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CmpoeHue amoma

1. Mogenu atoma TomcoHa u Pe3sepdopaa

MpencrtaBneHne o6 artomax, Kak O HeolesuMbix Menbqalwux 4Yacmuuyax
geuwjecmea BO3HUKIO €LLE B aHTUYHbIE BPEMEHA.

k. k. TOMCOH, nccrnenysa OTKNOHEHME B 3NEKTPUYECKUX U MarHUTHbIX MNOMSX
yacTul, mucnyckaemblx noa genuctenem ceBeta (POTOIMEKT) OMKPbIT 35IEKMPOH.
lMockonbky Macca anekmpoHa okasanacb B 0eCcsimKUu mbICSY pa3 MeHbuwe Macc
amomos, TOMCOH Npeanoxun Mmooesib CMPOeHUsi amoma, COrflacHO KOTOPON aToM
npeactaBnsaetr cobon HeNpPepbIBHO 3apsPKEHHbIA MOMOXUTENbHLIM 3apsgoM  Liap
nmameTpom ~107°m, B KOTOpbIN "BKpanneHbl" anekTpoHbl ("Kak M3toM B NyauHr").
lapmoHuyeckme  konebaHusi  ANMEKTPOHOB  OKOMIO  MOSIOXKEHUW  paBHOBECUSA
(rapMOHMYECKME OCLUMNIIALMMK) SABASKOTCA NPUYMHOM U3NYYeHUs (MU NOTMOLWEHMS)
MOHOXPOMAaTUYECKMX BOSTH aTOMaMu.

OpHako B akcnepumeHTax JleHapda nNO pacCesiHNO 3IEeKTPOHOB U B
akcnepumeHTax Pe3epghopda Mo pacCesHuo O -4acTUL, Ha TOHKMX MeTanfnyecKknx

MysoK a-4acmuy nnéHkax, 6bINo NokasaHo, YTo
YCmoyHUK OKpaH noyTH BCE YacTuubl
npoxoaunnu yepes donbry, 6e3
T paccesHUS WU OTKIOHSASACH
22— Ha O4YeHb Manble  yrnbl

ST nopsgka 1-3°. W Tonbko
HekoTopble M3 Hux (ogHa wu3
10000) omkroHsAnucb,  Ha
b6onbwue yenebl, nopagka 135-180°. lNMockonbky a-yactmua B 7300 pa3 Tsxkenee
9NEeKTpOoHa, TO MNPUYMHOM TaKOro paccesiHusi He MOXeT ObiTb eé paccesHue Ha
anekTpoHax. Pe3sepdopa npeanonoxun, 4to paccesHue a-4acTuubl NPOUCXOAUT Ha
nonoxutenoHom 3apsge 6onbluon maccel — "sdpe” atoma, pasmep KOTOPOro O4YeHb
Man fo cpaBHEHWO ¢ obbEMoM atoma (amameTtp ~107*m). (Hanpumep, B 1 m°
nnaTuHbl "o6beM" sgep paseH 0,3 mm3)

Moatomy 68 amome, nodasnswuwas 4Yacme KOmMopo20 cocmoum u3 rycmoz2o
rnpocmpaHcmea, 351eKMpPOHbI He MO2ym Haxo0umbCsi 8 Cmamu4yeCcKoOM pagHo8ecuU.
X yCcTOMYMBOCTb MOXET BbITb TONTbKO ANHAMUYECKOW, KaK y NNaHeT B aCTPOHOMUN.

Pe3epghopd npeanoxun maaHemapHyro Moodesib amoma. CornacHo
Pesepdopay, atom npeactaesnsetr cobon cucteMy 3apsifioB, 8 UEeHmpe KOTOPOoU
PacMoNOXeHO MosioKumesnbHoe si0po ¢ 3apsiaom Ze, pasmepom 107°—-10"m u
MacCcoW, NpakTU4YecKn paBHOW Macce aTtoma, a B0kpye sdpa, B obnactm c
NMHeNHbIMM  pa3amepamn  ~107°m, o 3amkHymbiM opbumam pBuxeTcs Z
SNEeKTPOHOB, 06pa3ys 3/1IeKMpPOHHYH 060J104Ky amoma.

BTopon 3akoH HblOTOHa ONs aNekTpoHa, OBWXKYLLErOCH MO OKPY>KHOCTM MNop,
AEeNCTBMEM KYITOHOBCKOW CUIbI:

Ze-e  mgp?

47[80r2 r
roe me M U — Macca N CKOPOCTb 3I1IEKTPOHa Ha 0p6I/ITe paguyca I, €p — dnekTpun-
yeckas noctosHHas. Mpu 1 ~1072%m ckopoctb aBwkeHns anextporos v ~10%wm/c, a

2 22 y
yCKOpeHue v /r ~10°“m/c?. CornacHo Knaccuieckoi anekTpoanHaMUKe, YCKOPEHHO
ABWXYLUMECA  3NEKTPOHbl  [OIDKHbI - U3/lydamb  3NEKTPOMArHUTHbIE  BOJSTHbI U
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BCIeACTBUE 3TOro HenpepbiBHO mepsime 3Hepruto. B pesynbTaTe
9NeKTpoH OyaeT npubnmxkatbCs K S4py U, B KOHEYHOM CYETE,
ynadém Ha s0po.

Kpome Toro, knaccudeckas nnaHeTapHas Mogenb atoMma He
0bBbsCHAem sluHelYyamoa20 criekmpa amomos.
2. JluHenyaTbIi cNEeKTp aToMma Bogopoaa

OKcnepuMeHTanbHoOe nccneaoBaHne CnekTpPoB U3NYyYeHUA paspeXeHHbIX ra3oB
(OTAenbHbIX aTOMOB) MOKasanu, YTO XapaKTepHbIA JIuHelYambil CMEeKTP Kaxgoro
anemMeHTa npencraBngeT cobon cepuu SIUHUU, NOMOXEHUEe KOTOpPbIX MOXeET ObITb
OnMMcaHO MNPOCTbIMK AMMNUPUYECKUMU (popMynamMn. Tak, NosiokXeHue NUHMA aToma
BOoAopoda B BuMAMMOW obrnactu cnektpa onucbiBatoTca g¢hopmysioli Banbmepa:

%:R’(%z—%z),mnm (V:A) ANsi 4acToT: V:R(}éz—%z) (n=3,4,5,..),

rme R'=11-10'm?, R=R’-c=3,29-10" ¢! - nocmosinHas Pud6epaa.
Mo3gHee, B ynbTpaduonetoson obnactu 6eina obHapyxeHa
cepus JlaiimaHa: V:R(%z—%z) (n=2,3,4,..),
a B MHdpakpacHom obnactu:

cepus lMaweHa: v:R(}gz—%z) (n=4,5,6,..)

cepusi Bpakema: V= R(}{lz — %2) (n=5,6,7,..)
cepusi MpyHaa: v:R(}gz—%z) (n=6,7,8,..),

)

cepusi Xamepu: V=R(%z—%2) (n=7,8,9,..).
Bce a3t cepun moryT 6bITb onmMcaHbl 0606wWéHHOU ¢hopmynol banbmepa:

1 1
v=R| —5-—|,
[mz nZJ

roe m=1,2, 3,4,5,6 onpegender cepuro, a N=m +1lm+2,... onpepengaert
OTAENbHbIE JIUHUU 3TOW cepun. C yBennyeHnem N nAMHUK cepun conmxarTCs;
3HayeHMe N =o0 onpegensieT epaHuyy cepuu, K KOTOPOM CO CTOPOHbI BOMbLUMX
YacCTOT MPUMbIKAET CMOLIHOW CNEeKTP.

AHanornyHble cepun 6bInM BblAEMNEHDbI B NIMHENYATbIX CNEKTPaxX APYrMx aTOMOB.

3. MocTtynartbl Bopa

[Ons obbsAcCHEHNA 3aKOHOMEPHOCTEN B NMHenYaTbix cnekTpax bop ob6beanHun
nrnaHetTapHyto mogenb atoma Pesepdopga ¢ runoteson [lnaHka O KBaAHTOBOM
npupoae ceeta. Teopus atoma bopa ocHoBbIBaeTcs Ha d8yx rnocmyrnamax.

(I) Nepebin noctynat Bopa (mocmymam cmayuoHapHLIX COCMOSIHUL):
cywiecmeyrom cmayuoHapHble (He VU3MEHSIoLWMEeCs CO BPEMEHEM) COCMOSIHUS
amoma, Haxo0siCb 8 KOMOPbIX OH He u3jy4Yyaem 3Hepauu. CTaluMOHAPHbLIM
COCTOSIHUSIM aTOMa COOTBETCTBYIOT cmauyuoHapHble opbumai, NO KOTOPbIM ABUXYTCS
3NeKTpoHbl. Kaxgoe cTrauMoHapHOEe COCTOSIHME XapaKTepu3yeTcst orpeOlesiéHHbIM
(AMCKPETHbIM) 3HAYeHWeM 3Heprun. [BMKEHME SMEKTPOHOB MO CTauMOHAPHbLIM
opbuTtam He cornposoxdaemcs N3ny4eHneM ANEeKTPOMarHUTHbIX BOJTH.

I lMpaeuno keaHmoeaHusi opbum bBbopa yTBepxaaeT, YTO 8 cmayuOHaPHOM
COCMOSIHUU amoma 371EKMPOH, 08ueasiCb Mo Kpyaoeol opbume, OO/MKEH uMemb

KBaHTOBasa punamka
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K8aHmMoe8aHHble 3Ha4eHusd MOMeHma uMriyribca, YyAoBIeTBOpALWne yCriosuro
mgr, =na (n=12,3,..),

rae M, — macca 3MneKkTpoHa, U — €ero CKopocTb Ha N-i opbute paguyca I,
h=h/(2n).

(1) Bropon noctynart Bopa (rpasusio yacmom): npu nepexode amoma u3
00HO20 COCMOSsIHUSI 8 Qpya20e uclycKkaemcsi unu noasaou,aemcsi o0OuH ¢homoH
C 3Hepeauel

hv=E, -E,,
pasHolU pa3Hocmu 3Hepauli coomeemcmeyruwux cmayuoHapHbIX COCMOS-
Huu.

Wanyyenue (E,, <E,) npoucxogut npu nepexoge atoma U3 COCMOSHUS C
OOnbLlen aHeprnen B COCTOAHNE C MeHbLUEN 3Heprnen (Npu nepexone anekTpoHa ¢
opbuTtbl 6onee yganéHHom oT aapa Ha GRVKHIOW K aapy opouTty).

MoznoweHue dotoHa (E,, >E,) conposoxaaetcs nepexogom aTtoma 6
cocmosiHue ¢ B6OnbLuen aHepruen (Nepexon anekTpoHa Ha Gonee yaanéHHyk oT
agpa opouty).

Habop eceg03MOXHbIX OUCKPEeMHbIX YaCTOT KBAHTOBbIX NepPeXoaoB:

En — Em
h

onpeaenseT JIuHeldYamabIlU criekKmp amoma.

V=

4. OnbiTbl PpaHka u lepua

B onbitax ®paHka u Nepua 6bI0 akcriepumeHmaribHo 0oKa3aHO Cyuwecmeo-
8aHUe 8 amoMax cmayuoHapHbIX COCMOSHUU.

OneKTPOoHbl, aMUTUpoBaHHble katogom K, paszoHsiomcs B obnactm 1 nop
OENCTBMEM YCKOPSIOLEN pasHOCTM MoTeHuma-

_:g i > i IA_ nos ¢ Mexay katogom u cetkon C,. B obnac-
1 1 3 TV 2 3NEKTPOHbI MPOXOAAT Yepe3 napbl pTyTN
C1 C2 pocturaoT aHoga A. lMepBoe BO36yxAEHHOE

COCTOSIHME aToma pPTyTU UMMeeT 3Hepruo
4,86 aB. lpu yBenuueHun yckopsioLlero noTeHuuana ¢ Q[0 3TOW BENUYUHBI,

COyfapeHnNs 3NEKTPOHOB C aTOMaMWu CTaHOBATCS HEYNpyrmmu: SNeKTPOH OTAAET
KMHETUYECKYIO SHEPruio atomy, Bo30yxxaasa nepexon U3 OCHOBHOIO SHepreTm4eckoro
COCTOSIHMS B NepBoe BO3OYXOEHHOE COCTOsIHME
4,86 (moanoweHue aHeprMn atomMamu pTyTU) — MOK 8
lA 486 ycmaHoeKe pe3Ko yMeHbwaemcs. [lpu panbH-
- efllem yBenuyeHun ¢ nofdobHoe e nosefeHue
4,86 TOKa HabniogaeTcs npu  3HEPrusix, KpamHbIX
AE =4,86 3B, korga anekTpoHbl UCnbITbIBAOT 2, 3,
4... Heynpyrnx coygapeHun. Takmm obpasom, B
aToMe LEeNCTBUTENbHO CYLLECTBYIOT CTalMOHapHbIe
COCTOSIHUA (ModmeepxxOeHuUe rnepeoao rnocmynama
Gopa).
Bo30yxaéHHble aToMbl PTYTWU, MNepexoas B
OCHOBHOE COCTOSIHME, U3Js1y4yarom KBaHTbl CBeTa C
anuHon BonHbl A =hC/AE =255HM (nodmeep-

OeHue emopoe2o nocmynama bopa).

i
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5. CnekTp atoma Bogopoaa no bopy

PaccmoTpum  OBMXKEeHME  3nekTpoHa B BOAOpOAONogobHOM  cucteme,
OrpPaHNYMBasACb KPYroBbIMM CTauMOHapHbIMKU opbuTamu. BTopon 3akoH HblOTOHa

Ze-e mu° mo® 1 Ze?
7= (apyras  dopma: =— ) W ycrnoBue KBaHTOBaAHWE
4megr 2 24ngr
MOMeHTa umnynbca: MUl =N/, — No3BONSAIT NOMy4YnTb paduyc N-n cTaumo-
< . n
HapHOW OpoOUTLI ;neKTpOHa. o E 5B
he-4me 7
r=n>"—"-0  (n=123.). 6\boo-oo—o--_-__. -0,33
n 2 =2-0,54
m Ze 5__ | re = al >
€ 5 4~ I ~-0,84
[ns eodopoda (Z =1) paguyc nepsoit op- 3~ Copun 5C,E,pw,‘*—l,s
OGuTbl anekTpoHa (mepebili 66poeckuli paduyc): auletia bpakema
Yyyvy
1 - Ane _ 2 c =338
3 =h=—>2=528-10""u. Banmepa
Me€
lMonHas 3Hepa2usi a1eKMpPoOHa B BOAOPOAO-
nogobHon cucteme cknagbiBaeTCa U3 KNHEeTUYe-
CKOW U MOTEHLMaNbHON 3HEPIUNA:
E_ mo®  Ze? 1 Zé
2 Ameyr 2 4mgyr
W, C Y4ETOM KBAHTOBAHWSA OPOUT I, MOMNYy4nM:
2 o4
:_iZ m.€ (n:1 2 3 ) JERALLLLI -13,35
n 2 2 2 y &y Idyeee),y Cepusi
n“ 8h €p Natimara

rAe 3HaK MUHYC O3HA4aeT, YTO ANEKTPOH HAXOAUTCS B CBA3aHHOM COCTOSIHUW.

Llenoe uncno N, onpegensioliee aHepreTUYeckne ypoBHM atoma, HasblBaeTcs
2/1a8HbIM K8aHMOEbLIM YUCJIOM. OHepreTudyeckuin ypoeeHb ¢ N =1 HasbiBaeTcs
OCHOBHbLIM (HOPMasbHbLIM) YPOBHEM, a COOTBETCTBYIOLLEE €My COCTOsIHME aTtoma
Ha3blBaeTCA OCHOBHbLIM (HOPMaJlbHbIM) cocmosiHueMm. YpoBHM ¢ N>1 wu
COOTBETCTBYIOLLME MM COCTOSIHUS Ha3bIBalOTCH 8036Y)KOEHHbLIMU.

MpuaaBas N uUenoyYucrneHHble 3HavYeHwusl, norydYaem ANns atomMa BOOOpOAa
3HepreTUYeckne YpPOBHW, NpPeAcTaBlieHHble Ha pucyHke. MuHumanbHasi 3Heprus

atoma Bopopoaa E;=-13,553B. MakcumanbHas aHepruss E, =0 npu n=oo

HasblBaeTcs 3Hepaueli uoHu3layuu atoma (npu E=E_ npoucxoont otpbiB

ANEeKTpOoHa OT aToma). lNepexon 13 cTauMOHAPHOro COCTOSIHMA N B cTauMoHapHoe
COCTOSHME M CcOoMpOoOBOXOaeTCcAa UCMYyCKaHUEeM KBaHTa:

4 4
m.e 1 1 1 1 m.e
thEn_Em:_e—(___j:hR(_z_ 2]’ rae R:8he383'

m n

TeopeTuyeckoe 3HayeHne R xopoluo cornacyeTtcs co 3Ha4YeHUEM MOCTOSIHHOW
PunGepra, onpegenéHHbiM aKCnepMMeHTanbHo.

Teopusa Bopa cbirpana OrpoMHyt0 pofnb B CO34aHMM aTOMHOW (OM3MKK, B
pasBUTUN aTOMHOW U MOSEKYNSPHOMN CNEKTPOCKOMNUU, HO €€ BHYTPEHHSS NPOTMBO-
PEeYNBOCTb — COEAMHEHNE KITaCCUYECKUX U KBAHTOBLIX NpeaCcTaBfeHnn — He NO3BO-
nMnn Ha €€ OCHOBe OOBACHUTb CMEKTPbl MHOMO3MEKTPOHHbIX aTOMOB (Oaxe
NPOCTENLLEro U3 HUX — aToMa renus, cogepXatlero noMMMo sapa ABa 3reKkTpoHa).

