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BBEJIEHHUE

Hacrosiiee metoanueckoe mocodue mpeiHa3HauyeHo AJis IOMOIIY CTYAEHTaM 3a-
OYHOU (POpMBI OOYUEHUS MIPU CAMOCTOSITENILHOM paboTe HaJl TEOPETUUECKUM KypCOM
U [P PELIECHUH 33]a4 KOHTPOJIbHON paboThl Ne2. OObEM U TEOPETUUECKUN YPOBEHb
U3JI0’KEHUS MaTepHualia, BKIFOUEHHOTO B TOCOOME, ONpEAEIseTCs JeHCTBYOIIEN pabo-
4yeil mporpamMmoi, yuutsiBaeT cneruuky Cubl'YTU, a Takke pe3yiabTaThl aHAIN3a
HamboJee TUMMUYHBIX OIIMOOK, TOMYCKAeMbIX CTYICHTaMHU 3a09HOTO (paKynpTeTa MpU
CaMOCTOSITEIbHOM M3YYEHUH Kypca (PU3UKH.

Martepuas, npeJCcTaBICHHBIN B TOCOOMH, 0XBATHIBACT YETHIPE pa3/ieia: BOJIHOBAsS
ONTHKA, KBAHTOBAas ONTHKA, KBAHTOBASI MEXAaHUKA U MOJIYIIPOBOJIHUKH. B Hauane kax-
JIOTO pasjiesa U3IaraloTcs OCHOBHBIC MOHATHUS, (POPMYITHPOBKU 3aKOHOB, MPUBEICHBI
OCHOBHBIE YPaBHEHMSI U (POPMYJIbL, TOKA3aHbI BO3MOKHOCTH U TPAHULIBI IPUMEHEHUS
3aKOHOB. B KaxJIoM pazjierne npuBOASTCA IPUMEPHI PELIeHUs] TUMOBBIX 3a1a4. Habop
OCHOBHBIX (PM3MYECKUX MOCTOSTHHBIX HAaXOJUTCS B MPUIIOKEHUH. 3aBepIIaeT nocooue
KOHTpPOJIbHOM paboTa Ne2, Bkitouaroias B ce0st TpH 3a4a4u 110 TEMaM «BOJHOBAs OII-
THKa», «KKBAHTOBAsI ONITUKA» U «KBAHTOBASI MEXAHHUKAY.

IpaBuiia opopmiaeHusi KOHTPOJIbHOI padoTsl (KP)
1. Homep BapmaHTa COOTBETCTBYET IOCJENHEH Iudpe CTyACHUYECKOro Ouiera.

UtoObl TOJIy4UTh 3a4€T MO pacy€THO-rpaduyecKkoi pabore, CTYACHT JOJIKEH
MPaBUJILHO PELIUTh BCE TPH 33/1aUU.

2. Bce paboThl MpUHUMAIOTCSI TOJILKO B DJIEKTPOHHOUW (hopMe, BBINOJIHEHHbIE
cpeacrBamu Microsoft Office (pacumpenus gaitnos doc, docx, rtf). [Tepen ot-
npaBkoi o0s3atenbHO nepeBectd B popmar PDF u ormpaButs B DUOC. Pa-
00ThI, TIPEICTABICHHBIE B ApYruX (hopmarax, K pacCCMOTPEHHUIO HE MpPUHHUMA-
FOTCSL.

3. Pabora nomkHa HAUMHATHCS C TUTYJIBHOTO JIUCTA C yKazaHueMm Barei damu-
JIUY, TPYIIIbI, BAPHAHTA, HOMEpa CTYI€HUYECKOro OnieTa, HoMepa pacueTHO-Tpa-
dbuueckoit padboTel. OOpa3zel TUTYIBHOTO JTMCTA YKa3aH HUKE.

4. Jlns kaka0M 3a1a4d I0OJDKHO OBITH TPUBEACHO MOJTHOE YCIOBUE 33124, a TAKKE
e€ KpaTKoe yCIJIOBUE, C 3alHChI0 OCHOBHBIX MCXOJHBIX JAHHBIX; €CIU JaHHbIE
JaHbl B IPOM3BOJIBHON CHCTEME €IMHHULI, TO HEOOXOAMMO UX MEPEBECTU B CH-
ctemy CH.

5. IlpuBeneHo mMoJIHOE pEIlIEHHUE 3a/ayud, C MOSICHEHUSIMU XOJa pelleHus (eciu
MIPUBEICHBI TOJIBKO POpMYIIbI, 0€3 MOSICHEHHIA, TO 3a/1a4a HE CUMTACTCS PEIEH-
HOM).

6. [IpousBenén pacuér TpedyeMbIX BEJIMUMH U 3aMKCaH OTBET C yUETOM pa3MEepHO-
CTH.




/. ®@opMyJsibl AOHKHBI ObITh HAOpaHbl CPEICTBAMU BCTPOEHHOIO pefakTopa Gpop-
myn Word. Penrenue 3aad, BcTaBIeHHOE IIETMKOM B BUJIE PUCYHKA, HE TIPUHU-
MaeTcsl.

8. IlosicHuTenbHBIE YEPTEHKHU U CXEMBI BBITOIHIIOTCS JIIOOBIM U3 TPEX CIIOCOOOB:
1) HemmocpencTBenHo cpeactsamu Word; 2) ncmoib3yercs 11000 rpadudecKuit
PENAKTOP, U BBIIIOJIHEHHBIN pPUCYHOK BCTaBIISIETCS B JOKYMEHT KOHTPOJIBHOM pa-
00ThI; 3) uepTexkK BBHIMOIHACTCS BpyUHYIO Ha Oymare, potorpadupyercs (ckaHu-
pYyeTcsl) U BCTABJIAETCS B BUJIE PUCYHKA B JIOKYMEHT.

9. Pab6ots! ornpasisitorest B OMOC B cootBerctBytomtyto nanky (KP 2) u mpose-
psieTcs mpenoaasareneM. Ecinu ommOoK HET, TO cTaBUTCS 3aueT (6€3 OLIEHKH).
Ecnu pabota He 3auTeHa 1 oTrnpapieHa Ha 10paboTKy, TO B BaeM daiine (dhop-
maT PDF) kpacHbIM OyayT BBIJEJIEHBI Ballld OIIMOKK M HANMHUCAHbI KOMMEHTA-
pHUH, 4TO HEOOXOAMMO UCIPABUTh. BbI HclipaBiisieTe Bce OMIMOKHU U BBICHUIAETE
cCHOBa Ha mpoBepky. llepen oTmpaBkoil 00s3aTeNbHO CTEPETh CTapbli (aiin.
Ecnu ommOku ocTanuce, TO BB CHOBA MCIIPABIIAETE Bally paboTa U BBICHIIACTE
OIATh Ha MPOBEPKY. JTa Mpoleaypa JUIMTCA 0 TeX MOop, OKa CTYyAECHT HE UC-
MIPaBUT BCE OIIHOKH.

Bam npucnanssiil (aitn 10JKEH UMETh ONTPEAECTIEHHBIN
(opMart Ha3BaHUS

Ha3zBanmue daiisna: ®UO, rp. 311-201 (202), KP ..., Bap ...

[Tpumep: Bosomun B.IL., rp. 311-201, KP 2, Bap 2

Ecnu crynent He npuaepxkuBaercs naaaoro dopmara, To KP He nposepsercs!
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1. BOJIHOBAS OIITUKA

CBeToBas BOJIHA
CgeToBast BOJIHA MPEJICTABIISIET COOOH JIEKTPOMArHUTHYIO BOJIHY, B KOTOPOH CO-
BEpIIAIOT KOJICOAHUS DJISKTPUUECKHE U MAarHUTHBIE 1MOJis1. YacTHBIM BHJIOM DJIEKTPO-

MarHUTHOM BOJIHBI SIBJISIETCS MOHOXpPOMAaTHUYECKasl BOJIHA, B KOTOPOW BeKTOphl E U H
MEHSIOTCS [0 TAPMOHUYECKOMY 3aKOHY C OJIMHAKOBOM yacToTol (puc. 1.1). 3anumem
YpPaBHEHUS IUIOCKOM 3JIEKTPOMAarHUTHOM BOJIHBI B IPOEKIIMM HA OCU KOOPMHAT:

E, = Ey cos(wt —kx + a); H, = Hycos(wt —kx +a) (1.1)

2T w
rac w — MUKINYECKass 4acToTa BOJIHBI, k — BOJIHOBOC 4YHCJIO PaBHOC 7 nin 7, Em —

AMINITYyda HAIIPAKCHHOCTH 3JICKTPHYICCKOT'O IT10JIA, Hm — aMININTyda HAIIPAKCHHOCTH
MardmMTHOI'O ITOJIA.

Puc. 1.1 Ilnockas 3mekTpoMarauTHasi BOJIHA.

Kak cnenyert u3 onbITHBIX akToB, (husnueckoe, pusnonornyeckoe, GOTOXUMHU-
YEeCKOE BO3/ICCTBIE B OCHOBHOM OKa3bIBAET BEKTOP HalPSKEHHOCTH JJIEKTPHYECKOTO

nons E, a BEKTOP HAMNPKEHHOCTH MArHHTHOTO M0JIA H okassiBaer ciaGoe BIMSHHC.

IToaTomy BekTOp E IIPUHSATO HA3bIBATh CBETOBBIM BEKTOPOM U YPAaBHEHHUE CBETOBOM
BOJIHBI 3aIMCBIBATh JUIsl CBETOBOT'O BEKTOPA.

C yuéroM BbIllIE CKa3aHHOTO, YpaBHEHUE IJIOCKOW Oeryunieii MOHOXpoMaTuye-
CKOM CBETOBOM BOJIHBI 3AITUILIETCS B BUJIE:

S(r,t) = Acos(wt — kx + @) (1.2)

riae A — aMIUIUTYJia CBETOBOTO BEKTOPA; ( — IUKIMYECKask YaCcTOTa KOJeOaHui;

2m
k = —~ — BOJIHOBOE YHCJIO; A — UIMHA BOJIHBI; t — BpeMs; X — KOOpAMHATA BOJHBI; & —

HayasnbHas ¢aza BOJHBI (B JaTbHEHIINX pacCyKAeHUN OyeM TpUHUMATh €€ paBHOU
Hyl0); @ = wt — kx + a — da3a BoJHBI.

CKopocThb CBeTOBOI BOJIHBI.

CkopocTh CBETOBOM BOJIHBI 3aBHUCUT OT CBOWMCTB Cpelibl, B KOTOPOW BOJIHBI pac-
MPOCTPAHAIOTCS U ONpezensercs no popmysie:

V= (1.3)

g-
=



rjie € — AUDNEKTpUYecKas MPOHUIAEMOCTh CPEMbl; f — MATHUTHAS HPOHMIIAEMOCTD
M
cpensl; ¢ = 3 - 108 — — CKOPOCTb CBETA B BAKYYME.

Benuunaa n = /ey Ha3bBaeTCsl aGCOMIOTHBIM TMOKAa3aTeJeM MNPeJToMJIeHUs
cpelbl, ¢ Y4ETOM 3TOT0 CKOPOCTh CBETOBOM BOJIHEI B CpEJie paBHA!

V== (1.4)

n
Jlnst Bakyyma ¢ =1, u =1, moatoMy cKOpOCTh CBETOBO BOJIHBI B BAaKyyMe paBHa CKO-
pocTH cBeTa c.
Ecnu BostHa pactpoCcTpaHsieTcs B cpejie ¢ abCOMOTHBIM MOKa3aTeeM MpeioMIie-
HUS N, TO JUTHHA BOJIHBI A OYIET ONpenensaThest o Gopmyiie:

r=h (1.5)

n
rac /10 — JIJINHA BOJIHBI B BAKyyMe; N — a0COJIFOTHBIM ITOKa3aTelIb IMPCIIOMIICHUS CPCIBI.

OnTuyeckas JJUHA IYTH CBETOBOM BOJIHBI. ECIM BOJTHA MPOXOAUT PACCTOSIHUE

T B cpelie ¢ a0COTIOTHBIM TTOKa3aTeNeM MPEJIOMIICHHS N, TO ONTUYEeCKas IJIMHA TyTH
CBE€TOBOM BOJIHBI:

L=nr (1.6)

OnrTuyeckasi 1 reoMeTpruYecKasi pa3HOCTb X0/1a CBETOBOM BOJIHEL. [IycTh niBe

BOJIHBI PacIpOCTPaHSIETCA B cpejie ¢ a0COTIOTHBIM TOKa3aTeJIeM MpeaoMiIeHus N oT

HUCTOYHUKOB cBeTOBBIX BOJIH B 1 C (puc. 1.2), BoiHa oT ncTounuka B npoxoaut pac-

crossarne BM = dj, a BoiHa ot ncrounnka C npoxoaut paccrosiaue CM = d,. Torma

MEXJy BOJIHAMM CYIIECTBYET reOMeTpU4YecKasi Pa3HoOCTh X04a A, U onTHYeCKAas
pa3HoCThb Xo01a A:

A=d, —d; (1.7)

A=L,— L, =nd, —nd, =n(d, —d,;) =nA, (1.8)

IMpunnun I'voiirenca. /{1 BOJIHOBOM ONTHUKU CIIPaBEJIMB NpuHUUN [ tolreHca,

KOTOPBIM yTBEPXKIACT: KaxJas TOYKa Cpeibl, 10 KOTOPOH MOIMIEN BOJTHOBON (PPOHT,

SIBJISIETCS UICTOYHUKOM BTOPUYHBIX C(PEepUUECKUX BOJIH, @ OruOaroiasi 3TuxX BOJIH He-

KOTOPOE BpeMsI CITyCTsl MOKa3bIBAET IMOJOKEHUE BOJHOBOTO ()POHTA B ITOT MOMEHT

BpeMeHHU. JlaHHBIN NPUHIIKI [TO3BOJISIET PACCYUTHIBATH MOJIOKEHHE BOJIHOBOTO (DpOHTA

CBETOBOM BOJIHBI B PA3JIMUHBIX MHTEPPEPEHIIMOHHBIX U TUDPPAKIIMOHHBIX CXeMax, a

TaK>KE€ B HEOJHOPOIHBIX ONITHYECKUX CPEIAX.

1.1. UntepdepeHunsi CBETOBBIX BOJH
HNurTepdepenuueil BOJH HAa3bIBACTCS SIBIICHUE HAJIOXKEHUS JBYX WM HECKOJIb-

KHX KOT€PEHTHBIX BOJIH, B pE3yJbTaTe€ KOTOPOrO MPOUCXOIUT YCUIICHUS KOJIeOaHUH B
OJIHUX U ocnablieHue KoyieOaHuW B APYrMX TOUYKax mpocTpaHcTBa. KorepeHTHbIe



BOJIHBI — 3TO BOJIHBI, Pa3HOCTH (ha3 KOTOPHIX HE M3MEHSAETCS BO BpeMeHnu. Hampumep,
TaKMMU BOJTHAMHU SBJIIOTCS IBE MOHOXPOMATUYECKHUE BOJIHBI C OMHAKOBOM YaCTOTOM.

Jiist HaGMroieHH s yCTOMYMBOM BO BpeMeHU MHTEPGEPEHITMOHHON KapTUHBI HEOO-
XOJIMMBI YCIIOBUS, IPU KOTOPBIX YaCTOTHI, OJIIPU3ALIMS U Pa3HOCTh Pa3 unrepdepu-
PYIOIIMX CBETOBBIX BOJIH ObUTH OBl IOCTOSIHHBIMU B TE€YEHUE BCETO BPEMEHM HAOIIIO-
JICHUSL.

HNuTeppepeHunoOHHbIE CXeMBI B BOJTHOBOM ONITHKE

1.1.1. UuTepdepenuust oT AByX HCTOYHUKOB. Cxema FOHra

Ym

P

& L >

/,,
d I
C

3

Puc. 1.2 Cxema lOnra. B, C — UICTOYHUKU KOT€PEHTHBIX CBETOBBIX BOJIH; O — 3KPaH;
M — TouKa 3KpaHa, rie NPOUCXOAUT HATOKEHUE KOTEPEHTHBIX BOJH OT UCTOYHUKOB
B u C; y,, — paccTosiHuE OT LIEHTpa dKpaH JI0 TOUKH HaOIoIeHus M.

DTO 0/IHAa U3 TIEPBBIX CXEM B BOJIHOBOM OMNTHKE, KOTOopas Obuia pa3padorana FOn-
rom Jijist HaOmroeHus nutepdepeiuu. C moMoIibo JaHHON CXeMbl, MbI IIOJTyYUM OC-
HOBHBIC pacy€THbIC (POPMYJIbI, UCTIONb3yEeMbIC MPU PEIICHUU 3a/lad 10 UHTepepeH-
UM,

ITnmockas cBeTOBast BOJIHA C JJIMHOM BOJTHBI A MaIa€T HA MPErpaay ¢ AByMs Y3KUMH
mensimu B u C (Puc. 1.2). lenu B u C BbIpe3aroT U3 BOJIHOBOTO (PpPOHTA y3KHE
Y4aCTKH, KOTOPbIE CTAHOBSITCS B CHITY NpUHIUNa [ toireHca HCTOUHUKAMU BTOPUYHBIX
chepudeckux BoH. Ce10BaTebHO, ITH IIEINHU SIBISIIOTCS HCTOYHUKAMH KOT€PEHTHBIX
CBETOBBIX BOJIH, KOTOPBIE C OJIMHAKOBOM YaCTOTOM M JJIMHOW BOJIHBI ITAJIa0T HA IKPaH.
PaccTosiHrue Mexay MCTOYHHKAMHU PaBHO O, pacCTOsSHUE OT MCTOYHHUKOB J0 dKpaHa
paBHoO L. Touka 4 — cepenuna mexay uctounukamu B u C, Touka O — LEHTP dKpaHa.
Bynem cuutaTh, 94TO BCS YCTAaHOBKA HAXOIUTCS B Cpelie ¢ aOCOMIOTHRIM MOKa3aTesieM
peIoMIICHUS N.

9



[TycTth B Touke M 3KpaHa IPOUCXOIUT HATIO)KEHUE KOTEPEHTHBIX BOJIH OT UCTOY-
HukoB B u C. JIyd cBera OT ucTouHMKa B mpoxoauT paccrossaue BM = d1, a myd cBeta
ot ucrounuka C mpoxomut paccrosaue CM = dy. [Toaydynm yciaoBue YCHIICHUS H
ocJIabJIeHHs BOJIHAMU JIPYT ApYTa.

VYpaBHeHue koe0aHni MOHOXPOMATUYECKON CBETOBOM BOJIHBI B TOUKE M, BBI3HI-
BaeMbl€ UCTOUYHUKOM B:

SB = Bcos(wt — kdy), (1.9)
a KOJIC6&HI/I$I, BBbI3BIBACMBIC HCTOUYHUKOM C:
SC = Ccos(wt — kd,), (1.10)

rneBuC-— aAMIUTATYBI CBETOBBIX BEKTOPOB KOJICOAHWN MCTOYHHUKOB; (0 — IIUKJIHYC-
CKas yacToTa Kojiebanuii, k = 271r — BOJIHOBOE YHCJIO; A — JUTMHA BOJIHBI, U3JTydaeMas
HMCTOYHHUKAMU B Cpejie ¢ aOCOJIIOTHBIM MOKa3aTeJIeM MpeoMIICHHUS N.
PesynpTupyromiee konedanue Touku M 310 cymMMa Bo3MyIeHUN S B S 78
Sy =SB + 5S¢ (1.11)

Takum o6pazom, B Touke M cKIIabIBalOTCA JIBa OJTHOHAIIPABICHHBIX KOJICOaHUs
C OIMHAKOBOM yacToToil. [1o mpaBmiiaM cioxeHus: O JHOHAMPABIICHHBIX KOJI€OaHU MbI
JIOJIKHBI UCTIOIB30BaTh (opmMyITy

A, =VB2+ C2+ 2BC - cosA® (1.12)
rae B, C — aMIUIUTY/bI CKJIQJIbIBAEMbIX KOJIEOAHUM UCTOUHUKOB; A, — aMIUIUTy1a pe-
3yJabTUpYolero koyiebanus; A® — pazHocts a3 mexay uctounukamu B u C.

Paznocth (pa3z A®D onpenensercs mo Gpopmyie:

AD = By — Dy = (wt - kd;) — (t —kdy) = k(d; — d;) = kA= A, (1.13)
rae @; = wt — kd, — ¢aza BonHbI OT HcTOuHUKA B; @, = wt — kd, — }pa3a BomHbI OT
ucroynuka C.

B Touke M ammnutyna A,, Oyaer MakcumanbHa, Korjna cosA® npuHuMaeT Mak-
CUMAJIbHOE 3HaueHUe paBHOE 1. B 3TOM ciydae BOJIHBI YCHJIMBAIOT APYT IPyTa, BO3-
HUKaeT MakcuMyM uHtepdepenunu. 1 Haobopot, ammuryna A,, 6yaeT MUHUMalbHa,
Korga cosA® npuHUMAaEeT MUHUMAJIbHOE 3HaUeHue paBHOe —1. B aTOM cimydae BOJIHBI

OCIIA0JISIIOT APYT Apyra, BOZHUKAET MUHUMYM HHTEep(EpeHIIny. 3aruiieM 3TH yCIo-
BUSL:

cosAD,, ., =1 (1.14)
coSAD,i, = —1 (1.15)

VYpaBuenue (1.14) Oymer ompeneisaTh TOUYKH HHTeP(EPEHIMOHHOI0 MAKCH-
MYMa, OHO BBITIOJTHSETCS TIPHU pa3sHOCTH (a3
ADp oy = 2TM (1.16)
rie m = 0,1,2 ... — nops0K UHTEPPEPEHITMOHHOTO MAKCUMYMa.
VYpaBuenue (1.15) Oyaer ompenensath TOYKH HHTepP(epeHIHOHHOr0 MUHM-
MYMa, OHO BBITIOJTHSETCS TIPH pa3sHOCTH (a3

AD iy, = 2m(m =) (1.17)
rae m = 1,2 ... — nopsA10K UHTEPHEPEHIITMOHHOTO MUHUMYMA.
10



®opmyet (1.16) u (1.17) onpenensrot pazHocts Ga3z AD nns uHTEepHEpEHIINOH-
HOT'O MakKCMMyMa U MHUHHMYyMa COOTBETCTBEHHO. OmpenenanM ycIoBHE IS ONTHYe-
CKOM pa3HOCTH xoa A npu uHTep(HEpPEHIIUN CBETOBBIX BOJIH.

Hcnonesys (1.13) u (1.16), nomyyaem

AD, .. =2mm =2A=2nA=227 (1.18)
A Ao Ao
ITpu BeiBoge (1.18), MBI ucnoab3oBanu cootHolnenue (1.5) Mexay mIMHOMN

BOJIHBI A B CpeJie U JJIMHON BOJHBI Ay B Bakyyme. 13 (1.16) u (1.18) caenyert ycnoBue
HHTeP(PEPEHIIMOHHOI0 MAKCHMYMA:

A ax= Mig (1.19)
rie m = 0,1,2 ... — mopsi1ok HHTEPGHEPEHIIMOHHOTO MaKCUMyMa.
Ncnonesys (1.13) u (1.17), nomyyaem
ADpn = 2(m =) = 22 A= nA,= 2 A (1.20)
N3 (1.20) cenyet ycinoBue nHTeP(hepeHIMOHHOT0 MUHIMYMA.
p)
Bin= 2o (m—2) = @m-1)2 (1.21)

rae m = 1,2 ..— nopsiiok HHTEp(HEPEHINOHHOrO0 MUHUMYMa.
Wuorna yciosue (1.21) 3amuChIBAIOT B BHJIE:

Apin= (2m + 1) (1.21a)

rnem = 0,1,2 ... — nopsa0K UHTEp(HEPEHIIUOHHOTO MI/IHI/IMYMa. VYpaBuenus (1.21) u
(1.21a) sxBHBaJICHTHBI, BEIOUpaeTcs OoJiee YA00HOE ISl TaHHOM 3a/1a4H.

Otmerum, uto popmyisr (1.16), (1.17), (1.19), (1.21), (1.21a) sBasroTcst oOUMMH
11 JTI00BIX MHTEP(PEPEHIIMOHHBIX CXEM, a HE TOJIBKO s cxeMbl FOHTa.

AMILIMTYAA KoJieOaHusi ToUku M:

AMruTyna Ay 3aBHCHT OT TIOJIOKCHHS TOYKH HA DKPaHE W MOKET IPUHUMATh
3HAUYE€HHUE OT MAaKCUMAJIbHOTO JI0 MUHUMAJIbHOTO. MaKkcuMaabHOE 3Ha4YeHHE Ay MpH-
MeT, koraa cosA® B (1.12) npuHuMaeT MaKCMMaJIbHOE 3HAYECHUE paBHOE + 1, Toraa:

Amax =VB2+C2+2BC =B+ C (1.22)

MunumMasabHoe 3HaueHue Ay mpumet, koraa cosA® B (1.12) npuHUMaeT MUHU-

MaJbHOE 3HAYEeHHE paBHOE — 1, TOorda:

Amin =VB2+ C2—2BC = |B — (| (1.23)

IHonoxkeHuss MHTEPPEPEHUMOHHOI0 MAKCMMYMAa M HMHTep(epeHuMOHHOr0
MHUHHUMYMA HA JKPaHe

Bocnons3yemcst reometpueii pucynka 1.2. bynem caurarts, uto L >> d — TOIBKO
B 3TOM ciiy4ae Oy/ieT HabJto1aTbesl ycTOMUMBas nHTEppepeHIIMoHHas KapTuHa. OTiio-
KUB U3 TOYKH M B10Jb OOJIBIIIEr0 OTpe3Ka d, MEHBIITUN 01pe301< d, B HampaBJIEHUU

touku C, momyuum touky D. Otpesok CD =d, —d; = A= —, TIe A, — reomeTpuue-

CKas pa3HOCTb X044, A — onrTrueckas Pa3HOCTb XO04a MCKIAY BOJ'IHaMI/I OT HCTOYHUKOB
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B u C. Paccmotpum tpeyronpauku BCD u AMO. Yuutsisas, uro L >> d MOXHO 10-
Ka3aTh, YTO OHU MOAOOHBI JPYT ApYry. 3aluIleM yCIOBUS MOX00US sl JaHHBIX Tpe-
YTOJIbHUKOB:

m = 2 (1.24)

7€ Yy, — PACCTOSIHHME OT IIEHTPa KpaHa 0 M-ro MakCUMyMa Wik MUHUMyMa. Beipa-
xas u3 (1.24) y,,,, morydaem:

cD L
Hcnons3ys ycrnoBust uHTepdepeHnnonHoro makcumyma (1.19) u ycnoBus us-
TepdepeHunoHHOro Muuumyma (1.21) momygaem

L
Vm = Em/lo MOJIOKEHUE M-TO MaKCUMyMa (1.26)

rnrem = 0,11, £2 ... — nopaaox HHTEpHEPEHIIMOHHOTO MAKCUMYMa;

Vi, = nL—d (2m—1) % noJio’keHue M-ro muaumyma (1.27)

rnem = +1,+2 ... — nopsAa0K HHTepPEPEHINOHHOTO MUHUMYMa. 37eCh IPU pacyeTe
ONTHYCCKOW pa3sHOCTH Xoaa A mcronb3oBana Gopmyna (1.21), MOCKOIBKY MOPSIOK
uHTEepGEPEHIIMOHHOTO MHUHUMYMa M COBIIaJIaeéT ¢ HOMEpPOM TEMHOM IMOJOCHI Ha
skpane (Puc. 1.3).

N3 (1.26) u (1.27) cnemyeT, YTO MAaKCUMYMBl © MUHUMYMBI Y€PEIYIOTCS, a B IICH-
Tpe dKpaHa HaOr0AaeTC MaKCHMyM HyJieBoro mopsiaka (Puc. 1.3).

m=-2 m=-1 m=0 m=1 m=2

Puc. 1.3 Pacnpenenenue nateHcuBHOCTH cBeTa (1) Ha skpane B onbiTe FOHra.
Buu3zy noanucans mopsiiKOBbIE HOMEpa HHTEPPEPEHITMOHHBIX MAKCUMYMOB.

IHInpuna uaTepdepeHUMOHHOTO0 MakcuMyMa. 1o ornpenenenuro 3To paccros-
HUC MEXIY COCEIHUMH MHHUMyMaMu Ay = y,, — V1. Mcnonssys (1.27), nomny-

qacM.:

LA
AY = Y — Ym-1 =" (1.28)

1.1.2. UnTepdepeniusi B TOHKOM MJIeHKe

Ha ToHkyto TuIeHKY TONIUHON d ¥ moKa3areaeM MpeoMIIeHus N maiaeT MOHO-
XpOMaTHUYECKUN CBET ¢ JTMHOW BOJIHBI A (puc. 1.4). Yron najaeHus CBETOBOI BOJIHBI
PaBeH a U YTOJI IPEJIOMIICHUS [5, OHU H3MEPSIOTCS MEXTY HOPMAITBIO ¥ TOBEPXHOCTHIO
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camoii TieHkoi. Cpea 0KoJio IJIeHKH — Bo3AyX (n, = 1), moatomy n > n,. Onpene-
JUM yCJIOBUE HAONIONCHHUS MaKCUMyMa M MUHHUMyMa HHTepGEpPEHIIMU Ha TOHKOM
TUICHKE.

B

Puc. 1.4 Xon nyuyeit B TOHKOH TUICHKE TOJIIUHON d W TTOKa3aTesieM MpeoMIIeHus N,

Nurepdepupyrommue ayun 1 u 2 nokaszansl Ha puc. 1.4. JIyd 1 mpoxoaut depe3
IJICHKY, IPEJIOMJISISICh Ha BEpXHEW IpaHulie pa3jienia, OTpakaeTcsi OT HUKHEN IrPaHuUlLIbl
IJICHKU U BBIXOAUT B Touke C. Jlyu 2 oTpaskaeTcs OT BepXHel MOBEPXHOCTH TUICHKHU U
B Touke C untepdepupyer c mydom 1. Onruueckas pa3HOCTb X0Ja MEXTY JIydamu 1 u
2 paBHa:

4=1L, — L, =n(AB + BC) — (DC +2) (1.29)
rne Ly = n(AB + BC) — ontuueckas JyiMHa myTH jy4da 1; L, = (DC + g) — ONTHYE-

i
CKas IyiuHa yTu Jy4a 2. Jlo6aBka ppLE L, oObsiCHsIETCSI TeM, YTO TIPU OTPAKEHUU
CBETOBOI BOJIHBI OT OoJiee IMJIOTHOM Cpelibl, BOJHA MPUOOPETAET AOMOJIHHUTEIBbHYIO
. yl
(bazy, paBHYIO T, YTO COOTBETCTBYET JOMOJHUTEILHON pa3HOCTH X0/1a >

Hcnonp3yst reoOMEeTpuI0 PUCYHKA M 3aKOHBI MPEJIOMJIEHUSI CBETA, MOKHO JIOKa-
3aTh, YTO ONTHUYECKAs PA3HOCTh X0Ja UHTEPPEPUPYIOUTUX BOJIH paBHA

A = 2dVn? —sin? a — % umu A = 2dncosf —% (1.30)

r7ie @ — Yrod najieHusl; 3 — yroa npeaoMIIeHUs; N — TOKa3aTeNb MPeJIOMIICHHS TUICHKH.

3anwuineM ycioBre YCUIICHUS BOJTHAMU JIPYT Ipyra (MAKCUMYM UHTEpGhEpEeHITUN),
ucnoib3ys (1.19) u (1.30):

A = 2dVn? — sin? —% =mAl (1.31)

Bripazum u3 (1.31) TosmuHy TUICHKH, TPU KOTOPOW HHTEp(EPUPYIOIINE BOJHBI
OyAyT yCUIUBaTh APYT Apyra
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PR i (1.32)
max = anZ—sin? a '
riem = 0,1,2 ...— nopsn0oK HHTEpPEPEHINOHHOTO MakcuMyMma. [Ipu 3ToM nieHka Oy-
JE€T KacaTbCs HA0JII01aTEeNI0 OKPAILIEHHO! B LIBET C JUIMHOM BOJIHBI A.
AHanOrnyHoO NOJIy4UM yCIIOBHE OCIA0JIEHHS BOJIHAMU APYT APyTra (MUHUMYM UH-
tepdepennun), ucronb3ys (1.21) u (1.30):

A = 2dVn? — sin? —% = (2m — 1)% (1.33)
Bripazum u3 (1.33) TonmmuHy TUIEHKH, TPU KOTOPO HHTEp(EPUPYIOIINE BOHBI
OyayT ocinabiaTh aIpyr Apyra

mA
Amin = PWrmr— (1.34)
rae m = 1,2 ..— nopsaaok uHTephepeHIIMOHHOr0 MUHUMYMa. [Ipu 3TOM IeHKa Oyaer
KaCaTbCAa Ha6JHOIIaTCJIIO TEMHOM.
OOBIYHO B IIpUpOaAC MbI Ha6JIIO,Z[aeM TAaKHUC IIJICHKHW HA ITIOBCPXHOCTHU BOJBLI. I1o-
CKOJIbKY TOJIIHHA IINICHKH MOXXCT MCHATBCA OT TOYKH K TOYKC, OHA 6YI[GT Kas3aTbCAa
OKpaHleHHOﬁ B pa3HbIC OBCTA OIITHYCCKOI'O BUAMMOI'O JHUalla30Ha, B 3aBUCUMOCTH OT

TOTO KaKue JIy4d OyAyT yCHIIMBATh APYT Apyra B JAHHOM MECTE.
1.1.3. UuTepdepenuns Ha KiIuHE (M0JOCHI PABHOW TOJIIIUHBI)

JIBe TOBEPXHOCTH, PACIIOJIOKEHHBIE ITO/T MaJIbIM YIIoM o (¢ <K 1), 00pa3yroT cu-
cTeMy, MOJYy4YHBIINYIO Ha3BaHue KiuH (Puc. 1.5).

A
/
A D
dm dm+1
a

Puc. 1.5 UnTepdepeniius Ha KIMHE.

CuuTaem, 4TO KJIMH MPEACTABISAET U3 ceOsI Cpey C MmoKa3aTeaeM MpeoMIIeHus N.
Kinun umeer paszHyro TOJIIMHY, TOATOMY IPU OCBEIIEHUH OBEPXHOCTH KIMHA MOHO-
XpOMaTHYECKUM CBETOM C JJIMHOW BOJIHBI A, HA TIOBEPXHOCTH KJIMHA OyIyT HaOIIo-
JaTbcst UHTEp(HEePEHIIMOHHBIE MAKCUMYMBI U MUHUMYMBI, T.K. B OJTHUX TOYKaxX MOBEpPX-
HOCTH TOJIIMHA KJIMHA COOTBETCTBYET YCIOBUIO HAOIIOIEHUSI MAKCHMYMa, a B IPYTHX
— YCJIOBHIO MHHMMYyMa. /[aHHBIE MAaKCHUMyMbl 1 MUHUMYMBI OYIyT TIPEICTaBIATh U3
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ce0st Ha0Op CBETIBIX U TEMHBIX TIOJIOC, TIO3TOMY JIaHHAsl UHTEPPEPEHIIMOHHAS KapTHHA
[IOJIyYMJIa Ha3BaHUE M0JIOChI PABHOM TOJIIIMHBI.

OnpenenuM pacCcTOSIHUE MEXIY COCETHUMH HHTEPPEPEHLIMOHHBIMU MaKCHUMY-
Mamu Ay.

IlycTh B TOUKE A MOBEPXHOCTHU KJIMHA BOSHUKAET MAKCUMYM M-T0 nopsiaka. Toi-
IIMHA KJIMHA B IAaHHOW TOYKe paBHa — Om. B Touke B Bo3HMKaeT Mmakcumym (mM+1)-ro
nopsiika. COOTBETCTBEHHO TOJIIMHA KIIMHA B 3TOM MeCTe paBHA — Uy+1. YUTEM, UTO
Jy4 Najaroluil B ToUuke A pazzensercs Ha JaBa Jiyda: 1) jgyd | mpomenmmii BHyTpb
KJIMHA U OTPAKEHHBIN OT HM)KHEW rpaHu, OH ONSTh MONAJAET B TOUKY A, 2) ayd 2 OT-
paXEHHBIN OT BEpXHEH I'paHu B TOuke A. DTH JBa Jdy4ya UHTEP(EpUpPYIOT B TOUKE A.

Onrtuueckas pa3HOCTh X0Ja MEXKy JiydyaMu 1,2 paBHa
pl

Ap =L —L, =2d,n— 5 (1.35)
B (1.35) MBI ywin, 4TO Jy4 2 HCIBITHIBACT OTPAKEHHUE OT 0OJIee TUIOTHON CPEJIbI
Y TI0JIy4aeT JAOIOIHUTENIBHYIO Pa3HOCTh X0a % VYcnoBue uHTEp(HEPEHIIMOHHOTO MaK-
CUMyMa B TOYKE A 3aluIIeTcs
2dn — 5= mA (1.36)
AHQJIOTMYHO 3aIMIIEM ONTHYECKYIO Pa3HOCTh X0Ja MEXy JiydaMu 1,2 paBHa B
Touke B.

Bmis = Ly = Ly = 2dmyan—7 (L37)
YcnoBue uHTEpPEPEHIIMOHHOIO MakcUMyMa B Touke B 3anumiercs

2 —5 = (m+ 1A (1.38)
Berunras nounenso ypasuenue (1.36) u3 (1.38), momydyaem

2n(dpme1 —dyp) = 4 (1.39)

BhIpaxkast pa3HOCTb TOJIIIMHBI KJIMHA B MecTax HaOmomeHuss M-ro u (m+1)-ro
MakcuMyMoB Ad = d;41 — dpu3 (1.39), monydaem

Ad = % (1.40)
N3 npsimoyroasHoro tpeyroiasauka ABD 3anumem otHomenue BD k AD
% =tana (1.41)

Otmerum, uro BD = Ad, AD = Ay. U3 (1.41), yuntsiBas (1.40), monyyaem uc-

KOMOE PACCTOSIHUE MEXKY COCEIHUMHU UHTEPPEPEHIIMOHHBIMA MaKCUMyMaMu
Ad A A
Ay = = = (1.42)

tana 2ntana  2na
B (1.42) mbl yunu, 9To tan @ & @ NpU MaNbIX yriax « (3HaUYCHHUE yria 3alucChl-

BAETCS B paJMaHaXx).
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1.1.4. Koabua HproTOHa (B OTPA:KEHHOM CBETE)

YacTHBIM CiTydaeM I0JI0C PaBHOM TOJIIIUHBI SBISIOTCS KoJiblla HhloTOHA, KOTO-
pbie HaOII0JAI0TCA B OTPAXXEHHOM CBETE B CXeMe, M300pakeHHOU Ha pucyHke 1. 6.

Puc. 1.6 Untepdepenius B uH3E, IeKaIIEH BRITYKIONW TOBEPXHOCTHIO HA
IJIOCKOMU IIJIACTUHE.

[InockoBbIMyKIIas TMH3a C OOJBIINM paguycoM KpUBHU3HBI R 1 moka3zaresnem npe-
JOMJICHUS N, (715 CTeKNA Nep =~ 1.5) BBIMYKIONH MOBEPXHOCTHIO KACAETCS MIIOCKOM
wiactulbl B Touke O. Byaem cunrtarh, 4TO Miiockas IiiacTHHA TakKe UMEET IoKa3a-
TEJIb MTPEJIOMIIEHUS N, @ MPOCTPAHCTBO MEXKAY JIMH30M U IUNIACTHHOM 3aII0JIHEHO Cpe-
JIOW ¢ TOKa3aTesieM MpeioMIIeHus N, mpuuéM n < n... B Bepxueit wactu Puc. 1.6 mo-
Ka3aHO ONTUYECKOE YCTPOUCTBO (MUKPOCKOIT) JIJIsl HA0II0IeHUsI MHTEP(PEepEeHITMOHHOM
KapTuHbl. [lapannenpHplid My40K CBETa C JJIMHOW BOJHBI A MajaeT Ha IJIOCKYIO TO-
BEPXHOCTh JIMH3BL. PaccMoTpuM xop aydeit u3 nanHoro myuka. Ha Puc. 1.6 atu myun
BbIZIeTeHbl (yun 1,2). JIyd 1 mpoXoauT CKBO3b JUH3Y, CPEAY MEXIY JIMH30M U Tijia-
CTUHOM, OTPa)KaeTcst OT MOBEPXHOCTH IJIACTUHBI U nonaaaet B Touky C. JIyu 2 mpoxo-
IUT CKBO3b JIMH3Y, OTPAXKAETCA OT BBIMYKJIOW MOBEPXHOCTH JIMH3BI B Touke C. Takum
oOpazoM, B Touke C NpoucxoauT HanoxeHue AByx jgydeil 1 u 2. [Ipu ogHoi# pasHOCTH
X0/J1a 3TU Jy4Yu OyJIyT YCUIIUBATH JIPYT Apyra (BO3HUKAIOT UHTEPHEPEHIIMOHHbIE MAK-
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CUMYMBI — CBETJIBIE KOJIbIIA), IPU APYTOH OCIabIaTh APYT Apyra (BOSHUKAIOT UHTEP-
(bepeHIMOHHBIC MUHUMYMBI — TEMHBIE KoJiblla). Ha Puc. 1.6 BeigeneH paguyc 1;, o1-
HOTO U3 TaKUX KoJjell. Bua 3Tux KoJjel B ciyyae MOHOXpPOMAaTUYECKOIO CBETa MOKa3aH
Ha puc. 1.7.

Puc. 1.7 Koabsiia HerotoHa.

B nentpe Habmronaercs MUHUMYM HYJIEBOrO MoOpsifka (TeMHOe NATHO). llen-
TpajJbHbIH MUHUMYM OKPYEH CUCTEMOU YepeayroNIuXCsl OKPAIIEHHBIX U TEMHBIX KO-
Jiell, MUPUHA U UHTEHCUBHOCTh KOTOPBIX MOCTOSIHHO YOBIBAET MO Mepe yJalleHUs OT
LIEHTPAJILHOTO MSTHA.

Pacuer paauycos CBETJILIX H TEMHBIX KoJIeN (Puc. 1.8).

g
Puc. 1.8 Xon mydeit B 1uH3e, JiexKalel BHIMTYKIIONW MOBEPXHOCTHIO Ha TIIIOCKOM

IIJTaCTHUHCE.

