHOMY HPOCHOMY 8EpPXHbOMY DIGHI Nnepedy8ac MeHuie amomie, Hixc Ha HuxicHbomy. lle
6e3nocepeHbo BUILUIMBAE 3 popmynu bosbimana

N, - -
N =N, exp(-E /(kT)). —L=exp ——2 =exp —=—2L >1,TomMymio E, > E,.
0 N, kT kT 2o
MosHa ITY4HO OTPUMATH MEPMOOUHAMIYHO HEPIGHOBAIICHE cepedosuuie, y SKOro
BUKOHYETbCS CIIIBBIOHOLIEHHS (22.2). Take cepenoBullle HAa3UBAETHCS AKMUGHUM, 2A0O

CEpPENIOBUILEM 3 IHGEPCHOIO 3aceneHicmio 6iOHOCHO eHepzemuynux pienie E, 1 E,. Orxe, mis

MMOCUJICHHST CBITJIOBOT XBHWJII HEOOXITHO, OO CEpeoBHUINE, Y SKOMY XBHWJIS TOIIUPIOETHCS, OYyI0
aKTUBHUM. [7es BUKOpHCTAaHHS IHJYKOBAaHOIO BHUIIPOMIHIOBAHHS JUId IOCUJICHHS XBWJI Oyia
Briepuie BucioBieHa B 1939 p. B.A. ®alpukantom. Y Toit yac Ha ineo dabpuxanra He Oyno
3BEPHEHO HAJEKHOI yBaru. 3JaBajiocsi, IO CTBOPEHHS CUCTEM 3 IHBEPCHOIO 3aCENICHICTIO
€HepreTUYHUX PIBHIB — clipaBa Oe3MepCrieKTUBHA.

[locuneHHs cBiTiia B aKTUBHOMY CEPEIOBHILI 3BUYAHO MOPIBHIOIOTH 31 CXO/HKEHHSM JIaBUHH,
300paxyroud (OTOHM Y BHIJBSINI KylnboK. DOTOH-KyIbKa, fKa JIETHTh, MOPOJUKYE IPYTHUA
(OTOH-KYIIBKY 3 TIEPEX0/I0M aToMa 3 BEPXHBOTO PIBHS HAa HIDKHIA. YTBOPIOIOTHCS J[Bi OJTHAKOBHX
KYJIBKH, 110 JIETSTH y TOTEPETHLOMY HAPSMKY, MTOTIM YOTUPH KYJIBKH 1 T.JI.

3 [Ilo6 akTHMBHE CepelOBHINE MEPETBOPUTH Yy TEHEPATOP CBITIIOBUX KOJUBaHb, HEOOXITHO
3NIICHUTH 360pomHuil 36'A30K (NPyruil IPUHIMI, 0 BUKOPUCTOBYETHCA il Yac poOOTH j1a3epa).
Ines peanizarii 3BopoTHOTO 3BSI3Ky Bmepine Oyna BucioBieHa B 1957 p. A.M.IIpoxopoBum i
H.I".bacoBuM 1 He3anexHo Bin HuX Y.Tayncom. HeoOxinHO, 111006 yacTHMHA BUIIPOMIHEHOIO CBITJIA
yBech 4ac mnepeOyBajia B 30HI aKTUBHOI PEYOBMHHU ¥ BUKJIMKaja BUMYIICHE BUIIPOMIHIOBAHHS BCE
HOBUX 1 HOBUX aToMmiB. JIIsl LIbOro axkTUBHY PEYOBHHY IOMIIIAIOTh MDK JBOMa MapayeIbHUMHU
n3epkanamu. [IpummycTrmo, Hanpukiaz, o BOHO sABJIsE cOOO0 LIMIIHAD, a IUIOLMHY A3epKal S 1 S,

MePIEHIUKYIISIPHI 10 OC1 bOTO ITiHapa (puc. 22.1).
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S, S, S, S,
a) 0)

Pucynok 22.1

Tonxi mpoMiHb CBiTJIa, 3a3HaOYM OaraTopa3soBOro BiIOMUTTS BiX A3epkan S, 1 S,, Oylne NpoxXoauTu
OaraTo pa3iB yepe3 aKTUBHY PEUYOBHUHY, MIJICHIIOIOYUCH MPU LBOMY B pPe3yibTaTi BUMYIIEHHX
NepeXoAIB aTOMIB 3 BUILOIO €HEPreTUYHOrO piBHA £, Ha OUIbII HU3BKUM piBEHb E .

Takuit pe3onarop Oyne He TUIBKA MIJICHIIOBATH CBITJIO, aj€ TaKOX 3BYXKYBaTH 1
MOHOXPOMaTH3yBaTH Horo. s IpoCTOTH MPUITYCTUMO CIIOYATKY, IO A3epKana S, i S, ineanbHl
Toni mpomeHi, 5Kl napajesibHi ocl WIIHApa, OyayTh IPOXOIUTH Yepe3 aKTUBHY PEUOBUHY TYIU U
HazaJ HeoOMexeHe Yucio pa3iB. ToAl MPOMEH], K1 HOIUPIOIOTHCS MOXUIIO0, 3PEHITOI0, MOTPAILISTh
Ha OIYHY CTIHKY LMJIHJIpA, JIé BOHM pO3CIIOTbCA ab0 BHIAYTh HA30BHI. 3pO3yMUIO, IO
MaKCHUMAJIbHO MIJACUJISATBCA MPOMEHI, $KI MOIIMPIOIOTHCS MapajenbHO ocl muiiHapa. Lum 1
MOSICHIOETHCS KOJIIMAII1sl (3BY)KYBaHHS) IIPOMEHIB.

Ilosicaumo Tenep, sk BIIOyBa€eTbCA MoHOXpomamusayis céimaa. JIns MpOCTOTH MPOBEAEMO
MIPKYBaHHSI CTOCOBHO 10 puc.22.la, Koiau ponb a3epkan  S; 1 S, BUKOHYIOTH BIIIOJIPOBaHI
1ocpibJieH1 TOPII MIIIHAPA aKTUBHOT PEYOBUHHU, SIK1 IEPHIEHAUKYISPHI A0 HOro reoOMEeTpU4HOI OCl.
Hexaii L — nomxuHa muwitinapa. Skimo 2L = mA , TOOTO Ha JOBXHHI L YKJIQAAEThCS IIUJIC YUCIO M
HaIIBXBWJb, TO CBITJIOBA XBWJISA, BUHIIOBIIX BiJ S, MICIA NPOXO/UKEHHS 4Yepe3 LMIHAP Tyau U
Ha3aj] MOBEpHETbCcA 10 S, y Tid camiil (a3l Taka XBWIsS MIICHIMTBCA IPU JPYyromy M BCiX
HACTYITHUX IMPOXOJ/DKEHHSIX Yepe3 aKTUBHY PEUOBUHY B MPSMOMY M 3BOPOTHOMY HampsiMkax. Lls
XBWIIA OyJie MIICUITIOBATUCS MaKCUMAJIBHO.

VY peanpHOMY J1a3epi yacTHHA CBITJa BUBOJUTHCS HA30BHI. [l mboro ojHe 13 Ja3epKai
POOIATH HAMIBIIPO30PUM.

4 PyoinoBuii jazep. CTBOpEeHHs ja3zepa CTajio E,

MOXJIMBUM TICJISI TOTO, SIK Oynau 3HaWIIEHI CIOCOOu

3/IIICHEHHSI 1HBEPCHOI 3aCEJIEHOCTI PIBHIB y JESKUX

pedoBuHax. [lepiuii kBaHTOBUI reHepaTop cBiTia OyB E;

cTtBopeHuit B 1961 p. Meitmanowm Ha pyOiHi. PyGin — e

TBEpAMM KpHUCTal, OCHOBOIO SIKOTO € KOpYHJ, TOOTO vy E,;

KpHCTal OKUCY almoMiHito (A4, 05), y IKOMY HEBeJIUKa

yacTUHA aToMiB amoMiHito (6mu3bpko 0,05%) 3amimeHa 2 v
ionamu xpomy Gr°*. [oHH XpOMY BilirpaloTh OCHOBHY hn VWV
poub y poGoTi kBaHTOBOTO reHepatopa. Kopynn — e  -ApwWWwwv—= | =6943nmu
JIENEKTPHK 13 IMIHUPOKOIO 3a00POHEHOI0 CHEPIrETUYHOIO AN VVVV—
30HOI0 MDK BaJICHTHOIO 30HOIO ¥ 30HOIO MPOBIAHOCTI.

EnepreTuuni piBHI XpoMy B KOpYHIl JieXaTb y Il v

3a00poHeHii 30H1. OCHOBHUM (HE30YIKEHUM) piBHEM E,

€ piBeHb E; (puc.22.2). BiH Mae ckinaiHy CTPYKTypYy, Pucynox 22.2

10, OJHAK, HE Bifirpae posi B poOOTI KBaHTOBOTO reHeparopa. Buie nexars 01u3bKi 30y1KeH1
piBHl E,, U FE,;. Ille — mopy4 posmimeni pieHi. Ilpu mepexoxai 3 HUX Ha OCHOBHUI piBeHb £,
BUIIPOMIHIOETHCSI YSPBOHE CBITJIO 3 JAOBXKHMHAMH XBWIb A =094,3 i 692,9 um. Bin it Hagae pyOiny
XapakTepHe pokeBe ab0 uepBoHE (apOyBaHHs (3aJ€KHO BiJl KOHIEHTpAIlli 10HIB Xpomy). bbb
iHTeHCHBHA JIiHiS A =094,3 uM. I3 i€l MpUYKMHU TUTBKK BOHA H MIJICHIIIOETHCS MPH POOOTI Jlazepa.
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Hpyra niHig He Bigirpae poiai. Bume piBHIB E,, 1 E,; po3MilleH] 1Bl HOPIBHAHO IIUPOKI CMYTH
eHeprii E; 1 E, .

IHBepcHa 3aceneHICTh CTBOPIOETHCS MDK piBHAMHM E|; il E, . JIis 1boro BUKOPUCTOBYETHCS
TaK 3BaHe ONTHUYHE HAKaYyBaHHS, TOOTO OCBITJICHHS KpHCTaja pyOiHa MOTYKHUM CTaJIaXxOM CBITJIa.
Py0iny Hanmatote GopMH LUIIHIPUYHOTO CTpWKHA 3 ailamerpoM 0,1-2 cM 1 TOBXKHUHOIO B 2 A0
20 cm 1 6wuibire. KiHii cTepkHS peTenabHo BiAnoiipoBaHi. Bonu MoxyTs 0yt azepkanamu. Toxil ix
CpiOysATh, K MOKa3aHO Ha puc. 22.la. JI3epkana MoXyTb OyTH i 30BHIIHIMHU (puc. 22.10), Toai
cpiOneHHss He nOTpiOHO. Jlys BUCBITIIEHHS pPYOIHOBOIO CTPMXKHS 3aCTOCOBYIOTH IMITYJIBCHI
KCEHOHOBI Ta30pO3psiiHI  JlaMIM, 4epe3 sKI pPO3pADKAIOThCsl  Oarapei BUCOKOBOJBTHHUX
KOHJIeHcaTopiB (Hampyra 2-3 kB). TpusainicTs cianaxy HopsaKy OAHi€T MUTICEKYH/IH.

SIk1o 6 eHepreTUYHMM CIIEeKTp CKIIaAaBcs TUIBKHU 13 ABOX pIBHIB E; 1 E,, TO 3a JOIIOMOIO0
ONTUYHOTO HaKauyBaHHS CTBOPHUTH IHBEPCHY 3aceseHICTh Oyno 0 HeMoxuBo. JlilicHO, IHIYKOBaH1
[IEpPEeX0/IM aTOMIB 3 HUKHBOTO PIBHS HA BEPXHIN 1 Ha3aj 11yTh 13 OJTHAKOBUMHM IIBUIKOCTIMH. Tomy
Jamna sikHanOUIbIIe Moria O Juiie 3pIBHATH 3aceleHocTi 000X piBHIB. HasBHICTB e CIIOHTaHHOTO
BUIIPOMIHIOBaHHS IpUBOIMIIA O 10 301THIHHS (aTOMaMH) BEPXHBOIO PIBHS B HOPIBHSAHHI 3 HUKHIM.

[TonokeHHs 3MIHIOEThCS 3aBSIKM HAsBHOCT1 TPETHOIO, IIMPOKOTO EHEPTE€TUYHOTO PIBHS, 110
CKJIaJaeTbes 31 cmyr E, 1 E,. Jlamma nepeBoanTh aroMHM XpoMy 3 He30YIKEHOIO CTaHy B

30ymkeHe, TOOTO B €HepreTHyHi cMyru FE; W FE,. 3HauHa IIMPHHA LOUX CMYI MAae€ BEIHKE
IpaKkTHYHE 3HaueHHdA. Jlamma BHIIpOMIHIOE CBITIO, Oim3pke 10 Outoro. Skmo O piBHi E; i1 E,
Oynu J1y’ke BY3bKHUMHU, TO JIMILIE€ HE3HAYHA YacTHHA €Heprii JaMIu Morjia 6 OyTv BUKOpUCTaHa Ha iX
30yIKeHHs. 3aBAAKHM K 3HAYHIM mWupuHi cMyr £, 1 E, Ha ix 30yukenHs npunaznae 10-15% eneprii

BUNPOMIHIOBaHHA Jamnu. Ha piBHax £, 1 E, 30ymkeHI aTroMH XpoMy HepeOyBarOTh IyXKe

kopotkwmii uac (~10~* ¢). 3a meii yac BOHHM TepexoATh Ha O1HH 3 piBHIB E, . [Ipu TakoMy 1epexoi
aTOMHU XpOMY HE BHIIPOMIHIOIOTh, @ BHUTpPayalOTh CBOIO EHEPrit0 Ha 30y/HKEHHS KOJIMBAaHb
KPHCTAIIYHOI pelriTku. MoKJIMBICTh 3BOPOTHOIO ITIOBEPHEHHS aTtoma 31 cMyr E5 1 £, Ha piBeHb E|
Xxoya ¥ icHye, aje HMOBIPHICTb TaKOTO MPOLIECY AYKE Majia B MOPIBHIHHI 3 IMOBIPHICTIO MEPEXOTY
Ha piBHI E,. PiBHi E, MeracTaOuibHi. Yac XUTTS aToMa Ha HHUX ~107° ¢, Mo 3a aTOMHMMH
Mmacimitabamu € ayxke BenukuM. Lle no3Bonsie HakomuuyBaTHM aToMU Ha piBHAX F,. Skmo
NEpEeBOJUTH aTOMH 3 piBHA E, Ha piBHI E; W FE, JOCHTh IIBUAKO, TO Ha piBeHb £, MOKHA
IepeBECTH OUIbIIE MOJIOBUHY aToMiB XpoMy. Tonl Ha piBHAX E, BUSABUTHCS OUIbLIE aTOMIB, HDK Ha
piBHI £, TOOTO BUHMKHE IHBEPCHA 3aCEJICHICTb.

Ha nacrynHomy ertani poOoTH J1azepa BiIOyBaeTbes nepexin 3 piBHA £, Ha piBeHb E|. Llei
nepexiJi BAKOPUCTOBYETHCS JIJIsl TeHEepallii cBiTiia B pyOIHOBOMY Jia3epi.

5 BunpomiHioBaHHSI J1a3epiB BIAPI3HAETHCS PAIOM YyINOBUX ocobmuBocTeil. s HBOTO
xapakrepHi: 1) Benuka MoHoxpomatuuHicTh (AA~0,01 HM); 2) BHCOKa yacoBa i MPOCTOPOBA
KOTEpEHTHICTh; 3) BeJMKa IHTEHCUBHICTb 1 4) BY3bKOCIPSIMOBAHICTh Myuka. KyroBa mumpuna
CBITJIOBOTO IIy4Ka, SKUA TEHEpyeTbCs JIa3epoM, HACTUIBKM MaJla, 10, BHUKOPHCTOBYIOUHU
TeJecKonYHe (OKYCYBaHHS, MOYKHA OTpPUMAaTH Ha MICAYHIN MOBEPXHI IUIAMY CBITJIa JlaMEeTpOM
ycboro Jume 3 kM. Benuka MNOTYXHICTH 1 BY3bKOCHPSIMOBAHICTh ITydKa JO3BOJISIOTH IPHU
(doKycyBaHHI 3a JIOIIOMOIOI0 JIH3M OTpPUMATH TYCTHHY IOTOKY eHeprii, ska B 1000 pa3iB
MIEPEBUILYE I'YCTUHY ITOTOKY €HEprii, 110 MOXHa OTpUMAaTH (POKYCYyBaHHSM COHSYHOTO CBITJIA.

Jlazepy MaroTh 4YMCIEHHI 3acTOCyBaHHS. BOHM BUKOPUCTOBYIOTBCS Yy TEXHINI JUIsS
3BapIOBaHHS, PI3aHHA I IUIABJIEHHS METaNIB; Y MEAUIIMHI — K O€3KPOBHI CKaJbIIeNl, IPH JIKYyBaHHI
OYHUX 1 HAIKIpHUX XBOpoO. JlazepHa nokalis 403BOJIMIIa BUMIPSTH BUJIKICTh OOEpTaHHS IUIAHET,

YTOUHHUTH XapaKTepUCTUKHU pyxy Micsus i mianetu Benepa. Jlazepu BUKOPUCTOBYIOTBCS TaKOX y
PI3HUX MpUIaax JUisi TOHKUX (I3UYHUX JOCTIIKEHb.
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TEMA 5 30HHA TEOPISA TBEPAUX TLJI

§ 23 EnepreTuuHi 30HM B KpHcTaJax. 30HA NPOBiHOCTI, 3a00poOHeHAa 30HA, BAJIEHTHA
30Ha. MeTaJii, HaNiBNPOBIAHUKH, /lieJIEKTPUKH 3 TOUKH 30py 30HHOI Teopil

1 BusiBnsierbesi, 1O B KpHUCTaIl CHEKTP MOXIIMBUX 3HAuU€Hb EHEPrii eJIEeKTPOHIB
pO3MAaTAEThCsl HA P TO3BOJICHHX 1 3a00poHEHHMX 30H (puc. 23.1). ¥ Mexax 103BOJICHHX 30H
EHEePTis 3MIHIOEThCSA KBa3iHENEPEpPBHO. 3HAYCHHS €HEpPTil, 0 HaJIeKaTh 3a00pOHEHUM 30HaM, HE
MOXYTbh peanizyBarucs. Lle moB's3ane 3 TUM, III0 HAa €IEKTPOHU B KPUCTAJl i€ TIEPIOUYHE TTOJIE
KPUCTAJITYHOT PEIIITKH.

[[o6 3po3yMiTH NOXO/JKEHHS 30H, PO3IVISTHEMO YSABHMM Ipolec 00'€THaHHS aTOMIB Yy
kpuctas. Hexail cnouatky € N 130Jb0BaHMX aToMiB $KOi-HEOyab peuyoBuHU. [loku atomm
130J1bOBAH1 OJJMH BiJl OJHOTO, BOHU MAalOTh CXEMU €HEPreTHYHUX PIBHIB, K1 MOBHICTIO 301ral0ThCA.
3anoBHEHHS DPIBHIB €JIICKTPOHAMH 3IIMCHIOETHCS B KOKHOMY aTOMI1 HE3aJIe)KHO BiJl 3alIOBHEHHS
aHAJIOTTYHUX PIBHIB B HIIMX atroMax. Koiu enexTpoHu 00’€HYIOTbCS B OJJHY KBAaHTOBY CHUCTEMY,
TO MDK HUMHU BUHUKae B3aemo/is. BinnosigHo no npuniumy [layni B ofHii 1 Tii camiii KBaHTOBIH
cUCTeM1 HEe MOXe OyTH JIBOX €JIEKTPOHIB, K1 IepeOyBalOTh B OJJHOMY 1 TOMY CaMOMY KBaHTOBOMY
crafi. TakuM YUHOM, 31 30JVDKEHHAM aTOMIB MDK HUMH BUHHKAE B3a€MOJIs, IO MOCUIIOETHCS 1 KA
MPUBOJUTH J0 3MIHM IOJIOXKEHHS PIBHIB. 3aMicThb OJHOTO OJIHAKOBOIO JUIsl BCIX aTOMIB pPIBHS
BUHUKAaIOTh N JyXe ONU3bKUX pIBHIB, fKI He 30irarorbcsi. TakuM YHHOM, KOXHHUM piBEHb
130JIbOBAHOT0 aTOMa PO3LICTUIIOETHCS B KpUCTall HAa N T'ycTO PO3MILEHUX PIBHIB, SIKI YTBOPIOIOTh
30HY.
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Pucynok 23.1 — Enepreruuni Pucynok 23.2 — YTBOpEHHS E€HEepPreTUYHUX
30HU B KpUCTaJIl 30H IpH 30JIMKEHHI aTOMIB

PosmennienHs pi3HUX pIBHIB He € oJHakoBUM. CHIIBHIIIE BChOIO 30YpIOIOTHCS PIBHI,
3all0BHEHI B aTOM1 30BHILIHIMU eJleKTpoHamH. PiBHI, 3alOBHEH1 BHYTPIIIHIMHU €JIEKTPOHAMH,
30yproroThest Manio. Ha puc. 23.2 noka3zaHe po3LIEIUIEHHS pIBHIB AK (YHKIIT BIACTaHI 7 MDK
aToMaMu. 31 cxemMu OayMMoO, II0 BHMHUKAIOUY€ B KPUCTAJIl PO3IICIUICHHS pPIBHIB, fKI 3alHATI
BHYTPIIIHIMHU €JIEKTpOHAMH, Ayxke Mayie. [IoMITHO pO3IICIUTIOIOTHCS JIMINE PIBHI, SIKI 3alHSTI
BAJICHTHUMHU €JIeKTpoHaMH. Take caMme po3IIeIuieHHs Bii0yBa€eThCsl i 3 OUIbII BUCOKUMHU PIBHSIMH,
SK1 HE 3aiHATI €JIeKTpPOHAMU B OCHOBHOMY CTaH1 aToMa.

3anexHO BiJl KOHKPETHUX BJIACTHMBOCTEH aTOMIB PIBHOB&)XKHA BIACTaHb MDK CYCIIHIMU
aToMaMM B KpUCTaii Moxe Oyt abo Tumy #, abo tuny 7, (quB. puc. 23.2). Ilpu BiacTani Tuy #

MDK JIO3BOJICHUMHU 30HaMH, sIka BUHUKA€E 13 CYCIIHIX pIBHIB aToma, icHye 3a0opoHeHa 30Ha. Ilpu
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BIJICTaHI TUILY 7, B1IOYBa€TbCs NEPEKPUBAHHS CYCiIHIX 30H. UKcCI0 PIBHIB y Takii 00’ €1HaH1H 30HI1
JIOPIBHIOE CyMi KUIbKOCTEH PIBHIB, Ha SIK1 pO3LICIUIIOIOTHCS 00K/IBa PIBHI aTOMa.

OTxe, CIIEKTp MOXKJIMBUX 3HAYEHb €HEPIil BAJICHTHUX €JIEKTPOHIB y KPUCTaJIl PO3MadaeThCs
Ha Al 0036071eHUX 1 3a60ponenux 30n. llupuHa 30H He 3alE€KUTh Bl po3MIpiB Kpucraia. Bona
3aJIeKUTh Bl KUIBKOCTI aTOMIB y KpHUcTajil. TakuM YMHOM, YUM OUIbIlI€ aTOMIB MICTUTh KpUCTAII,
TUM TICHIIIE PO3MIIYIOTHCS PiBHI B 30HI. [|03BOJICHI 30HM MalOTh IMIHUPUHY MOPSAIKY JACKUTBKOX

eNeKTPOH-BONBT. OTKe, SAKIIO KPUCTAl MicTuTh 107 aToMiB, BifcTaHh MiK CycinHiMH pIBHSAMHU B

30Hi CTaHOBUTH mpubIH3HO 107> ¢B.

Ha koXHOMY eHepreTMyHOMY pIBHI MOXYTb 3HAaXOJUTHCS JBa EJIEKTPOHHU, SKI MaroTh
MPOTUJIEIKHO CIIPSMOBAHI CITIHU.

2 IcHyBaHHSI €HEPreTUYHHX 30H JI03BOJISIE MOSICHUTU 3 €IMHOI TOYKU 30pY ICHYBaHHS
MeTaJliB, HaMIBIIPOBIIHUKIB 1 11€JIEKTPUKIB.

Jlo3BoJieHYy 30HY, fIkKa BUHHMKJIAa 3 TOTO PIBHS, HA SIKOMY 3HaXOJSAThCSl BAJICHTHI €JIEKTPOHU B
OCHOBHOMY CTaHl aroMa, MU OyJeMO Ha3UBaTH GajeHmHOI0 30H0ol0. llpu abGcomoTHOMY HYII
BAJICHTHI1 €JIEKTPOHU 3alIOBHIOIOTH ITOMAPHO HUXKHI PiBHI BaJ€HTHOI 30HU. BUIbII BUCOKI J103BOJIEHI
30HM OyayTh BUIBHUMH BiIl €JICKTPOHIB. 3aJ€KHO BiJl CTYNEHsS 3allOBHCHHSI BAJICHTHOI 30HU M
IIMPUHUA 3a00pOHEHOT 30HM MOXKJIMBI TPU BUIAAKH, SKI 300paxkeHl Ha puc.23.3. YV Bumaaky a
€JIEKTPOHM 3allOBHIOIOTh BAJIEHTHY 30HY HE MOBHICTIO. TOMy TOCUTH IMepenaTH eNeKTPOHaM, SKi

3HAXOJATHCS HA BEPXHIX PIBHAX, 30BCIM HeBENMKY eHepriio (~ 107 — 1072 eB) ansa Toro, mo6
IepeBecTH iX Ha OUIbLI BUCOKI piBHI. EHepris TennoBoro pyxy (A7) craHoBuTh npu 1K Benuuuny

nopaaky 107 eB. Omxe, mpu TemmeparypaX, BiIMIiHHHX Bif aGCOMIOTHOrO HYJS, YACTHHA
€JICKTPOHIB TIEPEBOJAUTHCS Ha OUIBIN BUCOKI piBHI. JloaTkoBa eHepris, sika BHUKIMKaHA €0 Ha
€JIEKTPOH E€JEKTPUYHOIO MOJIs, TAKOX BUSBISETHCS JOCTATHHOIO JUISl NIEPEBENICHHS €JIEKTPOHA Ha
OutbIl BUCOKI piBHI. TOMy €NeKTpOHM MOXYyThb HPHUCKOPIOBATHCS EJIEKTPUYHUM IOJIeM 1
OTPUMYBATH JOJATKOBY IUBUJIKICTh Yy HANpsSMKY, MPOTUICKHOMY J0 HAmNpsSMKYy Mojs. Takum
YUHOM, KPUCTAJ 3 MOJIIOHOI0 CXEMOIO €HEPreTUYHUX PIBHIB OyZe SIBISITH COO00 METal.

Meran HaniBnpoBignuk MienexkTpuk

— BumpHa 30Ha —

F— Biipna 3oHa ——

—  BuipHa 30Ha
—(30Ha ITPOBITHOCT)

3a6opoHeHa 30Ha Ae | 3abopoHeHa 30Ha
Ae {} 3abopoHeHa 30Ha {

—'o=—o— —] —*e%e— —]
- Bajeuraa I oo 3anoBHECHA —] == 3amoBHECHa —]
e o— ] —e—o— — —ee— —
 m—— 30Ha ] e e®— BaJCHTHA —] [e%®— BaJICHTHA —]
oo ) ] [—o—o— j— ——eo—0— j—
2426 (30Ha MPOBI/HOCTI) ] — 30HAa j— — 30HAa —

a o 8

Pucynoxk 23.3 — [llupuna 3a00pOHEHOT 30HM BU3HAYAE €IICKTPUYHI BJACTUBOCTI
KpucTana

YacTkoBe 3alOBHEHHS BaJIEHTHOI 30HM (y BHMAJIKy MeTaly I HAa3UBAaIOThb TAaKOX 30HOI0
npoeionocmi) CIOCTEPIraeTbcs B THX BUIAJAKaX, KOJM Ha OCTAHHbOMY 3aliHATOMY pIBHI B aToMi
3HaXOJOUTHCSA TUIBKA OJMH EJIEKTPOH ab0 KOJM Ma€ MicIe TEpeKpHBaHHA 30H (IuB. puc. 23.2,

BIJICTaHb 7, ). Y IEpLIOMY BUMNAAKy N €IEKTPOHIB IPOBILAHOCTI 3allOBHIOIOTH IONAPHO TUIBKU
[IOJIOBUHY PIBHIB BaJIEHTHOI 30HU. Y JIpyroMy BHUIIAJKy YHUCIIO PIBHIB y 30HI MPOBIIHOCTI Oyne
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Outpie N, Tak 110, HaBITh SKIIO KUIBKICTh €JIEKTPOHIB MPOBIIHOCTI JAOPIBHIOE 2N, BOHU HE
3MOXYTb 3alHATH BC1 PIBH1 30HH.

VY Bunmankax 6 1 ¢ (nuB. puc. 23.3) piBHI BaJ€HTHO1 30HU MTOBHICTIO 3aHAT1 €IEKTPOHAMH —
30Ha 3amnoBHeHa. J[ns Toro moO 30UIBLIMTH EHEprilo eJeKTpPOHa, HEOOXITHO NepenaTH Homy
KUIBKICTh €HEeprii, He MEeHIIe, HDK IMUpuHa 3a00poHeHO0T 30HN Ag. Enektpuune mone (y BCAKOMY
pa3i Takoi HaNpy>KEHOCTI, NpH SIKI He BIIOyBae€TbCs €IEKTPUYHUM MpoOil KpucTayia) nepenaTru
€JIEKTPOHY TaKy €HEpri0 He MOJKE. 3a IIMX YMOB €JIEKTPUYHI BJIACTUBOCT] KPUCTaIa BU3HAYAIOTHCS
LIIMPUHOIO0 3a00pOHEHOT 30HM Ag€. SKIO I HMMpUHA HeBeNHKa (MOPSAKY JEKUIBKOX JECSITHX
€JIEKTPOH-BOJIbTA), EHEPTisl TEIJIOBOTO PYyXY BUSBIAETHCSA JOCTATHBOIO JUISL TOTO, 1100 IepeBecTH
YaCTUHY €JIEKTPOHIB y BEPXHIO BUIbHY 30HY. L{i enexTpoHu OyayTh 3HAXOIUTHCS B YMOBAaX,
aHAJIOTTYHUX TUM, Y SKHX 3HAXOISAThCS BaJICHTHI €JIEKTPOHU B MeTajl. BuibHA 30Ha BUSABUTHCS AJIS
HUX 30HO010 npogionocmi. OJHOYACHO CTaHE MOXKJIMBUM TEPEXiJ €JICKTPOHIB BAJICHTHOI 30HU Ha i1
BEPXHI1 piBHI, 5IK1 3BUTbHUIMCS. Taka pedoBUHA HA3UBAETHCS 6/1ACHUM HANIGNPOBIOHUKOM.

Sxmo mupuHa 3a00poHEHOi 30HU A€ Benuka (HMOPSAIKY JEKUIBKOX €JeKTPOH-BOJIBT),
TEIUIOBUM pyX HE 3MOKE NMEPEKUHYTHU Y BUIbHY 30HY [TIOMITHE YUCIIO €IEKTPOHIB. Y IIbOMY BUIIAAKY
KPHUCTAJI € T1EJIEKTPUKOM.

§ 24 HaniBnpoBignuku. Buachi, nomimkosBi HamiBnpoBiiHuku. Pyx esiekTpoHiB Ta
aipok. PiBenbp ®epmi. 3ajie:kHicTh NPOBIAHOCTI BJACHMX HAMIBNPOBIIHUKIB Bijg
TeMIepaTypu

1 Hanieénpogionukamu € KpUCTalidHI pedoBWHH, y skuX npu ('K BaJieHTHa 30HA
MOBHICTIO 3allOBHEHA €JIEKTPOHAMM, a IIHpUHA 3a00pOHEHOi 30HM HeBenuka. HamiBnpoBiiHUKH
3000B's13aH1 CBO€I0 HA3BOIO Tiif 0OCTaBHHI, 110 32 €JIEKTPONPOBIAHICTIO BOHU 3aliMalOTh IPOMDKHE
MOJIOKEHHSI MDK MeTajaMu ¥ jglenexktpukamMu. OJHAK XapakTepHUM JJIsl HUX € HE 3HA4YEHHS
IIPOBIJIHOCTI, @ T€, IO iX MPOBIAHICTb 30UTBLIYETHCA 3 MIIBUILIEHHSAM TEMIIEpaTypu (Harajiaemo, 1o
B METaJIax BOHA 3MEHIITYETHCS ).

Po3pi3ustoTh 61acHi i 0omiwikoei HaNIBIPOBITHUKU. J[0 YKcia BIACHUX HAJIEKATh XIMIYHO
YKUCT1 HAMIBOPOBITHUKU. EJNEKTpUUHI BIACTUBOCTI JOMIMIKOBUX HAMIBIPOBITHUKIB BU3HAYAIOTHCS
HAsIBHUMH B HUX JOMIIIKaMH, 110 BBOJSTHCS IITYIHO.

2 Ilpn O3MJIAAl  EJIIEKTPUUIHUX
o . . . 3oHa
BJIACTUBOCTEW HANIBIPOBIIHUKIB BEJIUKY . .
. e 2 MPOBITHOCTI .
poJIb  BIOITPA€  TOHATTS 0ipoK”. — P

3ynuHUMOCS Ha 3'ICyBaHH1 (I3UYHOTO
3MICTY LIbOTO TOHSTTSL.

Y BJIaCHOMY HaIIBIPOBIIHUKY %
npu  aOCOJIIOTHOMY HyJl BCl PiBHI
BAJICHTHOI 30HM IOBHICTIO 3alOBHEHI
€JIEKTpOHAaMHM, a B 30HI IPOBITHOCTI a 6
€JIEKTPOHU BIJICYTHI (puc. 24.1a).
EnextpuuHe moisie HE MOXeE IEpPEBECTH
€JICKTPOHU 3 BAJEHTHOI 30HU B 30HY
IIPOB1THOCTI. Tomy BJIACHI
HaIIBIPOBIIHUKKA TOBOJSTHCS IMPU aOCONIOTHOMY HYyJNl fIK JiedekTpuku. [lpum Temmeparypax,

Adl 3a0opoHeHa A€
Y 30Ha Y

. Banentna —e
30Ha &%

Pucynok 24.1 — YTBOpeHHs BAKaHTHUX  PIBHIB
BAJICHTHIN 30H1 HAMIBIPOBIAHUKA

BiqMiHHMX Binm 0°K, YacTHHA ENEKTPOHIB 3 BEPXHIX pPIBHIB BAJICHTHOI 30HH MEPEXOIHUTH Yy
pe3yabTaTi TEIIOBOTO 30Y/PKEHHS Ha HIKHI PIBHI 30HU MpOBiIHOCTI (puc. 24.16). ¥ nux ymoBax
EJICKTPUYHE II0JIE OTPUMYE MOMIJIHMBICTH 3MIHIOBATH CTaH EJICKTPOHIB, IO 3HAXOIATHCSA Yy 30HI
npoBigHocTi. KpiM Toro, BHacIiJOK yTBOPEHHS! BAKAHTHUX PIBHIB Y BaJICHTHIN 30H1 €JIEKTPOHH LIi€i
30HU TaKOX MOKYThb 3MIHIOBATH CBOIO IIBUJAKICTb I1J] BIUIMBOM 30BHIIIHBOTO MOJS. Y pe3ynbTari
€JICKTPOIPOBIIHICTH HAMIBIIPOBITHUKA CTAE BIAMIHHOIO BiJ HYJISI i BUBHAYAETHCSA MPOIIECAMH JIBOX
THUIIIB: PyXOM BUIbHUX €JIEKTPOHIB y 30HI IPOBIIHOCTI i PyXOM BaJICHTHUX €JIEKTPOHIB(3B'sI3aHUX
€JIEKTPOHIB 13 KPUCTAJIIYHOO PEIIITKO0) Yy BaJICHTHIM 30HI.
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Pyx enextpoHiB pi3HOro tumy mae cBoi ocobmuBocTi. [1[06 po3pi3HaTH 1i ABa TUIHU
CICKTPOHIB, pPyYXy 6ANECHMHUX €NeKMPOHI6 CMAGIAMb Yy 6ION0BIOHICHbL pyX 000amMHO
3apAOHCEHUX KEA3IYACMUHOK i3 3apa0om + e, AKI Maloms WeUOKiCmy 6aKAHCIi 8 KpUCMAiYHIll
pewimyi. Ili keaziuacmunku ompumanu Hazey “O0ipok”, iIX wieUOKicmb cnHpAMO6aHa 6
npomuexcnuil ik iOHOCHO WBUOKOCMI 8ANIeHMHUX eleKmpPOoHig¢. ENeKTpuuHuil CTpyM AIpOK
JIOPIBHIOE €JIEKTPUYHOMY CTPYMY BaJ€HTHHUX €JeKTpoHiB. IIpo pyX enekTpoHiB, 110 BifipBajucs
BiJl KpUCTAIIUYHOI PEIIITKU (EeJIEKTPOHIB y 30HI MPOBIAHOCTI), TOBOPSTH SIK NIPO PyX BUIBHUX
€JIEKTPOHIB.

[linkpecaumo, MO pyX MIIPKH HE € MEPEMIMICHHSIM SKOICh peajbHOI JOJATHO 3apsHKeHOL
YaCTUHKHU. YSBJIEHHA IMpo JIpKU BioOpakae XapakTep pyxXy BaJICHTHHUX €JEKTPOHIB Yy
HaMIBIPOBIIHUKY.

4 BaacHa npoBigHicTh HanmiBHpoBiAHUKIB. BiacHa mpoBiIHICT BHUHHKAE B Pe3yibTari
MIEpPEX0/ly €JIEKTPOHIB 3 BEPXHIX PIBHIB BaJEHTHOI 30HH Yy 30HY NpoBiaHOCTL. [Ipu npomy y 30HI
IIPOBITHOCTI1 3'ABISETHCS JIESKE YUCIO HOCIB CTPyMy — €JIEKTPOHIB, IO 3aiiMaroTh €HEepreTUYHi
pIBHI MOOJIM3Y J1HA 30HH; OJTHOYACHO y BAJICHTHIN 30H1 3BUIBHSAETHCS TAKEe CaM€ YMCJIO MICIb Ha
BEPXHIX PIBHAX, Y PE3YJbTaTl UOTO 3'ABISIOTHCS TIPKH.

AE

3oHa
IIPOB1JIHOCTI

\ 3abopoHeHa

A€ Y 30HA

BanentHa
30HA

- J
(m:)
Pucynok 24.2 — Po3nozin eNeKTpoHIB MO PIBHIX BaJIEHTHOT
30HU ¥ 30HU MPOBITHOCTI y BJIACHOMY HaIIBIPOBIIHUKY

Posnoain enekTpoHIB MO €HEPreTUYHUX pIBHAX BaJIEHTHOT 30HM M 30HM IPOBIIHOCTI
OMHCYETbCA HE po3noauvioM bonbiiMaHa, KU BUKOPHCTOBYETHCS Yy KJIacHuHIM (i3uui, a Horo

aHaJIOrOM y KBaHTOBIM MexaHili — po3noauioM Pepmi-Jlipaka, KUl € MIpaBUIbHUM JUIsl YACTHHOK 3
HaNIBLUUIMM CIIIHOM:

<n; >= 2 . (24.1)
expl(g;, —€r)/kT]-1

Tyr <n, > —cepelHe 3HAYECHHS YUCIA EJIEKTPOHIB HAa i-My €HEPreTMYHOMY DIBHI; €; — €HEprii

i-ro piBHs; k — crana bonbumana; 7 — aOconrOTHA TeMIepaTypa; €, — apaMeTp CUCTEMH, SKUN
Ha3uBaeTbcs eHepricto Depmi. Euepcicio Depmi Hazuearomv maxy eHepeiro, IMOBIpHICIb
3HAX00JCeHHsT Yacmunku 3 skorw oopisnroe 0,5. Y dopmyni (24.1) TakoX BpaxoBaHO, IO Ha
KO>KHOMY €HEPreTUYHOMY PIBHI MOXKYTh 3HAXOJIUTUCS JIBA €JICKTPOHHU, SIKI BIIPI3HIIOTHCS OJIUH BIJ
OJIHOTO OPIEHTALIEIO CIIHY.

Poznoain ®@epmi MokHA 3pOoOMTH HAOYHUM, 300pa3uBIIH, K 1€ 3po0JieHO Ha puc. 24.2,
rpadik GyHKIT pO3MOALTY Pa30M 31 CXEMOIO €HEPTreTUYHUX 30H.

BinnmoBigHuii po3paxyHOK [a€, IO Yy BJIACHUX HAaIIBNPOBLIHMKaX eHeprisi depmi, sika
BiJIpaxoBaHa BIIHOCHO BEPXHBOI'O KPaIO BAJICHTHOI 30HU, TOPIBHIOE

€ z%As, (24.2)
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ne Ae — mupuHa 3a0opoHeHOoi 30HU. lle o3Haudae, mo piBeHbr DepMmi JEKUTH IMMOCEPEAUHI
3a00poHeHOT 30HU (IuB. puc. 24.2). OTxe, A8 €IeKTPOHIB, K1 MEepeHlIn B 30HY MPOBIIHOCTI,
BEINYMHA €, —€,, IO BXOMUTh y Gopmyny (24.1), Mano BIIPI3HAETHCA Bl IOJOBUHH IIMPHHH

3a00pOHEHOT 30HM.

PiBHI 30HM TIPOBITHOCTI JIeXKaTh Ha “XBOCTI” KpuBOi posmonury (muB. puc. 24.2). Tomy
CepeJIH1 Ynciia 3alIOBHEHHS 711 HUX MaJjll B MIOPIBHIHHI 3 OJIMHUIICIO. Y 1IBOMY BUIAJKY OJUHHUIICIO
B 3HAMEHHHUKY po3nojiny (24.1) MoxHa 3HEXTyBaTH i BBa)KaTH, 1110

(n;)=2expl-(e;,—€,)/kT] (24.3)
[Toknapim B 1iii popmyii € —€, = Ag/2, 0OTpUMaeMo, 110
(n;) = 2exp(—Ae/ 2kT). (24.4)

KinpkicTh eneKkTpoHiB, SIKI MEepelIii B 30HY NMPOBIAHOCTI, @ OTKE, 1 KUIbKICTh JIIPOK, SKi
yTBOpUJIMCS, OyAyTh nponopuiiiHi Bupasy (24.4). Lli enekTpoHu i AIpKU € HOCISIMH €IEKTPUYHOTO
ctpyMmy. OCKUIBKM TNPOBIAHICTh MPOMNOpIIiHA YMCIAy HOCIIB, BOHAa TaKOXX IOBUHHA OYyTH
nponopuiiiHa Bupasy (24.4). Toéro 6= e n, v, , n, ~<nl.>, n, ~<nl.>. Otxe G~<ni>. Takum

o ool
o=e,d
YUHOM, E€JICKTPOIPOBIAHICTh BJIACHUX HAIIBMPOBIIHUKIB MBHUAKO 30UIBIIYETHCS 3 TEMIIEPATYpPOIO,

3MIHIOIOYHNCH 34 3aKOHOM
0 =0, exp(—Ae/2kT), (24.5)

ae Ae — mupuHa 3a00pOHEHOI 30HU; O — BEIMYHMHA, 10 3MIHIOETHCS 3 TEMIIEPATypOl0 Habararo

MOBUIbHIIIE, HDK E€KCIOHEHTa, y 3B'A3KYy 13 UMM ii MOKHa B MepHIOMYy HAOIMKEHH1 BBaXkKaTw
KOHCTaHTOIO.

Axmro Ha rpadiky BiKIagaTH 3a0eXHICTh InG Bix 1/7, TO A1 BIACHUX HAIIBIPOBIIHUKIB
OTPUMYEMO TIPSAMY JIIHIIO, sIKa 300pakeHa Ha puc. 24.3. 3a HaXWIOM Ii€] MPSIMOT MOKHA BU3SHAUUTH
LIMPUHY 3a00pOHEHOT 30HU AE.

5 TunoBMMHM HAMIBIPOBIIHUKAMH € eileMeHTH [V  rpynu nepiogudHoi cHUcTeMU
MenneneeBa — repmaniil 1 kpeMHiid. BOHU yTBOPIOIOTH PELIITKY TUIY ajMa3a, Y K1 KOXKHHUN aToM
3B'SI3aHUN KOBAJEHTHUMU (IAPHOEJEKTPOHHUMHM) 3B'SI3KAMM 13 YOTHUpPMAa PIBHOBIAJAICHUMH BiJ
HBOTO CYCITHIMM aTOMaMH. YMOBHO TaKe B3a€MHE PO3MILICHHS aTOMIB MOXHA MOJATH Y BUIJISII
IJIOCKOI CTPYKTYpH, sika 300paxxeHa Ha puc. 24.4. KpyXku 31 3HAaKOM «+» MO3HAYalOTh J10J1aTHO
3apsA/PKEH1 aTOMHI 3alMIIKK (TOOTO Ty YacTUHY aroMa, L0 3aJMIIAE€TbCA MICHAS BHJIAIECHHSA
BAJICHTHUX E€JICKTPOHIB), KPY)KKH 31 3HAKOM «-» — €JICKTPOHH, MOABIIHI JIIHIT — KOBAJICHTHI 3B'SA3KH.

[Ipy nocuTh BHUCOKIM TemrepaTypl TEIUIOBUH pyX MOXeE po3IipBaTH OKpeMi MapH,
3BUIBHUBINU OJUH €JEKTPOH. [IOKMHYyTE €eKTpOHOM Miclie mepecTtae OyTH HEHTPaIbHUM, Y HOTO
OKOJII BUHHMKA€ HAJUIMILKOBUHI JAOJaTHUM 3apsii +e, TOOTO yTBOPUThCS Aipka (Ha puc. 24.4 BoHa
300pakeHa MyHKTUPHUM KpykKoM). Ha 11e miciie Moxe mepecKOYUTH eIeKTPOH OJHIET 13 CyCIIHIX
nap (BaJEHTHUN €NEeKTPOH). Y pe3ynbTaTi JipKa MOYMHAE TaKOK MaHJAPYBATU MO KpPHUCTaly, SK 1
€JIEKTPOH, 1110 BUBUIbHUBCS (BUIbHUM €JIEKTPOH).

[lig gac 3ycTpidi BUIBHOTO €JIEKTPOHA 3 JIPKOI0 BOHU peKOMOiHylomb (3'ennyiorbes). Lle
03Hayae, 110 €JIEKTPOH HeUTpati3ye HaAJIUIIKOBUI JOJATHUM 3apsil, SKUHA po3MIlLleHUu Ol IpKH,
1 BTpaya€e MOXIMBICTh MEPECYBATUCh JOTH, MOKU 3HOBY HE OTPUMAE BiJ KPUCTAIIYHOI PEIIITKH
€HEeprito, JOCTaTHIO JJIsl CBOTO BUBUIbHEHHA. PekoMOiHallisi MpUBOAUTH IO OIHOYACHOTO 3HUKHEHHS
BUIBHOTO eyiekTpoHa ¥ nipku. Ha cxemi piBHIB (puc. 24.2) mpouecy pexomOiHauii BiANOBIIae
nepexij eIeKTPOHA 13 30HU MPOBIAHOCTI HA OJIMH 3 BUIbHUX PIBHIB BAJIEHTHOT 30HMU.

OTxe, y BIaCHOMY HaNIBIPOBIIHUKY MPOXOJAATH OJIHOYACHO JBa IPOLECH: HAPOKEHHS
MOTAapHO BUIBHUX €JIEKTPOHIB 1 IIPOK Ta PEKOMOIHAIISA, IO TPU3BOIUTH JI0 MOMAPHOTO 3HUKHEHHS
€JIEKTPOHIB 1 AIpOK. IMOBIPHICTh MEPILIOTO MPOLIECY MIBUIKO 3pOCTAE 3 TEMIIEpaTyporo. IMOBIpHICTh
pexomOiHalii ImponopuiiHa SIK YMCIy BUIBHUX €JEKTPOHIB, TaK 1 4Mchay JIpok. OTxe, KOXKHIN
TeMIIepaTypi BIANOBIIA€ MEeBHA PIBHOBa)KHA KOHLEHTpALlis €JIEKTPOHIB 1 JIPOK, sIKA 3MIHIOETHCSA 3
TEMIIEPaTypPOIO MPOTOPIIINHO BHpazy (24.4).
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Inoi

0 /T
Pucynok 24.3 — TemneparypHa Pucynok 24.4 — YmMoBHa cxema KpucTaia
JICKHICTh BJIACHOT MPOBIIHOCTI HaMiB- TUIy anMasza. Tyr Jnipka 300pakeHa
IIPOBITHUKA IIYHKTUPHUM KPY>KKOM

Konu 30BHILIHE €lEKTpUYHE I0JI€ BIACYTHE, €IEKTPOHHU MPOBIAHOCTI M JIPKU pyXaroTbCs
xaoTu4yHo. [Ipy yBIMKHEHHI NOJII Ha XAaOTHUYHUM pyX HAKJIAQJA€ThCS BIOPSAKOBAHUM pyX:
€JIEKTPOHIB MPOTH MOJS ¥ JIpOK —y HampsMKy mnois. O6uaBa pyxul —1 JIPOK, 1 €JIEKTPOHIB —
NPUBOJATh 10 IIE€PEHECEHHS 3apsiay B3JIOBXK Kpucrana. OTxe, BJlacHA €JIEKTPONPOBIIHICTD
00yMOBIIOETHCSA HIOM HOCIIMH 3apsiy JBOX 3HAKiB — BII’€MHUMH €JEKTPOHAMHU W JIOJaTHUMH
JIpKaMH.

Bimznauumo, 1o npu JOCUTH BUCOKIN TeMIepaTypi BiacHa IPOBIIHICTh CIIOCTEPIraeThes B
ycix 0e3 BHHATKY HamiBOpoBiAHMKAX. OJHAK Yy HAMIBIPOBIIHUKAX, SIKI MICTATH JOMIILIKH,
€JICKTPOTPOBITHICT CKIIAJAETHCS 13 BIACHOT i IOMIIIIKOBOT TPOBIIHOCTI.

§ 25 JlomimkoBa npoBiAHicT, HamiBnpoBiAHUKIB. JloHOpHI piBHi, akuenTopHi

piBHi

1 JlomMimkoBa MNpOBIAHICTh BHUHHUKAE, SKUIO JESKI aTOMU HAMIBIPOBIJHHKA 3aMIHUTH Y
BY3JIaX KPHUCTAJIIYHOT PEIIITKM aTOMaMH, BaJEHTHICTh SKUX BIIPI3HSAETHCS HA OJUHHUIIO Bij
BAJICHTHOCTI OCHOBHUX aToMiB. Ha puc. 25.1 ymoBHO 300pakeHa pelriTka repMaHiio 3 JTOMIIIKOIO
I’ SITUBAJICHTHUX aToMiB ¢ocdopy. Jns yTBOpEHHS KOBAJIEHTHHUX 3BI3KIB 13 CyciIaMH aTromy
dbochopy 1oCTaTHRO YOTHPHOX €IEKTPOHIB. OTXKE, M'ATHI BAJICHTHUN €JIEKTPOH BUSBIISAETHCA, HION
3aiiBUM, 1 JIETKO BIJ €IHYETHCS BiJ aToMa 3a paxyHOK €HEprii TEeIIOBOTO PyXY, CTBOPIOIOYH
BUIBHUM €JIEKTPOH.

Pucynok 25.1 — Pemnitka repmanito  Pucynox 25.2 — Pemnitka KpeMHi0 3 JIOMIIKOIO
3 IOMIILIKOO 11’ ITUBAJICHTHUX aTOMIB TPUBAJEHTHHUX aTOMIB OOpy
hochopy

Y 1poMy BHUIAAKY YTBOPEHHS BUIBHOTO €JIEKTPOHA HE CYIPOBOKYETHCS PO3PUBOM
KOBAJICHTHUX 3B'A3KIB, TOOTO YTBOPEHHSAM Jipkd. Xoua OUII aroMa JOMIIIKM BHHHUKAE
HAJJTMIIKOBUM TOJATHUI €IeKTpUYHUI 3aps, ajie BIH MOB'I3aHUN 13 LIUM aTOMOM 1 IepeMIILaTUCs
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y PpemTIili He MOXe. 3aBISKH I[bOMY 3apsjy aToM JOMIIIKM MOXKE 3aXOIMHUTU EJIEKTPOH, IO
HaOJIM3MUBCS /10 HBOTO, ajie 3B'A30K 3aXOIJICHOTO €JIEKTpOHAa 3 aTOMOM Oy/le HEMILIHUM M JIeTKO
MOKe OyTH 3pyHHOBAaHUM 3HOBY 33 PaXyHOK TEIJIOBUX KOJMBaHb PEIIITKH.

TakuM 4YMHOM, y HamiBOPOBIIHUKY 3 JAOMILIKOIO, BAaJEHTHICTh KO Ha OJUHUIIO OUIbIIA
BAJICHTHOCTI OCHOBHMX aTOMIB, € TUIbKU OJUH BUJ HOCIiB CTpyMy — €JeKTpOHU. TOMY rOBOPSTH,
110 TaKU¥W HAIIBIPOBITHUK MAa€ €JICKTPOHHY MPOBIAHICT, 00 € HaAnienposioHukom n-muny (Bia
cilioBa negative— BIJ €MHUN). ATOMH JOMIIIKH, LI0 TOCTAaBJSIOTh €JIEKTPOHU MPOBITHOCTI,
HA3UBAIOTHCS OOHOPHUMU.

2 Tenep po3risiHEMO BHIIAJOK, KOJM BaJE€HTHICTh JOMIIIKM Ha OJMHUIIO MEHIIa
BAJICHTHOCTI OCHOBHUX aTtoMiB. Ha puc. 25.2 ymoBHO 300pa)keHa peIriTka KPeMHII0 3 IOMIIIKOIO
TPUBAJIEHTHUX aTOMIB O0opy. TpuBajJeHTHUX €NEeKTPOHIB aToMa OOPY HEIOCTaTHBO JJISi YTBOPEHHS
3B'SI3KIB 3 yciMa 4OTHUpMa cyciiaMu. ToMy OJIMH 31 3B'I3KIB BUSIBUTHCS HEYKOMILJIEKTOBAaHUM I Oyrne
SIBJISITH COOOF0 MiCIIe, 3/1aTHE 3aXOMUTH enekTpoH. [Ipu mepexoai Ha 1€ Miclie eIeKTpOoHa OAHIET 13
CyCIIHIX map (KOBaJIEHTHOrO 3B’SI3Ky) BMHMKHE JIpKa, 10 Oyae HepeMillyBaTHCs Yy KpHCTal.
[To6nu3y atoma NOMIIIKM BUHUKHE HAJUIMIIKOBUM B1'€MHMH 3apsj, aje BiH OyJe MOB's3aHUM 3
JAHUM aTOMOM 1 HE MOKE€ CTaTH HOCIEM CTPyMY.

TakuM 4YMHOM, y HaIIBIPOBIAHUKY 3 JIOMIIIKOIO, BAJIEHTHICTh SIKOT HAa OJUHUII0 MEHIIa
BAJICHTHOCTI OCHOBHUX aTOMIB, BHHHUKAIOTb HOCIi CTpyMy TUIBKM OJHOTO BHIY — JIpKH.
[IpoBinHICTE Y ILOMY BUIIAJIKy Ha3UBAETHCS JIPKOBOIO, a PO HARIGNPOGIOHUK 2060pAMb, W0 GiH
Hanexcums 00 p -muny (Bi CIOBa positive — qoaaTHU). JJOMIIIKH, 10 BUKJIUKAIOTh BUHUKHEHHS
TIpOK, HA3UBAIOTHCS AKYENMOPHUMU.

3 JloMilIKM 3MIHIOIOTH MO0JIE PEMIITKH, 110 MPUBOJUTH JO BHHUKHEHHS HAa E€HEPreTUYHIN
CXeMl OomiwiKoeux pieHi¢, PO3MIIICHUX Yy 3a00pOHEHIH 30HI Kpuctaja. Y BHMAAKY
HaMIBIIPOBIIHUKIB 7 -TUIly JOMIIIKOB1 piBHI HAa3UBAIOThCS OoHOpHumu (puc. 25.3a), y BUNAAKY
HaITIBIPOBIIHUKIB p -THUIY — akyenmopuumu (puc. 25.30).

Pieenp ®epmi B HaNIBIPOBIIHUKAX 7 -TUIYy PO3MIIIYETHCS Yy BEPXHIM MOJOBUHI
3a00pOHEHOT 30HH, @ B HAMIBIPOBIAHUKAX p -TUIYy — y HUXKHIM 10JIOBHHI 3a00poHeHo01 30HU. [Ipu

MIZBUIIEHH] TemmepaTypud piBeHb @DepMi B HaMIBOPOBIAHMKAX 000X THUMIB 3MIMIYIOTCA J0
cepeluHU 3a00POHEHOT 30HHU.

3oHa
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JloHopHi ~  Hema < PIBHI
piBHI 30Ha ———/—:k—— <~——1&r
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Pucynok 25.3 — Cxema eHepreTHUHUX PIBHIB HAIBIPOBIIHUKA 7 -TUIY (@) 1 p -TUIY (6)
SIKImo JMOHOpPHI PiBHI PO3MIlLLEHI HENAJeKO Bl BEPXHbOI MEXI1 BAJICHTHOI 30HU, BOHU HE
MOXYTh ICTOTHO BIUIMHYTH Ha €JEKTPUYHI BJIACTUBOCTI KpuCTaja. [Hakiie B11OyBaeTbcs, KOJU
BIJICTaHb TAKUX PIBHIB BiJ JHA 30HMU MPOBIJHOCTI HAOAaraTo MEHIIE HIMPUHU 3a00POHEHOT 30HU. Y
bOMY BHIAJKy €HEprii TEIUIOBOTO PYXYy HaBiThb NIpU 3BUYANHUX TeMIIepaTypax BHUSBIISAETHCS
JIOCTaTHBOIO JUISl TOTO, 1100 MEPEeBECTH E€IEKTPOH 3 JIOHOPHOTO PIBHS B 30HY IPOBITHOCTI (JIUB.
puc. 25.3a). llpoMy miporiecy BiAMOBIIA€ BIAIMICTUICHHS I'SITOTO BAJICHTHOTO €JIEKTPOHA BiJl aToma
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JOMILIKK. 3aXOIUICHHIO BUIBHOTO €JEKTpPOHA aTOMOM JOMILIKK BIAMOBIAAa€ Ha puc. 25.3 mepexig
€JIEKTPOHA 13 30HH MPOBITHOCT1 HA OJIMH 3 IOHOPHUX PIBHIB.

AKUENTOpHI piBHI BINTUBAIOTh HA €JIEKTPUYHI BIACTUBOCTI KPUCTaJla B TOMY BHUIIAJIKY, SIKIIIO
BOHU pO3MIIIEHI HEAAJeKO BiA MeXl BaJleHTHOI 30HU (IuB. puc. 25.36). YTBOpPEHHIO AipKu
BIJINIOBIAA€ MEpeXiJ] eJEeKTpPOHA 3 BAJIEHTHOI 30HM Ha aKUENTOPHUI piBeHb. 3BOPOTHHUH mepexin
BIJINIOB1/Ia€ PO3PUBY OJIHIET 13 HOTUPHOX KOBAJEHTHUX 3B'SI3KIB aTOMa JOMIIIKH 3 HOTO Cyciaamu i
pexoMOiHalli eeKTPOHA, 1110 YTBOPUBCS MIPH LIbOMY, 1 JIPKH.

[Ipu ninBUILIEHH] TEMIIEPATypU KOHIIEHTPALlisl AJOMIIIKOBUX HOCI{B CTPyMY HIBUJKO JAOCATAE
HacuueHHsa. lle o3Hayae, MmO TPAKTUYHO 3BUIBHSIOTHCA BCl JOHOpPHI a00 3alOBHIOIOTHCS
€JIEKTPOHAMH BC1 aKIENTOpHI piBHI. Pa3som 3 TUM 31 30UIBIICHHSIM TEMIIEpaTypu BCe OUIBIIOIO
MIpOI0 TIOYMHAE TO3HAYATHCS BJACHA TPOBIMHICTh HAIIBIPOBIIHHUKA, OOYMOBJICHA IMEPEX0JI0M
€JIEKTPOHIB 0€3M0cCepeIHhO 3 BAJEHTHOI 30HH B 30HY MPOBITHOCTI. TakuM YMHOM, HPU BUCOKHUX
TeMIeparypax TMPOBIIHICTh HAIMIBOPOBITHUKA Oyae CKIagaTHUCS 3 JIOMIIIKOBOI ¥ BIJIACHO1
npoBigHocTel. [lpu HM3BKHMX TemIeparypax IepeBakae JOMIINIKOBA, a MPU BHCOKUX — BIacHa
IIPOBITHICTb.

§ 26 KoHTaKT eleKTPOHHOro Ta AipKOBOro HamiBnpoBiaHukiB. EjexTpuune mnoJe
D-n -niepexony. IoTenuiaabHui oap’ep p—n -nepexony. BoabT-amnepna
xapakTepuctuka. HaniBnposinnnkoBuii aion

1 KoHTakT HamiBOpOBITHUKIB PI3HOTO THUILY, SIKUH HA3UBA€ETLCS P-N -NEPEX000M, JIEKUThH B
OCHOBI1 IPUCTPOIB, SIKI OTPUMAIH HAa3BY TPAH3UCTOPIB Ta HAMIBIPOBITHUKOBUX J10aiB. Lleit nepexin
ABJII€ COOOI0 TOHKHII IIap Ha MEXI MDK JIBOMa 00JIaCTSIMU OJJHOTO 1 TOTO Camoro Kpucraia, sKi
BIJIPI3HSAIOTHCA TUIIOM JIOMIIIKOBOI MPOBIAHOCTI. /{7 BUTOTOBJIEHHS TaKOro Mepexoay OepyTb,
HaIpHKIaJ, MOHOKPHUCTAJ 13 JY)K€ YHCTOrO I'€pMaHIIO0 3 €JIEKTPOHHUM MEXaHI3MOM IPOBITHOCTI
(0OyMOBIEHMM HE3HAYHUMHM 3aJMIIKAMH JOMIIIOK). Y BHUpI3aHY 13 KpUCTajla TOHKY IUIACTUHKY
BILIABJISIOTH 13 OJJHOr0 OOKY mMaTo4ok iHaio. [1ia yac miei oneparii, o 371l CHIOETbCS Y BaKyyMi
abo B aTMocdepi IHepTHOTO ra3y, aToMHU 1H10 JUPYHIYIOTh Y FepMaHii Ha JesKy ruOuny. Y Tiit
o0nacTi, B Ky IPOHUKAIOTh aTOMH IHAII0, IPOBIAHICT T€pMaHil0 cTae AipkoBor. Ha mexi wiei
o0racTi BUHUKa€e p —n-nepexia. [cHyoTh i iHII1 crnocoou OTpI/IMaHHfl P — n -TIEPEXOIIB.

elelelele cloleleYe
@@@@@@@@@@
@@@@@@@@@@
ejelolele’ololelo)e
@@@@@@@@@@
elelelole olelolole
p—n nepexiz sjelelelo eleletete

p—n nepexio

Akuenropu Jlonopu

Konnenrpartis
JIOMIILIOK

Pucynok 26.1 — 3miHa KoHIEHTpaIii Pucynok 26.2 — Poznozin aKuenTopis 1
aKUENTOPHUX Ta JOHOPHHUX JOMILIOK JOHOPIB OUIs p —n -niepexory. buiblini KpyKKu
B 00J1aCTi p — 1 -IIEPEXONy 31 3HaKOM IUIIOC a00 MIHYyC — 10HH, MaJl

KPYXKKH — JIPKU, YOPHI TOUKU — €JIEKTPOHHU
2 Ha puc. 26.1 mokazaHo XiJ KOHIIEHTpAIlil JOMIIIOK Y HAMPSIMKY, MEPICHIUKYIIPHOMY 10
MeX1 HaMBIPOBIJHUKIB PI3HOro TUIy. B p -065acTi OCHOBHUMH HOCISIMH CTPYyMY € AIpKH, IO
YTBOPUJIMCSL B PE3YJIbTATl 3aXOIUICHHS EJIEKTPOHIB aTOMaMU JOMIIIKM; aKLENTOPU MPU LbOMY
CTalOTh Bix’ eMHUMH i0HaMu (puc. 26.2). Kpim Toro, B p -0071aCTi € HEBEITUKE YHCIO HEOCHOBHHUX

HOCIiB — €JICKTPOHIB, III0 BHUHHUKAIOTh BHACIIIOK TEPEBEACHHS TEIUIOBUM PYXOM EJEKTPOHIB 3

55



BAJICHTHOT 30HU OE3MOCEPEIHBO B 30HY MPOBIAHOCTI (II€H TpoIiec TPOXH 30UTBIIYE i YHCIIO IPOK).
VY n-o0nacti OCHOBHI HOCIi CTpyMy — €JE€KTPOHH, SIKl MepeJaHi JOHOpaMH B 30HY MPOBITHOCTI
(IOHOPH TIPH IILOMY TIEPETBOPIOIOTHCS B IOJATHI 10HM); MIEPEXiJ CICKTPOHIB, KU BIIOYBa€ThCA 32
paxyHOK TEIUIOBOIO pyXy, 3 BAJEHTHOI 30HM B 30HY IPOBIJHOCTI NMPUBOJIUTH 1O YTBOPEHHS
HEBEJIMKOTO YHCJIa JIPOK — HEOCHOBHUX HOCIIB IS 111€T 00aCTI.

JHudynayoun y 3yCTpIYHUX HalpsMKax dYepe3 MEKOBUW Iap, JIPKU W eNeKTpOHHU
PEKOMOIHYIOTh OJIUH 3 OJHUM. ToMy p —n-mepexi] CTae CUJIbHO 301THEHUM HOCISIMH CTpyMy
oTpuMy€ BeJIMKUH omip. OIHOYaCHO Ha MEXI1 MDK OOJacTIMU BHHUKAE TOABIMHUN €IEKTPUYHUN
1iap, yTBOpEHHU Bii’€MHUMU 10HAMH aKLENTOPHOI TOMIIIKH, 3apsijl SIKUX TETep HE KOMIIEHCY€EThCS
JIIpKaMd, 1 JOJATHUMH 10HaMH JIOHOPHOI JOMIIIKH, 3apsj SKAX Telep HE KOMIICHCYEThCA
eJeKTpOHaMH (IUB. puc. 26.2). Enexkmpuune noie y 1bOMy IIapi CIpsIMOBaHE TakK, IO MPOTHIIE
MOJAIBIIIOMY TIEPEXOAYy 4Yepe3 IIap OCHOBHUX HOCIiB. PiBHOBara moCATaEeThCs TPU  TaKid
HaIpy>KEHOCTI eJIEKTPUYHOTO I0JIsL, KOJIM MepeXi]] OCHOBHUX HOCIIB CTPyMy Yepe3 p —n mepexil 3a
paxyHOK au(y3ii IPUNHHSETHCS.

3 3 Touku 30py 30HHOI TEOPii pIBHOBAXHUN CTaH HA p — N TEPEXO/Il JOCITAETHCS TIPH TaKId
BHUCOTI NOTEHILIadbHOro Oap'epa, mpu skiii piBHI Pepmi 060X ob6sacTeil poO3MILIYIOThCS Ha
OJTHAKOBIH BUCOTI (puc. 26.3).

3oHa
IIPOB1JIHOCTI
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Pucynok 26.3 — 3ruHaHHs €HEpreTMYHuX 30H B 001acTi p—n-
nepexony
3rvuHaHHA EHEPreTMYHUX 30H B 00JacTi mepexoqy BHUKIMKAHE TUM, LI0 MOTEHIall
p -o0nacTi B CTaHi pPIBHOBarW HWKYMM, HDK TMOTEHINAN 7 -00JacTi; BIAMOBIIHO MOTEHIIATHHA
EHEepris eJeKTpoHa B p -001acTi OuIbIa, HUK B 7 -001acTi. HkHs Mexa BaJIeHTHOT 30HU Ja€ Xij
MOTEHLIATbHOT €HEprii eNeKTpOHa B HANpsSMKY, MEpHEeHAUKYISIPHOMY J0 TIepexoay (AuB.
puc. 26.3). 3apsn IipoK NPOTUIIEKHUHN 3apsy €JIEKTpOHa, TOMY iX MOTEHLIalIbHA eHepris Ouiblla
TaM, Jie MEHIIIEe EHEePrisl eJIeKTPOHA, 1 HABIAKH.
VY craHi piBHOBaru Jiesikiii KUIbKOCTI OCHOBHUX HOCIIB BJA€ThCA 11epeOOpPOTH NOTEHLIAIbHUN
Oap'ep, BHACIIJOK 4YOT0 4Yepe3 INepexil NMPOXOAWTh HeBenukud crpym [, (puc. 26.4a). Llei

CTPYM KOMIICHCYETBCSI 3YCTPIUHUM CTpyMOM [ 00yMOBJIEHUM HEOCHOBHHUMH HOCIIMH.

HeoCH
HGOCHOBHI/IX HOCi'l.B IIY)KG MaJlo, ajJ€ BOHHU JIETKO HpOHI/IKaIOTB qepe3 Me>1<y O6J'IaCT€I\/II,

«CKOYYIOYHCB» 3 IOTEHIIaIbHOro Oap'epa. Bemuuuna /,, ., BU3HAYAETHCS YMCIOM HEOCHOBHHMX

HOCIIB, 110 HApO/KYIOThCS 3a OJUHUIIIO Yacy, 1 BiJ BUCOTH NOTEHLIAILHOIO Oap'epa Maiike He

3ayieknTh. Bemmuuna [ HampoTH, CWIBHO 3aJIeXUTh Bl BUcCOTH Oap'epa. PiBHOBara

ocH

BCTAHOBIIIOETHCS CaMe IIPU TaKiid BUCOTI IOTEHLIAILHOTO Oap'epa, Ipu sk obuasa crpymu [, #

1,0, KOMIIEHCYIOTB OJIUH OJHOTO.

4 TlogamMo Ha KpuCTaj 30BHIIIHIO HAMPYry TAaKOTO HAIMPSMKY, MO0 TUTFOC OYyB MMia’ € qHAHUN
0 p -o0rjacTi, a MIHYC — 70 7 -00JacTi (Taka Hampyra Ha3uBaeTbesa MpsaMoro). Lle mpusene 1o
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3pOCTaHHS MOTEHILIany p -00jacTi W 3HWKEHHIO MOTEHLialy 7 -o0macTi. Y pe3yiapTaTi BHUCOTa

NOTEHLIaIbHOro Oap'epa 3MeHmMUTBCS W cTtpym [, 3pocre. Ctpym xe 1,,,., 3aJIUIIATHCA

mpakTUyHO Oe€3 3MiH (BIH, SIK BiI3HAYAJIOCs, BiJ BHUCOTH Oap'epa maiixke HE 3alekuTh). OTXKe,
PE3YIbTYIOUUN €EeKTPUUHUN CTPYM OyZe BIAMIHHUM BiJ HyJsl. 3HUKEHHS MOTEHIIaJIbHOTO Oap'epa
MPOTOPITIiiHE MPUKIIaIeHIH Harpy3l (BoHa nopiBHIOE el ). [lpu 3MeHIIeHH1 BUcOTH 6ap'epa cTpyM
OCHOBHHX HOCIiB, a OT)X€, 1 pe3yJIbTYIOUHIA CTPYM IIBUIKO 3POCTAIOTh. TaKUM YHHOM, Y HANPSMKY
Bil p -00macti 10 n-001acTi p—n-mepexiJ MpPOoMmyCcKae CTPyM, CHjla SIKOTO IIBHAKO 3pPOCTa€ MPHU

30UTBIIIEHH] TIPUKIaAeHOT Hanmpyru. Llel HampsM Ha3UBA€THCS npamum (abo nponyckHum, ado
NPOXiOHUM).
SHa  puc.26.4 HaBeJ€Ha  BOJIbT-aMIIepHa I |
XapakTepucTUKa p —n-nepexony. Bunukarodye B Kpucraii
IIpU MPSAMIN Hapy3i eJIEKTPUYHE 1oJe “MiATUCKY€E” OCHOBHI
HOCIT 0 MeX1 MDK 00JacTsSMH, BHACIIOK 4Oro IIMpUHA
MEPEexXiAHOro 1apy, 301AHEHOr0 HOCIIMH, CKOPOUYETHCS.
BinnoBigHO 3MeHIIyeTbCs W OMIp MEepexoy, MPUYOMY TUM
CWIbHIIIE, 4YuM Oulbllla Hampyra. Tomy BojibT-aMIlepHa
XapaKTepUCTUKA B MPOIMYCKHIA 00JaCTl HE € MPAMOIO (IUB. _
IpaBy TIKYy KPHBOT Ha pHC. 26.4). . U
Tenep npukiageMo 10 KpHUCTaja Hampyry Takoro :
HampsIMKy, 100 Mioc OyB Mif’€IHaHUM 10 #-00J1acTi, a PucyHok 26.4 — BonbT-amnepHa
MiHyc — g0 p-00macTi (Taka Hampyra Ha3WBA€TbCA  XapaKTEPHCTUKA P — 7 -IIEPEXOLY
3BOpOTHOI0). Lle mpuBene 10 MiBUILEHHS MOTEHI1aJbHOTO

' N . .
Oap'epa # BIANOBIJHOIO 3MEHIIEHHS CTPyMy OCHOBHHX HOCIiB [/, . BuHuKaroumii mpu npomy

pe3yNbTYIOUH CTpyM (HAa3WBAaHHWI 3BOPOTHHUM) IIBUAKO JOCSATaE HacW4yeHHs (ToOTO mepecrae
3anexatu Big U) 1 popiBuioe [/, .. Takum 4mHOM, y HampsMKy Bix 7 -o0macTi 10 p -o0macti

(sIKMMt Ha3UBAETHCS 3BOPOTHIM ab0 3alipHUM) p —n -TIEPEXi] MPOIMYyCKAae CIA0KUN CTPyM, LILIKOM

00yMOBJIEHUH HEOCHOBHUMH HOCIAIMU. Jluie mpu Tyxe BEIUKiA 3BOPOTHIN HaIpys3i cuja CTpyMmy
MIOYMHAE PI3KO 3pOCTATH, IO OOYMOBJIEHO EJIEKTPUYHUM IMPOOOEM Iepexoay (IUB. JIBY T'UIKY Ha
puc. 26.4). Koxxuuit ~ p—n-nepexiyi XapakTepU3yeTbCsl CBOIM T'PaHUYHUM 3HAYEHHSIM 3BOPOTHOI

HaIpyry, Ky BiH 3JaTHUN BUTpUMaTH 0e3 pyHHYBaHHS.
3 puc. 26.4 BUILIUBAE, IO p—n-nepexin [y
Ma€ y 3BOPOTHOMY HalpsIMKy Habarato OuTbIINNA
omip, HOK y npsimomy. lle MOsICHIOETbCA THUM, IO I/\ /\ /\
moJsie, SIKE€ BUHUKA€E Yy KpHUCTaJl NpPU HaAKJIAJEHHI >
3BOPOTHOI HANpYTH, «BIATSATa€» OCHOBHI HOCI BiA | \/ \/ ¢
MeX1 MDK 001acTIMHM, 110 IPUBOJUTH 10 3POCTaHHS
IIMPUHUA TEPeXiTHOro Imapy, 301JHEHOr0 HOCISIMHU. 1
BiamoBinHo 3011bIIYETHCS ¥ OMIp TIEPEXOY. V\ /\ /\
HeonnakoBicte omopy B mpsMomMy i | >
t

3BOPOTHOMY HaAIIpsIMKaX AO3BOJISI€E BUKOPHUCTOBYBATHU
p—n nepexoan i  BUIIPAMIICHHSA 3MIHHOTO

Pucynok 26.5 — BunpsiMieHHsI 3MIHHOTO

ctpymy. Ha puc. 26.5 mnokazanuii rpadik crpymy, CTIPYMY 32 JIOTOMOLOK) p— 11 -IEPEXOY

KU MPOXOJUTh uepe3 Iepexi], KOJIU IMpHUKiIaJeHa
Hampyra 3MIHIOETbCS 3a TAapPMOHIYHUM 3aKOHOM. Y I[bOMY BHMAJKY LIMPHUHA 1Iapy, 301AHEHOTrO
HOCISIMHM, 1 OTIIp IEPEXO0.y MYJIbCYIOTh, 3MIHIOIOUHCh Y TAaKT 31 3MIHAMH HaNpPyTH.