KBaHTOBasa punamka
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OCHOBHbIe NoOHAMUSI KeaHMoe8oU MexaHUKU

6. KopnyckynsipHo-BOTHOBOM Ayariu3mM CBOMCTB BellecTBa

KBaHTOBass MexaHuKa, CO34aHHasi Ansi OnMuMcaHUs CBOWCTB  KBAHTOBbIX
006BbEKTOB, OCHOBLIBAeTCA Ha rpednonoxeHuu Jlyu de bpolinisi 0 TOM, YTO Tak Xe, Kak
CBETY MpUCYLUM OOHOBPEMEHHO CBOMCTBA 4acTuubl (KOPMYCKynbl) M  BOJIHbI
(ABOWMCTBEHHAs KOPMYCKYNsipHO-BONIHOBAs Mpupoga CBeTa), Tak U 3/IeKMPOHbI U
nbbie dpyaue Yyacmuybl Mamepuu Hapsily ¢ KOpPNyCKynsipHbIMUu obsiadarom
makxe e0JIHO8bIMU ceolicmeamu.

Kaxxgomy 0ObeKkTy npucyluM Kak KOPMyCKYMsipHble Xapakmepucmuku —
3Hepausi E v umnynbc P, Tak U 80/1HOBbIE Xxapakmepucmuku — Yacmoma Vv W

Os1uUHa 8OJIHbI A .
COOTHOLLEHUSI MeXOy KOPMyCKYNAPHLIMA M BOMHOBLIMU XapaKTepucTUKamm

h

yacTuL Takue xe, kak ans potoHos: E=hv=hon wun p= X

Takum obpasom, nrobol yacmuue, obnagawowen ummnyibcoM (B TOM Yucne m
yactuue, B oTnuyme oT ¢poToHa, obragatuwen maccon MoKos), corocmassisemcs
80J1HOBOLU Mpouecc C ANMHOW BOJHbI, onpeaensieMon no ¢ghopmyne de Bpolnsi.

®omo- A= E

®doneea N nnacmuHKa p
'Mnotesa ge bpownna Obina nogTeep-
> XOeHa 9JKcrnepuMeHTanbHO B OMnbiTax Mo
Mysok Andopakuum 3NEKTPOHOB Ha MOHOKpUcTannax
3/1eKMPOHO8 MeTansfioB — eCTECTBEHHbIX ANPPAKLUNOHHBIX

peweéTkax — U Ha MeTannn4yeckmx nreEHKax.
[daxe B cnyyae u4pesBblManMHO cnabbix
My4yKOB, KOrda KaXkObl 3MNEKTPOH MNpOXOAwST NpensaTcTBME He3aBUCUMO OT ApYrux
9NEKTPOHOB MNyyka, hopmMupoBanacb AnpakuMoHHaa KapTUHa Kak B MPOXoAadaLlem,
TaK 1 B OTPAXXEHHOM My4Ke 3NEKTPOHOB.

lonHasi aHepeausi Yyacmuuybl ornpefenseTca 4Yactotonm BosH ge bpownsa c
NMOMOLLbHO COOTHOLLEHNS:

E=hv.

Takum o6pasom, KOPMyCKyrnsipHO-80/IHOBOU OyanusM — yHuUeepcaslbHOe
ceolicmeo Mamepuul.

OTO CBOWCTBO CyLECTBEHHbIM 0Obpa3oM nposABnsAeTcs TONbKO  Ans
MUKPOO6BeKkmos. [1nsi MakpoCKONMMYeCcKknxX Ten AnvHbl BOMH Ae bponna ucyesatowe
Manbl (Tak, Hanpumep, vactuue maccon 1T, ABMXKYLENCA CO CKopocTbio 1 M/c,
COOTBETCTBYET ASfiIMHa BOSHbI Ae bponnsa ¢ K:6,62-10‘31M) N BOJSTHOBbIMWU 3(ppek-
Tamu npeHebperatoT.

7. HekoTopble cBOUCTBa BONH ge Bpowns
PaccmoTpum cBOGOAHO ABMXKYLLYIOCS CO CKOPOCTBIO U YacTuuy maccom m.
da3oBas ckopocTb BOsH ae bpowuns:

o _ho E _mc?® c

Uy =————— = = =

2T Tk p mu v
T.e. dasoBasi CKOPOCTb BOSH Ae Bpoiins 6osibwe CKOpoCcTV cBeTa B Bakyyme
(T. K. C>D).

2

A.H. OrypuoB. @u3suka 0rs cmydeHmos



21
Mcnonb3osaHbl cooTHoweHus: E =Awm, p=7k, k= 7 — BOJTHOBOE 4MCO.

pynnoBas ckopocTb BOJSIH Ae bpouns:
u_d(o_d(hco) _dE
dk d(kk) dp’

[nsa ceobogHom Yactuupl E = \/mzc“ + p2C2 , NO3TOMY

_dE__ pc®  _pet_muc®

u= =
, 2
d p m2c4 n p2c2 E mc
rpynrlOBaFI CKOPOCTb BOJIH A€ BpOVlﬂﬂ pasHa CKOpPOCTU 4acCTuubl. MHbIMK

crnoBamu, 8oJiHbI 0e Bpolins nepemewaromcsi eMecme ¢ Yyacmuueu.
Ana goToHa:

E mc? pc?  mcc?
p mc E  mc

8. CooTHoweHune HeonpeaoenéHHoOCTEN

[1BONCTBEHHAs KOPMYCKYyNsipHO-BOSIHOBAsA Mpupoda MUKpoYacTuy, onpeaensieT
elé oQHO HeOobblYHOE, C TOYKU 3PEHUsT KIacCUYECKMX MNpeacTaBrieHui, CBONCTBO
MUKPOOOBEKTOB — HEBO3MOXHO OOHOBPEMEHHO MOYHO orpedeniumb KOOpOUHamy u
uMnynbc Yyacmuuabl.

B camom pgene, NoCKONbKy KaXXaom YyacTuLle coOOTBETCTBYET BOSTHOBOW MpoLecc,
TO HeonpenenéHHOCTb "MEeCTONONOXeHUA" 4YacTuubl nopsiaka AfMHbI BOSHbI Ae
Bpoiina AX~A K Krnaccuyeckoe TMOHATME TpaekTopunm TepseT cmbicn. [Ana
MaKpoCKonnyecknx ob6beKToB AnvHbI BOSMH Ae bponns ucyesarowe manbl, No3ToMy
AN HUX NPUMEHMMO NOHATUE TPAEKTOPUM ABUKEHUS.

B obuwem cnyyae 3To0 CBOMCTBO MUKPOOOBLEKTOB Ha3bIBAETC COOMHOWEeHUeM
HeonpedenéHHocmel MelizeHb6epeaa:

MukpodacTmua He MOXeT UMeTb OOHOBPEMEHHO OnpefesiEHHY KoopAauHaTy

(X,Y,2) n onpeaenéHnyio cooTBeTCTBYyIOWY0 Mpoekumio umnynbea (Py, Py, P;),

I'Ipl/l‘-IéM Heonpe,u,enéHHocm 3TUX BEJTMYMH yOOBJIETBOPAKOT COOTHOLLUEHUAM
AXAp, = h, AyAp, 2h, AZAp, > h,

T. €. npousdgedeHue HeornpeodenéHHocmeli KoopOuHamel U coomeemcmeyrowel el

MPOEKUUU UMITybca He Moxem 6bimb MeHbLWe 8e/luyuHbl nopsdka h .
CooTHOoLWeHWe HeonpeaenéHHocTen NpoaBndaeTcs B agudpakumm yactuy. MNyctb

MOTOK YacTul aBwkeTcs Baonb ocn Y ¢ umnynscom P . Jo npoxoxaeHus Yactuubl

yepes Lenb, cocTaensowas eé nmnyneca P, =0, Tak yto Ap, =0, a koopanHaTa

XA mrommocme s X 4BNSIeTCA COBEPLUEHHO HeonpeaeneéHHOW.
geposmHocmu - B MoMeHmM NpOXOXOEHUs YacTuubl Yepes wernb

HeonpeaenéHHoCTb  KoopAauHatel X  YacTuubl
CTAHOBUTCS  paBHOM  WMpuHe wenn  AX.
Bcnegcteue Andbpakumm YyacTuubl oyayT
ABuratecst B npefenax yrna 2¢, roe ¢ — yron,
COOTBETCTBYKOLLMA MepBOMY  AUPPaKLNOHHOMY
J MUHUMYMY. Takum obpas3om, HeonpenenéHHOCTb B
/ 3Ha4YeHUn CcoCcTaBnsAlWEN BOOMb  OCU X

A\

LleHmparnbHbId
MaKkcumMym

KBaHTOBasa punamka
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: h . :
ApX:pSIH(p:xsm(p. C ppyroii cTopoHbl, AXSIN@=A — ycrnoBue nepBoOro

ANPaKUMOHHOrO MUHMMYMa (cTp. 6—15). CnepoBaTenbHo AXAp, =h. Mockonbky

YyacTb YacTul nonagaeT 3a npegenbl NepBoro AMMPaKLUMOHHOIO MaKCcMMyma, TO
nony4aem BbipaxeHne AXApP, >h, T. e. coOTHOLIEHME HeonpeaenéHHOCTEN.

CoomHoweHue HeonpedesiEHHOCMelU — 3mMO KeaHMmoeoe Oz2paHu4YeHue
NPUMeHUMOCMuU KJlaccu4ecKoll MexaHUKU K MUKpPOo6BLeKkmam.

[na mukpovacTuubl He cywecmeyem cocmosiHUU, B KOTOPbIX €€ KoopauMHaThbl K
COOTBETCTBYIOLUME WM NPOEKUMN UMMNynbca umMenn 6bl OOHOBPEMEHHO TO4HbIe
3HaAYEeHMA.

Ana HeonpenenéHHoctn aHeprum AE  HEKOTOporo COCTOSIHMSI CUCTEMbI U
npomexyTtka BpemeHn Al, B TedeHMe KOTOpPOro 3TO COCTOSIHME CYLLECTBYET, Takke
BbINOJSTHAETCH COOTHOLLUEHNE HeonpeaenéHHOCTEN

AEAt>h.

CnepoBaTenbHO, cucTeMa, UMelowas cpeaHee Bpems xu3Hn At, He moxeT

ObITb OXapakTepu3oBaHa onpeaenéHHbIM 3HaAa4YeHMEM 3JHeprun; pasdpoc IHeprum

AE =h/At BospacTaeT C yMeHbLIEHMEM BPEMEHM XXM3HU CUCTEMbI M YacToTa
M3My4EHHOTO (POTOHA TaKkKe AOSHKHA UMeTb HeonpedenéHHocTb Av =AE/h, T.e.
cneKTparibHble TIMHUM AOMMKHBI UMETb KOHEeYHYto WnpuHy  dv=v+AE/h.

9. BonHoBas hbyHKUMA 1 €€ CBONCTBA

MHTEeHCMBHOCTb BOMH e bponns B gaHHOM TO4ke MPOCTPaHCTBa CBsi3aHa C
YUCMNOM YacTuu, NOoMaBLWKMX B 3Ty TOYKY, O YEeM CBMOETENbCTBYOT OMbITbl MO
andppakumm MukpodacTtuy. MoaToMy BOMHOBbIE CBOWCTBA MUKpodacTul Tpebyet
CTaTUCTMYECKOIO (BEPOATHOCTHOrO) NOAX0AaA K UX OMUCAHMIO.

[na onucaHusa noBefeHUs KBAHTOBbLIX CUCTEM BBOAUTCS 80JIHO8asi hyHKUUS
(apyroe HasBanne - ncu-gpyHkuus) W(X,Y,z,t). OHa onpepensetca Takum

obpasom, 4ToBbl BeposaTHOCTL OW TOro, YTO YacTULa HaxoauTcs B aremeHTe
o6béma dV , 6bina pasHa:

2
dw:“P \dv.
®dusnyecknin cmbicn nmeetT He cama GyHkums Y, a kBagpat eé moayns

2 * . o
“P‘ =WYW¥", koTopbiM 334aéTcs MHTEHCMBHOCTb BonH Ae Bpouns (3gece W —
YHKUMS, KOMMMEKCHO conpsbkéHHas ¢ V).

2
Benuuuna “I" UMEET CMbICIT MJIOMHOCMU 6eposim- dw )
¥

Hocmu p,,, a cama BonHosas dyHkuns Y wumeer cmbicn PW—W—
amniumyoObl eposimHocmu.

Ycnosue Hopmupoeku eepossmHocmeu nosnyvyaeTcs u3 +oo
TOro, YTO BEPOSITHOCTb CYLLECTBOBAHWA 4acTuubl rae-nmbo B J‘ ‘\Pf dv =1
NPOCTPaHCTBE paBHa eauHuue (MHTerpan BblYMCNAETCA Mo
BCEMY OECKOHEYHOMY MPOCTPaHCTBY). —

BornHosasi ¢byHKUUS, XapakTepusyoLllas BEpPOSSTHOCTb 0OHapyXeHust AencTBns
MUKpOYacTuLbl B anemMeHTe obbeéma, dosmkHa b6bimb: 1) KOHeYHOU (BEPOATHOCTb He
MOXeT ObiTb Gonblle eanHuubl), 2) 0OHO3Ha4YHOU (BEPOATHOCTb HE MOXET ObiTb
HEOQHO3HA4YyHOM BenMYMHOW) N 3) HenpepbI8HOU (BEPOSATHOCTb HE MOXeT
N3MEHATBCHA CKaYKoM).

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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BonHoBas (byHKLI,VIFI no3BOoJSiA€T BbIHUCIIUTbL CpeaHue 3Ha4deHud cbmsmqecmx
BEeJIMYUNH, XapaKTepu3syrnLmnx AaHHbIN MI/IKpOO6'beKT. +00

Hanpumep, cpegHee paccTosiHne <r> nveeT BUA; (r) = J I‘“{"Z dVv

BonHosas byHKUMSA yOooBreTBopsieT npuUHUUNY —a0
Cynepno3uLmMmn: ecrnv CUCTEMa MOXET HaxoaUTbCA B Pa3fUYHbIX
COCTOSAHUSX, onucblBaeMbIX BOMHOBbIMM pyHKUMAMM N7 ch\{/n
Y, ¥,,...,¥,,..., TO oHa Takke MOXeT HaxoauTbCs B n

COCTOSIHMM, OMUCLIBAEMOM  JIMHEWHOW  KOMOMHauuen 3Tux QyHkuun (roe
C, (n=1 2,...)- npousBornbHble, BOOGLLE rOBOPS, KOMMMEKCHbIE YNCTIA).

CnoxeHune 80/1HO8bIX YyHKUUU (aMnnnTyn BEpPOSITHOCTEN), a HE 8€pOsIMHOC-
meu (onpegensieMblX KBagpatamuv MOAyIen BOJTHOBbIX (PYHKLMIA) NPUHUMMIUANBHO
OTNM4YaeT KBaHTOBYIO TEOPUIO OT KINacCUYeCKOW CTaTUCTUYECKOM Teopun, B KOTOPOW
AJ151 He3aBUCUMbIX CODbLITUI CNpaBeaiMBa meopema CrioXKeHUs1 eeposimHocmed.

10.O6wee ypaBHeHue LLipeanHrepa
OcHOBHOE ypasHeHUe HepesamueUCMCKoU K8aHMOB8OU MexaHUKU UMeeT BUA;

2
—h—A‘P+U(x, y,z2,t)- ¥ = iha—LP,
2m ot

o> 0% o
rae h=—; M — macca vacTuubl, A= >+ %+ — onepatop Jlannaca;
21 ox® oy® oz

I =+v—1 — mHumas egunuua; U(X,Y,z,1) — noteHumanbHas yHKUMA YacTulbl B

cunosoMm rorne, B kotopoMm oHa aswketcs; W(X,Y,z,t) — uckomas BonHoBas

dYHKUMA YacTulbl.
YpaBHeHMe [OMosfiHAeTCs YCMOBUAMM, HaknagblBaeMblMU Ha BOJSIHOBYHO
dyHKuunio: (1) BonHoBasA (PYHKUMS [OMKHA OblTb KOHEYHOW, OAHO3HaYHON W

oV Y oY oY
ox oy oz ot

2 y
(3) pyHKUMA “P‘ AO0JKHa BbITb MHTErpupyema (3TO ycrioBne B NPOCTEMLLMX Cryvasax

HenpepbIBHOW; (2) Npon3BOAHbIE AOJTKHbI BbITb HEMPEPbLIBHbI;

CBOAMTCS K YCINOBUIO HOPMUPOBKN BEPOSITHOCTEN).

11.YpaBHeHue LlipeanHrepa ansa cTaumMoHapHbIX COCTOAHUN

BaxHbIM vacmHbiM criydaem obuwero ypaBHeHus LpeauHrepa, saBnsetca
ypaBHeHue LWpeanHrepa ansa crauuoHapHbIX COCTOAHUN, B KOTOPOM UCK/THOHYEHa
3asucumocmb ¥ om epemeHu, n NO3TOMY 3Ha4YeHUsI 3HepP2uu ITUX COCTOSHUWA
ABNATCA ¢huKcupoeaHHbIMU (HE U3MEHSIIOTCS CO BPEMEHEM).

B aTtom cny4ae cunosoe nosne, B KOTOPOM ABMXETCHA YacTuua, cmayuoHapHO,
T.e. yrkumsa U =U(X,y,Z) He 3aBUCUT SIBHO OT BPEMEHU U WUMEET CMbIC/I
rnomeHuyuarnbHoU sHepauu. PelueHne ypaBHEHNS MOXET ObITb NpeacTaBneHo B BUAe
npoussefeHns AByX (PYHKUMA — (DYHKUMU MOJSIbKO KOOpOUHam n (PyHKUMN MOJsIbKO

gpemenu: Y (X,Y,z,t) =wy(X,Y,2) -exp(—i %t) rne E — nonHas sHeprusa yactuubl.