[TockonbKy pagnyc KpUBU3HBI JTUH3BI R MHOTO GOJIbIIIE TOJIITUHBI 3230pa MEXKTY
JIMH30M U MJIACTUHOM, MOXKHO 3amnucath, yTo CD =~ DB = d, roe d — ToaiuHa 3Toro
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3a30pa B JaHHOM MecTe (KJITMHA MEXTy JIMH30HM U IJIAaCTHHOM ); TOT/1a ONITHYECKas pa3-
HOCTB X0J1a MEXKJ1y JydaMH 1,2 MOXKeT ObITh 3allicaHa:

A= 2dn +2 (1.43)

N — IMoKa3aTelb MPEJIOMIICHHS CPeIbl MEKTY JIMH30M U mutacTuHor. B (1.43) MbI yuy,
YTO JIyd | UCHBITBIBACT OTpaXkeHUEe OT OoJiee MIOTHOM cpelbl B Touke D u monydaet

A
JOIIOJIHUTCIIBHYIO PA3HOCTH XOJ1ad E, a JIiyd 2 IMIpHU OTPAXKXCHUH B TOYKC C ne [MoJay4acT

1
JIONIOJTHUTEIIBHYIO PA3HOCTh X0/ — M3-3a YCIOBUA N < M.

W3 reomeTpuu Halllei CUCTEMBI CIEAYET CBS3b MEXKY PAIMyCOM KOJIblIa 1", pajIu-
yYCOM KPHUBHU3HBI R ¥ TONIMHON KIIMHA MEXAY JTMH30M U TUIaCTUHOM d:

r?2 = 2Rd — d? (1.444a)
VYuuteiBas, uto R >> d, MOXKeM 3aIucarh
r? = 2Rd (1.44)
Bripaxas u3 (1.44) d v noacrasss B (1.43), momyyaem:
2
A=Tn+2 (1.45)

Panuycel CBETJIBIX KOJIEL COOTBETCTBYIOT MHTEPPEPEHIIMOHHOMY MAKCUMYyMY

(cm. 1.19), mostomy (1.45) MBI MOKEM TIEpeIUCaTh B BUJIC:
2

42 =ma (1.46)
R 2

rnem = 0,1,2 ... — mopsA0K UHTEPPEPEHIIMIOHHOTO MAKCUMYMA,; 1y, — PaluyC CBET-
JIOTO KOJIbLIA 1M — IO MOPSIKA.
N3 (1.46) momydaeM paamyc CBETIBIX KOJICIl:

_ (m—%)/lR_ (2m—1)AR
Tm = / = -~ (1.47)

rae m = 1,2 ... — HoMep CBETJIOTO KOJIbIIA.
Paaunychl TEMHBIX KOJIEI] COOTBETCTBYIOT HHTEP()EPECHIIMOHHOMY MHHUMYMY (CM.
1.21a), moatomy BMecTO (1.45) MBI MOYKEM 3aMUCaTh;

2 pl A
Bn4+Z=(2m+1)5 (1.48)
rnem = 0,1,2 ... — nopsa0ok HHTEP(PEPEHIIUOHHOTO MUHIUMYMA; T;, — PaIuyC TEMHOTO
KoJIbIla m — ro nopsiaka. M3 (1.48) moryqaem paanyc TEMHBIX KOJICII:

I, = me (1.49)

rae m = 0,1,2 ... — HoMep TEMHOTO KOJIbIIa.
®opmyiet (1.47) u (1.49) mosryueHs! A1 MHTEPPEPEHIIMOHHON KapTUHBI B OTpa-
’KEHHOM CBETEe, HO MOXKHO PAaCCMOTPETh MHTEPPEPEHIIMOHHYIO KapTHHY B MPOXOIs-
IeM cBeTe. YKakeM 0e3 BbIBOJa, YTO B 3TOM ciydae Gopmyina (1.47) coOTBETCTBYET
yCIOBHIO MHHMMyMa (TéMHOe Kouibio), a (1.49) ycrmoBuio mMakcumymy (CBETIIOE

KOJIBIIO).
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1.2. Indpakuusi cBeTOBBIX BOJIH

Orubanuie CBETOBBIMH BOJIHAMH MPEMSATCTBUI U MPOHUKHOBEHHUE B 00JIACTh Ireo-
METPUYECKON TEHU Ha3bIBaeTCs NU(pakineil CBeTOBBIX BOJIH. YUET qudpakiuu cTa-
HOBUTCSI HEOOXOJUMBIM TIPHU MPOXOXKJIEHUU CBETOBBIX BOJIH Y€pe3 OTBEPCTHUS B He-
PO3payHbIX IKpaHax, BOJIM3H rpaHul] HENPO3PAYHBIX TEN U T.II.

B BOTHOBOI ONTHKE T0KA3BIBAETCS, YTO HEOOXOAMMOE yCIIOBUE HAOIIOICHUS U~
D2
(dbpakuuy BOZHUKAET MPU COOTHOUICHUU < L, rne D — pa3mepsl npenarctBusi; L —

paccTosiHuEe OT UCTOYHMKA CBETA JI0 IMPENATCTBUSA; A — IJIMHA CBETOBOM BOJHBI. Ole-
HUM pa3Mepbl NpensaTcTBUs D, Ha KOTOPBIX B 0OBIYHOM MPAKTHKE MOXKET HAOII0OAaThCA
nudpakiys cBeToBbIX BoiH. ITycts L~1M, A~0,5 MM, Torna D < 1,4+ 1073m, T.e.
pa3Mepbl NPEnATCTBUS JOJKHBI ObITh ~ 10 MKM uMiu MeHble. Pa3zpenienne Haiiero
IJ1a3a He MO3BOJIAET pa3InyaTh TAKUE Pa3Mephbl, IO3TOMY KapTUH AUPPAKIIUHU B OKPY-
KAIOLEM HAaC MUpPE MbI PAKTUYECKU He HaOmonaeMm. Ho npu onpenenéHHbIX ycio-
BUSIX, KOTJJa HEOJHOPOIHOCTH CPEAbl HAXOAATCS HA paccTosHUAX ~ 1-10 MKM, Takue
HEOJHOPOJIHOCTH 00pa3yroT NTUPPAKIUOHHYIO PEHIETKY (IIPOXOASIIETr0 UM OTpaxa-
TEJIBHOTO TUIIA), B KOTOPOH MOKHO HEBOOPYKEHHBIM B3IJIAI0M HAaOIIOAaTh AU(PpPaK-
LU0 CBETOBBIX BOJIH. XOPOUIMM MPUMEPOM AUPPAKIMOHHON PEIIETKU OTpaXaTelb-
HOTo THna sBigercs quck DVD, B koTopom npu paccMaTpuBaHUM MOJ Pa3HbIMU YT-
JaMU yCUJIMBAIOTCS BOJIHBI Pa3HbIX JUIMH BOJIH.

PasznuyaroTcs qBa Bua qupakiuy CBETOBBIX BOJIH: AU pakumusa DpeHesi, Uiu
IUQPPAKIKS B pacXoAsiuxcs gydax, u Aupaxkuus @paynrodepa, uinm Aupaxius
B NIapaJUIEJIbHBIX JIydax.

B nepBoMm ciydyae Ha mpensTcTBHE NajaeT chepuyueckas WM IUIOCKask BOJIHA, a
IU(PpaKIMOHHAs KapTHHA HA0II0AaeTCs Ha DKpaHe, KOTOPBI HaXOIUTCs MO3au Ipe-
IIATCTBHSI HA KOHEYHOM PACCTOSIHUH OT HETO.

Bo BTOpoM ciydae Ha MpensTCTBUE MaJlaeT MIOCKas BOJNHA, a JU(PAKIMOHHAS
KapTHHa Ha0Jt01aeTca HA dKpaHe, KOTOPbI HaxoauTcs B (POKaJIbHOM MIOCKOCTH CO-
Ouparolieil TMH3bI, YCTAHOBJIEHHOM HA IMyTH NPOLIEAIIET0 Yepe3 NPEnsITCTBUE CBETA.

Jlanee MbI pacCMOTpUM MOJAPOOHO BTOpOU ciaydait — nudpaxuuro @paynrodepa.
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1.2.1. In¢ppaxkuus @paynrodepa Ha y3K0il JIMHHOM 1IeJIU B HENPO3PAYHOM
IKpaHe

Fo Fo

Puc. 1.9 Tudpaxius cBeTa Ha MIENH.

[TycTh Ha y3KyI0 JUIMHHYIO IIeNb (mupuHa menu BC = b) magaeT mo HOpMaiu
IUTOCKasi CBeTOBasi BoJIHA ¢ JuinHOU BoJiHBI A (Puc. 1.9). Benenctue 3toro kosieOaHust
BO BCEX TOYKaxX IIENU COBEPINAIOTCSA B OAHOU ¢aze. bynem cunrtaTh, 94TO BOJHA pac-
mpocTpaHsercs B Bakyyme (n = 1). 3a mienpio pacnosiokeHa ima3a (JI) ¢ pokycHbIM
paccrostauem f. Jludpakuronnas kapTHHa HaOmomactcs Ha skpaHe (D), KOTOPBIi
YCTaHOBJICH B (hOKaNbHOM 1tockocT TuH3bl. Ha Puc.1.9 nokaszana nudpakuus cBeto-
BOM BOJIHBI Ha mienu BC, rae ¢ — yroi qudpakiuu, WM yroji OTKJIOHEHHUS OT MPsMO-
JMHEWHOTO PACIPOCTPAHEHUS MAJAIOIINX BOJH, KOTOPBI MOXKET MPUHUMATH 3HaYe-
HUA OT — % 1o + g; Fy — nentp nudpakiiMOHHON KapTUHBI, T/I€ UHTEPHEPUPYIOT JTyYH,

yroin paudpakuud KOTOPHIX paBeH Hymo. B F, HaOmomaercs IEHTPaIbHbIN
nupakuuoHHbIN MakcumyM. [lapamnensubie ayun BM u CN, unymiye oT Kpa€B Lenu
ojl yrjioM audpakiuu ¢, coOUparoTcs JUH30M B (POKaTbHOW TJIOCKOCTU JIUH3BI
(moGounbIi pokyc F,).

Paccmotpum siyunt BM u CN, unymiye oT Kpa€B MIeNu Mo yriioM AU pakiuu @.
Kak BugHo u3 Puc.1.9, ontuueckas pa3HOCTh XOa BOJIH MEXKAY STUMHU JTydamMu A=
CD = bsing. Pa3o6béM 1iens Ha OJIMHAKOBBIE 30HBI B BUJIE TTOJIOCOK, TAPAILIEITHHBIX
pebpy B, npuuém BbIOEpEM MIMPUHY MOJOCOK TAKUM 00pa3oM, 4TOOBI pa3HOCTh X0J1a
MEKTy TydaMH U3 COCETHHUX MOJIOCOK Oblia paBHa A/ 2. ITocTpoeHHbIE TAKMM 00pa3oM
30HBI Ha3bIBAIOTCS 30HaMM DpeHeJIs.

Huco 308 Openenst Ny, YKIaIbIBAIOIIUXCS B OTBEPCTHE MO YIIIOM (0, PABHO:

A b-sin @ 2:b'sin g

Ny =7 / A/, 1 (1.50)

Bce 30HBI M31y4darOT CBET B PacCMAaTpUBAEMOM HAIIPABICHUHM C OJMHAKOBOM
aMIUIATY/I0U, MPUYEM KOJICOAHUs, BBI3HIBAEMbIE B TOUKE F, IByMs COCEAHUMHU
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30HaMH, TTPOTUBOIIOJIOKHBEI TI0 (a3e, T.€6 B3aUMHO racart Apyr apyra. [lostomy, ecnm

YHUCJIO 30H CDpeHeJ]H B OTBCPCTHUH 4E€THOE
2-b-sin ¢

T = 2k (1.52)
rae k = 1,2 ..., To U3Iy4eHHE OT BCEX 30H B3aMMHO KOMIIEHCUPYETCS U MO/ JaHHBIM
yriiom audpakiun @ Habmogaercs audpakiuonHaeii MuHIMYM. 13 (1.51) momygaem
ycioBue TH(PPAKINOHHOT0 MUHUMYMA:

bsingp = kA (1.52)
rae k = 1,2 ... nopsaok AMPpakiiMOHHOTO MUHUMYMa.

Ecnu uncno 300 @peHens HeYETHOE
2bsin @

2L = 2k + 1 (1.53)

rne k=1,2... , TO ogHa U3 30H HECKOMIIEHCMPOBaHa M TOJ JIaHHBIM YTJIOM
audpakuu @ HabmonaeTcs TUGPaKIIMOHHBI MaKCUMyM, COOTBETCTBEHHO k HOCHT
Ha3BaHUC TOPSIOK AudpaknuoHHoro makcumyma. M3 (1.53) mosnyuaem ycioBue
AuGpPaKUMOHHOI0 MAKCHMYMA:

bsing = (2k + 1)3 (1.54)
rae k = 1,2 ... nopsaok AuppakiimoHHOTO MaKCUMyMa.
®dopmyiet (1.52) u (1.54) seisiroTcs 6a30BBIMU JJIs PEIICHHS 3a/1a4 10 TU(paK-
uu OpayHrodepa Ha HIENH.
Pacnipenenenre MHTEHCHBHOCTH CBETa Ha dKpaHe MPH TU(PaKINK Ha IIETH T10-
kazaHo Ha Puc. 1.10.

P (0]

Puc. 1.10 Pacnipenenenne MHTEHCHBHOCTH CBETA Ha dKpaHe Npu Tu(pakiny Ha
LIEJIH.
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3.2.2. lu¢ppakums cBeTa HA OJHOMEPHOI TM(PPaKINOHHON peméTKe

i -

4 M

Puc. 1.11 Xon ny4eit B AMGpaKkurOHHON pemETKe.

OpHomepHas AudpakIMOHHAS penieTKa MPEJCTaBIseT CcOo0O0i CHUCTEMY U3
OompI10r0 yKciao N OIMHAKOBBIX MO MIUPHUHE U MapaJUIeIbHBIX APYT APYTY IIeleh B
JKpaHe, pa3fesI€HHbIX OJWHAKOBBIMU M0 IIMPUHE HEMPO3PAYHBIMU MPOMEKYTKAMHU
(Puc. 1.11). Ilycth a — mmpuHA HENPO3PAYHOTO MPOMEXKYTKA; b — MIUPHHA IIEIH,
Torna BenuunHa d = a + b, Ha3bIBaeTcs nepuoioM peméTku. O003HauuM [ — MUpUHY
TuGpaKkIMOHHON pemETKU, TOTa CBA3b Mexay [, d u N 3anumiercst hopMyioi

l=N-d (1.55)

[Tocne mudpakuMoOHHON PEMIETKU HAXOIUTCA JHH3A, B (POKATHHOM TMIOCKOCTH
KOTOpO#M Haxonutcs 3kpad. CregoBaTeNbHO Jydd, AU(PPArupoOBaBIIUE OT PEIIETKH
MoJI yIJIOM ¢, COWAYTCSA B OJIHOM TOYKE Ha skpane. Ilycth miockas
MOHOXpOMaTHUYECKast BOJHA C JUTMHOM BOJHBI A TIa1aeT Ha PEeIETKY 10 HOpMaJld, TOTAa
KoJieOaHMs BO BCEX TOYKaX IIEJIeH MPOUCXOIAT B OIMHAKOBOM ¢aze. byaem cuurars,
YTO CBETOBAs BOJIHA PAaCIPOCTPAHSIETCS B Bakyyme. Beraenum nyuu 1 u 2, ucxoasamux
OT JIBYX COCEIHUX IIENeH, pa3nenEéHHbIX TPOMEXKYTKOM d U TudparupoBaBIIie MO
yrioMm ¢ (Puc. 1.11). Toraa ontuveckas pa3HOCTh Xoaa A Mexy Jiydamu 1,2 Oynet
paBHA WX TE€OMETPUYECKON pa3sHOCTH Xoa Al:

A= Al =dsing (1.56)

ITocne npoxokIeHNs TMH3BI OTH JIy4H COMAYTCS B TOUKe M Ha 3KpaHe. DTH JIyuu
OyIyT yCUJIMBATh APYT Apyra €ciid Ha ONTUYECKON Pa3HOCTH MEKy HUMH YKJIabIBa-
eTcs 1enoe yncio JiuH BoiH A (cMm. 1.19). Takum oOpa3zom, MBI TIOJTydaeM yCJI0BHE
IJIABHBIX JU(PPAKIUOHHBIX MAKCUMYMOB TIPU TU(PPAKITUU CBETA HA PEIIETKE:

dsin@p = mA (1.57)
rnem = 0,+1,+2,... — HoMep TIaBHOTO AUPPAKIIMOHHOTO MAaKCUMyMa

Ha Puc.1.12 mnokazansl pacnpeseneHuss WHTCHCUBHOCTH Ha JKpaHEe TIpH
TuGpakiui MOHOXPOMATHYECKOW BOJHBI C JUIMHOW BOJHBI A. BumHo, 4To
HaMOOJIBIIYI0 HHTEHCUBHOCTh UMEET MaKCUMyM HyJieBoro nopsiaka (m = 0), uareH-
CUBHOCTb OCTAJIbHBIX MAKCUMYMOB YMEHBIIIAETCS MPU pocTe M.

22



-2 -1 0 1 2

Puc. 1.12 PacnipeneneHuss ”HTCHCUBHOCTU B TU(PAKIIMOHHOM CIIEKTpE.

JAuppakiuuoHHasi pelIETKA KAK CIEKTPaJbHBIN MPUOOp
[lycts Ha nU(pPaKIUOHHYIO PEMIETKY MaJaeT HEMOHOXPOMATHYECKUH CBET C
Pa3HBIMHU JJTMHAMHU BOJIH A u A,. YCIOBHE MaKCUMYyM B CIIEKTPE 1M-0TO MOPSIAKA TS
JUIMHBI BOJHBI A; U Ay3anumiercs B BUJE
dsingp; = ml, (1.58)
d sin @, = mA, (1.59)
Yurém, 4dro A, # A,, ciaemoBarelbHO U @ #* @,. OTClOIa cleayer, 4YTo
HEMOHOXPOMAaTHYECKHUI CBET MOCIE MPOXOXKICHUA TU(DPAKLIMOHHON pEeETKH OyneT
pa3zeNAThCA HAa OTJEIbHBIE CHEKTPAIbHbIC JIMHUU, HAXOMSIIUXCA B Pa3HbIX MECTax
skpaHa. Takum  o0pa3oMm, AUPpPaKUUMOHHAs  pemI€TKa  BBINOJIHSAET  POJIb
CIEKTPAJBbHOr0 NMpudopa MpH MPOXOXKICHUH Yepe3 He€ HEMOHOXPOMATHUYECKOIrO
CBETa C Pa3HbIMU JJIMHAMU BOJIH.

Pa3pemaromasi cnocoOHOCTh TM(PPAKIIUOHHON PelIETKI
Paspemaronieii crmocoOHOCTRI0 R 11I000T0 CIEKTPaIbHOTO MpHOOpa HA3BIBACTCS

BBIpAKEHUE

A
R=2< (1.60)

rae AA — MUHIMaITbHASI pa3HOCTh JUTMH BOJTH IBYX CTICKTPATbHBIX JIMHHUH, TPH KOTOPOM
9TH JIMHUH BOCIIPUHUMAIOTCS Pa3/ieNIbHO.

[lycts Ha nudpakMOHHYIO PEMIETKY MMajlaeT HEMOHOXPOMATHUYECKHI CBET C
JUTMHAMM BOJIH A;u A, ¥ TycTh pasHocTh AAd = A, — A4 Mexay A, u A, mana (4, =
A, = A), T.e. BBINIOJNHACTCA ycloBUe A4 K A.

Kputepuii Pajies niisa nudpakiinoHHOM peméTKu: CIEKTpaIbHbIC JTHHUT A u A,
OyIyT pa3penieHsl Ha IKpaHe, €CIIM MAaKCUMYM JUTHHBI BOJTHBI A; COBMAIAET C IEPBHIM
MUHAMYMOM JIJTHHBI BOJIHBI A,, @ MAKCUMYM JIJTHHBI BOJHBI A, COBIAAACT C TECPBBIM
MUHHUMYMOM JJTUHBI BOJTHBI A .

Ecmu ncrnonb3oBaTe Kputepuil Pasess, TO MOXKHO ITOKa3aTh, YTO CIIEKTPAIbHBIC
JUHUM Ay u A, OyAyT pa3pemieHbl Ha SKpaHe, €ClIu pas3peliarolias CrnocoOHOCTh
TuGpaKIMOHHON pemETKU R yIOBIETBOPSET COOTHOIIEHUO

R =mN (1.61)
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rae N — uucno meneit B JudpakMOHHON peméTKe; m — MopsiioK AUPPaKIMOHHOTO
MaKCUMyMa.

dopmyna (1.61) onpesenser MUHUMAIbHYIO pa3pelIaroIIyi0 CIIOCOOHOCTD s
3amaHHbIXx AA U A, mpu Oonpmmx R pasperieHue 3aBeOMO OyAeT JOCTUTHYTO,
MO3TOMY KPUTEPUN pa3pelIeHus ABYX CIEKTPaIbHBIX JMHUNA MOKHO 3aITUCATh B BUJIE

CICOYOMCTIO HCPABCHCTBA

mN > = (1.61a)

W3 ycnosus (1.61a) MoskHO 3amucaTh paBEeHCTBO, KOTOPOE TIO3BOJISICT BEIYUCIUTh
MUHUMAJIbHYIO PA3HOCTh JJIMH BOJIH AA NIBYX CHEKTpajdbHBIX JIMHUN, KOTOPbIE MOTYT
OBITH pa3perieHbl JaHHOW PEmETKONW ¢ KOJWYECTBOM mieneii N B cHekTpe M — ro
nopsiiKa.

1.3. llonsipu3anusi CBETOBBIX BOJIH

IHoasipu3anmeii cBeTa Ha3bIBAIOT MPOLIECC BBIACIECHUS KOJEOAHUN OJHOTO
HAIPaBJICHUSI CBETOBOTO BEKTOpa M3 BCEro MHOroooOpasus ero kosneOanuii. Ecrte-
CTBEHHBII CBET — 3TO CBET, UCXOMSIINNA OT €CTECTBEHHBIX MJIM MCKYCCTBEHHBIX HC-
TOYHUKOB (JIaMITbl HAKaJIMBAHUSI, COJIHIIE, CBEUHU, KOCTED U IIpP.), B KOTOPOM CBETOBOM
BEKTOp COBEPILAET KOJEOAHHS BO BCEBO3MOXHBIX HAIPaBICHUSAX C OJUHAKOBOW WH-
TEHCUBHOCTBIO. TaKoW CBET HA3bIBAECTCSA HENMOJAAPU30BAaHHBIM. CyIIECTBYIOT CIICLIH-
anbHbIE TPUOOPHI, KOTOPBIE MO3BOJISIOT BBIACIUTh U3 HEMOJSIPU30BAHHOIO CBETA Ta-
KYIO CBETOBYIO BOJIHY, B KOTOPOM CBETOBOU BEKTOP COBEpILIAECT KOJEOAHUS TOJBKO B
OJIHOM CTpPOTO 3a/JIaHHOM HaripaBjieHuu. Takue npruOopbl HA3bIBAIOTCS MOJIAPU3ATO-
pamu.

Tl
iy

[Homsapuzarop

Puc. 1.13 [Monyuenne TMHEWHO MOJIIPU30BAHHON CBETOBOI BOJIHBI M3 HEMOJISAPH-
30BaHHOT'O CBETA.
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B nonsipuzaTope MoxHO BeiaenuTh HanpasiaeHue OO, BA0Ib KOTOPOTo OyIeT Ko-
ne0aThCsl CBETOBOM BEKTOP BOJIHBI, MpoleAiei yepes nmosspusatop (Puc. 1.13). D10
HarnpasieHrne OO Ha3bIBaeTCs ONTHYECKOH 0CbI0 moJiapu3arTopa. [lnockocTs, npo-
BeJ€HHas yepe3 ontuyeckyto ocb OO u nyd, BRIXOASIINNA U3 MOISPU3aTOpPa, Ha3bIBa-
€TCSl MJIOCKOCThI0 MOJSAPU3ANMN WIH IJIOCKOCTHIO KoJebanuil. Takum oGpazom,
CBETOBOI BEKTOP B CBETOBOM BOJIHE, BBIXOAIICH U3 Moisipu3aTopa, OyaeT konedaTbes
napajijiesIbHO TIOCKOCTH MOJsipu3anuu. Takasi cBeTOBasl BOJIHA HA3bIBACTCS JTMHEIHO
MOJIIPU30BaHHAs WU TIOCKO TMOJISIpU30BaHHas BoyiHA. CBETOBBbIE BEKTOPHI, MEPIEH-
IUKYJISpHBIE TUIOCKOCTH MOJISIPU3AlliY, TOTJIOUIAI0TCS MOoIspu3aTtopoM. B kadectse
MOJISIPU3aTOpa UCTONB3YIOT: 1) MIacTWHKM, BEIpEe3aHHBIC U3 MPUPOIHBIX KPUCTAILIOB
(TypManuH, UCIAHACKAN MIIAT U Jp.); 2) MIEHKA moyspons] (MIpencTaBisieT U3 ceds
TUTACTUKOBYIO TUIEHKY ¢ BKPAIUICHHBIMU B HE€ KPHCTAIaMH TepanaThuTa).

B B0JIHOBO# ONTHUKE BBIACISAIOT HECKOJIBKO TUIIOB MOJIsipu3aluu: 1) TMHEeHO 1o-
JSpU30BaHHASA BOJIHA; 2) YACTUYHO MOJISIPU30BaHHAs BOJIHA — 3TO BOJHA, B KOTOPOM
Kosie0aHusl OHOIO HAaNpaBJIeHUsI IPeo0IagatoT Haj KojIeOaHUsIMU JIpYroro HarpasJe-
HUS; 3) SJUIMIITUYECKU MOJISIPU30BaHHas BOJIHA — 3TO BOJIHA, B KOTOPOIl CBETOBOM BEK-
TOP BPALLAETCS [0 AJLIUIICY BOKPYT HalpaBJICHUS CBETOBOIO J1yda; 4) IUPKYISPHO I0-
JSIpU30BaHHASA BOJIHA — 3TO BOJIHA, B KOTOPOI CBETOBOM BEKTOP BpallaeTcs M0 OKPYXK-
HOCTH BOKPYT HalpaBJeHUs] CBETOBOTO JIy4a.

CreneHp mosisipu3anu CBETOBOM BOJIHBI.

[TpomycTHM YacTHYHO MOJIIPU30BAHHYIO BOJIHY uepe3 nossipusatop (Puc. 1.14).
Ecnu HauaTh Bpaate NOJIPU3aTOP OTHOCUTEIBLHO OCH, POXOSAIIEH Yepe3 CBETOBOM
Jy4, TO MHTEHCUBHOCTh CBETA Ha BBIXOJIE U3 MOJISIpU3aTOpPa OYAET MEHATHCS OT L4y
10 Lyin. HTEHCHBHOCTD OyaeT MakcuMaibHa (1,4, ), Koraa ontudeckas ocs OO Oy-
JeT MapajuielibHa MaKCUMAJIbBHOMY CBETOBOMY BEKTOPY E}y, 4, BO BXOISIIIEN CBETOBOU
BOJIHE, UHTCHCUBHOCTh OyaeT MUHUMANbHA (I,,;,), Koraa ontudeckas ock OO Oyner
MEPIEHANKYJIIPHA MAKCUMAJIbHOMY CBETOBOMY BEKTODY Ly, W HAPAIUIEIBHA MUHU-
MaIIbHOMY E, i, . CTENEHBIO MOISpU3aMy CBETOBOW BOJIHBI Ha3bIBAETCS BBIPAKECHHUE:

P = Imax—Imin (1 62)
Imax+Imin
N3 (1.62) cnenmyror yacTHbIe ciydau: 1) JHMHEWHO MOJISIpU30BaHHAs BOJHA

(Imax # 0; Lpin = 0); P = 1; 2) ecrectBernblit cBeT (Iyqx = Imin); P = 0. B ciiyuae
YaCTUYHO NOJISIpU30BaHHOrO cBera 0 < P < 1.
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Emin

v

Puc. 1.14 [IpoxoxKaeHrue 4aCTUYHO MOJISIPU30BAHHON BOJHBI Uepe3 MOJspU3aTop.

3akon MaJuroca

[IponycTUM €CTECTBEHHBIN CBET C HHTEHCUBHOCTBIO [, 4EpE3 CUCTEMY ABYX IIO-
asipusaropos (Puc. 1.15). [epBeiit nossipuzatop o6o3Hauum I1 (ossipusatop), BTOpoit
A (ananmuzartop). O6a monsipuzaTopa MnapavieabHbl IPYT APYTY, OJHAKO ONTHYECKas
OChb aHanu3aTopa A MOBEPHYTa OTHOCUTEIBHO ONTHYECKOH ocu mosspusaropa 11 Ha

yroi ¢.

A 4
v

Puc. 1.15 I1 — nonsipuzatop, A — aHanu3arop, le — MHTEHCUBHOCTH CBETA €CTECTBEHHOM
KOMITOHEHTHI, lo — MHTEHCUBHOCTh CBETA, BBIXOJSIIETO U3 MossipuzaTopa, | — uHTeH-
CHUBHOCTb CBETA, BBIXOAIIETO U3 aHATIN3aTOPa.

EcrectBeHHbIl cBET nocie npoxoxaeHus nosspusaropa (I1) cranoBuTcs miaocko
MOJISIPU30BAHHBIM C MHTEHCUBHOCTBIO [, MOCIIe TPOXOKIAEHUS aHanu3aTopa (A) uH-
TEHCHUBHOCTh cBeTa cTaHoBUTCA [. Takum 00pa3om, Ha BXOJl aHaIM3aTOpa MajaeT
TJIOCKO TOJISIPU30BaHHAsI CBETOBAs BOJIHA, IUIOCKOCTH MOJSPU3ALNU KOTOPOU COCTaB-
JISIET YTOJI ¢ C TUIOCKOCThIO KoyieOaHuii ananu3aropa. UHTeHCUBHOCTH cBeTa | Ha BbI-
XOJI€ U3 aHaJIM3aTopa ONpeNEsaeTCs M0 3akoHy Mantoca:

I =1I,cos? ¢ (1.63)
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B (1.63) MBI He y4iIH, YTO YacTh MHTEHCHBHOCTH CBETOBOI BOJHBI MOYKET Te-
pATBbCA B pe3ynbTaTe noraomenus. ITycts k — kod(p(HUIMEHT MOITIOMEH)S aHAIH3a-
TOpa, KOTOPBI YUUTBIBAET 3TH HOTEPH, TOIa 3aKOH MaJlioca 3alUIIeTCs B BHJIE:

I =1,(1—k)cos?¢ (1.64)

[puBenénnas (GopMysa MOKA3bIBAET CTENEHb OCIAOJIEHMS IOJIAPH3OBAHHOIO
CBETa JIO M [OCIIE aHAIM3aTopa. A KaK CBA3aHbl HHTEHCUBHOCTH MCXOJHOTO €CTECTBEH-
HOTO CBeTa le 0 MoNMsIpU3aTopa M MHTEHCMBHOCTH MOJISPU30BAHHOIO cBeTa lo moce
Hero? [TockoIbKy HOISPU3ATOP U3 IBYX PABHOIPABHBIX IIPOEKIHI CBETOBOrO BEKTOPA
OJIHY HOTJIOMIAET MOJHOCTHIO, @ BTOPYIO IIPOIYCKAET ¢ KO3()(PUIMEHTOM HOTIOMIECHHUS
K, TO MOKHO 3ammucaTh

Iy =51 -k, (1.65)

Houasipu3zauus cBeTa NpU OTPAKEHUM OT AUIJIEeKTPUKA. 3akoH bprocrepa
[TycTh ecTeCTBEHHBIN CBET [, MaaeT HA TPAHULY pa3feia IBYX AUICKTPUKOB C
MoKa3aTesIMH MPEJIOMJICHHS Ny U N, (Puc.1.16).

L -

M

2

Iep

Puc. 1.16 Ionsipuzanus cBeTa npu OTPAXKEHUU OT TUIJICKTPHUKA.

bprocrep mokasai, uto ecnu yroa nageHus ¢ # 0, To OTpaKEHHBIA [y, ¥ TIpe-
JIOMIIEHHBIH [y, JTyuu OyIyT 4aCcTHYHO TOJSPU30BaHHBIMU. B oTpaxénHOM syde Oy-
OyT mpeoOnafaTh KoJieOaHUs, MEPHEHAMKYJSAPHbIE MIOCKOCTH NaAeHUs (YepHbIe
touku, Puc. 1.16), B nperomi€HHOM Jyuye — MapajulesibHblEe TUIOCKOCTU TNafeHUs
(ctpenku, Puc. 1.16). Ilpu onpeaenéHHOM yriie MajaeHus, KOTOPbI HOCUT Ha3BaHUE
yroa Bprocrepa (¢gp,), OTpakEHHBIA JIyd OyIET TIOJHOCTHIO MOISIPH30BAHHBIM, OCTa-
IOTCS TOJIBKO KOJeOaHusl MepreHANKYISPHBIC MIIOCKOCTU MaeHus, CTENEHb MOJIIPH-
saiuu styda P = 1. Crenens noysipusaluu MpeloMIEHHOTO Jiyda IPU @ = Qg OyeT
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MaKCHUMaJIbHA, HO 3TOT JIy4 OCTAETCSl YaCTUYHO noysipu3oBaHHbiMU P < 1. Yron bpro-
cTepa ONpeIENACTCS COOTHOIIEHUEM

tan @g, = Zz (1.66)

ny
rac nq —1IoKasarciib IMPCIIOMJICHH:A CPCAbI IIAAAI0IICTO JIyda, n, —I10Ka3aTcijib IIpCIOM-
JICHUs CPebl MPpeIOMIIEHHOTO Jiyya. [Ipy magenuun nyva nox yriaoM bprocrepa yrou

. o Vs
MEJTy OTPAKEHHBIM U TPETOMIEHHOM JTy4aMU PABEH — X IMECT MECTO COOTHOIIEHHE!

¢6p+¢=§-

JABoiiHOe JyuyenpesomiieHue B kpuctauiax. [logydyenue 3yuiMnTu4ecku mo-
JISIPU30BAHHOM CBETOBOM BOJIHBI.

[Ipu OOBIYHBIX YCIOBUSX Ta3000pa3HbIC, KUIKUE U aMOP(HBIE TUAJICKTPUKHU SIB-
JSFOTCS ONTHUYECKH M30TPONMHBIMU cpeaamu. OQHAaKO B MPUPOJE CYIIECTBYIOT KpH-
CTAUTMYECKUE NUAJIEKTPUKHU, KOTOPBIE O0JaJat0T ONTHYECKOM aHU30TPOINUEH. ITO
03HAYaeT, 4TO a0COJIFOTHBIE TOKA3ATENH MPETOMIICHHS] B TAKMX KPUCTAIIaX OyayT pas-
JIMYHBIMU TI0 Pa3HBIM HaMpaBJICHUSAM. [JI1 TaKOro poaa KpUCTAUIOB BO3HUKAET SIBJIC-
HHE, KOTOPOE MOJIYYWIO Ha3BAHUE ABOHOE JIyYenpeJOMJICHHE.

O

AY
\
\

I €CT

\
\
\

O

Puc. 1.17 SIBnenue ABOMHOTO JydenpeoMIICHUS B KpUCTaJlIaX.

Oto siBeHue nokazano Ha Puc. 1.17. Ha nmoBepXxHOCTh KpucCTaJla MajacT ecTe-
CTBEHHBIHN CBET [, KOTOPBINA pa3nensieTcs Ha JBa Jy4ya: OObIKHOBEHHBIN TyY I, U He-
OOBIKHOBEHHBIH JTy4d [,. DTO MPOUCXOTUT MMOTOMY, YTO MOKA3aTEIH MPEIOMIICHUS AJIs
JaHHBIX Jyded paznuuHbl. Ilycth n, — mnokaszartenb NpesioMiIeHUs OOBIKHOBEHHOTO
Jay4a; N, — MOKa3aTelb MPEeJOoMIICHUSI HEOOBIKHOBEHHOIO JTyda, TAKUM 00pa3oMm:

n, * N (1.67)
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B kpucramie MOXHO BBIAEIUTh oNTHYECKYI0 ocb OO. Ontuyeckoi oChlO0 Kpu-
CTaJljla Ha3bIBAC€TCs HAIIPaBJICHHE, BAOJIb KOTOPOI'O CBETOBOM JIyd paclpoCTpaHsieTcs,
HE UCIBIThIBas ABOMHOTO JydyenpenomieHus. OnTudyeckas ochb HE SIBISETCS 0COO0H
OpsIMOM JIMHUEH B KpHUCTAJLJIE, OHA JIMIIb XapaKTepU3yeT U30paHHOE HaIlpaBJICHUE B
KpUCTaJJIe U MOXKET OBITh MPOBEJIEHA Yepe3 JI00YyI0 TOuKy kpuctaia. [IpupogHbie
KPUCTAJIbI OBIBAIOT ABYX THUIIOB: a) OAHOOCHBIE — UMEIOT OJIHY ONTHYECKYIO OCh (HC-
JAHCKUH LITIAT, KBapll, TYPMaIH); 0) IBYOCHBIE — UMEIOT JIBE ONITUYECKHUE OCH (THIIC,
ciroza, Tonas). B panpHeiineM Mbl OyzieM paccMaTpuBaTh TOJIBKO OJHOOCHBIE KpH-
cTajuibl. BBe1€EM NOHATHE IMIABHOM IIIOCKOCTH OJJHOOCHOTO KPUCTAILIA, 3TO TUIOCKOCTh
MpOXOoJsilas yepe3 najaromui nyd I,.. u ontuyeckyo ock OO.

Paznuuasch o nokasaresnsiM MpeoMieHus, Iyduu I, 1 [, UMEIOT pa3IudHylo Mo-
nspuzannio. OHM 00a TUHEHWHO MOJSPU30BAHbI, HO MO Pa3JIUYHBIM HaIMpaBICHUSIM.
CBeTOBOI BEKTOpP B OOBIKHOBEHHOM Jiyde [, HampaBieH MEPHEHIUKYISIPHO TIaBHOM
mockoctu (4epHnie Touku, Puc. 1.17), a B HECOOBIKHOBEHHOM J1yue [, mapaiesibHO
TJIaBHOM IJIOCKOCTH (CTpenkH, Puc. 1.17). OTMeTHM 0COOCHHOCTH THX Jiydei. OOBIK-
HOBEHHBIN JIyd [, MOJUYHUHSIETCS BCEM 3aKOHAM IeoMeTpuYeckoi ontuku. Uro kaca-
eTcsl HEOOBIKHOBEHHOT'O JIy4a [, TO OH HE MOAYHUHSETCS 3aKOHY MPEJOMIICHHS CBETA,
a B CIyyae HOPMaJbHOIO INMAJEHUS Ha KPUCTAJI OH HE NPEJIIOMIISIETCS TOJIBKO B JBYX
Cllydasx: a) €CJIM CBETOBOM JIyd paclpocTpaHsieTcs BJIOJIb ONTUYECKON ocu; 0) eciu
CBETOBOM JIy4 paclpoCTpaHsIeTCs NEPIEHAUKYISIPHO ONTUYECKOU OCH.

PaccmoTpum citywait, koraa ontuueckas ocb OO napaiesibHa rpaHu KpUCTAILIA,
a 1y4 I, QST 0 HOPMAJIM Ha MOBEpXHOCTh kpucTaia (Puc. 1.18). B atom cityuae
CBETOBOH JIyd pacnpoCTpaHseTCs NEPHEHAUKYJISIPHO ONTUYECKOM OCH W IPOCTpaH-
CTBEHHOTO pa3/ieleHus] OOBIKHOBEHHOTO M HEOOBIKHOBEHHOTO Jyya HE MPOUCXOJMT,
HO TIOCKOJIBKY M, # Mg, TO ONTHYECKAs JJIMHA MYTU KaXJI0ro U3 Jyyed Oyner pas-
JMYHA, CJEeI0BaTEIbHO, BOZHUKHET ONTHYECKasl pa3HOCTh X0Ja MEXAYy OOBIKHOBEH-
HBIM 1 HEOOBIKHOBEHHBIM JIy4aMH.
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Puc. 1.18 INonyuyeHue 37UTMNTHYECKU TOISPU30BAHHOMN BOJTHBI TIPH TBOITHOM JIy-
YEIIPEIIOMIICHUH.

OnTryeckas pa3HOCTh X0Ja Ha BBIXO/JIE U3 KpucTasuia (Touka A) MexX a1y OObIKHO-

BEHHBIM U HEOOBIKHOBEHHBIM JIy4aMU OMPEICTUTCS COOTHOIIICHUEM
A=L,—L,=n,d —n.d=d(n, —n,) (1.68)
rje d — reOMETPUYECKHUI MyTh KKIOTO U3 Tydeld B KpHUCTAJIC.

[TockonbKy OOBIKHOBEHHBIM W HEOOBIKHOBEHHBIN JTydd TOJIIPU30BAHBI BO B3a-
MMHO NIEPIEHIUKYJISIPHBIX HAMIPABJICHUSAX, TO B TOUKE A TIPOUCXOJUT CIOKEHUE JBYX
B3aMMHO TIEPICHIUKYIAPHBIX BeKTOpOB E, u E, (Puc. 1.18). CinenoBarenbHO, 4TOOBI
OTIPENIEINTh HAMpPABJICHUE PE3YIHTHUPYIOIIETO CBETOBOIO BEKTOPA Mbl JOJDKHBI HC-
MOJIB30BaTh YPaBHEHHUE JIJIS CJIOKCHUS B3aMMHO TIEPIICHIUKYJISIPHBIX KoJieOaHui. 3a-

MUILIEM 3TO ypaBHEHHUE B OOLIEM BUJE
2

2
X X .
=+ L 22 cosA® = sin?AD (1.69)
A2 B? AB

e X, Y — B3aMMHO TIEPIEHIUKYJISIPHBIC OCH BI0JIb KOTOPBIX COBEPIIAIOTCS KOJICOAHHS;
A, B — ammmuTyasl KonebaHUH COOTBETCTBEHHO BJIOJIb OCH X U Y; A®D — pa3HocTh (a3

MEXK]Ty KOJIeOaHUsAMU X U Y.

BriGepem och X BHOJb KOTOPOW COBEpIIAETCS KOJ€OaHHE CBETOBOTO BEKTOPA
0OBIKHOBEHHOTO Jiyya E,,, @ 0Ch Y BJIOJIb KOTOPOIl coBepIlaeTcsa KoieOaHue HeOObIK-
HOBEHHOTO Jiy4a E,,,, COOTBETCTBEHHO aMILIUTY/bI Konebanui ob6o3naunm E, u El,.

