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T H 7 He NWgg A.H.Orypuos
1,00794(7)| 4,002602(2) AM
K 14,01 20,28 0,95 4,22 T T
L | wyarogen Mepunoounuyeckasa cuctema 3afIeMeHTOB 92 o Ton
in HA3BAHUE
soaspon ror OPU3UKA ONA CTYOAEHTOB
1s 1s’ 3K
3 .4 5 6 7 8 9 10 i
Li|'* Be B C N 0 F|" Ne| NN - aromnii
L 6,941(2) 9,012182(3) 10,811(7)|  12,0107(8)| 14,00674(7)|  16,9994(3)| 18,9984032|  20,1797(6)! Homep; SS - cum-
453,69 1615|1560 2742|2349 4200| 3800 4300(63,05 77,36|54,08 90,2| 53,53 85,03 24,56 27,07 BON anemeHTa;
b li b b it 1l il
I S | o | e | M| | Tt | lem | AM - arownas KBAHTOBAS ©®U3UKA

nuThiA Gepunnmii 6op yrnepoa asor wcnopon $T0, HeoH macca; Tnp — TEM-

(He)2s” (He)2s? (He)2s’2p' | (He)2s’2p® | (He)2s’2p® | (He)2s*2p' | (He)2s’2p® | (He)2s’2p® nepatypa  nnas-

11 12 13 |15 16 18 ; -
Na® Mg Al Si P S Cl Ar| newa (K; T

M 22,98977(2)|  24,3050(6)| 26,981538| 28,0855(3) 30,073761|  32,066(6)| 354527(9)  39,048(1)|  TEMNEPATYPA Ku-
370,87 1156|923  1363|93347 2792|1687  3173|317,3  550|388,36 717,9|1716 239,11|838 = 873 newms (K); 9K —

VINEND KVEOLHVAaX

mn sodium magnesium | alumini silicon phosphorus sulfur chlorine argon 3NeKTPOHHas
HaTpiv MarHin anloMiHin KPeMHin docdop cipka xnop aprox KOHQ)VIF aums
HaTpui MarHmin anioMUHUIA KpemMHUi docdhop xno!) o aproH ypay

cepa
(Ne)3s’ (Ne)3s® (Ne)3s’3p' | (Ne)3s’3p” | (Ne)3s’3p® | (Ne)3s’3p® | (Ne)3s’3p' (Ne)3s’3p®
19 20 21 22 +[23 24 25 26 27 28 .
K Ca Sc Ti \% Cr[” Mn Fe Co Ni
39,0983(1), 40,078(4)|  44,955910 47,867(1)  50,9415(1)|  51,9961(6)|  54,938049 55,845(2)|  58,933200|  58,6934(2)
336,53 1032|1115 1757|1814  3103(1941 3560|2183  3680(2180 2944|1519 23341811  3134[1768 3200|1728 3186

potassium calcium scandium titanium iron cobalt nickel
Kanin Kanbuin cKaHain TATaH BaHagin Xpom MapraHeub 3aniso KkoBanbT Hikenb ﬂEKLIMM no ¢M3MKE
Kanui Kansuwm cKaHgun TUTaH Banaguil Xpom mapraHel weneso KoBanbT. HUKenb
N (Anys’ (Ar)as® (Ands“3d' | (Ar)s’3d® | (Ards®3d® | (Ands'3d® | (Arjs?3d (Ards®3d® | (Ar)as’3d” | (Ar)as’3d®
29 30 31 32 33 34 35 36
v Cu|™ Zn[" Gal” Ge As Se Br|™ Kr
63,546(3)| 65,39(2) 69,723(1) 72,61(2)| 74,92160(2) 78,96(3) 79,904(1) 83,80(1)
1357,8 3200(269,2 1180|302,91 2477|1211,4 30931090 887|494 958 265,8 332|115,79 119,9
copper zinc gallium germanium arsenic selenium bromine krypton
Miab LMHK ranin repmaxin MUK ceneH 6pom KPUNTOH
wegL uMHK rannuin repmaHmit MbIWBLAK cenen 6pom KpUNTOH
(Ar)as'3d™ | (Ar)as®3d™ |(ands®3d'%4p'|(ands?3d'°ap?| (arMs®3d"°ap® | (And4s®3d"°ap* | (Aras®3d"°4p° | (Ards®3d°ap®
38 39 40 41 2 43 44 45 46
Rb Sr Y VA Nb[* Mo Tc Ru Rh Pd
85,4678(3) 87,62(1)| 88,90585(2) 91,224(2)| 92,90638(2) 95.94(1) [98,9063] 101,072)]  102,90550 106,42(1)
312,46  961(1050 1655(1799 3609|2128 4682( 2750 5017|2896 4912 2430 4538 2607 4423|2237 3968(1828,1 3236
rubidium strontium yttrium i i i i i rhodium palladium
pyGiain CTPOHUiNA iTpin HioGin moni6aeH TexHeuin pyTeHin poain nanaain
pySuamin CTPOHUUA WUTTpUA UMPKOHMIA HUOGUI monubaeH TexHeumn pyTeHui poann nannagun
o (Kr)ss' (Kr)ss® (Kn)ss®ad’ | (Kr)ss’ad’ Kr5s'4d’ | (Kr5s'4d® | (Knss’4d® | (Krjss'4d’ | (Kr)5s'ad® | (Kr)5s°4d™
77 18 19 50 31 5 53 54
v Ag Cd In Sn Sb Te | Xe
107,8682(2)|  112,411(8)| 114,818(3)[ 118,710(7)|  121,760(1) 127,603)|  126,90447 131,29(2)
1234,9 2435(594,22 1040|429,75 2345/505,08 2875(903,78 1860|722,66 1261)|386,85 457,4/1614 1651
silver cadmium indium tin antimony tellurium iodine xenon
cpi6no Kaamin iHgin onoso cypva Tenyp VoA KCeHOH
cepeGpo KaamuiA MHAWA onoeo cypbma 1enny£ won KCEHOH
(Kr)5s'4d" | (Kr)5s’4d' |(kn5s°4d'°5p’ | (k)5s°4d'°5p®| (kn)5s°4d"°5p® | (kn)ss’ad °5p* | (kn)5s’ad °5p° | (kn)ss°ad*5p®
56 57 72 73 74 75 76 77 78
Cs Ba”’ La Hf Ta W Re Os Ir Pt
132,90545|  137,327(7)| 138,9055(2) 178,49(2) 180,9479(1) 183,84(1)|  186,207(1) 190,23(3)|  192,217(3)|  195,078(2)
301,50 9441000 2143( 1193 3743 || 2506 4876/ 3290 5731|3695 5828 3459 5869 3306 52852739 4701)|2041,4 4098
caesium barium lanthanium hafnium tantalum tungsten rhenium osmium iridium platinum
yesii 6Gapin naHTaH racpHin TanTan Bonbgpam peHin ocmiin ipuain nnatuHa
uesmn Gapwin NaHTaH racpHui TaHTan Bonbgpam peHuin ocmuin npuaun nnaTtuHa
P Xe)6s' (Xe)6s” (Xe)6s’5d’ ||{Xe)ss’4|“5u2 (Xe)6s’af'*5d°| (xe)8s’af'“5d* | (Xe)6s’af'“5d° | (Xe)6s°af'*5d° | (Xe)6s°41'5d” | (Xe)6s'at'*5d°
1

vi” Auf® Hg' TI* Pb[® Bi[* Po[® At[* Rn

196,96655 200,59(2)| 204,3833(2) 207,2(1)|  208,98038|  [208,9824]|  [209,9871]|  [222,0176]
1337,3 3129(234,3 629,88|577 1746(600,61 2022| 544,4 1837|527 1235(572 [337]| 202 211,3
gold mercury thallium lead bismuth polonium astatine radon
3onoto PTYTL Tanin CBUHeLb BicmyT nonoxin acrar paaoH
3onoro pTyﬂ: Tannui cEMHeL! BUCMYT NONOHUIA acrar papoH
(Xe)6s'4f*5d™ | (Xe)6s’ar'*sa™ Hg)ep' Hg)6 Hg)6p® 4 H S Hg)6p®
87 88 105 107 IT09 110
Fr Ra|” Ac Rf|"™ Db Sg Bh Hs Mt| "Uun
[223,0197]|  [226,0254])| [227,0277] [261,1089)  [262,1144]|  [263,1186] [264,12]|  [265,1306] 1268] [269]
Q 300 6771|973 2010|1323 573
Vil francium radium actinium rutherfor- dubnium seaborgium bohrium hassium meitnerium ununnium
dpaHuin paain aKTiHiA dium
dpaHumnn paavn AKTUHUA
(Rﬂys' (Rnps’ (Rn)7s%6d’ (Rn)7s’sf"6d” | (Rn)7s’6f''6d® | (Rn)7s’sf"*6d* | (Rn)7s’5f'*6d® | (Rn)7s’sf"6d’ | (Rn)7s’sf''6d’ | (Rn)7s’sf'‘6d"
LANTANIDES—/IAHTAHOIOW—ITAHTAHOUAObI ACTINIDES—AKTUHOIAU-AKTUHOUObI
8 59 60 61 62 63 64 65 66 67 68 69, 70 71
Ce” Pr|”" Nd|"Pm|""Sm |~ Eu " Gd|”Tb[”Dy|" Ho|” Er|” Tm|" Yb|" Lu
140,116 140,9077 144,24 [144,913] 150,39 151,964 157,25 158,9253 162,50 164,9303 167,26 168,9342 173,04 174,967
cerium | praseo- neo- prome- | samarium | europium |gadolinium | terbium | dyspro- | holmium | erbium | thulium | ytterbium | lutetium
dymium | dymium | thium sium
uepwit  |npaseogum Neoéqle npomMeTwii | camapwii | eBponui |ragonuHuin| TepBuia nmcr\fosmﬂ ronbmMuin ap6un TynuiA | utTepbuin | noteumin
6s°4f'5d" 6524?’ 6s’at’ 6s%af 6s°af° 6s’af” | 6s”af'sd’ | 6s%af’ 6s°af® | esaf’ (%2“‘2 6s%af" OG_E’M“ 6s%af'*5d"
0 91 92 93 94 95 96 97 98 99 1 101 1 103 . i -
Th! Pa U[”Np[” Pu[Am[°Cm [ Bk [® Cf[”° Es|"Fm|["™Md|"”Nb[""Lr http://users.kpi.kharkov.ua/ogurtsov/lect7quant-7.pdf
232,038 231,036 238,0289| 237,0452 [244] [243] [247] [247] [251] [252] [257] [258] [259] [262] . .
thorium | protacti- | uranium | neptuni- | plutonium |americium| curium | berkelium | californi- | einsteini- | fermium | mendele- [ nobelium | lawren- http://www.ilt.kharkov.ua/bvi/ogurtsov/1ln.htm
nium um um um vium cium
TOpMIA | nporakTihuii aH | HenTyWwid [ nnyTon | kopmit @ i | ofinureiinui | chepmuin it | HoBenmin g
7oled | 75'5P6d" | 7o5bted" | Telsted” | Toref Teist | 7s'ersd’ | 1sst | 7sisf® | 755t ?Isgﬁ” 7s'5° | “7s75fi4 | 7551 6d"

AH. OrprlOB. Qu3suka 0nsa CmyOeHmoe MonHoe unu yacTudHoe nT TeKcTa B H Uecknx TeNbHbIX Lensix | TCS U NpUBETCTBYETCS. ABTOP.




CmpoeHue amoma

1. Mogenu atoma TomcoHa u Pesepdopaa.

MpencraBneHve o6 artomax, kak O HedenuMbiX Menbyalwux yYacmuuyax
geuwjecmea BO3HUKIO eLle B aHTUYHbIE BPEMEHa.

k. K. TOMCOH, vccredyst OTKNOHEHWE B 3MEKTPUYECKUX U MArHUTHBLIX MONSAX
Yyactuu, mucnyckaemblx nop aercteueM ceeta (hoToaddeEKT) OMKPbIT 371EKMPOH.
MockonbKy Macca 3nekmpoHa okasanacb B OeCsImKU mbICSY pa3 MeHble Macc
amomos, TOMCOH Npeanoxun Modesib CMPOeHUsI amoMa, COrflacHO KOTOPOW aTom
npeacTaBnsieT coboM HENpepbiBHO 3apsiKEHHbIA MOMOXUTENbHBIM 3apsaoM Lwap
avnametpom ~107'M B KOTOPBLIN "BKpanneHbl" aMeKTPOHbI ("Kak W3toM B MyauHT").
[apmoHunyeckne  konebaHUs  INEKTPOHOB  OKOMO  MOMOXEHUW  paBHOBECUS
(rapMoHMYeckne ocUMNIALUM) ABMSIOTCS MPUYMHOW U3NyYeHUs (Mnu NOrsoLeHNs)
MOHOXPOMaTNYECKNX BOSIH aTOMaMMm.

OpHako, B akcnepumeHTax JleHapda NO paccesiHWI0 3MEKTPOHOB U B
akcnepumMmeHTax Pesepghopda No paccestHUto O-4acTul, Ha TOHKUX MeTanM4yeckmnx

ny“OK g-uacTy nneHkax, 6bIn0 NokasaHo, 4YTo
UCTOUHMNK \ 3KkpaH noyTK BCE YacTuubl

> npoxoaunu Yyepes gonbry, 6es
paccedHUss WM  OTKMOHSASACH
Ha OYeHb Manble  yrhbl
nopsagka 1-3°. W TOMbKO
HeKoTopble M3 HWUX (ogHa M3
10000)  oTKMOHANWUCbL  Ha
bonblune yrnbl, nopsgka 135-180°. Mockonbky a-vactvua B 7300 pa3 Tsxkenee
3MeKTPOHa, TO MPUYMHOWM TaKOro paccesHus He MoXeT OblTb ee paccesHue Ha
anekTpoHax. Pesepdopa npeanonoxun, YTo paccesHue a-4acTuubl MPOUCXOAUT Ha
NONOXMTENbHOM 3apsae 6onbLUoi Macckl — "sdpe” aToMa, pa3Mep KOTOPOro, O4eHb
Man no cpaBHeHUI0 C¢ obbemoMm atoma (auameTp ~107"m). (Hanpumep, B 1m®
nnaTuHbl "o6beM" sigep paseH 0,3 Mm°.)

Moatomy & amome, nodasnsAwowjasi yacme KOMOPO20 COCMOUM U3 MyCcMmo2o
npocmpaHcmea, 3/1eKMpPOHbI He MO2ym Haxo0umbCsl 8 CMamu4yecKoM pasgHo8ecuU.
WX yCTOM4YMBOCTb MOXET BbITb TONBKO AMHAMWUYECKON, KaK Yy MNaHeT B aCTPOHOMUN.

Pe3sepgpopd npepnoxwvn nnaHemapHyro Modens amoma. CornacHo
Pesepdopay, atom npeacraensieT cobort cucTemy 3apsgoB, 8 UeHmpe KOTOpomn
pacrofioXeHo fosioxumesnbHoe 0po ¢ 3apsaom Ze, pasmepom 107°—107"*m u
Maccol, npakTU4Yeckn paBHOM Macce aTtoMa, a B80Kpy2 sdpa, B obnactu c
nUHelHbIMM  pasmepamn  ~107"m, no  samkHymbimM  opbumam pgeukeTcs  Z
3neKkTpoHOB, 06pa3ysi 31eKmpoHHYt0 0605104Ky amoma.

BTopoin 3akoH HbloTOHa AnNs 3anekTpoHa, ABUXYLLErocs Mo OKPY>XHOCTWU nog
AencTBMeM KyroHOBCKOW CUIbl

Ze-e m’

47:80r2 o
rae m, N L — Macca 1 CKOPOCTb 3MEeKTPOHa Ha opbuTe paguyca r, €, — ANeKTpu-
Yeckasi nocTosiHHas. Mpu 7 ~ 10""m CKOPOCTb [ABWKEHWS! 3NEKTPOHOB L & 10°m/c, a

2 2 y
ycKopeHue v /r ~107° m/c?. CornacHo Knaccuyeckoi 3MnekTPOAMHAMUKE, YCKOPEHHO

A.H.OrypuoB. ®usuka dns cmydeHmos
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35.MonynpoBogHUKOBbIE AMOAbI U TPUOAbI (TPAH3UCTOPbI).

O0HOCMOPOHHSISI (6eHMuIIbHas) NPOBOANMOCTb p-N-nepexoia UCrnonb3yeTcs
B MosiynpoeodHuKoebix duodax, cogepxaliux oauH p-n-nepexoq. o KoHCTpyKuun
OHU [ENATCSt HA MoYeYHble Y MI0CKOCMHbIe.

B moueuHbix guopgax p-n-nepexon obpasyeTcsi B
TOYKe KacaHusi MeTannmyeckoro koHTakta 1 u nonynpo-
BoAHMKa 2 (Hanpumep, B TOYEYHOM repMaHMEBOM
avone auddysnst antoMUHNS B n-repMaHun obpasyeT B
repmaHuu p-criov). TexHOMorns W3roToBNEHUs repma-
HWEBOrO M/I0CKOCMHO20 AMOAA ONUCaHa BbILLE.

p-n-Tlepexodbl 06nagaloT He TONbKO MPEKPacHbIMW  BbIMPAMASIOLLMMM
CBOMWCTBaMW, HO MOryT BbITb MCNOMbL30BaHbI TakKe AMS YCUINEHUs, a eCrin B CXemy
BBECTM 0OpaTHyt0 CBSA3b, TO U AN reHepauun anekTpudecknx konedbaHuii. Mpubopsl,
npegHasHayeHHble Ans 3TUX Uenen Momnyyunu HasBaHue MosynpoBOOHMKOBBIX
TpUoZoB mnu mpaHaucmopos. V3obpeteHne TpaHaucTtopoB B 1949r. cumutaetca
caMbIM 3HauuTenbHbiM KM306peTeHnem XX Beka M Bbino otmeuveHo B 1956 ropy
HoGeneBckow npemuen.

TpaHauctopbl MoOryt ObiTb TMRA n-p-n U Tuna p-n-p B 3aBUCUMOCTU OT
YepenoBaHUs obnacTer ¢ pas3nMyHON NPOBOAMMOCTbLIO. /151 npuMepa paccMOTpUM

Omutrep Baza  Koanextop Tpuog Tuna p-n-p. Paboune "anexktpoab!”

