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K 1,00794(7) 4,002602(2)
14,01 20,28 095 422 T T

) hydrogen I'Iepuo.:wmecxaﬂ CcuncTemMa 3JieMeHTOoB helium m n
BOAEHb renii HA3BAHUE

sonegon NEKUMKN NO PUIUKE

1s' 1s? 3K
3 -4 5 6 7 8 9 10 _ M
Li Be B C N o F Ne| NN — aromreit
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 16151560 2349  4200(3800  4300|63,05 77,36(54,08 90,2|5353 85,03|24,56 27,07 BON anemenTa;
lithium beryllium boron carbon nitrogen oxygen fluorine neon _ KBAHTO BAﬂ ¢ M 3 M KA

1l nirin Gepuniit Gop Byrneus asor KUCeHb. hrop HeoH AM atoMHas
nuTvia 6epunnnii 6op yrnepoa azor Kncnopog drop HEOoH macca; Tpp — 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-
1 12 13 14 15 16 17 18 .
Na|* Mg Al Si P S Cl Ar| newa (K Ton —

TeMmnepatypa Ku-

VINEND BVYEOLHV A

M 22,98977(2) 24,3050(6) 26,981538 28,0855(3) 30,973761 32,066(6) 35,4527(9) 39,948(1)

370,87 1156|923 1363|933,47 2792|1687 3173(317,3 550| 388,36 717,9(|171,6 239,11/83,8 87,3 nexHna (K); 9K —

m sodium | magnesium | aluminium silicon | phosphorus sulfur chlorine argon 3NEeKTPOHHas!
HaTpiit wmarHii aniominin KpemHiit occhop cipka xnop aproH KOHGMrypaLys
HaTpun mariui anloMUHUA KpeMHWIA hocdop cepa xno? aproH I
(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
39,0083(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 2334 1311_ 3134|1768 3200|1728 3186

potassium calcium scandium titanium iron cobalt nickel
Kanii Kanbuii cKangin THTaH BaHaaiit xpom mapraHeut 3anizo Kko6ansT Hikenb
Kanuit Kanbuuit cKaHaui THTaH BaHaguit xpom mapratey *eneso Kko6ansT HUKenb
N (Ar)as’ (Ar)as® (Ar)as’3d’ (Anas’3d® | (Ar)as’3d® | (An4s'3d® | (Ar)as’3d’ | (Ar)4s®3d® | (Ar)as’3d’ | (Ar)4s’3d®
29 30 31 32 33 34 35 36
v Cu Zn Ga 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 3093|1090 887|494 958(2658  332|11579 119,9
copper zinc gallium | germanium | arsenic selenium bromine krypton
miab UMHK ranin repmaHin MUL’AK ceneH 6pom KPUNTOH

Meab LMHK rannui repmaHmii MbIWbLSAK ceneH S?DM KpUNTOH
(An)as'3d" | (Ar)as®3d" |(ands®3d"4p’ |(ands®3d'*4p? | (Ands®3d'*dp® | (Ands?3d™4p* | (ands?3d"ap®| (ands®3d"'ap®

Rb38 Sr39 Y40 Zr41 Nb42 M043 Tc44 Ru45 Rh46

85,4678(3) 87,62(1)| 88,90585(2) 91,224(2)| 92,90638(2) 95.94(1) [98,9063] 101,07(2)]  102,90550
312,46  961|1050 1655( 1799 3609|2128 4682|2750 5017 | 2896 4912|2430 4538|2607 4423|2237 3968 1828,1
rubidium strontium yttrium zirconium niobium i i i rhodium palladium
pyGiain CTPOHUIN iTpin UMPKOHIN Hi0Gii moni6aeH TexHeuin pyTeHin poain nanagin
pybnawii | cTpoHumit WTTpMiA LMPKOHUIA HMOBWit monugen | Texweuwit pyTeHmit poawit nannagwit

(Kn)ss' (Kr)ss® (Kr)5s°4 (K)ss’4d® | (Kn)ss'ad® | (Kr)ss'4d® | (Kn)5s®4d® | (Kn5s'4d’ | (Kr)5s'ad® Kr)5s%4d"
47 48 49 50 51 52 53 54
Ag Cd In Sn Sb Te I Xe
107,8682(2)|  112,411(8)|  114,818(3)|  118,710(7)  121,760(1) 127,60(3)|  126,90447 131,29(2)
12349 2435(594,22 1040|429,75 2345(505,08 287590378 1860|722,66 1261|386,85 457,4|161,4 1651
silver cadmium indium tin antimony tellurium iodine xenon
cpibno KaaMiit iHgin onoeo cypma Tenyp iioa KCEHOH
cepebpo Kagmuin MHAWR onoso cypema Tenny'p vwon KCEHOH
(Kn)5s'4d" | (Kn)5s4d" | (kn5s°4d"5p’ | (kn5s4d™*5p” | (kn5s°4d™*5p° | (kn)5s°4d"°5p* | (kr)5s°4d°5p° | (Kr)5s°4d"°5p°

<0

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 5285|2739 4701|2041,4 4098
caesium barium lanthanium hafnium tantalum tungsten rhenium osmil iridit platinum
uesiit Gapiit naHTan racpHiit TaHTan BonbGhpam PeHit oci nnatHa
uesun Bapuin naHTaH racHmin TaHTan Bonbpam peHunit ocmuin npuann nnaTtuHa
P (Xe)ss' (Xe)6s® (Xe)6s’5d" | |(Xe)6s’af'*5d%) (Xe)6s*4f'*5d° | (Xe)6s?4f'*5d" | (Xe)6s4f*5d° | (Xe)6s4f*5d° | (Xe)6s°4f “5d | (Xe)6s4f *5d°

Vi 79 Au 80 Hg 81 Tl 82 Pb 83 Bi 84 Po 85 At 86 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|5444 1837|527 1235|572  [337] ,

gold mercury thallium lead bismuth polonium astatine radon

3om0T0 pTyTS Taniit caMHeUs sicmyT nonoHii actat pagoH

Tannuin cauHel BUCMYT NonoHui actat pagoH

ey AL d H : s s
(Xe)6s'4f'*5d" | (Xe)6s'df'*5d! (Hg)6p' (Hg)ép’ (Hg)6p (Hg)6p' (Hg)6p’ (Hg)ép'

87 88 89 104 105 106 107 108 109 110
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] [268] 1269]
Q 300 [677] | 97: 2010|1323 573
Vil francium radium actinium rutherfor- dubnium seaborgium bohrium hassium meitnerium ununnium
hpanuiit pagin akTikin dium
hpaHumn paauin aKTUHWIA
(Rm7s‘ (Rm7s2 (Rmh‘sd‘ (Rn)7s?5f“6d” | (Rn)7s?5f6d | (Rn)7s?5f6d* | (Rn)7s’5f6d® | (Rn)7s?5f"*6d° | (Rn)7s’5f“6d” | (Rn)7s?5f"‘6d’
LANTANIDES—NIAHTAHOIOU—NAHTAHOUABI ACTINIDES—AKTUHOIAN-AKTUHOWUABI

58 59 60 61 62 63 604 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
uepuit p | camapmit | esponuin |ragonumii| Tep6umin | avcnpoawii | ronbmui | ap6ui | Tynui | wTrep6uii | nioteunit
6s4f'5d’ | 6s°4f 6s°af* 6s°4f° 65741 Goaf | oocarsa | Gu'aP | et | oeaft | oeaft | oeafs | osar | caarisd

90 Th 91 Pa 92 U 93 Np 94 Pu 95Am %Cm 97 Bk 98 Cf 99 Es 100Fm IDIMd 102Nb 103Lr

232,038  231,036| 238,0289| 237,0452 [244] [243] [247] [247] [251] [252] [257] [258] [259]

thorium | protacti- | uranium | neptuni- i icium| curium jum | californi- | einsteini- | fermium del i lawren-
nium um um um vium clum

Topuin | nporakpannit | ypaW | HenTyHuii | nnyTo | opuit i | Kanugpoprui | aiinuTei | hepmuin i | woGenmit

Tolod: | Ts'sfed | 7stbped’ | Teisted" | Terst | Teist | 7ssred’ | Test Tt | Myl 7sisf | 7S5 | 7%pit | 7s'SP 6d'

A.H.Orypuos. flekyuu no gusuke. 5" ed., 2002



CmpoeHue amoma

1. Mogenu atoma TomcoHa u Pesepdopaa.

MpenctaBneHne o6 atomax, kak O HedenuMblx Menbyalwux dacmuyax
gelwjecmea BO3HUKIO ellie B aHTUYHbIE BpeMeHa.

Ax. Ox. ToMCOH, nccriegys OTKNOHEHWE B 3NEKTPUYECKUX U MArHUTHBIX MONSAX
YyacTuy, ucrnyckaemblx nog aenctenem ceeta (PoTodIEKT) OMKPLIT 3/IE€KMPOH.
[MockonbKky macca anekmpoHa okasanacb B OecsimKu mbiCs4 pa3 MeHblwe Macc
amomos, TOMCOH Npeasnioxun Mmodesib CMpPOeHUs1 amoma, COrfiacHO KOTOPOW aToM
npeacraBnseT cobor HEMnpepbIBHO 3apsKEHHbIA MOMNOXUTENbHBIM 3apsaoM Lwap
avnametpom ~107'°M B KOTOpbIN "BKpanneHbl" aMeKTpoHbl ("Kak W3toM B MyauHr").
[apmoHnyeckne  konebaHMs  ANEKTPOHOB  OKOMO  MOSIOXEHUW  paBHOBECUSA
(rapmMOHUMYeckue oCLUMMNALMM) ABMATCA NMPUYUHON U3NYYeHUs (MNW NOrMoLLEeHNs)
MOHOXPOMaTU4ECKMX BOSH aTOMaMMu.

OpHako, B akcnepumeHTax JleHapda NO paccesHUO SMEeKTPOHOB M B
akcnepumeHTax Pe3epghopda No paccesiHuio O-4acTul, Ha TOHKUX MeTannnM4eckmx

T —— nneHkax, 6bIno nokasaHo, 4YTo
VNCTOUHMK \ 3KkpaH noyTu BCE YacTuubl

> npoxoaunu yepes gonbry, 6es
paccesiHns WM OTKIOHSISICh
Ha OYeHb Manble  Yrhbl
nopagka 1-3°. W  TOMbKO
HeKoTopble M3 HUX (ogHa u©3
10000) OTKIOHANNCH Ha
oonbwme yrmbl, nopsaka 135-180°. Mockonbky a-yactvua B 7300 pas Tsxenee
3MNeKTPoHa, TO MPUYMHOM TaKOro paccesHuss He MoxeT OblTb ee paccesHue Ha
anekTpoHax. Pe3epdopa Npeanonoxun, YTo paccesHue a-4acTuubl MPOMCXOOUT Ha
MornoXuTenbHOM 3apsige Gonbloi maccel — "sdpe” aToMa, pasmep KOToporo,
OYeHb Mar Mo cpaBHeHUIo ¢ 06beMoM aToma (auameTp ~107"m). (Hanpumep, B 1m°
nnatuHbl "obbem" agep paseH 0,3 MMS.)

MoaToMy & amome, nodasnsdwwas yacmb KOMoOpo20 cocmoum U3 [ycmozgo
rnpocmpaHcmea, 371eKmMpPOHbI HE MOo2ym HaxoOUmbCsl 8 CMamu4eCKOM pagHO8eCcUU.
VX yCTOMYMBOCTb MOXET ObITb TONMBKO AUHAMUYECKOM, KaK Y NraHeT B aCTPOHOMUMN.

Pesepghopd npepnoxun nnaHemapHyio Modenbs amoma. CornacHo
Pesepcdopay, aTtom npegcraensetr cobon cucTtemy 3apsgoB, 8 UEHMmpe KOTOPOR
pacrofioXeHO MosIoxuUmenbHoe s1I0po ¢ 3apsooM Ze, paamepom 107°—107m
Maccoln, npaKkTU4Yeckn paBHOW Macce aTomMa, a 60kpye sdpa, B obnactu ¢
MUHeHbIMU  pasmepamu  ~10"°m, 10  3amkHYmbiM  op6umam pBwxeTcs Z
3MeKTPOHOB, 06pasysl 3/1IeKMPOHHY0 060104Ky amoma.

BTopoin 3akoH HblOTOHa Ans 3neKTpoHa, ABWXKYLLErocsi MO OKPYXHOCTWU mog
0EeNCcTBMEM KyNTIOHOBCKOM CUIMbI:

Ze-e _mev2
dmeg’ v
rae m, u U — Macca 1 CKopoCTb AMEKTPOHA Ha opbuTe paauyca r, €,— aNeKTpu-
yeckas noctosiHHas. Mpn = 107'"m ckopocTb aBMKeHus anektporos U =~ 10°m/c, a
yckopeHue 1)2/1’ ~10%* M/c%. CornacHo KNaccu4eckoil aNeKTPOANHAMMUKE, YCKOPEHHO
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35.MNonynpoBogHMKOBLIE ANOAbLI U TPUOAbLI (TPAH3UCTOPbI).

OOHOCMOPOHHSA (8eHMUIILHAsT) NPOBOAMMOCTb P-N-Nepexofa Ucrnosnb3yeTcs
B M0oJ1ynpoeo0HUKo8bIX duodax, coaepxalinx oauH p-n-nepexon. Mo KoHCTpyKumu
OHUW OEeNATCS Ha MoYeYHble Y MIOCKOCMHbIe.

B moueuHbix gnopgax p-n-nepexop obpasyeTcs B
TOYKe KacaHusi MeTanmMyeckoro koHtakta 1 1 nonynpo-
BOOHWKA 2 (HampuMep, B TOYEYHOM TrepMaHVEBOM
avoae anddysnsa antoMUHUS B n-repmaHuii obpasyet B
repMaHum p-criont). TeXHOMOrMsi M3roTOBMEHUS repma-
HWEeBOrO M/10CKOCMHO20 ANOAA ONCaHa BblLLe.

p-n-Nepexoabl 0b6nagalT He TOMbKO MNPEKPACHbIMK  BbINPSIMIISIOLIMMUN
CBOWCTBaMW, HO MOTYT GbiTb MCMONb30BaHbl TAKKe ANS YCUMNEHUS, a eCrn B CXemy
BBECTW 0OpaTHYH0 CBA3b, TO M ANSA reHepauum anekTpuyeckux konedanui. MNpundopel,
npegHasHa4YeHHble Ans 3TWX LUenen Monyyuny HasBaHwe MnosyrnpoBOAHUKOBBLIX
TpMoaoB vnu mpaH3aucmopoe. V3o06peTeHne TpaH3ucTopoB B 1949r. cuutaeTcs
caMblM 3HauMTeNnbHbIM M300peTeHnem XX Beka M Obino oTmeveHo B 1956 ropy
Hobenesckon npemnen.

TpaH3ucTtopbl MoOryT OblTb TMma n-p-n U Tuna p-n-p B 3aBUCUMOCTU OT
YepefoBaHua obracTten ¢ pasnMyHON NPOBOAMMOCTLIO. [ npumepa paccMoTpUM

Owmurrep Basa  Koanextop Tpuod Tuna p-n-p. Pabouve "anektpoab!”
\ V4

ST}

_-LI_
9ottt SOREA X

2

TprvoZda, KoTopbIMU  siBRsiOTCA  6Gasa
(cpeaHsist YyacTb TpaHaucTopa), IMUTTEP U
KonnekTop (npuneratowue k 6ase ¢ obenx
CTOPOH 06ractTh C  WHbIM  TWUMOM
NPOBOAMMOCTU), BKIMIOYAKOTCH B CXeMy C
- MOMOLLbIO HEBbINPAMIISIOWMNX KOHTaKTOB

— MeTannuM4yeckux npoBoAHuKoB. Mexay

amMuTTepoM U 6asoit npuknagpiBaeTcs
NMOCTOSIHHOE CMeLLaloLLee HanpsbkeHUe B NPSIMOM HanpasneHuun, a mexay 6asoi u
KOINNEeKTOPOM — MOCTOSIHHOE CMeLLatollee HanpshkeHne B 0GpaTHOM HanpaBreHUu.
YcunuBaemoe nepemMeHHOe HanpshkeHue NogaeTcsl Ha BXOOHOE COMPOTUBIIEHWE
R, a ycuneHHoe — CHUMaeTCs C BbIXOAHOMO COMNPOTUBIEHUS R

RBMX U!Hx

BX ’ BBIX

MpoTekaHne Toka B LENU 3aMuTTepa OOYCrOBMNEHO B OCHOBHOM [BWXEHWEM
ObIpOK (OHU  ABMSATCH OCHOBHBIMW HOCUTENSMW TOKa) M COMPOBOXOAETCH WX
"BrpbICKMBaHNEM" — uHXekyuel — B obnactb 6a3bl. [MpoHukwme B 6a3y ObIpkn
AndDYHAMPYIOT MO HAaNPaBMNEHWIO K KOMMEKTOPY, NpM4emM npu HeGOMbLION TOMLWMHE
6a3bl 3HaYMTENbHAa YacTb MHXEKTUPOBaHHbIX ObIPOK AOCTUraeT KonnekTopa. 3aecb
ObIPKX 3axBaTblBaAOTCA NONEM, AENCTBYIOWMM BHYTPU Nepexoaa (NpUTAarnearoTcs K
OoTpUUATENbHO 3apsKEHHOMY KOMMEKTOpY), BCNEACTBME 4Yero WU3MEeHSieTCs TOK
konnekTtopa. CrnegoBaTenbHO, BCAKOE M3MEHEHMe Toka B Lienu aMuTTepa Bbl3biBaeT
N3MEHEeHMe ToKa B Lienu KomnmnekTopa.