PaznocTh (pa3z Mex1y JTyyaMu B BOJTHOBOM ONTHKE PACCUUTHIBAETCS 10 hopmyJie
2
AD = kA= T”d(no —n,) (1.70)

2T
rac k = 7 — BOJIHOBOC YHCJIO, A— Pa3HOCTb XO04a MCXKAY JTydaMH. TOFJIa YpPaBHCHHC

(1.69) 3anmieTcst B BUE:
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2 2
Eor’ 4 Zey _ ploxley (o5 A = sin?Ad (1.71)
E, E, EoE,

B aHanmuTHYecKkol reoMeTpHr JT0Ka3bIBaeTcs, 4To ypaBHeHue (1.71) — 310 ypaBHEHHE
amurica. Takum 00pa3oM, CBET Ha BBIXOJIE U3 OJHOOCHOIO KpUCTaslIa JJisi HALIEro
mpuMepa B 00IIeM CTydae OKa3bIBACTCS IIMNTHYECKH MOJAPU30BaHHBIM. [To10u-
pasi COOTBETCTBYIOLIUM 00pa3oM TONIIHUHY KpHUcTallia d U COOTHOIICHUE MEXKITY aM-
wtynamu E, u E,, MOXHO MOJYYUTh IUPKYJISPHO MOJIIPU30BAHHYIO JUOO MIIOCKO
MOJISIPU30BAHHYIO CBETOBBIC BOJIHBI. KOHKPETHBIN pacu€T HA TUI MOJISIPU3ALIUU B OJI-
HOOCHOM KpHUCTaJlJie IpuBe€H B pasnene «[IpumMepsl pemieHus 3aaad Ha MOJsipU3a-
uuo» (mp.2).
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IIpuMepsl penieHus 32124 HA HHTEPhepeHInI0

Ipumep 1
B onwite FOHra npu paccrostHuu Ly oT HCTOYHUKOB 10 9KpaHa IIecTasi CBETJIas
noJioca (MHTep(EePEeHIIMOHHBIM MAKCUMYM My = 6 ) 3aHUMAET MOJIO)KEHHUE Y, OT IIeH-
Tpa 3kpaHa. Bo CKOJIbKO pa3 HyKHO U3MEHUTH PACCTOSHUE OT UCTOYHUKOB JI0 IKpaHa,
9TOOBI YeTBEpPTas TEMHas 1ojoca (MHTepPEPCHIIMOHHBIA MUHIMYM M, = 4 ) oKa3a-
Jach Ha TOM >K€ PAcCTOSHMM OT IIEHTpa dKpaHa, 4TO W IIecTas CBETIas mojioca B
npeabayeM paccMoTpeHud. OMbIT MPOBOAUTCS B BaKyyMe.
lano:
m; = 6 (max)
m, = 4 (min)
Y2 =W
=1

Pemenue:
Beeném obo3naueHns L — paccTosiHHE OT KOT€PEHTHBIX MCTOYHHKOB B OIIBITE
OHnra o skpana;
M — HOMEP IOJIOCHI;
Y — pacCTOsSTHUE OT IICHTpa 3KpaHa J0 IIEHTPa HAOII0JaeMOM ITOJIOCHL;
d — paccTosiHEE MEXTy UCTOYHHKAMU;
A — nyMHA BOTHBI U3ITyYCHHUSI.

U3 teopun (1.26) ciemyeT, IIst CBETOBBIX OJIOC MTOJIOKEHHE MAKCHMYMOB
LA
Ymax = m;, (1)

rae m=0,1,2,... — HOMep CBETOBOM IMOJIOCHI.
Jlnst TeMHBIX TI0J10C BBIOMpaeM opmyiy (1.27), Tak kak HOMEp MUHUMYMa COOTBET-
CTBYET HOMEPY TEMHOM IMOJIOCHI:

Ymin = (2m— 1) 2, 2)
rame m = 1,2,... 3mecb M — HOMep TeMHOM MMoockl. OTCUeT MPOU3BOAUTCS OT IICHTpA
skpana (Puc. 1.3). ITo ycrmoBuio
my = 6 (ceemnas nonoca), m, = 4 (memnas nonoca)

CrnemoBaTebHO TIOJIOKEHUE 1M, MAKCUMYMa.

LA
V1 =mlTll (3)

3anuieM MojJoKeHUue m, MUHUMYMa:
LyA
y2 = (2my; — 1) 22_d (4)
ITo ycnoButo 3agauu y, = y;, npupaBHuBaem (3) u (4):
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LA LoA
= 2my - D (5)
N3 (5) BeIpaxkaem 2—2
1
LZ . 2m1 2 ' 6 12

L, 2my—1 2-4—1 7

=171

OrTBer: 22 1,71
Ly

Ipumep 2
[Tpu nabmonenun xonen HetotoHna B orpakeHHoM cBete (Puc.1.6) paccmaTtpuBa-
eTcs KOJbLOo paguycoM 5.3 MMm. Pannyc KpuBHU3HBI JIMH3BI paBeH 18 M, 1JIMHA BOJIHBI
ceeta 450 HM. Mexny mIacTUHKOM U IUH30H Bo3ayX (N = 1). OnpenenuTs, Kakoe 3TO
KOJIbIO (TEMHOE WJIM CBETJIOE) M HOMEp Kojbla. Kakum cTaHeT paamyc 3TOro e
KOJIbIIA, €CIIA B 3a30p MEXY IUIACTUHKOW U JIMH30M HAJIUTH )KUJKOCTh C IMOKa3aTeIeM
npenomiieHuss n = 1,22 7
Hano:
T = 5,3-1073u
R =18 wm
A =450 um
n =122

HaijiTu:
max uaumin?m-—7?
Ty —?
Pemenue:
1) IIpenmonoxum, 4To HAOIIOAAEMOE KOJIBIIO TEMHOE, T.€. BBIITOTHACTCS YCIOBHUE
MuHuUMyMa. Torja paguyc konbla onpeaenurcs no ¢popmyse (1.49):

T = VMRA, (1)
rae m=0,1,2,... — HOMep TEMHOTO KoJibIla (00s3aTEILHO IIEJI0€ YHCIIO).
N3 (1) BbIpazum m:
_TH. _ (53%1073)%
m =z T 18%450+10~9 3,5 (2)

[TonydyeHHoe 3HaueHHEe M HE SABISCTCS IEIBIM YHCIOM, 3HAYUT, paCCMaTPUBAEMOE
KOJIBIIO HE MOXET ObITh TEMHBIM.
Paauyc cBetsioro xosbiia onpezenum mo gopmye (1.47):

T = \/(Zm — DR % (3)
W3 (3) BeIpa3um HOMEp KOJIbIIA:
_ (¥ 1 (5310752 .
m= (R/l + 1) 2= Cgasoros T D3~ 4 (4)
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3HauuT HAOIIOAAeTCS YETBEPTOE CBETIIOE KOJIBIIO.
Ecnu B 3a30p Mexay MIaCTUHKON M JIMH30M HAJUTh XKUIAKOCThH C MOKa3aTeseM
IpeJIOMJICHHUS N, TO pagnuyC 3aJIaHHOTO CBETJIOIO KOJIbLIA T;, Ompenensercs no ¢op-

MyJI€:
% (2m-1)AR 1
Tm:,/Tzrm'\/;- ()

rac r, — paauyc CBCTJIOro KoJjbla oe3 yducTa XUJIKOCTH.
[loacTaBnsieM YMCIICHHBIC 3HAUCHUS

rf=53-1073 /é =4.8-1073(m). (7)

OtBeT: HabIIOJAETCs YETBEPTOE CBETIIOE KOMBIIO ; 75 = 4.8 - 107 3.

IlpuMepbl penieHus 32124 HA THpaKINIo

Ipumep 1
[Imockass MOHOXpOMaTHYECKasi CBETOBAasA BOJIHA C JUIMHOW BOJHBI 600 HM HOp-
MaJbHO Ma/aeT Ha y3KYIO0 menb. JudpakiuonHas kapTuHa HAOJII01aeTCsl Ha DKPaHE ¢
MOMOIIIBIO JIUH3BI ¢ onTrueckon cuioi 2 Jlntp (Puc.1.19). Ha kakom paccTosHUM IpyT
OT Jpyra pacroyOKEeHbl CEPEANHbl MAKCUMYMOB IIEPBOTO U BTOPOIO MOPSAKA, €CIU
mMpuHa ey a pasHa 50 Mkm?
Hano:
1=600 um=6-107" m
D =2 /Inmp
m =1
m, =2
a =50 mxm=510" u

Havitu:
AX -7

Pemenne:
O0603HaYMM paccTOsSTHUE OT IIEHTPa PKpaHa J0 CepeArHbI TU(PPAKIIMOHHOTO MaK-

cumyMa X. Torna myxHo Haiitnt AX =X, —X,. 13 Puc. 1.19 BugHO, 9TO paccTOSHHUE X
MO’KHO HAfTH KaK KaTeT MPAMOYTOJILHOTO TPEYTOJIbHUKA, BTOPHIM KATETOM KOTOPOTO
ABISICTCS (DOKYCHOE PACCTOSIHHE JIMH3EI

x=F 9o,
rae ¢ — yron nudpakmun; F — hokycHoe paccTosiHuUE.
[TockonbKy yriiel Au(pPaKIUK MEPBOr0 U BTOPOTO MOPSIKA TOCTATOYHO Majbie, TO
MOYHO IIPHHSATH, 4TO SiN@ =~ tge
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Puc. 1.19 Jludpakius cBeta Ha IIEIH.

Cunyc yria audpakiygy onpeaeanM U3 yciaoBus HaOoaeHns MakcumymMa (1.54):
i A
asing = (2m +1)E
. A
sing=(2m+1)—
p=(2m+1)

cDOK}’CHO@ PaCCTOAHUC JIMH3BI OIIPCACIINM U3 €C OITUYCCKOM CHUJIBI:

-1
D
OHpe,Z[eJ'IHM ITOJIOKCHHC KaK10I'0 MaKCHUMYyMa
x=_1. (2m +1)i
D 2a
-7
X, =1~(4+1)L075=15.10*3 M
2 2.5-10
1 6-107
X ==-(2+1)———=9.10"°
1=5 25 5 1o "

Hckomoe paccrosinue
AX=X,—X, =6-10° m =6mum
OTBeT: paccTosTHUE MEXKTy MAKCUMyMaMH BTOPOTO U MIEPBOTO MOPSIAKA PABHO 6 MM.

Ipumep 2
CBeT OT HATPUEBOU JIAMITBI, COCTOSIIIUN U3 JIBYX CHEKTPAIbHBIX JIMHUA A, =
589 HM u A, = 589,59 HM, magaeT Mo HOpMaNKM Ha AUPPAKIHOHHYIO peméTKy. Pe-
IIETKA UMEET CIENYIOIINE IApAMETPBI: INIOTHOCTH TPUX0B N = 200 MM, mupuna | =
3 mm. Tlocne pemérkn HaxomuTes auH3a ¢ (HOKYyCHBIM paccrosiaueM f = 12 cm mis
MOJTYYCHUS] YCTOMYUBON TUPPAKITMOHHON KapTUHBL. B KakoM OmrpkaiimneM audpaxiu-
OHHOM TOpsZIKE M JaHHbIE JUHUM OynyT paspenieHsl? OnpenenuTs yroi audpakuuu
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¢Om U1 JaHHOTO Topsiaka. OnpenenuTh pacCTOSHUE X; OT IEHTpa dKpaHa JI0 CIeK-
TpaNbHOU JIMHUH A, JIJIS TAaHHOTO Topsiyika. ONpeaeuTh MpeAeIbHBI HOMEp AU(paK-
IIMOHHOTO MAaKCUMyMa My, KOTOPBIH MbI Oy1€M BUJIETh Ha SKPAHE U YTOJI AU(paKkIuu
Qnp MOCIEIHET0 MAKCUMYMaA.

lano:

Ay = 589 nuwu;

A, = 589,59 nm

n=200 mm?, | =3 mm.

f=12cm

Haiirn:
m—')(pm—7x1(/11)—7

Pemenmne:

Paccuntaem mepuoa mudpakmoHHONW pemeéTku d, NI 3TOTO BOCIOJIB3YyEeMCS

opmyiou (1. , B JAHHOM cliyyae [ = 1MM = M, N =n = MM .
dopmyioii (1.55) yuae [ = 1 1073M; N 200MM ™1

l 1073 _
d=—-= =5-10"°m (1)
N 200
Omnsate BocnosibdyeMcst hopmynoit (1.55), HO Tenepb MbI ONPEIETUM YUCTIO IIIe-

neit N Ha mpuHe peméTku [ = 3MM

! 31073

N ===>""0=600 ()

Omnpenenum maia naaHou 3amaydun A, AA. [Tockonmeky A; = A, = 589um, TO B Kaue-

ctBe A ymectHO B3s1Th 589 mm; AL = A, — A; = 0.59 um. Bocnons3yemces (1.61a) u

paccuuTaeM B KakoM JU(PaKIIMOHHOM MOPSAJIKE M TaHHbIE JIMHUK OyAyT pa3pelieHbl

1 589
m= AAN ~ 0.59:600 1.66 (3)

[TockonbKy m 00s3aTeNbHO 1eNoe, TO 0epéM Onrkaiiliee 1esnoe, yA0BIETBOPS-
roriee (3), 9To 2, TakuM oOpazoM m = 2. YT0a @ ONPEIeTUM U3 YCIOBHUS TJIABHBIX

nudpakmoHHbIX MakcuMyMoB (1.57):
: : mA _ 2-589-107°
d sin @ = mA; sing = — = ———— = 0.2356; ¢, = 13, 6° (4)
Bocnonwsszyemcs Puc.1.19, Tonpko Temneps BMECTO eI pacnoiaraercs AMQpakinoH-
Has pelIE€TKa, a Ha SKpPaHe Mbl BUJUM PACIOJI0KEHHUE IIaBHBIX AU(PPAKIUOHHBIX MaK-
cuMyMoB. 13 prucyHKa BUAHO, YTO PACCTOSIHUE X MOKHO HAUTH KaK KaTeT MPSMOYTOJib-
HOTO TPEYroJbHUKA, BTOPHIM KAaTETOM KOTOPOIO SIBIETCS (POKYCHOE pacCTOSHUE

JIMH3bI

x=f-tge )
r7e ¢ — yroa audpakium.
x, = f tge, =12-tg13,6° =29 cm (6)
Onpenennum m,,, — NpeAENbHBIA HOMEP AM(PPAKIMOHHOTO MAKCMMyMa, KOTOPBIH
MBI OyJIeM BUIETh Ha dKpaHe. JJis 3Toro onsTh Bocnojibdyemcs hopmynoii (1.57), BeI-
pas3uB OTCrO1a Sin ¢
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. mA
sing = — (7)
CuHyc Bcera MeHbIIe 1, cliejoBaTeIbHO, ITpaBas 4acTh B (7) Takke MeHbIe |
ma d 51076
—<luwmum<-=———-=238.48 (8)
d A 589107°
[TockonpKky m 00s13aTeIBHO IIEJI0e, TO MaKCUMAaJIbHOE IICJIOe TO 8, ClIeI0BAaTEABHO

m,, = 8. Yron 1y npeaenbHoro Au(ppakiuMoHHOr0 MaKCUMyMa @y, OTIPEIEITUM U3

(7)
. 10—9
sin gy, = 2 = 2200 = 0.9424; @y, = 70.46°

OrBer: m = 2; ¢, = 13,6%, x;, =29 cm; m,, = 8; @y, = 70.46°

IIpuMepsl penieHysi 33124 HA MOJISAPHU3ANMI0

Ipumep 1.

EcrectBenHsbIit cBeT criioi le ajaer mo HopMaan Ha OJISIPU3aTOP M aHAIM3aTOP
(Puc. 1.20). Yron Mexay TaBHBIMH IUIOCKOCTSIMH IOJIIPU3aTOpa U aHAIHU3aTopa COo-
crapiset o= 30°, a moryoIeHne CBETOBOro MyyKa B Ka)/J0M M3 HUX cocTapiseT 10%.
[Tocne mpoxoXkAeHUsI CUCTEMbI TTOJISIPU3ATOP — aHAJIU3ATOP, CBETOBOM My4YOK MajaeT
110 HOpMaJIK Ha 3epKajlo U, OTPa3UBIIUChH, BHOBb IPOXOJAUT YEPE3 CUCTEMY aHAIU3ATOP
— MOJISIPU3aTOpP B 0OpaTHOM HarpaBiieHuH. OnpeaenTh, CKOJIbKO MPOLIEHTOB COCTa-
BUT CHJIA CBETA, BBIIICAIIETO U3 aHAJIU3aTOpa |3, OT CUJIBI CBETA HA BXOJIE B MOJISIpU3a-
Top le.

1

TR

Puc. 1.20 I1 — monsipuzatop, A — aHanu3arop, 3 — 3epkao, l.— MHTEHCUBHOCTH CBETa
Ha BXOJIE B MOJIIPU3aTOP, |1 — MHTEHCUBHOCTB CBETA MOCIIE MPOXO0XKICHUS MOJISIPU3a-
Topa, |, — MHTEHCHBHOCTH CBETa, MAJAIOIIET0 Ha 3epKaio, |3 — cuia cBeTa BbIme -
IIEro M3 aHAJIM3aTOpa MOCIIe OTPAKEHHS OT 3epKaja, | — WHTEeHCHMBHOCTh CBETA BbI-
XOJISAIIETO U3 MOJIIPU3aTOpA.

Hano:
a=30%k=0,1
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Haiitn:
n = ;—3100%—?

Pemenmne:
[Tociie mpoXoXkIeHUsSI €CTECTBEHHOIO CBETA [, Uepe3 MOJIAPU3aToOp CHIIA CBETA HA
BBIXO/IE U3 MOJISIpU3aTOpPa PACCUUTHIBACTCS 110 (hOpMyIIe

1
L =>I(1-k) 1)

Cuny cBeTa BBIILIEIIEro I, U3 aHAIM3aTOpa PacCUUTaeM 1o 3aKoHy Maioca
L =1,(1—-k)cos?a = %Ie(l —k)2cos?a (2)

[Tocne oTpaxkeHHs OT 3epKajia MOJSpU3AIMI CBETAa HE U3MEHSIETCS, HO HEOOX0IUMO
Y4€CTh, YTO MPH MPOXOKACHUH aHAIU3ATOpPA OTPAKEHHON BOJIHBI OT 3€pKajia 4acTh
CBETOBOI 3HEPrUH MOIVIOLIAETCS aHanu3aTopoM. Iloaromy

Iy = LA —k) =L (1 - k)3cos?a 3)

Bripaszum u3 (3) BCKOMOE COOTHOILIEHUE 1], TTOTyIUM
I 1
n=-=-100% = - (1 —1)’cosa - 100% = 0,5-0,9% - cos*30° - 100%

I,
= 27,33%
Oteetr: 1 = 27,33%

IIpumep 2.

[TapannenbHbIi My40K CBETA C ITUHOM BOJTHBI A = 589 HM MajjaeT 1o HopMajH Ha
IJJACTUHKY U3 KPUCTAJlIa UCIAHACKOIO IINaTa B YETBEPTh JJIMHBI BOJIHBI NIEPIEHIU-
KyJsipHO €€ omruueckor ocH. [lokazatenu mpenoMieHus: AJis HEOOBIKHOBEHHOTO U
OOBIKHOBEHHOTO JIy4ei COCTaBIISIIOT COOTBETCTBEHHO 1,49 1 1,66. Onpenenuts: 1) mu-
HUMAJIGHYIO TOJIIIUHY IJIACTUHKH dp,; 2) ypaBHEHHE KOJieOaHUI CBETOBOTO BEKTOPa
JUTSL Tyda Ha BBIXOJE M3 IUIACTMHKU. OOOCHOBATh, KaKOW THUIT MOJIApU3ALMU OyaeT
HaOII0AAaThCs Y Jy4ya Ha BBIXOJE U3 MIACTHHKHU.

ano:
A =589 um;
n, = 1,66; n, = 1,49

Hajitu:

1)d,—?

2) ypaBHEHHUE KoJicOaHuit
CBETOBOI'0 BEKTOpa —?,

3) THII MOJISIpU3aLnn —?
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Pemennue:

PazpsicHenune. UTo o3HayaeT MIaCTUHKA B YETBEPTh JJIMHBI BOJIHBI? JTO O3HA-
YaeT, YTO NPOWJIS JaHHYIO IJIACTUHKY, HEOOBIKHOBEHHBIM M OOBIKHOBEHHBIN JTy4H
IpuOOpEeTyT Pa3HOCTh X012

A=1/,2. (1)
AHaJIOTUYHO, €CJU TUTACTUHKA B 1/ 2 A; 3/ 4/ ;A (IONOBUHY, TPU HYCTBEPTH, LEIYIO
JUTHHY BOJTHBI), TO PA3HOCTH X0J1a A MEKTy HEOOBIKHOBEHHBIM M OOBIKHOBEHHBIM JTY-
YaMH COCTABHT COOTBETCTBEHHO I / 2 A; 3 / 4 A;A.

1) Pa3HocTh X072 A MEXTy JIy4aMU PACCUMTHIBACTCA O hopMyJie

A=L, - L, (2)
rae L,, L,— onTrueckas JiuHA IMTyTH COOTBETCTBEHHO HEOOBIKHOBEHHOTO M OOBIKHO-
BEHHOTO JTy4a, KOTOpasi paCCYUTHIBACTCS 1O (hopmyJie

L=nl (3)
r7Ie N — aOCOJIFOTHBIN MMOKa3aTeNlb MPEJIOMIICHHS Cpenbl; [, — TeoMeTprudecKas JIInHa
mytH Jgy4da. st Hamtero cnyyas [, = d,;,,, mosToMy nosy4aem

Lo =nodp; Le = nediy; A= Ly — L, = (N, —Ne)dpy (4)

Yyutsias (1), monydaem 1/ g4 A=y —ne)dy, , orcrona onpenensieM  dy, — MHHH-
MaJIbHYIO TOJIIIMHY TIJIACTUHKH:

1,2 0,25 - 589
(n, —n,) 1,66 — 1,49
2) TlockoNbKYy Jy4d pPacIpOCTPAHSIOTCS TMEPHEHIUKYISIPHO ONTHYECKON OCH KpH-
CTajula, TO OHM UAYT BAOJL OJHOTO HAIMpPAaBJICHUS W B MECTE BHIXOAA M3 IJIACTHHKU
CKJIQZBIBAIOTCA MeEXay co0oil. [Ipnuém cBETOBBIC BEKTOpa B HEOOBIKHOBEHHOM W
OOBIKHOBEHHOM JTy4e KOJICOTIOTCS BO B3aMMHO TEPIICHIUKYISIPHOM HaIpaBJICHHH.
OTH KoJIe0aHUs CKJIAJBIBAOTCS, CIEI0BATEILHO, MbI JOJKHBI HCTIOJB30BaTh ypaBHE-
HUE IS CIIOKCHUS B3aUMHO TEPIICHIUKYIISIPHBIX KoJIeOaHUH. 3amuIieM 3TO ypaBHe-
HUE B 00111eM BHJIE

d, = = 866 um = 0,866 MKkM

2 2
%+%— Z%COSACD = Sin*A® (5)
7€ X, Y — B3aMMHO MEePIICHIUKYIISIPHBIC OCH BJI0JIb KOTOPBIX COBEPIIAIOTCS KOIeOaHuUs;
A, B — aMmmuTyasl Kojie6aHUN COOTBETCTBEHHO BJIOJIb OCHU X U Y; A@D — pa3HocTh (a3
MEXy KOJIeOaHUsIMU X U Y.

BriGepem och X BIOJIb KOTOPOW COBEpIIAETCS KOJeOaHHE CBETOBOTO BEKTOPA
0OBIKHOBEHHOTO Jiy4a E,,, @ 0OCh Y BJIOJIb KOTOPOI COBepIaeTcs KoieOaHne HEOObIK-
HOBEHHOT0 J1y4a E,,,, COOTBETCTBEHHO aMILIUTY /bl KojieOanuii o0o3nayum E, u E,.

Pa3nocTh a3z Mexkay TydaMu B BOJTHOBOM OINTHKE paCCUYUTHIBACTCS IO popmyiie

AD = kA (6)
rae k = 2771 — BOJTHOBOE YHMCJI0; A — pa3HOCTh X0J1a MEXKy JIydaMu; JJIS TIACTUHKY B

YETBEPTh IJIMHBI BOJHBI OHA PaBHA 1 / 4 /. Tonygaem
AD = kA=Z2 =T ©)

A4 2
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3anuieM ypaBHeHue (5) AJi HAIIETO caydast

2 2
Box” | Eey”

(8)
EO Ee EoEe
s . T V)
YuuTeIBas, 4To cos— = 0, a sin— = 1, nomyyaeM ypaBHEHUE KOJI€OaHUH CBETOBOTO

2 Eox Eey 2

T ,
COSE = Sin

N

BeKTOpa JJIL JIyI{a Ha BbBIXOJAC U3 IIJIACTUHKU

Eox” Eey2

-t —5 = 9)

E, E,
Vpasuenue (9) ecTb ypaBHEHHE DJUTUIICA, TIPUBEAEHHOTO K TIIABHBIM OCSM, TI03TOMY
PE3YILTUPYIOLIHMI CBETOBOM BEKTOP OYAET BPAIaThCs 0 DIUIMIICY, CIEI0BATENLHO,
HpH HpOXO}KI[eHI/II/I IINIACTUHKH B quBepTB JAJIMHBI BOJIHBI MBI HOHy‘II/IM DJIJNIUIITUYCCKHAU
HOHHPH?)OB&HHYI’O BOHHy.

Eox? | Eey®
Otser: 1) d,;, = 0,866 MKM; 2) -2~ + —2- = 1; 3) >JIMOTUYECKH HOJIAPU30BAHHAS
EO Ee
BOJTHA.
IIpumep 3.

YacTUYHO MOJIAPU30BAHHBIN CBET, COCTOSAIINN U3 €CTECTBEHHON M JIMHEWHO I10-
JISIPU30BAHHBIX KOMIIOHEHT, MajaeT Ha M0 HOpMalid Ha MOJSpU3aTop KO3 UIIMEHT
HOTJIONICHHS KOToporo paBeH 5% (Puc. 1.21). M3BecTHO, 9TO B YaCTHYHO MOJIIPU30-
BaHHOM cBeTe: 1) cuia cBeTa [, ecTeCTBEHHOM KOMIIOHEHTHI paBHa CHJIE CBeTa [, u-
HEWHO TOJIIPU30BaHHOM KOMIIOHEHTBI, a CWja CBeTa [; JIMHEHHO NOJISIPU30BAHHOU
KOMMOHEHTHI cocTaiisgeT 100 k1; 2) MII0CKOCTh KOJIeOaHUM JIMHEHHO MOJISPU30BaHHON
KOMITOHEHTBI COCTABJIAET yroi o = 45% OTHOCHTENBHO TJIaBHOM MIIOCKOCTH MOJNSAPH3a-
Topa. Onpenenute: 1) CTeNeHb MOJSAPU3AIMHA YACTUIHO MOJISIPU30BAHHOTO CBEeTa P; 2)
CUJIy CBETa [; Mociie noJIspu3aropa.

le + 1, 4

Puc. 1.21 IT — nmonspuszarop, le — cuma cBera eCTeCTBEHHON KOMIIOHEHTHI, |, — cuia
CBETa JUHEWHO TMOJIIPU30BAaHHOW KOMIIOHEHTHI, |1 — cuita cBeTa, BRIXOASAIIETO U3 T10-
TSI pU3aTopa.

Hano:

o =450

k =0,05;

I, =1, 1, =100 kx

Haiitn:
1)P-7;
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Pemenmne:

1) CTCHCHB HOJIHpH?)aHI/II/I OHpGI[GJ'I}ICTCH 110 q)OpMy.]Ie
_ Imax—Imin (1)

ImaxtImin

TA€ I a0, — MAKCUMAJIbHASL CHJIA CBETOBOW BOJIHBI I1OCIIE IPOXO0XKACHUS OJISIPU3ATOPA;
Lypin — MUHUMaJIbHAasi CHJIa CBETOBOW BOJIHBI IOCJIE MPOXOXKAEHUS MOJISIPU3ATOPA.
UrtoOsl onpeaenuts I, YCTAHOBUM MOJSPU3ATOP TaK, YTOOBI €r0 ONTUYECKAs OCh
ObLIa MapaJIeIbHO CBETOBOMY BEKTOPY JIMHEWHO MOJISIPU30BAaHHOW KOMIIOHEHTHI, TO-
rJa JJMHENHO MOJIIPU30BAHHASI KOMITIOHEHTA [; TOJIHOCTHIO MPOUJIET YEPE3 MOIApU3a-
TOp. YUTEM, UTO €CTECTBEHHBIN CBET BCETJa OcNadisieTcs B 2 pa3a MpH MPOXOKACHUH
noJisipu3aTopa. 3anuileM TENepb NOJIHYIO CHILYy CBETOBOW BOJIHBI [y, 4, TPH MIPOXOKIE-
HHUM TIOJISIPU3ATOpPa C YUETOM, UTO CBET YaCTUYHO MOTJIOMIAETCS B MOJISIPU3ATOPE

Inax = L +51)A—K) = I, +-1)A-K) =LA -k) (2
YroObl onpenenuTsb I, yCTAaHOBUM MOJSPU3ATOP TakK, YTOOBl €ro ONTHYECKAsl OCh
ObUIa TNEPIEeHIUKYJISIPHO CBETOBOMY BEKTOPY JIMHEWHO MOJIIPU30BAHHOM KOMIIO-
HEHTBI, TOTJa JUHENHO MOJAPU30BaHHAs KOMIIOHEHTA [; TIOJTHOCTHIO MTOTJIOTUTCS T10-
JSPU3aTOPOM, & €CTECTBEHHBIN CBET OciHabUTCs B 2 pa3a NpU NPOXOKACHUH MOJIAPHU-
3aTopa. 3anuIleM Tenepb MOJHYIO CUIY [y, CBETOBOW BOJIHBI ITPU MPOXOKIACHUH TO-
JAPU3aTOpPa € YYETOM, YTO CBET YACTUYHO IOTJIOMIAETCS B IOISAPU3ATOPE
Imin = 51.(1 = k) = 21,1 — k) (3)
[ToncraBum (2) u (3) B (1), mosnyyum
 Inax—Imin _ g (=0—3L0-K)
lmaxtlmin SLA-K+L(A-k)
ITpu pacuére I; ydTéMm, 4TO JTMHEUHO MOJAPU30OBAHHAS U €CTECTBEHHAS] KOMITIOHEHTBI
ocabJIsA0TCA NOASPU3ATOPOM TI0 pa3HOMY. EcTecTBeHHass KOMIIOHEHTa BCera 0ciiao-
asieTcs B 2 pasa, a npu pacuére ocyabJIeHuH JTMHEWHO MOJISPU30BAHHON KOMIIOHEHTBI
HE0O0X0IMMO UCIO0JIb30BaTh 3aKOH Maitoca
I =1,(1—-k)cos*a (5)
rae [ — cuita CBETOBOM BOJIHBI HA BBIXOJIE U3 TOJISIpU3aTOpa; [y — Cuia JIMHENHO MOJIs-
PU30BAHHOM CBETOBOI BOJIHBI HA BXO/€ B MOJSIPU3ATOP; & — YTOJ MEXY MIIOCKOCTHIO
KOJIeOaHM IMHEWHO TOJIIPU30BAHHON KOMITOHEHTHI M TJIABHOM TJIIOCKOCTHIO TOJISIPH-
3aropa.
3anuieM Ternepp NOJIHYHO CUITy CBETOBOM BOJIHBI ITPU MPOXOKIAECHUH NOJIIpU3aTopa

I, = L,(1 —k)cos?a + %Ie(l — k) =I,(cos?a + %)(1 — k) = 100(cos?45° +
0,5)(1 —0,05) =95 kx (6)

0,5 4)

Otser: P = 0,5; I; = 95 kx.

Ipumep 4.

Cocyn ¢ 6eH30JI0M 3aKPBIT CTEKISTHHOM (JIETKUI KPOH) KPBILIKOW, MPEICTABIISAIO-
el coboil mockomapaieabHyto miacTudy. CocyJl MOMEIIEH B CHOUPT ITHUIOBBINA
(Puc. 1.22). Jlyu cBeta, mpoxoAasiiuii 4yepe3 cnupT, NajaeT Ha cTekio. Kakos yroiu oT-
PaKEHHsS CBETA OT CTEKJISHHOM KPBIMIKU (yrp, €CIU CBET, OTPAXKEHHBINH OT OEH30I1a,
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SBJISICTCSI MAKCUMAJTHHO TOJISIPU30BaHHBIM? Petienne 00s3aTeIbHO CONTPOBOXKAATh PH-
CYHKOM, Ha KOTOPOM MOKa3aTh X0 Iy4er. (Neemson = 1,504, Nerexna= 1,52, Nemupr = 1,354).

lano:
N6enson = 11504
Nerexna= 1152

Nermpr = 1,354

Haitu: ay,—?
Pemenne:
Xom Jydel B pa3IMUHbIX cpeaax (CnupT, cTeksio, 0eH30i1) moka3an Ha Puc.1.22.

CTEKIJIO

BEH30JI

Puc. 1.22 Xon nydeii B pa3inuuHbIX Cpefax: CIUPT, CTEKIIO0, OSH301.

PaccmoTpum xop Jydelt Ha TpaHuIle cnupT-cTekio. Jiyd 1, magas Ha rpanuiy pasnena
CHHPT-CTEKIIO MOJ| YTJIOM (ppay, YACTHYHO OTPAKAETCS (JIyd 2) MO YITIOM gy, Ya-
CTUYHO TIPEJIOMIISIETCS B cTeKIIe o yriaoMm f (iiyd 3). Ham HY>KHO HalTH yros oTpa-
KEHUSI JTyda 2 OT CTEKJITHHOM KPBIMIKH X orp. Mcionb3yst mpasuiio Nel reomerpude-
CKOM OTTUKH: YroJl MaJeHUusl = yrj1y OTpaKeHusl,
MOJTy4aeM

Anag = Aop (1)
Taxum 00pasom, Au1s OTBETa B JAHHOM 3a/1a4€ HAM HYXKHO HAHTH (A, ;. 3aIMIIEM 3aKOH
IIPEJIOMIIEHUS CBETA HA TPAHUIIE CIUPT-CTEKJIO:
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sin Onag __ Ncrekn (2)
sin B Nenupr

U3 (2) BoIpaxkaeM sin
sin ay,, = Zeret 6in B (3)

COUPT
Takum 006pa3om, HaM MIPEACTOUT OTPECTUTH Sin 5.
PaccmoTpum X0/ mydei B CTEKIJIe U Ha TpaHUIlE CTeKI0-0eH30i1. [IpenomMnénubrit

Jy4 3 MOJ yIJIOM @ TMajaeT Ha FpaHully cTekiio-6en3ou. M3 Puc.1.21 BugHO, 4TO yIiibl
[ 1 @ paBHBI MEXKIY COOOM KaK yribl HAKPECT JIeKAIlUe MPU MapajuIeIbHbIX MPSIMbIX
(maHHBIC TIPSIMBIE MPEACTABIAIOT COOOM HOpMAaJM K TpaHULIaM paszjena Cpeld CIUpT-
CTEKJIO U CTeKJI0-0eH30i1). Clie10BaTebHO:

B=9 (4)
Emé pa3 ucnons3zyem npasuiio Nel reoMeTpuieckoil ONTUKU Ha TpaHUIIE CTEKII0-0eH-
30J1, TOJTy4aeM:

P = QPop ()
[TockosbKy Jy4 4 OTpak€HHBIN OT OE€H30J1a SIBISETCS MAKCUMAJILHO MOJISPU30BaHHBIM,

TO g, ABIACTCA YoM bproctepa. Mcnonb3ys 3akon (1.66), nomydaem:
tan @g, = —2 = 12 — 0.9894; ¢ = arctan0,9894 = 44,7° (6)

nCTeKJI 1’52
VYuuteiBas (4) u (5), nonyyaem:

= 44,7° (7)
Ncnone3ys (3), nonyyaem:
SIN @y = 22 sin f = = 5in 44,7° = 0,7896; tya, = arc'sin 0,7896 = 52, 2°

Nenupr

YuureiBas (1), monyyaem: o, = 52, 20,
OTBeT: @y, = 52,2°.
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2. OCHOBBI KBAHTOBOM TEOPUU SJIEKTPOMATHUTHOI'O
N3JIYYEHUA

2.1. KopnyckyJisipHO-BOJIHOBOM 1yaIu3M

K koniy 19 Beka B Hayke OKOHYATEIBHO YTBEPUIIOCH MPEICTABICHUE O CBETE,
KaK 00 3JIEKTPOMAarHuTHBIX BosiHax. OIHAKO BOJTHOBAsl TEOPUsS CBETA HE B COCTOSIHUU
ObL1a 0OBACHUTH U3TYUCHHE aOCOIIOTHO YEPHOTO Tella, a TAK)KE BEIOMBAHHE AJIEKTPO-
HOB U3 METAJUIOB IO IEUCTBHEM CBeTa ((PoTOoINeKTprIecKuil 2P heKT).

bnaronaps paboram Makca Ilinanka n AnpOepta DiiHIITelHA 3Ta Ipobiema Oblia
pemieHa. MIx MOHO Ha3BaTh aBTOpaMu KBaHTOBOW TeopuH cBeTa. CoriacHo 3ToH Teo-
pUH, CBET MPEACTaBIACT COOOM MOTOK 4acTUll — (POTOHOB (KBAHTOB), 00JIaAIOIIUX
sHeprueil u umnynascoMm. IIpu B3aMMOJEHCTBUM C BELIECTBOM (POTOH NEPEIAECT MY
SHEPTHUI0 U UMITYJIbC.

CoBpeMeHHas HayKa MPU3HAET, YTO CBET 00J1a/1aeT IBOMCTBEHHOCTHIO CBOICTB,
TaK Ha3bIBa€MbIM KOPIIYCKYJISIPHO — BOJIHOBBIM Jyaau3MoM. BoiHoBbIe cBoiicTBa Ipo-
ABJISIIOTCS IIPU PACTIPOCTPAHEHUM CBETA, a IPU B3aMMOJECHCTBUU C BEIIECTBOM — €TI0
KOPITYCKYJISIPHBIE CBOMCTBA, T.€. CBOMCTBA YacTUL. CTpPOroe Hay4YHOE OMMCAHUE ITUX
CBOWCTB JJa€T COBPEMEHHAsI TEOPHS — KBAHTOBAsI MEXaHUKA.

2.2. TensioBoe U3J1y4yeHue

N3nydyeHnnem Tei Ha3bIBA€TCSl UCITYCKAHUE TEJIaMU B OKPYIKAIOIIEE MPOCTPAHCTBO
AJIEKTPOMArHUTHBIX BOJH. M3iydeHne, BOSHUKAIONIEE 34 CUET BHYTPEHHEW DHEPruu
T€JI, TO €CTh BCIIEICTBUE TEIJIOBOTO JBUKEHUS aTOMOB U MOJIEKYJI, BXOJSIIUX B COCTAaB
M3JIy4Yarollero Tea, Ha3bIBaeTCs TEIUIOBBIM WIIM TEMIIEPATYPHBIM. TennoBoe u3iyue-
HUE UMEET MECTO MPH JIOOBIX TEMIIEpaTypax Tell.

COBOKYIHOCTb JIJTUH BOJIH, BXOJSIIUX B COCTaB M3JyYCHHS, HA3bIBACTCS CIEK-
TPOM HU3JIydeHUs. TErI0oBOE U3ITYUYEHUE TBEPBIX U KUJIKUX TEI CONEPKUT BCE ITUHBI
BOJIH OT 0 10 c0. [To3TOMY CIEKTp TEMIOBOT0 U3TyUYEHHS TBEPABIX U KUIKHUX TEJ HA3bI-
BAETCS CIUIOIIHBIM.

J17151 KOMMYEeCTBEHHOM OIIEHKH CIIOCOOHOCTH TeJIa UCITYCKAaTh CBET OMPEICIICHHOM
JUTMHBI BOJIHBI A TP HEKOTOPOM Temmeparype 7 BBOIWUTCA (pu3uyecKas BEIMYWHA —
U3JIy4aTeNbHas CIOCOOHOCTS 7 7. HacTo 3Ty (GU3MYIECKYIO BEIMYMHY HAa3bIBAIOT CIIEK-
TPaJIbHON TUIOTHOCTBIO DPHEPTETUYECKON CBETUMOCTHU. Temmeparypa MOXKET ObITh U3-
MepeHa 1o 1mkaie Lenbcus (0603HaunM eé 3Hauenue kak t°) u mo mkane Kenpsuna
(T). CBs13b MKy STUMHU BEIMYMHAMH OmpeaesiseTcst popmyioi

T =t%+273
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I/I3J1y‘laTeJIl)HOﬁ CIIOCOOHOCTHIO TeJIa HA3bIBACTCSI KOJUYCSCTBO 9HCPI'UU JJICK-
TPOMArouTHOI'O U3JIYYCHUA IIaHHOﬁ JJIWNHBI BOJIHBI j,, HCITYCKACMOC 3a CAMHUIY BPC-
MCHHU C CAWHUIBI IIJIOIIAAN ITOBCPXHOCTHU TCJIa B CAMHUYIHOM HHTCPBAJIC IJIMH BOJIH

TIpHU 3a7aHHOM TeMIIepaType TOro Tela:
aw
Ty = ——— 2.1
AT ™ 4s-dt-da (2.1)
KonuuecTBO HEPruy 3IEKTPOMATHUTHOTO M3JTydEHHs!, HCITYCKAEMOE 3a €IUHHUILY
BPEMEHH C €IMHUIBI [IOIAH IIOBEPXHOCTH TEJIA BO BCEM MHTEpBAJIE JIMH BOJH OT ()

710 00, HA3BIBAETCS SHEPreTHICCKOM cBeTUMOCTHIO (R).
aw

= ds-dt (2'2)

CBs3b MCIKIAY HSJIyIIaTeJIBHOﬁ CITOCOOHOCTBIO M 3HepFCTI/I‘IeCKOﬁ CBCTUMOCTEIO
OIMNCBIBACTCs COOTHOIICHUCM

oo
R = fo T3 dA (2.3)
[TormomarensHas cHOCOOHOCTB TeMA Ay 7 ABIACTCSA XapaKTEPUCTUKON CIIOCOOHO-
CTH T€Jia MOTJIONIaTh SHEPTHIO MAIaI0IIEr0 Ha HETO CBETA.

_ AWrorn
Ayt = —deag' (2.4)

rae dWyor, — SHEprus, nornomaemas renom; dW,, — SHeprus, najaromas Ha TeJo.
[TornmomarenbHas cnocoOHOCTh TOKA3bIBAET, KaKas AOJISl SHEPTUU CBETA, NaAar0-
IIEro Ha €IMHUIY TUIOIAAN OCBEIIAEMON MOBEPXHOCTU TeJa 33 €IUHUILY BPEMEHH,
MOTJIONIAETCA TEJIOM. XOPOIIIO MOTJIONMIAI0T CBET YepHBIE Tea: caxka, bapxar, yepHas
oymara. Teno, koTopoe npu Jt000# HEe pa3pyllIaoIIei ero TeMiepaType morjaomaer
MOJIHOCTBIO BCIO SHEPTHUIO MAIAIOIIETO Ha HETO CBETa JII000M IJTMHBI BOJHBI A WM Ya-

c
cTothl v (V = 7> T1I€ € — CKOPOCTh CBETA B BaKyyMe), Ha3bIBalOT a0COTIOTHO YEPHBIM

TenoM (a.4.T.). I abCoOTHO YEPHOTO Tella MOIJIOIATeNbHas CIIOCOOHOCTE Ay 1 =
1. Mopenbio abCOFOTHO YEPHOTO TeJa SBISETCS HeOOIBIIIOEe OTBEPCTHE B SIITUKE cde-
pudeckoil popmsbl. JIyd cBeTa, monajaromuii BHYTPb SIIMKaA Yepe3 OTBEPCTUE, MHOTO-
KpPaTHO OTPAKaeTCs OT CTEHOK SIITUKA, UCITBIThIBAs YaCTHYHOE TIOTJIONIEHUE TIPH KaXK-
J0M OTpakeHHH. B mTore myd momaHocThio morjomiaetcs. [loatomy cHapyku oTBep-
CTHE KaXXETCsl COBEPIIICHHO YEPHBIM.

