Nekuusa 1.

BBenenue. Ilpenmer u 3aga4u Kypca.

«ATtomHas (pU3HMKa» - OJUH U3 pasenoB Kypca O0mel Gusuku. XapakTepHO 0COOCH-
HOCTBIO 3TOTO paszfenia Kypca SBISETCS TO, YTO Mbl BIIEPBbIE MO3HAKOMHUMCS CO CTPOCHHUEM
BCIICCTBA HA MUKPOCKOITMYCCKOM YPOBHC. OOBIYHO B MAaKpPOCKOIMMYCCKUX TCOPUAX PaA3JIUIHBIC
XapaKTePUCTHKHU BEIIECTBA, TaKWe KaK, HalpUMEp, TUNIOTHOCTh, TPOBOAUMOCTbD, TUAJIEKTpUYE-
CKasi TIPOHUIIAEMOCTbh, KOO(PPHUIIMEHT MOBEPXHOCTHOTO HATSDKEHUS H T. [., BBOAATCS (eHOME-
HOJIOTUYECKH. 3a7ja4a MUKPOCKOTIMYECKON TEOPHH — HAYYUTHCS BBIUUCISITh 3TH U MHOTHE JIPY-
THC XapaKTCPHUCTHUKU. I[J'IH 9TOT'0 H€O6XOI[I/IMO Hay4YUTBCA ONMUCBIBATHL CTPOCHUC aTOMOB U MO-
JIEKyJI, UX B3aUMOJCHUCTBUE JIPYT C APYTOM, a TAaKXKe C BHEIIHUMH (MIPEXK]IE BCETO IIEKTpOMar-
HI/ITHBIMI/I) IIOJISIMHU. OK&3I)IB3€TC$I, B TaKOM MHUKPOMHUPEC ATOMHO-MOJICKYJIAPHBIX MacurraboB
3aKOHBI KJIaCCUYECKON (PU3UKU yKe HE NEeUCTBYIOT. MBI BCTymaeM B 00JacTh ACHCTBUS 3aKO-
HOB KBaHTOBOW MeXaHWKH. [103TOMy OOJbIIIOC BHUMaHUE B Kypce OyIeT yAelIeHO OCHOBaM
KBAaHTOBOM TEOPUHU: UCTOPUH €€ CO3AaHUS, (PU3MUECKON CYIIHOCTH M U3YUYCHHIO MaTeMaTuye-
CKOTI'O arirapara B 06T)CM€, MHUHHUMAJIBHO H€O6XOI[I/IMOM IJId pCHICHUSA KOHKPETHBIX MpPUKIad-
HBIX 3a7a4. OTMETHM, YTO CYIIECTBYET, KOHEYHO, U JPYrod 3HAYUTENbHO OoJyiee TIIyOOKUi
ypOBEHb omnucaHus BeulecTBa. Hampumep, npu onucanuu atoMa Mbl OyieM IoJjiarath, 4To Cy-
HIECTBYET aTOMHOE SIIPO C BIIOJHE OMpeAeNeHHbIMU XapakTepucTukamu. Kak u oTKyna oHu
BO3HUKAIOT — BayKHBIM BOIIPOC, HO OH YK€ pacCMaTpUBAETCA B MUKPOCKOIIMYECKOW Teopuu 0o-
nee TiIyO0okoro ypoBHs (pusuke atomMHOro sifpa). besycnoBHO, B paMKaX MHUKPOCKOMUYECKOTO
noaxoaa mpaBOMCPHBI U BOIIPOCHI O TOM, IMOYUCMY BXOJAIIHWEC B aTOM YaCTUIBI, 3JICKTPOHBI U
oOpa3yroniue spa IpOTOHBI U HEUTPOHBI, XapaKTEPU3YIOTCS BIIOJHE OMPEICTICHHBIMU CBOMCT-
BaMH, U MTOYCMY MMCHHO TAaKHMC YaCTHLbLI U BUIbI BSaHMOI[eﬁCTBI/Iﬁ CYmCCTBYIOT B HpI/IpOZ[G?
Ms1 He OyneM KacaTbes 3TUX BOMPOCOB, AJs Hac OyAeT MpPEeACTaBIATh HHTEPEC MOCTPOCHUE
MHKpOCKOHquCKOﬁ TCOPHHU BCIICCTBA B MUPE ATOMHO-MOJICKYJIAPHBIX MaCHITa6OB.

A 4TO Takoe MHp aTOMHO-MOJEKYISpHBIX MacimTaboB? O KakuX MPOCTPAHCTBEHHO-
BPEMEHHBIX, SHEPTeTUIECKHUX U APYTHX MacmTabax Oynet untu peus? [y oTBETa Ha 3TOT BO-
pOC BCIIOMHHM, YTO pa3Mep MPOCTEUIIero aToMa, aToMa BOAOPOJa, B OCHOBHOM COCTOSIHUU

COCTABIISIET BENMYMHY TOPSIKA OJHOTO aHrcTpeMma (Gomee TouHo — 5.29-107° cm). Cunras,
o v 1
4TO 3TOT pa3Mep a,— PaAuyc KpyroBoil OpOUTHI 3JEKTPOHA B aTOME (OOPOBCKHI paguyc) , Uc-

II0JIb3Ys1 BTOPOM 3ak0H HbroToHa
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(m — Macca DIIEeKTPOHA, e — €ro 3apsn), JErKO HAWTH 3HaY€HHE CKOPOCTH JABMKCHUS DIICKTPOHA

no opbuTe Vv, =4/’ / ma, ~2.18-10%cm/c. Torma XapakTepHoe BpeMs JIBHMKEHHs 3JEKTPOHA

10 OpOHUTE MOXKHO OLIEHUTH KaK T = d,, / v, #2.42-107" ¢. Jlpyrumu coBaMu, NpyU U3yYeHUH
aTOMOB M MOJIEKYJ peyb OyZeT MATH O MPOLECcCax, MPOTEKAIUINX B (PeMTOCEKYHAHOM Mac-
mrabe BpeMeH. XapaKTepHbIi SHEPreTHYeCKU MacIITad JIETKO ONPEAEIUTh, BBIYUCIUB KUHE-
TUYECKYI0 WJIM OTEHIMATBbHYIO SHEPTHUIO JIeKTpoHa Ha opOuTe. COOTBETCTBYIOIIAs BETMUNHA
okasbiBaercs mopsiaka 10 3B (1 3B = 1.6-107" »pr). IIpuBeaeHHbIE BIIIE 3HAYEHHS KaK pa3 U
XapaKTepU3yIOT MacIITabbl MUKPOMHUPA, O KOTOPOM MBI Oy/ieM B JJalbHEHIIIEM TOBOPHTb.

! Be3yci10BHO, OCTAaeTCs HEMOHATHBIM, OTKYJIA B3SUICS 3TOT pasMep. Ha caMoM Jiene 06BACHHTH €ro TPOMCXOKIE-
HHE B paMKax KJIACCHYECKHX (HEKBAaHTOBBIX) MpeACTaBICHUH HEBO3MOXHO. [ToaToMy camu mMacmTaObl MUKPOMU-
pa OKa3bIBAIOTCSI HEPA3PHIBHO CBS3aHbI C KBAHTOBOMEXAHHIECKUM OTMCAaHNUEM BEIECTBA.



Kanaccnueckasi kapTHHA MEpPa M HEOOXOAUMOCTh BBe/IeHUS] KBAHTOBBIX MPeEICTAB-
JICHUH.

BepneMmcs MbiciieHHO B camblil koHel XIX Beka. Yike co3/laHbl KiacCHUecKass MEXaHH-
Ka U 9JeKTpOoAMHaMKKa MakcBemna. Ycnex 3TUX TeOpHil MPH OMHUCAaHUH HIMPOKOTO KpyTra siB-
JICHUW B OKPYXaIOIlleM HAaC MaKpPOCKOMMYECKOM MHUpPE HE BBI3bIBA€T COMHEHMs. [loaTomy co-
BEPILIEHHO €CTECTBEHHOM MPEACTaBISETCS MOMbITKA HCIOIb30BaTh 3TU TEOPUU JJISl OMHUCAHUS
CTPOCHHUSI BEIIECTBA Ha MUKPOCKOIIUYECKOM ypoBHE. [Ipu 3TOM nenaeTcst BaxHOE JOMYyIEHNE
— 3aKOHBI (PU3UKH B MAKPOMHUPE U MHUKPOMHUPE CUUTAIOTCS OJMHAKOBBIMH. Teopus MUKPOCKO-
MMUYECKOT0 CTPOCHHMSI BEIIECTBA, OCHOBAHHAS Ha HanOoJjee 00X 3aKOHAX KJIACCUYECKOW Me-
XaHHUKHU ¥ 3JIEKTPOJMHAMUKY ObljIa co3/1aHa l".A.JIopeHueM2 B 1896 rony u u3BecTHa Kak 3JieK-
TpoHHas Teopust Jlopenua. B ocHOBe 3TOil Teopuu — MpeAcTaBiIeHUE 00 JIEKTPOHAX, BXOJS-
[IMX B COCTaB aTOMOB U CIIOCOOHBIX COBEpILIATh TAPMOHMYECKUE KOJIeOaHUs Ha OMpPEeeIEHHBIX
yacrorax. Teopus JlopeHna okazanack UCKIIOUYUTEIHHO MPOAYKTUBHOM, OHA TO3BOJIMAIA 00B-
SCHUTh Ha MUKPOCKOITMYECKOM YPOBHE O'POMHOE KOJMYECTBO OMTUYECKUX I(PPEKTOB, B YACT-
HOCTH SIBJICHUSI UCITYCKAaHUS U TOTJIOIICHHS CBETA aTOMaMU, 3aKOHBI PACIIPOCTPAHEHHUS CBETA B
BenlectBe (aucnepcusi). [Ipumenenue uaeii JIopeHia mo3BOIUIO CO3AaTh KUHETUYECKYIO TEO-
DHIO Fa30B U TBEPIBIX TEII, JIEKTPOHHYIO TEOPHIO MeTamioB (coBmectro ¢ IT.[pyxne’).

