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Y4yeOHUK MOPUHLIUIKATIBLHO HOBOro THma. [lociaenoBaTeNbHOCTh —H3IIOKEHUS
COOTBETCTBYET JIOTHUECKON CTPYKType (PH3MKM KaKk HAyKH U OTPAKAET COBPCMCHHBIC
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Jlis ygamuxcsl IMIKOJ, THMHA3Wid, JHUIEEB C YIUIYOJICHHBIM H3ydeHHEeM (HU3HKO-
MaTeMaTHYECKUX TUCHUIUIMH, a TakXe U MOJITOTOBKHM K KOHKYPCHBIM 3K3aMEHaM B
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(263). OnbiTel @panka u ['epua (263). [IuCKpeTHOCTh YPOBHEN SHEPTUU
aTtoma (264).
DNEKTPUYECKUM TOK B KUJKOCTAX
DnekTposuThl (266). DIeKTpoauTHIECKas quccoruanus (266).
HeoObrunbie snexTponutsl (267). MoHHas mpoBoauMocTh (267).
Onekrponn3 (268). 3akonsr Dapanes (268). 3akonsr dapanes u
aJIeMEHTapHbIN 3apsa (269). Xumuueckre HCTOUHUKH ToKa (269). Tok B
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anexTpousa (273).
[lmazma
KonnextuBHOe nBrkeHne YacTHIl B 1u1azMe (274). KBasuHeHTpaIbHOCTh
wia3mel (275). Ilnazmennsie konebanus (275). DxpaHUpOBKa
KYJIOHOBCKOTO B3auMoaecTBus (276). [IpocTtpancTBEeHHBIE MacIITaObl B
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I. TEOPUA OTHOCUTEJIbLHOCTHU

§ 1. MpHHUMN OTHOCHTENLHOCTH

Teopust OTHOCHTEJIBHOCTH — 3TO (bU3MUECcKas TEOPHS NMPOCTPAHCTBA M
BPEMEHM, T. €. TEOPUS NPOCTPAHCTBEHHO-BPEMEHHEIX 3aKOHOMEPHOCTEH,
CIpaBENIUBRIX A1s 00X ¢(uamueckux npoueccoB. CoracHo obmei
TEOPHUH OTHOCHTEJBHOCTH (HA3HIBAEMOM TAaKXeE PEJSTUBHUCTCKON TEOpUEH
TSATOTEHMSI) CBOMCTBA IPOCTPAHCTBA-BPEMEHH 3aBUCAT OT AEUCTBYIOLIMX
B paccMaTpuBaeMoil 00sacTé mosieil TaroreHus. YacrtHas, WM Cremu-
aJIbHAs TEOPUS OTHOCHTENBHOCTH OIMHUCHIBAET CBOWMCTBA ITPOCTPAHCTBA-
BPEMEHM B YCJOBHSX, KOIAa BJIMSIHMEM TSATMOTEHMS HA 3TU CBOMCTBA
MOXHO IpeHebpeys.

OnuceBaeMble TEOpPUEH OTHOCHUTEIBHOCTH SIBJICHHUS — MX HA3KBAIOT
peassmusucmcekumu — OOHAPYXHUBAIOT Ce0S NMpPU CKOPOCTSX ABHMXKEHMS
Ten, GMM3KMX K CKOpPOCTH cBeTa B Bakyyme ¢ = 3-103 m/c. Cxopocts
¢ — 3TO npedenbHas. CKOPOCMb PACHPOCTPAHEHHS JIFOObIX B3aMMOAEHCT-
BMii M CUTHAJIOB U3 OQHOM TOYKM IPOCTPAHCTBA B Apyryio. [loHarue mpe-
HEIBHOM CKOPOCTH Tpelyer riayOoKoro maMeHeHus OOBUHBIX (KJaccuye-
CKHX) MPOCTPAHCTBEHHO-BPEMEHHHIX IPEICTABJICHUI, OCHOBAHHHEIX Ha
MOBCEAHEBHOM OIBITE, OrPAHMYEHHOM HAOMIOAEHUSIMH CPABHHUTEIHHO
MemIeHHHX (v<<c) IBHXCHMIA.

Bce aBneHns B 3aMKHYTOI (hu3MUECKOit cucreMe OyXyT NMPOMCXOOUTh
TOYHO TaK X€, €CJIM BCIO CUCTEMY INEPEHECTH B APYroe MECTO MM Kak
LIEJIOE TMOBEPHYTh Ha HEKOTOPHIM yroj. B a3ToM mposBasiorcs ceoiicmaa
cummempuu 3aKOHOB IIPUPOABI, OTPAXAIOIIKUE 00HOPOOHOCb TIPOCTPAH-
crBa (T. €. paBHONpPABHE BCEX TOUEK) M ero usomponwocms (paBHOIpA-
BME BCeX HampasjeHuit). HemamMeHHOCTh (pu3MUecKHX 3aKOHOB C Teue-
HUEM BPEMEHM OTPAXaeT OOHOPOOHOCMb BPeMEHU.

Hapsany ¢ Takoil H”HBapHAHTHOCTHIO (HEM3MEHHOCTBIO) 3aKOHOB IIPH-
ponbl MO OTHOIIEHNIO K NAapaJUIEJbHBIM MEPEHOCAM M MOBOPOTAM B MPO-
CTPaHCTBE U CABHMTY BO BPEMEHM HA OMNLITE YCTAHOBJIEHA TAKXE MHBADH-
AHTHOCTb 33KOHOB (PM3MKM OTHOCHUTEJBHO Mpeo6pa3odanuil dauxeHus,
T. €. Iepexoaa OT OXHOM WHEPUMATILHOM CHCTEMEI OTCYETA K APYIOi: BCe
ABJIEHMS B 3aMKHYTOH (PU3MUecKoil CHUCTEME MPOTEKAIT OXMHAKOBO
HE3aBMCHMO OT TOrO, IIOKOMTCS OHAa B HEKOTOPOM MHEPLMAIBHOM CHCTe-
ME OTCUETa WIM ABHXETCS KakK LEJOe C MOCTOSHHOW CKOPOCTBIO. JTO
yTBEpXAEHUE 00 IKBUBAJIEHTHOCTH (PaBHOMPABHM) BCEX MHEPLMATBHBIX
CHCTEM OTCYETA COCTABJSET COXEPXAHUE NPUHLUNA OMHOCUMENbHOCMU.
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PaccMOTpHM JIEXAIIHE B OCHOBE CHEIMANBHOH TEOPAM OTHOCHTEIb-
HOCTH (pH3H4ecKuE npeanockuikn Gosee noxpobHo. Ipoxenas Kaxkoit-Hu-
6ynb SKCHEPUMEHT M MOBTOPMB €0 NP TOYHO TAKHX XE YCJIOBHUSX B
ApYTOM MECTE U B APYro€ BPEMS, MH MOJYYHM TOT XE CAMBI Pe3yib-
tar. DTOT 3aMedaTenbHui (PakT — BOCIPOM3BOAMMOCTH J1360PATOPHHX
ONBITOB — HAXOMUT CBOE BHPAXEHHME B HE3ABUCHMOCTH (PM3HUECKHX 3a-
KOHOB OT TAKMX OOCTOATE/NBCTB, KAK IOJOXEHHE B NMPOCTPAHCTBE M BHI-
Gop MomenTa BpemeHnn. HesaBucuMocTs sBnennit B 3aMKHYTON pusmue-
CKOH CHCTEME OT MECTAa M MOMEHTA BPEMEHH SIBJSETCHS CIACACTBHEM Of-
HOPOIHOCTH MPOCTPAHCTBA M BPEMEHH.

PaBHONpaBye MHEPLUHAJIBHBIX CHCTeM OTCyeTa. OmHT NOKa3wBaeT,
YTO HApaay € TaKO# HE3aBHCHMMOCTBIO CYIIECTBYET ONPEACICHHAS HE3a-
BUCHMOCTD (DPM3MUECKHUX IBJICHUN OT COCTOSHHUS ABHXEHHUI, KOTOpad 3a-
KJIOUAETCd B PaBHONPABUH BCEX WHEPIMAIBHHX CHCTEM OTCcyeta. Pas-
HOMEPHOE ¥ NPIMOJIMHEHHOE ABHXCHUE 3aMKHYTOH CUCTEMH KaK LEJIOT0
HE BAMSAET HAa XOX IPOLECCOB, NPOMCXONSAIINX BHYTPH CHCTEMEL ITO
YTBEPXIEHHNE, BIIEPBHE BHCKa3aHHoe [ajmneeM Mg MEXaHMUECKUX 9B-
JIEHW#, TOATBEPXIACTCS BCEH COBOKYNHOCTHIO HAIMX 3HAHUM O IIPUpPONE
¥ HA3HBAaeTCs MPUHLUMAOM OTHOCHTEABHOCTH. _

Muorue dun3auyeckue 3aKoHH GopMyanpyoTcs npu nomomu audide-
PEHIIMANBHNX YpaBHeHuH. Bug atux ypaBHeHuit He 3aBHCHUT OT HAYAIb-
HOIO COCTOSHMS CHCTEMEI. TAaKOBH, B UaCTHOCTH, YPABHECHUS MEXAHHUKH,
KOTOpBI€ MAaTEMATHYECKU BRIPAXAIOT BTOpPoii 3akoH Helotona. CornacHo
NPHHLANY OTHOCHTEJBHOCTH MareMmaTuuyeckas (opMa TakMX 3aKOHOB
n0JIXHA OBITh OIHHAKOBA BO BCEX MHEPLMANBHEIX CHCTEMAX oTcueTa. [py-
T'HMH CJIOBAMH, YPABHEHUS ABUXECHUS JO/IXHHI OHITh UHEAPUAHMHbBL OTHO-
CHUTEJIbHO NEPEX0NA OT OTHOW MHEPUHAJIBHON CHCTEMB OTCUETAa K APYrou.

HousTHe COObITHN. PaccMOTpNM oOnMcaHHe HEKOTOPOTO SIBJACHHS B
IBYX MHEPUHMANbHEX cucremax orcyera K m K. Cucrema K' mBuxercs
OTHOCHTENBHO K € IOCTOSHHOM CKOPOCTBIO v. YCJIOBMMCS HANpaBJIEHHE
y Ay OXHOMMEHHHIX oceil B K’ n K Bubupars
k |k OOWHAKOBHIM, 3 OCA X M X HAIIpaBUM BROJIb
sekropa v (puc. 1). ITycTs Hauyano orcuera

—_— BpeMenn ¢ =0 BHODAaHO B TOT MOMEHT,
x korna Touku O u O coBmananmy.
/o o = ] vHonoerue HEKOTOPOH MAaTepHaib-
HON TOUKH ONpPERE/IFACTCY KOOPRMHATAMU
z K ¥ BPEMEHEM X, y, z, [ B cucteme K m Ko-

Puc. 1. Cucrema orcuera K’ asu- OpAMHarTamu u BpemeHeM x,y,z,t B
xeTc oTHOCHTENsHO K €O CkOPO-  npvroji cucreMe K. COBOKYIHOCTb Tpex
€TI0 U BROML OCH X NPOCTPAHCTBEHHHX KOOPAMHAT M BPEMCHH
GyneM HaswBaTh cobbimuem. Taxum o6pasoM, cOGHTHE, MPONCXOASIMEE
€ HEKOTOpOH MaTEepUANBbHOM 4aCTHLEH, ONpeenseTcs MECTOM, TAE OHO
IPOM30NLIO, H BPEMEHEM, KOTAA OHO IPOM3OMLIO.



§ 1. IPMHIIMITI OTHOCHTEJIBHOCTH 11

Knaccuueckue NpeACTaBiIeHHs O BpeMeHH H npocrpaHcTee. Kak cps-
3aHH MEXAy co00M KOODAMHATH M BpeMs OZHOIMO H TOro xe coOmTus,
ec/Iu ero paccMaTpuBaTh B cucremax orcuera K u K'?7 B HepenatuBucT-
CKOi du3nMKe MPHHAMANOCh KaK OYECBHAHAEIN (DaKT CymeEcTBOBAHHE eqd-
HOTO MHPOBOIO BPEMEHH !, OIMHAKOBOTO BO BCEX CHCTEMAX OTCYETA:
t =t'. B 1eiCTBUTENBHOCTH BO3MOXHOCTb M3MEPATh BPEMS BO BCEX CHC-
TEMAax OTCYEeTa MO OGHHM M TEM X€ YacaM CBA33HA C MPERNOJA0XEHHEM
O CYUIECTBOBAHMM CHIHAJIOB, PACTIPOCTPAHSIOMMXCS ¢ OeCKOHeyHO 6osb-
LIOM CKOPOCTHIO.

TaxuMm 06pazoM, COMIACHO KJIACCUYECKUM NPEACTABICHASM, €C/IH JBa
COOBITMS TIPOMCXOAST OJHOBPEMEHHO B HEKOTOPOHM CHCTEME OTCUETa, TO
OHM SIBJSIOTCS OAHOBPEMEHHBIMH M B 1000 apyroit cucreme. TouHo Tak
X€E MPOMEXYTOK BPEMEHM MEXIY ABYMS COORTHAMH, B CHIy abcoOT-
HOrO XapakTepa BPEMEHHM, HOJIXEH OWTh OMMHAKOBHIM BO BCEX CHCTEMAX
orcuera. [Ipeqnonaranock Takxe, 38 BepHEE, CUHTAIOCH OYEBUAHBIM, YTO
IVIMHA TBEPAOIO CTEPXHS WIM BOOOIIE PACCTOSHHE MEXIY ABYMS TOYKA-
MH, U3MEPEHHOE B HEKOTOPHI MOMEHT BPEMEHHU, OXMHAKOBH BO BCEX CH-
cTeMax OTcuyera.

IlpeoGpa3osauusa aanneq. 3 oTux npeanonoxeHuil OAHO3HAYHO BHI-
TekaeT obmuil BU NMpeodpa3oBaHusl, CBA3HBAIOIETO KOOPAMHATH U Bpe-
Msl HEKOTOpOro coONTHS X,¥,z,f B cucTeMe K ¢ KOODPAMHATAMM H BpeMe-
HEM 3TOre Xe cobmrus x',y',z',t' B cucreme K'. B camom nene, CpaBHU-
Bas KOOPAMHATH OZHOM H TOM XE€ 4YaCTHIH B CHCTEMax orcuera K m
K’, HeMemIEHHO mojyyaeM

x=x'4+vt, y=y, z=z, t=t. (1)

11 (popMyJIH HOCAT Ha3BaHUE npeobpasosanull Tarunes.

W3 npeobpazosannit Faxniess MOXHO Cpa3y MOJTYYHTh KIaCCHUECKHI
3axoHn npeobpa3oéanusi ckOpocmu MacTALH NP AEPEXOAE OT OOHOM CH-
cTeMH otcyeTa X Apyroit. Ilycrs u = dr/dt — cKOpOCTb HEKOTOpO# 4Ya-
cruun B K, a u’' = dr'/dt’ — cxopocrs Toit xe yactnus B K. ITockonn-
Ky dt = dt', u3 npeobpasosaumit M'aimnes noayuaem

U= Uy (2)

u=u,+tv, u,=u

Taxkum oOpasoM, npeoOpasoBaHHE CKOPOCTH YACTHLIH NPH IEPEXOAE
or K x K’ CBOAHTCS NMPOCTO K BEKTOPHOMY CJIOXEHHIO OTHOCHTENBHON M
NEPEHOCHOK CKOPOCTEil, T. €. K CJIOXEHHIO BEKTOPOB U' H V.

YpaBHCHME OBHXCHHS KIACCHUECKOW Mexanukm ma = F He Menger
CBOETO BHJIA IIPH NEPEXOAE OT OAHONM WHEPUUANBHON CHCTEMH K APYTOM,
T. €. OHO MHBAPHAHTHO OTHOCATENbHO Npeobpasosaunit I'amuned. Jpyru-
MH CJIOBaMH, mpeoOpasoBanus I'aswies yROBJAETBODAIOT NPHHNUMIY OT-
HOCHTEJIbHOCTH B OTHOIMICHHHM 33KOHOB MEXAHMKH.

IpMHUMN OTHOCHTENALHOCTH H ‘3Jlex1‘pommauuxa. A xax ofcrour
meno B anextpomuHamuke? UTO roBOpHT ONHT O pacnpocTPaHEHHM
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NPUHLMA OTHOCHTEJNBHOCTH HA 3JIEKTpOMArauTHHE ssjacHus? IIporeka-
OT JIM JIEKTPOMAarHUTHHIE M ONTHYECKME IPOLECCH — B3aUMONEHCTBHE
3apsOOB M TOKOB, PACHpPOCTPAHEHHE CBETA — OOMHAKOBO BO BCEX HHEP-
IUAJBHBIX CHCTEMAX OTCYETA MJIH PABHOMEDHOE IPIMOJMHEHHOE OBHXE-
Hue naboparopud, He OKA3hiBad BJIMSHHUS HA MEXAHMUCCKHE SBJEHHUS,
CKa3hiBaeTCsd Ha JJIEKTPOMArHUTHHRIX aBjeHusx? Bcad COBOKYNHOCTB IKC-
NMEPUMEHTANBHHX JAHHKIX TOBOPHUT O TOM, YTO NPHHUMI OTHOCHUTEIBHO-
CTH PpAacOpoCTPAaHAETCH HA BCE SBJCHUS: KAK MEXaHHUYECKHe, TaK u
37IEKTPOMArHUTHBIC M ONTHYECKME MPOUECCH MNPOTEKAIOT OXHMHAKOBO BO
BCEX MHEPUMAJLHEIX CHCTEMAaX OTCYETA.

Hcropuuecku Haubosee BaXKHBIE ONBITH, NOATBEPXIAIOHIUE YHUBED-
CAJIBHRI XapakTep NMPHUHIMIIA OTHOCUTEJIBHOCTH, — 35TO JIEKTPOLHHA-
muveckui onkt TpoyroHa m Hobag ¢ 3apaXeHHRIM KOHAEHCATOPOM,
MOABEIIEHHKIM HA YNPYrOH HUTH, M ONTHYECKMH ONKIT MaiikeabcoHa U
Mopsu ¢ uHTEpdEpOMETPOM CIEHHMANBHOW KOHCTPYKUMH. B 3THX OmBI-
Tax, IOCTABJIEHHBIX CIENUANBHO A1 OOHADYXEHWUS BIASHUSA ABMKCHHS
cBsi3aHHON ¢ 3emyell nabopaTopvu Ha B3aHMOACHCTBHME 3apAOB M PAaC-
NPOCTPAHEHHE CBETA, ObUI MOJy4YEH OTPULATENbHIA PE3YJIbTAT: HUKAKO-
ro BAugHHUA 00HAPYXEHO He OhuIo.

OnHako ypaBHEHHAS JJEKTPOAMHAMHMKHM 0PH IEPEXOAE OT OJHOM
KHEPLHNAIBHON CUCTEMEI K JPYIOH, B OTJHYHME OT YPABHEHUU NUHAMHKU
HreioToHa, HE ABAMIOTCS WHBAPDMAHTHEIMH OTHOCHTEIBHO npeobpasosa-
mui Tamunes. Tlpocteie coo0pakeHmsi MOKa3mBAKOT, uTO Hpeofpasosa-
Hus [anuies He yHOBJAETBOPAKT NPUHLUMIY OTHOCHMTEIBHOCTH B OTHO-
[IEHMM 3aKOHOB 3JIEKTPOAMHAMMKYM M ONTHKU. B camoM pene, comiacHo
ypaBHEHUSM MakcBesuia CKOpPOCcTbh PACHPOCTPAHEHUS 3JIEKTPOMATHUTHBIX
BOJIH, B YACTHOCTH CBETA, B BAKYYME OAMHAKOBA MO BCEM HAMPABJICHHUIM
u pasHa ¢ =3-10'""cmM/c. Ho, c Apyroil CTOPOHEI, B COOTBETCTBHH C
KJI4CCHUYECKMM 3aKOHOM Hpeo0pa3oBaHMS CKOPOCTH, BBRITEKAIOMIMM U3
npeobpasoBanmii [anunest, CKOPOCTb CBETa MOXET OBRITh MO BCEM Ha-
MPAaBJICHUSM DABHA C TOJIBKO B OJHOH MHEPUHUATBHONH CHCTEME OTCUETA.
Hanpumep, eciii cKOpocTh cBera pasHa ¢ B cucteme K, To B K' cBer
JONMXEH PaclpoCTPAHATHECH B MONOXHTEIBHOM HAMPABJICHAN OCH X CO
CKOPOCTBIO € — v, & B OTPHLIATEIBHOM — CO CKOpocThio ¢ + v. OTcroona
MOXHO CHENaTh BBIBOA, UYTO YPAaBHEHHS 3JECKTPOAWHAMHKU HE WHBADH-
AHTHRI OTHOCHTENBHO npeobpasoanuit [amunes.

TaxuM 0OpazoM, MeXIY 3JEKTPOXMHAMMKON M KJIACCHUECKOH Mexa-
HHMKOIl MMEIOT MECTO ONpenesicHHue mporusBopeunsd. ONBITHBHE XaHHEE
CBMETENHCTBYIOT O TOM, YTO MPUHIMI OTHOCHTEABHOCTH PaCTpOCTPaHS-
€TCA Ha BCE ABJICHMS, KAK MEXaHMUYECKME, TAK M INCKTPOAUHAMAUYECKUE
¥ onTuueckue. B To xe Bpems mnpeobpasosanud lanuies ynosieTsops-
0T IPUHIMIY OTHOCHTEIBHOCTH B OTHOMEHWY 3aKOHOB MEXAHMKM ¥ HE
YROBJIETBOPAIOT B OTHOIICHHMH 33KOHOB JJICKTPOAHMHAMMKM M ONTHKH.

Orka3 oT kaaccuqeckux npeacrasnenuit. Ha py6exe XIX u XX sexos
dusuka nepexusana rayboKMiz KpM3NC, EAMHCTEEHHO NPaBHALHEIA
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PEBOJIIOLMOHHBI BHXOJ M3 KOTOPOro ObUI HE3ABMCHMO HANAEH TAKMMH
rurauTamy, Kak A. Tlyanxape u A. DitHmTeliH, IIEHON OTKA3a OT KJIACCH~
YECKUX MPEACTABJCHUN O NPOCTPAHCTBE ¥ BPEMCHM M OT OCHOBAHHHBIX Ha
Hux npeobpasosanmit Fanmnes. Y DitnmreitH, u [Tyankape onupamich Ha
paborn X. A. Jlopenua, BecbMa 6M3KO MOAOMIEAIIETO K PEMEHHIO MIPO-
6J1eMEL, HO HE CYMEBIIEr0 CAELIATh MOCAEHHHI PEMMUTENbHBIN AT,

Ortkas ot npeobpa3opanuii ['anunes U BBEACHHE BMECTO HUX HOBBIX
npeobpasosanmit — npeoOpasosanuil JIopeHa, OCTaBAAIOMMX UHBAPU-
AHTHBIMM TIDM MEPEXOAE OT OJHOM HMHEPUHAIBHOM CHCTEMH OTCYETA K
ApPYroil ypaBHEHHS IEKTPORMHAMMKHM, a HE YPABHEHHH MEXaHHKH, Tpe-
OyeT mepecMOTpa M YTOUHEHHS 33KOHOB KJIACCMUYECKOM MEXaHHKH. Pe-
IIAIOMUM IIATOM Ha 5TOM NYTH OKA3aJICHd KPUTHYECKHHM IIOOXOX X MC-
NOJIb3YEMOMY B KJIaCCHYECKON (hu3MKe MOHATHIO a0COMIOTHONO BPEMEHMU,

Knaccuueckde npPEACTABJCHUSA, MMOYEPIHYTRIE H3 MNOBCCOAHEBHOTO
ONKITA M KaXXymMecsd HAMISIHLIMM ¥ OYEBUAHBIMH, B AEHCTBUTENIBHOCTH
OKA3a/TUCh HECOCTOATEAbHHMH. MHOrMe MOHATHA M BEINYMHLI, KOTODhIiE
B HEPEJSITUBHCTCKOM (PU3MKE CYNTANKUCH A0COIOTHBIMH, T. €. HE 3aBUCH-
HIMMHM OT CHCTEMBI OTCYETA, TECOPHS OTHOCHTEJBHOCTH MEPEBEIa B PAHT
OTHOCHTENbHHX. Hanpumep, cuuraBmeecs abGCOMIOTHBIM NMOHSATHE OXHO-
BPEMEHHOCTH ABYX COOMTHIA B AEMCTBUTENLHOCTH SBASETCH OTHOCHTEIb-
HBIM: ABa YRAMEHHBIX COONTHS, MPOHCXOASINUAE OLHOBPEMEHHO B HEKO-
TOpO# CHCTEME OTCUETA, HE SBASIOTCA OJHOBPEMEHHHMH B JPYTOM CHC-
TeMe, MABIKYHIEHCA OTHOCHTENBHO mepBod. IIpoMexyTok BpemMeHn
MEXAY COOBITHSMHM, PACCTOSIHME MEXAY TOUKAMM B IPOCTPAHCTBE — ITH
BCJIMUMHEL TAKXE SBJSIOTCH OTHOCHTENbHEIMH.

Bce ¢msnueckne gaBNeHNS NPOMCXOOAT B IIPOCTPAHCTBE M BO Bpeme-
HY; MIOITOMY HEYAMBUTE/IBHO, YTO BHECEHHOE TEOPHEN OTHOCHTEILHOCTH
YTOUHEHHE HEKOTOPHIX OCHOBHBEIX MOHSTHI, B OCOOEHHOCTH BO33pEHHMIA
HA MPOCTPAHCTBCHHLIC ¥ BPEMEHHKIE H3MEPECHHUS, 3aTPOHYJIO B KOHEUHOM
cyeTe BCIO (PHU3HKY.

IocTynaThl TEOPHH OTHOCHTENBHOCTH. T€OpPUS OTHOCHTEIBLHOCTH
OCHOBAHA HA [JBYX NPHHOUIAX, WIH IOCTYJIATaX:

1) mpuUHLOMI OTHOCHTEIBHOCTH;

2) npUHOMN CYIECTBOBAHUS NPEAEIbHON CKOPOCTH PACHpOCTPAHEHKS
B3aNMOIEMCTBHM.

DT NpPMHUMOE COXEPXKAT HACTOJMBKO CWIbHEE W ofmue yTBep-
XAEHMS, YTO €1Ba JU BO3MOXHO IMOBOPHMTh O KAKHMX-JHOO «peIaromuxs»
ONMKITAX, AOKA3bIBAIOMIMX MX CIPABEAJMBOCTE. YOeXaeHue B CrpaBeIn-
BOCTH 3TUX NPUHLUMIOB 3MXAETCS HA OSCYMCIEHHBX ONBITHHX MPOBEP-
Kax CHACACTBMH TEOPMM OTHOCMTE/NBLHOCTH, KOTOpas OCHOBAHA HA ISTHX
npuHounax. Cioda OTHOCHTCS BCS COBOKYIHOCTh 3KCIEPUMMEHTAIBHBIX
JAHHEIX, TNOJYYEHHHX IIPH M3YUYCHMHM ABHXCHUS OHCTPHX YACTHI, B
npubopax ¥ YCKOPHMTENSX, ATOMHHNX H SIEPHBX MPOIECCOB H T. 1.

I puHIHIT OTHOCUTEIBHOCTH, KK YX€ 0TMEYAJIOCh, €CTh YTBEPXKIACHHUE
00 sxauganenmHocmu 6cex UHEPULARbHBLX cucmem omceuema. PasHonpa-
BME BCEX MHEPOMAJBHHX CHCTEM OTCYETA PACIPOCTPAHAETCS HA BCE
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ABJIEHMS, HA BCIO (pn3nky. PacnpocTpanenue npuHIKIIA OTHOCUTEIBHOCTH
Ha DJIEKTPOMArHUTHHIE ¥ ONITHYECKHUE SIBJCHKS NMPHUBOANUT K BHBOAY O TOM,
YTO CKOPOCTh CBeTa (3/IEKTPOMArHUTHEIX BOJIH) B MYCTOTE BO BCEX MHEp-
UMATBHRIX CHCTEMAX OTCYeTa oguHakosa. Orciona cpasy BHAHA HEOOXORM-
MOCTh MepecMoTpa KJIaCCHYECKHX MPEACTAB/ICHHA O HPOCTPAHCTBE U Bpe-
MEHH, TaK KaK OCHOBAHHLIA HA HMX KJIACCHYECKHIl 3AKOH Npeodpa3oBaHus
CKOPOCTH HAXOTUTCH B MPOTHBOPEUHH C HEU3MEHHOCTHIO CKOPOCTH CBETA.

Bropoil mocTysnaT yTBEPXAAET, UTO JHOOHE B3aNMOACHCTBHL MEXAY
TEJaMM PaCIpOCTPAHAIOTCS B IYCTOTE C YHUGEDCANbHOU KOHEHHOU CKO-
pOCMbro, HE 33BUCSILEH OT ABMXECHHUA TEJA U PABHOM CKOPOCTH CBETA B
Bakyyme ¢ =3-108 M/c. DTa CKOpOCTH OMpEAENSET TOT NPOMEXYTOK
BPEMEHH, IMOCJE KOTOPOro JO TEJd MOXET JOUTH NEpPBHINA CUTHAJ, HAK0-
WMt 3HaTh 00 M3MEHEHMM, NPOUCUIENMEM C APYIEM TeaoM. 3HaueHue
3TOr0 BTOPOIO MOCTYJ1ATa CBS33aHO C TEM, UTO B ONPEACTICHUHM NOHSATHH,
OTHOCSIIIUXCH K NPOCTPAHCTBY M BPEMEHH, (DYHAAMEHTAJIBHYIO POJIb M-
paer mepenaya CHUrHaJOB ¢ MPENEIBHOM CKOPOCTBIO.

Ilepenaua cureanos, B IPUHIMIE, BO3MOXHA HE TOJBKO IPH IOMO-
M 3JIEKTPOMATHUTHHIX BOJH (CBETA), HO M NPH IOMOINM BOJH APYroi
OpUPOXB. MERICIMMO, XOTS MPAKTHYECKHM M MOKA HEOCYIIECTBMMO, HC-
M0/Ib30BAHNME I'PABUTALMOHHEIX BOJMH. He MCKIUEHO OTKPHTHE KaKHX-
o HOBHIX TMOJIEH, CIIOCOOHEIX Nepenasath CUrHaan. MoxHo, Hakonen,
NpeAcTaBuTh cebe rnepeaayy CHIHAJIOB NpPH IMOMOIOH MPENENBHO OHICTPHIX
yactiy. OXHAKO NPUHIMI CYIMIECTBOBAHUS YHUBEPCAJIBHOM IpeneIbHON
CKOPOCTH PacrpoCTPaHEHUS B3aMMOZEHCTBHH YTBEPXAAET CYIIECTBOBA-
Hue ofiiero mpefena g CKOPOCTH Nepefaud Kakux-aubo medcTBmil u
CHTHAJIOB M NPUAAET CKOPOCTHM CBETA B BAKyyMe YHHMBEpPCAJBHOE 3Haue-
HHME, HE CBA3aHHOE C (PU3UUYECKOM NPUPOAOH B3aMMORCHCTBHUSI, a OTpa-
XA0MEe HEKOTOPOE OOBEKTHMBHOE CBOMCTBO NPOCTPAHCTBA M BPEMEHHU.
OueBuaHO, YTO BTOPOM NMOCTYJAT YTBEPXAAET B TO XE BPEMS, UTO He-
BO3MOXHO IBMXXECHHME TEJ CO CKOPOCTHIO, NPEBHINAKIIEH NpeXeTbHYIO
YHUBEPCAJIbHYIO CKOPOCTH C.

BTopoit nocTyJaT H 3aKOHbl MeXxaHuku. OTMETHM, 4TO BTOPOH IIOCTY-
JIaT HAXOOUTCS B IMPOTHBOPEUMM C MPHUHATHIM B KJACCHYECKOH MEXAHHMKE
Croco6oM ONMMCAHMS B3AMMOAEHCTBUS MATEPHANBHEIX YaCTHL, BKJIIOUYAIO-
MM B ce0st IPEANOIOXKEHHE O MTHOBEHHOCTH PACIPOCTPAHEHUS B3aNMO-
meicTBuil. B camoM nese, CHUIH, AeHCTBYIOmMME Ha KaXOYIO M3 YaCTHIIL
CO CTOPOHBI OCTAJbHHEIX, CYMTAIOTCH B KJIACCHMYECKON MEXAaHMKE 3aBHCH-
MMM OT MOJIOKEHUS YaCTHI[ B 3TOT X€ MOMEHT BpeMeHU. V3MeHeHue
MIOJIOXEHUI KAKOM-TM60 M3 4acTUL, MTHOBEHHO OTPAXaeTCd HA OCTasib-
Hbix. [ToaToMy BTOpOi mocTynat Hen3bexHOo Tpedyer YTOUHEHHS 3aKO-
HOB MEXaHWKH.

MexaHuka TEOpPUMH OTHOCHUTENBHOCTH B MpPERCABHOM CJIyuyae, Korja
CKOPOCTH ABMXYIMMXCS TEJI MaJH IO CPABHEHHIO CO CKOPOCTBIO CBETA C,
NEPEXOIUT B KJIACCHUYECKYI0 MEXAHUKY, OCHOBAHHYIO Ha MTHOBEHHOCTH
pacnpocTpaHeHus B3auMopeHcTBuil. Tonpko GonbmON BEIMUMHOM CKO-
POCTH pacHpoCTPAHEHMs B3aMMOREHCTBME oObacHIercs TOT (hakT, uTo
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AJIE MaKPOCKONMYECKHMX TeJl B GONBIIMHCTBE CAYYaes ZOCTATOYHO TOY-
HOM 'OKA3HIBAETCH KJIACCUYECKass MEXAaHUKAa. B OGOJBLUIMHCTBE CIy4yaes
CKOPOCTH, C KOTOPHIMH NPHXORMTCS MMETH AE/I0, OYEHb MaJH IO CpaB-
HEHMIO CO CKOPOCTHIO ¢. [loaroMy B TO Bpems, xorma Onuta co3maHa Te-
OpHS OTHOCHTEJBHOCTH, €€ IKCIIEPUMMEHTAIBHOE MOATBEDPXKICHHE MOXHO
OBLIO HAWTH JMIIb B MCKJIOUATEHHO TOHKHX ONTHUYECKUX H 3JIEKTPOXHA-
HaMHYECKUX ONnmTax. B Hacrosmee BpemMs B GOJBIOMX YCKODHTEISX 3a-
PAXKEHHBIC YACTHLH HEPEAKO PA3rOHAKTCS OO CKOPOCTEH, COCTABJISIO-
mux 999% u Gonee or ckopocTH cBera. s pacueta TPaeKTODHHM CTOJb
OBICTPEIX YACTHL[ MOJL3OBATBCA Mexauukoi HploToHA yXe Hesbad.
B 3TOM CMBICIIE MOXHO CKa3aTh, UTO TEODUS OTHOCHTENBLHOCTH B HAINH
JHM CTajIa WHXCHEPHOM HAyKOH.

s B uem 3axkiouaercs GUsHMUECcKOe COAEpXKAHUE NMPUHIMUNA OTHOCUTEIBHOCTH?
e Uro B (pMU3MKE MOHUMAKT MOA cOObITHEM?

e [lokaxure, YTO KJaCCHYECKHE TPENCTABJIEHUS O NMPOCTPAHCTBE M BPEMEHHU
NpHBOAAT K npeobpasosauusam anunes.

e Jlouemy npeo6GpasoBaHus ["anuiess HECOBMECTHMbI ¢ INpPEACTaBJIeHHEM O CY-
LWECTBOBAHUU KOHEYHOM NpelenbHOM CKOPOCTH paclpoCTpaHEHUS B3aHUMO-
AeAcTBUiA?

o Kaxue nocrynaTe jieXar B OCHOBE TEODHUH OTHOCHTENLHOCTH?

e Ilouyemy npenmnosioxxeHHe 0 KOHEUHOCTH CKOPOCTH pacrpoCTpaHeHUs B3aUMO-
neicTBUN TpeOYeT YTOUHEHUS 3aKOHOB KJIACCHUYECKOM MeXaHHKH?

§ 2. PenaTMBUCTCKAA KMHEMATHKA

IToCcTYATH TEOPHM OTHOCHTEILHOCTH TPeOYIOT BHECCHHS M3MCHEHMH B
OCHOBHHE (hMaMuecKne MNOHSTHS, OTHOCSIUECS K MPOCTPAHCTBY M Bpe-
menn. Ilpexne Bcero HeoOXOAMM aHANMM3 OCHOBHEIX HM3MEPUTEIBHBIX
onepamnui, ONpeaeafOMX TPOCTPAHCTBEHHO-BPEMEHHHE COOTHOIIEHMS
MEXAY COOnTHAMM. [JIaBHOE, UTO BHEC/IA TEOPHS OTHOCHTENBHOCTH B
NOCTAHOBKY BONPOCa 00 H3MEPUTENBHEX ONEPALMIX, COCTOMT B TOM, UTO
moboe pusnueckoe nouarue (HanpuMmep, K3MEPEHHE IIPOMEXYTKOB Bpe-
MEHH M DACCTOSHMIT) HYXJAeTCH B ONPEAENAEHHH.

ITpoitenypnl n3amMepeHuit. MiaMepenue BpemeHs Moxer OBTh, B IPUHLHU-
ne, MPOM3BEAEHO MPU NTOMONIH JIIO0OTO MEPHOAMYECKOTO mpouecca. Hau-
GOoJIBLIEH TOYHOCTBIO B HACTOSIIEE BPEMs 00/IAJAKOT YAaCH, OCHOBAHHEIE
HA KCIOIb30BAaHMH COOCTBEHHEIX KOIEOAHMI MOMEKyJ amMMHuaka (MoJje-
KYJSIDHHIE Yachl) MM aTOMOB uesus (aroMHnle uace). OcHOBaHHOE Ha
KoiebaHMAX aTOMOB HM3MEPEHHE BPEMEHH OCOGEHHO ymoOHO TeM, 4TO
34€Ch PUPOAA MPEAOCTABWIA HAM, B CHIY TOXAECTBEHHOCTH aTOMOB OX-
HOTO M TOTO X€ M30TONa, Habop COBEPUIEHHO MAEHTHUYHHIX 4acOB, Brisic-
HATb, UAYT M BHOpPAHHBE B KAUECTBE ITAJIOHA YACH PABHOMEPHO, —
6eCCMBICIEHHO: 9TO MO ONpPEefeNeHHIo TaK.
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OIHOBPEMEHHOCTb COOLITHIA M CHHXPOHM3auUMs 4acoB. UTo 3Haumt
H3MEPUTh TNPOMEXYTOK BpEMEHM MeXay CcoOntusmu? 3DTO 3HAUUT
CPaBHHTb MeXnay coboit nokasaHus BHOpPAHHRX B KAa4eCTBE 3Taj0HA
YacOB B MOMEHTH HACTYIUIEHMS 3TMX COOHTHH. A IS 3TOrO HYXHO
YCTAHOBUTH OAHOBPEMEHHOCTH DaCCMaTPUBACMOIO COORITHS C APYrMM
cOORITHEM — TIPOXOXXAEHHEM CTPEJIKH YacoB YEPe3 ONpEAcsIeHHOE je-
nenune. TakuM o0pasoM, BCE HAMM CYXOEHHd, B KOTOPHIX BPEMS HI-
paeT Kakyw-mumbo posib, BCErAa SBJAIOTCH CyXAeHUsMH 00 oduogpe-
MEHHBLX COObBLMUSLX.

IToHsiTHE OXHOBPEMEHHOCTH COOBITHM, MPOKCXOAIINUX B OQHOM M TOM
Xe MecTe, «psSAaoM», He HyXaaercd B onpeaencHuu. Ilosromy ans usme-
PEHMI TIPOMEXYTKA BPEMEHU MEXAY MABYMS COOBITUAMH, [MPOMCXOASAIIA-
MM B OJHOM MECTE, NOCTATOYHO MMETh B 3TOM Xe Mecre yace. Ho kak
6bITh C «yHRaJCHHBIMU» COOBITHSIMH, MPOMCXONAIIAMHI B DA3HBIX MecTax?
Ilng naMepeHns NpOMEXYTKAa BPEMEHU MEXAY TAKUMHU COOBITUSIMU HYX-
HO MMETh B TE€X TOUKAX, [JC OHU MPOMCXOAHT, CAHXPOHHO MAYIIHE MACH-
THYHHIE YACHL.

Ho kak y3HaTh, UTO HAXOAAMINECS B PA3JUYHBIX TOYKAX A U B uachk
HMAYT CHHXPOHHO, WM, YTO TO XE CAMOE, KAK Y3HATh, UTO JBA OIpene-
JIEHHEIX COOBITHS B TOUKAX A M B NpOMCXOAST OAHOBPEMEHHO? Y3Hamb
3TO HEJb3%, HyXHO CHAvYaja AaTh onpedesenue, YTO TAKOE OOQHOBPEMEH-
HOCTh A/ TPOCTPAHCTBEHHO YRAJICHHHIX TOUY€K. Be3 Takoro ompeae-
JIEHHS HEBO3MOXHO CPABHHBATH 110 BPEMEHM COOBITHS, TIPOMCXOASIIME B
pA3JIMYHBIX TOYKAX.

DHHUITENHOBCKOE ONPEAC/TIEHNE ONHOBPEMEHHOCTH OCHOBAHO HA HE-
3ABUCHMOCTH CKOPOCTH CUrHAMA, PaCNpOCTPAHSIOMIEIOCS C NPEeAe/TbHOR
CKOPOCTBIO, OT HanpasyeHus. ITycrb M3 Touku A B MOMEHT BPEMEHH [,

no uyacamMm A ornpasaserca curHaia (puc. 2). Ilycts Bpems npuxoxa

A B

tl t’

)
=3t +1y)

Puc. 2. K onpeieneHmio roHsTHsl ONHOBPEMEHHOCTH COOBITHI

v

CMTHaja B B ¥ OTpaxeHus Hasajg Ha yacax B ecrb t. Hakouen, mycrs
OTPAaXEHHHI CUTHAJ MPHUXOTUT B A B MOMeHT ¢, mo uacam A. Torma mo
ONPENEIEHNIO Yackl B A M B MayT cuHXpoHHO, eciu ¢ = (t; + 1,)/2.
Kax yxe orMeuanocs, B HEpeJISTHBUCTCKOM (PM3UKE NMPAHUMAIOCH KaK
HEUTO caMo cob0it pa3yMeIomeecs CYMECTBOBAHHE EAMHOTO MMUPOBOIO BpE-
MEHH, HE 3aBUCSINEIO OT CHCTEMEl OTCYETA, M O3TOMY HESBHO JONMYCKa-
JIOCh, UTO MOHATHE ORHOBPEMEHHOCTH B PA3HHX TOUKAX NMPOCTPAHCTBA HE
HYXJA3eTcs B OnpenesaeHud, a aoboi cnocob cHHXPOHM3aLUy Yacos (y-
TEM CBETOBHIX CUTHAJIOB WIH MYTEM MEPEBO3KA XPOHOMETPOB) IOJIXEH
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IATh OJHO ¥ TO Xe. MBl yBHAMM, 4TO Ha CAMOM JI€Jie 3TO He TaK. Ecam vacu
B B CHHXPOHM3HPOBAHH C YaCaMU B A C MOMOIIBIO CBETOBHX CHTHAJIOB, U
xpoHomeTp C, CBEPEHHBIH C YaCAMH B TOUKE A, IEPEBO3UTCA 33TEM B TOUKY
B, T0 ero noxa3aHns B TOYKe B HE COBNAAYT C MOKA3aHMUSIMH HAXOXAIMUXCS
TaM 4yacos, a OyayT 3aBHCETb OT CKopocTHd nepeso3ku. Cosnagenne Gyner
JMIub Npy DECKOHEYHO MAJIOH CKOPOCTH NEPEBO3KH XPOHOMETDA.

HU3mepenue paccTosHuid. Onepauuio H3MEPEHHT PACCTOSHHH C TOYKH
3peHusl MOCTYJIATOB TEOPUM OTHOCHUTEIBHOCTH Haubonee pasyMHO Ompe-
AENUTh HA OCHOBE «PAAMOJOKALMOHHOrO» Crocoba: M3 HEKOTOpOro IyH-
KTa MOCHLIAIOTCH CBETOBHIE WIM PAXHOCHTHAJIN, KOTODHIE MOCHE OTpaxe-
HUS OT HAGIONAEMOr0 MPEeAMETa BO3BPANIAIOTCH B TOUKY OTIPABJICHHS.
IIpu aTOM M3MepseTCs BpeMs MPOXOXAEHUS CUTHAMA TyAa ¥ obpaTHO Mo
yacaM, CBSI3aHHHIM C pagvosnoxaropoM. Paccroseue no mpeaMera mosy-
YaT, YMHOXAas ONMHAKOBYIO IO BCEM HANPABJICHHSAM CKOPOCTb CUTHAJIA
HA TIOJIOBMHY BpEMEHH npoxoxaenus: [ == c(t, —1{)/2.

B DpHMHIMINAIBHOM OTHOWIEHHHM 3TOT CHoCcO0 BaXeH MOTOMY, YTO B
HECM M3MEDEHHME PACCTOSHMUIM CBOAUTCA K M3MEPEHHUIO BPEMEHH M OTIAma-
€T HeoOXOIMMOCTh B OTHEJHHOM 3TAJIOHE NIUHBEL

PaguoOKAUMOHHKM Ciocod M3MepeHds pPacCTOSHUN He SBJSETCS
EAMHCTBEHHO BO3MOXHAIM: MOXHO ObUIO OB 110 ONpEESICHUIO B KAUECTBE
M3MEDUTENBHOM NPOUENYPhl NPHHATh CIIOCO0 HENMOCPEACTBEHHOIO HANO-
JKEHUSA XeCcTKMX Macmtabos (nuueek) wiam cnocol tpmanryasuuu. On-
HAKO 3TH CIOcOoOW MeHEE YIAOBJCTBOPUTEABHB, TAK KaK CYLIECTBEHHO
ONMMpAaOTCs Ha CBOMCTBA TBEpAHRX Teia. Ho abCcomoTHO TBEPABIX TEsa B
HPUPONE HE CYIWECTBYET, peasibHeie (pusmueckue Tesa Avmb rpubau-
KEHHO MOFYT PAacCMATPHMBATBCS KAK TBEPABIE M 00J1afaiole Hen3MeH-
HBIMM TEOMETPUUECKMMH Pa3MEPaAMMU.

OTHOCHTENILHOCTh ONHOBPEMEHHOCTH COObITHiA. [I0o cux mnop Hamu
pacCyXIeH1s OTHOCHJINCH K KaKON-1M00 OXHOM MHEPUHMANBHOH CHCTEME
orcuera. ByneM reneps paccMaTpuBarh COOBITHSA, POMEXYTKH BPEMEHH
M pacCTOSHMUS C TOYKHM 3PEHMS Pa3HHIX CHCTEM OTCYETa.

B HEpeaSTHBUCTCKOM DU3MKE BPEMS ABASETCH aGCOMIOTHRIM: VIS BCEX
CHCTEM OTCYETA BBOONTCS OXHO M TO X€ BpeMs. JTO 3HAYMT, YTO €CJIN JBA
COOBITHS TPOMCXOAST OXHOBPEMEHHO A KAKOrO-HMOYAb Habmoparens,
TO OHH SIBJISIOTCH OXHOBPEMEHHEIMM M I8 /10000 APYroro: NOHATHE Of-
HOBPEMEHHOCTH SBJSETCS aOCOMIOTHHIM, HE 3aBUCAIMM OT CHCTEMBI OT-
cuera. OnHako yreepxaeHue o6 aGCOMOTHOM XapaKTepe ONHOBPEMEHHO-
CTH OCHOBAHO HA NPEAICI0XEHUH O CYIECTBOBAHMH CUTHAJIOB, PACIIPOCT-
PAHSIOIKMXCS MIHOBEHHO, ¢ OecKoHeuHO GOJIBIIOA CKOPOCTHIO.

ITokaxem, 4ToO BTOPOIl MOCTYJIAT TEOPUM OTHOCHTENBLHOCTH, YTBEp-
KA3IOUIMI CYIIECTBOBAHME NPEREJBbHOM KOHEYHOM CKODOCTH CHIHAJIOB,
BHIPAXKAET OTHOCUTEJIPHHI XapaKTep OXHOBPEMEHHOCTH. Y TBEPXAECHHE,
YTO ABA MPOCTPAHCTBEHHO YAAJECHHEIX COOBITHS IMPOMCXOAST OQHOBpE-
MEHHO, MPHOOPETAET CMBICJ TOJILKO TOTAE, KOrAa YKa3aHo, K KaxkoM CH-
CTEME OTCYETa 3TO YTBEPXIECHHE OTHOCHTCS.
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PaccMOTpHM ODSITH JBE MHEpUMAJbHBIE CHCTEMH orcyera K n K,
npuueM K’ OBHXETCS OTHOCHTENBHO K B TIONOXHTEILHOM HANPABICHAM
ocu x (puc. 3). IIycTh U3 HEKOTOPOH TOYKHM A HA OCH X OTHPABIAAIOTCH
CUTHAJIBI BO B3aMMHO NPOTHBOMOJIOXHBIX HANpPaBJCHUSX. PaccMOTpuM
IIPUXOX CHTHAJOB B ToukM B m C cucremnl K', paBHOy#asleHHHIE OT A.

OueBHUAHO, YTO CHIHANAR AOCTHI-

K 1K v Hyt B u C ogHOBpeMeHHO IO ua-
_—> cam cucremsl K.

B A c Jlerko BHAETb, OAHAKO, YTO 3TH

EANAN K DA Xe 1Ba COORTHsT — IIpUXOJ CHIHa-

/ 00 x X j0B B Bu C, — OQHOBDEMEHHHE B

z fz' K', oTHIOOb HE OyayT OOHOBPEMEH-

Puc. 3. OTtHocuTensHbL! Xxapaktep omno-  HBIMH JUIA Haémoﬂa’reﬂﬁ B CHCTEME

BPEMEHHOCTH COOBITHIY K. B camom pene, coryiacHo OpHH-

LMY OTHOCHTEJBHOCTH CKOPOCTH
CHTHAJIOB B cucTeMe K TakXe HE 3aBUCHAT OT HAmpaBJCHHI, HO TOYKA B
OTHOCUTENbHO K IBUXETCH HAINpPAaBO, HABCTPEUY MOCJAHHOMY B HEE CHI-
HAaMy, a Touka C — MO HANpaBJCHUIO OT NOCJAAHHOIO B HEE CHUTHAMA.
ITostomy ¢ Touku 3peHus Habmopatensa B K cursany, pacnpocTpaHsio-
MEMYCsl C KOHEYHOH CKOPOCTBIO, MPUXOAUTCY HA NMYTH B B IIPpEonoaeBaTh
MEHbIIEe paccrosHue, yeM Ha nmyTtd B C. CregoBatenbHo, B cucreme K
CHTHAJM B TOYKY B npuiaer paHeme, yeM B C, U, 3HAYUT, IOHATHE OAHO-
BPEMEHHOCTH CODBITHIH SIBJISIETCSI OTHOCHTEBHEIM.

OTHOCHTEJILHOCTh NPOMEXYTKOB BpeMeHH. [TokaxeM Tenepe MCXOxs
M3 OCHOBHEIX MOCTYJIATOB TEOPUM OTHOCHTEJIBHOCTH OTHOCHTEBHBINA Xa-
paKkTep MPOMEXYTKOB BpeMeHU Mexay colOmnrruamu. Ilycte nBa coGmITHS
B HEKOTOPOH CHUCTEME OTCUETA, CKAXEM B K', MPOUCXOOAT B OQHOHA M TOM
Xe TOYKe ¥ NPOMEXYTOK BPEMEHH MEXAY HUMM PaBEH To IO YaCaM CH-
crembl K, DTOT NpOMEXYTOK BPEMEHN HA3HBAETCH COOGCMOEHHBLM Gpe-
Mmenem. Kaxum OyAeT mpoMEXyTOK BPEMEHH MEXIY ITHMHU Xe€ COOBITH-
IMH, €CJM €ro M3MEPHUTh MO 4acaM CHCTeMBbl K, OTHOCHTEJIBHO KOTOpOM
K' mBHXeTca co cKopocTbio v?

Ins orBeTa Ha 3TOT BOIPOC PACCMOTPHM MEICJCHHHIA OMBIT CO «CBE-
TOBEIMHM 4aCaMK», YCTPOSHHRIMM CAEAyomuM obpasom (puc. 4). Ha xon-
[aX CTEPXHS JUIMHB [ 3aKpEIUICHH [Ba NMapa/UIeJbHBIX 3epkana. Mexny
3epKanaMu ABUXETCS KOPOTKMIl CBETOBOM MMmyJsibc. Ilycrs aToT mpubop
HEMONBUXEH B cucteMe K M €ro CTepXEHb PACIONOXEH MepPHEHIHKY-
JISIPHO CKOPOCTH CHMCTEeMHL oTcyera K oTHOcHTEnbHO K.

PaccMOTpUM ORMH LMKJI TAKMX YacOB, T. €. BHIXOX CBETOBOIO HM-
NyJbpCa OT HIXHErO 3€pPKajia M €ro BO3BPALNCHUE MOCAEC OTPAXEHUS OT
BEPXHEro 3epKajiia C TOYKH 3PEHHS KaXOOM M3 CHCTEM OTcuera. B cu-
creMe K' oba paccMaTpMBAEMBIX COGHITHMS IPOMCXOAST B OJHOM M TOM
Xe TOYKE M MPOMEXYTOK BPDEMEHH MeXxny HEMM (CoOCTBEHHOE Bpems)
~ paseH 1, =2l/c.
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C Toukm 3peHus cucTreMH K 4achl HAXOOATCA B ABMKEHHH M CBETO-
BOIl MMIIYJIbC ABUXETCS MEXAY 3epKajamu 3uraaroobpasHo (pwuc. 4).
CheT npy 3TOM NPOXOAMUT 33 OAMH UMKJI GO/bIIKA OYTh, U, CAENOBATETb-
HO, MPOMEXYTOK BPEMEHH T MEXJY 3THMHM Xe€ COOMTHSIMM, M3MEPEHHEI

Y v

o x’ 0 N x
z! z
Puc. 4. CBeT NPOXORMT OT OZHOMO 3epKajia A0 APYroro u o6paTHO 3a PasHoe BpEMS B
PA3TMUHBIX CUCTEMAX OTCUYETa

B cucreMe orcuera K, 6oabme, ueM B K': T > 1. B 3THX paccyxnenusx
MBI OMMPAEMCS HA TO, YTO, COIVIACHO BTOPOMY IOCTYJ1ATy, CKOPOCTH CBE-

Ta ¢ oguHakosa B K u K.
Haitnem cBa3b T H T, Kax BHaHO 3 puc. 4, NpOAACHHEIH CBETOM 33

OMMH LMKJI NMyTh paseH 2VI%+ (vt/2)?, u pns onpedeneHus T MOXHO
HaMmUCaTh YPAaBHEHUE

c1=2VI® + (v1/2)?,

OTKyZIa
21 1

T=-—

C Vi—v¥e?
Ho, xak Mm Buaead Buiue, 2//c paBHO NPOMEXYTKY BPEMEHH T,
Mexny 3tuMu coOmruamu B K'. Tloaromy

T (1)

1—v¥c?

TaxkuM o0pa3oM, MPOMEXYTOK BPEMEHH MEXAY LBYMS COOBITHSAMH
3aBHCHT OT CHCTEMbl OTCYETA, T. €. SBJISETCH OTHOCHTENbHHM. Tak Kak
npu Jo00i OTMYHOH OT HYNS CKOPOCTH T > T, TO COOCTBEHHOE BpEMS
MeHbIIE, YEM NPOMEXYTOK BPEMEHH MEXAY STHMH XK€ COOMTHSMH, W3-
MEpPEHHHH B J000# APYroi cucreMe orcyera. JToT IMPEKT HAZHBAIOT
pensimusucmckum 3amedaeniem Wi «pacTaxeHueM» BpeMend. C TOukn
3peHus Habmoaarens K WICHTAYHBIE MO YCTPOUCTBY ABMXYIIMECS YACH
(t. e. yacet B K') MAYT MeNJIEHHEE, YEM €ro COOCTBEHHMIE.
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IMoguepkHeM, YTO 3aMEJICHNE BPEMEHHU SBJISETCA CJHCACTBHEM HMHBa-
PHAHTHOCTH CKOpOCTH CBeTa. OHO, pa3yMeeTcs, HE 3aBHCHT OT KOHKDET-
HOM KOHCTPYKUMH YacoB.

PaccmoTpennniit pensituBUCTCKUN 3(eKT 3aMeIeHns BPEMEHM SB-
JIIETCA B3aMMHBIM, KaK TOr0 TpefyeT NpMHLMII OTHOCHTEABHOCTH, T. €.
IOCTYJIAT O PABHONPABKM MHEPIMANBHRIX cucTeM oTcuera K u K': ¢ Tou-
K¥ 3peHns HaGmonatens B cucteMe K MejicHHEE MAYT 4achl, CBS3aH-
Hble ¢ cucremoit K.

OrMeTnM, YTO B NPHBEAEHHBIX PACCYXACHUSX AIMHY CTCPXHs [ B HA-
NPABJICHUY, NCPNEHANKYJISPHOM OTHOCUTENBHOW CKOPOCTH CUCTEM OTCUE-
ra K u K', MBI CYHTaIHM OIMHAKOBOH B 0Oemx cmcreMmax oTcuera. Ecim
PERANIOJAOXHUTE, YTO ITO HE TAK, TO MOXHO Cpa3y MPUHTH K IPOTHBOPEUHIO
¢ paBHonpasuem cucteM K m K'. B camoM aene, paccMOTPMM CIEYIOmuMi
MEBICICHHBII OMHIT. Pacnonoxum Baoab ocu y' cucreMsl K' XecTkuil crep-
XeHb, AJMHA KOTOPOTO B 3TOM CUCTEME pasHa [, ¥ BEOJIb OCH Y CHCTEMBI
K pacnosoXxuMm TOYHO TAKOM XE CTEPXEHb, T. €. JIUHA 3TOIO CTEPXHS
pasHa [ g Habmonateas B K. B HEKOTOPHIA MOMEHT 3TH CTEPXHHM OKa-
3BIBAKOTCS PAAOM, M NPEACTABJSICTCS BO3MOXHOCTh CPABHHMTH MX HEMOC-
PEACTBEHHO — KOHEL OXHOIO U3 CTEPXKHEH MOXET CAEIaTh METKY Ha Apy-
rom crepxue. CoBnaner Ji 5Ta METKa ¢ KOHUOM cTepxHa? ITpuHuun or-
HOCHTE/NIBHOCTH AAET MNOJOXHUTENbHEIA OTBET HA 3TOT BOIPOC: METKA
COBMANAET C KOHIIOM CTEPXHS, T. €. JJIMHA CTEPKHA B HATIPABJICHUM, TEp-
NMEHAUKYJASPHOM OTHOCUTEIBLHOM CKOPOCTH cHMCTEM oTcuera K u K ', ogu-
HaxoBa B obeux cucremax. Ecau 6w coBnagenus He ObUTO, TO OQUH M3
CTepXHel okasayucs OBl AJIMHHEE APYrOro ¢ TOUKH 3peHus obenx cucrem
OTCYeTa, YTO IIPOTHBOPEYMT NPUHIHIY OTHOCHTEIBHOCTH.

OTHOCHTEJBHOCTD MPOCTPAHCTBEHHBIX paccTogsHuM. [lokaxem Teneps,
YTO AJIMHA TBEPOOrO CTEPXHS, PACIOJOXEHHOIO BAOJb HANPABJICHHUS OT-
HOCHUTENBHOM CKOPOCTH CHCTEM
orcuera K u K' (puc. 5), Gyner
pa3JMyYHOM B OTHUX CUCTEMAX.
! ITycTb cTEpPXKEHb MOKOUTCH B CHC~

P M4 x teme orcuera K'. Ero mvny, ns-
MEPEHHYIO B 3TOM CHCTEME OTCYE-

219 vk’ 6 rta, HAa3HBAIOT COGCTBEHHOMN TU-

v )

- | Hoit. O6o3naumm ee uepes [y, a
0 0 :"—9“‘;‘ IJIAHY B CHCTeME K, OTHOCHTEb-
A A @t x x'  HO KOTOPOM CTEPXEHb ABHXETCH

0 CO CKOpOCTBIO v, uepes [. Haitmem

Puc. 5. JlnuHa TBEpnoro CTepkHs pasauuma CBA3D MEXAY I m 1, Ina sroro
PaccCMOTPMM JBa COOHITHS: @)

MPOXOXKAECHUE HAYa/Ia CTEPXKHS MHUMO TOUYKM A Ha OCH x cHCTeMH K U 6)
MPOXOXACHUE KOHIIA CTEPXHS MUMO 3TO# Xe Toukd. B cucreme K v co-
GRITHS IPOMCXOXAT B OAHOM TOYKE, ¥ MPOMEXYTOK BPEMEHM MEXIY HUMH

yAKle’U a
—

0/ o

=4

N
oS |

~
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B cucteme K aBisercs COOCTBEHHHIM BPEMEHEM Ty Tak Kak CTEPXEHb
ABHXKETCS OTHOCHTENBHO K CO CKOPOCTBIO v, TO MOXHO HAaNMCaTh [ = vt

Ho ¢ Touku 3penus nabmopatens B cucreMe K' Touka A IBHXETCS BROJb
HENMOIBHXXHOIO CTEPXKHS HAJIEBO C TAKOH XK€ CKOPOCTHIO, MOITOMY [, = T,

IAE T €CTh NPOMEXYTOK BPEMEHN MEXAY COORITHSIMH aq M 6, N3MEPEHHKIM
!

o yacam B K. Tak kak 1= 15/V] — v¥/c?, 10, KOMOMHMpYS COOTHOMIE-

U | = vTy M [, = vT, HAXOOHM

2
= lo 1 - U—z. (2)

[&
Mnl mpuxoaMM K BRIBOAY, UTO AJNMHA CTEPXKHS 3aBMCHT OT CMCTCMBI
OTCYETa, B KOTOPOA OHA M3MEpPSETCd, T. €. SIBASETCS OTHOCHUTEIBHOH.
[Tpu n1060# OTIMYHOM OT HyJIS CKOPOCTH [ < [, T. €. AIMHA CTEPXHS SIB-

AsgeTcd Haubonpuie B TOH CHCTEME OTCUETa, B KOTOPOH CTEPXEHD IOKO-
urcd. JBMXylmmecs OTHOCHMTEABHO Habaogarens Tejna COKPAaWamTCs B
HAIPABJIEHUN CBOEIO JABMXEHHA., DTOT PEenaTHBHCTCKH adhdexT HOcHT
HAa3BaHUE JIOPEHEEA COKPAUeHUSL.

JIopeHueBO COKpalmeHne ABMXKYIIErocd CTEPXKHS OTPAXkaeT OTHOCH-
TEJBHBIA XaPaKTEP PACCTOSIHUS MEXAY TOYKAMH B TEOPHUM OTHOCHTE/b-
HOCTH (T. €. 3aBUCHMOCTb PACCTOSTHHS OT CHCTEMbl OTCUETa) M HE CBSI3a-
HO ¢ KaKMMM-Ju00 IponeccaMy WiM sBJIEHHIMH B camoM crepxHe. Ono
TEM HE MEHEE mpencrasnger coboit BrosHe peanbuuiil addexT, cToas ke
peanbHbIi, KaK, HAPHMED, 3aBHCHMOCTb CKOPOCTH Tesla OT BHOOpa CH-
CTEMBI OTCYETa.

B nosHoOM COOTBETCTBMH C MNPUHIAIIOM OTHOCUTENLHOCTH 3pexT co-
KpalleHUs IUTMHBL CTEPXHSA SBISETCS B3aMMHBIM: €CTM TakKoH Xe crep-
JKEHb TMOKOHTCHI B cHCTeMe oTcuera K, TO €ro AJIvMHA B 3TOH cHCTEME
oTcuera paBHa l;, a B cHCTeMe K' niuHa 6yneT MeHbIIE B COOTBETCTBMK

¢ npuseneHHoi ¢opmyiont.

Knaccuyeckuin npenen. Kak BugHo u3 nonyuennoit ¢opmynsl, addekt
COKPAINEHUA [UIMHBI 33aBUCAT OT OTHOCHUTEJBHOM CKOPOCTH v CHUCTEM
OTCUETA M CTAHOBHUTCS OCOOEHHO 3aMETHHIM JJIsI CKODOCTEH, CPaBHU-
MBIX CO CKOPOCTBIO cBeTa. Ilpu v—> ¢ mnuHa crpemurca X Hymo: [— 0,
3aBHCHMOCTb JIOPCHIIEEA COKPAHICHUS OT CKO-

pPOCTH Mokas3aHa Ha puc. 6. [Ipn MansX CKOPOCTIX I

(v<c) I=lyu 1= 15, T. €. PACCTOSSHHE MEXTY
TOUKAMH H IIPOMEXYTOK BPEMEHM MEXAY COOBITH-
SMM TIpUOOpETAOT NpPAaKTHUYECKH al0COMIOTHBIA
CMBICJI B MOJHOM COOTBETCTBHM C KJIACCHYECKHUMH
NpPEACTABJEHUSAMM O TPOCTPAHCTBE M BPCMEHM,
chOpPMUPOBABIINMUCA HA OCHOBE MHOTOBEKOBOTO 0 1 v/e

OIbITa HAGIIONCHMIT Hal CPABHUTENILHO MEJVICHHB-  puc 6. 3apucHMOCTb CO-
MH ABMJKCHHSAMM, NPONCXOASAIIMMM CO CKODOCTHA-  kpameHHs AMMHBI OT OT-
MH, MaJILIMH I10 CPABHEHMIO CO CKOPOCTHIO CBETA. HOCHTEJIBHOM CKOPOCTH

1
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¢ Kakue cobbiTus cunramtcs ogHoBpeMeHHbIMM? Kak npous3BOaMTCS CHHXpPO-
HU3alMg yacos?

e B ueM 3ak/0YaeTCS OTHOCHTENbHBIN XapaKTep OAHOBPEMEHHOCTH CODOBITHIH?
e Yo HasbiBaeTCs COOCTBEHHBIM BpeMeHeM M COOCTBEHHON HMHHOM?

e Ilonyuure BHIpAXEHHUS ANS PEAATUBUCTCKUX 3¢ deKTOB 3aMeqNeHNs BpeMeHu
M COKpalleHMs AJIMHBI, UCXOON HEIOCPEACTBEHHO M3 MOCTYJIATOB TEOPHUH OT-
HOCHTENbHOCTH.

e Tlonyuure dopMyny Qs JIOPEeHUEBA COKpalleHHs IJIMHBI, paccMaTpuBas
I{MKJI CBETOBbIX 4YacOB, PACIIOJIOXKEHHbIX BRO/Mb OTHOCHTEIbHOM CKOPOCTH
JBYX CHCTEM OTcyera.

§ 3. Npeobpasosanus JlopeHua

[TonyueHHnie B § 2 Ha OCHOBE NOCTYNATOB TEOPUHM OTHOCHTEJILHOCTH
dopmynst (1) u (2), cBA3HBaOUMUC MPOMEXYTKH BPEMEHH U DPAcCCTO-
9HUST MEXAY TOYKAMH B PA3HBIX CHCTEMAX OTCYETa, MO3BOJLIOT Ha-
MMUCATh PESTHBUCTCKMI 33aKOH Mpeo0pazoBaHMs KOOPAMHAT U BPEMEHH
NPOM3BOJIBHOIO COOLITHS NpPH IEPEXONE OT ORHOH CHCTEMBI OTCYETA K
Apyrod. 3TOT 3aKOH HOMXKEH 3aMECHUTh OCHOBAHHHIC HA KJIACCHUYECKUX
IpeICcTaBICHUSX O HPOCTPAHCTBE M BpPeMeHH NpeobpasoBanus anues,
PaccmoTpuM, Kak B B § 1, onucanue HEKOTOPOrO coOMTHS A B ABYX
MHEPLHATbHEX cucTeMax orcuera K u K'. TIycTh KOOPAMHATH M BpeMs
aToro cobruiTis B cucteme K ectb x, y, zu t, as cucreme K' — x', y', z' n
t' (puc. 7). Kak u npexue, cunTaeM, 4To
A npu ¢ =0 Touku O u O conagarwor. Pac-
T _T CTOSIHHS B HANPABJICHAH, ICPIIEHAMKY ISP~
0 i HOM OTHOCHTENBHOI CKOPOCTH v CHCTEM OT-
0 L —» 7  (yeTa, KaK yxe ObUIO 0Ka3aHo, OXMHAKO-
)z//z/ B BB Ku K, nosroMmy y=y uz=12z"
Prc. 7. KOODIMHATH! OIHOO H TO- KoopnuzaTta x ectb COGCTBEHHAS AMUHA
ro xe cobpltus A B IBYX CUCTEMAX lo OTpC3Ka OB, HenogBUXHOro B K-cuc-
orcueTa ) Teme. Hamuaa | I3TOrO Xe OTpe3ka B
K'-cucteMe, rae M3MepeHME NMpPOM3BOAMTCA B MOMEHT BDEMEHHM f, €CTb
x'+ vt'. Yuursisas coorHomenue (2) npeanaymiero naparpada Mexmy
coOCTBEHHOI JUIMHOM HEKOTOPOTO OTPe3Ka [ M AJTMHOM / 3TOro Xe oTpeska
B CHCTEME OTCYETa, OTHOCUTEIBHO KOTOPOM OH ABUXKETCS CO CKOPOCTBIO U:

2
1=zo\l1~”—2,
[
2
x'+vt'=xV1—%,

x +ut

Vi )

MBl MOXEM HAMMCaTh

OTKyzAa
x =
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Ho MoxHo paccyxnare u uHaue. Koopaunara x' ecrb coOCTBERHAs
pnada orpeska O'B, HenoasuxHOro B K'-cucreme. JMHA 3TOrO Xe or-
pe3ka B K-cucteMe, H3MepseMas B MOMEHT BpEeMeHH ¢ no vacam K, pas-
Ha x — vt. CHOBA yUMTHIBAs COOTHOIIEHHE MEXAY IJIMHOM OAHOIO ¥ TOTO
X€ OTPE3Ka B JIBYX CHCTEMAX OTCUETA, MOXEM HANHKCATh

X =AY (2)

1 —v?c?

Oopmynut (1) u (2) npeacrasasoT coboi MCKOMEIA 3aKOH npeobpasoBa-
HUSA KOOpOMHATH x npu mepexoxe ot K' k K u oOpaTtHo. Basruie sMmecTe,
OHH MO3BOJISIOT HAHTH CBA3b MEXIY BPEMEHEM { ¥ ¢’ OMHOIO H TOrO Xe Co-

6niTHs B obenx cucremax orcuera. Uckmouas w3 (1) u (2) cravana x', a
3aTeM X, HalAeM

{4 S5 t—=
4 ' [
f=———, =, (3

1 — vt 1 — v?/c?

IIpeobpaszosanns Jlopenua. Mnrepsan Mexay coObiruamMu. Takum
obpazoM, peaaTuBUCTCKUE (GOPMYJIn npeo6pasoBaHMs KOOPAHHAT HEKO-
TOPOro COOHTHS TIPH MEPEXOAE OT OHON MHEPUHANABHON CHCTEMEI OTCUETA
K APYTrof MMEIOT BUX

' . t’+32- x!
x=—2F"_ =y, =z, t=—==t_. (4)
1—v?c? 1 —v¥c?

Otn opMynnl HazWBAWT npeobpasodanusmu Jopenya. OHU 3aMe-
HSIOT npeoOpasosanus lanwies, COpaBeqIMBHE JHOb B IPEIEAbHOM
C/Iy4Yae Majablx MO CPABHEHMIO CO CKOPOCTBIO CBETA OTHOCHTEJIBHEIX CKO-
pocreit. [Ipn v<<c¢ npeobpasosanus JlopeHua (4) nepexomar B mpeob-
pazoBaHud aamnes. 310 03HAYAET, UTO TEOPUS OTHOCHTEJIBHOCTH HE
OTBEPracT MOJHOCTBIO KJIACCHMMECKHE TPEACTABJCHHI O MPOCTPAHCTBE M
BPEMEHY, a BKJIOYAET UX B ce0d KaK NpeRe/bHbIM Cryyai, CrpaBenIn-
BHIA /11 MEIJICHHKX JBUXEcHMil. Teopus OTHOCUTENHHOCTH HE OTBEPraeT
KJIACCHYecKyo (DU3MKY, a Onpenenser rpaHdus €€ MPUMEHUMOCTH.

TIpeoOpa3osanus JlopeHua BHIpaXalOT OTHOCHTCALHBIA XapakTep
MPOMEXYTKOB BPEMEHH MEXIY COOBITHSMHU M PACCTOSHMIL MEXAY TOUKa-
MH B npocrpadcTee. OxHako Haubosee XapakTepHOUM YEPTOM TEOPUH OT-
HOCHTEJIBHOCTH SBJISIETCS HE YTBEPXKACHHE OTHOCHTEIBHOIO Xapakrepa
POCTPAHCTBA M BPEMEHM, a YCTAHOBJICHUE AOCOMIOTHHIX, HE 3aBUCAMIMX
or BHbOpa CHCTEM OTCHETA 32KOHOB NPHPORHL.

3agaua HaxoxjacHHMs a0COMIOTHOrO BHIPAXEHHS 3aKOHOB IPHPOIH
TECHO CBA3aHA C OTHICKAaHHEM abCOMOTHHX, WHBAPHAHTHHX BEJIMUMH.
OnHa ¥3 TakMX BEJIMYHUH YNIOMHHAETCS yXE B OCHOBHHX MOCTYJIATaX —
3T0 MakKCHMAJIbHAd CKOPOCTh PACHPOCTPAHEHHS B3aMMOAEUCTBUIA,
paBHAas CKOPOCTH CBeTa B Bakyyme c. Jpyroit BaXHO# MHBapHAHTHOMN
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BEJIMUMHON SIBJISIETCH NPOCMPAHCMEEHHO-BDEMEHHOU UHMEPBAN MEXIY
COOBITHSMH, ONPEACJISEMbIA CIEAYIOMIMM COOTHOMIEHUEM:

Sp=Vcih,— i, (5)

rae ¢, — NPOMEXYTOK BPEMEHM MEXAY COOHITUIMM B HEKOTOPOW CHCTE-
Me OTCYETa, a [, — BHIPAXKEHHOE B TOH XX€ CUCTEME PACCTOSHHE MEXTY
TOYKAMH, B KOTOPHIX HMPOMCXORAT paccMarpuBaemsie cobwiTug. B uacr-
HOCTH, €C/IM OJHOMY M3 TNPOMCXOASIIMX COOBITHI COOTBETCTBYIOT KOOD-
ouHATH Xx; =y, = z; = 0 u MomeHT Bpemenu t; =0, a BTOpoMy — KO-
OPIMHATH X, Y, Z 1 MOMEHT f, TO MHTEPBAT MEXIY HUMH

S =V — x? — y* — 22, (6)

ITycts, HanpuMep, nepBoe COOBITHE NPEICTABASET COOOR BCOBILIKY
¢BETA, NPOMCXOALILYI0 B Hauajne xoopauHat npu =0, a Bropoe —
npuxox ppoHTa ITON CBETOBOM BOJHAEI B TOUKY C KOOPOMHATAMH X,Y,Z B
MomeHT Bpemeru f. Torma x2+ y?* + z2= c*? u unTepsan A8 TakKo
napsl coburruit § = 0. Koopruuate u Bpems BTOPOro COORITHS B APYrou
cucreme orcuera K OymyT OPYrMMHM, HO M A8 HMX B CHJIy WHBADHAHT-
HOCTH CKODOCTH CBeTa OyJEeT BHINOJIHSATHCS TAKOE XE COOTHOIIEHHUE

x'2 + y'l + =" U, caemoBatenbHo, S = 0. Takum obpasoMm, ecau
ABa COOBITHSA CBSI3aHBI MEXIY COOOM CBETOBHIM CHIHAJIOM, TO HHTEDPBAJ
MEXIYy HMMH PABCH HY/II0 BO BCEX MHEPLHUAJbHBIX CHCTEMAX OTCYETA.
3TOT pesynpTaT SBJASETCS MAaTCMATHYECKMM BHIPAXEHHeM abConmoTHOro
XapakTepa CKOPOCTH CBETA.

HWHBapUaHTHOCT, MHTEPBaNa. [as moboi Apyro# mapu CoOwiTHIL, HE
CBSI3AHHBIX CBETOBLHIM CHMIHAJIOM, WHTEPBAJ OTJIMUEH OT HYJS, HO BEJU-
YMHA €ro BO BCEX HHEPIHANBHEIX CHCTEMAX OTCYETA OAMHAKOBA:
r—xt— - 2= — " =y
B stom serko ybemutbes ¢ momompio npeobpasosannii Jlopenua (4),
MOXCTABHMB B JIEBYIO YACTb BHPAXEHUS 1A X, Y, Z ¥ [ UEPE3 KOOPAMHATH
U Bpems 2Toro Xxe cobutus x', ¥, z' u t' B npyroi cucreme orcuera. Mu-
BAPMAHTHOCTh HHTEPBAJA O03HAYAET, UTO YTBEPXAECHUE «ABA COOBITHA
pasneneHsl MHTEPBAIOM S» MMeeT AGCOMIOTHHIA XapakTep, T. €. OHO
CNpaBEI/IMBOC BO BCEX MHEPLMAJBHEIX CHCTEMAX OTCHETA.

Knaccuduxauus uaTepsanoB. [Tonstiue uHTEPBaNa MEXAY COOBITHSIMHA
sABASEeTCS OOOOIICHUEM NOHATHH NPOMEXYTKA BPEMCHH W DPACCTOSHMS
MEXIY TOYKAMHU. B 3aBMCHMOCTH OT TOro, Kakas COCTABJIAIOMAL — Bpe-
MEHHAs WJIM MPOCTPAHCTBEHHAd — MNpeobsagacT B PacCMaTPUBAEMOM
MHTEpBAJe, BO3JHHKACT [CJAEHME HHTEPBAJOB HA BPEMEHHIONOOHEIE
M TpOCTpaHCTBEHHomonoOHmie, J[lng BpeMEHMOOZOOHOrO WHTEpBana
4%, > 13, r.e. S, > 0. B oToM ciyyae Bcerna MOXHO HAHTH Takyw

cucremy orcuera K', B KOTOPO# paccMaTpUBaEMBIE COBBLITHS MPOUCXOMST
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B OXHOM Touke, T.€. [j, =0, ¥ MPOMEXYTOK BPEMEHH MEXAY HUMH B
TAKOM CHCTEME OTCUETA SBJSIETCH COOCTBEHHBIM BPEMEHEM ([, = T,

2 o 2
Sz——ctlz"'llz—ct llz—cto

Taxum o0pa3oM, 118 COORTHH, pa3feIEHHNX BPEMEHUIONOOHBIM HH-
TEpPBaAOM, BCErda CYMECTBYET Takasd CHCTEMa OTCYera, B KOTOpOil 3TOT
uaTEepBan (C TOUHOCTHIO A0 MOCTOSHHOTO MHOXHTENAA ¢) TPEICTABALET
coBoit MPOCTO MPOMEXYTOK BPEMEHM T, MEXAY STHMHU cobmruamu. [na

ITHX COOBITHH TOHATHS «PAHBIIC», «[TO3XE» UMEKOT abCOMIOTHDIN Xapak-
rep. OUEBHIHO, YTO MEXAY TAKMMH COOHITMSIMM MOXET MMETh MECTO
MPUYHHHO-CJEACTBEHHAS CBSI3b.

,[I.rm conmﬁ, pasneseHHBIX NPOCTPAHCTBEHHOMOXOOHKHM HMHTEpBA-
nom, ¢M?, < 1%, T.e. S2, < 0, a UHTepBAN ABNAETCH MHUMbBIM UHCIIOM.

B stoMm ciayuae Bcerna MOXHO HaiTu Takywo cucteMy orcdera K', B Ko-
TOPOM 9TH COOBITHS IMPOMCXOXST OXHOBPEMEHHO, T. €. f, = 0:

2,2 3 202 P2 72
= lp=cts—In=—I3

ABCOMIOTHAS BENHYMHA MNPOCTPAHCTEEHHOMOAOOHOrO HMHTEpBasa
TpENCTaBager Co00M MPOCTPAHCTBEHHOE PACCTOSIHUE MEXAY COOBITHSMHU
B TOH CHCTEME OTCYETd, B KOTOPOM 3TH COOLITHS NPOM3OLUIH OXHOBpE-
MeHHO. [TOHSTHS «OIHOBPEMEHHO», «PAHBIUC», «MI03XE» IS TAKHX CO-
GbITHII OTHOCHTEJIBHHEL BCETAA MOXHO YKa3aTb TAKHE CHCTEMHl OTCYETa,
B KOTOPHIX TNEpBOE COOLITHE MPOMCXOAUT PAHbUIE BTOPOTO, X TAKHE, B
KOTOphIX BTOPOE HPOMCXOAMT PAaHbIIE MepBoro. SICHO, yTo MeXay CoOHI-
THSIMH, AJS KOTOPHIX TEPSIOT a0CONMIOTHHINA CMECT IOHITHS «PaHbIIS» U
«TI03XE», HE MOXET ObITh NPUUYHHHO-CIEACTBEHHON CBA3M.

Bnpouem, HEBOSMOXHOCTb TNPHUMHHON CBSI3M MEXAY COOBITHSIMM,
pa3nesCHHBIMA MPOCTPAHCTBEHHOMOAOOHBIM MHTEPBAJIOM, IJIS KOTOPHIX
l,, > ct;,, HEMOCPEACTBEHHO BHMIHA M3 TOTO, YTO HMKAKOW CHIHAN, HU-

KaKoe B3aMMONCHCTBME HE MOXET pAaCMPOCTPAHATBCS CO CKOPOCTHIO,
foapmei c.

PaBHBI HYJIO HHTEPBAI MEXAY COOBITHSMH, CBI3AHHHIMA CBETOBHIM
CHUTHAJIOM, Ha3HIBAIOT CBETOMNOROOHKIM.

[MoguepkHEM ele pas, YTO Pa3fejeHHE MHTEPBANIOB MEXAY COOLITH-
MM Ha BPEMEHMINIONOOHEIE H MPOCTPAHCTBEHHONOROOHKE BCAEACTBHE HH-
BADHMAHTHOCTH HMHTEPBAja SBASETCS aGCOMIOTHHIM, T. €. HE 3aBHCSIOIUM
OT CHCTEMHB! OTCYETA.

3axon npeobpaszosaHus ckopoctu. [Ipeobpasosauus Jlopenua ais xo-
OpOMHAT ¥ BpEMEHM COORITHA NIPH MTEPEXOAE OT OAHOM HHEPUHANBHON CHC-
TEMBI OTCUETA K APYIO# MO3BOJSIOT CPa3y MOJYUYUTh U 33KOH npeobpaso-
BaHUs CKOPOCTH YacTUUHL [IycTh HEKOTOpad YacTHIA 33 MaJki Ipome-
XYyTOK BpeMeHn A/ 1o vyacaM cucremsl orcuera K mepemecTHiach 43
TOYKHM C PAAUYC-BEKTOPOM I' B TOYKY € PARMYCOM-BEKTOpPOM r + Ar. Torma
110 ONPENENEHHUIO CKOPOCTBIO U ITOM YACTHMI(H OTHOCHTEIBHO CHCTEMH K
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Ha3bBaeTCS mpenesn otHomeHHs Ar/At npu Af— 0. Cxopocrbio u' 310i
Xe YacTHIH B cucreMe orcuera K’ 6ynmer mpemes orHomenus Ar'/At, rne
At' ¥ Ar' — NpOMEXYTOK BPEMEHM M M3MEHEHHE Paguyca-BekTopa B K’
I TOM Xe Napsl COOLITHI, T. €. IJIT KOHEYHOIO H HAYAJIbHOIO IOJIOXEHHMIH
uactuusl. [IpuMensas npeobpasosanus Jlopenua (4) K KOHEUHOMY M Ha-
YaIbHOMY IOJIOXEHHMSIM YaCTHIUBI ¥ BHIYHUTAS X MOYWIEHHO, NOSYYHM
, ) A+ AX
Ax =258 Ay= Ay, Az=AL, At=—nt
1—v?c? 1 —v¥c?

Pasgenus rowieHHO NEPBLIC TPH PABCHCTBA HA YECTBEPTOEL, HAXOAMM

’ ' 2 ' 2
A—x,+v ﬂ,— l—u—2 A—z, l—%
Ax At Ay _ At ¢ Az _ At c
At Ax A o INE roe
%_x’ 1+%H}. 1 lz_x’
¢ At c” At ¢ At

IMepexons B oTux dopmynax K npenery npu At—0, At'— 0, noayunm

w, \'1 o’ u \1 v
, v v
TR 2 S R L SR
AT o pry “7 LAV

“2%x —SUu — U

¢ c2 x C2 x

Bripaxenus (7) npeacrasasior coboi 3akoH MpeoOpa3oBaHUs CKOPO-
CTH YaCTULHI IPH NEPEXOAe OT OAHOM MHEPUHAJbLHOA CHCTEMH OTCUETA
K apyrod. OTMETHM, YTO MONEPEYHHIC K HAIPABJCHHIO OTHOCHUTCIBHOM
CKOPOCTH CHCTEM OTCUETA KOMMOHEHTH CKOPOCTH YaCTHIL 4, ¥ I, B OT-

JIMYKE OT MOHNEPEUYHHX KOOPAMHAT y M z, HE OCTAIOTCH HEH3MEHHHIMH.
DTO CBA3aHO € TEM, UTO MPH MEPEXOAE OT OXHOM CHUCTEMHl OTCUETa K
npyroi BpeMsa npeobpasyercs.

B npenensHOM ciiyyae v<< ¢ pensrusuctckue dopmyan (7) nepexo-
I9T B (OPMYJIBI KJIACCHYECKON MEXAHUKH;

1] !

'
u,=u,+v, wu,=u, U =u,

PengTUBUCTCKHME 3aKOH npeoOpasoBaHMs CKOPOCTHM COIVIACYETCS, pa-
3yMeercs, C UCXOAHBIM TIOCTYJIATOM 00 MHBAPUAHTHOCTH CKOPOCTH CBETA.
PaccMoTpuM, HanmpuMep, B cUcTeMe oTcyera K CBETOBOM MMITYJIbC, pac-
MIPOCTPAHSIOMMICS BXOAb OcM x. JA9 TAaKoro HMIyJsbca u; =c,

u; =y, = 0. Torna, cormacHo (7), AN CKOPOCTH ITOIO XK€ MMITYJIbCA B

cucteme orcdera K moaydyum

__c+v _ _
Uy =T3oc=C u,=0, u =0,

T. €. MMIIyJIBC K B cucTeMe K PaCIPOCTPAHSIETCH BOJIB OCH X CO CKOpO-
CTBIO C.
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Abeppauns csera. B xauecTse npuMepa NIPEMEHEHUS PEISTHBHCTCKOTO
npeo6pasoBaHMsl CKOPOCTH pPACCMOTPUMM TOYEUHBI MCTOYHMK CBETA,
noxostmuiicst B cucreme K' M paBHOMEDHO M3y~
yaloWKi CBET O BCEM Hanpasaenusam (puc. 8).
Paccmorpum Te 50 %, CBETOBOrO MOTOKA, KOTOPHIE
UCTOYHHK H3/yyaeT B nepegHion nonycdepy B
cucreme orcuera K'. C Toukn 3penus Habmona-
tens B cucreMe K, OTHOCHTEJBHO KOTOPOM MC-
TOYHHK ABHXETCH €O CKOPOCTBIO v, H3JIYUCHHE ,
YK€ OTHIONb He OyaeT u3oTponubM: atu 50 Y, Oy- g
OyT H3JIy4aTbC HOPEUMYIIECTBEHHO BIEPER B z/
KoHyc ¢ yrioMm & (puc. 9), MPHUEM COS d=vlc. o, & SR

B camom pene, B cucreme K JIyd CB€TA, OF- TOYHMK CBETa M3dyuaer
PAaHMYMBAONINI PACCMATPUBAEMEIA TMYYOK, H3-  PABHOMEPHO MO BCEM Ha-
MpaBieH BROMb OCH y M A Hero u, =(, PARCHMIM

yAK

r

X

! '
U, =¢, u, = 0. ITepexoas B cucreMy orcuera K, MBI IJIS 3TOTO XE Jiy4a
nonyuuM, cornacHo dopmyaam (7),

’— I— 2 2 I_
u,=v, u,=vI10 —vc*, u, =90,

y
OTKYAA
uX

Tlpu cKOpOCTH MCTOUHHKA v, OIM3KOM K CKOPOCTH CBETA, [IyUOK CBETA
CKOHLEHTPUPYETCH B Y3KHi KOHYC, HAIPABJICHHLIN Biepel N0 ABUXKECHHUIO,
¢ OChIO, COBNANAIOMICH C HANMpPAaBJICHHEM ABMKCHUSA HCTOUHHKA.

CoBepmIeHHO aHAJMOIHYHO C TIOMOUIBIO PEISTHBUCTCKOIO 3aKOHA Mpe-
06pa3oBaHHsg CKOPOCTH OOBACHACTCA HBJACHHE 3Be3qHOH aleppauun,
IOsnxymuitca HAbmOnaTe b O0HAPYKUT MC-
KaXeHHe KAPTHHBL 3BE3XHOr0 Heba: Ang Hero y'
BcesieHnas «cXara» B HANPABJAEHUH €rO ABH-
KEeHHS MO CPABHEHHIO C KaPTHHOH, KOTOPYIO

v
cos &= =,
(4

BUIMT B TOM X€E HAMPaBJCHUH HEIOABYXHEIN s
OTHOCHTEALHO 3Be3d Habmoparenp. Ecam Uy
ABHXymuica Habmoparens OyaeT MEHAThb

CBOO CKOPOCTH, TO OH 00HAPYXHT, UTO 3BE3A- -
HOe HeO «epenMBaeTcsa» BOKPYr HETO: Ha- x

z
NpasJIeHHs, B KOTOPHX OH BUONT 3Be31H, Oy-

AYT BCE BPEMS MEHATHCH, He 00pasys mocto- Puc. 9. Jins wabmoparens, or-
SHHHRX YIVIOB APYT ¢ ApyroM. iMeHHO B rakom ~ HOCHTEABHO  KOTOPOTG  MCTOH-
6 3 _ HMK CBETZ ABHMXETCH, HM3ITyde-
TOJIOXCHUH HAXONUTCS HAGMIONATENb HA 3EM- e ye ammmercs UIOTPOMHLIM
ne, obpamaromeitcs Bokpyr Connna. Kaxasie
TOJIrORa CKOpocTh 3emun B ee ropuunom asrxennn (30 km/c, T. €. 1074¢)
MEHSET HAIPAaBJICHUE Ha NPOTHBONONOXHOE. B abeppauuu csera 38e3n 06-
HapyXHUBAETCS, KOHEYHO, HE CaMa CKOpOCTh 3eMiy, a ToT (PakT, uTo 3ra
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CKOPOCTbh M3MEHSAETCH: B PA3HOE BPEMS rofia MOJI0XEHMS 3BE3] CABUHYTHI
0-Pa3HOMY.

e [lokaxure, 4TO B NPEAETLHOM CJIy4ae MaJjiblX CKOPOCTeil ¥ << ¢ npeobpa3oBa-
Hus JlopeHua nepexomar B npeobpasosanus Fanunes.

¢ [llonyunre u3 ¢opmyn npeobpasosanuit JlopeHiia BbIpaXeHUs AN PCAATUBU-
cTCKOro npeo6pasoBaHUs MPOMEXYTKOB BPEMEHHU MEXIY ABYMdA cobbITHAMM
W Ons JIOpeHLEeBa COKPaUIeHUS JIHHBI ABUXYLUETOCH CTEPXKHS.

s Yro Takoe HHTCpBAZl MEXRY ABYMA cobbITHAMU? Hoxkaxure ero HHBApHUAHT-
HOCTb.

* B KakuxX cayvyasx UHTepBajl MEXAY ABYMS COOBITUSMM Ha3bIBAETCA CBETOMO-
no6HuIM? BpeMeHHNORo6HbIM? 11pocTpaHcTBeHHOMono6HbIM? TlosicHuTe ¢BA3b
3TOM KJaccHUbUKaUHH HWHTEPBAJIOB C BO3MOXHOCTBIO MPUYMHHO-CIAEACTBEH-
HO# CBA3U MeXIy COOBITHAMH.

e T[louemy npu ABUXEHUM cHcTeMsl oTcyeta K' BIO/Nb OCH X CHCTEMbI NPeo6-
pasyrTcs He TOJIBKO X-TMPOEKLMS CKOPOCTH YacTHULbl, HO TaKXe W y- U z-
npoeKuru?

o Kak pensTMBUCTCKas KMHeMaTHKa OOBACHSET sBJjieHHe 3Be3gHOM abeppaunu?

§ 4. PensaTHBHCTCKA® AMHAMMKA

Teopus OTHOCHTEIBHOCTH TPEOYET NepecMOTPpa ¥ YTOUHEHH S 3aKOHOB Me-
xaHuku. Kax MBI BHIEIN, YPABHEHHUS KAACCHUYECKOM NMHAMHUKYM (BTOpOM
3aKOH HpIOTOHA) YNOBNETROPAIOT NPHHUKITY OTHOCHTENLHOCTH B OTHOIMIE-
Huu npeobpasosanunit Fanunes. Ho seas npeoOpaszosanus lanwnes nosx-
HHEl GpITh 3aMeHenH npeobpasosanuamu Jlopenua! ITostoMy ypasreHus
OMHAMMKH CAEAYET M3MEHHMTDb TaK, UTODRl OHH OCTABAIMCH HEM3MCHHEIMH
NIPH TIEPEXOAC OT OAHOM MHEPHUATBHON CHUCTEMHE OTCYETA K APYIO# Co-
rnacHo mnpeoOpasosanuam Jlopenua. Ilpm mansix ckopoctsx (v<<¢)
YDABHEHUS PEJSITUBUCTCKON AMHAMMKY JOJIXHEI IEPEXOTUTh B KJ1acCHUE-
ckue, nbo B 3TOM 06/1ACTH UX CTIPABEATMBOCTD MIOATBEPKAACTCH HA OIBITE.

UmMnynsc ¥ 3Heprug. B Teopuu OTHOCMTENBHOCTH, KAK ¥ B KJacCHye-
CKOM MEXaHHUKE, /IS 3aMKHYTOH (PU3HMUECKOH CHCTEMBI COXPAHAIOTCH
UMIYJIBC P U 3HEprusd E, OAHAKO PENSITUBHUCTCKHE BHIPAXCHUS IS HHX
OTJIMYAIOTCH OT COOTBETCTBYIOIIMX maccnqecxnxzz
p — mov , E= moc ’ (1)
1 —v¥c? 1—v%c?
3[eCh m, — Macca YacTHLb. JTO Macca B TOM CUCTEME OTCYETA, IAE 4a-
CcTHUAa MOKOUTCd. HacTo ee HA3WBAWOT Maccol noxos dactuns. OHa cos-
NagaeT C MAacCOM YAacTHUE B HEPEJATUBHCTCKOH MEXAHUKE,

MoXHo noKa3artk, UTO Buaipaxaemas opmynamu (1) 3aBHCUMOCTD HM-~
IIyIbCA M JHEPTUM YACTUILH OT €€ CKOPOCTH B TEOPHHM OTHOCHTEIBHOCTH C
Hen30EXHOCTHIO CJICAYET U3 peaaTHBUCTCKOrO 3¢hdekra saMmenneHns Bpe-
MEHHU B ABMXYIUEHCH CHCTEME OTCYUETA. DTO OYAET CAENIAHO HUXE.
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PenstuBncTckue sHeprus ¥ uMnyasc (1) yOOBJETBOPHIOT ypaBHe-
HUSM, AHAJIOTMYHHLIM COOTBETCTBYIOIIYM YPABHEHMSIM KJIACCHUYECKOH

MEXaHHUKH! d dE
P __ = .
T=2F =3 Fw (2)

PensTuBucTCKas Macca. MHorma koadduuueHT mponopuuosasbHOCTH
B (1) MeXIy CKOPOCTBIO HACTHUHI M €€ UMIYJIbCOM

M=o (3)

1—v?/c?

HA3LBAIOT peasmuaducmcekol maccold yacTuusl. C ee MOMOLIBIO BHIPAXC-
aus (1) QNS MMITyABCA M SHEPTMH YACTUIBL MOXHO 3aMMCATh B KOMIIAK-
THOM BHJE

p=myv, E=mc 4)

Ecny pendaTHBMCTCKOR YacTHIE, T. €. YACTHLE, ABMXYINEHCS CO CKO-
pOCTBIO, ONM3KOM K CKOPOCTH CBETA, COOOHIMTH JOMONHHMTEABHYIO 3Hep-
U0, YTOOBI YBEJIMUNTH €€ MMIIYJIBC, TO CKOPOCTb €€ NMPH JTOM YBEIH-
YNTCH QUEHb HE3HAUMTEABHO. MOXHO €Ka3aTh, YTO SHEPrUs YACTHUIH M
€e MMIIyJbC YBEANYMBAIOTCS TEHepb 33 CUET POCTA €€ PENATUBHUCTCKOM
Mmaccel. 3rot adgdext Habaonaerca B pabore yCKOpUTENEH 3apSKEHHEIX
YACTHI, BRICOKMX JHEPIMit M CIyXuT HauOosee yOequTEbHEIM IKCIIEpH-
MEHTANBHEIM MOATBEPXACHUEM TEOPUM OTHOCHTEIHHOCTH.

Oueprus nokos. Camoe 3ameuartenvuoe B dopmyne E = mc? 3akmo-
yaercsd B TOM, YTO MOKOsImeecs Teao obiaagaer sxeprueii: nonaras B (1)
v =0, nonyuaem

Ey = myct. &)

Ouepruio E, HA3HBAKT dHepeuel noKos.

KuneTuyeckas sHeprus. Kuneruueckas sHeprus yactuust E, B HEKOTO-
POl CHCTEME OTCUETA OPEALAETCs KAK PA3HOCTh MEXIY €€ MOJIHOM SHEp-
rueit E = mc? u sueprueit nokost Ey = myc?. C nomomso (1) nmeem

E, = mc* — myc? = myc? —L___1). (6)
1—v?/c?

Ecnm ckopocTts yacTHIHI Mana no CPaBHEHHIO CO CKOPOCTBIO CBETA,
dopmysa (6) nepexonuT B oOhuHOE BhIpaxeHne E, = m0v2/2 IUId KH-
HETHUECKONH 3HEPIMM YACTHI(H B HEPEJISTHBUCTCKON (hH3MKe.

Paznnume MeXay KAACCMYECKMM H PEJIATHBHACTCKHM BHIPAXCHHUSIMH
IJI KMHETUUECKOM SHEPruM CTAHOBUTCH OCOOEHHO CYMIECTBEHHBIM, KOT-
Aa CKOpPOCTh YacTHUH Ipubiamxaerca K cKopoctd csera. Ilpu v—c
PENSITUBMCTCKASE KMHeTHueckas sHeprust (6) HeorpaHWueHHO BO3pacTa-
eT: vacruua, obnanaromas OTMHYHON OT HYJs MAacCod NOKOA m, U
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ABHXYWAACA CO CKOPOCTBIO CBETA, AOJXKHA
6bUta OB MMETb OECKOHEUHYI0 KMHETHUECKYIO

, OHepruio. 3aBHCHMOCTh KHHETHYECKON OSHEp-
MM OT CKOPOCTM UaCcTHLH MNOKa3aHa Ha
puc. 10.

%mou

I
} IponopuMOHaNLHOCTE MACCHI M JHEPrHu.
c v U3 ¢opmynu (6) creayer, uto mpum pasroHe
TeJIA MPUPAMEHNE KMHETHYECKOU DHEPIHU CO-
Puc. 10. 3aBnCiMocTh KHHE- 1y oy 1aeTCs MPONOPLMOHATBHEM TIPHPALIC-
THYECKOHM JHEpIrMHM TeEna oOT
CcKOpOCTH HUEM €ro PEeNSTHBUCTCKON Maccel. Bcnomumm,
YTO Ba’KHEWIIMM CBOWCTBOM JHEPIAM SIBJISET-
¢ ee cnoco0HOCTh MPEBPALIATHCS M3 ONHOM (GOPME B ADYTYIO B SKBHBA-
JIEHTHHIX KOJMYECTBAX NPH pA3JHYHHX (PU3NUECKHX MPOLECCAX —
MMEHHO B 3TOM 33KJIIOYACTCH COACPXKAHUE 3aKOHA COXPAHEHUS SHEPTHH.
[TosTOMY €CTECTBEHHO OXKMAATH, UTO BO3PACTAHHME PEJIAITHBHUCTCKOM Mac-
cHl Tena Oyaer NpOMCXOTUTH HE TOJABKO HpH COOOLIEHUH €My KMHETHYE-
CKOW 9HEPIHMH, HO ¥ NpH JoOOM APYIOM yBEJIMYCHHH JHEPIHH Teja He-
3aBMCHMO OT KOHKDPETHOrO Buaa Heprum. OTcrona MOXHO cAenats QyH-
JAMEHTANbHOE 3aKJIOYEHME O TOM, UTO [IOJHAs SHEpPrus Tena
NPONOPLHOHANBHA €0 PEJSTHBMCTCKOM MACCE HE3dBMCHMO OT TOrO, U3
KaKMX KOHKPETHHIX BHIOB SHEPIMHM OHA COCTOMT.

ITosicHuM Cka3aHHOE HA CHAEAYIOUEM IpOocTOM mpuMmepe. Paccmorpum
HEYIIPYroe CTOJIKHOBEHHUE ABYX OFMHAKOBBIX T€J, ABHXKYLIMXCS HABCTpE-
4y OpYr APYry C OMHHAKOBHIMU CKOPOCTSIMH, TAK YTO B PE3YJIBTATE CTOJ-
KHOBEHMS 00pa3yercs OgHO Tes0, Koropoe mokourcs (puc. 11a). Ilycre

0

u

Zh @

. v Hocne ITocae
CTOJIKHOBEHUSA CTOJIKHOBEHUS

J10 CTONKHOBEHHUS JIO CTOJNKHOBEHHMS
a 6

Puc. 11. Heynpyroe cToAKHOBEHME, HAGIIONAEMOE B Pa3HbIX CHCTEMAX OTCYETa

CKOpPOCTb KaXIOr0 M3 TEJ KO CTOJIKHOBEHWS paBHA v, 4 Macca IOKOod
m,. Maccy nokost o6pasosasmerocs tena obosHauuM uepes M. Teneps
PACCMOTPHM 3TO X€ CTOJKHOBEHHE C TOUKH 3peHMs HalmoaaTens B Apy-
ro# cucreme orcyera K, OBYKYILECHCSA OTHOCHUTE/BHO MCXOXHOH CHCTEMBI
K Bneso (puc.116) ¢ manoi (HepessTHBACTCKOM) CKOPOCTBIO —W.
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Tak KaKk u<<c, TO g npeobpasoBaHUs CKOPOCTH npu nepexoge ot K
K K' MOXHO MCMOJIb30BATh KJIACCHUECKUH 3aKOH CJIOXEHHS CKOPOCTEN.
3aK0H COXpaHECHUS MMITYJabCca TPeOyeT, YTOOH MOJMHHEIN MMIYJALC TEJI A0
CTOJIKHOBEHMS ObLT PaBEH MMIYJabCy oOpaszoBasurerocsd teia. o cTonxk-

HOBEHMS  MOJHBIA  MMOyJbC  CHCTEMBl  paseH  2mu,  rue
m=my/V1 — v¥/c? — penITMBMCTCKAx Macca CTAJKMBAIOMMXCS TEJ;

NOCJIe CTOIKHOBEHMS OH paBeH Mju, u6o BCJIEOCTBHE u << ¢ Maccy obpa-

30BaBIIErocs Tesaa M B K' MOXHO CUATATHL PaBHOM Macce mokosd. Takum
00pa3oM, M3 3aKOHAa COXPAHEHUS MMIYJbCA CJACAYET, YTO MAcca NOKOS
00pa3oBaBIICIOCS B PE3yJbTaTE€ HEYIIPYrOro COyOapeHus Tejia pasBHa
CyMMe PENATHBMCTCKMX MAacC CTAJKMBAIOLIMXCS YACTHL, T. €. OHAa Gosb-
e, YeM CyMMa MacC IOKOS MCXOTHBIX YACTHIL!

2m
M0=2m=—°—> 2my,.

V1 —v¥c?

PaccMOTpPEHHRI IIPUMEP HEYNPYIOToO COyAapeHHs ABYX TEJ, MPH KO-
TOPOM HPOMCXOOUT NPEBPAMIEHHE KMHETHUECKOH HEPIUM BO BHYTPEH-
HIOIO SHEPIUIO, NTOKA3HBAET, UTO YBEJMUEHUE BHYTPEHHEH DHEPIUM Teaa
TAKX€ CONPOBOXIAETCS IPOMOPUMOHAIbHLM YBEIMUEHHEM MACCHL. DTOT
BBEIBOJ AOJIXKEH OHITH PACIPOCTPAHEH HA BCE BUJbl SHEPTHM: HATPETOE TeE-
0 mMeeT OGOMBINYI0 MAaccy, 4eM XOJOXHOE, CXaTas MNPYXHHA HMEET
GonbIIYIO MACCY, UEeM HECXKATas, ¥ T. .

DKBHBAJEHTHOCTb SHEPrHM H MAcCChl. 3aKOH NPONOPIHOHAIBHOCTH
Macchl M SHEPruM ABJSIETCS OXHHM M3 CAMBIX 3aMEYAaTENbHBIX BHIBOLOB
TEOPUMH OTHOCMTEIBHOCTH. B3aMMOCBSA3b MAacCH M SHEPrHHM 3aCTYyXKBAET
noApoOHOrO O6CyXIOeHHUS.

B knaccuueckodl MEXaHHMKE Macca Tesa ecTh (PH3MUEeCKas BEINYMHA,
SIBJSIOIIASICS KOJTUUYECTBEHHON XapaKTEPUCTUKOM €r0 MHEPTHBIX CBOMCTB,
T. €. MEPa UHEpPTHOCTH. ITO MHepTHAd Macca. C Opyroi CTOpOHHI, Macca
XapakTepU3yeT CrocobHOCTb TENA CO3AABATH MOJIEC TATOTEHHS U HCIILITH-
BaTh CMJIY B TOJIE TATOTEHHA. DTO TATOTEIOMWAsA, MJIH rpaBUTAUHOHHAL,
macca. MHepTHOCTD M CIIOCOGHOCTD K TPABUTALMOHHBIM B3aHMOACHCTBUAM
NMpEeACTABASIOT co00i COBEPIIEHHO PA3THYHEIE NIPOIBICHUS CBOMCTB MaTe-
pun. OQHAKO TO, UTO MEPH 3THX PA3IMUYHBEIX [POSBICHUN 0003HAYAKOTCS
OZIHMM U TEM Xe€ CJIOBOM, HE Cy4aifHo, a 00YCIOBJICHO TeM, uTo 00a CBO-
CTBA BCETHA CYIIECTBYKOT COBMECTHO M BCETNA APYT APYTY NMPONOPUMOHATb-
HBl, TAK YTO MEPHI 3TUX CBOMCTB MOXHO BHIPAXKATh OJHHMM M TEM XK€ YHC-
JIOM NPH HAIJieXameM BhOOpe eqHHML, H3MEPEHHS.

PaBeHCTBO MHEPTHOM U IPaBHTALMOHHONH MACC €CTh IKCIEPUMEHTAIb-
HbIU (haKT, MOATBEPXACHHHIA C OTPOMHOM CTEIEHBIO TOUHOCTH B OIBITAX
Oreewa, Jukke u ap. Kak xe cieayer orsBeyaTh Ha BOMDOC: €CTh JH
Macca MHEPTHAS M MAacca TPaBUTALMOHHAY OOHO M TO Xxe mau Her? Ilo
CBOMM IIPOSBJICHUIM OHH PAa3JIMUYHBI, HO MX YMCJIOBHIE XapaKTEPUCTHKH
NpONIOPIMOHANBHH APYT APYry. Takoe NMosjoXEHHE BEINEH XapakTepu3y-
IOT CJIOBOM «3KBHBAJIEHTHOCTDb».



1. TEOPU OTHOCUTEJBHOCTHU

AHasornuHeli BONPOC BO3HUKAET B CBA3M C MOHATHAMHM MACCH MOKOH
MW SHEPrvH MOKOS B TEOPUH OTHOCHTENBHOCTH. [IpOdIB/ICHUS CBOMCTB Ma-
TEPUH, COOTBETCTBYIOIIMX MACCEe M 3HEprum, OeccrnopHo pasawudul. Ho
TEOpHUst OTHOCHTEJBHOCTH YTBEPXAAET, UTO 3TH CBOMCTBA HEPA3PHBHO
CBsI3aHbl, NPONOPHHUOHAJIBHH APYT APYyTYy. [103TOMY B 3TOM CMBICJIE MOX-~
HO TOBOPHUTE 00 3KGUBANIEHMHOCMU MACCHL NOKOSL U dHepzZUL HOKOsl. Bhi-
paxxarolee 3Ty SKBMBAJICHTHOCTb COOTHOWEHNE (5) HAa3KBAETCA GOpMY-
ol FdHwmerna. OHA 03HAYAET, YTO BCAKOE M3MEHEHME JHEPIHMH CHC-
TEMBl CONMPOBOXAAECTCS IKBUBAJEHTHHM M3MCHEHMEM €€ MacChl. JTOo
OTHOCHTCH K M3MEHEHHAM PAa3/IMYHKIX BHAOB BHYTPEHHEH SHEPruH, IpH
KOTOPBHIX MAacca MOKOS MEHSAECTCH.

O 3akoHe coxpaHeHus Macchl. ONBIT IIOKA3HBAECT HAM, YTO B TPOMAHOM
Go/IbIIMHCTBE (HPM3MYECKHX IPOLIECCOB, B KOTOPHIX U3MEHSETCS BHYTPEH-
HAs JHEprusl, Macca rokosi ocraercs HeusMeHHoi. Kak 310 corsacosars ¢
3aKOHOM MIPONOPLMOHAIBHOCTH Macchl M SHepruu? J1esio B ToM, uTo 00n1y-
HO MOAABJSIOMAS YacTh BHYTPEHHEH SHepruu (M COOTBETCTBYIOWIEH eit
MAcCCHI TI0KOS) B IPEBPAINCHUAX HE YYACTBYET M B PE3YJIbTATE OKA3HIBACT-
Csl, UTO OmpeAessieMad U3 B3BCLIMBAHUSA MAcCa IPAXTHUECKHW COXPaHSET-
Csl, HECMOTPS Ha TO, YTO TEJO BRIAENSET MJH IMOMVIOIAET SHEPruio. 3To
OOBSICHAETCA TTPOCTO HEJOCTATOUMHON TOYHOCTHIO B3BEMIMBAHHA. s mi-
JIIOCTPALH PACCMOTPUM HECKOJIBKO YHCJIECHHRIX IIPHMEPOB.

1. DHeprus, BEHCBOOOXAAOWAACK NPH CrOPaHAM HEMTH, IPH B3PHIBE
OVHAMMTA U TP JPYTHX XHMUYECKUX IMPEBPAINEHUIX, IMPEACTABISETCS
HaM B MacirTabax MOBCEAHEBHOrO omkita rpomagHoi. OmHako ecnu me-
PEBECTH €€ BEMMUMHY HA SI3hIK SKBMBAJICHTHOM MACChl, TO OKAXETCS, UTO
ara Macca He cocraBasier ¥ 107! nomHoir BeawunBEH Macchl nokos. Ha-
NMpUMep, NMPH COeXMHEHUH | r Bomopoma ¢ 8 r KMC/IOpoma BHIAEASETCH
oxono 10'23pr sueprum. Macca nokos ofpasoBaBmieiics BOOH Ha
Am = AE/c* =~ 1079 r MeHbIIEe MACCHl MCXONHBIX BEmecTB. Takoe uame-
HEHME MAacChl CJIMIIKOM MaJjIo IJIA TOre, YToObl ero MOXHO OBLIO OOHAapy-
XHUTb C MOMOIIBIO COBPEMEHHEIX IPUOOPOB.

2. IIpu HeynmpyroM CTONKHOBEHHM ABYX 4YacTuu no 1 r, pa3orHanHbIx
HABCTpEYy ApYr Apyry Ao ckopoctu | xm/c, po6aBoyHas Macca mHoOKOS
CAMNIIEHCS Napsl COCTABASET

2
Am =~ (ZmTu) ct= 1071,

(ITpn Takoil CKOPOCTH MOXKHO MOJIb30BATHCS HEPEJNSATHUBUCTCKAM BHIpA-
XKEHUEM JJIS KMHETHUYECKOH SHEpruu.) I1a BEIMUMHA HAMHOTO MEHbIIE
MOrPEITHOCTH, C KOTOPOM MOXeT OnTh M3MepeHa macca 1 r.

Macca noxos ¥ KBaHTOBBblE 33aKOHOMEpPHOCTH. ECTeCTBEHHO 3agaThb
BOMNPOC: MO4YEeMy NMpu OOBIYHEIX YCJAOBMSAX IOAABASIOIAS YACTh SHEPIHH
HAXOMUTCH B COBEPLICHHO MACCHBHOM COCTOSHHM H B MPEBPAMEHUSX HE
yuacteyer? Ha sror BONpOC TEOpMST OTHOCHTENIBHOCTH HE MOXET JaThb
orsera. OTBET C/ICAYET HCKATH B 06/1aCTH KBAHTOBHIX 3aKOHOMEDPHOCTEH,
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OIHOM M3 XaPaKTEPHHIX OCODEHHOCTER KOTOPHIX SBJSETCH CYMECTBOBA-
HME YCTOMYMBHIX COCTOSHHH ¢ JUCKPETHHIMHM YPOBHSMH SHEprud,

Ins 3neMEHTApHEIX YACTHI[ 3HEPrusd, COOTBETCTBYIOINAA MAacCe Mo-
KOs, /60 MpeBpamaercs B aKTHBHYIO (opMy (M3nyuyeHwme) LenmKoM,
aubo BoBce He mpeBpawaerca. [IpuMepoM MOXET CAYXHTh NpeBpame-~
HHE TAapH 3J€KTPOH—IO3UTPOH B TraMMa-M3JIyucHUE.

¥ aToMOB NMONABAMIOMAA YACTh MACCHl HAXOOUTCA B (hOpMe MACCHl mo-
KOS 3JIEMEHTAPHRIX YACTHL, KOTOPad B XMMHYECKHX PEAKIMIX HE U3Me~
Haercd, Jlaxe B SACPHBIX PEAKUMAX SHEPrus, COOTBETCTBYIOIIAST Macce
MOKO4 TSKEAhX yacTul, {HYKJOHOB), BXOASIMX B COCTAB SIEP, OCTAETCS
naccuBHO. Ho 31ech akTHBHAS 4acTh SHEPTUH, T. €. JHEPIUS B3aUMOKEH~
CTBUS HYKJIOHOB, COCTaBJISET YX€ 3aMETHYIO A0JI0 SHEPIrHH MOKOS.

Takum oOpa3oM, 3IKCIEPUMEHTAIBHOE IOATBEPXACHNE PEASATHBHCT-
CKOTO 3aKOHA ITPONOPIHOHATBHOCTH JHEPIHH MOKOS ¥ MACCHI MOKOA CJie~
AVET UCKAaTh B Mupe QH3NKH 371eMEHTAPHBIX YACTHUI U SAREPHOH (PU3UKH,
Hanpumep, B gIepHBIX peakuusax, HUAYOIMX C BBIICJICHUEM DHEPIHUH,
Macca MOKOS KOHEUHHIX IMPOYKTOB MEHbBIIE MACCHl ITOKOS SAEp, BCTyMma-
omux B peakuuoo. CoOTBETCTBYIOmAas 3TOMY U3MEHEHHUIO MAacChl JHEp-
russ Amc? ¢ Xopomel TOYHOCTBIO COBNANAET C U3MEPEHHON HA OMEITE
KMHETHYECKOH SHEPrueil o0pasyromuxcs YaCTHI.

s Kak uMnynbc ¥ 3Heprusl YacTHLBI 3aBHCAT OT €€ CKOPOCTU B DEJISATHBHCT-
CKOI1 MexaHuxe?

e Kakas dusMueckas BeJMYMHa HasplBaeTcs Maccoit wactuupl? Yro Takoe
Macca nokos? Yro takoe pensTUBMcTCKast macca?

e TlokaxuTe, YTO PENATUBUCTCKOE BbIpaXxeHHe (6) Ins KMHETHUECKON 3HEepruu
MepeXoAUT B 0oObIYHOE KJlacCHYecKoe MpHU v K c.

e 4Yro Takoe 3Heprua nokoa? B ueM zakmoyaercs NPUHUHWIIMANBHOE OTIMYME
PENATUBUCTCKOrO BLIPAKEHUS A/l SHEPI'UM Tesla OT COOTBETCTBYIOUIETO KJjac-
cuyeckoro?

e B kakux dusuueckux sBreHUsX obHapyxusaeT cebs aHeprus nokos?

o Kak noHumarsb YTBEDXAECHHE 00 3KBMBAJCHTHOCTH MAcChl M SHCpI‘HH? HpM-
BEOUTE NMPUMEPDLI NPOABJICHHUA 3TOM 3KBHBAJICHTHOCTH.

L4 COXpaHﬂCTCﬂ JIX Macca BElUleCcTBa NpH XUMHUYECKHUX npeBpauermxx?

A BpiBOA BHIpPAXEHMS AnS uMmmyiabca. damum obocHosanue dop-
mya (1), npuBeneHnnx sBhinie Ge3 J0KA3aTENbCTBA, AHATU3UPYS MIPO-
CTOM MBICJCHHEIH ONORIT. [l BHISICHEHHS 3aBHCMMOCTH MMITYJIbCA Ya-
CTHI(BL OT CKOPOCTH DPacCMOTPMM KapTuHy abCOJMIOTHO ynpyroro
«CKOJIP3FIIETO» CTOJKHOBEHUS ABYX OAMHAKOBHIX uactun,. B cucreme
K, ueHTpa MacCc 3TO CTOJKHOBEHHE HMMCET BHJ, NOKA3aHHH Ha
puc. 12a: o CTOJKHOBEHUS YacTUUH | ¥ 2 ABMXYTCS HABCTPEUY APYT
APYry € ONMHAKOBHIMU IO MOAYJIIO CKOPOCTSIMH, IOCJIE CTOJIKHOBEHHUS
YACTHIOB PA3JIETAITCS B MPOTUBOMOJOXKHBEIE CTOPOHEI C TAKHMM XE
10 MORYJTIO CKOPOCTSAMM, KaK ¥ JO CTOJKHOBEHMS. J[Ipyrumu cyiosamm,

2 E. M. Byruxor u ap. Kunra 3
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TIPM CTOJKHOBEHHM HNPOHCXOAMT TOJIBKO MOBOPOT BEKTOPOB CKOPOCTEH
Ka’k{oil M3 YyacTHII Ha OXMH U TOT Xe Hebospmoit yroa O.

Kax 6yAer BHIISAETh 3TO X€ CTOJIKHOBEHHE B APYTUX CHCTEMAX OT-
cuera? HampaBum och x BIOJIb OMCCEKTPUCH yIaa O U BBEAEM CHCTEMY
orcuera K, ABHXYIIYIOCS BAOJb OCH X OTHOCMTEJBHO CHCTEMHE LICHTPA
MAacC €O CKOPOCThIO, PABHOM X-COCTABJSIOMEH CKOPOCTH YACTHLEHI [,
B sTOM cucTeMe OTCUETa KapTHHA CTOAKHOBEHUS BRITVISAHT TAK, KaK
MOKa3aHo Ha pUC. 126: yacTuua / ABUXETCS MapasUvIeibHO OCH Y, W3-
MEHWB TIPH CTOIKHOBEHHH HAIIPABJICHUE CKOPOCTH U MMITYJIbCA HA MPO-
THBOIIOJIOXKHOE.

CoxpaHenune y-COCTaBJASIOWIEN MOJHOIO HMITYJIbCA CHCTEMEI Yac-
THU TIPH CTOJKHOBCHHHM BRIPAXACTCH COOTHOMICHHEM

ply + pZy = ply + p2y,
rAe p; ¥ p, — HMMITYJBCH YACTHI[ NOCJAE CTOJKHOBeHMS. Tak kak
Piy = —pPiy 1 Pyy = —p,, (puc. 126), TpeOGOBAHME COXPAHEHMS HMM-
NyJIbCa 03HAYAET PABEHCTBO y-COCTABISIOMMX MMITyJbca yactuy I u
2 B cucreMe orcuera K:
ply = p2y'

Tenepp, Hapsaay ¢ K, BBEOEM B PAacCMOTPEHHE CHUCTECMY OTCYETa
K', KOoTOpas QBMXETCS OTHOCHTEJBHO CHCTeMHl K, LIEHTpa Macc co
CKOpPOCTBIO, PABHOM X-COCTABJSIOHIEH CKOpPOCTH YacTHum 2. B aroi

Ky vd K
Yo
{ 4
(<] -——-B
XO @/\\X w xl
a [/] ¢}

Puc. 12. K BbIBOAY 3aBUCMMOCTM MAcCChl TENIA OT CKOPOCTH

cucreme K' uactuna 2 A0 M TIOC/IE CTOJTKHOBEHMS OBHXKETCS Napasi-
nenpHo ock y (puc. 128). [IpuMeHss 3aKOH COXPAHEHMS MMITYJIbCA,
ybexnaemcs, UTO B 3TOM CUCTEME OTCYeTa, Kak U B cucreme K, ume-
€T MECTO PaBEHCTBO Y-COCTABJISIOMIMX MMIYJbca yactuy [ U 2:

! ~F
Dy y = pZy'
Ho u3 CHMMMCTPHM KapTHUH CTOJKHOBECHUSA Ha PHUC. 126,6 JIETKO cae-
JIATH BBRIBOA C TOM, YTO MOAYJIb UMITYJIbCA YACTHIBI 1 B cucreme K pa-

'
BEH MOIYJ/IIO MMITYJIbCA YaCTHLH 2 B CHCTeME oTcyeTa K, TI03TOMYy

~1
p[y = pZy'
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ComnocTrasiss 1Ba NOCIEAHAX PABEHCTBA, HAXOAUM Py, = P y T- €

Y-COCTaBJISAIOIIAS] UMNYJbCA 4YaCTUUH [ OJMHAKOBA B CHUCTEMAX OT-
! !

cuera K n K'. TouHO TaK Xe HaxoouM Py = Dy Hdpyrumu croBams,
Y-COCTaBASIOWIAN UMITYIbCa 000 YACTHIA, NEPHEHANKYISpHAS Ha-
MPaBJICHUI0O OTHOCHTEIBHOM CKOPOCTH CHUCTEM OTCYET3, OOMHAKOBA B
ITHX cHUCTeMAX. B 3TOM M 3aK/II0U3ETCS IVIABHBNT BRIBOO W3 PaCCMOT-
PEHHOIO MBICJCHHOIO 3KCIEPUMEHTA.

Ho y-cocrapasiomasi CKOPOCTH YaCTHIEI HMEET PA3JIMYHOE 3Haye-
uue B cucremax orcuera K u K'. Cornacxo dopmynam npeopasosa-

HHS CKOPOCTH
Y 202
up, =u; V1 —v¥/c?,

rae v ectb ckopocth cucremu K' otHocuTenpHo K. Takum o6paszom,
B K' y-cocTaBigiomasi CKOpocTH yacTuusl / MeHbele, ueM B K.

3JTO YMECHBUICRUE Y-COCTaBIMIOMICH CKOPOCTH YaCTHIIH J 1IpH Iepe-
xofe oT K x K' HENOCPEACTBEHHO CBA3AHO C PENATUBMCTCKUM npeobpa-
30BAHHEM BPEMEHH: ODUHAKOBOE B K M K' pACCTOSHUE MEXAY IWTPHXO-
BBIMH AUHuAMM A U B (puc. 126, ) uactuua ! B cucreme K' npoxogur
3a Gospmee Bpems, ueM B K. Ecnu B K 370 Bpems pasHoO T, (cobcTBEH-
HOE BpeMs, TaK Kax 00a COOnTHS — mepeceueHne ITPUXOB A U B —
npoucxonat B K p¥ OQHOM ¥ TOM XE 3HAYEHHHM KOODAMHATHI X), TO B
cucreme K' 310 BpeMs 6osbIne W PaBHO T = Ty/V1 — v¥/c?.

BcnioMuHas Tenmeps, YTO Y-COCTARJSIOMAS MMIYAbCA yacTuusi /
ogMHaKoBa B cucremax K um K', M BMOMM, uTOo B cucreme K', rme
Y-COCTABJILIOMAA CKOPOCTH YACTHUBI MEHBINE, 3TOH YaCTHIE HYXHO
NpUNKMCATH KaK OW 66ABUIYI0 MACCy, €CAM TIOX MACCOR NMOHMMATh, KaK
M B HEpPEJAITHBUCTCKON dusnke, ko dHUIIMEHT NMPONOPLUXOHANBHOCTH
MEXJYy CKOpPOCTBIO M MMIyabcoM. Kak yxe orMeuanoce, 3ToT Koad-
¢uMUHEHT HA3HBAOT MHOTAA PEJSTUBHCTCKOH MaccoH. Pensrusuct-
CKas Macca YacCTHIH 3aBHCHUT OT CHCTEMBI OTCYETA, T. €. SBJACTCH BE-
JIMUMHON OTHOCMTENBHOM. B TOM cucTeme orcyera, e CKOPOCTb ya-
CTHIIEI MHOIO MEHBHIE CKOPOCTH CBETA, IJIS CBA3M MEXIY CKOPOCTHIO
M HMMITYJIbCOM YaCTHUH CHPABENIMBO OOKYHOE KJIACCHYECKOE BHIpA-
XEHUE p = Mmyv, TAE M, €CTh Macca YaCTUURI B TOM CMBIC/IE, KK OHA
MOHMMAETCA B HEPEIATHBUCTCKON ¢mauke (Macca moxos).

BymeMm cumrarh, 4TO B pPacCMATPUBAEMOM HAMM «CKOJIb3SILIIEM»
CTOJIKHOBCHMH CKOPOCTb Uy, YaCTHUH | B cucremMe K MHOMO MeHpLIe
CKOPOCTH CBET4, T. €. €€ Macca B cucreMe K eCTh Macca nokos mg, ¥
Piy = mou;,. Hammcas anajsormynoe BHIPAXEHHE /IS y-COCTABIAIO-
uieit uMnyanca B cucreme K

' ’
p[y - muly)

rae koadbduunesT NponoOpUUOHANBHOCTH, T. €. PEIITUBHCTCKAS Mac-
ca yacTuusl, 06osHayeH OyKBOi m, BUAMM, YTO PABEHCTBO Py, = Py
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Gyner ofecneueHo, ecnu koadxbuuueRTy m B cucreme orcyera K’
NpUNMCaTh 3HaA4YeHHe, naBaemoe dopmyon (3):

el

1—v2c?

T. €. YMCHBIICHUE MONECPEYHOA COCTABASIOLIEH CKOPOCTH YACTHILHI
npu nepexoge ot cucrembl K K K HOMKHO 6HITH CKOMNEHCHPOBAHO
BO3pacraHneM Ko3d@HIMeHTa MPOMOPLHOHANBHOCTH M MEXAY CKO-
POCTHI0 H MMIYAbcoM. M3 mpuBeseHHOro BRIBOAA SICHO, YTO 3TO BO3-
pacTaHUE DPENATUBHACTCKOM MACChl, BHI3BAHHOE NBHXEHHEM CHUCTEMEI
oTcyera, ACHCTBUTEABHO CBS33aHO C PEAATHBMCTCKMM KHHEMaTHue-
ckuM 3¢peKTOM 3aMENNIEHNS BPEMEHH.

Boaepamasdcek kK puc. 12, BCOOMHUM, uTO OBLT PACCMOTPEH CAYyYai
CKOJIb3SIIEr0 CTOJIKHOBEHHS, KOTAa COCTABJSIIOMAS CKOPOCTH YACTH-
LBl BAOJH OCH y OBLIA MHOIO MEHBLIE COCTABJASIOUICH €€ CKOPOCTH
BIOJIb OCH X. B OTOM NpenesbHOM CJIyyae BXOAAUIIAS B MOJIYUYCHHYIO
(hOpMyJIy OTHOCHTENIBHASI CKOpOCTh v cucTeM K M K NpakTHYECKH
COBNANAET Co CKOpPocThIO yactuun / B cucreme K'. ITostomy HaineH-
HOE 3HAuYCHHE KOI(PGHUUMEHTA NPOMOPLMOHATBHOCTH MEXAY Y-CO-
CTaBJASIOIIUMHM BEKTOPOB CKOPOCTH M MMIIYJIbCA CIIPABENIMBO ¥ JJIS
caMux BeKTOpoB. Takum obOpasoM, coordomenue (3) moxasawo.

BhIBO/I BBIPAXEHHMS IS SJHEPIHH. BHISACHUM TEreps, K KAaKUM M3Me-
HEHUSM B BBIPAXKCHUU [/ JHEPTUU YACTULBI PABOXUT dopMyaa nis
PEASTUBHCTCKOTO HMITYJIbCA.

B penaruBuCTCKOM Mexanuke cuaa F BBOgUTCH Takum o0pasom,
yTOGBl COOTHOMIEHME MEXIY NMPUPALICHUEM HMITYJIbCa YACTHLB Ap 1
HMITYJI5COM citel FAf GBUIO TaKuM XK€, KaK U B KJIACCHUECKOH (huauke:

Ap = FAt.

ByneM cunTaTh, 4TO 9HEprud £, 4acTHLH B PeJISTHBUCTCKOH MEXaHU-
K€, KaK ¥ B KJIACCHUECKOM, NpeAcTaBageT cOO0H BEUUHUHY, U3BMEHEHHE
KOTOpOit HA mepeMemeHan Ar paBHO paboTe AedcTBYoEH cunl F:

AE, = FAr = FvAt = vAp = vA(mv). @)

3necs nepeMemieHME YAacTHUH Ar 33 BpeMsa A! BHPAXEHO 4epes ee
ckopoctb v. Y3 dopmysnt (7) v 6yaeM HCXOOUTH IIPH BHIBOAE BhIpA-
XEHUS I PENATHBMCTCKOM HHEPTHM.

Mepernumem dopmyny (3) crenyrouum obpasom:

m?(1 — v¥/c?) = mk.

YMHOXHB 06€ 4acTh Ha c¢? M PacKpHIB CKOOKM, MOLyunM

m2c? — (mv)? = mic. (8)

TIpu ABMXEHMM YACTHLH TOJ ACHCTBHEM CWibl F ee CKOpoCTb ¥ M-
MyJAbC MEHFIoTCa. [ HaxoXAaeHus npupameHus aepoit uacta (8)
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BOCIIOJIb3YEMCS TEM, YTO NPHpAIIEHME KBaapaTa Jaoboil mepeMeHHoH
BEJWYMHE f 32 MaJbf NPOMEXYTOK BPEMEHH NMPUOIMXEHHO PABHO

A(fD) =(f+ Af)2— A= 2fAf.

IMpumensia 3ty dopMysay K paseHcTBy (8) u yuuTsiBas, UTO mpa-
Bas YaCTh OCTAETCA NPU ITOM HEM3MEHHOM, MOJy4aeM

2mcA(mc) — 2mvA(mv) =0,
OTKYyAa MOCJe COKPALICHUsS HA 2m MMeeM
A(mc?) = vA(mv). (9)

Ilpaseie vacty B Beipaxenusx (7) u (9) cosnagaror. ITostomy aesas
vyacts (9) nmpeacrasasger co0od MPUPAMEHHE KMHETHYECKONW IHEPTHUH
YACTULIBL

AE, = A(mc?). (10)

TaxuM 00pa3oM, NMPUPALIEHME KMHETHYCCKOM JHEPIMM YACTHILI
PABHO NPUPAWIECHUID €€ PEASTMBHUCTCKOM MAacChl, YMHOXEHHOMY HA
KBaApaT CKOPOCTH CBeTa, Tak Kak KMHETHYECKAsd SHEPrud IOKOs-
eicd YacTUiH paBHA HYJI0, TO M3 audxbepeHHaIbHONO COOTHOMIE-
uusa (10), onpenessiomero KMHETHYECKYIO SHEPTHIO C TOYHOCTBIO 10
KOHCTAHTHI, HEMEANEHHO ciaenyeT dopmyna (6). A

¢ Kak ¢ noMoublo MbICJIEHHONO 3KCNEPHUMEHTA MOXHO NOKa3ath, YTO COCTAB-
NFI01A8 UMIYJIbCA YacTHUbI, MEepNEeHAUKYNSpHAs HAanpasleHUIo OTHOCHU-
TEJLHOM CKOPOCTHM ABYX CMCTEM OTCUeTa, OJMHaKoBa B 00eHMX 3TUX CHCTe-
Max? Kakyo ponbs nmpu 3ToM HUrpaioT coobpaxeHHs cUMMeTpun?

o TlosicHUTE CBA3L 3aBUCHMOCTH PENATUBHUCTCKOM MacChl YaCTHUBI OT €€ CKOPOCTH
C PENATUBUCTCKUM KHHEMATUYECK UM 3 DEKTOM 3aMEIVICHHUS BPEMEHM.

e Kakum o6pa3oM MOXHO NPUHTH K PEAATHUBUCTCKON dopMyse AN KHHEeTHYe-

CKOM OHEPIruH, OCHOBbIBAACH HA MPONOPIIHMOHAJIBHOCTH MEXAY NpHpaleHusa-
MU KHUHETHYECKOM SHEPrun " PENATUBUCTCKOM Maccei?

§ 5. NMpumepbl pensaTUBMCTCKOrO ABHIKEHHA 4acTHY

Qopmynst (1) npeasiaymero maparpada smecte ¢ ypaBHeHmamu (2),
BRIPAXAIOIIKUMH 33KOH MX H3MCHEHMS, CJAYXAT OCHOBOM IS paccMorpe-
HHg moObIX 3afay PENFTHBUCTCKOM MEXaHHMKH., Bmecto atux dopmyn
MOXHO WCIOJB30BaTh ABE APYrue ¢OpMyJibl, KOTOPHIE NOJYYAKOTCH M3
HHUX HCKJIIOYEHHEM CKOPOCTH V!

E?— pict = mjc* (1)
1 nowieHHuM geaenneM dopmya (1) § 4:

C2
v="7%p. (2)
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Cea3b 3Heprun ¥ umnyiasca. Coorsomenne (1) ycraHasamBaer CBa3b
MEXOY JHEPrueil M MMNYJBCOM YACTHUH B PEJISTUBHCTCKOM MEXaHMKE.
DHeprus ¥ HMIYJIbC YACTHUH 3aBHMCAT OT CHCTEMH orcuera. Ho npasas
yacte B (1) npeacrasnser coboil PeTITHBHCTCKHMIT MHBAPHAHT. DTO 3HA-
YHT, YTO M CTOSINAd B JIEBOM yacTH KomOuuauusa EZ — p?c? uamensio-
LIMXCS MIPH MEPEXONE OT OXHOM CHCTEMBI OTCYETA K APYIOM JHEPrHM U
MMIIYJIbCA OCTAETCS MPH TAKOM IEPEXOAE HEM3MEHHOM.

s yneTpapeIITUBHCTCKUX YaCTHL, JHEPrus E KOTOPHX MHOIO
fosbiIe IHEPTUH TOKOS mocz, coornomenue (1) MOXHO npubIHXEHHO

HepeﬂHCBTb B BUAC
~ pc  (E>myc?). (3)

O®opmyna (2) BHPaXaeT CKOPOCTh PEASTHBHUCTCKOH UYACTHLE 4epes
€c JHEpru M uMmnyasc. B oramume or dopmya (1) § 4 stu dopmyan
HE TEPAIOT CMBICJIA AaXe MPH v = ¢ ¥ MOITOMY NPHIOAHH /IS Bcex Oes
HCKJIIOUEHNS PENATHBHCTCKUX 00bexToB. Yacro OHM oKasmBaloTcs Oosee
YAOOHHIMH M B NMPAKTHUECKHUX MPUIOXKEHUAX.

JIBMXEHHE MO AEHCTBHEM NOCTOAHHOM CHIbL. B xauecrse nepsoro
npuMepa pacCMOTPUM ABMKEHME NMEPBOHAYAJIbHO MOKOUBHIEHCS YaCTHULbI
C 3apsAOM ¢ M MAccoif IIOKOS m, B OXHOPOAHOM 3JIEKTPHUYECKOM HOJIE
HanpaxenHoctrn E. [edcTByromas
Ha uacruuy cmaa F nocrosiHHa M
pasua gE. IloaroMy u3 3akoHa u3-
MEHeHus MMNyabca Ap = FAt ne-
MENJIEHHO CJIEAYET, UTO

—Ft —
UV« mic2 p =Fut. 4)
ToacTasnsgs 9TO  BhIpaXEHHE
0 t @19 MMIYJbCa YacTHUH B dopmyay

Puc. 13. CxopocTb 4acTMibl NPy ABUXKE- (1), momyuum
HUM B ORHOPONHOM 3NEKTPUHECKOM TIONE
Et= (Ft)2c* + m3c*.  (5)

Teneps ¢ moMowpo (2) HAXOOUM CKOPOCTh YACTHMIIEI v CITYCTS MpPO-
MEXYTOK BPEMEHH ! MOCJE HAYAJIA ABHXCHHS:

v (6)
moV1 + (Ft/mge)

Ecmu Ft/myc<<1, T. €. 31EKTPHUECKOE NOJIE cnaboe Win Majio BpeMs
ABUXEHHUS, TO B IIOAKOPEHHOM BeipaxeHuu B (6) moxHo mpenebpeus
BTOPBIM CJTAraeMhIM, ¥ /s CKOPOCTH HOJyYaeTcs OOHYHOE HEPETATUBH-
CTCKOE BHIPAXECHHE!

F
v=—I1. N

my
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Ecma Ft/myc>>1, 1o non xopaeM B (6) MOXHO npeHeSpeyb equHHULIEH
O CPaBHEHMIO CO BTOPHM CJ1araeMuiM. BHIHO, YTO TPH 3TOM CKOPOCTH v
crpemuTca K ¢. Ha puc. 13 nokasaHa 3aBuCHMOCTS CKOPOCTH v OT BpEMEHM.

JBHXEHHE B MarHHTHOM noJe. IlepeiineM K pacCMOTPEHHIO ABHXEHHUI
3apsKEHHON YacTHIH B OJHOPOAHOM MarHUTHOM nojie. Ilockonsky nedcr-
BYIOIAs Ha YaCTHIy CO CTOPOHH MAarHMTHOro nons cuia Jlopenua nep-
NEHOMKYISPHA CKOPOCTH YACTHUIH, TO CKOPOCTb HE MEHSETCH 110 MOAYJIIO
M, CJIEJOBATENbHO, HE MEHAETCE M PEASTHBHMCTCKAs Macca YacTHIH m.
[To3TOMY 3aKOH M3MEHEHNS MMIYAbCA YACTHMIIH 3AMUIIETCA B BUJC

dv
m-——=qgvXB.

a = (8)

Ecnu cKOpocTs vV HEPHEHANKYASPHA BEKTOPY MHAYKUMH MATHUTHOIO
noasg B, TO uACTHIIA ABHXETCS NO OKPYXHOCTH M €€ YCKOPEHHE PABHO
v%/R, rne R — papuyc OKpyXHOCTH. B atoM cayuae ypasHenue (8) maer

2
m %— = quB. 9

Jnst yraoBoit ckopocT# ofpameHus o, CBA3aHHOM C JIMHEHHOU CKO-
POCTBIO v OOBYHBIM COOTHOLIEHHEM v = W R, ¢ momompo (9) Haxomum

w0, =2, (10)
m .
Brpaxenwue (10) uMmeer Takoit Xe BIA, KaK ¥ HEPEIATHBUCTCKAs dop-
MyJa AJAsl YrJOBOM CKOPOCTH OOpameHds B MarHMTHOM MOJE, TOJBKO B
3HaMeHaTesNe CTOUT PEASTHBACTCKAS MAcca 4acTUUB m, CBA3aHHAd C ee
Macco# noKost m, COOTHOLIEHHEM
My

m = ——=e—,
v1 —v2/c?

¥YcxopuTens Ha BCTPEYHBIX Ny4YKaX. B KauecTse TPETHETO NPHUMEPA pac-
CMOTPHMM YCKOPHTEND 3aPSKEHHNX YaCTHI HA BCTPEYHBIX ITy4YKax. Brisc-
HHM, B 4YEM NMPEAMYIECTBO TAKMX YCKOPUTEIECH 110 CPABHEHMIO € OOBIUHK--
MM YCKOPHTEASIMH ¢ HETOABHXHON MHIIEHBIO, H YCTAHOBHM COOTBETCTBHE
MEXAY KHHETHMUECKOR 3Heprueil vactuus E, B 0ORIYHOM ycKopHTene u
JKBUBAJICHTHOM SHEPrUei £, B yCKOPHTENE CO BCTPEYHBIME Ty UKAMHA.
OnHo#l M3 BaXHENIUX XapAKTEPUCTUK YCKODHTE/SL ABASIETCS TA JOJIS
KHHETHYECKON SHEPrHU PA30rHAHHBIX 3JIEMCHTAPHBIX YACTHI, KOTOPAs
MOXET OHTh HCHOAB30BaHA AAS peakuuu 00pa3oBaHUA HOBHX YACTHIL.
B OOBIYHBIX YCKOPHTENSAX, KOTAA 4aCTHLA-MHINCHb HEMOABHXHA, Tpe6o-
BAHME COXPAaHEHUS HMMIIYJbCA MCKJIIOYAET BO3MOXHOCTH IPEBPAIMEHUS
BCEH KMHETHYECKOH SHEPIHH YaCTULH-CHAPSA3 B SHEPreTHUECKUi SKBH-
BAJIEHT MACCH TIOKOSi HOBHX YaCTHL, 00pa3yomuxcs NPH CTOJKHOBEHHH.
B camom aene, 10 CTONKHOBEHAS CyMMAPHHIH HMITYJIbC CHAPSRA M MUIIEHHU
oTMyYeH ot Hyss. Taxoil Xe CyMMapHRil MMITYJIC ROSIXEH OHTDH M mocie
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CTONIKHOBeHHd. [lo3TOMy 06pasoBaBmuMecd B Pe3yJbTATE CTOJKHOBEHHS
YACTHIH HE MOTYT HaXOOHUTHCS B ITOKOE M, CIEAOBATEIBHO, YACTh HAYAJIb-
HOH KMHETHYECKOH JHEPTHH CHApsa NEPEXOIUT B KMHETHUECKYIO JHEp-
Y0 YacCTHIL 0CJe CTONKHOBEHHS.

OnHako ec/d CTANKMBAKOIIMECH YACTHIE C PABHBIMH MacCAMH JIETHT
HABCTPEYy ApPYr APYry ¢ OOHHAKOBHIMM CKOPOCTSMH, TO B DE3YJIbTATE
HEYTIPYTOrO yAapa BCS KMHETHMYECKAS HJHEPrus HAJETAIOMHX YACTHI[ MO-
XeT OBITh MCHOJNB30BAHA /IS POXKIEHUS HOBHIX YACTHIL! HOCKOJIBKY Ha-
YaJbHEIH MMIYJIbC CHCTEMHBl PaBEH HYJ/IO, TO HAYTO HE 3aNMpEmIaeT Iio-
KOMThCH 00pAa30BABIIMMCH B PE3y/IbTATE CTOJKHOBEHUS YACTHIAM.

OueHnM BHAYAJIE «BHIMTPHIN» B SHEPIHH I IPOCTOTO CJIYUas CTOJ-
KHOBCHHS ONMHAKOBHIX HEPEJSTUBUCTCKUX uactuu. Mcmonb3ysa zakol
COXpaHEHMsS HUMITYJIbCA, JIETKO YOERMTBCH, UTO B 3TOM CAydyae TIpM He-
MOABMXHON MHUIEHHW /IS PEaKUMH 0OpA30BAHMS HOBBIX UYACTHIL MOXET
OBITH MCIO/IH30BAHA TOJIBKO IMOJOBMHA KMHETHUECKOM SHEPIHHM HAJIETAIO-
me# vactuuel E,: AE = E,/2. Ecan Xe CTOJIKHYTCS ABHXYIIHECS Ha-

BCTPEYY APYr APYrY YacTHLbl C KMHETHMYECKMMH JHeprusmu E,, To mis .
PEdKUIMM MOXET OHTh WCNONb3OBAHA BCA WX KHHETHYECKAS OSHEPrus
AE = 2E,. Takum 00pa3oM, HCMOIB3YS YCKOPHTENb, CIIOCOOHHIN pazo-
rHATH YaCTULBl A0 KMHETHYECKOH SHEPTHM E,, MBI MOXEM C IIOMOLIHIO

HAKOMUTEABHRIX KOJEl NOBHICUTh 3()(peKTHBHOCTh HCIIOJIb30BAHUS KHUHE~
THYECKOM 3HEPrUM B YEThHIpE pasa.

Unes ycTpodicTBA HAKONMUTENbHBIX KOJEL MOKa3aHa Ha puc. 14, Ily-
YOK YACTHI[ U3 YCKOPHTEIS C IOMOLBI0 OBICTPOAEHCTBYIOWEN0 MATHUTA-
nepexayaTess A pasge/iseTcd Ha ABa NMyuykKa, KAXABIA M3 KOTOPHIX C
MOMOMIBIO CHCTEMBl OTKJIOHSIOIIMX MATHUTOB A M B Hanpasjasercd B
CBOE KOJIBLO, IXe obpamaerca mo opbuTe Oaronapsd yaepXHBAIOMEMY
MATHATHOMY MOJII0, NMEPHCHAUKY/ASPHOMY IUIOCKOCTH pUCYHKa. Ha 00-

meM yuyactke CD npoucxomdar
£ CTONKHOBEHMSA IBMKYLINXCS Ha-
— § BCTPEUY APYF APYTY UYACTHIL

HUrax, B HEPEAATHBHCTCKOM
Cyyae HEYUpPYTOTO CTOJKHOBE-
HUS 4aCTHL, OOMHAKOBOM MAacCCHI,
OOgHA M3 KOTOPHIX IOKOHTCH,
T. €. IPH UCIOJb30BAHMM HEMOA-
BMKHOM MHUIIEHM, TOJIBKO IOJIO-
BHHA MEPBOHAYAJbHOH JSHEPrUH
MOXET [EePEUTH B JHEPIHIO IIO-
KOS  POXJAIONIUXCH  YACTHIL.
A kax ofcToMT AEnc B cayuyae
PEIAITUBUCTCKUX YACTHL, C KOTOPHIMM HMEET Ae10 (PU3MKA BHICOKHUX
shepruit? OKa3nBaeTCs, YTO A HENOABMXHOW MHIIEHU AEJ0 OOCTOMT
eme xyxe. Yrobul yOemdThcs B 3TOM, MHPHUAETCS TIIATENBHO
paccMOTpETh 3aKOHH COXPAHEHUS HHEPIMH M HMIIYJbCA HPH CTOJKHO-
BEHUU PEISATUBUCTCKMX YaCTHILL.

Puc. 14 HaxonurensHble KOJIbLA
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PaccMoTpuM HEYNpYyroe CTONKHOBEHHE PEASATHMBUCTCKOM YACTHILL C
MAacCo¥ IOKOsl M, C TAKOH X€ NOKOSMIEHCS YacTHUEH.

Bynem uckate 3Hepriio AE, KOTOpPas MOXET OBITh MCIIONB30OBAHA AJIS
06pa3oBaHusi HOBRIX YaCTHIL B 9ToM ciyuae. O6o3HaumM uepes M, mos-
HYK MacCy NOKOSI CHCTEMHI NOC/IE CTONKHOBeHUS. Torna AE ectb He uTo
HHOE, KaK YBEJIWUYEHUE JHEPTHH IMOKOS YACTHL, KOTOPOE MPOMU3OILI0 B
pPacCMATPUBAEMOM CTOJIKHOBEHMM:

AE = Myc* — 2myc (11)

Hatinem reneps Mo — MACCy IOKOS YACTHIL CUCTEMH TOCJIE CTOJK-
Hosenus. [IpUMEHHM K CTOJIKHOBEHMKO 33KOHH COXPAHCHMSA JHEPruv M
umnyasca, M3 dopmyns (1) BeIpasum xBaapaT umiysanca oboit yactu-
b p? uepe3 ee MOJHYKI JHEPruw E:

2 _E
pf == — mgc-.
¢ (12)
IlonHas 2HEprus PeaATHBUCTCKOM YacTHIBI £ €CThb CyMMAa SHEPrUH TO0-
KOSl YACTHIB! U €€ KHHETHUYECKOH HHEPrHH:

E=2my?*+ E,. (13)

DHeprus, KOTOPOH XapakTePU3YIOT YCKOPUTEIN, — 3TO KMHETHYECKAs
SHEPrus Pa3orHAHHHIX YacTull E,. YUNTHIBAg, UTC 10 CTOJKHOBEHUS OJHA

13 yacTuI noxomnacs (p, = 0), samimeM KBaapaT MMITyJIbCa BCEH CHCTe-
MBI 10 yAapa P?, paBHbIi KBAAPATY MMITYJIbCA HAJCTAIOMCH YACTHIE! p?
(12), B BUzE

c

2, p\2
P2=(ﬁ‘ﬁ———*) — m2c2. (14)

CornacHo 3aKOHY COXPAHCHUS SHEPTHH IMOJIHAS JHEPrUs CUCTEMEI IOCIC
cronkHoBeHMs E' Takas Xe, Kak M [0 CTOJIKHOBEHHS, T. €. PABHA CYMME
JHEpruil noxos o0edX YaCTHIl M KHHETHYECKOH SHEPruM Hajeraiomeit
YACTHIBL:

E'=2my*+E,. (15)

3anmumeM Ternepb KBagpPaT MUMIYJIbCA CHUCTEMEI ITOCJE CTOJKHOBEHHUSA C
nomomsio (12) u (15):

2 2m 2+ E

2 __E° 120 0 X

P = Mges = (———-———C

2
) — M3c2. (16)
[Monnwlit mMnyasc cucreMu 10 yaapa (14) u nocne yzapa (16) oBosma-
yeHbl OHHOM M TOM Xe OykBoi P, Tak Kax IOJHBH MMIYJbC CHCTEMBI
coxpausercs. [Ipnpasnusas npasnie vyacty paseHcts (14) u (16), nocne
IpOCTHIX ITpeoOpa3oBaHyil HaXomUM M

E 1/2
M0=2m0(1+ *2) . (17)

2mye
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Teneps g AE B (11) nonyunm

AE = 2moc2(\}1 % - 1). (18)

mgC
Jlerko BMAETD, YTO /IS HEPEJATHBICTCKOW YACTHLHI, KHHETHUYECKAS
9HEpPrus KOTOPOA MHOrO MEHBIUE JHEPruM Hokos E, << mocz, BHIpaXe-
vue (18) nmaer peaynpTaT, MOJTYYEHHH paHEE IJIEMEHTAPHHRM IyTEM:
AE=E_/2. [Ina 3TOro ODOCTATOYHO BOCHOJb30BATHCH NPUOIHXEHHOH

OpMy.JI0H
Bopy ViI+x~1+x/2 opu x<l1.

B MPOTHUBOIIOJOXKHOM YJIABTPAPCIAATHUBUCTCKOM CIydac, KOrga KUHETH-

yeckas SHEPIUs YACTHIH MHOTO GOJBINE SHEPruM MOKos: E, >>myc?, B

dopmyne (18) Moxuo npeHeGpeub EOMHMNEAMH 0O CPABHEHHIO C
E,/(2mc?). Torna supaxenue (18) npurumaer Bun

AE ~ VE,-2myc?. (19)

Ecnu, nanpuMep, Mui XotTuM umeTh AE = 20 ['sB npu cTonkHOBEHMN
MPOTOHOB (3HEPrHA TOKOS NPOTOHA 2moc7' & 1 I'sB), T0 ¢ momompio

dopmyan (19) ybexnaeMmcs, uTo HEOOXOAUM YCKOPHTE b, PA3rOHIIOMUN
nporoHst x0 sxHepruu E, ~ 200 I'sB. Takum o6pasoM, B paccmMaTpuBae-
MOM [PUMEPE MOXET OHTb MCHO/Mb30BaHA TOJMBKO AECATAd YaCTh KHHE-
THUYECKOM JHEPIUH MPOTOHA (A HE MOJIOBHMHA, KAK OBUIO OH B HEPENATH-
BUCTCKOM CJIyyae).

Wrak, n3-3a pensSTHBUCTCKUX 3(D(PEKTOB AOAS KMHETHYECKOM IHEp-
MM PAa3OTHAHHKIX YACTHUIL, KOTOpas MOXeT ObTb MCIOJB30BAHA QIS pe-
aKIuyu, y YCKOPHTENEH C HEMOABWXHON MMINEHBIO N3gacT C pOCTOM
3Hepruu. B yckopuTesie Xe Ha BCTPEUHHX TIYUYKaX U B PEISTHBHUCTCKOM
CJy4yae BCS KMHETHYECKas SHEPTHUs CTAJKMBAKOIMXCS YaCTAL, MOXET Ie-
pEelTH B JHEPrUIO NOKOS POXAAIOUWMXCH YACTHL,.

UHTepecHo MOJYyYHMTh COOTHOLIEHHE, CBSA3LIBAIOMIES KHHETHUECKHE
JHEpruM YacTHIl B yCKOpHMTeie oOmuHoro tuna E, M B ycKOpUTEIE Ha

BCTPEUHHIX NMyuKax E,, IPH KOTOPHIX MOLYYaeTCs OHA ¥ Ta K€ JHEeprus
AE, cniocobHas NpespaTHTHCI B SHEPTUIO MOKOS POXAAIOMMUXCA YACTHIL,
B yckopurese Ha BCTPEYHBIX nyukax AE = 2E;. B yckopurene ¢ nenon-
BuXHOA MmumeHbo AE onpepenserca dopmynoit (18). Iloacrasnas B
Hee AE = 2E,'(, HAXOIHMM
E 2
E, =2mc? 41 —1]. (20)

2
myc

B yaBTpapensiTHBHCTCKOM Ciyuyae, Korna E, >> myc?, ra dopMyna npu-
HHEMAeT BMA

’

2E,
E, ~ et (21
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U3 npuseneHHuX GOpMyT BUAHO, YTO BHMIPHIO MPH MCIOIB30BAHHH
YCKOpHTENEH Ha BCTPEUHBIX MyYKax OCOOEHHO BEJMMK OIS JIETKMX Yac-
THL,, HANpPHMED JJICKTPOHOB, AJISl KOTOPHIX moczzO,S MsB. Tak, gas
YCTAHOBKH CO BCTPEUHBIMH IIyYKAMH, YCKOPSIOMEHR 3JEKTPOHH KO JHEp-
run E, = 130 M3B, sneprug E, 5KBHBa/JCHTHOIO YCKODHTENS C HEMOA-
BMXHOH MHMINEHBIO COCTaBjser, cornacio dopmyne (21), npumepso
70 3B, 1. e. 8 520 pa3 Gonpize!

e Tlpu KakUX YCJ/IOBMAX 3HEPTHs YaCTHLB! NPONOPUMOHAAbHA MUMIYJIbCY?

e [lokaxurte, 4TO NpHU YCKOPEHHUH YacTUlibl 1101 OeHACTBUEM ITOCTOSHHOH CUJIbI
€¢ CKOPOCTb CTPEMUTCH K KOHEUHOMY Npeaciy.

e TloyeMy B YCKOPHTENSX, PA3rOHSIOLIMX HACTHUBI A0 BbICOKMX 3HEPrui, ne-
pHon o6pallleHUs B MarHUTHOM 10Jie He OCTAeTcs NOCTOSHHbIM?

» B uem 3aKkmouaeTcs MPEUMYUIECTBO HCOJIb30BAHMS BCTPEYHLIX MYYKOB B
dU3UKe BBICOKMX 3HEPruit?
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§ 6. CBeToBble KBaHTbI

Opua n3 BeaMuyadmux PEBOMIOLUNA B (hH3UKE, CBIA3AHHAS C OTKPBITHEM
KBAHTOBHIX 3aKOHOMEPHOCTEM, NMpuiuuIacs Ha Hauaao XX cronerusd. Oka-
3aJ10Ch, UTO PAX IKCIIEPUMEHTAIbHBIX (PAKTOB, OTHOCAIMUXCS K ATOMHEIM
SBJICHUSM, B NPHHUMIIE HEBO3MOXHO OOBACHUTb B PAMKaX KJIdcCcHue-
CKOM MEXaHUKHM KM JICKTPONUHAMUKM, NOIYUYUBIIHX K 3TOMY BPEMEHU
BIIOJIHE 3aKOHYEHHBIH BHI.

®@oro3nextpuyeckuin 3pdexr. Hanbonee apko orpanuuesHOCTb mpen-
CTaBJeHMM Kjaaccuueckod dmsuku oOHapyxmna cebs B ssiecnun ¢oro-
shdexra, orkpuToro I. epueM u Brnepsbie MOAPOOHO MCCIEHOBAHHOM
A. T, CroneToBRIM.

denenne ¢oroadpdexra 3akaouaercd B BHIPHBAHUAHM 3JIEKTPOHOB
M3 BEIIECTBA MajaromuMM Ha Hero cBetoM. OCHOBHBIE UYEPTH 3TOrO
SBJICHHMSI CBOOATCH K ciaepywomemy. Ilyvok ceera, magamomuit Ha mo-
BEPXHOCTE METaNAa, OCBO-
foXxnaeTr M3 MeTamia JIJEKT-

//

= pOHBI MpPH  YCJIOBHUHM, UTO
. == yacToTa CBETA BHINIE OIpe-

—= AECJACHHOIO KPHTHUYECKOTO

3HAUECHUSA, 3ABUCHIICIO  OT
pona Merawna. KoamuecTso
BHIDHIBAEMEIX B  EIUHUILY
BpEMEHM  JJIEKTPOHOB  IIpU
HEM3MEHHOM  CIEKTDPAJTbHOM
COCTaBE M3IJIYUYECHHUS IMIPOIOp-
LHUOHAIBHO TAaaloleMy Ha
MOBEPXHOCTh METAJJIA CBETO-
BOMY IOTOKY.

K MoMeHTY OTKpeITHS (ho-
Puc. 15. Ipocrenmuunit onsit no uaGmoneuuso roadpekra B 1887 r. emwre Hu-
doroaddexTa yero HE OBUIO M3BECTHO

00 9JEKTPOHAX, OTKPHITHIX
IIx. ToMCOHOM TOBLKO fAecarb jer coycrd B 1897 r. Opnako skcrepu-
MEHTAbHO OBUTO YCTAHOBJIEHO, UTO META/I NPH OCBECIICHUH TEpser
AMEHHO OTPWILATC/ABHBIA 3apsn.

S




§ 6. CBETOBBIE KBAHTHI 45

OxcnepuMeHTaibpHbie 3aKoHoMepHocTH (hoToaddexra. IIpocreiimmit
cnioco6 nabmonate GoToaddekT ~—— 3T0 OCBEWATh YAbTPA(PHOJETOBRIM
U3JIyUCHHEM 3aPSKEHHYIO IUHKOBYIO IUIACTHHY, COCTMHEHHYIO C 3JIEKT-
pomerpom (puc. 15). Ecnm 3apan miacTvHbl IIOJOXWTENbHBIM, TO 061y-
YeHHe e€ HMKAK HE BAMIECT Ha ObICTpOTy paspsaaxku sjnektpomerpa. Ho
ecny 3apgd IUTACTHHB OTPULATENBHBIA, TO HM3JIyYeHWE 3/eKTPHUECKOM
OyTrH OueHb OBICTPO paspsxaer ssekrpomerp. Cpasy nocjae OTKPHTHS

il - —

I /7 U
Puc. 16. Cxema 3KCNEPUMEHTAILHOM Puc. 17. 3aBucumocts cuibt HOTOTOKA
YCTAHOBKM s u3yuenus Poroad- OT [MPHIIOKEHHOr0 HAMPKEHUST IIPH
dexra HEU3IMEHHOM CBETOBOM MOTOKE

9NEKTPOHA CTAJA0 ACHO, uTo (oTo3d(EKT CBA3AH MMEHHO C OCBOOOXKAE-
HUEM MMEIOMMXCA B META/UIE JIEKTPOHOB. EC/IM 97€KTPOHH, UCITycKae-
MBbIE OFHUM 3JIEKTPOAOM (X OOBIYHO HA3IHBAKT (POTOITCKTPOHAMM ), CO-
OpaTh HA APYTOM DJNEKTPORE B BAKYYMHOM K0J0e M 3aMKHYTh MEXIY
anexkrpoaamy uens (puc. 16), To cunaa Toka B Hel OydeT NpOmOpIMO-
HaJTbHA CBETOBOMY IIOTOKY. Bech Npolecc npoTekaeT NPaKTHUYECKH
MIHOBEHHO, T. €. 6e3bIHEPYUOHHO.

Ecnu, He MeHdd CBETOBOIO I[IOTOKA, YBEJAMYMBATG pA3HOCTb
MOTECHUMAAOB MEXAY JJeKTpogaMu, 10 cuaa toka (dororoka) Rapa-
craer. IIpy HEKOTOPOM HANPSXEHHM OHA MOCTHIAET OIMPENETEHHOIO
MAKCHMa/JIbHOTO 3HAyEHMd, INOCJAE YEro IEPEeCTAET YBEJIHUYMBATHCH
(puc. 17). Do MakCAMaAbHOE 3HAUYCHHE (DOTOTOKA HA3BIBAETCA MOKOM
Hacbiujenus. SICHO, YTO HACHmEeHHE (DOTOTOKA HACTYNAET TOrAA, KOrma
BCE HMCHYCKaeMhle (POTOIEKTPOHB TIONAAAIOT HA BTOPOM 3JEKTPOL.

OcBOBOXAEHHEIE U3 METAIA CBETOM OJIEKTPOHE 00MafaioT HEKOTO-
poil KMHETHYECKOM JHEPrueil, DTa JHEPrus BO3PACTAECT C YBENUUEHUEM
YaCTOTH NAJaroUero CBera.

Kuneruyeckas aneprusi ¢porosnexrpoHos. OcraHoBUMCS HA TOM, Kax
MOXHO M3MEPUTh KMHETUUECKYIO SHEpruio doroosektponos. U3 rpadm-
ka Ha puc. 17 BuAHO, uTO cUia POTOTOKA OT/IMYHA OT HYJS M OPHU OT-
CYTCTBHM NPHJIOXEHHOIO HAanpsKeHus. EcM uaMeHuTh nongprocTs Ga-
Tapeu, TO TOK YMEHBIIMTCS W NPH HEKOTOPOM HampsikeHuH U, cuaa
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TOoKa 0OpaTHTCS B HyJb. JTO TaK HasbiBaeMoe 3alepxuasaroujee Hanps-
XeHue, TIPH KOTOPOM BCE BHIPBAHHHIC CBETOM 2JIEKTPOHH BO3BPAILAIOTCS
Ha KaToj, W3 KOTOPOro OHH OblaM BHIPBaHbL. 3HaueHue U, 3aBMCHUT OT
MaKCHMAaJIbHOH KMHETHYECKOH SHEPrHM, KOTOPYK HMEIOT BHEIPBAHHEIE
CBETOM 39JIeKTPOHH. M3mepsas 3agepXuBapolice HANPSKEHUE U NpUMe-
HSS 3aKOH COXPAHCHMS JHEPrMM, MOXHO HANTH 3TO MAKCHMAJILHOE 3HA-
YCHHE KHHETHUYCCKOW DJHEpPrUH:

I7102

MaKC __
— = eU,

HpPI M3MECHCHMM HHTCHCHBHOCTH CBETA CHAJIA TOKA HACHIICHUSA [n

TAKXE€ M3MCHACTCH, HO, KAK IIOKA3a/JH1 OMbITH, 3aACPXKUBAKOIIECC HANPA-
JKECHHUL U3 OCTAETCH HEU3MEHHBIM, JTO 03HayacT, 4YTO MaKCHMaJibHad

KHHETHYECKAs JHEPrHd (DOTOZJIEKTPOHOB HE 3aBHCHT OT MHTEHCHBHOCTH
csera (mpm €ro HEM3MEHHOM CHEKTpajibHOM coctase). C TOukM 3peHus
BOJTHOBBIX MpPEACTABJAEHHUN O CBETE 3TOT (hakT HeoObscHMM. Bemp uem
GosibllIe MHTEHCHMBHOCTD CBETA, TeM OONbLIME CHJIBI OCHCTBYIOT Ha 57€K-
TPOHHI B OCBEINEHHOM MeTanae u Tem OOsbluas 3HePrus JOJKHA, Kasa-
JIOCh OB, TEepeaaBaThcsd CBETOM JJICKTPOHAM.

TIaTe/ pHBIE OMBITH MOKA3a/JM, UTO KHHETHYECKAS IHEPIUS 3JEKT-
DOHOB, MCOYCKAEMhIX MOBEPXHOCTBI0 META/UIA, OCBEIIACMOM BHIMMBIM
WM yIbTPadUONETOBEIM CBETOM, HE 33BUCHT OT MHTCHCHBHOCTH M3Iy-
YeHHs, a4 3aBHCHT JMIUb OT POJA META/UIa M OT YACTOTH M3JYUCHHS V.
Teopernueckoe oOpACHEHHE HAGMIONAEMOM 3aKOHOMEPHOCTH OBUIO AAHO
B 1905 r. A. DAHIITEHOM HA OCHOBE I'MHNOTE3H [1J1AHKAZ O TOM, YTO CBET
H3JyyaeTcs OINpPENECHHEIMM MOPIHSIMY, NPUYEM SHEPrus KaXIol Ta-
KOU mopuum omnpenessercs dopMyson £ = Av,

CootHomenne Ilnanka. Dta ¢opmyna Owmna npennoxesa Ilnankom
npu paspaboTKe TEOpUH TEIUIOBOro u3ayueHus. [locnexosaresnpHOE npu-
MEHEHHME KJACCHYCCKOMH INEKTPONMHAMHUKH K 3TOM npobieMe npuBoxuio
K ¢usnueckn GECCMBICIEHHOMY BEIBOAY O TOM, YTO CIIEKTDPAJIbHAS ILIOT-
HOCTh M3JIyYCHHUS HArpeToro Teaa HOJXHA HEOrpaHHMUCHHO BO3pACTaTh B
00/1aCTH BBICOKHX YacTOT. DTOT MapafoKCalbHbIA BBIBOX M3 KJacCHye-
CKHX NPEACTABJACHHN MOAY4YHs 00pa3HOe HA3BAHME «yJabTpadHogeTOBOM
KaTacTpodsi».

Takoe NMpOTHBOpPEYNE TECOPHH M IKCIEPUMEHTA HE BO3HHMKACT, €CJIM
MpPENIONOXUTE, UTO BEIIECTBO MUCHYCKAET 3JEKTPOMATHHTHYK SHEPIHIO
HE HEMPEpPHIBHO, d OTHCJbHBIMH TMOPLHUIMH — KGaHMamu, IHEPIHA KO-
TOPHIX NPONOPIMOHAIBHA YACTOTE V U3TYyUECHU:

E = hv.

Kosdduuuent nponopu#oHaAbHOCTH A NOAYYHMJI HA3BAHHE HOCMO-
snnod Inanxka. Ymcnosoe 3HaueHMe nocrosHHOM Ilnanka - pasHO
6,626-1073* Ik - c. IToctpoernas ILJIaHKOM TEOPHS TEILIOBOIO U3y YEHHS
NpPEBOCXOOHO COIJIACYETCH € IKCIEPUMEHTOM, ONHAKO MOJIOXKEHHOE B
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OCHOBY 3TOH TCOPHH NPEANIOJIOXKCHUEC O03HAYACT, UTO 3aKOHH KJIACCHUYE-
CKOM QJKSHKPI HCOPUMCHHME K OITMCAHMIO IBJICHUS TCILIOBOINO M3JTyUYCHHUA.

Vpasuenure Dunmrenna. Onucusaomee dborosddexr ypasnenue Iin-
wmeliHa BHIPAXAET 33KOH COXPAHEHHH JHEPrUM B JJEMEHTAPDHOM aKTE
B3aHMOAEHCTBHS CBETOBOTO KBAHTA, HMEIOMIETO JHEPTHI0 AV, C 3AEKTPO-
HOM MeTania:

hv=m—2"2-+A. (1)

B sToM BHIpaxeHMH A — Tax HaseBaeMas pafoma awixoda SMEKTPOHA
W3 MeTasana, T. €. MHHUMAJbHAS SHEPIusi, HeoOXOoauMas s YOAJTCHHMS
JJIEKTPOHA M3 Merasna, mv, /2 — MaKCHMajabHas KHHETHUYECKAs
SHEpPrug OCBODOXAAEMOrO 2JEXTPOHA,

W3 ypasHenus (1) MOXHO caenaTh BBIBOM, YTO CBET C YacCTOTOH v,
MEHBIIEH HEKOTOPOrO 3HAYEHHS V., ONpPENEJSEMOrO COOTHOMIEHHEM

AV, = 4, BooOme He MOXer BH3HBAaTh (OTOI(dEKT B BEMECTBE C

NAHHBIM 3HAYCHHMEM pAOOTH BHIXOZA, TAK KAK SHEPrus Av KBAHTA OKa-
3BIBAECTCS MEHbIIE paboTHl BEIXO#A. DTa 4acTOTa V.. ONPENETFET Tak

HA3BIBAEMYIO kpachyio epanuyy hotosddekra. Y nuHKa KpacHas rpaHu-
ua orospdexra NpuUXoZUTCHE HA OAHXKHIOK YAbTPAQHOMETOBYIO 00~
JIACTb CHIEKTpa. Y HEKOTOPHIX APYTUX META/UIOB, HAMPHUMED y HATPUS U
KaJus, 5Ta TPAHMIA JEXHUT B BUAMMON 00nacTv CcriekTpa.

HeranbHOC M3YYEHHE ONBITHHIX RAHHEIX IIOKA3aJO, YTO A B BhIpa-
xeaud (1) AedCTBUTENBHO COBNANAECT C YHUBEPCAILHOU IIOCTOSHHOM
h=6,626-1073% Ik c, 3HauYeHME KOTOPOW BNEPBHE ObLIO HAWIEHO M3
OIBITOB MO CHEKTPAJbHOMY COCTaBY TEIUIOBOTO HM3JIYyUEHHS.

KopnycKyJisipHble H BOJHOBbIE CBOMCTBA CBeTa. IlonuiTaeMcs MOHATS,
MOYEMY 3JIEKTPOH OOBIMHO NOIVIOMIAET TOABKCO OAMH KBAHT DHEPrHH HE-
3aBHCHMO OT MHTEHCHMBHOCTH mM3nyueHus'. Camoe mpocroe obvacHeHue
3TOrO SIBJCHMSA 3aKJIOUAETCS B CJACAYIOUIEM: CBET COCTOMT M3 4YacTHll,
T. €. U3 M3JYYEHHBIX HOPHHH CBETOBOH sHeprum E = hv, KOTOpHIE CO-
XPAHAIOT CBOI WHAUBMAYAJBHOCThE B IIPOLECCE PACTIPOCTPAHEHMS U B
JaJbHEHIIEM, NPU CTOJKHOBEHMH C IJJEKTPOHOM, MNMEPEJAOT €My BCIO
CBOIO JHEPIHIO.

JTO MPEANONOXEHAE NOTKPEIUISIETCS Pa3IMYHBIMA ONBITAMM, HATIPH-
MEp TaKMMHM, KOrga Ha (OTOMIAaCTHHKY HANpABASIOTCS Jy4YHd OUCHD HU3-
KO¥ MHTEHCHBHOCTH. Ha niacTusKe noay4yaroTcs XaoTHUECKH pa3bpocaH-
HEIE TEMHBIC TOUKY, PACHOPENC/ICHHHE CO CPEAHEN TIIOTHOCTBIO, IPONOp-
LUOHAJBHOM MHTEHCMBHOCTM cBeTa. /IS OYeHb WHTEHCHUBHOIO IIyuyKa
pacrnpeacaeHrue TOYEK CTAHOBHTCH HACTOJIBKO ILIOTHBIM, YTO OHH IIPAKTH-
YeCKH CauBarwTCs, [Ipu Takoil HHTEHCHBHOCTH MYYKa CBETA AUCKPETHOCTD

! IIpy OueHb BBICOXOI MHTEHCUBHOCTH ChOKYCHPOBAKHOND JIA3EPHOIO M3TYyUEHHS BO3MOKEH
mHuorodoTonnsiit horosddexT, Xorga OgHOMY 3NEKTPOHY NEPERAETCS SHEPrus Cpasy He-
ckonbkux ¢otonos. Jns muorodoronHoro doroaddexra xpacHas rpaHuNE OTCYTCTBYET.
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AKTOB B3aMMOJEHUCTBUS CBETA C DOTOMMACTHHKON YXKE HE NPOABISIETCS, U
My4YOK CTAHOBHTCS MOXOXUM Ha TO, YTO B KJIACCHYECKOM (pH3uKe HA3HBA-
€TCSl CBETOBOHM BOJIHOM.

XoTH NpeRAnonoXeHne, YTO CBET COCTOMT M3 JIOKAJTH3OBAHHHIX Yac-
THI, MO3BOAAET NMpPOCTO OOBACHWUTE (OTONEKTPUYECKUH 3ddexT, oHO
HE COT/IACYeTCS C OFPOMHON COBOKYIHOCTBIO 3KCIIEPUMEHTOB, NMPHUBOAS-
WMX K BRIBONY, YTO CBET SBJfETCA (DOPMOIM BOJIHOBOTO IBHXEHMS.
BcoMuMM uepenoBaHMe MHTEHCHBHOCTH AMMPAKLMOHHBIX MOJOC CBETa,
Najaloero Ha 3KpaH nocje NMPOXOXACHMS Yepe3 ONHY WIM HECKOJIbKO
weneit. YacTo MMEeT MECTO Takoe HBJACHWE, YTO MPUA OBYX OTKPHITHIX
wenax, GAM3KHX APYr K OPYry, MHTCHCUBHOCTE CBETA B HEKOTODHIX
MeCTax JKpaHa OyHeT oucHb Mand, B TO BPEMS KK B TEX XE& MECTAX
OpY TPONYCKAHMM CBETA TOJBLKO Yepe3 OAHY HIEaAb HAOGMIomaeTcs BHICO-
Kas WHTEHCHBHOCTb. DTH PE3YJbTATH JIETKO OOBACHSIOTCA NPEATNoso-
JKEHHEM, YTO CBET MPEACTABASET COO0M BOJHEI, KOTOPHE, MHTepdepH-
Py, MOIYT YCHJAMBATBCS MM ociabnsarbes. Ho Mx cosepuienHo Hepos-
MOXHO OOBSICHMTb, E€CJM TPCONOJI0XHTh, UTO CBET COCTOMT M3
KJIaCCHMUECKMX YACTHI-KOPIYCKya. Takue uacTaubl AC/DKHH ObutM Owl
NPOXCINTE HJIM YEpes OOHY, HJIH uepe3 APYrywo WEab, ¥ HATHUYHE BTO-
poil mean exBa JM MO0 Obl BAMATH HA XaPaKTED ABHKCHUA UYACTHL,
NPOXCOALINX uepe3 MEPBYIO INECJIb.

HeB03MOXHOCTb KJaccHueckoro oobsicHenus doroaddexra. Mox-
HO 1 OOBSCHUTH 3aKOHOMEpHOCTH (PoTosdhdeKTa MCXORS M3 BOJHOBHIX
npencrasnesuii o csere? [Tompofyem paccmorpers  doroaddert ¢
KJIACCHYECKOH TOUKHM 3peHus. B3anMopeiicTBysl C 3JIEKTPOHOM, HAXo-
ASIIMMCSL BHYTPM aTtoMa, W3JIyuyeHHE IEpPeNAacT €My CBOK ISHEPIHIO.
DnexTpod OygeT MNOr/omarh SHEPrHMI0 CBETOBOH BOJIHBI, MOKA OH HE
ocsoBonurca w3 aroma. O6bsicHurh ypasHenue (1) MOXHO, npeamo-
JIOXHB, YTO CBOMCTBA ATOMAa TAKOBHI, YTO HJIEKTPOH OyHET COXpPaHsTh
MOJYYEHHYI0 OT CBETA JHEPIUI0 U HAXOOUTHCS B aTOME [0 TEX MOop,
[IOKA HE HAKOOMT €€ A0 BEJMYHMHK AV, NOCJAE YEro NOKMOAET ATOM.
Ecau 6bf aToM aeicTBMTENbHO o0nanmas TakKMMM CBOMCTBAMM, TO A4
CBETA C OYEHb MAJECHBKOH HMHTEHCHBHOCTBIO (horosddexT He momkeH
6T OB HAaOMIOMATHCH B TEUCHME OUEHB HOJTOrO BPEMEHH, TAK Kak
ROKHO ObiI0 OBl MPOHTH 3HAUMTENbHOE BpEMS, YTOOH HAKOIMIACh
Heobxomumas nopums sHeprud. COOTBETCTBYIOMIME OIMKITHL TPOBOAK-
JUCh € METAJUTMUECKHMMH NEUIMHKAMM ¥ oueHb caabbiM ceeroM. [Tni-
JUHKM GBUTM HACTOABKO MaJjk, uTo norpeboBasioch OB MHOIO Yacom
IJ/I9 HAKOIIeHus sHepruy Av. OQHAKO HEMEUICHHO MOCJE Hauajlad HX
OCBEIIEHHS TOSABJISUIOCE HEKOTOPOE KOJMUECTBO  (hOTOIIEKTPOHOB.
WUrak, ra nonetka OOBSCHEHMS HE ynasack. -

Takosa xe Gbuta cynpba BCEX OCTANbHBIX MOXOOHBIX MOMBITOK 00BSC-
HEHUA 3aKkoHoMepHocre#l ¢oToaddexTa Ha OCHOBE BOJHOBHIX NPEACTAB~
JseHut. DTO 03HAwaeT, YTO BOJHOBAas TeOpMs He CriocobHa OOBACHHTDL
BHE3ANHYK JOKATM3AUMIO KOHEYHBIX MOPUMA SHEPrMM HAa ORHOM KJac-
CHYECKOHM 4acTHUE.
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JBoiicTBeHHas npupoaa csera. O6o6menne JaHHBX pa3THYHBIX OINbI-
TOB NPHMBEJO K CICAYIONUM HE H3BECTHHIM DP3HEE BAXKHHIM BHBOAAM:
BO-IIEPBLIX, K IIPEACTaBJEHHIO O IBONCTBCHHOM XapakTepe 3JIEKTPO-
MAarHMTHOTO H3JYyYEHHS, MPOSBJSIONIET0 TO BOJHOBHE, TO KOPILYCKY-
ASIPHBIE CBOMCTBA, M, BO-BTOPHIX, K YTBEPXACHHIO O CYUWECTBOBAHUH
OUCKPETHBIX 3HAYCHUNW HEKOTOPHIX U3 TeX (PUIHUECKHMX BEJHUMH, KO-
TOpPHIE, IO IIPEACTABICHUSIM KJIACCHUECKON (DU3MKHM, MOIMIM MEHSITHCS
HENPEPLIBHO.

WUrak, ogra rpymiia ONHTOB YKa3blBAET, YTO CBET — 3TO YACTHIH,
KOTOphIE MOryT OBITh JOKANM3OBAHK; Apyras Xe rpynna e meHee ybe-
AUTEJBHBIX ONBITOB HOKA3BIBACT, YTO CBET — 3TO BOJIHBI. Kaxoe X€ U3
ITHX YTBEPXICHUI npaBusipHO? BOmpoc CTOMT Tak: MOXHO JM HAHTH
COMHOE YIPEACTABJICHHUE, OOBSCHMIOLIEE BCE HANIM CBEACHUS O IPUPOAE
ceera? [lo3xe MBI BepHEMCA K OOCYXAECHHMKO 3TOrQ BOMPOCd, a roxa Oy-
A€M TPOCTO CYUTATH, UTO CBET CyI(EeCTBYeT B (hopMe KBAHTOB-GOTOHOB,
KOTOPHIC NPH HEKOTOPBIX YCIOBHAX NPOSBASIOT ce0s nmogobHo yacTuuam,
a npyu Apyrux — nofo0HO BOJMHAM.

®oTtoHbl. MBl yXe nogpofHO paccMaTpUBAIM BOJTHOBLE CBOWCTBA CBETA.
Tenepp paccMmorpuM 00Jiee AETANBHO CBET C KOPIYCKY/ISPHOH TOYKHM
3penus. B teopuu Ilnanka sneprug ¢oroHa £ CBI3aHA C YACTOTOU CBETA
vV COOTHOIIECHUEM

E = hv. (2)

CornacHo TeOpuUM OTHOCHTE/IBHOCTH SHEPIUSl BCETHA CBA3aHA C Mac-
COM COOTHOIUCHUEM

E = mc2
[TooToMy pessTHBUCTCKAs Macca (oToHa

h
=t (3)
(4
IMockoneky (OTOHBl HE CYI(ECTBYIOT B COCTOSTHMM IOKOS, TO HX
macca mokost my=0, a macca m, onpeaensemas c¢opmynoit (3), 3ro
Macca ¢OTOHA, ABMXYLIETOCI B BAaKyyMe CO CKOPOCTBIO ¢. Mmmyssc
oTOHA paBEH NMPOM3BEACHUIO €r0 PEAATUBHCTCKOM MACChi HA CKOPOCTb:
hv E
= _m e = 4
p=mc=-= o (4
Ormerum, uro dopmyaa (4), maromas CBI3b MeXAY SHepruedt dorona
E ¥ ero MMIy/JbCcOM p, SBASETCS YACTHREIM Cayuyaem oOmEro cooTHo-
LWICHHUS, CBH3BIBAIOIIETO 3HEPTHIO, HMMIIYJbC M MAcCy IOKOs Jjioboi 4va-
CTHLLBIL:

<

2
(5) = mic? + p%
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I¢ddexr KomMnrona. OnuT nokasHBaer, YTO CBET MOXET B3aMMOAEH-
CTBOBATh ¢ BEIIECTBOM TOJBKO MyTeM AMCKPETHHIX MPOLECCOB, MPH KO-
TOPHX WMCIYCKAESTCH WIM moriomaercs uesau# xsanr. C kopnyckynsp-
HOM TOYKHM 3pPCHHMS B3aMMONCHCTBHE MEXKY BEMIECTBOM M CBETOM OINHU-
CHIBAETCA KaK MOWIOMEHUE, HCIOYCKAHHE WIM paccesiHue (OTOHOB,
CONPOBOXAAIOMIEECS M3MCHEHHEM HMX JHEPTHM M HMIYJbCd. DKCIOEPH-
MEHTAJIBHO paccesHue (POTOHOB Ha JJIEKTPOHAX OBUIO HCCAEIOBAHO
A. KomnrosoMm B 1923 r. B ero onmrax yepe3 BEmECTBO C JIEFKHMH 4TO-
mamu (rpacduTt, nmapadmH) NHPOMyCKAJCS MYUYOK DPEHTTEHOBCKHX Jyuei
yacroral v. U3mepenns KoMnToHa mokasand, Uro B PAaCCEIHHOM PEHT-
FEHOBCKOM CBETE, HAPSAY C U3JIYUCHHEM HEM3MEHHOM JIMHEI BOJIHEL, HO-
SIBJISETCS PEHTIEHOBCKOE W3JIy4eHHE ¢ HECKOJIBKO 0OosbuIeH NInHOMK BOJI-
Hel. Habmonaemoe u3MEHEHHE JUIMHH BOJHH AA = A’ — A 3aBHCHT OT
yrna 6 MeXIy Hanpas/JCHMEM MEPBHYHOIO MyYKa M HANPABJICHHMEM pac-
CESIHHOTO CBETa CJERYIOmMM obpa3om:

()

A = 2k sin? % ,

NMpUYEM MOCTOSHHAS k, HAaWaeHHas u3 skcnepuMenta, pasHa 0,0024 am.
3axousl coxpanenud B apdexre KomnroHa. s obpscHenns adxpexra
Komnrona nmpuMeHNM 3aKOHBL COXPAHCHUS SHEPTIH M MMITYJIBCA K CTOJIK-
HOBEHHUIO PCHTITCHOBCKOIO (DOTOHA C 3JEKTPOHOM, Kak ecnam 6wt doTon
MIPEACTABIAN COO0M OORUHYIO YacTHLy. B aTOMax JIErKUX 37EMEHTOB 11
VEQJICHHS 3JIEKTPOHA HYXHA OJSHEPrus NOpsAKa
10 3B, uTo NpUMEpPHO B THICAUY pa3 MEHbIE SHEPIUK
pPEeHTreHOBCKOro kBaHta hv = 10 k3B. Iloatomy
JJIEKTPOHH B 3THX ONBITAX MOXHO CYHTATh NPAKTH-
4eCKY CBOOOINHBIMH. JHEPrus MOKOSA 3JeKTPOHA
myct=0,5MsB u orHomeHue Av/(myc?)<<l1.
Puc. 18. K obpscue- CJEAOBATEIBHO, NOKOMBIIMIHCS IO CTOAKHOBEHHS C
umio addexkra Koun- (DOTOHOM HMJIM ABHTABIIMIACA B aTOME C HEPEIATHBH-

CTCKOM CKOPOCTBIO JIEKTPOH ¥ MOCJIE CTOJIKHOBEHHS
OCTaHETCS HEPEIATHBACTCKUM. 33KOH COXPAHEHHS SHEPTAH IIPU CTOJIKHO-
BEHMHM B NPcHeOpEXXeHUM HAUAIBHON JHEPrueil SIeKTPOHA 3aMCHBAETCH
B BHUJE

2
hv=hv + 2 6)

’
2m,

e p — HUMIYJabC IJICKTPOHA NOCIE CTOJKHOBCHHA C d)OTOHOM. 3akoH
COXpaHCHHA HMITYJIbCA

TaE Py ¥ p:b — uMIyJabCH (POTOHA O ¥ MOCJIE PacCesiHusd, 3anMIneM C
IOMOLIBIO TEOPEMH KOCHHYCcOoB (puc. 18) B BHOE

p* = p} + pE — 2pypy cos 6. (8)
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[TopcraBnseM B 3TO PaBEHCTBO BHPAXEHHE IS UMIYJIbca (GOTOHA uepes
€r0 YaCTOTY pg = hv/c ¥ KBanpaT UMIY/bCA 3/IEKTPOHA M3 3aKOHA CO-
xpaHeHnd sneprun (6):

2moh(v — v') = (V2 + v2 = 2vv' cos 0).
[4

[TepenucaB 310 ypasHEHHE B BUAC

I2
v—o'= hvz(v+v—v-——2v'cose) ()]

2mgye

M YudTHIBag, 4TO AVv/ (mocz) << ], BHIOMM, UYTO HM3MEHEHHE YACTOTHI
Av = v — v' Man0 No CpaBHEHMIO C caMmoil yactoroi v. [losTomy B mpa-

Boit vactu (9) MoxHO v' 3ameHuTh Ha v. TOrga A/is OTHOCHTEHHOIO
CABHMIa YacTOTH Av/v TIPH paccesHud CpPasy HOMydaeMm

Ay - "“Cz (1 — cos ). (10)

v mo

3HaK «—» I[OKAa3hBAET YTO YACTOTA PEHTTCHOBCKOIO H3JIYyUCHHUS TIpH
paccessHHH YMEHBHIAETCS. DTO €CTECTBEHHO, IIOCKOIBKY (DOTOH OTZAET
YacTh CBOEH SHEPIUHU IEKTPOHY. Tenepb nepedaeM OT YacToT K JAIUHAM
BOAH. JTO JIErKO COEAATh, YYMATHIBAA, YTO OTHOCHTEIBHOE H3MECHEHHE
YacTOTHl Npyu pacceauun mano: Av/v<<l1, Torma

A4 Ak =S zf(—éi)

v+ Av v v
Tax kak ¢/v = A, TO U3 3TOrC BHpaXeHUI UMeeM AL = —AAv/v u co-
otHomenue (10) mepenucniBaeTcs B BURE
2 .
A= (1 —cos ) = & 5in? 2, (11)
mgc mac 2

3ra ¢opmyna coenanaer ¢ (5), nbo Benmmunsa hA/(mgyc), xak serko yte-
maTbCs, Kak pa3s pasHa (,0024 eM. OTa mMeromas pasMEpHOCTb AJTHMHBL
KOM6PIHaIlHSI TPEX YHHUBCPCANBHBX MOCTOAHHBX IIOAYYWId HA3BAHWUC
KOMNMOHOBCKOU ONUHbBL B0JIHbL DJIEKTPOHA.