AGCOJIFOTHO YepHOE TEJIO — 3TO a0CcTpakiua. MakcuManbHO OJIM3KH 10 ONTHYe-
CKHMM CBOMCTBaM K a0COJIFOTHO YEPHOMY TEJy Ca’ka U YEpHBINA Oapxar.

Ecnu nmornomarenbHas clocOOHOCTH TeJa OJIMHAKOBA JIJISt BCEX YacTOT, HO 3aBHU-
CUT OT €ro TeMIlepaTyphl, MaTepuaiia Tejla, COCTOSIHUS €r0 MOBEPXHOCTH, TO TaKOE
TEJIO Ha3bIBAIOT CEPBIM. Y peasbHbIX Ten ayr < 1.

3aKoHBI M3JTy4YeHUs a0COIOTHO YEPHOTO TeJlA.

Cornacno 3akony Credana — bonbiiMana, sHepreTudecKas CBEeTUMOCTh R abco-
JIFOTHO YEPHOTO TeJjia MPOIMOPIMOHAIbHA YETBEPTON CTEIEHH €ro aOCOJIFOTHOM TeMIIe-
paTypsl

R=o0oT* (2.5)
rae o = 5,67 - 1078Bt1/(M? - K*) — nocrosnnas Credana — bonbiMana.
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N3 3akona Credana — bonpumMana ciemyer, 4To n3nmydaemas abCOJIIOTHO 4Yep-
HBIMU TeJIaMU YHEPTHUs OTIPENENSIeTCs. TOIBKO UX TEMIIEPaTypOil.

DHepreTuyeckasi CBeTUMOCTh R peaibHOTo Tenla He MOXKET ObITh O0JIbIIIe YHEepre-
TUYECKOH CBETUMOCTH aOCOJIOTHO 4epHOro temna. s peanbHbIX Tesl KoddduumeHt
HOTJIONIEHHST MeHbllle eauHuIbl. B 3akoHe Ctedana—bonbiMana 3TO yYUTHIBaeTCA
ko3 dunrenToM uepHoThl ap (ar < 1). Torma s Tena, KOTOpoe He SBIsIETCs a0Co-
JIOTHO YEpHBIM, ypaBHEHHE (2.5) mMpUMeET BUJ;

R = a;oT™ (2.6)

HarpeBaemoe Te0 COCTOUT M3 OTPOMHOIO KOJUYECTBA aTOMOB. Kaxblii aToM
BeIeT ceOs Mo0OHO BUOPATOPY — MCTOUYHUKY 3JIEKTPOMArHUTHOTO M3JIy4EHUs pas-
JMYHOW JJTMHBI BOJHBI, CIIEIOBATENBHO, Pa3IMYHON YacToThl. Perenne 3agaun o pac-
npeAeeHHH SHEPTUH U3IyYeHHUS a.9.T. MeKAY Pa3HbIMU JUIMHAMH BOJIH, T.€. O CIICK-
TPaJIBLHOM COCTaBE U3IyUYESHHsI, ChITPAIO OTPOMHYIO POJIb B Pa3BUTUU OCHOBHBIX UAEH
coBpeMeHHOU (u3uku. OHO MPUBEINIO K CO3AAHUIO0 KBAHTOBOM ONTHKH (B TaTbHEUIIEM
— KBaHTOBOU (DU3UKH).

T1>T2>T;

Y

max3

Puc. 2.1 CnexTtpsl uznydenus: abCoIOTHO YEPHOTO Tea.

Ha puc. 2.1 uzobpaxensl rpaduku pacnpeaeseHusi UHTEHCUBHOCTH H3Iyue-
HHS T) 7 a.4.T. IO JUIMHAM BOJIH IIPY Pa3JIMYHBIX Temneparypax. Ilnomans, orpanu-
YeHHasl KaXJ0i KPUBOW M OChIO, 0003HAUYCHHOMN A (JIJTMHA BOJIHBI), OTMPEEISICT MOJ-
HYI0 DHEPIHUI0, HCITYCKAEMYIO C €IMHMIIBI IIJIOMAAN TOBEPXHOCTH a.4.T. 33 €AUHUILY
BPEMEHHU, T.€. SHEPreTUUECKYI0 CBeTUMOCTh R. Bce KpuBble HMEIOT MAKCUMYMBI TIPU
HEKOTOPBIX A = A4, IIpH yBEIMYEHNH TEMIIEPATYPBI MAKCUMYM I'paMKa 7y 1 CIIBU-
raeTcsi B 001acTh 0osiee KOPOTKUX BOJIH, T.€. Ay, CMENIAETCS B CTOPOHY MEHBIIUX
3HAYCHUU.

Amax == (2-7)
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Ora Gopmyiia MaTeMaTHYECKH BBIpAKAeT 3aKOH cMelleHus Buna (mepBbiii 3a-
KOH BuHa): [UIMHA BOJIHBI, HA KOTOPYIO MPUXOJAUTCS MAKCUMYM HM3JIy4aTeJIbHOM CIIO-
COOHOCTH a.Y.T. (Typax) OOPATHO MPOMOPIIMOHATIEHA a0COIIOTHON TEMIIepaType 3TOro
tena. Jlns mo6oro a.u.T. mocrosHHas C; = 2,898 - 1073m - K.

DTOT 3aK0H OOBICHSIET, TOUYEMY MPH MMOHUKEHUU TEMITEpaTyphl HArPETOro Tela
M3MEHSETCS IIBET ATOr0 Tea (HarmpuMmep, Iepexoi OT OEI0ro KajJeHUs K KpaCHOMY H3-
3a CMEIICHUS Ay, 4, B CTOPOHY OOJBIHMX 3HAYCHUN ).

Bropoii 3akon Buna: makcuManbHas U3IydaTelibHasi CHOCOOHOCTh aOCOIIOTHO
YEPHOTO TENA 1)1,qx BO3PACTAET NPOMOPLUUOHAIBHO MSATON CTEIIEHU TEMIIEPATYPBI:
Tamax = C2T° (2.8)

_c BT o
rae C, = 1,29°10 5 335> CHEKTPAIILHBIH COCTAB U3ITyYEHHUS ComHIila o4eHb OJIM30K K
M

U3IIyYEHHUIO a.4.T.
[IpumeHneHue nae Kiaccuueckon (pU3MKU K UCCIEOBAHUIO TEIUIOBOTO U3ITyye-
HUS A.9.T. IPUBEJIO K pe3ysbTaTaM, IPOTUBOPEYAILNM 3aKOHY COXPAHEHUS SHEPIHUU.
Boixon u3 Bo3Hukmmx TpyaHocteil Hamen B 1900 r. nemenukuii puzuk Makc [1nank.
[ImaHK BBICKA3aJ THIOTE3Y, COMNIACHO KOTOPOM a.4.T. UCITYCKAET M IOIJIOIIAET dHEP-
THIO HE HENPEPBIBHO, & ONIPEACICHHBIMU NOPLUUAMU — KBAHTAMH.
DHeprus KBaHTa (B JaJIbHEHIIIEM MOSIBUJIOCH Ha3BaHUE — (POTOH) paBHA:

C
Wy = h/'_t = hv = hw, (2.9)
rae A — A7aKMHA BOJHBI M3IyYEHHs, V — 4acToTa M3jlydeHus;, h — nocrosHHas Ilnanka,
_ h _
h=6.63-10"3*Ix-c; h= —= 1.06 - 1073* Ik - c; @ — OUKIMYecKas 4acToTa

M3IIY4YEHUS, W = 2TTV.
Ha ocHoBanuu cBoux uaeii [lnank nmomyuun ¢hopmymy i U3Ty4aTeIbHON CIIO-
COOHOCTH a.4.T.:

2mc? 1
R T T (2.10)
eAkT —1

rae T — abcomoTHas TemiiepaTypa (o mkaine KenbsBuna); e = 2,72 — 0CHOBaHUE HATY-
— XK
panbHOro norapudma; k = 1,38 - 10723 % — nocrosiHHas Bonbnmana.

COOTBETCTBEHHO I paClIpCACIICHUA 9HCPIUU, HBHy‘{aeMOﬁ a.4.T. I10 4aCTOTaM

V, MOKHO 3aIlMCaThb.

2mv? hv
W = T2 (2.11)

®opmyna [Inanka TOUYHO coryIacyeTcs ¢ pe3ysbTaTaMy U3MEPEHUN pacrpeaese-
HHUS DHEPTUU B CIIEKTPaxX M3JIyYEHHUS a.4.T. IPU PA3HBIX TEMIIEpATypax.

Wnes 11naHka 0 IUCKPETHOM XapakTepe UCITYCKaHUS U MOTJIOLICHUS CBETA OKa-
3ajla OTPOMHOE BIIMSIHUE HA BCE JajbHENIIee pa3BUTHE (QUBHKHU.
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Ipumep 1

DHepreTHUecKas CBETHMOCTh a0COMOTHO yepHOoro Tena R = 3Br/cm?. Onpene-
JIUTh JJIMHY BOJIHBI Amax, COOTBETCTBYIOIIYIO MAaKCUMAJIbHON M31y4aTeIbHOM CIIOCO0-
HOCTH 3TOr0 Teua (Mmax).

ano:

R =3 Br/cm? =3-10*Br/M?.

6 =5,67-108Br/(Mm? -K*)

C, =2,898-10"3mK

Hautn:
2

Amax T
Pemenue:
ITo 3akony Creana — Bonsimana R = ¢ - T*, m03TOMy MOKHO BEIPA3HTh TEM-

neparypy-:

«|R 4| 3-10%
T = ; = W = 853K
ITo 3axony cmemenust Buna A,,,, = % , TOrga Ay gy = 2’9%;_3 = 3,4-10"°wm.
[Tony4eHHoe 3HaUEHUE A,y COOTBETCTBYET MH(PPAKPACHOMY (TEIIOBOMY) H3-

Jy4EHHIO.
OTBET: Amax = 3,4:100 M.

2.3. CBeToBoOE 1aBJICHHE

CoryracHO KBaHTOBOUW TEOPUHU SJICKTPOMATHUTHOTO HM3IYUYCHUS, CBET MPEACTAB-
JsieT co00i pacpocTpaHeHUe B MPOCTPAHCTBE (POTOHOB, KOTOPHIC BEAYT ce0s KaK Io-
TOK 0coObIX yacTuil. [loaTomy ciemyeTr cuutarh, 4To (POTOH, KaK BCSIKAsS JBUKYIIASCS
4acTHIla, 00J1a1aeT MacCOM U UMITYJILCOM.

DddhexTuBHYIO Maccy (HOTOHA MOYKHO OMPEICIIUTh U3 HOPMYIIBl DUHIIITEHHA:

W(l) = Tqu)C2 (212)
rie Wy, — oneprust poTona, my, — mMacca potona; ¢ = 3 - 108 m/c — ckopocTh cBeTa B
BaKyyMe.

ITo teopuu Ilnanka (2.9) Wy = h%. T.x. mq,c2 = h% , To Macca ¢poToHa
h
my = — (2.13)
Nmnynbe GpoToHa
h hv
Crnenyetr OTMETUTD, UTO 1)1 (POTOHOB HEBO3MOXKHO COCTOsTHUE MOKOs1. [loaTomy

y GOTOHOB HE MOXKET OBITh MacChI MTOKOS, T.€. JUIsl OTOHOB Macca mokost m, = 0.
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@OTOH — 3TO YACTHUIIA FAEKTPOMArHUTHOTO NoJisl. OTCYTCTBUE MAcCChl ITOKOS OT-
au4aeT GOTOHBI OT YAaCTHUIL BEIIECTBA (IIEKTPOHOB, TPOTOHOB), KOTOPbIE MOTYT HaXo-
JIUTHCSI B COCTOSIHUU MOKOA. Macca 1okos 3jektpona m, = 9,1 - 10~31kr, macca mo-
KOst poToHa m,, = 1,67 - 107?7kr.

Caer, najaromuii Ha HOBEPXHOCTh TEJA, OKa3bIBAET HA HETO JIABJICHUE. DKCIIEPH-
MEHTaJILHO CBETOBOE JIABJICHUE OOHAPYKUII U U3MepuI1 poccuiickuii yuenniit [1.H. Jle-
Oenes.

JlaBiieHHE CBETa Ha OCBEIAEMYIO IOBEPXHOCTD SIBIAETCS PE3YyJIbTATOM TOTO, YTO
IIPU CTOJIKHOBEHUU C TOBEPXHOCTHIO KAXKIBIN (POTOH Mepeaaet et cBoit ummybc. [1o-
100HO 3TOMY, JaBJICHHE ra3a Ha CTEHKH COCyJa OO0YyCJIOBIICHO IMepenayeii UMITyibca
MOJIEKYJIAMH Ia3a MOBEPXHOCTU CTEHKH.

JlaBiieHHE YKMCIEHHO PaBHO HOPMAJIBHOW KOMIIOHEHTE CWJIBI, JEHCTBYIOIIEH Ha
€IUHUILY TUIOLIAIH, T.€., IPU HOPMAIbHOM MaJ€HUU CBETA HA OCBEIIAEMYIO TOBEPX-

HOCTb P = g . Cuna, 1eicTByOmas Ha MOBEPXHOCTh, BRIPAXKAETCS U3 BTOPOTO 3aKOHA
Herorona:

F - At = APy, (2.15)
e At — Bpems jeiicTBus cuiibl, APy, — U3MEHEHNE UMITYJIbCa BCEX YIABUINX (POTOHOB.

TOFIIa JaBJICHUC MOYXHO 3aIlluCaTh.
AP¢,

==t (2.16)

CrnenoBatenbHO, JaBICHUE OyIeT YUCICHHO PAaBHO TOMY UMITYJIbCY, KOTOPBIH ITe-
penanu GOTOHBI €AMHHUIIC TUTOIIAIA OCBEIAEMOM MTOBEPXHOCTH 32 €AMHHITY BPEMCHHU.
[Tycth N (OTOHOB MajaeT 3a SAMHKMIYY BPEMEHH Ha eIMHUILY Iiomaan. Ecim ko-
3¢ GUIMEHT OTPa)KeHHUs CBETA OT OCBEIACMOM ITOBEPXHOCTH PABEH P, TO OTPaXKacTCs
pn ¢otoHoB, a norjiomiaercsa (1 — p)n doronos. Mmmynse GpoTOHA BEIYHCISIETCS 1O
dopmyiie (2.14). Kaxaplii oTpaXKeHHBIH (POTOH MepeaaeT MOBEPXHOCTH UMITYJIbC, PaB-

HBIA Py orp = % , T.K. IP1 OTPAXEHUU UMIYJIbC (POTOHA U3MEHSET HallpaBJICHUE Ha
MPOTUBOIOI0KHOE. Kax bl MOTIOMEeHHbIN (DOTOH MepeaeT NOBEPXHOCTH CBOM M-
IyJIbC OJTHOKPATHO Py oy = % JlaBneHue cBeTa Ha MOBEPXHOCTh OYJET PaBHO HM-
yJIbCY, KOTOPBIH 3a OJHY CEKYHIY IepeaaroT Bce GOTOoHBI (1).

P =%np+hc—v(1 —pn,
Nim
P="2(1+p) (2.17)

3neck nhy = Ey — sHeprust Bcex (POTOHOB, MAJAIOIIMX HA €JMHUILY [UIOIIAJIU 32 OJHY
CEKYH]Ly, T.€. HHTEHCUBHOCTb CBeTa. YacTo Benu4uny Ey Ha3bIBAIOT IHEPreTHYeCKOM
OCBEIIEHHOCTBIO.
Torna ypaBuenue (2.17) npuMeT BU:
P="2(1+p). (2.18)

E
HOCKOHBKy w = Tq) — 9T0 00BEMHas IJIOTHOCTh 9HCPI'Mu HU3JIYUYCHUA, TO CCTb

QHCPIu:d, 3aKJIIFOUYCHHAA B CAMHUIIC 06T>eMa, TO MOJXHO 3aIluCaThb:
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P=w(+p). (2.19)
®opmyna (2.19) HOTHOCTBIO COTNIaCyeTcsl ¢ Pe3yJIbTaTOM, MOJIy4eHHbIM Makc-
BEJUIOM B €0 3JIEKTPOMarHUTHOM TEOPUU CBETA, U MOATBEPKIACHA OIIBITOM.

Crnenyer MOMHHUTH, YTO JABJICHHUE CO3/1A€TCA TOJIBKO HOPMAIbHOU (IIEPIEHANKY-
JIIPHOM) K MOBEPXHOCTU COCTABJISIONICH CUJIBI, T.€. HOPMAJILHON COCTABIISIONICH UM-
nynbca GOTOHa.

Puc. 2.2 noscHser ciaydaii, KOraa yroi najeHus CBeTa Ha OCBEIAEMYIO ITIOBEPX-
Hocth @ # 0. 31ech 71 — HOPMaJIb K OCBELIAEMOM OBEPXHOCTH.

HaknoHHoe nageHne ceeTta

Puc. 2.2 Cger magaer moj yriioMm & Ha OCBEIIAEMYIO OBEPXHOCTb.

Hopwmanbhas cocrasistromas cuiel F|, = F - cosa. Ilydok cBera, nagarouun 1o
VIJIOM Ha MOBEPXHOCTh, OCBEIIAET YYAaCTOK MOBEPXHOCTU OOJBIICH IUIOIIAIU, YEM
ATOT K€ MyYOK CBETA, MMAJAIONIMI Ha IIOBEPXHOCTH 10 HOpMaiy K Hel. CooTHOLIEHNE
MEXy OCBEIIAeMOU TOBEPXHOCTHIO S M1 HOPMATBHON COCTABIIAIONICH ATOM TOBEPXHO-
CTH S, MOXXHO 3alucaTh ypaBHeHHEM S = S| /cosa. D10 nmosicieHo puc.2.2. Yuu-
ThIBasi BC€ ATO, OKOHYATEIbHas (hOpMyJia pacueTa 1aBJICHUs IPU HAKJIOHHOM TaJICHUH

CBE€Ta UMECCT BU /.
nhv

P=—(1+p)-cosa. (2.20)

T
2.4. Buemnuii ¢porodrdpdext

Buemnum ortosnexkrpuyeckum 3¢ dhextoM (hoToddhdPexTom) Ha3bIBAETCS UCITyC-
KaHUE AJIEKTPOHOB BEILIECTBOM MO/ IEUCTBUEM JIEKTPOMATHUTHOTO U3ITy4YECHUSI.

A. DnnmreiH B 19051, Ha ocHoBe uaeu [lnanka o KBaHTOBOW MPUPOIE DIICKTPO-
MAarHUTHOTO M3IyYEHHS CO3aJI TEOPHIO, OOBICHSIONIYIO BHEITHUM (HOTOID(DEKT B Me-
Taiax. PacnpoctpaneHnue cBeTa DWHILITEWH pacCMaTPUBAJI HE KaK HETIPEPBIBHBIN BOJI-
HOBO# TIPOIIECC, a KaK MOTOK 0COOBIX YacCTHUI[ — (DOTOHOB, KOTOPBIE JIBHXKYTCSI CO CKO-
pOCThIO cBeTa ¢. JHeprus (oTona 1o teopuu I[lnanka Wy = hv. Ilpu nornomenuun
cBeTa (POTOHBI MEPEIAOT BCIO CBOIO PHEPTUIO aTOMaM M MOJIEKYJiaM BeEIecTBa, Ipe-
Kpailiasi CBoe cylecTBoBaHue. To eCTh MOIJIONIEHUE CBETA, KaK U €r0 pacripocTpaHe-
HUE, IPOUCXOJIUT MOPIUSIMHU — KBAaHTaAMHU.

VYpaBHenue DiiHiTelHa i BHEHIHero GoTodddexra nMeer BU/I:
mV3
hv = A+ % (2.21)
rae h — nocrosauas [Tnanka; v — yactota uznydenus; hv — sHeprust poToHa, MajIaro-
IIIEro Ha MOBEPXHOCTh MeTalia (Karoja); A — paboTa BbIX0/1a SJIEKTPOHA U3 METala.
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OHa 3aBHCHUT OT XMMHYECKOW MPUPOJBI BELIECTBA, U3 KOTOPOrO CAENaH KaTol, U CO-

CTOSIHUS €TI0 IMOBEPXHOCTH, M — Macca dJICKTPOHaA, Vmax — MaKCHUMaJIbHas CKOPOCTH

72
Vm ax

m
QJICKTPOHOB, BBZICTCBIINX U3 KaTOA4, T — MaKCUMAJIbHAA KUHCTUYCCKAA SHCPIUs,

ITOJTyYEHHAs JIEKTPOHOM.

VYpaBHeHue (2.21) BbIpakaeT 3aKOH COXPAaHEHHsI SHEPTUU NPH PACCMOTPEHHUH
BHemHero poroaddekra.

[Tpu nornomenuu ¢GoToHA IEKTPOHOM METAJlJIa €r0 SHEPTUs hv IeTMKOM Tepe-
naeTcs 3JIeKTpoHy. i BbIX0/1a U3 MeTaljia AJIEKTPOH JOKEH COBEPIIUTH padOTy BbI-
xoja A 1715 Ipeo10JIeHNsl NOTEHIUAIbHOrO 0apbepa Ha FPaHule METAJUI-BaKyyM. DTO
BO3MOXKHO, €clii 3Heprusi hv > A. V3 ypaBHeHuss DUHINTEHA CIEAyeT, YTO MaKCH-
MaJIbHast CKOPOCTh (POTOIIEKTPOHA 3aBUCUT OT YACTOTHI CBETA V (MJIM JAJIMHBI BOJIHBI A,

c
T.K.V = Z) U paboThI BhIXOJIA A.

VYpasuenue (2.21) 3anucano 11 OJHOTO 3JIEKTPOHA, TOCKOJBKY MOTJIOLIEHHE (o-
TOHA MPOUCXOJUT IPHU €ro B3aUMOACHCTBUM C €IWHCTBEHHBIM 3JIEKTPOHOM. 3HAYUT
CKOPOCTb Ka)KJIOTO 3JIEKTPOHA 3aBUCUT HE OT MHTEHCHUBHOCTH, & TOJIBKO OT YaCTOThI
MaJaloEro CBeTa. JTO 3aKJIIOUYECHUE MPUHATO HA3bIBaTh MEPBBIM 3aKOHOM BHeII-
Hero ¢pororddexra.

Bropoii 3axkoH BHemiHero ¢gorodddexra: 11 KaxKA0T0 BENIECTBA CYLIECTBYET
KpacHasi rpannua ¢orodddekra, T.e. Takasg HaUMEHbLIAs YacTOTa CBETa Vo (WM
MaKcUMaJbHas JJIMHA BOJHBI Ay), IPU KOTOPOH eiie Bo3mMoxkeH poroaddekr. Ee 3Ha-
YeHue onpeaesieTcss padoToi BeixoAa A JJisl JaHHOTO MaTepuara.

Ha kpacnoii rparune ¢potodddekra sueprust hpotona hv, = A (npu 3tom V0=
0). Torga momyuum Jy1st KpacHOM rpaHuIlsl poroaddexra COOTHOIICHHE

Vo =2 A, = vi == (2.22)

Tperuii 3axkoH BHewnHero ¢gorodgpexra. Huciio 31eKTpOHOB, BRIPHIBAEMBIX U3
KaToJa 3a €IMHULY BPEMEHHU, OINPEIEISIETCS CBETOBBIM MOTOKOM, MAJAIOIINM Ha Ka-
toxa. Ecnu Bce OTORIEKTPOHBI, BRIOUTHIE U3 KaTO/Aa, MOMAIal0T Ha aHO/, TO MPH T0-
BBIIIICHUH HATIPSKEHUST POTOTOK JANIbIIE paCTU HE MOXKET. MakCUMaIbHO BO3ZMOKHBIM
TOK Ha3bIBAETCS TOKOM HachimeHus I,,. B cooTBeTCTBUU ¢ TpeTbUM 3aKOHOM (OTO-
s dekTa TOK HACHIIMIEHUS [, MPsIMO MPOIMOPIIMOHATIEH MaJaloleMy CBETOBOMY IO-
TOKY:

[,~D (2.23)

DTOT 3aKOH HA3bIBAETCS 10 UMEHHM POCCHUMCKOrO y4eHOro — 3akoH CToyieToBa
AT,

JKCIepUMEHTAJNIbHOE U3yueHue BHemHero ¢gorodggexra.

Bce paccMoTpenHble 3aKOHBI BHEMIHETO (oTorh(deKTa MoATBEPKAAIOTCS OIbIT-
HeIM IyTeM. Ha Puc. 2.3 uzo0paxena cxema yCTaHOBKH JJIsl U3y4€HUS 3aKOHOB BHEII-
Hero Goroaddekra.
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Puc. 2.3 CxeMa ycTaHOBKH U1 U3y4Y€HHUS 3aKOHOB BHEITHETO (hoTodhdekTa.

Hccnenyemblil MeTalul HAaHECEH Ha IUIACTUHY (§), Ha3bIBaeMyI0 KaToqoM. AHOJ
(6) u kaTo moMereHbI B 0AIIOH (5), B KOTOPOM CO3JIaH BakyyM. Uepes crienuaibHOe
okHO (7) cBeT monaaaer Ha KatoA. B 1enom 3To ycTpoHCcTBO Ha3bIBaeTCs (POTOIIEMEH-
toM. HanpskeHue Mexay KaToJoM M aHOJOM (DOTORIEMEHTa U3MEPSETCS BOJIbTMET-
poM (3) 1 peryiaupyercst HOTEHIUOMETPOM (2). DOTOTOK U3MEpPSIETCsI TaJIbBAaHOMETPOM
(4), 0003HaYEHHBIM Ha pUC. 2.2 — MUKpPOAMIIEpMETP (MKA).

N oo>o0,

el ij

3apepxuBaioulee
HanpsXeHue

Puc. 2.4 3aBUCUMOCTb cUiIbI (JOTOTOKA OT AHOAHOTO HAIPSKEHHUS. !

L https://myslide.ru/documents 3/aef4754315a6452376495bae6b055641/img24.ipg -
st BAX 1
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3aBHCHUMOCTb, H300pakKeHHast Ha pHC. 2.4, HA3bIBAETCs BOJIbT-aMIIEpPHAs XapaKTe-
puctuka doroanementa (BAX). [Ipoeaem ananus 3Tol XapaKTEepUCTHKHU.

Ecnu yBenuuuBarh HanpspKeHHE MEXKITY KaToJ0M M aHOJIOM (aHOJHOE Harlpsixke-
HUE) MPU ONPEICTICHHOM IMMOCTOSSHHOM CBETOBOM MOTOKe D, TO HAOII0AaeTCsl BHAYAJIE
BO3pacTaHue GOoTOTOKA A0 HEKOTOPOTO 3HAYEHUS, a 3aTEM TOK OCTAEeTCs MOCTOSTHHBIM,
TO €CThb HE U3MEHSETCS NPU JAIBHEHIIEM YBEJIWYEHUH aHOJHOTO HAIpPSIKEHUS. JTO
MaKCHUMaJIbHOE 3HaYCHUE TOKA TP JaHHOM CBETOBOM MOTOKE Ha3bIiBaeTcsa (POTOTOKOM
HachimeHus ([,;). POTOTOK HACBIIEHUS TOCTUTAETCs MPU TAaKOM aHOJIHOM HarpsixKe-
HUU, KOTJIa BCE 3JIEKTPOHBI, BEIPHIBAEMBIE CBETOM M3 KaT0/1a, MONajaroT Ha aHoa. Cuna
(OTOTOKA HACHILIECHUS ONPEAEIAECTCS KOJIMYECTBOM AJIEKTPOHOB, BHIOMBAEMbIX U3 Ka-
TOJA 32 €IUHUILY BpeMeHU. [Ipy yBeTnueHnn CBETOBOTO MOTOKA TOK HACBIIICHUS BO3-
pacraer. IT0 COOTBETCTBYET 3aKOHY CTONETOBA: TOK HACHIIIEHUS MPONOPLUUOHAIICH
CBETOBOMY MOTOKY I,;~ P.

Ha puc. 2.4 BuaHO, 4TO MpU aHOIHOM HANPSHKEHUH, PABHOM HYIIO, OTOTOK HE
paBeH Hymto. [IpuunHa 3TOro B TOM, YTO AJIEKTPOHBI, BHIOUTHIE CBETOM U3 KaTOJa,
MMEIOT KMHETUYECKYIO SHEPTUIO0, 332 CUYET KOTOPOW OHM MOTYT JIOCTUTaTh AHOJA.
BcenencTBue 3Toro Bo3HUKAeT ciiaOblii HEHYJIEBOM TOK.

Yto0bl 00paTUTh NaHHBINA TOK B HOJIb, IOMEHSIEM MECTAMH KJIEMMBbI MOJKIIIOUE-
HUA K uctouHuky nutanus (1) (Puc.2.3). Torna nj1st 51eKTPOHOB, BBUIETAIONIUX U3 Ka-
TOJ1a, JIEKTPUUECKOE M0JIE MEXYy aHOI0M U KaTo0M OyzaeT Topmo3smum. Hanpsoxe-
HUH, [IPU KOTOPOM cUJIa TOKa B (POTORJIEMEHTE OOpalaeTcsi B HOJIb, Ha3bIBACTCS 3a-
Aep:KUBaOMUM HanpsikeHueM U,. [Ipu gaHHOM HanpsKEHUU AaXKe T€ DJIEKTPOHBI,
YTO BBUIETENH U3 KaTOJla C MAaKCUMaJIbHON CKOPOCThIO, HE MOTYT AOJIETETh O AHOJA.
JIJ1st 5TOro KHHETUYECKask SHEPTUsl JIEKTPOHOB JOJIKHA ObITh paBHA pabOTe TOPMO3Si-
IIETr0 UX 3JEKTPUUECKOTO MOJIS:

MV ax
T =elU 3, (224)
IJIe e — 3apsA]l AIEKTPOHA.

N3mepsis HanpsbKeHue, Py KOTOPOM MpeKpaiaercs GoTOTOK, C MOMOIIbIO (hop-
MyJibI (2.24) MOKHO ONPEAEIUTh MAKCUMAIbHYIO KHHETUYECKYIO SHEPTUIO (POTORIIEK-
TPOHOB U UX MAaKCUMAJIbHYIO CKOPOCTb.

Ucxons u3 (2.24), ypaBHeHue DiiHITeiiHa 171 BHemHero gortosddekra (2.21)
MO>KHO 3aucaTh B BUJE

hv= A+ eU; (2.24a)
U3 (2.24a) cnemyer, 4TO 3aaepKUBarOIIUe HanpshkeHue U, mpsMo mPpONOpIHO-

HAJILHO YaCTOTE MaJaroIliero CBera.
hv— A
Us = (2.246)

e
[Tpu xpacHoii rpanune Gpotodrpdexra vy (COOTBETCTBEHHO MPH UTMHE BOJHBI A)

B (hopmyie (2.240) yuciuTelb MpaBoil yacTu oOpamaeTcs B HOJIb, CIICIOBATEIbHO 3a-
Aep KuBarolee HanpsokeHne U, Tpy 9acToTe Vy PaBHO HYIIIO.
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IIpumep 2

Kpacnas rpannma hotosddexTa 1y1st HBKOTOPOTO METaslia COOTBETCTBYET JITUHE
BOJIHBI A9 =300 HM. HaliTu: 1) paboTy BbIXoaa 3JIEKTpoHA A JUIs ATOTO MeTalia; 2)
JUTMHY BOJIHBI A, IPU KOTOPOW BETMYMHA 3aJiepkuBarotero norennuaira U, = 0,8 B.

ano:

M=300uM=3-10"Mm

U,=0,8 B

h=6,63-10"3 Ix-c.

Haijitu:
A-7 A"

Pemennue:
Kpacnas rpanuna goro3ddexra — 310 MakcCuMaibHasl AJIMHA BOJHBI Ao MJIM MU-
HMMaJIbHas 4acToTa Vo IIPH KOTOPOM BO3HHUKAET (POTOd(GEKT. DTO O3HAYAET, YTO

hc
OHCPIUA (I)OTOHa Wq) = /'L_ paBHa pa60Te BbIXOJa JJICKTPOHA M3 3aJaHHOI'O MCTAaJlia.
0

ITockonbky A = h-c/Ag, TO MOACTABIISISE YUCIICHHBIC 3HAUCHUS, TTOJTYYUM
A=6,63-103-3-103/3-10"=6,63-1071° JI:x = 4,14 3B.
3anepxkuBatoiiee HanpspkeHue U, xapakTepusyeT TOpMO3sIee sl AIEKTpOoHa
anekTpuueckoe mojue. I[lpu Hanpsokenue paBHOM U,, 3JI€KTpOHBI HE JOJETAIOT 10
aHoja.
DTO MOXXHO 3alMCaTh YPABHCHUEM

mVr%Lax
2

= el,, (1)

mvz .
e % — 3TO MaKCUMaJIbHOE 3HAYCHUEC KUHETHYECKON SHEPTUH IJICKTPOHA, UCITYC-

KaeMOT0 KaToJIOM TpH ero ocpemieHuu; el, — paboTa 3IeKTPUYECKOTO MO MEXKITY
KaTO/I0M M aHOZOM, TOPMO3SIIIETO IEKTPOH.
CornacHO ypaBHEHHIO DUHINTEHHA, 11 BHeHIHero GotodddexTa:
2
C MViyax
h-—=A+——
. A 2
rae h; — 3Heprus (oToHa, BbI3bIBAIOIIETO (HOTOIDPEKT.
C yuérom (1) MOXKHO 3amucaTh:
C

Toraa uckomoe 3HaYeHUE A MOKHO BBIPA3UTh IO opMyIie:
A=hc/(A+eU;)

A=6,63-1034-3-108/(6,63-10°+1,6-107°-0,8) = 2,52-10~" m.

OtBethl: A = 6,63-107° Ik = 4,14 3B; A =2,52-10"" m.
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2.5. 9pdpext Komnrona

B 1923r. amepukanckuii puznk KoMnToH ucciaeoBai paccesHUe pEHTI€HOBCKUX
Jy4der ompeeNeHHOM IJTMHBI BOJIHBI JIETKUMU BelllecTBaMH (mapaduH, rpadut, 6op u
npyrue). JuanazoH JJIMH BOJH PEHTIE€HOBCKMX Jydel coctaBnsger or 1071w mo
1078m. To ecTh UX JUIMHBI BOJH MEHBIIE, 4EM Y KOPOTKOBOJIHOBEIX YJILTPa(HONIETO-
BBIX JTy4€EH.

OneiTel KoMIITOHA NTOKa3aJId, YTO PACCESHHBIE PEHTTEHOBCKUE YU MOJ yIiOM
O uMeroT AIMHYy BOIHEI ' GOIBIIYIO, YEM JUIMHA BOJIHBI A JIydeld, MagalonuX Ha Be-
mectBo. Ilpu s1oM pasHocth A4 = A’ — A 3aBHUCHT TOJBKO OT yrjia paccessHust O
(cmbIc 3TOroO yria nosicisier puc.2.5). OHa He 3aBHCHT OT CBOMCTB PAaCcCEHBAIOLLIEIO
BEILECTBA U JUIMHBI BOJIHBI NAJAIOIEr0 PEHTTE€HOBCKOTO U3TyYEHUSI.

AL =X =L =2)-sin?> (2.25)
Nmn
AL = A, (1 — cos9) , (2.26)

h _
rae A, = — = 2,42 - 107 12M — KOMOTOHOBCKAs JUIMHA BOJIHBI AJIEKTPOHA. 371ech h —
0

nocrosinHas Ilnanka, ¢ — cKopocTh cBeTa, My — Macca MoKOos 3JIEKTPOHa.

KoMnToHoBcKast AjinHa BOJIHBI A, OKa3ajgach HOCTOSTHHOM JIJIsl BCEX BEUIECTB. D -
¢dext KoMnTona He momydus1 yAOBIETBOPUTEIBHOTO O0BSICHEHHUS! B BOJIHOBOM TeOpHUH
ceeta. O0bacHenue 3¢dexra Komntona ObUIO0 AJaHO Ha OCHOBE KBAaHTOBOW TEOPUU
ANEKTPOMATHUTHOTO M3iydeHus. DPpdexkt KomnToHa MOKHO OOBICHUTD, KaK pe3yJib-
TaT YOPYrOro CTOJKHOBEHHsSI PEHTTEHOBCKUX (DOTOHOB C 3JIEKTPOHAMM BEIIECTBA,
cJ1a00 CBSI3aHHBIMHU C IpaMH aTOMOB JIETKHX BEIEeCTB. Takue 3JeKTPOHBI MOKHO CUH-
TaTh NMPAKTUYECKU CBOOOIHBIMHU. DOTOH MpPHU B3aUMOJCHCTBUH C TAKUM 3JIEKTPOHOM
nepeaeT eMy 4acTh CBOEH SHEPIUU U UMIYJIbCa B COOTBETCTBUU C 3aKOHAMU HX CO-
XpaHeHus. 3anuileM 3aKOH COXPaHEHUs SHEPrHMU IpU paccesHuu (OTOHA Ha IJIEK-
TpOHE

Wo + Wy = Wy + W, (2.27)
rae W, — sueprus mokos snextpona (Wy = myc?); Wy, — sHeprus magaromero ¢o-
ToHa (W, = %) Wy, sneprus paccesuoro ¢potona ( Wy = %) W, — sHeprus snek-
tpona otnaun (W, = mc?).

T.K. CKOPOCTbH 3JIEKTPOHA OTJAA4YM MOXKET ObITh OYEHBH OOJIBIIOW, TO DJIEKTPOH
HY>KHO pacCMaTpHBaTh KaK PEISITUBUCTCKYIO YacTuily. T.e. HaJ0 YYUTHIBATh 3aBUCH-
MOCTh MacChl JIEKTPOHA OT €ro CKopocTH. Torma sHeprus snekTpoHa paBHa W, =
JP2c? +mic*.

3anuiem 3aK0H COXpaHEHUsI UMITYJIbCca MPHU paccesHur (OTOHA Ha IJICKTPOHE

P, =P, +P,, (2.28)

- h =g
rae Pq, — HMITYJIbC TIafaromero ¢GoToHa, P¢ =7 Pq',— UMITYJIBC PAcCesTHHOTO (PoTOHA

(Py = %), 13; — UMIIYJIbC DJIEKTpOHa oTaaun, (P, = mv).

3amnuiieM Oosiee OAPOOHO 3aKOH coXpaHeHus dHepruu (2.27)
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myc? + h% = h%+ JPZc? +mic*,

h h h?
Pez = (E)Z + (7)2 — ZﬁCOSe.

(2.29)
3akoH coxpaHeHus uMiTyJibea (2.28) (¢ yaerom puc. 2.5) Oyaer BBITIIAICTb:

(2.30)

N3 coBmecTHOTO penieHus ypasHeHuit (2.29) u (2.30) MOKHO MOTYYUTh BhIpaxke-
HUE JJIs pa3HOCTH JJIMH BOJIH TAIAIOIIETO U paccestHHOTO (poToHOB AA (cM. (2.25) m
(2.26)). U3 aTuX ypaBHEHHII CIEAYET, YTO YBETUUCHHUE JJIMHBI BOJIHBI Oy1eT HanOO0JIb-
IIMM, €CJIM YTOJ paccesiHus © = 1, TO eCTh IPU YCIIOBUH, KOrJa (POTOH MOCIe pacces-
HUS TOJIETUT B CTOPOHY, MPOTHUBOMNOJIOKHYIO MEPBOHAYAIIBHOMY HAIIPABIICHUIO €r0
asuxenus. CornmacHo ypaBHeHUIo (2.25) mpu © = r 3nauenue AA = 21,. [lpu stom
AJIEKTPOH, HA KOTOPOM IPOUCXOAMUT paccesHue (IEKTPOH OTAauu), MpuoOpeTaer

HaH6OJII>HIy1-O KHHCTUYCCKYIO SHCPI'HIO.

Ha puc. 2.5 npeacraBieHo B3aUMHOE PACIOIIOKEHUE BEKTOPOB UMITYJIbCOB CO-

IJIACHO 3aKOHY COXPAHEHUS UMITYJIbCA.

|

Puc. 2.5 BekropHas nuarpamma UMITyJIbCOB YacTHIl B onbiTax KoMnToHa.

IMpumep 3.

®dotoH ¢ mmrHOM BoHBI A = 1,1:107%2 M B pe3yipTaTe KOMIITOHOBCKOT'O PACCESHHUS
b

Ha CBOOOTHOM DJIEKTPOHE OTKJIOHUJICS OT MIEPBOHAYAILHOTO HAIIPaBJICHUS Ha yroi O.
ITpu sTOM BHEPTrUs paccesHHOTO poToHa Wy, coctaBuia 47% OT SHEPrUM NaJatoIero

¢dboToHa W¢1., Onpenenuts yroia paccessHus © U UMITYJIbC JIEKTPOHA OTAAYH Pe.
Hano:
A= 1,1-10"2m, Wy, = 0,47We,
h=6,63-10% Ii-c
c=310%=

Hajyitu:
O -7 P—?
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Pemenne:

OHeprus nagaroomero GoroxHa
hc _ 6,63-1073%.3-108
Wor= 7= 1,1-10-12
OHeprus paccesHHOIO (bOTOHa
Wy, = 0,47 - Wy = 0,47-1,81 - 10713 = 0,85 - 10713 ([x%).

_ hc hc ., _ 6631073*% 1012
Tax xak Wy, = > TO A= wor' X T 0851015 — 2,34-10"m
U3 hopmynst Komnrona: AA = A,.(1 — CosB), nonyuum

AN 1 o 0=1 AL 1 A=A

—=1—-c¢0s0; cosO=1——=1—

Ag Ag Ag
IloxcraBuM 4ncieHHBIE JaHHBIC:

2.34-10712-1,1.10712
cos@=1-— E ~ 0.5, Torma 6 =~ 60°
2,43-10712

[To 3aKOHY COXpaHEHUS YHEPTUN KUHETUUYECKAS SHEPTUS AIICKTPOHA

VVKe = WCI)I - W(I)Z = WCI)I - 0,47W¢1 = 0,53W¢1

=1,81- 10713 (/Ix).