§ 27 Tpau3ucrop. ba3a, emitep, kojiekTop. Tpan3ucTopHuii miacuja0Bay HANPYTrU

1 HaniBopoBinHUKOBUM Tpiog, abo mpanzucmop, sBige€ co000 KpucTald 13 JIBOMa
p—n-mepexoaaMu. 3alIeKHO BiJl MOPSAIKY, Y SKOMY 4YEpPrylOThCs 00JIacTi 3 PI3HUMHU THIIAMHU
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MPOBIAHOCTI, PO3PBBHAIOTL n—p—n- 1 p—n— p-Tpan3uctopu. CepeaHs yacTUHA TPaH3UCTOpPa

Ha3UBA€ThCA MOTO fazoro. [lpunsrarodi no 6a3u mo ob6uaBa OOKM 00JACTI 3 1HIIMM, HDK y HeET,
TUIIOM MPOBIIHOCT1 YTBOPIOIOTh eMimep Ta KOJ1eKmop.

Emitep  baza K;J‘I@KTOp Ewmirep baza Konekrop

A _-————- —————
\ | / \ €y a

(OO
n Pl n © © S=——= €y e
a
Uex Rex Reux Ugu X € p_d
o — o
UE UK ep_e
Pucynok 27.1 Pucynok 27.2

2 PosrasiHeMO mnpuHIUN poOOTH TpaH3uctopa Tuny n— p—n. Ha puc. 27.1 nokazana
CXeMa MmMPAH3UCMOPHO20 niocunoeaya Hanpyeu (MOXKIMBI W IHIII CXEMH YBIMKHEHHS
Tpan3ucropa). Ha nepexin emirep-06a3a nojgaerscs nocriiiHa Hanpyra U, y NpsAMOMY HalpsIMKY, a

Ha mepexin 0a3a-KoJEKTOp — IocTiiiHa Hampyra U, y 3BOpOTHOMY HamnpsMKy. IlincuiroBaHa
3MiHHa Hampyra U, mnojaeTbCs Ha HeBeJNMKUH BXiguuid omip R, . Ilincumnena nampyra U,
3HIMA€ThCA 3 BHX1IHOro onopy R, . . Ilpn 3a3HayeHHMX Ha cXeMi 3HaKaxX HaIpyr OIIp Hepexomry

emitep — 0a3a HEBENMKHUN, OMIp K€ Mepexoay 0asza — KOJEKTOp, HABIPOTH, AyKe Benukuid. Lle

JI03BOJISIE B3ATH K R, OIIp BEIMKOi BEIMYUHH.

Ha puc. 27.2a noka3anuil XiJy NOTeHIL1aIbHOI €HEprii eIEKTPOHIB (CyLLJIbHA KPUBA) 1 AIPOK
(MyHKTUpHA KpWBa) y BHUMAJKY, 110 KOJHM HAmpyrd W BXigHUHM curHan BincytHi. [lin’ennanHs
npsamoi Hanpyru U, 3HMXKye NOTEHLIaNbHUN Oap'ep Ha INeplIOMY MEpexofl, a MiJ €JHAHHSA
3BOpPOTHOI Hampyru U, MNigBUILYE NOTEHLIAIbHUN Oap'ep Ha apyroMmy nepexoai (puc. 27.26).
[IpoxoKxeHHsI CTpyMy B KOJII eMiTepa CYNpPOBOKYETHCS MPOHUKHEHHSM €JIEKTPOHIB B 00JacThb
6a3u. EnexTpoHu, siKi NpOHUKHYIN B 0a3y, TU(GYHAYIOTh y HAIPSIMKY KOJEKTOpa. SIKIO TOBIIMHA
0a3u HeBeJIMKa Mail’ke BCl €JIIEKTPOHM, HE BCTUTalOTh PEKOMOIHYBaTH, «CKOUYIOTHCS» 3
MOTEHIIAIBHOT T1PKH, SIKA 3HAXOAUTHCS HA MEX1 0a3a — KOJIEKTOP, 1 HAIXOIATh Y KOJIO KOJIEKTOpa.

OOyMoOBII€Ha BXIJHOKO HAIPYIOIO 3MiHA CTpyMy [, B KOJII eMiTepa IPUBOJUTH 0 3MIHU
KUIBKOCTI €JIEKTPOHIB, SIKI IPOHUKAIOTh Y KOJIEKTOP, 1, OTXKE, 10 Maibke Takoi caMoi 3MiHU CTpyMy
I, B xomi xosekropa. Ilpumyctumo, mo [, =/[,. BupasuBmu 1i cTpymMu 4depe3 BIIIOBIIHI

Hanpyru i onopu, orpumaemo, mo U, /R =U_,. /R, . 3BiACH

U R =U__:R

6UxX 6x 6UX 6x*

Ockinbkn R, >> R, Hanpyra U, 3Ha4HO nepesepurye BXinHy Hanpyry U, . . Takum umHOM,

6x 2
TPAH3UCTOP MIICWIIOE HAMPYTy W MOTYXHICTh. [liBUIIIEHA MOTY)XHICTh 3 SBISETHCA 32 PAXyHOK
JDKepelia CTpyMy, YBIMKHYTOTO B KOJIO KOJIEKTOpa.
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BCTYII

B cucremi yHiBepcuTETChKOI (DI3UUHOT OCBITH, PO3B’SI3yBaHHS 3a7a4
€ UM HEe HAMICTOTHIIIMM YHHHUKOM 3aCBOEHHS Matepiany. Ha BaxiauBicTh
podIi 3a/1a4 MpH BUBUYEHH1 (PI3UKU BKa3yBaB, 30Kkpema, JI. Jlannay, skuil y
JUCTI-BIAMOBIAL CTYACHTY OJHOTO 13 By3iB panuB: “['0joBHY ponb mpu
BUBYEHHI MOBHHEH BIJIIFPaBaTh HE MIAPYYHUK, a 33JaYHUK, KU — HE
Jy’K€ BXKIIMBO, HEOOX1THO JIHIIE, TIIO0 BiH MICTUB JOCHTH OaraTo 3am1ad’.
BaxnuBo po3B’s3yBaTH 3agadi CaMOCTIMHO, OCKIJIBKM CaMe€ B I[bOMY
BUIAJIKY HACTUPJIMBI HaMaraHHs 3HAWTH PO3B’SI30K JAal0Th HAWOUIBILY
KOPHUCTh, 00 3MYIIyIOTh MOTJIUOJEHO 1 ACTaIbHO BHUKATH y BIAMOBIIHY
npobJiemy.

ABTOpU MpPaKTUKyMy THpONoHYIOTh noHan 200 3amad 3 Kypcy
aToMHO1 Ta simepHoi ¢i3uku. Ha BiAMIHY Bij 1HIIMX PO3JAUIIB (PI3UKH
(MexaHIKH, €JEKTPOJAUMHAMIKH, MOJICKYISpHOI (i3UKH), 3aKOHAM SIKHX
niaysrae (3 TOW Yd 1HIIOK TOYHICTIO) MIUPOKUM Kiac (HI3WYHUX SBUI i
00’€KTIB, PO3/LIM aTOMHOI 1 AIEPHOI (PI3UKHU PO3TIISIAIOTh BY3bKHM KJlac
cnenu(iuHuX 00’ €KTIB: MOJIEKYJIHM, aTOMH, aTOMHI Si[jpa Ta €JIEMEHTapHI
YaCTUHKHU, TTOBEJIHKA SKUX BHU3HAYAETHCS OCHOBHUMHM 3aKOHAMHU (Di3UKH.
CHiubHOIO pHUCOI0 IUX O0’€KTIB € JWINE Te, MO0 BOHM — KBAaHTOBI 1
NEPEeBAKHO penATUBICTChKI. KpiM 11bOTO, MepeBakHa OUIBLIICTH 33434
IIUX PO3JIUTIB BUMArae OJiep>KaHHsI BIAMOBI Al y YACTOBIH (HOpMi, OCKITTBKA
PO3B’A3KY B 3araJilbHOMY BUIJISI/IL 3/1€01IbIIOT0 HeJoCcTaTHbO. Lle Bumarae
3HAYHO YITKIIIOTO YSBJICHHS MPO MOPSAKUA (HI3UYHUX BEJIMYUH, O1IBIIOTO
00csTy 3HaHb MPO yHIBEpCAJIbHI (Pi3MYHI CTaNl 1 MOMIMOJEHOTO0 BMIHHS
KOPHUCTYBATHUCS JIOBIIKOBUMHU MaTepiaiamH.

VY 1npomy 301pHUKY, JJIs 3pYYHOCTI ¥ €KOHOMIi Yacy CTYJICHTIB, Ha
MOYaTKy KOXKHOTO PO3ALTY IMOJAaHO KOPOTKI TEOPETHYHI BIJIOMOCTI IPO
OCHOBHI 3aKOHH 1 (OpPMYNIH, SKHUX T[EPEeBaXHO JOCTaTHHO IS
pO3B’s3yBaHHS 3a7a4. Yci GopMysd B OCHOBHOMY TEKCTI 1 y BIAMOBIISIX
HaBeneHo y cuctemi CI Ta momatkoBo mesiki y cuctemi onuHuib [aycca.
YucnoBi BIAMOBLIL A0 33a4 MMOJAHO 3 ypaxXyBaHHSM TOYHOCTI BUXIJHHX
JAHUX 1 TIpaBWiI A1 3 HAOMMHKCHUMHU YHUCIaMH. Y KOXHOMY PO3ALT €
TaKOXX TPUKIAAN PO3B’SI3KIB TUIOBHUX 3ajlad Ta yMOBH 3ajad s
camMocCTiitHO1 poboTu. Binmosini 10 3a7a4, a TaKOXK TaOJIUI HEOOX1THUX
JTIOBIJIKOBUX JIaHUX TOJIaHO HAMPUKIHII 301pHUKA.

Po3B’s13yt0un 3a7a4i, TOIIBHO KEPYBATUCA TAKUMU IIPABUIIAMMU:

1. Hacammiepen rimbOOKO BHHKHITHR B YMOBY 3ajJiadi 1 Hamarautecs
BCTAHOBUTH, HA SKUX (DI3UYHUX 3aKOHOMIPHOCTSX BOHA 0A3y€eThCs.

2. BcraHOBITh, UM HaBEJICHO BCl J1aH1, HEOOX1IHI JIJIsi pO3B’SI3yBaHHs
3amadi. BijicyTHI JaHl MOXKHAa 3HAWTH y TaOMMIMX J0AaTKiB. Ko
JI03BOJISIE YMOBA 3a/1a4i, 000B’3KOBO 3p00iTh CXEMAaTUYHUH PUCYHOK, 110



MOSICHIOE 11 CyTh, — I1€ y 0aratbox BHUMaJKaX 3HAUYHO MOJETIIYE K MOLIyK
PO3B’SI3KY, TaK 1 caM PO3B’SI30K.

3. Koxny 3amady po3B’s3yiTe, sIK MPABWIO, Y 3aTAIbHOMY BHTJISIL
(TOOTO y CHMBOJIBHUX TO3HAUEHHSX), 00 IIykaHa BeJIMYMHA Oyja
BUpaX€Ha 4Yepe3 3a/laHl BeIMYMHHU. PO3B’S30K y 3arajbHOMY BUTJISII
HaJa€ KIHIIEBOMY pe3yJbTaTy OCOOJUBY IIHHICTb, OO0 J103BOJISIE
BCTAHOBUTU TI€BHY 3aKOHOMIPHICTb, JEMOHCTPYIOYM, SK IIyKaHa
BEJIMUMHA 3aJIOKUTh BiJ 3aJaHuX BeauduH. Kpim 1bOro, BiJMOBIAb,
3HailieHa y 3araJjbHOMY BUIJISIl, JO3BOJISIE OI[IHUTH MPaBUIIBHICTh
CaMOT0 PO3B’SI3KY.

4. OneprxaBIId po3B’SI30K Yy 3arajbHOMY BUTJISAL, IEPEBIpTE, YU BiH
Ma€ TMPaBUIbHY pO3MIpHICTh. HempaBuiibHa pO3MIPHICTE € SIBHOIO
O3HAKOK HOTO XHOHOCTI. SIKIIO MOXJIHBO, JOCTIAITH MOBEIIHKY
PO3B’S3KY Y TPAHMYHUX YaCTUHHHUX BUIIAJIKAX.

5. Po3nmournHaroun 0OYHMCICHHS, ITaM ATaiTe, [0 YKMCIOBI 3HAYCHHS
GIBUYHUX BEIMYHMH 3aBXKAM € HaOMmKeHUMU. ToMmy mpu po3paxyHKax
KepyWTech MpaBWIaMu i 3 HAOMMKEHHMMM 4YHCIaMH. 30Kpema, B
0JIep>)KaHOMY 3HA4YE€HHI CJ11J1 30€perTd OCTaHHIM TOM 3HAK, OJIUHHUIIS SKOTO
e MEePEeBUILYE MOXUOKY o04uciaeHol Benu4yuHU. Bei HacTymHi nudpu
MOTPIOHO BIKUHYTH.

6. OneprKaBIIM YMUCJIOBY BIAMOBIAb, OIIHITH 1 MPaBIONOAIOHICTS.
Taka orniHka y 0aratbox BHUITaJIKaX MOKE€ BUSBUTH XHWOHICTh 3HAWJIEHOTO
pe3yibTary.



I. MOAEJIb ATOMA PE3EP®OPIA-BOPA
HaiiBaxxnuBii MoHATTS, 3aKOHHU 1 HOpMyIn

Kym poscitosanns 0 3apsaoocenoi uacmunku KyJIOHIBCbKUM NOJeM
HEepyxXomo20 A0pa 8U3HAYAEMbCA POPMYIL0I0!

1g(62) = q; 9. /(2bT) (CI'CE),
1(6/2) = q; 9. /(8meobT) (CI),

Oe q; i q> — 3apaou yacmuuku i s0pa, b — npuyinonuu napamemp, T —
KIHemuyuHa enepeis Halimaro4oi 4acmuHKu.

®opmyna Pesepdopna. Bionoche uucio 4acmuHOK, pO3CISHUX Y
enemenmapuomy minechomy xkymi dQ nio kymom 6 00 nouamkogoeo
HANPAMKY IX pyxy:

dN/N = n(q; q> /(4T))° dsin®(6/2) (C['CE),
dN/N = n(q; q- /(4 ne,T))* dsin®(6/2) (CI)

oe n— yucio soep goaveu na oounuyto it nosepxui, dQQ = sin@d0 dg.
Vmoea keanmysanns bopa-3ommepghenvoa:

f pdqg = nh .
Iloena enepeia enexmpona n — oi’ opoimu:

E =-R.Z’ i,
nZ
I’I’l2€4
de cmana Piobepaa R, =———— 6 cucmemi CI i
321, N
m2€4
R, = oo 6 cucmemi CI'CE.
n
. . : . 4me,n’ s
Paoiyc n-oi Bopiscvkoi opbimu r, = o n> 6 cucmemi CI i
me
I,]2
r, :7,,[2 6 cucmemi CI'CE.
me

Cmana Piobepea ons amoma 3 10pom CKiHYEeHHOI MACU:

R = R./(1+m/M),
0e M — maca sopa.
V3aeanvuena popmyna banvmepa:

w=RZ(1/n) - 1/n5),



de W — yacmoma nepexody (pao/c) Midc eHepeemuyHUMU DIBHAMU 3
K8AHMOBUMU YUCTAMU N; T Ny, Z — NOPAOKOBULL HOMED 800HEB0N00IOHO20
IOHQ.

IIpukaaau po3B’A3yBaHHA 32124

3apaua 1. g-yactuHKa 3 KiHeTHuHOIO eHepriero (.27 MeB poscisHa 30710100
dombroro mix kyrom 60°. 3HaiiTH BiAMOBI/IHE 3HAYCHHS TIPHIIIEHOTO MapaMeTpa.
[MpunineHuii napameTp b 1 KyT po3citoBaHHs O OB si3aHi CIIBBIIHOIICHHIM

0 27e*
8- = >
2 8mg,ED

B IKOMY €HEpPTisl Q-4aCTHHKU B CUCTEMI IIEHTPa 1HEPIlli BU3HAYAETHCS BUPA30OM

MAu

EF =— ¢
MAu +ma

K (U

3 muX JBOX BUPA3iB 3HAXOJUMO

b - Zez(MAu +ma) .

0
4nig, M , E tg )

[TizcTaBUBIIM YHCTIOB] 3HAYEHHS, OJACPIKUMO

79116 00™ Ka ) (200a.0.31.+ 4a.0.11.)

b=
403.14[8.85007" % [200a.0.m.[0.27 0.6 007" o Eg300

=0.729um .

3agaya 2. 3HaliTH MOBIPHICTH TOTO, IO (-4acTUHKA 3 eHepriero 7 = 3.0 MeB,
NPOMIIOBIIN KpPi3b CBHHLEBY (DOJIBI'Y TOBHIMHOIO 1.5 MKM, pO3Ci€ThCSI B 1HTEpBaJi

KYTIiB:
a) 59° -61° ;6) 60° —90°.

1). OckinbKn iHTEpBa KyTiB PO3CIFOBaHHS MaIHil, To MOXHa BBaxxat, mo 0 = 60°, a
A0 3amucatu, neperBopuiy inTepsan A0 = 2°y pagiann. Toxi

AQ =27msin BAO .
BpaxyBasiuy, 1110 KOHIIGHTpALlis PO3CiIOI0YUX IIEHTPIB MillIeH] piBHA
N

_m _ 1Yy
n=—N,=—=pd,

A

OJICPYKUMO JIJIs1 IMOBIPHOCTI PO3CIIOBaHHA y BKa3aHUN iHTEpBa KYTiB

2
Aozz&pﬂ\iﬂze coseme.
2 4" Hinmgr

. 5,0
sin’® —

[TizcTaBumo uwncioBi gadi. Tomi



3.14001.300° K—iEﬂ.S 007 [6.0200% b
AT = M MOJb o
20207

XE 820{1.600™ K} ]

= 0 EQ 866 £ 10.0349=6010"
ﬁaxm.mm.gs[no‘12 BO.600™ o ﬁ

2). [limcraBuBIM BUpa3 sl €IEMEHTA TIJIECHOTO KyTa

dQ =2rmsin &40
y Gopmyny Pesepdopna, ogepxxumo

Jo= 87‘0‘1H Ze* [ d(sin(8/2))
ng,TH sin’6/2

IpoinTerpyBaBu 1eit BUpa3 B iHTepBaiti KyTiB Bif 8, 106, 1 BpaxyBaBIIn
BUPA3 U1 KOHIICHTPALlli pPO3CIIOI0YNX IIEHTPIB, OJAEPKUMO

-~

Hapermiri, migcTaBisiouu YUCIIOB] 1aHi, 3HAXOJUMO

3.1401.300° K—i[l].S 10™° m[6.02010% !

Ao = M s
207
E 82016007 Ka) g[ﬂ 1 B=5D]O’4

-12 @

M

0 0
ﬁé&B.M[&SSD]O L rEmen0™ 1 ED”” 30°  sin’ 45

3agaua 3. /[Bom miHisM cepii banbmepa aroma BOAHIO BiAMOBITAIOTH TOBKHHH
XBWIb A; = 6562 uM i A; = 434.0 um. Crnuparounch Ha KOMOIHAIIMHUN TPUHIIHIT
Pitma, Bu3HauUnTH, SKiA cepli HAJICKUTHh CHEKTpalbHA JiHIA, XBHJIHOBE YHUCIO SKOi
piBHE Pi3HUII XBUJIBOBUX YHMCEN LUX ABOX JIHIMH.

3anucasiu ¢popmyny banbemepa ans 060x miHii cepii baasmepa



1 BUKOPHCTABIIM 3HAYEHHS TOCTiHHOT Pimbepra i JOBXWH XBWJIb OOHMIBOX IIiHIH,

3HAMIEMO

B 1
1.09700" 7' [6.562 007 m

L 1 1

= - =025- _ ——=0.04.
n: 2° RA, 1.097 00" »~' [3.34007

=0.111,

3Bigcu n; =3,any;=>5.

3acrocyBaBiy KoMOiHaIiitHuM npuHIMN PiTia, 3HalieMo

L:R I—L
A Lon

[TincTaBuBIIM 3HAaYeHHs cTanoi Pindepra ta n; 1 ny, 3HAHIEMO
o1
A= 5.097 a0’ u™' B—z ——2% =128.2 nm.
(B 5

3anaua 4. BukopucToByrouuM mpaBWJIO KBaHTyBaHHS bopa-3ommepdennaa,
3HAWTH JJO3BOJICHI 3HAYCHHSI €HEPTii YaCTHHKH 3 MaCOIO /11, IO PYXa€ThCS
a) B OJHOBHMIPHIN TPSAMOKYTHIN TOTEHINANBHINA sSMI IIUPUHOIO [ Ta
HECKIHUEHHO BUCOKMMU CTIHKAMHU;
0) 1Mo KOy paaiycoMm r;
B) B OJHOBHMIpHOMY MOTEHIiadbHOMY o U = ax2/2, e o — J0JaTHSA
cTana,
') 1O KOJIOBiM OpOiTi Yy LEHTpaIbHOMY IOJI, J€ MOTEeHIiadbHa €HEepris
U = - a /r, mpuuoMy o — JOJaTHS CTaja.
1). B ognoBuMipHii noteHuianbHii ssmi U = 0 1 p = 0, Tak mo ymoBa bopa-
3ommepdernbia HaOyBae BUTIISIY:

/

I pdx =2mn ,
0
10 BEJE [0 CHIBBIIHOIIEHHS
2 pl =2mn
abo
n
pP= N

Enepris sx yacTUHKH piBHA
p 2 n.Z r] 2 n 2
E , == —
2m  2ml

2). Y upomy Bunanky U =01 p = 0. Tomy onepxumo:

2m

dr =21mn
‘(l)'pr mn
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1o gae

271Tp = 21NN,
a
2mn n
= 2mn
270 r

Enepris 4acTUHKM Ma€ 3HAUYEHHS:

“@
=
I\)
I\)

E?‘l

2m 2mr

3). V BUMaaKy OJHOBHUMIPHOTO MOTEHIIATBHOTO ToJist U = oax’/2 ne (a>0)
3aKOH PyXy Ma€ BUIIIAI X = Xg SINWE, @ IMIYJIBC p = MXgwCoSwt

YmoBy bopa-3ommMepdenbaa 1 IbOT0 BUTIAAKY MOKHA 3allACATH

fpdx —Ipd dt ‘J'p—dt —meo CwT =2mp.

BpaxyBagsiu 3B’s130K Mepioay 3 4aCTOTOIO PyXY

ro2m
(A)
0JICP)KHUMO
27T w
mx,Q _ pr
2
3BIIKH
-
2 mw

Toni eneprist yaCTUHKU

2
a
E = all :ngr]n.
2 m

4). IIpu pyci B IEHTPaTLHOCUMETPUIHOMY TOJI1 3 moTeHuianom U = — a/r
(a > 0) piBHSHHS pyXy Ma€ BUTIIS

mu a
2

b

a 3aKOH 30epexXeHHs eHeprii

YMmoBa bopa-3ommepdenbaa nae

2

fpdr :J'mwd¢=2ﬂnw:2mn,
0

3BIJIKA
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muUr=nn.
BpaxyBaBiu B ocTaHHIH PIBHOCTI PIBHSHHS PyXY, 3Hal1IEMO

_a
nn
Toni enepris

2
ma
E =

! n’n?
3ajaui 1jist CaMOCTIHHOTO PO3B’ SI3aHHS

1.1. Buxonsuu 3 mojaeni aroma ToMCOHa, BUBHAYUTH:
a) paJilyc aToMa BOJIHIO, €HEepTis 10H13a1li sxoro E; = 13.6 eB;
0) YacTOoTy KOJMBAaHHS €JNEKTpOHA (U, SKIIO0 paalyc aToma
BomHIO 7. Ilpm sKOMy 3HaueHHI 7 JMOBXKHHA XBWJII BHUIIPOMiIHIOBAHHS
ciTiia A = 0.6 MKkMm?
1.2. Ha sy HaliMeHIIy BiACTaHb HaONIKA€TbCA  (O-4acTUHKA 3
kiHeTnyHOIO eHeprieto T = 40 keB (nmpu m1060BOMY 31TKHEHHI):
a) J10 sJipa CBHUHITIO, IO TIepeOyBa€e y CTaHl CIIOKOIO;
6) 1o smpa 'Li, 1m0 crodaTky nepeGyBalo y CTaHi CIoKoo?
1.3. TlokazaTu, 1m0 3a KJIACHYHOIO MEXAHIKOK TPH 31TKHEHHI O-
YaCTUHKHU 3 SAPOM, 3apsif] SKOTo Ze, MPUIILJIbHA BIJICTaHb b TIOB’s3aHA 3

: 0 _ 2mgmbu’
KyTOM BiaxusieHHs 6 dbopmyiioro cth 2?, ne m — maca O-
e

YAaCTUHKH, U - 11 NIBUAKICTD.

1.4. a-yactuHka 3 imnyinbcoM 53 MeB/c (c-mBuakicts cBitia)
poscistack mix kyrom 60° B KyJOHIBCBKOMY IIOJI HEPYXOMOTO SIpa
aToMa ypaHy. 3HalTU NpULIIbHUN TTapaMeTp b.

1.5. HepenstuBicTChbka YacTMHKA Macolw #m; 1 3 KIHETHYHOIO
eHepriero 7' 3a3Hana JIOOOBOTO 3ITKHEHHS 3 YAaCTHMHKOIO Macol0 71, 1110
nepeOyBaja B CTaH1 CIIOKOK. 3HANTH KIHETUYHY €HEPTit0 YaCTUHKH IiCIIs
31TKHEHHS.

1.6. Ilporon 3 kiHetu4How eHepriero 7' = 10 MeB mnpomitae Ha
BificTadl b = 10 M BiJ HEPYXOMOTO €JEKTpOHA. 3HAUTH EHEePrito, Ky
OJIEPKUTh  €JIEKTPOH, BPAaXOBYIOUM, IO  TPAEKTOpis  MPOTOHA
OpsIMOJIiHIIHA 1 32 Yac MPOXOKEHHS €JIEKTPOH 3aJIUIIAETHCS MPAKTUYHO
HEPYXOMUM.

1.7. a - yacTuHKa 3 KIHETUYHOIO eHeprieto 1 HajiTae 3 MPULLILHUM
napametpoM b =0.90-10"" M Ha sgpo cBuHIIO, mo mepebyBac y craHi
CIIOKOI0. 3HAUTH:

a) MOJlyJIb MPUPOCTY BEKTOPA IMIYJbCY PO3CISHOT O-4YaCTHHKH,
sakmo 7 = 2.3 MeB;

12



0) pu sikoMy 3Ha4deHH1 7" MOZyJib IPUPOCTY BEKTOPA IMITYJIbCY
Oyze MakCMMaJdbHUM JJIs TAHOTO TPUIIUIBHOTO mapameTpa? Skuil KyT
PO3CiIOBaHHS IPU LHOMY?

1.8. a-uactunka 3 eneprieto £y = 6 MeB (B maboparopHiii cuctemi
BIJIJIIKY) PYXa€TbCs O MPsMIH, 110 MPOXOJUTh Yepe3 Hel Ta siApo aToma
ceunmio "' Ph (1060Be 3iTKHEHHs). 3HANWTH HaliMEHIIY BiJCTAHb, HA SKY
HAOM3UIINCh YaCTUHKH.

1.9. g-yactunka 3 kiHeTuuyHow eHeprieto 0.27 MeB poscisHa
30JI0TOK0  (POJIBIrOI0 MiJg KyTOM 60°. 3HaiiTh BimNOBiAHE 3HAYCHHS
OPUIIBHOTO MMapaMeTpa.

1.10. Q-uacTMHKAa NPOXOZUTH 4Yepe3 ILIBKy Byriemo ~C i
BIJIXMIIAETHCA BiJ TONMEpeHHOro HampsMky Ha kyt 30° (B cucremi
neHTpa iHepuii). Enepris g-dyactuHky B 1a0OpaTOpHil cUCTEMI BIAJIKY
E)=5MeB. AtoM Byrieuwo 10 3ITKHEHHS BBaXKATH HEPYXOMHUM
BIJIHOCHO J1Ja0OpAaTOPHOI CHUCTEMH BIJUJIIKY. 3HAWTU MPUIIUIHHY BI1JCTaHb
IpU 1[bOMY 3ITKHEHHI 1 TOPIBHATH ii 3 €(pEeKTUBHHM pajJliyCoM sapa
BYTJICITIO, IO BiATIOBIAA€ MPUIIIBHIN BiJICTaH1, PIBHINA HYIIIO.

1.11. Hepyxomy Kkymo pagiyca R ONPOMIHIOIOTH IapajieIbHUM
MOTOKOM YaCTHHOK, PajiyC SIKUX 7. BBakaroum 31TKHEHHS YaCTUHOK 3
KYJIEIO NPYKHUMHU, 3HAUTH:

a) KyT O BiaxwieHHS 4acTUHKU K (DYHKIIIO ii MPHUILTEHOTO
napamerpa b;

0) BIIHOCHY KUIBKICTh YACTUHOK, SIK1 TICJISl 3ITKHEHHSI 3 KYJICIO
pO3CisUIMCh B iHTEepBai KyTiB Bijx 6 1o 6 + d6;

B) UMOBIPHICTh TOTO, IO YACTHUHKA TICIS 3ITKHEHHS 3 KYJIEIO
po3cieTbes B nepenHto miBchepy (6 <172).

2

1.12. Opepxatu 3 dopmynu tgg :LBHpas U1 BIAHOCHO{
2 4ngTh

KUTBKOCTI YaCTHUHOK, IO pO3Cisuiics B 1HTepBail kymie 0 ~ 0 + dO, 1
BIJIMOBITHUY €(DEKTUBHUN TIEpEPI3 Aapa.
1.13. [ludepenuianpbHuii mepepi3 pO3CIIOBAHHS  (-4aCTHHOK

KyJTOHIBCHKHM IIOJIEM HEPYXOMOro siapa do/dQ = 7.0-10m*cp™ st kyTa
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0, = 30". OGuncnuTH mepepi3 PO3CIIOBAHHA (-4ACTMHOK B iHTEpBai
KyTiB 0 > 6.

1.14. 3naiiTu HMOBIPHICTH TOTO, IO Q-YaCTUHKA 3 EHEPri€ro
T'=3.0 MeB, npo#moBm Kpi3b CBUHIIEBY (OJIBIY TOBIIMHOKO 1.5 MKM,
pO3CIEThCA B IHTEPBAJIl KyTIB:

a) 59°-61°; 6) 60°-90°.

1.15. By3bKkuil my4oK O-4acTUHOK 3 KiIHETU4YHOIO eHepriero 1.0 MeB
naja€ HOpPMaJIbHO Ha IUIATUHOBY (onbry ToBHIMHOKO 1.0 MKM.
CrOCTepeXeHHsI PO3CISHMX YaCTHMHOK BeieThes 1 kytom 60° 1o
HAmpsMy TAJalouoro IMydKa 3a JIOMOMOTOI0 JIYMIBHUKA 3 KPYTIuM
BXIJHUM OTBOpoM tuiomieto 1.0 CMZ, KWW PO3TAIIOBAaHWN Ha BiJICTaHI
10 cMm Bix AinsHKU QOJBIH, MO po3ciioe. Slka yacTHHA PO3CITHUX O-
YACTUHOK TMOMaJie B OTBIp JIIYUIbHUKA?

1.16. Ha mmiBKy-MillleHb TOBIIMHOK d)=2MKM 3 aJFOMiHIIO
HOpPMAJIbHO J0 11 TUIOUIMHU TMAaJa€ IMY4YOK O-YaCTUHOK 3 EHEpri€ro
Ey=4MeB (y mnaOGoparopHiii cUCTeMl BIAJIKYy) 1HTEHCHUBHICTIO
I=10"c"'m *. BU3HAUNTH CKiIbKM YaCTHHOK PO3CIIOEThCA B iHTEpBasi
kyTiB 0, =49° =51° (y cucremi uenrtpa imepmii) 3a 20 xB. CKinbkn
(O-4aCTHHOK PO3CIEThCSA 3a THUX JKE€ YMOB, SIKIIO AQIIOMIHIEBY MIIICHb
3aMIHUTH MIIIICHHIO 13 30JI0Ta Ti€1 K TOBIIMHU?

1.17. By3pkuil MmMy4oK O-4aCTHMHOK IaJla€ HOPMAJIbHO Ha CpiOHY
donbry. 3a HEHO BCTAaHOBJICHMM JIYMIIBHUK, SKUH PEECTPYE YACTUHKH,
poscisHl BianmoBigHO 10 dopmymu Pesepdopna. Ilpu 3amini cpiOHOI
Gbobr Ha TIJIATHHOBY TI€ET K MAcOBOi TOBIIMHU KUIBKICTh (-4ACTHHOK,
[0 PEECTPYIOTHCS 3a OJMHUIIO 4acy, 3pocia B 1] = 1.52 paza. 3Hailtu
NOPSIIKOBUIT HOMEp TIUJIATMHU Z, BBaXKAIOUW, IO MOPSIKOBUI HOMEp
cpibia 1 MacoBi yncia 000X €JIEMEHTIB BIJIOMI.

1.18. By3pkuili mMy4oK Q-4acTMHOK 3 KIHETUYHOK eHepriero T =
0.50 MeB nanae HOpMalibHO Ha 30J10TY (OJIBIY, MacoBa TOBILIMHA SIKOT
pd = 1.5 mr em”. IntencuBricTh myuka 1) = 5.0'10° ¢™'. 3Haiitn KinbKicTh
Q-4aCTHHOK, po3cisHuX (oibroro 3a T= 30 xB, B iHTepBajiax KyTiB:

a) 59-61°, 6) Ginbiie 6,=60°.
1.19. 3a KJIaCUYHOIO E€JICKTPOJAMHAMIKOIO €JICKTPOH, III0 PYyXA€ThCS 3
MPUCKOPEHHSIM W, BTpadya€e HEPrito Ha BUIIPOMIHIOBAHHS 32 3aKOHOM:
dE__ 1 e
dt 4me, 3¢’
Jie e — 3aps] eNeKTpOHa, ¢ — MBUAKICTh cBiTia. OUIHUTU Yac, 3a SIKUN
SHEpTis eJIeKTPOHA, 1110 31HCHIOE KOJIMBAHHS, OJIU3bKI 10 TAPMOHIYHUX 3
gactoToro ® = 510" pan ¢!, 3menmmThes B 17 = 10 pas.

1.20. CkopucraBmuch ¢GopMysow 3 TMOMEpPeaHbOI 3a1adi, OIIHITH

qac, 3a SIKUM eJIEKTPOH, 1110 PYXa€eThCA B aTOMI BOJHIO IO KOJIOBIM OpOITi

b
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pamiyca r = 50mM, BmaB Ou Ha sapo. J[ms copomeHHsS BBaXkKaTH, IO
BEKTOpP W BECh Yac HAMpaBIEHU 10 LIEHTpa aToMa.

1.21. Iloka3atu, 1m0 YacToTa CBITJIA, SKE BUIPOMIHIOETHCS MPH
nepexojii enekTpoHa 3 (n+1)-oi opbiTu Ha n-HY OpOITYy MpH n—>00,
HAOJIMKAETHCA IO YaCTOTH OOEPTAHHS €JIEKTPOHA HABKOJIO sI/Ipa.

1.22. TToka3aru, 1o yactora  GOTOHA, 1110 BUHUKAE MPU NEPEXOl
eJIEKTPOHA MIX CYCIIHIMH KOJOBUMHU OpOITaMH BOJAHEBOIOI1I0HOTO 10HA,
3aJI0BOJIBHSIE HEPIBHICTD (W,+; <W <), A€ (W, 1 (W,+; - YACTOTH 00EepTaHHS
€JICKTPOHA HABKOJIO siApa Ha LUX KoJOBUX opOitax. [lepexkoHartucs, 1o
pu 7 — o0 yacToTa PoToHa (W — ).

1.23. YactmHKa Macorw m PYXaEThCS IO KOJOBIA OpOITI B
EHTPaIbHO-CUMETPUYHOMY MOTeHIianpHoMy Ttom  U(r) =k /2. 3a
JIOTIOMOTOI0 OOpIBCHKOi YMOBHM KBAHTYBAaHHS 3HAWTH CHIBBITHOLICHHS
JUTSL MOXKJIMBUX PaflyciB OpOIT 1 piBHIB €HEPTii 111€1 YaCTUHKH.

1.24. Atom BomHIO, MmO TiepeOyBae y 30y/KEHOMY CTaHi, MOXE,
MOBEPTAIOYNCh B OCHOBHHI CTaH, BUMPOMIHUTU 6 JiHIA. 3HAUTH HOMEpP
30y>)KEHOr0 CTaHy 1 JIOBKUHY BUIIPOMIHIOBAHUX XBUJIb.

1.25. Ckinbku CHEKTpaJIbHUX JIHIA Oyje BUIPOMIHIOBaTH
aTOMapHUM BOJIEHb, 30Y/PKEHUM Ha /- i eHepreTUYHUN PIBEHB?

1.26. JIBom miHisiM cepii banpbmepa aroma BOJHIO BiAMNOBIAAIOTH
JNOBXHHUA XBWIb A; =656.2HM 1 A; =434.0 am. Chouparouuch Ha
KOMOIHAIIMHUK TpuHIUI PiTiia, BU3HAUUTH, SKIM cepii HaJeKUTh
CIIeKTpaJIbHA JIiHISI, XBWJIHOBE YHUCJIO SKOi pIBHE PI3HUIIl XBHJIBOBHUX
YHUCEJI [IUX JIBOX JIHIN.

1.27. SIkiii cepii HaNEXKUTh CIIEKTpasibHA JIIHISI aTOMAapHOT'O BOJIHIO,
XBUJIBOBE YHMCJIO SIKO1 JIOPIBHIOE PI3HUII XBHJIBOBUX YHCE TAKWUX JIIHIN
cepii banemepa: 486.1 1410.2 umM? 3HaNTH JOBXKUHY XBUJI1 I1€T JIiHIT.

1.28. flkomy enemMeHTy HaJleXUTh BOJHEBOMOIIOHUI CIEKTP,
JOBKMHU XBWIb JIIHIA SKOTO B YOTHPU pa3ud KOPOTII, HDK y aroma
BOJTHIO?

1.29. 3naiitu crany Pinbepra R, sxmo Bimomo, mo s ioHis He'
pI3HUI JOBXKHUH XBWJIb MDK TOJIOBHUMH JiHIsIMH cepii bambmepa 1
Jlatimana AA = 133.7 uwm.

1.30. 3HaiiTi JOBXUHY XBUJI1 TOJIOBHOI JIiHIT Ti€l CIEKTPaJIbHOI cepii
ionis He', y sixoi iHTepBan Mix kpaitaimu minismu Aw= 5.1810" pag ¢’

1.31. 3nailTu eHeprito 3B’SA3Ky €JIEKTpOHA B OCHOBHOMY CTaHi
BOJTHEBOIIO/IIOHUX 10HIB, y CHEKTPl SKUX JIOBXXKHHA XBUJI TPETHOI JIiHII
banbmepa pisua 108.5 M.

1.32 3HaiiTu MBUAKICTH (OTOCIECKTPOHIB, SKI BUPUBAIOTHCS I
BIUTMBOM €JICKTPOMATHITHOT'O BHITPOMIHIOBAHHS JIOBXKHHOIK XBHJI A =
= 18.0 1M 3 Hepyxomux ioHis He', 1110 3HAXOAATHCSA B OCHOBHOMY CTaHi.
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1.33. 3 sKOIO MIHIMAIbHOIO KIHETUYHOIO €HEPri€l0 MOBUHEH
pyxaTHCsl aTOM BOJHIO, 1100 MpU HEMPYXHOMY JOOOBOMY 3ITKHEHHI 3
IHIIMM, SIKAA mepeOyBae y CTaHl CIIOKOIO, OJWH 3 HHUX 3MIr 0Ou
BUIIpOMiHIOBaTH (poToH? BBaxkaTH, 110 10 3ITKHEHHSI aTOMHU MepedyBain
B OCHOBHOMY CTaHi.

1.34. Hepyxomuii aToM BOJHIO BUNPOMIiHIOE (DOTOH, 1110 BIJAMOBiAaE
TOJIOBHIM JiHIT cepii Jlalimana. SIkoi mBuaKOCTI HAOYB aTOM?

1.35. BuxopucroByrouun IIPABUJIO KBAHTYBaHHS bopa-
3omMmepdenbaa, 3HaUTH T03BOJICHI 3HAYEHHS €HEepril YaCTUHKU 3 Macoro
m, IO PyXa€ThC:

a) B OJHOBUMIPHIM MNPSAMOKYTHIM MOTCHLIANBHINA M1
HMIMPUHOIO / Ta HECKIHYEHHO BUCOKUMU CTIHKaAMHU;

0) 1o KOJIy paziycom r;

B) B OJJHOBMMIPHOMY TOTeHIianbHOMY Homi U = a x°/2, 1ie o —
JOJIaTHS CTasa;

T') IO KOJIOBi OpOITI y HEHTPATbHOMY IOJI, /1€ MOTEHIlalbHa
ereprist U = - o /r , IpUUOMY o — TOJIaTHS CTaJa.

1.36. Y cnekTpi BUIPOMIHIOBAaHHS BOJHIO TOOJM3Yy JiHIT 3
OBXMHOIO XBWI A; = 486.1320 HM BUABIIEHO JIiHIIO 3 A, = 485.9975 HM.
€ macrtaBd MOpPUIyCKaTH, WO I JIHIS ~ HAJeXUThb  CIEKTPY
BUITPOMIHIOBaHHS 130TONA BOJHIO. BU3HAUUTH 130TOM.

1.37. Busnauutu pi3HuIo A0BxuH XBWib JiHIA Hy 1 Dy (mepmoi
miHii cepii banepMepa paelTepito). BusHauuTH TakoX PI3HULIIO JOBXUH
xBuib diHid Hy 1 Dy.

1.38. ¥V razopospsgHiii TpyOIli, HAMOBHEHIA CYMIIIIIO BOJHIO 1
remiro, @aymep crocrepiras cepiro

IA=R'(1/1.5 - I/n’),n=234,..., (1),
a Ilikkepinr y crnektpi miaHerapHoi TymaHHocTi (£ Kopmu) BigkpuB
cepito
IA=R"(1/2 -+ 1/2)),n=234,.. 2).

Ho teopii bopa cepii ®aynepa 1 IlikkepiHra mnpunucyBamucs
aTOMapHOMY BOJHIO. bop MOsSICHUB MOXOHKEHHST 000X Cepiif, BBaXKaIO4H,
10 BOHHM HaJeXaTh HE BOJHIO, a OJHOKPATHO 10HI30BAaHUM aTroMam
remito. Lle mosicHeHHs1 OyJIO MIATBEPKEHO AOCIIIOM, SIKUH MOKa3aB, 110
00MIB1 cepii CIIOCTEPIraroThCs y YUCTOMY Tejlii, ajie iX HIKOJIM He OyBae y
BUMAJKy YHUCTOrO BOJHIO. SIKI CHEeKTpajapHI JIiHII OJHOKPATHO
10HI30BaHOTO TEJII0 OTOTOXHIOBANMHCH 13 cepismu (1) 1 (2)? Yum
BIJIPI3HSIOTHCS CIIEKTPaJIbHI cepli 10HI30BAHOTO TEJiI0 B BiAMOBIIHUX
cepiit aTOMapHOTO BOAHIO?

1.39. Ilo3uTpoHiil € 3B’3aHOI0 CUCTEMOIO €JEKTPOHA 1 MO3UTPOHA,
0 00epTaloThCS HABKOJO IX IIEHTpa Mac. 3HAWTH €HEepPreTU4Hl PiBHI,
SHEepriio 10H13a1li1 1 JOBXKUHY XBHJII PE30HAHCHOT JIiHIi TO3UTPOHIIO.
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1.40. HeratuBHi MIOOHM MOXYTh 3aXOIUIIOBaTHCS AaTOMOM 1
3aMIIaTH Y HbOMY €JIeKTPOHU €JIEKTPOHHOI 00010HKU. [IpakTHuHO MOXKe
3aMIIIATUCS JIMIIEe OAUH eJIeKTpoH. CUCTeMH, 110 BUHUKAIOTh BHACIIOK
TaKoi 3aMiHM, Ha3UBalOTh Me30aroMamMu. Maca MrooHa my= 207 m,.
O6uucauTu 3a teopiero bopa paaiyc mepiioi kKojioBoi opOITH MIOOHA B
me3zoaToMi. Po3paxyBatm  eHepreTuyHi piBHI  Me3oatoMma. Slke
BUIIPOMIHIOBAHHS CIIOCTEPIraTUMEThCA TPHU MEpexojal Ha Ifo opoiTy
MIOOHa 3 OuUIbIl BUCOKHX OpO0iT? YoMy JOCHIPKEHHS TaKoTo
BUIIPOMIHIOBaHHSI BUKOPUCTOBYIOTH ISl BUBUYEHHS CTPYKTYPH Ba)KKHX
snep Ois X moBepxHi?

1.41. TlpuTsAranHs MiX €JIEKTPOHOM 1 NIPKOIO y HAMIBIOPOBITHUKY
1HOAI MOXKHA ommcath 3akoHOM KyiioHa, 1m0 Ai€ y cepenoBui 3
J1eIEKTPUYHOIO IPOHUKHICTIO €. 3HAWTHU 3a TAaKKX YMOB piBHI eHeprii E), 1
paaiycu 7, €KCUTOHA — BOJHEBOMOMIOHOI CHCTEMH, sSKa CKIAJAETHCS 13
eJIEKTPOHA 1 JIPKU — IIPU PI3HUX 3HAUYECHHSAX KBAHTOBUX YHCEN 7. KOO €
eHepris 3B 43Ky 1 XapaKTepHUIl paJilyc a; TaKoro ekcutoHa npu €= 10 ta
edekTHBHIiT Maci enextpoHa i gipku m, = my, =m, /10?

1.42. Tlepexin Mix skumu opbOitamm ioHa remito He'
CYNPOBOJIKYETHCSI BUMIPOMIHIOBAHHSM 3 JOBKHWHOKO XBHUJIi, OJM3BKOIO JI0
H,?

1.43. flkoro € pi3HULA MDK JOBXKHHaMU XBWib JiHIT Hy 1
BIJIMOBIAHOT JIIHIT CIIEKTpa He'™?

1.44. Cram PigGepra njs BOAHIO 1 TeNi0 PiBHI BIAMOBITHO Ry =
109677.6 CM'I, Ry, = 109722.3 e’ 3uaiityu BigHomeHHs my/m, i my/my;.
(Ry. = 109737.309 cm™).

1.45. Ilutomuii 3apsag €NEKTPOHA e/m MOXKHA OOYUCITUTH 13
CHEKTPOCKOMIYHUX JaHuX. BukoHatu 1€ OOYHMCIIEHHS, KOPHUCTYIOYHCH
CIEKTPOCKOMIYHUMU JaHuMu Ry = 109677.57 em”, Rp =109707.419 cm™,
MOJIIPpHUMHM MacaMHM aTOMapHUX BOJHIO Ta jaeiitepito Uy = 1.008142
r/Monb, MHy=2.014757 r/mons 1 cranoro Dapanes F=N,e=
=9.6510" K1 Monp ™.
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I1. XBUWJIBOBI BJJACTUBOCTI YACTUHOK
HaiiBaxauBini NOHATTS, 3aK0HU i popmyin

Cnisgionowennss Oe bpotina, wo nos’szytome Mmixc co6010
KOPRYCKVIAPHI Xapakmepucmuxu (enepeia E, imnyavc p) i3 xeunbosumu
xapakxmepucmuxkamu (4acmomor ), Xeunbosum eekmopom k), maroms
8I0NOBIOHO BUTIAO:

E=nw,
A=hip,
e A — 0ebpoliniecoKa 008HCUHA XBUL YACMUHKU 3 IMIYIbCOM D!

I pynoea weuoxkicmo xeéunv e bpotiinsa:

V., =0 0k,
Gaszosa weuokicmo
Vp=wk=E/p.

Cnissionowenns Hegusnawenocmel I etizenbepea:

0J151 KOOpOUHaAmMu i 8i0N0BIOHOI NPOeKYii IMNYIbCa.
Ax Ap, 2 n,
07151 eHepeii i yacy:

AEAt=N.

IIpuxnagu po3B’si3yBaHHs 3a1a4

3agaya 1. 3naiitTu AeOpOIUIIBCBKY OBXHHY XBWJII  PEISTHBICTCHKUX
€JICKTPOHIB, SIKI MIUIITAIOTh 0 aHOAAa PEHTICHIBCHKOI TPYOKH, SKIIO JOBXHHA XBHJI
KOPOTKOXBHJILOBOI ME3Ki HETIEPEepBHOTO PEHTI€HIBCHKOTO criekTpa A, = 10.0 mm?

Jist penaTuBICTCHKOI YaCTMHKY MOYHA 3aIMCaTH TaKi CIiBB1IHOIICHHS
p2c2 +m302 =E2,
T=E-mc’.
KopoTKkoXBMIIBOBIMT MeXi CYIUIPHOTO PEHTTEHIBCHKOTO CIIEKTPY BIAMOBiIa€E
MaKCHUMallbHa €HEepris, siKka piBHA KIHETUYHIN €Heprii elIeKTpoHa, OTKe

he
T=—.
Ay
3a o3Ha4YeHHM, JeOPOIITIBChKA TOBKWHA XBUJIl YaCTUHKHU

a=t

p
I3 HaBeeHUX CIIBBIAHOIIEHb 3HAXOIUMO

A:/\—k
.

B+mA"Ef

O meQd

[TigcTaBnsiroun YUCIOBI 3HAYCHHS,0JICPIKUMO
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-10
A= 107" =33nm.

7’
0

0.51100°eB 00" u

0
3.1406.610"°eB 23 00° 20
C

3agaua 2. [IIBuAKICTE MaKpOCKOIIYHOTO TiIa BUMIPIOIOTH 32 JOIJIEPiBCHKOIO
3MIHOIO YacTOTH CBITJIOBOI XBWJII MpH BiOWMBaHHI Bia 1boro Tina. [IpoanamizyBatu
el crocid 1 mokaszatu, IO BiJNOBIIHI HETOYHOCTI IMIYNbCY 1 TOJIOKEHHS Tija
3aJI0BOJIBHSIIOTH CITIBBIIHOIICHHS HEBU3HAYeHocTel [ eitzenOepra.

U
0
i+
0

Hexait Tis10 € m3epkanoM, sike i7icalibHO BIIOMBAE CBITIIO, 110 HOPMAIBHO TaJa€e
Ha ¥oro moBepxHI0. Ha 0CHOBI 3aK0OHIB 30€peKeHHS €Hepril Ta IMITYJIbCY

- +muo2 —r|w+muz
C2 2

w w

%, +mu, =—n—+mU ,

C C

IIe m — Maca Tija, vy 1 v — Horo MIBUAKICTH IO 1 miciisd BIIOMBaHHA, (b 1 (W — YaCTOTH
najardoro 1 BigouToro ¢potoHi. [lepenucapmim i piBHIHHS Yy BUTIISII

m(v - ¢)=2rw-w,),

W+ w
m(v —UO):—n( 0),
C
IIOYJICHHO HO,Z[iJII/IBL[II/I, 3HaAX0AnuMo
ARED)
vU+U, =2c——
W+ W,

Macy n3epkana MO)KHA BBa)KaTH HECKIHUCHHO BEIMKOIO TOPIBHSIHO 3 Macoro
dorona. Tomi
w-w,

U=U,=c—
w+w,

BumipsBim yacTot (y 1 W, MOKHA 32 1I€0 HOPMYIIOI0 OOYUCITUTH IIBUIKICTh
n3epkana. YacToTy (y MOYKHA BBa)KaTH BUMIPSHOIO TOYHO. Toai moxuOka y 3HaYeHHI
mBuaAKocTi Av Oyne BU3HAYATHCS HETOYHICTIO BHUMiproBaHHS dactotu . I1lo6
BUMIPATH W 3 TOUYHICTIO A, TpUBAJiCTh BUMIpIOBaHHA Af MOBUHHA 3aOBOJILHATH
ymoBY Aw " At ~2 7T TIoxuOKy MIBUAKOCTI 3HAWEMO 13 CITIBBITHOIIICHHS
_2cw, HAw - ¢ Aw

(w+w, ) 20,

OCKUTBKM MOMEHTH 4acy BigOuBaHHS (OTOHIB BifoMmi 3 moxuOkoro Af TO
HETOYHICTh y 3HA4YCHHI IIBUIKOCTI » Tpu3Beae M0 NMoxuOku Ax mpu BH3HAYCHHI
KOOPJAWHATH J3epKaa;

AU =

AVAY e
Ax~|AUAt|~cu~—.
2w, w,
IIpu B3aemonii 3 (OTOHOM J3€pKai0 OJEPKUTh HEKOHTPOIHOBAHY 3MIHY
IMITYJTbCY
Ap ~ 2w, h

c
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BianosinHo
ApAx ~ h .

3ajaui 1yist CaMOCTIHHOTO PO3B’ SI3aHHS

2.1. 3HaliTH TOBXKUHY XBUJI1 Jie Bpoiiis 11sl eeKTpoHa 3 eHEprieto
T'=1 MeB.

2.2. Opepxatu Bupa3 il JeOpOWITIBCHKOI JTOBXWHU  XBUII
PENATUBICTCHKOI YAaCTHHKH, KA PYXa€eThCs 3 KIHETUYHOIO eHepriero 7.
[Tpu sixux 3HayeHHsX 7 MOXMOKa y BU3HAUYCHHI A 32 HEPEISATUBICTCHKOIO
dbopmyroro He nepepuinye 1% s enexTpoHa i mpoToHa?

2.3. Ilpu sKOMy 3Hau€HHI KIHETHYHOI eHeprii AeOpoiiBChKa
JIOB)KMHA XBHJII €JICKTPOHA PiBHA HOTO KOMITOHIBCHKIM TOBXKHHI XBHJI1?

2.4. 3naiitu neOpONITIBCHKY JOBXHHY XBHUJII PEISITUBICTCHKUX
€JEKTPOHIB, SKI MJIITaIOTh JO aHOJAa PEHTIEHIBCHKOI TPYOKH, SKIIO
JOBKMHA XBUJII KOPOTKOXBUIILOBOT MEX1 HEIIEPEPBHOTO PEHTT€HIBCHKOTO
cnektpa A, = 10.0 mm?

2.5. 3naiiTi HaOMMXKEHUM BUpa3 I JOBKUHU XBWI Je bpoins
YIBTPAPEISITUBICTCHKOI YaCTUHKH, TOOTO YACTUHKH, KIHETUYHA CHEpris
sKkoi 7 3HAYHO IIEPEBHIIYE EHEPTril0 CIOKOW mc . 3Haiith A s
yIbTpapensaTUBICTChKOT yacTuHku 3 7= 10 ['eB.

2.6. Heiitpon 3 kiHeTMuHOW eHepriero 7'=25¢B Hamitae Ha
HEPYXOMHM JEUTOH (SIpO BAXKKOTO BOJHIO). 3HAWTH JeOpOMIIIBCBHKI
JIOBKMHU XBHWJIb IBOX YACTUHOK y CHUCTEMI iX LIEHTpa 1HEePIIii.

2.7. BuszHauuTtu [IeOpOWIIIBCHKY JIOBXKHMHY XBHWJII €JIEKTPOHA, IO
00epTaeThCs 1O #1-1 OOPIBCHKIM OPOITI HABKOJIO sI/Ipa 13 3apszioM Ze.

2.8. B onHomy 3 croco0iB MOHOXpoMaTH3allii MOBIJIbHIUX HEUTPOHIB
BUKOPHUCTOBYIOTH JIBa Ka/IMi€B1 TUCKH, 10 HACA/KEHI HA CIIJIbHY BICh

Ha nmepudepii nucka Ha oHaKOBUX BiJICTaHSAX R Bix ocl 3po0JIeHO 1Ba
KPYTJIMX OTBOPH JlaMeTpoM d. OTBOpY MOBEPHYTI OAMH BiIHOCHO OJTHOTO
Ha KyT ¢ HaBKOJIO OCi MpUJamy i B IIbOMY IOJIOKEHH1 3aKpiruieHi. JJucku
PIBHOMIpPHO 00€pTaIOTHCA HABKOJIO TI€T K OCI 3 KYTOBOI IIBUIKICTIO (V.
Busnauutn OBXMHY XBWIi Je bpoins A, a TakoX CTyIiHb
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MOHOXPOMATHYHOCTI ~ HEUTPOHIB, fKI MOPOXOIATh Yepe3  Takui

MOHOXpOMATOp, SKIIO BiJICTaHb MK nuckamu /. Bukonatu ymcenbHuit
-1

pospaxyHok st /=1 M, R=10cm, w=300¢", ¢ =4°,d =5 mm.

2.9. By3pkuii My40K MOHOEHEPTETHYHUX EJCKTPOHIB TMajae I
KyToM KoB3anHs 6 = 30° Ha IPUPOIHIO rPaHh MOHOKPHCTANA ATIOMIHIIO.
Biacrans Mixk CyCiaHIMU KPUCTATIYHUMH IUIOMIMHAMHM, TapaieTbHUMU
i rpani MoHokpucrtana, d = 0.20 am. Ilpu neskiii mpuckoprorouiit
Harpy3i U, crocTepiraim MakCUMyM JI3€pKaJIbHOTO BiAOWBaHHS. 3HAUTH
Uy, SKIIO BIIOMO, IO HACTYIMHUN MaKCHUMyM J3€PKaJIBHOTO BiJOMBAHHS
BUSIBUBCS MPH 301TBIIICHH] IPUCKOPIOIOYO] HanpyTH B 77 = 2.25 pa3iB.

2.10. By3pkuii Ny4OoK MOHOCHEPreTUYHUX EJIEKTPOHIB Iaja€e
HOPMAJIbHO Ha TMOBEPXHI0 MOHOKpPHCTAJa HIKENI0. Y HanpsMKy, IO
cTaHOBHTH KyT 6=55" 3 HOpPMAIO [0 IUIONMHA [OBEPXHi
CIIOCTEPITA€ThCA MAKCUMYM BIJIOMBAHHS YETBEPTOTO TMOPSAKY MpU
eneprii enektpoHiB 7 = 180 eB. Po3paxyBaTu BiANOBIIHI 3HAYEHHS
MDKIUIOIIIMHHOI B1JICTaHI.

2.11. V pensTUBICTCHKIN 1 HEPENATUBICTCHKIN TEOPIsiX 3B’S30K MIX
XBUJLOBUMH 1 KOPITYCKYJSIPHUMH BJIACTUBOCTSIMU YaCTHUHKH, IO BITHHO
PYXA€ThCS, BUPAKAETHCS OJTHAKOBUMU 3a BUTIISLIOM dopMynamu E = nw
1 p = nk. IIpote B penaTuBICTCHKIA Teopii miag £ po3yMmiloTh NIOBHY, a B
HEePeIITHBICTCHKIHN JTHIIe KiHeTHuHy (p°/2n) eHeprito yacTHHKH. YoMy i
JIBa BUpa3H (TaM Jie¢ MOXKHA 3aCTOCYBaTH HEPEIATUBICTChKE HAOIMKEHHS)
HE IPU3BOATH A0 CYyNEPEUHOCTI?

2.12. [IBuakiCTh MaKpOCKOIIIYHOTO TiIa BUMIPIOIOTh 32
JIOTUIEPIBCHKOIO 3MIHOIO YacTOTH CBITJIOBOi XBWJII TIPHW BiIOWBaHHI Bij
nporo Ttina. [lpoanamizyBaTu 1mew cmoci® 1 moka3aTd, MO BiIMOBITHI
HETOYHOCTI  IMIYyJIbCY 1  KOOPAMHATH  TUIa  3aJ0BOJIBHSIOTH
CIIBBIHOIIICHHS HeBU3Ha4YeHOCTeH [ elizenbOepra.

2.13. 3HaiiTu 3a MOPAIKOM BEJIWYMHHU PajalyC aroMa BOIHIO B
OCHOBHOMY CTaHl 1 €HEpril0 3B’A3Ky €JEKTpOHa B LbOMY X CTaHi,
BUKOPHCTOBYIOUHM CIIBBIJIHOIIEHHS HEBH3HaueHocTe ['eiizenOepra.
OILIHUTH B TaKuM ke Crocid po3Mip JBOATOMHOI MOJIEKYJIU 1 €HEPrito ii
OCHOBHOTO CTaHy, TPUOJIMU3HO PO3IIISAIaI0UU MOJIEKYITY SIK OJTHOBUMIPHUMN
OCIIIJISITOP 3 BJACHOIO YaCTOTOIO @ 1 3BEJEHOI0 MACoI0 |l .

2.14. OminuTd  HAWOLIBITY  €HEPril0  3B’S3KYy  €JIeKTPOHA,
JIOKTi30BaHOrO B AUIAHLI mpocTopy, paaiyc sikoi » 0107 M (atom) i » O
10"° M (aTomue smpo). SIKi BHCHOBKH MOKHA 3POOHTH 3 OLEP)KAHOTO
3HAUEHHS EHEepTii, fKIIO BpaxyBaTH, IO C€HEPris 3B’S3Ky SACPHOI
YaCTUHKHU He nepeBaxae 10 MeB?
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Braszisku: Bukopucraru CHBBIAHOIIIEHHS HEBU3HAYEHOCTEUN

['eitzenbepra y ¢popmi TOUHOT HEPIBHOCTI Ax® Dp,” 2 rl% :

2.15. TlapanenpHuil My4yoK aTOMIB BOAHIO 31 MBHUIKICTIO v = 600 M/c
najae HOpMaJbHO Ha JAiagparMy 3 BY3bKOIO MIUIMHOIO, 3a SIKOIO Ha
Bincrani /= 1.0M 3Haxomuthcsi ekpaH. OIIHUTH 3a JTOMOMOTOIO
CITIBBIIHOIIIEHHS] HEBU3HAYEHOCTEN MIUPUHY O IIIJIMHU, IPU SKIA IHUpUHA
il 300pa’keHHS Ha eKpaHi Oy/ie MiHIMAJILHOIO.

2.16. Cepenniii yac KUTTA aroMa y 30yJPKEHOMY CTaHI CTaHOBHUTH
ommseko At ~ 10%. Tlpu mepexomi aromMa y HOpManbHHH CTaH
BUIIPOMIHIOETECS (POTOH, CepeAHs JAOBKHMHA XBHJII SKOrO piBHa A.
Ouiantn mupuHy AA 1 BimHOCHY mmpuHy AA/A crnekrpanbHOi iHii
BUMNPOMIHIOBaHHS, SKIIO BIJCYTHE 11 PO3IIMPEHHS] BHACTIOK 1HIIUX
npoueciB. (Taka mupuHA HA3UBAETHCA  MPUPOJHOI  IIMPUHOIO
CIIEKTPaJIbHOT JIHiT).

2.17. XonoaHy eMicCit0 €JIEKTPOHIB 3 MeTally MpoOyBajau MOSICHUTH
KJIACHYHO BIUTHBOM CHJIH €IEKTPHYHOTO BimoOpaxeHHs e’/(471§(4x°)), 3
SKOIO €JICKTPOH NPUTSITa€ThCs O MOBEpXHI MeTainy. BpaxyBaHHs 1i€i
CWJIM TMPU3BOAUTH JO TOrO, IO TNOTEHIlAJIbHA EHEPris eJIeKTpoHa
n06/M3y moBepxHi Metany HabyBae Burisiny U= C — eEx - ¢’/(4T1§(4x°)).
[ls cuna 3HMKYE MOTEHIANbHUN Oap’ep, MO HOro MOBHHEH MOJ0JIATH
eJIEKTPOH, 11100 BUUTH 3 MeTaiy, TOOTO 3MEHIIye POOOTY BUXOJTY.
Po3paxyBaTu 11 3MEHINEHHS 1 OI[IHUTH HANPYKEHICTh 30BHINIHHOTO
TOJIsI, TIOYMHAIOYM 3 SKOi MOBMHHA O BiIOYBATHCS XOJOJHA €MiCisl s
BoJIb(Ppamy, poOoTa BUxoy 3 sikoro A=4.5 eB.

2.18. YactuHka Macow m 3HAXOJUTHCS B  OJIHOBUMIPHIN
NPSIMOKYTHIN TOTEHIIAJIbHIN SMiI 3 HECKIHYEHHO BHUCOKHUMHU CTIHKaMH.
[lupuna ssMu piBHA [. 3HANTH MOXIJIMBI 3HAYEHHSI €HEPrii YaCTHUHKH,
BPaxOBYIOUH, 0 PEai3yl0ThCs JIMIIE TaKl CTAHU ii pyXy, A SIKUX Y siM1
BKJIAJIA€THCA 1ILJIE YMCIIO MIBXBUIIb e bpoits.

2.19. BinpHuii enekTpoH crmoyaTtky OyB JIOKadi30BaHUN B 00’€Mi
posmipom [/ = 0.10aM. OIiiHUTH 3a JOMOMOIOK CIiBBIAHOIICHHS
HEBU3HAYEHOCTEH IS Yacy 1 eHeprii, 3a KUl 4ac MmUpUHA BIAMOBIIHOTO
XBUJIBOBOTO TaKeTy 30UTbIHThCs B 1] = 10 pa3is.
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III. OCHOBU KBAHTOBOI MEXAHIKHU

HaiiBaxxnuBii moHATTS, 3aKOHHU 1 HOpMyIn
Yacosozanescne i cmayionaphe pienanns Lllpedineepa:
iNowor=n’/2m) Y+ UY,
Fy+2m/N°(E-U)y=0,

. s 2
oe W — noena xsunvosa ¢ynxyis, Y — ii koopounamua wacmuna, [1° = A
— onepamop Jlannaca, E i U — nosna i nomenyianvha enepeii YaCmuHKU.
YV chepuunux xoopounamax:

[F = &/ + 2/r 0/0r + 1/(¥’sin 8) 303 (sind /09 ) + 1/ sin*S0°/0¢’.

Koegiyieum npozopocmi nomenyianvroeo 6ap ’epy U(x):
X2
D =exp[ -2/N J2m(U-E))"?dx],
X1
oe x; i X, — Koopounamu mo4ok, midxc axumu U> E.
Onepamop L € ninitinum, AKujo

LcicaWy) =ci L. c;Ly,
Oe c; i ¢; — 0osinvui cmani, YW; i Y, — 008inbHI PyHKYIL.
Onepamopu A i B KoMymamueHi, AKWo ix KOMymamop
[AB]=AB-BAi=0
Onepamop[’: epMIimosull (CamoCnpsadiceHull), IKWo
S L Yodx = [y " L .

Cepeone 3nauenns mexaniynoi eenuyunu L'y cmani Y:
* A
<L>=[ L ydT,

de L — 6i0nosionuil onepamop, Y — Hopmosana xeunvosa Qynxyis, dT —
enemenm 06’ emy.

OcCHOBHI KBAHMOBOMEXAHIUHI ONEPAMOPU.

npoexyii imnyavcy p,=-ino/ox,
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imnynbcy p=-inlj

A

npoexyiti momenmy imnyaocy L=y p.-zp,, L, =zp.-xp_,
L=xp,-zpx =ind/og,
enepeii.  H=-p"/2m +U =-n"/2m)A + U.

IIpuxnagu po3B’si3yBaHHs 3a1a4

3agaya 1. YactuHka Maco0 m  3HaXOIUThCS B  OJHOBUMIPHOMY
noTeHIianbHoMy moji U(x), BUTIsAA sSKOro TokasaHui Ha puc. 1, me U(0) = oo.
3HaiTu:
1) piBHSHHS, IO BHU3HAYa€ MOXJIMBI 3HAYCHHS C€HEPrii YaCTUHKH TPH
E <Uy, npuBectu e piBHAHHS A0 BuUDALy sinkl=2kl(T) 2/(ZmZZUo)W, ne k =
(2mE/ nz)z/ ?. Tlokasatu 3a JOMOMOrOK rpadidHOro po3B’si3KY LBOrO PIBHSIHHS, IO
MO>KJIMBI 3HaYCHHS €HEPTii YaCTHHKHU YTBOPIOIOThH IUCKPETHUH CIIEKTD;
2) MiHiManbHEe 3HAYCHHS BeMHIMHH [°Uj, [P SKOMY BHHHKAE ICPIIHil
eHepreTHUHHit piBeHs npu E < Uj, a TaKoXK, IIPH SKOMY MiHiManbHOMY 3HaueHi /Uy

[/

Puc. 1

BUHUKHE n-i piBEHB?
1). 3anmmmemo piBHsanHs lpeninrepa ams 1Box oOyacTeii:

W +KEY =0, o0<x<l,
ne k= 2mE/i,
l[]gu + Kzlllg =0, onax>1
Ie K 2"= 2m(Uy - E)/ .
Ix 3aranbHi po3B’A3KU
Yi(x) = a sin (Kx +a),

Ysr(x) = b exp(-kx) + c exp (xx)
MOBHMHHI 33JI0BOJIHATH CTaHAAPTHI I'paHU4YHI yMoBH. 3 ymoBH J;(x)= 0 i BUMOTHM
CKIHYEHOCTI XBHJIbOBOI (PyHKIIIT BUTUIMBaE, o A = 0 1 ¢=0. 3 HenmepepBHOCTI Y(x)i Ti
noXigHO1 B Toulli X = / ofepxkumo tg kl = -k/K abo

n

\2ml*U,

3o00pa3uBmm rpadivyHo JiBY 1 MpaBy YaCTHHU 1IbOTO PIBHSIHHS, 3HANAEMO TOUKH
nepeTHHy MpsAMoi 3 cuHycoinoio. Ilpu 1poMy KOpeHi piBHSHHS, IO BiJINOBIIAIOTH
BJIACHUM 3HAY€HHSM eHeprii £, OyayTh BIAMOBIAATH TUM TOYKaM repetuny (kl); nns
akux tg(kl); <0, ToOTO KOpeHI IBOro PIBHAHHSA OYAYTh 3HAXOJHUTHUCS Y HapHUX
yBepTAX Koja (Il AUISHKK Oocl abCuMC BUIICHI HAa pHC. 2 KUPHUMH BiApizkamu). 3
rpagika BUAHO, 10 KOPEHi piBHSAHH, TOOTO 3B’s3aHi CTaHU

sinkl = +kl
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/ YaCTHHKH, ICHYIOTh HE 3aBXIHU.
[lyHkTHpOM  TIOKa3aHO  TpaHUYHE

/ 3HAYCHHSA ITOJTOXKCHHA HpHMOI.
/ 2) (le())] Min T 772]’12/(87}1),
n 2m 3n Kl (I2U())njlrtiH =(2n - 1)772/’12/(8171).

> Puc. 2.

3anaua 2. JloBecTu Taki TeOpEeMH:

A

a) fAKIO omeparopu A 1 B MaioTh choiipHI BracHi (yHKII, TO Takxi
OIepaTopu KOMYTYIOTb;

A

0) sixmo onepatopu 4 1 B KOMYTYIOTbh, TO BOHH MArOTh CIIJIbHI BJIACHI
¢dyHKLii (ToBeCTH A7 BUMAJKY BiICYTHOCTI BUPOJIKECHHS).

B) SIKIIIO OTepaTtop A €pMITOBHIA, TO HOTO BIaCHI 3HAYEHHS TIHCHI.

Py

1). ko Y - cinbHa BiacHa GyHKINiS orepaTopiB A Ta B , TO
AB W= AbY=bAW=bay,
BAW=Bay=aBY=aby.
OTtxe,
ABY=B Ay
i [AB]=0.
2). Hexaii ( - BnacHa ¢yHkIiss omepatopa A, sKa HaJICKHTh BIACHOMY
3HAUEHHIO a. |3 KOMYTaTUBHOCTI ONEPATOPIB BUILTUBAE, 110
ABY=B Aw=Bay =aBy,

A

TOOTO

Ay =ayp, ne Yy =By
TakuM YMHOM BJacCHE 3HAYEHHS @ HAJICKUTHh 000M (DYHKIIISIM, SIKI OMHUCYIOTH
OJuH 1 Tol camuii ctaH. Lle Moxe OyTu nuie Tozi, KoM Il QYHKIT BiAPI3HAIOTHCS
Ha CTaJIMii MHOXKHUK, Hanpukian b: Y = b. Ane Y = B Y, Tomy B Y = by, To6TO
) - ciiibHa BIacHa (YHKIIISI OTIEpaTopiB AraB.

3). Hexaii (¥ - noBinpHa BinacHa (QyHKIIS onepatopa A, sika BiANOBigae HOro
BJIACHOMY 3HA4YeHHIO a. Tol BHACIOK CaMOCTIPSKEHOCTI omieparopa A

Jy*AWdx =i A*P*dx
AfY*wdx = A* P+ dx.

3Biacu A = A *, 10 MOXJIMBE JIUIIIE PU JIHCHOMY A .

3anaui 1J151 CAMOCTIHHOTO PO3B’A3aAHHS

3.1. YactuHka 3 Macol m PYXAE€TbCi B OJHOBHUMIPHOMY
noteHuiansHoMy nosti U =kx’/2 (rapmoHiunmii ociunaTop). OLiHATH 32
JIOTIOMOTOI0  CITIBBIIHOIICHHS HEBU3HAYEHOCTEH MIHIMAJIbHY MOXJIHBY
€Heprilo YaCTUHKH y TAKOMY TOJII.
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3.2. EnexTpoH 3HAaXOOUThCS B OAHOBUMIPHINA MPSIMOKYTHIM
MOTEHITIATBHIN M 3 HECKIHUEHHO BHCOKMMU cTiHKamu. lllupuna simu [
Taka, [0 eHEePreTUYHI PiBHI PO3TAIIOBaH1 JOCUTh I'yCTO. 3HAUTH TYCTHHY
piBHIB dN/dE, T006TO X KIJIBKICTP B OAMHUYHOMY IHTE€pBaJl €HEprii, sIK
byukiioE. O6uucnutu dN/dE nna E = 1.0 eB, sxmo / = 1.0 cm.