HWHTEpecHO OTMETHTH, UTO H3MEHEHHE AJIHMHBI BOJHB DEHTTEHOBCKO-
ro manyuyenus B senaeHun Komnroma, kak Buano u3 (11), He 3asucuT
OT AJMHE BOJHB NAAAIOMIEr0 M3JydeHnsd. A Kak OOBSICHHTH CYMECTBO-
BAHUE B CHEKTPE DACCEIHHOIO M3JYYECHMS €U€ M HECMEMICHHON Ju-
Hunu? Bce neno B TOM, YTO BHYTPEHHHME IJIEKTPOHH, OCOOEHHO B TSXeE-
JINIX aTOMax, CBS3aHB HACTONBKO MPOYHO, YTO IHEPrud, HeoOxomumas
IVIs X YAAJEHHS, YX€ CPABHUMA C JHEpPrHeil PEHTIrCHOBCKMX KBAHTOB
#, CIENOBATENBHO, BHYTPCHHHUCE JJICKTPOHH HEJb3s PACCMATPMBATh KaK
csobogumie, [Moaromy npu coymapeHmd ¢OTOH OOMEHMBAETCHS JHEpruci
M HMMIYJAbCOM C aTOMOM B IEJIOM, 3 TaK KaK Macca aroMa OuYeHb Be-
JIMKA, TO IO 33KOHY COXP3HEHMS UMIYJAbCa (POTOH NPAKTHUECKH HE
nepenaer €My ceoed 3Hepruu. CienoBaTesbHO, JHEPrus KBaHTa hv
NP TAaKOM pacCeIHUM HE H3MEHseTcd. ['aMMa-KBaHTH, pacCcessHHEIE
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BHYTPEHHMMH IJIEKTPOHAMH, 00pasylOT HECMEMEHHYIO KOMIIOHEHTY, a
BHEIUHMMHU — CMEIIEHHYIO. U3 NpUBEXCHHHX pacCyXMEHHMH SCHO, YO-
uyemy ekt Komnrona Hempas HabmogaTs B BUAWMON 061aCTH Criek-
tpa. Jleno B TOM, YTO 3HEprus (OTOHA BHAMMOIO CBETA COCTABJISET
JIMIOB HECKOJIBKO 3/IEKTPOH~BOJIBT (13B=1,6-10"19 Ix =
=1,6-10""2 3pr). g TaKOro CBETa maxe BHEIIHHE JJEKTPOHH B JIEr-
KHUX aTOMax HEJIb3d CUUTATH CBOGOHHHMH.

JHCKpPEeTHBIA XapakTep B3aUMOIEACTEMA CBeTa C ANeKTpoHaMu. Ombli-
Tel KOMITOHA SIPKO IIPOJEMOHCTPHPOBAIH, UTO SHEPIHA U UMITYJIBC POTO-
Ha ZeicTBUTENbHO BrIpaxalorcs dopmyaamu (2) u (4), a Takxe 10, 4TO
338KOHHl COXPAaHEHMS SHCPIMH ¥ MMITY/IBCA BHIIOJHSIOTCS NPH HHAMBUAY-
aJIbHBIX MPOLIECCAaX paccesHus. 3aKOHR COXPAHEHHS MOryT OBITh TIpoBEpE-
HHl ewte 6osiee TIOHO, ECIM MCCeA0BATh 2AEKTPOHb oTaaun. CooTsercT-
BYIOLUME M3MEPECHUS MTOKA3aJH, UTO MPH ITOM IEKTPOHBI MpHOOpeTaoT
TE Xe CAMBIE MMITYJBC M JHEPIHIO, KOTOPEIE TEPSET (POTOH.

Kak u B cayuae cdoroaddekra, oObSICHUTE OCOOEHHOCTH $BICHAS
KomnTona ncxons u3 BOJHOBOM TOYKM 3pEHMS HA CBET He yaaercd. Baa-
HMOJICHCTBYS C JJIEKTPOMATHHTHOM BOJIHOM, KJIACCMYECKUHM 3JIEKTPOH
Mor 6u moayyarh Jo00e KOJMUECTBO JHEPrMH. B crnexTpe paccesHHOro
M3JIyuCHUs TpH HAOMIOACHMHM NOA 3a4aHHBIM YIJIOM 6 MOXHO Obuto Gml
OoGHapyXUTh pa3/IMYHbIE 3HAYCHUS NI U3MEHEHMS IVIMHH BOJIHEI IIDH
M3MEHEHMN MHTCHCHUBHOCTU M3JYYEHHMS WIM BpeMeHH skcrosuumu. Ogx-
HAKO B ONBITax OBLIO OXHO3ZHAYHO II0KA3aHO, UTO MpPH 33A3HHOM 3HAue-
HUHM yrJa HabGaiofaeTcs TOMbKO OOHO 3HAYEHHE CMELIEHHMS NJIMHBL BOJHE
HE3aBHCMMO OT MHTCHCMBHOCTH H3JyyeHUs M BpeMeHHu obynyuenust. Ot
(haxThl YKA3KBAKOT HA TO, YTO IPOLECC NEPENAUM SHEPTHN M MMITYJbCa
AB/ISETCA HE HENPEPHIBHRIM, KaK 3TO IPEICKa3HBAET KIACCHUECKAHA TEO-
pusi, 3 OUCKPETHHIM.

Kopnyckyasproe o0bscHenue 3¢ dexra Jonaepa. Ho xe scerna somn-
poC O IMPHPOIE CBETA CTOMT TAK KATETOPUUHO: MM KBAHTHI, WU KJac-
cnyeckue BoaHb. CymecTByeT pan siBJIEHUH, JOMYCKAKOMHAX KOPPEKTHOE
obbacHenune ¢ moboit M3 3THX ToueK 3peHmd. Takos, Hanpummep, pac-
cMoTpenHniit panee 3gdekT [Jomnepa. 1o THIHYHO BOJHOBOE, HA HEpP-
BHI B3I, SIBJICHHE MOXET ObITh OOBICHEHO C TOUKHM 3PEHHUS NpPEACTaB-
JNeHds 0 cBere Kak o noroke ¢oroHoB. [Tokaxem aro. ITycts «3akpen-
JIEHHBI» HEMOABMXHBIN aTOM HCHyckaeT ()OTOH C JHEpPrucd Av mpa
nepexofie aToMa M3 OXHOIO COCTOSIHMS C ONpENeJeHHON SHEPrueil B apy-
roe. Pa3HoCTh 5HEpruil 9THX COCTOSIHMH AV HE 3aBHCHUT OT TOIO, IOKO-
HTCSI aTOM WJIH JBVMXKETCH.

Ilpu ncnyckanuu ¢GoTOHA CBOOOAHO ABMXYIMIHMCS ATOMOM MMITYJIBC
aToMa M3MEHSeTCs, MOCKOJABKY MCHYIEHHHH (POTOH o0NMajaer MMMyJib-
com. CrenoBaTe/ibHO, KHHETHUECKAS JHEPIUS ATOMA TAKXKE M3MCHACTCS.
Dueprug ¢oToHa Av', UCOYUEHHONO ABHXYIIMMCS aTOMOM, OTIMYAETCS
or hv BCJIEACTBME M3MEHEHMS KMHETUUYECKOM DHEPrUU aToMa.
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Ha ocHoBaHMM 33KOHA COXPaHEHMS SHEPruH

2 2
" py=DB__ P 12
hv h'V = oM M ( )
rae p — ¥MIOYyJbC A4aToMa A0 HCITYCKAHHUS (bOTOHa, pl -— TIOCJIC
UCIIYCKAHUA, M — wMacca aroma.
HauanbHbiit ¥ KOHEUHBIH MMITYJIbCH D,

4TOMa MOXHO CB#3aThb C UMIYJbCOM UCIY- N
ckaemoro (GOTOHA Py, C MOMOIIBIO 3aKOHA 5 P——— ]
coxpaHenus mMmnyiabsca (puc. 19): Pph——

pP=p; + Py (13) Puc. 19. K obwacuenuio sddex-

Ta Jlomnepa mpM  MCITYCKAHMM

IlepeHocs py B PaBEHCTBE (13) B neByro  $OTOHA IBIXYmMMCS 2TOMOM
YacTh, BO3BOAS TOJYYEHHOE PABEHCTBO B
KBagpaT ¥ yYUTHBAd, YTO UMIYJbC GOTOHA KpaiiHE Maja Mo CPaBHEHHIO

C MMIIYJIbCOM M3JIyUaOLIETO aTOMA, TOJyYaeM
p2—2ppq) cos 0 =~ p?. (14)
C nomompo (14) coornHomenue (12) MOXHO mepenucaTh B BHAE

hv'—-hv=—l%p¢, cos 6. (15)

Toacraeass B (15) HMIYaBC HCMYIIEHHOTO OTOHA Py = hv'/c 1 yun-
THIBa", 4TO p/M €CTh CKOPOCTb ABMXKCHHS U M3JyHalOIEro aToMa, Ha-
XOHHM
' v
v —v=v _Cos o,
oTKyna A
v v
— = cos 6 (16)

C TOYHOCTBIO IO YJIEHOB MOpSAKa v/c. DTO ecTh OOHUYHOE, HEPETITHBU-
CTCKOE BRIpaxeHWe g sBicHus [ormnepa.

U3noxeHHnle 30eCh PAKTH TOBOPAT O TOM, UTO OCHOBAHHHIC HA KJac-
cuyeckoil (DUM3MKe NPEACTABMEHUS O MPUPOAE CBETd TPEOYIOT pamuKasb-
HOrO MepecMoTpa.

e TlepeuvciuTe OCHOBHBIE IKCNEPUMEHTANBHBIE 3aKOHOMEPHOCTH (oTosddek-
ta. Kakue U3 HHUX BCTYNAOT B NPOTHBOPEYME € OCHOBHBIMHU MpEACTaBJICHN-
SMM KJaccHdeckoi (puznku?

e O6nacuure ¢dhuU3HUecKUl CMbIC] YpaBHeHHs DiHWITeNHa Ana doTosdexra.
KakoBa CBf3b 3TOMO YpPaBHEHHS C 3aKOHOM COXPaHEHUS dHepruu?

e Kak cBA3aHa 3HEPTHA KBaHTa CBETa C €ro 4acTOTOH W ¢ JAJMHON BOJHBEI?

e Kakue U3 H3BECTHbIX BAM OMLITOB CBUAETEJILCTBYIOT O BOJIHOBBIX CBOMCTBAaX
csera?

e Kaxue onbiThl CO CBETOM HE AONYCKAKT OOBACHEHHMS HA OCHOBE BOJHOBBIX'
MpenacTasaeHuin?
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e B uem nposiBasiercs ABoficTBeHHbI XapakTep csera?
e Kak cBsasaHbl MexAy coboil sHeprus ¥ uMnyJbc doroHa?

e Kak npossnsioTCs KOPNYCKYJSPHblE CBOMCTBA 3JIEKTPOMArHUTHONO M3Nyue-
Hua B asneHun KoMnrona?

e Ha uem ocHOBaHa KOPNYCKy/sApHas TpaKToBka ssjeHus Honnepa?

e Kakue sBneHUs CBHUAETE/LCTBYIOT O TOM, YTO 3aKOHbI COXPAHEHUS 3IHEPruM
W UMIYbCA BLIMOJIHSIIOTCSA B 3/IEMEHTapHLIX aKTaX B3aUMOJEHCTBUA CBETa C
BetuectsoM?

§ 7. I'paHuLbl NPHMEHMMOCTH KNACCHYECKOH (PHM3HKHK

B naneHeilineM nmosBHAMCh emie GoJiee OWETOMISIOIIME JKCIEPHUMEH-
TanbHBE (PAKTH, CBUACTENBCTBYIOUIUE O HENPUMECHHMOCTH NMPERCTABJIC-
HHMH KJIACCHUECKOH (PHU3MKH K SBJICHUAM MHKPOMMDA.

CootHowieHHss HeonpeaeneHHOcTed. JIndpakuus 3JEeKTPOHOB.
B 1927 r. amepukanckue ¢usuku JI. Ixepmep u K. I3succon obuapy-
KMJIM, YTO IIYYOK OIJICKTPOHOB OMNPEHEJCHHOM JSHCPIWHM, MNPOMIEAIIMA
CKBO3b KPHCTAJUT M TOMABIIMHA HA (OTOMIACTHHKY, AaBaa AugpaKIHoH-
HYI0O KapTUHY TaKyi0 Xe, KaK M NPOMEeNIMH CKBO3b KPHUCTAJUT IMy4OK
PEHTTEHOBCKMAX Wiad y-ayuei. IIpu 3toM audpakuuoHHAs XapTHHA HE
33aBHCEIA OT MHTEHCHMBHOCTH 3JIEKTPOHHOIO ITy4YKa; Ta XK€ KapTHHA MoJ-
y4asach B IPEAENABHOM CAyYae BecbMa Caa0HX MyukoB, KOrAA MOXHO
OLLIO CUMTATH, YUTO IJACKTPOHEI MAAAOT HA KPUCTAJUT MOOXMHOUKE.
TakuMm 00pasoM, 0Ka3aioCh, YTO NEKTPOHAM, Kak M (oToHAM, npH-
CYLIM ONpEAeIECHHHE CBONCTBA, XapakTEpHHE /IS BOJH, a HE JUIS 4ac-
THI]; TPAYEM STH BOJIHOBHIC CBOWCTBA MPMXOXWIOCHh NPHMIMCHBATD KaX-
IOMY 2JIEKTPOHY B OTHEJIBHOCTH, 2 HE BCEH COBOKYNMHOCTH 3JIEKTPOHOB B
nyuxe. Bmecre ¢ TeM KaXaelid 3/1eKTpOH, monazas Ha (POTOILIACTHHKY,
IaBajl MOYEPHEHHUE TOJBKO B OXHOM MECTE, B OAHOM 3EPHE CBETOUYYBCT-
BMTEJIBHOTO CJIOSl, ¥ JIMIIb COBOKYNMHOCTb TIOYEPHEBIIHX 3E€PEH aBaja
anpakKUHOHHYIO KAPTHHY pPAacnpene/cHNs MHTCHCHBHOCTH NMpOLIEANIErO
nyuka. Mrak, B OMHUX YCJIOBHSX IPH NPOXOXIEHHH CKBO3b KPHCTAILI
INEKTPOH Bea cebs Xak MPOTAXKEHHAs! BOJMHA, @ B APYTMX — MIPH NONa-
O3AHHM HAa 3epHO (hoTOCHON — KaK CTPOro JIOKAJIM30BAHHAS 4acTHA.
Ha ocHOBaHMH NpeaCTaBJCHMH KJACCHUECKOH (PM3NKH Takoe pasiu-
4yKe B MOBENCHMH 3JIEKTPOHA B Pa3HHX YCJIOBHAX OOBICHHUTDH HE YAAJIOCH.

3apoxaeHue KBAHTOBOM Teopud. Bce 3T sBieHUS OBUIM NPaBWIBHO
OOBSCHEHH TOIBKO KBAHTOBOM MeXaHUKOU. McTopust CO3NaHMsI KBAHTOBOM
MEXaHHKM NEJINTCS Ha Ba nepnoaa. [1epsuit nepuon — ¢ Havana XX cro-
JieTHd ¥ KO KOHL@ €ro NMEPBOif YETBEPTH — 3TO MEPHOX CO3AAHHMA TAK HA-
3bHIBAEMOM «CTAPOIl KBAHTOBOHM TEOPHH», B OCHOBE KOTOPOM JIEXAT TMIIOTE-
3a [InaHka o AMCKPETHOM XapaKTepe M3JYYCHHsS HArpeTHX Tej, ypasHe-
Hue Jitnmreitna ana ¢orosddexra m teopus aroma Bopa. Crapas
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KBAHTOBAS TEOPHS HE MPEACTABASLIA OO0 CTPOMHOM, JOrMUECKU 3aAMKHY~
TOH HayKH. YA34HO ONMCAB HEKOTOPHE SKCICPUMCHTANLHHE (PAKTH, OHA
MPOSBM/IA MOJHYIO HECIIOCOOHOCTb NPABMJIBHO OOBSCHATD U KOJTHYECTBEH-
HO ONMCATh BCE MHOMOOOPA3HE YAMBUTEIBHREX SBJCHHNA MAKPOMUPA.

K xouuy nepsoit uerseprn XX Beka CTajo SCHO, uTO HEOOXOAMMA
Teopus, KOTOpasd ¢ CAMOI0 Hayasla BRISCHHAA OH, noueMy KJaccHyecKas
(bu3nKa HENPHUrOAHA HPH AHANM3E SBJIEHWH aToMHOro macmraba. Kaxue
XE YEPTH KJIACCHUECKOro cnocoba onucaHus (PU3MUECKHX SBACHHH ne-
JIAIOT ero HENpUMEHMMHM K MHKpOOOBEKTaM H IA€ NMPOXOXHT rpaHMLa
NPUMEHUMOCTH TIPEACTABICHNM Kiaccuueckoi ¢maukn?

AOcTpakuuu, Jexamue B OCHOBe Kjaccuyeckon ¢puanku. Kinaccuye-
CKO€ OmMCaHue (hM3MYECKOro NMPOLECCa WM SIBJICHHS XapaKTepu3yeTrcs
psnom abGerpakumii. [Ipexae Bcero aro abcorromusayus NOHATAS HU3NU-
YECKOro NpOLECCcd, 3aKIIUalomasica B MNPEANONOXKEHUH O HE3aBUCHMO-
CTH ABJCHHI OT yCaA0Buit ux Habmopenus. Exuncreennoe obcToaTenscr-
BO, CBSI3aHHOE C YCJOBUSMH HAOTIONEHHMS, KOTOPOE YUHUTHIBAJIOCH B KJIaC-
cuyeckoil @u3nke, — 3T0 BHIOOP CHCTEMH OTCYETA: IO OTHOWICHMIO K
OBYM IIPOM3BOJIBHO JBHXYLIIMMCS OTHOCMTEJNBHO APYr APyra cHCTEMam
oTCUeTa OAHO M TO Xe dsjeHue Oymer uMerb pasianuHui Bua. Ousuue-
CKHIi IIPOLECC B MHEPUMANBHON CHCTEME OTCYETa pacCMATpHMBANCH KakK
HEYTO, NPOMUCXOASIIEE HE3ABHCUMO OT HAOMIONEHHS 33 ITHM MPOLIECCOM,
a HE KaK SBJCHHME, KOHKPETHO MNO3HABAEMOE NpPH INOMOIIM ONIpeRe-
JIEHHHX CPEINCTB UCCICAOBAHHS.

IMosnueimee pasputne GU3MKHM HOKAa3an0, uto abcomorusauus dn-
3MUECKUX TIPOLECCOB HE ABASETCS JIOTHYECKM HEOOXOIMMOM, 3 NMPEACTas-
nser coboi gonymenue, KOTOpOe NPEKPacHO ONMPaBABIBAJIOCH NIPH H3yue-
HHM MAKPOCKONMYECKHX SIBJACHMI, HO KOTOPOE OKa3a/JoCh COBEPLIECHHO
HENPHIOAHBIM B MHKPOMHDE.

IeicTBUTENBHO, KNACCHUEcKas (PU3UKA UMENA AENO C TEJIAMU KPYIHO-
ro macurraba, 1o OTHOIIEHMIO K KOTODHIM BO3AEMCTBUE, CBI3AHHOE C H3Me-
pEHHEM, MIDAJIO COBEPUICHHO HMUTOXHYI0 ponb. Hanpumep, ocBemenue
tbyT601bHOrC O A3XE CAMKNM SPKHM CBETOM IIPOXEKTOPOB M TEACBU3M-
OHHasl ChEMKA MAaTua HUKAK HE CKa3KBAKOTCA Ha nosieTe hyTlonabHOro M-
4a. B rex cayuasx, KOrna BAUSHAEC H3MEPEHH T OBLI0 3aMETHRM (BEAb AAB-
JIEHHE CBETA MPOXEKTOPOB B MPHHLHKITE HECKOJBKO M3MEHSIET TPAEKTOPHIO
Ms4a), ero MOXHO ObUIO YYECTh M BHECTH COOTBETCTBYIONIME IOMPABKH.
T puHIIMOKANBHAS BOSMOXHOCTb 3TONO HMKOITA HE BH3HBAJIA COMHEHUMA,

BTopas aGcTpakuus, JOMYCKABIIASCH B KJjaccuueckoi ¢uauke, Guina
TECHO CBA3aHA C NEPBOH M 3aKJII0YANaACh B TOM, YTO IPH M3yueHMH u-
3MUECKHUX SBJCHHH CUMTANIOCH BO3MOXKHOM CKOJIb YTOIHO NMOAPoOHAasS Oe-
manu3auus OHNWCAHMSA ITHX sABJICHMA. JIpyruMm CIOBaMH, CYHTANOCH,
YTO MOXHO HEOrPAHHMUCHHO YTOYHATH HAaGmoneHue 1 HabMoAaTh pasHHe
CTOPOHH OXHOTO H TOrO Xe (PH3NYECKOro mpoiecca, HE HApymas CaMoro
asnenusd. Hanpmmep, yBeNMuMBasi YAaCTOTY KaApOB TEJEBM3MOHHOM
CbEMKH, MOXHO HEOrPAHMUEHHO YBEJMUYMBATH TOYHOCTb OINpEAECICHUS
MONOXEHUS H CKOPOCTH (PyTBOABHOrO MAva.
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O KknaccuyeckoM nerepMHHH3Me. C oTUMH IByMst aGCTpakuUMsIMH, HC-
OJIb3YEMBIMM B KJIACCUYECKOHM (bu3uKe, C MPEANOJIOXeHUEM 00 abco-
JIIOTHOM XapakTepe GU3MUecKuX Npoueccos (B CMBICIE UX HE3aBHUCHMO-
CTH OT yCHOBMit HabGMIONEHUS) M O BO3MOXHOCTH CKOJIb YTOOHO AETANIb-
HOMO HX omucauus (B Tpenene — HCYEPNHBAKOMIE TOYHOIO H
BCECTOPOHHETO) CBS3aHO IMOHATHE O JAILIACOBOM MEXAHWUECKOM AETED-
MHHU3ME, COIVIACHO KOTOPOMY MOXHO ONDENETUTh COCTOSHME UCCIERye-
MOM CHCTEMBI B JKO00M MOMEHT BPEMEHH, KOJAb CKOPO M3BECTHO €€ Ha-
YaJLHOE COCTOSTHHC.

Bonpoc 0 IPUMEHMMOCTH KJIACCHYECKOTO ¢nocola OMMCAHMS — STO
BOMPOC O BO3MOXHOCTH HCIOJIb30BAHMA MEPEUNCACHHBIX abcTpakumi
MpH aHATM3€ KOHKPETHOTO gBJeHHSA. ECIM B KAKOM-TO KOHKPETHOM Cy-
Yyae yCTAHOBJIEHO, UTO 3TH aOCTPaKLMHM HEIPHMEHHMEI, TO KJIACCHUECKOE
OMMCAHUE HEBO3MOXHO, Y, CJIEAOBATEABHO, TEPSIOT CMBICT KJIACCHUYECKHE
NPEACTABJICHUS O CBOWCTBAX M3yuyaeMoro o0beKTa, HATIPMMED O €T0 JBM-
XEHUHU [0 ONpeacaeHHO! TpaeKkTtopuu,

CooTtHomenus HeonpenenenHocreit eisenbepra. Ilpemennr npame-
HUMOCTH TIPEACTABJIEHUIM KJAACCUUECKOM (DU3MKH, T. €. KJIACCHYECKOro
criocoba ONMHCAHMA SABJICHUH MUKDPOMHPA, YCTAHABIMBAIOTCS TaK HA3KBA-
eMBIMU coomHowenusmu Heonpedenennocmed eizenbepra. Paccmar-
puBas pa3TMYHBIE COOCOOB M3MEDEHHMS MOJOXEHHUS YacTMUb, 1'ei3eH-
Gepr mpuien X BHIBOAY, YTO yCJIOBMSs, GJaronpuUaTHBIE QIS TOYHOIO M3-
MEPEHHMS  TOJOXEHUAS  UYACTUHH, HEOAaronpusaTHH A9 TOYHOTO
H3MEDPEHMS ee UMITYJIbCa ¥, HaobopoT, ycIoBus, O1aronpUsITHHIE ATd U3-
MEpPEHNS MMIYJbCA, HeOJAronmpUATHE A/ H3MEPCHUS MOJIOXKCHUSI 4ac-
tuubl. OpHo H3 coorHomenmit [eitzenOepra cBs3elBaeT Mexny coboi
HEONPENEACHHOCTH B 3HAYEHHUAX KOOPAMHATH YACTHILI X M COOTBETCT-
BYIOIICH KOMIIOHEHTH MMITYJIbCA p, B OOMH M TOT XE€ MOMEHT BDEMEHH:

AxAp, = A. (1)

BesmunHe Ax ¥ Ap, HenpaBwIbHO GBUIO OB MOHMMATh TOJBKO KakK
HETOYHOCTH OJHOBPEMEHHOIO M3MEPEHHS BEJMYMH X H p,, HOCKOJBKY

CaMBIA TEPMHUH «HETOYHOCTb» KAK OBl MPEAIIONATaeT, YTO CYLIECTBYIOT M
«TOYHBIE» 3HAUEHHH X U p,, HO TOJBKO OHM IIOYEMY-TO HE MOTYT OHITH
u3aMepennl. Ha camMom pesie mo COBPEMEHHRIM NPEACTABJICHUSM HEBO3-
MOXHOCTh TOYHOTO M3MEPEHHA €CTh CJICACTBME TOr0, YTO YACTHLA IO
CBOCH IPHUPOAE HE UMEET ONHOBPEMEHHO TOYHOTO 3HAYECHHS KOOPAHWHATHI
¥ COOTBETCTBYIOUIEH NPOEKUMM HMMIYJbCA. 3Ta HEBO3MOXHOCTb ECTh
MPOSIBJICHHUE NBOMCTBEHHOH KOPITyCKYJISIPHO-BOJHOBOM IPUPOJEI MATEPH-
aNnpHBIX MMKDPOOOBEKTOB. AHAJIOTMYHHE COOTHOUIEHUS CIPABEHAIUBHL U
IS IPYTHX KOOPAMHAT M KOMITOHEHT MMITYJIbCA:

AyApy = h, (2)

AzAp, = h. 3)
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Kpome coorHomenuit (1)—(3) cnpaseanuBo COOTHOIIEHME, CBA3hIBA-
OIIEe HEONPEAEIEHHOCTh B M3MEHEHHMM JHEPIMM YACTHLLI M Heompene-
JEHHOCTh B MOMEHTE BPEMEHH, KOIA 9TO U3MEHCHHUE MPOH3OIUIO:

AEAt = h. (4)

OTO COOTHOIUEHHE MOJYUMIO Ha3BaHUE HepaBeHCTBA Bopa—Ieitaen-
6epra. OHO (PaKTHUECKH O3HAYUAET, YTO ONPEAECHHE IHEPIHH C TOYHO-
CTBIO 10 AE [0JXHO 3aHATh IPOMEXYTOK BPEMCHH, PaBHEIN MO MEHbIIEH
Mmepe At ~ h/AE., Taxum o6pazoM, €c/id U3yyaeMas CHCTEMA HAXOMUTCH
B HEKOTOPOM COCTOSIHMH B TCUCHHUE BpEMEHHU Af, TO €€ IHEPIrUd HMEET He-
onpeseaeHHoCcTs He Menee AE ~ A/At, mockoasky A? — HanGobIIAi
IIPOMEXYTOK BPEMEHH, B TEUECHHE KOTOPOTO MOXHO M3MEPSATb JHCPIHIO.

CooTHomenus HeonpeaenesHocTeit Ieitzenbepra SBAKIOTCS OMHUM K3
(pyHAaMEHTANBHEIX 3aKOHOB npuponsl. OHM CpaBENIUBH IS JIOOBIX Ma-
TEPUALHBIX OOBEKTOB — 3JIEMECHTAPHHX YACTHL{, KBAHTOB CBETa, ato-
MOB, MOJEKYyNA ¥ T.A. CnpaBeAauBOCTb COOTHOINEHMH HEONPEACICHHO-
CTEM, KaK M BCEX APYTMX PyHIAMEHTAMTbHBIX 3aKOHOB NPMPOAH, TIOATBED-
XIAETCSA BCEH COBOKYITHOCTBIO MMEIOIMXCS 9KCAEPUMEHTAIBHEIX (DaKTOB.

HnmocTpauus COOTHOLIEHHS HeomnpeaeaeHHocTew. IIponmwmocrpupy-
eM HepaBeHcTBO I'eiiaenbepra (1), paccmarpuBas audpakiyvio IIOCKOM
CBETOBOM BOJIHBI Ha Y3KOH IIENH.

[TycTp Ha Henpo3pauHkH 3KpaH A CO LWIEIBIO IMMPUHOH AX majaer cie-
Ba IJI0CKas MOHOxpomaruuecKas Bosna (puc. 20). Ha ynanennom skpane

B

1Y

Ap,
—_— ] 14

/

y

~n

Puc. 20. Oudpaxkuus cBETa HA MEAN

B (ua puc. 20 pazMep uieam CUIBHO IPEYBEJIMYEH 1O CPABHEHHUIO C paccTo-
SHMEM MEXAy 9KpaHamu) Habmonaercs ouppaxlMOHHAS KaPTHHA, pac-
rpenescHue OCBEINEHHOCTH AJIsi KOTOPOH MOKA3aHO HAa ITOM XE PHCYHKE.

[MouTu Beck audParupoBaBILKMIA CBET MPUXOAUT B 06/aCTh HA JKpaHe
B, OrpaHHUYEHHYIO IVIABHHIM MaKCHMYMOM. YIVIOBYIO IIMPHHY 3TOTO MaK-
CHMyMa JIerko Beuucauth. Hanpaenenue Ha Gmmxaiimmit MUHUMYM Xa-
paKkTepu3ayeTcs yriaoM 0, onpezessieMBIM H3 YCIOBHS

Ax sin 6= A, (5
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PaccmoTpuM Tenmepb 3Ty ANPPAKUMOHHYIO KAPTHHY C TOYKH 3DEHHMS
MIPEACTABAECHAS O CBETE KaK O COBOKYNMHOCTH CBETOBHX KBaHTOB — ¢ho-
ToHOB. Kaxpmit ¢oToH, nmpomenmmuit yepes menab, MONALAET B ONpeERe-
JIEHHYIO TOYKY Ha 3KpaHe B. Ilpeackasarts, B KaKyl0 MMEHHO TOUKY IIO-
nageT OTAeNbHHMN (hOTOH, NPUHIMNHUAILHO HEBO3MOXHO. OQHAKO B CO-
BOKYNHOCTH OO0JIBIIOE YHCIO NONABIMX HA 3KpaH B doroHoB pmaer
andpakMOHHYI0 KapTHHY, NpeacraeieHnyio Ha puc. 20. Ha nepemit
B3NSR MOIVIO OH [OKas3aThCdA, YTO ANGPAKUMOHHYIO KAPTHHY MOXHO
OOBACHUTD B3aUMOIECHUCTBUEM MEXIY PasfHHUHHMH (DOTOHAMM, MPOXONS-~
UMK Yepe3 IEab, T. €. TOJBKO B PAMKAX KOPHYCKYJASPHHX HpEACTaB-
Jnenuit. OHAKO, YMEHbIIAS MHTEHCHMBHOCTh CBETA O TAKHX NPEAENIOB,
Koraa B mob0il MOMEHT BPEMEHM MEXAY MCTOYHMKOM CBETA M 3KPAHOM
Oyner HaxoouThCA B CPEHEM TOJIBKO OOWH (JOTOH, MOXHO yBeauThcd,
YTO pacnpepesieHue (GOTOHOB, MOMABIIMX HA KPaH 3a JOCTATOYHO 60/B-
IO MPOMEXYTOK BPEMEHH, MO-TpexXHeMy Oyner onpenensarsess puc-
pakuMoHHON KapruHoi. Taxkum o6pasoM, mudpakuus OPEACTaBALET CO-
605 CTATHCTHUECKOE CBOMCTBO OTAEALHOrO (GOTOHA.

ITpocneauM, Kak npoucxoaut asuxenue dorona s 3rom npubope. Ho
IIEJN B 9KPaHEe A pacnpoCTPaHAETCd IUIOCKAs MOHOXPOMATHYECKas BOJI-
Ha, T. €. HAM TOYHO M3BECTEH MMIYJbC (DOTOHOB

p=ti_t (6)
HanpapaeHHER 1o ocu z. CocraBagiomas MMIynasca (POTOHa mo ocH x
paBHA HYJO, T. €. HU3BECTHA TOYHO, HO 3aTO COBEPIICHHO HE ONpenAescHa
x-xoopaunata dorona. IIpu npoxoxaennn ¢$oToOHA yepes menb B 3Kpa-
He A mmpuHa mend Ax OyAer ciyXuTh Mepoll HEONPEAEJEHHOCTH 3Ha-
yeHus x-xoopaumHaTH (orona. B camom nene, daxt nossnenus dorona
Ha JKpaHe B MO3BOJLET CHENAaTh JMINb TOT BHIBOA, 4TO (hOTOH NMpPOHHK
CKBO3b ILEJIb; B KAKOM X€ HMEHHO TOYKE IIETH ITO MPOH30LUIO HEU3BE-
cTHO. [lanee, MO KOPNYCKYJSIPHHM MPEACTABJICHNSIM, BOSHUKHOBEHHE HA
akpaHe audpakuMOHHOH KApTUHH CIeAyeT UCTOJKOBATh B TOM CMBICJE,
yTO Kaxaui GOTOH, Npoiias yepes mesab, OTKIOHAeTcs aubo BBEpX, aH-
60 sumu3. Ho asng 3toro oToH no/axeH npuoOpecTy COCTABJSIOMIYIO MM-
myasca Ap,, NEPNECHAMKYJISPHYIO HAMPABJCHHIO NMEPBOHAYANBHOIO JBU-
xeHusd. Moaynp nmoaHoro umnyabsca ¢GotoHa p, Kaxk BHAHO u3 GOpPMYynH
(6), npu atom He MeHAETCH, MO0 OCTAETCS HEM3MEHHOM IJIMHA BOJIHML.

IMockonsky Gosbmas yacts oOTOHOB monmagaer B o0/acTh IJIABHOIO
MaKCHMyMa, HO INPUHIMITHAIBHO HEBO3MOXHO IIPEACKAa3aTh, KyAa MONa-
xet kaxamit ¢oroH, To U3 puc. 20 AcHO, YTO MEpA HEONMPENEIECHHOCTH
X-KOMIIOHEHTH HMMITYJIbCA Ap, 1oCjIe MPOXOXACHHS YEPE3 INEJNb ECTh

Ap, = psin 6. @)
Tepemuoxas mounenso (§) wm (7) ¥ yuuTHBAasZ COOTHOIICHME MEXAY

AMITybcoM (POTOHA W ATMHOM BOJMHH cBeta (6), mosyuaeM s MOMEHTA
BpeMeHH, Koraa GOTOH NMPOXOAUT Yepe3 meb,

AxAp_ = h,
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yto conaaaer ¢ ¢popmynoit (1). INoguepkHeM, YTO NPOAESAHHHINA BHBOL
HE SBASIETCS QOKA33aTEJbCTBOM COOTHOUICHHH HEONPEAENCHHOCTEH, a
npeacTapasgeT coboi JMUb WUTIOCTPANMIO MX CIpPABEAIMBOCTH IS KOH-
KPETHOIO ciayuas.

I'PasHHLbI NPUMEHUMOCTH KaacCHueckux npeacrtasaenuii. Coorsome-
HUS HEONPEHNEJCHHOCTEH YCTAHABAMBAIOT MPUHUUNHANLHYI) FPAHHUILY .
NPMMEHMMOCTH 3aKOHOB KJaccuueckoi dmsuxu. Mcnonbsys ux, MOXHO
BHISICHHTB, CIOPABEONBE JIM TIPEACTABJIEHMS KJIACCHUECKOR DU3MKK AIs
ONMCAHHs KOHKPETHOro suBjieHus. COBEPIICHHO OYEBHUAHO, UTO AJIs MaK-
POCKONMUYECKUX OOBEKTOB — IUIAHET, MCKYCCTBEHHBIX CIYTHHKOB, ap-
THLIEPHIACKMX CHAPSAOB KAACCHYECKOE ONMHCAHME SBJSETCA COBEPIIEHHO
npaswibHuM. Jlerko ybeaursed, uto npu 000l JOCTHKMMON TOUHOCTH
H3MEPEHUI KOOPAUHAT M MMIYJILCOB 3THX OOBEKTOB COOTHOUICHUS HEOI~
PERENIEHHOCTEN BHINOAHAIOTCS C OPOMHBIM 33alacoM M, CAEHOBATEILHO,
kBaHTOBHE 3d@dEKTH HHKAK HE MPOSB/SIOTC.

PaccMoTpuM, HanmpuMep, METa/LTMYECKMd mapuk ¢ maccoi 0,01 r.
Ecan Mul onpegenuM ero nojoXeHHe ¢ TouHOcThio Ax A 0,001 cM, mo-
CTYNHO HAUIEMY 3PEHMIO B IIOJIE MHKDPOCKONA, TO, COIYIACHO COOTHO-
IEHHMIO HEONpEASNEHHOCTEN, HEONPEeAESIEHHOCT CKOPOCTH T4AKOIO Wid-
p¥Ka paBHA

I

Ap o 610722 cu/e.
m mAXx

Av=

Taxkas TOYHOCTb JIEXHT JAJEKO 33 NpPEJEAaMH BO3MOXHOCTEH H3Me-
pEHUH.

TTocmoTpuM, Kak OOCTOMT AEs0 NMpH M3yuyeHHH CBOUCTB Oosnee me-
KHX O0BEKTOB, Hanpumep 3aeKTpoHOB. OKa3HBAETCH, YTO OQHO3ZHAYHOIO
OTBETA HA BOMPOC, NPUMEHHUMH JIH MPEACTABJICHUS KJIACCUUECKOH Puau-
KM, B 3TOM CJyuae AATh HEAb3S — BCE 33BUCHT OT TOIO, KaKOE SBJICHUE
H3y4aercs.

PaccMoTpM BHauase MyuyoK IJIEKTPOHOB B KMHECKOIE TEJEBM3OpPA.
B cospemMeHHOM TENeBH30pe ycKopsiouwiee Hanpsxenue U ~ 15 xkB. Pa-
30THAHHHI TAKOi pA3HOCTHIO MOTEHUMAJIOB 3AEKTPOH olnamaer um-
nyabcoM p=vV2meU. Ioacrasnas B 3Ty PopMysly 3HAUEHHS MACCH
JMEKTPOHA m, ero 3apsafa e M YCKOPAImEd pa3sHOCTH NOTEHIMAJIOB,
HaxonuMm B cucreMe CI'C: p=6,6-10"'8 r-cm/c. Dror umnyssc Ha-
npasaed BOONAb oc TpyOxm. Juamerp myuka, GOpPMHPYEMOIO B COBpe-
MEHHBIX TeJeBH30pax, He OmBaer mensme d = 1073 cM (mas TesreBmM30-
pa MEHpIIMII A¥AMETP MpPOCTO He HyxXeH). DopMupys Myuyok, MBI TEM
caMieiM (DUKCHPYEM KOOPAMHATY 3JJEKTPOHA B NMEPNEHAMKYIAPHOM OCH
Myyka HANpaBJICHHM C TOYHOCTHIO AX, paBHOI AMaMeTpy nyuka d.
B cuny cooTHOWIEGHMS HEONPEACICHHOCTEH IIPH 3TOM  3/JEKTPOHY
cooBIaeTcsi HEKOHTPOMMPYEMBlit IMIYNsC Ap, NepneHauKyAsSpHEIE OCH
TMyyKa:

Apz-gz 6,6-107% r-cMm/c.
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CBsi3aHHad € 3THMM HEONPENEJIEHHOCTh B HAINPABJICHUH ABMXCHHUS
3nexTpoHa AO onpenenseTcs OTHOMICHUEM

AO = ATP 2~ 107 pan.

[lockonABKY MJIMHA NYTH 3JEKTPOHA B KHHECKONE HE IPEBHIIAET
[ ~ 1 M, TO HEKOHTpOIMpYEMOE cMemeHre AS 3ICKTPOHA HA IKPAHE, BH-
3RIBaEMOE KBAHTOBHIMH 3¢deKTaMu, T. €. HEONPEAEJEHHOCThIO B HATIPAB-
JICHMM IBMXEHHS 31eKTpoHa A6, He npeBocxomdT AS < [A0 = 107*cum,
T. €. MEHbIlIEe AUaMeTpa nyuka. Mtak, IBuXeHHe 2JIEKTPOHOB B KHHECKONE
TEJIEBU30pa MOXHO pPacCMaTpUBaTh ¢ NMOMOLIBIO 3aKOHOB KJIACCHUYECKOM
¢u3uKn.

PaccmoTpuM Tenepb 37EKTPOH B aTroMe BOAOpoaa. K3sectHo, uro
pa3Mep atoma sofopoga d pasen npubnuautensno 1078 cm. Knaccmue-
CKO€ ONMCAHUE TOBEJACHHA JJICKTPOHA B ATOME MPENIosaracT, 4To My
MO>XHO IPHIIKCATh ONPEREJEeHHYI0 TpaekTopuoo. B mnaHerapHoit Moxenn
4ToMa 3JIEKTPOH obpawaerca BOKpyr aapa. JuaMeTrp ero opOUTH MOXHO
CUMTATh PAaBHBIM pa3Mepy atoMa. B KIacCHUECKOM MEXAHUKE YCJIOBHE
€r0 ABMXEHHS II0 KPYroBo# opbute paauyca r — BTOPOM 3aKOH Hplioro-
HA — HMMeEeT BUA

OTCIOI.Ia MOoJyyacM IJId MMIYJbCa 3JICKTPOHA p = muv.

m . . - ﬂ
p=e\/—j—~2 10720 == (8)

OnHAKO C MOMOIIBIO COOTHOINEHHSI HEONpPEAENEHHOCTEN yoexaaeMc,
YTO €C/AM IMEKTPOH HAXOAMTCA BHYTPH 4TOMA, T. €. HEONPEACJIEHHOCTh B
3HAUYEHHUHM €r0 KOOPHMHATH AX HE NPEBOCXOAUT pasMepos aroMa d, TO
COOTBETCTBYIOIUAS HEOMPENEJEHHOCTh B 3HAYEHUHM MMIysabca Ap oka-
3nBaercd GoablIe, YeM CaM MMIYJILC, BRIYHCAseMblit o dopmyae (8):

~h _h__ .1n-20 I"t™M
APNE~E~6’6 10 O_C_.

I/ITaK, AJs 3JICKTPOHa B aTOME KJAACCHMYECKOE OINMMCAHME HEMPUIOAHO.
Ilaf[ee HA KOHKDPECTHHIX NPpHUMEpPAx 6y11e'r IIOKAa3aHO, YTO ¢ MOMOIIbK CO-
OTHOMIECHUN Heor(penene}momeﬁ MOXHO HE TONBKO yéeI.IHTbCSI B TOM,
CIIPABEJINBH UJIK HET KJIACCHUCCKHME 33aKOHBI B ONIPEACICHHBIX CATyaLlu-
X, HO ¥ MCCIIER0BATb HEKOTOPBIC CBOMCTB3 KBAHTOBHX OGBCKTOB.

e Kakue onbithl cBUIETENBCTBYIOT O HANMMUYHM BOJIHOBBIX CBOMCTB Y 3JIEKTpO-
HOB?

¢ Kakue abcrpakuuu JlexaT B OCHOBE KJlacCHUYEcKoro criocoba onucanus ¢u-
3UYECKHUX SBNEHHU?

e B ueM 3akjlovaercs abcTpakuus, cBsizaHHas ¢ abcomoTv3auueil NOHATHA
_¢usnyeckoro npouecca? IlogcHure npumepamMu.
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s B uem 3akmouaercs aGCTpaKuHﬂ, CBA3aHHasg ¢ BO3MOXHOCTBX CKOJIb YINOAHO
ﬂOﬂpOGHOﬁ JetanusauMy onucaHus ssieHuit? IlogcHure NpUMEpaMHu.

e CdopMyaupyiTte COOTHOLIEHUS HeonpeneneHHocTed Feitsenbepra v pasbsc-
HUTE UX DUIUYECKHIE CMBICT.

o Tloschure, nouemy BenuuuHb Ax U Ap, B cooTHouwenuu (1) HenpaBunbHO

MOHKMATb TOMbLKO KaK HETOUHOCTH OAHOBPEMEHHOI0 M3MEpPEeHUS KOOPAWHATLI
X U NpoekUMM umnyasca Ap,.

e KakuMm obpasom sBreHHe AMbPakUMU cBeTa Ha ILEIM MOXHO MCHONb30BATH
VIS WUTIOCTPALMM COOTHOLIEHHWSI HeonpedeneHHocTel [Neitsenbepra ana do-
TOHOB?

e [losicHute, KakuM 06pa3oM NpH AU pakLU¥d MOHOXPOMATHUYECKOH BOJIHBI Ha
HIeJIM MOXHO TOJNYYMTh ycjoBHS (5) [/ HarnpaBjeHus Ha OMuXKakiiuil K
UEeHTPaJbHOMY MaKCHMYMY MHUHHMYM IOUGPaKLIHMOHHON KAPTHUHBI.

e IloyeMy cooTHouleHHs HeonpeneneHHocTell IeitsenbGepra He HaKJambIBAIOT
HHUKAaKUX OrPaHUYEHHI Ha KJlacCUYeCKoe ONMUcaHUe ABMXEHHS MaKPOCKOMM-
yeckux ten?

e Kak B KOHKPETHBIX C/Iyyasx € MOMOLIbK COOTHOMIEHUM HeonpeneneHHOCTeN
MOXHO BBLISAICHUTH BO3MOXHOCTb MCIIO/Ib30BAHMUS KJIACCHYECKOM MEXaHUKH
NS OMMCAHUS OBUXEHUS 3/eKTpoHa?

§ 8. Ceer — vacTHUbI HNM BOAHbI?

KOopnycKyJspHO-BOJHOBON Ayanm3M. [TonpobyeM HCIONB3OBATH COOT-
HOLIEHUS HEoNpexeaeHHoCTed, uTo0n pa3ofpaTbCcs B BOMPOCE: YTO XK€
BCE-TAKM TAKOE CBET UACTHIH Wi BOAHH? Kak MBI BUAEIH, HEKOTOPHIE
ONTHYECKHE SIBJIEHNS CBHACTENLCTBYIOT B MOJIb3Y BOJHOBHIX IPENCTABIE-
HUi, Jpyrue MOryT OBITb OOBSICHEHBI TOMBKO C KOPHYCKYJISPHOM TOUKH
apenusi. HakoHel, CymecCTBYET LENHA P ONTHYECKUX SBJIEHUM, KOTO-
pHE HOMyCcKAT OObICHEHHE KAK C TOYKH 3PEHHS BOJHOBHIX, TAK M C
TOUKM 3PEHHS KOPHYCKYJSPHHIX NPENCTABJEHUU O CBETE.

PaccMOTpeB HECKONBKO TPHMEPOB, MEI MOIVIM YOEmUThCH, UTO IpH
aHAIM3€ KOHKPETHHIX ABJICHMIA 3TAa NBOMCTBEHHAS MPHPOAA CBETA HHMKAK
HE MEIANA HALIMM PACcCYXAECHUSM M HE MPHUBONMIA K JIOTHUECKHMM IIPO-
tusopeunsaM. Ham TobKo HyXHO 6bUI0 BHGPATh, HA BOJTHOBOM HJIH KOD-
MyCKYJAPHOM SI3bIKE BECTH PACCMOTPEHHME, U MOCAEKOBATENBHO MPHALD-
XUBATbCA BHIOpaHHOro cnocoba onucaHus.

TIporusopeune BO3HMKAET TOABKO TOrAA, KOTMA MBI NEITAEMCSA COCTA-
BUTH OfwIee NPEACTABACHHE O CBeTe. [|eHCTBHMTENBHO, COOTHOIMIEHHE
E = hv wim p = hv/c CBI3BIBACT BOJHOBLIE ¥ KOPIMYCKYJAPHBIE CBOMUCT-
Ba (DOTOHA: NPABHIE YACTH COACPXKAT BEJHUMHY V, ONPEACIAEMYIO U3 MH-
TepdepeHUMOHHBIX ABJCHHA, a JIeBHe YacTH, £ M p, XapaKTEepU3yIOT
doron kax uacruny. Ho mMeHHO 3TH-TO CBOMCTBA CBETA M HE MOryT
6BITH JIOrMUECKM HEMPOTHBOPEUMBO OOBSCHEHH KJACCHUYECKOH (PHUIMKOM,
00 C TOYKM 3peHHd KJIACCUYECKON (DU3MKHM MOHATUS BOJHH ¥ YACTHLBI
SABJSIOTCS B33AMMOMCKIIOYAIOUIMMH.
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YacTuupl 4 BOJHBE B KAaCCH4eCKOM ¢Ppuaunke. eiicTBUTENBHO, B KIac-
CHYECKOH (hM3MKe YacTHIa BCEraa ABMXETCH [0 OMpPENEJEHHOM TPAaeKTo-
PHH H B KaXABNH MOMEHT BPEMCHU MMEET ONMPEAC/ICHHBIE KOOPAMHATHI U
ckopoctb. Ecnm BOIM3M TPaEKTOPHMH pacHoOJOXHTh Nperpagbi, KOTODHX
TpaexTopdsd HE 3aACBAET, TO YACTULA MPOCTO «HE 3aMETHT» TAKUX Ipe-
rpag, ecad, pa3yMeeTCs, OHH HE OKA3hBAIOT HAa HEE CWJIOBOIO BO3ICHCT-
BU4 MOCPEACTBOM KAaKMX-1u60 moseir. JJ1g BOJMHOBOIO ABMXKECHHS Xapak-
TEPHO TIOHATHE IPOTSKEHHOTO (PPOHTA BOJHH (MM BOJHOBOM MOBEpPX-
HOCTH), M TEM CAMBIM OTCYTCTBYET IPEACTABJICHME O Kako#-aubo
TpaekTopud. IlomMemeHue nmperpag Ha MyTH BOJIHBI IIDMHIMITHAJIBHO H3-
MEHSET YCJIOBMS €€ pacnpocTpaHeHus. Pasnuumns B CBOMCTBAX YAaCTHI{ M
BOJIH HACTOJBKO CYIIECTBEHHH, UTO HE BO3HHKAECT HAXE MBICIH O BO3-
MOXHOCTH COUETAHUS ITHX CBOUCTB y oxHOro o0sexkrta. M TeM He McHeE,
B SIBJEHMSAX MHMKPOMHpA OKas3ajoCh, YTO 3TH CBOMCTBA MPOSBJISIOTCS Y
OOHHX M TEX X€ OOBEKTOB.

MBICJEHHbI ONBIT, CHUMAWUIHI JOrH4YecKHe nporusopeund. s
WUTIOCTPALMH BO3HMKAIOIMAX JIOTMYECKUX TPYAHOCTEH, d TAKXE s
JEMOHCTpPALU# TOTO, KAK OHM IPEONOJIEBAIOTCS KBAHTOBOM TEOPHUEH, pac-
cMoTpEM noapo0Hee yXe YNOMMHABIUMICA BBILE IPOCTONM MBICICH-
HBIA OudPAKOHMOHHHEINA OHBIT, CXEMATHYECKM IIPEACTABJACHHHM Ha
puc. 21. PeasbHbIE OMNBITH, KOTOpPHE MOryT OWTH OCYIECTBJIEHH, Gonee

B
A

er
L

D

L 3%

Puc. 21. Audpakuus cReTa Ha ABYX MIENAX

CJIOXKHBI, HO X PE3YJbTATH MOATBEPXAAIOT CIIPABEIIUBOCTH 3AKJIIOUE-
HU, CAENAHHHX B PE3yJibTaTe aHAAN3a 06CyXKIaeMOI0 34eCh MBICICHHO-
ro OnkITAa.

Ucrounuk cBera S ocBelmiaer 5KpaH A, B KOTOPDOM MpPOpPE3aHH ABE
ey, PaccrosHue or A 70 B BEJMKO N0 CPABHCHHIO C PACCTOSTHHEM
d MeXny WenasMu, KOTOPOE B CBOIO O4epexb MHOro Gosbmie JIMHB
CBETOBOM BOJIHH. Ha cBeTOUyBCTBMTENBHOM 3KpaHe B BO3HMKaeT aucd-
PaKUMOHHASA KapTHHA, IIPUYEM B MeCTax AM(PaKOMOHHBIX MAaKCHMYyMOB
BHIpHBaercs HaubGonbiee uuciao dorosnexTponos. Kak u B pasobpau-
HOM BHILE ONHTE C Audpakmueit Ha OQHOM INEIN, SKCIEPUMEHT MOKa-
3EIBAET, YTO AMN(PPAKIMOHHAS KAPTHHA COXPAHUTCS M B TOM Ciayuvae,
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eC/IM B KaXAB MOMEHT BpPEMEHH MEXAY HCTOUHMKOM M JKPaHOM B
cpendeM OyReT HAXOMTHCS TONBKO oaMH ¢oToH. Pacnpenenenue MHO-
XecTBa (DOTOHOB, MOMABIIMX HA 3KpaH 3a HOCTATOYHO Goapmoil mpo-
MEXYTOK BDEMEHHM, NO-NPEXHEMY OyAET ONpEemessaThCs KJIACCHUECKOM
KapTHHOM Audpakumy OT ABYX INEJEi, XOTS TPH BHPHBAHMH (HOTO-
3JIEKTPOHOB M3 3KpaHa B ¢oToHH BenyT cebsi Kak YacTHIH, Kaxpad
U3 KOTODHIX BHOMBAET IJEKTPOH B OIPEAEIECHHOM MECTE IKPAHA.

Ecnu 3akpHTh OAHY W3 wLueaei, TO HHTephEPEeHUHOHHBE MOJOCH
MpoNagalT — pacnpencicHie MHTCHCHBHOCTH Ha J9KPAHE CTAHOBHUTCH
TAKHM X€, KaK npu Iucpakuuu HAa ORHOM WIEJM, W NpPH OYEHBb Y3KOH
IIEM CTAHOBUTCA MPAKTHUYCCKM PABHOMEPHHM. [105TOMy Mbi BHIHYXze-
HBl CUMTATb, YTO IPH OBUXEHMHM OT MCTOYHHMKA CBETA UEpe3 IEJM 10
sKkpana B uznydenme Beger cebs kak BosHa. Ecny monmraTthes obbsc-
HATB PE3yJIbTATH ONKITA C MOMOINBIO MPEACTABJCHNA O CBETE KaK O 4a-
CTHIAX, TO HYXHO CYUTATh, YTO KaXablil GOTOH, MO-BHAUMOMY, MPOXO-
IUT TONBKO yepe3 opHy M3 mened. Ho Torma, B paMKax YHCTO KOpmy-
CKYJIAPHBIX IIPEACTABJCHHA, MOXHO OBUIO OBl CIIPOCUTH: KAKMM oOpaszom
MOTOK HE3aBUCHUMHIX (POTOHOB, KAaXKAHIH M3 KOTOPHIX NPOXOZUT TOJBKO
yepes OAHY W3 wenci, MoXerT 0o0pasoBars AU(PAKUMOHHYIO KAPTHUHY,
HabmogaeMy0 ave npu Haauuud obemx menei? Mnu, apyrumu cro-
BaMH, KaKuM 00pa3oM miesib, yepei KOTopyio (JOTOH HE MPOXOXHT, HE
MO3BOJSIET EMY IIONACTh HA TE€ MECTA HKPAHA, KYyAa OH MOT OHl NONAcCTh,
ecad Oul 3Ta mens Obuta 3akpuTa’

B aT0il hopMyampOBKE BOMpOCA MPEAIOAAraeTcs, 4To GOToH AeicT-
BHUTEJILHO MPOXOOUT 4epe3 oaHy M3 meseit. C TOUKM 3peHus KJaccuue-
CKOH TEOPHH 3TO AONYUIEHHE SBJSETCS ECTECTBEHHHM, OO0 mpeanosara-
eTcd, yTo B /000t MOMeHT BpeMeHH ¢oToH (Kak u yobas Apyras dac-
TMLA) [ABHUXETCI IO ONPeXe/ICHHOM TPAaeKTOPHUH, T.€. HMEET
onpeaeCHHBE KOOPAMHATH, HOCTYNHBIE H3MepeHH©. CoBpeMeHHas
KBAHTOBas TEOPHMS OTKA3bIBAETCH OT 3TOTO AOMYINEHHUS, YTBEPXAas, YTO
TOBODHUTH O MOJIOXEHUHM (POTOHA MMEET CMHIC JIMMb B TOM Cyuae, eciu
NPH MOCTAHOBKE ONKTA MBI [03300THMCS 00 ONpEeAeaCHHH €ro KOOpPAM-
HATHL. 3HAYMT, €CJM MB XOTHM CYHTATh, UTO KaxXxHublif (JOTOH HeHCTBH-
TEJIbHO, NMOACOHO YacTuue, MPOXOOUT TOJBKO Yepe3 OfHY M3 IHejeil, MH
OOJDXKHBI MOCTABUTh KAKOM-JHO0 U3MEpPHTENBbHHN npubop, KoTopsiit Gnl
¢ukcnposan Ham daxkT npoxoxaeHHd (OTOHA uepe3 ONPEeaeACHHYIO
weap. Ecau Mbl nompoOyeM ¢ MOMOIIBIO COEUHANBHBX cYeTYMKoB C H
D ¢dbukcnpoBaTh, uepes Kakoe OTBEPCTME IPOXOOAT KaXIHU (OTOH, TO
obHapyxuM, uro AddpaKUMOHHAS KAPTHHA HA 9KpaHe B pasMoeTcs.
Ionpobyem OOBICHHUTH 3TOT 3KCIEPHMEHTAJIbHEIN (DAKT, MCIIOAB3YS CO-
oTHOWEHNs HeoupeaeacHHocTed [eiiaenOepra. BRIACHUM, MOXHO JH B
npuHUMne HaOMIORATs HA 3KpaHe B MHTEep(EPEHIMOHHBIE MOJOCH, ECIH
TOYHO OIPEREALTh, YEPE3 KAKUE OTBEPCTHSA NPOXOAMT (hOTOH.

Ecnu ¢ moMompio CYETYMKOB, YCTAHOBJICHHHIX HENOCPEACTBEHHO
BO/IM3K OTBEPCTHH B DKpaHe A, Ml OyIeM ONpENessTh, UEpe3 Kakoe
HMEHHO OTBEPCTHE MPOXORMT Kaxanif ¢(OTOH, TO TEM CaMbiM MBI
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AEUCTBUTENBHO 3aCTABMM CBET NPOABAATh KOPMYCKYASPHHIE CBOMCTEA,
160 TOBKO /IS YACTHLH MMEET CMBICJ YTBEPXAEHHE, YTO OHA NpONLIa
yepes ONpeAesICHHOE OTBEPCTHE, J/d BOJHH BOMPOC O TOM, YEpe3 Kakoe
OTBEPCTHE OHA mpouuia (pa3yMeercs, el OTKpriTH 06a), Boobme Ju-
MIEH CMbICHA.

st Toro uToGH YBEPEHHO CYAHTb O TOM, UEPE3 KAKOE OTBEPCTHE
npouies HOTOH, HYXKHO C MOMOIIbIO CYETYMKOB OTPENEAATh €10 KOOpHH-
HaTy Xx C ROCTATOYHOM TOYHOCTHIO, Tak 4ToOH ommbka Ax B ompene-
JleHUM KOOPAMHATH (hoToHAa Obila Obl MEHBINE MOJOBHHB! PACCTOSIHUS
MEXIY OTBEPCTHAMH:

d
Ax < . (1)
2
OnHako He C/leAyeT CTPEMHUTBCS ONpENENATb X-KOOPAMHATY (hoToHa
CAHHIKOM TOYHO, TaK KaK B CHJIy COOTHOLIEHHS HEONpeAeJeHHOCTEH
Feitaenbepra

AxAp .z h (2)

3TO NPUBOAUT K CIAMIIKOM GONbLIOH HEONPENESEHHOCTH B 3HAYEHUHA X-
KOMIIOHEHTHl MMIYJbca ¢GoTOHA M IUdpAKIMOHHAS KAPTHUHA HA JKpAaHE
B 3aBenoMo pa3Maxercd, T. €, HAM TOrga He yAacTcs HabaonaTe B 3TOM
OMBITE NPOSIBJIEHHE BOJHOBHIX CBOMCTE CBETA.

Urak, nna BabaoneHus OJHOBPEMEHHONO NpPOSIBEHHMS CBETOM KOp-
OYCKYJASPHBIX ¥ BOJIHOBBIX CBOMCTB HEOOXOAMMO ONPEHC/ISTh KOOPAUHA-
Ty $OoTOHA ¢ MAKCHMAJIbHOH HEONpeaeaeHHOCTBIO, COBMECTMMOM C Bhpa-
xenueM (1), T. €. C BOSMOXHOCTBIO YCTAHOBJIECHUS, YEPE3 KAKOE OTBEP-
crue npomest GOTOH, HaZesICh MPH 3TOM, YTO BHOCHMAsS TIPH U3MEPEHUU
KOODAMHATEL HEOMPENETIEHHOCTh B 3HAUEHWH MMIyanca Ap, €me He
NPUBEECT K NOJTHOMY PasMBITHIO HHTePdEPEHIMOHHKIX T10JI0C. BhisicHnM,
COBMECTUMEI JIH 3TN YCJIOBMSL.

Kakosa MaKcMMasbHO HONMYCTMMAas HEOMpPEREJEHHOCTh B 3HAUECHHH
MMIOYabCa Ap., KOTOpasl €mE HE HNPMBOAMT K TIOJNHOMY YHHUTOXEHHIO
mudpakuuonHoit kKapruHn? JudpakuuoHHas KapTHHA OT ABYX OTBED-
ctuit, HabaonaeMast Ha 3KpaHe B, COCTOMT M3 UEPENYIOLIMXCH CBETIBIX
¥ TEMHBIX ToJ0C. YrioBoe pacctogaue AO MeXAay Hanpas/ICHUSMH HA
COCCOHHE MAKCMMYM M MHHHMYM ONpEeasercs U3 yCaoBus dAO = A/2,
TIOCKOJIBKY MAKCHMYMEI PACITONIOKEHH B TEX TOYKAX JKpaHa B, pa3HOCTh
XOZa JO KOTOPHIX OT OTBEPCTHH B 5KPaHE A paBHA LEJIOMY YHCIY IINH
BOJTH. HeonpeneneHHOCTh B 3HAYECHAM MMIYabca Ap, MOXHO BHIDa3HUThH
uepe3 HEONpPEAENEHHOCTh HanpasieHus ummyasca AO;: Ap = pA6,.

UnrepdepeHuMOBHHE NONOCH, OYEBUIHO, HE GYAYT MOJHOCTHIO Pa3MBI-
THI, TONBKO ecn AQ; < AD, T. €.

Ap, 2
) <ﬁ'
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Hcnonb3yst COOTHOMIEHNE MEXIY MMILYJIBCOM (DOTOHA M AJIMHOM BOJ-
HBI A = h/p, MOXHO MMEPEMHUCATH ITO HEPABEHCTBO B BHIC

2dAp, < h. (3)

TakuMm 06pa3oM, A9 NPOSBACHNS BOJHOBEIX CBOMCTB CBETA B ITOM
OITBHITE AOJIXHO BEHIIOJHATHCE HepaBeHCTBO (3), a A NposBJAEHHS KOp-
MyCKYJISIPHBIX CBOMCTB — HepaBeHCTBO (1). Ob6venuusas ot HepaBeHCT-
Ba, MOJIy4aeM YCJOBHE ONHOBPEMEHHOIO IPOSBICHMS CBETOM KOPMYCKY-
JISPHBIX ¥ BOJHOBHIX CBOMCTB:

AxAp, < h/4.

Ho 3T10 yCiioBHE HPOTHBOPEYMT COOTHOIIEHUIO HEOMPEAC/NCHHOCTEH, a
NOTOMY He MOXeT ObITh BHIIOMHEHO. VITaK, YCTaHOBUB, uepes KakHMe OT-
BEPCTHS NPOXOAAT (GHOTOHK, MBI TEPSIEM TU(PPAKIUOHHYIO KAPTUHY U HE
MOXEM TOBOPHTE O NposiBJicHHM (GOTOHAMH BOJHOBHIX CBOKCTB. Mur pac-
CMOTpEIN YNPOLICHHAI MBICJIEHHBIN onbiT. B Gosiee C10KHOM BapuaHTe
MoHo6HbBIE OMBITE AEHCTBUTENLHO ObLIM MOCTABAEHB H HOMHOCTHIO MOA-
TBEPAMJIM PE3YJABTATH NPUBEICHHOIO 31ECh AHAIU3A,

TTonBeneM HekoTOpHE uTork. Kax Mul BUaeaM, oTHeabHbIE (POTOHE 06~
HaPY>XUBAIOT BOJHOBOE MOBCACHUE, 3AKAIOUAKIIEECS B TOM, UTO KAXIBIA
¢oTon nposBisgeT uHTEPdEPEHIMOHHEIE CBOMCTBA HE3ABUCHUMO OT APYTUX
¢doronor. Ho, nonanas Ha 3kpaH, GOTOHBI 00HAPYXUBAKOT KOPIYCKYJISp-
HOE MOBEAEHUE, 3aK/TIOUAKOINEECH B TOM, YTO OHH B3AMMOACHCTBYIOT C Be-
INECTBOM TOJIBKO B ONpEAEJeHHbX TouKax. Ecau npu 5TOM He AeaaTh mo-
OBETKH SKCIEPMMEHTANIBHO HAGMI0AAaTh TpaeKTopuH (HOTOHOB RO momana-
HUS MX HA JKPaH, TO, NPONYCTHB Gojbioe YHCA0 JOTOHOB, MEI Oymem
HabmoaaTh Ha 3KpaHe AM(PPAKLUMOHHYIO KAPTHHY, NPENCKA3bIBAEMYIO
BOJAHOBOM Teopueid. Ho mpeackasarts, B KAKOE MECTO JKP3aHA NONANET
onpexaeaeHHbIN (GOTOH, HEBO3MOXHO. DTO MOXHO CAEJIATh TOJBKO B BEPO-
STHOCTHOM CMEIC/IE: BEPOATHOCTD MONAcTh (GOTOHY B 00/1aCTh MMHHMYyMa
mana. [list IpOBEPKH TAKOrO MpeAcKasaHus HyXHO Oonpiuoe uucio doro-
HOB. Ecin xe ¢ukcnpoBath TpackTopuu (HOTOHOB A0 MONANAHNS HA IK-
paH, TO (DOTOHKI BOBCE HE TIPOABJISIIOT BOJHOBBIX CBOWCTB.

dorTon — KBaHTOBBI 00BbexT. Kak ke moHuMmarts TOT (akT, uto do-
TOHBI BHICTYNAIOT MHOrAR B O0JMKe 4acTul, a MHOrAa B obnuke BOAH?
KBanToBasg Teopus OTBEYAET HA 3TOT BOHPOC TaK: (POTOH NPEACTABJASIET
co00it KBaHTOBHIM OOBEKT, a KOrga Mul OMMCHIBAEM €T0 MHOBEACHWE KakK
NMOBENEHUE YACTHILAI WM BOJHBI, MBI HABS3BIBAEM KJIACCHYECKOE ONMMCA-
HUE ITOMY OOBEKTY, MMEIOMIEMY CYIIECTBEHHO HEKJACCHYECKYIO MPUpO-
ay. PaccmarpueaTh noBexenye GOTOHA MMEET CMBICI, TOJBKO MCXONd W3
pE3yAbTATOB M3MEDPEHMIL, COBEpMIAEMBIX HAX HMM. I103ToMy TO, KaK mo-
Bener ce6s (OTOH — KAK YACTHUA WM KAK BOJHA, 3aBHCHT OT Xapak-
TE€Pa MPOBOAMMOIO HAJ HHUM HU3MEPCHHS.

HUrak, 4to Xe Takoe cBeT — vacTuun wau BoaHel?! Hu TO, HE
apyroe. Mbl MOXeM 33CTaBUTh MATEPHANBHHIA OOBEKT, KOTODHIA MEI

3 E. U. Byrnkos u gp. Knura 3



II. 3AKOHBI MUKPOMUPA. YACTHIIBI 1 BONHBI

HA3LBAEM CBETOM, NPOABJIATH Aub0 KOpNycKyaspauie, auCo BOJHOBHC
csofictBa. Ho B mpMHIUNE HEBO3MOXHO OCYIIECTBHTh IKCHCPHMEHT, B
KOTOPOM CBET OJHOBPEMEHHO MpOABJAsSA OBl M TE, U APYrHe CBOICTEA.
JTHM YCTPaHAETCS JIOTHYECKAd TPYAHOCTb. JedcTBUTENbHO, HaM 60nb-
e HEe HYXHO IHTATbCH NPEACTaBUTh cebe, Kak 3170 (DOTOH MOXET
OBITH ONHOBPEMEHHO W BOJHOM, M yactuuei. Temeps KopmyCKyJspHO-
BOJIHOBOM Ayasii3M MEI IIOHMMAaeM B TOM CMHICJIE, UTO CBET obsagaer
nOMEeHUUANbHOI BO3MOXHOCMbIO TIPOSBJATb M BOJHOBRIE, M KOpHY-
CKYJIIPHBIE CBOMCTBA, HO OHH HUKOrJA HE MPOSBILIOTCS OXHOBPEMEHHO.
CootHomienust E = Av ¥ p= hv/c 03HAYAIOT, YTO MEXAY DTUMH B3a-
MMHO WCKJIOYAIOIMHMM APYr Opyra CBOWMCTBAMH HMMEET MECTO JIKBHBA-~
JIEHTHOCTb B TOM CMBICJE, YTO MEPH 3ITHX CBOHCTB BCErna NPOIOPIM-
OHAJIBHEI. JTH CBOMCTBA donoansirom APYr Apyra, ubo TOJBKO MX CO-
BOKYNHOCTb JA€T IIOJIHOE TNpeacTaBJeHne o0 ceBere. Ho, kak
[MOKA3bIBAIOT COOTHOMIEHHMS HEONpeNeAEHHOCTEN, B JIIOOOM SBJICHHHM B
3aBUCUMOCTH OT KOHKPETHHIX YCJAOBMH DEaNM3yercs TOJbKO OQHA BO3~
MOXHOCTb.

KopnyckynspHO-BOJHOBOM Ayaau3M MPHUCYI HE TOAbKO (GOTOHAM, HO
¥ mMOOBM APYrMM MHKPOOOBEKTAM.

Boanst e Bpoias. Mu yXxe ynoMuHanu o0 3KCIIEPMMEHTAX, B KOTO-
prix HaOmonanacs Iudpakuus JIEKTPOHOB MPH MPOXOXKAEHUHM UX CKBO3b
kpucrasie. Ho eme A0 OCyImIeCTB/IEHMS TAaKUX JSKCIEPUMEHTOB, B
1924 r., Jlyn ne Bpoitas mpeanonoxua, YTO BCE YACTHI(H JOXKHE oba-
A4Th BOJHOBBIMHM CBOMCTBAMH, MOJOOHHIMM BOJTHOBHIM CBOMCTBAM CBETa,
¥ BBEJ KOJIMYECTBEHHOE COOTHOWICHME MEXIY IJIMHOM COMOCTaBJISICMOMR
YACTHUILIE BOJIHEL H MMIIYJIBCOM YAaCTHLBI, AHAJIOTHYHOEC COOTHOMICHHIO
MEXZY IAJIMHOM BOJIHHI ¥ MMITYJIBCOM (POTOHA:

h
A= (4)

Heckonbko ner cnycrs dxepmep u J3BUCCOH, M3yuash pacCesHUE
JJIEKTPOHOB KPHUCTA/LIaMH, OOHApyXwx AUGDPAKLHUIO SJIEKTPOHOB, MO-
n0OHYI0 AndpakUMK CBETa HA pemerxe. ATOMH KPUCTa/UTa HHUKEJS, KO-
TOPBIA MUCHOMB30BAJICS B ONBITE, 00pa3yIOT PeryaspHyi0 KOH(Hrypanuio,
KOTOpast AeicTBYeT MmOgoOHO AM(MpPAKLUOHHON pemeTKe. MakCMMyMnl B
pacnpenesneHu PacCedHHHX KPUCTA/JIOM 3JEKTPOHOB HaxXOAW/INMCh Ha
TEX MECTaxX, A8 KOTOPHX BBRIMOJHAJIOCH YCIOBHE

nk =d sin 0. &)

Ho asTo ycnoBue coBmamacT ¢ M3BECTHHIM YCJIOBMEM JUIS MAKCHMYMOB
npu audpakuuy BOJH Ha pemerke ¢ nepuogoM d. Briumcnennoe no (5)
3HauyeHNe JUIMHH BOJHBI A COBNAfAJIO CO 3HAYEHHEM, JaBaeMuM (4), ¢
norpemHOCTBIO 10 1 %. CiepoBarensHO, 3/EKTPOHBI, OTPaXasch OT KPH-
cranna, nudparupyoT TOYHO TaK X€, KaK ecid Ob OHM ObLTH BOJHAMH
¢ OJIMHOM, npeacka3aHHon ae BpoitieM.
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BosnHOBBIE CBOHCTBA MMKPOYACTHL. Pe3ysbTaThl 3TOTO OMBITA MMEIOT
dbyHmaMeHTaNbHOE 3HAYEHHE, KOO OHHM AEMOHCTPHUDYKOT BOMHOBHIE CBOM-
CTBA BENIECTBA, KOTOPHE HE MOrYyT OHITH MOHSTH B PAMKAX NMpEACTABJIC-
HUU O TOM, UTO BEHIECTBO COCTOMT M3 KJIACCHYECKUX yacTHu. Bonee mos-
OHHE ONBITH ITI0KA3akH, YTO U APYIWE YACTHLBl BEIIECTBA, AAXE TAKHME
OTHOCHMTENIBHO KPYIIHEE, KaKX MOJEKYJH, TAKXEe NPOSBASIOT BOJHOBHE
CBOVMCTBA.

Korz(a PCANTbHOCTh NPOABJICHHA BOJHOBBIX CBOHCTB MHKpPOUdACTHIIAMHA
CTana OYEBHAHOM, BO3HUKJIA HEOOXOAMMOCTh KaK-TO HHTEPNPETMPOBATH
BOJIHH A€ Dpoitns, npupgate uM onpeneneHHud dusuueckuit cmuca. Ilo-
ABUJIACh KOHIICNII NS <«BOJIHRI-ITMJIOTA», B KOTOpOi/'I nopeanosiarajaochb, 4YTo
BOJIHA B KAKOM-TO CMBICJIE «YyHPABJASET» ABUXCHHEM YaCTHIUHL. Ho oe-
JBA P 9KCIOEPUMEHTAJIBHEIX (DAKTOB [OKA3HBAJ, YTO TAKOC BECbMa
HarjassgHOC NPEACTABJACHHUEC HE NPUBOAHUT K BHYTPEHHC HEMPOTHBOPCHH-
BOM KapTHMHE NMOBeAeHUS MUKpodacTui. [[paBHJIPHOE TOJIKOBAHHE ITOTO
BOIIPOCA CTaJIO BO3BMOXHEIM TOJBKO HOCJE CO3TAHHUS KBAHTOBOU MEXaHu-
k#. [Toka mul Oymem OpOCTO CYMTATh, UTO COOTHOWcHHE (4) Aaer Ham
AJIHHY BOJIHEI, KOTOPYKO CIENYET CONOCTABAAThH MIOOOMY MAaTEpPHANBHOMY
‘Oﬁ’bCKTy, €CJH ONBT NMOKA3KBACT NIPOABJICHUC 3THM Oﬁ’bCKTOM BOJIHOBBIX
CBOWCTB.

Ele o rpaHUiax KJ1acCH4eckoro onucaHus. lIpeacrapienus o BOJHAX
ne Bpoitns MOXHO, HAapaQy ¢ COOTHOIIEHMIMU HeEomnpeaeaeHnocren [eii-
senfepra, UCIOIB30BATh AN BHISICHEHMS BOIpPOCA O TOM, KakoW Teo-
pueil, KBAHTOBOM WM KJIACCHUECKOM, CJAEAYCT OIMUCHBATH KOHKPETHOE
aBjeHue. {1 3Toro Hy>KHO CPABHUTD COIOCTABAAEMYIO 10 dopmyse (4)
H3yyaeMoMy OOBEKTY IJIMHY BOJHBI C XapPAaKTEPHBIMU PasMepaMd B CO-
OTBETCTBYIOIIEH 3agaye, UMeS B BHAY, YTO BOJIHOBRIEC CBOMCTBA 0ObeKTa
HE UrpaloT CYIRECTBEHHOHW DOJIM, MOKA 3Ta IVIMHA BOJHH HE CTAaHET CO-
M3MEPUMON C XapaKTepHEIMM pasMepaMu. Hampumep, AanMHa BOJIHEL
2JIEKTPOHA, HAXOLSINETOCA B aTOME BOJOPON3, CPABHHMA C pasMepaMu
camoro atoma. IToatomy xBaHTOBhEe 3ddexkTni B 3TOM Cnyyae OyayT
BECEMa CYIIECTBEHHHIMHM, M NPEACTABICHUS KJIAaCCUYECKON (PU3NKM 30ECh
3aBEJOMO HEIPUMEHHUMEL,

CpaBHNM Tenepb AJUHY BOJHE ae Bpoiirs, conocrasnsemyro 3emie,
¢ pasmepaMu 3eMHO# op6uTel. Tak kak Macca 3emau M = 6-10% r, cko-
pocts 3eman Ha opbute v 30 xM/c, a paccrosuue or 3eman go Cosn-
HIAa R~ 15-107 xM, TO

A h . a.10-75
ZnR—Mu'ZnR~310 :

3Tta BesmunHa ¢anracruuecku mana. CnenoBarenbHo, ABYXKEHME 3eMiid
- 6yReT IPEBOCXONHO ONMHCHBATHCA KJIACCHMYECKOM Mexanwkod. Jliobme
BOJTHOBHIC MJIM KBaHTOBHIE 3(pdeKTh OYAyT B ITOM C/iyuae MEHBIIE, YeM,
Hanpumep, 3PdexTsl, BbHI3BAHBRIE CTOJKHOBEHHEM 3eMJH C IPOTOHOM
WM 5JCKTPOHOM, COHEPXKAIHUMCA B KOCMHUECKHX JIyYaX.

3
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3anava

[ns yMeHblIeHHWs Pa3MepoB MATHA Ha 3KPaHe 3/IEKTPOHHO-JY4eBOM TpyOKu
MOXHO Ha MYTH Pa3’orHaHHOIO YCKOPSIOIIHM HanpskeHHEM 3JIEKTPOHHOTO MyyKa
MOMECTUThL ABe auacdparMel ¢ oTBepcTHaMHU (puc. 22). Tlokaxure, yto and BTO-
pOro OTBEPCTHS CYWECTBYET ONTUMAJIbHBI AaMeTp, 00eCcneuMBaoUINi HaUMERb-
WM pa3Mep MATHa Ha 3KpaHe.

Pemenue. [Tocsie NPOXOXAEHUS YCKOPSAIOUIENO NMPOMEXYTKA € HANPSXEHHU-
eM U 371eKTpoHB! B Tpy6Ke ABUXYTCS paBHOMEPHO € NPAKTHUYECKH OAUHAKOBEIMHU T10
MOZAYJ/IIO UMNTYJIbCAMH p, ONIPeAeNSeMbIMH U3 COOTHOLLEHUS

P

F-=eU. (6)
ByneM cHauana paccMaTpyBaTh 3JIEKTPOH KaK KJaCCHYECKYIOo yactyiy. Ilycts
OTBEpCTHE B INEPBOi OuadparMe HacTONLKO MaJo, UTO €r0 MOXHO CUMTATh TO-
4YeyHbIM. B 3TOM ciiyyae AMaMeTp NATHA Ha 3kpaHe Obln Obl TeM MEHblIE, YeM
MEHbLE OTBEPCTHE BO BTOPoit aAuadparme. YrjoBoil pasMep NATHA, KaK BUOHO
u3 puc. 23, onpesieSeTCA COOTHOLLEHHEM

8 =dl/l, (T

roe d — OuUaMeTp OTBEpPCTHS BO BTOpol auadparme, a /| — pacCToSHHUE MEXAY
nuacdparmMamu. Takum o6pasoM, NSTHO OT KJAACCUYECKUX YACTHIL MOXHO Obljo

L
!
\

{ ] ——— D d

\ 8

-6 o+ | { _

|4

Puc. 22. Jlns yMeHbIIEHMS pa3Mepa MNaTHa Ha Puc. 23. VYrnosoit pasmep myuxa
9KpaHe MOXHO MCIO/L30BaTh J8e AuadparMsl ¢ 8 saBucuT oT amamerpa d OTBEp-
OTBEPCTHUAMHU CTUSL BO BTOPOi1 auadparme

Obl clenaTh CKOJIb YrofgHo MasbiM. OfHaKo U3-3a KBAHTOBBIX SIBJIEHHI yMeHblue-
HUe AuaMeTpa AHadparMsl ¢ HEKOTOPOIO MOMEHTA NPHBOAMT K PACUIMPEHMIO AT-
Ha. QOUEHUTb KPUTHYECKHIT AUAMETP OTBEPCTHUS MOXHO C NMOMOUILIO COOTHOLUEHUS
HeonpeneneHHocteil FefisenGepra.

Ecau 271eKTPOH Npolles CKBO3k OTBEPCTHE BO BTOPO# Auadparme, To Heonpene-
JIEHHOCTb B 3HAUEHUH €ro KOOPAHHATh B HalpaB/ieHUM MoMnepek nyuka Ax onpege-
NISEeTCA pa3MEpPOM OTBEPCTHUS d:

Ax=d. 8)

Takas JIoKaM3a LM 31€KTPOHA TIPUBORMUT K MOSBJIEHUIO Y HETO HEKOHTPONHPYEMOIl
COCTaBSIOEN UMIYJ/IbCA TIONEepeK MyyKa:

Ap, =~ hlAx =~ h/d. o

B pe3ynbTaTe Mocje npoxXoXaAcCHUSA llHaQJpaFMbl MOABJIACTCA HCONPEAC/IEHHOCTD B
HanpasJICHUU ABHXKEHUSA JJIEKTPOHA, XapaKTepHUuiyeMmas yriiom Gu:

(10)
B =8P

P pd’
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U3 (10) cneayer, 4To NpH yMEHbUIEHHH JHAMETPA OTBEPCTHA d MPOMCXORUT pac-
IIMpeHue MyyKa ¥ KaK CIeACTBYE YBelUdeH e NATHA Ha 3KpaHe TPYOKH. YMeHb-
aTh OTBEPCTHE B gnadparme cJeayeT o TeX 110p, Noka pasmbiThe nyuka O ., e
CpaBHSETCH C €70 YI/IOBbIM pa3sMepoM 0, onpeaensieMbiM KJIaCCHYECKUMU TPAEKTO-
pusmu snextponos: O, = 0. Orciona ¢ nomowsio (7) u (10) onpenensem oRTH-
MaJibHbI pa3sMep OTBEPCTHS BO BTOpOit auadparme: ‘

d=~vVhilp. (11)

3TOT pe3ynbTaT MOXHO NONYUUTb UHAYE, MCTIONbL3YS NPEACTABNEHHUE O CBSI3aH-
HOM C 3/IEKTPOHOM BOJIHe Ae bpoitns
A=nh/p. (12)

Ec/iM KJIacCHUYeCKOMY NPEACTABIEHHUIO O ABHXEHHH 3JIEKTPOHOB 10 onpeie-
JIEHHBIM TPAEKTOPHAM COOTBETCTBYET NMPHUGIMKEHHE reOMETPHUYECKOR ONTHKH, TO
TIpOSBIEHUIO KBAHTOBBIX CBOMCTB OTBEYaeT AU pakins BosH ae bpoitng. Audpak-
LMOHHBIE SIBJICHUS NAafOT OTKJIOHEHHE OT reOMETPHYECKOro 3aKOHa pachpocTpaHe-
HUA nydelt Ha YIJibl MOPSAOKA OTHOLIEHUS MIMHBI BOJIHBI K Pa3Mepy MpPensATCTBHS
unu oreepctus. Ilostomy

esonﬂ = Md.

ToacTasnss ciofa BMecTo A ie-6poiinesckoe Boipaxenue (12) pas anuHbi Bosi-
Hbl 37IEKTPOHA, MPUXOIUM K NIpeXHeMY cooTHoiueHHIo (10).

s  OueHUTe ONTHMAJILHBIA OMaMeTP OTBepCcTUS B TPyOKe ¢ TaKUMH XapaKTepH-
CTUKaMH: ycKopsouee Hanpaxenue U = 10 kB, paccrosHue Mexzy auad-
parmMaMu [ == 1 cM, paccrosHue 10 3kpaHa L= 0,5 M.

e [lodcHUTE, B KAKOM CMbIC/IE B COOTHOWEHUAX E = Av u p = Av/c neBble ua-
CTH XapakTepu3yloT (POTOH KaK 4YacTMly, a rpaBble — KakK BOJIHY.

o [Ilouemy B KJlacCUUECKOM (H3MKE NpPEACTaBJICHUS O BOJIHE M O YacTHILE He-
NPHMEHUMBl K KaKoMy 6bl TO HU ObLIO OIHOMY M TOMY Xe€ O0BEKTY?

e IlosacHuTe, KakKWM 00pa3oM B MbLICJEHHOM ONbiTe N0 AXPPAKUMK HA ABYX
UieJSX MPOUCXOGUT MOJHOE Pa3MbITHE HHTEp(EPEHIIMOHHBIX MOJIOC, €Clu
$HKCHPOBATH 1eNb, Yepe3 KOTOPYIO TIPOXOLMT KaXnbiil U3 ¢hOTOHOB.

o Ilokaxure, NnoYyeMy BOIMOXHOCTb ITPOABJACHHUSA 3JICKTPOHOM B3aHMMOUCKJIIOHA-

HIHUX KOPMYCKYNAPHbBIX U BOJHOBBLIX CBOMCTB He NPUBOJAMUT K JIOTHUECKOMY
HNPOTHUBOPEYHIO.

e UYro Takoe BoJiHbI e Bpoitna? Kak anvua sBonubl e Bpoitns 3asucur ot mac-
Cbl ¥ CKOPOCTH YacTHIbL?

e Kak npuMeHUTb npeacrablieHde 0 BOJHAX Ae Bpoiiis K BbISCHEHHIO BO3MOX-
HOCTH KJIACCUYECKONO ONMMcaHHs?

§ 9. 3aKOHBI ABHIKEHHA B KBAHTOBOM (PHIHKE

Hrak, Mu BHAENH, YTO MHOTHE fABJICHHS B MUKPOMHMDE HE ONMCHIBAIOTCS
KJIAaCCHUECKOW (hM3NKOM M, MoAb3ydCh COOTHONMICHMSIMM HEOMPEHEsCH-
Hocteit [eitzenbepra, MOXHO YCTAHOBMTD TIPAHMUB MPUMEHUMOCTH
KJIACCMYECKOoro crocoba OMmMCaHMs NpH PACCMOTPEHHMH TEX KM HHBIX
KOHKDETHBIX SBJACHUN. B Tex Ciayuadax, KOrga KJIacCHYECKOE ONHMCaHue
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OKa3hIBAETCA HETPHIOAHHIM, Heobxonum 6Gojee COBEpHMIEHHHI crocob
OMHUCAHNA (PU3NYECKNX SBJICHHI, KOTOPHIL JOMXEH YUMTHIBATh BO3MOX~
HOCTb IIPOSIBJIEHHS M3Yy4aeMRMM OObeKTaMU KaK KOPIYCKYJSPHHEX, TaK
¥ BOJIHOBHIX CBOWCTB.

CoBpeMeHHad KBAaHTOBAs TEOPHA BEAET CBOE Hauano ¢ 1926 r., korna
3. lIpénunrepoM ObUIO NPENIOKEHO YPABHEHHME, HOCSINEE HEHE €10 UMs
M JIeXaIee B OCHOBE KBAHTOBOH MeXaHUKM. Pasymeercs, uM3noxeHue
KBAHTOBOH MEXaHHKM BEIXOOHT 33 PAMKHM LIKOJBHOTO Kypca (PM3HKH, HO
MBIl MOXeM 06CYAUTE Pa300PAHHLIE BRIUIE HKCIEPHMEHTAIbHBE QAKTH U
4eTKO ChopMyIHPOBATh, KAKOI JOMXHA OBITH KBAHTOBAS TEOPHS, CHOCO6-
Has TOC/NEROBATEIBHO OOBACHUTD BCe CBOeoOpa3ue SBJEHUIT MUKPOMHpA.

Posnb cpeacts HaOmoaeHUs B KBaHTOBOM ¢u3uke. O6cyxnas npuuu-
Hbl HEIMPUMEHMMOCTH IIPEACTABJIEHHH KJIACCMUECKOH (DM3MKU B MHKpPO-
MHpE, MH BHIENH, YTO 3Td HEMPUMEHHMOCTb O0YC/IOBNEHA PINOM abCT-
pakumi, JONMyCKAaBIIUXCH B Kiaccuueckod dusmke. B knaccuueckoir du-
3MKE€ MOJYAJIMBO  MNPEANONaranach HE3aBHCHMOCTh  (DU3MUECKUX
MpOLLECCOB OT CMOco0oB HAOMIOREHUS M BO3MOXHOCTH HAGIONATH OFHO-
BPEMEHHO BCE CTOPOHH JAaHHOIO rpouecca. B 06/1acTH KBAHTOBHIX siBJIE-
HHH 3TO He Tak. Bcnomuure, HanpuMmep, onkiT ¢ Audpakuueir GOTOHOB
Ha ABYX WEJ4X: ONpeneadas, 4epe3 Kakoe OTBEPCTHE NMPOXOAUT KaXKIBIiH
¢OTOH, MH 5TMM H3MEDCHHEM NPHHIUINAJIBHO H3MEHS/IM NPOTEKAHUE
¢pusuueckoro mponecca, tak uto AudpakuUMOHHAsS KAPTHHA HA JKpaHe
OKa3HBAJACh NOJHOCTHIO PA3MBITOM.

AHanusupys 3TOT ONBIT, MH IIPUXOAMM K BHRIBOAY, YTO OCHOBOM HO-
BOro crniocofa OMMCaHMS SBJCHUHA JO/UKEH OBITh ABHBIA Y4ET PEANBHEIX
GO3MOXHOCMe U3MepeHull, TIPOBOTUMEIX HAj MuUKpoodbexkramMu. Heob-
XOAMMBIM TIOCPEAHUKOM NP U3YYEHHH TAKUX OOBEKTOB SBJISIOTCH nMpu-
60pbl: aTOMHBIN OOBEKT MOXET NMPOSBHTh CBOH CBOMCTBA, TOJBKO IMpO-
B3aMMOAENCTBOBAB ¢ npubopoM. HampuMep, myTb MEUKPOUYACTHUIH CTAHO-
BUTCS BHOUMHBIM B PE3YyJbTATE KOHAEHCAUMM NApoB B Kamepe Bmiancona
WIH B pe3ynbTaTe MOUYEPHEHNA 3epeH (oTosMyancHH, U T. 1. [Ipn arom
npubopH ¥ YCIOBHS ONMBITA HO/IXKHHW ONMUCHBATECS KAACCUHMECKL, TIYTEM
3aJaHUsA 3HAYEeHUN MapaMeTpoB, xapakKTepuayoommx mnpuboprn. [Tapa-
METpHl 3THX NpuOOpPOB MOryT, pa3yMeeTcs, 3aJaBaThCsl JHUIOb C TOUHO-
CTBIO, JOMYCKAEMOHU COOTHOUICHHUSMM HEOIPEACICHHOCTEI.

BepoATHOCTb B XJACCHYECKOM M KBAHTOBOM ¢usuxe. B ocHOBY HOBO-
ro cnocofa OnuUcAHUS MOBEAEHUS MHMKPOOOBEKTA CJAEAYET MOJOXHTH pe-
3yJIbTATH B3aUMONEHACTBHSA 3TOr0 00BEKTa € KJACCHYECKH ONUCHIBAEMBIM
npubopoMm. CBOACTBA aTOMHOrO 00BbEKTa BHIBOAATCS M3 pPaCCMOTPEHHS
Pe3yJbTATOB TAKHX B3aMMOREHCTBHH. DTO HE MCKIIOMAET BO3MOXHOCTH
BBEACHUS TAaKHX BEIMUYKH, KOTOPHE XapaKTEPH3YIOT CaM MUKpPOOOBEKT
HesaBuCcHMO OT npubopa (3apsn, Macca YacTHUH M T. A.), HO B TO X€
BpeMs MO3BOJSAET W3YuaTh MOBEAEHUE OOBEKTA C TOH €ro CTOPOHE (Ha-
MpUMED, KOPIYCKYJNSPHOH WM BOJSHOBOIH), TIIPOSIBJICHHME KOTOPOi
obycnoBneno ycrpoiictBom npubopa. Takum o6paszoM, mnosBasercd
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BO3MOXHOCTb PACCMaTPUBaTh B TOT CAYy4ai, KOrAa pasHHE CTOPOHH H
pasHble CBOHCTBA O0bEKTa HE MPOABAAIOTCS ORHOBpemenHo. ITo Bopy,
CBOMCTBA, NDOSBJISIOMMECS NPH G3AUMHO UCKAIOMAIOWUX YCIOBHIX
(BcnomMHuTE 0OCYXAEHHE KOPIYCKY/ISIPHO-BOJHOBOIO nyanu3ma), donoa-
HArOom ApYyr Apyra B TOM CMBICJIE, YTO TOJIBKO MX COBOKYITHOCTh Xapak-
Tepu3syer o0BbEKT MOJHOCTHIO. B 3TOM 3axkmouaercs chopMyTHPOBAHHEIN
H. BopoMm npunyun donosxumenbhocmu, KOTOPHH CHIrpaja OrpOMHYIO
posib B 00OCHOBAHUM COBPEMECHHOH KBAaHTOBOH Teopmu. PaccMarpuBaTth
ONHOBPEMEHHOE NPOSIBJACHHE AOMOJMHUTENBHLIX CBOMCTB HE MMEET CMBIC-
na. Taxkum oOpa3oM, B HOBOM ITOAXOAE M HE BO3HHMKAET BHYTPEHHEro
[IPOTHBOPEYHS B MOHITHH «KOPIYCKY/ISIPHO-BOJHOBOH AYaTH3M».

HMrak, B OCHOBE OMMCAHMA — PE3yJbTATH B3aUMOIEHCTBUS MUKPO-
obpexra ¢ npubopom., Ho oneiT noxaswpBaer, 4To NpH JAHHHX BHEINIHHX
YCIOBHSAX PE3yJLTAT B3aUMOAEHCTBHA 00beKTa ¢ npulopoM He ABASETCS
ONHO3HAYHO ONpEAEJCHHBIM, a 00JagaeT JMImb HEKOTOPOMl BEPOSTHO-
cThi0. BcnoMHuTE TOT Xe AUDPAKLMOHHEIA ONKT: KaXAui ¢oToH nona-
Jan B ONpefcJeHHOE MECTO 9KpaHa, HO MpeAcKas’aTh TOYHO, B KAKOE
MMEHHO, OBUIO HEBO3MOXHO; CYIIECTBOBAJIA JIMUIL ONMpPERE/IEHHAs BEpO-
ATHOCTb NOMAafaHWs (POTOHA B TO MM HMHOE MecTo. TakuM ofpa3oM, B
ONMMUCAHHE MHUKPOOGBEKTA, €M0 COCTOSHUSA M MOBEJCHUS BBOXMUTCS HOBHIH
JJIEMEHT — HOHSTHE BEPOSIMHOCMU, 3 TEM CaMBIM M MOHSATHE NOMEH-
UUQAbHOUL GOIMOXHOCIU.

TTonsTHE BEPOATHOCTH MCNOMB3YETCA M B Kjaccuyeckoil ¢pmanke npu
H3YYEHUH CBOMCTB CHCTEM, COCTOSIIMX M3 OOJBLIOrO YMCAA yacTH. Be-
POSITHOCTH BBOASTCS TOINA, KOTAA YCJAOBHS OIKTA HE M3BECTHHI IIOJHO-
CTHIO M MO HEM3BECTHHM IapaMeTpaM NPUXOQUTCA MPOBOLUTH yCPEaHe-
nue. Hanpumep, npu paccMOTpeHMY ABMXEHHS MOJIEKYJI B ra3e HaM He-
HU3BECTHH KOOPOMHATH M CKOPOCTH Kaxmoil MojekyaH. [1oatomy MoXHO
MPENCKA3aTh TOJBKO BEPOSTHOCTh MOMANAHUS YAaCTHUH B TO WIM HHOE
Mecto. B knaccmueckoil (pM3MKE BEPOATHOCTH OTPAXAXOT HENOJHOTY
dopMyHpOBKH 3anaum, KOTOpast, OWTb MOXET, NMPaKTHUECKH M HEH3-
0eXHa, HO B MPHHIKIE YCTPAHMUMA,

Onucanue COCTOSHHUS CHCTEMEI B KBAaHTOBOM du3uxe. B ksanTOBOIM b1~
3MK€ BEPOSTHOCTH MMEIOT COBCEM MHOM XapakTtep. 31ech OHN MPHHLMIIN-
aJbHO HEOOXOXUMH; UX BBENECHUE XAPAKTEPU3YET HE MOJHOTY YCJIOBHIA, a
00BEXTHBHO CYLIECTBYIOMMAE NPH JAHHHX YCAOBMSIX NOTEHUHAIbHBIE BO3~
MoxHocTH. CexyeT OTMETHTDb, YTO B IPOLIECCE CO3AAHHUS KBAHTOROM TEO-
pHUH BHICKAa3HBAJIACh TOYKA 3PCHUS, UTO BBEACHUE MIOHATHS BEPOATHOCTH U
B KBAHTOBOH MEXAHMKE BCE-TAKH CBS33HO C TEM, YTO HA CAMOM AEJ1€ MUK PO-
00BexTh 06,1aKa10T ONpeaeIeHHOM, He M3BECTHON HAM BHYTPEHHEN CTPyK-
Typoii. I[T03TOMY B KBAaHTOBOI MEXaHMKE, KAK H B CTATHCTHUECKOH uanke,
MPUXOOUTCH CYMTATDH, YTO NMEPEMEHHEIE, ONMMCHBAIOIME ITY BHYTPEHHIOK
CTPYKTYpPY, pacHpeieseHH Cay4yaiHeM obpaszoM. MHnMH cioBamu, B
KBAHTOBYIO TEOPHIO NOHATHE BEPOSITHOCTH BBOAUTCS TOJBKO IOTOMY, UTO
OHA HE SABJIACTCS MOJIHOM; OHA CTAHET MOJIHOM TOJIBLKO TOFAa, Korna 6yayT
HaMIEHsl BEJIMYMHEI, XapaKTEPH3YIOMKUE BHYTPEHHIO CTPYKTYPY YaCTHLL.
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Ho B HacTOsILEE BPEMSI MOXXHO YTBEPXAATh, YTO KBAHTOBAS TEOPHS, OCHO-
BAHHAS HA MOHSTHH BEPOSTHOCTH Pe3yJIbTaTa B3aUMOACHCTBUS 00BEKTA C
npubopoM, 0Ka3a/1aCh HCKITIOUMTENBHO YCTIELIHOM M, HA060POT, HET HUKA-
KHX 3KCIIEPUMEHTAIBHHX (GAKTOB, KOTOPHE CBUACTENLCTBOBAIH OBl O He-
HOJIHOTE KBAHTOBOMEXAHHUYECKOIO OMMCAHUS NOBEAEHNS MUKPOOOBEKTOB.
IMpoponxum 06CYyXAEHME OCHOB KBAHTOBOM TEOpMH. M3 cKasaHHOro
BHILIE SICHO, YTO 33aTh COCTOSIHHE KBAHTOBOIO 00BEKTA — 3HAUUT 3a4aTh
pachpeaesaeHUe BEPOSTHOCTEN, MM NOTEHLUMATbHBIX BO3MOXHOCTEH MO-
JIYUEHMS TOTO MJIM MHOIO pe3yabTara B3auMoAeHcTBus ofbekTa ¢ npubo-
poM. To 00CTOSATENBCTBO, YTO HOJIXHEL 3a4aBATHCA BEPOSITHOCTH TAKXE U
OJ1S TE€X BEIHYMH, U3MEPEHHMS KOTOPBIX HECOBMECTHMEI, ITOKA3BIBAET, UTO
peub HAET MMEHHO O NOTEHUMAJIBHHIX BO3MOXHOCTAX, 3 HE O 3HAUEHHUAX
BEJTHYMH CaMux 110 cebe, BHE CBA3M C YCOBUAMH UX M3MEPEHHS HA ONHITE.

HpuHuMn cooTBeTcTBUA. Teneps MOXHO CKa3aTh HECKOJIBKO CJIOB M O
TOM, KaKMM J0JKEH OBITh MAaTEMaTHUYECKUM ANrnapar KBAaHTOBOM TEOPHH
110 CPAaBHEHHIO ¢ MATEMATHUYECKUM aMNapaToM KJIaCCHYECKON (U3UKU.
B knaccuueckoit pm3uke MaremMaTHUECKMI ANMAPAT QOJKEH AABATh 3Ha-
YCHMS OMpeAc/JICHHHX (DU3UYECKMX BEJIHYHH, T. €. YHCA4. B KBAHTOBOHU
TEOPHMM MATEMATHMYECKHMN ammnapar ODKCH AABAThb HE TOJBKO BO3MOX-
HBIC 3HAUYEHUS QU3HMYECKUX BEJUUYMH, HO M BEPOSTHOCTHM IMOJYUEHUSA Ha
OMNBITE TEX WIM MHBIX BO3MOXHEIX 3HAYEHHH STUX BEJIHUHUH.

B kBanTOBOI TEOpHH copMyINpOBAHHBIE TPEOOBAHHS MOrYT OBITh
BRINOJAHEHH CaegyomuM oOpazom. COoCTOSHHME M3yyaeMo#R CHCTEMBI Xa-
paKTepu3yeTcs ONpPENCJCHHONW (yHKUHUEH, HA3LIBAEMON BOJIHOBOM HJIH
P-dyakuneir. BoaHoBass QYHKIHS XapaKTePH3yeT COCTOSHUE CHCTEMBI B
TOM CMBICJIE, UTO Uepe3 3Ty PYHKUUIO BHPAXAIOTCS BCE BEPOATHOCTH A5
pe3ysabTaTOB M3MEPCHUA HAax cucreMmod. BonxoBas ¢yukuus onpexe-
nserca w3 ypasHeHus LIpéaunrepa — OCHOBHOIO ypaBHEHHS KBAHTOBOI
MexaHuku. Kaxpoi ¢usuyeckoif BeIMUMHE COMOCTABJISIOTCS ONpene-
JICHHRIC MATEMaTHYECKHMC ONEpalHM, KOTOPHIE CAEAYET MPOREaaTh Haj
Y-bynxkumei, yrodbl noayuute Heobxommmyw uHgopmanuio. Orciona
BO3HHUKACT MOHATHE Onepamopa COOTBETCTBYIOmEHd GU3UUECKON BEIHYH-
HH. B xBaHTOBOH MEXaHHKE KaXmo# (pM3muecKkoif BEIMUMHE, HANPUMED
JHEPTuM, KOOPAMHATE, MMIIYJILCY, COMOCTABJICH ONpEAEAeHHBH OIepaTop.

Kax subuparorcs camu oneparops’? IIpu nmocrpoeHuu KBaHTOBOI Te-
OpHM OTPOMHYIO POJIb CHITPA/l TAK HA3BIBAEGMBIM NPUHUMI COOTBETCTBHUS,
cchopMyupoBaHHb BopoM: 3akKOHB KBaHTOBOM (PH3HKHM AOJIXKHBL OBITH
chOpMYIMpPOBAHK TaKMM 00pa3oM, uToOW B KJACCHUYECKUX TDAHHUIAX,
KOrAa, HarnpuMep, B HM3YUacMBId TMPOLIECC BOBJIECYEHO MHOTO KBaHTOB,
STH 3aKOHBI IPABOXHIIN OBl K KJIACCHYECKUM YPABHEHHSM IJISI YCPEAHEH-
HBIX BeJMuuH. Mcnonp3oBanmne npuHOMUNA COOTBETCTBUS MTO3BOJIWIO HAH-
TH BHJ ONEpPaTOPOB, COMOCTABJSEMHX ONPENC/NCHHHM (PH3NYECKUM Be-
suunnam, Ho ofumux mpaBun cocTaBiaeHHs OINEPATOPOB A (PU3HMUECKHX
BEJIMYMH yKa3aTh HEJIb3s.

TpeboBaHue YAOBJETBODEHHMS NPHHIMIY COOTBETCTBHS OTHIOND
HE $BJfAETCY TPHBMaJbHBIM. Bo3Hwukaer BOMpoOC, Kak COIJIACOBATH
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KBAHTOBEIH MOIXOH, OCHOBAHHHIH Ha PAacCMOTPECHUM BEPOSTHOCTEH, ¢
KJIACCMYECKUM, AONYCKAIOMMUM TOYHOE NPEHCKa3aHHE HOBEACHUS CHCTE-
MBI, PaccMOTPHM C 3TOM TOUKH 3PEHUS yXe Pa3obpaHHbIA BHIIE IPUMED
paccesHus HoroHOB cBoGORHBIME 3n1ekTpoHaMu. Kak suano U3 dopMy bl
(11) § 6 «CBeroBbie KBaHTbI», YBEJUUEHHE OIMHBL BOJHBL NIPH €OUHWY-
HOM aKTe pacceaHusi GoToHa paBHO 2//(myC), UTO TIPUMEPHO COCTABJISA-

et 10710 cM. D10 CAMIMKOM MajseHbKAd BeAMUMHA, YTOOB €e MOXHO Obl-
JIO 3aMETUTh IPH PACCEAHUH PANMOBOIH C AJMHOM BOJHH nopsaka 1 cM
u Goabme. COOTBETCTBYIONIME TAKUM BOJHAM YACTOThI OKA3BIBAKOTCS MO~
panka 10'° I'u, rak uro sHeprus ogHOro ¢otona cocrasaser 10716 spr,
unu 107* 5B. Jlerko nomcuuTaTh, KaKyl HAMGOJBIIYIO SHCPIHIO MOXET
npuobpecTy 3MEKTPOH B pE3YJbTATE PACCESHHMS OXHOTO TAKoro (hoToHa.
C nomowsio opmyaer (10) § 6 maxomum, uro AE,,, = hAv,,, cocTas-
aser 10714 5B, g Toro utoBH B pPE3YJIBTATE DACCESHUS PAXMOBOJIH
npuoBpecTr 3HEPruo Bcero B 1 3B, 37EKTPOH MOMKEH PACCEATh IO
menbieil Mepe 10'% kBantoB! Pasymeercs, Henb3s TOUHO NMPEICKA3aTh
pe3yabTAT KAXAOro MHAMBHAYAIBHOTO akTa paccesuusa. Ho pesynbrarTs
paccesiHusl TAKoro OOJBIIOrO 4MCIa KBAHTOB, KOTOpOe (PakTuuecKu
npeacrasiafer coGoil HENPEPHIBHRIM MPOLIECC, NPAKTHYCCKH BIIOJIHE
ONpefe/IeHHEEe W COBNARAIOT C TEM, YTO AAET AJS JTONO CJayyas KJIacCH-
yecKas dJICKTPONUHAMMKA.

MBl MOCTPOMIIN KAYECTBEHHYIO KAPTHUHY KBAHTOBOM MEXAHMKM H MO~
ACHWJIM HA MPAMEPE, UTO B Ipedese, [PU MePeXofe K KAACCHUECKHM Y~
JIOBUSIM, Pe3yJbTaThl KBAHTOBOH TEOpMM MEPEXONST B PE3YyJLTATHI, Aa-
BaeMbIe KAACCHuecKoi (usukoit. C NoMOmbi0 COOTHOLICHMHM HEONpPERc-
JIEHHOCTEH MOJXKHO [€7aTh OLCHKYM TIPAHHIBI NPUMEHUAMOCTH 33KOHOB
kaaccuyeckod dusukd. OJHAKO 3Ta rpPAHUNA HE ABALETCH UYETKO ouep-
YEHHOM, ¥ PassuTie (PH3MKM HE PA3 AABAJIO NMPUMEPH BTOPXKCHHS KBAH-
ToBrIX 3(pdekToR B 001aCTh, KaXYyWYOCs aOCONIOTHO KJIACCHUECKOMH.
C HEKOTOPHIMH M3 3THX NPHMEPOB MBI €HIE BCTPETUMCS HHXE.

® O6bacrure, yeM obycnioBneHa ocobas ponb cpencTs HabloReHUS B KBAHTO-
BOV (pH3MKE MO CPABHEHHIO C KJIACCUYECKOM.

e PasbsacHUTe cofepxaHHe NPUHUMNA AoNoaHUTeasHOCTH Bopa. KakuMm o6pa-
30M 3TOT MIPUHLMN CHHMAaeET POTUBOPEUUS B MOHATHU «KOPIYCKYISPHO-BOJ-
HOBOM AyanuaM»?

e B uem npuHUMNManbHOE pa3nUuMe UCIOL3OBAHUA MOHATUS BEPOATHOCTH B
KJIACCHUYECKOM U B KBaHTOBOH (pH3pke?

e Kak 3apaercsa coctosHUe PUIMUECKON CHUCTEMbl B KBAHTOBOI (pusmke?

e UeMm ornuuaiorca TpeGOBaHHMA K MaTeMaTHYECKOMY amnnapaty B KjaccHue-
cKOfi K B KBaHTOBOM ¢Gusuke?

¢ Yo Takoe BonHOoBas (QYHKUMS M 4TO Takoe oneparop (PU3MUECKOH BejH-
4nHbI?

e B ueMm 3akmouaercs npuHUMN coorBeTcTBUA Bopa? IloscHure ero posb B
buzuke.



lll. ATOMbI, MONEKYJbl, KPUCTAJIbI

§ 10. CrpoeHne artoma

[Tocne orkpurua JX. TOMCOHOM 57€KTPOHOB CTAJ0 SCHO, YTO 3Ta yac-
THIA BXOOUT BaXHEHIIEH COCTABHOM YaCThIO BO Bce aTOMB. QOCHOBAaHHAS
HA DTOM THIOTE3E MCTOPMUECKH IIEpBas MOAEJb aToMa ObUIa NpensioxeHa
camMuM [Ix. ToMcoHOM.

ToMCOHOBCKas MOAEnb aToMa. Mozgenb Tomcona Osuia MOCTPOEHA Tak,
yToOK MOXHO OBLLIO OOBACHUTL HAOMIONAEMOE HA OMNBITE MCIYCKAHHUE
BO30YXIEHHEIMU HEB3aUMONEHCTBYIOIMMHE MeXAy cofoil aToMaMu mou-
TH MOHOXPOMATHYECKOTO CBETA.

IInsg MCIycKanMs MOHOXPOMATHYECKONO CBETA IJEKTPOH B BO30YX-
JEHHOM aTOME, N0 KJACCHYECKHUM MPEACTABJICHMSAM, JOJKEH COBEPMIATH
rapMOHHMYECKOe KOseOaHue COOTBETCTBYIOMEH yacToTh. I[Toartomy npwm
CMEIICHUY JJIEKTPOHA B aTOME M3 NOJIOXCHUS PABHOBECHS Ha HEro ROJ-
>KHa AEHCTBOBATh KBA3HUyNpyras, T. €. NPONOPUHOHAJIbHASA CMEIICHMUIO,
BO3Bpamawnmas cuia. Tak NnoJyyuTcs, eciy CYMUTaTh, UTO ATOM mpes-
cTasJjiseT coboi wap, MOJOXKHUTENBHBIA 3apAR KOTOPOrO, PaBHbIA MOAYII0
TOJTHOT'O OTPMIATEIBHOTO 3apAAa 3JIEKTPOHOB, PABHOMEPHO pa3MasaH mo
BCeMy obbeMy atoMa.

TOMCOHOBCKOH Monennm artoma Obhuia yroToBaHa OUYEHb HENOATas
XKU3Hb, XOTS OTHAE/JBHHIC €€ MOJIOXKCHHUS, B YACTHOCTH TPEICTABJICHHE O
KBasMynpyrof cuie, yREpXHBAKIUEH 3/EKTPOH B aTOME, COXPAHWIU
CBOE 3HAUEHHE N0 HACTOSIIENO BPEMEHH. JTO NPEACTABICHHE HCIONb-
3YeTCS B TEOPMH B3aMMOAECHCTBHUS CBET3 C BEIIECTBOM, OOBACHAIOMEH
JUCTICPCHAIO CBETA, T. €. 3aBHCUMOCTb CKODOCTH CBETA B BEIIECTBE OT
JJTWHH BOJIHEL

OnoiThl Pezepdopaa. B nauane nessarucorsix ronos Pesepdopn npucry-
nu1 K CBOMM 3HAMCHHTHIM ONKITAM MO 30HAMPOBAHMIO ATOMOB C IO-
MOLIBIO a1bda-yacTHil, HCIYCKAEMBIX PAaAMOAKTHBHHIMU BEIIECTBAMH.
Macca arux uacrtuy, npumepHo B 8000 pas Goabmie MacChr 3/E€KTPOHA,
[IOJIOXUTENbHBIA 3apsAX PaBEH YABOSHHOMY I3/JEMEHTAPHOMY 3JIEKTPH-
yeckoMmy 3apsany. CKOpocTb MCIYCKAEMBIX PaIHMOAKTHBHBIM IIPEMIAPATOM
anbha-yacTul CocTaBaseT okoao 1/15 ckopocrn csera. Takumu yacru-
uamu Pesepdopn 6omMOGapaupoBas aTOMB TSXKEIHX 3JEMEHTOB.
DNEKTPOHH BCAENCTBUE CBOEH Masioi MaccH HE MOryT 3aMETHO H3-
MEHNTh TpPaeKTOpHI0 anbta-uactuus. V3meHeHwe TpaekTopum, T. e.
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paccestHue  anbga-uyacTUL, MOXET BHI3bIBATBCA TOABKO THXEJIOMH
IOJIOKUTEIBHO 3apsSXKEeHHONM uvacTeio aroma. [1osToMy M3 ONEITOB o
paccedHuo anb(ha-yacTHL MOXHO OIpe-

AEMUTh XaPAaKTEP DACTIPENENEHUS NMONO-  PajyoaTusHBIf npenapar

XUTEABHONO 3apsia M MacCH BHYTDH /  Iuagparma
aroma. / / dxpan
Cxema onutoB Pesepdopma mokasza- L
Ha Ha puc. 24. W3 ucnyckaeMbix paauo- : I
AKTHBHBIM HM30TONOM anbda-yacTul, ¢ h

noMoueo auadparmM Bemengercs my-

YOK, KOTOPHI NM3NaeT HAa TOHKYI ¢ob-

ry u3 ucciaeayeMoro martepuana. Pacce- Pacceusaomas  Muxpockon
SHHHIE anb@da-yacTMUE NONMAZAIOT HA bozera

9KpaH, NOKPBITHIN CEPHUCTHIM I[MHKOM. ~
INonagande xaxmoit aabda-yacTULbl CO-

37aeT KOPOTKYK BCORIMIKY CBeTa (CUMH- .

THJLIALMIO), KOTOPYK MOXHO Habmo-
0aTh B MUKPOCKOIIL.

Paccesnue Ha Oonbmme yrasl. [Ipn
W3YUYEHMH DPACTOPENEJNCHUAS PACCESHHBIX
anpda-vacTuy ObUT0 OOGHAPYXEHO, YTO
HEKOTOpHIE M3 HHX OTKJIOHHJIUCH OT
NMEPBOHAYABHOIO HAIPABJAEHMS HA OYEHb OO/MblIME Y. JTOT pe-
3y/bTAT OBLT OUEHb HEOXMIAHHBIM. «DTO MOUTH CTOJMb XK€ HEBEPOSITHO,
rosopun Pesepdopa, — kak ecanm Obl B BHICTPEaWIM 15-mroiiMoBBIM
CHApPSAOM B KYCOK TOHKOM Oymard, a CHapam BO3BpAaTH/CH OBl K Bam
M HAHeC BaMm ymap». [elcTBUTE/SBHO, €CJAM CUHTATH 3JJICKTPHYECKHUH
3apga aToOMa pPacHpeneseHHEM 10 BCEMY ero o0beMy, TO CO3naBaeMoe
UM IMEKTPUUECKOE Nojae OyAer HACTOABKO Caa0biM, UTO HE CMOXET
OTKJIOHMTH NPONETAIINYH aab(a-uyacTUIy Ha 3aMETHbHIE YIJIHL

Puc. 24. Cxema onsitoB Peaep-
¢dopna

OTkpeITHE aTOMHOro faapa. OueBMIHO, 4YTO aabda-yacTuila MOXET
GuITE OTOpOIIEHA HA33R MWL HPH YCJIOBHH, YTO IMOJOXHUTEIbHEIN 3PSy
4TOMA H €ro Macca COCPENOTOYEHB B OUEHb MAaJOM 00beME BHYTPH aTo-
Ma. Takum 0O6pa3oM GbLIO OTKPHTO amoMHOe S0pO — TEJIO MAJBIX Pas-
MEpPOB, B KOTOPOM CKOHUEHTPHPOBAHH BECh MOJIOXUTEIbHBIN 3apsx aTo-
Ma M IOUTH BCS €ro Macca.

W3yyas nogcyeToM BCOHIIEK B Pa3HBIX MEcCTax SKpaHa pacmpenene-
HHME pacCesHHBIX anba-yactur nmo ymram, Pesepdopa cMor oueHuTtsb
pasmepn siapa. OKas3anocs, uTo sApa MMEKT AuameTp mopsaka 107!13—
10712 cM. D710 B COTHM THICAY pa3 MEHbBIIE AHAMETPA caMoro aroma. U3
3THX Xe€ OIHTOB YAAJOCh BIOCIEACTBMH ONPENETATh M 3apan aapa. Ecam
NPUHATH YTEMEHTAPHBIA 3/JCKTPHYECKMIT 3apgd 3a €XMHHULY 32psaa, TO
3apsax mobOoro sapa B TOYHOCTH paBeH HOMEPY RAHHOIO XHMHYECKOro
aneMmeHTa B tabanue Menneneesa.
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IInanerapHas Moneab aToma. Onnithl Pesepdopna ecTecTBEHHBIM ITy-

' TEM TIPUBORAT K naanemapHou modeau amoma. B uenrpe aroma Haxo-
JUTCS MOJIOXHUTEIBHO 3aPSIXKEHHOE AP0, B KOTOPOM COCPEAOTOUEHA MOU-
TH BCS Macca aroMa. Tak Kak aToM B IIEJIOM JIEKTPHUECKHM HEUTpaseH,
TO YMCJ/IO 3JIEKTPOHOB B aTOME, KaK M 3ap#aj ero sapa (B eqHHHUAX d7e-
MEHTAPHOIO 3apsaa), PaBHO MOPSAKOBOMY HOMEDY 3J€MEHTA B IEPHO-
AMUECKOM CHCTEME. DJIEKTPOHE O/Iarofaps KYJOHOBCKOMY NPHUTSXKEHHIO
K aapy ofpamarTcs BOKPYT HEro nogo0HO TOMYy, Kak IUIAHETH ofpama-
rorcst Bokpyr CosHia.

IMnanerapHass MOAETb AaTOMA MPEACTABASACTCS COBEPIUEHHO HEOOXO-
HUMOM 15 OOBACHEHHWS OMBITOB MO PACCETHUIO anbpa-uactuy, OAHAKO
OHa He crocobHa OOBICHHUTH caM (DAaKT CKOJBKO-HHOYAb NpPOMOIKHY-
TEABHOrC CYLIECTBOBAHMS aTOMA, T. €. €r0 YCTOMYHMBOCTB, B camoM ne-
JI, COIVIACHO 3aKOHAM KJACCHMUECKOM 3JCKTPONMHAMHUKM JBHXYIIMHCH
C YCKOpPEHMEM 3apsj HOJXKCH M3AY4yaTh YHOCSLIME SHEPTHIO 3JIEKTPO-
MaTHUTHBIE BOAHEL. [109TOMY 2AeKTpOHH HO/XKHH ObUiM OBl 3a OuUCHB
xoporkoe Bpems ( ~ 1078 ¢) pacrepsaTh BCHO CBOIO JHEDPIMIO M YNAcTh
Ha saapo. OnHAKO B JENCTBUTEABHOCTH HEBO30YXIEHHHIEC ATOMEI YCTOM-
YMBH M MOTYT CYHIECTBOBATh HEOrPAHMYEHHO [OJIr0, HE M3/ay4as
371EKTPOMATHUTHHIX BOjH. OOaTh HAMULO SBHOE MPOTHBOPEUHE HAGTIO-
OAEMBIX HAa OIBITE CBOMCTB C MPEACTABJCHHUAMH KJIACCHMUYECKOH (DU3MKM.

Iocrynarel Bopa. Mcropuuecku nepsas mONBITKA paspemieHMs 3TOTO
npoTtuBopeurs Ovina npeanpunara H. Bopom, xoropsiit ccopMmynuposan
OOCTYJIAThl, HECOBMECTHMBIE C KJIACCMYECKOM MEXaHMKOM M 3JEKTPO-
OAWHAMMKOMW, HO MO3BOJMBIIME MHOTOE MOHATh B NOBEAEHWHM ATOMHBIX
CHCTEM.

[Tepsnit noctysnat bopa rmacut: aToMHas CHCTEMA MOXET HAXORAUTh-
CS TONBKO B OCOOBIX CMAUUOHAPHBIX, WX KBAHTOBHIX, COCTOSHMIX,
KaXIOMY M3 KOTOPHIX COOTBETCTBYET ONPEREJICHHAS JHEPTHUS CHUCTEMEL
ITo3aToMy BO3MOXHEIE 3HAUCHHMS DHEPrMM aroMa o0pasyioT AMCKPETHBIA
Habop. B cTauMOHAapHOM COCTOSIHMM aTOM HE HM3JIyYaerT.

Cornacso BTOpOoMy mHOCTyJaTy bopa wu3iayuyeHHe CBETAa MPOMCXO-
OWT [P NEPEXOAE aTOMa W3 KBAHTOBOIO COCTOSHUS C Gosbuiei 3uep-
ruei E , B KBAHTOBOE COCTOSHME C MeHped sHeprue# E, . DHeprus

hv uanyueHHoro (oTOHA paBHA pPA3HOCTH 3HEPIMM KBAHTOBBIX COC-
TOSHHM:

hv=E,—E,,. (1)

Bo3amoxeH M 0OpaTHBIA IpOLIECC, B KOTOPOM aTOM IMEPEXONUT W3
KBAHTOBOIO COCTOSHHS C MEHbIIEH JHEeprueil B COCTosiHME ¢ Ooabmeit
sueprueit. Ilpu sTom npomcxoaut mnormomeHue ¢OTOHA € IHEPrUei,
paBHOM pA3HOCTH SHEPrMil 3TUX KBAHTOBHIX coctosHuil. iaa smeMen-
TAPHEIX AKTOB MEPEXOHa ATOMA M3 OJHOr0 KBAHTOBOIO COCTOSHMS B
APYroe ¢ MCIYCKaHHEM HWIH NoriomeHneM (oTOHa BHIMOJHAETCS 3aKOH
COXPaHEHNS SHCPrUM.
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Ha ocHose atux nocrysatoB Bopy yaanocs mocTpoOMTh TEOPHMIO npo-
cTedero aroMa — aToMa BOAOPOAA, COAEPXKAIIEro TOMBKO OAMH 3JICKT-
poH. Dta Teopus NO3BOAWAA OOBSICHHTH YCTAHOBJEHHHIE HA OIBITE
mBefiuapckuM yudreneMm usuku U, BansmepoM 3aKOHOMEPHOCTH B Jd-
HEHYaTOM CIIEKTPE H3JYYEHHS aTOMa BOROPOZA.

IIpasuno KBaHTOBaHUsA. [I/Ng onmpenesicHMs CTALMOHAPHHIX COCTOSIHUMA
atroma Bomopoma bop B 1913 r. nmpemnoxnn onpeneneHHoe <«IpaBHJIO
KBAHTOBAHHUS», COMMTACHO KOTOPOMY MOMEHT MMIIYJIbCA JEKTPOHA, oOpa-
UIAIOWIErocsl BOKPYTr S94pa, MOXET HPUHMMATh TOJABKO AMCKPETHHIE 3HA-
yeHMs, KPaTHHE nocTosHHoM [Inanka:

h= h/2m. (2)

[Ipasunao KBAHTOBaHWS, MNPHUBOAAIIEE K HNPABUABHLIM, COTNMACYIO-
OIMMCS. C OMBITOM 3HAYEHWUAM 3FHEPrHii CTAUMOHAPHBIX COCTOYHHUI aTO-
Ma Bozopona, ObUTO 1O CYTH Aesa mpocto yrapano Bopom. Mle Bpoitne
CMOr [aTh (PU3NYECKYI0 MHTEPHPETALUIO IIPABUAY KBAHTOBAHWUSA, OCHO-
BBIBASCH HA IMPEICTABJEHUAX O BOJHOBBIX CBOMCTBAax 3nexkTpoHa. Ou
NPEANOIOXKUI, UTO KaXKAas HOMycTHMas opbura 37EKTpOHA B aToMe
BOAOPOAA COOTBETCTBYCT BOJIHE, PACIPOCTPAHSIOMICHCS MO KPYTy OKOJIO
sapa aroma. CraumoHapHas BOJHA, OTBEYarOmas JJEKTPOHY B paspe-
[HEHHOM KBAHTOBOM COCTOSHHM, MOXET OHTH IOJyuYeHA, TOJBKO EC/IH
BOJIHBl HEIPEPHIBHO NOBTOPHIOT cefd mocae Kaxaoro mosiHoro ofopora
BOKDPYr si1pa.

31eck MOXHO YBMAETH AHAMOTHUIO CO CTAUMOHAPHOW KapTHHOMN CTO-
GYMX BOJH B CTPYHE C 3aKPEILICHHBIMHM KOHUam#, B artux nmpuMmepax u3
KJIACCHUECKOM (DHM3MKHM AaXe IS HEMPEPRIBHBIX BOJH TOXE BO3HHMKAET
AMCKPETHRI Ha0op paspeuleHHbix uyacroT. TakuM o0pa3oM, nogsieHnE
OMCKDPETHHIX 3HAUEHMH (PHINUECKUX BEJIMUMH B KBAHTOBOM (DH3UKE CBS-
3aHO C BOJHOBRIMM CBOMCTBAMH 3JIEKTPOHOB, BXOASHIMX B aTOMHYIO CHM-
cTeEMY.

WUTak, B CTAHOHAPHOM KBAaHTOBOM COCTOSHMHM aTOMAa BOZOPOZA HA
JUIMHE OpPOMTHI 9/IEKTPOHA MOJXKHO YKJAABIBATHCA LEJIOE YUCIO IJIMH
BoaH Ac bpowaga A, T.e.

nh =2ar, (3)
rie r — pamMyc KpyroBoii opburhl. Ilomcrapnss B 9TO COOTHOHIEHHE
IJIMHY BOAHH Ae Bpoitng A = A/p, nonyuum

n h_ 2nr,

p
win
=k = nh 4
mur =-—, T.€. mur=nh. 4)

D10 ycnoBue coBnagaeT ¢ GOPOBCKMM IPABWIOM KBAHTOBAHUS OPOUT
97IEKTPOHA B aTOME Boxopona. KaxmoMy CTauMOHAPHOMY COCTOSHMIO CO-
OTBETCTBYET CBOE LIEIOUMCICHHOE 3HAYEHUE KBAHMOB0Z0 HUCAA M.
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YpoBHM 3HEPrdH aTOMa BOJACPOAA. B miaHETapHOW Mopmenu aroMa
BOAOPOAA NMPABH/IO KBAHTOBAHMs (4) MO3BONLET Cpa3y HANTH 3HAUCHHS
JHCPrun aToMa B CTALUHMOHAPHBIX KBAHTOBHIX COCTOSSHHUSAX. I/ICHOJXESyﬂ
BTOpoH 3akoH HbloTOHA Mg 31ekTpoHa, o6pamarwiuerocs BOKPYr sapa
oA AEHCTBHEM CHJIBI KYJIOHOBCKOTO NOPUTsKeHHs (B rayccosoit cuc-
TEME EIMHMI)

=5 ()

M BHIPAXECHHUE IS TIOJHOM JHEPIMM JJEKTPOHA B aTOME, COCTOSIIEH K3
KMHETHYECKOH 3HEPruuM OpOHUTAbHOrO OBUXCHHUS W MOTEHUMAIBHOM
SHEpPruy B3aUMOJCUCTBUS C SOPOM

m? e (6)

E= 2 r’

noxydaem ¢ nomowmpto (4) paguycsl r, pa3pelIEeHHBIX OpPOUT M 3HEPIruM
E, cTauMoHApHBIX COCTOSHUM!

2
r,= i; n*= ayn?, (7
me
E = me' 1 _ RI 8
T T TR ®)

3nece R= me*/(2h*) = 13,6 3B — snepzus uonusayuu aroMa BOIOPO-
aa, T. €. MMHUMAJIbHAY JHECPIAS, KOTOPYIO HY>XKHO COOOIIUTH aTOMY BO-
J0poJa B OCHOBHOM COCTOSIHMH (B COCTOSIHHHM C HAMMEHBIIEH JHEPrHeH
n=1) ansa toro, 4TOGH yAAJNTh M3 HETO JEKTpoH. Benuuuna

h2

G =-—= 0,53-10 8 cm 9

Ha3BIBAETCH Boposckum paduycom. DTo panuyc Onmxaimed K sapy op-
OMTHI 3JIEKTPOHA B MJIAHETAPHON Moxean atoma. OH xapakTepusyer pas-
MEp aToMa BOACPOAA B OCHOBHOM COCTOSHMM C SHEPrHeH

m34
E,=-"% — _R=—13,6 3B, (10)
2h
B KOTOPOM CBOGOAHEIM aTOM MOXET HAaXOAMTBCH CKOJMb YTONHO JOJIIO.
BpeMsi Xu3HM CBOGOXHOrO atoMa B BO3OYXAEHHBIX COCTOSIHMAX COCTAB-
nser npumepHo 1078 ¢,

CrieXTpajibHbIe CePHH. DHEPrUsl KBAHTOB CBETA, MCIyCKAEMOTO BO36YX-
ACHHBIMM aTOMAMM BONOPOAA NPU [EPEXONAX B 60.“66 HU3KHKUC JHEPreTn-
UECKME COCTOSHMS, ONPENESeTCs, B COOTBETCTBMH C hopmysoi (1),
Pa3HOCTHIO 3Hepmffl Ha4aJIbHOTO M KOHEYHOr0 COCTOSTHUH:
1 1
hv=E"—Em=R(——2———5). (11)

m n
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IMepexonsl HA YpoBeHb ¢ m =2 u3 cocrosHuit n =3, 4, ... obpasyior
YIIOMMHABINYIOCS BBILIE CEPHIO CHEKTPAJbHBIX JUHUN Banpmepa, npuxo-
AAIMYyIOCsS Ha BAAMMYIO 0bmacTh cuexTpa. Ilepexomn Ha ypoBeHs ¢ Apy-
ruM (HHKCHPOBAHHBIM 3HAUEHHEM m 00pa3yIOT APYTHE CEPHH CHEKTDAb-
HbiX auHni. Hanpumep, mepexomsl Ha yposeHs ¢ m = | oBpasywoor ce-
puio JlaitMaHa, Jexamyn B yjibTpaduoneroBoi 061acTd crektpa. Bo
BCEX CAyUasx Hab/0NaeTcs XOpoLIee COracHE MEXIY MOJOXEHHEM JiM-
HUH B CHEKTPE M Npeackasanusamu no dopmysae (11).

AroMm Bopa M npMHUMn COOTBETCTBUS. [lonyyeHHBIE ¢ DOMOIIBIO NO-
crynatoB Bopa ¢opMysel o1s 4acTOT CHEKTPAaIbHEIX JIMHUM, M3nydae-
MBIX 4TOMOM BOZOpOA3, NMPOTHBOPEYAT MPEACTABACHUIM KIACCUYECKOMN
¢m3uKH, COTMIACHO KOTOPHIM 4acTOTa M3JIyYaeMOro CBETa AQJIXKHA COBIA-
A4Th C YACTOTOM OOpalICHUS DJIEKTPOHA BOKPYT sapa. OQHAKO OHH YHOB-
JICTBOPSIOT MPUHINNOY COOTBETCTBUSL.

B npuMeHeHMU K ATOMY BOAOPOAA MPHMHLMII COOTBETCTBHS O3HAYACT,
yTo yeM O0JblIe KBAHTOBOE YMCIO A CTAIMOHAPHOTO COCTOSHUSA, TEM
JIyUIlle BRIMOJHSIOTCH AJIS HEro 3aKOHH Kaaccuueckoi dusuku. Ilo mMepe
VBEJIMYEHNS 1 PAZMyC OpOMTH SJIEKTPOHA BO3PACTAET, 3 PA3HOCTh SHEP-
Uil OBYX COCEOHMX YPOBHEH CTpeMHUTCS K Hysio. [lpu 3toM ckauxkood-
pa3HbIE MEPEXOnbl MEXAY COCCAHMMHU YDOBHSIMH CTAHOBATCH MOYTH IK-
BUBAJIEHTHBIMM HENPEPRBHOMY mpolueccy. B 3toM mpexespHOM ciyuae
pe3yJbTATH KBAHTOBOM TCOPMM JOJIKHBI COBMNAfaTh C PE3yJabTATAMM
KJIACCMYECKON TeopuH.

ITpumennmM dopmyay (11) nnsg nepexona atomMa MEXAY ABYMS COCEN-
HUMHM YPOBHSAMH En m E, _,, CUATAsd KBAHTOBOC UYHUCJIO A1 GonbIINM:
n>1. Torma

1 1
n~1D* n?  nP—1? n
71 (11) st 4acTOTH M3JIY4YaeMOro CBETAa AAET
~met 1
2k nd

(12)

Wcnonbsys swipaxenue (7) mna paamyca opOUTH SJEKTPOHA B H-M CO-
CTOSTHUH

hz
nepenueM dopmyny (12) B sBuge
e

v =
2am

Ho TouHO Takoe Xe¢ BHPAXEHUE VIS YACTOTH CBETAa, H3JIYy4acMOro
3/IEKTPOHOM, OOpaImAKmMKUMCH 10 KpyroBodl opbure pammyca r,, Aaer
Kjaccuueckast teopust. JIeHCTBUTENBHO, ¢ TOYKK 3PEHMS KJIACCMYECKOMR
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37CKTPOOHHAMMKM BpALIAIOIUHACT IO KPYroBOoH OpOMTE 31EKTPOH
JOJIXEH M3Jy4aThb 3JIEKTPOMArHWTHBIC BOJHBI C YAaCTOTOH Vv, PABHOM 4a-
crore oOpameHHAs 3MEKTPOHA BOKpyr snpa. [lpuMensia K OBuXe-
HUIO J/IEKTPOHA NO KPYIoBoi opfure C 4acToTOH Vv BTOpOM 3aKoH
Hperorona,

~

€

m-4nvir, ==,
,
n

noayyaeM

e
V= e |
2am!/2p32
MTaK, B OﬁﬂaCTH 60]151““)( KBAHTOBLIX UHCCJI KBAHTOBAY Teopnﬂ aaer
TOT XE€ CHEKTpP H3JOYYECHUA, YTO U KJaccuucckasd.

CoBpeMeHHbIe TIPEACTABJIEHUA 0 CTPOEHHH aToMa Bojgopoaa. To, uto
Ha OCHOBE MOCTYJaTOB Bopa yaanoch MoayuynTb NMPaBHIBHBIE KOJHYCCT-
BEHHBIC COOTHOIICHHS /I ATOMA BOAOPOAA, CBS33HO C TEM, UTO CaAMH
3TH TOCTYJIATH HBJASAIOTCH CAEACTBHEM (YHEAMCHTAJBLHHX TIOJIOXEHHH
COBPEMEHHOH KBAHTOBOH TCOPHH.

Cornacio ¥BaHTOBOM MEXaHHUKe OECCMBICIEHHO INOBOPUTH O ABHMXKE-
HUHU 9JICKTPOHA B aroMe 1o onpexeseHHoi opbure. Ousudeckuit cMuIca
HUMEET TOJIBKO BEPOSATHOCTh OCHAPYXHMTh MICKTPOH B TOM HJIM WHOM Me-
cre. KBaHTOBOMEX4aHHMUECKOE pacrnpenesicHue IUIOTHOCTH BEpPOSITHOCTH
MECTOHAXOXIEHUS 3JEKTPOHA B aTOME MOXHO IPEACTABUTH B BHAE HE-
KOTOpOro 00dKa, OKPYXAIOWEro sSapo aroMa.

Kaxpoe crauoHapHOE COCTOSHUE XaPAKTEPH3YEeTCH HE OMHUM KBAH-
TOBHIM YHWCJAOM 1, HA3BIBAEMBIM IJIABHBIM, d ONpPEXCJCHHEM HabopoMm
KBAHTOBHIX YHCEJ. IJTOMY CTAUMOHAPHOMY COCTOSIHHIO COOTBETCTBYET
cBoe O0AAKO DJIOTHOCTH BEPOSTHOCTH, MMCIONIEE ONPEACACHHYIO npo-
CTPaHCTBCHHYI KOH(urypamuio. OgHOMYy M TOMY X€ 3HAYCHHIO
[JIABHOIO KBAaHTOBOIO YHCJA 7, ONPEAE/SIONIEIC 3SHCPIUIO aToMa

E, = —me*/(2h*n?), coorBeTCTBYET mpH n > 1 HECKOJBKO Das3IMuHBIX

COCTOSIHMI C OQUHAKOBOM SHEPTHei, pas3MMyaomyXxcs BUAOM 3TOro oba-
ka. Onsg cocrosHMit co chepuyeCKH-CHMMETPUYHBIM OOJIAKOM BEpPOAT-
HOCTb OOHAPYXUTh 3JEKTPOH HA HEKOTOPOM PACCTOSHHH OT Sfpa UMEET
MaKCMMyM, KOIIa 3TO PACCTOSHUE PABHO PagUyCy COOTBETCTBYOWICH §o-
POBCKOM OpOUTH

Qopmyspl 1UI9 SHEPrHi CTALMOHAPHHIX cocTosHMU E, M paguyca
3NEXTPOHHOTO 00/12Ka 7, MOJIYYEHH! 11PY UCIIOIb3OBAHMH HEPE/ISTUBUCT-
CKOH MEXAHHKH, YCJOBHE NPHMEHMMOCTH KOTOPOH COCTOMT B MAJIOCTH
CKOPOCTM 2JIEKTPOHA 110 CPABHEHMIO CO CKOPOCTHIO cBera. Hambosmbmiein

\
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ckopocThio ob6aajaeT 3JEKTPOH, HAXOAAI(MHACH B COCTOSHHMM C n =],
T. €., HA 93BIKEe Teopuu Bopa, aBMXyumitca mo Gauxaimei X aapy pas-
peuicHHOR opbuTe. BhIpasMM CKOPOCTh 3AEKTPOHA U 4Epe3 Paguyc 3Toi
opbuTh a, = h*/ (me?). YpasHueHue OBHXEHHUS 1O KPYroBoil opbure pa-
aUyca a, MoA ACHCTBMEM KYJAOHOBCKOM CHJIBRI NMPHTSKEHUSA K SAPY HMEET

BHA

2 2\ 2
1= . |C
w==5) (14)
C nomorusio (14) nHaxonuMm oTHOUIEHUE v/cC:
2
V¢
; =3c= a. (15)

INoncrapnss Cioga YMCIOBHIE 3HAUCHUI e, h W ¢, A5 Be3pasMepHOi mo-
CTOAHHON o MOJy4YaeM 3HAUYCHHE

=73.103 ~ 16

a=7,3-10 7 - (16)

Bupuo, uTo HanboJblIee BO3MOXHOE 3HAUEHHE CKOPOCTH INEKTPOHA B

atoMe Boaopona B 137 pas meHsmre ckopoct cBera. TakuM o06pasom,

3TOT aTOM IIPEACTABASCT coGoi HEPEAATHBUCTCKYIO CUCTECMY CO CDABHH-
TEJBHO MEIJICHHO ABHMXYIIAMCH 3JCKTPOHOM.

TlocTOSHHAs TOHKOH CTPYKTypbl. Koncranra o wurpaer ¢dbyHmamen-
TAJIbHYIO POJib B aTOMHOU (usuke. OHA U3BECTHA NOI HA3BAHMEM HO-
cmosinnol monkoli cmpykcmypst. Takoe Ha3BaHue OOBSICHAETCH TEM, YTO
BIIEPBLIE OHA MOABMJIACH B (DU3HUECKOH TEOPMU NMPH HAXOXIEHUHM pens-
THBHCTCKMX MOIMPABOK K YPOBHSM SHEPrH# B aTOME, KOTOPHE OKAa3aJuCh
npoNopuHOHATEHKMHU (v/c)? = o
ITocTosHHag TOHKOW CTPYKTYPHI SIBJSETCS OJHON M3 UCTUHHO ¢yHna-
MEHTAJIbHEIX KOHCTAHT IIPUPONNRI, KOTOPAd ONpPERENSIET HE TONBKO pend-
TUBUCTCKME IIONPABKH, HO M CaMmy CTPYKTypy aroma. [losicHuM ato.
CpaBHHM 2HEPIMIO KYJOHOBCKONO B3aMMOAEUCTBUS 3IJIEKTPOHA C AXPOM
NpY PACCTOSIHMM MEXAY HUMH, PAaBHOM GOPOBCKOMY pamuycy a,, ¢ SHep-
rueil MoXosl BNEKTpoHa mc:
82 84 — 2
'7?6—2 = a“.

agmc?

Mul BMAMM, YTO XapaKTepHasd O aTOMA JHEPrdd BHIPAXKAETCH uyepes
JSHEPrUIO NOKOS INMEKTPOHA U MOCTOSHHYIO TOHKOHM CTPyKTypel. Tax Kak
a?<<1, To 3Heprus CBS3M 3JEKTPOHA, T. €. JHEprus, Heobxomumas s
TOro, 4TOOE OTOPBATH JNMEKTPOH OT aTOMa, MHOTO MEHBINE JHEPrUU
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HOKOSI 3JIEKTPOHA. 3TO 03HAYAET, YTO aTOM MpEACTaBasgeT cofoi cpas-
HHTEJIBHO «PBIXJTYIO», c1a00 CBSI3aHHYI CHUCTEMY.

BzaumoneiicTBHEe MEXIY 3apsSXEHHEIMM YACTHIAMHM, IPOIMOPIHOHAIBHOE
€%, OCyLIECTB/ISETCS Uepes IMeKTPOMATHHTHOE Tose. I103ToMy TMoCcTOoSH-
Has TOHKOM CTPYKTYpH a == e?/hc npemcrasaser coboil ecTeCTBEHHHIH
6e3pa3mepHblil TTAPAMETD, XapPAKTEPHIYIOIUNA UHMEHCUGHOCMb INEKM-
POMazHUMHOZ0 63aumodeticmaus. Huxe Mt yBUANM, YTO UMEHHO 3THM
HapaMeTpoM  ONPERENsIOTCS  OCOBEHHOCTH  HM3JAY4YCHHA  3JIEKTPO-
MATHUTHHIX BOJH (CBETa) aTOoMaMu.

ATOMEBI C HECKONBKMMH 3nexTpoHaMu. COCTOAHHS 2JIEKTPOHOB B Bonee
CJIOXHHIX aTOMaXxX, COAEPXaMIMX HECKOJbKO 3JCKTPOHOB, XapaKTEpH3y-
eTCA TAKMM X¢ HabOpOM KBAHTOBHIX YHCET, YTO M Y ATOMAa BOAOPOAA.
OnHaKO 31€Ch SGHEPTHS 3JICKTPOHA 3ABUCHUT HE TOJBKO OT IVIABHOTO KBAH-
TOBOTO YHCJIA 1, XaPAaKTEPU3YIOUWIETO pa3Mep 3JeKTPOHHoro obnaka B
DAHHOM COCTOSHHM, HO M OT APYIMX KBAHTOBHRIX YHCEJ, XapaKTEpU3YIO-
X KoHbUrypauuo 3toro obaaka.

ATOM C HECKONBKMMH 3JIEKTPOHAMHU MPEACTABJASET COGOM CIOXHYIO
CUCTEMY B3aMMOIECHCTBYIOIMUX APYr ¢ APYTOM 3JEKTPOHOB, ABHXKYIIMX-
c4 B KYJOHOBCKOM mojne sppa. CorsiaCcHO KBAHTOBOM MEXAHHKE B OT-
CYTCTBHE BHCINHYMX BO3JCHCTBUM Takad CHCTEMAa MOXET HAXORAHUTLCH
TOJIBKO B ONPEOEJICHHBIX CTAIMOHAPHHIX COCTOSHHUSX, XapaKTEepHU3ye-
MBEIX AMCKDETHHIMH 3HAuCHUSMHM 3Heprud. CTporo rosops, HIpHA 3TOM
MOXHO PAacCMAaTPHBATH TOJIBKO COCTOSHHS BCEil cucTeMbl B uesiom. Ho
TEM HE MEHEC OKA3BIBAETCH, UTO A ATOMA MOXHO NpPUOIMXXEHHO ro-
BOPHUTH O COCTOSHHAX KaXJIOTN0 JICKTPOHA B HEKOTOPOoM 3dpexkTuBHOM
nosie co cheprYECKOH CHMMETPHEH, KOTOPOE CO3NAETCH SAPOM M BCEMH
OCTaJIbHHIMM 3JIEKTPOHaMU. $ICHO, uTO MOJEe, AEeHUCTBYIOUIEE HA HEKOTO-
PBI# 3JIEKTPOH, 3aBHUCUT OT COCTOSHHUS BCEX OCTAABHBIX UICKTPOHOB.
[ToaroMy COCTOSIHUSA BCEX 3JIEKTPOHOB B ATOME JOJDKHEI ONPEHCIAATHCS
OZHOBPEMEHHO.

3apaya ompeReJICHUS CTAUMOHAPHBIX COCTOSHHUM 3J1EKTPOHOB B ATOME
C HECKOJbKHUMH 37€KTPOHAMU HE MOXeET OnTh pemena Touno. OxHaxo
CYIIECTBYIOT PAa3/INUHAIE TIPUOTUKEHHEIE METOABI, KOTOPHIE MO3BOJIMIOT C
OYEHb BHICOKOH TOYHOCTBIO PACCYMTHIBATH HAOMIOZaEMBIE CBOMCTBA aTo-
MOB. EMMHCTBEHHHI aTOM, IS KOTOPOTO 3T4 3aAa4a MOXET OBITh pemre-
HA TOYHO, — 9TO ATOM BOZOPONA (WM BOXOPORONOHOOHBIA HOH, T. €.
HOH C ONHUM 3JEKTPOHOM, Kak, Hanpumep, He™, Li®* u 1. n.). Paccuu-
TAHHEBIC TT0 KBAHTOBOM MCXAaHMKE YPOBHHU JHEPrUM aTOMA BOZOPOAA OKa-
3aJIMCh COBMNAAAIONIMMM C TE€MM, KOTOPHIE AaBaja crapas rteopust bopa.
Ycnex teopun bopa cBsizaH ¢ TeéM, uTO OHA BBeja B (PU3MKY aTOMa NO-
crosiuuyo IlnaHka B BUAE COOTHOLICHHS

rp~h,

CBS3bIBAIOMIETO MOJIOKEHHE M MMIYJILC 3JeKTpoHa. Bce BHiBOXBI M3 Teo-
puu Bopa sBAKIOTCS CIEACTBMEM 9TONO COOTHOIIEHUS, MPEICTABJSIOIIErO
cofoit yacTHHIH C1y4al COOTHOWIEHMI HeonpeaeaeHHocrei Ieitzenbepra.
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Muorue BHEBOABI, MO CYMECTBY, HE CBS3aHBl C MCIOAB3YEMOM B TEOPHH
Bopa knaccuueckoil KapTHHOM ABMXECHUS IJIEKTPOHA BOKDYT S71pa.

YrobH NOMY4YMTb NpencTaBreHue o000 BCEH 3JEKTPOHHOR 000J0uKe
aroMa, HYXHO PacCMOTPETb, KAKMM 00pa3oM IPOMCXOAUT 3amo/HEHME
57JEKTPOHAMM Ppa3pELICHHHX CTALMOHAPHBIX COCTOSHMH OTAENBHBIX
37IeKTPOHOB. B aTtoMe, HAXomsmeMcs B HEBO36YXIEHHOM COCTOSIHHH,
JIEKTPOHHHEIE COCTOSHMS NO/JKHH OHITh 3aNOJHEHB TaKuM o06pasoM,
yToBHl SHEPrus BCEH €ro 37eKTPOHHON 060J0UKM MMEJa HauMeHblUec
BO3MOXHOE 3HAueHne. KOHEUHO, HAUMEHbIEE 3HAYEHUE SHEPIVH MOy~
unsoch GBI, ecau 6B BCE IAEKTPOHBI HAXOMAMJINCH B HAMHH3LIEM BO3MOX-
HOM COCTOSHHMH, T. €. B COCTOSHUM ¢ n = 1. Ho onbiTHbie faHHBIE CBHAE-
TENBCTBYIOT O TOM, UTO 3ANOJHEHUE 3JEKTPOHHON 000A0UKH aTOMa Mpo-
UCXOOUT MHAYE.

Npuanun Iayan. B 1925r. B. [Tayam ycraHoBun oOmuit KBAHTOBO-
MEXAHHYECKMHA MPHHINIL, COMMIACHO KOTOPOMY B JIIOOOM CHCTEME B KaX-
IOM pa3speuICHHOM COCTOSHMM HE MOXET HAXOOUThC Oosiee OOHOTO
3/IeKTPOHA.

MMpunuun [layam we umeer ananora B Kiaccnueckoit ¢usmxe. On
CBY33H C HEPA3JMUMMOCTBI0 TOXIECTBCHHHIX YACTHI] B MUKDOMHpE: Ie-
PECTAHOBKA MECTaMH ABYX JJIEKTPOHOB B CHCTEME HE MOXET M3MEHHUTH
ee cocrogHug. Ilpunuun [laysmm paer xiod K NOHMMAHUIO 31€KTPOR-
HOM CTPYKTYPbl XMMHUECKMX 3JEMCHTOB M MO3BOJISIET OOBACHUTH TOT
dakT, yTO XMMHYECKHE CBOMCTBA HEKOTOPHIX ATOMOB C PA3HBIM YHCJIOM
S/IEKTPOHOB OKA3BIBAIOTCS CXORHHIMM. BripaxkeHueM 3toro ¢akra gBisi-
€TCSd MEPUOAMUYHOCTh XMMHMUYECKMX CBOWCTB JIEMEHTOB, Hamenmas OT-
paxeHue B OMIMPUYECKM YCTAHOBJICHHOW IEPHOAMYECKOH CucTeme
Menzneneesa.

MHoroaaekTpousie atomsl. [TonbiraeMca nosyduTs ofuiee npeacras-
JICHNE O CTPOCHMH TSXKEJEX ATOMOB, T. €. ATOMOB C GOJBIINM 3HA-
YeHMEM 3apsAa sApa. DNEKTPOHHOE OOJAKO TAKMX ATOMOB MMEET CJIO-
UCTYH0, HJIH, KaK TOBOPAT, 000J0UEuUHywo, CTpyktypy. Ha nepssiit
B3IUIS MOIJIO OBl MOKA3aThCs, YTO pasMep IJAEKTPOHHOro obnaka aoJ-
XEH MOHOTOHHO BO3pacTaTh IO Mepe mepexoaa K Bce Gosee m Gonee
TSOKEABIM aTOMaM, TaK UTO TAXEABE ATOMBL AOJIXHE OWTh ropasmno
KpynHee aroMa Bogopoaa. OmHAKO B JEHCTBHUTENBHOCTH 3TO HE Tak.
HaureMm ¢ «rojioro» gapa m OyneM no OgHOMY TOCJIENOBATEABHO IpPH-
6aBJSTH K HEMY BCE HOBHC AMEKTPOHHL. [/ NMEpBOro 3JE€KTpOHA, MO-
MEIIEHHOIO B MNOJE SApPA C 3apsaoM Ze, MOXHO BOCIOJb30BATLCH TEMH
xe (opMysnaMM, uTO M IJid aTOMa BOAOPOAA, 3aMEHMB B HHX e2 Ha
Ze?. DHeprus CBA3HM TAKOro aneKTpoHa 6yaer B Z2 pas Gosapme, uem
B aTOME BOZOPOAA, 4 PACCTOSHME OT sApa — B Z pa3 MEHbIIE pagdyca
a, nepeoid GOPOBCKOM OpOMTH B aTome Bojopozaa. JTo Xe Oymer mpu-
GAMXXEHHO CNpaBeAIMBO M IS BTOporo mpubasisemoro anekrpona. Ho
yro Oymer mnociae npubaBJEHH N INEKTPOHOB?
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Ha Goapmiux pacCTOSHHMSX OT siIpa IOJIE€ TAKOro MoHa OyXET moxoxe
Ha nioJie aapa ¢ sapsanoM (Z — n)e, Tak KaK panee npubaBieHHBIE SJIEK-
TPOHBI, Haxogsmuecs GIM3KO OT gApa, YAaCTHYHO IKPAHUPYIOT €r0 3a-
pagp. ITo3ToMy JIETKO MOHATb, YTO MOCHEAYIOMHE 3JEKTPOHLI OKA3hIBA-
IOTCA BCE MEHEE M MEHEE CIIBHO CBA3aHHBIMH C saapoM. Ilocie npubas-
JICHHS Tpeanocaexsero, T.e. (Z — 1)-ro, 27eKTpoHa JJeKTPHUECKoe
none uona Gyner noxobHO moso ofnaka ¢ CyMMapHeM 3apagoM +e. Pa-
nuyc aroro ofnaka GyaeT OmHOro nopsaaxa ¢ GOPOBCKUM DafgHyCcoOM a,.

TTosToMy SHEprus CBA3H IOCTEAHENO 3EKTPOHA OYAET CPABHMMA C JHED-
rUei CBI3U 3JICKTPOHA B aTOME BOAOPOAA, T. €. MOPAAKA XECATH IJIEKT-
POH-BOJIBT, 4 OKOHYATEJIbHHIA Pa3Mep MHOTO3JEKTPOHHOIO aroma Oymer
O/JIM30K K pasMepy aTOMa BONOPOAA M COCTABUT HECKOJBKO AHICTPEM.

Haxe takoe rpyboe mpeactasieHne 06 JNEKTPOHHON CTPYKTYpE Td-
JKEJIOrO aTOMa ITO3BOJISIET OLEHNTH, K KaKoM 00JACTH CIEKTPA OTHOCHTCH
HU3JIyUCHUE, CBI3AHHOEC C NEPEXOXAMH TeX WJIM WHBIX 3JIEKTpPOHOB. Jlerko
yOenuThCS, UTO M3MEHEHME COCTOSHUS BHEIIHUX 3JIEKTPOHOB CBA3AHO €
M3JIyYCHHEM MM TOIJIOWCHUEM 3JIEKTPOMATHHTHBIX BOJH ONTHYECKOIO
nuanasona. [ToaroMy BHEMHUE JEKTPOHH YACTO HA3BIBAIOT ONTHYECKH-~
mu. HaoGopoT, mepexonsl BHYTPEHHUX, OMU3KUX K 9Py ATOMA 3JEKT-
POHOB COOTBETCTBYIOT YJIbTPA(MONETOBOM WM PEHTTEHOBCKOHN 00/1acTH
CcneKTpa.

IMogeonss MTOrM, MH HPUXOAUM K BBIBOAY, UTO K HaXOASIIMMCS B
ATOMAxX 3JEKTPOHAM 3aKOHH KJIACCHYECKOM (pu3uku, Boobme rosops,
HenpumenuMel. Takue GyHaaMeHTabHbIE CBOACTBA ATOMOB, KaK MX yC-
TOMUMBOCTD, WIM OCOGEHHOCTH XMMHMYECKOIO OBEACHUS, XapPaKTepH3ye-
MBIC [IEPHOOUYECKON CHCTEMOM 371eMeHToB MeHaeseesa, NMpOTHBOpPEYAT
Knaccuueckoi ¢usuke u TpeGYIOT A9 CBOErO OOBSCHEHHMS HOBHIX MOHS-
TPII‘;II COBPEMEHHOI KBAHTOBOH (bu3mku.

e Tloxkaxure, YyTo B npeanoxeHHod ToMcCoHOM Mopenud aToma BOAOpoAa Ha
3NEKTPOH, HAXOOALMUCH BHYTPM atoma, AelcTBYeT cuna, [IponopuroHatb-
Hasl ero CMELUIEHUIO U3 LIEHTpa aToMa.

s [Jlouemy B OmeITax MO pacCesHHIO ajbda-yacTHll aTOMAMU 3JIEKTPOHbI, BXO-
OslIMe B COCTaB aTOMOB, HE MrpaloT HHKakoi ponn?

e TlokaxwuTe, 4TO MOJIOXKUTENbHBINR 3apsan, pacnpele/leHHsIH Mo Bcemy obbemy
atoMa, He Mor OBl OTKJIOHHTb anbga-yacTHUy B onbiTax Pesepdopaa Ha
Gonbuive yrabl. OueHUTe HaHOOMBIUIMI BO3MOXHBIA Yros paccedHus anboa-
4acTULbl B TAaKOI MOZEMM paclnpede/cHUs 3apsia B aToMe.

e [loueMy sgepHas Mozejlb aTOMa MOXET ObITh TOJNBKO AMHaMHueckoi? Hpyru-
MH CJIOBAMH, MOYEMY B paMKaX TaKoM MOAENH 3JIcKTPOHbl B aTOME He MOryT
nokoutsca?

e TloueMy B MiaHeTapHOM MoOJe/IM aToMa rpPaBUTAllMOHHAA CHIA NPUTSXKEHUS
3NeKTPOHOB K SAPY HMKAKOI pojM He urpaer?

e OO0mAcHMUTE, B 4eM noctynathl Bopa nporuBopevar KjacCHYECKOM MeXaHHKe
W 3NEKTPOAUHAMIKE.
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e [loscuure cBa3b rnpaBniia KBAHTOBAHHA C runoTeson ae BpOﬁJISI O BOJIHOBBIX
CBOMCTBAX 3JIEKTPOHA.

o [onyuure dopmynst (7) u (8), onpenendiouive pagudychi OpOUT U IHEPTHU
B CTaLIMOHAPHLIX COCTOSHMAX aToMa BOLOPOZAA.

¢ Yro Takoe nocrosHHas TOHKON cTpyKTyphl? Kakylo ponab oHa urpaer aas
o0BACHEHH] CTpOeHUA W HabnoaaeMbix CBOMCTB aTtoMa?

o [Ilokaxure, uto dopMysbl Teopuu Bopa A/ 4acTOT CHeKTPaNbHBIX JIMHMIA
aToMa BOAOPOAA YHOBJETBOPSIOT MPUHIMMY COOTBETCTBUS.

o  Cdopmynupyitte npuuumn [laynu u o6bacHUTE, KAKUM 06pa30M OH UCMONb-
3yerca AN OOBACHEHUS MEPUOAUYHOCTH XUMMYECKHMX CBOMCTB pas/IMUHBIX
3JIEMEHTOB.

e TloueMy pa3sMepbl TAXKENBIX MHOMO3JIEKTPOHHBIX ATOMOB IPaKTHUECKH Takue
Ke, YTO M Y atoMa Bogpopona?

§ 11. MamepeHus B aTOMHOH hH3MKe

IT03HAaKOMUBIINCE C OCHOBHBIMHM NpEACTABJICHUSMY O CTPOCHUH aToMa,
OCTAHOBHUMCH TCHNECPDb HA TCX 3KCICPUMCHTANBHBIX (baKTaX, KOTOpRIC DIO-
CIIYy XXHWIHA (byH}laMeHTOM AJ19 PAa3BHUTHA DTUX npeucmmenuﬁ.

Onsitel TOMCOHA. YREAbHEIA 3apap YaCTHLEL, T. €. OTHOIMEHHE JJIEKT-
PHUECKOrO 3apsiia YACTHIK K €€ Macce, MOXHO OIIpeeuTh, U3ydas OT-
KJIOHEHHME NMYYKAa ABMXKYIIMXCS YACTHUL, TONEPEYHBIMU IJEKTPHUECKUM M
MArddTHEIM NONSMH. M3MepeHHe yREJBHOrO 3apsiaa 3JIEKTPOHA TaKUM
MeToaoM OmLIO Briepshie BhmoaHeHo Jx. TOMCOHOM ¢ NMOMOHIBIO KATOA-
HEIX jgyueil, KaTtomHbsie JyuYd B AEHCTBUTENBHOCTE NPEACTABASIOT Co00i
ny4yoK ObICTPHIX 3JEKTPOHOB B TPYOKE, M3 KOTOPOI BHIKAYAH BO3AYX.

Ecan Obl BCe 4aCTHIBI B HYyUKE MMEJIH OOWHAKOBYIO CKOPOCTb, TO
OIPEE/IMTh OTHOIICHHE MX 3APSAA e K MACCE m MOXHO ObL1o GuI creqy-
fomuM crnocoboM. OTK/IOHEHHE z MyuyKa YacTHL, IAPaJUIEJbHONO NaacTH-
HaM  KOHAEHCATOpa, JJCKTPHUYECKMM IIONIEM HAnpPSIXEHHOCTH E
(puc. 25), onpepensercsd COOTHOLIEHHEM

2 2
z=£f__1££(i) . (1)
UsMmepsis z, MOXHO Onuto OBl HAWTH yAEAbHBI 3apay e/m, ecin OH
6bl1a M3BECTHA CKOPOCTH YACTHI[ v. 3TY CKOPOCTh MOXKHO ONPEAEIHTS,
€C/IM KPOME DNEKTPUYECKOro CO3JaTh MArHUTHOE M0Jie;, NepneHauKy-
JSPHOE TYYKY YACTHUIL M 3JEKTPHUYECKOMY MOMIO, M MORoOpaTh €ro M-
aykuuio B Tak, urobbi ny4yok He oTkJgoHsica. KomneHncanus aeiicreus
JNEKTPHUECKON M MArHUTHOM CW OYAeT MPOMCXOAUTh NPH BHUIOJIHE-
HUU YCJIORUS

eE = evB, (2)
orkyna v = E/B.
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HMmenno takum nmyreM [x. ToMcoH Bmepswe M3MepUa e/m mnsg Ka-
roausix Jgyuei B 1897 r. Okasanoce, 4to 419 KATORHHIX Jyyeill NMpH Jio-
6oM coCTaBe OCTATOYHOIO rasa B TpyOke m npu sobom marepuane

304
<Y

{

Puc. 25. K pacuery OTKJOHEHHMS ITyuKa 3JIEKTPOHOB B OQHOPOAHOM 3JIEKTPUHECKOM TNoJe

3JIEKTPONOB OTHOWIEHWE e/m MMEET OMHO M TO XE 3HAYEHHEe. YCTAHOB-
sneane 3Toro dakra ¥ OLUIO MO CYMIECTBY OKCIEPUMEHTAJbHHM OTKDHI-
THEM 3JIEKTPOHA.

Oneirel Byma. Onna U3 TpygHoOCcTeR B 3TUX HCCASOOBAHUSX COCTOSIA B
TOM, YTO SNEKTPOHH B MyUYKE KATOMHHEIX Jyueid 001anamu GonbmuM pas-
6pocom ckopocreir. [l MCKIIIOUEHMs BIMSHHS 3TOro pasbpoca Tomcon
B APYrUX MOAM(HKALHUAX ONBITA MCHOIb30BA NAPAJUIENbHBIE 3JIEKTPH-
yeckoe M Mar’uTHoe mosg. Ilocne mpoxoxaeHus uepes Takue ITOIs 4Ya-
CTHIE C €JUHCTBEHHBIM 3HAYEHHEM e/m ¥ pasIMYHEIMH CKOPOCTIMH 00-
pasyoTr Ha (OTOIUIACTHHKE clieq B BUOe mapaboasl. ITo dopme sroit na-
pabossl MOXHO OHUIO ONpEenesauTh e/m €O 3IHAUMTENbHO OOJBmEi
TOYHOCTBIO. IlpuMeHds Taxkod «MeTox napabos» K HOHHBIM MYYKaM
(aHoaunM syyam), JIX. Tomcod B 1912 r, OTKpELT M30TONK HEPATUOAK-
TUBHBEIX 3JIEMEHTOB.

OnpexpeneHne yaeabHOIO 3apsaaa 37eKTPOHA MOXHO BRIIOJIHHTB C MC-
MOL30BAHMEM TOJILKO MarHuTHOro nons. Takue uaMepeHud OsLTM BEp-
Bble BuinonHeHn B 20-e rogn X. BymeM MeronoM (OKYCHPOBKH MMyuyka
3JIEKTPOHOB B MIPOLOJILHOM MArHHTHOM mnoJje. Ilpomoabuag doxycuposka
pacxXomsaIerocd myyka 9JeKTPoHOB Obuta paccMmorpeHa B § 16 xuurm 2
Kypca. DTOT METOH I03BOJISET BHINOJHUTh M3MEPEHHs C 0ojabmIeH TOY-
HOCTBIO, HO IpexpsBasier Oonee XecTkue TpeGoBaHMA K XapaKTEepUCTH-
KaM 9JIEKTPOHHHX MYYKOB.

OnpiTel MujumkeHa. M3 onsiToB ¢ HOHHBIMH MYYKAMM MOXKHO OIIpEAc-
JINTh HE TOJBKO e/m, HO U CaM JJIEKTPUYECKHI 3apsA, €CIH U3 He3aBUCH-
MEIX MCTOUHHMKOB IOJIyYNTh MH(OpMALHIO 0 Macce HoHA. OXHAKO TAKUMH
METONAMM HE YAAETCHd MOJYUYHTh TOYHOINO 3HAYECHHS DJIEMEHTADHOTIO
J/IEKTPUYECKOrO 3apana e.

ToOYHHE H3MEPEHHS JJIEMEHTADHOIO 3apagd ObUIM  BHINOJHEHH
P. MuanukeHoM B cepHH Kjaccmyeckux onutoe 1908—1916 rr.

3TH ONBHITH NPHHECTH HEOMPOBEPXHUMOE AOKA3ATEABCTBO JUCKPETHO-
CTH 2NEKTPHYECKUX 3apAaoB B IIPHPOTE.
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MusiKeH H3MEPST JIEKTPUUECKHH 3apsi MasbhIX Kamenxek Macja,
HUCNONb3YEMOIO ANMA CMa3KM YACOBRX MeXaHM3MORB, CxeMa €ro yCTaHOB-
KM NoKasaHa Ha puc. 26. B TmarenpHO M3TOTOBJECHHHI IUIOCKHMI KOH-
JIEHCATOD YepEe3 OTBEPCTHE B BEPXHEM TJIACTHHE MOTYT NMONAAATh MEIKHUE
KAl Macna, MOJAYYEHHHIE € NOMOINBIO
cnenManpHoro pacnenrens. Urobw KoH-
BEKIMOHHEIE IOTOKH BO3AYyX3a HE BJHSUIN ]
Ha MOBEHEHHE KAIeab, KOHIEHCATOp OMe-~ .
Wajcd B 3aWMUTHHA KOXYX, TEMIEpaTypa E + C
M [aBJICHUE BHYTPH KOTOPOTO MOMAEPXU-~
BaJMCh NMOCTOSSHHBIMH.

Ha nnacruHel KOHZEHCATOpa MogaBa-
JIOChb TOCTOSHHOE HANPSXEHHE OT MCTOY-
HMKA B HECKOJIBKO KWJIOBOJILT. B xone
OMBITA 3TC HANPSIXEHHE MOXHO ObLTI0 M3MeHATb. IIpu pacOsLieHHH
Macsia ofpasyroumecs Kamie, Kak OpaBuwiIo, 3apsaXalTcd W, Nonanas
B KOHAEHCATOP, ABHUXYTCS MOJ AEUCTBMEM CHJIBI THXECTH U MPUIOXEH-
HOIO 37EKTPHYECKOro mojs. HBUXEHHE OTACABHOH KAMIH MOXHO Ha-
6ogaTh B MHKPOCKON YEpe3 CIEUATbHOE OKOUIKO.

C moMOWBIO PEHTIEHOBCKOTO M3Jy4YEHMS MOXHO MOHH3MPOBATH BO3-
OYX MEXAY OIaCTHHAMH KOHReHcatopa. Toraa sapsn Kaiumd, & ¢ HUM H
CKOPOCTb YCTAHOBMBLIEIOCH ABUXKEHWS B BO3AYXE B TOM XE 3JIEKTPH-
YECKOM TIOJIE MOIYT CKAuKOM W3MEHMTBhCA. MaMepsas ckopoctH ycrosie-
HIErocs ABMXKEHHUSA OXHOM M TOM Xe KAaIutd B OXHOM H TOM X€ 3JIEKTpH-
YeCKOM IOJIE, MOXHO CPAaBHHMTb €¢ NPEXHMI M HOBHII 3apsan ¢ ¥ g .
Ecau kamng Mana, a 3J€KTPHYECTBO MMEET aTOMHUCTHUYECKOE, JUCKDET-
HOE CTPOCHHE, TO MOXHO OXHAATh, YTO 3apdd KalIH COCTOMT U3 He-
GONLIIOTO YMCNA J/MEMEHTAPHLIX 3apsAnoB. B TakoM ciayuae oTHOmEHWE
q'/q 6ymer oTHOIEHHMEM HEBOJBIIMX LETBIX HHCE. MeHHO 3TO 4 Ha-
61104a710Ch B ONMBITaxX MuutvkeHa.

Puc. 26. Cxema onbiToB Munnu-
KeHa

JIMCKPETHOCTb 3JEKTPUYECKOro 3apaaa. B peaysnsrare Onuto Hamex-
HO YCTAHOBJICHO, UTO B NPHUPOAE JIOOBIE 3IEKTPUYECKHE 3aPIABI CO-
CTOSIT M3 OUCKPETHHIX MNOPUMIA onpeneneHHod BennuuHH. Takas Be-
suuuHa 0003HAYaeTcs Yepe3 e M HA3HBAETCS JNEMEHMADHBIM INEKM-
puueckum 3apsidom. Ero umcnosoe sHaueHwe pasuo 1,602-1071% Ko
3apax omeKTpoHA paBeH —e. TOYHO TAKUMM XKe TOJOXHMTEIBHEIM 3a-
psmoM obnagaer no3urpoH. Eme Gonee 3ameuarenpHHM (aKTOM SIB-
JIIETCS PABEHCTBO MO BEJMYMHE 3apSAa 3JEKTPOHA M TIOJOXKHUTEIBHOTO
3apana nporona. [locneanee paBeHCTBO OBUIO MPOBEPEHO B OYEHB TOH-
KHUX 3KCIEPUMEHTAaX, KOTOPHE 3aKJIIOYAIUCh B HMCCJICHOBAHMM JJIEKT-
pPOHENTPAJLHOCTH aTOMA BOZOPOAA M MOJIEKYJH Bogopoaa. Mx pesysan-
TATH CBHAETEJIBCTBYIOT, UTO 3JIEKTPOH M NPOTOH HMMEIOT OXMHAKOBHIE
3apsAB C IOrpempocTsio 10 10720,

[lo cOBpeMEHHBIM TMPEACTABACHUSM SJEKTPOH H NPOTOH — 3TO
COBEPIIEHHO pAa3HHE, OYEeHb MAaJEKHe ApYT OT Jpyra Mo CBOMM
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XapaKTEPUCTAKAM 3JIeMeHTapHble yacTuusl. CoBMageHde HMX 3JEKTpH-
YECKMX 3apsSi0B C TAKOH (PAHTACTHUECKOM CTEMEHBIO TOUHOCTH HE UMe-
€T B COBPEMEHHOH (PM3HKE HHKAKOTO ry6OKOro TEOpPETHYECKOro 06oc-
HOBaHWs. KBaHTOBAHME JIEKTPHUUECKOrO 3apsfga ¥ MO cedl OCHb mOpen-
CTABJSETCd TAMHCTBEHHHIM YHHBEPCAJbHHIM 33aKOHOM mnpupoasl. Huxro
HE 3HAECT, MOYECMY JJIEKTPHUECKUE 3aPSABl BCEX 3aPSXKCHHBIX JJIEMEH-
TAPHBIX 4YaCTHL, B TOYUHOCTH OAWHAKOBH.

OnEIT MOKAa3kBAET TAKXE, YTO IJCKTPUUYECKHE 3apaxbl BCEX 3aps-
JKEHHBIX BJIGMCHTapHHX YaCTHUL, HE TOJIBKO OOMHAKOBhI, HO 1 HC 3dBUCAT
OT COCTOSHMY UX ABMKEHUSA. DACKTPHUECKAS HEATPAJIBHOCTD YCTAHOBME-
Ha HA OIBITE U AJISl ATOMA TENHS C MOYTH TAKOU XK€ BBICOKOU TOYHOCTHIO,
KakK ¥ JJI9 MOJIEKYJE BOZOpoAda. ATOM rejivs IMOCTPOEH M3 TEX Xe 3aps-
JKEHHBIX «KHPIUUMKOB», YTO K MOJIEKYJa BOAOPOAA, — ABYX MPOTOHOB
Hu mayx 3JIEKTPOHOB, — HO IIBI/DKyTCSI ITA 44acCTHUIBI B ATOME r¢avd CO-
BCPLWICHHO HHAUC, HEXCJIM B MOJICKYJIE BOAOPOAA.

«B3BelinBaHKe» 3NeKTpoHa. OnniThl MUIMKeHa, B KOTOPBIX OBLT M3-
MEpEH JICMEHTAPHHIHA IJEKTPHUYECKHH 3apsaX, MOXHO DAacCMATPUBATH M
KaK «B3BEMIMBAHUE» OJJICKTPOHAZ, MACCy KOTOPOIrO0 HENOCPEACTBEHHO
ONpeAe/JMTh HEBO3MOXHO. M3Mepus 3apsan snekTpoHa, Mwinuken cmor
ONPEACTATD €10 MacCy, BOCHOAb30BABIINCh HAUAEHHBIM TOMCOHOM OTHO-
IIEHHEM 3apsaAa K Macce B ONBITAX II0 OTKJIOHEHHWIO 3JEKTPOHHHIX IyY-
koB. Curyauus 3gech A0 HEKOTOPOH CTEMEHM aHAJOTHYHA <«B3BEIIMBA-
HUO» 3eman B onnite KaseHauma no nabopaTtopHOMYy HW3MEPEHMIO Ipa-
BUTALMOHHOM  TICCTOSHHOM: B3BECHTh J3EMJK)  HEMOCPEACTBEHHO
HEBO3MOXHO, HO MOXHO ONPEAE/NTh TIPOU3BEACHUE €€ MAcChl HA I'PaBU-
TAUMOHHYIO TOCTOSHHYK M3 ACTPOHOMMYECKMX HAOmomeHui, T.e. mo
OTKJIOHEHHIO JBMXYIIMXCS TEJA FPABMTALMOHHEIM MMOJIEM 3EMJH.

Maccst atoMoB ¥ MoJekya. Hambonee ToyHbie METONBI HU3MEPCHHUS

Puc. 27. CxeMa Macc-CrieKTpoMeTpa ¢ (GOKYCUPOBKOH ONHOPOIHEIM MATHHTHLIM MOJIEM

MacC aroOMOB M MOJIEKYJ OCHOBaAHH Ha (boxycuponxe IIYYKOB 33apAXECH-
HBIX Y4CTHL[ — MOHOB 3THX ATOMOB MJIH MOJECKYJ — IMpU NDOMONIH
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PasJUYHBIX KOMOMHALMN SEKTPUUYECKUX M MATHATHHX Noned. Ycrpo-
€HHBIE HAa TAKOM NPHHIMIE NpHOOpH HA3LIBAIOTCS Macc-CrekTporpacda-
mu (B cayuae oTorpaduyeckoit perucTpaury) ¥ MacC-CIEKTPOMETPAMM
(npu agexTpuyeckoi permctpauuu). Ilepsbiit Macc-cmexrporpad OwLt
n3obperen ¥ noctpoer @. ACTOHOM.

Cymecteyer Gonbumioe passHooOpasume  KOHburypauuii  nosei,
HCIOJb3yeMBIX B atux npubopax. B wHaubosee pacnpocTpaHEeHHOM
Macc-crekTporpade ¢ CXHOPOIHHIM MATHUTHBIM IIOJIEM HOHE, 06pazo-
BAHHBIE B MOHHOM HCTOYHHWKE, BBUICTAOT M3 meau S (puc. 27) B Buge
pacxoaAINerocs Nyuka. PachopocTpaHsisick B BaKyyMe, 3TOT MYyYOK B
MAarHMTHOM MOJIE Pa3gesSeTCs HA NYYKH MOHOB C PAa3HBIMM 3HAUCHUS-
MM OTHONIEHMI 3apsga K Macce. Kaxgelii Takodl my4ok, HECMOTPS Ha
pas3bpoc CKOpoCTell MOHOB, MAarHUTHOE Mose cobupaer B cBoeM dokyce,
T. €. (DOKYCHMPOBKA My4KOB YacTHU C Pa3HbIMHM 3HAUCHHSAMH e/m npo-
MCXOQUT B pasHHIX Mmecrax F,, F,, F;, ... CpasHuBas nosoxcHus ¢o-

KYyCOB, MOXHO onpenemt'rb OTHOWICHUSA MAacC MOHOB B PA3HBIX IOYy4yKax.

Ipunnyun aeicreus Macc-criekrporpada. ITosceum mpunuun oky-
CHPOBKH PaCXOXSIIEIOCA NMYyYKa 3apaXXEHHBIX YacTHU HA NPUMEPE METO-
1a OKYCMPOBKH MONEPEYHBIM MATHHTHBIM ITOJICM Ha TIPOTSKCHUM TI0-
JIOBMHBI OKPYXHOCTH (7t pagnas).

ITycTs WCTOYHMK MOHOB Haxoaurtcs B Touke S (puc. 28) u mycrs
BCE YACTHI(H XAPAKTEPU3YIOTCE ONHUM M TEM X€ 3HAUCHHMEM YIeJb-
HOTO 3apsaa e/m. ByaeM cuMTaTh, YTO BCE MOHBE! BEUICTAIOT M3 HC-
TOYHMKA € OJMHAKOBOM IO MOY/JIIO CKOPOCTBIO, HO C HeBOIBmMIMM
pa3bpocoM N0  HAMPABJICHHUIO.
Hon, ckopocrs xotoporo Ha-
nmpaBJe€Ha BBEpPX Ha puc. 28,
IOBMXXETCS B MATrHHTHOM IOJE,
NEPNIEHAMKYJISAPHOM  ILJIOCKOCTH
PHCYHKA, [O OKPYXHOCTH pa-
OUYCOM

mv
=75 @) S b0 AB
prmﬁ MOH, BREUIETAIOMUM IO Puc. 28. ®dokycupoBka MONEpeyHbIM ORHO-
HeGoabIMM yriioM a (puc. 28),  PORMPIM MATHWTHAIM MOKEM

B OQHOPOZHOM MAarHUTHOM I10JIE

ABMXETCS N0 TAKOUH XK€ OKPYXHOCTH, ITOBEPHYTOM KaK LEIOE BOKPYT
HAYaJbHOM TOUKH S, JTa OKPYXHOCTh nepeceuer auamerp SA nepson
OKpYyXHOCTH B Touke B. Jlerko Buaerb, 4To

AB=2R(1 —~ cos a) = 4R sin? 5 ~ Ra’. (4)
XoTs MaKCHMAJIBHOE PACXOXICHHUE TPACKTOPUH 3THX IBYX HOHOB, KaK

BUXHO M3 puc. 28, paBHO Ra, paccTosiHue AB, NponopUUOHAIBHOE KBaj-
paTy MaJoro ymia o, 3HauuTeasHo MeHbme. [loatomy, €C/H HCTOYHMKOM
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S CAYXWUT WENb, YEPE3 KOTOPYIO BJETAIOT HOHH, TO AB Gyner «u306pa-
XEHHEM» ITOH IUENM B BUAE CPAaBHUTENBHO y3KOit mosocku. Takum obpa-
30M, MOITEPEYHOE OAHOPOAHOE MATHUTHOE NOJE (POKYCHPYET paCXOXAIIMii-
Cs [IYYOK, AEHCTBYSI MOAOOHO LWMIMHAPHYECKOH JIHH3E.

CesexTop cxopocreir MOHOB. Jlng mosyueHns Ny4yKa HOHOB C OH-

HAKOBHIMM IO MOAYJIO CKOpO-

A D CTAMH  HCHOJB3YIOT  (PUIBTPH

ckopocteit. Cxema camoro mpo-

cToro ¢uabTPa CKOPOCTEH MOKa-

-——- 3aHa Ha pHC.29: nyuok 3zaps-

XEHHHX YacTHL C pa3Inyap-

WHAMHACS CKOPOCTSMH

NpPOMYCKAaeTcd 4epe3 CKpeleH-

B Hee anekrpuyeckoe (E) m Mar-

autHoe  (B) mnons. QuesuaHo,

Puc. 29. Cxema duabTpa ckopocreit saapsixked- UTO UEPE3 MaJIOE BBIXOAHOE OT-

HBIX 4aCTHIL BEPCTHE CMOTYT TNPOMTH TOJbHKO

TE€ MOHBI, CKOPOCTh KOTOPHIX

yrossieropser ycnosuo (2). MoHn ¢ apyruMu ckopoctsimMu OyayT 3a-
aepxaHn guadparmoit D.