B kauecTBe mpuMepa YCHEIIHOTO UCIHOJIb30BAaHUS AJIEKTPOHHON TEOPHHM PACCMOTPHUM
BCEro OJIMH MpHUMEp — OOBSICHEHHWE B pamKkax moaxoja JlopeHma tak Ha3piBaeMoro 3¢dexra
3eemana’ - sBIeHMS paciierneHne Ha HECKOJIbKO KOMIIOHEHT CIEeKTPaIbHOW JIMHUU O/ BIIHS-
HUEeM BHemrHero wmaruutHoro mods (1896, HoGenesckas mpemwus, 1902, coBmecTHO €
I'.A.Jlopenniem). O6mas cxema yCTaHOBKH, MO3BOJISAIONICH HAOMIOIATh paclleIuieHne, IpuBe-
neHa Ha puc.l.1. M3nyyatomue atoMsl (S ) MOMeImaTCs MEXIY MOJIOCAMU 3JIEKTPOMAarHUTAa.
Ha Brixomno# menu criektporpada (Sp) dopmupyercs nzobpakeHue, mo3BOJISIONICe aHATH3U-
pOBaTh CHEKTpaJIbHBIA COCTAB M3NIy4eHUs. B moytocax MarHuTa uMeeTcs CKBO3HOE OTBEPCTHE,
MO3BOJIAOIIEE HAOIIOAAaTh CIEKTP M3JIyYeHHUS B TOM 4YHCIIE B HAllpaBICHUHU BEKTOpA Hampsi-

JKEHHOCTH MarumtHoro mojiss H . Kak

yXe OTMEeYaaoch, B paMKaX TEOpUHU
\s( i ;\ ISP_ JlopeHIIa aTOMHBIE 3JIEKTPOHBI SIBIIS-
¥ ‘B j V1 IOTCSA TapMOHUYECKUMU OCLUJUIATOpA-
A . J i ) K “ J | } } MM, TIO3TOMY YpPaBHEHUS JBUXKCHUS
L e - = L ATOMHBIX DJICKTPOHOB IPU HAJI0XCHUU
- BHEIIIHETO MAarHUTHOIO IIOJISA HMEIOT

sp CIIEYIOLUN BUJ:
, Fro=-S|FA] (1))

mc

Puc.1.1. Cxema onbiTa no HabnoaeHno addekta 3eemana. .
3IECh (O, - 4acTOTa KOJIeOaHUIl aToM-

—

HOI'O IEKTPOHa, /H - HANpsHKEHHOCTh BHELIHETO MarHUTHOrO moiisi. BBons o0o3HaueHue
0 =eH/2mc , v pactiuceias (1.1) B mpoexuusx (0Ch z HANPABIIEHA [0 BEKTOPY H ), momyunm

¥=—w)x + 20,
y=—oyy - 26X, (1.2)
Z=—-0,z.

> H.A.Lorentz (1853-1928) — Hunepnasackuii UMK - TEOPETHK.
3 P.Drude (1863-1906) — Hemenkuii husmk.
4 P.Zeeman (1865-1943) — HunepnaHACKH - PHU3HK.



3aMeTI/IM, YTO KOJIeOaHus SJICKTPOHA BAOJb OCH Z HC 3aBUCAT OT HAJIUYWA MAaroHuTHOT'O IIOJIA U
IMPOUCXOIAT C aTOMHOM 4acTOTOMU @, . 3Ha‘II/IT, aToOM 6y,[{eT H3JIy4aTh Ha 3TOU 4aCTOTC, KaK B

OTCYTCTBHUC, TaK U ITPHU HAJIMYUH BHCIIHETO MAIrHUTHOT'O I1OJIA. Yro kacaercs ABYX OCTaBIINXCA
ypaBHeHHﬁ, TO HECJIOXXKHBIN MX aHaIIHN3 IIOKa3bIBA€T, 4TO KoJieOaHus B HaIpaBJICHUU TICPIICH-

JUKYJISPHOM [ INPOUCXOMAT € 4acTOTaMU O = ®, + {2 (MBI [10JIaTaeM 3]1€Ch BBIIOJHEHHBIM
ycioBue (2 << ®, ). Takum o0pa3om, Ipu HAJIO0KEHUU MAarHUTHOIO I10JI1 AaTOMHAasl JIMHUS pac-

HICTUISIETCSl Ha TpU (HECMEIICHHAsl 4YacToTa M JIB€ CABUHYTHIX Ha * (2 - tpuret JlopeHua).
Oco0eHHOCTH YTTIOBOTO pacHpeeeHUs IUIMOIBHOTO U3Iy4YeHHs (IUIOJIb HE U3JIy4aeT B Ha-
NpaBJICHUN KOJICOAHUH JUITOIBHOTO MOMEHTA) MPUBOJIAT K TOMY, YTO B HAIPaBJICHUU NEpPIICH-
TUKYJISIPHOM MarHUTHOMY TOJIIO OyyT BHJHBI BCE TPHU JMHHUU, B TO BPEMsI KaK B HallpaBJICHUU
MarHUTHOTO T0JIs1 OyTyT BUIHBI TOJBKO JIBE CMEIICHHBIE KOMIIOHEHTHI (LIEHTpAIbHAS YacTOTa
ucuesHer). Takas kapTUHA pacUIeTUIeHUs] ACHCTBUTEIHHO HAOMI0ANach SKCIIEPUMEHTAIBHO U
W3BECTHA KaK HOpPMaibHBIN 3¢ ¢exT 3eemana. B skcmepuMmeHTax, OHAKO, HAOIIOAAETCS U
aHoManbHBINH 3 ekt 3eemaHa, Koraa KapTUHA PACHIETICHUS OTINYAETCA OT ONMMCAaHHOM BHIIIIE
(uucno nMuHUA MO0 HE PaBHO TpeM, JIMOO BEIMYMHA PACIICIUICHUS HE COBIAJAET C paccyu-
TaHHOI). OHAaKO, U B 3TOM CiIy4yae MOPSAAOK BEIMYMHBI PACHICTIIICHUS MTPABUIIBHO OMHCHIBACT-
Csl PACCMOTPEHHOM BBIIIIE MOJIEIBIO, U BIIOJIHE MOKHO OBUTO HAJIESATHCS, YTO PA3BUTHE TEOPHU
B JaJIbHEHIIIEM MMO3BOJIHT MOIYYUTh COTJIacHe C AIKCIIEPUMEHTOM U B 3TOM CIIyYae.

Teopus JlopeHna yaadHo codeTanach ¢ MOJEIbIO aTOMa Tomcona’, MPEII0KEHHON UM
B 1903 roay uepe3 HECKOIBKO JIET MOCJE OTKPBITUSA UM ke 31eKkTpoHa B 1897 roxy. Xots Teo-
pust JlopeHIa 1 CIBITBIBANA P TPYJHOCTEH, B YACTHOCTH TIPH ONMCaHUK (peppoMarHeTusma,
aHomanbpHOro 3¢ dekra 3eeMana, KOJIMUECTBEHHOTO OOBSICHEHHS CIIEKTPOB PAa3IMYHBIX dJIe-
MEHTOB U JIp., B LIEJIOM OHa BBITJIAEINA BIIOJIHE YAOBIETBOpUTENbHON. Ka3anock, HyKHBI e1e
HeOOJIbIIINEe yCWIHsl, U (PU3nUecKasl KapTHHA MUPa aTOMHO-MOJICKYJIIPHBIX MacIiTaboB OyeT
HOJHOCTBIO 3aBepIIICHA.

Tem He MeHee, psl SKCIEPUMEHTANbHBIX ()AaKTOB MPUHIMIIUAILHO HE YKIIAAbIBAJICS B
HOBYIO CTOJIb YCIIEIIHYIO TE€OPUI0. MHOTOUYHCIICHHBIE MOIBITKH «IIPUMHPHUTH» TEOPHIO C HUMHU
IPUBEIIH, B KOHIIE KOHIIOB, K MOHUMAHUIO, YTO ATO MPUHIUIHAIBHO HEBO3MOXKHO U MOCITYKH-
JIM TOJTYKOM K CO3JJaHHMIO KBAHTOBOM TEOPHUH.