MpuknagbiBas Mexay aMuTTepoM 1 6a3on nepemMeHHoe HanpsikeHve, Nony4ynum
B LEenn KOnnekTtopa nepeMeHHbId TOK, a Ha BbIXOAHOM COMPOTMBAEHUN —
nepemMeHHoe HanpsbkeHne. BenuuuHa ycuneHuss 3aBUCUT OT CBOWCTB  p-n-

nepexooB, Harpy3o4HbIX COMPOTMBIEHWIA W HanpspkeHust Batapen b, .. OB6blyHO
R, __>>R

BBIX BX ’

noatomy U, . >>U_ (ycuneHne moxeT gocturate 10 000). Tak kak

BBIX
MOLLHOCTb NMEPEMEHHOr0 TOKa, Bblaensiemasi B R MoxeT 6biTb GonbLie, yem
pacxogyemMasi B Liernu aMuTTepa, TO TPaH3UCTOp AaeT U ycuneHue MowHocmu.

BBIX ’

KBaHTOBas usmka
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Teepable Tena, npeacraBnsowme cobort 3pheKTUBHO NOMUHECUMpYOLLnE
WCKYCCTBEHHO NPUrOTOBIIEHHbIE KPUCTanIbl C YyXXEPOAHBbIMU MPUMECAMM, NOMYYUu
Ha3BaHue Kpucmasnnogocgopos.

P Ha npumepe kpuctannogocqopoB paccMoTpyum
g/%%%ﬁé%’/’/’ MexaHVI3MbFI) BO3EVIKHCE)BGHVIH g)c (c')be’:z: ervm c TOF:-IKI/I
/ 4 ’A’/”///.%//,//A /44 . (b (b pecueHy

| ] 3peHns  30HHOM Teopum TBepAblx Ten. Mexay
BarneHTHON 30HOW n 30HOW npoBOAMMOCTM
KpucTtannodgocdgopa pacnonaratTtcd npUMecCHble
A A ypoBHM  akTmBatopa A. [ns  BO3HUKHOBEHUS

ONUTENBHOMO CBeYeHUst Kpuctannodgocdop [OImKeH
cogepxaTb LEHTpbl 3axBaTa, WM NOBYWKW ANsi
anektpoHoB  (J1;, J1;). [OAnuTenbHocTb  npouecca
MUrpaummn aMeKTpoHa 40 MOMEHTa pekoMbuHaumm ero ¢
WMOHOM aKTuBaTopa onpefenseTcs BpeMeHem npebbiBaHUS 3NEKTPOHOB B MOBYLLKAX.

34. KOHTaKT 3/IEKTPOHHOIO U AbIPOYHOIro NonynpoBOAHUKOB (p-n-nepexon).

'paHuLa CONPUKOCHOBEHWS ABYX MOSYNPOBOAHWKOB, OAUH U3 KOTOPbIX UMeeT
ANEKTPOHHYIO, @ APYro — AbIPOYHYK MPOBOAMMOCTb, Ha3blBAETCS 3JIEKMPOHHO-
ObIPOYHBLIM Nepexodom (Unu p-N-Nepexoaom).

p-n-NMepexon 00bIMHO co3paeTcsa Npu  cneuunanbHOn
06paboTke KpuCTannoB, Hanpumep, Mpu BblAEPXKKE MNIIOTHO
npuXKaTkIX KPUCTANNOB repMannsa (n-tuna) u uHaus npu 500°C s @
Bakyyme (a) atombl uHAMA AMDOYHOUPYIOT Ha HEKOTOPYHO
rnyouHy B repmaHuin, obpasysi MPOMEXYTOUHbIA CMON repMaHus,
oboralleHHOro nHanem, NPOBOAUMOCTb KOToporo p-tuna (6).

OneKTPOHbI M3 N-NOMyNpPoOBOAHMKA, FAe MX KOHUEHTpauus % gz
Bble, OyayT addyHampoBaTh B p-nonynpoBoaHuk. Ouddysmsa 6)
AbIPOK MpoucxoauT B obpaTHOM HanpasneHuu. B n-nonynpoeopa- Ge n-muna ///
HUKE u3-3a yxo[da JNeKTPOHOB BOMU3M rpaHuUbl OCTaeTcs
HECKOMMNEHCUPOBAHHbLIN 10/10XKUMerbHbIl 00beMHbIl 3apsi0 HEeNMOABMKHBLIX MOHWU30-
BaHHbIX [OHOPHbIX aToMOB. B p-nonynpoBogHuke u3-3a

In

7 Kfmm'ann

Ge n-Tuna ///

Kpucrann Ge p-runa

O6nacTtb
nepexona yxoda Oblpok BOMM3W rpaHuubl obpasyetca ompuuamersib-
Y HbIU OO6BEMHBbIU 3apsi0 HENOABWXHBIX  MOHW30BaHHbLIX

akuentopoB. 3T o6beMHble 3apsifabl CO3AAT 3anuparo-
wull pasHOBECHbIU KOHMaKmMHbIU Ccr1ol, NPenaTCTBYHOLLMA
AanbHenLeMy nepexoay 311eKTPOHOB U AblPOK.
ConpoTvBREHNe 3anuparoLero crnost MOXHO U3MEHWUTb C MOMOLLbI0 8HEWHE20
anekTpuyeckoro nonsi. Ecnu Hanpaenenue BHelwHero nonss £ coBnagaet c

HanpaBneHuem E; nonsi KOHTAKTHOrO CNost (a), TO 3anupatoLLWii Croii paclumpseTcs

T
n-THn j+ 4 |- -
(-

E E W ero ConpoTuBIe-
9 _nmm e pm &  mmm % prn HMe Bo3pacTaeT —
= :1‘_': e o= i+|-| =0 Takoe HanpaeneHue

- O o> 4 |—1=0
o it ow o -T2 f HasblBaeTcs  3anu
- ‘ | parowum (obpam-

- -+

1t i} HbIM). Ecnn  Ha-

- -— npaBreHne  BHeLL-

Hero nonsi NpoT1BO-

MOMOXHO MOS0 KOHTakTHoro crnosi (6), To nepemelleHWe 3MEKTPOHOB W [bIPOK

NpVBEAET K CY>KEHNIO KOHTAKTHOTO CIOS U €r0 CONPOTUBMEHNE YMEHBLUMTCS — TaKoe
HanpaBneHne Ha3blBaeTCs MPOMyCKHbIM (MPSMbIM).
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OBWXKYLLMECS 3NEKTPOHbI AOIMKHbI U3NyYaTb SNEKTPOMarHUTHbIe
BOMHbI U BCNeACTBME 3TOrO HEMPEPLIBHO TepATb dHepruio. B
pe3ynbTaTte SMeKTpoH ByaeT npubnmxkaTtbCs K SOpY U B KOHEY-
HOM cyeTe yrnadem Ha s10po.

Kpome Toro, knaccuyeckasi nnaHetapHasi MoAenb aToma
He 0bbsAcHsIem IUHeliyamoeo criekmpa amomos.

2. JluHenyaTbi cNeKTp aToMa Bogopopaa.

SkcnepumeHTanbHOe nccrnegoBaHWe CNeKTPOB U3MNyYeHUs pa3pexXeHHbIX ra3oB
(oTAenbHbIX aTOMOB) MOKa3anu, YTO XapaKTepHbIA NUHEeNYaTbld CNEeKTP Kaxaoro
anemeHTa npeactaBnsieT cobow cepuv NWHWIA, MOMIOXEHWE KOTOPbIX MOXET OblTb
ONMcaHo MPOCTbIMU 3MMMPUYECKMMM opMmynamn. Tak, NonoXeHue NMHUMMN aToma
Bogopoda B BMOMMOM 06nactu cnektpa onucbiBaloTcst ghopmynoli Banbmepa:

c

%zR*%Z_%z), unm V=E AN 4acToT: V=R(/22—%2) (n=3,4,5,..),

, 1 , 1
roe R =11- 107 = , R=R-c=329- 10" = — nocmosiHHas Pud6epeza.
M c
Mo3gHee, B ynbTpadumoneToBon obnactu bbina obHapyxeHa
cepus JlatimaHa: V= R(%z - %2 (n=2,3,4,..),

1 B MH(ppakpacHor obnactu

)
cepusi MaweHa: V= R(%z - %2) (n=4,5,6,..),
cepusi Bpakema: v=R\), - %2) (n=5,6,7,..),
cepus lN¢pyHoa: % =R(%2 —%2) (n=6,7,8,..)),
cepusi Xameppu: V= R(%z - %2) (n=7,8,9,...).

Bce atn cepun moryT 6bITb OnrcaHsl 0606uwjeHHol ¢hopmynoli Banbmepa:

1 1
V=R ——-—
m2 n2

roe m=1,2,3,4,56 onpegensieT ceputo, a n=m+1,m+2,... onpegenser
OoTAEnNbHble NUHUKM 3ToN cepun. C yBENWUYEHWEM 71 JIMHUM Cepumn CcOnmKarTcs;
3Ha4YeHne n=-co OMNpepensieT e2paHuUyy cepuu, K KOTOPON CO CTOPOHbI GONbLIMX

4YacToT NpUMbIKaeT CMIOLLHOM CNeKTp.
AHanornyHole cepun Obinn BblAENEHbI B JIMHENYATbIX CnekTpax Apyrmx atomMoB.

3. Mocrtynartbl Gopa.

Ons obbsACHEHUs1 3aKOHOMEpPHOCTEN B NHenYaThix cnektpax bop o6beanHun
nnaHeTapHylo mogenb atoma Pesepdopaa c¢ runoteson [naHka O KBaHTOBOM
npupoae ceeta. Teopust atoma bopa ocHoBbIBaeTCA Ha ABYX NocTynaTax:

(I) NepebIt _noctynar Bopa (mocmynam cmayuoHapHbIX COCMOSIHUL):
cywiecmeyrom cmayuoHapHble (He W3MEHSIIOLLMECS CO BPEMEHEM) COCMOSIHUS
amoma, Haxo0sicb 8 KOMmMOpbIX OH He u3jyyaem 3Hepauu. CTauMoHapHbIM
COCTOSIHMAM aTOMa COOTBETCTBYIOT CmayuoHapHbie opbumasi, N0 KOTOPLIM ABWKYTCS
aneKTpoHbl. Kaxgoe crauuoHapHOe COCTOsiHWE XapakTtepusyeTtcsl ornpedeneHHbIM
(OMCKPETHBIM) 3HAYEHWEM JHEPrun. [BWKEHUE 3MIEKTPOHOB MO CTaLMOHaPHbLIM
opbuTtam He conpogoxdaemcs N3ny4eHMeM 3reKTPOMarHUTHLIX BOSH.

Mpasuno keaHmoeaHusi opbum Bopa yTBepxaaeT, YTO 8 CMayuoHapHOM
COCMOSIHUU amoma 371eKmpoH, 0suzasicb Mo Kpyzoeol opbume, OO/KeH umemb

KBaHTOBas usmka



7-4

KeaHMOBaHHbIe 3HayeHUss MOMeHma UMIysbca, YOOBMETBOPsiolLMe  YCIOBMIO
m,or, =nh (n=1,2,3,...),
rae m, — mMacca 3NeKTpoHa, U — €ero CKopocTb Ha 1 -i opbuTe paguyca r,,
h=h/(2m).

(II) Bropoi noctynar Bopa (rpasusio yacmom): npu nepexode amoma u3
00HO20 COCMOsIHUS 8 dpy20e UCnycKaemcs unu noanouwaemcsi o0uH ¢homoH
C 3Hepauel

hv=E, -FE,,
paeHoli pasHocmu 3Hepauli coomeemcmeyrwux cmayuoHapHbIX
cocmosiHull.
Wsnyyenne (E,, < E,) npoucxoauT mnpu nepexone atoma U3 COCMOSIHUSI C

OOnbLUen aHeprmen B COCTOSAHUE C MEHbLUEN 3Heprnen (Npy nepexoae dneKTpoHa c
opbuTbl 6onee yganeHHow OT sapa Ha GIVXKHIOK K aapy opouTy).

Mornowenne doTtoHa (£, >E,) conpoBoxgaeTcs nepexofom atoma 8
cocmosiHue c OOnbluer 3Hepruen (nepexon 3NekTpoHa Ha Oonee yganeHHyw OT
sppa opouTy).

Hab6op ecego3MOXHbIX OUCKPEMHbIX YaCTOT KBAHTOBbIX MEPEXOAO0B:

v — Eﬂ B Em

h

onpeaenseT uHeliyamsili cnekmp amoma.

4. OnbiTbl PpaHka u lepua.

B onbitax ®paHka wu Tlepua ObiNo  3KkcriepumeHmasnbHO  OoOKa3aHO
cyujecmeogaHue 8 amomax cmayuoHapHbIX COCMOSIHUU.

OneKTpoHbI, 3MUTUPOBaHHbIe kaTogoM K, paseoHsiomcsi B obnactu 1 nop
[EenNCcCTBMEM YCKOPSIOLWEN pasHOCTV NoTeHumanos @

K Y] o

jD[: 2 {3'—- mexay katogom u cetkon C,. B obnactu 2

Cl‘ é AMNEeKTPOHbl  MPOXOAAT 4Yepe3 napbl  pTyTM #
! 2 pocturaioT aHoja A. [epBoe BoO36yxaeHHOe

COCTOSIHME aToMa pPTyTU umeeT aHeprmio 4,86 aB. lNMpu yBennyeHun yckopsiowero

noTeHumana ¢ Ao 3TOW BEMUYUHbLI, COyAapeHnst 3NIeKTPOHOB C aToMaMu CTaHOBATCA

486 Heynpyrumu: aneKTpoH 0TAaeT KMHETUYECKYHO SHEPruio
I atomy, BO3Gyxgasi nepexog M3 OCHOBHOMO
4,86 3HEpreTN4EcKoro COCTOsIHNUA B nepBoe BO3GYXaeHHoe
4,86 COCTOSiHME (rMo2s1ouWjeHue 3Heprum atomammn pTyTin) —
MoK 8 ycmaHosKe pe3ko ymeHbwaemcs. [lpu
hanbHedwem  yBenuyeHun @, nopgobHoe ke
nosegeHne Toka HabnogaeTcs  Npu SHeEpPrusx,
KpamHbix AE =4,86 3B, Kkoraa AMEKTPOHbI
ucnbITbIBaOT 2, 3, ... Heynpyrux coygapeHun. Takum
obpa3oMm, B aTtomMe [eNCTBUTEMbHO CyLECTBYIOT
CTauMoHapHble COCTOsHUA (MoATBEPXAEHNE NepBOro
nocrynata bopa).

Bo3byxaeHHble aToMbl PTYTU, NEpPexoas B OCHOBHOE COCTOSIHWE, U3Jsiydarom
KBAHTbl CBETA C AMMHOW BOMHbI A = hc/AE =2554M (NoaTBEpxXaeHne BTOPOro

noctynata bopa).

1 1
0 5 10 15 o8
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B 30HY MPOBOAMMOCTM B Cry4ae nonynpoBofHuka n-tuna (puc.(6)) unu 13 BaneHTHoON
30Hbl Ha aKUernmopHbIe YPOBHU B CIly4ae NnonynpoBoAHuka p-tuna (puc.(B)).
lpumecHass ¢gpomornpogodumocmb ANsi NONYNPOBOAHUKOB N-TUNa — YUCMO
3/1EKMPOHHas1, ANs NONYNPOBOAHWUKOB P-TUMNa — YUCMO ObIPOYHas.
Takum obpasom, ecnm hv 2AE ana coBCTBEHHbIX MOMYNPOBOAHMKOB, W
hv 2 AE, nns npuMecHbIX NonynpoBOAHMKOB, TO B NONYNpoBoAHUKe Bo3byxaaeTtcs

coTonpoBoanMocTb (3aeck AE, — sHeprusi akTUBaLMW NPUMECHbBIX aTOMOB).

OTcloga MOXHO OMpefenuTb KpacHyro 2paHuuy ghomonpogodumocmu —
MaKCUManbHyl0  AfMHY  BOMHbI, MpWM  KOTOpOil  elle  (POTOMPOBOAMMOCTb

ch ch

Bo3byxaaetcst: Ay =——, Ay =—— [Ans  COBCTBEHHbIX W  MPUMECHBIX
AE AL,
NonynpoBOAHMNKOB, COOTBETCTBEHHO.

Hapsgy ¢ nornoweHnem, MNpuBOAALWMM K MOSBEHWI0 (DOTONMPOBOAMMOCTH,
MOXeT MMeTb MeCTO MOrnoLeHne cBeTa ¢ 06pasoBaHNEM IKCUMOHO8, KOTOPOe He
« MpuBOAWT K (pOTONPOBOAMMOCTU. IKCUMOH — 3TO
KBasuyactuua, npeacrasnsiowas cobon CBA3aHHYO
napy aneKTpoH—AbIpka, KoTopasi MoxeT cBoboAHO
* nepemeLlaTbCcs B Kpucranne. OKCUTOHBI
« BO30YXAalTCa (POTOHAMM C SHEPTUAMM MEHBLLUMMM

3HEepPru 3anpeLLeHHOR 30Hbl U MOTYT ObITe HarmsgHO

npeactaBneHsl B  BuAe  MOAENU  CrapeHHbIX
e arnekTpoHa (e) u Abipkn (h), OBWKYLUMXCA BOKPYr
» OOLLEero LeHTpa Macc, KOTOPbIM He XBaTUMO AHEPTUN,

4TOObLI OTOPBATLCA APYr OT Apyra (Tak Ha3blBaeMblIi
9KCUmMOH BaHbe—Momma). B LenoMm 3KCUTOH 3MeKTPUYECKN HenTpaneH, nodTomy
3KCUTOHHOE MOTTOLLEHNE CBETa He NPMBOAMNT K YBENMYEHUI0 (DOTONPOBOANMOCTM.

33.JllomuHecueHUMA TBepabIX Ten.

JlloMuHecueHyueli HasblBaeTCs M3Ny4YeHne, Un3ObITOYHOE Mpu  OaHHOM
TemnepaType Hag TEnnoBbIM W3MyYeHWeM Tena Wu UMelollee ANUTENbHOCTb,
6OnbLUYI0 Neproaa CBETOBbIX KoriebaHWii.

BeuwiectBa, cnocobHble noa AenWCcTBMEM PasnMYHOrO poaa BO3OYXAEHMN
CBETUTbLCS!, Ha3bIBaKOTCS JIIOMUHOGhopamMu.