)
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Macc-cnexTpoMerp ¢ nonepedsoin goxycuposxoit. Ha puc. 30 moxa-
3aHa cxema Macc-cnektpomerpa A. Jemncrepa ¢ ¢OKyCHpPOBKON HaA T
panuan. VoHnI, cO3naBaeMule UCTOUHMKOM A, npuobpeTaoT OQUHAKOBYIO

Puc. 30. Cxema Mmacc-criekTpomerpa Jlemncrepa

JOTIOJTHATENABHYIO S3HEPTHIO IO AEHCTBHEM YCKOPAIOWEH Pa3HOCTH [TOTEH-
umuanos U, TPpUIOXKEHHON MEXAy UCTOUHMKOM A ¥ BRIXORHOW menbro C.
Yepes mennb S, CJIETKa pACXORAUIMIICS MYUYOK MOHOB MOMAzaeT B obaacTh,
IA€ ZEHCTBYET HONEPEYHOe OQHOPOXHOE MarHuTHoe none B. Monsl, obna-
AaolKe Pa3IHYHEMU 3HaYCHUSIME e/m, B cooTBeTcTBHH C (3) doxycupy-
IOTCS B PA3HBIX MECTAaX, TaK KaK ABMXYTCH MO OKPYXKHOCTSM pPasHHX pa-
auycos. Bxoasmy:o B (3) cKOpPOCTH v MOXHO ONPEREAHUTD U3 YCIOBHI

mv2

—2—=eU, (5)
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B KOTODOM IpeHeOperaeTcss mepBOHAYAIbHOW KHHETHUECKOH OJHEpruecit
TEIJIOBOTO ABHMXXEHUS HOHOB 0 CPABHEHWIO C IHEprueil, npuobperaeMoit
HMH OpH pasroHe B anektpudeckoM noste. C momowso (3) u (5) ans
KBaApaTa pazMyca OKPYXHOCTH NOJydyaeMm ’
m U
R2=22 5. (6)
e B
Tonfupas yckopswomee Hanpskesde U WM MHAYKUHH MardMTHOIO
nosis B rak, yroObl npu AaHHOM e/m paauyc R nprobperan HyXHOE 3Ha-
YeHHUE, MOXXHO BHIIYCTHTh YePe3 BEIXOAHYIO WEb S, HOHK TI000i MaccHl.
INpu 3TOM MOXHO HE TOJABKO H3MEPATH MACCHl HOHOB, HO H KOJIMUECTBEHHO
HCCIEIOBATB COCTAB MCXOMAHOrO BEIIECTBA: CHJIA TOKA MOHOB uYepe3 KOJI-
JIEKTOP P CJIyXXHT MEPOH KOJMYECTBA HOHOB JAHHON MACCHI.

PasznenesHne n3oronos. Ha TaxoMm xe npuHuune AeHCTBYOT Jabopa-
TOPHRIC W TIIPOMHBIUICHHBIE YCTAHOBKHA IO pPa3ACJICHUIO H30TOIIOB
2JIEKTPOMAarHUTHHIM MeTofoM. CxXeMa TaKoi pasnesuTe/NIbHOM YCTaHOB-
KM npuseneHa Ha puc. 31. YcraHoBka pasMmemaercs BHYTPU OOJBLION
BaKyyMHOf"I KaMEpHI, IIOMCIIKCHHO]‘/‘I MCXAY NOJTOCAMH IJICKTPOMArHUTA.

HicTouHuK

Puc. 31. Cxema 3;1eKTPOMarHUTHON PA3AETUTENBHOM YCTAHOBKH

B oTnmuMe OT M3MEPHTEIBHHX MaCC-CNEKTPOMETPHUECKHX TPUOOPOB B
YCTAHOBKAX [/ PA3fc/ICHAsS H30TOMOB CHJIA HMOHHOTO TOKAa B MYyuKe
B MWLIHOHBl pa3 Gossime,

DNEXTPOHHAS ONTHKA. [[BHXEHHE NMyYKOB 3aPSXKEHHHX YACTHI[ B OT-
KJIOHSIOIMX M (POKYCHPYIOMHMX CHCTEMAX MAcC-CIEKTPOrpaoB MOXHO
pacCMATPHUBATh AHAJIOTHYHO NPOXOXACHUIO CBETOBHIX MYYKOB B ONTHYE-
ckux npubopax. Ha a3Toil aHanorMu OCHOBAHA NPUMKJIAAHAS HAYKA ~—
3JEKTPOHHAY M HOHHAA reoMerpuueckas ontuka. OHa moayumna 6osn-
moe passurue Gnarosaps pasHooOpasHBIM MPAKTHUYECKHM MOTPEOHOCTAM
B Takux o0nacTsx, KaK HMEKTPOHHAS MHUKPOCKOIHS, TEICBHACHHUE, IPO-
M3BOACTBO 3JCKTPOHHHIX MHKDOCXEM H T. 4.
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B coBpemeHHBIX npuOOpax, IME MCMOAB3YIOTCH MEKTPOHHBIE W HMOH-
HEIE OYUYKH, YOAETCH ROOMTHCHA COBEPIIEHHOM (hOKYCHMPOBKM Iy4YKa yac-
THL C 3aJaHHHIM 3HAYEHUEM e/m, 0OIafaIoIMX HEKOTOphiM pa3bpocoM
KaK MONYJS CKODOCTH, TaK W €€ HalpaBJIeHHS.

Paspemawomas cnocooHocTb. OCHOBHOM XapaKTEPHCTMKON KAauyecTBa
MacC-CTeKTPOCKONMMUECKOM CHCTEMEI SBJISETCA €€ paspelanuas crocod-
HOCTb. JTO TNOHATHE NEPEHECEHO M3 TEOPHH ONTHYECKUX CIEKTPATbHAIX
npubopos. I'oBopsT, uTo Macc-criektporpad obnafnaer paspeuiaruen cno-
COOHOCTBIO F, €CAM MHHMMAJIBHAS OTHOCHMTEJBHAS Pa3HOCTb Macc Am/m
IJ1S1 ABYX OJM3KKMX [0 MAcCe YACTHL, PErMCTPUPYEMAIX Pas3iebHoO, onpe-
ACTAETCH PABCHCTBOM

Am/m=1/r.

B xopomux COBpeEMEHHEIX MacC-CNEKTPOMETPAX paspelammas Crocod-
HOCTH mocruraer 3Hauenus 8- 104, Ha puc. 32 noxasaHa TunuuHas cHex-
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ATOMHBIE €VMHHIbI MACCHI

Puc. 32. Cnektp Macc U30TONOB PTYTH

TpOrpamMMa, MoTy4YeHHAs Ha MAacC-CEKTPOMeTpe, MPEAHA3HAUCHHOM A1
M30TONMUYECKOrO 3HAIN3A.

ATOMHAsd eAuHHNA MAacchl. Macc-CneKTpOMETPHYECKHE METOAHB JIEXAT
B OCHOBE HauboJee TOUHBIX M3MEPEHMI MacC aTOMOB ¥ MojaeKkyna. Tak
KaK B MAaKPOCKOMMYECKMX MAcTabax Macch aTOMOB M MOJIEKYJI OYEHB
Majibl, B M3MEPEHHAX M pacuerax yaoOHO HCHONAB30BaTh HEe abCcosroT-
Hble 3HaueHMd Macc (B KwiorpamMmax), a oTHOcuTenbHble. [lo mex-
OYHAPONHOMY COFJAIUCHUIO MACCH BCEX ATOMOB M MOJEKYJ IPHHLTO
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CPaBHMBATH C MAacCOii aToma yr/iepoaa, ToyHee ero usoroma '2C. Vr-
sepon BEIOpaH MOTOMY, YTO OH BXOAUT B OIPOMHOE YUCIO XMMHUYECKHX
COEAMHEHHUH.

3a aToMHYI0 eAMHMILY MACCH npuHuMaercd 1/12 Maccw u3orona yr-
nepopa '2C, urobnl B 3TOM WIKaJe MAcCHl MPOTOHA M HEATPOHA OBLIH
O/M3KM K COMHMIE, 4 MACCa ATOMa JIIOOOr0 XUMUYCCKOTO I/IEMEHTA BhI-
paxkasachb YMCIOM, OJIM3KUM K LIEJOMY.

OTHOCHTEIPHOM aTOMHOH (MW MOJEKYJISIPHOM) Maccoit M, BemecT-

BA HA3BIBAIOT OTHOUICHHWE MACCH aroma (MM MOJIEKYJBI) m, AAHHOIO
BemecTsa K 1/12 maccu my atoma yraepoaa '2C:

my

M, = Tidmeg -

(7

OTHOCHTENBHHE MAaCCHl BCEX XUMHUECKHX IJIEMCHTOB HM3MEPCHEI
ouenb TOUHO. CKJIafBIBasg OTHOCHTENbHBIE ATOMHEIE MAaCcChl 3JIEMEHTOB,
BXOASIOUX B COCTAB MOJIEKYJIBl ONPEAEJEHHOIO BEIIECTBA, MOXHO, 3HAs
ero XUMUUeckyio ¢GopMmyy, NpubIMKeHHO BHYUCIUTE OTHOCHTE/IBHYIO
MOJICKYJISpHYIO Maccy. HanpuMep, OTHOCHTENBHAS Macca MOJICKYJIBI BO-
met H,O pasua 2-1 + 16 = 18, ecm 3ra Moneky/a conepxut Haunbonee

1 16
pacnpocrpaHeHnsie usoronsl (H u '30.

TouHble U3MEPEHNS ATOMHBIX Macc. /[ TOUHBIX OnpeAencHuH Hens-
BECTHON MACChl KaKoro-jauGo noHa HEOOXOMUMO MOCTPOUTD PANyUPOBOY-~
HYI0 KPHBYIO MAcC-CIIEKTPOMETPA, JTa KpUBas CHayasa CTPouTcs rpy6o
nyTem BhIOOpA LEMOYKNA MAcC ATOMHBIX MM MOJICKYJISPHBIX MOHOB, OT-
AUYAOMUXCA NPUOIM3UTENBHO HA OXHY €IMHMIY Maccel, Hanpumep C,
CH, CH,, CH;, CH,. Eciu n19 jaHHOH BENOYKHM MACCH MOHOB M3BECT-
HH C NOrpewHocTsio, Hanpumep, 0,1% (4YTO NErko AOCTHraeTcss XMMH-
YECKMMH METORAMHM), TO C TAKOH X€ MOTPEIIHOCTBIO MOXHO IIOCTPOUTH
rpadMk 3aBUCHMOCTH KOOPIOMHATH JMHWH B CIEKTpe Macc Ha doromma-
CTHHKE OT OTHOCHTENBHON Maccel. 3areM 3ty rpy0Oyio rpanyupoBKy
YTOYHSIOT. DTO MOXHO CHEN3Th, HANPUMED, TAaK¥M crocofoM. YMmeHs-
WK¥M YCKOPSIONICE HATIPSIKEHUE NPU HEM3MEHHOM MATHUTHOM IIOJIE HA-
cronpko, ytobnl Ha Mecto sunuu CH,; momana nuuus CH,. Torma sce
HOBBIE MOJOXEHNS MACCOBBIX JMHMM OYAYT COOTBETCTBOBATH 3HAYEHHAM
Macc, U3MCHHBIIMMCS B oTHOmenuu 16/15.

Ilocne Tako# rpamyMpoOBKM MOXHO H3MEPUTh OUEHb MANCHBKYIO
pasHOCTE MAacC MEXIY HEKOTOPOH HEHM3BECTHOM MACCOM M 3T4JOHHOM.
Cpeam MHOXECTBA YIJIEBOZOPOAOB MOUYTH BCETAA MOXHO mMoxobpars
oyeHb Dim3kue no macce coeauHeHus. JIse Giamakme Maccs 00pasyioT
TaK HasbiBaeMhiil aybaer B cnekrpe macc. IlpumepoM MOryT CryXuTh
mounl 20 u '2CIH, (xucnopon u meran). Ecmm orHocutenpras mo-

IPEIIHOCTE M3MEpPEHMS pPasSHOCTH MacCc Am 3TUX HMOHOB COCTABJISET
scero 0,19 (uTo cocTaBASET HECKONBKO COTHIX AOACH OT aTOMHOM
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EOMHALB MACCHI), TO OTHOCHTEJIbHAS HOrPEIHOCTD M3MEPEHHS MAacChl
nona '80 nocruraer oxHOM MWUTHOHHONM. MjumocTpamueit Takoro Merto-
Ja MOXET CIyXUTh puc. 33, Ha KOTOpPOM MpHBEAECHH OBA CHMMKA HeE-
CKOJBKAX OJM3KMX MACCOBRIX JIMHUMA,

O6parnM BHHMAaHWE Ha TO, YTO 9TOT AyOsner o6pazoBaH ATOMHEIMH
YHCIaMY, MOCTPOCHHBIMM M3 OAMHAKOBOIO YKCIA NPOTOHOB, HEHTPOHOB
M 5JIEKTPOHOB. Pazivumne B Maccax KOMNOKEHTOB AyOnera obyciaoBieHo

16g “NH, 'cH, N 2cH,

Puc. 33. ®OTOCHUMKM MaCCOBBIX JIMHHH

TEM, UTO y aTOMa KHMCJIOPOZA BCE NPOTOHH M HEHTPOHBI HAXORSTCA B
OIHOM SApE, @ B MOJIEKYJ]€ METaHa — B pasHbiX. [103TomMy sHEprus
B3aMMOZIEHCTBHS. TIPOTOHOB M HEHTPOHOB B ITHX CHCTEMAxX pas/IMYHa,
YTO NMPHUBOAAT K Pa3nuuusM B dHepram noxkos W macce '§O u 'ZCIH,.
Macc-CneKTpOMETPUUYECKHE METONBl NO3BOJSIIOT ONPENENSATh HE TOJBKO
OTHOCHMTE/IbHBIE, HO U aGCOMIOTHBIE 3HAUEHHS MACC ATOMOB M MOJIEKYJ,
XOTSl M CO 3HAYUTENLHO MEHBLWIEH TOUHOCTHIO. YMEHDBIICHHE TOYHOCTH
06yCn0BAEHO TEM, YTO aBCOMIOTHHE M3MEPEHHS MACC ATOMOB BHIMOJHS-
IOTCS KOCBEHHO, M Ha MX BHUMCJISEMOM 3HAUEHMHM CKa3HBAIOTCH Kak
TNOTPEIHOCTH M3MEPEHUS. MApaMETPOB SKCHEPUMEHTATbHONH YCTAHOBKH
(reoMeTpuuECKMX pPa3MEPOB, HANPSKEHHOCTER NOJEH, YCKOPSIOMIETo
HATPSOKEHUS M T. 1), TAK M TOYHOCTb, C KOTOPOM HM3BECTEH IJIEMCH-
TAPHEIA 37EKTPUYECKHMI 3apsan e. Il1s maccw atoMa yriepoaa usMepe-
HAS AA10T 3HauYeHHEe myc = 1,995-107% kr.

KomuecTso Bemectsa. Ilocrosnnas Asoranpo. Hawmbonee ecrecr-
BEHHOM E€AMHMUEH 111 M3MEPEHHS KOJMYECTBA BEMIECTBA B KAXIOM Teje
MO0 OB CAYXHUTh YMCAO MOJIEKYJ wian atoMoB. OXHAKO 4YUCIO MOJIE-
KyJ1 B JII000M MaKPOCKOMUYECKOM TeJie OueHs Benuko. [lostomy mns xa-
PAKTEPUCTHKH KOJMYECTBA BEHIECTBA YAOOHO MCIOMB30BATh HE aBCOJIOT-
HOE UMCJI0 MOJIEKYJ, 2 OTHOCHTEJLHOE.

B mexpyHaponroif cucreme emmumy (CH) konmuectso BemecTsa
U3MeEpSIOT B Moasx. Moap — 3T0 omHA M3 OCHOBHHIX exuHun, CU:
1 MOJIB — 3TO KOJNHMYECTBO BELIECTBA, B KOTOPOM CONEPXHTCS CTOJILKO
XK€ MOJIeKyJ WJIA aTOMOB, CKOJBKO ATOMOB COREPXHTCS B YIJIEPOAE
maccoit 0,012 xr.
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MOJIB H1060I‘0 BCUIECCTBA conepx(wr OJHO U TO X€ 4YMCJIO aTOMOB
nin Monexy.rx. 9’1‘0 YUACAO 0603rxaqaercg N A H HA3bIBACTCA NMOCMOstH-
Hou Aesozadpo. IlocTosHHYI0 ABOrajpo MOXHO HAWTH, €CM Pa3/EIUTh
Maccy OOHOro MOJId yrjicpoga Ha Maccy OZHOIY 4ATOMAa yriepona:

0,012 xr/mMons 1
= LS KM — 6,02 1023 (8)

1,995-1072 kr Monb

A

KosmuecTBo BEIMECTBA v, T. €. YACJIO MOJICH, PABHO OTHOIIEHUIO YMC-
A2 MOJIeKysn N B JaHHOM Tene K MOCTOSHHO# Amoraapo N,:

=i (9)

MoaapHaa Macca. g xapakTepucTHKH KOHKPETHOIO BEIIECTBA HAps-
Iy C OTHOCHTENBHON MOJEKYISIDHOM Maccoit M, B ¢pM3MKe U XUMUH M-~
POKO MCHONB3YETCH MOAspHast macca M. MonsipHoit Maccoil HazwBawT
MACCy JAHHOIO BEMIECTBA, B3ATOIO B KOJIMUYECTBE OXHOro mons. Mossp-
Has Macca PaBHA NPOM3BCACHHIO MacChl mg OAHOM MOJIEKYJBH AAHHOTO
BEUIECTBA Ha MOCTOSIHHYI0 ABoragpo N,:

M= moNA. (10)

Ecnu B dopmyae (9) uncaurens ¥ 3HaMEHATEAb ZOMHOXHUTh HA Mac-
Cy OI(HOE‘*'I MOJICKYJIbI mo, TO O KOJUUYECTBA BCINECTRBA vV B TCJAEC MOXHO

HATIUCATD
(11)
rae m = mgN — Macca Tena.

Pasmepsl aTOMOB M MoOJieKyJa. [Ipencrasnenne o pasMepax OTAE/IbHBIX
aTOMOB M MOJIEKYJ MOXHO NOJYYHTh pasHeiMM cnocobamu. Ecam npen-
MIOJIOXKUTb, YTO B KOHACHCHPOBAHHOM COCTOSHHH (T. €. B XHAKON WK
TBEpAOH (hbase) aTOMBH WM MOJIEKYJBl BEHOIECTBA «COMPUKACAIOTCS»
APYT C XPYTOM, TO, ONPEREINB NPUXOAAIINACS HA ORHY MOJEKYJIY OOb-
€M, MOXHO OLEHHTb ee pasmepusl. Hampumep, m = | r Boawl 3aHmmaer
obseM V=1cm® u comepxur N=N am/M  Monexyn, rae
M =18 r/monsb. [lo3ToMy npuxonsmiMica HAa OXHY MOJEKYAY OObEM
cocrasaser 3-1072 cM3, a ee smneiHm pasmep r ~ VYV ~ 3-1078 cm.

Cornacyromyrocss ¢ 3THM 3HAUCHHEM OLEHKY pPa3MEpoB MOJICKYJ
MOXHO NOJyuyHTh 0€3 MCHOoNb30BAHHUS MOCTOSIHHOM ABOrajnpo, ecay ob-
PATHTBECH K IPOCTOMY OMBITY MO PACTEKAHMIO KAIIM MAcha Ha [MOBEpX-
Hocty Bogw (ommt Jlemrmiopa). Ipenmosioxus, YTO B MAaCASIHOM DAT-
He MOJIEKYJIEl PACNOJATAIOTCS B OJUH CJIOH, MOXHO OLCHUTH TOJIMIMHY
Cnost, 4 TEM CaMbIM ¥ JHMHCHHBIA pasMeEp MOJEKYA Macja, pasue-
JuB 06BEM pAaCTEKIIEHCS Kalu Macjaa Ha IUIomans o0pa3oBaBLIErocs
MATHA.
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Bosiee HanexHylo HHGbOPMALMIO O PACCTOSHHIX MEXAY ATOMAMHU B

TBEPABIX TEJAX M XHUIKOCTAX HAKOT OMBITH MO Audpakuuy PEHTIreHo-
BCKOTO M3JIyUEHMS -— PEHTICHO-CTPYKTYpHHIi ananui. OkasnBaercs,
YTO MOJIEKYJJH MHOTHX BEIIECTB MMEKT pa3Mepn mnopsaxa 1078 cm.
Jivmp MoOJexysbl MOAMMEPOB M HEKOTOPHIX OPraHMYECKMX BEIIECTB

Puc. 34. DnexrpoHnblit cunmok dara T-2 ¢ ysemvuervem B 180 000 pa3

(6GeNKOB) MOryT MMETh I'MTAHTCKME Pa3MEpH, UTO MO3BOJINET MONYYUTH
HX M300paxeHHe B IACKTPOHHOM MMKPOCKONE, HA KOTOPOM OTMETJIMBO
pasnuuMMa Mx cTpykrypa (puc. 34).

IMovyemMy B ombiTax MO OTKJIOHEHUIO NyYKa HacTMll B JIEKTPHUECKOM M Mar-
HUTHOM M0ASX MOXHO OIIPEAE/IUTh HE 3apsll YacTHLbl, & TOJIbKO OTHOLICHUE
3apsjga K macce?

TTokaxuTe, YTO CAel, OCTABJSEMDII Ha (DOTOMIACTUHKE MTYHYKOM 3apsKEeHHbBIX
4acTHll, NpolIeALIMX HYepe3 NoMnepeyHble, NapaluleNbHble XPYF APYTY 3JeKT-
PHUYECKOE W MAarHUTHOE 1oJs, umeer ¢opMmy napabossl,

IMoscuure upeww Merona (POKYCHPOBKH cnabo pacxoasiuerocs fnydka 3/eKT-
POHOB NPOROJILHEIM MarHHUTHBIM 110JIEM.

MHUIUIKKEH B CBOMX OMNbITAX CHa4alja MCIOJb30Bajl KanejabKyu BOAbl, OJHAKO
3aTeM IICpellen K 4aCcOBOMY Macny. Kak Bbl gymaere, ¢ 4eM 3TO cBs3aHo?

HO‘{CM)' YCTaHOBJICHHAA Ha ONBITC JNICKTPHUECKAsR HCﬁTpaﬂbHOCTb MOJICKY JIbl
BOAgOpOa K artoMa TEeIUA  CBHAOCTCJBCTBYCT HE TOJLKO O PaBCHCTBE
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3JIEKTPUUYECKHUX 3apSIOB 2/MEKTPOHA U MPOTOHA, HO U O HE3aBUCUMOCTH BEJIK-
YHHbI 3aPAAa KaXI0M YacTHLB oT ee ABUXEHHA?

¢ [Ilposeoute mnompo6Hoe comocTaBjieHdHe onbiTa MuiHKeHa 1o «B3BeluBa-
HHIO» 271eKTpoHa M onbita KaBeHauiua nmo «B3BeNIMBaAHHUIO» 3eMIH.

s [losicHure NPpHUHUMN (boxycupom(u HWOHOB B MONEPEYHOM MArHMTHOM T110J1€.

o OO6bacHUTE NPUHLMN AeiICTBUS MAacC-CIEKTPOMETPA U €ro NpUMeHeHue and
KOJIMYECTBEHHOIO MCCJIEAOBAaHMUS COCTaBa BElLECTBA.

e Kakywo BeJMUMHY Ha3blBalOT paspelialolieil cnocobHOCTbIO Macc-CNeKTpo-
MeTpa? Urto oHa xapakTtepusyer?

e Kak BBOAMTCA aTOMHas eAUHULIA Macchl? Hoquy OHa OCHOBLIBACTCA Ha aTo-
me yraepona 12C?
e Y10 Takoe OTHOCHTEIbHAs aTOMHas WM MONCKYJispHada macca? HO‘{CMy npu

€e BLIYMCJIEHHH C TIOMOLIBI0 XMMHYECKOH (OPMYJIB BEHIECTBA Mbl NONyYaeM
npUONHKEeHHblE 3HAYeHUa?

o Tlosicuure, KakuM 06pa3oM JOCTHraeTcd OTHOCUTENbHast TouHocTh 1076 mpu
Macce-criekTporpadHyeckoM M3MepeHWH Macchl usotona $0 ¢ Mcronbzosa-
HueMm aybnera 2CIH, u 0.

e Tlpu cropanuu yrnepopa 12 r yriepoma coeAMHMIMCE ¢ 32 TI' KMCJIOpoAa.
HMsMeHunock 1 B peayjbTaTe 3TOH XMMMYECKOH peakUHMM KOJHYECTBO Be-
wecrsa?

e CKOJBKO MOJIEKYJ BOILI COAEPXHUTCH B Kamje oobemom 1 cm3?

e Kak MOXHO OUEHHTH pasMepsl OTACJIbHbLIX MOHCK)’H?

§ 12. Monexynsl

Bce Tena cocToaT @3 aTOMOB MM MOJEKYJ. UTO yAEPXHBAET aTOMEI
B MoJekyae? ATOMBI COENUHAIOTCS B MOJIEKYJH CHIaMH, KOTOpBIE
OOBIYHO HA3BIBAIOT XMMHYECKMMHM. KOHEUHO, HHMKAKUX (YyHEAMEHTANb-
HHIX «XMMHYECKMX» B3aUMOACHCTBHI B npupore He CyWECTBYET. DTH
CHJIBl BCErAa CBOAATCH K M3BECTHBIM HaM (DyHOAaMEHTAJMbHBIM (husnue-
CKUM B3aMMOACHCTBHUSIM, NPHUYEM OIPENENASIONYIO poiab B (HOpMHUpOBA-
HHM XHUMUYECKUX CBSI3€H HMIparoT 3/JCKTPOMarHutHeie cuiael. [Ipossie-
HHUS ITUX CHJI, HECMOTPH HA EXUHYI0O (PU3NYECKyro NPMpOay, YpE3Bbi-
yaiHO pasHooOpasusl. Doratefimuil ombIT WM3yYEHUS pE3YJLTATOB
IEUCTBUA CHJI MEXAY aTOMaMM HAKOIUIEH B XMMMM, HO JIMIIb C pas-
BHTHEM KBAHTOBBIX MPENCTABJCHHMM YAANOCh OATh OOBICHEHHE pa3HO-
06pa3HBIM TPOABJICHUSM ITHX CHJ HA OCHOBE (DYHAAMEHTANbHBIX (bu-
3HYECKUX 33KOHOB.

Xumuueckue cunsl M pu3uka. MHOrHe MONEKYJIH COCTOAT BCErO H3
HECKOJBKMX aTtoMoB. ONHAKO CYIIECTBYIOT M T[MFAHTCKHE MOJIEKYJIHI,
HampyMep MOJEKYJH OeNKOB, KOTOPHIE COAEPXAT AECHTKM WIM AaXe
COTHHU THICSY ATOMOB. Posib PM3MKH COCTOMT B TOM, YTOOH OOBLACHUTHL
4 E. U. Bytuxos u gp. Kuura 3
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XHMHAYECKOE B3aMMONEHCTBUE ATOMOB, T. €. TO, KaK aTOMBI COCOMHS-
I0TCS B MOJIEKYJH, a 3aTeM o0pasyior maxkpockomuueckue tena. Oxa-
3RIBAETCH, YTO IIPM MEPEXOAE OT MHKPOCKOMMUECKMX SIBJEHHH K Mak-
POCKOIMYECKIM B HEKOTODPHIX CJIY4YasX POJb KBAHTOBHIX 3¢deKToB co-
XpaHAEeTCsa, T.€. KBAHTOBAs MPHUPOAA IPOSBAAETCS HE TOJALKO B
MHUKPOMMpE, HO M B MHOTOUMCJACHHBIX CBOMCTBaX MakpooGnektos, Ha-
NpUMeEp, BHICOKAS 3JEKTPOIPOBONHOCTE MEAM M €€ IIPAKTHYECKM IOJ-
HOE OTCYTCTBHE Yy KBapua OOBSCHSIOTCS B KOHEYHOM CUETE HMMEHHO
kBaHTOBHMH 3dbdexkramu. CymecTBOBaHME NOCTOSHHHIX MAarHUTOB U
CBEPXIIPOBONHHKOB HPEACTaBaseT Co00M OCOBEHHO SpKME IPUMEDEI
TIPOSBJIEHNS KBAHTOBHX 3((EKTOB B MaKpOMHDE.

MOXHO BHIEMATh ABA NPUHIHUIMAILHO pa3JHUHEIX MEXAHHM3MA,
ofecrieyuBalOmux CBSI3b ATOMOB B MOJIEKYJIAX: 3TO TaK HA3HBAEeMBIE
UOHHASI 1 KodaleHmHast CBA3N.

HonHaa cBA3b MEXAy aTOMaMM. THUNHMYHBIA NPEACTABUTEIL HOHHOMN
CBS3M — XOPOIUO M3BECTHAs [TOBAPEHHAS COJIb, HA3HBAEMas B XUMHUN
xaopucteiM Harpuem (NaCl). Kakum ofpasom aBa pasHOPORHEIX aTO-
Ma — aTOM METa/l/Ia HATPUS M aTOM rasa xJopa — 00pa3syloT ycroluu-
BOE coenuHeHue?

ATOM HATpUS MMeeT ONMH SJEKTPOH HAa BHEIHEH 000/JOUKE; aToM
XJIOpa MMEET CEMb JIEKTPOHOB HA BHEINHEH 060/I0UKE, A€ B NPUHIMIE
MOXET HAXOOMTHCA BOCEMb JJIEKTPOHOB, T. €. €MY HEJOCTAET ONHOIO
JJIEKTPOHA A0 3alONHEHMS BHEIHEH 000/0ukd. ECaM ONMH 3/MEKTpPOH
4TOMAa HATpUS NEPEAaTh aTOMY XJIOpa, TO M y TOro, ¥ y Apyroro obpa-
3yI0TCS MaKCHMaJibHO YCTOWUYMBHIE 3JIEKTPOHHHIE KOHGUTypanuy U3 ue-
JIMKOM 3alMoJHEeHHHX 00070uek. YToOH OTHATH 3JEKTPOH y aroMa Ha-
Tpud, HY>XXHO 3aTpatutb 3Hepruio 5,1 3B. IIpu saxsare sToro anekrpona
HeATpaNbHHM aTOMOM XxJopa ofpasyercs orpuuarensHeiii moH Cl7, u
mpu 31oM ocBoOoxaaercst aueprusa 3,7 3B,

Kasanoce 6m1, o6pasosanne monekyan NatCl™ sueprermuecku He-
BHIFOOHO, ¥ TAaKOE COCAMHEHHME He MOXET OnTb ycroiuuBeIM. OnpHako
MeXOy HWOHAMM C 3apsAfaMM IIPOTHBOINONOXHHEX 3HAKOB CYLIECTBYET
3JIEKTPOCTATHYECKOE MPUTSKEHUE, M NPHU HUX COMMXEHUH IOTEHIHANb-
Had JHEPrus B3aMMOAEHCTBHS yOniBaer. [Ipu paccTOSHMM MEXIDY LEHT-
paMM JBYX MOHOB, paBHOM 1,1 HM, yOBUIb MOTEHHUAJIBHON JHEPIUM B3a-
AMOIENCTBUS KOMIIEHCHPYET 3aTpaTh 3Hepruw B 1,4 3B, meobxommmeie
114 Tepexona 3JEKTPOHa OT aTOMa HATpHs K aTOMy xJjopa ¢ oOpasosa-
HHEM OBYX HOHOB. [IpM nanpHedmeM COMMXEHMH HOHOB IOSBISETCS
yX€ BRIMIPHIN B SHEPrHM, YTO MPUBOAUT K G0/€e CHIBHOM CBY3M MOHOB
B MOJIEKYJIE.

OnHako MOHB MOryT COMMXAaThCH JIMIMB RO HEKOTOPOrO mpenesa
(0,24 HM), COOTBETCTBYIOMETO PABHOBECHOMY PACCTOSHHIO MEXAY MOHA-
MM B Mosiekyne. Ha TakoM pacCTOSHMM KYJOHOBCKHE CHJIBI MPUTSIKEHHS
YPaBHOBEIIMBAIOTCS CHJIAMH OTTAJKMBAHMS, MMCIOMMMH HEJIEKTPOCTA-
THYECKOE NPOMCXOXIEHHE M CBA3aHHRIMHM € IPOABACHHUEM INPUHLMNA
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IMaynn. Jeno B TOM, YTO NpH COMMXKEHRUU MOHOB AOCTYNHAS IS ABHUXC-
HHUS UX 9JEKTPOHOB 001acTh MPOCTPAHCTBA YMEHBIIAETCH, a4 3TO B CBOIO
ouepenp HeM30eXKHO BENET K YBEIMUEHHIO KMHETHUECKON SHEPIHHM J/TeK-
TPOHOB. DTO Cyrybo KBaHTOBHI 3(D(EKT, KOTODPEI MOXHO OOBSICHHUTDH C
[IOMOIUBK) COOTHOWIEHUS HeonpepeaeHHocrei [eiisenbepra: npu yMmeHb-
MICHUN OONIAaCTH ABMXEHHSA, T. €. HEONPEACNECHHOCTH 3HAUEHHMS KOODIH-
HaT, Hen30eXHO PacTeT HEONMPEAEAEHHOCTh 3HAUEHUS UMIYJIbCA, a CrIe-
OOBATEJBHO, M CAM MMIIYJbLC.

O6ycnosncuupe npuHUunoM [layau cunm OTTanKuWBaHMA NpeHeOpe-
XHMO Majhl, MOKa PACCTOAHHE MEXAY MOHAMH OOJbIIE PABHOBECHOTO
3HAUEHHMS, ¥ PE3KO BO3PACTAIOT NPH MOMBITKE COMHM3UTh MOHM HA MEHb-
wee paccrosaHue. YIMEHHO 0 TaKOM XapakTepe 3aBUCUMOCTH CHJI OTTad-
KMBAHUA OT PACCTOSHMA TOBOPUT TOT (haKT, UTO PACUET IHEPTUH CBS3HU
mouHoi Mosekyas NaCl, B KOTOpPOM YYHTRIBAETCS TOABKO 3I7EKTPO-
CTATHYECKOE B3aMMOXEHCTBME MOHOB, HAET XOPOIIO COMACYIOIEECH ¢
onuToM 3Hauenue 5,5 3B. Cutyauus 31ech aHANIOTHYHA PAcRpeAe/IEHHIO
MOTEHUMANIBHON JHEPIUU yNpyroi gedopMauuy ABYX MOCAEHOBATENLHO
COENMHEHHRIX MPY>XHH PA3HOM XXECTKOCTH: B OCHOBHOM SHEPTHI0 3amaca-
eT MEeHee XeCTKad NpPyXHHA, T. €. T3, Y KOTOpoi MeHbme KoadduuueHT
XeCcTKOCTH k. DT0 0OCTOSITENBCTBO MO3BOASET CUMTATh MOHBI TBEPELIMHU
IapaMy OMpPENcASHHOrO pagnyca.

KosaneHTHas cBs3b. VOHHAs CBA3b, BOSHUKAKOMAY B PE3yJIbTATE Iepe-
XOAa OXHOIO MJIM HECKOJbKUX 3JEKTPOHOB OT OJHOTO aToMa K APYyroMmy,
XapakTEPHA IS COEAMHEHUH, B KOTOPHIX YYacTBYIOT XHMHUUECKHE IJE-
MEHTH M3 TPOTHBOMNOJIOXHEX KOHIIOB Neproaa cucreMul Meunpeneera. Ko-
BAJIEHTHAS CBSI3b BOHMKAET BCIEACTBHE 0006IIECTBIEHMS aATOMAMU OQHO~
IO WIA HECKOJBKMX 3JEKTPOHOB M XapaKTepHA IJIS OJUHAKOBHIX WU
6/IM3KHMX 110 CBOMM XUMHUECKUM CBOWCTBAM aTOMOB.

B npocreifmiemM BHAE KOBAJECHTHAN CBS3b DEATM3YETCH B MOJIEKYJAp-
HOM moHe Bofopona HJ, B xotopoM 06a mpoToHa MMEIOT BCErO OMH 00-

WMl 37IEKTPOH. DJIEKTPOCTATUUECKOE OTTAJIKUBAHUE IIPOTOHOB CTPEMUT-
cs passainTb Mosekysy. Ho, ¢ apyroit CTOpPOHEI, HEPIHS CBS3U JJIEKT-
pOHA B MOJE OBYX IPOTOHOB, KOHEUHO, OOMBINE, UEM NpPU HAJUUHK
TOJILKO OXHOIO NMpoToHa. [Ipu onpeneseHHOM PacCTOSHUU MEXIY MPOTO-
Hamu (0,1 uM) BTOpOI (hakTOp OKa3smBaeTca Oosee CYUIECTBEHHRIM, YTO
ofecreynBaeT YCTOMYUBOCTh TAKOM cHCTEMH. IS YHaJCHUS OOHOIO M3
NPOTOHOB M O0pa30BaHMA aTOMa BOAOPONA B OCHOBHOM COCTOSIHHH Tpe-
Oyerca sHeprus 2,55 9B. Eure npouHee OKa3nBAaeTCsl KOBAJIEHTHAS CBS3b
B HEUTPAJIBLHON Mosexyse sonopona (4,48 3B), roe ona ofpa3syercs aBy-
Mg 37ICKTPOHAMH.

s KOBAaJECHTHOM CBS3M XapaKTepHa OMpPEAETICHHAS NPOCTPAHCTBEH-
Has HaNpasBJEHHOCTh ¥ HACHIINAEMOCTh, Y aTOMa YIJiepola €CTh YETHIPE
37IEKTPOHA, CMOCOOHBIX Y4acTBOBATH B OOGPa30BAHWH KOBAJEHTHHIX CBS-
seit. Ilpocreiimmii npuMep yIJIEPOOHBIX COSAMHEHHMHA JAEeT MOJIEKYJIa Me-
tana CH,, B KOTOpO# NpOCTPaHCTBEHHAS HANpPABJEHHOCTh KOBAJCHTHHIX
o
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CBSI3eH MPOYBASETCA B TOM, UTO YETHIPE aTOMA BOXOPOAA PACHOJIATaIOTCH
B BEPIIHHAX MPaBHJILHOTO TETPA3APA, B LIEHTPE KOTOPOTO HAXOAUTCS ATOM
yIJIEpOZa, TAaK UTO YIVIK MEXAY BCEMH BAJICHTHBIMM CBSI3SMM OTMHAKOBLI
(puc. 35). HachiEHHOCTD CBA3EH MPOSBISIETCA B TOM, UTO OOJIBINE YETHI-
pex aTOMOB BOHOPOAA aTOM YIJIEPOAA NPUCOETUHATH HE MOXET.

B neiicTBUTENLHOCTH B MPUPOAE NPAKTHUECKH HE BCTPEUAETCS YUCTO
HOHHBIX M YMCTO KOBAJICHTHBIX CBSA3€H, H MOXHO I'OBOPHUTH JIMIIb O fpe-
MMYHICCTBEHHO WMOHHOM HJIM KOBAJIEHTHOM XapaKTepe TOM MJIH MHOM
cesiay. [IpeMMyIecTBEHHO KOBAaJICHTHAS XMMUYECKasl CBA3b XapaKTepHa
nas takux moneky’d, kak H,, CO u 1. 4., a Takxe aas GOJBIIMHCTBA

OPraHMYecKnX MOJMEKys; woHHas — nas monekya Cs, KCI, muorounc-
JICHHBIX MOHHBIX KPHCTAaJUIOB.

JIByXaTOMHBIE MOJIEKY/IBI, COCTOSIMUE M3 PA3HHIX aTOMOB, 00Ja0ai0T
JJIEKTPUYECKHM OMOOJIbHBIM MOMEHTOM, TaK KaK y HMX HEHTPH IOJO-
KHMTEJIBHOTO Y OTPULIATE/IBHOTO 3aPSA0B CMEUICHH OTHOCHTEIBHO APYT
IpYyra BOOJBb COCAMHSIOMIEH $Apa aTOMOB NPIMOH.

B3auMOxeicTBHE aTOMOB B MoJexyae. PaccMorpuM mogpobHee B3auMo-
AeicTBHE 00pa3yIoIINX MOJEKYJTY aToMOB. HecMOTpS Ha BCIO CJIOXKHOCTH
YNOMAHYTHIX BHIIIE CHJI NPUTSOKEHUS M OTTaJKMBAHMS, ACHCTBYIOLIMX
MEXAY JICKTPOHAMMU M APAMH 3THX ATOMOB, MOXKHO CPaBHHMTCJIBHO IIPOCTO

0 ; -
o r
|
Puc. 35. Cxematuueckass M- Puc. 36. 3aBMCHMMOCTD TTOTEHIMAJNb-
NIOCTPaUMS CTPOEHUS MOJIEKY- HOM 3HEPruy B3aUMOJEICTBUS aTOMOB
sl MeTaHa. ATOMBI BOAOpOAa B ABYXaTOMHO! MOJIEKyJie OT Paccrosi-
pacnoJokKensl B BEPLIMHAX HUS MEXAY HUMM

OpaBUILHONO TETPAIAPa, MIK B
YETHIPEX U3 BOCLMM BEPIIMH
ky6a, B 11eHTpPE KOTOPONO HAX0-
JAMTCK aTOM yriaepoaa

¢ eHOMEHO/IOTHYECKY OMKMCATDh PE3YJBTHPYIONICE B3aMMOXCHCTBHE ATOMOB
B MOJIEKYJIE C MOMOIIBIO rpachuka 3aBUCHMOCTH MOTEHIHAILHON JHEPTHN
OT PaCCTOAHNS MEXY ATOMAaMU,

IMpn moBoi npupose CUI KpUBag NOTEHUHUANBHOW JHEPrHH IOBYX-
aTOMHOM MOJIEKYJIH MMEET XAPAKTEPHHN BWj, NOKA3aHHHIA Ha puc. 36.
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JTa KpuUBag ONMCHIBAET BCE AETATH B3aHMOXCHCTBHS MEXIY ATOMAMM.
s Haxomsmuxcst Ha GONBIUNX PACCTOSTHUSX ATOMOB mNpeobnanaer cuwia
MPUTSKEHAS, MPAYEM 9Ta Cwia OBICTPO YMEHBWIAETCHS C YBEJHUCHHEM
paccrogHus Mexay Humu. Ilpu cOmuxedun aTtOMOB KpyTH3HA rpacguxa
(HaKNOH KACaTE/NbHOM) YBETUUMBAETCS, YTO N'OBOPUT O BO3PACTAHMM CH-
JIBL OPUTSXEeHHs artomos. [lpuw manpHedmiem COMMXEHUHM ATOMOB CHJA
NMPUTSXEHNS HayMHaeT yObBaTh ¥ 06paliaercsa B HYJb IIDH HEKOTOPOM
3HAUCHWUHM 7 PACCTOSIHMS MEXAY HMUMH. B 3To#f TOUKEe mOTeHIMaJbHAS

JHEPIrUud UMECT MHHHUMYM. Ha pacCTossHHAX, MEHBUINX Iy, PE3YJIBTUPY-

OIAs CHJIA YXE HMEET XaPaKTCP OTTAJKUBAHHSA, MPHUCM OHA PE3KO
Bo3pactaer npu cOMMXKEHWH 4TOMOB, O UEM CBMACTENBCTBYET OBICTpHIMH
pocT KpyTuaHE rpadmka U(r) nesee TOUKHM r.

Koneb0aHnus aToM0OB B Mojexyje. Paccroguue r, (puc. 36) coorser-
CTBYET YCTOMUWMBOMY MMOJIOXEHHIO paBHoBecus aromoB. Ha Taxom pac-
CTOSIHMH JAPYT OT ApYra B MOJIEKYJIe HAXOOATCS HEMOABMXXHBIC ATOMEL.
B HenocpeAcTBEHHON OKPECTHOCTH TOYKM ro KpuByo U(r) MoxHo an-
MPOKCAMHUPOBATh napabosoit, T. €. CYMTATL 3aBUCHMOCTb MOTEHIUAJb-
HOH JHEPrHHM OT CMELIEHHA U3 3ITOr0 [MOJOXEHUS KBaAPATHYHOH. DTO
03HAyaeT, UTO ABMKEHHE AaTOMOB B MOJICKYJIE [PH MaJBIX CMEIMEHUAX
M3 TMOJIOXKEHUS PABHOBECHS, PACCMATPHBAEMOE HA OCHOBE KJIACCHYECKOM
MEXaHUKH, NPEACTaBaseT coboil nmoutH rapMoHHYeckoe kKoaebanme. Ho
B OTJMYME OT MOTEHLMAJBHOH OSHEPIMHM raPpMOHMYECKONO OCHMJLIITOPA
MOTEHUMAJbHAsL siMa Ha rpaduke U(r) B XeHCTBHUTENLHOCTH aCHMMET-
puuHa. DTO 3HAUMT, YTO C YBEJIMYEHHEM AMIUIMTYAH KOieOaHUB OHHM
CTAHOBATCH AHTAPMOHHUYECKMMHK. AHrapMOHU3M KosebaHMil NmposBager-
C4 B TOM, YTO CpPEOHEE PACCTOSHHE MEXZAY aTOMaMH, a TEM CAMBIM
¥ CpPeJHHH pasMEP MOJIEKYJIH, BO3PACTAET C YBEIUMUYEHUEM 3HEPrUM
KOJe0aHUIA.

Fny6uHa noreHUMasnpHOM MBI Ha puC. 30 XapakTepusyeT DHEPru
CBA3M aTOMOB B MOJIEKYJIE, T. €. DHEPrHIO, HEOOXOXMMYIO A/ TOTO, UTO-
Obl Pa3BECTH aTOMBI M TEM CAMBIM DA3pyUINTh MOJICKYJLY. DTa SHEPrus
onpeaesser TemwoBoi adgexT xumuuecknx peakumid. [Ipn takux peax-
UMSX U3 MOJEKYJ OHOrO COpTa 00pas3yroTCsl APYTHE MOJIEKYIH, T. €. OI-
HM XMMHYECKME CBA3M PA3PLIBAKOTCS, a APyrue BozHukawr. Yto Gosb-
we — pabora pasprisa win pabora o6pa3oBaHus HOBHIX CBsisei? B npu-
pone Mbl CTAJKUBAEMCH € PeakUUsMU 0OOHX THIIOR.

DHeprus XMMHYECKHX mnpeppaueHui. Temosne sddekTn peakiuit,
T. €. PE3YNBTHPYONIEE BHACJACHUE WJIH MOMIOMICHHE SHEPIMH — 3TO
GosibIIei YACTHIO BEJMYNHEL MOPIAKA HECKOJIBKHX COTEH KUIOMXOYJeH
Ha MOJIb, YTO COCTABJSET OKOJIO OAHOIO JJICKTPOHBOJBTA HA OXHY MoJie-
kyny. Hanpumep, peakuus cropaaus ymiepona (rpadura) ¢ yueToM Bbi-
JEJICHHS PHEPTHH 3aITUCHIBAETCA TaK:

C+02—>C02+4,1 QB, (1)
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T. €. Ipu 00pPa30BaHUN KAXA0H MOJIEKY/Ihl YIVIEKHCIONO Ia3a BREIAETCH
SHeprus 4,1 3B.

C moMOmb0 TaKMX YPaBHEHMA MOXHO HalTH TerwioBhie 3¢pexTh
XMMHUYECKHX NMPEBPAIMEHUi, IS KOTOPHX MO TEM MM MHHIM NPUYMHAM
HE TrOAaTCa npsaMele crmocoOnt uamepennit. Hanpumep, ecim 6w gsa aro-
Ma yraepona (rpadura) COEAMHIIMCH C OOHON MOJEKYJIOH BOZOPOAA, TO
obpa3osaJcs Ou ras auerueH:

2C + Hy,— C,H, + 7. 2)

Hanpamyro Takas peakuus He uaer. TeMm He MeHee MOXHO pacCUMTaTh
ee remwosoit addexr. Hapany ¢ paccMOTpeHHOH BHILIE peakiueid OKMC-
JICHUS YIVIEpOAa 3aIMINEM EIle ABE M3BECTHHIC PEAaKIUU OKHCJIEHMS BO-
ZOpOAA M ALETHJICHA:

2H, + 0, 2H,0 + 5,9 5B, , (3)

2C,H, + 50,—> 4CO, + 2H,0 + 27 3B. (4)

DTH paBEHCTBA MOXHO MO CYIIECTBY TDPAKTOBATh KAaK YPABHECHUS
IJIsL SHEPrMHU CBS3W MOJIEKYJ M ONEPUPOBATH C HUMH, KAK C OOBIYHEIMU
anreOpauyecKMMM paBEHCTBAMH. BeureM mnowreHHo u3 (4) cHauana
pasencteo (3), a sareM ymHOXenHoe Ha 4 pasenctso (1). Torma mo-
JyunMm

2C + H,—C,H, — 2,35 3B. (5)

DT0 03HAYAET, UTO AJIs MHTEPECYIOWIEr0 HAC MPEeBPAINEHNs IBYX ATOMOB
YIIEPORa M MOJIEKYJ/IBl BOAOPOOA B MOJEKYJY METaHA HEODXOTHMO 3a-
TpaTUTh 3Hepruio 2,35 5B.

B3auMoneicTBHE MeXAY MoJexkyaaMu. Mexay MonexyaaMu AecTBY-
10T CHJIBI, OUEHb MOXOXHE HA CHJIK MEXAY aTOMaMH, O KOTOPHX TOBO-
pWJIOCh BHILIE. DTH CHJKI TAKXE HMEIOT JJEKTPOMArHMTHYIO TIPHPORY.
KpuBasg noreHuMaJpHON IHEPIUM B3aumoneicTeus atomoB (cM. puc. 36)
KAYECTBEHHO NMPaBHJIbHO MEPERAET M OCHOBHBIE UEPTH B3AUMONEUCTBUS
Mosekya. OoHako MEXAY STHMM B3aMMOZEHCTBUAMM MMEIOTCS M Cymie-
CTBEHHHIEC Pa3JIUUMS.

Ilpexne Bcero, CymecTBEHHO pas/adyaloTcs PaBHOBECHBIE pacCTos-
HHA MEXAY aToMaMH ORHOH MOJIEKY/JB H 8TOMaMH ABYX COCEAHHX B3a-
HMOOENCTBYIOIIMX Mosekya. Hanpumep, aTOME KHCJIOpOZAa B MOJIEKYJIE
O, naxogarca Ha paccroguuu 0,12 HM. ATOME! KHCJIOpOA Pa3HEIX MO-
JIEKYJ1 B 3aTBEPACBIIEM KHCJIOPOAE HAXOAATCA APYr OT Apyra Ha pac-
croguun 0,29 HM. ;

Boapuioe pasauume ecTh HE TOJNBKO B PaBHOBECHBIX PACCTOAHMAX,
HO H B riyOuHE NOTEHUMANBHOM SIMBL IS «4YXHX» ATOMOB 3Ta siMa
CyuiecTBeHHO Menbue. [loatoMy Mosiekyanl Jierde OTOpBaTh OAHY OT
OPYroi, 4YeM DasfeMTh MOJEKYJy Ha atoMu. Ecau asneprus, Heol-
XoouMas AJIs  pa3peiBa CBN3eil MEXAy aTroMaMM  KHCJIOpona,
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0o0pa3ymuMi MOJIEKYJTy, cocrasiaser okono 4,3 aB, To ans ymanenmsa
Ha GonbmIoe pacCTOSHME JABYX MOJIEKYJl KHCAOpona Heobxomumas sHep-
rug B 50 pas MeHBIIE.

OnHako pasnvuus MEXATOMHHX CWI B MOJICKYJIE H MOJEKYJSPHBIX
CHJI TIPOSBAAIOTCS HE TOJBKO B KOJHYECTBEHHHIX X3aPaKTEPUCTHKAX IMO-
TeHUMaNbHOU KpuBoi, Kak yXe 0TMevasocs BHILIE, ATOMBI COETHHSIIOT-
CS B MOJIEKYJIY C BIIOJHE ONMPEXEAEHHBIM YHUCJIOM APYruX aroMos. Ecian
IBa aToMa BOXOPOAa O0Pa3OBaJM MOJEKYIY, TO TPETHH yXe HE MOXET
MAPUCOETHUHMATHCS K HUM 11 9ToM uean. Huuero moxofHOro Mm He Ha-
XOAMM B MEXMOJEKYJSIPHOM B3auMogeHcTsuu. 31ech OTCYTCTBYET Ha-
CHIIIAEMOCTS CHMN B3ammopeicTsus. [IpuraHyB K cebe omuoro cocena,
MOJIEKY/Ida HM B KOei Mepe HE YTPayMBaeT CMOCOOHOCTH NMPHUTATHBATH
APYrHX.

MonenanHble NOTEHIHAaNbl. KBaHTOBag MexaHMKa Ha OCHOBE U3BECTHOIO
CTPOEHHS aTOMOB IO3BOJSET MPUOIHXEHHO PAaCCUMTHIBATE NOTEHIINAL-
HbIE KPMBHIE MX B33UMOAEUCTBUS B MoneKynax. ORHako caenaTh 3To ans
MEXMOJIEKY/IIPHOTO B3aMMOICHCTBHS 3HAUMTENBHO CjaoxHee. Iloaromy
/IS €r0 TEOPETMYECKOTO ONMUCAHMS OOKYHO HMCXOZST HE M3 HEPBHIX
NPHMHIMIOE, 4 MCIOMb3YIOT HEKOTOPHE MOJENbHEE MOTEHUHANR, Honbu-
pas BXOAsSIIME B BHpaxeHue a1g U(r) napamerpsr TakuM obpa3oM, yTo-
Obi pacyeThl HA OCHOBE JTHX NOTEHUMAJIOB XOPOILIO COTIACOBBIBAIHCH C
OKCHEPUMEHTAMBHEIMK NAHHBIMKM. [IpH TakoM deHoMeHOMOrHuecKoM
MOAXOE Yalle BCEro NOJb3VIOTCS noreHuuanoM JlenHapaa-Ixouca:

U(,.)=_..ra_6+;% (a, 5> 0). (6)

TTepsoe cnaraeMoe ONMCHBAET NPUTSKEHME MEXAY MOJIEKYJIaMH,
npeobaagaromee Ha GOIBIIMX PACCTOSHUAX 7. 3aBUCHMMOCTh CHJI IIPHTS-
XKEHHMS OT PACCTOSHHUS Takad Xe, KaK Y ABYX JJEKTPHUESCKUX JHIOJEH,
XOTS 3Ta MOHEJb MOXET NMPUMEHATBCS M LIS MOJEKYJ, He ofaanarommx
COGCTBEHHBIM MOCTOSIHHBIM AMMOJBHEIM MOMEHTOM. Bropoe ciaraemoe B
npasoit yactu (6), uMeromee Gosee CIIBHYIO 3aBHCHMOCTD OT 7, OHMHUCHI-
Baer npeol1anaomee Ha MajhX PACCTOSHHSAX OTTAJIKMBAHHE MOJEKYJL.
K xopomeMy COrnacuio ¢ JAaHHBIMH JKCIEPUMEHTOB MPUBOAUT JOMYLIE-
HUE, 4YTO MNOTEHIUMANbHAS JHEPrMA CHJI OTTAJKMBAHUS BO3DPACTAET ¢
YMEHBIIEHNEM PACCTOSHMA MMEHHO MO 3aKOHY r 12, uTO COOTBETCTBYET
cusie OTTaNKMBaHMs, nponopuuonanssoit 7713, Cuin orrankueanus cBs-
3aunl ¢ npuauumoM [laynu ¥ He UMET HATISAHOIO KJIACCHUECKOro 00b-
acHeHdda., KauecTBeHHHH BHMA MOTEHLHUANbHON KPHBOH, OmHCHBAEMOH
dopmynoit (6), copnamaer ¢ noxasausuiM Ha puc. 36. [TapameTpu a u
b 8 (6) cB3aHEI MPOCTHIMH COOTHOIIEHMAMH C NOJIOKEHUEM U ITyOHHOR
noreHuMansHoi aMel. OHM ONpeneasioTcs M3 PasjJUYHHEX 3KCHEPHMEH-
TANBHEIX AAHHHX, NMOMYYEHHHX NMpu H3MepeHud xuddysun, Temmonpo-
BOIHOCTH, BSI3KOCTH U T. A.

[IposeneHHble B NOCAEAHME IOQH KBAHTOBOMEXAHHMYECKHE PACUETHI
NO3BOIHAM OOOCHOBATD HCNIONL3YEMBIE MOAEBHbBIE TOTEHIHANB U B 3Ha-
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YMTELHON CTEMEHM Pa3ofpaThCs B (PM3MUECKOI NPUPOAE CHIT MEXMOJIe-
KyJASpPHOIO B3aMMOAECHCTBHA.

Monexyna B xumuu ¥ B ¢usuxe. Ilpencrasseans o Tom, 4TO Takoe
MOJEKyJa, B (pM3MKe M B XMMHH HECKOJNBKO pasziuyaiorcd. B xumum
OOX MOJIEKYJNIAMH IMOHHMMAIOT HAMMEHBHIME ONWHAKOBHIE CTPYKTYpDHHIE
3JIEMEHTHl BEIIECTBA, M3 KOTOPHIX OHO MOXeET OHITh MOCTpoeHo. Ha-
npuMep, C TOYKM 3PEHHMS XMMHKA NOBApPEHHAd COJb COCTOMT M3 MO-
nekya NaCl. OgHako B ACHCTBUTENBHOCTH OTHEJBHO OT MAaKPOCKOIM-
yeckoro o0pasua BEIWECTBA TAKas MOJEKYJA CYLIECTBOBATH HE MOXET.
B xpucrasne moBapeHHO# COMM y kaxporo uoHa Na™ umeercs 6 6im-
xamux coceneil — wmoHoB Cl7, Haxogqdmuxcsd OT HEro HAa ONMHAKO-
BoM paccrosuuu (puc. 37). Co Bcemu wecTsio cocenamu MoH Nat cssi-
3aH COBEPUICHHO ONMHAKOBO. TaxK Kak HU OXHOMY M3 COCEXEH HE/b3s

Puc. 37. B xybuueckoit pemerke xpucrasia NaCl Kaxablit HOH HATPHS MJIM XJIOpA OKDYIKeH
UIECTBIO MOHAMM NMPOTHUBONONOKHOIO 3HAKa

OTAATh NPEANOYTEHHE, TO B ONPENESICHHOM CMBICJIC BECh KPHCTaLI
NaCl crnemyer paccMaTpuBaTh KakK EOUHYIO TUTAHTCKYIO MOJIEKYJy
(cBepxMonexysy).

B ¢dusuke nox MosiekysnaMy MOHHMAKOT HAUMEHBIINE OAMHAKOBHIC
CTPYKTYpHBIE 00pa3oBaHus, COXPAHSIOIUE CBOK HWHAMBMIAYAJIbHOCTD
Npy pa3sgeJcHUHM BEIIECTBA HA TaKWe Meabuaiinne yactd. IIpum rakux
[peBPALICHUSX BEUIECTBA, KAaK pPACTBOPEHHME, TUIABJCHUE, HCHAPCHHUE,
du3nyeckue MojeKyJbl He pa3pymairtcs. Hanpumep, B crakade ciag-
KOO 4as «IIaBaroT» MOJIEKYJIH caxapa. A BOT B COJIEHOM BOAE HHKa-
KHX MOJICKYJl TIOBAPEHHOM COJIM HE CYLIECTBYET: BCE CTPYKTYDHHIE CBSI-
3n NaCl B pacTtBope pa3pymarTci ¥ NOBAPEHHAS COJb B PACTBOpPE Cy-
MECTBYeT B BHAE OTAEJIbHBIX MONOXWTENBHEX HMOHOB Nat u
oTpuuarensHux umonos Cl7.

e CyluecTByeT JIi Kakol-TO 0COOBIN BURX XUMHMUECKHX CHJI, YACPXUBAIOMIMX
aToMBl B MOJIEKYJaxX, MJIM M 30eCb BCe CBOAMTCA K H3BECTHBIM B (U3MKe
¢yHaaMeHTanbHBIM B3auMogeiictBusM? Ecnu ma, To K KaKMM HMMeHHO?
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o ITokaxuTe, YTO IHEPTUS, KOTOPYIO HYXHO 3aTPATHTb )1 TOIO, YTOOL! pa3BecTH
Ha GeckoHeunocTs monsl Nat n Cl™ ¢ paccrosinus 1,1 um, cocrasaser 1,4 3B?

o [losicHHUTE aHAJIOTHIO CUJ MPUTSXEHHA M OTTAJKUBAHUA MEXAY HOHAMM B
MoOJIeKyJle C CHUJaMH YTIPYTOCTH TOCJER0BATENBHO COEAMHEHHBIX MPYXHUH
pasHoit xecTtkocTH. [Tokaxure, 4To 3anacaemas B HUX NOTeHUHaNbHas 3HEp-
rug o6paTHO MpONOPLUHOHANBHA XECTKOCTH.

¢ Yem oObacHsSETCS NPOCTPAHCTBEHHAS HANPABIEHHOCTb M HACHIIAEMOCTh KO-
BAJICHTHBIX CBSA3e#?

e [lo rpacuKy 3aBUCHMOCTH NOTEHUHANLHON 3HEPIrUH ABYXaTOMHOM MOJIEKY /b
oT paccrosHus (puc. 36) noctpoiTe KauecTBeHHbIH rpadUK 3aBUCHMOCTH OT
paccTOsHUSA AEHCTBYIOLIEH MEXAY aTOMaMM CHJIbI.

¢ Kak BbIOpaHo Hayaso OTCYETA NOTEHUMANLHONM 3Hepruu Ha rpaduke U (r),
roKa3aHHOM Ha puc. 367

e [IlogcHute, nouemy [ABUXKEHUE ATOMOB B MOJIEKYJie IPU MajiblX CMEUIEHMSX
npeacTasiseT coboit rapMoHuueckoe KonebaHue. Uem onpepensercsa yacrora
atoro Konebanus? Kak oHa cBsisana ¢ kpyTHsHo# Kpusoii U (r) B6nusu nHa
NoTeHUUANbHOM AMBbI?

e Jloyemy npu yuere aHrapMoHusMa KosneGaHWi aTOMOB CpeAHUH paamep Mo-
JIEKYJIbl YBEJIMYUBAETCS C POCTOM 3HEpruH KonebaHnin? I'ne npu KonebaHugx
B acCHMMETPHYHOH NOTEHUMANbHOM SIME aTOMbI NpoBOAAT Gosbllie BpeMeHU:
Ha PaccTOSHUAX — MEHBIIMX AW BONBIIMX PaBHOBECHOTO 3HAUECHHUS ry?

e TloscHuTe, e HCMOAB30BAJICS 3aKOH COXPAHEHUA 3HEPrMM B TIPpUBEACH-
HOM B TEKCTE NpUMEPE KOCBEHHOIO pacdeTa TensoBoro addekra xumude-
CKOWM peaxkiluM.

o  Onuwure pasjiMure NMoTeHUHaNIbHbIX KPUBLIX IJIA B3aMMOAEUCTBUS aTOMOB B
MOJIEKYJIC M1 aTOMOB pa3JIMYHbIX MOJICKYJ.

e Kaxk cBsa3aTh ry6uHy M roJioxeHye NOTEHUMANbHOM MBI it KpuBoit U (r),
onuchiBaeMoil noreHumnanoM (6), co 3sHaueHHSMH (PEHOMEHONIOrHYECKHUX Ma-
paMeTpoB a u b?

e OnuuKTe pasiuuve TPeacTaBleHUM 0 MOJIEKYaX B PU3HKE U B XUMMUH.

§ 13. Kpucrannsoi

AToMpl GONBUIMHCTBA BEWIECTB, HAXONALIMXCS B TBEPAOM COCTOSHHMH,
06pa3yior peryiaspHyo nepuoduueckyro pewemky. MHOrME U3 Takux
BEUIECTB BHEIIHE HE BBHILIAAAT KAK KPHUCTA/UIB, MO0 OHM HOCTPOCHEI
M3 MHOXECTBA XAOTMUYECKN OPUCHTHPOBAHHHIX MEIbUAWINMX KPHCTAJI-
JIMKOB, T. €. HMEKT HOAuKpucmariuveckyro cmpykmypy. K umum or-
HOCSITCSL MHOTHE TODHBIE IIOPOABI, META/UIM W CHnash. KpynHere opm-
HOUHEIE KDUCTAJUIBI HA3bBAKOTCE MOHOKpucmaaramu. B upupone
BCTPEYAIOTCH MOHOKDMCTA/UTHL DA3/JMYHBIX pA3MEPOB: OT TPOMAaHEIX
(no coTeH KWIOrpaMMOB) KpPHCTA/UIOB TIOPHOrO Xxpycrans (KBapua,
puc. 38), dmoopura (puc. 39), nosesoro mwWNaTa A0 MEAKHX KPHCTAI-
JIOB a/JMa3a U ;ap.



106 II1. ATOMBI, MOJIEKVYJIBI, KPUCTAJLIbBI

MOHOKPHCTaIAB M MOJMKPHCTAMNL. 19 MHOrMX NPaKTHUECKHUX wLe-
Jell KPHUCTA/UTHI BHIPALIMBAKOT B J1a00paTopuax. DTO TaK HA3LIBAEMBIE
cuHTETHYECKHE KpucTasuin, Hanbosbluee 3HaYeHHe UMEIOT MOJIYNIPOBOI-
HHUKOBHIE, MbE303JEKTPUUECKNE M CETHETOINEKTPHUECKUE KPUCTAJUIBL.

Puc. 38. Jlpy3a KpHCTAILIOB rOpHOMO xpy-  EHC. ?9. Kpucramn dmoopura (CaFz), ume-
crans touuit Popmy okrasapa

[Tocsnenune rogml Bce OOMBIIEE NMPAKTHUECKOE NPHMEHEHHE IMOJYYaloT
TAaK HA3BIBAEMEIE Xudkue Kpucmaiisl — BEWECTBA, COYETAIOWHNE B cebe
HEKOTODHIE CBOMCTBA >XHUAKOCTEH (TEKYYeCTb) C OMpPEAESIEHHOM mnpo-
CTPAHCTBEHHOiH YMOPSANOUEHHOCTBIO B PACTOJOXEHHHM MOJIEKYJ, IIPOSB-
JSIOIEHCT B aHH30TPONMH paaa (U3MUECKHX CBOMCTB, XapaKTEPHON Aig
TBEPIABIX KPHCTAJIOB.

ITo xapakrepy CWJI CBSI3M MEXIY aTOMaMH WJIH MOJIEKYJAaMH KDH-
CTAJL/IBl HENAAT HA YCTHIPE OCHOBHHIE TPYNNH: MOHHEE, KOBAJICHTHHE,
META/VIMUECKHE U MOJIEKYJAIPHBIE KPHUCTAJUIBL.

I'eoMeTpHS KPHMCTannoB. Bhpocuine B paBHOBECHHIX YCJIOBHSX MOHO-
KPHCTA/UTBl UMEIOT (JOPMY MHOTOrpaHHMKOB TOH WM HHOW CHMMETpHHU.
CpaHu TakMx KPUCTAUIOB IIOCKME, pefpa MEXAY rpaHIMH NPAMOJIH-
HEHHBIE, YIVIE MEXAY COOTBETCTBYIOWMMHU I'PAaHSIMH KPHUCTAJUIOB OXHOIO
M TOrO X€ BEIECTBA NOCTOSAHHHE. B 2THX MakpoCKOmMyeckux CBONCTBAaX
KPHUCTA/UIOB HAXOAUT CBOE OTPaXeHHE HX pEryJiIpHOE BHYTDEHHEE
CTPOCHHE.

[1pocTpaHCTBEHHYIO CTPYKTYpPY KPHCTAJ/UIOB MOXHO INPENCTABIATH
cebe XaK COBOKYNHOCTb TOBTOPSIOMIMXCH B IPOCTPAHCTBE OOMHAKOBHIX
anemenmaphbix sueexk. Bech MakpockonuM4ecKknit ofpasen KpUCcTaana no-
CTPOEH M3 TaKUX JJEMEHTAPHHX SueeK MOJOOHO TOMy, KaK CTEHa Imo-
CTPOEHAa M3 OAMHAKOBHX KHMpnuuei. Biaronaps TaxoMy .CTPOERHIO id
KPHCTA/LTOB XapakTepeH OanbHuii nopsdox B PacloONOXEHHH aTOMOB,
MPOCTHPAOIMUIICT HA MAKPOCKOMUYECKHE PACCTOSHHSA. JTUM CTPYKTYpa
KPUCTA/UIOB OTAMYAaeTcd OT aMopdHEX Ten (Takmx, Kax cmoJa,
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[UTACTMACCH M T. O.) U XHAKOCTEH, IAe ONpexeeHHBlt MOpAaoK B pac-
TIO/IOXKEHUN MOJIEKYJT PACTIPOCTPAHSAETCA TOMBKO HAa O/mxaiimmee OKpy-
KeHue Kaxxpod MOJIEKYJIHL.

CuMMeTpHMs KPHCTAJJIMYecKoi pewmerxH. Kpucrasumueckas pemerka,
XapaKkTepu3yowas pPaBHOBECHOE pACIOJIOXKEHHE ATOMOB B HMACAJIBHOM
GecKOHEUHO MPOTAXKEHHOM KPUCTAJIE, 00/IafaeT ONpPENe/ICHHONU CUMMET-
pueii. [Ipexpge BCErO 3TO MPAHCAIUUOHHASL CUMMEMPUSL, T. €. CUMMET-
pHs 10 OTHOLIEHHMIKO K Napasuie/ibHbIM MEPEHOCAM, NPH KOTOPHX Oecko-
HEYHad KPHCTA/UIMYECKAs PEMIETKA COBMEWAETCH cama ¢ coboi,

Haumensbuiee paccTogHue, pU TPAHCASIMHN HA KOTOPOE PELIeTKa Co-
BMEIAETCa cama ¢ coboil, Ha3HBAETCA TPOCTPAHCTBEHHBIM nepucdoM.
TpexMmepHass NPOCTPAHCTBEHHAS PEWICTKA XAPAKTEPU3YETCH TPEMS OC-
HOBHEIMHM [EPHOAAMH, KOTODHIE, OYEBMAHO, COBNANAKT C pebpamu aie-
MEHTapHOM SUEHKH,

KpoMme TpaHC/AIUMOHHON CMMMETPUHM KPHMCTALUTHUECKAS PEIETKa Xa-
PaKTEpU3YETCS HEKOTOPOH moueunol cummempueid, T. €. npeodbpasosa-
HUSIMH CHMMETPHH, OCTABASIONIMMH HETOXBHXXHOM KaKyo-1ub0 TOYKY.
TOoNBKO TAaKYO CHMMETPHIO ¥ MOTYT UMETh T€14a KOHEYHBIX pasMepoB. K
J/EMEHTAM TOUYEYHON CHMMETPHM OTHOCATCS UEHTP CHMMETDHH, IIpO-
CTHIE OCH CHMMETPUHM M IUIOCKOCTH cMMMeTpud. Hanpumep, Hanuyue y
KPHCTAUTHYECKO pEelIeTKN OCH CHMMETPHH TPEThErO NOpsSaKa O3Haya-
€T, UTO MPH NOBOPOTE BOKPYr Hee Ha TpeTh obopora (120°) pemerka co-
BMeIaercs cama ¢ coboi. )

Tena KOHEUHHIX pPA3MEPOB MOrYT MMETh OCH CHMMETPHH J000ro
nopsaka. Hanpumep, B OCHOBAHWM HPABUJIBHON NUPAMHAB MOXET JIE-
XaTh MpPaBW/IbHBIA MHOTOYIOJABHMK C JKOOEM 4mHCIOM cropoH. Ho y
BEeCKOHEUHOM KPHCTA/THYECKON PELIETKM MOTYT OBITh OCH CHMMETDHH
TOJIBKO BTOpPOTO, TPETHEr0, UETBEPTOro M IecToro mopsakoB. CBa3aHo
3TO C TEeM, YTO TOUYEYHAS CHMMETDHUA 3HECh AOKHA COUETATHCA C
TPAHCASILVOHHOMN.

IlouaTs, YTO OCEit APYrHX MOPAAKOB, KPOME IIEPEYHCAEHHEIX, OBITH
HE MOXET, IPOIIE BCEr0 Ha NMPUMEPE MOKPHTHS IUIOCKOCTH NpaBHJIbHBI~
MH MHOTOYroabHuKaMu. [eficTBHTENBHO, MapKeT U3 OZUHAKOBHIX ILIH-
TOK B BUAE NMPAaBWIbHHEIX MHOIOYTOJBHHUKOB, KOTOPEIMM MOXHO BHICTJIATH
MOJI, MOXET COCTOATh TOJBKO M3 TPCYIOJbHHUKOB, KBAXPATOB U IIECTH-
yroNbHUKOB. KOHEUHO, TJIMTKM MOryT OHTh M BHITSHYTHIMH OpPSMO-
YIOJABHMKAMH, HO 3TO AACT OCh CHMMETPHM TOJIBKO BTOPOIO MOPSAKA.

KpucTaliH4eCKMe CHCTEMBI H KJACChl. Y PasHHX KPHCTA/LUTMYECKHX
PELIETOK II0-PA3HOMY COUYETAIOTCH YIIOMUHABIUMECS BHIIE 3JEMEHTHI
cnmmerpur. OkasmnBaercs, yro cymectByeT 230 pasjnuHNX COUETAHMIA
3THX SJIEMEHTOB, HA3BIBAEMEIX IIPOCTPAHCTBEHHHIMHU rpynnamu. Bee onn
ObUTH TEOPETHYECKHU MpPENCcKa3aHu pycckum Kpucrayvorpadom E. C. Pe-
JOPOBEIM M HE3aBMCUMO OT Hero Hemeukxkum yueneniM A. [llenducom.
230 npocTpaHCTBEHHHIX TPYIII 10 XapakTepy CUMMETPHH MOTYT OHTB
OTHECEHH K ONHOMY M3 32 knaccoB, XOTOpHE IpYNNMpYIOTCS B 7
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KpHUCTa/UIMYecKnx cuctem (Mum cunroswii). K ogHoMy xpucramnmuecko-
MY KJACCy OTHOCATCH DEIIETKHM C OAMHAKOBHIMHM Habopamu 3/1EMEHTOB
TOYEYHON CHMMETPHH, MIPHBOOSMIMX K COBMEMCHNAIO SKBUBAJICHTHRIX Ha-
npassaeHunil B Kpuctasie. K oqHO# KpUCTATMYECKON CUCTEME OTHOCSITCS
pEImeTKH C OAMHAKOBHIMK HA00paMM 3JIEMEHTOB CUMMETDPHM 3JIEMEHTAp-
HOH sueiiku. B uacrrocrd, kpucrasn NaCl (cm, puc. 37) orHocHTCs K
KyOMUECKOH CHHTOHHH M MMEET IPAHELEHTPHPOBAHHYI0 KyOHUecKyio pe-
meTky. B Takoi pemerke OZMHAKOBHE MOHHE (Hanpmmep, MoHn Nat)
HaxXOAATCH B BEPIIMHAX M B LEHTPAx rpaHeil anementapHoro kyba. Ecam
XK€ OJMHAKOBLIE MOHBI PACIIOMIOXEHK B BEPLIMHAX Ky0a M B €ro ueHrpe,
TO pEIneTKAa HAa3BBAETCH OObEMHOLIEHTPHPOBAHHON KyOuueckoit. Vmen-
HO Tak kpucrauusyercs CsCl.

CumMeTpHs ¥ (PU3NYECKHe CBOMCTBA. Bce XpHCTALIB OXHOIO KJaacca
HMEIOT ORMHAKOBYI0 CHMMETPUIO MAKPOCKOMHMUECKMX (DH3MUECKHUX
cpoicts. Hanpumep, kyOuueckue KpUCTaJUTBL BEXyT cebs KaK M30Tpor-
HBIE T€JIa B OTHOLIEHUH IIPOXOXJEHHS CBETAa, JJEKTPO- M TEILIOIPOBOA-
HOCTHM, TEIUIOBOrO pacliupeHnsa. Ho OHd aHM30TPONHE B OTHOLICHUH YII-
PYTHX ¥ MbE303JEKTPUUECKHUX CBOMCTB.

CuMMETPUIO KPUCTA/UTMYECKON pEMIETKH M PacloIoKEHHE ATOMOB
B SJIEMEHTADHOM fiueiiKe MOXHO OUpPEAEJHUTb C IIOMOMIBIO PEHTIEHO-
BCKOTO CTPYKTYPHOIO aHaaM3a, 3JeKTpoHorpaduM M HedTpoHorpa-
¢un. Bo Bcex 9THX MeTOmAaX MCHONB3YETCS ABJICHHE Andpakumun
BOJIH HAa TPEXMEPHOH IEPHOAMYECKOH CTPYKType, KOTOopas No Ccyme-
CTBY mpencTasiaseT cobodt aucdpakumoHHyo pemerky. Hecmorps Ha
Pa3IMuHYl0 (UBMUECKYK) IIPUPONY PEHTTeHOBCKMX (T. €. 3JIEKTpo-
MATHMTHBIX) BOJIH WM BOJH Marepuu (3/71€KTPOHHBIX WMJIM HEHTPOH-
HBIX), co3xasaemass MMH ANGpPAaKIUOHHAA KAaPTHHA MO3BOJSET Ompe-
HOEAUTh PACHOJIOKEHWE ATOMOB B KDHUCTA/UTMUECKOM pEIIETKE M pac-
CTOSHMSL MEXIy HHUMH, T.e€. mnepuogsl pemerkn. JudpakumoHHag
KAPTHHA BO3HMKAET, KOrga AJMHA BOJHB MEHBIIE IIEPHOAA peuIeT-
Kd. B mpoTMBHOM c/yyae KpuCTa/ul BENET ce0s Kak CIUIOMHAsA Cpe-
a, JIMIIEHHas BHYTPEHHEH CTPYKTYpHL

Monexynspusie xpucTaiabl. OcranoBuMcsa noppobHee Ha xapakTtepe
CHJI CBSI3M MEXIy aTOMaM¥ WIHM MOJIEKYJIaMH B Kpuctasnax. OnucasHasg
BHINE KAaccupuKauus KPHUCTAJUIOB 10 CHMMETPHM HE 3aBHCHT OT THMA
3TMX CHJA, HO QI KaXXAOr0 THMA CWJI XapaKTEPHBI OIpeAe/ICHHEE
CTPYKTYPHL.

Hanbonee npocTeie NPEACTABMTENM MOJEKYISAPHBIX KPHCTAJLIOB 5TO
KPHCTA/UTH MHEPTHHX ra3o8 (aproH, KPUITOH, KCEHOH), XOTS IHOCTPOEHB
OHH HE M3 MOJIEKYJI, 4 U3 OTAEABHBIX ATOMOB. TaKue KpPUCTaJLIBI CYIIecT-
BYIOT JIUIIb NPH HA3KHMX TEMIEPATypax. ATOME MHEPTHHIX ra3’oB MMEIOT
LEJIMKOM 3aNOJHEHHBIE BHELIHAE 371EKTPOHHHE 000JI0UKH, I09TOMY NpO-
CTPAHCTBEHHOE PACIpPEAE/IEHNE INEKTPOHHOIO 3apsga B HUX chepuIecKu-
CMMMETPUYHO, 4 3HaYEHHUS SHEPTMM MOHM3ALUN OUCHb BHICOKH.
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OHeprus CBS3M aTOMOB B MOJIEKYJISIPHOM KPHCTaJUule Maja 1o Cpas-
HEHHUIO C JHepruell MOHM3auuy (MOpSIAKA OXHOrNO MPOLIEHTA U MEHee).
ITosTOoMy pacnpencicHHUE 3MEKTPOHOB B ATOMAX KPHUCTA/UIAa HE3HAUU-
TEJbHO OT/IMUYAETCS OT pacnpeaesneHus B CBOOOOHBIX aTOMax, OCTABasCh
nouTH CchepuYecKH-CUMMETPHYHEM. Takne aToMbl MOXHO paccMaTpH-
BaTh KaK LIAPH OXMHAKOBOIO paguMyca, oOpasyomue CTPYKTYpy C ILIOT-
HOW YMAaKOBKOH, IPH KOTOPO#l 00beM CBOGOOHOIO MPOCTPAHCTBA MEXAY
COMPUKACAIOUINMACA IUAPAMH MUHHMAJICH.

PacnosoxuTh OOWHAKOBHIE TBEPHABIE IIADHI B MPOCTPAHCTBE TAK, YTO-
Obl OCTAOMMUCH MEXAY HUMH 00beM ORI MUHUMAJICH, MOXHO ABYMS
cnocobamu. OnmH cnocol NpUBOAMT K CTPYKTYpe, obnanaomeil rekcaro-
HaAbHOM cuMmMmeTpuel. Jpyroit cnocob zaer CTPYKTYypy € KyOuueckoi
CUMMETPHEH, @ WMEHHO rpa-
HELEHTPUPOBAHHYI0 KyOuue-
ckywo pemerky (puc. 40).
Takyio cTpykTypy UMEIOT
KPHUCTAJ/ Il MHCPTHHIX ra3os.
Yacth obmiero o6pbeMa, 3aHu-
maemoro wmapamu (xo03¢du-
LMEHT 3aMO0JHEHHMS), COCTaB-
aser 0,74 xak ans xybOuue-
CKOH, TaK H AN
reKCaroHaJbHOM CTPYKTYp C
TUIOTHOM YIaKOBKOM.

AHAJIOTHYHYIO CTPYKTYpY
HMEIOT MOJIEKYJISIPHBIE KpH-
cTasnel, oOpa3oBaHHHIE HE
OTHEC/NbHRIMH ~ 4TOMaMH, a
OAMHAKOBBIMHM HENOJSAPHBIMH  Puc. 40. I'paveuenTpupoBanHas  kKyGuueckas

MOJIEKY/JIAMM, TAKMMM, Kak CTPyKrypa C MI0OTHOM ynaxoBKoi. IlnoTHOymako-

BAHHBIE C/NIOM TBEPALIX IAPOB JIEXAT B MJIOCKO-
MOJEKya METaHa CH4' B CTAX, NEPNEHAUKYNIPHBIX AuaroHanu Kyba. OpHa
MOJIEKYJNIIPHBIX KDHCTA/LUIAX  Takas NJ0CKOCTh BHMAHA HA MECTE CPE3aHHOM Bep-

ATOMEI CBS3aHBl B MOJIEKYJH  WHHBI Ky6a

3HAUNTEBHO CUJBHEE, YEM

CBA3aHBI Mexny coboit Mojekynw, obpasywoomue Kpucraar [losromy
MOJIEKYJIEL 30ECh B 3HAUMTE/IBHOM CTEMEHM COXPAHSAIOT CBOX WHAMBHIY-
aNbHOCTb, B3aMMOIEHCTBYIOT MeXAy coBoil Tak Xe, Kak H B razoolpas-
HO# (hase, ¥ IV ONMCAHMS MX B3AUMOAEHCTBMA MOXHO HCIONB30BATH
PACCMOTPEHHBIE B MpEABAYIIEM Taparpade MOOEabHBIE MOTEHIIUAJIHI,
Hanpumep morenuuan Jlennapaa-Ixonca. Camuiii OOIIMPHEN KJIaCC MO-
JIEKYJIIPHBIX KPUCTAJUIOB COCTABJASIOT pa3zHOoOOpa3HelE OPraHUYECKHE CO-
eauHeHuss. OHm MOryr ObiTh O6Pa30BAHBI KaK HEGOMBIIMMH MONEKYJIA-
MH, TaK W TMraHTckumu (6eJKu ¥ BHPYCH).

HloHHble xpucranabl. MOHHEE KPHCTANIK HOCTPOEHH M3 IOJOXMTEIb-
HBIX H OTPHUATEABHBIX HOHOB. TaK KaK B CPERHEM HMOHHW HPOTHBOIIO-



110 III. ATOMbBI, MOJIEKYJIBI, KPUCTAJLIBI

JIOXXHOrO 3HaKa PACHONOXEHH OJMXE APYT K APYrY, UEM HOHEI OZHOIO
3HAKa, TO KYJIOHOBCKOE MPHTSXKEHME npeobnanaeT Haj OTTAaJKMBAHUEM,
1 00pa3oBAHUE KpPHUCTA/IA OKA3BIBAETCS JHEPreTMUECKM BHITONHEIM.
DJIEKTPOCTATHYECKOE B3AMMONCHCTBHE HOHOB JAE€T MNPABHJIBHOE, COIVa-
cyrouieecs C ONBITOM 3HAYCHUE SHEPTUHM CBS3M KPUCTALIA, HO ONHO
JIMIIb 3TO B3aMMOAEHCTBHE HE MOXET OOBACHATH YCTONUHMBOCTH KpH-
Crajia: AJad CyHMEeCTBOBAHMS DABHOBECHBIX DPACCTOSHHN MEXAY MOHAMH
0093aTeIbHO JOKHBL JEHCTBOBATb CHUJB OTTAJKMBAHHS, KOTODHIE HE
CBOAATCS K KYJOHOBCKOMY B3aMMOIEWCTBHIO MOHOB. [Ipmpoma 3Tux cun
BCKPEIBAETCH TOJBKO B KBAHTOBOM MexaHMke, OHM OOYC/IOBIEHH TEM,
YTO 3JIEKTPOHH NMOFYMHSIOTCS npuHuuny Ilayan. C rakumy cunaMu Mal
yXe CTaJIKMBAaMACh TIPK OOCYXAEHHM DABHOBECHSI ATOMOB B MOJIEKYJE.
DsieKTpoHHBIE 000JIOUKK BCEX MOHOB MPOCTOrO, T. €. COCTOSIIENO W3
ABYX COPTOB MOHOB, KPHUCTa/I2 IO KOHLA 3aTOJHEHB 3JIEKTPOHAMH TaK
X, KaK Y aTOMOB HHEPTHHIX ra3oB. JTO 3HAUMT, YTO paCIpeeIcHNE 3a-
psaa B HUX CHEpUUYECCKU-CHMMETPHUHOE M MOXHO OXHAATh, UTO B UOH-
HOM KpHCTa/Ie 31a cepruyeckas CHMMETPHS COXPAaHSETCS, HECKOJIbKO
HAPYIUASCH TOJBKO B 00aCTH COMPUKOCHOBEHHS JIEKTPOHHEX 000J04eK
COCERHMX HOHOB. [IpyrmMH cnoBaMM, B MOIEASX CTPYKTYPhI MOHHEBIX
KPUCTA/UIOB, KK M B CJIy4Yae KPHCTA/LUIOB WHEPTHRIX Ia30B, MOXHO
MCNO/IB30BaTh NMPEICTABJICHHE O TBEPAbIX HENPOHHMIIAEMHIX IApax, CO-
MpPUKACAKOIIUXCH APYT C APYIOM.
_ ) <t A —_ Onuako 3gece B o0meM cayuae
*‘ - -~ HOHAM IMNPOTUBOMNOJOXHEIX 3H&-
7 i i KOB COOTBETCTBYIOT WIApHI pas-
b« S d JUYHBIX pPasMEpPOB, U OT TOIO,
/?:\ W I HACKOJIbKO CHJIBHO Pa3/HuaroTcs
=l 3TM pasMephi, KpUCTaan obpasy-
€T PEImEeTKY TOrO WIN MHOIO TH-
~< na. Tak, HanpuMep, B yxe ymo-
I MMHABLIEMCS MOHHOM KpPHCTaJLIe
@ i ,@ NaCl, cxeMaTH4eckoe B3aMMHOE
\é/ PACIONIOKEHNE HOHOB KOTOPOIO
ObI0 1OKasaHO Ha puc. 37, B
Puc. 41. Mogens xpucraina NaCl us conpu- ACHCTBHTEIBHOCTH Gosee Menxkue
KacalowuMxcs TBEPAbIX WApos ABYX pasmepos, popm Nat pacmonararorcs Mex-
KOTOPbIE COOTBETCTBYIOT MOHAM Na‘t u Cl ™, n Ry KPYMHBIMH MOHAMH Cl™, Ttak
CXeMa uxX pacnojoXeHuda B NPOCTPAHCTBE YTO DOUTH HE OCTAETCS HychIX
upoMexytkos (puc. 41). Ilpu
STOM KaK Te, TaK ¥ APYrue MOHH 0OpasyloT OOMHAKOBHIE IDAHELEHTPH-
pOBaHHBIE KyOMUYECKME PEMIETKH, BJIOXEHHBIE APYr B Apyra.

-

KoBajeHTHbIe KPHCTAJABL.. B KOBajJEeHTHHIX KPHUCTA/LIAX, TAKMX, KakK
yraepon (anmas), repMaHuii ¥ KPEMHH, CBS3b MEXIY OJHHAKOBHIMH
aToMaMHM HMEET Ty Xe IPHPORY, YTO M CBA3b ATOMOB B MOJIEKYJIE
BOIOpONa, A€ KOBAJIEHTHASA CBS3bL PEajN3yercd B CBOEM IpocTeimieM
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suzic. KoBanenTnas cBg3b BeChbMa IIPOYHO CKPEIUIIET aTOMbl B KpH-
cranne. Ilo ceoeit chie OHA CpaBHMMA CO CBSA3BIO B MOHHBX KPHCTas-
Jlax, HECMOTPS Ha TO, UTO OCYILECTBJMETCS OHa MEXITY HEHTpPaJbHBIMH
aTOMaMH, 3 He MEeXQy HOHAMH.

KosaneHTHas CBA3b XapaKTEPU3yETCH SIBHO BHIPAXCHHBIMM CBOMCT-
BAMM HACHILEHHOCTH H HampasiaeHHOCTH. Tak, B KpHCTA/L1axX yI/epona,
repMaHus ¥ KPEMHHS, NMEIOIMUX CTPYKTYPY a/Mas3a, KaXIHiA aToM Io-
MEIIAETCH B LEHTPE TETpasapa, o0pa3OBAHHONO UYETHPbMHA TAKMMH XKE
aTOMaMH, SBJISIOIUMHCT ero Oarxaimu-
mu cocenamu (puc. 42). Takoe pacrono-
XEHUE NPUBOAMT K «IPOCTOPHOM» B Teo-
METPMYECKOM CMHIC/IE YIAKOBKE ATOMOB
kpucraia. KoadduuueHr 3anosHeHHs
AN CTPYKTYyphl anMasa pasen 0,34, uro
CYIMECTBEHHO MeHbIne ero 3HauyeHuda 0,74
IJisS CTPYKTYPH ILIOTHOM ymakosku. B or-
JUUue OT TUIOTHOM YIAaKOBKM, FAE YMC/IO
O6muxafmux cocexeir pasHo 12, B CTpyK-
Type THMNa ajaMasa C TEeTPadApHUUECKHMHU
CBSI3IMM KaXAbI aTOM UMEET TOJBKO ue-
THIpEX BrrKaMIIUX COCEnei. Puc. 42. TIpocTpaHcTBEHHOE pac-

Taxoil XapaKTep CTPYKTYPHl KOBAJIEHT-  1oro e @70MO8 B PEIeTKe

TMna aiamasa. Atom O HaXORMTCH
HHX KPUCTAAIOB OOYCJIOBJIEH TEM, YTO KO- B ueHTpe TeTpasupa, o6pasosa-
BAJIEHTHAA CBA3b 00pasyeTcs OOBIUHO ABY- HOro ero SmoxaltunMu coceps-
Ml S/IEKTPOHAMH, MO OJHOMY OT Kaxporo M4 — aromamu 4, B, CuD
U3 COEAMHSIOIUXCA aTOMOB, ATOMY yrie-
pona, KPEMHHMS HJIM FEPMAHHs HE XBATAET YETHIPEX IJICKTPOHOB s
06pa3oBaHUs LETHKOM 3aNO/JHEHHOM BHemHel obonouku. [ToaroMy oxu
B COCTOSHHHM 00pa3oBaTh MMEHHO YETHIPE HAMPABJIECHHHE CBA3U C COCE-
ASIMK B pelieTke. DTUM OObACHAETCS HANPABJIEHHOCTh M HACKHIIAEMOCTh
cBg3cil B KOBaJCHTHBIX KPHCTAAnaX. KpHCTa/IBl C KOBAaJEHTHHIMH H
MOHHBIMH THIAMH CBS3M MOXHO paccMarpvBatTh Kak HEKOTOPHIE mpe-
JNENBbHBEIE Cy4aM, MeXAY KOTODBIMM HMMEETCH LENBH DS KPUCTAJLIOB,
ofanaomMx MpPOMEXYTOYHHIMA THnamy cBg3u. Cioga OTHOCATCS MHO-
rHE NonynpoeofHuKosele Marepuans (GaAs, InSb, ZnS).

MeTaanMyecKue KpuCTanibl. Merannsl oOpasyioT eme OAMH THI Xa-
PAXTEPHHX KPUCTALIMUECKAX CTPYKTYp. OHHM OT/IMUAIOTCH BRICOKOH
3JIEKTPOINPOBOAHOCTLIO, ¥ MOITOMY MOXHO AyMaTh, YTO B 3HAYMTEIBHOMN
YAaCTH 3IACKTPOHH B METa/1e JOMXHHE ObTh CBOOOHHHKIMH, HE CBY33HHEI-
MH C OTpENEAEHHBIMA ATOMaMH, 4YTOOE HUMETh BO3MOXHOCTh nepeme-
IIATBCH MO KPHCTA/LUTY HA MaKPOCKONMYECKHe paccTosHus. Takue cro-
coOHBIE NPHHUMATD YUACTHE B 3JIEKTPOIPOBOXHOCTH 3/IEKTPOHH HA3LIBA-
H0TCS 9/1eKMPOHAMU NPOBOOUMOCTU.

Meramnueckasd CBg3b, KaK NPABWJIO, BO3HMKAET MEXAY ATOMAaMH,
HMEIOIIAME OJME—/BA 3NCKTPOHA HA DHIXJIOW BHEMIHEH OOO/MOYKE, KO-
TOpHIE CPABHHUTEABHO C/Ma00 CBA3aHW C KOMOAKTHLHIM OCTOBOM ATOMa,
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coepXalM 3anoJHEHHBE 3aekTponHsie ofonoukn. Cioma mpexne
BCEr0 OTHOCSITCH IIEJIOUHBIE M IIEJIOYHO3EMENbHbIE MeTadnbl. Kpucran-
JIEl WEJOYHBIX METAJ/IOB MOXHO MpPEACTaBadaTh cebe B BUAEC NMPABUILHO
pPAacnoJIOXEHHHX TOJ0XHUTENbHEIX HMOHOB, NOTPYXEHHHX B Oosee wan
MCHEE ONHOPOOHYKO OTPHIATEIBbHO 3apSIXEHHYID <« XKHAKOCTb» U3
3JIEKTPOHOB.

B oTsimure OT KOBAJIEHTHHIX KPHUCTAJUIOB, CBSI3M ATOMOB B METasU1ax
He 00/1a8a10T CBOMCTBAMM HANPABJACHHOCTH M HACHIaemoctu. [losromy
METAJUIBI, KAK M MOJIEKYJSPHBIE KPUCTAJJIB WHEPTHBIX ra30B, UMEIOT
TEHACHIMIO KPHCTA/IM30BATLCS B IUIOTHOYHNAKOBAHHEIE ¥ OMH3KHE K
HUM CTPYKTyphl. Hampumep, rekCaroHanbHYO IJIOTHYIO YIIAKOBKY 00pa-
3YI0T KpUCTA/MIH Gepusus, kobansra, unHka. Kybuueckyio rpaneues-
TPUPOBAHHYIO PEIIETKY C TAKMM Xe K02(hhHUHUEHTOM 3an0NHeHns obpa-
30T KPHCTA//IB aJIOMHUHHMS, MEOH, 30J0Ta ¥ Kobansra (Hpyroi xpu-
craanuueckoir Moguduxanun). Kybuueckyo oGbeMHOUEHTPUPOBAHHYIO
pewmerky o6pa3yroT KpPUCTa/Isl XpoMa, autus, mosmubaesa u deppomar-
HUTHOTO XeJe3a.

BonoponHas cBs3b. PaccMoTpeHHad Bole Kiaaccuguxanug KpucTani-
JIOB TO YETHIPEM OCHOBHBIM THI1AM IO XapaKTepy CHJ CBA3M HE OXBa-
THIBAET BCEX CayuyaeB. B uacTHocTH, M3 Hee BHINANAIOT KPHUCTAJ/UIH C
TAK HA3BIBAEMBIMM BOZOPOOHBIMH CBA3AMM. BOXOpOAHAs CBA3b HMEET
MpEeMMYLIECCTBEHHO HMOHHEIA XapakTep. B npepesapHOM ciayyae Takow
CBS3M ATOM BONOPOAA TEPSACT CBOM E€QMHCTBEHHHWI 3JIEKTPOH, OTAABAS
ero OJHOMY M3 JABYX ATOMOB MOJCKYJHI, ¥ NPEBPAILAETCA B <«TOJblit»
NPOTOH, MMEIOLUNA HHUYTOXHO Masbie
pasMeprl MO CPABHEHMIO C MCXONHBLIM
atomoM Bomoporza. [IporoH moxer
YMECTUTBCH B Y3KOH <«IUEAH» MEXIY
aTOMaMM, OCYUWIECTB/ISS CBSI3b MEXIY
Humu. MMenHo Tak OOGCTOMT AENO B
orpuuarensiom uone HF; (puc. 43).

Puc. 43. Cxema o6pa3zosaHust BORO- BonoponHas CBSi3b OTBETCTBEHHA 3a
pOnHO# CBS3M MeXAY MOHamu GTOPa  B3aUMOAEHCTBHE MEXIY MOJIEKYJIaMHU
8 HF2 sogsl (H,0) u ofycnosmuBaer BMecre

C 3JIEKTPOCTATAYCCKUM IIPUTSKEHHUEM
JJICKTPUYCCKUX OUNOJBHBIX MOMEHTOB 3THX MOJEKYJ YIOWBUTEIBHBIC
(hu3nmyecKue CBOWCTBA BOAH U JIBJA.

e YeM oTnHualoTcs MOMMKPUCTANIBl M MOHOKPUCTA/UIBI C TOYKM 3PEHUS UX
cTpoeHUA U ¢u3UUecKUX cBOHCTB?

¢ Yro Takoe aneMeHTapHas fueiika Kpucranna?
¢ B ueM3akmoyaercs TpaHCASIUOHHAS CUMMETPUS KPUCTAIHUECKOM pellieTKU?

e [loueMy B KpHCTanIax MOryT CYIIECTBOBATh OCH CHMMETPHHU TOJILKO BTOPOIO,
TPETLETO, HETBEPTOr0 M LIECTOr0 MOPSAKOB?
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TlokaxuTte, UTO OQUHAKOBLIMU TJIUTKAMM B BHUAE NPaBUJIBHBIX NMATUYIO/ILHU-
KOB HeJNb3fl HACTNaThk ﬂapKeTHblﬂ noJi. HO‘{CMy 9TO HEBO3MOXHO B cCJayvac
IMJATOK B BHUAEC CCMHUYTOJILHUKOB, BOCLMUYIOJILHUKOB, U T. A.

IMouemy aJil BUOHMOIO CBETA, T. €. 3JIEKTPOMArHHUTHLIX BOMH C MUIMHON BOJIHbI
ot 400 go 700 HM, Henb3s HabmopaTh AXGpPaKUMIO Ha KPUCTAIMUECKOM pe-
werke?

IMosacHuute, Kakum 06pa3oM NJIOTHO YMaKOBaHHBIE HIaphl MOryT 06pa3oBaTth
IEKCaroHa/ibHYl0 CTPYKTYDY, YUMThIBad, YTO 1IEHTPbl TPEX CONMPHKACAIOIMX-
csl lIAPOB JIeXaT B BepIIMHaX NpPaBWUILHOIO TPEYroSibHUKa.

TMoyeMy OAHO JIMUIbL 3NEKTPOCTATHYECKOE B3aUMOACICTBUE He B COCTOSHUU
00BACHUTL YCTOHUYUBOCThL PEINETKU MOHHbLIX KpUCTasmos?

Kakue 0coGeHHOCTH 3allOfHEeHUs SIeKTPOHHEIX 000704€K WOHOB HalOT BO3-
MOXHOCTb PACCMATPUBATH UX B MOJESX PELUIETOK MOHHBIX KPUCTAIOB Kak
TBEPAbIE HEMPOHULIAEMBIE LApbI?

IToyeMy [Ns KOBAJIGHTHBIX KPUCTAJUIOB XapaKTEPHBl CTPYKTYPHl C MaJjibiM
YyCSIOM OnUXaMiiuX cocenei?

Yem 06bACHAETCHS CYLWIECTBOBAHUE 3REKTPOHOB MPOBOOUMOCTYU B MeETajsude-
CKHX Kpucrannax?
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§ 14. OcHOBHbIE NOHATHA TEPMOBHHAMHKMH

OKpyXaomuil HaC MUP, BOCTIPUHUMAEMbIA HAMHU UYEPE3 OLIYIECHUS, CO-
CTOHT M3 MAaKpPOCKOMMUYECKHMX OOBLEKTOB, T. €. T€J, KOTOPHIE BEJUKH IO
CPAaBHEHUIO C ATOMHBIMH PAa3MEpPaMHM M COAEPXAT OPOMHOE UHCJIO ATO-
MOB M MOJEKYJ. DTOT MHP HEOOhUaWHO pa3HOOOpazeH W CIO0XKEH; OH
BKIOuUaer B cebd rasel, 1iasMy, XUAKOCTH, TBEpALE Tena, Ouosornue-
CKHME OpPraHM3MBl Pa3sHBIX CTemeHed pasBuTvd. M3yueHueM 3TuX 00beEK-
TOB 3aHHMAIOTCA Pa3HbIE ECTECTBEHHLIE HAYKM — XHMHUd, OMoI0orus, re-
osorus U T. 4. Posib dusuku 3aknarouaercs B yCTAHOBJACHMH Haubonee
o0mux, QYHEAMEHTAIBHBIX 3aKOHOB, JIEXAINUX B OCHOBE BCErO CYIIErO
M XapakTEpU3YIOLMX /I00RE MAKPOCKONMUYECKHUE CHUCTEMBL. [JiaBHAs
LEJb — BHIICHNTh, KAKMM 00pa3oM, HCXOAS M3 HEOOMBIIONO UUC/IA TBED-
IO YCTAHOBJIECHHBIX MPOCTHIX (PM3NUECKUX 3aKOHOB, MPUMTH K MOHHMAa-
HMK HaOJI0aeMOro Ha ONBITE YPE3BHIYANHO Pa3HOOOPA3HOIO IMOBEACHUS
MaKpOCKOMMYECKUX CHCTEM.

Ilo cux mop MBl M3yyaad IPOCTHE (DU3NMUECKME CUCTEMbI, A KaX-
JO0M M3 KOTOPHIX OBLAM CNPaBEIVIMBHL CBOM 3aKOHH JBMUXEHHS, CBOS AH-
HAMMKA. B OOHMX CAyyasx 3TO 3aKOHBI KJACCHUECKON MEXAHHKH, B APY-
'MX — 3JICKTPOAMHAMHMKM, B TPETbUX — KBAHTOBOM MexaHuku. [Ipu
3TOM MBI, KaK NPABIIO, MAEAIN3MPOBATH HU3YUdEMYIO CHCTEMY, OTBJIE-
Kasch OT MpUCymero sceM 6e3 MCKoueHus oOBEKTaM CBOMCTBA, a
MMEHHO OT TOTO, 4TO JMOO cama cucTeMa, b0 €€ COCTABHBIE YACTH CO-
BEPIIAIOT XAOTHUYECKOE TEIIOBOE ABHXECHHE, 3AKOHOMEPHOCTH 3JTOro
ABMXKEHNS — obmme aaa o0bexToB 1000 (PU3NUECKOi MPUPONBE, ONM-
CHIBAEMHX Da3HbBIMM AMHAMAYECKMMH 3aKOHAMH. YHHBEPCANbHHIA Xa-
paKTep TENJIOBOTO RBHXKEHHS IPHUAAET MCKIUHTENBHYIO pOJb HAYKeE,
3aHMMAIOIIENCS H3YUYEHMEM €r0 3aKOHOMEDHOCTEMN.

TUMHYHBEE MAKPOCKOMWUYECKME CHCTEMBI, C KOTOPHIMHM MBI CTAJIKMBA-
eMCs B TIOBCEIHEBHOM XW3HH, coiepxar mopsaka 10%° B3aumoneicTay-
IOIIKX aTOMOB, MOJIEKYJI MJIH APYTHX MAKPooOnexkToB. HaM M3BeCTHH HX
CTpocHME ¥ B3aumopeicTeue, Pu3nueckue 3aKOHHI, ONMKCHLIBAIOIINE OH-
HAMHUYECKOE TOBENCHHE ITUX MHMKPOOOBEKTOB (3aKOHBI KJIACCHUECKON M
KBAHTOBOM MEXAHHMKM, 3JJIEKTPOAMHAMUKHM), TAKXE XOPOMO H3BECTHHI.
Mul yBepeHn B KX CIOPAaBEAJMBOCTH IIPHMEHHTENBHO K IOBEACHHIO
aToMoB JTI060i MaKPOCKOMMYECKOM CHCTEMBI, OYAb TO XUIKOCTb, TBEPAOE
Teno wuWaM XxuBod opranusMm. Kasanoce 6w, 3TOr0. B IPHHLIMIE
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NOCTATOYHO I TOrO, YTOOM Ha OCHOBE M3BECTHOM MHKPOCTPYKTYpHI
MAKPOCKONMUYECKOM CHCTEMH BHIBECTH ee HabaiogaeMble CBOMCTBA.

OnHaKo OKAa3BBAETCH, YTO PEATU30BATh TAKYIO MPOTPAMMY COBEpIIEH-
HO HEBO3MOXHO, ITOKA MBI HE PACNIONATaEM METOXAMM, KOTODHE HAXOMHU-
JUCh OBl B COOTBETCTBUM ¢ HEOOHUAWHOM CJIOXHOCTBIO TAKMX CHCTEM.
CJ/I0XHOCTb M2KPOCKOMMYECKOU CHCTEMEI 03HAYAET HE TOJIBKO HEBO3MOX-
HOCTb MHTEDPECOBATHCSH MOBEICHHEM BCEX BXOAMIIAX B HEE MOJICKYJ WIM
aToMoB. Bo MHOIMX €1yyasix CJOXHOCTh HPHBOOHUT K IOSBJIEHHIO HOBRIX
Ka4yecTB, KOTOPHIE MOI'YT OKA3aThCS BECHbMA HEOXNIAHHEIMM,

O 0ObSICHEHHS CBOMCTB MAKPOCKOITMUECKHMX CHCTEM, COCTORMIMX H3
OrFPOMHOIO YMCAA YACTHL, HeoOXOoAMMO Ipexae Bcero ¢hOpMyJHpOBATH
HOBBIE [OHSITHS, OTBEYAKIIME TAKOMY KadecTBY, KAk HeoOwluaitHas
CJIOXHOCTb CHCTEMBI. VICTOpMUECKM NpPM M3YUEHHH MAKPOCKOIMUECKHX
CUCTEM HE3ABMCHMO CIOXHIUCh AB3 PA3AMUHBIX HOAXOHA — CTATHCTH-
YECKAH M TEPMOIMHAMHUYECKUU.

CraTHCTHUECKMI NOAXOH, WAM CMamuCMUYecKkas MexXamuka, OCHO-
BbIBACTCH HA ONPEAEIEHHWX NPEJCTABJIEHUAX O CTPOCHHM BEIECTBA.
TepMOAMHAMMUYECKUI MOAXON, WK mepMoOuHamuka, TPEACTABISET CO-
60i1 (DEHOMEHOIOMMYECKY0 TEOPHIO, OCHOBAHHYIO Ha HeGOMBIOM uuciIe
TBEPAO YCTAHOBJEHHHX HA ONbITE 3aKOHOB. VcTOpHuECcKH TepMOTMHAMH-
KA NOSBHJIACH PAHBIIE CTATHCTHUYECKOM MEXAHMKM, KOIIA enle He cyme-
CTBOBAJIO CKOJBKO-HMOYAb HANEXHO MOATBEPXKICHHBIX HA ONBITE IIpeA-
CTaBJCHUH O MOJEKY/ISPHOM CTPOCHHH BELIECTBA.

LleHTpaneHHE NOHSTHS TEPMOAVHAMMKH BBOIATCS HE C TIOMOLIBIO
NPEACTABMCHMI O BHYTPEHHEM CTPOCHMH H3Y4YaeMoi CHCTEMH, & Ha
OCHOBE JKCHepUMeHT4a. TEepMORMHAMHMKA OIEPUPYET TOJBKO MAaKpo-
CKONMYECKMMH BEJMYMHAMH: NABJIEHUEM, TEMIEPATYPOH, 3HEPruen
CHCTEMBL M T. A.

TepMOIMHAMMKA KOHLEHTPUDYET BHMMAHUE HA 3AKOHOMEPHOCTAX
npespamennit sHepruu. OHA MO3BOJSET YCTAHOBUTb, B KAKOM HAaNipaB-
JIEHUM MOTYT IPOTEKATH PA3NHUHbIE PUIMUECKUE HIIN XUMUYECKUE IIPO-
IECCH B TEX MJIM MHEIX CHCTeMax. TepMOIMHaMUKa BCKPHBAET raybokue
CBS3M MEXIY Pa3/IMYHBEIMU CBOMCTBAMH BEILECTBA: PACIOIArasd SKCOEpH-
MEHTAJbHEMHM JAHHHIMM O KAKMX-TO OQHUX CBOMCTBAX OIPENETCHHOIO
BEIIECTBA, MOXHO METOJaMM TEPMOAMHAMHKH PAaCCUATATh HEKOTOPHIE
IOpYrue ero cBoiicrea. B oroM paspene OyayT noapoOHO M3I0XEHH OCHO-
BBl TEPMOOMHAMHUYECKOTO MOAX0AA.

TepMmoauHaMuyeckas cucreMa. OXHO U3 OCHOBHBIX TIOHATHH TEPMOIHU-
HAMUKN — mepModunamuieckas cucmema. Ilog TepMopnHaAMUYECKOH
CHCTEMOM MOHMMAETCH COBOKYITHOCTh TeJ1 JI000# (PM3NUeCKOM MpHUpPOabl K
Jo6oro XMMMUYECKOTO COCTAaBa, XapakTepuayemash HEeKOTOPHIM YHCIIOM
maxpockonuueckux napamempod. TakuMu MapaMeTpaMM MOryT OHTH, B
YaCTHOCTH, JABJIEHHE, OOBEM, HANPSXEHHOCTb JJEKTPHUECKOTO ¥ Mar-
HUTHOIO MNOJEH, 3JeKTPHYECKMHA M MArHUTHHIN OUNOJMbHBIA MOMEHTH U
T. . Onpenenesne MakpOCKONMYECKMX MAapAMETPOB B TEPMOXUHAMHMKE
JaeTcd yKa3aHueM crnocofa MX M3MEPEHHS Ha ONKITE.
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Hanpumep, ras B cocyAe xapakTepuayeTca AABJICHHUEM, KOTOPOE W3-
MEPSETCS TaK Xe€, KaK B TMOPOCTATHKE, B 00BbEMOM, KOTODHIA 3aBHUCHT
OT pa3MepoB coCyAa. JMINEKTPUK, MOMEIIEHHRIA B 3JIEKTPHYECKOE MOJIE,
NoJSApU3yercd, T. €. NPUOOPETAET IMEKTPUUYECKHMIA IUTONbHBIA MOMEHT,
3HAYEHHE KOTOPOrO TAaKXE€ pPacCMATPHUBAETCH KAK MaKPOCKOIMYECKHM
napaMeTp.

BHeuwrHue M BHYTpPeHHHE napamMerpsl. Eciu kakyo-nubo coBokym-
HOCTb TCJA NPUHNATh 33 MHTEPECYIOIIYK HAC TEPMOAMHAMMYECKYIO CH-
CTEMY, TO BCE OCTAJbHBIE TENA CAEAYET PACCMATPUBATh KAK BHEMIHUE
MO0 OTHOIICHHIO K 9TOH cucTeMe. B COOTBETCTBMM ¢ 3TMM M XapakTe-
PH3YIOIIHE CHCTEMY MAKPOCKOMHMUYECKHE NMapaMeTphl HMOAPA3NENsoT Ha
BHCIIHWE ¥ BHYTPCHHME. BHEMHWMM HA3LIBAIOT TAKKC TAPAMETPHI,
3HAYCHHUS KOTOPHIX 33aJal0TCS HE BXOASIIMMU
B PaccMaTpUBAEMYI0 CHUCTEMY Teaamu. 3Haue-
| HHS BHYTPEHHHMX [APAMETPOB ONPEAEISTIOTCS
011 |11 peakuueHl caMoil CHCTEMBl HAa BHEIIHHE YCJIO-
RO RN Busi. Hekoropele M3 napaMeTpoB B 3aBHCHMO-
: CTH OT YCJIOBMH MOTYT BHICTYHAThb aMb0 Kak
BHEIHNe, Aub0 Kak BHyTpeHHHe, Hanpuwmep,
NI - RaBJECHME ra3a B COCYAE MOXET pacCMaTpH-
B4ThCA KaK BHYTPEHEMI napaMmerp, ecim uk-
Puc. 44. B cocyne, 3akphl-  cynoparth o6peM rasa. OGheM B 3TOM Ciayuae
TOM TIOPUWHEM, JAA4BJEHHUE
rasa sajaetcs saemmuwy  SIBJISETCS BHEUIHMM mnapamerpom. Ecmm xe ras
YCI0BMAMH HAXOAMTCA B COCYAE, 3aKPHITOM MOPIIHEM, X
KOTOPOMY  MIPHIOXKEHA  [OCTOAHHAS  CHJa
(puc. 44), 1o BHemwHMM mapaMmerpoM OyACT AaBJACHHE, TAK KaK €ro
3HAUEHHE 3a0aeTcd BHEWHMMH ycaosusMu. O6beM rasa 3mech MOXHO
paccMaTpMBaTh KaK BHYTPEHHUN napaMerp.

CocrosgHue TepMCOAMHAMMYECKON cHCTeMbl. B MexaHuke cocrosHue
CHCTEMBI B HEKOTODHIH MOMEHT BPEMEHU OIPEACIIETCS 3aNaHNEM 3Haue-
HHUM KOODAMHAT M UMIYJIbCOB BCEX BXORAMMX B Hee yactny. [Tonumae-
MOE B TAKOM CMBIC/JIE COCTOSIHME Mbl OyAeM HasnBaTh MUKPOCKONUue-
CKUM cocmostHuem CUCTEMBl WIU muxkpococmosiiuem. Hapany ¢ HuMm
MOXHO pacCMaTpHUBATh MAKPOCKOMUMECKOE COCMOSIHUE WIN MaKpoco-
cmosiHue, XapakTepu3yeMoe 3aJaHMEM TOJBKO MAKPOCKOMHUECKHMX Ma-
pamerpos. OIHOMY ¥ TOMY XE€ MaKpOCOCTOSHHIO CHCTEMBI MOXET COOT-
BETCTBOBATh MHOXECTBO €€ PAa3JIMYHRIX MHKPOCOCTOSHHI. B TepMonuna-
MHKE PacCMaTpUBAIOTCS TOJIbKO MAaKPOCKOMUYECKUE COCTOSHMS, KOTOPHIE
B AaJbHEWIEeM A8 KPaTKOCTH OyaeM Ha3hBaTb MPOCTO COCTOSHHSIMH.

TepMoaMHaMHYecKui npouecc. Beakoe n3MeHeHe B TEPMOAMHAMMUYE-
CKOM CHCTeMe, CBS3aHHOE C M3MEHEHMEM XOTs OBl ONHOIO M3 €¢ MakKpo-
CKONMUYECKUX MAPAMETPOB, HA3BIBACTCS MEPMOOUHAMUHECKUM NnpOuec-
com. [pyrumMu crnoBamu, TEPMOAMHAMUYECKHN MPOLECC B CUCTEME ECTh
HM3MCHEHHUE €€ COCTOSHMS.
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CrauuoHapHBIE M PaBHOBecHble COCTOSHHSA. CoOCTosHHE Ha3HWBaeTCH
CMayUOHAPHbIM, ECTTH BCE MAKPOCKOMMUECKHME NapaMeTphl CHCTEMBI HE
MEHSIOTCA €O BpemeHeM. CTauMOHAPHOE COCTOSHHME MOXET NOAZEpPXH-
BAThCY BHEIIHMMM MO OTHOUICHHIO K CHCTeMe npoueccamu. Hanmpumep,
HEW3MEHHBIA BO BPEMEHH NIEPENag TEMIEPATYP MEXAY KOHUAMM CTEPX-
H MOXHO CO3[aTh, HATPEBas BCE BPEMS ONUH €r0 KOHEL[ M OXJaXuas
Ipyrou.

Ecm CTaLMOHAPHOCTH COCTOAHMA HE OOYC/IOBJEHA BHEUIHUMH MpO-
LEeCcCaMH, TO COCTOSHME HA3bIBAETCH PAGHOGECHbLM MM COCTOSHUEM mep-
MOOuHaMuueckozo pasHodecus. Koraa Makpockonmuyeckas CUCTeMa Ha-
XOAMTCH B COCTOAHMH TEPMOLMHAMMUECKOTO PABHOBECHS, TO BCE MAKpO-
CKOMMUECKHME YACTHM, HA KOTOPHE MOXHO MBICJIEHHO WIH PEajIbHO
pasbuTh 3Ty CHCTEMY, TAKXKE HAXOAATCS B PABHOBECHMM KaK CAMH 110 Ce-
6e, TAK M APYT C OPYTOM.

BpeMms peaaxkcalui M JOKaasHOe pasHosecue. M3 moboro HepasHO-
BECHOTC COCTOSIHHSI 3QMKMYMdas, WIM U30AuPOGAHHAS, CUCMeMd, T. .
CHCTEMA, HHKAK HE B3aVMONEHCTBYIOWIASA C OKPYXECHHEM, NPUXOAUT B
COCTOSIHHE TEPMOAMHAMMUYECKOIO PABHOBECHS 32 HEKOTOPOE BPeMs, Hd-
3MBAEMOE @pemenem penaxcayuu. HexkoToprle M3 MaKpOCKOMMYECKHMX
NapaMETPOB MMEIOT ONpPENENCHHBIE I BCCH CUCTEMBI 3HAUCHHUS TOJBKO
B COCTOSIHMM DPABHOBECHS.

B HEKOTOPHIX CIyYasxX BCKO CHMCTEMY MOXHO MBICJCHHO PA3AEaMTh Ha
c1abo B3aMMOAEHCTBYIOIIHE MEXAYy cO00H MAakpOCKONMMUECKME YACTH,
PAaBHOBECHE B KOTOPHIX YCTAHABAMBAETCH 3HAUMTENBHO OBICTpEE, YEM BO
Bceit cucreme. [IpM 3TOM MOXHO FOBOPHTb O JIOKQIbHOM PAGHOBECUU,
KOrjJla MAKpPOCKOMHMUECKHE NAapaMEeTphl MMEKT OHPENEACHHKIC 3HAUECHMS
IS KaXOOM M3 TAKMX YacTe#f, HO 5T 3HAYEHHUS MOTYT ObiTh pa3HBIMHU
A pasJNYHBIX YACTEH CHCTEMBI. XapaKTEPHbIE BPEMEHA YCTAHOBIEHHUA
JIOKANBHOTO PABHOBECHS MOFYT CYILIECTBEHHO (HA HECKOJBKO NMOPSIOKOB)
PasaMYaThCA IS Pa3HRIX MAKPOCKOMMYECKHX MapaMeTPOB.

B HEpPaBHOBECHHIX CHCTEMAaX CYIIECTBYIOT 1OMOKU, CBA3aHHBIE C Ie-
DEHOCOM MAcCCHl, 3aPSAd, JHEPrMM M T. 1. M3 OXHOIO MECTa B APYroe.
Korza B cucreMe CyIIECTBYET JIOKAJBHOE DaBHOBECHE, 3TH IIOTOKHM
OOBIYHO NPONOPUHKOHAJIBHE rpagueHTaM (T. €. OBCTPOTE M3MEHCHHS B
NPOCTPAHCTBE) OMNPEHCNEHHNX MaKPOCKOMA4YeCKUX mnapamerpos. Ha-
opUMep, MOTOK BELIECTBA NPONOPUHMOHANEH IPATUCHTY KABJICHMS, IO-
TOK 3JIEKTPMYECKOrO 3apsaja — 3JAEKTPUYECKHHA TOK — IIPOINOPLMOHA-
JIEH rPajMEHTY TIOTEHIMANA, T. €. HAUPIXEHHOCTH IEKTPHUECKOTO HO-
nsg, 4 T. .

3aK0OH COXpPAaHEHMs M NPEBPalEHMs 3JHEPrUM B TEPMORMHAMMKE.
Kak yxe orMevaysoch, TEPMOAMHAMHMKA 33HMMAETCSd MOMCKAMM COOTHO-
IIEHUI MEXITY Pa3MyHbBIMH CBOWCTBAMM BEIIECTBA, HE yraybssasack B je-
TaJM €ro BHyTpeHHero crpocHus. OHa OCHOBAHA HAa M3YUCHUM JHEPreTH-
YECKUX MPCBPALIEHWA U ONMPAETCH HA 3aKOH COXPAHECHUS DHEPIHH.
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3aKoH COXPAaHEHUs JHEPrHd ABASETCS BCeOOBEMIIIOMMM 33aKOHOM
npuponbi. Mel He 3HaeM HHM OZHOTO HCKJIOUEHMd M3 Hero. Bosee Toro,
ecau 0OHApYXHBAETCH, UTO B KAKOM-JMO0 (PU3MUECKOM SIBJIEHHH 3HEp-
U HE COXPAHSeTCs, TO 9TO O3HAYaeT, YTO 3JeCh MPOCTO OKA3aJaach HE
YUTEHHOH Kakas-To u3 ee ¢opM. MiMenHo MHOroopasue pasJInyHBIX BH-
OB JHEPrdH M OCOOCHHOCTH NPEBPALIEHUN SHEPIHH M3 OXHMX BHAOB B
Epyrie ¥ o0yCnoBAMBAIT IPDHEKTUBHOCTD TEPMOTMHAMUYECKOTO OIXO-
na K u3yuenuro npupoasr. Obwme cymecTsyomux GopM SHEprud, CIo-
COOHBIX K B3aUMHBIM INPEBPAINEHHAM, BHEASET 3aKOH COXPAHEHHUS
JHEPIruU U3 APYrUX (yHIAMEHTAIbHEIX 3aKOHOB, TAKUX KAK 3aKOHHI CO-
XPaHEHUS MMIIYJIbCA ¥ MOMEHTA MMITYJIbCa.

CymecTBOBAHHE MEXAaHMUYECKOH, HSJEKTPOMarHUTHOM, HAEpHOR W
OpYyIHX (JOpM JHEPTUHM O3HAYAET, UTO 3TOM (PH3NYECKON BEIHYMHE HEJIb~
39 AaTh o0mcro onpeaeaeHnd, NPUMEHUMOro ¢pa3y KO BCEM €€ BHIaM.
B To xe BpeMs 0TCIOAA CAeayeT, uTO OOIMA 3aKOH COXPAHEHHUS JHEPIUK
HEJIb3S BHIBECTH M3 APYIUX (DM3WUYECKUX 3aKOHOB, XOTH MK KaXJOro M3
BUJICB JHEPIHU €€ COXPAHCHHE BHITCKAET M3 COOTBETCTBYIOUIUX AUHAMU-
YeCKMX 3aKOHOB /ISl T€X SBJICHUI, B KOTOPHX HE IPOMCXOAAT NpPEBpa-
LOCHHUS JHEPrUM B JDYTHC BHUIBL.

Benukuit dpaHnysckuil yuerni A. [lyaHkape BHIpa3uJ 3TO CAERYIO-
wuMK c1oBaMHi: «[TOCKOBKY MBI HE B COCTOSHHH ZaTh oOmiee ompexe-
JIEeHWE JHEPrUM, 3aKOH COXPAHEHUS JSHEPIHH CJENyeT PacCMaTpPHBATh
MPOCTO KaK YKA3aHME HA TO, YTO CYMECTBYET HEYTO, OCTaromieecd IO-
CTOIHHBIM B JI000M pusnyeckoM npouecce. K xkakuM Obl OTKPRITHSIM HM
npuBesn Hac Oyaymue SKCIEepHMMEHTH, M 3apaHee 3HAeM, YTO M TOrya
Syner Heuro, 00NARAKOLIEE CIOCOOHOCTBIO COXPAHATECH, H 3TO HEYTO MEI
MOXEM HA3BIBAThH dHepzuel».

BuyTpeHHsis 3Heprus. Bce Tena cocrosT m3 aTroMOB ¥ MOJIEKYJ, HAXO-
OSIIMXCS B HENPECTAHHOM TEIIOBOM, XaOTHYECKOM ABMXKEeHUH. [Tosromy
axe ecqM TEJIO B LIEJIOM HECMOIBUXHO M MMEET HYJEBYKO NOTCHIUANb-
HyI0 DHEDPIHIO, OHO TEM He MEHee obnagaer 9Heprue, CBA3aHHOM C
BHYTPEHHUM JBHXXCHHEM COCTABJFIOIIMX €r0 aTOMOB M MOJEKYJ M € MX
B3auMoneiicTeueM. VHaue rosopst, 11000My KOJUIEKTUBY aTOMOB WJIH MO-
JIEKYJT BCETA MPUCYILA HEKOTOPAsd aHympennss sHepeust. Ecau paccmar-
PHBATh BHYTPEHHIOK CTPYKTYPY BEHIECTBA, TO BCETAA MOXHO KOHKDETH-
3HpoBaTh (POPMBI U HOCHUTEA ITOM BHyTpeHHen sHepruu. Ho repMmomm-
HAMHKa CO3HATEJBHO OTBJCKAETCHd OT BHYTPEHHEH CTPYKTYpH
H3YYAEMBEIX CHCTEM, MTO3TOMY B TCPMOXMHAMMKE BHYTPCHHIOIO JHEPTHUIO
HeoOXOAMMO PACCMATPHBATEL KaK 0cobyro ¢opmy snepeuu. Ilpu atoM, pa-
3yMEETCd, MOJE3HO NOMHUTh, YTO B KOHEYHOM CUETE BHYTPEHHSS 3HEp-
IHUd BCErAa CBI3aHA C Xa0THUECKMM TEIUIOBBIM ABIKEHUEM 00pasyrommx
CHCTEMY YACTHI ¥ UX B3aUMOAEHCTBHEM ApYr ¢ ApyroM. [loatomy uHor-
Ja BHYTPEHHIOI SHEPTHIO0 HA3BIBAIOT TEIUIOBOW 3HEPIUEH.

BHyTpeHHSS SHEPrHs 3aBHCHUT OT MHTEHCHBHOCTH TEIUIOBOIO NBMXE-
Hus. JIAd XapakTEPHCTHKHM STOH HMHTEHCHBHOCTH CJIYXHT ocofas
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dusuueckas senmuumHa — memnepamypa. Temnepatypa WIpaeT Bax-
HYIO PONb HE TOJBKO B TEPMOAMHAMMKE, HO U BooOuie B (usmke.

Temnepatypa. [IpencraBiaenue 0o TeMnepaType, Kak ¥ NPEICTaBICHUE O
CHjie, BOILUIO B HAyKy uYepe3 HAIIM UYBCTBEHHHE Bocnpustus. Hamu
OLIYINCHMA MO3BOJNSIIOT PA3auyaTh Ka4YeCTBEHHHIC MPajjalivy CTEMEHN Ha-
I'PETOCTH: XOJIOXHHH, TeIUhi#, ropaunif. OQHAKO B OCHOBY KOJHYECTBECH-
HOIO OTPENEJCHUS TEMIEPATYPH M MOCTPOCHHUSA TEMNEPATYPHOM MIKAJIb
HOXHBL OHITb TOJOXEHH OOBEKTHBHHEIE (DM3MUECKME 3aKOHOMEDPHOCTH,
cBOBOAHBIE OT CyOLEKTUBM3MA UYBCTBEHHHX Bocrpustii. B ¢deHomeno-
JIOFTMYECKOM NOJXOAE K TEIUIOBBIM SBJICHUSM TEMIICpaTypa BBOZUTCS UC-
pe3 MOHATHE TEPMOJUHAMUYECKOIO pasHOBecUd. K MOHATHIO TEMIlEpary-
PBI MOXHO TIpMHTHM HAa OCHOBE KOHKPETHHIX NPHUMEPOB M MOCIEKYIOMIETO
o6obmeRs.

Ecnm pgBa Tena, TeMIepaTypel KOTOPHIX INPH OLEHKE HA OCHOBE HAa-
WX OIYLICHHI CHABHO pasnnualoTcs (HAnpuMep, PacKaJeHHHH KYCOK
MEeTana1a M XO0JO0AHAS BOAA), MPHUBECTH B CONPHKOCHOBEHUE, TO ropsauee
T€a0 GYAET OXJMAaXAAThCH, @ XOJOIHOE — HATPEBATHCH NO TEX MOp, NOKa
B DTOM CHCTEME HE NPEKPATATCA BCIKUE MAKPOCKONMHAUYECKHE N3MECHEHMS.
B TakoMm cnyuae roBOpSIT, UTO 3TH TEAA MPHULIA B COCTOSHHE TEPMOXM-
HAMHYECKOIO PABHOBECHS H UMEKWOT oduHakoayrw memnepamypy. OnmT
MOKA3bIBAET, YTO B COCTOSHUE PABHOBECHS B KOHIE KOHIOB HPUXOXMT
M000€e YHCIO COMPHKACAIOMUXCS Tea. Ecam Kakue-To ABa Te/1a HaXOXST-
Cd B DABHOBECUU C TPETHHM TEJIOM, TO OHM HAXOAATCA B PABHOBECMM
MeXITy coboi.

IToaroMy a8 CyXaeHHs O PABEHCTBE HJIM PA3JHYHU TEMIIEPATYpP
OBYX Ten A 1 B Heo643aTenbHO NPUBOOUTD WX B CONMPHUKOCHOBEHHE APYT
¢ apyroM. MoXHO BOCIOJIB30BaThCA BCIIOMOraTENBHHM TPETbUM TEJIOM
C, npHBOAHMEIM MMOOYEPEAHO B KOHTAKT C TesaMmu A u B. Takum crioco-
6oM MOXHO y6eauThCH TOALKO B PABCHCTBE WJIH B Pas3jnydd TEMOEPATypP
tesi A 1 B. [lng toro yrtobel M3MEHNTE MX TEMIEPATYpHl, HYXHO yCTa-
HOBHTb MEMNEPAMypHyIO wkany, T. €. IO OHDPEACJECHHNIO BBECTH NPABH-
J1a, MO KOTOPHIM KaXIOi TEMIEPATYpE CTAaBHTCS B COOTBETCTBHE OIpPE-
AeneHHOoe Yucao0. B Bubope Takux mpasua mMeeTcs GOBImION MPOM3BO,
HeoBXoAHMO JHIOb ODECHEYNTh B3AUMHYIO OXHO3HAUHOCTL TEMOEPATYD H
CONOCTABAIEMBEIX MM YHCEJL

H3mepenne remnepatrypol. Tepmomerp. Ilpn cospanum TemnepaTyp-
HOM IDKAJh HYXHO OCHOBHIBATLCH HA KAKOM-IHOO CBOMCTEE BEIECTBA,
3aBuCSIIEM OT TeMneparypol. OnbT HMOKAa3hBAET, YTO NPAKTHUECKHM BCE
¢du3ryeckne CBOMCTBA TEJ U3MEHSIOTCH ¢ TeMneparypod. Tak, npu Ha-
rpEBAaHMHM MHOTHME TE€/]a DacIIMpSIOTCS, 3JEKTPAUECKOE COIMPOTHBJIICHHUE
METaJIJIOB BO3PACTAET C MOBHINEHHEM TEMIEPATYpH, a NOJYIPOBONHH-
KoB yOmBaer, ¥ T.A. Bce nonobumie sBAEHHMS B NPHHUMIE MOXHO HC-
MOJIB30BaTh A8 CO3NaHHS NpuUOOPOB IS U3MEPEHHUS TEMIIEPATYDH —
mepmomenmpos.
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OCHOBHO# YacThIO TEPMOMETDA SIBJSETCS MepMOMEMpULEcKOe meJo,
[PUBOAUMOE B TEILIOBOM KOHTAKT C OOBEKTOM, TEMIIEPATYPYy KOTOPOro
HaZ0 M3MEPHUTh. B XUAKOCTHBIX TEPMOMETPAX TEPMOMETPHUECKMM Te-
JIOM CJLyXHT J460 pTYTh, JMOO MOAKPAIIEHHBIA CIAPT, & O TEMIEPAType
CYAAT 1O M3MEHEHMIO 00BpeMa XHIKOCTH — MO BHICOTE CTONOMKA B Ka-
nuuigpe. B TepMOMeTpax CONDOTHUBJICHHUS TEPMOMETPUUYECKMM TEJOM
CJIyXHUT, HANPUMEP, METAJUIMYCCKASE IPOBOJIOKA, a TEMIIEpaTypa olpe-
JeSeTcs Mo €€ JEKTPUYECKOMY COMPOTHBIIEHHIO.

Baxnmie TpeGOBaHHUA, NMPENbIBASEMEE K TEPMOMETPY, — WUYBCTBH-
TEJABHOCTh ¥ TOYHOCTh M3MCPEHMIA, a TAKXKE BOCIPOU3BOAUMOCTb PE3YJIb-
TatoB. [J19 MPaKTUYECKOIO MPUMEHEHHS BaXKHO, UTOOR TEPMOMETP HE
U3MEHSUT TEeMICPaTypy TeJad, ¢ KOTOPhIM OH MPUBONMTCH B KOHTAKT. Ilo-
JTOMY €r0 UYYBCTBHTE/NBHEIA 3JIEMEHT AO/DKEH OBTh HOCTATOYHO MaJl.
Hakonel, BaXHO U TO, HACKOJABKO OBICTPO YCTAHABIMBAETCS TEPMOIMHA-
MHYECKOE PaBHOBECHE TEPMOMETPA C 3THM TEJIOM.

OMupHyecKkas TeMIepaTypHas Kajga. YCTPOHCTBO OO/bMIMHCTBA
TEPMOMCTPOB OCHOBAHO H2 MPEANIONOKEHUM, UTO MOJIOXKEHHOE B OCHOBY
u3MepeHud (PU3NYECKOE CBOHCTBO TEPMOMETPHYCCKOIO TEaa JUHEHHO
3aBHCUT OT TeMnepaTyprl. g mocTpoeHus wkanst BROUparoTcs ABe Tak
HA3bIBAEMBIE penepHble Mouki, KOTOPHIM TMPHIMCHBAIOTCS TPON3BOAE-
HBIC 3HAUCHUS TEMIICPATYPH, & WKAMA MEXAY HUMY ACTATCH HA PABHBIE
yacTH. DTUM YCTAHABIMBAETCH CAMHMIA M3MEPEHHS TEMIIEPATyPHI.

Paubiie B KauecTBe penepHHX TOYeK BHIOMPANUCh TOUKA TUIABACHUS
JbJA M TOYKA KHIEHHS BONKHl DA HOPMAJbHOM ATMOC(EPHOM HABJICHUH,
B mkane lenbcus nepBoil penepHOl TOUKE NPHUCBAWBAJIACH TEMIEPATY-
pa 0, a Bropoit — 100 rpanycos eancnsa (0 °C—100 °C). Cospemennas
TEMIEPATYpPHAS LIKAMA, COXPAHSS NMPEeMCTBEHHOCTD CO CTAPOi, OCHOBHI-
BAETCS HA TAK HA3KIBAEMOM TPOWHOM TOUKE BOARI, KOTOpas objajaer ro-
pa3no JAyvmei BOCTPOM3BOANMOCTHIO.

VceranoBneHHAsS ONMCAHHBIM BHILE COOCO0OM IIKANMA TEMMEPATYph
HA3HIBAETCH SMNUPUMECKOU memnepamypHOU wKairoi, a HM3IMepseMas
TEMIEpPaTypa — 3IMIMPHYECKOH TeMmeparypoi. B 3aBHCMMOCTH OT BH-
fopa TEPMOMETPMYECKOTO TENa MOXHO OCYIIECTBHUTb MHOXECTBO 3IMMNU-
PHYECKHMX TEMNEPAaTYyPHBIX wWKax. M3 Bcex HSMIUpUYECKMX IUKAJ HaH-
60bIIKMMH IPpEMMYINECTBAMH 00/1aaeT TaK HA3KLIBAEMAS HIEATBHO-TA30-
Bas I[0KaJa TEMIEPATYPhl, B HAUMEHBINEH CTENEHM 3aBUCHIIAS OT
XMMHUYECKOH TMPUPONEL BEIIECTBA, BHOPAHHOIO B KAUeCTBE TEPMOMETDH-
4yecKoro Tena. Buibupass MMEHHO TaKYI0 KAy, ME MpHOJHXKAEMCd K
naeany, KOraa TeMnepaTypHas mKana BooOme He 3aBUCHT OT TEPMOMET-
puueckoro tena. [IpuHIMnHaspHas BO3MOXHOCTh NOCTPOCHHUS TEPMOAH-
HaMHUeCKoit («abcomoTHOIM»), HE 3aBHCAINER OT TEPMOMETPHYECKOTO
TeMa MIKAJbl TeMIEPATyphl, YCTAHABIMBAETCH B TEPMOAMHAMMKE. JTOT
Borpoc OyaeT paccCMOTPEH HHXeE.

BoicOxMe ¥ HU3KHe TeMmrepatrypbl. Ha npakTuke st H3SMEpeHHs TeM-
epaTyp B pasHbIX HMHTEPBAJAX, B TOM YHCIEC OYCHb BBICOKMX M OYEHb
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HU3KHMX TEMIIEPATyp, UCTIOIb3YIOT MCTOABl, OCHOBAHHBIE HA PasHEIX (u-~
3MYecKuX sBJeHnaX. Hanpumep, g uaMepeHus oUeHb BHICOKHX TEMIIe-
paryp (Buue 1000 °C) npuMeHSIIOT ONTHYECKHE MPOMETPHI, MPOrpany-
HMPOBAHHLIE HA OCHOBE 33aKOHOB TEIJIOBOIO M3jyuyeHus. OueHb HM3KHE
temrneparypst (mxe 1 K) onpegensror no uaMepeHussM MarHUTHOM BOC-
MPUMMUMABOCTH HEKOTOPHIX TIAPAMATHUTHBIX coned. Pazymeercs, mis us-
MEPEHMS TEMIEPATYP B TAKAX OOMACTAX MPUXOTUTCH MCIIONH30BATH CBOH
penepHble TOUKM. BaxHO, uTOOH HCHO/Ib3YEMBIE B PA3HHIX WHTEPBAJIaX
TEMIIEPATyD METONB M3MEPEHMIl AAaBaNM COBNANAIOUIWE DPE3YJIBTATH B
TeX 00MacTaX, IAi¢ OHMU MEPEKPHIBAIOTCS.

W30MpoBaHHad CHCTEMa M TepMOJMHaMH4yecKoe pasHoBecwe. Kak
yXe OTMEUaJoCch, CHCTEMA, HE OOMEHMBAIOWASCS JHEPTUEH M BEIHECTBOM
C BHEIUHUMH TECJAMM, HA3BIBACTCS H3OJMPOBAHHOH. B TepMomuHamuke
HA OCHOBE OOOOILEHMS ONIKTHHIX KAHHBIX NPMHHMAETCH KaK MOCTYJAT
crenywimee yTBepxiacHue: a10ast M30JMpPOBAHHAS CHCTEMA DPAHO WIH
MO3AHO 00433TEJPHO MPUXOAUT B COCTOSHUE TEPMOAHHAMHUYECKOIO paB-
HOBECUS M CAMOIPOM3BOJLHO M3 HENO BRINTH HE MOXCT.

OnbIT NOKA3KBAET, YTO B COCTOSHHMM PAaBHOBECHUA HE BCE MAKpPOCKO-
MMYECKUE NAapaMeTphl, KOTOPHE MOXHO MCIOMb30BATh IS ONHCAHUS CH-
CTEMBI, SBJASIOTCA He3aBUCHMMbIMH. He3aBUCHMBI TOJNBKO BHEIIHHE mapa-
Merpul. Hanpumep, ecny HEKOTOpOE KOJTMUYECTBO ra3a HaxOOUTCS B COCY-
AE omnpeneneHHoro o0beMa Npd  HEKOTOpOo# TEeMIeparype, TO €ero
OABJICHME MMECT BIIOJIHE ONpElesIcHHOE 3HaueHHe, KOTOPoe OXHO3HAYHO
BHIpAXaeTca yepes o0beM W TeMmreparypy rasa. pyruMu cioBamu, Os
OnpeNeEHHOI0 KOJIMUeCTBa rasa gaBjeHMe gBiadercs ¢yHkuueil oobeMa
A TEMIIEPATYPHI.

DTO NOAOXKEHHE HMEET YHHMBEPCANbHENM xapakTep. Kak obobimenne
OMBITHHIX OAHHBIX B TEPMOAMHAMMKE MPHUHHUMAETCH, UTO B COCTOSIHHM
pasHOBECHS B J1000H CUCTEME 3HAUCHMS BHYTPEHHUX NAPAMETPOB SBJISA-
10TCS QYHKUUSIMY BHECIIHUX MAPAMETPOB U TEMIICPATYPHI.

Ypasueune coctosHUf. ODYHKUMOHANBHAS CBA3b, BHPAXAIOMAN
3aBUCHMOCTh KakOro-jiubo BHYTPEHHEINO mapaMeTpa OT 3HAUEHH
BHCIIHHMX HAapaMETPOB M TEMIEPATYpPHl, HA3BIBAETCS YPAGHEHUEM CO-
cmosinusi. KOHKPETHBIM BUL ITOrO YPABHEHMS 3aBHCHUT OT paccMaTpu-
BAEMOM TEPMOXMHAMMYECKOK cucTeMbl. {18 KaXa0ro Bemecrsa xapak-
Tep 2Toi (PYHKUMOHATBHOK CBA3M MHAMEMAyanedH. IloaroMy tepMmonm-
HAMWUYECKME CBOMCTBA OMWCHIBAIOTCH CBOMM JJIS KaXAOro BEWIECTBA
VPaBHEHMEM COCTOSIHMS. B TepMOOMHAMUKE TIOCTYJHUPYETCH TOJBKO CY-
UIECTBOBAHME YPABHEHMS COCTOSHHUSA, 4 €ro KOHKPETHH BuA Oepercs
Y3 OIBITA.

OKa3pBaeTCs, YTO HEKOTOPYIO MHAOPMALMIO O CBOMCTBAX CUCTEMBI
MOXHO II0JIYyYHTh, ONMPASCh TOMBKO HAa (PAKT CYUIECTBOBAHUS YpaBHE-
HHS COCTOSHWS M HE 3HAd €ro SBHOrO BMAA. EC/AM Xe M3BECTEH SBHBIM
BUI YPABHCHHS, MOXHO MONYYMTh OOJe€e OETANBHYIO HMHGOOPMALIHUIO.
B cnegyromem naparpade Oymer pacCMOTPEHO YpPaBHEHUE COCTOSHMS
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i Haubosiee MPOCTOM TEPMOMMHAMKYECKOM CHCTEME I'a3a, HaxoAadmle-
rocsd B 3aKPHITOM COCYHE.

e Y70 NOHMMAIOT TOA TepMOAHHAMHYeckoi cHcTemoi? KakuMu napamerpamu
OHa XapakTepuayercs?

e UYto Takoe BHELIHUE U BHYTPEHHHE NNapaMEeTpbl TCpMOﬂHHaMH‘{CCKOﬂ cucTeMsi?
e Buem pas3IMuHe NMOHATHUH COCTOSHUS CHCTEMBI B MEXaHMKE U TCpMOLlHHaMHKe?

¢ B kakom cnydae COCTOodHHE TCpMOIIHHaMM‘{CCKOi;l CHUCTEMBI ABJACTCHA PaBHO-
secHbiM? UYeM OHO OT/IHM4aercs oOT CTAalLlUOHAPHOIO cocrogHUsA?

e [lepeuncinTe U3BECTHBIE BAM BHbI SHEPIUH U IPUBEAUTE NPUMEPD! SBJICHUIL, B
KOTOPbIX NIPOUCXOAAT NPEBpalleHH SHEPrHH U3 OXHOIO BUAA B IPYTOIt.

e [louemy B TepMOAHHAMMKE BHYTPEHHIOK 3JHEPrHIO CIEAYET paccMaTPHUBATHL
Kak ocobbit BUA 3Heprun? Yto npencrasnser coboii BHYTPEHHSS JHEPIUA C
TOYKHU 3pEHMS MMUKPOCTPYKTYpPH! BelecTBa?

o [IpuBenure npuMepbl, WUIOCTPUPYIOIUHE CYOBEKTHBHBIN XapaKTep OLEHKM
TeMIepaTypbl BO3AYXa, BOObI MM OKPYXaKOUUX MPeIMeTOB Ha OCHOBE YYB-
CTBEHHBIX BOCMPHUSATHH.

e Kak BBOOMTCSH NOHATHE TEMIIEPATYPbl B TEPMOAHHaMMUKe?

e Kakue TpeGoBaHUS NPEeObIBASIOTCS K TEPMOMETPUUECKOMY TeJsly, BHIGpaHHO-
My ONS 3MIUpHUecKoM TeMneparypHo#t Iukasbl? [loueMy Ans wusMepeHus
TeMnepaTypsl B MHTepBasie or 1°C go 10 °C Henp3s HCMoNb30BaThb BOAY B
KayecTBe TEPMOMETPUYECKOro Tena?

e JloueMy PTYTHRI! 1 CIIUPTOBOM TEPMOMETPBl C PABHOMEPHBLIMU IIKANaMM Oa-
IOT COBMAafaloLIKe TOKa3aHMs, CTPOro rosops, TOJbKO B penepHbIX TOYKax?

e B KakoM HanpaBjieHWH Pa3BUBAIOTCH MMPOLECCH B 3aMKHYTBIX TEPMOLUHAMMU-
YecKHX cuctemax?

e UYrto Takoe ypaBHEHHE COCTOSHUS B TepMoAHHaMuke? BeiBoguTcs M oHO Te-
OpPETHYECKH B paMKax TepMOAMHAMUKU?

§ 15. YpasHenne COCTORHKR rasa

BosbMEM HEKOTOpPOE KOJIMYECTBO 'a3a ONpPEneJEHHOIO XMMMUECKOro Co-
CTaBa, HaIpUMep a30Ta, KHCIOPOAa WJIM BO3AYXA, M 3AKJIIOUMM €ro B CO-
cyx, o0beM KOTOPOrO MOXHO H3MEHSTH IO CBOEMY YCMOTPEeHHK. Bymem
CUHTATh, UTO y HAC HMEETCH MAHOMETP, T. €. NMpubop s H3MEpeHus
JABJICHMS ras3a, ¥ TEPMOMETp A/ M3MEPEHHd ero temmepatypnl. Onsit
[MOKA3KIBAET, YTO NEPEUMCICHHBIE MAKPOCKONMMYECKHE ITAPAMETPHl MOJ-
HOCTBIO XapaKTEpU3yIOT ra3 XaK TePMOZMHAMHUYECKYIO CHCTEMY B TOM
ciy4ae, KOTa 3TOT ra3 COCTOMT M3 HEHTPaJbHRIX MOJIEKYJ, He obiapga-
JOIMX COOCTBEHHBIM OUMNOJBHBIM MOMEHTOM.

B coCTOSHMM TEPMORMHAMMYECKOIO DABHOBECHS HE BCE ITH mapa-
METDH HE3aBHCHMMHI, OHHM CBf3aHh MeXAy co0oit ypaBHEHHEM COCTOS-
aus. YToOH TNOMYYHTH 3TO ypaBHEHHME, HYXHO BOCHOJb30BATHCS
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YCTAHOBJICHHBIMH Ha ONBITEC 33aKOHOMEPHOCTAMH IIOBCACHHSA ra3a NpH
U3MEHEHWHM KAKUX-JU00 BHEIIHMX napaMmeTpos.

a3 B cocyae — npocTas TepMOAMHaMHyecKas cucrema. Ilpumem
CHAYaJa, YTO HU KOJMYECTBO ra3a, HH €r0 XMMHUYECKHH COCTaB BO BpeMs
ONLITA HE MEHSIOTCH, TAK YTO peub MOMAET TOJALKO O TPEX MAKPOCKOMU-
YECKUX [apaMeTrpax — AaBJacHuH p, obbeMme V u temmeparype °. Hng
YCTAHOBJIEHUS CBSI3BIBAIOUIUX 3TH IapaMeTphl 3aKOHOMEPHOCTEd yRoOHO
3ahKCHPOBATh 3HAYECHUE OJHOIO U3 NAPAMETPOR U CJAECOUTHL 33 U3MEHE-
HMSIMH [BYX ApPYruX. BymeM cuMTaTh, UTO BRISHIBAEMBIC HAMH H3MEHE-
HHS B I'a3€ INPONCXONAT HACTONBKO MENIEHHO, UTO B J1H000M MOMEHT Bpe-
MEHM MAKPOCKONMUYECKHEe NapaMeTpul p, V, t°, XapakTepU3yIOmMe BECh
ra3 B COCTOSIHMM TEPMOAMHAMHUUYECKONO pPaBHOBECHS, HUMEIOT BIIOJHE
OIpeneEHHNE 3HAUCHHS,

H3onpouecchl. Kak yxe 0TMEYanoch, ¥3 Jio00ro HEpasBHOBECHOTO CO-
CTOSHHS TEPMOAMHAMHYECKAS CACTEMA OPUXONMT B COCTOSHHE DPABHO-
BECHS 33 HEKOTOpPOE BpEMH — BpeMs pejakcauud. YroOw npum mpo-
HCXOASIIAX B CHCTEME W3MEHEHHAX MaKPOCKOIMUYECKHE MapaMeTpsl
HMENH BIIOJIHE ONpENE/ICHHEIE 3HAUECHHS, XaPaKTCPHOE BPEMs ITHX U3-
MEHEHHUH MOJXHO OhITh MHOrO OO/bLIE BPEMEHH DPEIaxCauuu. DTo yC-
JIOBME HAKJIAIBIBAET OFpaHMYEHHS HA AOMYCTHMMYKX CKOPOCTb mpouecca
B Ta3¢, NPH KOTOPOM COXPAHSIOT CMBICT €r0 MaKpPOCKONMYECKHE I1a-
paMeTpsL.

TIpoueccH, MPOTEKAIOME NP HEM3MEHHOM 3HAUEHUM OJXHOIO M3 ma-
paMEeTpOB, NMPHUHATO HA3KBATh uzonpoueccamu. Tax, MpoUECc, MPOUCXo-
AAOIMH TIpH TIOCTOSHHOM TEMIEPATYPE, HA3BIBACTCS UIOMEPMUMECKUM,
[Py NMOCTOSSHHOM 00beEMEe — ugoxopuueckum (M30XOPHBIM), TIPH MOCTO-
AHHOM JaBJEHHMH — usobapuueckum (U300apHBIM).

3axon Boias—Mapuorra. Vcrqpuuecku mepBuM B raze Ol SKcnepu-
MEHTAJILHO HM3Yu€H H30TEPMUYECKHN rpomecc. AHMIMACKHA (U3UK
P. Boitnb ¥ HE3aBHCMMO OT HEro ¢dpanunysckuil ¢usuk 3. Mapuort yc-
TAHOBWJIM 33aKOH M3MEHEeHHs oObeMa NpH M3MEHEHHM OAaBJISHUA: Ui
AaHHOrO KOJMYECTBA J000ro rasa Mpu HeM3MEHHOH TeMieparype ofpeM
obpaTHO nponopuuoHaneH aasnenunio. O6uniuHo 3akoH Boins—Mapuorra
3aNHCHBAIOT B BHAC

pV =const (f° = const). (H

s momepKaHUs NOCTOSHHON TEMITEpaTyPhl MCCIERYEMBLH ra3 Rosa-
KEH HAXOAUTBCH B XOpOIIEM TEIUIOBOM KOHTAKTE C OKPYyXalomeH cpe-
I0#, MMEIOINE HEM3MEHHYIO TEMIEpaTypy. B aroM cayuae rosopsr, 4to
ra3 HaxoauTcsa B KOHTAKTC C mepmocmamom — 60.71bIHPIM TEILIOBBIM pE-
3epBYapoM, Ha COCTOSHHE KOTOPOro HE BAMSIOT JI00bC M3MEHEHUs, 11PO-
HCXOASIINE C MCCAEAYEMEIM ra3oM.

3axon Boiing—MapnorTa Xopowo BHNOJHAECTCH I BCEX rasos H UX
CMeced B IIMPOKOM AMANasoHe TeMmnepaTtyp u nasjienuit. OTKIOHEHUd OT
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3TOI0 3aKOHA CTAHOBATCS CYUIECTBCHHRIMH JIMIOb NPH JABJIEHUSAX, B HE-
CKOJIPKO COTEH Pa3 MPEBHINAIMKNX aTMOChEpHOE, H IPY JOCTATOUHO HU3-
KHX TeMIICpaTypax.

[IposepuTs cipaBeqMMBOCTE 3ak0Ha Boiis—MapuoTrta MOXHO coBcem
MPOCTHIMY CPEACTBAMHM. /ISl 3TOTO AOCTATOYHO MMETH 3aNASHHYIO C OOHO-
ro KOHIA CTEKJISHHYIO TPYOKY, B KOTOPOH CTOMOMK PTYTH 3aKPHIBAET He-
KOTOpOE KOMuuecTBO Bo3nyxa (Tpybka Mennae). O6veM BO3ayXa MOXHO
M3MepsTh JIMHEHKON 10 JIMHE BO3AymHOrO c1o/16a B TpyOke (puc. 45), a
O JABJICHUY MOXHO CYQHTb IO BBICOTE CTOAOMKA PTYTH IIPH Pa3HBIX OpU-
EHTAUMAX TPYOKH B NOJE TIXKECTH.

Il19 HarnagHOTO U300paXXeHUs W3MEHEHHH COCTOSHUS rasa H IPoMC-
XOASIMX C HHUM IIPOLECCOB YNOOHO MCIOSB3OBATH TaK HA3HIBAEMBIE
p—V-1uarpaMmel, rae no ocu abCuHMce OTKJIAAbBAKOTCA 3HAYEHHS 00be-
Ma, a 110 OCH OpAMHAT — paasiacHud. Kpusas Ha p—V-amarpaMme, cOOT-
BCTCTBYIOIIAS H30TEPMUUECKOMY IMPOLECCY, HA3bLBACTCA W30MepMOlL.

pA
e <
2\
Co——————————— Wa— o
LN LI LA LA LA L L I
14
Puc. 45. Ipocreitwmit npubop AN NPOBEPKU Puc. 46. Hsorepmbr rasza Ha
3akoHa Boins—Mapuorra (tpyfka Menbme) ¢ p—V-punarpamme

Kax cnegyer u3 3akona Boins—Mapnorra, ra3oBnie M30TEpMbl HpEs-
craBngioT coboil rumepbonnt (puc. 46). Yem e Temmeparypa, TeM
JaJpIIE OT KOOPOAMHATHHIX OCEM DACTOJIOXKEHa COOTBETCTBYIOINASI H30-
TepMa.

3akoH Illapas. 3aBHCMMOCTh ZABJAECHMS ra3a OT TEMIEPATYpPbl IPU He-
M3MEHHOM 00beme ObUTa IKCTIEPUMEHTAILHO YCTAHOBIECHA (PPAHILY3CKUM
¢usukom XK. llapraem. Cornacuo sakouy Illapas, nassenne rasa npu
MOCTOSSHHOM 00beME JIMHEAHO 3aBHCHT OT TEMIIEPATYphI:

p=po(l + at’) (V = const), (2)

rae p, — aaejenue rasa npu 0 °C. OkasuBaercs, 4TO TEMIIEPATY PHBIH KO-
s dunEesT AaBIeHAS o ONWHAKOB [JIS BCEX ra3os M pased 1/273 °C™L.
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3axoH Ieii-Jlioccaka. AHAJIOTMYHKI BUA MMEET M 3aBUCMMOCTb 00bEMa
rasa OT TEMIEPATYPHl NMPH HEM3MEHHOM ABJIEHMH. DTO OBUIO YCTAHOB-
neHo Ha onnite ¢panmysckuM usukoMm XK. leit-Jlroccakom, KoTOpHIM
HAIIEN, YTO TEMIepPaTYPHu K03(hHIMEHT pacluMpeHus OQUHAKOB ISl
BCEX ra3oB. 3HaueHue 3TOro KoapduuMenTa 0Ka3aaoch TAKHM Xe, KaK
u xoadduunenta a B 3axone Hlapna. Takum obpasomM, 3akon leit-Jlroc-
caka MOXHO 3amnCaTh B BHIC

V=Vl +at’) (p=const), (3)

rae V, — obvem raza npu 0 °C.

Cosnagenue temMnepaTypseix Koaghdunuenros B 3axonax llapas u
Ieit-Jlroccaka He cIyyalHO ¥ CBUAETEILCTBYET O TOM, YTO 3TH yCTAHAB-
JIMBAEMBIE HA ONBITE Fa30BHIE 33KOHBI HE ABJISIOTCS HE3aBHCUMbIMU. Hu-
Xe Mbl nmogpofHee OCTAHOBHMCH HA JTOM.

I'azoBbiit TepMomeTp. Tor dakr, uro Beipaxkaemas 3akoHamu lapng u
Ieii-JIroccaka 3aBHCHMOCTD AaBJAEHHS WM 00bEMa OT TEMIIepaTyphl OfH-
HaKOBa /I BCEX ra3os, Aesact ocofeHHO ymnoOHbiM BHIOOD rasa B xaue-
CTBE TEPMOMETPHUYECKOrO Tesa. XOoTd Ha NPAKTHKE MCNOJIB30BATH raso-
BEIC TEPMOMETDPH B CHJIY HX FDOMO3AKOCTH M TEIUIOBOH HMHEPIIMOHHOCTH
HeyqobOHO, MMEHHO IO HMM ITPOM3BOXMTCH TPAIYMPOBKA APYTHX TEPMO-
MeTpoB, Oosee YHOOHBIX A OPAKTHUECKHUX NPUMEHEHHIA.

MIkana Kenabsuna. 3aBHCHMOCTb JABJCHUS WM 00bEMa OT TEMIEPATY-
pui B 3axonax Ulapns u [eit-Jlroccaka cra”er eme mpomie, Cau nepeiTi
K HOBOMH TEMIIEPATYPHOU 1IKane, noTpefoBas, uToObl JUHEWHAS 3aBHUCH-
MOCTb OPEBPATIIACH B NPIMYKO IIPONOPLIMOHATBHOCTD.

Wao6pasus Boipaxaemyio dopmyaoi (3) saBucuMocTs 00BeMa rasa
or temneparypsl (puc. 47) u npomoaxus rpacduk V(1) sneso xo nepe-
CEYEHMS C OCHI0 TEMIIEPATYPHI, JETKO YOSANTRCS, YTO [IPOXOJIKEHUE Ipa-
¢buka nepecekaeTr ochb [‘IPH 3HAUYECHUH TeMmneparypel, pasHom —273 °C,
nockoabky a = 1/273 °C™!. IMEHHO B 3Ty TOYKY HYXXHO IOMECTHTh Ha-
YyajJ0 HOBOH TEMNEPATYPHOM ILKAAb, 4yTOOH MOXHO OBUIO 3aIHCATH
ypasHeHuss (2) m (3) xak OpPIMyI0 TIPOTIOPUMOHANBHOCTh. JTY TOUKY
HA3HWBAKOT a0COMIOTHHIM HyJEM TeMmepaTypn. Macmrab HOBOM WIKAJH,
T. €. eAMHHIA H3MEPEHHMS TEMMEPATYpPhl, BHIOMpAETCA TaK Xe, KaK U B
mkane [leascus. Ha HoOBOM TeMmepaTypHOH HIKajlie HYJIK TDanycoB
Lienbcust cooTBercTByeT Temmeparypa T, = +273 rpagyca (Tounee

273,15), a mwobas apyras temneparypa T CBS3aHa C COOTBETCTBYIOIIEH
TeMnepaTypoi {° no mxkane lenbcus cooTHOmEHMEM

T=0+T, wnm T=¢+273. 4)

BeeneHnnasa 3m€Ch TEMIICpaTypHAad IIKajda HasWBacTca wxanod Keinv-
GuHa, 3 EAMHMIA U3MEPEHMd, COBNAfaomas ¢ rpagycoM wkann enabcus,
Has3mBaercd xeasséuhom M oboanauaercs 6yksoit K. Unorna sra mxana
Ha3biBaeTCa MeXxnyHapoqHO# NPaKTHYECKON MIKAJIOH TEMIIEPAaTyPHI.
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IMpu nCcnoab30BaHUM TeEMnepaTypHoil wkaas KenbBuHa rpaduk 3a-
kona [efi-JIroccaka NMpMHUMAeT BMA, MOKA3aHHLIA Ha puc. 48, a dopmy-
Jel (2) n (3) MOXHO 3aIMCaTh B BUXC

T
P=Por; (V = const), (%)
T
V=V, (p=-const). (6)
0
3
v 4 |
|
|
|
<
/// < 1
L » 0 273K T
-273°C 0°C t 0°C)
Puc. 47. Bbipaxaemasi 3aKOHOM Puc. 48. I'padux aakoua Deii-
Teit-Jlroccaka 3aBUCUMMOCTb 00Dbe- Jioccaka B TeMmepaTypHOit
Ma ra3a OT TeMneparypbl Npy 1o- wkane KenbBuua

CTOStHHOM J1aBJiCHUH

Koathduument nponopuuoHansHocty Vo/T, B (6) xapakTepusyer Ha-
KJoH rpadmka V(T) Ha puc. 48.

YpaBHEHHEe COCTOSHHS ra3a. OKCICPHMCHTANbHHIE Ta30BHIC 33aKOHH
JAOT BO3MOXHOCTb YCTAHOBUTH YPABHEHHE COCTOSHHS raia. [ns sroro
JOCTATOYHO BOCTOJIb30BATLCH JIOOBIMU ABYMS M3 HPHUBCICHHHX 3aKOHOB.
ITycTh HEKOTOPOE KOJMYECTBO ra3a HaXOMUTCS B COCTOSIHMM C OOBEMOM
V,, nasieuneM p; ¥ Temneparypoit T. [lepesenem ero B apyroe (mpo-
MEXYTOYHOE) COCTOSHHME, XapaAKTEPU3YEMOE TEM XE€ 3HAUCHHMEM TEMIIE-
parypst T' =T, ¥ HEKOTOPHIMH HOBEIMM 3HAYCHUAMH OObEMa V' u nas-
aerus p'. TIpy M30TEPMUUECKOM MPOLECCE BHIMOIHSIETCS 3aKOH Boinsa—
Mapuorra, nosroMy

pV,=pV. N

Tenepsr mepeseneM ra3 U3 NPOMEXYTOUHONO COCTOIHMS B KOHEYHOE
COCTOSIHME C TEM XK€ 3HAUYCHHEM obbeMa V,= V', YTO H B IIPOMEXYTOU-
HOM COCTOSIHMM, M HEKOTOPBHIMH 3HAUCHMSMH AABJEHUA M TEMIIEPATYPHI
p, v T, Ilpu H30XOPHYECKOM MPOLECCE BHIMOJHAETCS 3aKOH Mapng,
[03TOMY

Ty ' Ty

= — = —= 8
Pr=pP =P 7 (8)
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nockonbky T' = T',. Toncrasnsas 8 (8) p' = p,V,/V' u3 (7) u yuutusas,
y10 V' = V,, OKOHYATEJBHO NOTyYaeMm

PV, — p2Vy (9)
T, T, °

Mu n3MeHWIH BCE TPH MAaKPOCKONMMYECKUX nmapamerpa p, Vu T, u
treM He MeHee coorHowenue (9) mokaswBaer, 4TO IS JAHHOrO KOJIMUe-
crsa rasa (umcna monei v = m/M) xomOuHauus napamerpos pV/T
MMEET OOHO M TO X€ 3HAUYEHHE, B KAKOM OR COCTOSHHHM 3TOT ra3 He Ha-
XOAWJCs. DTO o3Hauaer, uro ypasHenue (9) npexacrasiser coboit ypas-
HEHHE cocTosHUA rasa. Ero HasmBaoT ypaBHERUEM Kianmeidpora.

B npuseneHHoM BuiBOge ypasHeHds (9) He MCMOAb30BANCH 3aKOH
[eit-JTroccaka. OOQHAKO JIETKO BUAETh, UTO B HEM COXEPXATCS BCE TP ra-
30BHIX 3aKOHa. [JleicrBuTenvHO, nosnaras B (9) p, = p,, noaydyaem s

v
1306apPHYECKOTO MPOLECCA COOTHOIIEHHE 7 = CONSt, YTO COOTBETCTBYET
zakony Ieit-Jlroccaka.

YpaeHeune Menneneesa—-Kaaneiipona. BosbmeM onuH Mob rasza npu
HOPMAJIbHEIX YCJIOBHSX, T. . npu T =273,15 K (0 °C) u nopmaapHOM
atmocdepHoM pmaBaeHMH p, = 101 325 I1a (1 arm). B coorsercrBum c
YCTAHOBJNIEHHBIM HA OMBITE 33KOHOM ABOTazpo ONWH MOJb J00Oro rasa
(resivs, a30Ta, KACJIOPOAA U T. I.) 3aHUMACT NTPY HOPMAJIBHBEIX YCIOBHAX
ofMHAKOBHIN 06beM V= 22,414 nurpa. IToaToMy Aast OXHOTO MO JO-
6oro raza xoMmbunanus pyV,/T, obosHavaemas yepe3 R M HashBacMmast
YHUGEPCANbHOU 2a30600 nocmosHHol (X MOJIAPHOH ra3oBoil OCTOSH-
HOW), MMEET OFHO U TO XE 3HAYCHHUE!

_ PoVo _ 101325-22,414-107° Ila-m°

R Ty 273,25 K- monb

=8,3145 2% (10)
MoJib- K
C yuerom (10) ypaBHeHuME COCTOSHHS ONHOrO MOJs Jroboro rasa
MOXHO 3aIHCaTh B BHAE

pV =RT. (11)

Vpasnenue (11) nerko o600IWUTE /IS NPOM3BOJBHOTO KOIMYECTBA
rasa. Taxk Kak IpH TeX Xe 3HAUCHUAX TEMIIEPATYDH ¥ AABJIEHHA V MO-
Jleif ra3a 3aHMMAlOT B v pa3 Gonbmui obbvem, yem 1 Moab, TO

pV = vRT. (12)

B TakoM BUAE YPaBHEHUE COCTOSHUA ra3a BHEPBLIE OBUIO MOIYUYEHO
pycckuMm yuennm JI. U. MenneneepnM. TToaroMy €ro HaswBamoT ypaBHe-
HueM Menaeneesa—Kianeipona.

HUneanbHolt ra3. YpaeHeHue coctosamda raza (11) mmm (12) 6wuno
HOAYYEHO HA OCHOBE YCTAHOBJIEHHBIX HA OMNBITE TA30BRX 33aKOHOB. JTH
33aKOHBl BBIMOJHSAIOTCA NPUOMMXKEHHO: YCJAOBMS HMX [PUMEHUMOCTH
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pasaMuHbl A/ pasHuX ras3oB. Hanpumep, ans reavs oHM CIPaBef/IMBHI
B OoNee MHMPOKOM OUANA30HE TEMIEPATYP M JABJCHUM, UeM AJd yIJIe-
KkMC0ro rasza. IIpubnmxeHHHM SBISETCH M YPABHEHHME COCTOSHHSA, IO-
JIyUEHHOE K3 NPUOIMXEHHBIX Ta30BhIX 3aKOHOB.

BeemeM B paccMOTpPEHHME (DU3MUECKYIO MOHLEIb — UOeANbHbLL 2a3.
IMox atuM OyneM MOHUMATH CHCTEMY, OISl KOTOpod ypasHerue (11) wm
(12) seaserca TOYHRIM, 3aMEUATEIBHOM 0COOEHHOCTHIO MAEAIBHOIO rasa
ABJISIETCS TO, UTO €I0 BHYTPEHHSS JHEPrUS MPONOPUMOHAIBHA a6COmOT-
HOM TEMIEpaType ¥ HE 3aBHCUT OT o0beMa, 3aHHMAEeMOro ra3oM.

Kak ¥ BO BCEX APYTHX CAydasx WCNOAb3OBAHME (DH3MUECKUX MOje-
JieH, TIPUMERUMOCTb MOAEIN HACATBHOIO I'd3a K TOMY HJIM HHOMY DEalb-
HOMY ra3y 3aBUCHT HE TOJBKO OT CBOMCTB CAMOIO rasa, HO M OT Xapak-
Tepa BONpoca, Ha KOTOpHIH Tpedyercsa wmaitru orser. Takass MOmenanr He
HO3BOJISET ONMUCATE OCOOEHHOCTH TOBCACHWS PASNMUHLIX rA30B, HO Bhi-
ABJISeT CBOMCTBA, O0uIMe O/ BCEX ra3os.

C npuMeHeHHeM yPaBHEHHS COCTOSIHUS MAEAIbHOIO raza MOXHO I10-
3HAKOMHTBCA HA MPUMEPE KOHKPETHHX 3aiau.

3anaum

1. B omnom 6ajione obbemom V| naxomutcs a3oT NpHU AasiieHnd p;. B
apyrom 6ajioHe obveMoM V, HaxoauTcs KMC/JIOPOA NpU JAaBJeHHM p,. Temne-
parypa ra3oB COBMajaeT ¢ TeMmmnepaTypoél okpyxawiued cpepsi. Kakoe ycra-
HOBUTCS JaBjieHHe ra3oB, €C/IM OTKPbITb KpaH TpYOKH, coeguHsoule ot Ha-
JIOHBI Mexnay co6oii?

Pemenune. Hocne oTkpbIBaHUA KpaHa ra3 U3 6annoHa ¢ Gonee BbICOKUM [aB-
JeHueM GyzeT NocTynarh B ApYroi 6asioH. B KoHue KOHUOB faBiieHue B 6as/ioHax
BBIpABHSAETCS, a rasbl nepeMeularorcs. Jlaxe ecau B npouecce rneperekaHus rasos
TEMIEpPATYpa U3MEHHIACh, MOC/Ie YCTAHOBJIEHHUS TEIJIOBOIO PaBHOBECHS OHA CHOBA
CPaBHAETCA C TEMIEPATY POt OKPYXAKUIEro BO3AY XA,

[ns peueHUs 3anauy MOXHO BOCHOJb30BAThCH YpaBHEHHEM COCTOSHUS Hie-
anpHoro rasa. OBo3HayMB Yepe3 v, U Vv, KOJIHMUYECTBO ra30B B 6a/JIOHAX A0 OTKPbIBA-~
HUS KpaHa, UMeeM

V1= wRT, p,V,=v,RT. (13)
B xoHeuHOM COCTOSHMM CMeCh ra3oB COAEPXMT v, + v, MoneH, 3aHrMaeT 061eM

V| + V, u Haxoautcs NpH A3BACHUM P, KOTOPOE HYXHO onpeaenuts. [Ipumenss
K CMecH rasos ypaBHeHHe MeHaeneesa —Knaneipona, umeem

p(Vl + Vz) = (’Vl + 'Vz)RT, (14)
Bripaxas v, u v, U3 ypasHenuit (13) u noacrasnas 8 (14), Haxoaum
= PiVitps (15
V,+V,

B uyacTtHoM chydae, xorna MCXOAHbIe OABJACHHUA Fa30B OAMHAKOBbI, AABJIEHHE
CMeCH 110CJie YCTAHOBJIEHHS PAaBHOBeCHs ocTaeTca TakuM xe. Unrepecen npenens-
HBIH ciyyait V) — e, COOTBETCTBYIOUIMI 3aMeHe BTOPOIO cOCYAa atmocdhepoit. Us
(15) npu aToM nonyvaeM p = p,, rae p, — Aabiehue atMocdepst. Takoii peaynbraT
OueBMIeH U3 00IMX coobpakeHH.
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O6paTiM BHUMaHHE Ha TO, YTO BblpaxkaeMslit hopmynoit (15) pesysbrat coot-
BETCTBYET TOMY, YTO AAaBJICHHUE CMECU ra30B PaBHO CYMME riapliMalibHblX AaBAeHUR
Kax[0ro M3 rasos, T. €. NaBleHHM, KOoTopble UMes Obl KaXOblil U3 ra3os, 3aHMMas
npH TOM Xe TeMnepaTtype Bech 00beM. [elicTBUTENIBHO, MapuyabHble JaBieHUs
Pi M pj KaX0ro rasa MOXHO HaiTH C noMoulbio 3akoHa Boins—Mapuorra:

— Vl ‘o 2
‘_plm‘ Pr= D2 viiv,
BunHo, 4To mno/NHOE JaBjieHWe p, paBHOe CyYMMe NaplMa/bHbLIX [OaBJIEHUN
py + p,, Boipaxaerca dopmyioit (15). YTeepxieHHe, YTO JaBNeHHE CMECH XU-
MUUECKH HeB3aMMOMECHCTBYOLIMX ra3os PaBHO CYMME NapUWaibHbiX AaBJIEHHIA,
HasplBaeTcs 3akoHoM Hanbrona.

2. Victonue neub, B Ja4HOM JAOMMKE TEMIIepaTypy BO3AYXa NoBbiCHAM OT 0 10
20 °C. Kak npu 3ToM WaMeHHUIach NJIOTHOCTh Bo3ayxa?

Pewmenue. ScHo, yTo 06BEM MTOMELUEHUS TTPU NPOTAMIUBAHUM NIEUH HE U3Me-
HUWJICH, TaK KakK TEeNJoBbIM pacUiMpeHHeM CTeH MOXHO npeHebpeun. Ecau Obt Mbt
Harpepajiv BO3AYX MPH HEU3IMEHHOM 06BbeMe V B 3aKPHITOM COCYZRE, €ro RaBieHMe
BO3pocJI0 Obl, HO MIOTHOCTH OCTanach 6b! HenaMeHHoH. Ho nauHbii JOMUK He rep-
METHUEH, MO3TOMY HCM3MEHHBIM OCTaeTCH JasJieHHe p BO3QYyXa, paBHOE HapyXHO-
My atMocdepHOMY IaBIECHUIO. SICHO, YTO NIPH NOBbILIEHUM TeMniepaTypel T" JOJIKHA
U3MEHUTBCH Macca m BO3JyXa B NTOMEIEHHH: KaKasd-To ero 4acTb J0JIKHA BbIATH
4yepes LEeNM HApYXy.

IMogcuuraTh MJIOTHOCTL BO3AY Xa [1POLIE BCETO, OCHOBBIBASICh HA YPaBHEHHUH CO-
CTOSIHUS:

=m 1
pV =47 RT, (16)

rze M = 29 r/mMonb — MONSpHas Macca Bo3ayxa. Orcioaa A MAOTHOCTH BO3-
ayxa p = m/V vmeeM
p=2Mp amn
RT
pu HeN3IMCHHOM HABJICHUU TJIOTHOCTb 0OpaTHO MPONOpPIiHOHaNbHA a6COMOTHON
Temnepatype. IloatoMy ans oTHollleHMS nnoTHocTeit p/p, NMpU Temneparypax
T =293 K u Ty =273 K coOTBETCTBEHHO HaXOZHM

3. B 6yTeIIKY eMKOCThIO V= 0,5 1 CKBO3b repMETUUHYIO NMPoOKY BCTaBlieHa
oTkpeiTas ¢ 060MX KOHLOB TOHKas CTeKJsHHas TpyOKa auamerpoM d =5 mMm. B
TpyOKe HaXoAUTCs CTOOUK NoakpaluedHo# Boabl. Kak 6ymeT n3smMeHaTbCs NoJioxe-
Hue cronbuka ¢ Temnepatypoi? OLeHUTe, Ha CKOJLKO IPafycoB HYXHO Harperb
OYTRIIKY, 4TOOBI CTOMOMK BOABI IepeMecTHCH Ha 1 cM.

PeweHue. [Tpu paciinpennu Bo3gyxa B OYTBIIKE €ro AaBleHUE, paBHOE CYM-
Me aTMOCQEepHOro AaB/ieHHsl W TMAPOCTaTUHECKOro AaBjieHUs cTonbuka Bopbl B
TpybKe, OCTAETCA HEH3MEHHBIM, TI0Ka BOAA He BbUIHBAETCA U3 Tpy6KH. [Toatomy, B
COOTBETCTBHHU ¢ 3akoHOoM [efi-Jlioccaka, 06beM Bo3gyxa B 6y ThiIKe NponopLHOHA-
JieH abcomoTHOM Temniepatype: ¥V ~ T. Orcioaa caenyer, uto AV AT u

AV _ AT
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B nanuoM ciayuae AV = SAh, rae § = nd’/4 — BuyTpeHHee cedeHMe TPYGKM, a
Ah — u3MeHeHMe NONOXKEHUS cToAGHKA BOAbI PU HarpeBaHUM Bosayxa. Ms (18)
CEAYeT, HTO

Ah =

wniw

AT
Eak (19)

[MockonbKy BHYTpPeHHHI1 00beM TPYOKM MHOro MeHblle oO6beMa GYTHIIKU, TO
npy pacyeTax MoxHO B (19) 3amMeHHUTL 06beM Bo3zyxa ¥V Ha eMKOCTb OYThIIKM V).
SAcHo, 4To cTOIOUK BOJBI He GYHET BLITOJIKHYT U3 TPYOKH TO/ILKO PHU O4E€Hb MabiX
U3MeHEeHUsX TemiepaTypbl. UToObl OLEEHUTh H3MeHeHHe TeMIepaTypbi, MPH KOTO-
POM CTOABMK MOTHUMaeTCs Ha 3afaHHoe paccrosiHue Ah, nepenuweM (19) cneny-
10KMM 06pa3om:

— N
AT—TVJAh.

Tonaras ans ouedku T = 300 K, nonyuaem AT = 0,1 K. [IpuBenenunas oueHka
TIOKa3bIBAET, YTO C MOMOLLBIO 3TONO O4EHb IPOCTONO YCTPOMCTBA MOXHO obHapy-
KUTb U3MeHeHUe TeMnepatypbt BroTh 10 0,01 K, Tak Kak JIerko 3aMeHHUTb U3MeHe-
HUe [10JIoXKeHUst CTONOMKE Ha 1 MM.

s Yrto Takoe BpEMA peJlakcaluuu 118 TepMOHHHaMH‘{CCKOﬁ cUcTeMbl?

e Kakue orpaHuueHus JOKHBI ObITh HAIOXEHBI HA CKOPOCTDb ITPOTEKaHUS Npo-
LiECCOB B rase, uTobb! B JI060M MOMEHT BpEMEHH UMEJTH CMbICJI MaKPOCKOTIMYE-
CKHe napaMeTpst p, V, [°, OMUChIBAKOLLIHE a3 B COCTOSSHUM paBHOBecHs?

e Yem onpenensercs YMCIOBOE 3HAUEHME KOHCTAHTHl B [1PABO¥ YacTH ypaBHe-
Hus 3akoHa Boitng—Mapuorra (1)?

e Y10 HUMEWT B BHUAY, Koraa roBopsaTr, 4to M3ydaeMas CHUCTEMA HAXOOWTCAHA B
KOHTAKTE C TC]JMOC']"Z!TOM’.>

o Ilpennoxure crnocob npoeepku 3akoHa Bofing—MapHorTa ¢ MOMOUIBIO OMU-
caHHoro B Tekcre npudopa (cM. puc. 45).

e Kakue npeuMyLIecTBa gaeT BbIGOP rasa B KauecTBe TEPMOMETPUUECKOTO Tena?

e Kak cBsizaH BbOOp Hauasa orcuyera Temrneparyp B miKaje KensBuHa co 3Ha-
YeHUeM TeMiiepaTypHoro koaddHuLMeHTa paciuupeHus rasa?

e Kak ycraHaBnuBaeTcd CBH3b TeMMepaTyp, M3MepeHHbIX no ukane Henbcus
u wxkane Kenvsuna?

s BriBeauTe ypaBHEHHME COCTOSHMS rasa, UCnoJin3ys sakoHel bofina—Mapuorra
u Teit-Jlroccaka.

e YpasHeHue KnanefipoHa GblI0 1MOAYYEHO C HCTOIB30BAHUEM TOJILKO OBYX ra-
30BbIX 3aKOHOB, OAHAKO COOEepPXHUT B cefe Bce Tpu 3akoHa. Kak arto cesasaHo
c Tem ¢akToM, UTO Y TrasoB TemreparypHsie Ko3pdHUIMEHTs! RKaBJeHUS M
ofbeMa ORMHaKOBbI?

e Yro rakoe yHuBepcasibHaa rasobas nocrosHHas? Kak oHa cBf3aHa ¢ 3ako-
HoM Asoragpo?

° KaKle (bHSM‘{CCKle CHUCTEMY Has3blBAKT HACAJbHBIM rasom? Yem onpeae-
JNAKTCA YCIIOBUS NPUMEHUMOCTH 3To# Mopenn? OT uero 3aBUCHT BHYTPEHHSASA
JHEPrua UncaJibHoOro rasza?
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o  MoxXHO MU 0OBSACHUTL YCTAHOBJIEHHBIH Ha ONbITe 3aKoH [lanbToHa Mg cMecH
ra3os, onmMpasicb Ha ypaBHeHWe Mengeneesa—Knaneipona?

e QueHuTe Maccy BO3lyXa, BbIXOASIIEro M3 tesledl OTallIMBAeMOro MoMeUleHUS
obbeMoM 50 M3 nipu noebiwienun Temnepatypsbl or 0 go 20 °C.

e Kak M3MEHHUTCHS YYBCTBMTEABHOCTL K M3MEHEHUSM TEMIEpaTyp NpPOCTOro
yCTpoMcTBa, ONUCAHHOIMO B 3ajaue 3, ec/IM BepXHee OTBepCTHe TPYyOKU 3a-
TKHYTb?

§ 16. NepsBbIH 3aKOH TEPMORHHAMHKH

B cocToSHUM paBHOBECHMS TEPMOAMHAMHMYECKAS CUCTEMA XapAKTEPH3yeT-
€S OMPEJENCHHEMYN 3HAUCHMIMH MAKDOCKONHMUECKHX [apaMCTpPOB. Ot
rNapaMeTpPhl CBA3aHK MEXAY coboil ypaBHEHMEM COCTOSHUA.

@OyHkums cocrosuund. Jloboit BHYTpeHHMI napamerp sasigercsd QyHK-
uMeldl BHEIUHHMX NapaMeTpoB M TeMIlepaTypsl. B 3ToMm ciyuae roBop4r,
yTO OH npencraeiser cobolt ¢ynkyuro cocmosnus. OyHkumaMu co-
CTOSTHUST MOXHO CYMTATh JIOOBIE XapaKTEepW3YIOLIHUE CUCTEMY (dusmue-
CKME BEJIWMUMHBI, 3HAUCHHS KOTOPHIX HE 3ABUCAT OT IIPEABCTOPUH M
OJTHOCTBIO OMPEAENIIOTCS COCTOSHHMEM CHUCTEMbI B JAHHHWIH MOMEHT
BPEMEHH.

BuyTpenHsis sHeprust xax (pyHxkuus cocrosaus. OgHOI H3 BaXHEHt-
mux (YHKIUH COCTOSHMS TEPMOAMHAMUUECKOH CUCTEMH SBASETCS ee
BHYTDPEHHSS DHEPTUs, NPHUPOAA KOTOPOH B TEPMOAMHAMHKE HE KOHKpE-
T3upyerca. BHyTpeHHssl 3Heprus pacCMaTpPUBAETCS B TEPMOAMHAMUKE
Kak ocobas opma sHeprum, cnocobHas K IPEBpALICHUSM B Apyrue dop-
MBI, HAaNpUMEpP, B MEXAHMYECKYIO — KWHETHYECKYIO HJIM NOTCHLUAJIb-
Hy® — 2Hepruio. Korjja cucremMa oKashiBA€TCHd B JAHHOM COCTOSHUM, €€
BHYTPCHHSI JHEPrusi NPUHUMAET COOTBETCTBYIOLIEE 3TOMY COCTOSHHUIO
3HAYCHHE HE3aBMCHMO OT TOTO, M3 KAKOIO APYIOro COCTOSIHUAS M KAKUM
cnocoboM CHCTEMA Tepellia B AAHHOE COCTOSHHE. DTO XapaKTEPHOE IS
AaHHOIO COCTOSIHUS 3HAUCHHUE BHYTPEHHEM JHEPIMM 3aBUCHUT TOJBKO OT
BHEHIHMX NApPaMETPOB U OT TEMIEPATYDHI.

3aBUCHMOCTh BHYTPEHHEH SHEPrMM OT TEMIEPATYPH Y BCEX BCTpE-
YaoWMXCI B OKPYXawmeM MHUpPE TEPMOAMHAMHYECKUMX CHCTEM Tako-
B4, YTO C POCTOM TEMICPATYPHl BHYTPCHHSS SHEPrUd TAKXE YBEJIUUU-
BAETCH.

PaGora ¥ rtennora kax (opMbl M3MEHEHMA BHYTPEHHEN 3HEPIHM.
Ilpu B3auMOAEHCTBHY TEPMORMHAMMYECKOM CHCTEMBI C OKpyXarommel
cpenoil mpoMcXoauT oOMeH JHeprueit. [IpH 3TOM MOXHO BHIACJUTH ABA
OPYHLMIKANBHO PA3JHYHHX Crocoba nepejauyd JHEPrumM OT CHCTEMBI K
BHemHuM TenaM (wia Haobopot). ITepsriit criocod H3MeHEHHS BHYTPEH-
HEH SHEPruH CBA3aH C codepuieHuem pabombl AEUCTBYIOIMUMH HA CUCTE-
My BHEMHMMH CWiamu. 31ech pabora MOHMMAEeTCs B TOM Xe CMEICIE,
50



132 IV. OCHOBBI TEPMOAUHAMHUKH

KaK B MEXaHMKE M 3JEKTpoamHamuke. B repmonunamuke paGoma Bripa-
XAETCS Uepe3 MaKPOCKOMMYECKUE MapaMeTprl, HaIPUMeED KaK NMPOM3Be-
ACHME RABJIEHHS HA M3MeHeHme ofbema.

Bropoit cioco6 H3MEHEHWS BHYTPEHHEH OSHEPTUH, HE CBA33HHHEIN C
cosepuwenuem paboTe, HA3HIBAETCH menJsionepedayei. [1pu nepBoM cro-
cobe M3MEHEHNE BHYTPEHHEH JHEPrud pasHo paboTe BHELIHAX CHJ HAX
cucremoi. [Ipu BTOpOM CnocoBe MNOJYYEHHOE CHCTEMOM KOJMYECTBO
BHYTPCHHEH JHEDPrMM Ha3blBAETCS menjomou.

