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Hannoe yue6ise mocobue 3aBepluaeT HOBBIH B CTPYKTYPHOM K
COZep’KaTeJ-HOM OTHONMIEHMH Kypc obilell QU3UKM, HaL KOTOPHIM
aBTOp paboras HeCKOALKO JeT. IIPUHATOE B HEM pacnoJoXKeHHne Ma-
Tepuana (MeXaHMKa, 3ITTeKTPOMAarHeTU3M, BOJHOBHIE [POIECCHI,
KBaHTOoBasA GU3MKa H QUSHKa MaKPOCHCTeM) ABJAeTcA 10 rIy6oko-
My ybeskgeHno apTopa Hanbosee JOTUYECKH [10CAe40BaTeI-HbIM 1
ONpaBJ2HHBIM B MeTOJUYECKOM OTHoIIeHuU. Takas CTPYKTypa
Kypca HO3BOJIAET CTYZEHTaM Jerie U OCHOBATe/IbHee [TO3HAKOMUTh-
CA ¢ MATEPHAJIOM M IO LOCTOMHCTBY OLEHUTH Ba*KHOCTb, MNYOHHY U
YHHBEePCaJI-HOCTh OCHOBHBIX MAeH Kypca PU3HKHA, KOTOPHIH No mpa-
BY CUMTaeTCA PyHOAMEHMANbHBIM,

VIMeHHO Takaf CTPYKTypa KYpPCa COOTBETCTBYET KOHIEII[MM CO-
BpeMeHHOH nporpaMmsl no ¢pusuke Munucrepcrsa ofimero u mpo-
tdeccuonanbHOro obpasopanus Pd.

dopMa UINOKEHMA MaTepHasa Ta »Ke, UYTO ¥ B IPeIbLIYILIHX
KHUTaX: CHa4ajla JAIOTCHA OCHOBHI TeopuH (63 rpoMo3gKUX MaTeMa-
THYECKUX Ipeobpas3oBaHuit), a sateM pasbop paga sagau, fue NOKa-
3IBAETCA KOK CJAeHyeT NOAXOLHTb K UX DelIeHHI0. 3aJadyd TeCHO
CBA3AHBI C OCHOBHEIM TEKCTOM, YacTO SABJANIOTCS ero NOIOJHEHHEM
U pa3BHTHUEM, N03TOMY paboTa Haj HUMH JOJPKHA NPOBORUTHLCA IIa-
paJUIeJIbHO ¢ M3YUYeHMeM OCHOBHOI'O MaTepuana. Kpome Toro, nmpen-
JaraeMwM HaGop 3amay HOJXKeH, IO 3aMeICAy aBTOpa, NATh BO3-
MO>XHOCTB CTYAEHTY JOIOJHUTENbHO 06AyMaTh PAL Ba>XHLIX BOIIPO-
COB ¥ IIOMOYB IIPEACTABUTH (Za’ke ecJaM MHOTHMe 3aljaydd He pelaTh,
a [IPOCTO MPOYUTATL MX ycJoBHA) G0JIBIION THANIa30H [IPHIIOKEHUA
H3y4YaeMbIX HIeH.

KypcuBoM BhIzesieHH BarkHelIIMe OJI0KeHUA U TepMUHLI. Ile-
THUT MCHOJb3yercd IJIS MaTepuaja HNOBLIIIEHHOM TpygHOCcTH (3TOT
MaTepHas IPH NEPBOM YTEHWH MOXKHO 6e30601e3HeHHO OIIYCTUTDL), a
TaK)Xe LJd IPAMEpOB M 3azad.

KHira kak yuebHoe nocobue pacCuMTaHa Ha CTYLEHTOB BY30B C
paciIMpeHHON nporpamMmoi o dpusuke. OHa MOYKeT GLITH NOJIe3HOM
¥ NpemofgaBaTesIsaM BY30B.

H. HUponos
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06'5eKTOM M3YyUYeHHA B 3TOM yueOHOM IIOCOOMH ABIAAIOTCA CHCTe-
Mbl, COCTOAIME M3 0%eHb OOJILIIOre JHCJIA YacTHL {MOJIEKYJ, aTo-
MOB, 3JieKTPOHOB, QJOTOHOB X Ap.). IIpuMepOM MOXKeT CJOyKUTh ras.
Taxkmue cCHUCTEMBI ODHUHATO HA3HBATb MAKDOCUCTIEMAMU.

Kaganoce 61, noBefeHHEe TAKMX CHCTEM MOXKHO PacCMaTPHBATh
Ha OCHOBe 3aKOHOB Kjaccudeckoil mexaHMku. OfHaAKO AJA 3TOrO
npumaochk OB COCTABUTHL TAKOE IpAaHAMOZHOE YUCJIO ypaBHeHHH,
YTO CTAROBHTCHA CPa3y ACHO, YTO NPAKTHYEeCKHU IOJOOHEIA IIYyTh He-
cocToATes]eH (garke ecM OB YACTHILI IOIMHAINCH KIaCCHIECKHM
3aK0OHAM, UMeJX OBl TOUHO MEBECTHEIE HAYAJILHEIE YCJIOBUA U JBH-
ranuch Ol IO TPAEKTOpHUAM).

Ho mMeHHO KoJoCCaJIbHOE YHCJIO UACTHI[ B CHCTeMe IIPUBEJIO K
paspaboTke ABYX paguKalbHO OTIUYAIOUIAXCA APYT OT APYFra MeTo-
OB M3YYEeHHA MAKDOCHCTEM — TEPMOJHHAMUKH M MOJEKYJIAPDHONA
{cTaTHCcTHMYECKOR) PHIHKH.

Tepmoduramura (Hau obas TeOpHA TEeNJIOTHI) ABISETCA IIO-
CTYJATUBHON Hayko#. Eé He uHTepecyloT KOHKpeTHbIe IIpeficTaBJe-
HHS O CTPOEHUH CHCTeMhl {Bell[ecTBa) M (pU3IUeckas IpHpoja ca-
MOH TemwnoTH. IIpm TakoM moaxoZe HCIONB3YIOT NOHATHA B QHIH-
YeckHe BeJHIKHBI, OTHOCAIHEeCS K CHCTeMe B IeJiom. Hampumep,
UAeaJbHHI rasd B COCTOAHMHM DABHOBECHS XapaKTepPHU3yIOT ofmbe-
MOM, AaBJIeHHEM H TemIlepaTypoi.

BHBOAL TepMOAHHAMHKH OCHOBAaHH HA OOIHMX TPHMHIMIAX MK
HG%GAGX, KOTODHEe NPeACTaBIAIT c060i o0000llleHHMe OIHITHHIX
¢paxToB.

B oTiu4YHe OT TEPMOAMHAMUKH, MOAeKYyaspHaa (cmamucmuye-
cxas) gu3ura UCXOTUT U3 Ipe/CTaBIeHHH 0 MOJIeKYJIAPHOM CTpoe-
HUH BemecTBa. To 06CTOATENBCTBO, YTO YHCIO YACTHI] B MAKDOCH-
CTeMe BeCchMa BeJINKO, IDHBOAUT K HOBOMY THIIy 3aKOHOMEpHOCTeH,
MMEUIUX CTAaTHCTHYeCKHH, T.e. BepoATHOCTHRH xapakTep. Ha
OCHOBe 3THX IpejCTaBJIeHMH MOJleKyAApHAA (QPH3NKA PACKDhLIBAET
PH3KYECKYI0 IPHPOAY BeJIHYHH, KOTOPHIMH OIlePHPYeT TEepMOAHHA-
MHEKa. A EMeHHO, MOJIeKyJApHAs (HINKa I03BOJAET OOBLACHHUTH
HabnoJZaeMBEle CBOKCTBA MAKDOCHCTEM KaK CYMMapHHIH 9¢deKT
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AeHCTBHHE OTAenbHBIX MOJeKyn (Ha OCHOBe onpefelieHHBIX MoOJe-
neir). IIpx STOM HCHONB3YETCA CTATHCTAYECKHH MeToh, KOTODPBIH
HHTepecyeT He JEeMCTBHUS OTJe/IbHARIX MOJIEKYJ, & CPeOHUe 3HALEHUSA
onpefesieHHbIX BeauuHH. C NOMOIIBI0 HHEX, CDEAHHUX BeJIMYHH, OT-
KPBIBAETCA BOIMOXKHOCTH MHTEPIPEeTA NN HAabIIOAAeMbIX BEJIUYHUH.

MonekynsapHasa ¢busyuKa JOJKHA OCHOBRIBATHCS HA 3aKOHAX, KO-
TOPLIM NOSYMHAIOTCA ATOMEl ¥ MOJIeKYJ/Abl. JTO 3aKOHE K6GHMOB0l
gusuxu. Be3 3HaHHSA 3THX 3aKOHOB JOCTATOYHO KOPPEKTHOE H3JI0-
JKeHHe COBDEeMEeHHOH MOJEeKYJADHOM (PpH3HMKH OKajblBaeTCs Hesa-
KOHYEHHHIM M, 3HAYHT, MeTOAWYECKHM HeonpaBiaHHLIM. Iloatomy
Me! OyZeM mOpefmoiararb, YTO UYHTATENb Y)Ke MOSHAKOMEUJICA C
OCHOBHKIMH NpE/CTaBJIeHHUAMHE KBAHTOBOM Teopuu. Ho mpu Heobxo-
OUMOCTH HYXXHBle CBeJeHHA OyleM Bce JKe HAIlOMHHATEH.

ITocxonsKy TepMOAUHAMHKA ¥ MOJeKyAApRad GHU3HKa H3y4aloT
OJMH H TOT k€ 00beKT —MAaKPOCHCTEMBI, — TOJIBKO PA3HEIMH Me-
TOLAMH, TO MBI B neasix 60bluell IIPOCTOTHI M JACHOCTH H3JIOXKEeHHA
H NoHuMauuAa OyAeM npHBJIeKaTh 00a MeToJa KaK B3aUMHO JOIIOJI-
HAIOIME APYr ApPYra.

HTak, TepMOTHHAMMHYECKHH H CTATHCTHYECKHH METOLLI H3yue-
HHAA MaKpPOCHCTEM AONOJHAT APYr Apyra. TepMogHMHAMHYeCKHH
MeTOZ, XapaKTepPH3yeTCAd CBoeH OGIIHOCTHIO M HO3BOJAET M3y4aTh
ABNeHuss 0e3 3HAHUS HX BHYTPEHHHX MeXaHu3MOB (M MoJeieit).
CTaTHCTHYECKHUH jKe MeTOA MO3BOJIAeT NOHATh CyTh SIBJICHUH, yCTa-
HOBHTPH CBA3H IIOBeAEHHUA CHCTeMH B I[eJIOM C HOBelleHHEM H CBOM-
CTBAaMH OTAENBHHIX HacTuil. MX KOMGHHUDOBaHHOe IPHMeHEHUE
cnocobcTByeT Hambosiee 3pPEeKTHBHOMY DENIEHHIO TOH MIM MHOM
Hay4HoH npobiaemsl.






— Tnasa 1 —
MepBoe Ha4ano TepMOAUHAMUKHK
v

§ 1.1. Cocroanune cucremsl. IIpoueccsr

Temnepatypa. 3T0 BeJMY¥HA, XapPaKTepPHU3YIOIAA COCTOSIHHE
TepMOIMHAMMYECKOro paBHOBecHd MakpocucreMsl. Eciu opm yera-
HOBJIGHUHM TEIIJIOBOrO KOHTAKTA MeXy TeJIaMU OXHO U3 TeJI lepeja-
eT JHepruio ApYroMy IOoCpeaCcTBOM TeljolnepefadYd, TO CYHTAIOT,
4YTO NepBOe TesI0 MMeeT GOJAbmyI0O TeMuIepaTypy, 4eM BTOpPOE.

Jli060#1 MeTox usMepeHMA TeMIepaTyphl TpeOyeT ycTaHOBJICHUA
TeMIOepaTypHO¥# mIKaawl, 8 3TOro HCHOJb3YIOT HEKOTOPHIE OCO-
6pte Touxu. Ilo MexpYHaApOZHOMY COTVIAINIEHHIO TeMMEpPaTYPHYIO
HIKaJy CTPOAT MO OJHOM pelNepHOM TOYKe, TAK HABLIBAEMOW IMpOii-
noit movke 8odot (Ty;). B mepmodunamuveckoll wrare memnnepa-
myp (uxane Kenvéurnq) NPUHUMAETCS HO ONPEAEJICHHIO, UTO

T,, = 273,16 K.

ITpu raxom sadeHun T, UHTEPBAJ MEKY TOYKAMM IIaBJIEHUA
JBR2 ¥ KUITEeHUA BOALI NpaKTHUYecKM paBeH 100 xeJbBHH, U TeMIe-
PaTypsl 3TUX TOYeK paBHHI npHbamxkenno 273,15 1 373,15 K. Ha-
noMHuM, 1 K = 1°C. Temneparypa ¢t no mraie Ileascusa canaana c
TeMIOepaTrypo¥ no mraie KeanBuHa paBEeHCTBOM

t=T7T-273,15.

Temnepatrypy T = 0 Ha3mIBaOT AGcorOMHbLM HYNleM, EMY COOT-
seTcTByer t = —273,15 °C.

B panpreitmem (§ 1.5) MH BRIACHUM GU3NYeCKUH CMBICJ TeMIIe-
paTypu 7T.

TemnepaTypa — 2T0 OfHA M3 MAKPOCKONMYECKHX XapaKTePHCTHK
MakpocucTemMul. OHa He MMeeT CMBICAA A CHUCTEM, COCTOAIMX H3
HEeCKOJIbKMX MOJIeKYJ (BOpoYeM, IPH OIpefesleHHOH JOrOBOPEeHHO-
CTH YCJOBHO TOBODAT O TeMIepaType JaKe OZHOH JacTHIEI).

Coctosane cucTembl. CoCTOAHNe MaKDOCHCTEMBI XapaKTepHay-
10T BeJIMYHMHAMH, KOTODHIe HA3LIBAIOT mMepMOJURGMUYECKUMY NAPA-
Mmempamu (gasneHue p, obbem V, Temneparypa T u gp.). Ecim stu
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napaMeTprl HMEIOT OlpefelleHHBle H LOCTOAHHEIe 3HAUEHHN AJIA
mo6o¥ YacTH M2KPOCHCTEMEI, TO €€ COCTOAHME Ha3bIBAIOT PAEHOBEC-
HbiM. ByAy4H BEIBEZieHA U3 COCTOAHHUA PaBHOBeCHA (CHCTEMa CTaHO-
BUTCA HePABHOBECHOIl), CHCTEMa B JaJIbHeiIlleM BO3BpalllaeTCA B
PaBHOBECHOE COCTOSIHHE. ITO NPOMCXOANT 3a BPeMA, PaBHOe IO II0-
PAAKY BeJIMYMHB 6pemenu peaakcayuu (1). Tax HasHBaIOT BpeMi,
3a KOTOpoe IepBOHAYa/JIbHOE OTKJIOHEHMe KaKoro-nubo mapameTrpa
COCTOSIHMA yMeHbolaeTcA B € pas. [I1a KaXKA0ro napamerpa CoCToA-
HUs BPeMsA T HMeeT cBoe 3HadeHuWe. Pemaroinyio pois Hrpaer To 1,
KOTOpOe ABJAAeTcA HaubonbminmM. Ero m cumraloT 3a BpeMA pesak-
caliy CHCTEMBI.

Takum 06pa3oM, COCTOSHUE CHCTEMLI ABJSETCHA PABHOBECHEIM,
€CJIM BCe DapaMeTpPhl ee MMEIOT OnpefesieHHbIe M IIOCTOSHHEIE 3HA-
YeHHA IOPH HEeM3MEeHHBIX BHEIIHHX YCJIOBHAX.

PaBHOBeCHOe COCTOAHHE MOXKHO MpPEACTABHTH TOYKOH B IpoO-
CTPaHCTBe, 110 KOOPAUHATHEIM OCSAM KOTOPOTI'C OTKJIAALIBAIOTCA 3Ha-
yeHHMA I[IapaMeTPOB COCTOAHHA. ECIH He3aBUCHUMBIMHU SBAAIOTCSH
Beero Ase nepeMeHHsle (Hanpumep, p u V), To paBHOBeCHOe COCTOH-
HHe u300paXkaloT TOIKOH Ha guarpamme p, V.

Hponecc. JI1o6oi nponece, T.e. Iepexof CUCTeMhI H3 OZHOr'O CO-
CTOAHUA B Apyroe (IpoMcXOAAIIHH, HanlpuMep, 61arogapsA BHeI1He-
My BO3AEHCTBHIO) MpPOXOAUT, BOOOIe TOBOPS, Ueped IocaefoBaTe-

JIBHOCTh HepaBHOBeCHBIX cocToidHH#. Ho

p 2 ecJII TaKkOoe BO3AeHCTBHE OCYIIeCTBIIeTCH
AOCTATOYHO Me[JIEHHO, TO MOMKHO CKa-

3aTh, 4YTO MPOIECC IPOXOAUT Ueped Io-

CJIeAOBATENBHOCTE PABHOBECHBIX COCTOS-

1 Hnit. Taxo#l mpouecc Ha3wBAaWOT pPEEHO-
éecHbiM WIH Keaducmamuieckum. Omn
MOKeT OBITh M300pakeH, HAIpUMep, Ha
y nauarpaMMe p, V COOTBETCTBYIOIIeH KpH-

ol (puc.l.1). Hanpasinenwe npormecca

MOKa3bIBAIOT CTPEIKOH.

HepaBHOBeCHbI® HpOoReCcCHl MBI 6yjeM yCJIOBHO H300paXkaTs myH-
KTHPHEIMH KDHBBIMH.

PaBHOBecHEIR? Ipoliecc MOXKeT 6nITh nmpoBefeH B o6paTHOM Ha-
[IpaBJeHHH uepe3 Ty »Ke COBOKYITHOCTb PaBHOBECHBIX COCTOAHMH,
T.e. o TOMH ke Kpusok [ — 2 (cM. puc. 1.1), Ho B eb6paTHOM Ha-

Puc. 1.1
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npasaedun 2 — 1. [lo 3Toli mpHauHe paBHOBECHHIE NpOLECCHI Ha-
3LBAOT ofpaTHMEIMU”.

§ 1.2. Ileproe Hauaso TepMOAHHAMMKH

IlepBoe Hayano TepMOSUMHAMHMKH OTHOCHTCH K OJHOMY U3 QYH-
JaMeHTAJbHeUIINX 3aKOHOB (PH3UKH MaKpOCHCTEM, OHO ABJISETCA
o60b11eHueM odeHb §O0JIBIIONO 3KCIEPHMMEHTANBHOIO MaTepuala 4
npeacrasiaseT coGod mo cyTH o000LIeHHHH 3aKOH COXPaHEeHHS
3HEPruy Ha TeNJIOBHIE NpOlLEecCh B caMom ofineM BHZe.

OTOT 3aKOH COAEPXKUT TPH BeJIUYHHHI: BHYTPeHHIOW dHepruiwo U,
paboTy A ¥ temsory Q. Ilpexge uem cgopMyIupoBaTh caM 3aKOH,
YCTAHOBUM (PH3UYECKHUN CMBICJI 3THX BEJIMYHH.

BryTpennas sHeprus. BHyTpeHHe# sHeprued U mMakpocucTeMbl
HA3HBAIOT BEJUYHMHY, COCTOAIIYIO M3:

1) cyMMapHO# KHHETHYECKON BHEPIHH XaOTHYECKOI0 ABMIKEHHUA
MoJeKyI B I]-cucTeme, CBA3aHHOH ¢ caMOH cHcTeMoi (B 2TOH cHcTe-
Me OTCYeTa CYMMApPHBIM UMIYJAbC BCeX MOJIEKYJI paBeH HyJi0, H CH-
cTeMa Kak Iesoe IIOKOUTCH);

2) co6CTBeHHOM TOTeHIMAJIbHON 3HEPruH B3aUMOJEMCTBUS BCeX
MOJIEKYJI, T.e. BHEPI'HH BIAMMOLEHCTBMS TOJIbLKO MeXIy MOJIEKyJa-
MH{, NpPHHALIEKAIIAMH JaHHOH cHcTeMe;

3) BHYTpeHHeH 3HEPTrHM CAMHX MOJIEKYJ, aTOMOB, fAAep,...

Hawn6oJee cyiecTeeHHoe OTJIHYHEe BHYTpeHHeH sHeprur U B ToM,
4YTO OHA ABJIAETCA (yHKYUel COCMOARUS ¥ HE 3aBHMCHT OT TOIlQ, Ka-
KHMM IYTeM ML! IPABEJH CUCTEMY B JAHHOE cOcToAHme. IIpH maMeHe-
HHUH COCTOSHHS [IpHpallleHUe BHYTpEeHHe!l SHepPrHM ompelenseTcs
TOJBKO KOHEYHBIM ¥ HAYILHBIM COCTOAHMAMY ¥ HE 3aBHCHT OT Ipo-
1iecca, KOTOpHIY IepeBes CUCTEMY U3 OGHOrO COCTOSIHUA B APYyTOoE.

Iloxa mu! He 6yAeM BkJuoUaTh BO BHYTpeHHOIL dHepruio U BHYT-
PEHHIOK SHEPTUI0 MOJIEKYJ H aTOMOB, CYHTas BO MHOIHX IPOIEC-
cax BKJIaA 3TOi PHepruHd B U NOCTOAHHBIM, He 3aBPMCAINHKM OT BHAA
nponecca. T.e. 6ydem cuutaTh, 9410 U OmpegeseHa ¢ TOYHOCTHIO JO
HeKOTOpoH nocrodaHHoi. Ho IpH Heo6XOAHMOCTH MLI CHHMEM 3TO
OorpaHU4YeHVWe M BKJIIOYMM B pPacCMOTpPeHHMe B BHYTPHMOJEKYJIAp-
HYI0 3HEpruio.

* KarteropaueckH yTBep:KAaTh, IT0 KANAHNA papHOBecHHH npouecc Asnserca obpa-
THUMEHIM, HeNB3A. OH HABePHAKA 0OPATHM TONBKO AUl HIOTPODHBIX MAKDOCHCTEM.
Ecnu xe cHcTeMa aHR30TPOOAA, TO 8TC He BCeraa Tak. [IpHMepox MoMXKeT CIyKHTE
ABNEHHE CHCTEPEINUCA.
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Ecnm maxpocHcTeMa COCTOMT M3 HecKOJIBKMX dacTeil, TO aRep-
rued MeKMOJIeKyJIAPHOTO B3aUMOAEHCTBUA HA FPaHHNIax 3THX dac-
Teil (B TOHKOM CJIOE) MOXHO IpeHebpeyb M CUHTATh, UTO BHYTPEH-
HAA 9HEeprus Bceil CHCTeMBI IIPAKTHYECKH PABHA CYMMe BHYTPeH-
HUX 3Hepru# ee dyacre#. J1o 3HAYHUT, UTO BHYTPEHHAA 3HepPrus
ABJIAETCA BEeJUUYMHON agmguTUBHOH.

Pabora ¥ KOIMYECTBO Temaa. BAYTpenHIOw 3HEPTHIO MaKpOCH-
CTeMbl MOXXHO M3MEHHTh, COBepIINB Haj CHcTeMOou paboTy A’ BHel-
HUMU MaKpPOCKOIIMYECKHMH cUIaMy, Aub0 nyTeM menaonepedaiu.

CoBepureHne paGoTH COIPOBOXKAASTCSA NlepeMelleHHeM BHEeIIHUX
TeJl, OeHCTBYIOIIMX Ha cHcTeMy (Tax HallpuMmep BefgeT cebaA Imo-
pilleHb B IMJIUHADE C Ta3oM).

Ilepenaya Makpocucreme Tell.1a @ He CBA3aHa C NepPeMelleHUeM
BHeImHUX Tea. OHAa OCYNIECTBAAETCA NyTeM HeNOocpPeJCTBeHHOH 11e-
pefajull BHyTPeHHeil 9Heprud MaKpoCHCTEMe OT BHEIIHMX TeJsl IpH
KOHTakTe ¢ HUMH. Ilepeflaya 3HEPrUM MPH 2TOM MOJKET IPOHCXO-
OUTb M 4Yepe3 H3AydYeHHe.

IlepBoe HaYan0 TEPMOAHHAMHKH YTBEP:KJaeT, UTO IpHpaleHHe
BHYTPeHHeH 2Heprdd MaKpPOCHCTEeMEl IIpH ee IepeXofe U3 Havallb-
HOro cocTosHus I B xoHe4yHOoe 2 paBHO CYMMe COBepPIIEeHHOH Hag
cHCTeMOH paboThl A’ BCEX BHEIIHMX MaKPOCKONUYECKUX CHUJI M KO-
JIMYecTBa NepPefaHHOro cHcreMe Tellla Q:

UZ—U1=Q+A,' (1.1)

O6pI9HO paccMaTpUBAIOT He pafory A’ Hanx cucTemoll, a pabory
A, TpOM3BOAUMYIO caMOH CHCTeMOH RaJ BHeIIHHMMH TeJamH. Fmes
B BHAY, uTo A’ = -A, nepennmem (1.1) B Buge

Q=AU + A, (1.2)

rae AU = Uy — U;. 910 ypaBHeHHEe H BRIpa’kaeT NepBoe HAuajlo Tep-
MOAUHAMEKH: KOIUecmaeo meniomyt Q, COO6uierHoe MaKpocucme-
Me, udem na npupausernue AU e€ erymperHell 3Hep2ul u HA Co8ep-
weHue cucmeMmoii pabomsvt A HA0 GHEWHUMU MeAGMU.

Bcee xogamue B (1.2) Beas4HNHbI ABAAIOTCA aazebpauvteckumu,
T.e. MOPYT EMeTb KakK IIOJIOKUTENbHEIE, TAK ¥ OTpHIATe bHLIE 3Ha-
kM. Ecnu @ < 0, To 3T0 3HAUHUT, YTO TEIJIO OTBOAUTCSH OT CHCTEMbI,
ecnu A < 0, To pabora npousBoguTcA Had cucTeMmoli. IIpupamenue
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AU BHYTpeHHe# 3Hepru¥ MoskeT MMeTh J1060i 3HAK, B YACTHOCTH
ORITE paBHOH HYJIIO.

Eme pa3 moguepKHEM, UTO MOKHO TOBOPHUTE O NpPHDalleHHH
BHYTpeHHeH 3Heprum U, HO HeJlh3d MOBOPHUTH O IIpUpameHuu pabo-
THl MM TenJa. ['OBOPAT TOJIHKO O KOJMUECTBEe HOCIERHHUX ABYX Be-
JIMYHUH B TOM HJIH MHOM npouyecce, T.e. A 1 Q #ABAAIOTCA QyHRKOHA-
MH Oponecca.

IlepBoe HAYaIO TepMOZmHAMHMKHK B guddepeHuuaisHoi dopme
UMeeT BUE

d'Q = dU + d'A4, (1.3)

TZe LITPKX O3HAYAET, UTO Mbl MMeeM ZeJ0 He ¢ mpHpalleHVMeM Ka-
KOM-IM60 DYHKIHH, a ¢ 3JeMEHTADHEIMH 3HAYEHHAMM TemJIOTHI
(d'Q) n paborn (d'A).

Pabora, cosepiuaeMas Makpocucremoil. Ecmx 06meM MakpocH-
cTeMbl (HapuMep, rasa) mojyudaeT npmpailiedue dV, a masieHwue,
OKa3hlBAEMOe €I0 Ha cocefHMe Teja (CTeHKH), DABHO P, TO 3JIeMeH-
TapHaa paora CHJ, KeACTBYIOOIMX CO CTOPOHBI rasa Ha CTEeHKH,

d'A = pav. (1.4)

9TO JIerKO NOJMYYHTh AJA CJIydas, KOTAA CHCTe-
Ma (raz) HaXoAMTCA B LMJIMHAPE € IIOPIIHEM
(puc. 1.2). DunemeHTapHaa pabora, coBepllae-
Mas rasoM IpH IepeMemesHH mopiuA Ha dh,
pasHa d’'A = F dh, rae F — cuna, ¢ Koropoit raa
medcTByeT Ha nopiueHs. Ilxomans ceuenns mo-
cneasero S, moaromy F =pS u d’A = pS dh, rae
Sdh = dV. Orcroga u caegyer (1.4).

{Ipn nogHATHUHA NOPIUHA JaBJIeHVe rasa, BO-
ofme rosops, MoxxeT MeHATLCA. [loaToMy pabo- Puc. 1.2
Ta, COBEPIIAEMAH Ta30M IpH KOHEUHEIX HaMe-
HeHHAX o0beMa, Hanpumep oT V; no V,, momxkHa ObITh IpeAcTasie-
Ha B BHMJe HHTErpasa:

I A=jjpdV. (1.5)
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Pue. 1.3

Eme pas ormerum, uro pabora A cy-
IIEeCTBEHHEIM 06pa3oM 3aBUCHT OT
nponecca (MMM «OyTH»), IO KOTOPO-
My CHCTeMa ePEBOSMTCH H3 COCTOdA-
Hug I B 2. 310 HaraAOHO BUJHO H3
rpaguka Ha puc.1.3, rae nzobpaxken
mpouecc M3MeHeHNA ofbema Ha AHa-
rpamMe p, V. MbI 3HaeM, UTO reoMeT-
pHYecKad HHTEPNpPeTalllAa KHTErpaia
(1.5) — aro ¢momaak» HOA KPHBOMH

1-2, a ara niomigak 3aBUCHT OT BHAA KPHUBOH, T. e. OT IIpoecca.

Ecnau B pesyabraTe H3MeHeHHM MaKpOCHCTEMAa BOSBPAIIAETCH B

CXoaHOe CoCTOAHHE, TO I'OBOPAT, UTO OHa CoBepluIdia prZOGOil

p

Puc. 1.4

npoyecc uau yurr. Ha quarpamme p, V
Taxkoil Ipomecc MMeeT BM) 3aMKHYTOMR
kprBoX (puc. 1.4). PaGora, cosepinae-
Maf CHCTeMOH 3a ITMKJI, YHCJIEHHO paB-
Ha WJIOIAAHM BHYTPH IHEKJA, TOHHpO-
BaHHOM Ha pucyHke. IIp# aToM, eclIu
TOYKa, H300PaXKAr0masn COCTOAHNE CHC-
TEeMbI, OIHUCHIBAET UHKJ II0 YaCcOBOH
cTpeske (Kax Ha PUCYHKe), To pafoTa
cucremel A > 0. Ecnu e npotHB gaco-
BOM cTpeJkH, 7o A < 0.

3uak paboTh 3aBHCHUT OT 3Haka dV: Ha Tex yuacTKax mpolecca,

rpe dV > 0, pabora A > 0, Ha Tex e yuacTKax, rre dV <0, n A < 0.

IIprmep. Haiigem rpatduieckn paGoTy, cOBepMIeHHYIO CUCTEMOM B nIpOLec-

p

2

Puc. 1.5

~y

ce, MOKa3aHHOM Ha puc.l.5.

Ha yuacrre I O paGora 4,, > 0 u paBHa naoIRagu
moa xpusoit - 0. Ha yyaerke ke O — 2 paora
Ay < 0. CymmapnHaa pabora A 6yner paBHa INO-
mazaM, OXBATHIBAeMOH KpHBOH [— O —2-1, npraem
B XaHHOM enydae 3ra pabora A < 0.

Boappamasics K GOpPMYJIHpPOBKE MEPBOTO

HavyaJIa TepMOAMHaMuKH, sanumem (1.3) c
yuerom (1.4) B Buze

d'@ =dU + pdV. (1.6)
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Kak Mu yBHAMM gasee, B TakoM (hopMe 3TOT 3aKOH HMCIOJIbL30BaTh
Haubosee yzoOHO ANA pemleHMA pAZa BOMPOCOB.

B zaxaoueHme OTMETHM, UTO CnpaBeAIHMBOCTb IOCTYJIHPOBAHHO-
I'0 IepBOTO Hauajia TepMOAMHAMHKM AOKaldblBaeTCA He TOJLKO NIpA-
MAIMHK onnlTamMu, IlepBoe HayajI0o MO3BOJAET, HE BAABAACh B AeTalIU
MeXaHHU3Ma IIpOUECCOB, NOJYYHTh MHOTOUHCIEHHEIE CIeJCTBUA U
KOJIMYeCTBEHHBIE COOTHOIIENNA. B 5TOM ero rpoMajgHoe I103HaBaTe-
JbHOoe 3HaueHHe. IlogreepxaaeMule ONBITOM TaKHe CJAELCTBUA H CO-
OTHOUIEHHA FAIOT HEeCpaBHEHHO 0oJiee TOUHOe H HafeXXHOe Z0Ka3a-
TeJLCTBO CAMOTI0 LIEPBOTO Havdasa, HexKeJd IIPAMBIE OIIBITHL.

IlepeiifeM K pacCMOTPEHHIO Ba)KHBIX CJEACTBHUI, BRITEKAIOIUX
M3 IepBOro Hauajla. B KayecTBe o0be€KTa HCCIEJOBAHHA BOIbMEM
HMAeaJbHBIN ra3, ypaBHEHMe COCTOAHMA KOTOPOro HMeeT HauGoJjiee
npocTo¥l BHA.

§ 1.3. TenmoeMKOCTHs HIEAJHHOIO rasa

YpaBHeHHe COCTOMHHA HIeaJIbHOIO rasa. HdeanvHbvim Ha3nIBa-
IOT ra3, ypaBHEEME COCTOAHHS KOTOpPOro HMMeeT BHJ,

pV = vRT, (1.7)

€ro Ha3LIBAlOT ypagHeHuem Kaaneiipona. 3aech v — KoOJAWIECTBO
BEIMECTBa, H3MePAEeMOe YHCIIOM Moaelk, R — YyHUBepCARbHAA 2430-
848 NOCMOAHKHAA:

R = 8,314 II>x/(vons - K).

Mosb — 3TO KOJMYECTBO BELUECTBa, COAeprKallee YHUC/IO JacTHI,
paBHOe NOcmoOanHOL A802adpo:.

N4 = 6,022 - 1022 monpL.

Monio cOOTBETCTBYET Macta — MOAAPHAA MACCA, — pas3Hasa ANA
PA3IMYHBIX Ta308. ITH MACChl IIPUBEAEHE! B IEPUOANYECKON cHCTe-
Me 3JIEMEHTOB, I'le ¥ K2XKAOI0 2JIeMEHTA [IEPBOE YHCJIO — NOPALKO-
BHIA HOMEp, a BTOpPOe — MOJIADHAA Macca B I'/MOJb.

C MoJeKyNApHON TOYKH 3peHHA HAeaJbHBM I'ad COCTOUT H3 MO-
JIeKyJI, BIaKMOJEeCTBRE MeXKAY KOTOPRIMH NpeHefpe’kHMo Majo.
9TO npRCyLIe BCeM 'a3aM IpH AOCTATOYHO GOJILIIOM pa3pasKeHRH.

* BMecTe ¢ TeM, B3aHMOERCTBHE MeXKY MOJIEKYJIAMH JaXe B CIyvuae MIealbHbIX ra-
30B doaxno Obimb, HO BecbMa cnaboe. OHo HeoBxoqHMO, Tak Kak ToakKo 6narogapa
AeMy B CACTeMe MOXKeT YCTAHOBHTHCA paBHOBECHe.
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IIpocToTa MoJe K HAEANLHOTO Ta3a XelaeT ee Haumbosiee TIOAXO-
Asamiedl AJaA O3HAKOMJIEHMS C MeTOXAMH H3yUYeHHA MaKPOCHCTEM H C
COOTBETCTBYIOIIMMH NOHATUAMMU.

TenmoeMKoCTs MIeansHOro rasa. Ilpekze BCero OTMeTHM TOT
Ba)KHHIY OKCIEPHUMEHTAJNILHBIA (paKT, 4TO BHYTpPEeHHAA 3Heprua U
HAeaJIbHOTO Tasa 3aBHCHUT TOJBKO OT TeMmepaTypnl I', mpHuem

U T (1.8)

B LOBOJILHO IIMPOKOM AMaIa3oHe TeMmeparyp. KosgdumuerT npo-
NIOPUHOHAIBHOCTH 3ABMCHUT OT poja rasa.

TenaoemkocTsio C Tena (rasa) HasbIBaOT KOJHYECTBO TeIlIa, KO-
TOpPOe HYXXKHO COOBIIHUTH TeNy, YTODBI IIOBLICHTH €ro TeMIepaTypy
Ha OZUH KeJbBHMH:

C = d'Q/dT. (1.9)

JTa BeIHYHHA, Kak ¥ d'Q, 3aBHCHT OT Iponecca. Be3 yKazaHus
npoliecca BeipakeHHe (1.9) He mMeer cmuicna. Eme pas: mensoenm-
Kocmy C asasemcs pyHKyuel: npoyecca.

M=nl OyAeM MOJBL30BATBCA B OCHOBHOM MUAAPHOU MERI0eMKO-
cmeio C, Ixx/(Mons - K). B rabnunax »xe 06bIYHO YKA3HIBAWOT ydeas-
HYK MenioemKocms

c=C/M, (1.10)

rge ¢, Jx/(kr-K), M — MmoaapHas Macca.

Ocoboe gHaueHHMEe MMEIOT TEeIlIOeMKOCTH LJA ABYX IIPOIleCCOB:
IIpU DOCTOAHHOM 00beme Cp ¥ NIpu mocTosHHEOM gasiaeruu C,, Ilpu
mocroguHoMm obweme dV = 0, u cornacHo (1.6) mmeem

C, =(3U/8T)y. (1.11)

Takas ¢opma 3anucu HogUepKUBaeT, YTO IpH AuP¢epeHnHuposa-
uun U o T obwem V cirefyeT CUMTAThL IIOCTOSAHHEIM (3TO TAK HA3HI-
BaemMas “GCmHas npou3sodnax).

OnpIT NOKa3HIBAET, UTO BO MHOIHMX CIyYAAX TEIOJI0eMKocTs C B
IIAPOKOM HHTEpPBaJle TeMIepaTyp IOYTH He MeddAercd. Ecim cum-
TaTh, 4T¢ C coBcem He aasmceut or T, To m3 {1.11) crneayer:
dU = Cy dT, 1 MOXXHO HANIMCATH IPOCTYIO HOPMYaY

U = C,T. (1.12)
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IIpoussonbHyI0 HOCTOAHHYIO MHTECPUPOBAHUA MBI ONYCTHIH, IIO-
CKOJIBKY OHA He CYIIeCTBEeHHA: BO BC€ COOTHONIEHHS BXOLHT He
camMa ¢yHxuua U, a TONLKO DPa3sHOCTH €e 3HAUYEHHH (aHaJIOTHYHO
IOTeHIUANBHON BHEPTHH).

IIpegcTaBuM BuipakeHue (1.9) ANA TeNNOEMKOCTH, YYHUTHIBasd
(1.6) m (1.11), B BHze

C=C, +p—. (1.13)

Ecau uponecc usobapuuecku#i (p = const), To U3 ypapHEeHHs COCTO-
sanus (1.7) caepyert, aro p(dV/dT) = R, u COOTBETCTBYIOIIAA MOJLAD-
Has TelJOeMKOCTh

C,=Cy+R. (1.14)

BakHo# XapaKTepPHCTHKOH Ta3oB fBiagerca oTHomenue C,/Cy,
KoTopoe 0603HAYAIOT 6YKBOA Y M HASBIBAIOT NOCMOAHMOU adualba-
mot. AMess B Buay (1.14), 3anniieM

Cp R

=——=1+—,
! Cy Cy

OTKyaa MOJAPHasa TeIJIOEMKOCTh
Cy = R/(y - 1). (1.15)

Ha onwiTa cnegyer, 9TO 3HaYEHUA y AN PA3HHIX Ta3oB JIeXKaT B
npegerax 1,3 + 1,67.

Iloacrasus (1.15) B (1.12), monyuuM gpyrue GOpPMBI BHIpaKe-
HHA A BHYTpPeHHeH DHeprum v MoJlell HALaJIbHOTO rasa:

z;—l' 2—)‘,—":—1 . (1-16)

Tlpumep. Onpefenun NOCTOAHHYIO axuabaTsl Y X/1A PASOBOI CMeCH, COCTOA-
e U3 v, MOaeHd rasa ¢ DOCTOAHHON agnabaTsl y; H v; MosteH rasa
C INOCTOAHHOM 7y

Hcxoga ua Toro, uro y = C,/Cy, aanmnem
VICPI + Vchz

- *
"Gy + v2Gs ®
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YunrthiBas, 4910 MoJApHEIEe TewioemkoctH Cy = R/(y — 1) n
C, = YR/(y — 1), upeobpasyen (*) x muRYy

= VY (ya ~ 1) + vay,(yy - 1).
Vi{ys - 1) +valyy - 1)

§ 1.4. IloauTponuyeckHe MPOLEcCHI

AnnalaTH4yecKHH mpoliecc. ITO Opollecc, KOTOPHIH IIPOMCKOLUT
6e3 Tensioo6MeHa ¢ okpyKalomei cpexoi. Jna uyeansHoro rasa 3a-
oumeM (1.6) ¢ yuerom (1.16) B BRge

aQ - d[-’i"_] + pdv =0.
y-1
BrinumeM 4HCAHTENb 3TOTO BhIPAXKEBHA:
deV)+ (v - 1)pdV=dp-V+pdV+ypdV-pdv=0.
ITocne coxpamenus ra p dV moayyum
Vdp+ ypdv =0.
Pagpennm ofa cnaraemulx Ha pV, Torga
dp y dv

+y— =0.
|4

JT0 BrIpakeHHe OpexCTABIAET coboi cymmy mnddepeHIIHAaTIOB J0-
rapudmoB p u V:

dlnp + ydInV = dIn(pv7)=0.

PaBeHCTBO HyA0 mociefHero auddepeHnmasia o3HazaeT, UYTO MEl
¥MeeM HesI0 ¢ KOHCTAHTOH, T.e.

pVY = const. (1.17

IJTo M ecTh ypaeHnenue aduabamby: B IepeMeHHNIX p, V. Ero masnisa-
10T ypaeénernuenm ITyaccona. ITo yparHeHHe MOXKHO IPDECTABHTL H B
APYyTHX mepeMeRHux. Hanpumep, B mepemeHHEIX T, V OHO BRIIAA-
AUT TaK:

TV = const. - (1.18)
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Aduabama (1.17) uger xpyue u3orepMnl (pV = const): pus sroro
JOCTATOYHO CPABHHUTL IIPOM3BOAHLIE dp/dV Kis o0OMX HIpPOIECCOB.
Insa maorepmudeckoro mnpotlecca pdV + dp:V = 0, oTkyzna

dp/dv = —(p/V). p aduabama

A gna agmabaTHUeckoro Ipolecca

1.1 pyVi - 14V +dpV = t,

(1.17) py p const, oTKyxa usomepna
dp/dV = —y(p/V).

Tlockoasky v > 1, To aguabaTel, KeHcT-

BHTE/NIBHO, HAVT Kpyde H30TepM |4

{puc.1.6). Puc. 1.6

ITonuTponuyeckue nmpoueccsl. TaKk HA3RIBAIOT OPOLECCHl, ypaB-
HEHHe KOTOPBLIX B IepeMeHHHIX p, V mMeeT BHUR

pV™ = const, 1.19)

T4e n — IIPOHIBOJLROE YHCJO, KAK ION0KHUTE/IbHOe, TAK H OTPHIA-
TeJbROe, 4 TaK)ke paBroe Hymo. TakuMm obpasom, mwboil mpouece,
YpaBHeHHe KOTOpPOTO MOXHO CBecTH K BuAy (1.19), aBiasercsa noant-
ponnyeckuM, COOTBETCTBYIOM[YVIO KPHBYIO HaskIBAIOT NOALMPONOiL,

TlonuTponAuyeckMMY ABJIAIOTCS, B YACTHOCTH, IPOIECCHl M30XO-
pHUeCKHH, HAI00ApDHIECKHNH, N3IOTEpMUYLCKHMA H aqHabaTHIecKHH.

OTAHYHTENBROH 0COOEHHOCTRIO BCEX DOJIHTPONKHYECKHX IpOLec-
COB ABJIAETCA TO, YTO B XOAE 3THX IIPOLELCCOB TEIJIOEMKOCTh CHCTe-
MBI OCTaeTcA IIOCTOAHHOM:

C, = const. (1.20)

Y6eauMca B 9TOM, BOCHOMBL3OBaBIIMcH bopmysoi (1.13). Bxogsa-
1y B Hee mpomasoxHyic dV/d¢ HaidgeM ¢ DOMOMBIO ypaBREeHHA
TV® ~1 = const — ypaBHERHS MOJHUTPONIHUecKOro npouecca (1.18) B
nepemMeRBHIX T, V. Ilpoguddepennupyem mociegree ypaBHeHHe:

ATVl 4+ T(n — 1)V24dy =0,
OTKYHA

_ R
p(n -1y

dv

av_ 1 V.__
dT n-1

L4
T
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OcraercAa noacrasuTs 310 BhIpakenHe B (1.13), u MnI mojxyaum

R R R
C,=C, - = - 1.21
Y n-1 y-1 n-1 a.zh)

Orciopa BUAHO, 9TO, HAeHCTBHTEARHO, B XOZe IOJHTPONHYECKHX
nponeccoB C, = const.

Eciu n =y, o C,, = 0 (3To cpasy cielyeT M U3 olpefeieRUA afH-
abatHueckoro nmpouecca). IIpu n=1 C, —» x, Kak A ZO/KHO OBITH
IIPH HM30TePMHYECKOM IIpoIiecce.

VlaTepecnpiii pesyiabrarT obHapy»kuBaeTcAa B ciyuae 1 < np <y.
Tlepenmrmiem (1.21) B BHge

c,=—""1 __Rg (1.22)
(y—1)}n -1)

BrzHo, uTo B aTOM cayuae C, < 0. ITo
3HAYHT, YTO MBI coobilaeM TemJao Cuc-
TeMe, & ORA OXJAXKJAeTCdA, DOCKOJIbBKY
sHak¥ d'Q #w d7 poskRB GuITh IIpHA
3TOM IPOTHBOIOJOKHKBIMH. JTO OTHO-
CHTCA KO BCEM IOJUTPONUUYECKHUM IIpO-
IIeccaM, <«IPOMEXKYTOUHBIM» MEXKAY
H30TePMHYECKHM ¥ agnabaTHuaeCcKHM

(pue.1.7).
|4 K3 (1.21) HeTPpyZHO IOJIYYHUTEH BhHI-
Puc. 1.7 PaXxeRHe, oOopefesAlollee n yepes Tell-
JIOEMKOCTH:
n= .C_'L._& (1.23)
Cn - CV

Pa6oTra raza npu noaHTpoOnHYecKHX npoueccax. Pabory, koro-
PYIO cOBeplIaeT rai npH Jo6oM mpouecce, MOMHO BHIYHCAATS € OO-
MoIsIo opmyisl (1.5). Ho sty pabory MOMKEO BRIYHMCIATL ¥ MEAa-
Ye -— C IOMOIIBI0O IEPBOTQ HAYAJNA, & MMERHO:

.

A =Q - AU = C,AT — CyAT = (C, — Cy)AT,
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rae AT = Ty — T. Ona v mone# cornacuo (1.21) C, — Cy=—vR/(n — 1),
IOJTOMY NIPEABIAYINEE BBHIPAYKEHHME MOXKHO NEPenncaTh Tak:

!
4RO -T) Py - PV '
j n-1 n-1

(1.24)

OTcrona cinenyer, 4To Npu n = y pabora A = —AU, KaK ¥ JOIDKHO
6p1Te. M3 (1.24) cnemyer Takxke, YTO IIPHA OOJHTPONNYECKHX IPO-
Ileccax paboTa rasa

A oo —AU.

Bripaxxerue (1.24) ne yno6ro A1 H30TepMHUYECKHAX MPOIECCOB,
nockoasKy npua n =1, Ty = Tou A = 0/0. IloaToMy B TaHHOM C/Iydae
paboTy A ciaefyeT BRIMHCIATE HEIIOCPEACTBEHHO ¢ noMombio (1.5):

vRT

2
A= J‘pdV = J‘ devRTlnlf. (1.25)

1 1

§ 1.5. MoaekynsipHO-KHHeTHYeCKasd TeOpHUA

Teneps HaM IIPeACTOMT PACKDHITE (PH3HIECKHUI CMEICH, IIPHPOAY
¥ MPOHCXOXKAEHME HEIOCpeACTBEHHO RAOIIOAaeMbIX IapAMEeTPOB p,
T ¥ gp., MCXOAA M3 MOJEKYJIAPHO-KHHETHYeCKHX IpexcTaBJeHuH.
Ilpu aToM MBI OyAeM MCIONB30BATh CMAINUCMUYECKUL Memod, KH-
TepecyfAch ABM)KEHHMEM He OTAEJIBPHHIX MOJEKYJ, & JIHIIbL TaKHMH
CPeFHUMU BeJIMYHHAMM, KOTODHIE XapaKTEPHU3YIOT NBH)KEHHE KO-
JIOCCA/IBHON COBOKYITHOCTH MOJIEKYJI.

IlepBsrlit mar Ha 3TOM IIYTH — BRIOOD Modeau KaHHOH MaKpOCH-
cTembl. Mogenb, eCTeCTBEHRO, BRIOHPAIOT CHAYAJIA NPOCMEUuyr0 u
C DOMOIBIO Hee IIPOBOAAT oyenoukbit pacuer”. Ilonygennnie peay-
JITATH CPABHMBAIOT ¢ 3KCrepuMeHTOM. lIpn HeyxoBIeTBODHTENE-
HOM pacXOXKIeHHH C ONLITOM MOAEJNb YCIOXKHAIOT, BBIACHAIOT, KaK
3TO OTPA3HTCH HA Pe3yapTaTax M T.X. OTO THNHYHEIA IYTh IO3HA-
HHA NPHPOALL.

* 3aMeTHuM, YTO € OLLEHOYHOrO NOJXOAA HAYHHALTCA MOCTPOEHHE NIPAKTHYECKH JI060i
cepbedHoil TeopnH. Ero MosxHO pacCMATPHBATE KaK NepBoe NPROGNMKeHHe.



IIpocTerimelt Mogensio obiamaeT MAeadbRHIA raid. Bygem cuu-
TaTh, YTO

1) Monexynnl HEEAJIBHOTO rada He B3aUMOeHCTBYIOT (MM IpaK-
THYECKU He B3aMMOZeHCTBYIOT) APYT C APYIOM;

2) B DaBHOBECHOM COCTOAHUH LBHI)KEHHE MOJEKYJ IMOJHOCTBHIO
X80THYHO. OTO HO3BOJAeT B rpyGoM NpUOIHMIKEHUM CYHTATh, 4TO
BCE MOJIEKYJIB! BHKYTCH TOJBKO B Hanpasjerusx X, Y u Z , T.e.
€CJIM B efUHHIE 00'beMa EMEeTCHA 72 MOJIEKYJ, TO B KAXKOM H3 5THUX
HanpasJIeHHH LBIDKYTCA IO 1/3 MOJeKyJ, Hau n/6 B OQHY CTOpoO-
HY.

Ymcao yoapoB MoOJIEKYJ O CTeHKY. PazobbeM MoNeKyJbl B Ka K-
IOH eqMHMIe ObbeMa Ha rpynOsl An;, B KasKKOM M3 KOTOpPhIX CKOpPO-
CTH MOJIEKYJI MOJKHO CYHTATb IIPAKTHYECKM ONMHAKOBBIMK M paB-
HBIMH U;, TAK 4YTO Z Ap; =n — [OJIHOE YUCJIO MOJIEKYJ B efURHLEe
obreMma.

Yuciao v; MONeKyn i-H PPYOIB, KOTOPhle JOCTHraloT esKeCeKyHI-
HO eOMHHIBI NOBEPXHOCTH CTERKH, ABHrasch NEpPHEeHIHKYJIADHO K

v-1 He#, paBHO, KaK HeTPYAHO coobpa-
= = — —] JHTb, YHCJIY TAKMX MOJIEKYJ] B IIH-
— —_— —_— M
— — —> NUHAPe IIUEOM v;']1 M CcedeHHeM
Puc. 1.8 S =1 (puc.1.8), T.e.
1
v; =§A"tvi- (1.26)

CyMMEpYyS IO BCeM rpynnaM, HaXOLUM
v =th =%Z Anw,.

PasgesruM ¥ YMHOXHM IOCJASLHIOI cyMMy Ha n. B peaynsrare
OPHXOGHM K CJeRyIoIeMy BLRIPasKeHUIO:

1
T .20

roe (V> — CpefHee 3HAYEHHE CKOPOCTH MOJIEKYJ. 3aMeTUM, YTO TOU-
HBIH pacyeT faeT koapbunuent 1/4 (a me 1/6). T.e. HecmoTpAa Ha
TakHe rpyOble NDERUOOJIOKEHUs, De3yJbTAaT IOJYYHJCH BIIOJHE
IPHIHIHEIM.
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OueHMM 9HCJIO ¥ JJIA BO3AYXA IIPH HOPMAJIBHKIX ycaoBuAX. Cun-
taf, 9to n ~ 1019 cm~3 (mocrosnras Jlommuara) u v ~ 1 ¥xM/c, nO-
JAYIHAM

v~ 1019-10° = 1024 ¢ lem2.

JaBraeHHe ra3a Ha cTeHKY. I[IpMpoxa KasjieHWA, KAK MBI XOTa-
LhIBaeMCA, 3TO COBOXKYIROe AeificTBHe MHOKecTsa MoxeKyin. Ilpn
OII€HOYHOM IOoAXOoae 5YA6M CYHTATB, UTO KaXXaada MOJIEKyJa, Haje-
Tad HA CTEHKY HOPDMaJIbHO, B De3yJIbTaTe CTOIKHOBERUA ¢ HEH OTIIE-
TaeT B IPOTHBONOJIOXKROM HaIlpaBJIEeHHUH (XOTH 3aB€AOMO ACHO, YUTO
3To He Tak). JI0 CTONKHOBERMSA CO CTEHKOH MOJIEKYJa HMela HM-
OynbC P; = MV M NOCJe CTOJIKHOBEHUA IPH CAEJNaHHOM IpEeNNoso-
KEeHUH — UMIOYJIBC pp = —mv. [Ipupanesye UMIOyIsca MOJIEKYIEI B
pPe3yibTaTe CTOJKHOBEHUA

Ap=py—py =mv— (—mv)=2mv.

Tako# ke HMOyJIbc, HO B IPOTHMBONOJOX HOM HANIpABJIEHWH, HONY-
YuIa CTeHKa.

UMnynec, KOTOpHIA mepeXalOT CTeHKE MOJEKYJIA [-H IPYIIIh
eXKeceKyHAHO, Hakaem ¢ momonisio (1.26):

p; =2mv,-v, =§mvani. (1.28)

ITonnoe xaBaenHe moay4nM, npocymmupoBas (1.28) no Bcem rpyn-
namM An; MOJEKYI:

p= Zpt :% mvaAn,.

Pasgenus ¥ YMHOJKHB IOCIEQHIOI CYMMY B 3TOM BhIpA)>KeHUM HA I,
MOy IAM

p= %nmwz). (1.29)
3'1'0 BRIp&)XKE€HHe MOXKHO IIepenncaTh HHaye:
2
= _n<8 )’
| P 7y moer (1.30)
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tAe {Eqoer) = (MV2/2) — cpepHee 3HAYEHHE NOCMYNAMENbHOL KHHe-
THYECKON JHepruMM MOJIEKYJI.

9Ty $OopMyNIy HA3LIBAIOT OCHOGHbLIM YPABHEHUEM KUHEMULECKOL
meopuu za3o6. ORa packpniBaeT (GH3NYeCKUH CMAICI MaKponapa-
MeTpa p: AaBJIeHHe ra3a Ha CTEHKy OIpeJeldeTcA CPeAHMM 3Hade-
HUeM nocmynamerbHoil KUHeTHIECKOM 9HepTrHM MOJIEKYJ (M ToJb-
KO IocTynaTeabHoi!).

OTMeTuMm, YTO 3TO BbIPDa’KEHHE ABJIAETCHA TOYRLIM, HECMOTpPA Ha
TO, YTO pacyeT HMeeT JOBOJbHO rpyORI OLEHOYHRIA XapaxTep.
Heno B ToM, 4TO B npolgcce pacdyeTa GbITH JOOYIIERE! ABE KeTOYHO-
CTH B YHMCJIOBREIX KO02(]pODHUIMEeHTax, KOTOphle CJydalHRIM o6paszom
(rak mHOrza OplBAET) KOMIIEHCHDPOBAMH APYT ApYyra. A MMeHHO, A
qHCJIa CTONKEOBEHHMH v H IepeAaBaeMoM CTeHKE B CPEAHEM BEMIIY/Ib-
ce AP KaXA0H MOJEXYyNOo# MBI MCNONL30BANH Kod(hPHIHUeHTH COOT-
BeTeTBeHRO 1/6 u 2. Tounmlil 'xe pacuer maer 1/4 u 4/3. Kak Bu-
ANM, WX Npou3BeaeHWe B ofoux ciaygasax paBro 1/3.

Duauyecknit cmeicy Temunepatypsl T. ConocTaBHB mOJMy49eREOE
spipakerue (1.30) ¢ ypasuenmem Knameiipona (1.7), maxoaum

3
<8noc'r> = 'z'kT’ (1.31)
rae B — nocmosunas Boavymana
k=R/N,4 =1,38 - 10723 x/K. (1.32)

®opmyna (1.31) sameuaTensHa TeM, YTO BCKpRIBaeT (PH3MYECKHN
cMblIca Temneparyphl 1. memnepamypa T svipaxcaem cpeduiorn wu-
HEMUYECKYIO IHEPIUI0 MONEKYA.

Cregyer obpaTHTE BHHUMAHME, 9TO (Eqocy) 38BMCHT TOJBKO oT T,
OT MacChl K€ MOJIEKYJ He 3aBHCHT.

3amenns B (1.30) (gyoc;) €ro BupaskeHHeM (1.31), monayumum

p = nkT, (1.33)

rge n -—— KOHLUEHTpPallHAd MOJIeKyJ. JTO HeCKOJIbKO HHas ¢opMma
VpaBHeHHS COCTOAHHA HpealbHoro rasa. ®opmyny (1.33) moxno,
KOHEYHO, IIOJYYHATh U Cpal3y U3 ypaBueHud pV, = RT, pa3nenns obe
yacTH Ha V, H npeacraBHB R kax kN4.
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Jlasnenme ¢oroBHOre rasa. IlpexmosaraeTcd, 4TO H3NydeHHE
(dboTonmbIi ra3) pasHoBecHoe, CKOPOCTh GOTOHOB PaBHA € M MX M-
NyJabC Py = £/, IRe € — oHeprud ¢porona (e = hv). Ilpeacrasam ¢op-
Myay Ana pasaernd (1.29) taxk:

p =-31-n<mv - =%m(p'v>. (1.34)

IloxcTaBHB BMECTO HMIIyJbca P’ UMAYALC GOMORA €/C, & BMECTO
U CKOpOCTh C, NONYYHMM

1 1
=—e)==-u (1.35)
3 3’
rie u — IJIOTHOCTh 9HEPrHH (GOTOHHOrO rasa (M3JydeBHA).

§ 1.6. 'mnore3a o paBHOpacHpeaejieHHH 3HEPTrHH IIO
CTEIleHAM CBOOOILI

Crenenu cBo6ojsl. Tak HA3RIBAIOT YHCJIO HE3ABHCHMEIX KOODKH-
HaT, ONpEeAeJAOMMNX IOJOKEeHHe CHCTEMBI, MJIH B HHTepecylollemM
Hac ciayvae — MOJIEKYJH. [[J1A onpeAesieHHUA MOJOMKERHA LEeRTpa
Macc MOJEKY bl HeoGXOZHMMO 384aTh TPH KOODAMEATHI. JTO O3HAUA-
€T, YTO MOJIEKYJia HMEeEeT TPH NoCmynamenbHuiX CTEIIEHHA CBOﬁO,lILI.

Ecan Monexkysia pABYXaTOMHAA M JKECTKaH 2
(«rauTenr»), To, KpoMe TpeX IOCTyNaTeJbHLIX "j"
cTerieHeH cBOOOARI, OHA HMEET H ABe 8palyamenb- 1o /1
Hbie, CBA3SARHEIE C YIIIaMH IIOBODOTa BOKDPYTr ABYX @L<
BIAMMHO MEPIeHAHKYJIADHEIX oceit I1-1 m 2-2, %’/ :C
NPOXOAAIMX uepe3 HeHTP Mace C, KaK NOKa3aHO 1~ |
Ha puc.1.9. Bpanienne BoOKPYr ocH MOMEKYJIEl JJIA 2:
MAaTepHAJILHBEIX TOYEK JIHINeHO CMbICIA.

Taxkum 06pasoM, kecTkasas ABYXaTOMHaA MoOJe-
KyJia HMEeT HATh cTenered cBoGofbl: TPM HOCTYHNATENBHELIX H ABE
BpamaTeJbHbIX.

Ecnu Mosexyna yupyraf, TO BO3MOMKHHI KOJebGaHMA aTOMOB H
Heo6X0ogHuMa ellle OfHA CTEleHb CBOGOABI (PACCTOSHHE MEXAY &aTO-
mamH). Ee HaswmBaioT xoaebamenbroil.

T'unotesa o papHOpacmpeneneHHM. Tor dakT, 4YTo cpemHAA
9Heprud NOCTYNATeJbHOIO ABMKeHHUS MOJeKkyasl coriacko (1.31)

Puc. 1.9
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paBHa %kT, O3HAYaeT, YTO Ha KaXAYIO CTelleRb CBOGOAM B cpegHeM
npuxonutca sreprudA k7T /2. BonbuMaK 0606mu 3TOT BEIBOJ B BHIE
2unome3sbt 0 pasHoM pacnpelenreHul cpedHeil sHepzuu no cmene-
Ham c8000dvi. IIpn 3TOM HAa KonebaTeabHyIO cTeneHb CBOGOABI JOJI-
JKHH [PUXOOUTLCA B CpefHEM IO ABe HOJOBHHKH kBT — oOra B
BHAe KMHETHYeCKOM M OJHA B BHJE NMOTeHLHAJNbHON (KAK MKl 3HA-
eM, UX CpeAnMe 3HAYEeHUSA OJUHAKOBHI).
Htak, cpegHAA 9HEePruA MOJIEKYJIbl

@® = LkT,
2

(1.36)

TRe i — CyMMa 4MCJIa NOCTYNATEeNbHBIX (2g0cy), BPALIATENBHBIX (Z,p)
H YIBOEHHOIO YHMCIA KOJe0aTeNbRBIX (2y,,) CTeleHell CBOGOXBI:

I = Znger + Zap + 22y, 1.37)

Yneso i cCOBIHagaeT ¢ YHCJIOM cTelleHeil cBOOOARI TOIBKO JNSA YKecT-
KHX MOJIEKYJI.

IIpamep 1. 'as COCTOHT H3 XKECTKHX ABYXATOMHLIX MOJIEKYJ, KOHLIEHTDPAa-
LHA KOTOPRIX ., JIpH HEKOTOPOi TeMIepAType CpeAHsaAA KHHe-
THYECKad 9HePTrHA MOJIeKYJbl paBHa <¢). HaliaeMm gaBneHue Ta-
KOTo rasa.

3zecs BaxXHO 00paTHTL BHHMAaHHE Ha TO, YTO AABJIEHHe oupeae-
JIAETCA TOJBKO ROCMYnamerbHbIMU CTeleHAMH cBobogbt. ¥
HaIied MOJEKY/ALI YHCJIO CTeReHel ¢cBoboanl z = 5, nodToOMYy Ha
NOCTyUaTeNLHYIO SHePrHI0 NIPHXOXUTCA ¥ (). B peayasrare co-
raacHo (1.30) gaBnenue

2

3 2
D=_-n —<& =—ne.
3 & 5

Mpumep 2. a3 M3 KECTKNX ABYXATOMHLIX MOJIEKYJ HAXOAHTCA LPH TEM-
uepatype T = 300 K. BoluBcanM CpefHIO KBaAPaATHYHYIO Yr-
JIOBYI0 CKODOCTH (g, BPAIEHMsS MOJIEKYJBI, €CJH ee MOMEHT
uHepumn I = 2,1:1073% p.cm2,
H2 MexaHHKH H3BECTHO, YTO KHHETHYeCKaHd 3HeprHd Bpamalo-
. merocs teepgoro tena K = In?/2. B Haloem cayvae XABe Bpama-
TenbHHeE CTeleHM cBoGo/hi, IT03TOMY CPEAHAA BpAldaTe/JbHaH
KHHeTHYeCKad PHEPrusA

K> = do?/2 = dof/2 + dws/D,
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UOCKOMBKY ©0?= 0f + mﬁ, e ®; 1 0z — YTJIOBBle CKOPOCTH Bpa-
MEeHHA BOKPYTr B3aHMHO NEPUEHAHKYJAPHHIX OCeH, OpPOXOfa-
IGMX Yepe3 LEeHTP MacC Monexkyasl. fcHo, uto (mf) = (0D, m03-
TOMY

dw?/2> = 2 (T/2) = kT.
—

Hcxomas yrioBasa CKOPOCTb @,, = y (o)?‘) AR

2kT [2-1,38-10716.3.10%
O S\ T 2,1.10%° =63 10" pa/e.

Eme o crenensx csoboapl. IIpnsegem nexoTopsle BaKEhIe pedy-
JBTATHl XA YHCJa CTemeHeH cBOGOLBI Y JUMCLHDIX H HeAUHEUHbLX
MOJIEKYJI, YYHUTRIBAsA, YTO IIOJHOE YHCJIO cTelleHeH cBOOOLBI ¥ CHCTE-
MBI U3 N MaTepHaJIbHEIX TOYEK PaBHO 3N. OTH pe3yJbTATHI [IPHBE-
gerel B Tabn. 1.1.

Ta6anna 1.1
xKecTKas 3 yopyras
Mounekyna - i
i=2Z2poer t ng 1= Zpoct T+ znp + ZZKDJI

JInneitnas } Z=3poer + 2p = 5 Zxon = 3N - 5
————— f
[
Hennrueitraa

/\Q }: 2 = 3poer + 3pp = 6 2xon = 3N ~ 6

Ilpamep. BersicHrM, KakHe KoaebaTenbHbIe CTelleHH cBOOGOABI BOSMOMXKHK Y
AuHeHoi moaexyani CO,.