\ 4 Tpuoda, KoTopbiMu  saBnsoTcs  6asa
(cpeaHss YacTb TpaH3UCcTopa), IMUTTEP U
KonnekTop (npunerawwme k 6ase ¢ 06enx
CTOPOH 06nactm C  WHbIM  TUNOM
NpoBOAVMOCTH), BKMOYAOTCA B CXeMy C
. NMOMOLLbIO  HEBLINPAMNSIOWMNX KOHTaKTOB

— MeTannnyecknx npoBoAHUKOB. Mexay
amuTTepoM 1 6ason npuknagbiBaeTcs
NOCTOSIHHOE CMeLLaloLee HanpshkeHne B NPSAMOM HanpasneHun, a mexay 6ason n
KOMMEKTOPOM — MOCTOSIHHOE CMeLLaloLee HanpskeHme B 06paTHOM HarnpaBeHuw.
YcunmBaemoe nepemMeHHoe HanpsbkeHue nogaeTcsi Ha BXOAHOE CONpoTUBIIEHWE
R__, a ycuneHHoe — CHUMaeTCs C BbIXOOHOMO CONpOTUBNEHust R

BX ’

AT TSl e oo o0 O e L0000 0%

L SSRRANANN AR

Rnux lllblx

BBIX *

MpoTekaHwe Toka B LUenu aMuTTEpa OBYCNOBMEHO B OCHOBHOM [BWXEHWEM
ObIpOK  (OHM  ABNSATCS OCHOBHBIMW HOCUTENAMWU TOKa) M COMPOBOXAAETCS WX
"BnpbICKMBaHNEM" — UHXekyuel — B obnacTb 6Gasbl. [NpoHukwne B a3y AOblpku
AMpYHAMPYIOT MO HanpaBMEHUIO K KOMNMNEKTopy, Npuyem npu HebonbLUON TOMLWMHE
6a3bl 3HaUMTENbHAsA YacTb MHXEKTUPOBAHHbIX ObIPOK AOCTUraeT KomnnekTopa. 3gecb
ObIpKM 3axBaTbIBaAlOTCS MONeM, AeNCTBYOLWMM BHYTPY Nepexoda (NpUTSrMBatoTcst K
oTpULaTENBHO 3apsHKEHHOMY KOJMEKTOpy), BCNEACTBME Yero W3MeHsieTCs TOK
konnekTopa. CnegoBaTenbHO, BCAKOE U3MEHEHMNE TOKa B Lienu aMUTTePa Bbi3biBaeT
M3MEHEHWE TOKa B Lienu KonnekTopa.

MpuknaabiBas Mexay SMUTTEPOM U 6a3oi NepeMeHHOe HanpsiKeHUe, NonyyYMm
B LeNuW KOMMeKTopa rMepeMeHHbIi TOK, a Ha BbIXOAHOM COMNPOTUBMEHUU —
nepemMeHHoe HanpsbkeHve. BenuuvHa ycumeHust 3aBUCUT OT CBOWCTB p-n-
NepexoAoB, Harpy3oyHbIX COMPOTUBMEHUA U HanpsbkeHus G6atapen B, . OB6blyHO

R, >R, noatomy U,

ohix s > Uy, (ycunenne moxet gocturate 10 000). Tak kak

MOLLHOCTb MEepemMeHHOro Toka, Bbiaensiemast B R, ., MOxeT ObiTb Gonblue, Yem
pacxofyemasi B Lenv aMuTTepa, TO TPaH3UCTOp AaeT U ycusleHue MoOuwHocmu.

KBaHTOBas chumsmka
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Teepable Tena, npeacrasnswowme cobor ahEHEKTUBHO MOMUHeEcULMpyowme
WNCKYCCTBEHHO MPUrOTOBIIEHHbIE KPUCTanIbl C Yy>XEPOAHBIMU NPUMECSMM, NOMYYUun
Ha3BaHWe Kpucmasnnogocgopos.

;///y // / Ha npumepe kpuctannodochopoB paccMOTpUM
% ' ////// ”’ MexaH13Mbl BO3HWKHOBEHUS (DOCEOPECLIEHLIMN C TOUKM

/ Lttt ///.- A

3peHusi 30HHOW Teopuu TBepablx Ten. Mexay
BaneHTHON 30HOMN n 30HOM npoBOANMOCTMN
KpucTtannodocdgopa pacnonaratoTcs npuMecHble
ypoBHM  aktmBatopa A. [Ons  BO3HUKHOBEHUS
ANUTENBHOMO CBEYEHUst KpucTannodgochop [OMmKeH
codepxaTb LEHTpbl 3axBaTa, WAM OBYLKM Ans
anekTpoHoB  (f1;, J12). [AnuTenbHocTb  npouecca
MUrpaummn 3neKkTpoHa A0 MOMEHTa pekoMbuHaumm ero ¢
MOHOM aKTuBaTopa onpefenseTcs BpeMeHeM npebblBaHUsS ANIEKTPOHOB B FOBYLLIKAX.

34. KOHTaKT 3/IEKTPOHHOIO U AbIPOYHOro NONyNnpoBOAHUKOB (p-n-nepexon).

paHMUa conpuKoCHOBEHUSI ABYX MOMYNPOBOAHUKOB, OAUH U3 KOTOPbIX MMeeT
3MNEKTPOHHYI0, @ APYroi — AbIPOYHYI0 MPOBOAMMOCTb, Ha3blBAETCA 3JIEKMPOHHO-
ObIPOYHbIM repexodom (U p-n-Nepexonom). In
p-n-NMepexoq 0O0bIMHO co3gaeTca  Mpu  cneynanbHon _
o6paboTke KpucTanmnoB, Hanpumep, MpW BblAEPXKE MNMOTHO 7/ NI
MpWXaTbIX KPUCTAMMOB repMaHus (n-tuna) u uHams npu 500°C 8 9 Gg":f:f,’,’,’;
Bakyyme (a) atombl uHAMA AWDOYHAMPYIOT Ha HEKOTOPYH ///
Kpucrann Ge p-runa

rnybuHy B repmaHuii, o6pasysi NpoOMEXYTOYHbIA CION repMaHus,
oboraLleHHOro nHanem, NPoBOAMMOCTb KOTOPOro p-tuna (6).
OneKTPOHbI U3 N-NOMYNPOBOAHMKA, FAe WX KOHLEHTpauus
Bblwe, 6yayT anddyHanposaTtb B p-nonynpoBoaHuk. Ouddysusa 6)
ObIpoK npoucxoaunTt B obpaTHOM HanpasneHun. B n-nonynposoa-
HUKe Wu3-3a yxoda 3NeKTPoHOB BOMM3M rpaHuLbl OCTaeTcs
HECKOMMNEHCUPOBAHHBIN 10/10KUMerbHbIU 06beMHbIlU 3apsi0 HENOOBMXHBLIX MOHWU30-

Y

Y

Kpucrann

Ge n-tuna é

O6nacts BaHHbIX [OHOPHbIX aToMoB. B p-nonynpoBogHuke wu3-3a
nepexona yxofa Ablpok BGNM3M rpaHuubl obpasyeTcs ompuyamerib-
” ~ Hbill  O06beMHbIl 3apsi0  HENOABWXKHBIX  WNOHU30BaHHbIX

akuenTopoB. AT 06beMHble 3apsabl CO3AalT 3anuparo-
wull pasHOBECHbIU KOHMAaKmMHbIU C€r10U, NPEensTCTBYOLWMNA
OanbHewLemMy nepexomy 3NeKTPpoOHOB U [AbIPOK.

ConpoTMBREHNe 3anuparoLLero crosi MOXHO U3MEHWUTb C NOMOLLbI0 8HEWHEe20

anekTpudyeckoro nons. Ecnu HanpaeneHve BHewHero nons FE coBnagaer cC
HanpaBneHnem E Momnsi KOHTaKTHOro Crosi (a), TO 3anuparoLLmii Cioii paclumpsieTcst
W ero conpoTuene-

T
n-Tan j++|-
|-

@ nom  Z, pom 4 nrn_ Bx  pun HWe Bo3pacTaeT -—

: :I: === O &= 4|~ =o Takoe HanpasneHue
--=-1 O= ol4|-lwo

S0= RN e H - | HasblBaeTCs  3anu-

" ‘ | parowum (o6pam-

i ] HbIM).  Ecnn Ha-

- o npasrieHne  BHeLU-

Hero nonsi NPoT1BO-
MOMOXHO TMOMK KOHTaKTHOro cnost (6), TO nepeMelleHMe 3SMEeKTPOHOB M AblpOK
NpuBeOeT K CY)XEHUK KOHTAKTHOrO CIlosi U ero COMPOTUBMEHUE YMEHBLUUTCS — Takoe
HanpaBneHue Ha3bIBaeTCs MPOMYCKHLIM (MPSAMbIM).
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ABVDKYLLMECS] 3NeKTPOHbI OMKHbI M3MyYaTb SMEKTPOMarHUTHbIEe
BOMHblI W BCMEACTBME ITOr0 HEMpEPbLIBHO TepsATb 3Hepruto. B
pe3ynbTaTte 3anekTpoH 6yaeT NpubnmkaTbes K SAPY U B KOHEYHOM
cyete yrnadem Ha s0po.

Kpome Toro, knaccuyeckas nnaHeTapHas MoAenb atoMa He
06bsiCHsiem fluHeli4amoz20 crekmpa amomos.

2. JlvHenyaTbIW CNEKTP aToma Bogopoaa.

SKcnepyMeHTarnbHOe nccnegoBaHe CNekTPoB U3NyYeHUs paspexeHHbIX ra3oB
(oTAenbHbIX aTOMOB) MoKa3anu, YTO XapaKTepHbIN MUHEeWYaTbli CNEeKTP KaXgoro
anemMeHTa npeactaBnsieT cobow cepuu NWHUIA, MONOXEHWE KOTOPbIX MOXET ObiTb
onucaHo MpoOCTbIMK AMAMPUYECKMMU bopmyrnamn. Tak, NonoxeHwe NMHUI aToma
Bogopoda B BMAMMOW obnacTu cnektpa onuckiBaloTcs ¢hopmynol Bbanbmepa

% = R’(%2 —%2), unm (v = A) OIS 4acToT: vV :R(%2 —%2) (n=3,4,5,..)),
rae R'=11-10'm", R=R'-¢=3,29-10"° ¢ - nocmosHHas Pud6epza.
Mo3pgHee, B ynbTpadumoneToBon obnactu Obina obHapyxeHa
cepusi JlatimaHa: V= R(%2 - %2) (n=2,3,4,..),

a B MHdpakpacHon obnacTtu

cepus lMaweHa: V= R( ) (n=4,5,6,...),
cepusi Bpakema: v= R( ) (n=5,6,7,...),
cepus l¢pyHda: V= R( A ) (n=6,7,8,...),
cepusi Xamebpu: ( ) (n=17,8,9,..).

Bce 3T cepum MoryT BbITb onmMcaHbl 0606ueHHol d)opmyno& Banbmepa

1 1
v=R[—-=|
(nﬁ n2j

roe m=1,2,3,4,56 onpegenser cepuo, a n=m+1,m+2,... onpegenser
oThernbHbIE NMHUKM 3Ton cepun. C yBenuueHUeM 1 NUHUM cepun chnmxaloTcs;
3HayeHne n =00 onpeaensieT epaHuyy cepuu, K KOTOPOW CO CTOPOHbI BONbLUMX
4acTOT MPUMLIKAET CIIIOLHOM CMeKTp.

AHanorn4yHole cepun Obinu BbleJieHbl B NHenYyaTbIX CcnekTpax apyrmx atomosB.

3. Noctynartbl Bopa.

[na obbsiCHEHUs1 3aKOHOMEPHOCTEN B NMHenYaTbix cnekTpax bop o6beanHun
nnaHeTapHyto mogenb atoma Pesepdopga ¢ runoteson [lnaHka O KBaHTOBOW
npupoge ceeta. Teopus aToma bopa ocHOBbIBaeTCst Ha ABYX NocTynarax:

(1) NOepBbin noctynar Bopa (mocmynam CMayuOHapPHbIX COCMOSIHUL):
cywjecmeyrom cmayuoHapHble (He U3MEHSsIoWMecs co BpeMeHeM) COCMmOosIHUs
amoma, Haxo0siCb 8 KOMOpbIX OH He u3jlydaem 3Hepauu. CTauuoHapHbIM
COCTOSIHMSIM aTOMa COOTBETCTBYIOT CmalyuoHapHble opbumal, N0 KOTOPbIM ABWKYTCS
3MNeKTPOHbl. Kaxagoe craumoHapHOe COCTOSIHWE XapakTtepuayeTcs orpedesieHHbIM
(BMCKPeTHbIM) 3HayYeHWeM 3Heprun. [BWXEHME 3NEKTPOHOB MO CTauMOHapPHbIM
opbuTtam He conpogoxdaemcsi N3ny4eHNeM IeKTPOMarHUTHbIX BOJSTH.

lpasuno keaHmoeaHusi op6um Bopa yTBepxaaeT, YUTO 8 cmayuOHapHOM
COCMOSIHUU amoma 3/1eKMpPoH, 0eueasicb Mo Kpyaoeol opbume, OO/MKeH umemb

A.H.OrypuoB. ®usuka dns cmydeHmos

KBaHTOBas humsuka
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K8aHMOBaHHbIe 3HaYeHUs MOMEeHma UMIy/bCa, YAOBIETBOPSIOLUME  YCMOBUIO
myr, =nh (n=1,2,3,..)),

roe m, — Mmacca 3NeKTpoHa, L — ero CKOpoCTb Ha n-i opbute paguyca r,,

li=h/(2m).

(11) Bropoit nocrynar Bopa (npasusio yacmom): npu nepexode amoma u3
00HO20 cocmosiHUsl 6 dpyaoe ucnyckaemcsl usnu noznowaemcsi 00UH ¢homoH
c 3Hepeuel

hv=E, -E,,
pasHoli  pasHocmu  3Hepaull coomeemcmeyrwWux  cmayuoHapHbIX
cocmosiHull.

Uanyyenve (E,, <E,) npoucxoguT npu nepexoge atoma U3 COCMOSHUS C

60OnbLUEl 3HEpPruen B COCTOsIHNE C MEHbLUEN 3Hepruen (Mpu nepexone drekTpoHa ¢
opbuTtkl 6onee yganeHHoM OT sapa Ha ONVKHIOK K sapy opouTy).

Mornouwlenne dotoHa (E,, > E,) conpoBoxagaeTcs nepexofoMm atoma 8
cocmosiHue ¢ 66nbluen aHeprmen (nepexop anekTpoHa Ha bonee yganeHHyw oT
anpa opouty).

Ha6op ecee03MOXHbIX OUCKPEMHbIX YacTOT KBAHTOBbIX NEPEXOAOB

V= En — Em

h
onpenenaet nuHelYamabil criekmp amoma.

4. OnbiTbl PpaHka u Fepua.

B onbitax ®paHka u Tlepua O6bINno  3KkcrepumeHmanbHO OOKa3aHo
cywiecmeosaHue 8 amomax cmauyuoHapHbIX COCMOsIHUL.

OneKTPOoHbI, 3MUTUPOBaHHbIE kaTogoM K, pa3zoHsitomcsi B obnactu 1 nopg
OefcTBMEM YCKOPSIIOLLLE Pa3HOCTU NOTEHLMANoB @

K ! ! .
T 2 :3'1. mexay katogom u cetkon C,. B obnactm 2
! C" é 3MEKTPOHbI  MPOXOAAT 4Yepes napbl  PTYyTM W
L 2 pocturaior aHoga A. [lepsoe Bo36yxaeHHoe
COCTOSIHME aTtoma pTyTM umeeT aHeprmio 4,86 aB. lNMpu yBennyeHun yckopsoLero
noTeHuMana ¢ [0 3TOW BENMUYMHbI, COyAapeHnsl SNEKTPOHOB C aTOMaMu CTaHOBSITCS

4,86 Heynpyrumn: 3MeKTPOH OTAAeT KMHETUYECKYHO SHEPTUHO
I aToMmy, Bo30Oyxgas  nepexos M3 OCHOBHOMO
4.86 SHEpPreTUYecKOro COCTOSIHUSI B NepBOe BO3GYXAEeHHOe
4,86 COCTOsIHVE (Mmo2sIouWeHUe SHepPrMm atoMamun pTyTm) —
moK 8 ycmaHoeke pe3Kko ymeHbwaemcs. [pu
JanbHedlweM  yBenuuyeHun @, nopgobHoe ke
noBefgeHve Toka HabnwpaeTcda  nNpu  SHeprusx,
KpamHbIx AE =4,86 3B, koraa QNEKTPOHbI
UCNbITbIBAKOT 2, 3, ... HEYNpyrux coygapeHun. Takum
obpa3oM, B aTtoMe [eNCTBUTENbHO CyLLECTBYIOT
) h CTauMoHapHble COCTOSIHUA (NoATBEPXAEHUE NEepBOro

0 & 10 15°9.B  nocrynarta bopa).
Bo36yxaeHHble aToMbl PTYyTW, NEPEXOAA B OCHOBHOE COCTOSIHUE, U3Jlyqarom
KBaHTbl CBE€Ta C [ANMHOM BOJHbI k:hc/AE:255HM (noaTBepPXaeHe BTOPOro

nocrynara bopa).
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B 30HY NMPOBOAMMOCTU B Crlydae nonynpoBogHuka n-tuna (puc.(6)) unu n3 BaneHTHon
30Hbl Ha aKUermopHble ypO8HU B CIly4ae NnorynpoBoAHuKa p-tuna (puc.(B)).
lMpumecHasi ¢homonpogoOuMocmb ANs MNONYNPOBOAHWKOB N-TUMA — YUCMO
3/1EKMPOHHasi, AN NONYNPOBOAHWKOB P-TUMA — YUCMO ObIPOYHAEs.
Takum obpasom, ecniu hv>AE ana cobCTBEHHLIX MOSYNPOBOAHMKOB, U

hv > AE, nns npumecHbix NonynpoBOAHWUKOB, TO B NOMYNPOBOAHNKE BO3OYxaaeTcs

cboTonpoBoanMocTb (3aecb AE, — sHepriisi akTUBaLmMM NPUMECHbIX aTOMOB).