O6cynum Hanbosiee BaXKHBIC U3 TaKUX (PaKTOB.

a) I[Ipobrema pasHosecHo20 21eKMpoOMAaAHUMHO20 U3TYYEeHUs.

W3BecTHO, 4TO 100ast 3aMKHYTasi CUCTEMa PaHO WIM MO3JHO MPHUXOIUT B COCTOSTHHE
TEPMOJMHAMHYECKOTO PABHOBECHS, MPUYEM BCE CBOWMCTBA ITOTO COCTOSIHUS OINPEHEIISIFOTCS
OJTHUM €JMHCTBEHHBIM IapaMeTpoM — TemrmepaTrypoil. B nanHom pasnene Hac Oyaer uHTepe-
COBaTh AJEKTPOMATHUTHOE H3IIyYEHHUE, HaXOZAIIEECs B TEPMOJAMHAMUYECKOM PaBHOBECUU C
aTOMaMHU €r0 M3JIy4daroluMu. Takoe paBHOBECHOE M3JIy4EHHE IPOILE BCETO MOIYYUTh BHYTpU
3aMKHYTOM MOJIOCTHU, CTEHKH KOTOPOW YJIEp’KUBAIOTCS MPU HEKOTOPOW MOCTOSIHHOM TeMrepa-
Type T . McnyckaHue U MOTJIONIEHUE 3TEKTPOMAarHUTHOTO M3IYUYEHHs] aToMaMH, 00pa3yIomlu-
MU CTEHKHU IOJIOCTH, IPUBEAET K 3alOJHEHUIO MOJIOCTU AJIEKTPOMATHUTHBIM IOJIEM, KOTOPOE
00s13aTeNbHO B KOHIIE KOHIIOB IPUJIET B COCTOSTHUE TEPMOIMHAMUYECKOTO PABHOBECHS C BEIIIe-
CTBOM, a 3HAUUT TOXE OyJET XapaKTepu30BaThCs TOM ke Temmeparypoil 7 . Bakuelmas xa-
PaKTEpUCTUKA PAaBHOBECHOTO M3JIYUYEHUS — PACHPEEICHUE YHEPTUU MO CHEKTPY, KOTOPOE 3a-
naercst pyHKIMEH p, - CHEKTPaIbHOH IIIOTHOCTBIO SHEPTUH IEKTPOMArHUTHOTO 1oiisl. Bemu-

YyHa P, do oNpenenseT BEeIUYUHY SHEPruM NOJsl B €IUHHIE 00beMa B CIIEKTPAIbHOM HHTEp-

> J.J.Thomson (1856-1940) — anrmuiicknii pusuk, HoGenenckas npemus (1906) «3a TeopeTHueckue U IKCIEPH-
MEHTAJIBHBIEC HCCIIEIOBAHMUS IPOXOKIACHUS IIEKTPUIECTBA YePe3 ras3bly».



BaJIe OT ® 70 ®+ d®, a UHTETpajl MO BCEMY CIEKTPY €CTh 00BbEMHAs MJIOTHOCTh YHEPIUU I10-
T

U:Ipwdm. (1.3)
Hama 3ala4da — HAYUYUTHCHI BBIYUCIIATH CIICKTPAJIbHYIO IIJIIOTHOCTEL P ) KaK Q)YHKHI/IIO TEMIICpa-

TYPBL.
He orpanmumBas oOIIHOCTH paccMOTpeHUs, OyleM CUWTaTh, YTO SJIEKTPOMArHUTHOE

T0JIe HAXOIMTCS B KyOHYECKOM 00BEMe ¢ 3epKalbHBIMU CTCHKAMH'® (pasMep CTEHKH KyOa L).
Tornma mpon3BOJIEHOE COCTOSIHAE HJIEKTPOMArHUTHOTO TOJISI B MTOJIOCTH MOKET OBITH MPEJICTaB-
JICHO B BHJIE CYNEPIIO3UIIUH CTOSYMX BOJH (IIOJIEBBIX MOJ), TPHUUYEM Ha CTEHKaX Ky0a HaXOmsT-
Cs1 y3JIbI DJICKTPUIECKOTO TOJIsl BONHBI. Kaxkiast moyeBast MoJja ONMCHIBAET TAPMOHHYECKUE KO-
neGaHus Mol C HEKOTOPOM YacTOTOM, MOITOMY O TaKOM IMPEACTABICHUH YacTO TOBOPST KaK O
pa3IoKEeHUH TIOJII Ha OcHWIUIATOPHl. Hamra 3amavya 3aximtoyaeTcss B BBIYMCICHHU YWCIA Pas-
JUYHBIX TUTIOB KOJIeOaHMH (TTOJEBBIX MOJT) B CIIEKTPAILHOM UHTEpBaIe (M, ®+ dm). YMHOKUB
MIOTOM TOJIYYECHHYIO BEJIMYMHY HA CPEIHIOI0 SHEPTHUI0 OJHOW MOJEBOW MOJbI, MBI U TIOJIyYUM
BBIpQXEHHE VISl CIIEKTPATbHON TUIOTHOCTH SHEPTUU NEKTPOMArHUTHOTO TOJISL.

PaccmorpuM cHavanma OJHOMEpPHBIN Cilydadl. Y CIOBUE CYHIECTBOBAHUS CTOSYEM IJIECK-

TpOMaFHHTHOﬁ BOJIHBI B p€30HATOPEC pasMepoOM L 3anuiiieM B BUAE:

A
—=1L, 1.4
n2 (1.4)

I 71 — YUCIIO JJIMH MOJYBOJIH, YKJIAABIBAIONINXCS HA AIMHE pe3oHaTopa. Ilepexonst oT mmHbI
BOJIHBI A K BOJIHOBOMY BEKTOPY k = &, - 2m/A (&, - enmHudnbIi BexTop), nepenuirem (1.4) B
BHUJIE
n, = £kx, (1.5)
T
WU B MHTEpPBaJle BOJHOBBIX BEKTOPOB OT k110 k +dk ykjnaneiBaercs dn, pa3aM4HBIX HOP-

MaJbHBIX KOJIEOaHUN MOTIS:
L
dn, - dk . . (1.6)
Jlo cux mop Mbl TOBOPHIIM O CTOAYUX BOJHaX. Ha mpakTuke 4acTto oka3bpIBaeTcst yJo0HEee TOBO-
pUTH O OeTyImKX. YUUTBIBAsI, YTO CTOSIUASI BOJTHA MOXKET OBITh PACCMOTPEHA KaK CYTEPIO3HIIHS
JBYX OETyIIMX, paclpOCTPAHSIOMINUXCS B IPOTUBOMOIOKHBIX HAIIpaBlIeHUsX, nepenuiieM (1.6)

B BUJC

dn, =£dkx, (1.7)
T2n

rae o0nacTb ONMpeAeneHHs BOJIHOBOTO BEKTOpa A yKe NpPOJIEHAa Ha BCIO YHCIOBYIO OCh!
k. e (— oo,+oo).
[TpoBoisi aHATOTUYHBIE PACCYKICHHUS JIJIS TTOJICBBIX MOJI, XapaKTEPU3YIOIINUXCS TPOCK-

UMK BOJIHOBOTO BEKTOpa k Ha JIBa IPYTHX HAIPaBJICHHS, JIETKO 3amucaTh Cleayoiee 00-
Iee Bblpa)KeHI/Ie
LY LY
dN =dn dn dn, = (—j dk dk dk, = (—j d’k. (1.8)
27 27

% Bompoc 0 BO3MOKHOCTH (POPMHPOBAHHH 3ePKAITLHO OTPAKAIOIIEH MOBEPXHOCTH H H3 COBOKYITHOCTH GOJIBIIOTO
KOJIMYECTBA M3JTYYaIOIINX 1 MOTJIONIAIOMINX aTOMOB TPEOYET OTAENBHOTO PACCMOTPEHHMS, KOTOPOE HAXOAUTCA 32
paMKaMH HaIlero M3JI0KEeHNUSI.