3.3. YacTtuHka Macorw m 3HAXOJUThCS B TPUBHUMIPHIA KyOIuHIM
MOTEHIIAIBHIN siM1 3 aOCOJIOTHO HENPOHUKHUMHU cTiHkamMu. CTopoHa
Ky0a JOpiBHIOE a. 3HANTHU:

a) BJIaCHI 3HAYEHHS €Heprii YaCTUHKHU;
0) pI3HULIIO €HEPT1H TPETHOTO 1 YETBEPTOTO PIBHIB;
B) €HEPTIIO IIOCTOTO PiBHS 1 BIAMOBIAHY HOMY KUIBKICTh CTaHIB
(KpaTHICTh BUPOKECHHS).
3.4. YactuHka Macol0 m 3HAXOOUTHCS B  OJHOBHUMIPHOMY

7

[r | &

0 / X
Puc. 3.

noTeHiabHOMY Ttomm U(x), BUTIIS IKOTO TIOKa3aHui Ha puc. 3, ne U(0)
= 00, 3HAUTH:

1) piBHAHHS, 10 BH3HAYa€ MOXJIMUBI 3HAYEHHS eHeprii
qacTUHKH B obmnacti mpu E< Uy, NMpUBECTH 1€ PIBHSIHHS 110 BHIJISLY
sinkl=#kl(N*/2ml’U,"°, ne k = (2mE/N’)"”. Moxasaru 3a nomomorow
rpadiyHOTO PO3B’A3KY IIOT'O PIBHSHHS, 110 MOJIMBI 3HAUYCHHS €HEPTii
YACTUHKH YTBOPIOIOTH TUCKPETHHUH CIIEKTP;

2) MiHiMasbHE 3HaYeHHS BenuuuHu [°U), IPU SIKOMY BHHHKAE
nepiMi eHepreTHYHUN piBeHb B oOjactTi mpu E < U, a Takox NpH
AKOMY MiHiMaIbHOMY 3HaueHHi /U BUHUKHE N-if piBeHb?

3.5. 3HaiiTH MOXXJIMBI 3HAYEHHSI €HEPTii YaCTUHKH Macolo m, MIO0
3HAXOJUTHCH Y CHEPUIHO-CUMETPUYHIN TTOTCHITIATbHIN sIM1

Ur)=0npur>ryi Ur) = « ipu r = ry,
JUTSl BUMAJAKY, KOJU PyX YaCTHHKU OMHCYETHCS XBUIHOBOKO (DYHKITIEIO
Y(r), sika 3aJIeKUTh TUTHKU BIJ 7.
[Ipu po3p’s3yBanHi piBHAHHS [lIpeniHrepa BUKOpHCTaTH IiJCTAaHOBKY
Y (r)= x()/r.

3.6. XBwiboBa GyHKIIISI YACTHHKU MACOIO 7 ISl OCHOBHOTO CTaHY B
OJHOBHMIDHOMY TOTeHI{agpHOMY mom U(x)=ox’/2 Mae BUIIL

L,U(r)=Ae'“x2, ne A — xoedilleHT HOpMYBaHHS, O — JOJATHs cCTaja.

3naiitu 3a gomomoror piBHsHHs Illpeminrepa cramy a 1 eneprivo E
YACTUHKH Y IIbOMY CTaHi.
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3.7. Bu3HauuTH €HEPrito eIeKTPOHA aTOMa BOJHIO y CTAlllOHAPHOMY
CTaHi, JIJIs SIKOTO XBUILOBA QYHKINS )Y(r) = A(l + ar)e™® ,ne A, a1 a—
JEeSIK1 CTaJIl.

3.8. XBuiboBa (YHKIIS €JIEKTPOHA B OCHOBHOMY CTaHI aToma
BOJHIO Ma€ BUIJIAI ?’(r)=Ae('r/r1), ne A — pesika crana, r; — TNEpLIAn
OopiBChKUI pajiyc. 3HANTH:

a) HalOLIBII IMOBIPHY B1ICTaHb M1k €JIEKTPOHOM 1 SIPOM;

0) cepenHe 3HAUYEHHSI MOAYJSI KYJIOHIBCHKOI CHJIH, SIKa Jll€ Ha
eJIEKTPOH,;

B) Cepe/iHE 3HAYCHHs MOTEHI1aIbHOI €HEPTii eIEKTPOHA y oIl
anpa.

3.9. 3naiiTu cepeaHiil eNEKTPOCTATUYHHUM MOTEHIIaMN, SIKHH CTBOPIOE
CJIEKTPOH Yy UEHTpl aroMa BOJAHIO, SIKIIO E€JIEKTPOH 3HAXOIUThCA B
OCHOBHOMY CTaHi, I sIKOro xBuwiboBa (yHKIis P(r)=Ae™/, ne A -
JesiKa cTaja, »; - pajiyc nepiioi 60piBCbKOi 0p6iTH

3.10. Bukopucrapmm Gpopmyny D ~expD— J’,/2m(U E dx[L 3HAWUTH
gn

JUISL  €JIEKTpOHA 3 eHepr1€}o E

A A HMOBIPHICTh D IPOXOKEHHS

s - - -~  TOTEHIlaIbHOTO Oap’epy HMIUPHUHOIO / 1
—t ’

A fi—3 Bucoroto U, sxmo 6ap’ep mae popmy,
Mar. 3.10 a Max. 3.10 6 INIOKa3aHy Ha MaJIFOHKaXx.

3.11. 3naiiTu KMOBIpHICTH D MPOXOKEHHS YACTUHKH 3 MacoI0 7 1

v, eHeprieto E Kpi3b MOTEHIIaNbHUN Oap’ep,
\ 22

ne Ux)=Uy(1-x/T).

£

=< & i &

Man. 3.11

3.12. 3naiiTu KBagpaT onepartopa L =di +x.
X
3.13. INopiBHATH pe3yabTarT Aii onepaTopis L, = ( xdi PiL=( di x).
X X

3.14. 3HaiiTu KOMyTaTOp ix xi
dx dx

3.15. 3HaiiTu KOMyTaTOp omeparopa x i oneparopa Jlamnaca.

3.16. 3mHaiiTh BiacHi 3HAYEHHs olepaTopa L, IO BiANOBINAIOTH
BJIACHIN QyHKILIT ¥, , IKIIO:

d2

a) L Z—E; Y, =sin2x;

6) I = (—d—+x> %—exp(——)
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~ d* 2d _sinax
By L= +=5 gy, = .
) dx*  xdx V.

3.17. 3naiitn BiacHi QyHKI 1 BIACHI 3HAYEHHS TaKWUX OMEPaTOPIB

a) —idi, SIKIIO Y(x) =yW(x+a), a - CTaja,
X
2

0) —z— ,axkmo W(0)=0 i w()=0.

3.18. 3HaI/ITI/I BJIaCHI (PYHKIIIT 1 BJJACHI 3HAYEHHS OIEepPaTOPiB:

d d
a) — Tai—;
dx dx’

0) (x+ —) ;
B) 2
x dx’
2)—.
)4 0
3.19. 3naiiTu onepaTop, epMITOBOCIIPSIKEHHIA IO OTlepaTopa ai :
X

3.20. [oBectu Taxi TeopeMu:

I\ A

a) AKILO Ooneparopu 4 1 B MaroTh CILUIbHI BIacHI (PYHKIIII, TO

TaKi orepaTopyu KOMyTYIOTh;

6) SKIO ONepaTopH A i B KOMyTYIOTh, TO BOHU MAKOTh CILUIbHI

BJAcH1 QyHKIIIT (JI0BeCTH ISl BHUTIAJIKY BIJICYTHOCT1 BUPOJKCHHS).

B) SKILO OIEPaTop A €PMITOBHIA, TO HOTO BJIACHI 3HAYCHHS

JIHACHI.

3.21. JloBeCcTH €pMITOBHICTH OmepaTopa L, Maro4M Ha yBasi, IO

oneparopu L,,L,,L, [J epMiTOBi.
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IV. BYJIOBA BAI'ATOEJIEKTPOHHUX ATOMIB I MOJIEKYJI
HaiiBaxxnuBii MoHATTS, 3aKOHHU 1 OpMynIn

Cnexmpanvui nosuavenns mepmis: (L), de K = 28 + 1 —
mynemuniemuicms, L, S, J — keanmogi uucina opoimanvHo2o, CniH08020 1
HOBHO20 MOMEHMIS,

L=01234256..

(L)=S,P,D F,GHI...

Tepmu amomis ayrHcHuUx Memanis:

T=Rn+a)
0e R — cmana Piobepea, 0 — pidbepeiécoka nonpaska, n — 20J106HE
K8AHMOBEe YUCIO.
Mexaniunuu momenm amoma:
M; =n (L(L + 1))1/2, ananociuno Mg i M.

lIpasuna Xynoa:

1) HavimeHwty enepeilo mae mepm 3 MAKCUMAIbHUM 3HAYEHHAM S
0151 0AHOI eleKMPOHHOI KOHpi2ypayii i3 MAKCUMANbHO MONCIUBUM OJis
Yb020 S, uxc 3HAUEHHAM L;

2) ons ocnosHoeo (Hopmanvroeo) mepma J = [ - S[], skwo
ni0000IOHKA 3aN08HeHa MeHue Hixc Hanonosuny, i J = L + S 6 inwux
BUNAOKAX.

Posnooin borvymana:

NQ/N] = gg/gl exp(—(EZ - E[)/(kD),

Ooe g; I g — cmamucmu4ti eazu (KpamHocmi 8UpOON*CEeHHsL) BIONOBIOHUX
PpIBHIB.

3axon Moszni ona Ky - niniu:

ko =3/4R(Z-0),

O0e T — nonpaska, wo O0Jjisl 1e2Kux ejleMenmia pieHa 0OUHUYI.

Maenimnuii momenm amoma i paxkmop (mMHodxcHux) Jlanoe:

H=gUUI+1)" g g =1+ I+ 1) +SS+1)-
-L(L+1)/(2JJ+1)),

Oe Ug — macnemon bopa

Poswennenns  cnekmpanvuux — nimitl  3eemana y  C1AOKOMY
MACHIMHOMY NOJIL:

Aw = (m1g1 - n’lggg) IJBB/n

s eunpominio8anHs 8300824C NOJIsL 3eeMAaHIBCbKI KOMHOHEHMU,
3YMOBJIeHI nepexooamu m; = m,, 6i0CYmHL.

Enepeis obepmanvnozo pyxy 080XamomHOI MOEKYIU.

E;=n’J(J + 1)/ (2D),
oe I — momenm inepyii monexynu.
Enepeis konugnozo pyxy 060xamomHoi MOAEKYIU:
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E.=nww+1/72),
de (W— 81aCHa 4acmoma KOIUBaAHb MOJIEKYIU.
Cepedns emnepeisi K8AHMOB020 2APMOHIYHO20 OCYUNAMOPA Npu
memnepamypi T:
<E>=nw? + nw/(exp(nw/(kT)) -1).

IIpukaaau po3B’A3yBaHHA 32124

3anaua 1. 3naiitu nonpaBky Pimbepra mns 3P-tepma atoma HATpilO, TEPIIHA
noreHmian 30y/mpkeHHs sikoro 2.10 B, a enepris 3B’sA3Ky BaJEHTHOrO €JIEKTPOHA B
ocHoBHOMY 3S-ctaHi 5.14 eB.
3a o3HaueHHSM, TepM 1 TyKHHUX METaTIB
"y

e a — pimOepriBchka mompaBka. 3 1HIIOTO 00Ky 3P-TepM IOB’sI3aHHM 3 HEpIIMM
noTeHIiaoM 30yKeHHs ¢ 1 eHepriero 3B’s3Ky E) BaJEHTHOrO €JIEKTpOHA B
OCHOBHOMY 3S-CTaHi Tak:

T=E,—e¢.
BuxopucToByrouu 11i 1Ba TBEpIKEHHS, 3HANIEMO
q= R
= 1 ]
(E o ~ed )A -n

[TigcTaBnsiroun YUCIOBI 3HAYCHHS, OACPKIMO

g =66 10™'°eB[¢[2.0700" ¢

(5.14¢B -2.10¢B) -3

3agaya 2 Atom mepeOyBae y CTaHl 3 MYJbTHUIUICTHICTIO, PIBHOIO TPHOM, 1
MOBHUM MexaHiaHUM MoMenToM — h(20)"2. SIkuM Moxe OyTu KBaHTOBE uncio L?

3Har0Yu MyJIbTUILICTHICTD, 3HANIEMO MEPEAYCIM CITIHOBE KBAaHTOBE YHCIIO

K=2S+1,

TYT TIpU K =3 maemo S = 1.

3 MOBHOT'O MEXaHIYHOT'O MOMEHTY 3HAKHIEMO BiNOBITHE KBAHTOBE YMCIIO J

M;=n@J+1)",
h(20)?=nuUE+1)",

=—0.88.

TOMY
J=4.

[=7-§.

Otxe, TyT MOoknuBi 3HaueHHs L = [J- S [J...J + S, acame 3, 4, 5.

3riIHO BEKTOPHOI MO

3amaua 3. BukopucroByroun npasBuia XyHZia, 3HANTH OCHOBHUM TEPM aTroMma,
HE3allOBHEHA IT11000I0HKA SIKOTO MiCTUTh:
1) Tpu d-enexTponH; 2) CIM d-€eKTPOHIB.

1). Tpu enekTpoHU 3aMOBHIOIOTH p 000JIOHKY MEHIIIE HIXK JI0 TIOJIOBUHH, OTXKE
S=12+12+1/2=3/2,
L=2+1+0=3,
a OTXKe, J=L-5=3-3/2 =3/2.
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A OCHOBHUI TE€pM aToMa ‘R 3/2.
a) CiM eneKTpOHiB 3aMOBHIOIOTH O1JIbIIIE TTOJIOBUHH d 000JIOHKH, OTXKE
S=12+12+12+12+1/2-1/2-1/2=3/2,
L=2+1+0-1-2+2+1=3,

a Tomy J=L+S8=3+3/2 =9/2.

OCHOBHHUI K€ TEpM aToMa — ‘F 9/2.

3agauya 4. BusHauuTH KYTOBY IMIBUAKICTH OOEpPTaHHS MOJEKYIH S, IIO
nepedyBae Ha mepuoMy 30yIKEHOMY 00epTalbHOMY PiBHI, SKIIO BIJICTaHb MiX ii
sapamu d = 189 nim.

MomeHT iHepIlii JBOXaTOMHOT MOJICKYJH

2
md
1= .
4
[IpupiBHIOIOYM KBAaHTOBOMEXaHIYHE 1 KJAaCHYHE BHU3HAYCHHS  CHeEprii

00epTanbHOTO PyXy IBOXaTOMHOI MOJICKYJIH, 3aITHIIIEMO
10’ _n*J(J+1)

2 27
3 HaBeIEHUX BUILE CIHIBBIIHOIIEHD
o= 4r],/JiJ+15
md? '
OTtxe,
_ 4.054 007 e B’,/lh+15 —1.57 D]Onpa().
2032.0640.660 00 k2 [{I.89 107" ) c

3anaui 1J1s1 CAMOCTIHHOTO PO3B’A3aAHHS

4.1. [lonpaBka PinGepra mnst ocHoBHOro 3S crany Na mopiBHIOE
O-9=-1.373. Atom mepebyBae y 30ymkeHomy 4P  craHi.
besnocepennbomy mnepexony 4P —3S BiamoBigae JiHISL 3 JOBXHHOIO

xeumi A = 3303 4. BusnaunTtu, ki me JiHIT MOXXYThb BHHHMKATH MpPH
nepexo/ii aToMa 31 30y/KeHOTo cTany 4P B OCHOBHUH cTaH 3.

4.2. EHepris 3B’513Ky BaJICHTHOT'O €JIEKTPOHA aTOMa JITIIO B CTaHaX
2§ 1 2P popiBHioe BianoBiaHo 5.39 1 3.54 eB. O6uucautu piadepriBebKi
MOTIPaBKH ISt S- 1 P-TepMiB LIbOTO aToMa.

4.3. 3naiitu mompaBky PimbGepra mns 3P-tepma aroma HaTpiio,
nepmui  moTeHmian 30ymkeHHs skoro 2.10 B, a eHepris 3B’S3Ky
BaJICHTHOTO €JICKTPOHA B OCHOBHOMY 3S-cTaHi 5.14 eB.

4.4. Bigomi Tpu JHIl CHEKTPY HATPil0 3 JOBXKHMHAMU XBUJIb
A; = 616.1 aMm, A, = 589.6 uM, A; = 285.3 uMm. Busnauutn, ski 3 HUX
HaJeXKaTh 10 TOJOBHOI cepii, KOJM BIJOMO, L0 TepexojaoBi 4P —3S
BianoBigae minist 3 A = 330.3 HM, a TOBXKHHA XBUJII MEXI rOJIOBHOI cepil
JOpiBHIOE Ay = 241.3 HM.

4.5. 3HaliTH E€HEeprilo 3B 53Ky BAJIEHTHOTO €JIEKTPOHA B OCHOBHOMY
CTaHl aToma JNTIIO, SKIIO BIJIOMO, IO JOBXKMHA XBHJI I'OJIOBHOI JIHIT
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pi3koi cepii A; = 813 HM 1 TOBXKHMHA XBUJI1 KOPOTKOXBUIBOBOI MEXKI III€T
cepii A,= 350 Hwm.

4.6. BusHauuTH JOBXHWHH XBWIb CHEKTPAIBHUX JIHIA, SKI
BUHUKAIOTh NpHU Tepexonl 30yMKEeHUX aToMiB JITiI0 31 craHy 35 B
ocHoBHui ctan 2S. [lonpaBku Pigbepra nns S- 1 P-tepmiB piBHi -0.41 1 -
0.04.

4.7. JIOBXUHMU XBUJIb KOMIIOHEHT OBTOrO JyOJIETy pPE30HAHCHOI
JiHii HaTpito, 0OymoBieHi mepexoaoM 3P —3S, nopiBHIOOTE 589.00 i
589.56 um. 3HaiiTu BenuuuHy po3uiemieHHs 3P-tepma B €B.

4.8. T'onoBHa JiHIs Pi3KOi cepli aToMapHOTo Ie3i0 € ay0neTom 3
nowxkuHamMu XBWIb 1358.8 1 1469.5 HM. 3HalTH 1HTEpBAJIM B 4acTOTax
M1 KOMIIOHEHTaMH HACTYIHUX JIHIH 1i€i cepii.

4.9. 3anucaTu CcHOekTpajlibHE NO3HAYEHHS TEPMIB aToMa BOHIO,
€JICKTPOH SIKOTO MepedyBa€ y CTaHl 3 FOJIOBHUM KBAaHTOBUM YHUCIIOM n=3.

4.10. OiHUTH BEIUYUHY PO3MLICIICHHS PIBHS # = 2 aToMa BOJHIO
bopa, 3yMoBIieHy CIiH-OpOITaIbHO B3a€EMO/IIEIO.

4.11. OGuucauTy KBaHTOBI AeEKTH s-, p- 1 d TepMiB aToma JITio,
SKIIO B1JIOMO, 1110 €HEPTisd 3B 53Ky BAJICHTHOTO €JIEKTPOHA B OCHOBHOMY
ctani piBHa 5.39 eB, mepmmit morenmian 30ymkenns 1.85 B, a moBxuHa
XBWJII TOJIOBHOI JiHIT nudy3noi cepii 610 um. Skuil i3 mepepaxoBaHHX
TEpMiB HAMOIMKYMI 10 BOJHEBOMOAIOHOTO 1 UMM 1€ 3yMOBIIEHO?

4.12. OnuH enekTpoH aToma nepedyBae y craHi P, a Ipyruil y crasi
F. OOumcnutu MakcuMmanbHE 1 MiHIMaJbHE 3HAYEHHS KyTa MIDK IX
MOMEHTaMH IMITYJIBCY.

4.13. Ogun atom mepeOyBae y crani P, a apyruii y crani F.
KinbKicTh 3HaY€Hb KBAaHTOBOTO YMciia / y MEPIIOMY BUMAAKY TOPIBHIOE
3, y apyromy - 4. BU3HauMTH 3HaYEHHS CIIHOBOI'O KBAHTOBOI'O yucia S B
00MIBOX CTaHAaX.

4.14. CKUIbKM 1 SKUX KBaHTOBUX uMcen J Moxe HaOyBaTH aTOM Y
CTaHi 3 KBAaHTOBUMHM YucClIaMH S 1 L, pIBHUMU:

a)213;6)313;8)5/2127?

4.15. 3HaiiTH MOXJIMBI 3HAYEHHS MOBHUX MEXaHIYHUX MOMEHTIB
aTOMiB, siKi epeGyBaroTh y cTaHax “Pi’D.

4.16. 3HaiiTM MaKCUMaJbHUI TOBHUNM MEXAHIYHMA MOMEHT 1
CHEKTpaJibHE TIO3HAUEHHS TepMa aToMa:

a) HaTpilO, BAJICHTHUI €EKTPOH SKOTO MAa€ TOJIOBHE KBAHTOBE
quciio n = 4;
6) 3 eleKTPOHHOI KOHbirypauiero 1s°2p3d.

4.17. Bigomo, mo y F- 1 D- craHax KiIbKICTh MOXXJIMBUX 3HA4€Hb
KBAaHTOBOTO uucia J OJHAKOBE 1 piBHE II'SITH. BU3HAUMTH CHIHOBUI
MEXaHIYHUI MOMEHT y ITUX CTaHaX.

4.18. 3HalTH MOXKJTUBI TEPMHU CTaHIB aToMa — °S, *P, °D.
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4.19. Bu3HAUUTH MOXJIMBI MYJIBTUILIETHOCTI TepMiB (TOOTO
3HaueHHs (2s+1)) misg aromis Li, Be, B, C, N.

4.20. AtoMm nepebyBae y cTaHi 3 MyJIbTHILIETHICTIO PIBHOIO TPHOM 1
IOBHUM MEXAHIYHUM MOMEHTOM — /(20)"* . SIkuM Moxke OyTH KBaHTOBE
qucio L?

4.21. 3HalTH MOXJIMBI MYJbTUILUIETHOCT] K TEPMIB:

a) “Dy; 6) “P3p; B) “F.

4.22. IleBHuii aroM, KpiM 3allOBHEHUX OOOJIOHOK, Ma€ TpHU
eIEKTPOHHU (S, p 1 d) 1 mepedyBae y CTaHi 3 MAKCUMAJIbHO MOXKJIMBUM JJISI
i€l KoHGIryparlii TOBHUM MEXaHIYHUM MOMEHTOM. 3HAWTU y BEKTOPHIM
MOJIeJIl aTOMa KYT MDK CIIHOBHM 1 MTOBHUM MEXaHIYHUMHU MOMEHTaMU
[bOTO aTOMa.

4.23. V nabmwkeHHl L-S — 3B’SI3Ky 3HAWTH MOXJIMBI 3HAYCHHS
TEpMIB 111 KOHQIryparii npu npn’p npu n #n’1 np*.

4.24. BumnucaTu CHEKTpaJbHI CHMBOJM TEPMIB JABOXEIEKTPOHHOI
CHUCTEMH, SIKa CKJIAJIAE€THCS 3 OJJHOTO p-€JIEKTPOHA 1 OHOTO d-EIeKTPOHA.

4.25. 3HaliTH OCHOBHUM TepM aTomMa MapraHio Mn, skuil Mae
eJIeKTPOHHY KoH(DIryparito Ar + 3d°4s”.

4.26. BcraHoBuUTH, SIKI 3 HaBEJICHUX HUXKYE MEPEXOiB 3a00pOHEHI
[MpaBHUJIaMHU BiII60py: 2D3/2 — ZP]/Q, 3P1 — 2S1/2 ) 3F3 — 3P2, 4F7/2 — 4D5/2.

4.27. 3HaifTM KpaTHICTH BHPOKeHHs cTaHiB P, °D i ‘F 3
MaKCHUMaJIbHO MOJIMBUMU 3HaYE€HHSMH ITOBHOTO MEXaHIYHOTO MOMEHTY.

4.28. 3anmcatd CHOEKTpaJbHE I[IO3HAYEHHS TepMa, KpPaTHICTb
BUPO/UKEHHSI SKOTO piBHA CiMOM, a KBaHTOBI uucina L 1 S 3B’sa3aHi
CIIBBITHOIIEHHSIM L = 3S.

4.29. BuznauutH, skl JiHII BUHHUKAIOTh y MarHiTHOMY IOJII MpHU
nepexoaax D, pilF . 1D,

4.30. BukopucToByroun mnpaBuia XyHAa, 3HAUTU OCHOBHUU TepM
aToMa, He3allOBHEHA MM1000JIOHKA SIKOT'O MICTHUTD:

a) Tpu d-enexkTpoHu; 0) CiM d-eJIeKTPOHIB.

4.31. Kopuctyrouncs npaBmwiaMd XyH/a, 3HAUTHA YHCIIO €IIEKTPOHIB

B €IMHIN HE3aIMOBHEHIH M I000JIOHIT aTOMa, OCHOBHHUI TEPM SKOTO:
a) °F 2 0) P 3/2, B) 655/2-

4.32. €11Ha He3anmoBHEHaA IMi1000I0HKA ITEBHOTO aTOMa MICTUTh TPHU
€JIEKTPOHHU, MPUYOMY OCHOBHUH TepM aToma Mae L = 3. 3a 10onoMororo
npaBuil XyHJa 3HAUTH CHEKTPAJIbHUM CHUMBOJI OCHOBHOTO CTaHy I[bOTO
aToma.

4.33. CriekTpaJIbHUH MpUIIaJT MOXKE PO3IIIMTH JB1 JIiHII, SKIIO
BIJICTAaHb MDK HUMH y JIOBXHHAaX XBWJIb AA = 0.05 um. Busnauntn
BEJIMYMHY MArHITHOTO TOJs B, HEO0OXigHy [UIsi CIOCTEPEKEHHS
HOpMalTbHOTO edekTy 3eemaHa (B3IOBXK TOJs), NOpU AyOJIETHOMY
po3siierieHHi JiHii 3 A = 600.0 HM.
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4.34. Atom amominito Al Mae ocHOBHHIT cTaH “P;/, aToM 1puIiro
Ir — *F,),. BusHaunTy, Ha CKUIBKH JiHIi PO3MIETTUTHLCS MyYOK IUX aTOMIB
y nocniai Hrepna 1 'epnaxa.

4.35. V pocmiai Hlrepna 1 I'epmaxa mydok atomiB HIOOIO B
OCHOBHOMY cTaHi "D/, pyXaeTbcsi y HEOAHOPIJHOMY MArHITHOMY IO 3
rpagienTom 0B/0z = 10° Ti m™'. Bimomo: [ ; = 5cwm, [, = 20cM, MIBUIKICTD
atomiB v = 310" cM ¢”'. BusHauuru Binctans 2A/ Mi CITiZaMu mydka Ha
EKpaHi.

4.36. IlIBuakicTh €JEKTpOHA, IO TMIAJIITAE JO AaHTUKATOaA
penTrenisebkoi TpyOku, v = 10'° cM ¢'. BU3HAYHTH KOPOTKOXBHIHOBY
MEXY TaJIbMIBHOTO PEHTT€HIBCHKOTO BUIIPOMIHIOBAHHS.

4.37. OOGuucnuTu moMNpaBKy O I Takux JiHIA K-cepil Mifi:
Aka=0.154 5™, Agg=0.139 uM, A= 0.137 HM.

4.38. EHneprii 3B’a3Ky elekTpoHiB Ha K- 1 L- 000JOHKax B aToOMI
pTyTi piBH1 BianoiaHo 83.1 keB 1 14.8 xeB. BuzHauuTtu 10BXUHY XBUJI1
MOHOXPOMATHYHOTO PEHTIE€HIBCHKOTO BHUIPOMIHIOBAHHSA, HJIs  SIKO1
KIHETUYHA eHepris (OTOEeNEeKTPOHA, BUBLIBHEHOTO 3 K-00OJOHKH, y ABa
pa3u MeHIla BiJ KIHETUYHO1 eHeprii BUBLIbHEHOTO OXke-eIeKTPOoHa.

4.39. Ilorenmian 30ymkenHs K-cepii pryti gopiBaioe 83.1kB, a
rpaauns L - cepii — BignosigHo E; ; = 14.8 xB, E; ; = 14.2 B,
E; ;=123 xB. O0uncnuty 3a IUMH JJaHUMU JIOBKHHU XBHWJIb TPHUILIETA
K- ninii.

4.40. O64yucINTH 32 TOMOMOTO0 3aKkoHY Mo3i:

a) NOBXHUHY XBHI K ,-JTiHIT aJIIOMIHIIO 1 KOOAJIBTY;
0) pi3HUIlO eHepriii 3B’s3Ky K- 1 L-eeKTpOHIB BaHAIIO.

4.41. 3HaiiTu Hampyry Ha pPEHTTEHIBCbKIM TpyOll 3 HIKEIEeBUM
AHTHKATOJOM, SKIIO PI3HUI JOBXUH XBWIb K, - miHil 1
KOPOTKOXBHJIbOBOI ~ MEX1  CYHIUIBHOTO  PEHTTEHIBCHKOTO  CIIEKTPY
TOPIBHIOE 84 TIM.

4.42. O0UnCTUTH TOBIIMHY ATIOMIHIEBOI (POIBIH, HEOOXITHOT IS
MOTJIMHAHHS PEHTICHIBCHKOTO BUIPOMIHIOBAHHS 3 JOBXKHHOIO XBHIII
A = 0.194uam’ y 40 pasiB, fAKIIO BiZOMO, IO MAacOBHH KOEQiI[ieHT
TOTJIMHAHHS JOPIiBHIOE y 1[bOMY pa3i U = 9.4 M> kr''. BH3HAYNTH TaKOXK
JIHIAHUH 1 aTOMHHHA KOe(Dili€eHTH MOTJIMHAHHSA UX MPOMEHIB.

4.43. Macosuit KoedirieHT [IOTJIMHAHHS 3ai3a IS
BurpomintoBanus A = 0.0209 um® takwmit: (4 = 0.126 M” kr’'. OGuucIHTH
J1HIIHI 1 aTOMH1 KOeII[IEHTH MOTIMHAHHSA 1 PO3CIIOBaHHS IIUX MTPOMEHIB.

4.44. Slka BIIHOCHA 4YacTKa aTOMIB BOJHIO 3HaXOAMTHCA y CTaHl 3
TOJIOBHUM KBAaHTOBUM YHCJIOM 7 = 2 Tipu Temneparypi 7 = 3000 K?

4.45. OGuuciuTu cepenHiii 4ac >KUTTA 30yPKEHHX aTOMIB, SKIIO
BIJIOMO, 1110 IHTCHCUBHICTb CIIEKTPAJILHOI JIiHI1, 3yMOBJIEHO1 ITEPEX0JIOM B
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OCHOBHHUHM CTaH, 3MEHIIYEThCSI B # = 25 pa3 Ha BiacTaHi / = 2.5 Mm
B3JIOBXK ITy4Ka aTOMIB, MBHUAKICTH KUX 0 = 600 M/c.

4.46. Atomapmwmii niTiii 3 KoHHeHTpamiero n = 3.610'° cm”
nepedbyBae mpu temmeparypi 7 = 1500 K. Ilpu mpomy mHOTYXHICTh
BUMPOMIHIOBaHHS pe30HAHCHOI JiHITi 4 = 671 M (2P — 25) B po3paxyHKy
Ha ONMHHUIIO 06’°eMy rasy P = 0.30 Br/cm’. 3HaiiTi cepe/Hiil yac KHUTTS
aTOMIB JITIIO y CTaH1 Pe30HAHCHOTO 30Y>KEeHHS.

4.47. JloBxuHa XBWII pe3oHaHCHOI diHII pTyTi 4 = 253.65 HM.
CepenHiii yac KUTTS aTOMIB PTYTI Y CTaHl PE30HAHCHOTO 30YyIKEHHS T =
0.15 Mkc. OUIHUTH BIAHOUICHHS JTOTUIEPIBCHKOTO PO3LIMPEHHS Li€T JiHIT
70 ii IpUPOAHBOT IHUPUHH TP TemmnepaTypi razy 7 = 300K.

4.48. Bu3HaunuTH KYTOBY HIBUAKICTH OOEPTAHHSA MOJIEKYIH S,, IO
nepedyBae Ha TniepmioMy 30y/KeHOMY OOepTaJbHOMY pIiBHI, SIKIIO
BIJICTaHb MIX ii siapamu d = 189 nm.

4.49. TIlokazatu, 10 IHTEPBAIM YaCTOT MDK CYCIAHIMHU
CHEKTPAIbHUMHU JIIHISIMU 00€pTaIbHOTO CIEKTPY JBOXATOMHOI MOJIEKYJIU
MalTh OJHAKOBY BEIWYWHY. 3HAWTH MOMEHT I1HEpIii 1 BIACTaHb MIX
sapamu  MoJiekynu CH, sxmo iHTEepBaqd MIDK CYCIAHIMHU JIHISIMHU
06epTanbHOro CIEKTPy X Moneky1 Aw= 5.47 10'* pag/c.

4.50. 3Haiitu 18 ABOXAaTroMHOI  Monekynu dN/dE  (uucno
00epTaJIbHUX PIBHIB HA OJMHUYHUN 1HTEPBaAJI eHeprii) Ak QyHKIIT eHeprii
obepranbHOro pyxy E. OGUUCINUTH 1[I0 BEIIUYUHY ISl MOJIEKYJIU MOy Y
cTaHi 3 o0epTaJbHUM KBaHTOBUM uucioMm J = 10. Biactanp Mix sapamu
11€1 MOJIEKYJIH JOPIBHIOE 267 M.

4.51. BnacHa yacTtoTa KOJIMBaHb MOJIEKYJIM BOJHIO JIOPIBHIOE
8.25-10" paz:-c'l, BIJICTaHb MDK sjipaMu — 74 nM. 3HAWTH BiHOIICHHS
KUTBKOCTI IIUX MOJIEKYJl Ha MepHIoMy 30yIKEHOMY KOJIMBHOMY piBHI
(n = 1) g0 KUIBKOCTI MOJIEKyNl, MI0 TMepeOyBaloTh Ha MEepUIOMY
30ymkeHoMy obepranbHOMY piBHI (J = 1) mpu temneparypi 7 = 875 K.
KpaTHicTh BUpOKeHHS 00epTaabHUX PIBHIB BBa)KaTH piBHOIO 2J + 1.

4.52. OOYHMCIUTH [NOBXKUHH XBWJIb YEPBOHOrO 1 (hi0JI€TOBOTO
CYNYTHHKIB, HaWOMDKYMX [0 HE3MIIIEHOi JiHIi KOJMBHOIO CIIEKTPY
KOMOIHAIIIMHOTO pO3CifoBaHHA Mojekyn F,, SKimo [oBXWHA XBHI
nasiaro4oro cimia Ay = 404.7 HM 1 BJIacHA 4acTOTa KOJIMBaHb MOJICKYJIH
w=2.15 10" pag ¢

4.53. Po3riasHyTH MOXJIMBI THUMH KOJMBaHb TaKWUX JIHIAHHUX

MOJICKYJI:
a) CO, (O - C - 0); 6) C,H, (H-C - C - H).
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Nz(t) N1(0) /\2_A1
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I R
6 LozeM A (oM —e)=0.256. 616, 90 =T, (1+)=8.5MeB:
a, A=A M

A2mT
6 L= —19% gu-= M":3.8E1105M/c.

O m+M

6.17. 0 =T, (1 +% )1;—2%1\/[44\; =109 e 3oo™ .

1

2

618.0) 0 =T, = N,( 1+ 0)(1=¢™ ) =158 MIUL :6)
u

a= AQ =300 bx.
m =Mt
T,(1+—)(1-e
a(1+ ) )
6.20. £, =0; E, =0.10 MeB; E, =0.23 MeB;E, =0.30 MeB.
621. E, =0; E, =0.728 MeB; E, =1.673 MeB;E, =1.793 MeB.
6.22. T, =931.5(m, —m,—m )=0.78 MeB .

623.a)m, =m + 0 =6.0189a.0.m.;
e 931.5

6L

T,(T, +2m,c*)

2
C

E; =M, -M,-2m,; E; =M, - M ,.6.26.

6) my,_ =21.9964a0.m. 6.24. T, = 078.3eB. 6.25. E; =M, - M

E

T, +2m.c* )"
py =27 6 500 o 2.
C

2

E
6.27. E, =931.5(my, ,, —~mys) —E; =1.78 MeB . 6.30. AE = 2MV -=2.6007eB.
C

E
63U =—L=2200° 2" .632. T = =700 ¢. 6.33.

Mc 2EU

U =Lc =1.800  mle™.
6F

+
1. T, =—Q 4" 72 E,=T,— "4 __5in>§=0.72MeB .73. |H.
m, (m,+m,
2 .
- 2
75.E" :MT0 —0.1 MeB. 76, 190, =— 15201 _y 1547 9 =490
(m,+m,) m, —m , cos20,

7.7.0 =931.5{m.,, +m, —m, -m, |=2.8 MeB;

T, =0—M _ =1.02 MeB; T, =(0—""— =1.78 MeB.
l mhe + mLi mhe + mLi

79.2) Q =931.5{m,,, +m, —m, }=-19.8 MeB

6) 0 =931.5{m, +m,, —m, —m} ==3.11 MeB;

8) O =931.5{m +m,, —m, —m,} =~=13.57 MeB;

N 0 =931.5{m,, +m, —m,—m,, }=1.8 MeB
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1
+931.5(2m,. —m, ,)Ef
7.10. U=EE1 ZHE L H c=2100"mc™.
mc

711, Q= (my tm, —m. —mpy)(m. +m;)
mc

6) 7, = 18.1 MeB; B) T, = 6.2 MeB; 1) T, = 1,9 MeB. 7.14.a) T,,,= 1,1 MeB; 6) T,,,= 3,2 MeB.

m_m
7.15. Ty, =——"——|0| = 0.21 MeB; T,~1.41 MeB.
mLi(mp +my, )

=0.34 MeB. 17.13.a)T,= 4.4 MeB;

707. T =" M (E" -E,_)=0.425MeB; T} =0.99MeB; T’ =1.30MeB.

E® =17.50; EY =17.72MeB; 17.18.

m
(1) — C .
E36 _E36+ ’

T, =16.67MeB; T’ =16.44 MeB
me +tm,

r
T, =16.67MeB;T> =16.44MeB.7.19. 0, =0~ .7.20. 0, =0, ~2 =0.1 6apr..
r

W,
2
- +
721.0 = YH 0.056apn.7.22. 0 = ANKT =2.76apn.7.23. ¢ =1—(A D In A+l .
pdN nipd 24 A-1
n,=115; n, =18; n, =87
= 5. 8.1. Bionosiono 0.05, 0.4 i 9 I'eB.
(1+4)
8.2. <l> =cTOQ7(I7 +2))% =15m 83. Ji = epo— Ime H— 0.22, dem -

0 E TO(T(T+2mc ))/ 0

maca Cnokor TT- Me30HaA.

U
85. 1, =m,c QSCBQB—I E Ipu 6= 60" enepeis Ty=E,=m
N 2szn@5
2
8.7.2)T,, =4m,c’ =2.04MeB:;6)T,,, = Tn_ 2 =320 MeB. 8.8. 3aboponeni 1,2 i 3.
1+&
m

p
8.9. 3aboponeni 2,4 i 5.
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Tabmus 1. PoboTa BUX0y €1€KTpOHA 3 METaIB

Mertan A, eB Mertan A, eB Mertan A, eB
AmoMiHIT 3.74 Kamiii 2.15 Hikens 4.84
Bapiii 2.29 Kobanbt 4.25 [InaTuna 5.29
BicmyT 4.62 JIiTiit 2.39 Cpibmo 4.28
Bonsdpam 4.50 Minp 4.47 Turtan 3.92
3aiizo 4.36 MomnibaeH 427 Le3iit 1.89
30710TO 4.58 Hatpiii 2.27 Hunk 3.74

Tabmuns 2. Kpai K- 1 L- cMyT NOTJIMHAHHS PEHTTE€HIBCHKOTO
BUIIPOMIHIOBaHHS

Kpaii cMyru norimHaHHs A, ny

Z Enement

K L, Ly Ly
23 Banamiit 226.8 — 2390 2410
26 3aiizo 174.1 — 1710 1740
27 KobGanbT 160.4 — 1546 1580
28 Hixenp 148.6 — 1411 1440
29 Minp 138.0 — 1297 1326
30 [{uuk 128.4 — 1185 1210
42 Moni6aen 61.9 430.5 471.5 491
47 Cpibio 48.60 323.6 351.0 369.5
50 Onoso 42.39 277.3 298.0 315.3
74 Bonbdpam 17.85 102.22 107.3 121.5
78 [InaTuna 15.85 88.8 93.2 107.2
79 30710TO 15.35 86.1 90.5 103.8
82 CuHelb 14.05 78.1 81.4 95.0
92 VYpan 10.75 56.8 59.1 75.2
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Ta6mung 3. KoHcTaHTH IBOATOMHHUX MOJICKYJT

Mousekyna | OCHOBHUI Mix- Yacrora | Anurapmo- | Enepris
TEPpM AACpHa KOJINBAHb H149YHICTb I[I/ICOIIl&I.IlT
BiacTanb | ), 10" ¢! | x, 10° D, eB
d, nm

H, '> 74.1 8.279 28.5 4.48
N, 'y 109.4 4.445 6.15 7.37
0, 93 120.7 2.977 7.65 5.08
F, M 128.2 2.147 8.51 ~1.6
P, 'y 189.4 1.470 3.59 5.03
S, 3y 188.9 1.367 3.93 ~4.4
Cl, 'y 198.8 1.064 7.09 2.48
Br; '> 228.3 0.609 3.31 1.97
I, 's 266.6 0.404 2.84 1.54

HF 'y 91.7 7.796 21.8 5.8
HCl '> 127.5 5.632 17.4 4.43
HBr 'y 141.3 4.991 17.1 3.75
HI 'y 160.4 4.350 17.2 3.06
CO 'y 112.8 4.088 6.22 ~9.7
NO . 115.0 3.590 7.55 5.29
OH 2l 97.1 7.036 222 4.35
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Tabmuis 4. HaliBaykuBiI BIACTUBOCTI HYKITITIB

Z Hyxnin | Cmoia Hammmok MacoBuit Tun [Tepion | Enepris —
MacH HyKJIija BMICT y po3nany HarfiB a-1B-
M—A,ao0.m. | TPUPOIHIN po3naay | 4acTHHOK
cymimi, % T (K guaxe)
MeB
1 2 3 4 5 6 7 8
n 172 | 0.008665 — B 11.7x8 | 0.78
1 H 172 | 0.007825 99.985
‘H 1 0.014102 0.015
°H 1/2 | 0.016049 - B 1231 0018
POKH
2 | °“He 172 | 0.016030 310"
“He 0 0.002604 100
3 °Li 1 0.015126 7.52
Li 3/2 | 0.016005 92.48
4 "Be | 32 | 0016931 - K >3
nooun
*Be 0 0.005308 - 20 10"¢ | 0.039
’Be 32 | 0.012186 100 6
Be | 0 | 0013535 - g | 21V gsss
POK1B
5 ;) 3 0.012939 20
"B 3/2 | 0.009305 80
6| ''C 3/2 | 0.011431 — Y | 204x| 097
c 0 0 98.89
B 172 | 0.003354 1.11
“c | 0 | 0003242 - g | 270 o1ss
POKIB
71 PN — | 0.005739 — gt 10 xB 1.2
"N 1 0.003074 99.63
PN 1/2 | 0.000108 0.37
8 | "0 — | 0.003072 — gt 2.1xB 1.68
0 0 | -0.005085 99.76
"0 52 | -0.000867 0.037
0 0 | -0.000840 0.204
9| "F — | 0.000950 - B* 871 0,649
TroJ
PE 172 | -0.001595 100
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1 2 3 4 5 6 7 8
*F — | -0.000015 — B 12 ¢ 5.42
10| “Ne 0 | -0.007560 90.92
“'Ne — | -0.006151 0.26
“Ne 0 | -0.008616 8.82
11| *Na -0.005565 - B* 2.6 0.540
POKy
“Na | 3/2 | -0.010227 100
*Na 4 | -0.009033 — B 15rox | 1.39
12| Mg — | -0.005865 — gt 11¢c 2.95
“Mg 0 | -0.014956 78.60
“Mg | 5/2 | -0.014160 10.11
“Mg 0 | -0.017409 11.29
Mg | 12 | -0.015655 - B 9.5 xB 11'55791
13| *Al — | -0.013100 — B* 6.7 c 3.20
Al 52 | -0.018465 100
Al 3 | -0.018092 — B 23xB | 2.86
14| *si 0 | -0.023073 92.27
“Si 172 | -0.023509 4.68
*0i 0 | -0.0026239 3.05
A1Si — | -0.024651 — B 2.65T 1.47
15| °p — | -0.021680 — B* 25xB | 3.24
p 12 | -0.026237 100
32 _ 14.3
P — | -0.026092 - B o6 1.71
16| S 0 | -0.027926 95.02
S 3/2 | -0.028540 0.75
'S 0 | -0.032136 421
S 3/2 | -0.030966 — B 87 1i6 | 0.167
17| *cl 3/2 | -0.031146 75.4
36 ] 3.1-10°
Cl 2 | -0.031688 - B K . 0.714
POKIB
>Cl 3/2 | -0.034104 24.6
18] *Ar 0 | -0.032452 0.34
TAr | 32 | -0.033228 - K 32
noou
“Ar |~ | -0.035679 - B | 2% | 0565
POK1B
YAr 0 | -0.037616 99.60
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1 2 3 4 5 6 7 8
19| K 3/2 | -0.036286 93.08
2 |2 | L0.037583 _ B | 152 31'59591
24 | °'Cr 7/2 | -0.055214 _ K 28 11i6
25| >Mn | 5/2 | -0.061946 100
27| *®Co 2 | -0.064246 - K. B 72 0.47
noomu
*Co 7/2 | -0.066811 100
“Co | 4 | -0.066194 - g | 22 | 031
POKH
29 %Cu | 372 | -0.070406 69.1
®cu | 372 | -0.072214 30.9
30| “Zn | 5/2 | -0.070766 —~ K. B° | 24576 | 0.325
35| %Br 6 | -0.083198 — B 36T 0.456
38 | *%Sr 0 -0.09436 82.56
®Sr | 52 | -0.09257 — B~ | 51no6a| 1.46
g |0 | -0.09223 - B 28 10535
POK1B
39 v 2 -0.09282 — B 64 r 2.24
471 ""Ag | 172 | -0.09303 51.35
531 7 5/2 | -0.09565 100
DS | -0.00418 - KB | 25w | 52
79 “'Au | 3/2 | -0.03345 100
Pau |2 -0.03176 — B 2716 | 0.96
81| *™TI — | -0.02611 — B 4.1pik | 0.77
82| ““Pp 0 -0.02554 23.6
27pp 12 | -0.02410 22.6
2%8pp 0 -0.02336 52.3
83| “Bi | 92 | -0.01958 100
. 6
g |4 | -0.01589 - qa | 20107, g,
POKIB
84 | *%po - -0.01713 — a 138 ni6 5.3
86 | **’Rn - 0.01753 — a 3.8 5.49
nooun
88| Ra | 0 | 0.02536 - g | 1620 4781
POKIB 4.59
. 10 .
90| **Th | 0 | 0.03821 100 g | 1#4107 | 4003
POKIB 3.98
Th | - 0.04143 — B 22 XB 1.23
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Tabmuis 5. OcHoBHI (i3u4HI cTasi

[IIBuKICTh CBITJIA Y BaKyyMi

c=2.998 -10° m/c

['paBiTariiiHa crana

G=6.67-10"" x’/(ke.c”)

Crana ABorazipo

N, =6.023-10% monn’

Yucno Jlommiara

ny=2.69-10" cm™

VYHiBepcallbHa ra30Ba cTana

R = 8.314 JIrc/(K.monb)

Crana bonsiimana

k=11.3807-10% [Juc/K
[0.8617-10™ eB/K

EnemenTapHunii 3apsag

e=[#.803-10"° CI'CE
[1.602-10™" Kxn

Maca enektpona

m,=10.911-10%" 2
[0.511 MeB
[5.486-10* a.o.m.

[TuToMuM 3aps eNEKTPOHA

e/m,=[5.27-10" CI'CE
[1.76-10" Ka/ke

Maca npoToHa

m,=[1.6726-10 2
[038.28 MeB
[1.007276 a.o.m.

[InTomuit 3apsaa MpOTOHA

e/m,=[2.87-10"* CI'CE
[0.959-10% Kn/kz

Crana Credana — bonpiimana

0 =5.67-10"° Bm/(m*K’)

Crana 3akoHy 3MinieHHs Bina

b=0290 cv K

Crana [l1anka

n = 0.0546:10>* Ixcc
[0.6582-10™"° eBc

Crana PinGepra

R=2.067-10"° ¢
R’ =R/2Tc = 1.097-10" m™

[Tepmuit bopiBchkuit paaiyc

r1=0.529-10"" u

Enepris 3BsA3Ky €JIeKTpoHa y aToMi
BOJIHIO

E=13.56 eB

KoMmroHiBechKa TOBKWHA XBUJII
CJICKTPOHA

Ac=2.426-10"2 u

Knacuunuii paniyc enexTpona

r,=2.82:10"" m

Crana TOHKOI CTpYKTypH

a=1/137.036

Marneron bopa

Uy =[0.9274-10% [Ioc/Ta
[0.5788-10™ eB/Ic

S nepHnilt MarHeToH

L, = [5.051-10™ Jorc/Tn
[B.152-10° eB/Tc
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Mar”iTHU MOMEHT:

1, =1.00116 pig

eJIEKTPOHA

MPOTOHA M, =2.7928 U,
HEUTpOHA U, =-1913 u,
JTEeUTpoHa U, = 0.8574 U,
["ipomMarHiTHU MHOYKHUK:

€JIEKTPOHA g.=2.0022
IPOTOHA g, = 5.5855
HEHUTpOHA g, =-3.8263
JNEUTpOHA 2,=0.8574

KBaHT MaraiTHOTO MOTOKY

@,=[2.068-10"° B6
[2.068-107 Mxkc

Enexrpruna crana

& =0.885-10" @/u
1/418, = 9-10° M/D

MarsxitHa crajia

Uo=1.257-10"° I'ni/m
Lo /41T =107 T'n/m
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Yooanwk B.M., Caniu A.11.

D13MYHUN IPAKTUKYM

Amomna pizuka

[BaHO-DpaHKIBCHK
1996 p.



Minicmepcmeo ocsimu YKpaiHu
lNpukapnamcbKul yHisepcumem im. Bacunsa CmegaHuka
Kaghedpa isuku meepdo2o mina

YQooanrwxk B.M., Caniu A. II.

DiZUYHUH NPAKTUKYM

Amomna izuka

HAns cmydenmie cneyianbHocmi 01.04. "®i3uka”

|IBaHO-PpaHKiBCbK -1996 p.



BbbK 22.38.

®diznunnii npakTukym. AtomMHa (izuka / Hobanrok B.M., Camiii S.I1. - IBaHO-DpaHKIBCHK .
[Ipukapnarcekuii yHiBepcuteT. 1996.-34c.

Omnucani mabopaTtopHi poOOTH 3 aTOMHOI (DI3WKH, IO CTOCYIOTHCS BHBYCHHS METOJIIB
JIOCHIJKEHHSI aTOMHUX SIBUII Ta BIACTUBOCTEH aToMa. 3HaYHY yBary 3BEpHYTO Ha TEOPETUYHE
OOIPYHTYBaHHSI €KCIIEPUMEHTAIbHUX JIaHUX.

Jlist ctyaeHTiB (pi3UYHUX CHEIiaTbHOCTEH YHIBEPCHUTETIB.
Inn. 12. bi6miorpadis 14.

Penenzentu: PyBincokuit MA., 1-p $i3.-mat. Hayk, npod. Aypa M.M., kauz.
¢bi3.-mar. HayK, JOLI.

3arBepmkeno Buenoto Pamoro [IpukaprnaTcbkoro yHIBEpCUTETY
im. Bacuns Credanuka

(ITpotoxom Ne 3 Bix 29 sxoBTHS 1996 p.)



JIABOPATOPHA PBOTA Ne 1
TEMA: JlocnimkeHHs pO3CitOBaHHS 0-YACTUHOK B PEUOBHHI
(monentoBanHs aociiny Pesepdopna na EOM).
META: IlepeBiputu popmyny Pezepdopa, Bu3HaunTH 3apsij sSapa METO-
JIOM MOJICITIOBAHHS €KCIIEPUMEHTY.

JITEPATYPA
1. llImonwsckmit 3.B. ATomnas ¢pusuka.M., Hayka, 1974.
2. CasenbeB U.B. Kypc obmieit puzuku. T.3. M., Hayka, 1979. c. 49-54.

TEOPETHUYHI BIJIOMOCTI
1. BracTuBOCTI 0-9aCTHHOK.
2. Hocnin Pesepdopaa.
3. Teopis po3ciroBaHHs o-4acTuHOK. Dopmyia Pesepdopra.
4. Bu3HaueHHs 3apsy sapa.

OparM 3 Kpammx 3aco0iB JOCHIHKEHHS CTPYKTYpPH aTOMa € 30HIY-
BaHHS HOT0 MIBUAKMMHU YaCTUHKAMHU — €JIEKTpOHAMHU ab0 0-4aCTHHKaMH.
0. -YaCTMHKH BHUIPOMIHIOTBCS OaraThMa pagiOaKTUBHUMH pPEUYOBHHAMH.
BoHM BiIXUJIAIOTECS B €JICKTPUYHOMY 1 MAarHiTHOMY TOJISIX, 3BIJIKM BUILIH-
Ba€, M0 BOHU CJICKTPUYHO 3apsiKeHi. Hampsm BiAXWIIEHHS MOKa3ye, IO
BOHU 3aps/DKEHI MO3UTUBHO. [IpoTe mosis, sIKi BUKJIMKAIOTh TOMITHE BiJIXU-
JICHHSI €JICKTPOHIB, HE BIUIMBAIOTh HA TPAEKTOPIIO a-4acCTOK, II€ O3HAYAE,
10 BOHM MarOTh OUIBIIY Macy, HIXK Maca eJIeKTpoHiB. Jlociiau mokaszaniu,
0 3apsijl, KU MEPEHOCUTHCS 0-9acTKOIO, JopiBHIOE +2¢. Ha ocHOBI no-
cmmaiB Pesepdopaa, a Takox JOCTIAIB 3 MAarHITHUM Ta €JICKTPUYHUM BiI-
XHJICHHSM OYJI0 BCTAHOBJICHO, IO O-YACTHHKHU 3a CBOEIO MPHPOJOI0 TO-
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TOXHI 3 TeJIlEM (Hez).

[TapanenpHMA TyYOK O-9aCTHHOK, MPOWIIOBIIM Kpi3b MIAP PEUOBHHH,
PO3CIIOETBCS, 0-9aCTUHKU JEII0 3MIHIOIOTh CBili Hampsm pyxy. Joc-
JKEHHST PO3CIIOBaHHA TOHKUMH METalleBUMHU (DOJbraMu IMOKa3alid, IO
Ty’e YacTO CIIOCTEPITraeThCs BiIXHWIICHHS 0-4aCTOK Ha HEBEJHKI KyTH, B
cepeaaboMy 2°-3°. Tlopyd 3 poO3CitOBaHHSIM Ha Maji KyTH CIIBPOOITHUKH
Pesepdopaa I'elirep 1 MapcaeHn BUsSBUIIU, 1O JesKa KUIBKICTh O-4aCTHHOK
( ~ 1 ma 8000) po3citoeTbcs HA Ay>KE€ BEIIMKI KYTH, IO 1HOJI TIEPEBUIIYIOTh
90° 1 mocsiratoun B aesikux Bumaakax 180°. [loscHUTH 111 BEIHKI KyTH PO3-
CIIOBaHHSI HAKONMYEHHSIM BUIIQJKOBUX MaJIUX BIIXWJIEHb BUABHIOCH He-
MOKJIMBUM. Bennki KyTH pO3CIIOBaHHS CIIOCTEPITalOThCS SIK MPH MPOXO-
JDKEHHI 0.-YaCTHHOK Kpi3b MeTasieBi (oJIbru, Tak 1 B rasax, 1 iX MOKHa BH-
SBUTH Ha BUIbCOHIBCHKUX (oTOrpadisx, Kl MOKa3ylOTh, IO BEJIUKI KyTH
BIIXWJICHHSI YTBOPIOIOTHCS HE B PE3yNIbTaTi HAKONMWYCHHS MaJIHUX BiJIXH-
JIeHb, a B pe3yJIbTaTi OAHOTO CIiBYAApY.

Pesepdopa BkazaB Ha Te, 10 1€ MOXJIMBO B TOMY BUTIQJKY SIKIIIO B Ce-
pEeIMHI aToMa € Iy)Xe CHIIbHE EICKTPUYHE T0JIe, IKe YTBOPIOETHCS MMO3UTH-



Man.1. Cxema po3citoBaHHS (-9aCTUHOK Ha sIpi

Mai.2. 3anexHiCTh KyTa pO3CiFOBaHHS YaCTUHKHU Bl MPUIIJILHOTO
napaMmerpa



BHUM 3apsiioM, 3B’S3aHUM 3 BEJIMKOIO MAacOl0 1 CKOHIIEHTPOBAHHUM B JIyKe
manomy 06'emi (pagiyc mopsyxy 10™"m). 3BifcH i BUHHKIIA siepHA MOJCIb
aToMma, 3T1JIHO 3 SIKOIO aTOM MOOYJOBaHUM Ha 3pa30K IJIAHETAPHOI CUCTEMH:
Maje 3a pPO3MIPOM, MO3UTHUBHO 3apsJKEHE SIIpO, B SIKOMY 30CepeKeHa
MaiKe BCS Maca aToMma 1 HeTaTUBHI €JIEKTPOHHM, IO 00epTaIOThCS HABKOJIO
IILOTO SI7pa 10 3aMKHEHUX OpOiTax.

Ha miacraBi nux ysBiaeHs Pesepdopa po3BUHYB KITBKICHY TEOPIO PO3-
citoBaHHs o-4acTHHOK. Hexait B O (mai. 1) MicTUTBCS po3citoroue sapo, 3a-
psa axoro +Ze. [Ipumyctumo, o Maca oro HacTUIBKM OlbIIa BiJf MacH
0-YaCTHUHKH, 10 TIPH B3aEMOIIi 3 OCTAHHBOIO SAPO MOXKHA BBAKATU 32 He-
pyxome. [Ipuryctumo, 1o cuiia B3aeMOJIT MIXK SIIPOM 1 0-4ACTUHKOIO TiI-
asirae 3akoHy Kynona. Kinacuuna mexanika mokasye, 10 MPU BCIX IUX
NPUMYILIEHHAX 0-4aCTHMHKA IMOBUHHA OMUCYBATH BiHOCHO siapa O rinepbo-
ay. [To3HauuMo Macy o-4acTUHKH depe3 M, i MIBUJKICTh Ha BEJIMKIA BijI-
Jaji BiJI po3citordoro sjpa — yepe3 v. Konu 6 a-yacTiHKa HE B3aemMoisiia
3 SIAPOM, TO BOHA MpoJjieTiyia 6 Ha Bij aam p (Man.l) Big sapa (mpuilibHA
B1JIJ1aJIb).

Ha ocHoBi 3ak0HYy 30€peXKeHHSI MOMEHTY IMITYJIbCY 1 €HepT1ii:

p =ketg(¢/2), (D
7€ ¢ — KyT BIAXUJICHHS 0-9aCTHHKH, a )
/e '
k= 271:80MV2 (1)

OckiJIbKY TIPUIUTBHA BIAAANb P JUIsl OKPEMHUX 0-YACTUHOK HE JOCTYITHA
BUMIPIOBaHHIO, TO NepeBipuTH (1) Ha mociial 6e3mocepeIHhO HEMOKIIUBO.
[IpoTe MOXHa MOKJIACTH 1i B OCHOBY CTATUCTHYHOI TEOpIi, sIka 1acTh HaAM
BUpa3 Ui ePEKTUBHOTO IMepepidy PO3CIFOBAHHS 3aJIKHO Bij TapaMeTpiB,
JOCTYITHUX €KCIIEPUMEHTAIbHOMY BU3HAYEHHIO.

[IpumycTuMoO, MO 0-YaCTHMHKHU 10 PO3CIIOBAHHA JIETITHh MapajeiIbHUM
notokoM. [[nst Toro, o6 BiAOyIOoCs po3CiIOBaHHS Ha KYT, KU JIEKHUTH B
MeXax Big @ 10 ¢ + d ¢ yacTMHKa MOBUHHA MPOJIETITU MOOIU3Y PO3CIIOI0-
YOro LIEHTPY MO TPAEKTOPIi, MPUIIIBHUNA MMapaMeTp SKOi MICTUTHCS B Me-
&ax Big p 1o p + dp (man.2), npuuomy sk ciaiaye i3 popmynu (1), mpupoc-
TH 3B'S13aH1 CMIBB1THOIIICHHSIM:

k
dp = 2sin(9/2) 99 - (2)
3HaK MiHYyC OOYMOBJICHHUH THM, IO 13 30UIBLICHHSIM P KYT BIIXUJICHHS
3MeHIyeThes. Jlam Horo He OyaeMo BpaxoByBaTH, OepydM 10 yBaru ao-
COJIIOTHE 3HaueHHs p. TinecHHil KyT, B MeXax SIKOro 3HaXOJATbCs Hal-
psiMH, 110 BIJIMOBIAAIOTH KyTaM PO3CiIOBaHHS Bil ¢ A0 ¢ + d¢ 3HaigemMo
SIK:

ds
dQ = RE™ 21 sinpde . (3)



Sxmo N — KiJIbKICTh YaCTHHOK, IO MPOXOIATH Y BUXITHOMY MYYKY 4e-
pe3 OJIMHMITIO TUIOIII 32 OJHY CEKYHYy (TYCTUHA MOTOKY YaCTHUHOK), a AN —
KUIBKICTh YaCTHHOK, 110 PO3CisiHI B TileCHOMY KyTi d®, TO

dN = 2npNdp.
BpaxyBasiu ¢popmyiy (2) 3anuiiemMo:
k
dN = 2npN —2sin2((p 2) do
[TinctaBumo cronu 3Ha4eHHs p 13 (1):
k’sin
dN = 27N 4sin’(9/2) do .
OcranHiit Bupa3 3rijHo (3) MoxHa 3AIHCATH TaK:
k
dN=N 4sin'(¢12) dQ 4)

Ko BBECTH MOHATTS €(PEKTUBHOTO IMEpepidy pO3CIIOBAHHA, TO 13
CriBBigHOMIEHHS (4) OTPUMAEMO: ,
dN k
do =" = Zsin’(¢/2)32 ()
Ile 1 € popmyna Pesepdhopaa. Benuunna k BuzHavaerhes 3riiHO Pop-
My (1'), ToMy ocTaTo4yHO:
do =28 E 140 (6)
EZT[‘%MV ] 4sin”(¢/2)
®dopmyna Pesepdopra nae 3Mory eKCriepuMeHTaIbHO 3HANUTH 3apsi si-
pa Z. Cnpagzi, MapaxoBYyOUd YUCIIO 0-4aCTUHOK, PO3CISIHUX Ha KYT (9, MU
Oynemo 3Hatu BenmunHy do. B mpaBy x wactuny dopmynu Pesepdopna
BXOJISITh, KPIM IIYKaHOi BeTWYMHU Z, a0 BEJIMYMHU BiJIoM1 a00 JTOCTYIIHI
EKCIIEpUMEHTAIbHOMY BH3HaueHH0. OTxe, NI BIAIIYKaHHS Z TMOTPIOHO
nigpaxyBaTy 4ucyio 4acTUHOK N 1 dN. I3 HaBeieHUX CIIBBITHOIICHh BUILIH-
BA€, 110 KOJIM 3MIHIOBATH KYT ¢ 1 3aJIMILATH CTAIMMU 1HI BEIUYUHHU, TO:
dNsin’(¢/2)
sin @
o hopmyty 1 HOTpiIOHO MEPEBIPUTH B 1aHIl POOOTI.
I[MOPANOK BUKOHAHHA POBOTU
1. 3amaty 9UCIIO 0-4aCTUHOK, IO MOMaAar0Th Ha po3cirotounit ertp (L110000).
2. BU3HAYNTH YHCIIO YACTHHOK MPHU PI3HUX KYTax BiIXUJICHHI.
3. O6uncauty sin’(¢/2) i omepkaHi pe3yIbTaTH 3aHECTH B TAOIIHLIO.
4. IlepeBipuTt BuKOHaHHS Gopmyin (7).
5. [To6ynyBatu rpadik 3ajeXHOCTI YUCIIa PO3CITHUX 0.-YACTUHOK BiJ X KyTa
BIJIXUJICHHS.
6. O0YuCINTH NOXUOKY EKCIIEPUMEHTY.
7. IIpoBectr 06pOOKY EKCTIEPUMEHTATBHUX JaHUX 32 METOJOM HaWMEHIITUX

KBaJIpaTiB 3 BUKOPUCTAHHAM JIIHIHHOT, KBaAPATUIHOI Ta OOEPHEHO TIPOITOP-
IAHOT 3aJ71€KHOCTI.

= const. (7)



JlabopaTtopna po6ora Ne2

BuBueHHs edexkry @panka i 'epua

Meta: BusBuTH AUCKPETHI PIBHI €HEprii aTOMIB MPU JTOMOMO31 JOCHITY
®panka i ['epia,

Ipuaaau Ta odaagHanusa: Jlxepena MocTiiHOT HAIPYTy, aMIepMeETpP, MIKPO-
aMIIepPMETP, BOJIBTMETP, IMOTEHIIIOMETPH, TPHOXEICKTPOIHA JIAMIIA,
BUMHKAYI.

TeopeTUu4HUH BCTYI

HNocnig ®panka 1 I'epua, npoeaenuit y 1913p, ctaB sickpaBUM €KcCIIe-
pUMEHTAJIbHUM MIATBEPKEHHSM TMOCTyJlaTiB bopa mpo iCHyBaHHS cTa-
[[IOHAPHUX €HEPTeTUYHHUX CTaHIB aTOMIB Ta BUITyCKaHHs a00 MOTJIMHAHHS aTo-
MOM KBaHTa BUIPOMIHIOBAHHS MPU MEPEXOAl 3 OJHOTO CTAI[lOHAPHOTO CTaHy B
THITHH.

Ines nocniny mossirae y BUMIPIOBaHHI KUTBKOCTI €HEPTii, fiKa MepeaaeThes
aTOMY IiJ 4ac WOTO CHiBYJapiB 3 €IEKTPOHAMH,

OCKUTBKY aTOMH BOJIOMIIOTH TUCKPETHUMH 3HAYCHHSIMU €HEPrii, TO yaapu
MIDX €JIEKTPOHAMHU 1 aTOMaMU MOXKYTb OyTH SIK MPY>KHI, TaK 1 HETPYKHI.

VY nap Ha3MBarOTh MPYKHUM, SIKIO €JIEKTPOH HE MEpeae aTOMy €HEeprilo, a
JIUIIE 3MIHIOE HAMPSM CBOET IIIBUIKOCTI.

HenpyxHuM Ha3MBarOTh yaap, B pe3yibTaTi IKOTo 3a paXyHOK €Heprii efe-
KTpOHA 3MIHIOETHCS BHYTPIIIHIN CTaH aToMa, TOOTO €JIEKTPOH MPH 3ITKHEHHI 3
aTOMOM IIepeJlac aToMy Ty €HEeprito, sika MOTpiOHA JJIs TepeBOAy HOro B 30Yy-
JPKeHUM CTaH.

VY nmocmimi mxepenom enektpoHiB € karon (K), a mochimkyBaHow pe-
YOBHHOIO — MapH pTyTi npu TUCKY 0,1 MM pT. cT. (puc. 1). Mix ciTKOIO 1 aHO-
JIOM CTBOPIOETHCS cla0Ke 3aTPUMYIOUE €JIEKTPUUYHE MoJie (HAMPYrow OJIM3bKO
0,5B) 1 BU3HAYa€THCH 3aJICIKHICTH
K I C A anomuoro crpymy (1) Bix Hanpyru
Ha citmi(U).

Jlo6yTy KpuBY MOKa3aHO Ha

puc.2. Ilepmoro Makcumymy cu-

\ Ja CTpyMy JlOCsiTa€, IpHU Hampysi
<A> 4,9B. IlotiMm Benu4MHA CTPyMY
pi3ko cmamae. HactynmHuii mak-
CUMyM HACTyla€ TMpu Hampysi
@ I | 9,8B i 1. 1. [losgcHuTHu Taky 3aie-
»kHicTh | Bix U MOKHA TIIIBKK Ha-
SBHICTIO CTAI[lOHAPHUX CTaHIB

Puc. 1. aToMa pTyTi.
— |- --1 I—— SIkmio Hanpyra menma 4,9B,

TO 3ITKHEHHS EJIEKTPOHIB 3 aTo-

e




mamu npyxHi. Ctpym I 3poctae nmponopuiitno Hampysi U. Konu nanpyra mifa-
BUILIY€eThCS 10 4.9B, 31TKHEHHS €EKTPOHIB 3 aTOMaMH BXK€ HENpyKH1. BHyTpi-
IIHS €Heprisi aroma 30UIbIIYETbCS CTPUOKOM, a E€JEKTPOH MICHs 31TKHEHHS
BTpaya€e BCIO CBOIO KIHETUYHY €HEPriio. 3aTpUMYIOu€ IOJe HE MPOMYCKae /10
aHo7Ia TOBIJIbHI €JIEKTPOHH, 1 BEJIMYMHA CTPYMY Pi3KO 3MEHIITY€EThCS.

CtpyMm He cniafiae 10 HyJiA TUIBKU TOMY, IIO SIKACh YACTUHA EJIEKTPOHIB J0-
A cAra€e CITKU, HE 3a3HABUIM HEMpPY-

KHUX 3ITKHEHb. Jlpyruii Makcu-

| MyM KpHBOI, MOJAHOI Ha puc, 2,
E BUHUKAE€ TOMY, IO MpU HAMNpysi
| 9,8B eneKTpoHH HA LUIIXY JI0 CIT-
E K{ 3a3HAIOTh JBOX HEMPY>KHUX 3i-
! TKHEHb.
E [ToTpiOHOI I HEMPY>KHOTO
! 3iTKH.eHH}I eHepriI CJIEKTPOH Ha§y—
: BAa€ TIJIbKU TOA1, KOJH JOCATAE CIT-
: >» KU ICJIs MPOXOJKEHHS PI3HUIII
Ue. motenmiani 4,9B. 3Bincu BUIIH-

Bae, 110 BHYTPIILIHS €HEPTis aTOMIB
PTYTI HE MOKE 3MIHIOBATHCS Ha BenuuuHy, MeHITy AW = 4,9¢B. Ot1xe, BHYT-
pIILIHS €HEPTis aToMa HE MOXKe HaOyTH JTOBUILHUX 3HAYEHBb 1 HE MOXKE 3MIHIOBa-
THCS Ha JIOBUIbHI 3HaYeHHs. Lle cBiAuuTh Npo Te, M0 aTOM Ma€ AUCKPETHHUI Ha-
Oip crauioHapHuX cTaHiB. [IpaBUIBHICTD I[OTO BUCHOBKY MIATBEPIKYETHCS U
TUM, 110 Npu Hamnpy3i 4,9B mapu pTyTi nMouMHaOTh BUIpOMiHIOBaTH. YacTtoTa
BUIIPOMIHIOBaHHS, 3Hal IeHa 32 (PopMyIIOI0

_AW
0= h: (1)

4,9 9.8
Puc.?2.

h — crana Ilnanka; AW = eU; U — kpuTU4HU# MOTEHII1a)I aToMa PTYTi, 301-
raeThCs 3 EKCIEPUMEHTAIbHUM CIocTepekeHHsAM. Lle o3Hagae, mo 30ypKeHi
aTOMHU PTYTI MEPEXOAATh MOTIM y HIKYl €HEPreTHYHI CTaHU 1 BUIIPOMIHIOIOTH
CBITJIOB1 KBaHTH BIJIMOBIAHO JI0 APYroro noctynaary bopa,

KputnuauMm moTeHIia oM Ha3WBaOTh PI3HUIIO TMOTEHINATIB, TPOUIITOBIIH
SKY, €JIEKTPOH TIPH 31ITKHEHHI 3 aTOMOM 3a3HA€ HEMPYKHOTO ynapy, Kputuanmii
MOTEHLIIaJl MEepeXoAy aToMa 3 OCHOBHOI'O CTaHy B Mepeuinil 30yKeHUd cTaH
HA3WBAIOTh MEPITUM a00 pe30HaHCHUM. KpUTHYHMIT MOTEHITIal TePEX0y aToMa
3 OCHOBHOT'O CTaHy B APYTui 30y KEHUI CTaH HA3UBAIOTh JPYTUM 1 T.J,

AmHanoriuHi mpociiau Oy MpoBeeHi 13 1HIMMHU Ta30MoIIOHIMH PEUOBHHA-
MU. Byo BCTaHOBJIEHO, 1110 B Tapi Kalio €JIEKTPOHU BTPayalOTh €HEPIiko MOPIIis-
mu B 1,63 €B; B mapi HaTpiro — nopiiisiMu B 2,12 €B; B remito — nopiisimu B 21eB.

Onmuc meToay i yCTAaHOBKH
BuBueHHs HepY>KHUX y1apiB €JIEKTPOHIB 3 aTOMaMM 1HEPTHUX Tra3iB B Jia-
H1l 1abopaTopHii poOOTI MPOBOAATH HA YCTAHOBII MPUHIIMIIOBA CXEMa SKOi Mo-

Ka3aHa Ha puc. 3. Pobouoro ammoro € pamaionammna tupatpod TT-01/03, 3amnos-
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HEHUU aproHOM, TAaKOXX BHKOPHUCTOBYIOTH JIAMITH [IJIi BHUMIPIOBAHHS BaKyyMy
JIM-2 a60 I[IMI-2, 3a1oBHEHI TeIieM.

JIisi BU3HAYEHHS PE30HAHCHOTO TMOTEHINIAly aToMa aproHy 1 JOBXKHHH
XBWII ()OTOHA, BUMPOMIHIOBAHOTO HUM, 3HIMAIOTh BOJIbT-aMIIEPHY XapaKTepHC-
tuky Jamnu I = f(U) npu HeaminH1i Hanpy3i Uj.

[TimirpiBanHs Ka-
TOAA 3AIUCHIOETHCS 3a
JOTIOMOT'OK0  TTOTEHII1-
omerpa I, Ha Oiori
xupiaenns  MOIITI-1.
Ilepen BMUKAHHSIM
PYYKH  TOTEHIIOMET-
piB BCTaHOBIIOIOTH B

o | HYJIBOBE IOJIOXCHHSL.
+ | Benuuunna ctpymy B

KOJIl aHOJa BHUMIPIO-
® | eThca  Mikpoamiep-

meTpoM (UA), a cTpyM
pPOKAPEHHS — amIep-

metpoMm (A). Ha anon
1 . ._I Puc. 3. BIZTHOCHO CITKHA 1}0;{2}-

€TbCS HEBEJIMKUU Bi-
I'€eMHUN IMOTEHIII AT
(U,), sixuii cTBOpIO€E cnabke 3aTpuMyroue eneKkTpudHe moje. Ha citky BiZHOCHO
Katoja nojaeThes npuckoprotounit norenmian (U). Mikpoammepmerpom (HA) i
BosibT™MeTpoM (U) peectpyernes 3mina I Big U.