B 3aBucuMmocTn oT cnocoboB BO3BYXAEHUS pas3nuuyaloT: ¢homosIroMUHeCcy,eH-
yuro (Nnoa gencTsMem cBeTa), PeHM2eHO/IoMUHecyeHyuro (Noa 4ENCTBMEM PEHT-
FEHOBCKOrO U3Nny4YeHusi), kamodoJsiroMuHecyeHyuro (Nosn AeCTBMEM SMEKTPOHOB),
paduonromuHecyeHyuro (Npy BO3OYXKOAEHUM SAEPHBIM  U3MyYEeHUEM, Hanpumep
Y -M3Ny4yeHneM,  HEWTpOHaMW,  MPOTOHaMW),  XeMUJIIOMUHeCcUeHUyuro  (npu

XUMUYECKUX MpeBpaLleHnsX), mpubomoMuHecueHyuro (Npu pacTupaHuit unm
packanblBaHUN HEKOTOPbIX KPUCTAmOB). Crexrp nornouers  Crexrp

Mo oNUTENLHOCTN CBEYEHWUS YCITOBHO pasnunyaroT: (BO3GYHIEHNA)  JTIOMHHECIEHLHH
¢hiyopecyeHyuro (tSlO"gc) n ¢hocghopecueHyuro
— CcBeYeHue, MPOJOIKaloLLEecss 3aMeTHbIN MPOMEXY-
TOK BPEMEHU NOCcne NpekpaLLeHns Bo3oyaeHNs.

Yxe B nepBbiX KOJIMYEeCTBEHHbIX UCCegoBaHUAX
MIOMUHECLIeHUMN BbIiNo  chOPMYNIMPOBaHO Mpaeusio
Cmokca: AONVHa BOJHbI JTIOMUHECLUEHTHOro u3rny4deHuns Bcerga oonbLue ANUHbI
BOIHbI CBETA, BO36YAMBLLErO €ro.

A

A.H.Orypuos. flekyuu no gusuke.
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crnyyae 3TOT ypOBeHb pacnonaraeTcsi OT AHa 30Hbl MPOBOAMMOCTU Ha PaCcCTOSIHUM
AE, =0,0133B< kT, nostomy yxe npu OBbl4HbIX TemnepaTypax Termnosasi

3HEeprus AoctatoyHa Ans nepebpockM 3MEKTPOHOB C MPUMECHOTO YPOBHS B 30HY
NpPOBOANMOCTH.

Mpumecu, sSBNAOLWNECH UCTOYHUKAMW 3NEKTPOHOB Ha3biBalOTCs OOHOpaMu, a
3HEpreTUYECKNe YpoBHM 3TUX NpUMecell — OOHOPHbIMU YPOBHSIMU.

Takum obpasom, 6 monynposodHUKax n-murna (QOHOpPHAst NPUMECH)
peanusyeTcsl 3/1IeKMPOHHbLIU MeXaHU3M NPOBOAUMOCTH.

MonynpoBoaHWKM  Ha3blBalTCA ObIPOYHbLIMU (UNV  MOJYNPO8OOHUKaMU
p-Tuna) ecnu npoBOAUMOCTb B HuX obecneunBaeTcs [Ablpkamu, BCIEACTBUE
BBeJEHNUSI MPUMECKH, BaneHTHOCTb KOTOPOW Ha eOuHUUYy MeHblue 8aneHmHocmu
OCHOBHbIX amomos.

Hanpumep, BBegeHue TpexBaneHTHOW npumecu 6Gopa (B) B maTpuuy

YeTblpexBaneHTHoro repmanust (Ge) NPMBOAMT K MOSIBIIEHUIO

c B 3anpeLleHHON 30He MPYMECHOrO 3HEepreTU4EcKoro YpoBHS

A He 3aHsTOro anekTpoHamu. B gaHHOM criydae aTOT

AE YpPOBEHb pacronaraeTcs OT BEPXHEro Kpasi BareHTHON 30HbI

A S Ha pacctosHun AE , =0,082B. 3nekTpoHbl 13 BaneHTHOM
‘A

30Hbl MOFYT MNEepexofiuTb Ha MNPUMECHbLI  YPOBEHb,
nokanusysicb Ha aromax 6opa. O6pasoBaBwuvecs B
BarneHTHOWN 30HE OblPKN CTAHOBATCSI HOCUTENSMM TOKa.

Mpumeck, 3axBaTblBaloLiME 3MNEKTPOHbl M3 BaNEHTHOW 30Hbl, Ha3blBaKTCSA
akyenmopamu, a 3HepreTMYeckne YpoBHWU ITUX MpuUMecel — akKyenmopHbIMU
ypoeHsiIMU. B nonynposodHukax p-murna (akuenTtopHas npuMMechb) peanuayetcs
ObIPOYHbIL MexaHU3M NPOBOANMOCTM.

Takum o6pas3om, B OTnMyMe OT COBCTBEHHOW NPOBOAMMOCTW, rpUMEecHas
nposodumocms 06ycrioaneHa Hocumensimu 0OHO20 3HaKa.

32. PoTONPOBOAUMOCTbL NOJNTYNPOBOAHMKOB.

®omonposodumMocmb os1yrnPO8OOHUKO8 — YBENUYEHNE SNEKTPONPOBOAHOCTU
nonyrnpoBOAHMKOB MO AEWCTBMEM 3MEKTPOMArHUTHOMO U3Ny4YeHUs — MOXeT OblTb
CcBsi3aHa CO CBOMCTBaMM Kak OCHOBHOIO BELLECTBa, Tak M COAEPXALLUMXCS B HEM
npumecen.

a)

Cob6cTBeHHasa _cdotonpoBogmumocTtb. Ecnn  aHeprus

¢oToHOB Gonblle LUMPUHBI 3anpeLueHHoi 3oHbl (AV = AE),

3NEKTPOHbI MOryT OblTb NepebpolleHbl U3 BaneHTHOW 30HbI B
30HYy MpPOBOAMMOCTM (@), 4YTO nNpMBEOET K MOSABNEHUO hv
000aBOYHbIX  (HEpaBHOBECHbIX)  9MEKTPOHOB (B 30He
NpoBOAMMOCTM) M AbIPOK (B BaneHTHoW 3o0He). CobcTBeHHast
hoTONPOBOAUMOCTL 0DOYyCroBMeHa Kak 3nekTpoHamu, Tak W
AblpKamu.
MpumecHasn cdoTonpoBoAUMOCTbL. ECnn NonynpoBoAHMK COAEPXUT NpumecH,
6) 8) TO (POTOMPOBOAUMOCTb MOXET BO3HUKAaTb
/////////////4 v npu hv <AE: npu doHopHoU npumecu
AE, doTOH pgomkeH obnagaTb  3Hepruemn
hv 2AE,,, npu akuyenmopHol mnpumecu

hv~apa_ . hv>AE,. Tpu nornoweHun cBeTa
] ] e oo oo yenoney

1 nepexop 3NeKTPOHOB ¢ OOHOPHBIX yposHel

AE

hv

A.H.Orypuos. flekyuu no gusuke.

5. Cnektp aToma Bogopoaa no bopy.

PaccmMoTpuUM  [BWXeHME SneKkTpoHa B  BOAOPOAONOAOGHOM  cuUcTeMe,
orpaHMuMBasiCb KpYroBbIMU CTaLMOHapHbIMM opBuTamu. BTopol 3akoH HbloToHa

Ze-e _mu’ mu® 1 Ze

(apyras dopma: ) W ycrnoBue KBaHTOBaHWe

Ane,r® r 2 2d4me,r
MOMeHTa wuMmnynbca: m,U¥, =nh, — TNO3BOMSIOT MOMy4UTb paguyc n-i
cTaLMoHapHOW OpOUTLI aNeKTpoHa: n E 5B
h® - 4me 7 '
L=t n=1,23,0) 0 A\ o 03
m,Ze SN 054
y 4 111! -0,84
Ans eodopoda (Z =1) papmyc nepsoii op- 3 oo oo -1,
OUTbI aneKkTpoHa (mepebili 6opoeckuli paduyc): Mawena Bpakera
hz 4”8 — 2, epus _3’38
ay=r=—>"=52810""m Bamirepa
m,e

lMonHas aHepausi anieKmMpoHa B BOAOPOAO-
nopaobHon cucteme cknagblBaeTca M3 KMHETUYe-
CKOW 1 NOTEHUMarnbHON SHEprui:

mu®  Ze? 1z
2 dmeyr 24megr
N, C y4eTOM KBaHTOBaHUA 0p6VIT r,, nony4mm:

__ 1 Zme (n=1.2.3..),  Co
}12 8]’[283 Lt ’ Taiimana
rae 3Hak MMHYC O3Ha4vaeT, YTO 3MEeKTPOH HaxoaUTCs B CBA3aHHOM COCTOSHUM.

Llenoe uncno n, onpegenstollee aHepreTM4eckme ypoBHM aTtoma, HasblBaeTcs
2/1a8HbIM K8aHMOBbLIM YUCJ/IOM. JHepreTuyeckuii ypoBeHb ¢ n =1 Ha3blBaeTcs
OCHOBHbIM (HOpMaJsibHbIM) YPOBHEM, a COOTBETCTBYIOLLEE eMy COCTOSHME aToMa
Ha3blBAETCS OCHOBHbIM (HOpPMasibHbIM) cocmosiHueMm. YpoBHMn ¢ n>1 nu
COOTBETCTBYIOLLME M COCTOSIHUSI HA3bIBAOTCSI 8036YKOEHHbIMU.

MpuoaBas 7 UeNoYWCREHHble 3HayeHus, mnonyvyaem Ans atoma Bogopoda
3HepreTMyeckMe ypoBHW, MpeAcTaBrieHHble Ha pucyHke. MuHuUManbHas 3aHeprus
atoma Bopopopa: E, =-13,559B. MakcumanbHasi aHeprus E_ =0 npn n=oo

E=

-13,35

n

Ha3blBaeTcs 3Hepaueli uoHu3zauyuu aTtoma (npu FE =FE_ npoucxogut oOTpbIB

anekTpoHa oT atoma). lNepexod M3 CTaUMOHAPHOrO COCTOSIHUSA 71 B CTauMOHapHoe
COCTOSIHME 1 COMPOBOXAAETCH UCMYCKaHNEM KBaHTa:
4 4
_me (LT L) e R el
8h2€g n* m? m* n? 8h38§

TeopeTunyeckoe 3HaueHne R XOpOLLO COrnacyeTcsi CO 3HaYeHWEM MOCTOSIHHON
Pvpbepra, onpeaeneHHbIM aKCNepYMEHTasbHO.

Teopus Bopa cbirpana OrpomMHyld pofb B CO34aHMM aTOMHOM (OU3NKK, B
pasBMTUM aTOMHOMW W  MOMEKYMAPHOW CMEKTPOCKOMWM, HO €€ BHYTPEHHSS
NPOTUBOPEUYNBOCTb — COEAUHEHUE KIMAaCCUYECKMX M KBAHTOBbLIX MpeacTaBreHnn —
He NO3BOMUM Ha ee OCHOBE OOBACHUTL CNEKTPbl MHOrO3NEKTPOHHbIX aTOMOB (gaxe
NPOCTENLLEro U3 HUX — aToMa renus, Cogepxallero NOMUMO SApa ABa 3MeKTpoHa).

hv=E —-E, =

KBaHTOBas usmka



OCHOBHbI€e MOHsIMUSI KBaHMOBOU MexaHUKU

6. KopnyckynspHo-BOJIHOBOM Ayaniudm CBOMCTB BellecTBa.

KBaHTOBass MexaHuka, cO3faHHas [Ons  ONUCaHUsl CBOWCTB  KBAHTOBbIX
06BEKTOB, OCHOBbIBAETCS Ha NpeanonoxerHun Nyn e Bpoiins o Tom, YTO Tak xe Kak
CBETYy MpUCYLUM OOHOBPEMEHHO CBOWCTBA 4YacTuubl (KOPMYCKymbl) W BOJIHbI
(nBOMCTBEHHAA KOPNYCKYNSPHO-BOMHOBAs NpUpoAa CBeTa), Tak U 3JIeKMPOHbLI U
nobble dpyaue yacmuybl Mamepuu Hapsidy C KOpnyCKyJIsipHbIMU obnadarom
makxxe 80/IHO8bIMU ceolicmeamu.

KaxxgoMy 0GbekTy NpUCYLLM Kak KOPMNYCKYNSPHLIE XapakTEPUCTUKN — 3Hepaust
E v umnynbc p, Tak u BOMHOBblE XapakTEpUCTUKW — yacmoma V v OnuHa

QOJIHBI A .

COOTHOLUEHNSA MEXAY KOPMYCKYNMSAPHbIMU W BOSIHOBBIMW XapakTepUCTUKaMM
4acTuL Takve xe Kak ans otoHos: E=hv =ho v p=h/A.

Takum obpasom, nwbon yactuue, obnagawoLlien umnynscoM (B TOM Yucne u
yacTuue, B oTuumne OT POTOHa, obrajaroLlet Maccol Nnokos), cornocmaessnssemcs
80s1HO8OU MPOYECC C ANVHON BOMHbI, onpegensiemoii no ¢oopmyne ae Bpouns:

Dot~ l:;ﬁ

Pomea TIRCTIUHAE P
vnotesa pge bponna Obina noaTeep-
,//,’,/ XOeHa 9JKcnepuMeHTanbHO B OnbiTax Mo
Tlyvon \:55: Ondpakummn aneKkTpoOHOB Ha MOHOKpUCTanax
LIEITIPOR 08 ~ MeTanmnoB — eCTEeCTBEHHbIX ANPAKLNOHHbBIX

pelleTkax — W Ha MeTannu4eckmnx nieHkKax.
Oaxe B crnydae 4pesBblHalHO cnabbix
My4YKoOB, KOrAa KaXObli SMEKTPOH NPOXOAMIT MpensiTCTBME He3aBUCUMO OT Apyrux
ANEKTPOHOB MyykKa, hopMMpoBanach ANdpakuMOHHAs KapTMHaA Kak B MpoxogsLlem,
Tak U B OTPAXXEHHOM My4Ke 3NEKTPOHOB.

lMonHasi 3Hepeaus 4Yacmuybl onpepensieTcs Yactoton BonH ge Bbponns c
NMOMOLLIbIO COOTHOLLIEHUSI

E=hv

Takum 00pa3oM, KOprycKynspHO—8osiHoeol Oyanu3M — yHugepcaslbHoe
ceolicmeo mamepuu.

3OTO CBOWCTBO CyLlECTBEHHbIM 00pa3oM MposIBMsSieTCs  TOMbKO  Ansi
MUKpoo6Bekmos. [Ins MakpoCKONMYecknx Ten AnuHbl BorH ae bpoiinsa ncyesatowe
mManbl (Tak, Hanpumep, YvacTuue Maccol 1r, ABWXKYLLENCS CO CKOpOCTbi 1m/c,
COOTBETCTBYEeT QAnuHa BonHbl ge bponna c A=6,62-10‘31M) M  BOJTHOBbIMU
achdekTammn npeHebperatoT.
7. HekoTopble cBoWcTBa BonH ge Bponns.

PaccmoTprM cBOOOAHO ABUXKYLLYHOCS CO CKOPOCTBIO D 4acTuuy Maccon m .

daszoBag ckopocTb BofH ae bponns:

> _a)_hw_E_mc2 _c
Uk hk p mv v

T.e. pasoBasi CKOPOCTb BOSMH Ae bpoins 6osibwe ckopocTu CBeTa B Bakyyme

(TK. c>V).

2

A.H.Orypuos. flekyuu no gusuke.
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BO3MOXEH 3a c4eT TenroBoro BO36y)K,EI,eHI/I9| UM 3a c4eT BHELWIHEero MUCTOYHUKa,
cnoco6Horo nepefaTb anekTpoHam aHepruo AE .

30.CobcTBEHHas NPOBOAMMOCTb NONYNPOBOAHUKOB.

MonynpoBogHWKamu siBNsOTCS TBepAable Tena, kotopble npu T =0K umetoT
MONTHOCMbIO 3aHSIMY0 3NEKTPOHaMU easieHmHyro V' 30Hy, OTAENEHHY0 OT 30HbI
npoeodumocmu C cpaBHUTENBHO Y3KOW 3anpeujeHHol 30Hol. CBOMM Ha3BaHMeM
OHM 06513aHbl TOMY, 4TO WX NPOBOAMMOCTb MEHbLLE 3MEeKTPONPOBOAHOCTY MeTansos
1 BonblUe 3NEKTPONPOBOAHOCTU ANSNEKTPUKOB.

Pasnuuator co6cmeeHHbIe VI npuMecHbie nosaynpoeodHuku. COGCTBEHHBIMU
NonynpoBOAHUKAMW SBMNSOTCA XMMUYECKU YNCTbIE NOMYNpOBOAHMKM (Hanpumep, Ge,
Se), @ UX NPOBOANMOCTb Ha3blBaeTCs co6¢cmeeHHOU MpPo8ooOUMOCMbIO.

Mpu T=0K u oTcyTCTBUM BHeLUHEro BO36YyXAeHUs

C cob6CTBEHHbIE MONYNPOBOAHWKM BedyT cebsi kak ANINEeKTPUKU.

Mpy noBbIlWEHWM TemnepaTypbl 3MEKTPOHbI C  BEPXHUX

AE  ypoBHel sasieHmHoU 30HbI V' MOryT ObiTb nepebpoweHsl Ha

HWXXHWE YPOBHU 30HbI pogodumocmu C . Tpy HaNoXeHUn Ha

"4 Kpuctann BHELLHero 3MEKTPUYECKOro nonsi OHU

nepemeLLaloTcs NPOTMB MOMA U CO3[AT SMEKTPUYECKMIA TOK.

MpoBoanMocTb, 0OYyCroOBreHHasi SMeKTpoOHaMW, Ha3biBaeTCs  3J1eKMpPOHHOU
npoeodumocmbFo v NPOBOAMMOCTbLIO N-Tuna (negative).