[openus nonyyenHoe Ha L’ (00beM pe3oHaTOpa), HOTYUMM YHCIO MOIEBBIX MOJ B €IUHMIIE
o0beMa B HHTEpBaJe BOJTHOBBIX BEeKTOPOB (k,k + dk ):
3 3
dn, =d’k/2n)’ . (1.9)
Beipaxxenne (1.9) HocuT BechMa 0OLIHIA XapakTep BHE 3aBUCUMOCTH OT KOHKPETHON MPUPOJIBI
BOJIHOBOTO 110JIs1. [IpMEHUTENHHO K AIIEKTPOMAarHUTHOMY TIOJIO HAJIO €MIe YYeCTh, YTO OJIHO-

My ¥ TOMY K€ 3HAYCHHIO BOJIHOBOTO BEKTOpa kK COOTBETCTBYIOT JIBE MOJIEBBIX MOJIbI, OTJIH-
YaIOMIMXCS COCTOSIHUAMM nossipu3zauuu. [lostomy ans anekrpomarHuTHoro nods B (1.9) mpon-
JKEH OBITh BBEICH MHOXKHUTEND «2»:

3 3 )
dn, =2-d°k/@2m)’ . (1.9%)
OnpenenyM Temepb YUCIO PA3JIWYHBIX THUIOB KOJeOaHUI B HHTEpPBaj€ 4YacTOT ,®+do.
Benomunas, uto k = @/c u BeIMoNHsAs unTerpupoBanue B (1.97) 1m0 BceM pasinMyHBIM HAMPAB-

JICHUSIM BOJIHOBOI'O BCKTOpPa k , OKOHYAaTCJIbHO IMOJIYyYHUM

2
dny, =2 amkar = 290 (1.10)
(2m) nc
Tenepb OYCBHUIHO, YTO CICKTPAJIbHAA IINIOTHOCTh SHCPI'u B CAUHULIC o0beMa ecTh
2
podo = (g, )dn,, =—— (g, )do. (1.11)
T C

BHGCB <8m> - CPCAHAA SHEPIrusd MOJIEBOM MOJBI C YACTOTOM .

HailineM BenMuuHy CPEIHIOI0 YHEPTHIO <sm>, UCXOM U3 CIEIYIOUINX COOOpa)KCHHA.

BcenomHuuMm, uto kaxzaas mosjeBast MoJia IPeICTaBIseT OO0 rapMOHUYECKUM OCLHMILIATOP, T.€.
peub uaeT (GaKTUUYECKU O BBIYMCICHUHU CPEIHEH SHEpruy OCLMIUIATOPA, HAXOASIIErocs B CO-
CTOSIHUM TEPMOJMHAMHUYECKOI0 PaBHOBECHSI CO Cpelloil mpu Temneparype I . YUuTbiBas, 4Tto B
COOTBETCTBUH C 3aKOHOM bBoJbIIMaHa BEpOATHOCTh OOHAPYKUTh y OCHMILIATOPA DHEPTHUIO €
eCTh

w(e) = Aexp(—g/k,T) (1.12)
(3mecp A - HOpMUPOBOYHAsI KOHCTAHTA, k, - MOCTOSIHHAsA bosbliMaHa), [UIsl CpeAHEN SHEPIUU
3anuiemM
jsw(s)ds
(e)=*———=k,T. (1.13)
[wie)de

[TonmyueHHBI OTBET €CTh MPSAMOE CIEICTBHE OOIIEro 3aKOHA KIACCHMYECKOW CTAaTHCTUYECKOM
MEXaHUKHU — 3aKOHA PABHOPACIPEAEICHNs SHEPTUM 1o cTeneHsM cBoOoabl. Ha kaxayro koie-
0aTeNbHYIO CTENEHb CBOOOJBI B COCTOSIHUM TEPMOJUHAMUYECKOIO PABHOBECHS MPHUXOTUTCS
sHeprus paBHas k,T . IloacraBnsasa nomyuyeHHoe 3HaueHue B (1.11) mis cnektpanbHON (yHK-

U P, Haugem

2
®

Po="75 ksT. (1.14)
T C

Ctporo Bepaxcenue (1.14) Gbino moydeso B 1905 roxay u Hocut Haspauue hopmyiisl Paes’ u
Jlxnaca®. OTMeTHM ele pas, 4To NOTYYEHHOE BBIPAKEHHE MONYUEHO M3 HambosIee OBIIMX
NpEeACTaBICHUN KJIACCUUECKOW (DM3UKU M ONMCHIBACT PACHpPEACSICHUE 3HEPruM IO CIEKTPY
PaBHOBECHOT'O IEKTPOMArHuTHOro u3nydenus. Korna ¢popmyna Panes n xunca Obl1a nosy-

7 ] Rayleigh (1842-1919) —anrmuiickuii pusuk, HoGenenckas mpemus (1904) «3a ...OTKpBITHE ... aprOHAY.
¥ J.Jeans (1877-1946) — anrnuiickuii pu3MK 1 aCTPOPU3HK.
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YcHa, €€ HEYAOBJICTBOPUTCIBbHOCTD Obu1a YK€ BCEM OUCBHUIHA. Z[CP'ICTBPITCHBHO, BBITIOJIHSAS UH-
TEIrPUPOBAHUC 11O YaCTOTaM, T.C., BBIYUCIIAA OGLGMHYIO INIOTHOCTB DHEPIUU PABHOBECHOTI'O H3-
JIYUYCHUA, UMCCM

% LT %
U:Ipmd(o: = 3J‘(ozako—mo. (1.15)
0 ¢ 0
Taxum 00pa3zoM, MIIOTHOCTh SHEPTUH IEKTPOMATHUTHOTO TIOJIS TOJDKHA OBITH OECKOHEYHA Be-
nuka. Dra cutyarus I1.9pendectom’ Gbia HasBaHa «yIbTPadHOIETOBON KaTacTpodoii». He-
yJIOBJIETBOPUTEIHHOCTH TOAX0 1A ObLIA SICHA, KOHEYHO, elle ¢ caMoro Hayaja. YHucio mojeBbIxX
MO/ B eIMHHIIE 00beMa OECKOHEYHO BEIMKO (B 3TOM CMBICIE 00 3JEKTPOMAarHUTHOM MOJIE To-
BOPST, KaK O CUCTEMC C OECKOHEUHBIM YKCIOM CTEIEHEH CBO6OI[I)I), MpUYIEM IJIIOTHOCTDH IIOJIC-
BBIX COCTOSIHUH PacTeT C YBEIWYEHUEM YacTOThl. B Tako# cUTyanuu 3aKOoH paBHOpacipeaese-
HUA SHEPTHUU 11O CTCIICHAM CBO6OIH)I ABTOMATHYCCKHU IMMPHUBOJUT K OecKOHEeUHOHI OHCPIUH. dak-
THYECKH CTaHOBUTCS MOHSATHBIM, YTO NMPUMEHHUTH 3aKOH paBHOpAcIpeaecHus (a 3TO OAUH U3
HanOoJee OOIIMX 3aKOHOB KITACCHYECKOW (PM3MKH) K TOJEBBIM MOJAM OKa3bIBAE€TCS HEBO3-
MOYKHBIM, ITPUYEM peub UAET, NPEeX/e BCEro, O BEICOKOYACTOTHBIX MoJax kKonebanuil. Curya-

s TeM Oosyee OOMIHASA, YTO BHJ CHEKTPaIbHOM (YHKIMH p, B 00JACTH BBICOKHX YacTOT

(hroneToBas YacTh CrEKTpa) OBLT YCTAHOBIICH dKCrepuMeHTanbHo B. Burom'” emre B 1896 ro-
ny (bopmyna Buna)

P, ~ exp(—bo/k,T), (1.16)
3nech b - HeKoTopas KoHcTaHTa. YTo Kacaetcs (opmyibel Penes u J[xuHca, ObUIO MOHSATHO,
YTO OHA BEpHA JIMIIb JIJIs1 HU3KOYAaCTOTHOM (KpacHOI) YacTH CIIEKTpa U3JLyYEeHHUS.

PeBoIOIMOHHBIN 1IAr B MOHMMAaHUU OCOOCHHOCTEH paclpesieleHusl SHEPriuy MO CIeK-
TPy PaBHOBECHOTO W3iIydeHHs Obin caenan M.ITmamkom' . B 1900 rogy uM Obina momydeHa
dopmyna (hopmyna Ilnanka), mpaBUIBHO ONMUCHIBAIOLIAS pACHpPEACICHUE SHEPIUHU 10 CIIEKTPY
PaBHOBECHOI'O AJIEKTPOMAarHUTHOro u3nydeHus. OnHako, ans storo Ilnanky npunuiocs npen-
HOJIOKHTb, YTO SHEPrUs KOHKPETHOH MOJEBOM MOJbI MOXET NMPHUHUMATh CTPOTO ONpE/eIeH-
HBI Ha0Op 3HAUEHUH, KPaTHBIX HEKOTOPOMY MHUHMMAJIbHOMY, U TEM CaMbIM OTKa3aTbCs OT 3a-
KOHA paBHOpACHpPE/EICHUsI SHEPIHH MO CTENEeHAM CBOOOABI. JleHCTBUTENBHO, MPEANONI0KUM
Bciie 3a [ImaHKoM, 4TO BO3MOXKHBIE 3HAUEHUS SHEPTUH KaXJ0M MOJIEBON MOJbI ONPEIEIIIOTCA
BBIpR)KEHUEM

g, =ng,, n=0L2,.., (1.17)

a €, - HEKOTOpasi MUHUMaJIbHasl opuus (KBaHT) sHepruu. Torna Beiumcisas aHaaoruyHo (1.13)
CPEIHIOI0 DHEPTHIO M10JIEBOM MOJIbI, 3aIIUILIEM

ianw(an)
<8w>= nz(o)o 2
D wle,)

rae w(g,) mo-npexHeMy omnpezensercs no popmyne boabumMana.