Cornacuo opmBegerHON Tabiauie TakuMX

KoseGanui RoxKHO GHTh uersipe (33 — @) L—T_—‘A

— 5 = 4). Oth konebarua (B If-cHcTeme)

noxaszauss Ha puc.1.10, 1 Bx geficTBaTe- 0) O —em=o
JLHO YeTHIpe, NOCKWIbKY B ciydae a)

‘BOSMOMCHBI KOJIEOAHHMA KAK B IUVIOCKOCTH 6) Ottt
PHCYHKA, TAK B B IDEPUEHAMKYJIAPHON K 0 C (0]
Hell (ABe TONAPHIATMUM).
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BryTpeHHAA 9Heprua. STy SHEPruio AJA MoJA HALAJBHOTO rasa
MOYKHO HAHWTH, yMHOXHB (1.36) Ha nocrosmHyo ABorajpo:

(1.38)

rae R = kN,
YuureiBaa (1.11) n (1.14), mogyduM BbhIpakeHHAA IJIsI MOJSAp-
HBIX TellJIOEMKOCTEH:

C‘,:%R, c, =1*2p (1.39)

o
™D

X MX OTHOLUEHWE — IIOCTOSHHYIO agHabaTel y, pasHyio C,/Cy:

-tz (1.40)
L

CoryacHo aTo# Qopmyse A58 MOJIeKYJIBI OZHOATOMHOM y = 1,67,
KEeCTKOH aByxaromuoH y = 1,40 uH ynpyroil gsyxaTomHO# y = 1,29,
ITH 3HAYEHHA XOPOILO COINIACYIOTCH C ONBLITHHIMH AAHHBIMH B 00-
JIACTH KOMHATHBLIX TeMIIEPATyp.

Orciona, xazajaocs Obl, CeAyeT, YTO THIIOTE3a O paBHOpacupene-
JIEHMH 9HEPruH MO CTENEeHAM CcBOOOAHE! NOATBEPIKAAETCH, OJHAKO
pacllIipeHHe TEMIIEPaTYPHOI'0 HHTePBAJa HMCCAEOBAHHH IIOKa3ajo
Cv/R nnoe (puc. 1.11). Boobuye

7/2 roBops, H3HAYAJIBHO AAH-
Had THoore3a OblIa He

5/2 OUeHb INOHATHA: OOYEMY,
3/2 HAIpUMep, ABYXATOMRAas
1 H, MoJlekyJia (KaKk H aToM) He

0 L . ' MOJKeT BpaaThCA BOKPYT
10 50 100 500 1000 T,K CBOEH ocCH, HJIM HOYeMy
Pre. 111 «)KECTKafA» MOJIEKyJa He

HCIIBITBIBAET KOJMeOaHuH.

IlapagokcansHO, HO yCnexX TIUIOTE3hl O paBHOpAacIpeAeNeHHU
3HEPT'HH IO CTeNeHAM cBOOOALI CBA3AH ¢ omKa3dom OT ITOH I'MIoTe-
3hl. Ycmex OnlJI OCHOBaH Ha TOM, YTO HeKOTOphle CTeIeHH CBOGOABI
UcCKyccmeéeHHo HCKIIOYATHCh Ged KakUX-1ubo ybeaUTeNbHBIX 060-
CHOBaHMHM. A eCIM 3arlfARyTh BIIyGb MOJEKYJBl WIH aToMa, TO
cpasy o0Bapy’KHBAeTCH, UYTO MHOJKECTBO CTeleHeil cBoboAbI mpocTo
OpPOMTHOPHPOBAHO?!
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Bce 3T BOOpOCHI GBUIM IOJHOCTHIC Pa3pellleHBl TOJBKO B paM-
Kax KBaHTOBOM Teopuu. UsBecTHO, UTO BpamjaTeJsHaA ¥ konebaTe-
JIbHAA PHEPruy KBAaHTOBaHBI. X YypOBHH OOpefendloTCA COOTBETCT-
BeHHO (opmynamu

E —ﬁr(r+ 1 E -ho{v +1) (1.41)
T ar o 2)’ '

rae r — BpamaTeabHoe KBauToBoe unciao (7 =0, 1, 2,...), v — KoJe-
6atensuoe (v =0, 1, 2,...), ] — MOMEHT HHepPIHU MOJEKYJbl OTHO-
CHTeJIbHO TOH MJIM MHOM IVIaBHOM OCH, 0 — COOCTBEHHas 4acTOTAa
konebauail, # — nocmoannas ITnauxa (h =h/2n).

Uz artux dopmya creayer, 4TO MHUHMMalbHad BpamaTeabHad
sHepruA moJyekynsl Hy papra nopangka ogHoM coroi 3B, U npn Ta-
KO# Hu3Ko# Temneparype kak 50 K (yuacrok I ma puc. 1.11) cpen-
HAA DHEPTHA NOCTYNATEJILHONO ABHKEHHA MOJIEKYJBI BBOe MeHb-
e MHRHMAJbHOH BpallaTeJbHOH 2Heprnu. T.e. ee okasmBaeTcH
HeZOCTATOYHO, YTo0H BO3OYANTEL BpallaTe/bEbIe CTeNleHN CBODObI.
B aTux ycs0BHAX, KaK I'OBOPAT, BpaljaTelbHbie CTEIIEHH CBOOOABI
«3aMOPOXKEeHbBI» .

B o6asactu teMnepatyp ~ 500 K, coOTBeTCTBYWOIIHX yuacTKy 2,
BpamlaTe/IbHLIE CTeIleHH CBOGOMABLI HOJHOCTHIO Pa3MODPOMEHbI, H MO-
nexyna Hy BemeT ceds Kak skecTKasd ABYXaTOMHadA MOJEKYyJa ¢ UHC-
JIOM cTeneHel cBoboanl 3+2 = 5. BameTnM, YTO BKAOYAIOTCS JBE, &
He TPY BpallatesbHble CTemeHH CBOGOALI. ITO CBA3AHO C TEM, YTO
OJIAl BKJIOUEHHA CTelleHM cBofogbl, COOTBETCTBYIOINEH BpaleHHIO
MOJIeKyJIbI BOKPYT e€ OCH, NpoxoadAlle dyepes oba Axpa, Tpebyercs
3HAYUTEJBRO 60JbIIAA 3HEPTHA HM3-3a MaJOCTH MOMEHTA HHePIHH
MOJIEKYJBI OTHOCHTEJBHO TOH OCH, COTJIACHO IepBOH M3 (OpMYJ
(1.41).

IIpn Temneparypax, npespimaromux 1000 K, sgepruu ysxe oka-
3bIBAETCA AOCTATOYHO AJIA NOCTelleHHOro Boa3byxkaeRuA koJebaTe-
JIbHOM cTeNeRH cBOGOAR" (IONHOCTHIO — HET, NOCKOJIbKY PaRbIIe
HacTymaeT AMCCOLHALMA MOJIEKYJ/bl Ha AB& aTroMa, y3acTOK 3J).

O6baceenmne 3asucuMocTH Cy (T), noxka3anHo#t Ha puc. 1.11, —
9TO CepBedRBIM ycIex KBaHTOBOM TEODHH.

* BAMEeTUM, 4TC MEeXKAY HYJeBHM X NepBHM Bo3OYREEHHEIM KoaebaTe nHbIM yDPOB-
HeM PACHOJI0KEHH HeCKOJBKO JeCATKOB BpallaTeJbHEIX YPOBHeH.
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§1.7. T'as Ban-gep-Baaasca

YpapHenHe Ban-nep-Baamsca. [Io cHX nop Ml He BRIXOQUJIK 3a
PaMKR MOAEeJIN uiealbROro rasa (pVy = RT). OqHako ononiT BEIHYX-
[aeT yTOYHHTB 3TY MOAeJNb, IOCKOJBKY ¢ pocToM faBieHua (upu T
= const) okaariBaeTcA, uto pVyy = RT. Ilpu p = 1000 arm pV)s cTa-
HOBHTCA BABoe (OJIbIe, YeM IPESIMCHBAET MOAENb HALaJIBHOTO
rasa (ra3 He «CX>KHMAETCAS).

IIpyuue atomy gBe:

1) coGcTBennElit pazmep MOJEKYJ; OH M YMeHbBIIAeT O0'beM, KO-
CTYNHBIH JIA ABMIKERUA MOJIEKYJ, IPHM HODMAaJBHBIX YCIOBHMAX OH
coctaBaser ~ 0,07 % o6pema cocyza ¢ razom, a opu 100 atv yxe
70% !

2) CnOKHBIE XapaKTep B3AHMOLEHACTBHA MEXLY MOJIeKYJIaMH.
TrnugEad KpUBaA 3aBUCHMMOCTH SHepPrHH B3ammopmercrsua Uy, ot
Uy A PacCTOARHA I MEXAY MX

LIEHTPaMH [OpHBeAeRa Ha
puc. 1.12. Ha manmx pac-
crosaHuAx (r < ry) MOJeKy-
JBl OTTaJKnBalTcA, Ha Go-
Yo aApmux (r > ry) npuTArUBa-
0 » joTCH.
OTH DOPHYHHKI MOXXHO
y4eCcTh OyTeM BBeAeHHA [O-
IIPaBOK B YpaBHEHME COCTO-
Pxc. 1.12 ARUA HIeANbHBIX T'a30B, YTO
H cpenan Ban-gep-Baansc.
B peayneraTe ypaBHeRUe COCTOAHMA OZHOTO MOJS peaybHOrO Tasa
OPHHANO BHJ

’\

p+i2 (Va -b) = RT.
Vi , (1.42)

JTO U ecTh ypasHenue Ban-Oep-Baanvca. 3xeck a u b — noemo-
AHHbie Ban-Gep-Baaavca, Ansa pasHRX radoB OHM MMEIOT CBOH 3HA-
qeHuA.

Ecau MuI uMeeM /(8710 He ¢ OJHHMM, & C ¥ MOJISMH rasa o6’beMoM
V, To B ypaBEeHuu (1.42) ciegyer cpenaTh sameny: Vy = V/v.
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ITonpaBka B mepBoOi cKoOKe, a/Vf,, ofycnoBieHa CHIAMH TIPH-
TAMKEHUA MeXXAy Monexyaamu. OHa HMeeT pa3MepHOCTE A4BJIeHHS,
H ee 4ACTO HA3KIBAIOT GHYMpeHRUM Oasrernuem. Ha crenky cocyna
Takod ra3 OKaseBaeT xapieHue p. OZHAKO, ecaM OBl CHJ/ILI IPHTA-
JKeHHA MEeXIY MOJEKyJaMH MIHOBEHHO MCHYe3JH, TO AaBJeHHe Ha
cTerKky ctano Opl p + @ /V2 . T.e. IpH nepexofe OT HAEAJIBHOTO r'a3a
K peaslbHOMY NABJEHHUE KA CTEHKY YMEeHbIHAeTCA — H3-3a CHJI TIPH-
TAMeHHUA MEXAY MOJEKYIAMH.

ITonpaBka b, Kak Jierko coo0pas3HTb, CBA3aHA € COOGCTBEHHBIM
06beMOM MOJIEKYJ, ee pasMepHOCTh M3/MOJb.

Tas, noguuHaOLMIica ypasHeHUO (1.42), Ha3LIBAIOT BaH-/ep-Ba-
anpcoBckuM. ObpamaeM Ha 9T0 BRIMAaHHE B CBA3H C T€M, YTO K Ha-
CTOAIIEMY BpEMEHH IpPERJJIOYKEeHO MHOrO ZPYTHX YpaBHeHHH COCTOdA-
Hud (cepitme 100), 6onee TouHnIX, RO M GoJiee TPOMO3AKHUX.

Iaa Hamux uenedl ypaBHeHue BaH-aep-Baaneca apnseTcs Opex-
ODOYTHTEJIBHAIM: OpH OOJBUION HPOCTOTE OHO XKAET BO3MOMHOCTD
00’bACHUTD, XOTA OBl KayecTBeHHO, IOMPOKHH Kpyr ABJEHHHN B ra-
dax ™ Zaxe B xxUAKOCTAX. K sToMy MEI mosxxe pepremca (§ 5.1).

Ipnmep. Hafizem aaBneHMe, OpH KOTOPOM HO/JOTHOCTDH YTJIEKHCJIOTO rasa €
TeMmueparypoit T = 300 K oxaxerca paeuoit p = 500 r/a.

Cumrasi ras BaH-Jep-BaajJbCOBCKHM, npeacraspM (1.42) B Buze

2
[p+%§)(%—b]=RT. )

Otcloaa, uMesa B BHRY, 4To v = m/M u m/V = p, noayuum:

2 2
vRT v°a _ pRT Y @)

PV v: M- M

Ana yraexucaoro rasa ¢ = 0,367 Ila'M%/mons?, & = 4,3:10°%
Mé/Monb u M = 44 r/Moas. B pesyabTatre UOACTAHOBKH HalaeM
p = 80 aTn. Pacyer xe no dopMyJie COCTOAHAA HACAILHOIO rasa
aaer 280 arM. Pasnpume BechbMa 3HAYMTEABHOE,

JHeprua BaH-IepP-BaajibCOBCKOro rasa. BHyTpeHHss sHeprus
rakoro rasa U =K + U,,, rae K— CyMMapHasa KHHeTHYeCKas 3Hep-
THA Monekyx B I]-cucreme (cBasaHHOH c cocygmom), U,, — cymmap-
Hafl 9HePrAs B3aUMOXeNCTBHIH MONeKY I (COGCTBEHHANA NOTEHIIHAND-
Has 3Heprua). CHauyana Haigem Ug,. Jna 3TOro BOCHOMbBIyeMcCS
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TeM, YTo paboTa CHJI NPUTAXEHUA PaBHA Y6LLIM sHeprum Uy,: dA =
= —~dU,;. CHIBl OpHTAKEBUA XAPAKTEePHUIYIOTCA BHYTPEHHHMM J&B-
JeHHeM p; = a/Vﬂz,, B ypasHeHuH (1.42). Torga sneMeRTapHaa pabo-
Ta 3TuX cua A’A = —p; dVy, rae snax Munryc o6ycjoBIeH TEM, YTO
opH pacmupenun rasa (dVy > 0) pabora d’A 10/ Ha 66ITH OTPHILA-
TenbHoM, t.e. d4 < 0. Urak,
' a a
dA =—-‘7{de —':"‘d(—-—

M Var

MzuI npeactaBuan d’A Kak YObUIbL HEKOTOPOM BeTHYHMHEl — OHA M
ABnsAeTcA sHeprued Upy,:

Us = —0/Vir - (1.43)

Korcranta, KOTOpPYIO 3xech ciefoBano Gul f008BUThL, HECYIECT-
seHHA. [I03TOMY MBI cpady ke HOJOXKHIH €e PaBHOM HyIw. [loay-
4AeTCA eCTeCTBEHHBIH peayabrar: mpu Vy —» o U, — 0.

CyMMapHas ke KHHeTHYeCKAd PHeprus K saBucuT ot mocTyna-
TeJbHOTO H BHYTPEHKETO ABIKEHHN MOJEKYJI, U OlpefendeTcsa KaK
CyT.

TaxuM 06pa3oM, BHYTPEHHAA SHEPrHs MONA BaH-A€pP-BaaIbCOB-
CKOro rasa

[
i Uy = CyT —i,—l
Vi | (1.44)
rxe Cy = (i/2)R.

Ecnu ras pacmmupsdeTca B IycTOTY Oe3 TemooGMeHa ¢ OKPYIKal0-
UMY TenaMi, To A = 0, @ = 0, ¥ cor1acHO NepBOMY HAYAILY B 9TOM
nponecce U = const. 3RAaUnT, kak BAHO M3 (1.44), ¢ pocTom obbe-
A U=const Ma TeMIleparypa rasa yMeHblnaercsa (B
OTIHYHE OT HAEATBHOTO I‘&S&).

OTO MOJKHO IIpeNCTABHUTL H HArIAX-
Ho {pnc. 1.13). BugHo, 9To npu pacion-
peHHn rasa (yBennyeHnn obwzema V) B

cayuyae U = const cymmMapHas KWHeTH-
// gecKas YHEpPrusa MOJEeKYyJ] rasa, a 3Ha-
B3

I?= CVT vV

yuT M Temmepatypa 1, yMeHbIIIaeTc:.
T'as oxnarxpaercs.

Puc, 1.13
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Ipumep. HaiigeM npupalllerHe TeMUepaTyphl ¥ MoJel BaH-gep-BAAILCOB-
CKOT'O I'ada IPH pacIiHPeHHH ero B NycToTy oT ofbema V, no V, B
TEenJ0H30JIHPOBAHHOM cocyae (ra3 6ula Nokanvdosas B obbeme V),
A B HEKOTODLIA MOMEHT IIeperopoaky ybpaiim).

Kak MBI BRSCHWIH, B 9THX YCJOBHAX BHYTPEHHAS DHEPrHs rasa
U = const. 3uaynr cornacHo (1.44)

AU = vC,T — v'a (i - l) -0,
V. "

rae Cy — MoAApHAs TeIUIcEMKOCTh. M3 3TOro BHIpaKeHHsA Clexyer

AT = va [ 1 1 ] <0
C\Va 1
T.€. TEMIEpATypa rasa yMEeHbIOAeTCH.

3agaum

1.1. ¥pasEeHKe nponecca. HalTH MaKCHMA/IBHO BO3MOXKHYIO TeMIEpaTy-
Py OAHOrO MOJA MACAJHLHOTO TIada, COBEPINAIOINEro (poLece
p=Po—aV? Tie pp H a — MOJAOXKHTEILHLIE NOCTOAHHLIE.

Pem e nwne. Qnasroro caepyer cHayana HaiTy 3apucamocts T(V), a
sateM H3 ycaoBusa dT/dV = 0 onpegenuM T, ATak, AAHBKI B yea0-
BHH OPOLECC ¢ HOMOLIbI0 yPaBHEHHSA CoCTOAHHA pV = RT nepeunniueMm
B BHAe

RT = pyV — aV?. 1)
OuddepennnpyeM sTo ypaBHeHHe no V:

aT
R——=p, - 3aV? = 0. 2
av Po o 2)

Orcioga V,,, cooTBercTByWOINee MakcuMymy I, pasHo V, = ,’ Po/3a.
ITopcraroBka 3rore Bmipaxenna B (1) aaer

T =%/£o_.
M 3R V8a

Pa6Gora Hax raaom. B BepTHKANPHOM IHJIMEApEe DOJX HEBECOMLIM IIO-
piiEeM P HAXOZATCA OXHH MOJb HAEANBHOTO I'a3a IIpH Temuepatype T
(puc. 1.14). IlpocTpaHCTBO HAX DOPIIHEM coobmaerca ¢ arMocdepoii.

1.2
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Kaxkyro pabory reobXxoquMO COBEpPIOIHNTH, YTOOR, MEAJEHHO HOAHMMAA
NOopINeHb, H30TEPMHYECKH YBEJH4YHTh 06bem rasa
nox HUM B n pa3?

P e m e n 1 e. Ilo oupenenennio, pabora, coBepiuae-
p Mad cuaoit F, ecTs

A= A}F(h) dh, (1)
Py
rae cuay F MOXHO BRIpa3HTh Yepes naBjeHne rada p

b accccce IoJ NOpIOHEM M P, — Haj OOPIIHEM. A HMEHHO, H3
YCJIOBUA MEIJIEHHOCTH coxpansierca OaJaHc CHIL

Puc. 1.14
F + pS = poS, (2)
rae S — nnomanb cevyeusn nopmnd. [logcranosra F u3 (2) B (1) gaer
RT
A'= [(po - p)Sdh = [poav - j—V— av. (3)

B peaynbraTe MHTerpHMpoBaHMs B npejenax ot V po nV umoayumm
A’ = poV(r — 1) — RT Inn,
HnH ¢ yuieTom poV = RT
A’ = RT(n — 1 — lnn).
1.3. NNonrnTponmndeckni nponece. MaeanbHuIi ras ¢ noxasarteaem aauaba-

THI Y PACIIHPHJH B 1 pas M0 3aKoHy p = aV, re o — IOCTOSHHAA.
IlepponavanbHblil 06bvem rasa V. Hairn:

a) OpHpalneHMe BHYTpPEeHHell aHEeprHH rasa;
6) paboTy, COBEPIIEHHYIO rasoM;
B) MOJSAIPHYIO TEILIOEMKOCTh rada B 9TOM Mpolecce.

Pew e n ue. a) [lo onpegenennio

AU = Cy(Ty ~ Ty) = %(Psz - V). a)

Hn‘aea B BuAy, 4T0 V3/V; = n u p~ V, nepennmem (1) tax:

AU = aV¥(n? - 1)/(y - 1);
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1.4

—&sz_‘/lz 1

6) A= |pdv = == aVi{n? ~1)
) IP v, 2 2031(71 )

B) coraacHo (1.13) pemeHHe CBOAMTCA K HAXOXKAEHHIO ODOHIBOJHOM
dV/dT. Vs ypasueRMs npomecca H ypaBHEeHHA COCTOSHHA HACAILHOrO
rasa caejayeT, UTO

aV? = RT.
Ouddepennupys no T, noayuaem 20V(dV/dT) = R, uau
p(dv/dT) = R/2.

CaepoBaTesbHO

[ =
=t

Y+
2 y-1 '

IokaaaTs, 4To npouece, IPH KOTOPoM pafora HieanbHOro rasa upouop-
IHOHANBHA COOTBETCTBYIIIEeMY UPHMPALIeHHMI0 €ro BHYTPEHHeil aHep-
THH, OMHCHIBaeTCA ypaBHeHHeM pV" = const, rae n — [IOCTOAHHAA.

C=Cy+

0o |y

P e e n ne. Cornacuo ycnosnw d'4 = g dU, rge a — HekoTopas no-
cTosHHAs. PacKpoeM 3TO BblpakeHHe:

pdv =a B dT. (1)

y-1
Ilepeiinem x mnepemeHHniM p, V, B3aB pguddepernnan ypaBHeHHS
pY = RT:

RAT = pdV + Vdp. (2)
Iloacranoska (2) B (1) aaer
vp-12% pav. 3
a
rae a = a/(y — 1). Pasgesans (3) Ha pV, DoaydyHm
d l1-a dV
ar _ — (4)
P a V

HHTerpnpoBaHHEe 9TOr0 YpaBHeHN#A IPHBOAKT K ciaeaywumei dopMyie

Inp = 1-a InV + const.
a

B pesyiabnTare moTEHIHPOBANHA NOIYYHM

pV" = const,

rae n — HEKOTOpad UOCTOAHHAaW, 37ech n = 1 — {y — 1)/a.
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1.5.

1.6.

HeanpHBI ras ¢ moxa3aTeaeM agAabaTH Y pacMEPAIOT TaR, YTO CO-
obIeHEHoe razy Tenuo paBEO yObUIR ero BHyTpeEHeH sEeprun, Haiita:

a) MONAPHYIO TeIUIOEMKOCTb I'aga B 3TOM IIPOLecce;
6) ypaBEeHRe npomecca B nepemessnx T, V.,

Pemern u e a) CoraacHo ycnopnpo d'Q = -dU mmeem

6) Vlcxoarm n3 coormomenusa (1.13):
av
C=C +p~-—~=-Cy .
G+pip=-G

Orciona

&V RT 4V
2c, = p ¥ __BT AV
G =P ="Var

OTO OpHBOANT K YPABHEHHAIO

HHTerpupoBaENEe KOTOPOro AaeT

InT = —-—}z-an + const.
2,

Orciopa caeayer, aro TV?/%Cv = const, uam
TV 12 - const.

OABH Mol HALANBHOI'O ra3a C M3PECTHHIM sHaueHreM Cpy BAXORUTCA B
Jenoit nmojgoBmHe QUAKMHAPa (pHc. 1.15). Cnipasa oT MOpPMHESA BaKyyM,
B oTcyrcTBHe rasa noplmmeHb HAXOAHTCS BILIOTHYIO K JIEBOMY TOpLY
OEJIAHZDA, A IPy’KAEa B 9TOM MOJOKEeRHH He fedopmuposaHa. Boxo-
phleé CTeHKH LWIHEAPa ¥ MNOPUIEHL
anumabatEne. Tperra Ber, I'ag Harpe-
BalOT dYepea JeBH# TOpeln, OUIHNHADA.
Ha#fiTa TemnoeMxoCTh rasa B 3ToM
KBAJHCTATAYECKOM HIPOLEcCe.

Prc. 1.15
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1.7.

P eme r u e. Cornacao dopmyse (1.13) Bano HaiiTh pTOpOE Clarae-
moe, T.e. p(dV/dT). Ilocrymum Tak. IIycTh IKECTKOCT, OPYKHHE X,
TOr/a, eCJH CKaTHe IIPYXKHMEL DaBHO X, TO B IPOIEcce AOJKHO BHI-
TOJAHATHECA PABEHCTBO XX = pS, rge S — IIomaXb cevueHUA LWIIMHADA
(1 nmopmHA). YMHOMKHKS 00e YacTH 3TOro pPaBeHCTBAa Ha S, TOJAYUAM

xV = pS?, (1)

rie V — o6bem rasa. Bupasum s (1) pariaenue p gepes T u V ¢ nomo-
UbI0 YPaBHEeHHA COCTOAHHA HAcaNbHOro rasa. Tormxa monygum

V2= (RS#/)T. (2)
JAnbpepeEnApyeM 5T0 paBeECTHBO no T:

2
oy _BS* oV )
daT % P

rAe mocjxejHee PaBeHCTBO HAIECAHO HA ocHoBaHEH (1). U3 ypaBReRHSA
(3) nmeem

a _R
Par~ 3
H HCKOMAasf TeoNoeMKOCTH
C=Cy+R/2.

KoneSamms, B 3akphiToM ¢ 060HX TOPL,0B FOPH3OHTANLHOM MMIINEADE,
3aDOJHEeHEOM HAANbHRIM rasoM ¢ IoKasaTeneM aawabarhl y, BaXo-
ABTCA HOpHIeHb MAcChl M ¢ NAOmMARBI0 cedeHna S. B nosokeEHA pas-
HOBECHS JaBJIcHHE raja PaBRO ppy H NOPmMEHb AeJHUT QUIHHAD Ha ABe
OAMHAKOBLI® YAaCTH, Kayaasa obremom V. HafiTH dacToTy ® MAXBIX
Koje6aHMil TOPIIHA OKWIO IIOJOKEHHA DABHOBEeCHHA, CIUTAA UPOMECC
anuabaTEqecKNM B TPeHHe HUYTOMEO MAJNLIM,

0 x X

P e m e # B e. 3amEmeM OCHOBHoE
ypaBEeEHe JHHAMAKA AId cJaydas,
KOrga IopIieEs HaXogATCS, HaNpH-
Mep, CIOpaBa OT HOJOMEHAA PaBEOBe-
cEd Ha paccToaAME x (puc. 1.16):

Pac. 1.16
mzx = —(ps ~ p1)S. 6)
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Hs ycaosna pV' = pyV] caegyer, uro
1 1 /AR )
P2 —P1 = PoV{ =" = poVy +—-%. 2)
V: Vi Vo
rjge HpHHATO BO BHUNMaHHKe, YT0 V| MaJo oranyaercd ot V,, 03TOMY B
anameHarene V|'V] saMeHeno Ha Voz'. Teneps yurem, 4TO
V) = (Vo + Sx)! =~ Vg[l + 1“5-’5} ,
W 6]
S.
V] = (Vo~-Sx) ~V[1-T2E1.
Vo
Toraa (2) MoxkHO npeo6pa3oBaTh Tak:
2ySx
Py — P, = Po - (4)
Vo
IoacranoBka aToro BHIpaskeHHMA B ucxoaHoe (1) apaer
mi = -(2vpoS”/Vy)x. (3)
ME OpHILIKM K YPABHEHHMIO MAPMOHHYECKHX KoJeGaHHM ¥ + w?x = 0,
M3 KOTOpOTO CIEAYeT, YTO HCKOMAs YacToTa
© = SﬁypolmVo.
1.8. Crenernu cBoboasl Monerkynsl. Ha#iTH yncio aToMoB B MOJleKye rasa,

¥ KOTOpOT'O IIPH «3aMOpP#XHMBAHMK» KoJebaTeJbHEIX cTelleHell ¢Bo6o-
Abl IOCTOSTHHAA aguabaTel y yBeauuusaerca B 7 = 1,20 pasa.

PewmeHH e HcxogrM M3 YCAOBHA

N = Ya/s (1)

rge y, — IOCTOAHHAA aauabaTel HOCJle e3aMopa)kKHMBaHMsS» KoJebare-
JBHHRX creneReH ceoboanl. ManbHeiinee 3BABHCHT OT TOr0, KAKHMe MoO-
JIeKy/bl — JMHeAHbIe UAH HelMHeHHEIe. IIycTh YHCAO ATOMOB B MOJIe-
xyne paBHO N. [{nf AMHEHERIX MOJEKYJ YHCJIO KoaebaTeAbHEIX cTe-
neHeil CBOBOAN Zyo, = 3N — 5 1 umeno i = § + 22,,, = 6N — 5, a nocse
«3amopaxkuBaHma» i, = 5. Torga coraacHo (1.40)

_ G2, G +2)5 76N -5

T @+2)i OGN-5+2)/6N-5) 56N-3° @

Tl=h
Y
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1.9.

3Haa sHaveHHe 1, HAXOAHUM

_a5/Mn-5 _

= =2,84.
80/7)n-6

9TO HEBO3IMOXKHO, 3HAYHT PacuyeT HaJ0 BECTH, CYHTaA, YTO MOJEKYIH
HeJMHeHHble,

ITocTynasa aHaNOrHYHO, IIONYYHM
n=4(N - 1)/(3N - 2},
OTKYAA
N=02n-4)/@Bn-4)=4.

Taxum 06pasoM, MhI MMEeM [e710 C HelHHeHHBIMH MOJEKy/JIaMM, CO-
CTOALUMMH M3 YeTHIPEX aTOMOR.

Ban-gep-paanbcoBcKui ra3. IlonyuyuTs Ansa Mosa aTOro rasa ypaBHe-
uxe aguabarsl B nepeMeHHHX T, V, ec1y W3BeCTHA ero MONApHaA Tell-
aoeMKocTh Cy.

Pe wr e 5 n e. CornacHo IepBoMy Hawany M ypasHeHuwo (1.44)

, a RT a
dQ=dU+PdV=CVT+—I;~'2"dV+(V_b—;?)dV=O.
OTtcioga
dT _ Rdv
Y1 v-b’

Hurerpupya 9To ypaBHeHHE, IojydaeMm
InT® = _In(V - b) + const,
HIHn
In[T R - b)] = const.
Takum obpa3oM, ypaBHeHHe aauabaTil MMeeT BHJ

™V -b)R/C" = const.

1.10. OnpeaennTs ANA BaH-Aep-BAaILCOBCKOrO [d34 PAIHOCTh MOJSPHBIX

TerLtoeMrocrein C, ~ Cy,
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Peme# # e Ilo onpefeleEHI0 TEONOEMKOCTH
c __(d'Q] _[aU] +p(av}
P - _— hd _— -_— .
aT » oT » aT »
VuntmBas, uro U = CyT — a/V, noayuyum
a \(dV
Co=C+|ip+—||=1 - 1
=G (p Vz)[a'r]p (1)

Haiigem (6V/0T ),. dna sroro npopuddepennupyem no I’ ypapHeHHe
Banu-gep-Baanrca (1.42). B peaynbTaTe NonmyymM

ov R
[6_T) - a 2a ’ @
’ [p+;,~z]~—ﬁ(V—b)
Tloacrarnoeka (2) B (1) NpHBOAKNT K HCKOMOMY pPe3y/bTaTy:
¢, -Cpo—B
_2a(V -b)°

lR'I'V"
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Cratucrnyeckas pusnka.
PacnpegeneHus Makcsenna n bonbumaHa
v

§ 2.1. Bepoaraocrs. CpegHHe 3HAYEeHHHA

CraTtucTuueckada GQHU3MKa— HTO pasfes GH3HKH, B KOTOPOM H3Y-
YalT CBOMCTBA MAaKpPOCHCTEM, HCXOAA H3 HHANBHAYAJBHEIX
CBOYICTB COCTABJIAIOIIMX MAKPOCHCTEMY YACTHI[ H B3aHMOAEHCTBHMH
MeKAy HEUMHU. Onucande JBM)KEeHHA KaXXA0H YacTHIILI MaKpPOCHCTe-
MH (a ux mopagka 1022 + 1023) — 3agaga coBepIIeHHO MeMBICTH-
maf. BMecTo 3TOrO cTaTHCcTHUYecKad GH3UKa OmepHpYyeT €O CPpeaHH-
MU 3HAYeHUAMH NIapaMeTpoB OodeHb 0OJIBbIIOrO uHcia dacTHX. Ko-
JIOCCAJIBHOE YHCJIO YACTHI{ B MAKPOCHCTEMEe IIPUBOAUT, HECMOTPA Ha
OUeBHAHEIN Xa0C, K IIOABJIEHHNIO HOBRIX, C/MAMUCMUYECKUX 3AKOHO-
meprocmeli. IX M3ydeHHe ¥ JejaeT BOBMOXXHEIM OMCaHHe MaKpo-
CHCTeM Ha OCHOBe CBeJeHHH O CBOMCTBaX OTAENBHBIX YacTHI[ CHCTe-
MEL.

O BeposTHOCTH. OCHOBY CTATHCTHYECKOH (QHUIHKHM COCTABIAET
TeopHa BepoATHOCTEH. BepoATHOCTH MHTepecyIollero Hac COGRITHA
XapaKTepU3YyeTCA KPaTHOCTHIO ero NoBTopeHHA. Ecau B N cayuaax
i-e cobrITHe npoucxoAUT N; pas3, TO BepoATHOCTBIO P; 3TOro cobnr-
THA Ha3EIBAlOT BeJMYHHY

N
P = lim =~ . 2.1
/ NlmN (2.1)

Tak xak Ha npaxTike N Bcerga KOHEYHO, TO [JJIA BRIYHCJIEHHUSA
BEpPOATHOCTH cTapamwTcs, 4Tobnl N u N; 65111 gocTaTouHO GONBLIN-
Mu. Torga MOMHO CUMTATh, YTO

P, ~ Ny/N. (2.2)

fcHO, YTO cymMMa BEPOATHOCTEH BceX BOSMOMKHEIX Pe3y/ILTATOR
H3MepeHHU paBHA eIMHUIE:

LR =) (N/N)=L1 (2.3)
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Temneps obpaTHMCA K BLIMHCJAECHHIO BePOATHOCTEH CAONMHLIX CO-
6uimuii. PaccMOTPHM ABe OCHOBHBIE TEOPEMRI: O CA0XKEHNH M YMHO-
JKeHHUM BepoaTHocTed. Ilpouie Bcero sTo mOHATH C NIOMOIIBIO HTrpa-
JNBHOTO KYOuxKa.

1. Teopema o cnozxcenuu eepoamnocmeil 3aKJIl04aeTCA B TOM,
YTO BePOATHOCTHL TOIO, 4YTO B pesdynbTaTe N OpocaHMit KYOHKa BbI-
mager i Un¥ k, paBHa

P :_]YJ_%.]_VJ_ =P, + P, (2.4)

fwrm b

2. Teopema 06 ymuomeruu eepoamnocmeti. Halinem Beponr-
HOCTb TOTO, YTO IPH ABYX OpocaHmax xybMka BhIIageT NOCHeAOBa-
TeJbHO i B k (unm mRaobopor). Pacemorpum N aBoHpIx OpocaHui.
IlycTo nepBuill KyOHMK W3 KakAo# napsl 6pockos gax i B N; cayuaax
{rax uro P; ~ N;/N). Teneps Buizenum u3 d3THX N; ciiyuaes Te N,
cJayufaes, xorga BTopoi kKyOuk xasan k (Tak uro P, =~ N/N,;). Ucko-
Mas BepOATHOCTD

Pyr=-1"%=p B, (2.5)

CpexrHe 3HAYEHHA CIY4YaWHLIX BeJIMYMH. 3HAA BepPOATHOCTH
TOABIEHUA PA3/HYHBIX Pe3yNbTATOB M3MEPEHUN NUCKPETHON Beu-
YHHB X, MOXKHO HAATH AX cpejHee 3HaueHHe <x). ITo onpenenenuto
CPesHEro

@ =%2Nixi =Y Px,. (2.6)

dyrxuna pacnpegenedus. PaccMorpum cnyyald, Korga ciiyda-
HadA BeJJHYHHA X HMEET Henpepoi8rblil XapaKkTep (HanpuMep, CKOPO-
cty MoJiekyxa). J{na sroro pasofbeM BCIO 06lacTr H3MEHeHHA X Ha
OTHEeJIbHbIe HHTePBAJH M GyZeM CUHTATE YHCJIO IONIaflaHMK Cayyam-
HOH BenHW4YWHR! B TOT MAM HWHOM HHTepBai. MHTepBaJIBl HONYKHEBI
65ITh BO M3bedkaHMe 3aMeTHHLIX (DAYKTyanHil ZOCTATOYHO GONBLIUH-
MH, 97005l B KaXKAOM HHTEPBAJIE THCIO momajZaHui 6u10 N; » 1 H
uTOoOK'c mOMOILILIO (2.2) MOXKHO 6BLIO OIIpeZie)INTh BEPOATHOCTD MO-
MajaHKa CJIYYaNHOM BeJMYNHL! B ZJaHHLIA HHTepBaji. BMecTte € TeM,
HHTEepBaJBl JOJKHL! OBITH ZAOCTATOYHO HeGonsInmmMH, uTOORI Gosee
JeTalbHO XaPaKTEPHIOBATh paclpefeleHHe BeIHYHHLI X.
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HUTak, MBI HMeeM AOCTATOYHO GOJILINIOE YHCIIO AOCTATOYHO Hebo-
JBIUX HHTEpPBANOB M, AOCNYCTHM, HAM HM3BEeCTHA BEPOATHOCTs P,
nomagaHKA B TOT HJIM HHOH mMHTepBaji Ax. Cama BenmurHa AP, Be-
ChMa Maja, II03TOMY B KayeCTBe XapaKTePHCTUKM CAydIaifHo# Benu-
9yuHE 6epyT oTHomleHMe AP,/Ax, KOTOpoe AJNH AOCTATOYHO MANBIX
Ax He BaBMCHT OT BeIMIHMHEI CAMOI0 HMHTepRaia Ax.

9ro oTHoureHHe npu Ax — 0 HasmBaroT @yHicyueit pacnpedene-
Husa f(x) cnygaliHON BEeNHYHMHEI X:

f(x) = lim AP, =&

. 2.7
Ax-0 Ax dx ( )

Bupso, 4To GyHKUMM pacnpefeneHMa f(x) MOKHO IDHIHCATH
CMBICJI NAOMHOCTIU 6ePOAMHOCTY, T.e. BePOATHOCTH HHTepecylo-
mei’{ HaC BEJINYHHBI OKA34aThCA B €eAHHHYHOM HHTepBaJe BOJAHIN
3HAYEHHA X.

B pasHbIX caydasax QyEkuma f(x)‘
paclpefe]eHNa MMeeT COBEpIIeH-
HO Pa3JAYHBIA BHZ, OAWH M3 KO-
TOPBIX B KAUYECTBe IPHMepa IIpH- »
BesieH Ha pHc. 2.1. B cooTserct- .

Bu c¢ (2.7) miomags IOJOCKH

mupHHoi dx Ha 3TOM pPHCYHKe 0 xvx+dx _}
paBHa BePOATHOCTH TOIO, YTO
CJIY’-I&HH&H BelIdHHA X OKAXeTcA

B mpegenax HHTepBaaa (X, x + dx):

dP, = f(x) dx. (2.8)

!

Prme. 2.1

BepoAaTHOCTE TOro, 4YTO BeJIMYHMHA X IIONIafaeT B HHTepBaX (a, b):

]
P= j f(x)dx. (2.9)

ScHO, YTO BEPOATHOCTE TOTO, UTO BEIHYHHA X MOXET HPHHATH
xoTs 6Bl Kakoe-HHOYAbL 3HaueHume (JOCTOBepHOe cOORITHe), paBHa
eAuHHIle. OTO HABKIBAIOT YCA08UEM HOPMUPOBKU:

jf(x)dx =1, (2.10)
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rAe WHTerpUpPOBaHHe IPOH3BOAUTCH IO BCEMY MHTEpPBANY BO3MOX(-
HBIX 3HaYeHMH BeJHUHHSI x. I3 3TOrO ycinosusi clegyer, 4yTo BCs
IIomaAs moX KPHBOH f(x) paBHa egHHHIE {cM. puc. 2.1). 3amernm,
gro (2.10) siBnsierca aHajorom ¢opmynm (2.3).

Cpepamne smauyemms. CpejHee 3HaueHHE BEJMYHHEI X MOJKHO
HaWTH, 3HaA ee HOPMHPOBAHHYIO Ha eJHHMLY QYHKUHIO pacmpene-
nenusa f(x). O6parumea x popmyne (2.6). Ona cupaseTuBa M AN
cayuasi, KOrAa HHTepBaJ H3MeHeHHA BeJHYHHE X Oyjer pasbur Ha
HeGoJpIlIve yYacTKH. YMEHBIIaA y4YacTKH, Mbl JOJKHhi B KOHIE
KOHIIOB 3aMeHUTsr P; na dP m ¥ —— Ha wmHTerpan f. Torpa

@ = [xdp = [xA(x)dx, (2.11)

r/ie HHTETPHPOBAHHUE IPOBOAUTCH 710 HHTEPeCywIeMy Hac NHTepBa-
Ny 3HaYeHHA X, AHaTOrm4HEe POPMYISI CIpaBeUINBHI ANA A1060i
¢yHKIHH ¢ (x), HaIIpUMep

x? = J' 22 f(x)dx.

IIpumep. NaeaabHniil a3 HaXOAMTCA B chepHYecKoM cocyAe painyca R.
Haiinen pacnipesenenHe paccTOAHHU#H 7 MOJIEKYJ OT LleHMTpa cocy-
Ja K cpeaHee 3HAYEHHe ().

BrigenyM MBICNTeHHO TONKHH KOHLEHTPHYECKHH IDapoBOH CJOH
paauyca r H Toam(nHon dr. CHayasa HaigeM BepOATHOCTh TOrO,
YTO MOJEKYJH IIONAJAIOT B 3TOT cjok. OHa paBHa A0JIe NMOJIEKYJI
B aTomM cioe; dP, = AN,/N. B cuny paBHOMepPHOro pacnpefeseHHA
MOJIeKy/1 9TO OTHOIODeHWe PABHO OTHOLUEHHIO COOTBETCTBYIOWMX
obbeMoB:

_dv _ 4mr’dr _3rlar
"V  @n3Rr* R®

CornacHo (2.7) nckoMasa GyHKIMA PacnpeaeneHHs
1(r) = dP,/dr = 3r%/R°.

Cpextee 3gaueHMe () HaxogMM no dopmyne (2.11):
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PirykTyagHH. BepoATHOCTE CJAYYaMHOIO COOBITHA M 3KCHEpH-
MeHTaJIEHO HabllofaemMas NOJA pe3yJILTATOB, Korga cobGhiTHe OCy-
WEeCTBAAETCHA, — 3TO He ofHO U To >ke. Jlocnexnnas (qona pesysbra-
TOB) HCHAITHIB2ET CJAy4YalHHBIe OTKIOHEHHA OT IIPeACKa3biBaeMOi
BepoATHOCTH. MMeHHO Takoro poAa OTKJIOHEHHS MMPOMCXOAAT B JIIO-
6BIX MAKpPOCHCTEMaX. JTH OTKJIOHeHUA H O6YCJIOBNHUBAIOT QAYyKINY-
ayuu.

CorjiacHO TEOpHH BEPOATHOCTH, C yBenuueHweM 4ucja N HCIH-
TaHHH OTHOCHTeJbHAN QIYKTyanHa 1060 BeNHUYMHEI yMeHblI2eT-
ca mo 3axony 1/4/N. HMeHHO rpaHAHO3HOCTh YHcaa N MONEKYJ H
o6BpACHAET, MOYEMY MAKPOCKOIHYECKHe 3aKOHHI, moNydaemhle Ha
OCHOBE CTATHCTHYECKHX MPEACTABNEHHH O ABH)KEHHH 4aCTHI[ MaK-
POCHCTEMEI, OKA3LIBAIOTCA TOYHLIMH.

B paneHeiilieM Mul 4acTo 6yAeM HMCIOJIL3OBATH HOHATHEe Gecko-
HeuHO Manoro obwema dV Maxpocmcremsul. Ilog stum Gyser noHu-
MAaThCHA TaKoM 06LeM, pasMephl KOTOPOro HHUTOXKHEI 110 CPaBHEHUIO
¢ pasMepaMH CaMOH MaKDOCHACTEMEI, HO BCe Ké HAMHOI'C IPEBOCX0-
AALIMe XapaKTePHLH pasMep ee MuxkpocTpoenHsa. Kakpaa 6ecko-
HeyHO Majyas obaacTh, BpenoJiaraeTca, COAEPIKHT YHMCJO YACTHI]L
dN sacroanko 6onpmoe, YTO OTHOCHUTENBHOU GIyKTyanHeir nx
MOYKHO npeHebpedsb.

§ 2.2. Pacnpenenenne Maxceeiia

3akon pacnpejieleHHs [0 CKOPOCTAM MOJIEKYJ rada, Haxofdllle-
roc B TePMOAMHAMHYECKOM DaBHOBeCHH, 6ninm mafimen MaxcBe-
nom (1859). Xox ero paccy>XAeHHH AOBOJBHO CAOXKEH M IIOJAHOCTHIO
OPHBOANTE €ro Mhl He 6yJeM, a orpaHHYMMCA B OCHOBHOM pacCMOT-
peHHeM HMOAXO0Ja K pellleHHI0 3TOH IIPoGJIeMEl, a TakyKe HH3HYECKO-
T0 CMBIcNa 3aKOHa MakeBensa ¥ HEKOTOPHIX €ro CJaeACTBHH.

Cnepya Makcsenny, mpencTaBuM cebe 1POCMPAHCIMNEo CKOpO-
cmeil ¢ IPAMOYTONBHEIMHM KOOPAHHATHRIMH OCAMH, II0 KOTOPHIM BY-
AeM OTKJIaJALBATh 3Ha9eHNUA OPOEKIHH Uy, Uy, U, OTASABHEIX MOJIe-
kya. Torpga cxopocTH kKa)aol mojaekyJsabl 6yaer COOTBETCTBOBATH
TOYKa B 3TOM npoc'rpanc'rne -— KOHeII BeKTopa V. H3-3a cTONKHOBE-
HHH MOJeKyJ HOJIO)KeHHA ToZeK OYAYT CTPEeMHTEeNbHO MeHSTHCSH,
HO HX paclipefiejieHHe B nejoM 6yJeT ocTaBaThCA HeM3MeHHRIM, IO-
CKOJIbKY MaKpOCHCTeMa HAXONHUTCSA B TepMOJMHAMHYECKOM pPaBHO-
BECHH.
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BcreacTBHe paBHOIIPAaBHOCTH BCeX HANpPABJIEHHK IBHXKEHHA pac-
IIoJIOXeHHe TOUeK OTHOCHTEeJNBLHO Havyasla KoopauHaT GygeT chepH-
YeCKH CHMMETPHYHEM. [103TOMY NJIOTHOCTS TOUEK MOXKeT 3aBMCETH

TOJNBKO OT MOZYyJs ckKopocTu v (HO
He OT V).

Hrak, nycts MakpocucreMa (ras)
cogepkuT N monekysa. Boigenum B
HEKOTOPOH TOYKEe — KOHUE BEKTO-
pa v — Manui obobem dv.dv,dv,

. (puc.2.2, rae ochk v, HanpaBieHa Ha
Hac). OTHoCHTenbHOE YHCJIO TOUYeK
. (Monekyn) B aToM o0'beMe, HIH IpYy-
M ] FHMH CJIOBAMH, BEpOATHOCTE dP
T TOr0, YTO CKOPOCTE MOJIEKYJEI, T.€.
KOHel BeKTOpa Vv, IOmafeT B 3TOT
Pre. 2.2 06beM, MOXKHO 3allMCATh TaK:

dN(v,,vy,vz)
N

dP(u,,v,,v,) = = fv)dv,dv,dv,, (2.12)
rhe f(v) HMeeT CMRICA 06BEMHOIL NAOMROCMIUL BEPOAMHOCTIL.,

BepoaTHOCTH e TOTO, YTO MoJeKyJa (Touka) 6yJeT HMeTh Ipo-
eKI[MM CKOPOCTH B HHTepBale (v, U, + dv.), ecTs

dN(,)

dP(v,) = N

=o(v,)dv,, (2.13)
rae ¢ (v,) — byHKIUA pacnpefeneHnd 1o v,. Bripaxenne (2.13) —
3TO mo cyulecTBy MHTerpar (2.12) mo v, m v,, T.e. OTHOCHTeJbHOE
THCIO MOJeKY (Touex) B TOHKOM IIJIOCKOM CJIoe OT U, Ao v, + dv,.

BeposaTHOCTH TOTO, YTO MOJEKyja HMeeT IPOEKIIHH CKOPOCTH B
uHurepBanax (v,, v, + dv,), (v,, v, + dv,) u (v,, v, + dv,) asnaweTca
He3aBHCHMMEIMHU (3TO ORIZO JOKAa3aHO), IIO3TOMY B COOTBETCTEHMH C
TeopemMoil 06 YMHOMEHHS BEpPOATHOCTEH HE3aBHCHMBIX COORITHIH
MOKHO 3amMcaTh

T dP(vy, vy,l’z) = dP(v,) dP(vy) dP(v;) =
=9,)oW,)e(,)dv, dv,dv,. (2.14)
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Uz coobpaxesdna paBHONPABUA OCeH vy, Uy H U, ACHO, YTO PYHK-
IHH ¢ JOMKHKE OANHAKOBHIM 06GpasoM 3aBHCETh OT COOTBETCTBYIO-
IMUX OpoeKInit cKopocteil. Comocrarus (2.14) ¢ (2.12), Haxoaum

)=o) o@,)0,). (2.15)

Onyckas ganpHeille npeo6pasoBaHnd (C YI4€TOM YCIOBHA HOP-
MHDPOBKH), IPHBeeM OKOHUYaTeJlLHEIE Pe3yJLTATHEI:

,) = (L]l/zexp _mvi !

PO =\ ok T ) | (2.16)
aHANOrHYHBIH BUA nMeoT QyHroHM ¢(v,) ¥ ©(v;). U Toraa cornac-
Ho (2.15)

m \*? mv?
=\ — - . 2.17
) (2nkT) exp[ 2kTJ @17
Tpadux dyexnun ¢ (v,) th)(vz)

Hasobpaxked Ha puc. 2.3. OH
coBHALAET C rayccoBOH Kpmu-
BoI norpemraocTeit. Ilnomans
TOHMpPOBAHHOH IIOJOCKH Ha
pHc. 2.3 — 3TO BepPOATHOCTH : ~
TOro, 4TO IPOEKIUA CKOPOCTH 0 y, vrdu, v,
MOJIEKYJIBI JIEXKUT B MHTEDBa-
ne, (Vg vy +duy).

®dyarnua (2.16) nopMupoBana Ha eJHHHIY, T.e. MJIOIMALb TIOX
KpHBOH (V)

Puc. 2.3

jwtp(vx)dv, =1 (2.18)

UHTerpupoBaHne B Opefesiax oT —® A0 +o He 03Ha4aeT, 9TO B rase
€CTh MOJIEKYJhI ¢ TAKHMH GOJBIIHMH CKOPOCTAMH. ODTO CIELYeT
pPaccMaTPHBATH TONBKO KAK BEIYHCANTENLHBIH HpuHeM. Monexya c
BechMa GOJNBIIHMM CKOPOCTAMM OYEHb MAJO, M OHM OPAKTHUECKH
He BHOCAT HMKAKOI'0 BKJAKA B HOPMMpPOBOUHBIH MHTerpan. JTO H
NO3BOJISIET 3aNMCHRIBATH TAKHE OPeAeNhl.



48 Tnasa 2

Pachnpenenende MoOJeKyJa IO MOXYJIIO CKOPOCTH

HB.I‘:IAGM BEpOSATHOCTE MJIH OTHOCHTEJIBHOE YHCJIO MOJEKYJ, MO-
LYJIb CKOPOCTH KOTODHIX 3AKAIOUEH B HHTepBaje (v, v + dv). Taxum
MOJIEKYJaM COOTBETCTBYIOT BCe TOYKM, HONAAIOMIME B IMAPOBOM
cnoit ¢ pagmycamu v u v + dv (pac. 2.4). O6reM 3TOro cI0s paBeH
OpOM3BeAeHUIO NOBEPXHOCTH CJAOA Ha ero ToAmuHy, T.e. 4nvidy,
ofbeMHadA e IUIOTHOCT: BEPOATHOCTH f(U) BO BCeX TOYKAX CJIOA
ognuaxoBa. CrefoBaTellbHo, COTIACHO TEOPEMe CIOXKEHUSI BeDOST-
HOCTeH, BepORTHOCTh MONAKAHHMA B 3TOT Clo#

dP = f(v) - 4nv? dv. (2.19)
FA
=~ 1) O
v e s R o Y :
0 Upp (0> Uy v
Prc. 2.4 Pre. 2.5

Benwanna dP/dv — mui ee ofosmaumm F(v) — xapaxrtepusyer
HCKOMYIO BEPOSATHOCTb, T.e. F(v) = 4nvif(v). Yumrrisaz (2.17), mo-
AYTHM:

T

3 mu?
kaT) viexp . (2.20)

F@) = 41:(

Ora dopmyaa npescTabader coboll 3axon pacnpedeaenus Maxc-
genna no modynio cxopocmu. Bupg dyskoupr F(v) mokasaH Ha
prc. 2.5. Ota dyEKIMA TOXKe HOPMHPOBaHA HA eNHHHALY:

fF(u)dv =1 (2.21)
0
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Ha pHc.2.5 nyEXTHpOM IOpeiCTaBlIeHa «KOHCTPYKIHA® (COMHO-
skureny) pyurnuu F(v), oquH U3 coMHOoKKTeNnel xoTopo# f(v). 3a-
METHM, YTO B oTnnuHMe ot F(v) naomags moA Kpusoit f(v) dusmde-
CKOr0o CMBICNIA He uMeem.

CreAyeT OTMETHTH, YTO HONYYeHHEIEe MaKCBENJIOM pacIopeaelie-
HUS 110 CKOPOCTAM He 3aBHCAT HH OT CTPYKTYPHI MOJIEKYJ, HH OT
TOro, Kax OHHM B3aUMOAeHCTBYIOT ApPYyr ¢ zapyrom. Iloaromy oEHm
MPHMeHMMEI He TOJNbKO K TazaM, HO M K APYTMM arperaTHBIM COCTO-
AHHUAM Bemec'rna.

XapakTepHbie cKOpocTH. K HUM OTHOCATCA TPH CKOPOCTH: HaH-
Go/lee BEPOATHARA Uy, CPERAHAA (V) H CPeAHEKBALPATHIHAR U,

Haubonee 8epoammoii CKOpocmu COOTBETCTBYET MAKCHMYM yH-
Knuu pacopefeneHud F(v). 3ta CKOpOCTL omnpeAensieTci H3 YCJO-
Bus dF/dv = 0, orkygma crexnyer

Dpep = /2% :Jz%T. (2.22)

Cpednan cxopocmbs mo ONpemeeHHIo

@ = [vF@)dv = [BET _ }§H. (2.23)
o Tm n M

Cpednexsaldpamuiras CKOPOCTMb Uyy = (v?); ona HaxozuTcs M3
YCJIOBHSA

®%) = [v?FE)dv =355,
0 m

OTKYAa

v, = fsfmz - ,fs% . (2.24)

3TOT pe3yALTAT MOKHO IONYYAT: K (e3 MHTerPHpOBAHHRA, a K&K
crepcTere popmyan (1.31).

B kauecTBe mpHMMepa [pHBeJeM CPeAHIOI0 CKOPOCT: MOJEKYJi
asota N opu T' = 300 K: <v) =~ 480 M/c. OTa BeaHUHHA KMeeT OpA-~
IOK CKODOCTH 3BYKa B a30Te, U,, = /YRT/m = 350 Mm/c.
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IlpuBesenHe XapRKTEepPHEIE CKOPOCTH OTNHYAIOTCA OPYT OT
Ipyra B TPOOOPLHH '

Upep * (DY 1 Dy = 1:1,13 :1,22.

KauecTseHHo aTo DOKajaHo Ha puc. 2.5.
3asucumocts pacmpepenesns or T. Ilogcrapue anaueHHe Ve,
na (2.22) B ¢popmyny (2.20), monyuum, uro

Freaxe © m/T. (2.25)

B COOTBETCTBHMH ¢ aTHM pe3YJLTATOM XA Pa3HBIX TeMIeparyp
T, < Ty < T3 kxpuBbIe pacupenenenua F(v) 6yayr nMers BHJ, MMOKA-
3aHHKIA Fa pHe. 2.6. BHAHRO, 4TO ¢ yBennueHneM T MaKcHMyM GyH-
KUK F(v) cMemaeTca B CTOPORY OOJBIIMX CKOPOCTEi, 4 ero BeNH-
YNHa yMeHbIIaeTcA comnacHo (2.25). Ilpu sToM miaomans moj Bce-
MH TpeMA KPHUBHIMH OCTaeTCA paBHOH exuHMlle. KpHBrie Ha
puc. 2.6 MO)XHO paccMaTpHMBaTh ¥ HHaYe — KaK COOTBETCTByKlllne
PasHBIM MaccaM MOJIEKYJ rasa OpH oZHOM M TOM jKe TemIeparype,
IpHYEM my > Mg > Mmg3.

Fvy, |

Puc. 2.6

®opmyna MakcBelIa B NPHBEJEHHOM BHIe

Pemenue paga sagay ynobHee MPOBOAUTE, €CIH BHIPaXaTh CKO-
POCTH v MOJIEKYJI B OTHOCHTEJABHBIX eHHHIlAX — eJHHNIAX Hanbo-
Jlee BePOATHOH CKOPOCTH Uyep. 1OT/Aa OTHOCHTENEHAR CKOPOCTE MO-
JNEeKYJbi

U= U/Upep. (2.26)
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IIpy nepexone K HOBOH NepeMeHHOH VUTEM, UTO HO/KHO BHITION-
HATBECA PaBeHCTBO

F(wdu = F(v)dv.

Orcroma #(u) = F(v)(dv/du). 3aMeHHB B paBsoil YACTH ITOrO pa-
BEHCTBA U HA UUy,, coriacHo (2.26), monyuinm

F(u) = (4/7) u? exp(-u?). (2.27)

B TaxoMm Buae pacnpezaenenHe MakcBensna ABIAeTCH yHHBepca-
JIBHBLIM: OHO He 3aBHCHT HHM OT TeMIEpaTyphl, HH OT poja rasa.

IIpumep. Hafinem oTHOCHTenbHOe uUMcao moaekya dN/N co cxopocramm,
OTNHYAIINMHCA OT HanOojee BepOsATHOH He GoJjee, YeM Ha

n=1%.

B parEoM cayd4ae u = 1, 1 MBI MOXKeM cornachHo (2.27) sanucats
dN 4 5 4 0,08 _a
— =Fu)du=—-1°""2.0,01 =——==1,65-107",
N Jr edn

rae du = 2, IOCKOABKY Ha 1| % OTKJOHEHHS MOTYT OhITh KaK B
OAHY, TAK M B ADYIYW CTOPOHY.
PacnpeneseEne no 3EeprEaAM MOJIEKYJI

Hmeercr B BHEY GVHKIHA pacnpefelleHHA 0O KHHETHYECKHM
SHEPIUAM IOCTYHaTeILHOIO ABKKeHHA. O003HAUMB 3Ty QYHKIHIO Ye-
pes @ (g), rae € = mv2/2, BocIONLE3yeMcs, KAK OOLIYHO, pAaBEHCTROM

O(e) de = F(v) dv. (2.28)

3peck 3HEepTHM £ COOTBETCTBYET CKOPOCTh v, a HHTepsany de —
nHTepBan dv. OcraeTca VuecTh, YTO U3 BHIPA)KEHMA KMHETHYECKOT
9HEpruH £ ciaepyer, 4ro de/dv = mv o e. Toraa corsnacuo (2.28)
MOYKHO 3aIKCATh

O(z) = F(v)% oo ge 4/ g,
€

HIN
O(c) = Ave e~t/*T, (2.29)
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rAe A — HODMHAPOBOYHLIH MHOXXHTENb, A =(2/J§)(k1’)'3’ z Tpadpnux
3TOH QYHKUMH NokasaH Ha puc. 2.7. Hanbosee BepoATHAA 3Heprus
Haxogntca u3 ycenosua d®/de = 0:

Enop = KT/2. (2.30)

Caenyer o6paTHTE BHHMAHHE Ha TO, YTO Epep # £(Usep). ITO CBSH3A-
®(e) A HO ¢ TeM, yTo pyHrnus O (g)
nonyuena M3 F(v) omyrem ym-
HOXXEHHA IIOC/leRHeH He Ha
xoHCTaHTy, a Ha dv/de, KoTo-
poe 3aBHCHT ot £. MMeHHO 3TO
OPUBOAHT X <¢IllepeKalllhBa-
HHIO» ¢pyHxuHH P (¢) OTHOCH-
~ TeJbHO F(U) M CMeINeHHIo MaK-
(1] Eeep € CHMYMOER X@HHBIX QYHKOMH.

Puc. 2.7

JonoJHHTEIbHbIE 3aMeYaHHA

1. IIpx craTHCTHMYECKOM MOAXOAE He MMeeT CMBICJIA BONPOC: Ka-
KOBa BepOATHOCTs (MJIM CKOJBKO MOJIEKY.)) HMeXoT BIIOJINE Oompene-
JIeEHYIO CKOPOCTE. Peub MOKeT HTTH TOJILKO O YHC/Ie MOJNEKY. 8 3a-
dannom unmepeane ckopocreit. [fosToMy Ha Bompoc: KaKHX MoJe-
Ky2 Goarmie — ¢ Hanboslee BepoOATHON CKOPOCTHIO HNH cpeiHel —
MOYKHO CMeJOo OTBeYaTh: oduHaxkoso (B cmuicie 0 = 0).

910 OTHOCHTCH, pasymeeTCA, H K 3HEepruAM &.

2. Ifpu moacuyere BepOATHOCTH HJIH YHC/JI2a MONEKYN B 3aJaHHOM
HHTepBalle ckopocreil (Ml 5Hepruil) He Bcerpga cinenyer npuberarsb
K HMHTerpHpoBaHmio. EcAH HHTepBay CKopocTed oueHr Man (o
CpaBHEHHIO C CAMO}l CKOPOCTBIO), TO pemeHHe CBOAHTCA NPOCTO K
YMHOXEeHHIO:

AP = F(v)Av. (2.31)

3. Cnenyer uMeThL B BHAY, YTO Bce QYHKIMHM pacOpefeeHHA —
BenAYHHK pasMepHune. Hanpnmep, paamepnocts ¢ (v,) 1 F(v) pas-
Ha c/M cornacHo (2.18) u (2.21), a pasmeprocTs f(v) — c¢3/m3 co-
raacHo (2.135).
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§ 2.3. OnmiTHAs NMpoBepKa
pacnpenenenuss Makcsenaia

OnonmeM aBa Haubonee TOUHBIX 3KCIEPHMEHTA, OCYIIeCTBIeH-
HEIX C IeJIbI0 IPOBEePKH pacnpefeleEna MaKkcBenna 1o CKOpOCTAM.

B onsite JlamMepra (1929) B obbeMe V (puc. 2.8, a) raxoguTcs
ra3 B paBHOBECHOM COCTOSTHAM. BrixoasUiHit U3 OTBEPCTHSA B CTEHKE
obneMa V MONEKYNSAPDHBIA NYYOK NPOXOAHT KoniauMmatop K us mo-
cJeAoBaTeIbHRIX OTBePCTHH, KOTOPHIH 00pa3yeT MOYTH Hapalienb-
HBI# uy9ok. llanee nmyuok monanmaer Ha ycrpoicrBo C, cCOPpTHDYIO-
Iee MOJIEKVJIBI 110 CKOPOCTAM, B AeTeKTop D Ana perucrpanmy Mo-
JIEKYJ TocJ€ COPTHPOBKH.

14 K D

Puc. 28

YcrpoiicTBo C npefcTaBiserT coboil JBa BpaliaiomuXxcs AUCKA
(za o HOH ocH) CO IenAMH BAOJE PagnycoB. KEcau 1enn nosepHy-
THI Ha YToJI (¢ OTHOCHTENBHO APYT APYra, TO IPH YIrIOBOH CKOPOCTH
o AMCKH IOBEPHYTCA Ha YroJ () B TedeHHe IPOMEXKYTKa BPeMeHH
At = ¢/w. IToaTomy yeped obe wenn, pacCTOAHHE MEXKAY KOTOPHIMH
I, mpoiyT MONEKYJIRI CO CKOpocTeIO U = l/At=1w/¢.

MeHss YrIOBYI0 CKOPOCTH @ HJIH YIoJl ¢ MEXAY pafgHalbHHIMH
UIeJSMK, MOXKHO BHIJIEJIATH N3 IOYYKA MOJIEKYJBI PA3HHIX CKOpPO-
cTeil. YIapnuBas JeTeKTOPOM BTH MOJEKYJAHl B Te4eHHe OANHaKO-
BOTO BpeMeHH, MOXKHO HaliTH HX OTHOCHTeJIbHOE KOJIHYeCTBO B NIyY-
Ke.

B apyrom ommre Jesast gacte ycTasoBkM (V, K Ha pnc.2.8, a),
dopMAEDYIOmAan mapaljeNbHBI TYI0K MOJIEKYJ), OCTAeTCA TOH XKe.
Ho cenexrop C ¥ gerexTop D cOBMEIeHH BO BpammalouleMcs NHJINH-
ape co menaelo S (cm. puc. 2.8, 6). Koraa mess S moagaer B naaaio-
muii myyox C, gepes Hee B IFUIHHAD BXOAUT HOPIMA MoJeKyn. Mo-
JIeKYJB ¢ PA3HERIMA CKOPOCTAMH J[OCTHTAIOT NPOTHBOIOIOKHOM
CTeHKH HWIHHApPA C PAJHYEHM 3ANA3AHBAHHEM O OTHOIMIEHHIO
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K MOMeHTY IIPOXOMKAECHHS meuay S OyY4KOM P ¥ MOo3TOMYy nomagaioT
HAa pasIMyERe Y4acTK¥M D npOTHBOMOJIONKHOH CTeHKH IHJIMHADA.
HsMepHB crerleHb NOYEPHEHHA PAMMMIHKX YIACTKOB D, MOXKHO
OIpeAeIUTh paclpefeeHHe MOJIEKYJ B IydKe OO CKOPOCTAM.