T.k.
Wy = 1,81+ 10713 I, To W, = 0,53-1,81-10713 = 0,96 - 10713 /I ~ 0,6M3B.
YuuTBIBas COM3MEPUMOCTh KMHETHUECKOM dHEpruu snekrpona W, ¢ sHeprueii
nokos »nextpona W, (W, = 0,51MaB = 0,82 - 10713 /Ik). onpenenum uMIyiIbC
57eKTPOHA , PACCMATPHBAs €r0 KaK PEIATUBUCTCKYIO YaCTHUILY:

P, = l\/ W, (W, + 2W,) , 31eck ¢ = 3-108 M/C (CKOPOCTB CBETa B BaKyyMe).
10713

P, = ——./0,96(0,96 + 2-0,82) = 5.3 10~ ZZ”CM

3-108
Ortset: 6 ~ 60° P, =5.3-10"

22KFM

C
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3. OCHOBBI KBAHTOBOI MEXAHUKH

3.1. BopoBckasi Mojiesib aTOMa BOAOPOAA

B 1903 rony . ToMCOH NpeanoioKuil, YTO AIEKTPUIECKU HEUTPAIbHBIN aTOM
— 3TO MOJIOKUTENBHO 3apsiKeHHas cdepa ¢ BKpalUICHHBIMUA B HEE DJIEKTPOHAMU, Kak
U3I0M B OyJI0UKY. DTa MOJENb MTO3BOJIMIIA ONPEIETUTh pa3Mephl aToMa, OJIU3KHE K pa3-
MepaM, U3BECTHBIM M3 MOJEKyJsipHOU ¢u3uku. OgHaKo, SKCIepuMeHTh J. Pesep-
dbopaa, mpu KOTOPBIX MPOU3BOIUIOCH 30HIUPOBAHNE aTOMOB ajb(a-4acTUllaMu, I0-
Ka3aJid, 9YTO OOJBIIYI0 YacTh aTOMa 3aHUMaeT mycToTa. Ha OCHOBE SKCIIEpUMEHTOB
Pesepdopna coznan mnaneTapHyro Mojaenb aroma. CoryiacHO 3TOM MOJENH, BOKPYT TO-
JIOKUTEIIBHOTO fA7Ipa, B KOTOPOM COCPENOTOYEH BECH MOJIOKUTENBHBINA 3apsil aTOMA U
0oJbIlIasi 4acTh €ro Macchl, Kak MiiaHeTsl BOKpYr CoJHIa BpaIIalOTCs 3JIEKTPOHBI.
CyMMapHbIil OTpULATENBHBIA 3apsii 3JEKTPOHOB PABEH IIOJOKHUTEIBHOMY 3apsiy
anpa.

OTa MOJEIIb HECOCTOSITENIBHA 110 TPEM IIPUYNHAM:

1) Takoii aTOM HEYCTOWYMB, MMOCKOJBKY AJIEKTPOHBI — 3apsKCHHBIC YAaCTHIIbI,
ABMKYIIHECS C YCKOPEHHEM (B JaHHOM Ciyd4ae, LEHTPOCTPEMUTEIbHbBIM),
JOJDKHBI M3J1y4aTh 3JIEKTPOMArHUTHBIE BOJHBL. [Ipu 3TOM TOMKHBI TEPSITh
SHEPrUI0, NOCTENEHHO NPUOIMKATHCS K /1Py U, B KOHIE KOHIIOB, YIIaCTh Ha
a51po. OJTHAKO pealbHbIE aTOMBI — YCTOMYHUBBIE 00pa30BaHMUS.

2) B HOpMaJIbHOM COCTOSTHUM HHUKAKOT'O M3 TyYCHHS aTOMOB HE HAOJI01aeTCsl.

3) IlaBHOE yMEHBIIICHUE paJyca OPOUTHI JOKHO MIPUBOJAUTH K MOHOTOHHOMY
M3MEHEHUIO YaCTOThI U3JIYUYEHHUS], T.€., K CIUIOIIHOMY CIEKTpPY U3inydeHus. B
JNEHUCTBUTEIBLHOCTH, ATOMBI UMEIOT JINHEWYAThIN CIEKTP U3JIy4YeHHs (CM. pHC.

3.1).

.~

‘
I
|
Puc. 3.1 Atomapusie criekTpsl ucyckanus (1, 2, 3) u nornomenus (4, 5, 6)

HATpHs, BOJOPO/A U IelusZ,

H. bop B 1913 rony npeanpuHsi MONBITKY COEAWHHUTH IUIAHETAPHYIO MOJENb
aToMma, JINHEWYaThle CIEKTPhI U3TyYEHUSI aTOMa U KBAaHTOBBIN XapaKTep U3Iy4EHUs U
MOTJIOIIEHUS CBETa, C(OPMYIMPOBAB HECKOJIBKO MOCTYJIATOB, KOTOPbIE ObUIA MOA-
TBEPKACHBI B JaTbHEHIIIEM.

2http://znakkadestva.ru/uploads/category items/sources/7d305ab7f850045b1b40e9667a208f6d.jpg
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[Tocrynartel bopa

1. DnekTpoHbl B aTOME JABUXKYTCS TOJBKO MO OMPEEICHHBIM CTAIMOHAPHBIM Op-
OuTam, KOTOPBHIM COOTBETCTBYIOT CTPOTO OMpe/IeJICHHbIE JUCKPETHBIC 3HAUCHUS
sHeprud. [Ipu JBUKEHUU MO CTAIMOHAPHBIM OPOUTAM aTOM HE U3JNTydaeT U He
MOTJIONIAET PHEPTHUIO. B CTaIlMOHAPHBIX COCTOSTHUSX MOMEHTBI UMITYJIbCA DJICK-
TPOHA MPUHUMAIOT 3HAYCHUS, PaBHbIC 1IEJIOMY KOJIMYECTBY HEKOTOPOU Belu-
YuHbI (KBaHTYIOTCS): mo,r, =nhi. Takum oOpa3oM, 7 SBISIETCS KBAaHTOM MO-

MEHTa UMITyJIbCa 3JIEKTPOHA.
2. Ilpu mepexonie U3 OJTHOTO CTAIIMIOHAPHOTO COCTOSIHUSI B JIPYTrO€ HCITYCKAETCS
WM TIOTJIONIAETCs KBAHT 3Heprun hv =W, —W, , paBHBIM pa3HOCTH SHEPTUM CTa-

[IUOHAPHBIX COCTOSIHUH ¢ HOMepamu K 1 N.
B nannsix gopmynax m — macca 3JI€KTpOHA, Un — €T0 CKOPOCTh B COCTOSIHMH C
HOMEpOM N, Iy — pajinyc OpOUTHI FIEKTPOHA B ITOM CTalMOHAPHOM cocTosiHuM, Wy 1
W, 3Heprusi craiioHapHbIX cocTostHUi ¢ HoMepamu K 1 N, h — mocrosinHas [Tnanka,

h — penyuupoBannas nocrosinHas Ilnanka. Teopus Bopa nmpuMeHHMa He TOIBKO JUIs
aToMa BOJOPOJIa, HO U ISl BOAOPOIOMOMO0HBIX CHCTEM: HOHOB, COCTOSIINX M3 SIpa,
cojzieprkaniero Z mpoToHoB (Z — 3apsAa0BOe YUCIIO, HOMEp AJIeMeHTa B Ta0suie MeH-
JieJieeBa), U OJIHOTO JICKTPOHA.

Onpeoenum paouycer boposckux opoum. Cuna Kynona, aeficTByromias Ha dJeK-
TPOH B BOJIOPOIOIIOO0HOM aTOME CO CTOPOHBI SIAPA, SIBISETCS IEHTPOCTPEMUTEITHLHOM
CHJION.

Fuc = FKyJI
(3.1)
2 2
Un Zq.
—=k—
rn Tn
1
rae k= Tre koa(dunreHT B 3akone KynoHa, Je— Bemu4rHa 3apsiia d1eKTpoHa, Z(e
g,

— BEJIMYMHA 3apsijia siipa BOJOPOAONIOA00HOTO aTomMa. BripasuM CKOpPOCTh U3 MOCTY-
J1aTa CTallMOHAPHBIX COCTOSIHUM:

v, = & (3.2)

mry,

[ToacTaBuM BhIpaXkeHUe 151 CKOpocTH B (3.1):
n2h? " Zq?

m2r? T

m

[Tomy4ynm 3aBUCUMOCTH pajuyca OpOUTHI JIEKTPOHA I, OT HOMEepa OpOUTHI N:

hZ
= —_— nz
km-Zqg

(3.3)

Tn
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3ameTuM, 4YTO ApOoOb, CTOsILIAs Mepea KBaIpaToM HOMEpa OpOUTHI, SBISETCS
HaObOpPOM KOHCTAHT U COOTBETCTBYET paauycy opOUTHI 31ekTpoHa npu N = 1. Torma
JUT aTOMa BOZIopoJia pu Z=1 MOXHO 3aIicaTh:

7, = agn? (3.4)
rae ap, = 5,29 - 10~ 11M — 6oposckwuii paguyc.

Onpedenum 3Hepeuio 31eKkmpona 8 amome 6ooopooa. IlonHas MexaHUuecKas
HHEPrus JIEKTPOHA B CTAIIHOHAPHOM COCTOSTHUHM C HOMEPOM N B aToMe BoJopo/ia (1 B
BOJIOPOJIOTIOAO0HON CUCTEME) paBHA CyMME KMHETHYECKOW U MOTEHIMAIBHON 3HEep-
TUU:

Wn - WHOT,, +VVKI/IH,1'

Kunernyeckast 3HEpTHsl SJICKTPOHA!

mv;

WKI/IH,, = 2
[ToactaBum B hopmyiy juist ckopocTd (3.2) BBIpaKEHUE I pajguyca OpOUTHI
(3.3). IMomyumm:

An  hnkmZq’  kZq’

v,= = = :
" mr, mh’n? hn
TakuM 00pa3oM, BEIPaKEHHE I KHHETHYECKON SHEPIHU IPUMET B
_ mk’zZ’q}
KUH, — 2 W2p2

[ToTeHuuanbpHas 3HEPrusi aTOMa BoAOpoa (M BOJIOPOAONOI00HOI CUCTEMBI) SIB-
JsieTcs SHepruel KyJOHOBCKOTO B3aUMOECHUCTBUS TMOJI0KHUTEIBHOTO s/ipa, CoJepiKa-
mero Z NpoTOHOB, U OTPULIATENIBHO 3apsKEHHOTO JIEKTPOHA, HAXOAAIIErocs Ha op-
ouTe ¢ HoMepoM N.

kZq’
I/Vnom,, = r, o
[ToacTaBuM BeIpaxkeHue ais paaunyca (3.3):
L mkZg
nom, = 202

BuiHo, 4T0 MOAYTh BEIMUUHBI MOTEHIIMATILHOM SHEPTUH B 2 pa3a 0oJibllle 3Have-
HUS KUHETHYECKOM sHeprun. Takum o0pa3oM, MOJTHAs YHEPTUS:

mk’Z2q*
V== S (35)

YyuTeiBas Bce 3HAYCHHUS KOHCTAHT B (3.5), SHEPTHIO I BOAOPOIOIOI00HOTO
MOHa C 3apsTI0BBIM YHCIIOM Z MOKHO PacCUMTATh 10 (HopMyJie:

2
== 13,65, 5B (3.6)
B ciydae aroma Bogopona (Z = 1) dopmyna st pacdeTa MOJTHOM SHEPTHH:
W,=— 13,6, 5B (3.7)

[Tpu n300paskeHNH YIHEPTETUICCKOM JUATPaMMBI TPUHSATO OCh 3HAYEHUW SHEPTHU
OTKJIQ/IbIBaTh 10 BEPTHKAIU. 3HAYEHUS SHEPTHH, KOTOPHIMU O0JIaaeT JIEKTPOH B
aToMe, Ha3bIBAIOTCS YPHEPreTUUECKUMHU YPOBHIMU. JHEPreTUYECKas [uarpaMma aToma
BOJIOpoJia n3o0paxkeHa Ha puc. 3.2. Ilepexoibl JIEKTpOHA M3 COCTOSHUS C OOJIBIIICH
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HHEPTrHUeil B COCTOSTHUE C MEHbBIIIEH YHEPTHel (CBEpXy BHU3, C 00Jiee BBICOKOTO YPOBHS
Ha 60J1ee HU3KHIT) COIPOBOXKIAI0TCS HclycKkaHueM (oTtoHa. [lepexon ¢ 601ee HU3KOro
HHEPreTUUECKOr0 YpOBHS Ha Oojiee BBICOKUMN BO3MOXEH IPU MOIVIOIIEHUU (POTOHA.
OHeprus poToHa B COOTBETCTBUH CO BTOPBIM IOCTyJ1IaTOM bopa paBHa pa3HOCTH SHED-
T 3TUX YPOBHEU.

W, 3B
0 LSS AnE
-0 85 n=4
'1_,5 Y n-"g
-3,4 n=2
s g
¢ T
[
T
-13.6 " n=1

Puc. 3.2 DHepreTuueckas auarpaMmma aToma BoJI0po/a.

Ipumep 1
CBOOOJHBIN 3JIEKTPOH, UMESI HEKOTOPYIO KMHETHUecKyto sHepruto W,;, cTojik-
HYJICSI C aTOMOM BOJI0PO/1a, HAXOJAIIMMCS B IEPBOM BO30YKJIEHHOM COCTOSTHUM, U OT-
CKOYMJI, TPUOOPETS TOTIOTHUTEIHHYIO SHEPTHI0. IMITYIIbC 3JIEKTpOHA MOCIIE CTOIKHO-
BEHMS C IIOKOSAIMMCS aTOMOM oKasaics paseH 2,09-107%4 kr-m/c. Onpenenurs KUHETH-
YECKYI0 SHEPTHUIO 3JIEKTPOHA JI0 CTOJIKHOBEHHUA. 3yueHue He yUuThIBaTh.
Hano:
ng=2
P2 = 2,09-10"2* kr-m/c

Hajitu:
WK] = ?

Pemenmue:

N3MeHeHne KHHETUYECKON IHEPTUM CBOOOIHOTO AJIEKTPOHA MPOUCXOIUT 3a CUET
MOJyYEHHUs SHEPTUM OT aTOMa BOAOPO1a. ATOM BOJOPO/1a, OT/IaBas SHEPTHUI0, IEPEXO-
JUT B COCTOSIHME C MEHbIIIECH sHeprueil. Eciii aToM HaxoauTCs B MEPBOM BO30YKICH-
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HOM COCTOSAHHUHU, TO COCTOSAHHUC C MEHBbIIIEH SHGPFHCﬁ — 9TO OCHOBHOC COCTOAHHEC, HO-
Mep Kotoporo N, = 1. Pa3HoCTh SHEpruil aromMa HIeT Ha COBEPIICHUE padOTHI O YCKO-
PCHUIO CBO6OI[HOFO QJICKTpOHA. ITo TCOPECMC O KUHETUYECKOMN OHCPIUHU:
Winnz = Wiuma = 4
Wit = Wiz — 4
Hatimem sHepruto, mepeaaHHy0 aTOMOM CBOOOTHOMY 3JICKTPOHY:
A=Wy — Wy

1 1
A=—-136- (? — F) =13,6-0,75 = 10,2(3B) = 1,632 - 10718(/I)

Hatimem koHEUHYO 2HEPTHIO CBOOOTHOTO AJIEKTPOHA:
mv®  p?  (2,09-107%%)?
2  2m  2-91-1073

Haiinem KHHETHYECKYIO SHEPTHIO 3JIEKTPOHA 10 CTOJIKHOBEHHS:
W1 = Wiz — A = 15— 10,2 = 4,8(3B) = 7,68 - 10718 (/Ix)

Wy = =2,4-10718(/x) = 15(3B)

Oteer: W,y = 4,8(3B) = 7,68 10718(/Ixk)

Jlocmuoicenuss meopuu bopa
*  OOBbsICHUIIA CIIEKTPHI UCITYCKAHUS U MOTJIOIICHUS JJIsl aToMa BOJAOpOAa
* TouHO npencka3ana HEPrU0 HOHU3ALMH aTOMa BOAOPO1a
Tpyonocmu mooenu bopa
* He nonyyaetcst 0ObSICHUTh CHEKTPbl UCMYCKAHUSI U TOTJIOIICHUS I MHOTO-
AJIEKTPOHHBIX aTOMOB

* He o0bscHsieT, mouemMy OJHU JIMHHUH sIpUe APYTUX
* He o0bsicHSIOTCA CBSI3U MEXKIY aTOMaMU
* CTaObWIbHOCTH aTOMA MPUHUMAETCS 32 AKCUOMY

Bce aTu TpynHOCTH ¥ IPOTHUBOPEYMSI CHUMAIOTCS B KBAHTOBO-MEXAHUYECKON MO-

JIeJIN aToMa.

3.2. Boanbl ne bpoiias

Konuenmusi KopmyckyJisipHO-BOJIHOBOI0 1yajJn3Ma
PazButne ¢puzuku XIX-XX BB. mokasayo, 4To cBeT 00Jia/laeT KaKk BOJHOBBIMH,
TaK ¥ KOPIYCKYJISSPHBIMH CBOMCTBaMH. DTO MPOSBIAETCS B TAKUX CBOMCTBaxX cBeTa: 1)
uHTepdepeHus, nudppakius, mojasprusaius, JUCIEepPCcus, KOTOpble OTPaKaIOT BOJHO-
BbI€ CBOMCTBA CBETOBBIX BOJIH; 2) siBiieHUE (0oTOIP(heKTa, KOMITOHOBCKOE pacCesiHUE,
TEIIOBOE U3ITyUYECHUE, KOTOPhIE OTPAKAOT KBAHTOBYIO MpUpoay cBeta. [lepBas rpymia
CBOMCTB TpeOyeT OMMCaHUsl CBETa KaK AJIEKTPOMAarHUTHOM BOJHBI, KOTOpas XapakTe-
PHU3YETCS YaCTOTOH V, ITUKINYECKON YacTOTON w W JUTMHOW BOJHBI A. DTH TTapaMeTphl
CBSI3aHBI MEXKTy COOOM CIEAYIONTUMUA COOTHOIICHUSIMU
w=2nv; ¢c=Av; w=2nc/A (3.8)
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Bropas rpyrmna cBONCTB yKa3bIBaeT Ha TO, UTO CBET MPEACTABISET COOOM MOTOK
(OoTOHOB (KBaHTOB), 00JIaJAIOIIMX YHEPTUEH U UMITYJIbCOM. DHeprust W u umnyinsc p
CBSI3aHbI C BOJJHOBBIMU XapaKTEPUCTUKAMH CIICTYIOIIUMHU COOTHOLIECHUSIMU

W=hv=hw; p=17, (3.9)
rae h = 6,63 - 10734 Ik - ¢ — nocrosiunas [Tnanka, A = 1,05 - 1073* Ik - ¢ — pexyun-
poBaHHas noctostaHast [Inanka. JlaHHOE CBOKCTBO CBETA IMOIYYMIIO Ha3BaHUE KOPITYC-
KYJISIPHO-BOJIHOBOI'O yaJIu3Ma.

B 1924r. JIyu ne bpoiinb (paniry3ckuil GU3UK), aHATU3UPYS OINBITHBIE JaHHBIE,
IPUIIENT K BBIBO/Y, YTO JBOMCTBEHHOCTh CBETA JIOJKHA OBITH paclpoCTpaHEHa W Ha
Tr00BIe YaCTHIIBI BelecTBa. | umoresa ae bpoiiis 3akiodanack B TOM, 4TO MUKpOYa-
CTHIIBI TOMUMO KOPIYCKYJISIPHBIX CBOWCTB, 00J1a/1af0T €111e ¥ BOJTHOBBIMHU CBOMCTBAMH,
T.€. TP OIPENICTICHHBIX YCIOBUSAX BEAYT ce0sl KaK BOJHHBI.

KomnmuecTBeHHBIE COOTHOIIICHUS, CBSA3BIBAIOIINE KOPITYCKYJISIPHBIC W BOJTHOBBIE
CBOWMCTBA YaCTHII, TAKUE XkKe, Kak Ji1s poToHoB (3.9). Mnes ne bpoiins cocTosia B TOM,
YTO 3TH COOTHOIICHHUS MMEET YHUBEPCAIBHBIA XapaKTep, CIPaBeJIUBbIN IS JIFOOBIX
BOJIHOBBIX mponeccoB. Jr000il yactuue, 001a1aroneil UMITyIbCOM P, COOTBETCTBYET
BOJIHA, JUTMHA KOTOPOU BhIUUCIAETCS 110 hopmyJie ne bpois:

h
A =7 (3.10)

Crnetyet OTMETHUTB, BOJIHBI 1€ Bpoiisis He SBIAIOTCA 3JIEKTPOMarHuTHeIMU. BoiiHa
ne bpoilnst — 3To MaTemMaTH4ecKasi MOJIeJb, ONMKUCHIBAIOIAS] IOBEICHUE MUKPOYACTHII B
COOTBETCTBYIOIIMX YyCJIOBUSX. B Hacrosiee BpeMsi (PU3UKU MPUIILTK K CIICAYIOIICH
MHTEpHpeTanu (PU3NIECKOro cMbIcia BOJH 1€ bpoilns: nogedenue mukpouacmuy no-
cum 8eposAmMHOCMHbIL Xapakmep, a 8oaHa Oe bpotins — mamemamuyeckuil UHCmp)-
MeHm 0715 pacyema 3mou 6epOAMHOCHIU.

B 1927 rony HdaBuccon u Jxxepmep (amep. GHU3UKHK) MOATBEPAUIN THIIOTE3Y €
bpoitns, o6HapyxuB audpakiyio dIEKTPOHOB HAa Kpuctaiuie Hukens. [lanpHeiiee
MOATBEpAKAEHUE rurnoTe3sbl ae bpoitns Hanwio B onbitax JI.C. TaprakoBckoro u I'. Tom-
COHa, HaOMIOAABIINX AUGPAKIMOHHYIO KapTUHY MPHU MPOXOKICHUU MydKa OBICTPHIX
a1ekTpoHOB (E~50 k3B) uepe3 Gonbry u3 pa3audHbIX METAUIOB. 3aTeM Obljia 0OHapy-
*KeHa Tudpakiys HEUTPOHOB, MPOTOHOB, AaTOMHBIX IMYYKOB U MOJIEKYJIIPHBIX MTYYKOB.
Takum oOpazom, runotesa ae bpoitns 6pu1a 3KCIEPUMEHTANIBHO NOATBEPKACHA U CEMl-
4ac 3TO HaJIEKHO YCTAHOBIICHHBIN (akT. ClieryeT OTMETUTh, UYTO KOPIYCKYJISIPHO-BOJI-
HOBOM JTyaJu3M MPaKTUUYECKH MPOSBIISIETCS TOIBKO JIJII MUKPOYACTHIL (PJIEKTPOHOB,
HEUTPOHOB, MPOTOHOB, aTOMOB, MOJIEKYJ). UTO KacaeTcsi MaKpOCKOMTMYECKUX Te, TO
9TH TeJla TEOPETUUECKU TaKKe JIOJKHBI 001a1aTh BOJTHOBBIMH CBOMCTBAMH, HO B CHITY
UX MAKpOCKOIMMYECKONW MACCHI, JJIMHA BOJIHBI i€ bpoiiis 1uid HuX KpaiiHe Mana. Tak,
JUISL TEII ¢ Maccoit ~ 1 r meOpoiiaeBcKas JJIMHA BOJHBI COCTABIISCT ~ 107" M, uTo He-
BO3MOKHO OOHApPYKUTh COBpEMEHHBIMU MeToaMu. [loaToMy BCce MakpoTesna B COBpe-
MEHHOU (hU3HUKE pPacCMaTPUBAIOTCS TOJIBKO KaK KOPITYCKYJIBI.

J1y1st rpaMoTHOTO McToyib3oBaHus popmyiibl (3.10) HE0OX0IUMO PACCMOTPETH /IBA
Cilyyas JBWKEHUS YacTHUIl: 1) HEPEISATUBUCTCKUM Clydail v 2) peasiTUBUCTCKUM CIIy-
qai.
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HepeasTuBucrckuii (KJIaccuuecCKri) ciay4ya

B aToMm cityuae CKOpOCTh 4acTUIbI MHOI'O MEHBIIIE CKOPOCTH CBETA C, & KHHETH-
yeckas SHeprus 4vacTulbl W, MHOro MeHblIe €€ SHEpIHM MOKOsI, YTO BhIpa)kaeTcs
CJIEIYIOIMMHE COOTHOLIEHUAMU U K ¢; W, < myc?. ®opmyiny (3.10) B 5TOM ciryuae

MOKHO 3aIIiCaThb:

h h
Aag = — = =, (3.11)

2mw
rae p = mv = ./ 2mW, uMIysbc 4acTULIbl, BEIPAKEHHBII Yepe3 Maccy M U CKOPOCTh
U U 4Yepe3 KUHETHYECKYIo sHepruio W,. HMuorzma B 3amadax A5 BHITOAHO BBIPA3UTh

4yepe3 yeKopsrolee HanpsokeHune U, KoTopoe MPOXOANT YacTHIla ¢ 3apsaoM q. B atom
cllydae KHHETUYIECKasi JHEPTHsT YaCTHUIIBI ONIPEEITUTCS 10 PopmyIie

W, = qU, (3.12)
[Toactasmss e€ B (3.11), momyunm popmyiry
h

AA6 = TqU (313)

PeasiTuBUCTCKMH cirydan

B 3TOM Citydae CKOpOCTh YaCTHIIBI TOPSIIKA CKOPOCTH CBETa C (HO HE MPEBBIIIACT
eé!), a kuHeTH4eckas dHeprus W, yactuipl nopsiaka (Wim 00JbIie) €€ SHEPTHH TTOKOS
MyC?, 9TO BBIpAKaeTCs CIEAYIOMUMHI COOTHOIIEHUAMH U~C; W, = myc?. ®opmyiy
(3.10) B aTOM CiTy4ae MOXKHO 3aIiCaTh:

h v2 hc
Ae=—— [1-2= | (3.14)
mov c VWi (Wie+2mc?)
rac VVK — KHHCTHYCCKAsA SHCPIuA peHHTI/IBI/ICTCKOﬁ JacTUlbl, VU CKOPOCTh HaCTHUIIbI,

mg — Macca ImoKos 4aCTHUIBI.

IIpumep 2

Yepes kakyro pa3HOCTh MOTEHIUANIOB U; HEOOXOIUMO MPOMYCTUTH PO KUCIIO-
pona 0, uTo6mI ero nebpoiineBckas IIMHA BOJIHEI Aj61 CTala TakoH e Kak y sapa
renus sHe MMeIONIyI0 KMHETHYECKYIO dHepruto W, = 320 3B?

Hano:

120 - anpo xucnopona;

3He - sapo renms;

W, =320 3B - kuHeTnueckas
SHeprus gpa Tejus

/1;[61 = Aa62

HajiTu:
U;—7? (s siapa Kuciopoa)

Pemienne:
JlaHHasi 3ajlaya OTHOCHUTCS K HEPEIATHUBUCTCKOM o0sacTH, mockoyibky W, <«
MyeC2.
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Breném ynoOnbie o603HaueHus1. Bece mapaMeTphl 3aa4n, OTHOCAIIINECS K KUCIIO-
pojly, 0003HAYMM HHJIEKCOM «1», a OTHOcsAIMecs K reuio uHaekcom «2». Ilo dop-

myite (3.13) 3anuieM JIMHY BOJIHBI e Bpoiis 1t kucimopoia
h

/1,5[61 = m! (1)
IJie M, — Macca sijipa KUciaopoJia; g, — 3apsaj siapa kuciaopoja; U; — uckomast pa3HOCTh
MOTEHITUAJIOB JIUIA SiApa KUCIOPO/aa, KOTOPYI0 HEOOXOAMMO OMpEIeIuTh B 3aaade.
OnpenenuM maccy W 3apsia s siapa Kuciopoja. Bocnonb3dyeMces 0003HaYEHUSAMU,
KOTOpBIE JIaHbl B 3a7aue — 0. Bepxuuii unekc 31ech 0603HaYaeT Maccy spa KHCIIo-
po/a, BRIPAKEHHYIO B aTOMHBIX €WHUIIAX Maccel (m, = 1,66 - 10~27kr — atoMHas
equHuia Maccsl). CnegoBatensHo: my = 16m,. HuwxHuil nuagexc o0o3HavaeT 3apsi
s/1pa, BRIpaXKEHHBIN B €IMHUIIAX dJIEMEHTapHOro 3apsa e. CienoBareibHo: ¢, = 8e.
ITo dbopmyne (3.11) 3anumeM aIuHYy BOJIHBI e Bpoims mis renus
h

2myWyp 2)
rje m, — Macca sifjpa reius; q, — 3apsaa sapa renus; W,, — KuHeTUu4ecKas SHeprus
anpa renus paBHas 320 3B. Onpenenum maccy u 3apsan A anapa renus. [loctynaem
aHAJIOrMYHO, KaK U JUIs Kucjopoaa. CuMBonudeckoe 0003HAYeHUe i Teius sHe.

CrnenosarenbHo: m, = 4m,,q, = 2e.
Kunernyeckyro sHepruro sapa reaust W, ynooHo BeIpa3uTh 1o Gopmysie (3.13):

W = q,U, = 320 3B, orcrona Haxoaum
U, = 32098 _ 320 I _ 4.0 3)
a2 2e
B (3) mbl Boipazunu 320 3B B mxoynsax, nomHoxuB 320 3B Ha snemeHTapHbIN
3apsn e, a 3aTeM COKpaTWiIH Ha e. Tenepsb y100HO 3anmucaTh JJIMHY BOJHBI Je bpoitns
s reust mo popmyite (3.13)

/1/162 =

h

A5z = Fmoos (4)
ITo ycnoBuro 3anaun

/1,5[61 = A,q62 (5)

[ToncraBum B (5) Beipaxkenus (1) u (4)
h

= 6

J2miqiUs  [2myqaU, ( )

CokpatiM B (6) ciIeBa ¥ crpaBa Ha h UV2, 3aTeM HCIIONb3ys anreGpanyecKue
npeodpa3zoBaHusl MOJyYUM pacdeTHYyr0 hopmyny st Uy

mxdq;
U, = U 7
=22y, ™
[ToncraBum B (7) HallieHHBIE BEIUYUHBIM,M5,q4, G2, U1 TOTYy4YUM OTBET:
4mg2e
U =——160 = 10B.
16m,8e

OtBer: U; = 10 B.
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3.3. CooTHolIeHNs HeonpeaeaeHHocreii I'eiizendepra

B pa3znene Bonnbl 1e bpoitias Mbl okazanu, 4TO MUKPOYACTHUIBI OJTHOBPEMEHHO
IPOSBIISIIOT ce0s KaK BOJIHBI, U KaK KOPIYCKYJbl. K HUM HE MpUMEHUMBbI 3aKOHBI KJ1ac-
CUYeCcKOl (M3HMKHU YacTUIl U BOJH. B kBaHTOBOM (pr3MKe TOKA3bIBACTCS, UTO K MUKPO-
YacTHUIIE HEJb3s MPUMEHATh MOHATUE TPACKTOPUHU, HO MOXHO CKa3aTh, YTO YaCTHUIIA
HAXOJUTCSl B JaHHOM OOBbEME MPOCTPAHCTBA C HEKOTOPOM BEPOATHOCTHIO W. Y MEHb-
mast 00beM, Mbl OyJIeM YMEHbBIIIAaTh BEPOSITHOCT, OOHAPYKUTh YacTUIly B HeM. Bepo-
ATHOCTHOE ONKMCAHUE TPACKTOPUU (WJIU MOJIOKEHUS) YACTHUIBI MPUBOJUT K TOMY, YTO
UMITYJIBC U, CIIEIOBATENbHO, CKOPOCTh YaCTHIIBI MOKET OBITh OMpeziesieHa ¢ KaKOKW-TO
ONPEIEIIEHHOW TOYHOCTBIO.

Ecnu noMecTuTh yacTuIly B JaHHYIO TOUKY IPOCTPAHCTBA, TO Mbl HUYETO HE CMO-
K€M CKa3aTh O JJIMHE BOJHBI YAaCTHUIIbI. J[€MICTBUTEIBHO, BOJIHOBOU MPOIIECC MOIpa3y-
MeBaeT HEeKUi 00bEM MPOCTPAHCTBA, B KOTOPOM OH COCPEIOTOYEH (BCIIOMHHUM O BOJI-
Hax Ha MoBepxHOCTU Mops). CienoBaTeNbHO, AJI1 YaCTULBI C TOUYHO 33JJaHHOW KOOp-
JUHATOW MMITYJIbC CTAHOBUTCS IOJIHOCTBIO HEONPEACIEHHBIM. JTO HANPSMYIO Clle-

nyeT u3 Gopmyinsl Agg = %, BBIPa3HM OTCIOJ]a UMITYJIbC P 4acTHIIbI, TOTIA:
p=2> (3.15)
Ans
[TockonbKy 111 TOYKH ONPENETUTH JJIMHY BOJHBI HEBO3MOKHO, TO UMITYJIBC CTa-
HOBUTCS IOJIHOCTBIO HEONPEIENEHHBIM. [[11Ha BOJIHBI, @ BMECTE C HEM U UMITYJIbC Ya-
CTHUIbI, MOXKHO ONPEIEIUTh, TOJBKO €CIU YYacTOK Ax SBISETCA JOCTATOYHO MPOTS-
KEHHBIM. UeMm Oosbiie Ax (HeonpeneaéHHOCTh KOOPIMHATBI), TEM MEHBIIE HEeonpee-
JNEHHOCTh UMIyJbca Ap,, TEM TOUHEE ONPENENEH HUMIYJIbC P, M HAO0OPOT, YEM
MeHblIIe Ax, TeM 0OJIbIIIE HEONIPEAEIEHHOCTh B HAX0XAeHUU Ap,.. 13 3TUX KauecTBeH-
HBIX PACCy’KJICHUI BBITEKAIOT COOTHOILIEHHS HEOIIPEACIIEHHOCTEN MEXAY UMITYJIHCOM
¥ KOOPJIMHATOM, KOTOPHIE BIIEPBbHIE OBLIH MOTyUYeHbl HeMellkuM pusukom [ 'eitzendep-
TOM U HOCSIT HA3BaHHUE COOTHOLIIEHUs HeompeaeaeHHocrei I'eiizendepra. 3anumiem
5TH COOTHOIUEHUS JUIA KOOPAUHAT X, Y, Z ¥ UMILYJIbCOB Py Dy D,

AxAp, =25 AyAp, =2 ; AzAp, > * (3.16)

rae h = 1,05 - 1073* /I - ¢ — pexyunposannas nocrosiHuas Ilnanka. Yacto B (3.16)
npeHeoperaroT KodhpuimeHToMm 1 / o ¥ TOT/]a COOTHOLICHHUS HeOoNpeaeaeHHocTei I'eii-

3eHOepra BBITJISAAT
AxAp, = h; AyAp, = h; AzAp, = h (3.17)
CooTHomnieHue HeonpeeneHHocTen [elizenoepra ycraHaBIuBaeT TPaHUILY B OJ1-
HOBPEMEHHOM OTIPE/ICIICHNH TOYHOCTH KAHOHUYECKH COMPSHKEHHBIX BETUYHH, K KOTO-
PBIM OTHOCSITCS KOOpIUHATa ¥ uMIyJibe. Cmbici cootHomeHui (3.16) u (3.17) 3akiio-
qyaeTcs B CIEAYIOIIEM: npouzgedeHue HeonpeoeieHHocmell KoopouHamsl Ax u  um-
nynvca Ap, (ananocuuno 0nsi 08X Opy2ux KAHOHUYECKU CONPANCEHHLIX GEUUUH) He
Modcem Oblmb NO NOPAOK) 8eAUdUHbL MeHbute nocmosnnot [ nanka h. Takum 006pazom,
JUTSI MUKPOYACTHITBI HE CYIIIECTBYET COCTOSIHUH, B KOTOPHIX €€ KOOPJMHATA H UMITYJIhC
uMenH Obl OTHOBPEMEHHO TOYHbIE 3HaU€HUsA. YeM MeHbIlIe HeOpe1eIeHHOCTh OJHON
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BEJIMYMHBI, TEM OOJIbILIE HEOMPEAEICHHOCTh APYTroi. 37ech HaJ0 UMETh B BUIY, UTO
HEOIPEICICHHOCTh, KoopauHatel U uMiyibca B (3.16) u (3.17) He ompenensercs
HAIIMUMU W3MEPUTENIbHBIMU MpUOopaMu, a 3a1aércs GyHIaMEHTAIbHBIMU 3aKOHAMU
bu3uKy.
[ToMHUMO COOTHOIIEHUS HEOTIPEIETICHHOCTEM MEX Ty UMITYJIbCOM M KOOPJIMHATOM,
B (pU3MKE CYIIECTBYET COOTHOIIICHHE HEOIIPEACIIEHHOCTEN MEXAY SHEPTHEH U Bpeme-
HEM
AWAt = h (3.18)
rae AW — HeonpenelneHHOCTh YJHEPTUM YACTULBL, AL — HEOIIPEAEIEHHOCTh BPEMEHU
HAXOJKJCHUS YaCTHIIBI B JAHHOM cocTostHuu. M3 cootHomenus (3.16) BeITeKaeT, 4To
HSHEPreTUYECKUE YPOBHHU aTOMOB B BO30YK/IEHHBIX COCTOSTHUSX HUKOTIa HE 33JJal0TCS
TOYHO, @ M3BECTHBI C OmNpeaeaCHHo morperHocTthio AW. U3 cootHomenus (3.18)
TaKXXe CJIEIYET, 4YTO YacToTa (DOTOHA W, U3TYYEHHOTO aTOMOM, HUKOI'/1a HE UMEET TOY-

. o 1
HOTO 3HAYCHM:A, a OIPCACICTCA C OIPCACICHHON IMOIPCIIHOCTBIO Aw = ;, ronc T —

BpeMs NpeObIBaHUS aTOMOM B BO30YXJAEHHOM COCTOSIHUU.

Crnenyet OTMETUTh, UTO COOTHOIIEHUS HeolpeaeaeHHocTel [ 'eif3endepra umeror
CMBICJI ITPAKTUUYECKHU TOJBKO JUJISI MUKPOUYACTHUI] (JIEKTPOHOB, HEUTPOHOB, TPOTOHOB,
aTOMOB, MOJIEKyJ). /{151 MakKpOCKONMYECKHUX Tell ¢ Maccod ~ 1 T HeompeaeIeHHOCTh
KoopauHaThl cocTaBiseT ~ 107 M. CoBpeMeHHbIE PU3MIECKUE METO/IBI HE TI03BOJISIOT
IIPOBOJIUTH U3MEPEHHUS C TAKOM TOYHOCTBIO, a TIOTOMY COOTHOIIEHUS HEOIIPEAEIICHHO-
creil 'eiizenOepra s MakpoTea HE UCIOIb3YETCs, U IPUHATO CUUTATh, YTO KOOPIH-
HAaTa ¥ UMIYJIbC JUISl TAKUX TEJI U3BECTHBI TOYHO.

IIpumep 3

Sapo azora 2N yckopsercs HanpsixenueM U u BieTaeT B kKamepy BuibcoHa.
HeonpeneneHHOCTh KOOPAMHATHI 5]Ipa MOKHO U3MEPUTH C MOTPEIIHOCTHIO | HM, a He-
ONpeNeIEHHOCTh UMITYJIbca ¢ TOYHOCTBIO 0.1%. OLIEeHUTh HUKHIOIO TPAHUILY HAMpsi-
xeHust U, Tpu KOTOPOM €II€ MOKHO MPOU3BECTU U3MEPEHHS KOOPAMHATHI U UM-
MyJIbCa C YKa3aHHOW TOYHOCTHIO.

Hano:

12N — saapo azora;
Ax = 1uM = 107°M;
A
?p =0.1% =103

Havitu:
U,—?

Pemenmne:
1) BeipazuM KUHETUYECKYIO SHEPTUU YEPE3 UMITYIILC YACTHULIbI
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We=1 (1)
BrIpa3um oTcro1a UMIyssc p:
p =/ 2mW,. (2)
C npyroii cTOpOHBI, KHHETUYECKYIO SJHEPTUU MOKHO 3aIlliCaTh YEPE3 YCKOPSIO-
mee HanpsbkeHne U v 3apsij] 4acTULbI G-

W, =qU. (3)
[ToncraBum (3) B (2), momyunm
p =+2mqU (4)
3anuineM HeONPeaeIeHHOCTh UMITYJIbCA, UCITONIB3Ysl YCIIOBUE 3aaUH
Ap = 1073, /2mqU (5)

3anuieM COOTHOLIEHHE HeonpeneaeHHocTel [ eiizendepra Mex 1y UMIyJIbCOM H
KOOPAUHATON

AxAp = h (6)
[ToactaBum B (6) cooTHOIIEHHE (5)
Ax1073./2mqU > h (7)
Bo3Beném B kBajpar JieByr0 U NpaByro 4acTh (7)
Ax?107%2mqU > h? (8)
3anuiemM COOTHOLIEHUE i HanpsbkeHus U, ucnomis3ys (8)
hZ
— 107%2mAx2q (9)

HepasenctBo (9) siBnsiercst pacu€tHoit popmMyroit Hamielt 3agaun. Onpenenum
Maccy m | 3apsij q s acTuilbl. Bocronb3yemcs 0003Ha4eHUSIMU, KOTOPBIC 1aHbI B
3anaue — 17N, BepxHuii MHIEKC 3/1eCh 0003HAYAET MacCy Apa a30Ta, BEIPAKEHHYIO B
aTOMHBIX eIUHHUIIaX Maccel (m, = 1,66 - 10™27Kr — aTOMHAs IMHUIA Mmacchl). Cire-
noBatenbHO: m = 14m,. HwxHuii uanekc o0o3HavyaeT 3apsij sSapa, BIPAKCHHBINA B
eqMHMIAX daeMeHTapHoro 3apszaa e (1,6-107° Kir.). Cnenosarensho: g = 7e.

IToncraBuM Bce U3BECTHBIC YHCIIOBBIE TTapaMeTphl B (9)

(1,05-10734)2 _
= 10762141,66:10~27(10~9)2.71,6-10~19 021B (10)
Hwxnss rpanuna Hanpspkenus Uy, onpenensercs u3 HepaBeHcTBa (10) u paBHa
0,21 B, cnenosarensno U, = 0,21 B.