[Ipu 3HATTI BONBT-aMIEPHOI XAPAKTEPUCTUKH BUHUKAE P EKCIEpH-
MEHTAJIbHUX TpyAHOUIB. [lafiHHS MOTEHIlaNy B3IOBXK HHUTKH PO3KAPCHHS
CTBOPIOE BIIMIHHICTh NMPUCKOPIOIOYMUX MOTEHI[IANIB MK CITKOIO 1 PI3HUMHU TOY-
KaMH HUTKH pO3KapeHHs. B pe3ynbrari OTpUMYy€TbCsl HEMOHOEHEPIreTHUYHUN
Ny4oK eJeKTpoHiB. Ile, B ocHOBHOMY, 1 BIUIMBae Ha (OpMy KpHBOI 1 Ha IOJIO-
KEHHsI MakcUMyMiB. KpiM 115010 13 yCiX CHiBYAapiB MpH KPUTUIHOMY MOTEHIII-
aJi JuIIe MeBHa iX YacTKa BUSBUTHCS HENpYkHOM. Llel dakTop iCTOTHO BIUIM-
Ba€ Ha TNMMMOUHY MiHIMyMy. CHOTBOPIOIOYMMHU (DaKTOpaMu € TaKOX HasBHICTb
00'eMHUX 3apsi/IiB, MOXKJIMBE 3a0pY/THEHHS NapaMu 1HIIUX €JIEMEHTIB BiJIOBI/I-
HO 3 IHITUMU TOTEHITiaTaMu 30y KEHHS, a TAKOX BTOpUHHI edekTu (hoToedekT
BiJl BUIIPOMIHIOBaHHSI 30y’)KEHHUX aTOMIB Ta iH.)

Takox ciig IpUHATH 10 yBard, M0 KaToa 1 aHOJ B TPYOIll 3 rapsS4uM Ka-
TOJIOM 3aBKJIU OYBalOTh 3pO0JIeHI 13 pI3HKUX MeTaiB. ToMy Mk KaToloM 1 aHo-
JIOM TIPU BIJICYyTHOCTI 30BHIIIHBOI HANPYTH OOOB’S3KOBO € KOHTAKTHA PI3HUIIA
MOTEHITIaNIB, KA TAKOXK HAJIECKUTH JI0 CIIOTBOPIOIOUUX (haKTOPIB.

Bwmukanus npuckoprorouoi Hanpyru U 3aiiicHIoeTbest TymOiepom "Cetp"
Ha Oomi xxuBieHHs BYII-2, a nomaerbes U Ha CITKY JIaMIu 4epe3 MOTEHIIOMe-
TpH Ha OJI01I1 )KUBJICHHS 1 Ha MaHe1 JJamMiy (TJ1aBHA 3MiHA HAIIPYTH).
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KpuBa 3atpumku 3a1eKHOCTI aHOAHOTO cTpyMmy | Bix 3aTpuMyr04oro mo-
teHiany U; 3HIMaeThCs pHu HE3MiHHIN pi3HULI noTteHuianiB U. J[o0yTy kpuBy
3aTPUMKHU, TOOTO KPUBY PO3MOALTY €JIEKTPOHIB 3a eHepriamu (puc. 4), BUKOpHUC-
TOBYIOTH JIJIsl OL[IHKHU TONEPEYHOTO Mepepizy eNeKTPOHHO-aTOMHHX 3ITKHEHb.

3a rpadikom (puc, 4) BusHauaroTh I Ta Al, ne I mouarkoBuii ctpym, a [ —

A YUCJIO €JIEKTPOHIB, SIK1 3a3Ha-

_________________________________ JM HETPY’KHOTO yJapy 3 aro-

MaMu B 00'eMi V MiXk CITKOIO
1 aHOJIOM:

Al V =Sd, )

ne S — mioma citkd, d —Bifg-

J1aJIb MK CITKOIO 1 KATOOM.

v Teopis ymapy [1] nae
1 Al CriBBIAHOILIEHHS

4)

3)
7€ € — 3aps eJIeKTpoHa, N — KOHIIEHTpAIlisl aTOMIB raszy, N — KOHIICHTpAIIis eje-
KTPOHIB, vV — MBHUAKICTH €JICKTPOHA; G — MOTIEPEYHUI Mepepi3 HEMPYKHOTO yaa-
Py €IEeKTpOHA 3 AaTOMOM.
3 nesikuM HaOJIMDKEHHSIM TMOTIK €JIEKTPOHIB MOYKHA OILIHUTH TaK

nv=1/(S-e). (4)

[Tomepeuynnii mepepi3 HEMPYKHOTO yJaapy €JIEKTPOHAa 3 aTOMOM, OTpPH-
MaHMM 13 criBBiAHOIICHB (2), (3), (4).

Al 1
S=T Nd (5)
KonnenTpariito aTomiB ra3y MOKHa BUSHAYUTH 3 PIBHIHHS
P
=T (6)
ne k — crana boneumana, T — Temneparypa katoaa (~2000 K, P — Tuck rasy.
Tomi
c= % . 1;—5 (7)



IHopsanok BUKOHAHHSA POo0OTH

1. 3i0paTu enekTpuUHEe KOJIO y BIJMOBIIHOCTI 13 CXEMOIO, 300paKEHOI0 Ha
puc. 3.

2. Ilepen BBIMKHEHHSIM YCTAaHOBKH B MEPEKY MEPEBIPUTH MOJOKEHHS T10-
TEHI[IOMETPIB, PYUKH SIKUX MOBUHHI 3HAXOUTUCH B KPAHbOMY JIIBOMY IOJIO-
KeHH1. BBIMKHYTH JKepena >KUBICHHS.

3. [lorenuiomeTrpom Ha 6ol xuBienns UIIIII-1 BctanoBUTH CTpyMm
pozxaproBanus 0,5 A (1,14 A). Ctpym pozkaproBaHHSI HEOOX1HO 3MIHIOBATH
MOBUIBHO, OYIKYFOUH BCTAHOBJICHHS CTAI[iOHAPHOTO PEKUMY pOOOTH KaTo/a.

4. 3nimiTh 3anexHictsb | = f(U) nmpu U, = const qyist 3nauens U, (1B, 2B,
3B), samintoroun U Big 0 go 30B 3a gomomororo pyuku noteHuiomerpa Il

5. [ToGynytite rpadik 3anexnocti | = f(U) npu U; = const. 3a rpadikom
BU3HAUTE 3HAYCHHS PE30HAHCHOTO MOTEHITiaTy aToMa TelIito.

6. 3rigHo 3 opmyioro (1) o6uucIuTH T0BXKUHY XBUIII (POTOHA, IO BHU-
IIPOMIHIOETHCSI AaTOMOM TeJiIO.

7. Ilpu nocTiiiHii Hampy3i Ha ciTii U BUMIPSITH BETUYUHUA aHOJTHOTO CTPY-
My |, 3MiHIOIOYH TOTEHITIOMETPOM 3aTpuMytouy Hampyry. Big 0 1o 11B uepe3
1B Ha mxeperni )KUBJICHHS MOCTIHHOTO cTpyMy b5-50.

8. [Tobynysatu rpadik 3anexnocti | = f(U) 1 Bu3Haunt Ha HEOMY | Ta Al.

9. 3rigHo 3 popmynoro (7) OLIHUTH MOTIEPEUHHI TTepepi3 eIEKTPOHHO-ATO-
MHUX 31TKHEHb.

KoHTpoJubHI 3aniuTaHHA

1. Chopmymroiite noctynatu bopa.

2. llTo Ha3uBa€eTHCS MPYKHUM 1 HEMPY>KHUM YIapOM €JIEKTPOHA 3 aTOMOM?

3. lllo minTBepmKye mochig @panka i ['epra?

4. Yomy MiHIMAJIbHE 3HAYEHHSI aHOJTHOTO CTPYMY HE JIOPIBHIOE HYIIIO?

5. SIk MOSICHIOETBCS CBITIHHS T'a31B IPH €JICKTPUIHOMY PO3PsIIi?

6. [losicHuTH XapakTep 3MiHU BOJBT-aMIIEPHOI XapaKTEPUCTUKHU B AOCITI/i
Opanka 3 ['epra.

JlitepaTtypa

1. llImonwscekuii 3.B. Atomua ¢izuka. K., Buma mkomna. T. 1, 1963,

2. binmuit M.1. Atomua ¢i3uka. K., Buma mxona, 1973.

3. CuByxuH [[.B. O6muii kypc ¢usuku. T. 5, U. 1. AromHas ¢puzuka. M., Hay-
Ka, 1986.

4. 3aranbHa Pizuka. Jlaboparopuuit npaktukyM. / I1ig pen. I.T. 'opbauyka. K.,
Bua mikoia, 1992.

5. Jlaboparopnsie 3ansaTus 1o ¢uszuke / [ox pen. JI.JI. l'onpauna. M., Hayka,
1983,



JlabopaTtopHa podora Ne3

ExcnepumenTajibHAa nmepeBipKa
CIIiBBiIHOIIIEHHS HEBU3HAYEeHOCTEH

Merta: IlepeBipuTu cipaBeJIMBICTH CIIBBIAHOIICHHS] HEBU3HAUYEHOCTEH
['eiizendepra mis GOTOHIB.

Hpuaaan _Ta ob6aaaHanusa: nasep JII'H-109, minuaa 3 MIKpOMETpUYHUM
TBUHTOM, €KpaH, pyJieTka Ha 2 M, Mikpockort MBII-2.

Teoperuuni BiZoMoCTi

Ha Bigminy Bi KTacCHYHUX 00'€KTIB MIKPOYACTUHKH 1 (OTOHU Y BIAMOBITHUX
YMOBaX MpPOSABISAIOTh a00 KOPIYCKYJSpHI a00 XBUIIBOBI BIACTUBOCTI, TOOTO IMpPO-
SIBJISIFOTH KOPITYCKYJISIPHO-XBUJILOBUHN JyaiizM. MaTeMaTHYHUM BUPAKCHHSIM Tya-
J3MYy € CHBBIHOIIIEHHS HEBU3HAYEHOCTI B IMITYJIbCl Apy Ta Y KOOpAMHATI AX, aJie
He Moke OyTu MeHIuM 3a h = h/2w; Ap, Ax > h.

CBITJIIOBY (€IE€KTPOMArHiTHY) XBUJIIO Y (OTOCIEKTPUYHUX SBUILAX, JIFO-
MIHECIIEHII1i, TPY JOCJIPKEHH] CBITJIOBOTO TUCKY a00 XIMIYHOI JIIi MOXHA Mpei-
CTaBUTH NOTOKOM (DOTOHIB 3 eHeprieto E = hw ta imnynscom p = hk, Hexait Ha m1i-
JUHY IUPUHOIO AX TIajae MmoTik cBitia. B pe3ynbTaTi nudpakiiii cBITIO onajaae B
00JacTh T€OMETPUYHOI TiHi, IO TAaKOX BH3HAYAE OJCPKaHHS (POTOHOM JI0JIaTKO-
BOTO IMITYJILCY Ap y HampsiMi X, TOOTO Apy (puc. 1). Jlo mpoxomKeHHs NIUTMHA 1M-
nynasc (oToHa OyB TOYHO BU3HAYEHHM, OCKUIbKH Apy, = 0, a Horo Micre3Ha-
XOJDKEHHS 0yJ10 30BCIM HE BU3HA4YEHO ((DOTOH TOYHO JECh € Ha AX).

3 puc. 1 nicranemo Apy = p sing abo Ap, = hk sing. Ockinbku k = 27/A, TO

S1n
Apy =h =50 (1)

Hexaii miocka MOHOXpOMAaTHYHA XBWIS TMAJa€ HAa HIUIMHY MIAPUHOI AX.
Bnacnigok qudpakiiii Ha Hilt XBUJIS TOMTUPIOETHCS Y BCIX MOXKJIMBUX HAMpSIMKaxX y
Mexax KyTa Big 0 o o.

X A N BiHF,ma YacTHHA qupriT

XBWJII TICIISL TIPOXOJIKCHHSI LT~
HU TIpUMaJa€e Ha CIEKTP KYTiB
0<p<e; me ¢; — KyT, 10 BIANOBI-
Jla€ HANpsIMKy Ha MepUInil MiHi-
MyM. s bOro MiHIMyMy BHUKO-
HY€TbCS yMoBa i1HTepdepeHiii

AXsinQ; = 25 . Ileit Bupa3 BU3Ha-

yae yMOBHY Mexy U; = 2¢;; U, =
2¢y; ...; Uy, = 20, nudpakxiiifHoro
CIIeKTpa TIJIOCKOI XBWJI  IICIIA
MPOXO/DKEHHS IIIIMHU. Bpaxomy-
I0UM, 0 TMaJlaloua XBUJIS PO3CIIO-
€ThbCS SIK Ha OlnbIIl (¢ > @), TaK 1




Ha MeHII (¢ < @) KyTH, HIK (|, MO’KHA 3alTUCaTH HACTYIHY XBUJIbOBY YMOBY He-
BU3HAYEHOCTEN
AX sing <A . (2)
L1i#f yMOB1 3aJOBUIbHAIOTH XBHJII OyAb-SKOi MpUpoAu. AHali3 BUpa3y IOKa-
3y€, MO0 3MEHIEHHS AX CYMPOBOJIUTHCS PO3IIUPEHHSIM CEKTOpa KYTiB, B SKOMY
3ocepemkene mudpakmiitne none. Ha puc. 2 mokasaHo po3mofin iHTEHCUBHOCTI
JUISL PI3HUX KYTIB Y BUIAJIKY ABOX HIUIUH (AX = a;) 3 mUpuHOIO AX — a (puc. 2, a)
Tta 2AX — b (puc. 2, 6). bauumo, 1110 iHTEpBaI 3HAYEHB SINQ| TSI MIUTMHU 2AX 3Me-
HIITUTHCS BABIY1 MOPIBHIHO 3 HIIIMHOIO AX.

I a)
\AAA\AAJSEw

1 i T i T T i 1 i 1
3L 2 ) A 2 3
aj aj a A ai a ai 0)
Sino
S Z >
3 2 ) A 3 sk
a) a) a) PMC 2 2611 2611 2a1

[TopiBHIOHOYHM 111 JBA MIAXOAU IO TAyMadeHHS KapTHHHU Ha €KpaHi, MOXKHA
TBEPJUTH, 110 MIHIMyMYy Jaudpaxiiii BiMOBIAa€ MIHIMYM IMOBIPHOCTI TOMagaHHs
(GhOTOHIB B IaHE MICIIE NTPU CTAIMX YMOBAX CIIOCTEPEIKCHHS.

[le Takox o3Hauvae, 110 BUpasu (2) 1 (1) onmucyoTh NOBEAIHKY OJIHOTO 1 TO-

ro Moro o0'exta. Bupasumo B (2) Kyt audpakiii sing < Ax 1 MICTaBUMO HOTO

y (1), maemo
AxApx > h. (3)

B po6oti excriepumenTanbHe nepeBipseTbes Bupas (3) mis poronis. [Ipu mo-
CJIJDKEHHI BUMIPIOETHCS IMIUPUHA IIUTMHU, KA XapaKTePU3y€e€ HEBU3HAUYCHICTh KO-
opauHatu (poToHa AX, a TAKOXK IMKUPUHA TU(PPAKLIHHOTO MAKCUMYyMY, SIKHI Xapak-
TEepU3y€ HEBU3HAUEHICTh MOMEPEYHOTO IMITYJIbCy oToHa Apy. J[>Kepenom cBiTia y
po0oTi € reniii-HeoHOBUH nazep. [Ipu KopucTyBaHHI JIa3epoM ClliJ AOTPUMYBATUChH
IpaBUJI TEXHIKH O€3MeKku, OeperTu odi BiJl MOMagaHHs MPSMOro Ta BiAOUTOTrO BU-
IPOMIHIOBAHHS.

[Tpu ocBiTIIEHH] JIa3epHUM MPOMEHEM KalliOpOBaHOI IIUIMHU HAa €KpaHi MOX-
Ha gictatu nudpakmiitauii cnektp. Tenep Bupas (3) MOXKHA 3aMKCaTH TaK;

AxD > const. 4)

[le#t Bupa3 1 Oyae po6ouoro GopMyIIor0 AOCTIIKEHHS CITIBBITHOIICHHS HEBU-
3HaueHocTel [ elizenOepra.



Ilopsainok BUKOHAHHS Po0OTH

1. J1ns mepeBipKy MOKa3iB MIKPOMETPUYHOTO I'BUHTA IIUTUHHU, KOPUCTYIOUHCH
mikpockornomM MBII-2, 3aiiicuutu #oro rpanayroBaHHs. [loBepxHIO LIUIMHU OCBIT-
JIOBaTH cllabkuM O0KOBUM cBiTioM. [ToOynyBaTu rpaayoBanbHy KpuBy AX = f(n).

2. Po3ramryBatu Ha ONTHYHIN JIaBi Jia3ep, MIUTMHY Ta €KpaH. Bigmams Mix 1i-
JIMHOIO Ta eKkpaHoMm 1,5 — 2,0 m.

3. 3mintoBatu otBip 1mmHU Bia 0,05 mo 0,4 mMm yepe3 koxni 0,03-0,05 mm.
JI71s1 KO>KHOTO 3HaYeHHsI AX BUMIPSITH IIUPUHY TOJ0BHOTO Makcumymy 2D. I1o0y-
nyBatu rpadik 3anexxHocti D = f(Ax).

4. 3MIHUTH BiJAaIb MDK IIUTAHOIO Ta ekpaHoM L. [lepekoHatuce, Mo s HO-
BUX 3HaueHb D n100yTok AXD nmopiBHIO€ 100yTKY LA, ne A = 6,33-1077 M (s Ja-
3epa JI'H-109).

KoHTpoJsbHI 3an1MTaHHHA

1. YV yomy nossirae Gpi3M4HMI 3MICT CITIBBITHOIIIEH HEBU3HAUYECHOCTEH
['eitzenbepra?

2. Jle BUKOPUCTOBYIOTHCS XBUJIHOBI BIIACTUBOCTI MOTOKIB YaCTUHOK?

3. Yomy /U1 BUKOHAHHS JaHOI POOOTH AOIIIHFHO BUKOPUCTOBYBATH Jiazep?

4. HaBeniTe npukiiagn Gpi3WYHUX SBUILI, IK1 3HAXOSATh CBOE MOSICHEHHS Ha
OCHOBI CITIBBITHOIIICHHS] HEBU3HAYEHOCTI.

Jlitepatypa

1. benwiit M.U., Oxpumenko b.A. Atomnas dizuka. K., Beicmias mxosa, 1984.

2. CupyxuH [[.B. O6mwuii kypc ¢usuku. T. 5. M., Hayka, 1976.

3. 3aranbHa ¢izuka. Jlabopatopuuit npaktukym / Ilin penakuiero L.I'. Topbauyka.
K., Buma mxkouna, 1992.



JlabopaTopHa podora Ned

BuBueHHss MOHOXpoMaTopa Y M-2

BuBuuTH Oyn0BY Ta npu3HaueHHS MOHOXpoMarTopa YM-2 1
IIPOTPALYIOBATH UOTO.

IIpunaam i maTepiaau: Monoxpomarop YM-2, HeOHOBa jamia, OJIOK KUBJIEHHS
EIIC-111.

MeTta:

Teoperuuni BizoMmocTi

1.IIpusnauenns

VYHiBepcanibHull MOHOXpOMaTop ¥YM-2 ckiiagaeTbes 3 MOHOXpoMaTopa, Habo-
pY KIOBET 3 TpUMavyaMH 1 KOHAEHCOpaMH Ta (POTOEIEKTPUYHOTO MPUCTPOIO.

MounoxpomaTtop YM-2 npuszHaueHHU 715 pI3HUX CHEKTPATIbHUX JTOCIHIIKEHb 1
PO3B'SI3KY pSAYy aHANITUYHUX 3a7ady. [3 3MIHHUMHU HacajkaMu MPHIJIAJ MOXE CIy-
KUTH B SIKOCTI criekTpockory. Halip kioBeT 3 TpuMmadaMu 1 KOHJEHCOpaMH IpH-
3HaYeHUH [y abcopOiiiiHoro aHamizy. OTOENEKTPUIHUM MPUCTPIN, TKUN Tpe-
cTaBJisie 00010 (POTOETEMEHT 3 TaJIbBAHOMETPOM, IPU3HAUEHUH JUJIsl BUMIPY 1HTE-
HCHUBHOCTI CIIEKTPaJIbHUX JIHIM.

MonoxpomaTtop YM-2 BuaUIs€ MOHOXPOMATUYHI AUISHKH CHEKTPY B BHUJU-
Miii 1 6JM3BKil 1H(pauepBoHIK o0acTax B aiama3zoHi xBuiib Big 3800 1o 10000 A.

2. Onmuyna cxema i npunyun 0ii npunady

~_

—

13

2 — 3aXHCHE CKJIO KOXKYyXa JIAMIIH;
4 — J1H3a;
6 — BXIJIHA IIIJINHA;

1 — mKeperno cBiTia;
3 — KOHJIEHCOp;
5 — npu3Ma NOopiBHIHHS;

7 — 00'eKTUB KOJIMATOPA;
9 — o0'exTUB 30pOBOI TPYOH;
11 — 3axucHe CKIo;
13 — okyumsip 10%;

8 — nucnepryroya npusma;

10 — BuXiHA IIIJIMHA;

12 — okyssip 5%

14 — nokaxxuuk B pokanpHiN
TUTOITMHI 30POBO1 TPYOH.



CBiTJI0 yepe3 BX1IHY IIUIMHY Maja€e Ha 00'€KTUB KoJiMaTtopa 1 mapajielbHUM
MyYKOM TPOXOAUTH auctepryiody mnpusmy. [lig kyrom 90° mo mamarodoro mydka
CBITJIa PO3MIIIY€ETHCS BUX1JITHA TPyOa MOHOXpOMATOPA.

[ToBepTatoun TpPU3MOBHIA CTOJIMK Ha Pi3HI KYTH BiTHOCHO TaJar0vuoro Mmydka
CBITJIa, OTPUMYIOTh B BUXIJHIM IIIJIMHI CBITJIO PI13HOI JOBXKUHM XBUJI1, SIKE MPO-
XOAUTh Yepe3 MPU3My B MIHIMYMI BIIXUJICHHS.

3- Koncmpykuisn
Jlo cknany mpuiaay BXOASTH CIITYyI0Ul OCHOBHI YaCTHHH:

1. BxinHa miinnHa 3 MiKpOMETPUYHUM TBUHTOM, SIKUW JTO3BOJISIE BiIKpUBa-
TH UIIJMHY Ha NOTPiOHY mMpHHY. 3BUYaiiHa poOouYa IMIMpPUHA IIUIMHHU PiBHA
0,02-0,03 mm.

2. KoniMatopHuii 00'€éKTUB 3 MIKPOMETPUYHUM T'BUHTOM. ['BHHT J03BOJISIE
3MiIIyBaTH 00'€KTHB BIJHOCHO IIIJIUHYU MPU (POKYCYBAHHI CHEKTPAIbHUX JIi-
HIHM PI3HUX KOJIbOPIB.

3. CxiagHa crekTpajibHa MpU3Ma, sika BCTAHOBJIEHA HA MOBOPOTHOMY CTOJIUKY.
[Ipu3ma ckiamaeTbes 3 TPhOX CKiIeeHUX mpusm Py, P,, 1 P;. Ilepun aBi npusmu
Py1 P, 3 kyramu 3astomnienHst 30° BUTOTOBJIEH] 3 BXKKOTO (IIIHTY, KU BOJIOIIE BEJIH-
Koo jaucniepciero. [Ipomixkaa npusma P; 3poGnena 3 kpony. [IpomeHi Bi1OMBarOTHCS
BiJl i TMOTEHY3HO1 I'paHi 1 MOBEPTaOThCA HAa KyT 90°. 3aBasku 1IbOMY AUCIIEpCii
npusm P, 1 P, nomarotecs.

4. TloBOpOTHUH CTOIUK 00€PTAETHCSA HABKOJIO BEPTHUKAIBHOI OC1 3@ IOMOMOTOI0
MIKpOMETPUYHOTO TBUHTA 3 BiApaxyHKOBUM Oapabanom. Ha OGapa®an HaHeceHa
TBUHTOBA JIOPIKKA 3 TPATyCHUMH MOUIKaMU. B310BX JOPIKKH KOB3a€ MOKAKINK
noBopoty Oapabany. [Ipu oOepranni 6apabaHy mpu3Ma MOBEPTAETHCS 1 B IEHTPI
NOJIS 30PY 3'SABISIOTHCA Pi3HI AUISTHKH CIIEKTPY.

5. 3opoBa rpy0a, sika ckiIaaaeTbes 3 00'ekTrBa 1 oKyssipa. O0'eKTUB Aae 300pa-
YKEHHSI BXI1JTHOT IIUIMHUA B CBOIM (pOKaNbHIN TUIONTMHI. 300paskKeHHST PO3TJIsIa€ThCs
yepes3 OKyJsip.

6. MacuBHMI KopHnyc, SIKUW 3axXHIlae Mpuiaj BiJ MOIIKOIXEHb 1 3a0py/-
HEHb.

7. OnTuyHa jaBa, Ha SAKii MOXKYTb IIEPEMILTYBATUCh PEUTEPH 3 [HKEPEIIOM CBITIA
1 KOHJIEHCOPOM, II0 CITY>KUTh JIJIsl KOHIIGHTpAIIil CBITJIa Ha BXiHIN mutuH1. [[xeperno
CBITJIa PEKOMEH/IYIOTh pO3MillyBaT Ha BijcTaHi 40-50 cM BiA IIIIMHU, @ KOHACHCOP
— Ha Bijcrani 13-15 cm Big mkepena.

Xix pooorTu

1. O3HaAOMHUTHCH 3 KOHCTPYKITIE€I0 MOHOXpOMaTopa Y M-2.
2. IIporpagyroBaT MOHOXpPOMATOP IO HEOHOBIM Jammi. [[ist nboro
HEOOX1IHO;
a) TIOCTaBUTHU HA ONITUYHY JIaBY KOHJCHCOPHY JIH3Y 1 HEOHOBY JIaMITY;
0) moBopoToM O6apabaHa BUCTABUTH MIKMPUHY BX11HOI minHuU 0,12 mm;
B) BBIMKHYTH HEOHOBY JlaMITy B ciTKy 220 B;
T') BUCYBAIOUH OKYJISIP 30pOBOi TPYOH MOHOXpOMATOpa JIOMOITHCS YITKOTO
(sICKpaBOTO0) 300paXKEHHS CIIEKTPAIBHUX JIIHIH;



J) CIOCTEpIrarodyu B OKYJISIP1 CIIEKTP BUIIPOMIHIOBAaHHS HEOHY, BUCTABUTHU
MOBOPOTOM OapabaHa TOBKHH XBUJIb KOXKHY CIIEKTPAJIbHY JI1HIIO
HaBIIPOTH BI3UPa B OKYJISIPI MOHOXpOMATOpPa 1 MPOBECTH BIJUJIIK X PO3MIIIEHb
no mkaji 6apabaHHa JOBXKUH XBUJIb;

€) moOyayBaTu KpUBY TpaayroBaHHsA. JJIs 1bOTO MOTPIOHO MO OCI OpAMHAT
BIJIKJIACTH JIOBKMHHU XBUJIb CIIEKTpa HEOHY, a M0 OC1 a0CIMC — MOJIUIKHU IIKaau 0a-
pabaHa TOBXKWH XBUJIL MOHOXPOMATOPA.

KoHTpoJbHI 3aiMTAHHA

1. Inst woro npuzHayeHUt MOHOXpomaTop YM-27?

2. B gxux obmactax MoHoxpoMaTop ¥YM-2 BUILIsIE MOHOXPOMATHUYHI
JTUISTHKUA CIIEKTPY?

3. OnTuyHa cxema npuiany.

4. llpuHuun nii npuiany.

5. OCHOBHI YaCTUHHU NpUTIATY.

Jlitepatypa

1. bensiit M.U., Oxpumenko b.A. Artomuas ¢usuka. K., Beicmias mxko:na,
1984.

2. KoptueB A.B., Pyones F0.B., Kynenko A.M. Ilpaktukym no ¢pusuxe. M.,
Bricmras mkoma, 1965.

3. JlaGoparopusie 3anstus no ¢usuke / [loxg pea. ['onpauna. M.,
Hayxka, 1983.

4. Tactpykuis 3 ekcrutyaTamii npunaagy Y M-2.



JlabopaTopHa podora Ne5

BuBYeHHS CIEKTPY BOJAHIO,
BU3HAa4YeHHA cTajol Pindepra i crauaoi Iliianka

Merta: BuBuMTH CHEeKTp BOJHIO 1 32 OTPUMAHUMHU JAaHUMH BU3HAYUTHU CTaJy
Pin6epra i1 cramy [lnanka.

Ipunaam i maTepiaau: moHoxpomarop YM-2, npunag CIIEKTP-1 3 ciektpanb-
HUMH TPYOKaMH BOIHIO 1 FeIio.

Teopernuni BizomocTi

Ha ocHOBI ekcrnepuMeHTalIbHUX pe3yibTaTiB PO3CIIOBAHHS 0-YaCTHMHOK Ha
MmeTaniyHil Qoab3i Pesepdopaom Oyma 3ampomnoHoBaHa siAEpHA MOJENb aTOMA.
3rigHo 3 Ii€I0 MOJEIUII0 B SIApI aToMa 30CEpeIKeHUN yBECh HOT0 MO3UTHBHUMN
3apsix i Maibke Best Maca atoma. Hakono sgpa B obGmacti 3 posmipamu 1070 m
PYXaIOThCS €IEKTPOHHU.

[Ipote 3acTocyBaHHS KIAaCHUYHOI €JIEKTPOAMHAMIKH 10 SIAEPHOI MOJIE aToMa
MPUBEJIO JI0 MOBHOI CYNEPEYHOCTI 3 JOCHITHUMU (haKTaMu.

3T1IHO 3 KJIACUYHOIO TEOP1€I0 MOBUHHI MaTH MICIIE:

a)HemepepBHAa BTpaTa €HEPrii eJIEKTPOHAMU, 110 00EPTAIOThCS, Y BUTIISIII BU-
MIPOMIHIOBAHHS €JICKTPOMArHiTHUX XBUJIb 1 HECTIHKICTh aTOMa;

0)icHyBaHHS TUIbKH CYIIUIBHOTO CIIEKTPY BUIIPOMIHIOBAHHS;, BIICYTHICTb
CHIEKTPaTbHUX JIHIHN.

HacmpaBai atom € CTifiKOIO CHCTEMOIO 1 BUIPOMIHIOE €HEPril0 TUIbKH 3a
NEBHUX YMOB; BUIPOMIHIOE JiHIHUACTHIl crekTp; 3rigHo 3 3akoHOM Kipxroda
CHEKTPH MOTIUHAHHS ra3y TaKOK MAIOTh JIHIHYACTY CTPYKTYDY.

Jlochipkyroun CHeKTp BOJHIO, MIBEHIIApChKUN BuuTenb ¢i3uku bambmep y
1885 p. BcTaHOBMB, IO JOBXKWHU XBWJIb BIJJOMHUX Ha TOW Yac JEB'STU JiHIN
CIIEKTpa BOJHIO

A=k 74
e AM=3646,13 A;n=3,4,5,..., 11 — 1 umncaa.
o ¢popmyity 3anucyroTh y BUTIISAAI cepianbHOi popmynu bamemepa

L_,H 1§

== R %2 — nZE
Jie V — XBWJIbOBE uKcio; v = 1/A; R — crtana PinGepra.

Y 1908 p. PiTir BCTaHOBUB, 110 YaCTOTHU CHEKTPAIbHUX JIIHIA BUIIPOMIHIO-
BaHHS OYyJIb-SIKOT'0 aTOMa MOXKYTb OyTH 300pa)KeH1 y BUTJISII PI3HMIN JBOX TEPMIB.
Cknagaroud pizHI KOMOiHAIllT TepMIB, MOYKHA 3HANTH Pi3HI MOXKJIMBI YaCTOTH CIIe-
KTpaJIbHUX JIIHIM [[bOTO aToMa.

Taxk, nyist BoHIO OyJiM pO3paxoBaHi, a TAKOK €KCIIEPUMEHTAITLHO BUSBIICHI:

a) y manekii ynprpadioneToBiii 06JacTi CeKTpy cepis JIiHIH, 10 JicTaia Ha-
3By cepii JlaiimaHa, XBHJIbOBI YKCIA SIKAX 33]JOBOJIbHSIOTH CITIBBIJHOIIIEHHIO

~

1



o pBL 1

vV = EIZ - 2

0) B iH(ppauepBOHiN 001aCTI CIIEKTPY BOJHIO OyJia BUsBIEHA Ccepis
miHin ITamrena, mo 3a0BIIBHSIOTH CITIBBIITHOIIIEHHIO

. / B 1H B
=R %2 ;ZE ne n=4,5,6, ...

B) B JajeKii iH(padepBoHiit obmacti — cepis bpekera

E ne n=2,34, ...

[
V =R E?__ZE e n=5,6,7, ...
cepis [lpynaa:
_ Bl _IB
=R %2 ;ZE ne n=6,7,8, ...
cepist Xempi:

ne n=7,8.,9, ...

A

VYci cepianbHi GOPMYNIHM CHEKTPY BOJHIO MOXYTh OyTH BHUPa)KEH1 €IUHOIO

dbopmyiioro;
V =R Erlz — ;]ZE (1)

ne k 1 n — i yucna (A KoxxHoi cepii k — mocTiitHe, a n — Ha0yBae 3HaYEHHS
k+1, k+2, ...).

[lepma crpoba moOyayBaTH HEKJIACHUYHY Teopito aroma Oyia 3pobneHa bo-
pom y 1913 p. 1 Biairpana BaxJIUBY poJib Y PO3BUTKY Cy4yacHOI (pi3UKH.

B ocHoBI 111€1 Teopii nexana ifes 3B'sS3aT B €IMHE IUJIE: eMITIPUYIHI 3aKOHO-
MIPHOCTI JIIHIMYACTUX CIIEKTPIB, sepHY Mojielb atoMa Pesepdopaa it kBaHTOBUM
XapakTep BUIIPOMIHIOBAHHS 1 MOTJIMHAHHS CBITJIA, IO MiATBEPAKYBAIUCH YHCIICH-
HUMH CKCIIEPUMEHTATBbHIUMH PE3yIbTaTaMH.

[IpoTe nyst mocsirHeHHs 1€l MeTu bopy oBenocs KJIaCUYHUM OMUC JIOTTOBHHU-
T JeSIKUMU oOMexxeHHsSMU. LI oOMexxeHHs Oynu cpopMybOBaHi y BUIJISAJI T1O-
CTyJaTiB, (I3UYHUHN 3MICT SIKUX CYNEPEUHB KJIACUUYHOMY PYXy €leKTpoHiB. OgHak
TaKAW HETOCTIIOBHUN NUISIX TPUBIB 0 MPABHJIBHUX PE3YJbTaTiB y TOSCHEHHI
CHEKTPaJIbHUX 3aKOHOMIPHOCTEH aToMa BOJHIO, OCKIJILKH y OOPIBCBHKiM Teopii Oy-
JIV TIPaBIJIBHO 3a3HAYCHI JIESIKI BIIACTUBOCTI aTOMHHUX CHCTEM.

[{i mpaBuibHI pe3yiabTaTH OTPUMaHI B KBAHTOBIA MEXaHII 3 OUIbII TOYHUX 1
3arajbHUX MOJIOKEHb, III0 HE BUMArarTh MOCTYIIATIB.

Teopiro bopa MokHa 3aCTOCOBYBaTH 1 10 BOJAHEMOIIOHUX CUCTEM, SIKI CKa-
NAI0ThCA 3 AApa 3 3apanoM +Ze i ogHoro enextpona (He', Li™).

Hepwuii nocmynam bopa: 1CHYIOTh JIeSK1 CTalllOHapHI CTaHU aToMa, repedy-
BalOYM B AKUX BIH HE MOTJIMHAE 1 HE BUMIPOMIHIOE €HEPrii.




Hpyeuii nocmyram bopa: B cTamioHapHOMY CTaHi aromMa €JIeKTPOH, pyXaro-
YUCh MO KPYroBik OopOiTi, HOBUHEH MAaTH KBAHTOBaHE 3HAYECHHS MOMEHTY IMITYJIb-
Cy, 110 33JI0BUIHHSIE YMOBI

L,=mv,r, =nh

Je m, v, T — maca, IBUIKICTH 1 pajiyc opOitu enektpoHa. h — crana [lnan-
Ka, n=1, 2, 3,...

Tpemiti_nocmyram bopa: npu mepexoii aromMa 3 OIHOTO CTaIliOHAPHOTO
CTaHy B IHIIMHA BUIPOMIHIOETHCS a00 TOTJMHAETHCS  KBAHT  €HEPrii.
BunpomiHioBaHHs Bi10YBa€ThCS MPHU MEPEXOl B CTAH 3 MEHIIOK eHepriero (mpu
nepexojii eJIeKTpoHa 3 oOpOITH OUIbII BiAJAJICHOI BiA sapa Ha oOpOITy, IO
3HAXOJIUTHCS Onrk4e A0 siapa.) [lornmuHanHs eHeprii 3B's3aHe 3 EPEeX0I0M aToMa
B CTaH 3 OLIBIIOI0 €Heprieto (IEpexoa0M eIEKTPOHA Ha OB BiAganeHy opoiTy.)

Axmo W, 1 Wy — eHeprii aToMa B IBOX CTaIllOHAPHUX CTaHaX, TO

Wn - Wk =ho (2)

[Ipu W, > W, BinOyBaeThCsi BUITPOMIHIOBAHHS KBaHTa eHeprii ho, mpu W, <
Wy — morivHaHHS KBaHTA.

Ha ocnogi noctynariB bopa BuBenemo cepianbny Gopmyny (1). bop BBaxkas,
IO PyX €JEeKTPOHa B aToMi BiAOYBA€ThCs MO KPYroBid opOiTI pajaiyca r mif Ji€ro
KYJIOHIBCBHKOI CHJIM MPUTSTaHHS €JIEKTPOHA JI0 Apa, sIKa 3pIBHOBAXKYETHCS JTOICH-
TPOBOIO CHJIOIO, TOMY

mv:  Ze’
ro 47!?801’2 (3)
JIOMHOKHMBIIH CITiBBIAHONICHHS HA I, OTPUMA€EM
5 Ze’
mvr= Kso (4)
3rigHo 3 ApyruM noctyiarom bopa.
mv,r, =nh (5)
Po3B’s3aBmm piBHSHHS (4) 1 (5) BIZTHOCHO T, MAaEMO
2 47[801;12
L=n "2 (6)
ne n=1, 2, 3,... — HOMep OpOITH MO KM pyXaeThCs €IEeKTPOH; I — ii pajaiyc.
Jns Bogaio Z =1, Toai g n=1
47’[80h2

=" 2 = 052810 0y,

10 € PalyCcoOM IepIoi OOPIBCHKOT OpOITH €IEKTPOHA B aTOMI BOAHIO. 3 popmMynn
(6) BUIUIMBaE, IO PajalyCH J03BOJEHHUX OPOIT 3pOCTalOTh MPOIMOPILINHO KBaapaTy
[IJINX YHCEIL.



Eneprisi enexkTpoHa B BOJHENOMIOHIA CHCTEMI JOPIBHIOE CyMi HOTO Ki-
HETHUYHOI 1 MOTEHIIAIbHOT €HEPT1H B €JIEKTPUYHOMY TOJII SI/IPa;

2 2
mv Ze

- 2
2 47[8()1'

. .o 2 .
[TincraBuBIIM B OcTaHHIN BUpa3 mv™ 3 (3) i1 3 (6), ogepKUMO BUpa3 eHeprii
eJIEKTPOHA B aTOMI Ha N-i opOiTi;

W=W.+W,=

W= Z'me* 1
= 306 0 (7)

YV KBaHTOBIM MeXaHiIll BBAXalOTh N HOMEPOM JI03BOJICHOTO €HEPreTUYHOTO Pi-
BHS JUIA €EKTPOHA. MOro HA3MBAIOTH TOJOBHHM KBAHTOBHMM UHCIIOM. I ONOBHE
KBAaHTOBE YHCJIO JO3BOJIsIE OOUUCIUTH €HEPIi0 CTallloHapHOTo cTany. [lincTaBuBim
y Bupa3 (2) 3HaueHHs eHeprii 3 popmyinu (7), orpumaemo cepianbHy Gopmyiy (1)
B Z'me' 1 Z'me' 1
ho = Wa = Wi =352 202 102 T 30026, 202 K

abo
___me HL  1H
0= Sara L i ®)
Taxk, nyst BomHIO Z=1 1, igcTaBuBIHA y (8)
R = rne4
- 32n €o h

0JICP’)KUMO BUPA3, IKUH MOBHICTIO 30iraeThes 3 popmysoro (1).

VYei cepii niHIA BUNPOMIHIOBaHHS 3pYy4YHO 300pakaTh Ha jgiarpami eHep-
TeTUYHUX PIBHIB CTPUIKAMH, IO 3B'SI3yIOTh PIBHI, MDK SKHMH BIJOYyBalOThCS
nepexou enekTpoHiB (puc. 1). I3 BCbOro CreKTpy BUIPOMIHIOBAHHS aTOMa BOJIHIO
MOXHa CIIOCTepIraTd TUIbKK YacTUHY JiHIA cepii bambmepa y BuauMiii o0acTi
CHEKTPY.

I3 cepianpHOi popmynu (8) MoxHa oOuucuTu crany [lnanka

B m_e“zzﬁl_ 1A

T 32msr 0 C K n'H
BHUpaXXalOYu YaCTOTY Yepe3 JOBKHUHY XBHJI1
_ 2mc
A
OTpUMAEMO poOouy GopMyITy JUTsl pO3paxyHKy h:
i}
3/ me'A H 1H
h= 641g,C Siz " n’d ©)
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Puc. 1. cxema enepeemuunux pienie amoma 600110

3rizHo 3 Teopiero bopa eHepreTnyHMl CTaH, 10 BiIMOBIIa€ TOJOBHOMY KBaH-
TOBOMY 4YHCITy N=I1, Ha3WBAEThCSI OCHOBHUM (HOpPMAaJbHUM ab0 HE30YyKEHHM)
CcTaHOM. Yc¢i cTaHu 3 n>1 30y/KeHi.

[Tepexin aToMiB razy 3 OCHOBHOTO CTaHy B 30y/)KEHHUM JIETKO 3IMCHUTH 3a
JIOTIOMOTOI0 €JIEKTPUYHOTO PO3psAy B po3pimkeHomy rasi. [lepexia aTomis 13 30y-
JDKEHOTO CTaHy B OCHOBHHUH TPOXOAWTH CIIOHTAHHO 3 BUIIPOMIHIOBAHHSM JIiHIH
yCiX cepii.

Xig pooorTu

1. IlepeBipuTu rpaayroBaHHsI MOHOXPOMETpA, BUKOHAHE B JIAOOPATOPHIN po-
0011 Nel.

2. IlocraButu Ha ontuuny naBy npuian CIIEKTP-1, BcTaHOBUTH B HBOTO
BOJITHEBY TPYOKY.

3. BimkuyTtu npunan CIIEKTP-1 B citky 220 B 1 qomMortucs sckpaBoro 30-
OpakeHHs CIIEKTPaTbHUX JIIHIH BOHIO.

4. JIMBIAYUCH B OKYJIIP MOHOXPOMAaTOpa, BCTAHOBUTHU MOBOPOTOM OapabaHa
JOBKUH XBUJIb KOXHY CIEKTpPaJbHY JIHII0O BUIPOMIHIOBAHHSA BOJHIO HAmNpOTH



BI3UPs B OKYJISIpPI MOHOXpOMATOpa 1 MPOBECTH BIIIK TXHIX PO3MIIIEHb 3a IIKAJIOI0
OapabaHa TOBXHH XBUJIb.

5. Kopuctyrodnch KpUBOIO TpaaylOBaHHS MOHOXPOMAaTOpa, BUSHAYUTH JIOB-
KUHU XBUJIb KOXKHOI JIHII.

6. O3HaOMUTHCH 3 JIHIMYACTUM CIIEKTPOM TeIito.

7. BukopuctoByroun ¢hopmyiy (8), 17t KOKHOTO 3HAUYEHHS Ay, Ag, Ayy Ag
CIIeKTpa BOJIHIO BU3HAUUTHU cTairy PinOepra 1 3HaiiTH ii cepeiHe 3HaYCHHS,

8. Poszpaxysaru 3a ¢popmynoro (9) cramy [lnanka i o0uucnutu ii cepeaHe
3HAYCHHS,

KoHTpoabHI 3anUTAHHA

1. Yomy HenepepBHO-BUIIPOMIHIOIOUHI €IEKTPOH 33 3aKOHAMU EJIEKTPO-
JTMHAMIKU TIOBUHEH BIACTH Ha sApo? Sk o0xomuthes e B Teopii bopa?

2. TlepepaxyiiTe OCHOBHI IOCIIIH, SIKI TIATBEPHKYIOTh ICHYBaHHS B aTOMIB
CKJIAHOI CTPYKTYpH.

3. Cdopmymroiite mocrynaru bopa.

4. TlosICHITH 3MICT HETATHBHOTO 3HAYEHHS €HEPTIi eIeKTPOHA.

5. BuBenith Bupas [y 4aCTOTH 0OE€pPTaHHS €JIEKTPOHA MO KPYroBiil opOITi.
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JlabopaTopHa po6ora Ne 6
BuBYeHHS CIIEKTPIB JYKHUX METAJIIB

Merta: JlocniauTy criekTp aToMa HaTpilo y BUAUMIN 00JacTi, po3paxyBaTu €HEepreTUdHi
piBHI 1 BU3HAYUTU NPUHATICKHICTD JiHIN 10 Ti€l 4M 1HIIOT cepii
Ilpuaaam i Mmatepiaan: Monoxpomarop YM-2, HeoHOBA JiaMIia, yroBa HaTpieBa
namMmna BUCOKOTo TUCKY J[HaC-18

Teopernuni BizoMocTi

Cnexkmpu nyyxcnux memais

Enextponni oOonoHku artomiB JyxHuX wmetamB Li, Na, K, Rb, Cs, Fr wmaiothb
OJIHaKOBY OyZIOBY — Ha 30BHIIIHII OOO0JIOHIII 3HAXOIUTHCS OJJUH E€JEKTPOH B CTaHl #s.
OCHOBHHM KO0 TEPMOM € °s)),. 3aTI0BHEHI OOOJIOHKHU IyXe€ CTilKi, OCKiIbKH ix OymoBa
TaKa X, sIK 1 y aTOMiB OJIarOpOJHUX Tra3iB. 30BHINIHIN S-€JEKTPOH, Ha3BaHUU OINTHY-
HUM a00 BaJICHTHHM, BHM3HA4a€ SK ONTHUYHI, TaK 1 XIMIYHI BJIACTUBOCTI IIUX CJICMEHTIB.
EdekTuBHe mose, B SIKOMY PyXa€eThCs 1€ €IEKTPOH, IIEHTPATbHOCUMETPUYHE, OCKIJIb-
KA 3alI0BHEHI OOOJIOHKM 3aBXKIM MAalOTh HYJIbOBHI MOBHMM OpOITAJbHUH MOMEHT 1
MOBHUW CIiH. SIKII0 B aToMi BOJHIO SApO TPSMO BIUIMBAE HA €IMHUMA EIEKTPOH,
TO B JY)XHUX MeTajaX Ha S-€JEKTPOH BIUIMBAE€ HE TUIBKH AP0, ajie 1 eNeKTPOHH,
10 BXOAATh B 3amoBHEHI 000J0HKH (Tabi. 1). Ix CYKYITHICTh Ha3WBAETHCS aTOMHOIO
cepreBruHor0. Ha Benmkux BiAcTaHsX €(eKTHUBHE MMOJIE CEPIEBUHU CIIBIAJIA€ 3 KyJIOHIB-
CBKUM IIOJIEM 3apsilly e, OCKUIbKH €JIEKTPOHH 3aMKHYTHX OOOJIOHOK €KPaHyIOTh I0Jie
anpa. Ha manux Bigctansx (mobmausy siapa) eKpaHyBaHHS — BIJICYTHE, 1 pOJib 3allOBHE-
HHUX OOOJIOHOK 3BOJMTHCS JI0 CTBOPEHHS AESKOTro MocTiiHoro mnoteHmiany U, Ilpo-
Te Ha OyIb-AKil BificTaHl BiJ siApa KpuBa U(r) NPOXOJIUTh HUXKYE BiJ KYJOHIBCHKO-
ro MOTEHI{aTy —e’/¥, TOMy PiBEHb 3 FOJIOBHUM KBAHTOBHMM YHCIOM 7, i OpOITAIbHIM
YUCIIOM / 3HAXOAWUTHCA HW)KYE€ BiJ] BIATIOBIIHOTO PIBHS aTOMa BOJHIO

£, =M, (1)
ne R — crana Pinbepra (dus. puc. 1)
Hasga enemenTa CumBon Z | EnextpoHHa koH}irypauis
Jliriit Li 3 1s°2s
Hatpii Na 11 15"25"2p%3s
Kauiit K 19 15725 2p°3s”3p°4s

Tabnuus 1. EnexrponHi koHbirypaiii aToMiB Ty>KHUX METaJIiB

SIK1110 MOIOKEHHS PiBHIB B aTOMI1 BOJIHIO onucyeThesi dopmyrnoro H.bopa, To s
JTYXKHUX €JIeMEHTIB crpaBeqmBa Gopmyna Punbepra-Pitia

Rhc
En == Gutgp @)

neo=o+ ’ngz . Benmmunna o < 0 1 Ha3uBaeThea momnpaBkoro Pumbepra 1 mepesuinye 3a
aOCOJIIOTHOIO BEJIMUMHOIO [, SIKy Ha3uBaloTh momnpaBkoto Pitma. s dbopmyna onep-

1



xkaHa Pumbeprom emmipuuyHuM nusixoM. BenmwunHa A = |G| HOCUTH Ha3BY «KBAaHTO-
BOTO JTe(EKTy».

E,

U(r) — eHepris B3aemoii
aTOMa JIy’)KHOTO €JIEMEHTY

U(r) — eneprist B3aemMoii
aToMa BOJIHIO 0

Puc. 1. Eneprernunuii ciekTp aroma BOJHIO 1 aTOMa JIy’)KHUX METaliB

Benuuuna A 3anexuts B opOitanbHoro yucnia /. [lpu Manux / eaexkTpoH NpoHU-
Ka€ BCEpPEIUHY CEpLIEBUHH, IO CIPUYUHAE CUIIbHE 3MIIICHHS PiBHIB. 3HAYHO claldIie
KBAaHTOBHH JC(HEKT 3aJICKHUTH BiJl TOJIOBHOTO KBAHTOBOTO YHCa 7. (0us. /[ooamox)

3aranpHa CTPYKTYypa CHEKTPIB BU3HAYAETHCS mepexogamMu s —p, p—d, d —f 1 T.A.
npu ymoBi BiiObopy A/ ==+ 1.3 mux nepexoaiB (popmMyroTbcs cepii, moaiOHI 0 crie-
KTPY BOJHIO.

l'omoBHa cepiss BuHMKAae mpu KomOiHamisXx TepmiB nS 1 n'P  JliHIl TOIOBHOI
cepii CroCTepiraloThCsl K TMPH TMOTJIWHAHHI, Tak 1 IpM BUMpoMiHIOBaHHI. [lepmri -
Hil 1€l cepii € pesoHaHcHUMU. lle o3Hawae, MO MpU ONTUUYHOMY 30Y/KEHHI aTOM
NOBEPTAIOYUCh B OCHOBHUI CTaH, BUNPOMiHIOE (DOTOH 3 TI€IO K YACTOTOK V, IO 1 IMO-
ey THH QoToH. Konu xk BigOyBaeThCcs onTUYHE 30YyJKEHHS PIBHS, 3 SIKOTO MOKJIH-
Bl Mepexoau He TUTbKM Ha OCHOBHHH PiBEHbB, ajie 1 Ha 1HII 30yKeHI PiBHI, TO TOPST
3 PE30HAHCHUMHU CIIOCTEPITra€ThCsl BUIIPOMIHIOBAHHS 3 YaCTOTaMH, MEHIIMMHU BiJ] 4acTO-
TH PE30HAHCHOT JIIHiI.

[ToTenuianu ioHi3awli 1 pE30HAHCHI MOTEHIIAIM aTOMIB JIY)KHUX METaJliB HEBEJIUKI,
nopsiaky 1,5 — 2 eB. Tomy aromu Jierko 30yIKyIOTbCSI HABITh B TIOPIBHSIHO HU3BKOTEM-
NepaTypHUX JKEperax.

OCHOBHI CHIEKTpaJibHI cepii po3TalioBaHl y BUAUMIN 1 iH(pauepBOHii 00JIacTi CIeK-
Tpy (puc. 2.).

OnTruyHui criekTp HaTpito MUPOKUi — (9085-246) HM. Y HbOMY BUIUISIOTHCS JIEKi-
JbKa Cepiii, BJKE 3raJlaHuX BUIIIE.



JloB>xuHa XBUJII A, HM
fl','l;['llf} ICI{E'D E:DD ﬁr'CEIU- ‘_‘_11?':" 4{'IJD S(IJ[J 230

t__ MmmaBBEOT CePI —I l I —h l 1|=|I. Ei
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Eneprisa dorouis Av, eB

Puc. 2. CnextpanbHi cepii aroma Na, Mexi cepii oKa3aHi ITPUXOBKOIO

["onoBHa cepist CIEKTPY MOTIIMHAHHS 1 BUTIPOMIHIOBAHHS HATPIIO PO3TalllOBaHa y BU-
IUMii 1 65vokHINA yrneTpadionerosiit nuistaii (589,6 — 246,4) HM., BUHMKA€E TIPU TIEPEXO0-
: : 2 2
JaX MK €HEpreTUYHUMU PIBHAMU 35 — np; (3 S1p—n"P,, /2) (n=3,4,5...). Tyt 3Ha-
XOJIAITHCSL 3HAMEHUTI sIcKpaBi ayOnetHi niHii Dy = 589,592 um 1 D, = 588,995 uwm, posra-

II0OBaH1 B JKOBTIM 00J1aCT1 CIEKTPY 1 € HAMSCKPABIIIMM ONTHYHUM CBITYEHHSM 1CHYBAaHHS
CIIHY €JIEKTPOHA.
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Puc. 3. Cxema piBHIB aTOMa HaTPIiIO 1 MEPEXOIU MK HUMH, 1[0 IPUBOJASATH JI0 YTBOPEHHS Cepii
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) (n=4, 5...), ai

: 2 2
Judysua cepist — npu nepexopax 3p — nd; (3 Pinsn=n Dypsp

3aliMaroTh JUISHKY criekTpy (568,8—423,9) Hwm.
: . 2 2
Pi3ka cepis 3 OKpecIeHUMH KpasMu — IpH Iiepexoiax 3p — ns, (3 Pipsn—n S, /2)
(n=4,5..)
: 2 2 _
Cepia beprmana (ocHoBHa) — npu niepexonax 3d — nf'; (3 Dspsp—nFspg /2) (n=
4, 5...) 3aitmae iHppagepBoHuit giana3oH (1846,5-894,3) um.
OxkpiM mMX cepiit € 1me 1 1HII1, JiHIT AKUX JIeXKaTh B JaleKiid iHppadepBoHiA 001acTi
CHeKTpy: 4f —ng; (4 ’F —n 2G> (n=5,6...), 5g — nh; (5 G —n ZH) (n=6,7...).
SK110 NOrIsiHYTH Ha Aiarpamy aroMa Na, To Mu T00auyuMO JIiHIT IEPEXOA1B, IO Cy-
nepeyarts npaBuiy Bigoopy A/ = =£l. Ile Tak 3BaHi «3a00pOHEH] JiHI1», IO MiIATAIOTh

npaBuity Binoopy Al = £2. Ii miuii 35 — nd ; (3 S —n 2D) n=3,4..)13p - nf;
(3 P —n 2F> (n=4,5...) nyxe ciaOxki.

JloB:XXKMHN XBWJIb
JIOBXXMHM XBWJIb JIHIN aTOMa JIyKHOTO METaly BU3HAYAIOTHCS 13 3arajibHO1 (OopMyIIH:

1 1 1
no R ((nl AT (nZ-Ak)zj (3)

(Inpexcu i, k 03Ha4YaIOTH 3aJIEKHICTh KBAHTOBOTO €(PEKTy BiJ OpOITAIBHOTO
kBaHTOBoro uwmcna [=0,1, 2,...(n—1).)

JUTsL pi3KOi cepii hopmyiia mpuitMae BUTIISIAL

1 1 1
K,s: R ((3 3 Ap)z— (n - AS)ZJ ,n=45,..., 4)
a 1 qudy3Hoi cepii -
1 1 1
mz R ((3 i Ap)z— (- Ad)zj ,h=234,... (5)

VY dopmynax R —crana PunGepra, i — crana [Inanka, m - Maca CIIOKOIO €JIEKTPOHA,
e - Woro 3apsin, n; n; - TOJOBHI KBAHTOBI YHCIA,

Onuc ycmanosexku
1.IIpusnauenns
MomnoxpomaTtop YM-2 npusHaueHHM ISl PI3HUX CTIEKTPAIBHUX JOCTIIKEHb 1 PO3-
B'S3KYy PsiIy aHATITHUHUX 3a/ad. [3 3MIHHHUMH HacaJkaMH MPHIIaJ MOXKE CIIY)KUTH SIK
cnekTpockor. HaGip ktoBeT 3 TpumadyaMmu 1 KOHACHCOpaMH IpU3HAUYeHUU ISl abcopO-
uiiHoro ananizy. ®oToenekTpuuHUN NpUCTPI, AKUH MpeAcTaBisie cO000 GOTOETEMEHT
3 raJJbBAHOMETPOM, PU3HAYCHHH /111 BUMIPY 1HTEHCUBHOCTI CTIEKTPAIBHUX JIHIH.



Monoxpomatop YM-2 Buuijiss€e MOHOXPOMATHUYHI TIJISHKH CHEKTPY B BUAMMIN 1
O6nu3bKil 1H(ppadepBOHii obsacTsx B Aiana3oHi XxBuwib Big 3800 mo 10000 A.

2. Onmuyna cxema i npunyun 0ii npuiady

CBiTiIO Yepe3 BXiJHY LIIIMHY MMajia€ Ha 00'€KTUB KOJIMATOpa 1 MapajielibHUM ITyd-
KOM IMIPOXOJIUTh JUcCTepryrouy mnpusmy. [lig kyrom 90° 10 mamarodoro mydyka CBITIa po3-
MIIIY€ThCSl BUX1HA TpyOa MOHOXpOMATOpa.

[ToBepraroun MpU3MOBHIA CTOJIMK Ha PI3HI KYTH BIIHOCHO MaJat04yoro Mmy4yka CBiTIa,
OTPUMYIOTh B BUXIJAHIM IIUIMHI CBITJIO PI13HOI JOBXKUHU XBUJIl, SIKE MPOXOJUTH YEpe3
OpU3MY B MIHIMYMI BIJIXUJICHHS.
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1 — mxeperno cBiTIa; 2 — 3aXHCHE CKJIO KOXKyXa JIaMIIH;
3 — KOHJEHCOP; 4 — niH3a;
5 — mpu3Ma MOpIBHSHHS; 6 — BXiJHA LIIJIMHA;
7 — 00'eKTHUB KOJIIMaTOpA; 8 — nmucrepryroda npu3Ma;
9 — 00'exTHB 30pOBOI TPYOH; 10 — BuXigHA TUTHHA;
11 — 3axuCHE CKIIO; 12 — okyssp 5%
13 — okyusip 10%; 14 — mokax4uK B (pOKaIbHIH

TUIONIMHI 30pOBOT TPYOH.
Hampicea namna.

JI>xepernoM JOCHIIKYBaHOTO CIIEKTPY CIYyXUTb HaTpieBa jammna JIHaC-18, mo
€ CKJISTHOIO TPYOKOIO, B fAKIM po3psi BiAOyBaeThcsd B IMapax HaTpito. Enextponw,
NPUCKOPEH1 €JICKTPUUYHUM IOJIeM PO3psAIy, MPU HENPYKHUX 3ITKHEHHSIX 3 aTOMaMH
HATPIiO MEPEealoTh IM CBOIO eHeprito. [Ipu 11boMy BHYTpIIIHS €HEPTis aTOMa 3pOCTaE
- OTO ONTUYHUU EJEKTPOH MEPEXOJIUTh 3 OCHOBHOTO CTaHy B 30ykeHHi (TOOTO Ha
Oynb-SIKUi  BUILEPO3TALIOBAHUN E€HEPreTUYHUN pIiBEHb). Y 30y KEHOMY CTaHi
aTOM 3HaXOJHUThHCS MeBHUM yac. [lOTIM ONTHUYHUN €JIEeKTPOH 3 BEPXHBOIO PIBHS
nepexoauTh abo Oe3mocepeaHhO B OCHOBHHMU CTaH (AKIIO 1€ HE 3a00pOHEHO Mpa-
BUJIaMH B1100pYy), ab0 Ha sKUii-HEOyb pO3TAlIOBAHUM HIDKUE PIBEHb, a BXKE 3
HbOTO B OCHOBHHMH cTaH. [Ipu mux mepexomax eJeKTpOHa pI3HUISL HOro eHepriu
Ha PI3HUX PIBHSIX BUMPOMIHIOBATUMETHCA Y BUTJIAAI (GOTOHIB Ti€ei abo 1HIIOI JOB-
KUHHM XBWJl. Tak BUHHMKAE €MICIHHMM JIHIMYATHNA CHEKTP HATPIIO.

HartpieBa namma momimnieHa B 3aXMCHHUM METaleBUU KOXYX 1 3a JOMOMOTOIO
TpUMaya BCTAaHOBJIOETbCS Ha ONTHYHIM J1aBi mepel  BXIAHOK  LIIJIMHOIO
YM-2. JlaMny BMHKaIOTh B KOJIO 3MIHHOTO CTPyMY 3a CTaHAApPTHOIO CXEMOIO TO-
CIIJIOBHO 13 JpOCEJIeM.



3anooixcui 3axo00u
HatpieBa nammna 3HaXOJUTHCS B METAJIECBOMY KOPITYCl 3 HEBEJIMKUM BiKOHIEM. Bi-
KOHIIE KOPITYCY JaMIIU 3aKPUTE CKIIOM, IO 3aTPUMYE yIbTpadioIeToBE BUIPOMIHIOBAH-
Hs1. 3HIMATH KOPITYC JIaMITH 1 CKJI0 3a0oponsieThes! [1in yac po6oTu HEOOX1THO CTEKUTH,
00 mpsiMe TIPOMIHHS BiJ] JpKepesia BUIIPOMIHIOBaHHS HE TOTparisiio B oui. [licns Bu-
KJIIOYEHHSI JIAaMITM TIOBTOPHE 3alaJICHHS €JIEKTPUYHOTO PO3PSly B Hill CTa€ MOXKIUBUM
TUTBKH TICIIA 11 0XOJI0KEHHS He MeHIe Hix yepe3 10 - 15 xBumuH.

3aBIaHHS

1. o mouatky po6otu B 1aboparopii 3a popmyroro (1) 1omatky, BUKOPHUCTOBYIO-
yy Jadl Tadiauii 1 po3paxyBaTH B €JIEKTPOH-BOJIbTaX eHeprii piBHIB3n =3,4,5,6,7 1
[=0,1,2,3. B MacmTadi 300pa3uTi CXemy piBHIB.

2. Ha cxeMi piBHIB 300pa3uTu TEPEXOAH, 110 BIAMOBIIAIOTH TOJIOBHIH, PI3Kii, THU-
¢y3HIi 1 OCHOBHIN CepisiM.

3. 3a popmymoro (3) po3paxyBaTH TOBKHHH XBUJIb, 1[0 BIAMOBIJAIOTH BUIIE BKa3a-
HUM CEpIsM 1 3aITUCATH 1X TOPSJ 3 IEPEX0JaMHU.

Xix podotu

1. BcraHOBUTH Ha ONITUYHY JIaBY HEOHOBY JIaMITy, MiKIFOUUTH i1 1 OJIepKaTH CIIEKTP
Ne. BU3HaunTH KyTOBE MOJIOKEHHS ’KOBTO1 CIIEKTPaIbHOI JiHIi Ne 1 3BIpUTH i MOJI0-
YKEHHS 3 KPUBOIO TPalyIOBaHHS. (npu nompebi 8i0kopucysamu nojoxceHus bapabaua)

2. I[TocTaBuTH Ha ONITUYHY JIaBY HATPIEBY JIAMITY, TIIKJIFOUUTH 11 1 OIep>KaTU CIIEKTP
Na. BuzHauutu KyTOBE MOJIOKEHHS CIEKTPaTbHUX JIiHINA Na.

4. 3a 10nOMOror0 KpUBOi IpaJytOBaHHS BU3HAUYUTH JOBXKUHU XBWJIb JIiHINA. Cxema-
TUYHO 300pa3UTH CHEKTP 1 MPOCTABUTH MOPS TOBKUHUA XBUJITb.

5. 300pa3utu Ha cxeMi PiBHIB IEPEXOH, 110 BIAMOBIIAIOTH CIIOCTEPEKYBAHUM (BHU-

JTUMHM) JIHISIM CIIEKTpY atoma Na.
he

7. O0uuCIUTU AJIs CIOCTEPEKYBAHUX JiHIA Na eHeprii GoToHIB ¢ BeB e=hy = i

JUIS 1THOTO 3PYYHO BUKOpUCTATH Gopmyny e(eB) - A(wm) = 1241 1 3aHecTH B TaOI.

No KOJIip KYT (0 BiJTH.OJ. A, HM €, eB cepist nepexis

YCPBOHO-OpPAHIKCBA

YKOBTa (SICKpaBa)

KOBTO-3CJICHA

3CJICHA

3eJeHO0-rony0a

CHHBO-TONTy0a

N[N N |[BR|W|N|—

CHHBO-TONTy0a

8. IlopiBHATH eKCTIEpUMEHTAJIbHI 1 00UHCIICHI 3HAUCHHS.
3poOUTH BUCHOBOK.



KoHTpoabHi 3aniuTaHHA

1. ByznoBa enekTpoHHUX 000JIOHOK aTOMIB JIy>)KHUX MeTalliB. Bunucaru 3arnoBHeH-
Hs1 000JI0HOK Na

2. OcoOauBOCTI CIIEKTPY aTOMIB JY’KHUX METAJIB.

4. BumnucaTy CIIEKTPOCKOITIYHI MO3HAYEHHS OCHOBHUX CTaHiB aTroMiB K, Rb, Cs

5. KoxeH psok Tabnuii MeHzeneeBa NOYNHAETHCS 3 JIYKHOTO €JIeMEHTY 1 3aKiH-
yyeTbCsl IHepTHUM ra3oM. [lpu ipomMy MoTEeHIIan 10Hi3alii Ha MeXl Nepexoay pi3Ko
3miHoeThes ( Ne — 21,5 eB, Na— 5,1 eB). Jlatu mosicHeHHSI.

6. SIki cTaHM aTOMIB JTy>)KHHUX €JIEMEHTIB MalOTh BOJHEBONOAIOHYIO CTPYKTYpY pi-
BHIB?

7. BuxopucToByrouu cxeMy piBHIB eHeprii Na 1mpaBuiia BiZOOpY BKa3aTH BCl
MOXJIMBI IEPEXOAM 13 5§ CTaHy B OCHOBHMM CTaH.

8. SIki 3 mepepaxoBaHUX HUXKYE MEPEX0/IiB 3a00pOHEHI NMpaBUIaMu Bioopy?

2 2 2 2 2 2 2 2
D3/2_ P1/2’ D3/2_ S1/2’ F5/2_ P3/2’ F7/2_ D5/2

9. YumM BiZIpi3HAETHCS TOJIOBHA cepist BiJ nudy3Hoi i1 cepii beprmana 3 mormsty
CTPYKTYpH JdiHIN? (1UB. mpaBuiia BiAOOPY)

Jliteparypa

1. llInoneckuit 3.B. Atomuas ¢usuka. -M.: Hayka, 1983, t.IL

2. T'onsaun JIJI., HoBukoBa I'.J1. BBenenue B kBaHTOBYyIO0 u3uky. -M.: Hayka,
1988, rn. VL.

3. MarBeeB A.H. Atomnas ¢usuka. -M.: Beiciias mkoina, 1989.

4. CrpuranoB A. P., Ceentuukuit H. C. TaOnuupl cnexTpanbHbIX JUHUN HEUT-
pa’JbHBIX M MOHU30BaHHBIX aTOMOB. M.: Atomusznar, 1966.

5. Opunuosa I'. A., CrpuranoB A. P. Ta0nunp! ciekTpanbHbIX JUHUNA HEUTPATbHBIX
Y MOHM30BaHHBIX aTOMOB. M.: DHeproaromusaar, 1982.

6. EnpsimieBuy M. A. ATOMHasi 1 MOJIEKYJIIpHasl ClieKTpockonus: 3-e u3a., M.: Ko-
MmKuwura, 20061.

7. Nangay JI. 1., Jludpmmui E. M. KBantoBas mexanuka, M.: Hayka, 1989.



Jonarok 10 1adoparopHoi podoTu Ne 6
Eneprii craniB n/ BupaxarTbcs GpopmyIioro
4

_me I _Rhe ~ R,
Eni =212 A7~ n-AY T (- Ay T @

4 4
me

ne R = daiie R, = I;_hez— punbepr (13,6 eB) (Rhc=A = R, (Puobepz) 1R, =13,6¢B -
eHepris 10Hi3anui aToMa BOJIHIO (13 OCHOBHOT'O CTaHY)

BiaMiHHICTS Bil aroMa BOIHIO IOJSArae y ToMy, o #2 — A; BiKe He Lilie 4ucIio, SK y BUNAIKY
BOJIHIO, & BIIPi3HAETLCA BiJ BiIIOBIZHOTO T'OJIOBHOIO KBAHTOBOTO YMCIA /7 HA BEIMYUHY A,
(A > 0), AKy Ha3UBAIOTh KBAHTOBHM JAE(PEKTOM.

[
n 0 1 2 3
s p d f
3 1,373 0,883 0,013 —
4 1,358 0,867 0,011 0
5 1,353 0,862 0,011 0
6 1,341 0,862 0,011 0

Tabnuns 1.3HaueHHs] KBaHTOBOTO Ae(heKTy sl aTOMa HATPiro

Z

€JIEMEHT a ai
3 Li 1,98 2,02
11 Na 9,58 7,45
19 K 17,24 13,03
37 Rb 34,82 26,95
55 Cs 52,45 40,8
Tabauns 2. 3HaUeHHS CTANX a 1 @) IS Ty)KHUX €JICMCHTIB
4
me.e 1
R = —— 2 crana Punbepra R = 10967 758 u
S8hieyc

SIxicHe mopiBHSHHSA atoma Na 3 BogHeM B Mojieni bopa-3ommepdensaa. Yepes 3MiHy MOTeHIIaNbHOT
€HEeprii eNeKTPOHa 3MIHIOIOThCS HOTO TPaeKTopii.

3d 3p

P P

Puc. 1.2 Tpm op0itu enexTpoHa aToMa BojHIO [uisi  Puc. 2.2 fIkicHe 300pakeHHS ABOX OOPIBCHKHUX TPAEKTOPIN
n=3 ONITHYHOTO €JIEKTPOHA B TI0JIi aTOMHOI ceplieBUHU Na



JlabopaTopHa podora Ne 7
BuBYEeHHSI TOHKOI CTPYKTYPH CIIEKTPIB JY?KHUX METAJIIB

Meta: BuBunTH TOHKY CTPYKTYpa €HEPreTUYHUX PIBHIB aTOMa HATPIIO Ha MPUKJIIA/Il KOB-
TOTrO Ay0OJeTy, BU3HAUNTH €KCIIEPUMEHTAIILHO CTay BHYTPIIIIHBOTO EKPaHyBaHHS d;

Ilpuaaam i matepiaan: Monoxpomarop YM-2, HEOHOBA JlaMIia, HaTpi€Ba JaMmIia

Teopernuni BizomocTi,

Tonxka cmpykmypa cnekmpie

VY aromax Jy>)KHUX METalliB, SIK 1 B aTOMI BOJHIO, BpaxyBaHHS CIIIHYy €JEKTPOHA
MPUBOAUTH JI0 MOSBH TOHKOI CTPYKTYPH PIBHIB 1 CIIEKTPAJIbHUX JIIHIHM, TOOTO 10 iX po3-
HICTUICHHS] Ha JEKUIbKa OJM3bKO PO3TAIIOBAaHUX KOMIIOHEHT. Uepe3 CriH-OpOiTabHY
B3aeMoJii MaeMo, j=[+s, 3Bimku j= [+ ‘2. B pe3ympTaTi KOXKEH pIBEHb 3
[ # 0 po3uiertoeTbest Ha ABa (qyOnerHe posuiervieHHs). s s-pius j=/+s =1/2, 1
PO3IICTITICHHS HEMAE.

JIiH1i rOJIOBHOI 1 Pi3KO1 Cepiil pO3IIEIUIIOITHCS Ha ABAa KOMIIOHEHTH (1yonerun). Jy-
0JIeTHE PO3IIETUICHHS JIIHIM TOJIOBHOI cepii BU3HAYAETHCS TOHKOIO CTPYKTYPOIO BEPXHIX
piBHIB °Pj,3,, OCKIIBKH HIDKHIN PiBEeHb HE PO3IICILTIOEThCs (puc. 1a). PosmieruieHHs
JiHIA pi3KO1 cepii, HaBMaKH, MOBHICTIO BU3HAYAIOTHCS TOHKOIO CTPYKTYPOIO HHUKHBOTO
piBHS 32P1/2,3/2 (puc.16), ToMy Bci JiHIT pi3KOT cepii MalOTh B IIKaJl YAaCTOT YU XBUJIbO-
BUX YHCeJl OfHaKoBe AyOseTHe posueruienns. Ha puc.2 nonana cxema yTBOpeHHS J1y0-
JICTHUX JIIHIA TOJIOBHOI 1 P13KOT CEepiid.