PasymeeTcs, Bce 3TH OIORITHI IPOBOAUIUCH B YCIOBHAX BRICOKOTO
BaKyyMa H, KPOMe TOTO, C YIeTOM pPa3/M4nA pacOpefelieHNA MoJe-
KyJ II0 CKOPOCTSAM U B Dyuxke H B obbeme V.

PeayIbTaTH 3THX ¥ APYTHX ONBITOB OKAJAINCEH B IIOTHOM COTJIa-
CHH C 3aKOHOM DacupeAeNeHHs, yCTAHOBJeHHHM MakcpeslioM.

§ 2.4. Pacnpeaeneaue Boasnmana

B oTCyTCTBHE BHEMIHHUX CHJ CpelHAA KOENEHTPALHA N MOJIEKYJI
rasa B COCTAHHH TEPMOAHHAMHYECKOr0 PABHOBeCHsI BCIOAY OAMHA-
KoBa. EciH e rasz HaXoAUTCA BO BHENIHEM CHJIOBOM IIoJie, CHTYa-
U CTAHORHTCA HHOM.

PaccMoTprM, HalIpEMeD, DOBEeHWe MOJEKYJ rasa, HaXOAsie-
rocs Oof AeikcTBHEM CHIBI TAXecTH. Ecay 6H He 6BI10 TeNJIOBOro
RBU)KEHHS, TO BCe MOJIEKYJIHl ¢ YIIaius GH HA IIOBEPXHOCTE SeMIH.
Hanvugnre ke TemoBoro ABMIKEHMA MellaeT 3ToMY. B peayabraTe
COBMEeCTHOFO JeHCTBHA 3THX ABYX (PAKTOPOB YCTAHABJIMBaAeTCA He-
KOTOpOe DaBHORECHE, M KOHUEHTPAIMA MOJEKYJ CTAHORUTCA JaBH-
cAmen or BricoThl. Kak? 3To M npeAcTOMT HaM BHIACHMTD.

IlycTs ra3 HaXxogHUTCs BO BHEIIHEM II0JIe IOTEeHIHANTLHEIX {KOH-
CepBATHBHBIX) CIJi, AeACTBYIOIMUX AJA IPOCTOTH B O4HOM HAIIpaB-
JIeHHH ¥ JABHCAIUMX TOJBKO OT KOOPAMHATHI 2. IIpH TenoBOM pas-
HOBeCHH TeMIeparypa T Ao/KHa OHITE OfMHAKORA IO BCEH TOMIIH-
He rasa, nHave 651 BO3HMKJIM IOTOKH TeIlla, H COCTOsSHHe rasa He
6nino 6ml PABHOBECHBIM.

Jna onpeaeneHHOCTH OymeM c9H-
TaTh, YTO CHIBL BHEUIHETO MOJIS Ha-

d opaBieHsl BHM3, a OChb Z — BBepX
{ PtAP (pmc. 2.9). Bugenum Muicienso Gec-
p KOHEYHO Y3KMH CJIOi rasa TOJIHHOHN

dz ¢ naomaaRI0 OCHORAHHMSA CcTOMNba,
pasRo#t eamumue (S = 1). 3anumiem
YCNOBHE PABHOBECHSI HTOrO CJOH, HC-
NOAB3YA THEPOCTATHIECCKMH MDOAXOA.
Pre. 2.9 Ha cnoit dz geiicTByeT HamparJIeHHAS




CrarHeTHueckan ¢guaura. Pacopepenenns Makcsenna u Boasumana 55

BBepX cuia, o6ycloBIeHHaA pasHOCThIO AaBieHui dp (dp < 0), n
CHJa, AelCTBYOUIAS BHH3 CO CTOPOHBI BHeIlHero mons. Ilpn pasHo-
BeCHH J0JDKHO cobirofaTscs paBeHCTBO

dp=ndz-F,, (2.32)

rae F, — npoeKuuA BHeNIHeH CHUJBI, JeHCTBYIONIEeH Ha KaKAYIO MO-
JeKyJy. 3aMeTHM, UTO JeBaA ¥ IpaBad JacTH 3TOTO PABeHCTBA AB-
JLAIOTCA OTPHIIATENbHBIMH.

M3 MexaHHMKH H3BeCTHO, uTo F, = — 0U/dz, rge U — moTeHmua-
JIbHAA SHePTHA MOJEK Yl Bo BHelrHeM none. IToatomy (2.32) Moxk-
HO IlepemmcaTh TakK:

dp = —ndU. (2.33)

Cunrasa ras uzeanbHbIM, T.e. DOFYMHAKMINMCH dopMyne p =nkT,
npexcTaBMM JieByio yacThb (2.33) B Buge dp =dn-kT. Torxa sta dop-
myna npumer Bz dn-kT =-ndU, aan

i’—' = -EIE . (2.34)
n kT
IIponHTErpHrpoBaB mnoclefHee YpaBHEHHE, IIOTYUHM
Uu-U
In2-_Z =20 (2.35)
ng kT
Byaem cunrars, uro Uy = 0, Tge n = ng, toraa
n = npe V/kT, (2.36)

3ToT 3aKOH M BEIpa)kaeT pacnpedenerue Boavymawna.
C nomMomzsio (2.36) MO>kKHO HAHTH YHCJIO MOJEKYJ B HHTepecyIo-
mieM Hac aleMeHTapHOM obbeme dV:

dN = ndv. (2.37)

IIpu arom cneayer MMeTs B BHAY. YTO oObem dV Mosxer mmers,
BooGiIe roBops, He mobyio dopmy. ObAsarenbHEIM SBASETCH BbI-
TIOJIHeHHe YCJOBHA: BO BCeX TOuKaX obbema dV KoHIeHTpanusa n
[OMMKHA GHITH OAHHAKOBOM.
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Ilepen teM, xax o6cyAMTH moAydueHHmN 3akoH (2.36) M BeIfAc-
HHTS ero BO3MOYKHOCTH, HAaIOMHHM, YTO NpHBEAeHHRIH BHNBoJ dop-
Myael (2.36) ABMsAeTcA YMCTO IMAPOCTATHYECKHM: B HeM MKl IO
CYTH paccMaTpPHBAJIN I'ad KaK CILIOMIHYIO CpeAy, OTBJIEKasiAch OT ero
MOJIEKYNIAPHOM CTPYKTYPHL. ITO JOOYCTHMO JIHIIb AJIsi AOCTATOYHO
IUIOTHHIX F'a30B IpH HATHMYMH 60JILIIOre yHcia crojxHoBeHnit, He-
0bxoanMo, 4ToBsI cCpefHHA cBOOOAHRIA npofer MONeKYa MeXXIY Io-
cJei0BaTeLHAIMH CTOJKHOBEHHAMM OLLI MaJI IIO CpaBHEeHMIO € TOJI-
muHoK dz cnosa. TONBKO B 3TOM Ciayduae MMeET CMBIC I'OBOPHTE O
AABJeHNH, KOTOpOe AEHCTBYeT Ha cno¥ dz ¢o CTOpPOHBI COCegHMX
cnoeB. 1 TeM He MeHee NpHBeAeHHLI A BRIBOJ NPHBEJ K BEDHOMY pe-
ayJabTaTty’.

NIpumep. V3kyio TpyOKY MIMHN [, OMH TOpel KOTODO# lanasiH, BpapjaioT

€ MOCTOSHHOM YIAOBOM CKOPOCTHIO 0 B POPH3OHTAJBHONM INOCKO-

O CTH BOXPYI BEPTHKaJIBHOM OCH

! ! 00, ppoxojfineid yeped OTKPHI-

THIH KOHen Tpyb6xku (pmc. 2.10).

R B1o IPOHCXOANT B Tase, CocrodA-

[ - . = 1eM M3 MOJIEKYJ MACCH m, ODH
I

Temnepatype T. KoHuenTpauua
MOJIEKYJ Yy OTKDBITOI'O KOHILa
N Tpybkp paBHa n,. Haiigem KoOH-
Puc. 2,10 LEHTPAIMI0O MOJIEKYJl Yy ‘danasH-

HoTO TOpUA.

l'as 8 TpyOKe HAXOMHTCA B IOJIe LEHTPODEKHBIX CHJI MHEPIHH
F = mo?r (HMeeTcA B RHIY CUCTeMa OTCYeTa, CBA3aHHAas ¢ Bpalla-
wigeitcs TpyOro#). B sToM cayvae

t
Up~U = [mo’r dr = mo%?/2,
0

rae Uy 1 U — noreHUMAJNBHBIE 9HEPrMH, COOTBETCTRYKIXHE OT-
KPBITOMY ¥ 3aKPBITOMY TOPLAM TPYOKH. B pesyabkrare moayuum

[UO —U} [m(ozlzJ
n = nyexp| =2——| = ngexp .

kT 2kT

+ CymecTByeT H MONCKYISPHO-KHHETHIeCKHX BHBOJ 3aKOHA pacnpefeienna Bons-
nMaHa, cBOSOMHEIH OT HEJOCTATKOB, HIPHCYLIMX NpHBeX¢HHOMY BHBOZY, HC MK He
OyAeM ero IpHMBOAMTH, NOCKOABKY OR JHRYATEJNHHO CJIORHEe.
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Bepuemcs k ¢opmyie (2.36). PaceMorpum mogpobHee caydait
H30TEPMHUYECKOil arMocdephl B OSHOPOLSHOM NIOJe CHJ TAMeCTH. B
aroM cayuae U = mgz, rie m —Macca MOJEKYJIBl, B pacIpeneieHue
Boarnmana npuHuMaeT BHA:

n = nge~mez/kT, (2.38)

Ha prc. 2.11 mokasaHE! gBa rpatdnka atoro pacnpefeneHus, I
n 2. T'paguk 2 coorpercTByer Gosiee BHICOKON TeMmpepaType (1o
cpaBHeHHIO ¢ rpadpnkoM I). Ilpous-
BefieHMe n(2)dz paBHO YHCIY MoJe-
KYJ B CJI0e TOJNIIHHOM d2z Ha BRICOTE 1
2 B BepTHKanIbHOM cToNbe, ILJIO-
majgs Ce4eHHA KOTOPOTO paBHA efH-
muue (S = 1). ILtomans o KpUBHI- 2
My 1 ¥ 2 Ha purc. 2.11 paBHa DOJHO-
MY UYHMCAY MOJEKYJ B TaKOM
GecKOHeYyHO BBICOKOM cTosabe. Ot- \
CIORa CAeAyeT, 4Yro maowasd noxg O zZ
KPHUBEIMK | B 2 OfMHAKOBHK B JaH- Pre. 2.11
HOM ciydae.

Ecnu ras opeacraBiaser coboif cMech pasHBEIX ra3oB, TO B COCTOS-
HHMH TEPMOAHHAMHMYECKOT0 PABHOBECHS KOHIIEHTpaLWA NI 3THX Ta-
30B JO/DKHA YObIBATH C BBICOTOH 3KCIOHEHIHAILHO C PasJIHYHOH
«CKOPOCTBIO» — B 3aBMCHMOCTH OT MacC MOJIeKyJ. Bonee kpyTtasa
sKkcroHexnTa I Ha puc. 2.11 cooTBeTcTBYeT GoJiee THIKENBIM MONEKY-
aaM.

Onpenesnenne IlepperomM nocrosHEOH ABOragpo

C arolt neasio Ilepper MCIOABL3OBAN 3aKOH pacnpefeneHus Bo-
nasnMaHa (2.38). OmpenenuB NOCTOAHHYIO R, MOXHO OBIIO BRIYHC-
JIATH H mocTosiHHyio ABoraapo N, = R/k. Ho nsMepuTs Maccy Mo-
JIEKY/IBl He MeHee TPYAHO, YeM NOCTOAHAYIO k. 3Ty TpyaHOCcTE Ilep-
peH Opeojosiel, MOHAB, YTO POJIb MONEKYH B (2.38) moryr urparts
JOCTATOYHO MaJjkle, HO MAKPOCKOMHYECKHEe dYacTHOhl, pasMep H
MAaccy KOTOPBIX MOXXHO GbLIO H3MepHTh. UTOGH pacrnpefesieHHe Ta-
KHX YacTHn GHLIO He OYeHb ¢KDYTHIM» IO BhIcoTe, IleppeH momec-
THJ HX B XMXKOCTE, IUIOTHOCTE KOTOPOH HeMHOI'O MeHbIlle IJIOTHO-
CTH BemIeCTBAa YacTHi. Torga moie TAXecTH OydeT CHIBLHO ocnabie-
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HO ApPXHMeAOBOH MOABLEMHOMN CWIOH, M pacIpefie/ieHHe YACTHI[ II0
BBICOTE B SMYJIECHH OKAXKETCA NpHeMJeMbIM AJIA OpOBeeHHs H3-
MeDPeHuii,

Onua »3 TPYAHOCTEH COCTOAJNA B NMOJNYYeHHMH TAKHX YaCTHIL,
npuyeM oduHako80z0 pa3Mepa u GopMel. 11 5Toro 6HIIM HCIIONB-
30B&HEI YAaCTUIH 'yMMHUTyTa (ocobas cMosa), OHM UMesnH chepude-
ckyio ¢opmy. Hna orbopa uwacTHm oAHHAKOBOro pasMepa Ileppex
MCIIOIB30BAJI MHOTOKpaTHoe meHTpudyrupoBaHme. B pesyibrare
OBITH ITOJIy9eHbl OTHHAKOBRIE 9aCTHIlLI YMMUTYTA AXAMETPOM Me-
uee 0,5 MM,

C sMyibCHeH M3 TAKUX YACTHI[ ¥ OblJia BhINOJHEHA [leppeHOM
(1908-19209) cepusa ToHYaHNINX SKCHEPUMEHTOR
IO U3MEPEHHUIO 3aBUCHMMOCTH KOHUEHTDAIMH Ya-
CTHI, TYMMHIYTa OT BhIcOTEL. M3aMepexusa uposo-
OIMIHCHL C IOMOIMbIO MuKpDockoma (puc. 2.12).
HenocpeacTBeHHO TOACYMTHIBAIOCH YHCJIO 4YAC-
THI] B BHANMOM o0beMe, OrpaHHYEeHHOM IO JHAa-
METPY IOJIEM 3peHHMA MHKPOCKOIA, a IO BBICO-
Te — TAyOHHOM pesKocTH O0BLEKTHBA (~1 MKM).

Pre. 2.12 Bca Tonmuua sMynscuu Onina ~100 mrM.

Ilone 3peHMsA NPHIIIOCHL YMEHBIIUTH HACTO-
JBKO, YTOOK OfHOBPeMeHHO OhIJI0 BUAHO He Goslee HECKONBKUX Yac-
T4n. BoJjbiiiee YHCIO YACTHI] IPOCTO HEBO3MOYKHO OhIN0 Iepecywu-
TATH, HOCKOJNBKY OHM HeIPEPHIBHO XA0THYHO ABHKYTCH. IIJIA mOIY-
yeHUs HeobGxogumoil TouHocTH IleppeHy HIPHIIROCH BATJIAHYTH B
MUKDOCKON yepe3 onpefesieHHRIe HHTEPBAJILI BpeMeHH HeCKOJIBKO
Tricay (!) pas. Becero rakum oGpasom Gnuio cocuurano 13000 wgac-
THI (HA JeTHIpeX YPOBHAX).

TpyatocT 3THM He HCUePNLIBAIMCH. A KakK, HalpUumep, U3Me-
PUTh auaMeTp dactun? MUKpOCKOI 34eCh IOMOYL He MOI: pazMep
gacTU GBI MeHbINe AJTHHE] BOJHA! CBETA, II09TOMY BHAETH YACTHUILHI
OEIJIO MOXHO, HO UBMePHTh UX AnaMeTp Henb3dA. 1 Bce 'xe IleppeHy
yAAN0Ch U3MEPHTE MX JUaMeTD U He ogHUM a Tpems (1) cmocobamu.

Vnanocs npeofosieTs U APYTHe TPYAHOCTH (He OyJeM HX mepednc-
AATh) Paccka3aHHOrO BIOJNHE AOCTATOYHO, YTOOR! IO AOCTOMHCTBY
OMEHHTH YHUKAJIBLHOCTh ¥ BUPTYO3HOCTh SKCIepuMeHTOB [leppeHa.

[TonyueuHble UM 3HAYEHHS IOCTOAHHONI ABOTajipo JjeXajam B
npegenax (6,5 + 7,2)-1023 moar~l, uro HAXOAUTCA B XopomieM cO-
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IaCHH CO 3HAYEHUSMH, HOJYUYeHHBIMU BHOCAEACTBHHM JpPYIHMH,
6onee ToyHbBIME MeTozaMH. Paborhkl [leppeHa mokasann npHMeHHN-
MOCTB pacmpefeneHnsa BoaryMaHa He TOABKO K MOJEKYNIaM, HO H K
MAaKpOYACTHIIAM, 4 TaKKe NOATBepINJIH 3KCIePUMEHTRIBHO H CEM
3aKOH pacmpefedeHus BoiabiMaHa.

CooTBeTCTBYIOWMIL pacyeT MOCTOSHHON k mpHUBeseH B pellleMHHU
sagauy 2.8.

Bapomerpuueckaa dopmyaa

YMHOXKHB 00e yacTH pacupegenenuda (2.38) na k7T, monyuum co-
raacHo (2.33), uTo aaBIeHHE

p = poe~Me/RT, (2.39)

rae M —- MoasapHaa Macca, R — yHUBepcaJbHASN ra30Bas HOCTOSHHASA.
910 Tax HasuiBaeMad Oapomempuieckan gpopmyra. OHa CTpOro clipa-
BeLI¥Ba AJsA HOSAILHOrC Iasa,
TeMIepaTypa KOTOpOrO He 3aBH-
CHT OT BRICOTH! (H30TepMI3ecKas
arMocepa). Ha puc. 2.13 moka-
3aHel gApa rpadmka (2.39) npu
pasHBIX TeMmeparypax: Ty > Ty.
Cnexyer o0paTHT: BHHMAHHE HA
TO, YTO B OTJIMYME OT pacmpenesle-
Huit n(2) (cm. puc. 2.11), kxpuBHe
p(2) Ba puc. 2.13 HauMHAIOTCA B
OOHON TOYKe, HE3ABHCHMO OT Prc. 2.13
TeMOepaTypsl. JT0 He Cay4yailHo

M HMeeT mpocToe o0nsAcHeuwe (cM. gaJjee).

PaccMOTpHM NOOYyTHO HECKOJBKO 3aCHy KHMBAIOMUX BHUMAHHSA
BOIIPOCOB.

1. O moBegeHHH UEeHTpaA Macc rasa B moJje Taxecrtu. [Ipu unTep-
IpeTanAy CUTyauun, usobpaskeHaol Ha puc, 2.13, MEI IpUXOgMM
K BBIBOAY, UTO B pe3yJIbTaTe HNOBLIMEHNR TeMileparypbl or Ty go Ty
OEeHTp MACC rasa IIepeMEeniaeTrcA BBepX. BOsHHKkaeT BOIDPOC: OOJ
gelicTBMeM KaKol srewrell cuan? Ha mepswit B3raAag spojge HUYe-
TO He M3MEeHMJIOCh — HHU CHJIA TRIKECTH, HU CHJIA PEaKLHUH CO CTO-
POHBI IOBEPXHOCTH 3eMim (BeAs AABJIEeHUE Py OCTANOCH MPEKHUM).
Ha caMoM e fesle B npoyecce HarpesaHUA rasa paBHOBecHe Hapy-
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1I1aeTcA, BTOpAS CHJA OKashiBaercA Gonbmel nmo moxyiawo. OHa Ha-
npaBjeHa BBepX, OHA-TO U BRIBHIBAET NepeMeIeHue QeHTpa Macc.

2. O Tommuue 3emHOH atmMocdeprl. IlpeacraBum (2.39) B Buge
p=poe*, rne h = RT/Mg — »5T0 BHICOTA, Ha KOTOpPOH KaBJeHHe
y6rIBaeT B e pa3. 3HaUeHHe £ ¥ UrpaeT PONb XaPAKTEPHOM TOMIIVHEI
armocteph. Ilpu M = 20 r/mone u T = 280 K senvuwaa h =8 kM.
Ilo cpaBHEHHIO ¢ paguycoM 3eMNH aTMochepa — TOHKAA IIJIEHOUKA
(410 U Mo3BOAAET NpH noiayieHUn GapomerpHuecKoit DOPMYIHI CUH-
TaTh YCKOPEHHE g He 3aBUCAIIUM OT BEICOTHI).

3. O macce atMocdeprl 3eman. CHadasa BEIYHCAHM YHCAO MO-
Jexyn ¢ nomMouibio (2.38). BosbMeM HA IOBEPXHOCTH JeMJIH ILJIO-
mWanaky ¢ naomaxeio S = 1 u paccMoTprM cToa6 BO3AYXa HAX ITOMH
niaomaakoit. B cioe TonmuHoM dzZ Ha BRICOTe 2 HAXOAUTCH YHUCJIO
MOJEeKYI

dN = nyem82/¥Tdz,

HHTerpupys 2to Bripaxeune no z or 0 a0 o, HaxoAUM IoJHOE
YHCJIO MoJeKya B cronabe:

N = nkT/mg.

3areM yMHOUM N Ha MACCY M OJHOH MOJEKYNM H Ha IJIOIA]b
nopepxHocTH 3emau 4nR2. B pesynsraTe HaBizeM, uto Macca M ar-

Mochepn

PokT 4 r? —PognR? _53.10% ks
g g

M =Nm-4nR? =

STOT BOIPOC MOMHO PEllMTh U TIpoIe, paccy»xaas rak. [lockoas-
Ky armocthepa 3eMIH B II€J0M HaXOAMTCA B DABHOBECHH, TO MOXKHO
CUMUTATh, UTO CAJA THAIKECTH, AeHCTBYIOmAA Ha ra3 B KAXKAOM BepTH-
KaJbHOM CTOJ0€ EAAHHYHOIO CEYEeHHH, YPABHOBEIIMBAETCH CHIOH
peaKOUM CO CTOPOHBI [OBEDXHOCTH 3eMJIM, T.e. JaBjeHHeM
Po = 105I1a (1 aT™). YMHOXHUB p, Ha NOBEPXHOCTH 3eM/IH, NONYYHM
Mg, tne M — ncrxoman macca. Orciopa M = 5,3 - 1018 xr.,

4. Pacceanne atmocdepsl. CTporo roeops, armocgepa 3eMIH He
ABNAECTCA DABHOBECHOH. ATMocthepa HeNpephIBHO pacceuBaeTcH,
XOTSA AAA 3eMIIH 2TOT UpOIece MAeT Ovexb medrexnHo. PacceuBauue
0o0yCNoBNEeHO TeM, UTO B MPONECCAX COYARPEHUA MOJIEKYJ B BepX-
HHX CcJI0AX arMochepkl Hen36eIKMO BO3ZHHMKAIOT MOJEKYJRI, CKOpO-
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CTH KOTOPHIX OKA3hIBAIOTCH Ooabule BTOopoH Kocmuueckoi. M ra-
KHM MOJEKYJaM HHOIAA «yAAeTCA» 6e3 CTONKHOBCHHI TOKHHYTH
aTmocdepy 3emMan. 3a Bce BpeMsA CYLIECTBOBAHUA 3eMJIA IIOTEpAIa
OYeHb MANyI 4acTh CBoeill arMocdephl.

5. «Ilapafmokcr»: moueMy B mojle TAYKECTH IIPH ABHYKEHHH MoJe-
KYJ BBEpX HX KMHETHYECKAN 3HepIHA YMeHbIOIaeTCHd, 4 TeMIepary-
pa OCTaeTCA mPeKHeH, T.e, CPeIHAA KMHEeTHIECKAS 9HEeprUua He Me-
HfIleTCA, 4 IPH ABHKeHHH BHH3 KHHETHUECKAs DHEPIrHs BCeX MoJje-
KYJ YBeAMYHBAETCA, & CPeJHAA HX SHEpIHA OCTaeTcs Toi xke? ITOT
«mapafoKcy ObLI pasbAcHeH yxe camiv Makcrestom. CyTs B ToM,
YTO IIPH ABHIKEHWHM BBEPX MOJEKYJbI JeHCTENTENBHO 3AMERJIAIOT-
cA, HO mpH 3TOM Haubosiee MeAJIeHHbIe MONEKYJhl BHIOLIBAIOT M3
notoxa 4actun. IIpu gBMIKeHIH 'Ke BHH3, HA060pOT, MOJEKYJIbI He
TOJIbKO YCKOPAIOTCH, HO OJHOBPEMEHHO MX IIOTOK NOMOJHAercA 00-
Jlee MenJICHHBIMM MOJEKYJaMu. B pesynbraTe CpefHAA CKOPOCTH
TEJIOBOr'O ABIKEHMS MOJEKYJ OcTaeTcH HeMsmeHHON. CHua Taxke-
CTM MeHAeT JIAIIL KOHHNEHTDAIMKI MOJIEKYJ HA pPasHhIX BHICOTaX,
HO He Temneparypy rasa. M 3axoH pacnpefelleHHus BoabliMaHa KAK
pas ¥ BLIBOANTCSA H3 YCJAOBHA, 4TOOLI TeMIlepaTypa rasa oCTaBajach
BCIOAY ONHOH M TOH >Xe.

Pacnpenenenne BoanumaHa nmpH QHCKPETHRIX YPOBHAX

ITonyaennoe BoxnoMmapom pacnpenenenne (2.36) OTHOCHTCHS K
caydasM, KOT/AAa MOJEKYAb HAaXOAATCH BO SHellHeM IIONe M UX II0-
TeHIIAAAbHAA 3HepTHa U MOdKeT n3aMeHAThCA HenpepbisHO. H3 (2.36)
BUAHO, 4TO ¢ pocToM U KOHeHTpanmns 4acTul YMEHBIIAeTCH.

Bonpuman obobmua 3axoH (2.36) Ha cayual pacipemeieHHd,
3aBHCSAINET0 OT 6Hympenneil snepzuu E monexyinnl (atoma). Hase-
CTHO, YTO BeIH4YHHA E B 3TOM ciayyae MOKeT IPHHAMATDH JHIIb JH-
CKpeTHBRIH DAJA AO3BOJEHHBIX 3HAYEHWMH, H COOTBETCTBYIOILlee pac-
npeaeneHne BoabuMaHa 3aMMCHIBAIOT TaK:

No & exp(_M] ) (2.40)
N, g kT

ree 1 m 2— pBa NPOMBBOJBHEIX (HMHTEPeCYIOINHX HAC) YPOBHSA,
Ny/N; — oTHouUIeHMe YHCJA YACTHI, H& 3TMX YDPOBHAX, KOTODHIM
OTBEYRI0T BHYTDEeHHNE DHeprHH E; H E;, £ — KpaTHOCTH BHIPOMKE-
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HUSA Kaxaoro ypoeua. HanpuMep, KpDaTHOCTh BHIPOSKAEHUA 3Hepre-

TUYeCKOro YPOBHSA aTOMa BOAOpOAA ¢ MVIABHBIM KBAHTOBBIM UMCJIOM

n ecTb & = 2n%; KPATHOCTh BBIPOMKAEHUA KoaebaTeJbHOTO YPOBHA

OBYXETOMHOM MOJIeKYyAW & = 1, & y BpamarelbHWIX YypOBHEH

g = 2r+1, roe r — BpaujaTeJbHOe KBaHTOBOE YUCIIO.

HNMeHHO B TaKOM BH[Ie pacupedesneHne BoabuMaHa QIR AUCKpeT-

HOTO CHEKTpa MCOOJB3YeTCA HapboJee dacTo.

Hpumep. Maxpocucrema cocTouT 13 N 4acTHl, KOTOPbIe MOTYT HAXOANTh-
cA B ABYX COCTOSIHMSIX, I W 2, ¢ BHYTPEHHUMH 3Hepruamm E; u
E,, npuuem E; > E,. HaBecTHO, 4TO g = §;. Haliaem 3aPHCHMOCTB
oT TeMnepatypsl I' cuCTeMbl cpefHero Yucsaa yactun, N, B cocTos-
Bun 2,

B panxoMm caydae
Ny +Ny=N, Ny/Ny =/,

‘\Nz rae AE = E, — E,. Uckaouns N,
N W3 3THX ABYX VPABHEHWi, IIORY-
2 YEM

N

AE/RT °

N, =
2 l+e

. Ha puc. 2.14 nprBeneH rpadnk
0 7 aaBucamocta Ny(T).

Puc. 2.14

3axon pacnpemenenna Makcse;ia—BoJbMana

Pacnpenenenus MaxcBenna u BoapiiMana ABIAIOTCA COCTABHE-
MH YaCTAMH €AVHOTO pacIpefeeHH s, Ha3hIBAEMOI'O pacIpeaeaeHH’-
em I'ubGca (3ToT Bompoc moxpoGHO paccMaTpMBaeTcA B COEnKypcax
IO CTATHCTHUYECKOH QH3NKe, M ME OTPAHHUYUMCA TOJIBKO YIIOMHHA-
HHeM aToro gaxra).

QO0a pasoOpaHHEIX HAMHM DacCOpeAeeHNA MOXXHO O0BbeANHHTDH B
ORHH 3aK0H pacnpedenenus Maxceéeara—Borvymana, COrIacHo KO-
TopoMY YHCIIO AN MONEeKyJ, DIpOeKIHH CKOPOCTH KOTOPDRIX M KX KO-
OpDAHMHATLI JIeXKaT B HHTEepBaJlax

(ve, U + doy), (vy» v, + dvy)n vz, vy +duy),
(x, x+ dx), (y, y+dy), (2, z+d2),
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onpefeNfAeTCH BHEIPA)KeHHeM

_mv?/2 4+ U
kT

dN =Aexp{ ]dv,dvydvzdx dy dz, (2.41)

rneznopmnposoqﬂmﬁ MHOXHTeNs A = ng(m/2nkT)/2, v =v? + vﬁ +
+vy, U =Ux, y, 2).
B xagecTse npuMepa cM. 3agagy 2.10.

3anaun

2.1. OyHKunA paclpeie/leHHA BepOATHOCTeH. Pacmpeaenenne BeposiTHO-
CcTell HeKOTOPOH BeJIMUMHBI X OHMChIBAeTCA (popMynof f(x) oo Jx B
uHTepBase (0, a). Bue aroro murepsana f(x) = 0. Hadru:

a) uanGoyiee BEPOSTHOE M CpejHee 3HAYEHMA BEJHUYHHBL X;
§) BepOATHOCTH HAXOKAEHHs r B MHTepsaie (0, a/2).

P e ur e 1 1 e. a) Hanubojiee BepoATHOE 3HAUEHNE X COOTBETCTBYET MaK-
cHMyMy QyHKRUEHK f(x). A3 puc. 2.15 cpasdy BHAHO, UTO Xy, = @. JTO
coaydai, He Tpebyomni BeinmoaHeHHA yeaosua df/dx = 0.

Cpe,zmee JHAa4YeHHe X 10 Onpele/ieHAI0 €cTh

. a i
w = [*f(x)dx = [xaVxdr, (9 ,
] 0 |
|
rie A — HOPMHPOBOUHBIH MHOXH- Il
Tens. Ero HAXOAMM M3 yCNOBHA |
T T |
f{x)dxr = Ayxdx =1, Ly
| It 3 —

Puc. 2.15

orkyaa A = 3/2a%2. MoacraHoBKa 3HaueHMA A B (*) M MHTerpHpoBa-
HHE [al0T B Pe3ynLTare

@ = (3/8)a.

6) o ompenenenuo HCKOMAs BEPOATHOCTH

a/2

P= [AVxdx=1/8 =0353.
[
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2.2,

2.3.

IInorsocTs pacipesenenMsA MECTOHAXOXKIAECHMA YacTHI, N0 IJIOCKOCTH
3aBHCHT OT PACCTOSHASA F K0 TOYKM ( kKak

f(r) a‘11(1 - r/a)’ sz,
eCJH I € ¢. 3aech ¢ 3a0aHO, A — HeKOTOPAs HeH3BeCTHadA ITOCTOAH-
nas., Hairu:
a) HayGonee BEPOATHOE PACCTOAHHE [y, YACTHIL, OT TOUKH (;
6) cpefHee DACCTOSIHUE YACTHI oT Touku 0.

P e me u ¥ e. a) BeposiTHOCTE, AP HAXOXKAEHHA YACTHI B HHTEpBAJIE
(r. r +dr) paBHa Npou3BeAeHHUIO f(F) HA IOWAAL KOJIBLA PABKYCA I' U
wmupuHOU dr, T.e.

dP = f(r)y2nrdr. 1)

OTcloga nI0THOCTE BEPOSTHOCTH B PACYETE HA €IUHHILY ITMDHHE KO-
Asia pasrRa dP/dr. O603HaYKB 3TY BeXHYMHY Kak F(r), sanHiuem

F(r) = {(ry2nr = 2ndr(1 — r/a). (2)

Dyuxnry f{r) u F(r) nokasaun: 5a
F(r) puc. 2.16. HamubGonee BeposaTHOe

PACCTOAHHE Iy, HAXOAHM H3 yCJIO-

puA AF/dr =0, oTryRa Iy, = 2/2.

f(r)

- — —

6) Ilo onpegesnenunio

= IrF(r)dr, 3)
0

S =

ep rge Gyarona F(r) gomxHa GRITH
Puc. 2.16 HOPMHpOBaHA HA eOUHALLY — AAA
onpepesenua A:

IF(r) dr = 21tAIr(l ~r/a)dr =1.
[1]

Orcopa A = 3/na?. Teneps ocTaerTcs B3ATH HATerpan (3). B pesynbra-
Te noaydnM <r» = a/2. T.e. B ARHHOM CJAYYAE (I = Fpgp.
Pacnpeneneane Maxcpenaa. Haittv ¢ noMoujbio pacnpenenenss
Maxcseana cpefiHee 3HAYEHA® MOAYAA OIPOEKIHH cxopocT (uv,)), ecan
TeMiepaTypa rasa T K Macca KKLOW MOJEKyIN M.

Pe wen me [lo onpesesennio KWCKOMaAsA BeJHYMHA
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24.

Qui = [logl o (v, dv,. )

Ilockonsky nmoablHTerpaspHesa (GYHKIMA BCIOZY IIOJO0XKMTENbHA M
CMNNMEeTPHYHA OTHOCHTE/NBHO Havajka KoopRHHAT (v, = 0), To HHTerpan
(1) MOKHO 3aIHCATH THK:

vy =2 [v, 0 @,) dv,. )
o

Tlocne moacTaHoBKM QYHKIMHA @(V,) H HEKOTOPHIX NpeobpasoBaHMi
HOJYYNM

2kT)” 2

(lo ) = [ feMdn, (3
0

m
rae BBeAeHA HOBAA MepeMeHHAsd 1) = mvf /2RT. Ilocnepnnit uHTErpPaN
paBeH eAMHUIe, H Mbl HMeeM

(ool) = (2kT/mm )V

T'a3 cocTOHT M3 MOJEKYJ, MACCA KAXJA0H H3 KOTOPHIX paBHa m. IIpu
Kakoii TeMnepaType T aroro raza 4McJI0 MOJIEKYJI CO CKOPOCTAMH B 3a-

dannox ManoMm HHTepBaue (Vg, Uy + Ov) 6yaer maxcumaibHo? Kaxosa
Hanr6Gosee BepOATHAA CKOPOCTh MOJIEKYJ, COOTBETCTBYIOLAS TaxKo
TeMnepatype?

P e ut e 1 1 e. [lepBr1il Bonpoc o3HayaeT, uTo HaAo Haru T, npu Ko-
Topoii pyHxnua (2.20) 6yaer MAKCUMAJILHONA AJA 3aJaHHON CKOPOCTH
v. 3aBUCHUMOCTh 3TOM (pyHKIMHA oT T MMeeT BUJA

F(T) T exp(-mvl/2kT). )

Maxcumynm pysxanu F(T) waxogmrm us yeaosna oF/0T = 0, orkyaa
ciaeayer

Ty = mul/2k. (2)
Ilpu aroii TemuepaType
Vsap = V/2/3 05 - @)

3ameTHM, YTO CKOPOCTH Uy NpH Temuepatrype T cOBIARaeT coO cpexHe-
KBAAPATHYHOW. PaccMOTpeHHYI0  37€Ch CHTYAIHIO TIOACHAET
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prc. 2.17, B3 KOTOporo BuAHO, wTo npd Ty dyrkuua F(vy) = Makc.
Hywmepanns 1, 2, 3, 4 cooTpeTcTByeT pacnpemeileHuAn npu T <
< TyTo) < Ty < Ty,

Fj

v

Puc. 2.17

2.5. Ta3 W3 MOJEKYJ, Macca KaXJ0¥ M3 KOTOPRIX m, HAXOAUTCA IIDH TeM-

2.6.

neparype T. Hadir pyHKIHIO pacopepesieHNs MONEKya me Aebpoii-
JIeBCKUM JnMHaM BojH f(A) m Hanbosee BeposTHOe 3HAYeHHe A OpH
JaHHON TeMIepaType.

Peme Hne. M3 yenosua f(A)dA = —F(v)dv, rae A = 2rnh/mv, HaxoauM
fA) = -F@) % = Ch 7t expl-a/A),

rae C = 4n(2nh2/meTV/'% u a = 2n°AY/mkT.

Han6onee BepoATHoe 3HA4YeHHE A, HaXOAUM M3 yciosua df/dA = 0,
OTKYyAa

Xpep = Th/ VmkT.

BBHMHUCIMTE ¢ IOMOIOBIO pacnpeaeseauss Makcpenna YHCAO0 v MOJIEeK YiI
rasa, DaA2AK0MNX eXKeCeKYHAHO Ha eAUHNYHYIO IIOINAdb CTEHKU COCY-
aa. Temnepatypa rasza T, KOHUEHTPANUA MONEKYA Il ¥ MACCA KaXAOH
MOJIEKYJIBl M DPeAnoJaraloTcsa H3BEeCTHRIMU,

P e e 1 v e. HanpasuM ock X mepneHAMKYASPHO K eJUHAY HOH MJIO-
masiKke CTeHKM cocyaa (B NIpPOM3BonbHOM MecTe). Torga mpousseneHme
dn(v,)v, — 3T0 IUCAO MOJIeKYJ B IHAHHApe ANMHHOHA U, eAMHHIHOHN
INQIHAAM CeHeHHA, MMeloU[UX OPOeKIlMM CKOPOCTH B MHTepBaJe (U,
v, + dv,). OHO paBHO uMcay dv yZapoB 0 CTEHKY eXeCeKyHJHO 3Toit
rpyInel MOJEKY:

dv = dn(v,)v,. (1)
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2.7

Coraacto (2.13) dn(v;) = no(v,)dv,, rae ¢(v,) ~— GyHKIMA pacupeje-
neansa Maxcseana no v, (2.16).

HHrerpupopaune (1) mo Bcem v, AaeT MCKOMBIH Pe3yJbTAT:

v = Iv, dnfv,) =Cn Iexp(—rnvf/2kT)v, dv, , (2)

rae C =(m/2rnkT)'/2, BeeseM HOBYIO nepenMeHHYIO 1) = mvf/ZkT. Torga
(2) npuMeT BHR

(3)

I'[ocne;mee BREIpakKeHNe MOXKHO HOpeACTaBHTh KaK
1
v=zmw, 4)

rae v = ,/SkT/rrm. IlonyueHHst peayasTaT {4) COOTBETCTBYeT QOP-
myJiie (1.27). Taxum 06pasoM, MBI NOJNYYHAM TOYHOE 3HAUEHHME KO-
¢HupmenTa B ¢gopmyne (1.27): me 1/6, a 1/4.

OrmpeaenuTs ¢ DOMOIUBIO paclpesenennss MaKcBeaa AABIeHMe, OKA-
3RIBAEMOE I'a30M HA CTEHKY, €CJH TeMIepaTtypa rasa T M KOHLeHTpA-
LM MOJEKyJT n.

Peure nue HanpaeuMm ochk X nepueHANKYNAPHO K cTeHKke cocyAa (B
npousBoabHOM MecTe). Kaskaas Monekysa nepegaeT IPHM HAJeHHAH HA
CTEeHKY MMIYJbC mv,. B egunune oésema cogepsxurea drn = ne(v,)dv,
MOJAEKYJ C IPOEKIMAMH CKOpocTeH B HHTepBaJe (v, vy + dv,). Ilepe-
JaBaeMBIM 3THMH MOJEKyJIaMM MMIYALC B eAMHHUILY BpeMeHy paBeH

mu, (dn - v,), (08

r[e BelWYMHA B KPYIJIBIX CKOGKAaX — 3TO YHCAO COOTBETCTBYIOIHMX
MOJIEKyJl B o6beMe LWIHHADA AIHHOH U, €AMHUYHOIO CeYeHHSH, HJIM
YHUCJAO YAAPOB, HCIBIThIBAEMBIX CTEHKOH emecekyHAHO. Torna monmoe
AaBieHMe (CYMMADHLIM HMIYJBC B CEKYHAY) ONpeAeNdAeTc KaK

p=2 Imvx vdn(,) =2 Imvfnq)(vx ydv,, (2)
o

IAe ABOMKA Ytepe] MHTEerpaNoM YYATRIRAeT TOT GAKT, YTO HMIIYALC Ie-
peRaeTcsa CTeHKe IIPH NafeHMH MOJIEKYJ H TAKOH >Ke — npu ompaice-
ruu. IlogcTaHOBKA B HOCHEAHMI MHTErpan BRIDAKeHHA ¢(U;) COMNIacHO
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2.8

2.9.

(2.16) u BBeneHHNe HOBOHM mepeMeHHOH y = v, /m/2kT mospoJdAer pop-
MyJay (2) npexcraBuTk B BHRE

:4nkTT

P 12 exp(-x*) dy. (3)

T o0
OTOT MHTerpas Ta6NW4HBIA, OH paBeH «fr?/4, [I03TCMY B pe3yanbTaTe
p = nkT,

HTO M CJAef0BANO OKMAATH,

Pacopenenerne Boapumana. Ilpun HaGarogeHMHM B MHKDOCKOI B3Be-
INEeHHBIX YACTHL PYyMMHI'YTa 06HADY)KEHO, uTO CpejgHee MMCA0 HX B
TOHKHX cJ0aXx I H 2, pacCcTOAHNE MeXKJAy KOTOPHIMH 10 BBICOTE PaBHO
h, ornrvaercsa APyr or Apyra B 1 pas (n = N;/N;). Temneparypa cpe-
obr T, guamerp uacTHU d M HX IUIOTHOCTH Ha Ap 6oJpuie IJIOTHOCTH
OKPYKAKIIEH XKAAKOCTH. HalTH N0 9THM JaHHBIA MOCTOAHHYIO Boak-
nMaua.

P e wm e 8 ¥ e. CortacHo pacrnpeeleHHn0 BoapIMaHa OTHONIEHHE Yac-
THL, B cjoAax ! u 2 ompepeasdeTca KAk

Ny/N, = exp[—(m — my)gh/ET), (1)

rAe y4TeHO, 4YTO YACTHAILBl HAXOAATCH B 110Je, 06pagoBaHHOM COBMECT-
HBIM AeHCTBHEeM CHJIbI TSKeCTH (mg) H caisl Apxumena (—mqg). Ilpe-
o6pa3dyeM pa3HOCThR MAacC B KPYIrJbIX CkOOkax BoipakeHHs (1):

m — mgy = Ap'V = (n/6)d*Ap. (2)
ITocne mopcranoBky {2) B (1) coorHomenue (1) mpescraBMM B BHfE

3
oMo _ nd ghip @)
N, 6kT

OTKYMa, UMesn B Bupgy, uTo N;/N, = n, caegyer

_ nd’ghAp
6T Inn

IToTeHnuansHas IHEPTHA MOJEKyJ IFasa B HEKOTOPOM LEeHTPA&NBHOM
MIOTeHIMAJALHOM [1021e 3aBHCHT OT DACCTOHHMA I 40 WEHTpa HOJd Kak
U = ar?, rie a — moroKuTeJbHAasA NocTosiHHAA, TeMnepaTypa rasa T,
KOHUEHTPALMA MOJEKYJ B IleHTpe Ioas Rrg. HakTh:
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a) yucao Mojgekyn dN ¢ IDOTeHIUANLHOH 9SHepPr¥ed B HETepBase
(U, U+ dUy;
6) manbonee BEPOSTHOE SHAUEHHE MOTEHI[HANLHON SHEDIrUU MOJIEKYII.

Pemenue. a) Moxekyansl ¢ TakuMH 3HaYeHuAMHA U 6yayr Haxonu-
ThcH B cdepuueckonm cioe obvemom dV = 4nr’dr. Toraa

dN = ne V%7 - 4nr2dr. )

Iockonsky U = ar?, vo AU = 2ardr n ¢opuyny (1) MOXHO OpexcTa-
BHTH B BHAE

AN = (2rng/a%/? Je UATJU QU. (2)

6) Peuremne cBogmTca K HaxoxzgeHuio U, npM KOTOpoM (PYHKLMAA
dN/dU B ypaBreHnuu (2) umeeT maxkcumyM. O6osHaums dN/dU kax
f(U), sanuuzeM ycJIOBMe, UPU KOTOPOM f = MaKc (43 BAAa 9TOH GYHK-
urnr OyneT BUAHO, YTO MEI HMEeM eji0 MMEHHO ¢ MAKCHMYMOM).
HTak, BBIYMCINE NPOM3BOAHY:0 df/dU/ ¥ npUpaBHAB NOJTYYEHHHHA pe-
3YABTAT K HY/I0, NOJYYIMM

Upep = kT/2.

2.10. Pacnpegeneane MakcBeana— Boasumana. I'a3 M3 MOJEKYJ MACChl
m HAXOQHUTCH B LEHTPAJILHONM I0JIe, I'e MOTeHI[HANLHAT JHePrus Mo-
nexya pasHa U(r), r — paccroanue oT ueHTpa noiaa. Temmepatypa
raga T, KOHIIEHTPADHA MOJEKyJ B LeHTpe nois np. Hallry umciao
MosekyJs SN B roBEKOM ceprueckom cioe (7, r + 8r) coO CKOpOCTAMH,
OTAMYAIINUMHACA 0T Hanbosiee BEPOATHOH He GoJlee, yex Ha d1-4aCTH
n « 1).

P e wen ne Yncio Mosexysn B HRAHHOM CJIOE
8No = nee U/ *T4nr2ér, 1)

Wz HMX A0S MOJIEKYJ, CKOPOCTH KOTODBEIX OTIHYAKOTCH OT Uy, HE
Gosiee, yeMm Ha OU, ompefenaeTca (OpMyJoH

32 mv?
J v?exp|-—— |bv, 2)

m
8P = F(v) dv = 4
©) oo ﬂ(2::1;:1‘ 2kT

rje BMEeCTO U HAJIO WOACTABHTE Vg, = J2kT /m u BuecTo v — Benn-

YHUHY v,ep-z-s-?— = Uggy, - 20n. TorAa (2) npumeT BuA
Bep
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8e!

3/2 2kT 3/2 »
—_— e 28n
m Jn

Hckomoe 3uayenne SN pasHO npomabegeHuro (1) ma (3):

m
2nkRT

3

&P =41r[ &n.

8N = SNy'oP = 32V nnee E/4Tr2%6rsn,

rage E = U + kT,

Jduckpernoe pacupeaeneHne Boaesnmana. HadTh oTHOomenue Koan-
4eCTB MOJEKYJI BOAODPOAS HA HNEPBHIX BO3GYKAHHBIX KojiebaTeNbHOM
H BpalljaTe/lbHOM ypoBHAX IpH remmepaType rasa T = 880 K. CobeT-
E(=1) BeHHAs YacToTa KoebaHMN MOJIeKy bl

© = 0,83.101% ¢!, ee MOMEHT HHepIIMHA
I = 4,6-1073° p.cu2.

2.11.

ho

P e w1 e H # e. Bocmonsayemcsa dopmy-
nami (1.41) giisi 4O3BOJIEHHABIX 3HAYeE-
HHH BpamjaTensHOH M KosebaTe bHOHR
axeprun. [na 6oiabinel scEOCTH H306-
PasHM HHTepecyilnpe Hac YPOBHH
(puc. 2.18). CorsacHo pacupeje/eHHI0

lﬁ’/[
E(r=1)
E(v=r=1)

!

Puc. 2.18

Nl(o)[

Boasnmana (2.40),

_ho - AYI

N,

wp 2r+l

-

R Clnt./20) M”] -3,1.10%,

kT

kT
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Bropoe Hayano TepMoaAUHaAMMKMN.
SHTpONMS
v

§ 3.1. Bropoe Havyalo TepMOAHHAMHKH

IlepBoe HAYAJIO TEPMOAMHAMMKM OpelcTaBader colo¥ mo cyTm
obofIeENe 3aKOHAR COXPAHEHWA SHEPTHH HA TEIUIOBHIE SBJICHHA.
OHo yCTaHAaBAMBAET KOJHYECTBEHHEIE COOTHOIICHHMA MEXAY IIpe-
BPAILEHAAMH OJHUX BHAOB SHEPrHM B ApYrue.

B oranune oT Hero BTOpoe Ha4daJo olipefeasder YCIOBHA, IIDH KO-
TOPHIX BO3MOXHEI 3TH IIPEBPAIIEHHA, 4 TAKIKe BO3MOXKHble HAIIPAB-
JNeHusl MPOTeKaHMs mnponeccoB. OKasHBaeTcsA, He BCe IIPOLECCHI,
paspellleHHEe NePBEIM HAYAJI0M, BO3MOXCHEIL.

CymecTByeT HeCKONbKO (GOPMYJNIHPOBOK BTODOTO Hadaja.

1. Knayamyc (1850): negosmomer camonpousgonvuviic nepexod
menaa om menee K Gonee HAZPEMMOMY mery, WIH He603MONHbL NPO-
yeccol, eQUHCMBEHHbIM KOHEYHbIM Pe3YAbIMamom Komopbix Ovia Obt
nepexod menaa om menee K (0aee HAZPEMOMY mery.

ToTt ¢paxT, 4T0, HAIPUMEP, B XOJIOLHIbHHKE COBeDOIaeTCA mepe-
X0 Tellia OT XOJOAMJIbHON KAMEPH B KOMHATY, He IPOTHBOPEUHT
3TOMY YTBEpPXAE€HMIO, IOCKOJIbKY 3TOT IpPOIleCC He ABAAETCA CAMO-
OPOM3BONBHEIM: LIS €ro OCYIecTBAeHns noTpebisercsa ajleKTpHe-
CKaA sHeprusd.

2. Kenseun (1851): HegosmoncHbL npoyeccyt, eQUHCMBEHHbIM KO-
HEMHbLM Pe3YAbmamom Komopuix Oviao Obl npeépaujenue menia ye-
AuKom 6 pabomy.

Kasanocek 68, 9TO 3TOMYy OPOTHBOPEUHT, HAIDHMED, INPOIECC
HM30TepMHYEeCKOTO DACIIMPEHNS HACATbHOrO rasa, Iie BCe MONYYeH-
HOe ra30M TeIlso IpeBpaimaercd B paGory. OgHako 310 He eduncm-
8eHNbiil KOHEUHbIN Pe3YJILTAT OIPONECCA: IIPH 3TOM IIPOMCXOAHT M3-
MeHeHHe 00beMa rasa.

3aMeTHM, YUTO CJIOBO €0UHCMEeHKbilk B 00eHX (POPMYIMPOBKAX
ABJAETCS BEChbMA CYIIECTBEHHEIM, 0Ge3 Hero OHH TEepPANT CMBLICI.

IlpuseneHHEIe GOPMYJTHPOBKM BTODOTO HAYAMA 3KBHBAJICHTHEI,
U3 opHo# HeuslexxHO ciaenyer Apyras. B camom gese, ecnm Gml
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MOXKHO BLIJIO OCYILeCTBUTH Ipouecc, 3anpemeHERH no Kearsnuy,
TO TemJ0, OTHATOE OT KAKOTo-JIN60 Tesa, MO:KHO OBIJIO IOJHOCTHIO
IIpeBpaTHTHL B paboTy, a 3aTeM, IPEBPATHER 3Ty paboTy LEANKoM B
Tello (TpeHUeM), mepeAaTs 3TO TENJIO APYToMYy Teay ¢ Hosee BRICO-
Koil TeMmepaTypoii. B pesysbsrare MBI HMeJaK Ok Ipolecc, HeBO3-
MoxHBIE mo Knaysuycy.

Ecau 651 #e BTOpoe Haua0, MOXKHO GBIIO JIEMKO PEIUUTE 3HEepre-
THYECKYI0 mpofyieMy — IOCTPOKUTBH ABHIAaTeldb, KOTODBIA OTHHMAJI
6nl TeIsI0 M3 OKEAHOB M LEJHKOM IIipeBpamas ero B paGoTy. Ilogo6-
HBIH ABMTATEeJb 110 CBOMM IPAKTHYECKHMM IIOCJEACTBHAM IIpeACTaB-
aan 6wl nepuneryyM-Mofmie 2-T0 poxa (B OTJAHYME OT BEYHOTO IBH-
ratena — Iepneryym-Mobune l-ro poga). IIpu coBpeMeHHOM IIo-
TpebJIeHNY SHEPTHHM YeT0BeYeCTBOM TeMIepaTypa oxkeaHos 3a 1000
JleT yMeHbIINJach GBI He Goiee, YeM HA OOMH KeJIbBUH.

310 nmo3BosfAeT nepedpasHpoBaTh GopMyaHpoBKy KeansuHa
Tak: nepnemyym-mobune 2-zo0 poda Hea03MONEH, HIIH HEBOIMONHO
cosdamb mennosoii dsuzameav ¢ KIT/T n = 1. Hamomuum, KIIJT
TeIlJIOBOTO ABHTaTens 1 = A/Q, rixe @ — coobmeHEHoe ABHUTATENIO
Tenao, A— mnpousBefieHHas MM pabora.

JI1o60it TemnoBOM ABHraresnb padoTaeT IO 3AMKHYTOMY LHKJAY,
b Q, HanpumMmep, Kax Ha puc. 3.1. Ecau npo-

ecc COBeplLIAeTCA II0 UYACOBOI CTpeiKe,
to pabora, Ipon3IBOAUMEA JBHTATEJEM 34
uukia, A > 0.

IlycTs @) — morioiieHHOE TEILIO, aQé
- . — OTZABAEMOEe TeILlo (Qz; >0). OnriT mo-
Q. K&3BIBAET, YTO TeII0 Qé HeuzbexxkHO Cy-
V lecTByeT B JIOOOM TemJIOBOM ABHrartele
(xax remsosoit «wmnax»). Ilo neproMy Ha-
YAy 3a IMKJI NpHpellleHNe BHYTPeHHeX
3HepruH paGouero Bemectsa AU = 0, nosToMy A = @ — Qz; . Iddex-

THUBHOCTH TEIlJIOBOIO ABUraTens ompegmensior ero KIIIT:

Pne. 3.1

A @ -@Q Q,
=——=——=1-—-—-—-. 3.1
. Ve & e, @-1

OnmIT moxa3siBaeT, uro Bcerne 1 < 1. 3HaueHune 1 = 1 zanpeure-
HO BTOPHIM HAYAJIOM.
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IIpo6aema HeoGpaTHMocTH mpoueccoB. Ilo cymecTBy Bce Ipo-
mecchl B MAKPOCHCTEMaX HBIAIOTCH HeoOpaTHMEIMH (CTPOro Ioso-
PA, TAKOBREIMH ABJIHIOTCS H NPONECChl, KOTOPEIe MBl HA3LIBAJH 0O-
PaTHMBIMH — 3TO HAeanH3aOHs, YRoOHES AJA pellleHMs MHOIHX
BRXKHEIX BOIPOCOB).

BosHukaer NPUMHIXNOHAIBHEIM BOIIDOC: 8 YeM RpuiuHna Heobpa-
mumocmu? ITo BEIMNISANT 0COOEHHO CTPRHHO, €CJIH Y49eCTh, YTO BCE
3AKOHBI MEXaHMKM oGpaTMMEl BO BpeMeHH. 1 TeM He MeHee, HUKTO
He BHAeJ, 94To0kl, HanpuMep, pasOUBINAasCA BA38 CAMOIPON3BOJIBHO
BOCCTAHOBMJIACH B3 OCKOJKOB. JTOT HPOI[ECC MOXMKHO HalIIOHATSH,
€CJIH IpefBapHTEeJbHO 3ACHAB HA IUIEHKY, IIPOCMOTPETh ee B 06par-
HOM HANpaBJIe€HHH, HO HHKAK He B XeHCTBHUTEILHOCTH.

3arafio9HEIME CTAHOBATCH ¥ 34IpPEThl, YCTAHABJINBAEMbIE BTO-
PHM HARYAJIOM TePMOSHHAMUKM.

Peimnenne »Tof CJ0KHOM Npo0AeMEI IIPHUIIO ¢ OTKPHITHEM HO-
BOH TepMOZMHAMHUYECKOH BeJHYUHBI — IHMPORUU — H PACKDHI-
THEM ee (PH3MYECKOr0 CMBICTA.

§ 3.2. IaTpOonnA

OrkpriTrie Kaay3suycoM SHTPONIMM — OQHO M3 CAMBIX YAHBITE-
JBHBIX, CHAENAHHKIX «HA KOHUHKE IIepas, T.e. YUHCTO TEOPETHUECKH.
HecmoTpAa Ha 3TO 00CTOATENIHCTBO H OTCYTCTBHE NPHGODOB, KOTO-
phle GBI H3MEPAJH 3HTDONHIO BEIIECTEA, 3TO IIOHATHE OKA3aJ0CH
HeoOHRIYaHHO IJOAOTBOPHBIM. Srmponus S BBOXUTCA Yepes ee 3e-
MeHTapHOe mpupaIleHHe Kak

—_— e ——y

49
-

dS =

(3.2)

Cnenyer obpaTuTh BHHMaAHHEe Ha OCOGEHHOCT: 3TOH (GOpDMYJIEI.
Kak mMul 3uaeM, d'Q He ecTh NpHpRINEHHE KAKOH-TO QYHKIHH, HO
mocie AeJeHNA Ha TeMIlepatypy T, OKasnlBaeTCs, [IOAy4aeTcs IpH-
paieEHe HexoTopoi GyExuaN (pHTponMH). B oTanume or TenaoTsl,
DHTPOIMA TaAKaf >Xe GYHKONA COCTOAHUS KaK TeMIOepaTrypa, BHYT-
peHHAA 3HepruA Win pasienue. IlonryueHHoe cucTeMoll Temwio @ 3a-
BHCHT OT IIPOI[€CCA IIEPeXOX2 M3 HAYaJbHOIO COCTOAHHS B KOHeU-
HOe, IpHpAIICHVe Ke SHTPONHM AS Co8epuwienHO He 3asucum om
npoyecca, G MOALKO OM HAXAALHOZ0 U KOHELHOZ0 COCMOAMUL.
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B unTerpansHO¥ dopMe coorHomlenue (3.2) mMeer BHA
2 r
S, -8, = j—Q-, (3.3)
1 T
OPH 3TOM HE HrpaeT pPOJH, KAKOH MMEHHO Ipouecc liepeBes CHCTe-
My 43 coctoahuA I B cocrosuue 2. Ilponece MoxeT OLITE Aaxke He-
ofparuMieiM, BakHo namb, 4TOOK cocToaHmMA I M 2 OLIIM paBHO-
BECHBIMH, pacdeT ke ¢ noMomslo (3.3) MOXKeT TPOBOJUTHCA II0 JIO-
foMy oO6paTHMOMY mpomeccy MexAy cocTogHuamm I n 2.

Suak pasenctBa B ¢popmynax (3.2) u (3.3) oTHOCHTCA TOABKO K
PABHOBECHHKIM (KBA3HCTATHYECKHM) NpoieccaM. B ciaydae ke He-
paBHOBECHEIX NpPOLECCOB, KAK MEl YBHAMM paajee, XeI0 OOCTOMT
HHaYe: 3HAK ¢=» 3aMEHACTCH Ha «>».

BeezeHune TaKuM 06pasoM sHTpOIMY S 03HATAET, YTO MBI MOXKEM
BRIYMCJIATL TONLKO PAa3HOCTHL 3HTPONHIL, HO Helb3d CKA3ATh, YeMY
pPaBHA PHTPOIHA B Ka>XflOM H3 COCTOAHHH, T.e. SHTPOOMSA 3THMHK
tbopMynaMu mMoxeT OBITH OompexaeseHa ¢ TOYHOCTHIO A0 npubase-
HHA IPOHSBOJBLHON AIAVUTHBHON IOCTOSHHOH.

CBolicTBa IHTPOIMH

1. Hrax, sumponus — @ynkyus cocmoanus. Ecau npomecc npo-
BOAST BAOJL 870a0ATH], TO 3HTPONIMA CHCTEMbl He MEHAETCA. 3HAYUT

amuabaTel — 3TO OAHOBpEeMEHHO W u303rmponbi. Kaxkgoi Gonee
¢«BBICOKO» pacnoyoxenHo¥ axmabare (M303HTpome) orsedaeTr Goan-
P ulee 3Ha4YEeHWe »HTpomuH., B aToM Jerko

ybeanThCA, npoBeas WM30oTepMHYeCKHH

nponecc MeXxAy ToukaMu ! H 2, sexxantu-

MM Ha pasHbIX aguabarax (pmuc. 3.2). B

2 arom mnpogecce T = const, mDosroMy

S; — S, =@/T. Ina napgeanbHoro rasa Q

parHO paboTe A, coBeplaeMol cHCTeMOM.

v A tax xak A > 0, sHauur S, > S;. Takum

Pac. 3.2 o0pasoM, BSHas KAK BLIMMIAZHT CHCTEMA

aguabar, MOXXHO JIeTKO OTBeTHUTL HA BO-

IIpoC 0 IPHPAIEHNH SHTPOIHH IPH NpoBeieHHM JI060T0 IDpomecca

Me)KJy HMHTEepecyOI[HMH HaC PABHOBECHBIMH cOCTOAHMAMH I n 2.

2. dumponus — Geauvura adfumuenas: dHTPOIUS MaKPOCH-
CTeMBh! PABHA CYMMe SHTPOIHII ee OTHeNbHBIX UAacTeil.

T
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3. OaHo M3 BaXHeHIINX CBOHCTB SHTPOIMHA 3aKII0TAaETCA B TOM,
4TO IHMPONnUA 3amKHYmMOoit (T.e. TENJIOUIOINPOBAHHON) MAKDOCU-
cmembt He ymMeHpuwigemcs — oHa Aubo gospacmaem, aubo ocrmaem-
CA nocmoaxHolL”,

ITpunyun 8o3pacmaHus IRMPONUY 3AMKEHYMbLX cucmem Tipen-
crapaseT cobol ellle OBHY POPMYSUPOBKY BMOPOZO HALAAR MEPMO-
Junamury.

BeauurHa BO3pacTAHHUA 3HTPONUM B 3aMKHYTOH MaKpOCHCTEME
MOXKET CIYXKHTb Mepoit Heolpamumocmu IIPOLECCOB, NTPOTeKalo-
IUUX B CHCTeMe. B NpeAe/LHOM ciydae, KOT'AA IPOLECCH MMeloT 00-
PARTHMEIH XapaKTep, 3HTPOIHA 3aMKHYTOM MaKDOCHCTEMEl He Me-
HsAeTCH.

Tipumep. HreanpHBIH ras, HAXOQAULUECHA B HEKOTOPOM COCTOSTHMH, agnaba-
THYeCKH (T.e. 6es rensioofMeHa) pacluMpMIIH 1o obrema V. Opu-
HaKoBO Ju Byner yCTAHOBMBINEECA AABJCHHE raja B KOHEYHOM CO-
ctoaHuu (B ob6rpeMe V), ecau mpouecc pacluMpeHHs a) oGpaTH-
MEIit, 6) meoBparuMBIA?
B cooTBerTcTBMH ¢ NPHHIIMIIOM BOJPACTAHHA 2HTDOIMUH B 3aMKHY-
TOH CHCTeMe NPH HeOGPATHMOM IIpOLieCCe IHTPONMA KO/KHA YBe-
JUYHATLCH. SHAYHUT YCTAHOBHBUIEECH COCTOHHHE Gy,z(e'r COOTBEeTCT-
BOBATH TOuKe Ha Gojee BHICOKOM axuabaTe, T.e. RaBreHHe ByzmeT
Goabloe.

3aMeTHM, UTO ¢ CAaMOro Hayaja BBeJeHHe TOHATNA 3HTPOUUK S
6L1JI0 IOCTaBAEHO B NPAMYIO CBA3E C HeobpaTumocThlo. OkasbiBaeT-
cs1, BCe CaMOIIPOM3BOJALHO IPOTEKAIOINe NPOLEeCCHl B IIpHDpOJe —
oT TenmoobMeHa 1o XMMHMYECKHX peaKuuit — NpPOTEeKaloT Tak, 4YTO
9HTponuA Bo3pacTaeT. Heobxopgumo crneumualbHoe B3aHMOLeHCTBHE
¢ OKpy»awmeit cpeno, 4robH NPenATCTBOBATH BO3PACTAHMIO HT-
porAH B MakpocucreMe., HauGosee ApKMM IIpEMepoM MOLYT CJy-
JKHTh BCe YXHBLIE CYILECTBA.

4. Teopema HeprcTa (1906). Dra TeopeMa yTBepKgaer, UTO lipu
npubauienuu memnepamyput K QOCOAIOMHOMY HYRI0 IHMPONUR
MaKpocucmembl MAKHE CMPeMumca K HYA:

S>0 ogpuT 50, (3.4)

+ 3aMeTHM, 4WTO Tak pefeT cefA 2HTPONHSA TOJNBKO 3aMKHYTHIX MaKpocHcTeM. Ecan
JKe CHCTeMA He JAMKHYTA, TO €€ SHTPOMHS MOXKeT KAK YBeNNHYHBATLCA, TaK H yMe-
HMOATHCA.
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M MEI MOXXEM BBIYHCJIATEH a6COMIOTHOE 3HAYEHHME PHTPOIIMM 1o (op-
MyJIe

S(p,T) (3.5)

Tj ,(T)dT
0

Orcrona cnenyer, yro npu I' - 0 TenyoemxocTs C, BCEX MaKpo-
CHCTEM AOJ/IKHA TOXKE CTPEMHUTHCA K HYIIO (uuaye MHTErpan ue 6y-
AeT CXOAMThCH).