B pesynbtaTte nepexofoB 3NEKTPOHOB B 30HY MPOBOAMMOCTW, B BarieHTHOM
30HE BO3HWMKAIOT 8aKaHMHbIE COCMOSIHUS, MonydvBlIMe HassaHue Abipok (hole,
nokasaHbl Ha puUCyHKe GenbiMu Kpyxkamu). Bo BHellHeM nofie Ha 3TO BakaHTHOEe
MECTO MOXeT MepemMeCcTUTbCS COCELAHW BaneHTHbI 3MEKTPOH, NpU 3TOM Ablpka
"nepemecTtutca” Ha ero mecto. B pesynbtaTe Ablpka, Tak e Kak U nepeluewni B
30HY NPOBOAMMOCTW 3MEKTPOH, OyaeT ABMraTbCs MO KpUCTanmny, HO B HanpaBleHnn
NPOTUBOMONOXHOM ABUXEHUIO 3MnekTpoHa. dPopmarnbHO 3TO BbIMMSANUT Tak, Kak ecrnu
6bl MO KpucTanmy ABuranacb 4actuua C MONOXUTENbHbIM 3apsiAoM, paBHbIM MO
BENUYMHE 3apsiay anekTpoHa. [poBOAUMMOCTb COGCTBEHHBLIX MOMNYNPOBOAHUKOB,
obycrioBrneHHasi  kBasWyacTMuamu —  AOblpkamu, HasblBaeTcs  ObIpOYHOU
npoeodumocmsio NN P-NPOBOAMMOCTLIO (positive).

B cobcmeeHHbIx  nonynpoe8oOHUKax Habniwogaetcs, Takum  obpasom,
3/71eKMPOHHO-ObIPOYHbIU MeXxaHU3M NPOBOAVMOCTH.

31.MpumecHas NpoBOAMMOCTbL NONYNPOBOAHUKOB.

lMpoeodumocmpb  nonyrnpogodHUKO8, OOYCMOBNEHHas npuMecsMu (aToMmbl
MOCTOPOHHMX 3IEMEHTOB), TEMMOBLIMK (MYCTblE Y3Mbl UMM aTOMbl B MEXA0Y3MUn) 1
MeXaHU4eckMM (TpeLUMHbl, Aucrnokauun) Aedektamu, Ha3bigaemcss MpuUMecHoU
npoeoouUMOCMbIO, @ CaMu MONyNPOBOAHUKA — MPUMECHBLIMU 10J1yrIPO800HU-
Kamu.
MonynpoBOAHMKN Ha3bIBAOTCS 3J/IEKMPOHHbLIMU (N MOJ1YNpo8oOHUKaMu
n-Tuna) ecrnv nNpoBOAMMOCTb B HUX obecneunBaeTcs M3GbITOYHBIMK 3NEKTPOHaMKU
npMMecK, BaneHTHOCTb KOTOpOM Ha eOuHuyy 6onbwe
¢ 8asIeHMHOCMU OCHOBHbIX amoMO8.
D AEp Hanpumep, natuBaneHTHas NpuMechb Mbllbsika (As) B
AE maTtpuue YeTblipexBaneHTHoro repmanns (Ge) uckaxaeT none
! peLleTkn, YTO NPUBOAUT K MOSIBNEHUIO B 3anpeLleHHOW 30He

%v JQHEepPreTn4eckoro  ypoBHA D BaneHTHbIX  3JIEKTPOHOB
MbilbAKa, Ha3biBAEMOro nMPUMecCHbIM YypPO8HeM. B paHHOM

KBaHTOBas usmka
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PaccmoTpum BooGOpaxkaembliit npouecc obbeguHeHuMss N TOXOECTBEHHbIX

E| atomoB B Kpuctann. [loka atombl
HaxoAsTCs Ha 3HAYUTENbHbLIX PACCTOAHUAX

r Apyr OT Jpyra, OHW  UMET
TOXAECTBEHHbIE CXEeMbl 3JHEepreTnyeckux
ypoBHel. o mepe cONMxXeHUs aTtomoB
BOJSTHOBbIE (PYHKLIMM BHELUHMX 3NEKTPOHOB
aTOMOB Ha4YMHaOT MepekpbiBaTbCS WU,
BCneacTeue npuHumna lMaynu, kaxgbin u3
ypoBHel pacuwennsetcas Ha N rycto
pacnonoXeHHbIX NOAYPOBHEN (paccTosiHue

Yposhn ceoGonHoro atoma

gﬁ& —

r Mexay — MnoaypOBHSIMM AE ~107% 3B),
06pa3syoLLnX MO0CY NN paspeleHHy0 3Hep2emu4ecKyro 30Hy (3alITPUXOBaHbI
Ha pucyHKe). BonHoBble (YHKUUM BHYTPEHHUX 3MNEKTPOHOB NGO COBCEM He
nepekpbiBaloTcs, NGO nepekpbiBaloTCA cnabo, MNO3TOMY YPOBHU BHYTPEHHUX
3MEKTPOHOB NGO COBCEM He pacLlennsaTes, NMbo paciluennsaTcs cnabo.

Pa3spelueHHble 3HepreTMyeckne 30Hbl pasfeneHbl 30HaMKU  3anpeLleHHbIX
3HAYEeHUN BHEPrUK, Ha3blBaeMbIMU 3anpeujeHHbIMU 3HepP2emuYecKUMU 30HaMmu.
B HUX 3MEKTPOHbl HaxoAuTbCs He MoryT. LUuMpuHa 30H (paspelueHHbIX WU
3anpeLLeHHbIX) He 3aBUCUT OT pa3Mepa KpucTtanna. PaspelleHHble 30HbI TEM LUUPE,
yeM crnabee CBA3b BANEHTHLIX 3NIEKTPOHOB C AApaMK.

29. MeTannbl, AN3NEKTPUKU U NONYNPOBOOHUKN.

B 30HHOW Teopuu TBEPAOro Tena pasnuuusi B SMEKTPUYECKMX CBOMCTBAX
pasHbiX TWUMOB TBepAbIX Ten OObsACHAITCA 1) WMPWHOW  3anpeLleHHbIX
3HEepPreTMYecKnX 30H 1 2) pasnmnyHbIM 3aMoSIHEHMEM pa3peLUEHHbIX 3HEePreTUYecKmx
30H.

BasieHmHoU 30HOU Ha3blBaeTCHA 30Ha, NOMHOCTLIO 3aNofIHEHHAs 3NeKTPoHaMMU.
30Holi npoeodumMocmu HasbiBaeTCsl 30Ha, NMBO YaCcTUYHO 3anofiHEeHHas
anekTpoHamu, Nn6o cesoboaHas. a 6)
MeTannbl. 30Ha
a)Ecnm  camas BEPXHSASA 30Ha, NpoBOAUMOCTH
coaepxallasi aMnekTpoHbl, 3arnofiHeHa nub
YaCTUYHO, TO SHEPTMM TEMSIOBOIO ABMKEHUS OBracTs HEpe-

anektpoHos (kT ~107*aB)  pocratouHo, HacTtuiHo KPHITHS 30H
4TOBbl 3MEKTPOHbLI NEpewny Ha CBOBOAHbIE S2ICTHCHEaA BanettHas
YPOBHM B 30He (cTamn cBOGOAHLIMM), sora S0Hd
obecrneynBas NPOBOAVMMOCTb METarsoB.

6) Ecnn BaneHTHasa 30Ha nepekpbiBaeTca CBOOOAHOM 30HOW, TO obpasyeTtcs
2u6pudHasi 30Ha, KOTOpasi 3aroNHeHa BariEHTHBIMY 3TIEKTPOHAMM MKLLb YAaCTUYHO,
yTOo Takke obecrneynBaeT NPOBOAUMOCTL METANMIUYECKOrO TUNa.

3oHa
NpOBOAMMOCTM

3amnperieHHas 30Ha

OWaneKTpuKM M NONynpoBOgHUKM. 8) 2)

B cnyyae guanekTtpuka (CM. pUCYHOK Soxa
(8)) wupnHa AE  3anpelueHHOi 30HbI | PoBCAUMOcTH 3oHa
HECKOMbKO 3B; Ternosoe ABWKEHNE HE 3,0 PRI
MOXeT  nepebpocuTb  OMEKTPOHbI U3 soma AE i EI—
BaNEHTHOMN 30HbI B 30HY NMPOBOAUMOCTH.

B cnydae nonynpoBogHuka (CM. BaneHTHas BaneHTHas
pucyHoK (2)) wwupuHa AE  3anpeLueHHoi SELE) SIeE]
30Hbl ~13B, noatomy Takoit nepebpoc LnanekTpuk MonynpoBoAHMK

A.H.Orypuos. flekyuu no gusuke.

2r
Wcnonb3oBaHbl cooTHowenus: E =hw, p=hk, k= Ve BOMHOBOE YMCHO.

pynnoBas ckopocTb BofH ae bponnsi:
_do _d(hw) dE

YTk T dml - dp

. 2 4 22
Onsi cBo6ogHom Yactuupl E =+/m“c” + p“c” , noatomy

u—d—E— pc? _pfcz_mvcz_

2
dp  \m*c* +pict E mc
Mpynnosasi ckopocTb BOMH Ae Bpoins paeHa ckopocTy YacTuubl. WHbIMM
crosamu, 8osTHbI e Bpoiinsa nepemewalomcsi Mecme ¢ Yacmuuyed.

gﬂﬂ QOTOHaZ

2 2 2
E mc pc-  mcc
vtba3=7=7=c n u=——= 3 =C

me E mc

8. CooTHoLweHue HeonpeaeneHHOCTEN.

[lBocTBEHHAs KOPMyCKyMNsipHO-BOMHOBas MpMpoAa MUKpovacTul onpefensiet
elle ogHO HeoOBblYHOE, C TOYKU 3PEHMsI KIacCUYeckux MpeacTaBreHui, CBOWCTBO
MUKPOOOBLEKTOB — HEBO3MOXHO OOHOBPEMEHHO MOYHO ornpederniums KoopOuHamy u
UMIMyfbC Yacmuupl.

B camom pene, nockornbKy KaXaow YacTuue cooTBETCTBYET BOJTHOBOW MpoLiecc,
TO HeomnpeneneHHOCTb "MeCcTOMoNoXeHUs" YacTuubl nopsiaka AnvHbl BOMHbI Ae
Bpoiina Ax=A 1 knaccudeckoe MOHATME TpaekTopun TepseT cmbicn. [Ons
MaKpOCKONMYeCckux 06bEKTOB ANMHbLI BOMH Ae Bpoiins ucyesatowe Marnbl, No3ToMy
ONst HUX NPUMEHUMO MOHSATUE TPAEKTOPUN OBUKEHUSI.

B o6uwem cnyyae aTo CBOMCTBO MUKPOOOBHEKTOB Ha3bIBAETCS COOTHOLUEHUEM
HeonpeneneHHocTten enseHbepra:

MukpoyacTiuua He MOXeT MMeTb OAHOBPEMEHHO OMNpeferieHHy KoopauHaTy
(x,y,z) n onpeaeneHHyl0 COOTBETCTBYIOLLYIO Mpoekuuio umnynsca (p.,p,,p,),

NPUYEM HEOMNPELENEeHHOCTY 3TUX BESIMYMH YAOBIIETBOPSIIOT COOTHOLLEHNSIM
AxAp, 2 h, AvAp, 2 h, AzAp, > h

T.€. npoussedeHue HeornpedeneHHocmel KoopOuHambl U coomeemcmeyrouel
eli npoekyuu uMnynsca He Moxem 6bimb MeHbWE 8€/TUYUHbI Mopsidka h .

CooTHOLLEeHVE HeonpeaeneHHoCTen NposiBnsieTcs B Andpakumm vyactuy. Myctb
NOTOK YacCTWL, ABWXETCS BAOMb OcU Y ¢ uMnynbcom p . [Jo NpoxXoxaeHWUs YacTuubl

yepes Lenb cocTaBnsiowas ee umnyneca p, =0, Tak yto Ap =0, a koopauHaTa
z ),/ N X SIBMSIeTCS COBEpLUEHHO HeonpegeneHHon. B
seposIIHOCITIY MOMEeHm NpPOXOXAEHUs1 YacTuubl Yepes Lienb
HeonpeaeneHHoCTb KoopauvHaTbl X YacTuubl

CTAaHOBUTCA  paBHOW WwupuHe wWwenm Ax.
BcnepoctBue  gudpakuum  yvactmubl - Gyayt
ABuraTbcsl B npefenax yrna 2¢, roe @ — yron,
COOTBETCTBYIOLLUMI MNepBOMY ANGDPAKLNOHHOMY
MUHUMYMY. Takum obpasom, HeonpeaeneHHOCTb
B 3HA4YeHUM COCTaBNsOWEN BOOMb OCUM X

Lermparsisil
MEKCLMYA

KBaHTOBas usmka



Ap, = psing = Esmq). C apyroii cTopoHbl, Axsing =A — ycriosne nepsoro

AnPaKUMOHHOrO MUHUMYMa (CTp.6-15). CneposatensHo AxAp . =h. Mockonbky
YacTb YacTuy nonagaeT 3a npefenbl Nepeoro AUMPaKUMOHHOIO MakcuMyMma, TO
nonyyaem BbipaxeHne AxAp = h, T.e. COOTHOLLEHWE HeonpeAeneHHOCTEN.

CoomHoweHue HeonpedeneHHocmeli — KeaHMogoe oO2paHU4YeHue
npUMeHUMOCMU Kjlaccu4YyecKol MexaHUKU K MUKPOO6BLekmam.

[ns MuKpovacTULbl He CYLLIeCTBYET COCTOSIHWI, B KOTOPbIX ee KoopauHaTbl U
COOTBETCTBYIOLUME MM MNPOEKUMM MMMynbca MMenu 6bl OOHOBPEMEHHO TOYHbIe
3HaveHus.

[na HeonpeneneHHocTn 3Heprun AE HEKOTOPOro COCTOSIHUSI CUCTEMbI Y
npoMexyTka BpemeHn Af, B TeYEHWe KOTOPOro 3TO COCTOSIHWE CYLLEeCTBYET, Takke
BbIMOJTHAETCS COOTHOLLUEHNE HeonpeaeneHHOCTEN:

AEAt > h

CnepoBatenbHo, cuUcCTEMA, MMelowas cpeaHee BpeMmsl XU3HU Af, He MoxeT
ObITb OXapakTepu3oBaHa OMNpPeAeneHHbIM 3Ha4YeHWeM 3Hepruu; pasbpoc 3Heprum
AE:h/At BO3pacTaeT C YMEeHblUEHWEM BPEMEHM XXM3HWM CUCTEMbl M 4acToTa

N3MYYeHHOro hOTOHA Takke [OMKHA UMETb HeornpenenenHocts AV =AE/h, Te.
CneKTpasnbHbIe IMHUA AOSKHBI UMETb KOHEUHYIo LnpuHy: Ov=v+ AE/h.

9. BonHoBas dhyHKUMA U ee CBOUCTBA.

WHTeHcMBHOCTL BONH Ae bponns B gaHHOM Touke MpoCTpaHCTBa CBA3aHa C
YACMOM YacTul, MOMaBLWMX B 3Ty TOYKY, O YEM CBMOETENLCTBYIOT OMbITbl MO
andpakumm Mukpodactul. MoaToMy BOMHOBbIE CBOWCTBA MMKpouvacTuy Tpebyet
CTaTUCTUYECKOro (BEPOATHOCTHOIO) MOAX0AA K MX OMUCAHMIO

Ons onucaHust noBegeHUs1 KBAHTOBbLIX CUCTEM BBOAUTCS 80JIHO8asi hyHKUUS
(apyroe HasBavve — ncu-gpyHkyusi) WY(x,y,z,t). OHa onpegensieTcs Takum

06pasoM, 4ToBbl BEPOATHOCTb dw TOro, YTO YacTULa HaxoauTCs B anemMeHTe
o6bema dV 6bina paeHa:

2
dw=|W?|av
dusnyecknii cmbicn uveeT He cama dyHkums W, a kBagpaT ee moayns
2 .
“-I" =WW¥", KoTopbIM 33aeTCA WHTEHCWBHOCTL BONMH Ae Bponns (3mecs ¥ —

2
dyHKUMA, KoMMnekcHo conpsbkeHHas ¢ W), Benuumua “P‘ dw 5
MMEEeT CMbICIT MIOMHOCMU eeposimHocmu p,, a cama Py = dV=“P‘

BonHoBas  yHkuma W umeeT cmbicn  amnaumyoObi

eepossmHocmu. Ycriogue HOPMUPOSKU eeposimHocmell oo
nony4yaeTcs U3 TOro, YTO BEPOSTHOCTb CYLLIECTBOBaHUS YacTULibl J"\yfdy =1
roe-nMbo B NPOCTPaHCTBE paBHa eguHuue  (MHTerpan

BblUMCASETCA N0 BCeMy 6€CKOHEYHOMY NPOCTPaHCTBY). -

BonHoBas dyHKUMSA, XxapaKTepusytoLlasi BepOiTHOCTb 0BHapyXeHusi AercTBrs
MMUKpOYacTuLbl B dnemeHTe obbema gomkHa ObiTb 1) KOHeYHOU (BepOATHOCTb He
MOXeT ObiTb Gonblue eauHuubl), 2) 0OHO3Ha4YHOU (BEPOSITHOCTL HE MOXET OblTb
HEeO4HO3Ha4yHOW BemnuuYMHOW) u 3) HenpepbigHOU (BEPOATHOCTb HE MOXeT
N3MEHATBLCSA CKaYKOM).
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Jeprang LTonynpospay-

KOTOPbIMU NOMeLlaeTCAa akTUuBHadaA cpena (KpVICTaJ'IJ'I HOB 3E0KOI0

unm koBeta ¢ rasom). dotonsl B wun  C, E &\
OBWXyLIMECa NOA4 yrmamu K OCU Kpuctanna unu

KIOBETbI, BbLIXOAAT W3 aKTUBHOW cpedbl 4epes Armubran cpeda
GOKOBYIO MOBEPXHOCTb. POTOHbI A, OBWXYyLMECs
BOONIb OMTUYECKOW OCW, MOCMEe MHOIOKPaTHOro
OTPaXeHWst OT 3epKan W YCWUNEHUss B aKTUBHOW
cpefe, BbIXOOAT 4yepe3 Monynpo3payHoe 3epkano,
co3faBasi CTPOro HamnpaBfieHHbI CBETOBOMW My4voK
KOrepeHTHbIX (POTOHOB.