N

-~
E,.?B 0 31/2 p-"/'z 2&/2
=_— = =
g o
2p 2g 1158 =R e
3/27 1/2 4p
;)
1/2 ol 48
-3t
' I S
3
b A
11— W a— A
:5 :P
a) 0) -5} 35
Puc. 1 Puc. 2

Jlinii nudys3Hoi 1 PyHIaMEHTanbHOI cepiii PO3LICIUIIOIOTHCS Ha TPU KOMIIOHEHTH
(Tpuruietun). BiactaHb MiXk KOMIIOHEHTaMHU 2P1/2 — 2D3/2 u 2P3/2 — 2D3/2 TPUILIETA OIpEJie-
JSIeTCS pacIICTUICHHEM HW)KHETO YPOBHS M OJTHAKOBa JUIA BCIiX JIiHIM cepii. Biactanb
MK KOMIIOHEHTaMHU 2P3/2 — 2D3/2 5 2P3/2 — 2D5/2 TOrO K TPHUIUIETY, IO BU3HAYAETHCS

1



PO3ILICTJICHHSIM BEPXHBOTO PIBHS, 3HAYHO MEHIIA O BEJIWYHMHI 1 MIBUAKO CIAJAE IS
BUIIMX WieHiB cepii. [Ipy HeBenmukii po3aiIbHIN 3JaTHOCTI CHIEKTPAIBLHOTO MPUIIALy i
KOMIIOHEHTH HE PO3AUIAIOTHCA, TOMY JiHIT 1u(]y3HOT cepii MatOTh BUTJISA POSMUTHUX OYy-
oseriB. CxeMa poO3IICIUICHUX HA TPU KOMIIOHEHTH JiHIA AUQY3HOT cepui MoKazaHa Ha
puc.3

-

=D
5/2
32
R v k4
o I
1 - v
’p
Puc.3

AHaNOT1YHUM YMHOM MO>KHA TIPOAHAI3yBaTH TOHKY CTPYKTYpY JIiHIM (pyHAaMEHTa-
JBHOT cepii.
VY3aranbHeHa CTPYKTypa pO3LIEIVICHHS p, d, / pIBHIB IIpeACTaBjIcHa Ha pucC. 4.

e j=17/2, ?*F?,
=3 T T ; 2720
j=5/2, °Fd,
; 20
-F*"Hdr T J= oy 29 D_:,__-g
I? 2 d ‘_hh“""-—-____hl_" ,' j= ?),. 2 EDEE
= Y J= 3/2, 2 "0_-1
=1 P = _:-_"”“'--L____ ‘ 1 O 7 =l; 2? EPIU__,
A
-=lfr2? ESU,--,
[=0 — L J 1/2

Puc. 4. JlybnetHe po3iIenieHHs] TEPMiB aTOMIB JIy>)KHUX METaliB
(Macmta® yMOBHMH, HacpaBai & <<A)

Came 1 aTOMIB JTy>)KHMX METaTIB BIUIMB CIIHY MPOSIBISAEThCA HaiiBupasHime. [le
BIJIOYBA€THCSA TOMY, IO PIBHI 3 PI3HUMH 3HAYEHHSMHU / MPU 33aJ]aHOMY 3HAYEHHI N 3Ha-
XOJIATHCS JAJIEKO OJUH BiJ oaHOro. Tak, y Na BifcTaHb MiX piBHSAMHU 35 1 3p CTAHOBUTH
2,1 eB.



Benmuunna ayGieTHOro po3mIeryieHHS PiBHSA (PI3HUIL €HEPTi MK MIIPIBHAMH
ji=1+%1j,=1-"%.0aH0TO 1 TOTO X PiBHA 7, [ ) TOPIBHIOE:

Rhe d*(Z—a)' 1 oR, (Z—a)’ o’R,
AEy,= 7 - : == )="3 A
I n n (1+1) nll+1) nwil(l+1)
2ne’ 1 . .
e & ==, = =737, — MOCTIHHA TOHKOI CTPYKTYpH; Ze.y=(Z — ai), a — cTana eKpaHyBaH-

HSl, a; — CTaJla BHYTPIIIHBOIO €KpaHyBaHHS, BUBHAYAE€ €HEPTiI0 CHIH-OpOITaIbHOI B3ae-
Moii,. (Oug. dooamox)

[Iupuna 1y0aeTHOroO po3IIEIUIEHHS 3MIHIOETHCS Bl €l1eMeHTa J1o einemenTa. Ha-
NPHUKIAN, 1js Li BEJIMYUHA TOHKOIO PO3IIEIIEHHS “Py, —°P;, - cTaHOBUTH A V = 0,34 cM |,

1~ 1 .
ayCs—>554,1 cM . V =3 T.3. CIGKTPOCKOIIYHE XBHIILOBE YHCJIO. JlyOneTHe po3iien-

JICHHS JIIHIN B IIKaJIl XBUJILOBUX YUCEI JOPIBHIOE

[TpakTU4yHO AJIs1 TOHKOT'O PO3IICTUICHHS 3pYYHO KOPUCTYBATHUCS (DOPMYIIOHO:

~ edg -1
Av= 5’82n3l(l+1) cm .

Benuunna posmiersieHns ayonery 3p- 3p; (3 °p =3 2P3 /2) craHoBuTh 17,0 M .
KsanToBuii nedext mis s-craniB gopiBaioe 3s —1,37; 4s — 1,36; 55 —1,35 1 .11

Onuc ycmanoexu

1.Ilpuznauenns

MomnoxpomaTtop YM-2 npusHaueHHUM ISl PI3HUX CTIEKTPATBHUX JOCTIIKEHb 1 PO3-
B'S3KY DSy aHATITHYHUX 331ad. [3 3MIHHUMH HacaJKaMH MPHIA] MOXKE CIIY)KHTH SIK
cnektpockor. HaGip kioBeT 3 Tpumadyamu 1 KOHACHCOpaMH IpU3HAUYeHUU JUIsi abcopO-
HifiHoro aHamnizy. @OTOENEKTPUYHHMN PUCTPIH, SKUI TpeacTaBisie cO00I0 POTOCIEMEHT
3 raJJbBAaHOMETPOM, NMPU3HAUYECHU 1711 BUMIPY IHTEHCUBHOCT1 CIEKTPAJIbHUX JIHIM.

Monoxpomatop YM-2 Buuijise MOHOXPOMATHUYHI TIJISHKH CHEKTPY B BUAMMIN 1
O3Bkl iH(padepBOHii 00macTax B aiana3zoHi XBuib Big 3800 mo 10000 A.

2. Onmuuna cxema i npunyun 0ii npuaady

CiTio uepe3 BXiJHY IIUIUMHY Majae Ha 00'€KTUB KoJiMaTopa i mapajieibHUM ITyd-
KOM IPOXOJUTh AucIiepryrouy npusmy. Ilin kyrom 90° 1o nmagarodoro mydka cBITIa po3-
MIIIY€EThCS BUX1HA TpyOa MOHOXpOMATOpa.
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1 — mxeperno cBiTIIa; 2 — 3axXHMCHE CKJIO KOXYyXa JIaMIIH;
3 — KOHJIICHCOD; 4 — niH3a;
5 — mpu3Ma NOpiBHSHHS, 6 — BX1JHAa IIIJIMHA;
7 — 00'eKTHUB KOJIMATOPA; 8 — nucnepryroya npus3ma;
9 — 00'exTHB 30pOBOI TPYOH; 10 — BuXi/HA IIIIMHA;
11 — 3axmCHe CKJIO; 12 — okyssp 5%
13 — okyssip 107 14 — nokaxuuk B hoKaIbHIN

TUTOIINMHI 30pOBOi TPYOH.

[ToBepraroun MpU3MOBHIA CTOJIMK HA PI3HI KYTH BIIHOCHO MaJar04yoro Imy4yka CBiTIa,
OTPUMYIOTh B BUXIJHIM IIUIMHI CBITJIO Pi3HOI JOBXKHHU XBUJII, IKE MPOXOJUTH Yepe3
NpU3MYy B MIHIMYMI1 BiJXUJICHHS.

Hampicea namna.

JlxepenoM JOCHIKYBAaHOTO CHEKTPY CIykuTh HatpieBa nammna JIHaC-18, mro
€ CKJISTHOIO TPYOKOIO, B AKIM po3psia BiAOyBaeThcsd B TMapax HaTpito. Enextponw,
IPUCKOPEHI EJIEKTPUYHUM IOJIeM PO3pPsAy, MPU HENPYKHUX 3ITKHEHHSAX 3 aTOMaMu
HATPiI0 MepeaarTh iM CBOIO eHeprito. [Ipu nboMy BHYTpIIIHS €HEPris aToMa 3pOCTae
- MO0 ONTUYHUM €JIEKTPOH MEPEXOIUTh 3 OCHOBHOTO CTaHy B 30y/keHUM (TOOTO Ha
Oynb-SKUW  BUILEPO3TALIOBAHUN EHEPreTUYHUN piBEHb). Y 30y KEHOMY CTaHi
aTOM 3HAXOJWThHCS MeBHUM 4ac. [loTiM ONTHYHUN €JIEeKTPOH 3 BEPXHBOTO PIBHS
nepexoauTh abo Oe3mocepelHbO B OCHOBHUU CTaH (SKIIO 1€ HE 3a00pOHEHO Mpa-
BWJIaMU B1100py), a00 Ha skuii-HeOyJb pO3TAllOBAaHUN HUXKYE PIBEHb, a BXKE 3
HBOIO B OCHOBHMU cTaH. [Ipu 1uX mepexojax eIeKTpoHa PI3HULS HOTO eHeprii
Ha PI3HUX PIBHSIX BUMPOMIHIOBATUMETHCA Y BUTJIAAI (OTOHIB Ti€el abo 1HIIOI JOB-
KUHU XBWII. Tak BUHHMKA€ eMICIHHMM JIHIHYATUHA CHEKTP HATPIIO.

HatpieBa namma momimieHa B 3aXHMCHHUM METAJIEBUUA KOXKYX 1 3a JIOMOMOTOIO
TpMMada BCTAHOBJIOETHCS HA ONTHYHIA JIaBl Tepel BXIJHOW  HILJIMHOIO
YM-2. JlaMny BMHKaIOTh B KOJIO 3MIHHOTO CTPyMY 3a CTaHAApPTHOIO CXEMOIO MO-
CIIJJOBHO 13 JpOCEIieM.

3anobixycui 3ax00u

HarpieBa nammna 3HaXOAUTHCS B METAJIEBOMY KOPITYCl 3 HEBEJIMKUM BIKOHIEM. Bi-
KOHIIE KOPITYCY JIAMITH 3aKPUTE CKIIOM, IO 3aTPUMY€ YIbTpadi0JeTOBE BUIIPOMIHIOBAH-
Hs. 3HIMATH KOPITYC JIaMITH 1 CKJI0 3a00poHseThes! I1in yac po6oTH HEOOX1THO CTEKHUTH,
00 mpsiMe POMIHHS BiJl JpKepesia BUIIPOMIHIOBAHHS He MOTparuisuio B oul. [licns Bu-



KJIFOYEHHSI JIAMITM TIOBTOPHE 3allaJICHHS €JIEKTPUYHOIO PO3psly B HI CTae MOXKIUBUM
TUIBKY TICHs 11 0X0JI0/KeHHs He MeHIe Hix yepe3 10 - 15 xBunuH.

3aeoanns
1.JIo moyaTky poOOTH po3paxyBaTH BEJIMUYUHY TyOJIETHOTO PO3IICIJICHHS 3p PiB-
Hs atoMa HaTpilo AE1 A V.
2. 3amucaTty MO3HaYeHHS MEePEX0/IiB s AyOJeTiB TOJIOBHOI 1 Pi3KOT Cepiid.

Xix podoTu
3. BcraHoBuTH Ha ONITUYHY JIaBY HEOHOBY JIaMITy, TIAKITFOYUTH 11 1 OFEpKATH CIIEKTP.
BusnaunTu kyToBe mosioxeHHs Takux JiHii Ne: 585,25 um; 588,19 nm; 594,48 nm.

. 4
OOuucauTH KyTOBY nucnepciro D, = _A% .

4. ITocTaBUTH Ha ONITUYHY JIaBY HATPI€BY JIaMITy, MiKIFOUUTH 1i 1 0JiepKaTh KOBTHIA
nyoner Na. Bu3sHauuTH KyTOBE MOJOKEHHS HOT0 JIHIL
5. 3a KyTOBUM IOJOKEHHSM 1 IUCTIEPCIE€I0 BUZHAYUTH JOBKUHU XBWIb AyOIeTy Na.
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3
INEPEJIMOBA

[IponoHOBaHMiT HaBYAJILHUI TOCIOHMK HAMMCAaHWUN HA OCHOBI
JIEKIIA 3araJlbHOTO Kypcy (i3UKH, KM aBTOp YWTaB KypcaHTam
1 CTyAeHTaM TMpOTATOM Oararbox pokiB y JKuUTOMHUPCBKOMY
BiliCbKOBOMY 1HCTHTYTI pamioenekrpoHiku iM. C.I1. Kopomrona.

BpaxoByroun ckimagHiCTh MaTepially 3 KBAaHTOBOi (i3MKH Ta
sanepHoi (I3MKH, TPYIHOII, IKi BUHUKAIOTh MPU MOTO BHUBYEHHI,
Oyna 3poOisieHa crpoba BUKIAJEHHS Marepialy B MaKCUMaJIbHO
JTOCTYIHINA (opMi 3 BUKOPUCTAHHSIM TOSICHIOBATBHUX MPUKIIAIB 1
pucyskiB. Kpim Toro, micns kiibKoX maparpadis, Matepian siKux
00’ €IHY€TBCS B OKpPEMY TJIaBY, HABOASATHCS TPHUKIAAN O3B’ s-
3aHHSI TUIOBHX 3a/1a4 Ta MOJAIOTHCS CTUCII BUCHOBKH 3 METOIO
BHUJIUVICHHSI OCHOBHHUX IIOHSTh, OCOOMMBOCTEH ab0 pe3yabTaTiB
aHaJ3y MOBEAIHKN MIKPOOO' €KTIB.

[Tounnatoun BUBUYEHHS KBAHTOBOi (Pi3WKH, a BIATAK sSAEPHOT
(bi3UKH, CITiJ PO3YMITH iX aKTyaJIbHICTh, POJIb 1 MICIIE B 3arajbHIN
CHUCTEM1 TEOPETHYHHMX 3HAHb 1 MPAKTUYHHX JOCSATHEHb. B KiHIII
XIX — Ha moyaTky XX CTOJITh MMOYaJIOCh IHTCHCHBHE BHUBUYEHHS
MIKpOTIPOIIECIB — SIBHIN, 10 BiAOYBAaIOTbCA B HEBEIUKHUX

IPOCTOPOBUX 06macTsx po3mipom ~107%..10" "M, To6TO DiznKH
aTOMIB, MOJIEKYJ Ta eJIEMEHTApHHX YaCTHHOK. B pe3ynbrarti
HU3KH €KCTIEPUMEHTAIBHUX 1 TEOPETUUYHUX pOOIT Oyrna 3HalaeHa
BHUKJTFOYHA CBOEPIAHICTh 3aKOHIB, IO KEPYIOTh IOBEIIHKOIO
MIKpOOO’ €KTIB, SIKi HISIK HE BKJIQJAJIUCh y PaMKU CTapux (izud-
HUX ysBJIeHb. OCHOBHUMH CTICIM(IYHUMH BJIACTUBOCTSIMHU MIKPO-
CBITY € KBAHTYBaHHMI, TOOTO IUCKPETHICTh JEAKHX (HI3UIHUX
BEJIMYMH, 10 ONMUCYIOTh CTaH MIKPOOO’ €KTIB, a TAaKOX XBHJIbO-
BHUI XapakTep iX MOBEIIHKH Yy MOEIHAHHI 3 KOPIYCKYJISPHUMHU
BiactTuBOCTAMH. HoBHit po3ain di3ukw, 1o oxepkaB Ha3By KBaH-
TOBOI MeXaHiKH, CTaB TEOPETUYHOIO OCHOBOIO CYYaCHOTO BUCHHS
npo OyIOBY 1 BIACTUBOCTI peuoBHHHM. KBaHTOBa MeXaHikKa Jae
BIJIMOBI/JIb HA 0araTo MPakKTHYHHUX MUTaHb, OB’ I3aHKUX 3 OYI0BOIO
KpUCTAJIiB, iXHIMH ONTHYHHMH, CJIEKTPUYHUMHU Ta MArHITHUMH
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BJIACTUBOCTAMH. 3aBISKM KBAHTOBIA MeXaHIli BiAOYBa€ThCS
HIBUAKUN PO3BUTOK E€JIEKTPOHIKH, Ja3epHOi TEXHIKH, Marepiajo-
3HABCTBA, SIKI € BU3HAYAIBHUMHU JUIsI TPUCKOPEHHS HAYKOBO-
TEXHIYHOTO MPOTpPECY.

Po3BuTok sizepHoi (izMKHM 1 po3yMiHHS NpOIECIB HAa PIBHI
MIKpPOYaCTHHOK TaKOX BIAOYBaJIMCh 1] BIUIMBOM TEOPETUYHHUX
JIOCSITHEHb KBAaHTOBOI MeXaHIKH. Y TO€JHaHHI 3 (QyHAaMeHTalb-
HHUMH BUCHOBKAMH CHeliaJbHOI Teopii BiiHocHOCTI Oynu 3po0-
JIeH1 3HAa4yHl TEOPEeTWYHI N MpaKTU4YHI KPOKU Y BHUKOPUCTAHHI
BHYTPIIIHBOSIIEPHOI €HEPrii, B3a€EMO/I1 10HI3yI0UO0TO BUIIPOMIHIO-
BaHHS 3 PEYOBMHOIO, CUCTEMAaTHU3allll €JIeMEHTAapHUX YacCTHHOK,
po3po01Ii €quHOT Teopii B3aeMOIi1, Mi3HAHHI 3aKOHIB Beecity.

XoueThCsl CHOMAIBATHCH, IO 1€ MOCIOHWK CTaHE y MPUTOIl
KypCaHTaM 1 CTyJIEHTaM IiJ] 4ac Hallepioro o3HailoMJIeHHS 3 He
IyXKe TPOCTUM, ajieé BAXJIUMBUM MaTepiaioM Kypcy OI3UKH, 1
JTI03BOJIUTH OUTHII paIjioHATHFHO BUKOPHUCTATH HABYAJILHUN Yac.
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Po3min 1

OCHOBU KBAHTOBOI ®I3UKH

I'maa 1. KBanTOBa Npupoaa eJIeKTPOMATHITHOI O
BHUIIPOMiHIOBAHHS

8§ 1.1. TenjioBe BUNPOMiHIOBAHHS TA HOT0 0COOJIMBOCTI

- Bei Tina BunpominooTh enekrpomaruitii xsumi (EMX). e
MOX€e 3IMCHIOBATHCH 32 PaXyHOK PI3HUX JpKepen eHeprii. Haii-
OUTBII TIOMIMPEHUM € TeNJIOBe BUNPOMiIHIOBAHHSA, TOOTO BHUIIPO-
MIHIOBaHHSI 32 PaxyHOK BHYTPIIIHBOI €HEprii TiJI, MOB’s3aHOI 3
TEIJIOBUM pPyXOM aToMiB 1 MoOJeKyl. [me Horo Ha3WBarOTh
TeMNEPATYPHUM, OCKUIBKH CEpeIHS CHEprii pPyxy YacTHHOK
mponopiiiiiHa abcomotHii Temmeparypi T, To6to <w> ~ KT. Ilpu
BunpomintoBanHi EMX temneparypa tin 7 3meHmyerbes. Tina
TaKOX MOXYTh moriauHatd EMX, 1o mnpu3BOauTh 10 TiJBH-
LICHHS TeMIIepaTypH.

JliominecueHnuiero Ha3uBarOTh BUNpoMiHIOBaHHA EMX 3a
paxyHOK Oyab-sIKHX 1HIIMX JDKEpeNl eHeprii, KpiM TerIOBOi.
Po3pi3HstOTh Taki ii BUIW: XEMUIIOMIHECIICHIIiS, EIEKTPOJIO-
MIHECIICHIIIS, KaTOIOJTFOMIHECIIEHITIsI, (hOTOFOMIHECIICHITisA, 010-
aroMiHecteHris [1].

TennoBe BUIPOMIHIOBAHHS Ma€ TaKi 0COOIMBOCTI:

1) BoHO iCHye 3a Oyap-sAKOi TeMIlepaTypH, MPUUOMY MpH il
3MEHIIIEHH] HOr0 IHTEHCHUBHICTEL CTA€ MEHIIIOIO;

2) e €IMHWI BWJ BHUIIPOMIHIOBAHHS, II0 MOKE IepeOyBaTu B
CTaHi PiBHOBATH 3 BUIPOMIHIOIOYMMH TiTaMH. SIKIO piBHO-
Bara TOPYIIYEThCS, HANMPHUKIAA, TUIO BHUIPOMIHIOE OLIBIIE
eHeprii, HDK TMOTrJMHAE, TO WOTr0 BHYTPINIHS EHEpTis
3MEHILYEThCS, TEMIIEpaTypa 3HUKYETHCS, a 1Ie B CBOIO Yepry
CIIpUYMHSE 3MEHIIEHHS BUIPOMIiHIOBaHOi eHeprii. Lleit mpo-
11eC TPUBATUME, TTOKH KUTbKICTh MTOTJIMHEHOT 1 BUIIPOMIHEHOT
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eHeprii He 3pIBHSIEThCA. SIKIO NOPYIIEHHs pIBHOBAru Biaoy-
JIETHCS B MPOTHIICKHUHN 01K, TUIO MOYHE OUThIIE BUIIPOMIHIO-
BaTH, 1 3HOBY HacTaHe piBHOBara. TeMneparypo BHIIPOMi-
HIOBaHHA I Ha3MBaIOTh TEMIIEPATYpY T1a, 3 AKUM BOHO 3Ha-
XOJIUTHCS B CTaH1 pIBHOBATH,

PIBHOBa)KHE TEIJIOBE BUIIPOMIHIOBAHHS € 0gHOpinHuUM ( 00'-
€MHA T'YyCTHHA SHeprii W = CONst), i3oTponHuM (BCi HAPSMKH
HOIIMPEHHS PIBHOMMOBIPHI) 1 HEMOJSIPU30BAHUM.

- Po3riastHeMO KUIBKICHI XapaKTEPUCTUKH BUIIPOMIHIOBAHHS 1

nornuHaHHs eHeprii EMX Ttinmamu. Po3pi3HAOTH iHTerpajbHi
(3arasnbHi MO BCiX MOBKMHAX XBWIIb | ) Ta cniekTpanbHi xapakre-
PHCTHKH.

[HTerpanpHi XapakTepUCTUKHU:
NOTIK eHeprii BUNPOMIHIOBAHHSA — 1€ KUIBKICTh €HEprii, 110
BUIIPOMIHIOETHCSL TUIOM 3 yci€i HOTO MOBEpPXHI 32 OJAMHHULIIO
yacy, To0To
CD:d—W, (Bm); (-1
dt
3arajibHa BUNIPOMIHIOBAJIbHA 3JaTHICTh (CHEpPreTUYHA CBIT-
HICTb) - 11 KUTbKICTh €HEPTil, [0 BUMPOMIHIOETHCS 3 OJUHU-
111 TOBEPXHI TIa 32 OJUHUITIO Yacy, TOOTO
_ dW _d® aBmo.
ddS  dS' &xly
3arajibHa NOTJIMHAJIbHA 3IaTHICTh — BITHOILIEHHS NOTJIMHE-
HOTO MOTOKY €Heprii 10 MOBHOT'O NOTOKY, LI0 MaJa€ Ha TUIO,
TOOTO

(1-2)

A= Lo (1-3)

D

CriekTpanbHi XapaKTepUCTHKU:

CIIEKTPaJibHA BHUIPOMIHIOBAJbHA 3IaTHICTh — KUIBKICTH

€Heprii, 10 BUIPOMIHIOETHCS 3 OJUHUII MOBEPXHI TLIAa 3a

OJIMHHULIIO Yacy B OJUHUYHOMY IHTEpBaJll JOBXKHUH XBWJIb a00
gactor (puc.l), To6TO

nao
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(= do, _drR 8&91% 0.
[ - ™
ds xdl dl ednlg
- CHEeKTpPaJibHA MOIJIMHAJILHA 3JaTHICTh — BIIHOIICHHS
MOTJIMHYTOTO MOTOKY €HEpril 10 Maarouoro B OJHOMY i TOMY

K 1HTEpBai JOBKUH XBUIb (a00 9acToT), T0OTO

d@no&?
a, T = W . (1'5)

CriexTpanbHi XapaKTEpUCTUKH [} 1 Ta @ ; B 3arajlbHOMY BHMIAJ-

(1-4)

Ky 3anexars Bin moBxuHu xBwiil (abo wacrotn W), Temrepa-
Typu T, XIMIYHOTO CKJIaay Ti1 Ta

N % CTaHy iXHbOI TOBEpXHi. 3B’ 30K

A\ MK CIIEKTPaTbHOIO i 3aralbHO0

O
22

BUITPOMIHIOBAJILHUMHU 371aTHOC-
TSAMH MOXKHa OJIepKaTH 13 CIIB-
Puc.1 BigHomreHus (1-4):
¥
R, = (‘j’(l 1) xdl . (1-6)
0

3ayBa)XMMO, 110 3arajbHa BUIIPOMIHIOBAJbHA 3JaTHICTE R, Ta-

KO 3aJIC)KUTh BI TEMIIEpATypH, XIMIYHOT IPUPOJU TUT Ta CTaHY
iXHBOT TOBEPXHI.

§ 1.2. A6comoTHo yopHe Tiso. 3akon Kipxroda

- BiamosigHo 10 03HAYEHHS CIEKTPAIbHOI MOTIMHAILHOT 3/1aT-
vocti (1-5) ms ¢isuuyHa BenWYMHA HE TEPEBHINYE OTUHMIIIO,

T00T0 @  £1. B Teopii piBHOBa)XHOIO TEIIOBOIO BHIPOMIHIO-

BaHHS BKJIMBY POJIb BiIIrpa€ MOHATTS TaK 3BAHOTO aGCOJIIOTHO
YOPHOTO TiNa. AGCONOMHO YOPHUM HABUBAEMbCSA MINO, SKe NO6-
HICTIO NO2TUHAE 8CE NAOAIOYE HA HbO2O GUNPOMIHIOBAHHS HA BCIX
008HCUHAX X6UTb 1 3a 0YOb-sakux memnepamyp. lle o3Hadae, Mo
srigo 3 (1-5) #oro morjMHaNBHA 3AAaTHICTH TOTOKHA OJIWHUIL,
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tobto 87" ° 1. CipuM Ha3HBAa€THCS TULIO, IS SKOTO IIOTIIH-

HaJIbHA 3aTHICTh OJHAKOBA I BCIX MOBXXHH XBWJIb 1 MEHIIA
omuHMLI: &1 © a; =const <1. AGCOMOTHO YOPHMX Till y HpH-

poai HeMae, 11e neBHa ¢i3uyHa aOctpakuis. Tita, BKpUTI MIapoM
caxi a0 IJIATUHOBOI YEpHI, MalTh MOTVIMHAIBHY 3/IaTHICTH
OJIM3bKY 70 OJMHHUIN TUTBKH B OOMEXKEHOMY Jiana3oHi JTOBXKWH
XBUJIb. Halikpaioto mMoaenmiaro abCOoTI0THO YOPHOTO TiIa MOXKE
CIIyT'yBaTH OTBIip Y CTIHII1 He-
[IPO30POi 3aMKHYTO1 IOPOXK-
auan (puc.2). IIpomeni, 1o
MPOHUKAIOTH Y TIOPOKHUHY,
B pe3ysbTari bararopa3oBoro
BIIOUTTS MOBHICTIO ITOTJIMHA-
F0ThCs. Mo J1esIb € TUM OJIHKYe

Puc.2 710 a0COJIFOTHO YOPHOTO TLIA,
unm Ginbme Bigpomenus nomsS,,, /S,,, - [lpuknanamu mosio-

me
HOT MOJIeJIl MOKYTh OyTH BiKHa OYAMHKIB, 31HUII O4eH, euepu i
T. 0.

MK BUIPOMIHIOBAJBHOK Ta MOINIMHAIBHOIO 3/IaTHOCTSIMHU
OyIb-sIKOTO TUTA ICHY€E 3B'SI30K. PO3riasiHEMO 3aMKHYTY MOpPOXK-
HUHY, CTIHKHU SIKOT MIATPUMYIOThCS MpPU MOCTIHHIA TemmepaTrypi
i 3 K01 BUaaneHe noBiTps. [loMicTUMO B HET KuIbKa PI3HUX 32
CBO€IO mpupooto Tin (puc.3).
B pesynbrari TemiooOMiHy
MDK TiI1aMH i 000JIOHKOIO 110-
POKHHUHHU BCSl cHUCTeMa IMpu-
WIe B CTaH TEIJIOBOI PIBHO-
Bar", BCl TUIa MAaTUMYTh OJ-
HakoBy temneparypy 1. Lle
O3Hadae, M0 KOXKHE TUIO B

Puc.3 OyIb-IKOMY Jllana3oH1 JOBXKUH
XBUJIb BUTIPOMIHIOE TaKy ) caMy €Heprito, mo i noriauHae. OTxe,
Tia 3 OUTBIIOI0 BUTIPOMIHIOBAJIBHOIO 3/AaTHICTIO TOBUHHI MaTH
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OUTBIITY TOTJIMHAJIbHY 3/IaTHICTh. 3B1ICH BUTIKAE, IO IS BCIX TLI
CUCTEMHM BITHOIICHHS BUIIPOMIHIOBAJILHUX 3IaTHOCTEH JIO TOTJIH-
HAJILHUX € OJHAKOBHUMH, TOOTO

&L, 0 ;0 _wl,Tb

S T

s oOcraBuHa QopmymoeTbess y BuUTsAnl 3akony Kipxroga
(1895 p.): sioHowennss cnekmpanbHoi BUNPOMIHIOBAILHOI 30am-
HOCMI 00 CNeKMpalbHOi NO2TUHANLHOI 30AMHOCMI He 3ANedHCUMb
8i0 npupoou mina, 6OHO € 0I5l 8CIX Ml YHIBEPCATbHOW (DYHKYIEI
0oexcunu xeuni (abo wvacmomu) i memnepamypu.

r
=i (1.T). (1-8)
T
I3 3akony Kipxroda maemo Taki HaCJIiIKH:

- OCKITBbKH I aOCOMOTHO YopHOoro Tima &'%" © 1, to 3 (1-8)

4opH

BuTikae, mo N'?* =j (I ,T), To6T0 yHiBEpCcampHa GyHKIIs
Kipxroda € He mo iHIIE, SIK CIEKTpajibHa BUIPOMIHIOBAJIbHA
3/IaTHICTHh a0COIOTHO YOPHOTO TiNa;

- OCKUIBKM IS PealbHUX TUI & ; <1, TO iX BUIIPOMIHIOBalIbHA

3/IaTHICTh € MEHIIIOI0, HDK a0COIOTHO YOPHUX T,
- ko TUIo0 He noriinHae EMX sixoichk moBxuHU | , TOOTO M4
HuX @ ; =0, To BOHO iX 1 HE BUIPOMIHIOE.

§ 1.3. 3akoHH BHMIIPOMiHIOBAHHS A0COJIOTHO YOPHOIO Tijia

Ilicns BcranoBnenHs 3akoHy Kipxroda mocrama mnepiio-
Yyepropa 3ajiaya — 3HAWTH AHAJITUYHWHA BHIJIS YHIBEpCATBHOT
¢yukuii Kipxroda | (I ,T), ToOTO 3aleXHICT CHEKTPAIBHOI
BUIPOMIHIOBJIPHOT 3/IaTHOCTI a0COJIOTHO YOPHOTO Tila BIif
JOBKUHH XBHJIi (200 9acTOTH) 1 TEMITEPATypH.

Posnogin eneprii B crekTpi aOCOTIOTHO YOpHOTO Tia OyB
OJIepXKaHU eKcTiepuMeHTaIbHO B KiHI XIX cromitts. Sk abco-
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JIOTHO YOPHE TUIO BUKOPHCTOBYBAaBCS OTBIp y TOPOXKHUHI,
CTIHKM $KOi Manmu Temneparypy 7. BumpomiHioBaHHS, IO
BUXOJIWJIO 3 OTBOPY, PO3KJIAJAIOCh Y CIIEKTP 3a JOTIOMOTOI0 AU (-
PaKI[iitHOT PEelIiTKH, a 1HTEHCHUBHICTh HOTO Ha PI3HUX IUISTHKAX
CIIEKTpa BUMIpIOBaJiack 3a Jornomoroto 6onomerpa (puc.4).I1puH-

I A
I
I -
I Crait
PEE A
o ' b
Judpaxuiiina '
penriTka J g

Puc.4
un Aaii 6osomerpa 0a3yeTbesl Ha SBUILI TEPMO-€.p.C.. AKIIO criai
JIIBOX PIBHUX METAIIB MalOTh PI3HY TeMmeparypy, TO B KOJi
BUHMKae e.p.c. E; = aXT,-T). B Goromerpi 3agopHeHa

MOBEPXHS CHAI0 HAarpiBa€TbCsl Ha PI3HMX JUISTHKAaX CHEKTpa 0
NIEBHUX 3HA4€Hb [,, a IHIIMHA CHal 3aJIMIIAETHCSA NPH HE3MIHHIN
Temneparypi T, .

-3 excriepuMeHTanbHUX rpadikis (puc.5) BuIIIUBaE, MO CIEKTP
BUIPOMIHIOBAaHHS a0COJIOTHO YOPHOTO Tila CYIUIBHUH, Mae
YITKO BUPaXEHUH MAaKCHUMyM 1 CHJIBHO 3aJIe)KUTh BiJ TeMIlepa-
Typu. [lmoma mig KOXXHOK KPHBOIO 3riHO 3 ¢opmynoro (1-6)
BIJIMOBIJIa€ 3arajbHId BUIPOMIHIOBAJIBHIA 3AaTHOCTI RT abco-
JIIOTHO YOPHOTO TLIA MPH JaHIi TeMIeparypl.

BuBueHHS eKkcrieprMEeHTaTbHUX Pe3yJabTaTiB JO3BOJIWIO BCTa-
HOBUTH [I€SK1 CITIBBIJHOILLIEHHS Y BUIPOMIHIOBaHHI aOCOIIOTHO
yopuoro Tina [1, 2]. Tak, y 1879p. [I.Credan ekcriepuMeHTaIbHO,
a B 1884 p. JI. Bonpiman TeOpeTUYHO HA MiACTaBi 3aKOHIB TEPMO-
JUHAMIKH BCTAHOBUJIM 3B’ 30K MDK 3arajilbHOIO BHIIPOMIHIOBA-
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BaBHOK 37aTHICTIO R; Ta abcomoTHOM Temmeparypor 7.

3akon Credana — boabumaHa: nosHa sunpominiogaibHa 30am-
Hicmb  abCONIOMHO YOPHO20 MINA NPONOPYIUHA Hem8epmomy
cmeneno memnepamypu, TOOTO

R =s xT*, (1-9)

Bm
——— - crana Credana-bonbimana.
K4

Mm%
VYV 1893 p. B. Bin BcTaHOBHB 3aKOHH, 110 BU3HAYAIOTH TOJIOKEHHS
MaKCUMyMYy BHUIIPOMIHIOBAJIBHOI 37aTHOCTI aOCOJIOTHO YOPHOTO
tina. 3akoH 3mimenns Bina (abo 1-i 3akon Bina): dosocuna
X6UNL, WO 8I0N0BI0AE MAKCUMYMY CREKMPATILHOI UNDOMIHIOBAIb-
HOI' 30amHocmi abCONOMHO YOPHO20 MIind, 0OepHeHO Nponop-
yitHa 1oeo abconromuill memnepamypi, TOOTO

| =2, (1-10)

ne s =5,67x0°

ne b=29%07°uxK - crana Bina.

3akoH 3MimieHHs BiHa MoO’kHa crmoctepirat, HampukiIaz, MpH
HarpiBaHHI MeTajy. TpH 30UIBIICHHI TeMIlepaTypu IOBXHHA
XBHWJIi, HA SIKY TPUTAJIa€ MAaKCUMYM BHUITPOMIHIOBAHHS, 3MEHIITY-
€ThCH, 1 CBITIHHS BiJf TEMHO-YE€PBOHOTO TIEPEXOAHUTH Y (i0JIETOBE.

oA, 7) \ dopmyna
\ Penes-/[xinca
\

Prrax (4, T)
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MaxkcuManbHe 3HAUEHHS CHEKTPaJbHOI BUIIPOMIHIOBAJIBLHOT
smatHocTi | (I ,T) BusHauae 2-ii 3akon Bina: maxcumanvue
3HAYEHHsT CNEeKMPAlbHOI BUNPOMIHIOBANLHOI 30amHOCmi abco-
JIIOMHO YOPHO20 MiNa NPONOPYItiHe N’ IMOMY CmeneHio abconom-
HOi memnepamypu, TOOTO

J w1, T)=C, XT° (1-11)
ne C, =13 x0° f—m[{s - KOHCTaHTa B I[bOMY 3aKOHI.
b7

3aKOHM BHUIPOMIHIOBAHHS aOCOIOTHO YOPHOIO TUTA BHKO-
PUCTOBYIOTBCA B 1H(padYepBOHINA JIOKallil, MpuiIagax HIYHOTO
OaueHHs, B CUCTeMaxX aBTOMATUKH, PYU BU3HAYEHH1 TEMIIEpATypH
TLT HA BIJCTaH1, IPY BUBYEHHI KOCMIYHUX 00’ €KTIB 1 T.IH.

8 1.4. “YabTpadioseroBa karacrpoda’. ®@opmyia Ilinanka

-3akonu Credana-bonpiMana 1 Bina € yacTKOBUMU 3aKOHAMHU
BUIIPOMIHIOBaHHSI aOCOJIIOTHO YOPHOTO T4, OCKUIBKM BOHHM HE
JIAI0Th 3arajbHOi KapTHMHHU PO3NOALTY €HEprii BUIPOMIHIOBAHHS
3a TOBXKMHAMU XBWJIb NPHU pi3HUX TemnepaTtypax. B kinmi XIX cr.
Oyna 3po0iieHa HU3KAa CIPOO TEOPETHYHO Ha TMIACTaBl YSBIICHb
KJIAcu4HOI (i3MKM 3HANTH 3aKOH PO3MOJUTY €HEprii B CHEeKTpl
BUIPOMIHIOBAHHS a0COJIIOTHO YOPHOTO TUIa, TOOTO OJepKaTh
aHAIITUYHUH BUIIIL yHIBepcanbHOi pyHkuii Kipxroga. Tak, Jx.
Peneii 1 k. JIXIHC, po3riisiialoud PIBHOBAXKHE TEIIOBE BUIIPO-
MIHIOBAHHSI y MOPOKHUHI SIK CYKYITHICTh CTOSIMUX XBHWJIb PI3HHX
gacToT ( @00 MOBXKHUH XBWIIb | ) 1 TOBUTbHUX Opi€HTALil TUIONMH
noJIsipu3allii, MPUIYyCTUIIH, 110!

- B TUIAX AaTOMHU-OCHUWJISTOPH HeNepepBHO BHUIIPOMIHIOIOTh
€JIEKTPOMArHiTH1 XBWJI1 PI3HUX YacToOT;

- Ha KOJKHE EJIEKTPOMAarHiTHE KOJMBAaHHS NpPUIIaJac B cepel-
Hbomy eHeprisi KT ( mo 1/2KT Ha elexkTpu4Hy i MarHitHy
ckinaaoBi EMX ), oCKiTbKH Ha KOJIMBAIBbHY CTYIIHb BUIBHOCTI
32 KJIACHUYHOI CTATUCTHKOIO NPUIANAE CEpPEelHS EHepris
KT [1, 2].
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®opmy.aa Penesi-Ixkinca (1900 p.) Mae Takuii BUTIIS:

I pome (0.T) =%>«T, (1-12)

JIe ¢ — MBHUKICTH cBiTNA, K — crana BompiMana.

®opmyna Penes-JIxiHca moOpe omucye po3MOaLT €Heprii y
JIOBFOXBHJIbOBI YaCTHHI CIIEKTpa BUIMPOMIHIOBAHHS 1 J1a€ TTOBHY
PO3ODKHICTh 3 €KCTIEPUMEHTAIBHOIO KPUBOIO B KOPOTKOXBHUIIBO-
Biii wactuHui (quB. puc.5). KpiM TOro, moBHa BHIIPOMIHIOBaJbHA
3/IaTHICTh, OOYHMCIIEHA 3a I1i€l0 (POPMYIIOI, CTa€ HECKIHYCHHOIO
BEJIMYNHOIO, TOOTO

P XC
R (T)= 274 KT xdl =¥, (1-13)
0
o cynepeuntsh 3akoHy Credana-bombivana. Taka icTtoTHa po3-
ODKHICTh TEOPETUYHUX BHUCHOBKIB KJIACHYHOI (Di3WKH H eKcre-
PUMEHTAIBHUX PE3YJAbTATIB JJIsl TEIJIOBOTO BUIPOMIHIOBAHHS
ojiepkaia Ha3By “ yjabTpadioseToBoi karacrpodu”’

- TpynHomti knacu4Hoi (i3WKM TpuU3BENU A0 HEOOXITHOCTI
Meperjsily ysBJICHb MPO MPHUPOAY €IEKTPOMArHiTHOrO BUIIPOMI-
HIOBaHHS.

[Ile 1890 p. M. Ilmank, aHani3ylouu E€KCIEPUMEHTAIbHI pe-
3yJAbTaTH, €MNIiPUYHO 3HAWIIOB NPABWIBHUN BUTISIA (DyHKITIT
Kipxroga. [lns wnporo Tpeba Oymo BBaxkaTH, IO aTOMH-
OoCIMJIATOpH BHUMPOMiHIOIOTE EMX Ha 9acToTi N 3 cepeaHnoro
EHEepTi€lo

<w >~— 1 (1-14)
n

ean/kT _ 1

3rigHo 3 1i€r0 GOPMYIIO CepelaHs €Hepris BUIPOMIHIOBAHHS
aTroma-ocuuisTopa < W, > Oyze 3MEHIIyBaTHCh K B 00JIacTi Be-

aukux vactoT N (Mamux | ), tak i B oGmacti Manux N (Bemu-
kux | ). ¥ 1900 p. M. [lnank octatoyno cHopMyIiOBaB CBOIO
TEOPII0 TEIMJIOBOTO BHUMpPOMiHIOBaHHA. OCHOBHI 11 MOJIOKEHHS
TaKi:
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- aroMHU TiIa € JIHIMHUMH TapMOHIYHMMM OCLIJISATOpaMHU 3
OyAb-IKUMU 4acTOTaMH N ;

- EHeprigs aTroMa-oCIHWIITOpa MOXKE 3MIHIOBATUCH MOPUISIMU
(kBaHTaMM), CHEPTis AKUX NPOTIOPIIifHA YacTOTi N , TOOTO

e=h:n

abo

e=hw, (1-15)

ne h=6,62X0"* /lnc % - crana I[TnaHka, W - MUKITiYHA Yac-

ToTa, h = % =1,05X0 * e xc -crana ITnanka 3 PHCOYKOIO.

B npomy nossirae kBanToBa rinore3a [lnanka.
TakuM YWMHOM, aTOM-OCUHHJIATOP MPEACTABIISETHCA K KOJIU-
BaJIbHA CUCTE€Ma 3 JUCKPETHUMH JI03BOJICHUMHU €HEPTreTHYHUMU

Puc.6

CTaHaMH, PO3TAlIOBAHWMH Ha
OJIHAKOBUX BincTaHsax € = h:n
(puc.6). Ilpu mepexomax 3 BU-
IOr0 pIiBHA HA HIDKYUH BU-
IIPOMIHIOETBCSI KBAaHT 3 €Hep-
ricro € = h:n . Toxi Ha yacToTi
N eHeprii BUIPOMIHIOBAHHS
Oyne nopiHroBatu E = nhy,
e N— KUIBKICTh KBAHTIB JaHOI
4acToTH. 3 po3noainy bombir-
MaHa WMOBIPHICTh NepedyBaH-
Hs aToMa B CTaHI1 3 €HEPri€lo
E, Bu3HauaeThcs SK

n
P :C)e-En/kT
n ’

ne C — HopMmyBanbHMN KoedinieHT. OTxe, UMOBIPHICTh P, cTaHiB

3 OUTBIIIOI0 €HEPTi€I0 3MEHIIYETHCS 3a €KCMOHEHIIAIBHUM 3aKO0-
HOM. [l cepenmnboi eHeprii ocHuiIsTOpa 3 4acTOTO N ofep-
*aHa Taka Gpopmyina [1]:

<w

n

hn

>= | (1-16)

e’k 1
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BukopucroBytoun 38’530k N =C/| mns cepenHboi eHeprii ociu-

JSATOpA Ha JIOBKHHI XBWI | , ojlepkuMo BUpa3
hc 1
<W > —x—— (1-17)
| | ehc/l KT _ 1

3amicTh BenmuuHHM KT, skuii qaBana kiacuuHa (isuka. Iligcras-
asiroun B (1-13) 3amicts KT cepennto eneprito y Bursai (1-17),
oaepxyemo 1t ¢yHkIii Kipxroda Bupas
2
0= 2 (+18)

[eit Bupa3 HazuBawTh (popmyJioro Ilianka. Bona moBHicTO Bif-
MOBIIA€ EKCMEPUMEHTATFHIM pe3yJibTaTaM ISl PIBHOBAKHOTO
TEIUIOBOTO BHMpoOMiHioBaHHS (auB. puc.5). Sk Hacmigok, 3 Hei
BuTikaloTh 3akoHW Credana-bompimana 1 Bina, a Takox
MpaBWIbHI 3HAYCHHS KOHCTAHT y NHX 3akoHax. Kpim Toro, B
00yacTi BENMKUX MOBXHWH XBWIb |, TOOTO Manmux 4actoT N
dopmyna Ilnanka (1-18) 36iraerscst 3 hopmynoro Penes-/[xinca
(1-12). [Hiiicno, womu hc/l KT <<1, ™MoXXHa CKOpHCTaTUCS
HaOIMKEHOI0 (GOPMYIIOI0

ehc/lkT »1+|th_:|_- (1_19)

[Mincrasasroun (1-19) B (1-18), oxmepxyemo dopmyny Penes-
Jlxinca (1-12). Takwuit mepexia Bix KBaHTOBOI (GOPMYJIH 10 Kiia-
CHYHOIT CBITYMTH MPO T€, M0 B 001acTi BeAUKUX | , ToOTO Mamux
4acTOT N, €HEepris KBaHTIB € MaJol, KBAaHTYBaHHS EHEprii
BHUIPOMIHIOBaHHSI TPAKTUYHO HE TOMITHE, TOMY B Iiii 0OjacTi
MO’KHA ONIEPYBATH NOHSATTSMH HETIEPEPBHOTO BUITPOMIHIOBAHHS.

8 1.5. BoBHimmHiit ¢oToedexT

- KBanToBa rinmoresa Ilnanka oxepikana CBiid MOJaNbIIuN PO3-
BHUTOK IIPH BUBYCHHI Ta MOSICHEHH]I TAKOTO SIBUIIA, K 30BHilIHiM
doroedexr. CyTh 1IHOr0 sIBUIIA TOJSATAE Y BUNYCKAHHI peyo-
BUHOIO elleKMPOHi6 nio dieto ceimaa. SBuIe 30BHINTHLOTO (POTO-
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edexty Biakpus I'. I'epur 1887 p. i mocnianB pociiicbKuil BUeHHHA
O.I'.Croneros.

CrhporneHna cxema YCTaHOBKH JUIsl JOCIIIKEHHS] 30BHIIIHHOTO
doTtoedekty mpencraBieHa Ha puc./. CBITIO Kpi3b KBaploBe
BIKOHIIE, SIK€ MPOITyCcKae yiabTpadionaeToBi MpOMeHi, IPOXOIUTh Y
BaKyyMHY TpyOKY 1 maja€e Ha katoj K, moOKpuTuit 10ociaipKyBaHUM
MeTasioM. BenuuuHy # MOJSIPHICTH Hampyru MiK karogoMm K i
aHoJOM A MOXKHa MIHSTH 3a JOmoMoror peocrara R. Taib-
BaHomeTp [' 1 BosbT™MeTp B BHUKOPHCTOBYIOTBCS IJIi BHMIpIO-
BaHH$ €JEKTPUYHOIO CTPYMY Ta Halpyru BiAHOBIAHO.

— N
U

®

Puc.7
BosbT-aMniepHi  XapaKTepUCTHKH Ui ycTaHOBKU (puc.7),
TOOTO Tpadiku 3a1eKHOCTI POTOCTPYMY BiJl HANPYTrd MDK €JIeK-
Tponamu, 300paxkeHi Ha puc.8. IlpencraBieHi XapaKTepUCTHKH
BIJIMOBIAIOTh  OTIPOMI-

1y D> Py .
HEHHIO CBITJIOM OJIHAKO-
Lot———= @ BOI YaCTOTH, alie PI3HOTO
CBITJIOBOTO NOTOKY @. I3
L4 Py rpadikiB BUIHO, 10 TPH
/ Hanpy3i U=0 mix karo-
. nom K 1 anogom Adorto-

U, 360p.0 npama U crpym |, He jnopiBHIOE

Puc.8 Hymto. Lle cBigunuth mpo
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Te, MO (HOTOCIEKTPOHH, SKI BWIITAIOTH 13 KaToJa, MAalOTh MEBHY
MIBHJIKICTH, & OTXKe, i KIHETUYHY €HEPrio, TakK 110 MOXYTh J0Jie-
TITH 10 aHOJa 0e3 MPUKJIAACHHS eNeKTpuIHOoro moJjs. [Ipu 301i1b-
IIEHHI TPAMOT Hanpyru (OTOCTPYM 3pOCTAE IJIABHO, 110 CBITYHTH
PO HEOJTHAKOBICTh MOYATKOBUX MIBUAKOCTEH (POTOEIEKTPOHIB, 1
3pEITO0, NOCAra€ MaKCHMAaJbHOTO 3HAueHHs |, , sKe Ha3uBa-

€ThCSI CTPYMOM HacudeHHs. BiH HacTae ToAl, KOJU BCi BUIYIIEH]

3 KaToAa GOTOEIEKTPOHH JIOCATAIOTh aHOa, TOOTO
I, =ex, (1-20)
JIe e — 3apsAJl eJEKTPOHa, N — KUIbKICTh €JIEKTPOHIB, BUOUTHX 3
KaToJa 3a OJUHUIIIO Yacy.
SIKIO TMpUKIAAaTH 3BOPOTHY HANpyry, GOTOCTPYM 3MEHIITY-

eTbes 1 3a meBHOi Hampyrn U popiBHIoe Hymo. Bennunmna

3aTPUMYIOUOi HaNpyrud 3B’s3aHa 3 MaKCHUMAJIbHOIO IIBHJIKICTIO
V, o« GOTOEIEKTPOHIB TaK:
2
mV,
X =g | (1-21)
2 3
Jie M — Maca eJIeKTpOHa.
- Ha migcraBi ekciepuMeHTaIbHUX PE3YNIbTAaTIB Oy BCTAaHOB-
JIeH1 Taki 3aKOHH 30BHiIIHBLOr0 doToedexty [1,2,3,4].
1. ®omocmpym HacuuenHs npsamo nponOPYIHULL CEIMI0BOMY
NOMOKY, W0 NAOAE HA KAMOO.

I, =kxD, (1-22)
ne Kk — koeimieHT MPOMOPIHHHOCTI, MO0 Ha3HBAETHCS (HOTO-
YyTIUBICTIO MaTepiany kartonma. llelt 3akoH ojepkaB Ha3BY
3akoHa CroJi€eTOBA.

2. Makcumanvoha noyamkoga wi8UOKICMb (homoenreKmpoHie

\ a 3Hauumo, i sampumyoua nanpyea U, 3anexcumv 6i0

max !
yacmomu naoar4oeo ceimaa N i He 3anedxicums 6i0 1020 iHmeH-
CUBHOCHI.

3. /lna KodxcHoeo memany iCHyE MIHIMANbHA YACMOMA C8IMaa
N, (abo maxcumanvna oosxcuna xeuni | ), npu axii we 6iobysa-

31
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embcs supusanns enekmpouie. Bemmuuna n, (abo | ) Hasm-

BAa€ThCS YEPBOHOI0 Mexkel (oroedekTy, BOHA 3aJIEKUTH BiI
IIPUPOIA METATy.

Hocmin Takox mokasye, mo GoToeeKT MpakTHIHO € Oe3iHep-
LIAHUM, TOOTO Yac 3aTPUMKH BUJIBOTY E€JIEKTPOHIB IICIS OCBIT-

JIeHHs KaToza craHoButh ~ 107 °C.

B pamMkax kJ1lacH4HOi €JI€KTPOMArHiTHOI T€Opii CBITJIa BUSBU-
JIOCh HEMOXJIMBUM MOSICHUTH JIPYIMil 1 TPeTi 3aKOHU 30BHIMI-
HbOTO (poToedekry. JlilicHO, 3TiIHO 3 XBUILOBOIO TEOPIEIO CBITIIO
OyIb-sIKO1 YaCTOTH, aji€ TIOCTATHbO BEJIMKOi IHTEHCHUBHOCTI MpPH
B3a€EMOJII 3 €JNEeKTPOHAMHM PEYOBMHU IOBHHHO BHUPUBATH IiX,
HaJaloYM iM MIBUIKICTH 3aJ€KHO BiJl TEPENaHOi eIeKTPOHaM
eHeprii. Taxi )k cami MIpKyBaHHS T€X HE MOXKYTb IOSICHUTH ICHY-
BaHHS YEPBOHOI MeX1 oToedeKTy.

- TpynHOIIi, 1110 BUHUKIIH MPHY TTOSICHEHH] 3aKOHIB 30BHIIIHBOTO
doroedekry, npusenu A.Einmreitna B 1905 p. 1o cTBOpeHHs
KBaHTOBO1 Teopii cBiTia. BiH, po3BuBaroum imei M.IlnaHka,
JIAIIIOB BHCHOBKY, IO CBITJIO HE TUIBKA BHUIIPOMIHIOETHCS, ajie
TAaKOX TOLIMPIOETHCS B MPOCTOPI 1 HOTJIMHAETHCS OKPEMUMU
NOPUIIMH — KBAaHTaMHU €JIEKTPOMArHITHOTO BUIIPOMIHIOBAHHS,
SHeprisi sSKUX BU3HAYaeThes 3a (opmynoro (1-15). Einmreilin
MOKa3aB, IO 30BHIMIHIA (POTOePEeKT 3BOAUTHCS 1O B3aEMOIT
CBITJIOBUX KBAHTIB 3 €JIEKTpOHaMH pedoBUHH. llpu noriamHanHi
CBITJIOBOIO KBaHTa HOro €Heprisi LUIKOM NEepeNaeTbcs OJHOMY
€JIEKTPOHY, sIKa Jajll BUTPAYAETbCSI HUM Ha BUKOHAHHS pPo0OTH
BUXOAY A 3 PEUOBHHH, a pelITa 3aJIMLIAETbCA Yy BUIUIAII KiHe-
TUYHOI eHeprii. 3akoH 30epeKeHHs €Heprii Npu Takiid B3aeMoAil
BHUPAXXAETHCS 5K

2
hn = A+mvﬂ . (1-23)
2
Lle#t Bupa3s onepxaB Ha3By piBHAHHA EliHmITeiiHa 115 30BHIMI-
Hboro Qoroedekry. Ha #oro mincraBi JIerKO TMOSICHIOIOTHCSA BCl
3aKoHU (poToedeKTy.
1. CsimioBuii moTik @ BU3HAYACTHCSA KUIBKICTIO KBAHTIB CBITIIA,
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0 TaJal0Th Ha MOBEPXHIO KaToJa 3a OJUHHUINO Yacy. OmuH
KBaHT MOK€ BUOUTH OJIUH €JIEKTPOH.YHnM OUTBITUI CBITIOBUHN
MOTIK @, TUM OUTbIIIe BUOMBAETHCS (DOTOCIEKTPOHIB N, OTXKE,

i 3poctatumMe GOTOCTpyM HacuueHHs | , 110 BiAmoBinae 3a-

kony Cronerosa (1-22).
2. OCKUIBKH €JeKTPOH oJiepKye eHeprito hn, To 3a Oymb-sKkoi

IHTEHCHBHOCTI CBITJIA MaKCUMalbHa IIBHAKICTH V,, 3aie-

KHUTh TUTbKU Big yactoru N. IligcraBastoun (1-21) B (1-23),
OJIEP>KMMO JIHIHHY 3anexHicTs U | Bix N

. U =M. A (12
3 € €

rpadik sgKoi mpeacTane-
Huii Ha puc. 9. Ilpwu yac-
TOTax cBiTIa N <N, rpa-

- ik 300pakeHn TyHKTH-
pOM, TOMy MIO Ha IUX
gacToTax GoTOoePEeKT HE

Puc.9 Wne.

3. 3oBHimHIA (poToedeKkT MOxe BiIOYBAaTUCHh TUTHKH 32 YMOBH,
KOJIM EHEeprii KBaHTa HE MEHIIEe pPOOOTH BHUXOIY, TOOTO
hn 3 A. 3Bimcn yacToTa, IO BIANOBITAE€ YEPBOHIA MEXi
(dhoToedekTy, BU3HAYaTHMETHCS K

No =" (1-25)

—Ale ¥

ITpn wactotax N <N, KBaHTHU CBITJIa MAIOTh MEHIILYy €HEPTIIO,

HDK poOOTa BHXOY €JIEKTPOHA 3 METaly, ToMy (PoToedeKTy
He Oyre.

§ 1.6. 'aabMiBHe peHTreHiBCbKe BHIIPOMiHIOBAHHS

¥ 1895p. B. Pentren BiikpuB BUIPOMIHIOBAHHS, SIKE OJIepKa-
JI0 Ha3By PEHTTeHIBCHKOTO (B 3apyOiKHIN JiTeparypi — X-rays,
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T00TO “iKc-ipoMeHi”). Sk 3'sCyBajOCh 3r0JIOM, i€ BHIIPOMIHIO-
BaHHA SBJSE COOOI0 €IEKTPOMArHITHI XBHWJII 3 J1y’)K€ KOPOTKUMU

nosxuHamu | ~10%...10° 8 . BunpomiHioBaHHsI, SIK€ OJEPKY-
I0Th B PEHTreHIBchkuX TpyOkax (puc.10) B pe3ynbTati raibmy-
BaHHS €JIEKTPOHIB, Ha3UBAETHCS I'aJIbMIBHHM PEHTreHIBCbKHM
BUIIPOMIHIOBAHHAIM. Y BaKyyMHOMY OaJIOH1 pO3MIIIEH] Ha MEB-
Hiit Bigcrani karox K i anox (abo aHTHKAaTod) A, MDK SIKHMH
npukiaaeHa 3Hayna Harpyra U ~ 10 xB. TepmoenekTpoHu, 1o
BUJIITAIOTh 3 KAaToja, pO3TaHsIOThCS EJIEKTPUYHUM TOJEeM 1,
BJApSIOUNCh Yy TOBEPXHIO aHOAa A, rajibMylOThCs, BHACIIIOK
4oro # BUHMKAa€ PEHTI€HIBCbKE BUIPOMIHIOBaHHS. [Ipu ranbmy-
BaHHI €JICKTPOHIB Ha BUIPOMIHIOBaHHS e Bchoro 1...2% ixHpoi
€Heprii, pemTa BUAULIETbCS Yy BUIVIAJI CHJIBHOIO HarpiBaHHs
aHTHKaTo/a. CreKTp rajibMIBHOTO PEHTIE€HIBCHKOTO BUIIPOMIHIO-
BaHHS € CYIUTBHAM 1 Ma€ YiTKO BHpaXxeHy Mexy | .., sika 3Mi-
HIyeTbcsl B OIK KOPOTKMX XBWJIb IpU 3pocTaHHl Hampyru U
(puc.11). 3aneHICTh IHTCHCUBHOCTI BUITPOMiHIOBaHHS J Bif |
Mae Takui BUIISL [ 5]

B
J= |.—3(| - in)s (1-26)
ne B —mocriiiHa BeMurHa
J Us;>U,> U,
A Us
S I, U>

U,
—o U c+ 0 - >

Puc.10 Puc.11

-IcHyBaHHS KOPOTKOXBHJIBOBOT Mexi | HEIEPEPBHOTO

min
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PEHTIeHIBCHKOTO CIIEKTpa HE MOJKHA TOSCHUTH Ha TiACTaBi
KIIACHYHKX YSBIIEHb MPO MPUPOAY €IEKTPOMArHITHOTO BUIIPOMI-
HroBauHs. Jlocnix mokasas, mo | . € oOepHEHO mpomopiiiiHa

KIHETHYHIA €Heprii eJeKTPOHIB, SKI 3YMOBIIOIOTH TallbMIBHE
PEHTIeHIBChKE BUIIPOMIHIOBAHHS.

Taka 0COOMMBICTD TaJIBbMIBHOTO PEHTTEHIBCHKOTO CIEKTpa
JTy’Ke TIPOCTO TOSICHIOETHCSI HA OCHOBI KBAHTOBO1 TEOPIi €IIeKTPO-
MarHiTHOTO BHUIIPOMiHIOBaHHS. [Ipu raapMyBaHHI KOKHHM €JIeK-
TPOH TOPOJDKYE KBAHT EJIEKTPOMArHITHOTO BHITPOMIHIOBAHHS.
Skmo BCs KIHETHYHA €HEPTis eJeKTpOHA Tepelie B EHEepriio
KBaHTa, TO II¢ Oyae KBaHT 3 MaKCHMaJbHOK 4acToTol (abo
MIHIMaJIBLHOO JOBKHUHOIO XBHJIi), TOOTO

2
W e =hn_ =, (1-27)
2 l min
3Bigku st |, MaTuMemo
hc
| in = — - 1-28
min elJ ( )

Sxmo X dYacTMHA €Heprii eJeKTpoHa TiJAe Ha HarpiBaHHS
AHTHKATO/1a, TO YTBOPIOETHCS KBAHT 3 MEHIIIOIO €HEprielo, a 3Ha-

YUTB, 13 MEHILOK 4acTOTO N <N, . OCKUIbKK MPOLEC ranbMy-

BaHHS Ma€ BUIAJKOBUH XapakTep, TO PO3MOILT €HEprii MikK
YTBOPEHUM KBAHTOM 1 HarpiBaHHsM Oyje TOBUTBHUM, a CIEKTP —
CYIIUTBHUM.

8§ 1.7. ®oronu. KopnyckyasipHO-XBHJIbOBHIi 1yai3M cBiT/Ia

- Po3BuBatoun rinotesy [lnanka mpo KBaHTOBH XapakTep Tem-
JIOBOTO BUNIPOMiHIOBaHHsS, A.EWHIITEHH MIMIIOB BUCHOBKY, IO
€JICKTPOMAarHiTHE BUIIPOMIHIOBAHHSI, 30KpeMa CBITJIO, HE TUIBKH
BHUIIPOMIHIOETHCSI, aJie¢ i MOMIUPIOETHCSA B TIPOCTOPI Ta MOTJIU-
HAETHCA PEYOBHMHOIO y BHIJISAI OKPEMHUX TOPIiM eHeprii —
KBaHTIB, sKI MMOBOJATH ce0e B IMUX MpoIlecax K €auHe Iite. 3
1926p. kBaHT eHEprii eNeKTPOMAarHiTHOTO BUIMPOMIHIOBaHHS IS
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ONTUYHOTO Jiana3oHy ojepxaB Ha3By ¢oroH. doToHHA Teopis
CBITJIa 3HalIIa OIKMCKy4e MIATBEP/PKEHHS B LUIOMY PSAl IIKa-
BHX JIOCJIIJIIB, IPOBEICHUX rodxbe, Ho6ponpasosum, Basinosuwm,
B nociiai bore Ta iHmux ekcrnepumentax [1, 2, 3, 4]. CyvacHa
TEXHIKa €KCIIEPUMEHTY J03BOJISIE PEECTPYBATH HABITh OKpeMi (o-
TOHHU.

OTxe, CBITIJIO SIBJISIE COOOIO MOTIK KOPIYCKYJ (TOOTO YacTH-
HOK) — ¢hoToHiB. DOTOH Mae eHeprio

e, =hn, (1-29)

a TAaKOX 1HIII1 XapaKTepUCTUKHU, IPUTAMaHH1 YaCTUHKaM. 3TiIHO 3
BHCHOBKaMH CIEIIATBHOT TEOPil BIMHOCHOCTI 13 POpMYyNH 3B'SI3KY
eHeprii i Mmacu 1t Macu (POTOHA OJIEPKUMO
m = hn
4 c2 !
Jie ¢ — LIBUJKICTH CBiTja y BakyyMi. OCKUIbKH (POTOHU MOIIKPIO-

I0ThCS Y BaKyyMI1 3 HIBUAKICTIO ¢, TO 3 PEISATUBICTCHKOI hopMynu

m=—"b (1-31)
y1-Vv?/c?

BUILIMBAE, 10 Maca crokoro ¢ortoHa M, =0, inakme npu V = C

(1-30)

Maca ¢oToHa AOpiBHIOBaja 0 HeckiHYeHHOCTI. OTxke, POTOH —
oco0yiMBa YacTUHKA, BOHA Ma€ HYJIbOBY MAacy CIIOKOIO 1 MOXKe
ICHYBaTH, PyXal4uCh Y BaKyyMI TUIbKH 3 HIBUAKICTIO C.

Takoxx (QoTOHY, K YaCTUHI, TPUTAMaHHUN IMITYJIbC

pd):m(l)c:h—n:lﬂzhk, (1-32)
C
a00 y BEKTOPHOMY BUTJISAI1

p,=hk, (1-33)

e K — XBHIIbOBHIT BEKTOD, SIKMI YMCENBHO NopiBHIOE 2D /I .

- EnexrpomartnitHe BUIpOMIHIOBaHHS, 30KpeMa CBITJIO, TIaJaro-
YU Ha TIOBEPXHIO T11, 3/1ICHIOE TUCK. Briepiie ekcniepuMeHTab-
HO CBITJIOBUM THCK JoCHiauB pociiicekuil pi3uk [1.M.JIebeneB y
1900 p. Po3rasmatoun CBITIIO SIK €IEKTPOMArHITHY XBUJIIO, MOYKHA
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OJIepKaTH JJIsl THCKY CBITJIa TAaKWH BUpa3:

P=w(l+r)cosi, (1-34)
ne W— o0 eMHa TyCTHHA €HEprii eJIeKTPOMAarHiTHOI XBWIII, sSKa
MOKe OyTH BHpakeHa Yepe3 IHTEHCHBHICTh XBWJL sk W = J/C,
I - xkoedilieHT BIIOWBAHHS CBITJA, { — KYT TMaJiHHS CBITJIa Ha
MTOBEPXHIO.

VY KBaHTOBIH TeOpii TUCK CBITJa 3yMOBJICHHH YaCTKOBHUM IIO-
[JIMHAHHSIM 1 BigOuBaHHsAM (oToHiB 3 iMmymscom (1-32).
BpaxoByroun, mo ans noriamHaro4oi moBepxHi I = 0, a s a3ep-
KaJdbHOI - I = 1, MOXXHa ojepskaTH [2] Bupa3s

N, xhn

P= (1+r)cosi, (1-35)

ne N,- KUIbKICTh (POTOHIB, IO MAJA€ HA OJWHUIIIO ITOBEPXHI 3a
oauuuIo yacy. ®opmyiu (1-34) i (1-35) mOBHICTIO y3TOIKYIOTh-
cs MDK CO0OF0, SIKIO B3SITH JIO0 yBarW 3B’ 30K IHTEHCHBHOCTI 3
eHeprieto, sKy mepeHocaTh (oronu, To6To J = N, >xn. Lle

CBITYUTH TPO CIPaABEUIMBICTE 000X MIAXOIIB /IO TOSCHEHHS
THUCKY CBITJIa, & TAKOXX MPO TJIMOMHHUMN 3B’ I30K MK XBHIIHOBUMHU
1 KOPIYCKYJIIPHUMH BIACTHBOCTSIMH CBITJIA.

-OTKe, ICHYIOTh SIBHUINA, B SKHX CBIiTJIIO (€IEKTpOMArHiTHE
BUIIPOMIHIOBAHHS) TIOBOJUTH ce0€e K MOTIK YaCTHHOK — (DOTOHIB
(TosiCHEHHST TEIUTOBOTO BHITPOMIHIOBAHHS, 30BHIIIHIA (HOTO-
edeKT, rajgbMiBHE PEHTTCHIBCbKE BUIIPOMiHIOBaHH). OHAK iHIII
saBUIIA - iHTepdepeHiis, audpakiris, ToasIpu3allis - CBiA4aTh Ha
KOPHCTh XBHWJILOBOI NMPHPOJAW CBiTiIA. [HaKkmie Kakydd, CBITIIO
BUSIBIISIE KOPIYCKYJISAAPHO-XBWJILOBHH Ayati3zMm, TOOTO IBOICTY
npupoy. Sk ke moerHaTH B OJHOMY 00’ €KT1 TaKl IPOTHIICKHI 1
CyIepewINBI BIACTUBOCTI?

®doTonn Tpeba po3rIsIAATH SIK OCOOMMBI MIKPOOO €KTH, fKi
MOEAHYIOTh OJHOYACHO KOPMYCKYJISIPHI 1 XBHJIbOB1 BJIACTMBOCTI
(xBWJIT — yacTWHKA), IPOTE HE € aHi YACTMHKOIO, aHi XBHUIICIO B
3BUYHOMY PO3yMiHHI IIUX TMOHSTH. [IOBHICTIO O€3HAINHOIO €
cripo0a CTBOPUTH MOJIETh, sika 00’ €qHyBaia O B OJTHE IT1JIe XBUITIO
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i yactuHky. CyTh CKJIaJHOT KapTUHU MIKPOCBITY HE MOXe OyTu
BIATBOPEHA HITKUMU XUTPOMYIPUMH MOJEISIMH, 3alI03UUYEHUMU 3
MakpocBiTy, ii Tpeba crnpuiiMaTH Takolo, sIKa HE CYNEpeuuThb
pe3yiapTaTaM JAOCTiAIB. A IOCHIIM TOKa3yloTh, IO B 00JacTi
BCJIMKUX NOBXHH XBWIb | (TOOTO Manmx 4actoT N) CBITIO
BUSBJISIE B OCHOBHOMY XBWUJIbOB1 BJIACTMBOCTI, 1 HAaBIIaKH, B
obmacti Mmanux | (TOOTO BENMUKUX N ) — KOPITYCKYJISIPHI.
ChiBBIIHOIIEHHS MDK XBWJIBOBOKO W KOPIYCKYJISIPHOIO
KapTUHAMHM MOXKHa JaTH Ha MPHUKIall 3B’SI3Ky IHTEHCHBHOCTI
€JIEKTPOMArHiTHO1 XBWJI1 3 HMOBIPHICTIO NepeOyBaHHs (OTOHIB y
mid Toumi. OCKUIBKM I1HTEHCHUBHICTH MPOTOPIIAHA KBaApaTy

aMIUTITY M edeKTpudHoi cknagosoi J ~ E2, To 3B'A30Kk 3

m
iimoBipHicTio dP 3HaliTi poToH B 00’ emi dV 3amumieTbes Tak:
dP =c xE2dV , (1-36)
Jie C - Koe(IIEHT NPONOPIIHHOCTI.
Bigmitumo, mo Bupasu (1-29), (1-30), (1-32) Ta (1-36), sxi
onepkaHi i cBitia (POTOHIB), € YHIBEPCATbHUMH 1 3HAWILIN
IIMPOKY IHTEPIPETALiI0 IPU CTBOPEHHI KBAHTOBOT MEXAHIKU.

§ 1.8. Epexr KomnTona

-Oco0aMBO BHPA3HO BUSBIISAIOTHCS KOPIYCKYJISIPHI BIIACTH-
BOCTI €JIEKTPOMArHiTHOrO BUIpPOMiHIOBaHHS B edekTi Komnrona
(1923 p.). JocmimKyroun po3CiSIHHS PEHTTEHIBCHKOTO MPOMIHHS
pi3HUMH pedoBUHaMH, KOMITOH YCTaHOBHB, IIO B PO3CISHOMY
HPOMIHHI MTOPS 3 MEPBICHOIO JTOBXKHHOIO XBWII | € mpomiHHS 3
OutbmIoro goBxuHOO XBWiai | ¢> | . 3'scyBanock, 1m0 pi3HUI
DI =1 (- | He 3ameXuTh Bil IPUPOIHN PO3CIIOBATHHOT pEYOBHHH,
alle 3aJICKUTh TUIBKU Bl KyTa pO3CisHHS | . EKcriepuMeHTalbHO
OyJla BCTaHOBJIEHA TaKa 3aJIEKHICTB!

D =I.(- cosj):ZIOSinZJE, (1-37)

ne | . =0,0242 A — nesika KOHCTaHTA.
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Cxema nmocminy KomnTona noka3ana Ha puc.12. By3pkuii my-
YOK MOHOXPOMATHYHOTO PEHTTCHIBCHKOTO BUIPOMIHIOBAHHS 3

JOBKUHOIO XBWIi | mpoxoauB kpisk miapparmu J[ i mamaB Ha
po3scitoBaiibHy pedoBuHy PP. 3a nomomMororw peHTreHiBChKOTO

1
1

Puc.12

cnektpomerpa CII mocmikyBasioch po3CisiHE MM PI3HUMH
KyTaMH PEHTTEHIBChbKE MPOMIHHS, B SIKOMY OyJW MPUCYTHI KpiM
IOBXWH XBWIb |  11e 1 xBwmi 6inpmoi nosxuun | ¢

- Kimtacudna XBWJIbOBa TEOPIis €IEKTPOMArHITHOTO BUIIPOMIHIO-
BaHHS HE 3MOTJIa TMOSICHUTH pe3ynbTaT nociiny Kommrona. Bei
0COOJIMBOCTI IIBOTO JOCIITY, OJTHAK, JIETKO MOSCHUTH Ha ITiICTaB1
KBaHTOBO1 Teopii. B Hill po3CisHHS PEHTTEHIBCHKOTO MPOMIHHS
PO3TISIIAETHCS K MPOLeC MPYKHOT0 3iTKHEHHS PEHTTEHIBCHKHIX
KBAHTIB 3 MPAKTHYHO BUILHUMH €JICKTPOHaMHU pedoBuHH (prc.13).
BinbHMMEU MOHa BBa)KaTH TaKi €JIEKTPOHU, EHEPTIs 3B’ I3KY SKUX
B aromi HabaraTo MEHIIa E€Heprii peHTTeHIBChKOro KBaHTa. [Ipu

Puc.13
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PO3CISTHHI KBAaHT NE€PEJa€ YaCTKOBO €HEPTiio Ta IMITYJIbC OJAHOMY 3
BUIBHUX €JIEKTPOHIB, TOJl €HEPris KBaHTa 3MEHIIUTHCS 3aJIEAKHO
B KyTa po3cisHHSA. KpiM Toro, ekcrepuMeHTalbHO JIOBEJAEHO,
10 PO3CITHUN PEHTTEeHIBCHKUN KBAHT 1 €JIEKTPOH Bijadl 3’ siBJIs-
I0ThCSL OJTHOYACHO [2].
Ha mnincraBi 3akoHIB 30€peXEeHHsSI €Heprii Ta IMIYNbCy s
NPYKHOTO 3ITKHEHHSI Ma€eMO:
hn + m,c® = hn¢+ mc?, (1-38)
hk =mV + hk¢ (1-39)
jle M, - Maca CroKoo enekTpona, m=my /~/1- V?/c? - penstu-

BICTCbKAa Maca €JIeKTpOHa Bijjadi, V — MIBHIAKICTh €JIEKTpOHa
BiImavi, N Ta N¢- 4acTOTH MaJar04oro Ta PO3CISTHOTO KBAaHTIB,

k:I& n rta k&% N¢- XBUIBOBI BEKTOPH IMAAa0YOTO Ta PO3-

CITHOTO KBaHTIB, N Ta N¢- OpTH HANpsSMKIB MOLUIUPEHHS KBAHTIB.
Posp’sizanns [1,2,4] cucremu piBHsHb (1-38) ta (1-39) mis
PI3HHUILII JOBXKHUH XBWIb JJa€ TaKUW pe3ysbTar:

D= (- cos ). (1-40)
m,C

Benmmunna | . = L - HA3UBAETHCS KOMITOHIBCHKOIO JTOBKHHOO
m,C

XBUJIl €JIEKTPOHA 1 TP MIJICTAHOBII BIANOBIIHUX 3HAYCHb A€
0,0242X10 "y, mo 36iraerbes 3 eMIIPUYHUM 3Ha4YeHH M | . y
Bupasi (1-37).

ko po3cissHHS BiOYBA€ThCS HA CHIIBHO 3B’ I3aHOMY €JI€KT-
poHi (11e — BHYTPIIIHI €ICKTPOHH B aToMi), TO (DaKTHYHO Bif-
OyBaeTbCsl B3a€MOJIII KBaHTa 3 IUIMM aTOMOM, Maca SIKOTO
3HAYHO OunblIe Macu enektpoHa. Toxi B popmyni (1-40) 3amicThb
m, Tpeba B3sTH Macy atoma M, >> m,, i Benmuuuna Dl Oyne

Jy’Ke Majia, TOOTO pO3CisiHI KBAaHTH MAaTUMYTh IPAKTUYHO HE3MIH-
HY JOBXHHY XBUJII.
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3agaui

TenJsioBe BunpominoBanHs. [ToTik eHeprii, mo BUMIpoMmi-
HIOETHCS KPI3b OTJISZI0BE BIKOHIIE TIaBUIIBHOT iedi, @=54BT.
3HaiiTH TeMIepaTypy Medi, SKIIO IIola 0TBopy S=6 cm?, a
TaKOXK JOBXHHY XBHJIi, Ha SIKY IIPHUITaJa€ MAKCUMYM BUIIPO-
MIHIOBaJIBHOT 3JaTHOCTI. BBaXkaTu, 1110 BIKOHIIE BUIIPOMIHIOE
K a0COJIIOTHO YOPHE TLIIO.