O6paTnM BHUMaHWe HA TO, YTO 3HTPOIMSA II0 CBOEH CYIIHOCTH
BCErfa oIpeAeseHa ¢ TOYHOCTHIO A0 IPOM3BOJLHON aJqUTHBHOMN NO-
crosadHo#t. [ToaToMy cieBa B dopmyne (3.4) ciemoBano 6bI MUcCATh
S — 8. To, uro Mu cuntaem Sy = 0 — aT0 He GoJsiee KaK IPOU3BOJb-
HO€ COIJISLLIEHHE.

Teopema HepHcTa He MokeT GEITHL JIOTHUECKH BHIBEJE€HA U3 IIep-
BBIX ABYX HAyal, HOITOMY €€ YACTO HA3BIBAIOT MPEMovUM HALAIOM
mepmoGuUHAMUKU.

§ 3.3. O BBIUMCIEHMHM M NPHMEHEHMH JIHTPOIHNH

1. OcHOBHOe ypaBHeHHMe TepMoamHAMuKh. OHO IpenCTapiIAET
coboit ofLemHHEeHMe JHTPOIMHK C IEpPBHIM HavyajloM. IloxcTaBuB B
(1.6) Beipakenue d'Q = TdS us3 (3.2), moayuusm giaa OOGpaTHMBIX
IIPOIIECCOB:

TdS = dU + pdV. (3.6)

3To ypaBHeHHe HMeeT MHOIOYMCJICHHLIE NIPHMEHEHHUA.

2. DHTpPONHA HZeaJpuoro rasa. IlycTs HayajbHOE H KOHEYHOE
cocroauusa, I m 2, ras’a onpefelfOTCA NAapaMeTPaMH py, Vi H Pa,
V,. CornacHo (3.6) sneMeHTapHOe npHpalieHHe 3HTPOIMH rasa C
yuetom Toro, uro dU = CydT u pV = vRT, ompeaenserca Kak

dT dv

dsS = CV ? +VR? (3.7)

Baas auddepennuain jgorapudma or vRT = pV, monyaum

ar _dp 4V

3.8
T TV (3-8)

b4
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u opmyne (3.7) MOKEO NpUAATE CHMMETDHYHBIH BUJA:

d dv
as=c, L.c, = (3.9)
4 |4
rae yareno, 4ro Cp, = Cy + vA. IIpOMHTETPHPOBAB IloC/IefHEe BHIPaA-
JXeHue, MOoJAYYHM B pe3yinTare

S, -8 =cymPicml. (3.10)
41 Vi

3. IIpupanesHe >HTPONHY HPH HeobOPATAMOM NpOLiECCe MEXAY
IBYMA pasrogechHbimu cocrogunaMu I u 2. HemocpeacreBeHHO cUH-
TaTh SHTPOIHIO II0 HeoOpaTHMMOMY INIPOIIeCCY COBEPUISHHO HEBO3-
moxxHO. Ho sHTpOIHA — PYHKIHMSA COCTOSHHUA. DOTHM MBI H BOCIIO-
Jb3yeMcs, IPOBEAsa MeXXAY COCTORHHAMH | M 2 kakoH-HubYAb 06pa-
mumblil Tponece, Hudero ofmero He HUMEIIMHH ¢ peanbHbIM
Heo6paTuMbiM IporeccoM. OObIuHO BLIGHpPAIOT TaKoH 06paTHMEIN
mponece, IIo KOTOPOMY pacdeTr Ipolne.

IIpumep. [IycTs B OZHOM M3 ABYX TELJIOM3OJHPOBAHHDBIX COCYAOB, COEHMN-
HeHHbIX TPYOKOH ¢ 3aKpPHITHIM BeHTHJIeM, HAXORUTCH OAHH MOJXb
UALANBHOTO rasa, & B IpyroM COcyAe
— BaKkyyM (puc. 3.3). O6BeMsl cocy-
aoB V; n V,. BeHTHIb OTKPBUIH, I'a3
sarnoJHMA 00a cocyaa ¥ IIPAUIEN B CO-
CTOSIHME TEePMOJUHAMHYECKOI'0 DPaB-
HoBecus. HaiigemM npHpamnjenne sHT-
PONHMA B 3TOM Ipolecce.

oS

flcHo, 4TO mponecc paclIMpeHUA rasa HeobpaTuMeh. Ilpu srom
npouecc npomes 6e3 rennoobmeHa (Q = 0) 1 6e3 coseplleHHA pa-
6otel (A = 0). 3HauMT, O NEePBOMY HAYAIY TePMOAUHAMHKH
AU = 0, T.e. KOHevHAasI TeMIepaTyPa PaBHA HAYAJNBLHOM. JTO MO-
3BosAeT MPOBECTH PacdeT NPHPAINEHUA SHTPOIUH N0 ofpamumo-
MY UIOMEPMUNECKOMY NPOYECCYy:

AS:IE%Q:IB“%K#R%:RI.]_L;‘@
1

4, BoapacTaHHe 3HTPONIHE NPH cMelmeHKHH ra3oB. IIycTs B aByx
IOJOBHHAX TeIlJIOM30JHMPOBAHHOIO cocyna obweMoM V HaxoaaTcs
ABA HAealbHBIX rasa, I ¥ 2, pa3geleHHRX neperopoaxoi. Temime-
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paTypa, naBJIeHNe U TUCI0 MoJIel ¥ B 00eux MOJOBHHAX OLMHAKOBO.
ITocne ynaneAusa meperopoixy HAIWHAETCA HeoOpaTHMBIH mpolrecc
CMeTIeH!Us rasoB. B xKOHNe KOHI[OB OH DNpeKpalmaeTcs, H CHcTeMa
NIPUXOIMT B DABHOBECHOE COCTOAHWE, B KOTOpOM ofa rasa pagBHO-
MepHO TepeMemanbl, TemMmeparypa B KOHeIHOM COCTOSSHUM OGyaer
TaKad Xe, TaK KaK CHCTeMa TeNJOH30JIHpOBAHA H I'a3kl N ealIbHBIE.

Hcnonr3yd pesynbTaT NPeAnRIAYIIEro npHMepa, HAXOAUM, ITO
npu V; = V, npupamesdne sHTPOOHY Kaxxaoro rasa ASy, = vR In 2,
T.e. CYMMapHOe npUpalleHe 3HTPONIUN CHCTEMEI

AS =2vyRIn2.

IIpmpammenue AS > 0, 9TO eCTECTBEHHO, IIOCKOJBKY IIPOILECC CMe-
OIeHUs CYIMecTBeHHO HeobpaTumelit (o6paTHEIX mpomece — caMo-
pasfieJleHHe CMecH ABYX ra3oB — COBeplIeHHO HEReDOATEH).

Tlocnexaasa dopMyna OPUBOAUT K BWBOLY, HA3KIBAEMOMY napa-
doxcom I'ubbea. NomycTuM, ato rasel 1 u 2 TokaectsedHrsl. Toraa
nocjie yAaNeHHS NEePETOPOAKK JIHTPONHSA YBeIWYHBAETCH, XOTH
fICHO, UTO KOHEUHOE COCTOAHME CUCTEéMbl HUIEeM He OTJIIMYAeTCH OT
HATAJILHOrO. B 3TOM cyTh mapaiorca.

J1a TOEMMaHN s ORUCAHHON CHTYAIMH CYIIECTBeHHO 3aMEeTHTh,
qT0 mOocAenHAA GopMyJia HDOJYYEeHA TOJBKO IJIA ciayyas, Korga
rasel 1 u 2 pasaugdel. Jn1A TOXAECTBEeHHHX rasos NpPHMEENEHHEIE
paccy)knedausa He mpuMeHMMM. Ina anx AS = (.

Takum obpasom, ¢opmyaa AS =2vRIn2 cnpasedrusa moavko
npU cMeWLUEARUL PAIRULHBLY 24306, XOTHA 65 3T0 pasaudue U OBLIO
CKOJIb YroaHO ManbiM. BosdHHKalomas 31ech TPYAHOCTE C OpeaeNhb-
HEIM IIepeXOofoM B AeACTBUTENLHOCTH He CYINECTBYET, HOCKONBLKY
YUCJIO PA3NHYHBLIX THTTOB ATOMOB KOHEY-
HO, ¥ TAKOH OpeAe/bHEIN IePeXof IpocTo
HEBO3MOXKEH.
=Q,= Q" 5. Huxx ECapno. Paccmorperrniit Kap-

HO TeRJIOBOK ABHMTATEeNb COCTOSJ H3 Ha-
rpeBaTena ¢ Temmeparypoil T';, XoJIOnH-
aeEMKa ¢ T, m pafogero Teina, T.e.
§ Q YCTPOMCTBa, COOCOOHOTO TIGJIYYATh TEIJIo
H M coBepmaThk pabory (prc. 3.4). ITox pa-
609HM TenoM Noka OyAeM MMOHUMATL MAe-
Prc. 3.4 aNbHEIM Ta3 B NWIHHApPE ¢ HOPIIHEM.

PaGogee \_
BellecTBO

..q
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Kapro paccmoTpean nuka w3 P
ABYX HM30TepM H fBYX ajguabat
(puc. 3.5). Ilpum H30TEpMHYECKOM
pacoupesun [—2 ra3 HaxXogMTCcs B
KoHTaKTe ¢ Harpepatesem (T,).
IlycTh npn aTOoM ras moJyyaeT Tell-

Jo @;. Ha uzorepme 3—4 ras orapaer
TeILIo Qé xononunbHUKY (T'5). B co-
otBercTBuH ¢ (3.1) KIIJ apurarensa

Pnc. 3.5

1.9 3.11
n 2, (3.11)

JauHLI UK ABJIAETCA OODATHMHIM (€CJIM ero IpOBOAUTL Oec-
KOHeUHO MepnseHHo). OH MoeT 6LITb DpoBeleH B o0paTHOM Ha-
IpaBJICHUH, K IIPH 5TOM ra3 COBEpIIAeT OTPHIATENbEYIO pabory,
HATpeBATEeJIb HOoJydaeT o0paTHO Tello §y, XOJOAMIbHHK OTAAET
rasy Temio Qé, KOTOpOe OH HOJIYYNJI B IPAMOM HuKiIe. HMerHO Tak
B OpHELHIEe paboTaer o060 GLITOBOH XOJONMIbHHK.

Haneueiimue paccy’XieHMA Opolne BCero IpoBecTH, W300pasuB
uuka Kapao ne Ha guarpamme p, V, a Ha guarpamme S, T (3HTpO-
nua — TeMmmepaTypa). Ha aTo#t ama- o,
rpamme DMK KapHo MMeeT BHJI NpA- T L 1 2
Moyroiabuuka (puc. 3.6). HMsorepMmsl
usobpaskatorca opamumu -2 u 3—4,
aguabaTey — npaMumMu 2-3 m 4-1.
CornacHo (3.3) nonydemnoe Temjo

T. .
Q1= T1(S, — S;) ¥ paBEo IWIomanu
nox orpesxom I-2. OTnaHHOE XOJO- [
JMIBAMKY TEILJIO Qz' =Ty(Sz ~ S1) ® S, S, S
paBHO IUTomAanu OoA oTpe3koM 4-3.
IIpn aToM naomanb NPAMOYrOJbHH-
Ka, T.e. @ — Qz', paBHa pafore A, coBepmaeMoH JBHTaTeJeM 3a
uukia. IlogcTaBus BRhIpaxkeAnd @ H Qé B dopmyury (3.1), noxyaum,
aro KIIJ nykaa KapHo

4 - 3
! |

Puc. 3.6

T,
n=1—§f- (3.12)
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IIpu BRIBOAIe 9TOMH (DOPMYJIBI He Aenaloch HUKAKUX IpealoioNxKe-
HU# 0 cBOMCTBax pabouero BemecTBa M YCTPOWCTEE TeIlJIOBOFO ABH-
ratend. Orcioga cirenyer sHaMesuTas meopema Kapno:

KIIJ o6pamumbix 0suzameaneii, pabomawujux no yuxay Kapro,
3asucum monavrko om memnepamyp T; u Ty — Hazpeéameas u xo-
r00unbruKa, HO He 3asucum Hu om ycmpolicméa déuzamenr, Ku
om poda pabotezo sewjecmaa.

Hprmep. BaiacuuM, B kakom caydae KIIJ nukna Kapso mossimaerca 6o-
Jblle: LIPM YBeAWYEHWH TeMllepaTypul HarpeBarend Ha AT uan
NpM YMEeHLIIEHMH TEMIEPATYPhI XOMOAWILHUKA Ha TAKYIO e Be-
JHYHHY.

C oToit 1eArI0 BO3bMEM 4YacTHBIe npouasogusie no T, u T, Bripa-
aeHnn (3.12) ms KIIA:

m_. L _ Tl

I 1 o _ 1
o, T R T o T

Tak kak T, < T, T0 &1n/8T; < |0y /6T,|. BHauyT, MPU yMeHbIIEHUN
TeMItepaTypbl xonoaunbHuka KIIJ{ nuxna moBelaerca HSonabiue.
3aMeTHM, YTO ITOT BONPOC MOXKHO DEIDHUTH H C IOMOIILIO AU&-
rpammul T, S.

MoskHO nmokas3aThk (MBI ONYCKaeM AOKAa3aTexbcTBo), uto KILI
1306010 HeoHPaTUMOTO TEIlJIOBOI0 ABHUraTess, paboramomero ¢ TeMu
JKE€ HArDEBaTeJeM M XOJOAMWILHHKOM, BCEFJa MeHbIIe, YeM Y ABH-
rarend, paboraromero no oSpaTumMomMy nukiy Kapmo:

Mueotp < Tobps (313)

TZE Togp onpesieaserca Gopmynoi (3.12).

6. O opyrux nukaax. Pemenue sonpoca o KIII apyrux muxiaos
YACTO CHJIPHO YIPOILAETCHA, €CJIM er'0 paccMaTpuBATh B IeDeMeH-
Hulx T, §. Bo MHOIMX IHKJIaX BECTPEYAIOTCA YYACTKH — H30XODHI U
n306apw. BrIACHMM, KAK OHH BHRIIVIAZAT Ha auarpaMme T, S.

IIycTs HawanbHOE COCTOSHHE Ia3a OIpeAesseTcd 3HAUYeHHUAMH
T, So. IIoBricuM TemnepaTypy fo 1I' cHavasia u3oxXopuiecKu. JTO
3HAYUT, YTO

ds = CLdI, S -8 =Cy nLl 1 =Ty exp(:q—’ﬁ"_) . (814

T Ty . Gy
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Ecnmu ke mpoijecc mpomoguts uzebapuvecku, To BMecto Cy Haxgo
6pats Cp, B MH NOJYIHM

T=T, exp{—si] . (3.15)
CP

T

padpnxn byuxknui T(S) umeor
BHA 93KCOOHEHT, H DOCKOJBKY
C, > Cy, wu30Xopa HEET Kpyde
(puc. 3.7).

Kpome Toro, crenyer HuMeTh B
BHAY, 4TO B xi060M MMOAATpONHYe-
ckoM npolecce dS = C, dT/T, u 31a- s, 3
YUT ,

Sy — 81 = CoIn(Ts/T1). (3.16)

Ilpumep. HaeaibHBHA ra3 COBEpLIAET MPAMOH IHKJA, COCTOAIUHH H3 H30-
TepMBI, IIOJHTPOIIBI M aaHAGATH, IIPHYEM H30TEePMHYECKHil 1po-
UEeCC HOPOMCXOLUT UPH MAaKCH- T
. MaJbHON TeMIepaType IIHMKJA. T,
Haipem KIIA Takoro iuxia,
ecau Temnepatypa T B ero mpe-
Jenax uaMeHseTcs B T paa.

HaobpasuM AaHHNMHA HUKJA Ha
auarpamMme T, S (puc. 3.8). ITo
onpegeneruio, KIIJ Bupaxaer T,
dopmyna (3.1). Pemenne, Ta-
KuM 06pasoM, CBOAHTCH K Ha-
XOXKJEHHI0 OTHOMEHHA Q,/Q,. Puc. 3.8
Mmu 3HaeM, 4TO

Q=T (S:—-S)), Q=CAT2-T)

(HanmoMHMM, Qé JOJKHO GbITh NOJOCKHUTEABHEIM), OTCIONa ¢ y4e-
Tom (3.16) moayunm

@ _GCM-T) _ T,-§ _x-1

Q TS;-S) T,InT/T) thnt’
¥ KILd umxna
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§ 3.4. CTraTHCTHYIECKHH CMBICJ]
BTOPOT0 HAYaJa TePMOJHHAMHKH

BepreMmcs B BOIpocy: KaKk Heo6paTHMOCTh PeasibHbIX PONECCOB
MoxkeT 6BITH corjlacoBaHa ¢ O06pPAaTHMOCTHIO 3aKOHOEB, YIPaBJISIO-
IAX JABH)KEHHEeM KaKOo#H vacTuubl. OTBeT Ha 3TOT BOIpOC GRINI
Hal/leR HA OCHOBAHMH ILpenCTABJIEHHA O BePOATHOCTH OTAEJIBHEIX
COCTORHMN MaKpOCHCTeMLI M CTATHCTHYECKOTO II0ACYeTa Hamboiee
BEDOATHBIX COCTOAHMIM.

CocToArMe MaKpOCHCTEMEI MOXKeT OBITh 0XapaKTepU30BaHO 3a-
AaHYeM TAKUX MaKpomapameTpoB Kax o0beM, AaBlenue, TeMIepa-
Typa ¥ Ap. B 3T0M ciy4yae roBopAT, UTO 3aJaHO MAKPOCOCNORHUE.

CocrosiEne jke MaKPOCHCTEMBI, 0XapaKTePH3OBAHHOE HACTOJIBKO
IeTaJIbH0, YTO OKa3hIBAIOTCH 3afaHHAbIMH COCTOAHKA BCeX MOJEKYJI,
HA3LIBAIOT MUKDOCOCTNOAHUEM.

JIro6oe maxpococTosHMe Mo)XeT GHITH PealW3IOBAHO PA3IWYHBI-
MM cHoco6aMM MM pPAATHIRKIMM MHUKDPOCOCTOSHMAMM. YHcio pas-
JUYHBIX MHKDOCOCTOAHMI, COOTBETCTBYIOINMX ZaHHOMY MaKpOCO-
CTOAHMIO, HA3BIBAIOT CMAMUCTIUYECKUM 6€COM MAKPOCOCTOAHMA.

HeXoTopoe mpeAcTaBlieHHe O CTATMCTHYECKOM Bece MOXKHO IIO-
JYYHUTH, PaCCMOTPER CIOCOOEI, KOTOPHIMH MOJEKYJIBI MOTYT pacipe-
JAeNATHCA MEeXAY ABYMA IOJOBUHKAMH COCY/a C ra3oM (OTBJIeKaACh
Paf¥ NPOCTOTHI OT BIMAHMWSA HA COCTOAHMe raszs pacupefeseBEHeM
MOJIEKYJI TIO CKOPOCTAM). Bo3bsMeM, HanpuMep, caydai, Koraa B co-
cynae, MEICJEHHO pPasfesIeRHBEIM Ha ABe OAUHAKOBHIE NOJOBHUHBI A M
B (puzc. 3.9), uaxoaurca unucno Modekya N = 4. [lepenymepyem ux:
1, 2, 3, 4. Kaxaaa mojexysa ¢ paBHONA
BEPOSTHOCTHIO MOXET HAXOAUTHCH KK B
NOJ0BKHE A, TaKk ¥ B IOJI0BHMEe B cocy-
ja. 3HaYHUT, BePOATHOCTH TOIC, YTO JIO-
fag MoJekyaa Oxa)keTCH B NIONOBHHe A,
e pasra 1/2. IIpe6nBanue B NOJMOBHHE A
ONHON MOJEKYJIl M OJHOBPEMEHHO ApY-

Puc. 3.9 roil — CoBRITHA CTATMCTHUECKW HE3aBM-

. cumMute. IlosToMy EEpDOSITHOCTE OJ{HOBpE-

MeHHOTO npeGhBaHHs B OJOBMHEE A IBYX MOJIEKYJI PARHA OIDON3BE-

JeHHI0 BepoATHOCTeH, t.e. (1/2)%, Tpex momekyn — (1/2)3,
yeTnipex — (1/2)%.

A B

4 *2

1e

N ——
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IIogo6Hbie paccy:KAeHNA IPHBOAAT K BHIBOAY, YTO BEPOATHOCTH
2106020 pasMelleHHA YeTHIpeX MoJeKYJ Takyke pasHa (1/2)%. Kax-
Joe pasMemeHHe — 3ITO HeKOTOpOe MHKDPOCOCTOSAHHE CHCTEMBI, U
BEPOATHOCTL P Kxaxdozo n3 HuX oAmHaKopa ¥ paBHa (1/2)%

Bce Bo3MoOKHBle pacmpefesieHNs YeThIPpeX MOJIEKyJ II0 IOJOBU-
HaM A ¥ B cocyza npusefeHsl B Taba. 3.1. U3 Hee BHAHO, KaKHe
BO3MOYKHBI « MAKPOCOCTOAHUA» (OHH OTAEJIEHBI IPYT OT APyra TOpH-
30HTANBHBIMHU JMHUAMH) H CKOJLKHMH cnoco6aMM (MUKDPOCOCTOA-
HHUAMH) Peaju3yercda KaXaoe «MaKpPOCOCTOSHHES.

Tabnmia 3.1
CrocoGsl peanu3anuu Yucsao Q6brHEan
) MaKpPOCOCTOAHRI cnocobos BepOATHOCTE
A » B Q P |
- | 1,23, 4 1 1/16
1 'j 2,3, 4 ‘
2 1, 3, 4
3 12 4 4 : 4/16
4 1, 2, 3
1, 2 3, 4
1, 3 2, 4
1, 4 2,3 ;
2 3 1 4 6 6/16
2, 4 1,3 :
3, 4 1, 2 i
1, 2, 3 n !
, 1, 2, 4 3
| L34 2 4 | 4/16
2,3, 4 1 |
1,2, 3, 4 - 1 i 1/16
Bcero Mukpococroanuin 2% = 16

Ilon MakpococToaRHAMM OyfeM NOHAMATL COCTOAHMA, NpH KOTO-
PRIX B NOJIOBHHe A cocyAa HaXOAUTCH, CKa)keM, OJHA MOJIEKYJa
(m06as), a B monosuee B — Tpu Mosekyakl. Ha Tabunnn BuasO,
9T0 TaK0e MAKPOCOCTOABME PeajM3yeTcd 9eThIPbMSA MHKPOCOCTOA-
HUsAMM. SHAYHUT, CTATECTUYECKHH Bec JaHHOTO MAKPOCOCTOsAHHsA
= 4, a obpraHana pepoaTtHocTh P = 4/16.
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MaxpococTosane, y KOTOPOro B 00eMX MOJOBMHAX COCYAA HAXO-
JUTCA OJHHAKOBOE YMCJIO MOJIeKya (110 nBe), peaiusyeTcsl C IOMO-
MbI0 MIECTH MHUKPOCOCTOAHMMN, H CTATUCTHYEeCKHH Bec (& TaKiKe Be-
POATHOCTE) TAKOTO MAKPOCOCTOAHHMSA MaKCHMAJILHA.

IIycre nepeodavaibHO BCe YeThipe MOJIEKY/bl HaXOAUINCH B IO-
noBure A cocyda. C TeueHMeM BpeMeHHM HEKOTODLIE M3 MOJIEKY.J,
IBHrasAck HecIOpPAAOYHO, OKAXKYTCS B IoJoBuHe B. JTo Hyjer o3Ha-
4aTh, YTO «ra3» pacliupuicd. B ganpHeiiinemM «MaKpocoCTOAHME»
cucTeMs! Oyjger MeMATHCA CAyYaWHHM obfpasoM, HO yame Oyaer
OCYTIeCTBJATHCA TO M3 HUX, KOTOPOMY COOTBETCTBYET MaKCHMAJb-
HOe BHAYEeHHEe CTaTUCTHYecKOoro Beca 2. Mosxer npom3odTH Tax,
YTO CAYYaiHo BCe YeThlpe MOJEeKYJbl CHOBA OKAXKYTCA B IIOJIOBMHE
A cocyzna. 3To 03Ha4aeT, 4TO B paCCMATDHEBAEMOM ciydae (Bcero ye-
ThIpe MOJIEKYJIB) BIOJIHE BO3MOXKHO, YTO «Ia3», CIEPBA PACLINPHB-
IINCH, 3aTeM CaMOIPOM3BOJILHO cokMeTcA. IIpouecc pacludpeHHA
oKazancsa o6paTUMEBIM.

IIpu 6oaem10#i CKOPOCTE ABHMIKEHHS MOJIEKYJ pasauUyHble COCTO-
AHUA CHCTEeMB] GLICTPO CJAEAYIOT APYT 3a APYI'OM H, OUeBHIHO, IDH-
JeTCA He OYeHb AOJITO KGATH, YTOOBI PACIUMPHBINMIICA «rad» cam
cofol cHoBa coxancsa. OnHAKO Tak OOCTOMT AeJso TOJBKO IIPH O4YeHb
MaJIoOM 9HCIe MOJEKYJI.

BeaencTere cTaTUCTHYECKOM He3aBMCHMMOCTH NOBEAEHHS MOoJie-
KYJI NIeaJBHOTO ra3a BepOSTHOCTD 11060r0 MUHKPOCOCTOAHNA PABHA
IPOU3BEJEHUIO BePOATHOCTEMH NpeGrIBAHUA MOJEKYJIbl B NI060H mmo-
JoBuHe cocyaa. Jaa N wactul ato nponssenernne P = (1/2)Y. Orcio-
Aa CIeAyeT, 4TO IOJHOe YUCJIO BO3MOMKHBIX MUKDOCOCTOAHUN CHC-
remul paBao 2V, Ilpx N = 10 moayuum P ~ 1073, Ecau B revenue
AJIATeJBHOrO BpeMeHH GHMKCHPOBATL paclpene/eHHe MOJIeKyJ de-
pes paBHBIe IPOMEXKYTKH BpeMeHH, To Ha xkaxkaple 1000 ciayuaes B
cpejHeM mpupeTcs OJUH cjydailt, korna Bce 10 mMonerkysa 6yayT Ha-
XOMUTKLCA, HAaOpuMep, TOJABKO B IIOJOBHMHe A cocyja.

Ho npu N = 100 ms1 moayyum P ~ 10730 | B makpocucTeMax Mzl
HMeeM aesio ¢ OyeHb OoablmuM 4uciaoMm uyactui. Ckaxem, ecau
N =1020, 10 ana BepOATHOCTH MOJy4aeTCA HEBOOGDAZHMO Masas

BesmunHa P ~ 1073 10% . TakoBa BepOATHOCTH, UTO ra3 cCaMONpPOU3-
BOJIBHO COXXMeICA B OQHOM MOJIOBHHE cocyAa. SICHO, 4TO IIpH TaKoOM
SHa4YeHUH BEPOATHOCTH 3TUM cOOBITHEM MOXKHO NpeHebpeub — OHO
NpaKTHYeCKH HEeOCYImecTBHMO.
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BmecTe ¢ Tem craTucTHuecKuii Bec (M BepOATHOCTH) MaKPOCCT-
CTOAHNA, OPHU KOTOPOM MOJIEKYJIKl pacipefesaTcs PaBHOMEDHO IO
ofeHM NOJOBHHAM COCYA&, CTPEeMHTEJbHO DACTET C DOCTOM YHCJA
mosekyn N.

TakuM o6pasoM, MBI OpPUXOAWUM K Ba’XHOMY BBIBOAY: npedo-
CMABIeHHAR CaMOl cebe MaKpocucnema cmpemumcsa nepexodumsy
Om MeHee 8ePOAMHLLX COCMOAHUL K Ooaee sepoamiubim. B atom
cyTs HeobparuMocTi. B nmpmEuune HeoOpaTUMBIN IPOUECC BO3MO-
JKeH, HO BEePOSITHOCTb €0 HHYTOKHO MAana.

TakuMm 00paszoM, BTOpOe Hayal0 TepMOAMHAMHKM, YKAa3LIBAO-
mee Ha HeobpaTHMOCThL Nepexoma paboTwl B Tenno, obycnoBieHo
TeM, 4TO lepeXxo] TellJIOTH B paboTy ozmayaer nepexof or Hoiee Be-
pOATHOrO COCTOAHMA K MeHee BEePOSATHOMY.

ITonuepkHeM: DOHATHE HeoGpPaTUMOCTH IIPOLECCOB HMeeT CMBIC
TOJBKO AJs1 MaKpocucTteM. K coBokynHocTu Be6OIBIIOro YMCIa Ya-
CTHI[ 9TO NOHATHe He MPUMEHUMO. JTO MBI BUJEIU Ha IpMMepe Cuc-
TeMbl M3 HYeThIpeX MOJEKYJ — CAMOIPOU3BOJIBHOE COKATHE TAKOIO
«ragzas BIIOJHE BO3MO’KHO, T.e. Ipoliecc obparTuM.

B cocToAHMH paBHOBeCHS YMCJIO MOJIEKYJ B 00emxX mOJOBHHAax
COCyZa MOXKHO CYMTATH, OLWHAKOBHIM C TeM 60Jiblue# TOYHOCTLIO,
yeM GosbIle uncao monekya. IIpu aTom HenabesxHble QIYKTYALIUH
CTAHOBATCA HUYTOXKHO MaJbIMH, M MMH MOXXHO CIIOKOMHO IIpeHe-
6peus (peudb UAET, pasyMeeTcs, 00 OTHOCUTEIBbHEIX GIYKTYAILIHAX).

§ 3.5. OETpOonMA M BEepOATHOCTH

Ecan MakpocucTeMa HAXOLWTCA B HeDABHOBECHOM COCTOAHHH, TO
OHAa CaMONPOM3BOJLHO OyZeT IepexoJUTh B COCTOSHNe ¢ fonbleit Be-
POATHOCTBHIO —paBHOBeCHOe. BMecTe ¢ TeM, COIJIacHO BTOpOMY Hadya-
Iy TepMOAWMHAMUKH ECE CAMOIPOHBBOJIbHBIEe IPOLECCHL B 3aMKHYTHIX
MaKpOCUCTEeMaX COIPOBOXKIAIOTCA BO3pacTaHWeM sHTpoumu. Iloaro-
My MOXKHO OXXHJATb, YTO MeXJy JHTponpei S MaxpoCHUCTEMH B
K&yKJIOM COCTOSSHMM M BEDOATHOCTBHIO P TOro ’Ke COCTOAHMUA JOMMKHA
CYIMeCTBOBATH ONpefesieHHas CBA3h. JTA Wjed, BhICKasaHHasd Bojb-
OMaHOM, ONpaBfanack M OKaszanach BechbMa IJIOROTBODHOH.

A HaxXoXKJeHHA 3TOH CBAIHM PACCMOTDHM aHAJIOTHIHO IpHMe-
py Ha cTp. 77 HeoOpaTUMBEIA Ipouecc paCUIMDEHHA HALANbHOTO
rasa B TyCTOTY. IIyCTb A@HHBEIA ras MEPBOHAYAILHO HAXOOHTCA
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oS

¥, B obneme V; TemIom3osupOBAHHOIO
cocyna obweMoM V. OT ocTannHOi
YacTH cocyna OH OTHeJIeH HNeperopona-
koit (puc. 3.10). ITeperoponkxy npax-
THYeCKUM MI'HOBEHHO II€peMeInarT U3
2 nosoxkerua I B 2, raa pacmmupsaercsa
B Imycrory no o6vema V, u mpuxogur
B pPaBROBECHOE COCTOAHHE.

B npanHoM caydae (ras uaeanbEEIH) pafory ras He coBepmIaeT
(4 = 0), mepenagroe rasy renyio @ = 0, ciefoBaTensHO, [0 NIEPEOMY
Hauyany updpameHde BHyTpeHHe sHeprumn AU = 0, T.e. Temuepary-
Pa KOHEeYHOro ¥ HavYaJlbHOro COCTOAH MM ONHMHAKORA.

ITocKOAbKY 2RTDONMA — (DYHKIHA COCTOAHUA, TO ee Opupale-
Hue B npomecce V; — V, M0OHO BEIYNCJIHUTH IO 06paTHMOMY UPO-
1eccy, HanpuMep, H30TEPMHUYECKOMY, B H30TepMuYecKOM Opomecce
coraacuao (1.25) @ = A4 = vRTIn(Vy/V,) u

Puc. 3.10

AS = Q/T = vRIn(Vy/V)) = kN In(V3/Vy), (3.14)

rae N— 4YHCA0 MOJEKYJ B rase.

Teneps o6paTuMca ¥ BepoATHOCTAM. B paccMoTperrom mpoliec-
ce pacupefieseAse 10 CKOPOCTAM B HAYANHHOM K KOHEUYHOM COCTOA-
HHAX OJMHAKOBO: OHO 3aBHCHT TONBLKO OT TeMuepaTyPu T, KoTopas
He H3MeHHJIach. IIpocTpaHcTBEHHOE )Ke paclpefiefleHHe MOJEKYJI
crano 6ogee «cBOOOIHEIM»®, & 3HAYHT U GoJiee BepOATHHIM. B caMoM
ZIejie, BEPOATHOCTh HAXOXKEHUA OXHOM MOJEKYJkl rasa B obfneme
V, paBra, ouesunHo, V,/V,y. BepoaTHocTs ke Bcex N MOJEKyJH CO-
6paTeca B o6seme V; pasua (V/Vo)Y. O6o3raunm 3Ty BepOATHOCTD
xak P,. CoorBercreeruo (Vy/Vo)¥ -— rak P,. Torza oTHomenue
3THX BepPOATHOCTeH

Py/Py = (Va/VP N, (3.15)

H npupamenue >HTpolnHH (3.14) MOKHO 3alMCAThL KaK

N
AS=kNInZ =1 72 | a2 . (3.16)
Vl 1,1 Pl
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ITocKONbKY BepOATHOCTH MAKPOCHUCTEMEI IPONOPIHOHANLHA €€ CTa-
THCTHYECKOMY Becy, T.e. P o , nocjesHww GOpMyy OpeACTABAM
TaK:

AS = k1n (Q2/), 3.17)

U MBI OPpHUXOJHUM K 3HamMeHUTOK gopmynre Borvymana

S=k1InQ, (3.18)

U3 Koropo#l ¥ ciaegyer (3.17).

3amMeTHM, UTO IPUBEJeHHEIe 34eCh PACCYIKAEHUA He IPEeTeHAYIOT
Ha BHIBOX GopMysin (3.18), a mpeacrasasior cofof CKOpee HEKOTO-
pele DoAcEerus, CTporuit BEIBOA 3ToH (GODMYJNEI AaeTcA B TeOpeTH-
yeckod QM3WKe, rae, KCTAaTH, mOKadkiBaercH, 4yTo (3.18) orrocuTcs
HE TOJbKO K DaBHOBECHWIM COCTOABHAM, HO M K HepaBHOBECHBLIM.

Tenmepb OpPEANOTOMNKUM, UTO MAKDOCHCTEMA COCTOMT M3 JBYX
OpAKTHYECKH He B3aHMOJAeHCTBYIOIIHWX HOACHCTEM, OZHA H3 KOTO-
PBIX HAXOAMTCH B COCTOAHHU I C 3HTpOOHEH S; ¥ CTaTMCTHYECKHM
BecoM (), a Apyras — B COCTOAHHH 2 ¢ dHTponMeH Sy M CTATHCTH-
YyeCKMM BecoM (g

Yueao ¢cnocob60B (MMKpPOCOCTOAHMI), KOTODHEIMHM MOXKET peaslH-
30BaTbCA paccMaTpHBaeMoOe COCTOAHHE MAKPOCHCTEMBI, PABHO HOpPO-
M3BeXEHUIO YUCea cIocoboB, T.e. £ M {03, KOTOPDRIMH MOI'yT OBITH
OCYIIECTBIEHEI COCTOSHUA KaXI0H U3 HOACHCTEM B OTAEJLHOCTH:

Q = Q. (3.19)

Orcroga creayert, uto S = kIn(Q,Q3) = kInQ; + kInQ, = S; + Sy,
KaK H JOJXKHO ObITh, HOCKOJBKY JHTPONNA — BEAHYMHA AXAHTHB-
HadA. 9ro, Kax BuAHO, coraacyerca c (3.18).

TlpuuumMn BO3pacTaHHA PETPOOMH CO CTATMCTHIECKOH TOYKM
3peHHA ONpuBen DoabnMaHa K GyHAaMEeHTAJIbHOMY BLIBOAY:

6Ce 3aMKHYmMmbie MGKPOCUCTREMb. CIIPEMAMCR nepexodumbv om
COCMORKUL MeHee BEPOAMHLIX K Oonree 6eposmHbiM.

IIpn sToM cama sHTponusa S XapaKTepH3yeT crmeneib 6ecnopad-
KG B MaKPOCHCTeMe: COCTOSIHHAM ¢ 6GIbmMuM ecnopagKoM oTBeda-
eT 60bIman BePOATHOCTb (MM CTATUCTHYECKHHK Bec ), uem y 6o-
Jiee yOOPAXOYEHHOTO COCTOAHHSA.
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C sruM cBA32EAa M HeoOPATHUMOCTb DeaNbHBIX CAMOIPOU3BOJIb-
HBIX TEIUIOBBIX IPOLECCOB: OHHU NPOTEKAIOT TAK, UTO HecmopAnoK B
MakKpocucreme yBenuunsaerca. C sTum cssizand u Tor dhaxrt, 4TO MiO-
6011 BUZ 3HePTUH MEePEXOANT B KOHIe KOHIOB BO BHYTPEHHIOK 3HED-
THIO, T.€. B COCTOSIEME, IIPH KOTOPOM ¢XaoC» B MaKpOCHCTEME MakK-
cuMaseH. JTO COCTOSHHe FABJAETCA PABHOBECHEIM, €ro HTPONHA
S = maxc.

Kaxopo 6u1 HH 651710 epBOHaYaNbHOE COCTOAHNE MAKPOCHCTEMBI
(manpumep, rasa), OyAyYd TeNJIOH30JHMPOBAHHON OHA HeN30eKHO
NepexoJHT B COCTOSIHME, IPH KOTOPOM pachpezeieHHe MOJEKYJ O
CKOpOCTsiM 6yJeT MAKCBeJJIOBCKMM, a BO BHeIllHEM IOJe elne u 6o-
JAHIMAHOBCKHM.

Jurponna H cyas6a Bcenemnoi. IIpHHIUO BO3pacTaHUsA YHTPO-
oun npusonuT K Mblcan (Kiaysmyc), uro seETpomms BcesienHoH
opubaukaerca K MAKCHMYyMY, [0 NOCTHMIKEHHH KOToporo Bo Bce-
JIeHHOHN IIpeKpaTATCA KaKHe O6hI To HM 6ruim npoueccul. Jo/KHO
HACTyOHTH abCONIOTHO DaBHOBECHOE COCTOAHME, B KOTODOM HHKA-
KHe Iporecchl yyke HeBO3SMO)CHHI. HacTymuT menioeéas cmepmb
BcenenHoi.

B cBaAzm ¢ sroii koHnennue# BoybirMaHoM 6bina BRICKA3AHA TAK
Ha3uBaeMad PAYKMYyayuoHHas 2unomesa. BoabMaH He OTpUUAT
OIPUMEHUMOCT: OPHHINIA BO3pacTaHMs YHTPONUH KO Bcell Beemen-
HOM B IeJIoM (@ TaKHe COMHEHWA BRICKA3KBAJMCH), HO o 00paTHI
BHUMaHHWe HA CTAaTHCTAYECKYI OPUpPOAY 5Toro 3akoHa. Ilosromy
OTCTYIJIEeHHA OT TepMOAMHAMHYEeCKOTO pasHoBeckAa BcesneHHo# —
QAYKTYaMH — He TOJbLKO BO3MOMKHEI, HO M Hemsbexum. Ceduac
MBI MMEEM JeJI0 C THraHTCKOM daykryanuein. OHa JOMXKHA HCUes-
HyTh. Torga HaCTymuT TenynoBas cMepTh BeesteHHOH. OnHako uepes
HEKOTOopoe BpeMs CHOBA BO3HMKHET THradTckas GQiyKTyanud, M
BceseHHAss BRIMZET M3 COCTOSAHHUA TENJOBOH CMepTH. 3aTeM OLATH
BCEe IIOBTOPHTCA, M TaK (e3 KOHLA.

B HacTosimee BpeMs YCTAHOBJEHO, UTO BBIBOJ O <«TeIJIOBOM
cMepTH» BceseHHOH M epBOHAYaJbHBIE ITONBITKY €T0 OXPOBEpie-
HMA ABAAIOTCA HECOCTOATEAbHLIMM, IOCKONbKY B HAX He YUYHTHIBA-
JIOCh BJIMAHME THCOTEHHsA. BRIACHMIOCH, JTO U3-38 TATOTEHWs Of-
HOpPOJHOe H30TEPMHEYECKOE pacnpeeeHHe BeulecTsa Bo BeceerHoM
He COOTBETCTBYeT MAaKCHMYMY 3HTPONHM, NOCKOJIBKY TAKOE COCTOA-
HMe He ABJIAeTCA Hapbosiee BeposTHRIM. BeeseHHan HecTanuonapua
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— OHa paclIvpseTcs, H HepBOHAYAJIHFEO OJHOPONEOE BelleCTBO pac-
najaercs IOf JAeACTBHEM CWI TATOTEHHA, 00pas3yd CKONJIEHHs Ta-
AaKTMK, CAMHM TAJaKTHKHM, 3Be3J[kl M T.J|. OTH IpoLecckl IPOHCXO-
AAT C POCTOM SHTPOIIMM — B COOTBETCTBHM CO BTOPBIM HAYAJIOM
TepMOgHHAMHKH. ¥l HHOTKy/a He ciejyeT, UTO 3TH IpOIECCEI NpH-
Be/yT K OJHOPOXHOMY W30TEepMHYECKOMY COCTOAHMIO BcenemHoi,
T.e. K «TEeIJIOBOH cMepTH» BcesleHHOM.

§ 3.6. TepmognHaMHYeCKHUe COOTHONICHHMHA

B ucxopuyio gopmyay (3.2), ApAARINYyIOCA ONpefeJeHHEM 3HTPOIHH,
[IOACTABUM BhlIpakepHe ANA d'Q M3 NepBOro HadajJa TEPMOAHHAMHKH:

s = L au + 2 av. (3.20)
T T

9TO BHIPa’XeHHe HABOAUT HA MBICJb PACCMATPHBATH IHTPONHIO KaK GyHK-
LHI0 ABYX IepeMeHHBIX — BHyTpeHHe# sHeprmu U u obwema V, T.e.
S(U, V). Torga B COOTBETCTBRH ¢ 00LKM IPABHJIOM ompefeaeHuA zudde-
peHEnHuaga GYHKIUH HECKOJBKHX NepeMeHHbIX

ds = (_ag] v + ‘3-3) av. (3.21)
au ), 2
Mz cpapnenns (3.21) ¢ (3.20) BHAHO, YTO
(OS 1 E’EJ _P (8.22)
u), T ), T

9Ty paBeHCTBA HAYUHAIOT cODOH AJMHHBIA PAX PA3THYHELX TEPMOAKHA-
MHYECKHMX COOTHOIMEHHH, KOTOpbIe NOJAy4YaIOTCA HDPH mepexoje OT IHTPO-
ouu S K ApYrUM QYHKLHAM (TaK HA3RIBaeMEIM TEPMOJAMHAMMYECKHM IIO-
TeHIMaJaM), a OT HepeMeHHBX U M V K ApyrdM HepeMeHHBIM.

IlpeacraBAM 9HTPONHIO Kak GyHKnUi IHepemeHHmx T u V, T.e.
S(T, V). Ouddepennuan BHYTPeHHEH 3HEPrHH B 3THX IEePeMeHHBIX

v = (y] dr + [ﬂ] av. (3.23)
87‘ 1 4 EV T

IMopcrasus ato Bepakenue B (3.20), noayuum

d3=l(a_U) 4T + l[ﬂ) + Plav,
T\ar ), T\ov ), T
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OTKYZA& CJAeZyeT, 4TO
1{oU0 1{oU} a8 )
1fau =§, = +£._._S;. (3.24)
r\érj, or ., T\oV ), T \oV),
Ecan ucknioyuTs 3ETponMio S M3 3THX PABEHCTB, TO MOMKHO IOAYYHTS
CoOTHEOMEHHe Mexay Gonee UPHBRIYHBIME nepeMedHbIMu. Jlaa aToro mpo-

auddepeHIIEpyeM IfepBoe paBeHCTBO (3.24) o V, a Bropoe — 1o T. M3 pa-
BEHCTBA TIPABHIX HacCTed — CMEINaHHBLIX IPOMIBOAHBIX,

7S 8is

oTeV  over '

1 AU a[l(av] +£}
TaTav  oT|T\oV), T,
Tlocae BmnonHeHHUs AubGEPeHIMPOBAHMSA H COKpAIEHHA TIOJYYHM:

of(p)_ LoU (3.25)
or\T) T2 v

IOy HHM

Yrobnl He BOZHWKJO BIEYATAEHHUA, YTO TePMOAMHAMHYECKHE COOTHO-
leHNfg — 2TO l'IpOCTO KaKHe-TO MaTeMaTHyeCKUe YIOpaXXHeHMd B YaCTHBIX
IPOM3BOAHBIX, NOKAXKEM Ha CJAeAYIOIIEM HpHMepe, Kakue raybGoxue duau-
YeCKHMe De3yJbTATRI MOXXHO M3BJ€yYb M3 STHX COOTHOIMEHNH.

Ilpumep. 3Has, 4YTO AaBAEHHMe TEIVIOBOrO U3JAyYeHHudA p = u/3, rue u = U/V
-— MJIOTHOCTh HM3JyYyeHWdA, ABJAKMAACA (PyHKnHeR toasko T,
HaHJeM YpaBHEeHHEe COCTOSHHUA 3TOr0 HaJyyeHH.

TloacTaBuM npuBefeHHEIe BHPaXKeHMA AadA P n u B (3.25):
or\ 3T T2 8V

orkyza du/0T = 4u/T, uau du/u = 40T/T. ITo guddepeHUATE-
HOe ypaBRHeHVe IPeACTARMM B BHAe

3ln (u/TYH = 0.

3uaunT, u/T* = const, T.e. u oo T4 Mn nony4nin BaKHBIA peay-
NBTAT, MOATBEPKJeHHRIH 3KCMePHMeHTANLHO,
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B saknioyeHHe 3aTpoHeM BOMPOC, CBAIAHHBIA ¢ TAK HA3BIBAEMBIMU Mmep-
modunaruecKuMmy nomexyuaiamu. TaAK HASKBAKOT DYHKIIHA COCTOSHHA,
Ha MCIOONBIOBAHHM KOTOPHIX OCHOBAHEL BCe PacyeThl B TePMOAMHAMHKe.
CyutecTByeT MHOKeCTBO TaKHX (PYHKLMH, HO JHIIL HEKOTOpHEe HMIpamnT
BaXkHy0 poab. MBI orpanuuuMca AByMA — BHyTpeHHeH sHeprue# U m cBo-
6oaH0iT sHeprreil F, nockonbKy Apyruae HaM He noHajgobarca.

Bruympennas snepzua U. C sroit dyHKnuet MBI yrke NOIHAKOMMIKCE.
IlpeacTaBuM DepBOoe HAYAJO TEePMOJMHAMHKHM € Y4eTOM TOr0, YTO
d’'Q =TdS. B BHAe

dU = TdS - pdv. (3.26)

3JTO COOTHOILUEHHE [T03BOJISAET yTBep>KAaThb, 4YTO

8U U
Y _p, 2 - p. 3.27
(BS]V (OV]:; P ( )

K3 Toro »e mepBoro Hayaja cjegyeT, YTo IPH OTCYTCTBHHU Telsioo6MeHa ¢
OKpyx)alomeit cpepoil pabora, copeplllaeMas MaKpPOCHCTEMOI, paBHA yObi-
JIA BHYTPeHHMeH 3Heprup:

A=-AU. (3.28)

3T0 COOTHOWIEHHE, KCTATH, MOMKET CIYKHTh TEPMOAMHAMUYECKHM OlIpese-
JIeHHMeM BHyTPeHHed aHeprum.
Ceob6odnan snepeus F. Ilepenuiuem (3.26) B Buae

d’A = ~dU + TdS. (3.29)

ITpu nsorepmuyeckom npouecce (T = const) pabora d’A Moxxer 6HITL Onpe-
AesieHa Kak

a'dA = -dU - TS) = ~dF, (3.30)
rae F u ects c80600HaA 3HEPIUR:
F=U-TS. (3.31)

TakuM o6pa3oM, paboTa, COBeplIaeMas MaKPOCHCTEMOIT TP M30TEPMH-
4ecKOM mpolecce, paBHa y6ninK cpobopHoit ameprum:

= —AF. (3.32)

IIpr H3oTepMHYECKHX Nponeccax cBoboAHas axeprus F urpaer poas
NOTeHUHMAJLHOK 3HepruM: ee ybLUIL paBHA MPOM3BOAMMOK paboTe, K pas-
HOBECHOMY COCTOSHMIO MAKDPOCHCTEMBI COOTBETCTByeT F = MuH.
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IlpeacraBuM F kax PyHKIHIO ABYX HepeMeHHhX. s aTOro BO3bMEM
aubdepennuaa ot (3.31) u npumem Bo sHMMaHHe (3.26). Toraa

dF = dU - d(T'S) = TdS ~ pdV ~ TdS — SdT = —pdV - SdT. (3.33)

oF oF
) -p L =-s. 3.34
[av)r [GT)V (8.34)

AH&JIOIMYHEIE COOTHOLIEHHS MOXHO M3BJeYb ¥ K3 APYIrHX TepMOoguHAa-
MH4YeCKHNX IIOTeHIIHMAaJOB.

Orcroga caegyeT, 4TO

Sagaun

3.1. IrTponua. OAMH MOIb MAEANBHOTO ra3a ¢ H3BECTHHM 3HAYEHWEM Tell-
aoeMrocTH Cy coBepllaeT npoliece, IPH KOTOPOM ero auTponua S 3a-
BHCHT OT Temnepatypsl T Kak S = a/T, rge « — nocrosiHaas. TeMie-
parypa rasa uameHmnacs or T, Ao T,. Haiitu:

a) MOJSPHYI0 TeIVIOEMKOCThb rasa Kak ¢yrxpuw T;
6} KOIMYEeCTBO TeIIOTHI, COOGLIEHHOMH raasy.

Pewesnue a) MoaapHaa TeNJIOeMKOCTb B AAINHOM Iponrecce

'Q TdS a

Tar T ar T

Buano, yro ecaiu o > 0, to C < 0, u naobopor.
T

6) Q- [CdT = —« fd?T - a In(Ty/Ty) .
T

3.2. B peaysabTare NOJHTPOMHYECKOr0 mpolecca 06beM HALaNBbHOrO rasa
yMeHpITHJICA B ¥ pa3. IIpy aTom pa6oTa, coBeplneHHAsA Hax rasom, A’ =
= 2AU, rpe AU — npupainedre ero BHyTpeHHeil sgeprun. HaitTh npu-
pamenye SHTPOIIME B 3TOM Ilpolecce,

Pe e H ue. ITo onpegenenuio AS = I d'Q/T. Haiigem d’Q. CoraacHo

MepBOMY HAY&JIY TEPMOJAMHAMHKH B JAaHHOM Cly4ae
Q=AU — A' = —-AU = - CpdT. (1)

CieppsaTeqbio, d'Q = — C, dT u

——[cy——~»cy1 [1) (2)
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3.3

3.4.

QcTraeTcs BLIACHHTH, YyeMy paBHO orHowmeHne Ty/T,. W13 (1) caegyer,

YTO TeNJ0eMKOCTh JAHHOTO MOJHTPOIMYecKoro nponecca C, = —Cy. Ho
C, coraacHo (1.21) paBuo passocta Cy — R/(n — 1). Oro sHavyuT, 4TO

2Cy = R/(n — 1). Otcroga
n-1=(y~-1)/2 3)

HMesn B BHAY, YTO ypaBHeHHE IOJHTPONOHYECKOro npomecca TV 1 =
= const, moayyum

To/Ty = (Vo/ Vi) =y 0 -1/,
TaxuM obpasoM, ypaBHeHHe (2} npHMeT BHX

B ez

¥-1

—-Iilnv.

OxuH MOJabp BaH-AEP-BAaaIbCOBCKOTO ralda, MMeBIIMH ob6beM V| H TeM-
nepatypy T;, nepeBedH B cocroanue ¢ o6beMoM V, ¥ TeMmepaTypoi
T,. HaliTH coOoTBETCTBYIOIee NpPHpALEHHE IHTPONHM rasa, cUMTad
€ro MOJIEKYJAPHYIO TeIoeMKOCTs Cy H BaH-Aep-BaajlbCOBCKYIO IO-
npaBky b M3BeCTHBIMH.

Pe w e u ue. Uckomaa BenuuuHa

AS = JdU+pdV

Hcrones3yd BRIpaXKeHUA JJisi BHyTpeHHel aHepruu U BaH-gep-BaAib-
coBckoro rasa (1.44) ¥ AJd aaBjieHUA P U3 YPABHeIys ero COCTOAHHU
(1.42), Hony4HM ItoCJae COKpauleHH#

jc,,éz jﬂ_cyl +Rln b

HaeanpHRIHM ra3 ¢ nokasaTejeM aguabaThl ¥ COBepImaeT IMponece mo 3a-
KOHY P = Po - «V, rge pg H & — IIOJ0XKHTEJbHbIE IOCTOSIHHEE, V—
o6peM raza. IIpn xaxom 3HageHHH 00beMa V,, BHTPOIIHA ra3a OKaXeT-
cA MaKCUMANBHOU?

P e e H e Jdrponud GygeT MaKCHMaJpHON B Touke, rge dS = 0.
Bocmoasaopapmucs $opmynoit (3.9), sanuuiem

dp dav
— =0,
cv +C, - 1)
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3.5.

3.6.

OTKyAQ CAEAYET, YTO

d _ G
v~ ¢,

Kpome Toro, M3 ypaBHeHUA Npomecca IPOM3BOLHASA

P po—(lp
Lo B 2
v Ty 2

dp/dV = —c. 3)

IloacranoBka (3} B (2) OpHBOAMT X ypaBHEHHID
Do I
Fad L =q,
7[ a) o 4)

oTKyza o6bem V,, orBeuaromuii MAaKCMMyMy 3HTDPOIHMH .S, paBeH

=P
aly +1)

Tennou30ANPOBAHHBIM COCYJ, PasfesieH NEeperopoakKoi Ha ABe 4acTd
TAK, YTO 00'beM ONHON M3 HuUX B 1 pa3 Goiawlne o6bema apyroi. B me-
HBHIEH YacTH HAXOZUTCK Vi MOJAA ONHOrO rasa, a B 0onpluesi 4acTu vy
Mona apyroro ra3a. TemHepaTypa ra3oB oguHaxoBa. Ileperopoaky
yAaJWId, ¥ rass HepeMelnaiuch., HaliTd npupaineHue anTpoHduH AS
MAKPOCHCTEMBI, CYMTAA Ia3dhl HACABHBIMH.

PeueHye. 3 alfuTHRHOCTH 3UTPONMH creayeT, 4To AS = AS; +
+ ASj, rae oba npupaineHus AS; 1 AS; HaftAeM, HCIIOAB3YH H30TEPMH-
YecKMHA IPOIece PaclUMPeHUs KaXXJoro rasa. HanoMHuM, 4TO 3TO IIO
CYILIeCTBY YHCTO MATEeMATHYECKHH IPHEeM, OCHOBAHHEIH Ha ToM, 4yTo S
sABaAeTcA QyHKKe# cocrosuma. Mrak,
PN 1L AN TP RAL TP R TR
T v V,

HwMen B Bupy, yro Vo/V: = n, noayunm
AS = AS; + AS; =viR In(n + 1) + voR In(n + 1/n).

JBa oaMHAKOBEIX TelJIOM30JIHPOBAHHKIX COCYAR, CoefMHeHHRe Tpy6-
KO# ¢ BEeHTHJIEM, COAEPKAT IO OJHOMY MOJIIO OXHOrO M TOrO XXe Mjaea-
abHoOro rasa. TemnepaTypa rasa B ogaoM cocyae Ty, B gpyrom T,. Mo-
JNAPHAA TeNJOeMKOCTb rasa paBHa Cy. BeHTU/Is OTKPBLIH, M ra3 IpH-
mwen B HOBOE COCTOAHHE papHOBechs. HalTH npupamenue AS
HTPONHMM rasa B 9TOM npouecce. ITokasaThb, yro AS > 0.
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3.7.

PemeHHe, Ilo yonosnio Q = 0, A = 0, aHa4yuT COrIACHO NIEPBOMY
Hadany ¥ AU = 0, re. U; + Uz = U, oTkyaa

T, + T, = 2T, 1)

rge T — ycTaHOBMBINAACA TeMNepaTypa. 3Had HAYANbHOEe M KOHe4YHOoe
paABHOBECHBI€ COCTOAHMUA, 048 nodcvema AS Bo3pMeMm HanbGoJee npo-
cToi 00paTHMEIl HPONECC — HIOXOPHHECKHM:

T T
AS=CV1nE+C,,1n,—F—2—+ASO, )

rae ASp — IpupalieHHe sHTPOIMH 3a CYeT nepemMemHBaEnA rasos. Ho

OpA DepeMellMBAHMH TOXKAEGCTBEHHRIX raaoB ASp = 0 (cm. mapagoxc
TI'n6bca, § 3.3).

IlepenuimeMm (2) ¢ yuetrom (1) B BHOE

T2 T +Ty)?
AS = In—— = in—1— 27 3
CvnTsz CyIn 4T, 3)

Hoxaxkem rtenepn, uto AS > 0. a4 3TOro QOCTYNHM TaK:
(Ty+ T =T% + Tf + 2T\T2 — 2T\Ts + 2T\ Tz =
=(Ty ~ T9)* + 4T T>.
Torga BmpadkeHue nox norapudmMom B (3) Oyzer ¥MeTh BHA

G+ (G -T)

+1. (4)
4TT, 4T}T,

OTcroga BHAHO, YTO OHO onbloe egMHMIbI, 3HAYHT €ro JorapupmM Go-
npme Hyaa u AS > 0.

Inkn Kapao. OquH MoJIb HAealbHOrO rada M3 XXKECTKHX ABYXATOMHBIX
Monekya coBepmaer pnka Kapuo. TemMneparypa HarpesaTens
Ty = 400 K. Haira KIIJ unkiaa, ecau IPH agHabaTHYECKOM CHATHH
saTpaunpaerca pabora A' = 2,0 xx.

PemeHue. [Ipr aguabaTHdecKoM cxkaTue Q = (), caegoBaTeaAbHo,

copepinaemass Haj rasoM paoTa HpeT Ha NpHpalgeHHMe BHYTDeHHeH
3HEpr¥# raja:

A'= AU = G,(F - T) = G/T; [1—%). ™

1
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Beamunna B nocaengux kpyraerx ckob6kax — aro KIIM 1. IToaromy u3

(*) caepyer, uTo

Ilockonsky Cy = (i/2)R, Ta

n=4 /CVTI'

n = 24'/iRT, = 0,24,

rae i = 3 (MoneKkyaa >KecTkadA).

3.8. KII unkaa. OquHE MoOJNb HA€AJbHOIO [a3a ¢ IOCTOAHHON anuabaThl y
COBEPIIACT IMKJ, COCTOAIGMH M3 HM30XODH, M30TePMHl H H306ApHI,
[pHYeM H3OTEPMHUYECKOe DACIHIMDEHHe NPOMCXOAHUT IIDH MAKCHMATL-
HOH Temmneparype unkna. TeMnepatrypa B npeaenax LHKJIa H3MeHAET-
ca B T pa3. Haiitn KIIJ| nukaa.

P e mm e H ¥ e. N3obpasnM nasHRR
uuKa Ha guarpamme T, S (puc. 3.11).
Bykpam# V u p ormedyeHBl H30XOpPH-
yeckuit 1 MsobapUyecKUN MIPOLEeCcCh
(cm. puc. 3.7). CornacHo ¢dopmMyne
(3.1) pemiesEne CBOGUTCA K HaX0MXIe-
HHI0 OTHOIOEHHA Qé/Ql. Brmumem

cHavyajga HX OTOeJbHO:

Q-z = Cp(TZ - Tl),
@ =CAT> ~T1) + Ta(S3 - 8z). (1)

S
Onpenennm S; — §; ¢ nomMompio Gop-
Pre. 3.11
Myau (3.16) B gBa arana:
83 - 8 = CIn(Ty/Ty), Sz — & =CvIn(Ty/Ty), 2
OTKYJZa HX pasHoCTh
8§83 -8, =(C, - ) Int= Rlnr. 3)
OTrHouredne Qé /@3 cornacHo npyYBeAeHHKM POpPMynaM MOKHO TpHBeC-
TH K BMAY
QL _ Y
& 1+ (ljm Int
-1
Ncxomenit KITI nuxaa
Y
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3.9,

Buzaso, uro B otanuue oT nukaa Kapuo KITJ[ gaHHOrO ITHKJIA 3ABUCHT
oT poAa BemecTsa ().

CrarucTHyeckkii Bec. OfMH MOJb HAEAJNBEOTO rasa, COCTOSILEro Ma
OJHOATOMHRIX MOJIEKYJ, HAXOAMUTCA B COCyJe TIPH TeMIlepaType
T =300 K. Kax ¥ Bo CKONBKO pPa3 M3MEHHMTCH CTATHCTHYECKUH Bec
3TOH MaKpPOCHCTEMbI, eC/IK ee HarpeTh uaoxopudecky Ha AT = 1,0 K?

PewesHue Hexons vs dopmyan (3.18), nmeem
AS = & In(Q2/€2). 1)

BHAHO, 4TO pellleHHe CBOAMTCHA K HAXOXKAEHHI0 AS:

‘ . A
2s=[28 _c,mI - Lpm[1+2T). (2)
T T, 2 T,
K3 comocrasaenus dopmya (1) u (2) noayuum
m2 oIy w1487~ LN, AT _ 5 102, 3)
Q, 2 T, 2 *T
3aeck yureno, uro AT/Ty <« 1. U3 nocnexHed (opMyInl HaXOAHM:
Q/Q, = eaw“ - 101,3103‘

— BeJW4YHHA YYJAOBHIIIHO rPaHAHO3HAA AdKe IIDH TAKHX CKPOMHBIX
M3MEeHeHHAX TeMIepaTyphl.

3.10. HaitTu craTucrHyecKHil Bec (2 Hanboaee BepOATHOrO pacnpeeaesns

N = 10 oguHAaKOBEIX MOJEKyJ IO ABYM OJMHAKOBHIM NOJOBHHAM CO-
cyna. HeMy paBya BepOATHOCTH TAKOro pacrnpejaeaeHusa?

P e m e H 1 e. PaccMOTPHM TaKOe MaKpOCOCTORHHE, IDH KOTOPOM B
oaHoi (epsoil) MOJOBAHE coCya HAXOANTCA L MOJIEKYJ, & B pyroi
(pTopoit) N — n. HaitaeM 4Huc/0 cnocofoB (MHKPOCOCTOAHMM), KOTO-
pPBIMK MOXKET OBITH PEaM30BaH0 TAKOe MaKpOCOCTOAHMe, JTO YHMCIIO
paBHO YHCNYy NepecTanoBoK N Monexyia, T.e. N1 OqHaxo nepecTaHoOB-
KH, IIPH KOTOPHIX M3MEHAETCHA TOJAbKO NOPANOK pasMeleHud B nep-
RO IoZ0BMHE (T.e. n!) He IPUBOAAT K HOBOMY MHKPOCOCTOIHHIO (na-
I[IOMHHAM, 4YTO OTAeNAbHBEIe MHKDOCOCTOAHHNA OTAHYAIOTCA TOJABKO HO-
MepaMH MOJIeKYJl, INONajalolouX B Pasnbie IIOJOBHHKI COCyAa).

KaxaoMy ¥3 BO3ZMOMKHBIX paclpefesleHHil OCTAJIBHBIX MOJEKyJ BO
BTOPOH [OJ0BHHE COCYAa COOTBETCTBYET /t! pasJMYHKX pasMenjeHHi
MOJEKyd B nepBoi nonosuse. IloaToMy, pasaenns noiaHoe YUCIO Ie-
pecTaHoBOK N! na ni, MBI HCKJIIOYMM IepecTaHOBKH, KOTODBIE OTAM-
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3.11.

YATCA NHUIIb COOCO60M pasMeINeHHs MOJIEKY] B NepPBOH M0JOBHHE
cocyaa.

Paapgennn sarem N!/n! #a (N — n)l, MBI HCKIIOUAM IEPECTAHOBKH BO
BTOPOH ITOJIOBHHE COCYZAA. B peayapTaTe HHcI0 paciipeseleHH Moe-
KyJa 10 06eMM [IONOBHHAM COCYAA, OTIMYAIINHXCH JAUIL HOMEDPAMH
MOJeKyJ B 00eHX MOJNOBHHAX, oNpefesseTcd KaK

N!

Q(ﬂ, N—n)‘—'m.

3Ta BeAWYHHA eCTh YHCJAC MHUKDOCOCTOAHM, COOTBETCTBYIOIMX MaK-
pococToaruio (n, N — n). IIpun Haubosiee BepoATHOM pacupefeaeHHA
n=N/2, ¥ M UMeeM
_ NI
i 2

[(vN/2)1]

Bep

CoOTBeTCTBYIOINAA BEPOATHOCTh
P = /2N = 25%,

rge 2¥ — HogHOEe YMCAO MHKDOCOCTOAHHH.

CpoGoanas aneprasn. Hality saTponunio ofHoro Moasa asora (y = 1.4)
npu remmeparype Ty= 300 K, ecan npu obpaTHumom aguabaTHyecKoM
cxaruy ero B v = 5,0 pasa npupammese ceobogHOH dHEpPruy oKasa-
Joch pasHbiM AF = -48,5 k[[. T'as cunraTh HAEaNbHLIM.

P e ¢ # U e. PacimuieM npHpalnedne cBoOOAHONA SHepPrvH B AAH-
HBIX YCAOBHAX:

AF = AU — 8(Tp — Ty) = (Cy — SUT: — T1)- 1)

[pyu aguabatuyeckom mponecce (TV'™ = const)
Ty/T1 = (V1/Val ' = v\ (2)

CommecTHoe pemenne ypapHeHmit (1) m (2) gaer

AF R AF
- y-1 T[e''-1)

S=¢C, - =208 + 179 /K.

. Taxum obpasom S = 0,20 x[x/K.