(1.18)

Beruncienne cymmsl (1.18) npoBoaurest cnenyroumm obpasom. Beoast B =1/k,T, ne-
penumiem (1.18)

? P.Ehrenfest (1880-1933) - hu3MK-TEOPETHK.
W .Wien (1864-1928) — nemenxuii pusuk, HoGenerckas mpemus (1911).
""'M.Planck (1858-1946) — Hemerkuii pusuk — reopetuk, HoGenesckas mpemus (1918).
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i ne, exp(—ne P)

_ n=0 __i ki 3 :_i 1 _ g,
" Sexp(-ne,f) ap " P ) = e ey k) T

n=0

(1.19)
[Toncrasmss teneps (1.19) B (1.11) moayuum HOBOE BBIpa)KEHUE ISl paclpeesieHus: SHepTUuu
[0 CIEKTPY PAaBHOBECHOTO M3inydeHHs. O4eBUAHO, ISl TOTO, YTOOBI B IIpeiee BHICOKMX Yac-
TOT ® —> 0 TOJYYEHHOE BBIpaXXCHHE Tepexoawio B (Gopmyny Buna, Heobxoaumo motpedo-
BaTh, YTO MUHUMAJIbHAS TTOPLUS SHEPTUH OCIMIUIATOpA OblIa MPOMOPIIMOHANIbHA YACTOTE, T.€.
g, =ho. (1.20)
3nech /i - KO3 OUIMEHT MPONMOPIIMOHATBLHOCTH, BBeIeHHBIN M.IiTankoM, ¥ HOCSIIINNA €0 uMSs
— nocrosinHas [1nanka. YucneHHoe 3HaueHre 3TON MOCTOSIHHOM (€ro BIIEPBHIE OMPEACIINI CaM
[InaHk W3 SKCIEPUMEHTAIBHBIX [JaHHBIX II0 CIEKTpaM pPABHOBECHOIO  M3IIyuY€HMsI)
i=1.05-10""" opr.c. IloMEMO TOCTOSHHOH /i  HCIONB3YIOT TaKKE TOCTOSHHYIO
h=2nh=6.62-10" spr.c.
C yuerom (1.20) mosryueHHOE HaMH BBIpAXKEHHE JJISl CIIEKTPAJIbHOM IJIOTHOCTU 3HEP-
I'MH PABHOBECHOT'O M3JTyU€HHsI 3alIMChIBAETCS B BUJIE:
1 ho’
3 do
n’c’ exp(ho/k,T)-1
Boipaxxenue (1.21) nnst pacnipeneneHusi SJHEPrUM MO CIIEKTPY PaBHOBECHOI'O 3JIEKTPO-
MarHUTHOTO M3JIydeHUs Ha3biBaeTcs (opmyioi Ilnanka u mo3BosseT 0ObSACHUTH BCE U3BECT-
HbIE€ 3aKOHBI, CIPABE/UIUBbIE JI1 PABHOBECHOI'O M3JIyUYEHHUS U IMOJyYEHHbIE paHEe IMIHUpUYE-
, CKHUM IIyTEM.
P f N, Tak, Hampumep, JIETKO
2;' -3 BUJETh, YTO 3aKOH Penes u
JIxuHca v 3akoH BuHa sSBISAIOTCA
COOTBETCTBEHHO HHM3KO- U BBICO-
e KOYacCTOTHBIM  IPUOIHIKEHUEM
(1.21). [eiictBuTenbHo, B 00-
' JacTu HU3KHUX 4acToOT
ho/k,T <<1 pasnaras 3Kcro-

(1.21)

p,do=

HEHTBI B PAIl 7O MEPBOTO MOPsiA-
Ka, HEMEJICHHO IOJIy4YaeM BbI-
® paxenue (1.14). OrmeruMm mnpu

Puc.1.2. PacnpegeneHue 3HEprun B CNEKTPE PABHOBECHOTO U3NYyYeHWd. DTOM, YTO WCUYE€3HOBEHUE U3 OT-
BeTa IocTossHHOM Ilmamka sBiIs-

€TCsl MPU3HAKOM TOTO, YTO COOTBETCTBYIOIIEE BBHIPAKEHHUE MOXKET OBITh MOJYYCHO M3 YUCTO
KJIACCUYECKHNX cooOpakeHHi. [I[pUMEHHTENbHO K PaBHOBECHOMY HM3JIYUEHHUIO 3TH COOOpake-
HUS HaMH OBUIM yXe paccMOTpeHbl. HaoOopoT, B BBICOKOYACTOTHON 4YAacCTH CIIEKTpa
ho/k,T >>1, npeHebperas B 3HAMEHATENe €AMHULCH [0 CPABHEHHIO C DKCIIOHEHTOM, MOIy-

quM

p,do= L e exp(— ho/k, T )dw, (1.22)

2.3
T C

T.e. hopmyny Buna.
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Ha puc.1.2 npuBenen odmuii BUI TUTAaHKOBCKOW (DyHKIMH (KpuBas 1) a Takxke ee mpe-
JICNTBHBIX CITy4YaeB, pACCUMTAHHBIX 10 Gopmynam Penest u [xunca (kpuBas 2) u Buna (kpusas
3). OT™MeTHM, YTO TUTAHKOBCKAs (PYHKIIUS XapaKTEPH3YETCs] MAKCHMYMOM B TOUKE

1O 584, (1.23)

kT

T.e. ®,_, PacTeT JHUHEHHO ¢ TeMmmepaTypoil u3nydeHus. Jta Gopmyia JIErKo MOoaydyaeTcs U3

max
aHalu3a Ha SKCTpeMyMbl BelpakeHus (1.21) u npezacraiser coboil 3akoH cmenieHus Buna.
OroT 3aKoH ObLI noayyeH B.Bunom eme B 1893 rony.

[Tomyuum Tenepb BblpakeHUE 1)1 00bEMHOM MJIOTHOCTH YHEPTUU PAaBHOBECHOI'O 3JIEK-
TPOMarHUTHOro u3nyuyeHus. Murerpupys no cnexrpy (1.21), Haiinem

0 © 3 k4T4 © 3
U=[p,do=——] o do=—— S k. (1.24)
o n’c? 3 explho/k,T)-1 n c’h” 5 exp(§) -1
Bxonsmuit B (1.24) unTerpan pasen / 15. IlosTomy
2k4
U=cT", = 175‘—323 = 7.57-10™ spr/(em’ K (1.25)
c

T.€. IJIOTHOCTh SHEPTUU AJIEKTPOMATHUTHOTO M3JTyUYEHHUSl PACTET KaK yeTBepTas CTENEHb TeM-
neparypbl. Beipaxenue (1.25) npencraBnsier coboii 3akon Credana — bonpimana, yctaHOB-
JICHHBIN SMIIUpHUYECKUM myTeM emle B 1879 rogy. OqHako, TOCTOSIHHYIO G (OHA HOCUT Ha3Ba-
Hue noctosHHas Credana — bonbiiMana) TeOpeTHUECKH CTal0 BO3MOXHBIM BBIUMCIHUTD JIHIb
nocie ycraHonyieHus: popmyuinl [1nanka.

[ToMuMoO cHeKTpanabHOM (yHKIMU p, 4YacTO UCIOJB3YETCs Takke (opMyia A pac-

MMPEACIICHUS SHCPIUH U3JTYy4YCHHUA 110 JJIMHAM BOJIH, KOTOPOC OIMMCBIBACTCS (1)YHKI.[H6171 pk' Ota
(1)}’HKLII/I}I MOYXET OBITH JIETKO TOJIYUCHO U3 COOTHOLICHUSA

p,do=p,d\, (1.26)
rac CHCKTp&J’IbHHﬁ HHTCpBAJI d® CcBs3aH CO CIICKTPAJIbHBIM HHTCPBAJIOM d\ COOTHOIIEHUEM
do = |do/d)\|d). = (2nc/1’ )d) . B pesynbrate nmeem

167> fic
p,dh = — dn . (1.27)
A
exp 2mhce B
Ak, T

U3 popmynsr [Inanka B Buge (1.27) Takxke cieayer 3aKOH cMmellleHUs BuHa, xapaktepusyro-
Uil "3MEHEHUE MOJI0KEHUSI MAaKCHMyMa CIIEKTPaIbHON (QYHKIUH P, C TEMIIEpaTypoil:
2nthe
A

max

~4.95, (1.28)

OTMETUM IIPH 3TOM, HOJIOKEHHSI MAaKCUMYyMOB IUIAHKOBCKOW (DYHKLIUH B ILIKaJI€ YaCTOT U JUIMH
BOJIH HE COBIAQJAIOT, T.e. A, #27c/®,, . DTO CBSI3aHO C W3MECHCHHEM BEIMYHMHBI CIICK-

max
TPaJbHOTO MHTEpBaNa dA , COOTBETCTBYIOIIETO MOCTOSTHHOMY 3HAY€HUIO d® , TPU U3MEHEHUH
yacToThl u3nyuenus. 13 (1.23) u (1.28) HeTpyAHO MOXYUYUTD, YTO

" 2me/h
© 21wy 26 (1.29)
® Q]

max max

B 3akmoyeHrne KOpOTKO OCTAaHOBUMCSI Ha NpUMEpPaxX peajbHBIX (PU3NYECKHX CHCTEM,
KOTOPBIE C XOPOILUM MPUOIMIKEHUEM XapaKTepU3yIOTCs IUIAHKOBCKUM CIIEKTPOM H3JIy4EHHUS.