[TomuepkHEM, YTO MNOHATHE PA0OTH MPHULIO B TEPMOAMHAMHKY H3
MEXAHHKH ¥ IEKTPOOUHAMHUKU. B OTAMUME OT 3TOr0 MOHSTHE TEILIOTH
BO3HHKAET B CAMO# TEPMOAMHAMUKE M HE HMEECT aHAJIOTOB B MCXAHUKE
U 37eKTpoAMHaMuke. BaxHo, uto u pabora, u temwnora — 310 ¢uszuue-
CKHE BEIWUMHBI, XAaPAKTEPUIYIOUINE NPOUECChl, B KOTOPHIX M3MEHACTCS
BHYTPCHHSIS JHEPIrUs TEPMOOMHAMMYECKOH CHCTEMHBI, B TO BPEMS Kak
BHYTPEHHSA DJHEPrUs XapakTepusyer ee cocmosHue. IloatoMy umeer
H3UUECKHI CMBIC/ TIOHATHE SHCPTUM, 3aIIACEHHON CHCTEMOM, HO HEJIb3S
rOBOPHTE, UTO CHCTEMA 3aMac/jJa KAKOEe-TO KOJMUECTBO PaboTsl WM Ter-
soTe. Wnm, ApyraMu CAOBAMM, MOXHO TOBOPUTH O COBEPIUEHHON pabore
¥ TEPEJAHHOM TEIUIOTE, HO HE MMEET CMBICJIA TOBOPHUTDH O COZCPXAamlicH-
cq B cucreMe paboTe UM TEIUToTe., JTO 3HAUMT, YTO HY TEIUIOTA, HU pa-
fora He 9BASIOTCS, B OTJIMYUE OT BHYTPEHHEH SHEPru#, (YHKUHUIMH CO-
CTOSIHHUS.

Pa6ora B TepMOAMHaMuke. PaccMoTpuM noxpobHEe HEKOTOPHIE BOIPO-
Chl, CBSI3aHHBIE C MPOLECCAMH COBEpIICHHs paboTe u TernoobmeHa. Tlo-
ayuuM opMyJly, NO3BONSIOMIYK DACCUATATh pAbOTy, COBEPIIAEMYIO
Ipd MEIVIEHHOM M3MCHECHHMHM o0BbeMa Kakod-mmbo TepMOXMHAMHYECKOM
CHCTEMEI, HalpMMEpP ra3a, HaXOAAWIErocs B COCYAC, 3aKPBITOM TIONBHX-
HeIM mopmHeM (puc. 49). IIycTe npuioXeHHas K I[ODIIHK) BHELIHSS
cuia F MENIEHHO TEePEeMEINaeT NOpLICHb
u3 nonoxeHus / B Gnuskoe nosoxesue 2 ¢
TaK, YToOH cujy F MOXHO OBUIO CUMTATH
nocrosunoi. Cosepmaemas cuioit F pabo-

Ta A paBHA MPOM3BEAEHMIO CHJIB HA 1epe- 7
menieHue Ax:

A= F-Ax. (1) =
Ecnu aBHXEHHME TOPIIHA NpPOHCXomuT Oe3 Ax
yCKOpeHus, T0 cuia F ypaBHOBEIIMBACTCS 1 2
CIWIOH NABJIEHMS ra3a Ha NOPLICHb: Puc. 49. K BbIMMCICHHIO PaGoThi

npy u3MeHeHuM ofbema

F=pS, (2)
rac S — mwromanp nopmHsd. I[Ipn moxcranoBke F u3 (2) B BhIpaXeHue
(1) BosHmkaer mnpou3BegeHHE S-Ax, XapakTEpH3yHOIlce H3IMEHCHHE
AV 3aHuMaemoro rasoMm obbema V. Tax kak ofbveMm V yMeHblaercs, TO

S-Ax = —AV. (3)
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Teneps suipaxenue (1) mist paboTH AeHCTBYIONIEH HA MOPOICHb BHEII-
HEW CHJIB IPMHUMAET BUA

= —pAV. (4)

Korna sHemHss cuna cxumaer ras, T.e. AV <0, ee pabora nono-
xuTeapHa, I HaoGopoT, Korga ras pacuIMpseTcs, MEIJICHHO NepeaBUrast
nopmwenb, pabora yAepXMBAYINEH MOPINEHb BHEMIHEH cunnl F oTpuua-
tensHa (A < 0).

Hapsiny ¢ paboroit BHemHel CHJIBI MOXHO paccMaTpuBaTh pabory
CWJIBI, C KOTOPOM ra3 NaBUT HA NOpPHIEHb. DTy paboTy NpPHHATO Ha3HI-
BaTh paboToil, COBEpIIAEMOM Ta3oM, WM pabomoi zasa. OueBUAHO,
uto pabora rasa A' orimuaerca oT paboTH A BHemIHE# cuIB F TOJBKO
3HAKOM:

A =—A (5)

AnuabaTuueckre npoueccsl. ECIM CKaTue WK pacuIMpeHne ra3a rnpo-
ucxoauT Ge3 TerooOMeHa ¢ OKpYXAalolle# cpexoif, To uaMeHenue AU
ero BHyTpeHHeil suepru U pasHO pafoTe BHEWIHEH CHJIBL:

AU = A. (6)

YuurtsiBasg cooTHoweHue (§), 3TO BHPAXXKEHUE MOXHO 3AMUCATH U TAKHM
obpazom:

A'=—AU. (7
Korna ras pacumpserca 6e3 Temaoo6MeHa ¢ OKPYXEHHEM, OH COBEPIIAET
nonoxureasHyio pabory A' >0 3a cuer csoeit BHyTpeHHe#H sHeprum U,
3amac Koropoit mpu 3tom ybmBaer (AU < 0).

ITpouecch!, MPOMCXORSIIME B OTCYTCTBHE TEINOOOMEHA ¢ OKPYXaro-
men cpeaou, HasmBawTcd aduabamuueckumu (apuabataemMu). s
MPaKTHUECKO# peann3aumy TAaKUX TMPOIECCOB HYXXHEBI ONpPEAe/ICHHBIE
yenoBust: MO0 33KJIIOYHTh CHCTEMY B ODOJIOUKY C HHM3KOH TEILIONpO-
BONHOCTbIO, JMBO NPOBOAKUTHL HPOLECC JOCTATOUHO OHICTPO, YTOOH BHYT-
PEHHAS JHEPrUs HE YCNEA 3aMETHHM 00pa3oM M3MECHHTHCH M3-3a TEm-
noobmena. B 3toM ciydae rosopst o6 amuabaTHueckod WM30adIUH
CHCTEMBL.

Pabora BHELWIHHUX 3JEKTPHYECKUX CHJI. BHelHue CYIIB, COBEPIIAIOLINE
pabory Hag CUCTEMOW, MOTYT UMETh 31EKTPOMArHUTHYIO npupoay. Eciau
B CHCTEME €CTb CBOOOIHBIC 37EKTPHUYECKUE 3aPSMBl, TO IIPU MPUIOXKEHHH
BHEUIHETNO JJIEKTPUUECKOrO MOJs CHJIBI TMOAS coBepmawT padory, korua
MPONCXOXUT HEepeMelieHue 3TuX 3apsaos. Hanpumep, ecnu 3apan g ne-
peMelaeTcs M3 TOUKHM C MOTEHUHMAJIOM ¢; B TOYKY C NOTCHUHAIOM ¢,,
TO CHJIBI ITOJIS COBEPINAIOT pabory

A=gq(p;— ¢) =—q- Ay, ()
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rae A¢ — pa3HOCTh MMOTEHUIMAJIOB MEXAY KOHCYHOM M HAayaJIbHOH TOY-
xamu. PaboTa BHEIIHMX 3MEKTPHUECKHX CHJI B OTCYTCTBUE TEILTOOOMEHA
CBSI3aHA C M3MCHEHMEM BHYTPEHHEH JHEPIMH CHCTEMBI TEM XE€ COOTHO-
wenneM (0). 3nech TaKXe B HEKOTOPHIX CIy4Yasax YROOHO rOBOPHTL HE O
paboTe BHEMIHMX CHMJ HAA CHCTEMOH, a O paboTe caMoit CHCTEMHBl Han
BHEIIHMMM TeaaMu. Tak, MpM 3apsaake aKKyMYJsaTopa €CTECTBEHHO Io-
BOPHUTH O paboTe BHEIUHMX CWI, 33 CUET KOTOPOHl MPOUCXORMT YBEJHYE-
HHE BHYTpeHHEH aHeprun. ONHAKO MpH paspsaake akKKyMyJsaTopa, Koraa
OH MCNOJIB3YETCHS B KAUECTBE MCTOUHHMKA NMUTAHHSA B KAKOW-IHOO0 371EKT-
pUUECKON LENnH, eCTECTBEHHO IOBOPUTh O paboTe, coBEpmAEMOi CaMMM
4KKYMYJIATOPOM, @ HE BHEIIHMMHM CHJIAMH, XOTH 3TH BEJMUMHBL, KaK U
NIpEXAC, OTMUAKOTCS TOMBKO 3HAKOM.

Tennora. IlepeiineM x Gosee noppobHOMY 00CYXREHUIO TEMIoOOMEHa.
Yr1o6hl OH MPOMCXOOH, HYXHO MPHUBECTH CUCTEMY B KOHTAKT C TEIAMH,
UMEIOIMMH IPYIyIO Temnepatypy. Ilepenaua BHYTpPEHHE# 3HEpPruM npu
TEIIOOOMEHE TIPOMCXOOUT OT CHCTEMB B OKPYXAIOUIYIO CPERy, €CiIM
TEMOEPATYpPa CHCTEMBL BHIIUE, UEM y OKDYXEHMs, ¥ Hao0OpOT, cucTeMa
nosyyaeT JHEPruio, EC/AM €€ TeMIeparypa HHXE, YeM y OKDYXEHHS.
[pouecc Temmonepenauy MPOUCXOAAT A0 TEX TOP, OKA CYILIECTBYET
pasHOCTh TemnepaTtyp. Eciu B nmpouecce Temonepeaayu He COBEPIIAET-
ca paboTa, TO H3MEHEHHME BHYTPEHHEN SHEPIAM PABHO NCPENAHHOMY CH-
CTEME KOJHMYECTBY TEIUIOTH Q:

AU = Q. )]

[Mpouecc Tremonepeaayn MOXET NPOUCXOONTb HE TOJBKO IPH HEIOC-
PENCTBEHHOM CONPHKOCHOBEHHMH TeJ, HO M uepes m3iayyeHue. VMMenno
TakuM nyreM 3emias nonyuaer sHepruio CosHna.

B To# wiu uHOM Mepe TEnI00GMEH NPOUCXOMUT MPAKTHYECKH BO BCEX
MaKpOCKOMHYecKuX mnpoueccax. lIpeacrasienne o6 amgmabatHueckom
NMPOLIECCE — ITO HEKOTOPas MACAIM3ALUS.

Ilepesbiit 3axoH TepMoauHamMmnku. B cepenvne XIX Beka wucciepo-
BAHKSAMHM MHOIMX YUYEHHX, B IIEPBYIO Oouepens HeMenkoro Bpaya P. Maii-
epa, aurnmitckoro dusnka Ix. Ixoyas u Hemeuxoro ¢usuxa I'. Tenp-
Mrossua Oeia TBEPRO YCTAHOBJICHA SKBMBAJIEHTHOCTb TEIUIOTH U pafo-
THI, T. €. BO3MOXHOCTb MX CPAaBHEHMS M M3MECDECHUS B ONHMX M TEX Xe
enuHuuax. Tem cambiM ObLTa 3a/0XEHa OCHOBA A/ o0o0meHus 3aKoHa
COXPAHECHHS SHEPIMH HAa TEIUIOBHIE MPOLECCH ¥ IS HOpMHUPOBAHMA 06~
Wero MOHATHS SHEPrMM KaK (U3WYECKOH BEIMYUHEL.

CornacHO 3aKOHy COXPAaHEHHMS SHEPrWM, JHEPIUS HE BO3HHMKAaeT M
HE HMCYE3aeT: OHA TOJIBKO MEPEXORUT M3 ONHON (POPMHEL B APYTYIO WiIH
oT ofHoi (usMyeckoit cucremsl K Apyroi. IlepBhil 38KOH TepMOAMHA-
MUKY MAaTEMaTHYECKH BHIPAXXK3eT KOJMUYECTBEHHYIO CTOPOHY 3aKOHa CO-
XpaHeHns ¥ nmpespameHus sHepruu. Ero moxHo cdopmymmpoBats cie-
ayromuM obpazoM.
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W3MeHenne BHYTPEHHEH 3HEPrud cucteMu AU = U, — U, B pesyip-
TATE MPOIECCA NMEPEXORAA M3 HA4YaJIbHOIO COCTOSHHMS B KOHEUHOE DPaBHO
CyMMe COBEPIMAeMOil HaJ CHCTEMOM BHEMIHMMH CWiIaMH paboTH A ¥ no-
JIYYEHHOIO CHCTEMOM KOJMYECTBA TEIUIOTH Q:

AU=A+ Q. (10)

ConepxaHue IEPBOIO 32KOHA TEPMONMHAMHKH MOXHO BHIPA3UTh M
TakuM ofpasom:

Q=AU+ A (11)

— coo0IIEHHOE CHCTEME KOJMUYECTBO TEIVIOTH PAaBHO CyMME M3MEHEHUS
BHYTDEHHEH JHEPTMH M COBEPMICHHON cHcTeMol paborei. EcrecTBeHHO,
YTO 3TH (HOPMYIMPOBKH SKBUBAJCHTHH, TAK KaK A' = — A B CIUTY COOT-
nomenund (5).

IIpusenennnie GOpMYyINPOBKHM MEPBOTO 3aKOHA PaBHO3HAYHH yTBEp-
KIEHHUIO 0 HEBO3MOXHOCTH BEYHOro ABMraTess, T. €. MAOIMHKE, COBEpINa-
omei pabory 6e3 3aTpaT SHEPIMH.

Kpa3ucraTudeckue npouecchl Ha p-V-mmarpamme. Ilponecc nepe-
XO0Ja CHCTEMEBI M3 HAHHOIO HAYANbHOIO COCTOSHHS B ONPENCIECHHOE KO-
HEYHOE COCTOSIHME MOXHO OCYIECTBUTb pazjaMyHbIMU criocobamu. Ilpu
JTOM cOBepmaeMas Hal cucreModl pabora A M nepegaBaemoe eit
KOJMYECTBO TEIIOTH (Q 3aBHCAT OT CIo-

coba mnepexopa. Pasymeercs, mx cymma, P
paBHAs H3IMEHEHHK) JHEPTMH CHCTEMEI, BO

1
BCEX Cayuasax OymeT OgHa M Ta Xe. 2l ke B
ITosicHMM 3TO HA NMpuUMepe NMpocTeHmen ?/
TEPMOIUHAMHYECKON CHUCTEMBI — HAEasb- %

HOro rasa. PaBHOBECHOE COCTOSHME OXHOTO p
MOJIS HMAEAJBHOIO ra3a XapaKTepuU3yeTcs
3aJaHMEM [OABYX N3apaMeTpoB, Hanpumep
naejgcHug W oowema. Tperuit mapamerp —
TeMreparypa HaxOAUTCd TMTPH 3TOM M3 Puc 50. p—V-puarpamMma upe-
ypaBHEHHs COCTOSHMA MeHneneepa—Ksna-  3/1bHOMO rasa

neipona. Ilosromy cocmosnue mons wuze-

aJILHOTO Ta3a MOXHO M300pasuTh moukou Ha ABYMEDHOW AuarpaMme
(puc. 50), a xksasucmamuueckull npoyecc, TpecTasaAsomMui coboit mo-
CJICAOBATENBHOCTh PABHOBECHHX COCTOSHUHA, — HENPEPHIBHOW JsuHuel.
PaGora AA’, coBepmaemas ra3oM Nnpy M3MEHEHHHU €ro 0fbeMa Ha MANyo
BesTMuHHY AV, paBHa NPOM3BERCHMIO NABJCHMS HA M3MEHEHME obOBema:

AA = p-AV. (12)

M3 puc. 50 Buaso, yTo 3ra pabora UMCJCHHO PaBHA IUIOMAAHM 3aINTPH-
XOBAHHOH TIOJIOCKHM BHCOTOM p M mupuHoit AV. ITosromy pabora, cosep-
maeMas ra3oM IpH pacHpeHHH U3 COoCTOSHHS | B COCTOSHME 2 HO MyTH
a, paBHa IUTOIAAN KPHBOJIMHENHO Tpanenuy, OrpaHu4eHHOM! rpadmkomM
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npouecca M ocbio abcuucce. Pabora, copepmaeMas BHEIHHMH CHJIAMM
HAJ rasoM IIPH 3TOM HPOLECCe, KAK yX€ OTMEYasIoch, OTJAMYAETCS OT pa-
GOTHl rasa TOJBKO 3HAKOM. Temephb JIErKO BHAETh, YTO PAGOTH BHEMIHUX
CWI, COBEpIIAEMBIC IIPH PACIIMPEHHMH ra3a M3 COCTOSHMA / B COCTOSHHE
2 no nytsaM a u b, paanuuun. Ho m3ameHenne BHyTPEHHER 3HEpruM rasa
U, — U, He 3aBHMCHT OT nyTH nepexopa. CremoBaTesbHO, coolumiaemeie
ra3y npH 3THX NIpPOLECCaX KOJHYECTBA TEIUIOTH, KaK caeayet m3 (10),
OyayT TakxXe pazNMyHHL.

TennoeMxkocTb. Ilosyuaemoe cuCTeMOd B XOHE KBAa3MCTATHYECKOIO
TPOIecca KOJMMYECTBO TEIUIOTHI XAPAKTepU3yeTcs (DH3NYeCKOil BETHuH-
HOt — mennoemxkocmeio. 'TEIJIOEMKOCTRIO HA3BIBACTCS OTHOLICHHE
NEepefaHHoro CHCTEME HA YyYACTKE MpPOLEecca KOJMUECTBA TEIUIOTHI
AQ K mpoucHienuieMy Ha 5TOM YUYACTKE M3MCHEHUIO TEMIIEPATYpPbl CH-
creMbl AT:

= 40

=37 (13)

KomuyecTBO TEIUIOTHI, IONAYYAEMOE CHCTEMON NPH H3MEHEHUH €€
Temnepatypul Ha AT, GyaeT HEOXMHAKOBBIM IS Pa3/IMUYHBIX TPOIECCOB.
[Mooromy Gymer pasHoi u TermoeMkocTh. TakuM 00pasoM, TemwioeM-
KOCTh SIBJSETCS XaPAKTCPUCTHKOM He CaMOro BEIIeCTBA, a ompene-
JIEHHOT'O IIPOLECCa C AAHHKIM BCIIECTBOM.

C moMOIIBI0 NEPBOIO 3aKOHA TEPMOXMHAMMKHI MOXHO MOJYYUTh BBI-
paxeHue IS TEIUIOEMKOCTH NPH pasHmx npoueccax. Jias 3atoro yao6Ho
BOCIIO/Ib30BATECA TEpBHIM 3akoHOM B dopme (11). IIpumenss (11) x
MaJIOMy Y4acTKy IPOLIECCa H paccMAaTpUBAast CUCTEMBI, Y KOTOPHIX BhIpa-
XEHME g coBepwaeMon pabotel umeer Bug (12), moayuyum

__ AU AV

H3oxopuyeckuit nponecc. Buiuucaum ¢ nomowmsio (14) remmoemkoctu
OHOrO MOJIS MAEAJbHOTO rasa IpH pasjauuHbiX npoueccax. Hust wazo-
XOPHUYECKOro MpoLecca, Mpd KOTOpOM o0beM rasa OCTaercsd HEM3MEH-
HeM, AV =0, Haxogum

AU

CV:K’F'

(15)
Teroemkocts Cp, mosyuyMsa Ha3BaHHE MOJISIPHOH TEIIOEMKOCTH IpU

mocrossHHOM 06beMe. OHA XapaKTepH3yeT MpoLecC HAaTpeBaHMS ra3a B
3aKPBITOM COCY/C.

M3ob6apuyeckuit npouecc. Korna ras saxawoueH B LHJIHHAD C BEPTH-
KanbHbIMH CTEHKaMH, 3aKDHITHIH CBEPXY NMOPHOIHEM C IPy30M, TO Harpe-
BaHME raza OyJeT IpOMCXOAMTb NPH NOCTOSHHOM Aasnenuu (puc. 51).
Takoe n306apHuUCCKOE HATPEBAHME COMPOBOXAACTCS PACIIMPEHHUEM ra3a,
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OpM KOTOPOM OH, NOAHHMMAas IOpIIEHbL ¢ Ipy3oM, cosepuiaer pabory.
ITosromMy TerOEMKOCTh ra3a NMpH MOCTOSH-
Hom nasnenmu C, Gonblue, yeM TemnoeM-
KOCTb 1pH NocTosHHOM obbeme C,. U3 ypas- T
HEHHSI COCTOSHUS OQHOrO MOJS HAEaJBHOIO

rasa pV = RT np# NMOCTOSHHOM [ABJIECHWH D
HaxoquM p-AV =R-AT. Temepp ¢ mno-
Moo (14) mosyuaem

C,=Cy+R (16)
CoorHomenue (16) Ha3mBaeTCd ypaBHEHUEM
Maiiepa.

- -

[tp = const

Puc. §1. Uaobapuueckoe Ha-
rpeBaHue rasa

Annabatnyeckuit npouecc. [Ipy OTCyTCTBMM TEILIOOOMEHA C OKpy-
XKAaWIYMU TeJaMHU TCIUIOCMKOCTL paBHA HYMIIO, a4 HCpBbIﬁ 3dKOH TEp-
MOOMHAMHMKHM NOPHHMMACT BHA

AU = 4, a7n

4YTO, ecTecTBeHHO, copnagaeT ¢ (6): M3MEHEHME BHYTPEHHEH SHEPruu
CHCTEMEI TIPOUCXOAUT TONBKO 33 CueT paboThl BHEIHUX CHI. DTO Xe ca-
MOE MOKHO BRIPA3HTH MHAYE: P aguabaTHYECKOM MPOLEecce COBEpLIa-
emast cucteMoit pabora A paBHa yObimu BHYTPEHHEH JHEPIMU CHCTEMBL:

A'=—-AU=U,-U, (18)

[Ipy pacloMpeHuM CHCTEMA COBEPILIACT MOJOXHTEIBHYIO pabory
A'>0, Ho A<0, u ece BHyTpcHHAS 3Heprus yOusaer. [11s MaeansHOro
rasa, y KOTOPOrO BHYTPCHHSS 3JHEprus pac-
TET ¢ YBEJIMUYCHHEM TEMICPAaTypPH M HE 3aBU-
cut oT o0BeMa, 3TO 03HAYaeT, YTO NpH agu-
aBaTHUEeCKOM paciuMpeHuy ras GyaeT oxJiax-
aatecs. Ilpn agnabaTHyeckoM CXKaTHH TaKOoMH
raz 6yner HarpeBaThCs.

Takoe moOBeXeHWE TO3BOJSIET TOHSTD,
rnoyeMy Ha p—V-muarpaMMe HACaJIBHOTO ra-
3a rpadHK KBaszUCTaTHYECKOro aguabaruue-
CKOro mpouecca HMper Kpyue rpadmka uso-
TepMuueckoro npouecca (puc. 52). Heicreu- 0 v
TEJBHO, NMPH M30TEPMMYECKOM PACWMPEHHH  pyc. 52. Usorepmsi 1 aguaba-
TEeMIepaTypa NOCTOSHHA, a4 NpPUA anuabaTH- T3 upeansHOro rasa Ha p—V-
yeckoM — yObiBaeT; moIToMy agmabaTta AMarpavme
JIOJXHA IEPECEKAaTh H30TEPMEBI, COOTBETCT-
syromue Bce Oosee u 0oee HU3KMM TEMIEPaTypaM, B PE3YJBTATE 4YEro
NaBJICHUE TIpM PACIIMPEHVH Mafaer OnicTpee, UeM Ha HM30TEpMeE.

pi

H3orepmuyeckuii npouecc. [Ipn M30TepMHUYECKOM DacIiMpEHMM He-
aNpHHEIE ra3 copepmaer paboTy TONBKO 338 CYET MOABORMMOH K HEMY
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TEIVIOTH, TAK UTO €ro BHYTPCHHSASA JHCPrus BO BPEMSA TAKOrO mnpouecca
HE MCHAECTCA:

AI= Q’ AU =0. (19)

TTpu H30TEPMHUECKOM CXKATHM HACANBHHIL r'a3 COBEPIIAET OTPHULATENb-
Hywo paborty. IIpu 3ToM Temnora or Hero orBomurcs: Q < 0.

TennoBoi ABMratenb. TeEIUIOBHMH IBHTATEASIMH HA3RBAKOT MAaUINHH,
KOTOpEIE Mpeolpa3yioT BHIAEAAIOMIYIOCS NMPH CXKHUIAHUM TOIUIMBA BHYT-
PEHHIO JHEPTMIO B MEXaHMuecKyio. IlepBHe pasHuie MO KOHCTPYKLHUH
¥ HA3HAUCHHMIO MAPOBHIE MAUIMHB MOSBHIHCH HA pybexe XVII—XVIII
pekoB B Aurnun u @Opanuuu. Coycra noacronetust Y. IonsyHoseim B
Poccum n [. YarroM B AHrnauu ObUTHM CO3MAHH YHUBEDPCANBHBIE MAPOBLIE
MALINHE, NPUTOAHEIE JJIS pasnMUHBX HyXd. Vx moseaeHuwe mpoussesno
HACTOAMmMYK TEXHHUUYECKYIO PEBOJIONMIO, UTO AAJ0 OCHOBaHHE OOpasHO
Ha3BaTh MOCJAEOOBABIIEE 33 ITUM CTOJIETHE «BEKOM Iapa».

Bo sropoit nosoeuHe XIX Beka NOSBIIMCH JBHraTEAH BHYTPEHHEIO
CropaHud, NMOJyyuBLIMe ocoeHHo Oosbiioe pacmpocrpadenue. Hawbo-
Jiee COBEPUICHHRIMHU OK33a/IMCh TAK HA3HIBAEMHE YETHIPEXTAKTHHIE XBH-
rarend, paspaloTaHHBIE HEMEUKHMM KOHCTpykTopoM HU. Orro.

ITpuMeHHEM NEPBRIA 3aKOH TEPMOAMHAMHMKM K aHA/IM3y paboTH Tem-
noBoit MawuHe., HecMmorps Ha Gosblnoe pasHooOpasHe, BCE TEIUIOBHIE
IOBUraTeNd MMeET o0mui npuHumn aeicreusa. Hasnauenne moboro me-
PHOAMYECKH ACHCTBYIOMEro TEILIOBOIO

ABMFATEs COCTOMT B COBEPINCHHH Me-
H"'"p;.“a’e"” XaHMYECKOH paboThl 32 CUET MCMOAB30-
! BaHMY BHYTPEHHEH OHEPTHH, O YEM
0 KPaTKO, HO HE COBCEM TOYHO I'OBOPST

1

KaK O NMpPEeBpameHMd TEIVIOTH B paboty.
MpunupnuaneHag cxema modoit
V/r/éqe% A=Q—Q, TENJOBOH MAIKMHEL, ECTM OTBNEYBCH OT
€€ KOHCTPYKTHBHEIX OCOOEHHOCTEHN, BHI-

0 MISAUT TaK, KAaK MOKa3aHo Ha puc. 53.
2 Ee ofg3aTenbHEIMM 371EMEHTAMM SBJISI-
IOTCS EBAa TEIUVIOBBIX pe3epByapa: Ha-
XonopueHiK zpesamesib C HEKOTOPOH TEMIEPATYpOil
T;
2 T, ®m Xx0n00unbHuUX C TEMIEPATypOi
L<T T,, MEHbIIEH TEMIEPATYypH HarpesaTe-
Puc. 53. IlpuuuunuaneHas cxema as. Pons XOJOZMJIBbHUKA MOXET BHITIOJI-
TEMIOBOM MAMMHBI HATH OKpyXaioomas cpeaa. Ecim mpocro

NPHUBECTH HArpesaTeab B TEIUIOBOH
KOHT3KT C XOJOAM/IBHUKOM, TO BHYTPEHHSS JHEPrHd Harpesarens Oy-
AET NepeaaBaThcs XOJOAMABHHKY HyTeM Telvionmepenaun 0es cosepmie-
Hus paborul. ng coBepmeHHMs MexaHMueckoli paGoTH o00s3aTensHO
AOJIXKHO OHTP NPOMEXYTOUHOE 3BEHO — TaK HA3WBAEMOe pabouee me-
20, B Ka4ecTBE KOTOPOTO MOXeET OHTh MCHOIb30BaH, HAMPHMED, ras B
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LWIMHAPE, 3aKPBITOM NOPIIHEM. Y NEepHOAMYECKHM ACHCTBYIOmMEN Ma-
IIMHE BCE MPOUECCH ¢ pabouMM TEJIOM MOBTOPAIOTCS, TAK 4YTO OHO Me-
PHOOMYECKH BO3BPAINACTCH B MCXOAHOE COCTOSHME.

I{MKJ TENJIOBOM MalunHbl. Mexanuueckas pabora coBepiaeTcs npu pac-

NIMPERMM ra3a B LWIMHADPE, IPH KOTOPOM OH IIPOXOAMT YEPE3 PSM COCTOS-

HUH BROMb HEKOTOPOM KPUBO# a Ha puc. 54. IIna Toro urobu pabouee teso

BEPHYJIOCh B MCXOOHOE COCTOSIHME [, ra3 B LMAMHIPE HYXHO CXaTh, A4

4yero Haj HUM NMpUAETCS coBepmutb pabory. Ho

ata pabora 0043aTeNbHO JOIXHA OBITh MEHB-

m1e, yem pabora, COBEpIIEHHAS Fa30M IIPH Pac- 1

mupeHun. Ha p—V-muarpamme pabora rasa !

paBHA NJIOWAAM KDPHBOJUHEHHOM Tparneuuu :

oA KpuBoH a. UToOK IpH CKAaTHH ra3a coBep- j b i

IIMJIACh MEHbIIas pabora, xpusas cxarus b |

HOJIXHA JIEXAaTh HMKE KPUBOM a: CXATHE rasa '

HOJIXHO IIPOMCXOMUTD IpH 60/ee HU3KUX TEM-

nepaTypax, 4eM pacIMpeHHe. Puc. §4.  Lukn  remrosoro
Pa3sHOCTh MIOmAneH MOR KPUBHMM g u b, Aerrarerd ha p—V-puarpan-

T. €. TJIOMAaAb, OTPAHMYEHHAS 3aMKHYTOH

KpHBOit |—a—2-b—1, pasHa pabore A', co-

pepmaeMoit paGoumm TesnoM 3a UMKA. Ha OCHOBAHHMH NEPBOrO 3aKOHA

TEPMOANHAMMKH 9Ta paboTa paBHA PasHOCTH MEXAy TeIiorod Q,, mo-

JIly4EHHOIi paboyMM TeNOM 33 IUKJI OT HArpEBaTeNs, U TEWIoToi Q,, OT-

NAHHON MM XOJIOOWIBHUKY, W0 pabouece TEI0 NMOC/AE COBEPIICHUS IUKAA
BO3BPAMAETCa B MCXOOHOE COCTOSHHME, TAK YTO €r0 BHYTDEHHAS JHEpPrus
NIPUHUMAET UCXOQHOES 3HAYCHHE:

A=Q —-Q, (19)

DA

0 vV

KIIJI rennosoii mammubl. OTHOLIEHHE COBEPIUEHHON 33 LMKJ paboTh
A’ K KOTMYecTBy Tem1oTH Q;, MOyYEHHOMY 33 MK/ OT Harpesaress, Ha-
3BIBACTCA KOIPPUYUEHMOM HONe3HO20 Oelicmaus TEN0BON MAIIMHK 1)

(20)

q=4
Q0
MakcuMasbHO BHINOAHOM Ohuta Obi TEIIOBAs MANIMHA, Y KOTOPOH BCA
NoJyYeHHas TeIwiora (), mpespamasiace Ou B pabory: A= Q,. Onnaxo
HA OCHOBAHHH ONKITA YCTAHOBJIEHO, YTO 3TO HEBO3MOXHO.

K obcyxneruio KII[ TemwnioBoif MamIMHE MBI €IIE BEPHEMCS TIpH
H3YYECHHH BTOPOTO 3aKOHA TEPMOAMHAMUKH.

e Uro Takoe QYHKUHMS COCTOSHUS TepMopuHaMHueckoll cucTembl? Kakue ¢u-
3UYecKHe BEJMYMHBI, XapakTepU3YIOIUe CHCTEMY, MOXHO paccMaTPuUBaTh
KakK QYHKLHU COCTOSHUA?

o [IlosacHuTe, noueMy BHYTPEHHSS JHEPrust TEPMORMHAMHYECKOM CHUCTEMBI HB-
nsercs QyHKIUMEH COCTOSHUS.
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Yro takoe Tensiota U pabora? KakoBa HMX CBS3b C BHYTpeHHeit 3Hepruei?
TosicHuTEe CXOACTBO M pa3iiniuue 3THX QUINUYECKUX BEMUYUH.

MOXHO JIH TOBOPUTbL O KOJIMMECTBE TEMJIOTHI MJIM paboThbl, 3alaceHHOM cuc-
Temoi? SBnsroTca v Tensora U pabora GYHKLUUSMHU COCTOSHHS CUCTEMBI?

IMycTh Ha puc. 49 cneBa OT NOPIIHA HHAMHAP coobuiaercs ¢ atMocdepoi. Yto B
3TOM cJ/lyuae cjielyeT NOHUMaTh NoR cHnoit F, pabora KOTopo# pasHa — p- AV?
YeMmy paBHa 3Ta cHAa, €CJIM JaBjleHWe ra3a B UWIMHAPE PaBHO p, a AaBJICHUE aT-
Mocdepbl paBHO po?

IMoscuute, noueMy pabora rasa rnpu U3MeHeHHH ero obbeMa OT/IMYaeTCs 3Ha-
KoM oT paboThl BHEUIHEM cusbl, HeficTBYMOLWIE Ha nopiuenb. Ilodemy arto
YTBEepXJAeHUE CNPaBelJIMBO TOIBKO IIpHU JOCTaTOYHO MEANEHHOM paBHOMep-
HOM ABUXEHUMW nopuiHa?

IMycTts ra3 B ycsoBusix aguabaTH4ecKoil M30/SLUMM COBEPLIAET OTPHULIATE b-
Hylo pabory. UTo npu 3TOM NPOMCXOOUT C €ro BHYTpeHHel sHeprieir?

Tlokaxure, 4TO NEPBbIA 3aKOH TepMORMHaMUKU B ¢dopme (10) nnum (11) ak-
BUBAJIEHTEH YTBEPXAEHUI O HEBO3MOXHOCTH BEYHOrO JABHraTesd.

TloacHute, nouyeMy Touka Ha p—V-guarpamMme NOJHOCTBIO XapakTepusyer
COCTOSHHE ONpeae/IeHHOro KoJlyecTBa HaeabHoro rasa. Jemy coorsercreyer
mobas kpuBas Ha Takoit auarpamme?

Kak norpacuky HekoToporo npouecca Ha p— V-auarpaMme MOXHO O peaesuThb
coBepuiaeMyo cucTeMoit paboty? B kakoM ciyuae pabora nosoxurensHa? or-
puuaruiuarenbHa?

[ouemy TeNI0EMKOCTH HEKOTOPOTO KONMYECTBA BELECTBA 3ABUCHUT OT NPOUCXO-
Asiero ¢ HuM npouecca? O6bACHUTE, NOUEMY TETIOEMKOCTb IPU NOCTOSHHOM
nasnenun Cp Beerfa Gonblile TENI0EMKOCTH P NOCTOAHHOM 06beme Cy .

YeMy paBHO 3HA4YCHHME TEIUIOEMKOCTH I/ agvabaTvueckoro mpouecca?
MoXHO /1M IPOBECTH ¢ MAEAJIbHBIM Fa30M TaKoii rnpoiiece, NpH KOTOPOM Ter-
JIOEMKOCTEL OYAeT oTpULaTeIbHON?

O6bscHute, noyeMy Ha p—V-auarpaMMme HpaeanbHOro rasa aadabara uger
Kpyde H30TepMEL.

O6bacHUTE ychOl;"lCTBO H NpUHLOMAN AEUCTBUSA TENJIOBONO ABUraTens.

MosichuTe, nouemy paboTa, coBeplllaeMas TEIJIOBHIM OBUraTejeM 3a OHOUH
uMKa, uzobpaxaercss Ha p—V-auarpaMMme IiolWajibio, 0XBaThIBAEMOI 3aMK-
HYTOM KPHBOHM 3TOIO LUMKIA.

Yto rakoe KII/I Tennosoro asuratens? Yem onpenensercs ero 3HaueHue?

§ 17. MNpumepsbl NpHMEHEHHRA
NepBoOro 3aKOHAa TepMOAHHAMHMKM

HCpBbIﬁ 3aKOH TEPpMOAMHAMMKH, KaK K 33aKOH COXPAHCHWUSA 3JHCPIUM B
MECXAdHHMKE, 4YaCTO AAECT BO3MOXHOCTh MCCICROBATH TCILUIOBHIE NPOLICCCH B
MAKpPOCKOMMYECKHUX CUCTCMAX HAXE B TCX CJIy4YddX, KOrxd HaM HC HU3BE-
CTHBI ACTATH MHKpOCKOHH‘{CCKOﬁ KapTHHH H3y4YaCMbIX SIBJICHUH.
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SuepreTHyeckKuin 0ananc. Ilepsuiit 3aKOH YHMBEPCANEH, OH IPUMEHUM
KO BCEM 0€3 MCKJIIOUEHMS TEIJIOBRIM NPONECCcaM B Jo0bIx cucremax. Kaxk
¥ BCIKHMM 33aKOH COXPAHEHMSI, OH HE JaeT AeTaNbHOH MHGOPMAIHUH O XO-
A€ MpOolEecca, HO MO3BOJIIET COCTABMTh ypaBHEHHe OanaHca, ecjam 3apa-
HEE M3BECTHO, KAKME DHEPIETHMUECKUE NMPEBPAIIEHUS NPOMCXOAAT B Pac-
cMaTpMBaEMOil cucteMe. B 3atom maparpade Mb pacCMOTPHM HPHUMEDEHI
HCMIO/b30BAHMY MEPBONO 3aKOHA TEPMOHMHAMMKH.

TennoTa ¥ BHYTpPeHHAS 3Heprus. [Ipexne BCero cienaeM HECKOMBKO
3aMEUYAHNI O CMHICIEC BXOAAINMX B YPABHEHHE IEPBOrO 33KOHA BEIH-
ynd. KoamuecTso mepenaHBoOM TEIUTOTH ORUIO ONPENENEeH0 Kak Mmepa
U3MEHEHMS BHYTPEHHEH JHEPrdM CHCTEMH NMpH Tervionepenauve. Ho ne
BCerna NOABENEHME K CHCTEME TCIUIOTH NPUBOOUT K M3MEHEHUIO e
BHYTpEHHel 3Heprun. Hanpwmep, mpu M30TEPMHUYECKOM PACUTMPEHHH
UIEaJbHOIO a3a MOXBEACHHE TEILUIOTHI HE COMPOBOXIAETCH YBEIMUE-
HUEM BHYTPEHHEH JHEPrMd rasa. BHYTPEeHHSIA JHEpPrus UACAIBHOTO rd-
33 3aBHCUT TOJMBKO OT TEMIEPATYPH U NPH U30TEPMHUECKOM NPOLECCE
HE MEHAETCH, HO ra3 coBepmaer pabory, ¥ BEIWYMHA OTOH paGoTH
paBHA INONBOOMMOMY K CHCTEME KOJHMYECTBY TEILIOTHI.

Tennora u pabora. CosepmieHue BHEIUHMMH CWJIAMH MEXAHUUECKOM
paboThl Hax CHCTEMOM TAKXE MOXET HE CONPOBOXIAATHCH U3MEHEHHEM €€
BHYTpEHHEH 3Hepruu. Ecan cXuMaTh MACaJbHEIM ra3, NPUHUMAS MEpH
K TOMY, uTOOB €ro Temreparypa npu 3TOM HE YBEJTHUWBANACH, TO BHYT-
PEHHSS JHEPrus ras3a ocTaHeTcs 0e3 M3MEHCHMA, a OKpYXalomuM Teaam
nepeimeT HCKOTOPOE KOJIHUECTBO TEIUVIOTHI, PABHOC COBCpIIIEHHOﬁ HAO
rasoM mnpu ero cxarun pabore.

ITpuMep NpMMeHEHUsS NEPBOro 3aKOHA TEPMOJAMHAMMKH. IIpumensas
TIEPBBIA 3aKOH TEPMOAMHAMMKHU, HYXXKHO BCETIA BHUMATEJIbHO CJICAUTD 3a
TEM, K KAK¥M U3MEHEHMSIM B CAMOH CHCTEME MOXET NPUBECTH IOABEACHHUE
K Hell TeIUIOTH H coBepiuenne paborul. [T0SCHUM 3TO Ha CACAYIOMWEM IPH-
mepe. [Ipeacrasbre cefe, YTO B KOMHATE HA HEKOTOPOE BPEMS BKJIIOUMIIH
5JICKTPMYECCKHMA HATPEBATEIb, B PE3YJIBTATE YEr0 TEMIEPATypa BO3AyXxa
ysesmumiace or Ty go T,. Moxer noka3aTscs, 4To B pe3yibTare 3TOrO
BHYTPCHHSIS SHEPrusl BO3AYXa B KOMHATE yBeJWYmIace. IIposepumM, tax
J1¥ 370. ByneM cynTaTh BO3ZYX HACRIBHBIM Fa30M. B cOCTOSIHMH TEILUTOBOTO
DaBHOBECHS BHYTDPCHHSS JHEPrus OHOTO MOJIS IIPONOPIMOHANBHA abCco-
JIOTHOW TEMIIEpAType, a IHEPrUs BCETO BO3AYXd B KOMHATE NMPONOPLUO-
Ha/JbHA KOAMYeCTBY (Yucay Mojeit) rasa, HaxoAswerocs B Komuare, ITo-
3TOMY BRIPDAXEHHE AJISt SHEPTHHM MOXXHO 3aIICATh B BUIC

U=Cy+T, (1)

rme m — Macca Bo3ayxa, M — ero moagpHas macca, C, — MojspHad
TEMJIOEMKOCTh IIPH NMOCTOSHHOM ObbeMe.
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BocnonssosaBmmce ypaBHeHueM Menpeneesa—Kuaneiipona pV =
= (m/M)RT, 3ameuaeM, 4TO BHIPAXCHHIO I BHYTPEHHEN SHEPIUM BO3-
nyxa U MOXHO npuaarth BUA

U=c, % (2)

O6wem V xoMHaThl He H3MeHsercd npu paboTe HarpesaTens, He
U3MEHAETCH M AaBJIeHHME p Bo3ayxa B Komuare. OHO paBHO aTMocgep-
HOMY, IOCKOJBKY KOMHATa He repMmerdyHa. Torna us dopmyam (2)
BUAHO, UTO BHYTPEHHSS DHEPIUs BO3AYXa B KOMHATE HE HM3MEHLeTCH
npy nporamiuBaHuK. Cpasy BO3ZHHUKAKT BOIMPOCH!: YTO MIPOMCXOAMUT C
notpebaAseMoil OT CETH DJJEKTPOJHEPTrHEH M 3a4eM MBI BOOOWIE BKITIO-
yaeMm anekrponarpesatens? OTBeuas Ha BTOPOIl BONMPOC, OTMETUM, UYTO
/I 4EeJIOBEKA MMECT 3HAYCHME HE SHeprus BO3OyXa, a ero Temiepa-
Typa, KOTOpas TMOBBILIAETCS HpW mporamiuBaHuM. YTO Kacaercs suep-
MM, TOTPEGIsSEMON HArpeBaTe/jIeM OT CETH, TO OHA LEJIMKOM «BHIXO-
OMT» HAPYXy: MAcca BO3AYXa B KOMHATE IPH HArPEBAHHM IIPH I1OCTO-
SHHOM I4dBJICHUU YMCHDbIIACTCA.

Wrak, BHYTpEeHHAS JHEPrUs BO3AyXa B KOMHATe mpu pabore Harpe-
BATEJIST HE MEHSIETCS, HECMOTPS HA TOBHUICHKME TeMmriepatypsi. Ho Huka-
KOTr0 Mapagokca B 3ToM HeT. [lepBHIii 3aKOH TEPMOOMHAMHUKH, pasyme-
ercst, CIpaBel/IuB M B 3TOM ciyuae. [Ipocto npy HATPEBAHWM M3MEHSET-
C4 CcaMa paccMaTpdBacMas CHCTEMA: KOJMYECTBO BO3AYX2Z B KOMHATE
YMEHBIIAETCS.

Elle OAMH npuMep NpUMEHEHHS MEPBOro 3aKOHA TEePMOJHHAMMKH.
PaccMoTpuM Teneps CTALMOHAPHBINA MOTOK MAEAJBHOTO rasa, MpOTCKAI-
LEro uepes QAMHHYK CIMpajabHyo TpyOky — 3meeBuk (puc. 55). Ha
BXOJI€ 3MEEBUKA HOMICPXKMBAIOTCH IIOCTOSIHHBIE NABJICHAC p; U TEMIIEpa-
typa 7,. Ha BrXORe 3MecBUKAa NOIIEPXUBACTCSOCTOAHHOE HABICHHUC
D, ¥ u3MepsieTcs temmepartypa T,. Ilpexzae Bcero moacuuraem pabory,
COBEpIIAEMYIO MPH MPOXOXIACHUH UepPe3 3MEEBHK OJXHOTO MOJIS rasa.

O kaxoii pabore uper peun? Mbl 3HaeM, uTo ras, a TOYHEE, CHJIA
OABJEHMS rasa, CoBepmraer paboTy npy NepeMEIlCHMH NOPIIHS WX
J000ro Apyroro Teaa, OrpaHUYMBAIOMIECIO 3aHMMAaeMHBIN ra3oM ofbeMm.
TaxkuM TenoM SBALETCS, HAnpumep, 000/J0YKA PE3MHOBONO IMAPHKA,
nedopMupyIOmasncd TpH €ro HamojHeHuM rasoM. OGImee BHIpaxeHHe
s paboTh cuiBl paBiaeHus rasa aaercs dopmyaoi (12) mpeaniaymero
naparpada:

AA = p-AV. (3)

OTMeTHM, YTO HAJMUME TEJad, OrpaHMYMBaOmero o0beM rasa, co-
BEPIIEHHO HEOOXOAMMO I/ TOrO, 4TOOH MOXHO ObUIO MOBOPHTB O CO-
BEpmaeMoi razoM pabore: ras, pacCIIHPLIOWUACT B IYCTOTY, paboThi
He coBepriaer!

IMosicuum a10. Ipencrasum cebe cocyn, pa3aeNeHHBN IEPEropoaxoi
H4 OBE YACTH: MO OZHY CTOPOHY OT IEPErOpOAKM HAXOMUTCS Tas, No
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ApPYyryx — BakKyyM. [Ipu BHE3amMHOM YRAJIEHHH NEPETOPOAKH ra3 3amoj-
HSET Bechb COcyd, o0beM rasa ysemuuusaerca (AV > 0), nasnesue rasa
p >0, oqaaxo paboTk ra3 He copepmaet: AA = 0. ®opmyna (3) B atom
CAyuyae HEeNpUMEHUMA. :

Hapsany ¢ pabortoit, coBepaeMoil ra3oM, MOXHO pacCMaTPUBaTh pa-
60Ty BHELIHMX CHJI, COBEPIIAEMYIO HAL ra3oM INPH NEPEMEIEHUH MOpII-
. OyeBMAHO, YTO NMpPM PABHOMEPHOM MEpEeMEIleHMH mopmHs pabora
AA, coBepmaeMas Hag rasoM, NPOTUBOIMOJOXHA IO 3HAKY M PAaBHA 1O
MoayJiro pabore rasa AA, T.e. AA= —p-AV. Tax 0 KaKoit xe pabore
uaer peus? Bemp Hukakux mopiuHe# 3gech Her! OgHAKO Ha camoM aene
«MTOPIIHMY», T. €. BHEUIHHE TEJiA, NMOANEPXKUBAIOLINE 3aXAHHBIC HaBJICHUS
HA BXOJE M BBIXOIE 3MECBMKA, 34ECh €CTh, M OHK-TO ¥ COBEPIIAIOT pa-
60Ty Haj NPOTEKAKOMMM razoM. DTy paboTy MOXHO MOACYMTATH CIACHY-
OIHEM 00pasoM.

PaccMoTpuM ra3, 3aK/MIOUEHHBIH MEXNYy BXOAHEIM S; W BRIXOJHBIM
S, ceyeHusIMu 3meeBHKa (puc. 55). Boreacrsme cTanMOHAPHOCTH MOTOKA

Macca 3TOrO ra3a He MEHSETCS CO BPEMEHEM, T. €. €CJIM 33 BpeMsa Af ue-
pe3 BXOXHOE CCUCHUE IPOMLIA Macca ra3a Am, TO TOYHO Takas Xe Macca
BhINLIA M3 3MEEBHUKA.

Iyctp o6peM, 3saHUMAeMblifi Maccoil Am Ha BXOAE NpPH AABICHHH p|
u Temneparype T, pasen AV, a 00bEM Ha BHIXOJE M3 3MEEBMKA PABEH
AV,. I'a3, HaxoouBIIMICA MEXAY CEYECHHM-

MU S, ¥ S,, TENEPb 3aHUMAET HOBOE ITO- Sl'l ;Sz
JIOKCHHE: UAyIlas 3a HAM IIOpUMA rasa p1§ i .
AENCTBOBAJA HA HErO ¢ cunod F; = p§,, i i

UIymMH BOepead ra3 OKashBaj CONpo- g !
tusiaeaue F, = p,S,. Takum obpasom,
Puc. 55. I1poxoxpaeHue rasa yepes

paboTa BHEIIHMX CWJI HAl PACCMATPUBAC-  sveennk
MBIM rasom AA=p AV, — p,AV, Ilo-

CKOJIBKY BO BpEMA npouecca AaBJACHHUA ra3a Ha BXOOAE M BhIXOAE
OCTATCAd NOCTOAHHBIMHU, TO paGOTa BHCIIHUX CWJI NIpYM NIPOT3aJIKWMBAHUHA
yepe3 3MECBUK OJHOTO MOJi rda3a paBHa

A=pV,— DV, 4
rne V, u V, — ofbeMbl, 3aHUMAEMBIE OIHMM MOJIEM rasa NpH YCJIOBUSX,

CYLIECTBYIOIIMX HAa BXOHAE M HA BHIXOAE 3MEEBHMKA cooTBeTCTBEHHO. Co-
JIaCHO ypasHeHuio Menpeneesa—Kiamneitposa MOXHO HammcaTs

pVi=RT,, pV,=RT,

[MTosToMy coBepmaemas Hajx OXHMM MoJsieM ra3a pabora paBHa
A=R(T,—T). (5)

Tenepp 06paTHM BHUMAHHE HA OOHY OCOOEHHOCTH PACCMATPHBAEMOTO
IpuMepa: B TO BpeMd KaK TEMIEPaTypa rasa Ha BXOAE B 3MeEBHK T,
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3adaemcs, TeMmneparypa Ha swixoae T, usmepsiemcs. Hanomuum, uro

nasjeHue B oboux cayyasx 3apaercsa. OT 4ero xe 3aBUCMT TEMIEPATYPA
rasa Ha Bmxofe? O4YeBHAHO, OT YCJIOBHH €ro IMPOXOXKEHHS 4Yepes 3Mmee-
BHK. UeM Xe MOryT pasnmvaTtbcs 9T¥ ycaoBusi? TonbKO MHTEHCHBHO-
CTBIO Terutoo0MeHa MPOTEKAIIEro M0 3MEEBHKY rai3a ¢ OKpyxamomei
cpepoit. PaccMoTpuM BHavase ciaydai, Korma Temioo6MeH BooGme oOT-
CYTCTBYET — 3MEEBUK anuabaTvyecku W30JMPOBAH OT OKPYXAOmek
cpeant. Kakosa npu oTOoM Temneparypa ra3a T, Ha Beixone? Wcnomeays

MepBEH 3aKOH TEPMOAMHAMHKH
Q4+ A= AU, 6)

nonyuaeM A= AU, tax kak Q = 0. [lockonbky BHYTDEHHSAS 3HEPrHsi
MOEeAZIbHOIQ ra3a NMponopHUMOHATbHA TEPMOAUHAMMYECKOM TEMIICpAType,
UMeeM

INoncrasnsgg Bupaxenus (5) u (7) B ypasHenue (6) ¥ yudTHIBAas, 4uTO
B OTCYTCTBHE Teruioobmera Q = 0, nonyuaem

R(T|—Ty)=Cy(T,—T)),

a Tak kak Cy > 0, To orciona HememneHHo caenyer T = T,.

Taxwum ofpazoM, TemmepaTypa MAEanpbHOro ra3a npu aguabatwue-
CKOM TPOXOXAEHHHM Uepe3 3MEEBMK HE MCHSETCH, 4 COBeplIaeMasi IIpu
aroM pabora, Kak BugHO u3 (5), pasma "Hymo. Jasg toro urobnt pabora
6bLIa OTIMYHA OT HyJd, HeoGxoauM Temwnoobmen. Jlerko ybeauTscs, yTo,
Korga ras mosaydaer temaory (Q>0), coBepmaemas Hag HuM pabora
orpulaTeapHa M, Haobopor, npu Q < 0 coBepmwiaeMas Hag rasoM pabora
nonoxureasHa: A > 0. JeACTBUTENbHO, NMOACTABASS B YPABHEHHE MEp-
Boro 3akoHa (6) setpaxenus (5) u (7), monyuaem

Q= (Cy + R)(T,—T)). (8)

Cymma Cy, -+ R paBHA MOJISIDHOM TENJIOEMKOCTH MIEAIBHOIO Ia3a npH 1no-
crosiHHOM naBenuy C,, noaTomy dopmysy (8) MOXHO 3anmHCATE M Tak:

Q= Cp(Tz‘“ Ty). (9)

W3 aroro BrpaxeHusd BURHO, UTO 3HaK AT =T, — T| coBnagaeT co 3Ha-
kom Q. Ecnn, nanpumep, Q < 0, T. €. ra3 npu IIpoXOXAEHUHU uepes 3Me-
eBUK OTAaeT Tennory, 1o T, < T, ¥ u3 Beipaxenus (5) BHIHO, UTO CO-
BepImiaeMas [py 3TOM Haj rasom pabora nosnoxwurtenbHa: A > 0.

3MeeBHUK XKAK TENJOBas MawnHa. Mcxoas m3 mosyuyeHHBIX pPe3yjabTa-
TOB MONKITAEMCS MNPEACTaBUTH cef¢, KaK MPOMCXOTUT NPOTEKAHHUE ra3a
Yyepe3 3MECBHK. Ecau B 3meeBuke ras oxynaxpgacrcd, T. €. OTAAET TCILIO-
ty (Q<0), To coBepmaeMad HaXx rasoM pafora MOJOXUTEARHA —
BHEIIHWE CHWJBl <«OPOTAJNKWBAKT» a3 uepes 3MeeBuK. Ecam Temora
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noaBoauTcs K a3y (Q > 0), To Hawr 3MeeBUK nonaobeH TEIUIOBOH MamIH-
He — ras caM cosepumacr pabory Hajx BHemHHMHM Tenamu. Y obparture
BHMMAHHE, YTO 3TOT PE3Y/JbTAT HE 3aBHCHT OT TOr0, KAKOBA BEJIMYHMHA
HaBJEHMS ra3a Ha BHIXOAE M Ha Bxone. EQMHCTBEHHOE YC/IOBME mpH
9TOM — [J3BJCHHE HA BXOAE JOKHO OHITH O0/bLIE JABJICHHS HA BRIXOAC,
HHAUE ra3 MmpocTo MoTeueT B OOpaTHYIO CTOPOHY.

Kak 6Bu10 BHISICHEHO, NpY afuabaTHUECKOM TPOTEKAHMM rasa 4Yepes
3MEEBUK COBEpIIaeMasi Hag Hum pabora pasHa wymio. He xaxerca au
BaM CTPAaHHHIM 3TOT pe3yaprar? Jlerko npuayMaTs TakOd OmbIT, B KOTO-
poM Hapg rasoM pabora coBepumaercs, a Tem1000MeHA ¢ OKPyXawomei
cpenoit Her. JleHCcTBHTENbHO, monpobyeM NpH NOMOMM KOMIOpPEccopa
NpPOKAUMBATL UEpe3 3MEEeBHK ra3 B BakyyM. I1g toro ytobml mpoiecc
MOXHO OBUIO CUHTATH CTALHOHAPHBIM, CEYEHUE BHIXOJHOLO OTBEPCTUS
CAEsaeM MHOTO MeHbIIe CEYEHUS BXOLHOIO. 3MEEBUK TEIUIOU30IMPYEM
OT OKpYXamwueh Cpensl.

Cosepmaemasi KOMIPECCOPOM HAm ra3oM pabora NOJIOXKMTENbHA U
paBHA TIOJTHOM coBepmaeMoi Hax razom pabore, b0, KAk yXe orMeua-
JIOCh, BHIXOAS B BaKyyM, ra3 paborsr He copepmaer. Tak Kak HeT obme-
HA TEIUIOTOM, HAMHMLO IIPOTUBOPEUME C YTBEPXACHHEM O TOM, YTO TP
aanabaTHuecKoM MpOTeKaHuKM paboTa paBHA HYJIO.

DT0 NpPOTHBOPEYME BO3HUKIIO I[TOTOMY, UTO NpPH NTPOKAYMBAHMM rasa
B BAKyyM IPOMCXOAAT U TAKKE JHEPreTHUECKHE NPEBPAUICHMS, KOTOPHIE
OBLTH COBEPIHEHHO HECYINECTBEHHB B paso0paHHOM BHILE TIPUMEPE.
L edCTBUTENAbHO, NEPBRI 3aKOH TEPMOAMHAMMKH MCIOJIL3OBAJACH B BHAE
Q+ A= AU, rae U — BHyTpeHHsis dHeprus rasa. [loaroMy npu uc-
[OJIb30BAHMM TAKOW (OPMYJMPOBKM [1EPBOIO 3aKOHA TEPMOIMHAMMKH
3apaHee MOJTYAIMBO MPEANOJAraeTCs, YTO B PACCMATPHBAEMEIX MPOLEC-
Cax HE MPOMCXONUT M3MECHEHMS MEXAHMUYECKON JHEPrHH CHCTEMEI, T. €.
HE MEHSETCS MOTEHLHAbHAS JHEPIHMA ra3a KaK LeJIoro BO BHELIHEM MO-
JIe, HE MEHAETCSd M KMHETHYECKAs SHEPrus ABHXCHUSA I'asa Kak ILesoro,
HE BO3HHKACT B Ia3¢ HUKAKHX MaKPOCKOMHYECKHX IOTOKOB. Tenepp yxe
CTAHOBHUTCH ACHO, YTO TPH IPOKAYMBAHMM Trd3d B BAKYYyM BO3HHKAET
MAKPOCKONUYECKUIl HANPABJIEHHAIA NOTOK, KMHETHUECKYI0 JHEPIUIO KO-
TOPOro HeoOXOOMMO YYHMTHBATh. Pafora koMmpeccopa B 2TOM ClIyuae
KaK pa3 M onpepenseT KHHETHYECKYK SHEPrUi0 3TOr0 HMOTOKA.

Ecan Bxoo u BhIXOA 3MEEBMKA PACTHIONIOXKEHHE HA PA3HOM| BRICOTE, TO B
YPaBHECHUY 32KOHA COXPAHCHUS SHEPIHA HEOOXOAUMO yUUTHIBATH M H3ME-
HEHME MOTEHIMATBHOR JHEPIHM Ta3a B MOJIE TAXKECTH, MOJOOHO TOMY Kak
3TO AENaN0Ch B 'MIPOAMHAMUKE MPH BHIBOAE ypaBHeHns Bepuymnau.

VizMepeHHe TENJOEMKOCTH ra3a. 3MeeBUK, NOMEUIEHHRI B KaJOpH-
METpP, MOXHO MCHO/b30BAaTh NI U3MEPEHUS TEIJIOEMKOCTH rasa. [leso s
TOM, YTO HEMOCPEACTBEHHOE M3MEPEHHME TEILIOEMKOCTH ra3a NpH MocTo-
SHHOM o0beMe C), 3aTPYRHUTENIBHO, TAK KaK AT 3aKJIOYEHHOIO B COCYR
rasa macca, a CJeA0BaTENbHO, U TEIUIOEMKOCTE BCErna MaJibl Mo CpaBHe-
HHIO C MX 3HAYCHMSIMHU JUIS COCyAa ¥ KajopumeTpa. Yepes 3meeBuk
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MOXHO TPONYCTUTh GOMBIIYIO Maccy rasa, Tak UTO TEMMEPATYPa BOXH B
KAJIODUMETPE MOXET 3aMETHO M3MEHMThCA. TakuM o0pa3oM ynaercs
IIPEOHoJIETh OTMEYEHHYIO BHIILE TPYAHOCTb.

3Has TEIIOEMKOCTh KaJOPMMETpA C BOAOM, N0 M3MEHEHHIO Ero TeM-
HNEPATYPH MOXHO TOACYMTATH KOAMYECTBO NEPENAHHON rasy TEMIOTH
O (B nepecueTe Ha OQUH MOJIb NPOIMENIIETO ras3a). 3TO KOAUYECTBO TEI-
JIOTH CBSI33HO C M3MEHEHMEM TEMITEPATypH ra3a dopmysoit (9), uro mo-
3BOJIAET PacCYMTaTh BeaMuuHy C, — TEILIOEMKOCTb ra3a Mpy MOCTOSH-

doM AasicHuH. Temnoemkocte €|, MOXHO 3aTEM HAWTH C HOMOIIBIO
ypasHesua Maitepa: C, = C »— R

3anava

B BepTHKaNbHOM UMIMHAPUYECKOM COCYRE MOA MACCHUBHBLIM IOpINHEM Ha-
xoputes | Monb MpeasbHoro rasa. IlpHnoxuM K MOPIIHIO HEKOTOPYIO CHIY H
COXMeM ra3 HacToJbKO, 4TOObl 3Ta CMNla cOBepllWna 3ajaHHyio pabory A.
3aTeM nopileHb OTNYCKAaeM M uYepe3 HEKOTOpoe BPEMS OH YCTaHAaBJIMBAeTCs B
HOBOM TIOJIOXKEHWM paBHoBecus. OnpefenuTb, Ha CKOJNBLKO Tpaaycos Temrepa-
Typa rasa B KOHEYHOM COCTOSIHUM OT/HMYaeTCs OT HayaJlbHOH TeMIIEpATYpHI,
cudTtad ra3 aarabaTHdecKy H30JMPOBaHHBIM.

Pewenwue. [o npunoxeHus BHelllHeHM CHbl MOPLIEHbL HAXOAUICH B Me-
XaHHUYECKOM pABHOBECHM: PA3HOCTh CHJI JaBJIEHUs rasa 104 NOPIIHEM M arT-
Mocdepsl Hal HUM ypaBHOBEUIMBajla ACWUCTBYIOLLYI0 Ha MopuieHb CHJIY TsxXe-
ctu. Ilpunoxus [OMOMHUTENBHYIO CHly, Mbl HapyllaeM 3TO paBHOBECHE, H
noplleHs NepeMelaeTcs BHU3. TIpu nepemeilleHrd NOplIHsA Bce AEHCTBYIOWME
Ha Hero BHEWHHWE CHJIbI COBEPLIAIOT MOJOXHUTENbHYIO PaboTy: Kpome 3agaHHOH
B ycJoBMM paboThl A NPUIOXEHHOH CHIBl 3TO ewle paGoTa AEMCTBYIOLIEN Ha
AOpILIEHb CBEPXY CHJbI aTMocdepHoro pnasfieHUs M paboTa CHILI TSXKECTH.
PaGoTa Bcex 3THX CWJI paBHa HU3MEHEHWI BHYTPEHHEH 5HEPrMM rasa U KHHe-
TUUECKOM DHEPTHM TMOPUIHS.

ITpu cxatun angnabaTUyecKH M30JMPOBAHHOIO I'a3a ero TeMnepaTtypa M JaBJie-
HHe Bo3pacTaioT. [ToaToMy nocse npekpallieHUs AecTBHS MPUIOXKEHHOM CHJIBI ras
HAauMHAaeT pacUIMPATLCH, M nopuieHb 6yzeT nepemeuiatbes Bepx. Ilpu saToM cuna
aTmocdepHOro AaB/ieHUS M CHUNa TAXECTH COBEPLIAIOT OTPULATEIbHYIO paboTy.
B xoH1ie KOHLIOB KHHETHYECKAS SHEPTHs MOPLIHSA 0OpaTHUTCS B HYJTb, M OH YCTaHOBHT-
cs1 B HOBOM MOJIOXEHUY PaBHOBECHS. 3TO HOBOE I10JI0XKEHUE PABHOBECHUS NMOPHIHS OY-
[ET PACTIONOXKEHO BbIILIC HCXOAHOTO HA HEKOTOPYIO BenuuuHy Ak,

INonuas pa6ora, cknaabipatoascs U3 paboTsl A NPHUIIOXEHHOM CUJtbl, paboThI
A CHIIBI TSKECTH M paboTsl A,,, cHIsl aTMOCdEPHOrO AaBneHUs Ha BeeM fepeMe-
LeHHH NOPLUHSA OT HaYaJbHOIO M10JI0OXEHHS, B COOTBETCTBHUM CO CKa3aHHLIM Bbllle,
paBHa U3MEHEHUIO BHYTPEHHEH dSHepruu rasa AU:

A+ Ay AL = AU 10)

Tak Kak KOHeUHOe OoJI0XEeHHe NMOpIIHA Ha AA Bhille Ha4yanbHOIO, TO OYEBHIHO,
uTOo

A = —ng-Ah, Ay, = —poS*Ah, (1)
roge m — macca nopiuHg, S — ero miouanb, p, — atMocdepHoe AabycHue. HUs-
MeHEHHe BHYTpeHHeH 3Hepruu AU Haxopnsiuerocs Moj MOPUIHEM OAHOIO MOJist
HMAEaIbHOIO ra3a OonpefessSeTCs TOJAbKO M3MEHEHHEM ero Temneparypol AT:

AU =Cy-AT. (12)



§ 18. BTOPOM 3AKOH TEPMOJIMHAMWUKH 147

TMoacrasnsga (11) u (12) B (10), nonyuaem
A — (mg + pyS) Ak = Cy,- AT. (13)

Bo BTopom cnaraemom nieoii yacTi (13) BeiHeceM 3a cKOOKH NJIOLaAb NOPUIHS
S. Torna S - Ah paBHO H3McHeHHIO oObeMa rasa AV, a mg/S + p, — JaBieHue rasa
P, OIMHAKOBOC B HA4a/lbHOM M KOHeUHOM cocTosiHUsX. [Toatomy (13) nepenucsia-
eTCcH B BHAE

A—p-AV =C,-AT. (14)

Ipumensis ypasHenue Menpeneera —KnanefipoHa K HayaIbHOMY W KOHEYHOMY
COCTOSIHUSIM rasa, uMeem

p-AV =R-AT. (15
Teneps cooTHomeHue (14) npuUHUMaer BUA
A= (Cy + R)-AT.

Tak Kak CV+R=CP, TO AN U3IMeHeHUs TeMmrieparypsl AT  umeeM:
AT = A/C,,

e  MoXHO M NpUMEHATH 1TepBbId 3aKOH TEPMOOHHAMMKH K TIpoLeccaM, B KO-
TOPbIX U3MEHSETCS XMMHUYECKHMP COCTaB M/IM KOJMYECTBO BeulecTBa B pac-
cMaTpuBaeMoit cucreme?

e Bcerna snu noaBeaeHMe TEIUIOTHI K CHCTEME TNPUBOAUT K YBEJHUEHUIO ee
BHYTpeHHel 3Hepruun?

e Jlo nokasaHusaM Kakoro npufopa — TepMoMeTpa Uil 6apoMeTpa — MOXHO CYy-
UTh 0 BHyTPEHHEN SHEPTHU BCEro BO3MY Xa, HAXOASIUErocs B Balllel KoMHaTe?

e Ilpu npoxoXieHMUH raza 4eped 3IMEEBUK Mbl COCTaBJisicM YpaBHEHHE 3Hepre-
THYecKoro GanaHca, B KOTOPOM He YUMTHIBAEM KHMHETHUYECKYK 3HEPrHIO I10-
TOKa rasa, cuurtasi Majiofi ero ckopoctb. IIpu atom mbl He 3aboTHMcs O 3a-
KOHE COXpPaHEHMS UMNYJbca. MeUICHHOCTL MPOTEKaHUs rasa MoxXHo obecrie-
YUTh, HANpUMep, C TOMOLUBLI MOPUCTONH MepPeropodkl BHYTPU 3MeeBHKa.
ToscHUTe, NIoueMy TaKas fneperoposika, obecneurBas COXpaHeHUe UMIYAbCa,
He BJIMSET Ha 3HepreTHueckuit GanaHc.

e IloueMy TemAaoeMKOCTb rasa Nnpu nocTosiHHOM obweme C) TPYAHO U3MEPUTH
Ha omnbite HenocpeacTseHHo? Kak 3Ty TPyAHOCTb MOXHO IpeomojieTh Ha
npakTuke?

e B MPUBENCHHOM pPEILICHUM 3aJayyd YTBECPXKIANOCHh, UTO KOHEYHOC HNOJIOKCHUE
MOpIIHA PAacnoJioXEHO Bbill€ HauvaJibHOIo, lloxa)que, YTQ 3TO AEHUCTBUTENb-
HO Tak.

e B ycnoBWMM 3a1au¥ NPEANoaraaoch, YTo NpUNIoXeHHas cuia nepemMeniaeT nop-
uieHb BHU3, 3MeHNUTCS JIH OTBET, €CJIM CYUTATH, YUTO OHA NepeMelaeT MopieHs
BBepx? OnUILKUTE NPOUECCH], MPOUCXOAALHE B CUCTEME B 3TOM Cllydae.

§ 18. Bropo# 3aKoH TEpMOAMHAMMUKH

IepBhiit 3aKOH TEPMOAMHAMHMKHN — OXMH M3 CaAMHIX obmux u QyHaameH-
TaJbHHX 33aKOHOB NPHPOAL. He m3BecTHO HM OAHOTO MpOLEcca, FRE XOTh
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B Kakoit-to Mepe Habmopanoch 0w ero napymesue. Ecau kakoi-mu6o

NpOLECC 3aNPEMmEH EPBRIM 3aKOHOM, TO MOXHO GHTb a6COMIOTHO yBE-

PEHHEIM B TOM, UTO OH HUKOIAa He npousoiaer. OIHAKO 3TOT 3aKOH HE

AaeT HMKAKMX YKa3aHHi O TOM, B KAKOM HANpaBJEHHH Pa3BUBAIOTCA

MPOLECCH, YAOBAETBOPSIOMME IPUHIMITY COXPAHEHHS SHEPIUH.
ITosicHUM 3TO MpUMeEpaMu.

HarnpaBiieHHe TeruIOBbIX NPOLEeCCOB. I1epBH 3aKOH TEPMOAMHAMUKH
HUYEro HE TOBOPHUT O TOM, B KAKOM HAIpaBJAEHHH IIPOUCXOTUT TEILT000-
MEH MEeXIy IIPHBEACHHRIMM B TEIUIOBOH KOHTAKT TE/1aMH, HAXOXSALUIMMHU-
cq npu pasHeix Temmepartypax. Kak yxe o6cyXpmasock BHIE, TEILIO00-
MEH MPOMCXOZHUT TAK, YTO TEMIIEPATYpPhl BEIPABHUBAIOTCA M BCS CHCTEMA
CTPEMHUTCH K COCTOSHMIO TEIUIOBOro pasHosecud. Ho mepBHid 3aKoH He
6bin Onl HapyweH, ecau 6w, Hao0OpOT, Nepenaya TENUIOThHl MIPOMCXOaUIa
OT TENA C HU3KOH TeMOepaTtypoil K reay ¢ 0osiee BHICOKOM NP yCJIOBHH,
YTO MOJHEIM 3anac BHYTPEHHEN SHEPrUM OCTABAICH OB HEM3MEHHBIM.
OnHAaKoO MOBCEMHEBHBIA ONMBIT MOKA3KIBAET, UTO caMo CoOOM 3TO HUKOrHa
HE NMPOUCXORHUT.

Ipyroif npuMep: NpH NageHUKA KAMHHA C HEKOTOPOM BHICOTHI BCS KH-
HETHYECKas SHEPrUd ero IOCTYNMATENbHONO ABHXEHUS HMCYE33aeT Npu
yAape O 3eMJII0, HO NIPH OTOM YBEAMUMBAETCS BHYTPEHHAN SHEPIWs Ca-
MOTO KaMHS M OKDYXAIOIMMX €T0 TEJ, TAK YTO 3aKOH COXPAHEHHS SHEp-
IMM, pasyMeeTCd, HE OKashBaerca HAapyweHHeM. Ho nepsomy 3akomy
TEPMOAMHAMUKY HE TPOTHBOPEUMT O M OOPATHBIN IPOLIECC, TPH KOTO-
POM K JIEXAIEMY HA 3€MJIE KAMHIO Tepelyio Ob OT OKPYXKAIMUX Npes-
METOB HEKOTOPOE KOJHYECTBO TEIUVIOTH, B PE3YJIBTATE YErO KAMEHb MO~
Hs/Ica O Ha HEKOTOPYIO BricOTy. OOHAKO HHKTO HMKOrAa He Habnioman
TAKMX CAMONPOM3BOJIbHO MOACKAKMBAWIIMX KAMHEH.

HepaBHOUEHHOCTb PA3HBIX BHAOB 3HEPrHd. BAyMuiBasich B 3TU U apy-
rue mofoOHRIE MPUMEDPH, Mbl NPUXOOHM K BHIBOLY, YTO ITEPBHIA 3aKOH
TEPMOAMHAMMKY HE HAKJIAABIBACT HUKAKMX OrPAaHWYECHHMI HA HanpasJie-
HUE MPEBPAIICHUIT SHEPIrUY U3 OJHOIO BMAA B APYIrOd M HA HANIPABJICHUE
TepPEeXoaa TEIIOTH MEXAY TenaMu, Tpedys TQIbKO COXPAHEHMS MOJHOTO
3araca JHEpruy B 3aMKHYTHIX CHCTEMax. Mexay TeM ONnBIT NOKA3hIBAET,
YTO pasHble GudbL JHEP2UL He PAGHOUeHHbL B OTHOUMICHUM CrIOCOOHOCTH
MpEBPaINaThCAd B OPYTME BUAKL.

MexaHnuecKyio SHEPrui0 MOXHO LIEJIMKOM HPEBPATHTH BO BHYTDCH-
HIOK 3HEPIHUIO JIIOGOro TE/IA HE3AaBHCHMMO OT TOIO, KAK0BA ObUIA €0 TEM-
neparypa. JeldcTBUTENBHO, JI000E TEAO MOXHO HArpETb TPEHHEM, yBe-
JINUKBAA €T0 BHYTPEHHIOKW 3HEPTHI0 HA BEJMUMHY, DABHYIO COBEPINCH-
ot pabore. TouHo Tak Xe IMEKTPHUECKAS DHEPrUS MOXeT OuTthb
LEJUKOM TIPEeBPAIICHA BO BHYTPCHHIOW, HANPHMEpP NPH NPOXOXACHUU
3JIEKTPHUECKOIO TOKA 4YEPE3 COMPOTHUBJICHME.

15t oOpaTHBIX MPEBPALIECHUM BHYTPEHHEN JHEPIHN B JPYTIHUeE BAALL Cy-
IECTBYIOT ONPEACJCHHHIE OrpaHMYEHHd, COCTOAINME B TOM, YTO 3amac
BHYTDEHHCH JHEPrMA HHY NPH KAKMX YCIOBMAX HE MOXET IPEBPATHTBCH
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HEJUKOM B ApyTHE Buabl SHepruu. C OTMEeYEHHBIMH OCOOEHHOCTSMH IHEP-
FeTHUYECKMX IPEBPAIICHUH CBA3aHO HAMPABJICHNE NIPOTEKAHMS MIPOLECCOB
B npupoac. Bropo¥ 3akOH TEPMONMHAMHUKHM, OTPAaXAIOUIMH HANpAaBJICH-
HOCTh €CTECTBEHHHIX [IPOILECCOB M HAATAIOMMIA OrPAHUYCHUS HA BO3MOX-
HbIE HANPABJEHHS JHEPrETHUECKUX MPEBPAMIEHHMIA B MAKPOCKONMYECKHX
cHCTEMax, MpeacTasiseT coboi, Kak ¥ BCIKHMA PYHIAMEHTAIbHEIA 3aKOH,
o6obimenre 60IbIION0 YKCIa ONKETHHX (PAKTOB.

Yrobul acHee npeacraButb cebe ¢uanmyeckoe cOgepXaHHE BTOPOro
3aKOHA TEPMOJAMHAMHKHM, PACCMOTPMM HOApPoOHee Bonpoc o6 obparumo-
CTHM TEMJIOBHX IIPOLECCOB.

OOpaTnMbie 1 HEODPATHUMbBIE NIPOLECCHI. EC/M MOCTaATOYHO MENJIEHHO
W3MEHATh YCJIOBHS TaK, uTOOBl MpPH 3TOM CKOPOCTb MPOTEKAIOLIEIO B
paccMaTpHBAEMON CHCTEME rnpouecca Oblia 3HAUNTENBHO MEHbIIE CKOPO-
CTH penakcaudu, TO TaKoW npouecc Oyaer GU3NUECKH NPEACTABAATL CO-
Ooit uenouxy OaM3KMX APYT K APYry DAaBHOBECHHIX cocrosuuil. [Toaromy
TAKOM MPOLECC OMMUCHBAETCA TEMU XK€ CAMBIMA MAKPOCKOIMMUECKUMH f1a-
paMETPaMu, YTO M COCTOSHHE DABHOBECHSA. OTH MENJICHHBIE IIPOIIECCHI
HA3BIBAKOTCS PAGHOGECHbIMU WK Kéazucmamuyeckumu. [1pn Takux npo-
Heccax CHCTEMY MOXHO XapaKTepH30BATh TAKMMH NapaMeTpaMd, Kak
AABJICHYE, TEMIEPATYPA M T. 4. PeasbHHE MPONECCH SBASIOTCS HEPAB-
HOBECHBIMM M MOTYT CYUMTATHCS PABHOBECHRIMK C OOJIBLIEH HJIM MEHBINEMH
TOYHOCTHIO. ‘

Paccmorpum cremyrouMe npuMepsl.

ITycTh ra3 HAXOZUTCH B LMTMHAPHYECKOM COCYHE, 3aKPHITOM MOpI-
HeM. EC/IM BRABMIATh IMOPIUEHb ¢ KOHEYHOM CKOPOCTHIO, TO PACHIMPEHHE
rasa Oyaer HeoOpaTuMBIM mponeccoM. JeicTBUTENBHO, KaK TOJBKO IOp-
uenb GyAeT BEABMHYT, NABJEHME ra3a HEMOCPENCTBEHHO y mopmHs Oy-
ACT MEHBINE, YEM B APYIMX YacTSX WWIMHAPA. Takoi [poulecc HEab3d
MPOBECTA O00PATHMO UCPE3 TE XKE NPOMEXYTOUHLIE COCTOAHHUS, TAK KAk
npy BABUTAHHHM NOPUIHA 0OPATHO ¢ KOHEYHON CKOPOCTBIO BOM3M mopuI-
Hs OymeT MpOMCXOAMTh HE pa3pexcHHE rasa, a ero cxarue. Takum ob-
pa3oM, GHICTPOE PACIUMPEHME WIM CXKATHE rasa Jaer mpuMmep HeoOpatu-
MOIO MpoIEecca.

Yrobhn pacimpHTh ra3 CTporo oOpaTuMeIM 00pa3oM, HYXHO BHIABH-
rate IOpIIEHb 6eCKOHEUHO Memenno. [1pu 3ToM gaeneuue rasa Oymer B
KaXJAplit MOMEHT BO BCeM O0beME OZMHAKOBHIM, COCTOSHHE rasa 6yxer
3aBHCETD OT IOJIOXKEHUS MOPUIHS, 4 HE OT HAIPABJCHHUS €r0 ABMXEHM,
u npouece dyner oGpaTHMBIM.

Hawubonee apko HeoOpaTHMOCTh NPOLECCA PACIIMPEHHS rasa NposB-
JISETCA TOrAd, KOrAa PACHIMPEHHE MMPOMCXOAMT B myCcToTy Oe3 coBeplie-
HHUE MEXaHMUECKOU paboTsl.

HeoOpaTUMBEIME SBJISIOTCS BCE MPOLECCH, CONMPOBOXIAIOUINECS Ter-
J1000MEHOM MEXAY TEAaMH, MMELMMK PasHue Temnepatyph. Heobpa-
THMOCTb TAKONO TEIUIOOOMEHA OCOOEHHO OTYETJIMBO BUAHA HA MpUMEpe
BHIPABHUBAHMUS TEMIIEPATYD TEJ, MPUBENCHHHX B CONPUKOCHOBEHUE.
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Heo6paTHMBIMA  SBJISIIOTCA NPOLECCH, NMPH KOTOPHIX MEXaHHYECKas
SHEPrug NepexoquT BO BHYTPEHHIOK MDY HAJHUMH TPEHHMS, O YEM YACTO
rOBOPAT KaK O BRUICJEHHH TEILIOTH Onarozaps Tpeuwmio. B orcyrcrsue
TPEHUS BCE MEXAHMUECKME MPOLECCH Mporekanu 6m ofparumo.

Takum 06pasom, PaBHOBECHHE OOPATHMBIE NMPOUECCH SBASIOTCS abc-
TPaKUuei, 1 Ha IPAKTUKE U3-33 CYIECTBOBAHUS TPEHUSA M TEILIO0OMEHA
He Berpedarorcs. ONHAKO MCCAEIOBAHUE PABHOBECHBIX [POLIECCOB B TEp-
MOIMHAMHKKE 3T BO3MOXHOCTb YKa3aTb, KaK CJIEAYET NPOBOXHTH NpO-
LECCH B PEabHBIX CHCTEMAX, UTOOH MOJTYYUTh HAMJIYUYIOME PE3YJIbTATHL.

Pazanunbie GOPMYIHPOBKH BTOPOro 3aKOHA TepMOIHHAMUKH. Mcro-
pPUUYECKH OTKPBHITHE BTOPOrO 3aKOHA TEPMOOMHAMHUKHM OBLJIO CBS33aHO C
U3YYEHHEM BOMPOCA O MAKCHMMANBLHOM KOIMDDULHEHTE 1TOIE3HOrO ACHCT-
BHUS TEIUIOBHX MAIIMH, MPOBERcHHbM (panHuysckuM yuenniM Camgm Kap-
Ho. [Tosgnee P. Knaysuyc u Y. Tomcon (s1opn Kenssun) npennoxunu
pa3/IMUHbIE 110 BUXY, HO JKBHBAJICHTHAIE (DOPMYJIMPOBKY BTOPOTO 3aKOHA
TEPMOTUHAMHEKH.

Cornacao dopmynuposke Knaysnyca, HEBO3MOXEH NPOUECC, EAMHBCT-
BEHHBIM PE3YJbTATOM KOTOPOro GbuT 6l mEPEXON TEMAOTH OT Teaa ¢ 6o-
JIE€ HU3KOU TEMIEPATYPOit K Teay ¢ 6oJsiee BHICOKOM TEMIIEPATYPOA.

ToMCOH chOpMYJTUPOBAT BTOPOR 3aKOH TEPMOTUHAMHUKH CAETYIOIIAM
o0pasoM: HEBO3MOXEH NEPUOTUUYECKHUM MPOLECC, CAMHCTBEHHLIM KOHEY-
HAIM PE3YJIbTATOM KOTOpOro Oniio Om coBepuieHue paboTht 332 CUET Ten-
JIOTHI, B34TOM OT OZHOrO KaKOro-TO TEja.

BhipaxxeHue «eIMHCTBEHHHIM DE3yJbTATOM» B ITHX (DOPMYJMPOBKAX
03HAYAET, YTO HUKAKHMX APYIMX HU3MEHEHMH, KPOME YKA3aHHEIX, HH B
pPACCMATPMBAEMBIX CUCTEMAX, HM B OKPYXAWOIIMX MX TEJaX HE [POMCXO-
auT. YCIOBHA# CXeMa TAaKOro poja Mpouecca, 3anpemieHHOro IocTyJa-
rom Knayauyca, mokasana Ha puc. 56, a mpomecca, 3anpemeHHOro no-
crynarom Tomcona, — Ha puc. 57.

B dopmynuposke Tomcona BTOpOi 3aKOH TEPMOTMHAMMKY HAKJIAIEI-
BAET OrPAHMYEHHS HA NpPeBpAllEHUE BHYTPEHHEH SHEPIMH B MEXaHHUe-
ckyio. V3 cdopmyaupoBkn ToMCOHa CJIEAYET, UTO HEBO3MOXHO MOCTPO-
UTh MAIUMHY, KOTOpas coBepumana 6u paboTy TOMBKO JHIIG 34 CUET IOo-
Jy4eHUs TEIUIOTHL W3 OKpyXamomed cpens. Takas rmmorermyeckas
MAIIWHA NOJyYHAa HA3BAHUE BEYHOrO ABUrATE/I BTOPOro PoAa, Tak Kak
BCJIEACTBHE HEOTPAHMYCHHOCTH 3a114COB BHYTPEHHEH JHEPrUM B 3eMIIE,
okeaHe, atMocdepe Takad MammuHa Obuta OB IS BCEX NPAKTHUECKUX
UEeNe JKBUBAJIEHTHA BEYHOMY JBHIATEIO.

Beunmnil gsuraresns BTOPOrO pPoma HE HAXOAUTCS B IPOTUBOPEUHH C
MEPBHIM 33KOHOM TEPMOOMHAMMKH, B OT/IMUME OT BEYHOIO JBHUraTeNs
NEPBOTO poaa, T. €. YCTPOMCTBA /1 COBEpmEHUs paboT Boobue 6e3 uc-
NOJIb30BAHUS MCTOYHUKA JHEPrUM.

OkBuBajeHTHOCTs (opmyaupoBok Knaysmyca m TomcoHa. 3kBu-
BAaJICHTHOCTh (DOPMYJIMDOBOK BTOPOrO 33KOHAa TEPMOAMHAMHKHM, TpEA-
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goxenamx Koaysuycom u ToMcoHOM, yCTaHABAMBAETCS TPOCTHIMM
PacCyXACHUSMH,

IpernonaoxuM, uro nocryaar TomcoHa Hecnipaseanus. Torna Mox-
HO OCYIIECTBUTEL TAKOH IPOLECC, EQUHCTBEHHBIM PE3YJIBTATOM KOTOPOro
6u110 611 coBepEHMe pabOTH 3a CYUET TEIUIOTHI, B3ATOM OT EAMHCTBEH-
HOTO MCTOYHMKA C TeMnepaTtypoit 7. Dty pabory MoxHO Owiio Ov, Ha-
OpMMEp IIyTEM TPCHHMS, CHOBA LEJAMKOM IIPEBPATHTH B TEIUIOTY, IEpe-
JaBAEMYIO TeJy, TEMIEpaTypa KOTOPOro Buimie, ueM T'. EXMHCTBEHHBIM
pe3yabTATOM TAKOIO COCTABHONO mpouecca Obul OBl MEPEXOA TEMIOTH
oT Tena ¢ Temneparypoit T K rteay ¢ Gosee BHICOKOH TeMIeparypoi.
Ho 3ro nporusopeunwno 6m mocrynary Knaysmyca. Utak, mocrynar
Kiay3adyca He MOXeT OHTb CIPAaBEAJIMBRIM, €CJIM HEBEPEH NOCTYJaT
TomcoHa.

IpenriosoXuM Tenepb, uTO, HAOOOPOT, HECHPABENNINB IIOCTYJIAT
Knayadyca, ¥ nOKaxeMm, UTO HOPH 3TOM [OCTyJar TOMCOHZ Takxe He
MOXET BHIMOJHATHCA. [locTporM OCHYHYIO TEIUIOBYIO MANIMHY, KOTOPas
6yner paboraTb, Hosyyas HEKOTOPOE KOJIMYECTBO TEIJIOTH (), OT Harpe-
BaTesid, OTAABas (), XOJOAWILHMKY M MpeBpamas pasHocTs Q, — Q, B
pabory (puc. 58).

Tockoasky mocryaatr Knaysmyca mpeanosaraercss HEBEPHBIM, MOXHO
OCYIIECTBUTD MPOLIECC, EANHCTBEHHEIM Pe3yJIbTaToOM KoTOporo 6ymeT me-
Pexox KOJIMYeCTBa TEILIOTH, paBHOro (,, OT XOJOAMIbHHKA K Harpesare-

0. CxeMaTH4eCKU 3TO NMOKa3aHo B NpaBoi yactu puc. 58. B pesysnbrare

T
! .
Q
Q
9
A=Q—Q
175%2
T
Q Q Q,
< T T,<T Q2
A=Q
Puc. 56. Tpunumnu- Puc. 57. [IIpunum- Puc. 58. Kombuuupys ¢ Teruiosoit
anbHas CxeMa runore- NHafibHag CXEMa TM-  MAIUMHOM YCTPOMCTBO, M300pakeH-
THUYECKOIO YCTPOICTBA, NIOTETUYECKOrO HOe Ha puc. 56, B XOTOpOM Hapy-
B KOTOPOM HAapyaeTcs ycrpo#cTea, B KOTo-  waercs nocrynar Knaysmyca, mno-
nocrysnar Knayanyca pom HApyLWIaeTcss  JIy4aeéM CUCTEMY, B KOTOPO#H Hapy-
noctynar Tomcona waercs nocrynar Tomcona

HarpeBarteas Gyaer otnasare paboyeMy Tey TENJIOBOM MAMIMHEL KOJIHYE-
CTBO TEIUIOTH (J; M MOJTY4aTh NP NPOLECCE, IPOTHROPEYAMIEM NIOCTYIATY

Knaysuyca, KOJIHYECTBO TEIUIOTH ,, TAK UTO B IIEI0M OH GyneT oraasaTh
KOJIMYECTBO TEIUIOTH, paBHoe ) — Q,. VIMeHHO Takoe KOIMUECTBO
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TEIUTOTH MAIMHA npespauiaer B pabory. B X010auNbHKKE B LEIOM HAKA-
KHMX M3MeHeHHil BOOOIIe He MPOMCXORKUT, KO0 OH OTHAET M IOJIYYAET OXHO
M TO XK€ KOAMUecTBO TeIoTel Q,. Teneph BuAHO, 4TO, KOMOMHUPYS AEH-
CTBME TENJIOBOH MALIMHH ¥ IPOIECC, MpoTHBOpeyamuit mocrynary Knay-
3MyCa, MOXHO TIOJIYUHTh NPOLECC, TPOTUBOPEUALHit mocTyaaTy ToMcona.

Takum obpazom, nocrynate Knayauyca m TomcoHa nmbo oba sep-
Hbl, 1100 002 HEeBEpHB, ¥ B 3TOM CMBICJE OHH IKBHMBAJEHTHH. Mx
CIPaBENIMBOCTD O MAKPOCKOMMUECKUX CHUCTEM IOATBEPXAAECTCH BCE-
MK MMEIOMMMHUCH 3KCIEPUMEHTANBHEMY (DaKTAMHU.

INpunuun Kapareomopu. Duamueckoe comepXaHue BTOPOro 3aKOHA
TepMOgUHAMHUKU B Gopmyamposkax Knayamyca u Tomcona smpaxa-
€TCS B BHUAC YTBEDXIOCHUS O HEBO3MOXHOCTH KOHKPETHBIX TETLIOBEIX
npoueccos. Ho MOXHO OaTh M Takyw OpMyaMpOBKY, KOTOpAas HE KOH-
KPETHU3UPYET BHUIA NPOUECCa, HEBO3MOXHOCTh KOTOPOTO YTBEPXHAeTcd
sTuM 3akoHOM. Takas ¢dopmyauposka HasmBaercs npuHuunoM Kapa-
reogopu. CornacHo 3ToMy HpPUHUMIY BOJAM3M KaXIOMO PaBHOBECHOIO
CoCTOSHUS 1000 TEPMOIMHAMMYECKOU CUCTEMBI CYIIECTBYIOT HPYrUe
PABHOBECHBIC COCTOSHHS, HEJOCTUXHMMEIE M3 MEPBOIO aauabaTHUECKHUM
yTeM.

ITokaxeM SKBMBAJIEHTHOCTh (DOPMYIUpOBKH TOMCOHA M NPHHIMIA
Kapareopopu. IlycTs npon3BoJIbHAS TEPMOAMHAMHYECKAS CHUCTEMA KBa-
3MCTATHYECKN MEPEXOAMT M3 HeKoToporo cocrosuud [ B OBiuskoe
COCTOSIHME 2, MOJyuyas HEKOTOPOe KoauuecTso Ternotel Q> 0 u cosep-
mass paGory A. TOrma B COOTBETCTBMM C NEPBHIM 3aKOHOM TEPMOMIM-
HAMUKH

Q=U,— U, + 4. (1)
Bepaem cucremy apmabaruuecku u3 cocrosuud 2 B cocrosuue I. Torpma

B TAKOM OépaTHOM nponeccce TennoooMeH OTCYTCTBYET, H HCpBbIﬁ 3aKOH
TCPMOOAMHAMHUKH OACT

0=U,—-U,+ 4", (2)
e A' — coBepmaemas cuctemoit pabora. Cknanmsas (1) u (2),
NOTyYaeM

Q=4"+4">0. (3)

Coornomenue (3) MOKa3kBALT, YTO B TAKOM LHKJIMYECKOM IIPOLIECCE
CHCTEMA, BOZBPATHBLIMCH B MCXOQHOE COCTOSHYE, NpeBpaTmia B padory
BCIO MOJIYYEHHYIO TeIoTy. HO 3TO0 HEBO3MOXHC COTJIAaCHO BTOPOMY 3a-
KOHY TepMoauHaMuky B opmymuposke TomcoHa. 3HAUUT, TaKOH HMK-
JIMUECKMIA TIPOIECC HEOCymecTBuM. I1epBHIil €ro 3Tam BCETXa BO3MOXEH:
HA 3TOM 3Tane K CHUCTEME MPOCTO MOABOAMTCS TEIUIOTd, ¥ HUKAKUX ApY-
FHX YCJIOBMI He HaxnaasiBaercs. [103TOMY HEBO3MOXHBIM 3J€Ch SIBISIET-
€ TOJIBKO BTOPOH 3Tan, KOrXa MO YCJIOBHIO CUCTEMa NOJIKHA BO3Bpa-
WAThCd B MCXOAHOE COCTOsHMEe aamabaruueckw. pyrumm cioBamu,
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cocrogHue | anguabaTHUECKM HENOCTHXMMO U3 OJM3KOr0 X HEMY
COCTOSIHMS 2.

Ipunuun aguabaTauecKOod HEQOCTMXKMMOCTH 03HAYAET, UTO IPAKTH-
YECKH BCE peasibHhle (DU3MYECKHE NMPOLIECCHI NPOHCXOOAT C Terioobme-
HOM: anuabaTHUeCKue OpPOLECCH — 3TO PEAKOE HCKIKUEHHE. PsmoM c
KaX/JbIM PaBHOBECHBIM COCTOSIHUEM €CThb MHOXECTBO JPYIMX, TIEPEXON B
KoTopue obg3aTenbHo TpebyeT TernooOMeHa, ¥ JMIIb B HEMHOTHE U3
HHUX MOXHO II0NACTh aguabaTuyecky.

Ha ocHoBe npuBeaeHHBX (JOPMYJMPOBOK BTOPOTO 33aKOHA TEPMOLH-
HAMHKM MOXHO IOJYYUTH pe3yspraTel KapHo A/ MaKCHMAaJNBHO BO3-
MOXHONO Ko3gdmumeHTa MoJe3HOr0 ACHCTBUS TEIJIOBHIX MAamuH. [sis
TENJIOBOM MALIMHBI, COBEPIUAIOMICH LIMKJI MEXIY Harpesateaem ¢ (hux-
CHPOBAHROH TeMnepatypor Ty M XOJIOQWIBHHUKOM C TeMreparypou T,

k03¢dONUMEHT MTONE3HOTO HEHCTBUS HE MOXET MPEBLIUATh 3HAUCHUS

r—~T
n=—F—. (4)

HauGonpmee 3uavenme 1, onpexaenstemoe dopmysnoit (4), mocrura-
€TC y TEIIOBOM MAIIMHBL, COBEPINAKONIEH OOPATHMEIN LHUKJI, HE3aBH-
CMMO OT TOFO, YTO MCIOJB3YETCS B KauecTse pabouero rtena. 1o
YTBEPXIEHHC, Ha3biBacMoe OORYHO meopemoud Kapro, Gyaer noxaszaHo
HHXE.

Lnkn sexsercs obpaTMMbhiM, €CTM OH COCTOMT M3 OOpaTUMBIX IpoO-
LLECCOB, T. €. TAKHX, KOTOPHE MOXHO IIposecTd B J000M HanpapJeHHM
yepes OAHY ¥ TY X€ LENOYKY PABHOBECHBIX COCTOSIHHUM.

EAMHCTBEHHBIM 00paTMMBIM LMKJIMYECKMM [POLIECCOM, KOTOPBIH
MOXKHO OCYHIECTBUTh MEXJY HArpeBaTeeM H XOJOLMIBHUKOM C (DMKCH-
POBAHHEIMM TEMITEPATYPAMH, SBJASCTCS TAK Ha3bBaeMbli yuka Kapho,
COCTOSIIMI M3 ABYX M30TEPM M OBYX ajid-
abart. s wneanpHOro rasa TakON IUKJIT
u3obpaxeH Ha puc. 59. Ha yvactke /—2
rd3 UMEeT TEMIEepaTypy, PaBHYI TeEMIIe-
parype narpesatens 7| ¥ H30TEPMHUYECKH

pacuIMpseTcs, Moayyas KOJMYECTBO TEI-
notel Q; or Harpesarend. Ilpu sTOM ras
COBEpIIAET MOJOXHUTEABHYIO paboTy, pas-
HYI0 noJay4yeHHo# remnore. Ha yuacrxe 0 v
2—3 ra3 pacumpsgerca aguabaTHYECKH, H

NpH 5TOM €ro TEMIEpaTypa nmoHuxaercs Duc- 59 Luxa Kapro ma p—V-

AHarpamMme MACaabHOIQ rasa

oT T, 0O 3HAYEHHMS, PABHOTO TEMIIEPATYpPE

xonomwisanka T,. Cosepmaemas rasoM Ha 3ToM yuacTke pabora pasHa
yObin ero BuyTpeHHed sneprun. Ha crenyromem yuacrke 3—4 ras mso-
TEPMUYECKH CKUMAIOT. [IpyH 3TOM OH OTHAET XOJORMJIBHUKY KOJIHUYECTBO
TEmIoTH (),, PaBHOE COBEPIUAEMON Hajx HMM IpH cxaTuu pabore. Ha
yyactke 4—I] ra3 aauabaTHuecK¥ CXUMAIOT 0 TEeX IIop, MOKa €Ero
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TEMIIEPaTypa HE MOBHICMTCA IO 3HaueHMs T,. YBeqHueHHe BHYTDEHHEH

SHEpruM rasa IpH 3TOM PaBHO pabore BHEMIHMX CWJ, COBEPLIAEMON HpH
CXKATHHM rasa.

Huxkn KapHo aBASETCS EOMHCTBEHHBIM 3aMKHYTHIM IIPOLIECCOM, KO-
TOPHII MOXHO OCYIEeCTBHTh oOpaTumeiM ofpasoM. B camom gese, agua-
faTHYecKHE MPOLECCH OOPATHMEL, €CJIM MX TPOBOAUTH AOCTATOYHO MET-
JIEHHO, T. €. KBasucTtaTuuecku. M3orepMuyeckme npouecch — 3TO €UH-
CTBEHHEIE MPOLECCH C TEMI00OMEHOM, KOTODHE MOTYT OBITH MPOBEAECHEI
obparumbiM obpasom. [Tpu moboM apyrom mpouecce Temmepatypa pado-
YEro TeJia U3MCHSETCS M, COMJIACHO BTOPOMY 3aKOHY TEPMOJAMHAMMKH,
TemI000MEH C HArPEeBATENEM MM XOJIONHILHAKOM HE MOXeET OhITh 06pa-
TUMBIM: OOMEH TEIUIOTOM NMPH HAJMUMN KOHEUHON PAa3HOCTH TEMOEPATYD
HOCHMT XapakTep NpUOIMXEHHUS K TEIUIOBOMY PABHOBECHIO M HE SBJSETCS
pPaBHOBECHEIM TIPOLIECCOM.

Pasymeercd, oOMeH TEIIOTOH B OTCYTCTBUME Pa3HOCTH TEMIIEPATYD
NpoucxXonuT GecKOHe4yHo MemsieHHo. Ilosromy oOpatumuit nukia Kapso
npogonxaercs OECKOHEYHO JOJN0 M MOUIHOCTh TEIUIOBOM MAIIMHEI IIPH
maxkcumanbpHo Bo3moxHoMm KIIJ, ompenensemom cdopmynoit (4), crpe-
MuTca K Hyao. [Ipoueccsl B m060i peasibHOM MamIMHEe 00A3aTEIBHO CO-
AEpXaT HeoOpaTUMBle 3BCHbd, W, ciegoBarensuo, ee KI1[ scerna mMens-
LIE TeopeTHYECKOro npenena (4).

YCI0BHS NMOJYYEHHUs MaKCHMaabHOK pabotsi. [Tpeobpasosanue BHYT-
pEHHEH SHEPrHM B MEXAaHHWYECKYIO, KaK CJIEAYET M3 BTOPOrO 3aKOHA Tep-
MOAMHAMMKH, HE MOXET ObITh MPOU3BEACHO NOMHOCTHIO. J[JIs TOrO 4yToOH
NPEBPATHTE B MEXAHMYECKYIO DHEPrHI0 MAKCHMAJIBHO BO3MOXHYIO YacTh
BHYTDEHHEH IHEPIHH, HEOOXOZMMO MCIIOIb30BATH HCKIIOUNTENBLHO 00pa-
TUMBIE APOUECCH. JJIS MIUTIOCTPALMH PACCMOTPUM CAEAYIOIIUM IIpUMeEp.
[TycTs MMeeTCS HEKOTOPOE TEJIO, HE HAXOOAIIEeCs B COCTOSIHMM TEIIO-
BOTO PaBHOBECHSA C OKPYXAawIed Cpeaol, HanpuMEp MIACAJbHHIA ra3s B
UWJIMHAPE ¢ MOPIIHEM, MMEKOMWMA Temmepatypy 7, Gonee BHICOKYIO,
yeM TeMmneparypa oOkpyXxamomeid cpexnt T
T (puc. 60). Kakum 06pazom MOXHO TIOJYYHTb Ha-
u00IbIIYI0 paboTy IpPU YCJOBHH, UTO B KOHEUHOM
COCTOSIHMM Ta3 JOJIKEH 3aHMMATh TOT Xe€ 00beM,
YTO ¥ B HAYAJIBHOM?

Ecan 6w Temmeparypa ra3a Obuia paBHA TeM-
Puc. 60. K monyuenmo [MEPATYPE OKPYXAIOMEHA Cpednl, T. €. ras Haxo-
MakcumansHodt pabothl  quCa OB B TEMJIOBOM DABHOBECHM C OKPYXEHH-

€M, TO HHUK2KOil paboTu BooOwmIe MONTYyYHTH GhLIO
Obl HeBo3MOXHO. IlpeBpameHne BHYTPEHHEN JHEPIHU B MEXAHUUECKYIO
MOXET IPOHUCXOXUTH TOJBKO B TOM Cy4ae, KOrAAa HAaYaNbHOE COCTOSHHE
BCEM CHCTEMBL HE IBNACTCH PABHOBECHBIM,

Ho npm HepaBHOBECHOM HAYaJ bHOM COCTOSTHMH IIEPEXON CHUCTEMHI B
COCTOSIHHE PABHOBECHS HE 00S3aTEIBHO CONMPOBOXAAETCS NMPEBPAINEHHEM
BHYTDEHHEH SHEPrUM B MEXaHWyeckyl. Ecam npocTo mpmeectd ras s
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TEIJIOBOM KOHTAKT C OKPYXaIOWeEH Cpenoif, He AaBas €My PACHIMPATHCH,
TO ra3 OCTBIHET M HMUKAKOM paboTel mpu sTOM coBepuieHo He Oymer. Ilo-
3TOMY U1 BO3MOXHOCTH COBEpIIEHHMS paborei HEOOXOAMMO IpegocTa-
BUTb a3y BO3MOXHOCTh PACIIMPATHCS, MMES B BHAY, UTO MOTOM €ro
IPUMAETCS CXKaTh, TAK KaK [0 YCJAOBHMIO B KOHEYHOM COCTOSHMH ra3 NoJ-
XEH 3aHHMATh TOT Xe OOBEM, YTO M B HAYAJbHOM, N

IOns monydeHuss MAKCHMMAaabHOM palOTH MEPEXOX M3 HAYaJIbHOIO
COCTOSIHMSA B KOHCUHOE JOJIXEH ObITh MPOM3BENCH 00paTUMO. A 3TO MOX-
HO CAENaTh, TOJABKO UCMOAb3YS aauabaTHUECKHE B H30TEPMUUECKHE TIPO-
ueccel. Mitak, ras caegyer aguabaTMueckd PACIIMpATH A0 TEX [OP, MOKa
ero TeMIEpaTypa HE CTAHET PABHA TEMIIEpaTypPe OKPYXAWMEl cpenasl
T, a 3aTeM H30TEPMUUYECKM CXaTb NPU 3TOM TEMIEPATYPE KO UCXOXHOIO
obbema (puc. 61). CopepuiaeMas razoMm npu aguabaTHUECKOM paciumpe-
pun [—2 pabora, Kak BUAHO M3 PUCYHKa, Oojbuie Toi paGoTh, KOTOPYIO
NpUAETCS COBEPIIMTL HAN ra3oM IPd HM30TEPMHUECKOM CXaTuun 2-—3.
MakcumansHas pabora, KOTOPYIO MOXHO MOIYUYHTh NpPH NEPEXOne rasa
u3 cocrosHus / B COCTOSHME 3, PABHA IUIOMAAM 3AIMTPHXOBAHHOTO HA
puc. 61 xpuBOAMHENHOTO TPEyroabuuka [—2—3.

W3yueHHBIE 3aKOHOMEPHOCTH REUCTBUS OOPATHMONO TEILIOBOIO IBH-
raTtessi TO3BOJAIOT PACCMOTPETh NPHHLUMIE (HYHKUHNOHMPOBAHUSA XOJIO-
OHJIBHOM MaUIMHBl M TEIUVIOBOIO Hacoca. B xoa0dunvbnod mawuHe Bee
NpPOLIECCH TPOMCXOAST B 06paTHOM (IO CPAaBHEHWIO C TEIUIOBBIM ABMIra-
tesaeMm) HanpasneHud (puc. 62). 3a cuer COBEPIICHAS MEXaHUYCCKOU
paGore A or pesepsyapa ¢ Gonee HuM3KOM Temmneparypoit T, OTHHMa-
eTcsl HEKOTOpOe KOoMmuecTBo Tertorsi Q,. [Ipu artoM pesepsyapy c 6o-
Jiee BHICOKOH TeMmmepatypoit 7', pojib KOTOPOrO BBIMOJHSAET OOBIYHO OK-
pyxaimomas cpexa, NnepeaaeTcss KOJMUYECTBO TEIJIOTH (,, PaBHOE CyMMeE
A+ Q,. Benencreue ofpaTMMOCTH paccMaTPUBACMOH MAIIMHEL AJS HEe
CNpaBea/IMBO COOTHOMICHUE

A _TIh—T
g,+A4~ T,

()

KOTOPOE B COOTBETCTBHMHM C {4) MOXHO PacCMaTpUBATh KaK KodhduiueHT
T10JIE3HOIN0 AEHCTBUS COOTBETCTBYIOINEH TEILUIOBOM MAaIIMHEL.

Ing x0n10aMAbHOM MALIHHE HAWOOABIINN HHTEPEC NPEACTABISIET KO-
JIUYECTBO TEIUIOTH (),, OTHHMAaEMOE OT OXJIAXHaeMoro pesepeyapa. s
(5) ms Q, umeem

A

Q= TTo—1" (6)
I'pacdmk 3aBMCHMOCTH ), OT TeMIEpaTyph OKpyxamomed cpenn T

(nns obparumoro mpouecca) u3obpaxen Ha puc. 63, BugHo, uro npm
T,>T, orunmaeMmas remwiora Q,— 0. Ho npu manoit passocTs Temme-

patyp T, — T, otHomenue Q,/A MOXET NpUHUMATh GOJIbIINE 3HAUCHUSL.
I pyrumu coBamu, 3¢eKTHBHOCTD XONOANIHHOM MAIMHEL NPU OIM3KUX
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3HauyeHusx T, u T, Moxer OBITh BeCcbMa BEJINKA, TAK KaK KOJUUECTBO TEM-~
Jgotst (,, OTHUMAEMOE OT OXJIAXAAEMBIX TEJI, MOXET 3HAUUTEJbHO Mpe-
BHIMIATH PAboTy A, KOTOPYIO B PEANBHBIX XOJOLWILHEIX MALIMHAX COBED-
LIAET KOMIIPECCOD, MPUBOTUMBIM B JEeHCTBUE JECKTPOIABHIATEIEM.

B TexH#uecKOd TEPMOOUHAMHKE IS XAPAKTEPUCTHKH XOJOMMIbHOM
‘MAUIMHBl KCIIOIb3YETCS TAK HA3KIBAEMBIA XOJOMMIBHEIN KOI(M(PHUUUEHT ¢,
OnpeneaseMui KaK OTHOIIEHHE KOJHYECTBA TEIUIOTH (J,, B3STOIO OT OX-
AAXITACMEIX Te, K pabore BnemQan cun A

2 1
EE AT T, ™

B ornnume or KIIIL tennoeoro gsurarens (4), XOJOQUIbHEM X03¢-

bHUMEHT € MOXET NPUHMMATh 3HAYEHHUS, OOJAbIIME EAMHHIIHL

lopsunit pesepeyap
5

Q1=A+Q2

/Pabouce
T ver

Az TEJIO
1%

)

Xononuelil pesepeyap
T

Puc. 61. Ilpouecc nosyyeHus Makcu- Puc. 62. [IpMHLMNMATBHAS CXEMA XO-
MasbHOM paboTsl HA p—V-guarpaMme JIOANNBHOM MAILMHbLI

B peanpHbIX HNPOMBIIUIEHHBIX ¥ ORITOBBHIX YCTaHOBKAax & =3 u Oonee.
Kak BugHo u3 (7), XonomuwibHbiii KoadduuueHT TeMm OGosblie, ueM
MEHBIIE PA3MUYAXOTCS TEMIEPATYPH OKPYXAIOMmed CPefbl M OXJaXaae-
MOro Tena.

PaccMorpum Teneps paloTy TEIUIOBOTO HACOCR, T. €. XOJOZMJIbHOM
MAIINHBL, paboTalomeil ¢ UENbI0 HATPEBAHHMS TIOPAYErO pe3epByapa
(OTAamIMBAEMOTO MOMEINEHU) 34 CUET TEMIOTH, OTHATOR OT XOJIOZHOIQ
pesepsyapa (okpyxawomei cpeanl). [IpuHIMOKANBHAS CXEMa TEIUIOBO-
ro Hacoca HMACHTHYHA CXEME XOJOMMJIBHOM MamuHH (cM. puc. 62).
B oTauupe Or XOJOAMJIBHOM MALIMHE MM TEIUIOBOIO HACOCA MpPaKTH-
YECKUI MHTEPEC NMPEACTaBadaeT He (,, a ()} — KOJIWYECTBO TEIUIOTHI,

nosyyaemoe HarpesaemmiM teaom: Q) = A+ Q,. Jas O, aBanoruyHo
(6) umeem

A
Q =1=77, - (8)
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I'padux sroit 3asucumocTH m3obpaxeH Ha puc. 64. Ilpn T,>T,
remtora Q, — A. Ilpu mano# pasmoctw T, — T, KONMYECTBO TEILIOTHI,

A
Q2 \ Qll '
I |
! |
| |
| |
! |
|
H |
| |
 — N S~ S
1 | |
| | . { _
o 7, 2 . 0 L
Puc. 63. 3asucumocts tennorst 2, Puc. 64. 3aBucumocrs Ter-
OTHMMAEMOMN Yy OXJIAaXJaeMoro peaep- a0t (), NoOCTynmamwwei B
Byapa, OT Temneparypnl T| OKpyXawo- OTAfUIMBAEMOE  [OMEIEHHE,
men cpexsl ot ero temneparypst T

[IEPEeNaBaeMoe HAarpeBaeMOMY TeEJIy, MOXET 3HAUYNTENBHO MPEBBIIATH
paory A. B oToM ciy4ae CTAHOBATCH COBEPMICHHO OYEBHIHBIMHM IIpE-
MMYINECTBA MCIIONb30BAHUA TEIJIOBOIO HACOCA 1O CPABHEHHIO C HENmoC-
PEOCTBEHHBIM OTArUIMBAHMEM, Korxa pabGora A (Hampumep, 3/€KTpPO-
DSHEprusi) HEMOCPEACTBEHHO IPEBPALIAETCHd BO BHYTPEHHIOK SHEPIHIO
OTAanINBAEMOIO NMOMEIIEHMS.

B TexHuuecKOH TEPMOOMHAMHUKE AJIS XapakTepucTHKH 3¢¢deKTHBHO-
CTH TEIUJIOBHIX HACOCOB BBOAMTCS TAaK HA3HBAEMBIM OTOMUTEILHBIN KO3(-
cdunmenT e, PaBHBIA

_ 9 1
Eoron = A T_—Tzﬁ“—l . (9)

Ipusenennnie dopmyast (7) u (9) cnpaseanussl A7s oOpaTHMBIX Ma-
wuH. 19 peanpHbIX MAIUMH, TAE MPOLECCH HOJHOCTBI HJIM YACTHUHO
HeoOpaTuMel, 5TH OPMYJBL JAOT OUEHKY XOJOIMILHOIO ¥ OTONHTE/b-
HOro K03(hHUHEHTOB.

Wrak, npu MCNOAB30BAHMU TEILIOBOTO HACOCA OTAILIMBAEMOE IOME-
mICHME NoaydacT Goblile TEIUIOTHI, YeM IPH HEHOCPEACTBEHHOM OTarl-
auBanun. Ha 310 obcrositensctso eme B 1852 r. obpatwn BHMMaHMe
VY. ToMCOH, NPEANOXHUB ALK TAK HA3KBAEMOrO JHHAMHYECKOIO OTOMJIE-
HUS, 3aKJIOU3ONYIcs B caenyomeM. Tenaora, nosydyaeMas npu CKu-
raHAH TOIUIMBA, HCIIOJIB3YETCAd HE IJIS HEMOCPCACTBEHHONO oborpesaHus
MOMEIXEeHMs, @ HANPaBJASeTcs B TEIJIOROM ABHraTe/b AS MOJYUCHUS Me-
xaHnueckoi pabora. C nmoMomplo 310l palOTh NPUBOOMTCA B AECHCTBHE
TEIUIOBOM HACOC, KOTOphii ¥ oforpeBaer momewenne. [Ipn manoi pas-
HOCTM TEMIMEPATYP OKPYXAWeNX CPeAnl M OTArUIMBAEMOr0 TOMENIEHHUS
MOC/IEMHEE HOMYYAET TEMJIOTH 3aMETHO OOJIbILIE, UEM €€ BHIIEIIETCH NPH
CXKHIaHUHM TOILTMBA. DTO MOXET MOKA3aThCs MAPajgoKCa/IbHEIM.
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B neifcTBUTENBHOCTH HUKAKONO IMAPagoOKCa B TEIUIOBOM HACOCE M JH-
HAMHUYECKOM OTOIUICHHMHM HET, YTO CTAHOBMUTCS COBEPIIECHHO SCHEIM, €C-
JM BOCHOJIb30BATbCH NOHSATHEM KAueCcTBA BHYTPEHHEH SHeprud. Ilon
KauecTBOM BHYTPEHHEH JHEPrHM NOHMMAETCA €€ CrIoCoOHOCTh mpeBpa-
mATbCAd B APYrHME BUARL. B 3TOM CMBIC/IE HAWBHICIOMM KauyeCTBOM Xa-
PAKTEPU3YETCHd SHEPTUs B MECXAHMUYECKOH MM 3JCKTPOMArHMTHOU dop-
Max, TAK KAaK €€ MOXHO IOJIHOCTBIO NPEBPATHTh BO BHYTPEHHIOK MpH
moboi Temneparype. UTo Kacaercs BHYTPEHHEH JHEPrHM, TO €€ Kaue-
CTBO TEM BHIIE, YEM BHIIE TEMIEpPATypa TE€Aa, B KOTOPOM OHA 3ama-
ceHa. Beskmil ecrecTBeHHO MaywMil HeoOpaTHUMBIA IIPOLECC, HATIPUMED
Mepexon TEIUVIOTH K Teay ¢ Oosiee HU3KOA TEMIEpaTypoil, BEHET K
00eCUEHNBAHMIO BHYTPEHHEM OSHEPrHM, K CHHXEHHIO €€ KJauecTBa.
B 0OpaTMMBIX IpOLIECCAX CHHXKEHWS KAYeCTBA HYHEPIMH HE MPOMCXOMIMT,
MOCKOJBKY BCE SHEPreTHYECKNE MPEBPALICHUS MOTYT MATH B 00paTHOM
HANpPaBJAEHUH.

TIpn o6ryHOM cnocofe OTAIUIMBAHMA BCS TEILIOTA, BBIACASIOMIASICS
MpH CXUTAHUHU TOIUTMBA IPH HArpeBaHMM COUPATH JICKTPUUYECKHUM TO-
KOM HMJIY NOJYy4Yaemasl OT Iopsuero pe3epByapa M T. I, IEPEXOXUT B IO-
MELIEHME B BHAE TAKOIO XK€ KOJMYECTBA TEILIOTHI, HO IPH O0jiee HU3KON
TEMIEPATYPE, UTO NPEACTABALET COOOM KauecTBEHHOE ObeclecHWBaHME
BHYTPCHHEU JSHEPrud. TeIUIOBOM HACOC WM CUCTEMA IHMHAMHYECKOIO
OTOILIEHHS YCTPAHSIOT HEMOCPEACTBEHHBIM HEOOPATHMEIN TernnoodMeH
MEXAY TEJaMHU C PA3HEIMU TEMICPATYDPAMU.

[Ipu paboTe TEMIOBOrO HACOCA WM CHCTEMABl IMHAMKYECKOTO OTOIUIE-
HYS NMPOMUCXOJUT MOBHILICHHE KAYECTBA BHYTPEHHEH 3HEPIUH, NEpenaBa-
€MO OTAIUTMBAEMOMY MOMEUICHMIO M3 OKpyXxatomel cpensl. I1pu mManon
Pa3HOCTH TEMIIEPATYP, KOrA3a KAueCTBO ITON JHEPrUM CYIUECTBEHHO HE
YBEJIMYUBAETCA, €€ KOJMUYECTBO CTAHOBMTCH OOJbIIE, UEM M OOBICHSETCS
Boicokast 3ddeKTUBHOCTL palOTH TEIIOBONO HACOCA ¥ IUHAMHUUYECKOTO
OTOILIEHUS B LIEJIOM.

e [IlpuBeaurte npuMepsl SBJIEHHIL, KOTOpPbie YAOBJIETBOPSIOT 3aKOHY COXPaHEHUs
3HEPruH, HO TeM He MeHee HUKOrha He HabogaloTcs B MpHpoOZE.

e B uem nposBnsercs HepaBHOLEHHOCTh PasHbIX BUROB SHepruu? Ipousnioct-
pPUpPYHTE 3TY HEpPaBHOLICHHOCTb Ha IpUMepax.

e Yro Takoe obparumbiit Tenosokt npouecc? Ilpusennrte nprmepst 06paTHMbIX
M HeoOpaTHMBIX NPOLECCOB.

e KakuM TpeboBaHUSIM JOJMXKHA YIOBNETBOPATh (U3HUYECKas CHCTeMa, 4ToObI
MexaHHYecKHe npouecchl B Heil nporekanu obparumo? Iloscuurte, nouemy
TpeHHe U QUCCHUMALU8 MEeXaHUUYECKON 3HEPTryH AealoT BCe IPOLecChl Heob-
PaTHMBIMH.

s [lpuBeaure pasnuuHbie (GOPMYJIMPOBKM BTOPOIO 3aKOHa TEpPMOAMHAMMKH.
Hoxkaxute akpuBaneHTHOCTL opMynuposok Knaysuyca u TomcoHa.

e UYro osnavaer npuHuun Kaparteogopu NMPUMEHUTENBHO K MAEA/IBHOMY rasy?
ITosicHuTe OTBET, MCNONBL3Ya p— V-gqUarpaMMy AN U300pakeHHSA €ro cocTo-
AHUS.
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e Ilokaxwure, UTo HHU3IUYECKHI CMEBIC]I BTOPOro 3aKOHA TEPMORMHAMUKH 3aKJIIO-
YaeTCs B YCTAHOBJIEHMM HEPaA3pLIBHOM CBA3M MEXAY Heo6paTUMOCTBIO pEANih-
HBIX TPOLIECCOB B MPUPOAE U TENJICOOMEHOM -

e CdopMysiMpyiTe YCIOBHS, NTPH KOTOPBIX KOIDPUUMEHT NOAECIHOTO NEHCTBUS
TENJIOBOro ABUraTe/isi, paborapuiero no o6paTMMoMy UMKy, 6bin Obl G/K3-
KHM K eluHHLUe.

e Tlokaxwure, uro umuks KapHo — 3TO e€AMHCTBEHHbIN OOpaTHMbli LIMKJIHYE-
CKMil npolece O QBUraTessl, MCMoJb3YIOWEro ABa TeMJIOBLIX pe3epeByapa ¢
¢hHUKCHPOBAHHBIMH TEMIIEPaTYpPaMH.

o IIpu ofCyXACHUM YCJIOBWM MOAY4YeHUS MaKCHMa/bHOM paboTel HE YUMUTBIBA-
nock armocdepHoe OaBlicHWe, HACHCTBYIOLlee Ha MNopuieHb cHapyxu. Kak
y4eT 3TOro JaBAcHHS CKaXeTCs Ha NpPHBEACHHBIX PACCYXACHHAX U HA pe-
3yJibTare?

e Ta3 B NMIMHApPE, 3aKPLITOM MOPIIHEM, UMeeT Takylo Xe TeMNepaTypy, YTo u
OKPYXallHi Bo3Ayx, Ho Gosiee Bbicokoe (Mnu Gosee HU3KOE) AaBIEHHE, YeM
aJasjieHHe B atMocdepe. Kakue npotieccsl clieflyeT 1POBECTH € ra3oM, YTOOB!
MONY4YHTh MAKCHMANBHYIO MONE3HYI0 paboTy 3a cueT HEPABHOBECHOCTH CHC-
TeMbl? M306pasuTe 3TH mpouecchl Ha p—V-Avarpamme, cuuTtas ras B L(U-
JIMHAPE MAeasbHbIM.

e Tas B HMIMHApE, 3aKpbLITOM MOPIIHEM, HMeEET Takoe Xe AaBjeHHe, KaK o
OKPYXalolWUH BO3AYX, HO Oosiee BBICOKYIO (UM 6Gojiee HHU3KYIO) TeMIleparTy-
py. Kakue npoueccst cnepyeT NpoBeCTH ¢ ra3om, 4ToOb MOJYHYHTbH MAKCH-
MaJIbHYIO MOJ1Ie3HY0 paboTy 3a cueT HepaBHOBecHocTH cHcTeMbl? Uzobpasu-
Te ¥X Ha p—V-Ouharpamme.

e Paccmorpute nBe pasauuHble CXeMbl TUHAMHUYECKOrO OTOMJIEHHS, B KOTOPBIX
TEIIOBas MallWHa OTAaeT Terjory Q, nubo okpyxalleh cpeae, mbo oran-
nuBaeMomy nometteHuo. [lokaxure, 4To B cllyuae, Korga Bee rpouecchl o6-
paTuMsl, 06e cxeMbl UMeloT oAMHakoBylo addekTuBHoCTb. Kakas cxema oka-
xercs addexTHBHEE B peasbHOM CUCTEMe, KOrjga IMpouecchl HENb3d CYMTaTh
MOJIHOCTBI0 OOpaTHMBIMU?

§ 19. Metoabl TepMOAHHAMHMKM H HX NPHMEHEHHR

B npepwinymiem naparpade 6su1a nmpuBeacHa 6¢3 [OKa3aTeabCTBA TEOpe-
Ma KapHo, BHIPAaXaiomas MakCHMaabHO BO3MOXHEM Ko3dduimenT mo-
JIE3HOrO ACHCTBHS TEIJIOBONO ABHUIATEJS YEPE3 TEMIEPATYpPhl TOPIUero u
XOJIOAHOTO TEIUIOBHIX PE3EPBYapoB:
T,
=1 —-2 1
U T, (1)
M3 BTOoporo 3akoHa TepmopuHamuku ciaenyet, uro KIIJI temnrosoit
MamuHbl, paboramonieil mo oOpaTHMOMY LMKy, HE 3aBUCHT OT TOrO, Ka-
KOE BEUIECTBO MCHNOAb3YETCS B KauecTse pabouero tena.

KIIJ Bcex OOpaTHMBIX TENIOBBIX MAIUMH OJYMHAKOB. YOenuThCs B
3TOM MOXHO C TNOMOIIBI0 CAEAYIOIMMX paccyxaenwit. [Ipeanomoxmm
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NpoTUBHOE, T. €. uto KILI v y oanoit U3 AByX 0OpaTHMBIX MAIIMH, pa-
foTalmux MpH 3aJaHHBIX TEMIEPATypax T, nT, Gonsme, yeM y apy-
roit: > 1. JIOmycTMM, YTO 33 OOMH LMKJ] 06€ MAaLIMHBI OTAAKOT XOJO-
NMIbHAKY ONMHAKOBEIE KOMMYeCTBA TemwtoTe: Q, = Q,. Torna mamuna,
y kotopoit KIT[l Brime, 3a uuki npespamaer B paboty Gonbmee xosm-
yectBo Temwnotel: Q, > O n A, > A|.

Ilycte teneps Mammua ¢ Goabwmm KITJL paboraer B npsmom, a ¢
merpmuM KIIJI — B 0OpaTHOM HampaRJEHHMH, T. €. KAK XOJONWIBHAs
MamuHa, 3a CYET coBepmEHus paboTH A BHENIHMMHM TEJAMH OT XO-
JIONHOIO pe3epsyapa OTHHMAETCS TEILIOTa Q'2 4 NEpeaeTcs ropsueMy
pesepByapy TEILIOTa Q; = Q'2 + A'. B pesynbTate HMX COBMECTHOIO
HEACTBUS 33 LMKJ IOJy4aercd CAeqyroWud pe3yaprat. XOJOOWIbHMK
nonyuyaer Oor pabouyero Tena NEPBOW MAWIMHE CTOJBKO K€ TEIUIOTHL,
ckonpko otaaer pabouemy Tery sropoit (Q, = Q}), T. €. B XOJIOMIb-
HHKEC HAKaKAX H3MEHCHUH He mnpoucxomut. Ilockoabky A4, > A;, TO
Aumb yacty paboTht A, XOCTATOYHO /IS NPUBEAEHMS B JEHCTBHE XO-
noauabHON Mammesl. Harpeparesnn ormaer remwiory (,, a mnosaydaer
MEHBIIYIO TEIVIOTY Q;, T. €. B LEAOM OTHAET TOJBKO ) — Q;. HUrak,
remiora Q, — Q,, B3ATas OT HATPEBATe]s, LEINKOM NPEBPAIMAETCS B
nonesHyio pabory A, — A;, a XOJIOAWILHMKY NPH 3TOM HHMKAaKoH Ten-
JIOTH HE Tepefaercs. JT0 NPOTHBOPEUMT BTOPOMY 3aKOHY TEPMOXMHA-
mukd B ¢dopme mnocryaara TomcoHa. 3HAUUT, IPEANONOXKEHUE, UTO
1> v, HEBEpPHO.

TouHO TAKHE XE€ pacCyXAEHHS MOKaXyT, 4r0o A OOpaTHMEIX Ma-
IIMH OKAXETCS HEBEPHHIM U MPEANO/IOKEHME, YTO 1 > 7). Mul mpuxomum
K BBIBOAY, YTO BCE 0OpaTHMble MalUMHBI UMEKT oguHakosslit KITI.

IpusegeHHOe HOKA3aTeNbCTBO TeopeMnl KapHO OCHOBHIBAJIOCH Ha
HpeanoaoxkeHud o6 ofpatuMocT O0enX TEIUIOBHX MAIIKH, 03HAUAKO-
uIeM, uTo M00YI0 U3 HMX MOXHO ObUIO 3aCTaBUTh AEMCTBOBATH B o0paT-
HOM HanpasjeHud. Eciu oxna u3 mawus, sanpumep ¢ KIT v, ueoGpa-
THMA, TO U3 NMPUBEACHHBIX PACCYXACHMI CAEAYET TOMBKO, UTO M < 1)
KII nroboit HeobpaTuMoi Temnosoil mammHn Meabiie KITJ o6patamoit
MamuHsl, paboraromeit npyu tex xe Temneparypax T, u T,

Hesasucumocte KIIJI o6paTamoi TemnoBoi MamuHul OT popa paGo-
Yyero Teaa no3soager Mg noayuends gopmysan (1) smbpath mpocrei-
mee pabouee TenO0 — MACATbHHIN ras.

IOnsa pacyera KITJ umkna KapHo ¢ mpeasbHBIM ra3oM HaMm ITOHAOO-
OaTCca BHIpaXeHHe I/ paboThl, COBEPMIAEMONl MIAECANBHEIM I'a30M B H30-
TEPMUYECKOM MPOLECCE, M YPABHEHHUE anuabaThl MACANbLHOIO rasa.

Pabora nieanbHOro ra3a B U30TEPMHYECKOM mnpouecce. [lycrs ogud
MOJb HMACAJLHOTO ra3a M30TEPMHYECKH pacmupsercs ot obbsema V| no
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obbeMa V,. Coepmaemas npu 5ToM paboTa BHPaXkKaeTcs OnpenejaeHHBM
UHTErpajom:
V!
A= pv)av. (2)

v,

Hasnenue raza p(V) MOXHO BHPA3UTh C MOMOIIbK) YPABHEHUS COCTOS-
Hus: p = RT/V. Ilocko/bKy B M30TEPMAYECKOM MPOLECCE TEMMEPATypa
NOCTOSHHA, TO BHpaxeuue (2) npuHAMaeT BUX

v

2

A=RTS——=RT1n~. (3)

4

BbiBOR ypaBHeHHs anuabarst. YpasHeHue aguabarThl MACANbHOTO ras3a
MOXHO IOJIYYUTb, UCHOAb3YY NEPBRIM 3aKOH TEPMOAMHAMMKHM U YDaB-
HeHHe cocrogHus. Tax Kak B anMabaTHyecKoM Hpouecce TeIoo0MeH
HE TIPOMCXOOMT, TO MEPBHM 3aKOH TEPMOAMHAMMKH 3AIHCHIBACTCS B
BHIE

dU + p dV =0. (4)

[Tpupamenue BHyTpeHHeH sneprun dU = C,dT, NOCKONABKY BHYT-

pEHHSIS SHEPrus HCaJbHOIO rasa He 3aBUCUT OT obbeMa. Bripaxenue
a9 dT MOXHO NOJYUHUTh M3 YPABHEHUS COCTOsSIHMS pV = RT:

pdV+Vdp=RdT. 5)
C y4eToM NpHBEACHHBIX BhipakeHwit anga dU u dT ypasHenue (4)
MCPENUCKIBACTCS B BUAC
CyVdp+ C,pdv=0, (6)
e MBI BOCIOJIB3OBATUCh TeM, uto Cy + R= C,. Beenem obosnauenue
aas oTHOWweEHHs remioeMkocted C, u Cy:
C
=_r
v=gk. (7

Pasnenus obe yactu (6) Ha nponsBenenue pV, noayuaeM auddepenyu-
a1bHOE YPABHEHHUE, BHIPAXAKIIEE 3aBUCHMOCTb AABJCHHS HAECAJBHOTO
rasa ot obbema B aguabaTHUYECKOM MpOLIEcCE:

dp av __
> ty5= 0. (8)
Unrerpnpys (8), monyyaem
pyi=C, (9

rae kKoHcranta C COXPAaHACT CBOC 3HAYCHHUE B TCUCHUE anna6a'mue—
CKOro nmnponecca. 310 M ecTh YPaBHECHHEC aJ:(na6aTm HUACAJIbHOrO rasa.

6 E. U. Bytuxos 1 gp. Knura 3
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Ero MOXHO 3ammcaTh M B JApDYIMX IIEPEMEHHBIX, Hampumep V u T.
IOas aroro MoxHo npocto noacrasutb B (9) p= RT/V u3 ypasHeHHns
COCTOSHHSI:

7“/.Y_l = Cl' (10)

AHa/IOTHYHO ypaBHEHHE aguabaTsl MOXHO 3aIUCaTh M B Iepe-
MEHHHX p n T.

KIIJ nuxna Kapho. Teneps y Hac €CTh BCE HEOOXOXMMOE 19 MOy YECHHS
¢opmyant (1). PaccmoTpuM umka KapHo ¢ upeanbHBEIM ra3oM, MOKas3aH-
Hblil Ha puc. 59. ['a3 momyuyaer KOJMYECTBO TEIJIOTH J; OT Harpesarend ¢
TeMneparypoit T, Ha H30TEPMHYECKOM y4yacTKe 1—2 u OTAAET XOJOaM/Ib-
HUKY € Temnepatypod T, KOJHMUECTBO TEIUVIOTH (), Ha M30TEPMMUCCKOM
yuactke 3—4. Ha agmabaruueckux yuacrkax 2—3 u 4—/ rennoobMena
uet, [Tocko/bKy BHYTPEHHSA SHEPTUs HACAJBHOIO ra3a npyu u3oTepMuye-
CKOM HPONECCE HE MEHSETCS, TO TEIUIOTa (J; paBHA COBEPIIAEMOMN rasoM
pabore mpU H30TEPMUUECKOM pacuMpesun ot Vy ao V,. ITosromy B coot-
BeTcTBuH ¢ (3) uMeeMm

1Z
Q1=RT11nT,%. (11)
AHAJOTMYHO /IS TEIUTOTH ), MOXHO HamucaTh
V3
Q, = RT, lnT,:. (12)
Tenepr nna KIIA uukna KapHo uMmeem
_ Q-0 T, In(V4y/V,)
0= —g, - 1— T, m (Vv (13)

Jlerko Bumers, uyto orHOoweHue jgorapudmos B (13) pasHO enuuuue. B
camoMm gene, ¢ momowbo (10) ana aguabar 2—3 u 4—1 umeeM

Ty t=T,v1 TviTt=T vyl (14)

W3 srux paeencts caenyer, uro V,/V,=V,/V, HWrak, ana KIIJ

uukiaa Kapro ¢ uaeanbHuM razoM nosyuaem gopmyay (1):
T

=122

M T,

B cuny moxkasaHHOM BhILE TeopeMbl 310 Bupaxerue ang KIT[ uepes

temneparypsl T, u T, cnpasepymmBo Ans uukia Kapeo ¢ mobeivM paGo-

YHUM TEJIOM.

®opmyny (1) MOXHO HCITOJB30BATh IJIS OMNpPEACJHCHHS TEPMOOMHA-

MHYECKOH TEMIEPATYPH, HE 3aBUCAIICH OT CBOMCTB KOHKPETHHIX TEp-

MOMeTpHUecKuX TeJ. UTOOH OAHO3HAYHO ONpPEAE/iMTh TEPMORMHAMHYE-

CKYK0 INKany, HeoOXomMMoO 3ajarh 3HAa4YSHUWE TEMIEepaTypo B
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HEKOTOPOM penepHOM TOuKe. B xauecrse Takoi ToukM BHIOMpaerca
TPOMHASI TOYKA BOIHI,

HepaseHctso Knaysuyca. [Ipusencunsie pe3syapTaTs NMO3BOASIOT AaTh
BTOPOMY 33KOHY TEPMOZMHAMHUKHM KOJHYECTBEHHYIO (DOPMYJHUPOBKY B
BHIE HEKOTOPOro HepaBeHCTBa. J/d 0600 KPYroBOro mpouecca Mexmy
TEIUIOBEIMM pe3epByapamu c temmepatypamu 7 u T, (T, > T,) cmpa-

BCAJINBO COOTHOMICHUEC, HA3BBACMOC HEPABCHCTBOM Knayauyca:

01—Q, _T—Ty 15
o STT (1

3peck (Q; — KOJIHYECTBO TEIUIOTH, NOJYUEHHOE OT Pe3epByapa ¢ TeMre-
parypoi T, a Q, — KOJHYECTBO TEIJIOTH, OTAAHHOE pe3epByapy € TEM-
nepaTypoit T,. 3HaK PaBEHCTBA HOCTHUraeTcs B Ciydyae obpaTHMOro mpo-
1ecca, KOTOpPhIM, KaK MBl BUIEAH, MOXeT OnTh TosbKo muki KapHo.

Durponud xaxk ¢pyuxkuusa cocrosums. M3 (15) crenyer, uto

Q% (16)
T, T,

EcaM yCROBHTHCS CYMTATh TEIUIOTY, MOJAy4YaeMmyro PalouMM TesoM,
MOJIOXKKMTEIBHOM, & OTAABAEMYI0 — OTPHUATENBHOM, TO (16) MoXHO me-
PENUCATD B BUAE

0, , @
7+ <0, (17)
rme 0,>0,a Q,<0.

Hepasencrso (17) moxHOo o600muTe Ha cayuail 060ro Kpyrosoro
npomecca, B KOTOpoM pafouee Teno OOMEHUBAETCH TEIUIOTOH C He-

CKOJIbBKUMH TCIUVIOBBIMH DPE3CPByapaMH C PA3JHYHBIMH TEMNCPATYpPaMU
T,, Ty T oot

Q.

> =<0 (18)
. i

i

Ecnu TeMneparypa Ha MpPOTSXKEHUM KPYTOBOIO IPOLECCA M3MEHIET-

Cs HenmpeprBHO, TOo cymMa B (18) oOmunbiM 06pazom mpeBpamaercs B

HMHTErpaj no 3aMKHYTOMY NYTH, Tak Kax pabouee TeJo, Mpoiigs uepes

pan NPOMEXYTOUHH X COCTOSHH, BO3BpAIIAETCA B HCXOHAHOC

COCTOSIHHE:
8Q
& F <0, (19)

rie nox 6Q noHmMaercd mnoayyaemas (WIM OTAaBaeMas) TEILIOTA HA
37IEMEHTAPHOM YYACTKE KPYroBOrO MpOIECCA, HACTOJIBKO MAJOM, YTOOHI
TEMNEPaTypy MOXHO OBUIO CYMTATH MOCTOSHHOM.

6
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B ciyuae obpatimoro xpyrosoro npouecca B (19) durypupyer snak
PABEHCTBA, T. €. MHTErPaa N0 3aMKHYTOMY KOHTYPY DABEH HYJIIO:

$E=o. (20)

310 03HAyaeT, YTO NOX HHTErpanoM crout aucdepeHLnan HeKOTOpoil
(byHKIME COCTOSHHMSI TEPMOAUHAMHMUECKON CHCTEMBI: CyMMa ee Ipupa-
LIEHHH BAOJIb 3aMKHYTOrO NyTH o0pamaercd B HyJIb IPH BO3BPallEHUU
CHCTEMEI B MCXOAHOE cocrosHue. CHUTyauus 30ech Takas Xe, KaKk U [pH
BBEICHUY TIOHSTHS TIOTCHLUMANBHON JHEPIUA B MEXAHUKE, TIE HE3ABUCH-
MOCTh paboTe OT (POPMBI TpaexkTopuH (a CAEHOBATENHHO, PABEHCTBO Hy-
Ji10 paboThl 1Mo JOOOMY 3aMKHYTOMY KOHTYDPY) CBHAETEJbCTBOBAJIA O CY-
IIEeCTBOBAHMM (DYHKUHMH COCTOSHUS MEXAHHUECKOM CHUCTEMBI — IOTEH-
puanbpHoi sueprumn. Mrax,

50 _
XL = as, (21)

rne S — Hekoropas PYHKUNS COCTOSHHS TEPMOAMHAMUAYECKON CHCTEMEL.
Ee Ha3bIBAIOT sHmponueyd. JHTPONUS B KAXAOM COCTOSIHUH CHCTEMBI
HMEET BIIOJHE ONPENCICHHOE 3HAUCHHME, HE 3aBMCAMEECE OT TONO, KAaKMM
obpazom (0OpaTumMo MM HEoOpaTMMO) CHCTEMA MONAasia B AAHHOE COCTO-
auue. [Tpu ofpaTuMoM mponecce M3MCHEHWE JHTPOIMM HA JJIEMEHTAD-
HOM y4YacTke, rae temnepaTtypa 7' CuduTaeTcs MOCTOSHHOM, PABHO OTHO-
WIEHUIO KOJIMUYECTBA NepenaBaeMmoi remnotsl 8Q K aGCOMIOTHOR TeMre-
parype. @opmysa (21) mo3BOLET NI KAXHO# KOHKDPETHOM CHCTEMBI ¢
M3BECTHBIM YPAaBHEHHUEM COCTOSHMS HAWTH SBHBIA BUA JTOH (YHKIHH.
[Ipn ueobpaTumom mpouecce dS > 8Q/T.

3anava

UpeanbHplfl a3 HAXOOUTCA B OQHOI MOJIOBHHE TEMIOU3OIMPOBAHHOIO COCYAa,
pas3fieNeHHOro NeperopoaKoit Ha ABe paBHble YacTH. ONpene/IuTh U3MEHEHHE IHTPO-
MU ra3a, ec/ld NeperopoaKa BHe3anHo paspyLulaeTcs U ras 3aroJIHseT BeCb COCYn.

Pe wenue. ITockONLKY ra3 He MoJyyaeT TeIIoThl (cocy TerJOM30IMPOBaH) U
He coBepiuaer paboTel (OH pacLIUPSAETCH B BAKYYM M HHKEKOTO NepeMeLieHHUs OK-
PYXaWLUX TeJl He IPOUCXOIUT), o BHYTPEHHSS 3HEPTHs OCTAETCS HEM3MEHHOU.
BHyTpeHHSS SHEeprys MIeaslbHOro rasa NporopuMoOHabHa ero TeMiepatype U He
3aBMCHT OT 06'b€Ma, NO3TOMY TeMlepaTypa ra3a B pe3yJibTaTe OITMCAHHOIO MpoLiec-
ca He usMensercs. TIPOUCXORSIIHIA ¢ ra3oM npouecc HeobpaTum. ORHaKo 3HTpPO-
MU KOHEYHOrO COCTOSIHUSA rasa, aBisgach QYHKLHeH COCTOSHHUS, He 3aBUCHT OT TO-
ro, KaKMM IyTeM MONAJ ras B 3T0 KOHeuHoe coctosHue. [ToaToMy MOXHO paccMoT-
peTh O0paTUMBI HU3OTEPMUUECKUIl TNpollecc, NMPU KOTOPOM ra3 paclIupsercd,
nepeMellas neperopogky, roka He 3adiMeT Bech 00beM cocyaa.

KonuuecTBO TEMJIOTHI, MOJYYaemMoe MHEanbHbIM [asoM MPH U30TEPMHYECKOM
npotiecce, paBHO coBepluaeMoit UM pabote:

Q=A’=vRT]n;1=vRTln 2,
13

TaK Kak V,/V,=2.
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Bcenencreue nocrosHcTBa TEMIIEPATY Pbl UIMCHECHUC DHTPOIMHY CUCTEMBL 3alTK-
CbIBAETCH B BUAE

AS=—?—=VR In 2.

O0benvHEeHHOE YpaBHEHHE MEPBOro M BTOPOro 3akoHos. VMcnosnbays
(21), MOXHO 3aMUACaTh PABEHCTBO, BHIPAXAIOMEE M NEPBHIA, U BTOPOI
3aKoHBl TepMonuHamuku. [[ng obparumeix npoueccos U3 (21) creayer,
yTo

8Q =T dS. (22)
HOIICTaBJ’ISIS{ B YPABHCHHE NECPBOINO 3aKOHA TEPMOAMHAMHUKY
dU = 8Q + 84, (23)

KOJIMYECTBO TEIUIOTH (), BHpaxeHHoe ¢ momompio (22) uepes npupa-
edue SHTponuu dS, moaydaem

dU =T dS + dA. (24)

Ecnu crMcTeMa M30TPONHA M COBEPIIAET TOJHKO MEXAHWUYECKYIO pabo-
Ty, T0 8A = —p dV u (24) 3anuceisaercs B BUAE

dU=T dS— pdv. (25)

Gopmyna (25), obbeaungOmas NEPBRA U BTOPOH 3aKOHH TEPMOIW-
HaMHEKM, Ha3blBaeTcs (PyHIAMEHTAIBHBIM paBeHcTBOM ['ubG6ca.

CroOoanas aHeprus. CoorHomenme (25) BHpaxaer npupanicHue
BHYTPEHHEH SHEPIHM NPH M3MCHEHWH COCTOSIHUS CHCTeMH. B kayecrse
HE3aBUCHMBIX [EPEMEHHBIX, 33JAI0IUX COCTOSHUE TEPMOAMHAMHUECKOM
CHCTEMB, MOTYT MCIOJIb30BATHCH pPasHBie MAKPOCKOMHMUYECKUE NapaMer-
pu. B (25) TakuMuM HE3ABMCAMBIMH [IEPEMCHHBIMHM BHRICTYNAIOT OOBEM
V u suTponud S. B MpakTHUECKUX NPUIOXEHHMSIX UCIOJIb30BATh JHTPO-
NHIO KAaK HE3aBHCHMYIO NepeMeHHywo HeypoOuo. Bonee ynobuoit duaum-
4yecKOil BEMMUYMHOM Onula Ol TEMMEpaTypa, KOTOPYK MOXHO, KaK H 00b-
€M, U3MEPITh HENOCPEACTBEHHO.

IlepeitT K HE3aBUCHMMBIM NEPEMEHHHIM T M V' MOXHO CACAYIOLIHM
obpasoM. Beexem ewmie oguy DyHKUMIO cocTOSHUS F, CBY3aHHYIO C BHYT-
peHHEN 3Heprueid U COOTHOLIEHMEM

F=U-TS. (26)

QOyuknuw F HA3HBAIOT c60000HOU IHepeuell cncTeMul. g ycraHos-
JieHus e€ (HU3NYECKOro CMBHICIA 3aluiieM €€ MPHPAIICHHE NMPH MajioM
H3MEHEHNHN COCTOSHMS CHCTEMBI:

dF=dU—TdS— SdT. (27
IMoncrasasaga crona dU u3 (25), noayuaem
dF = —SdT — pdV. (28)
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BunHO, uTO HE3ABHCHMBIMHM NEPEMEHHBIMH, ONPENCISIOMMMHA COCTOS-
Hue, 1 GyHKuun F aBasiorcd temneparypa u obvem. Ecim usmennts
COCTOSIHHE CHCTEMB H30TEPMHUYECKH, T. €. cuuTath dT = (, T0, KaK BUA-
Ho n3 (28),

dFT=const =-—p dV.

Besmmuura —p dV npepcrasader coGoit paGoTy BHEIIHMX CHJI HAX CHC-
TeMoll npy uaMeHenwwm ee obvema uHa dV. Taxkum ofpasom, pafora
BHEOIHHX CHJI TIP¥ M30TEPMHUYECKOM IPOLIECCE PABHA M3MEHEHHIO CBO-
GONHOM IHEPTHM CHCTEMH.

TepMOAMHAMMKA JHIJEKTPHKOB W MarHeTuxos. [lonyuennbie snme
TEPMOOMHAMUYECKHME COOTHOLIEHHS MO3BOJISIOT MCCAEHOBATh JHEPIETH-
YECKHE MPEBPALICHHA B CAMBIX pasHHX (PH3UYECKHMX cMCTeMax. B uacr-
HOCTH, MOXHO DAacCMOTPETh pPOJib TEIUIOBHX SBJACHHUH B PAa3NHYHBIX
37EKTPOMATHMTHHEX npoueccax. OxaswBaeTcs, uTo, KaK M B Cjiyyae pe-
aNbHBIX MEXAHHUUECKMX CHCTEM, MPAKTHYECKHM JIOOHIE JHEPreTHUECKHE
NPEBPALICHUS CBI3aHBl ¢ HEOOpATHMHM BHIAEJAEHHEM TEILUIOTHL.

IycTs, HanpuUMeEp, 3aNOHEHHHIA NHINEKTPUKOM KOHIEHCATOD 3aps-
XAETCS OT HEKOTOPOro MCTOYHHMKA MUTAHUS. [IpM M3MEHEHMH 3apsana
KOHAEHCATOpa HAa dq BHEIIHME CWibl (MCTOYHHK NHUTAHMS) COBEPHIAIOT
Hax HUM padoty

8A = ¢ dg, (29)

rae 4epe3 ¢ 0003HAUEHO HANpPSXEHHE HA KOHAEHCATODE, T. €. PA3HOCTH
MNOTEHUHAMIOB MEXAY €ro o0KIagKaMK, ITO HANDPSKEHHE B KaXIHM MO-
MEHT MPONOPUHAOHANBHO 33aPSay KOHIEHCATOpa g.

—4_ 4 (30)

B 3toM BHpaxenun C == ¢C, — €MKOCTb KOHACHCATOpa, paBHAas HpO-
U3BEACHUIO JUITEKTPHUYECCKON NMPOHULAEMOCTH € AUIEKTPHUKA B 3a30pe
MeXay obkmagkamu Ha eMKocTb C, TOTO Xe KOHZEHCAaTropa B OTCYT-
CTBHE OUINEKTPHKA. B Hamem ciyuyae OCHOBHOE cooTHomenue (24),
BhIpaXaromee NEPBHI M BTOPO 3aKOHEI TEPMONWHAMHUKHY, 3AMUCHIBA-
eTcd B BHIE

dU=T dS+ ¢ dg, (31)
nan, nocse noacrasosku ¢ u3 (30),
U =T ds + 4%, (32)
eCy

OTMeTHM, YTO BHYTDPEHHSS 3Heprus U paccMaTpuBaeMoil CHCTEMB
(3apAXEHHOIO KOHAEHCATOPA) BKJIIOYAET B Ce0S M 3JIEKTPOCTATMUECKYIO
3Heprmo. B npuHuune ¢ nomowmso (32) MOXHO ObIO OH NONYUYHTH BHI-
PAXCHHME JUIS ITOH BHYTPEHHEH JHEPIrMH, CHAYANad IPOMHTErPHPOBAB
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(32) npu nocTOSHHON 3HTPONMU ¥ ROOABHB 3aTEM M3MEHEHHME BHYTPEH-
HEell SHeprum NpH NMOCTOSHHOM 3apsge. OOHAKO MPAKTHUYECKH CHENIATh
5TO 3aTPyJHMTENbHO, TOCKOJIBKY TpH agnabaTHYecKoM mpouecce
(S = const) MeHseTcd TeMmmeparypa CHCTEMH, 3 BMECTE C HEH M AM-
3JIEKTPHYECKas MPOHUIAEMOCTD €.

OO60iTH 3Ty TPYAHOCT MOXHO, BOCHO/IL30BABIIMCH BMecTO (32) ana-
JIOTHUHBIM COOTHOIIEHHEM /% cBOOORHOH 3Hepruu F. B paccmarpusae-
MOM ciyuae BMecto (28) umeem ana dF:

dF = ~S dT + i’g. (33)
0

3TO COOTHOUIEHHE YXE JIETKO NMPOMHTErpmpoBars mpu T = const, Tak
KAaK TPH IOCTOSHHO| TEMIEPAType AMIAEKTPUUYECKAs MPOHHIAEMOCTDb £
TakXxe HemaMeHHa. B pesysnbrare nmonydaem

F(T, ¢) = F(T) + -235—. 34

3nece F(T) — cBo0OAHAS SHEPrUs CHCTEMHl B OTCYTCTBHE 3JCKTPH-
yecKoro 3apana. Mu He paccMaTpHBaeM ee 3aBUCHMOCTH OT o0beMa, mo-
CKOJIbKY CUMTAEM, YTO B MHTEPECYIOUIMX HAC MPOUECCaX U3MEHEHUE 00B-
emMa Mano.

C noMoIIpl0 NOJAYYCHHOTO BHIpaxeHus (34) MOXHO BEPHYTBCH K
BHyTpenned suepruu. U3 (26) nmeem

U=F+TS, (35)

rIe 3HTPOMHK S MOXHO HaiTth ¢ nomompbio (33):

- ¢ _ de 36
s=-L= S(T)+22C = (36)

3neck S(T) — 3HTpONHNS CUCTEMBI B OTCYTCTBHE 3apsaa (He3apsKeHHO-
ro KOHAEHCATOpa), MOJAy4yaeMmas B pe3yabrare IuddepeHUNPOBAHNS
nepsoro uieHa B npasoit yactu (34). Ioncrasnas (34) u (36) B (35),
noJiyyaeM

q> T de
U(T, ) = U(T) + 5% (1 +I dT) (37)

Tlepsoe cnaraemoe B npaBoit yactu (37) — 3TO BHYTPEHHSS DHEPTUS
HE3apsKeHHOro KoHaeHcaropa U(T) = F(T) + TS(T), aBuoe Buipaxe-
HUE OISl KOTOPOM Hac 3heck He HMHTepecyer. Bropoe ciaaraemoe paer
BKJIA]l BO BHYTDEHHIOI0 3HEPrUI0 CHUCTEMHI, CBSI3AHHHIA C HAaJIM4YMEM 3a-
psaa Ha KOHZIEHcaTope.

B 571exTpocTaTHKe NpH BHBOAE BHIPAXEHHA LIS JHEPIHH 3apSXeH-
HOTO KOHAEHCATOPa MH NpeHeOperasM TEIOBHMHM NPOLECCAMA M CUMTA-
Jid, YTO JHEPrHsl 3apPIXKEHHOrO KOHIEHCATOpa pasHa pabore anexTpm-
YECKHMX CHJ, COBEpmAaeMoi mpu ero 3apaake. Ilpum 3ToM ans sHeprum
KOHAEHCATOpa Moyyanocs Bupaxenue ¢2/(2¢C,). Uz supaxenus (37)
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BHAHO, YTO 3TO CNPaBEQVIMBO TOJBKO B TOM CJydYae, KOraa MM3JeKT-
pHaueckas IPOHMIAEMOCTh € HE 3dBHCHT OT TeMmepaTtypsl. B obmem cry-
yae JHEPreTMUECKHe MpPEBPALIeHHs B IMPOLECCE 3apaAaXH KOHAEHcAaTopa
AMeIOT 00sIee COXHEIN XapakTep.

[MpeamonoXuM, YTO TPOHECC 33APAAKH KOHAEHCATOPA IPOMCXOTHT
HU30TEPMHYECKH. B 5TOM cayuyae usMeHeHHe BHYTPEHHEN SHEPIUH, Onpe-
AeasieMOe BTOPHIM CJIaraéMBIM B nipaBoit uacté (37), we paBHo pabore
sHemsnx cun ¢2/(2eC,). Korna amanexTpuueckas NPOHMIAEMOCTb &

y6uiBaer ¢ pocroM temreparypsl (1. e. de/dT < (), 3anacaemas KOHAEH-
CaTopoM 3aABMCAIIAS OT ¢ JHEPrus MeHbule pPabOTHl BHEMIHUX CHI. DTO
03HAY4ET, YTO B mpouecce anuadaTuyeckoll 3apsagkd TEMIEPATypa KOH-
geHcaropa OyoeT NOBHINATHCH, A MPH Pa3psAKe — HOHMXATbCd. K BhI-
BOMY O MOHMXCHHM TEMMEPATYphl Mbl MPULLIHA, paccMaTpusas obparm-
Meie nponeccH. [ToatoMy Tako# sdexT MoXeT HabMIOAATHCA JMMIb TOT-
na, Xorja HeoOpaTUMBIM BBHUIEJCHUEM JKOY/ICBOH TEIUIOTH B BEILIECTBE
MOXHO NpeHedpeyb.

CoBEpLIEHHO aHAJOMMYHO MOXHO PACCMOTPETH TEIUIOBHIE MPOLECCHL,
COMPOBOXAAOIME HAMAarHAYMBAHNE U DPa3MArHHUMBAHNE MAarHETHKOB.
AnunabaTHyeckoe pa3MarHNYMBaHME MAPAMATHATHLIX COJIEH HCNONb3yer-
Csl B KPMOTEHHOM TEXHUKE KaK METO HOJIyUYeHUs Haubosee HU3KMX TEM-
niepaTyp, OnM3knx K abCosIOTHOMY HYJIIO.

3aBUCHMOCTb BHYTPEHHEHN 3Hepruu ot obbema. Mrdopmaunio o cea-
3¥ pa3IMYHBLIX TEPMOJMHAMHYECKHX XaPAKTEPHUCTHK MOXKHO [IOJIy4aTh
u3 obmux coorHomenui tHna (25) u (28) ¢ momompio HOpMaATLHEIX
MAaTeMaTHYECKUX npuemoB. Hanpumep, ¢ MOMOMIBIO STHX COOTHOINEHMMA
JIEFKO HAWTH 3aKOH 33aBMCHAMOCTH BHYTPEHHEH DJHEPIMHM CHUCTEMHBI OT €€
obbema. [eiicTsurenbHo, pasgeaus (25) Ha npupamenwe obbema dV,

HAXOOUM
ol as
= =T —0» (38)
Ho u3 (28) cnenyer, uto (38/0V), = (8p/3T),. [oatomy (38) nepenn-
CHIBAETCH B BUAL
1Y ap
2 =7(Z) -» 39)
(%), =7(3), (

Ecnn ussectHo ypasHenue coctosuus p = p(V, T), to (39) nozso-
€T HAWTH ABHHI BUA 3aBHCHMOCTH BHYTPEHHEH 3HEpruum OT o0Bema.
Hanpumep, nns uneansHoro rasa pV = RT, (dp/dT), = R/V = p/T u
(8U/9V)y = 0: BHYTpPEeHHAS IJHEprvs MACAJBHOTO ra3d HE 3aBUCHT OT
obseMa.

« JlpoBenute AOKa3aTeJbCTBO TeopeMbl KapHO ¢ NOMOLUBIO TaKMX paccyxie-

HHI1 OT NPOTHBHOIO, B KOTOPBIX HCMOJb30BascA Obl BTOPO# 3aKOH TEpPMOAU-
HaMuKH B dopmyauposke Knaysuyca.
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Iouemy npwu BbiBofe ypaBHeHus aguabatel (9) BeauuuHy ¥ B auddepeHum-
aJIbHOM ypaBHeHHM (8) MOXHO CUMTATL NMOCTOSHHON?

MoueMy npu BbiGope obwed dopmynsl (1) gna KIIJ Tennosoro psurarens
paccMaTpMBaeTcs 4acTHbIM ciayuail — uuka KapHo ¢ upeasibHbIM razom?

MosicuuTe, noueMy HepasencTso Knaysuyca (15) wnm (16) MoXHO paccMaTpu-
BaTb KaK ajlbTePHATUBHYIO HGOPMYIUPOBKY BTOPOro Hauasia Té pMOAUHAMUKH,

MoscHute, xakum o06pazoM U3 cooTHouleHus (20) cneayeT BBIBOL O CYLLECT-
BOBAHUM HEKOTOPON (PYHKUHUM COCTOAHMUS.

IMouemy Belpaxkenue (21), cBs3biBaOLlee NMpUpPalEHHe SHTPONMU C Mepea-
BAaeMOM TENJIOTOH, CNpaBeluBoO TOJILKO AJis 00paTHMBIX npoueccos?

IMouemy ypashenue (24) uau (25) MOXHO paccMaTpuBaTh KaK COOTHOLUE-
HHe, BbIpaxarlllce U NepBblit U BTOPOM 3aKOHBI TEPMOAUHAMHKU?

IMokaxure, uro pafora MUicaNbHOrO rasa npu agMabaTUUECKOM paclIUpeHUU
MoxeT ObITb HalileHa no dopmyne
{
A= por (P1Vy— paVa).
IIpy KaKUX ycioBUax pabora BHEHIHMX CHMJ HaJ TEPMOAMHAMUYECKOH cHC-
TeMO paBHa H3MEHEHHIO CBOGOAHOI 3Hepruu?

MMouyemy npu GopMysIMpOBKE 3aKOHA COXPAHEHUS SHEPrHH B TEPMONHHAMLUKE
MCIIONB3YIOT MOHATHE BHYTPeHHEHN 3Hepruu, a He cBOOOAHONM aHeprun?

[Moscuure, nmouyeMy npu aguabaTudeckon 3apsiake KOHAEHCATOpa C AUIJIEKT-
PHKOM €ro Temilepatypa nossiluaercs, Koraa de/dT < 0.

TloscHuTte, Kak MeTogamMH TepMOAMHAMHUKM A0OKa3aThb, UTO BHYTPEHHAA 3HEP-
rUsl MOEaIbHOIO ra3a He 3aBHMCUT OT ero o6bema.



V. OCHOBbI
MONEKYNSAPHO-KMHETHYECKOHW TEOPUM

§ 20. 3xcnepumeHTancHble OCHOBAHWA
CTATHCTHYECKOR MEXaHMKMH

OcHOBHOE NONOXEHUE MOJICKYJIIPHO-KHHETHYECKON TCOPHH CTPOECHUS BE-
IECTBA, BHTCKAKOLICEC N3 ONBITHHX (baKTOB, 3aKJIIYAETCA B TOM, UTO aTO-
MB ¥ MOJIEKYJIN, U3 KOTOPHIX COCTOAT BCC MAKPOCKONMUYCCKHE TEJia, HA-
XOIATCd B COCTOSSHHHN HCNPCPHRBHOTO Xa0TUYECKOIO TCIUIOBOIO ABMXKECHHUS.

Tennosoe aAsyxenune monexyna. Haumbonee yOGemuTeNbHBIM OIBITHRIM
¢haxTOM, HArMSAHO MOATBEPXIAIOMMUM XAOTHUECKHI XAPAKTED TEILIOBO-
ro ABMXEHHS M 3aBUCHMOCTS MHTEHCUBHOCTH ITOTO JBMXKEHHS OT TEMIE-
paTypH, SBIASETCH BPOyHOBCKOe dauxenue.

Brnepeue 310 gasnenue Habnrogan aHramiickei Goranuk P. Bpoyn B
1827 r., paccMaTpHBas B MHMKPOCKOIN B3BELIEHHHE B BOAE KPOIIEYHHIC
chepuueckue YACTHYKM ~— CHOPH IUIayHa. DpOyHOBCKOE ABUXEHHE
MOXHO Habmopats u B rase. Ero cosepuiaor, HanpuMep, BIBELICHHBIE
B BO3AyXe MEJIKHE YACTHL MBUIM WK AHMA. MoJeKy19pHO-KMHETHYE-
ckas Teopus OPOYHOBCKOIO ABMXKEHHS Obuia coznaHa A. DWHmITEHHOM
toapko B 1905 r. B Hacrosmee BpeMs TepMHH «OpOYyHOBCKOE ABMXEHHE»
uCHons3yercs B 6osee LIMPOKOM CMBICTE. BPOYHOBCKHMM ABHXEHMEM Ha-
3HBAKOT, B YACTHOCTH, APOXAHHUE CTPEJOK YYBCTBHTEJBHHX NPHOODOB,
KOTOPOE NPOUCXONUT M3-33 TEIUIOBOTO ABMXKEHHUS MOJIEKY/ B CAMOM IIpH-
fope ¥ B OKpYyXaromei cpeae.

Ha6monas B MUKPOCKON 33 NBMXCHHEM B3BEMICHHHIX B XHIKOCTH
METKHMX YACTHL, MOXHO OOHApYXHTb, YTO KaXJas YACTHLA COBEPMAET
xaoraueckoe asuxenue. [Ipeacrasnenue o xapaxkrepe GnyxmaHuil yac-
THIB MOXHO MOJMYYMTh, €CTH (DUKCHUPOBATE €€ MOJOXKEHHE B MOJE 3pe-
HHMS H3MEPUTEIBHONO MHKPOCKOMNA YEPe3 PABHHE MPOMEXYTKH BPEMEHH.
CoeauHuB MOCAEAOBATEABHBE MOJOXEHHS YACTHIHE NMPSIMBIMH, MBI [O-
JYUHM JIOMAHYI0 JHUHMIO, noao0Hyw usol0paxeHHoit Ha puc. 65. Ha-
NPABJICHHS COCEAHUX YYACTKOB JIOMAHOM JIMHAM COCTABASIOT BCEBO3MOX~
HEE YI/IN JPYT € APYIOM, TaK YTO HE yAaercs MOAMETHTh HMKAKOH 3a-
KOHOMEPHOCTH B U3MEHEHHH HATIPABJICHUS JIOMAHOI JmHuA. Yem xopoue
NPOMEXYTKY BPEMCHH, YEPE3 KOTOPHE (PUKCHPYETCH MONOXEHHE YACTH-
e, TeMm Gosee H3NOMAHHON OYRET BHIMISNETb «TPACKTODHS» YACTHINH:
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toukm 4, B, C, ... dukcupyor nosoxeHue vacrnnu vepes 30 cekymn,
a Touku I, 2, 3, ..., COCAMHEHHBE MTPUXOBON JUHHUEH, duKcupylor ee
MONOXEHHE YepPe3d KAXMAKIE 5 CEXKyHA.

HabGmonenne OpoyHoBckoro nasuxeHns. Ecim wabmonate 3a
ABMXEHHEM Cpa3y HECKOJBKHMX B3BEIIECHHHX B XHIKOCTH 4aCTHL, TO
MOXHO 3aMETHTb, UTO OHH JABHXYTCH TO B OX-
HY CTOPOHY, TO B IIPOTHBOMOJOXHHE, TO MOA
yrjaoM Apyr K apyry. OTciona MOXHO CHEJaTh
BBIBOJ, UTO HabnaomaeMoe GPOYHOBCKOE HBM-
XKEHUE HE CBS3aHO C IEPEMEIIECHUEM MOTOKOB
KUAKOCTH, TAK KAK B 3TOM CIyuae COCEOHME
YACTUIBL BCETHA NEPEMEanncs Ob BMECTE.
Ha ompiTe X€ B YCNOBHSX TEPMOOMHAMHYC-
CKOTO PaBHOBECHS HUKAKOH COrJIACOBAHHOCTH
B ABMXEHWH COCENHMX 4acTHL, He HaOmonaer-
Csl, ABMXXYTCS OHHM COBEPIICHHO HE3aBHCHMO
ZpYyr oT xpyra.

Hsamenasa TeMmeparypy, npu KOTOpoit npo-
BOAUTCH OIBIT, MOXHO 3aMETUTH, UTO C YBE-
JUYCHUEM TEMIIEPATYPH MHTEHCHBHOCTb Opo-
YHOBCKOro ABMXKEHHA DACTET, ¢ MOHMXECHUEM
TEMITEPATYPHl OHO 3aMHpaeET.

Takoit XxapakTep HBHXCHHUS IIO3BOJISIET \ ,
NpEeNNONOXKATE, 4YTO OpOyHOBCKAst YacTHLA \'\_7° s
IBHXETCS MO AEUCTBHEM YAApPOB, MOJIy4ac- T~
MBIX OT MOJICKYJ XHUAKOCTH, B KOTOPOH OHAa Puc. 65. Bpoyxosckoe nsu-
Haxopurcs. Ecam npy 3TOM CUMTATb, YTO  KEHHE
TEIUIOBOE ABWXXEHUE MOJICKYJ XHAKOCTH $B-

JISETCH XAOTHYECKHMM, TO MOXHO OOBSCHHTH BCe HAOMmoOaaeMue Ha ONuTE
33KOHOMEPHOCTH GPOYHOBCKOIO JABHXCHHS.

3ax0HOMEPHOCTH OPOYHOBCKOro ABMXeHHSR. Ha nepswiit Barisa mor-
10 6Bl MOKA3aThCs, YTO COBEPIIEHHO XaOTMYECKMi, OecropsouHmil xa-
PaKkTep yAapoB OTRAENbHHX MOJIEKYJ HOJXEH ObU1 OB NPUBOAMTH K TO-
My, uT0 OpPOYHOBCKAas 4acTHUA, Macca KOTOPOi BO MHOrO pa3 Goibme
MACcCH MOJIEKYJIH, BOOOIIE HE JOXHA Obhia O 3aMETHO NepeMeInarTh-
ca. B camoM zaene, AelcTBME YAApoB, MOJYYEHHHX OpOYHOBCKOM uya-
CTHLEH C ONHOH CTOPOHH, JO/KHO MOJIHOCTBIO KOMIICHCHPOBATBHCS YAA-
paMu C NIPOTHBONONOXHON CTOPOHH. B Takoii curyanus, Ka3anoch Om,
GpOyHOBCKAs YacTALIA MOXET TOJBKO «ApoXaTh» Ha Mmecre. Omubka
TAKOTO PacCyXACHHS 3aKfAi04Ydercd B TOM, UTO CAYYAHHHEA mpouecc
NOAMEHSETCS, N0 CYmECTBY, PETYJASPHHM YEpeNOBaHMEM BO3AciCTBHIA
€ NMPOTHBOMOJIOKXHHX CTOpOH. HO Takoe uepenoBanue yxe He SABASETCH
CIyyaiiHHM TIPOLIECCOM, a o0sanaer BHCOKONH CTENEHBIO YNOpsSmo-
yenHocTH. CTEneHb YNOPIAOUEHHOCTH TAKOTO UYEPEAOBAHES HE OT/IHA-
YAeTCs OT CTENEHW YNOPSAOYEHHOCTM NpOLecca, B KOTOPOM BCE
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MUCIBITHIBAEMEIE YACTHLEH TOJYKHM MPOUCXOAST B OXHOM HAINpPABJICHHH.
Ecmm, HanpuMmep, pe3ynbTaT ONHONO TOMYKA XAPAKTEPU3YETCH HEKO-
TOpPHIM pPAcCTOSHMEM [, TO pPE3yJbTAT NOCAEAOBATENBHOCTH N ynops-
AOUCHHHIX TOMYKOB nponopuuoHaned BeanuyuHe NI, Ecmm xe nocne-
JOBATEABHOCTh 3THX N TOMYKOB HOCHUT CAYYaWHBIA XapakTep, TO HMX
pe3yJbraT NpONOpPLUHOHAIEH IWN. TloxaxeMm 3t0.

ByaeM ¢ moMOmpI0 M3MEPUTEIBHOIO MHKPOCKONA OMNPEACJSITH pac-
CTOSIHHE, HA KOTOpoe OPOYyHOBCKAg 4YaCTHIA YOAMSETCS OT HAYajia Koop-
OUHAT 33 BpeMd {, MHOTOKDATHO IOBTOPSAS 3TOT OMBIT. BCAKHMI pa3s Mul
OyneM MOAyuYaTh PasHeIC 3HAUEHHUS ITONO PACCTOSHUSA, OOHAKO B 00/b-
DIMHCTBE ONHTOB OYAYT MOAYYaAThCS GAM3KHE APYr K APYTY 3HAUCHUS U
JIMIUb M3pENKa 3aMETHO OTIMYAIOMIMECT OT OCTaNbHEIX. MoXHO BBeCcTH
CpeHEE pacCTOSHHE, Ha KOTOPOE YXOOWT 4YaCTHIA OT Hayajla KoOpAu-
Hat. HanpasjeHus nepeMemeHuii B OTAEIbHBIX OMBITAX MOrYT GBITH CO-
BEPIICHHO Pa3JTMYHBEIMH, TTOCKOJBKY BCE HAIIPABJICHUS PABHOBEDOSTHEI.

3apMCHUMOCTb CPEJHETO MMEpPEeMEIEHHs OT BpeMeHH. 3azaua COCTOUT
B TOM, UTOOBl HAWTH 3aBUCHMOCTb OT BPEMEHH CPEIHErO PACCTOSHHUS, KO-
Topoe GyneM obo3Hauarh (R).

PasnenuM wuHTEpecylomee Hac Bpems nalmoneuust { #a Gonpmoe
YHCAO PAaBHHIX MAJIBIX NPOMEXYTKOB Af TaKHX, YTO B TEYCHHME KaXXJOro
MPOMEXYTKA YACTHIIA MCHBITHIBAET OPPOMHOE YMCJIO YAAPOB CO CTOPOHH
Mosiekys xugkoctH. Ilo cyniectBy, Takoe paccyXACHHME 03HAYaeT MHO-
rOKpPaTHOE TIOBTOPEHME OMBITAa 10 H3MEPEHHIO CPENHETO pACCTOSHUA,
MPOHAEHHOIO YaCTULIEH 3a Bpems Af, NpUyeM KaXARIA pa3 MEI COBME-
aeM HaJvajo KOOPAMHAT € IOJIOXCHMEM YAaCTULB B KOHLE NPEAHRY-
LIEro MPOMEXyTKa BpeMenn Af. JipyruMu CJIOBAMH, 3TO TAKOM € OTBIT,
KaK ¥ PACCMOTPEHHRIA BHINIE, TOJBKO OCYMIECTBIASEMBIM 32 NMPOMEXYTOK
spemenu Af, a He . ITockonbky ¥ 332 mpoMEXYTOK Af 4acTHMHA HCHE-
THIBAET OrPOMHOE YMCJIO yA3pOB, BCE NPUBEACHHBIE BEINIE PACCyXACHUS
OCTAIOTCS B CWIE: HANpaBJCHUE NEepEeMEINeHNs 33 KaXAnH «mars Af co-
BEPLIEHHO NPOM3BOJILHO M HUKAK HE CBA3aHO C HANpaBJECHUEM Iepeme-
IIEHU B APYrHE NPOMEXYTKH, a PACCTOSHUE, MIPOXOOUMOE YaCTULIEH 3a
At, Byaer npuMEPHO OXMHAKOBHIM 115 OONBIHMHCTBA MPOMEXYTKOB.

s npocToThl 6yReM CUATATH 3TO PACCTOSHUE OMWHAKOBBIM IS BCEX
maros 1 0003"auuM ero uepes L.

IIycts B pesyabrare N TaKMX NOCACOOBATEIbHHX IIAroB 4acTHIa
OKasajachk B TOWKe C paagmycom-pektopoM R,. Torma mocne ouepegHoro

[mara OHAa MONaja B TOYKY
Ry+1 =Ry + Ly, M
rae Ly.; — BexTop nepeMemenus 3a (N + 1)-i# war, nMeOmMil npo-

M3BOJIHOE HANpPAaBJICHME ¥ OnpeaeneHHyo amuHy L. Paccroanve uactu-
bl OT Havana koopauHar mocae (N -+ 1)-ro mara pasHO

Ry.;=VR: +2RyL-cos ¢ + L2. (2)
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3neck ¢ — yron Mexay Bekropamu Ry u Ly, . Haittu cpenuee sHauenne
IPaBOi YaCTH TOTO BHPAXEHUS 3aTPYAHUTEIbHO, HOO YCPEMHATH HYXHO
KBaJpPaTHHI KOPEHb, a B OOLIEM C/y4yae cpefHee 3HAYeHHE (YHKUMM
HE PaBHO I3TOH YHKUMM OT CPENHEr0 3HAUEHHS ApPryMEHTa:
(f(x)) = f({x)). Jerko 3amernth, uro ecam BossectH (1) wim (2) B
KBanpar:

R% . =R%+2R,L-cos ¢ + L2, (3)

TO CPENHEE 3HAYCHHUE KBAAPATA CMEUICHNS MOXET ObITh JErKO HaMAEHO.
TToaromy 6yaeM MCOAB30BATE IS XAPAKTEPUCTUKH YHAIEHUs GPOYHOB-

CXOii YaCTHIB OT HAyasa KoopauHaT He (R), a V(R?). Ycpenuss JIEBYIO
7 npasyo yacta (3) M yuHTHIBAA, YTO YIOA ¢ C PABHOH BEPOSTHOCTHIO
npuHUMaeT Mo0sie 3HaueHus ot 0 no 2x, 1. e. (cos ¢) = 0, nonyuyaem

(RY.)) = (R%) + L~ (4)

Hcnonpays MeToR MaTEMaTHYECKOH MHAYKLNK, HA OCHOBE COOTHOILLE-
Hus (4) JErko mokasartb, UTo

(R%)y = NL2. (5)

Takum 06pa3oM, cpeiHee 3HAUEHHME KBAAPATa CMEIIEHMS NPOINOPIH-
OHAJBHO YUCAY INATOB, A TIOCKOJBKY WIATH COBEPIIAIOTCH 33 OOMHAKOBHE
TIPOMEXYTKH BPeMEHH Af, TO

(R?) = at. (6)

3T0, KOHEYHO, HE 03HAYAET, UTO CPEHAHEE CMEUICHHUE IPONOPUKOHA b-
HO BpeMEHM. DpOYHOBCKOE OBMXXEHHWE YACTHUIEI TAKOBO, UTO CPECIHHUM
KBaApaT CMEIICHMS PACTET NPONOPLHOHAJIBHO BpeMeHu. [[pyruMu ciosa-
MH, KBaJPATHBIA KOPEHb K3 (R?%) pacTeT co BpEMEHEM IPONOPIKOHATLHO
V. Dra Besmumaa, T. e. V(R?), HA3nBaeMasd CPEAHMM KBAaAPAaTHYHBIM
3HA4YEHUEM R, HE DABHA CPEAHEMY 3HAUEHHUIO PACCTOSIHMA (R) 4yacTHLBI
OT Hayasa KOOPAWHAT CIYCTS NPOMEXYTOK BPEMEHM !, KOTOPOE MBI XOTE-
au onpenenuts. OXHAKO MOXHO MOKA3aTh, YTO ITH BEJIHUYMHBI OTIMYAIOT-
C TONABKO IOCTOSTHHEIM MHOXHTeaeM. IToaToMy cpeauee paccrosuue 6po-

VHOBCKO#M YaCTHIBI OT Hauyaja KOOPIHHAT TAKXE MPONOPHMOHAJILHO V1 :
(R) = BVT. (7

CosepiueHHO oueBMAHO, uTO Ko3hduuuenTs a u f B dopmynaax (6)
1 (7) 3aBHCAT OT MHTEHCHBHOCTHM TEIJIOBOTO ABMXECHHMS MOJCKYJ XHUJ-
KOCT¥, yAaphl KOTOPHIX NMPUBOAST K GPOYHOBCKOMY ABMXKEHMIO B3BELIECH-
HOM YaCTHLbI, T. €. B KOHEUHOM CYETE OT TEMIIEpaTypHL

DKCIePUMEHT K CTATHCTUYECKAS MeXxaHuka. Vsyuenune GpoyHOBCKOro
ABMKEHHS CHIrpano GOMbHIVIO POib B PA3BUTHH MOJCKYNSAPHO-KHHETH-
YECKOM TEOPHH CTPOSHMS BemecTsa. ViMeHHo OPOyHOBCKOE HBHXEHHUE HE
TOJIBKO IPHHECJO HEOMPOBEPXKHMOE NOKA3ATEILCTBO PEATBHOCTH ATOMOB
M MOJIEKYJ, HO M MO3BOJIWIO BNEPBHE MONCUUTATh KOJUYECTBO MOJEKYJ
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B MakKpOCKONMHMYECKOM OObEME BELIECTBA, T. €. ONPEAEIUTD 3HAUEHUE IIO-
crogHHOM Asorappo: N, = 6,02-102 momp~!. Taxum o6pasoMm, GmuIO
OKOHYATEJIbHO YCTAHOBJEHO, UTO TEILUIOBasl (hOpMa ABHUXEHHS MATEpHH
00yc/IOBIEHa XaOTHYECKUM JBMKEHHUEM ATOMOB MM MOJIEKYJ, U3 KOTO-
PHIX COCTOST MakPOCKONMMUYECKHME Tesad. [IOCAEAHIO TOYKY B 9TOM BOMH-
poce NOCTaBMJIM ONEITH (paHuy3sckoro ¢usuka K. [Teppena, soimoanes-
Huie B Hauajse XX Beka. Tem caMmuIM ObUta mogBEAcHA HAaAEXHas SKCIe-
pumeHTanbHag 6a3a MO CTATHCTHYECKYI0 MEXAHHUKY, KOTOPas M3yyaeT
CBOMCTBA MaKPOCKOIMMYECKUX CHCTEM MCXOAd M3 ONPEAETEHHBIX MONEIb-
HBIX NPEACTABACHUN O BHYTPEHHEH CTPYKTYpE BElNecTBa.

ITocTaHOBKA 33241 B CTATHCTHYECKON MexaHUKe. 3anaueil CTaTUCTH-
YEeCKOH MEXaHUKHM SIBJASCTCS YCTAHOBJACHHME 3AKOHOB IOBENEHMSA MaKpo-
CKOTEMYECKHMX CHCTEM, COCTOSILIUX M3 OrPOMHOIO YHC/Ia YACTHULL, HA OCHOBE
M3BECTHHIX AMHAMHYECKHUX 3aKOHOB IOBEACHUS OTACIBHBIX YacTuu. Hpy-
MMM CJIOBAMH, CTATHCTHUECKad MEXAHUKA YCTAHABIMBAET CBA3b MEXIY
9KCMEPUMEHTANBHO H3MEPAEMBIMH MAKPOCKOTHMYECKUMH BETHUMHAMY,
XapaKTEPU3YIOMUMU CHCTEMY B LIEJIOM, TAKMMH, KAK AaBJIEHHE, 00beM,
TEMIIEPATypa, HANpS)KEHHOCTb 3MEKTPUYECKOro MOJIS ¥ T. A., H MHKpO-
CKONMMYECKUMH XapaKTEPUCTUKAMH CHCTEMBI, TAKMMH, KAK MACChl U 3aps-
OBl COCTABASIOMUX CUCTEMY YACTHL, HX XOOPAMHATH U UMITYJIBCH ¥ T. 1.

[ToscHuM ckasanHOe Ha npumepe. [Ipocreitmeit cucTeMoit, cocros-
med u3 6ONBIIOre YMCAa UACTHL, SBJASETCH a3, 3aHMMAJOMIMNA HEKOTO-
poiit 00beM. C TOUKY 3pEHMS MEXAHHKH COCTOSHUE TAKOM cucreMeul (T. e.
ee MHKDPOCOCTOSIHME) OINpENEsseTCs 3aAaHMeM IOJOXEHHH M CKOpPOCTEi
BCEX MOJIEKYJ ra3a, YMCJI0 KOTOPHX B MaKPOCKOMHUECKOM OOBEME Or-
pomuo. Hanpumep, Bcero 1 cM? BO3ayxa npy HOPMAnbHHIX YCJIOBHSX CO-
nepxur 2,7-10' monexyn. W3-3a HIBMXEHHS MOJEKYJ MEXaHHUYECKOE
COCTOSIHME HempepHBHO M3MeHsAercs. OOHAKO ONRIT MOKA3HBAET, UTO
PN HEM3MEHHHX BHEIUHMX YCJIOBHUAX 06as MaKpPOCKONMHMUYECKAasd CHUCTE-
Ma PasO MM NO3JHO MPUXOZUT B CTALMOHAPHOE COCTOSIHUE, MPH KOTO-
poM, HECMOTPS Ha U3MEHEHHE MEXaHHUEeCKOIO COCTOSHUS, TaKue MakKkpo-
CKOMMYECKHE MapaMeTphl, Kak, HanpUMep, TEMOEpaTypa, IUIOTHOCTE,
IOAaBJIEHHE, XaPaKTEPU3YIOIME MAKPOCOCTOSHHUE CHUCTEMEI, OCTAIOTCA He-
U3MEHHBIMH. 158 M30/IMPOBAHHOM MAKPOCKONUYECKOR CUCTEMHL 3TO Oy-
OET COCTOSHME TEIIOBOTO PaBHOBECHSL.

TakuMm 00pa3oM, OmnpenesicHHE COCTOSHMS CHCTEMHE! B CTATHCTHYE-
CKOil MEXaHNKE SB/ASETCA ropasfo MeHee AeTAIU3NPOBAHHBIM, YEM B Me-
XaHMKE, TaK KaK OMHPAETCHA JMIUb HA HeGOJBIIOE YUC/IO MAKPOCKOMMYE-
CKHX MapaMeTpoB, U3MEPSEMEIX HAa ONuTE. B GOMBIIMHCTBE C/Iyyaes Ta-
KOE COKpawjeHHoe onucanue CMCTEMH SBJIGeTCS BIOJIHE XOCTATOUYHBIM,
b0 HAC, KaK NMPaBWIO, COBEPIICHHO HE MHTEPECYeT AcTaabHas mHbop-
Malus O IBHXKEHHH OTACAbHBIX MOJIEKY.

Ho 3HaueHns MakpOCKOMMYECKUX NapaMETPOB, Pa3yMeeTcs, 3aBHCAT
OT ABMXKEHHMS MOJIEKYJI, M 3aAaya CTATUCTHUYECKON MEXaHMKH -— BHIpa-
3UTb CBOMCTBA CHCTEMH B IIEJIOM YEPE3 XapAaKTEPUCTHKH OTAEHBHBIX MO-
JIEKYJ, T.€. HEPEKUHYTbh MOCT MEXAY MaKpo- M MHKPOCKONMHYECKHMH
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onmMcaHMsaMH CHCTEeMBL. IIpu aTOM TpebyeTcs YCTAHOBMTBH CBA3b MAaKpoO-
CKONMHMYECKUX IAPAMETPOB CHCTEMH CO CPERHMMH 3HAUEHHSMH MHMKpPO-
CKONMYECKMX BEJWUMH M AATh CIOCOO BRIUMCICHUS 3THX CPEOHHX 3HAue-
HUH HA OCHOBE 3aKOHOB ABHXEHHS OTAETbHBIX MOJEKYJI.