YpaBHeHue LWpeauvHrepa:

G E E ..(.E E
——exp| —1—t |- Ay +U -y-exp| —1—t |[=1A| —1— |-y -exp| —1—t
2m p(hj"’ v p(hj (hj“’ p(hj

KBaHTOBasa punamka
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nocne ynpoLieHui npuobpeTaeT Bua;
2
—h—A\p+U\|J:E\|J unm A\p+2—T(E—U)\|/:O
2m h
— ypaBHeHue LpeavHrepa Ansa ctalMOHapHbIX COCTOSAHUN.
®u3suyeckuli CMbICST UMEKT TONbKO peaysisipHble BOJHOBblE (YHKUMM —
KOHEeYHble, OOHO3HauYHble U HerpepbieHble 8Mecme CO C80UMU  epe8biMU
MPOU380OHLIMU. DTW YCINOBUS BbIMOMHATCSA TOMLKO Npu onpeaenéHHom Habope E .
OTW 3HayeHusi 3Hepauu Ha3biBalTCA cobcmeeHHbIMU. PelueHnsi, KkoTopble
COOTBETCTBYIOT COBCTBEHHLIM 3HAYEHUAM 3IHEPrUW, Ha3biBaAlOTCA CO6CMEEHHbIMU
yHKkyusimu. CobcTBeHHbIe 3HaYeHUss E moryT oGpasoBbiBaTh kak HemnpepbiBHbIN,
Tak W OWCKpeTHbIN psg. B nepBom criyyae roBopAT O HenpepbIBHOM (MU
CI/IOWHOM) criekmpe, BO BTOPOM — O QUCKPEemMHOM criekmpe.

12.BuxxeHme cBOO6OAHOWN YacTuLbl
Ons ceo6ogHoi yactuusl U (X) =0 (nycTb oHa aBmxeTcs BAOMb ocn X ).

2
a_w+2_mE\|/:O

PeweHuem ypasHeHus LLipeduHzepa 2 2

OX
6ydem cyHKUUS P (x,t) = Aexp(—imt + ikx) = Aexp(— i(Et ;l pxx)j,

Px

E
roe A= ConSt; (D:E; Kk :? — BOJIHOBOE€ 4UCIIO — MOXET MNMpUHNMaTb noodble

21,2 2
hek Py y y
—— =—" — HernpepbI8HbIU CNEKTP 3HEPTUN.
2m  2m

Takum o6pasom, cBobogHasi KBaHTOBasi 4acTuua OMNUCLIBAETCS MOCKOW
MOHOXpOMaTU4ecKon BonHoW e bponnga. OToMy COOTBETCTBYET He 3aBucswas ot

BPEMEHM MNNOTHOCTb BEPOSTHOCTM OOHapy)XeHWst 4YacTuubl B JaHHOW TOYKe

NoNoXuTteribHble 3Ha4YeHUA, E=

2 * 2 .
npocTpaHcTBa “P‘ =YY :‘A‘ , T.€e. BCe MONoXeHus cBOOOAHOW YacTuubl B
NPOCTpPaHCTBE ABNATCA PABHOBEPOATHLIMM.

13.YacTtuua B O4HOMEPHOU NPAMOYronbHOU "noTeHumanbLHOU AmMme" ¢ 6ecKo-
HeYHO BbICOKUMMU "cTeHKamMmun"

| — PaccmoTpym ogHOMeEpHY0 "noTeHunansHyo amy":
| | o, Xx<0
U(x)=| 0, 0<x<I
U—oowo|l U=0|U—>w o, X>I
roe | — wupuHa "ambl", a sHeprua oTcuMTLIBaETCS OT ee
0 I > AHa.
X YpaBHeHne LpeguHrepa ana  craumoHapHbIX
COCTOSIHUM B nNpeaenax siMbil:
o%y  2m 8 2mE
—W+—E\|J=0 unm —\g+k2\p:0, roe k% =2—.

oxt n ox h?
3a npegenbl "AMbl" YacTULa He NPOHWKaET, MO3TOMY BOMHOBAs (PYHKUUSA BHe
"AMbl" paBHa Hynw, cregoBaTenbHo, Ha rpaHuuax "ambl" HenpepbiBHaA BOMHOBasA
YHKUMSA Takke JoSMKHA ob6palaTbCa B Hyrb

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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v(0) =y(l)=0.
OTUM rpaHNYHbLIM YCITOBUAM YAOBMETBOPSET peLleHne ypaBHeHna LWpeanHrepa
: nm 2mE
y(x) = Asinkx+ Bcoskx npu B=0 u k =T Mockonbky k2 =——, TO
h
2_242
nN“m“h
E,= —— (n=12,3,...) — co6cmeeHHbIe 3HaYeHUs1 IHepauu.
2ml
n’h?
MuHMManbHO BO3MOXHOE 3HaYeHne SHepruu: Enin = —-
2ml
Takum obpasom, aHeprua 4vactuubl B GECKOHEYHO BbICOKOM MOTEHUManbHOM
"ame" npMHMMaeT NuLb onpeaenéHHble OUCKPemHbIle 3Ha4YeHus, T. €. KeaHmyemcs.
KBaHTOBaHHble 3HayeHus aHeprunm E_ HasbiBaloTcs ypoeHsIMuU 3Hepauu, a
4ncno N, onpeaenstoLlee aHepreTM4eckne ypoBHM YacTuLbl, Ha3biBaeTCsa 2/1a8HbIM
Ke8aHMOoBbLIM YUCJIOM.

. N N
Co6cmeeHHble 80JIHOBbIe  (hYHKUUU \pn(x):ASInI—X, C  Y4YéToM

I I . 50N
HOPMUPOBKU Iowﬁ (X)dx = AZJ.OSIn2 Tnxd X =1, 6yayT umeTb BUA:

a) n, o) ?
ef w0 MRl Wn(x):ﬁsin%x (n=12,3,..).

Ha pucyHke nsobpaxeHbl rpacukm
coBCTBEHHbLIX PYHKUMI (&) N NNOTHOCTb
BEPOATHOCTM (6) 0OHapyXeHUs1 YacTuLbl

E2 2 EZ 2 " "
Ha pa3HbIX pPacCToAHMAX OT "CTEeHOK
El 1 El 1 AMbl, Onpeﬂe;ﬂeMaﬂ Bblpa>KeHNneMm:
L ot *
X X |\Vn (X)| =y, ()W, (X).

14.MpoxoxgeHMe 4acTuubl 4Yepe3 noTeHuuanbHbin _Gapbep. TyHHeNbHbIN
achdekr
PaccmoTpum npocTenwmin noTeHumanbHbli B6apbep NpsMOYrosisHOM (opMbl
(Bbicota U v wmpunHa | ) ons ogHoMepHOro ABMXeHNs YacTuLbI:

Ui 0, x<0 (obmactsl)

U(x)=qU, 0<x<Il (obmacts 2)

BV L 0, x>| (o6macts 3)
Bua BONHOBLIX PYHKLNKW, ABNAKOLLMXCA
1 2 3 pelweHuamn ypaBHeHus LpeguHrepa nns
obnacten 1, 2 n 3 (cM. pucyHok 1 Tabnuuy)

X

CBMOETENbCTBYET O TOM, YTO:

1) B obnacmu 1l BonHoBas yHKUuSA
npegcraenser cobon cymmy OByX
MMOCKMX BONMH — [OBWXYLUEWCA B
CTOpOHY Gapbepa 1 OTpaXKEHHOW OT
Gapbepa.

2) Bo6nacmu 2B cnyyae E <U :

w1 (X)

KBaHTOBasa punamka
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«/Zm(U -E)

q=1iB, roe P= P

3) B obnacmu 3 vmeeTcs TONbKO BONHa, npoweawas 4epe3 OGapbep
(B3 =0), koTopas umeeT Bug BonH ae bpoiins ¢ Tom e ANVHOI BOMHBI, HO

MeHbLUen aMnanuTyaoun.

ngg{., Lillssz:(:rH:pea O6uiee pelueHve Pewenne npn E <U
2 - - - -
1 —aa\gl + k2\|ll =0 , \Vl(x) = Aielkx+ Ble_lkx \Vl(x) — Aielkx-i- B_I_e_lkx
X
82\V2 2 |qx _in _BX BX
2 P +0°y, =0, | y(x)=Ae™+B,e Vo (X)=Ae P+ B,e
CAUIE ik ik ik
3| 52 TKva=0. | wa(X)= A+ Bye™ v3(x) = Age
3necs k2 :ﬁ, q° :&;U)_
h h

Taknm obpas3om, KBaHTOBas MexaHuKa NpUBOAUT K MPUHUMMMANbHO HOBOMY
cneununyeckoMy KBaHTOBOMY SIBMIEHUIO, MOSyYMBLUEMY Ha3BaHWE MYHHEJIbHO20
aphekma, B pesynbTaTte KOTOPOrO0 MUKPOODOBLEKT MOXeT "mponTtn" CKBO3b
noTeHuuanbHbIN Bapbep.

[na onucaHnsa TyHHeNbHOro adpdyekTa UCNONb3YHT NOHATUE Ko3aghgpuyueHma
npo3spayHocmu D noTeHumansHoro Gapbepa, OnpeaensaeMoro kak OTHOLIeHue
KBagpaToB MoAynen npowefwend W nagawowen  BOMHbl.  Ona  cnyyasd
MPAMOY20/1IbHO20 NoTeHUMansHoro 6apbepa:

2
4 D:%: Doexp(—%la/Zm(U —E)j.

[na noTeHumanbHoro 6apbepa nNpPon3BOSIbHOM
El—f-——-N\—> ¢hOpMbi:

| |
—
X Xo X

MpoxoxaeHne 4YacTuubl CKBO3b 06MnacTb, B KOTOPYH, COIMACHO 3akoHam
KNacCUYecKon MeXaHuKW, OHa He MOXET MPOHUKHYTb, MOXHO MOSACHUTb
coomHoweHuem HeonpedenéHHocmel. HeonpenenéHHocTb wumMnynbca AP Ha

X2
D = D, exp —%IJZm[U(x)—E]dx
X

otpeske Ax=1 coctasnser Ap>h/l. CeasaHHas ¢ 3TuM pasbpoCcoM B 3HAYEHUSIX

(Ap)°

nMmnyrbcCa KMHETUHECKanA 3HEepPrna MOXET OKa3aTbCsl AOCTAaTOYHOM ONs TOro,

4YTOOLI NONHasdA OHEpPrn4a 4YacTtuubl OKka3anacb fonbLue noTeHunanbLHON.

15. JIuHenHbLIU rAPpMOHUYECKUN OCLUINATOP B KBAHTOBOW MeXaHUKe

JIMHENHBIN rapMOHUYECKUM OCUMUINATOP — CUCTEMA, COBepLUaloLLas ogHoMep-
HOe AOBWXXEHWe nog OeNCTBMEM KBasnyrnpyrom Cunbl, SBMSIETCS MOAESNbIO, KoTopasi
4YacTo MCNOSb3yeTCA NPU ONMCaHUKN KINAacCUYECKUX U KBAHTOBbLIX CUCTEM.

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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[MpyXWHHBbIA, PU3NYECKUA U MaTEMATUYECKNA MAATHUKN — MPUMEpPbl Kraccu-
YECKNX rapMOHNYECKNX OCLMUNIISATOPOB.

2,2
Mg X
MoTeHuManbHasa aHeprusi rapMoHUYeckoro ocuunnaTopa pasHa: U :T,
rae M, — cobcTBeHHas YacToTa konebaHuii ocumnnaTopa, M — Macca YacTuLbl.

Knaccuyeckuli ocyunnsmop He MOXEeT BbIATW 3a npefernbl "noTeHuuanbHOM
AaMbl" ¢ kKoopauHaTamMn —X S X<+ Xmax -

max —
YpaeHeHue LlipeduHzepa [p[nsi CTaUMOHAPHbLIX COCTOSHUA  KBAHTOBOIO
Ui ocuunnaropa:
%y 2m Mw2x?
\ I 5 hd + E - 0 Y= 0,
n=2 E2 :Eh(l)o 8X2 hz 2
3 roe E — nonnas sHeprus ocumnnsaTtopa.
n=1 E = Ehmo Co6cmeeHHbIe 3HaYyeHUsi SHepruu  Ans
3TOro ypaBHEHUS:
0 > E,= n+E ho, (n=0,1,2,..).

Takum o6pa3om, 3Heprusi KBaHTOBOrO OcUMNnATopa kKeaHmyemcsi (MOXeT
MMEeTb INUWb JOUCKPETHblE 3HAYeHWs!). YPOBHU SHEPrMM pacrofioKeHbl Ha

0OUHaKO08bIX PAaCCTOSIHUAX, PaBHbIX /10y .

1
Mu+HumanbHas 3Hepeus EO ZEh(DO Ha3blBaeTCA J3Hepa2ueUu HyJieebix

KonebaHud.

CyuwiectBoBaHME SHEPIUN HYMEBbLIX KONebaHnn — TUMMYHO KBAHTOBbLIN ekt
— NpsiMoe creacTBme COOTHOLLEHNS HeonpeaenéHHOCTEN.

YacTtuua B ssme nobon hopmbl HE MOXET HaxoauTbCs Ha €€ OHE, NOCKOSbKY B
Hynb  obpawaetca UMMynbC YacTuubl W ero  HeonpedenéHHocTb, a
HeonpeaenéHHOCTb KOOPAMHATbl CTAaHOBUTCSA OECKOHEYHOW, YTO NPOTMBOPEYUT, B
CBOI o4yepeab, YyCrnoBuio npedbiBaHUS YacTuLbl B "NoTeHumansHomn ave".

NMpaBunamm oT6Opa B KBAHTOBOW MEXaHWKE Ha3blBAKOTCSA YCIOBUS,
HaknagblBaeMble Ha N3MEHEHUSI KBAHTOBbIX YMCern.

[na rapMOHMYECKOro OCUMINATOPA BO3MOXHbI NUWb Nepexogbl Mexay
COCeaHUMM NOAYPOBHAMMU, T. €. Nepexoapbl, yaoBneTBopsoLWme npasusly ombéopa:

An==1.

CnepoBaTenbHO, 3HEPrUst rapMOHMYECKOTO OCLMNNATOPa MOXET U3MEHATbLCS
TONBbKO MNOpUUAMU A1, U TapMOHUYECKUI OCLMNNATOP MUCNyckaeT M nornowaet
SHEPIuo KBaHTaMM.

KBaHTOBO-MexaHM4YecKkoe pelleHue 3adavvM O KBaHTOBOM OCLUMNIATOpe MNoka-

3blBAE€T, 4YTO UMeemcss OTNUYHasi OT Hyns
w ' BEPOSATHOCTb OOHApPYXWUTb YacTuuy 3a rnpede-
namu obnacmu:

~Xrrax <X <+ Xy
Ha pucyHke npuBedeHa kBaHTOBasi NnoT-

HOCTb BEPOSITHOCTM OBHapyXeHusi ocuunnsaTopa

npu N =1, nmeroLas KOHeYHbIe 3HaYEeHUA ANA:

X > X -

KBaHTOBasa punamka
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Keanmoeasi ¢pusuka amomoe u MorseKyn

16.AToM Bogopoaa B KBAHTOBOW MeXaHUKe

Ha npumepe Boaopoaonoao6HbIX aTOMOB — NPOCTENLLNX aTOMOB, COAepKaLnX
€VHCTBEHHbIV BHELLHWUIA 3MNEKTPOH, — PACCMOTPUM OCHOBbI CUCTEMATUKM KBAHTOBbIX
cocTosHMiA atomoB. [None Bogopoagonogo6HOro atomMa — 3TO
npumep yeHmpasbHO20 nons. B Takom none yao6HO Mcnornb-
30BaTh cghepuyecKyro cuctemy koopauHat: ', 6, .

MoTeHumanbHaa aHeprus KynoHOBCKOro B3anMoAencTBums
ANeKTpoHa C aTOMHbIM AApoM, obnagawowum 3apsgom Ze
(ans atoma Bogopoaa Z =1):

E,U Ze*
4reyr
1 O+ r’ roe I — pacctosiHue Mexay 3reKTPOHOM U SiAPOM.
E; CraumoHapHoe ypaBHeHue LLpeaunHrepa:
E, 2 2
. m Ze
5 Ay +—| E+ y=0
| h 4reyr
—E MOoIbKO Mpu cOb6CMBEHHbIX 3HaYeHUsIX SHepauu
1 Z°me’
n:——2—2 2 (n:]., 2,3,...)
n° 8heg

(T.e. ons duckpemHoz2o Habopa oTpuuaTeNbHbIX SHEPTUIN (KBaHMOBaHuUe 3Hepa2uu))
NMeeT peLLeHuns, yaoBneTeopsiowmne TpedboBaHnaM 00HO3HaYHOCMU, KOHEYHOCMU W

HernpepbigHOCMU BonNHoBoW dyHKuum (I, 0, ).
BoipaxeHnve ans E,, coBnagaeT ¢ nonyyeHHbiM B Teopun atoma bopa.
Huxadwuii ypoBeHb E; — ocHogHoOU, Bce ocTanbHble — 8036YKOEHHbIE.

Mpn E <O pBwxeHne anektpoHa — cesizaHHoe, npu E >0 — ceob6odHoe
(aTom uoHu3yemcs).
Ouepruss E =E_ =0 pocturaetca npy n=o0.
4

me

OHepausa uoHU3ayuu amoma eo000opooa: Ei=-FE = W =13,553B.
€

Cob6cTBEHHbBIE BOSMHOBbBIE  (PYHKLMUK \pz\pn,m(r,e,(p) onpenensitTcs Tpems
KeaHmMoebIMU YyucnaMu: 2naeHbiM N, opbumansHbiM | v MazHumMHBIM M.
17.KBaHTOBbIE Yucna

— [maBHOe KBaHTOBOE 4YUCNO N onpegensieTr 3Hep2emu4ecKue ypoO8HU
SJTIeKMpPOHa B aTOMe.

n=123,...
Op6v|Tanb|-|oe KBaHTOBOE Yucno | npun 3agaHHOM n NPUHNMaET 3HAYEHUA.
1=0,12,...,(n-1)

W onpenensieT BenuuYMHYy MomMeHma umnysnbca (MexaHu4Yeckuli opbumarib-
HbIlU MOMEHM) 3NEeKTPOHA B aTOME:

L =i +1) .

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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— MarHuTHOe KBaHTOBOE YMcno M npu aaHHom | npuHumaeT 3HaveHus:
m=0,+£1,+2,..., %I
N onpedensieT eesluUYUHY MOMeHMa UMrybca 3/1eKmpoHa 8 3a0aHHOM Harpas-
neHuu. Tak opbuTanbHbI MOMEHT UMMYrbCca 3r1IEKTPOHA I:, MOXeT UMETb /IUWb

makue opueHmayuu e npocmpaHcmee, Npu KoTopbix Npoekyusi L, Bektopa L,

Ha HaripaesieHue e68HewHeesOo MacHUMHOeO T[10JIA T[pUuHUMaem moJibKO KeaH-
moeaHHbIe 3Ha4YeHUs], KpamHble hi (MpocmpaHcmMeeHHoe K8aHMoB8aHUe):
L|Z - mh .