13

1. U3nyuyenue 3Be3n. M3nydeHue ¢ MOBEPXHOCTH 3BE3]] C XOPOUIEH CTENEHbIO TOYHOCTH Xapak-
Tepu3yeTcs MIAaHKOBCKUM CHEKTpoM. B wactHocTH, Omkaiiinas k Ham 3Be3na, CounHile, Aaet
u3nydeHue ¢ temrepatypoit 5770 K, 4To COOTBETCTBYeT MakCUMyMy H3JIyYEHHUS] B CEpEIIMHE
BUJMMOTO JTMana3oHa 4yacToT (3eJeHbli cBeT). Hamo uMets B BHy, uTO aTMocdepa 3emiin Jac-
THUYHO TIOTJIONIAs YJIbTPa(UOIETOBOE U3TyYCHHE, BHOCUT UCKAKEHUS B CIICKTPAIBHBINA COCTAB
U3JIy4YEeHUS], PETUCTPUPYEMBII Y TOBEPXHOCTU 3EMIIH.

2. PenukToBoe u3nyuenue. B coorBeTcTBUU ¢ Teopueit bosbmoro B3psiBa (F.FaMOBlz, 1948)
BCs BceneHHas 3amoiiHeHa W30TPOIHBIM PABHOBECHBIM H3ITyUYEHHEM, TEMIEpaTypa KOTOPOro
YMEHBIIAETCSl TI0 Mepe pacumpeHus BceneHHOH. DKcrnepruMeHTalIbHOe OOHApY)KEHHE 3TOTO
u3nydenns B 1965 roay (P.Buscon, A Ilemsuac'®) ¢ Temneparypoii T ~ 2.7 K cunraercs oz-
HUM H3 HauOoliee YOSAUTEIbHBIX JOKA3aTEIbCTB CIPABEAIUBOCTH HAIIMX MPEICTABICHUN O
pa3Butuu Beenennon.

0) Domosgpgexm.

Dot dexT ObUT OTKPHIT [ 'eHprxOM FepueM14 B 1887 ronmy. I'epir HaGnroman 3axwura-
HUE JYTOBOTO paspsga MEXIy ABYMS 3JEKTPOJaMH MOJ JEHCTBUEM YIbTPa(HOIETOBOTO U3-
JdydeHus ropseit psaoM ayru. C coBpeMEeHHON TOUKHU 3peHUs (PU3HUECKOe CollepKaHue OIbl-
ToB ['epua 3akimtovaercs B cineayromeM. [1nazma 1yroBoro paspsiia IMEET BBICOKYIO TeMIlepa-
TYpYy U SIBIISICTCSI UCTOYHMKOM HHTEHCHBHOTO YJIBTPa(UOIECTOBOTO M3IMy4YeHHS. DTO YJIbTpa-
¢dbuoneToBoe U3MyyeHUE CIOCOOHO MOHU30BATh aTOMBI CO3[1aBaTh 3aTPABOYHbBIE AJIEKTPOHBI, B
00J1aCTH MPOCTPAHCTBA MEXAY IEKTPOJAMM, K KOTOPBIM 3apaHee MPUIIOKEHO HalpshKEHHE.
[TosiBnieHHe 3TUX 3aTPaBOYHBIX AJIEKTPOHOB MPUBOJUT K BO3HUKHOBEHHUIO MPOBOJUMOCTH U
3aKUTaHUIO paspsiaa. s moHMMaHus GU3UKU MPOUCXOISIIETO BaKHO TaKXkKe, YTO HaIlpshKe-
HUE MPO0O0st pa3psIHOrO MPOMEXKYTKa BCErJa BhIIIE, YEM HaAIpPsLKEHUE, JOCTaTOYHOE IS TOA-
nepxkanus paspsaa. Takum oOpasom, aktuyecku ['epriem ObUT 0OHApY>KEeH MPOLIECC HOHHU3A-
MM aTOMOB S3JIEKTPOMArHUTHBIM H3IydeHueM (aToMHbIA (oTodddekt). Heckompko mozike
6bu10 0OHapy)eH PoTo3((PEKT ¢ TOBEPXHOCTH TBEPABIX TEJ MPH
uX 00Jly4eHUHU 3JIEKTPOMArHUTHBIM H3JTy4YeHHEM YyibTpaduoiie-
TOBOHM YacTu criekTpa. Takxke Kak M B ciaydae aTOMHOro (oTto-
s dexra 1 yaaneHus IEKTPOHA ¢ TTOBEPXHOCTH TBEPJIOTO Te-
Ja TpeOyeTcsl 3aTpaTuTh HEKOTOPYIO 3HEpruro. MHUHHMMaiIbHOE
3HAYEHHE 3TOW SHEPTHH HA3bIBAIOT paboTOM BhIXoAa. Jlyis mmpo-
KOr0 Kpyra MaTrepHajoB OHa OOBIYHO COCTaBISIET HECKOJIBKO
3JIEKTPOHBOJIBT. B ciydae atomHoro ¢otosddexra postb paboTh
BBIXO0/Ia BBITIOJHSET NOTEHIIMAT HOHU3ALINY.

OcHoBHBIE OcoOeHHOCTH siBiIeHHs (oTorddexra ObLIH
nccnenoBansl A.I.CromeroBsiv' > (1888-1889) u (I).HeHapI[OM16
[ (1899-1902). ITosTomMy K OOCYX)ACHHIO PE3yIbTATOB, MOJYYCH-
LI HBIX B 3THX OIBITaX, Mbl Teneps U nepeitaem. Ha puc. 1.3 cxema-

Pﬂz;ﬁhgﬁggggﬁgc;ﬁ:_nm TUYECKH W300pa)keHa yCTaHOBKA Ui M3ydeHHs (oTodddekra.

JIBa METAINIMYECKHUX AJIEKTPOJia, K KOTOPHIM MOXET MOJaBaThCs
HANpsHDKCHUE Pa3IMYHON TOJSPHOCTH, Pa3/ieieHbl BaKyyMHBIM IPOMEXKYTKOM. [loBepXxHOCTB
OJIHOTO U3 3JIEKTPOJOB OOIy4aeTcs MOHOXPOMATUYECKUM H3IyUYeHUEM YIbTPaduoIECTOBOrO

"2 ".A.TamoB (1904 -1968) coBeTcKuii, a 3aTeM aMepHKAHCKHil (PH3MK-TEOPETHK.

' R.W.Wilson (p.1936), A.Penzias (p.1933) — amepukanckue (Gu3nKn —3KcIepuMeHTaTops, Hobenesckas mpe-
mus (1978).

'Y H.Hertz (1857 - 1894) — Hemerkuii (pu3uK.

'3 A.T.Croneros (1839 - 1895) — pycckuit Gu3HK.

' Ph.Lenard (1862 — 1947) — nemenxknii dpusnk, Hobenesckas npemus (1905).
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nuarnasona 4actor. B pesynbrare (oTodddexra ¢ MoBEpXHOCTH B BAKYyMHOM TPOMEKYTKE
HOSBIISIOTCST CBOOOHBIE AJIEKTPOHBI, U BO3HUKAET 3JIEKTPUUECKUI TOK, U3MEpsieMblil amriep-
METPOM.

C Touku 3peHHsI KIacCUYeCKOM Teopuu cam ¢akT oOpa3oBaHHs (OTOIIEKTPOHOB BbI-
TJIUT COBEPIICHHO €CTECTBEHHBIM. OJIEK-
TpUYECKOE I0JI€ BOJIHBI pPacKauuBaeT 3JIeK-
TPOHBI, HAXOASALINECS BHYTPH TBEPAOTO Tela.
B pe3ynbraTe ux KMHETHYECKas SHEPrUsi BO3-
pacraer. Ecnu kuHeTHUecKass dHEprus Ipe-
BBICUT pabOTy BbIX0Ja, 3JEKTPOH C HEKOTO-
POl BEpOSITHOCTHIO MOXKET BBUIETETH C TO-
BEPXHOCTH TBEPJIOTO Tela.