Fnasa 4

KBaHTOBbIE CTATUCTUKN U KX npnmMmeHeHnA
v

§ 4.1. KBaBTOBBIE CTATHCTHMKM

B xBaHTOBOHI (m3MKe, KAK H B CTATHCTHYECKON, 3aKOHOMEPHO-
CTM MMEIOT BEPOATHOCTHHIH, CTATHCTMYECKMH XapakTep. OfHaKo
€CTh H NPHHIMIHAaIbHOE OTIMYHEe: B KBAHTOBOH (H3MKe CTATHCTH-
yeckH# (BepOATHOCTHRIH) MOAXOA JIEXKHT 6 CAMOL npupode MHKPO-
YacTH, B ¥X BOJHOBEIX CBOMCTBaX.

CorsacHo KBRHTOBOH TeOpHH BCe MHKPOYACTHIIH IIOAPA3AENAIOT
Ha IBa KJIAcC&, KOTOPRIM COOTEeTCTBYIOT JBe KBRHTOBble CTATHCTH-
KH:

1) 94acTUIBI C ROXYUEbIM CRUHOM, HX HA3LIBAIOT QEPMUOHAMU;
OHHU IOAYHHAIOTCA cmamucmurxe Pepmu—upaxa;

2) HacTHUGbl C UYeabl¥ cnuHOM — O0O030Hbi, OHWM NOAYMHSIIOTCH
cmamucmuke Bose-dunwmeina.

IIpyrix BO3MOXKHOCTeH# KBAaHTOBasA TeopHs He jgonyckaer. Her
YacTull, NOASHHAONIMXCA KJIACCHYeCKOH cTaTncTHke BonbiMaHa.
Ilocnenusas siBnsiercsa NpUOINKEHHLIM IIpeelbHbIM CIyUaeM, B KO-
TOpPBIA MEePexXofAT NPH OmpeAeleHHBIX YCJIORHAX 9TK ABe KBAHTO-
BEble CTATHCTHKH'.

Bo Bcex Tpex crarucTuKax (kjgaccuueckoi, Boze—JitHmiTeiiHa B
Depmu—J/lupaka) LJOIYCTHMbIe MUKPOCOCTOAHHS CUMTAIOTCA PAGHO-
seposamubixu. Ho pasnuune mx — B ciocobax ompefieleHHA MHUK-
POCOCTOSIHMH M CTATMCTHUYeCKHX BecOoB. B craructmke Boarnmana
CUHNTAETCSA, YTO JaXe TOXKAEeCTBEHHble YaCTHIIBI NPUHUUNUAALHO
pasauzumvi. B KBAHTOBBLIX K€ CTATHCTHKAX, HAOGOPOT, CUHTAETCA,
YTO TOXKJECTBeHHBIEe YACTHHMN NPUHYUNUAALHO HEPA3AUMUMDbL.

B cratucTuke PepMU—/IHpaKa B Ka’KJOM KBRHTOBOM COCTOSHHH
MOXKeT HaXogHMThes He Goznee ofHoi wacTnuel (npunyun Iayru), a
B craTHCTHKe Boze-JuHmrelina — no0foe YHCIO 9aCTHIL.

+ MysudecKad MNPHPOAA PA3MHYHA 3THX JBYX KBAHTOBBIX CTATHCTHK BHITEKAET H3
NPUNHYURE HEPAIAURUMOCTIU MOMPECMEERRBX YACTHI], COIVIACEO KOTOpOMY CYIIe-
CTBYIOT ABa TUIA BOJHOBHX ‘V-OYHKINH, oNHCHBAIOIHX COCTOABHE TOMXKAECTBEH-
MEIX YacTHI, — CHMMeTPAYEKe H ABTHCHMMeTpHAYBHIE.
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Pasnudye craTucTHK noAcHser Tabin. 4.1, rge mokasaHO Kak B
Kax A0 U3 HUX pasMellaloTca [iBe TOXX/JAECTBERHble YacTHIL @ U b
70 TPeM KBAHTOBBIM COCTOSIHMAM (KJIETKaM).

Tabauua 4.1
5 Cmemucmuxa Cmamucmuxa Cmamucmuxa
Bom.zpnana Boae-Jinwumetna Depmu—J upaxa

lalel 1 (el e ]

(R

el
Tel T T T
| e Ll BT

IREORE
iaﬂ—! ] ! ]
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BugHo, uTo B craticTHKe BospnMana Bcex MUKDOCOCTOSHYH Jie-
BATb X BEpOATHOCTh KaXKZOro M3 HUX papHa 1/9.

B cratucrukax ke Bose—OiiRmreiina u Pepmu—dupaka cocTos-
HUS B NEepBLIX Tpex mapax pacupeznenesus Bonbnmana nepasauiu-
Mbi, M KasKJas apa paccMaTpHBaeTcs Kak 00Ho cocTosnue. JacTu-
bl @ ¥ b IpUHIMNMAIBLHO Hepa3JWYMMEI, T03TOMY oHu obo3nade-
HBl 1pocTo Todkamu. st 6030HOB 4YMCJIO MHKDPOCOCTOSHHH DaBHO
LllecTH, ¥ BepOATHOCTh Kaxkioro ud Hux 1/6. [Ina pepMuoHoB mo-
clefHMe TPH pacupejefieHUs CTaTUCTHKH Bose—Diniureifna nepos-
MoxkHB (npunyun ITayaru). OcTaeTcs TOALKO TPH MHKPOCOCTOS-
HHMA, ¥ BepPOSATHOCTL KA&XKJOTO M3 HUX paBHa 1/3.

» ®a3oBsie Adveiikn. OcHoBHas 3ajavya KBAaHTOBBIX CTATHCTHK —

9TO HAXOXKJEeHHe COOTBETCTBYIOIIMX MM GYHKUIMH pacnpefesieHus
4acTHL 1Io TeM HJIM MHHIM IapaMeTpaM (HaIpuMmep, 110 9HEPTrHAM),
a Tak)ke oIpefiefleHVe CpefHUX 3Ha4deHMH 3TUX IlapaMeTpOB, Xa-
pakvepusyomux Hauboiee BeposATHOE MaKpOCOCTOSSHHME BceH CHC-
TeMbl 4acTHII.

Jna onucaEMa coCTOAHMA CHCTEeMBl YACTHIL pacCMaTPHBAIOT BO-
ofipakaeMoe IIecTUMEPHOe IIPOCTPAHRCTBO, KaXgas TOYKa KOTOporo
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XapaKTePU3yeTCs IEeCTHIO KOOPAMHATAMM: X, Y, 2, Pizs Py, Pz- OTO
TaKk HAJnlBAeMOe (pa3060e npocmparcmeo. COCTOAHHEe CHCTEeMEI
onpefensaeTCs TeM, KAK PaclpejesieHsl B 9TOM IIPOCTPAHCTBE TOY-
KH, u306paskawiiye CoOCTOAHHA BCeX N wacTHIL cucTeMsl. [Ipu aTom
HY>XHO YYECTh NPHCYIIHH YACTHIAM KOPNYCKYJIADPHO-BOJHOBOH Iy-
aJIN3M, COTJIACHO KOTOPOMY HeompegeJ e HHOCTH KOOPAMHATHL X H CO-
OTBETCTBYIOUIeH NPOeKUMH HMIYyJIbCa P, MOTyT OBIThL ompejeeHbl
TOJBKO C HEoIpeAeseHHOCTHIO dx M §p,, NPOU3BeReHHE KOTODPBIX,
cOoIIacHO npurnuyuny neonpedenennocmeiir I'eiizenbepza, 8x - 8p >h
(3neck h =2nh). AHANOTHYHO M A/IA APYTHX Iap: ¥ U py, 2 ¥ P,

IIoaTOMY eCTeCTBEHHO CUMTATDb, UTO JAHHOMY COCTOSHMIO HACTH-
HE B (A30BOM IPOCTPAHCTBE COOTBETCTBYET He TOUYKAa, a (Ha3oeas
Aveiika, o6vem xotopoit

3A = 8x:8y-82°6p-dp, Op, ~ h®. 4.1)

Pacnpefenente yacTyi no takMM ¢Gas3oBhRIM AdeHKaMm eCTh npe-
Jeabn0 nodpobHOe KEAGHMOB0E ONUCAHUE COCTOAHUA cucreMmul. Hac
6ymeT MHTepecoBaTh Haubolee BepOATHOe pacupefeseHUe GacTHIL
no $a3oBRIM A4elixaM. Pellenye 3Toi 3ajadui JOCTATOUHO CJIOMXKHO,
M ero HeT cMhICjia 37ech NPHBOAHTH. MBI NPHBELEeM JHIUL OKOHHUA-
TeJbHble Pe3yJIbTaThl — DacnpefelieHUs YacTHI N0 SHepruaM ¢;

KBaETOBRIe pacnpeneleBHs. OTU paclpefeNeHUsA IpernCTaBIdA-
10T coboit pyHKUUH f(g;), onpefendlonHe cpeHMe HUCa JACTUIL 8
o0noii dasopod Adeiike ¢ sHepruey g;, UIH QYHKUIUM 3aloTHeHHUA
AteeK:

1

dan 4)epmuonoa f(ei) = W. | (4.2)
1

da8 6oaonos fle;) = SEnT g 4.3)

3zecky B — TaK Ha3pIBAGMKH xumuveckuil nomenyuan (Hexoropas
XapaKTepHasa dHEpPrud, sHaueHHe KOTOPOH MOXHO HaflTu M3 ycJo-
BHA HOPDMHPOBKH: CyMMapHO€ YHCJIO HaCTHI BO BCeX (HasoBhIX
sueikax AoKHO GHITH DABHO TIOJIHOMY 4HCAy N 9acTHI[ MAKPOCH-
CTEMEI).
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OcranoBuMcA nofpofHee Ha OCODEeHHOCTAX 9TUX pacupegele-
HHH.

1. Ana depmuoHOB byuKuuA f(£) He MOXeT OBITH Gonblue ean-
HHIB, a A18 G030HOB ee 3HaueHHe MoxKeT OHITH Jrobmm (f >0).

2. Ecau f < 1, To B 3HAMeHATEIAX 060HX paclpeseeHH MOXHO
npeHe6peub eaMHUNEH, U GopMyia INEePexoiAT B

;) =P EB)/ET _ Ae-Si/kT’ (4.4)
T.e. B pacnpezAenenre BoabnMana (A — HOPMHPOBOUHBIH Koaddu-
LMeHT), 3HAYHT, KJaccHueckoe pacnpefereHve BonsumaHa cnpa-
BeJJIMBO JHIUB TODAA, KOPJa Majhl «4MCJa 3alojHeHUA» (PasoBBIX
fiueeK,— NpH ycaoBnu (Np « 1. Ocobo oTMeTHM, 4TO B 3TOM Cayuae
peun Maer o cognaderuu GopMyn, a OTHIOAL He O TOM, YTO M3MeHd-
eTcA NoBegeHHe dacTHIl (pepMHOHBI OCTAIOTCA epMHOHaMH, 6030-
Hel — 0030HAMH).

3. B MaxpocHCcTeMe YPOBHM 9HEPTHH &; HACTHI KEQ3UHENpepbLE-
nbt (PACTIONOKEeHbI OUeHb MIOTHO). IlosTOMY MHAEKC [ y € MOXMHO
OINyCTHTE.

4. s 6030HOB 3HadeHUA Y B (4.3) He MOryT GBITH NOJOXHUTEb-
HpIMH, HHaue [IPH &; <y oxaxkeTcH, 4ro f < 0, a oTo NHUIMIEeHO pN3HU-
yeckoro cmuicia. Takum ofpasoM, gia 6030HOB p < 0. ¥ maxpocH-
CTeM C ImepeMeHHHIM 4ncloM 0030HOB (K YMCIY KOTOPHIX OTHOCHT-
cs, Hanpumep, bororsr) p = 0, 1 dpopmyna (4.3) nepexogur B

f= 1 . (4.5)

eci/kT -1

Aas depMMOHOB MOJOOHOr0 OrpaHHYeHMS He CYIecTBYeT.

Yucao das3ospix ageex. [fo CHX nop ME HMeNH Jeao ¢ QyEk-
nuent f(g), xapakTepHsymoued, HATOMHHM, CpeflHee YICJI0 YACTHI] ¢
oHeprueH £ B ogHoM dasoBoi Adeiike. [Ina fanpHednnx esaeH He-
obxoammo HailTH uMcao dZ ¢asoBBIX sSYeeK, B MHTepBaJe dHepTHi
(g, € + dg).

Yrober onpefenurs dZ, HalifjeM CHAagajla COOTBETCTBYIOLIMI
obpem dA dasosoro mecrrMepHOTO NpocTpaHcTBa. [fna aToro B HM-
MyJILCHON YacTH $asoBOro NMpoCTPAHCTBA BhIAeJHM IIAPOBOH ci0#
pagNycoM, PaBHEIM HMOYJILCY p YaAcTHOE, H Tormuioi dp. Ero
obpem paser 4np?dp. YMHOMXKME ero Ha 06beM V KOOpAMHATHON Yac-
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TH (Has3oBOro IpocTpaHCTBa (3T0 06beM MaKPOCHCTEMBI), MOJYIHM
HCKOMBIA 3a1eMeHT o6beMa dA ¢asoBoro mpocTpaHCTBa:

dA = 4np3dp- V. (4.6)

Yucno dZ dasopbix Aueek B 9TOM dJIeMeHTe o6beMa HOIydIHM,
paszenus dA Ha o6beM ofHOR (asoBol Aueitxu, paBHHIL k3 cornac-
Ho (4.1). Kpome Toro, B nannHeiimeM Hac GyZeT MHTepecoBaTh YMC-
JI0 $a30BhIX AuYeeK, NPUXOANIUXCA Ha eAMHUNY o0bemMa 06bLIMHOrO
IpocTpaHCTBa, 1o3ToMy Oyaem cyurars, 970 V = 1. Takum obpa-
3oM, aucao Gas3oBbIX A4YEEeK B pacuere Ha eduruyy obsema, 3aHIMa-
emoro raszom, 6yder paBHO

4n
dz = 5 pedp. (4.7)

OTa BelMYHMHA HMEeT Pa3MEepPHOCTH CM S,

IIepexon oT MMOYJILCOB K 3HEPIHAM 3aBHCHUT OT IIPHPOALI €ac-
Tun. JTo OyAET KOHKPETH3UPOBAHO B JaMbHemieM.

Pacnpenenenne yacrHu. 3Has yucno dZ ¢a3oBBRIX sSYeeK B HH-
TepBasie 9Hepru# (g, £ + dg) ¥ cpejgHee 4UMCJIO YACTHI[ B KaskZoM
SuelKe, T.e. QYHKLHIO 3aI0JHEHHUA [, Mbl MOJKeM HaWTH 4HCJIO ua-
crul dn B JaHHOM MHTepBajle dHeprui (B pacdere Ha egUHHIY 06B-
eMa rasa):

dn =yfdZ, (4.8)

rae Yy — uuciaoBof koadbUIMeHT mopsALKa eSUHUIb; KaK MBI YBH-
OUM fayee, OH CBA3aH co cnenu¢MKoH J4acTHH MAealbHOro rasa.

§ 4.2. Pacnpegenenne ®epmu—Iupakxa
JJIA 3JIeKTPOHOB B MeTaJule

CBoGomHble 2/JEKTPOHBI B MeTallIe. OJIEKTPOIPOBOAHOCTL Me-
TasJI0B o6yCIOBIeHA, KAK U3BECTHO, HAMUYINEM B HUX 3JIeKTPOHOB,
KOTOpHIE MEI HaadnBaeM c80000nvimu. OHM He CBA3AHH ¢ KOHKPET-
HBIMHM ATOMaMM ¥ MOTYT IPaKTW4eCKH CBOGOJHO IepememiaThbCA B
npefenax obpasua. B nmepsoM mpubsasxenuu cBoGogHEIe 3JEKTpPO-
HBI MOXHO pACCMATPHBATh KaK HAeaJIbHHHA raz U3 (epMHOHOB B
IpSIMOYTOJbHOH IIOTEHHUANbHOM sMe.
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Tlpesxne Bcero paccMOTPHM NOBefeHME 3JeKTDOHHOIO raza Ipu
reMneparype 7' = 0. B aroM ciyuae dysxuua (4.2) npuHUMaeT cle-
AyOmne 3HAYEHU:

fe<p) =1, (s >p)=0. (4.9)
f CooTBeTcTBylOmHMi rpaduk nokas3aH
1 Ha puc. 4.1, U3 KoToporo BAAHO, 4TO

3aII0JIHEe Mkl BCe COCTOAHMA ¢ dHEepruei
£ < |, & COCTOAHUA C € > || OKa3bIBa-
IOTCSI HE3AHATHMMU.

CocTossHUA KBAHTOBAHEI, ¥ 9HEpIe-
THYECKHE YPOBHM SABIAIOTCA JUCKDPET-
HBIMH, HO PaCIOJIOXKEHBl HaCTOJBKO
ryCTO, UTO dHEPreéTHUEeCKHMH CIIeKTP MOYKHO CYHTATh, KAK YK€ rOBO-
PMIIOCh, K6a3uHenpepvishbim (CM. 3amauy 4.2).

B crarucruke Qepmu-lupaka, KoTopoit NOSYMHAETCA HJIEKT-
POHHBIN a3, OPUHUMAETC BO BHUMaHUe npunyun Ilayau (coraac-
HO eMy B K&)KIOM KBAHTOBOM COCTOSHMM MOXKeT HaxoAHUThcA He Go-
Jlee OHOTO sJaexTpoHa). OTcioga cileayeT, UTO AaxKe Mexx Ay cBobox-
HBEIMH 9JIEKTPOHAMHM CYImECTBYeT KaKoe-TO B3anMofeHCTBHe.
OnHaxo 2TC B3aMMOeNCTBYe He SBJIAETCA CHJIOBBIM, & TIPENCTaBJIA-
eT coboit cyry6o KBaHTOBEIM ahdekT, UYIKALIH KIACCUYECKHUM TIpej-
CTaABIEHUAM.

Jueprusa depmu. B paccmaTpuBaemom cayuae (7' = 0) BeauuuHy
{ Ha3uIBAIOT JHepzuel NN yposHem DPepmiu: €p = 1. ITa IHEPrusd AB-
JseTCA MAKCUMAJBHON, KOTOPYIO MOTYT UMeThb CBOOOJHBIE 3JIEKT-
poHnl B Merasne npu T = 0. HaiineMm €5,

Ons aroro cHayasa ONpefejMM YHMCIO KBAHTOBRIX COCTOSHUIM
(dasoBhix Aueek) dZ aAnA cBOGOAHBIX BJIEKTPOHOB C SHEPTUSAMM B
uETepBae (g, € + de). CBA3p MeXKay sHEPruei U MMIIYJIECOM 2JIEKT-
poHa 310 € = p?/2m. Otciona p =+2me udp = /m/2¢ de. [osromy dZ
coraacHo (4.7), T.e. B pac4eTe Ha efUHHLY 00beMa 3JIeKTPOHHOIO
rasa, IpUMeT BHA

" dZ =ave ds, (4.10)

Puc. 4.1

rae BBeA€HO O0O3HAUEHHE

a = 2n(2m)®/2/h3, (4.11)
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38BACAMOCT, dYHCNA KBAaHTO-
BRIX COCTOAHHH HA eMHUIY dHEP-
run, dZ/de, or sHeprvH & TpeA-
craBJieHa rpadHyecKy na puc. 4.2.
YT0661 ONPEXEIATH YUCIIO CBO-
6O0AHBIX 3JIEKTPOHOB dn B MHTEp-
BaJie sHepru# (g, € + de), Hajgo yYM-
HOXHUTh COOTBETCTBYIOIIEe YHUCJIO Prc. 4.2
dZ ¢asosnix aveek, T.e. (4.10),
Ha cpefHee YHCJO 3THX JAEKTPOHOB B OJHOH Agelke — Ha GyHK-
LU0 3anmoJiHeHuA [:

SR

=]
=
m

dn = 2fdZ. (4.12)

KosdppunmeHT 2 MOABUICA B CBA3H C TeM, UTo B KaXkJoM Gasosoit
AdeiiKke MOTYT PAaCIIOJIOXKHUTLCA d6a aJjieKTpoHa (dpepMHoHA) ¢ IIPO-
THBOTIOJIOXKHO HANIPABJIEHHMMMY ciuaamMu. B namem ciayuae (T = 0)
¢BOGOJHEIE 3JIEKTPOHKI 3aMOJHAIOT NOJHOCTHIO (f = 1) Bce KBaHTO-
Bblé COCTOAHHUA C IHEPTMAMH € < |I, H MEI HMeeM

dn =20e de. (4.13)
dn

T'padnk dysxuum pacnpeaeneHHs de
CBOOOAHLIX 3JIEKTPOHOB II0 3HEPI'H-

AM, T.e. dn/de B 3aBHCHMMOCTH OT
PHEepPrAHd &£, IOKa3a® Ha puc. 4.3.
IInomans mog arum rpadHroM pas-

Ha KOHUEHTpammH n CBOOOZHEIX 0
3JIEKTPOHOB:

Puc. 4.3

M
n = [ dn(e) =2 ap?”. (4.14)
) 3

Orcroga HaxogmMm || — MAKCHMAJIbHOE 3Ha4YeBHe sHeprmm cBobox-
HBIX 371eKTPoHOB Ipy 1" = 0. 3Ta BeJIHTHHA H €CThb aHePzUA NN Ypo-
aenb Pepmu:

2 2/3
ep =.’L(§E) , (4.15)

T
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rie, HanoMHuM, A = 2nh. IIpH NoAydYeHNH 3TOTO BHIPAKeHMA VITe-
HO, YTO MOCTOSHHAA o olpefensiercs dopMyinoi (4.11).

OmeHuM 3HaUeHME Ep. KOHIEHTPAUA 11 CBOGOAHBIX SIEKTPOHOB
B MeTaJJIaX HaxoouTca B npegenax oT 1022 go 1023 cm~3. Haa cpea-
Hero 3HavueHHA n =5 -1022 monyamm

gep = 0,8 :10711 5pr= 5 3B.

IIpumep. OnpexesuM pacnpepeleHde cBOGOLHBIX 3TeKTPOHOB B MeTaslIe
O CKOPOCTAM M MAaKCHUMaabHYi0 cKopocTh MX npu T = 0.
Acyo. uTo yneao dn, cBOGOAHDBIX 3JEKTPOHOB B MHTEpBAJIe dHep-
rui (g, € + de) ZOMKHO PAaBHATHCA MX 4YHCJIY dn, B COOTBETCTBYIO-
weM HyTepsage ckopocreit (v, v + dv), T.e. dn, = dn,. MiMea B
BHAY CBA3b MEXKY € X b, & HMEHHO £ = mv?/2, u dopmyay (4.13)
WA dn,, DOAYYHM

dn, = Zu\ﬁnvz/z mo dv.
OctaeTcA BOCHOABIOBATHCA BeIpaxkeHuem (4.11) ans a, m MBl
HamgeM:
dn, = 8n(m/h)3v? do,
7.2, IUIOTHOCTH pacnpejejeHua dn,/dv o v2,

ITockoabKy Merassl He KOHKDETH3WPOBAH, OTPAHMYHUMCH OIEH-
KOH MakCHMalbHOH CKOPOCTH, Nogarasg sgepruio PepMu papHOR
aHaueHUIO, Koropoe npuBefeHo Briie (5 3B). Torga

Vyase = Y265 /m =42 5161072 /0,910 =
=1,34-10% cm/c = 1,34 - 10% km/c.

Cpepnanasa sHeprHa cBobGogHBIX daexTpoHOB. IIpu T =0 AMeem
ClleAyIOIee BhIPAXKEHUE!:

1% 1%, sp 3
n . ng 5

roe ucnoias3opaHk ¢opmynbr (4.13) m (4.11). Ilpn 3Hagennn
ep=53B <& = 3 3B.

KiaccuyeckoMy rady ¢ TAKOH CpejHei bHeprued COOTBETCTBOBA-
na 611, cornaceo ¢popmyne &> = 2T, remneparypa I' ~ 5101 K. 3ra
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TeMIepaTypa BO MHOr0O pa3 NpeBOCXOLUT TEMIEPATYpPy IIJIAaBICHUA
n060T0 MeTanna.

HNpeansHuli ras, pacpeje/ieHne 4acTHL] 10 JHEPTHAM KOTOPOTo
CHJIBHO OTJHWYAETCA OT KJIACCHYECKOTro, HA3KBAKOT GbiPOMIEeHHbLM,
YTO MBI M MMeeM B PACCMOTPEHHOM CJydae.

Jueprusa ®epvu npu T > 0. Pac- ¥,
npenenenvie Pepmn—lupaka Hecko- 1 r-k—T—
JBKO pPasMBIBAeTCS B OKPECTHOCTH
yposHa ®epMH (pHC. 4.4). OTo npo- X
MCXOAHUT BCJEACTBHE B3aMMOJAEHCT- ]
BHA CBOGOAHKIX 3JIEKTPOHOR C TEILIO- 1
BBIM JBHXKeHUeM aTomoB. Tax kax 0 &
CpeaHAA JHEPrus TeNJIOBOrO JBHIKe-
HHSA aTOMOB mMeeT nopsajgok kT, To
06aacTh pa3MbIBAHMSA PYHKIMM UMEET TOT e nopaxox k7. Anaso-
rudHo gedopmupyercss M ¢GYHKUUA pacnpeieseHUs CBOOOIHBIX
9JIEKTPOHOB II0 JHEPrusAM, T.e,
drn/de (puc. 4.5).

TaxuMm obpa3oM, IIPH HarpeBa-
HHH METaJJa JHEPrHi0 MOTYT H3-
MEeHUTh TOJNBKO Te CcBobofHbBIE
3JIEKTPOHBI, KOTOPble HAXOASATCHA
Ha CaMBbIX BepPXHHX YPOBHAX, [IPH-
MBIKAIOIUX K ypoBHK PepmHu.
OcnoBnasa »xe macca CBOOOIBRBIX
3JIeKTPOHOB Ha 0OoJNee HHM3KHX Pue. 4.5
JHEepTreTHYeCKUX YPOBHAX OCTAeT-

CSl B TIPEXXHEM COCTOSIBMM H IIOTJIOMAThb YHEPrHIO IPH HAarpeBaHMK
He Gyner.

WmeHHO B 3TOM KJIIOU K PasrajKe «CTPAHHOTO» MOBEJEHUSA 3JIeK-
TPOHHOTrO r'a3a, BKJAJ KOTOPOYO B TEIJIOEMKOCTH NMPAKTHYECKH HE
3aMeTeH, H TENJOEMKOCTh KPHCTa/)Ia IIPAKTHYECKM 3aBUCHT TOJh-
KO OT KonebaHM#A aTOMOB pemieTKH (K 3TOMY BOIPOCY MBI €IIje Bep-
Hemcsl B KomBue § 4.5).

HAMes B BUAY, UTO B MOfeNH cBOGOAHBIX 2JIEKTPOHOB IOCIEIHHE
HAXOZASATCS B IPSIMOYTOJbHOY MOTeHUHANEHOM sIMe, paclpefeIeRue
3JICKTPOHOB H306pasKaloT AJIA HATAAAHOCTH TAK, KAK IOKA3AHO Ha
puc. 4.6. 3gecs U — rnybuRa aMur, A — paGora Bmxofa (HauMeHb-

oy

Puc. 4.4
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niaA »Heprusi, KOTOPYKI0 Haao coob-
OATh YJEKTPOHY AJA yAANeHUs ero
u3 metasnnta, A= U —gp). CnekTp
9HEpPreTHYEeCKMX YPOBHEM JHUCKpeT-
Huil (IIpAKTHYECKHM KBA3WHeIPEephIB-
Hu#1). Toummposana dacThs CcIeKTpa,

3aMOJTHEHHOT0 CBODOJAHBIMH 3JI€KTDPO-
Puc. 4.6 HAMM.

OHeprua ®epMH, KaK NOKA3LIBAET pacdeT, HECKOJIBKO 3aBHCHT
OT TeMIepaTyphl:
2
w2 kT

ex(T) = e¢(0) l—ﬁ w0 I’ (4.17)

rae £x(0) — yporers @epmu npu I’ = 0, onpesgendaeMulit hopmynoi
(4.15). U1 Gonee ofmee ompenenenue yposHsa PepMH IVIACHT: 3TO
9Heprus, IpM KoTopoll pacnpenesenue ®Pepmu—Hupakxa (4.2) npu-
HuMaeT 3HaueHme [ = 1/2.

§ 4.3. O 3oHHOH TEOpPHH. JIEKTPOIPOBOTHOCTH

JHepreTrHueCcKHe 30HBI B Kpucraniax. CRoGoAHbIe 3JIeKTPOBE B
MeTaJjie — 3TC MOJeNhb IIOReleHUs 3JIEKTPOHOB B II€éPBOM NIpHUGIH-
JKeHHH. YTOUHEHHe 3TOX MOJelIM CROAUTCA K y4eTy TOro, 4To 3JeK-
TPOHW Ha CAMOM Jeje ABHXKYTCS B NEePUOAMYECKOM Ioje, H 3TO
NPUBOAHUT K IOSBJEHHIO HOBOrQ ABJI€HUA. A HMEHHO, KBasUHeNnpe-
PHIBELIH 3HepreTHYEeCKHH CNEKTP 2JIEKTPOHOB pacIafaeTcsa Ha Psf
paspemieHHEIX H 3allpeleBHBIX 30H.

Kaxnaa 3 paspemeHEHBIX 30H COCTOMT M3 N OGJM3K0O pacmosio-
JKEeHHEIX YPOBHeH, UMCJO KOTOPHIX PABHO KOJHMYECTBY aTOMOB B
kpuctaane. Illupura 30m (3 + 5 3B) He 3aBMCHT OT Pa3MePOB KpHC-
tTasna. IlpoucxokaeEne 3THX 30H CBA32HO C IHepPreTHIECKUMH
YPOBHAMH H30JMPOBARHWMX aToMOB. IIpK o0pasoBaHMM KpHcTaajla
KEOKIRMH yPOBeHb aToMa pacrnajaerca Ha N ypoBueil. OcobeHHO cH-
JIBEOMY pacIenleHHIO IIOABEPraloTCsa BhHIHIeJexxainue SHepreTnde-
CKHe YPOBHHM aTOMa, U B JaCTHOCTH, YPOBEEL C BHEIIHWM BeJIeHT-
HEIM 3JIeKTpOHOM. B peaynbTare BO3HWKaeT 0coGeHEO MHTEPECYIO-
Mas HBac 6aleHMHAA 30HA, YPOBHH KOTOPOHN 3amosHeHHl
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HATOJOBHHY, €CJIM B COOTBETCTBYIOIIEM aToMe OB OAMH BaJleHT-
HEIH aneKTPoH. HamosioBHMHY, IOTOMY UTO HA Ka’>XAOM YPOBHe MoO-
TYT PACIIOJATATLCA N0 /iBa 9JeKTDOHA C IPOTHBOIOJIOXKHO HANIPAB-
JeHHBIMY cIMHamM. Ecau >ke BaneHTHBIX 3JIEKTPOHOB y aroma /iBsa,
TO BaJIeHTHasl 30Ha OyjeT 3alonHeHa NMOJHOCTHIO. BnpoueMm, Bo3-
MOXXHEI CIIy9aH, KoTAa JABe 30HH, 06pa3oBaHHEIE M3 ABYX COCETHHX
YPOBHel aToMa, MepeKpHIBAlOTCA, ¥ 06pasyeTcs 30Ha, cojepxamasn
2N ypoBHe#.

30HY, PacIOJ0XKeHHYIO HaJl BAJeHTHOMN, HA3bIBAIOT C80000HOL.

B 3aBHCHMOCTH OT CTeIIEHH 3AIOCJIHEeHUA BAJeHTHOI 30HH 2JIEKT-
poHaMH M IMUPHMHLI AE 3anpemenHoi 30HR! KPHCTAJIE IIOApasfe-
JIAIOT HA MeMGaAAbL, NOAYnpoeodnuxu u duanexmpuru (puc. 4.7).
Ha prCcyHKe TOHMpPOBAaHA TA YacTh 2HEPTreTHYECKOTO CIIEKTPa, KOTO-
pas MOJHOCTHIO 3amOJIHEHa 2JIeKTPOHAMH (110 ABa Ha YPoBeHB). JTO
pacipejeieHue coorTBeTcTByeT Temieparype T = 0. IIpu sroif TeM-
mepaType BCe 2JIEKTPOHBI COBEPIUAIOT BHYTPEHHME KBAHTOBBIE ABH-
JKEHWA, HHKAK IIpH 2ToM cebs He NPOABJAA.

Memaan IToaynposodnui Huarexmpux

Prc. 4.7

B memannax, kaxk Mbl y3e 3HaeM, JOCTATOYHO COOBHIIMTE 9JeK-
TpOHAM, HAXOAAMMMMCS BAa BEPXHHX YpOBHAX, HeGoJBIYIO 3HEp-
THIO (IIOBBIMIAA TeMNEPATYPY UAH IPHKIAABIBAA BHEIIHee 3IeKTPH-
yeckoe nose E), uyrobul mepeBecT uX Ha 0oJee BHICOKHE YPOBEH,
r7ie OHH IPOSIBIAAIOT CeGA MM B TEIJIOEMKOCTH HJH B 3JIeKTPONIPO-
BOJHOCTH.,

Y noaynpoe6odruxos nesio o6CTOUT MHade, H 3JEKTPOBLI MOTYT
cefa Tax MM MHadYe IIPOXKBUTH JUIMb B cJAydae, ecau UM Gyaer co-
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ofmeHa 2Heprus, HpPeBLINIAIOIAS 3Hepriio AE 3anpenjeHHOM 30HLL,
gT06Bl II€PEBECTH MX C BePXHMX YPOBHeHd 3alOJHEHHOH BaJIeHTHOM
30HBI B CBOOOAHYIO 30HY (Y DOJNYNPOBOAHHKOE AE nopagka Hecko-
JAbKMX JAecATRIX 9B). CBobomgHasA 30Ha cTaHeT JjI8 TAaKHX 3JeKTpo-
HOB 30H0i npogodumocmu. OfHOBPEMeHHO MOTyT ce0A IPOABIATH U
9JIEKTPOHE! HA BePXHUX YPOBHAX BaJICHTHOH 30HBI, HOCKOJbKY 3TH
YPOBHM YACTHYHO OCBOGOXKIAIOTCH.

D/IEeKTPONMPOBOAHOCTh METAJNIOB M IIOJYINPOBOJHHKOB

HanoMHEM, 9JIeKTPOIPOBOSHOCTE G — ITO BeJMUYHHA, CBA3bIBA-
IOIIfast WIOTHOCTD § 3JIEKTPHYECKOI'O TOKA H HAaIpA»XeHHoCTb E B J10-
xaabHOM 3axoHe OMma §j = oE.

Insa Memanno6é KBAHTOBAsl TEOPHUA NPMBOOHT K CAEAYIOIIEMY
BBIPAXXEHMIO 2JIEKTPONPOBORHOCTH:

ne21

o= ) (4.18)
m

rOe n — KOHOEHTPanMA CBOGOOHBIX 3JIEKTPOHOB, m — Macca 2JIeK-
TpPOHA, T — HEKOTOPOe XapaKTepPHOe BpeMsda, KOTopoe MHOIJAa Ha3bi-
BAIOT 8peMeHeM PeadKcayul. 3TO BPeMs XapaKTepu3yeT B YACTHO-
CTH NIPOLECC YCTAHOBJIEHUA PABHOBECUSA MeXAY 3JeKTPOHAMH K pe-
IIeTKOM, HAPYIIEHHOro, HANPHMEP, BHE3aOHEIM BKJIUEHUEM
BHeniHero noas E.

MosxeT noxasarbCcs, 4To ¢ B (4.18) saBMCHT oT mOoBegeHMA Bcex
CBOOOOHEIX 9JIGKTPOHOB. JTO He TaK. ¥Y4acTBYIOT TOJbKO Te U3 HUX,
KOTOpBle HMEIOT SHepPruk EBOauam ypoBEa Pepmu. A aTo Majad
HACTh BCeX CBOGOJHLIX 9JIEKTPOHOB, M MX AOJS YUYMTHIBAETCHA BeJIH-
YMHOM T.

Amnanus supaxenud (4.18) nokaseeaer, uro 6 o 1/7T. 3To pac-
XOAUTCS C pe3yJbTATAMM KJACCHYECKOM TEeOpHH, I'le T oo 1/ﬁ.
JKCHepuMenT IIOATBEPXKAaeT BBIBOJ, KBAHTOBOHM TEOpPMM.

Pu3nuecKo IPUYMHON 3JIEeKTPUHECKOT'O COIPOTHBICHMSA ABJIA-
eTCsl paccesuue 37JeKTPOHHALIX BOJH Ha NpHMecAX M gedekTax pe-
MeTKU, 8 TaK)Ke Ma €e TeIJIOBRX KOJeGaHMmAX.

Y nonynpoeodnuxoe 31eKTPOIPOBOAHOCTL Bo3HHKAET IpHA 1" # 0
B pesysibTaTe IIepexofa 3JeKTPOHOB C BepXHHMX YpPOBHeH BaJIEHTHOM
30HBI B cBoOOHYI0 30HY. IIpH aTOM B BaJeHTHOI 30He ocBOGOX1a-
eTCsI TaKoe JKe YHMCJIO COCTOSIHHII Ha BePXHHX YPOBHAX — HX Ha3mnl-
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BAWOT <«dvipxamus. Korna roBopAT o mepeMeIeENH ABIPOK, TO HMe-
IOT B BRAY HEe PeaNbHYIO YaCTHILY, a TOT (PaKT, 9TO ee ABUIKEHHE OT-
pa’kaeT XapaKTep ABMIKEHHA BCeil COBOKYIHOCTH JIEKTPOHOR
B BePXHUX YPOBHAX BAJCHTHOH 30HEL JTO yA0OOHOe HOHATHE, H UM
IMUPOKO MOAL3YIOTCS.
PacnpenieneBye 3/JIeKTPOHOB
o YPOBHsIM B CBOGOJAHOH M Ba-
JIEHTHOH 30HAaX OIHUCHIBaeTcH
byHKOHEeR ®epru—upara
(4.2). I'padpuyeckH aT0 IOKA3AHO
Ha puc. 4.8, CooTrBercrByIOIMKX
pacuer fgaer, 4To ypoBeHb Pep-
MH IIpM 3TOM PpAaCHOJIOXKEH IIo-
cpefHHe 3anpelneHHOH 30HHI,
KaK 3TO U IOKA3aHO Ha PUCYHKE.
YpoeHu csobopHOH 3ombl {C f(e)
3JIeKTPOHAMHU) HaXOAATCA Ha
<XBOCTe» pacnpefegeHun [(g).
Oro oa3HavaeT, 4To € —£p ¥ AE/2. C yueToM moCleJHETO COOTHONIE-
HHUSA ¥ TOTO, 4T0 AE >» kT, BepoATREOCTS [(£) 3amoHeHu A YPORHEH B
cBoboaHoM 30He, T.e. bopmyny (4.4), rie U = er, MOX¥HO 3aIIMCATH
Kak

Pae. 4.8

f(€) co e AE/ZET, (4.19)

Yucao 31eKTPOHOB, NepelleAIINX B CBOOOAHYIO 30HY, 8 3HAUHUT
M uHcao obpas’oBaBIIUXCA ABIPOK, OyAer nponopiuoHaabHOo f(£).
OTU 3JIEKTPOHB! ¥ JBIDKY M SABAAIOTCA HOCHUTEJAMHU TOKA.

D/eKTPONPOROCAHOCT, G TPOMOPIIMOHANBLHA YMCAY HOCHUTEJeH,
3HAYUT U ¢ o f(g), T.e.

G oo e AE/2kT, (4.20)

Orcioza cAeAyeT, YTO JEKTPORPOBOABOCTD IIOJYIIPOBOAHMKOR ObI-
CTPO pacTeT ¢ yBeJUdeHHEeM TeMIlepaTyphl.

TUDHYHLIMY OONYIPOBOAHHKAMMK ABJISIOTCA PePMaBEMM M KpPeM-
HMH.

IIporogMMOCTb, KOTOPYIO MBI PacCMOTDEJNM, Ha3LIBAIOT cofcm-
8eHHOl, OHA CBOMCTBeHHA YMCTHIM NoJynpoBogHukaM. Kpome Hee
CyIOecTBYeT ¥ IIMPOKO MCHOJb3YETCH NPuUMECHGA NPOBORMMOCTD.
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OHa BOBHMKAET, KOTAA B YMCTOM OOJYIPOBOJHMKE HEKOTOPHIE ATO-
MBI 3aMemamT ApPyrumMu (npHmechio). B pesynbTare B 3anpemeH-
HOH 30HEe BO3HUKAIT Ao0aBOYBEIe YPDOBHH, PACNOJICKEeBHEIE 6IU3K0
uJH Kk cBoBogHolt 30me (JoHOpHbIE) UM — K TOTOJKY BAJIEHTHROM
30HHI {aKyenmopbst). ITO CMOCOOCTBYET CYMECTBEHHOMY YyBeJIHYe-
HUIO 2JIEKTPOIPOBOAHOCTH monynpoBoguuka. Ho B geranm aroro
Bompoca MEI yrnybnaTtecs He OygeM, IIOCKOALKY PaAMKaNIbHO HO-
BbIX MAeH 3mech HeT.

§ 4.4. Pacnpenenenne bBoze-JitHmITetBa
And GoTOHHOTO rasa

PaBHOBeCHOe TENJIOBOEe M3JIYUeHHWEe B 3aMKHYTOH IIOJIOCTH IIpej-
craBaseT cofoil COBOKYNIHOCTb CTOAYHX 3JIEKTPOMATHUTHBLIX BOJIH C
JUCKPETHLIMHK yacToTaMH. IIONKTKH TeopeTH4YecKH o0BbACHATL Ha-
6mopaeMoe pacnpejeneHHe CHEKTPAJILHOH INJOTHOCTH H3NYYeHUS
110 YACTOTAM C KJIaCCHYECKOH TOUKY 3peHUS OKa3aJauch HeCOCTOATE-
JbHRIMKM U TOPOAWJINA TaK HA3bIBAEMYI0 «IpobneMy TemJIOBOTO H3-
nygedusis. B 1900 r. oua Gbisa pemeHa [InaHkoM nyTeM BBeJeHHSA
B NpoliecC B3aMMOAEHCTBHA M3Jy9eHHUA C Bel(eCTBOM HAeH KBAHTO-
BaHMSA.

OHHIUTEeNAH caenan ciaeaywmuil mar. OH OpeanoNoXKuiI, U 3TO
IOATBE pAMIOCH BKCIIEPHMEHTOM, UTO CaMO M3JydeHHe HpeacTaBis-
eT coboit pomonubill 2a3, Ta3 UAeaabHbIA. ¥ (HOTOHOB CITHH paBeH
egnHHNle. 3HAYHUT 3TO GO30HLI, & OHH NOAYMHAIOTCH CTATHCTHKE Do-
3e-JHHMITEHHA,

Yucno GOTOHOB B IOJIOCTH He COXPAHAETCS, OHO 3aBHCHT OT TEM-
nepaTyphl. A AJS CHCTeM C IlePeMEeHHBIM YHCI0M G030HOB, Kak
6r1n0 cka3ano B § 4.1, xumMumecku# norennuan u = 0, ¥ pyHKIUA
(4.3) npunumaer Bug (4.5), T.e.

fe—r

—_— (4.21)
e  _1

na ¢oToHOB £ = Av u p = hv/c, IO3TOMY YHCJIO KBAHTOBRIX CO-
croAHu# (Ga3oBHX Aueex) B MHTepBaJe yacToT (v, v + dv) B pacde-
Te hg@ eduruyy obzema GOTOHHOro raja pasHo cornacHo (4.7)

az =2y gy, @.22)
c
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Tpaduru dyrrnuit f 1 dZ/dv 112 GoTOHEOro rasa npejcTapie-
HuEI Ha puc. 4.9 u puc. 4.10. Cneayer ofpaTuTs BEMMAHHE Ha To,
uTo offie dYHKUNK BedyT cebsa ¢ poCTOM YaCTOTH ¥ B3AMMHO IIPOTH-
BONQIOXKHO: [ yOuisaer, a dZ/dv pacrer.

f dz
T 3
oo l/y
oo v?
e ™
0 y 0 v
Puc. 4.9 Puc. 4.10

B cooTBercTBum ¢ popMynoi (4.8) unciio GOTOHOB ¢ YACTOTAMH B
nHTepBaie (v, v + dv) paBHo

2
dn=pfaz-%m 4 (4.23)
¢ e v/ RT -1
KosdduimeHT 2 IogBHICA B CBA3H C ABYMSA He3aBUMCHUMEBIMH IIO-
JAPHU3ANASIMY M3JIYUESHUs BO B3aHMHO TIePIOeHAUKYISAPHBIX IIOCKO-
cTax. J[IpyruMM CJIOBaMHM, OH YVKashlBAeT HAa JABe BO3MOXKHBIE ITOIIe-
peunble mojsgpH3anuu dotoHa. HanoMHEM, 9TO B caydae 3JIeKTPO-
HOB 3TOT K03(GGMIMEHT yIUTHIBAN LBE BO3MOXKHEIE ¢OPHEHTAIUH»
CIIMHA 3JICKTPOHA.

I'padux pacupenesenus ¢oTOHOB IO YacToTaMm, T.e. dn/dv, mo-
Ka3aH Ha puc. 4.11, IInomaae nox kpUBoH PABHA IIOJIHOMY YHCAY 7

¢oTOHOB B pacdeTe Ha efMHHLY o0beMa GoTOHHOrO rasa.

dnt

Pue. 4.11
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Tenepb nepeffieM K CHEKTPAIbHOM IJIOTHOCTH BHEPIrHMU H3Ty4Ye-
nus (¢oTroHHOrO rasa): u, = du/dv, rge du = kv - dn. B pesynsTare
[IOJIYIUM:

[ _sww® 1

| ty 3 gW/KT g ’ (.24

[4

u, Iro 3uamenuras ¢opmyxra Ilnaw-
' xa. Eé oTkpBITHe Y HHTepnpera-
: WA TOJOXKHAN HAUAJO CO3NAHHIO
7 KBaHTOBOM Guanmxu. ['padux sToMN
: 3aBUCHMOCTH OT YacCTOThI ¥ IIOKa-
T, 3aH Ha pmc. 4.12.
T IIpn epexone or v u A K LHKJANYE-
» CKOH uactore © = 2nv u i = h/2rn Hago
0 vV  yuects, uro udv = u,do. Toraa dop-
Puc. 4.12 mysa ILnanka opnobGperaer Buz:

-

|
|
|
il
; 1)

L1

R 1

Mo = 55 AT (4.25)

Bepuemca k dopmyne (4.24), rpadgHKH KOTOPOH IPH pas3HbIX
TeMIIe PATYPAax npejcTaBaeHsl HA puc. 4.12, rae T’y < Ty < T3, ILto-
mage» non Ka.‘)EAOfI H3 3THUX KPDHBHIX paBHa HOJIHOﬁ JIOTHOCTH 3HED-
TUH ¥ IIPM COOTBETCTBYIOUIeit TeMnepaType. BEIACHMM, Kak 3Ta Be-
nuyuHa (¢) 3asuckt ot T'. Jiaa aToro pagH ynpomeHusd npeobpaaso-

BaHHIL npefcraBEM (4.24) B BHJE
u, = v3F(v/T), (4.26)

rae F — GyHKIMSA, BHA KOTOPO# 10 oTKpEITHA Ilnanka 6611 Bensse-
cteH. Kcraru, B takoM Buje dopmyna (4.26), 6plna noayuena Bu-
HOM M HOJy4YujJa Ha3Bapue gopmynv. Buna.

Bocoonszosasmucek (4.26), sanumem:

u=[u,dv= vaf(i)durr‘ £ F(x)dx, 4.27)
Jow = Prr\g Jo =T

Toe BBefieHAa HoBad mepemeHHaf x = v/T. Ilocaegru# HHTerpan
npeACTaBAAET COO0K HEKOTOPYIO MOCTOAHHYIO @ , U MBI [IPHXOJUM
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K BHIBOAY, HUTO
u = aT4. (4.28)

3axon Credana—Bonpumana. BMecTO IJIOTHOCTH 3HEPruy Ma-
JydeHHA u yaoOHee MOJBL30BATLCA INOHATHEM IHepzemuveckold cge-
mumocmu M, xoropaa BHpa)kaeT IIOTOK SHEPTHMM H3IJIYICHHA C
eIMHHLEl TOBEPXHOCTH IO BCeM HAIlpaBJEeHHJAM B Ipefenax TeJec-
Horo yrja 2n. MoXHO ImoKa3arh, 4To obe 3TH BeJMYHHBI CBA3AHEI
COOTHOINECHHEM

M =-u (4.29)

£
4

Ncraerca ydyectb (4.28), ¥ MBI DOJyIUM

M = oT4. (4.30)

Jra ¢opMyna M Buipaxkaer 3akon Cmegana-Boavymana. 3aechb
o — nocmoarnas Cmedana-Gorvymana. C nomompro GOpMynn
IInanka MOXXHO HaliTH ee 3aBMCHUMOCTL OT IIOCTOSHHBIX ¢, £, 2 H ee
YucIoBoe 3HaueHHe:

o = 5,67-1078 Br/(m2.K%). (4.31)

Ecau B cTeHKaxX II0JOCTH ¢ PABHOBECHKM TEIVIOBHIM H3JIyYeHHeM
(PoToHHBIM ra3zoM) caenath HefoAbIIOE OTBEPCTHE, TO MOXKHO 3KCIIE-
PHMEHTAIbHO HCCJEAOBATH CIEKTPaJbHMMN COCTAB BHIXOAALLETO He-
pea 3TO OTBEPCTHE H3NYYCHMH. OTO OO IPOAESAaHO A Pa3HBIX
TeMmepaTyp IoJocTH. Pe3yibLTaThl OKas3aJMCh B IIPeKDacHOM COOT-
BeTCTBMH ¢ Qopmyaoit Ilnanka H 3akoHoM Credana-BonbinmMana.

B JaHHOM cayvae OTBEPCTHE B CTEHKE NOJOCTH HI'PAET POJb Tak
HA3LIBAEMOTO 4eprozo mena. Ero oco6eHHOCTRIO ABAAETCA COOCO-
HOCTH IIOJHOCTHIO MOIVIOLIATE NIafalolllee Ha Hero M3BHe M3JIyYeHHe.
TepMHH “epHOe He clejyeT NOHHMATh GYKBalbHO: IIPH IOBLIMICHU K
TEMIIEPATYPH OTBEPCTHE HAYHMHAET «KPACHETh>, a 3aTeM MOXKeT
ctath u 6expim. ITocne 3TOr0 He JOTIKHO BHI3LIBATE 0COGOTO YAHB-
JNeHudA, €CIH B KadecTBe IpHUMepa YepHoro TeJa OyaeT Ha3BaHO...
Connne. Heso B ToM, 4TO CHEKTP&JBLHKH COCTAB €ro HM3Iy4eHHd
oyeHb 630K K onucuwBaeMoMy dopmysroi Ilnanka (u Coarue npu
9TOM HOJHOCTBIO MNOTJOINAET IajfIlee Ha HEIO HMaJIydeHHe).
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3axons cvmemenns Buma. [Ipm TeopeTHuecKHMX HCCIeNOBAHHAX
CIIeKTPAJBHKIX COCTAB M31y9eHHA yAoOHee XapaKTepU30BATE 110 Ya-
CTOTAM, B SKCIIEDHMEHTAJLHEIX >Xe — Io JAHMHAM BoaH. HMmesn
B BUAY cooTHomerue u,dv = —u,;dA, dopmyny (4.26) u Tto, uTO
v = ¢/A, 3anmuniem.
dv 1
u, =-u ‘_(AT)—v = —E'(XT) (4.32)
dl 13 15
Hanuune 3Haxka MEHHYC B MCXOAHOM QopMysie CBA3aHO C TeM, UTO C
poctoM uacTtoThl (dv > 0) gauHa BOAHBI yMeHbllaerca (dA < 0).
Haiigem Teneps JIHHY BOJHHL A,,, COOTEETCTEYIOILYIO MAKCHMY-
My GYHKIMH ;. OTO 3HAYHT, HAJ0 PEeIIUTH ypaBHeHUe du, /dA = 0:
du dF b d.7
du g F = (
28

= AT — -b%

dh 2 dr 2 dA
BrIpaxeHue B ckobkax ecTh Hekoropasda byuxnus O(AT). IIpu anu-
He BOJIHBI A, COOTBETCTBYIOIMEH MAKCHMYMY GYHKIHHK i,, GYHK-
nua O(AT) gomxHa obpaTuThesa B Hyab: O(A,,T) = 0. Pemenue mo-
CJIeJHEeTO YPaBHEHNA MPHBOSUT K HEKOTOPOMY 3HAUEHHIO b BeIHYH-
HH A,T. TakuM ofpa3om, MOJXKHO 3alucaTb, YTO

TAn=10. (4.33)

OTO M ecTh 3GKOH cMeuieHud Buna. 3nadeHMe mocTosAHHOH b
MOXXHO HaWTH OKCIEPHMMEHTAJNBHO HJIM C IOMOINBIO GOpPMYJIbL
IL1anka:

b=0,29 cm-K. (4.34)

H3 dopmynpr (4.33) BUAHO, YTO C POCTOM TEeMIIepPATYDHl AJIUHA
BOJHBI A, YMeHLIIAaeTCsa, & 3HAYUMT, YACTOTa vV, YBeJINUUBaeTCH,
Kak ToKasagOo HA puc. 4.12. 3aMeTHM TOJBKO, UYTO ¥, # ¢/Ap,, IO-
CKOJIBKY V,, COOTBETCTBYET PACIpPeAENeHHUIO 0 YaCTOTAM, 8 A, — IO
JJIHHAM BOJH.

C noMompw 3aKoEa CMeIleEAS BAHA JeTrKo onpefeluTh TeMIre-
parypy I 31eKTPOMATHMTHOIO M3Ny4YeHHA (MJIH ero MCTOYHHUKA),
CIIEKTP KOTOPOT'O COOTBeTCTBYeT (ropmyne Ilnanka. Tak Baxogdr,
HampUMep, TeMIEpaTypy 3Be3[.
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IIpumep. Onpeseaum AJAHMHY BOJIHEI A,, COOTBETCTBYIOIOYIO MaKCHMYMY
¢byEKIUMK pacnpeaeseHnuA U, TEIUIOBOTO H3JydeHHs, JHepreTnye-
ckas cBeTrMocTh Koroporo M = 30 Br/cm2.

Jnsa aToro clegyer HCOOJbL30BAThL 3AKOH CMelNeHuA ByHa, TeMie-
parypa T B KoTopoM cBsigaHa ¢ peaudMHON M saxodom Creda-
na-Boasnmada. B pesyabrare moaydmM:

A, =bYo/M =0,29-10245,67-10"%/(30.10%) =
=19-10°%m = 1,9 MxMm.

§ 4.5 TennoeMKoOCTb TBepaALIX TeJa

KnaccHueckast Mofens. B ocHOBe KJIACCHUECKOH TEODHM TeILJIO-
€MKOCTH TBepPAKX TeJ (KPHCTAJJIOB) JIeKHT 3aKOH paBHOpPacmpefe-
JIEHUSl 2HEPrUU 1o cTeneHaM cBoboasl. TBepaoe Teso paccMaTpHBa-
IOT Kak cucTeMy N He3asucumuvix APYr OT APYra ATOMOB, MMEIOIIMX
10 TPH KoJiebaTeJbHRX cTenleHH cBoOoAR. Ha KarKAyIo M3 HUX IIPH-
xopurcs B cpegHeM oHeprua kT (k7/2 B BHge KuHeTHdYecKOH M
kT/2 B BUAe noTeEnuanbHoi). MMea B BHAY, 4TO YHCIO Kosebare-
JABPHEIX cTemeHe# cBoboasl paBHO 3N, MOJYYHM, UTO BHYTPeHHAH
9Heprua ofHoro moad atoMoB U = 3N kT = 3RT. Orciona Moasp-
Haf TEIJOeMKOCTh

C = 3U/aT = 3R. (4.35)

B oTomM cyTe 3arxona Jioaonza u o
IImu, xoTOpHIA yTBepX(AaeT, 9T0 gpl. . ______
MOJIAPHAA TENJOEeMKOCTbh BCEX XH-
MPYECKH IPOCTRIX TBEpPAKIX Tel
oauHaxoBa U paBHa 3R. Otor 3akon
BRIDOJIHAETCA AOCTATOYHO XOPOIIO
TOJLKO IPH CPABBHHTEJBHO BBICO-
KHX reMuepatypaxX. OmuIT mOKasH-
BAeT, UTO IPH HHUSKHUX TeMIIEpaTy- Puc. 4.13
pax TeIlJIOBMKOCTb Tenl y0OnlBaeT
(puc. 4.13), crpemace k mymo npu T — 0 no sakoHy C oo T3,

Mopear OiimmreiiHa. TpygHOCTH, Ha KOTOpble HATOJKHYJIACH
KJIACCHYECKAd TEOpPUA B BOIMPOCE O TEIIJIOEMKOCTH TBEPABIX TeJI,
yCTpPaHMJIa KBAHTOBAA TeOpKsA. B nepBoHAYAILHOH MOIenu, pas3pa-
6oraEHOM SHHILTEeHHOM, KPUCTAJJI PACCMATPHMBAJICA KAK CHCTEMa
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N aromoB, KaxXARH M3 KOTOPLIX ABAAETCA KBAHTOBLIM TApDMOHHYE-

ckuM ocummraropoM. IIpeArornaranocs, 3To kKoneGaHMA aTOMOE

OPOMCXORAT He3a6UCUMO APYT OT ADYTA ¢ 0JUHEK0E0L YACTOTOR .
OHeprus KBAHTOBOTO MADPMOHHMYECKOTO OCIIM/UIATOPA AUCKpeTHA:

g,=®+1/2Yhv, v=0,1, 2, ... (4.28)

MoxHo nokasars (cM. perenne 3aja4uu 4.8}, ¥TO CPEAEAA SHEPLUK
TAKOTO OCIHAAATODPA
hy hy

R (4.37)

ITepBoe ciaraemoe 3feck — 3TO TAK HA3BIBAEMAH HYJI€6AR IHEDZUR
mapsoro ocumaiaaropa. OHa He 3aBUCHT oTf T' ¥ He mMeeT OTHOIIIe-
HUA K TenJoBoMYy ABmkeHmio. IlosToMy B TeopMHM TemsI0eMKOCTH
TeJl ee MOXHO OZYyCTMTH M BHIpaXXeHHe A BHYTDeHHe#l 5Hepruu
ofxHOTO MoJA OGyAeT MMeTh BUA:

hv

U =8N, ® =8N, (4.38)

Tenepb MOXHO HaTH MOJIAPHYIO TeIlJIOeMKOCTh KPHCTMJIH‘IGCKO?I
pellleTKH:
c_9U _ SR(Ww/kTY: 4 par

o @1y o

JT0 BhIDaXKeHHMe HA3LIBAIOT Hopmynoit dinwmeing.

Ilpu Bricoxkmx Temmepatypax (kT > hv) oA DepexofuT B ¢op-
myay (4.33). IIpn Hu3KEX e TeMmuepatypaXx (BT <« hv) mo)xHO mpe-
Hebpeus eAUHHIEH B 3HaMeHATese, H

C = 3R(hv/kT)2 e~h¥/*T, (4.46)

IIpu T' > 0 1 C — 0, 1 xox xpuBoit C(T') B obmiem DouTH coBanaeT
¢ pesyisTaTamn orsITa (cM. puc. 4.13). 3o 681 cepresnnit yelex
KBAHTOBOW TeOpHH .

* 3aMeTHM, 970 Teopnsd JAnmTelina OpHMeRHMa H K KoJlebaTebHON TENN0EMKOCTH
rasos, COCTORIIHX M3 MOJEKY.
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Bmecre ¢ Tem, DpeackaskiBaeMoe TeOpHEH MOBeJeHHe TeNjIoeM-
koctn npKk I — 0 He ouyeHws corsacyerca ¢ EBaGaogaeMeiM. Ilo
dunmrenny sapucumoctk C(T) QOMKHA MMeTh 3KCNOHEeHNRATBHEIH
XapakTep, a oCWT fgeT, uro C o T3, IIpn Apyrrx TemMoepaTypax
dopmyna IRRIOTeHRA TaKKe COrACYeTCA ¢ 3KCIIePAMEeHTANBHBIMHA
ODAHHMMH TOJBKO B KAYECTBEHHOM OTHOIDeHHMH,

OTH pacXoXXAeHHNs CBA3AHBI HE C CYILECTBOM KBAHTOBOH TEOPHH,
a ¢ YpesMepHbIM YIpOILeHHeM CaMoi MoleslH TBephoro Teaa, T.e. ¢
CpeAroIoKeHHeM, YTO BCe ATOMEI KOJIeGAIOTCA HeSaBHCHMO APYT
OT Apyra M C OZMHAKOBON 4YacTOTOH., ITO DOHMMA K caM JHHII-
TeilH, OH JXe yKasal, B KaKOM HalpaBJIeHWH cCJefyeT Da3BHBATL
KBAHTOBYIO MOJEJb.

Monens {e6asa. B aroit Moflen KprCTANIHYECKAA PellleTKA pac-
CMAaTPHBAETCA KAK CE8L3CGHHAA CHCTEeMAa B3aMMOJLEHCTBYIONINX ATO-
moB. Kose6aHnsa TakoH cncTeMbl — Pe3yJbTaT HAJIOXKeHHs MHOIHX
rapMoHMYeCKHX KoJseSaHmi ¢ pasnAsHeIME JacroTamu. Ilog rapmo-
HMYeCKMM OCHUJINATOPOM TOM MM MHOM 4YAaCTOTHI Tellepb HAKO IIO-
HUMATDH KoJIeGaHud He OTAeNbHOTO ATOMA, a BCeH CHCTeMb] B IIeJIOM.
3agaya CBOAMTCA K HAXOXKACHHIO CIeKTPA YACTOT 3THX OCHRIIATO-
poB. 310 BecbMa cyoxkHO. [le6ail cmapHO ynpocTii 3ajayy. On o6-
paThn BHMMAaHMe Ha TO, 4TO IPH HUBKHMX TEeMIEDATYpax CCHOBHOH
BKJIaj B TeTJIOEMKOCTb BROCAT KoJNeGaHMA (OCOAANATODHI) HAIKMAX
YacTOT, KOTOPBIM COOTBeTCTBYIOT MAJIble KBAaHTBI 3Hepram hy,
IIpakTHYecKH TONLKO TakHe KojeGaHHA B BO30y>kKAeHBl BpDH HH3-
KHX TemMmeparypax. HH3KOYaCTOTHHIA ke CheKTP KoJebGaHWH pe-
WeTKn MOXeT GHITh PACCYMTAH AOCTATOYHO TOYHO, M BHIYMCJICHHA
OKAa3HIBAIOTCA JOBOJLHO npocThMK. Takum nyrem e6Gaik coctponrn
TEOPHIO TerJIOEMKOCTH TBeDABIX TeJ, 0cOGeHHO XOpOILIO COIIacyio-
IIYIOCA ¢ OZRITOM IpH HM3KHUX TeMNeparypax. VI3 TeopHm: cnenosa-
5o, utro opn T — 0 pedictBurensro C oo T3,

Mkl He 6yaeM BocOpoOH3BOAHTE HOXPOOHC paccyxiaeHuda [lebasd.
Yro6ht OAYIHNTH Pe3YIbTATEI, K KOTOPHM CpHIuen Je6Gak, Ml no-
CTYCZMM HHAaue.

®oronn. Caryannd, ¢ KOTOpPOM MRl BCTPeTRHINCH (KPHCTANT,
o6beM KoTOpOrc 3aloJHeH CTOAYMMA YIPYrAMMA BOJHAMM — KBaH-
TOBBIMH OCIHRJIJIATOPAMM), AHAJIOTHYHA TOH, KOTODYIO Mhl MMEAMN B
cnydae IOOJOCTH, 3AIIOJIHEHHOH 3JIeKTPOMArHATHRIMHM KBAHTOBEIMHA
ocumyUIATopaMu. Tam, mo maee DHHINTEHHA, OKA3aN0oCh BO3IMOXK-
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HBRIM [IDefCTABHTD 3JeKTPOMAarHATHOE M3/yUeHMe B DOJOCTH B BHAe
ororBoro raza. 3To HABOLAT HA MBICAL HOCTYIMTL DOAOGHKIM e
obpasom # B cjyuae ynpyrux BOJIH.

Yopyrne kone6apug (OCHMANATOPE) B KPACTAJIIe MMEIOT KBaH-
TOBBIe CBOMCTBA, DPOABAAIOINMECT B TOM, WUTO CYIIecTByeT Ham-
MeHbIIag COpPLMA — KBAHT 3HepIMH C 4acTOTOH v. 3TO IO3BOJIHET
CODOCTABMTE YNPYTOH BOoJHE € YacTOTOM v Kéa3duvacmuybt — Hoxo-
Hbt, PacOpoCTPaHEeHHI0 KOTOPHIX CO CKOPOCTBI0 U COOTBETCTBYeT
yupyras BOJHAa.

Biesenne moraATHA GOHOHA, KAK BHMACHMIOCH, ABJAETCHA IIJOLO-
TBOPHRIM IIPHeMOM, 3HAYHTENbHO O00JervapIEM Ppaccy) AeBud.
OHo Tax)xe BechMa 3 GPeXTHBHO B MaTeMaTHYeCKOM OTHOINEHHH,
TaK Kak MaTeMaTrHyeCKue CDHMEMB! BHIUMCIEHUS PAsIHYHBIX BeJdu-
YHH, CBASAHHEIX ¢ GOHOHAMH, AHAJIOTHYHE! COOTBETCTBYIOIINM BEI-
YHUCTeHUAM, OTHCCAIMMCA K (doToHaM.

PDOROH XapPaKTepPH3YIOT SHePrHed € ¥ MMIIYJIbBCOM p:

e=hv, p=hv/v, (4.41)

rie v — CKOPOCTH $OHCHa (CKOPOCTE BONMHEL), ¥ — ero JacTota. YIM-
OyNeC MMeeT HallpaBiieEMe, COBIajaoliee ¢ HAaOIpaBjleHueM pacnpo-
CTpaHeHus1 ynpyro#l BOJHHL .

Taxum o6pazoM, nogobHO TOMy, KaK KBAHTOBaHHE 3JeKTPOMAT-
HAUTHBIX BOJH DOPHBOJAHMT K (OTORAM, KBAaHTOBAHME YOPYIHX
BOJH — K (OHOHaAM.