OTciofja MOXHO OMpefenuTb KpacHyr 2paHuyy d¢ghomonposodumocmu —
MakCMMarnbHyl0  ONWHY  BOMHbI, MpyM  KOTOpoW elwe  poTonpoBOAMMOCTb
ch ch

Bo3byxgaeTcs: Ay =——, Aj=—F
AE AE

n

ana COBCTBEHHbIX n NpUMecCHbIX

nosynpoBOAHNKOB, COOTBETCTBEHHO.
Hapsgy ¢ nornoweHueM, nNpuBOASLMM K MOSIBNEHWUIO (DOTOMPOBOAMMOCTH,
MOXeT MMeTb MeCTO MOorfoLLeHVe cBeTa ¢ obpa3oBaHNeM IKCUMOHO8, KOTOPOe He
« MpUBOAMT K (POTONPOBOANMOCTU. SKCUMOH — 3ITO
KBasuyactvua, npeacraensowas cobon CBA3aHHYO
napy 9aneKkTpoH—Ablpka, KoTopas MoxeT cBO6OoAHO
* nepemeLjaTbcs B KpucTanne. OKCUTOHBI
« BO30OyxgalTcs POTOHAMM C SHEPIUSAMU MEHbLUMMU
3HEepruu sanpeLleHHoN 30Hbl U MOryT ObITb HarMsAHO
npeacrtaBneHsl B BuAE  MOAENW  CrapeHHbIX
e anekTpoHa (e) wn gblpkn (h), ABMXKYLWMXCA BOKPYr
+ OOLLero LeHTpa Macc, KOTOpbIM He XBaTWUO SHEPTUK,
4YTOObI OTOPBATLCA APYr OT Apyra (Tak Ha3blBaeMbIi
aKcumoH BaHbe—Momma). B uenom 39KCUTOH 3NEKTPUYECKM HeMTpareH, noatomy
3KCUTOHHOE MOrNoLLEeHNe CBeTa He NPUBOAUT K YBENUYEHUIO POTONPOBOANMOCTH.

33.JlioMMHecuUEeHUMA TBepabIX Ten.

JllomMuHecyeHyueli HasbiBaeTCsd U3MNy4YeHue, Uu3BbbITOYHOE Mpu  AaHHON
TemnepaType Ha TENnoBbiM MW3Ny4YeHUEM Tena W UMelLllee ANUTENbHOCTb,
66nbLIY0 Nepuofa CBETOBbIX kKonebaHuin.

BewectBa, crnocobHble nop OEWCTBMEM PasnMYHOrO poaa BO30yXAeHWN
CBETUTLCS, HA3bIBAIOTCS JIIOMUHOGOpaMu.

B 3aBucuMmocTn oT cnocoboB BO3GYXAeHUs pasnuyatoT: ¢homosIroMUHeCcyeH-
yuro (No OencTBMEM CBeTa), PeHM2eHOIIOMUHEeCYeHYyUo (nog OeACTBUEM PEHT-
rEHOBCKOrO U3nyyeHusi), kamodosiroMUuHecyeHyuro (nog AEVACTBUEM 3I1EKTPOHOB),
paduonromuHecyeHyuro (Npy BO3OYXOAEHUM siAEPHBIM  M3MyYEeHUEM, Hanpumep
¥ -U3Ny4yeHneM,  HEeNTpoHamu, MPOTOHaMW),  XeMUJIIOMUHeCUeHyur  (npu

XMMUYECKUX NpeBpaLLeHusx), mpubosiroMuHecyeHyuro (Npy pacTupaHun unm
packanblBaHUN HEKOTOPbIX KPUCTAmMMOoB). Crextp nornowenus  Criexp

Mo AONNTENbHOCTU CBEYEHUA YCIIOBHO pasfinyaroT: (BO30YXKOEHNA)  JIIOMHHECLIEHLMU
¢nyopecuyeHyuro (t < 107® c) n gpocghopecuyeHyuro —
cBeYeHne, npoporKawLweecs 3aMeTHbI MPOMEXYTOK
BPeMeHW nocre npekpaLleHns Bo3dyxaeHns.

Yxe B NepBbIX KONMUYECTBEHHBLIX UCCINEAOBaHMAX
NIOMUHecUeHUMM  Obino  copMynupoBaHo rpasusio
Cmokca: [nvHa BOMHbI JNIIOMWHECLEHTHOrO MU3nyyYeHus Bcerga 6onblie AnuHb
BOIHbI CBETa, BO30YyAUBLLErO €ro.

A

A.H.OrypuoB. ®usuka dns cmydeHmos
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crnyyae 3TOT ypOBeHb pacnonaraeTcsi OT AHa 30Hbl MPOBOAMMOCTU Ha PaCCTOSHUU
AE, =0,0133B< kT, nostomy yxe npu 0OGbluHbIX TemnepaTypax Tenrosas

3Heprus goctatoyHa Ans nepebpocKky INEKTPOHOB C MPUMECHOTO YPOBHSA B 30HY
npoBOANMOCTH.

Mpymecu, sBRAOLNECH UCTOYHUKAMKU 3NIEKTPOHOB Ha3biBalOTCs QOHOpamu, a
3HepreTM4ecKkme ypoBHN 3TUX NpUMecell — OOHOPHbIMU YPOBHSIMU.

Takum obpas3om, 8 nonynpoeodHUKax n-muna (OAOHOPHAs NPUMECH)
peanusyeTcs 3/1IeKMpPOHHbIU MexaHU3M NpoBOAVMOCTY.

MonynpoBoAHMKN Ha3blBalOTCA ObIPOYHLIMU (MW MOJYNPO8OOHUKaMU
p-TMna) ecnv npoBOAMMOCTb B HUX obecneumBaeTcs [Ablpkamu, BCreacTBue
BBELEHUS MPUMECH, BaNEHTHOCTb KOTOPOW Ha eOUHUUY MeHbWe 8arleHmHocmu
OCHOBHbIX amoMo8.

Hanpumep, BBegeHue TpexBaneHTHoOW npumecu 6Gopa (B) B matpuuy

YyeTblpexBaneHTHoro repmanHus (Ge) NPUBOAMUT K MOSIBNIEHWIO

c B 3anpeLLeHHOW 30He MPUMECHOr0 3HEPreTU4EeCcKOro YpOBHS
A He 3aHATOro anekTtpoHamu. B pgaHHOM cryyae aToT

AE| YpPOBEHb pacronaraeTcsi OT BEPXHEro Kpasi BaneHTHOW 30HbI
A Ha pacctosiHum AE , =0,082B. 3OnekTpoHbl 13 BaneHTHOM
AEs  3oum MOryT MepexoauTb Ha  MPUMECHBIN  YPOBEHB,

14 nokanusysicb Ha aromax 6opa. O6pasoBaBlveca B

BaNEeHTHOW 30HE AbIPKN CTAHOBSATCS HOCUTENSIMU TOKa.
Mpumeck, 3axBaTblBalOLME SMEKTPOHbI M3 BaNeHTHOW 30Hbl, Ha3blBalOTCHA
aKkyenmopamu, a JdHepreTUdeckne YpPOBHW 3TUX MNpUMEcer — akuernmopHbIMU
ypoeHsIMU. B nonynpogodHukax p-muna (akuenTopHas MpuMech) peanuayetcs
ObIPOYHbIU MeXaHU3M NPOBOAVMOCTMU.
Takum ob6pa3oM, B OTMYMe OT COOCTBEHHOW NPOBOAUMOCTW, MpUMEcHasi
nposodumocms 0bycriosnieHa HocumensmMu 00HO20 3HakKa.

32.PoTONPOBOAUMOCTb NOJNIYNPOBOAHUKOB.

®omornposodumMocmb M0yrNPOBOOHUKO8 — YBENUYEHWE 3NEKTPONPOBOAHOCTU
NoNynpoOBOAHWMKOB NoA AeNCTBMEM 3NEKTPOMArHUTHOMO U3Ny4yeHust — MOXeT ObiTb
CBsi3aHa CO CBOWCTBaMW Kak OCHOBHOrO BeLLECTBa, TakK M COAepXalUuxcs B HeM
npumecen.
a)
CobcTBeHHasa choTonpoBogumMmoctb. Ecnu  aHeprus
(bOTOHOB Gosblle LWMPUHBLI 3anpelleHHoi 3oHbl (Av > AE),

3MNEeKTPOHbI MOryT ObITb NepebpoLleHbl U3 BaneHTHON 30HbI B

30HY npoBOAMMOCTM (@), 4YTO npuBeAeT K MNOSIBMEHMWIO hv
0o6aBoYHbIX  (HepaBHOBECHLIX)  3NeKkTpoHoB (B 30HE
NPOBOAMMOCTM) W AbIPOK (B BaneHTHoW 30He). CobcTBeHHast
OTONPOBOAMMOCTL ODYCrNOBMEHa Kak 3nekTpoHamu, Tak WU
AblpKamu.

ngmecuaﬂ QOTOI‘IEOBOAMMOCTB. Ecnn nonynpoBOAHUK COOEPXUT NpUuMecHu,

6)@ OO e < i soroproi e
AE

"V W AE]

e 2

AE

D doToH pomkeH obnagaTb  3Hepruen
hv>AE,, npu axkuenmopHol npumecu

y hv=AE,. Tpu nornoweHnn cBeTa

EBVe— NPUMECHBIMA  LEHTPaMM  MPOUCXOAUT
=== nepexof 3NeKTPOHOB ¢ OOHOPHBIX yposHel

A.H.OrypuoB. ®usuka dns cmydeHmos
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5. CnekTp aTtoma Bogopoga no bopy.

PaccmoTpum  OBWxXeHWe anekTpoHa B BOAOPOAOMOAOGHOM  cucTeme,
OorpaHNyMBasiCb KpyrosbIMW CTauMoHapHbIMM opbuTamu. BTopon 3akoH HbioToHa

Ze-e  mn’ myo’ 1 Ze

(apyras dopma: ) ¥ ycrnoBue KBaHTOBaHWe

4ngyr’ r 2 2 4ngyr
MOMeHTa uMmnynbca: m,Vr, =nfi, — MO3BONAIOT MOMNYYNTb paguyc n-n
CTauMoHapHOM OpOUTLI INeKTPoHa n E
hz 4 00, y 3B
-4me
ry=n"———0 (n=1,2,3,..). Z\__________ -0,33
m,Ze 5N < 0,54
dopoda (7 =1 y 4 111) -0,84
Ans eodopoda (Z =1) papmyc nepsoit op- 3 rovemy ep SO
61TbI anekTpoHa (nmepeslii 6opoeckuii paduyc) Mawena Bpaxera
n* - 4me . 2 c 3,38
ay=r=—-75"2=5,28-10""u. Bameps
m,e
lMonHasi aHepa2usi 351eKMPOHa B BOOOPO0-
nogoGHOM cMCTeMe CKIaablBaeTCs M3 KMHEeTMYe-
CKOWM 1 NOTEHUMANbHON SHEPrui
Ezmeuz_ Zé* =_l Zé* _
2 4ngyr 2 4meyr
U, C y4eTOM KBaHTOBaHUsi OpouT 7, , MOMy4nM
2 4 1 -13,35
” Z—%—Z n;i (n=1,2,3,..), P ’
n” 8h7g

roe 3Hak MUHYC O3Ha4aeT, YTO SNEKTPOH HAXOAUTCS B CBA3AHHOM COCTOSIHUMN.

Llenoe uncno n, onpegensiioliee aHepreTUYECKne YpoBHM aToMa, Ha3biBaeTcs
2/1a8HbIM K8aHMOEbIM YUCJIOM. JHepreTMyecknii yposeHb ¢ n =1 HasbiBaeTcs
OCHOBHbIM (HOPMasibHbIM) ypO8HEM, a COOTBETCTBYIOLLEE EMY COCTOsIHME aToMa
HasblBaeTC OCHO8HbIM (HOPMasibHbIM) cOcmosiHueM. YpoBHM € n>1 wu
COOTBETCTBYHLLME UM COCTOSIHUS HA3bIBAOTCSl 8036YKOEHHbIMU.

MpupoaBasi n UenoyncreHHble 3HAYeHusl, Monyvyaem AN aToma Bogopoa
3HepreTMyeckMe YpoBHW, MpPEACTaBreHHble Ha pucyHke. MuHMManbHasi aHeprus
atoma Bogopopa E, =—13,553B. MakcumanbsHast sHeprus E_ =0 npu n=o0

Ha3blBaeTCA 3Hepauell uoHu3ayuu aTtoma (npu E =FE_  npoucxoaut oTpbIB

ONEeKTpOoHa OT aToma). I'Iepexo,u, M3 CTaulMOHaApPHOIro COCTOAHUA n B CTaUlMOHapHOe
COCTOAHMEe m conpoBoOXaaeTcd ncnyckaHmem KsaHTa

4 4
hv:En_Em:_ﬁ(L_Lj:hR(L_L) e R=""C
n 8h’g;

TeopeTnyeckoe 3HayYeHne R XOpOLLO cormnacyetcsi CO 3Ha4eHUEM MOCTOSIHHOM
Pvun6Gepra, onpeneneHHbIM 3KCNePUMEHTanbHO.

Teopuss bopa cbirpana OrpoMHyl0 pofib B CO34aHUM aTOMHOW (OU3VKKU, B
pasBMTUM aTOMHOM W  MOJIEKYSISIPHOW  CMEKTPOCKOMWM, HO €€ BHYTPEHHsS
NPOTMBOPEYNBOCTb — COEAUHEHME KIACCUYECKMX U KBAHTOBbIX NPeACTaBNeHUN — He
No3BONWUMM Ha €e OCHOBE OOBSCHUTbL CMEKTPbl MHOTO3MEKTPOHHBLIX aTOMOB (Oaxe
NPOCTEMNLLErO N3 HUX — aTOMa rennsl, CoaepXKaLlero MOMMMO Siapa ABa SNEKTPOHa).

KBaHTOBas humsuka
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OcHOBHbIe MOHSIMUSI K8BaHMOBOU MexaHUKU

6. KopnyckynspHo-BOJIHOBOM Ayanu3M CBOMCTB BellecTBa.

KBaHTOBass MexaHvka, cO3faHHas [Ansi OnucaHUsi CBOWCTB  KBAHTOBbIX
06BbEKTOB, OCHOBbLIBAETCS HA Npeanonoxexuu Jlyv e Bpoins o ToMm, YTO Tak e Kak
CBETYy MpWUCYyLUM OOHOBPEMEHHO CBOWCTBA YacTuubl (KOPMYCKymnbl) W  BOJHbI
(nBOMCTBEHHAs KOPMYCKYINSAPHO-BOMHOBAA Mpupofa CBeTa), Tak W 3J1eKMPOHbI U
nobbie dpyaue Yyacmuuybl Mamepuu Hapsidy ¢ KOPRycKynsipHbIMU o6nadarom
mak)xe 80JIHO8bIMU ceolicmeamu.

KaxkgoMy 06BEeKTy MpUCYLLUM Kak KOPMYCKYNAPHbIE XapakTEPUCTUKU — 3Hepaust
E v umnynbc p, Tak W BONHOBblE XapaKkTEpUCTUKW — Yacmoma VvV W OnuHa

80JIHbI A

COOTHOLUEHNSI MEXAY KOPMYCKYNSIPHbIMW W BOJTHOBLIMU XapakTepucTUkamu
YacTuUL Takve xe Kak Ans otoHos: E=hv=ho u p=~h/A.

Takum obpasom, moboi Yactuue, obnagarowen uMnynscom (B TOM Yncne u
Yyactuue, B OTNMYMEe OT (POTOHa, oGnagatollelt maccoil Mokosl), corocmaesnsemcsi
80/1HOBOU NPOoYEeCcc C ANVHON BONMHBI, onpedensiemon no oopmyne ge Bpouns

Zomo- A= ﬁ

Pomen TIRECTIUHAE p
Mnotesa ge bponnst 6bina nogTeep-
,//,’,/ XOeHa 9KCnepumeHTanbHO B oOnbiTax Mo
Tyow \:{5: andpakumn aneKkTpoHOB Ha MOHOKpUCTannax
SIEITPOH0E ~ MeTanmnoB — eCTeCTBEHHbIX AN(PaKLMOHHbBIX

pelleTkax — U Ha MeTaIMYecKnX MreHKax.
Oaxe B cnydae 4pesBbl4alHO cnabbix
My4YKoB, KOrAa KaXKAbli SMEKTPOH MPOXOAMIT MPensaTCTBME HE3aBUCUMO OT ApPYrux
3NEKTPOHOB MyyKa, hopMupoBanach AndpakuMoHHas KapTuHa Kak B NpoxogsLlem,
Tak 1 B OTPaXXEHHOM Ny4Ke 3NIEKTPOHOB.

lMonHass aHepausi yacmuuybl onpegensieTca 4acrtoton BonH Ae bpowns c
MOMOLLIbHO COOTHOLLEHUS

E=hv.

Takum 06pa3oM, KOprycKynsipHO—80/IHO8oU Oyanusm — yHU8epcasbHoe
ceolcmeo mamepuu.

370 CBOWCTBO CyLlECTBEHHbIM 00pa3oM MposIBNSEeTCA TOMbKO  Ansi
MUKpoo6Bexkmoes. [Ins Makpockonuyeckux Ten AnnHbl BonH ae bponns ncyesatolle
Manbl (Tak, Hanpumep, 4Yactuue maccon 1r, OABUXKyLLENWCA CO CKOpOCTb 1m/c,
COOTBETCTBYeT [AfMHA BONHbl Ae bponnsg ¢ k:6,62-10‘31M) M BOJMHOBbLIMWU
achbdpekTamm npeHebperatoT.

7. HekoTopblie cBoMCTBA BoNH ae bpouns.

PaccmoTpum cBo60OAHO ABMXKYLLYHOCSH CO CKOPOCTBIO U YacTuLly Maccomn .
PasoBasi ckopocTb BoSH Ae bponns
2 2

o ho E mc” ¢

8] =—=—= =

T T hk p omu v

T.e. pasoBas ckopocTb BOMNH Ae bpoins 6onbwe ckopocTu cBeTa B Bakyyme (T.K.
c>V).

A.H.OrypuoB. ®usuka dns cmydeHmos
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BO3MOXEH 3a CYET TENnoBOro BO30YXOEHUS UMM 33 CYET BHELIHEro WCTOYHWKA,
cnoco6Horo nepeAaTb anekTpoHam aHepruto AE .

30.CobcTBEHHas NPOBOAUMOCTL NOJNYNPOBOAHUKOB.

MonynpoBoaHukamu siBnsitoTcA TBepAble Tena, kotopble npu 7 =0K umetoT
MO/THOCMBIO 3aHSIMYK 3NEKTPOHAMU easieHmHyro V' 30Hy, OTAENEHHYH OT 30HbI
npoeodumocmu C cpaBHUTENLHO Y3KOWN 3anpeujeHHol 30Hol. CBOMM Ha3BaHUEM
OHY 0653aHbl TOMY, Y4TO UX NPOBOAUMOCTb MEHbLLIE 3MEKTPONPOBOAHOCTM METAmNMoB
1 6ornblue 3NeKTPONPOBOAHOCTY ANINEKTPUKOB.