CBoucTBa Nna3epHOro U3nyyeHus:
1. BpemeHHasi u npocmpaHCmeeHHasi Ko2epeHm-

i

Hocmb. Bpemsi KOrepeHTHOCTU 7~107¢, uto
COOTBETCTBYET ANVHe KOrepEHTHOCTU

[=c¢T~10°M, 4TO Ha CeMb MOPSAKOB BbILLE, YEM AN OBLIYHBIX UCTOYHUKOB
ceeTa.

2
il
|

11
2. Cmpozasi MoHoxpomamuyHocms (AL <107 m).

1
3. Bonbwasi nnomHocms omoka aHepauu (XxapakTepHble BenuumHbl ~ 10 0 B1/m?)

4
4. OyeHb Marnoe yernosoe pacxoxdeHue nyyka (B 10" pas meHble, yem y
TPaAMLMOHHbIX ONTUYECKMX OCBETUTESbHBIX CUCTEM, HANPUMep Y NpoXekTopa).

AnemeHmsbi ¢husuku meepdo20 mesna. I

A.H.Orypuos. flekyuu no gusuke.

Teepdoe Kpucmannu4eckoe meso paccMaTpuBaeTc B 30HHOU meopuu
meepdbIx mes1 Kak CTPOro NMepuoaMYeckasl CTpyKTypa, B KOTOPOW aTOMHble sgpa
CO3JaloT NepuoaMYeckoe anekTpuyeckoe none. 3agaya COCTOMT B OMNMcaHuu
noBefeH st ANEeKTPOHOB B 3TOM More.

ToyHoe peLueHne ypasHeHus LpeanHrepa Ans Takon CMCTEMbl HEBO3MOXHO U,
No3TOMY, WCMOMb3YOT pas3nuyHble ynpoluawlime apubnwkeHusi, No3sonsiolme
CBECTM 33a4ayvy MHOIMMX TEn K OAHOSIEKTPOHHOW 3agave 06 OAHOM 3NEKTPOHe,
ABWXKYLLEMCS B 324aHHOM BHELLHeM rore.

B oOcCHOBe 30HHOM TeopuM INeXWUT Tak HasbiBaeMoe aduabamuyeckoe

npubnuxeHue.
KBaHTOBO—MeXaHu4yeckasi cucTemMa pasfenseTcs Ha msxernbie W feskue
Yyactuubl — Apa U 3NEeKTPOHbI. |-|OCKOJ'Ibe MacCbl U CKOpPOCTU 3TUX YacTuul

3HAYNTENBHO Pa3nMYakTCs, MOXHO CYMTaTb, YTO ABUKEHME INIEKTPOHOB NPOUCXOAUT
B Mofe HemnoaBWXHbIX SAep, a MeASsIeHHO [OBWXYyLMecs sapa  HaxogsaTtcs B
yCpeAHEeHHOM Torie BCceX 3M1eKTPOoHOB. MpuHMMast, YTo siapa B y3nax Kpucrannuye-
CKOM pelleTKn HenoaBWXKHbl, OBUXeHUEe 3/IeKmpoHa paccMampueaemcs 6
r10CMOSIHHOM repuodu4YecKom rorse sioep.

Hanee  wucnonb3yetca  npubnmxeHne  camoco2/1aco08aHHO20  MOJIsl.
BsavmopeiicTBne AaHHOMO 3MEKTPOHA CO BCeMU APYrMMU 3MeKTpoHaMu 3aMeHsieTcs
[OEeNCTBMEM Ha HEero CrauMOHapHOro 3rieKTpuyeckoro nonsi, oGnagatowero
NepUOANYHOCTBLIO KpUCTAmNNNYEcKo pewleTkn. ITo nose co3gaeTca ycpeOHeHHbIM 8
npocmpaHcmee 3apsidom ecex Opyaux 35IeKmpoHO8 U 8cex sdep.

Takum o06pasoM, B pamkax 30HHOW TEOopuUM MHOTO3MEKTPOHHAs 3ajava
cBOOMTCA K 3afade O8UXEHUS] 00HO20 3/IeKMPOHa 80 BHEWHEM nepuoduyeckom
rone — ycpeaHeHHOM U COrnacoBaHHOM Mone BCeX siaep U NeKTPOHOB.

KBaHTOBas usmka
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BblHyxaeHHOEe nanyyexHve (BTOpUYHbIE OTOHbI)  mMoxxdecmeeHHO
BblHyXAawwemy (NepBuYHbIM (OTOHAM): OHO MMEET TaKyl Xe 4vacToTy, ¢aay,
nonspusaunio, HanpasneHne pacnpocTpaHeHuns.

CriefoBaTenbHO,  BbIHY)XOEHHOE  U3MNy4YeHWe Cmpo20 KO2ePeHMHO C
BbIHYXXAAOLWMM U3My4YeHneM, T.€. UCMYLEeHHbIn (POTOH Heomsu4yum OT (POTOHa,
najaroLLero Ha aToMm.

WcnyweHHble OTOHbI, [ABWrasicb B OAHOM HampaBneHuM U BCTpeyas
BO30OYXAEHHble aTOMbl, CTUMYMMPYIOT BbIHYXKOEHHbIE MNepexodbl: NPOUCXOAUT
pasMHoXeHne hOTOHOB.

Ona Toro 4To6bl MPOMUCXOOWIO YCUIIEHUE W3MyYeHUsl, HeOOXOAMMO, YTOObI
UHMEHCUBHOCMb  B8bIHYXXOEHHO20  U3/ly4YeHus NpeBblllana UHMEHCUSHOCMb
rnoanoweHusi gomoHos. A ans  3Toro HeobxoaMmo, 4TOObI 3aceneHHOCTb
BO30Y>XOEHHOro COCTOSIHUA (4NCMO aTOMOB B BO3GYXOEHHOM COCTOSHWMM) Obina
bonblue, YeM 3aceneHHOCTb OCHOBHOIMO COCTOSIHUA (4MCMO aTOMOB B OCHOBHOM
COCTOSiHMM). Takoe TepMOAMHAMUYECKN HEepPaBHOBECHOE COCTOSIHME HasbiBaeTcs
cocmosiHUeM ¢ uHeepcuel HacesleHHocmed.

Mpouecc nepeBoga cCUCTEMbl B COCTOSIHUE C WHBEPCUEN HaceneHHOCTen
Ha3blBaeTCs HaKkavkon (OCYLLEeCTBMASAETCA ONTUYECKUMU, ANEKTPUHECKUMU U APYTUMU
cnocobamum).

MHBepcHas cpeda, B KOTOPOW MPOUCXOAUT yCUeHne nagatoLlero Ha Hee nyyka
cBeTa, HasblBaeTcs akmueHol. 3akoH byrepa [ =1,exp(—0ix) Ans Takux cpep

uMmeeT ompuuyamesibHbIlU KO3¢hhuyueHm noanaouseHusl.

28.1asepbl.

OdheKkT ycuneHuss un3Ny4yeHUss B aKTUBHbIX Ccpedax WCnomnb3yetcs B
ONTMYECKMX KBaHTOBLIX reHepartopax, unum nasepax (Light Amplification of
Stimulated Emission of Radiation — LASER).

Jlasepbl noApasfensaTcs:

— 1o muny akmueHoli cpeldbl (TBepAoTeNbHble, ra3oBble, NOMyNPOBOAHMKO-

Bble 1 XWOKOCTHbIE);

— no Mmemodam Haka4yku (ONTU4Yeckue, TEMMOBbIE, XMMUYECKUE, NEKTPOUOHM-

3aUMOHHbIE 1 Ap.);

— 10 pexumy eeHepayuu (HeNPepbIBHOrO UM MMMNYNbCHOTO AENCTBUS).

MepBbit _TBEPAOTENbHBIA Na3ep — PYOGUHOBLIN (4NWHA BOMHbI U3My4YeHUs
0,6943 HM) — paboTaeT No TPeXypoOBHEBOW CXxeMe: Hakayka kpuctanna pybuHa
(AbOs ¢ npumechio  (~0,03%) Cr*")
nepeBoaMT aTtoMbl XpoMa B BO30yxOeHHoe
KOpPOTKOXUBYLLEe cocTosHMe 3 (nepexopf
2 13), ¢ koToporo npoucxoauT 6Gesblanyya-
TenbHbIA Nepexos B AONroXxuByllee (MeTa-
cTabunbHoOe) COCTOAAHMe 2 — MpoUCXoauT
"HakonneHue" aToMOB XpoOMa Ha ypoBHe 2.

lMpyn [ocTaToMHOW MOLLHOCTU HaKkadkm
1 MUX KOHLUEHTpauuss Ha YypoBHe 2 Oyger
ropasgo Gonblie, 4em Ha ypoBHe 1, T.e. BO3HWKAeT UHBepPCHasi HacesieHHOCMb
ypoaHsi 2. (CnoHTaHHble nepexoabl 3> 1 B AaHHOW CUCTEME HE3HAYUTENbHBI).

Kaxabln (OOTOH, Cny4yalHO POAMBLUMACS NpU CrMOHTaAHHOM nepexoge 2->1,
MOXET NopoAnTb B aKTUBHOW cpefe naBuHy BTOPUYHbLIX (POTOHOB.

Onsa  MHOrokpaTHOro  ycWneHusi nas3epHOM reHepaumum  UCMNonb3yeTcs
ONTUYECKMI pe3oHaTop — B MpocTeilleM cryyae — napa obpalleHHbIX ApYr K
Opyry napannesnbHbIX (UM BOTHYTbIX) 3epkan Ha obLiei OonTUYecKoW ocu, Mexay

BesbianyyarenpHblii
nepexon

Hakauka
CrioHTaHHbI# niepexon

A.H.Orypuos. flekyuu no gusuke.
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BonHoBas (byHKLlVIﬂ no3BONAeT BbIHUCIUTL CcpeaHue 3Ha4veHusa CbI/IBI/NeCKMX

BENWYMH, XapaKTepusyoLWmMX AaHHbLIN MUKPOOGbLEKT. Hanpumep, oo

cpefHee paccTosiHue <r> nuMeet BuUA: <r> = J}‘\P‘de
BonHosas yHKLMA yOoBneTsopseT npuHumny e

CYNnepno3uumn: ecriv CUCTEMa MOXET HAXOAUTLCS B Pa3IIMYHbIX

COCTOSIHUSIX, onmcbIBaeMbIxX BOJSIHOBbLIMM byHKUMAMY N ZC N

Y,¥,,...,¥,,...., To oHa Takke MOXeT HaxoOWTbCH B - "

COCTOSIHUK,  OMUCbIBAEMOM  NIMHEWHOW  KOMOWHaumen aTux  yHkumA  (roe
C, (n=1,2,...)— nponssosbHble, BOOGLLE rOBOPS, KOMMMEKCHbIE YMCna).

CnoxeHne BOMHOBbLIX YHKLUMIA (aMNAUTYS BEPOATHOCTEN), a He BEPOATHOCTEN
(onpepensiembix kBagpaTamyv MOAyfen BOSIHOBbIX  (PYHKLUMIA) NPUHLMNMANIBHO
OTNNYaeT KBaHTOBYIO TEOPUIO OT KIacCUYECKOW CTaTUCTUYECKOW Teopumn, B KOTOPOW
ONs He3aBMCUMMBbIX COBBLITUI CipaBeanuBa meopema CrioXeHuUs eeposmHocmed.

10.06wee ypaBHeHue LlipeaunHrepa.
OcHogHoe ypagHeHuUe Hepensmueucmckol KeaHmMoegol MexaHUKU UMeeT BUL,

2
—h—A‘I‘ +U(x,y,z,t)-‘l’=iha—ql
2m ot

2 2 2
h 0
rae h=_——; m — macca vacTupl; A=_——+_—>+_—5 — onepatop
2 ox~ dy° oz
Nannaca; i =+/—1 — muumas egununua; U(x,y,z,t) — noTeHumansbHas dyHKUNA
yacTWubl B CUMIOBOM none, B koTopom oHa gpwketcs; W(x,y,z,t)— wnckomast

BOMHOBAs hyHKLMSA YacTuLbl.
YpaBHEHVEe [OMNOSHAETCS YCMOBUSIMW, HaKNagbiBaeMblMU Ha  BOJSIHOBYIO
dyHkumo: (1) BonHoBas (OYHKUMS [OOSMKHA ObiTb KOHEYHOW, OfHO3HAYHOW U

¥ ¥ ¥ ¥

ox’ 9y’ 9z ot
2 y

(3) dyHKUMA “I" OOMKHa ObITb MHTErpUpyemMa; aTo yCroBme B NPOCTENLLIMX CryYasix

CBOAWTCS K YCINOBUIO HOPMUPOBKU BEPOSITHOCTEW.

HenpepbIBHOW; (2) Npou3BoAHble OOIMKHbI BbITb HEMPEPbLIBHbI;

11.YpaBHeHue LpeauHrepa Ans cTayMoOHapPHbIX COCTOSIHUMA.

BaxHbIM YacTHbIM _cniydaem obuwero ypasHeHus LpeauHrepa, sBnsetcs
ypasHeHue LlipeduHeepa 0na cmayuoHapHbIX COCMOSHUL, B KOTOPOM WCKNOYeHa
3aBucumoctb W OT BpeMeHu W, NMO3TOMY, 3HaYeHUsl 3Hepauu 3TUX COCTOSIHWN
SBNAOTCH UKCUPOBAHHBLIMU (HE U3MEHSIIOTCA CO BPEMEHEM).

B atom cnyvae cunosoe none, B KOTOPOM ABMXETCH YacTvua, CTauMOHapHO,
T.e. pyHkuma U =U(x,y,z) He 3aBUCUT SIBHO OT BPEMEHU U UMEET CMbIC/
rnomeHyuarnbHolU 3Hepauu. PelleHne ypaBHeHNs MOXET ObiTb NpeacTaBneHo B BUAE
npounssegeHns AByx PYHKUMA — PyHKLUMKM MOsbKOo KOOpOUHam v yHKUUWU MOsibKo

E
epemeru: Y(x,y,z,t)=y(x,y,z) - exp —i;t , rie E — nonHas aHeprus

yactuubl. YpaBHeHue LLpeauHrepa:
2
E E E E
——-exp| —i—t [ Ay +U -y -exp| —i—t |=ih| —i— |y -exp| —i—t
P R e e B n )V T

KBaHTOBas usmka
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nocre ynpoLieHuii npuobpeTaeT BuA:
2

—;I—AI/I+UV/:EW nnm Ay/+;—’?(E—U)y/:0
m

— ypaBHeHue LlpeauvHrepa aons cTauMoHapHbIX COCTOAHUMN.

PuU3n4ecKnn CMbICIT MMEIOT TONBKO peaysisipPHbIe BOMHOBbIE (DYHKUMN — KOHEYHbIE,
00HO3HAaYHbIE U HEMpepbi8HbIE 8MECME CO C8OUMU MepsbiMU MPOU3BOOHLIMU. TN
YCIOBMS BbIMOJIHATCA TONMbKO NpU onpeaerneHHom Habope FE. 3Tu 3HavyeHus
3Hepauu HasblBalTCsi Cco6CcmeeHHbIMU. PelleHusi, KOTOpble COOTBETCTBYIOT
COOCTBEHHBIM 3HAYEHUAM 3SHEPrUM, Ha3bIBalOTCA CO6CMEEHHbIMU hyHKUUSMU.
CobGcTBEHHbIE 3HayeHWss £ MoryT o6pasoBbiBaTb Kak HEMPEepbIBHLIN, Tak W
OVCKPETHbIV psia. B nepsom crnyvae roBopsit 0 HenpepbI@HOM (UN CMIJIOWHOM)
criekmpe, BO BTOPOM — O QUCKPEeMmHOM criekmpe.

12.BuXeHne cBo60gHOM YacTULbI.

Ona ceoBogHoit yactuubl U(x) =0 (nycTb oHa ABWKETCS BAOMb OCK X ).
92 m
PeweHuem ypasHeHus LLipeduHeepa: P v + h—zE v =0

2
i(Et—p.x
6y0em ¢byHKUUSI: W(x,t)= Aexp(—iwrt +ikx) = Aexp| — (Tm ,
E
roe A=const, w:;’ kz%— BOJIHOBOE YMCIIO — MOXET MpUHUMAaThL Niobble
h2k2 pz
NONOXUTENbHbIE 3HaYeHns, £ = . = 2—" — HenpepbI8HbIL CNEKTP SHEPTWiA.
m m

Takum obpas3om, cBoOOOHAs KBaHTOBas YacTuua ONUCbIBAETCA MITOCKOM
MOHOXpoMaTn4yeckon BonHon ae bponng. 3Tomy COOTBETCTBYET He 3aBuCALLas OT
BPEMEHN MNMNOTHOCTb BEPOATHOCTM OOHapyXeHMs 4YacTuubl B [OaHHOW TOYke

2 % 2 -
npocTpaHcTBa “}" =¥Y¥ =‘A‘ , T.e. BCe MOJIOXEHUA CBOBOAHONW 4YacTulbl B
MPOCTPaHCTBE ABMNAIOTCH PABHOBEPOSATHBIMU.

13.YactMua B ogHOMEpHOW MPSIMOYronbHON "noteHumanbHou sime" c 6ecko-
HEYHO BbICOKUMMU "CcTeHKamu".

_= r PaccmoTprM ogHOMEpPHYH0 "noTeHUnansHyo aMy":
1 1 oo, x<0
U(x)=40, 0<x<!
U] U=0 U0
o, x>/
_ roe [ — wuprHa "avbl", a aHeprusl OTCYUMTLIBAETCS OT

0 i x ee gHa.

YpaBHeHue LLpeanHrepa ans craumMoHapHbIX COCTOAHUI B nNpeaenax ambl:
0? 2m 92 2mE
—Vz/+—2El//:0 unm —Vz/+k2!//=0, roe k¥ = >
ox h ox h

3a npegenbl "AMbl" YacTuMua He NPOHWMKaeT, MO3TOMY BOSHOBas (PYHKLUUSA BHE
"Ambl" paBHa Hyn, criefoBaTenbHO, Ha rpaHuuax "ambl" HenpepbiBHas BOMHOBas
yHKLMA Takke LOMKHA 0bpalaTbcs B HyIb:

v(0)=y()=0

A.H.Orypuos. flekyuu no gusuke.
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JInHum B cnekTpe KOMOGWMHALMOHHOTO paccesHus C 4vactotamm V =V, —V,,
MEHbLUMMU 4acToTbl Vv, MNajalollero CBeTa, HasblBAlOTCA CMOKCOebIMU (NN
KpacHbIMU) criymHukamu.