BrisicBMnocs, 4TC (GOHOHY cilefyeT NPHOMCATHL COMH, PABHELA
HyJ10. 3RAYUT HOHOHE! — 3TO0 GO30HE! M ZOAYMHAIOTCH CTATHCTHKE
Bose-OfiHinTe#tRa. POHORK MOTYT DOXKAATHECA M HCYE3aTh, IPH
BTOM YHCIO MX He coXpaHAeTca (OHC BABHMCHT OT TeMIepaTypul T),
O3TOMY AN (DOHOHHO20 233G XUMHYEeCKUN moteHuwman p = 0, u
dyrknna f 3anonHernsa $a3oBRIX AYeeK ompeAenseTcd hopMyaoi
(4.5).

Konebatenruaa 3Heprusa pemerkH. KorebaTensHylo 5nepruo U
KpHCTANNEIeCKON pemieTKM MOXXHO DACCMATPHBATE KaK SHEPrHI0
tornonnozo zasza. [IoBTOpmB paccy)xfeHus, KOTOPhle DPHMBOAAT K

.

* HMoyasc donopa o6nagaer cBoeoOpasEKIMM CBOKCTBAMA: NpPH BIaMMOAEHCTBHH
¢$OHOHOB APYT C APYTOM HX HMIOYJLC MO2KeT JHCKPETIIKMH NOPOHAMH NepefaBaTh-
cA xpnc‘ra:mnqecuoﬂ pPelueTKe H, CIeR0BATE/ILHO, HE COXPAHATHCH. B ceasu ¢ oTHM
HMOYJIbC cboaona HAZHBAIOT K6QIUUMNBYALCOM .
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dopmyie (4.8), ozpefennowell 9ACA0 JACTHI B HHTEpBAJe 3Hep-
it (g, £ + de), 1 yamThiBaA, YTO MW HMeeM Aesio ¢ 603oHaMH, 3a-
CHImeM:

drn =yfdZ, (4.42)
rhe cornacHo (4.5), (4.7) u (4.41)
_ 1 _ anp®dp _ 4mv? dv
f—m, dZ = PO (4.43)

B TBepAmIX Tesax MOrYT PACHPOCTPAHATHLCA TPH BOJHBI: EPOAO-
JbHAA M NOIePeYHbIe C JBYMS B3AMMHO OPTOrOHAJNLHLIMMA IOJIApH-
sanuamHa. X ckopocTH HeCKOABLKO OTIHIAIOTCA APYF OT APYra, MHo-
3TOMY ITOJ U HMeeTCsI B BHAY HX CpPeJHAd CKopocThb. B cooTBeTCTBHH
C HaJHIHEeM TPeX BOJH, B (4.2) xosddpunuent y = 3. Ipyramu cio-
BaMH, OH YYMTHIBAET TPJ BO3MOXKHble DOJNApH3anuM (POHOHOB.

Oneprua $OHOHHOTO ra3a B HHTepBaJe yacToT (v, v + dv) pasHa
OPOM3BECHHIO 3HEPIrHH OXHOro (oHOHA HA MX YHC/O B TaHHOM HH-
reppaxe uyactorT: dU = Avdn, rge dn onpegmenserca cdopmyramm
(4.42) u (4.43). OcTaeTca NPOMHTETPAPOBATE ZOJYYeHHOE BhIPAXKE-
HEe DO BCeM 803MONCHLIM JACTOTAM:

(4.44)

12nh r v dv

»
vs ehv/k‘l‘ — 1

U= j hvdn =
TAe Vyaxc — BEPXHAA rpaHMNa BO3MOMXKHBIX dacToT ¢OoHOHOB. lnsa
orpejesieRNd 3TOH 9aCTOTH NPHXOLHTCA BBOAHTL JOBOJIEHO HCKYC-
cTBeHHOe (KaK M B paccyxJeHuaAx lle6adA) ychosme. A AMeHHO, HOJ-
HOe YMCJIC KBAHTOBLIX COCTOAHHMM (DOHOHHOrO rada, T.e. (Pa30BHIX
AveeK C YIeTOM TPeX BO3MOXKHBIX DOJAPH3anui GOHCHOB, ACIMXKHO
PaBHATHCA IMCIy cTeneHell cBo6Goxbt 3ng (g — KOHOEHTPauMsa aTo-
MOB):

12rv3,,, 4n 4

3ny = ngdZ=— =—v , 4.45
0 6[ vs 3 va MAaRC ( )

roe WCHOoJbL30BAaHO BuipaxeHue (4.43) mas dZ. Takmm oGpasom,

V ane =V 33no/4T . (4.46)
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OrMeTHM, 4TO A5 yOPYTOH BOJIHL! COOTBETCTBYIOINAA 3TOM JacToTe
IJINHA BOJIHBI OKA3LIBAETCH PABHON

M = v o_s/4n 2d, (4.47)
VY paxc 3ng
2d MOCKOABKY Ny = 1/d%, d — nepwmop pe-
i ' EeTKE, DTOT PE3y/ILTAT SorIacyeTes

¢ TeM, ITC BOJHH ¢ A < 2d He mMeloT
duranyeckoro cMmuicna (puc. 4.14). 3to
CAY’KHT Pa3yMHBEIM ODpaBJaHHEM
Prc. 4.14 ycnosaa (4.45).
YurTmsad (4.46), cepenniem BmpakeHue (4.44) pia sHeprmu
U edunuyv o6zema GHOHOHHOTO rasa B BHAE

_ 9n0h Vunne Va dv

3 hv/kT *
Vaske 0 © -1

U (4.48)

Tennoemkocts kprcraana. 3uaag U(T), raxonum, uro Tenyoem-
KOCTb eduhuybl 00%ema KpucTania
oUu Onoh? Ver oML gy

0T  kT*vip. § (/-1

(4.49)

BBefleM Tak HA3LIBAGMYIO X@GPAKMEPUCTMUNECKYI MEMNEPAMypy
Hebar ©, onpenenseMyio ycjioBueM

hVyaxe = k@, (4.50)

a4 TaKke HOBYIO DepeMeHHYI0 x = hv/kT. Torpa Bmipa’keHue AJis
TerioeMkocTH (4.49) nmpumer BHA

3 x x_4
T T e x dx
C=9nok(b:) | (4.51)

4 (eI _1)2 4

rAe Xy = Wyauo/ kKT = ©/T. Brupaxenne (4.51) pasuiBaior gopmyaoi
Hebas. '

OTmeTnM eme, 9TO AeGaeBCKan TeMIepaTypa ©® yKaabiBaeT Aiaf
KaXXAoro Teepaoro tena obiacrs Temuepatyp (7 < @), rae cTraHo-
BUTCHA CyIIeCTBeHHHIM KBAHTOBAHWE 3HEPrHM KoJeGaHWH.
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IloBepenne Tenmoemrocts C(T) B mpemesbHEIX Cay4amx

1. IIpn T <« ® mMoxHO CpnbGIHIKeHRO CINUTATD, 9TO BePXHUH Ipe-
gesn muTerpana (4.51) x, —» . Torga mHTerpan 6yfeT NpefcTas-
JATE cOOOM HEeKOTOpOoe YMCJIO0, M MBI BHLHUM, 4YTO B 3TOM cJydae

C oo T3, (4.52)

DTOT peayibTaT HaaulBaloT 3akorom T3 [JebGas. VImerHO Takylo aa-
BucuMocTs C ot T u Ha6ii05a10T BO MHOTHX ciaydaax, opH T « ©.

2. lIpu T » ©, T.e. opu hv,,/kT « 1, Betpaxenne (4.48) aaa
U moxHO yupocruTs, cumrasd e™/*T ~ 1 + hv/kET. Torga

vs dv =3nykT. (4.53)

9noh Ve
Mﬂm I

Jna Mona xpuacTaia 3amMensieM ng Ha N4, B COMyYMM, YTO AAA MO-
JNAPHOM TEenJI0eMKOCTH KPHCTAl/a

C = 3R,

KaK H AOJXHO OHITH B COOTBETCTBUY ¢ 3aKoHOM [rononra u IlTa,

Pearome. 3asucumocts C(T'), paccunuTanrnas no dopmyne (4.51),
T.e. o popmyse Jlebad, odeHb XOpOINO ONMCHIBACT IKCHEPAMEHTA-
JNbHBIE PE3yJIbTATH, HAIpAMED, AJA anloMuHAA B meau. Ho noay-
YeHHEBle COOTHOIIIGHNS He ABNAIOTCA YHWBepCalbHRIMHU. Bo-mep-
BRIX, OHH XOpoLIo HmepefaioT 3aBacAMocTb C(T) TOABKC IIA XMMHU-
YeCKM OPOCTBIX TeJ ¢ IpPOCTOM KpHCTANNWYECKOR permeTkod. K
TenaM ¢ DoJsee cA0XHOM CTPYKTYpOil dopmya [ebas He TpHMeHn-
Ma. 2TO CBA3AHO C TeM, UTO ¥ TAKHX TeJ CHeKTp KoJebaHmit (pac-
CpefeseHAe ¢$OHOHOB II0 KBAHTOBBIM COCTOSHMAM) OKA3RIBAETCH
09€Hb CJIOMHBIM.

Mn1 Be cobnpaemcAa BEMKATh B 3TH AeTaidu. [{ns Hac BaXXeH
TJIaBHKH BEIBOJ: KBAHTOBBI# NMOAXOA — 3TO €XHHCTBEHHLIN IYTH K
pellleHnI0 NMoAeOHEIX IpoGiaem.

Posk 371exTpoHHOrO rasa B TenJ0eMKOCTH KpHCTanna. Pacger
NoKa3slBaeT, 9To npu I’ # 0 cpeAEAd 3Repruda cBoOOAHOTD 31K TPO-
HAa B MeTajljle HMeeT BHJ

3 5n2 (kT
&) =— 1+ — , 4.54;
S T [ ] (459
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rge ey — sHeprud Pepmu npu T = 0. Torga monsprasa TeryoeM-
KOCThL 3JIeKTPOHHOrO rasa

C,, =N, 222 R (4.55)

ITo saxony Miononra u IITa MosApHAasA TeNI0eMKOCTEL pPellleTKH DPH
HOPMAaXBHHEX YCACBRAX Cpoy = 3R. TorZa oTHollleHNe 3NeKTPOHHOM
TEeNJICeMKOCTHY K pellleTOYHOM DPH HOPMAJBLHHX YyCJOBHSX Gymer
paBHO

Co 14T
C 6 £p

pem

(4.56)

ITockoMBKY IPY PaCCMATPHBaeMuIX yciaoBAAX kT <« €p, TO 3TO 03HA-
YaeT, YTO TEITOEMKOCTh MEeTajlJIOB 3a cYerT CBOGOJHLIX 3J1eKTPOHOB.
npeHebpexxumo mana. Hamomemm, sro obyca0BieHO TeM, UTO Npm
OOBI9IHEIX TeMIepaTypaxX B TEIUIOBOM OBHJKeHHMH OpHHHEMAaeT ydac-
THme JRING Hebojbllaa HacTh ofijerc 4ucia cBoGOAHEIX 37eKTPO-
HOB — TOJbKO Te 3JeKTPOHH!, JHEepPrHsA KOTOPHIX JeXHT BOAM3H
yposra Pepmu. Takum oGpaszom, mopeleHne BRIPOKASHHOTO 3JeKT-
POHHOTO rasa pe3K0 OTJIMIAeTCs OT ICBeJeHusa OORITIHOTO rasa, erc
cTeneHM cBOGOALI OKAIBIBAIOTCA B OCHOBHOM ¢38MODOJKEeHHBIMH»,

3ameTHM, 4TO IPH AOCTATOYHO HM3KMX TeMIEpaTypax CHTyalnsd
CTAHOBHTCHA OOpATHOM: TeIN0eMKOCTEH 3JIEKTPOHHOrO rasa IIpeBoC-
XOAMT pellleTOYHYI0, NOCKONLKY NOC/AefHAA yMmeHbllaerca oo T9,

3agagan

4.1. CpoGogarie 3MeKTPOHEI B Meraaste. HaliTe GyHRIHIO pacOpeAeTeHHA
dr/dA cBOGOAHEIX 3J1eKTPOHOB B Meraaae npu T = 0 no ge6Gpoiunes-
CKHM JAJTHHAM BOJH (B pacuere Ha eJHHHNY olbema).

Pew e H ue. Yucao ¢cBo6ogHKIX 3IEKTPOHOB B HHTepBaJe aebpoiiaes-
CKHX MIHH BOJH (A, A + dA) XOMKHO PABHATHCA MX YHCIY B COOTBETCT-
ByKIeM HHTEPBa/e SHeprui (g, € + de), 1.e. dn, = dn,. Hmea B Buay
topmyny pe-Bpoiina A = h/p M cBA3R MeXAY € H A, 8 HMEHHO € =
=p?/2m = h?/2m}?, a Takxke cdopmyay (4.13), moayanm:
R*da
dn, = 20Ve de = V2a .

m?¥2 )4
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4.2.

4.3.

3HAK MHHYC 31eCh ONYLIEH: OH He CYIIeCTBeH. PACKDHEB ¢ DOMOINbIO
(4.11) sHayeHHe «a, HaAWAEM

dx
dnk = BﬂF .

3amMeTHM, 9TO 3TO pAcHpefeseHHe OTPaHHYeHO HAHMeHbLIeH KeGpoH-
JIeBCKOM JJIMHOM BOJHHI Ay, 3HAYEHHE KOTODOH CleAyeT M3 3HEPTHH
PepMH £5:

h 2n

A = .
J2mey  (3nn)?

Ilonaraa peirerky Metasina Ky6HdYecKol ¢ mepHoOAOM @ H COAepXKA-
IMYI0 00 Of{HOMY cBOGOJHOMY 3JIEKTPOHY HA ATOM, MoayyHEM n =1/a%

Poana = 2a.

nHCerTEOCTL CrieKTpa CBOGOABBIX JJIeKTPOHOB. Bruuncnure HHTEP-
BaJI MeX Ay COCeJHHMH JHEPTeTHYECKMMH YDOBHAMHA ¢BODOAHAIX 3J1€K-

TPpoHOB B Metasute upu T = 0 B6ausn ypoHa Pepmu. CauTaTs, 4TO
KOHIIEHTPAIKA CBOGOAHAIX 3TeKTPOHOB n = 2:10%2 cm® u obbem me-
Tasa V=1 cad.

P e w e ue. Hcxogum u3 popMyan (4.13), rae yuTeHo, UTO B KadK-
AOH (DaloBOH AueiiKe HAXOAATCA ABA IJEKTPOHA C BIAHMHO IPOTHBO-
OONOMHHMY CnMHamu. IloaTomy 8n = 2, H MBI HMeeM

1

R

Ilocne mopcTaHOBKM B 3Ty (hopMyay 3HayeHud o (4.11) m &£ = g H3
(4.15) monyarm

o

2 1/3
€= 2" (5“—] ~2.107%2 3B.
nm n

CoOoTBEeTCTBYIOINYI0 AMCKPETHOCTH YPOBHeH 0OHapYyXHTH IpOCTO He-
BO3MOMHO. MMeHHO IOITOMY CHeKTp JHepreTHYecKMX YpOBHEH CBO-
6OAHBIX 3JICKTPOHOB MOX<HO PAacCMaTpMBATH KAK HENPepHIBHEIA {To4-
Hee KBA3IHHEIPephIBHEIH).

Jdas/eEHe 3/ICKTPOHHOIO ra3a. BEMMUCAHTH JaBJeHHE 3JEKTPOHHOIC
rasza Ha CTeHKH meranna npu T = 0, CYHTAA, 4TO KOHNEHTPANHA CBO-
6oaHEIX 2JMeKTpoHOB 7 = 2,5 1022 cm73.
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P e m e H x e, CornacHo ypaBHeRHIO HAEANBHBIX MA30B AJIA AAaBIEHHA
(1.30)

p= % n,
rae <€) = (3/5)er B coorBeTcTBHH ¢ dopmynoi (4.16). Ilocae nmopcra-
HOBKH Bhpaedns (4.15) ans er nmonyunm
3/m)2/3 p2pd/
p=CM T B R 5 10°Tax5-10"arm
20 m

4.4. Tepmoanaamrka ¢GoTOHHOIO raja. 3aMKHYTAA II0JIOCTH o0beMoM
V = 1,0 21 3anoJReHa TenIOBRIM H3Jy9eRHeM ((DOTOHHBIM rasoM), TeMm-
neparypa xoroporo T = 1000 K. Hairn ero
a) remwioeMKocTs Cy n 6) aHTpOOHMIO S.

Pem e n ne. a) ITo onpegenernio Cy = (0U /0T ). Pemmenne ceogurca
K HAXOXKJCHHIO BHYTpenue# snepran U. D10 nerko caenaTs, 3Haf, 4To
TUIOTHOCTD U HePIYdM H3JyYeHHA onpepenserca dopmyinamu (4.29) u
(4.30): u = 4M/c = 40T4/c. Torga U = uV u
16 s -0
Cy="—aT’v=38-10"" /K.
c
6) B cooTBercTBnH ¢ Teopemoir Hepacra (3.5)
T
S = [i"i _16 r3y _1.10° k.
0 T 3¢
4.5. HajfitH ypaBHeHHe agnabaThl (B nepeMeHHKX T, V) Ainsa PaBHOBECHOrO

doTonnOro rala, AMea B BHAY, YTO ero AaBJieHNe P 3ABHCHT OT IUIOT-
HOCTH 9HEPrHMH u Kak p = u/3.

P e m e B ¥ e. Ilo onpeaenenuio aguabarmieckoro mpomecca
d'Q =dU + pdV = 0.

B Hammem ciy4yae 3TO BRIMMAAHT Tax:
d(uV) + (u/3)dvV = 0.

Orc0Aa cieayer, 4rTo
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4.6.

4.7.

# lnu + (4/3)InV = const, win In(uV*/%) = const. Ilockoanky u co T4,
TO B PE3yNbTATe mOJYUUM

VT? = const.

Hanygenne ConHIa no CRBOEMY CHEKTPAJLHOMY COCTaBY OJIM3KO K H3-
JYy4eHUI0 YePHOro TeJla, A1 KOTOPOro MAKCHMYM HAJNYy4YeHHA IOPHXO-
JIMTCA H& JUIMHY BOJHH A, = 0,48 mxm. Haitn Maccy, Tepaemyio
CoNHnEM €XKEeCeKYHAHO 38 CYET 3TOr0 HadydeHHA.

Peme uu e Ilorox Hanyyenna ¢ noBepxHocTd CosHna paBeH
® = 4nR’M, rge R — pagnyc Cosnnma, M - 3HEPreTHYecKas CBETH-
MocTh. CorsiacHo aaxoHy Credpana—Boabnmana (4.30) 1 aakony cme-
menns Buna (4.33), M = oT! = ab*/A%, . IloTox ® — aro anepras, Te-
paemasa ConxuneM exxecexyHaHO. Pasgenus ® Ha c?, nonyanM coorser-
CTEYKIOYIO Maccy B kKr/c. Taxnm o6pasom,

dm| 4nR%sb? 9
=————=15,1-10"&r/c.
de } ¥,

910 'HIraHTCKadA, Ha nepnmi'[ B3IJIAA TPeBOXKH&aHA, BEJIMYHHA. Ho macca

Connna m = 2:10% kr. IIpn TakOR MHTEHCHBHOCTH H3JyYeHMA Macca
CoNHIA YMEHBIINTCH, CKAXKeM, Ha 1% 3a BpeMs

t=—  54:10"% ~ 10" ser.
| dmydz|
Tak uTo cuTyanusa He GesHajerkHadA.

O KBaHTOBBIX ocuuaaaTopax. CHcTeMa KBAHTOBBIX OCHHJLIATOPOB C
4acToTOH ¥ HaxoauTcsa opH Temneparype T. C kako# BeposTHocThIO P,
MOKHO OOHapy>XHTb B 3TOH CHCTeMe OCHH/UJIATOP C 3Hepruei
£,=(v + 1/2)hv? KBaHTOBOE 4YNCIO U 3AKEHO.

P e m e n ue Mckomad BepOATHOCTH IO OIPEAEJIEHHIO €CTh
Pv = Nv/N’ (1)

rae N, = Aexp(—¢,/kT), N — I0OJHOE YHCIO OCHHAIATOPOB C YaCTO-
Toit ¥, PackpoeM npaByio yacTp paBercrsa (1):

Aexp(-¢,/kT) _ e U
i Aexpl-¢,/kRT)

v=0

, (@)

Pv = -2x

l+e ™ +e™  +...
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I'nanra 4

4.8.

4.9.

rae x = hv/kRT. CymMa wieHoB 6eCKOHeYHOH reOMeTPHYECKOM nporpec-
cHu paBHa 1/(1-e™*), nosroMy (2) B PesynbTaTe OPUMET BHA

P,=e?(1-e%).

Cpeanas sHeprina KBaHTOBOro ocuuiaasropa. HmeeTca cHcTema, co-
CTOAIAA K3 HEeB3AMMOJEHCTBYIOUMX KBAHTOBHIX OCILMJIJIATOPOR C Of-
HOH M TOH e 4acTOTON v, OHEpruA KAaKAOTO OCHIULIATODA MOJKET
TpMHHEMATE 3HATeHHA £, = (V + 1/2)hv , rae v =0, 1, 2,... Hcoonsaya
pacnpezenenre BonpnMana, MokasaTh, 4T0 CPefgHAA 2HEPrud TAKHX
OCIHUILIATODOB

o=, b

2 ehv/ kT -1

Pe 1w eHue. Cornacuo pacupegeneHnio BoasnMaHa YHCIO0 OCIIHIIIA-
TOPOB C 3HEprueii, COOTBETCTBYIOINEH KBAHTOBOMY HHCJIY ¥, PABHO

N, = Aexp(-¢,/kT),

rae A — HOpMUDPOBOUHMLIHA Koaddunment. Torga cpegHAS SHEPrRA <&
onpegesiercs GHoOpMyIoi

_ Z e Ny, st exp(-ae,)

rae o = 1/kT. 3peck cyMMupPoOBaHKe npoBoguTca oo v ot 0 o «, u ge-
JlaeTcd 3To Tak:

(€ = — —a% In Z exp(-ae, ). (2)

HaBecTHO, 4TO CyMMa 4JIeHOB (ECKOHEYHON reOMeTPHYeCcKOil mporpec-
cuu Z =ay/(1 — q), rie a; — IEePBHH 4IeH NPOrpeccuy, § — ee sHame-
Hatens, B HallleM ciaydae 3TO

—ahv/2

e
Z exp(-ag,) = 1o 3)
OcTaercd BaATh OPOH3BOAHYIO IO o OT (3) 1 He 3abuITh 3HAK MHHYC, B

pe3ysibTATe NOJy4YMM NPHBEACHHOE B YCJIOBHM BHID&XKeHHMe JIa (E).
©oroEE. ONEeHHTF MAKCHMANBHBIE 3HAYEHWMA 3HEPTHHM H HMOyJbca
¢oHOHA B Meau, gebaeBcKad TeMnepaTypa KoTopoi © = 330 K 1 nior-
HOCTH p = 8,9 r/cM.
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P e w e g 1 e. MaKCHMANbHYIO 9HEPTUIO GOHOHA HAXOLHM ¢ IOMOLILIO
(4.50):

Exone= K@ = 31072 3B.

ullﬁ MaKCHMaJIbHOIM0 HMIY.JIbCA HMEEM

Paaxe = B/ gr- *)

CornacHo (4.47) Age ~ 2d, rhe d HAXOAHM H3 YCNOBHA n ~ 1/d° u
n=(Ny/M)p, M — monexynapuaa Macca. Orciona

d=3M/N,p .

B Hrore dopMmyia (*) npHMer BHJ

4.10.

4.11.

Puaxe = h/2d = (1/2) YN /M =14 107" rom/c.

Openurs xapeHre GOHOHHOIO ra3a B MeAH, AebaeBcKAsa TeMIeparTy-
pa kotopoit @ = 330 K. Kounenrpagusa aToMOB MeAy paBHA ng =
= 0,84:10%3 ¢cm3.

P e w e H U e. [JaBjIeHHe HACAIBLHOTO rada (B HalleM ciaydae HOHO-
HHOro) coriacHo {1.30) paBHo

p=1U, (*)

rae U — aHeprus eguHHANG! 06eMa OHOHHOrO rasa, onpesaensieMas
tdopmynon (4.48). Beezem HOBYIC nepeMeHHYO X = hv/kT u npeobpa-
ayeM (*) K Buay

_ 6ngk'T! rxPdx

T 8.3 x :
hvuanc 0o € -1

Teneppb yuteM, yto T = O, cornacHo (4.49) x,, = 1 u 3HaYeHHe HHTEr-
pana (rabanuHoe) paBHo 0,225. B peayiasraTe NORY4YHM:

p=6nk0- 0,225~ 5-10% [Ia = 5-10°% arm.

IIp# HarpeBaHHMHM KpHCTaNNIA MefH Maccht m oT T, go T, emy 6mino
coob11eHo KoaMdecTBo TerioTh Q. HaitTh nebaeBcKyio TeMoepaTypy
® A3 Meau, eclH HU3BeCTHO, YTO MOJISIPHAN TEeILIOeMKOCTh KPHCTal-
na NPH 3THX TeMmepaTypax 3aBHCHT or T Kak
12x* R
Ts

C=—-—

5 @
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Pewenue IloonpeseseHdo HCKOMas TenjoTa

T, 4
o 1 8T mR ~
Q= I:l[v C@)ydr = e —*é—a (Tz‘ —114} ,

rge v — KOJIMYeCcTBO Berdecrpa (m/M). Orcioza

2 4
-5 hgr-m-
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CocronHuA BeuecTBa
4

§ 5.1. H3orepmn: Bau-mep-Baaanca

TeoperHyecKHe X3OTEPMbI. AHRIN3 H30TEPM BaH-AEP-BAAJbLCOB-
CKOrQ rasa JaeT BOSMOMHOCTh IONYIHTDL BeChMa CYIeCTBeHHElE Pe-
synrTarbl. Ha prc. 5.1 mokasarsl Tpr HanGoJee XApAKTEePHEIE H30-
Tepmst (I, 2, 3), cooTBercTByIOmMe pi
ypaBsHeHno (1.42) Ban-nep-Baannbca
npr Temneparypax T < Ty < Ts.
IIpu pocTaTOYHC BRICOKOM TeMIepa-
Type H30TepMa OJH3KA K H3IOTepMe
HaeasbHOro rasa. He npm TemMnepa-
Type T; Ha HK30TEepMe MNOABAAETCH
Touxka ©neperm6a K, B KoTopoi
Op/6V = 0. Touky K HA3BIBAaIOT Kpu-
muuxeckoli mowkoii. CoOTEBETCTBYIO-
e e}l TeMIepaTypy M H3IorepMy
Ha3BIBAIOT TAKIKe KPHTHUIECKHMHU.

Emre muTepecheit Bemer ce6a maorepma npu Ty: OHA COLEPMHT
BONMHOOOpA3HBEIK YJacTOK, MeXAy ToukaMM A m B koroporo
Op/0V > 0. OueBKAHO, TaKOTO He MOX<eT OBITh, YTOOHI ¢ H3OTEPMH-
JeCKMM yBeJHdeHWeM o0beMa pocio 6Bl m LaBieHWe.

JKcnepHMeRTaNbHEIe H30TePMEL. UTo ke ZaeT 3KCIIepHMeHT?
Ero pesyasTaThl DpeficTasneHH Ha puc. 5.2. Ileppoe Brneuariaexve
OT 3TOrc PUCYHKa — TYT UTO-TO He
TAK: BeJb NOPA3OHTANBHBIH y9acTOK Pl o
FOBOPHT O TOM, 9TO C H30TepMuUTe-
CKHUM yBennmieHmneM ofneMa rasa ero
nasnenue He meaaerca. Ho ropuson-
TaJLHHH YIaCTOK HAOMIOOAETCH, K C
HUM CBSA3aHO HOBoOe ApJeHue. llpeg-
CTaBHM cefe TpPO3pAYHHIN IMJIMHAD
C DTOpITHEM M BHYTDPR oAHIpA —
ra3. HagHeM ero c)xuMaTh IO H30- V. v v
TepMe 1 M CleARTH 3a TeM, YTO TIPO- * *

Pac. 5.1

Pac. £.2
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ncxoauT B puauHape. Ilpm Accermxenun ofrbeMa V., nmEnangp 3a-
UOJIHEeH OZHMM ra3doM, HO Ip¥ JajibHeHIlleM CATHM HApPAAY ¢ ra-
30M LCOABHMTCH MHUIAKCCTH, KOJHYIECTBO KOTCPOHM HOCTEREHHO Oyaer
pPacTH, a AABJeHMe OCTABATHCHA NMocTOAHHEM. KorZa ofsem pocTur-
HeT V., OH IEeJMKOM OKAXXeTCA BATCJHEHHHBIM MXUAKOCTBIO.

Taxwum obpasom, Ha ydyacTke CD Mu HabmiogaeM Tak HasblBae-
Mblil a3l nepexod BelllecTBA K3 rasoob6pa3HCIC COCTCAHMSA B
¥KHUAKCe. 3TO IMMO3BOJAET CAENATH BBHIBOJA: €CIH (DA30BHRIH IIepexch
OpPOMCXOAAT X3OTEePMHYECKH, TO OH CUBepllaeTca IpH p = const.
OxassiBaeTcs, aTc ofiee CBOMCTTBO BeeX $a3cBBIX IepexoAoB: He
TOABKO rasoctpasHoit $ass! B KHAAKYIO (M Hao60pOT), HO M HHAKOM
©a3H B TBEDAVIO U T.A.

Boobme, ¢paszoel Ha3sIBAIOT PH3NYECKH OQHOPOAHYIO JacTh Berile-
cTBa, OTAeJeHHYIO OT APYrHX YacTed cCHcTeMbl rDaHMLEH pasgena.
Hanpumep, Boga # sel, Boga ¥ pryTh, rpaduT ¥ ajiMas, HO BOAA H
COUPT — 9TO oxHa ¢asa.

BepHeMcA K puc. 5.2, rae mokasaHsl dKCIepHMeHTaNbHEIE M30-
TepMsl. BceM rOpM3CHTANBHBLIM M3oTepMaM B o0iaacTH Dof NYHK-
THPHOH KPHUBOH (0Ha cn1ab0 TOHXMPOBAHA) COOTBETCTBYIOT ABYXdas-
HEI€ COCTOSHMA — KHIKOCTE € [IApOM, HAXOQAIIAECH B DPABHOBECHH
Apyr ¢ apyrom. Tako¥ Dap Ha3hIBAIOT HGCHIUEHKbLLM.

Jlepee pByxdasHoi obnacTH pacncic:keHa 06JacTk, COOTBETCT-
BylOIuafd OZHOH ¢ase — KHAKOCTH (OHA TOHMPOBAHA CHIBHEE).
3necs M30TEPMBI MAYT O9€eHb KPYTO, YTC OTBEYAeT MaJIOH Cix<HMae-
MocTH xuaKocTu. llpasee aByxdassHo#l obnacTn BeleCTBCG HAXO-
AUTCA B rasco6pasHoM cocTosHMH. llp#yeM Bce COCTOAHHA BHe
aTOHM JAByX¢asHo# o6aacTH HeDJOXO OCINCHIBAIOTCA ypaBHeHHEM
Ban-gep-Baaxsca. 3TO IOBOPHT © TOM, UYTO JAHHOE YpaBHeHHe OIH-
CBhIBAET COCTOSHHE BeIluecTBa He TOJbKO B rascoGpa3sHOM, IO W B
KHUAKOM COCTOSHHM .

Taxyum o6pa3omM, ec/ixt ra3 HAYHMHAIOT CXXMMATE, HallpuMep, 110 H30-
Tepme ! (cm. puc. 5.2), TO OH IepexOXHT B ABYX(}a3HOE COCTOAHHeE
{ropu3cHTAJIBHEIA Y4acTOK H30TepME CD) *HUIKCCTh + HACHII[eHHbIH
nap. O6beM XMIKOH a3kl pacTer ¢ Mepe TpHOIMKeHHA K Touke C,
nocsie KOTOpoM ocraeTcA oaHa $aza — KugkocTh. Ho aTo He BCE.

* 3aMeTHM, YTO F'OPH3OHTATbEBHA YYACTOK peasbHoi HaoTepMEI (0H H3o0parken yH-
KTHPOM Ha PHc¢, 5.1) pacooJioXeH Ha TaKOM YPOBHE, ITO OXBATHIBaeMble BOJIHO00-
pa3HOH H30TepMOH IJIOINAAH NO0J HYHKTHPHOH NPIMOH H HAJ HeH OJHHAKOBHI.
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MeracraGHNBHERE COCTORHHA. Bosee TIATENbHBLIE 3KCIIEpUMeH-
TH! (BeIm[eCTBO CYHMINAJIOCH OT
OopHMeceii H 1mpenecc OPCBC- P
OUJICH OCTOpPCXHee) DO3BOJIH-
A o6HapyXHTH, 9TC NPH H30-

TePMHYeCKOM CHKaTHM rasa erc - N D
MOXHO NOBECTH 4O COCTOAHHUA \
B (pac. 5.3), a mpu pacimupe- ’ :
HHY JXHAKOCTH — [O COCTOHA- A
rua A. T. e. peanusyioTca y4a-
CTKM, IPEJCKA3bIBaeMble YpasB-
HeHHeM BaH-zep-Baaisca.

Oco6eHHOCTH 3THX VUACTKOB B TOM, UTO KaXKHasd TOIKA HX COOT-
BeTCTBYeT HEDABHOBECHOMY COCTOAHMIO IPH JAaHHCH TeMmepaTrype.
3TH COCTOAHMA HA3KIBAIOT Memacmabuabrbimu. Ilpn Maneimenm
BO3MYVILIEHHMH BellleCTBA B 3THX COCTOAHMAX DPUHMCXOOAT pacmal] ero
Ha IBe $a3bl, CCOTBETCTBYIOIIME PABHOBECHOMY COCTCAHHIO (3TO II0-
Ka3aHO TOHKMMH BeDTHKAJBHEIMHM CTpPEJKAMH Ha DHCYHKe).

VYuyacrox BD omHCEIBAET COCTOSHMA, KOTCDHIE HA3BIBAKT nepe-
cbiweRrbiM naponm, a yaactox CA — nepezpemoit mudxocmuio. Ile-
DECBLINeHHLIA AP MOXKHO INOJYYWTh, NCGABEPTHYB HellepecHIlleH-
Hbl# Dap peskoMmy, T.e. aguabarHoMy pacmuupedno. Ilap npu aToM
oxJaxngaeTcad ¥ CTAHCBHTCA IIepeChlIlleHHbLIM. Jto HCIIOJNIB3YIOT B
Kamepe Buavcona — rpubope Ans HabmofeRusa clenoB (TPEKOB)
3apAKeHHHIX YacTHi. Ilocaennne, npoeras Yepes epeChImeHHBIN
nap, CCTABJAKT NENOYKY MOHOB, HA KOTOPBIX M IPCHCXOOHT KOH-
dencayus napa B pe3yNbTaTe paclajga Memacmabunrbro20 COCTOA-
ruA. B urore obpasyeTca uemouka KameseK — cJjel YacTHIEL.

Ileperperas >XMAKOCTh TaK)ke HaIllla IDHMEHEHHe — B NYy3vipb
K08biX #udi08000podnbHIX KamMepax. 3apAKeHHAR YacTHIla, IpoJIe-
Tasg dYepe3 IeperpeTyio JKHAKOCTb, TaK)Ke OCTABAAET IENOoYKY
HMOHOB, Ha KOTCPHIX NpoOMCXoAAT napoobpascBanne. BosHnkaer 1e-
IO4YKA My3hIPBKCB — CJej HpCJeTeBIIeH YACTHOEL.

a

I/’
Puc. 5.3

§ 5.2. ®daszcspie nepexonsl. JuarpaMmma cOCTOHHMH

®dazosrre nepexoapl. Pasauauaror dasosue Depexoisl 1-rc U 2-ro
poga. IlepBrle CONPCBOKAAIOTCA mennomoil nepexoda. 3To TO KO-
NMYecTBO TerJIOThl, KCTOpoe HeoOXORMMO COOBIMTEL BemeCTBY, 4To-
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6b1 M30TepMHUYeCKHM-H3062PHYECKH IIePeBeCTH ero U3 oaHoi (dasnl B
APYIrYIO. JTOT IIpPomect XapaxkTePHU3YIOT Yoerbhol

1) menaomoit ucnapenus (xonderncayuu) qyo, HoK/kr;

2) mennomoit nragrerus (Kpucmanrru3ayuy) qn,, JHK/Kr.

3aMeTHM, 4YTQ TEIUIOTY MCHADEHMS TBEpPAOrG TeJa HAa3BIBAIOT
menxomoil cyoruLMAULY.

Pa3oBLIe 2Ke NIepexcanl 2-r'c poja IPGUCKXORAT 6e3 TenmoobMeHa.
3To, HampuMep, H3MeHEHHe KPHCTANIXYeCKOH MoAU(MHKAnHM, Ie-
PEXOA B CBEPXIPOBOAALIEE COCTOAHME, B CBEPXTEKyUee COCTOAHNIE ¥
JKHAKOIO TIeauf, mepexoj (eppoMarHeTH3Ma B IapaMarHeTH3M.
9TUM MBI M OrPaEMYMMCHA, OCHOBHOE »Xe BHHUMAaHHE COCPEeNOTOUNM
Ha (as3oBLIX mepexofax l-ro poja.

Ypasaesne KnanmeiipoHa—Knayamyca. H3gecTHo, uTo gBe Jio-

6ble (a3ml BelllecTBa MOTI'YT HAXOAUTHECH
p B PABHOBECHH JHIIb IIPH OIIpejeJeH-
K HOM JlaBJIEHMY, 3aBHCAILEM OT TeMIe-
parypsl. Hanpumep, IQJIA HCIAPEHHA
(KOHOeHCAanMK) KPHBasg 3aBHCHMOCTH
p(T) nokasana Ha puc. 5.4, roe K —
KPUTHYECKasd TOYKa, CAeBa OT 9TOH
KPDMBOH — »>KHAKaA (asa, copasa —
razcobpasnad. Ilpeacrasnsier mpakTH-
Puc. 5.4 YeCcKHMH MHTepec 3HaTh AaHATHTAYECKHI

BHJ] 9TOH KDHBOH.

O6mui Bup 3asucumocTH p(T), HO B auddepeHnuanbaci dop-
Me, 6RUI TIONYUYEeH M3 TepMOAHHAMHMYECKHMX COoGparkeHMi. A MMeH-
HO, MOXXHO HaHWiTH HaK.AOR KpuBoi, T.e. dp/dT (6oabiuerc mony-
UNTH TePMOLSHHAMMKA He Iogsonder). [Jenaercs sTo Tak.

Paccmorpnm aneMeHTapHHIA Luka KapHo B obmacTn ¢asosore
nepexofa (pHe. 5.5). 3gecs Vl' )4 Vz' — yzenbHbIe 00beMHBl hassl I 1
¢dasbl 2, T.e. 00BEME €JHHHLBLI MACCHI, m3/xkr. Ilo OnpegeeHHIo,
KII nukana

3y

n=d4 dp(Vy - V)
d12 d12 ’

(5.1)

rage ¢z — yAeJIbRAdA TenNoTa, coobljaeMad egHHHIE MacChl CICTe-
Mb1 TIpH paciunpenuu. Ho ana nukma Kapuc KIII cornacuo (3.12)
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p
9,
prdpl -\ LHT, '
P 1
| T !
| |
| i
| i
Vl' Vzl V’
Puc, 5.5

PaBeH B JaHHOM CJydae

(T+dT)-T _dT

5.2
T +dT T (3-2)

Mzur npenefperny Benwumnoii dT B 3HaMeHaTele.
I3 paBeHCTBA IPaBBIX YacTeHd 3THX ABYX BHIpaXKeHHUH cjaedyer,

4To i
[ i

a7 *T(Vz' -y i (5.3)

9T0 u ecTh ypasuenue Kraneipona—Knaysuyca. Caenyer obpa-
THTh BHNMaHHE HA [OPAJOX CHMBOJCE 1 B 2 COOTBETCTBYIOMIMX
$a3s.

Buaxo, WTC 3HAK OPOM3BCAHOH, XapaKTepH3ywllell HaKJIOH
kpuBoi p(T), 3aBMCHT OT TOTC, KaK H3MeHAOTCHA yAelblble 0bbe-
M5l [IPH OOTJIOLIEHWH Tellyla — BO3PAacTAloT MJIM YMeHbUIIAIoTCH.
[Ipu mcmapeHMHM XHAKOCTH MM TBeDACTC Teja yAENbHBIE 06beM
BCerga Bospacraer, H09TOMy npousBogHan dp/dT coorBercTByIO-
KX KPUBBRIX MOXKeT GLITh TOABKC HOJOKHUTeIbHOH. 3aMETHM Iic-
OYTHO, YTO KPHBYIO HCIO2DEeHHA TBEDAOT0 TeJsa HA3BLIBAIOT KPusoil
cybrumayuu.

IIpn niuaBieEMH yAeIbHBIH 06beM [OABIAIOIMErc 4ACTa Be-
ImjecTB Bo3pacTaeT, neartoMy dp/d7 > 0. OgHake y HEKOTOPBIX Be-
LeCTB, K YHCJIY KOTOPHIX IIPHHAMJIeXKHT BoAa, 00beM MALKOMN
dask meHbe obbema Teeprcit daswm (V; < V;), ' dp/dT < 0.
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Auarpamma cocrostamit. Tak HA3KIBaloT miIocKocTs p, 1 (puc. 5.6),
pa3fiesleHHYIO Ha TpH obracThA: TBepAyo dasy (T), KHAKYIO (k) | ra-
scobpasnyto (2). I'paEnuaMH 3THX

\ cODpPHKacaoIuxca (a3 ABaAIOTCA

s . Kpuébie cybiumayuu, ucnaperus
VoS N NNA8AEHUR, XapaKTepH3yIIiHe
@ ‘\ R @ £ AByX(asHble PaBHOBECHBIE COCTOA-

AR HuA. B Touxe Tp, ee HA3HIBAIOT
™ @ mpoinol, B pPABHOBECHH HaXOAATCS
cyol P Tpu ¢asel. IlyHKTHpOM mMmOKa3aHA

KDHBadA INABIEHNA 1A BEIJeCTB, Y
0 T rotopuix dp/dT<0, nanpumep, A1d
BoAbl. Ilns Hee B Tpo#HOH Touke
p =610 Ila (4,5 Topp) n ¢ = 0,008 °C.

Ha puc. 5.6 noxasana THnnyHas JuarpaMma cocToAHuU#, 11oqo6-
HBIE JMArpaMMbl CTPOAT 3KCIEPMMEHTaNbHO AJIA PAa3HBbIX BEIeCTB.
OHH 10Je3HBI B TOM OTHOINEHHUH, UTO IIO3BOJAKT IIpPEACKa3LIBATH
$asoBble NpeBpallleHUA B TexX HJIH WHBIX Uporeccax. Hampumep,
MBI BUAHM, 9TCO KPUMBaA HCIaDeHUA 328KaHYMBAETCA B KPHUTHYECKOMH
touke K. IlosTOMY BO3MOXKEH Hepexoxn U3 obaacTy »kUAKeH dassl B
rasoofipasaylo nyrem obxoia ToukH K «cBepxy» (6es mepeceuenus
KPHBOI HcuapeHns). B sToM cayuae nepexox U3 cXHOH Gassl B Apy-
Iyl CoBepllaeTcs HelIpepLIBHO, Ueped M0CAeZ0BATE/bHOCTL OXHO-
$a3HBIX COCTOAHMIL.

KpoMe Toro, XpHBas IIaBJeBYSA MOXKET BCTPeTHTE Ha CBOEM
«IIYTH» APYIYIO TPCHHYIO TouKy Tp' ABAAIOIIYIOCS HAYANOM BHJIKM:
JeBad Kpusasa OyleT ABAATHCA IPAHANEH MeXXIy XBYMSA TBepABIMU
(110 pasHbIMuM) dasaMi, a IpaBasg — KPHBOMH NJ1aBJeHUA HOBOH TBep-
noit dasel. B manpHeime geTakH MBl yriyGJasaTECA He Gydem.

BaBepmuM >ToT 0630p IpeacTaBae-
auem (aszoBoil JuarpaMMH B o6BeM-
HeM BHfe. B napamerpax p, T, V ona
6yaeT BBINARETHL TaK, KAK HOKA3AHC
Ha pHe. 5.7. Oto ciaoxHas NOBEpX-
HOCTH, KAXJaA TOYKA KOTOPOH OTBe-
9aeT OIIPEeZeeHHOMY pPaBHOBECHOMY
COCTOAHMIO — RA¥ opnHodazHOMY,
un4 gByXdasHoMY, HIA TpexthasHo-

P

Puc. 5.6
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MYy. Henpepunnmmu JMHNUAMA TCKAa3aHbBl H30TepMI>I. napasaenb-
Hble 4acT# uX (mapasiesibHeie ocH V) COOTBETCTBYIOT ABYX(dasHBIM
COCTOAHMAM, a OJiHa —Tpexda3HoOMy COCTOSHHIO.

JocTaToyHO ICCMOTPeTh Ha 3TCT PMCYHOK CIpaBa — HAJIEBO
(BoosB OCcH V), M MOXXHC Y3HATH AHarpamMmy Ha puc. 5.6, a ecnp —
BACAb ocH T, TO — AMArpaMMy, IpaBasd HYacTh KOTOpCH NokasaHa
Ha puc. 5.2,

§ 5.3. JKuakoe cocToaHHEe

Ecnu BemecTBo HAXOZMTCA B I'a30B0H dase, TC MONEKYJhI €ro
OBHDKYTCA TIOUTH cBOOCAHC, IIOCKCJIBKY MX 3HEPTHA B3amMomeiicT-
BHA 3HAYHTENLHO MeHbINle KMHETHYCCKOH dHEPIrHH (peds HJET O
CpPeHUX 3HAYeHHMAX STHX BeanyuH). IIpu arcm ras sanmonauser Bce
ZOCTYIIHO® ZJIf Herc IPOCTPAaHCTBC (HAaIpMMeD, ofbeM cocyaa).

B xupxoi ¢ase MONEKYIbl HAXCAATCA BOJIOTHYIO APYT K APYTY,
HO KaK H B rase, obusaganT 0cabIICH NOABMIKXHOCTBIO H PAaCIOICXKe-
Hbl HEYIODAJOYEHHO. JHEPrHA B3AMMOAEHCTBUA MOJIeKYJ CpaBHH-
Ma C UX KMHeTHYeCKO¥W sHepruei, U 3TO IPOHABJAAETCA B TOM, 4TO
JKHAKCCTh 3aHMMAaeT ONpefiesieHHbIH obbeM. B pacmono:keHnn yac-
THI, }KHAKOCTH HabIlogaeTca TAaK Ha3hIBAEMBIN OXUMCHUL NOPAJOK,
T.€. OC OTHCINEHMIO K a:000H yacTuLe pacrosoxenue GiMKafmnx
YaCTHL, ABJACTCA YNOPAAOYEeHHBIM. B OTIMYNe OT >XHIAKOCTH, B
KPHCTAJIJIC MMeeT MecCTO darvHUlt nopadox.

B cBA3H c OTCYTCTBUEM R KUAKCCTH JaNbHEIC MOPALKA OHA, KAK
npaBwiIc, ¥e OOHAPYKHBAET AaHUICTPCIHH, XapaKTeDHOM JUIS KpHC-
Ta/LUIOB. B JKMAKOCTAX C VAJHHEHHBIMHE MOJekygaMm Habniomaercs
ONHMHAKOBAR CPHEHTAIHA HX B IIpefesax 3HA4YHTeJbHcoro obnema,
yTCe NPHBOAUT K HOABJIEHHMI0 aHW3OTPCIHM pAXA CBOHCTB. ITO TAK
HaawIBaeMble XUdkue Kpucmanaabi, JARKHe KpHCTALIH 06IafaoT
0ueHb BAaXKHBIMH ONOTHYECKHMMH CBOHCTBAMHM, UYTO CBeCHeuMIc HX
MHOTCYHCJIeHHbIE IPHMeHeHHNA M 601b1IOH HHTepeC K uX H3yJeHHIO.
Ha cnolicTBa >XMOKHX KPHCTaJIOB CWJIBHOE BJHAHNE OKAa3LIBAIOT
3JIGKTPHUIECKHe H MarsHudTHele modda. VsyueHHe 3THX BAHAHHA —
npeaMeT MHTeHCHBHBIX HAYUHBIX HCCIeZOBAHMM, a IoJyuaeMble pe-
3yJbTAThl IIMPOKC HCHONB3YIOTCA B IpaKTuke (YNpabBiieHHe CBETOC-
BBIMM IIOTOKaMHy, IH(PpOBBIe YKA3ATeAH Ha XKAEKHX KpHcTa/Llax,
AUCILZIe H Jp.).
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JKBAKOCTE 3aHUMAET IPOMEXKYTOTHOE IOJIOKEHHE MEXKAY Ta30M
M KPHCTAXNaMH. ITO CBA3AHO C TeM, 9TO XHIKOe COCTOSHME SABJA-
eTcA nHauboslee CHOMKHRLIM IO CBOMM cBOicTeaM. IlosToMy ero Teo-
PBSA pPa3BHTA rOPasfio MeHee, YeM Y razoo6pasHoro ¥ KpHCeTajinde-
CKOro cocToAHuM. JJo cHX NMOP HeT BIOJHE 3aKOHUYeHHOH m olbule-
NPR3IHAHHON TEOPHH KUIKOCTEH.

OpHa u3 Momeneld MOBEXEHHS MOJEKYJN B >KHAKOCTH, IPEAJIO-
xkeuHasa . U. ®perxenem, BriraaguT Tak. Kaxkiaasg MoJdexyja B
TeYeHHe HEKOTOPOro BPeMEHHM KOJeHJeTCA OKOJIO OIpefeseHHOTo
TIONOXXEHUS PABHOBECH A. 3aTeM MOJIEKYJ1a MEeHAEeT CB0e€ MeCTOIOJIO0-
JKeHHe, CKAYKOM IIepPeMEIadch B HOBOE IIOJOMKEHHE PABHOBECHA.
Takum 06pa30M MONEKYIa MEAJEHHO TepeMenaeTCd BHYTPH KHUA-
KOCTH, CTPAHCTEYS IO BCEMY ee 00bemy. [IpM NOBBINIEHHM TeMmIie-
PATYPBHI CMALHO BO3PACTAaeT MOABMIXHOCTL MOJEKYJA B BAIKOCTH
HHAKOCTH YMEHBLINAETCA.

ITocTpoeHne TeOPHR KEAKOCTEN HATAIKHBACTCA HA NIPHHIAIHA-
JLHYIO TPYAHOCTh, CEA3AHHYIO ¢ TeM, YTO B3aHMOAeHCcTBHe MOJe-
KYJ1 OPHBOAMUT K 3aBHCHMMOCTH 3HEPrHH CHCTEMEI OT MX B3aMMHOIO
MOMOMEHRA. YUEeT ITOro O6GCTOATENLCTBA AENAET HEeBO3MOMKHBIM
BLITHCJICHHUE DABHOBECHOTO PacmpefesieHHs Monekya. IIpeomonern
3TY TPYAHOCThL IOKA He yaanoch. [IpuBiiedyeHHe K PelIeHHIO 3TOH
IpobJieMBl JaXke CAMbIX OBICTPOAEeHCTBYIOIMKUX KOMIBIOTEPOB He Mo~
3BOJIAET PACCYHTHIBATL MOAENbL CHCTEMEI ¢ OONBIIMM YHCJIOM Yac-
THIIL.

HecMoTpss Ha OTCYTCTBHE TEOPHH JKHAKOCTEH, HEKOTOPBIE BAXK-
HBEI¢ CBOMCTBA HX H3YYEHBI HOCTATOUHO MOJMHO U OPEACTARASIOT Cy-
IIeCTBEHHBIA OpaKkTHYeCKHH mHTepec. B mepByo odepeah 3TO HO-
BepXHOCTHOE HATAMXKEHHE M CBA3AHHLIC C HHM SBICHHA.

IlozepxHOCTHOE HATAM»KeHHE. [[OBEPXHOCTHHIH CHOH KHIKOCTH
HAXOAUTCA B 0COORIX ycaoBHAx. leso B ToM, YTO paduyc morexy-
aaprozo deiicmeus rg ~ 1077 cM (HECKONBKO MEXAYATOMHBIX pac-
CTOSIHHAM), M 3TO TNPHBOAHUT I,
TOMY, 4YTO B IIOBEPXHOCTHOM
cjloe TAKOA TOJNINMHEI HA MOJe-
KyJAbl JeWCTBYIOT CHJIRI, Ha-
OpaBJIeHHEE BriayOb >XHAAKOCTH.
Pre. 5.8 570 Jerko DOHATE U3 pHuc. 5.8,




CocToRHRS BEmMECcTBA 139

Takum 06pasoM, BEIXO[ MOJEKYJBLl HA IHOBEPXHOCTH COIPOBOK-
JaeTcA paboToil MPOTHB 3THX CHJI, KOTODAS HIAET H4 VBeJIHUYCHHE
TOTEHIIHMAJNbHON SHEPrMM MOJEKYJH — 38 CYeT KHHeTHUYecKoH
SHEPrUM (BRIXOAANINE HA IOBEPXHOCTH MOJEKYJIRI ¢OCTHIBAIOT»).
3HAYHT, IOBEPXHOCTHEIH CJ0H obfnazaeT AOIONHHATEALHOH IOTEH-
LIHAMLHOH 3HEePruei, KOoTopasg BMECTe C IMOBEPXHOCTHIO CTPEMHTCH
YMEHLIIBTLCA, ¥ KHAKOCTh, IPEOCTABIeHHAA caMo¥ cebe B ycio-
BHAX HeBECOMOCTH, IPHHUMaeT dopmMy miapa (IIOBepXHOCTEL €TI0 MH-
HuManbHA). «CTpeMJieHHe» YMEHBLIIMTEL CEOIO IIOBEPXHOCTH IPOAE-
JIAieTCA B BOSHAKHOBEHUH CHJI NOBEPXHOCITIHOZ0 HAMANEHUR, KACA-
TEeNbHBEIX K IOBEPXHOCTH.

Hanuune nOBePXHOCTHOrO HaTMXKeHHA 30-
GeKTHO IEMOHCTPUPYETCA C MOMOIILI0 MBLILHEIX
miaeHoK. Jliua aroro GepyT mpoBoyouHbIH I1-06-
PasHBIM KapKac ¢ MOABMXKHON nepeMBIYKOH AJIH-
HEul [ (puc. 5.9). 3aMKHYTHIH KOHTYD 3aTATHBAIOT
IIeHKO#, KOTOpad cpasy ke, CTPeMACh YMeHb-
IIATH CROI0 TIOBREPXHOCTH, HAYWHAET MOAHHUMATE
mepeMurdky. YToGEl BOCHPENATCTBOBATL 3TOMY,
TPHXOAUTCA NIPHAKIAILIBATE BHEINIHIOW cHuay F.

O6oanagum cuay f,; MOBEPXHOCTHOrO HATA-
JKeHMS, TPUXOAAMYIOCH HA eAWHUIY IIUHBI
KOHTYpa, yepes o

fex = o, H/Mm. (5.4)

BenamugEY ¢ HASBIBAIOT NOGEPXHOCMHLLM HAMANCEHUEM.

MepneHHO nepeMemas IEePEeMBIYKY BHHM3 Ha paccTosHEe dx,
cuna F, pasHaa 2al, copepmraer pabory 2aldx. Kosbdpuuuenr 2
TOSABHUIICA K3-3a TOI'0, UTO IJIEHKA UMeeT ABA IIOBEPXHOCTHBIX CJIOA.
Cama XHEAKOCTH COBEpHIIAET HaJ IEPEeMBIYKOH pabory, paBHYIO
d’A =—2aldx = — adS, rae dS — npupanieHAe MIONOALY IOBEPXHO-
CTHOTO cnoA. IIpKH 3TOM AOMOJHATEIBHOE KOJIHIESCTBO MONEKYII TIe-
PEeXOAUT H3 IMIYOHMHEI KAAKOCTH B HOBEPXHOCTHRIH CIO#, UTO €O-
TIPOBOXAAETCA, KaK OBIIO CKA3aHO BRINIE, OXJRMIACHHUEM KHIKO-
cru. OpHaKO eCAW BJTOT IPOIECC UPOBOAXThL MEANEHHO, OH
OPOTEeKAEeT H30TEPMAYECKH, K 3TO [aeT BO3ZMOXKEOCTEL HHOM HHTEPII-
peTanEH BEJXHYHUHEL O.
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Panee (§ 3.6) MBl ycTaHOBHRIH, YTO paboTa CHCTEME]I B H30TEPMH-
4eCKOM IIpOIecce COBEpIIAaeTCHa 34 cHeT yOuLIM CBOGOAHOM SHEPIME
F. Torga monyuyenHOe BEIIIE BhipakeHHe d'A = — adS ¢ yueTom pa-
peHcTBa d'’A = —dF DNPHBOAUT K BHIBOAY, 4YTO

a = dF/dS, Dx/m2. (5.5)

T.e. NOBepXHOCTHOE HATAXNERUNE O IIpeAcTaBiAeT cofoi cBOGOARYIO
SHEPTHI0 eIMHHIL IUIOWIAAH IIOBEPXHOCTHOTO CJIOA. 3aMeTHM, 4TO
C pOCTOM TeMIiepPaTyDLI HATHAXKEHHE O YMesbllaeTcda, obpamasachk B
HYJIb IPH KDHTHYECKOH TemmepaType (IpM 3TOH TeMmepaTrype rpa-
HHMI@ MEXJIy »KHAKOCTHI0 M HACHILIEHHLIM TAPOM HCYe3aeT).

B cocTromHuM paBHOBeCHA CBOGOJAHAS 3HEDPrHs, a 3HAYHUT H TIO-
BePXHOCTH XKHIKOCTH, AOJKHA 6BITh MEHHMATLHOM. JTO OTKDEIBA-
eT BeJHKOJIENHYI0 BO3MOXXHOCTh YHCTO SKCOHEPHMEHTAJLHO ® TPO-
€TO C IIOMOINLK NJIEHOK HAaXOANTE (GOPMY IMOBEPXHOCTH, HATAHYTOH
Ha KOHTYD JNi1060¥ NpPOCTPAHCTBEHHON KOHPUIYpalfuH, IIOImAalhL
KOTODOH 6riya Ob1 MHHHMaJNRHOW. MaTeMaTHUYecKOe PelIeHHe 3TOoH
NPAKTHYECKH BAYKHOH 3aJaYMd COOPSIKEHO CO 3HAYMTEIbHBIMH
TPYAHOCTAMH.

C DOBEPXHOCTHBIM HATAXXeHHEM CBA3aH DPAX SABJICHHH, Tpen-
CTABJAIONIMX CYyry00 IpaxTHYECKHH HHTepec.

JlaBseHENC IOX WM3OTHYTOH IIOBEepXHOCTHIO. PaccMoTpnmM mpo-
CTeMINMMA ciyyaif, KOrZa TIOBEPXHOCTh MKHAKOCTH cdepHUecKas
(puec. 5.10). BrjpgeauM mzic-
JIEHHO Ha 9TOH IIOBEPXHOCTH C
paguycoM KpHBH3HE R Hebo-
AplIOR KPYXKOK pajguyca r
(r < R). 9TOT y4acTOK DOBEPX-
HOCTH DacCTSACHBAIOT CHJIHI II0-
BepPXHOCTHOIO HATSI>KEHHs, Ha-

Pue. 5.10 TpaBJIE€HHBIE TOYTH PAAHAISHO

(Tounee, B BHAe S0HTHKA).

Biarogaps 3THM CHJIAM B KHJIKOCTH BO3HHMKAET NOMOJHHTEILHOE
AaBieHHe Ap =f,. - 2nr/nre, wim

’ 2a
Ap=—, 5.6
P R (5-6)
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TAe y9ITEHO, YTOo f‘;‘ =fez-8=0a-7/R. 3pecs R — Benwuuna anre6-
pauyecKad: eCJM LEeHTP KPHBM3HH O IOBEPXHOCTH HAXOOHTCH
BHYTPH KHEAKOCTH (KaK HA PACYHKe), To R > 0, ecnu »xe BHe >KuJ-
KOCTH, TO NOBEPXHOCTL OyAeT He BRINYKJAA, & BorHyTada H B < 0.
CooTBeTCTBEHHO B HEPBOM CcJaydae [AONOJHHTeJLHOe NaBineHUE

p+Ap p-IAp|

Puc. 5.11

9To siBIeHWe NPHBOSUT, HAIIPHMMEp, K TIOBBLIIIEHHMIO XABIEHMA
BHYTPH Ny3BIDBKOB C RO3ZyXOM paauyca R=5 MKM Ha Ap=
=0,3 arMm.

Jlannac o606niua dopMyay (5.6) Ha noBepxHOCTHL M0060# (Bop-
Mul. Popmyra Jlanaaca BBITVISAHT TakK:

Ap= o{ivr i] , 6.7

R, R,

rae Ry ¥ R, — paguychl KPHBH3HEL B ABYX B3AaMMHO HEPIEHAUKY-
JNAPHBIX [JIOCKOCTAX, [lepecedeHHe KOTOPhIX COBIAZaeT ¢ HOpMa-
JBI0 K IIOBEPXHOCTH KHJKOCTH B HHTepecyoulell Hac touke. O6a
pPaA¥Myca KPpHBHM3HBI — BEeJIMYHHEBI anredpandeckme. [IpaBuno sHa-
KOB JULA HEX TO e, 4TO ObIO mpWBeaeHo Belme. Hampumep, ana
ceAno06pasHoH IMOBEPXHOCTH PANHYCHI KPHBU3HEI HMEIOT IIPOTUBO-
IOJIOYKHBIE 3HAKH.

ABnedua Ha rpaEHUAaxX Mexay cpexamH. Teepirele Tena, xak M
SKHJKOCTH, II0 TeM K€ IPIYMHAM 00J1aJ4I0T IOBEPXHOCTHOMN dHEP-
reeit u HaTssKerueM. Ilpu aToM, eclH pedb HAET O TPaRHIE pasfe-
Ja ABYX CpeJX, TO CIeAyeT MMETH B BHAY, YTO IOBePXHOCTHAA dHEP-
riuA Ha TPAHHIe pasfella 3aBHCUT OT CBOMCTB 06eux cpel. JpyrumMu
cJIOBAMH, HaJ0 pPACCMATPHBATH CYMMapHYIO IIOBEDXHOCTHYIO 3HED-
THIO (33 ABYX cpen.

PaccMorpum xannio XHEAKOCTH HA ITOBEPXHOCTH TBEPAOTO TEIAa
(puc. 5.12). ina paBHOBeCcHA HE00X04HMO, YTOOLI Bce CUIEI, aeiicT-
BYIOIIKE Ha 3JIEMEHT KOHTYpa, NePOeHARKYJIAPHBN PHCYHKY B TOT-
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ke O, YpaBHOBEUINBAJIRCH, OTH CHJIBL
COCTOAT M3 CHJ HNOBEPXHOCTHOTO Ha-
THAMEHUA 02, Ogg, G13, AEHCTBYOIINX
BJOJIb TDAHMI] Pa3fesia MeXAy cpena-
MH. PaBHOmeHCTBYIOIMaA 3TUX CHI
019 T ag3 + 033  YpPaBHOBEIIMBAETCH
MOJEKYAAPHEIMM CHJIaMH TBEPAOIO
Pue. 5.12 Tena, KOTOPhRIE HANPaBleHEl RBHUS.
IToaTomy paBHOBecHe obecrieunBaeTCs
PaBeHCTBOM HYIIO0 CYMMAPHOM NIPOEKHNUM CHUJ HA MOpPH30HTaJBHOE
HaTpaBleHHe, HIM O;3 = (1 C0SO + agz. Orciona

cosf =218 ~ %23 (5.8)
Ao

rae 0 — Tak HasklBaeMbIH kpaesoil yzor. Ero ob6s1uHo BRIOMpAIOT B
obiracTH, 3aHATOM HMAKOCTHIO (KaK Ha puc. 5.12).

Ecnu 0 < n/2, TO TOBOPAT, YTO MKHAKOCTh CMaALuBaem NOBEPX-
HOCTb TBepgoro rena. Ilpu 6 — 0 Mmeer MECTO NOAHOE CMaALUBAHUE.
Oxo OyAeT ¥ IpM YCJIOBHH, KoI'Za npasas 9acTb (5.8) okaxerca 6o-
JIBIIE€ egUHUIILI, T.€. IPU YCIOBHE

ajg > G1g + A23.

Ecnu 6 > n/2, TO XHAKOCTb He CMauMBaeT NOBepxXxHocTh. [Ipu
0 — T MBI UMeeM RoaHoe Hecmaruéarue. Oxo byger HabAOTATECA ¥
TpH YCIOBHM, KOrga npaeas 4acts (5.8) okaxerca meHee —1, T.e.
TpY YCIAOBHHA

Og3 > A13 4+ 012.

Ha puc. 5.13 npuseners npuMeps cMadusanud (0 < n/2) u He-
cMaunBaRuA (6 > n/2) — DU COMDHUKOCHOBEHUHU HUNKOCTH C TOPH-
30HTAJIHHOH M BEPTHKANbHOH IMOBEPXHOCTAMH TBEPAOrO TeJa.

Puc. 5.13
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Kamuwnaapawme sapiaenun. Hanwaue Kpaeporo yriaa OPHBOAUT K
HCKPHBJIECHHIO MMOBEPXHOCTH >XHUAKOCTH BOJIMSM CTEHOK COCyZa.
H30rHyTEIE MOBEPXHOCTH HA3EIBAIOT MEHUCKAMU.
Ecnu yakyio TpyORy (KanMJINAp) ODOTPY3UTH OA-
HHM KOHI{OM B XHAKOCTh, TO B pe3yJILTaTe cMa-
YHBAHKSA YPOBEHD KHAKOCTH B HeH OyaeT BhIIUE,
YeM B COCYZEe, & TPH HECMAYHBAHHM —— HIUXe
(puc. 5.14). Bee aBpneHua, cBA3AHHBIE C HCKPHE-
JIeHHEM IIOB€PXHOCTH XKUIKOCTH, HA3BIBAIOT Kd- Puc. 5.14
NUALAPHOIMU.