PasnuuaoT co6cmeeHHble U npuMecHble Nosynpo8odHUKU. Cob6CTBEHHLIMU
nonynpoBOAHMKaMUN ABNSATCA XMMUYECKM YACTbIe NOMNYNPOBOAHVKK (Hanpumep, Ge,
Se), @a X NPOBOAUMOCTb Ha3blBaeTCs co6CcMmMeeHHOU MpPo8ooUMOCMAbIO.

Mpu T =0K wn oTcyTcTBUM BHewHero Bo36yXxaeHus

C COBCTBEHHbIE MOMYNPOBOAHWKN BeayT cebs Kak AUINEKTPUKM.

Mpn noBbilWeHWN TemnepaTypbl 3MNEKTPOHbl C  BEPXHUX

AE  ypoBHeii 8arieHMHoU 30HbI V' MOryT GbITb nepebpoweHbl Ha

HWXKHWE YPOBHU 30HbI npogodumocmu C. Tpu HanoxeHun Ha

|4 KpucTann BHELLUHEro ANEeKTPUYECKOro nons OHU

nepemMeLLaloTca NPOTUB NOMS U CO3[AI0T SMEKTPUYECKNIA TOK.

MpoBoauMmocTb, 0OyCrnoBneHHasi 3neKkTpoOHamMW, Ha3biBAeTCs  3JIeKMPOHHOU
npoeoduMocmbio N NPOBOAMMOCTbLIO N-Tuna (negative).

B pesynbtate nepexofoB 3NEKTPOHOB B 30HY MPOBOAMMOCTW, B BaneHTHOMN
30He BO3HWKAKOT B8aKaHMHble COCMOsIHUS, NonyyvBlUMe HassaHue Abipok (hole,
nokasaHbl Ha puUcCyHke GenbiMu kpyxkamu). Bo BHeLWHeM mone Ha 3TO BaKkaHTHOEe
MECTO MOXEeT NepeMecTUTbCA COCEAHWIA BaneHTHbIA 3NEKTPOH, Mpu 3TOM Ablpka
"nepemectutca” Ha ero Mecto. B pesynbTaTte Apipka, Tak Xe Kak 1 nepellewni B
30HY NPOBOAMMOCTW 3MEKTPOH, ByaeT ABWUraTbCsl MO KpUCTanmy, HO B HanpaBneHuu
NPOTMBOMOSOXHOM ABWXEHMWIO 3NeKTpoHa. PopmanbHO 3TO BbIMSAAMT Tak, Kak ecnu
6bl MO KpucTanny Asuranacb Yactuua C MOMOXUTENbHbIM 3apsSAoM, paBHbIM MO
BENMUUUHE 3apsiny SnekTpoHa. [MpoBoAMMOCTb COGCTBEHHBLIX MOMYNPOBOAHUKOB,
obycnoBneHHass  KBasudacTuuamu —  Oblpkamu,  HasblBaeTcs  ObIPOYHOU
npoeodumocmbio VN P-NPOBOAMMOCTLIO (positive).

B cobcmeeHHbIx  nonynposodHUKax  Habniogaetcs, Takum  0b6pasom,
3J71eKMPOHHO-ObIPOYHbIU MeXaHU3M NPOBOANMOCTY.

31.[lpumecHaa NnpoBOAMMOCTbL NOJSIYNPOBOAHUKOB.

lMposodumocmb  Moynpo8oOHUKO8, OOYCMOBNEHHAs NpUMEcsMU  (aTOMbl
NOCTOPOHHUX 3NIEMEHTOB), TENMNOBLIMK (MYCTbIE Y3Mbl UNN aTOMbl B MEXA0Y3nun) 1
MEXaHUYeCKUMU (TPELLUMHBI, AMcriokaumun) aedekTamu, Hasbleaemcsi npumMecHou
npoeoouUMOCMbLIO, a CaMu MNONYNPOBOAHUKN — MPUMECHbLIMU [10J1yrpo8o0HU-
Kamu.
MonynpoBOAHVKM Ha3bIBaOTCA 3/1IEKMPOHHLIMU (VNW  MOJynpo8odHUKamMu
n-TMna) ecnv NpPoBOAMMOCTb B HUX 0bBecneynBaeTcsi U3BbITOYHLIMU 3MEKTPOHAMM
7 npuMecu, BasrleHTHOCTb KOTOpOW Ha eOuHuyy 6onbwe
//////////////é ¢ 8asileHmMHOCMU OCHOBHbIX amomMos.
D3 d 8 o IAE Hanpumep, nsTuBaneHTHas MpUMech Mbllibska (As) B
AE)

MaTpuue YeTbipexBaneHTHoro repmanust (Ge) uckaxkaeT none
pEeLLETKM, YTO NPUBOAMT K MOSIBNIEHWIO B 3arnpeLLeHHON 30He

%v SHepreTn4yeckoro ypoBHA D BaneHTHbIX  3JIEKTPOHOB
MblllbdAKa, Ha3biBaeMoro rnmpumMecHbIM YypPO8HeM. B paHHOM

KBaHTOBas chumsmka
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PaccmoTpum BooGpakaembli npouecc ob6beauHeHUss N TOXAECTBEHHbIX
E atomMoB B kpucTann. [loka artombl
HaxogAaTcAa Ha 3Ha4YUTENbHbIX PACCTOAHUAX
r opyr  oT  pgpyra, OHU  UMelT
TOXOECTBEHHbIE CXEeMbl 3HEepreTUYecKux
ypoBHel. o mepe cOnuxkeHns aTomoB
BOJHOBbIE (DYHKLMWN BHELUHUX 3M1EKTPOHOB
aTOMOB Ha4MHalOT NepekpbiBaTbCcA U,
BCneacTtene npuHUmMna I'Iaynm, Ka)K,quVI n3

— o
& — ypoBHeil pacluennsetca Ha N rycto
Q ‘ pacnonoXkeHHbIX NOAYPOBHe (paccTosiHue

Yposuu cBoGoaxoro atomMa

r Mexay — nogypoBHSIMU AE ~1072 3B),
06pasyloLmx Moa0Ccy UN paspeweHHyo 3Hep2emuUYecKyro 30Hy (3aLUTPMXOBaHbI
Ha puUCyHKe). BonHoBble (OYHKUMM BHYTPEHHMX 3MfEKTPOHOB NGO COBCEM He
nepekpbiBaloTca, NGO nepekpbiBaloTcA crnabo, MO3TOMY YPOBHU BHYTPEHHUX
3MEeKTPOHOB NGO COBCEM He pacLuennsaTcs, NMbo paclennsaTces cnabo.

PaspelleHHble 3HEepreTMyeckne 30Hbl pasfderieHbl 30HaMM  3arnpeLleHHbIX
3HAYEHUI 3HEePru, HasblIBaeMbIMU 3anpeuwseHHbLIMU 3Hep2emu4YecKumMu 30HaMU.
B HMX 3MEKTPOHbl HaxoauTbCs He MoryT. LUMpuHa 30H (paspelleHHbIX WU
3anpeLLeHHbIX) He 3aBUCUT OT pasmepa Kpucrtansa. PaspelueHHble 30HbI TEM LUKpE,
YeM crnabee CBA3b BaNEHTHbIX 3NEKTPOHOB C Aapamu.

29. MeTannbl, AN3NEKTPUKA U NONYNPOBOAHUKN.

B 30HHOW Teopum TBepOoro Tera pasnuuMs B SMEKTPUYECKUX CBOMCTBaX
pasHblX TUNOB TBEPAbIX Ten OObACHATCA 1) LIMPMHOM  3anpeLleHHbIX
3HEPreTUYECKUX 30H M 2) pasfnnyHbIM 3arnofHEHMEM pa3peLLEHHbIX 3HEPreTUYECKmX
30H.

BaneHmHoOU 30HOU Ha3blBAETCH 30HA, NMOSHOCTLIO 3anOfIHEHHASA 3IIEKTPOHAMMU.
3oHol npoeodumMocmu HasblBaeTCcs 30Ha, MO0 YaCTUYHO 3amnofiHeHHasi

anekTpoHamu, nMbo ceoboaHas. a 6)
MeTtannsl. 3oHa 3oHa
a) Ecnn camasi BEPXHASA 30Ha, NpPOBOAUMOCTY MPOBOAMMOCTH

coaepxalaa 3NEeKTPOHbIl, 3anofiHeHa nUllb
YaCTUYHO, TO 3HEeprnm TennoBOro ABUMXEHUA OGuacTs mepe-

anektpoHoB (kT ~ 10"438) [0CTaToOuHO, HacTniHo KpBITHS 30H
YTOBbI 9NEKTPOHbLI NepeLuny Ha CBOBOHbIe SancnHetias BanettHas
ypoBHM B 30He (cTanu cBobodHbIMM), sofa S0Ha
obecneunBas NpOBOAMMOCTb METANOB.

©) Ecnn BaneHTHas 3oHa nepekpbiBaeTcA CBOOOOHOM 30HOW, TO obpasyeTcs
2ubpudHasi 30Ha, KOTOopas 3arnofiHeHa BaneHTHbIMU 3NEKTPOHaMM NKLLb YaCTUYHO,
4yTO Takke obecrneunBaeT NPOBOANMOCTb METAMNNNYECKOro TUNa.

3anperneHHas 30Ha

OWaneKTPUKM U NoNynpoBOAHUKW. 8 2)

B cnyyae auanekTpuka (CM. pUCYHOK 3oHa
(8)) wwupuHa AE  3anpelueHHOW 30Hbl | PocoAvMOCTH 3oHa
HECKOMbKO 9B; TernoBoe ABWKEHNE HE  3ciiciag P erBIc
MOXeT  nepebpocUTb  JMEKTPOHbI U3 30Ha AE ¢3anpemeHHaﬂ wora
BaneHTHOW 30Hbl B 30HY NMPOBOAMMOCTY. Y

B cnyyae nonynpoBogHuka (cm. BaneHTHast BaneHTHas
pUCYHOK (2)) wupuHa AE  3anpeLueHHoi soHa EE]
30Hbl ~13B, nosTomy Takoii nepe6poc [anekTpuk MonynpoBoAHVK

-7

2n
Wcnonb3aosaHbl cooTHowenus: E =Hhw, p=hk, k= o BOMHOBOE YNCHIO.

pynnoBas ckopocTb BonH ae Bponns
. do d(how) dE

dk d(rk) dp’
[na ceoboaHon yacTuubl £ = w/m2c4 + p2c2 , No3aToMy
u—dE— pc? _p_cz_m\)cz_

T 2
dp mict+ p*ct E me
[pynnosas ckopocTb BonH Ae bBpownns paeHa ckopocTu 4vactuubl. VHbIMK
cnosamu, 8osiHbI Oe Bpolins nepemewatomesi emecme ¢ 4acmuuyeu.

Ona doToHa

E mc* pc2 mec?
Ucl)ais:_:_:c n u:—E = 3 =C
mc mc

8. CooTHoLlEeHue HeonpeaeneHHOCTEN.

[BoiicTBEHHas KOPMycKynsipHO-BOMHOBas MpUpoda MUKpovacTul onpeaensiet
elle OOHO HeoOblYHOE, C TOYKM 3PEHUS KMacCUYecKMX MNpeacTaBneHuin, CBOWCTBO
MUKPOOOBEKTOB — HEBO3MOXHO OOHOBPEMEHHO MOYHO ornpedesiums KoopOuHamy u
UMIMynbC Yacmuupl.

B camom pene, nockonbKy Kaxaol YyacTuue COOTBETCTBYET BOMHOBOM MpoLiecc,
TO HeonpeaeneHHOCTb "MEeCTOMoNoXeHus" 4YacTuubl nopsiaka AnvHbl BOMHbI Ae
Bpoiins Ax~A U Knaccu4yeckoe MOHATME TpaeKkTopuu TepseT cmbich. [Ona
MaKpPOCKOMUYEeCKMX OGBLEKTOB ANMHBI BOMH Ae Bpoiinsa ucuyesaiowe marnbl, No3ToMy
ONSt HAX MPUMEHUMO NOHATUE TPAEKTOPUMN ABWKEHMS.

B o6Liem cnyyae 3TO CBOWCTBO MUKPOOOBHLEKTOB Ha3blBAETCH COOTHOLIEHUEM
HeonpegeneHHocTeu Men3eH6epra:

MukpoyacTMua He MOXET UMETb OOHOBPEMEHHO OMPEAEeSIEHHY KOOpAMHaTY
(x,y,z) v onpeaeneHHyl COOTBETCTBYIOLLYIO Npoekuuo umnynsca (p,,p,,p.),

npu4eM HeomnpeaeneHHOCTU 3TVX BENIMYMH YIOBMNETBOPSIIOT COOTHOLLEHUSIM
AxAp, 2 h, AyAp, 2 h, AzAp, 2 h,

T.e. npou3sedeHue HeornpedeneHHocmel KoopOuHambl U coomeemcmeytoujel el

MpoeKyuU uMnynbca He Moxem 6bimb MeHbWe 8esTUYUHbI nopsidka h .
CooTHOLLEHME HeonpeaeneHHoCTeN nNposBnsieTcs B Audpakuum yactuu,. Myctb

MOTOK YacTuL, ABWXeTCS BOoMb ocu Y ¢ umnynbcom p . Jo NpoXoXAeHWUs YacTuubl

Yyepes Lenb cocTaBnsolwas ee umnynsca p, =0, Tak yto Ap, =0, a koopauHaTa
z §, /N X SIBNSIeTCA COBEPLUEHHO HeonpeaerneHHon. B
seposIHOCITIY MOMEeHmM NpOXOXAEHUs YacTuubl Yepes Lenb
HeonpeaeneHHoCTb KoopauHaTbl X YacTuubl

CTAHOBMTCS  paBHOM WuvpuHe wenn Ax.
Bcnepctene  gudpakumm  vactmubl - 6yayT
ABUraTbCsl B Npefenax yrna 2¢, raoe (- yron,
COOTBETCTBYHOLUIA MNepBOMY AU paKLMOHHOMY
MUHUMYMY. Takum obpa3om, HeonpeaeneHHOCTb
B 3HaYeHUM CcoCcTaBnsawWen BOOMb OCU X

Hermpansii
MEHCUMYM

A.H.OrypuoB. ®usuka dns cmydeHmos

KBaHTOBas humsuka
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ApX:psm(p:xsm(p. C papyroit cTopoHbl, Axsin@=A - ycriosue nepsBoro

AndpaKLMOHHOro MUHUMYma (cTp.6-15). CnepgosatensHo AxAp, = h. TMockonbky
YacTb YacTuy nonagaeTt 3a npedenbl NEPBOro AMMPaKUMOHHOIO Makcumyma, TO
nonyyaem BbipaxeHne AxAp > h, T.e. COOTHOLIEHUE HEOMPEAENEHHOCTE.

CoomHoweHue HeonpedesieHHocmel — KeaHmMoeoe o2paHu4YeHue
nPpUMeHUMOCMU Kjlaccu4ecKoli MexaHUKU K MUKPOO6bLekmam.

[na MUKpoyacTuubl He CyLleCTBYET COCTOSIHWN, B KOTOPbIX €€ KOOpAMHATbI U
COOTBETCTBYIOLUME MM MNPOEKUMM MMMYyNbCa MMeNnu Obl OOHOBPEMEHHO TOYHbIE
3HaYeHus.

Ons HeonpepeneHHocTM aHepruv AFE  HEKOTOPOro COCTOSIHASI CUCTEMbl U
npoMexyTka BpeMeHn Af, B TeYeHMe KOTOPOro 3TO COCTOSIHME CYLLIEeCTBYET, Takke
BbIMNOSHSAETCA COOTHOLLEHWE HeonpeaeneHHocTen

AEAt > h.

CnepoBatenbHO, cUCTEMA, MMeoLWasl cpeaHee BpeMsl XU3HU Af, He MOXeT
ObITb OXapakTepu3oBaHa OnpeferieHHbIM 3Ha4YeHMeM 3Hepruu; pasbpoc 3Heprum
AE:h/At BO3pacTaeT C YMEHbLUEHWEM BPEMEHU XWU3HW CUCTEMbI M YacToTa

nanyueHHoro oToHa Takke AOMKHA MMETb HeonpeaeneHHocTs Av=AE/h, T.e.
CMeKTparnbHbIe NMHAM AOMKHBI UMETb KOHEUHyto wupuiy  ov=vt AE/h.

9. BonHoBas dyHKLMA 1 ee cBOWCTBA.

MHTeHcMBHOCTL BONMH Ae Bponna B gaHHOM TOYKe NpPOCTpaHCTBa CBs3aHa C
YMCMOM YacTul, MNONaBWMX B 3Ty TOYKY, O YeM CBUAETENbCTBYIOT OMbIThbl MO
andpakumm mMukpodacTtul. MoaTomy BOMHOBbIE CBOWCTBA MUKpodacTuy Tpebyet
CTaTUCTMYECKOro (BEPOSTHOCTHOIO) NOAX0AA K UX OMUCAHUIO

[na onucaHna noBefeHUst KBAHTOBbLIX CUCTEM BBOAUTCS 80JIHO8asi (hyHKUUs
(apyroe HasBaHue — ncu-gyHkyus) Y(x,y,z,t). OHa onpedenseTca Takum

06pas3om, 4TOBbl BEPOATHOCTb dw TOTO, YTO YacTuLa HaxoOuTCa B 3feMeHTe
obbema dV , 6bina paeHa

dw=“{’2‘dV.
dusnyecknii cmbicn MmeeT He cama cyHkuma Y, a kBagpat ee mopyns
2 .
“P‘ =YY", KoTOpbIM 337aeTCsl MHTEHCMBHOCTL BOMH fe Bpoiins (3gece W' —

dyHKUMA, KOMMMeKcHo conpsbkeHHas ¢ V). Benuuuua “1"2 dw 5
WMeeT CMbICT miomHocmu eeposmHocmu p,, a cama | Pw :W:Pﬂ
BornHoBass  yHkums V¥ wumeeT cmbicn  amMnaumyOdbi

eepossimHocmu. Ycrnoeue HOPMUPOBKU 8eposimHocmel +o0
nosly4aeTcs U3 TOro, YTO BEPOSITHOCTb CYLLECTBOBAHWS YacTuLbl J' |\y|2 drv =1
roe-nMbo B NPOCTPaHCTBE paBHa eauHuue  (MHTerpan

BblYMCNAETCS NO BCeMy BECKOHEYHOMY MPOCTPaHCTBY).