OcTtaHOBUMCS Ha pe3yJbTarax oOIlbl-
TOB, U OOCYIMM, 4YTO M3 HHUX MOXXHO, a 4TO
HeNb3s TMOHATH B pPaMKax KJIACCHYECKUX PH(():'i'.lv.li.'l'SHa(:zHBZV(I)“é$;TVTSJiI‘Jy?4TeoJ;: @
npeacrasiennii. Ha puc.l.4 npusegena no-

Jy4YeHHas! B 9KCIIEPUMEHTE 3aBHCUMOCTh ()OTOTOKA OT MHTEHCUBHOCTH HM3IIy4eHUs. JTa 3aBU-
CUMOCTb OKa3aJlaCh MPSIMO MIPONOPLMOHAIBHOMN, YTO €CTECTBEHHO C KJIACCUYECKOM TOUKH 3pe-
HUS: C YBETTMUEHHEM MHTEHCUBHOCTHU M3ITyYSHHS PACcTET SHEPIHs, MOTrIolaeMas dIeKTPOHAMHU
B IPUIIOBEPXHOCTHOM CJIO€ METallja, a, CJIeI0BaTeIbHO, YBEIUYUBAETCS BEPOSITHOCTh UX BbI-
jera, T.e. BenmuuHa Qortoroka. OOCymum Te-
nepb 3aBUCUMOCTb (POTOTOKA (MPU HEKOTOPOii
NOCTOSIHHOW WHTEHCUBHOCTH) OT BEJIMYHHEI
HNPUIOKEHHOTO MEXAY JIEKTPOJaMU Harlpshke-
Hus (cM. puc. 1.5). DTo HanpsyKEHUE MOKET KaK
YCKOPSTH 3JEKTPOHBI, MOMABIINE B BaKyyMHBIH
NPOMEXKYTOK, TAK U TOPMO3HUTH HMX, BO3BpaLIast
00paTHO Ha 3JEKTPOJI, IPENATCTBYS UX BBLIETY.
Ecnn HampspkeHue ycKOpsieT 3JIEKTPOHBI, OHHU
npruoOpeTaroT JOMOJIHUTENIBHYIO CKOPOCTh, Ha-
NPaBJICHHYIO K MPOTHUBOIIOJIOKHOMY AJIEKTPOAY.
B pesynbrare BennuuHa (OTOTOKA B LIENH pac-
TET, TIOKa HE JOCTUTHET HEKOTOPOro MaKCH-
MaJIbHOT'O 3HaY€HUs, COOTBETCTBYIOLETO TOMY, YTO BCE JIEKTPOHBI, BEUIETEBILIUE C TIOBEPXHO-
CTH, JOCTHIJIA MTPOTHBOIIOIOKHOTO AIEKTpoAa. JlanpHelilee yBeInIeHne HAPSDKEHUS yKe He
NPUBOJIUT K yBelMYeHuto Gororoka. B cucreme Habmromaercst HacwllieHue. BennuuHa Toka
HACBHIIIEHUS, OJTHAKO, JIMHEWHO 3aBUCUT OT MHTEHCHBHOCTH YJIbTPA(HOIETOBOTO HM3ITyUCHHS.
YeMm OoJibllle MHTEHCUBHOCTb, TEM OOJIbIIE JIEKTPOHOB MOKHJIAET MOBEPXHOCTh METalia, TEM
OoJbIe TOK HAaChIeHHs. [[pyras cuTyanus BOZHUKAET, KOT/ia MOJIIPHOCTD ITOAaHHOTO HAIpsI-
KEHUS U3MEHEHA U 3JIEKTPOHBI MOMAJal0T B TOPMO3sILIee M0JIe, MPENSITCTBYIONIEe UX BBUIETY.
B sToMm cimyyae OTOTOK yMEHBIIAETCsl M TIPU HEKOTOPOM HAIPSDKEHHH OOpaIiaeTcst B HyJIb,
YTO COOTBETCTBYET CIIyyal0, KOIJla HU OAMH M3 JIEKTPOHOB HE CMOT JOCTHYb IMOBEPXHOCTH
MPOTHBOMOJIOKHOTO JIEKTPOa. ITO MOHATHO: CYIIECTBYET HEKOTOPOE 3HAYCHHE MAaKCHMallb-
HOW KMHETUYECKOH 3Hepruu (HoTo3eKTPOHOB. [103TOMY (OTOTOK OJIKEH HMPEeKpPaTUThCs, KO-
I7la 3anMparollee HanpspkeHue V' yioBIIETBOPSIET YCIIOBHIO:

eV >E (1.30)

- MaKCUMaJIbHAsI KHHETHYECKast dSHEPTUsl (POTOANEKTPOHOB. HemoHsITHO apyroe: kKasa-

OTOTOK

WHTEHCWUBHOCTb

GOTOTOK

V=0
Puc.1.5. 3aBUCMMOCTL (POTOTOKA OT
HanpsSKeHWa MeXxay anekTpoaamu.

max

roe E

max

J0Ch ObI, YeM OOJIbIllé MHTEHCHUBHOCTh HM3IIyYEHHs, TeM OOJIBIIYI0 KHHETHUYECKYIO SHEPTHIO
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MOTYT HaOUpaTh IEKTPOHBL. J[eHCTBUTENBHO, C YBEIMUYECHUEM UHTEHCUBHOCTH BO3AECHCTBYIO-
IIEr0 M3JIyYeHHs] SHEPIusl BbUIETAIOIIMX C MMOBEPXHOCTH 3JIEKTPOHOB JOJDKHA BO3pacTaTh, a,
CJIEIOBATENIbHO, BEJIMYMHA 3allMPAIOUIEr0 HANPSIKEHUs] YBEIUYMBATHCA. DKCIEPUMEHT IOKa-
3bIBAaCT OOpaTHOE: 3aluparollee HalpspKeHHe, a, 3HA4MT, U MaKCUMallbHas KUHEeTHYecKas
SHEprusi GoTOIEKTPOHOB HE 3aBUCAT OT MHTEHCUBHOCTH U3JIyUYEHHUS.

PaccmoTpuM ele 3aBUCUMOCTb BEJTMUMHBI 3alIMPAIOILEro HAPSHKEHUsT OT YaCTOThI U3-
JTy4yeHus (II0JIy4eHHYIO IPU MOCTOSIHHOW MHTEHCUBHOCTH M3iydeHus). COOTBETCTBYIOIIAs 3a-
BUCUMOCTb IIpuBezieHa Ha puc.l.6. Kak BUJHO, ¢ yBEJIMYEHUEM YaCTOThI U3JIy4YE€HUs] BEIMUMHA
3aMMparouIero HanpsHKEHUs TMHEWHO pacTeT, YTO CBUAETEIbCTBYET O BO3PACTAHUU C YaCTOTOU
sHeprun GoToanekTpoHoB. CaMoe UHTEPECHOE, UYTO
CYLLECTBYET HEKOTOPOE€ MHHHMMAJIbHOE 3HA4YCHUE

3anMpaloLLyuii noTeHuman

4acTOTHI M3/TyueHNs o (T.H. KpacHas rpaHuna ¢o-
toaddexra) BoI3bIBarONIero Gotodddexr; Ay 3Ha-
YeHH YacTOT O < 3alHpaoliee HAMPSKECHHE
paBHO Hymo, T.e. (ortodddexkr HeBo3moxkeH. C
TOUYKU 3pEHHs KIACCUYECKOH (PM3MKH CYyIIECTBOBA-
HUC KpPacHOW TPAHMIIBI COBEPIICHHO HEMOHSTHO.
Kasanocs Obl, B MOJEAN IOYTH CBOOOIHBIX DJIEK-
TPOHOB B MeTajuie (3Ta MOJIEIb CIIPABEUINBA, CCIIH
9YacTOTa BHEIIHEro TOJS ) CYIIECTBEHHO OOJIbIIe

YyacToTa

Puc.1.6. 3aBMcMMOCTb 3anuparoero noTeHynana
OT YacToThl N3Ny4YeHs.

~ 14 -1
YacCTOTHI CTOJIKHOBEHUI 3JIEKTPOHOB B METAJUIE V, B MeTAJIaX, Kak npaswio, v ~10" ¢, 4ro
COOTBETCTBYET HMH(paKpaCHOMY AHMANA30HY YaCTOT) AJIEKTPOH TOJ ACUCTBUEM IOJISI BOJHBI

o 9] 2 2 2
coBepuUIaeT KojaeOaHus ¢ XapaKTepHOl 3Heprue € =e £ / 4mo” (E, - aMILIUTYyAa dJIEKTpU-

YECKOT0 MoJis BOJHBI). T.e. 60o1ee HU3KOYaCTOTHOE M3Iy4eHHe, Ha000poT, 6omnee 3hdHeKTUBHO
BO3/ICIICTBYET HA AJIEKTPOHBI B MeTaiie. [103ToMy ecTeCTBEHHO 0XHAaTh, YTO C MOHMKEHUEM
YaCTOThl M3JIy4eHUs (MPH BBITOJHEHUU YCIOBHUS ® >> V) 3HEprus (OTOIIEKTPOHOB JOIDKHA
HE MajaTh, a BO3pacTaTh.