CraTHcTHYeCKas MeXaHHKa ¥ TepMoaHHaMuka. HanomuuM, uto B OoT-
JMYME OT MOJEKYASPHO-KMHETHUECKOM TEOPUH TEPMONMHAMUYECKHIA
NOXXOA HE ONMHUPACTCd HA HA KAKME MOAC/BHBIC NPEACTABJACHHUS 06 aTOM-
HO-MOJIEKYJISIPHO# CTPYKType BemiecTBa. OCHOBHBEIE IOHATHSI TEPMONM-
HAMHUKU BBOIATCA HA OCHOBC cbnsm{ecxom IKCNIEpUMEHTA, U HOBTOMy
OHA& ONCpHPYET TOJIBKO MAKPOCKONMUYCCKAMHU BC/IHUHHAMH. RABJACHHCM,
TeMmepatypod, obseMoM u 1. 1. TepMOgMHAMMUECKUH MOZXOH OT/IHM4a-
ercs 6onbmoi oGWHOCTEI U npocToToi. OH JaeT BO3MOXHOCTD PELIATH
MHOIUE KOHKDETHHIE 3aAauM, HE TpeOys HUKAKUAX CBEACHUM O CBOMCTBax
4TOMOB WJIH MOJIEKYJL.

Henocu*an(om TEPMOAMHAMMUUYCCKOTO METOOAa MOXHO CYMTATH TO, YTO
IIpHA €70 KUCIOJb30BAHHU OCTAETCA HEBHIIBJCHHON CBA3b MC)KJ.'ly H36.VI}0-
Aa€MbIM SABJICHHEM H 06YCJIOBJIHBBJOH.(HM 3TO ABJCHUC NOBCACHHECM MO-
JIEKY . ECJ[PI MbI, HAIIpUMED, TCPMOJUHAMHYCCKUM MCTOAOM yCTaHOBUM,
YTO METAJUTHYECKUH CTEPXEHDb INIPH HAT'PDEBAHHUH OOJXEH YIIUHATHCA, a
PACTIHYTHIH PE3WHOBHIN XIYT — COKPAINATBCS, TO MBI HE CMOXeM 00b-
SACHNUTDb, KAKHE 0C06€HHOCTH CTPOCHHSA BEWICCTBA NPUBOAAT K TAKOMY
pas3mIuyu B NOBCOCHNN NP HAarpCBaHMH. ECJIPI XK€ 9TO HAaC HC yOOBJICT-
BOpSI€ET 1 MBI XOTHM IOHATDH, IIOUEMY TaK NPOHMCXOAUT, TO MHE JOJIXKHBI
oéparm*bcsx K CTaTHCTHYECKOH MEXaHHKE, TAK KaK B paMKax TEpMOAM-
HAMMKH HEBO3MOXHO BCKPHTH IyOOKuit puanuecKnit CMBICT MAKPOCKO-
NHUYECCKUX NMapaMETPOB H HX CBA3b C MHKDOCKOIMMYCCKNMH NapaMETpaMu.

CT&THCTH‘ICCK&S MEXdHMKd M TCPMOAMHAMHKA N0 IN0C BpEMA pa3Bu-
BAJAUCh HC3aBUCHUMO, PI60 TEPMOAMHAMUKA OCHOBBIBAJIACH HA IJKCIIEPH-
MCHTAJIbHbIX Q)aKTaX, B TO BpeMs KaK B OCHOBE CTATHUCTUUYECKON Mexa-
HHUKH JIEXAJIU I'HIIOTE3bl 06 ATOMHO-MOJICKYJIIPHOM CTPOCHHUM BCOIECTBA
M KHHETHUYECKOH NpHpOAE TEIVIOTHI, JOCTOBEPHOCTP KOTOPHIX BRI3BIBAJIA
COMHEHHNE 0 TCX IOp, IOKAd OTH I'MNOTE3hl HE 6]:[111{ MOATBEPXACHHI 9KC~
nepuMenTaabHo. C TeX nop oTnana HeoOXONUMOCTE B PE3KOM pa3rpaHu-
YEHUH MEXAY TEPMOOMHAMHUKOM M MOJEKYASPHO-KHHETHYECKOM TEOo-
pnel“d, M B HACTOogmece BPpEMS OHH d)aKTP[‘IeCKH CJHJINCh B CAUHYIO Hay-
Ky — CTATUCTHYCCKYIO TCPMOIANHAMUKY.

JeiCTBUTENbHO, KaK MH YBHMAMM, HauOoJiee [MOJHBE MPeACTaBICHUS
O CBOMCTBaxX CHCTEM 60)11:]1101‘0 YUCAA JACTUL HACT COBMECTHOE MCIIOIADb-
30BAHUC TEPMOAWHAMHMKH U CTAaTHCTUYECKON MEXaHUKH.

e O6bacHUTE, MOYeMy OpoyHOBCKAsl HacTHLA HE «TOMYETCS» HAa MeCTe, a CUc-
TEMaTHUECKH CMEINAETCH M3 HauyaJbHOro MOJOXKEHHS, HECMOTPS Ha TO, YTO
MONEKyJibl OKpyXawlieil cpenpl B paBHOM Mepe GomOapaupyloT ee co Bcex
CTOPOH.

e TloueMy cpenHee 3HaueHHe COS ¢ PaBHO HYMIO, EC/IM apryMeHT ¢ MPUHHMaET
¢ paBHOHM BepoATHOCTHIO NMo6bie 3HauyeHus ot 0 go 2n?
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e JlokaxuTe, MCNONbL3YS METOA MaTeMaTH4ecKoNd HMHAYKUMH, YTO CpeAHMd
KBaApaT cMelleHMs O6pOoyHOBCKOA uacTHubl 3a N LIANOB NpONopLUOHalieH
yvicay waros N.

e Kak 32BHUCHMT cpejiHee cMellleHHe GPOYHOBCKONM YACTHUb! OT YHcha waros N?
OT BpeMeHH HabaopeHus?

o Tlouemy KoadhUUHEHTH NPONOPLMOHaIbHOCTY ¢ U B dopmynax (6) u (7)
3aBUCAT OT TeMIiepaTypbl?

e B uem cocrtout NPpUHLUANMANBHOE OTAUYNE MOAXO0AAa K M3YYECHUI0 MAKPOCKO-
MAYECKHUX CUCTEM B TEPMOAMHAMUKE U B CTATHCTUYECKOH MeXxaHHuke?

¢ Kak B CTaTHCTUYECKOH MEXaHHKE MaKpOCKOIHYeCKHe MapaMeTpbl CHUCTEMBI
CBS3aHBI C MHKPOCKOMHUYECKHMU XapaKTepUCTHUKAMU UCIO/b3YeMbIX (BU3u-
YeCKUX Mogenelt CTpoeHUs BeulecTsa?

§ 21. MoneKynsapHO-KMHETHYECKAas TEOPHS HMAEanbHOro ra3a

CraTtucrayeckas MEXaHHKa JAET BO3MOXHOCTb YCTAHOBHUTH CBA3b MEXIY
MaKpPOCKONMUECKHMY NApaMeTpaMu BOJIBIION CHCTEMB! M CPEAHUMH 3HA-
YECHUAMHU MHUKPOCKONMMUYCCKHX BCIHMYHH, XAPAKTCPHIYHIMIMUX OTACIBHBIC
MoKy, TIpOM/ITIOCTPUPYEM 3TO HA NPOCTOM, HO BaXXKHOM IPHMEpE
yDPABHEHHS COCTOSHMS MAECANBHOTO rasa.

B paspexeHHOM ra3e pacCTOSIHHS MeXIy MOJIEKYJIaMM BO MHOrO pas
MPEBHIIAIOT UX pasMephl. TaK KakK MOJIEKYJIbl 3JICKTPUYECKH HECHTpaIb-
HbI, HX BSaHMO}leﬁCTBHG MEXOY C060]71 npoaBJASIETCH TOJBKO HA MaJbIX
paccrosauax. [Toaromy GonbmIylo 4acTh BPEMEHH MOJEKYJIB Tas3a Mpo-
BOAAT B CBOOOXHOM OBHXEHHHM, H MX KMHETHYECKAst SHEPTUS B CPEIHEM
npeobaagaer Hag MOTCHLIMATIbHOM.

Puanyeckas Moaesib ra3a. Bmecto Toro yro6n pacCMarpuBaTh peanb-
HBIA ras, BBEAEM €ro NpOCTEHMY (PHU3UYECKYI0 MOAEIb — UACANbHBIA
ras. byaeM cuutaTts, UTO WACATBHLIN ra3 — 3TO COBOKYMHOCTE OTPOMHOIG
YHMCIA OTMHAKOBBIX MOJIEKYJ, Pa3Mephl KOTODHX HPeHeOpexXuMO MaJibl.
B paMkax Takol MOAENM CUMTACTCS, YTO MOJEKYJIH ABWXYTCSH MO 3aKO-
HAM KJIACCHMYECKOW MEXaHMKHM U B3aMMOZEHCTBYIOT MEXAY co00i TOMBKO
BO BPEM4 CTOJIKHOBEHUH, KOTOPHE UMEIOT XaPaKTEP yIpyroro yxapa.

BbiBOL OCHOBHOTO YPaBHEHMS KMHETHYECKOHM TEOPHH HAEaNLHOro
raza. ['as sakiioueH B COCYA, M B COCTOSSHMM TEIUIOBOIO PABHOBECHS
HUKAKHX MAakpOCKONMHMUECKUX IBHXEHHH B HEM He TNpoucxoaurt. Pac-
CUMTAECM JABJEHHME, OKa3hBA€MOE HAEaJbHEIM Ta3oM Ha CTEHKY COCyaa.
IlJid 2TOro HyXHO COIOCTABHTb 3TOT MAKPOCKOMUYECKUU MapameTp ¢
pe3yabTaToM GOMOAPAMPOBKM CTEHKH OTACABHEMHM Mojexyaamu., Cym-
MapHoe GeHCTBME MOJIEKYJ HA MOBEPXHOCTh MOXHO 3aMEHMTh OIHOMH
HEMPEPhIBHO JEHCTBYIOIEH CWIOH, TaK KaK MOJNEKYJ O4YEHb MHOINO M
X CTOJKHOBEHHS CO CTEHKOH mpoucxoaar odeHb yacro. Coracuo 3a-
KOHaM AuHaMukd HbioTOHA, 3Ta cma paBHa MOOYJIO M3MCHEHHA IIEp-
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HCH}IYIK)’JISPHOﬁ K CTCHKE COCTaBJILIOIIEH HUMITyJIbCA BCEX MOJIEKYJI, KO-
TOPBIC MCHOBITHIBAIOT CTOJKHOBCHMSA C HEH, 33 CAMHHUIY BPCMCHU.

CTONKHOBEHHE MOJIEKY bl CO CTEHKOH. XOTs MECTO ¥ BpEMS yAapa Kax-
J0#1 MOJIEKYJIH O CTEHKY COBEPIICHHO HECYIIECTBEHHB, HAUMHATE TIPUXO-
JAMTCA C PACCMOTPEHMS YAapa OTAEbHOK MoneKyasl. [Toka mas mpocToTh
NPEANOJ0XKKMM, YTO MOJIEKYJIH CTANKUBAKOTCS CO CTEHKOM aOCOMIOTHO yi-
pyro. Korna mMosiexyna 0TCKaKMBAET OT CTEHKH, MPOEKIHMS €€ CKOPOCTH Ha
HanpasJeHue HOPMAJIM K CTEHKE MEHIEeT 3HaK. HanpasuM ochb x 110 HopMa-
au K credke (puc. 66). O6o3HaunM uepes
v, TIPOEKIIMIO CKOPOCTH MOJICKYJIBI 10 yAa-
pa, a uepes v, = —v, — rocie yaapa. Us-
MEHEHUE HMITY1bCA MOJIEKY/TRL IIPH CTOJIK~
HOBEHHM CO CTEHKO# m(v, —v,) paBHO
—2muv,, a nepeaaBaeMblil CTCHKE MMITYJIbC
paBeH 2mv,. IT0 OTHOCUTCH K EAMHIYHOMY
CTOJIKHOBEHHMIO.

O pou croakHoBeHui mosexya. [Ipn
MOACYETE AABJCHUSA ra3a MOXHO He RYy-
MaTh O CTOJKHOBCHMSX MOJEKYJ MEXIY
coboi Grarogaps XaoTMYHOCTH MX TEIIO-
BOIo ABYOKCHHS: €CJIM B PE3YJAbTATE CTOJ-  Puc. 66. Ynpyroe CTOJKHOBEHUE
KHOBEHMSI pACCMATPUBAEMAasl MOJEKyJa  MOJEKYJbi ra3a co CTEHKOM cocyna
H3MEHHUT CBOKO CKOPOCTH, TO B GOJIBIIOM

ancambne MOJEKya B COCTOSHNY PABHOBECHUS HA CMEHY €i HENPEMEHHO
MPUAET Apyras MOJIEKYJIA, MOJYUMBIIAs TaKyK X€ CKOPOCTb B pPe3yJib-
TaTe APYroro CTOJIKHOBEHUS.

Tak Kaxk JaBACHME rasa 3aBMCHT OT €r0 TEMIICPATYPH U 00beMa M He
3aBHCUT OT (DOPMHEL COCYA3, BO3bMEM [/ MPOCTOTH COCYA B (hopme Tps-
MOYTOJIBHOIO Napasiaenenunena. Hdsurasch kak cBobogHas, MOJEKy/a
MPOXOAUT PACCTOSHHE | MEXAY MPOTHUBOIOJOXHEMH CTCHKAMHA 33 BPEMS
/v, TaK 4TO BTOPOE CTOJKHOBEHHE C TOH X€ CTCHKOM MPOU30HACT CIIyCTS

spems 2//v, . CnenoBaTenbHO, 33 OCTATOYHO G0NbIIOE BPEMS £ MOJIEKYJTA
HAaHECeT 10 JAHHON CTeHKE v, t/2] ynapoB, nepenaBad €d Kaxnbiid pas uM-
nyssc 2mv, . B pesysnbrate 3a Bpems ¢ 9T MOJIEKY./1A IEPENACT CTEHKE UM~
ILYJIBC, PaBHBIA

2mu v t/21.

CyMMHpOBaHHE 1O BCeM MoOJeKynaM. [l HaxOXIACHHS MMITYJIbCa,
NepeRaBaeMoro CTeHKe BCeMH N MOJIEKYJIAMH ra3a, HYXHO CJIOXKHTH pe-
3yabTATH AeHCTBHA BCex Mojexy/a. Cuiay RaBJIeHMS HA CTEHKY MBI IO-
JIyuuM, pasgesuB MOJHHIHA NepenaBaeMbIi MMIYJbC Ha BpeMd f, a NaB-
JIEHHE p — Pa3@EaMB 3Ty CUIY HA rubllomanb S CTEHKH:

p= T o
i=1
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3necey V = S| — ofpeM cOCyna, B KOTOPOM 33KJIIOYEH ra3, a v;, — npo-
EKLMS CKOPOCTH i-H MOJIEKYJIH Ha NEPNEHANKYJSIPHYIO K CTEHKE Cocyna
och x. O6paTMM BHMMaHME HAa TO, YTO CyMMa KBaApaTOB v, AeJEHHAS

Ha uMcno Monekyn N, npencrasnsger cofoil cpeaHee 3HAYEHUE KBaapaTa
MPOEKIMH CKOPOCTH ONHOM MOJICKYJIBL:

N
W2 =% D v, (2)
i=1
Mosromy ¢opmyny (1) MOXHO nepenucarb B BUIE
p="1 (2. 3

Cpensee 3HaYe€HHE KBaApaTa CKOPOCTH. Bxoxsmyio B (3) senmuunny
(v2) MOXHO BRIPa3UTh Yepe3 CPEAHEE 3HAUCHUE KBAAPATA CKOPOCTH MOJIE-

kymu (v?). B camom nene, v?=vZ + o2+ v}. [lns cpennux 3HaueHwi,
OuEeBMAHO, CrpaBeaanBo (v?) = (v2) + (v%) + (vZ). Tak kak B cocros-
HMM PaBHOBECHS BCE HANPABJICHUS B ra3¢ PABHOMPABHEI, TO

(W2 = (¥}) = () =3 (). (4)
Tenepp Buipaxenue (3) npuuumaer Bup
p=3"% (WY, (5)
IR
p=73 mn(v?), (6)

rae n = N/V — cpegsee unuca0 MOJNEKYJ ra3a B eAMHMUE o0beMa, WK
KOHIEHTPALMA MOJEKYI.

Buipaxenue (5) wia (6) HA3BIBAKOT OCHOBHbIM YPAGHEHUEM KUHEMU-
yeckoll meopuu udeanrbrozo zasa. MakpOCKONMMUYECKHH NapaMerp, Xa-
PaKTEPH3yIOMui ra3 B LEJIOM, — AABJIEHHE p — BHIPAXCH 3/1€Ch Uepes
cpeaHee 3HAYECHHE MHMKPOCKOMMYECKOTO MapaMeTpa — KBAagpaTa CKOpo-
CTH OTHAENBHON MOJIEKYJIHL.

HneanpHbiii ra3 B CTaTMCTMYECKOH MEXaHUKe M TEPMOIMHAMMKE.
PaccmoTpuM noapofHee mHOMyuyeHHOe ypaBHeHHe. B ero npaBoi uacrm
MOXHO YBUACTh CPEAHIO KMHETHYECKYIO SHEPIMIO OXHOM MOJEKYJIH

(&) =% m(v?). (7)

Tak KaK BHYTPEHHSS JHEPrHs MAEAJbHOTO ra3a COCTOUT TOMBKO H3
KMHETUYECKOH SHEPrMM XAOTHUUECKOTO TEIUIOBOTO ABMXKEHWS €r0 Moje-
KyJ, TO mpou3sBeeHne N (&) ¥ mpeacraeaser coboi BHYTPEHHIOIO JHEP-
0 U uaeanpHoro rasa ua N monexyn. Ilosromy ypasuenue (5) MoxsO
nEPENnncaTh B BHAE

U. ®)

py =

wln
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Taxkum 00pa3oM, B PacCMATPUBAEMOM CTATUCTHHYECKOH MOXEAM M-
aJILHOIO ra3a NpOM3BEACHHE AABJICHUS HA 00beM paBHO (C TOYHOCTBIO A0
mHoxuTens 2/3) sHyTpeHHe# sHeprun U.

B TepMmonuHaMuKe MACANLHEIM razom ObUT HA3BaH ra3, AAs KOTOPOTO
TOYHO BHIMOJHAETCS IMIMPHYECKoe ypasHenue Kianmeiipona—Menpene-
esa. Cpasuusas (8) ¢ ypasuennmem Knaneipona—Menpeneesa

pV =RT, )

NOJIYy4Ya€M BHIDAXCHHUC ONA BHyTpCHHC]‘(‘I SHEPrUM OAHOI0 MOJAS HUACAJIb-
HOro rasa:

U=3Rr. (10)

Mbl BUOMM, UTO BHYTPCHHSS JHEPrus MACANHHOIO ra3a NpoHOpIuo-
HATbHA TEPMOAMHAMUUECKOH Temmeparype T M HE 3aBUCHT OT oOBEMa.
DTO 3HAUMT, YTO PACCMOTPEHHAA 3MECH CTATHCTHUUECKAS MONENb ANEK-
BATHA MPEACTABJACHHUIO 00 MIEANbHOM ra3e, BBEAEHHOMY B TEPMOXHHA-
MHUKe. DTa MORENb COOTBETCTBYET OMHOATOMHOMY Ta3dy, MOCKOJIBKY €ro
MOJIEKYJIB PACCMATPHMBAJIMCH KAK MATEPHATbHHE TOYKH, BCS KHHETHUE-
CKasd JHEPrUs KOTOPHIX CBORMTCS TOJIBKO K JHEPrMHU IOCTYHATEIHLHOTO
ABuxeHus. g OBYXaTOMHBIX M MHOFOATOMHEIX MOJEKYJ HEoOXOoauMo
Obl10 OBl YUUTHBATHL €MIEC B KMHETHUYECKYIO JHEPIUIO MX BPanICHUS KAk
LEJIOr0 ¥ JHEPruio xojaebauuit BXOOAINUX B HAX ATOMOB.

HUcnonbsys coornomenue (10) ans BHYTpEHHEH SHEPIHMH ORHOATOM-
HOrO raza, MOXHO NOJIYYHTh IBHOE BHIPAXEHME IS €r0 MOJASPHOM TEm-
noemMkocTi C,, NpH IOCTOSIHHOM oOBeMe:

¢, =9=3r (11)

BuaHo, 4YTO 3TO YHHMBEpPCANbHAS TOCTOAHHAS BEJIMYMHA, HE 3aBUCAMIAS
OT XMMHYECKOTO COCTABA rasa, €ro MOJASIPHOW MacCH M JPYTHX Xapakre-
PHCTHK ra3a B yCJIOBHSX, KOTAZ K HEMY NPUMEHHUMA MOJAEIb OXHOATOM-
HOro MAECAaJIbHOTO rasa.

®Ousnueckuit cMbica Temneparypbl. CoorHomennio (10) mMoxno npu-
JaTh ApYrod BUI, €CJIM PACCMATPMBATh HE BHYTPEHHIOW 3Hepruio U ox-
HOTO MOJIS rasa, a CPeAHIOI KMHETHYECKYIO SHEPruio, IPHXOASIIYIOCH
HAa OJHY MOJIEKyay (&) = U/N:

(e) =2 kT, (12)
rac yHHBepca.anaﬂ NDOCTOSSHHAR
k=R, (13)
A

PAaBHAd OTHOMICHWIO YHUBEPCAJHHOM ra30BOA MOCTOSHHOM R K HOCTOSH-
HOIt ABoraapo N,, Ha3swBaeTrca nocmostihol Boavymana B 4ecTs BHIA-
omerocs ascrpuiickoro ¢u3muka JI. BoaboMana, oCHOBOIONIOXHHKA TEO-
PUH KMHETHYECKUX SBJICHHUA.
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(Dopmyna (2) no3BONSIET YCTAHOBHTh (DPH3MUECKMI CMEIC TEPMOIHM-
HAMHUUECKOI TeMnepatyphl T — (UIMYECKON BEJMUMHE, KOTOpas Obuia
BBECHA DaHee (DEHOMEHOJIOrMYECKH. ITOT MAKPOCKONMYECKHi#t mapa-
MeETp, Kak BuaHo u3 (12), xapakrepusyer cpeaHee 3HAUCHHE KMHETHYE-
CKOIf 3HEPIHM X40THMYECKOTO TEIJIOBOTO ABMXXEHHMS OXHOM MOJICKYJHI B
COCTOSIHMM TEPMOIUHAMAYECKOTO PABHOBECHS.

HBTepecHO OTMETUTD, UTO CPENHAS JHEPTUS TEILIOBOIO ABMXKEHUS MO-
JIEKYJt 3aBHCHUT TOJIBKO OT TeMIIepaTypH ra3a. [Ipm gaHHOIM TemmepaType
CPEAHASL KUHETHUCCKAS JHEPrud NOCTynaTe/bHONO XaOTHUCCKOIO ABHXE-
HUS MOJIEKYJ He 3aBMCUT HHM OT XMMMYECKOTO COCTaBa ra3a, HM OT Macchl
MOJIEKYJI, HY OT JaBJACHUS ra3a, HA OT 00beMa, 3aHMMAEMOr0 ra3oM.

PaBHOpaclpesieieHHe 3JHEPruy no creneHsaM csodonabl. Monekyna on-
HOATOMHOTO MIEAJTBHOIO Fa3a, pacCMaTpUBaeMas Kak MaTepHaJ bHad TOU-
Ka, MIMEET TPH CTEHEHH CBOOOAB. PaBeHCTBO CpenHMX 3HAUEHHIN KBanpa-
TOB TIPOEKLMl CKOPOCTH MOJIEKYJIbI, BHIPAXXAEMOE COOTHOLIEHUEM (4), mmo-
3BOJIET CAENATb BHIBOA O TOM, UTO HA KaXAyKd CTEHeHb CBOGOLBI B
COCTOSIHHM TEPMORMHAMHMYECKONO PABHOBECHUS B CPDEAHEM HPUXOAMTCH OA-
HA M Ta Xe Heprus. DTa sHeprus, Kak ciaexyer u3 (12), pasHa £T/2.
Oxa3pIBaeTCA, YTO 3TOT Pe3yJIbTAT MMEET YHHBEPCAIbHBIH XapakrTep:
CpenHSA KuHemu4eckas. SHEPrus, NMPUAXONAMASLCS HA KaXIYK CTENEHb
cBo0OBI, OOMHAKOBA W paBHA kT/2. DTo yTBEpXAEHUE OTHOCHTCH HE
TOJBKO K ra3aM, OHO CIPABEIINBO JJis TCIUIOBOIO IBMIKEHUA MOJIEKYJI B
XHIAKOCTSX M TBEPAHRIX TEJaX, HOHOB M JIEKTPOHOB B IUIA3ME M Jaxe
VIS MaKpPOCKONMYECKMX TeJ, COBEPLIAKIUUMX OPOYHOBCKOE NBUXEHHUE B
pe3yJbTaTe XaOTHUECKUX YAAPOB MOJIEKYJ OKPYXAWOImeh Cpeasl.

Jasnenne raza ¥ remneparypa. Coornowenus (7) u (12) nossosnsior
NEPenucaTb OCHOBHOE YPABHEHNE KMHETHUECKOH TEOPUHM MACATBHOIO ra-
3a (6) Tak, YTO XAaBJCHHE Id3a BHIPAXAETCH TOJBKO Yepe3 €ro KOHIIEH-
TPaLMI0 U TEMIEPATYDY:

p=nkT. (14)

CmecH pasanyHbIX ra3oB. [TOCKOJBKY B COCTOSTHMM TEILIOBOTO PaBHO-
BECHS CPeNHSS KHHETHYECKAs SHEPTUs MOJIEKYJ 3aBMCHT TOJBKO OT TEM-
Neparyphnl, TO B CMECH Ta30B CPEAHME KMHETHUYECKHE JHEPIHH MOJIEKYJ
Pa3HBIX COPTOB OAMHAKOBHI:

2

[MoaToMy JIerKHe MOJIEKYJbI ABMXYTCS B CPEAHEM ORICTPEE TAXENbIX.
Tlonnoe maBieHHE CMECH MAEANBHLIX Ta30B PABHO CYMME JaBJIEHUM,
KOTOpHIE UMes1 OBl KX 13 Ta30B, COCTABIMIONMUX CMECh, ECJIM YAAIUTh
M3 COCYJla OCTANbHRBIE rasbl. B 5TOM MOXHO yGeanTbca, 6YKBaIbHO MOBTO-
psisl IPUBENCHHR BBIBOA ypasHeHus (0) ¥ yunTHIBas, YTO MMITYJIbC, Ite-
pefaBaeMulil CTEHKE MONEKYIaMH KaXI0ro copTa, 06yCIOBIMBAET TO AAB-
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JICHHE, KOTOPO€ CO3ZaBaj OW OgMH 3TOT ra3. DTOT 3aKOH OB OTKpPHIT
onkITHHM IyTeM JIx. JlaapTOHOM M HOCHT ero ums.

Kaxk Bhl MOHHUMaeTe YTBEPXAEHME, UTO B Pa3peXEHHOM rase U3 NeKTPHUUECKH
HEWTpaNbHbIX MOJEKYJ MX KWMHETHYecKas 3HEprus B cpeAHeM npeobnapgaer
Had NoTeHLUanbHON?

OnuiuuTe MOAEbL HealbHOMO rasa, MCIHOJb3YEMYIO B MOJIEKYJISIPHO-KWHETU-
yeckoit Teopud. Kakyio posib UrpaioT B 3Toit MOOENH COGCTBEHHBIE pPa3MeEpSI
MOJIEKYJl U HUX CTOJKHOBEHMS! Mexay coboit?

UeM onpenensercs UMIYINbC, NEPeRaBacMblii CTEHKE MOJIEKY/ION B eQUHUU-
HOM coylapeHHHU ¢ He#?

Cdopmynupyiite OCHOBHblEe 3Tanbl BHIBOAA ypaBHeHHUs (5) KHMHETHYECKOM Te-
opuy rasa. Kakue runoTess! nosioXeHbl B OCHOBY BeiBona?

IIpusenvre apryMeHTsl, NOATBEPXKIAKILIME 3aKJIOUEHUE O PaBEHCTBE Cpen-
HUX 3HA4YEHHH KBaApaTOB MPOEKUMHA CKOPOCTEH MOJIEKY/IbI H& OCH X, ¥, Z.

ITpuBennTe coobpaxeHHs, CBUOETENBCTBYIOUIME O COOTBETCTBUM paccMoOT-
PEHHOM CTATHCTHUYECKOH MOAeNM MAea/bHOIO rasa ¥ MOAENM HAeasbHOro ra-
3a, MPUHATON B TePMOAHHAMMKE.

IToscuuTte, noyemy dopmynst (8), (16) 1 (11) nmpUMeHUMBI TONBKO ANS Of-
HOATOMHOrO Trasa.

Kak cpenHss 3HEprus XaoTHYECKOro TETJIOBOro ABMXEHHSA MOJIEKYJI CBN3aHa
C TeMnepaTtypoi cucremsi?

KakuM 06pa3oM B CTATUCTHYECKON MeXaHWKE pacKpblBaeTcd (QU3HYECKHI
CMbICTT Temrepatypsi?

Kakofl BbIBOA O CKOPOCTSIX TEMJIOBOTO ABHKEHHWS MOJIEKYJ Pas3HOM Macchi B
CMecH rasoB MOXHO cAeslaThb Ha OCHOBE IPEACTaBJICHMI O paBHOpacnpenee-
HUHM KHHETHUYECKOH SHEPruu Mo crerneHsM csBobombi?

A O MUXPOCKONMHYECKHX MOJIeNsAX. BepueMmcs eme pas x npuseneH-
HOMY BBILIE BHIBOAY OCHOBHOIO YPABHEHMS KHHETHUYECKOMH TEOPUH MaE-
ansHOro rasa. Ilpexne Bcero oTMeTuM T0 00CTOATENBCTEO, YTO B MEXA-
HUKE ¥ JJCKTPOAMHAMHKE NPH MCHOJb30BAHMM DA3TMUHKX (husuue-
CKMX MOAE/IEH Mbl PACCMATPHBAIH XaPAKTEPUCTHKY M3yUaeMOii CHCTe-
MBI, JOCTYIHBIC HENOCPEACTBEHHOMY HAGMIONEHWIO U U3MEPEHHIO B
skcnepumenTe. Ho B craTUcTHUECKOM MOAEH ra3a MUKPOCKOIIMYECKUE
NapaMeTphl, XapakTepPU3YIOMUE OTACIbHBIE MOJEKYJIBI, HENOCPERCT-
BEHHO HE HAOIIONAIOTCH, @ C ONBITOM CPABHUBAKTCH TOJBKO UX yCpen-
HEHHEIE N0 BCEMY aHCAMOIO MOJIEKYJI 3HAUEHMS, YEPE3 KOTOPHIE BHI-
paxkaloTcsa Makpockomuueckue napamerpsl. [loatomy ocoloe 3HaueHue
agech npuobperaer 0GOCHOBAHHOCTb MPEANOJOXEHMN OTHOCHTEILHO
MUKPOCKOMMYECKOH KapTHHbI PACCMATPHBAEMEIX SBJICHHIA.

PaccMOTPHM € 3THX MO3MUUN JONYINEHMS, KOTOpHE OhutM caena-
HH 11p¥ BHBOAe ypasHeHus (5) wm (6).

Jpyroii BeiBOJ OCHOBHOrO ypaBHeHHMs. IIpexnae Bcero MOryT moka-
3aThCA HE BRONHE yOeaurenbHbIMM cooOpaxeHws, NPUBEAECHBHE IS
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000CHOBaHHS BO3MOXHOCTH NpeHeOpeub CTOJIKHOBEHHUSMH MOJIEKYJI.
ITosToMy npuBegeM HECKOJBKO MHOH BHBOX, B KOTOPOM 3TOT BONPOC
uccaenyercs bonee TmarensHo. Byaem, Kak B paHpIle, yaap MoJeKy-
JIH O CTEHKY CUMTATb a0COTIOTHO YADPYFHM, TaK YTO NEpPERaBACMEIN
CTEHKE NP EAMHHYHOM YAApe HMOYJIbC pPaBEH
2mu,. YureMm Tenepp, 4TO yAAPSIOMHUECT O CTEHKY
MOJIEKYTH WMEIOT pa3HHeE 3HAUYCHHUI MPOEKIMit
CKOpOCTH v,. PaccMOTpHM TE€ MOJIEKYJH, Y KOTO-
PHIX HPOEKUHUS CKOPOCTH HA OCh X JIEXHT B MAJIOM
WHTEPBAJIE 3HAUCHWH OT v, Mo v, + Av,. Ilycrs
YHCIO TAKMX MOJIEKYJ B enuHMIE 00peMa paBHO
An(v,). 3a BpeMs At 10 CTCHKH ZOJETAT U CTOJK-
HYTCS C HEM TOJBKO T€ H3 HUX, KOTOPHIE HAXOOATCS
BHYTPH CJIOSl TOMINUHOK v,Af, TIPANEranmero K
: yuacTky cTeHku ruromanu S (puc. 67).
2 IIpoMexyToKk BpeMeHH Af MOXHO BHIOpaTh
Puc. 67. K somunc.  HACTONBKO MaEIM, yToOH TOMHMHA Crost v, Af
newwio  jpasienus  OBLJIA MHOTO MEHbBINE AJMHE CBOOOZHOrO npobera
raaa Monexkya. Torna CTONKHOBEHHN MOJIEKYJT MEXAY
coboit B ITOM CJOE MPAKTHYECKH HE Oyaer.
Hrak, uucyio yAapoB, HAHOCHMMBIX DAacCMATPUBAEMEIMH MOJIEKYJIAMH
3a BpeMs Af, pasHo An(v,)v,SAf, a nepegaBacMBId INPU 3TOM

CTEHKEe HMIYJbC PaBeH
2my An(v, v, SAL.

Orciona nasneHMe Ha CTEHKY Ap, cosgaBaeMoe 3TOH rpynioi Mose-
KyJI, PaBHO

Ap =2mviAn(v,). (16)

IMonHoe naBieHue, CO3AABAEMOE BCEMH MOJIEKYJ/IAMH, TOLYYHUM, NpPO-
cymmuposas (16) 1o Bcem rpynmaM MOJEKYJ, CKOPOCTH KOTOPHIX Ha-
paBJeHH K CTEHKE, T. €. IO BCEBO3MOXHHIM 3HaYeHUIM v, > 0:

p=2mY viAn(v,) (v,>0). 17)

Bonencreue XaOTMYHOCTH TEIVIOBOTO ABMXKCHUSA B COCTOSSHMM paB-
HOBECH YMCJIO JIETSMMX K CTEHKE MOJEKYJ CO CKOPOCTBIO, JieXammel
B MHTEPBAJE OT v, A0 v, + Av,, B CDENHEM PaBHO YHC/IY JETSIUHKX OT

CTEHKH MOJIEKYJ €O CKOpocThio or —v, mo —(v, + Av.), T. e
An(v,) = An(-v,).

Tax kxak nox 3HakoM cyMmme B (17) cToMT KBAagpar NpoeKnud
CKOPOCTH, TO CyMMa TOJIBKO IO TIOJIOXHTEILHHM 3HAUCHUSM v, DaB-
Ha TIOJIOBHHE CyMMH IO BCEBO3MOXHBIM U, (18)

18

p=mY viAn(v,).
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Jlerxo cooGpasuts, uyro cymma B (18) cBA3aHa co cpegHUM 3HA-
YEHHMEM KBAZPaTa MPOEKUMH CKOPOCTH MOJEKY/H Ha Och X. B camom

nene, cpenHee 3Ha4YCHHE vi 110 COBOKYIHOCTH M3 1 MOJICKYJI ONpene-

nserca dopmymnoit (2). Ho B (18) dakTuuecku crour Ta Xe camas
CyMMa, TOJIBKO CYMMHDOBAHHE MPOM3BOLUTCH HE IO OTAEIBHBIM MO-
JIEKyJaM, a 00 IpyumaM MoJIeKyl B EIHHHLE 00beMa, UMEIOmHUX
IOYTH ONMHAKOBHIE 3HaueHus v,. [Toaromy (18) moxmo mepemmcaTh

B BHIOC
p=mn(v?), (19)

I N eCTh CPEAHEE UYMCJIO MOJEKY] B eAMHANE o0beMa ¢ JoOHMu
CKOPOCTSIMH, T. €. KOHIEHTpauus. JampHeHmue paccyXAcHAS HE OT-
AMYAKOTCS OT MCIOJAB30BAHHKIX paHee. B cwiy paBHONpaBus BCEX Ha-
NIpaBJCHMI TPY XaOTHYECKOM TEILIOBOM ABMmXeHuH (vi) = (v?)/3, u,
cneposarenbro, dopmyna (19) npuaumaer BUR

p=73 mn?,
yTo cosnmanaer ¢ dopmynoii (6).

Eme pa3 o poau croikHosenmil. Tenepe Mul MoXeM (osee 4eTKO
copmynuposaTs cOOOpaxeHnust O TOM, YTO CTOJIKHOBCHMS MOJICKYJI
Mexay coboil He BIUAIOT Ha MOAYYEHHHH pe3yiabrar. Ilpm noncuere
YHCIA YAAPOB O IJIOMAAKY MBIl CYMTA/IH, YTO BCE MOJEKYJIH M3 BHIC-
JICHHO# TPYIIIBL CO CKOPOCTSMH OT v, A0 v, + Av,, Jexamue B coe
TOJNIMHOU v, Af, ZOCTHraIOT CTEHKHM B TEYCHHE MPOMEXYTKA BPEMEHHU
At. Ho Ha caMOM aesie HEKOTOPHIE W3 HHUX HE JOJETAT A0 CTEHKM, TaK
KaK B pe3yJibTaTe CTONKHOBEHUI MOrYT M3MCHHTb HAIIPABJICHHUE CKO-
pocty. Ho xpoMe Takux CTONKHOBEHMH, B PE3y/bTATE KOTOPHIX MOJIe-
KYJIB «yXOOAT» U3 BBUICJICHHON IPYNITH, B ra3e INPOUCXONSAT CTOJKHO-
BEHHS, IONOJHAIOMME ITY IPYNNY MOIEKYI. B COCTOSHUHM TEIIOBOIO
paBHOBECHS, KOITMAa B ra3e OTCYTCTBYIOT MaKPOCKOIMYECKHME MOTOKH,
CPEAHEE YHCIO MOJIEKY B KaXI0Mi rPynme He MEHAETCS CO BPEMEHEM,
HECMOTPS HA YAaCTHE CTOJIKHOBEHUS MOJIEKYJT. [103TOMY CTOIKHOBEHUS
HE MOTYT M3MEHHTh CPEAHErO pe3ysbTaTA YA3POB MOJIEKYJ O CTEHKH
cocyaa, Bupaxaemoro dopmyoit (6).

Elie o1HH BHIBOX OCHOBHOTO YPaBHEHHSA. B 060X npyBeAeHHbIX BbI-
BOZIAX OCHOBHOIO YPAaBHEHHS KMHETHUECKON TEOPUHM MAEAIBHOTO ra3a
durypupoBasa npoekuMs CKOPOCTH HA HANPABJIECHUE HOPMAIHA K CTEH-
Ke COCyAa, M AABJCHHE ra3a BHPAXAJOCh YEPE3 CPENHEE 3HAUECHHUE
kBanpara oroit npoekuuu (v2) (dopmynu (3) n (19)). 3arem 3Haue-
Hue (vl) Brpaxanoch uepes (v2) 61aromaps SKBABAJICHTHOCTH BCEX
HANpaBJEHUII B M30TPONHOM rasze. MOXHO HOCTPOMTH PacCyXmEHMS
TaxnM 06pa3oM, YTOOH C CAMOrO HAYaNA YYECTb ITY H30TPOIHOCTD.
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ITockonbKy HaBJIeHME ra3a He 3aBHCHUT OT (JOPMEI COCYa, BO3bMEM
cocyn ceprueckoit GOpMEI, B KOTOPOM CHAYaIa UMEETCS TONBKO ONHA
monexyna. Ha puc. 68 nokasaHo ceueHue 3TOro cocyaa IUIOCKOCTBIO,
IPOXOASIIEH Yepe3 TPAEKTOPHIO MOJIEKYJIL 1
ueHTp cocyma. Ilpm abcomoTHO ynpyrom
CTOJIKHOBEHHMM CO CTEHKOM W3MEHEHWE WM-
IyJIbCa MOJIEKYJ/IH, KaK BHZHO U3 JTOr0 pH-

CYHKA, J[aercd BHIPAXCHUEM 2mMu-CoS d.

! HWMeHHO Takoif UMIYJIbC MEpefaeTcad CTCHKE

II0 HOPMAaJH K HEel IIPH KaXXAOM CTOJIKHOBE-

‘ HHH, TaK KaK yIoJ ¢ IPH MOCACKOBATEBHEIX

VOPYIHX CTOJKHOBCHHSX CO CTEHKOM OCTaET-

ca npexHuM, Tak Kak AaBJeHHe B ra3e onpe-

AeseTcs MOAYJ/IEM MMITY/IBCA, IEPEAAaBaAEMO-

0 MOJIEKYJIAMH CTCHKE II0 HOPMaau K Hei,

Puc. 68. . Cronxuosesme TO MOXHO MPOCYMMHMpPOBATDh 3TH MORYJIHM IS

MOZeKynn rasa co cren- IIOCIEOBATENBHHX CTOJKHOBCHMIA, HEB3N-

Ko#t cpepuueckoro cocyaa  pas Ha TO, YTO NPH KaXA0M COYAapeHUHN HOP-

MaJIb K CTEHKE HMMEET CBOE HAMpaBJIEHHE,

Kak BuaHo u3 puc. 68, paccrosHue, npoxo-

OMMOE MOJIEKYJION MEXAY JIOOBIME ABYMS ITOCAEA0BATEABHBIMA COyAa~

pEHUsSIMH CO CTEHKOI, paBHO 2R-cos a, rae R — pamuyc cocyna. Ilo-

ITOMY 34 HPOMEXYTOK BPEMEHH [ MOJIEKYJA HAHECET IO CTEHKE
vt/(2R-cos @) yAApOB U IEPERacT MO HOPMAaJU K HEH MMITYJIbC

vt _ mut
2R-cosa~ R

v

2mv-cos a

Bunguo, uTo nepegasaeMuii IO HOPMAJIU UMIYJBC 33 Bpems ! He 3a-
BHCHT OT HAIDPABJICHUS OBUXEHHS MOJEKYJIBI.

IOna nogcuera MMIyJBCA, IEPENABAEMOTO CTEHKE I10 HOPMAJH
BCEMHM MOJCKYJI3MHU rasa, HYXHO CHOXUTh PE3yNbTATH ACUCTBUA
Bcex Mmosekysa. Korma 3Tux MOJIEKYyJT MHOTO M OHHM ABHXYTCS Xao-
THYECKH, JIIO00M Y4acTOK CTEHKM HUCIOBITHBAET OXMHAKOBOE BO3ACH-
CTBHE, H IJIS HAXOXACHUSA NABJEHHA p HYXHO NPOCTO pPa3HENUThH
CYMMApHEIA [EpenasacMblit MO HOpMAaW MMIIYJIbC HA BpeMsa [ U
IIOImMah ITOBEPXHOCTH cocyAa 4mR%:

N
Sk (20)
i=1

p:

3mech CyMMy KBAAPATOB CKOPOCTH BCEX MOJIEKYJl MOXHO 3aMEHHTHb
[OPOM3BEICHMEM IIOJHOTO YMCAA MOJEKYJT N Ha CpEnHEe 3HAYeHUe
KBaZIpaTa MX CKOpPOCTH (v?):

p="NGD (21)

4nR3

YyuteiBag, uro o6neM cdepuyeckoro cocyaa paseH (4/3)nR3, u-
auM, uro (21) cosmamaer ¢ momyuennoit pauee dopmysmoit (5).
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OTMETHM, YTO B 3TOM BHBOHE Ko3dduuuent 1/3 B BepaxeHun nag
P TOSBJIMETCS HE B PE3y/IbTATE YCPEAHEHUS KBAaApPAaTa MPOCKINM CKO-
pocTH v2, a KaK NmpsSIMOE C/IEICTBHE TPEXMEPHOCTH (DM3MUECKOTO TIpO-
CTpPaHCTBA.

O xapaxrepe CTOJKHOBEHHS CO CTEHKOH. Bo BCex NMpHBEXCHHEBIX
BEIBO/IAX OCHOBHOrO ypaBHEHMS NPEANOIarajoch, YTO CTOJKHOBEHHE
MOJIEKYJIB CO CTEHKOH COCYAa MPOMCXOAMUT IO 3aKOHAaM YIpYToro yaa-
pa.

Ha camoM gene 9T0 NMpEennosoXKeHHe TaKXE SBJILGETCS HECYIIECT-
BeHHBIM, UToOn yGenuTscs B 3TOM, PACCMOTPHM ras B NPSIMOYIOJIb-
HoM cocyne (puc. 69), B KOTOpOM CTeHKH A 1 B 001afaioT pasHbIMH
CBOWCTBAMM: YIAp MOJIEKYJ ra3a O CTeHKY A abCOoMOTHO ynpyruii, a
0 creHky B - meynpyruit. Ecim On
NaBJICHUE Ta3a HA 9TH CTEHKH OBUIO

Pa3NMYHBIM, TO B OTCYTCTBUE TPEHHS
0 TOACTABKY COCYX C Ta30M IpUINEs
66 B OBMXEHHE TIIOA HAEHCTBHEM
BHyTpeHHux cua. Tak Kak cocyx B

IBUXEHHUE HE NMPUXOXMT, MBI JOJX-
Hbl 3aKJIOYUTh, UYTO B COCTOSHHHM Puc. 69. Crenxu cocyna A u B pas-
TEILIOBOTO PABHOBECHS JABJICHHE ra- HbIE: YIAp MOJEKYX 0 CTeHKy A a6-
33 He 3aBHCHT OT XapaKTepa B3auMO- f{‘;’;’r?;;‘fng npyrus, o crewky B —
AENCTBUA €r0 MOJIEKYJ CO CTEHKAMM.

QO0OpsicHgeTCd 9TO TEM, YTO B CTalM-

OHaPHOM COCTOSHUHM MOJIEKY/IBl HE HAKaIUIMBAIOTCS HA CTEHKAX:
CKOJIBKO MOJIEKYJI IPHINIIAET K CTEHKE IIPH HEYTIPYrOM yAape, CTOJIb-
KO XE OT HEE W YJETAeT, MIPUUEM B CPEAHEM C TaKOH XXE CKOPOCTHIO,
TaK K4aK TEMIIEPaTypPhl CTEHKY W ra3a B COCTOSHHHU TEIJIOBOrO PaBHO-
BECUS] OXWHAKOBHL.

B oTsiume OT IPEANONOXKEHHI 0 XapaKTEPE CTOJKHOBCHUM MOJIE-
KyJ MEXRY Cco00M M CO CTeHKOH cOCyAa, MPHHIMINAJIBHO BaXKHBEIM
OKa3hIBAETCS JOMYUIEHUE O TOM, YTO Ta3 MACAJNBHEIM, T. €. €r0 MoJe-
KYyJIbl HACTOJBKO MAaJsl, YTO MX MOJHEIM COOCTBEHHHIN 00bEM MaJs MO
CPAaBHEHHUIO C 00BEMOM 3aHMMAEMOIO Ia30M COCYAR, M YTO MOJICKYJIHI
B3aMMONIEMCTBYIOT TOJIBKO BO BpeMsi CTOJIKHOBEHHMI. Tosbko st raza
¢ TAKMMH CBOMCTBAMH M CpaBenyueo ypasuenue (6). Jas peanpHBIX
ras’oB OHO BHUIOJHSETCS JMMb NPUOAMKEHHO. A

B uem cneumbm(a MOJICKYJISPHBIX _MOI(C]ICI:I, HUCTIONB3YEMBIX B CTATUCTHYC-
CKOH MeXaHUKe, B CPaBHEHHUH C Q)HSH‘ICCKHMH MOAENAMH B MCXAHHKE Mak-
POCKOIMUYECCKHUX TEST U BHCKTPOHHHaMHKC?

IloscHuTe, NoueMy IpPU BLIBOAE OCHOBHOTO YPaBHEHMUA KHHETHYECKOM TCOpHH
rasa yuer CTONIKHOBEHUI MEXIY MOJIEKYyJlaMM He BJIMSeT Ha OKOHYAaTe IbHbIM
pe3yabrart.

O6BbacHHUTE KAUECTBEHHO, MoYeMy B CHEepUUECKOM cOCylle MMIYNibC, Nepena-
BAaeMBIl MOJIEKYJIOI MO HOPMAMHM K CTeHKE 32 Gonslioe BpEMSs, HE 3aBUCUT OT
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yrja nafeHus Ha cTeHKY. PaccMoTpuTe Takxe npemenbHbIA caydail cKoJlb-
3S1UET0 NAACHHUSA, COOTBETCTBYIOUIHH HBHXEHHIO MOJIEKYJ/IB NO OKPYXHOCTH
papuyca R.

e PaccmoTpuTe Heynpyroe CTONKHOBEHHE MOJIEKYJIBI €O CTeHKOM cocyna. Ka-
KHe MPeanosoxeHHs 0 MEXaHHU3Me B3aUMOAEHCTBUS cO CTCHKON HeoGXomumsl
B 3TOM cJjlyuae, 4ToObl MOZIesib ONTMChIBaJia COCTOSIHHME TENJIOBOIO paBHoBecUA?

* B nHeKoTopsix PU3NUECKHX TEOPHUSIX PACCMATPUBACTCS MOJE/b ABYMEPHOIO KAeE-
aiLHOTO Ta3a, MOJIEKYJIbl KOTOPOrO MOTYT ABUIaThCs TOJBKO B OAHOM NJIOCKOCTH.
BoiBeauTe OCHOBHOE YpaBHEHHE KMHETUUECKON TEOPUHU TAKOro rasa, MoHMUMas
[0 ero AaBJieHHeM CHITY, AeHCTBYIOLLY IO Ha eTHHULLY QJIMHbBI TPaHMILL.

§ 22. CratucTHyeckue pacnpeneneHuns

Ionuuit xaoc, KOTOPHM XapaKTECPHU3YETCs TEIUIOBOEC ABMXCHUE MOJIE-
KyJ, UMECT CBOM 3aKOHHI.

3axounl xaoca. HecMoTps Ha To, YTO KaXAas MOJICKY/1a Ta3a IPH CTOJIK-
HOBEHUSIX C IPYTHMH MOJIEKYJJAMH M CO CTEHKAMHM COCYAA BCE BpEeMs H3Me-
HSIET CBOKO CKOPOCTh, MaKPOCKOMMNYECKOE COCTOSIHAE Ia3a B TEPMOAUHAMM-
YECKOM DABHOBECHHM HE M3MEHSETCH. DTO M03BOJSAET CUMTATh, YTO B rase
CyIIECTBYET HEKOTOPOE B CPEAHEM HEM3MEHHOE BO BPEMEHM pacnpedee-
Hue moaexyn no ckopocmsam. [ edcTBUTEIBHO, KAK MBI BUAC/H, IIPH JaH-
HOM TeMnepaType CPpeqHee 3HaueHue KBAApaTa CKOPOCTH MOJIEKYJI MMEET
onpenesneHHoe 3Hauenue. OQHAKO CPenr MOMEKY/T B JAHHBIH MOMEHT Bpe-
MCHH €CTb " 6HCTpHC, M MCIJICHHHC, H MOXHO MMOCTABUTH BOIPOC: CKOJIb-
KO B CPENHEM B ra3e MOJEKYJ MMEET TO MM HHOE 3HAUEHHE CKOPOCTH?
I pyroit NpencTaBsIOMKI HHTEPEC BONPOC — KAK HAMTH CPETHIOK CKOPO-
CTh, HE 3HAS 3HAUEHHUIN CKOPOCTH OTHENbHEIX MOJIEKYJI?

OnpeneseHHOE pPacHIpeAeSeHNE MOIEKYJ ra3a 1o CKOPOCTSIM YCTAHAB-
JIMBAETCH BCErAa, KOrAa ra3 MPHXOANT B PABHOBECHE, HE3ABUCHUMO OT TOrO,
KaKOBO OBUIO HauanbHOE COCTOSHUE CHCTEMH. EC/iM maxe B OTKaYaHHBIM
COCYN BIIYCTHTh CTPYIO ra3a, B KOTOPO# BCE MOJIEKYJIH MMEIOT MOUTH OfM-
HAKOBHIE IO MOAYJIO M HANpPABJECHHIO CKOPOCTH, TO CILyCTS HEKOTOpOe
BpEMS B PE3yJIBTATE CTOJIKHOBEHMH MOJEKYJ HANPABICHHOE ABUXEHUE B
rase nepeiaer B XaOTHYECKOE, NPH KOTOPOM BCE HAMPABJIEHHS CKOPOCTEH
GyayT BCTPEUATHCH ONMHAKOBO UACTO, 4 B PACHPENENICHEN MOJIEKY 10 MO-
AYTIO CKOpOCTH OyaeT Hab/IonaThCcs OnpeneaeHHas 3aKOHOMEPHOCTb.

PaBHOBECHOE COCTOSTHME Fa3a XapakTEpPH3YyeTCsd He TOJbKO pacnpene-
JICHHEM MOJIEKYJ HO CKOpPOCTSM, HO M HO KOOpAMHATAM. B OTCYTCTBME
BHENIHMX MHOJIEH 3T0 pacnpeneseHue Oyaer OMHODOAHHIM, T. €. ra3 pas-
HOMEPHO paCHpenesseTcs Nno BceMy oObeMmy €ocyaa: B JIIOOHX PaBHRIX
MaKpOCKONMYECKMX 00bEMax BHYTPHM COCYAa B CPEXHEM HAXOAUTCS ONM-
HAKOBOE YHMCJIO MOJEKYJL

A Kax ofCTOMT AEJIO NPH HAJMYMKM AECHCTBYIOMEr0 Ha MOJEKYNH 1o-
Jisl, HanpuMep nois Tsxectu? XOpomo U3BECTHO, UTO AABJCHNE BO3RYyXA
ybniBaeT ¢ Buicotoit. CienoBaresibHO, YORBAEeT M KOHUIEHTPAUMA MOJIE-
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kyn Bosnyxa. Hanpumep, Ha sucore Janbpyca (5600 M) nasnenue co-
CTaBJISET UMb NOJOBHHY AaBJIEHUI HA YPOBHE MODs, T. €. KOKIEHTpa-
US. MOJIEKYJT TaM yxe BaBoe MeHbme. OTCIONa, KOHEYHO, HE CIENYET
MENATh BHIBOA, YTO HA BABOEC OOsbIIEH BHICOTE COBCEM HET MOJIEKYJ BO3-
AyXa, — CaMOJIETH JIETAIOT ¥ IOPa3A0 BHIIIE.

PacmpejeneHue MoOJexyn no seicore. Haiitu 3axor pacnpenencenus mo-
JIEKYJI ra3a ¢ BHCOTOM B OOHODONHOM IOJE TSXECTH MOXHO M3 YCJIOBHS
MEX3aHWUYECKOIO paBHOBECHS. PaccMOTpMM BEPTHKAJIBHBIA CTONMO rasza ¢
WIOMmaAsI0 ocHoBaHusA S (puc. 70) m BHAEIUM B HEM MBICJICHHO HA BHICOTE
Z CJIOH TOJMIMIMHONR Az HACTOJNBKO MaJoit, YToOH IUIOTHOCTh ra3a p MOXHO
6bUTO0 CUMTATE B HpPEAENax 3TOro A0S MOCTOSHHOM,
HO B TO XX€ BPEM# 3Ta TOJINMHA XOKHA OWTh TAKOM, zA
YTOOK BHYTPH BhUIEIEHHOTO €108 OBLIO MHOTO MOJIE-
KYJ M MOXHO ObLIO OB IOBOPDHTH O MPOM3BOXMMOM  [i111:::
MMH JABJICHHH. e

IIpuMeHnM X 3TOMY BHIACJEHHOMY CJIOIO rasa -l l
YCJIOBME MEXAHHYECKOIO PABHOBECHS nogobHo To- zt+Az[EX XY
My, KaK 3TO JEJajsoChb B I'MAPOCTATHKE ISl CJIOS
KHMIKOCTH, TAE MBI, MCHOJIb3Yys HOHATHE AABJICHUS,
COBEPIIEHHO HE WHTEPECOBANIMCH €TI0 MOJIEKYJISPHO-
KUHETHUECKOM mnpupogoit. Mu mMoxem Tak mocry-
nate, u6O XABJICHHME ra3a HA CTEHKY COCyAa, pac-
CMATPUBAEMOE KaK PE3YJIbTAT MEPERAYN MOJIEKYId- Puc. 70. PasHosecue
MM HMMIYJBCA CTEHKE MPH CTOJKHOBEHHMAX, H THJ-  MbICICHHO BhINCACHHO-
POCTATHYECKOE JABJIECHHE B Ia3c WIHM XHIKOCTH HA T“,’m?fé’f.im rasa B none
ONKITE U3MEPAIOTCS OMUHAKOBO, OAHMMH U TEMH X€
npubopaMi M, CJICKOBATEIBHO, MPEACTABJSIOT CO-
60i1 OMMH M TOT X€& MAKPOCKOMUUYECKAN MAPAMETP PACCMATPUBAEMON CH-
CTEMBL.

Ycnosue MEXAHHYECKOTNO PABHOBECHS BBHLICACHHOIO CJIOS ra3d COCTO-
HT B TOM, YTO JCHCTBYIOLAS Ha HETO CHJIA TSXECTM YPAaBHOBCIIMBAETCSH
CHJIAMU ABJICHHS HA BEPXHEE U HUXKHEE OCHOBAHUSA. B mpoekmum Ha och
z (puc. 70) 310 yC/OBHE 3aMHCHBAETCI B BUAE

p(2)S — p(z+ Az)S — pgSAz=0.
Tak xax naBneHMe Ha BHICOTE z + Az MOXHO 3amMCATh B BHIE
p(z + Az) = p(z) + Ap,
TO YCJIOBHE PaBHOBECHMS NMPUHUMAET BHX
Ap=—pgAz. (D

Bxopgmas B (1) FMIOTHOCTH raza p 3aBHCHT OT AABJCHHA. Bh-
pasuM ee u3 ypasHeHms MenneneeBa—KianeilpoHa mng npousBosb-
HOM MaccH rasa m, ‘

(2)
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rie M — monspuas macca. C nomompio (2) monyuaem

_Mm. _Mp
P=5 =%r- (3)
Noncrasnsem 210 BHpaxenwme B (1) m mepexogpuMm X mpeaeny mnpu
Az—0. Tak kax npegen orHouwenus Ap/Az npu Az— 0 ecrb npous-
BogHas dp/dz, To moaydaeM ciaeaywouee auddepeHuManssHoe ypasHe-
Hue s Gyskuuu p(z):
dp _ Mg 4
dz . _Rr P (4)
3TO ypaBHEHHE TOBOPUT O TOM, YTO IIPOM3BONHAN MCKOMOM (DYyHKLMH
NponopuUKOHaIbHA caMoit PpyHkumn. Kax u3BecTHO, eAMHCTBEHHOK QyHK-
uuei, 001a3a01ed TAKUM CBOMCTBOM, BJSETCI SKCIIOHEHTA, M, CIELO-
BATEJIbHO, PEOIEHUE TAKOTO YPABHEHMS TIPH MOCTOSHHLIX g M T UMEeT BUL

p(z) = Cexp (_1\1?;;). (5)

3uayenne nocrogHHOW C ONpEnenseTcs U3 YCJIOBHS, UTO AABJICHHE
Ha BHCOTE z = 0 paBHO BENMUMHE D,

p(z) = py exp (—%). (6)

Bapomerpuueckas dopmyna. Qopmyny (6) MOXHO rnepenucats B
HECKOJIBKO HMHOM BHIE, YUYHUTHIBA4d, 4YTO MOJIFIpPHAA Macca M paBHa

NPOUIBCACHAKD MACChl MOJCKYNH m
ph HA TOCTOSHHYI0 ABoraapo N,:

Py p()=poexp(~RE). (D)

Coornomenne (6) win (7) Hasw-
Baercst bapomempuyeckol Gopmynoil.
Bripaxkaemasi €50 3aBUCUMOCTDb JaBJie-
HHS rasa p OT BHICOTH z rpaduuecku

0 7 mpeAcrasjiesa Ha puc. 71.
OrmeruM, 4TO TIPUMEHMMOCThL Ga-
Puc. 71. 3aBucMMOCTL naBiIeHUS rasa POMETPHUYECKOii (POPMYJIB K PEATBHOM
3eMHOH arMmocdepe BeCbMa OrpaHdye-
HA, TaK KaK arMocdepa npakTHYECKH HUKOTAa HE HAXOAUTCH B COCTOSHUHU
TEIJIOBOrO PABHOBECHS M €€ TEMIIEPATYPA MEHSETCH C BLICOTON. Y UNTHIBAS

CBSI3b MEXJy AABJEHHEM ra3a ¥ KOHUCHTPAUMEH MOJICKYJ

p=nkT,
u3 (7) nosyuaeM pacrnpeneJCHHE MOJIEKYJA TO BBICOTE BO BHEITHEM
nose:

n(z) = ny €xp (—ﬁ;fTi) . (8)
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Pacnpenenenve Boabimana. JIerko 3aMeTuTh, UTO B UMCIHTENE MOKA-
3aTend 9KCIOHEHTH B (8) CTOMT mOoTeHUMANbHAS JHEPTHS MOJEKYJIH,
HAXOAAWICHCS B MMOJIE TSXECTH HA BHICOTE z: £,(2) = mgz, T. €. a1y dop-
MYJIy MOXHO IIECPECIIMCaTh B BHIC '

#(z) = ng exp (—‘;‘;’). (9)

3TOT MOJyUYEHHNN HA KOHKPETHOM IPHUMEPE PE3YIAbTAT UMEET BECh-
ma obmwmit xapaxkrep. Qopmyna (9) maer paBHOBECHOE pacnpeaeneHue
MOJIEKYJI B NPOCTPAHCTBE B JIOOOM MOTEHLUMAJBHOM IOJIE H HA3EBAETCH
pacnpedenenuem bonvymana.

O0wmast Teopns PaBHOBECHBIX CTATUCTHYECKHMX PACTIPEc/ICHHi OblLia
cosmana J[x. F'ub6com. OH 1mokasazn, 4To B COCTOSHHMHM TEILIOBOTO PaBHO-
BeCHs TpH Temneparype T 3aKOH pacrnpenesCHUs MOJIEKYa 1o Jroboi
XapaKTEPHU3YIOIeH HX COCTOSIHUE BeMMuMHE (KOOPAMHATE, CKOPOCTH,
SHEPrUM) MMEeeT SKCNOHEHIMAJBHEIN XapakTep, MpUYEeM B IOKazaTese
SKCIIOHEHTH, KaK ¥ B (9), CTOMT B3STOE CO 3HAKOM MHHYC OTHOLIECHHE
XapaKTEPHOM OJHEPrMM MOJIEKYJH K BenuuuHe k7T, KOTOpas nponop-
UMOHANbHA CpedHeldl KUHETHUECKON SHEPrMM XaoTHMUECKOTO ABMKCHHUS
MOJIEKYJI.

PacnpeneneHune Mo npoekuud ckopoctu. B uactHocTH, nas pacrnpene-
JIEHHS MOJIEKYJI rd3a II0 NPOEKLMH CKOPOCTHM HA Kakoe-aubo Hampasie-
HHE B NOKa3aTeje SKCIOHEHTH CTOMT OTHOIIEHHE 3aBUCAMEH OT JTOM
NPOEKUMH YaCTH SHEPIHHM MOJEKYJH K kT:

E\V 2
£(v,) = aexp (— Z;’) = a exp (—;'2”;) . (10)

Benumuuna f(v,) HaseBaercs ¢ynkyueld pacnpedenenust MOJEKYJ IO
IIPOEKLMH CKOPOCTH Ha ock x. [Ipomssenenue f(v,)Av, paBHO CpeOHEMY
YUC/IY MOJIEKYJ ra3a B eNuHULEe 00beMa, y KOTOPBIX NPOCKIUS CKOPOCTH
Ha OCh X JIEXMT B MHTEpBaJE OT v, A0 v, + Av,, nomo0HO TOMY Kak
npoussencuue n(z) u3 dopmynnt (9) Ha Az gaer cpegHee YHCIO MOJe-
KyJ, z-KOODAMHATa KOTOPHIX JIEXHT MEXAY z M z + Az,

Oyuknus pacnpeaenenus. OcranosuMmcg moapobHEe HA CMBICAE QYHK-
iy pacnpenenacHus f(v,). IIpexne Bcero mog4epKHEM, YTO 6ECCMBIC/ICH-
HO 3aJaBaTh BOIPOC O TOM, CKOJABKO MOJIEKYJ HMMEIOT CTPOrO onpeae-
JIEHHOE 3HauyeHue v,, Hanpumep posHo 500 m/c. Cxopee Bcero, B faHHKLA
MOMEHT BO BCEM COCYIE C Ta30M HE OKAXXETCS HH OAHOM MOJIEKYJIH € TAKHM
3HAUEHHUEM v, TAK KaK YHCJI0 MOJIEKYJI Td3a XOTh M OYEHb BEJIMKO, HO BCE
Xe KOHEUHO, B TO BpeMs KaK JOMYCTHMBIX 3HAUEHMIl v, OECKOHEUHO MHO-

_ro. IToaTOMy MMeEET CMBICJI TOBOPHTB TOJIBKO O CPEIHEM YHCJIE MOJIEKYN B
enuHuLe o0bemMa, 3HAUECHUE MIPOEKIMHM CKOPOCTH KOTOPHIX HAa OCh X JIEXHUT
B MHTEpBAaJe OT v, 10 v, + Av,, Hanpamep ot 500 mo 501 m/c.
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Hopwmuposkxa ¢yHxMH pacnpenenenus. Harnsagroe npeacrasjieHUe o
3aKOHe pacnpenesicHus MOJIEKYJ MO NMPOESKIMH CKODOCTH NaeT rpadmk
dyuknuu f(v,), onperensemoit dopmynoit (10), koToprlt npuBened Ha
puc. 72. [Inomans 3aITPUXOBAHHONA NMONOCKU HA 3TOM PHUCYHKE, pPaBHAL

3

f(Ux/) —\—5
Ae

0 Uy
Uy Yyt Ay

=

Puc. 72. T'paduk dyuxuuu pacnpenenenns f(v,)

f(v,)Av,, naer, KaK MBI BUIEIH, CPEIHEE YKCAO0 MOJEKYJI ra3a B CAMHUIE
o0bema, y KOTOPBIX MPOCKIUS CKOPOCTH v, JIEXUT B YKa3aHHOM HHTEPBa-
ne Av,. Tenepb Jlerko coo6pa3uThb, YTO II0THAS IUIOMANb, OrPAHAYEHHAS
rpacduxom dyuakuu f(v,) ¥ OCBIO v, JAET YHUCJIO MOJEKYJ, Y KOTOPHIX
v, HMeeT JI0ObIEe 3HAUEHHS OT — JI0 %, T. €. JAET IOJTHOE YMCIIO MOJIEKY T

B enuHune obbema. VIMEeHHO M3 5TOro ycjIoBHs, HA3HIBAEMOIO YCJIOBMEM
HOpMMPOBKH (DYHKLMM pacrpenesIcHus, U ONPERENSICTCd NOCTOSHHASA a B
dopmyne (10). s ee HAXOXACHAS HYXKHO IIPOUHTCTPHPOBATD (DyHKIMIO
f(v,) 1o v, OT - JO © ¥ NPHPABHITD PE3YILTAT KOHICHTPALMH MOJIEKY
n. DTO gaeT CeRymee 3HaueHue NOCTOSHHON a:

’ m
a=n m (11)

QOyukuun pacnpencaeHrs MOXHO AaTh M HECKOJIBKO MHYIO HHTEpI-
perauup. BMecTo TOro utoOH rOBOPHTb O TOM, CKOJBKO B CPEXHEM MO-
JIEKYJl B €AMHULE 00bEMa MMEIOT 3HAuUEHME v, B 3aJlaHHOM HHTEpBAJeE,
MOHO TOBOPMTL O TOM, KAKOBA BEPOSTHOCTb TOrO, YTO HAYrajx BHOpaH-
Hasi MOJIEKYJIa MMEET 3HAYEHHE v, B 3TOM HHTEPBAJE. DTy BEPOSTHOCTh

MOXHO MOHMMATb KaK OTHOIIEHME CPEJHET0 YHMCIA TAKHX MOJIEKYJ K
HOJIHOMY YMCIAYy MOJeKyn B enunune obvema. O6osHauas ee uepes
q(v,)Av,, MOXEM HanMcaTh

a(w) =L (v = {2 exp (_';ﬁ) (12)

PacnpeneneHyde No TpeM NpoexuusMm cKopocTH. M3-3a monHoit xao-
THYHOCTM TEILIOBOIO JIBMXEHUS B COCTOSHWH PAaBHOBECHS MOXHO CUM-



§ 22. CTATUCTUYECKHWE PACITPEAENEHMSA 191

TaTh, YTO BCE HAMpPABJICHUS DABHOMpAaBHE. B MpoTMBHOM ciyyae B rase
CYIIECTBOBANO OB HEKOTOpOE NPEMMYIECTBEHHOE HANPABJICHHE ABHXKE-
HAS MOJICKYJI M, CJIEOBATENBHO, CYNIECTBOBAJ Obi HANPABJICHHHIA TOTOK
rasa, 4€ro HeT B COCTOSHMM TEIUIOBOrO paBHOBecus. [losToMy, ecim
BHIOpaTh OOHE TPH B3AMMHO NEPICHANKY/ISPHEX HAaNpaBjicHUS X, ¥, Z,
TO OYHKUMH pacnpeReseHMd MOJEKYJ IO MPOEKUMSIM CKOPOCTHM Ha 3TH
HanpasyieHus OyayT mMeTh ofiMH ¥ toT Xxe BHA (12).

MoXHO NOCTaBUTh BOMPOC, KAKOBa BEPOSTHOCTh TOIO, UTO HAYTrax
BHIOpaHHas Mosekyna ra3a OyneT MMeTh 3HAYEHHS TPEX NPOEKLMH ee
CKOPOCTH v,, U, M U, B 3aJaHHBIX MHTEPBAJaX: NPOEKUMs HA OCb X B
WHTEpBane OT v, 10 v, + Av,, HA 0Cb y — OT v, 10 v, + Av,, Ha OCb
z — oT v, 10 v, + Av,. BeposTHOCT HMETh, HATIPHMED, v, B 3aJaHHOM
HHTEPBAJIE HE 3aBHCHUT OT TOrO, KAKOBH 3HAUEHMS JABYX JAPYIHMX IIPOEK-
mMid CKOPOCTM MOJEKYJH. JTO 3HAUMT, YTO BEPOSTHOCTH TOTO, UTO BCE
TPH NPOEKUMH CKOPOCTH JIEXAT B 3aJAHHLIX MHTEPBANIAX, DABHA IIPOH3-
BEICHMIO BEPOSTHOCTEM AAS KaXIOH M3 MPOCKUMH B OTAEJbHOCTH:

q(v,vy,0,) Av Av, Av, = q(v,) Av, - g(v,) Avy - g(v,) Av,.

Teneps ¢ nomompio (12) MOXEM HANMUCATHL

3/2
(verv,0m,) = (%) exp [_2,% (V2 + 02 + 2)] (13)

B nokasaresne akcrnoHeHTH B (13) dakTuueckm CTOMT KBaapaT CKo-
POCTH MOJIEKYJIBI, M [MOKA3aTeJib PABEH OTHOIIEHHIO €¢ KUHETHYECKOH
sHeprud K kT. Taxum obpazoM, 3ta QyHKUMS pacnpeqeeHusi 3aBHCHT
TOJBKO OT MORYJIS CKOPOCTH, HO HE OT €€ HAampamjeHus. PacnpenencHue
[0 CKOPOCTSM, KaK U CJICAOBAJIO OXHUAATh, OKa-
3bIBAETCS PABHOMEPHBIM IO BCEM HAIpPABJICHH-
M, T. €. M30TPOITHKM B NMPOCTPAHCTBE.

PacnpeneneHue 1no MoayJaio cxkopocrs. Te-
nepp JIETKO TOMYYUTh BHPAXKEHHME HJIS BEPOST-
HOCTH TOIO, YTO HAyrax BeIOPAaHHAsd MOJIEKYJa
HMEET MOAYJb CKOPOCTU B 33JaHHOM MHTEPBAJIC
oT v A0 v+ Av, HE3aBUCUMO OT TOrO, KaK 9Ta
CKOpOCTh HampasjcHa. asg 3Toro HyXHo Haii-
TH, ~YEMY  COOTBETCTBYET  NPOM3BEACHME o 93 [yrinosos crodi s
Av,AvyAv, 1S BCEX MOJIEKYJ, MOAYJb CKOPO-  ppoctpanctse ckopocTeit
CTH KOTOPHIX JICXKHT B 33JaHHOM WMHTEPBAJIC OT

v 710 v + Av. Ecau nocTpouTh CHCTEMY KOODAH-

H4T v,,v,,v, (puc. 73), TO JIErKO BHAETH, YTO MOJNEKYJIAM C ORMHAKOBBIM
3HAYEHNEM MOIYJS CKOPOCTHM v COOTBETCTBYIOT TOYKM HA NMOBEPXHOCTH
cepn pagmyca v ¢ UEHTPOM B Hauajie KOOpAMHAT. MojiexyniaM co CKo-
pOCTSIME B MHTEDPBANE OT v A0 v -+ Av COOTBETCTBYET MApoOBOM CJIOM
Tonmuen Av. Ilosromy npoussenennio Av,Av,Av, B paccMaTpuBaeMoM




192 V. OCHOBBI MOJIEK YISPHO-KHHETUYECKOA TEOPUM

CJIy4yae COOTBETCTBYET OOBEM ITOIO MIAPOBOro CNOS, PABHEIA MpOM3BEaC-
HUIO IUIOLIAAM TOBEPXHOCTH ChEpH HA TOMMMHY CJI0f, T. €. 4wviAv.
BripaxeHne Aas BEPOSTHOCTH TOIO, YTO MOJIEKYJIA MMEET MOAY/b CKO-
poCcTH B 3aflaHHOM HHTEpBase, pasHo npousseneHuio (13) Ha 4mvAv:

32
= m v2
g(v)Av=4n (Zka) exp( 2kT) Av. (14)

Ecm sac uHTEpecyeT cpefHee YHCIO MOJIEKYN B equHuue obnema ¢
TaKAMM 3HAYCHUSIMHM MOAYJIS CKOPOCTH, TO MBI HO/KHBI YMHOXHUTb (14)
Ha KOHICHTPAIUIO rasa n:

3/2
f(v)Au—43m(2nkT) exp( 2kT) viAv. (15)

3asucumocth GyHxuuM f(v) OT CKOpOCTH 1OKa3aHa Ha puc. 74. Dra
(YHKILHS MMEET MAaKCHUMyM TIpU 3HaueHMu v = V2kT/m, Ha3wBaeMOM
Haubosiee BEpOATHOM cKopocTeio. Ha3sanue CBS3aHO C TEM, UTO BEpPOAT-
HOCTbh HAyraj B3ATOM MOJIEKYJIE T3a3a MMETb CKOPOCTh B MHTEpBase 3a-
DaHHOTO pasMmepa Oyaer Haubonbmeit,
7 KOTAa 3TOT MHTEPBAJ PACTOJIOXEH IOX
MaKCUMYMOM KpuBOH (YHKIMM pac-
npefesieHud, T. 8. KOTAa OH COOEPXHT
B ce0e HaMBEPOSTHEHIIYIO CKOPOCTh.
[Trowaas, orpaHuuecHHas rpadukom
¢byHKIMHE ¥ OCBIO v, JAET NOJHOE YHCIIO
MOJIEKYJ B EAMHHILIE 00BbEMA .

!
|
i
[
|
|

-

L
0 V2kT/m v 3aBMCMMOCTb pacripejeleHus 110
Puc. 74. TIpadux maxcsennonckoro CKOPOCTSM OT Temneparypel. Ilpu
pacnipesesienusi MOJieKy 1 ra3a no cko- [OBRIMICHHM TEMIIEPATYPHI KpUBAg pac-
pocTsM NMpEenesicHUs] MOJIEKYJ IO CKOPOCTSIM
necopMIpyeTCs TaK, KaK NOKAa3aHO HA
puc. 75. MakcuMyM KpHBOM cMemaercd npu yseauueHun T B o6nacTn
Gonpmux 3HAYEHMI v. MakcumanbHoe 3Hauenue f(v) npu aToM yOmBa-
€T, TaK UTO IJIONAAb MOJA KPHUBOM OCTa-
€TCS HCM3MEHHOM.

[MpuBenennnic BeE (yHKMHM pac-
NPEAeCHAS MOJIEKYJI ra3a no CKOpoCTsIM
Obl1y BriepBbie MoJjiyueHs Makceesnom u>
HOCST €ro uMi.

DKCHepMMEeHTaabHAS KPHBAA pacrnpe-
neneHus Maxcsenna. JKCIepHMeHTalb-
5(’)';;3:51-1 ‘fa)’;:“;'(‘)“ Jpacnpencaciui  HOC W3IMEDEHME CKOPOCTEH MOMeKy:n u
paaﬂbli remnopaTypax po P"  nposepka 3akoHa pacnpeneiaeHus Makc-

BEJUIA OCYNIECTB/ISIOTCS PA3/TMUHEIMK Me-
TOXAMH, HCMOIb3YIOMIMH MOJIEKYISpHHEE myukd, OIUH U3 NEPBHX TAKAX
onnrros 6u1 npopenan O. [lteprom B 1920 1.
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B sxcnepumenTanpHOR ycTaHoBKe llITepHa MCIO/Ib30BATHCDH ABA KOAK-
CHANBHBIX LWHIMHAPA, CKPEIUIEHHHX Mexay coboit (puc. 76). wiuaaps:
MOXHO NPUBECTH BO BPAMICHHE C ONPERACHCHHOH YIJIOBOM CKOPOCTHIO.
Brosb ocn O wAnHAPOB HATSIHYTA TOHKAS IJIATMHOBAS MPOBOJIOKA, MO-
KpeITas cjoeM cepebpa. [1pu nponyckasuu 3/M€KTPHYECKOTO TOKA HNPOBO-
JIOKa Harpepaercd, u cepebpo
HauMHaeT ucnaparscd. Bea yc-
TAHOBKA NOMEUIEHA B Hernpe-
PBIBHO OTKAYMBAEMBlil BAKYYM-
HBIH COCYA.

UcnapuBmmecs aToMu ce-
pebpa neTaT npsSMOJIMHEHHO.
IMposeres ckBO3p mpopess A
BO BHYTDECHHEM  LMWJIMHAPE,
OHM OCENAIOT HA OXNAaXAAEMOM
MOBEPXHOCTH BHEMIHEIO LH-
nuHapa, obpasys Ha HEHd UYETKYIO NMOJOCKY B Merasunyeckoro cepebpa
(puc. 76a). Ecny UMAHHADPH TPUBECTH B ORICTPOE BPAIIEHHE C IOCTO-
SHHOM YIVIOBOM CKOPOCTBIO, TO NOJIOCKA OCAXAECHHHIX aTOMOB Ha MO-
BEPXHOCTH BHCLIHEIO UMJIMHAPA OKA3HIBAETCS CMEIICHHOM OT MPEXHEro
NOJIOXEHUS HA Hekotopoe paccrosuaue ! (puc. 766) U 3aMeTHO pa3Mul-
toit. CMemenye BH3BAHO TEM, UTO 33 BPEMs MpOJETa daTOMOM paccTo-
AHHAS OT LIEJAW OO0 BHEIUIHETO LWIMHApPA BCH CHUCTEMA YCHEBAET MOBEp-
HYThCS Ha HEKOTOpHIH yroa ¢. Ilo cMemeHHIo nojocku MOXHO CyAMTh
0 BEJMYMHE CKOPOCTH aTOMOB cepebpa. PasMBITHE NOJOCKM NMPOUCKOLUT
MOTOMY, UTO aTOMbl Cepedpa MMEIOT DA3JUYHBIE CKOPOCTH, U TaKOM
ONHIT B IPUHIMIE NAET BO3MOXHOCTh WM3MEDHTb DACHpEAEICHHE II0
CKOpOCTSIM aTOMOB IyUYKa.

BoocnaencTBuH aHAJOrMYHBIE OIBITHI HEOOHOKPATHO BOCHPOM3BOIH-
JINCh B PA3JMUYHKIX BAPMAHTAX N9 pasHbix Bewecrs. B uactHocTH, Ta-
KHE ONBITHL ZABaJM BO3MOXHOCTb BBIACAATH H3 MYYKA PPYyHOHE aTOMOB,
CKOPOCTH KOTODHIX JIEXAJIH B ONPENECICHHOM 3aJaHHOM HMHTEDBAJIE CKO-
pocreit. Bo Becex ciayyasx ObUIO MOAYYEHO XOPOLIEE COTMIACHE C 3aKOHOM
MakcBesnna pacnpexeneHns MOJIEKYJI 10 CKOPOCTSM.

6

Puc. 76 Cxema onerros [ltepHa

BeiyMciaeHue CpexHuX 3HayeHMH. 3HaHue cTatUCTAYecKUX QyHKumi
PACIIPCAC/ICHAS NACT BO3MOXHOCTh BHUMCISATh CPCAHHC 3HAUCHUS MHK-
pocxommecxnx HapaMCTPOB, HE 3Had HuX SHHqCHHﬁ Y OTOCAbHBIX
MOJICKYJI.

Hanpnmep, ¢ moMompio ¢pyHKUHN pacnpeneieHns BospuMaHa MOX-
HO HAWTHM BBICOTY IIEHTPA Macc MOJEKYJ rasa B nose tsxectn. Koopau-
HaTa z, UEHTPA MacC N MaTepuanbHEX TOYEK OJMHAKOBON MACCH Ompe-

nensercs hopmysnoin

Zc=

z|=

N
RS (16)
i=1

7 E.I1. Bytnixos u ap. Kunra 3
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HaM HeHW3BECTHH KOODAMHATH Zz; OTAENBHRIX MOJEKYJ, HO (YHKUHS

pacnpenesiesnss bospiMana roBopuT O TOM, CKOJBKO MOJIEKYJ HMEIOT
3HAYCHHMS B MHTEpBAJIE OT z A0 z + dz:

dN = n(z)dz. (17)

Tenepe, npu Beiunciaerun no dopmyne (16) MOXHO CHauana crpymn-
OUPOBATh C/ATAEMEIC Z,, JIEXAMMe B MHTEpBaje oT z go z + dz. Ux

BKJag B CyMMY paBeH zn(z)dz. 3atem oCTaercs IPOCYMMHPOBATh IO
BCEM TaKMM TpYNNaM, T. €. IPOMHTErpUpoBaTh N0 z oT 0 o oo
L

S zn(z) dz. (18)
0

1
zc—ﬁ

INoacrapnss ciona n(z) u3 (8) u yunThIBast, 4TO

o

N= S n(z) dz, (19)
0
10C/AEe BHIYMCJICHUN Ioayuacm
z, =4 (20)

C nomompio YHKIWKA pacnpegeicHus MakCBE/IA MOXHO BBIYNC-
JINTh CPEJHME 3HAUECHMS BEJHMYUH, 3aBUCAIIMX OT CKOPOCTEH MOJIEKYIL.
st 3TOro HyXHO pa3bMTh MOJIEKY/ibI HA FPYNNE C MPAMEPHO OXMHAKO-
BHIMM 3HAYEHHMSIMH CKOPOCTEH, JieXallMMH B MHTEpBaJE OT v A0 dv,
HAWTH BKJAA KaXJIOW TAKOH IPyNIIH B BRYNCIASEMOE CPegHee, a 3aTeM
[pOCYMMHpPOBATH MO BCEM CPYNOaM MOJEKYJ, T. €. NPOMHTErpPUPOBATH
mo v or 0 no . HanpuMep, a1 HAXOXACHHS CPETHETO 3HAUCHMS KBak-
paTa CKOpPOCTU HYXHO BBIMMCJIMTh HHTErpas

oo

(v?) = { viq(v) dv, (21)
0
rue g(v) onpenensgercs ¢opmysoit (14). Pacuer maer sHaucHue
() =% (22)

YTO COOTBETCTBYET (PU3MUECKOMY CMBICAY TEMIEPATYPH KaK MEPH Cpex-
HEM KMHETHUYECKOH IHEPIMH XAOTHUYECKOIO TEILVIOBOIO IOCTYNATEIBHOrO
nsuxenud mosiekya (cM. ¢dopmyan (7) u (12) npexpigymero naparpacda).

Ilas cpenHero 3HaueHus aGCOMIOTHOM BETMYMHEI CKOPOCTH, AHAIO-
ruuHo (21), MOXHO TIOJNYYHTh

(vy = § vg(v) dv= \/i"—nf = \/ m (23)

Hanpumep, nas mMosexyn asora (M = 28 r/monp) npm KOMHATHOIA
Temnepatype monyuyaeM (v) = 470 m/c.
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e Kak BBl noHuMaere YTBEPXKACHHUE O XAaOTHYHOCTH TENJIOBOIO mBuXeHHa? Yto
3HAYUT, YTO Xa0C UMEET CBOM 3aKOHbI?

e U3 xakoro ¢du3nueckoro ycnoBus BBIBOOUTCS paBHOBECHOE paclipefesieHUe
MOJICKY ] raza B nojue tsaxectu? I'le npu Buisofe OapoMeTpUuecKkoit popmynsl
HCMONb3YETCs MPEeAnosoXeHHe 0 NMOCTOAHCTBE TeMMepaTyphi?

e [Tlouemy Gapomerpuueckas GopMysla HeMpUMEHUMA K 3aBUCHMOCTH OT BbICO-
Tbl AaBJIEHUA B XKMAKOCTH?

e Kakoit husndeckuil cMbic/ MMeeT GyHKLHA pacTpeseieHMs MoNieKy T 110 Koop-
annartaM? no ckopoctam? Uro obutero UMeoT 3TH GyHKLMM paciipesesieHusa?

e OO6bsicuute, noyeMy rpaduk GyHKUUH pacnpeneieHds MO HPOEKIIMK CKOPO-
CTU MMeeT CUMMeTpHuuHylo ¢opMy, a KpuBas paclpelelieHHs MOJIeKyJ Mo
MOZRYJIIO CKOPOCTH aCHMMETPUYHA.

e Kak o6bacHUTb, YTO cpefHee M Hanbonee BEPOSTHOE 3HAYEHUSA MPOEKLIUU
CKOpOCTU Ha 1060e HanpaejieHHe paBHbI HYJTIO, a8 COOTBETCTBYKOUIHE BEIH-
YUHBI [/1 MOAYJIs CKOPOCTH OTJMYHBI OT HYJIS M HE DaBHBI ZPYT Apyry?

e Kak, 3Has (pyHKUMIO pacripefefeHUs MO MPOEKLUHH cKopocTH f(v,), moay-
yuTh PYHKUMIO pacrpeaeseHusi 0 MOAYJO CKOpocTH?

e UYro MOXHO cKa3aTb 0 CBOMCTBAX KpPHBOH, ONMMCHIBAaIOUIECH pacrnpeacneHue
MoJIeKy 1o ckopocTaM? Kakoii cMbicl MMeeT orpaHM4YuBaeMas 3TOH KpHUBOM
njowans?

e Kak u3MEHSIOTCH ¢ TeMIepaTypoi NnojoXeHue MakCUMyMa KpHBOi yHKUMU
pacnpeneneHUs MONEKYs NO CKOPOCTSM M ero BeicoTa?

e HaiinuTe KOJMYECTBEHHYIO CBA3b CMELIEHMS NOJOCKM OCaXIEHHBIX aTOMOB B
onbiTe IlTepHa ¢ xapakxTepHOH CKOPOCTBIO MOJIEKYJI.

§ 23. TennoBoe paBHOBECHE B CTATHCTMYECKOW MEXaHMKe

Tennosoe pPaBHOBECME — ITO BCErAa AMHAMHMUECKOE paBHOBecwe. Ten-
JIOBOC ABMXXEHHE ATOMOB WIM MOJIEKYJ, M3 KOTOPBIX COCTOMT M3aKPOCKO-
muyecKkas CACTEMAd, HUKOTAA He npekpamaercd. [1o3ToMy MakpockomH-
YEeCKME BEJIMYMHBL, XAPAKTEPU3YIOMINE CHCTEMY B LIEJIOM, CTPOro roOBOpS,
HUKOTAa HE OCTAIOTCH NOCTOSHHBIMHM, 3 MCIHTHBAIOT Manwe Gecrnops-
nouHble KoneOanns BOMM3N HEKOTODHIX CPEAHMX 3HaucHWM, Taxkue xao-
THYECKUE OTKJIOHEHMS OT CPEOHMX 3HAYCHHH TE€X MM MHBHIX BEIMYHH,
MIPOMCXONAIIME B TEUEHUE MAJNKIX MPOMEXYTKOB BPEMEHH, HA3RIBAIOTCS
daykmyayusmu. OTHOCHTEIbHAS BeAMYMHA GUIyKTyauui teM Gosbine,
UEeM MEHbBILIE Pa3MEDH M3YYAeMOM CHCTEMBEI.

D aykTyauy MaKpOCKONMHYECKUX NapaMeTpoB. Spkuit npumep ayk-
Tyauuy — 3TO APOXaHHE 3€PKaJblia WyBCTBUTEILHOIO raJbBaHOMETPA.
Maxkpockonueckas cucreMa, COCTOSmIAas M3 HOXBHXXHOH KaTYMKH rajb-
BAaHOMETPA, NOABCINEHHOM HA YNpPyroil KBapueBOM HHUTH, B COCTOSHHH
MEXAHUUECKOr0 PaBHOBecHd Onina OH COBEPUIEHHO HEMOABMXKHON, ECJIH
O HE TEIUTOBOE ABMXEHWE. YIAapH MOJEKYA BO3XYXa, COBEPIIAIOMMX
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TEIUIOBOE ABUXEHHUE, IIPHBOAAT K TOMY, UTO Yroa MOBOPOTA 3€pKa/blia
MCIEITHBAET Xa0TUUECKHUE KONEOAHUS BOIU3H MOMOXEHUS MEXaHHYECKO-
ro pasHosecus. MAKTAYECKH ITO TO Xe OpOYHOBCKOE ABMXKEHME, KOTO-
poc OT/IMYAETCH OT PACCMOTPCHHOIO BhHIIE OBHXCHWSA B3BEINEHHOM B
XHAKOCTH YaCTHLBI TOJBKO TEM, YTO 3[€Ch PACCMATPHUBAETCA HE MOCTY-
NarejabHOE, @ BPAIATENBHOE ABMXEHUE BOIM3M yCTOMUMBOrO, a He Oe3-
PA3NUYHOTO NOJOXEHMUE PABHOBECHS. MIHTEHCHMBHOCTL TAKOIO ABMKCHUS
3aBHCHUT OT TEMIIEPATYPHI, OHO NPUHIUIHAIBHO HEYCTPAHUMO M CTABHUT
npefea uyBCTBUTENBHOCTH M3MEPUTEIbHON ANNAPaTypHl.

IIpocTpaHCTBEHHOE pacrnpeneneHHe MojekyJ. OCHOBHbIE 3aKOHOMED-
HOCTHM (bYKTYauuMii MOXKHO MOAMETHTb, PACCMATPHBAs IPOCTPAHCTBEH-
HOE pacnpene/icHue MOJIEKyJ HMACAJBHONO ra3a BHYTPH COCyAa B CO-
CTOSHMHM TEIUVIOBOr0 paBHOBecMd. B cpeaHeM raz pasHOMEDPHO 3amOJj-
HSET BECh COCYHA, T. €. KOHICHTPAUMS MOJIEKYJ BCIOXY ONHMHAKOBA.
Paspgennm MBICIEHHO cOCyA Ha 7ABe paBHmie uact., IlycTs umcno mMo-
JIEKYJl cieBa paBHO n;, cmpasa — n,. CymMMa n; + n, ectb HoJHOE
YUCJIO MOJIEKYJ B COCYAC.

B paBHOBecHM B CPEAHEM N, = n,, HO TaK KaK 3TO PaBHOBECUC ANHa-
MHYECKOE, TO B KaXKAblii MOMEHT BpPEMEHHM BCJECACTBME XAOTHUYECKOTO
JBUXXEHMS 3TO BEPHO JIMLIL NPHOJHXEHHO, [IOTOMY UTO MOJIEKYJIB HE-
MPEPHIBHO MEPEXOAST U3 OTHOM MOJOBMHH COCYAAa B APYTyIO W o6paTHO.
B npuHLMIIE HHUTO HE MEIUAET WM BOOOIIE B KaKOM-TO MOMEHT BPEMEHM
coOparbcs B OAHOM mosoBuHE cocypa. OnHaxko Takoe cobwmitme Gynmer
KpaHe MaJOBEPOSTHHIM.

Yrobu ybeanThCs B ITOM, PACCMOTPUM, KAKMMH CIOCODAMHU MOJIEKY-
JIbl MOTYT pacrpenensaTbCs MEXAY mojaosuHamu cocyaa. Omuy Monekyy
MOXHO PasMECTHTb B COCYAE ABYMs criocofamu — aubo B JeBOH, 1160
B TIpaBo#t ero nosiosuHe. Mcxond M3 cMMMETPUMH, €CTECTBEHHO MpPEATo-
JIOXHUTb, UYTO BEPOSITHOCTb HAMTHU MOJEKYNY B KaKOH-TO ORHOM TOJIOBUHE
cocyaa pasHa 1/2, ecim, KOHEUHO, COCYA pDasfeNeH HAa CTPOIO paBHEIE
yactu. [[Be MOJEKY/JH MOXHO pacnpeneauTh B COCyAe deTnipbms (22)
cnocobamu, MO0 AN KAXAOro M3 ABYX CrocobOB pacrpegeseHus ONHOK
MOJIEKYJR CyIIECTBYeT ABa cnocoba pacnpeacneHumd apyroi. [as tpex
MOJIEKYJI YHCIO CrocoBoB pacrpeneneHnss pasHO BockMu (2°), Tak xak
IS KAXAO0ro M3 YETHPEX BO3MOXHEIX BADHAHTOB PACOpENECHHUS IEp-
BHX ABYX MOJIEKYJ €CTh JBE€ BO3MOXHOCTH PaClpeNe/ICHAs TPETheH Mo-
JeKyJBl, ¥ T. X. B ciyuae N Monekyn uucio cnocoboB pacupene/CHus
pasHo 2V,

BeposaTHOCTH pacnpenejieHHi MOJEKyJ no NOJOBMHAM cocyna. by-
JEM CUMTaTh, UTO BEPOSITHOCTb HAXOXACHHUS Ji000ii Hayrax B3dATOW MO-
JEKYJIBl B ONPEACACHHON IIOJIOBUHE COCyAa HE 3aBHMCHT OT TOrO, IAe B
3TOT MOMEHT HaXOATCS BCE OCTAJIBHBIE MOJIEKYJIBL. JTO BEPHO /I UAE-
aJIBHOIO ra3a, MOJIEKYJ/IBl KOTOPOIO HE B3aHMOACHCTBYIOT MEXAY coDOM
¥ HMMEIOT NpPEeHEeOpeXHMO Majne pasMeph, TaK UYTO HX COOCTBEHHBIA
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0o0beM 3HAUMTEBHO MeHbile ofbeMa cocyna. B aToM cryuae Kaxaslid u3
2N cnioco6oB pacnpenenesust N MOJIEKY/ B COCYAE MMEET OIHY M TY Xe
BEPOSATHOCTH, paBHyio (1/2)¥. PaswscauM 310 moppobHee.

MoJtekyJibl rasa HaXOOATCH B TEMJIOBOM ABHKCHUH, M HX PACIONOXe-
HHE B COCYIOC HETNPEPBIBHO M3MEHHETCH. [IPEanonoXuM, UTO MEL MOXEM
aesnarth MrHOBeHHEE «bororpaduu» MONOXEHUs Mojekya B cocyae. Ha
Kaxpo# taxkoi «bororpadun» ME YBHAMM ONMH M3 MBICJMMHIX CHIOCOG0B
pacnpenencHus Mojekysa. Pacnpemenenumss Ha JOBIX JBYX CHHMKax
CUMTAIOTCS OOWHAKOBRIMH, €C/TM B KAKOW-1M00 IMOJIOBUHE COCYNA, HATIPH-
Mep JIeBOM, HA 00OMX CHMUMKAX HAXONSTCH OfHM M TE XE€ MOJEKYJHI.
YTBEpXAEHHE O PaBHOM BEPOATHOCTH Beex 2Y pacmpenenenwit o3uavaer,
4yTO KaKoe-smbo pacmpenencHue OyoeT BCTPeUaThcs Ha CHUMKAX HE 4a-
IIE ¥ HE peXe APYruX, B CPEAHEM ONUH Pa3z B KAXAOW CepHH, coaepxa-
weit 2¥ «dororpachuii».

PasmecTuTs Bce N MOJIEKYJ B ONHOM IOJIOBHHE COCYZa MOXHO TOJIb-
KO ogHuM criocofom. [ToaTOMy BEPOATHOCTH TONO, UTO BECh ['a3 CAMOMNPO-
M3BOJBHO cobBepercs B OQHOM monoBuHe cocyaa, pasxa (1/2)N. Tlpwm
GonpiMx N 3TO OUEHb Masias BenuuwHa. Hanpummep, mjis rasa, couep-
xamero Bcero 100 MoOseKys, BEPOSTHOCTb TAaKOIO COOBITHS paBHA
2100~ 10730, B cpemmem Tomeko Ha omHOM M3 10°° cHAMKOB MBI 6pI
YBUAEM, YTO OfHA M3 MOJAOBMH cocyda mycra. (Utobm mpencrtasuTb ce-
6e, HACKOMBKO BEJHKO 3TO YHCAO, BCOOMHUM, UTO, MO NPERAHHIO, H30-
fperaTeab WAXMATHOM WIph moTpefoBan B Harpamy «scero» 264 =~ 1019
3epeH MUEHUIH. D10 0Ka3anoch Gosblie, YeM KOAHYECTBO 3CPEH, KOTO-
poe MOXET YMECTHThCH B ambape BricoToit 5 M w mupuHoit 20 M, npo-
tarysmeMca or 3emnu go Comsua.) U 310 msg rasa, coCTOSINErO BCETO
13 cTa Mosekysa! A [Uis OZHOrO MOJIS rasa, Tia¢ YUCIO0 MOJEKYJ COCTAaB-
nser 6-10%3, BEpOATHOCTD BCEM MOJIEKY/IAM OKA3aTHCH B ONHOM HONOBH-
HE COCyZAa HACTOJBKO Majd, 4TO MPOCTO HEBO3MOXHO HAWTH NI Hee
NOAXONSINEe CPABHEHHE B MUDE 0OPA30B, JOCTYIIHBIX YEJIOBEUCCKOMY BO-
06paxeHuio.

Paamecturs N MOJEKYA B COCYAE TaK, 4ToOH B ONpEAEIEHHON NOJIO0-
BUHE cocyda ObuUia TOABKO OJHA MOJIEKYJIAa, a4 B APYTO# OCTJIbHEIC
(N — 1), MoxHo, oyesuaHo, N crmocobaMi, IOCKOJBKY B IEPBOM 10O~
BHHE COCYAA MOXET MPH 3TOM HAXOMUThCH mobas u3 N Mmoaekysa. Bepo-
STHOCTb TAKOIO pactupeacneHus Mosaekyn paBHa N/2V,

ToncunraeM Tenepb BEPOSTHOCTb TOIO, YTO B OHPENEIICHHOM NOJIO-
BUHE COCYAd HAXONUTCH 3aJAHHOE YHCJIO N MOJEKYJ. DTa BEPOATHOCTh
paBHAa OTHOWICHMIO YHCHA Crtoco00B pacnpenesieHus, NpU KOTOPHX B BBI-
6paHHOIi MOJIOBMHE COCYAa HAXOXATCS JIOOHIe 1 MoJeKyd, K 2V — non-
HOMY YMCIY BO3MOXHBIX PACTpene/eHHH.

Yucno TaKMX pacnpeneieHmii, OUEBHAHO, PABHO UKCHY CrocoboB, ko-
TOPBIMH MOXHO BHIGDATh 1 MOJEKYA M3 COBOKYNMHOCTH N MONEKYH, T. €.
YuCay coderaHuit u3 N 1o n. 3TO YMC/IO COYETaHHH PaBHO

o M
CN T niN—n)!"
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TlosToMy BeposTHOCTH P, TOrO, YTO B KaKoN-HuOyAbL, HApUMED JIEBOIA,
TIOJIOBMHE COCYAAa HAXORMTCH N MOJEKYJ, PaBHA

v @)

BT NpN—nyt

Takoe pacrnpenescHHe BEPOSTHOCTEN HA3HBAECTCH OMHOMMAIBHBIM.

BeposTHOCTS pABHOMEPHOro pacnpeaeneHus. Teneps ¢ momompio (2)
JIErKO PACCUMTaTh, KaK 4acTo Ha Hamwux «bpororpadusax» Oyayr sBcTpe-
YaThCS TE UMU UHBIC pacnpeaesenus mosekya. Jlng raza us 100 monekya
BEPOSITHOCTD TOTO, YTO MOJIEKYJIH PACTIPEAESTCS MEXAY MOJOBUHAMHU CO-
CyAa CTporo NopoBHY, npuGiuantensHo pasHa 1/18, 1. e. Takoe pacnpe-
AeJIEHME BCTPEYAESTCS B CPEOHEM ONMH pa3 Ha Kaxneie 18 cHUMKOB.

Urak, CTporo paBHOMEDHOE pacHpemeseHHE MOJIEKYJA N0 obneMy
BCTpeUaercs HE TaK YX M yacto. Ho ecnm MH moacunTaeM BepoOSTHOCTH
TAKMX paclpencJeHui MOJIEKY/I, NP KOTOPHX B OXHOM IOJOBHHE COCY-
aa Gymer Ha fBe, UyeThipe M BooOlie Ha HeGOBIIOE YHCIJIO MOeKya Gosib-
e, YeM B APYroi, U MPOCYMMHPYEM 3TH BEPOSTHOCTH, TO MHl YBUAMM,
UYTO BEPOATHOCTb MOSIBJCHHA JI000r0 M3 TAKMX pacmpegeneHuit Oymer
0JM3Ka K eqUHHLE, 3 OYEHh HEPABHOMEPHMIC PacpeAeacHus, PN KOTO-
PBIX UHCIO MOJEKYJ COPABa M CJIeBa Pa3aMyaeTcs CUIbHO, OyayT BCTpe-
YaThCd KpauHE penKo.

Ipencrasnenue 0 xapakTepe pacnpefencHus BepostHocTelt (2) maer
puc. 77, nocrpoeHHn# s rasa ua N = 20 monexyn. ITo ocu a6euucc
OTJIOXEHO YKCIO MOJIEKY/ B OOHOM (HAampuMep, JIEBOi) MOJIOBMHE COCY-
Ia, @ N0 OCH OPAMHAT — BEPOATHOCTH COOTBETCTBYIOLIUX pacrnpenesie-
Huit Monekys. [IpmBEeNEHHYIO 3aBHCHMMOCTh BEPOATHOCTEHM OT N MOXHO

rt | N =100

BA N=20
0 5 10 15 n 0 20 40 60 80 n
Puc. 77. BeposTHOCTb TOrO, YTO B COCYAE, CO- Puc. 78. Ta xe sepodar-
aepxamemM 20 MoseKys rasa, n MOJEKYJa Ha- HOCTb B CJlydae, KOraa CO-
XORATCS B OZHOM MOJAOBMHE COCyjaa, a OCTajlb- CYA COHEPKHMT 100 mone-

OXapaKTepHu30BaTh ILIABHOM KPHBOH — orufaiomeii, KoTopas 1mokasaHa
mTpuxoBoi auHKei Ha puc. 77. C yBenmuenueM IMOJHOTO 4HCIAA MOJE-
Kyl rasa 3Ta KpuBas CTaHOBHTCH Bce Gonee m Gosee ocrpoit. as
N = 100 ona npuseaeHa Ha puc. 78.
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Taxum o00pa3oM, 3HaHue (YHKLUMH pPacrnpeac/ICHHMs BEpOSTHOCTEH
MO3BOJISET HE TOJMBKO BHUMC/ISTh CPEAHHE 3HAUEHUS MAKPOCKONMUYECKUX
MapaMerpoB, HO M HAXONMTh XAPAKTEPHHIE OTKJIOHCHHS JTHX BEIHUHMH
OT CBOMX CpEAHMX 3HAUCHWH, NAIOMIHE HPEACTABJEHHE O BEIHYHHE
bnyxryanmi.

O0mme 3axoHomepHocTH gaykryauwmit. Temeps M MOXEM CAeIaTh
CAEAYIOWM 00K BHIBOA: €CIM MOJHOE YMCJIO MOJEKYJ B M3y4yaeMoi
CHCTEME BEJHKO, TO (hIyKTyaluu IUIOTHOCTH, COOTBETCTBYIONIHE CYy-
DIECTBEHHO HEOJHOPONHOMY PaCHpeNeneHH0, NOYTH HHKOrAa HE BO3-
HHKAIOT.

OnucaHHBE BHINE 33KOHOMEPHOCTH CHPABENJIMBH HE TOJBKO /IS
dryKTyauui mwiIoTHOCTH, HO ¥ I (DAYKTyaluil APYTUX MaKpOCKONMye-
CKMX IapaMeTpoB. ECaM YMcao yacTul, B CHCTEME OYEHb BEJHKO, TO OT-
HOCHUTENbHAY BeIMUMHA GIyKTyaumit Jo00ro napaMerpa OueHb Maaa Io
CPaBHEHHIO CO CPEOHHM 3HAYEHHEM ITOIO MapaMeTpa ¥ €K IOUTH BCErna
MOXHO npeHebpeub. [ToaTroMy Mu 06RYHO He OCO3HaeM (aKTa CymecT-
BOBaHUA (DIYKTYAUHi, KOrAa HMeeM [e0 ¢ OOMbMAMH MaKpOCKOMHYe-
ckuMu cuctemamu. Ho ecnm cucrema pocratouno mana, To diayxryauud
MOTYT OHITH JIETKO OOHAPYXEHB! M HACTO MMEIOT 0OJbIIOE 3HAYEHHE.

Kak yXe ynoMuHAaI0Ch, TEILIOBHE (GAYKTYauUHH CTABAT NpENes 4yB-
CTBUTEABHOCTH JI06KIX MaMmepuTensubix npubopos. I1pu namepennn ma-
JIBIX 3HAYEHMI (PU3NYECKUX BEJIMUMH WM caabux curHanos pnyxkrya-
LHN B YYBCTBHUTEILHOM 3JIEMEHTE H3MEPHUTEIBHOrO npubopa MOTYT OKa-
3aTbCH CPaBHMMHIMHM C H3Mepsaemoit BeanmuumHod., (aykryaums,
BO3HHKAKOIHKE B CAMOM M3MEPHTEILHOM NpHOOpE, 3aTPYAHSIOT U3Mepe-
HUS ¥ TNO3TOMY HA3HBAKTCH IIYMAMH.

e Jlouemy NMpH XaoOTHUYECKOM TENJIOBOM ABHMXCHHH BCE MOJIEKYJ/Ib! MaKDPOCKOIMH-
YECKOTO KOJNMYECTBA ra3a He MOFYT CaMONPOMU3BOJbHO cobpaThcs B OXHOM no-
noBUHE cocyna?

e UYto Takoe UyKTyalHH MakpocKonuuyeckux napamerpos? Ilpusegure npu-
Mepbl NOsBJIeHUS GIYKTYAaUU B (PH3HWUECKOM SKCNEepUMEHTe.

o Kaxue coobpaxeHHs Bbl MOXETe MPUBECTH B TOJIb3Y [PEANONOXEHUS O paB-

HOI BEPOATHOCTH KaXIOH MOJEKy/e HAealbHOro rada OKalaThCst B ORHOM H3
NMoJIOBUH cocyna?

e Kak nogcudTarh BEpOSTHOCTh TONO, 4TO B OMpelde/ieHHOH IOM0BHHE cocyna
HaXOAMTCSH M MOJIEKYJ rasa u3 nojiHoro uucja N?

e Uemy pasHa cyMMa BeposTHoCTe# P,, nasaeMbix ¢opmyson (2), mo Bcem
3HayeHusaM n ot 0 no N?

s Kak usmeHsercs BUA ¢nyuuu pacnpeeyieHus 3THX BepOﬁTHOCTCr{ C yBEIN-
YyeHHUeM INoJIHOro yucna N MOJICKY N1 rasa?

e KaKoBbl MakcUMaJIbHblC 3HaY€HUS BeposTHocTei P, Ha puc. 77 n 787

e Kax oTHocuTenbHas (IYKTyallHs MaKpPOCKONMMYECKHX NapaMeTPOB 3aBHUCHT
OT pa3MepoB CHUCTEMS, T. €. OT uMcaa MoJiekyn N7
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& CrarucTiyeckuid noaxoa. Ha npusemeHHOM Bhime npumepe
pacyera BEPOSATHOCTEH PaCNpERCICHUS MOJIEKYJ MAEAJILHOIO rasa no
ITOJIOBMHAM COCYIa MOXHO NMPOMLTIOCTPHPOBATh OCHOBHHEIE MueH ['ub-
6ca mocTpoeHns PaBHOBECHOM CTATHCTHMUECKOM MexaHuku. IIpm stom
BCE MAKPOCKOITMYECKHME XAaPAKTEPHCTHKYN PacCMAaTPUBAEMOH MOJIEKY-
JISIPHOM MOXCJH TEPMOAMHAMMYECKON CHCTEMBl XOJXHBI BBOTHUTHLCA
6e3 CCHUIOK HA TEPMOOMHAMMKY, ¥ TOJBKO 3aTEM MOXHO HANTH HX
TEPMOAMHAMMYECKME IKBUBAJICHTHI.

OCHOBHOE MOHSITHE CTATUCTHUYECKOTO METOAA — 3TO MMKPOCKOIIM-
YEeCcKOoe COCTOAHME. 3aaTh €r0 — 3HAYMUT 3aJaTh MEXAHMYECKOE CO-
CTOSIHUE CHCTEMHI, T. €. KOOPDAMHATHI M CKOPOCTH BCEX MOJIEKYJ B
oguH MOMEHT BpeMeHH. Ho B HEKoTOpHIX CAyuasx HOCTATOYHO B
OTIpEAENIEHNE MHUKPOCOCTOSHUS BKJIKOYATh TOJABKO YacTh XapaKTepu-
CTHK OTIEJBHBIX MOJIEKYJ. Tak, B NPHBEXEHHOM HPHUMEpPE MBI IO
MHKPOCOCTOSHIEM (DaKTHUECKH TOHHMAJIK TONBKO WMHAOPMALHIO O
TOM, B KakoH ITOJIOBUHE COCYJa HAXOOUTCA Kaxnaas Mosekyna. Ilox
MAaKPOCOCTOSIHMEM B 3TOM CJIy4yac NOHMMAETCs MHGOpMauus O TOM,
CKOJIBKO MOJICKYJI HAXOOMTCS B JICBOH, 4 TEM CaMBIM H CKOJBKO B
TIpaBOU IOJIOBMHE COCYAA.

PaBHble BEPOATHOCTH MHMKPOCOCTOSIHWi. OCHOBHOH TIHIOTE30i B
merone I'ub0ca aBaseTcs NPEANONIOXeHHE O PABHOM BEPOATHOCTH pe-
anu3anum JIIoObIX BO3MOXHBIX MHKDOCKONMUECKHX COCTOSHHN 3aMK-
HYTOH CHCTEMBI, IJI1 KOTOpOW 3a(hMKCHpOBAHH SHeprus, obbeMm u
yucno yactull. VIMEHHO 3TO NPEATIONIOXEHNE B PACCMOTPEHHOM BHIIIE
MpUMEPE HPUBOOWIO K OMHOMHAJBHOMY DACHDPENE/IEHHIO BEPOATHO-
credl P,. I'mnoresa paBHOM BEPOSTHOCTU PA3JMYHBIX MHKPOCOCTOS-
HUI CYUMTAETCS CIPaBEAJMBON HE TOJABKO AN MACAJIBHONO rasa, HO M
i MI00BIX CKOJIb YFOJHO CJIOXHBIX TEPMOOMHAMMUECKHX CHCTEM.

CTaTHCTHYECKHNIH BEC MAKPOCOCTOSHHUA. BeposTHOCTH peasun3auuu
pa3TMYHbBIX MAKPOCOCTOSIHHH MPH 3TOM, B OTJIMYHE OT MHMKPOCOCTOSI-
HHIA, yXe HE PABHBI APYT APYTrY, MOCKOJABKY KaXX0E MaKpPOCOCTOSHHE
MOXET OHITP PEasn30BAHO CBOMM BIIOJHE ONPEHEACHHBIM YHCIOM
MHKpococTosiHu#. Tak, MakpocoCTOSHME, B KOTOPOM BCE MOJIEKYJIH
HAXONATCS B OXHOM (JIEBOM) HOJIOBMHE COCYAd, PEANN3YETCH EAMHCT-
BEHHBIM MHKPOCOCTOSSHHEM, 38 MaKPOCOCTOSSHME, KOIAa B JIEBOM IOJIO-
BMHE HAXOMMTCAd OXHA M3 N MOJEKyJ, peanusyercs N pasIMyHBIMM
MHKPOCOCTOSAHHSIMH.

Cmamucmuueckum GecoM WIH mepmoauuauuuecxoﬁ 8EPOSIMHO-
cmbr0 HEKOTOPOIO MaKpPOCOCTOSIHUS CUCTEMBI HA3LIBAETCS YMCIIO pas-
JIMYHBIX MUKPOCOCTOSIHHIA, KOTOPBIMM MOXET OHTb PEaTM30BAHO AaH-
HOE MAakKpococTostHME. B paccMOTPEHHOM MpHUMEpPE CTATUCTHYECKMIA
BEC MAKPOCOCTOSHMS C ONPEACNCHHBIM YNCJIOM N MOJIEKYJ B JIEBOM
MOJIOBMHE — 3TO YKCJIO cnocoboB Takoro pacnpeneneHus N MOJEKy.
rasa no nojosuHaM cocyna. OHO pasHo uHcay coueranwmit C%,.

v
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Kak onpenenuTe NMOHATHE TEILIOBOTO PABHOBECHUS INPH CTATHCTH-
yeckoM moaxone? PaccMOTpHM fBEe TEPMOOHHAMHYECKHE CHCTEMBI,
HAXONAMIMECK B TEIUIOBOM KOHTaKTE M 00pasylomue BMECTE 3aMK-
HYTYIO CHCTEMY C OINpEeReJCHHOMK 3Hepruel E. Uncao vactun u obs-
em ofeux mopcucreM (DMKCHPOBAHE, HO OHM MOrYT OOMEHHBATHCH
sHepruei B ¢opMe Ternonepenaud. IlycTe Ha N07I0 NEepBOM NMOACH-
CTEMBbl TNPUXOAMTCS SHEprua E,, a ma gomo BTOpOH — oCTajabHas
oneprus E— E|. Uncno MUKPOCOCTOSHUM BCEH 3aMKHYTOH CHCTEMEL
W(E,}E) pasHO IpH 3TOM NPOMSBENCHHIO YHCI3 PA3JUYHBIX MHK-
pOCOCTOSTHMH nepBoit noxcucreMsl W (E|) Ha UMCIO MHKPOCOCTOS-
Hui BTOpO#t mopcucTemnl W,(E — E|):

W(E|E) =W (E)) W,(E—E)). (3)

3Hayenue W(E||E) 6yaer pasHsIM B 3aBUCKMOCTH OT TOIO, KaKas
yactb E, NOAHOA SHeprud E MPUXOANTCA HA NEPBYIO NOACHCTEMY.

Tennodoe pasHogecue MEXAY IORCHCTEMAMH OIpPEAeNIeTCd KakK
MaKpPOCKOTIMYECKOE COCTOSHHE C HaUBObULUM CIamUCmMu4eckum ge-
COM, T. €. COCTOSSHHE ¢ TAaKHM paclpeaeSCHHEM DHCPIHM MEeXIY [10g-
cucreMamu, npu KotopoM W(E,|E) xak dyskuus E, uMeeT Makcu-
MaJibHOE 3HayeHuEe. B pazo0paHHOM NpuMepe COCTOSHUX PABHOBECHUS
COOTBETCTBOBAJIO PACHPEAECsICHNE MONEKYJ MEXAY MOJIOBHHAMHU COCY-
Za NMOPOBHY.

Haiinem, npu KakoM yCjOBMM craTHCTHYECKMH Bec W(E,|E)

MakcuMasceH. IIpupasrseM Hyaio npoussonHyio dW(E||E)/dE,:

dW(E}) dW,(E—~E))
) P By, (@)

dE, Wat W, dE,

ITpouseonuas or W,(E — E,) mo E, paBHa B3ATOH C NPOTHBOIIOJIOX-
HBIM 3HAaKOM TNpou3sBopHou or W, no ee aprymenry E, = FE — E|.
TTosromy (4) MOXHO 3anMcaTh B BHIE

L AW, _ 1 dW, (5)

Pasencrso (5), BHpaxawliee ycJ0BHE MAKCUMyMa CTATHCTHYECKOrO
BECA, PABHOCHJIBHO PABEHCTBY INPOM3BOAHHIX OT JIOrapugMOB:
dinWw din W
—_ 72 (6)
dE, dE,
DHTpONMA U TeMnepaTypa. B crarucTrueckod MexaHHUKE SHTPONMS
S ¥ TepMOOMHAMHKYecKas temmeparypa T ONpPEACASIOTCS CJIEAYIOMmM-
MM DaBEHCTBAMU:

S=klnWw, (7
1 _dS_ ,dinW
T=dE= kg5 - (8)
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ITpyn BruMcreHny npoussonHoit B (8) o6beM cucTeMu V u 4ucno ua-
CTHL B HE¥ N ceayer cuuMTaTh (pMKCHpOBAHHBIMH MAapaMETPaMH.

Onpenenenne remneparypu (8) o0yc/0BIEHO TEM, YTO B COCTOS-
HHUH TEIUIOBOTO pPABHOBECHSA, XAPAKTEPU3YIOMIMMCS PpaBEHCTBOM
TeMnepatyp, HMEHHO TaKas BEIMYMHA, Kak BUAHO u3 (6), omuHaxko-
Ba y 00€MX MOACHCTEM.

OmnpeneneHHasa paseHCTBOM (7) SHTPONMS KAK XapaKTEPHUCTHKA
MaKpOCOCTOSIHNSL TEPMOAMHAMUYECKOH CHCTEMB O0sajaer caeayrwo-
HIUMH CBOHCTBAMHU.

Bo-nepBuIx, SHTPONUS AANMTHBHA: SHTPOMUS BCEil CHCTEMHE PaBHA
CYMME JHTPONMHU COCTABASIOMMX €€ 4acTed. DTO HENOCPEACTBEHHO
cnegyer u3 paBencrtsa (3).

Bo-BTOpHEIX, SHTPOMMS CHCTEMbl MAaKCUMANbHA B COCTOSHHHM TEM-
JIOBOTO PaBHOBECHSA. JTO 3HAYMT, UTO BBEACHHAA ompexencHueM (7)
SHTpOnHS O0MANAET TAKUM XE CBOMCTBOM, UTO M IHTPOMMS, BBEACH-
Has B TEPMOTMHAMHKE: COIJIACHO BTOPOMY 3aKOHY TEPMOXMHAMMKH
SHTPONHS 3AMKHYTOH CHCTEMH MMEET MAKCHMAJIBHOE 3HAUYEHUE B CO-
CTOSIHEU TEIUIOBOIO PABHOBECHA.

[ToxaxeM coraacoBaHHOCTb onpeaeacHuit suTponun (7) u Temne-
parypu (8) ¢ onpeAencHMSMHM 3ITHX BEJMYMH B TEPMOAMHAMUKE.
ITycts mBa Tena ¢ pasHnMH TemmepatypaMu T, u T, mpusogarcd B
TETUIOBOM KOHTAKT. B pe3ysbrate TEIo00MEHa OHH MPHXOOAT B CO-
CTOSHHME TEIUIOBOTO DaBHOBeCHA. JHTponus S BCEH CHCTEMB MpH
JTOM YBEJHYMBAETCA. 3aNMIIEM BHIPAXEHUE A1 M3MEHEHMS S:

ds ds
As=Asl+As2=-JEllAE,+ ZAE2>0 9

ITycTe HEKOTOPOE KOJIMUYECTBO TEILVIOTH AE NEpexomuT OT Teaa C
remnepatypoit T, Kk Texy ¢ temmneparypoir T,. Ilpum arom sHeprus

E, mnepsoro Tena Bo3pacraer, a OJHeprus E, yOnBaer:

AE, = —AE, = AE > 0. B coorBercrsnu ¢ onpenenenuem (8) mpo-
u3sogHue B (9) paBHH 0OpaTHHIM TEMIEPATYpPaM TE:

as, 1 s, _ 1

dE, T T, dE,  T,'

Tenepp (9) nepenucHBaeTcs B BUAE

AS = AE(———) > 0.

Orciona caenyer, uro T, > T, T. €. 4TO IPH TEIUIOOOMEHE SHEPrHUs

epexomuT OT Tena ¢ Gosee BHICOKOH TeMIepaTypoi K Teay c Gonee
HH3KOH TEMIEPATypOH.

3apaua o paciiHpPeHHH ra3a B nmycrory. IlokaxeM, uro crarucru-
yeckoe onpeaenenne (7) sHTponuu S NMPUBOAUT NMPH PELICHHUH 3a4a-
uyy 0 HeOOPATHMOM PACITMPEHMH ra3a IPH Pas3spyIMEHHMH NEePEropoaKH
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B cocyne (cm. § 19) k ToMy Xe peayabTaTy, uTO M TEPMOAMHAMMUE~
ckoe onpeaesienre. HamoMHuM yciaosue 3amayw.

HpeanpHBlif ra3 HAXOOUTCS B OXHOH MOJOBHHE TEILIOM30JAHPOBAH-
HOTO COCYAA, pPasgeIeHHOIO NEeperopoakoil Ha [ABE PAaBHEIE YAaCTH.
OnpenennTts U3MEHCHHE SHTPONMMH a3a, €CJIU MEePeropoaka BHE3AHO
paspywiaercs M ras 3amnoJHHT BECh COCYH.

CraTHCTHYECKHUHA BEC HAYATIBHOTO COCTOSIHHUS ra3a PaBEH eOQUHHULE:
W, =1, TaK KaK CyUECTBYET JHIb OXHO MHKDPOCOCTOSIHHE, MPU KO-
TOPOM BCE MOJIEKYJIH HAXOAATCS B OXHOM HOJOBHHE cocyna. B Koneu-
HOM COCTOSIHMY MOJIEKYJIB PacupeXe/IEHH IO TOJOBHHAM COCYNa IMOY-
TH TOPOBHY (CTPOro MHOPOBHY, €C/IK OTBJEYbCS OT (AyKTyaiui).
Benencrsue MCKIIOUMTENBHOM OCTPOTH MAaKCMMyMa KPHMBOHM pacmpe-
OeJIeHUs BEPOSTHOCTEN PA3JIMUHHIX PACIPENeaCHHN MOJEKYJ rasa mo
MOJIOBMHAM COCYHA MPHOJMXXEHHO MOXHO CUMTATh, UTO BCE OCTAJb-
mnie (2V — 1) MEKpOCOCTOSIHMIA CHCTEMBI COOTBETCTBYKOT KOHEUHOMY
MaKpPOCOCTOSHHIO!

W,~ 2N — 12N

IMostomy B coorsercreuu ¢ (7)
AS=k(ln W, —In W) = kN In 2.

Ipu cTporoM pelieHnn CIexyeT BOCIOb30BaThCs dopmynoit (1) mpu
n= N/2:

— N2 — _N! 10
Wa=Cy ((n/2)?’ (10)

u ¢opmyinoit Crupiaunra
n! = (2nn)2nn,
B pesysasrare nmeem
In szNln2—%lnN.

Mockonbky N =103, 10 In N~ 50, u g1 SHTPONMUM NOJydAEM
MpEXHEEe 3HAYEHNE
AS=kN1n2, (1)

Pacnpenenenme I'mbbca. I'mnoresa TubGca 0 paBHOM BEPOATHOCTH
BCEX MHKPOCOCTOSIHMH 3aMKHYTOH CHCTEMB TO3BOJSET NOJMYYHTH
hyHKUHMIO pacnpefeneHus BEPOSTHOCTEN A/ Mmoot Manoi moxcH-
CTEMHI, HAXOAAMEHCHS B TEIUIOBOM KOHTAaKTE C OYEHb OOMBLION CcH-
CTEMOM — TEpPMOCTATOM.

PaccMOTPHM 3aMKHYTYIO CHCTEMY, COCTOSIIYIO M3 pacCMaTpHBae-
MOH MOACKMCTEMH M Tepmoctara. ITycre E; — 3HEprus BCeH 3aMKHY-
TOi cHucremnl, 3 E — sHeprua BHAENEHHON moacucTeMs. Toraa Ha
OOJII0 TEPMOCTATa NPUXOAUTCH SHeprus E,— E. OueBugHo, 4TO BE-
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positHOCTh P(E) nopcucTeMe MMeTh SHepruio E IIpONnopIHOHaNbHA
4yHCTy MHKpococTosiHrl W (E, — E) tepmocrara ¢ sHeprued E, — E.

[Moaromy nng oTHOWEHHs ABYX BepoarHocred P(E,) u P(E,) MOXHO
HAIUCATh

P(E)  W(E,—E)

P(E)) ~ W(Ey,—Ep) °

Wcnonpays onpenencane surponuu (7), NepemumeM 3TO OTHOMIEHHE
B BMJIE
P(E,) AS 12
P(Ey P (12)

rae AS=S(E,— E|) — S(E,— E;). YuuThBas, 4TO HEPrHH IIOA-

cucreMsl E; m E, Majnl MO CPaBHEHHMIO C SHEPIHMEM TEPMOCTATA,

BHIpAXeHHE IS AS MOXHO HPUOJMXEHHO 3aMUCATDH CIEAYIOMIHUM

o6pazom:

45
dE

ds

E, + -+~ E,,
unu, ¢ yuerom (8),

1

IMoncrasnsa AS B (12), HaxonuMm
P(E) E,—E; exp(—E/kT)

P(Ey P TiT  Texp (mEJKD

Urak, MH moayyaeM, YTO BEPOSTHOCTh TOTO, UTO Majas ITOACH-
CTeMa, HAaxOANIIASCS B TEIUIOBOM KOHTAaKTE C TEPMOCTATOM MpH
temneparype T, Oyxer mMmerb IHepruio E, mpomopumoHai bHA 3KC-
noHeHre exp (—E/kT):

P(E) ~ exp (—— k£T) . (13)

®opmyna (13) pmaer pacnpeneneHde BEPOATHOCTEM I J1r0OOM
(busHuecKOil BEMMUMHE, XapakTepuayiomeid noacucremy. Ilpu sTom
B IOKA3aTE/I€ SKCOOHEHTHl HrPAET POJib JHUIIL Ta YACTh JHEPIHU MOA-
CHCTEMBI, KOTOPasd 3aBUCHT OT 3TOH BEAMUMHEL.

Ecsin, HANpUMED, B KAUECTBE NOACHCTEMBI B3siTh OXHY MOJIEKYIY,
to (13) paer pacmpeneseHHe s €€ KOOPAMHAT, CKOPOCTH, MArHHMT-
HOTO HJTH 3JIEKTPMYECKOrO MOMEHTA, U T. A. B uacrHocTH, paccMarpu-
Bas pacIpene/iCHHE BEPOSTHOCTEH [UIS MPOEKIMM CKODOCTH v, HYX-

HO B3sTb B Kauectse E Ty 4acTh KMHETHYECKOH SHEPruM, KOTOpAs 3a-

1
BHCHT OT v,, T. €. 5 mvi. B pesysasrate cpasy mpuxoguM k dopmyie

(12) § 22. [1pn 31oM x03chPHUMEHT NPONOPLUMUOHAIBHOCTH MEPER IKC-
MOHEHTON MOJYYaeTCH M3 YCJIOBUS HOPMHMPOBKH: CyMMa BCEX BEpOSIT-
HOCTEH AOKHA OBITH PABHA EAUHMLIE. A
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e [Ilpuseaute coobpaxenus, obocHoBhiBalomMe BbipaxeHue (3) ang uucna
MHUKPOCOCTOSHHUN COCTaBHOM 3aMKHYTOM cHcTeMbl. IIpu Kakux yc/ioBUSX 3TO
BbIPAXEHHUE CIIPaBEATHBO?

e Kak noHumaercs YCIOBUE TEMNJIOBOIO pABHOBECHA B CTaTUCTUYECKON MexaHUKe?

e OOBACHUTE, NOYEMY COCTOSHUIO TEIJIOBOrO PABHOBECHUS HIEANLHOIO rasa B
COCYZAE COOTBETCTBYET paclpenefieHue MOJIEKYJ NOPOBHY MEXAY NOJNOBHHAMH
cocyna.

o Kax onpenenswoTcs 3Heprys M TeMnepaTtypa B CTaTUCTHUYECKON MeXaHUKE Ha
OCHOBE NPEACTABJIEHUS O CTATHCTHYECKOM BECE MaKDPOCKONHYECKOrD COCTOS-
HHUS CUCTEMbI?

e TlosicHuTe, noyeMy 3HTponMs S, onpegenseMas paseHctsoM (7), yBenMuMuBa-
eTcsl NpU Nepexofe 3aMKHYTOH CUCTEMBI B COCTOSIHME TEPMOAUHAMUYECKOro
paBHOBECHS.

e [IpuBenurte NOBOABI, CBUACTE/bLCTBYIOUIME O TOM, YTO CTATUCTHYECKHE OIpe-
Henenus aHTponuu (7) U TeMnepaTypbl (8) cornacylorcs ¢ ornpefeneHUIMH
9THX BENUYMH B TePMOAMHaMMKe.

o JloscHuTe, noueMy B IPUBEJEHHOM BbIBOZEe pacnpepeneHus 'mbb6ca cumura-
JIOCb, UTO BEPOATHOCTb MOACHUCTEME HMEThb 3Heprui E nponopuHoHAalbHA
YHUCJY COCTOSHUHA TepmocTaTa ¢ aHepreit E; — E.

e TI'me B BBIBOAe pacnpefeneHus I'n66ca MCMONB30BANOCh MPERNONOXEHUE O
TOM, YTO BbIAE/EHHAs MOACHCTEMA MHOTO MeHblle TepMoctara?

o [lokaxmure, Kak u3 obuiero pacnpegeneuus 'mG6ca (13) nonyuurs Gapomer-
pHruecKyo dopMyy.

§ 24. CrarucrTuuyeckas npupopa
HeoOpParKMOCTH TENNOBbLIX NPOLECCOB

TepMOAMHAMMUYECKUA MOAXON HE IMO3BOJAET BCKPHTH BHYTPEHHIOK
NIPUPORY HeoOPaTUMOCTH PeanbHBIX IIPOLECCOB B MAKPOCKONUUECKMX CHC-
temax. Onupasgcs Ha IKCOEPUMEHT, OH TOJBKO (UKCHpyer ¢akT Heobpa-
THMOCTH (BTOPOM 3aKOH TEPMOAMHAMUKY ). MoONEKyISpHO-KHHETHUECK M
MOAXOH HMO3BOISET MPOAHAIM3KPOBATh MPUUKMHBI TAKOH HeoOpPaTHMOCTH
peanbHBIX TPOLECCOB M ONMPEACIEHHOR HANPABJIEHHOCTH 3HEPreTHUECKIX
NMpeBPAIICHUN B IPUPOLE.

rdnoreTHYeCKHi BEYHBIA ABUraTeNb. PacCMOTPUM C TOUKH 3pEHHS
MOJEKYISPHO-KHHETHUECKOH TEOPDHHM MOMAEJIb T'MIOTETHMUECKOTO «BEUHO-
ro» ABMraTeas BTOPOro popaa, u3obpaxenHyw Ha puc. 79. [Ipeamono-
XHMM, YTO 3TOT BEYHHI NBMrarens paboraer ciaenyoomuMm obpasoM: ras
CaAMONPOM3BOJILHO COOMpPAeTcs B JIEBOM MOJOBUHE LMIMHADPA, TIOCJIE YErO
MopmweHb IMOABUTAOT BIUIOTHYKY K rasy. IIpu TakoM mnepeMemenwu
BHEITHUE CHJIB PabOThi HE COBEPILAIOT, TAK KAaxK cobpasmuiica B JEBOit
MOJOBMHE ra3 HE OKa3biBACT AABJEHHS HA MOPmEHb. 3aTEM NOABOAMUM K
rasy TEIUIOTY M 3aCTaBJsIEM €r0 M30TEPMHMYECKH DACHIMPSTHCS JO NPEX-
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Hero obbema. Ilpu sToM ra3s cosepmaer paboTy 3a CUET MOABOXHEMOIA

TennoTe. Ilocjie TOro xax nopmeHs nepedaeT B KpailHee MpaBoe MoJo-

xedue, OyaeM XOaTb, II0KA ra3 CHOBA HE Cobepercss CaMONIPOU3BOIBHO B

JIEBOM TOJIOBMUHE COCYAad, ¥ 3aTEM IMOBTOPSEM

BCE CHOBA. B peayasTare noayuyusach nepHOAH-

| . UYECKHM ACHCTBYIOmMAs MAalMHAa, KOTOpas COBEp-

waet paboTy TOMBKO 34 CYET LOJAYUYEHHS TEMIOo-

TH OT OKPYXAKWECH CPEIHl.

MosleKy 19pHO-KMHETHYECKAT TEOPHUS MO3BO-

| jseT cpa3y OOBACHMTH, IOYEMY TAKOE YCTpPOH-

crBO He Oyaer paborats. Kak Mbl BHaenu, Bepo-

ATHOCTb TOTO, UTO Tra3, copepXawuil Gosabmoe

- YUCIO MOJEKYJ, X0Td OB OXMH Pa3 CaAMONpPOM3-

R | S— BOJIBHO €OBEPETCH B ONHOM IOJOBUHE COCYAA,
—

HUUTOXHO Mana. M yX coBepHieHHO HEBO3MOX-
HO cebe npencTaBuTh, YTOOB 3TO MOIJIO MOBTO-
pPATBCS pa3 3a pa3oM mo Mepe paboTH MALIMHEL

O HeoOpaTMEIX npoueccax. Temeps MOXHO
YKa3aTh, KAKOW CMBICJI BKJIAZLIBAETCH B IOHS-
ﬁTe‘U‘OTa THE HEOOPATHMOTIO MPOIECCA: NPOIECC ABSETCS
HEOOpaTUMEIM, €C/IM OOpATHBIA MpPOLECC B Aei-
Puc. 79. Opun u3 BapUaH-  CrpyreIEHOCTH MOUTH HMKOMAA HE MPOMCXOMMT.
TOB <BEYHOrO» JBuratesis
BTOOTO PORA Crpororo sanpera Ais TAKOTO NpPOLIECCA HET —
OH MPOCTO CAMIIKOM MAaJOBEPOATEH, 4TOOBI ero
MOXHO ObLIO HAOMOnaTh Ha ombite. Tak, pacCMOTpEHHBIA TIPUMED BEu-
HOTIO ABMIaTes BTOPOIO POAA OCHOBHIBAJICS HA MPENIOIOXCHHH O BO3-
MOXHOCTHM CAMONPOH3BOJIBHOTO COCPEAOTOUEHMS Ta3a B OAHOM IOJIOBMHE
cocyna. Takoi npouecc apisercs oOpaTHHM /IS MPOLECCa PaCIuupeEHus
rasa B myctoty. PacluupeHye rasa B myCcTOTY NpeacTaBsiaser coboilt onud
u3 HauboJjiee SIPKHUX MPUMEPOB HEOOPATHMBIX IPOLECCOB — OOpATHBIN
MpoLEecC B MAKPOCKOMMUYECKOH CHCTEME HUKOIAA HE HABGMIOaascs.

Taxum o6pa3oM, ¢ TOUKH 3PEHHS NPEACTABJICHMIA CTATHCTUYECKOM
MEXAHMKH BTOPOM 3aKOH TEPMOXMHAMHMKM YTBEPXIAET, UTO B NPHUPOAE B
MAKPOCKOMUYECKHAX CHCTEMAX IPOLIECCHl PA3BMBAKOTCS B TAKOM HANpaB-
JICHHH, KOTAA MEHEe BEPOSITHHIE COCTOSHNA CHMCTEMBl 3aMEHSIIOTCH Ha 60-
Jiee BeposTHhle., Takass HHTepIPeTanus BTOPOr0 3aKOHA TEPMOTHHAMMKHI
ObL1a BIIEPBHIE NpENVIOXEHA BonbiManoM.

IMpn paccMorpennd (HAYKTyauMil IUTOTHOCTH MACAIBHOIO rasa Omuio
BREISICHEHO, YTO COCTOSHMS rasa, OPU KOTOPHX DacIpenesieHue MOJIEKYJ
0JIM3K0 K PABHOMEPHOMY, BCTPEUYAIOTCH IOPa3ao yame, YeM JaJIeKue OT
PABHOBECHS COCTOSIHMS C CHJIBHO HEPABHOMEDHHIM DPACIIPENE/IEHUEM MO-
nekysa. JpyruMy CJI0BaM#, COCTOSHHS ¢ HEPABHOMEPHBM PacCIIpeNeIcHH -
€M MOJIEKY] 110 00bEMY, MIPH KOTOPHIX YHCJIO MOJEKYJ B IIPABOM M JIEBOK
NOJIOBMHAX COCYAA CHJIBHO Pa3/MyaiOTCd, MMEKT ropasao MEHBIIYIO Be-
POATHOCTb, YEM COCTOSHUS C IOUTH PABHOMEPHHIM DPAaCHpenc/ieHuEM,
6uM3KuM K paBHOBeCHOMY. UTak, HeoGpaTuMeiil mpouecc npubavxeHus
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K PaBHOBECHIO —— 3TO NEpPEXOn K Haubonee BCPOATHOMY MAKpPOCKOIMHYE-
CKOMY COCTOSHHIO.

HeoOpaTuMble NPouecCsH M paspymeHne nopaaka. CxazanHoe Bume
0 MpupoRe HeoOpaTMMOCTH PEANbHHEIX MPOLIECCOB MOXHO CHOPMYIHpO-
BaTh M HECKOJIBKO MHAaue, MOXHO CKa3aTh, YTO HEOOPATHMHMI mepexon
K PaBHOBECHIO — 3TO NEPEXOA OT B CH/IBHOM CTEMEHHM YMOPAAOUYEHHBIX
HEPABHOBECHHIX COCTOSHUN K MEHEE YIOPSAOYECHHBEIM, XAOTHYECKUM
COCTOSIHUSAM.

[Tpu pacmupenun rasa B MyCTOTY HAyaJbHOE COCTOSHME, KOrha ras
33HUMAET YACTh OPENOCTABJEHHOIO eMy o0beMa, SIBASETCS B 3HAUNTENb-
HO¥M Mepe YHnOpSOOYCHHBIM, B TO BPEMSI KAK KOHEYHOE COCTOSHUE TENJIO-
BOTO PAaBHOBECHS, KOIIA Ta3 PABHOMEPHO pacrpenesieH Mo BCeMy 00beMy
cocyaa, SBASETCd COBEPIICHHO HEYMOPIXOYCHHBIM.

Hpyroit npuMep — HAanpaBJEHHBA NYYOK MOJEKYJ ra3a, BXOXSIIUMA
B OTKAYaHHHMH COCYX. YCTAHOBJICHME pPABHOBECHOIO MAaKCBEJJIOBCKOTO
pacnpeAeaeHHs MOJAEKYN MO CKOPOCTSM NMPEACTABAAET co00i HEOOPATH-
MEI# [TPOLECC MEPEXOaa CHCTEMBI U3 YIOPSIAOUCHHOTO COCTOSHMSA, KOraa
BCE MOJIEKYJIBl MMEIOT IOYTH OJMHAKOBHIE MO MOAYJIO M HANPABJICHUIO
CKOPOCTH, B KOHCUHOE COCTOSIHHE, XapaKTEpPU3ylomeecs MOJTHOH Xa0THY~
HOCTBIO ABUXKCHUS MOJICKYJL.

C 5TOif TOYKM 3PCHHUS JIETKO MOHATh YCTAHABJIMBACMYIO BTOPHIM 3a-
KOHOM TEPMOIMHAMHKHU ONpPEAEJCHHYI) HANPABICHHOCTh JHEpPreETHYE-
CKMX MpPEBPAmICHUH B 3aMKHYTO# cucreme. Korma Tesno nonydaer Heko-
TOPOE KOJMUECTBO TEILIOTH 33 CYET COBEPIICHMS MEXaHNUecKoi paboTsl,
TO 9TO O3HAYAET HEOOpATHMOE MpEeBpalleHUe KHHETHUECKOH OHEPrvM
YTIOPIROUEHHONO MAKPOCKOHUUYECKOrO NBMXKEHHUS B KMHETHUECKYI) JHED-
IHIO0 X20THYECKOTO ABHXeHHs Mosekys. [Ipespamenue remwnorsr B pabo-
Ty, Ha000pOT, 03HAYAET NPEBPAILEHUE SHEPrHK OECHOPSAOYHOIO ABUXE-
HUSI MOJIEKYJI B SHEPIUIO YNOPINOUYEHHOrO ABHXECHHS MAKPOCKOMHYECKO~
ro teaa — TakKOW CAMOMPOM3BOJIBHEIA IEPCXOA, KAK MbI BHAEIH, B
MPUHIKAIIE BO3SMOXEH, HO MCKIIOUYHTEIBHO MAJIOBEPOSTCH.

®ayKTyaluu KaK OTKJOHEHHs OT BTOPOTO 33KOHA TEPMOJMHAMUKH.
HeobpaTuMeiidi XapakTep NPOLECCOB MEPEXOHa B COCTOSIHUE TEIUIOBOrO
PABHOBECHSI, YCTAHABIMBACMBI BTODHIM 33KOHOM TEPMOXMHAMMKH,
cnpaBeIMB TOAbKO M 6onbmMx Makpockonuueckux cucreM. C Tepmo-
ONHAMUYECKON TOUKHM 3PEHMA M30/JMPOBAHHASA CHCTEMA, NPUMIEANAd B
COCTOSIHME TEIJIOBOTO DABHOBECHS, HE MOXET CAMOIPOM3BOJIBHO BHIATH
u3 3roro cocrosHuA. OQHAKO CTATHCTHUECKAST MEXAHMKA JOMYCKAeT Cy-
LIECTBOBAHME (DIYKTYaumii, KOTOphie (haKTHUECKH MPEACTABASIOT COoO0iM
CaMONPOH3BONBHAIE OTKJIOHEHHS CHCTEMBI OT PABHOBECHS.

Kak yxe ormeuanocs, yeM 6o/bIIe YacTHI B CHCTEME, TEM MEHbIIE
OTHOCHTEILHAA BeJMYKHA QAyKTyanmit 106010 MakpoOCKONMYECKOTO Ma-
paMeTpa, ¥ IS JOCTATOUHO GoMbInoil cucteMul IyKTyauusMu BooOme
MOXHO npeHeOpeus. MIMeHHO MO3TOMY ISl TAKHX CHCTEM CIPABEN/HB
BTOpOii 3aKOH TEPMOAMHAMMKH, B KOTOPOM YyTBEPXHAETCH BO3PacTaHMe
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SHTPONMUHN B 3aMKHYTHIX cucTeMax. [IpM CTaTHCTHHECKOM OmNpenceHHuH
SHTPOMUM BTOPOH 3aKOH yTpauusaer abCONMIOTHHIA XapaxTep W [pespa-
WAETCH B CTATHCTUYECKMI 3AKOH: 33 KAKMM-THO0 3aaHHBIM COCTOSHMEM
3aMKHYTOH cucTeMbl OyXyT C/IeHoBaTh COCTOSHHS, Oonee BepoATHHE
€CM He C HEoOXOAUMOCTHIO, TO B MOAAB/AIOMEM OOMIBIINHCTBE CAYYaeB.

B cucreMax ¢ HeOOJBIINM YKCIOM YACTHMI, OTHOCHTE/IbHAS BEJMYHMHA
(aykTyaumit BeamMka, T. €. CAMONPOM3BOIHHHIE OTKAOHEHUS Kaxou-iulo
BEJMYHHEL OT €€ CPEAHETO 3HAYCHUS MOrYT ObITh CPABHUMEL C CAMHM Cpel-
HHMM 3HayeHHeM. Takas cucTeMa YyacTo CaMONIPOM3BOJIBHO BEIXOMMUT U3 CO-
CTOSIHMS PABHOBECHS, M BTOPOHM 33KOH TEPMOXMHAMMKH 31€Chb HEMPUME-
HuM. XapaKTEPHRIA MPUMEDP HapyUICHUI BTOPOTO 3aKOHA TEPMOAHMHAMUKH
B JOCTATOUYHO MaJIbiX CUCTEMAX — OpPOYHOBCKOE ABYIKCHHME, IIPH KOTOPOM
B3BEIICHHAS B XHAKOCTH MAKPOCKOIIUYCCKAd YACTUIA TIONyYaeT KUHETH-
YECKYH0 JHEPIHI0 OT MOJIEKYJI OKPYXAKOIIed CPEABI, XOTS TEMOCpaTypa
CpeABl He BBIIIE, YEM TeMIepaTypa camoil OPOYHOBCKOM YACTHIIHL.

e Kak craTHcTHUeCcKas Mexanuka o0bscHAET HeoGPaTUMOCTb peaslbHbIX TemnJIo-
BbIX TIpouieccos?

e TlpuseauTe NpHUMepsbl ABJIEHUNA, B KOTOPbIX HaOMOA2EeTCS CaMONPOU3BOJIBHbI
BBIXOJ CHUCTCMBI M3 COCTOSHMUS T€PMOAMHAMHYECKOTO PaBHOBECHS.

L4 Hoqcmy YNOopAAOYE€HHbIE COCTOAHMS XapaKTECpU3YIOTCH MeHbLueH BEPOATHO-
CTbI O CPAaBHEHHID C Heynopﬁnoqemibmu?

A CraTHcTHyEcKas runote3a. HemabeXXHOCTh TEMIOBHIX NPOLEC-
COB B NPUPOAE NMPHBOOUT K TOMY, UTO CTATHCTHUYECKAS MEXaHHKA CHU-
CTEM MHOIHX YACTHI[ HE UCYEPILIBAETCH 3aKOHAMM OOBIUHON MEXAHH~
k¥ (XOTS ¥ ONMMpacTCs Ha HHUX), a Tpedyer 00A3aTEABHOIO BBEACHUS
IOIIOJHUTEABHON crmamucmuueckol unome3sl B TOH WM WHOH dop-
M€, HalpuMEp B BHUAE NPEANOJOXEHHI O PABHOM BEPOSTHOCTH Pa3-
JIMYHBIX MHKPOCOCTOSIHHIA 33AMKHYTONH CHCTEMEI.

Ho B Tex ca1yyasx, KOrna TemioBbie MPoUecCcH OKa3hBaIOTCS HECY~
DIECTBEHHBIMHE, ONPEREICHAYIO HHAOPMALKIO O CBOHCTBAX TEPMOANHA-
MHYECKOM CHCTEMBI MOXHO IIOJIyYUTh, OMUPASCh TOJIBKO HA MeXaHuye-
CKHE TpeACTaBJeHuS. TenIOBbIC MPOHECCH IIPAKTHYECKH OTCYTCTBYIOT
B YCJIOBHMSIX TEIUIOBOM M30/SLHM IPH HAHYNY MEXAHHYECKOTO PABHO-
BecHs. B 3THX CAyuasix MPOTEKAMHUE ABJEHUS OOPaTUMHE W MOXHO
HCTIOJIb30BATh MOACIDb anuabaTHyYeCcKoro npouecca.

ITokaxeM, HanpuMep, KaK MOXHO IIOJIyMHTh ypaBHEHHE axuada-
THI /18 OQHOATOMHOIO MIAEAJILHOIO rasa, OCHOBHIBASCHh Ha CYINECTBO-
BaHuM aanabaTHMUECKMX HMHBAPUAHTOB B MEXAHHUCCKHX CHCTEMaXx.
Hanomuum (cM. KH. 1), uT0o annabaTHYeCKUM MHBAPMAHTOM HA3LIBA-
ETCSl XapaKTepH3yIomas MEXaHUYECKYIO CHCTEMY BEJINYMHA, COXpa-
HAOWALCA 1P MEAJIEHHOM M3MEHEHHH BHEIIHMX MapaMeTpos. B ua-
CTHOCTH, /IS LIAPHKA, YNPYIO OTPAXAKIIErocd OT ABYX Napauie/b-
HBIX CTEHOK, KOTOpPhle MEIVIEHHO COMMXAIOTCA WIM pa3aBHIraiorcd,
agnabaTHYECKUM HMHBAPHAHTOM ABJISIETCS MPOU3BENCHHME PACCTOSHHSA
MEXAY CTEHKAMM HA MOJYJb CKOPOCTH IIAPHMKa.
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B MexaHMYECKOH MOENH MIEANBHOTO Ia3a KaK COBOKYIHOCTH OX-
HOQTOMHEIX MOJIEKYJ, YNPYIo OTpPaXalwmuXxcs OT CTEHOK chepuue-
CKOTO €OCyna, anuabaTuueckuM WHBAPHAHTOM NPH MENIEHHOM H3ME-
HeHuu ofbeMa ¥V cocyna Gyaer npoM3BeNeHUE XapakTEPHOIO JIMHEH-
HOro paamepa (paguyca) R cocyoa HA MOOYJb U CKOPOCTH MOJIEKYJIHL.
B orcyrcTBHe TersnoofMeHa TaKas MEXaHHYECKas MOREIb aNCKBATHO
ONMMCHBAET pEAIbHbI anuabaTHYEecKUN NpoHEecC CXATHS WK
pacuimpenus. IIpn 3ToM coxpaHser CBO# CMBICJI M YKa3aHHBIY
anguabaTuueckuit mHBapuanT: Rv = const. [Tockonesky paruyc R npo-

nopumoHazner ¥V, a MOgyJb CKOPOCTH v MPONOPUMOHANEE YT, TO

VV VT = const,

nJIH
TV?3 = const.

Jlerko BMAETH, UTO 3TO COBNANAET C NOJYUEHHHIM BHIIE yPABHE-
HHeM aguabaTsl B nepeMeHHBIX T u V 11 OXHOATOMHOINO MAEA;IBHOIO
rasa, TMocKosnbKy B 9toM cayuae y=C, /C, =5/3. &

e [Ipu KaKUX YC/NOBUSIX K CHCTeMaM M3 GOJBLIOFC YKC/A HAaCTHUL NPUMEHUMBI
YUCTO MEXaHHUYeCKHe IIpeACTaB/ieHHs, He oNnupalolifecs Ha CTaTHCTHYECKYIO
runoresy?

e [lonyuute ypaBHeHHe aauabaThl UAeasibHOTO rasa, paccMaTpuBas COCYA LM-
JUHApUYECKOoM (bopMbl, 06BEM KOTOPOrO M3MEHSAETCA MPH MEMJIEHHOM Inepe-
MELLCHUM MOPLUHS.

§ 25. la3bl, WwHpKOCTH, (ha3oBbIE nNepexogbl

Crarucrnyeckas MeXaHuka IM03BOJSIET OObSICHUTh HA OCHOBE HEKOTODHIX
Mopesieil He TOJbKO CBOMCTBA BEWIECTBA B ra3o00pa3HOM COCTOSHUH, HO U
MPOLLECCHI TEPEXORA BEUIECTBA M3 OJHOIO COCTOSHUS B APYTO€, B TOM YHCIC
¢a3oBbie MpeBpalieHNU ra3—XUAKOCTb, XXKHAKOCTH—TBEPHOE TEJIO U T. 1.

®a3nl 1 KOMIIOHEHTH! TEPMOAMHAMUYECKOH cucreMbl. Pa3od Beme-
CTBA HA3LIBAETCH €r0 MAKPOCKOIIHYECKas OXHOPOAHAN YacThb, OTACTAEHHAS
OT Apyrux uacredl rpaHuuamu paspena. Hanpumep, B 3akpHTOM Ccocyae
HAJ HEKOTOPHIM KOJMYECTBOM BOIAB HAXOOUTCH CMECh BO3NAYXa C BOAL-
HBIMH napamu. OTo deyxghaznas CACTEMA, COCTOSmMast M3 ABYX (as:
xuakoi (Boxa) ¥ razoobpasHoit (cMech BO3Ayxa M mapos Bogn). Ecim
On BO3AYXa B COCyAE He ObUIO, TO B CHCTEME BCE paBHO Obuio On aBe
asm — xupkas (Boma) u rasooOpasHas (mapel BOAH), TAK 4TO pasje-
JIEeHWE BemecrBa Ha ()a3nl BO3MOXHO M B OZXHOKOMNOHEHTHON CHCTEME,
4 HE TOJMBKO B CMECH PA3IHHIX BEILECTB.

Ecan x Bonge nobaBuTh caupr, TO udca0 (a3 B CHCTEME HE H3MEHHUT-
¢4, TaK KaK [Opd Pa3BEACHMM Cnvpra B Boxe obpasyercs (PU3MUECKH OA-
HOpOIHAS XUAKoCTh. Ecin Xe x Bone 400aBHTH PACTUTENBHOE MACJO, TO
MNOJYUMTCH CHCTEMA € ABYMS XUAKAMM (Pa3aMu — MacJoOM ¥ BOXOA.
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Ilpn nomcuere umcaa a3 HE MMEeT IHAUCHHUS, COCPEHOTOUYEHA JIM
onpeaeseHHas ()a3a B ORHOM MECTE WIM COCTOMT M3 HECKOJBKHX yacTe,
OTAEJCHHHX OXHA OT APYyro Apyrumu ¢dasamu. Tak, Kaneabku TymMaHa B
Bo3ayxe obpasyior ¢ HuM asyxdasuyno cucremy. CMmecs ra3os, 6yayyun
MHOTOKOMIIOHCHTHOM CHCTEMOi, Bceraa ofpasyer opsodhasHyo cucremy.

da3zosbie npespaiuiesud. Ilpumepamu hazoBhix npespaieHuit MoOryT
CIYXMTh HM3MCHCHHS @gepeeamnoz0 cocmosiHust semectBa. Ilog
arperaTHEIMU COCTOSHMSIMH MOHUMAIOT TBEPHOE, XHUAKOE U razoolpasHoe
COCTOSHUS BeueCTBA. MHOrIa B Ka4eCcTBE UYETBEPTOrO arperaTHOTC CO-
CTOSHUAS BCINECTBA BHIOENSIOT TUiazMy. TBEpAOE @ XUIOKOE COCTOSHUL
BEUIECTBA HA3BIBAIOT KOHOEHCUPOGAHHbIMU.

Hcnapenuem MnIm napoobpaiogaruem HA3HBAKT MEPEXOR BCIIECTBA
M3 KOHAEHCHPOBAHHOIO COCTOSHHS B razoobpasHoe. OOpaTHbE nepexon
HA3HIBAETCH koHOencayuel. Ilepexon ¥3 TBEPHOTO COCTOSHHUSA B XUIKOE
HA3BIBAETCH HAQ6AeHUeM, a ODpATHHI Nepexon 3ameepledanuem WK
kpucmanausayuei.

TBepnoe coCTOTHUE OHHOTO M TOTO XE BEMECTBA MOXET PEaTM30BHI-
BATBCH B HECKOJBKMX Kpucrajmuueckux moauduxanmax. [Ipespamenne
Monucukanuit Apyr B Apyra Toxe aaer npumep ¢$ha3oBoro nepexona.

Pasuosecue ¢a3. [Ipu xakux yCaoBHsax pasanyHeC (asH MOTYT HAxXo-
IUThCA B paBHoBecuM? [[n19 MEXAaHHYECKOTO DABHOBECHS JaBJIEHHE IO
pa3HBIE CTOPOHBI FPAHMLE CONPHKACAOIUXCA (A3 JOIXKHO OBITh OOUHA-
KOBRIM. JI19 TerUioBoro pasHoBecHs (ashl OOJKHBEI UMETh OAMHAKOBYIO
TEMIEPaTypy.

PasHoBecue a3 — 370 BCerga AMHAMMUYECKOE PABHOBECUE, MOCKOJIb-
Ky MOJIEKYJIH, COBEpUIast XaOTHYECKOE TEIUIOBOE ABHXKEHHUE, HENPEDPHIB-
HO NEPEXONAT YEPe3 IPAHMLY M3 OnHOMK ¢asm B Apyryw u obpartHo. Ho
9TH MOTOKY KOMIICHCHDYIOT APYT Ipyra.

HMcnapenude ¥ KoHaencauus. PaccMorpuM nogpobHee OXUH U3 NPOCTEH-
WMX IPUMEPOB (PA30BHIX MPEBPALICHUNA — HCOAPEHUE XHUAKOCTH M KOH-
OEHCALMIO Napa.

KonnuecTso XMOKOCTH, HAMUTON B OTKPHITHIA COCYX, IOCTEIICHHO
yMmeHbmaeTcd. [1pyu 3T0M MOKHAAIOT XHUAKOCTh NPEUMYINECTBEHHO OBICT-
pHIE MOJEKYJH, KMHETHYECKAas SHEPrHd KOTOPHX AOCTATOYHA A Ipe-
ONOJIEHUS CHJ TPHUTSIKEHUS CO CTOPOHH APYIMX MOJEKYJ XHIKOCTH B
NPHUIIOBEPXHOCTHOM CJioe. B pesysabraTe BHYTPEHHSS SHEPTUS XKUIKOCTH
YMEHBINAETCA, U €C/IM HE MOABORMTH K HEH TEIUIOTY, TO B IPOLECCE HC-
napeHus ee Temneparypa 6yxer NoOHHXAaThCs.

OOHOBPEMEHHO C MCINAPEHHEM MAET M OOpaTHHI MPOLECC KOHXEHCa-
UMM, T. €. BO3BPAIIECHUAE YACTH MOJIEKYJ U3 Napa B XHUAKOCTh. B oTKpH-
TOM COCYAE MCIAPEHHE OOBMYHO HE KOMIEHCHPYETCS KOHACHCALMEN H KO-
JIMYECTBO XUAKOCTH YMEHbIIAETCH.

Ecau cocyX IUIOTHO 33aKPHTH, TO BCKOPE YCTAHOBHTCI AMHAMHYECKOE
paBHOBECHE M YPOBEHb XMAKOCTH He OynmeTr maMmensTheca. Ilap, Haxons-
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IIMIACA B TMHAMHYECKOM PABHOBECHH CO CBOEH XWMIKOCTHKS, HA3KBAIOT Ha-
coliyennbim napom. Hassanue moguepkusaer, UTo B AAHHOM o0beMe npu
JAHHOM TEMIIEPATYPE HE MOXKET HAXOAUTHCH OOsbLIEE KOMMYECTBO Napa.

Hanuume apyrux razos uam napoB HAZ MOBEPXHOCTBHIO XUAKOCTH HE
BAMAET HA npouecc obpasosanus napa. MakcuManeHOEe HaBjieHue napa
JAHHOTNO BEIIECTBA, T.€. €r0 MaKCMMAaJbHOE NAPUHANTBHOE NaBJIECHHE,
PaBHO RABJICHHUIO HACBIICHHOIO Mapa COOTBETCTBYIOUIEH >XUAKOCTH M HE
3aBUCUT OT HMPHCYTCTBUS APYTHX ra3os.

JlaseHHe HaChlUleHHOro napa. byxem mocreneHHO yMeHsWaTh 00beM
napa Haj XHUAKOCTHIO, BJBAras 3aKpHBAIOWMIA cocyn nopmens. [Ipu
JTOM YAaCTh BEILECTBA Iepeiaer M3 razoobpasHoii (assl B XUAKOCTh, HO
AABJCHUE Mapa HE U3MEHUTCH, CCAM NOAACPXHMBACTCH MPEXHSS TEMIIe-
parypa. DTO 3HAYMT, UTO AABJICHUE HACHHIIEHHOIO MAapa 3aBHCHT TOJILKO
OT TeMnepaTypul. TaKoil ONHTHHIM HaKT MOKHO KAYECTBEHHO OObACHUTD
HAa OCHOBE TIPEACTABJACHUHA CTATUCTHYECKOH MEXaHMKH.

YuCa0 BRUIETAIOMUX M3 XHAKOCTH MOJIEKYJI YEPE3 YUYACTOK IPAHUILBI
eAMHMYHON IUIOIAAM HE 3aBHCHUT OT TOrQ, CKOJIBKO Napa HAXOAUTCS Hax
XUAKOCTRIO. B IHHAMMYECKOM PABHOBECHH YHMC/IO BBUICTAIOUTUX ¥ BJICTA-
IOIHX MOJIEKYJ OJWHAKOBO. 3HAUMT, M YHCJIO MOJCKYJ, BJIETAOIIUX B
KMIKOCTh YEpe3 SAMHMYHYIO [TOBEPXHOCTh, HE 3aBUCHT OT 3aHMMAEMOr0
napoM ofrbema. Tak Kak 3T0 YMCAO TP XAHHOM TEMIepaTrype onpeje-
JNISETCS KOHUEHTPAUMEN /1 MOJIEKYJI Iapa, TO KOHICHTPAIMS, a TEM CAMBIM
u nasicuue p = nkT, HE 3aBUCAT OT oOBEMa, a4 ONPEHEJAIOTCS TOJIBKO
TeMrnepaTypoi. [ad Kaxpgoro BeuwecTBd JABJIEHHUE HACBIOICHHOIO Hapa
MpK KaHHOHN TEMIIEpaType MMEET CBOE BIIOJIHE ONPEIEIEHHOE 3HAUCHNE.

C yBe/qMUYEeHNEM TEMIEPAaTYphl AaBJACHHE HACHILICHHOTO Mapa pacrer
ObicTpee, UeM AaBJICHUE MAELATBHONO rasa. Tax HMpOMCXOAMT MOTOMY, 4TO
C YBEIMUEHHEM TEMIICPATYpHl [JABJICHHE HACHINEHHOIO 1apa pacTer HE
TOJIBKO BCJICACTBUE YBEJMUCHHUS CPEHEH KMHETHMUECKOW SHEPIHM MOJie-
KYyJI, HO ¥ BCJIEACTBME YBCJINYEHNS KOHI[CHTPALIMHA 1 MOJEKYJI, T. €. IUIOT-
HOCTH Iapa, 3a CUET NEepPexoa YacTH BEIIECTBa M3 XUAKOHN ¢assl B raso-
obpasnyio. ViMenno ysennueHue KOHUEHTPALMN MOJIEKYJI HACKINEHHOIO
napa ¥ SBJISIETCH IJIABHOM NPUYHUHON POCTA NABJICHUS C TEMICPATYPOM.

Korga BcS XMIKOCTh B 3aKPBITOM COCYAE MCHAPHUTCS, Nap NpH Jajib-
HeHIIeM HArPEBAHUM IEPECTAHET OHTh HACHIIEHHBIM, M €r0 JABJACHHUE
TPy TIOCTOSTHHOM 00beme OyaeT BO3pacTaTh MpPOHOPUMOHANIBHO TEPMOAK-
HAMHUUYECKON TEMIEPAType, KaK U Y HACATBHOIO rasa.

Kunenne. [To Mepe yBenuueHHd TeMIepaTyps MHTEHCHBHOCTB MCIape-
HHS XHUAKOCTH B OTKPHITOM coCyae yBenauumsaercs. Hakoxeu, mpm ne-
KOTOPOii TEMIEPATYPE XHUAKOCTh HAUMHAET KHUIIETh; IO BCEMY €€ o0beMy
06pasyioTcs GRHICTPO PACTYIIME MY3HPLKH NApa, MOTHUMAKOMHBECT HA MO~
BEPXHOCTh. DTO 3HAYHT, YTO NPH KHNCHHH HCMAPCHUE XHAKOCTH TIPOMC-
XOIMT HE TOJBKO C €€ OTKPHITON NMOBEPXHOCTH, HO ¥ BHYTDD NMY3HIPbKOB.
ScHO, YTO POCT NMY3BIPHKOB 33 CYET MCMAPEHHS B HUX BO3MOXEH JIHINb
Npu TAakoM TeMmnepaTtype, KOraa OABJEHUE BHYTPH INy3bIPbKa, T. €. 4aB-
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JIeHWe HaCHILEHHOTO [1apa, CTAHOBUTCS PAaBHHIM [HABJICHHMIO XHAKOCTH Ha
nausoit rryGude. [ToaToMy TeMneparypa KMNEHHS XHAKOCTH 3aBHUCHT OT
BHCHIHETro AamjicHMs. Ha BhicoTe 7 KM HaJ yPOBHEM MOpS TeMIleparypa
KMIIEHNs Bogsl coctaBaseT npumepdo 70 °C. HaoGopor, Temneparypa
KHIEHUS B FEPMETHUYECKM 3aKPHITHX ABTOKJABAaX, IAEC TMOANECPXHBAETCS
[OBHRIIEHHOE JaBjecHue, 3HaunTensHo suimwe 100 °C.

MHrepecHpMI 0COOEHHOCTAMH 00/1a0aeT KMIIEHHME HA TpaHHLE He-
CMEIMIMBAKOIMXCA XUAKOCTeR. VX MOXHO MpOAEMOHCTDHPOBATH CIAENYIO-
LIAM [POCTHIM ONBITOM. B CTEKJSHHBIA COCYyHd HAJMBAIOT HEKOTOPOE
KOJIHYecTBO yeThpexxiaopucroro yriaepona (CCl,), a ceepxy c/oit BoxmL.

[Ipn wopmansHOM armocdepHOM aasseHun soma kunur npu 100 °C, a
YETHIPEXXJIOPUCTHIA yriaepon — npu 76,7 °C. Ecim MemieHHo Harpesath
COCYD B BOASHOM 0aHe, TO HO rPAHMIE PA3ena ITHX HECMEUINBAIOIIMXCS
XUAKOCTEH kuneHne HaumHaercs npu 65,5 °C! Kak o6wacHurs aTO
geacHue?

Kunenne nacrymnaer, KOria JaB/IEHME HACHINEHHOIO Napa CPaBHHACT-
€S C AABJIEHHEM B XHUAKOCTH Ha ToM riybuue, rae obpaayercs NMy3nipex.
JlaBnenne XuUAKOCTH CKAANKBAETCH u3 atMOCEPHOro NaBACHUA W CHN-
pPOCTATHYECKOrO Aamjienus cronba xuakocru. Ecnm Bhicota cronba xum-
KOCTH B COCY/I€ HECKOJIbKO CAHTHMETPOB, TO M'MIPOCTATHYECKOE AABJIECHHE
COCTABJAET HECKOJbKO THICAUHBIX OT HOPMAJBHOMO aTMOC(EPHOINO M E€ro
MOXHO HE MPHHUMAThb BC BHuMauue. [laBieHHMe HACHIIEHHBIX [ApOB
KUAKOCTH ONPERC/ISETCS €€ TeMIepaTypoi. B soge nyamippKu comepxar
TOJMIBKO napet Bogsl, npy 100 °C zasieHue HaCHIEHHOTO mapa BOAH paB-
HO HOPMAaJbHOMY aTMOC(EepPHOMY. B YETHIpEXXJOPHUCTOM Yriepoje my-
3bIpbKH conepxar Tonpko napnl CCl,, ¥ maBieHHC HACHINEHHBIX NAPOB
pasHO atmocdepHomy npu 76,7 °C.

Ha rpanuue pasgesna 3TUX XHAKOCTCH IIy3BIPbKHM COAepXaT Kak ma-
put CCl,, Tak u napn Boadl. [[aBieHHE B 3THX Iy3bIpbKax, HA OCHOBA-

HUM 3aKOHa JLasbTOHA, PABHO CyMME NAapPIUAIBHEX JABJICHHH NapOB BO-
an 1 CCl,. IToaromy naeneHue, paBHOE aTMOCEPHOMY, yCTAHABJIHMBA-

eTcd B TNy3bpbKAX, HAXOAAOINXCH HA CPaHHULE, TPH TeMrepaTtype,
menbwein 76,7 °C. Ilpn aroif TeMnepaType ¥ HAUMHAETCS KHWIIEHHE HA
rpaHuie pasgena. OnmiT MOKA3KBAET, YTO 3TO IIPOMCXOAMT NPU TEMIie-
patype 65,5 °C. 31y TeMrepaTypy MOXHO YCTAHOBHUTb 03 OmbITa, NOm-
Oupas Takywo TeMIepartypy 10 TabiMuaM 3aBHCMMOCTHM IABJECHUS HACH-
meHHBIK napos Bois 1 CCl, ot TemmnepaTypsl, Nps KOTOpOH cyMMa gas-
aenudl pasna armochepromy. Ilpm 65,5 °C paBnenue napoB Boa
cocrasasier 192 MM pr. cr., a massenne mapos CCl, — 568 mm pr. cT.
Hcnonb3ys 3t uudpel, MOXHO COECJATh BRBOX, YTO B KAXIOM ITy3bipb-
ke, ofpasosasiieMcs Ha rpaHuue pasgena, monekyn CCl, 6yzer nourn
B TpH pasa 6osiblie, YyeM MOJIEKYJ BOARL. A TaK KaK M Macca MOJEKYJIhl
YETHPEXXJOPUCTOTO YIJIEPOAA B AEBATH pa3 OOIbINE MAcChl MOJIEKYJIEI
BOMH, TO €r0 UCIApEHHME MPOUCXOMUT MOYTH B 25 pa3 OmicTpee, ueM HC-
napenne sogsl. Habnonas kvmenue B MOrpaHHYHOM CJIOE B TEYEHUE HE-
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KOTOPOro BPpeMeHH, MOXHO ybemutscs, uro Huxuui croi CCl, Bukuna-
€T 3HAUMTEJIbHO OHICTpEE, UEM BEPXHMM CJIOH BOAKL

IleHTpsl napooOpazosanus. 1 nponecca KNNEHNS HEOOXOTUMO, UTO-
6b B XHAKOCTH CYIIECTBOBAJIM HEOLHOPOLHOCTH — 3aPOABILHA ra3ool-
pasHoO#t dasbl, WIPAIOIIME PONb IEHTPOB nmapoobpasopanud. OOHUHO B
XHAKOCTH MPUCYTCTBYIOT PACTBOPEHHBIE ra3hl, KOTOPHE BHIZEASIOTCS
My3bIPbKaMKM HA OHE W CTEHKAX COCYyAa M HA B3BCHICHHHX B XUIKOCTH
IIbIINMHKAX, HpPI HArp€BaHM ITH NOY3bIPbKHU YBCIAMUYHBAKTCA KakK 3a
CUET YMCHBIUCHMS PACTBOPHMOCTH ra3oB C TCMI’ICDBTypOﬁ, TaK U 34 CUYET
UCNApEHMS B HHX XHAKOCTH. YBEJIHUMBINMECH B O0BEME MY3HIPHKHU
BCILTRIBAIOT ITOX NEHCTBHEM APXMMENOBOH BRITAJKMBAammeH cuwin. Ecam
BEPXHHE CJIOM XHMAKOCTH MMEIOT $0JIce HU3KYIO TEMIIEPATYPY, TO BCJIEH-
CTBHEC KOHACHCAUMUH riapa AABJCHHC B HHMX DPE3KO NaAA€T H IY3BIPDbKH
«34XJIONBIBAIOTCA» ¢ XapaKTepHhIM mmyMoM. [lo Mepe nporpesanus Bceit
XKUAKOCTH OO TEMIOEPATYPH KHIEGHUSA MY3HIPHKH MEPECTAIOT 3aXJIOMBI-
BAThCH M BCIJIBIBAIOT HA NMOBCPXHOCTH: BCH XKHUAKOCTh 3aAKHUINACT.

Ileperperas XHIAKOCTb. K1AXOCTh MOXHO HATPETh M 10 TEMIEPATYPHI,
NPEBHINAOLICH TEMITEPATYPY KHIICHAS 1IPH JAHHOM JaBjeHHH. s aroro
€€ HYXHO TIIATEIbHO OUMCTHTD OT PACTBOPCHHEIX Ta30B X MEXaHUUECKHX
npuMeceit. [{eHTpH napoo0pa3oBaHNs B TAKOM XMIKOCTH NPaKTHYCCKH
OTCYTCTBYIOT, M KMIICHME HE HAUMHAETCS AAXE TOrAA, KOraa TeMIeparypa
3aMETHO MPEBLIIAET TEMIEPATYPY KHNeHHMA. Takas XuIKOCTb HA3BIBAET-
cs meperpeToi. D70 HeycToMuuBoe cocTtosHMe. Ileperperas XuUAKOCTh
6ypHO 3aKMMIAET NPH MOSBIEHNH B HE LEHTPOB NMAapooOpa3oBaHu.
Isnenve ORICTPOrO 3aKUIAHUA MEPErPeTON XHAKOCTH HCHONB3YETCH
B NYy3blpbK06OI Kamepe — COBPEMEHHOM npulope A/s perucTpauun 4a-
cTHL, BRICOKMX 3Hepruit, IlpoxoxaeHue 3apsKeHHON YAaCTULBI YEpe3 Ie-
PErpeTyIo XHAKOCTh NPABOAKT K 00Pa30BAHUIO BAOJIb CIEA2 YACTHULIH 3a-
ponnimed nentpos kunedud. OGpasymomiue-
CS Ha 3apofbIMIaX Ny3HpbKH KOCTMrawoT pas- et
MEpOB B [OJM MILIMMETPZ ¥ MOTYT OHITh
cororpacduposann npun GOKOBOM OCBElue-
HUH HMITYyJbCHBIM HCTOUHMKOM cBeta. V3y-
YyeHHE TPEKOB B TIY3HIPDbKOBHX KaMepax mno-
3BOJIMJIO OTKPBITh M MCCJEAOBATE MHOTO HO-
BhIX 3JIEMEHTaPHBIX YACTHL,

KuakocTb

HachieHubIi

KpHurHueckas remneparypa. [Ipu yeeavue- I, T
HMHM TEMOEPAaTyphl ONHOBPEMEHHO C POCTOM  pye 80. 3aBUCHMOCTb FIOTHO-
MJIOTHOCTH HACKRIUICHHOI'O Iapa MPOUCXOAMT  CTH XHMIKOCTH M €€ HAChINEH-
YMEHBIIIEHHE TJIOTHOCTH XHIAKOCTM BCJEACT-  HOTO napa OT TeMnepatyph
BHME €€ TEnJIoBoro pacmwupenns. Ecou Ha on-

BOM rpaduke u3obpasuTh 3aBMCUMOCTH TUIOTHOCTH KMAKOCTH M €€ HACH-
LIEHHOTO rmapa OT TEMIEPAaTyphi, TO IPU HeKoTopoi Temueparype T, HA-
3BIBAEMON kpumuueckoil, 00e kpnswe cauBaoTcs (puc. 80): ruioTHOCTH
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KMAKOCTH CTAHOBMTCSI PABHOW ILUTOTHOCTHM HACHILEHHOro napa. IIpu xpu-
THYECKOHN TEMIIEpAType MCYE3aEeT Pas3IMume HE TOMbKO B IVIOTHOCTH, HO U
BO BCEX APYTHX (PM3MUECKUX CBOMCTBAX XHUAKOCTH M HACKIIEHHOrO Napa.

ITonsTHe XKpUTHYECKOU TeMnepatypu Ounuto BeeneHo J. U. Menpene-
eBHM. Kaxpaoe BemecTBO XapaKTepu3yercsd CBOEH KPHUTHYECKOM TeMrie-
parypoit. Hampumep, y Bomm 3ro 374,15°C, a y oxucum ymiepona
CO, — okono 31 °C.

Paznuune MeXny razom v napom. CylnecTBOBaHUE KPHTHUYECKOH TeM-
nepaTypsl MO3BOJISET MPOBECTH PA3jiMUME MEXAY ra3oM M napoM. [as
MOXHO IIEpEBECTH B XXHMIKOE COCTOSIHME IIyTEM CXKATHS TOJBKO NpPH TEM-
nepatype HHXe KpuTHueckod. [ToaToMy BelecTBo B ra3oo0pa3HoOM co-
CTOSHUM NPU TEMOEPATYPE HUXKE KPHTHYECKOM ¥ HA3KIBAXOT MAPOM.
Taxum 00pa3oM, HUKAKOH MPUHUHUIIMAIBHON PAa3HULBL MEXAY IAPOM
M ra3oM HeT. JTO AECJEHHUE YCJIOBHO M MMCET CMEICJ NMOTOMY, YTO MBI
NMPUBHIKAN K CYWIECTBOBAHUIO B HNOBOJBLHO Y3KOM HHTEPBAaJie TEMIEpa-
typ. IToaToMy razoM oOBIYHO HA3HBAIOT BELIECTBO, AABJIEHHE HACHIEH-
HOIO Mapa KOTOPOro npH OOBIYHBIX TEMIEPATYDPAX BhIIIE aTMOCHEPHOro
(HanpuMep, ymiekucsanid ras). HanpoTus, UCTONB3YIOT TEPMHH <«IIap»,
KOrZa npu KOMHATHOHM TEMIEpaType AABJICHUE HACBIHEHHOTO Mapa Be-
ecTBa MeHbie arMocepHoro aasieHnsa (HanpuMep, BOASHOM map).

Tennora ucnapeddss M xougeHcauyu. Pa3oBsie epexoqnl, TakMe Kak
HCapeHHe U KOHAEHCALNS, BCEraa COMPOBOXAAKTCS MOMIOMEHHEM MM
BHIEJICHUEM TemnoThl. KOAMUECTBO TEMmI0TH, KOTOPOE HEOOXOAMMO CO-
oOMUTh BEMECTBY [/ TOIO, UTOOBI MPEBPATUTh €0 M3 XHIKONO COCTO-
IHMS B ra3oo0pasHoe MpPH NOCTOSHHOM TEMIIEPATYPE ¥ IIOCTOSHHOM AaB-
JIEHUH, Has3hlBaeTcs menaomoi ucnapenus (WM TEIIOTON mapoobpaszo-
pauusi). Takoe XXe KOJAMYECTBO TEIUIOTH BHLIAEHAAETCS IIPH KOHAEHCALUH
napa B XHAKOCTb [PH TE€X X€ YCAOBUAX. PasnnyanT ydenbHyro TEILIOTY
ucnapedus (M3MepAeTCs B JXOY/AX HA KHIOTPAMM) M MOLAPHYIO (U3-
MEpPSETCS B AXOYJSIX HAa MOJb).

Tennora ucnapenus 3aBucut or Temneparyps. C poctoM Temmepa-
TYpH OHAZ YMEHBINAETCS ¥ NMPH KPATHUYECKOW TemnepaType ofpamaercsa
B HYJIb.

Tennora napooGpa3oBaHus npeacrapager coboit YACTHRIA Cayyan
mennomel (azoeozo nepexoda. Jpyroii mpumep — mensoma naaéne-
HUsl, TIOTJIOIAEMAN IPU TLIABJEHUM W BRUICISIOMAACS TMDH KPUCTAJLIH-
3alMH,

BaaxHocTs BO30yxa. BoasHoit nap B saemnoit atmocdepe, HecMOTp Ha
OrPOMHEIC OTKDHITHE BOJHBIE MOBEPXHOCTH, HE SBJASETCH HACHIICHHBIM.
ConepxaHue BOASHOrO Napa B BO3AYXE XapaKTEPHU3yEeTCH BIAXKHOCTHIO
Bo3gyxa. OT BJAaXHOCTH BO3AYXa BO MHOrOM 3aBHCHT COCTOSHUE GOmo-
chepnl, CaMOYYBCTBHME UYEJOBEKd, paboTOCHOCOOHOCTh TEXHHUYECKHX
YCTPOWCTB, COXPaHHOCTb 3A3HMH M NPOM3BENCHUN MCKYCCTBA.
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BraxHoCTh BO3AyXa XapakTEpH3yIOT NApUMaJbHEM NaBJICHUEM IIa-
pOB BOAM, KOTOPOE MHOITNA HA3HBAIOT abcoaromuol éraxnocmesio. On-
HaKo 3HaueHue abCOMOTHON BJAXHOCTM €INE HE MO3BOJSET CYAMTh O
TOM, HACKOJIBKO BOOSHOM NMAp B JAHHBIX YCJOBHEX JAJIEK OT HACHIICHUS.
Ho uMMEHHO OT 3TOro 3aBMCHT MHTCHCHBHOCTb MCIIAPCHHS BOIB C OTKPH-
THX MOBepxHocTel. UTOOH XapakTepu3oBaTsh 61M30CTh COCTOSIHMSI BOAS-
HBIX NApOB K HACHIIUECHUIO, BBOAAT OMHOCUMENbHYIO GAAXHOCMb.

OTHOCHUTENbHAS BJAXHOCTD — 3TO OTHOIIEHHE NapUUAIBHOIO JaB-
JIEHUS p BOASHONO Iapa, CONEPXAalIErocs B BO3AYXE MNpU IHAHHOM
TEMIIEPATYPE, K AABJCHHMIO P, HACHINCHHONO NAapa MpH ITOH TEMIEpaTy-

pe. OTHOCHTENBPHYIO BJAXXHOCTh ODBIUHO BHIPAXAIOT B IMPOLEHTAX:
¢ = pl 100 %. (1)
0

Ecau noHuxaTte TEMMEPATypy BO3QyxXa NPH HEU3MEHHOM COAECPXKa-
HYMM B Hell mapoB BOAOM (T. €. MpH HEM3MEHHOM abCOMIOTHOM BAAXHO-
¢TH), TO OTHOCHTEJbHAA BJIaXHOCTh Gyder BO3pacTaTth M IPM HEKOTOPOM
temneparype mocrurer 100 9%, T.e. map craHer HACHMEHHBIM. JTY
TEMIIEPATYPy, NP KOTOPOH COAEpXAIMMICH B BO3IyX€ NMap CTAHOBUTCH
HACHIUIEHHBIM, HA3HBAIOT moukou pocsl. [1pn OxMaXaeHUH BO3xyXa X0
TOYKH POCH HAUMHAETCS KOHAEHCALMS MMAPOB BOXEI. JTO IPOABISIETCA B
00pa3oBaHNM TYMaHA W BHIIAACHUM DPOCHL.

Hamepenne BJIAXHOCTH BO3ayXxa. [I1a U3MepeHus BIAaXXHOCTH BO3yxa
CYWIECTBYIOT NMPAGOPhl HFPOMETPH M ICHMXPOMETPH. [elCTBHE KOHACH-
CaLMOHHOIO TUIPOMETPA OCHOBAHO HA M3MEPEHHMHM TOUYKH POCH, T. €. HA
U3MEPEHHH TEMIIECPATYPB OXJMAaXIAaeMOH IMOBEPXHOCTH B TOT MOMEHT,
KOrja OHA 3amoTeBaeT. 3Hast TOUKY POCH M TEMIIEPATYypy BO3gyXa, MOX-
HO M0 CHEHHATBHBIM TabAMUaM OLpPENE/NTh NAPUHATBHOE JABJICHHUE [1a-
POB BOAK M OTHOCHMTEIBHYIO BJIAXKHOCTD.

JeicTBHe NMCAXPOMETPA OCHOBAHO HA 33BHCHMOCTH MHTEHCHUBHOCTH
HCNAPEHMs BOAK OT OTHOCUTENBHOM BJAXHOCTH Bo3nyxa. OH COCTOMT U3
OBYX TEPMOMETPOB, WAPUK OXHOTO M3 KOTOPHIX CYXO¥, a WIAPUK APYTOro
o0EepHYT HOJIOCKOM BJAXHOH TKAHHM, KOHEL, KOTOPO# MOTPYXEH B BORY.
[To pa3HOCTH MOKAa3aHMM CYXOro M BJIAXHOIO TEPMOMETPOB ¢ MOMOHIBLKO
CrieuMasbHEX TalaMuL OnpeNesioT BJAXHOCTb BO3AYXA.

IToBepXHOCTHOE HATAXeHHe. B TepMomuHAMUYECKOH CHCTEME, COCTOA-
men U3 HeCKoNMbKuxX a3, Bcerga MMeloTcs rpaHMuu pasgena. C 3Tumu
MeX(a3HBIME TPAHUIAMH CBS33H PSA CBOMCTB CHUCTEMBI, K O0CYXIEHUIO
KOTOPBIX MH ¥ NEPEXOXMM.

B xuakoit ¢ase Ha MONEKYJIN BEIECTBA ACHCTBYIOT CHIB MPATIXKE-
HHSI CO CTOPOHH OKpyXawiqux Monexysa. Korna Mosekysna HaxomuTcd B
1yOHHE XHAKOCTH M YAAJIE€HA OT MOBEPXHOCTH, TO ITH CHJIH ACHCTBYIOT
BO BCE CTOPOHH ¥ B CPEAHEM ypaBHOBemuBaoTca. Ecim Xxe Mosieky1a Ha-
XOAWTCs BOIM3U NOBEPXHOCTH, TO AEHCTBHE HA HEE APYTHX MOJEKYJI IPH-
BOAUT K NOSIBJCHHUIO PABHOACHCTBYIONIEH CWJIN, HANpaBJCHHONM BHYTpPh
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XHAKOCTH. I yBenn4yeHHs CBOOONHON MOBEPXHOCTH XHIKOCTH 4acTh
MOJIEKYJI H0JIKHA TIEPEHTH M3 00beMa B TOBEPXHOCTHLIN CJI0H, a O/15 3TOTO
HEOOXORMMO COBEPLIMTh HEKOTOPYI pabory. ITosroMy cymecrsoBaHHe
MOBEPXHOCTH XHIKOCTH CBA3aHO C AOMOJHMUTENbHOM JHEPTrUEH.