P 03B’ 3 aHH 1. 3a 03HAaYEHHSIM TOBHOT BUITPOMIHIOBAJTb-
HOi 3matHOCTI (1-2) R=@/S. 3a 3akonoMm Credana-boib-
mmana (1-9) nns abecomoTHo yopHoTo Tina R* =s X7 * Ilpu-
PIBHIOIOYH 111 BETUYMHU, MATUMEMO

T:41/ @ )
s XS

I3 3akony 3mimierns Bina (1-10) 3HaiizeMo JTOBKUHY XBHII,
Ha fKiif OyJae MakcuMyM BuIpoMiHtoBaHHS: | =D/T .

Bukonaemo o0uucnenus B CI:
54
T=a =4/1587 40 =112X0°K,
5,67 %08 >x6x0*
_ 290 X032
" 11240°
3HaiTH 3B’ 130K MK CHEKTPATbHUMH BUIIPOMIHIOBATEHUMHU

3IaTHOCTSIMH, BUPQKEHUMU depe3 NOBKHUHY XBuii | 1 gac-
TOTy W, TOOTO MK I, Ta I, .

=258%0 °u.

P o3 B's3aHH 1. 3a o3HaueHHsIM (1-4) OTIK eHeprii, 1o
BUIIPOMIHIOETHCS B IHTEpBai T0BXHMH XBHIb dl , TOpiBHIOE
r, >xdl . fIkmo B3aTH IUIAHKY criekTpy dw Taky, 1o BiAmoBi-

nae intepsany dl , To MOKHa 3amEcaTH
rod =, xdw.
[338’s13ky | =2pc/w 3Haiinemo mudepentian dl :



28

c .
d =- £2 xdw . 3HaK MIHYC y TIOJaIbIIIOMY MOXHA HE

W
BpaxoByBatu. [lincTaBisitouu e BUpa3 y MOMEPEIHE
PIBHSIHHS, OJIEPKUMO:

c
rwmw:nx%EMW,
W
2
. 2pc I
3BIIKH [, = X—— =1 X—.
11 w | 2 |
w 2pc

1.3. ®oToH. 3HailTH eHepriro i JOBXKUHY XBWII (DOTOHA, IO Mae
TaKUil caMUil IMIYJbC, K €IEKTPOH, MIBHAKICTh SKOTO J0-

pismioe V =10°m/c.
Po3B'43aHH 4. ImMoynsc enekrpona P, =M, X/ , iMmynsc
¢doTona Bu3HauaeThes 3a (opmynoro (1-32). Toxi, npupis-

h .
HSBIIH P, = P, , OACPKHUMO M, R/ = l—, 3BIJIKH
| = h
m, %
Eneprito ¢hotona 3Haxomumo 3a Gpopmysoro (1-29):
h:c

e=hn =

O6uucnroemo B CI:
_ 6,6240*
9,1x10 * x10°
6,620 > x340°
0,7340°°
1.4. SIxa yacTka eHeprii oToHa BUTpayeHa Ha poOOTYy BUPHUBaH-
Hs (POTOENEKTPOHA, SKIIO YepBOHA MeXa (poToedeKTy T0PIiB-
Hioe 3070 A , a 3arpumyroua Hampyra ctaHOBUTH 1 B?
P o3 B's3anH . B 3agaui Tpeba 3HaiiTH BiTHOIEHHS po0o-
TH BUXOJY eJIeKTpoHa A 110 moBHOI eHeprii potona hn, To6-
to h = A/hn. PoGoty Buxoy 3HaiaeMo Ha miacrasi (1-25):

=0,7340°° u,

=2,72X0° JJoc =1,7xeB .
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hc

A=hn, = — . IloBHy eHeprito ¢oToHa 3HANHAEMO 3 PIBHIHH
0

Eitnmreiina (1-23) 3 ypaxyBanusam (1-21): hn =A+eU .

A 1 1
Orxe, h = = = _
A+eU, 1+eU, /A 1+eU | ,/hc
OO0YUCTIOEMO:
= 1 =
1+16X0 " xx3070%10 ' /6,62 40 ** x3X0°
_ 1
1+025

CtHcii BUCHOBKHU

1. TenyioBe BUITPOMIHIOBAHHS TUJT 32 CBOEIO IIPUPOJIOIO € €JIEKTPO-
MarHiTHUM 1 BiZOYBa€TbCs 3a PaxXyHOK €HEprii TEIIOBOTO
pyXy aroMiB i MoJsieKyn. TermioBe BHIPOMIHIOBAHHS € PIBHO-
BOKHUM.

2. BimHOIIEHHST BUMPOMIHIOBAJIBHOT 1 MOTJIMHAIBHOI 37aTHOCTI
TUT MPU TETIOBIN PIBHOBA31 HE 3aJICKUTH BiJl IPUPOJIU TUT 1 €
yHiBepcaiabHoto ¢yukmiero | (I ,T), ska mpeacraBise cobor0
CIEKTpaJIbHy BHUIPOMIHIOBAIBHY 3JAaTHICTH aOCOJIOTHO YOP-
HOTO Tija.

3. Ananitnunuii Burisa yakuii | (I, T) OyB oxepkanmii Ilnan-
KOM Yy TIPUITYIIIEHHI KBAHTOBOTO (IMCKPETHOI0) XapakTepy BHU-
MPOMIHIOBAaHHSI, 1110 € A0COJIOTHO UY)KUM TOHSTTSM KJIACHYHO1
¢izuku. Enepris kBaHTa nmponopiiiiHa 4aCTOTI BUTPOMIHIOBAH-
H1 e =hn.

4. 3oBHimHIA (oTOoehEKT MOsITac y BUPHBAHHI CIEKTPOHIB 3
TBEPIMX TLT i TI€I0 €IEKTPOMArHITHOTO BUIIPOMIHIOBAaHHS 3
4aCTOTO0, IO TEPEBHUIYE YacCTOTYy YEPBOHOI MeEXi, TOOTO
n3n,.

5. 3akoHn 30BHIMHBOTO (GOTOSHEKTYy HE MOKHA TOSCHUTH B
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MeXax XBHWJIBbOBOI Teopii cBiria. Bei 3akoHOMIipHOCTI (oTO-
e(eKTy Jerko MOSICHIOIOTHCS, SIKIIO BBAXKATH, 1110 €JIEKTpoMar-
HITHE BUIMPOMIHIOBAHHS BUITYCKA€THCS, MOUTUPIOETHCS M TO-
TJIMHAETHCS Y BUTIISAII KBaHTIB 3 eHepriero € = hn . PiBusH-
Hs A.EiHmTeiiHa, mo onucye GpoTtoeexT, Mae BUTIISI!

2
hn = A+ MVina .

2
EnexktpomarHiTHe BHUIIPOMIHIOBAHHS, 30KpeMa CBITJIO, Mae
JBOICTY KOPIYCKYJISIPHO-XBWJIOBY HpUpoay. BusiBneHHs
KOPHYCKYJISIpHUX a00 XBUJIBOBUX BJIACTUBOCTEH 3/1€0UIBIIOTO
3aJIeKUTh BII YMOB €KCIEPUMEHTY. XBUJIbOBa MpUPOJA
BUIIPOMIHIOBaHHS MIATBEPIKYETHCS TAKUMHU SIBUILAMH, SIK
noJigspu3anis, qudpakuis, inTepdepenuiss, OqHak Taki SBULIA,
AK 30BHIMHIA (QoToedekT, KOMOTOH-e()EeKT, 3aKOHH TEeIIo-
BOTO BUIIPOMIHIOBAHHSI MOXYThb OYTH TOSICHEH1 YCIIIIIHO
TUIbKM B KBAHTOBI Teopli BUIIPOMIHIOBaHHS. Buibl pi3ko
KOPITYCKYJISIPHI BJIACTUBOCTI BUMPOMIHIOBAHHS BHSBIISIOTHCS
IPU 3pOCTAaHHI YaCTOTH N, a XBUJIbOB1 — HABIIAKH, IIPU 3MEH-
II€HH] YaCTOTH.
EnexrpomarHiTHe BUNPOMIHIOBAHHS MAa€ OJHOYACHO BJIACTH-
BOCTI HEMEPEPBHUX XBUJIb 1 BIACTUBOCTI JUCKPETHUX KBAHTIB,
TOOTO SABJISIOTH COOOI0 JIAJIEKTUYHY €HICTh LIMX MPOTUIIEK-
HUX BJIaCTUBOCTEMN.

MapHuMH € HamMaraHHsi CTBOPUTH Ha 0a3l YyTTEBOTO JO-
CB1Jly HAOYHY MOJIeTIb 00’ €KTa, 10 MOETHYE TaKi MPOTHIICK-
H1 sKOCTI. OO’ €KTUBHICTh Ayani3sMy (OTOHIB CBIIYUTH MPO
T€, 110 3aKOHOMIPHOCTI1 MIKPOCBITY 30BCIM HECXO3I1 Ha 3a-
KOHH, 110 JIIFOTh Y MaKpOCBITI.

Ilumanns ona camokonmponio
Axrow € npupooa mennogoeo GuNpoMiHiosanua? AHKi tioeo

OCHOBHI en1acmugocmi?
Ll]o make abconomno wopue mino?
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Axuti pizuunuil cmuca mae ynigepcanvha (ynkyia Kipxeoga?
B uomy eonosna pisnuys nioxoodis knacuunoi gizuxu i meopii
Ilnanka npu noscueHHi  BUNPOMIHIOBAHHA — AOCONIOMHO
yopHo2o mina?

3anucamu i nosichumu ¢hizuunuti 3micm pieusnns Elnwmetina
onst pomoecghexmy .

Lo po3ymitomv ni0 KOPNYCKYIAPHO-X8UTbOBUM OYALIZMOM
ceimna?

Yomy 6 egexmi Komnmona pisHuys 008d4CUH X8UTb
PO3CIsIHO20 1 NA0arw4020  PEeHMeeHIBCbK020  NPOMIHHSI
3aneNcums MmiibKu 810 Kyma po3CisHHA?
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I'naBa 2. XBWJIbOBi BJIACTHBOCTI MiKPOYaCTHHOK
§ 2.1.T'inore3a i ¢opmyaa ne Bpoiias

Inest KOpIyCKyYIAPHO-XBHIBOBOTO Tyalli3My CBITJIa BUSBHJIACH
JTy’Ke TUTITHOTO 1 3HANIIIA CBOE MPOJAOBKEHHS ISl OMTUCY 0COO0IIH-
BOCTEH MOBEIHKH HIINUX MIKPOOO' €KTIB.

Y 1924 p. dpannysekuii ¢isux Jlyi ne Bpoiine BUCYHYB
rinoTe3y, U0 Ayasdi3M NpuUTaMaHHUM HE TUIbKU €JIeKTPOMAarHiT-
HOMY BHIIPOMIHIOBAaHHIO (CBITJY), ajie i B3araJi MOIMPIOETHCS
Ha Bci Mikpoo6’ ekTH. 3a Horo mpumnyiieHHsM Gopmynu (1-29)
ta (1-32), sKi € cnpaBeIMBUMHU sl (OTOHIB, MArOTh OUIBII
3arajJbHANM XapakTep 1 MOXKYTh OyTH 3aCTOCOBaHi 10 OyAb-SIKUX
MaTepiadbHUX 00 €KTiB. TakuM 4MHOM, 3 pyXoM OyIb-sKOi yac-
TUHKY TIOB’ sI3aHUH XBHJILOBHIA TIPOTIEC 3 JOBKHHOIO XBHUIII

| :E:i’ (2_1)

ne p, M V — iMmynbc, Maca Ta MBUAKICT YACTUHKHU BIAMOBIIHO.
B 3aranpHOMY BUNQAKY i M pO3YMIIOTh PESITUBICTCHKY Macy

YaCTHHKH M=, / V1-V?/c®. Bupas (2-1) omepxaB Ha3By
¢popmyau e bpoitas.

Takox, sk 1 A (HOTOHIB, ICHYE 3B'SI30K MDK €HEpTi€l0 yac-
TUHKU E Ta 4aCTOTOIO AeOPOMIIBCHKOT XBUIIL N :

E=h:n. (2-2)

- 3alpONOHYBABLIN 1€I0 MPO XBUJIBOBUM MPOLEC, SIKUM CY-
MPOBOKYETHCA PYX YACTHUHOK, A€ bpoiinb, onHak, HE JaB BiaNoO-
BiJlb Ha MUTAHHS MPO TPUPOINY LUX XBWIb (iX e HA3MBAIOTh
XBWJISIMH Matepii). BiH TUTbKH MiIKpECIUB, MO 1€ — HE 3BHYAiiHI
MarepialibHi XBHJI, 10 HECyTh eHeprito. Anami3 [3] XBuib je
Bpoiins 3rigHo 3 popmyrnamu (2-1) Ta (2-2) mokasye, 110 X TaKOK
HE MO’KHA MIPEJICTaBJISITH Y BUIJIAI XBHUJIBOBOTO MAKETa, OCKUIbKU
Yyepe3 CUIbHY aucrepcio (ToOTo 3alekHICTh (a30BOT MBUIKOCTI
BiJI YaCTOTH) BiH MPAKTHYHO MUTTEBO “PO3MIOB3A€THCA .
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He posrasparoun Mok 1m0 NUTaHHS PO HMPUPOIY XBHIIb €
bpoiind, 3anumeMo MareMaTHYHUNA BUpaA3 I XBUIIBLOBOTO IMPO-
1ecy, SKU CyMpoOBOKYE PYX BUIBHOT YaCTUHKH B3JIOBXK OCl X.
Ile Oyae piBHSHHA TUTOCKOT MOHOXPOMATHYHOI XBWJI, 5Ky B
MMOKA3HUKOBIH opMi B KBAHTOBIN (Pi3HIli 3aITUCYIOTh TaK:

y (X,1) = Axg 1tk (2-3)
[MTincraBumo tenep B (2-3) Bupas3w Ui IUKIIYHOI 9aCTOTH W Ta
XBHJILOBOTO uHcia K, BukopuctoByroun opmymu (2-1) i (2-2),

T0OTO W = 2PN =£=E Ta p=E=h/—2p=h><k, 3BiJIKU

h2p /2

= e Toni oxep)kuUMO BUpa3 Tak 3BaHOT XBHJIBOBOI MCi-QyHKITIT

JUTSI BUTPHOT YaCTUHKH, 110 Ma€ €Heprito £ Ta IMITysbe p
L(px- B

y (%,t) = Ael , (2-4)
ne A —amrIuityaa XBHiIb0BOi PYHKIN, | — ysIBHA OAMHUIIA.

-3 popmynu ae bpoiins (2-1) maemo, 110 31 3MEHIIIEHHSAM Macu
YaCTUHKH M y Hei OUIbII MOMITHO TOBHHHI MPOSIBISITHCS XBH-
JHOBI BIIACTUBOCTI. 3pOOMMO OIIIHKY J€OPOMIIIBCKUX JOBXKUH
XBWJIb IS MAaKpOYAaCTHMHKH 3 Macolw le Ta MIKpOYaCTHHKHU
(enexTpoH).

1. Sfkmo wdacTmHKa Mae Macy M =103ke i MIBUAKICT
V =10°m/ ¢, TO MOBXKMHA XBHIIL JIE bpotins
_6,62X10*
10°°»10°
[Io6 cnocTepiraT XBHJIbOB1 BJIACTUBOCTI TaKOi YaCTHHKHU
(manpukiam, 1MQPaKIiio XBHUIIb), MOTPIOHI MEPEIIKOIN PO3Mi-

~10* um.

pom ~10"* x, 10 HabaraTo MeHIIe PO3MIpiB CAaMHX aTOMIB

(~10"" ). 3po3ymino, o HeMa HisTK01 MOKITHBOCTI CIIOCTe-
piraTi XBWJIbOB1 BJIACTMBOCTI MOAIOHWMX dYacTHMHOK. OTXKe,
MOBEIIHKA MAKp0OOO' €KMi6 OTUCYETHCS 3aKOHAMH KJIACUIHOT
MEXaHIKH, XBUJIOB1 BJIACTUBOCTI MPAKTUYHO HISK HE BIUIU-
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BalOTh Ha iXHIN PyX.
2. Enextpon macoro m=91xX0 Sxe, SKWH JETHTH 3 HIBH/I-
kictio V =10° u/ ¢ , Mae nomxkuny xuii ae Bpoiins
_ 6,620
9,1x10 * x10°
Taka moBXKHMHA XBWJI1 OJJHOTO MOPAIKY 3 MapaMeTpamMu KpH-
CTaJIIYHOI PELIITKA M, OTKE, MOKHA OUIKYBaTH IpOsiB Au-

paKIIii eeKTPOHIB Ha KPUCTaJIax, TOOTO MIATBEPKEHHS XBHU-
JTHOBUX BJIACTUBOCTEHN MIKPOOO' €KMI8.

~10° m.

§ 2.2. Indppakiis MiKpo4aCTHHOK

-Inest ne bpoilnig mpo XBUJIbOBI BJIaCTUBOCTI MaTepii 3/1aBajacs
nyke HecrioniBanoro. Hasire A.Einmeiin y mucti 7o M.bopha 3
npuBody auceptauii ae bpoing nucas tak: "I[Ipounraiire ii! Xou 1
3[1a€ThCS, 110 11 HamucaB OO’KEBIILHUM, HalMcaHa BOHA COJIIHO”
[2].

Y 1927 p. rinote3a JIyi me Bpoiins micrama cBoe€ eKcrepu-
MEHTaJIbHE MIJTBEP/DKEHHS B JIOCTIIaX aMEPUKAHCHKUX BUEHUX
K.[eBiccona 1 JI.J[>xepmepa. BoHu BuBUanmu po3CiSHHS TTydka
MOHOCHEPTeTUYHUX EJIEKTPOHIB MOHOKPUCTAJIOM HIKEJIO Ha YyC-

TaHOBIII, CXeMa SIKOT IToKa3aHa

/FTFE TN Ha puc.14. IIydok enexTpoHiB

B CJIGKTPOHHINA rapmari, ska
CKJIamacTheda 3 karona K 3 mi-
JIrpiBOM Ta aHoJa A, PUCKO-
proetbest Hanpyrowo U 1 crips-
MOBYETHCSI Ha MOBEPXHIO MO-
Hokpuctana Ni mix kytom ( .
Po3cistH1 enexTpoHH BIOBIIIO-
BaJuCh LuiiHApoMm Papanes
L1, BimTaKk CTIKAFOYM HaA 3EMJTIO
Puc.14 yepe3 rasibBaHomeTp I'. [HTeH-

— |
u : —
|




35

CHUBHICTh PO3CITHOTO My4YKa BH3HAydajgach 3a CHJIOK CTpymy [ .
B xoni mocmigy MoxkHa Oyno 3miHroBatd Hanpyry U Ta xyr (.
JlocmiKeHHs TMoKa3aiu, Mo NMpH HE3MIHHOMY KyTi KOB3aHHS (]

IHTEHCUBHICTh PO3CISTHOTO €JIEKTPOHHOTO ITyYKa, sIKa € TPOTop-
LIHHOIO CHJIi CTPYMY /, 3a-

nexuTh Big Hanpyru U 1

/\/\/\ Mae KiJibKa piBHOBIAAIIC-
| ' HUX MakCUMyMiB (puc.15).
Tak, HanmpukiIag, OJUH 3
MaKCUMyMIB JJi1  KyTa
Puc.15 q=65° oyB mpu U =54 B.
Pesynpratrn nmocnigiB JleBiccona i JlkepMmepa MOXKHa JIETKO
MOSICHATH Ha IMJCTaBl TiMOTE3W MNP0 XBUIBOBI BJIACTHBOCTI

MiKpoyacTHHOK. OCKUTBbKMA KIHETUYHA CHEPris eJIeKTpOHa BHUpa-
JKAETHCS Yepe3 IMIyIbe Horo p 1 yepe3 Hanpyry U piBHiCTIO

1

:

T0 P =+2meU , 3Binku Ha miactaBi popmynu (2-1) maemo s
JeOpOMITIBCHKOT IOBKUHH XBUJI1 €JICKTPOHA

h 12,25
| = =——,(A. (2-5)
NJ2mel U
Kaptuna 3amexHoCTi IHTEHCUBHOCTI PO3CITHOTO TyYKa EJIeK-

TPOHIB Ha puc. 15 ayxe Haraaye mudpakiiito peHTreHIBCHKHX
MPOMEHIB Ha Kpucraiax (puc.16).

OTxe, KO My4YKy EJIEKTPOHIB
MpUTaMaHHI XBWJIbOB1  BJIACTH-
BOCTI, TO HampsMu s Audpak-
MIHHUX MAaKCUMYMiB MTOBUHHI BH-
3HAYaTUCA 3TiTHO 3 (OPMYIIOI0
Bynsda-bperra

2d:sing =n3l (2-6)
ne d—mepiox kpucramiunoi penritku, N=1, 2, 3,... - MOPsIIOK
MaKCHMYMY.
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Jus wanpyru U = 54 B migpaxyHok 3a dopmysioro (2-5) mae
sHadyenns | =1,67 4. 3a popmymnoro (2-6) mpu N =1, g = 65° Ta
d =0,91 4 (ans Hikent0) OperriBchbka JOBXKHHA XBHJI JOPIBHIOE
1,65 A. SIx Gaummo, pe3ynbpTaTh Maibke 30iratotbes. Hesnauna
BIIIMIHHICTh 1X TIOSICHIOETHCSI 3QJIOMJICHHSIM J1€OpOMIIIBCHKUX
XBHJIb [3].

Y 1928 p. I1.C. TaprakoBcekuii B CPCP 1 He3anexxHo Bix
Hboro JI. Tomcon B AHIIIIT criocTepiraiy AUQPPaKIli0 MPU MPO-
XOJKEHHI Iydka eleKTpoHiB kpi3b ToHki (~10 °cwu) meramivni
IUIACTUHKY MOJIIKPUCTATIYHOIT cTpyKTYypH (prc.17, a). Enekrponu,

Donvea Domona.

a) 0)
Puc.17

NOMajayu Ha (POTOMIACTUHKY, BUKJIMKAIOTh TaKy K caMmy IO,
SK 1 CBITJIO, TOOTO TICIIsA MPOSIBJICHHS B MICIIX MOTIaaHHs Oyre
MOYOpHIHHSA. BUsSBUIIOCH, 110 O1epkaHl KapTUHH audpakiii aHa-
JIOTIYH1 KapTUHaM Ju(pakiii peHTreHIBCbKUX MPOMEHIB, TOOTO
SIBJISIIOTH COOOK0 CHCTEMY TEMHHX 1 CBITIMX Kiteis (puc.17,0).
[[06 nepexoHaTHCh, 10 HA (POTOMJIACTUHKY NaJal0Th €JIEKTPOHH,
a HE BTOPUHHE PEHTIEeHIBCbKE BHUIPOMIHIOBAHHS, B IPOCTOPI
nepes (poTOMIaCTUHKOK CTBOPIOBAIM MarHiTHe mosie. Lle mpu-
3BOJWJIO A0 3MILNICHHS ¥ BUKPHUBIICHHS JUQPPAKLIMHOI KapTUHHU,
10 MOSICHIOETHCS JIIEF0 MArHiTHOTO IOJI HAa PYXOMI 3apsKeH1
YaCTUHKH, IKUMHU € eJeKTpOoHU. Po3paxyHOK ofepxkaHuX Ju(pak-
MIHHUX KapTUH ISl €IEKTPOHIB TAKOXK MiATBEPKYBaB CIIpaBe/l-
nuBicTh hopmynu ae bpoitns (2-1).
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st 3’sicyBaHHS NHUTaHHS, YM MPUTAMaHHI XBUJIbOBI BIIACTH-
BOCTI KO)KHOMY OKPEMOMY €JeKTPOHY (JUIsl eleKTPOHHUX IMY4KiB
e Bxke Oyimo moBeaeHo), y 1949 p. y MockBi mij KEpiBHUIITBOM
B.A.®abpukanta OyB NMpoBeeHU AOCTI, B SKOMY Ha METaJIEBY
($honbpry CHIpsSMOBYBABCS NyXKe CIAOKHNA MyYOK E€JIEKTPOHIB, TaK
10 KOXKHHH €JIEKTPOH MPOXOJUB TOOIUHII I OKPEMO pPEeECTpy-
BaBcs (poToruracTuHKO. OKpeMi eeKTPOHU BHKIUKAIHA TTOY0P-
HIHHS Ha (OTOMIACTHHII B pi3HUX Micisax (puc.17,0), omHak
TICIIsE TPUBAJIOTO Yacy MPOXOJDKCHHS €JIEKTPOHIB CTBOPIOBAIacCh
Taka X cama audpakijiiiHa KapTUHA, K 1 B JOCHIAl 3 €IEeKTPOH-
HUM ITy4KOM. TakuM YWHOM, MMOOJMHOKI €JICKTPOHH MOILTIOBAITN
TUIBKHA B “103BOJIEHI” MiCIsl Ha (OTOIUIACTHHIN, a 1€ 03HaJaslo,
0 KOXHUW OKPEMUM EJIEKTPOH Ma€ XBHWJIbOBI BJIIACTHBOCTI #
nudparye He3aJIe)KHO Bifl IHIIINX €JIEKTPOHIB.

KpiM enekTpoHiB XBUIIBLOBI BIACTUBOCTI BUABJSIOTH W IHIII
MIKpOOO’ €KTH, TaKi K MPOTOHH, HEUTPOHH, aTOMH, MOJICKYJIH.
OnHak mpu 3pOCTaHHI MacH MIKpooO’ €KTIB iXH1 XBUJIbOBI BJIACTH-
BOCTI CTAlOTh MEHII TIOMITHUMH.

XBUJIbOBI BIIACTHBOCTI MIKpOYACTHHOK (€JICKTPOHIB 1 HEUTPO-
HIB) BUKOPHCTOBYIOThCS B elieKTpoHOrpadii Ta HeiitpoHorpadii —
METOJIaX CTPYKTYPHOT'O aHalli3y KPUCTAJIIYHUX PEUOBHH. BoHHM
TPYHTYIOTBCSI HA TOMY, 0 TUdpakiiifHi eeKTH CIoCTepiraroTh-
Csl TUIIIE 32 YMOBH, 1110 IEOPOUITIBChKA JTOBKUHA XBUJII CITIBMIpHA
3 MepioJOM KpHUCTAIIYHOT CTPYKTypHu. Po3mmdpoBka nudpakiriii-
HUX KapTHH JO3BOJISIE BCTAHOBHTH pPO3TAIlyBaHHS aTOMIB abo
MOJIEKYJT Y TIOBEPXHEBUX IIapax TBEpAMX Til (eaekTpoHorpadis),
a TaKOX JOCIIAUTH OymOBY OUIBII TIIMOOKHX IIapiB PEYOBUHU
(uetitpoHOTpadis).

§ 2.3. CniBBiIHOIIIEHHSI HEBHU3HAYEHOCTEMH
- B kiacuuHili MexaHiii JJis OMUCYy pyXy YaCTHHKH B TIPOCTOPI

JOCTaTHBO 3HATH Tpu KoopaumHatv (X, Y, Z2) 1 TpW MpOeKIrii
imnynscy (P, Py, P,) B KoxkHMI MoMeHT yacy t. SIkimo Binomi
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CWJIM, L0 JIOTh Ha MaTeII)iaany TOYKY, TO Ha MiJCTaBl APYroro
r
3akony Herotona F :% MOXHA BU3HAYUTH TOYHi 3HAYCHHS
KOOpJIMHAT Ta IMIYJIbCY B HACTyIHI MOMEHTH 4acy. B mpomy
HOJIATAE  NPUHYUN KIACUYHO20 OemepMIHi3My, TOOTO NPUHIIMII
MPUYMHHOCTI Y KJIacu4Hii MexaHini. CyKynHICTh TOYHHUX 3HAY€Hb
KOOpJMHAT Ta IMITYJIbCY YaCTUHKU YTBOPIOE 3BUYHE B KJIACHUYHIN
13111 TOHATTS TPAEKTOPII PyXY.
30BCIM 1HAaKII€ BHUPIIIYETbCSA MUTAHHSA OMNUCY TOBEIIHKU
MiKkpoo0' exTiB. CripaBa B TOMY, III0 HasIBHICTb Y MIKPOYAaCTUHKHU
XBHJIBOBUX BJIACTHUBOCTEH HE J03BOJSIE OJHOYACHO BKa3zaTH ii
TOYHI 3HAUEHHS KOOPJAMHAT i IMIYJIbCY, 11€ MOXKHA 3pOOUTH TLIb-
KU B MEXaX NEBHUX HesusHayeHocmeu. I TMOOKUI aHai3 TPUYUH
ICHYBaHHSI 1 3B’ 513Ky MK HEBHU3HAUEHOCTSIMH (PI3MYHMX BEIUYMH
JUTsL MiKpo49acTHHOK 1poBiB B.I'efizenoepr y 1927 p.
CniBBiZHOLIEHHS] HEeBU3HAYEHOCTeH, CTpPOTWi MaTeMaTuy-
HUW BUTJISA SIKUX ojiepkaB [ eif3enOepr, MatoTh TaKUil BUTJISI:
- JUIsl KOOPAMHAT 1 BIANOBITHUX MPOEKIIN IMITYJIbCY

Dx>xDp, >h/2,
Dy >xDp, >h/2, (2-7)
DzxDp, >h/2;
- JUIs eHeprii i yacy
DE:Dt>h/2; (2-8)

- U1 KyTa TOBOPOTY HABKOJO OClI W BIAMOBIAHOI MPOEKIiT
MOMEHTY IMITYJIbCY
D ,XDM, >h/2,
O, DM, >h/2, (2-9)
D ,XOM, >h/2.
-PosrastHemMo  Qi3MuHME 3MICT CHIBBIAHOILIEHb HEBH3Haue-
HocTel [6]. V nepiomy Bupasi crmiBBinHOmIeHs (2-7) DX - HeBU-
3HA4YEHICTh X-KOOPAMHATU MIKpooO ekTa, Dp,-HeBU3HAYECHICTH

X-IIpoekuii Horo iMmynascy. Yum menme DX, tum Oubmie Dp,, 1
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HaBMakd. [HOAI Tle TPaKTYHOTh Tak: HEMOXJHMBO BUMIPSATH
KOOPAWHATY H IMITYJIBC MIKPOOO'€EKTa 3 SIKOIO 3aBI'OJIHO BUCOKOIO
TOYHICTIO OJJHOYACHO; YUM TOYHIIIE BUMIpSHA KOOpJIWHATA, TUM
MEHIII TOYHO MOK€ OyTH BUMIPSHHUI IMITyJbe. Take po3yMiHHSA €
XHOHHMM, TOMY 1110 BOHO Tiepeadavae, Mo Hacmpasi Majau 0 OyTu
TOYHI 3HAYEHHS 1UX TTApaMETPiB, ajie caM MPOIEC BUMIPIOBaHb HE
€ TOCKOHaIMM. ICTHHHUE 3MICT criBBinHOMmIEHD (2-7) BimoOpakae
TOM (haKT, M0 MPOCTO caM MIKPOOO’ €KT Yepe3 NMpUTaMaHHI HOMY
XBWJIBOBI BJIACTHBOCTI HE MOXE OJHOYACHO MaTH 1 TOYHY
KOOPJMHATY, 1 TOUHY MPOEKIifo iMmynbey. CriBBignomeHus (2-7)
BCTAHOBJIIOIOTh TPUHITUIIOBY MEXY HEBU3HAYCHOCTEH, 3 SKUMHU
CTaH MIKPOYaCTUHKH MOYHA OIMCYBAaTH HA MOBI KIACUYHOL
($hi3uKH, TOOTO 32 TOTTOMOTOI0 KOOPIMHAT W IMITYJIBCIB.

[IpyHIMI HEBU3HAYEHOCTEHW Hakiagae OOMEKEHHsI Ha OJHO-
YacHI TOYH1 3HAYCHHS HE TUTHKH KOOPJWHAT U IMITYJIbCY, aje i Ha
iHII 3B’ sA3aHi 3 HUMU (Qi3HYHI BEJIMYMHHA — eHepriio i gac (2-8),
MPOEKIIII0 MOMEHTY IMIYJIbCY Ha BiCh 1 KYT MOBOPOTY BITHOCHO
i€l x oci (2-9).

CniBBigHomieHHs (2-8) BCTaHOBIIIOE 3B'A30K MDK TOYHICTIO
3Ha4YeHHS eHeprii DE MIKpOYacTHHKH B SKOMYCh HECTaOUTLHOMY
CTaHl Ta TpuBalicTiI0O yacy Dt mepeOyBaHHS B LIbOMY CTaHI.
30kpema, SKIIO CTaH cranioHapHuit, T06To Dt ® ¥ , To DE= 0,
TOOTO €HEpPris CTaHy BU3HAYAETHCSI TOUHO.

CriBBigHOMICHHS HeBH3HaueHOCTeW (2-7) ... (2-9) Tpeba
PO3TJIISIATH IO CYTI SIK 3aKOH, III0 BH3HAYAE MEXKY, JI0 SIKOi MOYKHA
BUKOPUCTOBYBATH YSIBJIICHHS 1 XapaKTEPHCTUKU KIIACHYHOI MeXa-
HIKA JUIS OMHCY CTaHy W TIOBEMIHKH YaCTHHKH 3 JBOICTOIO
KOPITYCKYJISIPHO-XBHIILOBOIO TIPUPOJIOIO.

Sk UTIOCTpAIlifo  CIIpaBeIMBOCTI  CIiBBigHOIIEHs (2-7)
PO3TIISTHEMO TIPOXOKEHHS MIKPOYACTUHKH KPi3b IIUTUHY IIUPH-
HOto DX B ekpaHi, po3TamoBaHOMY NMEPIEHANKYISIPHO HAMIPSIMKY
il pyxy (puc.18) [1]. Jo npoxomkeHHs 1i Kpi3h HIUTHHY MPOEKIIis
IMITyJIbCY Ha BiCh X JIOPIBHIOE HYITIO TOYHO (32 YMOBOIO JOCIIIY
eKpaH MepPIeHIUKYISIPHAN 10 BEKTOpa b), tak mo Dp, = 0.IIpore
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KOOpAMHATA YaCTMHKMA X 30BCIM HeBimoma, T00To DX ® ¥ .
Y MOMEHT NpOXOKEHHS Kpi3b IIUIMHY 3aMICTh IOBHOI HEBU3HA-
YEHOCTI KOOPJIMHATH 3’ ABJISIETHCS HEBU3HAUEHICTh DX, aie e no-
CATAEThCS LIHOIO BTPATH TOYHOT'O 3HAYEHHS ), , OCKUIBKU 4Yepe3

X
. 1-it min
—_— p T - fl
/ﬂDpx
e [ 0
_— ] =~ ~o
1-it min
L
Puc.18

XBUJIbOB1 BJIACTUBOCTI MIKPOYACTHUHKHU CIIOCTEPIraTUMEThCS AUQ-
pakiiiiHa kapTuHa (Ha (GOTOUYYTIMBOMY €KpaHi BUHHKAIOTh MaK-
cHMyMH §f MiHiMymH iHTeHcHBHOCTI). Ile 03Hadae, mo iMmymse P

3a MUIMHOK0 HE 3aJUIIAEThCS CTPOTO MEPHEHIUKYISIPHUM [0
eKpaHy, TOOTO 3’sBJIA€TbCS HEBU3HAYEHICTh DP, . SKio B3saTH 10

yBaru TUIbKM LEHTPAJbHUN MAaKCUMyM, TO HalOuibllla HEBU3HA-
YEHICTh MPOEKIi] IMITYJIbCY CTAHOBUTHME

Dp, = p>&inj ,
1€ | - KyT, IO BIAMOBiAae mepuioMy MiHIMyMy nipu audpakiii
Ha IIUIMHI:

Dx:sinj =
Bupaxaroun 3 11b0T0 piBHSHHS SiNj , a 3 Gopmynu ne Bpoiis
(2-1) imMmnymec p, 0epKUMO

Dp, =

3BiKM MatumeMmo chiBBigHomeHHs Dx>Dp, =h. Skmo Bpaxo-

h |
— X
| Dx'

BYBaTH HAasBHICTb KpIM LIEHTPAIBHOIO 1€ IUPpakiiliHl Mak-
CUMYMHU cTaplux nopsakis, o Dp, Oyne mie Ouiblue, Tomy [uis
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CIIBBITHOIIICHHSI HEBU3HAYCHOCTEH Oy/Ie BUTIISIT

Dx>Dp, > h,
IO Y3TOKYETHCS 33 TIOPSIIKOM BEIWYHMHH 3 BUpazamu (2-7), ski
Oynu ognepkani ['ei3enOeproM Ha TMmiacTaBi OUIBII CTPOTHUX
MIpKYBaHb. 3 PO3MIISIHYTOTO AUGPAKIIHHOTO MPHUKIIATy BUTIIIUBAE,
10 KOJIM B3SATH MEHIIY 3a po3MipoM DX mriuHy (OUThII TOYHO
BHU3HAYAETHCS KOOPAWHATA), TO 30UIBIIYBAaTHMETHCS KyT | Ha
HepIINi MIHIMYM, a OTXke, Oyae OUIbIIO HeBU3HAuYeHICTh Dp, .
“BuHOI0” 1IbOMY € XBHJIHOB1 BJIACTHBOCTI MIKPOYACTUHKH.
PosrisiHeMoO 1mie OQWH TPHKIAJ JUIsl TIOSCHEHHS CITIBBiTHO-
menHs (2-8). Bigzomo, 1110 B aToMax eHeprist eJIeKTPOHIB KBaHTY-
€TBCSI, TOOTO €JICKTPOHU MOXKYTh
3HAXOJHUTUCH TLUTHKH Ha TIEBHUX
€HEPreTUYHUX DIBHAX, HaIpPHUK-

man, E; ta E, (puc.19). Skmo
E, - ocHOBHUII piBeHb, TO HacC
KUTTS Ha HbOMY Dt ® ¥ | 13Ha-
YEHHs €Heprii BIiJOMO TOYHO,
tobro DE; = 0. Yac xxurts Ha
30yIKEHHUX PIBHAX OOMEKECHHH,
Puc.19 sk npasuno, Dt ~10%c. Ile

O3Ha4vae, mo eHepris piBHsa E, mae HeBu3Hauenicts DE, ~h/Dt , .

inpaxynok nae pesymsrar DE, ~107%° /e ~107"eB . Xoua ne
W HEe3Ha4yHe PO3UIMPEHHs PIBHS, MPOTE MPH EIEKTPOHHUX Iepe-
X0JIax HeMa CTPOTOT MOHOXPOMATHYHOCTI BUIIPOMIHIOBAHHS, IITH-
pUHA CcreKTpabHOi JiHii cranoButume Dn =DE,/h~10°Iy,

0 € MOPIBHAHO 3 ONTHUYHOIO YacTOToro0 mepexoxy N ~10% Iy
HA/I3BUYAHO MaJIoK BeIM4YMHOI0. Ha KapTHHKAaxX CIEKTpIiB Taki
JiHIT MalOTh TIEBHY MIUPUHY.

- He Tpeba BBaxkaTu, OJlHaK, IO Hi 3a SAKUX YMOB HE MOJKHA
TOBOPHUTH TPO TPAEKTOPir0 MikpouacTuHOK [1]. Hampukmam, B
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€JICKTPOHHO-TIPOMEHEBINA TPyOILll CIII E€JIeKTPOHHOIO Ty4yka Ha
ekpani mae paniyc r ~ 0,1 mm, a nosxuna camoi Tpyoku | ~10 cm.
Toni Binmomenns Dp, / p, ~10* (puc.20). Immynbe enekTpoHa,
npuckopenoro Hampyroro U, 3Haiizemo 3a dopmysioro ( 1uB. Ha

c. 34 p=+2meU . Tlpu
J{?_x_ -——= 7)} U ~ 10 B BemmuuHa iMmymbCy
p»5X0 ®xexu/c. Ha min-

{
cTaBi cmiBBigHOIIEHHS (2-7)
Puc.20 MaTUMEMO
-34
Dx = h/2 1,05%0 ~10 .

Dp, 2x5407

HeBuznauenicts koopauHaTi DX € HaCTUTBKH MalioOl0, 110 MOXKHA
BECTU MOBY MO IIUJIKOM BU3HAUEHY TPAEKTOPIIO PyXy €JIEKTPOHA.
30BCIM 1HIIMK pe3yiabTaT OyneMo MaTH sl €JIeKTPOHa B

aromi, posmipn sikoro Dx ~10 "y . Toxi HeBM3HAUEHICTH MIBH-
KOCTI €JIeKTpoHa Ha mificTaBi (2-7) cTaHOBUTHME

_h/i2 _  105X0°%
DVx - - =31 -10
mxDx  2X9,1x410 * X0

HeBuznauenicts mBuakocti DV, BUsABMIIACH HACTUIBKY BEIHKOIO,

X

~10°um/c.

0 BOHA € CHIBMIPHOIO 3 BEJIMYMHOIO CaMOi HIBHJKOCTI €JIeK-
tpoHa V. llg oOcTraBrHa HE 103BOJIsSIE TOBOPUTH TPO SIKICh TPAEK-
TOPIi EJIEKTPOHIB B aTOMI.

- CriiBBiHOIIIEHHS HeBU3HA4YeHOCTEH (2-7) ... (2-9) mo cyTi €
KPUTEPIEM 3aCTOCYBAaHHS KJIACHYHOTO MIAXOIY O OIKCY TOBe-
ninkn vyactuakd [3]. Ieit kputepiil moB’s3aHUil 3 KOHCTAHTOIO
[Mnanka h, ¢izudna po3MmipHicTh skoi (iMIynbc) (IOBXKHHA),
(enepris)” (wac) abo (MoMeHT iMmysbcy). BenumdmHa 3 Takoro
PO3MIPHICTIO HA3UBAETHCS JI€T0.

Skmo B sKiiick (I3UYHIN CHUCTEM1 3HAYEHHS NEAKOi Xapak-
TepHOi BenmuuuHHM [ 3 posMmipHicTiO Oii cmiBMipHe 3 h, TO
MOBE/IHKA 111€1 CUCTEMH MOK€ OyTH ONKMCaHa TUIBKU B paMKax
KBaHTOBOT Teopii. ko  BennunHa [ Habarato Oinbia 3a h, to
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CHCTEMa 3 BHCOKOIO TOYHICTIO OTHCYETHCS 3aKOHAMH KJIIACHYHOT
¢bi3uknu. BenwyumHU MakKpoCBITY, IO MalOTh PO3MIPHICTH Oii,
3HAYHO MEePEeBaXaloTh KBAHT Jii N, TOMy 10 MakpoCHCTEM J0C-
TaTHBO 3aCTOCOBYBATH 3aKOHH KJIACUYHOT (DI3UKH.

CriBBiTHOIIIEHHS] HEBU3HAYEHOCTEH TIOKA3YIOTh, SIKHM YHHOM
CIli ~ KOPHCTYBAaTUCh  MOHATTAMH  KJIACHYHOI  MEXaHIKU
(iMmmybcoM, eHepri€ro, KOOpAWHATaAMH, MOMEHTOM IMITYJIbCY)
MpHU TIepexo/ai B 001acTh MIKPOCBITY. L1 TOHATTS MalOTh MEBHUHN
3MICT, MPOTe 3 OOMEXEHHSMH, SKi HAKIaTaloThCs GopMmynamMu
(2-7)...(2-9). Pazom 3 Tum 11i POPMYIIM HE TUTHKH 3BOAATHCS 0
OOMEXEHHS 3aCTOCyBaHHS TIOHATh KJIACHMYHOiI (I3UKH B
MIKPOCBIT1, aje TaKoXX € poOOYMM IHCTPYMEHTOM KBaHTOBOIi
GBUKA U1 OJCpKAHHSA TMPOCTUM IUISIXOM BKJIUBHX OI[IHOK
TOBEIIHKH MIKPOCHCTEM.

3agaui

2.1. ®opmyaa ne bpoiiasi. 3HaTH 1EOPOUITIBCEKY JTOBXKHUHY
XBUJI1 €JICKTPOHA, AKui puckopenuit Hanpyroro U=15000 B.
Po3B’'s3aHH s 3rigno 3 popmyioro ae bpoiins (2-1)

Je p — IMITYJIbC €IEKTPOHA. SIKIO eIEKTPOH MPUCKOPIOETHCS
Hamnpyroto U, To ioro immynbec P =+/2meU . OTxe, T0BKu-
HY XBWJI1 3HaiIeMO 3a (OPMYIIOI0

h
| = —.
\/2meU

6,620 *

\/2 39140 1,640 ,540*
2.2. Indpaxkiisi esiekTpoHiB. [Tydok eneKTpOHIB 3 MBHIKICTIO
V =10°um/c majae HOpMaNTbHO HA €KPaH 3 BY3bKOIO IILITH-

Bukonaemo oO4mciIeHHS:

| =10" u.
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JMHOIO 3aBIIMPIIKA DX = Luxwm . 3HAWTH IINUPHUHY HEHTpallb-
HOTO U(paKIITHOr0 MAKCUMYMY Ha €KpaHi, SIKUi po3Milie-
Huii Ha Bigcradi L =50 cv Bim mitmHA.
P o3B's3anH 1. Kapruna audpakiuii e1eKTpoHiB Ha HIUTUHI
nokazana Ha puc. 18. IllupuHa HEHTpaTHLHOTO MaKCUMyMy
b=2l,, ne |, -Bincranp Bix meHTpa 10 nepmoro audpak-
niiitHoro miHiMymy. 3 reomertpii pucynka I, =L Xg , me
] - KyT Ha mepumii gudpaxiiiauii MiniMmym. Moro Moxua
3HaWTHU 3 YMOBH U1 MIHIMyMY IIpU Ju(pakiii Ha MUTHHI
Dx:sinj =n:l .
Ockinbku KyT | Manwmid, To tg) » Sinj , i g N =1 maemo

tg) =| /Dx. loBkuHy XBHJII €JIEKTPOHA 3HaiIeMo 3a (op-
mynoro ne bpoiins | =h/mV . Toai ocrarouHo mupuHa
MaKCUMyMY
b=2l
Dx xmV

Buxonaemo o0uncIeHH:
_ 2X0,5%6,62X0 %

10°° 9,140 * ¥0°
ChiBBigHomeHHs HeBU3HAYeHOcTel. OMIHUTH HAWHIKYNN
EHEepPreTHYHUM CTaH eJIeKTpOHa B aTOMI1 BOJIHIO. BBaxkartu, 1110
TiHilAHI po3Mipu atoma | ~1A.
Po3B's3aHHs CHiBBiIHOUICHHS HEBU3HAUCHOCTEH (2-7)
JUIS OLIIHKH CTaHy €JIeKTpOHaA rpeacTaBuMo sk DxxDp, ~h.

=0,73X03%n =0,73mm .

Enextpon Oyne nepedyBaru mo0au3y siapa B 001acTi 3 JTiHIM-
HUMH po3Mipamu I = Dx ~ |/ 2 . HaiiHwkunii eHepreTHUHHi
CTaH XapaKTepHUH TUM, 10 HAMEHIINN IMITYJIbC €IEKTPOHA
JIOPIBHIOE BEJIMYMHI HEBHU3HAYEHOCTI IMMYJbCy,  TOOTO
Do, ~ P, IlincraBidroun HEBU3HAYEHOCTI KOOPAMHAT M

IMOynscy B CHiBBigHOWIEHHSA, Matumemo P, X /2~h,

3BIJIKM OLIIHKA IMIYJIbCY €JIEKTPOHA B HAWHWKYOMY €Hepre-
TUYHOMY CTaH1 Oyje Takolo:
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-
min I

KineTnuna enepris 3B’s3aHa 3 IMIOYJbCOM BHPa30OM
T = p?/2m, To 11 HAWHWKYIOTO EHEPTeTUYHOTO CTaHY
2 2
— pmin _ 2h
2m  msl?
[ToTeHmianbHa eHEPTis KYJIOHIBCHKOT B3aEMO/IIT €JIEKTPOHA 3

min

S7IPOM Ha BijicTaHi I' BupakaeTbes ax I1 = - €%/ dpe,r . Ta-
KHM YMHOM, ITOBHA MiHIMaJIbHA €HEPTisl €JICKTPOHA B aTOMI

BOJIHIO
2 2
Emin :Tmin+H~ 2 2 L xe_
mx° 4dpe, r

Bukonaemo oO4mcieHHS:

2 -68 2 -38

=-21,9%0" e = - 13,6 eB.
Leit pe3ynbTaT Maiike TOUHO 30Ira€ThCs 3 BETUIMHOIO €HEP-
il OCHOBHOTO CTaHy €JIEKTPOHA B aTOMIi BOJIHIO, IO CBITYUTH
Ha KOPHCTh MTPOBEICHOT OIIHKH.

CtHcii BUCHOBKHU

1. 3rigno 3 rinote3oro Jlyi ne bpoiins Bci 63 BUKIIOYEHHS Yac-
TUHKU Matepii BUSBISIIOTh XBUJIBOBI BJIACTUBOCTI. J[oB)KMHA
XBWJI1, 3B’s3aHa 3 YACTHMHKOIO, IO PYXa€ThCs, BU3HAYAETHCS
3a yHIBepcaJabHOI (POPMYIIOI0

h

mv -

HaiiOump1r moMiTHO XBHIJIBOBI BJACTUBOCTI MArOTh BHSIBIISITH
YACTHUHKH 3 JIy’KE MaJ0r0 Macoro (MIKpooO' eKTH).
2. Ilura HM3Ka TOCHIMIB 3 PO3CITHHA HAa KPUCTAJTIYHHUX CTPYKTY-
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pax eleKTPOHIB, HEUTPOHIB, ATOMHHUX Ta MOJIEKYISIPHUX ITy4-
KIB MIEPEKOHJIMBO Y3TO/KYETHCS 3 YSIBICHHSIM MPO AUPPAKIIIO
XBUJIb, JIOBJKMHA SIKUX BU3HAYA€THCS (popmyroro ne bpoits.
CyTTeBUM € Te, 10 XBUJIBOBI BJIACTHUBOCTI MpUTAMaHHI HE
MYy4YKYy MIKPOYACTUHOK, a KOJ#CHIU MIKpOYAaCTUHLI okpeMo. Lle
HOPU3BOAUTH JI0 MOHSTTSI KOPNYCKVAAPHO-X8UNbOBOI TIPUPOIU
MIKpOOO’ €KTIB.

Oco6smBa aBOicTa MPUPOJIa MIKPOYACTUHOK HE JI03BOJISIE BU-
KOPUCTOBYBaTH 3BHYAMHMUN amapar KJIACUYHOI (I3UKH IS
omucy ix moBeniHku. KiacuuHi ysBJIEHHS PO TPAEKTOPIIO
PyXy MIKpOYacCTHHOK BHSIBIIIOThCSI HenpuaaTHUMU. CHiBB1I-
HOIIECHHS HeBM3HadeHocTedd Dx>Dp, >h/2, DE:Dt>h/2

MOKAa3yIOTh CTYIIHb IPUJATHOCTI MOHATH KJIACUYHOI (DI3UKU B
00J1aCT1 MIKPOCBITY.

IIuTaHHA A8 CAMOKOHTPOJIIO

AHx  excnepumeHmanbHo MOJICHA CHOCMeEPicamu  X6UibOGy
npupooy Mikpooo' ekmig?

B uomy nonscac xopnyckynapno-xeunvosuil 0yanizm MIiKpo-
YaACMuUHOK?

3anucamu gopmyny Jlyi Ode bpouns i wa ii niocmasi
npoananizyeamu, HACKiIbKU NOMIMHI X8UNbOBI G1ACMUBOCINI
MIKpO- ma Makpooo' ekmis.

Y womy nonseac izuunuii 3micm cnisgioHoweHb HeBU3HA-
yenocmetl I elizenbepea?

B axkux eunadkax mooxcna 2oeopumu npo mMpacKmopiio
MIKDOUACMUHKU 8 KILACUYHOMY PO3VMIHHI?
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I'naBa 3. EleMeHTH KBaHTOBOI MeEXaHIiKH
8§ 3.1. IToHATT XBWJILOBOI (PYHKIil

B 20-x poxax XX cT. Oyna CTBOpeHa HOBa MeXaHika —
kBaHTOBa (a00 XBWJILOBA) MEXaHiKa, sKa 3MOTJIa aTh MPaBUIIb-
HUH 1 IIOBHUI OIMC MOBEMIHKMA YAaCTHUHOK, IO MAlOTh XBUJILOBI
BJIACTUBOCTI. PO3risHeMO BUXiJHI MPUHIIMIN KBAaHTOBOI Mexa-
HIKH.

- JInst 3’sicyBaHHSIT METOJy OIMCY TOBEIIHKH MIKpPOOO' €KTIB
CKOPUCTAEMOCH TOPIBHSIHHSIM KOPITYCKYJISIPHOTO ¥ XBHIILOBOTO
MIAXOMy TPH PO3TIsAAi mpupoau cBitia [1]. 3rigHo 3 dhopmynoro
(1-36) iMoOBIpHICTh 3HAXOKEeHHS (OTOHA B sKilCh 00JACTi
MPOCTOPY BH3HAYAETHCS KBAAPATOM AMIUNTYIH EIEeKTPUIHOT
CKJIQZIOBO1 CBITJIOBOT XBUJI1. Ofpa3y K BIIMITHMO, IO TAKUW OTIHC
HE J1a€ TOYHUX BIJOMOCTEH PO MOBEIIHKY KOHKPETHOTO (POTOHA,
MPOTE 332 HASBHOCTI BEIIMKOI CTATUCTHKU OyJe TOYHO BUKOHY-
BaTHCh.

VY nocmigax, moB’si3aHMX 3 AU(PAKIIEI0 €IeKTPOHIB (IHB.
puc.17,60), BennywMHA, aHAJOTIYHA IHTEHCHBHOCTI, BHMIPIOETHCS
MOYOPHIHHAM (POTOIIACTUHKH, TOOTO KUIBKICTIO €JEKTPOHIB, SKi
MOTaJ Ha OJWHUIIIO TUIOMNII 3a oJuHMI0 4acy. [Io6 omucatu
Tudpakiliro eNeKTPOHIB, Tpeba MPUHHATH, TO0 3 iX pyXom
3icTaBiieHa Jeska XBHiaboBa GyHKIA Y (X,Y,Z 1), sKa 3aJIeXKUTh Bix
KoOpAHWHAT 1 Yacy. Takuit mamemamuunutl ¢popmanizm T03BOJISE,
3 OJHOTO OOKy, TIOBHICTIO ONHWCAaTH XBHUJbOBI BJIACTHBOCTI
MIKpOOO’ €KTIB, 1 3 APYroro OOKy, 3HATH MHTAHHS MPO MPUPOTY
a00 SIKyCh IHTEpIIpeTalliro XBWIb ¢ bpoiis.

VY 1926 p. M. bopH naB IMOBIPHICHY IHTEpIIpETAIlil0 TICi-
¢ynkuii. [To anamnorii 3 mudpakmiero cBitia OyJs0 3amporoHO-
BaHO BBECTH Y -(QYHKIIF0 TaKUM YHHOM, o0 3 ii JOMOMOroro
BU3HAYaTH WMOBIPHICTh 3HAXO/DKCHHS €JIEKTpOHA B SKINWCH
obnacti poctopy. OCKiIbKH Y -PYyHKITIS B 3aralbHOMY BHIMAJIKY
€ KOMIUIEKCHOI0, BOHA HEJOCTYITHA JUIS CIIOCTepexeHHs. FIMoBip-
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HICTh 3HAXO/KEHHS YaCTUHKHU € BETMYMHOIO NIHCHOIO 1 eKCIIepH-
MEHTAJIBHO CHOCTEPEKYBaHOI. TOMY HMOBIPHICTh 3HAXOKEHHSI
yactuaku P B 00’emi dV Mae xapakTepu3yBaTHCs K6aOpamom
Mmooyna mci-pyHkiii, To6To

dP=ly [PV =y % " xdVv, (3-1)
ne Y - KOMIUIEKCHO CIIpsKeHa (yHKILis.

OTtxe, Qpi3MYHMI CMHCIT Ma€ HE cama XBUJIbOBA (QPYHKIIA Y ,
KBAJparT ii MOy

y P=. 32)
dv
[Is BenuuuMHA BU3HAYAE 2YyCMUHMY UMOGIPHOCMI 3HAXOIKEHHS
YACTUHKH B OJIMHUII 00’ €MY.

- IMOBipHiCHMIT XapakTep ONMMCY HOBEMIHKM MIiKpooO' eKTiB 3a
JOTIOMOTot0 Tici-QYHKII Hakianae Ha Hei MeBHI OOMEeXEeHHS,
noB’ s13aHi 3 Ppi3uyHuM 3MicToM. OyHKIis Y =Y (X, Y, z,t) Mae 3a-
JOBOJIBHATH TaKi TPU yMOBH:

1) ¢yskuis Y TOBUHHA OYTH CKIHU€HOI0, HenepepeHolo U

0OHO3HAYHOIO;
2) ToXimHi —— Iy ﬂy ﬂy ﬂi MOBUHHI OyTH HENEPEPBHUMH;
™' Ty 1z’ 1t

3) ¢dynkuis |y |* moBMHHA 3a7JOBONBHATH YMOGY HOPMYBAHHS
¥
Jy I dx>dy>dz =1. (3-3)

Ymoga (3-3) o3Havae, 110 nepeOyBaHHS YaCTHHKH JIECh B YChOMY
npocropi, ne Y 1 0, € moxiero BiporigHO, TOOTO WMOBIPHICTH
3HAUTH YaCTHMHKY B SKIACH TOYIl HECKIHYEHHOTO MPOCTOPY
JIOPIBHIOE OJTUHMIII.

3aranbHUM 3anUC XBUJIBOBOI (PYHKIIT Y Ui BUIbHOT YaCTHH-
KH, III0 PyXa€ThCs B JIOBUTLHOMY HAIPSMKY, Ha mifcTaBi (2-4) mae

TaKWil BUTJIA,

T e

y (L) =Ae (3-4)
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1 . .. . 1 .
1e P -IMITyJIbC YacTHUHKH, E — ii TOBHA eHepris, I - pajiyc-BEeKTOp
TOYKHU TIpocTOopy, t—uac, 4 —amumiryaa nci-QyHKIii.

8 3.2. PiBusinusi Ilpeninrepa

- B 1926p. aBcTpiiicekuii ¢pizuk-reopetuk E.lllpeninrep 3naii-
OB PIBHSHHS, 3 SKOTO MOKHa Oy/no onep)kaTh TCi-QyHKITIFO
YaCTUHKH, 10 PYXA€ThCS B MOTEHINIAMIbBHOMY moJi cui. Lle €
OCHOBHE PiBHSIHHSI HEPEJSITUBICTCbKOI KBAHTOBOI MEXaHIKH.
PiBusinnst [Ipeninrepa tpebGa cripuiiMatu sIK HOBUM (pyHIaMEH-
TaTbHUW 3aKOH, KWW HE MOXe OyTH BUBEICHUN 3 TMONEPEIHIX
ysBIeHb ab0 Teopiit. Mloro Tpeba po3rmsaTh SIK MEBHE TOIOBHE
BHXIJTHE TBEP/DKEHHS, IO JIC)KUTh B OCHOB1 KBAaHTOBOT MEXaHIKH,
JIe BOHO BIJIrpae TaKy camMy poJib, K 3akoHH HploTOHa B
kimacuuHid Mexanini. CrpaBemmuBicte piBHsSHHA [lIpeninrepa
MATBEPKYETHCA THUM, 110 BCl BUCHOBKM KBAHTOBOi MEXaHIKH,
oJIepKaHi 3a JIOMOMOTOIO ITLOTO PIBHSIHHS, MPEKPACHO Y3TODKY-
I0TbCA 3 €KCIIEPUMEHTAILHUMU Pe3yJIbTaTaMHu.

PiBasians [lpeniarepa Mae Takuii BUTTIS!

Y _ h?
Jhxﬁ— - 2—><DY +11(X,Y,z1t) XY , (3-5
m

ne h- crana Ilnanka, | =+/- 1 - ysSBHa OJUHHMIIL, M — Maca 4dac-
THHKH, T1(X,y,Zt) — NOTeHIiaTbHa €HEPris YaCTUHKU B CHIIOBOMY

2 2 2
1 _+ 1 _+ 1 :
>y 9z

moJii, € BOHA pyxaeThcs, D= orieparop

Jlammnaca.
Burnsn xsuneoBoi Gyukitii Y (X, Y, z,t), sk BumiuBae 3 (3-5),
BHU3HAYAETHCS BUTIIAAOM MMOTEHIaabHOT eneprii  [71(X,Y,zZt),

TOOTO XapakTEpPOM THX CHWJI, IO JIFOTh HAa 4yacTHHKY. HeoOximHo
TaKOXX 3a3HAYuTH, 10 po3B'30K piBHsHHS [lpeminrepa, ToO6TO
3HaiigeHa Y -(QyHKIliA, Ma€ 3aI0BOJBHATH TPU YMOBH, IO OyiIu
po3rsiHyTi B momnepearabomy maparpadi. Ockinmeku B (3-5)
Gbirypye 3anexHicTh BiA 4acy {, TO BOHO Ha3UBAETHCSA UACOBUM
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ab0 3acanvhum piguanuam Lllpedineepa. 3 moTIany MaTeMaTUKH
piBHaHHA llpeninrepa sBisie coboro JiHINHE AudepeHLianbHe
PIBHSIHHS 3 YACTUHHUMH TOX1THUMHU.

-OcobnuBe Miclie B KBaHTOBIM Teopil 3aliMaloTh CTalllOHapHI1
CTaHH, B SIKUX CIOCTEPEKyBaH1 (PI3UYH1 BETMUUHU HE MIHSAIOTHCA
3 yacoM. Hampukiaza, B aToMi €JIEKTPOHH PyXarOThCs B CTaIlio-
HapHOMY MOJI1 CWJ, TOOTO TMOTEHIiaJIbHA €HEpris eJEeKTpoHa He
3aJIeKUTh SBHO BiA 4yacy. B 1iboMy BuIajky po3B’si30K pPIBHSHHS
[peninrepa po3nasaeTbcsi Ha JABa MHOXXKHUKH, OJUH 3 SKHX
3aJIeKUTh TUIBKM Bill KoopAMHAT (aMIUTITy[HAa 4YacTHHA IICi-
GyHKIiT), Apyruit — TinbkU Bix vacy [1]:

Y (xy,zt) =y (x,y,2)e (3-6)
ne E —noBHA eHeprisi YaCTUHKH.

[Ticns mincraHoBku BUpasy (3-6) B piBHsAHHS (3-5) MHOKHUK,
10 MICTUTh YaCOBY 3aJI€KHICTh, CKOPOUYEThCS, 1 Oy/e oepkaHe
mudepeHLiaabHe pIBHSIHHS BITHOCHO QYHKIIT Y !

oy +20[e- mixy. 2y 0. (@7
Ile piBHsHHS Ha3uBa€ThCs pigHanHAM Lllpedineepa ons cmayio-
Hapuux cmanie. Po3B 130k 1poro piBHAHHSA Y (X, Y, Z) HE 3aje-
JKUATDH BIJ 4acy 1 TAaKOXX Ma€ 3aJ0BOJIBHSATH YMOBH, 110 HaKIa/aa-
I0ThCS Ha NCl-(DyHKIII.

Oyukii Y , sKi € po3s’s3kom piBHsHHs [lpeninrepa (3-7),
HA3MBaIOTHCS BJAACHUMU (PYHKUIsIMHU, a 3HAUEHHS NOBHOI eHeprii
E, npu gKuX MOXJMBI L1 PO3B'SI3KM, HA3UBAIOTHCSI BJIACHHUMM
3HAYEHHSIMH.

Piusans llpeninrepa mae 1oCUTh CKIAAHUMN BUTTSA. B mite-
parypi, Hampuknan [1, 2], HaBOAATHCsS pi3HI MIPKYBaHHs, Ha
MiACTaBl AKUX MOKHA “Bragath” Horo BUriIsa. OmgHak Il HIJISXH
BCE OJIHO HE MO>KHA BBa)KaTH BUBOI0M piBHsAHHS LlIpeninrepa.

3acToCyBaHHSI OCHOBHOIO 3aKOHY KBAHTOBOI MEXaHIKM —
piBHaAHHA Ulpeninrepa - s MIKpOCHCTEM MPUPOJIHUM MUISIXOM
NPU3BOJUTH JO TOHSTH KBAaHTYBaHHS (i3UYHUX BEIWYHH Ta
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WMOBIPHICHOTO OIHKCY IMOBEMIHKH MIKpOOO’ €KTiB. Xo4a B pealib-
HUX 3a/1a4ax po3B’s3aHHs piBHsSHHS Illpeninrepa € gyxe ckian-
HOIO TIPOIIEYPOI0, YaCOM HEMOJKJIMBOIO B aHAITHYHOMY BHIJISI-
I, B NESKUX TMPOCTIIINX BHITAJKaX, OJHAK, BOHA € JIOCHTBH IIO-
BYAITLHOIO.

§ 3.3. YacTuHKAa B OAHOBHMIpHiii moTeHmiadbHii simi

PosrissHeMo TpuKIam 3acTOCYBaHHS OCHOBHOTO PIBHSHHS
KBaHTOBOi MEXaHIKM [0 YaCTHHKH, SIKa 3HaXOIUThCS B HECKiH-
YEHHO TJMOOKIN OJHOBUMIPHINA MPSAMOKYTHINA MOTEHIIaTbHINA M1
(puc. 21). IMpunycTrMoO, M0 YaCTHHKA MOXE PYyXaTHCh TUIBKH

. B37I0BX OCl X, MpUYoMYy ii MOTeH-

E mianpHa eHepris /7 =0 B Mexax
s 0<x<l. Broukax x<O
I® ¥ [I® ¥ ta X> | Benuuuna I7/® ¥ , T00TO

3a MeXKI IMHU YacTUHKA BHHTH HE
MOXe. 3amuiieMo CTallloHapHe

0 =l . piBastaas [lpeniarepa (3-7), Bpa-
xoBytoud, 1o /7=0, i mo B onepa-
Puc.21 topi Jlammaca Oyae mnpucyTHs
TUIBKM HOXIIHA Bi OmHIET KOOp,Z[I/IHaTI/I X:
dy
e h — ><E ¥ =0. (3-8)
BgiBmIu nmo3HaueHHs
2m
w? = el —E, (3-9
MaTuMeMo piBHSHHS (3-8) B TaKOMY BUTIISII:
y ¢+w?xy =0. (3-10)

OcraHHe PIBHSAHHS € PIBHSAHHIM TapMOHIYHOTO OCIIHIISITOpa, HOTO
PO3B’ 30K Ma€ TaKUi BUTIISII:

y (X) = Asin(wx+a). (3-11)
[[o6 Bu3HAUMTH MCi-QyHKITIIO, TpeOa BCTAHOBUTH 3HAYCHHS Be-
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mmuuH 4, W Tta a. g Oboro CKOpUCTAEMOCh T'PaHUYHUMU
ymoBamu 715t GyHKIT Y . OCKUTbKH HMOBIPHICTh 3HANTH YaCTUH-
Ky 3a MeXaMH SIMU JOPIBHIOE HYJIO, TO 3 YMOBU HENEPEPBHOCTI
nci-pyHKIIT BUIUIMBAE, 1110 HA FPAHULSAX SMHU BOHA TE€K NMOBHHHA
JOPIBHIOBATH HYIIIO, TOOTO

y 0=y (I)=0. (3-12)
B Toumi x=0 misa ¢pyskuii (3-11) matumemo y (0) = Asina =0,
3Bimku oxepxkyeMo, mo a =0. B touni X =1 nci-¢pyHKmis Tex
JIOPIBHIOE HYIIIO, TOOTO

y (I) = Asinwl =0.
Lle piBHSHHS BUKOHY€ETHCSI, KOJIH

wl =+n:p, (3-13)

nen=1,2, 3,... -nuie uncio. Bunagox N = O Bignamae, oCKUIb-
ku toni y (X) © 0, ToOTO wacTuHKa mpocTo BincyTHs. [lincTasiis-
oun W 3 (3-13) B dopmyny (3-9), 3Haiinemo ernacki 3HauenHs
eHepeii YaCTUHKA

p 2h2
ST (3-14)
2ml
ne n=1,23,...- ijIe 4YUCio, IKe HA3UBAIOTh KBAHTOBUM YHC-

JIOM.

OTrxe, po3B’ 30k piBHAHHS Llpeninrepa mae ¢pi3uuHui 3MicT
TUTBKH JUTS JUCKPETHUX 3HAYCHB TIOBHOI eHepril yactuku (3-14).
Ha puc.22 mokazana cxema m0-
3BOJICHMX E€HEpPreTUYHUX PIBHIB,
K1 BU3HAYAIOTHCS LIUTUMU YHC-
namu N. HaliHWx4uii eneprerny-
HU piBeHb (N = 1) Ha3MBaETHCS
ocrognum cmanom. Vomy Bizmo-
BiZla€ €Hepris

B p 2h2
0 ¢ 1 =720,
2ml

Puc.22 Ile o3Hauae, 110 A7 MIKpOYACTH-
53

E; n=3

=}
1
N

E;




THHOK Hi 32 SIKHX YMOB HE NPHUITMHSAETHCS PyX, HaBITh TIpH abco-
moTtHiA Temneparypi 7 = 0. Lls o6cTaBuHa sBIsie COO0I0 3araiib-
HUM pe3ynbTaT KBAHTOBOI MEXaHIKH, KM aOCOJIFOTHO HEMpUiA-
HATHUH 17151 KIIaCU4IHOT (Pi3UKH.

Bnacui ¢yukmii 3Haiiaemo, miacrasusoun B (3-11) a =0 Ta
w 3 ymoBH (3-13):

(9= AsndE <2, (3-15)
el g
Jlnst 3HaXopKeHHST KoedimieHTa A CKOPUCTAEMOCh YMOBOKO HOP-
myBanHs (3-3), saxa s uie’i 3a/1a491 Ma€ TAKAN BUTIISI,
222 P

AZ(}‘In gn xOxelx= 1. (3-16)
2

3rifiHo 3 TEOPEMOIO TIPO cepez[He interpan y (3-16) MokHa mpe-
CTaBUTH sIK I00yTOK iHTepBaty | Ha cepejHe 3HaUCHHS KBajpara

cuHyca, sike gopiBaioe 1/2. Toxai marmmemo: A2(1/ 2) x| =

3Bimku A=+2/1. Takum 4mHOM, 61aCHI PyHKYI] 3aTUIIYTHCS
TaK:

y . (X)= \/7><s|ngn X2, (3-17)

Ha puc. 23 naBeneni rpadiku nc1-(1)yHI<u11' y ,(X) Ta posno-

. .. . 2 .
I TYCTUHH MMOBIPHOCTI b/n(x)| JUIA PI3HUX EHEPreTUYHUX

Yn b/n|2
~—— n=3

Puc.23
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CTaHIB YaCTHMHKM B MOTEHIAJbHIA siMi. 3 TpadikiB BHAHO, IO
XBWJIbOB1 (PYHKIIIT YTBOPIOIOTH KapTHHY, MOAIOHY O CTOSIYHUX
XBWJIb, IPUYOMY Ha TPaHUISX MU OYAYTh BY3JIM BIANOBITHO JIO

rpannyHux ymoB (3-12). [oBexninka |y n(X)|2 Jla€ ySIBJICHHS TIPO

HMOBIPHICTh 3HAaXO/DKEHHSI YaCTHMHKM B PI3HUX TOYKAX SMH.
Hampuknan, y crani 3 N = 1 HailOuibia WMOBIPHICTE TiepeOy-
BaHHS YaCTHHKH OyJe B IEHTpPi SIMH, TOJI SIK y CTaHi 3 N = 2 B
IEHTPl YacTUHKA He OyBae 30BCIM, ajie 3 HaMOUIBIIOW WMOBIp-
HICTIO il MOKHA 3HaWTH NOCEPEINHI epUIoi Ta APYroi MOJOBUHOK
SIMU.

Take ysaABIEHHS aOCOJIOTHO BIIPI3HIETHCS BiJl KIACUYHOTO
OTIUCY PYyXY YaCTUHKH. 3TiHO 3 KIACHYHOIO (PI3UKOI0 YaCTHHKA B
NOTEHLIANbHIN siMI Morja © Martu Oyab-siIke 3HAYEHHS MOBHOL
eHeprii £, B Tomy umciai # £ = O, mpuuomy BCi IOJOXKECHHS
YaCTUHKH Oysu O pIBHONMOBIPHUMU.

Crnin Bim3HauUMTH, 10 TIpH N® ¥ YuCI0 MaKCUMYMIB 1 MiHI-

. o . . 2
MyMiB ryctunn iimMosipHocTi |y (X)|” cnmbHO 3poctae. Lle 103-
BOJISIE TOBOPUTH PO MPAKTUYHO PIBHY MMOBIPHICTh 3HAXOJKEH-
HS YACTMHKU B KOXKHIM TOYIll sIMU. Y 1IbOMY TOJISITa€ TaKk 3BaHUU

npuHyun  8i0N0BiOHOCMi, B SIKOMY PO3TJANAIOTHCS  YMOBU
Mepexoy BiJl KBAHTOBOI MEXaHIKU JI0 KJIACUYIHOT.

8§ 3.4. TyHenbHMit edekT

Bynb-sika B3aeMoist B IPUPOII XapaKTEPU3YETHCS BETUINHOIO
MOTEHLIANbHOI eHeprii. Y 3B's3Ky 3 UM JyXKe 111KaBOIO il He3BUY-
HOIO BUSIBJISIETHCS MIOBEJIHKA MIKPOYACTUHKH B 00JIaCT1 nomeHyi-
anvroeo 6ap’ epa (puc.24). Ilig noTeHmiabHUM Oap’ €poM po3y-
MIIOTh 00JacTh IMPOCTOPY, B SKIM INOTEHLIaNbHa eHeprii [/
YaCTUHKH OUIbIE 1l TOBHOI eHeprii £.