2 zﬁz Takum 06pas3om, BEKTOP I:| mMoxeT npuHumaTts 21 +1
fl OpMeHTaLIMVI B MNpPOCTpaHCTBE. Ha PI/IcyHKe npmBegeHbl
A BO3MOXHblE€ OpUEeHTaUnn BEKTOPOB L| Ona 3N1eKTpoHOB C
0 =1 (a)n =2 (6).
—# _ﬁ COOTBETCTBEHHO, B MarHUTHOM MoOre YpPOBEHb C
8

(=T

~zh rmaBHbIM KBaHTOBbLIM yncrniom N pacwennsetca Ha 2| +1
a) noaypoBHen — aghghekm 3eemaHa.

PacwenneHne ypoBHENW SHEpPrMM BO BHELUHEM
3NeKTpU4eCcKoOM nose HasbiBaeTcsa aghgpekmom Limapka.

B kBaHTOBOM MexaHuke kgadpam MOOys/sSs 80/IHOB0U GhyHKUUU onpenensiet
8eposiImHocmb  OBHapyXeHUs 3nekTpoHa B eguHuue obbéma. BeposaTHoCTb
obHapyXeHus1 3aNeKTpPOHa B pasHbiX YacTsiX aTomMa pasnuyHa. ONeKTPOoH Npu CBOEM
ABWXKEHUM Kak Obl "pasdmasaHn" no Bcemy ob6beémy, obpasys arrekmpoHHoe 0bnako,
NNOTHOCTb (fyCTOTa) KOTOPOrO XapakTepudyeT BEPOSATHOCTb HAXOXOEHUS 3NeKTPOHa
B pa3nnyHbIX TO4YKax 06bEMa aTtoma.

Keanmosebie yucria N u | xapaktepusyioT pasmep U ¢hopMy SNEKTPOHHOrO
obnaka, a keaHmMoeoe 4ucsio M xapakTepusyeT opueHmayur 3NeKTPOHHOro obnaka

=0 ro
/=1 P~ 311€KMPOHbI

m=+1 m¥0 m=-1

m=0
S§-3/1€KMPOHbI %
% d-3neKkmpoHsbl

m=-1 m=-2

K

f-anekmpoHbI
3

KBaHTOBasa punamka
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8 npocmpaHcmee. B aToMHON (hun3mnke, N0 aHaNoOrmm co CNEKTPOCKOMNEN, COCTOSIHNE

ANeKTpoHa, XxapakTtepuaylouleecsa kBaHToBbiM uucriom | =0, HasbiBaeTcs
S —COCTOSIH/EM (3NEeKTPOH B 3TOM COCTOSIHUM HasbiBaeTcs S -anektpoHom); | =1 —
p -coctosiHnem; | =2 — d -coctosHuem; | =3 — f -cocTosiHnem n 1. 4.

Ha pucyHke nokasaHbl epaghuyeckue usobpaxkeHus (nossipHble duazpamMmbl)
NoTHOCTEN BeposiTHOCTU Anss S-, P-, d- u f -anektpoHoB ¥ cooTBeTcTBYylOWEE
Ka)XOQoMy Ccrnyyal npocmpaHcmeeHHOe KeaHmoseaHue — Takasi opueHTauus
GOpoBCKMX OpPOUT, NpyM KOTOPOM NPOEKUMS MOMEHTa uMNynbca wUmeeT
COOTBETCTBYIOLLIEe 3HaveHne (Hanpumep, + 24 ana | =2, m=2).

18.MNpaBuna oTbopa

Mepexodbl MeXOy 3MNEKTPOHHbIMU COCTOSIHUSIMM BO3MOXHbI TOMNBbKO B TOM
crnyyae, ecnu:
1) usmeHenune Al op6umanbHozo keaHmosozo yucna | ynosneTtsopsieT ycno-

BUIKO
Al =+1:
2) uaMmeHeHune AM MacHUMHO20 K8aHMOB020 yucra M  yOoBNeTBOpAET
YCMOBUIO
Am=0,+1.

Tak, Hanpumep, B aToMe Bogopoda nepexoasl NP —1s (N=2,3,...) o6pasyior
cepuio Jlaimana, a nepexogbl NP —2s, NS—>2p, nd ->2p (N=3/4,...) — cepuio
Banbmepa.

19.CnuH 3neKTpoHa

OnekTpoH obnagaetT co6CmMEEeHHbIM HEYHUYMOXUMbIM MeXaHU4YeCKUM
MOMEeHMOM uMnyJsibca, He CBSA3aHHbLIM C OBUXEHNEM 3MIEKTPOHA B NPOCTPAHCTBE, —
CMUHOM.

CnuH 6bIn oBHapyxeH B aKkcriepumeHmax LLmepHa u
leprniaxa nNpn NPOXOXAEHUM Y3KOro nyyka aToMOB BOAOPOAA,
HaxXOAALWMXCS B S -COCTOSIHUM 4epe3 CUSbHOE HEeOoOHOPOAHOEe
marHuTtHoe none. B atom coctostHum | =0, momeHT nmnynbca

L, =7/1(1 +1) =0, n marinTHoe none He [OMKHO GbINO BNK-

ATb Ha ABMXeHue aTtoMoB. OaHAKO Ny4YOK aTOMOB pacwiensisncs
Ha 0ea ry4yka, cnefoBaTenbHO, ObII0 OGHapPYXXeHO NPOoCTpaH-
CTBEHHOE KBaHTOBAHWE MEXaHW4YeCKOro MOMEHTA, He CBSA3aH-
HOro ¢ opbuTanbHbIM ABMXXEHUEM 3EKTPOHA.

Yacto cnvH anekTpoHa Ha2/s0H0 NpencTaBnsioT, Kak
MOMEHT MMMyNbCa, CBA3aHHbIA C BpalLleHWEM 3feKTpoHa —
TBEPOOro Llapuka — BOKPYr CBOEW OCW, HO Takasi Mogernb npuBoaut K abcypOHomy
pesynbtaty — JMHENWHas CKOPOCTb Ha noBepxHocTn anektpoHa B 200 pas
NpeBbILAeT CKOPOCTb CBeTA.

Moatomy credyem paccmampusamb CrUH 3NeKTpoHa (U Bcex Apyrux
MUKPOYaCTUL) KakKk BHYMPEeHHee HeombeMsieMoe K8aHmogoe  c80oUCmeo
MUKpoYyacmuupl: NogobHO TOMY, Kak YacTuLbl UMEIT Maccy, a 3apsiKeHHbIe YacTuLbl
— 3apsig, OHY UMEIOT ELLE N CNUH.

—

CnuH LS’ KaKk MexaHU4eCKNN MOMEHT, KBAHTYETCA MO 3aKOHY

L, =7ys(s+1),

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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roe S — crnuHoeoe KeaHmMoeoe 4HYucirio. npOGKLI,VIFI LSZ CnnHa KBAHTYETCA TakK, 4YTO

BekTop L, MmoxeT npunmumatb 2S+1 opueHTaumit. Tak kak onbiThl LTepHa u

epnaxa oGHapyXunu TONMbKO ABe OpueHTauun cnmHa, 7o 2S+1=2, oTkyga: S=—.

2
Mpoekuua L, =7Zmg, rae M— mMaegHUMHOe cnuHoeoe KeaHMO8Oe YUCIIO,
1
KOTOPOE MOXeT UMETb TOMNbKO ABa 3HAYEHWS: mg = iz.

Takum obpasom, cocmosiHue anekmpoHa & amome ornpedensiemcss Habopom
YyembIpPEX K8AHMOBbIX YUCEJT.

(1) masHoe n (N=123,..);

(2) opbutansioe | (1=0,1,2,...,n-1);

(3) marimtHoe m  (m=-l,..,-10,+1,...,+1);
1 1

(4) marHuTHoe cnnHoBoe Mg (M, = +E, - E) :

20.MpvHUMN HePa3NMUYNMOCTU TOXKOAECTBEHHbIX YacTUl. PepMNOHLI U 6O30HbI

B kBaHTOBOW (bM3MKe YacTuubl, UMetoLme ogMHakoBble oMsndeckme CBOMCTBa
— Maccy, 3NeKTPUYECKN 3apsa, CNNH U T. 4., ABASITCS MOoX0ecmeeHHbIMU.

lMpuHyun Hepasnu4yuMocmu Mo)X0ecmeeHHbIX Yacmuuy:. moxX0eCmeeHHbIe
Yacmuuybl 3KcrepumMeHmasibHO pasiudume He803MOXHO.

OTOT pyHOameHmMarsibHbIU (OCHOBOMOMAralowmim) NPUHUMN KBAHTOBOW (PU3UKK
He umeem aHasioca B Kraccudeckon uamke. B knaccmyeckom MexaHuke
OAMHAaKOBble YacTULbl MOXHO pPasfMyYnTb MO TMOSIOXKEHUIO B MPOCTPAHCTBE U
OTCNeanTb NX TpaeKkTopuio. B KBAHTOBOW MexaHuKe, MOCKOSIbKY MOHATUE TpaekTopun
NULWEHO CMbICNa, TO YacTUubl MOJSIHOCTLIO TEPSAKT CBOK WHOUBMAYANbHOCTb U
CTaHOBSATCH HepasnMYMMbIMMU.

MaTtemaTnyeckas 3anncb NpuMHUMNa HepasnNYNMOCTMU:

2 2

(%) = w0, )|,
rae X, M X, — COOTBETCTBEHHO COBOKYMHOCTb MPOCTPAHCTBEHHBLIX U CMMHOBbIX
KOOPAMHAT NepBOM 1 BTOPOI YacTuL. BoamMoxXHbI ABa crydas:

WX, X2) = w(Xz, %) Z WX, X2) ==y (X2, %)

B nepsom cnydae BONHoBas YHKUMSA CUCTEMbI MNpU MEPEMEHE YacTul
MeCcTaMun He MeHsem 3HaKa; Takas (PyHKUUS Ha3biBaeTCs CUMMeMmpPUYHOU.

Bo emopowm criyyae npu nepemeHe 4actuy, Mectamu 3Hak BOSTHOBOW (DYHKLMU
u3MeHsiemcs; Takasa (PyHKUMS Ha3blBaeTCsl aHMUCUMMEeMpPUYHOU.

Mpu 3TOM XapakTep CUMMETPUM HE MEHSIETCA CO BPEMEHEM, TakuMm obpasom,
ceolicmeo cuMMempuu WA aHmMucumMMempuu — MfApu3HakKk OaHHO20 muna
Yyacmuubl.

Cummempusi 8051HO8bIX (hyHKUUL orpederisemcs CrMUHOM JYacmuy,.

Yacmuubl ¢ nonyyenbiM criuHOM (Hanpumep, 3MneKTPOHbI, MPOTOHbI, HENTPOHbI)
OMUCbLIBAKOTCA aHTUCUMMETPUYHBIMA  BOSTHOBBIMU ~ OYHKUMSAMW U NOAYNHAKOTCA
ctatuctuke Pepmun-fipaka: aTnm YacTuubl Ha3blBalOTCA ¢ghepMUOHamU.

Hacmuuybl ¢ HyneebiM unu UesioHUCIEeHHbIM CrUHOM (Hanpumep, T -Me30Hbl,
(OTOHbI) ONUCBLIBAKOTCA CUMMETPUYHLIMU BOSTHOBBIMU (PYHKUMAMU U NOLSYUHAKOTCA
cTaTucTuke bose-OrHwWITENHa; 3TN YacTuLUbl Ha3biBalOTCA 6030HaMuU.

KBaHTOBasa punamka
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21.MoHaTnA o KBaHTOBOW cTaTucTUKe Bo3e-AnHwTenHa u Pepmu-Adupaka

AHanorMyHo KNacCUYECKUM CTaTUCTUYECKMM MeTodaMm, MPUMEHSIEMbIM B
MOneKynsipHon cusnke Ons uccrnegoBaHUs GONbLUOro YMcna nofdoGHbIX 06bEeKToB
(aToMoB, MoOnekyn), Ans KBAHTOBbIX CWUCTEM, COCTOSILUMX W3 OrpoOMHOro 4ucna
HepasnMYNMbIX TOXAECTBEHHbIX KBAHTOBbIX 4YacTuL, MOAYMHSIOLIMXCS 3aKoHaM
KBaHTOBOW MEXaHWKWN, MPUMEHSIIOTCA METOAbl K8aHMO8OoU cmamucmuku.

HanomHum, 4To 8 MosiekynsipHOU gbu3UKe KnaccuyecKkux cucmem pacnpegene-
HMWEe YacTuL, naeanbHoOro rasa no SHepPrusiM BO BHELIHEM MoTeHuuansHoM none W
Npv 3agaHHon TemnepaTtype T onucbiBaeTcst pacnpedesieHuem bonbymaHa:

N =nyexp _ﬁ , roe K — nocrosiHHasa Bonbumana.

B KBaHTOBOW CTaTUCTUKE TaKKe WCnomnb3yetcs modesnb udeanibHO20 2a3a
Kgasuyacmuuj, MPU4EM OCHOBHOWN XapakTepUCTUKON AaHHOro KBAHTOBOrO COCTOSHUS
C AaHHbIM HaGopoM | KBaHTOBLIX 4Wcen, siBRsieTcs yYucsao 3anonHenuss N,
yKasblBalolllee CTeneHb 3anofiHeHUss OAHHOTO KBAHTOBOIO COCTOSIHUS 4YacTvuamMu
CUCTEMbI, COCTOSILLEN U3 MHOXECTBA TOXAECTBEHHbIX YacTul. Ons cuctem yactuu,
obpasoBaHHbIX 6030HaMu, 4ucra 3anofiHeHWst MOryT MpuHUMaTb Mobble Uenble
sHavenua: 0,1, 2,.... Ona cuctem yactuu, oGpasoBaHHbIX ¢hepMuoHamu, 4ducna

3anoJIHEHNA MOTYT NpUHUMAaTbL J1Lb ABa 3HAYEHUA: 0 Ans cBOOOAHbBIX COCTOSTHUN U
1 014 3aHATbIX. Cymma BCEX 4YMcen 3anosIHEHUs OoMmMKHa ObITb paBHa 4ucny 4acrtumy
cuctembl. KBaHTOBasi ctaTtUCTMKa MO3BONSET noacymnTaTtbh cpegHee 4ucno 4actuy B

JaHHOM KBAaHTOBOM COCTOAHUMN, T.€. onpenerintb cpeaHne 4mcna 3arnosiHeHud <N|> .

UodeanbHbIli 2a3 u3 6030HO8 — 603e-2a3 — ONUCbIBaeTcsl KeaHmMoeou
cmamucmukol bose-3liHwmelHa.

PacnpepeneHne bBbo3e-OMHWTENHA — 3aKOH,
BblpaXkalolMin pacnpenernieHne 4actuy no 3sHepreTu- 1
YECKUM COCTOSIHUSAM B B03e-rase: Nnpyu CTaTUCTUYECKOM <N|> - E —p .
paBHOBECMM U OTCYTCTBMM B3aUMOAEWCTBUSI cpeaHee exp IkiT -1

YKCIO YacTuL, B | -M COCTOSIHUM C 3Hepruelt E; paBHo:

3necb Kk — nocrosHHas Bonbumana; T — TepmoauHamuuyeckas (abcontoTHas)
Temnepartypa; L— XUMUYecKulU rnomeHyuan — mepmoOuUHamuyeckas OyHKUUs
COCMOSsIHUS, onpefensiowas U3MeHeHne BHYTpPEHHEN 3Hepruun (U, BooOLLe roBops,
APYrMX TEPMOAMHAMUYECKMUX NOTEHLUMANOB) CUCTEMbBI NPU M3MEHEHUM YUCna YacTul,
B CUCTEME, MpU YCIOBMM, UYTO BCE OCTallbHblE€ BENMYMHLI, OT KOTOPbLIX 3aBUCUT
BHYTPEHHAS 3Heprus (sHTponuda, obbem, U T.A4.), ukcupoBaHbl. XUMUYECKUN
noteHumMan HeobxoaumM NS ONUCaHMA CBOWCTB OMKPbIMbIX cucmem (CUCTEM C
NepeMeHHbIM YMCIOM YacTul).

UdeanbHbIl 2a3 u3 ¢hepmMuoHo8 — ¢hepmMu-2a3 — ONMUCbIBAETCA KeaHMoeou
cmamucmukou ®epmu-fupaka.

PacnpepneneHne ®epmu-filupaka — 3akoH, Bblpa-
Xawwmn pacnpegeneHme 4Yactuly no 3HepreTUYecknm 1
COCTOAHMAM B depmu-rase: npum CTaTUCTUYECKOM <Ni>: E _ :
paBHOBECMM W OTCYTCTBMM B3aMMOLENCTBUSA cpeaHee exp STH +1
YKCIO YacTuL B | -M COCTOSIHUM C dHepruelt E; paBHo:

Mpu BbICOKMX TemrepaTypax, Koraa exp((Ei—u)/kT)>>1, oba pacnpe-
penennss bose-OnHwrtenHa wn  depmun-[upaka nepexogsat B Kjlaccu4vecKoe

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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E.
pacnpedeneHue Makceenna-bonbymaHa: <Ni > = Aexp ﬁ :

roe A=exp % . Takum obpasom, npu BbICOKMX TemnepaTtypax oba "kBaHTOBbIX"

rasa BegyTt cebsi nogobHO Kraccuyeckomy rasy.

22.MpuHuun Maynu

Cuctembl 9nekTpoHOB (PepMMOHOB) BCTpeYaloTCsa B MNPUMPOAE TOMbKO B
COCTOSIHUSIX, ONUCbIBAEMbIX aHTUCUMMETPUYHBIMIN BOSTHOBbIMU (DYHKLIMSIMU.