Mosepxrocmuas dxepeust — 3TO M3OHITOK NMOTEHUHNANLHON SHEPrHUA
MOJIEKYJ1 B MOBCPXHOCTHOM CJIOE MO CPABHEHUID C JHEPrUcHd MOJIEKYJN
BHYTpH (a3 (T. e. B oObeMEe BOANHM OT CPAHULE ), 0AYCIOBAECHHLIA OTME-
YEHHBIM DA3JIMYMEM MEXMOJIEKYJIIPHBIX B3aUMONCHCTBHI B rpaHUYa-
mux ¢daszax.

Cuna NOBEPXHOCTHOIO HATAXEHHA. Cuna MOBCPXHOCTHOIO HATAXEC-
HHUS — I3TO CHJId, KOTOpAad IISﬁCTByCT BAOJIb I'PAHMIBl pasac/ia, HAOpH-
MECP BIOJIb NMOBEPXHOCTH XKHUAKOCTH,

y NepNEeHAMKYISPHO JUHMH ( PeanbHOM

WIM MBICJCHHOH ), OrpaHHUHBAOMICH

3Ty HOBEPXHOCTb. B CylecTBOBAHMM

/ % CHJIBL  TIOBEPXHOCTHOIO HATSKCHHS

77 % 2l MOXHO yOeouThCs ¢ MOMOLUBIO CAENY-

a IOILMX TIPOCTHIX OITKITOB.

Puc. 81. IMernst M3 HATKM HA MbUIbHOM Haubosee HAIJISIHBL ONBITHL C UC-

R M0JIb30BAHHEM MELUTBHOM ruieHKH. Tlo-

JIOXHM TET/II0 13 HUTKN Ha MBUIBHYIO

IUIEHKY, NOJIYYEHHYIO pY 0OMaKUBAHMM IPOBOJIOYHOIO KAPKACA B MBUTh-

HoM pactsope (puc. 81). IToxa MblLIbHAA IJIEHKA BHYTPH NETAH Liena,

nmetas coxpausger o0y npupaHdy et dopmy (puc. 81a). Eciu xe

IUIEHKY BHYTPH HETIM NPOTKHYTh, TO HUTh NPUHAMAET (DOPMY OKPYXHO-

cru (puc. 816). Takas ¢opma ofecneunBaeTr MEHUMAIBHYIO IUIOMAAb OC-

TABLIEACS HA KapKace MUIEHKH M TEM CaMblM MUHHMAJbHOE 3HAUECHHE ee
NOBEPXHOCTHOHM JHEPIHH.

Bnarogaps HOBEPXHOCTHOMY HATSXKEHHUIO >XXHAKOCTb B OTCYTCTBHE
BHEIUHMX CHJ MpuHMMaer QOpMy mIapa, T. €. UMEET MUHMMAJIBHYIO DU
OaHHOM o0beMe TOBEPXHOCTh ¥ COOTBETCTBEHHO MHHUMAJIBHYIO
NOBEPXHOCTHYIO 3Hepruio. Tak GulBaeT B HEBECOMOCTH, HANPUMEP B Ka-
fuHE KOCMUUECKOrO KOpabnd, rie HEBO3MOXHO HA/IMTh BOAY B CTAKaH,
M npH cBOBOAHOM MANCHWM NOXAEBHIX KAllelb.

INoeepxHocTHas 3Heprus. KoIMuecTBEHHO nodepxHocmHoe HamsikKe-
Hue O XapaKTEepU3yeTcs OTHOUICHMEM MOAYAS F CHJIBL MOBEPXHOCTHOIO
HATSXKEHUd, NeHCTBYIONEH HA rPaHUIly MOBEPXHOCTHOIO CJIOY, K JJHHE
rpaHuubl {, Wik, YTO TO XE€ CAMOE, OTHOUICHUEM INOBEPXHOCTHOM 3HEP-
ruu U_ . K IJIOIIAAN S IOBEPXHOCTH:

nos
— _ o8 (2)

-}

o=

B cayuae miockoit HOBEPXHOCTH XHAKOCTH CUJIA MOBEPXHOCTHONO Ha-
TSIXEHMS HE 33aBUCHT OT TOIO, HACKOJBKO MOBEPXHOCTh «PAaCTAHYTa».
Ctporo roBopsi, CaMoO MNOHSTHE «PACTSXKEHHE» IJIS TAKO#H MOBEPXHOCTH
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JIAUIEHO CMBIC/A: YTOOR YBEJNYMBATH IUTOIAAL ITOBEPXHOCTH, BHITSIIU-
Basg B MOBEPXHOCTHHIA C;10M M3 00beMa BCE HOBHIC M HOBHIE MOJICKY.IHI,
HeobxoauMo, B OT/IMYME OT CAay4as

pacTSTMBAHUS PE3NHOBOM IUICHKH, -

NPUKAdABNBATE IMOCTOSAHHYIO CHOY, /

TAK KaK ITOBCPXHOCTHHIA CIOH, YBE-
JHYUBASICHh MO IUJIOOIAAW, HE MEHSET
CBOMX CBOMCTB.
HUMesHO 5TO CBOMCTBO CHJA TO-
BEPXHOCTHOIO HATSXEHUS NOPUBOIUT \L_j
X

K OJKBUBAJEHTHOCTH ABYX ompeae-

NeHMi BeanuMHe o B dopmyne (2).

B camoMm pene pa60Ta coBepIIae- Puc. 82. K Bbiuucaenmio pabotel npu

’ ? YBEJUUEHUH NOBEPXHOCTH IUIEHKH

Mas Ipy MepeMElICHHN OrpaHH4MBa-

IOLIEN MBLIBHYIO TUIEHKY MEPEMBIYKH

anusoit | Ha paccrognme x (puc. 82) pasHa Fx = 2oix =20AS, rae
AS =[x — yBeJMUYCHME IUIOMIAAM TOBEPXHOCTH ONHOHW CTOPOHHI ILICH-
KH. JTta paboTa paBHa NPUPALICHUIO MOBEPXHOCTHOH 3HEPTHUU IUICHKH
AU, = 20AS.

CMmauuBaune. Beaeacrsue B3anMoaedCTBUS MOJEKYJ XXKUIKOCTH ¢ MoJIe~
KYJIAMH TBEPABIX TEJI BO3HMKAET CMauudanue — SIBJICHHUE, NPUBONAILEE K
MCKPHBJIEHHIO CBOOOAHOM NMOBEPXHOCTH XHUAKOCTH Y IOBEPXHOCTH TBEPHO-
ro Tesa. EcaM cusia B3aUMOACHCTBUA MEXAY MOJEKYJaMH XUIKOCTH ¥

s ~

Puc. 83. Kpaeno#t yron B cryyae cMauMsanus (@) v HecMaunsauus (6)

TBEPAOIO TN 60bIIE CUILI B3AUMOAEHCTBHS MEXIY MOJEKYJIaMH CaMOM
XKHIKOCTHU, TO MOBOPAT, UTO XHUIKOCTb cMaudaem TBEPAYIO NOBCPXHOCTD.
B 31OM cyuae yroa 6 Mexjay IIOCKOCTBIO, KACATENBHOM K MOBEPXHOCTH
XHIKOCTH, ¥ MOBEPXHOCTHIO TBEPAOIO TE/Id, HA3bIBAEMBIH KPACBhIM YIJIOM
WM YIJIOM CMaumMBaHud, Oyaer octpuiM (puc. 83a). B nporusHoM ciyuae
yron 6 6yner tynum (puc. 836). Ilpn nonHom cmauusadum 6 = 0, npu
NOJIHOM HecMaumMBaHuM O = 5. Hanpumep, BOga CMauuBaeT YUCTOE CTEK-
JIO M HE CMAYMBAET NOBEPXHOCTD, MOKPHTYIO napaduHoM.
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CMauuBaHKEM M HECMAUMBAHHEM OOBICHSIOTCS MHOIHE XOpOIIO 3HA-
KOMbie HaM siBjicHUs. IlombeM KepocHHa mo (QUTHIIO JaMIbi, BO3MOX-
HOCTb BHITEPETBCSI MOJOTEHLEM — 3TO NPUMEDH GBJICHMM, IEJAKOM
00yC/ioBNEeHHHNX CMaynBaHMeM. Hanporus, miaBaHue MOKPHEITON TOHKAM
CI0eM XHpa CTAJBHOM MIOJIKM HA MOBEPXHOCTH BOAMI, Te(hJIOHOBHE Kac-
TPIOJIM M CKOBODOZKH, B KOTOPHIX HE Toaropaer numa, Oeraromue mno Bo-
A€ Ha IIMHHBIX TOHKHMX HOTaX XYKH-BOAOMEDHL — BO BCEX ITHX CJyua-
X Mhbl CTAJIKHBAEMCSI C HECMAUHBAHMEM.

Kanuanspuoie seaeHus. [logbeM MIM OnyCKaHHE XHAKOCTH B Y3KHMX
TpyOKAX-KaOMWLISpaX BCAEACTBUE GBJIEHHS CMAaUMBAHUSA HAa3HLIBAIOTCS
kanunspubimu  senenusimu  (puc. 84). Boicory A, Ha xortopyio
NIOAHUMAETCSH >KMAKOCTh (ILUIOTHOCTBIO p), NOJHOCTHIO CMAuMBAKOIIas

Puc. 84. JKuakocTs B kanuuispax

CTEHKM KalWwuIsgpa pagudyca r, MOXHO HaiiTH, IpUPABHHBAS BEC CTOJI-
OMKA TOAHABLWIEHCA XHUAKOCTH CHJIE MOBEPXHOCTHOTO HATSKEHMS, ACH-
CTBYKOIIEH N0 BEPXHEMY INEPUMETPY CTOAOMKA:

pgnrih = 2nro,
oTKyna

h=20 (3)
per

KanuangpHoe pasieHHe. VCKpUBIEHHE NOBEPXHOCTH >KMIAKOCTH, BHI-
3EIBAEMOE CWJIAMHU IOBEPXHOCTHOIO HATSIXCHUS, BEAET K NMOSBJICHUIO U3-
OLTOYHOrO A2BJCHMS Ap B XHUIKOCTH, HA3BIBAEMOIO KAMMLISAPHBIM.
B cayuae cdepuueckoil MOBEPXHOCTH 3TO AABJCHME CBS33HO C PAZIMYCOM
ee KpuBH3HBL r Gopmystoit Jlanmaca:

Ap=27°. (4)

A1y dopMyny ferko monyuuth ¢ nomomisio (3), ecnu yuects, 4To
M30BHITOYHOE MMAPOCTATHYECKOE NABJICHHE Y OCHOBAHHMSA CTOM0A XHAKOCTH
B Kanwuigpe XOKHO KOMIIEHCHPOBAThCS M3MEHEHHEM AaBJeHHs, o6yc-
JIOBJICHHEIM MCKPUBJICHHEM CBOGONHOM MOBEPXHOCTH XMIAKOCTH.

Gopmysry Jlannaca MOXHO NOJYYHTh M MHAYE, HANIPUMED CPABHHBAL
paboty pAV, coBepmiaeMyiO HpPH BRIYBAHHM MBUIBHOTO NY3hIpS, C yBe-
JMYEHHEM [TOBEPXHOCTHOM 3HEPrdd OAS MBUIBHOM IUICHKH.

®opmyay Jlamnaca (4) MOXHO NpUMEHSTh KAK K BHIYKJION, TaKk U
K BOTHYTOH NOBEPXHOCTH. B ciayyae BOrHYTO# MOBEPXHOCTH HYXHO
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cuntath r < (Q W coorsercTBeHHO Ap < 0; mId BHOYKJIOH, Haobopor,
r>0u Ap>0.

3anaua

Ha KaKY BbICOTY MOAHHUMETCH XUIAKOCTH MEXAY ABYyM4 NnapanyiecIbHbIMHU Bep—
THUKAJIbHBIMH CTEK/TIAMH C YIKUM 3a30pOM MEXY HUMH, PABHBIM l, €CJIKM KOHLBI CTe-
KOJ1 ﬂOprBHTb B XHAKOCTDL, MNOJIHOCTHIO CMAYHUBAKILY IO CTCKIIO?

Pewenue. IIpu noatoM cMauMBaHUM c8000AHAA MMOBEPXHOCTb XUIOKOCTH B
y3KOM 3a30p€ MexXIY CTeKJaMU MpUMeT HWIMHApHYEeCcKY (opMy, NpHYeM AUa-
METP 2r 3TOro UKAMHIPa paBeH ToslHHe [ 3a30pa. [l oripeaeieH!s BbICOThE NOAb-
eMa MOXHO NMpHUPABHATL BEC ﬂOHHﬂBLUCﬁCSI KXKUIKOCTH pgth CcHUlle NOBEPXHOCTHOI'O
HaTsXeHUs 20L, aeficTBYIOLIEH BAOIb BCel AMMHBI 2L rpaHKLibl XKMAKOCTH CO CTEK~
JIOM B 3a30pe:

pgllh = 20L.

Orciona

O6paTyM BHUMaHUE HA TO, UTO 3Ta BLICOTA BABOE MEHBIUE BbICOTHl MOXAbEMA B
Kamuansipe, AUaMeTp KOTOporo paseH IuMpuHe 3asopa. CoOTBETCTBEHHO BHBOE
MeHbllIe M BeIMUMHA KallHISPHOIO AaBeH s, CO3AaBaeMoro UMIMHAPHUYECKOH 110~
BEPXHOCTBIO 110 CPaBHEHHIO €O cepHUUecKon.

KanunspHeie BOaHbI. CHIb TOBEPXHOCTHOTO HATAXEHHNS, KAK U CHJIbI
TSIXKECTH, MIPAIOT BAXHYIO posib B 06pasoBaHMu BOJH HA NOBEPXHOCTH
BOAK. POJIb 9THX CHUI PA3/IMUHA Uit BOJH PA3HOM JJIMHEL: JJIS AOCTATOY-
HO KOPOTKHMX BOJIH, KOrJd KPUBU3HA IHOBEPXHOCTH >XXKHAKOCTH BEAUKA,
npeobnagaoT CWIH IOBEPXHOCTHOIO HATAXEHHE; B C/Iy4yae IVIMHHHIX
BONH, Hao0OpOT, STHMH CHIaMH MOXHO npeHeOpeus. [losTomy menkas
ps0b HA BOZE — 3TO MO CYWIECTBY KanmwuispHeie BOMHK. Coobpaxenuns
Pa3MEPHOCTH TIO3BOJISIOT JIETKO HANTH XaPAaKTEP 3aBUCHMOCTHM CKOPOCTH
v pacnpocTPaHEHUS KAMWLISPHHX BOJIH OT IJTOTHOCTH >XXMAKOCTH P, 1TO-
BEPXHOCTHOIO HATSIXEHNSA O U JIHHH BOMHHE A. COCTaBngsd BHPAXECHUE

v=Cp*oYA*

¥ BOHINMMCRIBAY COOTBETCTBYIOIICC DABCHCTBO paBMepHOCTeﬁ, HaXoouM

v=C‘J§.

Tounasg IUHAMHUYECKas Teopus aaer qns GeapasmepHoro Koagduuu-
eHta C 3HAYEHHME, paBHoe V2.
e Yro Takoe a3kl U YTO TaKoe KOMMOHEHTHI TEPMOAUMHAMHYECKONH CHCTEMBI?

L4 anBCAMTC NpUMepkl MHOI‘OfpaSHle ORHOKOMITIOHCHTHBIX CUCTEM H O}IHOQ)&B-
HbIX MHOIOKOMITOHEHTHBIX CUCTEM.

o Kaxue ¢asosbie npespailieHUs Bbi 3HaeTe?

¢ [lpH Kakux ycNoBHAX pasnuuHbie $a3bl MOTYT HAXOAUTLCH B PABHOBECHM?
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§

Yro TaKoe HacbllleHHbIM nap? O6bACHUTE, 110YEMY €0 AaBJieHUe HE 3aBUCUT OT
obbema.

IToyemy naBieHUe HACbIILEHHOTO Mapa ¢ yBEJTHYCHUEM TeMnepaTypsl pacTeT
6ricTpee, yeM RasJicHHME MIAcCaNbHOIO rasa?

Ob6bscHuUTE, NOUeMy TeMIleparypa KMIIEHHUA XUIKOCTH 3aBUCHT OT BHEUIHEro
nasneHusi. IloueMy npH onpefe/leHHOM OaBJICHHM TeMIlepaTypa KUIIeHMS Ha
rpaHULE HECMELIHBAKIIUXCS XKUIKOCTEN HUXE TEMNIEPATYPbl KHIEHUA KaX-
Aok u3 Hux?

Ecnu crakaH ¢ BOAOH NOJI0XHTb NMOA KOJIOKOJ BO3ARYILHOrO Hacoca, To rnpy ObiCT-
POM OTKaYMBAHKWU BO3Y XA BOHA B CTAKAHE 3AKHUIIACT. O6bacHuTE, noyeMmy.

Ha ueM ocHoBaH npuUHUMUN JeHCTBUS Ny3bipbKOBOM KaMepbl?

Yro Takoe KpuTHueckas Ttemrepartypa? Kak cBs3aHO pa3nuude MNOHATH
«ra3» U «ap» ¢ KPUTHUECKON TeMneparypoi?

ITosicHuTe du3MUecKy® npUpoay Tennotsl napoobpasosanus. [louemy oHa
obpaiaercs B HY/b NpH KPUTHUYECKON Temrepatype?

YeMy paBHa pasHOCTh IOKA3aHMWI CYXOro M BJIAXHOIMO TEPMOMETPOB B MCHUX-
pPOMETpe NPY OTHOCHTE/IbHOM BJAXHOCTH BO3gyxa 100 %7

Yem OG}’CIIOBH&HO pas/iIMdyue B3HEPruM MOJEKYA, HAXOAAUWHUXCH B obreMe
XKHUIKOCTH M HaA €¢ IlOBCpXHOCTH?

HO‘ICM)’ AoXJeBasd KanJs B cBOOORHOM MOJeTe HEMHOIO cnawciiyra, a kKan-
Jig, CBUcawliag ¢ BOACNIPOBOAHONO KpaHa, — BbITSIHyTa?

Hoqcmy TOHKAa#d CIUJIOIIHAaA BEPTHKAJ/IbHAA CTPYd BOIOL!, BhITCKAKOUIAd U3 Kpa-
Ha, Ha HEKOTOpOM pacCCTOSAHHWHU pacnanaercs Ha OTHAC/IbHBIC Kariu?

Hoqemy Yy njaosua f1oja BOJIOTt BOJIOCHI CBOOOAHO pa3BeBaKOTCA, U Cpasy clIu-
MawTCcHd, Kak TOJIbKO TJIOBELl BBIMIET U3 Boab!?

Kakyw ¢opmy npuHMMacT Karjis BOAbl HA IOPHU3OHTalbHOW HEPEBSHHOM,
CTEKJISHHOM U aJIlOMHHUEBOM MoBepXHocTU?

IMoueMy Karnjs BOAbl Ha PacKaleHHOH CKOBOPOLE COXPaHSeT 1apoobpasHyio
¢opMy, HecMOTpPSl Ha TO, YTO BOJAa CMAuyMBaeT MOBEPXHOCThL MeTasuia?

I'ne npu BriBome dopmyasl (3) KCIIONB30BAHO MPERINOJOXEHHME O TOM, YTO
XUIAKOCTb MOJHOCTHI) CMadyKBaeT BHYTPEHHIOW MOBEPXHOCTh Kanumigpa?

Yem obbacHseTcs passniive OpMbl NOBEPXHOCTH KHAKOCTH B Y3KOM Kanwi-
nape v UpoKol Tpy6ke?

[Tpu nombeme XMOKOCTH B KanMWJISpe AO BLICOTBI /i CHMJIB! MOBEPXHOCTHOTO
HaTsXeHUs coBepiualoT pabory mgh, roe m — Macca ctonba xuakocru (1o-
kaxure 310). Ho norenuManbHas sHeprus atoro cronba paBHa TONBKO
mgh/2. Kak 3T0 cornacyercs ¢ 3aKOHOM COXPaHEeHWS! SHepruu?

26. PeanbHbie ra3bt. YpasHewue Banr-pgep-Baansbca

IloBepetye peabHBIX Fa30B B TOW WIH HHOH CTENEHH OTJIMYACTCH OT I10-
BEACHHA HICAABHOIO rasa, ONMCHIBAEMOr0 ypasHeHHeM MeHneneesa—
Knaneiipona. OTK/JIOHEHHS 3aBHCAT HE TOABKO OT TOTO, C KaKWUM ra-
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30M — KHCJIOPOXOM, a30TOM M T. A. — MbI MMEEM AEJ0, HO U OT TEX
yCJIOBHIl, B KOTOPHX Haxomutcs ra3. Uem Gosmee paspexeH ra3 u 4em
BBLIUIIE €r0 TEMIEPATypa, TEM MEHEE 3aMETHHI 3TH OTKIoHEHUs. [loaTomy
NPUMEHNMOCTE MOJENH HAEANHHOIO ra3a K KakoMy-ysimbo peassHOMy ra-
3y ONpPENCASNCTCS HE TOJNBKO CBOMCTBAMYU CaMOTO rasa, TakMMH, KaK pas-
MEPH H MAaCCa €0 MOJICKYJl M B3aUMOACHCTBHS MEXIY HUMH, HO M yC-
JIOBMSIMH, B KOTODHIX HAXOOUTCH ras.

O MojessX peanibHOro ra3a. BaamMoaeicTBHe MEXAY MOJICKYJIAMH TO-
IO MM WHOIO PEasbHOIO ra3d MMEET HaCTOJABKO CJIOXHBIM XapakTep, UTo
HEBO3MOXHO NOJYUYUTh YPABHCHME COCTOSIHMS, KOTOPOE KOJUMUYECTBEHHO
NPABHABHO ONHCHBAJIO OB MOBEACHHE PEAALHOrO rasza BO BCEM o6iacTH
BO3MOXHBIX M3MEHEHHH €ro TeMIEpaTyphl ¥ IUIOTHOCTH. MOXHO, oxHa-
KO, HANUCaTh NPUOMMXKEHHOE YPABHEHHME COCTOSHHUS pEaNbHOINO rasa,
YUMTHBAIONIEC OCHOBHBIE KAUECTBEHHBIC OCODECHHOCTH MEXMOJIEKYJISp-
HOIO B3aUMOJACHCTBHA.

B MOaead MeaspHOIO rasa HE YYHUTHIBAJAOCH HH B3aUMOACHCTBUC
MOJIEKYJl Ha pacCTOdHMH, HHM KOHCYHBIH pasMEp CaAMHX MOJIEKYJI.
HamomHuM, UTO CWIbl B3aMMOACWCTBHUS MEXIY MOJCKYJIAMH HMEIOT
SJACKTPOMArHUTHYIO NMPUPOAY, XOTH B IEJIOM MOJIEKYJIBl JJIEKTPUYECKH
HeirpaspHul. Ha Gonpumx paccrosHusax npeobragaror CHUIR TPUTSXE-
HHS MEXIY MOJIEKYJaMH, a Ha MajnX — CHJIR OTTankuBaHus. CHJIIEI
TIPUTSOKEHUS MEXAY MOJICKYAaMM OBICTPO YOBRIBAIOT C yBEJIMUEHHEM pac-
CTOSHHMSA MEXAY HUMH, U TIOITOMY MPH MAJON MJIOTHOCTH ras seger cebs
Kax upcanpHbE. Ho TeM He MEHee CHABl MPUTSKCHUS CYUICCTBCHHYI,
TAK KaK WMEHHO OHU NPHBOOAT K KOHAEHCAUMM rasa B XMAKOCcTh. Or-
TaJKHBAHHUE MOJIEKYJ H2 MAJBIX PACCTOSHHMAX HACTOIBKO OLICTPO BO3pa-
CTAET MpPH MX COMMXCHHY, YTO C XOPOIICH TOUHOCTHIO MOJIEKYJIbl MOXHO
CUMTATh TBEPABIMM B3aMMHO HE NPOHMKAKIMMH TEIAMH U FOBOPUTL 00
ux CobcTBEHHOM o0beMe u 3DPEKTHBHOM auaMerpe. DTOT 0OBEM CTABMT
npeaes BO3MOXHOMY CXKATHIO rasa.

Mogens TBEPOLIX WWIAPOB. [IpuBegcHHBIE COOOPAXEHNS NO3BOMSIOT
MIPEANIOXKUTE NPOCTEHIIYI0 MHKPOCKOMMUYECKYIO MOAE/Ab PEasibHONO ra-
33 — MOJEJb TBEPALIX mapos. B 3toit Monmesu MOJIEKYABI pacCMAaTpUBA-
IOTCH KaK TBEPAKIC WAPH Paguyca rg, B3aMMOREHCTBYIOIME TOJIbKO IIPU
CONMPUKOCHOBCHHUM JApYr ¢ apyroM. Kpome panuyca r,, cucremMa xapakTte-
pusyercsi Maccoli m Mosiexysa (II1apoB), UX KOHUCHTPAUMER n H CPpeqHEeH
KMHETHYECKOM DHEeprueil TemnoBoro asuxeHns (3/2)kT.

Yrobnl pa3obparhCs B CBOMCTBAX TAKON MOZENIM, HAMIEM COOTBETCT-
Bylonui e 6e3pasMepHBil mapaMeTp Y, COCTaBJCHHBIA M3 ry, m, n u
kT. TTockonbKy BpeMsI BXOAUT TONBKO B kT, TO kT B Ge3pasMepHHIi na-
paMeTp Yy BXOAMTH He MoXxer. Ho TOrAa HEe MOXET BXOAMTh B HETO M
Macca m. A M3 OCTaBIUMXCS BEJMUYMH 'y M /1 MOXHO COCTABHTh TOJBKO

OOMH HE3aBMCHMEN 0e3pasMepHEIl mapaMerp y = rgn, $usnueckuit
CMBIC]T KOTOPOrG — OTHOUIEHHE COGCTBEHROrO o0beMa 1apa K CpeHEMY
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00beMy, NPHXOAAIIEMYCS HA OJHY MOJEKYJy B rase. [IpemensHoMy Ciay-
YA HUAEaJbHOTIO ra3a COOTBCTCTBYET CHIBHOE pa3peXeHue, T.e, y<< |,
KOraa 3HEprust B3aWMOAEHCTBMS MOJEKYJI AOJDKHA CTATh npeHeGpexxuMo
MaJIOW MO CPaBHECHHUIO C JHEPrHEd TEIUIOBOTO ABWXKCHHUA kT.

B cmnpHO CXaTOM raise OTHOULICHUE CPEOHEH SHEPrHHM B3aMMOMEHCT-
BHS MOJICKYJ K HMX KMHETHUUCCKOH JHEPTHH JOJXHO 3aBHCETh OT TEM-
NEePaTypsl, MOCKOJbKY C YMCHBIUCHHEM TEMOEPATYPHI OTKJIOHEHWE pe-
AJIbHOTO ra3a OT MAEAJIbHOIO CTaHOBUTCH Bce Oonee u Oonee 3aMETHRIM.
OnxHako B MOAE/JM TBEDARIX MAPOB 3TO OTKJIOHEHHE ONpPENCHdeTCd
TOJIBKO MAPaMETPOM Y M, CACAOBATENbHO, HE 3aBHUCHT OT TEMIIEPATYpEHL.
TToaTomMy nocnexoBaTesbHAd MHMKPOCKOMUYECKAS. MONETBb PEaJIbHOrO ra-
32 JOIKHAZ YYHMTHIBATHL B3aMMOACHCTBHE MOJEKYJ APYr C APYIrOM ¥ Ha
PacCTOSHMM, a HE TOJABKO NPHM HEMOCPEACTBEHHOM CONPHKOCHOBCHHWH.

Mogaens Ban-nep-Baanbca. [Ipucrynas K nmosyuyeHu:0 npubIHXEHHODO
yPaBHEHHKS COCTOSIHUS PEajbHOTO rasa, OyAEeM CYMTATh, UTO B3aMMOIEH-
CTBHE MOJIEKYJI IPHBOAUT JIMIIb K HeOOJBMIMM NONPABKAM B yPABHEHHH
COCTOSTHMSI MICAJbHOrO rasa. IIpu gocrarouHo BEICOKHMX TEMIEpaTypax u
MaJIbIX IJIOTHOCTSX T332 MCKOMOE YPAaBHCHME JOJIXKHO NMPHUBOAUTH K TEM
Xe pe3yJabTaTaM, 4yTo M ypaBHeHue Mewnpeneesa—Kianeipona.

Yyer pasmepoB MoJekya. [Ipexne Bcero yureM KoHeuHble COOCTBEH-
HEIE pa3MepPHl MoJeKky. DakTHuecku 3T0 NPUBOXUT K TOMY, YTO MpPEXO-
CTaBJCHHBIH MOJIEKYJIAM ra3a AJs ABMXEHHs o0beM OyaeT MeHbiue 00b-
ema cocyna V. IloaroMy B ypaBHEHHHM COCTOSIHHSI OHHOIO MOJIS MIEAJIb-
HOro rasa 3ameHuM obbem V Ha V — b, tne b — xapaxrepHas ans
AAHHOrO rasa HOJIOXKHUTENbHAS MOCTOSIHHAS, YUMTHIBAIOMIAS 3aHUMAEMBIA
MosIeKyiaMi oGbeM:

p(V — b) = RT. n

U3 3Toro ypaBHeHUs BUIHO, uTO 0OBbEM rasa ¥V He MOXeT OHTBb Che-
JIAH MEHbIIE, YeM b, Tak Kak npu V — b gaBjieHHe ra3a p HEOrpaHUYEH-
HO BoapacTaer. Pasymeercs, He Cjeqyer OXHAATh, YTO NPH 3HAYEHHAX
V, 6amskux K b, ypasuenue (1) Oymer npaBmIbHO OMHCHIBATL MOBEHE-
Hue rasa, 0o MO CBOEMY CMBICIY IOCTOSHHAA b ABASETCS MaJO# HO-
npaBskou: << V.

Yuyer B3aMMONEHCTBUA MEXY MOJEKYJaMH. YUTEM Teneph [pOsSBIIt-
romeecs Ha GOJBIUNX DPACCTOSHHMSX HPUTSKECHHE MEXIY MOJIEKYJIAMH.
IMpuTsaXeHAE AOMXKHO MPHUBOTATh K YMEHBIIEHHIO OKa3hIBAEMOrO ra3oM
OaBJEHUA HA CTEHKH COCYAA, TAK KaK Ha KaXAyl0 HaXOASmylocs BOIH3u
CTEHKH MOJIEKYJy GYHET HefCTBOBATH CO CTOPOHH OCTAJIBHHIX MOJEKYJT
rasa cusia, HanpaBJICHHAA BHYTPb cocyaa. [103TOMy HaBJieHue Ha CTEHKM
p 6yner MeHbIIE 3HaYeHUs, JaBaeMoro BuipaxenueM (1), Ha HexoTOpYyIO
!

BEJIMUYHUHY D! (2)
RT '

T V-4
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OT uero MOXET 3aBUCETh BequymHa p'? MOXHO OXMAAaTh, 4TO B
rpy6oM npubnavXKeHHM CUia, NEACTBYIOMAs HA KAXAYI MOJEKYAY €O
CTODOHBI BCEX OCTajibHBIX, OyAET NMPONOPULHMOHANLHA UNCAY OKPYXa-
IMMX MOJIEKYJd, T. €. IUIOTHOCTH ra3a. (CJIefoBaTe/bHO, M MONMPAaBKA K
nepexaBacMoMy omoenbHOoU MOJEKyAONH MMIYJbCY NMPH yAape O CTEHKY
NPONOPIHOHAJIbHA IIOTHOCTH rasa. [lompaBka xe K nepegaBacMoMy
Npd yaapax O CTEHKY BCEMM MOJIEKYyJaMH UMDyiaecy (T.e€. K Aasie-
HHI0) OyHer IpoNopuMOHATIBbHA Kéadpamy MJIOTHOCTH ra3a HIH, 4TO TO
Xe camoe, ofparHo mponopuuoHaneHa keaxparty obvema. [Tosromy BhI-
paXeHHE NS P MOXHO 3aIMcaTh B BHIE

' a
P = 72’ (3)
TA€ @ — XapakTepHas A OAHHOrO rasa MoJIOXKMTE/IbHAs MOCTOSHHAS.

ITockonsky p', Kak M b, SBASETCS MaNOi TOMPABKOM, AOKHO BHITION-

HSTbCS HepaBeHCTBO a/V2<< p. Tlopcrasnsas p' ua dopmysn (3) B ypas-
Heuue (2), monyyum

p+—:/l—2(V—b)=RT. (4)

VpaBuenue (4) HaswBaercs ypagnenuem Ban-dep-Baansca. Ono
NPUONMXEHHO YYMTHIBAET OCOOCHHOCTH TMOBEACHHWS pPEaJbHOIO rasa,
00yC/NOBAEHHKIE MEXMOJICKYIAPHLM B3aUMOAEHCTBUEM U COOCTBEHHEIMH
pasmepamu monekya. [locrosHubie Bau-nep-Baansca a m b ompene-
JISSFOTCH OMBITHBIM IyTEM: UX 3HAUCHHA IS KAXAOrO rasa BeIOUpAIOTCA
takuM obpa3oM, utobu ypasHenue (4) HawiyuymuM o6pasoM ONMHUCEIBAIO
[OBEACHUE NAHHOTO rasa.

@OeHOMEHONIOTHYECKHH XapaxkTep ypasHeHMs Bau-nep-Baaanca. He
CJlefyer pacCMaTPUBATh NMPHBEACHHHIE BHIIE PACCYXXACHHS KAK CTPOTHH
BLIBOJ YPaBHEHHS COCTOSHHUS peanbHOro raza. Ouu mpeacrasiasior coboi
npuMep (HEHOMEHONOrHYECKOro IMOAXO0Aa, MpPH KOTOPOM KauyECTBCHHBIMA
BHJ 3aKOHOMEPHOCTH YCTaHABJMBAETCA C IOMOIUBIO HABOLSINHUX coobpa-
XKEHUH, a KOJMYECTBEHHBIE XaPAKTEPUCTHKHA — B JAHHOM CJIyvyae MocTo-
SAHHBIE @ ¥ b — HAXOXATCH M3 CpaBHEHMd C IKcnepuMeHToM. Kak u BCsi-
koe peHOMEHOIOTHUECKOe COOTHOmERNE, ypaBHenue Ban-nep-Baansca B
HEKOTOpO#M 00JiacTH — NpM AOCTATOYHO BHICOKMX TEMIIEPATYpPax M Ma-
JBIX IUIOTHOCTSX — [A€T MPaBWIbHOE KOJNYECTBEHHOC OIMHMCAHUC
CBOVICTB peasbHOIO ra3a, TOraa Kak BO BCeW o6aacTu usMEHEHWs mapa-
METPOB OHO JACT TOJIBKO KAUECTEEHHYIO KAPTHHY MOBEXCHHUS rasa.

Kpome ypasHeuus Ban-nep-Baansca 6BUIO MpenoXEHO MHOTO Apy-
X SMIMPUYECKMX YPAaBHEHWH COCTOSHHUS peaJbHHX ra3os. Hekoropeie
M3 HHX JAIOT JAyd4iIee COIJIACHE C OMBITOM 33 CueT GO/MBINErO YMCAA BXO-
OSmuyx B HUX (PEHOMEHOJOMYECKUX MOCTOSHHEX. OnHAaKo IpH Kayect-
BEHHOM MCCJIENOBAHMH MOBEACHUS DPEAJbHHX Ta3oB yAOOHO MCIIOMb30-
BAThH MMCHHO ypamHeHue Ban-mep-Baannca Gnarogaps ero mpocrore u
SICHOMY (DM3HYECKOMY CMBICJY.
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Hzorepmsl Ban-aep-Baannca. ns MccnenoBaBus IIOBENEHHS rasa,
MOZYMHSIOMIEIOCS YpaBHEHMIO BaH-mep-Baasbca, paccMoTpum ompene-
JISEMBbIC ITMM YPABHEHMECM M30TCPMEI, T. €. KPUBHIC 3aBUCHMMOCTH P OT
V npH 3amaHHEX 3HayeHHUsx temmepatypsl 7. C 3TOM 1enpK0 mepenu-
wieM ypasHenue (4) B BUAE

3 _ RT\ 2, a, ab__ 5
1% (b+p)V+pV 5 =0. (%)

Tlpyu MKCHPOBAHHHIX 3HAYEHUAX p M T 3TO YpPaBHEHME TPEThEH CTe-
NEHM OTHOCHTEIbHO V. YpasHeHue TpeTheil creneHu umeeT nubo OfmH,
An60 TPH BewleCTBEHHBIX KOpHA. [lo3TroMy npm HaHHbIX 3HAYEHMAX DAB-
NEHMsa W TeMraepatypel ypasHenue (5) aaer nubo ogHO, MO0 TPH 3HA-
uenus obbeMa. ITO 3HAYUT, YTO HA p—V-AMarpaMMe M30TEpMa nepece-
KA4ET TOPHIOHTAJNBHYIO NPAMYIO p = const aub0 B ORXHOM TOuKe, JUbOO B
TPEX TOYKAX.

Ha puc. 85 npusencHbl H30TEPMbI, COOTBETCTBYIOIIME PA3IUUHBIM
3HaueHuam temneparypul T\ > T, > T, > T,. V3oTepma, COOTBETCTBYIO-

was JOCTATOYHO BBICOKOH Temmeparype T, MajJo OTIMYAETCS OT H30-

ph

[
|
|
!
|
l
[
l
!
s
[
|

0 b 4

Puc. 85. U3orepmsl rasa Ban-gep-Baannca va p—V-anarpamme

TEPME HACAJBHOTO ra3a, U OJHO M3 CaMbIX CYIIECTBEHHBIX OT/IMYMH
3aKJIFOYAETCd B TOM, UTO 3HaucHue ofbeMa V HU NMPH KAKUX JABJACHHAX
He moxer OuTh MeHbwe b. IIpu nocrarouno HM3KUX Temmneparypax T,
u T, M30TEpPMBI COAEPXAT BOJHOOOPAa3HBIA y4yacCTOK, TaK UTO NpaAMas

p = const TpuXasl nepecekaer usorepmy. CymecTRyeT HEKOTOPAad TCM-
neparypa T,, Takas, YTO COOTBETCTBYIOWIas € M30TEPMa OTAENLET BCE
MOHOTOHHBIE M30TEPMBI, JIEXAIKE BhILIE HEE, OT «ropbaTHIX», JEXKAmuX
Huxe. Takag TeMInepaTypa ¥ COOTBETCTBYIOINAA €H M30TEpPMa HOCAT Ha-
3BAHME KPUMUHECKUX.

DKCIIEPUMEHTAIbHBIE H30TEPMBb! DHADIOCA. 1715 TOro YTOOK BHISICHHTE
CMRIC/T 3TOM HA MEPBHIA B3r/iSk BECHMA CTPAHHOM 3aBMCUMOCTH, CIEAYET
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obpatutscs K omuity. Ha puc. 86 mokasaHh mony4eHHBIE 3KCEPAMEH-
TAJbHO M30TEpMul yriekucaoro raza CO,. Ilpu BRICOKMX TeMmrieparypax

3TH U30TEPMEI OYECHDb [IOXOXH HA HM30TEPMBI HACAJIBHONO rasa. HDH HHU3-

p

0 ¥ v
Puc. 86. JxcrniepuMeHTaIBHBIE H30TEPMBI YIJIEKMCIIOTO rala

KMX TEMIIEPATypax XapaKTep H3OTEPM CYLIECTBEHHO APYIOH: y HHX HMe-
©TCSl TOPU3OHTA/IbHBIM YUYaCTOK, Ha KOTOPOM JABJIEHHE OCTAETCS IOCTO-
SIHHBIM, HECMOTPS H4 M3MeHeHue obnema.

PaccmMoTpuM, KakuM (DU3HYECKMM MPOLECCAM COOTBETCTBYIOT pPas-
JIMYHBIE YYACTKHM M30TEPM. [IpM M30TEPMMUYECKOM CXKATHH OTHOLO MOJIS
YILAEKUCIOTH Ha yuactke AB (puc. 87) oHa Bener cels nogoGHO Maeab-

o

o ¥ v

Puc. 87. CpaBHEHME IKCNIEPUMEHTANBHOM M30TEPMbI C M30TEpMON Ban-nep-Baansca

HOMY Taay: JaBJEHHE BO3DPACTAET Mpu yMmeubmeHun obvema. [Ipm name-
HEHIIEM CXAaTHH AaBICHUE B COCYAE OCTAETCH HEH3MEHHBIM, d B COCYJAE
NOSIBAKETCH XUAKAA YIVIEKHCIOTA. Tak NPOAOAXAaeTcsd Ha BCEM ydacTKe
BC, noka B Touke C BECh I'a3 HE CKOHACHCHPYETCS B XHMAKOCTb. YUaCTOK
BC COOTBETCTBYET PABHOBECHIO MEXY XHUAKOW YIJIEKHCIOTON U €€ Ha-
CHIICHHBIM TlapoM. JlanpHEHIME NONBITKN CXATHS XXKMIKOCTH COMpO-

8 E.W. Byrukos u ap. Kuura 3
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BOXIAIOTCH PE3KUM YBCJHMUCHHEM JABJICHUA IPH CAMOM HE3HAUMTENb-
HOM YMEHbIIEHMH 00beMa.

HanoxuM Ha rpa¢mkK 3KCHEPUMEHTAJIBHO MOJYUYEHHOU H30TEPMBI TeE-
opeTHueCcKyio KpuByio Ban-gep-Baasbca a4 Toit XKe caMoii TeMIIEpaTypHI.
[TapameTpnl a H b MOXHO BHIOpaTh TaK, YTOOH HA yyacTke AB, cOOTBET-
CTBYIOLIEM ra3oo0pa3HOMY COCTOSIHHIO, 00€ KPHUBBIEC MPAKTHYECCKH COBIIA-
Jasd. JTO 3HAUMT, YTO ypaBHeHue Bau-mep-Baaneca BnosHe ygoBneTso-
PUTENBHO OMUACKIBAET CBOMCTBA MApOB, AAJEKMX OT HAchmeHud. Kpyrtoit
XOJ TEOPETHUYECKON M30TEpMEl HA ydacTke CD KaueCTBEHHO NPABHJIBHO
MepesaeT MAadyKl CXKHMaeMOCTb XWIAKOCTH, XOTS SKCIEPUMEHTANbHAS
M30TEPMa Ha ITOM yuacTKe uaer eme kpyue. Ho BoHOOGpasHbIit yuacTok
TEOPETHYECKOM M30TEPMEI COBEPHICHHO HE MOXOX HA COOTBETCTBYIOHIEE
€My IL1aTO 3KCIEPUMEHTANBbHON KPHUBOH.

MertacrabuiabHeie cocTOsiHnA. OXHAKO OKA3KIBAETCS, UTO PSI COCTOSI-
HUI, MONafgaKrmmx B 001acTh «ropboB», MOXET ObITh IKCTIEPUMEHTANBHO
OCYLIECTBJIEH NpU COBIIONeHNH OnpeneieHHuX ycaosuid. Tak, B csoboxn-
HOM OT IBLIM ¥ 3aPSKEHHBIX YACTHI MPOCTPAHCTBE YAAETCSA IPH IIOCTE-
NEHHOM CXATHH NOJYYHTh NAaPhl NIPH NABJICHHH, OOJbIIEM JABJCHHS Ha-
CHINEHHLIX NAPOB TPH XAHHOW TeMmeparype. Takue napel HA3hIBaWOTCH
nepecobluyeHHblmi, 1 UX COCTOSHHS JOCTATOYHO XOPOIIO OIMCHIBAIOTCH
yuacTkoM BB, teopernueckoit uzorepmet (cM. puc. 87). It cocrosHus
IPH NOSIBJIEHNH LEHTPOB KOHACHCAUNH — HOHOB, NBUTHHOK, MEJIbYAMIIMX
KamejaeK — CTAHOBSTCH HEYCTOMUMBBIMM, M TIEPECHIICHHHU AP MPHO-
BEHHO KOHACHCHUPYETCS B TYMaH.

IepechieHHB Map MOXHO MOJYYHTh HE TOJBKO NPU M30TEpMHUYE-
CKOM CXATHMH, HO M IIPH OXJIaXIEHUU HAChILEHHoro napa. [Toaromy ero
UMHOTZA HA3HBAIOT TAKXE MEpPEoXaaxacHHHM. Takoi crocob noayueHus
[IEPECHIIIEHHOr0 mapa HKCHo/b3yercd B Kamepe BuibcoHa, Hamenmei
IIMPOKOE MPMMEHEHUE HA 3ape sAXePHOM (DU3MKH IS PEerucTpauuy 3a-
PSI>XKEHHBIX YACTHIIL.

XKunkag yrneknciora npy MOCTENIEHHOM H30TEPMHMUYECKOM pacmIupe-
HUM MOXET COXPAHHUTHCHS B XHAKOM COCTOSHHH M NP OABJCHHH, MEHB-
IIeM JABJCHHMS HACHIIEHHEIX NMApoB npH AaHHOW Temmneparype. Takwue
COCTOSIHHS, KaK YXe OTMEYaJoCh, HA3LIBAKOTCS IEPErPETOil XKUIKOCTHIO,
1 UM COOTBETCTBYET yuyacTok CC, TeopeTHueckoit maorepmul Ban-gep-
Baannca. Ileperperas XMAKOCTb MOXET OBITh MOJYUYEHA TAKXE Harpesa-
HHMEM XHMAKOCTH IPY NOCTOSHHOM [JABJIEHMH, €CJIM MPUHSATh MEPHI K TO-
My, uTOOH XHAKOCTb ¥ CTEHKH COCYAA He COACPXKaNU pAacTBOPEHHBIX Ia-
30B, KOTOpbl€ NpPH HATPEBAHHM MOTYT BHUIEIATHCA C OOPA30BAHMEM
My3LIPHKOB M CTAHOBUTHCH 3aponsnuamu HoBol (asw. IIpu nossnexnm
IEHTPOB KUIIEHUS MEeperpeTas XHAKOCTh MIHOBEHHO 3aKHUIAET.

Taxum oOpazom, yuactku AB; u DC,; TEOpPETHUYECKOH M30TEpPMBI CO-
OTBETCTBYET COCTOSIHUSIM BEIIECTBA, KOTOPHIE, XOTS M HEYCTONUYUBEL, HO
MoryT OBITh OCYLIECTBJICHB IKCNEPUMEHTANbLHO. Takue COCTOSHAA HA3bI-
BAIOTC MemacmabuabHbimu.
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ABcomoTHO HeycTOHuMBBIE COCTOSHHMA. COCTOSHHS BEWNIECTBA HA
yuactke C;B, (cM. puc. 87) gBiasiorcs abCOMIOTHO HEYCTOMUMBEIMH H
BoOOIIE HE MOTYT OCYMIECTBJIATHCS B IPUPONE, TAK KAK UM COOTBET-
CTBYET yMEHBIIEHWE RABJCHHSA npu cxarud. [Ipencrasum HA MHHYTY,
YTO TAKME COCTOSHHS BO3MOXHHL. [lyctb HeOosmbpmas uyacTh BEHIECTBA
CIYYaNHO CXanach B pe3ynabrate iyKTyauuu IioTHocrd. Torma nas-
JICHUE B 3TOM MECTEC YMEHBIIHTCS M CTAHET MEHBIIE AABJICHUS OKpY-
XAloMel CPpeanl. JTO MPUBEAET K JAJbHEUINEMY CXKATHIO BBIAEJICHHOIO
BEUIECTBA M T.A. — CHUCTEMA CAaMOMPOM3BOJIBHO BHIXOJUT M3 TaKOro
HEYCTOHUYMBOIO COCTOSHMSL.

Ecnu HeycTOHUMBOCTE COCTOSIHHMIA, COOTBETCTBYKIINX yyactkaM CC,

un BB, 00yci0oBIMBaNace HAJMUMEM LEHTPOB KOHACHCAUMH M KHMICHUS

¥ noroMy Obia B NPHHUMIE YCTPAHMMOM, TO HEYCTOWYMBOCTB COCTOS-
Huit Ha yuacTke C,B, CBA3aHa ¢ Hen30EXXHHIMHU TETUIOBBIMM (DIYKTyaIu-

AMH ¥ NPHHUMOKANLHO HeycTpaHuma. [loaromy Takme cocTOsSHUS Teo-
PETHYECKON M30TEPMbl HUKOIAa HE OCYILUECTBJISIOTCH.

Hannune HeoCymecTBUMOrNO y4acTka Ha usorepmax Ban-nep-Baans-
ca IIpM TEMIEPATypaX HHXE KPUTHUYECKOH O3HAYAET, YTO [PH MOCTENEH-
HOM H3MEHEHHHM 00bEMa BEIIECTBO HE MOXET BCE BpEMS OCTABAThCHA OfN-
HOPOAHBIM: B HEKOTOPH MOMEHT AOJIKHO NPOM3ONTH pPACCIOCHHUE BElIe-
crBa Ha ABE ask — XHOKYIO M razoo0pasHyio.

B cBA3M ¢ 3THM MHTEPECHO OTMETHTH, UTO SMITUPHYECKOE YpPaBHCHHE
Ban-nep-Baannca, mony4yeHHOE C I(E/IBI0 BBEAEHHS MajhiX IOMNPABOK K
YpaBHEHHIO COCTOSHHS HAEATBHOTO rasa, ¢akTHYeCKH oKa3asoch 3d-
tekTUBHEIM B ropa3ao Gosnee mupokoi obaacrd. B camom pene, oHo
YKa3aJI0 Ha CYIIECTBOBAHHE KPUTHUECKOH TEMIEPATypH ¥ Ha Heobxomm-
MOCTb PACCIOEHMS BelecTsa Ha (asel IIpH TEMIEPATypax HHMXKE KPUTH-
yeckon. OHO TakXe OTpasuo BO3MOXHOCTH CYUIECTBOBAHUSA COCTOSHUMA
NEPECRIEHHOTO T1apa M NEPErpeToN Xum-
KOCTH, KaueCTBCHHO ONHCAJIO Malylo
CXXMMAEMOCTb XHUIKOCTEN M T. II.

1z

KpHTHYeckoe COCTOSHHE BEHIeCTBA. \K

TIpocnenum, KaK U3MEHSAETCH IO Mepe Mo-

BHIIEHHS TEMIIEPAaTYPH 00acTs cocyie- ~

cTBOBaHKMA ABYX (a3 Ha p—V-auarpamMme. ~-

[IpamonuHEHHMR yYacTOK JKCIEPUMEH- M N ~=

TanbHON M30TEPMBI YMEHBIIAETCS € POC- v

TOM TEMIEPATYPH M NPH KPUTHUECKOM

TeMIIepaType CTATMBAETCS B OAHY Toyky 'uc- 88. Tpammup pasHosecus
PA3JTHMUHBIX 4)83 BeuieCTsa Ha

K ua puc. 86. Ecniu coefuHHUTE MEXAY CO- p—V-nmarpamme

G0l TOYKM HAYANA NOPHU3OHTAIBHEIX YYd-

CTKOB Ha BCEX M30TEPMAaX, a8 TAKXKeE TOYKH

KOHILIOB 3THX YYacTKOB, TO MOJTyYUM HEKOTOPYIO KpuByo MKN (puc. 88).

Dra KpuBas NpeacTasaseT coOOM rPaHHILY, OTACASIOUIYIO COCTOSHHS, B

KOTOPHIX BEHIECTBO CYIIECTBYET B ABYX HAXOASUIMXCH B paBHOBecuu a-
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3ax, oT ogHotasHuX cocrogHuit. CoorBercTByomue Touke K naBaeHue u
o0beM nonyymau HazsaHue Kputuuecknx. COCTOSHHE BEIIECTBA B TOUYKE
K Ha3nlBaeTCq Kpumuueckum coCmostHuem.

B kpuTHueckoid TOYKE CAHBAIOTCS B OAHY TPH TOYKH, B KOTODHIX ro-
PH3OHTAJBHHMN YYACTOK SKCIIEPMMEHTAJIBHON H30TEPMEI IEPECEKAET H30-
TepMy BaH-mep-Baannca.

B kpuTHUYECKOM COCTOSHMM MCHE33ET Paszjnyhe MEXIY XUAKOCTBIO M
rasoM, HET W HHKAKOH PPaHMUH pa3fiesia Mexny Humu. [Ipu stom Teps-
IOT CMBICJI TAKHE MOHSTHS, KaK NMOBEPXHOCTHOE HATIXKEHHE, TEIUIOTA ma-
pooGpa3oBaHud.

CXNMaeMOCTh BEIIECTBA NP NPHOMHKEHAH K KPUTHYECKOMY COCTO-
SHHKIO HEOrPAHMYEHHO BO3pacTaer: rpamk H30TEPMBEI B OKPECTHOCTH
3TOM TOUKM M/JET NOPM30HTAJBHO M, CJIENOBATEJLHO, MAajlO¢ H3MCHEHHE
ofbeMa BewecTBa HE COIPOBOXXAETCH M3MCHEHUEM AABJCHMS. DTO NpH-
BOAMT K CYWIECTBOBAHHIO GObIMX (QyKTyauuil IJIOTHOCTA B KPUTHYC-
CKOM COCTOSIHHH, KOTODHIC NMPOSBIASIOTCS, HAIPUMED, B SBJICHHHM KDUTH-
YECKOM ONajeCUCHUMM -— CHJIBHOM pAacCesHMHM CBETA HA CAy4adHHIX
HEOZHOPOTHOCTSX.

Tpannusl paBHOBeCHs pasHbiXx (a3 Benrecrsa Mexny coboit moxasa-
HBl Ha puarpamme cocrosiuil (pmc. 88). I'panmia KS sBagercs ymucTo
YCJAOBHON M COOTBETCTBYET HCTOPHYECKOMY ACJICHUIO ra3oobpasHoro co-
CTOSIHMS HA Nap ¥ «MCTUMHHHIA ra3ds B 3aBUCMMOCTH OT TOINO, HAXOOUTCS
JIA BELIECTBO NPH TEMIEPATypE HMKC MJIM BhIIE KPUTHYECKOH. B or-
JUYHe OT rpaHunel MKN Ha 3TOM puarpaMme, NpH IIEPEXOOdE uepes
rpaunny LKS HAKaKMX KAYECTBEHHBIX M3MEHEHHMH B BEIIECTBE HE IIPO-
HMCXOIHUT.

¢ B xakux fBlieHHSX OOHApYXUBAIOTCA OTKJOHEHHS MOBENEHUs pealbHbIX ra-
30B OT NpeacKa3aHUi Mofaenu HaeaJbHOro rasa?

o [Mouyemy Mozesib TBEPABIX LIAPOB HE B COCTOSHUHM OOBACHHMTb (DaKT YCHIIEHHS
OTKJIOHEHHS CBOMCTB PeasibHOro rasa oT WMAeaNbHOIO MpPH MOHUXEHHUU TeMIie-
parypsi?

o Kakoit ¢u3IMYEeCKUI CMBICT HUMEIOT MNapameTpel @ U b, GuUrypupywouMe B

aBHeHuu Bau-gep-Baanbca? KakoBa ux pasmepHoctb? Kaxkum obpasom
yp
onpenensioTcs UX 3HAYEHHS IS peasbHbiX rasos?

e B yem sakiwouaercs ¢eHOMEHOJOMMYECKUM XapaKTep ypasHeHHs Bau-gep-
Baansca?

e C yeM cBA3aH KauyeCTBEHHO pasjivuHbIA BUA H3oTepM Ban-gep-Baaneca npu
pasHeiX TemmnepaTtypax? _

e Onuuure ¢U3HYecKHe NpPoHecch NpY U3MeHeHUM oObeMa CHMCTEMbI, COOT-
BETCTBYIOLIME Pa3HbIM YYAacTKaM 3KCIIEPUMEHTAJIbHOH U30TEPMEI.

e Kak npakTHYecKH MOXHO OCYUIECTBUTh MeTacTabHIbHBIE COCTOSHHS, COOT-
BeTCTBYOMWIME yuacTkaM CC, U BB| TeopeTHuecKoi usotepmbl Ban-gep-Ba-
ansca (puc. 87)?

s IToueMmy yuactok B,C; TeoperHueckoit usotepmsl (puc. 87) NpUHLIHMNIHAIBHO
HEOCYLIECTBHM Ha onbite?
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o TlosacHure, kakuM oOpa3oM ypasHeHUe BaH-mep-Baanbca yxkasbiBaer Ha He-
06XoqMMOCTb Pacc/ioeHUs BellecTBa Ha a3kl MPU TeMrepaTypax HUXE KpH-
THUUECKOM.

¢ Y10 Takoe kpuTHUecKoe cocTosiHHe? Kakumu csoficTBaMu obnagaeT seutect-
BO B KPUTUYECKOM COCTOSHUH?

e Iloscuure, noyemy npu nepexode uepes rpanvuuy LKS Ha puc. 88, pasnens-
OUYK ra3 4 nap, HUKaKMX KadeCTBEHHBIX U3MEHEHUHM B COCTOSHMM Belile-
CTBa He TIPOMCXOOMT.

§ 27. MasoBbie nepexopbl

[Mepexon BeuiecTBa M3 OAHOM ha3sl B APYIy0 NpHU 3aXaHHOM daBJICHUM
MPOMCXOAUT BCETAA NPH CTPOro onmpeneseHHod Temneparype. Hanpumep,
€C/lHM HArpeBaTh Jied NPH HOPMAJILHOM aTMOCHEPHOM IABJIEHHH, TO OH
HAYHET IJIABMTHCA NpH RocTHxEeHNH Temnepatypu 0°C, u ara temmepa-
Typa, HECMOTPS HAa MOABOX TEIUIOTH, OYAET OCTABATHCS HEH3MEHHOMR A0
TEX TOp, MOKA BECh JIC HE pAaCTaeT U HE NPEBPATUATCA B BOAYy. B npo-
LIECCE TIABJEHHUS JIeD M BOAA CYUIECTBYIOT OXHOBPEMEHHO, HAXOASCH B
TEIIJIOBOM PaBHOBECHH APYr ¢ APYroM. Ec/iM NpeKpaTHTh NMOABOX TCILIO-
THI, TO JIEX ¥ BOAA GYAYT COCYIECTBOBAThH NPHM ITOM TEMNEPATYpE HEOT-
PAaHUYEHHO JOJrO.

InarpamMMa cocrosHdd. Eciu u3MeHHThH gaBieHHME, TO U3MEHHMTCS H
Temneparypa ¢dazosoro nepexona. ApyraMu cI0BaMH, COCYIMECTBOBAHHUE
IByX (a3 B paBHOBECHM BO3MOXHO JIMIIb NIPH CTPOTO ONPENETCHHOM CO-
OTHOUIERMH MEXAY AaBjcHueM M Temmeparypoi. Ecnm n3obpasuts sty
3aBUCHMOCTE B BUAC KPHBOH B cUcTEMe KOOpAMHAT p—T, TO HOAYYHATCH
TAK HA3RIBAEMAsS QudepamMma cOCMOSHULL.

Kpusas paBHOBeCHS nap—xunkocts. PaccMoTpuM guarpammy cocrto-
SHUA g $a3oBoro nepexona MeXOy KHAKOCTBIO M ee napoM. Bemom-
HUM, uTtO0 Ha p—V-mmarpamme (puc. 86)
PABHOBECVIO MCXIAY XWUIKOCTBK M IapoM
COOTBETCTBYIOT TIOPH3OHTAJIBHBIE YUYaCTKH
IKCITEPHMEHTAJIBHBX H30TepM. [OpH30OH-
Ta/IbHBIH XOA M30TEPMBI Ha ITHX Y4YacTKax
COOTBETCTBYET TOMY, YTO NpPH AAHHOH TEM-
nepatype HE3aBHCHMMO OT obbema PaBHOBC- —
CHE MEXIY XMAKOCTHhIO ¥ INIAPOM BO3MOXHO L T
TOJIBKO NPA OMPENCNCHHOM NdBJCHUM. ITo-  puc. 89 Kpusas pasHOBECKHS
3TOMY IJId OOJYUYCHHUS KPHMBOU PDABHOBECUS  xuakoctH v napa Ha p—7T-au-
XUOKOCTM M napa Ha p—T-guarpaMme arpamwe

HYXHO Ha OCH abcuMce OTJIOXMTh 3HAUe-

HUS TEMMEPATyphl AJAS KaXAOH M30TCPMAI, 2 HA OCH OpPAUHAT JamBje-
HME, COOTBETCTBYIONIEC €€ IOPM3OHTAJIBHOMY Y4YacTky. B peayserarte
NOJYYHUTCS KpPUBAd, naoépax(emlan Ha puc. 89: masncHme, Ipu KOTO-

las
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pOM XHAKOCTP M IMap MOTYT HAXOAMTHCS B PABHOBECHH, BO3PACTAET C
yBEJIMUCHHEM TEMIEPATYPHL.

KpuBas cocymecTBOBaHMS 3aKaHYHBACTCA B KPUTHYECKOM TOUKE, TAK
KaK H3 p—V-auarpamMMm BHAHO, YTO MO MEPE MOBHIIECHHS TEMICPATYpPH
FOPU30OHTANbHHH YUaCTOK M30TEPM CT3HOBHTCS BCE MEHBOIE M MCYE3AET
IPH KPUTHYECKOH TEMIEpPATypPe — MpPU TEMIECPATYpax BHIIE KPHUTHYE-
CKOM XHMAKOCTP CYIECTBOBATh He MOXET. [1o Mepe MpHOAMXKEHHS K KPH-
THUECKOH TEMINEPATYpE TUIOTHOCTh HACHINEHHONO mapa BO3pacraer; npu
T =T, OHa CTAHOBHUTCA PaBHOH IUIOTHOCTH XHAKOCTH M map BooOuie

CTAHOBUTCS HEOTAHUMMAIM OT XHIAKOCTH.

KpuBas pasnoBecHst XHAKOCTH M napa Ha p—T-fuarpaMme JacT 3a-
BHCHAMOCTb NABJICHMS HACHUICHHHX NAapoB OT TEMOEPATYpH. B To Xe ca-
MOE BpeMs 3TA KPUBas A3E€T 3aBHCHMOCTb TEMNEPATYPH KMIICHHS XHI-
KOCTH OT JaBJICHHS, TAK KAK KUIEHHE TPOMCXOTMUT IIPH TAKOW TeMmmepa-
Type, KOrga A3BJACHHUC HACHLICHHONO MAapa B Ny3HPHKAX CTAHOBHTCS
PaBHRIM AABJICHHIO B XUAKOCTH. [103TOMYy HHOIIa OHA HA3WBAETCH KpH-
BOH KHIICHMS.

Kpusag paBHOBeCHS XHMAKOCTH M Napa MpencTasasieT coboit HEKOoTo-
pyto rpannny Ha p—T-guarpamme. Tak Kak npy 3afaHHOM NaBaCHEN 60~
Jiee BHCOKUM TEMIIEpaTypaM COOTBETCTBYET nap, a 6osice HU3KMM Temme-
parypamM — XHMAKOCTH H, Hao0OpoT, NpH 3aaHHOI Temmeparype Gonee
HU3KHM AABAECHUSIM COOTBETCTBYET nap, a 6oJiee BRCOKHM OABJICHASM —
XHMAKOCTB, TO 0ONACTE CIPaBa U CHH3Y OT KPHBOH PABHOBECHS COOTBETCT-
Byer ra3oofpa3Hoi, a 00/1aCTh C/IEBa M CBEPXY OT HEE — XHUAKO#H dase.

Tlepexon nap-xuaxoctb. CyumiecTBOBAHME KPHUTHUECKOM TOUKH HA

KPHBOIf PABHOBECUS XHMIKOCTH M Napa OTUECTIMBO JEMOHCTPUPYET OTCYT-
CTBHE NMPUHIHNIHAILHON PA3HMUIIBI MEXTY

HOM Toukoit B. Takoe npespamenuc

ph XMAKHM ¥ a3000pa3HBM COCTOSHMSMM
[ e — — —q Bewlectsa. [logcHuM 3TO Crepyomum
f I npuMepoM. BossMeM nap B HEKOTOpOM
2 ¢ 13 cocrosuun A (puc. 90) u mepesenem ero
B : ? B XMAKOCTh B COCTOSHMHM, H300paxeH-
1
J

L el — MOXHO OCYIIECTBHUTb DA3HRIMH TYTAMM.
4 | , MoxHo, HanpuMep, OXJaXIaTh Ta3 NpH
0 T, T  TOCTOSHHOM [A3BJACHMHM p, OO TEX INOp,

Puc. 90. Tepexon 3 rasoobpassoro MOK@ TEMIEPaTypa HE CTAHET PaBHOM

cocrosuus A B xunkoe B no pas- 1 g @ 33aTEM NMOXHSTH NABJACHUE NPH NO-

HBIM nyTsM Ha p—T-Auarpamme CTOSIHHOM TEMmeparype A0 3HAYCHHUS pg

(nyrs I Ha puc. 90). B npouecce u3oba-

PHUECKOTO OXJAXACHHSA NyTh | NepeceXaeT KPUBYK PABHOBECHS, M B

3TOM TOUKE CHCTEMA PACCAAMBAETCH HA RBE (Da3Hl, TAK KAK MPOMCXONHT
KOHJEHCAUMS Napa B XMAKOCTS.

MOXHO mepeBECTH CUCTEMY M3 COCTOSHHMS A B COCTOSHME B Mo nyTH

2, cHayana M30TEPMHYECKH CKHMas ra3 10 AABJICHHMSA pg, a 3aTEM HM30-



§ 27. ®A30BBIE INEPEXO AL 231

6apuuecku OXJIaXAas 10 TeMnepatypu T g. B atoM cayuae konaeHcamms
napa M pacciaoeHne Ha ase ¢asm npou3oiaeT B npouecce H3oTepMUYe-
CKOIO CXaTHd.

Ho nepexox MeXnay TEMHM Xe COCTOSHMSMH A M B MOXHO IpOBECTH
# TaKMM CocoBOM, NPH KOTOPOM HHTAE He OyAeT NMPOUCXOOUTb CKaukKo-
o0pa3Horo M3MEHEHHMS COCTOSHHS M BEWIECTBO Bce Bpemsa Oynmer ocra-
BATbCS ONHOPOOHHM. DTOr0 MOXHO JO0OUTBCH, OCYMECTBASS MPOLECC B
06XOR KPHBOii COCYIECTBOBAHMS 1apa M XUAKOCTH, HANPHUMED MO IIyTH
3 ua puc. 90. OcymecTsisg mepexox mO 3ITOMY NyTH, MW HHTAE HE
ysupean OB KOHOCHCAUMH M, CNENOBATENAbHO, HE CMOIIM OB CKasarb,
YTO BEMIECTBO NEpecTano OuTh ra3oM U CTAJN0 XUAKOCThIO. U TeM He Me-
HEE M B 3TOM CJIyyae MhI MOMAAEM B TO XE€ CAMOC KOHEUHOE COCTOSHHME,
B KOTOPOM PAacCMaTPUBAEMYIO0 CHCTEMY Mbl CUMTAEM XHAKOCTDIO.

B OGWUHBX YCIOBMSX rashl M XWIKOCTH HACTONBKO CWIBHO OTAMYAE-
JOTCS APYT OT APYra o MJIOTHOCTH, YTO HE NPEACTABJSET HUKAKOIO TPY-
na pasauuuth ux. Ho, Kax MH BHIOENH, PA3JINUNE MEXIY ITHMH COCTO~
SHMSMH BEIIECTBA B ACHCTBUTENBHOCTH HE NMPHHLMIHAIBHOE, 3 CKOpee
KOJTMUECTBEHHOE. PasnuuKe B IJIOTHOCTHM CKA3LIBAETCS HA MHTEHCHBHO-
CTH B3aMMOJCHCTBUS MOJIEKYJ M HA XapaxTepe TeIrrioBOro ABHXKEHHS.
Ho u ras npu teMmepaTypax Bhilie KPUTHYECKO MOXHO CXaTh A0 Ta-
KOH CTENEHH, YTO €ro IUIOTHOCTh CTAHeT GOJIbIIE XAPAKTEPHOIO 3HAYeE-
HHUS JTUIOTHOCTH XHIKOCTH.

H30XOpHYECKHI Nepexo]; Nap—XHAKOCTb. PaccMoTpuM Teneps mpo-
LIECC TEepeXOAa BEmEecTBa M3 OFHOM (Pa3sH B APYryK, NPOMCXONSIIMIA
npH HeusMeHHOM ofbeme. Bynem HarpeBath 3amasHHYIO aMmysay, Co-

ol §
\
D,
Dy
SN
[ ~-
Il ! I -
0o KK v
Puc. 91. 3anasHuas aMnysa C Xuj- Puc. 92. Iosenenue rpanuust pasaesa s
KOCTBIO ¥ €€ HACHIIEHHBIM NAPOM 3aBHCHMOCTH OT 00BEMA aMITyibi

AEPXANIYI0 HEKOTOPOE KOJMYECTBO XHAKOCTH M HAXONSIUIACT HAX ce
MOBEPXHOCTHID HacwmeHuuit nap (puc. 91). Ecnu BuyTpeunnii ofpem
aMnyns ¥V, npeBHmaeT KPATHUECKuit 00beM V,,, COOTBeTCTBYIOmMMI
HAXONAEMYCsl B aMMnysie XOMHUecTsy Benlectsa (puc. 92), To mpamas,
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COOTBETCTBYIOIIAS M30XOPHMYECKOMY HArpeBaHMIo, NPOMAET cnpasa oOT
KPHUTHYECKOM TOUKM M IO MEPE HArPEBAHUA KOJHUYECTBO XKHAKOCTH B
amnyse Gyger YMEHbIIATBCSH, IOKA BCE BEIIECTBO He 0OpaTHTCs B map
B Touke C,. IIpu 3TOM rpaHMuma XHAKOCTH OMYCKAETCS W HCUE3AET y
HMXKHENO KOHHA ammynanl. Ecau ofpeM aMnysnn V, MEHbIIE KPHTHYE-
ckoro ofbema V,, TO mpu HarpepaHMd nap GyAET KOHAEHCHMPOBATHCH,
[OKA BCE BEMIECTBO B AMIYJE HE HNPEBPATHTICH B XHUAKOCTb. JTO TpoO-
usoiger B Touke C,. 'paHNna pasgena XUAKOCTH M NMapa NOTHHMAETCH
M MCUE3aeT y BEPXHEro KOHUA AMIYJIHL.

Habnionenue XPUTHYECKOro COCTOsiHMSA. Ecin, HakoHen, ofwem am-
MyJbl PABEH KPHUTHYECKOMY, TO IDAHHIA HMCUYE3HET TAE-TO NOCEPEOMHE
aMIyJbl, H IPOM3OMAET 3TO, KOTAA TEMIEPATYpPa CTAHET PABHOW KPHTH-
yeckoit. Ecm 06beM aMny/inl JHIOb HEMHOTO OTJIMYAETCS OT KPHUTHYE-
CKOI0, HalmpuMep MEHbLIE KPHUTHUYECKOrO, TO MPH HArpPEeBAHUM IPAHHLA
XMAKOCTL — Nap B aMMYJIE NEPEMEIIAETCS BBEPX, HO HCYE3AET BCE-TAKHU
paHblIIE, YEM JOXOAMUT JO BEPXHErO Kpad aMmIlyJhl.

Ilpu obvemax amnyas V, u V,, 3aMETHO OTAMYAIOMMXCS OT KPH-

THYECKOro obwema V,, MCUE3HOBEHME IPAHULIKI PA3fesaa B TOYKAX C, n
C, DPOMCXOAMT MPH TEMIEPATYPax HHMXe KpuThueckod. [Ipu panemeit-

IIEM HarpeBaHuM aAMITYJIHl HUKAKHX BHIUMBIX M3MCHCHHMM BEIIECTBA HE
IPOMCXOIHT, B TOM UKC/IE W B Toukax D, u D, npu TeMmepaTtype, pas-

HOM KPHTHYECKOH.

KpuBasi paBHOBECHS XHIKOH M TBepao# ¢a3. AHaioruyHEM obpasom
HA p—T-paMarpaMMe COCTOSHHMM MOXHO PAacCMOTPETb KPHMBYK PABHOBE-
CHUA XHMIKOK U TBEpAOH pa3. JTa KpMBad BHIPAXKAET 3aBUCHMOCTb TEM-
[EPaTypel NNABJICHAS OT AABJICHUSA M HA3BIBACTCH KPUBOU NJIAGAEHUSL.
ITo cpaBHEHMIO C KPHUBOH PABHOBECHS XHIKOCTH M Mapa OHA UMEET JABE
xapakTepHue ocobeHHocTH. Bo-niepBrix, HA KPUBOi ILIABJICHUS OTCYTCT-
BYET KPUTHYECKAas TOYKA. DTO CBA3AHO C TEM, YTO MCTHHHO TBEPIBIE,
T. €. KPHCTAUIHYECKHE, Tesaa 00/aaaoT yInopaaoYeHHOH MOJIEKYASPHOM
CTPYKTYpPOH H NPWHLUMIMAIBHO OTJAYAKTCI OT XHAKOCTEH U ra3os
cBoed aHmzorpomuer. [lepexox MeXmy XHUIKOCTBIO M KPHUCTAJUIOM HE
MOXeT ObiTb MPOM3BEAEH HENpPEphHBHHIM 00pa3oM, KakK 3TO MOXHO che-
J1IaTh A9 XUAKOCTH M rasa B 06xoa kpuTHueckod Touku. Beerma MoxHO
TOYHO YKa3aTh, K KaKo# (haze — XMAKOH MM KPHUCTA/LTHYECKOH — OT-
HOCUTCS TO WIM MHOE COCTOSAHHWE BEILIECTBA.

Bo-BTOpHIX, HAKJIOH KPMBOH IiaBjcHUA Ha p—T-IHarpaMme MOXET
OBITE Pa3HKEIM, B OTJIKUME OT KPUBOH KHIEHHS, IIe AAaBJIEHHE BCErAa BO3-
pacTaeT ¢ yBEeAMUYCHUEM TeMmeparypui. Ecam nmpu mwiasneHun oOweM Be-
IIECTBA YBEJIMUMBAETCS, TO KPHMBAs IUIABJICHUA HAKJIOHEHA B Ty X€ CTO-
pOHY, UTO M KpuBad KuneHus. HanomuuM, uto npu ucnapeHMH obnem
Bcerna pospacraer. Haxkision kpuBoit mnasgenus OyAET npOTHMBOMOIOX-
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HbIM, €CJIM NpPH IUVIABJACHHH obmeM YMEHBIIACTCA, KaK 3TO NMPOUCXOAHUT,
HanupyUMEP, NPpHA TA4HUM JIbJd Y IUIABJCHHUH YYryHa.

Tpoiuas Touyka. [IBe ¢asel BEImECTBA MOTYT HAXOAUTHCS B PABHOBECHH
APYT C APYrOM BIOJb KPUBBIX COCYIECTBOBaHHA Ha p—T-gHarpamme co-
croganii. Tpu ¢assl OQHOTO M TOrO Xe BElEecTBA MOTYT OJHOBPEMEHHO
HaXOOHTbCS B PABHOBECHHM JPYr C JAPYIOM JIMIIb B OJHOM ONPENEACHHOH
ToukKe Ha amarpamme p—7. B a5rol TOouxe CXOZATCA BMECTE KPUBLIE
NJaBJcHNS ¥ KUNeHus. TOUYKH paBHOBecHs Tpex ¢a3 Ha3blBAKTCS TPOW-
HBEIMH TOuYKamu. Hanpumep, y BOZBI OMHOBPEMEHHOC CYINECTBOBAHME B
pPABHOBECHM JIbZAa, BOZH M Napa BO3MOXHO TOJBKO IPH HABJICHUU
4,62 MM pt. cr. ¥ temneparype +0,01 °C.

TpoilHag TOUKa BOAH OYCHbH yAoOHA B KAUYECTBE CTAHAAPTHOM TOUKH
TEMIICPATYPHON IIKAJE, TAK KAK €€ BOCIIPOM3BENCHHME, B OTJIMUME OT
TOUKH KHIIEHHS HJIH ILIABJICHUA, HE Tpebyer CrenHaJpHOTO HONAEpKa-
HUS ONPENCJEHHOIO NaBJIEHUA.

Cxemarnueckas auarpaMMa COCTOSHHU O BEINECTBA, UMEKHIETO
Tpu (pa3m —— TBEPAYW, XHMAKYI M razoo0pasHylo, nokasaHa Ha puc. 93.
HaxnoH KpuBoit 1asnenus AB u3o0paXeH and ciyyas, KOrAd IUIaBJie-
HWE COMPOBOXOAETCH YMEHBbIICHHEM 00BEMA, KaK y Jbpaa. B otamume ot
KPYBOM PAaBHOBECHS HApa M XMUIKO-
cru AK, okanyMBamomencs mpu ph B
KPHTHYECCKOA TCMIICPATYpE B TOUYKE
K, xpusas miasJieHus AB npopoJi- |
J)KaeTcs HEOrpaHUUEHHO. K

KpuBas paBHOBecHs TBEpOOro Pyl — ————

Kupkoctb
Tena ¢ razoM Ha p—T-auarpamme Taeproe
YXOIOHUT B Ha4yano KoopauHar. [eiict- ten0
BUTEJIBHO, MO 34KOHAM KJacCHue- '\ a
CKOIf MEX3aHHMKH NpH CTpeMjcHMH PIF————= | las
TEMIEPATYPH K 30CONIOTHOMY HYJTIO ¢ | R
TEMJIOBOE ABHXECHHE NPEKPAMAETCs. 0 T T

HenonsrXHBIC ATOMA 3aHUMAIOT Ta-

Koe pacr[onox(eﬂue, TnpH KOTOpOM Puc. 93. “p—T‘}marpauma PAaBHOBECHbBIX
NOTEHLUMANbHAS  DHEPrMsi  B3a-  COCTOMHMM pelleCTRd

UMOAENACTBUS MUHHMAJILHA., OTO

PACIIONOXEHUE NMPEACTABILCT COOOM PErySpHYIO NMPOCTPAHCTBEHHYIO pe-
merky. [Toaromy npu aGConOTHOM HYJIE TEMIEPATYPHI JI000€ BELIECTRO ¢
TOUKH 3PEHMS KJACCHUECKON MEXAHHMKH JOJKHO OHITh KPHCTA/THUECKUM.

KBaHTOBBIE XHAKOCTH. CYMIECTBYET TONBKO OJHO HUCKJIIOUEHHE M3 ITO-
ro MpaBuJIa: reJidil OCTAeTCH XKHUAKMAM IIPH BCEX TEMIEPATypax BILIOTH A0
aBCcoNMIOTHOTO HYJAH, €CHM OaBJACHHE HE MPEBHIAET 25 aT™. JTO MCKIIO-
yeHHne OOBACHSAETCHS KBAaHTOBRIMU 3¢dpdexrtamu. BeaencTsue mManoi Macchl
aToMma reaus ero aebpoitnesckas anuHa BoHu A/ (2mkT)Y? npn Huskux
TeMnepaTypax (Iopsaxa HeCKOAbKHX KEJIbBHHOB) OKA3bIBAETCH CPABHHU-
MOit CO CPEeXHHMM pacCTOSHMEM MEXAY aToMaMu. B pesyabrare npucy-
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(M€ ATOMaM reJnd BOJTHOBHE CBOMCTBA H ONMPEAEASIOT NOBENEHHE Ieus
NP HU3KMX TEMOEeparypax. Y BCeX APYFHX OOHOATOMHBIX BEIIECTB He6-
pOFIEBCKAd I/TMHA BOJAHH HACTONBKO MAaia MO CPABHEHHIO C MEXATOM-
HBIM PAacCTOSHHEM, YTO MX ATOMB MOXHO PACCMATPUBATH KaK KJIACCHYE-
CKME YAaCTHIH BIUIOTH JO OYEHb HH3KMX TEMMEPATYP, NPH KOTOPHX MpO-
HCXOMMT KPHCTA/UTH3ALMS,

ToBOpAT, YTO NMPHM HM3KHX TEMIEPATYPax TEJMil MPEACTABASET CO-
60t keanmoayro xudkocms. CBOKCTBA KBAHTOBHIX XHAKOCTEH, o0paso-
BAHHHIX Pa3AMYHKMH n3oronamu 3He u 4He, okasmmaiorcs coBepmen-

HO pasIMyHEMH., 370 OOBACHAETCS PA3TUUNEM CTATHCTHUYECKHMX
cBoiicTB aToMoB 3He u $He, NoMYMHAIOMMXCS KBAHTOBHM 3aKOHOMEp-
HOCTSAM.

Hcnapense TBepaoro rena. IuarpamMma cOCTOSHH#A HO3BOJSIET CPasy
OTBETHTb HA BOHPOC, YTO MOPOM3OHAET C BEUIECTBOM IMpH €r0 Harpe-
BAHMH WIM CXaTHH. Ecam, HanpuMep, BEECTBO B ra3oo0pasHoM co-
cTosHHMM, n3oOpaxaemom Ttoukoit C Ha puc. 93, nmogseprHyThb M3OTEp-
MHYECKOMY CXATHIO, TO MPOUCXOSINUI C HUM IPOLECC H300pasuTcs
BEPTHKANBHOH WITPUXOBOH JmHMEd. BuaHo, 4TO mpm nasneHuu p, ras
3aTBepAceT, a4 00pa30BaBIIMIICA KPHUCTA/T MPH AABJEHHM p, DPacCIUia-
BHUTCH.

W3 guarpaMMH cymecTBOBaHHSA $a3 BHIHO, YTO KPHMCTA/LUT NIPH M30-
6apHYECcKOM HArPEBAHUYU HE 00S3aTENBHO NO/DKEH MPOXOAUTE YEpe3 CTa-
A0 XHAKOTO COCTOSHMSA IS TOro, uToOHW NPEeBPaTUTBCA B ras. Eciam
AaBJIECHHAE BHIIE TPOWHON TOUYKW, TO MPH HAFPCBAHMM KPUCTAJUT ACHCT-
BUTEJAbHO CHAYa/a pACIUIABHTCH, d MOJIYYHMBIIASACH XHAKOCTb 3aTEM MC-
naputca. Ho npu nasiacHUM HUMXE TPOMHON TOYKH KPHWCTAJUT IIPU HArpe-
BaHMM Cpasy npespamaercs B nap. Takoil nepexon HasWBaercs cyosu-
Mmayueti Wy BO3TOHKONH. MIMeHHO Tak Beder ceOs TBephas YIIEKHCIOTA
npu HOPMAJBHOM aTMOC(EpPHOM IABJEHUH, TaK KaK €€ TPOHHOH Touke
COOTBETCTBYET HaBjeHue 5,1 atm.

Mpasuno ¢as Mmb6ca. Vrak, B OXHOKOMNOHECHTHOH CHCTEME, T. €. B
BEIECTBE ONPENE/ICHHONO XHMHUUYECKONO COCTABa, BCE TP (Pa3ml MOryT
HAXONMTLCA B PABHOBECHMHM. B MHOMOKOMMOHEHTHOM CHCTEME B DABHOBE-
CHM MOXET OJHOBDEMEHHO HAXOAMTHCH Gonbmee uyncno cas. Kax 6euto
ycranosaexo 'u66coM, B cucreme, cocrosmei 13 N KOMIOHEHT, MOXET
HaXOZUTBCA OXHOBPEMEHHO B paBHOBecMM He Ooibiue, ueM N + 2 ¢as.
DT0 MakCHMaNbHOE YHCIO (a3 COCYHMIECTBYET B CAMHCTBEHHOM COCTOS-
HuH. Menpee yucao §a3s MOryT COCYHIECTBOBATE BAOJDb KPUBHX PAaBHO-
BECHs, T. €. TIPH Pa3HHX JABJCHUSX M TCMIEPATYpPaX.

e Kak c noMoumpio ceMeitcTBa 3KCMNEPUMEHTANBHBIX HM30TEPM MOJIYUMTH KPU-
BYIO PaBHOBECHMS Map—XuHAKocTs Ha p—T-auarpamme?

o Kaxue skcnepuMeHTabHble (GaKTbl CBHAETEILCTBYIOT 06 OTCYTCTBMM NpPHH-
L{UNHANIBHOA PasSHUUB MEXAY XHAKHM U Ta3000pa3sHbIM COCTOSHUSIMHU Belle-
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CTBa, HECMOTPS Ha CYIIECTBOBAHHE YETKOM TPpaHULBI MEXKIQY HUMH — I1I0-
BCPXHOCTH XuaxoctTu?

Kakum 06pa3omM MOXHO NepeBecTH XWIKOCTh B ra3, MHHYS Pacc/oeHHe Be-
wectsa Ha dasn?

HN306pasure KaueCTBEHHYIO KapTHHY KPHBOH PaBHOBECHS XHOKOH M rasoo6-
pa3Hoit ¢a3 IS MHOTOKOMNOHEHTHOM CHCTEMBbl, HApUMEP RIS BO3AyXa.

Kak Beper cefsa rpanuua pasgena XHUAKOCTH M ra3a B 3anasHHON amnyne
Mpu Nepexofiec Yepes KPUTHUECKY IO TeMNepaTypy, ec/id o6beM aMrnynst 6onb-
e MIM MeHblle KPHUTHYECKOro obObeMa BewlecTBa, Haxofsllerocs BHYTPH
amnynsi?

YTo NpPOMCXOOUT C MOBEPXHOCTHBIM HATSXEHWEM [0 Mepe NpUONHXeHHUs
TEMIeparypbl K KPUTHUYECKOH?

Hoqemy reaun NnpU HOPMAJIbBHOM aTMOCQ)CpHOM A3BJICHUU OCTACTCA XUAKUM
BILJIOTE 4O CaMbIX HH3KHX TeMnepaTyp?

Mouemy Tpu ¢a3bl HEKOTOPOro KOJHYECTBA BEUIECTBA MOTYT HAaXONUTbCH B
paBHOBeCHHU Mexily coboit TOABKO B TPOKHOM TO4YKe, T. €. NPU CTPOIO omnpe-
JeJieHHBIX 3HAYEHUSX TEMNepaTypsl, AaBJeHUs H obbema?

Tpyu KakuX YCAOBMSIX KPHCTa/Ul MPH TOBBILIEHUH TEMNEpaTypbl Mpespaia-
ercs B ras, MUHYS Xupakyio ¢dasy?



Vi. ATOMbl U U3NYYEHME

§ 28. M3ny4yerune cBeTa atoMamm

B npeabigymieii riaBe OCHOBEI CTATHCTHMUYECKONW MEXAHHKH MPUMEHSUIHCH
IS OMMCAHUS HaOJMIOOAeMBbIX CBOWCTB TAKMX MAKPOCKOMHMUECKHX CHCTEM
MHOTHX YacTHL, IAC KaXXAad U3 4acTAI HOXYHHSAIACH 3aKOHAM KJACCH-
uecKoil MexaHukH. B maHHO# rase OyAyT pacCMaTPUBATHCI MAKPOCKO-
NMUYECKUE CHCTEMBI, COCTOSIIINE M3 YACTHUL], MOXYMHSIOMMXCS KBAHTOBRIM
3aKOHOMEDHOCTSIM,

KBanroBas MexaHWMKa NMO3BOJSET TOMBKO HA OCHOBAHMHM H3BECTHOTO
3apsa aTOMHOIO SApa, a TEM CaMBIM M UMCIA JJEKTPOHOB, HAWTH cTa-
LMOHAPHBIC COCTOSHUS SJIEKTPOHOB B CBOOONHOM aTOME M PAaCCUHTATh
MHOTHE CBOMCTBA aTOMOB, B TOM YHUC/IE MX ONTHYECKHME CrekTpu. Kpo-
ME TOI0, Ha OCHOBE KBAHTOBOW MEXAHHMKHM MOXHO PacCuUTaTb H3MEHE-
HUE CTALMOHADHBIX COCTOSIHMM aToMa MOA NCHCTBUMEM BHEIIHMX IJIEKT-
PUYECKNX W MArHUTHHIX IOJIEH. JKCHEPUMEHTAIBHO 3TH H3MEHEHHS
TPOSIBJISIOTCS B CNEKTPAX MCMYCKAHMS W MOMIOMIEHHS CBETA ATOMAMH.
W3MeHeHns cHeKTpa HoOX ZEHCTBHEM BHEIIHENO MArHUTHOTO mMoasa (sB-
seHde 3eeMaHa) M MOX HAEHCTBHEM OSJCKTPUUECKOrO mnonst (4BJACHHUE
HlTapka) ssasiorcs 3POEKTUBHBIMA CPEACTBAMM M3YYEHHUS CTPYKTYpHI
BELIECTRA.

Pa3Mep aToMa 4 AJIMHA BOJIHbE V3nyuyaeMEt aTOMOM CBEeT UMEET JJIH-
HY BOJIHBI, COCTABJISIONIYIO HECKOJIBKO ThICSU dHICTPEM, YTO HA TPHU IO-
pszKa MpeBocxoauT pasmep atoma. [Toxaxem, uto Boabluas AIHMHA BOJI-
HBl M3JyYEHUS HBJASETCS NPAMEM CJIEICTBUEM MaIOCTH NOCTOSHHOMN
TOHKOH CTPYKTYPH a = e%/hc, XapakTepusyoWEi CHIY B3aUMONCHCT-
BHS 9/IEKTPOHA € 3ACKTPOMATrHUTHEIM TOJIEM.

Paccrosume Mexny YpPOBHSMH OJHEPIMM ONTHYECKOTO 3/EKTpOHA,
onpeaensomwee cornacuo ¢opmyne E, — E, = hw 4acTOTy H3/1y4aeMoro
aTOMOM CBETA, 110 NMOPAAKY BEJIMYMHH PABRHO SHEPIMM CBA3H 3JEKTPOHA
B aToMe Bomopona me*/h2, HoaTomy IUTMHA BOJIHE M3JYYEHHH A paBHa

3
A =25 xgp R (1)

me4

BeIENM B 3TOM BHIPAXCHHH 6oponcxuﬁ pamuyc a,= h¥me?, xa-
PAKTEPU3YOIIMI pasMep H3jayyamomero aroMa. Torma ocrarmommiics
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MHOXHTENb hc/e? paBeH OOPATHOM BENWMYMHE IOCTOSHHON TOHKOM
CTPYKTYDHI:

A =22 4~ 1000 a, (2)

Bonbwiad RAIMHA BOJHBI H3JYUCHH MO CPABHEHHUIO C pasMEPOM aToMa
UMeeT, KAK MBI YBUIMM, BaXHHE (PHIMUECKHE CIEACTBHS, 3aKJIIOYAI0-
LINECS B TOM, YTO CIEKTPAJIbHHE JMHHHM H3JIYyUYCHHUS MMEIOT MAIYIO IUH-
pUHY, a BpeMs XHU3HH aTOMa B BO30YXIEHHOM COCTOSHHM BEJMKO IO
CPABHEHHIO C [EPHOAOM KOJEOGAHMIA B M3/Iy4yaeMOM BOJHE.

CrauMoHapHHE COCTOSHMS ATOMOB, ONpENEISeMbie KBAHTOBOH Mexa-
HYKOHM, SBJAIOTCS JUCKPETHHIMH. MM COOTBETCTBYKOT CTPOro onpene-
JIEHHBIE 3HAUCHK dHepruy. Haxonsmuiics B B30y XAEHHOM CTALMOHAD-
HOM COCTOSHHM aTOM B OTCYTCTBHE BHEIUHUX BO3NCHCTBHH, COTJIACHO
KBAaHTOBON MEXaHHUKE, HOJKEH OCTAaBAThC B OTOM COCTOSHHH CKOJb
yrogHo #oaro. OQHAKO ONMBIT HOKA3KIBAET, UTO ITO HE TAK: CIYCTS HEKO-
TOPOE BpeMs BO30YXHEHHBI ATOM CAMONIPOM3BOJIBHO NMEPEXOOUT B OC-
HOBHOE COCTOSTHUE, MCITyCKas MPH 3TOM KBAHT CBETA. TaKoe M3IyucHHE
HAa3BIBAETCS CROHMAHHBIM.

CrnoHTanHoe u3ny4YeHue. PacCMOTpUM CHOHTAHHOE M3JIYUYEHHE AaTOMOB
noapoOHee. [TokaxeM, YTO NP CHOHTAHHOM IIEPEXONE B OCHOBHOE CO-
CTOSHME ATOM HCOYCKAeT IYT BOJH KOHEUHOH MPOTAXKEHHOCTH. OTO B
CBOIO OuYepenb O3HAUAET, UTO M3JYUYAEMHIN MM CBET HE ABJIAETCH CTPOro
MOHOXPOMATHUYECKHUM, a paclnpeaeseH B HEKOTOPOM 4aCTOTHOM HWHTEpBa-
ae. JIpyruMu C/oBaMu, COEKTPAJbHEE JUHUH, COOTBETCTBYIOIIUE CIOH-
TAHHOMY H3JIYYEHHUIO aTOMa, MMEIOT HEKOTOPYKO KOHEYHYIO MMHUPHHY.
3T0 TaK HA3HBAEMAS eCMecmeeHHdast UUPUHA CIEKTPAAbHEIX JIMHMIA.

Ilna npocroTn OyneM paccMaTpUBATh CJydai, XOrja COHTAHHOE H3-
JIyuEeHHE MPOMCXOAUT P MNEPEXOAaX IJEKTPOHA MEXIY COCTOSHUSMHU C
GO/IbIUMMH KBAHTOBBIMU YNCIaMu. TOrna Ha OCHOBaHMY NPHHUMIA COOT-
BETCTBMS MPOLLECC M3IYyUEHUS CBETA 3JIEKTPOHOM MOXXHO PacCMAaTPHBATDH
Kkiaccuyeckd. Kak Obuto MOKa3aHO, MPeAcKasbiBAEMBIE KBAHTOBOM TEO-
pHEil CIEKTP M3NTYyYeHMs ATOMA BOROPOAA npd 6ObIINX KBAHTOBHIX YMC-
JIax COBNANAET CO CHEKTPOM, MPEACKA3BBAEMEIM KJIACCHUECKOH TEopHei
uanydyeHus: o0pamanmuics no opoéuTe 3AEKTPOH M3NYUadeT CBET, Yac-
TOTA KOTOPOrO paBHA 4actToTe oOpauieHns 37AeKTPOHA.

Knaccuyeckass MOJeJb CIIOHTAHHOTO M3ny4eHus. Hinyuaa anexrpo-
MarHuTHHIE BOJIHBEI, ATOM TEpseT 3Heprurn. Paamyc opbutht 371eKTpoHa
[IPH 3TOM ITOCTECIICHHO YMCHBOIACTCS, YTO HA KBAHTOBOM {3HIKC COOTBET-
CTBYET MEPEXORY M3 COCTOsIHMS ¢ Gosiee BBICOKOM 3Heprueii B Gonee Hua-
Koe KBaHTOBoe cocrostne. OUEeHHM BpeMsl, B TEYEHHE KOTOPOIrO MPOHC-
XOOUT ITOT HEpexon.

JByXeHHE 3/EKTPOHA 110 KPYrOBOH OpOMTE MOXHO MPEACTABUTH KAK
CYIIEPNO3NINIO JBYX F'APMOHNYECKHX B3AHMHO NEPIEHANKYISPHEIX KOJIE-
Gannii, CIBUHYTHX APYT OTHOCHTE/IBLHO Apyra no dase Ha /2. AMILIMTyaa
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3THX KoJjebaHuit paBHA PaguycCy OpOWTHI, T. €., MO NOPSAKY BEJMYHMHEH,
pasMepy M3JYUaIomero aroMa. JIBHXYIuiics ¢ YCKOPECHHEM 3apan U3ay-

2A Yaer JIMCKTPOMArHHUTHBIE BOJIHBI, O-
9TOMY € KaXIBIM M3 3TUX KOJaeOauuii
N YxETyE CBS33HA 3JICKTPOMATrHUTHAdA BOJHA. Tak

Kak JJIMHA BOJHBI BEJMKA [0 CpaBHE-
HUIO C Pa3MEPOM aTOMa, T. €. C AMILIU-
Tynoi Koje0aHHH JJEKTPOHA, TO AJIs

|
6 |
T ONMMCAHUS HM3JYUYECHHUS ATOMA MOXHO
{ _ BOCMOJb30BATbCH PE3yJBTATAMH, MOIY-
N ; //’ y ~ YEHHBIMH NDH PacCMOTPEHUM M3JTyue-
S HHUS JBUXKYIIETOCH 3apsaa.

O6e wu3nyyaeMmble BpaIAIUMC
3/IEKTPOHOM BOJIHBI TOJISPU30BAHLL BO
B3aMMHO NEPHEHOUKYJSIPHRIX HATPAB-
JICHHIX, OHM He HuHTepdepupymT, U
MO3TOMY HMX MOXHO pPacCMaTpuBaTh
otaeabHO. HailineM MOMIHOCTB, YHOCHMMYK Kaxpmoit u3 atux BosH. Cpen-
HEE MO BPEMEHM 3HAUCHHE TUIOTHOCTH [MOTOKA SHEPrMM BOJHB HA pac-
CTOSHMM r OT aToMma paerca ¢opmynoit (10) § 28 xuurn 2.

Tax Kak B pacCMaTPUBAEMOM CJIyyae BEJIUYMHA 3aPIfa ¢ paBHA 3aps-

Puc. 94. K ycpeanenuio no Hanpas-
JIEHMSIM TIOTHOCTM TOTOKA M3Jyuae-
MOM JHEPruu

Iy 37EKTPOHA e, TO B 3TOH (opMmyJie g® CIERYET 3aMEHHUTD HA e?, moc/e
4YEro OHa NpyMHUMAacT BHUO
Uy == oA int g (3)
8x C3r2

YroObt HANTH MOJHYK MOUTHOCTD, U3/Iy4acMYIO IO BCCM HATIPABJICHHM-
M, MOXHO ycpeasuTs (3) 1o yray 6 u yMHOXHUTD HONYYECHHBIH DE3yJIbTAT

Ha 4nr?, Kak sunHo n3 puc. 94,
2

2
sin? 6 = xr% . @
Tak kxak (x2) = (y?) = (%) = % r?, ycpenHeHue Bhipaxenus (4) no
BCEM HAMPABJICHUAM NdeT
(sin? ) = % .

ITosToMy nosHasg M3jyyaemasl OCLIULISTOPOM MOIIHOCTb P paBHA

1 e2w*A?
=§ 3 (5)

c

P

Hanyuaemas aToMOM MOIMHOCTh Basoe Gonbme. 3amensas B (5) aMmuim-
Tyny koneGaHuii A Ha GOPOBCKHMIt pajmuyc a, ¥ OTOpAacHBas HECYIecT-
BEHHHIA NIpH OLCHKAX MHOXHTEND 2/3, nosyuaeM s M3IydaeMoi ato-

MOM MOILIHOCTH P caenymumce HPHGJIH)KCHHOC BBIPAXCHHAC!
2 4.2
ewa
Pr~—2, (6)
C3
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BpeMs XH3HM BO30YXAEHHOro atroma. Teneps MbB MOXEM OLEHHTH
MPOMEXYTOK BPEMEHH T, B TCUCHHUE KOTOPOIO HPOAOJIKAECTCH EIMHUY-
HBIIl aKT M3JyYeHusd, T. €. MCmycKaercs oAuH (oroH ¢ suepruein Aw:

Y R 15

P = 337" (7

e“w a,

C TOUKM 3pEHHUS KJIACCHYECKON (PU3MKH ATOM HAYMHAET HM3/IYYaTh
Cpasy e MOoCJe TOro, KaK OH NOMAAaeT B BO30YXAEHHOE COCTOIHME, H
3TOT MPOUECC JIMTCH B TEUCHHE BpPeMeHHM T. [10 KBAHTOBOM TEOPHUH M3-
NydyeHue (POTOHA W TIEPEXOl ATOMA B OCHOBHOE COCTOSIHHE TPOMCXOTUT
CKaykoM. B kakoit MMEHHO MOMEHT BPEMEHH 3TO IPOU3OMAET, HEM3BE-
¢THO. MOMEHT caMONpPOM3BOILHOrO MCIycKaHus (GOTOHA ecTh CayuanHas
BEJMUHHE, 4 BPEMS T MOXHO NOHHMATh K4K CPEAHEE BpEMS XH3HH 4TO-
Ma B BO30YyXIEHHOM COCTOSHMH.

U3 dopmynn (7) BuAHO, 4TO OOYCIOBJEHHOE CIIOHTAHHBIM W3/yue-
HUEM BpeMs XH3HM aTOMa B BO30YXICHHOM COCTOSHMH OOpaTHO nmpo-
HOPLMOHAMBLHO Ky0y YacTOTH M3IYUYEHHS,

PaccmoTpuM npousBeacHHE T, KOTOPOE € TOYHOCTLIO A0 MHOXHUTE IS
27 AAET OTHOWMEHME BPEMEHH XHU3HH BO30YXIEHHONO aTOMa K IEPHOAY KO-
nebannit. CorIacHO KIACCHYECKUM NPENCTABJAEHUSM (0T ONPENENSIET YHC-
710 Kos1e6aHuHA 33 BpeMs BHICBEUNBAHUS. [{pyTHMH CJIOBAMM, 3TO ECTh YHCIIO
BOJIH B OTAEJILHOM M3J1y4yaeMoM atomoM 1yre. C nomompio (7) umeem

ne?

P
WT = =53
0

e w
Ipoussenenne wa, PABHO CKOPOCTH v 3JIEKTPOHA HAa opbute B atome. B
6GOpOBCKOIt MOAETH aToMa v/¢ PABHO MOCTOSHHON TOHKOW CTPYKTYDHI d.
[ToaTomy BBIpaXEHHE A9 WT MPUHAMAET BUX
he 1 1
Tax kak a = 1/137, 10 wt = 107. Ina onrrueckux yacror w = 105 ¢L,
Otciona moay4aeM A/ BPEMEHM M3/1yYeHHT OLEHKY T~ 1078 ¢,

Taxum o0pa3oM, B OTACAbHOM H3Jy4aeMOM aTOMOM LYre COAEp-
xutca 0Komo 10 MuwuiuoHOB BOJIH. [IpOCTPaHCTBEHHAA MPOTAXKEHHOCTH
TAKOTO Lyra COCTABJSET HECKOJABKO METPOB. JTO 03HAYAET, YTO COOT-
BETCTBYIOMAS CHOHTAHHOMY HM3/JyYEHHIO CBOOOQHOIO 4TOMA CIEKTpasib-
Hasi JIMHHUA MMEET KOHCYHYI0 €CTEeCTBEHHYIO INMPUHY Aw, CBI3AHHYIO
C A/IMTEJBHOCTBRIO OTHAENBHOro uyra t coorHowenueM (5) § 34 kun-
i 2, rae paccMaTpUBANach CBA3b IJIMTEJNBHOCTH Lyra BOJH C MHTEP-
BaJIOM COOTBETCTBYIOIUMX €My YaCTOT:

TAw =~ 2. %)

Cornacno ¢dopmyne (8) oTHOmIEHHME €CTECTBEHHOM WHMPHHH Aw K
YACTOTE JUHUK 0 PABHO

w

Lo _ & ~1077. (10)

"o 2n
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IMMupuHa crieKTPaabHBIX JTHHKWHA. Ha oneite mosoxeHne yposHe# 3Hep-
MM aTOMa OIPEAEISIETC M0 HAOIIONEHUIO CNEKTPaIbHBIX JHHAHN, Tak kak
JIMHHSA M3JIYUYECHHS HMEET KOHEYHYIO NIMPHHY, TO YACTOTA H3JIyYECHUS M,
C/IENOBATEBHO, JHEPIUS BO30YXAECHHONO COCTOSHHMS ATOMA HE HMEIOT
cTporo onpeaeaeHHOro 3HayeHus. [lInpuna Bo30yXIEHHOrO ypOBHS JHEp-
run AE paBHA MPOM3BEOCHUIO NOCTOSHHOM [1MaHka HA WIMPHHY CHEKT-
panbHOU NMHUU Aw, W3J1yUYacMOH NPU NEPEXOAE C ITOIO YPOBHA:

AE = hAw. (11)
OTHOIIEHNE ITMPUHN BO30YXACHHOTO YPOBHA K PACCTOSHHIO MEXAY
ypOBHAMH, Kak BuaHO u3 (10), paBHO BCEro OMHON AECATHMUJUTMOHHOM,
Takum 00pa3oM, H3-33 CHOOHTAHHHIX MEPEXOAOB BO3OYXACHHEIE
YPOBHM SHEPTMH ATOM3 MMEIOT XOTS M MAJIYI0, HO KOHEUHYIO WIHPUHY,
a 1aBaeMble KBAHTOBOM MEXaHMKOMN CTPOro OUCKPETHHIC 3HAUEHUS JHED-
MMM 3THX YPOBHEH CJEAYET MOHMMATh KAK CPEOHHME 3HAaueHud. Becko-
HEYHO Y3KHM SBJSETCS TOJBKO HAMHM3IUKA YPOBEHb JHEPIUM, COOTBET-
CTBYIOUIMH OCHOBHOMY COCTOSIHMIO aTOMa. B030yXXIOEHHBIE COCTOSHHS
aTtoMa, CTPOro roBOPS, HE ABAAIOTCH cTauuoHapHbeiMu. OHHM monyyaroTcs
CTPOTO AMCKPETHHIMM TOIOd, KOrma pPacCMATPUBAETCS HW30JIMPOBAHHLIN
atoM. [I19 mosyueHuss MCTMHHOM KAPTHHBI HEOOXOXMMO Zaxe CBOOOMHHBIH
4TOM pAacCMaTPHBATH BMECTE C JIEKTPOMACHUTHRIM TIOJEM.

IIdpHHAa JMHAH B COOTHOLIEHHE HEONpeaeIeHHOCTEeR. YIIupeHue Bo3-
OyXIEHHBIX YPOBHEN YHEPTMM ATOMA BCJIEACTBME CIIOHTAHHBIX NTEPEXONOB
HAXOJUTCS B MOJIHOM COOTBETCTBHH C COOTHOIICHUEM HEOTIPEAECIEHHOCTEMH
Bopa—Teisenbepra. IToactasnsa B (11) Aw = 2n/t n3 (9), nonyuaem

AEt=2nh=h. (12)

HeonpeneneHHoCTs B 3HAUCHUM JHEPrMM BO30YXAEHHOTO YPOBHSA
AE cB3aHA C HEONPENETEHHOCTHIO B MOMEHTE CIOHTAHHOIO MIEPEXOona
B OCHOBHOE COCTOSIHME T cooTHoweHueM (12). 3To MUHHMATbHAS HE-
OTIPEAETIEHHOCTh 3HAUEHUS JHEPrUM, JONMYCKaeMad HepaBeHCTBOM Bo-
pa—Teitaenbepra, spipaxaemuM copmysoin (4) § 7.

VYimupeHue ypoBHER IHEPrMM aTOMa IPOIBILETCH HE TOJBKO B HCHY-
CKaHMH, HO ¥ B MOMIOMICHMM CBETA: JAMHKM MOMIOMEHUE TAKXE HMEKOT
KOHEYHYIO MMPHHY. ATOM MOXET HepedTH M3 OCHOBHOIO COCTOSHHUSI B
BO30YyXIAEHHOE, TOr/IOMAs CBET B ONPENCJCHHOM HHTEPBAJE YacToT,
NpHUEM [MMPUHA ITOFO MHTEPBANa O0YC/IOBJCHA IOMPUHOM BO30YXHEH-
HOTO YPOBHS JHEPrHH.

Yuupesne CHexTpaJbHbIX JIMHHH H3-3a CTOJKHOBeHMI. o cux mop
MBI pAacCMATpPMBAJIM INHPUHY CHOCKTPAJIBHBIX JTMHHAH H30JIHPOBAHHOIO
aToMa, HAXONAWErocsd B IIOKOE OTHOCHTENbHO HabmopaTend. Jta wupr-
Ha SBASETCY BHYTPEHHHM CBOMCTBOM atoMa. Habniogaemubie Ba onmite
3HAYCHHUS WHPUAHBI COCKTPAJIbHBIX JIHHHﬁ, K4aK MNOpaBWja0, 3HAYHUTECIBHO
OosblIe ¥X €CTECTBEHHOU WHpUHBL. JOMOMHUTENIFHOE YUIMPEHUE JTHMHHI
CIEKTpa pa3peXkEHHOr0 rasa O0YC/IOBJEHO TEIUIOBHIM ABMKEHHMEM AaTo-
MOB M HX CTOJIKHOBCHHAMH.
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Ecnm cpensee speMs CBOCOIHOTO ABMXKEHHS aTOMOB MEXIY CTOJKHO-
BCHHSIMHM T, MEHbIIEC BPEMEHH XH3HM aTOMa B BO30YXIEHHOM COCTOSTHAY
T, TO ahcheX TUBHOE BpEMsl HEMPEPHIBHONO M3JYUEHMS L[yra BOJIH COKpa-
mwaercs 10 3Hauenns v,. llnpuna nuamit Aw B 3TOM CJlyyae onpenenseTcs

dopmynoit (9), B xOoTOpOI T 3aMEHEHO Ha T,. Tak KaK 4acToTa CTOJKHO-

BEHHMH 33BHCHUT OT KOHUCHTPALMHY aTOMOB, TO YIIHUPECHHUE CIICKTPAJNBHBIX
JUHHUH 33 CUET CTOJKHOBEHHH YMEHBIIACTCA IIPHA ITOHNXECHAU NABJICHMS.

JonnepoBCKOe yIMpPeHHEe CeKTPanbHbIX JauHui. I1pn HM3koM xasne-
HHMM peo0IanaoIKuM CTAHOBUTCH yUIMpPEHUEe, 00YCIOBIEHHOE SBAEHUEM
Nomepa. M3-3a TemmoBOro ABMXeHNS M3JIyUYaroliue aTOMbl HMEIOT pas-
JAVYHBIE IPOEKLIMHA CKOPOCTH v, Ha HampasjeHue Habmonenus. [losTomy
JOTIEPOBCKMI CABMT YACTOTH M3TyUCHHUS OT-
HOCHUTENBHO YaCTOTH ), M3JIyYEHUS HEIOHI-
BHXHOTO aroma (w — wgy)/wy = v,/c bymer
passMueH y pasHbHX aTtoMoB. B peaymbprare
HabrogaeMas CeKTpaJbHAs NMHUS, ABJSIO- .
HIAsCs CYNEPHO3HUMEH Y3KHX ECTECTBEHHBIX L
JIMHAM M3JTy4YEeHHS MHOTHX aTOMOB, YIINDS- g
ercst. VIureHcuBHOCTD M3nyueHusa /{w)dw B Puc. 95. KOKIvD CoSKTDAThHOR
CIIEKTPANbHOM HHTEPBAJE YacTOT OT ® JO Jmﬁ;m.‘d)opMTZpKomporpo‘o6yc~
® 4+ dw [PONOPUMOHANBHA YHMCAY ATOMOB, jopieHa HOIUIEPOBCKMM YUIM-
M3TYyaiOnIuX CBET B 3TOM HHTepBane. UToOn  pennenm
HAHUTH YHCIO TAaKHX AaTOMOB, HYXHO B (hop-
MYJI€ 41 MAKCBEJUIOBCKOM (PYHKIMHM pacnpene/eHs N0 CKOPOCTSIM 3aMe-
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Horuieposckast IHPUHA CIEKTPATBHBIX JTUHAH [IPOOPIHOHAIBHA KOP-
HIO M3 TEPMOIMHAMMUYECKON TEeMIEpaTypsl raza. Tak Kak JOILUIEpOBCKAS
LINPUHA 3HAYNTEIBHO TIPEBHIIAET ECTECTBEHHYIO, TO YBHAETh €CTECTBEH-
HYIO LIMPHHY JUHHM MOXHO JIMIIb B CIICUHANBHBX YCIOBHAX, HAIpUMeED
HaOnrOKas M3jJyueHHe MydYKa aTOMOB B HAIPABJICHWH, NEPICHAUKYJIAD-
HOM MX CKODOCTH.
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e B KxakoM cOOTHOLIEHWH HAXOOATCS pa3Mep aToMa BONOPOAa W IUIMHA BOJIHbBI
usnydaemoro UM ceeta? Kakum obpasom B 3TO COOTHOILEHME BXOIUT MOCTO-
SIHHAs TOHKOM CTPYKTYpHl a = e%/hc?

L HO‘{CMY HBE KOTEPEHTHBIE BOJIHLI, MOJIAPHU3OBAHHLIC BO B3aUMHO NEPNCHAHUKY-
JIAPHBIX HAIpaBJICHUAX, HE HHTCPQ)CPHP)’IOT, T. €. IEPEHOCHUMBIC UMM SHEP-
FUY INIpocTo CKﬂaﬂblBa}OTCﬂ?

e Kak 3aBHCHUT HM3/lyyaeMas aTOMOM MOLIHOCTb OT 4acTOTh! obpalleHus 31eKT-
poHa U OT pasMepa ero opbuTh?

e Y10 Takoe ecTeCTBEHHAS LIMPHHA CAEKTPAJILHBIX JIMHUH?

o Kak cooTHoumieHue MeXAy pa3MepoM aroMa M JJIMHOW BOJIHBI CBSI3aHO C Ma-
J0if ecTeCTBEHHON MMPHHON CreKTpaJbHbIX JUHNNA?

e Kakum 00pa3oM HIMTENLHOCTH OTHAEJIBHONO Llyra BOJIH, M3JIydaeMblX aTOMOM,
CBS3aHA C €CTECTBEHHOM LIMPUHON crnekTpanbHOH TUHUMN?

e [loueMy ypoBHM 3Hepruu Bo30YXIACHHBIX COCTOSHUM aTOMa HMEIOT KOHEu-
Hyio wupuHy? Yem onpegensercsd 3ta wnpuHa?

° HO‘{CMY B HM3JTY4EHHUH CBETA Pa3pCXKCHHbIMHU rasaMu Habmozaemas IHHUPpHHA
CHEKTPaIbHBIX JIMHUH 3HAUMTEJIBHO MPEBOCXOAUT €CTCCTBEHHYO UJHleH}’?

e [loscHure, KakuM 06pPa30M MaKCBEJUIOBCKOE paclipefie/IeHHE aTOMOB IO CKO-
pocTsaM nposasiseT cebs B Gpopme KOHTYpa CrieKTpaabHOM JIMHUM.

e Kak pgonneposckasi mIMpMHA CNEKTPAJIbHON JIMHMM 3aBHCUT OT TEMIMEPATYPhi
rasa?

§ 29. ManyyeHne cBeTa HarpeTbiMH TENaMM

CHeKkTpaibHBI COCTAB M3JIYYEHMS OTACABHBIX BO3OYXIEHHHIX ATOMOB
npeacrasiaser coboi Habop CPAaBHUTENBHO Y3KHMX JUHUM. DTO 3HAUYMT,
YTO M3JIyYyaeMHIM pa3peXCHHBIMM ra3aMi MJIM IAPAMH CBET KOHIEHTPH-
pyeTcd B y3KHMX CHEKTPAJbHHX MHTEPBAAAX BOMM3M ONPEAEICHHBIX Yac-
TOT, XapAKTEPHBIX AJI ATOMOB KaXHIOro COpTa.

Tennosoe uanydenune. CoBceM WMHOI BuA MMEET CIEKTP H3JIyuYeHHUS
TBEPABIX ¥ XUAKHX TeJ, HArPETHX N0 BHICOKOW TeMmepatypel. B srom
HU3AYYEHUHW, HA3BBAEMOM  MENN0GbIM, IPUCYTCTBYIOT  JNEKTpO-
MaTrHUTHHIE BOJIHBL BCEX YACTOT M3 OYEHb IIMPOKOIO AUANA30HA, T. €. €r0
CIEKTP SBASETCH CRIAOWLHBIM.

Yrols MoJyunTh MPEICTABJICHUE O XapPaKTEpPE TEIUIOBOTO H3ayde-
HHUS, PACCMOTPHM HECKOJIBKO TEJI, HarPeTHX 40 Pa3/IMYHON TEMIEpaTy-
pHl ¥ NOMEIICHHNX B 3aMKHYTYIO [I0JIOCTh, BHYTPEHHNE CTEHKH KOTOPOH
[IOJIHOCTHIO OTPaXalT Majarmee Ha HuX uanyuenne. ONBIT MOKa3niBa-
€T, YTO TaKag CUCTEMA, B COOTBETCTBUM C MOJOXECHHSIMH TEPMOXUHAMH-
KW, PAaHO WA MO3JHO NPHXOOHT B COCTOSHHME TEIUIOBOTO DABHOBECHUS,
OpH KOTOPOM BCE TENd NPHOOPETAOT OAWHAKOBYIO TeMiepatypy. Tak
NPOUCXONUT U B TOM CNY4Yae, eCaM BHYTPH mojocti Oyner abconmoTHbIN
BAKYYM H TeJa MOryr OOMEHMBATLCS SHEPrHENl TOMBKO MYTEM H3yue-
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HUSA M NOTNOMECHHAS INCKTPOMATHHTHHIX BOJAH. DTO NO3BOJNSCT MpPHME-
HUTHb IIPH M3YUEHUH TAKOK CHCTEMEI 3aKOHH TEPMOAMHAMMKH.

B pasHOBecHH BCE TE/ad B CAMHULY BPEMEHH MOMIOMAIOT CTOJBKO XE
SHEPruM 1EKTPOMATHUTHEIX BOJIH, CKOJIBKO H3JIYYaIOT, 4 IVIOTHOCTD DHEP-
MM H3JIyYEHUs!, 3aNOIHSIOMIEr0 MOM0CTb, JOCTUTAET HEKOTOPOH onpene-
JICHHOH BEJIMYMHBI, COOTBETCTBYIOIIEH YCTAHOBMBHICHMCA TEMIEparype.
Takoe nanyueHune, HAXORAUIEECS B TEPMOTUHAMUYECKOM PABHOBECHH C TE-
JIaMH, MMEIOIMMH ONpeceHHYIO TEMIIEPATypPy, HA3KMBACTCH PAdHOGEC-
HbLM VWIN 4epHbLM U3ayueHneM. He ToNbKO IIOTHOCTh SHEPTHM, T. €. MO~
Hasg JHEPrus eAMHHUIE 00bEMA, HO U CTIEKTPAJIBHEIA COCTAB PABHOBECHOTO
U3ZIYYEHUS, 3ANOIHSAIOMENO [I0J0CTh, 3ABUCHAT TONBKO OT TEMIIEPATYPH ¥
COBEPILEHHO HE 3aBUCUT OT CBOHCTB TEJI, HAXOASIIMUXCS B IOJIOCTH.

CrieXTpajibHblii COCTaB TEIUIOBOrO H3JNYUYEHHS. YHHBEPCATbHBIN
XapakTep CHEeKTPajJIbHOIO COCTABA PABHOBECHOTO M3JYUYCHMS, KK BIEp-
Bhie ioka3an Kupxrod ewe B 1860 r., HemocpeacTBeHHO CAEXYET U3 BTO-
poro 3aKoHa TEPMOAMHAMHKKH. B caMoM nese, npeanonioxnM NIPOTUBHOE,
T. €. UTO CNEKTPAJbHHIA COCTAB 3aBMCHMT OT NPHMPOABl TENAa, C KOTOPHIM
M3TyYCHUE HAXORHUTCS B PAaBHOBECHH. BO3bMeM JBE MOJIOCTH, B KOTOPHX
U3/IyYEHUE HAXOZUTCH B PABHOBECHM C DA3HBIMHM TCIAMH, UMCIOIMMUMH,
OHAKO, ONMHAKOBYIO TeMnepatypy. COeIMHKM MOAOCTH HeOOIBIIMM OT-
BEPCTHEM TaK, 4YTOOH OHM MOIMIH OOMEHMBATBCH H3nyucHuMeM. Ecian
IUIOTHOCTH JHEPTUM M3JYUCHUS B HUX PA3JIAYHBI, TO BO3HMKAET HANPaB-
JICHHHIH NEepEeHOC JYUMCTOM IHEpPrUM, KOTOPHN NPUBENET K CAMOIIPOM3-
BOJILHOMY HAPYMICHWK) TEIUIOBOTO DABHOBECHS MEXIY TEJIAMH, T. €. K
BO3HHMKHOBEHHIO HEKOTOPO# DPA3HOCTH TEMNEPATyp. DTO IPOTUBOPEUHMT
BTOPOMY 3aKOHY TEPMOIUHAMHKH.

Insa 5KcnepuMEHTANBHONO H3YYEHHS COCKTPAJIBHOIO COCTABA PABHO-
BECHONO M3JIYYEHHMS MOXHO IPOAENATh HEOONBINOE OTBEPCTUE B OKPYyXa-
omei noaocts obonouxe. Usnyuexne, BHIXOASINEE HAPYXY 4epe3d OT-
BEPCTHE, XOTH M HE SBISETCS PABHOBECHHIM, 00JaXaeT TeM He MEHEE B
TOYHOCTH TaKHM XE CHEKTPAJIbHKM COCTAaBOM, YTO M 3aNOJIHAIOIIEC IO-
JIOCTh PAaBHOBECHOE W3nyuyeHue. Buixonsimee U3 OTBEpPCTMS H3AYUYCHHE
OTAHMYAETCA OT PABHOBECHOIO TONBKO TEM, YTO OHO HE SBJIAETCH H30-
TPOMHKIM, TAK KAK PACHPOCTPAHAETCS B ONPEACICHHOM HANPAaBJICHMH,

Ec/u yBe/IMUMTh TEMIIEPATYPY B MOJIOCTH, TO OYyAET BO3PACTATh YHO-
CMMas BHIXOASINMM M3 OTBEPCTHMS M3JIYUCHHEM JHEPrHsd. JTO O3HAYaeT,
4TO OOBEMHAS IUIOTHOCTh JHEPIHM PABHOBECHOIO HM3JIYUYCHHS DACTET C
TEMIEPATYpoi. DTOT POCT MPOUCXOAUT OYEHb OHICTPO, KAK MH YBHIUM
HHMKE, MMPONOPLMOHAIPHO YETBEPTOU CTENCHM TEPMOTMHAMMUYECKOH TEM-
nepatypsl. C yBEJIMYCHUEM TEMMEPATYPH H3MCHSETCH M CNIEKTPAJIbHHI
COCTAB M3Jy4YEHHS, NpUYeM TaKuM 00pa3oM, UTO MAaKCMMYM CMEIIAETCH
B obsacTh 607€€ KOPOTKHMX BOJIH: BHIXOASINMN M3 OTBEPCTHS B ropsiucit
MEYN CBET MMEET KPACHOBATHI OTTEHOK NPU CPaBHUTEJBHO HEBBICOKOH
TEMIIEPATYPE M CTAHOBHTCH XEJNTHIM M JaXe OeInM no Mepe ee pocra.

YTO MOXHO YBHAETb, 3aIVIAHYB 4Y€pe3 OTBEPCTHE BHYTPb MOJIOCTH,
B KOTOpPOM M3JIyUCHMEC HAXOAMTCS B paBHOBecHu ¢ Teaammu? Tak Kak
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CBOMCTBA BBIXOOSIIETO M3 OTBEPCTHS M3JYYCHUS NPH TEIJIOBOM PABHO-
BECHU HE 3aBUCAT OT IPUPOABl HAXOAAINUXCA BHYTPH MOJIOCTH TEM, TO
U3Jy4YeHde HE MOXET HECTH HUKakod uHbopMaumu o6 ITUX Tenax,
KpoMe ux TemrepaTyph. W neiicTBuTesbHO, 3ariAHYB BHYTPbL IEUH,
MBl HE YBHIHUM HHM IPEAMETOB HA (POHE CTEHOK INOJOCTH, HM CaMHX
CTEHOK, XO0Td B 1ia3 Oyaer momapath MHOro csera. KoHTypw npeame-
TOB BHYTPH MOJIOCTH He OYAYT BMOHH, BCce OYHET MPEACTABAATBCS ORH-
HAKOBO CBETJILIM.

B0o3MOXHOCTb pa3/JHYaTh NMPESMETH MOSBISETCSI TOJIBKO IIPH HCIIOTb-
30BAHHM HEPABHOBECHOIO M3AYyyeHus. EC/IH gaxe 9T0 M3Ny4EHHE HUCXO-
OMT OT PacKajJCHHBIX TEJ M €ro CHEKTPAJBHBIA COCTaB OJM30K K paBHO-
BECHOMY, TEMIIEPATYPA U3JYUalOmMEd MOBEPXHOCTH AOJIKHA OBITH BHIIE
TeMIIepaTyphl OCBEIAaECMbIX IPEAMETOB.

Bce nabaromaeMeie HA ONBITE 3aKOHOMEPHOCTH YEPHONO H3Ty4EHHS
onucuisaorca dopmynoin Ilnanka, MOMyyeHHOM HA OCHOBE OTKAa3a o
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Puc. 96. Pacnipesesienye HEPruy 10 4aCTOTAM B CNEKTPE PABHOBECHOIO uanyueHus (a) u
CneKTpasbHas IUIOTHOCT PABHOBECHOIO M3JYyYEHMs MPU PasHbiX temneparypax (6)

>y

HENPEPLIBHOM XapakKTepe mpouecca m3anyueHusd. Jlasaemoe ¢opmyoi
IInanka pacnpenesieHNE SHEPruM MO YACTOTAM B CIEKTPE PABHOBECHOTO

N3JIYYEHHS
dE _ b’ (o ho )\
do 22\ XP AT

nokasano Ha puc. 96a. Ha puc. 966 nokasaHa cnexTpanbHas ILUIOTHOCTH
PAaBHOBECHOTO U3Ny4YEHHS KaK (PYyHKUMS JIMHEL BOJHE NPH HECKOJBKHX
TEeMIEepaTypax.

HanyyeHne Kak ra3 (poroHOB. PaBHOBECHOE TEIUIOBOE H3JIyUYEHHE
MOXHO PacCMAaTPHBATDH KAk ra3, coctosmmit 13 ¢oroHoB. DOTOHHRIA ras
SABJISIETCH WACANMBHBIM, TAK KaK PAa3HBIC JICKTPOMATHUTHEIC BOJHHL B Ba-
KyyMe He B3aUMOAECHCTBYIOT Apyr ¢ apyrom. IloatoMy ycraHoBaeHmne
TEIJIOBOIO PABHOBECHS B (DOTOHHOM I'a3e BO3MOXHO TOJIBKO NPH €0 B3a-
UMOACHUCTBMHU C BEIIECTBOM.

MexaHN3M YCT3HOBJICHMS TEIUIOBONO DABHOBECHS 3aKJIIOUdeTcd B
OOTJIOMICHAN OOHMX W HMCOYCKAHMM APYTrMX (DOTOHOB BEIIECTBOM.
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B03MOXHOCTb MOMIOMICHHS M MCIYCKAaHMS (DOTOHOB IPUBOOUT K Xapax-
TepHOH 0cOOeHHOCTH (POTOHHONO ra3a: YHMC/IO YaCTHIL B HEM HE SBJISETCH
MOCTOSIHHBIM, 4 CaMO ONpEReJdeTcsd M3 YCJIOBHA TEPMOAMHAMHUYECKOTO
PaBHOBECHS.

IlpeacrasieHue 0 (HOTOHHOM ra3e MO3BOJSET OYEHb MPOCTO HAMTH
3aBMCHMOCThD [JIOTHOCTH SHEPIUM PABHOBECHOIO M3JIYyUYEHMS W OT TEPMO-
OUHAMMYECKOM TeMmmepatypu T. DTO MOXHO CHENATh, BOCIO/IL30BAB-
IHCh COOOPAXEHMAMU Da3MEPHOCTH. JHEPIUI0 eIMHHMUE! 00beMa M3my-
UEHHUS MOXHO TPEACTABUTh B BUAE MPOM3BENCHMS CPEOHErO uncia ¢orto-
HOB B eguHHMUE o0beMa 7, PABHOMEDHO 3alMOJHSIOWUX MOJOCTh, HA
CPENHIOI JHEPIUIo ogHoro ¢oroHa (E):

w = n{E). (1
BesMuMHH, OT XOTOPHX MOXET 3aBUCETh CpeHss dHeprus GoroHa u
uucao (HOTOHOB B eauMHMIE 0ObeMa PABHOBECHOTO HM3JIYUEHMS, — 3TO

TepMopuMHaMuueckas temnepatypa T, mocrogHHas DBonbumama k, cxo-
pOCThb CBETa ¢ ¥ mocTosHHAd [1nanka h. ITockoabKy paBHOBECHOE M3Ny-
YEHME B IOJIOCTH HE 3aBMCHT HHA OT PasMepoB ¥ (hOpMHI MMOJOCTH, HA OT
MPUPOAR TEJ, HAXOQAUMXCA B IOJOCTH, HU OT BELIECTBA €€ CTEHOK, TO
TAKME NMAapaMeTphl, KaK PasMeph TeJ ¥ NOJOCTH, M TaKue KOHCTAHTHI,
KaK 3apsael ¥ Maccel 3JIEKTPOHOB M 9A€p, HE MOryT (PUIypUPOBAThH B BEI-
paxeHusax g n u (E).

3aBMCUMOCTb TJIOTHOCTH 3HEprud OoT Temmepatypsl. CpenHsas sHep-
rig QOTOHA TEMJIOBOTO M3AYYCHHS N0 HOPAOKY BEIMYHHBI paBHa AT:
(E) = kT. PaaMepHOCTh uKcaa GOTOHOB B CAMHHIE OObeMa n ecTh L3,
W3 Beanunn T, k, ¢ 1 h MOXHO COCTABHTb €AMHCTBEHHYIO KOMOHHALIMIO,
HMEIOMYI0 pa3MepHOCTb NaMHHL 310 ch/kT. [loaTOMy KOHIEHTpaUMsS
tdoToHOB 1 mponopunoHanbya Beauwuune (kT/hc)3. Tloacrapasas 3o Boi-
paxenue B (1), MOXeM HAmucaTh

4
w = C, = T4, (2)

rae C; — HekoTopsiil 6e3pa3MEpHEIl MHOXHUTEND.

®opmyna (2) noxasuBaer, 4ro OObEMHAA IUIOTHOCTh SHEPIUU PaB-
HOBECHOIO M3JIYYEHHMS NPONOPUMOHANBHA YETBEPTOH CTECMEHH TeMmepa-
TypH B NOR0CTH. Takoi OHCTPHIA POCT IUIOTHOCTH 3JHEPIHMH C TEMIlEpa-
Typoit 00yC/IOBJIEH HE CTOJNIBKO POCTOM cpexHel sueprun (OTOHOB (KO-
Topas mponopumnoHansHa T'), CKOJBKO YBejWueHHeM uucaa GoTOHOB B
MOJIOCTH, KOTOPOE MPONOPUHMOHANBHO KyOy TeMIepaTypH.

Ecnu B CTEHKE NONOCTH MMeeTca HeOONBIIOE OTBEPCTHE, TO MOTOK
SHEPIUH M3JYYCHUS j Yepe3d EAMHHULY IUIOIAAM OTBEPCTHS ITPOMOPLIK-
OHAJIEH NPOM3BENCHHIO IUIOTHOCTH JSHEPrdM B MOJOCTH HA CKOPOCTh
cBeta c:

. K
] = CZ ﬁTci T4 = 0‘T4, (3)
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rie ¢ — HOCHT Ha3BaHMe nocrosHHoi Credana—DBoabumana. Tounnt
pacyer, OCHOBAHHHI HA IPUMEHEHUH CTATACTAYECKOH MEXaHMKH K (o-
TOHHOMY Ta3y, AaeT misd Hee aﬂaqenne, panﬂoe

= -8
o= 601‘1“ = 5,67-10 K4.
Takum 00pa3oM, MOJHAS MHTEHCHBHOCTb M3JIYYCHHS M3 OTBEPCTHS MPO-
[OPLIMOHANbHA YETBEPTOM CTCMEHN TEPMOIUHAMHYECKON TEMIIEPATYPH B
MOJIOCTH.
WanyueHue ¢ MOBEPXHOCTU HATPETHIX TCJA OTJIMYAETCHA OT HU3NYYEHHS
U3 OTBEPCTUS B CTEHKE NOJOCTH. VIHTEHCMBHOCTH M CHEKTDAIBHHM CO-
CTaB 3TOTO HM3JYYCHHUs 3aBUCAT HE TOJIBKO OT TEMIEPATYPH, HO H OT
CBOMCTB M3ay4aomero Tesa. Ho Bo MHOrMX Cyuasix mpm OLEHKAX MOX-
HO CUMTATh, UTO 3TH OTJIMYHUS HCBEIHKH.

Temnepatypa nosepxHoctd 3emum. B xauecTse npumepa npuMeHeHns
34KOHA TEIUIOBOro uaayueHus (3) paccMOTPHM BONPOC O CPEAHER TeMnepa-
Type 3eMHOIT NOBEPXHOCTH. ByneM cuutars, yro Ternosoii 6ananc 3emmm
ONpPEAEAAETCH IIABHBIM 00pPa3oM MOIVIOMIEHUEM JHEPTHM COJMHEYHOIO M3~
JIyUCHUS ¥ N3JTy4EHHEM DHEPruM B
IIPOCTPAHCTBO, @ POJIb MPOLECCOB,
HAYILMX BHYTpH 3€MJIH, HEBEJH-
¢ R@ xa. [1oHNE OTOK 3HEPTMH, H3ITY-
yaeMmoit COHIEM, B COOTBETCTBHH

) c (3) pasen oT¢ - 4nR%, rne Tc —

Puc. 97. K oOueHKe cpeaHei TeMnepatypbl C
3eMHO! TIOBEPXHOCTH teMreparypa nosepxHoctu Conn-
ua, a Rc — ero pagmyc. Bynem
CUMTATh, YTO BCS SHEPrusl COMHEUYHOIO M3NYUEHHS, Nafanmasd Ha 3eMmio,
nornomaerca. C nomompto puc. 97 lerko moHATh, YTO KOJHYECTBO HOLJIO-

maeMoi 3emieil B EAMHUIY BPEMEHH :-meprmx paBHO
(4)
4xr 2

oTE 4nR: *—

Takoe Xe KOJAMUYECTBO IHEprumM 3emiis AOJKHA M3NyvaTb, MHAUE €e
temneparypa He Oyner ocraBatecs nocrosaHoi. Ho manyuaemas ¢ mo-
BEPXHOCTH 3eMJIM HEPIUs TAKXe HAXOAUTCS ¢ noMombio dopmyan (3),
B KOTOPYI0 B 3TOM CJIy4yae CJEAYET NOACTABHTb TEMIIEPATYPY 3€MHOM
noepxuoct T. IlpupaBEmBas moTroxk m3ndyuacmoit 3emsrell 3HEpram
oT*-4xR? nornomaemMoi €10 3neprun (4), Haiigem

e ®

W3 5Toro BHpaXxeHHs BHAHO, 4YTO nd onpeaencHus T HeoOxomumo
3HATh TOMBKO Temnepatypy nosepxnoct# COJHIZ M YIJIOBOH amamerp
Connua 2R;/r, suanmuit ¢ 3eman. Jror quamerp pased 0,01 panuana,
a temneparypa noscpxsoctu Connua cocrasnser npumepso 6000 K. Tlo
dopmyne (5) Haxomum T = 300 K.
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B 3aKAI0YEHHE OTMETHM, UYTO CHEKTP U3AYyUCHHS HATPETHIX TE/ ABJIA-
€TCH HACTOJIBKO MHMPOKKMM, YTO KOIPGIUIMEHT NOTE3HOrO AeHCTBIS JIaMn
HAKAJTHBAHHS K APYTHX OCBETHTEABHHX MPAOOPOB, OCHOBAHHKX HA U3/Y-
YEHUH PACKATICHHHX TeJi, COBepmeHHo HuutoxeH. O61acTh BUAMMOro cBe-
T& COOTBETCTBYET JIMIIb Y3KOH MON0OCE B CHEKTPE TEMIOBOTO H3TYHEHHS.

e [loueMy NMAOTHOCTH IHEPIrHMU M CHEKTPAJIbHBII COCTAB PAaBHOBECHOTO M3Jlyde-
HHS, 3aNOJHSIOWEr0 MOMIOCTh, 3aBUCAT TOABKO OT TeMnepatypn? [louemy atu
BENMYMHBI HE MOFYT 3aBUCETh OT CBOMCTB TeJl, HAXOAAIMXCH B NOJIOCTH, M
OT MaTepuana ee cTeHoK?

o [louemy BBIXOAdlIEE HAPYXY U3 OTBEPCTHS B MMOJIOCTH W3NyuYeHUe, HE SABJIS-
ACb PaBHOBECHBIM, UMEET TEM HE MEHee TOT Xe CNeKTpanbHBI COCTaB, UTo
M pPaBHOBECHOE W3nyueHHWe BHYTPH monoctH? Beagb Monexkysnsl rasa, Beinera-
I0lMe HAPYXKY uYepe3 OTBEPCTHE B CTEHKE COCY[a, B CPEAHEM HMEIOT 6OMb-
LWIYI0 SHEPTUI0, YeM MOJIEKY]bl B COCYAE.

e Ilouemy, 3arsHYB Yepe3 OTBEPCTHE BHYTPb PACKAJICHHOM IMEYH, Mbl HE YBU-
OUM 4eTKUX KOHTYPOB HAXOAALIMXCSH TaM NMpeRMeToB?

e Tlouemy uanyyerHe B MOJNOCTH, T. €. COBOKYMHOCTb Haxoasuuxcs Tam ¢oro-
HOB, MOXHO PAcCMATPHBaTb KaK MIeajbHbii ras?

e [louemy mng ycTaHOBIIEeHUS] TEPMOAHHAMMUYECKOrO paBHOBecus B rase ¢oro-
HOB HeoGXOAHMO B3aHMOAeHCTBHe (POTOHOB ¢ BellecTBoM?

o Kak KoHueHTpauus ¢GOTOHOB B PABHOBECHOM HW3JyYEHUM 3aBUCHT OT TeMIle-
patypni?

e Kak c nomoubio coobpaxeHUil pa3MEPHOCTH M0Ka3aTb, YTO MCIycKaemas

TEJIOM 3HEPTrHs TEIUIOBOTO M3JIyYEHUs MPONOPLMOHANIbHA YETBEPTOM CTENEHU
TEPMOAMHAMHYECKO TeMnepaTypsl Tesna?

e Ecmu scs npuxonsmwas Ha 3emimio o ConHia 3Heprus B KOHEHMHOM cuere
u3Nydaercsd B MPOCTPAHCTBO, TO KaKO¥ CMBICT UMeeT yTBepxaeHue, uro Cos-
HLE JapyeT Xu3Hb BCeMy cyileMy Ha 3emne?

§ 30. BoinypeHHOe M3InyveHue.
Ksanrosbie ycunurenu u reseparopbi Csera

CnoHTaHHOE M3ay4YyeHHEe BO30YXIAEHHOIO aTOMA C TOYKM 3PEHMS KBAHTO-
BOM TEOpHM MPOUCXOOUT CKAYKOM. [Ipeackasath MOMEHT WCOYCKAHUS
aToMoM (POTOHA HEBO3MOXHO, MOXKHO TOBOPHTH TOJBKO O CPETHEM Bpe-
MEHH XH3HH T aTOMa B BO30YXIEHHOM COCTOSIHMH.

BepoaTHOCTb CIIOHTAHHOTO NEPeXona M BpeMs Xu3HM. [lycTs Teneps
MB HMEEM COBOKYIHOCTb OUCHb OOJBINOrO YMCIa ATOMOB, KOTOpHE 00-
pa3yioT HACTOJBKO CHJIBHO DA3pEXEHHHIN a3, uTO B3aMMONCHCTBHEM
MEXAY ATOMaMH MOXHO npeHeOpeus. Kaxuil aToM MOXET HAXOTUTHCSH
B Pa3MYHHX KBAHTOBHX COCTOSHUAX, KOTOPHM COOTBETCTBYCT AUCKPET-
HbliA PSA ypOBHEH 3Hepruu. ByneM nns mpocTOTH CYATATH, UTO 3ATOM MO-
XET HaXOOUTHCH TOJABKO B BYX COCTOSHMAX: OCHOBHOM C 3Hepruel E, u
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B036yXaeHHOM C 3ueprueit E,. Ecnu kakod-uubynp aToM B MOMEHT BpE-
MEHM { HAXOOUTCH B BO30YXACHHOM COCTOSHUM, TO B MOCAEAYIOWIMA UH-
Tepsan BpeMeHH A? OH MoXeT aubO OCTaThCs B 9TOM COCTOSHHHM, JubO
nepedT! CKAYKOM B OCHOBHOE COCTOSIHME, MCIYCTUMB (DOTOH C SHepruei
E, — E,. 0603Ha4uM BEPOSTHOCTh CHOHTAHHOIO MEPEXOAa ATOMA B efu-

HMIY BpeMeHH K3 BO30y>XACHHOIO COCTOSHMS B OCHOBHOE yepes A,;.

IlycTs B MOMEHT BPEMEHM ! B BO3OYXACHHOM COCTOSIHMM HAXOXATCH
N, aToMoB. Tak Kak aTOMBI HE B3aMMOACHCTBYIOT MeXay coboi, To me-

pexon B OCHOBHOE COCTOSIHME OHM COBEPIUAIOT HE3aBHCHMO APYT OT ApY-
ra. [ToaroMy YMCJIO MCITYIIEHHHX 33 MPOMEXYTOK BpeMeHU Af QOTOHOB
An nponopuMoHaabHO N,

An = N,A, AL, (1)

Ecau Iips 9TOM HMKAK#X POLECCOB BO30YKACHHS ATOMOB HE NIPOMCXOIMT,
TO M3MEHEHHE YMCIa BO30YXAEHHRIX aTOMOB AN,, coraacko (1), pasuo
AN2= —NZAZIAI' (2)
BEposITHOCT CIIOHTAHHOIO TMEPEXOAA B EAMHHIY BPCMEHM A, HE 3a-
BUCHT OT BpeMeHH. [103TOMY peuieHue ypaBHEHHS

dn,
i = N (D Ay
MMEET BUI
Ny(t) = Naypexp(—Ay1), (3)

rae N,, — Hekoropas nocrosuHas. ITosaras B (3) t =0, BuauM, uto
N,y PaBHO uMc1y BO3OYXIEHHHX artoMos mpu ¢ = 0.

Takum 00pa3oM, B OTCYTCTBHE BHEIIHHUX BO3XEHCTBHII YHCIO BO3-
O6yXIEHHEIX ATOMOB YOEIBAET CO BPEMEHEM MO SKCNOHEHUMATBHOMY 3a-
koHy. [IpoMeEXyTOK BpEMEHH T, B TEUECHHE KOTOPOrO YMC/IO BO3OYyXaeH-
HBIX ATOMOB B PE3YJIBTATE CHOHTAHHOIO H3AYYCHHUS YMCHbUIAETCH B &
pas, — 3TO €CTb CPERHEE BPEMS XXHU3HM A4TOMA B BO30YXIEHHOM COCTO-
suuu. Kak BugHo u3 dopmyan (3),

T= I/AZI‘ (4)

BeposSTHOCTh CHOHTAHHOTO H3JyueHHs OOPATHO MPONOPIHOHATBHA
Bpemenu Xxu3nu t. Kak creayer us dopmyan (7) § 28, sra BeposTHOCTD
OpONMOPUMOHANbHA KOy YaCTOTH HM3/IyueHHS.

HeaaBucuMblid, CIy4aitHu XapakTep NPOLECCOB CIIOHTAHHONO nany—
YEHHMS ATOMOB NPOSIBJISETCS B TOM, UTO DA3JIMYHBIE ATOMHE H3JIy4yaloT
HEOQHOBPEMEHHO M He3aBucuMo. IToatomy ¢aspl, HANPABACHUS pPaCcHpo-
CTPAHEHHUS M COCTOSHMS MOJISPM3ALMH PA3HBIX LYTOB BOJH HE COIVIACO-
BaHH JPYr C APYroM. DTO NPHBOAUT K OUEHb BAXHOMY CJICACTBHIO: CNOH-
MmanHoe U3AYHeHUe HeKOZepeHmHO.

B npucyTCTBHM 31E€KTPOMATHATHOIO [OJIsI, KPOME CIIOHTAHHOTO M3J1y-
yenus, GyAyT NPOMCXOXUTb M MPOLECCH BO3OYXICHUS aTOMOB, T. €.
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MEPEXoasl M3 OCHOBHOINO COCTOSHHUS B BO30OYXAEHHOE C IOMIOMEHHMEM
¢doToHOB ¢ 3HEeprHed hw = E, — E,. BepoaTHOCTh TaKoro nepexoga mpo-

NOPUHOHATbHA OOBEMHOM IUIOTHOCTH SHEPrMM 3A€KTPOMATHUTHOIO MOJS
w(w) HA yacTOTe MEpPexona M HEKOTOpoMy Koadduuuenty B,,, xapak-

TEPU3YIOMEMY BEPOATHOCTb BO30YXAEHHMsS JAHHOrO atoma. [TonHoe umc-
JIO MEPEXONOB An M3 OCHOBHOIO COCTOSHMS B BO30YXIEHHOE 33 mpome-
XYTOK BPEMEHH Af MPOMOPUMOHANABHO YHC/IY 4TOMOB B OCHOBHOM COCTO-
suuu N,. Iloatomy

An = N,B ,w(w)At. (5)

Ecnu aTOMBI HAXORATCS B TEPMOAMHAMMYECKOM DABHOBECHH C 3JIEKT-
POMAarHMTHEIM TIOJEM, TO YHC/IO HNEPEXOAOB C MOrIOMEHHEM (POTOHOB U
C MX UCIYCKAHHEM OOXHO OniTh opuHaxoBO. OCHOBHIBASICh HA 3TOM,
MOXHO, nnpupaBuusas (1) u (5), Haity Bug dyskuun w(w), T. €. coex-
TPANbHOE pPACHpERE/ICHHE JHEPIUY PABHOBECHOrO Wanyuenus. OgHako
MOJIYYAIOIIHACA NPH ITOM DPE3YJBTAT HE COMACYETCH C SKCIEPUMEHTOM
u ¢ dopmyaoit I1nanka. DAHITEHH BOEPBHIE IOKA3aJ, YTO IJd MOJIyde-
HHS COTIACYIOLIETOCA € ONBITOM PE3YJIbTaTa HEOOXOAMMO IPEATIONOXKMATS,
YTO 371EKTPOMATHUTHOE T10/Ie BHI3LIBAET HE TOJBKO MEPEXOAH ATOMOB K3
OCHOBHOTQ COCTOSHMS B BO30YXIEHHOE, HO M NEPEXOORl U3 BO30YXOCH-
HOIO COCTOSIHMSL B OCHOBHOE ¢ u3ayueHumeM GoroHoB. Taxkue mepexomst,
B OTJIMYME OT CMOHT3HHBIX, MOJYYWIN HA3BAHUE UHOVYUPOGAHHOZO VUIH
BbIHYKOEHHO20 U3NYHEHUSL.

Yucao BEIHYXHEHHBIX NEPEXOOB 3a BpeMs Al NPONOPLHOHANBHO,
KaK M YHCJIO IEPEXONOB C NoromeHneM (GOTOHOB, IUIOTHOCTH 3HEPIUMU
DJIEKTPOMATHMTHOTO TOJIS HAa 4acToTe NEepexoaa, YMC/y aTOMOB B BO3-
Oy>XIneHHOM COCTOsSHMM N, U HeKoTopoMy KoadduitnenTy B,;, Xxapakre-
PU3YIOMIEMY BEPOSATHOCTh TAKOIO mepexoaa B arome. C yyeroM CoHTaH-
HOI'O M3JyUYEHHUs IOJIHOE YHCIO NEPEXONOB 33 BpeMa Af u3 BO30yXICH-
HOIO COCTOSSHMSI B OCHOBHOE PABHO

An= [NZAZI +N2B21LU((1))]At. (6)

B COCTOSIHMHM TEpPMOAMHAMMYECKONO PABHOBECHSA CJIEAYET NPHPABHATH
npaseie 4acTd B BrpaxeHudax (5) u (6) u yyecTb, UTO OTHOIIEHHE YHC-
714 aTOMOB B BO30YXAEHHOM COCTOSIHHM K UMCJIY aTOMOB B OCHOBHOM CO-
CTOSHHH, B COOTBETCTBMH C PABHOBECHHIM CTATHCTHYECKHMM pachHpepene-
aueMm 'nbbca, pasHO

Ny _ E,—E, _ ho
¥, = exp (-—T) = exp (_k_f) . N

BeposSTHOCTHM BHIHYKJEHHBIX riepexojoB. Jlerko y0emnToes, 4To BEpo-
SITHOCTH By, 1 B, AJ19 aTOMa HAHHOIO COPTA paBHEI Apyr apyry. He#cr-
BUTEJIBHO, IIPKX OUEHb BHICOKOH Temmeparype, kKorma k7T > hw, muior-
HOCTb JHEPIUH W, MPONOPUHUOHANIBHASI YETBEPTOH CTEMEHM TEMIEParTy-
pH, CTAHOBHTCS HAcTONbKO Ooabmoit, yto B dopmyne (6) MoxHO
npeHeOpeuys INEPBHM CJAAraéMbIM MO CPABHEHHIO CO BTOPHIM. JTO
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03HAyaeT, YTO B PABHOBECHH NPH BHICOKOM TEMNEPATYPE BHHYXICHHOC
n3nyuenue npeobnanaer Hax cnoHTaHHWM. IlpupasnuBas mis 3THX yc-
nosui mpasne vacru (S5) u (6), umeem

N\By; = N,B,,. 3)

Tax xak npu pasHosecuu npu kT/hw— «, cornacro (7), N,— N,, To
n3 (8) nonyuaem B, = B,,.
BepostHocTd B, H B,; 3aBHCAT TO/MBKO OT CBOMCTB aToMa U HE 3a-

BHUCAT OT BHCIDHMX YCJIOBHH, B KOTOPHIX IPOUCXOAAT nepexonn. ITosro-
My TIONy4€HHOE npu T —> © paBeHCTBO B, U B, CIpaBEUTHBO BCETAA, B

TOM YHUCJIC U B OTCYTCTBHE TCILIOBOIO DABHOBCCHS.

Masepsl H Jia3epbl. BRIHYXAeHHHE nepexoAn HAOUTH BAXHOE MPAKTAYE-
ckoe npuMeHeHue. Ha X ocHoBe CO3/jaHH KBAHTOBHE EHEPATOPH M3y~
YEeHUS Ma3epH, FEHEPMPYIOmUe B MEKPOBOJHOBOM AMANA30HE, M A3EPH,
M3/1yYalomue B ONTHYECKOM JHANAa30He OT NHPPAKPACHHX 10 yabTpadm-
oneTosux ayueir. Haubonee cymecrseHnas oco0EHHOCTh KBAHTOBBIX Ie-
HEpATOpOB, C KOTOPOW CBA33aHH NPAKTHYECKH BCE HX 3aMEYATEIBHHEE
CBOWCTBA, — 3TO KOZEPEHMHOCTb CO3JABACMOI0 MMM H3JIyUYCHHS.

Jleno B TOM, YTO BOJHH, MCITYIICHHHE B PE3YJbTATE BHHYXNEHHHX
MEPEXOROB, 007aNa0T CACKYIOMENR BaXHOH 0COOEHHOCTBIO: MX YacTOTa,
tasza, HanpaBieHNe PacCIPOCTPAHEHUS M COCTOSHHE MOJSIPU3ALHH TOYHO
TAKHE X€, KAK M Y H3JLyYcHusl, BR3BaBiuero nepexoan. Vuaue rosops,
(oTOHBI, MCHYIEHHLIE NPY BHHYXACHHOM M3JyYCHUH, HEOTJMYMAMH OT
¢oTOHOB, BRI3HBAOMMUX 3TO M3NydeHue. [Jo3TOMYy NpH MHAYUHMPOBAaH-
HOM H3JIyYEHHH YBEJIHYHMBAKIOTCS TOJBKO AMIUTHTYAA W SHEPrHsl BOJIHHL.

KOrepeHTHOCTh JIA3€PHOTO H3Ay4eHHus. [IoSICHUTh KOrepeHTHHI xa-
paKTEpP BHIHYXIEHHOIO M3JyUeHAS MOXHO Cieayiommum odpasom. Ipo-
UECC BHIHYXICHHOTO M3JTYYEHHS SBJISETCS OOPATHHIM IO OTHOHIEHHIO K
mornomenuio. [lpm pacnpocrpaHeHMm nyyka Jyded B MOMIOmMAIOMEH
Cpene MPOMCXOAUT YMEHbIICHWE MHTCHCHMBHOCTH, HO IIOJHOCTBIO COXpa-
HSIOTCS CBOMCTBA KON€PEHTHOCTH. JTO BHAHO XOTS OH M3 TOro, 4TO B
J00bIX MATEphEPEHIHOHHNX ONKITAX NPOXOXACHHE ITY4YKa CBETA Yepes
cepuiif (QUIBTP, YMEHBMIAIOIMIA HHTEHCUBHOCTh 0€3 M3MEHEHHs! CHeKT-
panbBHOIO COCTaBa, HE pa3pymaer mHTepdEpeHOMOHHON Kapruuu. [lo-
ITOMY MOXHO OXMIATh, YTO NpPH NMPOXOXACHWM CBETA 4€pe3 CpeRy, Co-~
AEpXanylo Bo30YXNCHHHE ATOMH, B PE3yJbTaTeé BHIHYXICHHOIO H3JIy-
yeHns: OyAET NPOMCXONMTH YCHJICHHE PACHPOCTPAHSIOMENRCS BOJHN Npu
COXPAHECHHH €€ KOr€pPEHTHOCTH.

Ycuaenne ceeTa akTMHBHOM cpenoi. [1ycrs napannenpHHE Ny4oK MOHO-
XPOMATHUYECKOTO H3IYYCHHS YACTOTH W, COOTBETCTBYIOMEN PA3HOCTH Ka-
Kux-mub0 ABYX YPOBHEH 3HEPrHM aTOMOB CPEAH, PACIPOCTPAHSETCS
CKBO3b 3Ty cpeay. MameHeHune uncia (pOTOHOB B MOTOKE HA NMPOTIXKCHAN
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paccrosiHMa Ax = cAf 3a CYET NMPOLECCOB MNMOMIOMEHUS M BHHYXACHHOTO
H3JYUYCHHMS PAaBHO

An = [N,Byw(w) — N Bw(w)] 22 . (9)

BxnagoM CHOHTAHHOIO M3JIYYEHHS B PACCMATPHBAEMEIA MOTOK (hoTo-
HOB MOXHO TIpeHe0peys, TaK KaK CIOHTAHHOE M3JTyUYCHUE PACIPOCTPAHS-
€TCH IO BCEM HANPABJCHHAM H B HANPABJACHHH PACCMATPHBAEMOIC IYYKa
OKaXETCS HUYTOXHas ero yacte. Tak kak B, = B,,, 10 (9) MoxHo mepe-

NMUCATh B BUAE
An = (N,— N))Bw(w) 8L . (10)

31a dopMyna O3BOAET MOHATh OCHOBHYIO UAEK PabOTH KBAHTOBO-
ro ycwmrtens. Ecam umcio atomoB B BO30YXIEHHOM COCTOSHUH N,
MCHBIIE YKCJa ATOMOB B OCHOBHOM COCTOSHMM N, TO IpH pacrpocTpa-
HEHWH BOJHH MoromeHue OyfeT mpeobiamaTh HAX BHIHYXAEHHBIM HM3-
JIyYEeHUEM W MHTEHCUBHOCTh BOJIHH Oyner yOuBate. Tak 0b6muHO H 06-
CTONT IEN10, €CTM BOJIHA PACHPOCTPAHAETCH B CPENE, HAXOAMBIICHCS B
COCTOSTHMM TEPMOAMHAMHYECKOTO PABHOBECHSI Wiu GJIM3KOM K HEMY.

Ho ecnm B cuny kakux-smbo npuuMH yucio BOo30YXAECHHHX ATOMOB
N, TMPEBOCXOIHT YMCJIO ATOMOB B OCHOBHOM COCTOSIHMH N, TO IO Mepe
PACIIPOCTPAHEHHS BOJHW YHCIO (DOTOHOB B Nyuke OYAET Hapacratp —
BOJIHA OyOeT yCHIMBATBCH.

Haiinem 3aKoH, MO KOTOPOMY GYNET M3MEHSTLCA HHTEHCHBHOCTD BOJ-
HEl [0 MEPE ee pacnpocTpaneHus B cpeae. Ilpomsseneune o0bEMHOM
IVIOTHOCTH DHEPIMM BOJHH @w(®) Ha CKOPOCTb CBETA ¢ €CTh IUIOTHOCTH
NOTOKA SHEPrvH, MEPEHOCHMON BOJIHOM:

J = cw(w).

Tak Kak M3MEHEHHE MOTOKA (POTOHOB HA MPOTEXEHMH OTpe3ka Ax
paBHO cAn, TO H3MEHEHHE NOTOKA JHEPrUM Aj HA JTOM XE OTpe3ke Ax
paBHO AiwcAn. YMHoXas o0e yactu pasencrsa (10) Ha hwc, Haiizem

. _h .
A]=T‘°(N2-—N1)B,2]Ax. an

Mepexona x mpeaeny npu Ax—0, noayuynM ypasuesue mis (yHKIHN
j(x) — NIOTHOCTH MOTOKA SHEPTMM — B BUAE

4 _ gi 12
dx - (l](X), ( )
rae 3apucamuii or x KoaddunuenT a paseH

G=E62(N2—Nl)312. (13)

Pewrenue ypasHenus (12) umeer Bug
j(x) = joexp(ax). (14)
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3neck jo ecTh IIOTHOCTE MOTOKa 3Hepruu myuka npu x = 0. [Ipm a >0
MOTOK SHEPIrMM HApacTaeT 0 Mepe pPachpoCTPaHEHUS BOJHBI, a NpH
a < 0 y6usaer. Ecim N, > N, 10 a > 0. B 910M ciyuae cpena HasbiBa-
eTcs aKxmugHou.

MeTonb! CO30aHMA aKTHBHOH cpensl. Kakum xe obpasoM ymaercs mo-
JIy4yATb CHJIBHO HEPABHOBECHOE COCTOSHHE BEIIECTBA, B KOTOPOM
N, > N,. B 3aBucuMoCTH OT THNa pabouero BENIECTBA 3TONO MOXHO J0-

OMTBCS Pa3HBIMH METONAMH. B MMIyJIBCHHIX TBEPAOTEIBHEIX KBAHTOBHIX
FEHEPATOpAX, HanpuMmep B pyOMHOBOM Jasepe, WCMOJIb3YETCS ONTHYE-
CKag HaKauka CBETOM MOIHOW UMITY/JLCHON JAMMK — BCOBIMKU., B mo-
JIYIPOBOXHHMKOBBIX JIA3€Pax HENPEPHIBHOTO AEHCTBHS HEPABHOBECHOE CO-
CTOSIHUE NOCTHUIaeTCs MpU IPONYCKAHMH SJEKTPUUECKOTO TOKA 4Yepes
p—n-Tiepexon. B ra3zoBrix sasepax atoMu paboueroc BemecTsa Bo3Gyx-
HAXOTCA IACKTPUYECKHM paspsagoM.

Pe3oHaTops! a3epa. B KBAHTOBHX reHepaTopax AN MOJYYEHHS MOHO-
XPOMATHYECCKONO KOrEPEHTHOrO Uanyyenud, nomumo addexra ycunenuns
BOJIHEI IIPY TIPOXOXKAEHUH UEPE3 AKTHBHYIO CPEAY, UCIOMIb3YETCS MOMIOXH-
TenpHas obpaTHas cBsi3b. HacTh HanyyaeMoil CBETOBOM SHEPrUH BCE Bpe-
MS IOJIKHA OCTABATLCH BHYTPH pabouero BEWECTBA, BRI3LIBASL BEIHY XACH-
HOE H3JIyYEHNE CBETA BCE HOBRIMH BO30YXIECHHAIMH ATOMaMH, DTO OCyme-
CTBASETCS ¢ moMoLIpio 3epkai. O6niuHO paboyee BELIECTBO MOMELIAETCA
MEXAY OBYyMS NMapaUICAbHBIMM 3epKajiaMi, OMHO M3 KOTOPHIX IOJYIpPO3-
pauno (puc. 98). Takywo cuctemy Ha-
3BIBAIOT ONMUYECKUM DEIOHAMOPOM.
— Bosaukmas B KaKoM-1ub0 MecTe B
pE3YJBTATE CIOHTAHHOIO IIEPEXOAa
CBETOBAd BOJIHA YCWIMBAeETCs 3a CUeT
BHIHYXIEHHOIO MCITYCKaHUS IPU pac-
Puc. 9§. Onnfqecxuﬁ PE30OHATOp C aK-  POCTPAHEHHM 4EpEe3 AKTHBHYIO Cpe-
THBHOM CpenoH ny. DbdexTunHo SyayT yCHAMBATBCS
TOJIBKO TE€ BOJIHBI, HANPaBJICHUE pac-
POCTPAHEHUS KOTOPHIX COBMAAAET C OCHKO PE30HATOPA, TAK KaK IPU BCEX
HApYr¥X HANPABJICHUAX BOJIHA OHICTPO MOKMHET NPEAE/ibl AKTHBHOM CPERBL.
Hoitxs 1o moJaynpo3payHoro 3epkana, BOJHA YACTUYHO BRIXOAHMT HAPYXY,
a yacTHyHO oTpaxaercsd Ha3dag. OrpasuBuIascd BOJIHA AAET HAYAJIO HOBOM
nasune ¢oronos. IIpoiins BROAb pe30HATOPA OT OAHOIO 3EpKana A0 gpy-
roro 1nyrs L uepe3 akTUBHYIO Cpeay, BOJHA B COOTBETCTBHMM ¢ opMynioi
(14) ycunurca B e~ pa3. OTpasusmasgcs OT BTOPOTO 3€PKaJia BOJIHA CHOBA
Ha JUTMHE PE30HATOPA yCHIMBAETCA B ¢®L pas u T. a. Takum o6pasom, Ha-
AMYne 3epkan yBeauuusaer sddekTuBHOE PACCTOSIHUE, KOTOPOE Pacnpo-
CTPAHAIOMAsCs BXOJIb OCH PE30HATOPA BOJIHA IPOXOAUT B aKTHBHOH cpene.
OueBugHO, UTO reHepauus BO3MOXHA TOJLKO TOrAa, KOrna najgapomas
Ha TOJIYNpo3payHoe 3€PKaJIo MOCJAE OYEPETHOTO NMPOXOAa BOJHA MMEET
JHEPrHio He MEHBIIYIO, YEM IIPH NPERBLIAYIIEM MAACHUU. DTO 3HAYHUT, YTO

A

|
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YCWICHHE CBETA B AKTHUBHOH cpeac A0JXHO OHTH AOCTATOYHO 60JlbI]IPIM,
MPEBBIUAKINNUM HEKOTOPOE 3HAYCHUEC, HA3BIBAEMOC NOPO2OBLIM.

@OOopMMPOBAHKME KOTEPEHTHOro MaayuyeHus. OnTHYecKwil pe3oHaTop,
00pa30BaHHEIA 3€PKAJIAMH, [OMHMO OCYUIECTBJCHHS HEOOXOOMMOM I1s
BO3SHUKHOBEHHNS IEHEPALMM NOJOXHTEIBHOW 0OpATHON CBS3HM, BBRITOJHS-
€T M JPYTYIO BAaXHYIO PYyHKUMIO — (POPMHUPYET KOF€PEHTHOE MOHOXPO-
MATHUYECKOE M3nyucHue, Ing Toro urofsl BHIXOAAMIEE YEPE3 HOIYIpPO3-
payHoOe 3€pKajg0 uanyyeHue ObUTO KOTEPCHTHHRIM, HEOOXOAMMO, YTOGHI
COCTaBJSKOMIME €0 MOCASAOBATENbHEIE BOJHOBHIE LYId GBLIM COracoBa-
HEl APYT C APYTOM.

K moaynpoapadyHoMy 3€pKany MOAXOOST TOXAECTBEHHBIE I[YTH BOJIH,
BO3HMKIIME MDY BHIHYXICHHEX MEPEX0OAaX B AKTUBHOM CpPENE U3 CIUH-
CTBEHHOTO CHIOHTAHHO MCITYIIEHHOro uyrd. YacTs U3 HUX BHIXOZMT HApY-
Xy, 4acTh orpaxaercd. OTpa3uBIIMeECH LYIH MPOXONAT Yepe3 Pe30HATOD
Tyaa ¥ 0OpaTHO M CHOBA BO3BPALIAIOTCE K MOJYNPO3PAYHOMY 3€PKATy.
O6pasoBaBmasca B PE3yJbTaTe PasHOCTh XOAA HOJIXKHA ObITh PABHA Iie-
JIOMY YHUCAY IJIAH BOJIH:

2L=nXA, n=1,2,... (15)

TosbKO B 3TOM CAydyde BRIXOOALIEE HAPYXY HM3aydeHHe OymeT CTporo
MoHoxpoMaruueckuM. Orcioaa cienyeT, YT0 KBaHTOBHIM TeHEpaTop Mo-
XET CO34aBaTh MOHOXPOMATHYECKYIO BOJIHY HE TPOM3BOJHHOM UACTOTHI,
a JIMmb ¢ JUCKPETHHIM HAaGopOM YacToT w,, COOTBETCTBYIOMMX AOMYCTH-
MbIM 3HAYEHMSM [JIMHH BOJAHW A, = 2L/n. Oror Habop uacroT ompene-

nserca opmynoi

©. = 2nc _ wc n

nT A T LT
" (16)
OnTuyeckuii pe30HaTop, 00PA30BAHHEIN 3EPKATAMU, MOXHO PAaccMaT-
PMBATh KaK KOJEOATEIbHYIO CHCTEMY, B KOTOPOM COOCTBEHHBIE HOPMAJIb-
Hbie Kosebanua (MOB) MMEIOT BHJ CTOSUYMX JJEKTPOMATHMTHBIX BOJIH C
y3AaMM Ha 3epkaiax. Hacrorel Takux ko0/e0aHME ONPEACAAIOTCS TOUHO
TakuM Xe ycnosueM (16). IToaTomy KBAaHTOBHIA reHEPATOP IO CYLIECTBY
NIPEACTABAAET Co00M ABTOKOAEOATENBHYIO CHCTEMY, B KOTOPOH BO3MOXHBI

HE3aTYXAaKwImue kosebanps va OXHOM H3 COOCTBEHHEIX YaCTOT pE€3oHaTopa.

CnexTp 1a3epHOro usnyyeHus. Bo3OyXaeHHH yPOBEHb SHEPIMH 4TO-
MOB aKTHBHOM CpPEABl BCETJa MMEET KOHEWHyIo mupurHy. Ilosromy ycm-
JIEHWE CBETA IP¥ BRIHYXIACHHHIX MEPEXOAAX MPOMCXOAUT HE HA ONHOM
buKkcHpoBaHHON YACTOTE, @ B HEKOTOPOM HHTEpBAJIE 4acToT Aw, omnpe-
AEeNSeMOM [OMPUHON crnekTpanpHoM auHun. OOBYHO HA HHTEPBAT Aw
OPUXOAUTCS HECKOIBKO COOCTBEHHBIX UacToT pezoHartopa (puc. 99). He-
KOTOPHIE M3 HMX MOIYT OKa3aThCd B MHTEpBase Aw;, B KOTOPOM K03d-
bHIHEHT YCHIEHHS IPEBOCXOIUT MOPOrOBOE 3HAUYEHHE.

Ha 3TexX yacToTax ¥ BO3MOXHA reHepanus uanydyenus. Ecou B unrep-
BaJ1 Aw, MONANaeT TOJLKO OHA COOCTBEHHAS YacTOTa PE3OHATOPA, TO, Ka-
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3an0ch OH, J1a3ep HEMPEPHBHOIO AEHCTBHS JOXKEH IeHEPUPOBATH CTPOTO
MOHOXpoMAaTHYeCKHit cBeT. OTHAKO MO PSAY NMPHYMH 3TO, KOHEYHO, HE
TaK, XOTS M3JYUCHHE TAKOrO OXHOMOAOBOIO Jia3epa 001a1aer OYEHb BHI-

COKOH CTENEHBI0 MOHOXPOMATHUHOCTH.

T~ U npeicTBHTENIPHO, MHUPHHA JHHUM JIa-
a(w) Aw 3CPHOTO M3JYUEHHMS] MOXET OBITh MHOTO
= 1 MEHBIIE HE TOJBKO AOIUIEPOBCKOM, HO 1

€CTECTBEHHOM HIMPHHEI CIEKTPAIBHBIX
aueni. [lupuHa sasepHOH JMHHM MO-
XeT OLTh JOBEAEHA A0 3HaueHus 10714
@, ©, O, oT caMoif yacToTe. COOTBETCTBYWOIIAS
TAKOM MOHOXPOMATHUYHOCTH AJIMHA L[yTa
Puc. 99. B npenesax KOHTypa CneKT-  y grenepTHEX BOJH AOCTHIAET COTCH KH-
PajJbHON JIMHHUHM HAXOAMTCA HECKOJIb-
KO COGCTBEHHBIX YACTOT PE3OHATOpPa JIOMETPOB.
Hawubonee cymecrBeHHONM mpuun-
HOM HeCTAaOMIBHOCTH 4aCTOTHl I'EHEpa-
MM ABASIOTCS CAYYaiHbE MU3MEHCHHS IJIMHE pe3oHaTtopa L, BeI3nBae-
Mbi¢, HANPUMED, TEIUIOBHIM PACIUMPEHHEM, BHOpauMsaMHu U T. II.
3aMeuaresibHOM 4YepTOd JIA3CpPOB, TECHO CBI3AHHOM C KOTCPEHTHO-
CTBIO CO3AABAEMOIO MMM M3JYYEHHS, ABASETCA MCKIKOYHMTENbHAS CIo-
COOHOCTB K KOHYeHMPaluu c6emogoll 3Hepzul: K KOHIIEHTPAIMHU B CIIeK-
Tpe — OYEHb y3Kad COEKTPAJbHAA JIMHUA H3JyUYEHHS, KOHIECHTPALHMM
BO BPEMEHH — BO3MOXHOCTH NOJYUYaTh CBEPXKOPOTKHE MMITYJbChI CBE-
T4, K KOHIEHTPALMH B INPOCTPAHCTBE U N0 HANPABJIEHHUIO PACPOCTPaHE-
HUS — BO3MOXHOCTb MOJYYaTb IPAKTHUYECKM NAPAJUIEIBHBI IYUOK,
pacxoguMOCTh KOTOPOrO OIPEXENSETCd TONAbKO AM(PAKIMOHHEIMHU 3¢-
thexTaMu ¥ NO3TOMY OUYEHb Majia, M CPOKYCHPOBATH BCE UIIYUCHHME B
Manoi 00J1IacTH C pasMepaMM MOPSAAKA AJHHBL BOJIHBI.

e Kak cBs3aHO cpenHee BpeMsi XH3HH aroMa B BO30YXIAEHHOM COCTOSHHM C
KJIACCHYECKHUM IPEACTABIEHHEM 0 HEMpPEePbIBHOM U3JTYYEeHHH M C KBAHTOBBIM
NpeacTaBjeHHEM 0 CKaukooOpa3HoM Mepexofe atoMa u3 Bo30YXAEHHOro co-
CTOAHUA B OCHOBHOE?

e Kak BpeMsa XM3HH T atoMa B BOSGY)K}ICHHOM COCTOSHHUH CBA3AHO C BEpOAT-
HOCTbKO CMIOHTAHHOIO nepexona?

e UYro Takoe BeIHYXAeHHoe HanyueHue? Kakue TeopeTHueckue coobpaxeHus
MPUBEIU K BBIBOAY O €ro CYILECTBOBAHUM?

e Kax MOXHO O0Ka3aTb, 4TO BCPOATHOCTL NOTJIOICHHUA (I)OTOHa H BCPOATHOCTDL
BHIHYXICHRONO U3JYUYEHUA OQUHAKOBBLI /1A QAHHOMO Nnepexopa B8 atome?

o Yem BBIHYXKACHHOC U3NTYUYCHHE OTIHYACTCH OT CMOHTaHHOIO? I'quemy SJICKT-
POMArHuTHLIC BOJIHLI BbI3BIBAIOT MEPEXOALI HE TOJILKO C MOIJICIICHHEM 3HEp-
'MHM BOJIHBI, HO H ¢ UCNTYCKAHHEM H3le'~leHH$l?

¢ Uem 00yc/i0OBleH2 KON€pPEHTHOCTh HCHYCKAEMOIO CBETa MNpPH BBIHYXACHHOM
H3nyueHun?

e [IloueMy npu aHanuse pabOThl KBAHTOBOIO YCHJIUTENS MOXHO HE YUYUTBLIBATH
CMOHTAHHOE HU3NyuyeHHe?
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e CdopmyupyiiTe OCHOBHBIC 3Tanbl BbIBOZA 3aKOHA HapacTaHWd UHTEHCHBHO-
CTH CBETa 110 MEpe €ro pacnpocTPpaHEHMs B aKTHMBHOI cpene.

o OObscHuTe, KakuM o6pa3om Guaronapsi ABYX3€pKaJIbHOMY Pe3oHaTopy B ja-
3epe OCYLUECTBJISETCA MOJIOXHUTENbHAA 06paTHas CBA3b.

e Kakopa ponb 3epkan pesoHatopa B GOpMHPOBAHHH KOMEPEHTHOrO M3IyYeHHS
nasepa?

e YeMm oObsicHSETCS BO3MOXHOCTh FeHepaLlMM H3JIyYeHMUs JIa3epoM cpasy Ha
HECKOJIbKMX MOAax pesoHartopa?

e OO6bacHUTE, MOYEMY cheKTpajbHas JIMHUS Na3epHONO M3JIYYEeHHUsS MOXET
MMETb LUMPHHY, MHOMO MEHbIUYI €CTECTBEHHOM LIMPUHBI CHEKTPasibHOM JIH-
HHMM aToMa.

§ 31. DnekTpH4ecKMK TOK B rasax

B OOBIYHEIX YCJOBHSX rasnl HE IPOBOAST IJEKTPHUECKUI TOK, TAK KaK
HX MOJIEKYJIB JEKTPAUEeCKH Helitpanssu. Hanpumep, cyxoit Bo3gyx —
3TO XOPOWIMI M3OJISTOP, B YEM MBI MOIVIM YOEAMTHCS C MOMOIIBIO CAMBIX
MPOCTHIX ONBITOB MO anexrpocratuke. OOHAKO BO3AYX M APYrue rassl

Puc. 100. Bosayx CTaHOBUTCH MPOBOAHMKOM 3NEKTPHUYECKONO TOKA, €CJIM €10 MOHU3UPOBATh

CTAHOBSATCH NPOBOJHUKAMHU IJIEKTPUUECKOIO TOKA, €CIAH B HUX TEM MM
HHBIM CIIOCO0OM €O37aTh MOHKL. IIpOCTEHINUI OMBIT, WUTIOCTPUPYIOMMIL
NPOBOAMMOCTb BO3AyXa NpPHM €ro MOHHU3anuM IUIAMEHEM IOKa3aH Ha
puc. 100: 3apsa Ha IIacTUHAX, COXPAHSIOIIMACH B TEYCHHE JUIMTEIBHOIO
BpeMeHH, OBICTPO MCUE3aeT OPH BHECCHHMH 3aXXCHHOW CIUMYKH B IIPO-
CTPAHCTBO MEXIY IJIaCTHHAMH.

Ta3osnit pa3pai. ITpouecc npoxoxaenus 3JIEKTPUYECKONO TOKA yepes
ras oORYHO HA3bIBAIOT 2a30dbiM PA3PSAOM (MM SJEKTPHYECKHM pa3ps-
oM B rase). ['a3oBhe paspsaan MoApas3aessiorcs Ha B3 BHAA: CAMOCTO-
ATEIBHBIE U HECAMOCTOSTE/NbHHIE.

HecamMocTosTeAbHbIA pa3psij. Pa3pan B ra3e Ha3sHBaOT HECAMOCMOS-
menbHbLM, ECIAH IS €r0o NOAAEPXKAHAS HEOOXOAMM BHEIIHMIA MCTOYHHAK
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voHn3auMH. MOHH B rase MOTYT BO3HHMKATh IMOJ JAEHCTBHEM BBICOKHX
TEMIIEPATYP, PEHTTEHOBCKOIO M YJAbTPa(hHOAETOBOTO M3AYUEHHS, PalHO-
AKTMBHOCTH, KOCMHYECKHX JIYUYEH U T. A. BO BCEX ITHX CIy4Yasx IMpOHC-
XOOMT OCBOOOXIEHHE OXHOIO WM HECKOJBKHX IJEKTPOHOB M3 3JEKTPOH-
HOM 000/JIOUKH aTOMa WM MOJIEKYJIM. B pe3yJsibTaTe B rase HOSBJISIOTCS
OOJIOKHMTEIbHBIE HMOHH Y cBobomume siaekTponm. OcsoBogusmmuecs
37IEKTPOHBI MOTYT TIDUCOEAMHATLCHY K HEATPAJILHEIM ATOMAM MJIM MOJe-
KyJiaM, Mpespamas MX B OTPULATEAbHEIE HOHHL.

Honn3aumd u pexoMmOunauusa. Hapsay ¢ npoueccamu uonuzayuu & ra-
3€ MPOMCXONST U OOpaTHHIE MPOLECCH pekomOuHayUU: COCOUHAICH MEX-
Ay cobo¥, HOTOXKUTEJbHEE U OTPUIATEIBHHC HOHHB WM MCHAOXHTEIb-
HBIC MOHBl ¥ 3JEKTPOHB 00pa3yloT HEWTPAJIbHHE MOJEKYIH WM ATOMHL.

H3MeHeHME CO BPEMEHEM KOHIEHTPALMK N HOHOB, OOYCJIOBJEHHOE
MOCTOSHHKM HCTOYHUKOM HMOHM3ALMM M MPOLECCAMHM DPEKOMOMHALMH,
MOXHO ONMCaTh CAEAYIOMmEM oOpazoM. JonyCTHM, YTO MCTOYHUK MOHM-
3aLMM CO3MAET B eQUHMUE 0ObEMa rasa 3a eUHALY BPEMEHM ¢ MOJOXH-
TEJbHBEIX HOHOB M TAKOE X€ YHCIO 37eKTPOoHOB. EC/IM B raie Her 3/exT-
PUMYECKOTO TOKA M MOXHO NpeHebpeus YXOZOM HOHOB M3 PACCMATPUBAC-
moro ofbema u3-3a gUddYsHH, TO EIUHCTBEHHEIM MEXAHH3MOM
YMEHBIIEHAS KOHLEHTPAUUH MOHOB n Gymer peKoMOMHAaUHs.

PexoMOMHALMS TIPOMCXOAMT TMPH BCTPEYE MOJOXHTEABHOIO HOHA C
3eKTPoHOM. HHC/I0 TAKMX BCTPEY MpPOMOPUMOHAABHO KAK YHUCAY HOHOB,
TaK M YHCTY CBOGOMHBIX 3JJEKTPOHOR, T. €. TIPOMOPIMOHAIBHO n?, TloaTo-
My yOBUIb YHC/I3a WOHOB B efMHMIE 00beMa B CAHHMLY BPEMEHM MOXET
OBITH 3aNMCaHA B BHAE an?, rie o — IOCTOSHHAS BEIMYNHA, HA3BIBAC-
Mad KO3(PPUEHMEHTOM PEKOMOMHALIKH.

Ilpy cnpaBem/IMBOCTH BBENEHHHIX MNPENNOJIOXEHHMH ypaBHeHue Oa-
JIAHCA MOHOB B ra3e 3anuIieTcd B BUAE

Z—'tl =g — an (1)

Mu e Gynem pewats 310 audhepeHuMaIbHOE YpaBHEHUE B 00mEM
BMAE, & PACCMOTPHM HEKOTOPHIE MHTEPECHHIE YACTHHIE CIyuyaw.

[Tpexne BCErO OTMETHM, YTO HPOLECCH WOHM3ALMM M PEKOMOMHALHN
yepe3 HEKOTOPOE BPEMS JOJDKHB CKOMIICHCHPOBATH APYT Apyra M B rase
YCTAHOBMTCH TMOCTOSHHAS KOHUEHTpauus n,. M3 (1) BuaHO, uro npm

dnfdt =0
__WI 2
n.=1ys . (2)

CraunonapHasi KOHUEHTPAUHUA HOHOB 1 TeM GoJbIie, YeM MomHee
HUCTOYHHMK MOHM3ALMH M YeM MEHbUIE KOMDGIHUIUEHT peKoMOMHAUMHM a.

IMocae BHIKMIOYEHHS HOHH3ATOpa YOBIBAHHE KOHUEHTDAUUU HOHOB
n(t) omuceiBaercs ypaBHenueM (1), B KOTOPOM HYXHO NONOXUTh ¢ = 0,
a n_ [PUHSTH B KAYECTBE HAYAJIbHOTO 3HaueHMS KoHueHnTpauun n(0):

dn_ 2
—E——an .
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IlepenucaB 3T0 ypaBHEHME B BHIE d—'zl= —adt, MoCJ€ MHTErpUpPOBAHUS
n
HOMYYaeM
L — ._1_ = at
n® n,~
OTKy[a n
= 3
n() 1+n_at’ @)

I'paduk sroit ¢pysxun nokasad Ha puc. 101. On npencrasaser co-
Goi runepbony, aCHMNTOTAMHM KOTOPO# SIBJISIIOTCS OChb BDEMEHM M BEPTH-
KanpHas npsMmasg ¢t = 1/(an_). Pazymeercs, dU3UUECKUH CMBICT HMeeT

JUIIb Y4acTOK runepOosbl, COOTBETCTBYIOmMMUI 3HAaucHMaM > 0. Orme-
THM MEIVICHHHHM XxapaxTtep yOnBaHusg
KOHIIEHTPAIMM CO BPEMECHEM B CpaBHE-
HHMH C YACTO BCTPEUANOUIMMUCST B Du3m-
K€ IMpPOUECCAMH IKCIOHEHIHAIBHOIO

3aTyXaHusd, KOTOpDHE peaJu3yIoTcd, \\

, nk
|
|
|
KOIZa CKOPOCTh yORBaHMS KakoH-1mubo : \
|
I
|
l

'
\
\

BCJANYVMHEL TIPONOPIIUOHAIbHA nepBoﬁ
CTENEHA MrHOBEHHOIO 3HAUYCHUS 3TOH
BCJIMUMHKI.

HecaMocTosiTeJbHas NMPOBOAHMOCTD. * ol

[Ipomecc cmagasus  KOHLIEHTPAMHA 0 t

HOHOB TIOC/E MPEKPACHUS RECUCTBUSA Puc. 101. Y6blsauue xonueHTpaunuu

HMOHHM34TOpa 3HAYMTEJABHO YCKOpSeTCs, YOHOB B rase IoCiIe BLIKMIOHenns mc-
TOYHHUKA MOHH3ALMH

€CJTM ra3 HAXOOUTCH BO BHEIIHEM 3/1€KT-

pPUYECKOM 1oJic. BRITArMBAs 3JEKTPOHK

M MOHH HA 3JIEKTPOAKI, 3JEKTPUUECKOE TIOJIE MOXET OYeHb ObicTpo 0bpa-

TUTb B HYJIb 3JICKTPONPOBOJHOCTDb ra3a B OTCYTCTBHE HOHM3ATOpa.

O ysacHeHWs 3aKOHOMEPHOCTEH HECAMOCTOSITEJIBHOTO paspsiaa pac-
CMOTPHUM JJIS TIPOCTOTHl CAy4al, KOTA3 TOK B MOHH3YEMOM BHEIIHHUM HC-
TOYHHMKOM ra3e TEUYET MEXAY ABYMS IUIOCKMMM 3JIEKTPOAAaMHM, Tapas-
JIEIBHBIMHU APYT APYTry. B 9TOM Ciayyae MOBH M 3NCKTPOHH HAXOHOSTCS B
OZHOPOTHOM 3JICKTPHUYECKOM IOJIE HANPSIXEHHOCTH E, paBHOH OTHOILIE-
HUIO NPIJIOXKEHHOTO K 2JIEKTpogaM HampspkeHus U k paccrosHuio [
MEXAY HUMH.

TToABHXHOCTD 3JEKTPOHOB H HOHOB. lIpH nOCTOSHHOM TPHIOXKEHHOM
HaNpsXEHHUU B LCTH YCTAHABAMBACTCA HEKOTOpas MOCTOSHHAS CHJA TO-
Kka I. DTO 3HAUYUT, YTO SJMEKTPOHHM M HOHK B MOHU30BAHHOM rase ABU-
XKYTCH C NOCTOAHHEIME CKOPOCTAMH. YTOOH 0OBSCHUTH 3TOT akT, HyX-
HO CUMTAaTbh, YTO KPOME MOCTOSHHON YCKOPSIOMCH CHJIB 3JIEKTPHUYECCKOrO
MOJISl HA ABMXYIIMECS MOHK M AJIEKTPOHH AEHCTBYIOT CHUJIE CONPOTHBIIC-
HHUS, PACTYIIHE C YBEMUYEHUEM CKOPOCTH. DTH CHJIBI OMMCHIBAIOT YCpPEX-
HEHHHH 3(@dEKT CTONIKHOBEHMHM 3JIEKTPOHOB M MOHOB C HEWMTDAJIbHHIMU
aTOMaMM M MOJICKYJIaMH ras3a. Bnaromaps cMiaaM CONPOTHMBICHHS yCTa-

9 E.H. Bytnkos u ap. Kuura 3
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HABJIUBAIOTCA B CPEAHEM IMNOCTOAHHBIE CKOPOCTH V., H V; JJCKTPOHOB H
HOHOB, NMPONOPIMOHAIBHBEIC HANPIXKECHHOCTH E JJICKTPUUYECCKOIO OJs:

v, = —b.E, v; = bE. (4)

KoadduuueHTn nponopuoHa bHOCTH be u b, HaswBaOTCS nOdGUX-

HOCM MU IEKTPOHA U HOHA. [TOABHXHOCTH HOHOB M 3JEKTPOHOB HME-
0T pasHble 3HAYEHUA M 3aBHUCAT OT COPTA rasa, e€ro IIOTHOCTH, TEMIIe-
paTyps u T. I.