BonHoBas dyHKuMS, XapakTepuayoLlas BEPOSATHOCTb 06HapyXXeHWs1 AeicTBUS
MUKpOYacTULbl B dneMeHTe obbema gormkHa ObiTb 1) KOHeYHoU (BEPOSITHOCTb He
MOXeT ObiTb Gonblue eauHuubl), 2) 0OHO3Ha4YHOU (BEPOSITHOCTb HE MOXET OblTb
HeOoHO3Ha4yHOW BenuuuMHoW) u 3) HenpepbieHOU (BEPOSTHOCTb He MOXeT
N3MEHSATBLCS CKaYKOM).

—00
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KOTOPbIMM MOMeLLAETCs akTUBHas cpena (kpuctann JEMan {,73%’5%%'
wnu  kioBeTa ¢ rasom). ®Potonsl B wu  C, Z \ \
ABWXYyLUMECS NOf yrnamu K OcM KpucTanna wnm

KIOBETbl, BbIXOAAT W3 aKTMBHO cpedbl 4epes Armubpas cpedn

GOKOBYIO MOBEPXHOCTb. DOTOHLI A, OBWXYyLLMecs
BOOMb OMTUYECKOMW OCW, MNOCNe MHOrOKPaTHOro
OTpaXeHUst OT 3epkan W YCWUIIEHUS B aKTUBHOW
cpede, BbIXOOAT 4vepes3 Monynpo3padvyHoe 3epkaro,
cosfaBasi CTpPOro HanpaBfeHHbI CBETOBOW My4OK
KOrepeHTHbIX (POTOHOB.
CBoWCTBa Na3epHOro U3ny4YeHus:

1. BpemeHHasi u rnpocmpaHcmeeHHasi Ko2epeHm-

i

Hocmb. BpeMsi korepeHTHocTM T~107c, uto
COOTBETCTBYET AnuHe KOrepeHTHOCTM

I=ct~10°m, 4To Ha cemb MOPSAKOB BbIlLE, YeM Anst OBbIYHLIX WCTOYHUKOB
ceeTa.

2
|
|

~11
2. Cmpoeaasi MoHoxpomamuyHocms (AL <107 m).

10
3. Bonbluas nmomHocms Momoka sHepauu (xapakTepHble Benuumntbl ~ 10" Bt/m?)

4
4. OyeHb Marioe yernogoe pacxoxdeHue nydka (B8 107 pas meHbwe, yem y
TPaAMLMOHHBIX ONTUYECKUX OCBETUTENBHBIX CUCTEM, HANPUMep Y NPoXeKTopa).

AnemeHmbi ¢huzuku meepdo20 mena. I

A.H.OrypuoB. ®usuka dns cmydeHmos

Teepdoe Kpucmarnmnu4yeckoe mesio paccMaTpuBaeTcsl B 30HHOU meopuu
meepobIx meJs1 KaK CTPOro nepuoamyeckas CTPYKTypa, B KOTOPOM aTOMHble sapa
co3falT nepuoaudeckoe arekTpuyeckoe none. 3agjava CoOCTOUT B ONMUCaHWUM
NOBELEHMUS 3MEKTPOHOB B 3TOM More.

TouyHoe pelueHue ypaBHeHus LpeavHrepa Ans Takon CUCTEMbl HEBO3MOXHO U,
NosTOMY, WCMOMb3YHT pasfuyHble Yynpollalwue mpubnuxeHusi, NO3BOMsOLLME
CBECTM 3afavy MHOTMX Ten K OOHOSMEKTPOHHOW 3agjave 06 OOHOM 3EKTPOHE,
OBWXYLLEMCS B 3aaHHOM BHELUHEM none.

B oOcHOBe 30HHOW TeopuMM RnEeXWUT Tak HasbiBaeMoe aduabamu4veckoe
npubnuxeHue.

KBaHTOBO—MeXxaHu4Yeckasi cucTeMa pasfensieTcss Ha mskenble W feagkue
YacTuubl — siApa M 3NeKTPoHbl. [MOCKONbKY Macchl U CKOPOCTM 3TUX 4acTul,
3HaYUTENBHO Pa3NMYalOTCs, MOXHO CYATATb, YTO ABWXEHME ITIEKTPOHOB NMPOUCXOANT
B Tofe HEeNoABWXKHbIX SAep, a MeANeHHO [OBMXKYLIMEecs sapa  HaxoasTcs B
yCpeaHEHHOM MoJie BCEX 3MeKTPOHOB. lMpuHUMas, 4To siapa B y3nax Kpuctannuye-
CKOW peLleTKn HenoaBWXKHbl, OBUXEHUEe 3/IeKmpOoHa paccmampueaemcsi 8
10CMOSIHHOM repuoduYyeckom rnose sidep.

Hanee  wucnonb3yetcs  npubnmxeHne  camocoas1aco8aHHO20  MOJIS.
B3aumopericTBMe faHHOIO 3MEKTPOHa CO BCEMW OPYrMMW SNEKTPOHaMU 3aMeHsieTcs
OENCTBMEM Ha Hero CTauMOHapHOrO 3feKTpUYeckoro mnons, obnagatoLllero
NepMoOaNYHOCTLIO KPUCTaNNNYECKON peLleTkn. JTo norne co3aaeTcs yCpeOHEeHHbIM 8
npocmpaHcmee 3apsi0oM gcex Opyaux 3/1eKMPOHO8 U 8cex s0ep.

Takum o6pas3om, B pamMKkax 30HHOM TeOopMM MHOFO3MEeKTPOHHas 3afada
cBOOMUTCH K 3agadve 08UXEHUSI 00HO20 3/IEKMPOHa 60 6HEWHEM epuoouYeCKOM
ronie — ycpeaHEeHHOM 1 COrnacoBaHHOM MoJie BCEX SAep W NEKTPOHOB.

KBaHTOBas chumsmka
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BbiHyXaeHHoe  uanyyeHve  (BTOpUYHblE  (POTOHLI)  MOXOecmeeHHO
BblHy>XAaWeMy (NepBUYHbIM (POTOHAM) — OHO MMEET TaKyl Xe 4YacToTy, a3y,
nonsip13aumio, HanpaeneHue pacnpoCcTpaHEHNs.

CnepoBaTenbHO, BbIHY)XOEHHOE  U3NyYeHUe Cmpo20 KO2ePeHMHO C
BbIHYXXOAKLWMM U3NyYEeHUEM, T.e. UCMYLUEHHbIN POTOH HeomJsiu4yuMm OT (POTOHA,
nagaroLlero Ha aTom.

McnyweHHble poTOHbI, ABWrassCb B OAHOM HanpaBneHWu U BCTpeyast
BO30OYXAEHHblE aTOMbl, CTUMYNUPYIOT BbIHYXOEHHbIE MNepexoabl — MNPOUCXOANT
pa3MHoXeHne POTOHOB.

Ona Toro 4Tto6bl MPOMCXOOWNO YCUIEHUE W3MyYeHus, HeobXoaMMO, 4TOObI
UHMEHCUBHOCMb  BbIHYXOEHHO20  U3/y4eHusl TNpeBblllana  UHMeHCU8HOCMb
noanoweHUsi @omoHos. A pOna  3TOro HeobxoguMmo, 4TOObl 3aceneHHOCTb
BO30Y>XOEHHOTO COCTOSIHUA (Y4NCMO aTOMOB B BO3OYXOEHHOM COCTOSHWMM) Obina
Gonblue, YeM 3aceneHHOCTb OCHOBHOTO COCTOSIHUSI (YMCNO aTOMOB B OCHOBHOM
coctosiHuM). Takoe TepMoAMHaMWYEeCKN HepaBHOBECHOE COCTOSIHME Ha3blBaeTCsl
cocmosiHueM ¢ uHeepcuell HacesleHHocmeu.

Mpouecc nepeBoda CUCTeMbl B COCTOSIHUE C WHBEPCUEN HaceneHHocTeWn
Ha3bIBaeTCA Hakaykow (OCYLLEeCTBMSAETCS ONTUYECKMMM, INIEKTPUYECKMU U APYTUMM
cnocobamu). MiHBepcHasi cpena, B KOTOPOW MPOMCXOOMUT yCUIeHWe najatollero Ha
Hee nydyka CBeTa, Ha3biBaeTcs akmueHol. 3akoH Byrepa [ =I,exp(—ox) ans

TakKux cpea nmeet ompuqameanbm koaqbd)uuueHm noarsiowjeHusi.

28.1asepbl.

OdheKkT ycuneHnss U3nyyeHnss B aKTMBHbIX CpeAax Wucnomnb3yeTcs B
ONTMYECKUX KBAHTOBbLIX reHepaTtopax, unu nasepax (Light Amplification of
Stimulated Emission of Radiation — LASER).

Jlasepbl nogpasgensoTcs:

— 1o muny akmugHol cpedbi (TBEpAOTENbHbIE, ra3oBble, NOYyNPOBOLAHUKO-

Bbl€ U XWOKOCTHbIE);

— 1o Mmemodam Haka4yku (ONTUYEeCcKUe, TEMMOBbIE, XMMUYECKUE, SNEKTPOUOHM-

3aUMOHHbIE U ap.);

— 110 pexumy 2eHepayuu (HENPepPbIBHOrO UM UMMNYTbCHOTO AEWCTBHUS).

MepBbli _TBEPAOTENbHbIV Na3ep — PYOMHOBBLIW (ANMWHA BOSHbI U3MNYyYeHWS
0,6943 HM) — paboTaeT Mo TPexXypoOBHEBOW CXeMe: Hakauyka Kpuctanna pyouHa
Bessanysarenoumit (A2O3  C npumecsio  (~0,03%)  Cr’')
nepexon nepeBoAMT aTOMbl Xpoma B BO3byxaeHHoe
KOPOTKOXMBYLLEEe cocTosiHne 3 (nepexon
2 1-3), ¢ koToporo npoucxoaut 6esbi3nyya-
TenbHbIA Nepexos B AOMroxuByllee (MeTa-
cTabunbHoe) cocTosiHMe 2 — MpoucxoauT
"HakonneHve" aToMOB XpoMa Ha ypOBHe 2.

[Mpyn pocTaToyHOW MOLLUHOCTU Hakadkm
1 WX KOHUEHTpaumus Ha ypoBHe 2 Oypget
ropasgo 6onblue, YeM Ha ypoBHe 1, T.e. BO3HUKaeT UHBEPCHas HacereHHOCMb
ypoeHsi 2. (CnoHTaHHble nepexoabl 3—1 B AaHHOW CUCTEME HE3HAUYUTENbHbI).

Kaxgbln (pOTOH, CryyamHO pOAMBLUMWACA NPW CMOHTaHHOM nepexoge 2—1,
MOXeT NOPOAUTbL B aKTUBHOW Cpeae NaBuHY BTOPUYHBIX (DOTOHOB.

[Onsa  MHOrOKpaTHOTO  yCWMEHWsI Na3epHOM reHepauuMum  UCMonb3yeTcs
ONTMYECKUI pe3oHaTop — B NpoCTelilem crnyyae — napa obpalleHHbIX Apyr K Apyry
napanneneHblX (MNW BOTHYTbIX) 3epkan Ha oOOLen ONTUYEeCKOW Oocu, Mexay

Hakauxa
CroHTaHHbII TIepexon
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BonHoBasi beHKLI,VIH no3BONdeT BblYUCIUTL CpedHue 3HadYeHudA q)I/ISI/I‘-IeCKI/IX

BEMUYMH, XapaKTepU3yoLWMX AaHHbIN MUKPOOGBLEKT. Hanpumep, oo

cpeaHee paccTosiHne <r> nMeeT BUL: <r> = J' r|‘P|2dV
BonHoBsas pyHKUMA yOooBneTsopseT npuHUMNy o

CYNepno3uumn: ecri CUCTEMa MOXET HAXOAUTLCS B PA3NUYHBIX

COCTOSIHUSAX, OMUChLIBAEMbIX BOHOBbLIMM pyHKUMAMM p— ZC N

Y,%¥,,...,¥,,..., To oHa TakKke MOXeT HaxoguTbLCs B —~ "

COCTOSIHUKM,  OMWUCbIBAEMOM  NIMHEWHOW  KOMOMHauvenm aTux QyHKuMn (roe
C, (n=1,2,...)- npousBonbHble, BOOGLLE rOBOPS, KOMMIIEKCHbIE YUCTa).

CnoxeHune BONHOBbIX YHKUNI (aMMnnUTyA BEPOATHOCTEN), a He BEPOATHOCTEN
(onpegensiemblx kBagpatamMu MoAyneW BOMHOBbIX (OYHKUMIA) MPUHLMAMANBHO
OTNMYaeT KBaHTOBYIO TEOPUIO OT KIacCUYeckow CTaTUCTUHECKON TEOpUU, B KOTOPOWA
ONs He3aBUCUMbIX COOLITUI cnpaBeanMBa meopema CrIoXXeHUsi 8eposimHocmed.

10.06uee ypaBHeHue LlipeauHrepa.
OcHo8HoOe ypasHeHuUe HepensmueaucmcKol K8aHmMoegoul MexaHUKU UMeeT BU

2
LN Ux,p,z,t)- ¥ = it
2m ot

2 2 2
h 0
roe i=—; m — macca 4acTuubl; A:—2+—2+—2
27 ox® oy Oz
i=+—1 — muumas epunuua; U(x,y,z,t)— noTeHumanbHasi yHKUMS YacTuubl B
curoBoM none, B koTopoM oHa pAeuxetcs; W(x,y,z,f)— wvckomasi BonHoBas
(PYHKLMSA YacTuUbl.
YpaBHeHVWe [OMOSHSAeTCA YCMOBUSAMW, HaknagbiBaembiMM Ha BOSIHOBYIO
dyHkumio: (1) BonHoBas (YHKUMA [OMKHA OblTb KOHEYHOW, OAHO3HAYHOW W

oY o¥ oY o¥
—— [OMMKHbI BbiTb HEnpepbIBHbI;

ooy oz a

2 .
(3) dyHKkuUMs “P‘ [OIKHa ObITb MHTErPUPYEMA; 3TO YCIOBKE B NMPOCTENLLMX Cryvasx

— onepartop Jlannaca;

HenpepbiBHOW; (2) Npou3BoaHble

CBOAUTCA K YCNOBUKO HOPMUPOBKN BepOﬂTHOCTeVI.

11.YpaBHeHue LlipegnHrepa ansA cTaumMoHapHbIX COCTOAHUN.

BaxHbiM YacTHbIM _cryqaem obuwero ypasHeHus LpeauHrepa, ssnsetcs
ypasHeHue LlipeduHzepa Ons cmayuoHapHbIX COCMOSIHUU, B KOTOPOM WCKIOYEHa
3aBucumoctb W OT BpemeHu W, NO3TOMY, 3HaYeHUsl dHepa2uu 3TUX COCTOSIHWUM
ABNAOTCA huKCcUpo8aHHbIMU (HE N3MEHSOTCA CO BPEMEHEM).

B atom cnyyae cunosoe none, B KOTOPOM OBWXETCHA 4acTuua, CTauMOHAPHO,
T.e. pyHkuma U =U(x,y,z) He 3aBUCUT FIBHO OT BPEMEHW W WMEET CMbIC/T
nomeHyuarnbHoU 3Hepauu. PelueHne ypaBHeHUs MOXeET ObITb NPeAcTaBneHo B BUae
npov3sefeHns ABYX (OYHKUMN — DYHKUMN MOSIbKO KoopOuHam n yHKUUWN MOJsIbKO

E
epemeru Y (x,y,z,t)=wy(x,y,z)- exp(—i;tj, roe E — nonHas sHeprus yacTtuupl.

YpaBHeHue LLpeguHrepa

R E E E E
—exp| —i—t |- Ay +U -y -exp| —i—t |=ih| —i— |-y -exp| —i—t
> xr{lhj\v WXp(lhjl(thwxp[lhj

A.H.OrypuoB. ®usuka dns cmydeHmos
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rnocre ynpoLueHui npuobpeTtaeT Buz
2

I Ay rUy=Ey wm A\y+2—T(E—U)\y=0
2m /]

— ypaBHeHue LlpeavHrepa ans craumMoHapHbLIX COCTOSHUMN.
dur3nYeckUii CMbICN MMEIOT TONLKO pe2ysisipHble BONHOBbIE (DYHKUUU — KOHEYHBbIE,
00HO3HaYHble U Hernpepbi8HbIE 8MECMe CO C8OUMU MepsbiMU MPOU3BOOHbIMU. TN
YCMOBWS BLIMOMHSAOTCA TOMbKO MpW onpeferneHHoM HaGope E. 3Tn 3HayeHusi
3Hepa2uu HasblBATCS CO6CMEEHHbIMU. PelleHNsl, KOTOpblE COOTBETCTBYIOT
COOCTBEHHBIM 3HAYEHUsIM 3HEPruM, HasblBaTCA CO6CMEEHHbIMU (OYHKUUSIMU.
CobcTBeHHble 3HaveHust FE  MoryT o06pasoBblBaTb Kak HEMPEpbIBHbIA, Tak U
OUCKPETHBIN psid. B mepBom criyyae roBopsiT 0 Hernpepbi8HOM (U CrIOWHOM)
crniekmpe, BO BTOPOM — O QUCKPemHOM CrieKmpe.

12. 0BuXeHne cBo60gHOM YacTULbI.

Ons ceo6ogHom yactuusl U(x) =0 (nycTb oHa ABMXKETCS BOOSb OCU X ).
oy 2

—\ZV + —T Ey=0

ox h

PeweHuem ypasHeHus LLipeduHeepa

i(Et—p,
6ydem pyHkyus Y (x,t) = Aexp(—iot + ikx) = Aexp(——l( hp*x)j ,
E p
rae A= const, (D=;, =7x— BOSTHOBOE YMCII0 — MOXET MpUHUMaTb miobble
22 2

NONOXUTENbHbIe 3HaueHusi, £ = ——= 5—* — HenpepbI8HbIU CNEKTP SHEPTUIA.

m m

Takum o6pasom, cBobodHasi KBaHTOBasi YacTula OMUCbIBAETCS MIOCKOM
MOHOXpoMaTmnyeckon BonHon ae Bponnga. 3Tomy coOTBETCTBYET He 3aBucsLias OT
BPEMEHWN MNIIOTHOCTb BEPOSATHOCTU OOHapYXeHWUs 4YacTuubl B [aHHOW TOYKe

2 2 .
npocTpaHcTea “P‘ :\P‘P*:‘A‘ , T.e. BCe MNONoXeHnss cBoOOAHOM 4YacTuubl B
NPOCTPaHCTBE SABNATCA PaBHOBEPOATHLIMU.