OTcloga cnefyeT, 4TO ABa OAWHAKOBbLIX AMEKTPOHa (pepMuoHa), BXOOSLWMX B
OAHY CUCTEMY, He MOryT HaxoAuUTbCA B OAMHAKOBBLIX COCTOSIHUSX (MHaye npu
nepectaHoBKe BONHOBas PyHKLMSA Bbina Bbl YETHOWN).

(OTmMeTMM, B OAMHAKOBOM COCTOSIHUN MOXET HaxoamTbes ntoboe uncno 6030HOB.)

Adpyzaasa ¢gphopmynupoeka npuHyuna [lMaynu. B 0OgHOM N TOM Xe aTtoMme He
MOXeT ObITb 601ee 0gHOro anekTpoHa C O4MHAKOBLIM HAOOPOM YETLIPEX KBAHTOBbLIX

uncen n, |, m, m;.

23.PacnpepneneHue 3NeKTPOHOB B aTOMe N0 COCTOAHUAM

COBOKYMHOCTb 3IIEKTPOHOB B MHOTO3SIEKTPOHHOM aTOMe, MMELWMX O4HO U TO
)Xe rMaBHOEe KBaHTOBOE YMCO N, Ha3biBaeTCs 3/IEKMPOHHOU 060/1049KOU.
MakcMManbHOEe 4YUCIO 3MEKTPOHOB, HaXOASALWMXCA B COCTOSIHUSIX onpege-
NSieMbIX AaHHbIM FIaBHbIM KBAHTOBLIM YMCIOM, PaBHO:
n-1
Z(n)=>Y 221 +1)=2n>.
1=0
B kaxgon m3 obonoyek 3neKkTpoHbl pacnpenensitotcs no nodobosioykam,
COOTBETCTBYIOLIMM AaHHOMY | .
Mockonbky | npuHumaet sHauenne ot 0 mo n—1, To yucro nodobornoyex
pasHo ropsiokoeomy Homepy N 0b60T0YKU.
KonnyecTtBo 3nekTpoHOB B NO4000M0OYKe onpeaensieTcs KBaHTOBbIMU YMCriamMm
M 1 M, — MaKcuMarbHOe YUCcro 311eKmpPoHo8 8 nodo6oroyke ¢ OaHHbIM | pagHo:

221 +1).
O603Ha4eHnsa obooYek, a Takke pacnpeaeneHne 3nekTpoHoB No obonoykam
1 nogobornoykam, NpeacTasneHbl B Tabnuue.

[(maBHOE
KBaHTOBOE YMCIIO 1 2 3 4 5
Cumson o6onoukn | K L M N O
MakcumansHoe
YMCIO INEKTPOHOB | 2 8 18 32 50

B 0bonoyke

Opburaneroe | | o1 q g1 |2]0]1|2|3|0o|1]2|3]|4
kBaHTOBOE uuncro |

nogg‘gﬂ)ﬁﬂ |15 2s|2p|3s|3p|3d |45 |4p|4d|4f | 5s|5p|5d| 5f | 5g
MakcumansHoe
YyncrnoanekTpoHos | 2 (2 | 6 (2 |6 |10 2 |6 (10|14 2 | 6 |10|14 18
B nogobonoyke
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MpuHuun MNaynu, nexawmn B OCHOBE CUCTEMATUKN 3aMNOSTHEHUS 3NEKTPOHHbIX
COCTOSlHUA B atomax, OObSACHSEeT NepuoOAMYECcKYd CUCTEMY  3NIEMEHTOB
O.W. MeHgeneeBa NOBTOPSEMOCTbIO B CTPYKType BHELWHMX 06ono4vyek y aToMoB
POLCTBEHHbIX 3N1IEMEHTOB (CM. CTp. 7-32).

24.PeHTreHOBCKUEe CNeKTpbIl

CambIiM pacnpocTpaHEHHbIM UCTOYHUKOM PEHTFEHOBCKOrO M3y4YeHns sBnsieTcs
PEHTreHOBCKas TpybOKka, B KOTOPOW BblfieTalowme ¢
katona K oanektpoHbl 6omMGapaupyloT aHog A
(aHTMKaTOog), W3rOTOBIIEHHBLIA U3 TSXKENbLIX MeTansoB
(W, Cu, Ptur. n.).

PeHTreHOBCkOE  uM3nyvyeHne, uUcxogsuwee U3
aHoaa, COCTOUT U3 Cr/IOWHO20 Criekmpa mopMO3HO20 U3J1y4eHUs!, BO3HUKAIOLLErO
npu TOPMOXEHUM INEKTPOHOB B aHode, W JIUHel4Yamoz20 criekmpa Xapakmepu-
CcmMu4YecKo20 U3Jly4eHusi, onpenendaemMoro matepuanom aHoga.

TopMO3HOe M3nyveHne NMeeT KOPOTKOBOMHOBYIO rPaHuLy A i, HasblBaemyio

2paHuuyel CnowWHo20 criekmpa, KoTopasi COOTBETCTBYeT CuMTyauuu, Npu KOTOPOM
BCS 3HEPrvs areKTpoHa NepexoanT B SHEPIU0 PEHTIEHOBCKOro KBaHTa:

74 U=50xB Emax = thaX =eU, W

rne U — pasHocTb nmoTteHuma- gf
NoB MeXay aHOAOM U KaToAOM. U=35kB
FpaHn4YHasa AnvHa BOMHbI:

N c _ ch _ ch
Vimax €U Epax
He 3aBWCUT OT MaTepuana aHo-
Aa, a onpegensieTcss TOSMbKO
Hanps>xeHMeM Ha Tpybke.

NuHnn  xapaktepuctuve- : : .
| CKOFO W3Ny4YeHUs1 BO3HMKAOT B 0,03 005 007 )\ um

W4 A pesyrnbTaTe NEpPexofoB JMEKTPOHOB BO 8HYMPEHHUX
o6ono4vkax aToOMOB, KOTOPbIE MMEKT CXOAHOE CTPOEHME Y BCEX 3rIeMEHTOB. [oaTomy
CNEeKTPbl XapaKTEPUCTUYECKOTrO WU3MyYEeHUs] pPasHblX 3MEMEHTOB UMEKT CXOOHbIN
XapaKTep, OHM COCTOSIT M3 HecKoNbkux cepuit, o6osHadaemblix K, L, M, N n O.
E=0 — Kaxxgas cepusi, B CBOKW OYepedb, COAePXUT

HebonbLwon Habop OTAenbHbIX NUHUK, 0BO3Ha-

N YaemblXx B nopsgke YObiBaHUA OfMHbI BOJHbI
| vHOekcamu o, B, 7, ...

Mpn  BO3GY>XOEHMM  SNEKTpOHOM  (Mnu
doToHOM) M3 aToma yganseTcs OAWH U3
BHYTPEHHUX 3NeKTPoHOB, Hanpumep, n3 K -cnos.
OcBoboguBlueeca MeCcTO MOXeT ObiTb 3aHATO
3NEKTPOHOM M3 KaKkoro-nn6o BHelwHero cnos ( L,
M, N nT.4.— npu atom BosHukaeT K -cepus).

Mpy yBenuyeHnn aToMHoro Homepa Z Becb
K, PEHTIFEHOBCKUI CMNEKTP CMELLaeTcsi B KOPOTKOBOJ-
HOBYIO YaCTb, HE MEHSASA CBOEWN CTPYKTYPbI.

3aKkoH, CBA3bIBAOWMA 4YacTOTbl NUHUA C
vy aTOMHbIM HOMepoM Z  UCMyCKalLWero ux

K v dieMeHTa, Ha3bliBaeTCA 3aKOHOM Mo3nu.
-cepusi

(=)
T

min =

N
T

NHmeHcusHoCMb

N
T

I I

M,
M - -

l LB M-cepus

)

. }

BosbyxdeHue L-cepuu

Bosbyx0eHue K-cepuu

A.H. OrypuoB. @u3suka 0rs cmydeHmos



7-21

(1 1) Vo

3akon Mosnu: v=R(Z-0)"| 5 - |

m n 4
roe R — noctoaHHaa Punbepra, m=1273,... —&/
onpegensiet PEHTrEHOBCKYO cepuio \}q,\"‘/
(L,M,N,...), N npuHumaeT ueno4mcreHHble 0&
3HayeHus,, HaumMHas ¢ M+1 (onpepenset X 09@@ =
OTAENbHY NUHWIO d,[3,7,... COOTBETCTBYO- / Lo
Len cepun), G — NOCTOSAHHASA 3KPaAHMPOBaHWS, A ,/
yuuTbiBalOLWas  9KpaHWpoBaHWe  [aHHOro / 7
3MeKTpoHa OT aToOMHOro gdapa Apyrumu

anekTpoHamyn atoma. 3akoH Mo3nu o06bl4HO 0 20 40 60 80 Z
BbipaxatoT opmynoit o =C(Z —c) (C n ¢ — KOHCTaHTI).

25.MonekynsipHble cnekTpbl

Mounekyna — 370 HauMeHbLLIasa YacTuua BeLwecTBa, CoCTosAWas U3 0gUHaKoOBbIX

UMM PasfiMyHbIX aTOMOB, COEAMHEHHbIX Mexay COBOM XMMUYECKMMU CBA3AMU, U
ABMAOLAACSA HOCUTENEM €ro OCHOBHbIX XMMWUYECKNX CBOMCTB.

Xnmumyeckme cBs3M OBYCrOBMEHbl B3aMMOOENCTBUEM BHEWHUX (8arieHMHbIX)

3NEeKTPOHOB aTOMOB. Haubosiee Yyacmo B Monekynax BcTpevaroTcs 08a mura ces3u.

1) HoHHas ces3b OCYLECTBNAETCA KyNTOHOBCKUM MPUTSDKEHUEM aTOMOB MpU

nepexoae aMneKkTpoHa OT OAHOro aToMa K Apyromy (Hanpumep, B Monekyne

NaCl: Na*---ClI").

2) KoeaneHmHasi cesi3b ocylLlecTBNAeTca npu obobLiecTBneHnn BaneHTHbIX
9NEKTPOHOB [BYMS COCedHMMW aToMaMu (BCreAcCTBME HepasnnyuMMocTy
TOXOECTBEHHbIX 4YacTuu). HarnagHo MOXHO npeacTtaBuTb cebe, 4TO
9NEKTPOH KaXKAOro atoMa MOoJiekyrnbl NPOBOAUT HEKOTOpOoe Bpems y aapa
apyroro atoma (obMeH anekTpoHamu). Takoe cneunduyeckn KBaHTOBOE
B3aMMoJencTBue Ha3biBaeTca 06MeHHbIM e3aumodelicmauem.

Monekyna aBNsSieTCA KBAHTOBOW CUCTEMOW; OHA OMWUCLIBAETCH YpaBHEHUEM
WpeanHrepa, y4duTbiBalOWNM O8UXEHUE 3/1eKMPOHO8 B Monekyne, KosnebaHusi
amomoe B Morekyne, epaujeHue MosieKysbl. PelleHne aToro ypaBHEHUS — OYeHb
CNoXHas 3agaya, koTopad (y4yuTbiBasi OrpOMHOE pasnuyMe B Maccax 3feKTPOHOB U
sanep) obbluHO pa3busaemcs Ha dge: 4N ANEKTPOHOB U saep.

OHEepPruo N30nIMpoOBaHHON MOMEKY bl MOXHO NPeAcTaBUTb B BUAE CYMMbI:

E~E +E, +E

Bpaii ’
roe E,, — aHeprua gswxeHns anekTpoHoB oTHocuTenbHO saep, E. ., — aHeprus ko-

ne6anuii agep, E — 3Heprus BpaleHus saep. CoOoTHOLIEHNE MeXay HAMMU:

BpalIl
m m
M M
rme m — macca anektpoHa, M — BenuuuHa, nmetowlas NOpPsSAOK Macchl saep

E, Ewi E 1:

Bpalll =

m - =
aTOMOB B MOriekyne. - ~107° +107°. Mostomy: E  >E_ > -

.. 1 102 . 10-1 105 -10-3
Macwmab snepeud: E,; ~1+109B, E, 10" +10"sB, E,, ~10~ +10"3B.

Kaxdasi u3 sHepauli keaHmyemcsi u onpedensiemcsi KeaHMOBbLIMU
yucnamu.

KBaHTOBasa punamka
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KonebGaTtenbHass 3Heprusi, rpu Hebonbwux 3HavYeHusix konebatenbHoro
KBAHTOBOrO uucrna v, onpegensietcs OpMynon ANns 3Heprum rapMOHUYECKOro
ocuunnsaTopa:

gm=@+%mm v=012 ).

lMpun aTom npaeusio omb6opa Ans konebaTenbHOro KBAHTOBOIO Yncna:
Av==1.
BpawartenbHasg 3Heprusi Mosiekyrbl, BpallatoWwencs C YrrnoBou CKOPOCTbHO
O, ,  UMeloLLet MOMEHT nHepuun | oTHocUTenbHO ocu, NpoxoasLlei Yepes LeHTP

Bo3sbyx0éHHoe cocmosiHue eé nHepumn, paBHa:
anekmpoxa ’ 2 2 2
_lop _(lo)” M
Bpamy - o
P2 21 21

roe M =lw, - momeHT umnynbca
MOneKynbl.

MoMeHT mMmnyrnbca keaHmMyemcsi
Mo 3aKOHY:

M=r/j(j+D) (j=012..),

rge j — gpawiamesibHOe KeaHMmo-
8oe yuciio.

CneuoaaTeano, epawlamersibHas
3Hepau;1 MOJ’IeKyJ'IbI MOXeT WMeTb
TOJIbKO KBAHTOBAHHbIE 3HAYEeHWn4A.

2 - -

_ntj(j+1)
Bpatt o

E

T

OcHosHoe cocmosHue
3reKmpoHa

KonebamenbHbie yposHu

BpawamensHsle yposHU

- E

lpaeusio om6opa 0nsa epawamerisb-
HO20 K8aHMOB8020 Yucra:
Aj ==1.

[Mpn nepexoge n3 ogHOro aHep-
reTU4ecKoro COCTOSIHUA B Apyroe, C
y4é€ToM npasun otbopa, norrnowaeTca WNu ucnyckaetcss OTOH C 3Hepruen
AE =hv . Ha pucyHke npeactaBneHa cxema ypoBHEN 3HEprn AByXaTOMHON more-
Kynbl (NS npumepa nNpeacTaBfeHbl TONMbKO 08a 3MEKTPOHHBLIX YPOBHA: OCHOBHOE
3NEeKTPOHHOE COCTOsIHUE U repsoe 8036y)XOEHHOE 3NEKTPOHHOE COCTOSIHUE).

TUNUYHbIE MONEKYNSAPHbIE CNEKTpbl MPeacTaBnslT coboM CcO8OKYNMHOCMb
nosnoc (nosnocamselie criekmpbl), KOTOPble B CBOK 04Yepedb COCTOAT U3 OrPOMHOrO
ynucna HacTOSIbKO TECHO pPacrofiOXKEHHbIX JNIMHUKA — NepexofoB MexXay 3SHepreTu-
YECKMMWN YPOBHAMMU, UYTO MX MOXHO pasfenntb, TOMbKO WUCMOSb3ys CrekTparnbHble
NpuBopbI BLICOKOW paspeLlatoLen Cunbl.

26. KombuHaumoHHoe paccesaHue ceeTta (3ddekt PamaHa)
Ecnu Ha BelwecTBO (ras, XMOKOCTb, MPO3payvHbli KpUcTanmn) nagaeTr CTporo
MOHOXPOMAaTUYECKNIA CBET C YacTOTON V,, TO B CNEKTPE pacCesHHOro ceeTa Hapsidy

¢ 4acmomol Vg UCMOYHUKa W3nyvYeHud Habnodaromcsi onosIHUMersbHble

JIUHUU C 4acToTaMun V=V, iVi, rae v; — 4actoTbl KonebaTenbHbIX WK
BpaLllaTesibHbIX NepexoaoB paccenBaloLLINX MOJEKYIT.

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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JNInHm B cnekTpe KOMOWMHALMOHHOTO paccesiHus C 4Yactotamnm V=V, —V;,
MEHbLUMMU 4acToTbl Vv, Majalolero CBeTa, HasblBalOTCA CMOKCO6bIMU (UNn
KpacHbIMU) CriymHuKamu.

NnHm ¢ 4vactotTamnm vV =Vvgy+V;, 0OMbWMMK V,, Has3bIBAOTCA aHMu-

cmokcoebiMu (M ghuosremosbIMU) criymHUKamu.

KeaHmosomexaHu4yeckoe obbsicHeHue aghgpekma PamaHa: kKOMOUHALMOHHOE
paccesiHne cBeTa €eCTb Mpouecc Heyrpy2o20 "CTONKHOBEHUA" (POTOHOB C
MOrieKyrnamu, B KOTOPOM OAWH (POTOH nornowiaercs, U oauH OTOH MchycKkaeTcs
MOJIEKYITOMN.

Ecnn sHeprun (poTOHOB OAMHAKOBbLI, TO B paccesiHHOM cBeTe Habniogaetcs
HEeCMeLLEHHas NNHNA.

Ecnn monekyna nog gencrtememM ceeta nepengéT B BO3OYyXKAEHHOE COCTOsSIHUE,
TO UCNYLWEHHbIN POTOH OyaeT MMeTb MEHbLUYH 4acTOTy — B03HUKaem CMOKCcoe
(KpacHbIU) criymHUK.

Ecnn monekyna nepengé€t wn3 BO3OYXOEHHOrO COCTOAHWA B OCHOBHOE, TO
ncnyLweHHbIn PoToH ByaeT nmeTb BONbLUYD YacTOTYy — 803HUKaem aHmMucmoKcoe
(gpuonnemosniti) criymHuk. WHTEHCMBHOCTb (OMONETOBLIX CMNYTHUKOB pPacTéT C
TemnepaTtypou, a KpacHbIX NPaKTUYECKN HEe N3MEHSAETCS.

27.MornoweHne. CNoOHTaHHOE U BbIHYXAEHHOEe U3NTyYeHune

PaccMoTpym iBa KBAHTOBLIX COCTOSIHWS C 3Heprusmn E; n E,.