HaiigeM pasHOCTb YPOBHEH 2 MeXAY KHIKOCThI0 B KARWILIADE
paguyca r ¥ B cOCyAe, IIO/IAraA M3BECTHBIMK IIOBEPXHOCTHOE HATH-
JKEHHe o JKHAKOCTH (Ha rpaHtile ¢ at™Mocdepoit), |
ee TJOTHOCTL P ¥ Kpaeroil yroa 6. :

PasrocTs ypomue#t 2 moskHa OLITH TaKoOM,
yT00B IHAPOCTATHYECKHMH BeC CTON0A KHAKOCTH
eAUHMYHOTO C€YEeHHHA YPABHOBEIIWBAJICA JOIOJI-
HHTEAbHEIM gaBjJeHHeM Ap 1o MeHHCKOM. By-
JeM CUHMTATH, YTO MEHHCK B KaOWJIAIpPEe HMEET
chepuieckyo dopmy (3TO OYEHD OANIKO K peaib-
HocTH). Torga cornacHo (5.6) ¢ yuerom Toro, uTo
R=r/cos® — 3T0o BHAHO H3 pHc. 5.15 - momy-

Pac. 5.15

YHM

Ap = 2a.cos 6 ’ (5.9)

r

M TpA DAaBHOBECHUH

pgh = _2acos® . (5.10)

r
Orcioga caeayer, UTo
po2acos® (5.11)
pgh

Ons cMaumeatomeit xuraroctd (0 < n/2) k > 0, T.e. ypoBeHb
KHIKOCTH B KAOWIAADe NOJAHWMAETCS, AN HecMAadHBalouIel
wuakocty (0 > n/2) b < 0, 3SHAYUT, YPOBERD B KATIUAIAPE ONYyCKa-
eTcs.
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ITpumep. Hajinem pasHocTs Ak ypoBHek pTYTH B ABYX COO6MIalomuUxca Bep-

THKAJbHMX CTEXAAHHRX Kanuuidapax | H 2, paauycw ceyenus
KOTOPBIX r U 7y, OpUYeM r, < r,. Kpaenoii
yron paseH 6.

PTyTh, 00 OTHOLIEHMIO K CTEKJY ABIBETCHA
HECMAYHBAOMEeH KHJIKOCThIO, TMOITOMY
KapTuHa 6OyJer BHIMIAAETS KaKk Ha pucC.
5.16. Ha ypoBHe, OTMEYEHHOM TYHKTHPOM,
naBleHHA B 000MX Xanuanapax ojfvHA-
KOBYI, ITO 3HAYUT, TITO PA3HOCTHL AONOJIHH-
TEJIBHBIX JABJAEHHH JOJKHA YPaBHOBEIM-
BaTbCA  IMAPOCTATHYECKHM  JABJIeHHEM
cronfa XKMAKOCTH BhicoToul Ah, T.e.

Ap; — Ap; = pghh.

Ocraerca DOACTABHTY B 3T0 BhpaxkeHne dopmyay (5.9), u Mbi mo-
TYy4HM

AR = 20 cos 6] (l_l}
pg nor

§ 5.4. Kpucraaauyeckoe cocToaHue

Crpoerue xpucraxnos. Ilogasnsiomee GOILOIMHCTRO TBEPALIX
TeJl HMeeT KPUCTALINYECKOe CTPOEHME, T.€. YIIOPAAOYeHHOE PACIO-
JI03KEeHHe YacTHI (ATOMOB, MOHOB, MOJEKYJ]), U3 KOTOPBHIX OHH 06-
pazoBaHel. C TAKOH CTPYKTYpDOH KPHMCTANJIOB CBSA3aHO CROICTBO
GHU3IOMPONnUL, KOTOPAsaA NPOABIAETCA B 3ABUCHMOCTH PAAa puau-
YeCKHUX CBOMCTE OT HATIPABICHHI.

9TH CBOMCTBA He BCErJa OPOABIAITCH, NOCKOABKY KPHCTAIIH-
YeCKHe Teja BCTPeYalTCd, KaK IIPABMJIO, B BHJE NOAUKPUCTMAN-
108 — COBOKYITHOCTH MHOXXECTBAa §eCTIOPAMOYHO PACIION0KEHHBIX
MEJIKAX KPHACTALIUKOB. HCKYCCTBEHHO ¢ MOMOIMLIO CIIENHATBHBIX
YCJOBHH MOXHO NOAYIUTH B3 PACTBOPA HOABIINE MOHOKPHCTANILI.
Tlocneguue, BIpodeM, BCTPEHAIOTCA ¥ B ITPHPOAE ¥ HEKOTOPEIX MH-
HepaJIoB.

CHMMeTpHsA KpHCTANI0B. KpReTanaayeckoi penreTke NpMUCyI A
pa3IRyHhEle BUAL CRMMETDPHY, T.€. CROHCTBA PEHIETKH COBIIAJATE C
caMoii co6oif MPM HEKOTOPHEIX MLICIAeHHRIX IPOCTPAHCTBEHHKIX Ile-
peMemeHnAxX (TocTynaTeabHRIX M NTOBOpoTax). Paspaorana cucre-
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MATHKA KPHCTAJLTHYECKHX CHCTeM (BHAOB CHMMETPHH). JTOT BO-
Ipoc HM3y4aloT B cHenxypcax, H MB He GyAeM €0 3aTParMBaTh.

DH3HMYECKHE THIEI KPHCTANA0B. Pasnuyalor yeTslpe THOA KPHC-
TAJJIOB B 3aBHCHMOCTH OT IPHPOAKI YACTHUL, B y3JaX PEIeTKH H OT
XapaxKTepa CHJ B3aHMOJACHCTBHA MEXJY YaCTHIAMH. OTO HOHHEIE,
ATOMHBIE, METAJIHYMECKHe M MOJIEKYJAPHBIE.

1. Hounwvie xpucmannsi. ¥ HEX B yanaX KPHCTAJJIHYECKOH pe-
IHeTKH HaXOAATCS AOHK NPOTHBONOJOXKHBIX 3HAakoB. CHJLI B3aH-
MOJeHCTEHA MeKJy HMMH B OCHOBHOM 3JIEKTpOCTATHYeCKHe. Ta-
KYIO CBA3L HA3BIBAIOT ZemepozeHHOL (MAH uorwnoir). llpuMep mosn-
Hoi#t pemierkr — KpHcramw NaCl. ¥V mero xyOHuyeckas pelierxa C
yepeaywoimumuca mowamu Nat r Cl-.

2. Amomnuie xkpucmannu. B yznax pellleTKH 3THX KDPHCTALIOB
PacnonoXKeHsl HeHTpaTsHble aATOMKE. CBA3L MeX Ay HHMUE HA3LIBAIOT
2omeononapHoit (WK KosanrernmHoir). CoOTBETCTRYIOIAE CHJIEI B3ay-
MOJeHCTBHA KMEIOT TaKXKe dNEKTPHUecKui xapakrep., Ho ux o0bsac-
HeHBe MOXKeT OBITh JaHO TOJAHbKO Ha OCHOBE KBAaHTOBOH TEODHH.

IomeononapHada cBA3b OCYLIECTBIAETCA JJEKTPOHHBEIMH IIapa-
MM — B HeHl y4acTByeT II0 OZHOMY 3JIEKTPOHY OT Ka)XAOI'0 aToMa.
FoMeononsapHasa cBA3L HMeeT HANIPaBJEHHEINH XapakTep (B OTIHYHE
OT FeTeponoApHOIL), T.e. BO3AEHCTEREe HANPABIEHO HA TOT ATOM, C
KOTOPHLIM V JaHHOTO AaTOMa HMeEeTCA COBMECTHAS JJeKTPOHHAA
napa. JlaEHAas CBA3b MOXKET OCYINECTBIATLCH TOJNLKO BAJNICHTHLIMH
JIEKTPOHAMH.

THnUYHEREe DIPHMEPEl ATOMERX KPHCTANI08 — 3T0 rpadur u an-
maa. Ob6a OHH COCTOAT H3 ATOMOB YITIEPOAR, HO PE3KO OTIMYAIOTCH
KPHCTAJIMIECKAM CTpOeHHeM. B oTnnaue or anmasa, aTroMH yrie-
poxa B rpadMrTe PACIIOJJOXKEHBI CI0AMH, H 3TO OKA3BLIBAET CHJIbBHOE
BAMAHEEe Ha padinmdyve CBOMCTB rpadMra ¥ ajaMasa.

3. Memaanuuecxue xpucmains. B ysnax penjeTkH aTHX KpHC-
TAJJIOB PACIOJIOXKeHEI IOJI0KHTeAbHRe HORBL. IIpocTpancTBo Mex-
Ay HHMH 3alI0JJHEHO 3JEeKTPOHHBLIM ra3zoM, KOTOPLIH KOMOEHCHPYeET
CHJBl OTTAJKHBAHHMA MEXJY HOHAMH, yJep)XHBasgd HX BMmecTe. B
OPOTHBHOM CJy4ae pelreTKa mpocTto pacmanachk 6ul. IIpu aToM u
aJleKTpoHHOe 061aK0 yAepKUBaeTCA B Opeaenax pelleTKH U He MO-
JKeT ee NOKHHYTD.

4. Monexynapnwe xpucmanav. B yanax pemeTkH dTAX KpPHC-
TANJIOR PACIIOJI0XKEeHbl ONpeaeleHHbBIM 00pa3soM OPHEHTHPOBAHHBIE
MoaeKyJbhl. CHIB B3aHMOAEHCTBHA MEXKAY MOJEKYJIaMH B KPHC-
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TaJIIe HMEIOT TY ke IPUPOAY, YTO YU CHJIbl IPATAKEHUA MEXIY MO-
JeKynaMH peasibHoro rasa. [IoaToMy mx HasnBalOT 8aH-Oep-8aanb-
COBCKUMU CUNAMU.

OTHM MBI M OTPAHUYHMCSH, OCTABJIASA 34 PAMKAMK KHHUIH MHOCHE
BOIpOCH!, IPeJCTABNAIOIMIAE KAK HAYYHEIH, TAK M TPAKTHUYECKH
HHTepec, PuanKa TBEpPAOro Teja HIPORONIKAET MHTEHCHBHO PadBH-
BaThCH, 3AHMMAA OANHO W3 NPHODHTETHHIX HANIPABIECHUN HAYKH.

§ 5.5. IInaszma

IloBcefHEeBHO MEI BCTPEYAEMCA C BELIECTBOM, HAXOAAILIEMCA B
TpeX COCTOSHMAX — raszoo0pasHOM, XXHIAKOM H TeeprnoM. BmecTe
TEM CYImeCTBYET M YEeTBEPTOe COCTOAHUE BEIeCTBA — NAgIMd.

ITnasma — 3TO uOHU3UPOBAHHBLE Kea3uHelmparbrbiil 2za3. KBa-
3HHEHTPANbHOCTh ra3a 03HaYaer, YTO YHCIO 3apAnoB OPOTHBOIIO-
JIOMHEIX 3HAKOE B HeM nowmu oduwnaxoso. OTHOLIEHHE YHCIa
MOHH3MPOBAHHBIX ATOMOB K MX LIOJHOMY YHCIY B TOM e o6beMe
Ha3HIBAIOT CMENEHbI0 UOHU3IAUUU naaiMmut o.. B saBucHMocTH OT
SHAYEHHA CTENeHH MOHH3ALMU, FOBOPAT O c¢aaboit, cCAILHONE U 1OJ-
HOCTBHI0 HMOHHM3HpPOBaHHOM mnasme. Ilmasmol mMoxkeT OmITH cocTod-
HHe ¢ o ~ 1073,

CHavana niasma BBISHIBAJa HHTEpeC KaK OCOGHIN HPOBOAHHUK
MEKTPHUECKOr0 TOKA M KaK MCTOYHHK ceera (rasopaspsamHbIe JaM-
nel). ITonoxenne CymecTReHHO HIMEHHNIIOCH B CBA3Y ¢ HOHMMaHHEM
poJIM I1a3Mhl Bo BceleHHOH, mofaRNAIOIAA YaCTh KOTOpPOoi (3Be3-
ALl H MeXK3Be3nHAasA cpefa) ABAAIOTCA IIJIasMoi, a TAKIXKe B CBA3H C
BO3MOMHOCThIO COSJAHHSA NPHHOUOHAILHO HOBRIX HCTOYHHKOB
9HeprgH — YIIPABIAEMOTO TePMOSAJEepHOro CHHTe3a, npeoGpasoBa-
HHUA 3HEPIHH MJIa3MEl HeNOCPEeOCTBEHHO B 3JIEKTPHYeCcKYio (B Mar-
HHTOrHAPOAHHAMHUYECKHAX IeHepaTopax).

OTMeTHM OCHOBHEIE OCOOEHHOCTH M CBOMCTB& ILIA3Mbl.

1. e6aesckHit paguyc rp — 9TO XapaKTePHRIM JHHeNAHEE pas-
Mep ofsacTH 3apAJOBOi neKoMIeHcalimu B IvtagMe. Ma pacuerta
cllegyer, YTO

' rp = kT/nne?, (5.12)

rae x = 1/g9 (CH) u 4n (CT'C), B — nocroanmaa Boxsumana, T —
TeMmepaTypa, n — KOHLOEHTPaOUA A€k TPOHOB. Jle6aeBCcKui pagH-
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yC XapaKTepusyeT PacCTOAHME, HA KOTOPOM IIRA3Ma IKpaxupyem
cebs om RoKXaRbHO20 U3bbemica 3apada. ITo HAKO IIOHAMATH TaK.

HonycTnM, B IIasMe OKa3aJICA HEKOTOPHIHN 3apan g > 0. Bruxais-
OIMe K HeMY 3JIeKTPOHBI IJIasMhI OYAYT MM IPHTACMBATLCA, & HOHHI,
HaobopoT, oTTamkupaThcA. B pesyapTaTe BOKDYT 3apAfa ¢ BOSHHKHET
chepHYecKE CHMMeTPHYHOE 3/IeKTPOHHOE 061aKko. OHo 6yaeT SKpaHH-
POBaTh 38PAN § OT PACIIOJIOKEHHON BOKPYT IUIA3MEI, TAK YTO HA HEKO-
TOpPOM YJaJIeHHH OT 3apsAna ¢ mosne, o0pa3oBaHHOE 3THM 3aPANOM H
3JIEKTPOHHBIM 00/AKOM, GyzeT HCYesaloIre MajbiM. OTO PacCTOSHHE
IIPaKTHYeCKHW PAaBHO PAgHyCy 3JeKTPOHHOTO obiaka, T.e. pasMepy 06-
JIACTH, B OpefieJiax KOTOpOH CKashIBaeTCA JeHcTBHe 3apana q. Paguyc
aTod obmacTM mopsaaka mebaeBckoro pamiyca r'p.

OxasnBaercsi, IIA3MA SKPAHMPYeT He TONBLKO aefcTBue mome-
OIEHHOTO B Hee 3apAAd, HO H BHeIllHee 3JIeKTpHuecKoe mose. Ilo-
cleHee TIPOHHUKAET B IVIa3My HA DACCTOAHHE TOXKe mopagka aeba-
eBCKOT'0 pajgmyca.

2. YcnoBHe KBA3HHeNTpaabHOCTH. UTOOnI IInmasMa coXpaHsAma
KBagHHEHTPANbHOCTE, €€ JHHeHHBIe DasMepnl AOMKHE! HAMHOIO
OpPeBOCKOAUTE JeDaeBCKHHA pajryc rp. K Tonpko npu cobmogeHun
KBA3HHENTPANBLHOCTH IIJIasMa BeJeT cebA Kak CEA3IaHHbiil KOANeK-
mue 3apAXCeHHbiX ¥acmuly. J3TO 3HAYHUT, YTO B ILTaA3ME OJHOBpE-
MEHHO B3aMMOAEHCTBYET I'POMAJHOE YHCJIO YACTHI[, B OTJIHYME OT
OOBIYHEIX I'a80B, I'Zie YACTHOHI B3AaMMOAEHCTBYIOT APYT C APYTOM B
OCHOBHOM TOJLKO IIPH CTOJKHOBEHHMSIX. OTHM CBOMCTBOM IIJIa3Ma
ofAsaHa AANBLHOAEMCTBHIO KYJOHOBCKHX CHMJ, BOBJIEKAIOIOHX BO
B3ARMO/eICTBHEe MHOXKeCcTBO dacTHL. C 3THM CBA3aHA BO3MOXK-
HOCTh Pa3HOOODA3HBIX KOJNIEKTHBHBLIX KOJIeGaHMM IUIA3MEL.

3. Ilnasmennsie Konebanna. B orawuue or obniyHOrO rasa, rae
TennoBLle QAYKTYallMM DPasBHBAIOTCH OECIIOPAANOYHO M MOTYT 3a-
IONHHTh Beck 00beM rasa, B IJIasMe QIYKTYaOUOHHOE HapYIUeHHe
HeHTPANbHOCTH YKECTKO JA0KAAUI06GHO B AOCTATOYHO MaJoM obne-
me. IIpy HapyileEHH 91€KTPOHEHTPAILHOCTH B Kako#-nubo obuac-
TH OJIasMbl B HEX BOSHHMKAET JJIEKTPHYECKOE II0Je M CJIEACTBHEM
9TOr0 — HOPOAOCJLHEIE KOJNEDAHRA 3apANOB ¢ HEKOTODPOH 4YACTOTOH
Oy, Ee HA3BIBAIOT naaimeHHoll wacmomoit. PacueT mokasmwiBaeT
{cM. pemerme 3agaum 5.11), 4TO ANA 3J€KTPOHOB

- =,/xne2/m, (5.13)
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raoe x = 1/e¢ B CU 1 4n B CI'C, m — Macca 2J1eKTpoHa, 1 — HX KOH-
LUEeHTPALNA.

3T TaK HA3LIBAEMEIE NIA3MEHHble K0e0aHUA NOBOJNBHO GRICTPO
3ATYXAlOT B pe3yAbTAaTe CTOIKHOBEHHI 3JIEKTPOHOB ¢ HoHaMu, Onnm
He HMMeIOT BOJHOBOrO XapakxTepa, T.e. He PACNpOCTPAHAIOTCA IO
naasme. [lnasmMenurle KoseGaHusas — 5TO TOT MeXaHM3M, € NOMO-
B0 KOTOPOro B ILTIa3Me NPOMCXOJHMT BbIpAaBHMBAHME NJAOTHOCTEH
PasHOMMEHHKIX 3apAAOB.

4. Temneparypa nna3smsl. Boabluoe pasidume Mace 3JIeKTPOHOB
H HOHOB JeflaeT BO3SMOXKHKIM CYIIECTBOBAHHE KBA3SHPABHOBECHBIX
COCTOAHMH IAa3Mbl, KOTOphIEe MOTL'YT ObITH OXapaKTepPH30BaHKL ABY-
MA TeMIlepaTypaMHM — 3ieKTpoHHOM T, 1 uoHHOH T;. Hampumep,
IIpH NOJAYYEeHHH NJIASMEL ¢ IIOMOILBIO TA30BOIO paspsajga SHepruas ot
HCTOYHUKA NHTAHUA [TepeAaeTCsa B OCHOBHOM 3JIEKTPOHAM KaK Hau-
6oyee mopBHykHEIM yHacrTHnaM. MoHH ke HabupaloT 3Hepruio BO
BTOPHUYHBIX MpOLECCax CTOJKHOBEHMIT ¢ siexTpoHamMu. Heobxomu-
MO€ [JiA BBIDABHUBAHMA DHEPrHH YMCIO CTOJKHOBEHMH MOJIAHO
OLITh HE MeHee HECKOJbKHMX THICAY HA KAMIBIA HOH.

Ecnn takyio ninasmy IpegocTaBETh caMoit cefe, TO cHadasIa
YCTaHOBHTCHA MaKCBEJJIOBCKOE pacmpefeeHHe CKOPOCTeH 3J1eKTDO-
HOB, 3aTeéM — HMOHOB. BO3HMKaeT KBasupapHOBECHOE COCTOAHHE, B
KOTOPOM BJIeKTPOHH OyAyT AMeTh TemmepaTypy I, a HOHE — T,
npudem T, »» T;. 3aTreM B pe3yjbraTe OOGMEHA SHEPTHAMH MEKIY
3MEeKTPOHAMY M MOHAMH YCTAHABJIHBAETCH MAaKCBEJIJIOBCKOE pac-
npexesieHHe JOA éceli IAa3Mb, T.€. o0lljada TeMmepaTypa 3JIeKTpo-
HOB ¥ HOHOB. Taxyio IJIa3My Ha3BIBAIOT UL30MEPMUYECKOLL.

5. HpeansHaa maasma. Tak HaspIBaIOT NJIa3My, Y KOTODOH cpef-
HAA NOTeHUUANBHAA JHEPrHA B3aMMOJEHCTBHA YaCTHI, Maja IO
CPABHEHHUIO ¢ MX CDeAXel KHHeTHYeCKoH sHeprued. IloaroMy ren-
JIOBOE ABHXKEHME YacTHI| B IIasMe H HAeaJlbHOM rade obGiagaer 6Go-
JIBIIMM CXOICTBOM, H TepMOJHMHAMHYeCKHe CBOMCTBA TaKOM MIas-
MbI JOCTATOYHO XOPOIIO OINMUCLIBAIOTCA YPABHEEHMEM COCTOSHHUA
HaeainbHoro rasa: p = nkT.

6. IlpoBoaguMocTs TLIa3MBI ©. OHA OIIACKHIBAETCA TOH e ¢dopmy-
soit (4.18), rge T — BpeMsA peJIAKCANOUM NJIa3MEHHBIX BJEKTDOHOB.
IToacTamoBKa YHUCAOBRIX 3HAYEHMN BXOZAIIUX B 3TY (GOPMYJIy Be-
JHYUH IPHBOAMT K NPOCTOMY BhIDaXXEHMIO ANA OLEHKH NDOBOAM-
moctu masmel (B8 CH):

o~ 108 T%/2, On 11, (5.14)
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Biarogaps GhICTPOMY YBEJIHAYEHHIO C© IJIa3MbI C POCTOM TeMIIe-
patypel T DOCTATOYHO pA3OTPETAS IIA3MA CTAHOBHTCS XOPOUIMM
MPOBOSHUKOM.

7. Mlnaama B marentEOM none, HamGosee Ba)KHEIM mpaKTHue-
CKHUH MHTEpec, KOTOPLIA mpeacTaBiAeT PU3MKA IJIA3MBI, CBA3AH C
pelierueM TMpPoGJIeMEl YnpaiieMozo MepmoRdepHozo CuKmesd.
1A ocyLiecTBIeHNA TEPMOAAEPHBIX pPeaKIHi BOLOPOLHYIO IIIaaMy
HeoBX0oIHMO HarpeTs fo TeMnepaTyprl He Menee 108 K. Iogxepsxa-
HHe CTOJIb BRICOKOM T€MIepaTyphl HEBO3MOMXKHO [IPH COIPHKOCHOBE-
HHAH mJa3Mhl CO CTEHKAMM KaMephl, B KOTOPOH OHAa HaxomuTcA. Us-
6exaTs BTOTO naeT BO3MOXKHOCTL TaK HAa3lblBaeMafd MAZHUMHAR
MepMOU30OAAYUR: NJa3My TIOMEIAoT B CHJILHOE€ MaTHHTHOE IoJe
(HampuMep, TOPOMIANbHOE), NMPENATCTBYIOIlee HMOHAM H 3JIEKTPO-
HAM MepeMellaThCA B IONEpPeYHOM HaIpaBJAeHHH M YXOAHMTHL Ha
CTeHKH KaMepnl. M3BeCTHO, YTO 3apAKeHHBIE€ YACTHILI B CHIbHOM
MarHUTHOM IIOJI€ ABMMKYTCA IO BHHTOBBIM TPae€KTOPHAM, KOTOphIe
«00BHBaOT» JUHUM BekTOopa B.

OcHOBHAA TPYNHOCTH B pelIeHUH 3TOH NmpobaeMbI cBA3aHA C TIO-
JyYeHHeM ycmoliwueoil nna3mel. IIpo6aema oxasanacek uype3pnlyam-
HO CJIOXKHOH M [0 CHMX NOP OKOHYATeJLHO He pellleHa.

3agaun

5.1. PasoBeiit nepexoX. HexoTopylo Maccy BelnecTsa, B3SAATOr0 B COCTOS-
HHUH HACBIIIEHHOI'O napa, H30TePDMHUYECKH CHATIN B paa 1o 06'LeMy.
Kakyi vgacTh 1) KOHeYHOro ofsena JaHNMaeT KU JKada dasa, ecitn yae-
JbHBIE 00beMbl HACLILIEHHOro Mapa M XHAKOCTH OTJIMYAOTCA APYT OT
apyra B N pas (N > n)? P r
Pem e n u e. H3o6pasum ana
HAIVISOHOCTH OPOMCXOAALNEe HA
puc. 5.17, rpe N = V,/V, n

. . I 1
n=V./V,V — koHeunnli 06b- b ;N 4
eM cucremun. HHTepecywomaa I | n |
! f—
Bac BenHumua T = V,./V'. B ko~ | | I
HEYHOM COCTOSHHM OTMETHM BCe | 1 I
BeJHYHHEI IITPHXOM. 7
Va 14 Va vV

Puc. 5.17
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5.2

Cocrasum 6anaHe Macc M 06bemoB 06erx a3 B KOHEYHOM COCTOAHME

m-m,

m=my+m,, V=V, +V,=V_+ m""Vn. )

PaageuM mocsegHee BhlpaskeHHe Ha V'@

1=Y$+[1_LQJ£=_‘$+5-Z£5. 2)

IlepenumesM 3710 BhIpa)KeHWe uepes 1, 1 B N:

=n+n-nMh. 3)
Orcloga chAegyeT, 4To

n=(n-1)/(N-1).
Kprrryeckoe coctoaumue. ONUpeJenuTs A1 KPHTHYIECKOTO COCTOSIHUA
BeluecTRa, BaH-ZeP-BAaJkECOBCKHE MOCTOAHHRE KOTOPOro a ¥ b HaBecT-
HBI, 3HAYEHHA CIeJyIOIMMX KPHUTHYECKUX BEIHYMH: MOJAPHOrO ofipe-
Ma Vo Thp U Pup
PeweHue. V3 ypasEenus Bau-gep-Baaarca (1.42) cnegyer, gro
RT a

T e— 1
P V- V2 W
B xpurnueckoit Touxke K mpoMaBogHas: ¢p/oV = 0, T.e.
P RT 2
@48 . (2

Vo (Vy-b) Vg
Kpowne Toro, kpuruuecxas usorepma B Touke K HCImTHIBaET neperub.
9r0 3HayuT, yTo B TouKe K BTOpas mpoussoaHas 5%p/oV? = 0, uau
#p  2RT  6a

- = 3
WV (Vy-b)® vV @)
Hcexmouns RT w3 ypasuernu#n (2) # (8), moayunm:

Vxp = 8b. 4)

IToacranoBka (4) B (2) maer:

8a
Yy S ——— . 5
P 27bR )
IToncraeus, HaxoHeu, (4) u (5) B dopmyay (1), moayaum:
a

P = o797
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5.3.

5.4

OTMeTHM OONYTHO, 4YTO, KAK JIeTKO IIOKAa3aTh, CBA3b MEXAY STHMH
KPDHTHYECKHMHA BEJAHYHMHAMH HMEET BH[

=3
PxpVMxp ) RTxp M

JHETpOonu:A K dasoppie nepexonsl. Jlen ¢ HayaabHoH Temneparypoi T,
paBHO TeMIlepaType TasgHHs, CHAYA]a H3OTEPMUYECKH TIPEBPATHIHN B
BOJAY, a 3aTeM IIpH TeMoeparype Kuneuus T, — B nap. Haittn npupa-
meHue AS yaebHOH 3HTPONMK CHCTEMEI B 9TOM Opolecce.

P e w e B » e Jasauil nponecc COCTOMT U3 TpPeX dJacreil: TaAHMA
(nnaBieHns), narpesa of6pasoBasineiica poass ot Ty go T'; u mpeBpa-
meHna ee B nap. CooTBeTCTBEHHO MOXKHO 3allHCATH B PacyeTe Ha efu-
HHUIY MAacChI:

T
AS:@*_ fc£+ﬁ‘£=ﬂ+cln§.+ﬁg
Ti T T2 1 1 2

TA€ Qux M ¢uap — YAEIBHBEIE TEMJOTHI [UTABJEHUA M IapoobpasoBaHnd,
¢ — ylenpHas TE[JIOEMKOCTh BOJKL.

Ypasuenne Knaneitpoma-Knayswyca. [JaBjieHue p HaCHILEHHOTO
napa pPTYTH 38BHUCHT OT TeMOeparyps T IO 3aXK0oHY

lnp=~%—bln7'+ const,

rge a u b — ToJI0KUTeNbHLIE DOCTOAHEEIEe. HaHTH MONTAPHYIO TEOIOTY
WCHApEeHUA PTYTH Kak QYHKIMIO TemmepaTtypwi, ¢(7T).

P e w1 e u e Bocooasayemca ypabuennem Kaaneipora-Kaayanyca
(5.3). YuuTmBadA, 4TO MOJIApHHH o6BeM Oapa 3HaYUTesNbHO Gosblue,

qeM y xuaxocTd (Vy » V), samumes

dp/dT = ¢/TV. 1)

Tenepr Ha¥aeM npoussoauyo dp/dT H3 ypaBHeHHd, IPHBEAEHHOTO B
YCJAOBUY 3RJAYH:

li’i:i_bl_ ()

CoBMecTHOE pelleHue ypaBHeHu#i (1) u (2) aaer

= __dp = ~bT).
g=TV R(a ~bT)
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5.5.

5.6.

Bopazoit nap, 3ano HAIOMINE IPOCTPAHCTBO 0L MOPIOHEM B LMIMHI-
Pe, CXXKHMAIOT TAK, YTO OH BCE BPEMA OCTAETCA HACBLIUeHHBIM, HaXO-
AACh HAa IpaHU KoHAeHcauuu. Ilosaraa a8 MPOCTOTH, YTO YAeIbHAR
Telnrora napooGpasoBaHUsA paBHA ¢ M HE 3aBHCHUT OT TemIepaTypsl T,
HalTH MOASpHYI0 TeltoeMKocTs C mapa B JaHHOM ITpoiecce Kak dyH-
knuio T. Iap cunraTe HOeaTbHBIM Ta3oM.

P e ur e u u e. Cornacuo (1.13) npeskne Bcero Haijem, 4To

dv d {RT RT dp
—_— = p—| | = - 1
Par pdT(p} p dT @
CrnepoBaTesibHO, TEmI0eMKoCTk C ecTh
RT dp
C=C,+R-—-—+*, 2
., T, @)

YkasaHHbIH B YCJIOBMH 3a7add mpoliecc Ha guarpamMme p, T uper mo
KpHBoil mapoobpasosaHua. ia Hero copaBegauBo ypaBHeHHe Kia-
ne#pona-Kiaaysuyca:

. 9 M @

ar v, TV’

rae M — nonspHas macca, V, — MONApDHHIK o6beM mapa {o0bemom
JKHAKOCTH MBI TIpeHe6peraem).

ITogcradoBka (3) B (2) ¢ y4eTOM MAEaNbHOCTH rasa Jaer
C=C, - Mg/T.

Kanwunsapusie spacana. B fHe CTEKJRHHOro CoCyaa co PTYTEIO HMe-
eTCH MAJI0e KPYIJIoe OTBepCTHE paauyca r. IIpu xakoi ToMIHHE CI0A
PTYTH OHa He 6yJer BBLITEKATH Yepesd 3TO oTBEpCTHE?

Peme Hue. U3 dopmyns: (5.6) ciefyer, UTd MakcuMaIpbHad TONINH-
Ha €051 PTYTH BO3MOXKHA IIDH YCJIOBHHM, UTO PAHyC KDHBH3HbBI MEHM-
cka R = mun. U3 puc. 5.18 suano, uto 310 6yAeT NpH YCIAOBHK R = r.
B sroM cayuae NOBepXHOCTHOE HATHA-
JKeHHe O HanpapJIeHO BepTHKBJIBHO
BBepX, H COOTBETCTBYIOIIASA CyMMAap-
Hasg cana Gyzer MaKeumannHo#i. Ta-
KHM ofpa3om

h<2a/pgr,

- TAe p — IUJIOTHOCTL PTYTH.

T
Puc. 5.18
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5.7.

5.8.

Ha MbIbHOM Ty3RIpe PAJUYCA @ ¢CHAUT»
ny3eipb paguyca b, MMea B BHAY, 4TO
b <a, HaliTH paguyc R KPHUBH3HBI MJEH-
XH, UX pasjensolwei (puc. 5.19). Kaxo-
BBl YIJILEI MeXAY ILIeNKaMM B MecTe HX
CONPHUKOCHOBEHNA ?

P e ure H ¥ e. 3amulOeM BbIpaXKeHUE ANA
H30LITOYHOro JaBIeHHMA B O0GOMX TIySbI- Puc. 5.19
paxX:

Apa=22—a, Apbzzz—a, 1)
a b

rje x03bGOHIHEHT 2 YIUTHBAET TOT PAKT, 9TO IJIEHKA HMeeT ABa Io-
BEePXHOCTHEIX cJ0s. I3 yeJIOBHS paBHoBecHs Ha rpaHulle pasfena oGo-
HX TysbIped clIefyeT, YTo

2a
2'E=AP1,—AP.;- (2)

CosmecTHO pemnas ypaseHeHus (1) u (2), Haxo-
AUM

,T.[a.nee, CyMMa TpeX CHJ NNOBEDXHOCTHOTO HaTa-
HeHHA UIPHM pPaAaBHOBECHH [0J/IXKXHA PaBHATHCH

o
gymao (pdc. 5.20), orkyga 0 = 120°. Pue. 5.20

BepTHKAIbHHIN KAMMIUIAD OPUBEAH B CONPHKOCHOBEHUE € MMOBEPXHO-
cTb10 BoAu. Kakoe KoAU4eCTRo TewIa BEIIGTUTCS TIPY TOAHATHH BOABI
no kanunaapy? CMaYuBaHHe CIHTATDL HOJHHIM, TOBEPXHOCTHOE HATS-

sKeHHe DaBHO (.
P em e H 1 e. PaGora A, coBepinaemMast cuIaMH HOBEPX HOCTHOIO HATSI-

SKEHHA NPH MOAHSITHH XUAKOCTH, HAeT Ha cOOOLIEHHE el mOoTeHI[Ma-
NBHOH H KHHETHYECKOH SHEPruH:

A=AT+ K.

Ecnn 6b1 He ObisIo €M1 TDEHHsI, YPOBEHDb KUAKOCTH B KAIMIIADE CO-
Bepiuay 651 rapMOHHISCKHE Kone6aHusa 0KoM0 PaBHOBECHOI'O IIOJIOXM e-
Hua. Braarogaps TpeHMIO, KHMHETUYECKAS 3HEPrHa K mepexoguT
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BO BHYTPEHHIOK 3Hepruio, T.e. BHAejaderca Temao @ = K.
Yuureisags popMyay (5.11), sanuineM BrIpakeHHe 417 paboThl A:
A = a2nrh = 4na?/pg.
Ilpupamenne xe DOTEHUMATBHOH 3HEPIUH
AIT = mgh/2 = 2na?/pg,
rae m = nrihp.

B peaysasrarte noayuum @ = A — AIl = 2ra?/pg.

Ionyuurs dopmyny (5.11) 1na h, NOABIYACH SHEPIETUYECKHMH C006-
PRXKEHHAMU ¥ He Jejad Ka-
KHX-TUB0 NpeanosoxeHHH o bop-
Me MeHHCKa.

Pe1xe H ue. PapHOBECHOE TIOJIO-
JKeHNe MEHHCKAa JOJMKHO COOTBET-
CTBOBATL MHHUMYMY J3HEPruu E
CHCTEME! XHAKOCTh — KaNMMJLIAp.
9ra sHeprus caaraeTcs Us mobepx-
HOCTHOH 3Heprud M TMOTeHIHalb-
HOH 9HeprUM KHUAKOCTH B II0JIe TA-
a) 6) roreEuss. MBICJIEHHO TIpPenCTaBHM

Pre. 5.21 cebe, 2TO YPOBeHb KHAKOCTH B Ka-

nugpe noguanaca Ha di (puc.

5.21, a). Ilpu 3TOM MOBEPXHOCTB

COTIPHKOCHOBEHHA KUJKOCTH CO CTEHKON KANMHJJIAPA YBEJIHYHTCA Ha

2nrdh, U 3HEPrHR NoaydaeT OpHpalleHHe

dE = 2nrdR( oy — ) + (2 dh p)gh, a)

TJle epBoe claraeMoe — MpHpalleHue cBoSoAHO! BHEPrHH, BTOpoe —
NpHUpAallleHHe TOTeHI[HAIBHOM 3Hepruu croaba skuakoctH. Janee cie-
JAyeT ydecTb, YTO NMPH paBHoBecu™ (puc. 5.21, 6)

Oy = Qlpyge 4+ Ay €086, 2)

U BOJH3M papHOBeCH S BrIpaskeHHue (1) pasuo Hymo, dE = 0. B peayis-
TaTe MOTYYHUM

2nra,.cosd = (pnrih)g. 3

Orciofia u caenyer gopmyaa (5.11).
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5.10. Tennxora 06pa3oBaBEAA JIOBEPXHOCTHOI0 c¢ltog. PaccMOTpeB nuxa
Kapuo ana mAeHKH >XHAKOCTH, ITOKA3aTh, YTO DK HIOTEPMHUYECKOM
Ipolecce TENAoTa, HeOOXooUMAaA AT 006pa3cBaHUS eAVWHUIII IJI0-
IV MOBEPXHOCTHOrO CJO0S

=d e,

daT
rage da/dT — npoHsBOAHAR TIOBEPX- ,
HOCTHOI'O HATAKEHMUA MO TeMnepary- o Q2

pe.

Pemenue; Ilposenem ¢ miueHko azu“"‘:j
ouxa KapHo, y KOoToporo TeMnepary- oyl — —

pa marpesarens T, orTJuuaerca Ha 1 T, \ 2
oueHs Manoe 3T or Temneparypsl T, e,
XOJOAUJIBHUKA., OTOT LIMKJ H3006pa-
KeH Ha guarpaMme a, S (puc. 5.22), S
rae § — JIOMI&AS HIEHKH, 3AecCh yu- Prc. 5.22

TEHO, YTO C DOCTOM TeMIEPATYPhl @ YMEHBIIAETCS, MOATOMY HA PH-
cyHKe HHKJ KapHo BBHIIIAZUT KAK <«NepeBepHyTniit». Ho xog pac-
CYJKIEHHH OT 9TOro He MeHAeTcd.

Ilpy pacrsaxeHHH TUIeHKe coobigaeTcsa TEmIoTa
Q: =g AS. (1)

3a quKN niaeHkKa coBepinaeT paory A = A;» + Ay, YUHTHIBas, 4To B
H3oTepMUYECKOM mnpolecce pabGora paBHA yObLIM cBOOORHOM 3HED-
THH, T.e. A= —AF = ~0AS, 3auuimeM BhIpaKeHAe A5 pa6oThl KaK

d’A=- O‘.lAS - az(— AS) = (0.2 - Cl1)AS =da-AS. (2)
ITo Teopeme Kapuo, yanreiBas (1) u (2), HOoygumM:

d’A T, -T, -dT _da-AS
Q n T q-AS

N3 nocneanero papeHCTBa NPUXOXUM K BRIDA-
KEHHIO B TEKCTe 3aaadH.

5.11. lInasmennsie konebanus. [lox AelicTBueM He-
KOTOpOﬁ HpK‘iHHH 3JTeKTPOHHAasaA KOMITOHEeHTa
nna3Mel, UMelomasa (GOpMY ILIOCKOTO ¢J0d,
CMECTHJIACH Ha HEKOTOPOe PACCTOAHHE X Hep-
ne’gnxyaapro ciaowo (puc. 5.23), Beaeacrsue
5TOr0 BOBHUKJH NOBEPXHOCTHEIE 3apaab! (Kak Pue. 5.23
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Ha IJJOCKOM KOHJAEHCATOpPE) M COOTBETCTBYIOIAA BO3BPAINAIOINAT
CHNa, YTO NpHUBeJo K Bo30yKASHNI MM1agMeHHuIX Konebanuit, Hakrn
HX YaCcTOTy ®, €CJAM KOHIEHTPALMA 3IeKTPOHOB PaBHA .

Peme H ne Ha 3JeKTPOHHYI0O KOMITOHEHTY OJIA3MEL B 3TOM CJIydae
6ymer meiictsoBark cuna F = ¢E, rge ¢ — cyMMapHRIA 3apsaf 3aeKT-
poHos (g < 0). EcH cyMmMapras Macca 3THX 3/1eKTPOHOB PaBHA m, To
COrJIACHO OCHOBHOMY YDAaBHEHHIO AMHAMUKH

mx = gE,, 1)

rge E; — NpoeKIMA HAODPHAMEHHOCTH 3JIEKTPHUYECKOro ToJsd, CO3fa-
BAEMOTO 3apaAflaMHM Ha HOBEpXHOCTH cJodA. MapecTHo, YTo, KAK U B
KOHAEHCATOPE ¢ MOBEPXHOCTHOW IUIOTHOCTHIO 3apsaa o,

E,=—="2, (2)

TAe ¢ — JIeMEHTAPHBIA 3apAfd, N — KOHIEHTPALMI 3JIEKTPOHOB, NX
— YLCJO 3JIEXTPOHOB HA EAMHHILY TUIOINARHM 3aPAMEHHOrO NOaepX-
HOCTHOTI'O CJ0d. 3aMETHN, ITO B PACCMATPMBAEMEIH MOMEHT (CM. pHC.
5.23} E; > O0u x > 0. TloxgcraBum (2) B (1) 4 yureM, 9yro m = Nm, n
q = N(—¢). Torga (1) Mo:kHO mpeoOpasoBaTk K BHAY

2

TakuM 06pa3oM, MBI IPHINJINA K YPABHEHUIO FapMOHHYECKHX KoJeba-
HUH ¢ I HUKJIUMYECKON HacTOTOH

o= Jnez/aom, .
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B npeaniaylnux riaBax oCHOBHOEe BHEMaHHe GELIO yAeleHO paB-
HOBeCHLIM MakpocucremMaM. OgHakKo, cTpOro roBopd, PABHOBECHBIE
CHCTEMBI — 3TO HJeanHsannd. [loBceaHEBHO HAM IPHXOIHTCA
BCTPe4aThCA TOJBKO C HEPUBHOBECHBIMH cHcreMamy . PHamKa He-
PaBHOBECHBLIX CHCTEM Pa3BHBaeTcCH, HMesd §orbIive NMepCHeKTHBEI.
M=l ge 6yaeM 3aTparuBaTh o0mue BOIPOCH! 3TOH obnacTm HayKH.
OrpaHMy¥MCcH DacCMOTpDEHHEM JHIL HEeCKOJbKHX cJy4aeB, Npex-
CTABJAOIIMX 0COOLIM NPAKTHIECKHN MHTEpeC. JTO HepABHOBECHKIE
CHCTEMRI, ¢ KOTOPLIMH CBA3AHBI CO3JaHHE JIAa3€pOB, 4 TaKye IOTO-
KM HEeKOTOpPHIX (H3MYECKMX BeNddYHH (ABJIeHHA NepeHoca).

§ 6.1. Hasepcnas cpena. Jlazepsr

BrmyxneHHoe (MHAYOHpPOBaHHOE) n3dydeHne. IlepsoHauanbHO
CUHTAJIOCH, YTO MEXAYy IBepreTHYeCKHMH YpPOBHAMM aTOMOB TpO-
HCXOLAT ABA BUAa HEePEXOJ0B: CIIOHTAHHEIE (CAMOIIDOM3BOJILHEIE) C
6osee BricoknX Ha Gosee HU3KHe YPOBHH M Te, KOTOPhle IPOHCXO-
OAT ToX AeHCTBHEM M3JydYeHHd (BLHIHYXAeHHBIE) ¢ 60jlee HU3KHX Ha
6osee BhICOKHME YPOBHHM. Llepexoasl mepBOro pofa MPHBOAAT K CIOH-
TaHHOMY MCIYCKaHUIO (OTOHOE, mepexoAkl BTOPOTO poia 06yCiIOE-
JRBAIOT HODJIOIEHMEe MIJIYyUeHMH BellecTBOM.

O#trmresin (1918) npumten K BHIBOAY, 9TO 3THX ABYX BHAOB H3-
JIyYEHHA HEeJOCTATOYHO AJIA O0bACHEHHA PABHOBECHA MeXAY H3JILy-
YeHHeM M BemecTBOM. B caMoMm fieste, BepOATHOCTH CIOHTAHHLIX T1e-
pexonoB oOpedeasaeTcHd JHUINL BHYTPDEHHHUMM CBOMCTBAMM aTOMOB H
HO3TOMY He 3ABHCHT OT HMHTEHCMBHOCTH IAajalomMero HajiydeHHHd,
BEPOATHOCTH e BHIHYMKAEHHBIX IepeXodoB ¢ 6oree HH3KMX ypOB-
Hell 3aBHCHT KaK OT CBOMCTB 2TOMOB, TRK M OT MHTEHCHRHOCTH HAa-
Jaloniero H3jJydeHus.

+ CHCTEMU!, 09eHb AajleKHMe OT PABHOBECHBIX, HAILIBAIOT CUJLHO HEPABHOBECHLIMU.
K mx gnciay, MeRZy OPOYHM, OTHOCATCA GHONOrHYeckHe (?KMBBIE) CHCTEMEI, A1d
KOTODBIX MaK0€ COCTORINE SRIACTCH yC/AOBHe M CYINeCTPOBARMA (38 CyeT AKTHBHO-
TO B3aHMOZEHCTBHA C OKpYIRawmeR cpegoft).
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IIna ycraHoBAeHUA PaBHOBECHA NPH IPOM3BOJbHOM MHTEHCHMEB-
HOCTM Najaloliero HMajlydeHusA Heo0XOOUMEI NePexofbl, BEpPOAT-
HOCTbh KOTODLIX Bo3pacTaja Onl ¢ yBeaUYeHWeM MHTeHCHBHOCTHM Ha3-
Ay4eHHd, T.e. IePEXOALI, CBA3aHHLIE C MCOyCKaHWeM QOTOHOB MOf
gedcTBMEM U3nydeHHs. Bo3HHMKAaOIIee IPH TAKHX [Iepexoqax Majy-
deHue ObI0 HA3BAHO BbIHYMNOEHKbIM HIH UKROYUUPOBAHHbLIM. JTO
611710 BeCbMa BaXXHO€ OTKDPBLITHE, KOTOPOE, VBRI, He cpasy 6blao ole-
HEHO N0 JOCTOHHCTBY.

Hdas yopoleHHR JalbHEHIUHX pacCyXieHHH DAcCMOTPHM [ABa
9HepreTHYeCKHMX YPOBHA ATOMOB (MOJIEKYJ) CPelkl, MEXKAY KOTODLI-
MH, o JAHIUTeHHY, BO3MOXXHBI TPH THIA NPOIECCOB: CIOHTAHHOE
H3J1yJYeHHe, NOIIoleHNe X BLIHY X AeHHoe (HHAYI{HPOBaAHHOE) H3IY-

2 1 N, uenme (puc. 6.1). Ha pucynxe oHE oT-
MeyeHBl KaK cn, noza U uMd. [danee
en nozn |uno
6ymeM cuMTaTh (3TO He NPUHINANHNALDL-
1 \ N HO), 9TO KPaTHOCTL BRIPOXKAEHNA ITHX
' ypoBHel g, =g, =1, T.e. ypOBHH He-
Pre. 6.1 BBIDOXK/IEHHEEIE,

Temepb BBeAeM «¢«BEPDOATHOCTH» nepexonos P, NIOHMMas NOJ

9THM YHCJIO IIeDeXO/0B exXeCeKYHAHO B pacdeTe Ha OZHH aToM:

By =Bou,, By = B ju,, (6.1)

rge Byy m B, — Tak Ha3blBaeMhle K03@Q@Puuyuernmovt FUHWIMEIHG,

U, — CNeKTPAJbLHAA IIJIOTHOCTL 3BEePrHH M3JIyYeHHA, COOTBETCTBY-

0llaA 3Hepruu Ay nepexofa MeXAy NAHHBIMH YDOBHAMH.
Hcxons #3 TepMOSHHAMHYEeCKHX coobpakeBHH, OHHIITEHH

yeraHosmia, yro By ™t = By, Oro 3HawmT, 4T0 KOdhdHNMEHTH

By = Bia- (6-2)

O6paTuMca K IIDOXOXAEHMIO H3NyUYeHHMs1 yepe3d BeumectBo. Co-
raacEo 3axony Byzepa uMBTeHcHBHOCTE [ IydKa HM3NydeHWA NDH
3TOM HIMEHAETCA C DACCTOAHHMEM X Kak

I = Ige™, (6.3)

rage ® — Ko3@@UIHeHT norjomeHud (Ipyroro mpoliecca 3jech He
IIpeANOJaTaNoch). YYTEeM, OfHaKO0, PoJb HHAYIHPOBAHHOIO HIAyYe-
HUJ H ero yHUKaJbHBIe CBOMCTBA:
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1) ero HanpasyseHENe TOYHO COBRajaeT ¢ HANPABIEHNEM BLIHYXK-
JAOLIero MaJy4yeHuns;

2) 3TO Ke OTHOCHTCA K 9acToTe, (ase M NoJApH3allHH, T.e. HH-
AYUHPOBaRHOEe H3JydeHHe KOZepeHMmHo ¢ BHIBYKJAIOINM, IpHIEeM
B BRICOKOHM CTelleHH.

Bce aTo o3HauaeT, 9YTO BHIHYXKJaiolee H3JyUeHHMe, IIPOXOLA He-
pes cpeny, 6yneT He TOJBKO NOIJIOWIATHCS, HO M NONOJHATHECA 3a
cYeT MHAYNMPOBAHHOrC M3jgydeHus. IIpu NpoXosKJeHHH ¢10A cpe-
Ou TomMHOYN dx yOLIAIL MHTEHCHBHOCTH NYYKA C HaCTOTOM v onpe-
JeasieTcs Kak

—d.[v =1‘-"12hV'N1dx“‘P21hV'N2dx, (6.4)

Ifie IEpBOe CJaraeMoe COOTBETCTBYET NOTJIOLIeHHo, BTOpoe — HH-
OYDHPOBAHHOMY HM3NyYeHHIo, Ny 1 N, — KOHI[eHTpal¥ aTOMOB Ha
ypoBHaAX I 1 2, a UX npomdBegeHHA ¢ dx¥ — 39TO YHCIO TAKHX ATO-
MOB Ha eJMHMIlY NJOWIaA¥ [IOBEPXHOCTH CJj0s. KaXkAanl M3 3THX
aTOMOB MM HNOIJIOIAET B eJWHHUIY BPpEMeHHM 3Hepruio Pi,Av, uin
BHOCHT B IYYOK 3Hepruo Py hv.

TlockonbKy Ny40K Napa/ulenbHuId, U, = I,/c, H MEL MOXEM niepe-
nucaTh BhipaykeHMe (6.4) ¢ yuerom (6.1) rak:

~d, =By - Ny By ) 21, dx (6.5)

HeTerpupysa, nonydaem

I, =Ipe™, (6.6)
rae KoaddguImesT
x’=(N1B12 —NzBZI)hV/C. (6.7)
Brineca N;3B,s 3a ckoGKy H yuTsa, 4T0 Bys = By, NIPUXOOHM K BEIBO-
&y, 4TO
o c\{ - —{J—Z-] . (6.8)
Ny

B o6rranrix yeaosuax N, < N ¥ JaKe ¢ y9eTOM HHAYIUPOBAHHOTO
HaayueHHA x' >0, T.e. HMeeT MecTo ocaabiieRme MydKa.
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A d4To, ecaH cpeny chaenaThb GKmueéHoll — d9TOGRI YMCAO ATOMOB
Ha ypoBHe 2 okasanocs Goabmme, 9em Ha yposHe I? Torga Bxjaafg B
HHTEeHCHMBHOCTb 34 CYeT MHAYIIMPOBAHHOIO H3JYYEeHHMS OKaKeTcd
6onbine, yeM nOriomeHue, KO3(PGHUMEHT x' CTAHET OTPHIATe]b-
HBIM M MHTEHCHBHOCTh nyuka (6.6) YCHAHTCA NpPH NPOX0XKIAeHHH
maxoii cpenbl. Ee HasbLIBalOT LHEepCHOL. 3Ta MBICAL OBla BRICKA-
sana B. A, ®abpukasTom (1940), o Ha Hee He 6p10 O6paleHo
LOJOKHOro BHuMaHudA. Co3faHve HHBEDCHHIX CHCTeM Ka3aiaoch Gec-
IepCOeKTHBHLIM.

H Bce ke oTkphiTHe cocTosnocsk. B 1954 r. H.I'. Bacos 1 A.M.
IIpoxopos 1 HesaBHCHMO OT HMX Y. TayHc, HCOONb3YR MHAYLHDO-
BaHHOE M3Ny4YeHHe, CO3LAAN KBAHTOBHIA IeHEepPATOpP B MHKPOBOJIHO-
BOM [lMana3ose, Ha3BaHERIH Masepom. A B 1960 r. Meiiman cosgan
s@3ep — KBAHTOBLIH reHepaTOp B ONTHYeCKOM AHanasoHe (Jaasep
Ha pybuHe). B gansHelinuem Haganoch CTPeMHTEIbHOE COBEPILEHCT-
BOBaHME 3THX HOBHIX HeOOBITHBIX HMCTOYHHKOB CBeTa.

TpexypoBReBas cucTrema. OCHOBHAA TPYAHOCTL B IPAKTHYECKOM
OCYIIECTBJIEHNHU JAHHOM M/eH — 3TO CO3JAHMe HHBEDCHOM, T.e. pe3-
KO HepaBHOBeCHOM cpeAnl. PaccmoTpuM, Kak Opula pelmeHa 3Ta
npobyseMa Ha IpHMepe mpexypO6Hesol cucmeMmbt.

Jna co3naBusa cpenbl ¢ HHBEpPCHOH 3acesleHHOCTbIO YPOBHEH He-
06X0AMMO 3aTPAYMBATh DHEPrui0 Ha IPeOoJoJeHHe OPOLECcCOB, BOC-
CTaHABJMBAIOIHX PABHOBECHOE COCTOSAHHe CPeAbl. JTO fgeslaeTcs ¢
NOMOINBIO TAK HA3pIBAeMOM Hakxauvxku. Pa3paboTaHbl pasnHyHLIe
cnocobbl HAKAYKHM, OSUH M3 KOTOPHIX — CBETOBOM —— MBI M pac-
cMoTpuM. MMeHHO OH M 6bIJI HMCIONB30BAH B DYOGHHOBOM Ja3epe.
3pech aKTHBHOH cpefod sBIfeTCA LHWIHHADHYECKHH MOHOKDHC-
TaaJx pyGHHa, OIPeACTABIAIOIONHA COGOH OKHCH ANIOMHHHA AlyO;, B
KOTOPOH uacTh aTomoB Al samemmeHo aTomamm xpoma Cr.

OHepruio HaKagYKH B 3TOM Ja3epe CO34AI0T C MOMOINbLIO ra3opas-

PAZHLIX JlaMII, paoTalOLIUX B MMAYJb-

%Z—«— CHOM pexHMe. [[MHTesbHOCTh BCILIIIKHA
o ,‘/Lh ~ ~ 1078 ¢, a MOIHOCTh HaKa4YKH B OJHOM
= HMIyJibce NPeBHIIIaeT [JECATKH Mera-
] BaTT, Mo Benuimkn aromul Cr HaxopATes
E: B OCHOBHOM COCTOAHHMHM C JHePrHed &

& Y (puc. 6.2). B peayabrare HaKaYK#M aTOMBI

Cr mepexofaT B BO30Yy»XIeHHOe COCTOS-
Pure. 6.2
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HMe ¢ sHeprueit &€,. Bpema xusuu aTroMoB Cr Ha yposHe &, MEHBIIE
1077 c. IIpx sToM aToMbl Cr NepexXoAsT He B OCHOBHOE COCTOAHME &
(BEPOATHOCTL TAKOI'O IePexofa BeCEMa MaJjia), a B COCTOAAHHe ¢ 9Hep-
rueii £3. Takoil mepexof mpoucxoAMT 6e3 mMCIycKaHuMA (OTOHOB, a
HU30LITOK HEPruM IIepefaeTca HellocpeACTBeHHO oT aTroma Cr KpHc-
TAJUIWYECKOl pelzeTKe — Ha BO36y:KIeHHe ee KoJebaHWIi.

YpoBeur &; ABIAETCA MEMACMAOUAbHbIM (3TO CYIIECTBEHHO).
Bpemsa »xu3nu atomoB Cr B 3TOM COCTOSHUH CPaBHUTEJIHLHO 0OJb-
moe — nopsiaka 1073 c. B Teuenue 3TOro BpeMeHH cpeZia mpeGuIBaeT
B aKTUBHOM cocToAHHH. Tak ob6pa3yeTcsa MHBePCHA 3aceleHHOCTeH
ypoBueit £3 u &). Teneps aocraTouHo, uTO6HI B pe3yiabraTe CIOH-
TAHHOT'0 Nepexoja &3 — & nogsuiacs GoToH, MMEII NIl HATIpaBIe-
HHEe BIOJb OCH PYGHHOBOIO JIMHADA, H UHAYIHMPOBAHHOE H3ayde-
HUe NpHBEAET K JABUHOOGpA3HOMY PasMHOXKEHHIO (OTOHOB.

O6parTHaa cBA3k, ['eHepaTop He GyneT xelicTBoBaTh Ge3 obpar-
HO#t cBA3H, KOTOPAA 3aKJAI0YAETCA B TOM, 9TO 9aCTh YCHJIEHHOrO M3-
JIY4YeHU A OCTAETCHA B AKTUMBHOH cpefie M NOJABepraeTcsa MOBTOPHOMY
KOTepeHTHOMY yCHJIeHHI0. B nasepax fya 3Toro UCOONB3YIOT ONmi-
yeckue pe30Hamopbt — CHUCTeMbI A3 ABYX 3epkan (pmc. 6.3). Urny-
LMPOBAHHOE H3JIyYeHMe 3a CHeT OTPaKeHUH MHOTOKPATHO IPOXO-
OHT aKTHBHYWO0 cpegy. Omro 3, 3,

3 3epkan (33) AenawmT cnabo
IPONyCKAIOMMM [JIA BBIBO-
Ja YacTH M3JydYeHUA Hapy-
Ky, B pe3yJbTaTe Hero o Puc. 6.3

thopMupyerca Ja3epHBIH NYYOK.

Jlazep Ha4YHeT reHEPHPOBATHL, €CIM YCHJIEHMe H3NyYeHUs IIpH
OJHOM TpOXOJe MeX Iy 3eprajaMu (TyAa H o6paTHo) Gyaer mpesoc-
XOAUTH NOTEPHM 3HeDPTHH KM3-32 H3JNYYEeHUs, BBIIEMIIEro 3a OJUH
OpPOXoJ depe3 3epKajo 3y. OTO yCHlIeHHe He MOXKeT OLITh MeHbIIe
HEKOTOPOTO 3HAYEeHHs, HASKIBAEMOTO0 nopozoavix. Ilocneanee B 3Ha-
YHTEJLHO! CTEleHH 3aBHCHUT OT CTEeNeHH NIPOIYCKAHMA 3epPKaja 3.
yeM oHa Gouble, TeM Gonblie JOJIKHO GBITH U IIOPOTOBOE YCHIIEHHE
aKTHBHOH cpefsl.

Oco6eHHOCTH JIA3EPHOro H3JAYYEeHHA. 3TO H3JydeHHe obsagaer
CBOMCTBAMM, KOTOPHIX HeT HM y OJHOIO HeJa3epPHOro MCTOYHHMKA.
OHo OT/IWYaeTCA BLICOKOH CTeneHbI0 MOHOX POMATHYHOCTH, HATIPaB-
JIEHHOCTH M KOrepeHTHOCTH. TaKk, B JIy4IINX Ia30BRIX I'e/IHIi-He0HO-
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BBIX Jladepax PacXoAMMOCTH YUYKa Jydel NJOCTHATAET TeOPeTHYecKo-
ro npegena 60 ~ A/D ~ 20 yra. cek. OTHOCHTeIbHAA MIVPHHA CIEKT-
PaJLHON JMHMH B H3JYIeHNH TaKMX Jjlazepos &v/v ~ 10711 5+ 10712,
Kpome Toro, snasepsl 103BOAAIT CO3JaBaTh H3AYUEeHHA, HHTEHCHB-
HOCTH KOTOPRIX JOCTHral0oT OT'PDOMHKIX 3HadeHMi. OHH COOTBETCTBY-
10T 3pPeKTHBHON TemMIeparype, NIpeBRINaOUIed TeMIepaTypy
Cosnna B 1011 —~ 1012 pas!

B oTianume oT py6HHOBOrO Jlasepa, ra3oBhIe jaszepbhl MOTYT pabo-
TaThk He TOJLKO B KMHYJIBCHOM, HO U B HenpephIBHOM pexxuMe.

K HacrosAlemy BpeMeHH pasdpaboraHo 60AbIIOe KOJUIECTBO pas-
HOOODA3IHKIX JIa3epPoB, H TPYLHO Ha3BaTh 00sacTH, rge O6LI OHM He
ucHonp3oBanck. Ho ato TpebyeT ocoboro pasrosopa, BBIXOSALIETO
3a pPaMKH HallleH 3afady — IPOJEeMOHCTDHMPOBATH MJEI0 CO3NAHHA
PE3K0 HePABHOBECHBIX CHCTEM M BO3MOXXKHOCTH HX HCIIOJIH30BAHHA.

§ 6.2. fABnenus mepeHoca

BrisepgenHan U3 cOCTOAHMA DaBHOBecHd, Jjibaa MakpocHcTeMa
CTPEMHUTCH BePHYTLCA B paBHOBecHoe cocTosaxue. IIpH aTom pacreTt
3HTDONNA, 3HAYUT 3ITOT Npollecc HeobpaTuM. HapyllleHHe paBHOBe-
CHA CONPOBOXKAAETCA BOZHMKHOBEHHEM IIOTOKOB MUIM YACTHI], WUIA
TenJa, MM 3MEeKTPUYecKoro 3apana H aAp. CooTBeTcTBY0OIIUE IIPO-
11€CCHI HA3BIBAIOT A8ACHUAMU neperoca. Bee oM sBNAIOTCA Heolpa-
THMBIMH.

IIpeamerom Hamlero BHMMaHua OyAyT TDH ABJEHHA IlepeHoCa:
mabhysusa, BHYTPeHHee TpeHHe H TelJIONPOBOAHOCThL (NpHIeM B
yCJOBHHX, KOT[a OTKJOHEHHsA OT paBHOBecud maJsnl). Hama mnpo-
rpamma Oy[eT cocTOATH M3 ABYX uacred. CHauana MEI npuBeaeM
SMIHpHUECKNe YPaBHEHHA 3THX NPOLECCOB — OHHM NDHMEHHMEBI K
a106BIM cpefaM (rasoo6pasHbIM, XKHUAKMM U TBepAbIM). 3aTeM HOaY-
YHM MOJIEKYASAPHO-KMHETHYECKM BHIBOA NAHHBIX YDABHEHMH AJA
rasos, KOTOPRIA [TO3BOJIMT HAM DacCKpHITH CofeprkaHMe KoadoHIu-
eHTOB, XapaKTepH3YIOI{MX COOTBETCTBYIOIHEe ABJEHHA.

B panpseiillleM npuAeTCA MCIOJL3OBATH IIOHATHE NOMOKG TOH
HJIHA MHOU OM3NIecKOM BEJAIHMHLI Jeped HHTEPeCYIOIIYIO Hac Io-
BepXHocTh S. HanoMHuM, NOTOK — BeJAMdIMHA CKANAPHAA H aared-
pandeckas. Ero 3naxk 3aBHcHAT oT BeIfOpa HOJOMXKHTEJLHOIO <Ha-
mpaBJeHUA»: C OSHOHU CTOPOHKI IOBEPXHOCTH S K APYrof mam Hao-
6opor. IlojgoxkHTenpHOe  HampaBJeHHMe O0BIHO  BHOHpAOT
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NPON3BONLHO (33 MCKIIOYEHHEM 3AMKHYTHIX NOBepXHOCTEeH, rae Io
COrnalleHHIO ero BhIGKMpaloT Hapy»Xy 06JacTH, orpaHMIeHHOH 3TOMH
NOBEPXHOCTBIO).

Mnu 6yfemM pacCMaATpPHBaTh NOTOKH B OCHOBHOM Yepe3 NJOCKHE
NOBepPXHOCTH S, NepPNeHXUKYNApHNe ocn X, BLIGHpad HONOXKHTe-
JIbHOE ¢HAIpABJIE€HNE» NQBEPXHOCTH S, COBNAJAIOIIAM C OPTOM OCH
X. Ecau pusuyeckas BesuduHa 6yJeT mepeHOCHTLCH yepe3 S B Ha-
npasaeruH ocH X, 6yneM CUHTAaThL COOTBETCTBYIOIIMI NOTOK [10JI0-
>KUTeIbHBIM, eClIH Xe B o6paTHOM HanpaBJeHHH, TO — OTpHIATe-
JIBEHBIM.

JIro6oe sABIeHHMEe nepeHoca CBA3AHO C HeOAHWHAKOBOCTBHIO B IIPO-
CTPaHCTBe HeKOTOpoH BeaWyuunl. Hanpumep, OTOK Tenaa BO3HMKA-
€T B cjlyyae HeOZWHAKOBOCTH TEMOEPATyDHl B Pa3HBIX TOYKAX CpeAbl.
Ha sty ocofeHHOCTL HOTOKOB caeAyeT oOpaTHThr BHHMaHHe. Ta ke
TeMIepaTypa — 9TO XaPaKTePUCTHKA CHCTEMB B LeJI0OM, a 3[[eCh Mbl
MOBOPHM, 4TO OHA pa3HadA. anXOAH'I'CH BBOJWUTL NOHATHE JOKAALHO-
20 pasrogecus. B cocTOAHMM JIOKaNbLHOrO PaBHOBECHSA CPeAa B KaXK-
oM MAaJIOW 4YSCTH CBOero of’bemMa HAXOAMTCA B TeIlJIOBOM PaBHOEe-
CHH, OfHAKo paBHOBECHE MeXAY PasIMYHBIMH JaCTAMH OTCYTCTBYET.