OtBer: U, = 0,21 B

3.4. BoainoBasi pyHKk1us M ee PU3NUYECKUIT CMBICII

B kBaHTOBOI MeXaHUKE JIF0ObIE MUKPOUYACTUIIBI HAPSIY C KOPITYCKYJISIPHBIMH 00-
JIAIat0T BOJIHOBBIMU CBOMCTBaMU. BOJTHOBBIE CBOMCTBA BBIPAXKAKOTCS B TOM, YTO Ya-
CTHUIIBI MOTYT UHTEpheprupoBaTh WU AUdparupoBaTh, IPOXOs Uepe3 Kakue-11udo He-
OJTHOPOJHOCTH WJIM BOJIM3U KaKUX-TTUOO MPETSTCTBUM. J{JIs KaXKA0M 4YaCTUIIBI MOYKHO
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o o h o
BBCCTH BOJIHY JI€ BpOI/IJ'IH C JJIMHOM BOJIHBI Aﬂ6 = ; . 13-3a BOJIHOBBIX CBOMCTB ITOBE-

JICHHE MUKPOYACTHUI] HOCUT BEPOSITHOCTHBIN Xapakrep. M. bopu (Hemernkuit ¢puzuk)
MPEANOJIOKUI, YTO 110 BOJHOBOMY 3aKOHY MEHSETCA HE CaMa BEPOSITHOCTb, a aMILIH-
TyJla BEpPOSTHOCTH, KOTOPYIO TaKKe Ha3bIBAlOT BOJIHOBOM pyHkumen mwim W — QyHk-
el (ncu-pynkiueii). Bomaosas dyukmus W(x, y, z, t) B 00IIeM cilydae 3aBUCUT OT
TPEX MPOCTPAHCTBEHHBIX KOOPJIMUHAT X, Y, Z U OT BpeMEHH t. B cooTBeTCTBUU C HHTEP-
nperanueit bopHa gusnyeckuii CMbICI UMEET HE cama MCU-PYHKIHS, a KBaJApaT €€ Mo-
nyns|W|?. Keagpar moayns |W|?onpesenser mioTHOCTh BepossTHOCTH p(X, Y, Z, t) 06-
Hapy»XUTh 4YacTUIy B JIaHHOM TOYKE NPOCTpaHCTBA X,Y,Z. Takum o00pa3om
p(x,v,z,t) = |¥|?. 3Has IOTHOCTL BEPOATHOCTH O, MOYKHO PACCUUTATH BEPOATHOCTD
dw TIonajiaHus 4YacTHIIBI B 3JIeMEHT o0bema dV
dw = pdV = |¥|?dV (3.19)
®opmyity (3.19) MOXKHO pacpoCTpaHUTh HA BECh 00BEM, 3aHIMAEMBbIi YaCTHIICH
(B 0011eM cityyae OecKOHEUHbIH ). Eciii MbI TOYHO 3HaeM, YTO JaHHOM 00BEME YacTHUIIa
MIPUCYTCTBYET (IOCTOBEPHOE COOBITHE), TO BEPOSITHOCTh TAKOTO COOBITUS OOpaIaeTcs
B 1. [TosToMy nuTerpupys (3.17) mo Bcemy o0bemMy V/, MBI 1OJTy4aeM COOTHOIIICHHE
[I¥|?dv = [pdv=1 (3.20)

CootHomienne (3.20) B KBAaHTOBOW MEXaHHKE HOCHT HAa3BaHUE yCJIOBHE HOPMH-
poBkH. B kBanTOBOM MexaHuke npuHumaercs, uro ¥ u AY, rae A = const, onuce-
BAIOT OJIHO U TO ke cocTosiHue yacTuibl. Ecin AY moncraButs B (3.20), TO MBI 1OITY-
9UM

A [|P)?dv =1 (3.21)

Ycnoue HOpMEpOBKH (3.21) MCTONB3YIOT, YTOOBI OMPEICIIUTh HEU3BECTHYIO
KOHCTaHTy A Ha KOTOPYIO JIOMHOaeTcsi BOJiHOBast pyHkius V.

YcaoBus, KOTOPBIC HAJIAralOTCs HA BOJTHOBYIO pyHKIHio V.

Oynkuus W nomkHa ObITh:

1) koHE4HOM (TaK KaK BEpPOSITHOCTh W HE MOXKET OBITh OOJIBIIE €MHUIIBI IO OTpe-
JIETICHUIO);

2) OIHO3HAYHOM (HEJb3s1 OOHAPYKUTh YACTHUILY PYU HEU3MEHHBIX YCIOBHSIX C Be-
positHocThiO fonyctuM 0,01 1 0,9, Tak kKak BEpOATHOCTb AOJHKHA OBITh OTHO3HAYHOMN );

3) HenpepbIBHOM, MOCKOJIBKY Mpou3BoAHas oT W nomkHa ObITH onpeeneHa Bo
BCel 00J1acTy ABUXKEHUSI YACTHLIBI;

4) uMeTh HENpPEPBIBHYIO MEPBYIO MPOU3BOJIHYIO (XapaKTep JIBHKEHUS Tela He
JOJHKHBI OTJIMYATHCS PaIUKaIbHO B ABYX OECKOHEYHO OJIM3KUX TOUKAX);

5) BonHOBast PyHKLMS YOBJIETBOPSIET MPUHIUITY CYNEPIIO3ULIMHU: €CIH CUCTEMA
MO’KET HaXOAUTCS B PA3JINYHBIX COCTOSHHUSAX, OUCHIBAEMBIX BOJIHOBBIMH (DYHKIIUSMU
Y, ¥,, ...V, To OHa MOKET HaXOAUTHCS B COCTOSSHUM W, ONHMChIBAEMOMN JIMHEWHOU
KOMOUWHAIUN 3TUX QYHKIIUI:

Y= Z anni
rae C,, — 1100ble KOMILIEKCHBIE YUCIIA.
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C nomoribro BoHOBON pyHKIMK ¥ BRIYUCISIOTCS CpeHIE 3HaYeHUsI J1I000i (u-
3MYECKOH BeIMUMHBI L (KOOpAMHATHI, HMITYJIbCa, MOMEHTA UMITyJIbCa U T.II.) 1O Tpa-
BUITY

<L>=[WYLwdy,
rae < L > — cpenHee 3HaueHWe BennuuHbI L; W* — KoMITIeKCHO coTpshKEHHAS BOJI-
HOBas (GyHKIMS; L — omepaTop QU3M4ecKoi BeTuInHbI L.

3.5. YpaBuenue lIpénunrepa

VYpasuenue lllpenunrepa siBAsSETCS OCHOBHBIM YPAaBHCHHEM KBAaHTOBOU (DH3HKH.
OHO sBJISIETCSL CIEJCTBUEM BOJIHOBOM MPHUPOJIBI YACTHII, PEIlasi €ro MOKHO OIpeje-
JTUTh BOJIHOBYIO GyHKIMI0 W pusnueckoit cucremsl. YpasHenue llpenunrepa ctporo
JIOTUYECKU HUOTKY/1a HE CIIEIYET, €0 HY’KHO pacCMaTpUBaTh KaK NCXOJHOE OCHOBHOE
MPENOJIOAKEHHUE, CIPABEIIIMBOCTE KOTOPOTO JOKA3BIBAETCA TEM, YTO BCE BBITEKAIO-
M€ U3 HETO CIIEJICTBUS TOYHO COTJIACYIOTCA C SKCTIEPUMEHTAIbHBIMH JTAHHBIMH.

B kBaHTOBOI MEXaHMKE BBIACISAIOT BpeMeHHOe ypaBHeHue [llpenunrepa u cra-
unoHapHoe ypaBHenue lllpenunrepa. Bpemennoe ypaBuenue Illpeaunrepa 3anucei-
BAETCA B BUJIC:

., 0¥ h?

lhg = —%A‘z” +U(r, t)¥ o (3;.222)
rae i = vV—1— MHMMas enuHUIA; A — nocrosHHAs Ilmanka; A = Pl 37 to2-
onepatop Jlammnaca; U(r, t) — moTeHIManbHas GYHKIUS YACTUIBI B CUIIOBOM TIOJIE; M —
Macca YacTHIIbI.

Ecnu cunoBoe nosie, B KOTOPOM JIBHJKETCS YacTULA, CTAMOHAPHO (T.€. HE U3Me-
HSETCA C TEYEHUEM BpeMeHH), TO GyHKIKA U He 3aBUCUT OT BPEMEHH U UMEET CMBICI
MOTEHIUAJIBHOM SHepruu. B aToM ciyuae pemenue ypaBaenus [penunrepa (t.e. W —
(GyHKLHS) MOKET OBITh MIPEACTABICHO B BUE MPOU3BEICHUS JBYX COMHOXKUTENEH —

OJIMH 3aBUCHUT TOJIBKO OT KOOPJMHAT, APYTOM — TOJIBKO OT BPEMEHMU:

Y(x,y,zt) =¥(x,y, Z)e‘i%, (3.23)
rae W — monHas SHepTHs YaCTHIIBI, IIOCTOSTHHAS B CITy4ae CTAIMOHAPHOTO ITOJIS.
Ecmu (3.23) nmoacrasuth B (3.22), To BpeMeHHoe ypaBHeHue Illpenunrepa mpe-
BpalaeTcs B CTalioHapHOE (T.€. HE 3aBHUCsAIICE OT BpeMeHH t ) ypaBHenue Llpennn-
repa
2m

AY +— (W —Um)¥ =0, (3.24)
rne ¥ (x,y,z) — BomHOBas (GYHKIHSI, 3aBUCUT TOJILKO OT KOOPJIUHAT X, Y, Z.

Kak nmpaBuiio 60JIbIIMHCTBO 33/1a4 KBAHTOBOM MEXaHHUKH CBOJUTCS K PELICHUIO
crauroHapHoro ypasHeHus llIpeaunrepa. Pemenus, y1oBiIeTBOpAIONIME YPABHEHUIO
[penunarepa, Ha3pIBatOTCs cOOCTBeHHbIMU PyHKIMsIMU (¥, ¥, ... ¥, ...), @ COOTBET-
cTByromue uM 3Hauenus suepruu (Wi, W, ... W, ...), — cOOCTBEHHBIMH 3HAYCHUSIMU
sHeprur. COBOKYITHOCTh COOCTBEHHBIX 3HAUYEHUI HA3bIBACTCS SHEPreTUUECKUM CIIEK-
TpoM. Eciu  W,, npuHMMaeT nHCKpeTHbIE 3HAUYECHUS, TO CIIEKTP — IUCKPETHBIN, €CIIH
HENPEPBIBHBIE — CILIOIIHON WJIA HENIPEPBIBHBIN.
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B kauectBe npumepa Mbl pACCMOTPUM JIBa BUa KBAHTOBO-MEXAHUYECKUX 33/1a4:
1) yacTHIla B TOTCHIUATBHOM SIME ¢ OECKOHEYHO BHICOKUMH CTEHKAMHU; 2) MPOXO0XKIe-
HUE YaCTUIIBI CKBO3b Oapbep MPSIMOYTOJIbHON (POPMBI.

3.5.1. YacTHa B NOTEHIHAJLHOM iIMe ¢ 06CKOHEYHO BHLICOKHMMH CTEHKAMHU
Ha puc. 3.3 noka3ana ¢usndeckast cuctema Jyisi JaHHOH 3a1aun. [loTeHnmanbHas

sreprus U(x) onpeaensercs CaeayroImuMU COOTHOMCHUSIMU:
Ux)=o0,npux<0; Ulx) =0,ipu0<x<[; Ulx) =oo,mpux >1 (3.25)

U(x)

U= U=0 U=

0 I

Puc. 3.3 SImMa ¢ 6eCKOHEUYHO BHICOKMMH CTEHKAMHU.

JlanHast 3ajgava SBISETCS OJHOMEPHOM, YacTHIla HAaXOIUTCI B 00JacTH
0 <x <, roe l— mupuHa MOTEHIHATLHOU SAMBI. HacTHIla HE MOXKET TOMACTh B 00-
nacth x < 0 u B 0obnacth x > [, T.K. B 9TOM ciIy4ae €€ PHeprusi CTaHEeT paBHa OECKO-
HEYHOCTH, YTO (pU3UUecKd OeccMbICiIeHHO. B ykazanHbIx oOnmacTsax (x < 0; x > 1)
BOJIHOBast (PYHKIIMS YacTHIbI oOparmaercs B HOlb (¥ (x) = 0 ), 9TO MOKa3BIBAET, UTO
3]1eCh YaCcTUIla HAXOJAUTHCS HE MOXKET. B CHITy HEMPEephIBHOCTH BOJTHOBAsI (PYHKITUS B
toukax x = 0 u x = [ TakKe paBHA HYJIIO

Y(x)=0BrToukax x = 0mx =1 (3.26)

CootHomienue (3.26) Ha3bIBAIOTCS TPAaHUYHBIMU YCIIOBUSIMH 3a/1a4H.

Hcnonp3yem craimonapuoe ypasuenue Illpenunrepa (3.22). C yuérom (3.24)
tst oonact 0 < x < | OHO MOXKET OBITH 3aIIMCAHO B BUJE

d’y  2m

=t W¥=0 (3.27)
BBeném koncTaHTy K, KOTOpast orpeaeseTcsi i3 COOTHOIICHHSI

2

H=£W (3.28)
Torna (3.27) 3anumeTcs

d*¥ | 2y _

TV =0 (3.29)
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VYpasuenne (3.29) mpencrasisieT co0oil kimaccuueckoe auddepeHmanbHoe
ypaBHCHHE HEKOTOPOT'0 K0JIeOATEIBbHOTO MPOIlecca, a IIOTOMY €ro pelleHue B 00IIeM
BUJIC 3aITUCBIBACTCS CIICTYIOIIUM 00pa3oM

Y(x) = Asinkx + B cos kx (3.30)

Hcnone3ys mepBoe rpanudHoe yciopue (3.26) B x = 0, MOKHO IOKa3aTh, YTO

B = 0. CnenoBaTensHO,

Y(x) = Asinkx (3.31)
Temneps ncnonbs3zyeM Bropoe rpannuHoe yciosue (3.26) B x = |, momyyaem

Y()=Asinkl=0 (3.32)
Pemas (3.32), nmomydgaem

kl = nm, (3.33)

rae n = 1,2 ... mo6oe HaTypaJIbHOE YHUCJIO.
Bripaxaem k u3 (3.33)

k = % (3.34)

[Moncrapiss (3.34) B (3.28), MbI onpeiesisieM CIIEKTP SHEPTHA YaCTUIIBI B TIOTCH-

I_[HaJIBHOfI SAME C 6€CKOH6‘~IHO BBICOKMMHU CTCHKAMHN
232
m“h

W, = n2, (3.35)

2ml?
raiec n = 1,2 ... HA3bIBACTCA I'.IAaBHBIM KBAHTOBbIM YHUCJIOM, OHO OHpeI[eJ'IHeT HOMCp

HYHEPreTUYECKOTO YPOBHS, HA KOTOPOM HaXOJUTCS YacThila. Takum 00pa3om, yacTuIa
B IIOTEHIMAIIBHOM SIME MOXKET HaXOAUTHCS TOJIBKO Ha ONPEICICHHOM SHEPreTUUYECKOM
ypoBHe W, (U1 Kak TOBOPSIT «HAXOJUTCS B KBAHTOBOM COCTOSIHUH N»), YHEpPreTHYE-
CKHUH CIIEKTP JAHHON CUCTEMBI SIBIISIETCS TUCKPETHBIM.

Kaxnomy snHeprerudeckomy ypoBHIO W, COOTBETCTBYET CBOSI BOJIHOBAas (hyHK-
LU

Y. (x) = Asin %x (3.36)
HeunsBecTHyI0 KOHCTaHTY A HaX0IUM U3 yciioBust HOpMupoBkH (3.20)
Ecnu moacrasuts (3.36) B (3.20) 1 mpoBecTH HHTETPUPOBAHKE, TO MOXKHO OIpe-

2
JenuTh KOHCTaHTy A. B Haiem citydyae noctosiHHast A paBHa \/; [ToncraBnss A B

(3.36) moy4aeM OKOHYATENBHBIN BUJ BOJTHOBBIX (DYHKITHIA

Y (x) = \/%sin%x (3.36a)
U3 (3.36a) onpenenseM mIoTHOCTH BeposTHocTH p(x) = |W|?
pn(x) = %sin2 nTnx (3.37)

I'padpuxu ¥, (x) u p, (x) 11 KBaHTOBBIX cocTOsiHMIA N = 1,2,3 M300pakeHbI Ha
puc. 3.4
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.(x)

X X
Puc. 3.4 BonHoBble (YHKIMU M TUIOTHOCTU BEPOATHOCTH IJS COCTOSHHU N =
1,2,3.

U3 pI/IC34 BHUIHO, YTO INIOTHOCTH BEPOATHOCTH MCHSCTCA B 3aBUCUMOCTH OT N

l
npu N = 1 yacTuila, CKopee BCEro, OyAeT MOoCepe/IuHe SIMbI (X = E)’ HO HE Ha Kpasx;
l 31
npu N =2 HauboJiee BEPOSATHOE MOJIOKEHUE YACTUIIBI TIPU X = JUX = mpu n= 3

1 1 sl

HaHGOJICe BEPOATHOE MONIOXKEHUE YACTHIIBI P X = =, — ,—.
Eciu MBI XOTUM OMPEIETUTh BEPOSITHOCTh W MOMAJAHUs YaCTUIBI B 00JaCTh
[x1,%,], TO MBI IOJIKHBI TIPOUHTETPHPOBAThH cooTHOmEeHue dw = pdV = |¥|?dV no

Bcell obmacTu [xq, X3 ]:
2 :
w = f;lzl‘l’lz v = foz sin? = x dx (3.37a)

X1 l
®dopmyia (3.37a) sBiseTcs pacueTHOM /IS 3a/1a4 Ha TOTCHIIMAIBHYIO SIMY ¢ Oec-
KOHCYHO BBICOKMMHU CTCHKAMM.

Ipumep 4

Sapo yrnepona '2C HaxoauTcs B OHOMEPHOM ITPAMOYTOIBHOM ITOTEHIUAIBHOMI
sMe TUPUHON [ ¢ OECKOHEYHO BHICOKMMH CTEHKAaMH Ha BTOPOM JHEPIETHYECCKOM
YpOBHE. 3anuIINTe BOJHOBYIO (DYHKITUIO U IMJIOTHOCTh BEPOSITHOCTH JIAHHOTO COCTOSI-
Husa. M300pazute rpaguyecku BOJHOBYIO (DYHKIIMIO W TUIOTHOCTH BEPOSITHOCTH 4Ya-
ctunel. Onpenenure Ha rpaduke TOUYKHU, T€: 1) BEpOSITHOCTh OOHAPYKUTH YACTHILY
MUHHUMAJIbHAS, 2) BEPOSITHOCTh OOHAPYKUTh YACTUIy MakcUMaibHas. PaccuuTaiite

BEPOSTHOCTh W TIONAJaHNs YACTHIBI B 00JIaCTh l/ 4 <XxX< 2l/ 3

ano:
12C — anpo yraepona;
n = 2 (HOMep PHEPreTUYeCcKOro ypoBHs)

Haurn:

1) {xmin }

2H%max }

3)w—? Ilns obnactu l/4 <x< 21/3
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Pemenne:
1) Bocnoas3yemcst popmysioii (3.36) i BOMHOBBIX (YHKIHI B OJXHOMEPHOM
PAMOYTOJIbHOW MOTEHIUAIBHOU SIME

¥ (x) = \/%sinnT”x (1)
B namem ciaydae HOMep sHepreTudeckoro yposHsa n = 2. [loxacrasisiem ero B
(1) u monyuaem dhopmyy

2 . 2
V,(x) = \/;sanx (2)
OmpenernisieM MIOTHOCTh BEPOSATHOCTU JJISl IAHHOTO KBAHTOBOT'O COCTOSIHHS IO
dopmyite (3.37)
2 . 52
p2(x) = 2sin? X x ©
N3o06pazum ¥, (x) u p,(x) B Bume rpaduka. x Buja nokasan Ha Puc.3.4 (n = 2).
W3 rpaduka BUaHO, 9TO: 1) TOUKH, TJIC BEPOSITHOCTH OOHAPYKUTH YACTUILY MUHUMAJTb-

l
Hasl PaBHBI X;pip = O’E’ [; 2) Touku, T/I€ BEPOSITHOCTH OOHAPY)KUTh YACTHILy MaKCH-
1 31
MaJTbHAs PABHBI Xmay = )" BeposTHOCT OOHApYKUTh YACTHILYy B OOJACTH l/ 4 <

x < 2l/ 3 OLPEIEINM 110 (popMmyIie (3.38), yuutbiBast HOMEp SHEPTETHYECKOTO YPOBHSI
n = 2 U npeaenbl MHTErPUPOBaHUs, IOJydaeM

21 21
w = | /3|‘P|2dV=Efl /3 5in2 2% dx (4)
/4 1YYy l

41T
2 21 o L2 21T _ 1—COST
Paznoxum sin -~ 1o dbopmylie ABOMHOTO yriia: sin — =~ M IOCTaBUM B

(4)

2 21/3 1—cos4Tn 21 21/3 21/3 4
W—Tfl/4 de-;[zfl/‘} dx—fl/4 cos —dx] (5)
Bepém unTerpansl B (5) Mo cTaHAapTHHIM IIPaBUIaM MaTeMaTUUECKOTO aHAJIN3a
¥ TIOJTy4aeM
2[5 W3
==|———1=0,278
Y=T124 " 8x

1 3L

OtBet:l) Xpin = 0,=, 1 2) Xpax = T 3)w =10,278

N | ~

3.5.2. IIpoxosxkaeHne YacTULbI CKBO3b 0apbep NPSIMOYI0JibHOI (pOpMbI

dusndeckas MoJieIb TaHHOU 3a/1aun u3o0paxkena Ha Puc. 3.5. YacTtuna C sHep-
rueil W Haneraer Ha MOTEHUMAIBHBIA IPSIMOYTOJIbHBIN Oapbep BbicoTor Uj. [loTeH-
[UabHAast SHEPTUS JJIS YACTULIBI B 11OJI€ JBUKEHUSI Oapbepa UMEET BUL:

Ux)=0nmpux <0; Ux) =Uyp,nipu0<x <1[; Ulx) =0,mpux > L
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OnumemM MOBENCHWE YACTHUIlhI, HAJETAIONIUN Ha MOTEHIMAILHBIA Oapbep, s
JBYX ciy4aeB: 1) kiaccuyeckas 4yacTuIa; 2) KBAaHTOBAsl YaCTHIIA.

Kiaccuueckas yactuna : ipu W > U, ona npoiiner Hag 0apbepoM, mpu W < U,
— OTpAa3HTCs OT HETO.

KBanrtoBas yactuna: npu W > Uy ecTb BEpOATHOCTH TOTO, YTO YACTHUILA OTpa-
3utcs ot 6apwepa, ipu W < U, ecTb BEpOSITHOCTh TOT'0, YTO MPOMAET CKBO3b Oaphep.
[IpoxokeHne KiacCUuecKOW 4acTHUIbl CKBO3b Oapbep npu W < U, uckioyaeTcs,
MTOCKOJIBKY TIPY 3TOM KMHETHUYECKasi SHEPTHUsl YaCTUIIbl BHYTPU Oapbepa CTaHET OTPH-
[ATEJIBbHOM, YTO PU3nUYecKu OecCMBbICICHHO. [IJIs KBAHTOBOM YaCTUIIBI MTPOXOXKICHHE
ckBO3b Oapbep nipu W < U, BO3MOKHO M3-3a COOTHOIIEHUS HEONIPEECAEHHOCTEH, TTO-
ATOMY CYIIECTBYET BEPOSITHOCTb TOT'O, YTO OHA MPONAET CKBO3b Oaphep. Takoe siBie-
HUE MOJYYUIIO Ha3BaHUE B (hu3nke TyHHeaAbHOro 3¢ dexra. Ha Puc. 3.5 Bcsa o61acTh
JIBMDKEHUS MTOJIeJIeHa Ha Tpu o0sacTh: 1) x < 0 00J1acTh HAJICTAIONIMX M OTPAKEHHBIX
gactuir; 2) 0 < x < [ obmactb Oapbepa; 3) x > | 001aCcTh 4YaCTHIL MPOIISAIINX CKBO3b
Oapbep.

N3 pemenus ypaBaenus [peaunrepa cienyer, 4To BOJTHOBBIE PYHKIIUU B 00J1a-
cTax 1,2,3 onpenenstorcsi COOTHOUICHUSIMU::

Y, = A,e™* + B,e **_ ponHoBas dyHKIHUA HaneTaromeil U OTPAKEHHOH OT
Oapbepa 4acTHIIbL;

W, = A,e B*_ ponHoBas QyHKIHA 4ACTHIIBI BHYTPH 6apbepa;

Y, = A;e'**— ponHoOBas QYHKIMA YaCTHIBI, MPOMIEIICH CKBO3b Gapbep.

Paccuntaem BepositTHOCTh D (K03 dUIIMEHT Mpo3payHOCTU Oapbepa), YTo ya-
ctuia ¢ sueprueit W npoiaér ckBo3p 6apeep mmpunsl L. [Ipenmnomnaraem, 9to sneprus
gyactuilel W menblie BoicoThl Uy moTeHImanbHoro 6apeepa (W < Uy).

3anumieM crannonapHoe ypasaenue [llpenunrepa (3.24) s Hamero ciuydvast

a*y 2
— + h—’?(w —U)¥ =0 (3.38)
U(x)
Haneraromme [Ipomrenimme
YaCTHIIBI YaCTHIIBI
Uo .
>
W<Uo [ —
_______
1 2 3 ;
E—
X
0 I

Puc. 3.5 IIpoxoskieHre 4acTUIhI CKBO3b Oaphep MPSMOYTOJIbHON (DOPMBI.

[epernumem (3.38) B popme
75



d’y 2

— = Z Uy —W)¥ =0 (3.39)
OGo3Haunm B2 = Zh—T (Uy — W), toraa (3.39) 3anuimercs
2Y gy =0 (3.40)
Pemenriem ypaBaenus (3.40) sBiaseTcst BOJHOBAS (PYHKIIHS
W, = AyeB* rre § = \/i—m Up — W) = 2= (3.41)

PaccunTaeM miIoTHOCTh BEPOATHOCTH P, (X) — 0OHAPYKUTH YaCTHILy BHYTPHU Oa-

prepa
2/2m(Uy—W) 2
p2(x) = W% = 4% exp (- 22D 1) = Doexp(—22m(Ty — W) (342
Paccuntaem IoTHOCTh BEPOSITHOCTH P, (x) mpHu X = [, 3T0 U OyAeT uCKoMast Be-
posiTHOCTh D — k03 PUIIMEHT Mpo3padyHOCTH Oaphepa, UTO YacTHUIla MpeoioieeT Oa-
pbep U OKakeTcs B obyacTu 3.

p2(1) =D
nim
D = Doexp(—++/2m(Us — W)0) (3.43)

3neck Dy — koadduruent ~ 1 (oObraHO mpu pacueTe mpuHuMaercs 3a 1); A = 1.05 -
10‘34,£[>K - ¢ — nocTtodaHHad [lnaHka; m — macca yactuupl; Uy — BbICOTAa MOTEHIIU-
asnibHOTO Oapwrepa; W — sHeprus yactuupl; [ — miMmprHa NOTEHIMAIBLHOTO Oapbepa.

dopmya (3.43) siBIIsIETCS pACYSTHOM A1 33124 HA MOTCHIIUAILHBIN Oapbep mpsi-
MOYTOJIbHOU (DOPMBI.

Ipumep S

Sapo atoma yrnepona *2C ¢ sneprueii W = 11,8 3B 1BMXKETCS B I10JI0KUTEIb-
HOM HANpaBJIICHUH OCH X U HAJIETAET Ha MPSMOYTOJIbHBINA MOTEHITNAIBHBINA Oapbep BbI-
coroit Uy = 12 3B u mmpunoii [, = 3 nM. Onpenenuts BEPOSTHOCTh MIPOXOXKICHUS
SIpOM 3TOTO Oaprepa. Bo CKoJIbKO pa3 HaJlo pacliupuTh 0apbep, 4TOOBI BEPOSTHOCTD
MPOXOXKIACHUS €r0 IPOTOHOM (TIPH BBIIIE PUBEAEHHBIX YCIOBHUX ) ObLIIa TAKOH e Kak
JUIS siipa aToMa yriiepo/a.

ano:

12C — sapo yrnepona;
W = 11,8 9B:

U, = 12 3B;

l,b=3nmmM=23-10"12y;

my, = 1,67 - 107?7Kr — Macca IpOTOHa;

A =1.05-1073* JIxk - c — nocrossHHas [1nanka;
e = 1,6-1071° K — snemenTapHslii 3aps.

Hayirn:
1) D-?
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l
2) ;=2

Pemenue:

1) YUtoOsn! onpenenuTh BEPOSATHOCTh MPOXOKACHUS SIAPOM Oaphepa, BOCIIONb3Y-
emcs popmyioit (3.43)

D = Dyexp(—=+/2m, Uy — W)ly) (1)

Cuuraem D, ~ 1. Onpenenum Maccy m,. sipa atoma yriepojaa. Bocnonb3yemces
0003HaYeHUAMH, KOTOphIE JaHbl B 3a1aue — 12C. Bepxuuii uHaEKC 37ech 0003HaUaeT
Maccy sjipa yriepojia, BBIPAKEHHYIO B aTOMHBIX €JIMHMIIAX Macchl (m, = 1,66 -
107%7kr — aromuas emununa maccel). CrnegoBatensHo: m, = 12m,. Ilpu noacra-
HoBke Uy u W B (1) HEOOXOIUMO AIIEKTPOH-BOJIBTHI MIEPEBECTH B HKOYIH. {7151 3TOTO
Uy u W n1OMHOXHM Ha 3JIEMEHTAPHBIN 3apsi] € .

[loacTaBisiem Bce 4MciIOBbIE apameTpsl B (1), IpOBOAUM BBIYMCIEHUS, MOJIY-
4aeM OTBET

D = exp (—

1.05- 10734 V2-12-1,66-10727(12 — 11,8) - 1,6-1071% - 3 - 10‘12)

=0,13
2) UtoObl HalTH OTBET HA BTOPOM BOIIPOC, 3aMHKIIEM YCIOBUE PABEHCTBA BEPOAT-
HOCTH MPOXOXKACHUS MPOTOHOM Oapbepa (TpU BbIIIE MPUBEAEHHBIX YCIOBHIX) U SiApa
aToMma yriepoja.

2 2
D, = D, — exp (—;\/ZTnp(Uo — W)l) = exp (—E\/ZmC(UO — W)lo) (2)
PaBeHCTBO (2) BO3MOKHO TOJIBKO B TOM CIIydae, €ClIM PaBHBI OKA3aTeIM dKCIIO-
HEHT, CJIeJ0BATEIbHO

—%\/Zmp(uo —-W)l = —%\/ZmC(UO - W), (3)

Coxpatum B (3) Ha OJMHAKOBBIE COMHOXHUTENHM, HONYIuM: /Myl = \/m ly. BeI-

l
pasuMm O0TCroJJa NCKOMOC COOTHOIICHUEC —:

12-1,66-10727
1,67-10~ 16710727

OTtBer: l) D =0,13; 2) l— = 3,45.
0
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4. MOJIYITPOBOAHUKHN

4.1 Kpucrajuinyeckasi CTPyKTypa TBepAbIX TeJl

C ToukH 3peHus EeKTPOHU3NIECKUX CBOMCTB, TBEP/bIE TeMa JIEAT Ha TpU O0JIb-
IIKE TPYIIbI: METAJUIbI, TUAJIEKTPUKU U MTOTYITPOBOTHUKH.

Mertaibl — BelIeCTBa, XOPOIIO IPOBOJSAIINE SJIEKTPUUECKUNA TOK, C YIAEIbHBIM
cormporusieaueM p = 1078+ 10° Owm:m. ViensHoe cOnpoTUBIEHHE METAIIIOB JIH-
HEWHO pacTeT C YBEIIMYEHUEM TEMIIEPaTyPhI.

JIMDIIeKTpUKHU — BEIIECTBa, KOTOPHIE MPAKTUYECKH HE MPOBOJAT IJIEKTPUUYECKHIA
Tok. Ux yaensHoe conporusienue p > 108 Om-m.

[IpoMexyTouHOE MONOXKEHHE 3aHMMAeT OOLIMPHBIN Ki1acc BEIIECTB, Ha3bIBae-
MBIX TIOJIYIIPOBOIHUKaMU. VX yaelIb5HOe cONpOTHBRIIEHHE BapbupyeTcs ot 107° o 108
OM-M. Y 1esbHOE CONPOTUBIIECHUE ITOIYIIPOBOJHUKOB OYEHBb CUIIBHO 3aBUCUT OT HAJIM-
4us IpUMeEced B MaTepHalie, OT TeMIIEpaTyphl, BO3AEHCTBUA cBeTa U T.4. OHO 3KCIo-
HEHLUAJbHO YMEHBILAETCA C POCTOM TEMIIEPATYPHI.

CBOMCTBA BEWIECTB 3aBUCSAT OT UX BHYTPEHHETO CTPOCHUS. PaccMOTpuM TBepbIe
Tena.

BonpmIMHCTBO TBEPIBIX BEIIECTB UMEKOT KPUCTALNIMYECKYIO CTPYKTYpPY: paclo-
JIO’)KEHHE aTOMOB B IPOCTPAHCTBE XapaKTEPU3YETCS IMEPUOJAUUYECKON MOBTOPSEMO-
CTBIO U 00pa3yeT reOMETPUUECKH MPABIIbHBIA PUCYHOK, Ha3bIBAEMBIN Kpucmaniiuye-
ckou pewémkoti. TOUKH, B KOTOPBIX Pa3MEIlleHbl YaCTHUIbl KPUCTAILJIA, Ha3bIBAIOT Y3-
JamMu peméTku. B y3iax kpucramimueckon peméeTk MOTYT HaXOAUThCS ATOMBI, HOHBI
WJIM MOJICKYJIBI.

B 3aBUCHMOCTH OT MpPUPOJIBI YACTHII, PACIIONOKEHHBIX B y3/aX, U Xapakrepa
CBSA3U MEX]ly HUMH Pa3IN4alOT YEThIpe TUMAa KPUCTAJJIOB: HOHHBIE, METAJUTMYECKUE,
ATOMHBIE€ U MOJIEKYJISIPHBIE.

MeTannn4ecknue KpucTaibl

[Ipu coenuHeHMH aTOMOB MeTa/ljla B KPUCTAIUIMYECKYIO PEIIETKY, BaJE€HTHBIE
AJIEKTPOHBI aTOMOB OTpPBIBAIOTCS OT CBOMX AaTOMOB M CBOOOJHO XaOTUYHO
nepeMenatoTes no BceMy o0beMy KpucTauia. B y3max KpUCTauIMUeCKOW peréTKu
METaJula OCTAITCS  NOJ0JCUMENbHbIE UOHbL, TPOCTPAHCTBO MEXKAY KOTOPBIMU
3aI10JIHEHO «Ta30M» CBOOOIHBIX AJIEKTPOHOB (puc. 4.1).
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Puc. 4.1 Mogenb cBOGOJHBIX 3JIEKTPOHOBS,

CyMMapHbIit 3apsi; CBOOOIHBIX AJIEKTPOHOB PABEH MO MOJYJIIO U MPOTUBOIOJIO-
KEH T10 3HAKY 00IIeMY 3apsi Ty MOJ0KUTEIbHBIX HOHOB, IOATOMY METAJUTMYECKUH MPO-
BOJIHMK B LIEJIOM OKa3bIBACTCsl JJICKTPUUECKN HEUTPAIbHBIM. BaJIeHTHBIE 2JIEKTPOHBI B
MeTaJulax SBISIOTCS "CBOOOJHBIMU", B TOM CMBICIIE, YTO OHU HE CBSI3aHBI C OTIEIb-
HBIMHU aTOMaMH, XOTSI OCTAOTCsl CBA3aHHBIMU C KPUCTAIUIMYECKOU PELIETKON B LIEJIOM.
[Ipu npusokeHUN K METAJLTY JIEKTPUUYECKOTO MOJIsI €r0 CBOOOIHBIC JIEKTPOHBI HAYH-
HAIOT YIOPSAIOYCHHO ABUTATHCS MOJT JCHCTBUEM ATOTO MOJIs, 00pa3ysl dJIEKTPUUECKUMA
ToK. [IpoBOIMMOCTh MeTa1a 00yCJIOBIIEHA HAJIMYUEM CBOOOIHBIX AJIEKTPOHOB.

HNonHbIE KpUCTAIIIBI

B y31ax MOHHOM KPHUCTaUIMYECKON PEMIETKU pa3MENIEHBI OJOKUTEIBHO U OT-
PHULIATENBHO 3apsiKEHHbIE HOHBL. CUJIbI B3AMMOJCHUCTBUS MEXKIY Y3JIaMU SBJISIFOTCA B
OCHOBHOM 3JIEKTPOCTATUUECKUMHU (KYJIOHOBCKMMH). KilaccuueckuM mprUMEpPOM HOH-
HOT'O KpHCTajlia sBisieTcss Kpuctayni mosaperHoi conu NaCl, B koTropom aTom HaTpus
OTAAET CBOW BAJICHTHBINM 3JIEKTPOH aTOMY XJIOPA, ITPEBPAIASCH B MOJIOKUTEIBHO 3a-
PSDKEHHBIM MOH, @ aTOM XJIOpA, IPUHSAB JONOJHUTEIBHBIA 3JIEKTPOH, CTAHOBUTCS OT-
PHIIATEIBHO 3apsKEHHBIM HOHOM (pHC. 4.2).

B xpucTammyeckom COCTOSSHUM TaKue BELIECTBA SIBJISIFOTCS U30JISITOPAMHU, TaK

©-« [ “EI\Cy
Puc. 4.2 oHHBI KpUCTAIT IOBAPEHHOM COMH®,

KaK OTCYTCTBYIOT CBOOOJIHBIE 3apsKEHHBIE YACTUIIbI, CIIOCOOHBIE MTEpEMENIaThCs MO
NEUCTBUEM DJIEKTPUUECKOIO NOJIsl. BEmecTBO CTAaHOBUTCSA MPOBOJIHUKOM TOJIBKO ITPH
HapYILIEHUU KPUCTAJUIMYECKOU CTPYKTYPHI (B paCTBOPE WJIM PACILIABE).

3https://ege-study.ru/wp-content/uploads/2016/04/St20_01.jpg
4erudicate.ru
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ATOMHBIE KPUCTAJIIBI

B y3nax KpuCTaIIMUYECKON PEMIETKHM aTOMHBIX KPUCTAJIOB HAXOIATCS aTOMBI,
COCIMHEHHBIE C COCETHUMHU y3J1aMU KOBAJICHTHBIMH (ITApHBIMK ) CBsI3sIMU. [Ipu Temme-
paType aOCOJIFOTHOTO HYJIS M OTCYTCTBUM BHEIIHHMX BO3JICUCTBUI CBOOOJIHBIC 3apsi-
YKCHHBIE YACTHUIIbI B TAKUX KPUCTAILIAX OTCYTCTBYIOT, M BEIIECTBO SBJISICTCS U30JISTO-
poM (puc. 4.3). [Ipu MOBBIIICHUH TEMITEPATYPhl, OCBEIIICHUU U IPYTHX BO3JCHCTBUSAX
KOBQJICHTHBIC CBSI3U MOTYT pa3pyIiaThCs, 0OCBOOOKast 2JIEKTPOHBIL. Tor1a B KpucTasie
MOSABJISICTCS JIEKTPOIPOBOIHOCTh. B 3aBUCHUMOCTH OT peakIMU HA BHEIIHHUE BO3JICH-
CTBUSI, BEHIECTBA C aTOMHBIMU KPUCTAJUTMYECKUMH PEIIETKAMU ABJISIOTCA TUJICKTPHU-
KaMH WJIM TTOJTYTIPOBOTHUKAMHU.

CTpyKTypa KpucTanna KpemHus

KoBanentubie
CBsI3H
Nl
N
=1 Si = =1 Si = =1 Si
3 \_

___/
< /o 7N
:SEI(I. -lb\ﬂl/l- =1 St-J=
5

Puc. 4.3 Crpykrypa KpucTaaia KpeMHUs °.

T

=t Si=

7N

—
y 21
\/

. ATOMBI
KpEeMHUs

MoJieKynspHbIE KPUCTAILIBI

B y31max kpucTamuM4ecKon peleTKu MOJIEKYJISIPHBIX KPUCTAIIIOB PACIIOIOKEHBI
MOJIEKYJIbI, COeTMHEHHbIE Mexay coOoi Ban-nep-BaanscoBbiMu cuamu. Takue Be-
ecTBa 0€3 HapyIICHUsI CTPYKTYPbI HE MMPOBOJAT dIECKTPUUECKUN TOK, T.€., SIBISIOTCS
JIUDIICKTPUKAMH.

4.2 30HHAsl CTPYKTYpPa KPUCTALIOB

Pa3pnenenue BelecTB Ha KJIACChl MOYKHO OOBSICHUTH MIPH MOMOIIM 30HHbIX OUd-
2pamm, N300pakaroIMX YHEPreTUYECKOE CTPOEHUE BEIECTRA.

B oauHOYHBIX aTOMax 3JIEKTPOHBI 00JIaJIal0T CTPOTO 3aJaHHBIMU 3HAYCHUSMH
DHEPTHUH, KOTOPHIC HA3BIBAIOTCS SHEPTETUYSCKUMH YPOBHIMHU. KakIoMy COCTOSTHUIO
AJIEKTPOHA B aTOME COOTBETCTBYET CBOM DHEPreTHUECKUN YPOBEHb. JHEPTETHUCCKHE
YPOBHH 3aMOJHSAIOTCS AJICKTPOHAMH 110 MPUHIIAITY HAUMEHBIIIEH SHEPTUH, T.€. CHU3Y
BBepx. CocTosiHuE, IPU KOTOPOM BCE€ AJICKTPOHBI 00J1aJ]al0T HAUMEHBIIIMMH U3 BO3-

> http://900igr.net/datas/fizika/Elektrotekhnika-i-elektronika/0131-131-Elektricheskie-svojstva-poluprovodnikov.jpg
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MOJKHBIX 3HAYEHUUN 3HEPTUM, HA3bIBACTCSI OCHOBHBIM. [Ipyu mornomieHnn atomom A0-
MOJIHUTETLHON SHEPTUH AJIEKTPOHBI MOTYT IIEPEXOAUTH B COCTOSIHUE C OOJIbIIEH SHEp-
rueil, KOTopoe Ha3bIBaeTCsa BO30YKJIEHHBIM. /1o npunyuny Ilayniu, B OTHOM U TOM XK€
aToMe HEe MOXET ObITh 00JIEe OJTHOTO AIEKTPOHA B OJHOM KBAHTOBOM COCTOSIHUU.