JMHm ¢ vactotamu V=V, +V;, 6Onbwmmn  V,,  HasblBalOTCA

aHmMucmoKcoebIMU (N ¢huosrIemosbiMu) criymHUKamu.

KeanmosomexaHu4eckoe obbsicHeHUe aghgekma PamaHa: KOMOWHAUMOHHOE
paccesiHue cBeTa €eCTb Mpouecc Heyrnpyao20 "CTONKHOBEHUS" OTOHOB C
Moriekynamu, B KOTOPOM OAWH (DOTOH MorfowaeTca n ognH OOTOH McnyckaeTcs
MOJIEKYTION.

Ecnn aHeprun HOTOHOB OAMHAKOBLI, TO B pacCcesHHOM cBeTe Habniogaertcs
HecMeLLeHHas NMHUS.

Ecnu monekyna nop gevictBuem cBeTa nepenget B Bo3byxAeHHOe COCTOsiHME,
TO UCMYLUEHHbIN POTOH ByAeT UMEeTb MEHbLUYIO YacTOTy — B03HUKaem CMOKCOo8
(KpacHblli) CrymHuK.

Ecnn monekyna nepeingeT u3 BO30YXAEHHOTO COCTOSIHUS B OCHOBHOE, TO
ncnyLweHHbIn PoToH OyaeT umeTb BONbLUYIO YAaCTOTY — 803HUKaem aHMmuCmoKCco8
(cpuonemosniti) criymHuK. VIHTEHCMBHOCTb (DUONETOBbLIX CMYTHWKOB pacTeT ¢
TemnepaTypou, a KPacHbIX NPaKTUYECKN HE N3MEHSIETCS.

27.MNornoweHune. CNOHTaHHOE U BbIHY)XXOEHHOE U3nyyYyeHue.

PaccmoTpum ABa KBAHTOBbLIX COCTOSIHWS C dHeprusmn £, n E, .
1. NMornoweHune. Ecnn atom HaxoauTCs B OCHOBHOM COCTOSIHUU Mornowenye

1, TO nopg [OelCTBMEM  BHELIHEro  U3My4YeHUst  MOXeT Ez
OCYLLECTBUTLCS  BbIHYXXAEHHbIN nepexon B BO30yxaeHHoe

COCTOSIHME 2, NPUBOAALLMNIA K MOFMOLLEHMNIO U3MYYEHNS. ~N -

2. CnoHTaHHoe u3nyYyeHue. ATOM, Haxodsicb B BO30Y>XOEHHOM

COCTOSIHUM 2, MOXET CMOHTaHHO (Ge3 BHEWHUX BO3OAENCTBAN) E,

nepenTM B OCHOBHOE COCTOsIHWE, MUCMyckas npu aTomM (OTOH C

aHeprvet hv=E, —FE,. Tpouecc ucnyckaHus  oToHa ChoHTaHHOe
BO36YXAEeHHLIM aTOMOM 6e3 8HewHUX 8o3delicmeull HasblBaeTcs H3Ny4CHNE
CMOHMaHHbLIM  u3flydyeHueM. Yem 6Gonblue BEpOSTHOCTb k5
CMOHTaHHbLIX NEepexonoB, TEeM MeHblle CpefdHee BPEeMsl XU3HU
atomMa B BO3GYXOEHHOM COCTOSIHMM. TaK Kak CroHTaHHble -
nepexodbl B3aWMHO He CBSA3aHbl, TO CMOHMAHHOE U3flyYyeHue 7

HEKO2ePeHMHO.

3. BblHYyXOeHHoe uanyyeHue. A. JVHWTENH AN 00bACHEeHUs HabnoaaBLLerocs
Ha OnbITe TEPMOANHAMUYECKOTO PABHOBECUS MEXIY BELLECTBOM M UCMyCKaeMbIM 1
MornolaemMsIM UM U3MNy4eHUeM MOCTYNMPOBan, YTO MOMWMO MOFMOLEHUS ¢
CMOHTAHHOTO M3MyYeHNst AOIKEH CyLLLEeCTBOBaTL mpemuil, Ka4eCcmeeHHO UHOLU mun

L __F,

esaumodeticmeus.  Ecnu Ha  aTOM,  HaXoMAMICA B Buuvwnenmnoe
BO30Y)XAEHHOM COCTOSIHUM 2, AENCTBYET BHELLHee U3nydvyeHue C Hajlydenne
yacToToil, yAoBneTBopsioled ycrosuwo AV =FE, —FE,, To 2we—tp———1F,
BO3HWKAET BbIHYXOeHHbIU (UHOyyupoBaHHbIl) nepexod B by .M,.,"w

OCHOBHOE COCTOsiHME 1 C u3nydyeHnem poToHa TOWM Xe 3SHepruu
hv = E, — E, dononHumesnsHO k ToMy (pOTOHY, MOf AeiCTBUEM ] 1 £y
KOTOpOro npowusowen nepexod. Takum obpasom, B npouecc

BbIHYXKAEHHOTO M3My4YeHusi BOBMeYeHbl dea ¢hOMOHa: nepauyHbIl GHOMOH,
BbI3bIBAOLWNIA (CTUMYNUPYIOLLNIA) UCNyCKaHME U3NyYeHus BO30YXOEeHHbIM aTOMOM,
N 8MOPUYHbIU (HOMOH, UCTYLLIEHHbIA aTOMOM.

KBaHTOBas usmka
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Kaxodass u3 aHepaul KeaHmyemcsi u onpedennemcn KeaHmoebIMu
qyucnamu.

Koneb6artenbHas 3Heprusa, npv HebonbliMx 3HAYeHUsix konebatenbHoro
KBaAaHTOBOro 4ucna v, onpegenseTtcs cbopmynoﬁ ona 3sHeprun rapmMoHu4eckoro
ocuunnaTopa:

EKOJ]:(’UJF%)ha) (U=0,1,2,...)_

Mpu aTom Npasuiio oTbopa Ans konebaTernsbHOro KBaHToBoro Yncna: Av ==+1.

BpawatenbHasi_3Heprusi Morekysbl, BpallaloWencss C YrroBOi CKOPOCTbIO
@, , N UMetoLLelt MOMEHT MHEPLMW | OTHOCWTENbHO OCK, NMPOXOASLLE Yepes LEHTP
ee VHepuun, pasHa:

Bo3byxaeHHoe COCTORHWE
NeKTPOHA

Eypon _lo; ()" M
2 21 21
rae M =Iw,— MomeHT umnyrnkca
MOIEKyrbl.
= MoMEHT umnyneca keaHmyemcsi no
3aKOHY:

M=nyjj+D (=0,12,..)
rie j — epauwjamesnbHoe KeaHMoO-
eoe 4uciio.
CrepoBatenbHo, epaujamenbHasi

JHepausi MONeKynbl MOXeT UMETb TOJNTIbKO
KBAHTOBaHHbIE 3HAYEeHUA:

nj(j+1
Eypn = JG+D
21
MpaBuno otbopa 0151 epawjamersibHO20
keaHmMoeoeo yucna: Aj ==x1.

BABKTPOHHLIE YPOBHA Mpn  nepexomje M3  OOHOMO
3HEPreTUYECKOro COCTOsIHUSI B Apyroe, C y4eTom npasun oT6opa, nornoLwaeTcs unm
ucnyckaetca OToH ¢ aHeprmen AE =hv. Ha pucyHke npencraBrneHa cxema
YPOBHEW 3HEPrMU OBYXaTOMHOW MOnekynbl (4ns npumepa npeacTaBreHbl TOMbKO
OBa O9MEKTPOHHbIX YPOBHSI: OCHOBHOE 3NIEKTPOHHOE COCTOsIHME WU repeoe
8030y)XKOEeHHOE ANEeKTPOHHOE COCTOSIHME).

TunnuHble MoMeKynsipHble CNeKTPbl NpeAcTaBnsloT coboll coeoKynHocmb
nosioc (mosocamsbie CreKMmMpbI), KOTOPblE B CBOK O4Yepedb COCTOSIT U3 OFPOMHOro
yucna HacTonbKO TECHO  PachofioKeHHbIX NMHUA — MepexodoB  Mexay
3HEPreTUYECKUMN YPOBHSIMW, YTO WX MOXHO pas3fdenvTb, TOMbKO WCMONb3ys
cneKTpanbHble NPMbopbl BLICOKOWM pa3peLuatoLlen Curbl.

M !IIHII!NI

OCHOBHOE COCTOAHNE
BNEKTPOHA

KonebaTenbHbie ypoBHN

it

BpauwarensHele ypoBHA

Wl

AL

26.KombuHaumoHHoe paccesiHue cBeta (3cdhdekT PamaHna).
Ecnn Ha BellecTBO (ras, >XMOKOCTb, MPO3pauyHblii KpucTann) nagaeT CTporo
MOHOXPOMAaTNYECKWIA CBET C 4acTOTO V), TO B CMEKTPe paccesiHHOro ceseTa Hapsidy

¢ yacmomol V, UCMOYHUKa W3ny4eHus Habnrodaromesi donosiHUMesnbHble
JIUHUU C 4actotamum V =V, ivi, raoe V,— 4acToThl KoneGaTenbHbIX UNn
BpaLlaTenbHbIX NepexoaoB paccenBaroLnX MOJEKYI.

A.H.Orypuos. flekyuu no gusuke.
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ATum rPaHNUYHbIM YCNOBUAM YO OBNETBOPAET pelleHne ypaBHEHUA LIJpe,qMHrepa

. nw 2mE
W(x)=Asinkx + Bcoskx npu B=0wu k :T. Mockonbky k* = PERE TO
n*m*h’
e (n=1,2,3,...) — co6cmeeHHbIe 3Ha4YeHUsI IHepauu.
2ml
n’h’
Mpyn 3TOM MUHUMAIbHO BO3MOXHOE 3HaueHue aHeprum:  E . = PR
m

Takum o6pa30M, 3Heprma 4actuubl B OECKOHEYHO BbICOKOW MNOTEHUManbHOn
"ame" NpUHUMaeT Nuilb onpeeneHHblie OUCKPEeTHbIE 3Ha4YeHUdA, T.€. KeaHmyemcs.
KBaHTOBaHHblE 3Ha4YeHUs SHeprnmn En Ha3bIBAKOTCA YPOBHSMU 3Hepa2uu, a

4yucno n, onpegendwlee sHepreTudeckme ypoBHU 4acTulbl Ha3blBaeTCA aJ/ia8HbIM
KeaHmMoebIM HYUCJIOM.

. nNm
Co6cmeeHHble 8osiHoeble  hyHKyuu Y, (x)=Asin—x, C y4eToMm

/ I . S AT
HOPMWPOBKM J:)l//,f (x)dx = A* _[)smz nTxdx =1, 6ynyT nmeTb BUA:

6 2 2 . nmw
Ag yxy * é W& n v, (x)= \f sin—x (n=1,2,3,...)
E; 3E; 3 ! !
3 NS 3 Ha pucyHke n3obpaxeHsl rpadukm
COBCTBEHHbIX (DYHKLMIA (@) U NNOTHOCTb
E b E ,  BepoATHOCTM (6) obHapyxeHuns vacTuupl
2 2 Ha pasHbIX PacCcTosHMAX OT "CTeHOoK"
E, 1E, | fiMbl, ONPEAENsiemMasn BblpaxeHnem
2 *
x % v, (0" =y, (O, (x).
14.MpoxoxaeHne YacTuubl 4Yepe3 MNoOTeHUManbHbi Oapbep. TyHHeNbHbLIN
acbdekr.

PaccmoTpyM npocTenwmn noteHumanbHbIi 6apbep NpsSMOYrofibHowW opmbl
(Bbicota U v wvpwnHa /) Ansi oQHOMEPHOro ABMKEHMUS YacTuLbl:

0, x<0 (obmactpl)
U(x)=4qU, 0<x<!] (obnacts2)
E<U 0, x>/  (obnacts3)

a) U

Bua BOMHOBLIX OYHKUUIA, ABNSAOLLMXCA
; B 3 peweHnsamn ypaBHeHus LpeguHrepa ans
obnactent 1, 2 n 3 (CM. pPUCYHOK 1 Tabnuuy)
6 ) 7 > CBUAETENbCTBYET O TOM, YTO:

V@& w0 1) B o6bnacmu 1 BonHoBas (PYHKLUSI
! ? npeacrasnseTr cobon cymmy ABYX MIOCKUX
BOJIH — [BWXYLLENCsl B CTOPOHY Gapbepa u
| \\7/\\/\\/‘ OTpaXeHHoI OT Gapbepa.

* 2 B o6nacmu 2B cnyvae E<U :

P 2m(U - E)

:‘,re:
q=if, @ P

i Y,x)

KBaHTOBas usmka
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3) B obnacmu 3 vmeeTcs TOMbKO BOSHA, npolweawas 4Yepe3 6apbep
(By = 0), koTopast UmeeT BMZA BOSH Ae Bpoiins ¢ Toi e ANIMHON BOMHbI, HO
MeHbLUEN aMnnMTyaou.

nggb ngzz:ﬁr;;a Ob6uee pelueHve Pewenue npn E<U
2
1 aa "Q +ky, =0, | y,(x)=4e"+Be™ | y,(x)=4e"+Be™
x
821//2 2 igx —igx —px fx
2 e +qy,=0, | Yy(x)=4,e"+B,e V,(x)=4,e "+ B,e
X
321//1 2 ik —ikx ke
3 FY +k7y, =0, | w3(x)=4;e" + Bse Vi(x)=4;¢
3ner k2 _ 2mE 2 _ 2m(E - U)

e n’

Takum obpa3om, KBaAHTOBAas MexaHWKa MpUBOAUT K MPUHLMNUANbLHO HOBOMY
cneundunyeckoMy KBaHTOBOMY SIBMIEHMIO, MOMyYMBLUEMY Ha3BaHWE TYHHENbLHOro
3 eKTa, B pesynbTaTe KOTOPOrO0 MUKPOOOBLEKT MOXeT "nponTu" CKBO3b
noTeHumanbHbI 6apbep.

[nsa onncaHusa TyHHenbHOro adpdhekTa UCNONb3YIOT MOHATUE KO3ghghuyueHma
npo3spa4yHocmu [ noTeHumansHoro Gapbepa, OnpeaensemMoro Kak OTHOLUeHWe
KBagpaTtoB MoAynen npowewen M nagawoowen BonHel. [Ons  cnyyas
MPsIMOY20/1bHO20 NoTeHUMansHoro 6apbepa

U 2
D= j32 =D, exp —%1/2m(U -E)
1
[Ona noTeHumanbHoro Gapbepa NPOW3BOSIbHOMN
E —_—— . dopmbl
| ) *2
! { D=D,exp| - = j 2m[U(x)— E]dx
0 z; T2 X h Xy

MpoxoxaeHne 4vacTuubl CkBO3b 0O6nacTb, B KOTOPYK, COrMacHo 3akoHam
KnacCuM4yeckoh MeXaHWUKM, OHa He MOXEeT MPOHUKHYTb, MOXHO MOSICHUTb
coomHoweHueM HeonpedeneHHocmel. HeonpeaeneHHocTb wmnynbca Ap Ha

h
oTpeske Ax =/ cocrtaBsnsiet Ap>7. CBsizaHHas ¢ 9TUM pa3bpocoM B 3HaAYEHMSX
2
(4Ap)

m
4yTOObI MONHas JHEeprna 4actuubl OKkasanacb fonbLue noTeHunansHON.

nMnynbca KMHeTn4ecKaa aHeprna MOXeT OKa3aTbCs AOCTaTOYHOW A TOro,

15.JIMHeMHbIN rapMOHNYECKUA OCLUNNAATOP B KBAHTOBOW MEeXaHUKe.

JINHEMHBIN  TAPMOHWYECKM  OCUMINATOP — CUCTeMa, CcoBepLuakoLas
OOHOMEpHOEe AOBWXKeHWe noA AeNCTBUEeM KBa3Wynpyrow Cunbl, SBNSETCA MOAENbIO,
KOTOpasi 4acTo UCMOSIb3YeTCH NPU ONUCaHWUMN KNacCUYECKNX N KBAHTOBbIX CUCTEM.

[MPYXWHHBIA, U3NYECKUN W MaTEeMaTU4yecKMin MasiTHUKM — NpUMepsbl
KNaccu4ecknx rapMOHUYECKNX OCLUINATOPOB.

A.H.Orypuos. flekyuu no gusuke.
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3aKoH, CBS3bIBAKOLMIA HYACTOThbl MIMHUA C aTOMHbIM HOMepoM zZ ncnyckarwuiero
NX 3NeMeHTa, Ha3biBaeTcs 3akoHoM Mo3nu:

~ 11 v /
Vv=R(Z-o0) T ’

roe R — noctosiHHas  Pupbepra, \/
m=1,2,3,... onpefensieT peHTreHOBCKYI CEPULD (y
(L,M,N,...), n npvHAMaeT LenoY1CrieHHble /@)
3Ha4yeHuss HaumHas ¢ m+1 (onpepensiet § M’A_
OTAENbHYI0 NMHUIO O, 3,Y,... COOTBETCTBYIO- y,,;p
Wwen cepuu), G — NOCTOSIHHAA 3KPAHUPOBaHMS, ‘ /' e
yyuTbiBaKoLWas 3KpaHWpoBaHue JaHHOro

9neKTpoHa OT aToMHOro sgpa  Agpyrumu
anektpoHamu atoma. 3akoH Mosnu 0Obl4HO

BbipaxatoT hopmyno Jo = C(Z-0) (C v 0— KOHCTaHThI).

g 2 40 & 60 Z

25.MonekynsipHble CneKTpbl.