1. MNMoanoweHue. Ecnv aTomMm HAaXoAUTCS B OCHOBHOM COCTOSIHUM  [TozroweHue
1, TO Nog OENCTBMEM BHELLUHEro M3MNy4YeHUs MOXET OCyLecT- 2 E,
BUTbCA BbIHY)XOEHHbBIA MNepexod B BO30DY)XOEHHOE COCTOSAHWE 2,
NPUBOAALLMNI K NOTMIOLLEHNIO N3NTYYEHMS.

2. CnoHmaHHoe u3rny4yeHue. ATOM, Haxogscb B BO3OY>KOAEHHOM
COCTOSIHUM 2, MOXET CMNOHTaHHO (6e3 BHeLWHWX BO3AEeNCTBUN) 1
nepenTM B OCHOBHOE COCTOsSIHME, MUCMnyckas npu 3ToM (POTOH C

aHeprueir hv =E, —E,. Mpouecc ucnyckannsi cdotoHa Bo3Gyx- CrioHmaHHoe

. . . u3rnyyeHue
OEHHbIM aTtoMoM b6e3 e8HewHux 8030elicmeull Ha3biBaeTcsa
CrMOHMaHHbLIM  u3Jsly4eHueM. Yem Oonblle BEPOATHOCTb
CMOHTaHHbIX MEepexoaoB, TEM MeHblUe cpedHee BpeMs XU3HU
aTomMa B BO30YXOEHHOM COCTOSIHMW. TaKk KakK CMNOHTaHHbIe
nepexofbl B3aWUMHO He CBfi3aHbl, TO CMIOHMAaHHOE Uu3JlyYyeHue 1
HeKo2epeHMHoO.

3. BbIHy)xO0eHHOe u3slydyeHue. A. DNHWTENH Ana ob6bsACHEeHUs HabnogasLlerocs
Ha onbITe TEPMOAMHAMNYECKOro PaBHOBECUSA MeXAy BELLECTBOM M UCMYCKaeMbIM 1
NornowaemMbiM MM U3INyYEHMEM MOCTYNMpPOBasn, 4YTO MOMMMO MOMMOWEHNS W
CMOHTaHHOIO U3NyyYeHNsa OOIMKEH CyLWeCcTBOBaTbL mpemuu, kKa4eCcmeeHHO UHoU murl
g3aumoldelucmeusi. Ecnun Ha artom, HaxogAwMnca B
BO30Y)KQEHHOM COCTOSIHUM 2, OENCTBYET BHELLHEE U3fy4YeHue C BbtHyKOeHHOe

’ u3nydyeHue

yacToToi, ypoeneTBopsitowen ycrnosmo hv=E,-E;, 10 2 E,
BO3HUKAET 6bIHYXOeHHbIU (UHOyuupoeaHHbIl) nepexod B — NN N\~
—\—-

E

-

E,

7]

E,

OCHOBHOE COCTOsiHME 1 C M3nydYeHneM OOTOHa TOW XKe 3Hepruu
hv = E, — E; dononHumensHo k Tomy hoTOHY, NoA AeiCTBUEM
KOTOPOro npou3owén nepexod. Takum obpa3om, B npouecc
BbIHY)XOEHHOrO U3NyyYeHWs BOBIeYeHbl dea ¢bomoHa: epsuYyHbIli ¢hOMOH,
BbI3bIBAOLWLMIA (CTUMYNMPYIOLMIA) UCNYCKaHWE U3NyYeHUs BO3OY>XOAEHHbIM aTOMOM,
N 8MOPUYHbIU GPOMOH, UCNYLLEHHbIN aTOMOM.

KBaHTOBasa punamka
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BbiHy0eHHoe  usrfiydeHue  (BTOPUYHblE  (POTOHbI)  MOXKAecmeeHHOo
8bIHy0arouwemy (NepBUYHbIM (POTOHAM) — OHO MMEET TaKyl Xe 4vacToTy, daay,
nonapusaumio, HarnpasneHne pacnpocTpaHeHus.

CnepoBaTenbHO, BbIHYXXOEHHOE U3fydeHne Cmpo20 KO2epeHMmMHO C
BbIHYXXJAOLWNUM UN3rydeHueM, T. e. UCNYLEHHbIn POTOH Heomiu4umM OT (POTOHa,
nagatoLiero Ha aTom.

McnyweHHble (OTOHbI, ABWUrasicb B OL4HOM HanpaeneHunm U BCTpevas
BO3OY)XOEHHbIE aTOMbl, CTUMYIMPYIOT BbIHY)XXAEHHbIE Mepexodbl — MNPoUCXoauT
pa3MHOXeHne (POTOHOB.

Ana Toro 4yTob6bl MPOMCXOOUNO YCUIEHUE W3nyyYyeHus, Heobxoaumo, 4TOObI
UHMEHCUBHOCMb  8bIHY)XXOEHHO20  U3/ly4eHUsl npeeblwasia UHMeHCU8HOCMb
rnoenowieHuss ¢omoHos. A p[na 3Toro Heobxoammo, 4TOObl 3aCenéHHOCTb
BO30OY)XOEHHOMO COCTOSAHUA (4MCIO aTOMOB B BO30GY)XOEHHOM COCTOsIHMM) 6Gbina
bonblle, YemM 3acenéHHOCTb OCHOBHOIMO COCTOSIHMSA (YMCNO aTOMOB B OCHOBHOM
cocTtosiHumM). Takoe TepmoOMHaMUYeCcKU HepaBHOBECHOE COCTOsiHME HasblBaeTcs
coCmosiHUeM ¢ uHeepcuel HacesiEHHocmeu.

lMpouecc nepeBoga CUCTEMbI B COCTOSIHAE C WMHBEPCUMEWN HaCenEHHOCTen
Ha3blBaeTCa Haka4ykou (OCyLLeCTBMAETCS ONTUYECKUMU, ANEKTPUYECKUMU N OPYTMMN
cnocobamu). NHBepcHasa cpefa, B KOTOPOW NMPOUCXOAUT yCureHue nagarowero Ha

Heé myyka cBeTa, HasblBaeTcs akmueHol. 3akoH Byrepa | =Il,exp(—ax) ans
Takux cpeg umMeetT ompuuyamersibHbIlU KO3ghhuyueHm rnoasow,eHus.
28.Ma3epbl

ObbekT ycuneHus unsnNyvyeHMss B aKTUMBHbIX CcpeJax WCnornb3yeTcsa B
ONTUYECKUX KBAHTOBLIX reHepartopax, unu nasepax (Light Amplification of
Stimulated Emission of Radiation — LASER).

JTazepbl nogpasgenstoTcs:

— Mo murny akmueHou cpedbl (TBepAOTENbHbIE, ra3oBble, MOYyNnPOBOAHUKO-

Bble N XNOKOCTHbIE);
— 1o mMemodaM Hakayku (ONTUYecKkue, TennoBble, XUMMUYECKMEe, INEeKTPO-
MOHM3AUNOHHBIE N Ap.);

— 10 pexumy eeHepayuu (HenpepbIBHOrO UM UMMNYNbCHOrO AENCTBUS).

MepBbI TBEpAOTENbHLIN faszep — PYOMHOBLIM (ONWHA BOSHbLI U3NYyYeHUs
694,3 HM) — paboTaeT nNo TPEXYPOBHEBOW CXeMe: Hakayka KpucTtanna pybuHa

3+

7 . (AlLO; ¢ npumecbio  (~0,039 Cr
VAL A Ge3sbiznyyamernbHbil (Al20s P (~0,03%) . )
B nepexod nepeBoanT aTOMbl XpoMa B BO30YXOEHHOE
2 KOPOTKOXMBYLLEE CcocTosHMe 3  (nepexon
g S — —2 1-3), ¢ koToporo nmpoucxoaut 6esbiany4a-
S 2 ] 7 = TenbHbIA Nepexoa B [ONroxueyllee (meTa-
T § é : :r”. cTabunbHoe) cocTosiHMe 2 — npoucxoauT

3 z 12 "HakonneHne" aToMoB XpOMa Ha ypoBHe 2.

< o

1 Sy S 7 Mpn AOCTaTOYHOM MOLLHOCTM HaKauku

MX KOHUEHTpauusa Ha YypoBHe 2 Oyger
ropasgo Gonblle, 4em Ha ypoBHe 1, T.e. BO3HUKAET UHBEPCHasi HacesiEHHOCMb
ypoeHs 2. (CnoHTaHHble nepexoabl 3—1 B 4aHHOW CUCTEME HE3HAYUTENbHbI).

Kaxagbin (pOTOH, CrnyyanHO pPOAMBLLUMACA MNPWU CMOHTAaHHOM nepexoge 2—1,
MOXET NopoauTb B aKTUBHOM cpeae NaBnHY BTOPUYHbIX (POTOHOB.

[na  MHOrokpaTHOro YCUNeHua rasepHOW reHepauun  UCMNonb3yeTcH
ONTUYECKUIN pe30HaTop — B NPOCTENLLEM Criydyae — napa obpalléHHbIX Apyr K Apyry
napannenbHbiX (MMM BOTHYTbIX) 3epkan Ha oO0wen OnTUYEeCcKOM ocu, Mexay

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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KOTOPbIMM NOMELLL@eTCs akTUBHas cpefa (Kpuctann  3epkano flonynp gf,,("'ggg
e |

noBepxHocTb. ®doToHbl A, OBMXyLIMECs BOONb /B
ONTUYECKOW OCU, NOCNEe MHOFOKPATHOrO OTPaXKeHUs y MA%

OT 3epKarn 1 yCUneHnsa B akTUBHOW cpefe, BbIXOAAT
Yyepes nonynpo3payvyHoe 3epkarno, cosgasas CTporo
HanpaBfeHHbIn CBETOBOW MY4YOK KOrepeHTHbIX
¢POTOHOB.

CBoncTBa NasepHOro U3ny4YeHus:
1. BpemeHHasi u rnpocmpaHcmeeHHasi Ko2epeHm-

Hocmb. Bpemsi KorepeHTHOCTU 1~1073¢, uto
COOTBETCTBYET AnnHe KOrepeHTHOCTM

NARE
e
W
Y
W e

5
| =ct~10°m, 4To Ha cemb MOPAOKOB BbIWE, YeM A OObIYHLIX WCTOYHUKOB
cBeTa.

i

/g £ £/
piuy
20222222
i
i%%i
AR
|
P

2. Cmpoezasi MoHoxpomamu4yHocms (AN < 107 M).

3. bonbwas nnomHocme MNomoka sHepauu (XxapakTepHble BeNUYuUHbl ~ 10" B1/m).

4. O4eHb Marnoe yaroeoe pacxoxoeHue rnyyka (B 10* pa3 MeHblle, YeM y Tpaau-
LIMOHHBIX ONTUYECKNX OCBETUTESbHBIX CUCTEM, HAMPUMEpP Y NPOXEKTOpPa).

AnemeHmbI huzuku meépdoz20 mena

Teépdoe Kpucmannu4eckoe mesio paccMaTpuBaeTcss B 30HHOU meopuu
meépadbix mes Kak CTPOro nepvoanyeckasl CTpykTypa, B KOTOPOW aTOMHble siapa
CO3[aloT Mepuoanyeckoe 3nekTpuyeckoe none. 3agada COCTOMT B ONUCAHWUM
NnoBeaeHUs! 3NeKTPOHOB B 3TOM MOJe.

ToyHoe pelueHve ypaBHeHus LLpeauHrepa ans Takon CUCTEMbl HEBO3MOXHO, U
MO3TOMY WCMONb3YOT pPasfnnyHble Yyrpollalowmne npubnuxeHusi, NO3BONSALINE
CBECTW 3afayvy MHOIMMX Ten K OAHOJMEKTPOHHOM 3adade 06 O4HOM 3MEKTPOHE,
[BWXYLLEMCS B 3aJaHHOM BHELLHEM More.

B ocHoBe 30HHOM Teopuu nexuT Tak HasbiBaemoe aduabamuyeckoe

npubnuxeHue.
KBaHTOBO-MexaHM4eckass cucTemMa pasgensietca Ha mskénble W néekue
YyacTuubl — siApa M 3neKkTpoHbl. [MocKonbKy MacChbl M CKOPOCTU 3TUX 4YacTul,

3Ha4YUTENbHO Pa3NUYaloTCsl, MOXHO CYMUTaTb, YTO ABMXXEHNE SNEKTPOHOB NponUcxoauT
B MoOSfie HEMNOABWXHbLIX S4Ep, a MEANEeHHO ABWMXKYLIMEeCA saapa HaxoasaTcs B
yCpeaoHEHHOM rone BCeX 3NeKTPOHOB. [NpuHUMas, 4To sagpa B y3nax kpuctannuye-
CKOM peleTkn HenoaBwXHbl, O8UXeHUe 3/IeKmpoHa paccmampueaemcsi 8
MOCMOSIHHOM r1iepuodu4YecKoMm rose s0ep.

[anee wucnonb3yeTca npubnmxkeHne camocoasiacoeaHHo20 noss. B3anmo-
AENCTBME [OaHHOro 3MeKTpoHa CO BCEMM [OPYIMMWU  3fIeKTPOHaMM 3aMeHsieTCs
OENCTBMEM Ha Hero CTauMOHapHOro anekTpudeckoro nons, obnagatolwiero
NepUoOANYHOCTBIO KPUCTANNMYECKON PELLETKN. OTO None co3aaéTcs yCpeOHEHHbBIM 8
rnpocmpaHcmee 3apsi0oM 8cex Opyaux 31EKMPOHO8 U 8cex s0ep.

Takmum o00Opa3om, B pamkax 30HHOM TeopuM MHOFO3MIEKTPOHHAA 3ajada
CBOANTCA K 3agjadve 08UXEHUsI OOHO20 37IeKmMpPOoHa 80 6HEWHEM MepuoduyeCcKom
rose — ycpeaHEHHOM W1 COrnacoBaHHOM MOJie BCEX SOEP U 3MEKTPOHOB.

KBaHTOBasa punamka
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PaccmoTpum BooGpaxkaembit npouecc obbeauHeHuss N TOXOECTBEHHbIX

EA atomMoB B Kpuctann. [loka aTombl
HaXOAATCS Ha 3HAYMTENbHbIX PACCTOAHUAX

‘\ r gpyr oOT pjpyra, OHM  UMeloT
TOXOECTBEHHbIE CXEMbl 3HEPreTUYECKUX

ypoBHen. Mo mepe cOnMxXeHnss aToMOB
BOJTHOBblE (DYHKLMN BHELUHUX 3F1EKTPOHOB
aTOMOB HauyuHaT NepekpbiBaTbCA W,
BcrnencTtesne npuHumna laynn, kaxabii n3
ypoBHel pacliennsetca Ha N  rycto
— pacnonoXeHHbIX NOAYPOBHEN (paccTosiHMe

—— -

N _

YpoeHu ceob00H020 amoma

r mexagy noayposHamu  AE ~10_2238),
obpasyoLmx nosocy nn paspewéHHyro 3Hep2emu4ecKyr 30Hy (3awTpuxoBaHbl
Ha puCyHke). BonHoBble (YHKUMM BHYTPEHHUX 3NEKTPOHOB NMBO COBCEM He
nepekpbiBaoTca, MO0 nepekpbiBaoTcA cnabo, No3TOMy YPOBHM BHYTPEHHMX
3NEeKTPOHOB NMBO COBCEM HE pacLUenniaTcd, NMbo pacwennstoTca cnabo.

PaspeluéHHble 3HepreTMyeckme 30Hbl pasgeneHbl 30HaMK  3anpeLlEHHbIX
3Ha4YeHW 3Hepruu, HasbiBaeMbiMU 3arnpew,éHHbIMU 3Hep2emu4YecKUMuU 30HaMu.
B HuX 3nekTpoHbl HaxoauTbCca He MoryT. LUuMprvHa 30H (pa3peluéHHbIX M 3anpe-
LLEHHbIX) HE 3aBUCUT OT pa3mMepa Kpuctanna. PaspeléHHble 30Hbl TEM LUMpe, YEM
cnabee cBA3b BaNeHTHbIX 3NIEKTPOHOB C SApamu.

29. MeTannbl, AN3NIEKTPUKU U NONTYNPOBOAHUKA

B 30HHOM Teopum TBEPLAOro Tena pasfnuuna B 3NEKTPUYECKUX CBOMCTBAX
pasHbIX TUMOB TBEPAbIX Ten o00bAcHATCA: 1) WUPUMHOM  3anpeLlEHHbIX
9HepreTMyYecknx 30H 1 2) pasnuyHbIM 3anofIHEHMEM pPa3pEeLLEHHbIX SHEPreTU4EeCKnx
30H.

BaneHmHoU 30HOU Ha3blBaeTCA 30HA, MMO/IHOCMAH 3aNOfIHEHHAs ANEeKTPOHaMN.
30Hol npoeodumocmu HasblBaeTCas 30HaA nNUOO yYacmuyHO 3anofIHEHHas

anekTpoHamu, nmbo ceobooHas. a) 0)

Memannebi. S 3oHa

a)Ecnn camas  BepxHAa  30Ha, TEeEEeTRET, nposodumocmu
coaepiallasi 3MeKTPOHbI, 3anofHeHa NMUWb  3appewéHras 3oHa
YaCTUYHO, TO IHEPIrUM TEMMOBOIO ABMKEHUSA Ob6nacme nepe-
anektporos (KT ~10™*8B) pocraTouHo, NG el i

3arioJiIHeHHas BaneHmHas

4YTOObI ANEKTPOHbI Nepewwnn Ha cBoboaHble 2014 sora
ypoBHM B 30He (cTanu cBoGOAHbIMK),

obecneuynBasi NPOBOANMOCTb METassoB.

6) Ecnn BaneHTHas 30Ha nepekpbiBaeTcsi CBOOOAHOM 30HOM, TO obpasyeTcs
2ubpudHas 30Ha, KoTopas 3arofiHeHa BarleHTHbIMK 3NEKTPOHAMM NULLb YaCTUYHO,
yTO Takke obecneymBaeT NPOBOAUMOCTb METaNIMYECKOro Tuna.