IIpn coeauHEHWH aTOMOB B KPUCTAILNIMYECKYIO CTPYKTYPY, BaJICHTHBIEC DJICK-
TPOHBI PA3TMYHBIX aTOMOB MOTYT B3aUMOJEHCTBOBATh MEXIY COOOM M OCTaIbHBIMU
aToMaMH Kpuctajia. B pe3ynbrare NOHMKAIOTCS MOTEHIUANIbHBIE Oapbepbl, OTACIs-
IOLLME AJIEKTPOHBI B COCETHUX aToMaX. BalleHTHbIE 3JIEKTPOHBI CTAHOBSTCS CHOCO0-
HBIMH ITIEPEMENIAThCS OT aToMa K aToMy. UTOOBI 3JIEKTPOHBI KPUCTAILIIA, HAXOISIITHECS
Ha OZJHOM U TOM K€ DHEPTETUYECKOM YPOBHE, HE OKA3aJIMCh B OJJHOM U TOM JK€ COCTO-
SHUU (4TO 3ampeiieHo npuHuunoM [laynu), mpoucxoauT pacilerieHlue SHepreTuye-
CKOTO YPOBHS B KaXXJIOM aToMe Ha Onu3kue moaypoBHU. KonnuecTBo moaypoBHEH B
IIPOCTENIIEM CIIy4ae COOTBETCTBYET KOJMYECTBY ATOMOB B KpUCTAJLIE. DHEpreTUye-
CKUM YpOBEHb IPEBPALIACTCS B YHEPIETUUECKYIO 30HY, KOTOPYHO Ha3bIBAaIOT pa3pe-
LIEHHOU 30HOU. Pa3HOCTH 3HEPruii MeX 1y OTAEIIbHBIMUA NOAYPOBHSMH Pa3pelICHHOU
SHEPreTHYECKOI 30HbI 0O4eHb Mana, puMepHo 10722 5B. I103TOMY CIIEKTp 3HAYEHHIT
SHEPTUHM FJIEKTPOHA B PA3PEIICHHOW 30HE MOYKHO CUMTATh CIulomHbIM. [[lupuna pasz-
PELIEHHBIX YHEPTrEeTUYECKUX 30H U3MEPSAETCS HECKOJIbKUMU 3B. BepxHuil sHepreTu-
YECKUI YPOBEHb PA3PEIIEHHON 30HBI HAa3bIBAIOT MOTOJKOM, HIDKHUN — JHOM. MHTED-
BaJIbl MEXKY PAa3pCIICHHBIMHA 30HAMHU HAa3bIBAIOTCSA 3allpellleHHbIMHM JHepreruye-
CKHMM 30HAMH U B HUX JICKTPOHBI HAXOJUTCS HE MOTYT.

[TOoCKONMBKY 3JEKTPOHBI CTPEMSTCS 3aHITh YHEPIETUUECKUE YPOBHU C HAUHU3ILIEH
JHEPIUEH, TO B KPUCTAIUIE HUKHUE YHEPTETUUECKUE 30HbI OKa3bIBAKOTCS MOJHOCTHIO
3aMOJHEHHBIMH, @ CAMbIE BEPXHHE 3aII0THEHBI INOO YaCTUYHO, INOO COBEPIIIEHHO CBO-
OOJTHBI.

DJIEKTPUYECKHUE CBOMCTBA METAIJIOB, IUAJIEKTPUKOB U MOJIYIIPOBOAHUKOB 3aBH-
CAT OT 3aIlOJHEHHOCTH PA3pPELICHHBIX 30H JJICKTPOHAMHU U IIMPHUHBI 3alPELICHHBIX
30H. B 3aBHCHMOCTH OT 3TOT0, pa3pelieHHbIE 30HbI YCIOBHO JAETAT Ha cBOOOIHbIE (0€3
AJIEKTPOHOB), MOJHOCTHIO 3aMOJHEHHBIE (COIEepKAIIHUE JIEKTPOHBI HA BCEX YPOBHSX)
Y YaCTUYHO 3aMO0JIHEHHBIE.

B Meramtax camas BepxHss pa3pelieHHas 30Ha, UMEIOIIas dJIEKTPOHBI, HE IOJI-
HOCTBIO 3aI0JHEHA 3JIEKTPOHAMU, U YTOOBI 3JIEKTPOHBI MEPENUId Ha 00Jee BBICOKHE
HSHEPreTUYECKHE YPOBHU ITOM K€ 30HBI, JOCTATOYHO HEOOJIBIION SHEPTUU TEMJIOBOTO
JBIDKEHUS WM dJIeKTpudeckoro noss (puc. 4.4). Hanpumep, ipu T=1 K sHeprus ter-
nosoro apmxenns kT~10* 5B, uro ropasno Goiblie PasHOCTH SHEPTHH COCETHHX
ypoOBHEW 30HBL. BO3MOXXHOCTH CBOOOJHOTO HApaIIUBaHUS YHEPTHH DJICKTPOHOB MPH
UX MEPEX0Jax M0 YPOBHSIM B SJHEPIreTUUECKOM 30HE COOTBETCTBYET BO3MOKHOCTH CBO-
00THOTO MIEPEMEIICHHS JIEKTPOHOB MO METAILTY, YTO OOYCIIaBIMBAET XOPOIIYIO MPO-
BOJMMOCTb U TEMJIONPOBOJHOCTh METAIIIIOB. DTy 30HY METAJIJIa HAa3bIBAIOT 30HOM IPO-
BOJIMMOCTH.

Tenepb pacCMOTPUM KPUCTAILIIBI, Y KOTOPBIX BEPXHSIS pa3pellieHHas YHEpreTuye-
CKas 30HA, MMEIOIIAs 3JIEKTPOHBI, 3alO0JHEHA JJIEKTPOHAMH IOJHOCTHIO. BHemHee
AJIEKTPUYECKOE TI0JIE B TAKOM CIIy4ae HE B COCTOSSHUY U3MEHUTH XapaKTep ABHKECHUS
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3JIEKTPOHOB, HE pa3pyllas KpUcTaul. BHyTpu e camMOd MOJHOCTBIO 3allOJTHEHHOU
30HBI, HE coziepkKalllell HU OJHOrO0 CBOOOJAHOIO YPOBHS, OHO MOJKET BBI3bIBATH JIUIIIb
[IEPECTAHOBKY 3JIEKTPOHOB MECTAMM, UTO HE HAPYyIIAeT CHMMETPUHN UX PACIIPENCIICHUS
[I0 CKOPOCTSIM. DTO HE NPUBOAUT K BO3HUKHOBEHUIO 3JIEKTPUYECKOIO TOKA B TAKUX
KpUCTaJUIAX.

Taxum 006pazom, TBEpIbIE TeJIa C MOJTHOCTHIO 3alI0JTHEHHBIMU AIEKTPOHAMU YHEP-
reTUYECKUMU 30HaMU SIBIISIIOTCSA HenpogooHukamu. 110 mypuHe 3anpenieHHON 30HBbI
HEIMPOBOJIHUKH JENATCS HA OU2IeKMPUKYU U NOJIYNPOBOOHUKYU. BEpXHss 3all0IHEHHAS
30Ha MOJIYIIPOBOIHUKOB U AUAJIEKTPUKOB HA3BIBAETCS 8AIEHMHOU 30HOU, CIIETYIOIIast
3a Hel CBOOO/IHAs 30HA HA3BIBACTCS 30HOU NPOBOOUMOCTIU.

K nusnexTpukaM OTHOCST Tella, UMEIOIINE OTHOCUTENBHO IIUPOKYIO 3aMpeLeH-
HYIO 30HY. Y THUOHUYHBIX AudjekTpukoB AW > 3 3B. Tak, y anmaza AW = 5,2 3B; y
Hutpuaa 6opa AW =46 3B; y Al,O0; — AW =7 3B.

Y THNHWYHBIX MOJYNPOBOJHUKOB IIMPUHA 3alpPEIICHHOW 30HBI MeHee 3 2B.
Hanpumep, y repmanust AW = 0,66 3B; y kpemuusa AW = 1,12 3B; y antumonu1a us-
st AW = 0,17 »B.

W

J0HA OpOECTHMOCTH 30HA OpOECIHMOCTH 30HA OpPOBCTHBMOCTH
’ AW
o 3anpemeHHanA
AW Tperm
J0Ha
MeTamnt [TonynpoBomHHEE TEanexTpHE

Puc. 4.4 DHepreTrdeckue AuarpaMMbl MeTaJljIa, MOJYTPOBOHUKA
U IUDJIEKTPUKA.

4.3 CoOcTBEeHHbIE MOJIYTIPOBOIHUKHT

Co0cTBeHHA 3JIeKTPONPOBOJHOCTH

CoOCTBEHHBIMU TOJYNPOBOIHUKAMH SIBJISIFOTCSI XMMHUYECKH YHUCTBIE TOIYIPO-
BOJIHMKH, a UX MPOBOJMMOCThH HA3bIBAECTCS COOCTBEHHOM MPOBOAUMOCTHIO. [Iprume-
POM COOCTBEHHBIX IMOJYIMPOBOJIHUKOB MOTYT CIYXKHTh XUMHU4ecku dynctbie Ge, Si, a
TaKke MHOTMe Xumudeckue coeauHenus: InSb, GaAs, CdS u np.
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Puc. 4.5 CobcTBEHHAs MPOBOAUMOCTh FepMaHusL’.,

Bo3HukHOBEHHE COOCTBEHHOM 3JIEKTPOIIPOBOAHOCTH MOKa3aHO Ha MIPUMEpE rep-
MaHus Ha puc. 4.5. bosbiine yepHble KPYKOUKH — aTOMBbI TepMaHusi. ManeHbKue uep-
HbIE KPYKOUKH — 3JIEKTPOHBI. UepToukaMu COEAMHEHBI Mapbl ATOMOB, MEXKIY KOTO-
PBIMH YCTAaHOBJIEHA KOBAJEHTHAs CBSI3b C MMOMOILBIO 3JEKTPOHA OJTHOTO M3 3TUX aTO-
MOB. besble Kpy>KOUKH — pa30pBAHHbIE KOBAJICHTHBIE CBSA3HU, OTCYTCTBUE AJIEKTPOHA B
KOBAJICHTHOM CBA3H, «JIbIpKay. [Ipu TemnepaType aOCONIOTHOrO HyJIsl BCE BaJ€HTHBIE
AJNIEKTPOHBI YYACTBYIOT B KOBAJIEHTHBIX CBA3SX U HE MOTYT CBOOOJHO MEPEMEIIAThCA
[0 KPUCTAJULy. DJIEKTPOIPOBOJHOCTh OTCYTCTBYET. [Ipy MOBBILIEHHH TEMIEPATYPHI
WM TIPpU PYTUX BO3JEUCTBUSAX HEKOTOPBIE JIEKTPOHBI MOTYT IOJYYUThH JOIOJIHHM-
TEJIBbHYI0 SHEPIUIO, TOCTATOYHYIO JUIS pa3pblBa KOBAJEHTHOW CBA3U. DJIEKTPOHBI I10-
KHUJAIOT CBSI3b U CTAHOBSITCSI CBOOOJHBIMU B Ipejesiax KpucTauia (Ha pUCYHKE MOKa-
3aHbl YEPHBIMU TOYKAMHU CO CTpEIOYKaMu BHE CBs3M). Ha X MecTe B KOBaJEHTHOM
CBSI3U BO3HMKAET HEKOMIICHCUPOBAHHBIH IMOJIOKUTEIBHBIN 3apsil, paBHBIA 110 MOIYJIO
3apsay 2JEKTpoHa (Ha PUCYHKE — IMyCTOM Kpyxouek). Takas HezanoJHeHHas («pa3o-
pBaHHAas») KOBAJICHTHAs CBSA3b Ha3bIBaeTCs AbIPKOM. OHAa MOXKET 3aIlOJIHUTHCS JJICK-
TPOHOM U3 COCEIHEN KOBAJICHTHOM CBs3U. B pe3ynbrare apipka OyJeT nepeMeniarhbes
MO KpUCTAILTY. J[BH>KEeHHE CBOOOIHBIX AJIEKTPOHOB U JBIPOK B OTCYTCTBUH dJIEKTpUYE-
CKOT'0 MOJis OyA€T XaOTUYHBIM.

JbIpKH SBISIIOTCSA KBazuyacTuuaMu. OHU XapaKTepU3yIOTCSl CBOMCTBAMU:

1. He cymecTByroT B Bakyyme. B OTCYyTCTBUM KOJIJIEKTHBA 3JIEKTPO-
HOB TIPEJICTABIIEHUE O JIBIPKaX JIMIIEHO CMbICIa

2. OnuceIBarOT MOBENECHHUE MOJYIPOBOJHUKA BO BHEIIHHUX JJIEKTPO-
MarHUTHBIX MOJISX

3. He moaxoasT miis onucaHus CBOWCTB NOJyNPOBOAHUKA B TPABUTA-
LMOHHBIX MOJISIX.

Ecnu Ha kpucTaml HaJOXUTh 3JIEKTPUUYECKOE I0JI€, TO CBOOOAHBIE HJIEKTPOHBI
(37K TPOHBI MPOBOJUMOCTH) OYAYT ABUTaTHCS MPOTUB HANPABIICHUS HAPSXKEHHOCTH
AIEKTPUUECKOTO MOJIs, a IBIPKU — [0 HAIIPABJICHUIO HAIPSHKEHHOCTH AJIEKTPUUECKOTO
nosist. M To, U ipyroe ABMKEHUE MPUBOJUT K BOSHUKHOBEHUIO AJIEKTPUUECKOTO TOKA.
DNeKTpONpPOBOAHOCTb, BO3HUKAIOIIAS B COOCTBEHHBIX MOIYNPOBOJIHUKAX U O0YCIIOB-
JIEHHAsl JBUYKEHUEM 3JIEKTPOHOB M JIBIPOK, Ha3bIBaeTcsi coOcTBeHHOM. KommyecTBo
CBOOOJIHBIX 3JIEKTPOHOB U KOJIMYECTBO ABIPOK B COOCTBEHHOM MOJYNPOBOAHUKE OJM-
HAaKOBBI.

6 http://900igr.net/up/datas/255688/027.jpg
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[ToBeneHue 3E€KTPOHOB U ABIPOK MOYKHO ONUCATh C TOYKHU 3PEHHs SHEpreTuye-
ckoil quarpammsl. [Ipu 0 K 1 oTcyTcTBUUM Opyrux BHEIIHUX (PAKTOPOB COOCTBEHHBIE
HOJyTIPOBOJHUKHU BEAYT ce0sl Kak JUAJIEKTPUKU. [Ipy MOBBILIEHUY K€ TeMIepaTyphbl
AJIEKTPOHBI C BEPXHUX YPOBHEHN BaAJIEHTHOW 30HBI MOT'YT OBbITh IEPEOPOIIEHBI HA HUX-
HUE YPOBHHM 30HBI ITpoBoAUMOCTH (puc. 4.6). Ilpu HanokeHUN Ha KPUCTAILT DIIEKTPH-
YECKOT0 IOJIs OHU NEPEMEIIAIOTCSI POTUB IOJIS U CO3/AAI0T AIEKTPUUECKUHN TOK.

B pesynbrare TemioBbIX 3a0pOCOB 3JIEKTPOHOB U3 BAJIEHTHOM 30HBI B 30HY IIPO-
BOJMMOCTH B BaJIECHTHOM 30HE BO3HHMKAIOT BAKAHTHBIE COCTOSIHUSI, KOTOPBIE KaK pa3
Ha3bIBAIOTCS JIbIpKaMu. BO BHEIIHEM 3JIEKTPUYECKOM I10JI€ HA OCBOOOJMBILIEECS OT
JIEKTPOHA MECTO (IBIPKY) MOKET NEPEMECTUTHCS JJIEKTPOH C COCETHETO YPOBHS, A
JBIPKa MOSIBUTCS B TOM MECTE, OTKYZa YILIEJ JJIEKTPOH, U T. 1. TaKoM! IPOLECC 3am0JI-
HEHUS JBIPOK 3JIEKTPOHAMH PAaBHOCHJIEH IEPEMEIICHHIO AbIPKH B HAIPABICHHUH, IIPO-
THUBOIIOJIO’KHOM JBHKEHMIO JJIEKTPOHA, TaK, KaK €CJIM Obl JbIpKa 00J1aaaia MmoIokKu-
TEJIBHBIM 3aps0M, PABHBIM 10 BEJIMYMHE 3apsAy IEKTPOHA.

W T=0 . T>0

30Ha NPOBOAVMOCTU

11
3anpelLeHHas 3QHa ‘mprH‘oﬁ AW
. . —t O
*—o —e—»
—eo—e i *—o
——& BasieHTHaA 3oHa o———

@ - 3/1eKTPOH O - Oblpka
Puc. 4.6 I'eHepanus 31€KTPOHHO-IBIPOYHBIX Map’.

B coOCTBEHHBIX MOJYMPOBOJHUKAX HaApsAy C IPOLECCOM TE€HEepaluuu HJIeK-
TPOHHO-ABIPOYHBIX TIAP UAET OOPATHBIN MPOIIECC PEKOMOUHAIIMY, IIPU KOTOPOM DJICK-
TPOHBI TIEPEXOIAT U3 30HBI MPOBOJUMOCTH B BJICHTHYIO 30HY, OT/IaBasi YHEPTHUIO pe-
IIETKE UJIU UCITYCKasi KBAHT AJICKTPOMArHMTHOTO U3JydeHus. B pe3ynbrare mpoiieccon
reHepalyu U peKOMOMHAIIMY B MOJYITPOBOJIHUKE MPU JaHHON TeMIrepaType yCTaHaB-
JIMBAETCSl HEKOTOpasi PABHOBECHAs KOHIEHTPALUS 3JIEKTPOHOB M JIBIPOK

Takum 00pa3omM, B COOCTBEHHBIX MOJYMPOBOAHUKAX HAOIIOMAIOTCS JBA MEXa-
HHU3Ma POBOJAUMOCTH: JIEKTPOHHBIA U JIBIPOYHBIN. UHCIIO SIIEKTPOHOB B 30HE NMPOBO-
JUMOCTH PaBHO YHCIIYy JbIPOK B BAJE€HTHOM 30HE, TaK KaK MOCJIEIHUE COOTBETCTBYIOT
AJIEKTPOHAM, BO30YK/IEHHBIM B 30HY MpoBoauMocTH. Cle0BaTeNIbHO, €CIIU KOHIIEH-
TpaIUu JIEKTPOHOB MPOBOJUMOCTH U JLIPOK 0003HAYUTH COOTBETCTBEHHO N U P, TO

n=p=n; (4.1)

IJIe MHACKC | 03HaYaeT COOCTBEHHBIHN MOJIYITPOBOIHHK.
3anumeM 3akoH Oma B gudpepeniumansaoi hopme:

" https://studfiles.net/html/2706/202/html_Xnv3xLWLLX.21PC/img-Tk9vm3.png
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- 1= =g
] =;E=O'E, (42)
Trac I — BCKTOP INIOTHOCTHU TOKaA, O — YACIBbHOC COIIPOTHBJICHNC BCIICCTBA, O — JJICK-

TPOMPOBOAHOCTH (yIeIbHasi IPOBOJUMOCTH) BEILIECTBA, E— BEKTOpP HANPSHKEHHOCTH

AIEKTPUYECKOro MoJIA B 00pa3ie. DIeKTPONpOBOAHOCTh BEUIECTBA ONPEIEIAETCS BE-

JIMYAHOWN 3apsA/ia (| HOCHUTEJIEN TOKA, X KOHIIEHTpalHWed N, NOABMKHOCTBHIO £ llo-

JIBUYKHOCTH {— 3TO KO3 (PUIIMEHT MPONOPIHUOHATLHOCTH MEXKITY MOAYJIEM OpeiihoBoit

CKOPOCTH V,,, HOCUTEJIEH TOKA U BETUYMHON HANIPSIKEHHOCTU JIEKTPUUECKOTO OIS
Vzp= HE

B nonynpoBOJHHKaX HOCHUTEIISIMU TOKA SIBJISIOTCS OTPULIATENIBHO 3apsKCHHBIC
CBOOOJIHBIE AJIEKTPOHBI (JIEKTPOHBI TPOBOJUMOCTH) U TMOJOKUTEIBHO 3apsSKEHHBIC
IBIPKY, UMEIOIINN OJWHAKOBBIM 110 MOAYJIIO 3apsij, PaBHBIA MOIYJIIO 3apsiia JJIEK-
TPOHA (fe. DJEKTPONPOBOAHOCTD MOIYITPOBOIHUKA ONPEALNIAETCS POPMYIION:

0 = qe(n "Up +D " lup)' (4-3)
r7e N — KOHIEHTpaIKs 3JIEKTPOHOB MTPOBOJAUMOCTH, P — KOHUEHTPALIUS IBIPOK, U, —
TIOJIBMXKHOCTH DJICKTPOHOB MPOBOJAUMOCTH, [, — MOJABUKHOCTD JIBIPOK.

B uynctom GecnpumecHON MOTYNMPOBOAHUKE (COOCTBEHHOM IOIYIIPOBOIHUKE)
KOHIICHTPAIIMU AJIEKTPOHOB M JBIPOK PaBHBI MEXAy co0oil n = p = n;. Ucxoas u3
dhopmyiibl (4.3), B COOCTBEHHOM MOJIYITPOBOAHUKE JIEKTPOIPOBOITHOCTh OMUCHIBACTCS
bopmyIoii:

Ap

0= Qeni(.un + .up)- (4.4)
Oco0eHHOCThIO MOJIYIPOBOJHUKOB SIBISIETCS clienu(pruyecKasi 3aBUCUMOCTb UX
AJIEKTPOIPOBOIHOCTH OT Temneparypsl. CTporo roBopsi, OT TEMIIEPATypPhl 3aBUCST U
KOHLIEHTpaUus, ¥ MOABMKHOCTH HOCUTENEH 3apsaaa. OTHAKO BO MHOTHX CITy4dasx B y3-
KOM JIMaNa30He TeMIEepaTyp 3aBUCUMOCTBIO MOJIBUKHOCTEN OT TEMIIEpaTypbl MOKHO
MpeHeOpeyb U CUUTATh MOJBHXKHOCTU MOCTOSSHHBIMH, HE 3aBUCALLMMU OT TEMIIEpa-
Typbl. Torna Bu 3aBUCUMOCTH 3JIEKTPOIPOBOAHOCTH OT TEMIIEpaTyphl OyAET onpeie-
JSATHCA BUJIOM 3aBUCUMOCTH KOHIIEHTPALIMU HOCUTENEHN TOKa OT TEMIEPATYPHI.
3aBUCUMOCTh KOHIEHTpAaIMi COOCTBEHHBIX HOCUTEIIEH OT TEMIEPATYPhI OMUCHI-
BAETCS DKCIIOHEHTOM:

n; = noe AW/ (KT) (4.5)
rae AW — mupuHa 3anpenieHHON 30Hbl (MUHUMalIbHAsE SHEPrHsl 00pa30BaHUs IJIEK-
TPOHHO-JIBIPOYHOM Taphl), K — moctosinHas bonbimana, T — Temneparypa odpasia, Ny
— KOHLEHTpAIUsl HOCUTEJIEH MTPU BBICOKMX TEMIIepaTypax.

KoHuenrtpanusi n, npeacraBisieT co00i MaKCUMaJIbHYI0 BO3MOXHYIO KOHIEH-
TpAaLMIO 3JIEKTPOHOB MPOBOJIMMOCTH U AbIpOK. OHa onpeaensercs no Gopmye

ng =4/ N¢ - Ny,

rae Nc — 3 dexTuBHas IOTHOCTH COCTOSIHUM B 30HE MpoBOoAUMOCTH, Ny — 3 heKkTuB-
Hasl IJIOTHOCTb COCTOSIHUW B BAJIEHTHOU 30HE.

OO6b1yHO cobmomaercsa ycinoBue Ny = Ny, MO3TOMY MOXKHO CUHTATh, YTO Ny =
N¢.

Ucxons u3 (4.5), noaygaem Gopmyiny s o
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0 = No(Qe (.un + .up)e_AW/(ZkT) (4.6)
OGosHaunM 0y = qoNo(fn + Hp) U YCTOBHO HA30BEM 3TO HIEKTPOIPOBOIHO-
CTBIO 00pasIa nNpu 6eCKOHEYHO OOJNBIION TemMIeparype. B pe3ysbraTe MoJayduM BbI-
PaKCHUC IJIA QJICKTPOIIPOBOIHOCTHU 06p33ua:
o = g e AW/ (2KT) (4.7)
Taxkum 06pa30M, 3dBUCHUMOCTDL J3JICKTPOIIPOBOAHOCTH COOCTBEHHOT'O IMOJIYIIPO-
BOJHHKA OT TCMIICPATYPHBI ABJIICTCA BKCHOHGHHHaHBHOﬁ.

IIpumep 6.

[Ipu temneparype 27 °C maxommtcs 00pasell, H3TOTOBJIECHHBIM M3 T€pMaHUSL.
Jlimaa o6pasma 10 MM, mmpuHa u BeicoTa 1o 1 mwm. [Ipu manHOU Temmeparype coo-
CTBEHHAs JJIEKTPONPOBOAHOCTh repManus pasHa 0,02 (Om-cm)™. IMomynpoBomHuk
narpesu 10 100 °C. UeMy cTaHeT paBHO CONMPOTUBJIEHUE 00pasiia Py 3TOH TeMIepa-
type? llIupuna 3anpemnieHHo#M 30HbI repManus paBHa 0,67 3B u cuntaercs mOCTOSHHON
B JJAaHHOM MHTEpBaJie TeMiiepaTyp. TemioBbIM paciiupeHueM o0pasiia npeHeopeyb.

lano:

T, =27°C=300 K
T,=100°C =373 K
I=10Mm=10"m
a=lwn=10>m
b=Lwum=10"nm

=2-10 ! =2 !
% Om-cm Omm

L. bk -9B
k=138107"—==8,62-10"—
K K
Haitn
R, - ?
Pemenne:

3aBUCHMOCTL COIPOTHUBIIEHUSI OT FEOMETPUUYECKHX Pa3MEPOB M Marepuaia 00-
pasua:
R [ [
Ps 5-ab
DJIIEKTPONPOBOJHOCTD MPHU JAHHBIX TEMIIEpaTypax:
o = O.Oe—AW/(Zle)
o, = O.Oe—AW/(ZkTZ)
W ckiiouM HEM3BECTHYIO HaM 3JIEKTPOIPOBOJHOCTh MPHU BBICOKMX TEMIIEpaTy-
pax.
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R, o O.Oe—AW/(Zle)

R, o, ope AW/ (2KT2)

Otcrona:

[IponsBoaum pacuer:
1072

R, = -
272.10"3-10-3
Otset: R, =396 Owm.

<_ 067 (1 1))
e 2:8,62:10—5\300 373 =396(OM)

4.4 TlpumecHbIe NMOJYNPOBOTHUKHI

HekoTtopsie mpumMecH, BHEIPEHHBIE B IOJYIPOBOJHUKOBBIM MaTepuall, CyIIe-
CTBEHHO U3MEHSIOT €T0 3JICKTPOIPOBOIHOCTb.

JloHopHuas TPOBOJIMMOCTH BOZHUKAET B MOJYIPOBOJHUKAX, B KOTOPBIX BHEIPEHBI
aTOMBI IIPUMECH C BAJICHTHOCTHIO, HA €IMHUITY OOJIBIIIE, YeM Y aTOMOB OCHOBHOT'O Be-
mecta. [ [ppuMecHbIe aTOMBI 3aMEIIAF0T ATOMbI OCHOBHOT'O BEIIECTBA B y3JIaX KPUCTAJI-
JUYECKOM pEelIeTKH W CO34al0T KOBAJCHTHBIC (WJIM MOHHO-KOBAJICHTHBIE) CBSI3U C
OKPYXaOIIMMHU UX aTOMaMH OCHOBHOT'O BEILIECTBA. «JIUIIHUI» BaJICHTHBINA 3JIEKTPOH
MIPUMECH HE Y4acTBYET B CO3/IaHUM TaKOM CBSI3U U OKa3bIBaeTCsl Haubosee ciabo CBsi-
3aHHBIM CO CBOMM aTOMOM. 3a CUET SHEPTUM TEIUIOBOTO JBUKEHUS OH JIETKO OTPHIBA-
€TCs OT aTOMa M CTAHOBUTCSI CBOOOJIHBIM JIEKTPOHOM B IIpeieaxX KpucTaliia, Crocoo-
HBIM Y4aCTBOBATh B CO3JJaHUM JIEKTPUUECKOrO TOKA. II0CKOJIbKY KOBaJICHTHBIE CBSI3U
MPU 3TOM HE HAPYUIAKOTCS, TO AbIPKH HE BO3HUKAKOT. TakOW MOJYNPOBOJHUK UMEET
AIICKTPOHHYIO TPOBOAUMOCTD U HA3BIBACTCS 91€KMPOHHbIM, OOHOPHbIM WA TIOTYIIPO-
BOJAHUKOM N-muna. [Ipu moHHU3aIMU JTOHOPOB TOJYIPOBOJHUK B IEJIOM OCTA€TCS
AICKTPOHEHUTPATIBHBIM, TTOCKOJIBKY OTPHUIATEIBHBIN 3apsii CBOOOTHBIX JIEKTPOHOB B
TOYHOCTH PABEH MOJIOKHUTEIBHOMY 3apsily HOHU30BaHHBIX HEMOIABHUXHBIX JOHOPOB,
HaXOJIAIIUXCS B y3JIaX Kpucraumueckon pemerku (Puc. 4.7, a).
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30HA
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a) 6)
Puc. 4.7 JIoHOpHBIi TIOTYIIPOBOTHUKS,

C TOYKM 3peHUsl 30HHOM TEOPUM MPOLECC MOHU3ALUU JJOHOPA MOXKHO IMpEAcTa-
BUTH CleIylomMuM o0pazoM. IlockoibKy atom 1oHOpa SIBISIETCS YY>KEPOIHBIM JUIS
JaHHOM KPUCTAJUIMYECKOM PEIIETKH, TO €ro SHEPreTUYECKUH CIIEKTP OKa3bIBACTCSI OT-
JUYHBIM OT CIIEKTPa aTOMOB OCHOBHOTO BellecTBa. OMH U3 SHEPTETUYECKUX YPOBHEN
BAJICHTHOTO 3JIEKTPOHA JOHOpPA OKAa3bIBAECTCA B 3alPEILIEHHON 30HE 3HEPrUil OCHOB-
HOTO BEUIECTBA, IPUYEM JOHOPHBIA YPOBEHb OKa3bIBAETCS PACIIOIOKEHHBIM OJIM3KO K
JHY 30HBI TPOBOJUMOCTH (puc. 4.7, 6). DHEpruu TEIUIOBOIO JBUKEHUS MOXKET OKa-
3aThbCsl JOCTATOYHO, YTOOBI MEPEBECTU JIEKTPOH C JOHOPHOTO YPOBHS B 30HY MPOBO-
auMocTH. OOpa3yroniecss Ipu 3TOM TOJIOKUTENbHBIE 3apsAJbl MPUHAIIEKAT HEMO-
JBVKHBIM MOHAM JIOHOpA U HE YYacCTBYIOT B 3JIEKTPOIPOBOJAHOCTH. DHEPrUsl aKTUBA-
uu JoHopa AWp 0OBIYHO B HECKOJIBKO pa3 MEHbILE IIUPUHBI 3alpPEUICHHON 30HBI
AW, 1103TOMy BEpOSITHOCTH MEPEOPOCKU IJIEKTPOHA U3 BAJICHTHOM 30HBI B 30HY IPO-
BOJMMOCTH HAMHOI'O MEHbIIE BEPOSATHOCTH MEPEOPOCKH 3JIEKTPOHA C JOHOPHOIO
ypoBHs. [103TOMY KOJIMYECTBO 3JEKTPOHOB B 30HE MPOBOIUMOCTH (Np) Ha HECKOJIBKO
MOPSAAKOB OOJIBIIIE KOJIUYESCTBA IBIPOK B BAJICHTHOM 30HE (p,,). B 1OHOpHOM TTOIYTIpO-
BOJIHMKE OCHOBHBIMHU HOCHUTEJISIMU TOKa SIBJISIFOTCS AJIEKTpOHbI. lIpucyTcTBytomue B
HEOOJIBIIIOM KOJIMYECTBE JBIPKHU SBIISIOTCS HEOCHOBHBIMU HOCUTEIISIMU 3apsijia.

AxyenmopHas POBOAUMOCTb BO3HUKAET IPU BHEJPEHUN aTOMOB IIPUMECH C Ba-
JICHTHOCTBIO, Ha €IMHUILY MEHBIIIEH, YeM Y aTOMOB OCHOBHOTO BenlecTBa. [lpumecHbie
aTOMBI B y3J1aX KPUCTAUIMYECKOW PEIIETKH CO3[al0T KOBAJIEHTHBIE CBSI3H C aTOMaMU
OCHOBHOI'O BEIIECTBA, MPU ATOM JJIsl CO3AAHUS TOJHOIIEHHBIX CBSI3€U, XapaKTePHbIX
JUISl TaHHOTO KpUCTaslla, y MPUMECH HE XBaTaeT OJHOro 3jekTpoHa. [Ipu TemnoBomM
JIBWKCHUH aTOMOB IIPUMECh 3aXBaThIBAET HEAOCTAIOIINIA SJIEKTPOH Y JPYTHX aTOMOB
OCHOBHOI'O BEILIECTBA, pa3pylllasg KOBAJICHTHYIO CBSI3b MEXIy aTOMaMU W co3aBas
CBOIO KOBAJICHTHYIO CBSI3b C aTOMOM OCHOBHOTO BelecTBa. [Ipu 3Tom npumech npe-
BpalllaeTCsl B OTPHUIATEIBHO 3apsKEHHBIN HOH B KPUCTAJUIMYECKOM pelIeTKe, a moJIo-
KHUTEJIbHO 3apshKeHHAsI pa3pylleHHAasi KOBaJCHTHAsI CBA3b MEXKIY aTOMaMU OCHOBHOTO

8 http://geum.ru/next/images/238289-nomer-e73fd6f.gif
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BEILECTBA («IBIPKA») MOXKET NEPEMEILATHCA M0 KPUCTAILTY 3a CUET pa3pylICHHs ApY-
I'MX KOBAJICHTHBIX CBSI3€U U 3alOJHEHUS YK€ pa3opBaHHOM cBsizu (puc.4.8, a).

30Ha
P OBOJ H-
MOCTH

b

AKIEIITOPHBIE A W

YPOBHH
e —
e 4+»AH‘/;V

BanentHas
30HA

"""'CL

JE IR IRJE IR ]

a) 0)
Puc. 4.8 AKIENTOPHBIN HOMYIIPOBOIHKK .

C TOuKM 3peHUs 30HHOW TEOPUM MPOLIECC MOHMU3AIMU AKLENTOPAa MOKHO MpE-
CTaBUTH cieayromuM oopa3oM. [TockoJIbKy aTOM akienTopa sIBJISIETCS Uy>KEPOTHBIM
JUIS1 JAHHOW KPHUCTAJUTMYECKOMN PEIIETKH, TO €T0 SHEPreTUUECKUM CIIEKTP OKa3bIBACTCA
OTJIMYHBIM OT CIIEKTpPa aTOMOB OCHOBHOTO BemecTBa. OIMH U3 SHEPreTUYECKUX YPOB-
HEM aToma akienTopa OKa3bIBAE€TCS B 3aMPEIICHHON 30HE SHEPrUii OCHOBHOTO Bellle-
CTBa, MPUYEM aKIICNTOPHBIM YPOBEHb OKAa3bIBAETCS PACIIOJIOKECHHBIM OJIM3KO K II0-
TOJIKY BaJICHTHOM 30HBI (puc. 4.8, 6). DHepruu TEIIOBOTO JBMKCHHS MOYKET OKa3aThCs
JOCTATOYHO, YTOOBI IIEPEBECTH JIESKTPOH C BEPXHETO YPOBHS BaJICHTHOM 30HBI HA ypO-
BEHb aKIeNTOopa. B BaJ€eHTHON 30HE BO3ZHUKAET HE3AMIOJIHEHHOE COCTOSIHHUE — JIbIPKA.
OO6pa3syromuecss Mpu 3TOM OTPHIATEIbHBIC 3apsaabl IMPUHAICKAT HETOBHKHBIM
HMOHAaM aKIIeNToOpa U HE YYaCTBYIOT B DJIEKTPONPOBOJHOCTH. DHEPTUS aKTUBALIMU J10-
HOpa AW 00BIYHO B HECKOJIBKO pa3 MEHbIILIE IHMPUHBI 3anpeieHHoi 3061 AW, mno-
ATOMY BEPOSATHOCTH MEPEOPOCKHU JICKTPOHA U3 BAJICHTHOM 30HBI B 30HY MPOBOIUMO-
CTH HAMHOTO MECHBIIIE BEPOSATHOCTH MEPEOPOCKH IJICKTPOHA U3 BAJICHTHOM 30HBI Ha
ypoBeHb akientopa. [1oaToMy KOIMYECTBO ABIPOK B BajJ€HTHOH 30HE (p,) Ha He-
CKOJIBKO TIOPSAKOB OOJIbIIIE KOJIMUYECTBA 3JIEKTPOHOB B 30HE MpoBoauMocTH (N,). B ak-
LIENTOPHOM TMOJYIPOBOJHUKE OCHOBHBIMM HOCHUTEISIMM 3apsijia SIBIISIIOTCS JIBIPKH.
[TpucyTcTBYIOIIME B HEOOIBIITOM KOJIHYECTBE CBOOOIHBIC JICKTPOHBI SBIISIIOTCS HEOC-
HOBHBIMH HOCHUTEJISIMU 3apsijia.

B nipuMecHOM 1oTyNpoBOHUKE MPOU3BEACHNE KOHIICHTPALIUM CBOOOHBIX DJICK-
TPOHOB M U ABIPOK P MPH TEIIOBOM PAaBHOBECUM €CTh BEJIMUMHA MTOCTOSTHHAS, paBHAas
KBaJpaTy KOHIICHTPAIIMU HOCUTEJICH 3apsan; B COOCTBEHHOM IMOJYITPOBOIHUKE TIPH
TOU K€ TEMIIEPATYpE:

np = n? (4.8)

® http://do.gendocs.ru/pars_docs/tw_refs/239/238289/238289_html_1fc5b48f.gif
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DHeprusi MOHU3AIMU IPUMECH HAMHOT'O MEHBIIIE SHEPTUU Pa3pbiBa KOBAJIEHTHBIX
CBSI3eM MEXJy aTOMaMH OCHOBHOT'O BelecTBa (IIUPHHBI 3aMlpelieHHOW 30HBI), TO-
ATOMY NPU HE CIUILIKOM BBICOKHUX TEMIIEpaTypax KOHIEHTpAIUs HOCUTEIEH 3apsija,
MOSIBUBIIIUXCS 3a CUET MOHHU3AIMU MPUMECH, HAMHOTO OOJIbIlIe KOHIIEHTPAIIMH COO-
CTBEHHBIX Hocutesied. OOBIYHO TIPU TeMIIepaTypax, SBISIONIUXCS PaOOUYUMM JIs
OOJIBIIIMHCTBA MOTYIPOBOJHUKOBBIX MPUOOPOB, KOHIIEHTPAIIUSI OCHOBHBIX HOCUTEIIEH
3apsiia (3JIEKTPOHOB B N — TUIIE U JIBIPOK B P — THIIE) IPUMEPHO paBHA KOHIICHTPAIIUU
MOHU3UPOBAHHOM ITPUMECH.

N3 cootHomenus (4.8) MOKHO ONpPENETUTh KOHIICHTPALIMIO HEOCHOBHBIX HOCH-
TeNel 3apsja B MPUMECHOM MOJIYNPOBOJHUKE. Tak, B JOHOPHOM MOJYIPOBOIHUKE,
I7Ie OCHOBHBIMU HOCHUTEIISIMU 3apsijia SABJISIIOTCS AJEKTPOHBI C KOHIIEHTpAUen Ny, AJs
KOHIICHTPAITUH JBIPOK (Pn) MOTYIHM:

2
Pn =1t (4.9)

AHaNOTHYHO JJIs1 KOHIIEHTPALIUU 3JICKTPOHOB (Np) B aKIENTOPHOM MOJTYIPOBO/I-

HUKE C KOHIICHTpallMell OCHOBHBIX HOCHUTEIEH Pp MOXKHO 3aIIUCaTh:

n (4.10)

n,, =
(4 Dp

4.5 KoHrakr JIEKTPOHHOI'0 X1 ABIPOYHOI'0 MOJYIIPOBOAHUKOB

[Ipu KOHTaKTE ABYX MOJYMPOBOIHUKOB N - U P-TUIA KOHIICHTPAIIUH YJICKTPOHOB
U JBIPOK 1O 00€ CTOPOHBI OT TPAHUIIBI CUIIBHO Pa3INyaloTcsa. DIEKTPOHBI U3 001aCcTH
N b yHIUpYIOT B 001aCTh P, 3aMONHSIOT B HE pa30pBaHHbIE KOBAJIEHTHBIE CBSI3H,
MIPOUCXOUT TMPOIIECC PEKOMOMHALIMKM HOCHUTENEH. B MpuKOHTaKTHOW 00s1acT ucye-
3al0T HOCUTEJHU TOKa, HO OCTAIOTCS HEMOABUKHbIE HOHU3UPOBaHHbIE IPUMECH, CO3/a-
IOIIIKE DIIEKTPUYECKOE ToJIe E,. DTO moJie mpensaTCTBYeT nanpHeineit nuddys3un sek-
TPOHOB. B pe3ynpTaTe moay4yaroTcs ABE 3JIEKTPUUECKH HEUTpaslbHbIe 00acTu P- U N-
TUIIA, pa3/IeJIeHHbIE 00JIaCThIO IPOCTPAHCTBEHHOTO 3apsiia, 00€AHEHHON HOCUTEISIMU
(puc. 4.9). [Tpu Temmneparypax, sIBJISIONUXCSA paOOIUMH ISt OOJIBITUHCTBA TIPUOOPOB,
KOHTaKTHYIO pa3HOCTh MOTEHLHMAJIOB B 00JACTH MPOCTPAHCTBEHHOT'O 3apsija MOXHO
paccuuTaTh o hopmyre:

KT , NaN
P = —In—23>, (4.11)
de n;
rie k —mocrosinnas boabimana, T — abcoitoTHas TeMIiepaTypa npuoopa, ge — dJIeMeH-
TapHbIU 3apsl, Na — KOHIIEHTpaIus akIenTopoB B P-o06sactu, Np — KOHIIEHTpaIus J10-

HOPOB B N-00J1aCTH, Nj — COOCTBEHHAsI KOHLIEHTPAIMsI HOCUTEIEH.
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Puc. 4.9 p-n nepexon B paBHOBecuu™’,

[Iupuna o61acTH NMPOCTPAHCTBEHHOTO 3apsina (MmMpuHa P-N mepexoaa) B ycio-
BUSIX PaBHOBECHSI MOKET OBITh paccuuTaHa mo GpopMmyiie:

_ |2eg9 (1 1
Ax= \/ - (T+2) o0 (4.12)

r7ie & — OTHOCHUTENbHAS JUAJIEKTPUYECKas MPOHHUIIAEMOCTh TMOIYIPOBOIHUKA, & —
AJIEKTpUYECKasi IOCTOSIHHASL.