13.YacTMua B 0OgHOMEpPHOM MPSAMOYrofibHOM "noTeHumanbHoOu sime" c 6ecKo-
HEYHO BbICOKUMM ""'cTeHKaMm".

_= r PaccmoTpum ofHOMepHY10 "noTeHuunansHyo amy"
I I o, x<0
Ux)=|0, 0<x</!
U U=0 |U>e
o, x>/
. roe [— wupuHa "aMbl", a 3Heprus OTCUMTLIBAETCH OT ee

0 ] X [OHa.

YpaBHeHue LpeaguHrepa aons ctaumMoHapHbIX COCTOSIHMI B Npegernax sMbl
0? 2m 02 2mE
—\g+—2E\V=0 unu —\g+k2\y=0, roe k2= -

Oox hi Oox fi

3a npegensl "Ambl" YacTuLua He NPOHUKaEeT, NMO3TOMY BOJSIHOBAsi OYHKUMA BHE
"Ambl" paBHa Hynto, criegoBaTenbHO, Ha rpaHuuax "aAmbl" HenpepbiBHas BONHOBast
yHKUMA Takke AoMmkHa obpallaTbes B HyMb

v(0)=y()=0.

A.H.OrypuoB. ®usuka dns cmydeHmos
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JInHnm B CcrnekTpe KOMOWHaLUMOHHOIro pacceaHnsa c 4Yactotamm V=V, —V

i
MEHbLUMMW 4acToTbl v, Majalollero cseTa, Ha3blBaOTCA CMOKCOBbLIMU (AN
KpacHbIMU) criymHuKamu.

M ¢ vactoTamm V=V, +V;, BOMbWMMM  V,,  Ha3blBalOTCS

aHmMucmoKcoebIMU (UN ¢huosIemMo8bIMU) CriymHUKaMu.

KeaHmosomexaHu4eckoe ob6bsicHeHUe aghghekma PamaHa: KOMOGUHALMOHHOE
paccesiHue cBeTa €eCTb MpoOLEecC Heynpya2o20 "CTONKHOBEHUSA" OTOHOB C
Mofekynamm, B KOTOPOM OAMH (pOTOH nornowiaeTcs U oauH (POTOH MchyckaeTcs
MOIEKYION.

Ecnn asHeprun ¢poTOHOB OAMHAaKoOBbl, TO B paccesiHHOM cBeTe Habnogaetcs
HecMeLLeHHas NNHUS.

Ecnn mMonekyna noa AenctemeM cBeTa nepenaeT B BO30YKAEHHOE COCTOsIHUE,
TO MCNyLWeHHbIN HOTOH OyaeT MMEeTb MEHbLUYK 4YacTOTy — 803HUKaem CmoOKCo8
(KpacHsbIl) criymHuK.

Ecnn monekyna nepengetr n3 BO3OYXXOAEHHOTO COCTOSIHUSE B OCHOBHOE, TO
MCNyLWeHHbIN POTOH ByaeT umeTb BOMbLUYIO YacTOTy — 803HUKAEM aHMUCMOKCO8
(¢puonemosniti) criymHUK. WHTEHCMBHOCTb (PMONETOBBLIX CMYTHUKOB pacTeT C
TemnepaTypoWn, a KpacHbIX NPaAKTUYECKN HE N3MEHSIETCS.

27.NornoweHne. CnoHTaHHOE U BbIHYXAEHHOE U3ny4veHue.

PaccMoTpum ABa KBaHTOBbIX COCTOSIHUSA C dHeprusmun E, n E, .
1. NMornoweHue. Ecnn atom HaxoanTcs B OCHOBHOM COCTOSIHUM Mornouwenne

1, TO noa [Oe’WcTBMEM  BHELIHEro  WU3My4YeHuss  MOXeT 32
OCYLLECTBUTLCS  BbIHYXAEHHbIN  Mnepexon B BO3OYXXAEeHHoe !
COCTOSIHME 2, NPUBOASALLNIA K MOTNOLEHUIO N3NYyYeHus. BTy .

2. CnoHTaHHoe u3ny4yeHue. ATOM, Haxodsicb B BO30Y>OEHHOM

COCTOSIHAM 2, MOXET CMOHTaHHO (6e3 BHEeLHWX BO3OENCTBUN) 1 E,

nepevTM B OCHOBHOE COCTOSIHWE, UCMycKas npu 3ToM (POTOH C

aHepruei hv=E,—E,. Tlpouecc wucnyckaHus  poToHa CHOHTaHHoe
BO36YXKAEHHBIM aTOMOM 63 8HewWwHUX 8030elicmaull HasblBaeTcs nanyuenune
CMOHMAaHHLIM  u3slyyeHueMm. Yem Gonblue BepoATHOCTb <~ | E
CMOHTaHHbIX MNEPEXOAO0B, TEM MeHbLUe cpefHee Bpemsi XKU3HM
aToMa B BO30Y)XOEHHOM COCTOSIHMM. TaK KakK CrOHTaHHble -
nepexogbl B3aMMHO He CBSi3aHbl, TO CMOHMAaHHOE U3/1y4YeHue ] o) E
HEKO2epeHMHo. l
3. BblHyXOeHHoe uanydyeHue. A. JMHWITENH AN 00bACHeHUs HabniogasLLerocs
Ha onblTe TEPMOANHAMMNYECKOTO PaBHOBECUS MEXAY BELLEeCTBOM U UCMyCKaeMbIM 1
rnornowaembiM MM K3NyYEeHMEM MOCTY/IMPOBaMn, 4YTO MOMMMO TOMMOLWEHNS U
CMOHTAHHOTO M3y4YeHUsi JOMKEH CYLLECTBOBaTb mpemudll, Ka4ecmeeHHO UHOU murn

83aumodelicmaus. Ecnu Hav aTom, HaxogsALunesa B BbiHyaeHHoe
BO36Y>XOEHHOM COCTOSIHUM 2, OeWACTBYEeT BHELUHEE U3nyyeHune c H3yYeHmne
yacToToli, ydoBneTBopsioller ycnosuo hAv=FE, —E;, T0o 2w—g———F,
BO3HWKaeT 6bIHYXOeHHbIU (UHOYyyupoeaHHbIl) nepexod B %:‘Nm":
OCHOBHOE cocTosiHue 1 ¢ m3nyyeHnem POTOHA TOW Xe 3Heprum

hv = E, — E, dononHumesibHO k Tomy (pOTOHY, NOA AhCTBUEM  ; Y £

KOTOpOro npowu3owen nepexod. Takum obpasom, B npouecc

BbIHY)XXOEHHOTO U3rny4YeHuss BOBriedeHbl dea ¢homoHa: nepsuydHbIli  ¢hOMOH,
BbI3bIBAKOLMIA (CTUMYNUPYIOLLWIA) UCNyCKaHWe U3ny4YyeHns BO30YXAEeHHbIM aTOMOM,
N 8MOPUYHBILU ¢hOMOH, NCMYLLEHHBIA aTOMOM.

KBaHTOBas chumsmka
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KonebartenbHasi _3Heprusi, npu_HebonblUMX 3HaYeHusIX KoneGaTenbHoro
KBAHTOBOIrO u4ucra v, onpegensietcs (GOpMynon Ans SHepruv rapMOHUYECKOro
ocuunnaTopa

Exonz(U'i_%)h(D (U=0,l,2,...).

Mpy 3Tom Npasuno otéopa Ans konebaTensHOro KBaHTOBOrO Yncna
Av=+1.
BpawatensHas 3Heprus Morekyrnbl, BpallaloWwencs C YrnoBoil CKOPOCTbIO
®,, U UMetoLLieit MOMEHT MHepLMM [ OTHOCWTENbHO OCM, MPOXOAsLLEl Yepes LieHTp

ee nHepuuun, paBHa
o, (o) M’

B
pat o 21 21
rne M=Io, - MOMeHT wumnynbca

MOJEKYTbl.
MoMeHT uMmnynbca KeaHmyemcsi no
3aKOHY

M=hn|j(j+1) (j=0,12,..),
rie j — epawamenbHoe KeaHMmMoeoe

quciio.

CnepoBartenbsHo, epauwjamesibHasi
3Hepausi MONeKymnbl MOXET UMEeTb TOJIbKO
KBaAHTOBaHHbIE 3HAYEHUS

g _MjG+D
Fpamt 21 '
MpaBuno otbopa 0ns epawamernibHO20
KeaHmoeg020 yucrna
Aj ==1.

Mpy nepexoge W3 OQHOrO 3HEPreTUHECKOro COCTOSIHUA B ApPYroe, C y4eToMm
npasun oTbopa, MornoLaeTcs UnuM ucryckaetcss oToH ¢ aHeprueit AE =hv . Ha
PUCYHKe MNpeAcTaBieHa CXema YPOBHEW 3HepruyM OBYXaTOMHOW MOMeKymnbl (ans
npuMepa NpeacTaBneHbl TONbKO ABA MEKTPOHHBIX YPOBHS: OCHOBHOE 3NEKTPOHHOE
COCTOsIHUE U nepgoe 8036y XKOEeHHOE 3NEKTPOHHOE COCTOSIHUE).

TunuyHble MONeKynsipHble CNeKTpbl MNPEeACTaBNstoT coboli CcO8OKYynHocmb
nosnoc (monocamsie crnekmMpbi), KOTOpble B CBOK O4epefb COCTOSIT U3 OFPOMHOrO
yncna  HacToNbKO TECHO  PacnofOXEHHbIX JIMHUA — MEepPexodoB  Mexay
SHEPreTUYECKUMMU YPOBHAMMU, YTO WX MOXHO pasfenuTb, TOMbKO WCMOSb3ys
crnekTparnbHble NpMBopbI BbICOKOW pa3peLuatoLei Cunbl.

Bo3byxaeHHOR COCTORNNE
3NEeKTPoHa

Il

L

|
|

|

OCHOBHOE COCTOAHWE
3NEXTPOHA

KonebaTensHuie yposHN

it

BpaularensHbie YPOBHU

il

3NEKYPOHHBIE YPOBHU

26.KombuHaumnoHHoe paccesiHue ceeta (addektT PamaHa).
Ecnn Ha BelecTBO (ras, >XWAOKOCTb, MPO3pauyHbli KpUcTann) nagaeT CTporo
MOHOXPOMAaTUYECKUIA CBET C 4acTOTOMN V,,, TO B CMEKTPE PacCesHHOro ceeta Hapsady

¢ yacmomolu Vo UCMOYHUKa WN3ny4eHus Habnrodaromess AonosiHUMenbHbie

JluHUU Cc vactoTamm V=V,EV;, rge Vv; — 4acToTbl konebaTenbHbIX UMK
BpaLLaTeribHbIX NEPEeX0A0B pacCcenBatoLLMX MOSEKYI.

A.H.OrypuoB. ®usuka dns cmydeHmos
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OTUM rpaHUYHbLIM YCIIOBUSIM YAOBMNETBOPSIET pelleHne ypaBHeHus LpeanHrepa

i nm 2mE
y(x)=Asinkx+ Bcoskx npu B=0n k - Mockorbky k2 = = 1o
n*n*h?
,=——> (n1=1,2,3,..) — co6cmeeHHbIe 3HaYeHUs1 IHep2UU.
2ml

i’

MWHVMMasbHO BO3MOXKHOE 3Ha4YeHUe aHeprum i = )
2ml?

Takum obpasom, aHeprns YacTuubl B GECKOHEYHO BbICOKOW MOTEHLManbHON
"ame" NpMHMUMaeT NuLWb onpeaeneHHble QUCKPETHbIE 3HAYeHWs, T.e. KeaHmMyemcsl.
KBaHTOBaHHblE 3HAYeHWst SHeprun [E, Ha3blBalOTCS YPOGHSIMU 3Hepauu, a

4Yyucno n, onpeaensamwlulee sHepreTm4yeckme ypoBHM 4YacTtuubl Ha3blBaeTCA aJ/1a8HbIM
KeaHmMoebIM YUCJIOM.

. Nm
Cob6cmeeHHble 80JIHO8bIe  (hYHKUUU \yn(x)zAsme, C y4yeToM

I I
HOPMUPOBKM Iowﬁ (x)dx= AZIO sin? nl—nxdx =1, 6yayT nmeTb BUg

a) n 6 2 2 . nn
Ef ¥ R LI v, ()= 2sinEx (n=1,2,3,..)
E| 3E; 3 ! !
S Ha pucyHke n3obpaxeHbl rpadmkm
COBCTBEHHBIX (DYHKUMIA (@) U MIOTHOCTb
E, b E »  BEPOSTHOCTU (6) oBHapyxeHus yacTuubl
G Ha pasHblX pPacCcTosHMAX OT "CTeHOK"
E, 1E, 1 fMbl, onpefensiemas BolpaXXeHMeMm
2 *
% x v, (" =, (D)) (x).
14.MpoxoxaeHne YacTuubl Yepe3 MNoTeHUuanbHbi _Gapbep. TyHHenbHbIN
addekT.

PaccmoTpum npocTenwnii noTeHumuanbHbld 6apbep NpsSMOYrornbHon hopMmbl
(Bbicota U v wupwHa /) Ansi ogHOMEpHOro ABUXEeHUS YacTuLbl

0, x<0 (obmactpl)
U(x)=qU, 0<x<!] (obmactp2)
E<U 0, x>/ (o6macts 3)

Bua BOMHOBBLIX OYHKLMIA, SABMSOLLMUXCA
peweHnamn ypaBHeHus LpeguHrepa ans
obnacteit 1, 2 n 3 (CcM. puUCyHOK 1 Tabnuuy)
0 7 > CBUAETENbCTBYET O TOM, HTO:

V() 1) Bob6bnacmu 1 BonHoBas (yHKUMA

r 2 npeacraensieT coboill cymmy ABYX

MIOCKMX BOMH — [ABWXYLLENCS B

| \\],\VA\/‘ CTOPOHY Gapbepa U OTPaXeHHON OT
Oapbepa.

2) Bo6nacmu 2B cnyyae E<U:

a) U

6)
¥, )

v,

KBaHTOBas chumsmka



2m(U = E)

=i, roefP=
q=1ip B >

3) B obnacmu 3 vMeeTcs TONMbKO BOMHa, npolledwas yepe3 6Gapbep
(B3 =0), KoTopasi meeT BUA BOSH e Bpoinsa ¢ Tol ke ANIMHON BOMHbI, HO
MEHbLUEN amnnMTyao0Nn.

06- YpaBHeHne
nacTh WpeaHrepa Ob6uee pelueHve Pewenwve npu E <U

2

1 aa\gl +k2\V1 — 0' \Ul(x) — Al elkx+ B1 e*lkx Wl(x) — Al elkx+B1 e*lkx
X
2

’ 66“;2 @'y, =0, | V()= AP+ Be ™ | yy(x)= e By
X

52\!’1 20 _ _ g ik —ikx ke

3 P +k7y, =0, | yi(x)=45e" + Bse ya(x)=4e

X
2mE 2m(E -
3peck k% = n = m U).

o n

Takum o6pa3om, KBaHTOBas MexaHWka NpUBOOWUT K MPUHLUMNUANbHO HOBOMY
cneuncuryeckomy KBaHTOBOMY SBfIEHWIO, NOMyYMBLUEMY Ha3BaHWe TYHHENbHOro
addekra, B pesynbTaTe KOTOPOro MMKPOOOBEKT MOXEeT "MporTn" CKBO3b
noTeHumanbHbI 6apbep.

[ns onncaHusa TyHHenbHOro adpdekTa NCNonb3yT NOHSATUE Ko3ghghuyueHma
npo3payHocmu D noTeHumanbHoro Gapbepa, OnpenenisieMoro Kak OTHOLUeHUe
KBagpaTtoB  Mogyrnen npoweawend WM najalowen  BonHbl.  [Ona  cnyyas
fpPsIMOY20/1bHO20 NOoTeHUMansHoro 6apbepa

2
’ D:&:Doexp(—%wlzm(U—E)).

2
|4
[Onsa noTeHumanbHoro Gapbepa MPOW3BONbLHOMN
E A N hopmbl
| X
| [ _ 2
i | D=Dyexp| —= j 2m[U(x) - E]dx
0 =z X X hx]

MpoxoxaeHne 4acTulbl CKBO3b 06NacTb, B KOTOPYIO, COMMAcHO 3aKoHam
KNaccu4eckol  MexaHUKM, OHa He MOXeT MPOHUKHYTb, MOXHO MOSICHUTb
coomHoweHueM HeorpedeneHHocmell. HeonpegeneHHocTb umnynsca Ap Ha

h
otpeske Ax =/ cocTtaBnset Ap>7. CssizaHHas ¢ 3TUM pa3BpOCOM B 3HAYEHMSAX

2

A o

mMnynbca KMHEeTU4YeCKasa aHeprua ﬂ MOXET OKa3aTbCA 4OCTaTO4YHOU ONd TOro,
m

YT06bI NONHas SHEepPrna YacTtulbl OKa3anacb 6onbLue I'IOTeHLllllaJ'IbHOVI.

15. JIMHEeMHbIN rapMOHUYECKUI OCLIUIINIATOP B KBAaHTOBOW MeXaHUKe.

JINHENHBIN  TapMOHUYECKMA  OCUMIIATOP — CUCTEMa, COBepLuakoLllas
OQHOMEpHOe OBWXEeHWe nog AeNCTBUMEM KBa3nynpyron Cumbl, SABNSETCA MOAENbIO,
KOTOpasi 4acToO UCMOSb3YEeTCH NPU ONUCaHNMN KIacCUYECKNX N KBAHTOBbIX CUCTEM.
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1 1

v=R(Z—G)2(—2——2j, < /
m- n

rae R - nocrosHHaa Pupbepra, m=12,3,... w/

onpegenseT PEHTFEHOBCKYHO ceputo cy

(L,M,N,...), n npuHUMaeT LenoYnCreHHbIe \k@)

3HaueHuss HaumHas ¢ m+1 (onpepenset y
OTAENbHYI0 NIMHMIO OL,[3,7,... COOTBETCTBYIOLLEN y’“v

cepun), G — TMOCTOSIHHAsA 3KpaHMPOBaHMS, ‘ /‘ —

yuyuTbIBatoOLWas 3KpaHupoBaHue AaHHOro
3aMeKTpoHa OT aToOMHOro  sapa  Apyrumu .
anekTpoHamu atoma. 3akoH Mo3nu 06bI4HO g 2 4# &  Z

BblpaxatoT hopmyrion Jo= C(Z-0) (C n G — KOHCTaHTblI).