[110THOCTD 3JMCKTPHYECKOIO TOKA j, T. €. 3apsl, MEPEHOCUMEIN J/1EK-
TPOHAMK M HOHAMH 33 €AUHMLY BPEMEHHU uYepes eAMHHYHYIO [UIOMAAKY,
BBIPAXAETCS Yepe3 KOHUEHTPAIHUIO JIEKTPOHOB N, M MOHOB 7;, UX 3aps-

Abl —e K €, K CKOPOCTH yCTAHOBHBIICIOCA ABHXCHHA V, M V;:

j == _eneve + elnlv‘. (5)

KBa3uHERTPaNbHOCTb. B OOBUHBIX YCIOBUSX MOHU30BAHHEIA ras B Ue-
JIOM 2JIEKTPOHENTPAJICH, WM, KaK NOBOPAT, Kéazuneimpanen, nbo B Ma-
JIBX OOBEMAX, COACPXAIMX CPABHUTCILHO HEOONBUIOE UMCIO 3JIEKTPO-
HOB M HOHOB, YCJOBHE 3JEKTPOHECHTPAJbHOCTH MOXET U HApPYIIATHCA.
3T0 3HAYUT, YTO BBITIOJHACTCA COOTHOWICHUC

—en, + en; =0. (6)

ByZICM JAd ApOCTOTHI CYNTATh, YTO HOHBI OMHO3APAXHBIC. B stoMm
CJayyac KOHUCHTPALMH HOHOB M 3JICKTPOHOB OAHHAKOBRI n,.=n,=n.

Torna ¢ nomonibio (4) BhIpaXeHHEe A9 IUIOTHOCTH TOKa (5) MOXHO 3a-
IUCATh B BHAE
j=ne(—v, +v,) = ne(d, + b)E. N

TINOTHOCTh TOKA NPH HECAMOCTOSTEIBHOM paspsajae. Utobs moay-
YUTh 33aKOH HU3MEHEHHUS CO BPEMEHEM KOHIUEHTPALMM HOCHTEJEH TOKA
MPH HECAMOCTOATENBHOM pa3psie B rase, HyXHO HAPIAY C NpOIeccaMH
MOHH3AUMU BHEMHHUM HMCTOUHHUKOM M DPEKOMOHMHAUMM YUECThb TaKXe
YXOA 3JIEKTPOHOB M HOHOB HAa 3JEKTPOABL. YHMC/IO 4acTHL, YXONAMHKX

B EIAHMIY BPEMEHM HA OJAEKTpox ruomagun S u3 obbema SI, pasHO
. dn

JjS/e. Cxopocts — yOBIBAHUSA KOHUEHTpauuu n(f) TAKMX YACTHI[ MBI
[OAYYHM, PA3AEIHB ITO YMCJIO HA oObeM Sl rasa MEXIy 3JeKTPOSAMH.
ITosromy ypaBHeuue Oananca Bmecto (1) npd HaaHuYMM TOKA 3amu-

HIETCS B BHIE

dn —ant—-L 8
dar 99— an el * 8)
dn
Jnsi yCTaHOBNCHMS PEXHMMA, KOTAd = 0, u3 (8) moayuaem

q=an2+-ej7. 9
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VYpasuenue (9) no3Bojser HAUTH 3aBUCUMOCTD IUIOTHOCTH j YCTAHO-
BUBLIETOCS TOKA NpPU HECAMOCTOSTENHHOM paspsiae OT MPUIOKEHHOTrO
Hanpsxkeaus U (Mam OT HanpsKeHHOCTH mons E).

IlBa mpemenbHBIX C1yuash BUAHBL HEMOCPEXCTBEHHO,

3axon Oma. [Tpu Hu3koM Hanpsixenuu, xorna j— 0, B ypasHeHuu (9)
MOXHO npeHeOpeyb BTOPEIM CIAraEMBIM B MIPABOH YACTH, TOCJE YETO Io-

ayyaem n = \/%. U3 dopmyanr (7) npu sToM HMeeM

jmeyL(b, +B)E. (10)

I1510THOCTH TOKA j MPONOPUHOHANLHA HANPSIXEHHOCTH MPHIIOXKEHHOIO
INIEKTPUYECKOro moss. Takum 06pa3oM, IS HECAMOCTOSTEIBHOIO raso-
BOIO paspsaa B C1a0bIX DJIEKTPHUECKUX MOJLX BHIIOAHSETCH 3akoH OMma.

ToOK HachieHHs. [Ipy HU3KOH KOHUEHTPAUMH 1 3JIEKTPOHOB ¥ HOHOB B
ypaBaedn# (9) MoxHO npeneOpeus nepsaM (KBaAPATHUHEIM IO 1) c1ara-
€MBIM B TIPABOI 4aCTH. B 3TOM npubanxxeHHUN BEKTOP ILIOTHOCTH TOKA Ha-
NpasJIcH BOO/Ab HANPSXKEHHOCTH 37EKTPHUYECKOTO [T0JIs1, a €10 MOAY./Ib

j=qel (11)

HE 33BHCHT OT NPHJIOXEHHOrO HAMPSXKEHUS. JTOT PEe3yabTaT CIpaBex-
JIMB JIJIS CHMJIBHBIX 2JIEKTPHYECKHX MoJieit. B aToM ciyuae rosopsaT o Toke
HACHILIEHHS.

O6a pacCMOTPEHHBIX MPEJEsIbHEIX CIy4as MOXHO MCCIACAOBATH K He
ofpamasce Kk ypasHeuuio (9). OmHako TAaKUM IIyTeM HENb3sl IPOCE-
IUTh, KaK NPH YBEJNYCHUM HANPIXKEHUS MPOUCXOAUT IEPEXOH OT 3aKo-
Ha OMa X HEMMHCHHOW 3aBUCHMOCTH TOKa OT HAIPSDKCHHUA.

B nepeoM mNpenesapHOM CJyuae, KOTJa TOK OYEHb MaJj, OCHOBHOM
MEXAHHM3M YOAJIEHUS 3JEKTPOHOB M MOHOB M3 00acTH paspsaaa — 3TO
pexomOuHaums. [1oaToMy s cTauMOHApHONH KOHLUEHTPALMK 7 MOXHO
BOCIIO/IB30BAThCA BhipaxenmeM (2), uro mpu yuere (7) HeMeaJeHHO
naer dopmyay (10). Bo sropom npemensHoM ciyuae, HaoGopor, mpe-
HeOperaercss pekoMOuHauveid. B CHIBHOM JJIEKTPHYECKOM IIOJIE IJICKT-
POHBI M HMOHB HE YCNEBAXOT CKOJBKO-HUOYAb 3aMETHO PEKOMOMHMPO-
BATh 3a BPEMs IPOJETA OT OQHOIO JIEKTPOAA AO APYIOro, €CAM KOH-
HEHTpandd WX A0CTaTouHo Masa. Torma Bce o0pasyeMele BHEWIHHM
HCTOUHMKOM OJJIEKTPOHBL M HMOHBl HJOCTMTarOT JJEKTPOAOB M MOJHAS
[JIOTHOCTh TOKA pasHa gel. OHa MpomopuUOHAIbHA AJHHE [ MOHU3ALHU-
OHHOM KAaMEPHI, MIOCKOAbKY TOJHOE YHMC/IO MPOM3BOAMMEIX HOHH3aTOPOM
3/IEKTPOHOB M HMOHOB IIPONOPUMOHANIBHO [.

DxXcnepUMeHTaIbHOE H3yyeHMe ra3oBOro paspsaa. BreBoanl Teopun
HECAMOCTOSTEIBHONO ra30BOr0 paspsifa IMOATBEPXIAIOTCH SKCIEPUMEHTA-
mu. g MCCAENOBaHMS DPAa3psaa B rasze ynoOHO HMCIONB30BATH CTEKJISH-
HYK TPYOKy C ABYMS METAUIMMECKHMHM IJACKTPOAaMH. DIEKTPHYECKas
cXeMa TaKOM YCTAaHOBKHM nokasaHa Ha puc. 102. [TogeuXHOCTH a71€KTpoO-
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HOB ¥ MOHOB CIIBHO 3aBHCAT OT AasieHus rasa (ofpaTHo npomopmuo-
HAMbHO AABJCHHUIO), MTO3TOMY ONHTH YROOHO IIPOBOAMTH MPH MOHHXEH-
HOM JAaBJICHMH.

Ha puc. 103 npencrasnena 3aBUCHMOCTE CHJIH TOKa [/ B TpybKe oOT
NPHIOXEHHOIO K 2/MeKTpoAaM TpyOku Hanpsxeuus U. Honumsaumio B
Tpy6Ke MOXHO CO34aTh, HANpPHMEP, PEHTTEHOBCKMMH IIH YAbTpaduo-
JETOBRIMH JIyuaMH JMB0 ¢ MOoMOmbIO ¢1a6oro paguoakTHBHOIO Mpena-
para. CywWeCTBEHHO TOABLKO, YTOON BHEWHUN HCTOYHUK HOHOB OCTa-

Ik

- >

A
B C
‘/V\ Lir—-
L/
o :

p A 0 v
Puc. 102. Cxema yCTaHOBKM s Puc. 103. IDxcnepuMeHTanbHast BOMbT-3M-
M3YHEHHS ra3oBoro paspsna riepHasl XapakTePMCTHKa TasoBOrO paspsiaa

Bajca HemsMeHHHM (¢ = const). JInneinui yuactok OA BOABT-aMnep-
HOt XapaKTEePHUCTHKH COOTBETCTBYET 00JIaCTH MPHMEHHMOCTH 33KOHA
Oma. Ha yuactke AB cuia Toka HEJHHEHHO 3aBHCHT OT HANpPSDKEHHSA.
Hauunas ¢ TOYKM B TOK OOCTHraeT HacWmeHus /; M OCTaercs mocro-

SHHBIM Ha HEKOTOpoM yuactke BC. Bce 310 COOTBETCTByeT Teopermue-
CKHM TNpPENCKa3aHusIM.

Camocrostenastbiit paspsaa. Onmako B touxke C CHOBA HAuMHAETCs
BO3pacTaHMe TOKA, CHayasna MEMJIEHHOE, a 3aTeM OYEHb pe3koe. ITo
03Hauyaer, YyTo B Ta3e MOSBMJICS HOBHIH, BHYTPEHHHUH MCTOYHUK HMOHOB.
Ecau teneps yGparh BHEIUHMI MCTOUHMK, TO Paspsad B rase He mpe-
Kpamaercs, T. €, M3 HECAMOCTOATENPHOIO pa3psaa TEPEXOAHUT B camo-
cmoamensubul. TIpu caMocToATeNbHOM pa3page OOpPa3OB3HHE HOBHIX
2/1IEKTPOHOB M MOHOB MPOUCXOTUT B PE3YyJIbTATE BHYTPEHHHMX MPOLIECCOB
B camom rase.

Honu3auus 3IeKTPOHHbIM yaapoMm. Hapacranme Toka npm nepexone
OT HECAMOCTOSITENILHOTO Pa3psia K CAMOCTOSTENbHOMY NPOMCXOMUT Ja-
BUHOOGPA3HO M HA3WBACTCH asekmpuueckum npoboem zaza. Hanpaxe-
HHE, TIPH KOTOPOM NPOKCXOOMT Npoboil, Ha3HBAETCH HATPSXEHUEM 3a-
xuranug. OHO 3aBMCHT OT pOAa rasa M OT NPOM3BEACHMA NABJICHHA ra3a
p HA paccTosHHE | MEXAY I7eKTPOAAMH.

Iponeccsl B rasze, OTBETCTBEHHHE 33 JABHHOOODA3HOE HapacTaHUE
CWIR TOKA NpPH YBEJIHYEHHH MPUIOXEHHOTO HANPSIKEHHUS, CBA3aHH C
HOHH3AIHEeH HEATPANBHHX ATOMOB WIH MOJEKYJ Ta3a CBOCOTHHMU
3NEKTPOHAMH, PA30THAHHHMHE 3JEKTPUUECKHM IMOJAEM [0 AOCTATOYHO
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fonpmMx SHepruii. KuHeTwueckas 3Heprusa 37EKTPOHA MEped ouepen-
HBIM CTOJKHOBEHHEM C HEATPaJbHEIM aTOMOM HJIH MOJIEKY/IOH Mmpomop-
MOHANIbHA HAaNPSXEHHOCTH 3JIEKTPHUECKOrO nosis E U inHe cBoBOTHO-
ro npofera 3;jeKTpoHa A:
2
m
T = eE\. (12)
Ecnu 312 9HEprug JOCTATOYHA /IS TOTO, YTOOK HOHH30BATh HEATPA/IB-
HBI aTOM MJIM MOJIEKYJY, T. €. IPEBOCXORNT PaboTy MOHM3ALMH A;:

eEL > A,

TO IPH CTOJKHOBEHHMH 3/EKTPOHA C aTOMOM MJIM MOJIEKYJIONH NPOUCXOMAT
HX MOHH3aLusA. B pesybTare BMECTO OQHOIO 3JEKTPOHA BOSHHKAIOT ABA.
OHu B CBOK OYEpEnb Pa3rOHAIOTCHA SJIEKTPUYECKHM MOJEM M HOHH3YIOT
BCTPEYAIOIMECS HA MX MYTH aTOMB HJIM MOJIEKYJH M T. A. Ilpouecc
pa3BMBAETCA JIABUHOOOPA3HO M HA3BIBAETCH J/IEKTPOHHOH JABMHOM.
OnucaHHH# MEXaHM3M MOHH3ALMM HA3BIBACTCS WOHU3AUUed 31eKmpoH-
HbIM YOapOM.

DKCIEPUMEHTANIBHOE AOKA3ATENBCTBO TONO, UTO HOHH3ALUMS HEHT-
pajibHBIX ATOMOB Tra3a MNPOHCXONHT B OCHOBHOM O6narogaps ymapam
JNEKTPOHOB, a HE INOJOXHTEIbHBIX HOHOB, Opto aano Ix. TayHcen-
zoM. OH 6pas MOHM3AUMOHHYIO KaMEpy B BHAE UHWIMHAPHUECKONO KOH-
[EHCATOPa, BHYTPEHHUM OJEKTPOAOM KOTOPOTO CJIYXH/JIa TOHKas Me-
TaJ/UTMYECKAad HUTh, HATAHYTAs TO OCH LMAMHApA. B Takoit kamepe yc-
KOPSIOWIEE 3JAEKTPHYECKOE MOJME CHJIBHO HEOOHOPOOHO, ¥ OCHOBHYIO
POk B HMOHW3ALUMH MrPalOT YACTHIM, KOTOPhHE mnonaaar B ofaacrs
Haubosnee cwapHOro noad BOAu3H HUTH. ONHT NMOKA3HBAET, YTO NPH
OMHOM M TOM X€ HANPSXKEHUM MEXOy 57EeKTPOAaMH TOK paspsma 6o/b-
e B TOM Cayyae, KOPAA MOJOXHUTE/ALHHIA IOTEHUHMAn TNONaeTcs Ha
HWTb, & HE HA BHEIUHMEA UMAHEAD. MEHHO B 3TOM ciayyae BCE CO3Ha-
IOIME TOK CBOGOAHME JAEKTPOHH 00A3aTENBHO TPOXORAT uepes o6-
AacTh Haubonee CHABHONO MO,

OMHUCCHR 3NEKTPOHOB M3 Karoaa. CaMOCTOSTENBHHIN Pa3psa MOXeT
6BITH CTALlMOHAPHHM JIMIUB [IPH YCOTOBHH MOCTOAHHOIO IOABJICHUS B rasc
HOBBIX CBOSOHHHX JJIEKTPOHOB, TdaK KdaK BCC BO3HHUKAOIINEC B JIABHHC
AJICKTPOHHN QOCTHUraOT aHONA H Bb!ﬁblBa}OT HU3 HUIpH. Hosnie 3NICKTPOHH
BHGHBaIOTCSI H3 Karoaa MmOJOXHTC/JIBHBIMH HOHAMH, KOTOPBIC NPU OBH-
XEHHH K KATOAY TAKXE YCKOPSIOTCH JJEKTPHUECKUM TOJEM M npuobpe-
TAIOT KOCTATOYHYIO [UIS ITOTO IHEPIHIO,

KaTOI( MOXET HCIYCKATb JJICKTPOHBI HE TOJBKO B PE3YyabTATE 60M-
6apzmposxu HOHAMH, HO ¥ CAMOCTOATC/IBHO, NMPH HArPEB3AHHN €0 OO BhHI-
COKOi TeMmnepaTypu. Takol Npouecc HasHBACTCH MepMOINEKMPOHHOU
amuccueli, €Ero MOXHO PaCCMATPMBATh KaK CBOETO pola MCMApPEHHE JJIEK-
TPOHOB U3 MeTamna, OOHYHO OHO NMPOMCXOOMT NPH TAKHX TEMIEPATy-
pax, KOraa McnapeHHe CaMoro MaTepHuasa KaToga eme Mano. B ciyuae
CaMOCTOSITENIBHOIO ra30BOTO Pa3psna KaTOX OOMUYHO pa3orpeBacTcs He
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HUTHIO HAKaja, KaK B IEKTPOHHBIX JAMNaX, a M3-33 BBIAEJCHHS TEIl-
JIOTH npu 60MOapAMPOBKE €r0 MOAOXHMTEIBHKEMH HoHamu. [TosTomy Ka-
TOI MCIIYCKAeT JJIEKTPOHH JAXE TOrAa, KOTAd SHEPrus MOHOB HEZOCTA-
TOYHA JJIs BHIOMBAHUS 3JIEKTPOHOB.

CaMocToaTe/IbHBIA Pa3pas B ra3e BO3HUKAET HE TOJbKO B PE3yJIbTATE
Mepexona OT HECAMOCTOSITE/IBHOTO TPH MOBRIMIEHWH HATIPSIKEHUS M yAAJIe-
HUY BHEMIHENO UCTOYHMKA MOHM3ALMH, HO U IPH HENOCPEACTBEHHOM IIPH-
JIOXEHHHM HAMPSXKEHHMSI, IIPEBRIIAIOMETO TOPOrOBOE HAMPSIKEHNE 3aXKUTa-
Hus. Teopus MoKassBAET, YTO I/ 3aXXKUTAHKS PA3PAa OCTATOYHO CAMOTO
HE3HAYMTEJBHONO KOJTMYECTBA MOHOB, KOTOPHIE BCETRAa MPHCYTCTBYIOT B
HEWTPATbHOM ra3e XoTs OHl H3-33 €CTECTBEHHOrO PATUOAKTHBHOTO QIOHA.

B 3aBrcHMOCTHM OT CBOHCTB M AaBJECHHUS ra3a, KOH(HUIypauuy 3J1eKT-
PONOB ¥ MPHJIOXEHHOIO K J/MEKTPOAAM HAMNPIXEHUsS BO3MOXHEI PA3/INU-
HbIE BUIbI CAMOCTOSTEILHONO Paspaaa.

Trewwuid pa3paa. [Ipy Huskux pasrieHuax (HecaTbie W COTHIE HOJIH
MUUTAMETPa PTYTHOTO cT06a) B TpyOKe Habmomaercs muaerowud pas-
psi0. Jas 3aXurasus TACIOMIEro paspsaia HOCTATOUHO HANPSDKEHUS B HE-
CKOJIBKO COTEH WJIM JaXe HAECATKOB BOJBT. B Ti€rOmeEM pa3spsae MOXHO
BBIIEJINTh YETHIPE XapaKTEpHhIE o0nacT#. DTO TEMHOE KATOXHOE IIpO-
CTPAHCTBO, TJeouiee (MM OTPULATENbHOE) CBeueHHe, apaxeeso TeM-
HOE NPOCTPAHCTBO M CBETALIMIACS NMOJOXHTEABHBIM CTONO, 3aHUMAOMIMI
O6/BIIYO 4aCTh MPOCTPAHCTBA MEXAY AHOXOM M KaTOAOM.

[Tepsrie Tpu obaactu HaxonsTcs BOMU3M Katoaa. MMeHHO 3aecs mpo-
UCXOQHUT Pe3KOe NajeHue NOTeHUuana, CBI3aHHOe ¢ BOIBIION KOHIEHTpPA-
IHEH MOJOXUTEJBHEX HOHOB HA MPAHMIE KATOJHOTO TEMHOIO IPOCTPaH-
CTBA ¥ T/ICIOLIEIO CBCUCHUS. DACKTPOHH, YCKOPEHHBIE B 00/1acT! KaTox-
HOrO TEMHOFO MPOCTPAHCTBA, NPOM3BOASLT B 00/1aCTH T/ICIOLIETO CBEUEHHS
VMHTCHCUBHYIO YAAPHYIO MOHM3auuio. TJjewowee cBedeHue o0yCIOBJIEHO
pekoMOuHALMEH HOHOB M JIEKTPOHOB B HEHTPAJIbHBIC aTOMBI WJIH MOJIE-
KyJsl. JIns mOJ0XKKTEAbHOrO CT1010a paspsifia XapakTepHO HE3HAUYNTEb-
HOE MajeHue MOTEHUMANA U CBEYEHHE, BRI3RIBAEMOE BO3BPALIEHHUEM BO3-~
Oy>KIEHHBIX 4TOMOB WJIM MOJIEKYJI Td3a B OCHOBHOE COCTOSIHHE,

KopoHubiit pa3psaa. [1pu cpasHATEIBHO BHCOKHUX JABJEHHIX B rase (Io-
psagka atMocdepHoro) BOAM3M 330CTPEHHHX YYAaCTKOB NPOBONHMKA, TAE
IJIEKTPUUECKOE II0JIE CHABHO HEOXHOPONHO, Habmonaerca paspsy, CBETs-
wasacs 061aCTh KOTOPOrO HATIOMUHAET KOPOHY. Kopouubil pa3psd HOTAA
BO3HMKAET B ECTECTBCHHBIX YCJAOBUAX HA BEPXYIIKAX AEPEBLEB, KOPabeab-
HBIX MAUTax U T. M. («OTHU CBATOI0 DybMa»). C KODOHHEIM pa3pPSAOM IIPH-
XOOUTCA CYMTATHCH B TCXHUKE BHICOKMX HANPSIKEHUIA, KOIAa 3TOT paspsig
BO3HMKAET BOKPYT IPOBOAOB BEICOKOBOJIBTHRIX JIMHHM 3JIEKTPONEPEAayn U
NPHUBOIMT K MOTEPSIM 3JIEKTPOIHEprud. [lone3Hoe MPaKTHYECKOE mpUuMe-
HEHWE KOPOHHKH Pa3psa HAXOAUT B 3J1EKTPOPWIBTPAX A1 OYUCTKH IIPO-
MEIILIEHHBIX Ta30B OT NpUMeCeii TBEPANK M XKUAKUX YACTHL.

ITpu yBesMyeEuM HANPSKEHUS MEXAY SJICKTPOJAMH KOPOHHHIH pas-
P9 NEPEXORMT B UCKPOBOZ C MOAHKM MPOGOEM MPOMEXYTKA MEXIY
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snextpogamMu. OH MMeeT BUA MyukKa SAPKUX 3Mr3aroo0pa3HuX pasBeTBad-
JOHIMXCH KaHAJI0B, MFHOBEHHO MPOHH3HIBAIOIIMX DA3PSAHBIA NPOMEXY-
TOK M MPHUXOTJUBO CMEHSIOIIMX APYr Apyra. MCKpoBoit paspsm corpo-
BOXJA€eTCA BHACHEHHEM 00/bIIOrO KOJMYECTBA TEIUIOTH, IpKUM rony6o-
BaTO-0C/IBIM CBEYEHMEM M CHJIBHHIM TMOTPECKMBAHHEM. Ero MoXHo
HaGI00aTh MEXAY WAPHKAMU 31eKTpodopHONM MamwuHH. [IpuMep ru-
FAHTCKOTO MCKPOBOIO Pa3psiia — ECTECTBEHHAS MOJHHA, [AE CWJid TOKa
gocruraer 5-10% A, a passocts norenumanos — 10° B,

TTockoabKy MCKpOBOi paspsa mpoucxomMTt mpu armocdepHom (u 6o-
Jiee BHICOKOM) JABJIEHHMHM, TO HANPSXEHME 3aXHIaHMS BECbMA BEJMKO: B
CYXOM BO3IyX€ TIpH PACCTOSHMH MEXAY JJEeKTpoaamu 1 ¢M OHO cocTas-
asiet oxkono 30 xB.

InexTpudeckas ayra. CneuudmuueckuM NpaKTHUECKH BAXHBIM BHIOM
CAMOCTOSTENBHOIO ra30BOTO paspsfa SgBIALETCS Inekmpuueckas dyza.
Ilpu CONMPUKOCHOBCHMM ABYX YTOABHHX MM METaUIHYECKMX 3IAEKTPO-
JIOB B MECTE MX KOHTAKTa BHAENAETCH OOnbmIOE KOTAYECTBO TEIUIOTHE
13-3a GOJBIIONO COMPOTHBIEHMS KOHTAKTa. B peaysnprare HaumHaETCH
TEPMO3JICKTPOHHAS 3MHUCCHS W TIPH PA3ABUXEHMH 3JEKTPOAOB MEXAY
HUMM BO3HMKAET HPKO CBETAMASACS Ayra U3 CHJIBHO HMOHHM30BAHHOIO
xopomo mpoBoAsmero rasa. Cuia toka gaxe B HebOMbmON oyre mo-
CTUraeT HECKOJBKMX aMmIep, a B OOJbIIOH Ayre — HECKOJBKHX COTEH
amnep npu HanpsoxeHuu nopsaaxka S0 B, Dnexkrtpuueckas gyra HIMPOKO
MPUMEHSETCS B TEXHUKE KaK MOUIHBIH MCTOYHHK CBETAa, B DJEKTPO-
neyax ¥ OIS 3JIEKTPOCBADKH.

Onvithl @panka u Cepua. IIpn sxcneprMEHTAIPHOM M3YYECHHH ra30BO-
ro paspsaa . Opanxom u I'. Fepuem B 1913 r. Osu10 monyueHo goxasa-

—_61( cE A 1
@A)

B, 0 U

Puc. 105. 3aBUCHMOCTb TOKA OT YCKO-

Puc. 104. Cxema onsrros Ppanka n lepua
pPAOUWEr0  HanpsXeHust B onbiTax

TEJLCTBO CYUICCTBOBAHUS CTALIMOHAPHBIX COCTOSHMHM aTOMa C JHCKPET-
HEIMHM 3HAYCHHUSIMHM JHECPTHM, CHIrPABIICE BAXHYIO DPOJIb IUIs TOATBEPXK-
neuusi passusasmeiics H. Bopom teopun atoma.

Cxema ycranosxu Dpanka u epua noxasasa Ha puc. 104. Crexiau-
HHIY COCYR C TpeMs 3JIEKTPOAAMHM 3aIOJIHEH NApaMM PTYTH NPH HA3KOM
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nasjeHny. Bartapes 5, co3gaer ycKopsioixee 3JeKTPHYECKOe MoJIe, MpH-

yem Hanpsaxenue U mexay katogoM K u cetkoil C MOXHO pEryampo-
BaTh ¢ MOMOILIBIO IOTEHIMOMETPA. MeXny CeTKoil ¥ aHOAOM CO3AaeTcs C
noMowpio Gatapen 5, caaboe 3agepXHBaIomee IMOJKE C HANPIKEHHEM

oxosio 0,5 B. 310 mone npendarcTByeT MOMajaHNI0 HA AHON MEMJICHHBIX
JJIEKTPOHOB. JJIEKTPOHH HMCIYCKAIOTCH KartogoMm K, MOZOrpeBacMuIM
9NIEKTPUYECKHM TOKOM.

Ha puc. 105 nmokasaHa mosnyuycHHas B 3THX ONBITAX 3aBUCHMOCTb
CWIBl TOKAa / B AHOAHOH LEMM OT yCKopsomero Hanpsaxenus U. Dta
3aBHCHMOCTb UMEET HEMOHOTOHHBIA XapaKTep C MAKCUMYMAaMM IIPH Hd-
npsxennsx U, kpatanix 4,9 B.

JHCKpPETHOCTh YPOBHEH 3Hepruu atoma. OOpACHUTH TAKYIO 33aBHCH-
MOCTb TOKA OT HAMpsAXEHHS MOXHO JIAIIP HAJTMUYKUEM Y ATOMOB DTYTH
OUCKPETHHIX CTAUMOHAPHBIX COCTOSHKN. ECau Obl JUCKPETHBIX CTALM-
OHAPHHIX COCTOAHHM y atoMa He OmUIo, T. €. er0o BHYTPEHHSAS 3HEPrus
Morna Oel NPUHMMATH JIOOBIE 3HAUCHHS, TO HEYNPYIUME CTOJKHOBEHHH,
COMPOBOXAAIOMIKECH YBEJIMYEHNEM BHYTPEHHEH JHEPrdd aToMa, MOIJIM
Obl NPOMCXOAUTHL NPH JIOOBIX DJHEPrHAX SJCKTPOHOB. ECAM Xe mucK-
pPETHHIE COCTOSHHS €CTh, TO CTOJKHOBEHHUS 3/ICKTPOHOB C ATOMAMH MO-
ryT ObITh TOABKO YIPYIMMH, IIOKA JHEPrHsl IEKTPOHOB HEAOCTATOYHA
VIS TEepEeBOda aToMa M3 OCHOBHOIO COCTOSIHMS B HAuHHU3mee BO30YX-
IEeHHOE.

Tlpu ympyrux CTO/JKHOBEHMAX KMHETHYECKAS SHEPTUsl DJIEKTPOHOB
NPAKTHUYECKH HE MEHSETCHd, TaK KAK Macca 3JAEKTPOHA MHOM0 MEHbIIe
MACCHl aTOMa PTYTH. B 9THX YCIOBMAX YKCJIO 37EKTPOHOB, AOCTHIAIOIIMX
aHOAa, MOHOTOHHO YBEJHMUYMBAETCS C pocToM HanpsxeHus. Korma ycko-
PAOIIEE HAMPIXKEHUE NOCTUraeT 3HaueHud 4,9 B, ctonkHOBeHMS a/nekT-
POHOB C aTOMaMM CTAHOBATCS HEYNpyrumMd. BHyTpeHHsSs sHeprus ato-
MOB CKQUKOM YBEJMYMBACTCS, 4 DJIEKTPOH B PE3YJIbTATE COYAAPEHUS Te-
PSET IMOUTH BCKO CBOX0 KMHETHUECKYIO SHEPTHIO.

3agepxuBaonice IMOJAE HE MPOIMYCKACT TAKXKE MENJICHHBIC 3JIEKTPOHEI
K aHooy M CHJIa TOKd pe3ko ymenbmaercd. OHa e ofpamaerca B Hyab
JIMIOb MOTOMY, YTO YACTh 3JIEKTPOHOB JOCTHUIAET CETKM, HE MCIELITAB HE-
yOpyrUX coyaapesnii. Bropoit m mocaenyroomue MakCHMyMEl CHJIBL TOKA
MOJIYYAK0TCH TOTOMY, UTO NPH HANpSXEHHMAX, KpaTtHuix 4,9 B, anextpo-
HBL HAa TYTH K CETKE MOTYT MCIHTATh HECKOJBKO HEYIIPYTHUX CTOJKHOBE-
HHMH C aTOMaM# PTYTH.

Wrax, HEOOXOAMMYIO A HEYHPYIOro COyJapeHHs JSHEPIUI0 JIEKT-
poH mpuoOpeTaeT TOJBKO IOCIE NMPOXOXAEHHS DA3HOCTH IOTEHLUANOB
4,9 B. 10 03HauaeT, YTO BHYTPECHHAS 3HEPTUs aTOMOB PTYTH HE MOXET
W3MEHHTHCA HA BEIWMYMHY, MeHbmYy0 AE = 4,9 3B, 4uTo m mokaseiBaer
AMCKPETHOCTh SHEPreTHUYECKOro crnekrpa atoMa. CHpaBemIMBOCTE 3TOTO
BHIBOJA MOATBEPXAACTCS €wle U TEM, YTO [pu Hanpsxkerwn 4,9 B paspan
HAUMHAET CBETUTHCH: BO3OYXHEHHEIC ATOMH NMPU CHOHTAHHHIX IEPEXO-
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JaX B OCHOBHOE COCTOSSHME M3JIy4alOT BHAMMHIL CBET, 4aCTOTa KOTOPOrO
COBMAxaeT ¢ BBIYMCIACHHOH Mo dopmyne Aw = AE.

B ksaccuuecknx omsitax Ppavka u ['epua MeTooM 371€KTPOHHOIO
yaapa Oblau OnpesesieHH HE TOJBKO NOTEHUHAMN BO30yXIeHHs, HO H
MOHM3ANMOHHBIE TOTCHIMAIH PSAa aTOMOB.

e Ilpusenute MpUMEp OMbITA MO NEKTPOCTATHKE, U3 KOTOPONO MOXHO CAenaTh
BLIBOX O TOM, YTO CYXOil BO3OYX — 3TO XOPOWIMI M30NATOP.

¢ Ine B TexHHKe UCMOJIBL3YIOTCS H3OMMPYIOUIMUE CBOMCTBA Bo3nyxa?

e Yto Takoe HecaMOCTOSTENbHbIN rasoBblii paspsan? IIpM Kakux yc/0oBHEX OH
nporekaet?

e [IlosacHure, nmoyeMy cKopocTbh YOhIBAaHMSA KOHLEHTpauuu, o0yc/OBJIeHHAS pe-
KoMOHHalMell, OpOonopuUMOHaibHa KBALPATY KOHLEHTPAUUM 3/eKTPOHOB M
noHos. [ToyeMy 3T KOHLEHTPAllUM MOXHO CYHTATh OAWHAKOBLIMH?

o IloueMmy ans3akoHa yObIBaHKS KOHLIEHTPALMHK, BeIpaxaemoro ¢popmynoit (3), He
HMeeT CMbIC/Ia BBOAUTH MOHATHE XapaKTePHOTO BPEMeHH, UIMPOKO HCITONs3Ye-
MOTO AN 3KCMOHEHLMAJBbHO 3aTY XaIOLIMX MPOLLECCOB, XOTS U B TOM U B IpDYIOM
clly4ae rpolecchl poaoxKaiTcs, Booblle rosops, 6eckoHeuHo 1oaro?

e Kak no-paiuemy, noueMmy B onpenefieHUSX NoABUXHocTell B ¢dopMyaax (4)
IS 2JIEKTPOHOB M MOHOB BHIGPaHBLI MPOTHUBOMO/OXHbBIE 3HAKHU?

e Kak cuna Toka MpH HECAMOCTOSTEILHOM I'a30BOM paspsific 3aBUCHT OT NPUHIIO-
sxeHHoro HanpsxeHus? [loueMy ¢ pocToM HanpsAXXEeHUS TPOUCXOANT NEPEXOR OT
3aKoHa OMa K TOKY HacbllLeHus?

L4 QHCKTDH‘{CCKHﬁ TOK B ra3c¢ OCYLWICCTBIACTCH KaK 3JICKTPOHAMM, TaK U HOHa-
MH. OOHAKO Ha KaXIOblA 43 AJIEKTPOJOB fIPUXOLAT 3apAalbl JIKHIUb OQHOIO 3HA-
ka. Kak sto corjlacyercs ¢ TéM, UYTO BO BCEX Y4acTKaX MocjieAoBaTe/ibHOM
uenu cujla ToKka OAMHAKOBa?

e [loueMy B MOHM3ALMH rasa B paspsie u3-3a coyJapeHUH HauGOnBUWIYIO poSb
WUrpaloT 5JIEKTPOHBI, a He MOJOXHUTE/IbHblE UOHBI?

e OnuinuTe XapaKTepHble MPU3HAKK PA3NUYHBIX BUAOB CAMOCTOSTENILHOIO ra30-
BOTO paspsna.

e Tlouemy pesynbraTsl onsitoB MpaHka u 'epua cBUAETENBCTBYIOT 6 AMCKpPET-
HOCTH YPOBHel 3HEpPrdd aToMoB?

o Onuunte GU3HYIECKHE NMPOLECCH, NPOUCXONSIIME B ra3opaspsgHoil TpyOke
B onbitax Ppanka u epua, NpU MOBLILLIEHHH YCKOPAWOLIETO HANPAXKEHHMS.

§ 32. DneKTPHYECKHH TOK B MHOKOCTHAX

B oTHOIIEHHM CBOMX IJICKTPMYECKHX CBONCTB XHIKOCTH OTJIMYAIOTCH
6onpmuM MHOTOOOpasHeM. PaciuiasacHHBE METALIN, KAK H METAJ/IH B
TBEPAOM COCTOSHHM, MMCIOT BHCOKYK 3JEKTPONPOBORHOCTD, CBS3aHHYIO
¢ GospbImoil KOHLEHTpAaUHel CBOOOMHEX 3/IEKTPOHOB,

MHorue XHAKOCTH, HAMPUMEpP YMCTas BOAA, COHMPT, KEPOCHH, SBJISA-
OTCS XOPOIMIMMH JU3JCKTPAKAMM, TIOCKOJBLKY WX MOJEKYJB 3JIEKTPO-
HENTPANbHE M B HAX OTCYTCTBYIOT CEROOOMHHE HOCHTEIH 3apsaa.
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Dnexrponutsl. Ocobblit KIaCC XUAKOCTEN COCTABAAIOT TaK HAIHBAEMEIC
2/1eKMpoAUMbL, K KOTOPBIM OTHOCSATCH BOJHBEIE PAacTBOPH HEOpraHmue-
CKHMX KMCJIOT, COJIEH M OCHOBaHHM, PAacIiaBel MOHHBEIX KPHCTAJUIOB U T. 1.
g 37€KTPONMTOB XapakTEpHO HAJIHMYHE BHICOKMX KOHLIEHTpPALMit
HOHOB, 00yC/IOBJIMBAIOIIMX BO3MOXHOCTh NPOXOXIAEHUS IIEKTPUYECKOTO
TOKA. DTH MOHBl BO3HUKAIOT IIPH IU1ABJICHMM U IIDHM PACTBOPEHMH, KOraa
MOA BJMSHHUEM 3JIEKTPHYECKHX IIOJIed MOJIEKYJ PaCTBOPHTENS HPOMCXO-
OUT DA3Z0OXEHHE MOJIEKYJ PacTBOPSIEMOIO BEIECTBA Ha OTHE/bHHIE IO-
JIOXKMTEJBHO M OTPHUATEILHO 3apSKEHHHE MOHB. Taxkoi mpouecc Hasbi-
BAETCS 3NeKmMpOoAumueckol duccoyuayuel.

DAeKTPOJMTHYECKAS AUccouManus. CTeneHp OUCCOLIMANNN o AAHHOTO
BEUIECTBA, T. €. KOJIST MOJIEKYJl PAaCTBOPEHHOIO BEUIECTBA, PACHABLIMXCS
Ha MOHBEI, 3aBMCHT OT TEMOEPATYpH, KOHUEHTPALIMH pPACTBOpA M
OMJIEKTPHUYECKOH NMPOHUIZEMOCTH pacrBoputensd. C yBeMUeHMEM TeM-
NEpaTypsl CTENECHb JHUCCOLMALMHU pacrerT. MOHBI NPOTHBONONOXHHX
3HAKOB MOIYT PEKOMOMHHMPOBATh, OOBLEAMHSANICH CHOBA B HEHTDAJIbHBIC
MOJIeKysIbl. [IpH HEM3MEHHBX BHEIUHHX YCIOBMSX B PAacTBOpE YCTaHAaB-
JIMBAETCS] AMHAMNUECKOE PABHOBECHE, NTPH KOTOPOM ITPOLIECCH PEKOMOm-
HAUMM U JUCCOLMALIMK KOMITEHCHUDYIOT APYT ApYyTa.

KauecrseHHO 3aBMCMMOCTH CTEIIEHW QUCCOLHALMHM O OT KOHIECHTpa-
MM 1 PAaCTBOPEHHOTO BEIMIECTBA MOXHO YCTAaHOBHTBH C MOMOIIBIO CIENY-
JOIIMX TPOCTHX paccyxaeswit. Ecnm B enuHuue o0beMa COnEpXHTCH 71
MOJIEKYZT PACTBOPEHHOIO BEIIECTBA, TO Gn M3 HUX XUCCOUMHMPOBAHH, a
ocransHHe (1 — a)n He guccouuupoBaHH. UNCAO 971EMEHTAPHBIX AKTOB
AMCCOLMAUMHE B €OMHUIIE OFbEMa PAacTBOpA NPOMOPLMOHAIBHO YUCTY He-
PACIIEINICHHRIX MOJIEKYJ M mo3roMy paBHo A(l — a)n, rae A — koad-
(bHLMeHT, 3aBUCAINMI OT MPUPOAK 3JMIEKTPOJUTA M TeMuepaTypnl. Yucmo
aKTOB peKOMOMHALMH IPONOPUHOHANBHO UHC/IY COYZAPEHWH pasHO-
MMEHHBIX WOHOB, T. €. NPOMOPLMOHAIBHO YHUCAY KaK TeX, TaK M APyTUX
uoHos. [Toaromy oHO paBHO Ba?n?, rme B — x03(hHLUHUEHT, MOCTOSH-
HBEIW 7S JAHHOTO BEIIECTBA MIPH ONpEREJeHHOM TeMIlepaType.

B cocTogHMM TUHAMMYECKOTO PABHOBECHS

A(l — a)n = Ba*n?,
OTKyZa 2
. (1)

o
l—a

Ortnomenue A/B HE 3aBHCHAT OT KOHLEHTpauud n. BuaHo, uro uem
MEHBIIE KOHIEHTpPAUMs pAacTBOpa, TeM o OJMXe K EAUHHMIE: B OYEHDb
pa3baBJeHHHX DPACTBOPAX IPAKTHUECKM BCE MOJIEKYJIB pACTBOPEHHOIO
BEILECTBA JXHUCCOIMHPOBAHEI.

UeM BhIIIE IUIIEKTPHUECKAS IPOHUIAEMOCTD DPACTBOPUTENH, TEM
6osbme OCAA0MTIOTCS MOHHBIE CBSA3H B MOJIEKYJIAX PACTBOPEHHOIO Bemie-
CTBA M, CAENOBATENBHO, TeM Oojbmie CTeneHs puccoumanud. Tak, cond-
Has xucaora HCl gaet sgexTpoadT C BHICOKOM 3JIEKTPONPOBOSHOCTHIO
npu pacreopenun B Bofe (e = 81), B TO BpeMs Kak ee pacTBop B 3ITU-
nosoM sdupe (e =4,3) oueHb IIOXO NPOBOJUT NEKTPHUYECKHIA TOK.

) >
S[—-
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HeoObluHbie 31eKTpoauThl. Berpeuarorcs M BecbMa HEOOBIUHBIE JJIEKT-
ponutbl. HanpuMep, 371€KTPOSUTOM SBISETCH CTEKJIO, MPEACTABJIAIONIEE
co00if CHJIBHO MEPEOXJIAXKACHHYIO XHAKOCTh, 00/3aaK0Iny0 rpoMaaHOR
BS3KOCThIO. IIpM HATpEeBAaHWHM CTEKJIO pAa3MAryaercs M €ro BA3KOCTh
CWIBHO yMeHbiuaercsd. [IpucyTcTBytomme B CTEK-

e moHel Hatpus Na‘* mpuobperaror 3ameTHYyIO 120 B 7
HONBMXHOCTb, ¥ CTAHOBUTCH BO3MOXHEIM IIPO-
XOXIACHHE 2JIEKTPUUYECKOTO TOK3, XOTS MpH
OOBLIYHEIX TEMIEPATYpPaX CTEKJIO SABJISETCH XOPO-
UM H30IATOPOM.

Harngauoit ageMoHCTpanuei 3TOrO MOXeET
CIYXKUTh OMBIT, CXEMa KOTOPOIO NOKa3aHa Ha
puc. 106. CrexasHHas nanouyka AB BKAIOUEHA B
OCBETHTEJNBHYIO ceThb uepe3 peocrar R. [Moka na-
JIOYKA XOJIONHAS, TOK B LENH HUYTOXHEIN H3-3a H‘H’ﬂ
BBICOKOTO CONMPOTHUBAEHMS CTexsaa. Eciu manouky
HATDETb Ta30BOH TIOPENKOA 10 TEMNEPATYPH  pu. (06, [lemoncrpauus
300—400 °C, To €€ CONpPOTHBIECHME YMANET HO  57eKTPONPOBORHOCTH
HECKOIbKHX JECATKOB OMOB M HHTh JIAMNOYKM JI  CTexa npH Harpesauun
packanurcsa. Tenepb MOXHO 3aKOPOTHThH JaM-
mouky kaoyoM K. [IpM 3TOM CONpOTHBICHME LENH YMCHBIIATCA H CAJIA
TOKa Bo3pacreT. B rakux ycrosusx manouxa Oyner adekTHBHO Harpe-
BAThCS 3JIEKTPHUECKHUM TOKOM M PACKAJIATHC A0 IPKOTO CBEYEHHS, NAXKE
ecny yOpatb ropesky.

HoHuas MnpoBOAHUMOCTbD. HDOXO)KKCHHC ANEKTPHUUYECKOTO TOKA B JJICKT-
POJINTE ONMMCHBACTCH 3dKOHOM Oma

j=oE. 2)

SHCKTPH‘ICCKHﬁ TOK B JIEKTPOJIMTE BO3HUKACT NPHU CKOJIb yI‘OI!HO Ma-
JIOM TIPRUIOKEHHOM HANPAXCHUH,

HocurensMu 3apana B JAEKTPOJIATE SBJASIOTCA HOJAOXKHTEIBHO M OT-
PMIATENLHO 3apIXEHHHE HMOHH. MEXaHuaM  3JEKTPONPOBOAHOCTH
JNEKTPOMMTOB BO MHOIOM CXOAEH C ONHCAHHHM BbIIIE MEXAHH3MOM
9JIEKTPONPOBOXHOCTH ra3oB. OCHOBHHE OT/IMYMS CBA3AHBI C TEM, Y4TO B
ra3ax CONMPOTHBJIEHWE ABMXEHHIO HOCHTECH 3apsaga o0yCI0BJEHO IIAB-
HbIM 00pa30M HX CTOJIKHOBEHHSMH C HEHTPAJILHEIMM aTOMaMu. B anex-
TPOJANTAX TOABMUXHOCTb MOHOB OOYC/IOBJIEHA BHYTPEHHUM TPEHHEM —
BSI3KOCTBIO — TNPM MX JBHXEHHH B PacCTBOPHTEIE.

Ilpy NOBRIICHWY TEMIEPATYPH TPOBOAMMOCTh 3JIEKTPOJNTOB, B IIPO-
TUBOIIOJIOXKHOCTh METAJLJIAM, yBeHﬂ‘{ﬂBaCTCﬂ. 3’1‘0 CBSI33aHO C TEM, YTO C
POCTOM TEMIEPATYPH BO3PACTAET CTENEHD JUCCOLMAIMHA M YMEHBIIACTCS
BSI3KOCTb.

B oT/nMuMe OT 3JEXTPOHHOM MPOBOAMMOCTH, XAPAKTEPHOM I Me-
TaJUIOB M NOJYIIPOBOAHUKOB, IIE MPOXOXIEHHUE JIEKTPAYECKOIO TOKA HE
CONpPOBOXAAETCH KAKHM Obl TO HH OhLIO M3MEHEHMEM XMMHUECKOIO CO-
CTaBa BEOIECTBA, MOHHAS MPOBOAHMOCTb CBS3dHA C MEPEHOCOM BEIECTBA
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U BHIJENCHHEM HA 37ICKTPOAAX BEUIECTB, BXOAAIMX B COCTAB JNEKTPONM-
ToB. Takoif mpouecc HaA3KWBAETCH 1eKMPOAUIOM.

OaexTpoaus. Ilpn BHaeneHMH BemecTsa Ha 3MEKTPOAEC YMEHBIIAETCS
KOHLIEHTPALMsl COOTBETCTBYIOINX MOHOB B NMPHMMKAIOMEH K 3JEKTPOAY
obnactu anekTpoanta. Tem caMuIM 3XECh HAPYMAETCS JMHAMHYECKOE
paBHOBecME MEXAY MMCCOLHAILMER M peKOMOMHALMENR: MMEHHO 31ECh
NPONCXONMT PA3JI0XKEHHE BEMECTBA B PE3Yy/IbTATE 3JEKTPOIM3A,

Dnexrponn3 snepsuie Habmonanca B 1800 r. npu pasnoXeHHM BOO
TOKOM OT BOJIbTOBA CcT06a. Yepes HECKOAbKO JIET 3HAMEHMTHIM XHMHUK
. 13BM OTKPBELT HATPUiH, BRIAEAHB €10 IYTEM JIEKTPOIM33d H3 E€IKOro
HaTtpa. KosuuecTBEHHKIE 3aKOHH 3JEKTPO/IN3a OBUTH IKCIIEPUMEHTANBHO
ycraHosiaeHa M. Qapaneem B 1833 r. Ux nerko ofocHOBaTh mcxons M3
MCXdHM3MA SBJICHHA 3JICKTPOJIN3a.

3axoum ®apanes. Kaxnuii uoH 001agaeT SMEXTPHUECKHM 3apsaoM,
KDAaTHHIM 3JIECMEHTADHOMY 3apsaay e. HpyruMm ciaoBaMu, 3apsag HMOHA
paBseH ve, THE V —— LIEJIOE YHUCJI0, PABHOE BAJIEHTHOCTH COOTBETCTBYIOLIETO
XMMHAYECKOrO 2JIEMEHTA WIM coequHeHud. [IycTh IpHM NpoxXoXaeHuu ToKa
HA JJIEKTPOAE BhAEAUA0Ch N HoHOB. Yx 3apsan mo abcomoTHOM BEInunHe
paBeH Nve. [IonoXHuTeapHEE NOHB JOCTHTAIOT KATOAA M UX 3apAN HEHT-
panu3yercs 3EKTPOHAMH, MPUTEKAMKUMHA K KATOAY MO IMPOBOLAM OT MC-
TOYHMKA TOKA. OTPHLATENBHEIEC HOHKN NMOAXOAAT K AaHOAY ¥ TAKOE Xe KO-
JIMYECTBO JIEKTPOHOB YXOXUT TIO MPOBOAAM K MCTOYHHKY ToKa. Ilpu arom
10 3aMKHYTOH DJIEKTPHUECKOHN LENHU MPOXOAUT 3apan ¢ = Nve.
O603HaunM YEpE3 /M MAcCy BEmECTBa, BHIECAMBIIETOCS HA OTHOM M3
JJIEKTPOJIOB, a 4Yepe3 m, Maccy HOHa (aToMa MM MOeKyJnl). OueBuaHo,
uro m = m N M, CIEAOBATENBHO, m = m.q/(ve). YMHOXHUB YHCJIUTEND U

3HAMEHATENDb ITOH APOOH Ha MOCTOSHHYIO ABOranpo N,, moayuum
=My 3
~ v F? ( )
rae M = Nym, — aToMHas WIM MOJIpHas macca, a F — nocmosunas
Dapades, onpeacaseMas BHPaXeHHEM

F=N,e. 4)

U3 (4) sugHo, uto nocrosuHas (Papanes UMEET CMBICA «OTHOrO MoK
INIEKTPHYECTBA», T. €. STO CYMMAPHHI JMEKTPHUECKUN 3apsi OQHONO MO-
JIS 37IEMEHTAPHEIX 3apsanos: F = 96485 Ka/mons.

Gopmyna (3) comepxur oba zakona ®apanes. OHa roBopuT 0 TOM,
4YTO Macca BHOECJMBIIETOCH NP 3JIEKTPOJIN3E BEIECTBA MPONOPIHOHAb-
Ha mpouweameMy mo uen 3apsany (mepenit 3axon Papanes):

m = kq. &)

Koadpduunenr k = M/(vF) = m /(ve) Ha3WBaeTcs 3JCKTPOXMMH-
4YECKHM 3KBHBAJCHTOM HAHHOTO BEIIECTBA M BHPAXAETCd B KHJIOrpaM-
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max Ha xysoH (kr/Ki). O umeer cMmbicn 0OpaTHON BENINYHHH YAEIb~
HOTO 3apsiia MOHa.

DAEKTPOXMMHUECKHI SKBHBANEHT k NPONOPLIMOHANEH XMMHUECKOMY
SKBHBAJICHTY BemecTsa M/v (BTopo# 3axoH (apanes).

3axonm ®apanes H 3neMeHTapHbiit 3apsij. IlockonpKy BO BpEeMeHa
®dapaned NpeACTaBICHHS 00 aTOMapPHON MPHUPOAE ICKTPHUECTBA EIE HE
CYIIECTBOBAJO, IJKCIEPUMEHTANBHOE OTKPHITHE 33KOHOB 3JEKTPOIM3a
6bUI0 pJasieko He TpusmanbHeM. Hanporms, umenno 3akonn (Dapanes
HOCAYXHW/M MO CYIIECTBY TEPBHIM SKCNEPUMEHTANIBHEM JOKA3aTEIbCT-
BOM COPABEIJIMBOCTH STHX NPEICTABJICHMIA.

HNamepenne Ha ommre nocrosHHo# Papapesa nossoamwio s 1874 r.
BMEPBHIE MOJYYHTh YHCAOBYIO OUMEHKY 3HAYCHHS 3JIEMEHTAPHOIO 33apaaa
3a/0/r0 A0 NMPSMBIX M3MEPEHUH 3NEMEHTAPHOIO 3JIEKTPUYECKOrO 3apsaa
B onbiTaXx MWLIMKEHA ¢ MACISHEMH KamIsiMK. 3aMEYareabHO, YTO UAed
ATOMApHOM CTPYKTYPH 3JEKTPUYECTBA MOJYYMJIA HEABYCMHICACHHOE
SKCNEPUMEHTAIBHOE NOATBEPXKACHNE B ONHITAX HO 3JIEKTPOIN3Y, BHIITOJ-
Henunmix B 30-e ronn XIX Bexa, xorga gaxe uaes ATOMAapHOTO CTPOEHUS
BENIECTBA €IlEe He pa3fensIach BCEMHM yueHwMH. B 3HaMeHuTO#l peum,
npousneceHHoit B KoponesckoM o6mecTse U nOCBAIMEeHHOi naMstH Papa-
ned, NenbMroasu TakumM 06pa3oM KOMMEHTHPOBAJ 3TO 00CTOATENLCTBO:

«Ecu MB MpH3HAEM CYLIECTBOBAHME ATOMOB XWMHUYECKHMX 3JIEMEH-
TOB, TO Mbl HE MOXeM H30eXars M AaNbHENAMEro 3aKJIIOUEHUSH, UYTO
3JIEKTPHYECTBO, KaK MOJOXHUTENbHOE, TAK ¥ OTPHIATENbHOE, PA3NC/IEHO
HAa ONpEOE/NEHHRE NEMEHTAPHHE KOMMYECTBA, KOTOPHE BEAYT ceOs Kak
ATOMB 3JIEKTPHYECTBA®.

XHMHYECKHE MCTOYHMKH TOKa. Eciu xaxoi-nmubo MeTami, Hanpumep
UMHK, [Orpy3uTh B BOAY, TO HEKOTOPOE KOJHUYECTBO MOJIOXHUTEABHBIX
HMOHOB LMHKA Zn** mon BAMSHUEM NOJSAPHBIX MOJIEKY/T BOAH HAuHET IIe-
PEXOAUTD M3 MOBEPXHOCTHOIO CJI0S KPUCTA/LTMUECKON PEIIETKH METajna
B BOAY. B pesysnprare uMHK 3apsRMTCS OTPUIATENBHO, 3 BOAA MOJIOXH-
tenbHo. Ha rpanuue meTtasia um Boanl 0Opasyercs TOHKHIt CJI0#, HA3bi-
BAEMREIA O0BOLHBIM INEXMPUHECKUM CAOeM; B HEM CYIIECTBYET CHJIBHOE
3/1EKTPUYECKOE 10JI€, HANPAKEHHOCTh KOTOPOTO HAMPABJIEHa OT BOAH K
MeTanny. ITO noJje NpenaTcTsyer RaibHeHIIeMY NePEeXony HOHOB WHHKA
B BOAY, M B Pe3y/bTaTe BO3HUKAECT AMHAMMYECKOE PABHOBECHE, MPH KO-
TOPOM CPEAHEE YMCJIO MOHOB, NPUXOAAMMX M3 META/NIA B BOAY, PABHO
YKCJY MOHOB, BO3BPAMAIOMKXCA U3 BOAHK B METALI.

JuHaMUUYECKOe PABHOBECHE YCTAHOBHTCS M B TOM CJIy4ae, eClM Me-
TaJUl NOrpy3HTh B BOAHHIA PACTBOP COMM TOFO XE META/LIA, HATPUMEP
IMHK B pacTBOp LMHKOBOro kymopoca ZnSO,. B pacrsope conb aucconn-

upyer Ha woHH Zn** u SO;~. O6pa3osaBmMecs Npu ITOM HOHH IUHKA

HHYEM HC OT/IMYAIOTCd OT HMOHOB LIMHKA, NOCTYNHMBMHX B pPacTBOp C
JJNCKTPOAA. INosnmenue KOHLUCHTPAMY HOHOB IMHKA B IJCKTPOJHATE
obnervaer nepexon 3THX HOHOB B METAJUT M3 pACTBOPA H 3aTPYRAHACT NE-
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pexon u3 Merasnna B pactsop. I1osroMy B pacTBOpE LIMHKOBOIO KyIOpoca
TIOTPYKEHHBIM LMHKOBHIN DMEKTPOA XOTH M 32PSKAETCH OTPULIATENBHO,
HO ciabee, ueM B YHCTOM BOJE.

Ipu norpyXeHuy METa/na B PACTBOP META/T HE BCETAa 3apakaeTcs
orpunarensHo. HanpuMep, ecu MeaHslit 91€KTPOR NOTPY3UTh B PACTBOP
mexqHoro kynopoca CuSO,, To monsr Cu** HauHyT M3 pacrBopa ocax-

JAThCH HA 3JIEKTPOAE, 3apsKas ero nojoxureasHo. Hanpaxenunocts mo-
JIST B ABOWHOM 3JICKTPUYECKOM CJIO€ B HAHHOM C/Iyyae HarnpasJeHa OT
MexM K pacTBOpY.

Taxkum 06pasoM, NPH HOrPYXEHHK META/UIA B BOAY MM B BOXHBIHA
pacTBOp, COAEPXAIUMM MOHBEI TOrO Xe MeTasjula, Ha IpaHulle MEeramia
pacTBOPOM MEXAY HMMH BO3HHKAET PA3HOCTH MOTEHUHAIOB. 3HAK M Be-
JIMYMHA 3TOM pasHOCTH NOTEHLMAJIOB 3aBHCHT OT Tuna Metaina (Menp,
UMHK H T. [.), OT KOHLICHTPALXKX HOHOB B PACTBOPE M MOUTH HE 3ABHCUT
OT TEMIECPATYPhl M AABJACHUS.

IlBa 371eXTpoAa M3 PasHLIX METAJUIOB, HOTPYKCHHLIE B 9JIEKTPOJIHT,
ofpasyr zanveéanuneckuid nemenm. Hanpumep, B anemente Bosbra
UMHKOBHH M MEIHEIA 3JIEKTPOOH MOrpy>KeHH B BOAHHIA PACTBOpP CEpHOM
KHCJOTH. B mepBBii MOMEHT PAcTBOP HE CONCPXHT HU MOHOB IHHKA, HU
noHOB Mean. OXHAKO B HAABHEHINEM 3TH HOHBI MOCTYNAKOT B PACcTBOP €
3JIEKTPONOB M YCTAHABIMBAETCH NUHAMMYECKOE paBHoBecue. [loka ssek-
TPOAK HE COEAMHEHH! APYT C APYTOM IIPOBOAOM, MOTEHIMAN 3JEKTPONUTA
OAMHAKOB BO BCEX TOYKAX, a MOTEHUMAJB IJEKTPOOB OTJAMYAIOTCS OT
noTeHuMana saextTpoauta Onarogaps o0pa3yommMcs IBOMHBIM CJOSM
HAa MX FPaHMILE C 2JeKTPoauToM, IIpM 3TOM 357EKTPOXHBIA MOTEHIHAN
puHka pasex —0,763 B, a memu 40,337 B. Dnexvponsuxymas cuna
sneMeHTa BonbTa, CKIAANBAIOIANCH H3 3THX CKAyKOB INOTEHILHAJIOB,
6yaer pasHa & = 0,337 — (—0,763) = 1,10 B.

TOK B UEMNH C raJbBaHUYECKHM 3eMeHTOM. Eciu s1ekTpoas raisBanu-
YECKOrO 3JIEMEHTA COEOUHUTD MPOBOAOM, TO JIEKTPOHHL 110 3TOMY IPOBORY
GyAyT MepexouuTh C OTPHLIATENBHOIO 3,1eKTpoaa (LHHK) Ha IOJOXUTENb-
HHHA (Mens), YTO HAPYIIAET AMHAMUYECKOE PABHOBCCHE MEXHAY SJEKTPO-
IaMH M 3JIEKTPOJUTOM, B KOTOPHIH OHYM norpyxeHu. VIoHH nuAKa HAUHYT
NEPEXONMTL C 3AEKTPOAA B PACTBOD, TaK YTOOHI MOANEPXKUBATH JBONHOM
DJEKTPUUYECKUHN CJION B IIPEXHEM COCTOSHMHM C HEM3MEHHBIM CKAuKOM M0-
TEHUHMANA MEXAY TEKTPOAOM M 3AEKTPOTMTOM. AHAJTOIHYHO Y METHOIO
9/IEKTPOAA MOHK MEAW HAYHYT MEPEXOAUTH M3 PACTBOPA U OCAXKAATHCHA HA
anexrpone. [Ipy 3TOM 0KOJI0 OTPHLIATEABHOIO 3JIEKTPOAa 00pa3yercs He-
nocratox uoHOB SO; 7, a y NONOXHTENBHOIO ~— U30BITOK TAKHX HOHOB.
O6uee uncno nonos SO; ™ B pacTBOpe HE M3MEHUTCS.

B pesy/nbTaTe ONMMCAHHKRIX MPOLECCOB B 3aMKHYTOH uenu Oyner nox-
HEPXHUBATHCH IJEKTPHYCCKMM TOK, KOTOPHN B COENUHNTEILHOM IPOBOZE
CO30aeTCH JBUXCHMEM 3JICKTPOHOB, a B 3JeKTpoauTe noHamu. I1pu mpo-
XOXAEHNH 3JIEKTPHYECKOIO TOKA [POMCXOAUT ITOCTENCHHOE PACTBOPCHUE
LMHKOBOTO 3JIEKTPOAA M OCAXKAECHHE MEAM Ha TMOJIOXKTEJbHOM (METHOM)
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anexrpone. Konuenrpauusa uoHos SO;” yBENMYMBAETCA Yy LHMHKOBOTO
JJIEKTPONA M YMEHBIIAETCS Y MEIHOTO.

[MoTeHnuan B e C raJibBaHU4YecKkuM sneMentToMm. OnmcadHas xap-
THHA TPOXOXIACHHUS 3NCKTPHYECKOI0 TOKA B HCOXHODOAHOM 3aMKHYTOM
Ueny, cojepXamed XMMWYeCKH# 3JeMEHT, COOTBETCTBYET DacCTpemese-
HMIO TIOTEHUMAJNA BAOAb LIENH, CXEMaTuue-
cKH TokasaHHoMy Ha puc. 107. Bo BuewHei

LenH, T. €. B COSAUHIIOMEM 3JIEKTPORK TIPO-

BOHNE TMOTEHUMAJN IUIABHO NOHHXAETCA OT

3HAYCHNS P, HA MOJOXHUTENBHOM (MEIHOM)

anexTpone A 40 3HAYEHUS ¢, HA OTPULA-

TesibHOM (LIMHKOBOM) 3JCKTpoxe B B COOT- Ilj

BETCTBMM ¢ 3aKOoHOM OMa a1g OZHOPOXHOTO

npoBogHMKa. Bo BHyTpeHHe#d uenm, T.e. B

JEKTPOANTE MEXAY SJEKTPOAAMHM, IOTEH-

LMas [J1ABHO TOHMXAETCS OT 3HAUEHMS ¢, Pve. 107. Pacnpenescnue mo-
TEHLMaJa BAOAb UENH, COAep-

BOJIM3M IMHKOBOTO 3JIEKTPONA MO 3HAYCHHS  wauiefi xMMMUECKHE DCMEHT

¢, BOmu3u MemHOro snekrpoaa. Ecmu Bo

BHEMIHEH LEMU TOK UAET OT MEAHOIO JJEKTPOAR K IIHHKOBOMY, TO BHYT-

pPM 3JEKTPOAMTA — OT LMHKOBOrO K MegHOMy. CKauku NOTEHUMAJIOB

@ — P MU P, — P, B IBOMHEIX IJIEKTPAUECKHX C/IOAX CO3AAIOTCA B pe-

3yJIbTATE AEHUCTBHS CTOPOHHMX (B JAHHOM CNyyae XMMHYCCKHX) CHIL.

JBUXEHNE INEKTPUUECKHX 34PSA0B B ABOMHBIX C109X Onarogaps cT1o-

POHHMM CHJIAM TIPOMCXOAMUT NMPOTUB HAMPABJICHHUS JCHCTBUS JICKTPH-

YECKHX CHJIL.

HaxjioHHEM yuacTkaM M3MEHeHMd noTeHuuana Ha puc. 107 coorser-
CTBYIOT 3JIEKTPHUECKHE CONPOTUBICHNS BHEIIHEIO M BHYTPEHHENO yda-
CTKOB 3aMKHyTO# uenu. CyMMapHOe NajeHue MOTEHIHAIA BAOIb ITUX
YYACTKOB PABHO CyMME CKAayKOB NOTEHLUHXAZa B ABOMHEIX CNOSX, T. €.
snextponsuxyiei cuae (ALC) snemenra.

Tpox0oXaeHNe 3AEKTPHUECKOTO TOKA B raJIbBAHMYECKOM 3JIEMEHTE OC-
JIOXHSIETCS NOOOYHEIMK IIPOOYKTAMH, BRACASIOIIUMUCS HA 9JEKTPOAAX, U
NOYBJIEHMEM IEPENaa KOHUEHTpauuu B 3aekTpoaure. O0 3THX dBJIeHMIX
FOBOPAT KaK 00 anexmpoaumuueckol noaspusauyuu. Hanpumep, B ane-
MeHTaXx BOJIbTHL NpPH 3aMBIKAHMH LENH MOJOXKTENAbHHE MOHN HY nBu-
XyTCs K MEIHOMY JIEKTPOLY M OCAXNATCs HA HeM. B peaynbrarte uepes
HEKOTOPOE BPEMS MEIHBIA 37EKTPOJ] KAk OBl 3aMEHSETCS BOTOPOSHBIM.
Tak kxak 2/eKTPoaHKM noteHuuMan sogopoaa Ha 0,337 B uuxe anexkrpox-
HOro nmoteHumana meay, 1o I C sneMeHTa yMeHbIIAETCS MPUMEPHO HA
TAKYIO X BeJIMUnHy. KpoMe Toro, BHAEHSIOIIMIACS HA METHOM 3JIEKTPORE
BOOPO/I YBEJHUYUBAET BHYTPEHHEE CONMPOTHBJICHHE 3JIEMEHTA.

Ilng yMeHbIIEHHS BPEAHOIO BJIMSHHUS BONOPOAA HCIONB3YIOTCS AEIO-
JISpH3aTOPH — pasju4yHbe okucantTean. Hanpumep, B Hanbonee ynor-
peburenpHoM asiemenTte Jlexnanme («cyxue» GaTapeiku) MOJNOXHUTENb-
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HBIM JJIEKTPONOM CJIYXHT rpacuTOBHIl CTEPXEHb, OKPYXEHHHIM CTIpeC-
COBAHHOM Maccoi mepekucu Mmapranuna MnO, u rpadura.

AxxyMmyasTopol. IIpakTHyecku BaXXHOH PAa3HOBMIHOCTBIO TaNbBaHHUUE-
CKHX JJIEMCHTOB SBJISIOTCH AKKYMYASNMOPbL, A KOTOPLIX MOC/E pa3ps-
KM BO3MOXeH 0oOpaTHHIi Npouece 3apsaaku ¢ npeobpa3oBaHUEM SIEKTPH-
YeckOoM 3HEPrUM B XMMHYECKYIO. Bemiecrsa, pacxogyeMele npu mojiyude-
HUY 3JEKTPUYECKOIO TOK3, BOCCTAHABIMBAKOTCA BHYTPH aKKyMYyJsSTOpa
nyTeM 3JIEKTPOJIH3a.

Hauboapuiee pacnpocTpaHeHHe MOJYYHIA CBHHIOBEIE, MM KUCIOT-
HBEIE, AKKyMYJISITOPHL. DJEKTPONB AKKYMYJASTOPA H3TOTABJIMBAIOTCH M3
IOBYX PEIIETYATHX CBMHIOBHX ILIACTUH, 3aMOTHEHHAIX NMACTON M3 OKHCH
csunua PbO. B akkymynarop 3ammsator 30 %,-Huli pacTBOp CEPHOM KuC-
norat (¢ mrotHoctsio 1,2 r/cm3). Ha nosepxuocTsx miactun obpasyercs
cioit cepHokucaoro ceunna PbSO,. Yrobm akkyMyasTop CTan HCTOYHU-

KOM TOKa, €ro HeoOXoauMmo 3apsauThb. [IpM TMPONYCKAHWHM TOCTOSHHOTO
JNIEKTPHUECKONO TOKA HA 3JIEKTPOAE, COENMHEHHOM C MOJIOXHTEIbHBIM
NOJTIOCOM BHINIPAMHTES, OTpHLATENbHBe MOHH SO~ HEHTPaau3yoTcs

U TpY COEAMHEHHMH C CEPHOKHMC/IBIM CBHHIOM M Boaoil o0pasyior mepe-
kuce cBuHI@ PbO, B cooTeTcTBMHM ¢ peakuuer

PbSO, + SO;~ 4 2H,0 — PbO, + 2H,SO0, + 2e.

TonoxureasHnle voHsl H* aBuXKyTcs K 271eKTpoay, COEAMHEHHOMY € OTPH-
IATEbHRIM MOJIIOCOM BRIIPIMUTENS, U HEUTPAJIM3YIOTCH HA HEM B PE3YJIb-
TATE peakuuu :

PbSO, + 2H* + 2e—Pb + H,SO,.

BuaHo, uTOo NpU 3apaiKe AKKyMyJsSTopa IOBHINAETCS KOHUEHTPALHA
CEPHOI KUCJIOTH, UTO BENET K YBEJHUCHHUIO IUIOTHOCTH 3JIEKTPOINTA.

Takum 06pa3oM, B NMPOECCE 3aPSAKHN CO3AACTCH PE3KAast aCHMMETpUS
S/IEKTPOAOB: OXMH CTAHOBUTCH CBMHLIOBRIM, APYrod — M3 INEPEKUCH
CBHHIA. 3apsXCHHMI aKKyMYJATOp NpeacTaBiaser coboi ranpBanmye-
CKMH 3J7IEMEHT, CITIOCOOHBINA CAYXHUTh HCTOYHHKOM TOKA.

IIpy MOAKIIOUEHHH K AKKYMYJIATOpYy mOTpebHTeaeit IaeKTpu-
YECKOH JSHEPrMU 4Yepe3 HEeNb NOTeYeT SJCKTPUYECKHMH TOK, HampasJe-
HHE KOTOPOrO MPOTHBOMNOJIOXHO 3apIAHOMY TOKY. XHUMHUYECKNE PEAKIIMN
UayT B 0OpaTHOM HAIPABJICHUY M AKKYMYJISTOP BO3BPAIMAETCS B MCXOHOE
cocrosHue. O6a snekTpona 6yAyT mOKpHTH cyioeM conut PbSO,, a kouuen-
Tpauus CEpHON KKCIOTH BEPHETCS K NEPBOHAYa/IbHOMY 3HAUEHUIO.

Y sapaxenHoro akkymynsropa DJIC cocrasnger npumepso 2,2 B.
Ipu pa3spsaxe ona noxuxaercs ao 1,85 B. JanpHelimyo paspaaxy npo-
M3BOJMTh HE PEKOMEHAYETCH, TaK KakK npouecc o0pa3oBaHUd CEPHOKHC-
JIOTO CBMHIIA CTAHOBHMTCS HEOOPATMMEM M AKKYMYJSTOP MOPTHTC,

MaxkcuManbHEA 3apsn, KOTOPHIH MOXET OTAATH AKKYMYJISTOD HpH
paspsike, Ha3HBAETCH €ro eMKOCTHIO. EMKOCTE akkymyastopa oOmuYHO
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usMepserca B amnep-yacax. Ona TeM 6Goasire, ueM OosblIe IOBEPX-
HOCTh ILIACTHH.

IlpuMeHeHUsT IJEKTPONN32. DJIEKTPOMH3 HMCIOIb3YETCH B METANLIYD-
rud. HauGonee pacnmpocTpaHeHo 3JEKTPOJUTHYECKOE MOJIYYEHHE asiio-
MUHUS ¥ yucTOH Memu. C MOMOMMBIO 3JEKTPOIH3d MOXHO CO3AABATH
TOHKHE CJIOM OOHUX BELIECTB HA MOBEPXHOCTH APYIHX C UEJIbK MOIyYe-
HHUS JEKOPATUBHEIX M 3alIMTHHIX MOKPHTHI (HUKEIUPOBAHME, XPOMHPO-
sanmue). TIpouecc mosyyeHHs OTCAAMBAEMEBIX NOKDPHTHHE (TaJbBaHOIIA-
cruka) Owu1 paspaboran pycckum yueHmM B, C. Sxobu, mpumesHBIIEM
€ro A9 M3TOTOBJIEHHSA IMOJKX CKYJbNTYp, yKpamamomux Mcaakuesckuit
cobop B Cankrt-IleTepOypre.

e Yem ornnvaercd ¢GU3HYECKHIT MEXaHHU3M 3JIEKTPONPOBOAHOCTH B MeTa/lax U
anexTpoauTax?

o [losicHurTe, 1Io4YeMy CTENEHb JUCCOIMAalMM RAHHOI0 BEUICCTBA 3@BUCHT OT AN-
3HCKTpH’-{€CKOF{ MPOHMIAEMOCTH pPaCcTBOPHUTENIA.

e OGBAcHHTE, NOUeMY B CUJIbHO pa3baB/ieHHBIX PACTBOPAX 3NEKTPOJIMTA NMpak-
THYECKU BCE MOJEKYJIb! PACTBOPEHHONO BELIECTBA OHCCOLMUPOBAHEL.

N
¢ TlosicHuTe, B YeM MeXaHH3M 3J1EKTPONPOBOAHOCTH 3JIEKTPOIUTOB CXOEH C MeXa-
HH3MOM 3JIeKTPOI POBOJHOCTH razos. IToueMy npH HEM3MEHHBIX BHEIUHUX YCJI0-
BUAX 3NEKTPHUUECKHIA TOK I1PONOPLIHOHAJIEH TPHIOXEHHOMY HaNpsXeHHIo?

e Kakyo posi npH BLIBOAE 3aKOHa 3JIeKTpoausa (3) Urpaer 3aKOH COXpaHeHHs
afeKTpUyecKoro 3apsana?

e [Ilosicuure cBH3B JNIEKTPOXUMHUCCKOIO 3KBHUBAJICHTA BEUICCTBA C YAC/IbHBIM
3apsAOM €ro MOHOB.

e Kak MOXHO Ha ONBITE ONpPEAE/IUTb OTHOLIEHHE JIEKTPOXUMHUYECKUX 3KBUBA-
JIEHTOB pAa3HbIX BEILECTB, €CJIM MMEETCHd HECKOJIbKO 3/IEKTPOSMUTHYECKHUX
BaHH, HO HET NpUOOPOB AN U3MEPEHUS CHUb! ToKa?

e Kaxum o0pa3oM sBIEHHE 2/EKTPOAU3a MOXHO MUCIMONB3OBATH AN CO3AAHUS
CYETYHKa PACXOHAa 3JEKTPOIHEPrUHM B CETU MOCTOSHHOIO TOoKa?

e TIloyemy 3akoHbl Dapases MOXHO paccCMaTpUBaTh KakK 3KCMEPUMEHTANIbHOE
[I0Ka3aTeAbCTBO MpeAcTaBlcHUi 06 aToMapHO NpHUpone 3neKTpuuecTsa?

¢ Kakue npouecchl MPOMCXOAAT MpPH MOTPYXEHUU METR/UIHYECKUX 3NIEKTPOLOB
B BOLY M B 3JIGKTPOJIUT, COAEPXKAIMi HOHBI 3TMX MeTaoB?

e Onuuure MpoUECCH], MNPOUCXOAAIMNE B IICKTPOJIUTE B6JIM3U AJICKTPOROB
raJlbBaHH4E€CKOro 3JIEMECHTA NPY NPOXOXKIACHHUU TOKa.

¢ [loueMy BHYTPM rajbBaHUUYECKOrO 3JIEMEHTA MOJIOXMTE/IbHbIE HOHBI ABUXYT-
Csl OT OTPHUUATENBHOrO (LIMHKOBOIO) 37€KTPOAa K MOJOXHTEIbHOMY (MERHO-
My) anektpoay? Kakum obpasoM B Lieny BO3HMKaeT pacnpeneieHue MOTEH-
1yiana, 3acTaB/iSloliee UOHbl JBUraTbcd MMEHHO Tak?

e TloueMy cTeneHb 3apAXEHHOCTH KMCIOTHOIO aKKYMYJISTOPA MOXHO IPOBEPATH
[pH [TOMOLIH apeoMeTpa, T. e. Npubopa Ang U3MepeHUs MIOTHOCTH XHAKOCTU?
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¢ YeM B NPUHLMNHANLHOM OTHOILEHHMH OTJMYAIOTCH MPOUECCH B aKKYMYJISTO-
pax oT MpoLeccoB B «CyXuUX» Gartapeitkax?

o Kakas uacTe 3/IEKTPHUECKOM SHEPrUH, 3aTpadeHHON B npouecce 3apaiKkH ak-
kymynsropa ¢ 3AC &, moxeT GbiTh HCMONBL30BAHA MPH €I0 PaspslKe, eclu
B Ipoliecce 3apsaKy aKKyMyJATopa Ha ero KjemMMax MoQIep>KHBaloch Ha-
npsixenue U?

§ 33. Mna3ma

Bo Bcex paccMOTPEHHBIX BHIIIE SBJICHHSX, CBI3aHHBIX C TPOXOXICHHEM
JJICKTPUYECKOTO TOKA B ra3ax M XHIKOCTAX, B3AaUMOACHUCTBHE HOCHTEJIECH
3apsaa OPYT C APYToM ORUIO HECYINECTBEHHO M3-33 MAJIOH UX KOHLECHTPA-
pur. OCHOBHYIO POJib MIPAJIO B3aUMONEHCTBUE IJEKTPOHOB MJIM MOHOB C
HEUTPaTbHEIMH YaCTHLIAMH — aTOMaMH U MonekyaaMu. OXHAKO cyIuecT-
BYET LIEJK PSA IBJACHUH, B KOTOPHIX B3aMMOACHCTBHE 3aPSIXKCHHBIX YaC-
THLL APYT € APYTOM MTPAET ONPEEASIOMYI0 posib. B TakoM cayvyae rosopsar
O TPOSIBJIEHUM IUIa3MCHHEIX CBOMCTB. HTO Xe Takoe riasma’

Boo6ie naasMoit Ha3hlBAKOT CUCTEMY, COCTOSLYIO M3 OOMBIIOrO Ymc-
a2 TIOABMXHEIX YACTHI, MO KpalHe# Mepe 4acTb KOTOpHIX o0naxaer
JMEKTPUYECKUM 3apaaoM. TepMHMH «u1aimMa» IIMPOKO MCIOIB3YETCH B
COBpEMEHHOM (Pu3uKe. ITOT TEPMHUH NPUMEHIIOT K HOHH30BAHHOMY ra3y
NIpA TAKMX YCJIOBHAX, KOrAa CHJIAMH B3aMMOAEHCTBUSA COCTABJISIIOLINX
€ro 4acTHi HeJb3sd npeHebperars. [11a3Moil HA3HIBAIOT M IJEKTPOHHEIN
ras B METa/1ax M MNOJYNPOBOAHHKAX.

ITnasmMa — 3710 Haubosiee PACTIPOCTPAHEHHOE COCTOSHME BEINECTBA B
npupone. 3se3qsl IPEACTABASIOT COOOM IMraHTCKME CrYCTKH IOpsiuen
ia3Mbl. BHEmMHUI HOHN3UPOBAHHEKIH CI0H 3¢MHOHN aTMocdepnl, pagnanu-
OHHBIE N10SCa, HEKOTOPHIE TUIIEI KOMETHRIX XBOCTOB, HAKOHELL ILUIaMs Map-
TEHOBCKOMW IMeY¥ — BCE 3TO NPUMEPH CUCTEM, SIBASIOMMXCS ILIA3MOM.

KoAAeKTHBHOE JBHXEHHE 4acTULl B Ia3Me. OTaHyuTeNbHEE CBOKCT-
BA TUIA3MBI CBA33HBI C TEM, UTO B €€ COCTAB BXOAAT CBOCOAHBIC YACTHIIH,
objanarume 3JeKTPUUCCKUM 3apaaoM. Hoeeie, HEOOBIUHBIC Il HEHRT-
pasbHOTO ra3a CBOMCTBA MIa3Mul O0YC/IOBIEHB TEM UPE3BBIUANHO CHIIb-
HBIM BO3JAEHCTBHEM, KOTOPOE OKA3BIBAIOT JJCKTPHYECKUE W MATHUTHRIC
MoJIS HAa ABMXEHHC 3apSKEHHEX 4acTui. Ha He#lTpanbHble uYacTHIH
JAEKTPUYCCKUE ¥ MATHUTHBIC TMOJAS OKA3HBAKOT NOPa3f0 MEHbLIICE BO3-
gedcreue. B raze HEUTpaABHBIX YaCTHL[ HH(POPMALIMSA O JIOKATbHOM H3-
MEHEHHMH COCTOSHMS, HANPUMED O0 YBEJIMUEHUH KOHIIEHTPALHMHU YACTHLL
B KAKOM-JIMOO MECTE, MepeNacTCs TOJBKO B PE3yJNbTaTe CTOJIKHOBEHHM
YaCTHULL.

B m1asme xaptiHa umHAag. B oTMuMe oT HEATPAJIBHEIX YACTHL, KOTO-
pHI€ B3aUMOACHCTBYIOT IPYr € OPYIOM TOJBKO HAa MAJIBIX PacCTOSHUAX,
3apsIKEHHBIE YACTHHAI B3aMMOACHCTBYIOT C IOMOMIbIO AAJbHOACHCTBYIO-
KX KYJOHOBCKHX cuii. IIpu noxanpHOM M3MEHEHMM COCTOSHHSA B IUIa3-
M€ BO3HHMKAKIOT JIEKTPHUYECKOE M MATHHUTHOC IIO0JIS, KOTOpPHE AEHCTBYIOT
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HA BCIO IIA3My B LenoM. B pesysnbrate B 1UIasMe BOSHHKAKT KOJLIEK-
THBHBIE IBUXCHHSA YacTHI[ — KOAEOAHMS M BOJIHEL

CkopocTe nepefaud WHGOPMALMK O JTOKANBHBIX BO3MYILEHUAX OMpe-
AENSETCd CKOPOCTbIO PACIPOCTPAHEHMS 3JEKTPOMATHHTHRIX BOJH B
mrasMe. IMEHHO HAJMYME TAaKHUX CHEHH(UUECKHX KOJUIEKTHBHBIX IIPO-
HECCOB B MJa3Me — BOJIH, B KOTOPhIX MPOMCXOANT KOJe6aHMsa Kak yac-
THI TUIa3MHBl, TaK U CONpPOBOXIAKOLIMX ABVXCHHE 3aPAXCHHHX YaCTHIL
3JIEKTPOMATHUTHHIX II0jIe#, — H NO3BOJSET [OBOPHUTh O ILIA3ME KaK O
YETBEPTOM arperaTHOM COCTOSIHMH BELIECTBA.

lasopaspsanad nnasMa, Kak HpPaBWIO, NpPEACTasiasgeT coboit cmech
TPEX KOMIOHEHT: CBOGOOHBIX OJJIEKTPOHOB, MOJOXHTEABHBIX WOHOB H
HEHTPAAbHBIX ATOMOB MM MOJEKYA. DAEKTPOHN — 3710 Haubosnee mo-
ABMDKHAS 4acThb TAKOM ILIA3MBEI, M MMEHHO C ABMXEHHMEM JJIEKTPOHOB
CB43aHBl ee Haubosee MHTEPECHBIE CBOMCTBA. MOHBI Xe BCIEACTBHME ro-
pa3no Gonpmei mMacce BeayT ceba Oosiee «1accMBHO», Oiarogaps uemy
BO MHOTHMX CIy4YasX MOXHO BooOuwe npeHeOperatb ¥x ABHXCHMEM M pac-
CMaTpHUBATh MOHHYIO YACTh IUIA3MBl KAK HENOABMXKHEIM ITOJIOXHUTETHHBIN
doH, Ha KOTOpOM NpPOMCXOAMT ABMXEHME JJEKTPOHOB. Takoe mpubiu-
JKEHME OXHOKOMIIOHEHTHOM T1a3Mel TeM Oojiee OMPAaBAAHO A1 IAEKTPO-
HOB B METa/IaX, IIe JBMXCHHUE MOHOB BOOOMIE OrpaHHucHO KoaeOaHusI-
M# BOJIM3M NOJOXEHHUS DABHOBECHUS.

KBa3uHeATPaNbHOCTh Maa3Msel. OTHHM M3 BAXHEHIIMX CBOHCTB [JIa3Mbl
SIBJISIETCSL €€ CTPEMJICHHME K COXPAHCHMIO PABEHCTBA IIOTHOCTEH JJIEKTPU-
YECKOro 3apsifia NOJIOXUTEAbHEIX 11 OTPULATENBHEIX yacThl. B camom nene,
NP BRICOKOM ILJIOTHOCTH 3aPS>XXKCHHBIX YaCTHI] B TUIa3ME JaXe Majioe mpo-
CTPAHCTBCHHOE Pa3[eJICHHE HOJOXHTEABHBIX H OTPHIATE/IBHBIX 3aPAA0B
npHuBeso Obl K NOSBJEHHK OYEHb CHUIBHBIX 3JIEKTPAYCCKUX TIONeH, CTpeMs-
WHXCH BOCCTAHOBUTD JIOKAJIbHOE HAPYHICHHUE
3ekTpoHeiTpanbHocTu. [ToaTtomy B cpenHeM
(B mocTaTouHO GosbwOM 00beMe WM 3a A0-
CTATOUHO GONBLIOH MPOMEXYTOK BPEMCHH)
1a3Ma A0MXHA OBITH NMOYTH HENATPANBHOM,
WJIH, KaK TOBOPST, KGA3UHELMPAIbHOU.

I1naamennnie xonedauus. OucHuM pasMepsl
o6beMa U IIPOMEXYTOK BPEMEHHM, B KOTOPHIX
BBHINOJHAETCS KBA3WHECHUTPANbHOCTh ILIA3MBI.
TIpencrasum cebe, UTO B IUTOCKOM CJIOE OXHO-
POOHO# HENUTPAJbHON B LEJOM ILIa3Mbl BCE L
NIEKTPOHBI CMECTHIINCH HA PACCTOSHUE X BOR-  pyc 108, K mwsomy dhopmytst
HOM M ToM Xe Hanpasaeany (puc. 108). Bod- 14 gacrotsr muasmeunsix xo-
HHUKAIOWEE B PE3YJbTATE TAKOIO CMELICHMS  sebanuit

3JIEKTPOHOB DE3YJABTHPYIOMEE DACTIPEREac-

HuE 3apagoB OyAeT TakuM Xe, KaK B ILUIOCKOM KOHAEHCATOpe. 3/IeKTpH-
YecKoe NOJIE B IUIA3ME ONPEAEIAETCS ILIOTHOCTHIO 3apsaia Ha «o0K1anKax»
TAaKOro «KOHAEHCATOpa». I1py CMEWEeHNH 3/IEKTPOHOB B CJO€ TOJIMHB [
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(puc. 108) HapymeHue HERTPANHLHOCTH IPOUCKXOIUT TOMBKO B TOHKHMX 08-
JACTAX TOMLUHE X 8O3 rpaHuL Cros: C1esa ofpasyeTcs n3brToK rono-
XUTENBHOIO 33psaa, Crpasa — OTpHUATENBhHOrO. Ecnu KoHueHTpauuio
3JIEKTPOHOB B HEHUTPAJILHOM IU1asMe 0003HAYNTL YEPES 1, TO NPH CMEMe-
HUM BCEX NIEKTPOHOB B CJIOC HA PACCTOSHUE X 3apsd O HA CIMHHIE
wIomanay «o0kaaaku» 6yner paser nex. IloaToMy HanpsXeHHOCTs Hond E
B KOHACHCAaTOpe OyneT pasHa (B rayCcCcoBOM CHCTEME EIMHMLL)

E = —4no = 4nnex. (1)
JeicTByromas Ha KaXmu#l 37eKTpoH B cioe cuna F = eE, Gymer

MPONOPIHOHAIPHA CMEMICHUIO JJIEKTPOHA X M, KaK BUAHO M3 puc. 108,
HAIPpaBJIeHa B CTOPOHY, IPOTHBONOJOXHYIO CMELICHHIO:

= —4nnex. 2)

IoaToMy 3/MeKTPOHB OYAYT COBEpMATh FapMOHMUECKHE KojaebaHus, ya-

CTOTAa KOTOPBIX wp ONnpenecasi€TCss BHIPAXEHUCM
2

2 __ 4nne

o= "Tm 3

rae m — macca saextpora. B CY sripaxeHue a1 4acToThl W, UMEET BUA
2
2 he”

Wy = (3a)

OTa yacTora w, — OAHAa W3 BaXHEHIIMX XaPaKTEPUCTUK IUIa3Mul. Ee

HA3BIBAOT MJAQ3MEHHOU Yacmomoid, a caMu KojieOaHusd IiasMeHHHMH
WM JIEHTMIODOBCKMMH, IO HMEHH amepukaHckoro ¢usmka U. Jlenrmio-
pa, BIEPBHIE UCCIEHOBABLIENO ITH KoJeHaHus.,

Takum oOpa3oM, B pe3yanTaTe pasiefcHus 3apSfoB B IUIa3ME BO3-
HUKAIOT 3JIEKTPUUYECKUE TOJs, BH3HIBAIOWMHKE KojeDaHusa vactul. IJTH
KonebaHus CTPEMATCHS BOCCTAHOBUTh KBA3WHEWTPAJIBHOCTD IUIa3Mhl. Sic-
HO, YTO 3aMETHUTh OTKJIOHEHHS IUIa3MBbI OT KBA3WHEHTPAIBHOCTH MOXHO
TOJIBKO HA NPOTSXKEHNM BPEMEHM, MAJIOrO MO CPABHEHHMIO C NEPHOIOM
asMeHHBIX KosneGanwmit. B cpeanem (32 MHOro mepuofoB koseGaHmii)
maaaMa seaer cels Kak KBaswHEHTpaibHas cpena. llepyon miasMeHHbx
KosebaHuit T,= Zn/mp — 9TO XapakTepHHI BPEMEHHOM MacmTal pas-

JACJICHHUS 3apAa70B B IUIA3ME.

DKXpaHupoBKa KYJOHOBCKOTO B3aWMONEHCTBUs. Tenepb OLEHUM Ipo-
CTPaHCTBEHHE MacmTab pasjeseHds 3apsi0B B KJIACCHUECKOM MIasMe.
Yem MoxeT OniTh BHI3BAHO CAMOIIPOM3BOMBLHOE pPasfeneHue 3apsnon?
OueBuaHo, QIyKTyaUUsIMM MIPOCTPAHCTBEHHOTO PACTIPENEJICHHS YACTHII,
OOYCNOBNEHHBIMA MX XAOTHUECKMM TEIUIOBHIM JABMXeHueM. Xapaktep-
Hasl CKOPOCTh v TEIIOBOIO ABMXKEHUS 3JICKTPOHOB 3aBHCHT OT TEPMONM-
Hamuyeckon temneparypul T: (v) ~ VkT/m. IlpocTpaHcTeeHHRN Mac-
mTab pasaeseHns 3apsAA0B ONpPEResseTcs NPOU3BEXCHHEM XapPaKTEPHOM
TEIUIOBOM CKOPOCTHM HA BpeMd ABMXEHHI B ONHOM HanpasieHuu. Uem xe
Onpenensercs IT0 BpeMs’
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B orsnnume OT rasa M3 HENTPAJNbHHX YACTHLH, TRE 3TO BPeMsS PaBHO
BPEMEHH CBOOOAHOrO ABMXCHUSA IJJICKTPOHA MEXAY CTOJKHOBEHHMSIMH C
aToOMaMM WM MOJEKY/JaMH, B IUIa3ME€ XapaKTEPHOE BPeMs CBOOOAHOIO
OBMKCHHS 3JIEKTPOHA OTpeAessercs MepuoaoM ILIa3MEHHHX KoneOaHuit
T,= 21/ g, JefCTBUTENBHO, IPH MPOCTPAHCTBEHHOM PA3/ICJICHUM 3aps-

J0B BOSHMKAIOT ILA3MECHHHEE KOJIeOAHUs, KOTOPHE CTPEMATCS BOCCTAHO-
BUTb 3JEKTPOHENTPANMbHOCTh. [Ipy KOMeOaHMAX CKOPOCTh 3JEKTPOHA 34
MOJOBMHY TIEpHOIAa M3MEHSET CBOE HAIpPaBJCHUE HA MPOTHBOIMOJIOXHOE.

TaxuM o0pa3oM, /19 OLEHKM pa3mepa 00JaCTH MPOCTPAHCTBEHHOIO
pasfesieHUs 3apsi0B HYXHO XapaKTEPHYK TEIUIOBYIO CKopocth VAKT/m
YMHOXHTE Ha BpEMA ABHXKEHHS, KOTOPOE IO MOPAAKY BEIMYHHEI €CTh

o, = Vm/4nne?:
‘kT 1 kT
'n ™~ V7 w—p = 41"182 . (4)

Ora BeNMUYMHA HOCHT HasBaHuEe AeOAEBCKOTO paiHMyca JKPaHMPOBAHMS,
no uMmeHu aHrmiickoro ¢uanka I1. [Jebas, KOTOPHA BIEDPBHIE BBEJ €€
MPY M3YYEHHH IKPAHHPOBKU KYJIOHOBCKOIO B3aMMOAEHCTBHS 3apsSKeH-
HBIX YACTHI[ B JJIEKTPOIMTAX.

Ha paccroguuu ne6aeBcKOro paguyca MPOUCXOIUT 3KPAHUPOBAHUE
KYJIOHOBCKOro moas Jioforo 3apspa. [IpuumHOi 3TOro SKpaHUpPOBAHMS
IBJISETCS NPEMMYLIECTBEHHAs TCPYNIMPOBKA BOKPYr Jio0oro 3apsiaa
3aPSOKEHHHX YACTHL MPOTHBONOJOXHOINO 3HAKa. KyJOHOBCKHE CHUIHI
CTPEMATCS MAKCHMAJIBHO NPUOIM3UTh K BHECEHHOMY B ILIa3My IPOGHO-
MY 3apsiay 3apsKEHHBIE YACTHIE IPOTHBOIOJOXHOIO 3HAKA, 4 XAOTH-
YECKOEe TEIUIOBOE ABMXEHHE TPEIATCTBYET 3TOMY. B pesynsrate BOKpyr
npoOHOIo 3apsaa BO3HMKAET NPOCTPAHCTBEHHO HEOAHOPOAHOE pacnpene-
JICHHE 3JIEKTPOHOB, MPHBOASAIIECE K SKPAHUPOBKE €r0 KYJIOHOBCKOTO OIS
Ha DACCTOSHMHM Iopsaka AebaeBcKoro paguyca rp.

IIpocTpaHcTBeHHbIe MacuiTabbl B nua3me. UTolH miasMa COXpaHsIa
KBA3MHEHTPAJIBHOCTb, 3aHUMaeMas ex obnacts (T. €. ee JHHEHHbIA pas-
Mep L) NOTXHA HAMHOIO IPEBOCXOANTh A€0aEBCKHU pafguyc rp: rp<<L.
TospkO NpH BHITOJIHEHUH YCJIOBHS KBAa3HMHEHTPAJIBHOCTH ILIa3Ma IIPOSB-
JISeT KOJUICKTHBHEIE CBOMCTBA, a He BedeT cebg Kak mpocras COBOKYI-
HOCTh 3apsiXEHHBIX yactul. VI3 paccMoTpeHHOil Brme (PU3HUECKOH KAp-
THHB 9KPAHHPOBAHUSA KYJIOHOBCKOTO B3aUMONEHCTBUS CJIEAYET, YTO He-
GaeBckMii pPAfgMYyC OKPAHHPOBAHMS JOJKEH HAMHOIO MPEBOCXOAMTH
CpenHee pacCTOSHUE (r) MEXNY 3apSAXXEHHBIMHM YACTHLAMM: (r) <<rp,.
WUrtak, uTobbl 2/EKTPOHENTPAABHAH B LEJOM CHCTEMA JJIEKTPOHOB H
HOHOB MOIJIA PACCMATPHUBATBCS KAK I1a3Ma, HCO6XOZ(HMO BHINTIOJTHCHUEC
ycaoBui
(ry<<rp<<L. (5)

IlepBoMy 3 ycaoBuit (§) MOXHO MpPHAATh HECKOABLKO MHOM Bua. Tax
KaK CpefHee pacCTosHME (r) onpefeadercsd KOHLUEHTPALMEeR n 3JIeKTpo-
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HOB ((r) ~ n~'3), 10 ¢ momompio (4) Aw1s rp 5TO YCIOBHE HEPEMHCH-

BAETCA CAEAyOmnM 00pasoM:

e2n1/3

<<l (6)

B uyucauTE e ITOTO BHPAXEHUS CTOMUT IHEPIHS KYJOHOBCKOIO B3aMMO-
HEHCTBUS YACTUL, HAXOASIHXCA HA PACCTOSHMU (r) APYr OT ApYra, a B
3HAMEHATENE — XAPAKTEPHAs JSHEPIUs MX XAOTMUYECKOIO TEILIOBOTO
nsuxenud. Taxum o0pa3oM, B KJi1accHueckoif miasme (T. €. KOraa OBH-
XEHME YACTHI MOQYMHSETCA 33KOHAM KJIACCHUECKOM (PH3HKH) CpemHAd
SHEPTHS KYJIOHOBCKOTO B3aMMOAEHCTBHS MaJja MO CPABHEHHIO C SHEPrueii
TEIJIOBONO ABYXEHHMS.

IIpocTpaHCTBEHHAas OJXHOPOAHOCTH Maasmbl. Kax coBMecTHTH nNpen-
CTaBJEHHS O MPOCTPAHCTBEHHOM HEOAHOPOXHOCTH pacnpefesieHus 3aps-
I0B B ILIa3ME NMPH SKPAHMPOBAHHMM HOMS OTAESNBHEIX 3apSA0B ¢ MaKpo-
CKONMUECKOH OHOPOAHOCTHIO IIA3MBI B LEJOM?

Yro6m 9KCNEPUMEHTAIbHO OOHAPYXHTh MPOCTPAHCTBECHHYIO HEOXHO-
POMHOCTE PACIpeAeseHUsS 3apSA0B, HYXHO BBECTH B ILIA3My 30HAH AJS
HU3MEPEHHS JIOKATBHEIX XapaKTEPUCTHK JAeKTpHYeckoro nond. Ecam Ta-
KHE HM3MEPEHHS BO3MOXHH M1 00jacreil, pasMepel KOTOPHIX MEHBIIE
aebaeBckoro pagMyca, a BpEMEHa M3MEDPEHHMS MEHbIIE MEpHOHA IUIa3-
MEHHHEIX KOJeOaHMi, TO JIOKAJbHHE H3MEHAIOMMUECS CO BPEMEHEM
HEONHOPOAHOCTH HEHCTBUTENBbHO OyayT oOHapyxeHwnl. g peanbHHX
npubopos, 001aK3aOMMX HHEPLUMOHHOCTHIO, JOKAJBHHEE MO8 33 BpeMs
HaOMIONeHNS YCPETHSIOTCS U B PABHOBECHH IL1a3Ma IPEACTAET KaK CTa-
MOHAPHAS NPOCTPAHCTBEHHO-OOHOPOAHAS CHCTEMA.

I11a3Ma n aHanM3 pasMepHocTeit. XapakTepHslil 114 IIa3MH IPOCTPaH-
cTBEHHbIN MacmTab (nebaeBckuit pagnyc rp) ¥ XapaKTEPHHIN NPOMEXYTOK
BpeMeHH (MEepPUOA IUIA3MEHHBIX KOoJae0aHmil) MB OLEHWIM HA OCHOBE HA-
CASIHON HU3NYECKON KAPTHHEL ABUXEHHS 3apSA0B B ruiasme. OgHako 21o
MOXKHO CHeJ1aTh M3 COOOpaXkeHH! pa3MEPHOCTH, HE KOHKPETHU3HUPYS KAPTH-
HEbI JBHOKEHHS YaCTHIL B PACCMATPHBAEMOM MOZIE/H TLTa3Mel, [TokaxeM 310,
T10HOCTBIO HMOHM3OBAHHAS OXHOKOMIIOHEHTHAS KBA3WHEATDAJIbHAS
n1a3Ma B COCTOSHHH TEPMOAMHAMHYECCKOrO PABHOBECHS XapAKTEPH3YETCS
YyeTHIPhMS MapaMETPAMK: 3aPSANOM YaCTHIL €, MX MACCOM 7, KOHLEHTpA-
e n u remnepatypoit T. HerpyaHo y6enursest, YTO U3 3THX BEIMYMH
MO>XHO COCTABMTh TOJIBKO OMH HE3aBHCUMHI Oe3pa3MEPHEIA MapaMeTp v:
2.1/3
v=50—, (7

COBNANAOMINIA C IEBOI YaCThIO HepaBeHcTBa (0). Ilocrosruas Boabumana
k B 3TOM BHIpaXeHUH NOABISETCH oTOMy, uto B cucreme CI'C temnepary-
Py, XapaKTEpH3YIOUIYI0 CPEHIOI SHEPIHIO TEIJIOBOIO ABHXKEHNA, HE0DX0-
OMMO BHIpa3uTh B 9prax. IpyruMH cinosamu, eciu uepe3 T obosHaueHa
TEMIEPATYPa B KEJIbBMHAX, TO B 3prax eif COOTBETCTBYET BeJauumHa kT,
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Jns roro 4yrobn HANTH XapaKTEpHHH /IS PACCMATPHUBAEMO CHCTE-
MBI MapaMeTP, UMEIOINMI Pa3MEPHOCTh BPEMEHH, CJIEAYET CHayasa Haii-
TH 1000 napaMerp, HMEIOMMH TAKYIO pa3MePHOCTb. MOXHO B34Th, Ha-
NPUMEP, OTHOMEHHE CPEOHENO pACCTOSHMS MEXAY YacTHUAMH
(ry ~nY3 x cxopocrtu Temnosoro apuxenus (v) ~ VikT/m. Hanee
3TOT MapaMeTp CAEAYET YMHOXHTb HA IIPOM3BOJBHYIO QYyHKUMKO 6e3pas-
MEPHOIO ApaMeTpa, CYMECTBYIOIETO I 9TON CHCTEMBI.

Wrak, camuil ofmuit B napaMerpa, MMEIOIIETO pa3MEPHOCTb Bpe-

MEHH,
t=n""’m/kT f(y). (8)

Qopmyna (8) maxe Ge3 koHKperuzauuu Buxa ¢pyukuuu f(y) mosso-
JFeT CAENATh MHTEPECHble BHBOAML. IIpexie BCero OTMETHM, UTO B pac-
CMOTPEHHOM BHINE MOIETH ra3a M3 HEATDPATBHBIX YACTHIL, A€ Y = nry
(ro — pammyc MeXMOJEKYIIPHOTO B3aMMOAEHCTBUN), OTCYTCTBYET Ma-
paMerp, UMEIOMUA Pa3MEPHOCTb BPEMEHH, HE 3aBUCSAIIMH OT TEMIIEpa~
TYpH raza. [ipyrumMn c10BaMH, BCE BO3MOXHBIE B TAKOW CHCTEME Hepas-
HOBECHHIE TIPOLIECCH] ONPECIMIOTCS CKOPOCTAMH X3aOTHYECKOIO TEILIOBO~
r'o ABHXEHUS MOJEKYJI.

HHaue ofcTodT Aeao B miasme, rae OespasMepHBIN mapaMerp vy, Aa-
paemuiit opmyaoir (7), cam conepxur Temneparypy 7. Jlerko Bupers,
yto e B (8) BoOpaTh B KAauecTBE NPOM3BOIBHOM (DyHKIMH
f(y) = y7Y2, 1o n1a napamerpa f, MMEIOEIO Pa3MEPHOCTb BPEMEHH,
TIOJYYUTCS BHPAaXEHHE, HE COXEpXKAInee TEPMOIHHAMUYECKON TeMnepa-
typul T, @ TEM CAMBIM M CKOPOCTH TEIUIOBOIO ABMXXCHUS YACTHLL:

112 12 12
f = 1 (ﬂ) (—”—) = (L"-) . )
kT n'f3e? ne?
Oro 3HaueHHE, KaK BUAHO 13 opmy.nt (3) A1g MIa3SMEHHOH YaCTOTH @,
COBMANACT C MEPHONOM ILIAIMEHHREX Konebanuit 21/ w,.

He3aBHCHMOCTD XapakTEPHONO BPEMEHH OT CKOPOCTU — 3TO MPU3HAK
rapMOHHYECKHX Koaebannit, Takum 06pa3oM, TONIBKO U3 aHAIN3a pasMep-
HOCTE# MBI TAKXE MIPUXOOMM K UIEE IUIa3MEHHBIX KOXeOaHuii, KaueCTBEeH-
Has (u3nuecKas KapTMHAa BO3HHUKHOBEHME KOTOPHIX ObLIa paccMOTpeHa
pbime. [Tpogoskas aHAaMOTHUHRIE PACCYXKIACHHS, MOXHO IIPHATH K NOHS-
THIO U K OLEHKE 3HAYEeHNS Ne6aeBCKOro paguyca SKpaHHPOBAaHUA Iy,

[TpuBeneM YNCAOBHIE 3HAYEHUS XAPAKTEPHHX JEHIMIOPOBCKHMX YaCTOT
u nebaeBckux pagmycos. [Ing TUnuMuHOM Xjaccu4yeckod nabopaTopHoi
MIasMel C KOHLEHTpauMe#r snektponoB n = 104 cm™3  nonyuaem
w, =5 10! ¢!, yTO NPUMEPHO B THICAYY Pa3 MEHBIIE YACTOTH BHAMMOTO
cBera. 3HaueHne Ae6aeBCKOro Paguyca rp 3aBUCHT OT TEMNIEPATYPHL. B ua-
CTHOCTH, IPH TEPMOSAEPHHX Temneparypax (kT = 10 5B) rp &~ 1072 cm.

PaccMarpuBast iasMy Kak Koae0aTe/NbHYH CHCTEMY C XapaKTEPHOI
COOCTBEHHOM 4acTOTOIM Wy, €CTECTBEHHO BBECTH IIPEACTABJICHHE O AHCK-
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PETHRIX KBaHTOBBIX JHEPTETMYECKHMX COCTOSHMSX. KBaHT aHeprum xose-
Ganmit ¢ yacToTo# w, cornacHo dopmyne Ilianka E = hw pas npuse-
ICHHOTO BHINE 3HAYEHMS , cocrasaser 5107 apr~ 3-107* 3B. Yxe

npu KoMHaTHON Temnepatype T = 300 K sHeprad TEIIOBOrO ABMXEHUS
yacTun paBHa kT =~ 4-107'* apr ~ 1/40 5B. D10 03HAYAET, YTO KBAHTO-
BaHMe MIa3MEHHBIX YPOBHEH JHEPIMM HE HUrPacT POAM ¥ TEIUIOBOE IBH-
XKEHHUE YaCTHI[ MPUBOAMUT K BO3OYXIEHHIO MIA3MEHHEIX KOaebaHMi, UTo
HA KBAHTOBOM S3BIKEC COOTBETCTBYET POXACHMIO OONBILIOrG uMCIa KBaH-
TOB KoaeDaHMit — T/Ia3MOHOB.

Boaubl B nnasme. BuiBenenHas M3 COCTOSHHMS TEPMOAMHAMHMUECKOTO
paBHOBecHs IU1asMa CTPEMHTCS Haubosee OBICTPHIM MYTEM pPEIaKCHPO-
BATh K PAaBHOBECHOMY COCTOSIHMIO. B oT/iMumMe OT rasa HedTpajibHHX ua-
CTHL, TAE TAaKOH MpPOLIECC PENAKCALMH ONPENeIAETCd HCKIIOUHMTENBHO
mepefaveil SHEprud IPM MEXUYaCTHYHBIX CTOJIKHOBEHMSX, IIa3Ma H3-
fapsigercd OT HEPABHOBECHOCTH MPEMMYIIECTBEHHO MYTEM BO30YXIECHHS
KOJ1eGaHuit ¥ BOJH. DTO TAK HA3KBAEMBIE [IA3MEHHEIE HEYCTONUMBOCTH,
KOTOPHIC OKa3ajJMCh OCHOBHOM TIPErpajodi Ha MyTH OCYMECTB/ICHUS
YIpaBaAgeMOl TEPMOMIEPHOR peaxkium.

IMnasMendsle Kome0aHNs — 3TO MO CYHIECTBY 3JEKTPHYECKHE HPO-
NOJbHHE KOJe0aHMs, B KOTOPHIX MATHMTHOE T0J1E NPAKTHYECKH OTCYTCT-
BYET, a BEKTOP HANPSXKEHHOCTH JEKTPHUYECKOTO MOJISI HANIPABJIEH BIOJb
OBMXEHMS yacTul. KpoMe Takux npogoabHEIX Koaebanuil, B miasMe, Kak
U B APYTHX MAaTEPHATBHHX CPENAX, BO3MOXHO PACIIPOCTPAHEHNE OORIUHEIX
noMepeyHkx 5J1eKTPOMArHUTHBIX BOAH. JUTd HUX IUIa3aMEHHAad 4acToTa
@, IPEACTABISET COG0H rPAHANUHYIO YACTOTY. DNEKTPOMATHATHEIE BOTHBL

C YacToToi MeHbUIE wp HE MOryT NpOHMKATh B I1A3MY, TaK KdK UX HHU3-

KOYACTOTHOE JEKTPUUECKOE TOJNE JKPAHMPYETCsi CBOCOAHBIMM 3JIEKTPO-
Hamu niasmsl. [lanaomas Ha rpaHuLy 71a3Mbl BOJHA IPU @ < , OTpa-

Xaercsa OT rpaHuipl. Eciy e yacTora 371eKTPOMATHUTHOR BOJHEI BBHIOIE
IJIa3MEHHOM YacTOTHI, TO TAKAsA BOJHA MPOHHKAET B IIa3MYy.

Inst nosochepHoi TIa3MBl TPaHKANA NPO3PAYHOCTH TOMAEAAET B ANA-
Na30H METPOBBIX paguoBoiH. [loaTOMy pamuocBs3b ¢ 0OBEKTAMH B KOC-
MOCE BO3MOXHA TOJBKO B AMANA30HE METPOBHIX M NELHMMETPOBLIX BOJH.
OTpaxeHue BOJH JJIMHOM B HECKOJBKO HECATKOB METPOB OT HOHOChEDH!
UCIIOJIB3YETCA AJi 3€MHOM PagHoCBSI3u Ha OOJIbIINE paCcCTOSHHS.

IIpumenenus mia3mpl. [11asma mupoko npuMmensiercss B TexHuke. [azo-
paspsaaHad 11asMa C1y>XUT aKTUBHOM Cpefoil B Ta30BHX JIA3EPax — KBAH-
TOBBIX MCTOUHHKAX KOI€CPCHTHONO ONTHUYECKOro H3J1yUCHUS. HJI&BMEHHI:IC
CTPYH MCIOJB3YIOTCS B HOBBIX IEPCIIEKTUBHBIX MATHUTOTHAPOXHHAMMYE-
CKHMX IEHEpATOpax JJEKTPUUECKOM 3Heprud. B HoBhIX mpubopax — mias-
MOTPOHAX — CO3AAI0TCS MOMIHBIEC CTPYH TUTOTHOM IJIa3Mbl, IPUMEHSEMBIE
IUVIS PE3KH H CBAPKH METAJUIOB, OypeHusd CKBAXHH B TBEPABIX IOPOAAX U
T. I. B m1a3Me yCxopsioTcsa MHOIME XMMHYECKHE PEAKIIMHA W MOTYT MPOUC-
XOMUTb pEaKLMH, HEBO3MOXHEIE B OORIYHKEIX YCIOBUsAX. Bonbimue Hanex-
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ABbL CBA3aHH ¢ 00y30aHuEM BHICOKOTEMITEPATYPHOM IIa3MK /1 OCYIIECT-
BJICHUS YIIPABISIEMON PEAKLMH TCPMOSTEPHONO CHHTE3A.

Yem oT/iMuaeTcs NOBEAEeHHWEe HOCUTesel 3apsia B mja3Me W B rase U3 HeilT-
pasnbHbIX aTomMoB?

Yto Takoe KBa3HHENTPANLHOCTL NNMa3Mbl? YeM KBasUHEHTPAIbHOCTh OT/IMYA-
eTCd OT UCTUHHOM HelTpansHoCTH?

KakoBa npyuuMHa cyHmecTBOBAHUS NJIa3MeHHbIX JEHTMIOPOBCKHUX Ko/ebanumin?
Yem onpepensercd ux vacrora?

Kak MOXHO OLIEHWTb PAAUYC 3KPAHUPOBAHUS 3JEKTPHUUECKONO [10J1 BHECEH-
HOrO B MJa3my npo6Horo 3apsiga?

B KaKkoM COOTHOWIEHUM HAXOAATCH ueﬁaescxuﬁ pagudyCc 3KpaHMUpOBaHUA CO
CPEAHHUM pPACCTOAHHUEM MEXAY 3JICKTPOHAMM I1J1a3Mbl MU pa3MEpaMH 3aHUMaA-
eMoil nnasmoi obmactu?

Kax coBMecTuTh NpEACTaB/ICHUA O ﬂpOCTpaHCTBCHHOF{ OAHOPOAHOCTH IJ1a3-
Mbl C DKPaHHPOBAHHEM KYJIOHOBCKOIO B3aUMORECHUCTBUS 3apaaos nnasmot?

IloscHuTe, noueMy B Na3Me, B OTJIMYME OT HeHTpalbHOro rasa, CylecTByeT
XapaKTepHbIM BPeMeHHOM MacliTab, He 3aBUCAUWMM OT TeMIepaTypsl.

YeM nsasMeHHbie KoJebaHMS OTIIMYAIOTCH OT 3/IEKTPOMATHUTHBIX BOJIH, KO-
TOpPBIE MOTYT PACIPOCTPAHATLCH B Mia3mMe?

UTo TaKoe 11a3MeHHble HEYCTOHYHUBOCTH U B UEM npHYHHa UX BO3HUKHOBEHUA?

Kakue NpakTUYCCKUE NPUMCHEHHUA NJIa3Mbl BaM H3BECTHbI?



Vil. SNEKTPOHHLIE CBOMCTBA TBEPAbIX TEN

§ 34. DnexkTpOHHAs CTPYKTypa KPHCTannos

Jlro60e MakpOCKOMMYECKOE TEJIO COCTOMT M3 aTOMOB M MOJEKYJ, MONYH-
HAIOMUXCS 3aKOHaM KBAHTOBOH (puaukm. IlostoMy ofmacHenue 6osb-
IUMHCTBA HAOMIONAaeMBIX CBOMCTB MaKPOCKOMHUECKMX TEJ HA OCHOBE
MpencTaBaeHui 00 MX MUKPOCTPYKTYpPE HEBO3MOXHO €3 HCIOAb30BAHMS
KBaHTOBHIX 33KOHOB.

JuaNeXTPHKH, NOJYNPOBOAHHKKM, Meranasl. HauGonsmuit nporpecc B
[IPMMEHEHNN KBAHTOBOH MEXaHHMKHM K MAKPOCKOIMMYECKHM CHCTEMAM JO-
CTUTHYT TIPH H3YYEHHH TBEPABIX TEd, T. €. TeJ, o0/JaRalomuX KpucTai-
auyeckoi cTpykTypoi. IlepBoe, YTo HYXHO 3HATE /IS OObACHEHHS Ha-
OmonaeMbIX 37EKTPHYECKUAX, MATHHTHBIX, TEIVIOBBIX, ONTHYECKHMX H
APYruX MaKpPOCKOMMUYECKHUX CBOMCTB, — 3TO YPOBHHM 3HEPrU# 3JEKTPO-
HOB B Kpucrasie. CTporo roBops, B KPHCTA/UIE, KaK U B OTAEJBHOM aTo-
M€, MOXHO PacCMaTpuBaTh TOJBKO COCTOSHHE BCEH CHCTEMH B 1EJIOM.
TeMm He MeHee, KaK U B aTOME, C XOPOIIEH TOYHOCTHIO MOXHO MOBODHTD
0 COCTOSIHHSIX OTAENbHEIX JJIEKTPOHOB B HEKOTOPOM HOTEHIMATIBHOM
MPOCTPAHCTBEHHO-TIEPUORNYECKOM MOJIE KPUCTA/LIA.

YPOBHM 3JHEPIMH 3AEKTPOHOB B KpHCTannax. [lonyuurs kayecrseH-
HOE MPENCTABJCHAE O CTPYKTYPE 3HEPTETHYECKOIO CIEKTPa JJEXTPOHOB
B TBEPAOM TEJE MOXHO, IPOCJAEAHMB 33 TEM, KaK YPOBHH JHEPTHM M30-
JUPOBAHHHX ATOMOB HM3MEHSIOTCS NPH OOBCAMHEHHHM 3THX aTOMOB B
kpucramt. JonyctuM, uto N OOMHAKOBHX ATOMOB pDACHOJOXCHBI B
IIPOCTPAHCTBEHHON PEUIETKE CO CTOJMb OOMBIOMM MEXKATOMHBIM pacCToO-
SHHEM, UTO MX B3aMMONEHCTBHMEM ADPYr C OPYTOM MOXHO TNpeHeOpeus.
SICHO, YTO JHEPrETHYECKME YPOBHH IJEKTPOHOB B TAKOM THMIIOTETHYE-
CKOM Kpucrasuie OyAyT Takue Xe, KaK M y H30JMPOBAHHOTO aTOMA.
Pasuuua GymeT TOMBKO B TOM, YTO TENEph KAXAOMY YPOBHIO JHEpPruu
COOTBETCTBYET B N pa3 Gonbplie pasiHYHHX MEKTPOHHHX COCTOSIHMI,
4yeM B OJHOM aToMeE.

ByneM mocTenmeHHO yMeHBIATh MeXaromHoe paccrosuue. ITo mepe
cOruxenns Bce Oonee v Gosee CYyMECTBEHHKIM CTAHOBUTCE B3aMMoOeCH-
CTBHE MEXAY AaTOMaMH, KOTOPOE CKA3LIBAETCH HA YDOBHAX OSHEPIHH
3JIEKTPOHOB. PaBHOBECHOE pAacCTOSHHE MEXAY AaTOMAMH B KPHCTAJUIE
npubAM3UTENBHO TAKOBO, HTO 37E€KTPOHHHE OOOMIOYKH, COOTBETCTBYIO-
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II¥e BHEMHMM (BAJIEHTHHIM) 3JEKTPOHAM, MPUXOAST B COMPMKOCHOBE-
Hue. [Ipu 3TOM 3/MeKTPOHB BHYTPEHHMX /MIEKTPOHHHIX 000/0YeK, pas-
MEPHE KOTOPHIX MaJhl MO CPAaBHEHHIO C MEXATOMHEIM DAacCTOSHHEM B
KPHCTA/LA€, NOYTH HE <«YYBCTBYIOT» MOJf, CO3AABAEMOIO COCENHHMHE
aToOMaMM, M MX COCTOSHHE B KPHCTa/UIE IOYTH HE OT/IMYAETCA OT CO-
CTOSSHHS B H30JHPOBAHHOM aTOME.

Ouepreruyeckue 30ubl. Hanbonee cwipHOMY BOZMymialomeMy BO3xeil-
CTBHMIO COCEIHUX AaTOMOB MOABEPraloTCS CAMBIE YAAJEHHHIE OT SApa 1eK-
TPOHH. B pesysibrare B3aUMOACHCTBHA C COCENHMMM aTOMaMHM KaKALIA
YPOBEHP JHEPIMM BAJIEHTHHIX JJIEKTPOHOB pacuieruisercd Ha OGosbiioe
yucao GAN3KO PACIOJOXEHHHX YPOBHEW, KOTOPHIE MOXHO PaccMaTpy-
BATh KAK KBA3WHENPEPHBHYIO 30HY pA3pPEIICHHEIX 3HAYEHUN SHEPruu
971K TPOHOB.

Tak KaK COCTOAHHA HCXONHOH CHCTEMB! YAaJEHHHIX APYr OT Apyra
ATOMOB M3MEHSAIOTCS NPH MX COMHXEHMM HENnpephRBHHM 00pasoM, TO
YUCJIO Pa3pelIeHHHX KBAHTOBHIX COCTOSHMII JJEKTPOHOB B KPHCTAJLIE
OOXKHO OHITH TaKuM e, Kak B MCXORHO#M cucreme. [Tostomy umcio
YPOBHEMN B KAXIOH 30HE PAaBHO MOJHOMY UHCAY aTOMOB B KpucTasie N.
OnHako mWHpPMHA DPA3PELICHHOM JHEPreTHUECKOM 30HH HE 3aBHUCHT OT
MOJIHOTO YKCJIAa ATOMOB B KPHCTas/Ule, a OIS AaHHOIO BEINECTBA Onpene-
JISETCS TOMBKO MEXATOMHEIM paccrosHueM. [IpM yBeMUGHUM uyucia
aTOMOB B KPMCTAJLIC BO3PACTAET JHUIIb I'yCTOTA 3HEPrETHYECKHX YPOB-
He#l B OpeReaax paspemieHHoN 30HH. Tak KaK YHC/I0 aTOMOB B KPHCTAJ-
ne senuko (N ~ 10%), To 5HepreTHuecKui CIEKTD INEKTPOHOB B IIpe-
IENaX PA3pEIEeHHOM 30HH MOXHO CUHTATh NPAKTHYECKH HENPEPRIBHEIM.

Hac unutepecyioT riaBHbM o0pa3oM JHEPreTHUECKHME 30HH, COOTBET-
CTBYIOLIKE BHECIIHMM, T. €. BAJICHTHBIM, 3JIEKTPOHAM aTOMOB, MO0 MMEH-
HO OHH ONpPENeadioT OGONBIIMHCTBO HAGMIONAEMHIX MAaKpPOCKOMHYECKHMX
CBOMCTB KpPHUCTa’/UIOB. EciM ypOBEHb SHEPrUH BAJNECHTHOINO 3/EKTPOHA
a4TOMa B OCHOBHOM COCTOSHMH OBLI 3aIOJHEH 3MEKTpPO-

HAMH UETHKOM, T. €. OBLIM 33aHSTH BCE Pa3JHYHBIE CO- E

CTOSHHMS C JAHHHIM 3HAYEHHEM SHEPIHH, TO U B KPH-

CTa/Ie COOTBETCTBYIONIAS SHEPreTHUECKas 30Ha Oyner ——
3aI10JIHEHA TIONHOCTBI. B 3TOM ciiyuae 30HA Ha3HIBa-

eTcsd 8ANEeHMHOU. ' %

BaseHTHas 30Ha OTAENEHA OT PACIOIOXEHHON
BHIIC DAa3pCUICHHOH 30HH, BO3HUKMIEH W3 HAMHM3- Puc. 109. Cxema
wero Bo30YyXIEHHOIO YPOBHS 3HEDTHM ATOMA, HEKO- OHEPreTHiecKmx
TODHIM 3HEPreTHHYECKMM MHTEPBATIOM, HA3hBAEMHIM O KPHCTaLa
3anpewjennol 3onoi. Korma xpucrasn Haxogurcs B
OCHOBHOM COCTOSSHHM, T.€. COCTOSHMH C HAMHM3mEH SHeprueif, Bce
paspemeHHHe 30HH, PacHOJOXEHHHE BHINE BAJCHTHON, OYCTH — B
COOTBETCTBYIOIMX 3THM 30HaM COCTOSHHSX INEKTPOHOB HeT. Juarpam-
Ma DJHEPreTHMYECKMX 30H XDUCTA/UIA CXEMATHUYeCKH IOKa3aHa Ha
puc. 109. 3anonHeHHble 3JEKTPOHAMH YPOBHHM SHEPrUH 33IUTPHXOBAHH.
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3anonseHue 30H B JU3JIEKTPUKaX. Takoe 3an0JHEHHE IHEpreTHye-
CKMX 30H 3JIEKTPOHAMH XapPaKTEPHO RS Ousekmpuxod. B MoaHOCTHIO
3aI0THEHHOM BAJIEHTHOM 30HE QUAMIEKTPUKOB CBODOAHEIX YPOBHEH SHEp-
run Het. [TooTOMy mOx ACHCTBUMEM TIPWIOXEHHOTO K KPMCTAJLLY SJIEKT-
PHUECKOTO TMOJI JEKTPOH B 3AMOJHEHHOM 30HE HE MOXET H3MEHHUTh
CBOETO COCTOSHHA. DTUM OOBACHAETCA OTCYTCTBUE IJEKTPONPOBOXHOCTH
Yy AUIJICEKTPUKOB.

CoOcTBeHHbIE TOAYNIPOBOAHMKH. ECiM B KpHCTa/LIE IIMPHMHA 3aMpEleH-
HOIt 30HHI (T. €. PACCTOSHUE OT 3aMOJTHEHHOM BAJIEHTHOMN 30HK K0 OamXai-
wei csoOOXHOM 30HHI) HEBENMKA, TAK UTO B TEIJIOBOM PABHOBECHM MpH
KOHEUHOU TEMIIEPATYPe YacTh JIEKTPOHOB M3 BAJICHTHOM 30HH B PE3YJ/ib-
TATE TEMIOBOrO BO3OYXACHHA OKa3msaercd B CBOOOAHOM 30HE, TO Kpu-
CTaJLI IIpeacTaBaseT coboi cobecmaennbui norynposodnux. Haxonamuecs
B IIOYTH NYCTOA 30HE 3JICKTPOHHI NMOJ ACHCTBMEM BHENIHErO 3JIEKTPH-
YECKOro NOJISI MOTYT H3MEHHUTH CBOE COCTOSIHHE, T. €. YCKOPSATBCH. DTO 03-
H3YaeT, YTO B TAKOM KPHUCTAJLIE 3JEKTPUYECKOE NOIE co3AaEeT TOK. [103To-
My HaxOASIIMECS B IOYTHM MYCTON 30HE 3JEKTPOHHI HA3KBAIOT 3J€eKMPO-
HaMu npoeodumocmu, a caMy 30HY — 30HoU npogodumocmu. Tak Kaxk ¢
pOCTOM TEMIIEPATYPHI YKCJIO 3JIEKTPOHOB MPOBOAMMOCTH yBEIHYNBAETCS,
2JIEKTPONPOBOXHOCTE MOJIYIPOBOSHHUKOB PACTET C TEMIIEPATYpPOM.

IIpuMecHble NOJYNPOBOAHHKH. KpoMme coOCTBEHHBIX NOMYIIPOBOXHH-
KOB, B KOTOPHIX 3JIEKTPHYECKHI TOK BO3MOXEH 0/arogaps TOMy, YTO
YacTh 2JIEKTPOHOB M3 BAJIEHTHOH 30HB TEIUIOBOE ABHIXKEHHE IEPEBOTUT
B 30HY MPOBOAMMOCTH, CYIIECTBYIOT TaK HA3HIBACMBIC MpUMECHbLE NOJLY-
npogodHuku. B IpUMECHHX NOAYMPOBOJHMKAX HOCHTE-
JIA TOKA MOABASIOTCH Osarogaps MepexogaMm 3JeKTpo-
% HOB HE M3 OJHOM 3HEPreTHUeCKON 30HH B IPYIYIO, a C
m JHEPreTHYECKMX YPOBHECH aTOMOB HPHMMECH B CBOOOA-

HYIO SHEPreTHUECKYIO 30HY, WM U3 3aNOJHCHHON 30HH

Ha cBOOOAHEIE SHEpPreTHYECKUE YPOBHHM mpuMeceil. B

9TOM CJIy4ae OJEKTPHYECKHE CBONCTBA KDHCTANA
Puc. 110, B me. OUCHD CHJBHO 3aBHCST OT KOHUCHTPALMU TPUMECEH.
Tanne 30Ha Mpo-

BOJMMOCTH 3a-
nonsesa anexr- MeTajabl. ECM B OCHOBHOM COCTOSTHMHM M30JIHMPOBAH-

POHAMK YACTHYHO  HOTO aTOMAa YPOBEHb JHEPIMM BAJECHTHONO JJIEKTPOHA
ObLT 3aMOJHEH YACTHYHO, T. €. TOJABKO YacTh pa3spe-
IEHHBIX COCTOSHMIl C NAHHON JHEPrHel 3aHATa SJEKTPOHAMH, TO H HPH
06pa3oBaHUM KPUCTA/LIA M3 TAKMX aTOMOB COOTBETCTBYIOINAS SHEPreTH-
yeckad 30Ha Oyner 3amonHeHa jvmb yactuuno (puc. 110). B arom ciy-
yae B 30HE MMEIOTCS HE 3aHATHIE 3JEKTPOHAMHM COCTOSHHS, T. €. BO3MO-
XEH 3IEKTPUYECKHMA TOK MOA AEUCTBMEM NpHAOXEHHOro nong. Tak kak
YMC/IO 3JCKTPOHOB B 3TOM UYACTUYHO 3aITOJIHCHHOM 30HE NPOBOXUMOCTH
OUEHb BEIUMKO —— HE MEHbHIE, YEM YHCJIO ATOMOB B KPHCTA/LIE, — TO U
IPOBOAMMOCTb TAKOTO KPWCTA/UIA BEJWKA. DTO — Memasiibl.
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XapaxrepHoe I/I METAJUIOB 3aNOJTHEHME 30H MOXET MOJYYHTHCS U B
TOM CJIy4yae, KOIfa y W30JMPOBAHHOIO ATOMA YPOBEHbL SHEPIrHUHM BAJIEHT-
HBEIX 3/IEKTPOHOB 3AMOJHEH NEJTUKOM, HO NMpH COMMXEHUM ATOMOB B KPH-
CTaJ/1 IPOUCXOAUT HACTOJBKO CUJILHOE PACIICIUIEHME YPOBHEM, UTO BEP-
XHSS LEJUKOM 3arOJHEHHAd 30HA M COCENHAA C
HEH mnycras 30HA HAYMHAIOT MEpPEKpPHBATHCA. B
3TOM CJIy4yae HaUMEHbIIee 3HAYEHWE SHEPTHH KpH-
Crajyia COOTBETCTBYET TAKOMY 3amOJHEHHUIO JHEP- SN
reTM4YecKux 30H, KOrga 4acTbh 3JICKTPOHOB C BEPX-
HUX YPOBHEH 3anOJIHEHHOH 30HEI MEPEXOXUT HA
HYXHHE YPOBHM NycToil 30HH (puc. 111). Puc. 111.  Pacnpene-

Takum oﬁpaaoM, ACJICHAEC TBCPABIX TEJ HA AH-  jieHME 3J€KTPOHOB 1O
9JICKTPUKH, IOJIYIPOBOAHUKK M METAJUIBI, OCHO-  JHEPIETHUECKUM YPOB-
BAHHOE B TIEPBYK0 OYepens Ha pasauyuym nx HaM B Clysae nepe-

., KpbITME cBOGORHOM M
5JIEKTPUYECKOTO CONPOTHBJICHHS, UMEET Mox Coboi 7o o -5
r1y0OKYI0 OCHOBY, CBS3aHHYI0 C Da3NMMYUCM HUX
SJIEKTPOHHOM CTPYKTYpH. PaszjuuHplii Xapaxrtep
34MOJIHEHUS SHEPreTHUYECKUX 30H B AMAIEKTPHKAX M META/UIaX MPUBO-
OUT K MCKJIOUMTEIbHO OOJBIIOMY pas/IMuMI0 UX JJICKTPHUUECKHX COIPO-
TUBJeHUA. Tak, y UMCTBIX METAJUIOB [PHM HHU3KUX TEMIEpaTypax
VIEIbHOE COTPOTHBAEHHE MOXET GuTh Beero aumb 10719 0Om:M, B TO
BpPEMS KAaK y AHIJCKTPUKOB C AOCTATOUHO YHCTOH MOBEPXHOCTBHIO OHO
moxer gocturHyTh 10% Om- M. TakuM o06pasoM, CONPOTHBIEHHE AW-
JJIEKTPUKOB M METAJUIOB MOXeT omimuarbea B 1030 pas!

Pasavume MexXay MPOBOAHHKAMM M AMIJICKTPHKAMH [DOABASETCH HE
TOJILKO B SJIEKTPHYECKOM COMPOTHBJICHHM, HO ¥ BO MHOTMX APYIMX CBOM-
CTBaxX, HANPHMEP ONTHUECKMX: UMCTHIE OTHOPOOHBLIE AMIAEKTPHYECKHE
KPMCTAJUIBl NPO3PAYHLI B BUAMMON 00/1aCTH CHEKTPA, 4 METALIB — HET.
3aTo MeTamibsl XOpowo OTPaxaloT BUAHMEIN CBET.

AN

30
&

CTauMoHapHbIE COCTOSHMS 3NEKTPOHOB B Kpucrtajie. Paccmorpum
tenepb noapobHee CTAUMOHAPHBIE COCTOSHUS JJIEKTPOHOB, COOTBETCTBY-
I0IMHE KAKOU-TMO0 pa3peleHHOW JHEepreTMueckod 3o0He. Ilockosbky
BXOASIHUE B COCTAB TBEPAONO TEJAa aTOMHI 00pasyloT NPABMABHYIO KDPH-
CTAI/THYECKYIO PEHIETKY, TO NMOTEHUMANBHOE 110J1¢, JERCTBYIOMWEE Ha Ka-
KOM-M00 37IEKTPOH CO CTOPOHH SAEP M BCEX OCTANbHBIX 3JIEKTPOHOB,
HMEeT NMPOCTPAHCTBEHHO-TIEPHOAMYECKHI XapakTep.
KBaHTOBOMEXAHMYECKOE PEMICHHE 3a4aUM O ABHXKEHWM 3JIEKTPOHA B
noje MEPUONMYECKOrO MOTCHIMANA MPUBOAMT K CIACAYIOWMM PE3yJIbTa-
taM. CTAUMOHAPHKIE COCTOSIHAA 3JIEKTPOHA B TAKOM II0JIE BO MHOTOM Ha-
NIOMHMHAIOT COCTOSHHS CBOOOAHOrO 21eXTpoHa. Cocrognue cBobOqHOM ya-
CTHLBI XapaKTEpU3yeTCs ONpeNe/icHHHM 3HAYEHHEM HMIYJbCA P, NO-
CKOJIBKY AJs1 CBOOOAHOM UYaCTULB MMIYJLC SBJASETCS COXPAHAIOMENCA
BEAMUHHOUA. Tak KaK WMOYJABC MMEET CTPOrO ONPEAE/NEHHOE 3HAUEHHUE,
TO BCJIEACTBUE COOTHOIICHUS HeomnpenenenHocteir 'eiisenbepra xoopau-
HATHl 3JICKTPOHA HE UMEIOT OMPCAEACHHOIO 3HAUYCHHSA: B TAKOM COCTOSI-
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HUM 3JIEKTPOH KakK Obl «pasMa3aH» IO BCEMY MPOCTPAHCTBY B TOM CMEIC-
JIe, UTO BEPOSTHOCTH OOHAPYXHTH €ro B JI0O0OM MECTE OOHUHAKOBA.

KBazuumnyasc. Kak u y cBoOOIHOM YaCTHIEI, COCTOSIHAS 3JIEKTPOHA B
MEPHOIUYECKOM MMOJIE XaPAKTEPU3YIOTCS BEKTOPOM p. B ormume ot um-
nyJabca cBOOOAHOM YACTHLBL BEKTODP P B KPHCTALIE H3MEHSETCS B HEKO-
TOPOM OrpaHUYEHHON 00JIACTH, pasMep KOTOpO# 3aBMCUT OT PACCTOSHUS
MEXAY aTOMAaMH.

Tak MOXHO CUMTaTh MOTOMY, UTO 3HEPrUs 3JEKTPOHA e(p) B KpH-
crajne mpeacrasaser coboi nepuonmueckylo GyHkumo uMmmnyabca. Co-
CTOSIHUS 3JIEKTPOHA C OQUHAKOBOH SHEpruei, B KOTOPRX HMITYJIBC P OT~
nuyaercs Ha nepuoa ¢dhyHkouu e(p), (M3NUECKH SKBUBAJIEHTHRL. JTO
03HauaeT, uTo 001aCTh M3MEHEHUE UMMNYJLCA JJACKTPOHA B KpPUCTAJLIC
MOXHO OrPAHMYMUTH SUEHKOM ¢ UeHTpoM B Touke p = 0 mpocrpancTsa
uMnyabcoB. Takast sueiika HaswBaercd 30nou Bpunarosua. [Tonuepk-
HEM, 4TO 30HAa DPHMIIIIOIHA ompefesieHa KakK sSiYeKa MpPOCTPAHCTBA MM-
nyabcoB. Ee He caexyer myraTh ¢ SHEPreTHYEcKOM 30HOHM, TOHMMacMoHu
KAK MHTEPBAJI Pa3PCUICHHBIX 3HAYCHUH IHCPrUid.

Urak, 3HaUEHUS HMITYJIBCOB IJCKTPOHOB B KDPHCTA/LIE, COOTBETCT-
BYIOIIME BCEM BO3MOXHABIM COCTOSIHUSM, JeXar B 30He DBpwimoana,
opMa KOTOpOM ONpEnENsSeTcs THIIOM CUMMETpUU Kpucrasia. Okasn-
BAETCH, YTO pasMepsl 30HB Bpuumosna ofpaTHO MPOMOPIUOHATBHEL
pacCTOSHMSM MeEXAY aToMaMM Kpucraaia. Bce 3To cmpaBenimBo g
3J7IEKTPOHOB, HAXOOAIWMXCH B J1000# sHepreruueckod 3o0xe. Yrobwl
MOTYEPKHYTh OTJIMYAS MMITYJIbCA 3JIEKTPOHA B KPHUCTAJLIC OT MMITYJIbCA
cBOOOIHOM YACTULBI, KOTOPHI MOXET NPMHUMATH JIOOBIE 3HAUEHHS,
Jexamui B Ipelesax 30He DpwiiisHa MMIyJabC 371€KTPOHA B KpH-
CTajUle HA3KBAKOT KGasuumnyirbcom. OQHAKO, KAK ¥ CBOOOOHAA 4acTH-
1a, JEKTPOH B KPHUCTA/UIC, HAXOASIIMIACS B CTALMOHAPHOM COCTOSSHHH
C OTpeie/IeHHBM 3HAaYE€HHEM KBA3HHMITYJIbCA, HE JIOKAJM30BAH, T. €. C
paBHOH BEPOATHOCTBIO MOXET GhTh O6HapyxeH BOMM3HM MOO0r0 y3na
KPHUCTAJLIMUECKON PEIIETKH.

OddexTuBHasg macca. B kaxngoit M3 paspeHICHHHIX HEPreTHUYECKHUX
30H nepuopdueckas ¢ysxkums e(p), gaoOwWasgs 3aBUCHAMOCTb SHEPIHH
9JEKTPOHA OT €ro KBAa3HUMITYJIbCA, MMEET XOCTATOUHO CJIOXHBIA BMA.
OngHako B OKPECTHOCTSX TOYEK IPOCTPAHCTBA MMITYJIBCOB, COOTBETCT-
BYIOIIMX MHHHMYMaM M MakcuMymaM &(p), €e MOXHO ammnpo-
KCHMMMPOBATb KBaAPaTMYHOM (DYHKUMEH KBa3uMMOysbca. B yacTHocTH,
BOAM3M MHUHHMyMa SHEPIMM B HEKOTOPHIX KPHCTAJUIAX 33aBHCHMOCTH
DHEPr¥¥M JJEKTPOHA OT P MOXHO TPENCTABUTb B TAKOM XE€ BHAE, Kak
¥ st cBOOONHOM YacTHUUBI, C TOM TOJABLKO pasHMLE, YTO Macca CBO-
60QHOrO 3JEKTPOHA MOMXHA OHTH 3aMEHEHA HA HEKOTOPYIO opadery
muanyio maccy m':
o?
2m*’

e(p) =
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rA€ KBa3MMMIYJbC P OTCUMTHIBAETCS OT TOYKH NPOCTPAHCTEA MMITYJIb-
COB, COOTBETCTBYIOUICH MMHHMYMY SHEDIMH, 3 DSHEPIUdsS OTCUMTHIBAETCS
OT HA JHEPreTUYECKON 30HHL

B Toit 06aacTH NMPOCTPAaHCTBA HMMITYJIbCOB, TOE JHEPTHS 3AEKTPOHA
OOCTMraeT MaKCMMyMa, BRIPAXEHHE A/ SHEPIHMHM JIEKTPOHA MOXHO 3a-
MUCATh B BHAE

) (2)

Te €, — 3HAYCHHE HEPTHM B TOUKE MakcuMyMma. 3HaueHus bdextus-

HO#t Maccul m*, durypupyromue 8 popmyaax (1) 1 (2), pasHele B pagHbIx
JHEPreTUYEeCKNX 30HAX.

D¢pdexTuBHas macca m* MoXer OwTh Xak 00sblIe, TAK M MEHBIIE
Maccel CBOOOMHOINO 3/IeKTpOHa m. Bonee Toro, oHa MoXeT GHTb aHU-
30TPONHOMN, €CJIM CBOMCTBA ACHCTBYIOMErO HA 3JEKTPOH NEPUOIUYECKO-
ro Mojis KPUCTA/UTMUYECKOM PEINeTKH PasJUYHB II0 PA3HHIM HalpasJe-
nuaM. ITousarue 3dekTHBHOM MacCH B (PU3UKE TBEPAOrO TEJId BBOXMT-
cd A8 TOro, YTOOM MAaKCHMaabHO NPUOIM3NTh ONMUCAHME IBMXKEHHUS
37EKTPOHA B Pa3pelIeHHOM SHEPreTHUYECKOM 30HE K ABMXKEHHIO CBOOOA-
HOTO JJIEKTPOHA.

3aBMCHMOCTh SHEPIHM MEKTPOHOB 30HHEl IPOBOTMMOCTH W BaJIEHT-
HOH 30HBI OT KBA3WHMITY/IbCA P CXEMaTHYECKH TIOKa3aHa Ha puc. 112
ISl Cyvasi, KOrIa MMHMMYM 30HBI MPOBOAMMOCTH ¥ MAKCHMyM BaJ€H-
THOI 30HBI PACIOJCXEHH B OJHOM TOYKE NpO-
cTpancTsa uMnynecoB (npu p=0). B coorser-
crenu ¢ opmynamu (1) u (2) rpadukm sTHX
3aBUCMMOCTEM NPEACTABASIOT co00it nmapabossl,
npuyeM IS BAJCHTHON 30HH BETBM TAKOHM Ma-
pabosnl HampasJeHb BHH3. 3HaueHus dddex-
TUBHOM MacChl m' B 30HC NIPOBOAMMOCTH M B 0
BAJICHTHOW 30HE Da3/JHYHEL €9

DNexXTPOHbl M JBIPKH B MOJYIPOBOJHHUKAX. / \

Konnennuga 3>@¢ekTHBHOM MacCH 0CODEHHO
MOJIE3HA TPH OMMCAHMM 3/7EKTPOHHHIX CBOMCTB Puc. 112 3asucumocts
nosynposogaukos, Coornomenune (1) ucnosn- z*;z‘;g‘;‘;h;’ﬁ’:pﬁ“o:a;:::_'
3YETCs /19 SJEKTPOHOB B 30HE NMPOBORMMOCTH,  yoff 30HB OT KBAZHHM-
KOIZla 3alOJHEHH JIMmb COCTOSHUS BOMM3H  nymsca

awa 3o0HH. CootHomenue (2) wucnonn3yercs

[pA ONMCAHMH ABHXCHHA 3JEKTPOHOB BOJIM3M IMOTONKA 3aNOJTHEHHOR
BAJIEHTHOM 30HBI, [I€ NP KOHEUHMX TEMIEPATypax OCBOOOXKAAKOTCS
COCTOSHMS 33 CYET MNEPEXONA HEKOTOPOro KOJHMYECTBA IJIEKTDOHOB B
30HY TPOBOOUMOCTH. OJIEKTPOH, NPUHALNEXKAMMI K Takoil rpynme
JHEPreTHYECKUX COCTOSHHUIA, PEArupyeT HAa BHEUIHEE 3JICKTPHUYECKOE
moje Tak, Kak ecau O OH ofsaman OTpMUATesJBHOW Maccoi, T. €. NpH-
ofperan Obl YCKOPEHME B HANPABJCHHM, MPOTHBOMOJIOXHOM AEUCTBY-
Omei HAa HEero Cuie.

€

~
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IlBuXeHHE BCEX JJEKTPOHOB BAJICHTHOM 30HBI, B KOTOPOM HeE 3a-
NOJIHEHO JMIIb OXHO COCTOSHHE BOJM3H €€ INOTOJAKA, JKBHBAJICHTHO
OBMXEHHUI0 HEKOTOPOH YACTHMIIB, KOTOPYIO OOBIYHO HA3KIBAIOT MONOXU-
menvbHoi OblpKOd A TPOCTO Oblpkoii. JIBIpKa MMEET HOJIOXHTE/IbHBIK
3apsf, TAK KAK COOTBETCTBYET OTCYTCTBHMIO DJIEKTPOHA B HAHHOM COCTO-
AHUYM, ¥ TIONOXHUTEABHYX MacCy m*, TaK Kak Moy ACHCTBHEM HOJIS
npuobpeTaer yCKOpEHHEe B HANpPaBJEHMU CUibl. [Ins 30HH, KOTOpad 3a-
MOJIHEHA NMOUTH A0 MOTOJKA, KaK B CJydde BAaJCHTHOM 3OHBI ITONYNpO-
BORHMKA (MM I/ HE MOJHOCTBIO 3AMOJHEHHHIX 30H B HEKOTODHIX Me-
tannax), Gonee ynoOHO IOBODHTH O OBHXKEHHH ABIDOK, @ HE 3/JEKTPO-
HOB. Tl03TOMY MpH OIMCAHMHM JJEKTPUYECKONO TOKA O BKJIAAE 30HHI
TPOBOAMMOCTH M BAJIEHTHOM 30HH IOBOPAT COOTBETCTBEHHO Kak 00
3NEKTPOHHOM M O ALIPOUHOM IPOBOAMMOCTH.

JBuXeHne JICKTPOHOB U ORIPOK B OXHOM M TOH XE JHEPreTMuecKom
30HC MO JACUCTBMEM TMPWJIOXKEHHOIO VIEKTPUUECKOrO IOJISE MOXHO I10-
SICHUTb C HOMOIIBIO CNEAYIOIeld rpyboit MexaHudeckoil aHanorun., Pac-
CMOTPUM 4YETHIPE CTEKJSHHHE TpPyOKH, 3anasgHHbie ¢ ODOMX KOHIIOB,
KOTOPHIE PACIIONIOXEHH TOPH3OHTANbHO. [IycTh ogHA M3 HMX Gyxer my-
CTOM, Jpyrasi LEJWKOM 3aN0JHCHA BOAOW, TPETHS IIOUTH LEJIMKOM 3a-
MOJIHEHA BOAOW, a UYETBEPTAs COAEPXHUT HEOONBINOE KOJHUYECTBO BOJLI.
FEcau ogve M3 KOHUOB KaXuo# prGxu NPUNOAHATL, TO Ha BOAY B
TpyOKax Gyaer AEHCTBOBATH CHJIA, MOZOOHO TOMY, KAK BHEIOHEE I/IEKT-
PHMUECKOE TIoJIe ACHCTBYET HA JJIEKTPOHH B Kpucrawuie. B mycroit Tpy6-
K€, OUEBMIHO, HE IPOM3OHAET HUKAKOIO NepeHoca. Takxe He mpo-
H30MAET HHUKAKOIO IMEPEHOCA B NMOAHOCTHKO 3ANOJHEHHOM Tpybke, mo-
CKOMBKY YACTHIH BOXHI, MOZOOHO 5/EKTPOHAM B 3aMOJHEHHOM 30HE,
MOTYT TOMBKO OOMeHMBAaThLCH Mecramu. OnHaKO MOXHO Habmonars,
KaK BOXA NEPEMEMAETCH OT OJHOINO KOHIA K APYIOMYy B IOUTH HMyCTOMW
prﬁKC, B TO BPEMsS KaK NOY3BIPbKHM BO3AYyXda ABHXYTCH B IIDOTHBOIIO-
JIOXHOM HANpaBJCHMM B [OYTH MOJHOM TpyOKe. B mocnemsem ciyuae
MPOUCXOASLIUE B prﬁxe M3MCHCHUS y);(o6no OMHUCHIBATH HA SI3HIKEC NBH-
JKEHHS Iy3BIPpKOB BO3AYXa, XOTS BHCIIHHME CUIBI IIPUBOAST B ABMXKE-
HHEC HMCHHO BOAY.

06 31exTponpoBOAHOCTA KpHUCTannos. OmucaHHAs BHIIE KapTHHA
OBYDKEHMS DJICKTPOHOB B KPUCTA/UIAX MO3BOJSET CHEAaTh HEKOTOPHIC
BHIBOJEL O MEXAHU3ME 3JIEKTPONPOBOXHOCTH. [IpOBOIUMOCTS MOXET OBITH
00yC/IOB/IEHA 3MEKTPOHAMHM 30HBI, 3aMOJIHEHHE KOTOPON MOXET MEHATH-
€ B OIMPOKUX IpeAesiax: OT MOUTH NMYCTOM o moutH 3anondeHHod. Oua,
OUEBMAHO, HEBO3MOXHA B 30HE, KOTOpas coBepmeHHo mycra. OHa He-
BO3MOXHA M B HEJIMKOM 3aMOJHEHHOM 30HE: €CJIM BCE COCTOSIHMS B DHEP-
TETHYECKOHM 30HE 3aHSTH OJJEKTPOHAMH, To npwunun Ilaynu we pomy-
CKaeT HHKAKOro OTKJIMKA HAa BHEIIHEE JJICKTPUUECKOE NOAE. INCKTPOHH
LENMKOM 3alO0JHEHHON 30HB MOryT nMIIb 0OMEHHBATBHCS COCTOSHHSMH,
HO 3TO HM K Y€MY HE MPHMBOIUT, NMOCKOJBKY 3JIEKTPOHBI HEPa3/IMYUMHL.
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ITpoBogMMOCTL B TIOYTH IYCTOM 30HE OCYINECTBASAETCH IICKTPOHAMU
C TOJIOXUTEABHOW MAcCOM M OTPHULATENBHHRIM 3apsuoM. [Iposogumocts
[IOYTH 3aMOJHEHHOH 30HH 00YyC/IOBJIEHA ABMXXEHMEM HEOOJBIIOrO 4MciIa
HE3aHSTHX COCTOSHHIA — MOJOXMTENBHBIX RRIPOK, KaXAasd U3 KOTOPHIX
HMEET MOJIOXHUTEAbHYIO 3(h@EeKTHBHYI0O MacCy ¥  JYIOJIOXHTEIbHEIN
3NEKTPUYECKHH 3ap4n.

PaBHOBECHBIE M HEPABHOBECHbIE HOCHTENHW. B COOCTBEHHBIX NOTY-
MPOBOAHMKAX INPH OTJIHYHEIX OT abCOMIOTHOrO HYyJS TeMIeparypax
HMEIOTCY KaK 3JEeKTPOHH B 30HE ITPOBOAMMOCTH, TaK M OHIPKHM B Ba-
JIEHTHOH 30He. JIpyruMu cioBamu, npM KOHEYHOH TeMmmepaType Nojy-
MPOBOOHUK HAXOAMTCS HE B OCHOBHOM COCTOSHHH (T. €. COCTOSIHMM C
HAMHM3IIEH JHEPruei), 4 B HEKOTOPOM BO30YXHEHHOM COCTOSIHHH, KO-
TOpOE, ONHAKO, ABJSETCSI COCTOSHUEM TEPMOAMHAMUYECCKOTO DPABHOBE-
CUS C XApaKTEPHBHIM IJIsl HETO pAachpefesICHUEM 3JIEKTPOHOB MO pas-
pPEHIEHHBIM YDOBHSM 3HEDIUH.

D/IeKTPOHB U OBIPKH, KOHLEHTPALMSI KOTOPHIX COOTBETCTBYET TAKO-
MY TEPMOOMHAMHUUYECKOMY pABHOBECHIO, HA3KBAKT pPAGHOBECHbIMU.
CuabHOH 3aBMCHMOCTBIO PABHOBECHOW KOHUEHTPALMH CBOOORHHIX HOCH-
Tene OT TeMMEeparypnl OOBICHIETCS ORICTPHIA POCT IIEKTPONPOBOLHO-
CTH MOJYNPOBOAHUKA MpPH YBETUUECHUH TEMICPATYPHI.

Cso0onubie HOCHTEAW TOKA B MOJNYIIPOBOAHHKE MOTYT CYINECTBOBATD
HE TOJBKO Garofaps TEPMMUECKOMY BO3OYXAEHHMIO KPUCTA/UIA, HO U B
pe3yabTaTe BHEMIHMX Bo3jeicTsmit. Hampumep, mpd OCBEWICHHMHM KpU-
CTanna B PesysabTAaTe MOTNOMEHUS (GOTOHOB MOTIYT MPOMCXOAMTHL mEpe-
XOOH 5JIEKTPOHOB C YDOBHEW SHEPrMM BaJEHTHOM 30HH Ha YPOBHHM
DHEPrHM 30HH NPOBOXMMOCTH (BHYTpeHHMt dortoaddekr). Hng storo
sHeprusi GOTOHA HKOMXHA ObITh HE MEHbIIE LIMPHHH 3aNpPelmeHHON 30-
Hel. Kaxaslii norIomeHHHH (POTOH pPOXAAET OOMONHUTENBHO MApy
DJIEKTPOH—ABIPKA. B pe3ysbTaTe NpM OCBCIICHMM KOHLEHTPALMS CBO-
GOOHBEIX HOCHTENEH CTAHOBUTCS Beie pasHoBecHoM. [Toatomy Bo3Gyx-
OAEMEIE CEETOM HOCHUTENM TOKA HA3HBAKOT Hepagrodechbimu. O0yCnos-
JIEHHOE CBETOM YBEJNUEHHE 3NEKTPONPOBOAHOCTH KPUCTA/UIA HA3BIBAIOT
pomonpoaodumocmuro.

Hapany ¢ npoueccamu otoBo30yXaeHHs HEPABHOBECHBIX HOCHTEIEH
uaeT oOpaTHHIA NMPOLECC PeKOMOUHAQLUL ITEKTPOHOB M JHIPOK, NMPH KO-
TOPOM 3JIEKTDOH BO3BPALNACTCA M3 30HB IIPOBOAMMOCTH Ha CBOGOAHOE
MECTO B BaJeHTHOM 30He. 00 3TOM mpoLuecce MHOrAa roBOPAT Kak o aH-
HUTWISLMY 3JIEKTPOHHO-ABPOYHOM Haphl.

[Ipn NpomOXUTESLHOM OCBELICHMM YCTAHAB/IHMBAETCd CTALMOHAp-
HOE 3HAUCHHE KOHLCHTPALAH HEPABHOBECHbIX Hocurened. [Tocne mpe-
KPAWEHNS OCBELIEHHA KOHLEHTPAIUA CBOOOAHBIX HOCHTENEH HOCTENEH-
HO BO3BpAIAETCd K CBOEMY PAaBHOBECHOMY 3HaueHHWIO. IIpu 3TOM KOH-
LEHTPALMA HEPABHOBECHHIX HOCUTENEeH yORBAeT €O BPEMEHEM TO
IKCIIOHEHIMATbHOMY 33KOHY, @ XApaKTECpHOE BpeMs €€ YMEHBIICHHUS
(3a koTOpoe KOHieHTpaums yOmBaer B e = 2,72 pasa) Ha3uBaeTCs
épemenHeM XU3HU HEPABHOBECHBIX HOCHTENEH TOKA.
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Kak n cBoBoaHad vyacTvna, 3JEKTPOH B KPHCTAJUIE I0J AEHCTBUEM
MOCTOSIHHOIO JICKTPAYECKOTO MOJA ABUXKETCH PABHOYCKOPEHHO. MHEIMHU
CNIOBaMM, MACAJNBHO DEryJSPHOE MEPHOAMYECKOE IIOTEHIHAILHOE II0JIE
HE OKa3BBAET CONMPOTHBJICHAS AMEKTPHUECKOMY TOKY. 3akon OMa B uje-
aJPHOM KDHUCTA/UTE HE MOXET BRINOJHATHCH, TdK KAK OH HMEET MECTO
TOJIBKO TOTAA, KOTAA JBUXCHHE 3aPANOB B 3JIEKTPUYECKOM IOJIE MPOMC-
XOOUT C HOCTOSHHOM cpeaHe#t cKopocTblo. COMPOTHBIEHHE 3JEKTPH-
YECKOMY TOKY B PEAJIbHOM KPHUCTa/Uie O0YCNOBNEHO HE MOTEHUMALHEI-
MH GappepaMH MEPUOXHYECKOIO MO, 4 OTCTYIUVIEHUSAMH NOJIs PEaJbHO-
r0 KpHUCTA/JIa OT CTPOroil NEePHOAMYHOCTH JHUOO 33 CUET TEIUIOBHIX
kosieGanmit atomos, 00pa3yromUX KpHCTawl, aub0 32 CYET pa3JTHYHOIO
pona neeKTOB PEHMIETKM — NPHMECEl, BaKaHCHM U T. I.

o Kak 00BICHUTb CYNIECTBOBAHHE pa3pelleHHbIX M 3aNpelieHHbIX 3HEpreTHYe-
CKHX 30H 3NeKTPOHOB B KPHUCTaaX, UCXOAS M3 NpPEACTaBJEHUI O OUCKpET-
HbIX 3HEPreTHYECKHX YPOBHSIX 3JIEKTPOHOB B WU30JMPOBAHHLIX atoMax?

o Yem oriHyaeTcs 3ano/iHEHHUE SHEPreTHUECKHUX 30H B NMOJYNPOBOOHHKAX, AU~
3/IeKTPUKAX U MeTannax?

e YeM OTIIHYAIOTCS APYT OT APYra coBCTBEHHbIE U TPUMECHDIE NOJTYITPOBOAHHKN?

e Yro TaKoe KBa3MHUMIIYJIbC JJIEKTPOHA B KPHCTA/Ule M YEM OH OT/IMYAETCH OT
HMIyJIbca CBOGONHON YacTUIbi?

¢ Yro rakoe 30Ha BpunniosHa? O6nsacHUTE, 3a4eM BBOAUTCS ITO TIOHATHE.

e [IloueMy B CTaHHOHAPHOM COCTOSSHUM B KPHCTAJLIE, KOTOPOE XapaKTepH3yeTcs

orpesie/IeHHbIM 3HAUEHUEM KBa3HUMIYJIbCA, 3JIEKTPOH He JIOKAJIU30BaH, T. €. C
PaBHOI BEPOATHOCTBIO MOXET 6bITh 06HapyxkeH B6M3U ymoboro y3na pemerku?

e  Yro nonumaror nop a¢deKTHBHON Maccoi anekTpoHa B Kpuctasmie? Tlouemy
AAS 3aBUCUMOCTH JHEPIMM 3JIEKTPOHa OT KBa3MMMIYJIbCAa MCIOJL3YHOTCS
pasHbie BhipaxeHus (1) u (2)?

e  Yro Takoe MNoJIOXKHUTE/IbHAS lIblpKa? B kakux CAy4daaX ABHUKCHUEC IJICKTPOHOB
B KpucTaune yHOGHO ONUCLIBATH, UCHNOJL3YA MNOHATHC )Clblpl(ld?

o [logcHure ponp npunuuna Ilaynu B oO6bACHEHHWH HEBO3MOXHOCTH BKJaaa
3JIEKTPOHOB LIEJIMKOM 3aro/IHEHHOM SHEPreTHYECKOM 30HBI B 3JIEKTPONPOBOA-
HOCTb KpHCTanIa.

e Yo Takoe PaBHOBECHbLIC 1 HCPDABHOBCCHBLIC HOCHUTECJIN TOKA B KpHCTaIUIB? Ka-
KHM criocobom MOryT CO3JaBaTbCd HEPABHOBECHbBIC HocHTenu?

e MoXeT Jin BBIMONHATbCA 3aKoH OMa B MIeanbHOM CTPOro NEepHOAMYECKOM
KpUcTa/ymieckoil cTpykType? Iouemy?

e Kakue NpUYHHBI BLIBLIBAIOT CONPOTHBIICHHE 3/MEKTPHYECKOMY TOKY B pealib-
HOM KpucTanne?

§ 35. DneKTpOHHbIE CBOWMCTBA METannos

MHorue MakpOCKOMMUECKME CBOMCTBA METAJUIOB, OOYC/IOBICHHBE HATH-
YKHEM B HHX JJICKTPOHOB NMPOBOTHUMOCTH, HEBO3MOXHO OOBSICHHUTh HA OC-
HOBE KJIACCHYECKOM CTATHCTHYECKOH Mexanukn. OObacHEHME MOBEXCHUS
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KOJLIECKTHBA 3JICKTPOHOB ITPOBOAHUMOCTH Tpeéye'r 005132TETBHOIO ApUBJC-
YEHHWSA KBAHTOBHIX 33KOHOMCDHOCTCﬁ.

Hpunuun Iayaum ¥ 3JeKTPoHL B MeTajanax. PaccMorpuM nogpoGHee
CBOMCTBA 3JIEKTPOHOB NPOBOIUMOCTH B METAJLIAX, CYNTAS AJIS NPOCTOTH,
yT0 UX 3(dexTHBHAS MACCa M30TPOTNHA, 4 YMCJIO 3JEKTPOHOB MMPOBONH-
MOCTH B 0bpasue pasHo yucay atomMoB meramwna N. Umenno Tax obcrour
HENI0, HANPUMEpP, y MEJOYHRX META/UIOB. XOTH MOBEACHHE OTACTBHOIO
SJACKTPOHA MNPOBOAMMOCTHM B KPHCTA/LIC OUYCHB CXOOHO € HNOBCACHHECM
KJIACCMYECKON CBOOOAHOM YAaCTHMIhl, CBOMCTBA KOJUICKTHBA TAKUX DJEKT-
POHOB PpPE€3KO OTJIHYAKTCA OT CBOHCTB KJIACCHYECKOro rasa. Hpmmna
3TOMy — npunyun Ilayau, COrJ1acCHO KOTOPOMY B KaXJIOM KBAHTOBOM
COCTOSIHHH MOXET HAXOAMThCS He Oosiee OHOro 3JIEKTPOHA.

TMpunnun [Maysu npuBOAMT K TOMY, YTO JAXe€ IPH aOCOMIOTHOM HY-
Jie TEMIEpATYPH JMEKTPOHH HE MOTYT HAXOAMTHCS B COCTOSHUM IIOKOS,
TAK K4dK HEJIb3d BCC JJICKTPOHHW MOMCCTUTH B COCTOSSHHEC C PABHBIM HYJIIO
HMIYJIBCOM. OK&BHB&CTCH, UYTO YPOBHIO JHCPIUH C HYJIEBHBIM MMIIYJIBCOM
COOTBETCTBYIOT TOJIBKO [BA PasMYHbIX KBAHTOBHIX COCTOsIHMY. [loatomy
TONBKO ABA M3 N DJICKTPOHOB MOIYT MMCETh DABHLIE HYJIIO MMIYJIbC U
JHCPIrRIO. BceM ocrambHBM JIEKTPOHAM
OpUaICTCd 3dHUMATh COCTOSHHA C OTJINY- f A
HBIM OT HYJIS MMIIYJIbCOM M 3HEPTrHUeil.

1

Hmnyasc Pepmn. Ilpu rtemnepatype
T == 0 K cucremMa 31eKTPOHOB OyaeT nMeThb
HAMMEHBIIYK BO3MOXHYI SHEPrHI0, €C/Id
BCE COCTOSIHHS C MMIYJIbCAMH, MEHBIIMMM >
HEKOTOpOro MPEAENbHONO 3HAYEHU, Hasnl- O Pp P
BaeMoro umnynscom Depmu pp, Gynyr 3a-
HSATHI, 4 BCE COCTOSIHMS C OOJIBINMMM MM- : :: ;n lei‘T :;Z::‘;’;’l‘d ggggmi’fb;
nyabcamMd — MycTh. DyRKUMS PACTIPERE-  yyne Temnepatypst
JICHUSL DJJICKTPOHOB MO cocTosHusM f(p),
Japlas BEPOSTHOCTH 3aNOJIHCHUS NAHHO-
r'o COCTOSIHMA C uMIyabcoM p, Oyaer, cremoBatensHo, npu T = 0 K pas-
Ha eAmHMIE npu |p| < py ¥ paBHA Hyai0 npu |pl| > pp (puc. 113).

3uavenne uMnyasca Pepmu 3aBUCUT OT OOBEMHON KOHUEHTPALMM
3JIEKTPOHOB B 30HE NPOBOoAUMOCTH n = N/V, rne V — obweM obpasua. Xa-
paKTep 3TOM 3aBUCHMOCTH MOXHO YCTAHOBHTh HA OCHOBAHUM COOTHOIIE-
Hui HeonpenenenHocreir [eitaenbepra. [Iycts oOpasen MeTtasna uMeer
chopmy npAMOYrobHOIO Napasicjienunesa co cToposamu L, L,L,. IOna
3JIEKTPOHA, HAXOASIErOCS BHYTpH o0pa3sua, Haubosbmas HeonpeneeH-
HOCTb B 3HAUEHMH X-KOOPAMHATH PaBHA pasMepy o6pasia B 3TOM HANpaB-
JIEHMH; IO3TOMY HAMMEHBIIAS HEONPERCICHHOCTD €r0 X-KOMIOHEHTH UM-
nyaeca Ap, ONPENENseTCs COOTHOWEHHEM

Ap, ~ L (1)

X
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Takue Xe COOTHOIICHMS COPABENIMBH M IS Ap,, Ap,. ITostomy mns
NPON3BEAEHUS HEONPENCIEHHOCTEN UMEEM

oo
Ap,Ap,Ap, ~ IIL-7V" (2)

[Mockoneky Ap, €CTb HAUMEHBINAS HEONPERAENCHHOCTh 3HAYEHHS D,
COBMECTUMAS C YCAOBUEM NpeOHBaHMA 3JIEKTPOHA BHYTpH o0pasma, To
3TO — Ta HAMMEHbIIAS BEJMYMHA, HA KOTOPYIO CJIENYET M3MEHMTH 3Ha-
YeHWE p,_ IS TOro, 4TOOB MOXHO OBUIO CYMTATh, YTO IJEKTPOH HAXO-
RMTCS B APYTOM KBAHTOBOM COCTOSHHM. [l03TOMY npousseacHue
Aprp),Apz naer ofbeM gUEHKM B NMPOCTPAHCTEE MMIIYJIBCOB, B Npele-
JIaX KOTOPOH IMPH H3MEHCHMH HMMIIYJbCa 3JCKTPOHA €ro COCTOSHHE He
MeHsIeTcsl. JTO O3HAYaeT, UTo N 3JEKTPOHOB B COOTBETCTBHH C NPHHLM-
noM [layay 3aHMMAKOT B NPOCTPAHCTBE MMIYJIBLCOB OObEM, MPONOPUHO-
HanpHblA NAp Ap Ap,. B coorsercrsuu ¢ (2)

3
NApAp,Ap, ~ N2 = iin. (3)

B OCHOBHOM COCTOSIHUM 3HEPTHsl CHCTEMEI JJICKTPOHOB UMEET HAW-
MCHBIICE BO3MOXHOE 3HAUCHHME. JHEPrUd KaXOoro  SJIEKTpPOoHA
e(p) = p¥2m’, ecan addekruBHas macca m* u3oTponHa. IlooTomy npu
T =0 K 6ynyT 3amoJHCHB BCE COCTOSHMS B IPOCTPAHCTBE MMIIYJIbCOB,
Jexamue BHYTpH cepsl paamyca pp. OTOT paauyC MOXHO HaWTH, mpH-
paBHuBag 00beM 4acTH NPOCTPAHCTBA MMITY/IBCOB, AaBaeMoit dopMyron
(3), ofbemy wapa pammyca pp € HEHTPOM B Hauale KOOPAMHAT:
(4/3)mp}. Hoaromy pi = h’n, otxyna

pp =~ hn'f3, 4)

Oneprus ®epmu. Haubosbwas 5HEPrusi, KOTOPYK MOXET HMETh
9/IeKTPOH, nposogumocTd B Merayuie npu T = 0 K, 310 3Heprua osnex-
TPOHA C p= pgi
2 2,2/3
p n
ep = b BN (5)
2m m

*

Ona HasniBaercd snepeueld @epmu. VInTepecHo cpaBHUTh s3Hepruio Pepmu
gp C XapaKTEPHOM TEIUIOBOM dHeprueH k7. 14 THDUMYHBIX METAJLUIOB KOH-
LEHTPALMS 3JEKTPOHOB NpPOBONMMOCTH COCTaBaseT okono 1021—
102 cMm73, a abdexTnBHAS Macca m® 6au3Ka K Macce CBOGOAHOIO 3J1EKTPO-
Ha. [Toaromy no dopmyne (§) nerko NOJCUUTATSH, UTO £ OKA3HBAETCH NMO-
pSAKa HECKOJBKHX JJIEKTPOHBOJBT. JIerko yOemuThcs, YTO TEIoBas
3Heprud kT CTAHOBUTCH CPABHHUMON ¢ 3Heprueit OepMu TOJIBKO IpH TeM-
neparypax npubmrxaronmxcs K 50 000 K! [lna Bcex MeTaL10B npH BCEX
TEMIEPATYPax BIUIOTh XO TOUKM IUIABICHAS AT << ep.
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Herpyauo noacumraTbh CKOPOCTh 37EKTPOHA, OOJARaIomero SHep-
rvedt ep. OHa okasmBaercs paBHO# npumepro 10%wM/c. Takum ofpa-
30M, BCJEACTBME NpuMHUMNA [layam 3/€XTPOHH IPOBOOMMOCTH B Me-
TaJae npH abCoMIOTHOM HYJE TEMIEpaTypHsl OTHIOAb He nokostca. Ho
BCE X€ MX MAaKCHMaJIbHAas CKOPOCTh B COTHU pPa3 MEHBIIE CKOPOCTH
CBETA, YTO ONPABABIBAET HCIOJIb30BAHME AJIS JJIEKTPOHOB B METAJLIAX
MpPEACTABACHUI HEPETATUBHCTCKON (PHM3HUKH.

O BKJaje 31eXTPOHOB B TEILUIOEMKOCTb MeTtaJua. IIpu nosbimennn
TEMIEPATYPhl OT a6COMIOTHOIO HYJIS 0 HEKOTOPOTO 3HaueHus T cpeanss
JHEPrus KaXAO0W YacTHMIH, COIJIACHO IIPEACTABJCHHUSIM KJACCHUYCCKOH
CTATHCTHYECKOM MEXaHHWKH, I0/KHA BO3PAacTH HA BEJIUMUMHY TOPSKA
kT. Ho pns mogunHLIOIMXCS OpuHIMny [lay/iu 371eKTPOHOB B MeTasule
3TO He Tak. [Ipm TemnepaType abCOMIOTHOrO HYJA 3JIEKTPOHEI MPOBOAHM-
MOCTH YXE MMEIOT HEPTHIO MOPSAKA &p, KOTOpPAs BCETAa MHOTO (osbiie
kT. Jta oHeprus HE CBSI3aHA C TCIUTOBHLIM [(BH-

KEHHEM SJIEKTPOHOB. [1pd NOBHINEHWUM TeMIie- A
patyput or 0 K 10 7 OTHIONb HE KaXIBIH 371€K-
TPOH MOXET YBEJIMUYHTb CBOW SHEPrUI0 HA Be- | =
JUYMHy nopsigka kT, Tak Kaxk mJist OO/bIIMHCT-
Ba JJIEKTPOHOB BCE COCTOSIHHMS, OTCTOSIIUE OT
J@HHOTO 10 SHEPrMM HA BEMUMHY mopsaka kT, A
3aHATH APYTUMH JJIEKTPOHAMH. ¥

YBeanuyures cBOWO SHEPrur CMOryT TOJBKO Puc. 114. Temnepatypsoe
SJIEKTPOHHI, 3aHMMAIOUINE COCTOSHUS B MHTEP-  pasMbite kpas (yHKumum
BaJIC IWMPHHON NpUMepHO kT oKOJO ep. [ToaTo-  PACHpeAsIeHMa  3IeKTpO-

-, HOB B MeTaJuie

MY TEIUIOBOE ABHXCHHUE NPU KOHEYHOH TemIle-

patype MNpMBOTZUT X pasMEITHIO CTYNEHBKH

¢dyHkuMKM pacnpenenenus f(p) B y3KOM MHTEPBAJIe 3HAUCHMIA DHEpPruUM
nopsaka k7T (puc. 114). OcHoBHAS 4aCTh 37EKTPOHOB OYyNET 3aHHMATH
TE X€ COCTOgHHMH, yTo 4 npu abcomorHoMm Hyne. O Takux CBOMCTBAX
¢dbyHKIHMM pacpERcICHUS TOBOPAT KAK O CUNbHOM GblpOXOeHlUlu INeKT-
POHHOIO rasa B METaJUtax.

Oranune HyHKUMH paciipefe/eHUs JIEKTPOHOB IIPOBOAUMOCTH B Me-
TAJUIE OT MAKCBEJUIOBCKOM (hyHKIMH pacrnpeneseHnus KJIACCHYECKoro rasa
oOBACHSIET OCOOEHHOCTH HAGMIONAEMBIX SJIEKTPOHHBIX CBOMCTB METAJLIOB.
CpaBHuMM, HanmpuMep, TEIUIOEMKOCTU KJIACCHYECKOr0 OAHOATOMHOIO rasa
Y BHIPOXIACHHOTO ra3a 9J€KTPOHOB IIPOBOAUMOCTH. B cocrosHuy TennoBo-
r0 PaBHOBECHS B OMHOATOMHOM KJIACCMYECKOM rase CpeqHss JHEPrus Xa-
OTHYECKOrO ABIKCHMS OXHON vacruum pasHa (3/2)iT. Ilosromy BHyT-
peHHss SHeprus Bcero ras3a u3 N uactun pasHa (3/2)NKT, a ero reruto-
€MKOCTb NpU IOCTOSHHOM obbeMe pasHa (3/2)Nk u He 3aBUCHT OT
TEMIIEepaTypH.

B BEIDOXAECHHOM JICKTPOHHOM ra3e B TCIUIOBOM ABUXKECHUH MOXET
yuacTBOBATh JIMOIb YaCTh 3JIEKTPOHOB MOPsIKa kT/ &g, MOCKOIbKY MMEHHO

Taxas g0JS MOJIHONO UX uuciaa N COXEPXHUTCA B HHTEPBAC MHMPUHOMN OKO-
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J0 kT B6au3n sHepruy Oepmu ep. KaXkanil U3 3THX 3/IEKTPOHOB MpPHOG-

peracT JONOJHUTCABHYIO 3HCPIrul0 NMopsaaka kT, H, CI€A0BATC/IBHO, IO~
Hasgd SHEPrusd XaoTHUYECKOro TEIUIOBOIO ABUXCHUSA 3JEKTPOHOB E mo mo-
PAAKY BCIUMYHHK pDABHA

E~xN T, (6)
3

[To ¢BOEMYy CMBICTY 3Ta SHEPrUS MPENCTABALET COOOM BKJIAN JIEKT-
POHOB ITPOBOAMMOCTH BO BHYTPEHHIOIO SHepruio Merasna. [loaromy mna
TEIIOEMKOCTH 3JIEKTPOHHOIO rasa IMmoJiy4acM BHIPAXeHHE

(¢ TOYUHOCTHIO JO UYKC/IOBOIO MHOXUTEAS MOPAAKA COUHMIH).
Mockoneky kT/ep<<1 (Hampumep, IpH KOMHATHOM TEMIIEPATYPE ITO

OTHOIIEHME PaBHO BCEro aumb 1/200), To TEMI0EMKOCTh BHPOXIEHHOTO
J7EKTPOHHOIO ra3a OIPUMEDHO HA ABA MOPANKA MEHBINE TEIUIOEMKOCTH
KJIACCMYECKONO OJHOATOMHOIC rasa ¢ TeM Xe 4ucioM yacruu. [lostomy
MPH KOMHATHON TEMIEPATYPE MOJAPHAS TEMJIOEMKOCTh META/UIOB MpaK-
THUYECKH LEJMKOM ONpEREaseTcs BKIaJOM PEIIeTKH M NOYTH HE OT/INYa-
€TCS OT MOJISAPHON TEIUIOEMKOCTH OUAJEKTPHKOB, B KOTOPHIX 3JIEKTPOHHI
IPOBOIMMOCTH OTCYTCTBYIOT.

Ipyroe BaXHOE OTJIMUME TEIJIOEMKOCTH 3JeKTpoHHoro rasa (7) 3a-
KJIOYAETCS B TOM, YTO OHA IIPOMOPLMOHAJIBHA TEMIIEPATYPE, B TO BpeMsi
KAaK TEIUIOEMKOCTh KJIACCHUECKOrO raza OT TEMIEpPaTyphl He 3aBHCHT.

DaexTponpoBOHOCTh MeTaanos. Hapany co csolicTBaMu KOJLIEKTUBA
ANEKTPOROB NPOBOAMMOCTH, KOTOPHIC OH NPOABASICT B COCTOSHUK PABHO-
Becus, GONBIIONR MHTEPEC MPEACTABIACT M3yUCHUE MOBEACHUS INEKTPO-
HOB MPOBOAMMOCTH B METAJUIC B HEPABHOBECHOM COCTOSHHM, KOTAd OHH
OBUXYTCH MOA AEMCTBHEM NMPHJIOXEHHHX BHemmHuMx noseit, Takume npo-
LECCH HA3HBAKTCH s@AeHusIMu neperoca. IlpuMepaMn gsneHui mepe-
HOCa MOTYT CJIyXUTb TEIUIONPOBONHOCTDb, 3JEKTPONPOBORHOCTS, ekt
Xomnna, TEPMOINEKTPUYCCKUC SABJICHHA U T. I.

OcraHoBuMCS TOAPOOHEE HA OXHOM U3 Haubosiee BAXHBIX HEPABHO-
BECHBIX TPOLIECCOB — IMPOXOXACHHH JJIEKTPHYECKOrO TOKA B METAJLIE,
omuchBacMoM 3akoHOM Oma. 3akon OMa SBASETCS ONHUM M3 CaMBIX
pPaHHUX IKCIEPUMEHTANBHBIX OTKPHTHIN B 00/13CTH 3/IEKTPHUECKOTO TOKA
B BemectBe. COMacHO 3TOMY 3aKOHY ILTOTHOCTb JIEKTPHYECKOTO TOKA
MPOTIOPIMOHANIBHA HATPSKEHHOCTH MPWIOKEHHOIO 3JEKTPHUECKOr0 mo-
as: j = oE. 910 ypaBHeHne onuCcHBaeT HaOMONaeMOe MOBEACHUE OUEHb
MHOT¥X BEIECTB B [IMPOKOM JUANA30HE YCIOBHIA.

3axon OMa Henb3sl BHBECTH TOJBKO H3 33aKOHOB 3JIEKTPONMHAMHUKH,
ONUCHIBAKOIINX 3JEKTPHYECKOE Mosie. Ero MOXHO MOJYyYyHMTh Ha OCHOBE
H3YUEHHsS NPOIECCOB, MPOUCXOAAIIUX B BEMMECTBE NPH IIPIIOKEHHU
37eKTPHYECKOrO mnosas. VIHTepecHO OTMETHTD, UTO B Pa3HHIX BEMIECTBAX
3T MPOUECCH MOrYT CIUTBHO Pa3NNyarhes, HO HE3aBUCHMO OT Xapakrepa
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NPOLECCOB PACCETHHUS HOCHUTENCH CBA3b MEXAY IUIOTHOCTHIO TOKA M Ha-
MIPSIXEHHOCTBIO MO NP HE CAMIIKOM CHIBHHX IOJNSX BCETJa OKa3hiBa-
€TCH JIMHEWHOM,

B Meramnax compoTHBICHHE IJIEKTPHYECKOMY TOKY OOYCIOBJIEHO
paccesstHHEM 3JEKTPOHOB NPOBOXMMOCTH HA TEIUIOBHX KoneOaHugx pe-
IMETKH M XAO0THUECKH PACTONOXEHHHX AcdekTax KpUcTauia — B HAE-
AJIBHOM pEINETKE CONpOTHBJEHHE OTCYTCTBYET. (DeHOMEHOIOrHYecKHu
onucatb MPOLECCH PACCETHHs DJICKTPOHOB IIPOBOOHMOCTM MOXHO IyTEM
BBENCHHUA TAK HA3KIBAEMOIO GDeMEHU DeaaKcayuu.

ByneM paccyxpmaTth ciaenyiommm obpasoM. B cocTosHum paBHOBecust
(YHKIHS pACHpPENETECHHUS 3JIEKTPOHOB HO HMIYJIbCaM chepHuecKu-CHM-
MerpuuHa. [To3TOMy CpemHsas CKOPOCTb 3JEKTPOHOB PAaBHA HYJIK M HH-
KAKOr0 HAmNpasJEHHOIO MepeHoca 3apsaa,
T. €. 3JIEKTPAYECKOro TOKA, HET.

TIpuoXEeHHOE JNEKTPHYECKOE MOJIE

BHI3RIBAET MCKAXeHMEe (yHKUuM pachpe-
genedMa. B oramMume OT H30TPOMHOTO
TEINIOBOTO BO3AEHCTBUSA, KOTOPOE MOIVIO
TOJABKO pasMHEITh Kpail pacnpenencHus,
HE Hapymada ero chepuueckoii CHMMeET-
pUH, HANPABJIEHHOE AEHCTBUE BHEMIHErO
MOJIS BRI3HIBAET CABUr' BCEro pacrnpenesie-
gusa (puc. 115). Ha sroM pucynke moka-
3aHO, KaK TOx JeHCTBHEM IneKTpu- Puc. 115. Cmewenue cdepuue-
YEeCKOro Mojd CMEmaercs B NpPOCTPAHCTBE C:g?m‘;‘;:fi:xx*;‘fgzei(‘:?“gm“‘ﬁ
MMIyJICOB cpepa paguyca pp, BHYTPH gmecmm L ro aJex
KOTQpOit PACHOIOXEHHK 3aHATHIE JIEKTPO-
HamMu coctosHus. CpefHAs 3aWTPUXOBAHHAX 00JACTH COOTBETCTBYET
COCTOSHHUSIM, KOTOPHE 3aNOMHEHH IJEKTPOHAMH KaK N0 MPWIOXCHHUS
3JIEKTPHUYECKOrO IMONd, TaK M mocjie. Hes3amTpuxoBaHHAs 4YacTh COOT-
BETCTBYET COCTOSHHSIM, KOTOPHE O NMPWIOXEHN Nojs ObLUIM 3anosHe-
Hbl, a MOCJE NPIIOXEHUS NOJd OKasanuch He 3aHaTthiMu. Hakonen,
OBAXIH 3aMITPUXOBAHHAA 00JACTH COOTBETCTBYET COCTOSIHUSM, KOTO-
phIE OKA3aJUCh 3ANOJHCHHRIMM TOCAEC NPWIOXKEHMS nond. Buawo, uro
TEneph YUCJAO SAEKTPOHOB, ABMXYINMXCA B HANPABACHUHU NCHCTBUA CcH-
JIbl 3JEKTPHYECKOro moad, Oonbmie, 4YeM ABHXYIHXCS B INPOTHBONO-
JIOXKHOM HanpasiaeHud. 19 TAaKOoro CABMHYTOrO B NPOCTPAHCTBE HM-
yJIBCOB PACHPENESICHUS CPEIHAS CKOPOCTh yX€ OTAMYHA OT HYJS, 4YTO
03HayaeT HaJWuYHe TOoKa B oOpasie.

[Mycrs B HEKOTOPHI MOMEHT BPEMEHH BHEIIHEE JJICKTPUYECKOE ITOJIE
BHKMIOYaerca. OueBHAHO, UTO CHCTEMA JJIEKTPOHOB OYNET BO3BPAIIATH-
Cd B COCTOSHHE TEIJIOBONO PaBHOBecHd. IIpenmosioXum, YTO CKOPOCTHb
npubAMXeHUd K PABHOBECHIO B KaXIHNH MOMEHT HPONOPILMOHAJIBHA BE-
JIMYMHE OTKJIOHEHMS OT paBHOBecus. Toraa M m3MEHCHHME CpPefHEH CKO-
POCTH HANpPaBJEHHOTO ABMXEHHS JIEKTPOHOB OyAeT MPOHCXOANTH MO Ta-
KOMy Xe 3akoHy. Tak kax B DaBHOBECHM CPEHHAS CKOPOCTh PaBHA HY-
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JIIO, TO HM3MEHEHHE CKOPOCTH MNPOMCXOAMT IIPOTIOPLHOHANBHO CaMO
CpenHed CKOpOCTH:
- w (8)
dt T

IToCKOJIbKY pEUIEHHE ITOrO YPABHEHUS MMECT BMI
(u(t)) = vy exp(—t/v), )

TO T €CTh BPEMs, B TEUEHHE KOTOPOrO CKOPOCTh HAIIPABACHHOIO ABUXE-
Hus yOmBaer B ¢ pas. OHO Ha3HIBACTCHA GPEMEHEM DenaKcauyuu.