Ecnu k p-o61acTu npuiioKUTh MOJOKUTENbHBIN OTEHIMA, a K N-001acTH pH-
JIOKUTH OTPUIIATEIHHBIA MOTEHIHAN, TO Takas Pa3sHOCTh MOTEHIIMATIOB HAa3bIBACTCS
psIMBIM cMelieHrneM. HanpskeHHOCTh BHELTHETO ANEKTPUIECKOTO N0 Epyery TIpH Ta-
KOM CMEIIEHWH OKa3bIBACTCS HAIPABJICHHOW MPOTHUBOMOJIOKHO HAIPaBICHUIO COO-
CTBEHHOTO JIEKTPUYECKOTO0 MoJIst iepexoia Ey, o01as HanpsskeHHOCTh YMEHBIIAeTCs,
o011ast pa3HOCTh MOTEHIIMATIOB YMEHbBIIIAeTCs, oonerdaercs AuQdys3ust SIEKTPOHOB U3
n-o0nactu B P-o0nacts. Yepes P-N mepexo/1 TeUeT TOK, KOTOPbI HA3bIBAETCS MPSIMBIM.
[HIupuua 061acTH MPOCTPAHCTBEHHOTO 3apsiia yMeHbInaercs (puc. 4.10).

<7 EBHCLLI
E. »

n- THII P~ THIU

®e @ @ ;'::@O %DO (® -uoH J10HOpa

° © e +
ai@@? @ @ @ c% @@ — @2;1; Ij:uenTopa
@_< © QOQD ;-SHGKTpOH

< >

Ax

Puc. 4.10. p-n nepexo npu NpsiMOM CMEIICHUH.

10 https://studfiles.net/html/2706/811/html_AhwH4edDkS.0bvc/img-gglJMW.png
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Ecnu k N-06:1acTv mpUI0KUTh MOJOKUTENbHBIN MOTEHIIUAN, a K P-001acTH pH-
JIO’KUTh OTPUIATEIBHBIN MOTEHIIUAN, TO TaKasi PA3HOCTh MOTEHIIMATIOB Ha3bIBaeTCs 00-
paTtHbIM cMmerieHueM (puc. 4.11). HanpspkeHHOCTh BHEITHETO 3JIEKTPUYECKOTO MOJIs
Egsienn TPY TAKOM CMEIIEHUU OKA3bIBAETCS COHAINIPABICHHOW C COOCTBEHHBIM AJIEKTPH-
YeCcKUM ToJieM nepexoa Ey, o011as HalpsKeHHOCTh YBEIMYUBAETCS, 00111ast pa3HOCTh
NOTEHIIMAJIOB YBEIMUMUBAETCS, AUPDy3Ust SIEKTPOHOB U3 N-00J1aCTH B P-00JIaCTh €Ile
Oonplne 3aTpyaHsierca. Yepes p-N mepexo] MOXKET T€Yb TOK, O0YCIOBICHHBIN Ipeii-
(oM HEOCHOBHBIX HOCHTENEH 3apsnaa (9JIEKTPOHOB M3 P-00JacTH W ABIPOK U3 N-
00J1aCTH ), KOTOPBIN Ha HECKOJBKO MOPSIKOB MEHBIIE MPSIMOrO TOKA M Ha3bIBAETCS 00-
patabIM. [IluprHa 061acT MPOCTPAHCTBEHHOTO 3apsi/ia yBEINIHBACTCS.

HE
E. — »

h- THI P-THI

&' 0|5 9 ¢
®@@@
©

BHEII

(® -1oH 110HOpa

1;1+

@, _
O(D@ —3 ()-MOH aKIEenTopa
00 ®00 o

O -abIpKa
@ - DJICKTPOH

OX
6

<. >

Puc. 4.11 p-n nepexon npu oOpaTHOM CMEILEHUMU.

[HupuHa 006s1acTU MPOCTPAHCTBEHHOTO 3apsja MPU HAJIUYHUH DJIEKTPHUUYECKOrO
CMEUIEHUSI MOXKET OBITh paccyrTaHa 1no (GopmyJe:

2¢eg 1 1 —
Ax = \/q—o (N—D+N—A) (o, FU), (4.13)

r7ie 3HaK «MHHYC» OepeTcs I mpsMoro cMmerieHus U, a 3Hak «utroc» Oepercst s
obpatHoro cmerenus U.
BAX uneanbHoro p-n mepexojia onuckiBaeTcst GopmyIion:

+QeU
I=1,- ( kT — 1) (4.14)
rae lo— BenmnunHa CHJIbl TOKA IIPH JIOCTATOYHO OOJIBIIOM OOpaTHOM CMENIEHHUH, 3HAK

«ITIOC» Oepetcs s mpsiMoro cMmelnenus U, a 3Hak «MUHYC» Oepercs sl 00paTHOro
cmemenust U (puc. 4.12).
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Puc. 4.12 BAX uneansHOTO P-N mepexoa.

Hpumep 7
[Ipu oOpaTtHOM HanpsbkeHnn 60 B BennunHa Toka yepe3 KpeMHHUEBBIN P-N mepe-

xoxn paBHa 0,5 mxA. Uemy paBHA cujla TOKa 4epe3 3TOT P-N mepexoi Mpu IpsMOM
Hanpsokennu 0,3 B? Temneparypa p-n nepexoaa 300 K.

Hano:

Uosp = 60B

losp = 0,5MKA =5 - 1077A
Uy, = 0,3B

HaiiTn:
I np -?

Pemenue:
BAX uneanbHoro p-n mepexojia onuckiBaeTcst GopmyIion:
Y
- 1)

I=1Ip-(eXe —1
Omnpenenum lo, y4UTBIBas, 4TO 3HAK 0OPATHOTO TOKA — OTPHUIIATEIbHBIA.
I 6 —5 " 10_7
Iy=—rp——= ~5-10774
0 _4eU _ 161071960
(e kT — 1) e 13810723300 — ]

OHpeI[eJ'H/IM I/ICKOMYIO BCHI/I‘H/IHy HpHMOFO TOKaA.
1,6:10"19.0,3

elU 5610 70,5
I=1,- (eqk—r - 1) =5.1077 - <e1.38-10-23-3oo - 1) = 0,0554

OtBeT: 55 MA
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5. KP Ne 2

Bapuanr 1

1. B onbrte FOHra BHauane paccMaTpuBaeTCsl U3Iy4eHHE C AJIUHOW BOJHBI A1 = 0,7
MKM, a 3aTeM C Ap. Onpenennure 3Ha4eHNe JUIMHBI BOJIHBI Ao, €CJIU II€CTasi CBETIAs M10-
JI0Cca B IIEPBOM CIIy4ae COBIAJAET C AEBATOW TEMHOM MOJIOCOM BO BTOPOM ciry4ae. Pu-
CYHKOM IOSICHUTE cxeMy omnbiTa FOHra, yKa)kuTe Ha pUCYHKE pacipeiesieHue HHTEH-
CHUBHOCTH CBeTa Ha 3KkpaHe. OIbIT MpoBOIUTCS B BakyyMe. (1, = 494,1HM)

2. Kpacnas rpanuna gororddexra pyouaus Ao=0,81 mxm. Onpenenuts cKopocTsb (o-
TORJICKTPOHOB TpH OOJy4YEeHUU PYyOUIIMS MOHOXPOMATHYECKUM CBETOM C JIJIMHOM
BostHBI A=0,4 MkM. Kakyto 3a71ep:KUBaloly10 pa3HOCTh NOTeHIMaN0B U, Hai0 mpuiio-
KUTh K (DOTORIIEMEHTY, YTOOBI TpeKpaTUTh (PoToTOK? Ha CKOJIBbKO M3MEHHUTCS 3a1iep-
’KUBAIOIIIAs pPa3HOCTh MOTeHIMaIOB AU, Npu yBEIMYEHUH JJIMHBI BOJIHBI 11aJ1al0IIETO
cBera Ha AA=200 am? M300pa3ute Ha pUCYHKE BOJIBTAMIIEPHYIO XapaKTEPUCTUKY (o-
toadPekra (BAX); nokaxutre Ha BAX TOK HachIEHUS U 3aJICPKUBAIOITUN TOTECH-
mman. (v = 7.44-10°m/c; U, = 1.57 B; AU = 1.036 B)

3. CBOOOIHBIN 3JEKTPOH, UMESI KHHETUYECKYIO SHEPTHIO 15 3B, Heynpyro CTOJIKHYJICS
C aTOMOM BOJIOPO/1a, HAXOIAIIMMCSA B OCHOBHOM COCTOSIHUU, U OTCKOYMJI OT HEro, Mo-
TEpSAB YaCTh JHEPTUU. DHEPIrUs IJIEKTPOHA IOCJIE CTOJIKHOBEHU OKazanach 2.91 3B.
OnpenenuTs JJIMHBI BOJIH, KOTOPBIE MOXKET MU3IyYUTh aTOM BOJOPOAA ITOCIE CTOJIKHO-
BEHUS C 3JIEKTPOHOM. 1300pa3nTe Ha pUCYHKE SHEPTeTUYECKYIO AMarpaMMy aroma Bo-
J0pO/a, MOKAXUTE HA HEW BCE NMEPEXOAbl MEXAY YPOBHSAMH, KOTOPBIE MOTYT IPO-
U30MTH TIociie cToakHOBeHus. (4; = 102.58 HM; A, = 121.58 HM; A3 = 656.51 HM)
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Bapuant 2

1. BepTukanbHO-paconoxXeHHas MbLIbHAS MJIEHKa 00pa3yeT KJIMH, YToJl KOTOPOTro CO-
craBusieT 25,2 cekyHabl (25,2"). B oTpakEHHOM cBeTe HAOIIIOAIOTCS MOJIOCHI PABHOM
TONIIUHBL. J[JIMHA BOJHBI MOHOXPOMATUYECKOTO CBETa paBHA 650 HM, UTO COOTBET-
CTBYET KpacHoMYy 11BeTy. [loka3arens npenomnenus mieHku N = 1,33. Ckoabko kpac-
HBIX I0JIOC HaOMI0AaeTcs Ha ydacTke JUIMHOM 1 cM? CBeT Ha MOBEPXHOCTH KIIMHA T1a-
naeT HopMalibHO. M300pa3uTte Xoa JIydeil B KJIMHE, PUCYHKOM MOSICHUTE, KAKHUE JIy4H
uHTEephepupyIoT B 3ToM ciay4dae. (N=5)

2. Ilpu ocBelleHnMH KaTroAa CBETOM C JUIMHOW BOJIHBI cHadana A1=440 HM, a 3arem
A2=680 HM O0OHAPYX WM, YTO 3aMMPAIONTNI OTSHIINAI U3MEHWICS B 3 pa3a. Omnpene-
JUTH padoTy BeIXOAA 31€KTpoHa A, u3 kaTtoaa. CpaBHUTE CKOPOCTH IIEKTPOHOB Vm1 U
Vm2, ¢ KOTOPBIMU OHU BBUIETAIOT U3 KaToa. M300pa3ute Ha pUCYyHKE BOJIBTAMIIEPHYIO
xapaktepuctuky ¢otodddexra (BAX); nokaxure Ha BAX Tok Hackimenus I, u 3a-

nepxxuBaronuii moreniman U,. (A, = 1.33 3B; % = 1.73)
m2

3. AToMapHBIif BOJOPO/I, HAXOISAIIUKACS B OCHOBHOM COCTOSTHUH, 00JIy4aeTcsi MOHO-
XPOMAaTHYECKUM CBETOM C dHepruer 15 5B. DieKTpoHbl, BEUIETAIOIINE M3 aTOMOB B
pe3yJbTaTe HOHU3AIMH, TTONaIal0T B MATHUTHOE ToJie ¢ nHAyKuuei 1 mTn nepnenu-
KYJISIPHO JIMHUSAM MHIYKIUH. OnpenenuTs paanyc OKPYKHOCTH, IO KOTOPOH JBU-
KyTCsl AJIeKTpoHbl. M300pasute Ha pUCYHKE SHEPreTUYECKYIO AUarpaMMmy aroma Bo-
JI0poAa; Ha OTAEIHHOM PUCYHKE M300pasuTe ABIKEHHE SJIEKTPOHOB B MAarHUTHOM
none. (r = 4 MMm)
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Bapuanr 3

1. EcTrecTBenHBIH cBeT cuiioii 20 K1 aiaeT Mo HOpMaJId Ha TOJISIPU3aTop ¥ aHAIN3aToP
(Puc. 5.1), yron Mexmy TJIaBHBIMHU INIOCKOCTSMH KOTOPBIX cocTaBiseT o = 37°, a mo-
TJIONICHUE CBETOBOTO My4YKa B KaXKI0M U3 HUX coctaniset K. [Tocie mpoxoxaeHus cu-
CTEMBI MOJISIPU3aTOP — aHAJIN3aTOP, CBETOBOM MYyYOK MaJlaeT M0 HOPMAIHM Ha 3€pPKajo
1, OTPA3HBIIKCH, BHOBh MPOXOIUT Y€pPE3 CUCTEMY aHAIM3aTOp — MOJIPU3ATOP B 00-
paTHOM HANPABJICHUH M BEIXOIUT U3 MoJsipu3aropa. CuuTas, 9T0 MHTCHCUBHOCTH CBe-
TOBOTO My4YKa, BEIXOSILETO U3 MOJISIPU3aTOpa COCTaBsAeT 9 % OT BXOJIIETO B O-
JSIPU3aTop, OmpeaenuTe: 1) Cuily cBeTa IMmajaromero Ha 3epkaio lp; 2) koadduiment
noriomenus K. (k = 0.1844; I, = 4.24 kn)

1

TR

Puc. 5.1 II — nonspuzatop, A — aHanuzarop, 3 — 3epkaio, le — MHTEHCUBHOCTh €CTECTBEHHOT'O CBETa
Ha BXO/I€ B MOJSPU3ATOP, |1 — MHTEHCUBHOCTH CBETA MOCIIE TIPOXOKICHUS TToJIsipru3aTopa, |2 — mHTeH-
CHUBHOCTb CBETA, MMAJIAI0NIET0 Ha 3epKalio, | — MHTEHCUBHOCTH CBETA BBIXOSIIETO U3 MOJSIPU3aTOPA.

2. Ilpu HarpeBaHuu aOCOJIOTHO YEPHOIrO Teja €ro TeMreparypa U3MeHWIach oT Ti
=1000 K mo T»=2000 K. Bo ckoibko pa3 u3MEHWIACh MPU ITOM: 1) ero sHepreTuye-
CKasi CBETUMOCTh R,; 2) MakcumaibHas HM3ydaresibHasi CIOCOOHOCTh TIim; 3) Ha
CKOJIbKO M3MEHUJIACH JJIMHA BOJIHBI Ay, HA KOTOPYIO MMPUXOIUTCS MAKCUMYM H3JTyda-
TEJBLHOUN CITOCOOHOCTH 3TOTO TEJa, YBEIUYUTCS WM YMEHbIIUTCA? PuUCyHKOM Mosic-
HUTE TpaduK pacupeaecHUs] YHEPTUN U3ITydaTeIbHON CIOCOOHOCTH B CIICKTPE U3ITY-
YeHHUs a0COTIOTHO YEPHOTO Tella, YKAKUTE JIJIs JAaHHBIX TEMIIEPaTyp MOJIOKEHUE Ami U

Mz (B2 = 16; 22m2 = 32, A) = 1,45 MKM)

Ry, " Am1

3. AToMapHBIi BOJIOPO/, HAXOMASIIUICS B IEPBOM BO30YKIIEHHOM COCTOSIHWH, TIepe-
XOJUT B OCHOBHOE COCTOSIHUE, HCITycKas (POTOH. DTOT (POTOH MoMaaaeT Ha MOBEPX-
HOCTh KaJueBOro (oTokaToja U BbI3bIBacT Gpotorddext. Uemy paBHa MakCMMaIbHO
BO3MOXKHasi CKOPOCTh poTornekTpona? Pabora Beixoaa kanus 2.15 3B. M300pa3ute Ha
PUCYHKE SHEPTETHUECKYIO AHarpaMMy aToMa BOJIOpPO/a, IOKAXKHUTE Ha HEH TMepexo,
COOTBETCTBYIOIIEH naHHOi 3aaue. (v = 1.685 - 10° M/c)
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Bapuant 4

1. Ha mens mupunoit 0,05 MM magaeT HOpMaJIbHO MOHOXpoMaTthudeckuii ceT. Ilon
yrioMm 2° HaGmo1aeTcss MUHUMYM 4eTBEpTOro nopsaka. HaifTi yrioByto mupuHy HeH-
TpajgpHOro Makcumyma Aq. [IpuBeauTe pUCYHOK Ui CXeMbl ycTaHOBKH. M300pa3uTe
TudpakIIMOHHYI0 KapTUHY HHTCHCUBHOCTH CBETa Ha 3KpaHe. [Iponymepyiite Bce au-
(dpakIMOHHBIE MAKCUMYMBI, KOTOPBIC MOTYT OBITh BUIHBI Ha 3KpaHE, BBIJCIUTE YTIIO0-
BYIO IIMPHHY LIEHTpanbHOro Mmakcumyma Ag. (Ap = 1°)

2. Kpacnas rpanuna Qororddexra ajig marepuana, U3 KOTOPOro clejaH Karoj,
Ao = 0,62 MxM. OnipeieIuTh JJIMHY BOJIHBI A1 CBETA, MaIarOIIEro Ha KaTo, €ClId 3a-
nepxkuBaroniee HanpsikeHue U;=1B. Bo BTOpOM OIBITE C 3TUM K€ KaTOIOM JJIMHA
BOJIHBI CBETA, MaJaroniero Ha katoj A = 0,7 1. CpaBHHUTE BO CKOJIBKO pa3 OyayT OT-
nuvathes 3aaepkuBaromue HanpsokeHus (Usp u Usp) 1 MakcuManbHbIE CKOPOCTH, C KO-
TOPBIMH BBUIETAIOT AJIEKTPOHBI U3 KAaTOAA (VU,1 U Uy ) B OTUX OmbITax. M300pa3ute Ha
PUCYHKE BOJIbTaMIIEpHYIO XapakTepucTuky hororddexra (BAX); nokaxure Ha BAX

. U,
TOK HacChIIIeHus [, 1 3afepxuBaronuii morennuan U,. (1; = 414.3 HMm; U—Z = 2.29;
31
“mz — 1.51)
Um1

3. AtomapHbIii BOJAOPOJ, HAXOJSAIIUNICSI B OCHOBHOM COCTOSIHMM, OOJy4aeTcsi MOHO-
XPOMAaTUYECKAM CBETOM C JUIMHOW BOJIHBI 88,06 HM M HOHU3UPYETCS. DIEKTPOHBI, BbI-
JIETAOIMeE U3 aTOMOB B PE3yJIbTATE HOHU3ALMH, [I0IIaJal0T B MATHUTHOE TI0JIE IIep-
MEHIUKYJISIPHO JTUHUAM UHAYKIUN U HAYUHAIOT ABUTATHCA 110 OKPYKHOCTH PainyCcoOM
1 mM. OnpenenuTs BEIMYMHY UHIYKIIMM MarHuTHoro mosst B. M3o0pasute Ha pu-
CYHKE SHEpPreTHYECKYI0 JuarpaMMmy aToMa BOAOPO/1a; Ha OTAEIbHOM PUCYHKE n300pa-
3UTE JBUKEHUE JIEKTPOHOB B MarHUTHOM mosie. [Ipu pemienun 3agauu onpeaenure:
1) sHepruu MOHU3AIMK aTOMApHOTO Bogopoaa (JIk); 2) KWHETHYECKYIO SHEPTHUs BbI-
ouToro anekTpoHa (Jx); 3) ckopocTh BEIOUTOTO 3JIEKTpOHA (M/C); 4) TOACTAaBbTE CKO-
pPOCTh B pacyeTHYI0 (GOpMYJy IJisi MHAYKIIMA MAarHUTHOTO MOJs B W moiayyuTe OTBET
B Tu. [Ipu pacuerax Bcerjia UCIIOJIb3yWTE MPABUIIO COXPAHEHHUS JBYX 3HAYAIIUX TP
TI0CJIE 3aMATOM C y4eToM OKpyTieHHs 1o Tpetheii nudpe. (B = 2.21 - 1073Tx)
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Bapuant S

1. ITapannensHbIN TyYOK CBETA ¢ JUIMHOM BOJIHBI A = 643,8 HM majaeT 1o HoOpMaJid Ha
TUTACTUHKY U3 KpUCTaJlIa KBaplia B MOJOBUHY JJIMHBI BOJHBI IEPIIEHIUKYIISIPHO €€ Ofl-
Thyeckor ocu. [lokazarenu npenoMieHus s HEOOBIKHOBEHHOTO U OOBIKHOBEHHOTO
Jy4ded COCTaBJISAIOT COOTBETCTBEHHO N, = 1,5514u n, = 1,5423. Onpenenuts: 1)
JUTMHBI BOJIH 3THUX JIy4el B KpUCTAJUIE; 2) MUHUMAJIbHYIO TONIINHY TIJIACTUHKY; 3) pa3-
HOCTh (ha3 MEKIy HEOOBIKHOBEHHBIM M OOBIKHOBEHHBIM JTydaMH Ha BBIXOJIC U3 IIJa-
CTUHKU; 4) ypaBHEHUE TPACKTOPUHU KOHIIA PE3YIBTUPYIOIIETO CBETOBOIO BEKTOPA JJIs
Jy4ya Ha BBIXOJIE U3 IIacCTUHKU. OOOCHOBATH, KAKOM THUI MOJsipU3aluu OyieT Ha0o-
JIaThCs Yy JIyda Ha BBIXOJIE U3 IUIACTUHKH. M300pa3uTe Ha puCyHKE X0 17151 HEOOBIKHO-
BEHHOT'O U OOBIKHOBEHHOTO JIy4eid, MOKAXKUTE TUIl MOJISPU3AIUHN ITUX JydeH. (A, =

414,98 um; A, = 417,43 uM; dy, = 35,37 MKM; AD = 11; B,y = — 19X )

Eomax

2. Pabora BbIxO/1a 3€KTpoHA U3 MeTaiia Ay = 23B. [loBepxHOCTh MeTauia 00ayya-
ercst poToHaMu ¢ JIMHOW BONHBI A= 0,4 MxkM. OnpenenuTs 3a1epKUBaroIee Haps-
x)enue U, 1u1s aToro onbita. HaliTh MakcuMaibHBIA UMITYJIBC, TIEpEAaBaeMbIii TIOBEPX-
HOCTH MeTajljla MPH BBUIETE KaXKJIOTO JIEKTPOHA (Proz). BO CKOIBKO pa3 oTIMYaETCS
MMITYJILC BHIOUTOTO 3JIEKTPOHA (Pe) OT MMITYNIbCa (OTOHA (Pg), KOTOPBIH MajlaeT Ha
moBepxHOCTh? M300pa3uTe Ha PUCYHKE BOJBTAMIIEPHYIO XapaKTEPUCTHKY (HOTOI(-
dexra (BAX); mokaxkute Ha BAX TOk HachIieHus [, ¥ 3a1ep>KUBAIOIIUN TTOTCHITAAT
U,. (U, = 1.108 B; pps = 5.69-1072° ?; z—: = 342,6)

3. ATomapHBIi BOJOPOM, HAXOAIIUMCSI B OCHOBHOM COCTOSIHHH, 00Jy4aeTcsi MOHO-
XPOMATHYECKUM CBETOM C JUIMHOW BOJHBI 121,58 HM U mepexoIuT B BO30YKJICHHOE
coctosiHue. OnpeaenuTsb paanyc r 00POBCKOM OPOUTHI ATOTO BO30OYKIASHHOI'O COCTOS-
Husl. M300pa3uTe Ha pUCYHKE SHEPreTUYECKYIO0 JuarpaMMy aroMa BOAOpOAa, MOKa-
KUTE Ha HEW Mepexo] U3 OCHOBHOTO B BO30YXKJEHHOE COCTOSIHHE, COOTBETCTBYIOIIIEE
nanHoii 3anave. (r = 2,116 - 10710 M)
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Bapmuanr 6

1. MoHOXpOMaTUYECKHUI CBET MaAaeT HOPMaIbHO Ha 1eb mupuHoi 10 Mkm. 3a mie-
JIbIO HAXOJIUTCS TOHKAsI JIMH3a ¢ onTu4eckor cuiioi 4Jlntp. B pokansHOM mmockocTr
JIMH3BI PacmoJioKeH 3kpaH. HailTu nimuHy BOJIHBI cBeTa A, €CIU PaCCTOSIHUE MEXKITY
CUMMETPHUYHO PACHOJIOKEHHBIMU MUHUMYMaMH BTOPOTO Mopsika paBHO 6 cM. [pu-
BEJIUTE PUCYHOK JJII CXEMBbI yCTaHOBKHU. M300pa3ute nmudpaknroHHy0 KapTUHY WH-
TEHCHUBHOCTHU CBETa Ha dKpaHe. [I[ponymepyiiTe Bce mudpakOHHbIE MAKCUMYMBI, KO-
TOpBIC MOTYT OBITh BHJIHBI Ha dKpaHe. (A = 595,7HM)

2. TemniepaTypa aOCOJIIOTHO YEPHOT'O TeJla yBenu4ymiach B 1,5 pasa, B pe3yabTaTe uyero
JUTMHA BOJIHBI Am, HA KOTOPYIO MPUXOJIUTCA MAKCUMYM DHEPTUU U3IIyYCHUS, U3MEHU-
nack Ha Alhy= 800 uM. OnipenenuTs HavaibHYO0 T1 1 KOHEeuHyI0 T2 TeMmnepaTypy Tena.
Bo ckonbko pa3 B pe3ysbTaTe HarpeBaHus U3MEHUJIAch TEIIOBAas MOUTHOCTb, H3JTyYa-
eMast TenoM? PucyHkoM mosicHuTe Tpaduk pacnpeacsieHus JHEPTUU B CIIEKTPE U3ITY-
YeHHUs a0COTIOTHO YEPHOTO TeJIa, YKAKUTE JIJIsl JAHHBIX TEMIEPATYpP MOJIOKEHUE Am1 U

hmo. (Ty = 1207.5 K; T, = 1811,25 K; = = 5.063)
1

3. AToMapHbIil BOJOPOA, HAXOASIINNICS B HEKOTOPOM BO30YKJIEHHOM COCTOSIHHH, T1€-
PEXOIUT B OCHOBHOE cocTosiHue. [Ipu 3ToM pannyc OOpOBCKOI OpOUTHI YMEHbBIIIAETCA
B 9 pa3. Onpenenuts Bce AMUHBI BOJH A;, U3JIydyaeMble IpU NEpexose U3 MepBOHa-
YaJIbHOT'O COCTOSIHHS B OCHOBHOE, UMEs B BUJY, YTO IIEPEXOJ B OCHOBHOE COCTOSIHHUE
MOKET MPOUCXOIUTh Yepe3 MPOMEKYTOUHbIE COCTOSIHUS. M300pa3ure Ha pUCYHKe
HHEPreTUYECKYI0 AUarpaMMmy aToMa BOJAOPOJIa, MOKAKUTE HAa HEMl BCe MEepeXojibl U3
BO30YKIIEHHOTO B OCHOBHOE COCTOSTHUE, BKITFOYAs POMEKYTOUYHBIE Tepexoibl. (A; =
656,47 um; A, = 121,57 um; 13 = 102,57 am)
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Bapuanr 7

1. PaccrosiHne mMexay SkpaHoOM U JudpakimoHHON perieTkor paBHO 42,0 cMm. Eciu
nupakIMOHHAs pellleTKa OCBEUIAETCs KeNnTou TuHuel Harpus (A = 589 um), To Mak-
CUMYM II€pBOI0 MOPsJIKa Ha SKpaHe OTCTOUT OT IIEHTPAIBHOIO MUKA HAa PACCTOSHUU
2,48 cM. JIpyroi UCTOYHHUK CO34a€T MAKCUMYM II€PBOTO MOpsiaKa, OTCTOAMMM Ha 2,0
CM OT IeHTpaJibHOro Makcumyma. KakoBa ero anmuHa BosHbl A? M300pasute Ha pu-
CyHKe: 1) cxemMy 3KCIepHMEHTa C YKa3aHHEeM PUCYHKA TUPPAKIIMOHHON PEIIeTKH, T1e
MIPOCTaBJICH €€ MepuoT; 2) Nu(ppakIMOHHYIO KAPTUHY HHTEHCUBHOCTH CBETA HA DKPaHe
JUTSL JUTMH BOJIH A1 M A2, BBIJICJIUB Pa3HBIMU LIBETAMU 3TH JJIMHBI BOJIH, IPOHYMEPYUTE
BCE TJIaBHbBIE TU(PAKIIMOHHBIE MAKCUMYMBI, KOTOPBIE MOTYT OBITh BUIHBI Ha DKpaHe.
(A, = 475 Hm)

2. OnpenenuTh paboTy BBIXO/1a MJIEKTPOHOB U3 HaTpus (A,,9B), ecnu kpacHas rpaHuiia
dboroaddexra Ao = 500 HM. Uemy paBHA KMHETHYECKAsi SHEPTUS BBLJIECTEBIIIETO JJICK-
tpoHa (W,,5B), ecnu Hatpuii 06yyath cBeToM ¢ A = 0,35 mxm. Halitu 3HaueHue 3a-
nepskuBaroniero HampspkeHus (U,) npu takom oOnyuenuu. M3o0pasure Ha pUCYHKe
BOJIbTAMIIEPHYIO XapakTepucTuky (oroaddexkra (BAX); mokaxkure Ha BAX Tok
HachIeHus I, W 3anaepxwuBaromuil notennuan U,. (A, = 2.493B; U, = 1.065 B;
W, = 1.705 - 10719 JIx)

3. B noxosmiemcss aToMe BOAOPOJA 3JIEKTPOH IEPEHIEN ¢ MATOr0 3HEPreTUYECKOro
YPOBHSI B OCHOBHOE cocTosiHue. Kakyro ckopocTs v, mpHOOpEN aToM 3a CUET UCITyC-
kauus (otona? M300pa3ute Ha PUCYHKE PHEPTETUUYECKYIO UarpaMMy atoMa BOJIO-
poza, MOKaXUTE Ha HEW MEPEXO0/I, COOTBETCTBYIONIEH JTaHHOM 3a/1a4e.

(v, = 4.18 Mm/c)
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Bapuanr 8

1. IudpaxumonHas pemetka mupuno 10 mm cogepxkut 5000 mrpuxos. Onpeaenurb
MOJIHOE YUCTIO MAKCUMYMOB N, .., HAONIOAaEMBbIX B CHEKTpE NUPPAKIIMOHHOU pe-
IIETKY JUIsl IIUHBI BOJIHBI 0,6 MKM. OnpeieuTh YTOA (g, g5 » COOTBETCTBYIOIIUH MO-
cienHemy Makcumymy. M300pasute Ha pucyHke: 1) cxeMmy SKCIepUMEHTa C yKa3aHUEeM
pucyHKa qupaKkMOHHON peleTKH, Iie MPOCTaBJIEH €€ Nepuo/l; 2) nudpakiOHHYIO
KapTUHY MHTEHCUBHOCTHU CBETA Ha dKpaHe, MIPOHYMEPYHTE BCE TTIaBHbIE TU(PPaKIIMOH-
HbIE MAaKCUMYMBbI, KOTOpPbIE MOTYT OBITh BUIHBI Ha 9KpaHE, TIOKAKUTE HA PUCYHKE yToJ

Pmax - ( Nmax =7, Omax = 64-160)

2. Jlna npekpamenus ¢oTodddexrta, BHI3BAHHOTO O0JIYICHUEM yIbTPadUOICTOBBIM
CBETOM IUIATMHOBOW IUJIACTUHKH, HAJA0 MPUJIOKUTH 33JEPKUBAIOIICE HAMNPSIKEHHUE
U;1=3,7 B. Eciii mI1aTHHOBYIO IJIACTUHKY 3aMEHUTH APYTOM IIIACTUHKOMU, TO 3aJA€PKHU-
BAaIOIIIEE HAIPSHKEHUE HYXKHO yBeaM4HuTh 10 Us;; = 6 B. Onpenenuts paboTy BeIXoaa
A, DIEKTPOHOB € MOBEPXHOCTHU ATOM MIacTUHKU (B 3B). PaboTa BrIxoAa 31eKTPOHOB
i aTuHbl Ay = 5,3 3B. M300pa3uTe Ha prCyHKE BOJIbTAMIIEPHYIO XapaKTEPUCTUKY
dbororddexra (BAX); mokaxure Ha BAX TOk HackIeHus I,; ¥ 3a1epKUBAIOITUHN T10-
termman Us. (A, = 3.0 3B)

3. Bo30yxkaeHHBIN aTOM BOJOPOJia MPHU MEPEX0AEe B OCHOBHOE COCTOSIHUE MCITYCTHII
JIBa KBaHTA, MOCJIEAOBATENbHO, ¢ IinHAMU BOJIH 4,051 Mxm u 97,25 um. Onpenenure:
1) HOMepa 3HepreTUYECKUX YPOBHEN, C KOTOPBIX aTOM BOJOPO/1a NEPELIEN B OCHOBHOE
COCTOsIHUE; 2) 2HEprUi0 W HauBBICIIIETO YPHEPTreTUUECKOTO YPOBHS U paanycC 1 OOPOB-
CKOM OpOUTHI IJIsi JaHHOTO ypoBHA. M300pa3ute Ha pUCYHKE SHEPTeTUUYECKYIO JHa-
rpaMMy aToMa BOJOPO/ia, MOKaXUTE Ha HEW MepeX0/ibl, COOTBETCTBYIOLIUE JaHHOM 3a-
naue. (n = 5;m =4; W = —0.5443B; r = 1.325-107%m)
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Bapuanr 9

1. Cocyn ¢ TIIHUIEPUHOM 3aKPBIT CTEKIISTHHOM (TSKENbIA KPOH) KPBILIKOH, Mpe-
CTaBJsitolel co0oil mIockomapasuienbuyto miactuny. Cocys nomenieH B Boay (Puc.
5.2). Jlyu cBeta, mpoxoasiuid yepe3 BoAy, NajaeT Ha cTekyio. KakoB yron nmajeHus
CBETA (@ HA CTEKJISTHHYIO KPBIIIKY, €CJIA CBET, OTPAKCHHBIA OT TJIMLIEPHHA, SIBISETCS
MaKCUMaJbHO MOJSIpU30BaHHbIM? PelieHne 00s3aTelIbHO CONPOBOXKIAATh PUCYHKOM,
Ha KOTOPOM yKa3aTh X0J Jy4eil. [Ipu pemenuu 3a1aum pyKoBOJACTBYHUTECH TOCOOEM
N.B. I'pumenko, A.W. I'ynmunos, A.I'. UBanoBa PacuérHo-rpadudeckas padota Ne2 mo
Kypcy ¢busuku 11 6akanaBpoB. 3aouHas popma oOyuenus. YdyebHoe nocooue. /Cub-
I'VTH. [Ipumeps! penieHus 3aad Ha nojsipuzauuto, npumep 4. [Ipu pacuerax Bcerna
UCIOJIb3YWTE MPABUIIO COXpPaHEHUS ABYX 3HaYalluX HU(p Mocie 3amsiToil ¢ yueTom
OKPYTJICHHMSI IO TPEThell mudpe.

(nZﬂuuepuHa:1;47; ncmema:]; 65, Neoow = 1133)
(a = 55,619)

s CTeRAn Fromaranin

rAvuepmH

Puc. 5.2 K 3agaue 1, Bapuant 9.

2. Kakas nonst sHeprum otoHa 1 u3pacxojoBaHa Ha pabOTy BhIpbIBaHUS (POTOIIIEK-
TpOHa, eciu kpacHas rpanuna ¢potoddpdexra Ag=307 HM, a MaKkCUMasIbHas KUHETHUYE-
ckas sHeprus ¢oTodsiekTpoHa paBHa 1 3B. Onpeaenute 3aepKUBaroIIee HAMPSIKEHUE
U, npu 3agaHHOM OcBemieHuu. 300pa3uTe Ha pUCyHKE BOJBTAMIIEPHYIO XapaKTepH-
ctuky pororddexra (BAX); nokaxkure Ha BAX Tok HackIenus [, ¥ 3a1epKuBaro-
i norennman U,. (n = 0.8; U, = 1.0 B)

3. Bo30yxxaeHHblil atoMm Bogopoa umeet paauyc 0,848 um. [Ipu nepexojie B OCHOBHOE
COCTOSIHME OH MCITYCTWJI JBa KBaHTA. [[nMHa BOJIHBI IEPBOTO KBaHTA paBHA 484,8 HM.
Onpenenute: 1) HOMepa SHEPreTUUECKUX YPOBHEH, C KOTOPBIX aTOM BOJIOPO/Ia Iepe-
1IEJ B OCHOBHOE COCTOSIHME; 2) JJIMHY BOJHBI, JHEPTUIO U UMITYJIbC BTOPOrO KBAHTA.
N3006pa3uTte Ha pUCYHKE SHEPTETUYECKYIO TMarpaMMy aroma BOJ0pO/ia, MOKAKUTE Ha
HEW Iepexobl, COOTBETCTBYIOIIUE JAHHOM 3a1a4e.

(n =4, m=2;1, =121.57 um; Wy = 10.23 3B; Py =5.45- 10_27KI‘E)
$ b c
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Bapmuanr 0

1. Iudpakumronnas pemetka, uMmeromas S00 mTpuxoB Ha 1 MM, ©MeEET HIUPUHY 2 CM.
Ha Hee HopmanbHO majaeT CBET ¢ JjIMHAMH BOJH A; = 550 HM W HeW3BEeCTHOH A,.
OnpenenuT MUHAMAIIbHOE pasznudne A, MeXay A; u A,, ecliu uX HEOOXOIMMO
pa3peninTh BO Bcex nopsakax? B kakoM mopsiike m, ITOCTUTaeTcs Hauilydllee pas-
perieHue s Baimed pemérku? M3o00pa3ute cxemy 3KCIEpUMEHTa C YKa3aHUEM pH-
CyHKa Tu(paKIMOHHOMN PEIIeTKH, T/ie MpocTaBieH ee nepuo. Kpome storo, uzodpa-
3WTE Ha PUCYHKE MU(PPaKIIMOHHYIO0 KapTUHY HHTEHCUBHOCTH CBETa Ha 3KpaHe, IPOHY-
MEpYWUTE BCE IIaBHBIC TU(DPAKIIMOHHBIE MAKCUMYMBI, KOTOPBIE MOTYT OBITh BUHBI HA
skpane. (Al = 0.055 HM; m,, = 3)

2. YeauHEHHBIN ITUHKOBBIN MIAPUK 00JIy4YaeTCss CBETOM C JIUHOUN BOIHBI A=200
oM. OnpenenuTs: 1) ¢ Kakoil HauOOJBIIEH CKOPOCTHIO Uy, OYAYT BBUIETATDH JICKTPOHBI
13 mapuka?; 2) 10 KaKkoro MaKCUMaJIbHOTO TIOTCHIIHAJIA (0, 3aPSAIUTCS IIAPUK, TEPSIS
dboToanexTponsl? Pabora Bbixoa s iuHKa 4 3B. M300pa3ute Ha pucyHKe BOJIbTaM-
nepHyo xapaktepuctuky dpotodddexra (BAX); mokaxure Ha BAX Tok HachleHus

I, u 3anepxuBaromuii moternuan U,. (v, = 8,826 - 10° % i @m = 2.215B;)

3. HeBo30ykaeHHBIN aTOM BOJAOPOJA MOTJIOMIACT KBAHT M3JIYyUYCHHS C JUIMHOU
BoJHBI 97,25 HM. Onpenenute: 1) HOMEp SHEPreTUUECKOTO YPOBHS BO30YKJICHHOTO
aToMa BOJOPOJIa; 2) paJnyc dJIEKTPOHHONU OpOUTHI BO30YKIECHHOTO aToMa BOJAOPO/Ia;
3) CKOpPOCTh 2JEKTPOHA HA OpOUTE BO30YKIEHHOTO aTroMa Bojopozaa. M3o0pa3ute Ha
PUCYHKE SHEPreTUUYECKYIO JUarpaMMy aroMa BOJOpPO/Ia, MOKaXKUTE Ha HEW Bce mepe-
XOJIbI U3 BO30YKJIEHHOTO COCTOSIHUS B OCHOBHOE JIsl BAIIIETO CJIy4asi, BKJIFOYAsl Mpo-
MeKyTouHble nepexosl. (n = 4; 7 = 8.48-1071%v; v = 5.44 - 10°Mm/c)
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HPUJIOXKEHUE

Tabmumna 1 — dyngameHTanbHbIe PU3NUECKHE BEIIMUUHBI

Ne Beanunna O0o3Ha- |3HauecHUE
I I YeHHUeE.
1. |MaraurHas NOCTOSIHHAs Lo 47-107 Tu/m
2. | DnexTpuyeckas MOCTOSHHAS €0 8,85418782-101 d/m
3. |CkopocTh CBETa B BAaKyyMe C 299792458 m/c = 3-108 m/c
4, | DneMeHTapHBINA 3apsi e 1,6021892-10%° Kn
[Toctosianas [limanka h 6,626176-103* IIx-c
5. |IlocrostaHas Ilnanka (pexymupo- h 1,0545887-1034 1k c
BaHHas)
6. |Ywmcno Asoragpo N4 6,0220943-10% momp?t
7. | AToMHas eMHUIIA MACCHI a.eM. |1,6605655-107%" kr
8 DHEPreTUYECKUM SKBUBAJICHT OJ1- 931,5016 M»>B
HOM a.e.M.
9 Macca nokosi: Macca 3JeKTpoHa m. 9,109534-10"3 kr
' 5,4858026-10%a.e.Mm.
10 Macca MIOOHA my 1,883566-107%8 kr
' 0,11342920 a.e.m.
11 Macca MpoToHa mp 1,6726485-10% kr
' 1,007276470 a.e.m.
12 Macca HEMTpOHa my 1,6749543-10%" kxr
' 1,008665012 a.e.m.
13. | YaenbHbI 3apsa SIEKTPOHA e/me 1,7588047-10' Kn-kr
14. |Yucno dapanes F 9,648456-10* KK/M0Jb
15. |TlocrossHHas PunGepra R 1,097373142-10" m?
16. |Boposckuii paguyc ao 5,2917706-10 m
17 KoMnToHOBCKas IJTMHA BOJIHBI: A 2,4263089-101% m
DIIEKTPOHA
18. |nmporona - 1,3214099-10 m
19. |Marueron bopa s 9,274078-10"%* JIxx/T
20. |SnepHblii MaTHETOH L 5,050824-10% JIxx/T
21. |MarauTHBIM MOMEHT. DJIEKTPOHA Ue 9,284832-10% JIx/T
22. |mpoTOHa Ly 1,4106171-10"% JImx/T
23. |l'a3oBas nocTOsIHHAS R 8,31441 JIx/(monb-K)
24. |O6BeM 1 MoJIs WIeaTbHOTO ra3a Vo 2,241383-102 mM3/momh
25. |TlocrosinHas BonpiMana k 1,380662-1072% I/K
26. |ITocrosunas Credana-bonsumana o 5,67032-108 Bt/(m?-K*)
27. |I'paBUTalMOHHAS MTOCTOSHHAS G 6,6720-10' H-m?/xr?
28. |KBaHT MarHuTHOTO TTOTOKA D, 2,0678506-10*° B6
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