25.MonekynsipHble CneKTpbl.

Monekyna — 3T0 HauMeHbLUAs YacTuLla BELLECTBA, COCTOSILLAs N3 OAMHAKOBbIX
WUNN PasfUYHblIX aTOMOB, COEOMHEHHbIX MeXAy COOOM XMMWYECKMMM CBA3SIMU, U
ABNAOLLAACA HOCUTENEM €ro OCHOBHbIX XMMUYECKMX CBOWCTB.
Xumunyeckne cBasn obycnoBneHbl B3aMOLAENCTBUEM BHEWHUX (8a/leHMHbIX)
3MNeKTPOHOB aTOMOB. Hauboriee yacmo B MOrekynax BCTpeyalTcsa ABa TMNa CBA3M:
1) UoHHas cesi3b OCYLLECTBNSETCS KYNOHOBCKUM MPUTSXKEHMEM aTOMOB Mpw
rnepexofe ariekTpoHa OT OAHOro aToMa K Apyromy (Hampumep, B Monekyne

NaCl: Na*---Cl7)

2) KoeaneHmHasi cesi3b ocyllecTBnsieTcst npyu o606LLIeCTBNEHUN BaNeHTHbIX

3NIEKTPOHOB [BYMS COCEOHUMW atomamu (BCIEACTBME HEepasnUuMmocTu
TOXAECTBEHHbIX 4actuu). HarnggHo wMoxHo npeactaButb cebe, 4TO
3MNEKTPOH KaXZoro atoma MOIeKynbl NpoBOAWUT HEKOTOpOe Bpems y sapa
apyroro atoma (obmeH anekTpoHamu). Takoe cneuuduyeckn KBaHTOBOE
B3aMMOAENCTBINE Ha3blBaeTCs 0OMEHHbLIM e3aumodelicmeuem.

Monekyna sBnsieTcA KBaHTOBOW CUCTEMOM; OHa OMUCLIBAETCH YpaBHEHUEM
LpeaouHrepa, yuuTbiBalOWMM O8UXEHUE 3/IEKMPOHO8 B Mofekyne, KosnebaHus
amomos B MOreKyne, spawjeHue MOoJeKysbl. PelleHne aToro ypaBHEHUs — OYEHb
crnoxHas 3agada, kotopas (y4uTblBas OFPOMHOE pasnuunme B Maccax 3fEKTPOHOB U
sanep) obblvuHO pazbueaemcsi Ha dee: NSl ANEKTPOHOB U SiAep.

OHepru N30nN1MpoBaHHOM MOSEKYIbl MOXHO NPeACTaBUTL B BUAE CyMMbl

E~E +E ,+E

Bpall ’

roe E‘an_ SHEeprna ABMXeHUA 3N1eKTPOHOB OTHOCUTENbHO dAaep, EKOJ'[_ 3HEeprna Ko-

nebanuin agep, £ . — aHeprus BpalleHus saep. CooTHOLWEHWE MexXay HUMK

Bpal
m m

E‘3J1 :EKOJ'I :EBpau_{ =1: ﬁ :H,

rae m — Macca 3NeKTpoHa, M - Benn4nHa, mMmewlwas nopsaaok Maccbl daep

m - -
aToMOB B Morlekyne. v ~107 +107. Mostomy: E, > E, > E o -

Macwita6 suepruit: E,, ~1+109B, E, ~107+10"'9B, E, ., ~107 =107 3B

Bparg
Kaxodass u3 3Hepeu1.7 KeaHmyemcsi u onpedennemcn KeaHmoebIMu
qyucnamu.

A.H.OrypuoB. ®usuka dns cmydeHmos
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MpuHumn Maynu, nexawyin B OCHOBE CUCTEMATUKU 3anofHEeHWs] SNEKTPOHHbIX
COCTOSIHUA B atomax, OOBACHSET NepuoanyecKyld CUCTEMY  3NEMEHTOB
O.W.MeHaoeneeBa MNOBTOPSIEMOCTHIO B CTPYKTYpPE BHELUHMX OGOMOYeK y aTOMOB
POACTBEHHbIX 3NIeMEeHTOB (CM. CTp.7-32).

24.PeHTreHOBCKME CNEeKTPbI.

CambIM pacnpocTpaHeHHbIM UCTOYHUKOM PEHTTEHOBCKOrO U3IyyYeHus siBNseTcs
peHTreHoBckasi Tpybka, B KOTOpOMW BbineTawlwmne c
katoga K oanekTpoHbl 6GomGapaupytoT aHog A
(aHTMKaTOA), M3rOTOBMEHHBIN W3 TSXKEMbIX MeTannoB
(W, Cu, Ptnt.pg.).

PeHTreHoBCKOE M3ny4eHune, ncxoasiiee n3 aHoaa,
COCTOWUT U3 Cr/IOWHO20 CrieKmpa MOPMO3HO20 U3J1y4eHUsi, BO3HUKAIOLEero npu
TOPMOXEHMMN AMEeKTPOHOB B aHoge, " nluHeld4yamozo criekmpa
Xapakmepucmu4ecKo20 U3sly4yeHusi, ONpeaenseMoro matepmanom aHoga.

TopMO3HOe M3ny4yeHne MMeeT KOPOTKOBOSTHOBYHO FpaHuLy 7\,min, Ha3blBaeMyo

epaHuuelJ CIMJ/IOWHO20 criekKmpa, Kotopasa CoOTBETCTBYEeT CUTyauuun, npu KOTOpOﬂ
BCA 3HEepPrusa anekTpoHa nepexoanT B 3HEepPrmo peHTreHOBCKOro KBaHTa
Emax = hvmax =eU,

I U=8018
roe U — pasHocTb noTeHuua-
fI0B MEX[ly aHOLOM W KaTogom.  °|
Y=dn8 paHWyHan AnvHa BOMHbI
WL € _ch _ ch gor
n — - __ = X
" V max el Emax § “r
V=308 He 3aBuMcuT OT MaTepuana §
aHofa, a onpedenseTcs Tonbko  ~ 2f
HanpsbkeHneM Ha Tpybke.
Jinhum  xapakTepucTuye- 00’03 35 0T am

At 7 CKOrO W3MyYeHusi BO3HMKaOT B

pesynbTate MNepexofoB 3MEKTPOHOB BO GHYMPEHHUX
060or104kax aToMoOB, KOTOPbIE UMEIT CXO4HOE CTPOEHUE Y BCEX ANEeMeHTOB. [oaTomy
CNEKTPbl XapaKTePUCTUYECKOrO W3MNYyYeHUsT pPasHbiX SMEMEHTOB WMMEKT CXOAHbIN
XapaKTep, OHWM COCTOSIT U3 HECKOMNbKMX cepuii, obosHavaembix K, L, M , N n O.
a0 Kaxgass cepusi, B CBOWO ouvepedb, COAEPXUT
p HebonbLION Habop oTAeNbHbIX TIMHUIA,
0603Ha4YaeMbix B nopsigke YyOblBaHUS ANUHbLI

BOSHbI MHAekcamu o, B, v, ...

Mpn  BO3OYXAEHWM  3MEKTPOHOM  (Mnn
OTOHOM) M3 aTomMa ypansetca OOWH U3
BHYTPEHHUX 3MEKTPOHOB, Hanpumep, us K -cros.
OcBoboauBLLeecs MeCTO MOXeT OblTb 3aHATo
3MNEeKTPOHOM M3 Kakoro-nubo BHelwHero cros (L,
M , N nt.4.—npu atom Bo3HukaeT K -cepus).

Mpw yBenuyeHnm aToMHOro Homepa Z BecCb
PEHTTEHOBCKUI CNEKTP CMellaeTcs B KOPOTKOBOS-
HOBYIO YacCTb, HE MEHsISi CBOEW CTPYKTYpbI.

3aKkoH, CBA3bIBAKOLINA Y4aCTOTbl TNUHUKA C
,;_;q;,}” aTOMHbIM  HOMepoM Z  WCMycKalowero ux

anemeHTa, Ha3blBaeTcsl 3akoHom Mosnu:

A
Y

M

|2 M-cemn
;4

i

4 =
L-cepus

g

/4
ia?imifmr L-cep]

~
)
Loty K-

A.H.OrypuoB. ®usuka dns cmydeHmos

7-13

MPYyXWHHBIN,  PU3NYECKMn 1 MaTeMaTUYECKUn MasiTHUKW —  MpUMepbI
KINacCM4eCcKMX rapMOHUYECKNX OCLMMIATOPOB.
2.2
mmyx
MoTeHumanbHas 3Heprusi rapMOHUYECKOro OCLUMNIISITopa paBHa U:T,

roe o, — cobcTBeHHas YactoTa konebaHuin ocuMnnsTopa, M — Macca 4acTuubl.
Knaccuyeckuin ocumnnaTop He MOXeT BbINTWM 3a npegenbl "NoTeHumanbHon
"
AMbl" ¢ koopauMHaTaMn  —x, . S XS 4X
YpaeHeHue LlipeduHzepa p[nsi CTaAUMOHAPHBLIX COCTOSIHWIA  KBAHTOBOIO
U, ocumnnaTopa

oy 2m 3 magx’

n= 52=%;,m0 ot 2
roe E — nonHas sHeprusa ocuunnaTopa.
n=1 E, =§Im)0 Cob6cmeeHHble 3HaYeHUsI 3Heprun Ans 3Toro
1 ypaBHEHUS!
n=0 Eo=§hmo

1
5 - Enz(}’[-}—;jh(ﬂo (I’l=0,1,2,---)

X

Takum 06pa3om, 3Heprusi KBaHTOBOIO OCUMMNsTOpa keaHmyemcsi (MOXeT
MMeTb NUWb [UCKPETHble 3Ha4YeHWs). YPOBHWU 3HEPrM  PacronoXeHbl Ha

ONHAKOBbIX PACCTOSIHUSIX, PABHBIX 71, .

1
MuHumansHas _3Heprus Eozahmo HasblBaeTcsl aHepaueli Hyneebix

KoniebaHuli.

CyLLeCcTBOBaHNE 3HEPrnM HyneBbIX konebaHuii — TUNMYHO KBaHTOBbLIN 3dpdhexT
— npsiMoe crecTBME COOTHOLLEHMS HeonpeaeneHHOCTEN.

Yactmua B siMe ntobor hopmbl HE MOXET HAXOAUTLCS Ha ee AHE, NOCKOSbKY B
Hynb  obpalwaeTca WMMNynbC YacTUubl W €ro  HeonpedereHHoCTb, a
HeonpeaeneHHOCTb KOOPAMHATbl CTaHOBUTCS OGECKOHEYHOW, YTO MPOTMBOPEYMUT, B
CBOI o4epesb, YCroBMi0 NpebbiBaHNs YacTuLbl B "NOTEHLMaNbHOM ave".

[pagunamu omb6opa B KBaHTOBOW MeEXaHWKe Ha3blBaOTCA YCrOBUS,
HaknagbiBaeMble Ha U3MEHEHNS1 KBAHTOBbIX YMcern.

[ns rapMOHMYECKOro OCUMNASATOPA BO3MOXHbI MWL Nepexodbl Mexay
COCeHUMU NOAYPOBHSAMM, T.€. Nepexofbl, yAOBNeTBopsAoLWmMe npasusly oméopa

An=+1.

CnepoBaTtenbHO, SHEPrUsi rapMOHUYECKOro OCLMNNATOpPa MOXET U3MEHSITbCS
TONMbKO MopuusAMn /A W rapMOHWYECKUA OCLMMNATOP McnyckaeT W nornowiaet
3HEPruo KBaHTaMMm.

KBaHTOBO-MexaHM4Yeckoe pelleHve 3agayn O KBAHTOBOM  OCLMIINSiTOpe
nokasblBaeT, YTO UMEETCA OT/MYHas OT Hyns
BEPOSATHOCTb 0oBHapyxuTb yacTtuuy 3a
npedenamu obnacmu  —X . S X< +X .

max —

Ha pwucyHke npuBegeHa — KBaHTOBas
NAOTHOCTb BEPOATHOCTM oGHapyxeHus
ocuunnaTtopa npu n=1, yUMeloLWas KoHeYHble
3HaYeHns N x> X

max

KBaHTOBas chumsmka



Keanmoeasi ¢huzuka amomoe u MosieKysl.

16.ATomM Bogopoaa B KBAHTOBOW MeXaHuKe.
Ha npumepe BogopoaonodoGHbIX aTOMOB — NPOCTEMLLNX aTOMOB, COAePXKaLLNX
€OVHCTBEHHbIN BHELLHWI 3MEKTPOH, — PACCMOTPUM OCHOBbLI CUCTEMATMKM KBAHTOBbIX
coctosiHMIn aTtomoB. [Mone BogopoaonodobHoro atoma — 3TO
npumep yeHmpanbHo20 nons. B Takom none ynoGHo 1z
MCNONb30BaTh cghepuvecKyro cuctemMy KoopauHat: 7, 0, .
MoTeHUManbHas 3Heprusi KynoHOBCKOro B3aMMOAeNCTBUS o
-

3MNeKTpoHa C aTOMHbIM SApoM, obnajalowmm 3apsigom Ze (ans

Z=1
aToma Bogopoga ) . ’ v
E:UA U(}")—— Ze
% L6 drgyr
Of 7 TOe 7'— paccTosHMe MeX/y 3NIEeKTPOHOM W SiIPOM.
Eﬂ CraumoHapHoe ypasHeHve LLpeamHrepa
E; 2 2m zZe’
Ay+—| E+ y=0
E h 4ngyr
: TOIMbLKO MPU CO6CMEEHHbIX 3HAYEHUSIX IHepauU
1 Z°me*
n T2 o122 (l’l=1,2,3,...)
n” 8h7g;

(T.e. oNsA QMcKpeTHoro Habopa oTpuuaTenbHbIX SHEPTUIA (K8aHMoOeBaHuUe 3Hepauu))
MMeeT peLleHus, yaosneTopsiowme TpeboBaHUsIM OAHO3HAYHOCTM, KOHEYHOCTU U
HENPEepPbLIBHOCTU BOTHOBOM pyHKUmK (7,0, )

BelpaxeHue ans E, coBnagaet ¢ nonyveHHLIM B Teopun atoma bopa.
Huxaiiwmit ypoBeHb E|; — 0CHOBHOI, BCe OCcTarbHble — 8036)KOEHHbIE.

Mpun E <O pgBwxeHue anekTpoHa — cesizaHHoe, npu E >0 — ceo6odHoe
(aTom uoHu3syemcs).
OHeprua E =E, =0 pocturaetcs npy n=00.
me”
OHepeus uoHu3ayuu amoma godopoda  E; =—E, =———=13,553B.
€9
CobCTBeHHble BOMHOBble yHKUMM Y =V, (7,0,¢) onpegensiotcs Tpems

KeaHmoebIMU Yucnamu: 2J1aéHbIM 1, 0p6uManbHbIM | 1 Ma2HUMHBLIM 11 .
17.KBaHTOBbLIE YUcna.

— [naBHOe kBaHTOBOE 4MCNO 7 onpegendetr J3Hepeemu4YyeckKue ypoeHU
3J/IeKmpoOHa B aToOMe

n=1,2,3,...
—  Op6uTansHoe kBaHTOBOE Y1cno / npu 3a4aHHOM 7 MPUHUMAaeT 3HaYeHUs!
1=0,1,2,...,(n—1).
N onpegjensieT  BeMUMYUMHY  MOMEHmMa  umnynbca (MexaHu4Yyeckuul
op6bumaisnbHbIli MOMEHM) 31IeKTPOHa B aToMe

L =hJl(I+1).
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E.
pacnpenenexue Makceenna—Bonbumana <N,-> = 4exp (ﬁj , roe

A= exp(%j. Takum 06pa3om, Npu BbICOKMX TemnepaTypax oba "kBaHTOBbIX" rasa

BeayT cebsi nogobHO Knaccuyeckomy rasy.

22.NpuHumn Naynu.

CucteMbl 3NEKTPOHOB ((hepMUOHOB) BCTpe4arTcs B Npupofe TONbLKO B
COCTOSIHUSIX, ONUCbIBaeMbIX aHTUCUMMETPUYHLIMU BONTHOBbLIMU (PYHKLIUSAAMMU.

OTcloga crefyeT, 4YTO ABa OAMHAKOBBIX 3MIEKTPOHa (hepMUoHa), BXOOSLMX B
OQHY CUCTEMY, He MOryT HaxoAMTbCA B OOWHAKOBbLIX COCTOSIHUAX (MHaye npu
nepecTaHoBKe BONHOBasA PyHKUMSA Obina Obl YeTHON).

(OTMETUM: B OAUHAKOBOM COCTOSIHUM MOXET HaXoamUTbCs Noboe vmcno 6030HOB.)

Hpyeas opmynuposka npuHyuna [laynu: B OQHOM U TOM e aTome He
MoOXeT ObITb Gornee OAHOro 3MeKTPOHa C OAWHAKOBbLIM HAGOPOM uYeTbIpex
KBaHTOBbIX 4Yucen n, [, m, m,.

23.PacnpegeneHue 3/1EKTPOHOB B aTOME NO COCTOAHUSIM.
COBOKYMHOCTb 3MEKTPOHOB B MHOTO3MEKTPOHHOM aToMe, UMEILLMX O4HO U TO
)Xe rmaBHOE KBaHTOBOE YMCIIO 71, Ha3blBaeTCsl 3/IeKMPOHHOU 060J104KOU.
MakcumanbHoe  4YMCNO  3MEKTPOHOB,  HaxoAsdWMXCA B COCTOSIHMSX
onpeaensieMblX A4aHHbIM FMaBHbIM KBAHTOBLIM YMCIOM, PaBHO

Z(n)= EZ(ZI +1)=2n".
1=0

B kaxpon n3 obonoyek 3neKTpoHbl pacnpeaenstoTcss no nodobosioykam,
COOTBETCTBYHLNM OAaHHOMY l

Mockonbky [ npuHumaet 3Hadenne ot 0 go n—1, 10 yucno nodobonoyek
pagHo rnopsiOKogoMy Homepy n 060JI0YKU.

KonunyecTtBo ONEeKTPOHOB B nono6onoq|<e onpegensaeTtcda KBaHTOBbIMU YUCaMn
m W mg — MaKcuMasibHOE YUCIIO 31EKMPOHO8 8 n000bosoyke ¢ daHHbIM | pagHo

221 +1).