Huanekmpuku u nonynpoeooOHUKU. 8) 2)

B cnyvae duanekmpuka (CM. PUCYHOK 3oHa S
(8)) wupnHa AE 3anpewéHHol 30HbI Hec- npogodumocmu ApoeoAUMOCTTIU
Konbko 3B; TennoBoe OBWXEHWE HE MOXeT j }
nepebpocuTb SMEKTPOHbl U3  BaneHTHON SanpeiuénHas :
30HbI B 30HY NPOBOAMMOCTM. sora 7 AE | 3anpewéHHas 30Ha

B cnyyae nonynposodHuka (cm. pucy- e T
HoK (2)) wupuHa AE 3anpeli@HHoi 30HbI 30Ha 30Ha
~13B, noatomy Takol nepebpoc BO3MOXEH

Huanekmpuk lMonyrnpo8odHUK

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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3a CYET TENNOBOro BO3DYXAEHMS UM 3a CYET BHELUHEro MCTOYHWMKA, CNOCOBHOro
nepenatb anekTpoHam aHepruio AE .

30.CobcTBEeHHas npoBOAMMOCTbL NONYyNPoOBOAHUKOB

MonynpoBodHukamMu siBNAOTCA TBépAable Tena, kotopble npu T =0K wumetot
MO/THOCMbIO 3aHSMYyH 3NEKTPOHaMu easieHmHyro \V  30Hy, OTAENEHHYI OT 30HbI
npoeodumocmu C cpaBHUTENbHO Y3KOWN 3anpeuw,éHHol 30Hol. CBOMM Ha3BaHeMm
OHW 0653aHbl TOMY, YTO UX MPOBOAMMOCTb MEHbLLE 3NEeKTPONPOBOAHOCTN MeTaroB
1 6onblLUe 3NEKTPONPOBOAHOCTU ANINEKTPUKOB.

PasnunyatoTr co6cmeeHHblIe U npuMecHble nosynpo8odHuku. Co6CTBEHHbIMK
NoNynpoBOAHMKAMUN SABNSAOTCS XMMUYECKN YNCTbIE NONynpoBoaHMKK (Hanpumep, Ge,
Se), a ux NnpoBOAUMOCTL Ha3biBaeTCcsl co6cmeeHHOU NPo8ooOUMOCMbHO.

c NMpu T =0K wun otcyTcTBUMM BHelHero BO3GYXaeHUS

cobCcTBEHHbIE MONYNPOBOAHNKM BeayT cebsa kak OUINEeKTPUKU.
MpyM noBbIWEHMM TemnepaTypbl 3NEKTPOHbl C  BEPXHUX
ypoBHel saneHmHol 30HbI V' MoryT ObiTb repebpolueHbl Ha
HUXKHUE YPOBHU 30HbI rpogodumocmu C . Mpu HanoxeHun Ha
KpucTann BHELLHEro 3NEKTPUYECKOrO nons OHMU
nepemeLLarTca NPoTUB MOMs U CO30al0T INEKTPUYECKUIN TOK.
MpoBogmMmocTb, 0OOyCnoBneHHas 9NeKTpoHamMn, Ha3blBaeTCA  3/IEKMPOHHOU
npoeodumMocmabio YN NPOBOAUMOCTLIO N-TUna (Negative).

B pesynbrtate nepexodoB 3fEKTPOHOB B 30HY NPOBOAWMOCTW, B BaneHTHOM
30He BO3HVKAIOT 8akaHMHbIe COCMOSHUS, nonyyuslimne HassBaHue Awbipok (hole,
MoKasaHbl Ha pucyHke GenbiMn Kpyxkamu). Bo BHeWHeEM none Ha 3TO BakaHTHOE
MECTO MOXeT NepeMeCTUTbCA COCEeAHWUM BarieHTHbIA JANEKTPOH, MpU 3TOM [blpKa
"nepemecTtutcs” Ha ero mecto. B pesynbTaTe Ablpka, Tak e Kak U nepelueiwmin B
30HY NPOBOAUMOCTW 3MEKTPOH, ByaeT ABUratbCa No KpuUcTanmy, HO B HanpasrieHuu
NPOTMBOMOJSIOXKHOM ABMXEHMUIO 3NeKkTpoHa. PopmanbHO 3TO BbIMMAAMT Tak, Kak ecnu
Obl NO KpucTanny gsuranacb 4actuya C MNOMOXUTENbHbIM 3apsiAOM, paBHbIM MO
BENMYMHe 3apsigy anekTtpoHa. [MpoBoAMMOCTb COGCTBEHHbIX MOMYNPOBOLHUKOB,
obycnoBrneHHasi KBasnyacTuuamu — [Oblpkamu, Ha3biBaeTcs ObIPOYHOU Mpoeo-
dumocmbio Unn p-npoBoAUMOCTbLIO (POSItive).

B cobcmeeHHbIx rnonynpoeoOHUKax HabnwgaeTcs, Takum obpas3oMm, 3Jiek-
MPOHHO-ObIPOYHbIU MexaHU3M NMPOBOAVMOCTMU.

31.MpumecHas NPOBOANMOCTb NONYNPOBOAHMUKOB

[Mposodumocmb  onyrnpo8oOHUKO8, OBYyCnoBnNEHHasas npuMecsMn (aToMbl
MOCTOPOHHMX 3NIEMEHTOB), TENMOBbIMK (MYCTbI€ Y3Mbl UNN aTOMbl B MEXA0Y3IMKN) U
MeXaHW4yeckumun (TpewuHbl, Aucrokaumm) aedektamu, Hasbleaemcsi NMpUuMecHoU
npoeoduMoOCmMbIO, @ CaMu MONYNPOBOAHUKA — MPUMECHbLIMU [O0J1yrnpo8o0HU-
Kamu.

MonynpoBOAHUKM Ha3bIBalOTCA 3JIEKMPOHHLIMU (N MOJ1yrnpPoe8oOHUKamu
n-tTuna), ecnn NPoBOAMMOCTb B HUX obecneunBaeTcs M3ObITOYHBIMU INEKTPOHAMU
npuMecK, BaneHTHOCTb KOTOpOW Ha eOuHuyy 6osbuwe

C 8asleHMHOCMU OCHOBHbIX armoMos.
AE, Hanpumep, natmBaneHTHas npumech Mbiwbsika (AS) B
D mMaTpuue uJeTblpéxeaneHTHoro repmanus (GGe) wuckaxaet
AE none peweéTkn, YTOo nNpuMBOOUT K MOSIBMEHWO B
3anpeLléHHon  30He  3SHepreTudeckoro  ypoBHa D

BaneHTHbIX ONEeKTpOHOB MbILUbAKA, Ha3blIBaeMoro

KBaHTOBasa punamka
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MPUMeCHbLIM ypoeHeM. B naHHOM criyyae STOT ypoBeHb pacronaraeTcss oT AHa
30HbI mpoBoaumMocTu Ha pacctosHum AEp =0,0133B <kT, noatomy yxe npu

0Obl4HbIX TemnepaTypax TennoBas 3Heprna goctaTtodHa ans  nepebpocku
SNEKTPOHOB C NPUMECHOIO YPOBHS B 30HY MPOBOAMMOCTH.

MpumecK, sBRAKOWMECA WUCTOYHMKAMW IMEKTPOHOB Ha3bliBalTCA OOHOpamu,
a 9HEepreTMYeCcKNe YPOBHU ITUX NpUMEcen — OOHOPHbLIMU YPOBHSIMU.

Taknm obpasom, 8 rosyrnpoeoOHUKax n-murna (OOHOPHas MNpPUMeECh) peanu-
3yeTCs 3JIeKMpPOHHbLIU MexaHU3M NpoBOAVMOCTH.

MonynpoBOAHMKM  Ha3blBalOTCA ObIPOYHLIMU (UNW  MOJIYNPO8OOHUKaMUu
p-TMNa), ecnu npoBOAMMOCTb B HUX obecneynmBaeTca Ablpkamu, BcrneacTsue
BBELEHMSA MpPUMECH, BaNeHTHOCTb KOTOPOW Ha eOUHUUYy MeHbue 8asleHmHocmu
OCHOBHbIX amomos.

Hanpumep, BBegeHue TpéxBaneHTHon npumecn Gopa (B) B MmaTpuuy

yeTblpéxsaneHTHoro repmaHus (Ge) NpuBoAUT K NOABMNEHUNIO
C B 3anpeLéHHON 30He MPUMECHOr0 3HEPreTUYEeCKOro YPOBHS
A, He 3aHATOro anekTpoHamu. B gaHHOM cryyae 3TOT
AE YpPOBEHb pacroraraeTcsi 0T BEPXHEro kpasi BaneHTHOMN 30HbI

A Y ﬁ Ha pacctosiHun AE, =0,08 3B. 3nekTpoHbl 13 BaneHTHOI

(o} 30HbI MOTYT MEPexXoauTb Ha MPUMECHbLIA YPOBEHb, FOKanu-
3yscb Ha aTtomax 6opa. O6pasoBaBluvMecs B BasfleHTHOM
30HE ObIpKMN CTAHOBATCS HOCUTENAMM TOKa.

MpumecK, 3axBaTbiBalOLIME IMEKTPOHbl M3 BaNIeHTHOW 30Hbl, Ha3blBAKTCS
aKkyenmopamu, a 3HepreTM4yeckne yYpoOBHU ITUX MNPUMECEN — akKuyernmopHbIMU
YPO8HsIMU. B ronynpoeoOHUKax p-murna (akuenTopHas MpUMECh) peanunsyeTcsd
ObIPOYHbILU MexaHU3M NPOBOAVMOCTMU.

Takum ob6paszom, B OTnMYMe OT COBCTBEHHOW MPOBOAMMOCTW, [IPUMECHas
rnposodumocms 0bycriosrneHa HocumesiaMu 00HO20 3Haka.

32.DoTONPOBOANMOCTb NONYNPOBOAHUKOB

®omonposoduMocmb 0/1yNPO8OOHUKO8 — YBENNYEHUEe 3NEeKTPONpPOBOLHOCTM
NONynpoOBOAHMKOB MO AENCTBMEM INEKTPOMArHUTHOIO U3NyYeHUs — MoxeT ObiTb
CBs3aHa CO CBOWCTBaMWM KaK OCHOBHOMO BELLECTBa, TakK WU COAepXKaLMXCs B HEM
npumecen.

Cob6cmeeHHasi ¢pomonpoeodumocmb. Ecnn aHep- a) C
ma  (POTOHOB 6osiblwe  LUMPUHBI  3anpeLwEéHHON  30HbI
(hv>AE), oanektpoHbl Moryt ObiTb nepebpolueHbl U3

BaNeHTHOM 30Hbl B 30HYy npoBoaMmocTn (puc. (a)), 4To hV\Zz\ AE
npuBedétT K nosiBneHuio [o6aBOYHbIX (HEpPaBHOBECHDIX)

3MNEeKTPOHOB (B 30HE NMPOBOAMMOCTM) U AbIPOK (B BaNE€HTHOM
30He). CobcTBeHHas hoTonpoBOAMMOCTb OByCroBneHa Kak
3MNeKTPOHaMW, Tak 1 AblpKaMu.

MpumecHasi pomonpoeodumocmb. Ecnv nonynpoBOOHWNK COOEPXKUT npume-
cu, TO POTONPOBOAUMOCTL MOXET BO3HU-
C ) C | xatb u npu hv <AE: npu doHopHol npu-

c mMecu (POTOH JOMmkeH obnagaTtb aHeprven
D AEp hv>AEL, nmpu akyenmopHol npumecu

hv>AE,. nMpu nornowenun cBeTa

— [ —1] MNPUMECHbIMM  LeHTpaMW  MpouCXoauT
Vi -V ] nepexop 3aneKkTPOHOB C OOHOPHLIX ypPOBHel

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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B 30HY MPOBOAMMOCTU B Crlydae nonynpoBogHuka n-tuna (puc. (6)) unu n3 BaneHT-
HOW 30Hbl Ha aKyernmopHbI€ ypO8HU B Cy4ae nonynpoBogHuKa p-tuna (puc. (8)).
lMpumecHass ¢ghomornposodumocmb [NA NOMYNPOBOAHMKOB N-TUNa — 4Yucmo
3/1IeKMPOHHas, AN NoNyNPoOBOAHUKOB P-TUNA — YUCMO ObIpOYHas.
Takum o6pasom, ecrim hv>AE ana cobCTBEHHbIX MOMYNPOBOOHWUKOB, W

hv > AE,, anst npuMecHbIX NoNMynpoBOAHMKOB, TO B MOMYNpOBOAHMKE BO36yxaaeTcs

coTonpoBoanmocTb (3aecb AE,— aHeprus aktueaumm NpUMECHbLIX aTOMOB).

OTcloga MOXHO onpefenuTb KpacHyr 2paHuuyy d¢gomornpoeoduMocmu —
MakcumMarnbHyl0  OfIMHY  BOSHbI, NpU  KOTOpou  ewé  (poTonpoBOAMMOCTb

ch ch

Bo3byxaaeTca: Ag=——, Ag=—— ANA COBCTBEHHbIX M NPUMECHbIX MOMYMpo-
AE AE,
BOAHWKOB, COOTBETCTBEHHO.

Hapsagy c nornowieHnem, npuBOAsAWMM K MOSIBEHMIO (POTONPOBOAMMOCTH,
MOXET UMeTb MecCTO MNOrfoLleHne ceeta ¢ 0bpasoBaHNEM IKCUMOHOB, KOTOPOE He
e o o o o o o e e *OpuBOOUT K POTONPOBOAMMOCTU. BKCUMOH — 3TO

T KBasuyacTuua, npeacraBnsalolas cobol CBA3aHHYH
napy 9neKkTpoH—Ablpka, KoTopasi MOXeT CBOGOAHO
* nepemeLlaTtbcs B Kpuctanne. OKCUTOHbI
« BO30OyXagalTCcsd POTOHAMU C SHEPTUAMU MEHBLUMMMU
3Heprnn 3anpeLLéHHon 30Hbl U MOTYT ObITb HarNAgHO
npeactaBneHbl B BuMAE  MOAENU  CNapeHHbIX
* oanekTpoHa (e) u abipkn (h), ABMXYLIMXCA BOKPYr
o 0bLero LeHTpa mMacc, KOTOpbIM HE XBaTUIIO SHEPTUN,

4TOObLI OTOPBATLCA APYr OT Apyra (Tak HasblBaeMbIN
3KcumoH BaHbe-Momma). B uenom 3KCUTOH 3MEKTPUYECKN HEeNTparneH, noaTomy
9KCUTOHHOE MOrMoLLEeHNe cBeTa He NPMBOOUT K yBENUYEHMIO POTONPOBOANMOCTH.

33.JlroMmHecUueHUUA TBEPAbLIX Ten

JlloMuHecyeHyuel Ha3biBaeTCa u3ny4YyeHne, wu3bbITOYHOE nNpuM  LaHHON
Temnepatype Hag TEnnoBbIM U3Ny4YeHMEM Tera W umelllee ANUTENbHOCTb,
66nbLWY0 Nepnoga cBeToBbIX kKorebaHun.

BewectBa, cnocobHble noa AEWCTBMEM PasfMYHOro poda BO3GYXOEHUN
CBETUTbCH, Ha3blBaOTCA JIIOMUHOGhopaMuU.

B 3aBucumocTu oT criocobos Bo3byaeHUs pasnuyaroT: ¢homosIloMUHEeCUeH-
yuro (Noa OencTBMEM CBeTa), PeHMa2eHOoJIIOMUHeCcyeHyuro (Nog eNCTBUEM PEHT-
reHOBCKOro WU3ny4yeHusl), kamodoJslroMuHecyeHyuro (Noa AeACTBUEM JITEKTPOHOB),
paduosiroMuHecuyeHyuro (Npn BO3OYXOEHUN SOEPHBbIM  U3MNyYEHUEM, Hanpumep
Y -U3ny4eHnem, HelTpoHaMm, NPOTOHAMW), XeMUSTFOMUHEeCUeHyur (Npy Xumuyec-

KUX MpeBpalLeHnsix), mpubosiroMuHecyeHyuro (Npyu pacTupaHum Wnu packanbl-

BaHMM HEKOTOPLIX KPUCTANOB). Criekmp noenoweHus  Criekmp
Mo dnumenbHOCMU CBEYEHWS YCMOBHO (6036YKAEHUS)  MOMUHECUSHUUU

pasnuyaioT: ghryopecueHyuro (tSlO_8 c) u
gocghopecyeHyuro — ceeyveHve, MPOAOIHKalo-
Lleecs 3aMeTHbI MPOMEXYTOK BpeMeHW Mnocne
npekpaLleHns Bo3BYKaeHus. 2
Ye B MepBbiX KOMUMYECTBEHHbIX MCCreno- -
BaHMAX JIIOMUHECLEHUMN OBbino  cdopmynupo-
BaHO npaeusio Cmokca:. ONvHa BOMHblI MIOMUHECLEHTHOrO W3NydYeHUs Bcerga
Gornblle AN1HbLI BOMHbLI CBETa, BO36YAUBLLENO €ro.

KBaHTOBasa punamka
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TBépable Tena, npeacrtasnsowme cobon ahPEKTUBHO NHOMUHECLMpPYHOLLME
NCKYCCTBEHHO NPUrOTOBMEHHbIE KPUCTANSbl C Yy>KePOAHbIMU NPUMECAMUN, MONYHUNN
Ha3BaHWe kpucmasnogocgopos.

Ha npumepe kpuctannogochopoB paccMoTpum
MeXaHN3Mbl BO3HUKHOBEHUA (pocopecueHUnMNn C TOYKK
3peHns 30HHOM Teopun TBEPAbIX Ten. Mexay BaneHTHOM
30HOW UM 30HOW NPOBOAUMOCTWU KpucTannodgocdopa
pacronaratoTcs NpuMMecHble YpoBHM akTueatopa A. [Ons
BO3HVMKHOBEHUS ANUTENBHOrO CBEYEHUSA  KpucTanmo-
dochop [OMKEeH cofepxaTb UEeHTpbl 3axBaTa, Wnu
NOBYWKN ANsa  anekTtpoHoB (J/1;, JI,). [OnutenbHOCTb
npouecca  MurpauMmM  9fekTpoHa OO  MOMEHTa
pekoMbuHauun ero ¢ MOHOM akTMBaTopa onpeaensercs
BpeMeHeM npebbiBaHUSA 3MEKTPOHOB B NOBYLLKAX.