B o6nacti moteHmiansHOrO0 6ap’€pa KiHETHYHA €HEpris vac-
tHHKU T = E - I1,< 0, a nje o3Hayae, mo ii mBUAKICTb V — ysIBHA

BEJIMYMHA, TOOTO 3 MOTJISIAY KJIACHMYHOI (PI3MKM BOHA HE MOXKE
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MpoXoauTu B oOnacTh Oap’epa abo 3a Oap'ep. Jna Mikpo-
00’ €KTiB, OJIHAK, CIIOCTEPIra€ThCs MPOHUKHEHHS 1X Kpi3b Oap’ep
06e3 3MiHM TOBHOI eHeprii E. lle sBume onepxano Ha3By
TYHeJbHOT0 e(eKTy, OCKUIbKM YacCTHHKA HE ITIHIMAcThCs Ha
BepIIMHY 0ap’ €pa, a 10Ja€e HOoro HiOM Yepe3 TyHelb.

[Mosicuennst [7] TyHenmpHOTO e(hEKTy IS MIKpPOYACTHHKH
MOYHa 3pO3YMITH Ha ITiJICTaBi CHIBBIAHOIICHh HEBU3HAYCHOCTEH
(2-7) Ta (2-8). Ockimbku MIKPOYaCTHHKA HE MOKE MaTH
OJIHOYACHO TOYHI 3HA4YeHHS IMIYJIbCY 1 KOOPJIWHATH, a OTXKeE,
KIHETHYHOT Ta TOTEHI[IAJIbHOI €Heprii, To BOHAa MOXE€ MIPOUTH
Kpi3b Oap’ep, Mawouud HeBH3HaYe-
HicTb MOBHOI eHeprii DE =1/ - E

E
(muB. 3amauy 3.3).
o PosriissHeMo 3acTocyBaHHSI PiB-
AE wsaHA Hpenirepa mns Mikpodvac-
s THUHKH, IO PYXa€ThCS B3JIOBXK OCI X
P 1 3ycTpivae MOTEHIIAIBHUI Oap’ ep
BHCOTOIO /], Ta mupuHoo d (uB.
0 d X  puc.24) . 3anumieMo CTallioHapHEe
piBustaas  Ipexinrepa (3-7) s
Puc.24 YaCTHHKH B 00JIacTl NOTEHIIAIE-
HOro Oap’epa y BUITAJIKy OJJHOBUMIPHOT 3a/1a4i:
dy 2m
dx2 +h—2(E' HO)>y =0. (3'18)
Ockinbku E- 11, <0, 1O BBEZIEMO NO3HAYEHHS
2m
b2 =h—2(HO' E) (3'19)
Toni piBasiaus (3-18) Oyae MaTH TaKuii BUTIISL:
d
2y2 - by =0. (3-20)
dx

Po3B’ s13k0M Takoro audepeHIliaTbHOTO PIBHAHHSA Oyae QyHKIis

y (x) = Ae ™ +Ae™, (3-21)
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ne A Ta A, - KOHCTaHTH, sIKI BU3HAYalOThCs yMOBaMH 3a/ayi.
3 ¢13UYHUX MIPKYBaHb BUILIMBAE, 1110 KMOBIPHICTh 3HAXOKECHHS
YaCTMHKM B Oap’epl MOBHHHA 3MEHIIYBaTHCh IpPU 30UIBIIEHHI
BizcTani x, Tomy Tpeda B3t A,=0, i B (3-21) 3ammmmThCA
€KCIIOHEHTA, 1110 3MEHITyeThcsa. TakuMm 4iMHOM, B 00acTi 6ap’epa
YaCTHHKA ONHUCYETHCS XBUIIbOBOIO (DYHKITIEIO

y (X) — Aie- bx — Ale- (1/h)y2m(11,- E)x ) (3_22)

OuiHuMO KWMOBIPHICTh MPOXO/PKEHHS YaCTUHKU KpPI3b MOTEH-

miaapHui Oap’ep, To0TO KoedilieHT nmpo3opocti 6ap’epa. Ls

BEJIMYMHA JOPIBHIOE BIAHOUIEHHIO T'YCTUHH HMOBIPHOCT1 3HaXo-
JUKEHHS YacTHHKH 3a Oap’ epom (X=d) i mepex 6ap’ epom (x=0):

2
DY @F b

(3-23)

2

ly (O]
Sk BuaHO 3 (3-23), mpo3opicts Oap’epa D cHIBHO 3a1€XKHUTH

Bijl #oro ToBiuHHU d, “TiepeBuIeHHs” TOBHOT €HEPrii YaCTUHKU

(11, - E), a Takoxx Macu 4yacTuHKHA M. [Ipr6au3HO MOKHA BBaXKa-

TH, 1110 TYHEJIbHUHN e(eKT JOCUTh MOMITHUI 32 YMOBH
2
—2m(11, - E)xd <1. (3-24)
h
B peanpHux 3amayax moTeHIiATbHHUN Oap’ep Moxe OyTu HE
npssMoKyTHUM (puc.25), To6To Mae micne 3anexHicte 1 = [1(x) .

Tonmi dopmyny (3-23) Tpeba 3amiHMTH Ha OUIBII 3arajabHUN
BUpA3:

E ) D » exp} - % 02‘ [2n]11(x) - E)] my
T X b

TyHenbHUM epEeKT JeKUTh B OCHOBI
HU3KM (PI3UYHUX SBUIL, SKI HE MalOTh
NOSICHEHb B MeXaX KJIacU4HOT (PI3UKH.
3aBAsSKH [IbOMY €(DEKTY MOSICHIOIOTHCS
Puc.25 3aKOHOMIPHOCTI & - po3nany saep,
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MPOIIEC TEPMOSIIEPHOTO CHHTE3Y, XOJIOJHA €MICis eJEeKTPOHIB 3
MeTaly, OOMiH B&JICHTHUMH €JICKTPOHAMH MDK aTOMaMmH, CTaIlio-
HapHuii edekt Jxo3zedcoHa Ta iHHIII sABHINA, HAa HOTO OCHOBI
TPYHTYEThCS, 30KpeMa, poboTa TyHEIbHUX JI10/IIB.

8§ 3.5. KBaHTOBHIi rapMOHIYHHII OCIHJISITOP

3actocyemo cramionapue piBHsHHS Llpeninrepa 10 oaHOBH-
MIPHOTO 2apMOHIUH020 ocyunsamopa, mod 3’scyBaTH THUTaHHS
PO JI03BOJICHI €HEPreTUYHI CTAaHW TaKOl CUCTEMU B KBAaHTOBIH
MexXaHini.

Hexaii mikpowacTuHKa 31HCHIOE KOJIMBaHHS B3J0BX OCI X
TakK, IO il MOTEHIIAIbHA CHEPTis 3aJIKUTh BiI X SK Yy KiIacud-
HOTO OCIMJISITOPA, a came

I(x) = K ;XZ , (3-25)

ne Kk - xoedimieHT mpomopIiHOCTI, MOAIOHUIA 10 >KOPCTKOCTI
MPYKUHHM KJIACHYHOTO ocimsTopa. I'padik miei ¢yHkiii 306pa-
YKEHUH Ha pUC. 26 MYHKTUPHOIO

E JIHIEI0. K BIIOMO 3 KJIaCHYHOIL
N \} n=3 Teopii, rapMOHIYHI KOJWBaHHS
A _—~. . BinOyBaoThcs 3 MUKIIUHOIO Yac-
X ~ ; n=2
ho| \ / ToToI0 W = +/K / m .Bupaxaroun
\ 7 n=1 g yepe3 W 1 Macy YaCTHHKH
— n=0 m, ¢opmyny (3-25) 3anumemo
0 X TaK.
2
Puc.26 (x) = m‘g’ 2. (3-26)

Banumiemo piBasHHs lpeninrepa (3-7) anst oonosumipHo2o
K8AHMOBO2O ocuuﬂﬂmopa'

2m mw 2 2 0
y =0. 327
dx h é 3’ (3:27)

Po3B’ s13aHHS 1ILOTO PIBHSIHHS € JOCHTH CKJIAIHOI0 MAaTEMATHYHOIO
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3agaveto [2, 3]. BusBiserbcs, mo BiacHi Y -QyHKIIT I[bOTO

PIBHSHHS MalOTh MiClLI€ IIPH MEBHUX BJIACHUX 3HAYEHHSX €Hepril
E, a came

E=Z+1%w, (3-28)
e 2g

ne n=0,1, 2, ... -1uIe 4ucio.

JIucKpeTH1 eHepreTuyHi piBH1 Ta BIANOBIAHI 10 IIUX CTaHIB Y -
¢byHKIi1 300pakeHi Ha puc.26. KapTuna nemo Haraaye moBeIiHKy
YaCTHHKH B MPSIMOKYTHIA simi (auB. puc.22, 23). BiaMiHHICTH
noJjisirae B TOMy, IO B Il 3a/1a4l €HepreTU4H1 PiBHI exgiouc-
manmnui (MbK HuMHU Biactanb DE = hw ), HaliHWKYM Tak 3Ba-

o .o . 1
HUH Hy106ull pieens Tex He nopiBHIOE Hyo ( E, = 3 hw),ay -

(GYHKIIT TPOXH BUXOIATH 3a MeXi mapabosiu (MpSMOKYTHA siMa
Maja HECKIHUEHHO BMCOKI CTIHKH, TOMY Ha TPaHMISX MU Y -
(GYHKIIIT MaJTi TOPIBHIOBATH HYJIIO).

HasiBHICTH HYJIBOBOI €HEprii MIATBEP/DKYIOTHCS €KCIIEpUMEH-
TaJlbHO NpPHU PO3CIIHHI CBITJa KpUCTalaMH, KOJH TeMIiepaTypa
T ® 0. Ilpu Takux Temmneparypax BCl PEUOBHUHHU 3HAXOISATHCS B
KPUCTATIYHOMY CTaHi, a Y4aCTUHKU (aTOMH, MOJICKYJIH, I0HHU), IO
3HAXOJATHCS Y By3JaX KPUCTAJIIYHOI PELIITKU, OBOJATEH cele sIK
OCIIWJIATOPYU 3 MIHIMaJIbHOIO eHepriero. Ha 1mux HynbOBUX KOJIH-
BaHHSX 1 B110yBa€TbCs PO3CISIHHS KBAaHTIB CBITIIA.

[{ikaBo, 0 TUTPKKM Taka peYOBHHA, K Tenid, mpu T ® O
3aJIMIIAETHCS PITMHOIO, SIKIIO THCK He nepesuinye 2,53 Mlla [8].
Ile mosicHIO€TBCSI TUM, HIO Y TEJIII0 YacTOoTa KOJWBAaHb aTOMIB

nocraTtHbo Benawka (W =+/K/m), ockimbkn Maga mMaca M, a
3HaYuTh, Oyle NOPIBHSHO BeNUKa HyJIboBa eHepris. [emii €
IHEPTHUM T'a30M, MDK aTOMaMU CHJIM B3a€MO/IIi JOCUTH Maii. Taki
00CTaBUHU TMPHU3BOJAATH JO TOTO, IO TEJId 3aIUIIAETHCA B
pinkomy ctaHi. Yepe3 Te, MO0 MPUUYMHOIO LBOTO € KBAHTOBUM
e(deKT, Ioro Ha3UBAIOTh KBAHMOBOI PIOUHOIO.
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JletanbHMIT KBAaHTOBOMEXAHIYHUN aHAI3 IS KBAaHTOBOTO
OCITUJISITOPA MIPU3BOIUTH J0 TaK 3BAHOTO npasuia 0060py, 3TiTHO
3 SIKHM

Dn=+1. (3—29)
Ie o3Hauae, o0 UIsT KBAHTOBOTO OCIHIISITOPA MOKJIMBI ITEPEX0TU
JUIIE MDK CYCiOHiMU €HEPTreTUYHUMHU piBHIMU. [Ipu KoxXHOMY 3
TaKUX MEPEXOiB BUITYCKAETHCS a00 MOTIMHAETHCS KBAHT €HEprii
(boton) 3 eneprieto hw . lle MOBHICTIO y3rOJUKYEThCS 3 Tillo-
Te30t0 [lmaHka, BUCYHYTOIO ISl TIOSICHEHHSI CIIEKTpa BUIIPOMi-
HIOBaHHS a0COJIIOTHO YopHoro Tina ( auB. 8 1.4).

Teopist KBAaHTOBOTO OCHIJISATOPAa BHKOPHUCTOBYETHCS B TEOPii
Jlebast 11t TeMI0EMHOCTI TBEPAUX T, MPU (POPMYBaHHI OHSATTS
TETUIOBMX KOJIMBaHb y KPHCTANax 1 MpEJCTaBICHHI iX SK Ta3y
(hoHOHIB, a TAKOXK Yy PsI/Il IHIIMX 3a/1a4.

3agaui

3.1. MmoBipHicTh Micme3HAXO0MKEHHS MIKPOYACTHHKH.
YacTuHKa 3HAXOIUTHCS B TPSMOKYTHIM OJTHOBUMIpHIA He-
CKIHYEHHO TTIMOO0KiH simi mupuHOoto | . 3HalTH HMOBIpHICTH
nepebyBanHs yacTuky B iHTepBani 0< X < (1/3) mist enep-
FeTUYHUX CTaHiB3 N=1 ta n=2.

P o3 B's3aHH s [arerpyBanns (3-1) mis o1HOBUMIPHOI 3a-
Jadi 3 ypaxyBaHHSM BHIJIAAY BiIacHUX Ici-GyHkmin (3-17)

Jla€ TaKUi BUpPaA3:
1/3 1/3

P= Ol (0 ek = ¢sin? (npx/ o =
0 0

O6Guncnenns mst N=1 Tta N = 2. nae Taki pe3y/IbTaTH.
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P, =0195 i P, =0,402. L1i iMOBipHOCTI BiANOBIIAIOTH 3a-
IITPUXOBAHUM TIONIAM Ha puc.23.
HyJaboBuii eHepreruunnii pienb. OIIHUTH €HEPrilo Haii-
HIDKYOTO PiBHS TS MOTEKynH rasy 3 m~10 ke y nocymuni
po3mipom | ~01lu Ta erxekTpoHa B siMi, 1110 BIANOBITAE PoO3-
mipam atoma (1 ~10"° ).
P o3 B's3aHH 1. BracHi 3HaueHHs eHeprii 115 YaCTUHKU B
OJIHOBUMIPHIA HECKIHUEHHI! NPSIMOKYTHIN sIM1 BU3HAYAIOTh-
cs1 3a popmyioro (3-14). s HaitHuxkgoro piBHs N = 1, Toi
Ma€eMO
B p 2h2
toomi?
OO6UHCITIOEMO IJIST MOJICKYITH .
_314°4,05* 40°%
2X0 % >01?

IO € JTy’K€ MaJIOI0 BEeJIMYNHOI0, TOOTO mpakTHyHo £, = 0.
3poOumMo OOYHCIICHHS 7Sl €JIEKTPOHA!
£ - 314°4,05° 40"

T 2591040
IO € JOCUTh 3HAYHOIO BEIIMYHHOIO.
TyHeabHuii egext. EnexTpoH pyxaerbcst B 00J1acTi MpsMO-
KyTHOTO TIOTEHIIIaJIbHOTO Oap’ epa TOBIIMHOKW d, BHCOTa MO-
TeHlianpHoro 6ap’epa [/, =10eB, a moBHa eHeprii ejek-

» 50 e » 340 “eB,

1

» 5X0°" e » 30eB,

TpoHa E =8eB.OuHuTH TOBIIMHY Oap’epa, Ipu AKI Ty-
HeJNbHUN e(eKT Oy/e TOCUTh TOMITHUM.

Po3®'s3anHs Ilposopict OGap'epa (puc. 24) Bu3Haya-
erbest popmynoro (3-23). JlocuTh MOMITHUM TYyHEJIbHUHN

edexT Oy/e Toi, KOJIM OKa3HUK cTenens B (3-23) Omu3bKuit
1o 1. Tomy Bupas, 3a SIKHM MO>KHA TMPOBOJUTHU OI[IHKY TOB-
mMHu 0ap’epa, mae Burisia (3-24), To6to



61

% 2m(1T, - ) d <1.

3 miei hopmynu ISt TOBIIMHK 6ap’ €pa 0AepKUMO

h

) 2.2m(11, - E) (1)

Bukonaemo oO4mcieHHS:
-34
d < 1,050

2,/2>91x10"%(10- 8) %,6X10™*°

OT1xe, oyinka TOBIIMHU Oap’ €pa — MEHIIE OJTHOTO aHT'CTpeMa.

[HmwMiA miaxig 10 po3B’ i3aHHA €T 3a1a91 IPYHTY€EThCS Ha
CIIBBiHOIIEHHI HeBU3HaueHOCTeH (2-7). SIKIIO0 MpUHHATH,
[0 HEBU3HAYEHICTh KoopauHaTH DX © d, a HeBM3HAYEHICTh
IMITYJIBCY TIOB’S13aTH 3 HEBU3HAYEHICTIO €HEPrii YaCTUHKH

Dp, =+2m>XDE , ne DE =], - E - 6pak eneprii w1 nojxo-

JIaHHS TIOTEHINaIBHOTO 0ap’epa, criBBigHOmEeHHS (2-7) HaOy-
BA€ BHUTIISITY

~0,6X40 %" n»064.

d2m(/l,- E>h/2. (2)
Bupaskaroun HeBU3HAYEHICTh KOOPAWHATH 3 (2) 5K
h
d B
2\2m(11, - E

3HOBY MA€EMO OI[IHOYHHI pPe3ysbTaT, o 30iraerbes 3 (1).
Crtucii BHCHOBKH

KBanTtoBa MexaHika 3acTOCOBYyE craTHCTHYHHU  (abo
HMOBIPHICHHIN) MiAXi JUIS OMUCY MOBEIIHKH MIKPOOO’ €KTIB.
CraH MIKpOYaCTHHKH OIHCYETHCS 32 JOMOMOTOI0 XBUIHOBOT
byukuii Yy (X,Y,2,t). ®iBuunuii 3MicT Mae He cama Y -

¢yakuis, a |y |°, Akuii BU3HAYae TYCTMHY HMOBIpHOCTI
3HAXO/HKEHHS YaCTUHKH B KOXKHINA TOYIll TIPOCTOPY.
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[ci-pyHkuis Moxe OyTH 3HaliieHa IpU PO3B’ A3aHH1 PIBHSH-
Ha Illpeninrepa, 3amucaHoro 3 YypaxyBaHHSM YMOBH
KOHKpETHOT 3amadi (XapakTep B3aeMOJil BU3HAYAETHCS
BUTJISIIOM TOTeHHianpHOi eHeprii  [1(X,y,zt) ). PiBusHHS
peninrepa € audepeHUIaIbHUM PIBHSAHHSIM  BIAHOCHO
GyHKUIT Y 1 mpexacrtaBisie co00I0 MO CYTI HOBUl (izuyHull
3aKOH, MO JIE B MIKPOCBITI.

Po3p’'s3anns piBHsHHsA Ilpeninrepa st MIKpOYacTUHKH B
NPSIMOKYTHIN TOTEHUIANbHIA sIMI MPU3BOJAUTH 1O MOHSITTS
JUCKPETHOCT! €HEPreTUYHUX CTaHIB 1 HEOJHAaKOBOi MMOBIp-
HOCTI ii nepeOyBaHHs B PI3HUX YaCTUHAX SAMH.

3acrocyBanHs piBHsAHHSA llpeninrepa 1o KBaHTOBOro OcCIU-
JATOpa MPU3BOIUTH 10 MOHATTS eKEiOUCMAHmMHUX €Hepre-
TUYHUX PIBHIB, a TaKOXK HYIb0BOI eHepeii OCIUIATOpA.
3rigHO 3 IPaBWJIOM A000PY MOXIIMBI EPEXOAU TUIBKH MIK
CyCITHIMU pIBHAMM, 0pU I[BOMY TIOTJIMHAETBCA  alo
BUIIPOMIHIOETHCS KBAHT €Heprii hw .

Jns MIKpooO'€KTIB € XapakTepHUM CHElU(IYHE SIBUILE —
MYHenbHUll eghekm, KU TOJATaE B MPOXOKEHHI YaCTUHOK
Kpi3b moTeHUianbHuil Oap’ep. Ilposopicte Oap’epa crae
JOCUTh TIOMITHOIO NPU MaJUX 3HAUYEHHSAX PI3HHUI €Heprii
I1, - E ta manux toBmmHax O Oap’epa, mo Mae Micue B

KBaHTOBUX cucTeMax. Iyl KJIaCMYHOT MEXaHIKU Take SIBUILE
€ 30BCIM YYXHUM.

IMOBIpHICHUI XapakTep ONHUCY MOBEAIHKH MIKPOYACTHHKH,
HEMOXJIHMBICTh MOYHO20 nepedbaueHHs 1i TIOBENIHKH B
KOKHOMY aKT1 B3a€EMOJii MPHUBENIO psj BYCHHUX, 30Kpema
A.EiiHmTeliHa, 1O BUCHOBKIB NPO “HEMOBHOTY KBAaHTOBOI
mexaniku” [9]. Lls mpoOiema Mae mpaBo Ha ICHYBaHHS, TOMY
He TpeOa BBaXkaTH, II0 KBAHTOBA MEXaHIKAa € OCTAaTOYHO
3aBEPIICHOIO THUCIUILIIHOIO.
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Ilumannsa ona camokoumponto

Axuti ¢hizuunuil 3micm mae nci-pynxyisa? ki ymosu 6ona mae
3a008016HAMU?

Jatime xapakmepucmuky 3a2aibHO20 I CMAYIOHAPHO2O
pieusans lllpedineepa.

AHAxumu € ocobausocmi nogediHKu MIKpOUACMUHKU 8 HeCKIH-
YEeHHO 2IUOOKIU NPAMOKYMHIL NOMEHYIANbHIN AMI?

Y yomy nonseae mynenvnuii egpexm? Hie tioeo nosicnennsn’?
Axumu € ocobnusocmi nogediHKU K8AHMOBO20 OCYUNAMOPA?
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I'naBa 4. ®izuka aTroMiB i MoJieKyJa
8 4.1. Bynoa aromiB. ®@opmyna baabmepa

- Ha mouarky XX cT. y i3ulli OCTaTOYHO CKJIAJIOCh YSBJICHHS,
10 aTOMH € CKJIaJHUMHU CUCTEMaMH, JI0 CKJIaay SKHX BXOJATh
enekTpoHu. Ha mifcraBi KIHETUYHOT Teopii ra3iB OLIHKA pO3MIpiB
atomis (MoJIeKyn) mokasyBana, o ix giamerp d ~107" u.

[TuTaHHS PO PO3MOJLT ENEKTPUUHUX 3apsAiB 1 Mac BCEpEaHH1
aToma Oynu 3‘sicoBaHi 3aBIsKkH Bimomomy nociiny E. Pesepdopna
B 1911 p. Hdocmig moisraB y po3CisiHHI @ - YaCTHHOK Ha aromax
ToHKOT MeTtanieBoi Qoiseru [1, 2, 4, 8]. [Ipu mpoxoKeHHI Kpi3b
(bobry 3aBASIKM KYJIOHIBCHKIN B3a€EMOJII & - YACTHHKHU BIIXHIIS-
JIMCH BiJ MOYATKOBOI'O HANPSMKY PyXy Ha Pi3H1 KyTH ( 3aJIeKHO
BiN npuyinvrnoco napamempa P, (puc.27). Bussuiocs, mo

nepeBaKHa OUTBIIICTh @ - YACTUHOK BIIXWIISIETHCS HA HEBEIIUKI
KyTu ( ~1°, oqHaK € OKpemi & - YaCTUHKH, L0 BIIXUJISIOTHCS
maibke Ha 180°. Ockinbkum maca a -yactuHok B 7300 pasiB
OuIbIIa 32 Macy €JIEKTPOHA, TO PO3CISTHHS & - YACTHHOK MOXJIHBE
TUIBKA B TOMY BHIIQJKy, SKIO[O B IICHTPI aTOMa 3HAXOIUTHCS
JOCUTH MaJle 3a pO3MIpaMU MO3UTUBHO 3apsKEHE SJIpO, B IKOMY
30cepe/keHa MpakTUYHO Bcsi Maca aroma. Ha ocHOBIi ekcriepu-
MEHTJIbHUX JaHuX OyJI0 BCTaHOBJIEHO, IO MO3UTUBHUUN 3apsij
a7pa JOpIBHIOE J0OYTKY MOPSIIKOBOrO HOMepa eineMeHTa Z B

a-%cmn%(
fany
A \

\

+2e

Po \
\

Sapo (+Ze) *

Puc.27 Puc.28
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Tabmuii MeHeneeBa Ha €IEeMEHTapHUM 3apsiia €, To0To Ze, a

po3mipu sxpa He mepesumiyrors 107*...10"° . Hapkono smpa
obepratoThcsi Z €IEKTPOHIB, SIKi YTPUMYIOTHCS B aTOMi KYJIO-
HIBCBKUMU cuitaMu. Taky aromay mojnenb Pesepdopaa (puc.28)
Ha3UBAIOTh s0epHol0 ab0 nianemaprolo dYepe3 ii MoaIOHICTh 10
O0ynoBu COHSIYHOT CHCTEMU.

OnHak Taka MOJIENh aTOMa € 30BCIM HE3aJ0BUILHOIO 3 OTJISATY
Ha 3aKOHM KJIIACUYHOI eJIeKTpoauHaMikH. [[iiiCHO, KO eJIeKTPOH
PYXa€eTbes MO KPUBOIIHIMHUX TPAEKTOPISIX, TO 1€ PyX 3 JOIEH-
TPOBUM TPHCKOPEHHSIM, 3HAYWTh, BiH TOBUHEH 0Oe3nepepeHo
BHUIPOMIHIOBATH €JIEKTPOMArHITHI XBHWJII, TIPUYOMY CHEKTP Ma€
OyTH cyyinbruli. BUMpoMiHIOIOYH, €JIEKTPOH BTpavyae HEPriio 1 3a

yac ~10"c maB 6u Bmactu Ha sapo. Hacmpapai x atom e
CTIMKOIO CUCTEMOIO.

- JlocaipKeHHsI CTIEKTPiB BUIIPOMIHIOBAHHS 1 MOTJIMHAHHS aTO-
MiIB TOKa3aJio, [0 BOHM CKJIAJIAIOTHCS 3 JIIHIM OKPEMHUX YacToT,
TOOTO CHieKTpH € JgiHiliuacTumu. JIiHIT B ciekTpax aToMiB po3Ta-
IOBaHI B TaKid 3aKOHOMIPHOCTI, IO iX MOXKHa 00 €IHATH B
rpynu abo cepii ainit. JIHIAYACTI CHEKTPH PI3HUX XIMIYHHX
€JIEMEHTIB BIIPI3HAIOTHCS MDK CO00I0, IO TOTO XK KOXKHA 3 JIHINA
Mae€ CBOIO IHTEHCHUBHICTb.

Ha pwuc.29 npencraBineHuii CeKTp HAMMPOCTIINIOTO aToMa —
BoJHIO (Tinporeny). CumBomamu H,_, H,, H, Ta H, nosnaueni

6562,8 A 4861,3 A 43405 A 41017 A TpaHHUIL
YepBOHA 3es1eHa cuHs  (QionmeroBa  cepil
H, H, Hg H, H,
Puc.29

JHIT 6UOUMOI YaCTUHHM clieKTpa, H, - rpaHuns cepii, O MICTUTH
BUJIUMY ¥ ONTU3BKY yiabTpadioneToBy 00J1acTh.
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V 1885 p. mBeiinapcrkuii ¢isux M. bamsMep ycTaHOBHUB, 1O
JIOBXKUHU XBWJIb 1Ii€i cepli JIHIA aTOMapHOTO BOJHIO MarOTh
MIEBHY 3aKOHOMIPHICTh 1 MOXYTb OyTH BHpPa)K€H1 3a JOMNOMOIOI0
numx yucen. @opmyna baabmepa Mae Takuil BUTIISAL

»_1_el 10

n =—=RC—=- —=, 4-1

| 822 n? g S
e N=3, 4,5, ... - mimi uncma, R=1097%0" »* - crana Pin-
Oepra, n" =1/ - xBWiIbOBe CIIEKTPOCKOMNIYHE YHCI0, SKE

MOKa3ye, CKUIbKM JOBXXHMH XBWJIb YMIIIYETHCSI Ha JOBXKHHI Lwm.
Cepis NiHIA aTOMapHOTO BOJHIO, SIKA ONHUCYETHCS IIi€l0 GopMy-
JI010, HA3UBAEThCA cepicio banvmepa.

3rogoM Oynu BIIKpUTI 1€ KUlbKa cepii. B ynapTpadionerosiit
obnacti icHye cepis JlaiimaHa, pemra cepiii — B iH(pauepBOHIN.
JIiHil nux cepiif ONUCYIOTHCSA TaKUMHU (popMyIaMu:

cepist Jlalimana N~ = 1_ Raei - iQ (n=2,3,4,...),
| Q 2 2
el ng
cepis ITamena N~ = 1 gl 19 (n=4,5,6,...),
| 2 2
e3” n°g
. . 1 1 16
cepist bpekkera n = T = Rf::;e—2 - = 9 (n=5,6,7,...),
ed o]
. . 1 1 16
cepist [Ipysma n = T = Rge—z - —29 (n=6,7,8, ...),
ed” n°g
. . . 1 1 16
cepis Xemdpi n = I_ = Zeg - FQ (n=7,809,...).

Jlinii Bcix cepiii MOXHA 3aMycaTy y BUTJISAL y3arajibHeHoi (op-
myau bajabmepa, a came

.1 el 190
n = |_ = RQ_Z - —2+, (4'2)
em n"g

ae M i N —uini yncna, mpuaomy M= 1 s cepii Jlalimana, m= 2
s cepii banpmepa, m = 3 s cepii [lamena i T. a.,a N=nMHl,
M2, M+3, ... B Mexax KOXHOI cepii.
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[Tpu 3pocTanHi yncaa N JOBXKUHA XBUJI1 B KOXKHIN cepii 3TiIHO
3 (4-2) 3mentryeTses ¥ pu N® ¥ gocsrae rpaHUYHOT BETMYMHA
I, = m? /R, 110 HAa3UBAETBCA 2panuyeio cepii.

3aKOHOMIPHOCTI JIHIHYACTUX CHEKTPIB aTOMIB BiIOOPaKarOTh
iXHI0O BHYTPIIIHIO OYJOBY, @ TaKOXX MPOIIECH, IO BiAOYBAIOThHCS
BCepearHI aTOMIB. 30KpeMa, 0COOIUBOCTI CIIEKTpa aToMa BOJIHIO
JSTIIA B OCHOBY Teopii bopa st Haiimepiioro aroma B TaOmHII
J.1. Menneneena.

8 4.2. Tlocryaatu bopa

-B 1913 p. narcekmii ¢pizuk H. Bop 3pobuB cnpoOy moOymy-
BAaTH HEKJIACUYHY TEOPII0 aToMa, MOEJHABIIHN B €MHE IIiJIe eMITi-
pUYHI 3aKOHOMIPHOCTI JIIHIHYACTUX CIIEKTPIB, SIACPHY MOJEIb
atomiB Pe3epdopna Ta KBaHTOBUI XapaKTep BUIIPOMIHIOBaHHS
TOTJINHAHHS, BUCYHYTHH y cBii uac [lmankom. Teopis bopa
MOIIUPIOETHCSl HE TUTBKM HAa aTOM BOJHIO, ajie i Ha BOJHEBO-
MOiOH1 CHUCTEMH, sKI CKIAAaloThes 3 szpa 3 3apsaoM +Ze Ta
OJIHOTO €IIEKTPOHa, 110 obepTaeThess HaBKOJ0 HBoro [1,2,8]. He
BIJIKMJIAIOYH B IUJIOMY KJIACUYHOTO OTHUCY MOBEIIHKU €JIEeKTPOHA
B atomi, bop JOMOBHMB HOTO NESKMMU OOMEKEHHSIMH Ha PyX
enekTpoHiB. [{i oOmMexxeHHs Oynu chopMylIbOBaH1 y BUTJISII IBOX
nocmynamie, TOOTO TBEp/UKEHb, sKi Tpeba crnpuiimMaTu 63
JI0Ka3iB, K KOHCTATAI[IIO iICHYIOYOTO.

1-it mocryaar Bopa (mpo cramioHapHi cTaHmM). ICHYIOTH
CTaIliOHApHI CTaHW aToMa 3 JUCKPETHUMH 3HAUEHHSMH EHepTii
E,, E,, E;, ..., nepebyBaroun B IKHX BIH HE BUIIPOMIHIOE €HEP-

rito. [{lum cramioHapHUM CTaHaM BiIIMOBIAa€ PyX €JIEKTPOHA IO
KOJIOBUX CTaIl[lOHApHUX OpOiTax, s SKUX MOMEHT IMIYJIbCY
€JIEKTPOHA KBAHTYETHCS 3TITHO 3 npasuiom keanmysarus bopa

L, =mVr =n*, (4-3)
ne n=1,2, 3, ... - uun unuciaa, M,- Maca elaekTpoHa, V — iforo
MIBUJIKICTE, I — pajaiyc opbitu, h - crana [Tnanka.
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2-it mocryaart bopa (mpaBuJjio 4acToT): Ipu nepexoi aToma
3 OJIHOTO CTAI[lOHAPHOTO CTaHy B IHIIMH BHITyCKA€eTbcsl abo
HOTJINHAETHCSL KBAHT ((POTOH) 3 CHEPTi€I0

hw=E, - E_. (4-4)
BunpomiHioBaHHs BinOyBaeTbcsl NpU TMEpexoll 31 CTaHy 3
OUTBIIIOI0 EHEpri€l0 B CTaH 3 MEHMIOK (mepexis eJIeKTpoHa 3
Oumbln  BigmaneHoi opOiTH Ha Ommk4y H0 sapa  opoity).
[TornmuHaHHs KBaHTa Ma€ MICIIE JUIsl IPOTHIIEKHOTO MEPEXOY.

- Kopuctyrouncs nocrynaramu bopa, MokHa 3HaliTH paaiycu
CTaIllOHAPHUX OPOIT Ta eHeprii B cTarioHapHUX cTaHax. OCKUTbKH
€JICKTPOH PYXA€ThCS HABKOJIO SiApa Mif 1€ KYJIOHIBCHKOT CHIIH,
TO BOHA BIJIrPa€ poJib JOLIEHTPOBOI CHIIN, TOOTO

mv?_ 1 zé
r dpe, r?

[MizcraBuBmM BeaunuuHy mBuakocTi V 3 (4-3), 3HaiigemMo paaiycu
opOIT A7 CTalllOHAPHUX CTAHIB!

(4-5)

2
(= n? xRSl (4-6)
Ze'm,
Jns mepmioi cramioHapHoi opOith B atoMi BoaHio (Z=1, n=1)
nicraemo I, =0,529X0 " u, ne — Tak 3BaHuit Gopiscoxuii padiyc.
Paniycn iHmMX cramioHapHMX OpOIT €JIEKTPOHIB B aTOMI BOJIHIO
BU3HAYATUMYTHCA K I, = N* X,

[ToBHa eHeprid aToMa CKJIaJa€ThCs 3 KIHETUYHOI €Heprii pyxy
CIIEKTPOHA Ta HOro MOTEHIIAJbHOI SHEprii B3aeMOMIIl 3 SAPOM,
TOOTO
_myv? 1 Zé
2 dpe, r
[incrapupmm MV > 3 pisnsuus (4-5) i paniyc r, 3 popmynu

E 47)

(4-6), nns MOBHOT eHEprii aToMa B CTAI[IOHAPHUX CTAHAX MAEMO
1 Z%'m
v s e (4-8)
n° 32p°esh
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Jlns aroma BoaHio (Z=1) cxeMa eHepreTHYHUX PIBHIB, IO Bij-
nmoBimaroTh Bupa3sy (4-8), mokazana na puc.30.

E
0 H. -
E; :
Hj |
EG |
H. |
Es - :
Hy
Ey Coni :
pist |
E M :
s Cepis [Tamena :
|
|
E, - f
Cepisa bambmepa |
|
|
|
lo
| =
15
| @
| <
| =
o
['panmuus : &
cepii |-§
|
E
12
|
|
|
|
|
E; - ™ l
Cepis Jlaiimana

Puc.30
Cran aroma 3 HaiiMeHIIO eHepricro (N=1) Ha3uBaeTHCS
ocHognum. JInsi aromMa BOJHIO OCHOBHOMY CTaHy BiNOBima€e
e”epris E; =-13,53eB. l1l06 ycyHyTH €1€KTPOH 3 aTOMa BOJHIO,
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TOOTO 10HI3YBaTH aTOM, MOTPIOHO EJIEKTPOH MEPEBECTH 3 PIBHS
E, Ha piBens 3 eneprieto £=0. Sk BumHo 3 puc.30, a1 1pOroO
notpiona eneprit E, =1553eB, sKky Ha3uBawOTh eHepzicio
ioHi3ayii atoMa BOJHIO. BiAMITUMO Tako X, 110 MPH 3pOCTaHHI N
€HEepreTU4Hl PIBHI PO3TAILOBYIOTHCA BCE TyCTillle, a 3HAYCHHS
€Heprii aToMa HabJINKAETbCS 10 HYJIS.

- 3rimHo 3 2-M noctynaarom bopa (4-4) eHeprist KBaHTa BHUIIPO-
MIHIOBAHHSI IPU MEPEXO0/I1 aTOMa BOJHIO 3 OUIBII BUCOKOTO €HEp-

reTuyHoro crany E, B ctan 3 meHmoro enepriero E_, Bpaxo-
BytouH Bupas (4-8), BU3HAYUTHCS TaK:
4 .
m.e el 190
hw=E, - E, = X - —=. (4-9)

2,212 )Q 2 2
32p‘e;h® em” n°g
3 UbOTO pIBHSAHHA 3HAaWIEMO BUpa3 Uil CHEKTPOCKOMIYHOIO
XBWJIBOBOT'O YHCIIA!

. m 4 .
n :1 :E = w = ee a:)l ig, (4—10)
a

e ¢ — IIBUIKICTE CBITJIA.

dopmyna (4-10) 3a CBOE€IO CTPYKTYpOIO MOAIOHA 0 BUpPa3y
y3aranbHeHol ¢opmymu bambmepa (4-2), a uncioBe 3a4YeHHS
BUpa3y

_ mge'
64p *ce’h®
ny)ke no0pe 30iraerbest 3 €KCIEPUMEHTAIBHO OJEpKaHUM 3Ha-
4yeHHsAM ctanioi Pigbepra.

-Teopiss bopa nns aroma BOJHIO 3MOTja JOCHTh TOYHO
MOSICHUTH JIIHINYACTUW CHEKTP BUIIPOMIHIOBAHHS, TMpHUBENA JI0
PO3yMIHHA 3MICTY IIUIMX 4YHCel B Yy3arajJbHeHId ¢opmyii
baneMmepa, naBana npaBuiabHy Benu4MHy ctanoi Pinobepra. LlikaBo
TaKOX 3ayBaXKUTH, IIO 11ijie yucio N B 1-my mocrynari bopa (4-3)
JOPIBHIOE KUTBKOCTI JOBXKHMH XBWIb 1e bpoitns (2-1) s
€JIeKTpPOHa, M0 YKJIAJAIOThCA Ha JOBXKHHI KOJOBOI OpOITH.
JiiicHo, Ha mincTaBl BKa3aHUX (POPMYIT MAEMO

(4-12)



71

n= MV _ poapr _ 2or, (4-12)
h h I
Onnak Teopiss bopa HeCcmpoMOrXHA TOSICHUTH IUTHH DS HITAX
(akTiB, MO CTOCYIOThCS BIACTUBOCTEH aroma BOJHIO. BoHa
BHUSIBUJIACH 30BCIM HETIPUIATHOIO JIJIsl TOSICHEHHs Oy/I0BH Oararo-
€JIeKTPOHHUX aTOMIB, TTOYMHAIOYM 3 aToMa rejito, mo Oe3rnoce-
pPEeIHbO ii/ie 32 aTOMOM BOJIHIO 1 Ma€ JIBa €JIEKTPOHHU.

OcHoBHMIT Hemomik Teopii bopa monsrae B ToMy, 1Mo BOHA €
HETIOCTIZIOBHOIO Hi 3 OTJISITY KJIACHYHOT €JIEKTPOJIMHAMIKH, aHi 3
KBaHTOBUX Tmo3uIii. [IITydHe BBeACHHS KBAaHTOBHX ITOCTYJIATIB
HE BijoOpakae sIKUXOCh €MHUX YHIBEPCAIBHHX IIIXOTIB JI0 BCIX
saBUII MiKpocBiTy. Tum He MeHire, Teopist bopa Oyna nmepexigHum
€TaroM 1 Bilirpajia BaXJIMBY pOJIb Ha MUIAXY CTBOPEHHS Cy4acHOT
KBaHTOBOI MEXaHIKH.

8§ 4.3. ATOM BOAHIO B KBAHTOBill MexaHiui

- PosrnsHemMo, sSKuW pe3ynbTaT Ui aToOMa BOJHIO BHILIMBAE
MPU 3aCTOCYBaHHI JI0 HBOTO KBAHTOBO-MEXAHIYHOTO TIAXOMY.
3rilHO 3 CyYaCHHUMH YSBJICHHSMH aTOM BOJHIO CKJIQJA€ThCS 3
MMO3UTHBHO 3apsKCHOTO MPOTOHA (s/pa) Ta HETaTUBHO 3apsiiKe-
HOTO €JIEKTPOHA, MPUYOMY 3a aO0COTIOTHOIO BETMUMHOTO 111 3apsiIu

OJIHAKOBI 1 TOPIBHIOIOTH €=1,6 X0 ¥ K. Po3mipu aToma MaroTh

BemmunHy ~ 10 M, a syupa — npubmmzao 107,10 4, TOGTO
€JIeKTPOHHA 000JIOHKAa aToma 3aiiMae Habarato OUThIIUN 00’ €M,
HIK sapo. Ockinbku npoToH y 1836 pa3iB Baxk4uii 3a €IEKTPOH,
MO>KHA BB@)XaTH, IO MPOTOH HEPYXOMHH, a CIIEKTPOH PYXa€ThCs
HAaBKOJIO HBOTO, YTPUMYBaHUH KYJIOHIBCbKMMH cujiamH. [loTeH-
IiaJpHa €Hepris KYJIOHIBCHKOI B3a€MOJIIi €JIeKTpOHA W MPOTOHA
3JIEKUTH B BiACTaHl ' MDK HUMU:

_ 1 ¢
II(r) = 4perT' (4-13)

Takum 9MHOM, €IEKTPOH B aTOMI1 3HAXOJAUTHCS HIOM B JIIHKOIIO-
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MiOHINH moTeHmianbHid simi (puc.31), CTIHKH SKOI 3aJal0ThCs
Bupazom (4-13).

KynoHiBcbke mone sapa, B SKOMY PYXaeThCsl EIEKTPOH, €
HEHTPATHHO-CUMETPUYHUM, TOOTO Mae CcQPepuuHy CHMETPIIO,
TOMY B MOJAJIBIIOMY JOLLUIBHO MEPEerTH A0 cHEeprUuHOl CUCTEMU
koopauHaT. Ha puc.32 300paxena cucrema cHEpUIHHX KOOP-
JMHAT, 1e [ -pamiyc, ( -nojsipHuid KyT (IIKUpoTa), | -a3uMyT
(moBrota).

Puc.31 Puc.32
Cramionapue piBHsHHs Ilpeninrepa (3-7) st enektpoHa B
aTOMI BOJIHIO 3alIAIIETHCS TaK:

2m 1 €0
D,y +——GE+ x—y =0, 4-14
A T B ape, 1 e
ne D,; - oneparop Jlaruiaca, mpeincraBieHuil y chepudHux

KOOpAWHATax. BukopucTaHHs chepuyHHX KOOpAWHAT Ma€ Ty
nepeary, 1o piBHsSHHA (4-14) posnamaeTbCs Ha OKpeMi
PIBHSIHHS, OJTHE 3 SIKUX 3aJIe)KUTh TUIBKHU BIJ pajiyca I, a Apyre —
TUTBKHU BII KYTiB Q 1 ] .

-Po3B’si3anns  piBasiHHS [peninrepa (4-14) € noBodii ckia-
HO0 MaTeMaTU4HOO mpoteayporo [5, 10], Tomy HaBeeMO TUTbKH
KIHLIEB1 pE3yJIbTATH.

BusiBnsierbes, mo piBusiuHs Llpeninrepa (4-14) mae po3s’ si3ku
pu 6y0b-AKUX TIO3UTUBHHUX 3HAUEHHsIX MTOBHOI eHeprii E >0, a
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TaKOX TpPH OUCKpemHux BIT €eMHMX 3HaYeHHAX £, sKi BH3HA-
4aloThcs (POpMYIIor0

e4
o (4-15)
n° 32p“esh
ne n =1 2 3, ... - uun uyuciaa. OCKUIBKH PO3TIIAIAETHCS

nepeOyBaHHS €JIEKTpOHA B aTOMi, a HE 3a MOro MeXaMu, TO came
dopmyna (4-15) mae BiacHi 3HaAYEHHs €HEPril €IEKTpOHA B
aToMi BoaHI0. [likaBo BigmiTHTH, 1110 pe3yabTar (4-15) 30iraeThes
3 pesyabTatoM s cHeprii emekrtpona (4-8) B Teopii bopa,
npudomy 0e3 QopMynrOBaHHS Oyab-sIKHX TOCTYNaTiB, a sK
JIOTTYHHUH pe3ynabTaT po3B’ s3aHHs piBHAHHS [pemiarepa.
[Mapametp Ny popmyii (4-15) Ha3UBAETHCS TOJOBHHM KBaH-
TOBUM 4YHCJI0OM. BOHO BH3Hauae IUCKPETHUU Pl 3HAYCHBb
TOBHOI eHeprii enekTpoHa B aromi. [loBHa eHepris £ BUSBUIIACH
BiJI' EMHOIO Yepe3 Te, IO 3a HYJbOBHH PIBEHb OEpeThbCsS €HEepTis
B3a€EMOJIII eNeKTpoHa 3 siapoM Ha Biactani I ® ¥ . Enepriro
€JIEKTPOHA CXEMAaTUYHO 300paXKYyIOTh y BUTIISAI €HEPreTHYHUX
piBHiB (puc.33). UuM OLIbIIE YUCITIO N, THM BHIIE PO3TAIIIOBAHHIA

WW)
A T o

s 30ymKeHi
CTaHH

E>

1 .
OCHOBHHUM CTaH

Puc.33
E€HEePTeTUYHUIA PIBEHb, MPUYOMY BiJICTAaHI MK PIBHSIMHU 3MEHIITY-
10ThCs. PiBeHb 3 N =1 Ha3uBa€THCSI OCHOBHMM CTAHOM, a PiBHI 3
Nn>1 - 30y1KeHUMH CTaHAMHU. ATOM MOXE€ TMEPEUTH 3 OJIHOTO
CTaHy B IHIIWH, SKIIO BIH TOTJIIMHAE a00 BHUIPOMIHIOE KBAHT
EHEeprii eJEeKTPOMArHiTHOTO BUIIPOMIHIOBAHHSI, IKK TOYHO JO-
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PIBHIOE PI3HULI MDK €HEPreTUYHUMH PIBHSAMHU, TOOTO
hn =E, - E_. (4-16)

Yac xuttsa atoma Dt B OCHOBHOMY CTaH1 HECKIHUEHHO BEJH-
Kuif, y 30yKeHOMy K cTaHi BiH gopisaioe ~10°c. Toxi 3rizao
3 CIIBBigHOMIEHHAMHA HeBU3HadueHocted DE:Dt>h/2 wmaemo,
IO ISl OCHOBHOTO craHy mmpuHa piBHa DE =0, a misa 30yn-
sxkeHux cradis DE - ckigueHHa BenmunHa. OCKUIBKY JJIS CTAHIB 3
OUIBIIMMHM N Yac KUTTS, K IPaBUJIO, 3MEHILYETHCS, TO MIUPUHA
PIBHIB 3pOCTaE.

-IIpu po3p’si3anHi piBHsAHHA Llpeninrepa mis oJHOBUMIPHOT
3aa4yl BJIACHI Y -(QYHKIII BU3HAYAIUCh OJHUM I[IJIOUYHUCIOBUM
napameTpom N (auB. popmyny (3-17) i B uitomy 8§ 3.3). V Bumnaz-
Ky aroMa BOJHIO MaeMO 3-BHMIpHY 3ajady, TOMY BIIACHI Y -
(GyHKI1T BU3HAYaIOTHCS TPhOMa IIUTOUYHUCIOBUMH MapameTpamu N,
| ra m. Kpim Toro, Biachi ¢pyHkiii piBHsHHA (4-14) B chepuunnx
KOOpJAMHATaX MOXHa MPEICTaBUTH y BUIISAL JOOYTKY JBOX
GyHKIIH, OJHA 3 SKUX 3aJIEKUTh TUIBKU BIX paniyca I, a 1pyra —
TUTBKH Bil KyTiB  Ta | , TOOTO

Y (.04 ) = R, ()%, @ ). (4-17)
Je N — Ha3UBAETHCS 20JI08HUM K8aHmMogum uuciom, | — azumy-
manohum (a00 opbOimanvhum) 1 M — MASHIMHUM KEAHMOBUMU
yycnamuy. JletanbHU po3risg (QI3UYHOTO 3MICTY KBaHTOBHX
yrices Oy/e 3pooeHuit Tpoxu 3rojoM (auB. 8 4.4).

Sk npuknan HaBeAEMO JIEKUIbKA MEepUINX paJialbHUX XBUJIbO-
BUX q)yHKHifI [5]:

Ro(r) =z >€XIO( r/a), (*)

Ry (r) = xexp(-r/2a)X1- r/2a),

(2 )3/2

Ry (r) = exp(-r/2a)Xr/2a),

[3(2a)3]1/2

Ry, = Ga )3/2 xexp(- r/3a){1- 2Xr/3a)+(2/3) {r/3a)?],
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ae a ° r, =0529 X0 u, To6TO JOopiBHIOE pasaiycy 1-i Gopis-
CbKOT OpOIiTH.

HaBenemo Takox nekinbka chepudHux QYHKIIIH, 10 BXOIATh
y Bupas (4-17) [5]:

Yot )= = (**)

Y@, )= ,/ xcos(q ,

Yl,ﬂ(q ’j ): mﬂgﬂnq >etjj y
. 15 . ,

Y@, )= 1/% >sin?q xe®)

Sk 6aunmo, marematruHuid Burisg opmyn (*) ta (**) gocuts
CKJIQTHUH.

- 3rifHO 3 MpaBWJIaMH KBAaHTOBOI T€Opii WMOBIPHICTh 3HAXO-
JUKeHHs enekTpoHa B 06'emi dV mopismioe |y |° dV . Enemen-
tapuuii 00'em dV B cdepruuHUX KOOpIAMHATAX MAa€ TaKHUU
BUTJISI

dV =r?dr>sing >xdqg xdj . (4-18)
Toni #iMOBipHICT, TIepeOyBaHHs €JIEKTPOHA B EJIIEMEHTAPHOMY
00’ emM1 mOoOIM3y TOUKH 3 KOOpAMHATaMu I, 1 ] 3 ypaxyBaH-

HaMm (4-17) 3anumieTbes Tak:

dP(r,g.j ) =R, (NI’ r*drqY,,@.j ) " sinq xdg >dj . (4-19)

B usomy Bupasi Benmuuna |R,(r)[° r? BusHauae eycmuny

tiMogipHocmi 3HAWTH EJIEKTPOH Ha BIACTaHI I' Bif sjapa, TOOTO
dP/dr . Ha puc.34 (a, 0) HaBeneHi rpadiku po3noiTy eleKTPOH-
HOIi T'YCTHHHM BiJ BiJICTaH1 JI0 sApa 3aJeXHO BiJl KBAHTOBHX YHCET
n Ta |. I{ikaBo BiAMITHTH, IO JJIs CTAHIB 3 KBAHTOBUMH YHCIAMHU
nil (1i0),(2i1), (312) MakcuMyMH €JIEKTPOHHOT I'YCTHHU
3HAXOTHCSA HAa BIJACTAHAX, 11O BIAMOBIMAlOTh pamiycam 1-i, 2-i
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ta 3-i OopiBckux opOir (puc.34,a). Jlas craHiB 3 iHIIMMH
KBAaHTOBHMMH YUCJIAMU KapTHHA PO3MOIUTY ACIIO CKIIaTHIIIA.

dP
dr

Puc.34
V Bupasi (4-19) senmumna |Y, (q.j ) |° € ryctunoto itMoBip-
HOCTI 3HAMTH €NEKTPOH y HANpsIMKY KyTiB ( 1] . Bussiserscs,
0 KYTOBUM PO3MOJALT T'YCTHHU HMOBIPHOCTI HE 3aJIeKUThH BIJ
KyTa | , TOOTO Mae Miclie CUMeTpisi 00epTaHHs HaBKOJIO oci Z. Ha
puc.35 npescTaBieni nosspHi giarpamu s |Y, (Q,j ) |° 3anexno

Bix kBaHTOBUX ymcen | 1 m.

//////

m:—l

0 7))
"’//////””//////

m=-2

TakuM YMHOM, €JEKTPOH B aTOMI MPEJCTABIAETbCA Y BUITISAL
eneKmpoHHOi Xxmapku, TOOTO TPOCTOPOBOT 00IacTi, B KOXKHIM
TOUYII1 SIKO1 BIH nlepedyBae 3 IMEBHOIO HMOBIPHICTIO. POpMH eek-
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TPOHHUX XMAapUHOK 3ajeXarh Bil KBAaHTOBMX uucena | ta m i
YTBOPIOIOTBCSI 00epTaHHsIM (iryp Ha puc.35 HaBKOJIO OCl Z, MpHU
IbOMY HWMOBIpHICTh TIepeOyBaHHS €JEKTpOHA Ha BiACTaHl I
3aJCKUTh BiJ KBAaHTOBUX umcell N Ta | 1 BHU3HAYa€ThCS PO3-
MOJIiIaMH, SIK1 TIpe/ICTaBJIeH] Ha puc.34.

IIpu 30ymkeHHI aToMa BHUTPAYAEThCS CEHEPrisl sKpa3 Ha
nepedyI0By HOro eneKTpoHHOi xMapku. KoxHiil dopmi XmMapku
BIJINOBI/Ia€ CBil NEBHHUI €HEPreTUYHUIN CTaH €JIEKTpPOHA B aTOMI.
[Ipn mepexoni 3 OAHOrO CTaHy B IHIIMK aTOM BHITyCKae abo
MOTJIMHAE CTPOTO BIIMIPSIHY KUTBKICTh €Heprii - kBaHT hn .

8§ 4.4. KBanToBi umcaa

- Po3B’s3km (4-17) piBustans Llpeninrepa aas atroma BOIHIO
3aJIeKaTh Bi MUTOYMCIOBHX MapameTpiB N, |, M, ski Ha3MBAOTHCS
KBAHTOBUMHM 4ucJaMH. DBUYHUN 3MICT KBAaHTOBUX YHUCEI
OB’ I3YETHCSA 3 XapaKTEPUCTUKaMU CTaHy PyXy enektpoHa [1, 8].

KBaHnTOBE unCI0 N HA3WBAETHCS TOJOBHMM. 3TiIHO 3 GopMy-
a0t (4-15) BOHO BHM3HA4Ya€ AUCKPETHUH P 3HAYEHb MMOBHOI
EHEeprii eJIeKTpOHa B aTOMi BOJHIO. [ 0JIOBHE KBAHTOBE YHCIIO
MOX€ HaOMpaTH Taki 3Ha4eHHs: N =1, 2, 3,

B kBaHTOBiii MexaHili m0BeaeHO, 0 a3uMyTajbHe (abo
opOiTajbHe) KBAaHTOBE YHCIO | BH3HA4Yae€ TUCKPETHHWH P
OpOiTaIbHUX MOMEHTIB lMHYJ'IBCY €JIEKTPOHA!

ILIEhixl +1) (4-20)

MpUYOMY TP JaHOMY N KBaHTOBe 4ucio | HaOupae Taki 3Ha-
yenns: | =0, 1, 2, ..., n=L.SIkmio yaBasti opOIiTaTIbHHIA PyX €IeK-
TPOHA SIK KJIJACHYHO1 3apsKEHO1
‘laCTI/IHKI/I TO MOMEHT IMITYJIbCY

o=
3
'5
-

—[r mV] 1 MarHiTHAH MOMEHT
I
P,, MOXHA MPEJCTABHUTH, SIK I10-
Puc.36 Ka3aHo Ha puc.36.
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Yucno M Ha3MBA€ThCS MATHITHUM KBAaHTOBUM YHCIIOM, BOHO
BHU3HAYa€ JUCKPETHUH psAa 3HA4YEHb MPOEKIii OpOiTalIbHOIO
I
MOMEHTY IMIyJbcy L Ha BuaineHuit Hanpsim Z 'y mpoctopi, TOOTO
YMOBH IIPOCTOPOBOTO KBAHTYBaHHS:

L =mh. (4-21)
Jns a3uMyTalbHOTO YKcina | MarHiTHe KBaHTOBE YHCIIO MOXKE
MaTH Taki 3HadeHus. m=0, £1, =2, ..., +|, To6r0 2| +1 3Ha-
5 ié) yeHb. BunuieHuil HampsMm y
34 am=3 IIPOCTOPI1 MOB’ A3YyI0Th, HAIIPU-
2% 4o A - AM=2 KJIaj, 31 CTBOPEHHSIM MarHir-
17 1 m=1 !
0 m=0 Horo nonist B . Ha puc.37 cxe-
-17 m=-1 MaTHUYHO 300pa’keH1 MOKJIUBI
201 =-2 TIPOCTOPOBi Opi€HTaIlii Bek-
_3h 1 _- r=- 1
- Topa L, komm azumyranpHe
Puc.37 kBaHTOBe uncio | = 3.

-EHepris enexkTpoHa B aTOM1 BOJHIO 3aJIEKUTh TUIBKU Bij
TOJIOBHOTO KBaHTOBOTO yuciaa N 3rigHo 3 (4-15) 1 He 3ayexuTh
BiJ kBaHTOBHUX uucen | 1 M. lle o3Hauae, 110 €1EKTPOH B aTOMi
BOJHIO MOJKE€ MaTuh OJHE W Te caMe 3HAueHHS €Heprii, aie
nepebyBaTu B JCIIO PI3HUX CTaHAX, Kl BIAPIZHSAIOTHCS BEIHU-
YUHOIO OPOITAIIBHOTO MOMEHTY IMITYJIbCY Ta MOTO OPIEHTAIIEI0 B
npocropi. CTaH 3 0IHAKOBOIO €HEPTIEI0 HA3UBAIOTHCS BUPOAKe-
HHMMH, 2 iX KUIbKICTh — KPATHICTIO BUPO/zKeHHs. KpaTHICTh BU-
POJIPKEHHSI €HEPT€TUYHOIO CTaHy 3 MEBHUM KBAaHTOBUM YHCIIOM N
CTaHOBHTH

51 (21 +1) =n®. (4-22)
=0

Ha puc.38 mpencraBiieHa cxema €HEpreTHYHHX PIBHIB aroma
BoJHI0. Ha Hill moka3aHo BUPOAKEHHS PIBHIB 4YaCTKOBO, OCKUIbKU
KOKHOMY KBaHTOBOMY umciy | mie Bimnmosimae 2| +1 3HaveHb
Mar”iTHOro KBaHTOBOTo yuciia M. CTaHU €JIEKTPOHIB NMPUHHATO
3alyucyBaTH y BUIVISIAI CUMBOJIB, Jieé Iu(pa BKa3ye TOJOBHE
KBaHTOBE YKCJIO, a JiTepa — a3uMyTalbHe KBaHTOBE 4ucio |, Ha-
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npuknan, 1S, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f it1.a.

(=0 ¢=1 (=2 (=3 (=4

S p d / g
0
n=5
IR VANN
n=3
n=2 E—
n=1

Puc.38

BunyckanHs 1 mOTJIMHAHHS KBAHTIB €HEPTil BiIOyBa€eThCs TIPH
nepexoiax MK PIBHSAMH, JUISI SIKUX BUKOHYETHCS MPABUIIO J1000-
Py 3a KBAHTOBHM YHCJIOM |

Dl =+1. (4-23)
Ile mosicHroeThCS THUM, MmO caM (OTOH Ma€ BJIACHHH MOMEHT
IMITYJIBCY, TOMY MPY BUITyCKaHH1 a00 MOTJMHaHHI (HOTOHA 3MIHFO-
€TbCsA CTaH enekTpoHa B atomi. IIpaBmiao mobopy (4-23) €
nposiBOM  (yHJITAMEHTAJILHOTO 3aKOHY — 3aKOHY 30€peKeHHS
MOMEHTY IMITyJIbCY.

- [Toanpiie BUBYEHHS BIIACTHBOCTEH KBAaHTOBUX CHCTEM TIpH-
3BEJIO JI0 BIIKPHUTTS 61ACHO20 PYXy enekTpoHa. JlocmimpkeHHs
CIIEKTPIB aTOMIB 3a JOTIOMOTOIO TIPHJIAJIIB 3 BETMKOIO PO3IUTHEHOIO
3IATHICTIO TO3BOJIWIIO BUSIBUTH TOHKY CTPYKTYPY CIIEKTPaIbHUX
JiHIA, TOOTO iX pO3MEIUICHHS Ha psia Onu3bkux JiHIA. Lle
03HavaJo, 10 HACIpaB/l EHEPTeTHYHI PiBHI €JIEKTPOHIB B aTOMi
CKIIQJIAIOThCS 3 ANy OJM3BKUX MiAPIBHIB, 1O HE BUILUIMBAJIO 3
piBusiaas [peninrepa [1, 2, 3, 8].

Jnst mosicuenHst mporo ¢dakry Jx. Ymen6ek 1 C. Naymemir
(1925 p.) BuCyHyIH TiHOTE3Y MPO TE, IO EICKTPOH MAE GIACHULL
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I
momenm imnyavcy L, sxuil Oyno Ha3zBaHO cmiHoM. Taka Ha3Ba

s

MOXOJIUTh BiJ aHTJiiicbkoro tO spin — “obeprarucs”. 3rigHo 3
I

rinoTe3010 BBAXAJIOCh, IO BJIACHUHA MOMEHT IMmynbcy L

3YMOBJICHHI OOEpPTaHHSIM €IIEKTPOHA SIK 3apsDKEHOI KYJIbKU
HABKOJIO BJIACHOT OC1, KpPIM TOTO, BUHUKAE III€ BJACHUN MarHITHUI

I . . .
MOMEHT eNeKTpoHa P, (puc.39). Ommak Big Takoi Mmozeni

MPUATIIIOCS CKOPO BIIMOBUTHUCH, OCKUTBKH MPHU MOAI0HOMY 00ep-
TaHHI MBUJAKICTh Ha “ekBaTopi’ eilekTpoHa mana 6 Oyru B ~200
pa3iB Outble MmMBUAKOCTI cBiTia [8], moO cynepeduTs crie-
miagpHIA Teopii BigHOCHOCTL. KpiM Toro, 3a mi€r0 MOJEIUIIO
ripomarsirae BirHomenus (too6rto p,./L,) naBano po30ixHOCTI 3

€KCIIEPUMEHTOM. 3TiJHO 3 Cy4YaCHUMH YSBJICHHSIMH CIIH TpeOa
BBa)KaTH HEBII €MHOIO BJIACTUBICTIO €JIEKTPOHA, TAKOKO SIK HOTO
3apsn abo maca.

Pms

Puc.39 Puc.40
BenuunHa BIacCHOrO MOMEHTY IMITYJIbCY €JI€KTPOHA BH3HAYa-
€THCSI 32 3araJIbHUMU (OpMyJIaMU KBAHTOBOT MEXaHIKU TaK:
I

|L FhysXs+D, (4-24)

e S= Y2 - cniHOBe KBAaHTOBE YHCIIO.
AHaJOTYHO TPOCTOPOBOMY KBAaHTYBaHHIO OpOITATILHOTO
MOMEHTY iMnyabcy (4-22) Mae miciie TPOCTOPOBE KBAHTYBaHHS
I

JUIs CITIHA, 3T1THO 3 IKUM NpoeKuis L, Ha BUAUIEHWH HampsaM 2z
BHU3HAYACTHCS SIK
L, =mh, (4-25)

e m, =*s, To6To M, =+ ( e KBaHTOBE YUCIIO IHOJI HA3KBa-
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I0Th MacHImHUM chinogum). TaKMM YHMHOM, €JIEKTPOH MOXKE MaTH

JIB1 opieHTaIil criiHa — B HanpsiMKy abo mpotu mostst (puc.40).
OTxe, VI TOBHOI XapaKTEPUCTUKU CTaHy €JICKTPOHA B aTOMi

HOTPIOHO 3HATH YOTHPH KBAaHTOBUX ymcna: N, |, m, m,.

HasiBHicTh cmiHa y MIKpOYaCTHHOK HE BUILJIMBAE 3 PIBHSIHHS
[peniarepa. OgHak 1 XapaKTepUCTHKA aBTOMATHYHO OJIEPXKY-
€THCS 3 PEISITUBICTCHKOTO PIBHSHHS KBAaHTOBOI MEXaHIKH, BCTa-
HosineHoro I1.[lipakom.

8 4.5. bararoenexktponHi aromu. Ipuaoun Ilayai

- Bci aromu, kpiM BOJIHIO, MatOTh OUIbIIE OJHOTO E€IEKTPOHA.
KinbkicTe €71eKTpoHIB B aToMi BIAMOBIZAE HOMEPY XIMIYHOTO
enemenTa B Tabiuii J[.I.Menneneena.

VY GaraToeneKTpoHHOMY aTOMi IMOTEHIlladbHA €HEPris EeIeKT-
pOHA BU3HAYAETHCS HOTO B3aEMOJIEIO 3 SAPOM 1 PEIITOI €JIEKT-
poHiB aroma. {1 oOcTaBuHA TMPU3BOIUTH IO TOTO, IO MaTeMa-
TUYHUHN BUPA3 JUIs TIOTSHINIAIBHOT €HEprii 3HAYHO YCKIIAIHIOETHCS
MOPIBHAHO 3 aToMoM BojHIO (4-13). ¥V cBoro depry, Iie 3HaYHO
ycknaaaioe piBHsHHS Llpeninrepa, Tak mo TO4YHE PO3B’s3aHHS
1oro, ToOTO BUHAWJEHHS BIIMOBIIHUX BJIACHUX 3HA4Y€Hb CHEPTii
E Tta y -dbysK1id, cTae HemoxxyimBUM. OHAK Ha MIACTaBI ACSIKAX

3araJlbHUX BHICHOBKIB KBAaHTOBOi MEXaHIKM MOXHa OJepXKaTu
OCHOBHI YSIBJICHHSI MPO CTaH EJIEKTPOHIB y 0araTOEIeKTPOHHHUX
aToMax.

B 8§ 4.4 6yno BigmiueHO, IO €JIEKTPOHHI CTaHH B aToMi
BOJIHIO € BHPO/UKEHHMH. B OararoenekrpoHHux aromax (Z>1)
BIIOYBA€ThCS 3HATTS BUPOJDKEHHsI, TOOTO €HEpris eleKTpoHa
3aJISKUTh HE TUTBKK BiJl TOJOBHOTO KBAaHTOBOTO YMCiIa N, ajne i
BiJI IHIITUX KBAHTOBUX YHUCEI. 3 SICYyEMO, YOMY II€ TaK.

[To-miepmie, B atomMax BiIOYyBa€eThCs MEpPETHHAHHS EJIEKTPOH-
HHUX XMAapWHOK PI3HHMX €JeKTPOHIB. EHEpris KyJoHIBCHKOI B3ae-
MOJIIi MDK €JeKTPOHAMH 3aJIeKUTh Bi (OPMU EIEKTPOHHHUX
xMapuHOK. OcCKkiTbku (opMa eJIeKTPOHHOI XMApWHKU BH3HAUa-
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€TbCS KBAHTOBUMH 4mciaamMu N 1 |, To i eHepris enekTpoHa B
0araToeleKTpPOHHOMY aTOMI 3aJIeKUTh HE TUTbKK Bix N, a i Bix |,
TOOTO 3HIMA€ETHCS BUPOJDKEHHS MO a3UMYyTaJIbHOMY KBAHTOBOMY
qucny |.

[To-npyre, B aToMax Mae Miclle MarHiTHa B3a€MOJIisl €JIEKTPOHA 3
Mar”iTHUM TI0JIEM, $KE€ CTBOPIOETHCA IHIIUMU €JIEKTPOHAMHU
aroma. Crnpasa B TIM, 110 KOXKHUM €JIEKTPOH Mae OopOiTanbHUM
pm 1 crmiHOBUH pms MarHiTHI MOMCHTI/I AK1 HaHpﬂMJ'IeHl POTH-

JISKHO BIANOBITHUM OpOITaIbHOMY L Ta CHIHOBOMY Ls MOMEH-

tam imMnyiabcy ( auB. puc.36139). Ha puc. 41 npencraBieHuit
' NpUKJIaa MPOCTOPOBOTO KBAHTY-

s \(E)\ BaHHSA A OpOITATEHIX MOMEHTIB

. " /_? =t L a P, U1 KBAHTOBOTO UHC/A

ANG” // \ | = 1, xomu 3rigHO 3 (opMyIO0

0___ —>im=0  (4-21) marniTHe KBaHTOBE YHCIIO

\\ / m =-1, 0, 1. IIpu B3aemoii mar-

N/ HITHUX MOMEHTIB €JIEKTPOHIB 3

—h1---- ;\*/W =-1 MarHiTHUM TIOJIEM 3’ SIBJISIETHCS
-7 JI0JIaTKOBA €HEPris

Puc.41

r ]
W, =-p,,B=-p,Bxosa, (4-26)
I
e a - KyT MDK BEKTOpaMH MarHiTHOI IHAYyKWii B Ta maruitHOTrO

1 . .
MOMEHTY . OCKUIBKM KyT & BH3HAYa€TbCs MarHiTHUM KBAaHTO-
BHM YHCIIOM M, TO ¥ €HEeprisg eJeKTpoHa 3aJIeKUTh Bif M, TOOTO

3HIMAETHCS BUPOKCHHA I10 m.
. [To-TpeTe, eHepris eNeKTpOHa 3aJCKUTh Bill 0p1€HTaH11 CriHa
L, 1 3B’43aHOT0 3 HUM MarHiITHOTO MOMEHTY pms, [0 IPU3BO-
TUTH JI0 3aJIEKHOCTI CHEepTil eJeKTPOHA ¥ Bill CIIIHOBOTO KBAaHTO-
BOT'O uHciIa M.

Otxe, B 6araroeeKTPOHHOMY aTOM1 €HEpris eJIeKTpPOHa 3a-

JIeKUTBH Bifl yCiX KBaHTOBUX 4mcen N, |, m, m,, To0To 3HIMaeThCA
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BUPO/DKEHHSI TI0 BCIX YOTHPHOX KBAaHTOBHX uuciax. Cxema
€HEePreTUYHUX PIBHIB EJIEKTPOHIB TMPH 3HATTI BHPOHKEHHS IO
KBaHTOBHX unciIax | Ta Mrmoka3aHa Ha puc 42.

E =2 ___{:g
T —3
/ = S
T
n=3 £l - m=0
=1 - 1
/// £=0 __{ _01
n=2 ——— -— m=0
n=1 -0 m=0
Puc.42

- Tenep mepeiiieMo 10 poO3risily MUTAHHS TPO TE, AK PO3-
MINIYIOThCS €JIEKTPOHU CKJIQJIHOTO aroMa MO EHEPreTHYHUX
PIBHSIX.

3riIHO 3 KIIACHYHUMH YSBIICHHSIMH BC1 €JICKTPOHHU Maju O po3-
TallyBaTUCh HAa HAWHWKYOMY PiBHI B OCHOBHOMY CTaHI1 aToMma.
Onnax 11e He Tak [4]. PoGorta, sky Tpeba BUKOHATH, 100 10HI3Y-
BaTH aTOM Yy He30y0dceHoMy cmaui, TOPIBHIOE €HEprii, 1o
BUTPAYA€THCS HA TIEPEBEJICHHS €IIEKTPOHA 3 HAHIKYIOTO eHepre-
TUYHOTO piBHS Ha piBeHb E = 0. Hampuknan, ms ioHi3a1ii atoma
BOJIHIO MOTPiOHO BHKOHATH poboTy 15,53 eB (muB. puc.30). Sxkb6u
BCl EJIEKTPOHM HE30Yy/KEHOro OaraToeleKTpOHHOTO aroma
nepedyBaii Ha OJHOMY HaWHIKYOMY PiBHI, TO JJIs 10HI3aIii
IOTO aTOMa iICHYBaJIO O TUTLKH OJIHE 3HAYEHHS pOOOTH 10HI3aIlii.
Jocmia, ogHak, 3acBimyye, 0 poOOTa 3 BUPUBAHHS €JIEKTPOHA 3
aToMa (3a BHHSATKOM aTOMIB BOJIHIO 1 Tejif0) HaOyBa€ IMEBHOI
KUTBKOCT1 PI3HUX 3HAYCHb, sIKA 3pOCTA€ 31 30UIBIICHHAM TMOPSI-
KOBOTO HOMepa Z XiMigHOTO enemeHTa. CaMe BUBUCHHS CIEKTPIB
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0araToeNeKTPOHHUX AaTOMIB MpPHUBENO MIBEHIapChKOro (izuka
B.[Tayni B 1925 p. 10 BiIKpHUTTS iCTOTHO HOBOTO (hyHIIaMEHTAIb-
HOTO 3aKOHY KBaHTOBOI MEXaHIKH, 1[0 OJEPKaB HA3BY MPUHIUILY
IMayai:
6 amomi (a0 Oymb-sAKili KBAHTOBIM CHCTEMI) He Modice bymu 060X
€/IeKMPOHIB, WO Maroms O0OHAKOBY CYKYNHICMb YCIX YOMUPbLOX
keanmosux yucen N, I, m, mg.

[HImUMU croBamu, B OJTHOMY W TOMY ) KBaHTOBOMY CTaHi He

MOXXYTh Ilepe0yBaTH OJHOYACHO JBa eleKTpoHH. CTOCOBHO 10O
eNIEKTPOHIB B aromi npuHnun [layi MoxxHa 3anucatu Tak [8]:

Z,(nI,mm)=0 abo 1, (4-27)
ne Z,- KUIBKICTb €JIEKTPOHIB Y CTaHl 3 KBAHTOBUMH YHCIaMH N,
[, m, m,.

KUIBKICTE MOJKIMBUX KBAaHTOBHMX CTaHIB B aToMi, SIK1 MaroTh
OJIHAKOBHH HaOIp TPhOX KBAHTOBHMX ymcen N, |, M, mopiBHIOE
JIBOM, OCKUIbKH CITIHOBE KBAHTOBE YHCJIO MOKE€ HaOupaTu jBa
3Ha4YeHHA M =% 2, TOOTO

Z,(nl,m)=2. (4-28)

KinbKicTh MOXKIIMBHX KBAaHTOBUX CTaHIB (@ 3HAYMTH, il €JIEKT-
POHIB) B aTOMi 3 OJJHAKOBMMHU KBAaHTOBUMH YuciIaMu N 1 | mopis-
HIOE

Z,(nl)=2X24 +1), (4-29)
OCKITbKH TIpu (hikcoBaHOMY | MarHiTHe KBAaHTOBE YHCIO M
Moske Habupatn 2| +1 3HadeHb, a M, - ABA 3HAYCHHS.