Brixon u3 co3naBiieiicst CUTyar ObLT HalIeH A.Diirmreiinom'’ B 1905 rony. PazBu-
Bas uzeu Ilnanka, DMHINTENHH BbICKa3al NPEANOJIOKEHUE, YTO CBET MPEACTaBIsAET co00il mo-
TOK YacCTHII - KBAHTOB CBETa, (POTOHOB, HECYILIUX SHEPTHIO /), KOTOpasi MOKET ObITh 3aTpaue-
Ha Ha yJaJIeHHUE JIEKTPOHOB U3 BellecTBa. [IpennonoxkeHre o ToM, 4T0 CBET paclpoCTpaHseT-
Csl B MPOCTPAHCTBE M IOIVIOMIAETCS BEIECTBOM MOPLMIMU /i, TO3BOJISIET cpasy ke 0O0bsic-
HUTh HE3aBUCUMOCTD 3aIIUPAIOILEr0 HANpPSKEHUS] OT UHTEHCUBHOCTH U3JIYUYEHHUS U CYLECTBO-
BaHME KpacHOM rpaHulbl GoTor(dexTa, 3aralouHONl ¢ TOUKH 3PEHUS KIACCUUYECKON (PU3MKH.
JlelicTBUTENBHO, ypaBHEHHE DUHINTEIHA 17151 KHHETHYECKOW HEPIruu IEKTPOHOB F, , BBIPHI-

BaeMbIX U3 aTOMOB (C IIOBEPXHOCTH TBEPIOTO TeJIa) TIOJIEM JICKTPOMATHUTHOMN BOJIHBI, TJIACUT
E, =ho—-A4,, (1.30)

rae A, - pabota BbIxoja (IOTEHLMAI HOHU3ALMK aToMa Aj1st aToMHoro (orodddexTa). B ciry-

qae /io < A, JHEpruu KBaHTa HEJOCTATOYHO ISl yAAJIE€HHs YJIEKTPOHA C IIOBEPXHOCTH U (HOTO-

3¢ (heKT HEBO3MOXKEH.

Paccmotpennbie 0coOeHHOCTH Tiporiecca (OTOMOHU3ANNU Ka3aJIUCh HE3BIONIEMBIMH U
HE MOABEPTajIuCh COMHEHHUIO 10 cepearHbl 60-x ro1oB XX Beka, Korja ObLIM CO3JaHbI IIEPBHIC
HUCTOYHUKU BBICOKOMHTEHCHUBHOTO JIA3€PHOTO M3IIyYeHHUs. B ATHX MCTOYHMKAX OBLIU JOCTHUT-
HYTbl HHTEHCUBHOCTH U3JIy4YEHUS ~10'°-10"* Br/cm?, Ha MHOTO MOPSIKOB MPEBBINIAIOIINAE WH-

A Einstein (1879-1955), HoGenesckas npemust (1921) «3a BaskHble (GU3NKO-MATEMATHUECKHE HCCIICI0BAHHS,
0COOEHHO 32 OTKPBITHE 3aKOHOB (DOTODIIEKTPUIECKOTO Y heKrTar.
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TEHCUBHOCTH BCEX CYIIECTBOBABIIMX PaHEE UCTOYHUKOB ONTUYECKOro u3inydeHus. Oka3anocs,
YTO MPU TAKUX BBICOKUX MHTEHCUBHOCTSX M3JIy4EHUs HapsAdy C IpolieccaMH MOIJIOIEHHsS OJ-
HOT'O KBaHTa cBeTa (0JHO(OTOHHBIN MPOIECC) CYIIECTBEHHBIMHA OKa3bIBAIOTCS TAKXKE MPOIIEC-
Cbl MHOTO()OTOHHOTO IOIJIOUICHHUS, T.€. NMPOLECCHl B KOTOPBIX MPOUCXOAUT OJHOBPEMEHHOE
TIOTJIOIIEHHE Cpa3y HECKOJIBKUX (OTOHOB. [IpuMEHHUTENBHO K MPOIIECCY MOHU3AIMH ATO O3HA-
YyaeT CUYE3HOBEHHME KpacHOH rpaHulibl GoTorddexTa: ecau 3Heprust KBaHTa HEAOCTaTOUHA s
BBIPBIBAHUS DJIEKTPOHA M3 aTOMa, B CUJIBHOM I10JI€ U3TYYCHUSI HOHU3ALUS MOXKET IMPOU30MTH B
pe3yJbTaTe MOTJIOUICHUs Cpa3y ABYX (DOTOHOB (ABYXKBAaHTOBBIA (PoT0dPdeKT), a B 00IeM
ciydae - N (otoHOB (N-KkBaHTOBBI (oTodddekt). [loTeHnansl nOHU3AMH OOTBITNHCTBA
aToMoOB cocTaBisioT 10-15 3B, sHeprus KBaHTOB U3JIy4YEeHHUs BUAMMOIO JHana3oHa 4acToT ~2
3B. TloaTOMy HMOHM3alUMs aTOMOB ONTHYECKUM H3IYYCHHEM BO3MOXKHA JIMIIb B pE3yJIbTaTe
MHOro(oToHHOro norjoueHusa. C yyeToM Cka3aHHOTO ypaBHeHHE DHMHINTEeHHa MOXHO 0000-
IIUTH HAa CJIy9ail MHOTOKBAaHTOBOTO oTodddekTa
E, =Nho-4,. (1.31)

OKCIepUMEHTAIbHO MHOTOKBAaHTOBBIM aTOMHBIA (oTo3ddekt Obu1 oOHapyxkeH B 1964 roay
H.B.Jlenone'® ¢ corpymunkamu. OTMETHM TOJIBKO, UTO B OTHOCHTEIBHO CIIAOBIX MONSX BEPO-
ATHOCTh MHOTOKBAaHTOBOTO (hoTod(dexTa nmpeHeOpekuMo Mana, mo3tomy B ypaBHeHuu (1.31)
CYLLIECTBEHHBIM OKa3bIBaeTCs JIMIIb ciaydaii ¢ N =1.

3agaun.

1.1.  Ouenutp unciao HOTOHOB B €IMHHUIIE 0O0BEMa JIJIi PABHOBECHOTO DJIEKTPOMAarHUTHOTO
u3iIydeHus ¢ remnepatypoit a) 300 K, 6) 3 K.

1.2.  OueHuTh KOJUYECTBO KBAHTOB PAaBHOBECHOT'O AJICKTPOMATHUTHOIO M3JIYYEHUS C DHEP-
rueil o > ho, =1 2B B eaunnne oobema npu 7 =300 K.

1.3.  OueHuTh YHMCIO KBAHTOB YEPHOTO M3IyYEHHUS B €IUHUIIC 00beMa MPHU TeMmIepaType
7=1 »B B ntuana3oHne yacTtoT 7o < hiw, = 0.1 3B.

1.4.  OueHuTh MOTOK SHEPTHH YIbTPaPHOIECTOBOTO M3aydeHus oT CoJIHIIa HA TTOBEPXHOCTH
3emun. Cuntarh, yTo U3nydeHre CoJHIAa UMEET MIIAHKOBCKUN CIIEKTP C TEMIIEPATypoi

T =5700 K. Pamuyc Conuna Ry =7-10" cm, paguyc 3emuoit opoutsl » =1.5-10" cm.

[Tormomennem u3nyueHus B armocdepe 3eMiu npeHeOpeyb.

1.5. Hcxons uz ¢popmynsl [Inanka ams pacrpenesieHus ”HTEHCUBHOCTH IO CIIEKTPY PaBHO-
BECHOI'0 M3JIyYEeHHUS, TOJyUNUTh 3aKOH cMellleHus: BuHa (B 1ikae 4acToT U AJIMH BOJIH).

1.6. Ilpu kakoil TemriepaType TEPMOJMHAMUYECKH PABHOBECHOW BOJOPOAHOW IJIa3Mbl C
IIIOTHOCTBIO p =1 T/cM’ J[aBIICHHE SIEKTPOMATHHTHOTO M3TyYEHHs CPABHACTCS C ra3o-
KMUHETUYECKUM JIaBJIEHUEM?

1.7. Ha merannudeckyro MoBepxHOCTh (pabota Bbixoma A =3.6 »B) Bo3AeicTBYET 3JeK-
TpoMarauTHoe none E = E (1+coswt)cosm,t (E, - HATPSKEHHOCTb IEKTPUUECKOrO
nosst BonHe!). Haiitn sHepruio ($poTos1eKkTpoHos, ecimu o = 4.8-10" ¢, o, =6.4-10"
¢

1.8.  OueHuts BenmuuuHy (GOTOTOKA C MOBEPXHOCTH METAILIA Iuiomaasio S =1 cM” (paboTa
Bbixoga A =4 5B) nox nevictBuem u3nyuenus Cosnia. CoJiHIIE CUYUTATh IJIAHKOBCKUM
n3nydareneMm ¢ temneparypoi 7 =5700 K. Benmnumna xBaHTOBOTO BBIXOJa (hOTOI(D-
¢exTa (BeposTHOCTH BhIpBIBaHUS 3eKTpoHa (poToHOM) 1 =0.01.

'8 H.B.lenone (p.1926) — poccuiickuit UMK — IKCIEPUMEHTATOP.