Monekyna — 2370 HauMMeHbluas YacTvua BellecTBa, cocTosilas w3
OMHaKOBbIX MMM PasnMNyHbIX aTOMOB, COEAMHEHHbIX MeXAy COOOW XMMUYECKUMU
CBSA3SIMU, 1 SABNAOLLAACA HOCUTENIEM ero OCHOBHbIX XMMUYECKUX CBOWCTB.

XumMunyeckne cBA3n 0OyCrnoBfieHbl B3aMMOAENCTBMEM BHEWHUX (8a/1€HMHBbIX)
3MEeKTPOHOB aTOMOB. Haubosiee yacmo B Morekynax BCTpeyaloTcs ABa Tvna CBA3N:

1) UoHHas ces3b OCyLLeCTBNSETCA KYNOHOBCKMM MPUTSXKEHMEM aTOMOB Mpw

nepexofe 3nekTpoHa OT OJHOro atoMa K ApYyroMmy (Hampumep, B Morekyne

NaCl: Na*---CI")

2) KoeaneHmHasi ces3b OCyLleCTBNAETCS Npu 00600LLECTBNEHUN BaNEHTHbIX
3MEeKTPOHOB [ABYMS COCEAHMMM atomamu (BCReAcTBME HepasnnyiMMocTy
TOXOECTBEHHbIX 4acTuu). HarnsgHo MOXHO npeactaButb cebe, 4TO
3MEKTPOH KaXZoro atoma MOrekynbl NpoBOAMT HEKOTOpoe BpeMs y sapa
apyroro atoma (obmeH anekTpoHamu). Takoe cneundudeckn KBaHTOBOE
B3aMMOAENCTBINE Ha3blBaeTCs 06MEHHbLIM 83aumodelicmeuem.

Monekyna 4BnsieTcs KBaHTOBOW CUCTEMOW; OHa OMUCbIBAETCHA YpaBHEHWEM
LWpeavHrepa, yuuTbiBalOWMM OB8UXEHUE 3/IEKMPOHO8 B MOIekyne, KonebaHus
amomoe B Monekyne, spawjeHue MoseKysbi. PelueHne aToro ypaBHeHUS — O4YeHb
CnoxHas 3agjava, kotopas (yuuTbiBasi OrpOMHOE pasfuune B Maccax dNeKTPOHOB U
sinep) obbluHO pazbusaemcsi Ha dee: ANs AMEKTPOHOB U sAep

OHepru M30nMpoBaHHOWM MOMEKYIbl MOXHO NPeACTaBUTb B BUAE CYMMbI:

E=E +FE  +E

roe Eaﬂ_ SHEepPrna OBMXeHUA 3NeKTPOHOB OTHOCUTENbHO Aaep, EKOH— SHEeprna Ko-

Bpar

— 3Heprua BpalleHuna agep. CooTHoleHne Mexay HUMU:

m m
Ean:Ekon :EBpaLu=1:\ ﬁﬁ

roe m— macca 3NeKTpoHa, M — BenuunHa, nmMerLaa nopagok Maccbl aaep

m - -
aToMOB B MOJeKyre. v 107 +107. Mostomy: E,, >>E, >>E

nebanwuii agep, EBpam

Bpau -

MaciuTa6 anepruit: E,, =1+109B, E,, =107 +107'sB, E, ., =107 <107 3B

BpaI

KBaHTOBas usmka
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MpuHumn Maynu, nexawmin B OCHOBE CUCTEMATMKN 3anOMHEHUS SMEKTPOHHbIX
COCTOSIHAN B atomax, OOBSCHAeT nNepuoaMyveckylo CUCTeMy  INIEMEHTOB
[.M.MeHaoeneeBa nNOBTOPSEMOCTbIO B CTPYKTYpPe BHELIHMX O6OMoYek y aToMoB
POACTBEHHbIX 3NIEMEHTOB (CM. CTP.7-32).

24.PeHTreHOBCKUe CNeKTpbI.

CambIM pacnpocTpaHeHHbIM UCTOYHUKOM PEHTTEHOBCKOrO M3My4YeHust ABnseTcst
peHTreHoBckasi Tpybka, B KOTOPOM BbieTawolwme c
kaToga K anekTpoHbl 6GomGapaupyioT aHog A
(aHTMKaTOA), M3rOTOBMEHHbIA W3 TSXKEMbIX MeTansnoB
(W, Cu, PtuT.g.).

PeHTreHoBCKOe M3nyyeHune, ncxoasiliee U3 aHoaa,
COCTOMT W3 CM/IOWHO20 CreKkmpa MmOpPMO3HO20
U31y4eHuUs1, BO3HUKAIOLLLETO MPY TOPMOXKEHMU SMEKTPOHOB B aHOAE, W SIUHelYamozo
criekmpa Xapakmepucmu4yecKo20 U3J/lyYeHusi, OnpefernsemMoro martepuanom
aHoga.

TopMO3HOE M3nyyYeHUe MMEET KOPOTKOBOMHOBYO FpaHuLy ),min, HasblBaemyo

2paHuuell crnowHo20 cnekmpa, KoTopasi COOTBETCTBYET CUTyaLMKn, NPy KOTOPOW
BCSl 9HEprusl areKTpoHa NepexoauT B 3HEPTUI0 PEHTIEHOBCKOrO KBaHTa
Emax = hvmax = eU ’
roe U — pasHocTb noTteHuma-
1I0OB MeXay aHOAOM M KaTodoM.
paHWYHas AnvHa BOJHbI:
c ch ch
2’min = ==
vmax eU Emax
V=508 He 3aBuMCUT OT MaTepuana
aHoga, a onpefensieTcs TONbKO
HanpsKeHnem Ha Tpyoke.
NMYHMM  XapakTepucTuYe- 00103 355
it 7 CKOrO W3My4YyeHusi BO3HUKAOT B
pesynbTate MepPexonoB 3MEKTPOHOB BO 6HYMPEHHUX
060ro4kax aToMOB, KOTOPbIE UMEIOT CXOAHOE CTPOEHUE Y BCeX aneMeHToB. Moatomy
CNEKTPbl XapaKTepUCTUYECKOrO W3MYyYeHUsI pasHbiX 3M1EeMEHTOB WMEKT CXOAHbIN
XapaKTep, OHN COCTOAT U3 HECKOTbKUX cepuit, o6osHavaembix K, L, M, N n O.
Fell Kaxpgass cepusi, B CBOW oyepefb, COOEPXKUT
¥ HebonbLIOoN Habop oTAEenNbHbIX NNHUA,
obo3Ha4yaemMblx B MOpsiake YObIBAHMSA  OJUHbI
l——  BOSHbI MHAekcammn o, B, 7, ...

Mpn  BO3OYXOEHUN  3NEKTPOHOM  (Mnm
doTOHOM) U3 atoma ypansetca oauvH U3
BHYTPEHHUX 3NEeKTPOHOB, Hanpumep, u3 K -cros.
OcBoboaumBlueecs MeCcTo MOXeT OblTb 3aHATO
3MEeKTPOHOM U3 Kakoro-nmbo BHewHero crnos (L,
M, N n1.4. — npu atoM BosHukaeT K -cepus).

Mpwv yBeENUYEeHNM aToOMHOro Homepa Z BecCb
PEHTIEeHOBCKMI CMEKTP CMeLLaeTcsi B KOPOTKOBOI-
HOBYIO YacTb, HE MEHsISl CBOEI CTPYKTYpbI.

1 U=50n8

U=40k8

o
T

Humencubracms
>
T

N>
T

i
007 A

)
M
Y

M e
l Lg M-ceour
Ly

y i

74
| Lostimiione L-cepe

il

R
N
Lostymatone K-

H-cepiin
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2.2
mwyx
MoTeHumanbHast SHeEpPrusi rapMOHNYECKOro OCUMUIIIATOpa paBHa: U=T,
raoe @, — cobCcTBEHHas YacToTa konebaHuin ocuMnnsaTopa, m — macca YacTuubl.
Knaccuyeckumn ocumnngarop He MOXET BbIMTU 3a npeaensl "MoTeHuManbHOn
AMbI" C KOOpANHaTaMN — X, S XS +X . .

YpaeHeHue LllpeduHzepa [Ns  CTAUMOHAPHLIX COCTOSIHWIA  KBAHTOBOTO

U ocuunnsTopa:
'y 2m mag x>
5 St B [v=0
n=2 E;=3ha, ox* h 2

3 roe E— nonHast aHeprus ocLMnnsiTopa.

n=1 E,=5ha, Co6cmeeHHbIe 3HaYeHUsT SHEPTUN Afls 3TOro
N 1 ypaBHEHUSE:
n=0 Ey~Yho, :
E,=[n+2 |0, (n=0.1.2...)

0 x n

Takum 06pa30M, SQHEeprna KBaHTOBOIO ocuUunnATopa kKeaHmyemcs (MO)KeT
MMeTb InUllb OUCKPETHbIE 3Haqu|/|;|). YPOBHM 3HEPrMM  pacrosiokeHbl Ha
OOUHAKOBbLIX PACCTOAHUAX, PaBHbIX h(l)o .

1
MuHumanbHas  sHeprusi EOZEha)O HasblBaeTCs 3Hepaueli Hyneebix

kone6aHuli.

CyuiecTBOBaHME 3HEPIMN HYNEBbIX KONebaHU — TUNMYHO KBaHTOBbLIN adhdekT
— npsiMoe CneacTBue COOTHOLIEHUS! HeonpeaeneHHOCTeN.

Yactuua B AiMe nobon hopMbl HE MOXET HaxXoAUTbCHA Ha ee [He, NOCKONbKY B
Hynb obpalaeTca MMNyNbC 4YacTuMubl W ero  HeomnpedenieHHoCTb, a
HeonpeaeneHHOCTb KOOpPAWHATbl CTAaHOBUTCH OGECKOHEYHOW, YTO MpPOTUBOPEYUT, B
CBOIO 0Yepeap, YCrNoBuo NpebbiBaHMs YacTulbl B "NoTeHUmMansHom sime".

lpagunamu _om6opa B KBaHTOBOM MEXaHMKE Ha3biBalTCS YCMOBUS,
HaknagblBaeMble Ha U3MEHEHUS1 KBAHTOBbIX YMCeN.

[Ons rapMOHWYECKOro OCLMNNATOPA BO3MOXHbLI JMLWb MEepPexoabl  Mexay
coceaHUMW NOAYPOBHAMM, T.€. Nepexoabl, yA0BNeTBopsioLLMe npasusly ombéopa:

An=%1

CnepoBatenbHO, 3HEPrusi rapMOHUYECKOro OCUMNIIATOPa MOXET M3MEHATbCS
TOMbKO MOpUMAMM /i) W FrapMOHUYECKMA OCUMMNATOP UchyckaeT W norfowaet
3HEpPruto KBaHTaMu.

KBaHTOBO-MexaHM4Yeckoe pelleHMe 3adadv O KBAHTOBOM  OCLMNNSATOpEe
nokasblBaeT, YTO UMEETCA OTIMYHAs OT Hyns
BEPOSATHOCTb OBOHapyXuTb yactuuy 3a
npedenamu obnacmu — X, S X< +X, .

Ha pucyHke npueeneHa KBaHTOBasA
NNOTHOCTb BEPOATHOCTU 06Hapy)KeHI/Iﬂ
ocumnnaTopa npu n = 1 , AMerulaa KOHe4dHble

3HAYEeHUA ONa X 2 X, .

KBaHTOBas usmka
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Keanmoeas d)usm(a amomoe U MOJIeKyI1.

16.AToM Bogopoada B KBAHTOBOW MeXaHuKe.
Ha npvmepe BogopoaononobHbIX aTOMOB — MPOCTEMWMX aTOMOB, coaepKa-

LWUMX €OMHCTBEHHbI BHELUHWA SMEKTPOH, — pPacCMOTPMM OCHOBbI CUCTEMATUKM
KBaAHTOBbIX COCTOSIHUI aTomoB. Mone Bogopoaonoao6Horo atoma \
— 3TO npumep uyeHmpasbHoz20 nons. B Ttakom none yaobHo L V4

UCMONb30BaTh cghepuyecKyro cucteMy koopauHat: », 6, @.

MoTeHumanbHas 3Heprusi KynoHOBCKOTO B3avMOAEWCTBUS
3MeKTpoHa C aTOMHbIM SApoM, obnafaowmm 3apsgom Ze (ans
aToma Bogopoaa Z =1)

2
EU) U(r)=— Ze ’
% L6 4mer
04 7 [0 7— paccTosHNe MEeXy SMEKTPOHOM U SAPOM.
Es‘ CraumoHapHoe ypaeHeHue LpeaunHrepa
E, “? 2m Ze’
Ay +—| E+ y=0
E h 4me,r
! TOMBKO MPU COBCMBEHHbIX 3HaYeHUSIX IHepauU
1 Z’me*
n=—7? (n=1,2,3,...)
n” 8h7g;

(T.e. Ans guckpeTHoro Habopa oTpuuaTernbHbIX 3Hepruin (keaHmoeaHue
3Hepauu)) VMeeT pelleHnsl, yaoBneTBopsiolme TpebGoBaHWSIM OAHO3HAYHOCTH,
KOHEYHOCTM U HENPEPBLIBHOCTM BONHOBOW hyHKLmU W (7,0,¢)

BelpaxeHue anst E, coBnagaeT ¢ nonyveHHbIM B Teopumn atoma Bopa.
Huxaiwuin ypoBeHb E; — OCHOBHOU, BCe oCTarnbHble — 8036y)KOeHHbIe.

Mpu E <0 pgBuxeHue anekTpoHa — cesizaHHoe, npu E >0 — ceobodHoe
(aTom uoHu3yemcs).
Oueprua E=E_ =0 gocturaeTcs npy n=oo .
4
me
OHepausi uoHusayuu amoma sodopoda: E; =—E| =———
8h7g;
Cob6cTBEHHblE BOMHOBbIE hyHKUMM W =V, (¥,0,¢) onpefdensioTcst Tpems

=13,559B.

KeaHmoebIMU Yucnamu: 2J1aeHbIM 1, op6umanbHbIM |  MAa2HUMHBLIM 11 .
17.KBaHTOBLIE YUcna.

— [naBHOe KBaHTOBOE 4WCMNO 7 onpegendetr JHepz2emu4yeckue ypoeHU
JJ/IeKmMpOHa B aToOMe:

n=1,2,3,...
—  Op6uTansHoe KBaHTOBOE YMCHO [ Npu 3a4aHHOM 71 MPUHUMAET 3HAYEHUS:
1=0,1,2,....,(n-1)
n  onpegenser  BENUUMHY  MOMEHmMa  uMmnysbca  (MexaHu4YecKul
op6umarsbHbIl MOMEHM) 3MEKTPOHA B aTOMe:

L =hJI(I+1)

7-19

Ei
pacnpegeneHve Makcsenna—-bonbumaHa: <Nl.>:Aexp ra roe

u

A=exp| E . Takum obpasom, nNpu BbICOKMX TemnepaTypax oba "KBaHTOBbIX" rasa

BeayT cebst nogobHo knaccuyeckomy rasy.

22.MpuvHumnn Naynu.

Cuctembl 3nekTpoHoB (pepMMOHOB) BCTpevarTCA B Npupoae TOnbKo B
COCTOSIHUSAIX, ONUCbIBaeMbIX aHTUCUMMETPUYHBLIMU BONTHOBbLIMU (PYHKLIMAAMMU.

OTctoga cnefyeT, YTO ABa OAMHAKOBLIX 3NEKTpoHa (hepMuoHa), BXxoasaLmX B
OHY CWUCTEMY, HE MOryT HaxoAUTbCs B O[MHAKOBbIX COCTOSIHUSIX (MHaye npu
nepectaHoBKe BONTHOBasA PYHKLUSA Obina Obl YeTHON).

(OT™METUM: B OAMHAKOBOM COCTOSIHUM MOXET HaxXoauTbCst Nto6oe umcno 6030HOB.)

Lpyaas ¢popmynupoeka npuHyuna [laynu: B o[gHOM M TOM Xe aTome He
MOXeT ObITb Gonee OAHOrO 3NeKTPOHa C OAWHAKOBbLIM HAGOPOM uYeTbIpex
KBaHTOBbIX Yucen n, /[, m, m,.

23.PacnpegeneHue 311eKTPOHOB B aTOME MO COCTOSAHUSAM.
COBOKyI‘IHOCTb 3NNIEeKTPOHOB B MHOIO3J1EKTPOHHOM aTomMe, UMerLKnX oaHO U To
)Ke rmaBHOE KBaHTOBOE YUCHO 71, HA3blBAETCH 3/IeKMPOHHOU 060s104KOU.
MakcumanbHoe 4yncno AJTIeKTPOHOB, HaxoaALwmnxcd B COCTOAHUAX
onpeaensiemMbiX faHHbIM MaBHbIM KBAHTOBbLIM YNCIOM, PaBHO

n—1
Z(n)=Y 2020 +1)=2n"
1=0
B kaxpgoi M3 oBomnoyek 3neKkTpoHbl pacnpefensiiotcss no nodo6osoqKam,
COOTBETCTBYIOLLMM AaHHOMY [ .
Mockonbky [ npuHUMaeT 3HadeHue ot O go n—1, To 4ucno nodobonoyek
pasHoO r1opsiOko8omy HoMepy n 0BOJI0YUKU.
KonuyecTBo 3nekTpoHOB B N0A060M0OYKE ONPEaensieTCs KBaHTOBLIMW YMcnamm
m W m;: MaKkCuMaibHOe YUCIO 3/1eKmMpoHOo8 8 nodobonoyke ¢ OaHHbIM | pasHo
2(21+1).
O6Go3HayeHus obonoyek, a Takke pacnpeaerieHne 3eKTPOHOB Mo o6onoykam
1 nogo6onoykam NpeacTasneHbl B Tabnuue.

maBHoOe 1 b 3 4 5
KBAHTOBOE YMCO
Cumson o6onoykn | K L M N 0]
MakcumanbHoe
YMCNO 3MEKTPOHOB | 2 8 18 32 50

B 0bonouyke

OpbuTtansHoe
KBaHTOBoeHVICJ'IOZOO1012012301234
nogc')"g’c';%‘: o 15|25\ 20 35| 30| 3| 45 [ 4p | 4d | 4r| 55| 5p | 5d| 57 | 5g
MakcumansHoe
YMCNO 9NEKTPOHOB | 2 | 2 | 6 | 2 | 6 |10 2 | 6 [10|14] 2 | 6 |10|14]| 18
B nogobonoyke

A.H.Orypuos. flekyuu no gusuke.
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21.MoHATUA 0 KBaHTOBOM cTaTUCcTUKe Bo3e—dunHwTenHa u Pepmu—[dupaka.