HapemTi, KUIBKICTh €JIEKTPOHIB B aToMi, 110 NepedyBaroTh y
CTaHax 3 OJJHAKOBMM I'OJIOBHUM KBAaHTOBHM YHUCJIOM N, TOPIBHIOE

n-1
Z(n)=Q 2(2l +1) = 2n?, (4-30)
=0
OCKITbKH TIpH GikcoBaHomMy N kBaHToBe yucio | =0,1, ..., n—1.
- CyKymHICTh €JIGKTPOHIB B aTOMi, IO MAarOTh OJHAKOBE
3HAYEHHSI TOJIOBHOTO KBAHTOBOTO YHCIA N, YTBOPIOIOTH TaK 3Ba-
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HUH  eJIeKTpoHHMiT map (abo 000JI0HKY), B SIKOMY MOXYTh

3HAXOJUTHCh 2N° eNeKTpOHiB. EJEKTPOHHI IMaph TNpHIHATO
MO3HAYaTH BEJIMKUMU JaTuHChkuMHE jitepamu K, L, M, N, O, mo
BiamoBimae 3HaueHHsamM nN=1, 2, 3, 4, 5.

CyKyIHICTh €JeKTPOHIB, 10 MAalTh OJIHAKOBI 3HAYCHHS
KBaHTOBHX YnCelI N 1 |, yTBOPIOIOTH €JIEKTPOHHY MiI000JI0HKY,
B sKiii Moxe mictutucs 2(21 + 1) enexrpowni. ITi106010HKH, IO
CKJIQJIAlOTh EJICKTPOHHUH IIIap, MOXYTh HE OYTH IPOCTOPOBO
pPO3IUICH1, BOHU MOXKYTh TIEPETHHATHCS.

B Tabnuii, mo HaBOAUTHCSA HIDKYE, MPEICTABICHO PO3IOILT
€JeKTPOHIB MO PI3HMX IMMiI000JIOHKaX 1 IIapax Ha IiACTaBi
bopmyi (4-29) ta (4-30).

KinbKicTh €JIeKTpOHIB y Mi1000JI0HI KinekicTts
Z(n, 1) ENEKTPOHIB
n | Map s p d f g y mapi
(1=0) | (1=1) | (1=2) | (1=3) | (I=4) Z(n)
1 K 2 — — — — 2
2 L 2 6 — — — 8
3 M 2 6 10 — — 18
4 N 2 6 10 14 — 32
5 O 2 6 10 14 18 50

[Tino6on0HKKM B aToMax MPUMHATO TO3HAYATH IU(POIO, M0
BIJIMOBIJIa€ HOMEPY MIapy N, 1 Majoi JATHHCHKOIO JITEPOIO
BIZMOBIHO 70 KBaHTOBOTO uncia |, Hanpukinaz, 1S, 2s, 2p, 3s, 3p,
3d, 4s iT.m.

Enextporn B aroMi TOBWHHI 3aiiMaTh B TIEPIIy Yepry
HaWHIKYl eHepreTudHi piBHI. OHAK BOHU BCi HE MOXKYTh PO3-
MICTUTHCSI Ha HAWHIKYOMY pIBHI, OCKUIBKH II€ TPOTHPIYHTH
npuHnumy Ilayni. CiodyaTtky 3aOBHIOETHCS T1000JIOHKA 3 MEH-
TUM 3HA4YEHHSM N, a TOTIM 3 OUThIIMM. B Mexkax eleKTpOHHOTO
nrapy CrovaTKy 3alOBHIOETHCS IMiJOOO0JOHKA 3 MEHIINM 3HAaueH-
HaM |, Bigrak 3 OutbmuM. IcHye Takox npasuio O. MajaeiayHra:
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NOCNIO0BHICMb 3ANOBHEHHS eJleKMPOHHUX NI000OO0JIOHOK 8i00y8a-
emvcst 8i0nosiono 0o 3pocmanns cymu (N + 1) [2]. Xoua me
MPABWIO HE € YHIBEPCATBHUM, Y 0araThb0X BUMAJKaX HAUM 3PyIHO
KOPHUCTYBATHUCH.

8§ 4.6. [lepionuuna cucrema enementiB JI.I. MenaeieeBa

- SIK110 XIMIYH1 €J1€MEHTH PO3TallyBaTU B MOPAIKY 3pOCTAHHS
aTOMHHUX Mac (3a JAeIKMMH BHHSATKaMH), TO 4epe3 MEeBHI iHTep-
BaJI MOBTOPIOIOTHCA IXHI XIMIYHI Ta (pi3MuHi BiacTuBocTi. Llg
eMIIipUYHa 3aKOHOMIPHICTh Oysa BIeplle BCTaHOBJIEHa PpOCiii-
cekuM BueHuM J[.I.Menneneeum y 1869 p. Ha Toii wac Oymm
BiZTOMi BChOTO 64 XIMIYHUX eJleMeHTH. PO3TanoByo4n el1eMeHTH
BIJIMOBIIHO 70 TEPIOAIB MOBTOPIOBAHOCTI iXHIX BIJIACTUBOCTEH,
MeHneneeB onepkaB TaONHIO, B SIKIM 3aJUIIWIOCH YUMAJIO
MOPOKHIX KJIITUH. BiIMOBHBIIMCH BiA NPUHLMIY 3POCTAaHHS
aTOMHHX Mac, BIH YBIB HOHSTTS nOPsA0KO8020 HOMEPA XIMIYHOTO
ernemMeHTa. MeHJeneeBy BIAOCh HA MIACTaBl BIAKPUTOTO HUM
NepioAMYHOro 3aKOHY INepeadayuTH psJ HOBUX XIMIYHHX
€JIEMEHTIB, OMHUCATH iXHI BJIACTHBOCTI, YTOUHUTH MaCH JCSIKUX
BIJIOMUX €JIEMEHTIB. 3r0JIOM Il MepeadadyeHHs] 4yJ0BO MiATBEp-
JTUJTUCH.

Tabnmuus, B fKId €JIEMEHTH NpeJCTaBieHI pO30MTHMM Ha
nepiod ¥ TPynu Tak, 10 HA0YHO BUIHO MOBTOPIOBAHICTH iXHIX
BJIACTUBOCTEH, OJIepKajia Ha3BY NepioOudHOl cucmemu elemMeHmis
J.I.Menoenccea. Ha TenepimHiii yac mnepioguyHa TaOIULIS
eJIeMEHTIB HaOyia BUTIIALY, SK mpencrasieHo Ha c. 206...207
(aTomMHI Macu TIO1aH1 3a0KPYIJICHUMH 10 TPhOX 3HAYYIIUX ITUPP).

Opmnak, OyIy4d OJHUM 3 HAMBXJIMBIMIMX 3aKOHIB TPUPOIH,
neploAUuYHUN 3aKOH MeHeneeBa OB 4ac HE MaB TEOPETHY-
HOTO OOTrpyHTYBaHHS. TUIBKH 3 PO3BUTKOM KBAaHTOBOI MEXaHIKH
cTaja 3po3yMUIOI0 MPUYHUHA MEPIOJUIHOT TOBTOPIOBAHOCTI XIM1Y-
HUX 1 QI3MYHUX BJIaCTUBOCTEH enemeHTiB [1, 2, 5, 8].

-KBaHTOBa Teopis mnepioAMYHOT CUCTEMHU IPYHTYETbCS Ha
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TaKUX TOJIOKEHHSX .

1) nopsakoBuii HoMep Z XIMIYHOTO €JIeMEHTa JOPIBHIOE Kilb-
KOCTI €JIEKTPOHIB B aTOMI,

2) pPO3MIIIEHHsI €JIEKTPOHIB B aTOMi MO0 €HEPreTUYHHUX PIBHAX
MMOBUHHO 33/I0BOJILHATH MIHIMYM €HEpTii;

3) 3amoBHEHHS €JIEKTPOHAMH CHEPreTHYHUX CTaHiB MOBHHHO
BiIOyBaTHCS 3TigHO 3 TpuHIMIIOM [laysi.

Posrnsinemo OynoBY €E€KTPOHHUX 000JIOHOK aTOMIB 1, BHUXO-
JIST9M 3 IBOTO, TIOPIBHAEMO iXHI XiMI4HI Ta (HI3WYHI BIACTUBOCTI.
Koxxamit HacTymHuii aTtomM OyaemMo OJepKyBaTH, 30UTbIIYIOYH
3apsl siIpa Ha OJMHHMINO (eIeMeHTapHUi 3apsia) 1 J0af0ud OJUH
CJICKTPOH y JIO3BOJICHMI KBAaHTOBHMH CTaH, IO Ma€ MIiHIMaJIbHY
EHEePTito.

AtoM BoaHI0 (Z=1) Ma€ OAMH €JIEKTPOH 3 JOBLIHLHOIO Opi€H-
Tamiero cmiHa (M,=*%), sKuil NOBHHEH 3aliHATH HaHHWDKYMH

C€HEPreTUYHMI CTaH 3 KBaHTOBUMH yuciamu N =1, 1 =0, m=0.
YMOBHHI 3amuc 1OTO CTaHy - 1S - Ha3WBaIOTh €JIEKTPOHHOIO
KOH(irypaiiero, sxka xapakTepu3ye pPO3MOJAUT EJIEeKTPOHIB IO
KBaHTOBUX cTaHaxX B aromi. Ha puc. 43 el enexkTpoH B migo60-
noHIi 1S 300pakeHuit CTPLIOYKOTO.

Jdmepion | _____2mepion .
rpynu rpynu
I 11 I o v | v | v |vi|wvi
i
A 41 AL | 4 [M=0 2
TN o [P
1 Al Al Al A A
| T o i
e 2
A | M | (| M M M M M 1
I K7 v v v v v v K7 v S
He| Li | Be C|N|O Ne
Z=1|27=2|27=3|27=4|27=5|27=6|27=7|27=8|7=9 | z=1
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HactynHuii enemeHT — rejiiii — Mae 1Ba ejleKkTpoHU. Bonu
o0uBa MOXYTh 3HAXOJUTHUCHh y CcTaHi 1S, aje MOBWHHI BiApi3-
HATHCH opieHTaliero cniHa. Ha puc.43 ne BimoOpakeHO MpOTH-
JISKHUM HaIpsiMOM CTpiIodok. EnexkrpoHHa KoHGIryparis reiio
3anmcyeThes Ak 1S°. B arowmi remito K-map moBricTio 3a6ymo-
BaHUH, 1€ €JIeMEHT € IHEPTHUM ra3oM, BIH 3aBepILIye KOPOTKH
1-it mepion Tabnuui enementiB [.I.Mennaeneena.

Jlitiem mounHaetscs 2-it mepiox Tabmuni Menaeneesa. Tperiit
€JIEKTPOH JIITIIO 3TiAHO 3 mpuHIMNoM [laymi Moxe po3micTutucs
B CTaHi 2S, TOMy ITOBHAa €JIEKTPOHHA KOH(Iryparis Mae BHTJISII
1s*2s. Jlitiii € mpenCTaBHMKOM JyKHHMX METajiB, HOTO TpeTiii
€JIEKTPOH c1a0Ko 3B'sI3aHUHN 3 aTOMOM 1 JIETKO MOKE MEePEXOAUTH
JI0 IHIIUX €JEMEHTIB y XIMIYHMX CHOJIyKaX, BaJE€HTHICTH JITIIO
nopiBHioe 1. Ileli BaJeHTHMI €JIEKTPOH TakoK BU3HA4Yae (Pi3nUH1
BJIACTUBOCTI (€JIEKTPOIPOBIAHICTh, MOTEHIAA 10HI3aIlil, ONTHY-
HUIA CIIEKTP TOIIIO).

Y OepuJiilo MOBHICTIO 3aIOBHIOETHCS IMITO00IOHKA 2S, HOTO
eneKTpoHHa KoH(iryparis Mae Burnan 1s° 2s®. IT aTuii enekTpoH
00pYy pO3TalIOBYETHCS BXKE B MOOOJIOHII 2, HOTO eIEeKTPOHHA

KoHGQIryparis 3anmumerses Tak: 1s°2S°2p. ¥V HacTymHEX Ximid-
HUX EJIEMEHTIB 3allOBHIOETHCA MiA000JOHKAa 2P, TOMY €JIEKT-
POHHI KOH(]Iryparii MaTUMyTh TaKUW BUIJISI
ByrJaenusb -1s°2s°2p?, asor - 1s°2s°2p°®, kucenn - 1s°2s°2p*,
drop - 1s°25°2p°, meon - 1s°2s°2p°. Enement ¢rop € rajoi-
JIOM, II€ JyXX€ aKTUBHUN XIMIYHUN €JIEMEHT, SKUW 31aTHUN
NPUETHYBATU 0 ce0e €JIEKTPOH Yy XIMIUHUX CIOJYyKax. Y HEOHY
3aBEpUIYETHCS] 3allOBHEHHs L-11apy, TOMy YTBODPIOETbCS CTIiiKa
CUCTEeMa, LIeW XIMIYHUN €JIEMEHT € IHEpTHUM ra3oM, SIKUN Ipak-
TUYHO HE BCTYIA€ B XIMIYHI B3a€MOJIl 3 IHITUMU €JIEMEHTaAMU.
HeonowM 3aBeprryerbest 2-i iepio Tabmuii MeHeneena.

Tperiii mepiox Tabnuimi MounMHAaeThes 3 Harpiw (Z=11),
3aMTOBHIOETHCS MIN000JIOHKA 3S, MOBHA €JIEKTPOHHA KOH(DIrypartis
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mporo enemenTa 1s° 2s*2p®3s. Harpiid, sk i J1iTii, TeX € TyKHIM

MeTaioM.Y HacTymHUX eneMeHTiB (auB. Tabm. Ha c. 206...207)
Wae mociimoBHa 3a0ymoBa MmimoOoIoHOK 3S 1 3P. Y aprony
(Z=11) 3abymoBana moBHicTIO 3P MMiA000JI0HKA, II€ 3HOBY
iHepTHU ra3. [loBHa enekTpoHHa KOHQITypallis aproHy -
1s?2s%?2p°3s?3p°. 1leit ximiuHmii eeMeHT 3aBepurye 3-if mepion
Tabimuil MeHeneesa.

- [meanpHEe 3amOBHEHHS MMiI0O0JOHOK BiMOBIHO JI0 3POCTaH-
HS KBAHTOBHX umcen N 1 | 30epiraerbcs TUTBKHM IS JIETKHX
aTOMIB BiJl BOJHIO JI0 aproHy BKItOYHO. [lounmHaroun 3 KaJjiro
(Z=19), us mocmiTOBHICT, 3alOBHEHHS IIApiB 1 MiZ000JOHOK
MOPYIIYEThCSI BHACHIIOK 3POCTAaHHS B3a€EMOJi MDK EJIEKTPOH-
HUMH XMapkaMH. B3aemoJiisi MK €JIeKTpOHAMH MPH3BOJHUTH JI0
TOro, IO JJId JOCTAaTHHO BEJIMKMX 4ucead N 1 Manux yucen |
€HEepPTreTHYHI PiBHI JIeXKaTh HIDKYE, HDK JUIS MEHITUX N 1 Oulb-
mux |. Tak, 3rigHo 3 mpasuiom Manenynra (muB. 8§ 4.5) cran 3

N=4 il =0(yma n+l =4) € eHepreTH4HO OLIBIII BUTITHUM,
Hbk ctan 3 N =31l =2 (cyma n+| =5), mo BinoOpakeHo Ha
puc.44.
E 5 _______ — 4d

s _TT__ 1 P —— 3d

3s 3p

2s 2p

—1s
Puc. 44

Boxe mis atoma kadir micis migo00J0HKH 3P 3aOBHIOETHCS
He 3d, a mimoGononka 4s. Moro moBHa eneKTpoHHA KOHQIry-
pamiss Mae Takmii Burnsm 1s°2s?2p®3s®3p®4s. Yacro 3amicTh
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MOBHOTO 3amuCy KOH(Irypamii oOMEXYIThCS 3allcOM CTaHy
BAJIGHTHUX €JIEKTpOHIB. J[ns kamito me Oyne 3amuc 4s. Kamiem
noynHaeTbest 4-ii mepion Tabnuii MenneneeBa. Y kajabuiio
(Z=20) BaseHTHi eJeKTPOHHU 3HAXOAATHCA B CTaHi 4S°.

[Mounnaroun Bin ckangilo (Z=21) i no migi (Z=29) 3anoBHto-
€ThCs BHYTpimmHA migodononka 3d. Jaii, 1o kpunrony (Z=36)
BIIOYBA€THCS TOCIIJOBHE 3alIOBHEHHS MiMO00THKU 4, 1€ TexX
iHepTHUIi Ta3, Horo koHQirypanis 3amucyerbes Tak: 3d°4s°4p°.
Kpunron 3aBepurye 4-ii nepioa.

Py6iniii (Z=37) posnounnae 5-if nepio Tabnuii, e TyKHHAN
MeTaj, HOoro BaJEHTHUN EJEKTPOH 3HAXOIWUThCA B CTaHi 5S.
Crponuiii (Z=38) mae kondirypamito 5s*. IloumHaroum Bix
iTpito (Z=39) i no mananiro (Z=46) iine 3a0ynoBa BHYTPIUIHBOT
nio6ooHKN 4d , MPUUOMY TYT MOKJIHBI MEPEXOIH EIEKTPOHIB
Mbk craHamu 4p 1 5s. I[Mouunarouu Bix imgiro (Z=49) i g0
KceHoHy (Z=54) BinOyBaeThcs 3a0ymoBa mimo0osoHku 5p. [um
IHEpPTHUM ra30M 3aBepluyeThest S-i nepiof Tabnuui Menaeneesa.

3 mesito (Z=55) posmounHaeThcs 6-if mepioa TabswMI, IIe
3HOBY JIY)KHUH MeTall, Horo BaJeHTHUN eJNEeKTpOH Oyae B cTaHl
6s. 3a HuM ifne Gapiii (Z=56), BaneHTHI eNeKTPOHNU B CTaHi 6S°.
Hani inyTs Tak 3BaHl sanmanoiou. lle enemMeHTH Bin JaHTaHY
(Z=57) no moreniw (Z=71), sixi MaroTh OJMIM3bKI XiMiuHI i (i3nd-
Hi BiactuBocTi. CrpaBa B TiM, 110 Y JIAHTAHY €JIEKTPOHHA KOH]I-
rypanis Mae Burnsan 506s”, mpuuoMy BHYTpIlIHS Mif060IOHKA
4f e 30BciM He3anoBHEHO0. B enemenTiB Bix uepirw (Z=58) no
awrenio (Z=71) iixe 3amoBHEHHs BHYTPINIHBOI MiTOOOJOHKH
4f , Toni sk 30BHINIHA Hig00OJOHKA 6S 3aIUIIACTHCS O€3 3MIH.
[Tounnaroun Bix rapuivw (Z=72) BigOyBaeThcs 3a0ymoBa
nigo6oonku 5d , sika 3aBepuiyerbes y 3oq0t1a (Z=79). Y pryTi
(Z=80) noBHicTIO 3aMOBHEHI CTaHU 6S, a MOYMHAIOYU BiJ TaJiK0
(Z=81) i no panmony (Z=86) 3amoBHIOOThCS cTaHu 6p. Llum
IHEpTHUM Ta30M 3aBepIIyeThCs 6-i mepioa Tabnuii MeHaeneesa.
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Po3nounnae 7-if mepiox TabmuIl JTYKHUM MeTan (ppaHuii
(Z=87), BayJicHTHUII EJNIEKTPOH SKOTO 3HAXOJUTHhCA B CTaHi 7S.
Jani iine papiii (Z=88), y sxoro kondirypamis - 7s”.I'pyma
CJIEMEHTIB, 110 PO3MOYMHAIOTECS Bia akTHHi0O (Z=89) i ax 10
Jaoypencio (Z=103), Ha3uBaeTbcsi axmunoioamu. B akTHHOIIIB
iifie 3aMOBHEHHS BHYTPIIIHBOI migo0omonku 5f | a 30BHimHI mia-

000JIOHKH, JIe 3HAXOATHCS BAJICHTHI €JIEKTPOHH, € TTOMIOHUMH. Y
HaCTYITHUX €JIEMEHTIB BiOyBaeThcs MOCTymoBa 3a0yaoBa ITif-
obononku 6d .

- AHaITI3 pO3MOJIUTY €IEKTPOHIB MO0 KBAHTOBUX CTaHaX B aTOMi
MoKa3ye, M0 MePIOUYHICTh XIMIYHUX 1 (DI3UYHUX BIACTHBOCTEH
€JIEMEHTIB TOSICHIOETHCS TIOBTOPIOBAHICTIO €JIEKTPOHHUX KOH(I-
rypaiii y 30BHINIHIX Mig000J0HKaX 1 mapax. Hanpuxman, myxHi
MeTali, IO BXOSTh y | rpymy, MaroTh OJIMH €NEKTPOH B S- CTaHi,
KWW 1 3yMOBIIIOE€ XIMIYHY aKTHBHICTh IIMX €JIE€MEHTIB. Yy JITIIO -
2s, Hatpito - 3s, Kamito - 4S, pyoinito - 55 1 T.1.

VY ranoiniB mns 3aBeprieHHs 3a0y70BH MMiT000JOHOK Opakye
OJTHOTO €JIeKTpOoHa. BOHW CHpPOMOXKHI 3aXOILTIOBATH €JIEKTPOH
Mpy XIMIYHUX peakiifax. ElekTpoHHa KOH}Iryparlisi 30BHINIHIX
MiZ060NOHOK Mae Takuii BUrIAm. y dropy - 2s5°2p°, xuopy -
3s?3p°, 6pomy - 4s°4p° i T.I.

V iHepTHHX Ta3iB (reniil, HEOH, aproH, KPUITOH i T.1.) mig000-
JOHKA p BHSBISIOTHCS TOBHICTIO 3a0YJ0BaHUMH, IO CTBOPIOE
CTIHKY CHCTEMY, TOMY Ili €JIEMEHTH XIMIYHO HEaKTHBHI.

Koxxauit mepion TaObiuIli €JIEeMEHTIB MOYNHAETHCSA 3 JTYKHUX
METaJliB 1 3aKIHYY€ThCA 1HEPTHHUMHU Ta3aMH. Tak 3BaHI BEIUKI
nepioan TaOIHIll MICTATH MepexifaHi eneMeHTH: 4-i nepioa — Fe,
Co, Ni; 5-it mepiox — Ru, Ro, Pd; 6-ii — Os, Ir, Pt. L1i enemenTn
MDK CO0010 MaroTh OJM3bKi (HI3MKO-XIMIYHI BJIAaCTUBOCTI. Banen-
THICTh €JIEMEHTIB MEPEXITHUX TPYIT € 3MIHHOIO Yepe3 MOKIIUBICTh
MepexoAy 3OBHIMIHIX (BaJEHTHHX) EJIEKTPOHIB Ha BHYTPIIIHI
eneKTpoHH1 nigob6ononku. lle mpu3BoaUTH 10 TOTO, 1O (HI3HKO-
XIMIYHI BJIACTHUBOCTI €JIEMEHTIB MEPEXiTHUX TPYM MOMITHO 3ajie-
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’KaTh B1J 30BHILIHIX YMOB, Kl MOKYTb BIUIMHYTH Ha €JIEKTPOHHY
KOH(Iryparito.

B nepioguuHiii TabnuLl OKpeMO BHMHECEHI JAaHTAHOIAM Ta
aKTUHOIIH, 5Kl BIIHOCATH JI0 TEPIIOi Ta APYroi TPyMH pioKicHO-
3eMeNbHUX €IIEMEHTIB BIAMOBIAHO. BOoHM MaroTh ayxe momaiOHi
(G13UKO-XIMIUHI BJIACTHUBOCTI, OCKUIBKM B HHX BIIPI3HSIOTHCS
BHYTpIIIHI TJIMOMHHI €JIEKTPOHHI MiZ0O0JOHKH, a 30BHIIIHI €
JTy’Ke TTOIOHIMU MDK CO0010

Teopernune mnosicHeHHs nepioauyHoro 3akoHy J[.I. Menne-
JIEEBA — OJIHOTO 3 HAWBAXJIMBIIIUX 3aKOHIB MPHUPOJO3HABCTBA — €
HaNOUIBIINM JOCATHEHHSM Cy4acHOi (P13UKH.

8§ 4.7. XapakTepuCTHYHi PEeHTreHiBCbKi CNEKTPH

‘B 8§ 1.6 Oyno po3misiHyTO MPUPOAY raIbMIBHOIO PEHTTCHIB-
CBbKOTO BUNPOMIiHIOBaHHS. Haramaemo, 1o BOHO Mae€ CyIUIbHHUI
crektp (puc.1l) i He 3aJIeKUTh BiJ MaTepially aHTUKATOa PEHT-
reHiBcbkoi TpyOku (puc.10).

Skmo 30UIBIIMTH HAmNpyry Ha pPEHTreHIBCbKIA TpyOui a0
3HaYeHHs, OUTbIIOro 3a feske kputuuHe (~10kB), mo 3anexurs
BiJl Marepiajly aHTHUKaToJa, TO Ha (OHI CYIUIBHOTO CIEKTpa
3'SIBJISIOTHCS BY3bKi TOCTPI MAaKCUMYMH IHTEHCUBHOCTI (puc.45),
TOOTO BHHHMKAE JiHiHYaCTHIl peHreHiBcbkMii cmektp [1, 2, 5].
CriekTpu CKJIa[aloThCSl 3 HEBEJMKOI KUIBKOCTI JIIHIN, SIKI TPYIy-
I0ThCS B cepii 1 mo3HavaroTees Tak: K, , K, Kg L Ly ,M, 1 1.

JliHiifyacTi peHTreHIBChKI CIIEKTPU PI3HUX PEUOBUH MOJMIOHI MIXK
c00010, OJIHAK IIPH 30UTbLIECHH] MOPSAAKOBOT0 HOMEpa Z pe4OBUHU
AQHTHKATO/Ja BECh PEHTTCHIBCHKUW CIIEKTp JIUIIE 3MIIIYETHCS B
KOPOTKOXBHJIbOBY YacTHHY, HE 3MIHIOIOYH CBO€I CTPYKTYypH
(puc.46). Y 3B'sA3Ky 3 THM, IIO JIHIAYACTHH PEHTTCHIBCHKHMA
CIEKTp 3aJICKUTH Bl IPUPOIN PEUOBHH, HOTO HA3WBAIOTh XapaK-
TePUCTUYHHUM.

B 1913 p. anrmniiicekmii ¢izuk [.M 03711 BCTAHOBHB 3aKOH, KU
3B’ A3y€ MOJIOKEHHS CEKTPaJIbHOT JHII 3 aTOMHMM HOMepoM Z
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J
[T _pse=%
[T se=3
[ Rh (Z = 45)
O A % 4 ’
Puc.45 Puc.46

Marepiany aHTHKATOA: KOpeHi KAOPAMHI 3 4acmomu € JiHIUHO0
@yukyicro 8i0 nopsaoxkosoco Homepa enemenma Z. 3akoH Mo3sii
BUPAXAETHCS (POPMYII010

Jn=Cc@zZ-s), (4-31)
ne C 1 S - KOHCTaHTH.

- TlosICHUTH TIOXO/DKEHHS JIHIMYAaCTHX CIEKTPIB MOXKHA Ha
miacTaBl OyJOBU €JIEKTPOHHHMX IIapiB 0araroeIeKTPOHHUX aTo-
MmiB. Enextponn atoma posmintyrorses B mapax K,L,M,N,O i T.x.
Haitrwkuwmii piBers eneprii mae K-mrap (N = 1), mami iige L-map
(n=2) i 1.a. (puc. 47). EnextpoH, mo GoMOapaye aHTHKATO,

E
0
n=4 N
M,
n=3 -M
Ly Lg
n=2 L-cepis L
K, Kp| K,
n=1 K
K-cepis

Puc.47
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MoOke BuUpBaTH 3 K — mapy OAOUH 3 JIBOX EJIEKTPOHIB aToMa
(30ymxennss K — cepii). PeHTreHIBCbKMil KBAaHT BHHUKAE TPH
nepexoi enekTpoHiB 3 mapiB L, M, N 1 Tak gani Ha BUBUIbHEHE
Mmicie B K - mapi, o npu3BOAUTh 0 BUHUKHEHHS K — cepil.

K — cepist 000B’13KOBO CYIPOBO/DKYETHCS IHIIUMH cepisMH L,
M, N 1 Tak mani, OCKUTbKH TIpH niepexoAi Ha K — 1map BUHHUKAIOTh
BakaHTHI Mmicug B mapax L, M, N Ta 1. BinnmosinHi e1ekTpoHH1
NepexoJu MDK IapaMd MOXKHA CIIPOILEHO NPEICTaBUTH 3a
JIOTIOMOT'OF0 KPYrOBHX OpOIT €JIeKTpoHIB B atomi (puc.48).

Puc.48

- @opMynu ISl BU3HAYEHHS JIIHIA CIEKTpa XapaKTepUCTHY-
HOTO PEHTTCHIBCHKOTO BUIPOMIHIOBAHHSI 3AIIUCYIOTHCS B TAKOMY
BUTJISI, 1O AyXKe HaraaywTh Gopmyny banemepa (4-2) i, pazom
3 THM, Y3TOJIKYIOThCs 3 3akoHOM Mo3aui (4-31). st niniit K-cepii

.1 &l 10
nN"===R(Z-s\)¢5- = (4-32)

I el n“g
e N’ - XBUIBOBE cneKTpOCKonque qucino, | - moBxMHA XBWII,

R - crana Pinbepra, Z - aToMHUIl HOMEp €IE€MEHTa, S - cTaja
exkpanyBaHHsa s K-cepii, n = 2, 3, 4, ... - nun 4ucia, 1o
BIJIMOBIIAI0OTh HOMEPY IWIApy, 3 SKOTO TEPEXOJATh EICKTPOHH.
Jis K-cepii crana expanyBaHHs S, =1. CMuca wi€i BeJIMYUHU
MOJIATAE B TOMY, IIIO HAa EJICKTPOH, KU MePeXOoauTh 3 L-1mapy Ha
K-map, nie He Bech 3apsn siapa +Z€, a ocialbiaeHui OJHUM eJleK-
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TpoHOM B K-mapi 3apsn (Z-1)e.
Jlnst L-cepii ciekTpaibHi JiHIi BUBHAYAIOTHCS 3T1IHO 3 GOopMy-
JI0T0

n =—=R(Z-s - T, 4-33
| ( L) 322 n2 P ( )
nen=3,4,5,... -1l 4ucna, a cTana eKpaHyBaHHd S | =7,5.

XapakTepuCTUYHI PEHTIE€HIBChKI CIIEKTPH JIO3BOJIIOTH TOYHO
BCTAHOBHTH aTOMHUW HOMep Z eJeMeHTa, [0 B CBid dHac
JIOTIOMOTJIO B PO3yMIHHI PO3MIIIEHHS XIMIYHUX €JIEMEHTIB Y
nepioanuHiid Tabauii MenneneeBa. 3akoH Mo3ii ayxe TOYHO
BUKOHYeThCs st K- 1 L-cepii, ane nae Bimxunenus ausa M- i N-
cepiil mpu BEIMKUX aTOMHHX HOMepax Z.

8 4.8. YTBopenHss moJiekyJ. Tunu xiMiuHoro 3B’ si3Ky

MouJiexkyJiaMu Ha3UBalOTh HaiMEHIII1 YACTUHKU PEYOBHHU, K1
€ HOCISIMHU BCIX i1 OCHOBHHMX XIMIYHUX 1 (PI3MYHUX BJIACTUBOCTEH 1
MOXYTh CAMOCTIIHO icHyBaTH. MOJIEKYIH MOXYTh CKJIaJaTUCS 3
pi3HUX a00 OJHAKOBHX aTOMIB, 00 €THAHWX B OJIHE IUIE XiMid-
HUMH 3B’si3KaMd. BIacTUBICTh aTOMIB /10 YTBOPEHHS XIMIYHOTO
3B'SI3KY 3 IHIIMMHU aTOMaMHU XapaKTEePHU3YeThCs 1X BAJIEHTHICTIO.
KBantoBa MexaHIKa IOSICHIOE XIMIYHI BJIACTMBOCTI €JIEMEHTIB,
po3rIsiIadr OYA0BY 30BHIIIHIX €IEKTPOHHHUX ImapiB atomis [1,
2, 7,10, 11].

XiMIYHHH 3B'SI30K MDK aroMamMu OyBa€ TaKHMX OCHOBHHX
tumiB. ioHuui (abo cemepononsprnuil), woBaneHTHui (abo
20MeonoApHULL) Ta MIlIaHWH.

- Slkmo oauMH aTtoM Tepemae IHMIOMY OJWH abo KUTbKa
€JICKTPOHIB, TO BUHUKAIOTh 10HH 3 €JICKTPUIHUM 3aps0M PI3HOTO
3HaKa, MDK SKHMU BHMHUKA€ €JIEKTpUYHE MpuTsAranus. Cumau
€JIEKTPOCTATUYHOTO TMPUTSTAaHHS BPIBHOBAXYIOTHCSI BIIIITOBXY-
BAaHHIM €JICKTPOHHUX OOOJIOHOK aTOMIB Ha TIEBHHMX BIJICTaHSX,
XapaKTEePHUX TSl TaHO1 1apu 10HIB. Tak BUHUKAE ioHHULL 3B’ SI30K.
[lepenada enexkTpoHIB Big OJHOTO aTroma JO IHIIIOTO MOXJIHBA
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TOJ1, KOJIM TaKHH MPOIeC € EHepreTUYHO BUTIHUM. Binpus enek-
TpOHa BiJ aToMa MoTpedye MeBHUX 3aTpat eHeprii. Haitmenmmmu
BOHHU € JUIsl Ty)KHUX MeTaniB. Pazom 3 TUM, NpueNHAHHS eleK-
TPOHA 10 HEUTPaJbHOIO aToMa CYNPOBOJKYETHCS BUIUICHHSIM
eHeprii. BusBiserbces, 1o HalOUIbIIa €Heprisi BUIAUIAETHCS HpU
NpUETHAHHI €JEeKTpOHAa JI0 aToOMIB TrayloifiB. XapaKTepHOIO
0COOJIMBICTIO YTBOPEHHS TAKUX 10HIB € T€, U0 Y HUX €JIEeKTPOHHI
000JIOHKH CTalOTh MOBHICTIO 3a0ynoBaHIl. SIKIIO mepexin enek-
TPOHA BUSIBUTHCS] EHEPIreTUYHO BUT1IHUM, TO YTBOPIOETHCS MOJIe-
KyJla, siKa sBJIsi€ COOOI0 MOTEHLIANIbHY SIMY AJIS 1i CKJIaJI0BUX.
[TpuxnagamMu TakuX MOJIEKYI, /1€ SICKpPaBO BUPAKEHUM 10HHHM
tHn Ximigaoro 38’ s3ky, € NaCl, LiF, MgCl, Ta in.
JlocnimkeHHsT PEYOBUHM METOJaMU PEHTIC€HOCTPYKTYPHOTO
aHaII3y J03BOJIE YSBJSATH 10H SIK cepy MeBHOro paaiyca. Ha-
NPUKIAJ, IOHHUM pajilyc B aHICTpeMax JJIsl PI3HUX IOHIB TaKUM:
- 0,60, Na" - 0,95 K" —1,33,Cs* —1,69 F -1,36,
Cl- -1,81,Br" -1,95,1° —2,16.
Tpeba 3ayBakuTH, 110 B TBEPAOMY 1 PO3IUIABIEHOMY CTaHaX
COJIEM 10HU PI3HOTO 3HaKa WIUTBHO OTOYYIOTh OJIMH OJHOTO, SIK
noka3aHo Ha puc.49, Tomy He

@ N X MO’KHA BKa3aTH, SIK1 JBa 10HU
C{”  PI3HOTO 3HAaKa YTBOPIOIOTh

Q Q MOJIEKYNly, TOOTO TOHSTTA
MOJIEKYJU BTpadae CBIf MO-

@@ @ YaTKOBHMH cMUCII. B po3umHax

coJiell Ta ra3onoi0HOMY cTa-
Puc.49 HI MOPSA 3 MOJIEKYJIaMH 10H-
HOTO TUITY ICHYIOTh OKPEMO 10HH PI3HOTO 3HAKa.

- Kosanenmnuuti XIMIYHMM 3B SI30K BHUHHKAaE MDK JBOMAa
aTOMaMM 3a paxyHOK OOMIHY BaJE€HTHHUMH €JIEeKTPOHAMU 3
NPOTWIEKHUMU criiHaMu. KoBajeHTHUH Tun 3B'A3KY XapakTep-
HUI JUIS  MOJIEKYJ, IO CKJIaJal0ThCs 3 OJHAKOBHMX aTomiB (Ha-
npuknan, H,, N,, O,), 3 pizaux aromiB (NO, CN Ta in.). Lleit
THUII 3B’ 13Ky MK aTOMaMH ICHY€ B KpHUCTaJlaX HalIBIPOBIIHUKIB
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Ge, Si, mixx aromamu Byruterro C B anMasi 1 T.iH.

PosristHeMo mpupoy 1BOTO 3B’ 3Ky Ha MPUKIIAAI MOJEKYIH
BogHio H,. BoHa ckimamaerbcs 3 ABOX aTOMIB BOJHIO, TOOTO
SBJIsIE COOOI0 KBAaHTOBY CHUCTEMY 3 JIBOX MPOTOHIB 1 JBOX €JIEK-
tpoHiB (puc.50). SAnpa (to6To mpoToHu a i b) maroTh Macy B
1836 pa3iB OuTbIIy 3a Macy €JIeKTPOHA, TOMy BOHH PyXarOThCs

2_

Puc.50
3HAYHO TMOBUIbHIME enekTpoHiB 1 1 2. [loTeHmianpHa eHepris
CHUCTEMHU B IIJIOMY CKJIAJA€ThCs 3 KYJIOHIBCHKOI B3a€MOIIi MiX
JIBOMA €JIEKTPOHAMH, TBOMa MPOTOHAMH Ta KOXHHM €JIEKTPOHOM
i ko)kHUM TipoToHOM. PiBHsHHs Ilpeninrepa (3-7) mwis BUMaaKy
HEPYXOMHX sIIep MA€ TaKUH BUTJIISII:
. 5
D]y+D2y+2—megE-e aei+1 1 1 1 1
h a 4dpegr, R 1y Ny o Togm
ne D, ta D,- oneparopu Jlannaca g 1-ro ta 2-ro eneKTpoHiB.
Po3B’si3anHs mporo piBHsHHA [aiitiaepom i Jlonmgonom (1927p.)
MoKa3ajo, 10 BJIACHI 3HAYEHHS €HEPrii CUCTEMHU 3ajekaTh BiJ
BifcTani Mix sapamu, To6T0 E = E(R), a Takok Bim B3aeMHOI
E OpieHTAaIlil CITIHIB €JIEKTPOHIB
M Cl-194 (puc.51). Komu R® ¥, To6TO
Nz - 1,094 aTOMH HE B3a€EMOJIIOTh MK
c00010, TO €HEPrisi CUCTEMH JI0-

2Bop - - ---g---TeTI==—== . .
° piuroe 2E (E,- enepris i3o-
. JHOBAHOTO aTOMa BOJHIO B He-
0 RS 0741 R 30ymkeHomy ctaHi. [Ipu 3men-

meHHi BifcTaHi R BigOyBaeTh-
Puc.51 Cs TIEPEKPHUTTS EJIECKTPOHHUX
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000JIOHOK 1 30UTBIIYETHCS TMOBIPHICTh MEPEXOAY €JIEKTPOHA JI0
“gyxoro” npotoHa. OCKUIbKH €JIEKTPOHH BOJIHIO I1epeOyBaloTh B
OJIHAKOBOMY CTaH1 1S, TO 0OMIH €JIeKTpOHAMU MOXKE B1IOYBaTHUCS
TUIbKM 32 YMOBU BUKOHaHHS npuHuuny [layii, To6To Koau ciiHu
aHTunapaiensHi. [Ipu npomy Bi1OYBa€eThCsl HE MPOCTO HAKJIAJAH-
HS JBOX CEPUUYHHUX EJIEKTPOHHUX XMApPHUHOK 130JIbOBAaHUX aTo-
MIB, a B1I0OYBa€TbCs ICTOTHUN NEPEPO3NOUT eEeKTPOHHOI I'yCTH-
HU XMapuHKH. [Ipn 00’ €HaHHI1 eNEeKTPOHIB y MOJIEKyJl Biq0yBa-
€TbCSI “BTATYBaHHS €JIEKTPOHHUX XMapUHOK, 1 B MPOCTOPI MIK
sZIpaMHu eNIeKTPOHHA rycTuHa 3pocrtae (puc.52,a). HasBHicTh Ha-

Puc.52
JIMIIKOBOIO Bi’ €MHOTO €JEKTPUYHOIO 3apsily MPU3BOAUTH [0
BUHUKHEHHSI CUJI MPUTATaHHA MDK siapamu. Ha skiiich BincraHi
R, MK AapamMu eHeprii CHCTEMH JABOX aTOMIB JOCATA€E MIHIMAaIb-

HOro 3HayeHHs. Lle BiAmoBigae CTIMKOMY CTaHy CUCTEMHU. 3MEH-
IIEHHS BIACTaHI MDK aTOMaMH TMPU3BEAE 10 3POCTAaHHS CUJ Bil-
IITOBXYBAaHHS MDK SIIpaMH, a 30UTbIIIEHHS BIACTaHI — J0O 3pOC-
TaHHS CWJ nputaraHHs. [[ns toro, mo0 po3ipBaTH 3B'SI30K MK
aToMaMu B MOJIEKYII, Tpeba 3aTpaTUTH eHepriro 3B’ s13ky DE .

SIKIo CHiHM €NeKTPOHIB 130JIbOBAHUX aTOMIB OYyIyTh Mapa-
JenbHi, TO 3a npuHuunoM Ilayni BoHM He MOXYTh 3aliMaTH
OJIHAKOBUM KBAHTOBUM CTaH, OOMIH €JIEKTPOHAMHU CTA€ HEMOKJIHU-
Buil. Ilpym 30nmeHHI Takux aToMIB €JIEKTPOHHI XMapUHKU
“YHHUKaIOTh" MEPETUHY MDK CO00I0, BOHU, HaBMAKH, BIIAAIAIOTh-
cs (puc.52,0). Mk aromMamMu 3pOCTalOTh CHJIM KYJIOHIBCHKOTO
BIJIITOBXYBAHHS, 1 MOJIEKYJIa HE YTBOPIOETHCS.
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OTXe, B OCHOBI BUHMKHEHHS TOMEOIIOJIIPHOTO 3B’ I3KY JICKHUTh
O0OMIHHA 83A€EMO0is, TKa MAE KBAHTOBY MPUPOY.

BianmoBigHi po3paxyHKH Uil BiICTaHI MDK SIpaMHu B MOJIEKY-
JaX 3 KOBAJICHTHHM 3B SI3KOM JalOTh Pe3yJabTaTH, sKi J00pe
Y3TO/DKYIOTBCSL 3 €KCIEePUMEHTAIbHUMM JaHuMH. a1 H, -

R,=0,74 4, mnaN,-R,=1,09 4, nna Cl ,- R;,=1,99 4, a enepris
3B’ 513Ky MoJieKyn DE_ NOpiBHIOE KiIbKa enekmpoH6oabm.

Koxxauit aToM MOXke CTBOPIOBAaTH OOMEKEHY KUIbKICTh KOBa-
JICHTHUX 3B’ s3KiB, B IKHMX Oepe ydacTh mapa eJIeKTPOHIB 3 IPOTH-
JeKHUMH CIiHaMU. XiMIYHA BaJCHTHICTb aToMa BU3HAYAETHCS
KUTBKICTIO €JICKTPOHIB, SIKI MOXYTh B3ATH y4acTb B OOMIHHII
B3aemomii 3 1HIIUM aToMoM. CIri TakoX BIIMITATH, 110 OCKUIEKH
CNEKTPOHHI XMapuHKH B ctaHax P, d, f BUTArHYTI B meBHHX
HanpssiMkax (auB. puc. 35, B S - CTaHi €JCKTPOHHA XMapHuHKa Mae
chepuuHy CHMETPIiI0), TO KOBAJIECHTHHH 3B’ 30K, 3/IMCHIOBAHUI
UMM €JIEKTPOHAMH, TEX OyJe BIAMOBIIHUM YUHOM HAMPSIM-
nenuii. KBaHTOBa MexaHika J03BOJISIE 3HAWTH KYTH, M SKUMH
HamnpsiMJICHI KOBAJICHTHI 3B’SI3KM B MOJICKyJax Ta KpHCTalIaXx,
TOOTO BCTAHOBUTH iX IPOCTOPOBY CTPYKTYPY.

- CTporuii MojauT HAa 1OHHWM Ta KOBAJCHTHUH THII 3B’s3KY €
TeBHOIO Mipoto imeanizamiero. HacmpaBai B peaqbHUX CIOTYKax B
PI3HIN Mipi IPUCYTHI 0OMIBA THUIH 3B’ sI3Ky. SIKIIO BaJICHTHI €JIeK-
TPOHH 3HAYHO OUTBIIE Yacy 3HAXOATHCS OIS OJTHOTO 3 aTOMIB Y
MOJIEKYJIl, TO TOBOPATH NPO TEPEBXHO I0OHHUN THIM 3B’ S3KY.
Sxmo x yac mepeOyBaHHS €JIEKTPOHIB MPHUOIMU3HO OJHAKOBUMA
OUIS KOKHOI'O 3 aTOMIB, TO 3B’ A30K HA3WBAIOTHh KOBAJIEHTHUM. B
KOHKPETHUX BHUIIaJKaX MO>KHa MPHUOIM3HO BKa3aTH YacTKy TOTO
a00 1HIIIOTO THUITY 3B’ A3KY B MOJICKYJI1 200 KPUCTATI.

8§ 4.9. EnepreruuHi piBHi MoJieky/Ja. MoJieKyJIsipHi cneKTpH
-['00BHUM 4YHMHOM, 3MiHAa E€HEPreTHYHOTO CTaHy MOJICKYJIH

BIIOYBA€ETHCS 32 PaxXyHOK 3MIHH B €JeKTPOHHiH KoHirypamii
30BHIIIHIX (BaJIEHTHUX) €JICKTPOHIB aTOMIB, 3 IKMX BOHA CKJaja-
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eTbest. Kpim Toro, mpu KoKHIN €1eKTpOHHIN KOHpIrypartiii MaroTh
MICIIE KOJTUBAHHA s/Iep Ta 00epTaHHA LUI0T MOJIEKYJIM BIIHOCHO
il meHTpa iHepuii. 3 UMMU BUAAMH PYXIB 3B’S3aH1 3amacu KOJH-
BaJIbHOI Ta 00epTanbHOI eHeprii Mojekyau. Bussnserscs, mio
OKpeMl BHAM MOJEKYJSPHUX PYXIB, TOOTO €JIEKTPOHHUH,
KOJIMBAJIbHUN Ta 00€pTaJIbHUM, IPAKTUYHO HE 3aJeXKaTh OJUH Bl
oaHoro. Tojl MOBHY €HEPril0 MOJIEKYJIU MO’KHA MPEACTaBUTH Y
BUTJISII
E=E,+E +E, (4-34)

ne E, - enexTpoHHa eHepris MOJIEKY/H, IOB A3aHa 3 EJIEKTPOH-
HOMO KoH(irypaniero; E - eHepris Mosiekynu, OB’ 13aHa 3 KOJIH-

BaHHSAMHU aTOMIB y MOJIEKyJi; E_ - eHepris moJiekynu, OB’ A3aHa

]
3 i 00epTaHHSIM HABKOJIO CBOTO LIEHTpa IHEpILi.
3rinHo 3 hopmyroro (3-28) eHepris rapMOHIYHOTO OCIHIISITOpA
KBAHTYETHCS i BU3HAYAETHCS 5K
E, =(v+1/2)%w, , (4-35)
nev=0,1, 2, ... — KoIMBaJIbHE KBAHTOBE YHUCIIO.
Sk BimoMo, KIHETUYHA €HEPTisd CUCTEMHU 3 MOMEHTOM 1HepIIii /,

sKa 00epTaeThCs 3 KyTOBOIO IIBUJKICTIO W, , JTOPIBHIOE
£ _bw? _(w,)® L
' 2 24 2d

ne L —wmomeHt iMnmynbey cuctemu. 3rigHO 3 KBAHTOBOIO (popmy-
71010 (4-20) MOMEHT IMITYJIbCY TOPIBHIOE

L =h/IH{J +1),

me J = 0, 1, 2, ... - obeprambHe KBaHTOBe umcio. Omxe,
obOepTasibHa €HEeprisi MOJIEKYJIU TEX KBAaHTYEThCS:
h?J(J +1
g =0 +] (4-36)
2
TakuM YMHOM, TOBHA €HEPTis MOJIEKYJIH TOPIBHIOE
1 ' 2 +
@ 1o, h2I(J 1). @37

E=E, +¢v+_-hw,
e 2g 2%
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- BiqnmoBigHi po3paxyHKH Ta JOCIIJ MOKa3ylTh, IO BiACTaHI
MDK 0OepTaIbHUMH PIBHSMHU €HEPrii 3HAUHO MEHII, HDK BiACTaH1
MDK KOJMBAJIbHUMU PIBHIMHU, SKI B CBOIO Yepry HabaraTto MEHIi,
HDK BiJICTaH1 MK €JIEKTPOHHUMH PIBHSAMH, TOOTO

DE, <<DE, << DE,. (4-38)
VY 3B’S3Ky 3 IMM CXeMa €HEPreTUYHUX PIBHIB IBOXaTOMHOI MOJie-
KYJIM Ma€ BUTJIS, K TIOKazaHo Ha puc.53. [Ipu mepexoaax moiie-
Kynd 3 OUIBIII BHUCOKHX
E€HEepPreTUYHUX pPIBHIB Ha
HWKY1 BUIPOMIHIOIOTHCS
KBAaHTHU IIEBHOI 4acCTOTH.
Tak BUHMKaIOTh MOJIEKY-
nsipHi criektpu. [Ipu nepe-
X0J1ax MDK PIBHSIMHU JIIFOTh
npaBuja 1000py T KBa-
HTOBHUX YHMCEN, TOOTO 103~
BOJISIIOTBCSI TaKi TEpexo-
ES T, KOJIN
Dv=11 Tta DJ=#%I1.

[Ipu He3HauHUX 30y1-
YKEHHSX MOJIEKYJIU BUHHU-
KaroTh JIiHIT 00epTaTbHUX
niepexoaiB. OCKUTbKH Bifl-

CTaHb MIX OOepTaJIbHH-
MH pIBHAMH Maiia, obep-
TaJbHI CIIEKTPH SIBIISIIOTH
co0010 CcMyrH OJHM3BKO
pO3TalioBaHUX JIHIN B
Janexii iHdpadepBOHIHA
Puc.53 obmacri (I ~0,1...1um).

[Tpu GinboMy 30yKEHH1 MOJIEKYJT BUHUKAIOTh KOJMBAJILHO-
o0epTaibHI CIEKTPH, BUKIMKaHI TIEpeX0JaMu MK 00epTaIbHUMH
PIBHSIMU CYCIJIHIX KOJUBAJILHUX CTAHIB 3 IOTPUMaHHSIM IpaBUia

<

OFRPNWEA OFRPNWDA OFRPNWD

S

OFRPNWEA OFRPNWDA OFRPNWD

E"
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no0opy kBaHTOBHX uucend. CrnekTpaibHl JiHIT IUX HEpexoJliB
YTBOPIOIOTH CMYTH B Jiana3oHi 0Ju3bKo1 iH(pauepBOHOI 001aCT1
(I ~3...50 mrm).

Skio me 30UTbIKUTH 30y/DKEHHS, TO Y MOJICKYJT 3’ SIBISIETHCS
€JIEKTPOHHO-KOJIMBAJIILHUN CHEKTP, BUKIMKAHUI IIepexoJaMH MK

KOJIMBAJILHAMU PIBHSAMH CYCi/IHIX eleKTpoHHUX cTaniB E, Ta E_.
I{i mepexonu yTBOPIOIOTH CIEKTpalbHI CMYTH B yinbTpadioe-
TOBiH 260 Buanmiii yactuHi criektpa (I ~0,1...0,7 mxm).
JlocnimkeHHsT MOJIEKYJISIPHUX CIIEKTPIB JI03BOJISIE JIETAJIbHO
3'ICyBaTH B3a€MOJIII0 €JEKTPOMArHiTHOTO BUIIPOMIHIOBAHHS pi3-
HOI 4YacTOTM 3 pPEYOBUHOIO. 3a JOMOMOTOI0 MOJIEKYJISIPHHUX
CIIEKTPIB, OJICPKAHUX 3 BUCOKOIO PO3UIHHOIO 3JaTHICTIO, BUBYA-
I0Th 0COOJIMBOCTI KOJIMBAJILHOTO Ta 00E€PTAILHOTO PYXY MOJIEKYII.

3anaui

4.1. Atom BoaHwo 3a Teopiero bopa. Busnauutu opbOiranbHy
IIBUKICTh €JIEKTPOHA B aTOMI BOJIHIO 3T1IHO 3 OOPIBCHKOIO
TEOPIEI0.

Po3B'sa3aHH s EnekrpoH pyXxaeThcsl 1o KOJIOBIM 0OpOiTi
M7 1€ TOLEHTPOBOT CHUJIM, SIKa JOPIBHIOE KYJIOHIBCHKIN
B3a€EMO/IIi MK SIPOM aTOMa BOJIHIO i enekTpoHoM. st N-oi
opOiTH MaTUMEMO
2 2
mv, _ 1 xe_2 . (1)
rn 4pe0 rn
3rigHo 3 moctynatoM bopa mpo kBaHTyBaHHs 0poiT (4-3)
mV.r, =nh. (2)

Bupaxaroun 3 pisasHHS ( 1) pagiyc opOita I, i migcTaBis-

104H ¥ioro B piBHSHHS ( 2 ), MICIS CIIPOINEHb OJIEPKYEMO
1.1 ¢€°
Vn = X%,
n 4pe, h
e N=1,2, 3, ... - Homep OOpIBCHKOi OpOITH.
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Pobumo obumcneHHs 1 nepioi opoitu (N = 1):

V. = 1 ZI.,62 X0

' 431488540 1,05X0
Jlyist opOiTH 3 HOMEPOM N MIBUIKICTH JTOPIBHIOE
V, = L VA L x219%0° m/c.
n n
CrniekTp aToMa BOJAHK. ATOMapHUI BOJCHB MICIIs 30y KEH-
HS CBITJIOM 3 NTEBHOO JOBKMHOIO XBHJII A€ TUTBKU TPH CIICK-
TpasibHi JIiH11. 3HAWTH JOBXWHHU XBWJIb IIMX JIIHIN Ta BKa3aTH,
SKMM CEpisiM BOHH HaJIe)KaTh. 3HAWTH TaKOXK JOBKUHY XBHUITI,
10 BiAmoBimae rpanuil cepii bansmepa.
Po3p'a3anH4 o6 3HaliTH NOTPIOHI NTOBXHWHHU XBHUJIb,
Tpeba CcKopucTaTHCs y3arajllbHeHO ¢opmynor bampmepa
(4-2).Kpim toro, mie Tpeba 3'sscyBaTH, sIKi 3HAUEHHS Yuces N i
M NOTPIOHO MiACTaBIATH B 10 opmyny. st 11p0ro po3ris-
Hemo prc.30. BiamoigHO 10 yMOBH 3a/1a4i aTOM BOJHIO OYB
nepeBeIeHnH 13 CTaHy 3 HaltMeHIoo eHeprieto (N =1) B cran
3 N=3. I3 mporo 30y/PKEHOTO CTaHY MOKJIMBI TIEPEXOIN Ha
piBHI N =1, N =2, a Tako MOTIM 3 piBHI N =2 Ha piBeHb N =1.
TakuMm 4MHOM, BHHHMKAe 1Bi JiHii cepil Jlaiimana (M=1, a
n=2i3) i oxua minis cepii banmemepa (M= 2, an= 3). [lna
JOBYKUHH XBHJII 3 (bopMme (4-2) oz[epmyeMo BHpa3
l

3
2% (3)

3po6umMo 0OUHCIICHHS IS JTIH1H cepu JlatimaHa:

= 219x10° m/c.

| 1y = @097407 aei-izou =1,22X0"7 1 =12204,
& al
el 1o

él.,097>{L07 >§;—- —2% =1,03X0 " » =10304.

O6qncneHHﬂ Jutst JtiHii cepii banbmepa :
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-1
é 2l 160 i
| ., =aL097X0" X - =%, =6,5630 "u=65604.
51 gl' )Ezz 32 %
Jlnst oOumcienns rpanuii cepii banemepa B popmyi ( 3)

Tpeba B3ITH M =2, a N® ¥ . Toxi MaTuMeMO BHUpa3
2

_m
| 5 - F .
O6uuciroemo:
2
L= 2 =3646%0 7y =3646.4.
1,09740

4.3. Opo6itaabHi i cninoBi MoMeHTH. ENexTpoH 3HaXOIUTHCS B
atromi B f-crani. 3HaiiTu fioro opOitanbHMIA 1 CHIHOBUIT MO-
MEHTH, a TAaKOK KYTH 1X MOKJIMBOI IPOCTOPOBOT OpIiEHTAIL].
Po3®'s3anHs [dua f-crany asumyraiabHe KBAHTOBE YUCIIO
| = 3. OpOiTanbHUI MOMEHT IMITYJIbCY BU3HAYAETHCS POPMY-

010 (4-20), To6TO
L=hyl(l+1). (4)
CIiiH eJIeKTpOHa 3HaX0Th 3a (opmyioro (4-24), TooTo

L, =hys(s+1), (5)

1€ S= % -CriHOBE KBAaHTOBE YHCJIO.
3pobumo obuucnenns 3a popmymnamu (4) i (5):

L =1,05X0 *./3X3+1) = 3,65X0* Jacx,
L, =1,05X0 *./1/2X1/2+1) =0,913%0 * Jlxcx .

[Mpoexitist L Ha Bich Z Bu3HauaeThest hopmyinoro (4-21), To6to
L, =mh, (6)

Jie Mar”iTHe KBaHTOBE yucio npu | =3 Morke HaOupaTH 3Ha-

YeHHA M= -3,-2,-1,0,1, 2, 3. Kyr mix opOiTalbHUM MO-

meHTOM L iBiccio Z 3Haiiaemo 3 Bupa3sy (auB. puc.37)

cosa—LZ— m
L fig+D’

3BIIKH
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a = arccosim/\1(14) ). (7)
O6uwncnenns 3a popmynoro (7) 1ar0Th Taki pe3yIbTaTH.
a »30°; 54°650'; 73°15'; 90°; 106°45'; 125°10'; 150°.
ITpoexiiist criiHa Ha BiCh Z BU3HAYAETHCS 3a hopmysioro (4-25),

TOOTO
L, =mh, (8)
Jie KBaHTOBe 4uciio M, =+ . 3rigno 3 puc.40
L my
cosa, =—%L=—=—,
Ly Js(s+1)
3BIIKHA

a, :arccos(mslqls(s+1)). (9)

Oo6uncnenns 3a popmynoro (9) maroTh Taki pe3yIbTaTH:
a, »54°50’; 125°10'.

4.4, epioaguuHa cucrema ejiemeHnTiB /I.I.MenneneeBa. 3amnmca-
TH €JIEKTPOHHI KOH(Irypartii, 1o BiAMOBIIAIOTE aTOMaM 3aJli-
3a, Oy Ta 11e3if0.

Po3B’a3aHH 1. 3amizo Fe mae aromuuii Homep Z=261¢€

enemeHToMm 4-ro nepioay tadnuii Menaeneesa. Tperiit nepi-
0J1 3aKiHYYEThCS iHEpTHUM ra3om apron Ar (Z=18). Y Hporo
3allOBHEHHS €JIEKTPOHHMX IIapiB 1 Mi000JI0HOK BiOyBa€Th-
Csl TIOCIIIOBHO O€3 MOpYIIeHb, TOMY HOTO €JIEKTPOHHA KOH-

dirypanis Mae Takmii Burnam: 1s?2s?2p®3s”3p°. 3rigHo 3
npaBuioM Majenynra micis migo6oaouku 3p (N + | =4) mae

3aMoBHIOBATHCH Mifo0oonka 4s (N + | =4), a notim 3d, mist

skoi (N + | =5). V 3amiza Ha 8 enexTpoHiB OiIbIIIE, HIK B ap-

TOHa, TOMY 2 3 HUX PO3MICTAThCS B mimo0osoHIl 4s, a me 6

— B migo6omonni 3d . Takum uynHOM, I 3a1i3a Fe maemo
(Ar) +3d°%4s?.

Hon | mae aromumii HoMep Z = 53, BiH € IPEICTaBHUKOM S-

ro nepiogy. YeTBepTHii nmepio] 3aKiHIYETHCS IHEPTHUM Ta30M

kpunton Kr, sxwmii Mmae koH®iryparito (Ar)+3d°4s?4p°®.
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HNon wmae Ha 17 enekTpoHIB OUIbIIE, HDK KPUIITOH. 3TITHO 3

npaBwioM Manenynra micns 4p (n + | = 5) noBuHHA
3alOBHIOBATHCH Mino0osoHka 5s(n + | = 5), sxa mictuth 2
enektponu, motim 4d(n + | = 6), sxka moxe wmicturu 10

€JIEKTPOHIB 1, HapemITi, mijgodoonka 5p (N + 1 = 6), e moxke
Oytu 10 mecTH eneKkTpoHiB. OTxke, elIeKTpoHHa KOHQIry-
pauis oy I Oyzae Takoro:
(Kr)+4d*°5s5p°.

Enement nesiii CS mae aromumii HOMep Z = 55, BiH po3-
nounHae 6-i mepion tabmumi Menneneea. [T stuit mepion
3aKiHUY€ThCs IHEPTHUM ra3oM kceHoH Xe (Z = 54), i iioro
enekTpoHHa KoHOirypamis Taka: (Kr)+ 4d™°5s*5p®. V uesiro
Ha OJIUH €JIEKTPOH OuIbINE, 1 3riIHO 3 TpaBuioM ManenyHra
BiH Ma€ 3aroBHIOBATH Mifo00soHKy 6S (N + | =6), ockinbku
s 4f (n+1=7), i1 5d (n+1=7), ina 5f (n+1=28),
s 59 (n+ | = 9). TakuM YUHOM, €NEKTPOHHA KOHQIrypa-

mis nesiro CS € Takoro:;
(Xe)+6s.

XapakTepucTH4YHiI PeHTreHIiBCbKi creKTpH. 3HailTu Haii-
MEHIIY Hanpyry, aKy Tpebda o/1aTu Ha PEHTTEHIBChKY TpYO-
Ky 3 MITHUM aHTHKATOJIOM, 00 30yAUTH BC1 MOXKJIUB1 JIHIT
XapaKTEPUCTUYHOTO PEHTIeHIBCHKOTO crekTpa. O0uucinTu
nosxunn xsuiab K, , K, , L, - miHIiA criekTpa.

Po3B'a3anHs. l1lo6 30ynuTu BCi MOXJIUBI JIIHIT XapakTe-
PUCTUYHOTO PEHTTEHIBCHKOTO CIIEKTpa, Tpeba BUpBATH €JIeK-
tpoH 3 K-mapy aroma (puc.47). J{is 1poro notrpioHa eHepris,
gKa BIANOBIAA€ €Heprii KBaHTa, 0 BUHUKAE MPU NEPEeXol
eneKkTpoHa 31 crany N® ¥ ycran m= 1. 3ringHo 3 popmy-
7010 (4-32) maemo

Ii:R(z-l)Z. (10)
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Enepris 11poro KBaHTa Ma€ JOPIBHIOBATH €HEPTii, IKy HaOU-
pae eNEeKTPOH B PEHTIEHIBCHKIM TpyOIIi, TOOTO

hnzlh—C:eU. (11)

¥
[Migcrasnsroun (10) B (11), 11 Hanpyru 0AePKyeEMO

_hc _R(Z-Dhc
e e '
Jns Cu aromuuit Homep Z=29. BukoHaemMo 00YMCIIEHHS 32
dbopmysoro (12):

~1,097X07(29- 1)% »6,62 X0 * x3x10°
B 16X10°"°

Jnst oGuuciieHHsT JMOBXWH XBWIb K - cepii CKOpPHCTaEMOCH
bopmyioro (4-32). Iiciast HeCcKIaHUX TEPETBOPEHH MAEMO:

U

(12)

U

» 10,7xB .

| =Y|R(Z - D?@- 1/n?)]. (13)
O0YHCITIEMO, ITIICTABIIIOYA N =2, a noTiM N = 3;
mmis K, | =1/|1097407 (29- 1)?(1- 1/2%)|=155A;
mimis K, | =/[L097407(29- 1)?(1- 1/3%)|=131A.

Jlnst oOUuCIIeHHsT TOBXWH XBWJIb L- cepii ckopucTaEMoCh
bopmyoro (4-33), miacraBnstoun N = 3:
miminl, | =1/|1,097407(29- 1)?(1/ 22 - 1/3%)| =14,2A.

CtHcii BUCHOBKHU

1. Atom BomHIO sBII€ CO0OI IS €JIEKTPOHA HECKIHYEHHO
rHOOKY TOTEHIIAIbHY sSMY 3 KpasMHu, IO PO3XOJATHCA.
Burnsa moTeHIiaNIbHOT SMH BH3HAYAETHCS IMOTCHIIATBHOIO
EHEePTiEI0 B3aEMO/IIi €JIEKTPOHA 1 sijIpa.

2. Posp’szannsa piBHsHHsA [llpeminrepa nmns aroma BOJHIO
MPHU3BOJNTH JIO TOHATTS KBAaHTYBaHHS CHEPrii, MOMEHTY
IMITYJIBCY Ta MPOEKITii MOMEHTY IMITYJIbCY Ha BUIIJICHUHN
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HAIpsM, 10 XapaKTePU3YEThCS BiIMOBITHIMHA KBAaHTOBHUMH
yuciaamy N, |, m.

EnexTpoH mMae BHYTpIIIHIO HEBII' €MHY BJIACTUBICTh — BJac-
HU MOMEHT immynbcy (cmin). IlpocTopoBa opieHTallis

cIiHa XapaKTCPUIYETHCA CHIHOBUM KBAaHTOBUM YHCJIOM ms.

YerBipka KBaHTOBHX umcen N, |, M, M, NOBHICTIO BU3HAUYae

CTaH €JICKTPOHA B aTOMI.

YV KBaHTOBIN MeXaHilll €JIEKTPOH B aTOMI1 PO3IJIAIAEThCS HE K
YaCTHHKA, IO pPYyXaeTbcsl MO OpOITi, a PO3NOJAUIEHUM Y
IPOCTOPI1 Y BUIJISAAL €IEKTPOHHOI XMapUHKH. Popma XMapuH-
KM 3aJIeKUTh BiJl CTaHy €JIEKTpOHA B aToMi, TOOTO Bij KBaH-
TOBHUX uncen N, |, m.

AToM BOJHIO Mae JdiHIMYactuil cnektp. lle mnosicHIoeThCs
JUCKPETHICTIO EHEPreTHYHUX PIBHIB elleKTpoHa B aroMi. [Ipu
nepexojax eIeKTPOHIB 3 OJTHOTO PIBHS HA IHIITUN MOTJIMHAETh-
csi abo BUIYCKaeThbes KBaHT eHeprii hn .J{ist aroma BOIHIO
JHIT CIIEKTpa ONMUCYIOThCS y3araibHEHOW (opmynoro banb-
Mmepa.

Teopis bopa mis aroma BoaHiO Oylia MPOMDKHOIO TEOPI€r0
MDK KJIQCUYHMMM YSBJIEHHSMHU 1 TOCIIJOBHOIO KBaHTOBOIO
Teopicro. Xo4ya B HIM 1 MOSCHIOETHCS JIHIAYACTa MPUPOJA
CIIEKTpa aToMa BOJIHIO, BBEJIEHHs MOCTYyNaTiB bopa Burmisinae
JIOCUTH IITYYHUM 1 HEMOCTITOBHUM.

IcHye cyTo KBaHTOBO-MeXaHIYHMM 3akoH — mpuHuun I[laymni,
SKUW TIOMIMPIOETHCS TUTBKKM HA MIKPOYACTHHKU 3 MIBI[UTHM
CHIHOM. 3riJHO 3 UM MPUHLMUIIOM Y KBaHTOBIl cHCTEMI
(aTomi) He MOke OyTH 2 eJIEKTPOHH 3 OJHAKOBHM Ha0OPOM
YCIX YOTHPBOX KBAaHTOBHX umceln N, |, m, m;.

VYV GaraToeneKkTpOHHUX aToOMax €HEpris eJeKTPOHIB 3alIeKUTh
Bix ycix kBaHTOBUX umcen N, |, m, m,. Exneprernyni piBHi B

aToMax 3alOBHIOIOTHCS E€JIEKTPOHAMH 3 YpaXyBaHHSIM MpPUH-
uuny [ayni, npuuomy 3aroBHEHHS BiJOYBa€ThCS MOCIIAOBHO,
MOYHMHAIOYH 3 HI)KUUX PIBHIB.
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KBanToBa MexaHika Ja€e MOSCHEHHS MEePioIMYHOT TOBTOPIOBA-
HOCTI (DIBUKO-XIMIYHUX BJIACTHBOCTEH €JIEMEHTIB TaOuIli
J.I.MenneneeBa. IlosicHeHHs Take: mpu 3a0y/I0B1 €IEKTPOH-
HUX Mi1000JIOHOK 1 IIapiB MEPIOAUIHO MOBTOPIOIOTHCS €IIEK-
TPOHHI KOH(}Iryparii migo00JI0HOK 30BHINIHIX E€JIEKTPOHIB,
sIKl BU3HA4YarOTh BAJIEHTHICTH, OIITUYHI, MAardiTHI BJIaCTUBOCTI
TOMIO.

[Ipu 30ymKeHH1 OaratoeneKTpOHHUX aTOMIB BHHUKAE JIHIN-
YacTUH XapaKTEPUCTUYHUHN CIIEKTP PEHTTEHIBCHKOTO BHIIPO-
MiHroBaHHs. [losiBa JiHIN CIIEKTpa MOSICHIOETHCS TIePEXoaMu
enektpoHiB Mk K-, L-, M-, N- mapamu 3 OUTbIII BHCOKHX
€HePreTUYHUX CTaHIB y HWXYi CTaHW. s 1poro B peHT-
TeHIBCHKIN TpyOIll Tpeba CTBOPUTH HAINpPYTry KUTbKa JCCATKIB
KUTOBOJIBT. XapaKTePUCTUUHUHN JTIHIMYACTHI CIIEKTP HaKJaa-
€ThCS Ha CYIUIBHUU CIIEKTP TaJbMIBHOTO PEHTICHIBCHKOTO
BHUIPOMIHIOBAHHS.

Monexkynu — HaMEHIIT YaCTUHKH, III0 HECYTh BCl (I3UUHI Ta
XIMiYHI BIACTMBOCTI PEYOBHHH, - CKJIAAAlOThCsA 3 ABOX (abo
Oinbime) oaHakoBUX (200 pI3HUX) aTOMIB, MDK SIKHMH
BHUHHKAE XIMIYHUH 3B’ 130K. KBaHTOBa MeXaHIKa, ITOSCHIOYH
HOro Mpupoy, pO3riIAaAac ABa THUIH 3B’ 13Ky — ioHHHUI (200 re-
TEPOTOJISPHUIT) Ta KOBaJEHTHH# (a00 rOMEOTIOISIPHHMIA).
[oHHMIT THT 3B’S3KYy MOSICHIOETHCS KYJTOHIBCHKUM TPUTSITaH-
HAM MDK 10HaMH TIPOTHUJISKHOTO 3HAaKa, sIKIi yTBOPHIIKCH
3aBJSKH TIEPEX0Iy OJHOTO ab0 OUTBIIE eNeKTPOHIB Bl OJHO-
ro aroma Jio iHmoro. KoBajneHTHMIA 3B’ 130K BUHUKAE 3aBISIKH
0OMIHY MDK aTOMaMHu BaJICHTHUMH €JICKTPOHAMH 3 aHTHUIIA-
pajeIbHUMU CITIHAMH, B PE3yJbTaTi YOr0 MK aTOMaMH yTBO-
PIOEThCS MIABUIICHUN EJIEKTPOHHHUM 3apsij, MO W YTPUMYE
TO3UTHBHO 3apsDKEHI siapa aTtomiB y MoJiekyni. [Iporec
YTBOPEHHSI MOJICKYJ Ma€ MICIle TOMi, KOJIH 1€ C€HEPreTUIHO
BUTITHO, TPUYOMY B 000X BHUIMAJKaX EJICKTPOHHI 0OOJOHKH
aTOMIB CTalOTh MOBHICTIO 3a0y/I0BaHUMHU.

Posrnsamatoun 3MiHM €Heprii MOJICKYJIH, BUIUISIOTH Taki ii
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CKJIaJIOBI. en1eKmpoHHy, 3yMOBJIEHY KOH(Irypali€ro BajeHT-
HUX CJICKTPOHIB; KOIUBANbH)Y, CTBOPIOBAHY KOJMBAHHSIMHU
aTOMIB y CKJIaJl MOJIEKYIIH;, 0OepmaibHy, SKa TOB’sA3aHa 3
mpoiiecoM oOepTaHHsI MOJIEKYJIM HABKOJIO ii IIEHTpa IHEpIIii.
3HavyeHHS EHeprii BCIX CKJIAJOBUX KBAaHTYIOTHCS 3TITHO 3
BIAMOBIAHUMH KBAaHTOBHMH 3aKOHAMH, TaK III0 JO3BOJICHI
€HEepreTUYHI1 PIBHI MOJIEKYJIHU SIBJISIIOTH COO0I0 TOCUTh CKJIaJ-
HY cuCTeMy. Y 3B’SI3Ky 3 IIUM CIEKTPU MOJIEKYlT JIyXkKe
CKJIaJIHI, BOHU MAalOTh BUTJISAI CHCTEMH CMYT, sKi CKJIaja-
IOThCSI 3 TYCTO PO3TAIIOBAHUX CHEKTPATHHUX JIHIM.

Ilumanns ona camokonmponio

AK  nosacuHoeEmMbCs  NOXOO0XCEeHHs  NIHIUYACMO20 CheKmpa
amoma 800HI0? 3anucamu y3azaneneny ¢opmyny baromepa.
Ak onucyemucs nogeodinka enekmpona 6 amomi 600HIO 8 KEAH-
Mositli Mexauiyi’?

L]o xapaxmepuzytome keanmosi yucia? Axi 3nauenHs 6oHu
Modcymov Habupamu?

Y yomy nonseae npunyun Iayni?

Lo nasusaromv enekmpoHHUMU 0OOJOHKAMU MA NIO0OOOH-
Kamu bazamoenekmpoHHux amomie? gk eonu popmyromoca?
Lo make enexmponna Kongicypayis amoma?

AK Keammosa mexamika NOSACHIOE NepiooudHy No8mopIosd-
HicMb DI3UKO-XIMIYHUX 61acmugocmell eiemenmis maodoauyi
J.I.Menoencesa?

AK ymeoproemuvcs xapakmepucmuyie peHmzeHiecbke Unpo-
MIHIOB8AHHAT?

Tosacnumu npupody ioHHO20 Ma KOBANEHMHO20 MUNY 38’ A3KY
MidIC amomamu 8 MOJEKy1ax.

Yomy MONEKyIaApHI cnekmpu mMaioms Habazamo CKIAOHIuUL
B8USTIAO, HIJC AMOMHI?
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