3aKOH M3MEHCHMS CPERHEN CKOopocTH (v({)) HANPABICHHOIO ABMXE-
HUS 3JEKTPOHOB nposomumoctu (9) mMeeT B TOYHOCTH TAaKOH XE& BUJ,
YTO M YPABHCHUE JBMXCHUY TENA B BA3KOW Cpene HOA ACHUCTBUEM CHIIHL
TPEHUS, MPONOPIHMOHAIBHON CKOPOCTH:

Fp=— LZ— v.

OTO HABOOMT HA MEICJIb, YTO B3aMMONEHCTBHE 3JIEKTPOHOB MPOBOAH-
MOCTH C KO1IeDaHMAMU PEMIETKH ¥ IPUMECSIMM, MPUBOISIIEE K OMMCHIBA-
emoi ypasHenmem (9) penakcauue CpemHEH CKOPOCTH, MOXHO YUecTh

[yTeM BBEAEHHUS HEKOTOPO# 3¢heKTHBHOM, HEMPEPHBHO ACHCTBYIOMEH

m
Ha 3/IEKTPOH CHJIL TpeHus Fyp = — —v.

[Ipu HanMUUM MOCTOSTHHOTO 3JIEKTPHUECKOro mnoad E Ha 3JIeKTpOH,
KpOMeE CHJIH TPEHHS, XeUCTBYET ele cuna —eE, rae e — abcomoTHas se-
JIMYHHA 33pSia SJIEKTPOHA. B CTALIMOHAPHOM COCTOSHHMM 3JICKTPOH ABM-
JKETCH C TAKOH MOCTOSHHOM CKOPOCTBIO, MPH KOTOPOH 3TH CHJIBI ypPaBHO-

m .
BeIIUBaTCa: —eE = -V Taxoit xe 6yaer cpemHsst CKOPOCTh (V) OBUXe-

" et
HHS 3JIEKTPOHOB B METAJLUIE NoA AcUcTBHEM nond E: (v) = — - E.

IMnotaocts TOXa j, OOYC/HOBACHHOTO HANPABACHHBIM JBHXKEHUEM
3JIEKTPOHOB CO CKOPOCTBIO (V), paBHa —en(v). Ilogcrasnga cona sHa-

yeHme (v), HaXOnum
. n

2
“ L E=oE. (10)

310 u ectp 3akoH Oma. BeiumcieHue BpeMeHHM pesakcauuu T M,
CJIEIOBATENBHO, YACABHOH DJIEKTPHUECKOW NpOBOAMMOCTH O Tpelyer
JETaNbHOTO pACCMOTPEHHMS MEXAHM3MOB PACCESIHHS 3JEKTPOHOB MPOBO-
JINUMOCTHN.

OnucanHag BuIIE (PU3MYECKAst KAPTHHA MEKTPOIPOBOAHOCTH META-
JIOB OCHOBHIBANACh Ha IPEANIONOXEHAM, UTO MEPEHOC 3apsaa 0OyCIoBneH
TOJILKO 3JIEKTPOHAMH 30HEI IPOBOXMMOCTH. Bo MHOIHX MeTaynax, oxqHako,
3JIeKTPOTIPOBOTHOCTD ONPERENAETCS IEKTPOHAMH HECKOJIBKUX SHEPreTH-
yecknx 30H. Hanpumep, 31€KTpOnmpoBOZHOCTE XKeJie3a CO3HAETCS Kak
97eKTPOHAMM 30HH TIPOBOAMMOCTY, BO3HUKIIEH U3 4s-ypOBHER HM30JMpO-
BaHHOTO ATOMA XeJIe3a, TaK U AbpKaMu K3 3anonHeHHoi Ha 80 9, suepre-
TUYECKOH 30HH, BO3HUKIMEHN U3 3d-yposHeit atomMa xese3a. Ho 1 B cryuae
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ABIPOYHOM MPOBOAMMOCTH OCTAIOTCS CNIPABEAINBEIMM PA3BUTHIE IIPEACTAB-
JICHHUS O POJIM pacCestHusl HOCUTENEN ToKa Aas oObsicHeHns 3akoHa Oma.

IIna3MeHHblE CBOMCTBA MeTaanos. [Ipu H3yyeHMM OSNEKTPOHHEIX
CBOMCTB METAJUIOB, TAKMX, KaK TEIUIOEMKOCTh M 3JICKTPOMPOBOAHOCTD,
cucTeMy CBOGOIHEIX 3JIEKTPOHOB MOXHO OmLIO paccMaTpuBaTh KakK COBO-
KYMHOCTh HEB3aUMONEHUCTBYIOMMX MeXAy coboit uacTun. Bece Habmona-
€MBIE CBOMCTBA OOBSCHSIMCH B3aUMOREHCTBHEM JJIEKTPOHOB IIPOBOIHMMO-
cTH ¢ KoneOaHMSIMH KPHCTA/UTHYECKQH pEIeTKH u qedeKTaMu ee CTpyK-
TYPH — NPHMECSIMA, BAKAHCUSMH U T. I.

OnHako CyLecTBYET LENBH Psi SBJCHUN, B KOTODHX B3aMMOOEMNCT-
BUE JJIEKTPOHOB WMIPAET ONPEAEALIOMYIO posb. B Takux ciyyasx roso-
PST O NMPOSIBJICHMH 3JICKTPOHAMH TLJIA3MEHHHEIX CROMCTB.

Brimie npu u3ydyeHUM IUIa3MbI Mbi CYMTAJIH, YTO K YACTHILIAM, M3 KO-
TOPHX COCTOUT I11a3M3, MOXHO NPUMEHATH 3aKOHHl KJIACCUUECKOH (u-
3uKM. B razopaspagHoi u TeMm Gosee B HOHOCKEPHOIM ILIa3MeE 3TO AeicT-
BMTEJIbHO TaK, HOO TAM PACCTOSHME MEXIY JJACKTPOHAMM MHOro Gosbmie
HX NeOPOAIEBCKOM JIMHEL BOJTHEL.

Ho gns mnasmbl, npeacrasasiomeit coboi S/JEKTPOHBI B MeTasiax
UM TIOJYyNPOBOXHMKAX, CMTyauus cosceMm mHasl. CHJIBHOE BRIPOXKICHME
3JIEKTPOHHOTO ra3a B METaJule 03HAYaeT, YTO CPEOHEE PACCTOSTHUE MEX-
Ay SAEKTPOHAMM OQHOIO IOpSAKA C MX AeDpoiUIeBCKOM OJMHOM BOJHBI
h/pp AN 37eKTPOHOB C uMmyabcoM Pepmu pp. Crporas teopus rias-
MEHHBIX CBOMCTB META/UIOB OYEHb CJIOXKHA, OXHAKO OCHOBHHIE 33aKOHO-
MEPHOCTH MOXHO YCTAHOBHTH C IIOMOIIBIO aHAJM3a Pa3MEPHOCTE.

IToBeneHune 31EKTPOHOB NMPOBOAMMOCTH OMMCHIBACTCS KBAHTOBOM Me-
xaHuKoi. I10oTOMY MBI HO/KHBI OXHAATb, YyTO B JOpMysax, BEHpAXaro-
IMUX CBOMCTBA TAKOH IUIa3MH, HApSAAY € napamerpamu e, m, n, kT nog-
BUTCH nocrosiHHad ITnauka A. Tenepp Hapsany ¢ Oe3pasMepHBIM napaMer-
poM v, naasaeMuM c¢opmynoi (7) §33 u xapakTepuayoonium
KJIACCHUECKYIO I1a3MY, TIOYBUTCH eile OauH Ge3pasMepHsiit napamerp I':

_ h2n2/3 (1 1 )

T mkT
Ouanueckuii CMBICT 3TOrO0 NapaMeTpa JIErko YSCHUTh, 00pamasch K
dopmyae (5): I npexacrasaser coboit oTHomenne sueprun Gepmu ep

xapakTepHoit Teruiosoit anepruM kT. Ecmm I'<l, T.e. epg<<kT, 1O

9JEKTPOHHHI ra3 Mo CBOMM CBOMCTBaM OJIM30K K PAaCCMOTPEHHOM BHIIIE
KJaccuueckoit miasme. Tak 6uBaer B IOJYNPOBOAHUKAX IIPH HE CAMII-
KOM OGOJIbIIMX KOHUEHTPAUMAX IICKTPOHOB MPOBOJMMOCTH M AOCTATOYHO
BHICOKMX TEMIIEPATYpax.

Kax MBE BHAECTH, A 3JIEKTPOHOB B META/LIAX IIPH BCEX TEMIIEPATY-
pax BIUIOTh A0 TOUYKM IUIaBJeHHs ep>> kT u, ciaepoBatenbHo, I'>>1.
Jlns Takod IasMbl MOTEHIMAMBHYIO JHEPIHIO KYJIOHOBCKOTO B3aMMO-
HEACTBHA 3NEKTPOHOB e2n!” cnemyer cpaBHMBATH HE C KMHETHYECKOM
JHepruei TemnoBoro AsuxeHmss k7T, a ¢ 3SHeprueid Qepmn
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ep = p%/2m =~ h*n¥3/m. Crenenp 61H30CTH 371EKTPOHHOM IUIA3MBI B Me-

TA/1aX K MACAJbHOMY ra3y XapaKTepH3yeTcs OTHOMEHHEM SHEPIHH B3a-
nmozeiictsus K sdeprun Pepmu, T. e. Ge3pasMepHBIM NapaMeTpoM, Ko-
TOPHI NPUHATO 0003HAYATD rg:

eZnI/S 2

;= __em (12)

s h2n2/3/m h2nl/3‘

Herpynso Buaerb, uT0 mapaMeTp r, NPONMOPLUHMOHAJIEH OTHOMIEHHMIO

CPENHEro PacCTOSHUS MEXAy dnektpoHamu n~ '3 x GopoBckomy pammy-
cy ay= h/(me?). DnexTponHsiit ra3 B MeTaLle 6bu1 Gnl 6/M30K K Hae-
ampHOMY rasy npu ro<<l.

N3 dopmynn (12) TakXke BMAHO, UTO B MPOTHBOMOJOXHOCTb KJ4c-
CHUECKOH I1a3Me 3JIEKTPOHHBIN ra3 TeM G6JuXe K MIEaJbHOMY rasy, uem
BEIILIE €r0 KOHUEHTPauus. KOHeuHo, mpH yBeJIMUYEHWH KOHUEHTPALHH
3JIEKTPOHOB A TIOTEHI{HANBHAS JHEPIUSl MX B3aMMOAEHCTBHS BO3PACTaET.
B cayyae KJaCCHYECKOW NAA3MBl, TAC KMHETHUYECKAsi SHEPTUS HE 3aBH-
CHT OT KOHUEHTPALMH, I1a3Ma C POCTOM KOHIEHTPAIHH 110 CBOMM CBO¥i-
CTBAM Bce MEHBIIE HATIOMMHAA OH MAea/bHBHIA ras.

IS 31EKTPOHOB B METANE, KAK MHE BHICTH, BCICACTBHE IIPHHIMIA
IMaynu KMHETHYECKAs SHEPrUsS PACTET C YBEJAHUEHHEM KOHUEHTPALIMHA
kak n%3. [ToaTroMy, HECMOTPS HA yBEJHUEHHE NMOTEHUMAIBHON SHEPIHH,
KoTopasi pACTET Kak n'/3, oTHOIEHME MOTEHIMANLHOM IHEPIUM K KHMHE-
THYECKOi yOniBaeT. J[pyrMMHU CIOBAMH, OTHOCHTEJIbHAS POJb B3aMMO-
AEHCTBUS 37EKTPOHOB NPH YBEIMYEHNH MX KOHIEHTPALMH CTAHOBHUTCS
BCE MeHbME ¥ MeHbme. OXa3wBaeTcd, YTo A9 PEANbHLIX METanI0B na-
pameTp r, Gonblile EXMHHMIBI, T. €. KOHIEHTPAUMS 3JIEKTPOHOB BCE-TaKH

HEAOCTATOMHO BBICOKA [/ TOTO, 4TOOH 3JEKTPOHHBIM ra3 MOXHO OBLIO
cynTath uacanouuM. [(ng anexTpoHOB B Merasie Gonce MOMXONSIIAM
SIBJISIETCS] HA3BAHKME «JJIEKTPOHHAS XKHUAKOCTBY, UEM «IJIEKTPOHHBINA ras».
TeM He MeHee TOCJAENOBATEIbHAS TEOPUS IJEKTPOHHOM XHAKOCTH Me-
TAJJIOB T0Ka3aJ1a, YTO MHOTHME CBOMCTBA, MMOJYUYEHHRIE B MOAEIN CBOOOL-
HBEIX 3JIECKTPOHOB, KAYECTBEHHO OCTAIOTCS CNPABEVIMBEIMH M IIPH y4yeTe
9JICKTPOHHOIO B3aUMOACHCTBUS.

Kak ¥ mas K1accMueckod IIasMul, /IS 3JEKTPOHOB MPOBOAMMOCTH
B METAJUIE XaPAKTEPHO CYILECTBOBAHME ILIA3MEHHBIX Koselanuit, obyc-
JIOBJICHHRX KYJOHOBCKMM B3aMMOIEUCTBHEM 3JIEKTPOHOB M HMOHOB KDH-
crannuyeckoit pemerku. B Boipaxenme (3) § 33 ana yacrorm mnas-
MEHHBIX KOne0aHu#l ®, He BXOAMT HM Temneparypa T, HH MOCTOSHHas
Ilnanka A. DTO COOTBETCTBYET (HU3HYECKOH NPHUMHE BO3MOXHOCTH Cy-
IIECTBOBAHMS IUIA3MEHHBIX Koe0aHmi: OHM OOYCJOBJEHH KYAOHOB-
CKMM B3aMMOACHUCTBHEM 3apPSKEHHHX YACTHL, 4 HE TEM, KAKHMH 3a-
KOHAMH -~ KJACCHUECKHMH HIM KBAHTOBHIMH AOJIXHO OIHCHIBATHCH
IOBHXEHHE,

DHeprus KBAHTA IUIA3MEHHHX KoneOanuii (ruiasmona) ho, npu xa-

PAKTEPHBIX AN META/VIOB KOHUCHTPALMAX IJJICKTPOHOB IIPOBOAWMOCTH
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okasniBaerca Oospme dHeprnu (DepMu e — MAKCHMaJIbHOM SHEPruM

3/IEKTPOHOB /I METAJLIA B OCHOBHOM COCTOSIHMH. [103TOMY IL1a3mMeHHHe
KOJIeDaHMs B METAJ/UIaX HE MOTYT BO3HHKATh 33 CUET SHEPTHH ABHXEHHS
OTAEJIBHBIX JJEKTPOHOB, B NPOTHBOMONOXHOCTbh KJIACCHYECKOH ILUIa3Me.
[MnasMenHue KonebaHud B METALIAX MOTYT BO30YXKNATBCA TOJIbKO MPO-
JEeTAIOMKUMHU uyepes obpasel GHCTPHIMM 3aPSIXEHHBIMM UYACTHLAMH WIH
NanaoMEMKE 3JEKTPOMArHUTHREIMA BOJHAMHU. Posib riasMenuux xosneba-
HUIl B COCTOSIHUY DABHOBECHUS CBORMTCS MO CYLIECTBY TOJIBKO K 3KpaHHU-
POBAHMID KYJOHOBCKOIO B3aMMOACHCTBUS 3JIEKTPOHOB. MMEHHO mosTOoMy
MOneab CBOGOMHHEIX 37JEKTPOHOB KAUECTBEHHO BEPHO OOBACHSET MHOTHE
3JIEKTPOHHHE CBOMCTBA METAJUIOB.

Yacrora niasmeHHbix konebaumit ©, npeacrasiser coboi rpaHuu-

HYI0 4YacToTy AJMS SJEKTPOMAarHUTHHX BOJH, KOTOPHE MOIYT pacipocT-
paHATBCH B 1ia3Me. BOJHEL ¢ yacTOoTON, MEHBIICH ®,, HE MOrYT IPOHH-

Karb B IUIa3My, TAK KaK HU3KOUACTOTHHIC DJEKTPOMATHUTHEIC HOJA Ta-
KMX BOJH OJKPaHHUPYIOTCS  3apSXEHHBIMM  YACTUIAMU  TUIA3MEI.
[lapgaromas Ha rpaHuLy IUIasMbl BOJHA MDA ® < @, OTPAXAETCS OT rpa-
Huibl. ECTH Xe 4acToTa 3MeKTPOMATHHUTHOM BOJIHBI BHIME [JIA3MCHHOMN
YACTOTH, TO TAKAS BOJIHA MPOHMKAET B ILIA3MYy.

Konuentpauus cBOGOAHHX 3JEKTPOHOB B IIENOYHHIX META/UIAX TaKO-
BA, 4UTO YaCTOTA IIa3MEHHHX KosneGaHuit cootBercTByeT yaprpadmone-
ToBOM obnactu cnektpa. I[loaromy B yasrpadmonerosoit obxactu 1ue-
JIOYHBIE METAUIH NMPO3PAYHE, XOTA B BUAMMOM M MH(paKpacHoil obna-
CTSX CHEKTPa XOpOIIO OTPaXxaoT MNAJaloImee Ha HUX H3JIydeHHME.
HanomuuM, uyro J1s moHocthepHOM nuIa3Mel PPAaHUIE IPO3PAYHOCTH TIO-
NajaeT B QNAnas’oH METPOBHX PafHOBOJIH.

e [losicHuTe, NoYEeMy pacrpeRe/ieHde 3/CKTPOHOB [IPOBOAUMOCTH B METajljie no
pa3spelleHHBIM 3HEPreTHYECKHUM YPOBHSIM PE3KO OTAHYAETCH OT COOTBETCTBY-
jolero pacnpele/eHUs I8 rasa KJ1acCUYeCKHUX YacTHUL, XOTH IOBEAeHHUE OT-
LIe/IbHOTO 3/IEKTPOHA MPOBOAMMOCTH B KPHUCTalllle CXOAHO C MNOBedEHHEM
KJIACCUYECKOM CBOOORHOM YacTUILbE,

e Yro takoe umnynsc Pepmu? Kak sta BenMuMHa cBS3aHa € KOHIEHTpauuei
371EKTPOHOB TPOBOAMMOCTH B MeTasuie?

e Yro Takoe sHeprus Pepmu? Kak oLeHUTb CKOPOCTb 3NEKTPOHA B MeTalje,
obnagaoollero sHepruei, pasxoil sHepruu Oepmu?

e UYem oOBACHSETCS Masblii MO CpaBHEHHI0 C KPUCTA/JIMYECKON pelIeTKOMH
BKJ1aJ 3JEKTPOHOB NMPOBOAMMOCTH B TEMJIOEMKOCTb MeTamios?

e [JlosicHuTe, NoyeMy TENJOEMKOCTh BBLIPOXKACHHOIO 2JEKTPOHHONO rasa Inpo-
NMOopuMoHaJibHa TEMIIEPATYpPE, B TO BPpEMSA KaK TECINJIOEMKOCTb KJIACCHUCCKOIo
rasa oT TeMIEpaTypbl HE 3aBUCHT.

e UYro Takoe BpEMSA peJlakcalMi sl JJICKTPOHOB B Metamne? PasbacHuTe
CMBICJI 3TOIO MNOHATHUR Ha MNPUMEPE IaTyYXaHUA HANPABJICHHOMO ABUXECHUS
3JIEKTPOHOB.
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o Kak obwacugerca sakon Oma Ha ocHoBe npelcTaBleHHM 06 3ddekTUBHOIM
cHle TPEHHSA, NEeHCTBYIOIUEH HA 3/IEKTPOHbI MPOBOAMMOCTH NMpPU WX Hampas-
JIEHHOM JBMXEHWUH NOJ AeHCTBHEM 31eKTPHYECKOro nosa?

e Ilouemy, B IPOTHBOMOIOXHOCTL KJIACCHUYECKOM I/1a3Me, 3JIEKTPOHHBIH r'a3 B Me-
TaJJlaXx C YBeJIMYEHHeM KOHLEHTPaluUuH npHbanKaeTcs no CBOUM CBOMCTBAM K
HOeasibHOMY rasy?

e [lokaxure, YTO 3HEPrys KBAHTA MJIa3MEHHbIX KOJIeGaHMIt B peasIsHOM MeTal-
Jie TIPEBOCXORAUT MAKCUMAJIBHYIO DHEPTUI0 OTACNbHOTO 3siekTpoHa. K Kakum
CJIENCTBUAM 3TO NPHBOAUT?

o Tlouyemy, cTporo roBops, cBOBOAHbLIE 3/EKTPOHbI B METAJJIE HEKOPPEKTHO pac-
cMaTpuBaTh KaK MaeasbHbiil ras?

o UYem oObACHAETCS MPO3PayHOCTD ILUEJIOYHBIX METAJ/UIOB B YJIbTPadHOJIeTOBOM
obsnactu cnekrpa?

§ 36. JdnexkTpoHHbIe CBOHCTBA NONYNPOBOAHWKOB

Kak yxe oTMmeudanoce, 3JEKTPHYECKME CBOHCTBA NOJYIPOBOAHMKOB
OYEHb CWIBHO 33BHCAT OT HAJMUYMS M KOHUEHTPALUM TEX WJIM MHBIX
npuMeceil. HToOnl pasofpaTsCs B 3THX BONPOCAX, HYXHO MMETb IPEd-~
CTaBJICHHE O MPUPOAE M JHEPreTHMUYECKOM CIIEKTPE COCTOSHHM 3JIEKTPO-
HOB, CBS3aHHHIX C aTOMaMu IpuMecei.

Poss npuMeceid B noaynposogHukax. HauGonplwiee BausSHIE HA CBOM-
CTBA TMOJIYNIPOBOZHMKOB OKA3hIBAKOT TAaK HA3HIBACMEIC OOHODHbIE W aK-
yenmophole npumecu (M donopot ¥ axyenmoput). O HOHOPAX MEL yXe
ynomuHan B § 34 npu xnaccuduxauus nOAynpOBONHUKOB. Hanuuue
OOHOPHBIX OPMMECEH B KPHUCTAJ/UIC NPHUBOAMT K MOSBJICHUIO HOMOJHH-
TEJIbHBIX Pa3PEHICHHEIX INCKTPOHHBIX YPOBHEH JHEPruy, JIC)KAIMMX B 33~
npemenHoi 30He BOIH3M AHA 30HBI IPOBOAMMOCTH. AKUENTOPHEIE NMpU-
MECH TIPMBOIST K IOSBJICHMIO AOMOJHMTEIBHHBIX YPOBHEH B 3ampemeH-
HOM 30HE, JEXAMmMMX BOJM3HM NOTOJAKA BAJICHTHOH 30HEL. BaxHo, uto B
000MX Cayyasix MPUMECHHIE YPOBHH OTAE/NEHH OT COOTBETCTBYIOMMX Pa3-
pEHICHHHX 30H JHEPTeTHYECKUMH MHTEPBAJIaMHU, MAJILIMM ITO0 CPABHEHHIO
C LIMPUHOMN 3aNpEIEHHON 30HHI.

JloHopei. B kxauyecTBe mpocTOro mpuMepa AOHOPHOTO LEHTPA B IOJY-
TIPOBONHHMKE DAaCCMOTPUM KDPHCTA/UT KPEMHHS, B KOTOPOM OOWH U3 Y3-
JIOB peuleTKH 3aHAT atomoMm (ocdopa (puc. 116). Kpemuuit xpucran-
JiM3yercsl B PEIICTKE THNA AJaMas3ad, TAE KaX/el aToM HWMEET 4YeTbipe
OMXaNIKX €OCena, PacHONOXKEHHEX B BEPUIMHAX MPABHJIBHOIO TET-
pasgpa, B LEHTPE KOTOPOrO HAXOOMTCS paccMartpuBaeMbiil atom. Ye-
THIDE 3JIEKTPOHA M3 BHEIIHEH 3JMEKTPOHHOH OOOMIOYKHM KaXAOro atoMma
yuacTBYIOT B 0OpAa30BaHMM HANpPABJICHHHIX KOBAJICHTHHIX CBA3€H C ye-
THIPBMS OKPYXAIOMKMH €r0 TaKUMH Xe aToMaMu KpemHud. B xaprune
JHEPreTHYECKHX 30H KPHCTA/U1a KPEMHHS ITH JJAEKTPOHH 3aHMMAIOT
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KBAHTOBbIE COCTOSHMS BaJIEHTHOW 30HHI, MPHYEM mpu aGCOIIOTHOM HY-

JIE TEMNEpaTyphl 3Ta 30HA OKA3RIBACTCH IIOJHOCTBIO 3AIICJHEHHOM.
IIpumecHniit atoM ¢ocdopa, 3aHMMAIOIIHA

cocemHio sueiky B Tabmmue Menneneesa,

N4 \_ 7 N/
Si Si Si
¥IMEET NATh JEKTPOHOB BO BHELIHEH 000s104- \ A / *
ke. YeTbipe M3 HUX y4acTBYoOT B oOpa3osa- N

HHUHM KOBAJIEHTHHIX CBA3€H C COCEAHMMHM aTo- _ / N
mamu kpemuus. [latwit anextpon docdopa  Si Si
OKa3nBAETCH JHUUIHKM, OH HE HYXEH s 00- N , /
Pa30BaHMS KOBAJEHTHHIX CBA3EH. DTOT DIEKT- s ‘vs'\
POH He BHOJHE CBOGONEH, MOTOMY 4TO SAPO g i Si”

aroma cocdopa o001aKaeT MONOXKHUTENbHBIM
3apsSfOM, HA EOMHULY OOABLIMM, YEM SAPO P:C)-d”:' CgeMaT"‘*eCKOG
aToMa KpeMmHus. B pesysbrate STOT 91€KTPOH . O%Hgfo‘fe:;‘sap:’;‘;;‘?faﬁe
ABMXETCS B KDUCTA/IE TO GOBIION OPOHMTE  ypemuus

BOKPYr IPHMECHOTO aroMa, nogo0HO TOMY,

KaK ABHMXETCS JICKTPOH BOKDYr 9Apa B aTtoMe Bopopoxma. Ha pmc. 116
JTa op6uTa MoKasaHa. PasMephl Taxoil OpOMTHL BEJUKH N0 CPABHEHMIO C
MEXATOMHBIM PACCTOSIHUEM B KPHUCTAJLIE.

Bonpmoi pasmep opOuTH M Manas SHEPrus CBSI3M TAKOIO JJIEKTPOHA
OOBACHAIOTCH TEM, 4TO CHJIa B3aMMOIEHCTBHS €ro ¢ sApoM artoma ¢oc-
dopa ocnabseHa AUMIIEKTPUUECKMMH CBOUCTBA-

MM CPEAbl KPHUCTAUTMUECKOW PEIIETKH KpeM- ¢
HHS, ¥ TeM, YTO 3HEKTUBHAL MACCA IJEKTPO-

HA B 30HE MPOBOAMMOCTH KDEMHHS MEHBILIE

MACCHl CBODOHNHOIO 9JIEKTPOMA.

Takum 06pa3oM, 3JEKTPHUECKH HEHTpaIb- 0
HOE COCTOSHHE IIPMMECHOIO LIEHTPA MOXHO e
NPeaCTABUTh KAaK JIOKAJTH30BAHHOE COCTOSHHE
371eKTpoHa (SNEKTPOH CBA3aH C IIPUMECHHIM €
LEHTPOM), TMPUYEM ISHEPTHs ITOrO COCTOSHHS £y

Ha AMArpaMME JJIEKTPOHHBIX YPOBHEH SHEPrUM
KPHCTA/JIa JIEXHUT B 3aNpPEUICHHOM 30HE BOJIH-
34 NHa 30HH nposoauMocTd (puc. 117). U3 ta- Puc. 117. Yposun suepruu
ROHOPOB ¥ aKLENTOPOB

KOrO JIOKAJTM3OBAHHOIO COCTOSHUSA SJIEKTPOH
MOXeT OnIThb NMEPEBEAEH B HEIOKAMM3OBAHHOE
COCTOSTHHE 30HBI IPOBOJMMOCTH, E€CAH €MY COOOIIUTh JOMOJHHTENBHYIO
SHEPIHIO, HE MEHpHYI0 &, [IpM 3TOM ROHODHEIH LEHTP CTAHOBUTCS
HOHKH30BAHHKEIM, TAaK KaK HA HEM JIOKAJU30BAH M3OBITOYHEIM MOJOXN-
TEJIbHBIN 3apsf.

OHeprug 24€KTPOHA HA JOHOPHOM UEHTpE cocrasngeT okono 0,01 3B,
N03TOMY npu OOKYHHX TEMIEPATYPAX MPAKTHYECKU BCE XOHOPHHIE LiEH-
TPB MOHM30BAHHI.

Axuentopst. B kpucrasnax kpeMHHS H TepMAaHHUS JOHOPAMH MOTYT CJIy-
XHTb HE TOMBKO aTOMH (Pocopa, HO H ATOMHI IPYTAX IJIEMEHTOB MATOM
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rpynnsl Tabmns Menneneesa. B npoTHBONONOXHOCT 3TOMY MpPHUMECH
9/1IEMEHTOB TPETbEH IPYNNH B TAKUX KPHCTA/UIAX SIBJISIOTCS aKLEITOPa-
MHU. B 310M Ciyyae mpH 3aMELIEHHM OXHOIO M3 OCHOBHBIX ATOMOB KpH-
crasuia, HanpuMmep atoMoM Gopa, mng o6pasoBaHWS HATIPABJCHHBIX KO-
BAJICHTHHX CBA3€H C COCEAAMM HE XBAaTaeT OJHOIO JJICKTPOHA.

IIpencraBageTcsd €CTECTBEHHHIM, YTO OJHA M3 YETHPEX BAJIEHTHHIX
cBsiel, HANPaBJICHHHX K 6Oy, MOMXHA OCTATHCS HEHACHIMEHHOH. DTO
COOTBETCTBYET OTCYTCTBHIO 3JICKTPOHA B 3aIIOJHCHHOM BAJICHTHOM 30HE,
T. €. MOJIOXHUTEABHOR AHpKe. [IpocTpaHCTBEHHOE MOJIOXEHHE OTCYTCTBY-
IOIIEH CBA3H MOXET H3MEHSATLCS, NEPEXONS OT OAHOIO M3 COCENHMX C
NPUMECHI0 ATOMOB KPDEMHHS K JPYIoMy.

Haunbonee mpocTo Taxylo CHTYaUMK) MOXHO ONMCATh, HCIOJIB3YS
IPENCTABJICHHE O CBY3aHHOM IEIPKE, OBMXYIMEHCHS B KYJIOHOBCKOM IO-
Je, co3aaBaeMoM 3(h(EKTHBHAIM OTPHLATCIBHHM 3apSAOM —e, MPOMC-
XOXXIEHHE KOTOPOrO CBA3dHO C TEM, YTO 3apsA SApa IIPUMMECHOIO aToMa
Ha EIMHMIy MCHbIIC 3apsaa sapa atoma kpemHus. Kak u B ciayuae
AOHOPOB, 5TO NOJIE OCHAOAEHO [MINEKTPUUECKOH TPOHMIAEMOCTBIO
KpucTa/umueckol pemerku. Ilockoneky m aas geipky adbexTHBHAs
Macca B JaHHOM CJIy4ae MEHbIIEe MacCh CBOOOIHOIO 97EKTPOHA, TO pa-
auyc GOpOBCKOH OpOMTH HABIPKHM, ABHXYIIEHCS BOKPYT NPUMECHOTO
UEHTpa, MpocTHpaercs Ha Oosnbmoe (MO CPABHEHHMIO C TOCTOSHHOM pe-
INETKHM) pAacCTOsSHUE. DHEPrus CBA3M THIPDKA HEBEJINKA, IMOITOMY COOT-
BETCTBYIOIMHA AKUENTOPHOMY HEHTPY JHEPreTHUYECKHH YPOBEHB 3JIEKT-
pOHA JIEXHUT B 3aNPEMEHHON 30HE HEMHOIO BHINIE IIOTOJKA BaJICHTHOM
sonm (puc. 117).

Ilnipka, cBS3aHHAs C aKUENTOPHKIM LICHTPOM, MOXeT OHTH mepese-
IEHA U3 JIOKAJM30BAHHOIO COCTOSIHMS B HCEJIOKAIM3OBAHHOE COCTOSTHHE
BAJICHTHOM 30HbI, €C/IM €l COOOIIUTh NONMOJHHUTENBHYIO JHEDPIHIO, mpe-
BOCXOASUIYIO HEPIHI0 HOHU3AUMKM AKUENTOPHOIO LEHTPA €,. AKLENTOp-

HBIA LEHTP NPU 3TOM CTAHOBMTCS OTPHULATE/IbHO 3aPAXCHHBIM.

DHepras CBS3M ABPKH HAa AKIENTOPHOM LEHTDE, K4K M B CJIyYae J0-
HOPHBEIX ICHTPOB, TAKXE M3MEPSACTCS COTHIMHM JOJSIMHM 3JICKTPOHBOJIBTA.
IosToMy npu OOBYHBIX TEMIEPATYPAaX M AKLENTOPHHE LEHTPH IPAKTH-
YECKH ITOJTHOCTHIO MOHHM3OBAHHI,

DaexTPonpoBOXHOCTL NOAYNPOBOAHUKOB. [IpoBOonMMOCTE KpHCTaNna,
00yc/ioB/IeHHAs HaJTMUMEM NOHOPOB, MOCTABASIOMMX 3AEKTPOHH B 30HY
MTPOBOXMMOCTH, HA3EIBAETCS MPOBOAMMOCTBIO n-THna (0T aHr1. negative —
OTPHLATENBHBI), 4 IPOBOAMMOCTD, 00YCIOBAEHHAS AKUENTOPHEMY IPU-
MeCSMH, IOCTaB/SIONUMH MOJIOXHATENBHEIE ANPKH B BAJICHTHYIO 30HY, —
MPOBOAKUMOCTBIO p-THNA (OT aHrA. positive).

DNeKTPONPOBOAHOCTh META/L1d OPM HM3MEHEHMHM BHEIIHMX YCJIOBHIA
MEHSETCS TOJBKO M3-332 U3MEHEHHS BPEMEHH pesiaKcalluM, KOTOpOoEe 3a-
BUCHT OT TEMIEPATYPH M KOHLCHTPALUMH AE(PEKTOB KPHCTAJUTHUCCKOMH
pemerky. OTHAKO YUCJIO HOCHMTENEH 3apaioB — CBOOOOHBIX 3JIEKTPO-
HOB — OCTaeTCs NMOCTOSHHHM. B monynpoBoxHuke aeno oO6CTOMT coBEp-
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IEHHO WMHAaue. [JIaBHas NpuYMHA KW3MEHEHMS JICKTPONPOBOXHOCTH IIO-
JIYNMPOBOMHMKA 3aKJIOUYAETCd B M3MEHEHMM KOHUEHTPALMHM HOCHTEJEH
3apsiga.

Cob6cTBeHHBI MOIYyTTPOBOAHAK IIpH a0COMIIOTHOM HYJE TEMIEPATYPHI,
KaK ¥ OUIJIEKTPHUK, HE CORCPXHUT CBOOOOHRX HOCHTEJIEH, TAK KAK BAJIEH-
THAd 30HA 3arI0JIHCHA ILEJMKOM, a 30HA NMPOBOAMMOCTH nycra. C noBhi-
[ICHUEM TEMNEPATYPH YaCTh JACKTPOHOB MEPEXONUT M3 BAJICHTHOM 30-
HE B 30HY MPOBOOMMOCTH. KOHuEHTpauus CBODONHHX HOCUTEJIEH NpH
3TOM 3aBUCHT OT OTHOHICHHS XapPaKTEPHOM TEIIOBOM SHepruu k7' Kk mu-
pUHE 3aNpPEIICHHON 30HHL.

B npuMecHBIX NOMYNPOBORHUKAX IIOSIBJECHAE CBOOOJHBIX HOCHTEIEH
[OpH HU3KHX TEMOEPATypax CBA3AHO B OCHOBHOM HE C ICPEXOIOM 3JICK-
TPOHOB B 30HY NPOBOAMMOCTH M3 BAJIEHTHOI 30HHI, a C MOHM3ALHMEH J0-
KAJIM30BAHHBIX 9JICKTPOHHBIX COCTOSIHMM, SHEPI'MH KOTOPHIX JIEXAT B 3a-
NPEIICHHONA 30HE.

PeanbHble KpuCTaJ/UTH BCerma cogepxar npumecu. [loatomy cober-
BEHHAs OPOBOAMMOCTD Npeobiafaer TOJBKO B OYEHb UMCTHX HOJYIIPO-
BOOHMKOBHIX KPUCTA/UIAX NP CPABHMTEJBHO BHICOKMX TEMIIEPATYpaXx.
ITpx rny6oKOM OXaXnaeHuH COOCTBEHHBIA MONYIPOBOOHMK HEM30EXHO
HJOJXEH CTATh MPUMECHHIM.

PacnpeneseHue HocuTedeil Toxa no aHeprusam. Kak pacnpenenenst
9JIEKTPOHBl B 30HE INPOBOAMMOCTH MOJYIPOBOAHNKA U AKIPKU B BaJICHT-
HO¥ 30HE MO YPOBHIM SHEPrUU? ITO HYXKHO 3HATH JJIS. MOCTPOCHUS MHK-
POCKOIHYECKOH TEOPHH IJEKTPOIPOBOAHOCTH M JAPYruxX HabMomaeMeix
CBOWCTB, OOYCAOBJEHHBIX IAEKTpOoHaMH. KauecTBEHHO OTBET HA ITOT
BOIIPOC MOXHO JaTh, OCHOBHBAACh HA 3HAUCHMM Oe3pa3MEpHOrO napa-
merpa ', onpeaensemoro dopmysoir (11) npenninymero naparpada:
2,,2/3
=Lz, M
m*kT

Jlerko BMAETH, UTO 3TOT MapaMeTp NpeAcTasiaser coboil KBaapat or-
HOmIcHHMS AeOPOIIEBCKOM AMMHB BOJAHH YacTHUH A/p, MMEIOWEN Xapak-
TEPHBIA TEMJIOBOM MMNYJIbLC p = Vm'kT , K CPDETHEMY DPACCTOSHMID MEX-
Ay vactuuamu (r) ~n '3 Tlpu I'<<] noBeaeHue HOCHTEIECH TOKa
onpeaengercss 3aKOHaMK Kaaccuueckoi uankm u ux ¢yHKumg pacmope-
JeJIeHNs [0 IHEPIUaM M CKOPOCTSM TaKas Xe€, KaK y ras3a KJIacCWYeCKUX
vacruu. [Ipu I'>>1 neoOxomuMmo yuuTeiBarh npuHoun Ilayau, ubo
CpeniHEe PACCTOSHME MEXIY YACTMLIAMHM MHOTO MeHbLIe AeOpOMIeBCKOM
IUIMHBI BOJIHEL. B 3TOM ciyuae, Kak M y METAJUIOB, PacnpCcAesiCHUE HO-
CHTEJIEH TOKA 1O YPOBHSIM JHEPrHHM HMMEET BHUIA CTYNEHBKH: MOYTH BCE
COCTOSIHMS C HMITYJIbCAMH, MeEHbIIMMM uMmyiabca Qepmu, 3anoaHeHH, C
GonpmyvMmu UMIyJscamMu — cBoOoxHm. Bce duamueckue cBoiicTBa mpu
5TOM O0YC/IOBAEHE BKJIAAOM HOCHTENEH C SHEPrusSMHM, COOTBETCTBYIOIIH-
MM 00J1aCTH PA3MBITHA 3TOM CTYNEHBKH.

B nosiynmpoBOAHMKAX €O CMEIIAHHOW IIPOBOAMMOCTBIO, TAE ONHOBDE-
MEHHO €CTh M 3JIEKTPOHH B 30HE MPOBOXMMOCTH, M JHIPKM B BAJICHTHOMN
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30HE, mapamerp I' U1 KaXJ0ro TMOA HOCUTENEH MMEET CBOE 3HAUEHHE.
Moxer ObiTh, HanMpUMep, TaK, UTO PACIPENE/IEHHE 3JEKTPOHOB OIMCHI-
BAETCA CTYNEeHYaTol (hyHKIMEH, a ARPOK — MAKCBEJUIOBCKOM. B obnru-
HHIX YCJIOBUSIX B IOJIYNIDOBOXHHMKAX, MCIOJNb3YEMBIX BO MHOIMX 3JIEKT-
POHHHIX YCTPOMCTBaX, pAaCHpPEACICHHE HOCHTENEH TOK3 ONMCHIBAETCH
KJIaCCUYECKON# MAaKCBEJUIOBCKOM (hyHKUmeH.

3ddexr Xoana. IIpeacrasnenne o ARpPKAX KaK O CBOOONHEIX HOCHTE-
JISIX TOKA C I0JIOXHTENbHBEIMM 3apsaaMu ObIO BBENEHO /IS TOTO, YTOOHI
HaIVISJTHO OIMMCATH BKJIA B 3JICKTPONPOBOTHOCTL BAJICHTHOM 30HH, MOY-
TH LEJUKOM 3aM0JTHEHHON 2JIEKTPOHAMu. YOeqnTeNbHO0E OKA3aTEdbCTBO
pEaTBbHOCTH IOJIOXHTEIBHBIX ANPOK Aaer aggdexm Xosnia, OTKPHITHHA B

1879 r., 3agonr0 OO BO3HMKHOBEHMS NPEIACTABACHHUIA O CAMHX JHIPKAX.
Oddexkr Xonna moxHo HabmomaTh NP NPOXOXIACHUH DAECKTPH-
YECKOr0 TOKA B JIOObIX TBEPALIX MPOBOAAIIMX TEJaX, MOMEUICHHEIX BO
BHeHee MarHuTHoe nmojye. OH 3aK/II04YaETCA B [IOSBJACHAM BHYTPH IPO-
BOASILIEIO TEJa 3JIEKTPUUECKOTO OJs, HANPSXEeHHOCTs E KoToporo nep-
NMEHAMKY/IIPHA XaK HMHOYKUUd B
B BHEUIHETO MACHATHOIO IO/, TakK
/ U TUIOTHOCTH j NPONYCKAaEeMOro ue-

' e I , bes obpasew Toxa.
’ PaccMoTpuM  mpSIMOYrOJIBHYIO
ey MIACTUHKY M3 MPOBOASINErO BEIie-
1 /‘/ f CTBA, MOMEIICHHYIO B OJHOPOAHOE
MarHMuTHOE TnoJsie ¢ HHAyKuuen B
/ — (puc. 118). ITyers 10K I npomy-
ckaercs uepes obpaser ciesa Ha-
Puc. 118. K obbsicuenmio addekra Xonna npaBo, KAK MOKAa3aHO HA DHCYHKE,
M OCYWIIECTBJISETCS OOHUM THIIOM
HOCHUTEJIEH C 3apSAOM ¢, KOTOPBIH
MOXeET OHTh KaK MOJOXHUTEABHHM, TAK M OTpHUATENbHHM. O003HAUMB
KOHIEHTPAUMIO HOCHTEJEH 4Yepe3 n, a ux ApeidoByr0 CKOpPOCTh uepes
v, 3amIHIIeM BHIPAXEHHUE OIS CHJIH ToKa I B BUIE

I=j§S=qnvld. 2)

Ilpn HanOXEHHH MArHUTHOIO nosigd B Ha ABHXYMHECS B I[UIACTMHE
HOCHTEJM TOKa AeicTByer cuia JlopeHua

Fx="2u, 3

HAIIpaBJICHHAS MEPIECHANKYASPHO KaK MAaTHUTHOMY nosio B, Ttak u cko-
POCTH V HANPABJICHHOIO ABMXEHHMsS Hocureseil. B peaynerate na 6oko-
BbIX IpaHdX ITACTHUHEI CKAIUIMBAKOTCA 33apPSABl NPOTUBONOJIQXHONO 3HA-
Ka, co3pawomue nekTpuueckoe moae E. JeicTByomas co CTOPOHHE 3T0-
IO Noag cuia

F=g4E (4)
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ypasHOBewHBaeT cuy JlopeHua, obecneyuBasi HANPABAEHHOE ABHXEHUE
HOCHTENREN TOKAa MHapaieNbHO OOKOBEIM rpaHsM IacTuHH., Hanmuue
a/eKTpuyecKoro nons E, nepreHguKy/IIpHOTO HANPABJAESHHIO JABUXEHUS
3apsI0B, 0O3HAYAET, YTO MEXAY Toukamu A ¥ C Ha IPOTHBOMNOJOXHHIX
rpaHsax obpasua, KOTOpHE B OTCYTCTBHE MArHHTHOTO IO/ MMENHM OXU-
HAKOBBIH MOTEHUHAN, TENEPh NOABAIETCS HEKOTOPAs Pa3HOCThL MOTEHIIN-
anoB U, mpomopluioHa/IbHAY HANPSKEHHOCTH noid E:

U= Ed. (5)

[MpupaBuusas npaswic uactd Buipaxenu# (3) u (4) u noacrasngas B

noJsyuyMBIIeecs paBeHCTBO v u3 (2) u E u3 (5), Haxogum
=11 (6)
ngcd”

®opmyna (6) cnpaBeanMBa Kak OAs MOJIOXHUTEABHHIX, TAK U IS OT-
pULATENBHEIX HOCUTENEH 3apsaa. 3aBUCAIIMA TOJBKO OT CBOMCTB MaTte-
prana miaactussl (HO HE OT ee pasMepoB) KoddbdMuueHT nponopumo-
HasibHOCTH B (6)

R=—— )
nqc
HaselBaeTca nocmosihnol Xoana. 3HaK NOCTOsSHHOM XO0/aa coBmagaer
CO 3HaKOM HocuTeaed 3apsnga. ITosroMy mis oOpasLoB ¢ JJIEKTPOHHONW M
OEIPOYHOM TIPOBOOUMOCTBIO NOCTOSIHHAS XO0/U1a MMEET MPOTHBONOJIOX-
HEIC 3HAKHU.

HaMepenus nmOocTOSHHOK XOo/1a HEZBYCMRICIECHHO MOATBEPOHIH Cy-
IECTBOBAHMNE TIOJYIPOBOIHMKOB KaK C DJIEKTPOHHOM, TAK M C ABIPOYHOM
NPOBOAMMOCTBIO. Bosee Toro, mocrosHHas Xo/Ia OKasaaach MNOMOXKM-
TEJIbHOM ¥ I/I HEKOTOPHIX METAJUIOB, HANPUMED VIS XeEJe3a, yTo obyc-
nosaeHo 80 %-~HBIM 3aMOAHEHUEM IHEPreTHYECKON 30HBI, BOHUKIIEH M3
3d-ypoBHSI JHEPIdM H30JMPOBAHHOTO ATOMA XeJe3a.

e TloueMy 9jieKTpHYECKHE CBOMCTBA MOJYNPOBOXHUKOB OYEHb CH/IBHO 3aBUCHT
OT Ha/JWuyus npuMecei?

e TlosicHMTe aHaJIOTMI0 MeX[y JIOKaJK30BaHHBIM COCTOSIHUEM 3JIeKTPOHA Ha
NpPHMMECHOM LIEHTPE U COCTOSHUEM 2/IEKTPOHA B aToMe Bojopoxna. Ilouemy pa-
Iuyc opOUTEI 3/1EXTPOHA, CBS3AHHONO C NIPHMECHBIM 'LIEHTPOM, MHOIO Gosblue
GopoBCKOro pamuyca a, = h¥/ (me?)?

e UYro sBNAETCS AHAJONOM MOHM3aLMM aToMa BOUOPOAA Ui HEWTpasbHOro H0-
HOPHOIO MPUMECHONO LEHTPa B KpucTamie?

e Onuunre GU3MYECKYIO MOAEIb TTPUMECHONO AKUENTOPHOIO LIEHTPa B MOJY-
NMpoBOAHHKOBOM KpucTamne. IToueMy B paMKax Tako#t Moeau 3HepreTHde-
CKMe YPOBHH JIOKaJIU30BaHHbIX 3/IEKTPOHHBIX COCTOAHHM JIeXaT B 3arpeuieH-
HOM 30He BOJIM3M NOTOJIKA BAJIEHTHON 30HBI?

e Kak 06BICHUTD UOHM3AUMIO AKLUENTOPHOIO LEeHTpa, He nmpuberad K KoHLell-
LMY TI0JIOXKHUTE/LHBIX AbIPOK, @ paccMaTpHBas Nepexox 3/JeKTPoHa U3 COCTO-
AHUA B BAaJICHTHOMH 30HE Ha NPUMECHBI ypOBEHb?

i1 E.H. Byrukos it ap. Kuura 3
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s B ueM COCTOUT NPHHLMMHAIBHOE pa3/IHyMe NMPUYHH UIMEHEHHS 3JIEKTPOIipo-
BOOHOCTH MET&/UIOB W TONYNPOBOSHUKOB MPH HIMEHEHUM BHEIIHHUX YCJIO-
Buit?

e TloscHure, NoyeMy B peanbHbIX 00pasuax COGCTBEHHBIX MOJYIPOBOLHUKOB
NpH OueHb HU3KUX Temmepartypax npeobnanaer npuMecHasd NPOBOSUMOCTS,

o [loueMy 1npH HU3KOM KOHUEHTPAUHH HOCUTENEH TOKA B MOJYNPOBOAHHKAX MX
pacripefiesicHHe Nno 3HeprusM OyaeT K1acCUYECKHM, a MpPH BBICOKOH KOHIICH-
Tpauuu (pYHKUMS pacnpedeseHHs uMeeT BUA cTyneHbku? Kaxk vameHUTCH
$byHKUHS paclpedefieHHs NPH NOBBIILEHUM TEMEPATYPhI?

e Yro Takoe adpdexr Xonna? Kakum o6pasoM oH Nno3BosiseT CYAWTh O 3HaKe
HocHUTesle# 3apsiaa B MccieflyeMom obGpasne?

e OO6bscHuTe, NOYEMY Ha MPOTHUBONOJIOXHBEIX GOKOBBIX IpaHdaX obpasLia B Mar-
HUTHOM 1lo/ie MpH NPONYCKAHUM TOKA CKANMBAKOTCA 3apsiael NPOTHBOMNO-
JIOXKHOIO 3HaKa, XOTS JJIEKTPUYECKMH TOK MEPEHOCHUTCS 3apsilaMd OFHOro
3Haxa.

§ 37. NonynpoBopHKKOBble NpxGOPHBI

IToyIpOBOAHMUKOBRIE MATEPHAIIH IHMPOKO MIPUMEHSIIOTCS B COBPEMEHHOIM
anexTpoHMKe. I10aynpoBONHHUKOBEE NPUOOPE — AHOAK, TPAH3HCTOPHI,
MHTETPAJIbHBIE CXEMBI — BBHIMOJHSIOT T€ Xe (QYHKIHH, 4TO U 3JEKTPOH-
HEEe BAKyyMHBIE aamnu, Ho ux rafapute 4 norpeGnaemas 3Heprus Ha-
CTOJBKO MEHbBIIE, YTO OHW CAENAIH BO3MOXHBEIM PEOICHHE IIPHHLMIN-
ajJpHO HOBHIX 3agay. Hanpumep, COBpeMEHHHH KOMIIBIOTED COXEPXHUT
CTOMBKO (DYHKUMOHANBHBIX IJIEMEHTOB, YTO CaMO €0 CYHIeCTBOBAHHE
BO3MOXHO TOJBKO 01arofaps O4YeHbp MAJOMY Pa3MEPy STHX 3JIEMEHTOB:
HA KPEMHHMEBOM MOHOKDHCTa/UIE pasMepoM OKoao 6,5 MM ymemaercs
HECKOJIBKO COTEH THICAY TPAH3HUCTOPOB, COCAMHEHHBIX B CIOXKHYIO 3JIEKT-
PUUYECKYIO CXEMY.

[lours Bce MOJYyNpPOBOAHMKOBhIE NPHOOPH UMEKT B OCHOBE MOHO-
KPMCTAI, COoAepXamui aAsBe uiau 6Gosee o6aacTH C Pa3jIMUHBIMA NIpPH-
mecsiMd. Ha rpamuuax obsnacreil ¢ pasHbIM JIETMPOBAHHEM BO3HMKAKOT
TaK HaselBaeMElE nepexodsl. Tlepenanbl KOHUEHTPAUMH IPUMECEH B me-
peXofe W BO3HMKAWOUWHMe 067arogaps TOMY 3SJIEKTPUYECKHE OIS BHI3I-
BAIOT LEAbIl paf CYLMECTBEHHO HeausHedHmx 3¢hdexTos B aneKkTponpo-
BONHOCTH, 6Jarogaps KOTOpPHIM M (DYHKLMOHMDYIOT IO/YTPOBOSHHKO-
BHIE TIPHOODHL.

p-n-nepexonbl. [IpuHuun geidcTeus 60abMAHCTBA NPUOOPOB MOXET OHITH
MOHST HA OCHOBE MPOCTEHIIETO NIEPEXQOAA, HAZKBAEMOIO p—N-nepexodom.
DTOT NMEPEXOR MPEACTABAAET COO0M CHCTEMY M3 JBYX IOJYIIPOBOXHHMKOB,
HaXOASIINXCH B KOHTAKTE, IIPHYEM B OJIHOM M3 HAX B KAUECTBE HOCHTENER
npeobiagaoT 3AEKTPOHN (n-THI), a B APYrOM — ABIPKHU ( p-THI).
OcranosuMcs noapoOHee Ha KaueCTBEHHOM ONUCAHMH CBOMCTB p—n-
nepexona. Takoit nepexo MoXer GHITh H3TOTOBJIEH MHOXECTBOM CHOCO-
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608, HanpuMep audpy3ueit JOHOPHHX IMPUMECEN C OJHOTO KOHIA M aK-
LIENTOPHHX TIpUMECEed C IPOTHBOMOJOXHOINO KOHLA repMaHud ¢ cobeT-
BEHHOM NPOBOAMMOCTBIO, TAaK YTOOH

Toje-
BOSHHK IEPEXOd OT 7n- K p-00AacTH B p t%el6-8 n a
OYEHb TOHKOM cjoe mopsaxa 1074 cm. +0le-
Cxema Taxoro p—n-miepexofa nokasaHa I
Ha puc. 119, Ik

+ —_

Ecan 681 p- n n-obnactu He Obuin B — T 6
KOHTAKTE APYT ¢ APYIOM, TO KaXpgag u3 '— P *f1ity n |~
HUX comepXana On OonpeneseHHOE YHC- bl *I;—’

JI0 HETIONBMXKHHLIX TOHOPOB M aKLENTO- H3Kae
|| COMPOTHBIIEHHME
pOB, MOKa3aHHeIX HAa puc. 119a kpyx- i
KaM# C IUTIOCAMHM X MMHYCAMY B HHX, a
TAKXKE HOCHTEIH — O3JIEKTPOHH M ABIpP- - 8

L+ p _ * n
KM, TIIOKA3aHHHIC 3HAKdaMH MHHYC H > - (—d

mmoc (Oe3 kpyxoukoB). Tak kak atu BhicoKOE

HC conpukKacarummecs o6nacm INEKT- CONPOTHUBJIEHNE
PMYECKH HEHTPAJNBHH, TO B KAXMOH M3  pyuc. 119. Cxema p—n-nepexoma, B
HHAX YHCJIO0 HOCUTENEH 3aps9fa PaBHO  KOTOpPOM p- M n-o64acTH MOHOKpPH-
YHCIY ATOMOB IPUMECH. Koueuyno, 61a- crama OTMHHAKTCA  TOJLKO THUNOM
ronaps TEIUIOBOMY ABMXKCHUIO B Kaxpon PvMEceH

u3 obnacTeil MOryT BOSHHUKATE M JJIEKT-

POHHO-ABIPOUHBIE MAapH (COOCTBEHHAS MPOBOAMMOCTb), HO HA 3TOM pH-
CYHKE OHH RIS TIPOCTOTH HE NOKA3aHHI.

Anddy3uns 31eKTPOHOB U ABIPOK. OCHOBHBIE H HEOCHOBHBIE HOCHTEH.
[TockoBKY Ha CAMOM AeJie p- ¥ n-061aCTH nepexona HaXOAATCS B KOHTAK-
Te, TO ACHCTBUTE/NbHAS KAPTHHA OT/INYAETCA OT HAPUCOBAHHOIM Boie. Ha-
ubosee BaXxHOe oOT/IMuKE onpenesercs Anddy3ueit S1eKTPOHOB 13 IPABOK
n-061acTH B IEBYIO p-001acThb ¥ AU dy3ueit ANPOK BO BCTPEYHOM HATIPAB-
nesun. B peayaprate 31oM auddy3uu HapymaeTrcs 3JEKTPOHEHTpAb-
HOCTB Y TPAaHHUI p- U n-00JacTEell ¥ B IEPEXOAE BO3HUKAET JJIEKTPUUECKOE
none, NpensaTcTByomee Aanbreilmen xuddy3un ITeKTPOHOB U AIPOK Ue-
pe3 mepexox. Y CTaHaBJIMBACTCS JUHAMAYECKOE PABHOBECHE, IIPH KOTOPOM
B TIPWIErAI0INUX K NEPEXORY OOMACTIX HAPSAY C OCHOGHbIMU HOCLUM ENLSIMU
(snexTpoHaMu B n-061aCTH ¥ JHPKAMU B p-001aCTH) MOIBISIOTCS HeoC-
HOGHble Hocumeau ¢ 3aPIAaMHU IPOTUBOIIOIOXHOIO 3HaKa (XHIPKU B n-00-
JIACTH ¥ JIeKTPOHH B p-001actu). Bo3HUKIIEE B IEPEXOAE INMEKTPUUECKOE
noJe npeacTasaser cofoi NOTeHUMAIbHEA 6APbEp A1 OCHOBHBIX HOCHTE-
JIe#l ¥, HaTrpOTHB, «KPYTOH CKJIOH» A1 HEOCHOBHALIX, CTPEMIINUICI BEp-
HYTB UX B TY 00J1aCTh, I'ie OHY ObLI OCHOBHBIMH,

BoJsbT-aMnepHas XapakTepUCTHKA p-H-NEepexoxa. IJTO AUHAMHUUE-
CKO€ PaBHOBECHME HapYINAeTCH NPH BKIIOYEHHH p—n-IIEPEX0AA BO BHEMII-
HIOI0 3JIEKTPMUYECKYIO LIENb, NMPUYEM PEe3yJbTaThl OKAa3hIBAIOTCS COBEp-
IIEHHO pa3JMYHLIMH B 33BHCHMOCTH OT MOJIPHOCTH NPWIOXEHHOTO K
nepexony HanpaxeHus (puc. 1196, ¢). Ecam monspHOCTh HanpsaXeHHst
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Takas, Kak NoKasaHo Ha puc. 1196, To anekTpmueckuit TOK yepes p—n-
nepexox o0yC/OBJIEH ABMXEHHEM OCHOBHHX HOCHTENEH KaXmoi obna-
CTH: BKJIA B TOK JAIOT 3JIEKTPOHH, MEPECEKAI0MME NEPEexXon Cnpasa Ha-
JIEBO, M IBIPKHM, NEPECEKAIOUINE €ro caesa Hampaso. IIpu Takoi monsp-
HOCTH NPHJIOXEHHOTO HANPSXEHHMs NOTEHUHAJbHBN 6apbep B nepexone
noHmxaerca, Yem Gosple NPUIOXEHHOE HANPSKEHHE, TEM 3HAUMTEIb-
Hee MOHMXeHHE Oapbepa, M JJEKTPOHAM M AbIPKaM Jerue auddyHaupo-
BaTh uepes nepexon. I1oaToMy B OT/IHYME OT OOHOPOZHOro ofpasua, rae
cripaBeque 3aKoH OMa, 31eCh 3aBUCHMOCTb TOKA OT HANDSIXKCHHUS HMEET
SPKO BHIPAXXCHHBIH HEJWHECWHRINA XapakTep.

Ecny npuiaoXeHHOEe HANpPSIXEHWEe MMEET NMPOTHBOIOJIOXHYIO IOJsip-
HOCTb, KaK IIOKa3aHO Ha pHc. 119g, snexTpuueckuil TOK uyepes p—n-
nepexon o0yc/IOBJIEH OBHXCHHMEM HEOCHOBHHIX HOCHTEIEH KaXmoi ob-
JIACTH: BKJAJ B 3ITOT TOK AT JJEKTPOHHI, IIEPECEKAIOMIME IEpexox

C/IEBA HAMpABO, W [HPKH, INIEPECEKAIOmMe ero
I cripaBa Hajsepo. Tenepb NMOTEHUMATBHBIA Oapnep
B TEPEXOAe YBEAMYUBAETCHS C POCTOM IIPHJIO-
xeHHOro Hanpsxenus. ORHAKO 119 HEOCHOB-
HBIX HOCHMTENEH 210 He Oapbep, a KpyTou
conyck. [loaromy mnpu Taxkod IMOASPHOCTH TOK
Yyepes MNepexod, XOTss M CYMECTBEHHO MEHBIIE
TOKa TIDH «TIPSIMOM» INIPWIOXEHHOM Hanpsxe-
I, HHH, HO BCE XE OH pacTeT IpPHU YBEJIHMYCHHH Ta-
KOro «00paTHOrO» HanpspkeHus., CXeMaTHYecKu
BHI BOJIBT-aMIIEPHOM XapaKTEPHUCTHKH p—n-IE-
(_ pexona mokasaH Ha puc. 120,
Puc. 120, Boas-ammep- DKCNOHEHIMATBHEI X2PAKTEP POCTA CHJIBI TO-
was  xapaktepuctuka K@ TDH NPSIMOM HANPSKCHWM CBS33H C TEM, YTO
p—n-nepexona IPEO0JICHHE OCHOBHBIMH HOCHTENSAMH TOTEHIH-
anpHOro 6apbepa 00YCI0BJICHO UX TEILIOBHIM ABM-
XeHueM: 6aprep MOTyT IPEONOJIETh TOJIBKO AOCTATOYHO «OBICTPHIE» HOCH-
renn. Uncao HOCUTENEl ¢ QHEPTHE, NPEBRIIAIOIIEN BHCOTY Gaphepa, npu
MAKCBEJLIOBCKOM DPACHpEACACHHH SKCITOHEHIMATbHO 338BUCHT OT OTHOINE-
HHUS BBICOTH 6apbepa K XxapakTepHoi Teriosoil 3ueprun kT. Takas skc-
IIOHCHIMAJIbHAS BOJIbT-AMIIEPHAS XapAKTECPUCTHKA THIIMYHA JJIS UACAJIb-
HOIO p—A-NEPEXOAA C IUIOCKOM IPAHULEH MEXOY p- U n-o0aacTaMu.

Ilpu yBenmueHuyr OOpPAaTHOTO NPHIOXEHHOIO HAMNPSKEHUS POCT CH-
Bl TOKA € HANDSXEHHEM OBCTPO 3aMEAfeTcd M OH AOCTHMIAET HaCh-
LWIEHUS, NIPUYEM 3HAUCHHUE CIJIB TOKA HACHINECHUS OTHOCHTE/JBHO HEBE-
JuKO (MO0 CpaBHEHHIO C CHAOM TOKA NMPH IPSMOM HanpsXeHwH ). Masoe
3HAYEHNE CHJIBI TOKA HACHIEHWS OOYCJIOBJIEHO TEM, UTO UMCIO HEOC-
HOBHBIX HOCHTEJIEH, OCYINECTBASIOMMX MEPEHOC 3apsaa mpu obpaTHOM
HANPSOKCHMA, HEBEIMKO M YK€ NP CPABHHUTENLHO HEOONBIIOM Hanps-
XEHHM BCE OHM mepecexanr obnacte p—n-nepexopa. [Ipw Gompmux
3HaueHUdX oOPATHOrO HANpPSXEHWs HACTYyNaeT npolboii, T.e. JABHHHOE
HApAaCTAHNE TOKAa, NMPUBOAAIIEE K paspymEHHIO p—n-Imepexofa.

Iyexp (eU/kT)

(=]
Cy
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Henunennnii, acuMMeTpuyHbil XxapakTep 3aBMCHMOCTHM CIUIH TOKa
Yyepe3 p—n-nepexon OT MPUIOXKCHHONO HAIPSKCHHUA MO3BOJISIET HMCIIOJb-
30BaTh TAKOH IOJTYIPOBONHHUKOBEI AHON /18 BHIIPIMJICHHS HNEPEMEHHO-
r0 TOKa, HAETEKTHPOBAHMS (REMORYASLHMM) H APYTHX Npeobpa3oBaHumit
I/IEKTPHUECKHX CHTHAJIOB.

Tpausucrop. Job6aBaag B MOHOKPHCTA/UL €€ OMUH p—n-TIEPEXOR HIIH
HECKOJBKO TAKHX MEPEXOROB, MOXHO MOJYUYHTh MPAHIUCHIODbL, YETHI-
PEXCAOMHBIE AUOAB U JPyrHe MPUOOPH, MO3BOISIOUIME C IOMOIIBK CJia-
ObIX CMTHAJIOB YIPABASTb MPOTEKAHMEM 3IJICKTPHUYECKOIO TOKA.

TpaH3uCcTOp — 3TO TPEXIJAEKTPOAHEIA npubop, aHAMOTHMYHEIA BAKY-
YMHOM 3AEKTPOHHOM JaMiie — Tpuoay. OH mosydyaeTca IpH MoCIenoBa-~
TENBHOM BKJIIOYEHHMM JBYX p—AN-TIEPEXOAOB, HANPUMED B KOHDUTYparmm
n—p—~n (puc. 121). Y3kuii c/0# ¢ NPOBOOMMOCTBIO p-THHA Kak Ol 3a-
XKAT MEXAY ABYMS CJIOSIMH C JIEKTPOHHON NPOBOAMMOCTBIO. DTY TOHKYIO
001aCTh MEXAY OBYMSI p—n-TIEPEXOXAMM HA3HBAKOT 6a30L TPaH3UCTOPA,
a DPUMBIKAIOMME K Hel obnactu samummepom u kosiexmopom. Ilpu
BKJIFOUEHWH TPAH3NUCTOPA B JMEKTPUYECKYIO LEIHb N0 CXEMe, MOKa3aHHOM
Ha puc. 121, SMUTTEpPOM C/AYXHT JIEBRIA n—p-TIEPEXOH, @ KOJUIEKTO-
POM — nOpaBbi p—h-NEPEXON.

Tpansucroproe ycuienue ¢1aboro CUraana BO3HUKACT 33 CUET TOro,
yTO CaOblil CUrHAM B Lend sMuTrep—0a3a BEI3BIBACT CHIBHOE U3MEHE-
Hye GoJIPLIONO TOKA, IPOTEKAIOUIEr0 MEXAY SMHUTTCPOM U KOJUIEKTOPOM.

YcuamTeas Ha TpaH3ucTOpe. TpaHsuctop Moxer ORTh BKJIAIOUWEH B
37IEKTPMYECKYIO LEMb MHOTMMH criocoOGamu. Tlpocreimas cxema ¢ obmei
Hazoi nanbosee ynobua ans aHanmsa paboTn TpaHaucropa. K smurrepy
(sreBoMy nepexoay Ha puc. 121) nmpuioXeHo mpsaMoe NOCTOSIHHOE HAaIpsi-
xenue oxono 1,5 B, Conporusnenne R, nopsaka 50 Om. Ha sero u no-
AadeTcs MEepPeMeHHKI CHrHAJ, KOoTopeli Tpebyercsa ycunuts. K kosekro-
py npmioxeHo 6osee BHICOKOe 00paTHOE HAampsoKeHwe, Hanpumep 9 B.
Conporusnenue R, B BHXOXHOM uenyu uMmeer nopsaok 104 Om. C Hero
CHUMAECTCS YCWICHHH CHTHAJ.

DnexTpoHu, npomuddyHaupoBaBmKe u3 dMuTTEPa B 6asy, CTaHO-
BATCS TAM HEOCHOBHBIMM HOCHTENsiMM. B o61acTu cnaboro mois mexmay
n—p- ¥ p—n-NEPEXONAMH OHM JBHMXYTCS XAOTHYECKH ¥ MOTYT OKA3aThb-
cst BONM3M p—hn-mepexoaa, OTAensomero 6azy or Kosulektopa. 3aeck
OHM OKA3HBAlOTCH B 001aCTH CHJIBHONO II0JIs, 3ATAIMBAIOMIETO WX B KOJI-
JNeKTOpHHHA nepexof. IIpu 9ToM 9/1eKTPOHB NPUOOPETAIOT JOIOJHUATE b
HYK SHEPTHIO OT IOJst, TAK KAK CIYCKAIOTCH N0 «KPYTOMY CKJAOHY» 3TO-
ro nepexona. I1lpoxoas yepes KO/UIEKTOPHYIO LiENb, OHU CO3JAKT HANpPS-
JKEHNE HA BHIXOXHOM CONPOTUBIEHMM R, ., KOTOpOE Npeacrasaser coboi
VCHJICHHBI OTKJHK Ha CHTHAJ], IPWIOXEHHEHI K Base.

Ipx JOCTATOYHO TOHKON 6a3e GOMbHIAA HOAA IJEKTPOHOB, NMPOHHK-
uux B 6a3y uepes nepsulil n— p-nepexox (99 % u Gosxee), IPOXORMT ue-
pes kostekrop. [Toatomy addexrusrocTs npubopa Beauka. Koaddmuu-
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eHT YCWIEHMS MOXHO OLEHHUTD ciexyoomuM obpasoM. IToutu Bce Hanps-
XEHHE B UEMH IMHUTTEPA NMPUXOZNTCS HAa BXONHOE CONPOTHBJCHHE R, ,

NO3TOMY TOK Yepe3 IMUTTEP MOXHO 3ammcath Kak U, /R... Ecan sech

3TOT TOK MPOXOAMT Yepes KO/IEKTOP, TO HANPSKEHHE HA BHIXOXHOM CO-
NpoTUBJICHHH OyneT NPEBHINATh HANPAXEHWE HAa BXOAHOM B R, /R

L 414l
-} 1|
- -
Basza
Bxon []RiMouoxpucramu- Rc[ Boixox
- ueckuii Ge | -
A\, |
%
Amurrep n-tun 4 nperun | KOIEKTOP
p-THR

a

Puc. 121. Cxematnueckoe n3o6pasxeHne TPAH3NUCTOPA, B KOTOPOM JABE #1-061aCTH MOHO-
KPMCTALIA PasfeneHbl y3Koi 001acTsio ¢ NPOBOAMMOCTEIO p-THia () 1 ycaosHoe n3obpa-
KEHUE TAKOIO TPAHIUCTOPA HA NEKTPUUECKUX cxemax (6)

pa3. Bo cTospKo Xe pa3 BO3pacTaeT MOIMHOCTh BRIXOAHOro curxana. Mc-
TOYHMKOM MOIIHOCTH, BHACAAIOMECHCS HA BHXOOHOM CONPOTHBACHHUH,
apasercs 6arapes, BKIIOYEHHAS B LENb KOJUIEKTOPA.

Tpan3ucrop ¢ p—n—p-CTpyKTypoit paborTaer TaKk Xe, KAK TOJBKO YTO
ONMHUCAHHHI 71— p—n-TPaH3KCTOP, HO TOMBKO 3AECH IEPEHOC 3apsaaa U3 ue-
MH SMHTTEPA B LENb KOJIEKTOPA uepe3 o0nacts 6a3n OCYMECTBAIETCS
NONOXUTENbHHMY ARIpKaMA, [T03TOMY Bee HANpSXeHus 34eCh MMEIOT 06-
PaTHYIO NOAAPHOCTD.

Huterpaiabnusie CXeMpl. B pasaHuYHKEX 37eKTPOHHHX npHGOpax Tpausm-
CTOPH, AHONK!, PE3UCTOPH, KOHAEHCATOPH COSAMHSIOTCS B CIOXHEIE 37IEKT~
pHyecKHe Heny, PasBUTHE TEXHONOIMH B TEYEHNE OCHETHNX RECATIIETHH
MO3BOMHJIO CO30ATH TaK HA3KHBaeMule 6ONbIINE HHTErPaIbHEE CXEMH, B KO-
TOPHIX TPAH3HCTOPHI, THOAK,, COTPOTHBJIEHHUS M EMKOCTH MOXHO MOTYYHTE
B OOHOM MOHOKpHCTa/LUIE (IUTACTHHKE KPEMHHS WM repManud ), dopMupysa
MHUKPOCKOMUYECKU MANIHE p- U n-00nactu. 3areM 3TH 2MEMEHTH CBA3HBA-
0T APYT C APYIOM, METAJUTH3UDPYS COOTBETCTBYIOMME YUACTKM MOBEpPX-
HOCTH KpHCTA/13. KOHXEHCATOPH B TAKOM KPHCTAa/UIE AENAIOTCS C MO-
MOMIBIO OKCHAHHX NOKPHTHI, HApamMUBAEMHX HA NoBepxHocTH. HTer-
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PasIbHASN CXEMA HA OXHOM MOHOKPHCTA/UIE MOXET BHNOMHATh (PYHKIAH Le-
noro npubopa, HanpuMep NPOLLECCOPa B KOMIIBIOTEPE.

Ceeronuonn. ITonynpoBOQHUKOBHE NPHOOPH, KPOME 3AEKTPHYECKHX
Henei, HAXONAT €Ile ¥ UECAHNN pan APYrHX InpHMeHeHwid. Baxuefimmmm
U3 HUX 9BJAIOTCA ONTHUECKHE MPUMEHEHHUS: CBETON3IYYaIomue THOAH 1
JIA3E€PH Ha p—n-NEPEXofax, conHeuHue 6arapen, NeTeKTOPH H3Iy4YeHHS
H TEHEPATOPH MHMKPOBOJHOBOIO M3JIY4YEHHS,

Oxa3ssBaercd, YTO p—N-NEPEXOAb, H3TOTOBJIEHHHEE H3 OCHOBE COEH~
HEHHI 2/IEMEHTOB TPEThell M naroil rpynn rabmuun Menneneesa A3BS,
Takux, Kak apceunn raamus GaAs, ¢ochun rawms GaP, arTumosMz
udaus InSb, moryr npeoSpa3oBmMBAaTh HH3KOBOJBTHHI JMEKTPHUECKHIT
TOK B CBET C AOBOJIBHO BHCOKOH 3deKTHBHOCTPIO. DTO ABJICHHE, HA3H-
BAaeMOE 3JIEKTPOJIOMHUHECUEHIHEH, OBUI0 OTKPHTO eme B Hauane XX se-
Ka B Kpucraanax kapduaa kpemuus SiC.

Haunbonee addeKTHBHAS INEXTPOTIOMHHECUEHINSI MOXET OHTH OCY-
IIECTBJICHA B p—n-Nepexone, rae, NPonycKas TOK Yepe3 KOHTaKT, MOX~-
HO CO3JATh BHICOKYK KOHLUEHTPALHUIO HEOCHOBHHX Hocureneit. Onruue-
CKOE M3JYYCHHE BO3HMKAET MPH PEKOMOMHALMH MEKTPOHA M ALIPKH,
T. €. B HPOLIECCE MEPEXONA MEKTPOHA M3 30HH IIPOBOAMMOCTH B OQHO U3
CBOOOMHBIX COCTOSIHMIT BaJICHTHOH 30HH., ODHEPrMs HCIYCKAaeMOro Npu
3TOM CBETOBOTO KBAaHTA H, CJAECAOBATEIbHO, YACTOTA M3JYyUCHUS ONpeHe-
JIAIOTCS PA3HOCTHIO JHEPrHil HMEKTPOHA B HAUAJIHLHOM H B KOHEUHOM CO-

E} EA
E ho Eq hoo
y T e
a 6

Puc. 122. Cxema 3HepreTH4eckux 30H B KPUCTA/LIAX A%BS Ha PHC. @ TIOKA3aHO PABHOBEC-

HOE pacrpeneeHne 3eKTPOHOB 0 YPOBHAM 3HEPruy, MPH KOTOPOM CBET NOrAOIIAeTCs, @

Ha PUC. 6 — CHIIBHO HEPABHOBECHOE PACTIPENEICHHE JNIEKTPOHOB C HHBEPCHEN 3aCENEHHO-
creit, HeoOXONMMOE ISl YCHIIEHHS CBETA

CTOSHMAX. JTa SHEPrHs HECKONbKO Co/buie MMPHUHK 3aNPEIIEHHOM 30-
HBEl, 3@ COOTBETCTBYIOIIAs YacTOTa y GOMBIIMHCTBA MCHONB3YEMHX KPH-
CTAJUIOB NMPHXOAMTCS HA BUOHMYIO WM OMUXHION uMHGpakpacHyoo o6-
aacte cmexrpa. Tak, cseToqMOAN HA OCHOBE TBEPAOIO pPacTsopa
GaAs,_,P, ucnyckawor kpacHuif cser, a Ha ocHose GaP ¢ mpumecsio
a30Ta —- 3CJICHWI CBET.

Buifop Marepnasos THna coenuueuuifl A’B® nponukToBaH TEM, YTO
Yy HHX JHO 30HH HPOBOJHMOCTH M MOTOJMOK BAJNCHTHON 30HW pacmono-
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>XXEHBl B OJHOM TOYKE NPOCTPAHCTBA MMIYJbCcOB npu p =0 (puc. 122).
3TUM OHM OT/IMYAIOTCH OT TEPMAHHS M KPEMHHS, Y KOTOPRIX MHHUMY-
MBI 30HBI IIPOBOJUMOCTM DACIOJIOXKEHKE! MPH OTJIMYHBIX OT HYJS 3HAue-
HUSX KBA3MMMIIYJIbCA, B TO BpEMI KaK MAKCHMyM BAJICHTHOM 30HHI
TIPUXORUTCS HA 3HaueHue p =0,

B anemenrapHoM akTe morjomeHus ¢GoToHAa ¢ 0Dpa3OBAHMEM Iaphl
JJIEKTPOH—IHPKA M B 0OpaTHOM mpouecce peKoMOMHALMM 3JIEKTPOHA U
IOBIPKM C McycKanueM (hOoTOHA HApAdy C 3aKOHOM COXpPAaHEHHS SHEPrHM
IOOKEH BHIOJIHATHCS 3aKOH COXpaHEeHUs mMnysiesca. Mmmynsc dorona
Aw/c HACTOBLKO MaJ MO CPABHEHHIO C XaPAKTEPHBIMU 3HAUEHUSIMH KBa-
3NUMITYJIBCOB JMCKTPOHA N ABIPKM INPH na}moﬁ TEMOECPATYPE, 4YTO HA
puc. 122 onraueckue nepexoan M300paxaroTcs BEPTHKAILHBIMHM CTpEN-
kamu. Hanpumep, npu pexoMOMHAUMKM 3/IEKTPOH MOXKET HEPEATH U3 30-
HBI POBOXMMOCTH TOJBKO B TAKOE HE 3aHATOE COCTOAHME BAJICHTHOM 30-
Hbi, KOTOPOMY COOTBETCTBYET TaKOE€ Xe 3HAYECHWE KBA3WHMITYJIbCA, Ka-
Koe OBUIO y HEro B 30HE MPOBOJMMOCTH.

IlonynpoBOAHUKOBBIE Ja3epbl. CIIOHTAHHBIE NEPEXOAH SJIEKTPOHOB M3
30HBI IIPOBOAMMOCTH HA CBOOOAHBIE MECTa B BAJICHTHON 30HE B CBETOAHU-
0Iax COMPOBOXAAIOTCH HEKOTEPEHTHHIM ONTHYECKHM H3JIYyUEHHMEM, TaK
Xe€, KaK ¥ CIOHTAHHHIE NMEPEXOAbl M30/IHPOBAHHONO aTOMa M3 BO30YX-
OEHHOIO COCTOSHUSA B OCHOBHOE. [IJI MOJYYCHMS KOTCPEHTHOIO OMTHYE-
CKOrO H3JYYEHHH, T. €. AJAS CO3NAHMS Jasepa, HYXHO O0DECIEeUnTh YCIo-
BUs MpeobIanaHMs BHIHYXICHHOIO M3JyYeHUS HAX CIOHTaHHHWM. B mo-
JIyIpOBOAHMKOBOM Ja3epe, TdK X€, KaK M B ra30BOM, KOrE€PEHTHOE

Tox

Konrakr AKTHBHAS
3arpybnennas 0613CTh
MOBEPXHOCTH
(10 e caMoe
c3anu)

oxepexm{oe

Konrakr H3TyUECHME

Puc. 123. CxemMa yCcTpoicTBa NOJYNPOBOAHMKOBOIO Jadepa

BHIHYXKACHHOEC M3/IyUYCHNE BO3HUKAET IIPM MHBEPCUM 3aCEJICHHOCTEH
JHEPreTHYECKMX YPOBHEH BAJIEHTHON 30HH M 30HHE MPOBOXMMOCTH, KakK
MoKasaHo Ha puc. 1226. Takyio HHBEPCHIO 3aCEJIEHHOCTEHN MOJYYaloT IMy-
TEM HAKAUK4 IJCKTPOHOB MPOIMYCKaHMEM TOKA uepe3 p—n-nepexox. O6-
paTHad CBS3b H3JMYUCHHMS C AKTHBHOM cpenoit, HeoOxonuMasd mis BO3-
HUKHOBEHMSI JI43€PHOM reHepanuy, peanuayercd 6iaarogaps TIarenbHO
OTHOJMPOBAHHKM NApa/UIeNbHEM GOKOBHM IpasHsM MOHOKPHCTasLUIA, 06-
pasylomuM onTUdecKuil pesonarop (puc. 123).
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@otoauonsi. [TosynpoBoqHHKOBHIE NMPHOOPH, B KOTOPHIX UCTIOAb3YETCS
o6partHblil npouecc npeobpasoBaHUA IHEPrUA HMIJAYYEHHASA B IICKTPH-
YECKYIO JHEpTuio, Ha3HBAITCA gomoduodamu. OHU HAXORAT IDHPOKOE
NpHMEHEHHE B COJHEYHBIX Oarapesx.

Poab nponeccos pexoMOuHauuy. [IpuBeseHHOE BHIIE OMUCAHKUE MPHH-
UMA JEACTBHA MOAYIPOBOAHUKOBBIX NPUOOPOB COOEPXAT PSA YIpOmie-
HMH. I'71aBHOE YNpOIIECHME 3aKII0YAETCS B TOM, UTO HE PacCMaTPUBAIACH
pOJIb TPOHECCOB PEKOMOMHALMHM HMEKTPOHOB M HWPOK. Mexny Ttem
NMEHHO PEKOMOUHALMS ONPENENSeT MHOTHE XAPAKTEPHBIE YEPTHI 3/IEK-
TPOHHHX SIBJCHUH B NOJYMPOBOAHUKAX.

B HEKOTOpHX MOJYNMPOBOXHUKOBHIX LEMNSAX, HANPUMED B p—n-mepe-
XOAE, IPH TMPOXOXACHUU DJICKTPHUYECKONO TOKA MPOUCXOAUT CMEHA TH-
na HocuTenei Toka BAoab uenu. Ecau B n-obaacTm TOK mepeHocaT
[JIABHEIM 00pa3soM 3JIEKTPOHHI MIPOBOAMMOCTH, TO B p-o0/acTH 3TOT Xe
TOK NEPEHOCAT I7IaBHHM 00pasoM HBIPKM BAJIEHTHOM 30HEI DJEKTPOHH!
M IORIDKM OBMXYTCS B TAKOM LIEMM HABCTpPeuy APYr APYry, npubamxa-
IOTCH K p—A-TIEPEXONY M, MEPecexkas ero, CTaHOBATCH HEOCHOBHEIMM
HocurenaMu. [loBHIIEHHAS KOHLEHTpAHUs HEOCHOBHHIX HOCHTENCH B
TIPAMBIKAIOMHUX K p—n-TIEPEXORXY YYACTKAX NPHUBOTUT K HMHTCHCHBHOM
peKOMOMHALIMY 3JEKTPOHOB M ARIPOK.

AHAJIOTMYHBIA PEKOMOMHALMOHHBEIA MEXAHU3M «Epefaun 3cTaders»
OT HOCHTENEM OQHOIO THNA K APYIMM MMEET MECTO BOMM3M KOHTAKTA MON-
BOASILErO METAJUINYECKOrO MPOBOAHUKA C MOJYIMPOBOXHMKOM pD-THMA.

SIBHOE pACCMOTPEHHME PpONM [IPOLIECCOB PEKOMOMHAIMH MO3BOJAET
OOBSCHUTh OCHOBHHIE OCOOEHHOCTH AEHCTBUS TpaH3UCTOpoB. Jas HOp-
MapHOM paboThl TPAH3UCTOpAa HEOOXOXUMO BHIIOJHEHME ABYX BAXKHBIX
ycnosui. Ilpexne scero 6a3a nosxHa OnITh ZOCTATOYHO TOHKOM. Kpome
TOro, KOHLEHTPAUKUsI NPHUMECEH B SMUTTEPE NOJXKHA HAMHOIO IIPEBOCXO-
OUTh MX KOHLIEHTpauuioo B Gase.

O TomuMHe W NeruposaHuu 0asml TpaHsucropa. Tonkas 6asa xena-
TEJbHA II0 HECKOJIbKMM HpuumHaM. Bo-nepshix, mna sddexTusHOM pa-
B6OTH HEODXORAMMO, YTODH B KOJUJIEKTOP IONAJA BCE TE HOCHTENH, KOTO-
phie nOXuHyau amurTep. Ho HekoTophie U3 HocHTENEH HensbexHo OynyT
audyHAUPOBATh K IJEKTPHUECKOMY KOHTaKTy 6a3el BMECTO TOIO, YTO-
6nl, mepecekas 6a3y, HOXOAMTH OO KoJuteKTopa. JLojs 3/JeKTPOHOB, Ha-
WeAmuX A0pory Kk 6a30BOMy KOHTAKTY, 3aBMCHT OT reoMerpud 6asH M
TEM MeHbIIe, YeM ToHbme 0a3za. JTOT TOK, KOTOPHI HA S3HKE BAKYyM-
HEIX JIAMII MOXKHO HA3BaTh CETOYHHM TOKOM M KOTODHI HOMXEH OHThb
KaK MOXHO MEHBIIE 110 CPABHEHHIO C TOKOM B IIENMH SMHUTTEpPa (KaToAa),
TeM MEHbLIE, YeM TOHbuIe 0asa.

Bo-BTOPHIX, C YMECHBINCHHEM TOMMMHE 0a3Hl NaAaeT BepoOSTHOCTD TO-
ro, YTO SMHTHUPOBAHHKIH DJIEKTPOH pPEXOMOMHMpYET B Da3e, NPEXIE YeM
npopuddyHsupyeT K KomwtekTopy. I1ockoasKy TOK TpaH3ucTOopa B Gase
CO3MaeTCs HEOCHOBHHIMM HOCHTE/NSAMM, UX PeXOMOMHALUS BECHMa BEpO-
STHA M IOMXHA OHTb CBEAEHA K MHHHUMYMY.
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B-Tpersux, XapakTEPUCTHKH TPaH3HCTOPA YXYAMIAIOTCH TIPH BHICO-
KMX YACTOTAX CMIHAJIOB M MpPENeJbHAs YACTOTA OMPENENsSeTcs B OCHOB-
HOM rtonmuuoi Gasm. IIpuGop MoXer yROBMETBOPUTENBHO paGoTaTh
TO/BKO A0 TeX MOp, Moka BpeMs Auddy3un HocuTeneit uepes 6asy MeHb-
me nepuona KoaeGaHui yCIIMBAEMOIO CHIHAMA: €C/IH HAMPSIXEHHE I0-
MEHSET 3HAK NpEeXHae, YeM GOMBIIMHCTBO SMHTHPOBAHHHX 3I/MEKTPOHOB
nepeceuer 6a3y, OHM yXe He JaAyT BKJIaAa B TOK LEMH KOLIEKTOpa.

Jlerko noHSATH M NPHUYHHY TOTO, MOYEMY CTENEHD JETHPOBAHUS 6aspt
OOMXHA OHTh CYIECTBEHHO HHXE, YEM Y IMHTTEPA. Bo-nepBux, ueM Bh-
e CTeneHb JIETMPOBaHHs 0a3n n— p—n-TPaH3ucTOpa, TeM Gonpme oHA
conepxuT anpoK. CaeqoBaTebHO, H BEPOITHOCT TOTO, UTO 3JIEKTPOH pe-
KOMOUHHDYeET C QRIPKOi IpexXie, YeM JOCTHTHET KOJUIEKTOpa, Goabme, a
370 HEXENaTeabHo. Bo-BTOPHIX, KOrna K SMHTTEPY NMPHIOKEHO HATIPSKE-
HHUE B IIPSMOM HANPABJEHMH, BO3HHKAET HE TOJILKO MOTOK 3IEKTPOHOB M3
aMurrepa B 6a3y, HO H AHPOUHKIL MOTOK 3 6a3u B aMutTep. UTo6OH Na-
PasHTHBI NOTOK U3 6a3bl B SMUTTEDP OBUT MHOTO MEHBINE MOTOKA M3 AMHUT-
Tepa, CTENneHb JErHPOBaHUA 6a3k J0MXHA OHTH Manoil.

PexoMOuHaums B jasepe. PekoMOHHALMS 2JEKTPOHOB U AWPOK MIPacT
6oasmyio ponb u B paboTe NOMYNPOBOXHMKOBOIO J1a3epa, riae MHBEpCHAS
33CENEHHOCTD AOCTUTAETCS NPONYCKAHMEM TOKA YEPE3 p~n-Mepexox, pu-
BOASIHETO K YBEJHUECHHIO KOHLEHTPAUMH HEOCHOBHHX HOCHTENEH 1o ofe
CTOPOHH epexona. B6uan p—n-nepexona uaetT peKoMOUHALUS 3/1EKTPO-
HOB ¥ AbpoK. [Ipy HH3KHX 3HAUEHUAX CHJIH TOKA npeoénanaxomeu MOXET
ObiTh Ge3nznyyarensHas pekoMOMHALMS, HO KOrAa HEPABHOBECHHE KOH-
LEHTPALHM HEOCHOBHMX HOCHTENEH CTAHOBATCS HOCTATOUHO GOMBmMHMH,
Bce Gosbiee 3HaueHNe npuobperaeT pexoMOuHALMA C UcTyCKaHueM GoTo-
HOB, MPUBOAAMAN K HEKOT€PEHTHOMY ONTHUECKOMY uanyueHuo. Ilpu
oueHb GOMPIINX KOHIEHTPALHKAX HEOCHOBHBIX HOCHTEEN, KOTAA CO30aeTcs
WHBEPCHS 3aCEICHHOCTEH M BHHYXAEHHOE M3Jy4YeHHE npeobnagaer Hax
CIIOHTAHHKIM, HCIIYCKAEMBIA CBET CTAHOBUTCSA KOI€PEHTHHM,

¢ Yro takoe p—n-nepexoa? Kaxk o ycrpoen?

e Kakue npuuuHbl NPUBOAAT K NOSBJCHUIO 3NCKTPHUYECKOrO MO/ W NOTEHLM-
ansHoro Gapsepa Ha rpaHuue p- W n-obnacteir?

e Yrto Takoe ocHOBHblE M HeoCHOBHule HocHTenn? IloueMy HeoCHOBHBIE HOCH-
TeW 3apsafa CoCcpemRoTodeHs! BONM3W p—n-nepexona?

o [IloueMy aneKTpUYEecKoe MoJie B p—h-Tiepexone Npencrasiser coboli 6apbep
1S OCHOBHBIX HOCHTENEH Y KPYTOH CKJOH ANS HEOCHOBHBIX?

o Kaxk usMeHseTcs noTeHUHANbHBINI Gapbep MeEXAY p- M n-obaactaMu npu
NPUIOKEHHH K HeMy MpAMOro ¥ ofpaTHOro HanpskeHus?

e UYeMm o6bsicHAETCHS acHMMETPHYHBI BMA BONLT-aMiEPHON XapaKTepPUCTHUKH
p—n-nepexona?

e Hapucyiite cxeMBl OHONONYMEPHORHONO U ABYXMOJYNEPUORHONO BBINIPAMH-
Teneil ¢ UCMONB3OBAHUEM MOMYNPOBOXHUKOBBIX AMOKOB.
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Kak ycrpoen Tpausucrop p—n— p-tuna? Onuwnre, xak od paboraer B cxe-
Me ycuautens ¢ obuesi 6asoft.

Paccmorpure paboty B KadecTse YCHAMTENA TpaH3HCTOpa p—n—p-THna. B
KaKoil MoJISPHOCTH HAOMXHBI ObITb BKJIIOYEHbl HMCTOYHHUKM MOCTOSHHOMO Ha-
NpsiXeHHUs BO BXORHOM ¥ BLIXOAHOM uengx?

Kak ouenurs KoadppuuueHT ycuneHus TpaHsucTopa?
Yo Takoe MHTErpansHas MUKpocxema?

MoscHure, noyemy nonynpoBOAHHKOBbIE KPUCTANIbI MOMIOIAIOT U U3NTYyYAIOT
CBET B BUAUMOMA ¥ GnnxHelt MHdpakpacHol obracTy cnekTpa.

Kakue 0coGeHHOCTH CTPYKTYpPbI 3IHEPreTHYeCKMX 30H KPUCTAIOB THra
A3B% onpenensoT UX NpUMEHEHUE B KauecTBe MaTepHasa AflS U3rOTOBJCHHUS
CBETOQHONO0B M MOAYNPOBOSHUKOBBIX J1a3epoB?

Kakyio po/ib UrpaeT 3aKOH COXPAHEHUS MMIy/bCA B MPoUECCAX B3auMOmels-
CTBUA CBETa C 3/1EKTPOHAMM M OBIPKAMH B MOJYNPOBOAHMKAX?

Kakum 06pa3oM oCyLiecTBASETCS HHBEPCHS 3acesieHHOCTel B MOMynpoBof-
HUKOBBIX Jiazepax?



Viii. ATOMHOE ARPO U DIEMEHTAPHbBIE YACTHLLbI

§ 38. Crpoesue atomHOro sppa

CymecTBOBaHHME ATOMHEX SAEP BNEPBHE OBUIO IKCMEPUMEHTANIBHO HOKA-
3aHO B 3HaMEeHUTHIX onbitTax Pesepdopna mo paccesHuio anbgha-yacTuil.
B 3THX OnBITaX YAaJOCh TAKXE YCTAHOBHTHL pasMepn siapa. Okasanock,
yTo muamerp dapa umeer nopsaok 10712—10713 M. B wmrore Bo3HuKia
IUIaHeTapHas MOAENAb aTtoMa, Koropas Owuta aetanpHo paspaborana
H. BopoM. Teopust Bopa no3Bosmia obbacHUTE MHOTME HabmropaeMbie
CBOMCTBA aTOMOB.

AToMHOe AP0 HA 3eMie H B KOCMOCe. MHOrOYHC/ICHHBIE OMBITHEIC
(hakTe, Takue, KaK €CTECTBEHHAas M UCKYCCTBEHHAs DPagvOaKTHUBHOCTD,
gIepHBIE PeaKUHH, CBUAETEIBCTBYIOT O CI0XHOM CTpoeHHH sapa. OxHako
B OKPYXaIOIEM HAC 36MHOM MUDE ATOMHBIE SApa, KaK MPAaBWIO, CYyIIECT-
BYIOT TOJIBKO B CBOMX OCHOBHHIX 3HEPreTHYECKMX COCTOIHUAX. Bosbmun-
CTBO siEP BEAYT ce0st COBEPIMIEHHO MACCHBHO, BHICTYNAS JIMIIb HOCUTEA~
MH JIEKTPUYECKOTO 3aPSI/ia M MACCHl, M HHKAK HE MPOSBJISIOT CBOMX BHYT-
PEHHMX AMHAMHYECKHMX CBOMCTB. DakTuuecku HA 3emiIe BCE MHTEPECHBIE
SUICPHBIC SIBICHUS MPOMCXOMAT TOJIBKO B CO3NAHHOM PYKaMH UEOBEKA HMC~
KYCCTBCHHOM MHDE SICPHHIX PEAKTOPOB M YCKOPUTENCH 3aPSKEHHBIX Ya-
cruu. Haubonee BOEYaTASIONIHE SBIEHUS PA3LIrPHIBAIOTCS B TMTAHTCKAX
YCKOPHTENSX, CIIOCOOHBIX COOOMMTS Pa3rOHIEMBIM YaCTHLAM- «CHAPIAAM»
OrpOMHBIE SJHEPTMH, HE BCTPEUYAIOMIMECS B OOBIYHBIX YCIOBHSIX.

Wnaue obcrout genc B Macwrrabax BcemeHHo#. JHepreTMueckue
MIPEBPAILIECHUS, MPONUCXOASIIKME B HEAPAX 3BE3, KBA3apOB M ADYTUX KOC-
MHUYECKAX OOBEKTOB, — 3TO apeHa INPOSBJICHUS THHAMUUECKUX CEOMCTB
4P M DJIEMEHTAPHBIX YaCTHH. B KOHEYHOM MTOre MMEHHO 3THIM MpO-
1eccaM Mul 00S93aHBI BCEMHM AOCTYIHBIME HAa 3eM/Ie HCTOYHMKAMM JHED-
run. I caM cocTaB OKpyXamomiero Hac CErogHd MaTepMasbHOTO MMpa
npencraeiaser cobOM NPOAYKT SOEpHLHIX pPEAKLWM, IPOMCXOHSIIMX HA
NMpOTSIXEHUH UCTOPUH Bcenenuoit.

CocTas aroMHOro sapa. [1o coBpeMeHHBM NPEACTABACHUSIM SOPO aTO-
Ma no00ro 97eMeHTa COCTOMT U3 NPOMOHOG U HEiMPOHOE, HAa3RIBAEMEIX
nyxaonamu. OCHOBHBIE XapaKTEPUCTHKY CTAOMIBHHIX SIAEP — 3TO 3apsi-
dogoe vucno Z, paBHOE YMCITY NPOTOHOB, BXOAAIIUX B COCTaB sapa, U
Maccosoe uucao A, paBHOE NOJHOMY 4YHMCNAY HYKJIOHOB B smpe. Ymcio
N HedTpOHOB B sApe, OYEBHIHO, PAaBHO pasHocTH A — Z.
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Tak kak 3apsa mporoHa npeacrapager coboit 3aeMEHTaPHHM Nono-
XHTENbHRA 3apsan e = 1,6-107!% K, 1o snexTprueckuit 3apsy sapa pa-
BeH Ze. B HelTpasIbHOM aTOME NOJHOE YMC/IO 3JIEKTPOHOB B 3JEKTPOH-
HOM obonouxe pasHo Z. [Toaromy 3apaaoBoe uucao Z sapa COBNANAET C
MOPAAKOBEIM HOMEPOM JJIEMEHTA B TIEPHOAWYECKOM cucTeme Menneneena
U ONpEnedeT BCE €r0 XUMHUYECKME CBOMCTBA.

Hapsany ¢ TepMHMHOM «SApo aToMa» HUCIOJAB3YETCH TAKXKE TEPMHH
#ykaud. HyKnupsl ¢ OMMHAKOBBIMYU 3aPSAOBRIMH YHCAAMM Z, HO pas3auy-
HBIMH YHCJIAMM HEHUTPOHOB N, Ha3HBAKTCA U30mMonami, TaK KaK COOT-
BETCTBYIOT OJHOMY M TOMY X€ XMMHMYECKOMY JJIEMEHTY, T. €. OQHOMY H
TOMy Xe Mecty B Tabanue Mennencesa. XuMHUECKHE 3/IEMEHTH HMEIOT
10 HECKOJIbKY M30TOMOB M B MPUPOJE BCTPEUAIOTCS B BUJAE CMECEH orpe-
IEeJIEHHOTO MPOLEHTHOrO coctasa. Hykinuan ¢ ofMHAXOBHIMEA MacCOBLIMM
ynciamMu A, HO ¢ pasauuHsiMH Z W N, HAasnBawTCca uszobapamu (T. e.
OZMHAKOBO TSIXKEJIBIMH ).

Maccel OPOTOHOB M HEWTPOHOB OueHb ONM3KHM: Macca IPOTOHA
m, = 1836,15m,, macca weiftpona m, =1838,68 m,, mme m, =
=0,91095-1073% kr — wmacca snexrpona. I[losTomMy Macca Hyxauaa
MPAKTHYECKH ONMPEnensiercss OOMMM YUCIOM A BXOOAIMMX B HEFO HYKJIO-
HOB, 2 He 3HaueHMaMu Z u N, 332 aTOMHYI0 eMHHMLY MaccH (a. e. M.)
npuHuMaoT 1/12 yacTe Macch Hykauaa usorona yraepopa ‘2C, comep-
xamero 12 nykionos. [To3TOMy B aTOMHBIX E€AMHMIAX Macca JoOOro
HYKJIOHA TOYTH HE OT/IMYAETCd OT EAMHHMIK. B 2THMX €guHHIAX Macca
a1pa npuOAMXEHHO paBHA MAcCOBOMY UMCRY A.

Oueprud cBa3u. Herounoe coBnagenue MacChl HYKJIHAA € €10 MACCOBBIM
uuCI0M O0YCJIOBJAEHO HE TOJLKO PasJHUYMEM MACC NPOTOHOB M HEHTPO-
HOB, HO W TEM, UTO MX MAacCH HE CKJIaAbIBAIOTCS ANXMTHBHO B Maccy 06-
pasyeMoro MMm Hykauga M.

M< Zm,+ Nm,.

PasHocTh MEXAy CYMMOH MAacC MPOTOHOB M HEHTPOHOB Zm, + Nm,

M Maccoit aupa M HasmuBaerca dedpexmom maccel. dedexT Maccu onpe-
HENSAET IHepeuro cés3u dapa £ ;, T. €. Ty JHEPruio, KOTOpYyo Heobxoxu-

MO 3aTPATHTh, YTOOH pacmENnnTh SIpO Ha OTAENBHEIE HYKJIOHH!:
E = (Zmy,+ Nm, — M)c% (1)

Coornomenune (1) apaserca caeacTsuem oOLeil peaTTHBUCTCKOH
dopmynst Ey = myc?, CBS3HBAIOMIEN JHEPTHIO MOKOS JI0G0I0 T3 C Ero
maccod my. OUEeBHAHO, YTO IHEPIHs CBSI3U XapPAKTEPH3YET B3aMMOACH-
CTBHE MEXAY HYKJIOHAaMH B SApe.

AnepHubie cuapl. CUIH, yIEPXKUBAOIINAE HYKJIOHH B 9ApE, HA3bBAWOTCH
20epHbiMU. DTH CWIBL NPEACTABJASIOT CODOIl NPOABJIEHHE CaMOro MHTEH-
CUBHOTO M3 HM3BECTHHIX B (PU3NKE B3AUMOACHCTBHM -— TAK HA3BIBAEMOIO
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CcunbHo20 @3aumodeicmeust. SinepHue CHIR, ACHCTBYIOIMUE MEXAY ABY-
Msi [IPOTOHAMH B SApE, IPUMEPHO HA ABA NOpAAKa GOJIBIIE KYJIOHOBCKHX
37IEKTPOCTATHYECKMX CHJI, AEHCTBYIOMMX MeXay HumH, H B 1038 pas
GosibIIe CUA MUX TPABMTALMOHHOIO B3AUMOACHCTBHA.

Ha ocHOBAHMM ODBITHHIX JAHHBIX MOXHO 3aKJIOUMTH, UTO HENTPOHKI
U TPOTOHHEI B SAPE B OTHOIUEHHH CHJIBHOTO B3aMMOACHCTBHA BEAyT cels
NpPAKTHYECKH OOWHAKOBO: SAEPHHE CHAB MEXOy ABYMs IIPOTOHAMH,
JBYMS HEHTPOHAMH WJIM NIPOTOHOM M HEWTPOHOM HepaszamuuMmi. [loaro-
My MPOTOHB ¥ HEHUTPOHBI B SAPE PACCMATPHUBAIOT KAK ABA DPA3JIHUHBIX
3apSNOBHX COCTOSHUS OJHOM M TOM e 4acTHUH—HYKJOHa. HesaBucu-
MOCTb SAEPHBIX CHJI OT 3apsiIOBONO COCTOSHHMS HYKJIOHOB HAa3HBAETCH
U3OMONUHECKOU UHBAPUAHMHOCMBIO.

IleitcTBrE SAEPHEIX CUJI OBICTPO CIIANAET C PACCTOSHUEM: HA PACCTO-
sHUSX Gomemux 2-107! cM ux meficrBMe He nposBasercd. BIUoTe mo
paccrosans mopsaaka 0,7-107!3 ¢cM oHM nMpoSBASIOTCS KaK CHMJEL IMPHUTS-
JKEHMS, HA MEHBIUUX PACCTOSHMAX — KaK CHIbl OTTANKUBAaHWA. Cuiani
OTTAJIKMBAHHS HACTOJIBKO OBICTPO PACTYT C YMEHBUICHMEM DPACCTOSIHUSA,
4YTO HYKJIOHB B p€ MOXHO DacCMAaTPHBATb KAaK COMPHKACAIOUIHECT Ya-
CTHIIH HEM3MEHHHX Pa3MEpOB.

Pasmepnl saep. PasMeprl gaep 3aBUCAT OT 4MCJIA COXEPXAMMXCT B HUX
HYKJI0HOB. CpeRHsis KOHUEHTPAUUs HYKJOHOB B SApe /IS BCEX SAEP C
A> 10 npaxTHUecK¥ ONMHAKOBA. IJTO 03HAYAeT, 4TO OOBEM SAapa IpH-
MEpPHO NPONOPUHOHANCH YNCIY HYKJIOHOB A M, CJIENOBAaTEJIbHO, €ro pa-
AMYC mponopunoHaneH Al3:

R= R, A8, (2)

rae Ry~ 1,2-10713 cM. T170THOCTD sA€pHOI MaTepuy YPE3BEIUAKHO BEIH-
Ka IO CPABHEHMIO C ILUIOTHOCTBIO OOBIYHBIX BEIECTB M COCTABJSET OKOJO
1014 r/cM3. Takas TWIOTHOCTb BELIECTBA XAPAKTEPHA M A HEKOTOPHIX
KOCMUYECKHX OObEKTOB, HAIIPUMED HEWTPOHHBIX 3BE3] — MYJIBCAPOB.

Oxa3sblBaeTcs, UTO SHEPrHs CBi3u E , TAKXE NPEMEPHO MPONOPIHO-
HAJbHA YMCAY A HYKJIOHOB B #/lpe, TaK 4TO YACAbHAs JHEDPIus CBSA3U
E_/A (T. e. 2HEprus CBS3M B PacyeTe Ha ONUH HYKJIOH) cabo MeHSeTcs
opu usMeHeHuHd A, g GOnblUMHCTBA SAEep 3HAUEHHUE E_ /A nexur B
uHTepBase or 6 10 8 MaB/uyxion.

DHeprus CBA3¥M M COOTHOIIEHUS HEOMPENeNeHHOCTEeH. YAenabHyo
SHEPTHIO CBS3M MOXHO OLCHMTb Ha OCHOBE M3BECTHHIX Pa3sMEpOB sapa ¢
MOMOIIBIO COOTHOMEHUH Heonpeneaennocreit Ieitsenbepra. Korma nyx-
JIOH HAXOOUTCS BHYTPH AAPA, T. €. JOKANH30BaH B 00,1aCTH pasMepoM Io-
psifika R, HEOMPEAEJEHHOCTh Ap B 3HAUYEHHH €r0 MMITYJIbCa COCTABJSET

Ap ~ R/R.

Tak Kak caMO 3HAYEHHE UMIYJIbCA p HE MOXET OHITh MEHbIIE ITON
. HEOTIPENENEHHOCTH Ap, TO 3TY XK€ OLEHKY MOXHO MCHOJIb30BATh M VIS
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HMITyJIbca HYKJ0Ha p. COOTBETCTBYIOIIEE TAKOMY MMIYJbCY 3HAYEHUE
CKOPOCTH HYKJIOHA MaccH m = 1,7-10724 r cocTaBAsSeT HECKOIBKO AECS-
THIX JOJIEH cKopoctd cBetd. [Io3TOMy ero KMHeTHuYecKas SHEprus onpe-
JeNseTCd HEPEIATHBUCTCKAM BHIDAXXEHMEM WM paBHA

2 2
p h =~ 10 MaB.

~

= m 2mR?

Ey

Tak Kak HyKJIOH B SAPE HaXOOWUTCS B CBA33HHOM COCTOSIHUH, TO IIy-
OMHA NOTEHLHANBLHOM SIMBI, B KOTOPOM OH ABHXETCS, MMEET MO KpaHei
MEpE TAKOH XE€ NOPAAOK BEJUYHMHEL.

Tlonaras HEONPEAEJIEHHOCTb B 3HAUEHUH MUMITYJIbCA OXHOTO MOPAAKA C
CAMHM HMIIYJIBCOM, MH 3aBEIOMO CUMTAJIM, UTO IIOBEICHUE HYKJIOHA B S1-
pe Heb3s ONMHCHBATH KaK ABHXEHHE K1acCMueckod yactuinl. K takomy
’Ke BRIBOAY MOXHO NPUHTH HA OCHOBE IPEACTaBJIcHHUH O BOsHax aAe bpoit-
ns. Ecnv ougHUTh 3HAUCHHME UMITY/IBC2 HYKJIOHA Ha OCHOBE M3BECTHOM U3
OIBITA SHEPTUH CBS3M HA HYKJOH M MORCYMUTATH COOTBETCTBYIONIYIO TAKO-
MY UMITYJIbCY JJIMHY BOHH n¢ Bpoiinsd, TO 0Ha OKaXETCd TOro Xe nopsg-
Ka BEJIMYMHBI, UTO ¥ Pa3Mep sapa.

3Hauenue yaeabHoM sHeprun cssasu 10 MaB/HykioH cocraBaseT me-
HEE OAHOIO NMPOLCHTA SHEPIMM NMOKOS HYKJIOHA mpc2 =~ | I'sB. Iloaromy

OEACTBUTENBHO MOXHO CUMTATh, UTO SAPO COCTOMT M3 OTHEABHBIX HYK-
JIOHOB, KOTOPHIE COXPAHAIOT CBOI0 HHIHBHIYAJbHOCTh H BHYTDH szpa.

AHasiorMuHEE COO0PaXEHHs [MOKA3BBAIOT, YTO B COCTAB SAPA HE MO-
YT BXOOUTH INEKTPOHH. EC/IM 3J1EKTPOH JIOKAAM30BAaH B AApE, T. €. B
obnactu pasmepom R= 107!3 cM, TO ¢ NOMOIIBIO COOTHOIIEHHMH HEOMpE-
JEJEHHOCTER MOXHO YOENNThCH, YTO OH OyAeT yJIbTpapensaTHBUCTCKUM C
KMHETHYEeCKO# sHeprueH E, =~ pc =~ (0,2 ['3B. 310 3HaueHue cymecTBeH-
HO IPEBOCXOAMT M DJHEPrHMI0 TOKOS I3INEKTpoHa, paBHYyw 0,5 MaB, n
SHEPruIO CBSI3M SApa B pacuere Ha ofHy uvacrtuny. Ilocremuee, ecrecr-
BEHHO, HECOBMECTHMO C IPEONOJOXKECHHEM, YTO INEKTPOH HAXOXUTCH
BHYTpH $apa.

KanenbHas Mojenabs sapa. O npuCaukeHHOM MOCTOSHCTBE YAENBHOM
SHEpPruM CBA3M IS PA3JUYHHX SAEp TOBOPAT KaK O HACHINECHMM anep-
Hux cu1. OHO (hakTHYeCKH 03HAYAET, YTO KAXAb HYKJIOH 3ddhexkTnrHO
B3aMMOACHCTBYET HE CO BCEMH HYKJIOHAMH sixpa (B 3TOM Ciayyae npu
A>>1 5Heprug cBs3u GbU1a 66 NPONOPUHOHANLHA AZ), a UMb CO CBOMM
GxafimuM OKpyXEHHEM. DTa CUTyaluMs A0 HEKOTOPOM CTENeHM aHa-
JIOTHYHA TOM, KOTOPAs BCTPEYAETCS NMPU ONMCAHMH B33UMOACHCTBHASI MO-
JIEKyn XuAKOCTH. Taxkas aHaMorWs B CBOE BpEMSI IOCTYXHIIA OCHOBOM
JAJIsL CO3JaHMA TaK Ha3hBAEMOH kaneabHoU Mmodenu $SApa, B KOTOPOH
MPUHUMAETCS, YTO SAPO BeaeT cefd noxoGHO Kame HeCXKUMAeMOM 3aps-
XenHo# xuakoctd. C moMombio dopMysnt (2) MOXHO ONpPENCAMTE He-
KOTOpHE IapaMeTrpH TAKOH SOepHON XMIKocTH. i KOHHEHTpauuu
HYKJIOHOB B Siipe, OUEBHIHO, MOXHO HAIUCATh

A 3

n=—>"—=—"2n~10¥cm3
4/3)7R>  4nR
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Orcroga a1l IJIOTHOCTH SAAEPHOrO BEMICCTBA UMEEM

p~ myn=~1,4-10"r/cm3,

4YTO COBNANAET C MPHBEACHHRIM BHIIIE 3HAYeHHEM. HeTpyaHO oueHUTL M
CpeaHee paccTosHUE (r) MEXIY HYKJIOHAMH B f7pE:

(N~nB~~231078 cm.

[TockoMbKY KOHUEHTPALMUSA n HYKJIOHOB, IUIOTHOCTh P BEIIECTBA B
SApe, a TAKXE CPeNHEE PacCTOSHUE (r) MEXAY HYKJIOHAMM IPAKTHUYECKH
OAMHAKOBHl BO BCEX SAApPAX, TO SANCPHOE BEIIECTBO B KANEJBHON MOAEIH
9apa MOXHO CYHTATH NPAKTHUYECKH HECKHUMACMEIM,

KanespHasg MOZEIb NO3BOMKA OIMUCATH HE TOJIBKO OCHOBHOE COCTOS-
HHUE 91pa, HO M HEKOTODHIE U3 BO30YXKIEHHBIX COCTOSIHHIA, PACCMATPUBAS
ux xak konebauus opmer rmoBepxHocTH Karwn. ONHAKO 9Ta UPE3BHI-
YAHHO NpPOCTas MOAEJIb HE B COCTOSHHHU OOBSCHWTH BCEr0 MHOToo0pasug
Ha0/II00aEMBIX CBOMCTB aTOMHHIX SAED.

KyJIOHOBCKOE OTTAaJKHBAHME NPOTOHOB. DHEPTUA CBA3H HYKJIOHOB B
S/ipe YMEHBIIACTCS M3-3a2 KYJIOHOBCKOTO OTTAJKMBAHUS MEXXY NPOTOHA-
MHU. JTO KYJOHOBCKOE OTTaJKMBAaHHE SBJASETCS NAIBHONEUCTBYIOIUM B
OTJIMYUE OT «KOHTAKTHOIO» CHJIBHOIO B3aUMOACUCTBHS, AEUCTBYIOIIErO
TOJIBKO MEXAY CONMpHKAcaroluMuca HykJoHamu, [ns nerkux saep acg-
¢hekT KYJIOHOBCKOIO OTTAJKMBAHUH HE HIPAET CYMICCTBEHHOM POJM, HO
INS TSXEAHX SAEp CMTyauus yXe uHasg. B camoMm gese, sHeprus KyJio-
HOBCKOIO OTTAJIKMBAHUS ONPENENIETCd NONMAPHBIM B3aNMOACHCTBHEM
BCEX Z MNPOTOHOB $Apa M IIOTOMY MNpPOINOp-

uuoHaasHa Z(Z — 1), T.e. nponopuuo- %gg
HampHa Z2 npu Z>> 1. Dueprus NpUATAXE- 128
" HUS HyKJIOHOB H3-33 CHJIbHOTO B3aMMOAEii- 29
CTBHMS, KaK yX€ OTMEUaJoCh, MPOMNOPLMO-

Ha/bHA TIOJHOMY 4YMCAY HYKJOHOB A. Tak
KAaK YMCJIa IPOTOHOB M HEUTDOHOB B YCTOM-
YMBHIX SAPaX NMPUONM3UTENHLHO OAMHAKOBHI,

R
Hzoronst 2 \
% ..

2,
%

Yucno Heirrponor N
oo
S

e
oo
T Tt 1

TO 5Ta JHeprus (aKTHUECKH IPONOPIHO- 56

vanpaa Z. Ilosatomy c poctoM Z ponb Ky- 28

JIOHOBCKO# 3HEPrHHM YBEJIMUMBACTCH. ITHM 23

0ObICHAETCS YMEHBIICHHUE YACJIBHON 3JHEp- 16%

UM CBS3M TSIXENBIX SAEP C BO3pacraHueM Z. LA ST
SlmepHble CBA3W MEXAY HYKJOHAMHU Ha- 0 81624 40 56 72

ubosiee TNPOYHBI, KOAA YMCJAA IPOTOHOB U Hucno nporowos Z

HEUTPOHOB Z M N OQMHAKOBHI, T. €. B 4Ape Puc. 124. Yucno mnpoToHos H
Kak 6nl 00pasyloTcs NpPOTOH-HEHTPOHHBIE HEATPOHOB B CTAGMMBHBIX sIpax
napel. I[lo3TOMYy Yy Jerkux CTaOMJIBHBIX

saep, DA€ pPOJb KYJOHOBCKOIO B3aWMONENCTBUS HEBEJMKA, YHCJIA
IIPOTOHOB M HEUTPOHOB OXMHAKOBH. OAHAKO y simep ¢ GoAbmHUMH aToM-
HBIMH HOMEpaMHd A1s ofecredeHus yCTOMYMBOCTH TPeOYIOTCS HONOJIHU-
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TEJIbHEIE HEWTPOHH. JTO O0YC/AOBNEHO BO3PACTAHMEM OTHOCHTEILHOMN
pPOJIH KYJIOHOBCKOIO B3aHMOAEHCTBHA MEXKAY MPOTOHAMH. YCTOAYHUBOCTH
Apa C POCTOM Z [OCTHPAeTCS BIUIETEHMEM BCe OOMBIIENO YHMCIa HeM-
TPOHOB. DTO OTYET/IMBO BMAHO M3 LHATPAMMBEI YCTONUYMBHIX H30TOMOB,
MOKA3aHHOM Ha pHUC. 124. ¥V gamep 37eMEHTOB, CCAYIOMMX 33 CBHHLOM
(Z>82), yxe Tak MHOIO NPOTOHOB, UTO NOJHAS HX CTAGMWIBHOCTB
OKa3hIBACTCH BOOOWIE HEBO3MOXHOIMA.

Haunbonpmei ycTofunBOCTBIO ¥ PACIIPOCTPAHEHHOCTHIO B IIPUPOAE OT-
JIMYAIOTCH SAPA, Y KOTOPHX YKCJIO MPOTOHOB MJIM YHCJIO HEUTPOHOB PABHO
OOHOMY U3 TaK Ha3KBAaeMHX Macuueckux uucen: 2, 8, 20, 28, 50, 82, 126.
Ecnu y a1pa ofHOBPEMEHHO SBASIOTCS MAardyeCKMMM KaK YHMCI0 HEWTPO-
HOB, TaK H YHUCJIO MPOTOHOB, TO TAKHE ABAXKAB MarM4ecKue aapa OTaHyYa-
10TCst 0cODEHHO GONMBIIOH ycTOMuMBOCTRIO. Takux slep Beero nate: sHe,

10, 39Ca, 38Ca u 2%Pb. IoBBImIEHHAs YCTORUMBOCTD MAarMYecKHx siep

00BbACHIETCH B TAK HA3KBAEMOM 060104 e HOU MOGenbiO ANpa.

¢ Kak TMpoSBJIACT cebs aToMHoe AP0 B 3EMHBIX YCJIOBUAX U B Macirabax Bcee-
NeHHON?

o Kak cBg3aHbl Mexay coboil NOpPSAKOBBLIA HOMEp 3/IEeMEHTa B MEPUOAUYECKOM
cHCTeMe ¢ 3apsaaoM ero saapa?

e Uro Takoe W3OTOMBI M H306aph?

e TIloueMy Macca supa He paBHa cymme Macce oOpa3symwolUUX ero MpoTOHOB U
HelTpoHoB?

e Kax ¢ NoMouwblo COOTHOLIEHHMI HEONPEREIEHHOCTEH OUCHHUTL SHEPIHIO CBA3H
HYKJIOHOB B saape?

b HO‘(CM)’ MOXHO CYHMTATh, UTO BXORAHUC B COCTAB aTOMHOMNO AApa IPOTOHBI U
Hel:lTpOHbl COXPAHAIOT CBOI HWHAWBMAYA/ILHOCTH U BHYTPH ﬂnpa? Hoqemy B
cocTaB gapa HE MOTYT BXOIUTH SHCKTPOHH?

e Yo TaKkoe KanenbHas Mogmens sapa?
e [loueMy OTHOCHTENBHOE YMCJIO HEATPOHOB B siipe OoJibille Y TAXEIBIX saep?

e Kakue atoMHble fApa OTIMYAOTCA Hanbonblied yCTOMYMBOCTEIO?

§ 39. PapMOaKTHBHOCTb, AnepHble peaxuMu

Hapsiay €0 cTabUnbHBIMM SAPaMHM CYIIECTBYIOT PaXMOAKTHBHBIC SApa, B
KOTOPHIX ITPOMCXOIHT CaMOIPOM3BOJbHOE M3MEHEHHE COCTasa. Bosnpmag
YacTh M3BECTHHX PAJMOAKTHBHEIX SAEP MOIYYEHA WCKYCCTBEHHO MYyTEM
6oMOapaIMpOBKH MMIUEHEH Pa3IMYHBIMH YACTHUAMH. V3BECTHO HECKOJIB-
KO BHAOB pPajMOAKTHBHOIO paciaza.

Anspa-pacnaj. Ilpy a-pacnane u3 sApa CNOHTAHHO BHJIETAET anb(a-ua-
CTHLIA — SAPO aTOMA rejus gHe. I1pu arom 3apapoBoe uucyIo Z sapa B CO-
OTBETCTBHH C 3aKOHOM COXPAHCHHUA IJIEKTPUUCCKOTO 3apana YMEHbIIACTCS
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Ha 1Ba ¥ 00pasyercsd siIpo HOBOrO XUMHYECKOTO 3JIEMEHTA, KOTOPHI CABH-~
HYT OTHOCHTEJILHO MCXORHOTO Ha ABE KJIETKH MEPUONMYECKON CHCTEMHL.

UtobH a-pacnaR OnUT BO3MOXEH, HYXHO, YTOOW SHEDPrus CBI3M HC-
XOxHOrO (MaTepuHCKOro) sapa E  (Z, A) Gbiia MEHbIIE CYMME SHEPIUM
cesi3n obpasyiomerocs (fouepHero) sapa E_(Z — 2, A — 4) u sHepran
cBsisu anbda-vactuum E (2, 4). Kuneruyeckas 3Heprus E, BeUIETAIO~
et anpda-yacTHIE ONpeAcaseTcs 3aKOHOM COXPAHEHHS JHEPruu

E,=E(Z—2,A—4)+E(2,4) —E_(Z, A). (1)

B coornomennu (1) He yuTeHa XMHETHYECKAsi SHEPrHs OTAAYM gApa,
[MOTOMY 4YTO Macca OOYEPHETO spa Bceraa MHOro Gosibme Macch asnga-
yactuus. [Ipm sTOM, pasymeercs, CUMTAETCs, YTO MATEPUHCKOE SAPO
HEeMmOABMXHO. Heckoapko MHAaYe yc/noBHME BO3MOXHOCTH anbda-pacnaga
MOXHO c()OpMYJIMPOBATh TAKAMH CJIOBAMHU: Macca (ITOKOS) MATEPHUHCKO-
ro aapa A0/XHa Onith G0bIIE CyMMbE MACC MOKOSL AOYEPHETO SAPA M Bhi-
Jeraromeil anpda-yacTHULlhL.

B npocreitmeit Teopum a-pacnana, npemnoxeHHoi I'. FamoBhiM,
MPEANOAAraeTcs, YTo anbda-yacTuiua yXe CYWECTBYeT BHYTPH Mare-
PHHCKOIO SIApPa, KOTOPOE ABJIAETCS JJIS HEE CBOEIO POAA MOTEHLMNAJIBHOM
SIMOi. DHeprus aib(ha-yacTUIH B 94pe HEAOCTATOYHA AJIS NPEOROJICHUS
OrpaHHYMBAIOWIETNO 3Ty SIMY NOTEHUHANbHOro 6aprepa. Bruter annda-ya-
CTHLB M3 SOpa OKA3RBACTCH BO3MOXHHM 0/1arogapsi KBaHTOBOMEXAHH-
YECKOMY TYHHEJBbHOMY 3PekTy, 3aKkM04aomeMycs B OTJIMYHOM OT Hy-
JIS. BEPOATHOCTH MPOXOXAECHMS YACTHIH MO MOTEHIMAIBHHM 0apbepom
KOHEUYHHX pasMepoB. MoMeHT BruteTa aabda-4yacTHIE U3 SAPA Hernpea-
CKa3yeM, NOCKOJbKY SBJICHHE DAafHOAKTHBHOTO PAcniafa HMMEET BEPOST-
HOCTHHIN xapakrep. KBaHToBas Teopus mo3BoiseT HAWTH JINIMb BEPOAT-
HOCTb pacmana 3a eAMHWLY BPEMEHH WIH OOpPAaTHYIO €fl BEMMuYHMHY, Ha-
3BIBAEMYIO CPEAHHMM BPEMEHCM XHU3HH PAAHOAKTHBHOIC 41pa.

Bera-pacnap. Ilpu f-pacnage u3 g9apa BBUIETAIOT IMEKTPOH H IJIEKT-
pOoHHOE aHTHHENTPHHO. CyIeCcTBOBAHNE ITOH SJIEKTPHYECKH HEHTPAIb-
HO#l yacTrus GrUTo npegnosoxeno [Taymu s oObsSCHEHUS KaXyIIErocs
HapymIeHMd 3aKOHA COXPAHEHMA JHEPTHH B 3JIEMEHTApHOM axTe f-pac-
naza. B B-pacnane pacnpeneneHHE SHEPIHM MEXAY BBUICTAIOMHAM 3JI€K-
TPOHOM M AHTHHECHTPHMHO MMeEET cnydaisuii xapaxkrep. Ilosromy B 0OT-
Juune oT aabgha-yacTUL, BRUIETAIOMUX U3 JAHHOIO SAPa C BIIOJIHE OMpe-
HEICHHOH JSHEpPrucil, BRUICTAIOMHUE IJCKTPOHEI MOTYT HMEThH Pa3HYyIo
JHEPTHIO.

Tpn B-pacnane snuleTaOmuil 31CKTPOH HE CYLIECTBYET BHYTDH SApa,
a obpasyeTcd TaM NPH OPEBPALICHUA HEATPOHA B POTOH. B aTOM CMBICHE
rOBOPAT, YTO f-pacnag — 3TO HE BHYTPMMACPHHIH, 4 BHYTPHHYKJIOHHHIH
npouecc. Ou satparusaer 6osee ryGokue H3MEHEHHS CTPYKTYDH BEIIE-
cTBa, yeM a-pacnap. Teopus B-pacnana 6suia paspaborana ®epmu Ha oc-
HOBE NMPEANOJIOXEHHS O TAK HA3WBAEMOM C1a00M B3aMMOAEHCTBHH, ONH-
CHIBAIONIEM NMPEBPAMEHAE HEATPOHA B IPOTOH.
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HecTabuabHocTs HeiTpoHa. Taxoil nmponecc NpPOHCXONUT HE TONBKO
BHYTDH SIpa, HO M CO CBOOOXHHIM HEHATPOHOM, CPERHEE BPEMS XU3HM
KOTOPOTrO COCTaBJISET 0K00 15 MunyT. [Tpu atOoM HeifTpoH )n pacmana-

eTCS Ha NpPOTOH |p, 1eKTPoH Y€ ¥ aHTHHEHTpHHO V:
1 1 =
on — ip+ e+ 2)

ITpu f-pacmage maccoBoe YMCAO A dApa He MeHsSeTcs, a 3apsgoBoe
YUCA0 Z YBEJMUMBAECTCH HA e€QUHMUY: 00pa3yeTcs HOBHIA XHMHUCCKMM
SJIEMEHT, KOTOPHIA CABUHYT B NMEPHORMYECKONH CHCTEME BIPABO HA OXHY
KJETKY.

Hapsay ¢ 21eKTPOHHHM B-pacnafoM CyHIECTBYeT HO3MTPOHHEH S+-

pacman, mpuM KOTOPOM M3 SiAPA BBUIETAET MOSMTPOH € M 3JEeKTPOHHOE

HelTpuno v. [IpH NO3WTPOHHOM pAagUOAKTHUBHOCTUH OOWUH K3 MPOTOHOB
aapa npeBpamacTcd B HEHTPOH ¢ HCNIYCKAHUEM MO3HTPOHA M HEHTPHHO.
B neproaMueckoi CHCTEME MPOMCXOXXT CABMI BJIECBO HA OXHY KJETKY Oe3
HU3MEHEHUS] MACCOBOro uucia. I cBoOOAHOrO MpoToHa B OOKIUHHIX yC-
JIOBHSIX TAKOH pacnax HEBO3MOXEH, TaK KdK €ro Macca MEHbIIE MAcCCH
HCUTPOHA.

Famma-pacnaa. B orsmume ot a- u -paaMoakTHBHBIX PAcnafoB Tak
Ha3eiBaeMad Y-PAagMOAKTHUBHOCTDH 4AEpP HE CBA3aHA C U3MEHCHWEM BHYT-
PEHHEN CTPYKTYPH SApa M HE CONPOBOXAACTCS M3MEHCHHUEM 33PSAOBOrO
WJIM MACCOBOTO umMcen. Bruter u3 aapa y-keanHTa ((PoTOHA BHICOKOI 3HEp-
M) MPOMCXONUT IPU CIOHTAHHOM IEPEXOfe SOpa M3 HEKOTOPOIO NOJ-
FOXMBYIIETO BO30YXICHHOIO COCTOSHUSA B OCHOBHOE COCTOSHHE.

3ax0oH paJMOaKTHBHOrO pacnana. PaguoakTHBHHI pacnan HEe 3aBUCHT
OT BHEUWIHMX YCIOBHHA B OIMPOKOM HHTEPBAJEC M3MEHCHWS TAKMX Mapa-
METpOB, KaK TEMIEPATYpPa U JaBjcHUe. 3aKOH PaguOaKTUBHOIO pacnana,
T. €. 3aBHCUMOCTb OT BpeMeHM umcna N(t) euie He pacnaBMUXCS K JaH-
HOMY MOMEHTY SIep HEKOTOPOro PagMOAKTHUBHONO 06pasua, JIerko moiy-
YHTh U3 MPEANONOXKECHHS, UTO BEPOSTHOCTD PACIajd SBASCTCS NMOCTOSH-
HOH AJIS JAHHOIO BHIZ SACP BEJIHYUHOM, HE 3ABUCSIICH OT TOTO, CKOMb-
KO BPEMEHH YX€ «[IPOXH/IO» AAHHOEC PagdOaKTHBHOE SAPO. 33 MaJklid
MPOMEXYTOK BpeMeHH A KOJMYECTBO Hepacnasmuxcs sipep N(t) usme-
HATCA HA YHCI0 AN, MpONOPUMOHANBLHOE KOJHYECTBY MMEIOIMIUXCS SAep
N(2) n atromy npomexyTKy At

AN = —AN(f)At. 3)

KoadpuumeHT nponopuuoHaibHOCTH A — 3TO M €CTh HE 3aBUCSIAS
OT BPEMEHH BEPOATHOCTH pacmaza axpa. 3Hak muHyc B (3) coorBercr-
BYET YMEHBIICHHIO CO BpEMENREM YMC/Ia Hepacnasmuxca spep. Qopmyna
(3) osHauaer, uro ckopocts dN/dt u3MeHeHHs wucKOMOH (yHKUMH
N(t) nponopiuoHanbHa camoit GyHKIIHH:

dN _
= —AN.
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Orciona cnenyer, uto N(¢) yOnBaer co BpEMEHEM IO IKCNOHEHIMAIID-
HOMY 33KOHY:

N(t) = Nge™, : (4)

raie N, — HayaJbHOE YHMCJIO PagHOAKTUBHHIX saep npu ¢ = 0. Moxuo
FI0KA3aTh, YTO BEJMUHHA T = 1/A — 3TO CpeRHEe BpeMs XU3HH PaxHO-
AKTHBHOIO $7pa.

Yacro 3aKOH pagMOaKTHBHOro pacnaaa (4) 3anUCHIBAIOT B BHJE

N(t) = Ny 2717, &)

UCIOb3ys OCHOBAaHME 2 BMecTO e. B aToM cayuae Besmuusa T HaswBa-
ercsa nepuodom noaypacnada. QuesnunHo, yto T — 5TO BpEMd, B Teue-
HHME KOTOpPOTC pACMAfacTCd NOAOCBMHA NEPBOHAYANLHONO KOJAMYECTBA
aaep. CpasHuBas npaesie yacta dopmya (4) u (5), BuguM, yro

T=§1n2=tln2zo,71r. (6)

Bo3spact 3eMiaM. 3aK0H PAaAWOAKTHBHOINO PACNaja HO3BOJSET OLEHUTH
BO3PACT 3eMJ/IM HA OCHOBE M3BECTHOINO TMPOUEHTHOIO COAEPXKAHHUS B ypa-
HOBOM pyfie PagMOaKTHBHEIX M30TONOB ypana 45U u %3U. M3aMmepenune
BPEMEHA XU3HM ITHX M30TONOB  COCTABJASIOT  COOTBETCTBEHHO
T, = 6,52-10° ner u 1, =1,02-10% ner. Mx npoueHTHOE COAEPXaHME B
ecTecTBeHHOM cMecu coctasser 99,3 % mna B5U u 0,7 % ana Z3U. Ec-
TECTBEHHO IPENIOAOXKUTb, YTO B MOMEHT OOpAa30BAHMS XMMHMYECKMX
37IEMEHTOB, B TOM YHUCJIE YPaHA, CONEPXAHHME 3THX M30TONOB OBUIO OXU-
HakoBuM. IlosTomy B Beipaxenuu (4), 3aIMCAHHOM /IS KaXKAOIO M30-
TONa ypaHa, CJIeAyeT B3STh OMMHAKOBHIE 3HAYEHUS N, M COOTBETCTBYIO-
HIME MMEIOIIEMYCS B HACTOSIIEE BpEMd IPOLEHTHOMY COCTABY 3HAYEHHS
Njy3s ¥ Nosg:

Noysg = Noe™f, Npys=Noe™n,
oTKyna

Nogs Noas el _ 0.007
A - S =0,007.

A ———— ==

Nyt Noass Ny 4

310 maer aas ¢ 3Hauenue 6-10° seT, YTO XOpOLIO COrIACYETCS C APYrH-
MH OneHKaMu Bo3pacTta 3emutn winm COMHEUHOH CHCTEMBI, MOTYYEHHBIMHA
HAa OCHOBE I'EOJIOTMMECKMX M KOCMOJIOTHUECKHMX COOOpaXXKeHHH.

AnepHbie peakumu. Jodepras peaxyust — 3TO B3AUMOACHCTBUAE ATOMHO-
Io sApa ¢ APYTHM SApOM WM 3JICMECHTAapHOM YacTuLeHd, B PE3yJbrare
KOTOpPOro IPOHMCXOOUT M3MEHEHME €ro COCTaBa M CTPyKTypol. M3-3a xo-
POTKOLEHCTBYIOIIEIO XapaKTepa SAEPHHX CHJI SACPHBIC PEaKUMM IPOUC-
XOIAT npH cOMMXEHAM YACTHML, HA paccTosHus mopsaka 10713 cm.

[Tpu spepHBIX peakLMSAX BHIIIOJHSIOTCS 3aKOHHW COXPAHCHMS 3JHEp-
MM, WMITyJIbCa, MOMEHTA MMIIYJIbCA, 3NEKTPUUECKOIO 3apsana, 4ucjaa
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HYKJI0HOB (6apuonHoro 3apsaa). Kpome Toro, BHIOJHSETCS 3aKOH CO-
XpaHEHMsS TAaK HA3KIBAEMOIO JIEITOHHONO 3apsfa, COrJIaCHO KOTOpOMY
POXAEHUE 3IEKTPOHA OOS3ATENBbHO COMPOBOXIAETCS POXACHHEM IJIEKT-
POHHOTO AHTHHEWTDHUHO, a4 POXACHUE MO3UTPOHA POXICHHUEM IJIEKTPOH-
HOro HedTpuHo. OOpa3oBaHME 3JEKTPOH—NO3WTPOHHOM MHAPH MOXET
[IPONCXOAUTh M 0e3 MOABJEHHS HEHTPHHO M AHTHHEHTDHUHO.

IepBas uckyccTBeHHas sgepHas peakums Owna ocymectsicHa Pe-
sepdopaoM npu obnyueHnH a30Ta anbga-yacTHIAMHU;

BN +4He — 0+ IH.

[Ipn spepHEX peakuMsx MOryT OOpa30BHIBATHCH HOBHRIE PATMOAKTHEB-
HbIE U30TOILI, KOTOPHIX HET HAa 3eMJIe B eCTECTBEHHOM COCTOSHUH, Panwo-
AKTHBHOCTD S7pa, BO3HMKAIOINAA B PE3yJIbTATE SIACPHOM PEAKUUH, HAIKI-
Baerca uckyccmaennoi. Ona ObUIa OTKpHITA HA SAEPHOM PEaKIHK

FAI+He — 9P+ 4.

PanuoakTusHulit w3oton docdopa ng" MpEeaCTaBaseT Co00i UCTOUHMK
f*-uanyuenus. Ero aapo HCIyCKaeT NO3UTPOH M 3JIEKTPOHHOE HEHTPHHO:

0P — 3Si+ Qe + v.

CyecTBoBaHuEe HEUTPOHA ObUTO OGHAPYXKEHO KO OTKPHITUS MCKYCCT-
BEHHOM PagMOaKTUBHOCTH. HeATpOH OBLI OTKDHIT HA SEPHOM peakIMm

iBe + fHe — 1Z2C + in.

Cosnanye yCKOpUTENEH 3apsSKEHHBIX YACTHL[ 3HAYMTENBHO PACHIMPHIIO
BO3MOXHOCTH OCYUISCTBJCHUS pa3NuyHHIX AACPHHX peakuuil. Temeppb
B KauecTBE CHAPSAOB AN GoMOapOMpPOBKM sSAEp-MHMIIEHEH MOXHO MC-
MOJb30BATh HE TONBKO anbda-~yacTHUH, MCIYCKAEMBIE PATAOAKTHBHEI-
MM TIpEnapaTamM, HO M pa3OTHAHHHE AO BHICOKOH JHEPrMH NPOTOHHI,
OEATPOHH M 3JeKTpoHHL. Ilepsoe pacinennenume sppa, BBINOJAHEHHOE C
MTOMOIOBI0 MCKYCCTBEHHO PA30THAHHHX NPOTOHOB, OBLIO OCYIIECTBJIEHO
HA peakuuu

Wi+ 1P — $He + $He.

SApepHble peaKIUU MOTYT MPOUCXOAUTD TAKXKE M HOJ ACHCTBMEM raM-
Ma-KBAHTOB JOCTATOYHO 0ONBIIMX IHEPrMii — TAK HA3BIBAEMBIE (HOMOo-
sdeprote peakyuu. OHU CTAHOBATCH BO3MOXHBIMM, KOTAA JHEPrUs TaM-
Ma-KBAHTA IPEBHIUAET JHEPTHIO OTAEJEHMS HYKJIOHOB OT 4Apa.

DHepreTH4YeCKue NPEBPaALIEHNS PH ANEPHHMX peakuuAX. SepHsbie
peaKklMH COMPOBOXIAIOTCS SHEPreTHYECKMMH NpeBPaINCHASMH. IIOHATD
XapaKkTep 3THX NPEBPAINECHHH MOXHO C MOMOIIBIO rpadpuKa 3aBHCHMOCTH
VAECJBHOM SHEPruM CBS3HM HYKJIOHOB B SApe OT MACCOBOIO UMCIA SIpa
(puc. 125). DxcnepuMeHTANPHOE 3HAYCHNE SHEPTMM B PACUETE HA ONUH
HYKJIOH cocTasser okono 8 MaB/HykioH. CHauana ¢ pocToM MaccoBoro
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uncna A oHa ysenwumBaercs or 1,1 MaB/uyksion y axpa aeiirepus ;D
no 8,8 MoB/nyksioH y n3orona xene3a 3Fe, a 3aTeM MOCTENEeHHO yOH-
Baer ao 7,6 MaB/uyxioH y m3orona ypana
Z8U. Takoe noBENCHHE YHEIBHOM SHEPruu
CBSA3M OOBACHAETCS HENOJHHM HACHIMECHHEM
SOAEPHBIX CWI Yy JIETKMX saep, KOrna 4uc/ao
cocenell y Kaxaoro HyKJIOHa MEHbIIE, 4YeM
3TO BO3MOXHO MpPH MX TUIOTHOM YHAaKOBKE, U
BO3PACTAHHEM POJH KYJOHOBCKOTO OTTAJKH-
BAHMS MPOTOHOB B 9Apax ¢ OOMBIIMM Macco-
BHIM YHCJIOM.

XapakTep 3aBHCHMOCTM YACABHOH 3Hep- Puc. 125. 3asucumocts yaess-
MM CBA3H OT MACCOBOTO YHCAA OOBACHSET “”f”fl :::;"’"" fAEp OT MaccoBO-
BHUIC/ICHME JHEPIMH KAaK NPH REJICHUM TH-

XKENHX GIep Ha OCKOJKH, JIEXAIHE B CEpe-

JAMHE NEPHONHYECKOH CUCTEMBI JJIEMEHTOB, TaK M NPH CHHTE3€ JIETKHUX
saep. ITosroMy BO3MOXHHE ABAa MPUHLMAMAMBHO PA3JHYHHIX crmocoba oc-
BOOOXICHHUS SAAEPHOM JHEPrUHM /IS TPAKTUYECKOTO MPUMEHEHHS.

Eey/n, M3
D =LA O

P T T N S S SO S S G OO

40 80 120 160 200 240
YHCI0 HYKIOHOB

Jenenue Taxensx snep. Ilepshiil MyTh CBA33H C UCHOJIB30BAHHEM Dpe-
AKIUHA REJICHHS, KOTOpas MOXET OHTh OCYIIECTBICHA IS JIEMEHTOB OT
TPAHCYPAHOBHIX A0 Xenaes3a. [IpakTuueckn nis 3TOH HETH HCIOJAb3YETCH
ypaun. [Ipn o6nyuennn 23U HEATPOHAMH €10 SAPO 3aXBATHBAET HEHTPOH
M JEJUTCS HAa [BA PAagMOAKTHBHHX SAPa-OCKOAKA ¢ MACCOBHIMM YMCJIAMH
nopsiaka 100, aas KOTOPHX yAenabHAs SHEPrHS CBA3M 0/IM3Ka K MaKCH-
manbHOi. [IpH 3TOM B KaXIOM 3/EMEHTAPHOM 3KTE pacnajna snapa ypaHa
obpasyercs oT ABYX A0 yernpex Heiitponos. Hanpumep,

BWU +in — BU* — 1#Ba’ + PKr* + 3 4n,

BU+in — U — 40Xe" +§8Sr* + 2 in.

ITockoNbKY B KaXZOM AKT€ HCIYCKAeTcsl HEHTPOHOB Oonbme, yeM

TOr/IOmAETCs, TO NpH AeaeHMH 25U MOXET BO3HUKHYTb CaAMOMOAAEPXKH-

BAIOWANACH UENHAS peaxiyus, T. €. NMPOUEcC, B KOTOPOM ONPEHCACHHAA
SIepHas peakuds BH3BBAET MOCACAYIOMME PEAKIHH TAKONO X€ THIA.

Ins oCymIecTBJEHHMs LEMHOM Peakuuu HeoOXoAMMO, YTOOH TaK Ha-
3mBaeMHi KoddpumueHT pa3MHOXEHHS HCHTPOHOB — OTHOIIEHHE
YHCIA HEHTPOHOB B KaKOM-JIu00 NOKOJEHHH K UNCIY HEATPOHOB npen-
IIECTBYIOIMEN0 NoKoneHuss — Obin Gonpme eamsmuH. Koadbdunument
Pa3MHOXECHHS OMNPEAESETCS HE TONABKO YMCIOM OOpa3yIOmMXCH B KaX-
JIOM 3JEMCHTAPHOM AKTE HEHTPOHOB, HO M YCJOBHMSMH, B KOTOPHX
NPOTEKAET PEAKIMs: YacTb 00pasylommxcs HEHTPOHOB MOIIOMAETCH
NOCTOPOHHUMH SAPAMH WM YXORMT 33 NpeAeaH 30HH peaknuu. Mu-
HAMAJIBHAS MACCA ypasa, IIpHM ‘KOTOpoii BO3MOXHA IEMHAA peakuud,
HA3KIBAETCH KPUMUYECKOU MAacCCOoll.



§ 39. PAITMOAKTUBHOCTD. AAEPHBIE PEAKLINUA 327

ITpeo6napatomuii B npupoaHoit cMecn n3oron 35U Takxe MOXET 3a-

XBATHBATh HEATPOHH, IIpM 3TOM 00pasyeTcs PaxMOAKTHBHHK H30TON
HENTYHHUS:

238 t 23917+ 239N n* 4 0

o3U +on — 55U e Np" + Se+v,
KOTODHI}I B CBOXO OYEPEAb B Pe3y/IbTaTe -pacmana npeBpamaercs B IUIy-
TOHHIA: 230 239 0

*
23N D Ny oePu + Se+ v,

Tlayrouuit orHocutensHo craGmieH (mepmox monypacmaza 24000
JEeT) M TAKXE MOXET HCIONB30BATHCA KAK SIMEPHOC TOILUTHBO B SINEPHBIX
peaxuusx.

VeTpoiicTBo, B KOTOPOM OCYINECTBASETCS YNPABASeMasq saepHast Len-
Has peaxkuus, CONPOBOXAAIOWANCH BHCJCHUEM JHEPrUM, HA3HBAETCH
ndepruim peaxmopom. Tlepsbiil SAEPHHI PEaKTOp NMOCTPOEH B Aexabpe
1942 r. 8 CIIIA non pykosoacreom 3. MPepmn.

B m060M 4IEPHOM PEAKTOPE MMEIOTCH CJCAYIOINE OCHOBHHIE YACTH
(puc. 126): akruBHag 30HA, TAC HAXOAUTCA ANEPHOE TOILIMBO, NMPOTEKAET
UenHas peaknusa OCAeHUS SAeP M BHRAENSETCS SHEPrus; OTPaXareilb

Peryaupyrowse Ompaxcareas TemmoolmMeHHNK
CTEPXKIHN

3nu\|.ma Typpnna

7

2l U

8 iy /
)

7
Teneparop
AXTHBHAS 30HA
TemoHocuTe b Kougencarop

Puc. 126. Cxema 3HEPreTMUECKOrO SIEPHOTO peakTopa

HEHTPOHOB, OKPYXAalOMmMHif aKTHBHYIO 30HY; TEIUIOHOCUTE/b, OTBORALIHIA
BBACASIOMYIOCS SHEPrHiO; CHCTEMA PEryJNpPOBAHMS LENHON Peakuumy;
panMauMOHHAA 3aIMTA.

00 3x0J0rMYecKux NpodaeMax SAEPHOH IHEPreTHXH. BOoNbIIMHCTBO
oﬁpasylonmxcs: B peakumMgax ACACHHA ANCP-OCKOJKOB PAAHOAKTHBHH H
AAIT HAYAN0 LEANM LEnOYKaM NOCJICAOBATCABHBX npenpamenm‘fx THNAa

90K ¢+ 90RE® + O .
i CaliPred 3Rb" + Se+v;

R b* 90g .+ 1 0 .
PR > [Sr* + Se+v;

90Q * 9 0
¥ > VY + Se+v.
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O6pasoBanne OOJBIIOIC YKMC/IA DPagUOAKTHBHHIX HYKJIHMAOB CTaBHUT
CEPHE3HBIE IKOJOIHUECCKUE TPOOAEMBI IIPH PA3BUTHH SAECPHOM SJHEPIETHKY.

PeaxuuH cMHTE3a. BTOpOit yTh OCBOOOXAEHUS SAEPHON SHEPIUHM CBS-
3aH C peaknusMM CcuHTe3a. UToOH OCymecTsuTbh peakuuMio CHHTE3a,
HyXHO c6M3uTh sApa 10 pacctosumit 107'2 cm, Koraa npossasercs aeH-
CTBHE aaepHHX cuI. [Ipu 370M npuUxoguTcs NpeogoseBaTh KYJIOHOBCKOE
OTTAJKMBAHHME SAEP, AAA 4YEro Mx HeoOXOAMMO pa30rHaTh A0 OYEHb
Gosblmux CKopocTei. Peakiium apaepHOro CHHTE3a CTAHOBATCS BO3MOX-
HEIMA npy TemnepaTypax mopanka 108 K. Bupensomanca npu cAuaHun
JIETKHMX SACP DHEPrus B PacueTe HA ONMH HYKJIOH ewe OONbIne, 4eM npu
pacnane Tsxenex saaep. Hanpumep:

D+2D — 3T+ H+ 4,0 MaB;
D +2D — 3He+ in+ 3,25 MaB;
2D 4+3T — %He+ in+ 17,7 MaB.

Ilony4yeHne BHICOKMX TEMIEPATYP H YACPXAaHHE HAarPETOM OO MIJUIH-
apaa rpagycos IIasMbl NMPEACTABAAET COB0M TPYAHEHIIYI0 HAYWYHO-TEX-
HHYECKYIO 33Ja4yy Ha IIyTH OCYHIECTBJICHMS YMPABISIEMOIO TepMoSaep-
HOro cunresa. Tem He MeHeEe, OCYLIECTBJCHMC YIIPABISEMON pPEaKmHH
CHHTE3a OYEHb 3aMAHUMBO (71arofaps IKOJOTHUECKON UKUCTOTE TMpOouec-
COB ¥ MPAKTUYECKH HEHCUEPIIAEMbIM 330ACaM TEPMOSACPHOIO TOILTHBA.

s [losicuute, moueMy NPEANOJIOXKEHUE O CYHECTBOBAHUM O-YACTHLBI BHYTPU
Apa He NPOTHBOPEUMUT OCHOBHBIM MPHHUMIAM KBAHTOBOM (bH3UKH.

e Kaxk HallTM KMHETHUYECKYI0 IHEPryi0 BbUIeTAlOUICH M3 pagHOAKTHBHOIO aApa
a-4acTHLBI?

e TIlouemy B-pacnan cjemyeT CYMTaTh BHYTPHHYKJIOHHBIM, & He BHYTpUSAEp-
HbIM TIPOHECCOM, KaK a-pacnazn?

e Ilouemy BblieTawIue W3 aapa npu f-pacnage 31eKTPOHBI MOTYT MMeETh pas-
Hble dHEPrUu?

e TIlouemy B OOLIMHBIX YCJIOBUSX HEHUTPOH HEYCTOMUMB M pacnafaeTcs Ha Npo-
TOH, 3/IEKTPOH W aHTHHEHUTPHHO, & NPOTOH — cTabunex?

e Kak MOXHO Ha ONBITE Pa3fENUTbh pa3Hble BUAbI DAAMOAKTHBHBIX M3JIydeHHIt
(a, B, y) »3 oxHOrO pajgroakTHBHONO mpenapata?

e Kaxk Ha ocHoBe 3aK0OHA PagUOaKTHUBHONO paclraja OUeHUTb Bo3pacT 3emian?

e BospacTt 3emiM — HECKOJIBKO MW/IIMap/ioB JET, a Nepuod mnosypacraja pa-
ans — 1600 ner. Ioyemy xe Ha 3eMie ellle COXpaHUIOCh KaKoe-TO Kojude-
cTBO panusi?

e Uto Takoe UCKYCCTBEeHHad pafHoakTHBHOCTH? C ueM cBa3aHa BbicoKas 3¢ ek~
THBHOCTb 06J1y4eHHs HEUTPOHAMHU /IS CTUMYJ/IMPOBAHUS AREPHBIX peakuit?

e Touemy BhljesicHUE BHYTPUSZEPHOI SHEprdM BO3MOXHO KaK MpPH peakLHsx
HENEHUS TAXENBIX sAep, TaK W Mpd CHHTe3de JIeTKUX saep?
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e B uem cyTh 3KONOTMYECKHX NpobyieM, BOZHMKAIOWIMX B CBA3U C Pa3sBUTHEM
SIIIEPHOM 3HepreTHKU?

¢ C yem cBA3aHbl TPYAHOCTH Ha IYTH OCYLLUECTBJIEHUS YIPABIICMOH pPeakUHH
TepMosiiepHoro cunresa’?

§ 40. DneMeHTapHble HacTHULI

B coBpemeHHON ¢pn3uKe TEPMHH JJIeMeHmAapHble 4acmuybl YIOTped-
JIIeTCA HE B CBOEM OOBIYHOM 3HAYEHHWH YErO-TO NEPBUYHOND, HEPA3IOKH-
Moro Ha Gosee IpocToe, a AAg HAMMEHOBAHMS OONBIION FPYIITIE MEIbYali-
wux CyOpAAepHbIX YaCTHL,. B 3Ty rpynny BXOguT NpoTOH, HEATPOH, 3J1EK-
TpoH, (OTOH, N-ME30H, MIKOOH, HEUTPHUHO HECKOJbKHX THIIOB, TaK
HA3BIBAEMEIE CTPAHHHE 4acTHUH (K-ME30HH, THIIEPOHK), OYAPOBAHHEIE
YACTHLBI, IPOMEXYTOUHEIC BEKTOPHEE OO30HH U T. JJ. — BCEro K HACTOS-
meMy BpeMeHH ussectHo Oonee 350 yacTum, B OCHOBHOM HeCTaOMIbHEIX.

BoNBIIMHCTBO NEPEYUCIEHHBIX YACTHL, HE YAOBJIETBOPSIOT OORUHOMY
ONpENENEHUI0 IEMEHTAPHOCTH, NOCKOIbKY MO COBPEMEHHBEIM TPEACTAB-
JIEHMSIM OHM CAMH ABJISIOTCS COCTABHEMHE cucTeMamu. OObexuHAomumi
HX NMPU3HAK 33KJII0YAETCHd B TOM, YTO OHHU MPEACTABASLIOT POpMy Marte-
pHM, HE AaCCOLMMPOBAHHON B SAPAa M ATOMHL

IIperpawesus 3n1eMEHTapHbIX uacTuy. Hawbosee BaxHOE CBOWCTBO
BCEX JJIECMCHTAPHLIX 4acTHUL — CHOCOéHOCTb K B3aMMHBIM NIPEBPAICHA-
aM, T. €. CIIOC06HOCTb POXAAaTbCA U YHHUTOXATBCHA (ﬂCHyCKaTbCH H TIOTJIO-
maTthcd). Bee npoueccs ¢ 3eMEHTaPHRIMM YACTHIAMH, BKIIOYAS MX pac-
Tajbl, MPOTEKAIOT Yepe3 NOCACAOBATEIPHOCTh AKTOB NOIVIOMIECHUS U KCITY -
CKAHWS, B KOTOPHIX HEMPEMEHHO BRIMOJHSIIOTCS 3AKOHBI COXPAaHCHUS.

MdyHIaMeHTajbHble B3auMOaelcTBus. IIponeccel ¢ yyactueM pasimy-
HBIX IJJIEMCHTAPHBIX 4Y4dCTHL CHJILHO pa3JAyanTCad N0 HMHTEHCHBHOCTH
MPOTEKAHMUS, T. €. M0 XapaKTEPHHIM BpeMeHaM M SHepruam. B coorser-
CTBMM C 3TMM B3aMMOJEMCTBHS, B KOTOPHX OHM y4acTBYIOT, theHOMeEHO-
JIOTHYECKM TOAPASAE/AIOT HAa CHJIBHOE, IJEKTPOMArHATHOE, cnaboe M
rpasuranuonHoe. CHIbHOE B3aMMOJEWCTBUE NPHBOAUT K Haubonee
MPOYHOM CBS3M JJIEMEHTAPHHX YaCTHI; MMEHHO OHO ODYC/IOBIMBAET
CBS13b MPOTOHOB M HEHTPOHOB B ATOMHHIX SIAPAX.

DJIEKTPOMATHHTHOE B3aMMOACHCTBIE OTBETCTBEHHO 3a CBS3b ATOMHBIX
9JIEKTPOHOB C SAPAMH M CBS3b ATOMOB B MOJICKYJIaX ¥ KOHXCHCHPOBAHHBIX
cpenax. Mexny a1eMeHTapHRMHU YaCTUIAMM 3TO B3aHMOIEHCTBUE OCy e~
CTBASETCH YEPE3 ANMEKTPOMATHHTHOE NOJIE; AJIS €0 CYIIECTBOBAHUS HAMK-
yMe 3MIEKTPUYECKOrO 3apaaa y YacTHus He ofgsarensHo. Hampumep, He
of1apaomuiil 31eMEHTaPHAIM 3apsSAOM HEATPOH MMEET MArHMTHHIH MO-
MEHT ¥ YUYaCTBYET B JICKTPOMATHATHOM B3aMMOAEHUCTBHU,

Cnaboc B3aHMONEHCTBHE MPOSBAAETCS B CPABMUTENBHO MEMJIEHHO
MPOTEKAIOMMNX MPOLECCAX PACNAAd HEKOTOPHX 3JEMEHTAPHRIX YACTHI U
aromubix spep. Hanpumep, Graromaps cnaCoMy B3auMomeHCTBHIO CBO-
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Gomumit HEMTPOH pacnajfaercd HAa MPOTOH, JJIEKTPOH H JEKTPOHHOE aH-
THHeUTpUHO. HecMOTPS Ha CPaBHHTENIBHO MAIyl0 MHTEHCHBHOCTE M KO-
POTKOZeiCTBAE, 1a00e B3aMMOACHCTBHE MIPAeT OYEHb BAXHYIO POJb B
ycrpoiictse Bcenennoit. Hanpumep, ecnn 6H yHanoch «BHKJIIOYHTH»
cnaboe B3aumopeiicTeue, To noracno 6u CoaHue, Tak Kak Ou1 6H He-
BO3MOXEH TPOIECC MPEBPAMEHNS IPOTOHA B HEWTPOH, NOSUTPOH M HEil-
TPUHO, B PE3yJbTATE KOTOPOIO YETHPE MPOTOHA B KOHEUHOM CYETE CHH-
Te3upylorcs B sapo 3He. DTor mpomecc cyXHT HCTOUHHMKOM SHEPTHH
Connua ¥ OONBIIMHCTBA 3BE3M.

Bce 6e3 MCKIOUEHNSA YACTHUH YYACTBYIOT B IPaBHTALHOHHOM B3aH-
MOZIEHCTBHH, KOTOPOE, OAHAKO, Ha CyOaTOMHHX PacCCTOSHUAX MNOPSAKA
10713 cM M MEHBIIE HE MTrpaeT NPAKTHYECKM HUKAKOH POJIH.

B 3aBucuMOCTH OT COCOOHOCTH K YUYACTHIO B TEX WIM MHBIX BHAAax
B3aMMONCHCTBHI1 BCE J/IEMEHTAPHHE YAaCTHIH, 332 MCKJIOYeHneM doro-
Ha, pa30MBAIOTCA HA ABE OCHOBHHE rPYNIH: AAPOHH M JIENTOHH. Axpo-
HBl HAPSAY C MEKTPOMArHUTHHM M C1a0HM B3aUMOAEHCTBHEM YYACTBY-
JOT B CHJIBHOM B3auMOEHCTBUH. JIENTOHH YYaCTBYIOT TOJBKO B JJIEKT-
POMArHATHOM H CJAa00OM B3aMMONEHCTBHAIX.

IMouckH eAMHOrO B3aHMONeHCcTBHA. OTHOCHTE/BHAS POJIb Pa3HHX BH-
JOB B3aMMONEHCTBHM (CHJIBHOIO, 3JEKTPOMATHHTHOrO, C1aforo) B mpo-
eccax € JIEMEHTAPHEIMH YacTHUAMH 3aBUCHT OT SHepruu yactuu,. Ilo-
3TOMY JCJICHME B3AaMMOACHCTBUIN HAa BUAH B 3aBUCMMOCTH OT MHTCHCHUB-
HOCTM TPOLIECCOB HAACXKHO OCYIUIECTBJISCTCS TOJABKO NPH HE CIHIIKOM
BHICOKHMX SHeprusx. B coBpeMeHHON ¢H3UKE pacTer yBEPEeHHOCTb, UTO
BCE B3aMMOJCHCTBUS B NPUPOAE TECHO CBS33HH MeEXAy coboi u mo cy-
IIECTBY ABJIFIOTCS PA3JIMYHBIMH HPOSIBJICHMSIMH HEKOTOPOIO €IUHOIO II0-
g, O6bpeIHHEHNE BCEX B3aMMORENHCTBHI OCTAeTCd MOKA HEPEMEHHOM 3a-
nauei (husnueckOR Teopuu.

OueHp BaXHWM 3TANOM HA 3TOM NOYTH CTAJM YCHEX B CO3NAHHM TEO-
puH, OObEAMHHMBINEH AMEKTPOMATHMTHOE M CJaloe B3aHMOAEHCTBHSA B
€OMHOE TAK HA3HBAEMOE INMEKTPOCaaboe BlaumoneicTeue. B a1oit HOBOMH
TEOPHH JJEKTPOMATHHTHOE NOJIE M noJje c1aboro B3amMoneicTBug pac-
CMATPUBAIOTCS KAK PAa3HHIE KOMIOHEHTH ONHOIO MOAs, B KOTOPOM Haps-
Y C KBAHTOM 3JIEKTPOMArHUTHOIO N0A4 (POTOHOM YYacTBYIOT TPH HOBHX
YACTHIH ~— TPOMEXYTOUHHE BekTopHHe Gosonm WY, W—, Z9 Heobxo-
JMMOCTh CYIMECTBOBAHMS STHX YACTHL, BHTEKACT B HOBOH TEOPHH U3
3HAJIOTHH C JJIEKTPOMArHMTHRIM B3aNMOJEUCTBHEM, IIE IMEKTPUUECKHI
3apag Urpaet ABOHHYKO POJb. ¢ OQHOH CTOPOHH, OH SIBJSETCS COXPaHS-
omeiics BEAUYMHONK, Onpeneasiomei caMo CymecTBOBAHNE B3aNMOeH-
CTBHS, 4 C APYro CTOPOHH — HCTOYHHKOM 3JICKTPOMAar{MTHOIO NOJ4,
KBAHTH KOTOPOIO OCYIIECTB/SIOT B3aUMOAEHCTBHE MEXAY 3aPAXEHHNMH
yacTuaMi. Byayun aHasormuyHEMH (OTOHY, HOBHE YACTHI[H BCE Xe€
PE3KO OTJIMYAIOTCS OT HETO HAIMMMEM 33apsAAad M MAcCHL.

Dnextpuueckuii 3apsxy y W*-6o3ona Takoil Xe, Kak M y IpOTOHA,
y W™ — kax y anexTpoHa, a Z°-6030H anexTpuueckm Heiirpanen. Ho-
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Bas TEOPHA HE TOJBLKO MPEACKA3aNa CYMIECTBOBAHME ITHUX YaCTHL, HO
H NO3BOJIWIA BHPA3HTh MX MACCH YEPE3 U3BCCTHHE W3 ONBTA KOHCTaH-
TH, XapaKTEPH3yIOmue 3/EKTPOMArHHTHOE M cnaboe B3auMoneiicTBus
npu HHM3KHX SHEPrusx. Omn 0Ka3a/Mch PaBHEIMH
My+ = my- ~81 3B u m, ~ 92 'B. Boapmas Macca 3THX YacTHIL

(npumepno B 100 pa3 Gonbme, yeM y NMpPOTOHA) HE AaBaja BO3MOXHO-
CTH OOHAPYXHTh HX M HUCCAEAOBATH IKCEPHMEHTANBHO, MOKA HE OBLIO
IOCTAaTOUHO MOIHEIX yckopureaeil. B 1983 r. B XKenese Ha yckopmre-
Jie, THE TNPOMCXOAWIH CTO/JKHOBEHHS NPOTOHOB M AHTMIPOTOHOB BO
BCTPEUHHX MyuKax ¢ IHeprueit 270 I'B B xaxaoM myuke, Bce TPH ua-
cTHIN GBUM OTKPHTH. VX MaccH 0xka3ajuce B GrecTsmeM COIIacHu ¢
TEOPETHYECKH NPEACKAZAHHHMH 3HAUCHUSMH.

O mexann3Me QyHIaMEHTaIbHBIX B3auMOReAcTBui. Fnes o oM, yro B
MHpE 31EMEHTAPHRIX YACTHL, B3AUMOAECHCTBHE OCYIIECCTBASETCS IIOCPENCT-
BoM 0OMEHa KBaHTaAMM Kaxoro-aubo noias, poxwnacs B ¢puauke eme B 30-x
ronax XX seka, xorna X. IOxasa npeanoaoxus, 4To CHasHOE B3aUMOACH-
CTBME MEXAY HYKJIOHAMM O0433HO CBOMM NPOHCXOXACHUEM TMNOTETAYE-
CKHM 4acTHUaM, HOJYYHBIMMM Ha3BaHHE ME30HOB. Maccy atux uacrui
MOXHO OLIEHHTD ¢ TOMOMIBIO COOTHOIIEHUS HeonpeaenenHocreit. Heonpe-
aenesHocTs AE 3HaueHUs SHEPIUH SAPA MPU MCITYCKAHMM HEKOTOPOM ya-
cTuiE (ME30Ha) Macch m TOPSAKA SHEPruM 3Toi wacTuus: AE = mc?.
OTa HEONMpeReNICHHOCTh B 3HAUCHNH JHEPIUH CYIECTBYET B TCUCHUE Bpe-
MeHH A IposieTa ME30HA BHYTPH AAPA, KOTOPOE AAETCS OTHOMEHHEM pa3-
Mepa fApa R K CKOPOCTH 4acTHLH v = p/m: At & Rm/p. Bxonsamee ciona
3HAYEHNE MMIMYABCa P OUCHUM H3 COOTHOIIECHHA HEONpPeNeJICHHOCTEH,
YUHTHBAf, YTO ME3OH JIOKAJN30BAH BHYTPH sapa: p =~ h/R. Orciona cae-
ayer, uro At~ mR%*h. Tloactasnas AE u At B COOTHOLIECHHE
AE- At &~ h, nOAy4YNM OLEHKY UISI MACCH ME30HA m:

m = A~ 3107 r ~ 300m, ~ 150 MaB. (1)

YacTHus ¢ TaKoi Maccoit 6IH BIOCAEACTSHH OTKPHTH HA ONMBITE H
HOIYYHIH HA3BAHHE TT-ME30HOB (nuoHOB). CymECTBYIOT TPH BHAA TIHO-
HoB: ¥, ®” | n% MaccH KOTOPHX COCTaBASIOT m,+ = m_- =~ 140 M3B,

mo = 135 M»sB.

Pannyc dyHnaMeHTaNbHBIX B3auMoedcTsuid. OnucanHas BHIE HAes
0 TOM, 4YTO (PU3HNUECKMIT MEXAHN3M B3aHMONCACTBHS 3aKJIOYaeTCH B 00-
MEHE KBAHTAMM HEKOTOPOrO MOJs, OKa3ajach OYEHb IUIONOTBOPHOI.
HaiinenHada cBsS3b MEXAY PAAHyCOM ACHCTBMS CHJI M Maccoit oOMeHuBa-
€MBIX YACTHI{ HMEET YHHBEPCANbHHI XapakTep: 1 MOOHX BHAOB B3a-
HMOAEIICTBHA panuyc Ciil, KaK BHAHO H3 (1), 06paTHO NponopUHORAICH
Macce YaCTHIH:

RaL )

mec”
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D/IeKTPOMArHNTHOE B3aHMOJAEHCTBHE XAPAKTEPU3YETCH OECKOHEUHKMM
pamuycoM AEHCTBUS CHJI, M no3roMy macca ¢oroHa pasHa uymwo. Kax
MBI BHJIESH, IS SACPHHIX CHJI ¢ paguycom aeictBust 10713 cm Macca me-
30Ha okasanachk okosno 150 M3aB. B cayuae craboro BsamMoneicTsus pa-
Anyc pewcTus cun cocrasasier 10716 oM, uyro AaeT nns MaccH BEKTOp-
HbIX G030HOB NPUBENEHHOE BHILIE 3HAYEHHE.

O6cyxnaeMas CBs3b MEXIY Maccoi oOMEHMBAEMOM YACTULEL B Pay-
YCOM COOTBETCTBYIOUIEIO B3aUMOIECHCTBHS IO CYIIECTBY OTPAaXKaeT Kop-
MyCKYJISPHO-BOJIHOBOH AYasM3M, NPUCYMUN BCEM KBAHTOBHEIM OOBEKTAM.
JleficTBUTEIBHO, KBAHTY MOJIA C 3Heprucit E = hv, paccMaTpuBacMoMy

KAaK 4actuua, CJIeayeT CONnOCTaBMTDh BBIPAXCHHC E = mcz, OTKyaa IRasd
paanyca BﬂaHMOZICﬁCTBHH UMEEM
c h
Re)l==Z=—. (3)
v mc

Beauuuny h/(mc) Ha3BIBAIOT KOMIMOHOBCKOE ONUHOU B0NHbLYACTH-
(bl C Maccoit m. UMeHHO OHa XapakTepu3yeT IpoCTPAHCTBEHHbIN MacuTal
B3aMMOAEUCTBUS, OCYIIECTBASEMOr0 0OMEHOM YaCTUILAMHU TAKOH MACCHI.

CaoiicTBa anekTpocnadoro B3aumopeicTsus. Bonplmas Macca mpo-
MEXYTOUHHX BEKTOPHHIX GO30HOB M CBA3AHHEIA C 3TUM OQUEHb MAJIKIA
paauyc cn1aboro B3aMMONEHCTBHA IPUBORAT K BAXHBIM IS HAC CAEA-
CTBHAM. Baxneimas BRITCKAKOIIAa OTCIoaa OCOSCHHOCTB 3AKJIKYAETCAa
B TOM, YTO IpY HH3KMX JHEpruax oOyCIOBACHHEIE CMa0BIM B3aMMO-
IEHCTBHEM IPOLECCH IPOTEKAIOT OYEHbh MeNIcHHO. [laXe mpu temne-
paTypax ¥ ILUIOTHOCTSIX, KOTOpDHE TOCIMOACTBYXOT B ueHTpe CoaHua,
ofycnosjcHHbe CNa0bIM B3aMMOREHCTBMEM IPOLECCH CHHTE3a IPOTO-
HOB B JIETKHE SAPA NPUBOAST K CKOPOCTH BRIJEJCHHS TEIUIOTH HA QM-
Huny wmacce, npubawsurensso B 100 pas Menbmiedl, uem npu ecre-
CTBEHHOM OOMEHE BELIECTB B OpraHM3MeE UYesoBeKa. MeaneHHOCTh 3THX
npoueccos ofecreunBaeT nmocTeneHHoe «suropanme» CONHIA HA AaH-
HOM 3Tam€ €ro 5BOJIOLUH, KOrga OHO CBOMM H3JIYUYEHHEM AAET XU3Hb
BCEMY 3EMHOMY.

Ilp¥ BEICOKMX JHEDPTHAX, AOCTHXHMEIX HAa COBDEMEHHHIX YCKOPHTE-
JIIX C BCTPEYHBIMH NMPOTOH-AHTHIPOTOHHBEIMHM NMYYKAMHM, CATYaLMs Kap-
DMHAIBHO M3MeHsAeTcd. OOMEH TSXENHMH BEKTOPHBIMH 0030HAMM MpO-
HACXOOUT Teneph CToib Xe >(dexTusHo, xak u oOmer doronamu. [pu
OucHb BHICOKHMX 3JHEPrusix cJaboe B3aMMOIEHCTBHE MOXET CTATh HAXE
CIJIBHEE 3JIEKTPOMATHHUTHOIO. 3[€Ch 3aKOHH OOBIYHOM 3/IEKTPOXMHAMH-
Ku yXe He paborarnr. IIpaBHibHOE ONMCaHME IPOLECCOB AAET HOBas
TEOpUS — TEOPHUS 2JEKTPOCAAbOro B3aMMOAEHCTBHS, YUMTHBAKOIMAN
KaKk 00MeH (OTOHAMH, TAK M OOMEH IIPOMEXYTOUHHIMH BEKTOPHHIMH
6osonamu. DTa Teopus MpoAoXaeT Teopmo Makceessa B o6nacTs Ma-
JIHIX PAacCTOSHMIl WJIM, YTO TO X€ CaMoe, B 00J1aCTh BHICOKMX SHEPIHIA.

CuabHoe B3auMoneicTBrue. KBapku. 3HaYUTENIbHEIE YCHEXH ROCTUTHY-
TH B NMOC/IEQHHE TOAH M B TEOPHM CHJIBHOIO B3aMMOACHCTBUA, IAc HYK-



§ 40. QJIEMEHTAPHBIE YACTHULIBI 333

JIOHH YXe HEepecTajJd MrpaTh poiab UCXOAHHmX yactmu. Okxasanoce, yro
BCE AAPOHE MOXHO IPEACTABUTH KaK COCTABHHE YacTHIH, 00pa3zosan-
HBIE M3 TaK HAa3bIBAEMBIX KGAPKOA.

KBapku 6riBaroT mecTu COPTOB. B CTpOEHHMHM OKPyXArOmMEro HaC MUpa
HauboJiee BaXHH u- M d-KBADKH, M3 KOTOPHX IOCTPOEHBI INPOTOHHI U
HeUTpoHH. KBapku o61amaoT JpoOHEIM 3/EKTPHUECKHAM 3aPaaoM. 3apsn
u-KBapKa cocrasasger +2/3 aneMeHTapHOro 3apsma, 3apsx d-KBapka
—1/3. Ilpoton cocTouT M3 ABYX W~ ¥ OoXHOro d-xeapka. Heiirpon cocro-
AT U3 OAHOrO u- M ABYX d-xBapkoB. Koraa d-xBapk BHYTpM HeHTpOHA
npespamaeTcsi B u-KBApK, 3apdax HYKJIOHA MU3MCHEEeTCS  Ha
(+2/3) — (—=1/3) =1, uro BocmpuHuMaercd HabmwomaTeneM Kak mnpe-
BpameHUe HeUTPOHA B IPOTOH.

Ksapku He HaO/m0Ra10TCS B CBOGOXHOM COCTOSSHUM M TIO COBPEMEHHEBIM
NPEACTABJIEHUSM NPUHIMIIMAIBHO HE MOTYT CyINECTBOBATh CaMH 1o cebe
BHE aAPOHOB. BcsKas nonuTka OCBOGOAMTH KBAPK H3 «3aKIIOUEHHS» B af-
pPOHE HEM3DEXHO 3aKAHYMBACTCH POXACHHEM NApPH KBapK—AaHTHUKBapK,
00pasyomux B COBOKYIIHOCTH Me30H. BaanMozneiicTBue MEXAY KBapKaMu
B apOHE OCYILIECTB/ASETCS MOCPEACTBOM 00MEHA TAK HA3HIBAEMBIMH 2.1/0-
OHaMU — THNOTETHUECKHMHM SJEKTPUUECKH HEATPAIbHEIMM YACTHUAMH C
HyJ1eBO# Maccoit moxos. OCHOBHOH BKJIAZ B MACCH MPOTOHOB M HENTPOHOR
AT HE KBAPKH, M3 KOTOPHIX OHU COCTOSIT, 3 CHJIbLHOE B3aMMOZCHUCTBHE
MEXAY KBapKaMH, o0yC/JOBJACHHOE TIOOHAMH. B 3TOM cMBicae rosopar,
YTO IVIIOOHEI IIEPEHOCAT MACCy, XOTS CAMM €10 He 00,1aaas0T.

CocrosiHME KBAPKOB XaPAaKTEPH3YIOT PIAOM KBAHTOBHIX UMCEN, [IOJLY-
YMBIIMX JK30THYECKNE HA3BAHMA, ONHO K3 KOTOPHIX — IBET JAa70 HAa-
3BAHHUE BCEH HAYyKe, ONMMCHBAIOUICH B3aUMOACHCTBHE KBAPKOB C [TIOOHA-
MH, — k@aHmogdas xpomoduramuka. 'Mnore3a KBapKOBOM CTPYKTYDH
oKa3anach HeoDXOOMMOHM A1 MOHMMAHMA JWHAMHMKHW Pa3IMYHEIX TIPO-
HECCOB C yuacTHeM axpoHoB. Kpome Toro, sra rumore3a mo3BoMaa o0b-
SACHHUTb SMIIMPHUYECKH YCTAHOBJICHHYIO KJACCU(DUKAUUIO aTPOHOB.

BHyTpeHHHE CHMMeTPUH. PykoBoggmas uaes B Pa3BUTHH TEOPHH 3J1e-
MEHTAPHBIX YaCTHI[ OCHOBAHA HA NIPEACTABJICHUM O BHYTPEHHUX CHMMET-
pusx. Hanpumep, cunbHOEe B3aMMOAERCTBME CHMMETPHYHO OTHOCHTEb-
HO MOBOPOTOB B a0CTPAKTHOM M3OTONMMUYECKOM NpPOCTpaHCcTse, ONHUM H3
NpOSBJACHHN 35TOH CAMMETPHM SIBJSETCA 3apsAAoBas HE3aBUCHMOCTDb
aAepHbiX cwil. Tak HasmBaeMas KanuOpOBOUHAS CMMMETDHS OTBEYaeT
toMy (hakTy, YTO HEKOTOPHE COXPAHSIOIIMECS BEAMUNHBI, HA3HBAEMBIC
«3apspamu» (HanpuMmep, JJNEKTPHYECKMH 3apsfl), SBJSIOTCS OXHQBpE-
MEHHO MCTOYHHMKAMH II0JIeH, MEPEHOCIIUX B3aMMOAEHCTBHS MEXRY ya-
cTHnaMy, obaagaoIMuMM JAHHHIM THIOM «3apsaaas. C KaXasM THIIOM
CMMMeTpHH B (PM3NKe CBA3aH ONDPEAC/CHHBIN 33KOH COXPAHCHMS,

AHHMTHISUHA YacTHObl U aHTHyacTHisl. Coobpaxenus cuMMerpuu
OPUBOAAT K HEN30EXHOMY BHBOLY O TOM, UTO Y KaXIOM 3jIeMEHTADHOM
YACTHLH CYIECTBYET «ABOMHHK» — QHMUHACMUYA, KOTOPas OTAMYACT-
€ OT YacTHIH TOJBKO 3HAKOM HEKOTODHX XapaKTEPHUCTHK B3aMMOIEH-
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cTBRit (HampuMep, 9JEKTPHUYECKONO 3apAad, MATHUTHONO MOMEHTA, Jel-
TOHHOrO M GapuoHHOTO 3apsna). Y HEKOTODHIX YacTHU, B YACTHOCTH Yy
¢orona, aTHyacTHua coBmajaer ¢ camod yacruued. Takue uyacTHim
HAa3HBAKOT UCTHHHO HEHTpPAJIbHHMH,

IIpu BcTpeue wacTHUN CO CBOEH AHTHYACTHIEH MPOMCXOAMT X aH-
nueunsyus. Hanpumep, npu aHHUTHISUMY JIEKTPOHA M NO3HUTPOHA OHH
MPEBPAMAIOTCS B J{BA, TPH WIM HECKOJABKO y-KBAHTOB. OOUH Yy-KBAHT
HM3JIYUATBCS HE MOXET, TAK KaK 3TO HECOBMECTMMO C 3aKOHAMHM COXpa-
HCHMHS. I'Ipn AHHUTHJISLIHHU TAXCEIWNX 4YaCTHI[ U aHTUYACTHL, BO3HHKAKT
HE CTOJIBKO Y-KBAaHTHI, CKOJIBKO APYTHE JIETKME YAaCTHUBI, HANPHUMED T-
ME30HB TTPH AHHUTIISUMHA MPOTOHA U aHTMnporoHa. Hapaay ¢ annmrn-
JISLHMENR TIPY JOCTATOYHO 6OJBLIOA 3HEPrUM BO3MOXEH M 0OpaTHHIA npo-
LECC poxOeHus napvl YacTHLAA—HTHYACTHI.

Benukoe oOneauHeHHe. 3HAYMTENBHHIE YCHIMS TIPWIATAIOTCS B
HACTOAMmEE BPeMs B MOMBITKAX PACCMOTPETh HA EAMHOH OCHOBE HE TOMb-
KO DJNIEKTPOMATHUTHOE M cnaboe, HO M CWIbHOE B3aumoneicrsue. Ha-
6monaemuie OOBLIME PA3AMYHMS MEXAY ITHMH B3aBMONEHCTBHSIMH CHH-
TalTCA O0YCMOBJCHHBIMU HAPYIICHHEM CHMMETPHM TPU OOCTYNHHIX B
HACTOsIIEE Bpemsa OSHepruax. VX emwHas mpupona MOXET NPOSBHTLCH
TOJBLKO TPH SHEPrUM YACTHL, BO BCTPEUHHX mMyuykax mopsaxa 104 I'sB.
Ilpu 5TOM KBapKH H JIENTOHBI OKAXYTCS OZHOTHIIHEIMM O0BEXKTAMH
M CTAHYT BO3MOXHHMH HX B3aUMHbic npeBpameHnsd. CiueacTeueM takux
OPENCTABICHUN S(BHJIOCH NPENCKa3aHHE HECTaOMIBHOCTH CBOBOXHOIO
IIPOTOHA €O CPENHMM BpeMeneM Xu3uu 1030—1032 ner, uto cymecTBeHHO
NpeBHMAET BO3pacT BceneHHO. D1a TEOpHA H3BECTHA 10X HA3BAHUEM
Benukoro oobenuHenus. Teopus, KOoTopas CyMeeT BKJIIOUMTb U IPaBHUTa-
LU0, YK€ 3apaHee moayuuna HadsaHue CynepobbesuHenue.

Teopun Benukoro obbeauHeHMs AKTYajAbHBI JHIIb IPHA CTOMb BRICO-
KHX JHEPrHAX, KAKHE MOrad OBTh TOABKO HA CAMEIX PAHHHMX 3Tanax cy-
wectsosanus Beenennoit. TakuMm o06pa3oM, ¢(u3NKa 31CMEHTAPHBIX Ya-
CTHML, IPOPHBAsACh B OONACTb BHICOKMX IJHEPrHif, COEAMHMIACH C COBpE-
MEHHOH KocMosiorueii — Teopueit ssomouun Bcesnensoil. ITosBunace
HOBAasg HAYKa — KOCMOMHKPO(H3HKA.

e Kakoi1 cMbic/1 BKJIAAbIBAETCH B MOHSATHE «3NeMEHTapHas 4acTULa» B COBpe-
MeHHOI du3uke?

o  Ygaxurte POJIb KaXxaoro M3 BUAOB beHﬂaMeHTaHbeIX B3aUMONENCTBUNA B
Pa3ninuHBIX (pHSH‘lCCKHX ABJICHUAX.

e Tloyemy cnaboe B3auMomelicTBHE, HECMOTPS Ha CBOIO MaJIyl0 MHTEHCHUBHOCTb
M KOPOTKOAEHCTBYIOLIMI XapaKTep, HrpacT o4eHb BAXHYIO PO/b B 3BOMOLHH
BeenenHoii?

e Kaxk ¢ nomoumpbio COOTHOWEHUS HCO"pC}lCﬂCHHOCTeﬂ OUCHUTb MACCY MeE30Ha,
TNMECPECHOCAUICIO CHIIbHOE B3auMmopneiicTeue?

e KakoBbl cOBpeMeHHblE (PH3MUECKHE TIPEACTABAEHHS O MEXaHM3ME B3aHUMO-
AeACTBUS B MHpE 3/EMEHTapHbIX YacTuu?
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Kak cBszanbl Mexay coBoit paiuyc aeficTBHS CHJI M Macca YacTHl, o6MeHom
KOTOPBIMH 06YC/OB/ICHO NaHHOE B3auMonedcTBHe?

Yo Takoe KOMINTOHOBCKAS MUTMHA BojHbl wacTuubl? Kak oHa cBsizana ¢ npo-
CTPAaHCTBEHHBIM MacluTaboM B3aHUMOZEHCTBHUSA, OCYIIECTBIAEMOrO O6MeHOM
TAKUMM YacTULaMHu?

Kakyio pons urpaer Majetii paauyc ciaboro B3aMMONCHCTBHS B 3BOIOUMU
ConHeuHoit cHUcTeMbl?

MoueMy enuHas TEOPHS 3NEKTPOCNA00Oro B3aUMOREHCTBUA aKTyaslbHA TONBLKO
npu BuicokMx 3Heprusix? Ilpy Kakux uMeHHO?

[ToueMy npoTOHbI ¥ HEHTPOHBI HE SBISIOTCA B MCTUHHOM CMBICIC 3/eMeH-
TapHbIMH uacTHLaMH?

Kaxyio posb MrpaioT coobpaxeHUst CUMMETPHHU B TEOPHH 3JIEMEHTAPHBIX Ya-
ctun?

TTokaXxkxUTe, YTO HEBO3MOXHA AHHHUIHUAALMSA 3JIEKTPOHA W NMO3IUTPOHA C POX-
OeHHEeM TOJIbKO OQHOIO KBaHTA.