AHarorMyHo Knaccuyeckum CTaTUCTUYECKMM MeTodaM, MpPUMEHSIEMbIM B
MONeEKyNnspHON urauke Ans mnccnegoBaHms 6onbLIoro Yncna nogobHbIX 06bEKTOB
(aTomoOB, Monekyn), ONS KBaHTOBbIX CUCTEM, COCTOSILLUMX M3 OrpOMHOr0 4wucra
HEepasnUYMMbIX TOXOECTBEHHbIX KBAHTOBLIX YaCTUL, MOOYMHSIIOLLMXCS 3aKoHaM
KBaAHTOBOW MEXaHWKW, MPUMEHSIIOTCS METOAbI K8aHMOB8OoU cMmamucCmukKu.

HanomHuM, 4To 8 MonekynspHoU ¢hu3uKe KnaccuyecKkux cucmem pacnpegene-
HMe YacTuL uaeanbHOro rasa no SHeprusiM BO BHELUHEM MoTeHuuansHom none W
npu 3agaHHoi Temnepatype T onuckiBaeTcs pacrnpedeneHuem BonbuymaHa:

n =N, exp| _ roe k— noctosiHHas BonbLmaHa.

kT
B KBaHTOBOW CTATUCTMKe TakkKe MCMoNb3yetcst mModesb udeasbHO2o 2asa
K8a3uyacmuu, NMPUYEM OCHOBHOW XapaKTepUCTUKOM AAHHOMO KBAHTOBOTO COCTOSIHUS
C AaHHbIM HaBopOM [ KBAHTOBbLIX YMCES, SBRSETCS Yucrao 3anonHeHus N,

yKasblBalolllee CTereHb 3aronHEeHUs AAHHOrO KBaHTOBOMO COCTOSIHMS YacTvuamu
CUCTEMBI, COCTOSILLEN 13 MHOXECTBA TOXAECTBEHHbIX YacTul. [1ns cuctem yactul,
06pa3oBaHHbIX 6030HaMu, Yucra 3anofiHEeHUs MOTYT MPUHUMaTh Mobble uenble
sHadenus: 0,1,2,.... Ona cuctem yactvu, oBpasoBaHHbLIX ¢hepMUuOHaMu, Yucna

3anoJfIHeHUA MOTyT NPUHUMaTbL NnLlb Ba 3HaYeHUA: 0 ansa cBoboaHbIX COCTOSHUI 1
1 ons 3aHATLIX. CyMMa BCEX YMCen 3anosfiHeHNst AoMKHa ObITb paBHa 4ucny 4actumy
cuctembl. KBaHTOBasi ctatncTvka no3sBonsieT nogcyvratb cpeaHee 4ucrno 4acrtuy B

JAaHHOM KBAHTOBOM COCTOAHUN, T.€. oNpeaennTb cpegHne 4ncna 3anonHeHnsa <N1> .

UdeanbHbIli 2a3 u3 6030H08 — 603e-2a3 — ONUCLIBAaeTCA KeaHmMoeol
cmamucmukol bo3ze-3lHwmeliHa.

PacnpegeneHve Bo3e—3MHLITENHA — 3aKOH,
BblpaXkalolmii pacrnpefeneHne 4actuy no SHepreTu- 1
YeCKNM COCTOsIHMSAM B 60o3e-rase: npu CTaTUCTUYECKOM <N z'> = E —pu
paBHOBECUM U OTCYTCTBUWM B3aMMOLEUCTBUSI cpeaHee exp| t B i
YMCIO HYaCTWL, B I -M COCTOSIHWM C 3Heprueit £, paBHO: kT

roe k— noctosHHaa BonbumaHa, T — TepmoauHamudeckas (abcontoTHast)
TemnepaTypa, [ — Xumu4deckul nmomeHyuan — mepmoduHamuyeckas hyHKUUs

cocmosiHusi, onpefensiowas U3MeHeHue BHYTPEHHel aHeprum (1, BoobLue roBops,
OPYrMX TEpMOANHAMUYECKMX NOTEHLMANOB) CUCTEMbI NMPU U3MEHEHWUN YUCTIa YacTuL
B CWUCTEME, MpPU YCINOBWM, YTO BCE OCTalbHble BEMUYUHBI, OT KOTOPbIX 3aBUCUT
BHYTPEHHSAS 3Heprua (3HTponusi, obbem, W T.4.), UMKCUPOBaHbl. XUMWUYECKMI
noTeHuman HeobxoauMM AN ONUCAHUSi CBOWCTB OMKPbIMbIX cucmem (CUCTEM C
nepemMeHHbIM YMCITOM YacTuL).

UdeanbHbIl 2a3 u3 ¢hepMuoHoe — ¢hepMu-2a3 — ONUCLIBAETCSA K8aHMO-
8ol cmamucmukol $epmu-upaka.

-1

PacnpegenenHve ®epmu—[Oupaka — 3aKOH,
BblpakaloLmin pacnpegeneHme 4actuy, no aHepretTude- <N>— 1
CKUM COCTOSIHUSM B bepmu-rase: npu CTtaTUCTUHECKOM ! =
paBHOBECUM U OTCYTCTBMM B3aMMOAENCTBUS CpeaHee €Xp IIT +1

YMCIIO YaCTWL, B i -M COCTOSIHUM C dHeprueit E; paBHO:
Mpu  Bbicokux  Temnepatypax, koraa  exp((E, —,Lt)/kT)>>1, oba
pacnpegeneHus bose—-OnHwTenHa n depmu—[npaka nepexoasT B Knaccuyeckoe
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— MarHuTHOe KBaHTOBOE YMCNO 71 NpU AaHHOM / NPUHUMaET 3Ha4YeHnA:
m=0,£1,£2,...,+/
n onpegendaeTr eesIU4dUHy MOMeHma umnynbca 3J/IeKmpoHa 8 3adaHHOM

HarpaeneHuu. Tak opbuTanbHbIi MOMEHT WMMyrbca 3nekTpoHa L, Moxet
MMeTb MULIb TakWe OPUEHTaLMU B NPOCTPAHCTBE, NPU KOTOPLIX Mpoekuus L,

BeKTopa Ll Ha HarpaesieHue eHeWwHea20 MacHUMHO20 10/14 NPpUHNMaeT TOJbKOo

KBaHTOBAHHbIE 3HAYEHWs!, KpaTHbIE /i (MPocmpaHcmeeHHoe KeaHmMoeaHue):
L, =mh

z —
2 2% Takum obpa3om, Bektop L; MoxeT npuHumate 2/ +1
5 4 opveHTaumii B npocTpaHcTBe. Ha pucyHke npuBeaeHbl

BO3MOXHble OPUEHTaLMN BEKTOPOB L, ANS 3NeKTPOHOB C
I=1@)nl=2 (6)

COOTBETCTBEHHO, B MarHUTHOM MOJfle YpPOBEHb C
rMaBHLIM KBAHTOBLIM YMCROM 71 pacluennsercs Ha 2/ + 1
noaypoBHen — aghghekm 3eemaHa.

PacwienneHve ypoBHeNW 3HepruM BO  BHELUHEM
3MeKTpuYeckom norne HasbiBaeTcst aghgpekmom Llimapka.

B kBaHTOBOW MexaHuke keadpam MoOyssi 80/IHO80U (byHKUUU onpegensieT
8eposimHocmb  OGHapyXXeHWUsl anekTpoHa B efuHuue obbema. BeposiTHocTb
oBHapyXeHUs1 anNeKTpoHa B pasHblX YacTsaX atoMa pasnuyHa. ONeKTPOH Mpu CBOEM
OBWKEHNM Kak Obl "pa3masaHn" no Bcemy obbemy, 0bpasys anekmpoHHoe obnako,
MMAOTHOCTb (rycToTa) KOTOPOro XapakTepusyeT BepOSITHOCTb HaXOXAEeHWs 3MeKTpoHa
B pasnunyHbIX To4kax obbema aToma.

Kearmoesie yucna n u | xapakmepusyom pasmep u chopMy 371€KMPOHHOZ0

o
o

a

obnaka, a K8aHmMoOBoe 4ucsio m Xapakmepu3syem opueHmauur 3I1eKmpPOHHO20

=8, S-aneKmpons Ey I
!

D m=-7

i=0

P-3nexmponst

m=+/

3

m=g =/

!
_%% |
| F-anexmponst
=-2 =-3

KBaHTOBas usmka
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obnaka e npocmpaHcmee. B atomHon ¢usmke, MO aHanorMm co CNEKTPOCKOMMWEN,
COCTOSIHWE 3MEKTPOHa, XapakTepuaytoleecsi kBaHToBbIM unucriom [ =0, HasbiBaeTcA
S —COCTOSIHMEM (3MIEKTPOH B 3TOM COCTOSIHWM Ha3blBaeTCs § -3nekTpoHom), [ =1 —
p -coctosiHvem, [ =2 — d -coctosivuem, [ =3 — f -cocTosiHuem u T.4.

Ha pucyHke nokasaHbl epagudeckue usobpaxeHus (nonspHbie duazpammbi)
NMOTHOCTEN BEpPOSATHOCTW Ansd S-, p-, d-n f—aneKTpOHOB M COOTBETCTBYKOLLEE
KaXOoMy Crnyyalo fpocmpaHCmeeHHOe KeaHmoeaHue — Takas OpueHTauus
GopoBCckMX  OpBWUT, NpU  KOTOPOM NPOEKUMsi MOMEHTa WMMynbca UMeeT
COOTBETCTBYIOLLEE 3HaueHue (Hanpumep, =27 ana [=2, m=2).

18.MpaBuna oT6opa.

Mepexodbl Mexay 9NEeKTPOHHBIMU COCTOSIHUSIMU BO3MOXHbI TOJIbKO B TOM
cnyyae, ecnu:
1) uamereHne Al opbumarnbHo20 KeaHmoeoz2o yucna [ yposneTeopsieT

YCIOBUIO
Al =+1
2) uaMeHeHne Am Ma2HUMHO20 K8AHMOB020 4Yucfa m YOOoBNeTBopseT
YCIOBWIO
Am=0,x1

Tak, Hanpumep, B aTomMe Bogopoda nepexodbl np — 1s (n=2.3,...) obpa3sytot
ceputo JlaimaHa, a nepexogbl np —2s, ns—>2p, nd >2p (n=34,.) —
cepuito bBanbmepa.

19.CnuH 3NeKTPOHa.

OnekTpoH o6rnagaetr co6CMEEeHHbIM HeYHUYMOXUMbIM MeXaHU4eCKUM
MOMEHMOM uMnyJbca, He CBS3aHHbIM C [BWXEHWEM 3MEeKTPoHa B NpOCTpaHcTBe,
— CMnuHoM.

CnuH 6bin oGHapyxeH B akcriepumeHmax LlmepHa u
lepriaxa NpW NPOXOXAEHUM Y3KOro Myyka aTOMOB BoAopoAa,
HaxoasILLMXCS B S -COCTOSHAM Yepe3 CUIbHOe HEeOAHOPOAHOEe
marHuTHoe none. B atom cocTtosiHum /=0, MOMEHT MMnNyrbca

Ly =74/I(I +1) =0 n marHuTHOe none He AOMKHO GbINO BAMATHL

Ha aBwkeHne atomoB. OfHAKO Ny4YOK aTOMOB pacWernIsncs Ha
dea nyyKa, cnepoBaTenbHO, 6bIno obHapyxeHo
NPOCTPaHCTBEHHOE KBAHTOBaHWE MEXaHW4YecKoro MOMEHTa, He
CBSI3aHHOTO C OpbuTanbHbIM OBUKEHNEM 3NEKTPOHA.

Yacto cnuH 3nekTpoHa Haziss0HO NpeacTaBnsloT, Kak
MOMEHT MMMyIbCa, CBSI3aHHLIN C BpalleHWeM 3MeKTpoHa — TBEPAOro Lapuka —
BOKPYr CBOEW OCW, HO Takasi Mofenb MNpuBOAUT K abcypOHomy pesynbTraty —
NIMHENHas CKOpPOCTb Ha MOBEPXHOCTM anekTpoHa B 200 pa3 npeBblllaeT CKOPOCTb
ceeTa.

MoaToMy cnedyem paccMampusamb CrUH 3NeKTpoHa (M BCEX Apyrnx
MMUKpOYACTUL) KaK BHYMPEHHEe HeombeM/IeMOe  KeaHmogoe  C80olcmeo
MuKpoyacmuybl: Nofo6HO TOMY Kak YacTuLbl UMEOT Maccy, a 3apsikeHHble YacTuubl
— 3apsia, OHU UMEIOT elLLe U CNUH.

CnnH Ls , KAK MEXaHU4YEeCKNIA MOMEHT, KBAHTYETCA MO 3aKOHY:

L =hs(s+1)

A.H.Orypuos. flekyuu no gusuke.
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rae s — crnuHoeoe KkeaHmMoegoe Yucso. MNpoekunst L, crMHa KBaHTyeTcs Tak,

yTo BekTop L, MOXeT npuHumaTb 25+ 1 opueHTaumit. Tak kak onbiTbl LWTepHa u

s
1
lepnaxa 0BGHapyXUnu TOMbKO ABE OpUEHTaLMKM cnuHa, To 2s +1=2, oTkyga: s = 5

Mpoekunsi L, =hm,, rae m,— mMazHUMHOE CIIUHOBOE K8aHMOEOe YUCIIO,

1
KOTOpPOE MOXET MMETb TOJIbKO ABa 3Ha4YeHuA: m; = t—

s

Takum obpasom, cocmosiHue anekmpoHa 8 amome ornpedesisemcsi Habopom
Yemblpex K8aHMOBbIX YUCEJT:
rmasHoro n (n=1,2,3,..))
opbutarbtoro [ (I=0,1,2,...,n—=1)
marHutHoro m  (m=-1,...,—1,0,+1,...,+ /)

1 1
MarHMTHOro CMHOBOIO M (ms =4+- )

) 2’ 2

20.MpurHUMN HePa3NMYMMOCTU TOXKAECTBEHHbIX YacTul,. PepMUOHBLI U 6O30HbI.

B kBaHTOBOM (pM3nke 4acTuubl, UMeOLNe OANHAKOBbLIE (hN3NYEecKne CBONCTBA
— Maccy, 3neKTpUYeckuin 3apsg, CNuH U T.4. ABMSOTCS moxdecmeeHHbIMU.

lMpuryun Hepa3IU4YUMOCMU MOXXOEeCME8EHHbIX Yacmuuy: MOoXX0eCcmeeHHbIe
Yacmuuybl 3KCriepuMeHmarbHO pasiuqyume HE803MOXHO.

3T0T QpyHOameHmarbHbIU (OCHOBONOMNAralwLwWwmn) NPUHUUMN KBAHTOBOW (OU3UKM
He MMeeT aHarora B Kraccuyeckon gumanke. B knaccmueckon MexaHuke oanHaKoBbIe
4YacTuLbl MOXHO pPas3NMunTb MO TMOSIOXKEHUK B MPOCTPaAHCTBE M OTCneauTb WX
TpaekTopuio. B KBaHTOBOW MexaHWKe, MOCKOMbKY MOHATME TPaeKTOpUM JIMLLIEHO
CMbICMa, TO YacTuLbl NMOMHOCTbI TEPSOT CBOK MHAMBMAOYaNbHOCTb U CTAHOBSTCS
HepasNMYUMbIMU.

MaTtemaTunyeckas 3anncb NpuMHUMNA HeEPas3nNMYNMOCTU:

W) = o))
A€ X, U X, — COOTBETCTBEHHO COBOKYMHOCTb MPOCTPAHCTBEHHbIX U CIMHOBBIX
KOOpOMHAT NepBOIt 1 BTOPOII YacTuL. BoaMoXHbI ABa criyyas:
W (xp, %) =W (xp,X;) n V(x,X,) ==Y (x,,x))

B nepsom cnydae BONHOBas (OYHKUMSI CUCTEMbI MpPU MEpeMeHe YacTuy
MEeCTaMW HE MEHSIET 3HaKa; Takasi (PYHKLUSI Ha3bIBaETCA CUMMEMPUYHOU.

Bo emopom ciiyyae npu nepemMeHe 4acTuL, MecTaMu 3Hak BONTHOBOMW (DyHKUMM
N3MeHseTcs; Takasi PyHKUNS Ha3blBAaETCS aHMUCUMMempuYHoU.

Mpn 3TOM XapakTep CUMMETPUN HE MEHSIeTCS CO BpPEMEHEeM, T.0. ceolicmeo
cuMMempuu Vi aHmucuMMempuu — npu3Hak aHHO20 muna Yacmuuabl.

Cummempus 8011HO8bIX ¢hyHKUUU onpedenisiemcsi CIUHOM Yacmuuy,.

YacTuubl ¢ nonyuenbiM CAMHOM (HanpuMmep, SMeKTPOHbI, MPOTOHbI, HEWTPOHbI)
OMUCLIBAKTCS  aHTUCUMMETPUYHBIMU  BOMTHOBBIMU ~ OYHKLUMSIMU M MOAYUHSIOTCS
ctaTucTuke Pepmu—[mpaka: 3Tv YacTuLbl HasblBalTCA hepMuoHamu.

YacTuupbl C HyneBbiM WU LIENOYUCIEHHBIM CMMHOM (Hanpumep, 7T -Me30HbI,
(POTOHbI) OMUCHLIBAOTCH CUMMETPUYHBIMU BOSHOBBLIMU (DYHKLMUSIMU U NOAYUHSAOTCS
cTtaTucTuke Bo3e—3HLITENHa; 9TK YacTuLbl Ha3biBalOTCA 6030HaMuU.
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