O6o3HavyeHns obonoyek, a Takke pacnpeaeneHve afekTpoHoB no oboroykam

1 nogo6orioykam npeacTaBreHbl B Tabnuue.

maBHoe
KBAHTOBOE YMCIOo 1 2 3 4 3
Cumeon o6onoyku | K L M N 0]
MakcumansHoe
YMCIIO 3NEKTPOHOB | 2 8 18 32 50
B 060onoyke
OpbutanbHoe
KBaHTOBoeqmcnol()OlOlzo12301234
HOE:GM;%JL w1525 20| 35| 3p | 3d| 45| 4p | 4d| 4| 55| 5p | 5d| of | 5g
MakcumansHoe
YMCNO SNEKTPOHOB | 2 | 2 | 6 [ 2 | 6 |10 2 | 6 [10|14] 2 | 6 |10|14 |18
B nogobonoyke

A.H.OrypuoB. ®usuka dns cmydeHmos
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21.MoHATMA 0 KBaHTOBOW cTaTUCcTUKe Bo3e—dnHwWTenHa u Pepmu—upaka.

AHanornyHo KrnaccuyeckMm CTaTUCTUYECKMM MeTodaMm, MNPUMEHSIEMbIM B
MONEKYNApHON huanke Ansa muccnenoBaHus G0mMbLIOro Yucna nogobHbIX 00BHEKTOB
(aTomoB, Monekyn), ANS KBaHTOBbIX CUCTEM, COCTOSILLUUX W3 OFPOMHOIO 4ucna
HepasnUUNMbIX TOXOECTBEHHbIX KBAHTOBLIX YacTUL, MNOOYMHSAIOLIMXCS 3aKoHaM
KBAHTOBOW MEXaHUKW, MPUMEHSIOTCSt METOAbl K8aHMoe8ol cmamucmuku.

HanomHum, 4YTO 8 MosneKkynspHOU ¢hu3uKe Krnaccudeckux cucmem pacnpegene-
HWe YacTuL uaearnbHOro rasa no 3HeprUsiM BO BHELUHEM MnoTeHuuansHom none W
npv 3agaHHol Temnepatype 1 onuckiBaeTcs pacrnpedeneHuem bonbuymaHa

n=nyexp| — |, roe k — noctosHHas Bonbumana.
kT

B KBaHTOBOW CTaTUCTVKE TaKke ucnonb3yetca modesnb udeanbHO20 2asa
Keasuyacmuu, NpU4eM OCHOBHOI XapaKTepUCTMKOWM OAHHOrO KBAHTOBOrO COCTOSIHUSA

C [AaHHbIM HaﬁOpOM I KBaAHTOBbLIX YMCEN, SABMSIETCH YUC/AO 3arnosIHeHUs! Ni’

yKasblBalolllee CTereHb 3amnonHeHWs OAaHHOro KBaHTOBOrO COCTOSIHMS 4acTvuamu
CUCTEMbI, COCTOSILLIEN 13 MHOXKECTBA TOXAECTBEHHbIX YacTul. [ns cuctem vactul,
06pa3oBaHHbIX 6030HaMu, 4vcra 3anofiHeHUss MOryT MpuHUMaTh Mobble uesble
sHavenus: 0,1,2,.... Onsa cuctem yvactuu, obpasoBaHHbIX ¢hepmMuoHamu, yvcna

3anoJIHeHNA MOryT NpUHUMaTL NULb ABa 3HAYEHUA: 0 ansa cBo60AHBIX COCTOSAHUN U
1 Ansa 3aHATbIX. Cylea BCEX YMCen 3anofiHeHUs AormkHa ObITb paBHa 4nucny vYacrtuy
cuctembl. KBaHTOBas ctaTucTMka NO3BONSET nogcyvTtatb cpeaHee 4ucno 4Yactuy B

AaHHOM KBAHTOBOM COCTOAHUN, T.€. onpeaennTb cpeaHune Yncna 3anofiHeHna <N1> .

UdeanbHbili 2a3 u3 6030HO08 — 603e-2a3 — ONUCbiBaeTcs KeaHMoeol
cmamucmukol bo3ze-3iHwmeliHa.

PacnpegeneHve Bo3e—3MHWTENHA — 3aKOH,
BblpaXkaloLLMin pacnpeaeneHne 4actuy, no 3HepreTu-
YECKUM COCTOSIHUAM B Go3e-rase: npu ctaTMCTUYECKoM <N i> E —
paBHOBECUM U OTCYTCTBMU B3aUMOLEWCTBUS CpefHee exp(’“j—l
YMCIIO YaCTULL B i -M COCTOSIHUM C 3Heprueit E; paBHO: kT

roe k- nocrosHHas BonbumaHa, T — TepmoauHamuueckas (abconioTHast)
TemnepaTypa, [L— XUMUYeckul nomeHyuan — mepMoOuHamuyeckas GyHKYUs
COCMOSHUS, Oonpeaensiowas n3MeHeHMEe BHYTPEHHEN 3Heprun (1, BoobLue rosops,
OpYrMx TepMOAMHAMUYECKMX MOTEHLMANoB) CUCTEMbI NMPU U3MEHEHWUM YKUCHa YacTuL
B CMUCTEMe, MpWU YCMOBWM, YTO BCE OCTaslbHble BEMUYMHBI, OT KOTOPbLIX 3aBUCUT
BHYTPEHHSAS 3Heprus (9HTponus, obbem, W T.4.), UKCMPOBaHbl. XUMUYECKUN
noTeHuMan HeobXoAMM ANs ONUCaHUSi CBOWCTB OMKPbIMbIX cucmem (CUCTEM C
nepeMeHHbIM YMCIIOM YacTuL).

UdeanbHbil 2a3 u3 ¢ghepmMuoHoe — ¢hepmu-2a3 — ONUCLIBAETCA KeaHMoeol
cmamucmukol ®epmu-[upaka.

Pacnpegenenve ®epmu-[upaka — 3aKOH,
BblpaxkaroLmnii pacnpeaeneHme 4actul no sHepreTnye- <N > _
CKMM COCTOSIHMSIM B hepMu-rase: Npu CTaTUCTUYECKOM ! =L
paBHOBECUM W OTCYTCTBUMW B3aWMOAENCTBUA cpeaHee exp[’kT)+l
YUCIIO YaCTWLL B i -M COCTOSIHUM C dHeprueit E; paBHO:

1

1

Mpyu  BbICOKMX  TemnepaTypax, korga exp((Ei - u)/kT) >1, oba
pacnpegenexua bose—-OnHwTenHa n ®epmu—dnpaka nepexoaat B Knaccuyeckoe
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— MarHutHoe KBaHTOBOE YMCMO 71 MPW A4AHHOM [ MPUHUMAET 3HaYeHus!
m=0,£1,+2,...,+1[.
N onpepensieT eesiuyuHy MOMeHma UMIMy/fbca 3/1eKmpoHa 8 3adaHHOM
HanpaeneHuu. Tak opbuTanbHbIi MOMEHT MMMyNbCa 3MEKTpoHa Z, MOXeT

UMETb NULLb Takue OpueHTauun B NMPOCTPAHCTBE, MPU KOTOPLIX MpoeKuus le

BEKTOpa Ll Ha HaripasesieHue eHeWwHea20 MacHUMHO:20 110/ NpUuHNMaeT TOJNbKO

KBAHTOBaHHbIEe 3Ha4eHWs, kpaTHble /i (MPocmpaHcmeeHHoe KeaHMo8aHuUe)
L, =mh.

2 Zﬁz Takum o6Gpa3om, BeEKTOp 1:, MOXeT npuHumaTtb 2/ +1
5 h opueHTauuin B npocTpaHcTeBe. Ha pucyHke npuBedeHs!
‘ BO3MOXHble OpUeHTaLun BeKTOpoB L, [Ansi 3NIeKTPOHOB C
° I=1(@)unl=2 ()
-4 -f! COOTBeTCTBeHHO, B MarHMtHOM none YypoBeHb C
5

o

28 rMaBHLIM KBaHTOBLIM YMCROM 1 pacluennsercs Ha 2/ + 1
noayposHen — aghgpbekm 3eemaHa.

PacwenneHne ypoBHeNW 3HEprMn BO BHELUHEM
3MNeKTpUYeckom none HasoliBaeTcs aghgpekmom Limapka.

B kBaHTOBOW MexaHuke keadpam mMoAyrns 807HO80U hyHKUUU onpegensieT
8eposimHocmb  OGHapyXXeHWUs1 anekTpoHa B eauHuue obbema. BeposiTHocTb
obHapyXeHWs1 areKTpoHa B pasHbIX 4acTsxX aToma pasnuyHa. OreKTPoH npu CBOeM
OBWXKeHUM kak Obl "pasmasaH” no Bcemy obbemy, obpasyst anekmpoHHoe 0b6i1akKo,
NNOTHOCTb (FyCTOTa) KOTOPOro XapakTepuayeT BEPOSITHOCTb HAaXOXAEHUS SNEeKTPOHa
B pasnu4HbIX TO4kax o6bema aToma.

KeaHmosbie yucna n u | xapakmepu3sytom pasmep u ¢hopMy 371€KMpPOHHO20
obriaka, a KeaHmMOoB0e YUC/I0O ™ Xapakmepusyem OpUeHmMauur 3/1eKmMpPOHHO20

i=0

a

=8, S-anexmpons Ey I
!
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obnaka e npocmpaHcmee. B aTtomHOM chm3mKke, NO aHamnorMm co CrekTpoCKOnuewn,
COCTOSIHVE 3MeKTpoHa, XapakTepuaytoweecsi kBaHToBbIM uncrioMm [ =0, HasbiBaeTcA
S —COCTOSIHMEM (3MIEKTPOH B 3TOM COCTOSIHUM Ha3blBaeTCs § -3NeKTpoHoMm), [ =1 —
p -coctosiHuem, [ =2 — d -coctosiHuem, [ =3 — f-cocTosiHNEM U T.A,.

Ha pucyHke nokasaHbl epaghuyeckue usobpaxeHus (nosspHbie ouazpamMmbi)
NNOTHOCTE BEPOSITHOCTU AN S-, p-, d- U f -3NEeKTPOHOB M COOTBETCTBYIOLLEE
KaXKgoMy CIyyalo MpocmpaHCMeEeHHOe KeaHmosaHue — Takas OpueHTauus
GOpoBCKMX  OpPOWUT, NpU  KOTOPOM MNPOEKUMST MOMEHTa WMMynbca UMeeT
COOTBETCTBYHOLLEE 3HaYeHue (Hanpumep, =27 ana [ =2, m=2).

18.MpaBuna ot6opa.

Mepexodbl MexXay SNEeKTPOHHbLIMU COCTOSIHUSIMU BO3MOXHbI TOSIbKO B TOM
cnyvae, ecnu:

1) uamereHne Al opbumarnbHo20 KeaHmoeoz2o 4yucna [ yposneTsopseT

yCroBuio
Al =+1,
2) nameHeHne Am Mas2HUMHO20 K8aHMOB020 uyuc/a m YOOBINETBOPSET
yCroBwio
Am=0,+£1.

Tak, Hanpvmep, B aToMe Bogopoda nepexodbl np — 1s (n=2.3,...) obpa3sytoT
cepuio JlaiimaHa, a nepexogpl np — 2s, ns > 2p, nd > 2p (n=3,4,...) — cepuio
Banbmepa.

19.CnuH aneKkTpoHa.

OnekTpoH o06nagaetr cob6CcmeeHHbIM HEYHUYMOXUMbIM MeXaHU4eCKUM
MOMEHMOM UMnNysbca, He CBSA3aHHbIM C ABUWKEHWEM 3EKTPOHa B NPOCTPaHCTBe, —
CIMUHOM.

CnnH Obln obHapyxeH B akcriepumeHmax LlmepHa u
lepnaxa npy NPOXOXAEHWW Y3KOro My4ka aToOMOB BOAOPOAA,
HaXOASLMXCS B S -COCTOSIHUM Yepe3 CUnbHOe HeofHOPOoAHOoe
marHutHoe none. B atom coctosiHum [ =0, MOMeHT umnynbsca

Ly =n4JI(I +1) =0 v marinTHOe none He [OIMKHO BbINO BAMSTHL

Ha gBuxeHne atomoB. OgHAKO Ny4YOK aTOMOB pacuernsisncs Ha
dsa ryyka, crefoBaTenbHo, Obino obHapyXeHo
NMPOCTPaHCTBEHHOE KBaHTOBaHWE MEeXaHW4YecKoro MOMEHTa, He
CBSI3aHHOTO C OpOUTanbHbIM ABUKEHUEM 3MEKTPOHA.

YacTto cnuvH 3nekTpoHa HaenisiOHO NPEeACTaBnsoT, Kak
MOMEHT UMMynbCa, CBSA3aHHLIA C BPALLEHWEM 3MEeKTpoHa — TBEPAOro Lapuka —
BOKpPYr CBOEN OCW, HO Takas MoAenb MPWBOAUT K abcypOHoMy pesynbraTy —
NIMHENHas1 CKOPOCTb Ha MOBEPXHOCTM anekTpoHa B 200 pa3 MpeBblllaeT CKOPOCTb
ceeTa.

MoatoMy cnedyem paccMampusamps CrUH 3NEKTpoHa (M BCeX Apyrux
MUKpOYaCTUL) KaK 6HYmMpeHHee HEOMbEMIEMOE Ke8aHmMoeoe  Cc8olcmeo
MUKpoYacmuybl: NOJOGHO TOMY, Kak YacTuLibl UMEKOT Maccy, a 3apsiKeHHbIe YacTuLbl
— 3apsid, OHW UMEIOT eLLE M CMWH.

CnuH L, , KaKk MEXaHUYECKUi i MOMEHT, KBAaHTYETCS MO 3aKOHY
L =nhys(s+1),
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rae s — cnuHoeoe keaHmMosoe yucso. MNpoekunsi L CrvHa KBaHTyeTCst TaK, 4To

BekTop L, MoxeT npuHumatb 2s+1 opueHtauwit. Tak kak onbiTbl LLTepHa u
1
lepnaxa oGHaPYXXWUNU TOMbKO ABE OpUeHTauuu cnvHa, To 25 +1=2, oTkyga: s =—.

Mpoekuust L, =hmg, rae m,— MazHUMHOe CNUHOBOE K8aHMOBOE 4YUCIIO,

1

KOTOpOE MOXEeT UMETb TOJIbKO ABa 3HAaYEeHUA: my = t—.

Takum 06pa30M, COCMOosHUe 3/1eKmpOoHa 8 amome onpedenﬂemc,q Ha60pOM
4Yemsblpex KeaHmMoehblX Yucelsr.

rmasHoro n (n=1,2,3,..)
op6utambioro [ (1=0,1,2,...,n-1)
marHutHoro m  (m=—1,...,—1L0,+1,...,+[)

1 1
MarHuMTHOro CNMHOBOro 771, (ms = +5’ _E)

20.MpuHUMN HepPa3NUYUMOCTU TOXKAECTBEHHbIX YacTUl. DepMUOHbI U GO30HbI.

B kBaHTOBOW (hM3UKE YacTULpbl, UMEKOLLME OA4MHAKOBbIE (hM3MYEeCKne CBONCTBA
— Maccy, aneKTpUYecknin 3apsig, CNvH 1 T.4. ABMNATCS MoxdecmeeHHbIMU.

TMpuHyun Hepa3nUYUMOCMU MOXOECMEBEHHbIX Yacmuuy: mMoX0eCcmeeHHbIe
yacmuuybl 3KCIepUMeHmMarbHO pasuyume He803MOXHO.

OT0T pyHOameHmMarbHbIG (OCHOBOMOMAratoLWwmn) NPUHUMMN KBAHTOBOW (HU3UKK
He MMeeT aHanora B knaccuyeckon usuke. B knaccmueckon mexaHuke oavHaKoBble
YacTULbl MOXHO pasnMYMTb MO MOMOXEHU B MPOCTPAHCTBE W OTCReauTb WX
TpaekTopuio. B KBaHTOBOW MeXaHWKe, MOCKOSMbKY MOHSATWE TPaekTopun IULLIEHO
CcMbICNa, TO YacTuLbl MOMHOCTLIO TEPST CBOK WMHAMBUAYANbHOCTb W CTAHOBATCS
HepasnMYUMbIMU.

MaTemaTnyeckas 3anucb NpuHLMNA Hepas3nMyYMMoCTm

|\V(xl’x2)|2 = |\y(x2,x,)|2 )
rae X, U X, — COOTBETCTBEHHO COBOKYMHOCTb MPOCTPAHCTBEHHBIX W CMMHOBLIX
KOOPAMHAT NepBOM 1 BTOPOKN YacTul,. BoaMoxkHbl ABa cnyyas:
WX, %) =W(x,,X) n WX, X)) =—w(x,,x)).

B nepsom criyyae BOMHOBasi OYHKUMSI CUCTEMbI NPU MEPEMEHe 4acTul
MEeCTaMu He MeHsIeT 3HaKa; Takasa PyHKUMS Ha3bIBaeTCs cCUMMemMpPU4YHOLU.

Bo emopom criyyae npu nepemMeHe YacTul, MecTamu 3Hak BOSTHOBOM (DYHKUUM
U3MEHSIeTCA; Takas PYHKLMS Ha3bIBaETC aHMUCUMMempuYyHoU.

Mpn 3TOM xapakTep CUMMETPUM HE MEHSIETCA CO BPEMEHeM, T.0. ceolicmeo
cuMMempuu Vv aHmucuMMempuu — Npu3Hak GaHHo20 muna Yyacmuubil.

Cummempusi 8071HO8bIX QYyHKUUU onpedesisiemcsi CUHOM Yacmuu,.

YacTuubl ¢ nonyuenbsiM CAMHOM (HanpuMep, 3MeKTPOHbI, MPOTOHbI, HEWTPOHbI)
OMUCLIBATCH  aHTUCUMMETPUYHBIMU  BOMHOBLIMU  (PYHKLUMSIMU U NOAYUHSIIOTCS
ctatucTuke Pepmu—[upaka: 3TM YacTuLpbl Ha3blBalOTCA ghepmMuoHamu.

YacTuupbl C HyneBbiM WAW LIENOYUCIEHHBIM CAMHOM (Harnpumep, 77 -Me30Hbl,
(POTOHbI) ONUCHLIBAOTCH CUMMETPUYHBIMU BOSTHOBBLIMU (PYHKLMAMWU U NOAYUHSOTCS
ctatucTnke Bose—dnHLWTEeNHa; 3TK YacTuLbl Ha3biBalOTCS 6030HaMu.
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