34. KOHTaKT 3/IEKTPOHHOIO U AbIPOYHOro NONynpPoBOAHUKOB (D-N-nepexon)

'paHULa CONPUKOCHOBEHUSA OBYX MOMYNPOBOAHUKOB, OAWH U3 KOTOPbIX MMeeT
SNEKTPOHHYIO, a OPYroM — ObIPOYHYK NPOBOAMMOCTb, Ha3blBAeTCA 3JIEKMPOHHO-
ObIPOYHbLIM Mepexooom (NN p-N-Nepexonom). In

p-n-Nepexoq o0ObIMHO co3gaéTcss  npu  cneyunanbHou
obpaboTke KpucTannoB, Hanpumep, Npu BblAEpXKe MNSI0THO
npwKaTbIX KpUCTanos repmanus (n-tuna) n nuiams npu 500°C B
Bakyyme (a) atombl uHAMA AUPDYHAMPYOT Ha HEKOTOPYH
rnybuHy B repmaHumn, obpasyst NPOMEXYTOYHbIN CION repMaHus,
oboraléHHOro MHAMeM, NPOBOAMMOCTb KOToporo p-tuna (6).

ONEKTPOHbI U3 N-MONYNPOBOAHMUKA, FOe WX KOHUEeHTpauus
Bbiwe, 6yayT anddyHampoBaTth B p-nonynpoBogHuk. duddysus
AbIPOK Npoucxogut B obpaTHOM HanpasneHuu. B n-nonynpoBoa-
HMKE Wu3-3a yxoda a3neKTpoHOB BOMAM3M rpaHUUbl OCTaéTcs
HECKOMMEHCUPOBAHHbIN M0/I0XXKUMEbHbIU 06BbEMHbIU 3apsi0 HENOOBWKHBLIX NOHU30-

/ pucmann
Ge n- T|/|r|a

Kpucmann Ge p-tuna

Kpucmann
% Ge n-tuna
TR

O6r1acms BaHHbIX [OHOPHbIX aTOMOB. B p-monynpoBogHuke u3-3a
nepexoda yxofa Oblpok BOGMM3M rpaHuLbl obpasyeTcs ompuyamerisb-
— Hblli  OBBLEMHBIU  3apsid  HEMOABWKHBIX  VOHU30BaHHbIX
I+ | —— akuenTtopoB. OTM 0O0BLEMHbIE 3apsidbl CO3[alOT 3anuparo-
AN v | -1 P wui paHOBECHBIL KOHMAaKMHBIL CIoU, NPENsTCTBYIOWIA

AanbHenwemy nepexoay 3NeKTPOHOB U ObIPOK.
ConpoTMBreHne 3anvpatoLLero Crosi MOXXHO M3MEHUTb C NMOMOLLbIO 8HEeWHe20

anekTpuyeckoro nons. Ecnu HanpaBneHne BHelwHero nons E coBnagaet c
HanpasneHnem E, nons koHTakTHOro crnosi (a), To 3anupatoLLmMii Croin paclumpsieTcs,

a) E 0) E M ero conpoTtuene-
N-THII K ~THII N-TH1 K p-THI
—
. . S—l HMe BoO3pacTaeT -
N &> 1 +|-1 <0 Takoe HanpaBneHue
-0 1+ + +|——— o o, + | —, i
= ol el L =TT ) o
+I=— =t HbIM). Ecnun Ha-
—_— 1 —
|_> - npaBneHne BHeL-
E E Hero nons NpoTuBO-

MONOXHO MOMK KOHTaKTHOro cnosi (6), TO NepemeLleHne 3MEeKTPOHOB W AbIPOK
NPUBEAET K CY>KEHWUKO KOHTAKTHOrO CMOSi, U €r0 CONPOTUBIIEHNE YMEHBLUUTCA — Takoe
HanpaBfeHVe Ha3blBaeTCs MPOMYCKHbIM (MPSIMbIM).

A.H. OrypuoB. @u3suka 0rs cmydeHmos
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35.MonynpoBogHMKOBLIE AnoAbl U TpuoAbl (TPaH3NCTOPbI)

OO0HOCMOpPOHHSs1 (8eHMuUIbHasT) NPOBOAMMOCTb P-N-nepexoaa UCnosnb3yeTcs
B 110J1ynpoeoOHUKO8bIX duodax, coaepXxalux oamH p-n-nepexoq. o KOHCTpyKumm
OHW ensTcs Ha moYeyYyHble U M/10CKOCMHbIe.

B moueyHbix gnopax p-n-nepexon obpasyetcsa B
TOYKe KacaHusl MeTannnmyeckoro koHtakra 1 u nonynpo-
BoAHMKa 2 (Hanpumep, B TOYEYHOM TrepMaHWeBOM
anoge amddysmnsa antoMnMHUA B N-repmaHmi obpasyer B
repMaHum p-crnon). TexHomnornsa M3roToBfeEHUA repma-
HWEeBOro M/10CKOCMHO20 ANoaa ornvcaHa BblLLe.

p-n-MMepexogbl o6nagawT He TOMbKO MNpPeKpacHbIMU  BbINPAMIISIOLNMM
CBOMCTBaMMu, HO MOTYyT BbiTb UCMOMb30BaHbl TaKXe Of1 YCUIEHUS, @ eCrin B CXeMy
BBECTM 0O6paTHY0 CBA3b, TO N ANs reHepaumm anekTpudeckmx konebanunn. MNpunbopsl,
npeaHasHayeHHble And 3TuUX uenen, MOonyYunn HasBaHue MnosynpoBOOHUKOBbIX
TpMoaoB nnu mpaHaucmopoe. N3obpeteHne B 1949 r. TpaH3UCTOPOB cyMTaeTcH
caMbIM 3HaudnTenbHbIM n3o0bpeteHnem XX Beka. 3a nccnegoBaHus MOMynpoOBOAHM-
KOB N OTKPbITUE TpaH3ucTopHoro addpekta Y.lWoknu, [x.bapauHy n Y.bpatTtenHy
B 1956 rogy 6bina npucyxgeHa Hobenesckas npeMuns no pusnke.

TpaH3ucTopbl MOryT ObITb TMMA N-p-n U TuNa p-n-p B 3aBUCMMOCTU OT
YyepeaoBaHUsa obnacTen C pasfiMyHoOM NPOBOAUMOCTLIO. [ npumepa paccMoTpuUM

Smummep bBasa Konnekmop Tpuog tvna p-n-p. Paboune "anektpoabl”
\ / Tpopa, KOTOpbIMM  siBRsitOTCS  6asa

B A A

S A s

) . (cpeaHsist YacTb TpaH3UcTopa), aMUTTEpP U

P P Konnektop (npuneratwowme k 6ase c obeunx

U R U CTOPOH obnacty C  WHbIM  TUMNOM
BX BX BBIX BEX  MPOBOAMMOCTM), BKMOYAOTCSA B CXEMY C
+|,— + _1 — NMOMOLLIbKO HEBBIMPSAMIIAIOLWMX KOHTaKTOB

F — MeTannmyecknx npoBoAHUKOB. Mexay

b, b, aMuTTeEpoM M Bason npuKnagbiBaeTcs

NMOCTOSIHHOE CMeLLaloLee HanpskeHne B NPSIMOM HanpasneHun, a mexay 6ason u
KONMEeKTOPOM — MOCTOSIHHOE cMellalollee HanpshkeHue B obpaTHOM HanpasBneHuw.
YcunvBaemoe nepemMeHHoe HanpshkeHue MoaaéTcsli Ha BXOO4HOE COMpPOTUBEHME

R a yCuneHHoe — CHMMaeTCd C BbIXOOAHOIo conpoTmuBieHnA RBHX .

[MpoTekaHne Toka B uUenu amuTTepa OBYyCroBAEHO B OCHOBHOM [BWXEHUEM
ObIpOK (OHW SABRSKOTCA OCHOBHbIMWM HOCUTENAMM TOKa) W COMNPOBOXAAETCA WX
"BNpbIiCKMBaHneM" — uHxekyuel — B obnactb 6asbl. [MpoHMKWKe B ©a3y Oblpku
ANPPYHANPYIOT MO HANPaBIEHUIO K KOSNEKTOPY, NPUYEM Npu HEGOMbLUOW TOMLWMHE
Ba3bl 3HauYUTENbHAsA YacCTb MHXEKTUPOBAHHbLIX ObIPOK JOCTUraeT Konrnekropa. 34ech
AbIPKN 3axBaTbIBAOTCA NONeM, AENCTBYHOLUM BHYTPU nepexoga (NpuTarMBalroTcs K
oTpuUaTENbHO 3apPsPKEHHOMY KOJSEKTOPY), BCNEACTBME YEro WU3MEHSeTCs TOK
konnektopa. CnefoBaTenbHO, BCAKOE M3MEHEHME TOKa B LENn aMuUTTEPa Bbi3blBAET
N3MEHEHME TOKa B LIeNn KONmekTopa.

MpuknagbiBas Mexgy aMuTTepomM 1 6a3on nepemMeHHOe HanpsXXeHne, Nosy4Ynm
B LUEenu Komnsektopa nepemMeHHbI TOK, a Ha BbIXOAHOM COMPOTUBIIEHUN — Mepe-
MEHHOE HanpskeHue. BenuunHa ycuseHusi 3aBUCUT OT CBOWCTB P-N-Nepexonos,

Harpy3o4HbIX COMPOTUBIIEHUA U HanpsbkeHus G6atapen b, .. O6binHo R, >R .,

BX ’

nostomy U >U_,  (younenne moxet gocturatb 10 000). Tak Kak MOLLHOCTb

BBIX
nepemMeHHoOro Toka, Bbiaendaemasa B RBHX, MOXeT BbITb OonbLUe, Yem pacxogyemas B

uenn aMmmutTepa, To TpaH3NCTop naétn ycusieHue MowHocmu.

KBaHTOBasa punamka
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' H ° He " SsS
K 1,00794(7) 4,002602(2) AM
14,01 20,28 0,95 4,22 T T
> | varogen Mepuogunyeckasa cuctema 3NeMeHTOB > i m Ten
Bogopoa renui HA3BAHUE
1s’ 1s® 3K
i —  aTOMHBbIii
3 | 4 e 5 6 7 8 9 10 e NN ato
6,941(2)| 9,012182(3) 10,811(7) 12,0107(8)| 14,00674(7) 16,9994(3)| 18,9984032|  20,1797(6) HOMeD; SS - cum-
L 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 BOS SrieMeHTa:;
lithium beryllium boron carbon nitrogen oxygen fluorine neon !
I nuTuin Gepunnnit 6op yrnepoa asor Kucnopoa cTop HEeoH AM - aTomHas
macca; Tnn — Tem-
(He)Zs1 (He)Zs2 (He)2522p1 (He)2522p2 (He)2522p3 (He)2522p4 (He)2522p5 (He)2522p6 nepaTtypa nnae-
Na™ Mgl AII* sSi® P SIM CIf® Ar| new () Ton -
22,98077(2)|  24,3050(6)| 26981538 28,0855(3)| 30,973761|  32,066(6) 354527(9)|  39.948(n)|  reMneparypa  Ku-
M 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 nexHuA (K); K -
Ml sodium magnesium aluminum silicon phosphorus sulfur chlorine argon ANEeKTPOHHas
HaTpumn MarHumn anvoMUHUI KpeMHUi cocchop cepa xnop aproH KOHd)VIpraLWIﬂ
(Ne)3s* (Ne)3s? (Ne)3s®3p* | (Ne)3s’3p® | (Ne)3s’3p® | (Ne)3s®3p” | (Ne)3s’3p® | (Ne)3s’3p°
BOKP calft sc® Ti® V[P 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 2334|1811 3134|1768 3200|1728 3186
potassium calcium scandium titanium vanadium chromium manganese iron cobalt nickel
Kanuu KanbLui cKaHAWUWN TUTaH BaHagumn Xpom MapraHey xeneso Ko6anbT HUKenb
N (Ar)as* (Ar)as? (Anas®3d' | (An4s*3d? (Anas®3d® | (Ar4s'ad® | (An4s®3d® (Ar)4s?3d® (Anyas®3d’ | (An4s%3d®
29 30 31 32 33 34 35 36
v Cu Zn Ga Ge As Se Br Kr| KK -s-snevensi
63,546(3) 65,39(2) 69,723(1) 72,61(2)| 74,92160(2) 78,96(3) 79,904(1) 8380(0| 33 _ nanemeHTLI
1357,8 3200(269,2 1180( 302,91 2477|1211,4 3093|1090 887|494 958(265,8 332(115,79 119,9 p
copper zinc gallium germanium arsenic selenium bromine krypton CC — d-anemeHTb!
Meab LIMHK rannui repmaHui MbILWbSAK ceneH 6pom KPUNTOH qq
— f-anemenThI
(An4s'3d™® | (An4s”3d™ |(ands®3d'°ap | (an4s®3d"%4p? | (an4s®3d'%4p® | (an4s?3d'%4p* | (an4s®3d"°4p® | (an4s®3d"°4p®
" Rb[® Srf® Y™ Zr[® Nb[* Mo[® Tc[* Ruf® Rh* Pd
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 106,42(1)
312,46  961| 1050 1655|1799 3609|2128 46822750 50172896 4912|2430 4538|2607 4423|2237 3968|1828,1 3236
rubidium strontium yttrium zirconium niobium molybdenum | technetium ruthenium rhodium palladium
py6uanin CTPOHUMUI UTTpUA LMPKOHUIA HUOGUI monubaeH TexHeuun pyTeHUi poaun nannaguu
O (Kr)ss* (Kr)ss? (Kn)5s?4d® | (Kn5s?4d® | (Knss'4d* | (Knss'4d® | (Kns5s?4d® | (Knss'ad’ | (Kr)s5s'ad® | (Kr)5s%4d™
48 49 50 51 52 53
v 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)
1234,9 2435(594,22 1040|429,75 2345(505,08 2875(903,78 1860(722,66 1261|386,85 457,4|161,4 1651
silver cadmium indium tin antimony tellurium iodine xenon
cepe6po Kaamuin WHAWA onoso cypbma Tennyp nopn KCEHOH
(Kn5s'4d™® | (Kr)5s%4d™ | (kn5s®4d™*5p® | (kn5s%4d %5p? | (kn5s®4d *5p® | (kn5s4d *5p* | (kn5s?4d**5p® | (kn5s4d ' *5p°
> Cs/® Ba] Lal” Hf|* Ta” W™ Re® 0Os|”" 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)
301,50 944|1000 2143|1193 3743|2506 4876| 3290 5731|3695 5828 3459 5869 [ 3306 5285|2739 4701(2041,4 4098
cesium barium lanthanum hafnium tantalum tungsten rhenium osmium iridium platinum
uesun Gapun naHTaH racpHumn TaHTan Bonbpam peHun ocmuin upuaun nnaTuHa
P (Xe)6s® (Xe)6s? (Xe)6s®5d” | |(Xe)6s%4f**5d?| (Xe)6s°4f**5d° | (Xe)6s°4F**5d” | (Xe)6s°4F*'5d° | (Xe)6s 4 *5d° | (Xe)6s%4f '5d” | (Xe)6s 4f *5d°
80 81 82 83 : 85 86
Vi Au Hg Tl 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|5444 1837|527 1235|572 [337]] 202 211,3
gold mercury thallium lead bismuth polonium astatine radon
305010 PTYTH Tannuu CBUHeL BUCMYT MONOHUN acrart pagoH
(Xe)Bs'4f'5d™ | (Xe)6s"f'5d™ | (Hg)ep (Hg)ep® (Hg)ep® (Hg)ep” (Hg)ep® (Hg)ep°
87 Fr 88 Ra 89 AC Rf 105 Db 106 Sg 107 Bh 108 Hs 109 Mt 110 Ds
[223,0197]|  [226,0254]| [227,0277] [261,1089]]  [262,1144]| [263,1186] [264,12]|  [265,1306] [268] [269]
Q 300 [677])973 2010|1323 573
A francium radium actinium ruther- dubnium seaborgium bohrium hassium meitnerium Darm-
cpaHumn paauin aKTUHUNI fordium stadtium
(Rn)7s* (Rn)7s® (Rn)7s%6d* (Rn)7s°5f“6d” | (Rn)7s°5f“6d” | (Rn)7s’5f“6d* | (Rn)7s’5f*“6d® | (Rn)7s’5f*“6d® | (Rn)7s°5f*“6d” | (Rn)7s°5f*“6d®
LANTANIDES—NAHTAHOUABI ACTINIDES—AKTUHOUAbI
> Ce” Pri**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- neody- prome- |samarium | europium |gadolinium| terbium | dyspro- | holmium | erbium thulium | ytterbium | lutetium
dymium mium thium sium
uepuin |Npas3eoauM| HeoAUM |MNpoMeTWN | camMapuii | eBpONUW |rafonuHuii | TepGui | aMcnposuii | ronbMui apoun Tynum nTTEpOUA | noTeunn
6s°4f'5d" | 6s°4f 6s°4f* 6s°4> 65°4f° 6s°4f” | 6s°4f'5d" | 6s%4f° 6s°4f'® | es’4f't | 6s’af? | es%4f® | es’af' | 6s’4f'5d!
90 91 92 93 94 95 96 97 98 99 100 101 102 103
Thi™ Pa|™ U[™Np|™ Pu[”Am[”Cm["' BK|™ Cf[* Es|" Fm|""Md|"“Nb|~"Lr
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-
nium um um um vium cium
TOPUI | MPOTaKTUHMIA paH HENTYHWWA | NAYTOH |aMepuuwii| Kropuii | GepKenui | kanugopHuii [ siiHWTeliHui | hepMUiA | MeHaeneswi | HoGenuia | OyPeHCUM
7s%6d® | 7s’5f°6d" | 7s%51%6d" | 7s75f6d" | 7s75f° | 7s’sf’ | 7s%5'6d | 7s%5f° Tetare | et 7e51i2 | 78751 | gg2gp4 | 7s°5f6d*

A.H. Orypuos.

@usuka 0 cmydeHmos
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