Tlox MasoCThLIO MMEIOT B BUAY 06'beM, pa3Mep KOTOPOro HaMHOro
[peBBILIaeT, HAaOpuMep, CpeAHee pPACCTOAHME MEXAY COCESHHMH
Moxexkyiaamu. IIpn aToM QHco WacTHLl B TaKOM O6beMe JOJIKHO
6LITh MAKPOCKONHIECKHUM, YTOGLI MOXXHO GBIJI0O NPHMEHATL MAKpO-
CKONMMYeCcKHe NapaMeTpPhl COCTOSHHMA TeIJIOBOrO PABHOBECHH.

Tenephb nepeiaeM K MONPUIECKNM ypaBHEHHAM NPOIECCOB Me-
peHoca.

Juddysua. Tak Ha3nBarOT B3aHMOIPDOHHKHOBEHHEe BEII|ECTEA B
Pa3JIMIHBIX cMecAX, o0yC/OBIeHHOE TEIJIOBHM ABH>KeHHEM MOJe-
Kya. IlycTh cMech COAEPXKHT ABE
KOMIOOHEHTHI C [apIHaTbHBEIMH P
MJIOTHOCTAMHU Py M pg (pme. 6.4).
KoHuedTpanua KaKA0H KOMIIO-
HEHTbl CTPpEMMTCHA BHIPABHATbLCHA,
BOSHHMKAIOT NOTOKH MacChl 00emx
KOMIIOHEHT, HATIpDABJIEHHbIE B CTO-
POBY YMEHBIIEHHS HX IUIOTHO-
crefi. OJKCOepMMeHTankHO OBLIO
YCTAHOBJIEHO  BhIDa)KeHHE JUIA Prc. 6.4

1
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IJIOTHOCTH IIOTOK& MACCHI i-H KOMIIOHeHTHI:
. op; 2
]A[, = _D‘é;l‘a KI‘/(C-M )) (6'9)

rae D — xoappuyuenm dugpysuu. 3nak MAHEYC 0OyCIOBJIEH TeM,
YTO IOTOK i-H KOMNOHEHTH NPOTHBONOJOMKEH IPOM3BOAHOHN Ju/0x
— ee HasbIBaWT zpaduenmoM naomuocmu (cM. puc. 6.4).

BayTrpernee TpeHHe. 3 MexaHHKHA H3BECTHO, YTO CHJA TPeHHA
MEXIY ABYMHA CIOAMH KHULKOCTHA NJIHN rasa, OTHeCeHHas K eHHHIe
naomagy IMOBePXHOCTH pasfesia CJIOeB, paBHA

ou 2
f=n|:—|, Hm®, (6.10)
ox
rae n — Koapuyuenm @a3xocmu (6A3K0Cmb), IPOU3BOAHAA
Ou/0x — rpagueHT CKODOCTH — XapaKTepH3yeT CTelleHb H3MeHe-

HHS CKOPOCTH KHAKOCTH MM rasa B HaIpaBjeHHHM ocH X, meprneH-
OUKYJIADHOM HAaINpaBAeHHIO ABHXKEHHSA CJIOEeB.

CornacHo 2-my 3akony HriloToOHA BaaummomeCTBHe ABYX CJIOEB C
cuaoll f MOKHO pacCMaTpPHBATh K&K IPOIIECC Nepefayvd B eJHHHILY
BpeMeHH HMIyiabca. Torga (6.10) MoxxHO NMpeACTaBUTL KakK

. 15/
.’p =_n:Ev H;/sz (6-11)
ox

rae j, — HMIYJLC, NepeJaBaeMblil e)KeCeKYHAHO OT CJI0A K CJIOM0
gepes eNMHHIy NJIOMIAAH [IOBEPXHOCTH, T.e. NAOMHOCMb NOMOKA
umnyasvca. 3HaK MEHYC 06yCIOBIEH TeM, YTO IOTOK MMNYJbCa IIPo-
TUBONOJIOMXKEH II0 HanpasJieHMio TpagueHTty ou/dx (pmc. 6.5). Ha
PHCYHKe NMOKa3aHul CHJLI, ReifcTByIO-

__‘_rr e B ILIOCKOCTH nnominxn" S: 1e-
Bafg f — cHJA, C KOTOPOH AEHCTBYIOT

CJIOH CIIpaBa OT IVIOINAAKH S, IMpaBas

us

’ f S=1 [ — ¢ KoTopOH fefCTBYIOT CJIOH CJaeBa

oT S. OHH B3aMMHO IIPOTHBOIOJIOXK-

. jp P Hel. Bonpoc, Kyza feiicTByeT cHJIa B
’ IVIOCKOCTH S, He HMeeT CMBICJa,

IIOKa He yKa3aHO, CO CTODOHEI KAKHX
Puc. 6.5 €JIOEB Ha KaKHe.

Y
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TemwnonposogHocTs. ONBIT NOKa3LIBAaeT, YTO ECIM B cpefe co-
3AaTh BAOJb OCH TpaJHeHT TemIepaTypsl 67 /0x, To BO3HHKaET IO-
TOK Tella, IJIOTHOCTBH KOTOPOTO

o =—u%’3, Br/u?, 6.12)

S

T
Tae ¥ — Koagduyuenm menaonpoeod-
Hocmu (menaonpoeodnocme). 3Hak Iq
MHHYC CTOMT [0 TOH € IpudnHe:
MJIOTHOCTh INOTOKA IIPOTHBONMOJIOMKHA
no HanpaBiaeHuio rpagxnenty OT/0x
(puc. 6.6).

IIpumep. Ozguu KoOHElL, CTePXHH, 3aKJIO-
YESHHOI'Q0 B TEIIJION30JHPOBAHHYIO
060J104KY, TIOAAEDIKMBAETCA OPH
Temneparype T, a Apyroi xouen, npu T;. CaM cTepieHb COCTOUT
M3 ABYX 4YacTel, AJIMHBI KOTODHIX {; U [; ¥ TeNJIONPOBOZHOCTH ¥, U
¥y. Haitaem TemnepaTypy T IIOBEPXHOCTH CONPHKOCHOBEHHA 3THX
YaCTeH CTepyKHA.

Puc. 6.6

fcHO, YTO IOTOK TeIJia B TaHHOM CAyYae AOJKeH OLITh OZHHAKOR
B A1060M cedeHUH cTepkHA. OTCIOKA CJAeYeT, YTO

or or
s[5, (5, ‘”

ITocKONbKY CTepiKeHb IpeAnoJjaraerca LHIMHAPUYECKHM, TO
TEMIepaTypa B Ka)kJ0H ero yacTH MeHseTCA JMHeHHO ¢ KOOpAH-
HaToif X, ¥ BMECTO NPOMaBoZHOM B (1) MOKHO 3alMCATH OTHOLIE-
HHE€ PajHOCTH TeMIeDPATYD Ha KOHLAX Kam A0 JacTH CTepKHA K
ee pauHe. Torga (1) mpuMer BHL
xlT_T;=n2T2-T. 2)
L L

IJTa 3amMCh cfeslaHa B Npeanonoxenud, yro T < T < T, (MoxKHO
6LIJI0 IPEANONOKHTE M HaoGopoT, 3T0 He cyulectrenHo). Uz (2)
cieayer, 4ro

_aTi/h + e/l .
n1 /b + ua/ly

T
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B 3akinioyeHMe OTMeTHM ellie pa3:

1) noTokM BceX BeaUIHR SBIAIOTCA anrebpandeckumu. Mx sHax
3aBUCHT OT HampaBnedusa ocH X. IloctaTroyno o6paTHTL IIOJ0XKHTe-
JBHOE HAIIpABJIEHHE 3TOi OCH HA NIPOTHBOIIONOKHOE, M 3HAK NOTOKA
M3MEHMTCH;

2) BO Bcex TpeX SBJIE€HMAX IIePeHOCA HAIPABIEHHMA IJIOTHOCTeM
IOTOKOB IPOTHBOMOJIOMXRHE IDAZHEHTAM COOTBETCTBYHOIIHX BeIH-
9MH. JTO 03HaYA€T, 9TO MOTOKH Bcel'Zla HAOpaBJeHBl B CTOPOHY
yMEeHBIIEHHA BEJIMIHHE D, U, T, T.e. IPOTHB KX rpagueHToB. Takum
o6pasomM, IJIA NOTOKOB CYIIeCTBERHH IPDAXHMEHTH BEJIHIHH, UMeIo-
WMX TeHAESHI[MIO BHIDABHUBATHCAH.

Tenmeph mepeiileM K pemIeHHMIO BTODPOH wacTH Hallledl mporpam-
MBI — 00OCHOBAaHMID 3MIIMPHYECKHX 38KOHOB IepeHOCA ¢ MOJIEKY-
AAPHO-KHHETHYeCKOH TOYKH 3peHUA, IIPHYeM TOJALKO AJIA ras3os.

Hpennapnre:rbnue NOHATHA

1. Ippexmusnvli duamemp monexynws. TaKk Ha3HIBAIOT PACCTO-
—_——— AHMe d, Ha KOTOpoe CcOAMMKAIOTCA IeHTPHI
ABYX MOJIeKYJ IIDH CTONKHOBeHHH (puc. 6.7).
Bennqnua d HEeCKOJILKO 3aBHCHT OT JHepruu
MOJIeKYJ, 3To cienyer u3 puc. 1.12, a 3Ha-
QUT K OT TeMIlepaTypsl, C ee yBRennuenuem d
ymenpinaercad. Ho B JanbHeHImeM 3THMM MEI

6ynem npenebperarsb.
Pre. 6.7 IInomags, orparMdeRHas IITPHXOBOM
OKPY>XHOCTbI0O Ha pHc. 6.7, Ha3sIBawT 2¢)-

pexmuenvim cevenuemM G MOJEKYJBI:

o =nd2, (6.13)

2. Cpednsas dnuna c60600r020 npobeza. 3a CBKYHAY MOJIEKYJIa
MPOXOAMUT B CpeJHEM NIYTh, DABHKIH ee cpefHei cKkopocTH ). Ecan
NpPH 3TOM OHa IIPETepreBaeT B CPefHEM ¥ CTOJIKHOBEHUM, TO cpefl-
HAA AJHAHA cBOGOLHOrO npofera MoJEKYJNH

' A=W/ (6.14)

Yrobsl ONpEeAeaHTh ¥, IPOCJEIHM 3a IOBEeJeHWEM HEeKOTOpOH
IBHIKYIeHcA MOJIEKYJILI, Henoab3yda puc. 6.7. IlyeTs aTo 6yaer Je-
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Bas MOJIEKYJla, ¥ ABHXKeTcA OHA NePNeHAHKYJIAPHO INIOCKOCTH DH-
cyska, HeTpyaHo coof6pasurTh, 4TO OHA HCIIbITAeT 3a eAHHHLY Bpe-
MeHH CTOJbKO CTOJKHOBEHMH, CKOJBKO BCTPETHATCA Ha €e NYTH MO-
MeKyJ, HEeHTPH KOTOPHIX OKAXYTCA B Npefesax ofbeMa LHUJIHHADA
pagnyca d. fIcHO, KOHeYHO, YTO NPH KaXXJ0M CTOJKHOBeHHM IH-
nuHZp 6yZeT HCNLITLIBATL «H3joM». TakHm ofpa3om, ato Syger
«JIOMaHBIH» LHUINHAP, 06'beM KoTOpOTO V NpaKTHYecKH paBeH NPO-
H3BeJEeHHIO CPelHero HYTH MOJIEKYJH 34 OAHY CEeKYHAY, T.e. (¥, Ha
nJIolllafh MOMEPeYyHOro ceyeHus LHAUHAPa o = nd?, 3aMeTHM, 4TO
TaK MO>XHO IOCTYNNTh, €CIIH CpejHee PACCTOAHHE MEXAY «H3JI0Ma-
MH#» 3HAYATEJBHO GOsblIe AuaMeTPa MOJIEXYJbl d, T.e. IPH ycCJo-
BHH A » d, 4TO MBI H IpeAnojaraeM. JTo IIO3BOJIAET NpeHeGpedn
qacTAMH o0beMa IMIMHApDA, NPUXOAAUIHXCA Ha €ro H3JIOMBI.

Ecnn Bce 3To Tak, TO cpeAHee YHCJIO ¥V CTOJIKHOBEHHH MOJIEKYJIBI
@)XeCeKYHJHO paBHO npou3Befenmwo ob6wema V, paBHOro (o, Ha
KOHIEHTPAILHIO /1 MOJEXY:

v = wan, (6.15)
u cpexHaAa anuHa cBoboaroro npoGera (6.14) pasua
a= L (6.16)
on

Bonee cTporoe paccMOTpeHHME BOOPOCa O YHCJe CTOJIKHOBEHHH ¥
NPHUBOANT K HEOGXOAMMOCTH 3aMeHbI CPeIHel CKOPOCTH (V) Ha Cpej-
HIOX OTHOCHTEJBHYI0 CKOPOCTh {(Uyry), KOTOpad, KaK NOKA3BIBAET
pacdier, B V2 6onpure, yem w>. Torga yrouseHHbIe opmyist (6.15)
u (6.16) 6yayT HMeTh BHJ,

1
J2on

OTH BeJMYHMHEI OTIMYAIOTCA OT npubamxkenHwix dopmynx (6.15) u
(6.16) unciaoBuM KodtpdHIIHeHTOM, OJH3KHM K eXUHHILE.

B ganbreiimieM Mbl co6upaemcsi OpPOBOAMTL OLIEHOYHEIE pacye-
THl, NO3TOMY MHOXKHTEJIEM J2 6ynem npenebperath Kak He CYIIeCT-
BEHHBIM.

v =\2waon, A= 6.17)

IIpumep. OnennM s asora N, IPM HODMANBHBIX YCJIOBHAX 3HAYEHHE A,
CpefiHee PACCTOAHHKE ! MeXay MOJEeKYJAMH M 4HCJO CTOJKHOBE-
HHMA ¥ MOJIEKYJIK B CEKYHIY.
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Cuayaya HafiZleM KOHIEHTDALUIO MOJEKyl B 3THX YCJAOBHAX:

_".V,A_ _ 6102 monp !

19 -3
Vo E 3 =27-10"" ecm™",
M 224-10° cm”/Monb

rae Vi — MosaApHLIA o6kem rasa. IIlpumem sgpdekTuBHRINE gua-
MeTp MOJEKyJH azora paBHIM 2-1078 cm. Toraa cormacao (6.16)
1

A= =3.10%m.
n@2-10%)%.2,7.10"°

CpaBHUM 3Ty BeIMYHHY CO CPEJHUM DACCTOAHHEM MEXZy MOJe-
kynamu. I3 ycnosus (I = 1/n, noaywum

W =1/ =1/¥27.10" =33.107 cm,

T.e. /. OIpeBhunaet (/) Ha xBa nopaAKa. INUCI0 CTOJKHOBEeHUH exe-
ceKyHZHO corsaceo (6.15) paBHO

v = wnd’n ~4810% 1-(2-10%)%.2,7.10"° = 1,6 .10° ¢,

rne <v> = 480 m/c (cM. cTp. 49). Takum 06pa3oM, YUCJIO CTOJKHO-
BeHHMH COCTABJAET NOPAAKA MHUJINAPAA B CEKYHAY!

§ 6.3. MoaekyaspHO-KHHETHYECKAS HHTepIpPEeTalHA
ABJEHHH IlepeHoca

B aToM naparpage MBI pacCMOTPHM ABJIEHHA IIepeHOCa B rasax ¢
MOJIEKYJ/ISIPHO-KMHETHYECKOM ToukM 3peHHsi. COOTBeTCTBYIOIIHE
pacuersl HyAyT MMeTh OlleHOYHHIH xapakTep. Eme pas HamoMuuM
(06 aTOM y’Ke TOBOPHJIOCH DaHee), YTO OLEHOYHHIH IOAXOA — DTO
TO, ¢ yero ofRIYHO HadWHAeTCs Co3jgaHHe TeopHH. [IaBHOe JocTO-
HMHCTBO TAKOT0 NOAXO0Aa COCTOMT B IPOCTOTE M aKlleHTe HAa (pHIHUe-
CKOH cTOpOHe ABJEHHA, He 3aCJOHeHHOH TPOMO3IKHMH BbIYHCIE-
HHAMH H npeobpadoBaHHAMH. PasdyMeeTcs, OleHOYHBIH NOAXOJ HH
B KOEHM Mepe He MOXKeT IIPeTeHJOBATH Ha IIO/JyYeHHe TOYHHIX Pedy-
JbTATOB, HO pasjHyHe 3aKJOYAeTCA TOJBKC B YHCAOBBEIX Ko3ddu-
IIHMeHTaX.

Hrak, 6yaeM HCXOQHTEL M3 IIPeJe/IbHO YIIPOIIeHHOH MOAeNIH, KO-
TOPOIt MBI VXKe NIOJIb30BAJHCH PaHee H YOeAHJINCH, YTO OHA JaeT He-
IJIOXHe pe3yJbTaThl. II0BTOPHM: BBHAY IICJAHON XAOTHYHOCTH TeIl-
JIOBOrC ABUIKEHHA MOJIeKYJ 6yaeM CYHTaTh, YTO MOJEKYJAbl ABH-
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JKYTcA IO TpeM HanpaBieHHsam X, Y H Z, Tak 4YTO Ha Kaxnaoe
HAIIpaBJeHWe B OfHY CTOPOHY ILIOTHOCTb NMMOTOKA MOJEKYJ COCTaB-
Jser

j=¢wn, (6.18)

rne n — KOHUEHTPAllHA MOJEKYJ. OTH IIOTOKH M ABJAIOTCH Nepe-
HOCYHKaAMH onpefeneHHbIX GH3HuUeCKHX BeJawyMH G. IlnoTHOCTH
MOTOKa BeNMYHHBl G OyneM oGo3HadaTh jg.

Hanee 6ynem cunTaTh, 9TO Yepe3 HHTEPeCYIONIYI0O HAC MIONIALKY
S Monekyasl GyAyT NepeHOCHUTH TO 3HAUEHMe BEJIMYNHHE (G, KOTOPoe
OHH HMeJIH Ha DACCTOAHHH A oT miomanku S. T.e. 6ygeM npeano-
JaraTh, 4TO IOCJEeNAHee COynapeHMe MOJeKYJhl HCIBITHIBAIOT Ha
3TOM DACCTOAHMH OT S.

Teneps mepeiijeM K PacCMOTPeHHI0 C IIOMOINb}0 ITOH MOJEH
ABJIEHHH NepeHOCa X HAYHEM C BhIBOJA 00II[ero ypaBHeHHs IIepeHo-
ca, He 3aBHCAIETO OT BDEMEHH.

O6mee ypaBHeHue mepesoca. [IycTs BeandHHa G XapaKTepH3y-
eT ompejfielieHHOe MOJEKYJIADHOe CBOHCTBO, OMHeceHHOe K 00HOU
MoAeKyne. DTO MOXKeT GBITh IHEPTUs, UMNYALC, 3IEKTPUUECKH 3a-
pan u ap. SIcHO, YTo NPy HaJHYHMH IPAMEHTa BeIHYNHE G JO/DKEH
BOBHUKHYTH IIOTOK B CTODOHY €e yMeHbINeHHs.

Ilycrs BenmuwmHa G Menserca To- GA
JLKO B HalpaBjaeHHMM ock X, HalpH-
Mep, Tak, Kak IIoka3aHo Ha puc. 6.8.
Ilnomanky S OyAyT IPOHM3BIBATH
MOJIEKYJILI, ABMKYIIMECR BO BCTPed-
HBIX HaIIPABJIEHHAX, KX IIJIOTHOCTH
noTokoB obosnagum ' u j”. Ilpugem
— 9TO CYWIECTBEHHO — OHH [JOJIXHRI
61T paBHBI APYT Apyry (j' = "), uTo-
61l He BO3HHKAJIO rasogHHAMUYeCKHUX
IOTOKOB M 4uT0oOBI Bce npoliecch! CBO-
OWJINCh TOXBKO K IIepeHOCY BeJIWYH-
uel G. Torga AyaA pe3yJbTHPYIOIReHd ILUIOTHOCTH MOTOKA BeJIM9MHBI
G Moxuo (cM. pHc. 6.8) aanucartsn:

jo =iG -jG" =%<v>n0(G' -G"). (6.19)
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Brarogapa MajocT A DasHOCTH 3HAYeRHMH BeJIMYHMRE G B CKoO6-
KaX npefcTasHMM B BHIe
oG

G -G =-——2\ (6.20)
ox

C yueroMm 3T0# (opMyJanl Bbipaxkenue (6.19) zanmuineM Tak:

j ———I-n <v>h~a-G—
: G 3o Py | (6.21)

/

ATo U ecTh 00wee ypasreHue nepenoca RJAA Nio6oit BeauuuHe G.
3nech Ny — KOHUEHTDALMA MOMEKYI, (V) — MX CpPeJHAA TEeIIOBasS
CKODOCTb. 3HaYeHHUs 3THX BelwdnH OepyTca B ceyeHMH S.

IIpumeHHM 3TO ypaBHeHHE K TpeM HanboJjee MHTEDECHBIM SBJE-
HHAM NepeHoca, CBA3AHHBIM ¢ AHGQy3Heil, BA3KOCTHIO H TENJIONPO-
BOJHOCTBIO.

Ouddysna. OrpaHHIAMCH PaCCMOTPEHNEM caMoOupPyuy, T.e.
IIPOIECCOM [lepeMeIINBAHN (B3AMMOIPOHHKHOBEHMA) MOIEKYJI Of-
Horo copra. Makpockonuyeckn caMoanddysmio HabaoxaTy Helb-
3 H3-32 TOXKAECTBEHHOCTH MOJIEKYJ OHa He MOXXET IIpOSBIAATHCA
HH B OJHOM ABJeHHH. [[71a HabaoAeHHA 3TOTO Impoliecca JacTh MO-
JeKyJ rasa Hafo KAaK-TO «¢IIOMeTHTb». IIpaKTHYeCKH 3TO MOXKHO
cAeNaTh ¢ OIOMON{bIO TaK HA3bIBAEMEIX ¢MEYeHBIX» aTOMOB: CMeCh
rasoB GepyT M3 ABYX M30TOIIOB OJHOTO M TOro >Xe 3I€MEHTa, OXHWH
73 KOTODHIX paguoakKTEBeH. Toraa npouecc audgys3um MOXXHO Ha-
6aromars, PerHCTPHPYA PagHOAKTHBHOE H3IyuYeHHe pagHOH30TONaA.
Mo>xHO TaK)Ke B3ATH CMECh ABYX Pa3AUYBBIX ra3oB, MOJEKYJIBI KO-
TODHIX IIOYTH OAMHAKOBBI IO MacCe H pasMepam (Takue, HaIpUMep,
kak N u CO). B aroM cnyyae y o6eHX KOMIIOHEHT raaa 6yayT ofu-
HaKOBBI KaK CpeJHHe CKOPOCTH, TaK H JJIHHKI cBoGogHOTO Ipodera,
T.e. W H A,

YTo6GEl OTCYTCTBOBAIY I'd30KHHETHYECKHE [NOTOKH M NepeMeInH-
BaHHE MOJEKYJ IPOMCXOAWIO TOJIbKO 3a cueT Auddysun, Heobxo-
xumo (Taxk Mul ¥ 6ygeM cauTaTh), 9TOGHI CyMMapHasg KOHOEHTDAIHA
ny ofeHx KOMNOHEHT CMeCH He 3aBHcella OT KOODJHHATHI B HALPaB-
meam ocy X, BAOAbL KOTOpOH IIPOHCXOAWAT 3TOT HpoIece,
(puc. 6.9).
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IlycTs KORIEHTpanws MONMEKYa 1-ro copra 3aBHCHT OT KOODPRH-
HaThl X Kak ni(x). YYHTLIBad, nl ny=n,+n,
9T0 BeAHYHHa G B ypaBHEHHH
(6.21) ecTb XapakTepHCTHKA IIe- 7,
PeHOCHMOT'C B JaHHOM cCJyuae
KOJI49ecTBa, OTHeCeHHOro K 00-
HOli Monekyne, ompexenmm G
KaK

G = ny/no, X
Puc. 6.9
rAe n, — PaBHOBeCHAA KoHIeHTpaiuda (cM. puc. 6.9). Bernupna G
XapaKTepPH3yeT CTeleHb NPHHAJJIEIKHOCTH KaXXJ0H M3 ng MOJEKYJ
K copty I. [IpyrHMH cioBaMH, ecin, Hanpumep, G = 0,3, To 3TO
3HAYHT, YTO H3 ny MOAeKYJI K copty I nmpuHagmexxut 0,3n, moie-
Kysn. 1 ToJBKO.

9To ¢«CcBOMCTBO» M nepeHOocHTcsa. Ecau yepes maomaaxky S mepe-
rocHtca 100 Monexyn co ceoitcteoM G = 0,3 xakaas, TO MOJEKYJ
copta 1 nepeHocutcs 30. Hac He n0/kHO CMYUIATh, YTO MOJIEKYJIbI
«He TIOLO3PEBalOT», YTO MBI NPHIIMCHIBAEM HM maxoe CBOHCTBO.
I'naBHoe — 3TO yao6HO HaM.

VuurniBaa To, ut0 G = ny/n,, ypasHenune (6.21) mpuMeT BHJ

. 1 om
=——{ )k—-— . 6.22
=T 0 ©-22)

CpaBHEB 3TO BRIDAXXeHHe ¢ dMuMpHYeckoit dopmyio# (6.9), Ha-
XOLHM, 4TO KO3pPuyuenm camodu@@ysuu

D =-31- WA . (6.23)

Paccy:kfeHHnsa, npuBefmmne Hac k dopmyse (6.22), B paBHOH
Mepe COpaBeJIMBH H AJId APYroil KOMIOHEHTH CMeCH. 3HA4MT, KO-
spdunneHT D oxmHaKOB AAA 06eMX KOMIIOHEHT.

Bosee cTpormit pacueT IPHBOAMT K TaKoH ke dopmyse ans D,
HO C HECKOJBLKO GOJLIIMM 4MCI0BRIM Ko3dduumentom (3 1,2:1,5
pasa OJd PasHBIX ras3os).
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u BaakocTs (BHYTpeHHee TpeHHe).
9To ABNeHHe BO3HHKAeT B TeX cayda-
fiX, KOrja Ha XaOTHYeCcKOe TeIJI0BOe
OBIDKEHHE MOJIEKYJI HAKJIaBIBaeTCH
ynopadoverrnoe pemxenme. Ilycrn
CKOpOCTb ¥ YIOPARQUEHHOTO ABHKe-
HHA 38BHCHUT TOJbKG OT KOODPAMHATHI
X, KaK IIOKasaHo Ha puc. 6.10. B
3TOM CJIydae dYepe3 efHHHYHYIO IJO-
wagky S 6yaeT IpoUCXOaNTb MIepeHoc
¥MOyabca p = mu, 'ie M — Macca MOJEeKYJIBl. 3TO 3HaYHUT, YTO B
LaHHOM cJiyuae BenwduHa G = p ¥ coriacHo ypaseeHHIo (6.21) mul
HAXOAMM, YTO IJIOTHOCTL NOTOKA MMIIyJIbLCA

ou
ox’

Puc. 6.10

jp =—3whkp (6.24)
rae p = mn — IUIOTHOCTL ra3a. CONOCTaBUB 3TC YpaBHEeHHe ¢ 3MNU-
pHyeckoil popmyioi (6.11), Haxogum BrpakeHHe QA 6ATKOCMU:

n=Lanp. |- (6.25)

Bosee TouHBIH pacder gaeT HeCKOJAbKO Gonbllee 3HaYyeHWe AJIA
yueaoBoro koadobuiuenrta: we 1/3, a 0,49.

TenaonpoBoxHOCTL. B 3ToM ABNenHuu BeauyuHo# G B (6.21) aB-
JIAeTcA cpeHsAs S9HEDPTUA TEeIJIOBOTO ABHIKEHHUA, NDUXOAAIAsICS Ha
onHy Moaekyny. VI3 TeopeMmul o paBHOpacnpeaeleHuM 3HEPTUH IIO
crenensmM cBobonel nmMeeM G = (i/2)kT, 1 TOrga nJIOTHOCTL IOTOKAa
Temnsaa

jo = Lo in 2L, (6.26)

3 2 0Ox

JIlna yrnpoueEud 3TOH (opMysbl BBEJEM YAEIbHYIO TENI0eMKOCTE
¢y. Jna storo o6paT¥M BHMMaHMe Ha TO, 4TO (i/2)k — 3TO Temaoem-
KOCTb IIPH IIOCTOAEHOM ofheMe, pacCYHTaHHAN Ha OfHY MOJEKYJY.
ITpou3sBefenne XaHHOK BeJMUMHLI Ha KOHUEHTPALNIO Nj HAET Tell-
JIOEMKOCThL e JHHHMIEI MAcCHI €y, YMHOXEHHY10 Ha IIJIOTHOCTH 'a3a p.
Takum o6pa3oM, yIHTEIBadA, uTo (i/2)k-ny = cyp, nepenuinem (6.26)
B BHAE
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. 1 orT
]Q =—§<U>ADCV E;. (6-27)

W3 cpaBHeHMA 3Toro BeIpa)keHna ¢ ¢opMyno#t (6.12) Buaum, uro
mennonposodrocmsy

x=Lavkpey, (6.28)

rfe, NOBTOPHUM, Cy — YyAeJbHasi TellJIOEMKOCTb, OTHECEHHasI K eqH-
Hune Maccel, I»k/(K-xr). Bosee TouHBle BBRIYHCIEHHSI YHCJOBOTO
Koagp¢punmenta B (6.28) npegcrasasior GoJdblINe TPYLHOCTH, HO 1IO-
JNy4eHHBIE pe3ayIbTaThl OKA3LIBAIOTCA TOT'O *Ke Mopsajgka, ytou 1/3.

Avanxn3a xosdupaimenTos neperoca. Ilpexae Bcero BnImuiieM
A yno6CTBA CONOCTABJEHUA M aHATH3a Bce TDH KosddMuHeHTa
PacCMOTDEHHBIX ABJeHHH IepeHocCa:

D =3 wh,
n =3 wip, (6.29)

® =2 Whpcy.

1. OnpegenuB o sMNHEpHYeCKUM GQOpPMYJIaM KoddppHIHenTs D,
7 U %, MbI HMeeM BO3MOXKHOCTh ¢ IIOMOIIbI0 Gopmy (6.29) Berunc-
JuTbk A # guameTp d Mosekysa. IIpy aToM cilefyer UMeTh B BHAY,
9TO OOJYdYEHHbIe JHAYEHHNA 3aMeTHO 3aBHCAT OT TOrO, HAa OCHOBAa-
HHH KaKoro Ko3¢GhHIHeHETa UX BBMYHCIAOT (II03ToMy B TabaHIaxX
3TO OroBapHBaeTcd).

2. Bce Tpu xoaddumenra, D, 1} H X, ¢ poCcTOM TeMIlepaTyphl T'
YBEJNYHNEBAIOTCH, TAK KaK (D)Nﬁ.

3. Ilockoabky A c0 1/n, an co p, To KaK BSI3KOCTh 1), TAK M TEIN-
JIONPOBOAHOCTL ¥ HEe 3aBHCAT OT KOHIEHTPAaIlM{, a 3HAYUT H OT
AaBjeHHd (IpH HemaMeHHOM TeMIlepaType).

Ha mnepssifi B3rjgAf 3TOT BHIBOJ Ka)KeTCHA CTPAHHLIM M B CBOE
BpeMs NMOCAYHJ NOBOAOM K TOMY, 'iTOﬁbI INIOOBEPTHYTL COMHEHHIO
pa3sBHBaeMble MOJEKYJIdpHO-KMHEeTHYeCKHe NpefncTaBiaenus. Ogna-
KO 1npH 0oJjiee BHHMATEJbHOM PacCMOTPEHHH BRISCHHJIOCH, 4TO
3geckr BCe B INopAgkKe. [eMCTBATENALHO, YMEHbIIAasas AABJEeHHE, ME
YMeHbEIIIaeéM KOHIEHTpPamuio MOJIEKYJ, HO IPH aTOM OJHOBPEMEHHO
pacTeT A, a 3HAYHUT H Da3jJA9¥e B 3HAUEHHUAX BeJUYHHH G, nepeHo-
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CHMOH Ka’KJOH MOJIEKYJIOM B NPOTHBONOJIO)KHLIX HANPABJAEHHAX.
TeM caMBIM «ITapajoKC» (359 pa3pelnieH, H 3TO ABHJIOCEk OYepeAHbLIM
TPHYMGPOM MOJIEeKYJAADHO-KHHeTHYeCKOM TeopHH.

Bce Tak, H TeM He MeHee, yMeHbIIad JaBleHHe p, Ml o0Hapy-
JKHBaeM, 4YTO ¢ KAKOIro-TO MOMeHTa KO3hPHIMEeHTH 1| ¥ ¥ HaYyHHA-
10T 3aBHCETh OT JaBJIeHHA. JTO CEA3&HO C TeM, UTO C YMeHbIIeHveM
AaBJI€eHHA DacCTeT AH HacTyIllaeT MOMEHT, Kor'la A CTAaHOBHTCH cpaB-
HHMBIM ¢ XapaxkTepHLIM pa3MepOM COCYAf, B KOTOPOM HAaXONHTCH
ras (HanpuMep, C paCCTOSHMEM MEXKAY AHCKaMH, K0oueb olmMucs
OTHOCHTEJbHO APYTI Apyraj). Ilocie 3Tore KoapPHUIHEeHTLI 1| ¥ ¥ Ha-
YUHAKT YMEHRIIATLCA 38 CHeT YMeHLIIeHHA IIJIOTHOCTH p, T.€. KOH-
LleETPalluy n, H MBI BCTyaeM B HOBy10 obaacTh — B obiacTs 6aKy-
YMHBLX ABAeHUl.

YpaBaeHHs nepeHoca, 3aBHCAIIHe OT BpeMeHH. [IpuBeJeHHEIe BRILIE
pacyeThl M Pe3yJIbTAThl OTHOCATCHA K TAK HA3HIBAEMBIM CMAULOHAPHYLIM 3a-
JadaM, KOPAA pacilpegesieHHe UHTEPECYIO el HAC BeJJMYUHEl G 3aBHCHT TO-
AbKO OoT KoopauHaT. Ho npoieccsl nepeHoca (BHpaBHHBAHUA BeJUIUHB ()
3aBHUCHAT M OT BDEMeHH. JT0 06CTOSTENHCTRO NPHUBOAHT K HEOOGXOAWMOCTH
pelIaTh HeCcmaykoOHapHbie 3a889H, VAUTHIBAIOMINE 3aBHCHMOCTD BeJIMYMHAL
G Kak OT KOODAMHAT, TRK KM OT BpeMeHH. B kadecTBe npumepa IIpHBeJEM
COOTBETCTBYIOILEE OgHOMEPHOE AuddepeHIATIFHOe YPaBHEHME SIS TeILIO0-
TIPOBOAHOCTH:

éT T
a —

ot ax?’

s penilenya NoAoOHKIX ypaBHeHMH Heo6X0oAHMO aHATEH HaualbHEIE H I'pa-
HHYHEle ycI0BMA. Eciin OHA 3aaHM M MaBecTeH KosdpHIACHT ¢, TO 337a-
ya ABJIAETCS YHCTO MATEMATHUYECKOH, ee pelreHUe DogpobHO paccMaTpuBa-
eTcA B KypCce MaTeMaTHYeCKOM (QHUINKH.

YarTpapa3pexkeHHbIE ra3nl (BaKyyM)

Korpa pamua ceobogHoro npobGera A npeBhILIaeT XGPAKMeEPHbL
paamep ! cocyga, roBOpAT, UTO OCTHTHYT 6GKYYM, X I'a3d HAXOLUTCA
B COCTORHHME yasmpapaspeixerus. 110 xapaKTepHHIM NOHHMAIOT
TOT pasmep cocyza (Mam B cocyne), KOTOPLI# onpeenser HHTepecy-
0Imee Hac ABJIEHUE. BaKyYM — IIOHATHE OTHOCHTEJLHOE: yCJIIOBHE
A > | MOXKET HMeTh MeCTO B MaJLIX MopaX Jake mpy arMochepHOM
JaBJAeHHH.
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IloBeneHMe yabTpapaspe:XKeHHOIO rada CyIeCTBeHHO OTIHYAeT-
CA OT MOBEJICHNA Ira30B NPH OGBIYHLIX YCAOBHAX. B ycnoBnAX Baky-
yMa TepsieT CMBIC] TOBOPUTE O NAaBJE€HHM OJHON YaCTH rasa Ha ApY-
I'yi0, & 3TO 3HAYHT, 4YTO BHYTPeHHee TpeHHE OTCYTcTByeT. MmeerT
CMBICJ T'OBOPHTBH TOJALKO O CHJe TPeHHH, MCNLITHIBAEMOTO ABHXKY-
IAMCH MeAoM.

TepseT TakyKe CMBIC] BBEAeHHOe HAMU NOHATHE TENIOIPOBOK-
HOCTH, KaK NpoIecca Mepefadd 3HeprHH OT OJHOro CJOS rasa K
apyromy (TennoBaa aucgdysna). CaeayeT roBOpATL TOABKO O Tell-
noobMeHe MeXay mMeraMiu.

W3 ckasaHHOro ciaejyer, YTo npH BHIBOAE YpaBHeHMH NepeHoca
BeXMYHHEI G (MMITyJIbCa MM SHEDPrHH) Haflo OCTAHOBHUTHCA Ha dop-
Myae (6.19), rge nog G’ u G caegyer NOHUMATDH 3HAUEHHSA BeJIHIH-
HEI G, COOTBETCTBYyIOIHMe ABYM TeaaM. Popmyna (6.20) B cayuae
yABTpapa3pe;KeHHOr0 ra3a y)ke He HMeeT CMbIC]a.

Teneps AOMKHO OBITL NOHATHBLIM, NOYe-

MY B ONBIT€ C KPYTHIBHLIMH KOJefaHAAMH C\
mucka I (puac. 6.11, rge auck 2 HemoABH- c
»KeH) B cocyfe C NpH yMeHbIIeHHH OABJe-
HHA B HEM CHavajia Koad@PHLHEeHT 3aTyXa- ==
HHA He MEHAETCH, 4 HAYMHAA C HEKOTOPOTO
3HaYeHHA NaBJeHAA HAYMHAET YMEeHbIIATE-
cA. 970 «TpaHMYHOE» JaBIeHHEe COOTBETCT-
ByeT KOHLeHTPALXH 7 MOJEKYJ, IIPH KOTO- L
poM nx anmHa ceobogHoro npofera A cTaHo- —
BHTCA paBHOM XapaKTepHOMY paaMepy — Q
pPaccTOAHHIO MeXAY AMCKaMu, X Kodbhdu- Puc. 6.11

LUeHT T YMeHbIIAeTCHA U3-32 YMeHBIIeHHSA

KOHIIEHTPAUHUHA 7.

CTaHOBHTCSH TaK»Ke IIOHATHBIM, MOYEeMY H HACKOJABKO HAZo ?Ba-
KyHpoBaTh ofbeM MeXXAy cTeHKaMu cocyfa [ioapa, 49To6EI Kak
MOxkHO 6ojlee CHH3UTL KOIPPHUOHEHT TENJONPOBOSHOCTH X. 3MAech
XapakTePHLIM pasMepoM ABAAETCA PACCTOSHHE MeXAY CTeHKaMM
cocygpa.




176 I'nasa 6

3agaun

6.1. Iuddysna. Msa cocyaa I u 2 oaunaxosoro ofsema V coeanHeEH
TpyOKoH Goapimol pauHN ! ¥ MaJIOH Imnowmagu S momepeyHOTro cede-
AHA. B Hauanbuasf MoMenT ¢ = 0 B 0gHOM cocyne umeeTca rad I ¢ KoH-
LeHTpaLHei nyg, & B APYroM — ras 2 ¢ KOHUEeHTPpaLXel ng. dapaernsa
U TeMIepPATYPH B 000HMX cocydaX OAMHAKOBH. HaliTM KOHLEHTPAIHIO

1) 5 nepsoM cocyzie KaK GYHKLNIO BpeMeHH f, CYHTAA KOIDDHULUEHT

)

aubdyaun D U3BECTHRIM.

Peuresxue OINHAKOBOCTH HABJEHUH M TeMIEDATYp B o6oux cocy-
AAX O3HAYAeT, YTO KOHLIeHTPALMH rasoB I M 2 ToXe OQMHAKOBBI, H
nPoLece CMelleHNa rasoB Oy eT DPOUCXOAUTE TOABKO 38 cueT guddy-
aun. B MOMeHT { M3 ycJIOBMA COXPAHeHMA YACTHL] rada | uMeeM

0+ 19 = {1)

IIoToK uacTwi rasa ! paBeH yOBUIM 9THX YACTHI B cocyge I 3a eguHHU-
Uy BpPEeMeHH, T.e.

JiS = 0N /ot (2)

IIpeo6paayeM 3710 BRIDaXkeHHE ¢ DOMOINLIO GopMynkl (6.9) gaa mnor-
HOCTH IIOTOK& 4AaCTHIL

a _ (2 @)
ph M g _ym )

l ot

{2)

Yr0o6r MCKMIOYMTH Ny ', IPeACTABMM PAIHOCTh KOHUEHTPauuil rasa I

H& KOHLAX TPYOKH ¢ momowbi (1) xak

@ _

n - n{® = n - (ng - 0" = 20 - nyg. (4)

Kpome Toro, BeesieM /5 YIPOLIeHHA Ipeobpadopanuii ofoaHAYEHUe
a = 2DS/VI. Toraa ypaBeerne (3) npuMer BUA

an o _G
ot Tom _an'

JT0 HeoAHOPOAEOe AVddepennratbHoe ypasHenme. Ero peumenye

n,m = (no/2)(A + ™),

.

Bupuo, 4To 0pH ¢ = o ras I pacnpeenauTcsa IOPOBHY MEXAY 060MMH
cocyAaMu.
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6.2. BaakocTs. [IBa OAMHAKOBHIX NAPA/LUTENbREIX AHCKA, OCH KOTOPBIX COB-

6.3

DANAIOT, PACIONOMKeHk! HA PACCTOAHMH & APYT oT Apyra. Paguyc kax-
Joro AMCKa paBeH R, npudeM R » k. OauH AHCK BpaImawT ¢ HeHOIb-
mMON YIJIOBOH CKOPOCTBIO ), APYTOH AHCK HemOABHMKeH. Ha#TH Mo-
MEHT CHJ TPeHHUdA, AeHCTBYIOILIUH Ha KadX/JbIH ANCK, €CJIH BA3KOCTh
cpeAibl MeXRAY ANCKAMHK paBHA 1.

Pemen ue. B ycaoBuax 3afauu HesiBHO IMPEAIIONAaraeTcs, YTo Kpae-
BBIMH 5(QdekTaMy MOXHO npeHebpeyp, a
MAJIOCTH YIJIOBOH CKOPOCTH ® O3HAYaeT,
YTO YIOPAAOYEHHOE LBH)KEHHE CJI0eB Cpefhbl
MeXXJy AUCKAMH HMeeT JaMMHAapHHI xa-
pakrep (6es Typbynearroctu). Kpome Toro,
He CKA3AHO, OTHOCHUTEJLHO K&KOﬁ OCH Hazxo
HaHTH MOMeHT cun TpeHHA. Ho ato me cy-
INecTBeHHO, TIOCKOJIBKY B JAHHOM cJiydJae
Pe3yNbTHPYIOINAN CHAA, AEHCTBYIOLOAd HA
KaXKAbIH JHUCK, paBHA HYJAW, H II03TOMY
(KaxK JOKA3hIBAETCA B MEXAHHKE) HCKOMBIY MOMEHT He 3aBHCHT OT BbI-
6opa ocu. Pagu opocroTn 6yAeM NPOBOZUTH PacieT OTHOCHTENBHO OCH
AHCKOB,

Puc. 6.12

Crauana HaiifieM MOMEHT CHIkI, AefiCTRYOLIMII HA Maabi anemenT dS
{puc. 6.12), maommans xoroporo dS = rde -dr:

8N=rdl’,p=m?rd<pdr. @
2z

B mameM caydae npomsBoauas ov/or = v/h = or/h. YuuTbiBad 370,
HANAEM MOMEHT CHJ, AeHCTBYIOINHAX Ha 6eCKOHEeYHO TOHKOoe KOJBIC €
pagaycamu r u r + dr:

2r
dN = ISN:Zun%r’dr. (2)
=0
IIpoMHATErpHPOBAB [I0C/AeAHEE BbIpaXkeHHe oo r ot 0 Ao R, noayynm:
N = moRY/2h.
Coraacuo dopmyne Ilyaseitia DOTOK AHUAKOCTH IIOTHOCTHIO P 3epes
nomnepegHoe celeHHe TPyOH paBeH

npa* p — p,
81 i

p= » KT/C,
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6.4

rae ¢ 1l — pagnyc n AIHEA TpYGH, py — p; — PA3HOCTb AaBJEHHIl HA
ee TOplAax, NPHYeM p; > ps. BocmoseaoBaBmmch 310l ¢QopMyJsOi,
onpeAeJHTdh BAIKOCTD 1 rasa. MopeCTHR BeJHYHHH ), G, Py, P2, |, MO-
nApHag Macca M u remoeparypa T rasa. ['az cuHTaTh HACANBHRM.

P e me r ue. [IycTs ocs X HanpasiieEa BAoNs ocH TpyOw. Torpa m
CJI0€ TOAIMHBI dX MOXKHO CYHTATb ra3d HEeCXKMMAEeNMbIM H OPUMEHATh K
wemy ¢opmyay [lyaseiinsa:

4
npa p
=22 2 1
H 81 [ Bx] (1)

ITepennmenM 3TO BHpaXKeHHe, HMeA B BUAY, 4YTO /1A HAealbHOTO raia
nnoTHocTs p = pM/RT,
g
w=-dpE, @)
ox
rae A = na'M/8nRT. Pasgenus B (2) nepeMeHHbIe p ¥ X, IPOMHTErpH-
PyeM TNojiyyeHHOE YPaBHEHHEe M HaHJeM:

ul = -A@3 - p)/2. 3)
OcTaercsa pacKphITh KOIMHIMEHT A, ¥ MB DOJYYMM

o na‘M pZ - pl
16uRT I

TenaonpopogaocTs. CrepixeHs AIHHH L ¢ TemyonsoaMpyouleii 60ko-
BOH IIOBEDPXHOCTBIO COCTOMT M3 MaTepuasa, TEIIONPOBOLHOCTH KOTO-
poro HaMeHAeTCA C TeMOepaTypoit kak »x = o/T, rge 0 — DOCTOAHHAA.
Toplinl cTep:KHA NOAREPKHBAIOTCA NPH TeMmneparypax T; m T,. Haii-
T™H 3aBucHMOCcTs T(x), rage x — paccTosHHe OT TOpLi@ C TeMNepary-
poit T,.

P e w1 e H u e. Il1oTHOCTE MOTOKA TeNJia B CTALMOHAPHKX YCJOBHAX
He JOJDKHa 3aBHCeTh OT X, T.€.

_—=C! (1)

— = —dx, In—=—ux. 2
= x n x (2)
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6.5.

Jna HaxoXAeHUss KOHCTAHTH C ydTeM, uT0 nNpH x = [ TeMmnepaTypa
T =Tz n In(Ty/Ty) = (C/a)l, oTRyA8
T

[s 2
C=-ln-=.
T

B peayabraTe na Bropoii ¢opMynum (2) monyumm

T. x
?zj =Ty (@/T)™"

T = T;e™/* = Tyexp [l£ In
1

JBa merannundeckux tena 1 H 2 ¢ rengoemkocTamu C; u C, coegnHe-
HBEI Mex Ay cofoil OAHOPOAHEIM CTEPXHEM JIHHE | ¢ ILIOLAABIO TOLIe-
Pe4YHOro ceueHud S ¥ AOCTATOYHO Manoil TerIONPOBOAHOCTHIO X. Bea
CHCTeMa Teltion3onHpopaHa. B momeHT ¢ = 0 pasHOCTb TemIlepaTyp
mexay tenamiu 1 u 2 papHa (T, — T;)o. IIperebperas TennaoeMKoOCTHIO
CTEPHHHA, HANTH padHocTh TeMuepaTtyp T; — T) MeXxAy 3THMH TenaMu
B 3aBMCHMOCTHM OT BpeMeHH I.

P e m e H u e. HcxoauM M2 TOro, UTO KOJHYECTRO TeNsa, nepeAaBae-
moro oT Gosiee HArpeToro Telia K MeHee HarpeToMy 3a BpeMsd df , onpe-
LeNseTCA XKaK

JjoSdt = —C,dTy,  joSdt = CydT,, (1)

rae B NPAaBOM YACTH pPABeHCTB 3AIIMCAHO TeILIO, OTHABAEMOe 38 BpeMs
d¢ Gosiee HarpeThiM TenoM (—C,dT;), ¥ Tenno, noJyyaemoe 3a 3TO e
BpeMsA MeHee Harpetnim TenoM (C,dT,). IIpyHuMas Bo BHUMaHHEe GOP-
myay (6.12), coraacHo KoTopoii B HameM ciaydae jo = x (T, — Ty)/1,
pa3gesNM nepBoe M BTopoe paBeHCTBa (1) coorpercTBerHo Ha C; u Cj,
a 3aTeM CJIOXKHM OTAENbHO JIeBhIe H npanue JacTH NTOJIYYeHHBIX BRIpAa-
KeHHH. B peayabTare DOAYIHM
xTz—_—Tl—S{l+ijdt=—d(Tz-7}), @
4 G G
Beegem obosnHauenna 1= T, — T n a = wS(1/Cy + 1/C;)/I, Toraa (2)
npumMeT BHA ot di = —dt, HIN

ﬂ=--0:dt‘.
T

IIpouHETErpupoBaB 23TO ypaBHeHHe, OoayuHM In(r/t) = -at, mwim
= 1pe %, Ilepexoada K IIepBOHANANBHBLIM TapaMeTpaM, HMeeM

Tg - T] = (Tz - Tl)oe_‘“;
rae o = (1/C; + 1/C;S/1.
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6.6.

6.7.

HailTH pacnpeneleBde TeNMNepaTyphl B NPOCTPAHCTBE MeXAy ABYMA
KOHIIeHTPHIeCKHMH cepaMH ¢ pagrycaMu Ry u R, 3a01HeHHOM 0j-
HOPOAHBIM TEIVIOOPOBOAAINMM BEIeCTBOM, €C/IH TeMIepaTyphl chep
Tl H Tz, a Rz >R1¢

Pem e H u e. 3annmeM IOTOK TeNJa Tepea IPOMEIRYTOTHYIO KORIEH-
TpAUecKyIo cepy pammyca r: Q = (0T /8r)4nr?. Dra BeanImBa B CTa-
IHOHAPDHOM ¢JIyyae He 3aBUCHT OT F, HO3TOMY

ri(6T/8r) = C, (1)
rae C — xoHcTaHTa. Ha (1) ciaenyer
dr 1 1
dT =C—-, T-Z,=C|l—--1. 2
1"2 1 [R1 J"J ( )

KoncraRTy C HaXo UM KA TOrO YCJIOBHS,
yro Upn 7 = R, TeMuepatypa T = T,
3HAYHT
c-_TB-h
1/ ~1/R,

ITomcraHoBka (3) B (2) KaeT MCKOMEIH
PesyabLTaT:

3

T, - % 1.1
T=H+ 2/ —-=|.
Pac. 6.13 1 I/Rl-l/Rz[Rl r]

ITomyrHO paccMoTpHM, KaxKol BHI HMeeT daBHcHMOCTh T(r) B Tex cay-
qaax, Korma T3 > Ty u Ty < T

B nepsom caryuae cornacuo (2) C > 0 u ¢T/dr = C/r3, 1.e. ¢ pocToM I
HaKJOH KpuBoi T(r) yMerbinaerca. Bo BropoM cnygae C < 0, HaKJIOH
KpuBoii T(r) ecoTpuUaTeNbHLII» ¥ yMeHbIMaeTcH o MoAyo. 06a cay-
Yas MMOKasaHH Ha pue. 6.13.

TTocToAHHEIM 3JJeKTPHYECKH TOK TedeT MO NPOBOAY, PAZHYC CedeHHHA
KoToporo Ry TensionpoBoAHOCTh #. B eANEMIe 065eMa OpOBOAA BRIfe-
JNAeTCH TeIJIoBasg MOMHOCTh W, HallTH pacupedeseHHe TeMIIepaTyPhI B
UPOBOAE, eCJIH YCTAHOBHBIAACA TEMIOEPATYDA HA €r0 MOBEPXHOCTH
pasra T,

Pem e H % e. PAacCMOTPHM DUAHHADPHIECKHA KOAKCHANBEBIH cJoli r,
r + dr. B pacueTe Ha exHHERILY AJHHRI BTOTO CJI0A B HEro BXOAHT [IOTOK
remwna (jg'2nr),, BeIXOAAT (fo'2nr)riqr, BEYTDH Xe CJIOH BBIREAAETCA
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6.8

6.9.

xonuyecTBo Tenna w2nrdr. CocTaBHM GaJiaHC Tenmja:

(rig)ndr — (rig), = wrdr. (1)

Oro ypaBHeuHe MOXXHO DpeACTABHTL Kak

d(rjo) = wrdr, (2)
HnM, yauthisaa {6.12), — B Buge
—d[xr ﬂ) =wrdr. 3)
dr
IIponHTErpMpoOBaB 3TO BBIPAXKEHHE, NOJIYIMM
ar _ r?
- —— =W — ., 4
ol dr 2 (4)

Pasgenvum nepemerHkie T, 7 U elne pa3 IpOMHTerpupyeM:

To w ¥ w .
—de=~—jrdr, T=To+—{Rz-r‘),
r % 4n

NMnuna ceoGogaoro mpodera. A30T HAXOAMTCA OPU HOPMAJBHRKIX YCIIO-
puax. IIpy kaxoll yacToTe xonebaHRHE ANMHHa 3BYKOBOH BOMHbLI 6yaeT
paBHa cpefHeil anuHe cBoboaHOro npobera Mosexkysa AaHHOTO rasa?

ObbexTHBHBIN gHaMeTp Monexysaw azora é = 0,37 am.

P e 1 e H ¥ e. Uckomada HacroTra ¥ = U/A, TRe U — CKO-
POCTbh ABYKOBOM BOJMBI, A — manHA Boaubl. ITocnen-
Hf#, [0 YCJAOBHIO, AROJKHA ObITh PABHOH BEeANUYHHE
(6.17). A exopocTs BonEb U = \/YRT/M . B peaynnrare

IOACTAHOBKHM B HCXOJHOE BhIpaxeHHe IOJy4YHM

V= ndszAJZY/MRT =5,5-10° I'.

Baakocts. Toukocrennbiit nuauuap C (puc. 6.14) mac-
Chl m, Paguyca a ¥ JAHUHBEI ! IIoABeImeH HA YIPyroi
HHUTH ¥ HAXORUTCHA B 3a30pe MeXAY ABYyMs 3aKpeleH-
HbIMH IIUJIAHIADPAMH, 3AI0JHEHHOM raiom X ¢ MOJIsp-
Hou maccoit M u remnepatypoit T. IloBepxHOCTEL mu-
auHapa C papHOyZaieHa OT HOBEPXHOCTEeH 3aKPEIIeH-
HbIX LUHMJIHHAPOB Ha DaccrosHue Aa, mpudeMm Ad <ag.
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Hmwnuap C coBepllaeT 3ATYXAQNIHe KPYTHABHLIE KOJeGAHUS BOKDYT
BepTHKansHOi ocH OO ¢ ppeMeHeM pesnakcanuu 1. Hafitu apdexkTHs-
HOe ceyeHHe ¢ aToMOB X,

PemeHne Yrobu HaWTH G, HAAO 3HATH BA3KOCTDH 1), & €€ MOXXHO
olpefenuTh M3 ypaBHeHUS AMHAMMKH A1 KPYTHILHBIX KoJle0anHi:

I‘b:_y(P_Nﬂ)zv (1)

rae I = ma? — MOMEHT HMEPLMH OTHOCHTENbHO ocH 00, Yy — KoahdH-
LIHEHT yOpyTOCTH HHTH, N, , — MOMEHT CHJI TPeHHA, NeHCTBYIOIHH
na yuanaap C.

BoruncanMm ator MoMeHT. Ha exmanuy miowany nuiaunaapa C peicr-
Byet cusa f = 2n(du/dr). llosaenenne KoshdHIMeHTa 2 CBA3AHO C TeM,
yro y uuanHapa C aBe niopepxHocTH. B HameM caygae (Manpiit aaszop)
dv/or = v/Aa = ga/Aa, u f = 2n(a/Aa)p. Torna

Ny .=aF, =afS = ag, (2)
rae S — nnowazab puamaapa C (S = 2nal), a kospduHEHT
a = 4nnla’/Aa. A3)
Tenepr mpexcraBuM ypapHeHue (1) B cTaHAAPTHOM BHMAE:
¢+ 29 +age=0, 28=a/l. @

HanoMH¥M, BpeMA peJlaKCallH¥ T — 3TO BpeMsi, 38 KOTOPOe AMILJINTY-
na xoaefaHUA yMeHbIDaeTca B € pa3. OHO cBA3aHO ¢ KopPHIHEHTOM
aaryxanus B xakx T = 1/p. IloaroMy H3 BTOpOTO BhIpa)keHHd (4) ¢ yue-
ToM (3) HaxoAHMM, 4YTO BSIAKOCTH

_ mha
n 2nlar

(5)

H naxonen, uMesi B BUAY, YTO 1) onpeAendeTcsa BripaxkeHueM (6.25), a
A —yTouyHeHHO# dopmynoi (6.17), monyynm:

c=i_tla  RTM.

6.10. TenonpoBomaocTs. [IPOCTPAHCTBO MeX Ay ABYMsS GONLIIMMH ropu-
SOHTANLHEIMHY IUTACTMHAMY 3aD0JHEHO re/lHeM, AHaMeTp aTOMOB KO-
Toporo paeeH d. Paccroanue Mexxay nnacTrHaMu A, HuoxHAA mac-
TAHA TOAAEPKHBaeTcA OpH TeMneparype T;, pepxHaa — npm T,
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opuyeM T, > T,. llasnenne raaa HopMaabHoe. HaiiTH minorHoCTs mO-
TOKa TenJa.

P e e H u e. flcHo, 4TO MOTOK Tem1a HANparJeH BEU3. IlaorHoCcTh
moroka aaercs ¢opmyinon (6.12):

o= (W

TennonpoBogHOCTh % ompefeasierca gopmynoii (6.28):

x = Lanpey = oT, (2)

rge, KaK ciaeAyer ¢3 mpeofpasloPaHUEH, KO3PADHUIIHEHT
o = (R/n)*2/d’Ny M2, 3)

R— YHHBepcaJbHad radopas noCTosaAHHad, M- MOJIAPpHAA Macca.

IToacranoBka (2) B (1) HpHBOAUT K ypPABHEHHIO
jodx = —o/TdT. (4)
IIpoMHTerpHPOBAP 3TO PhHIPAXKeHHEe, MOJYYHM:

_2a

; 3/2  m3/2
Je=73; @/t -1,



—————— fpHMROXeHNna =—————
v

1. Equuunsl ¢pusuyecknx Beauyun B CH u CI'C

EAMHKLA BeJMuRHAE | OTromenue
BeanunHa es.CH
CH crc en.CTC
Cropoets v e | emge | 10°
Yacrora KojmeGaHHH vV I'n T 1
KpyroBada vacrora o ¢! ¢! 1
¥rioBaa ¢kopocTe @ paa/c paa/c 1
Macca m Kr r 10°
Inoruocte p KI‘/Ma r-/cm8 1072
Cuna F H auH 10°
Hapaeuue p Ha nunjen’ 10
HuMnyase p Kr-M/c r-cM/c 10°
MonseHT canr N Hw™ AHH-CM 107
Queprua E, pabora A4, Tk apr 107
KOJMYECTBO Tel.la @
Tennoemkocts C ox/K apr/K 107
Burtponua S Tk /K apr/K 10’
Mngrmocss MACCHL jp nr/(c«s) r/(c-cuz) 107!
—— {nmnynbca Jp H/(c-M?) AuE/(c-cM?) 10
TenaIa jo 131-/mz 3pr/(c~cuz) 10%
Koappuuuert anddpyonn D M/c cM/c 10%
BaskocTs N ITa-c II (nyaa) 10
TennonpoBOgHROCTE X Br/{mu-K) apr/(c-cm-K) 10°
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2. Jecariusle NPUCTABKH K HA3BAHHAM eXHHMIY

' — rura, 10° M — Mug, 107
M — wera, 10° MK — MHKPO, 107
x — xuno, 10° H — Hauo, 107°

¢ — canrn, 1072 — nuko, 10712

3. P'peyecknit andasHT

A, a — aasda I\ — fora P.p — po
B, — 6era K, x — kanmoa Z, 6 — CHrMa
I,y — ramMma A, A — jnamM6za T, t — Tay
A, 8 — pensTa : M, p — M0 Y, v— HOCHJIOH
E, € — 30CHNOH ' N, v — HI0 O, 0 — dpH
Z,§ — pmaeta Z,§ — KeH X,y — xn
H,n — 3Ta O, 0 — OMHKPOH Y, ¢y — Ocm
©,08,9 — Tera I,x — nu i Q o — omera

4. IIT0THOCTH BelNecTB

rﬂ:hl(: P;Zﬂ'::;[::il;b— : P, Kr/ u’ Tsepaoe BemecTeo ! p, rfca®
Asor L2 Asmas ! 3,5
Bomopox ! 0,09 Amompumi | 2,7
Bosayx 1,293 Bosnndpam 19,1
Krcropon 1,43 Tpagur 1,6
Meras 0,72 Heneao (cTasn) 7,8
. 3anoro 19,3
¥Yrrekncani raa 1,98 Tex 0.916
Xnop 3,21 Mezs 89
3 Monubaen 10,2
JKugKkocTe p, r/cm Horpuit 0.97
Bona 1,00 Onoso 7.4
MnaTtuna 21,5
Tauyuepns 1,26 Caxren 113
Kepocun 0,80 Cepepo 105
bk 13,6 TuareH 4,5
Conpt 0,79 Ypen 19,0
3¢pup 0,72 Husk 7.0
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5. Ilocroannkie ra3os
Fas ; y= Er; BaskocTs, TeD100pPOBOHOCTE 5::::;.:51
Cy 1, MkIla-c »n. MBr/(Ma-K) d, m
He 1,67 18,9 141,5 0,20
Ar 1,67 22,1 16,2 0,35
H, 1,41 8,4 168,4 0,27
N, 1,40 16,7 24,3 | 0,37
0, 1,40 19,2 24,4 : 0,35
co, . 1,30 14,0 23,2 | 0,40
H,0 | 1,32 9,0 15,8 i 0,30
Bosayx | 1,40 17,2 24,1 : 0,35
IToctonmnsie a 1 b Banm-pep-Baansca
Faa | Ar | H, N, @ O, O, H,0
a, Mam®/Mons® ‘ 0,132 | 0,024 | 0,137 | 0,137 | 0,367 0,554
b, 10° m¥/momn | 32 27 39 l 32 43 30

6. IlocToanubie XEHIKOCTEH

o v YIensHAdA TEOmno-
BRIKoeTs OBEPXHOCTHOE AenpHAA 7a mapoobpadosa-
HKuakocts HATAMCEHHE TEMN0EeMKOCTh
n, Mllac HHA
o, mH/M ¢, Iw/(r-K)
[ e e A/ E)
Boza 10 73 4,18 2250
Fnruepun 1500 66 2,42 -
PryTs 16 470 0,14 284
CaupTt 12 24 2,42 853
7. HocToAHMEIE TBEPABIX TEJX
Yaeasuad Hebaesckan | TeMmmepaTypa |YaeibEag Temjgora
Bemectso TeNJOEMKOCTb | TEMOepaTypa naBfleHHda nnaBJeHAA
¢ Iw(rKy 8, K t, °C g. /v
AnwMAHEA 0,90 \ 374 660 321
HKeneao 0,46 467 1535 270
Jlex 2,00 ] - 0 333
Meab 0,39 [ 329 1083 175
Caunex 0,13 | 89 328 25
Cepebpo 0,23 ! 210 960 88




Il_pl_l_noaennﬂ

8. OyagaMeHTaANbHEbIe (PH3HYECKHEe KOHCTAMTHI

CKOpOCTE CBETA B BAKyyMe
TFpaBHTanAOEHAA NOCTOAHHAST
¥YcxoperHe cBOGOZHOTO DafleHHA
IIocTosaRHAA ABorajpo
CraugapTariit 00BeM MoOJd rasa
TlocToAaRHaa JiommMuaTa
MoasapEas ra3oBad NOCTOSHHASA
TlocToarEasa BonsuMana
J/1eMeHTAPHBIH 3apAx
Macea anexTpoHa
Macca npoTona

Tocrosgran Ilnamka

ITocToaurax Credana-BorbnMaHa
Tlocrosiunas cmellenrsa BuHa
ATOMHAA eZHHHIA MACCH

JnexTpHYecKasd NOCTOAHHAHA

MarPEUTHAA MOCTOAHHAHA

¢ = 3,0010° m/c
¥ = 6,67:107" m®/(xr-c?)
g = 9,81 n/c’

N, = 6,02:10%° momp™
Vo = 22,41 a/moup
By = 2,710" cu®

R = 8,31 x/(K-moss)

k= 1,38107% Ik/K
_{1,60-10'° Kx

- {430 107 cTCE
m, = 0,91'10° kp

m, = 1,67*10_27 KI'

h = 6,6310™ Icc
k= 1,05510* Ix-c
o = 5,67-10® Br/(M>K")
b = 0,29 e
1 a.e.m. = 1,66107% gr
£ = 0,885:107 B/m
1/4ne, = 9-10° m/@
Mo = 1,257-10™° Ta/m
Uo/4m = 1077 Tr/m
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AnautuBHocTe 12, 74

Anpabara 18, 19

Ananua xos@pduizMeHToB mepeHoca 173
Anxnaorponua 144

AToMBl «MeueHble» 170

Boaount 98

Bakyym 174

BepoarHocts 41

Bec craTHCcTHUYeCKH 82
Bonna aeGpoiinesckas 66
Bpems penakcanum 10, 110
Bsizkocts 164

T'as Bau-pep-Baaasca 30

— BHpOxkAeHHBIA 107

~ upeaJbHHH 15

— yaAbTpapa3pexeHHunHd 174

— doHoHxpit 120

— doTorAbH 112

— anexTpounsrin 103, 104, 123
I'mmoTeaa o paRHOpaclpeAesieHHMM 3Heprumu 26
— o TtemJoBoii cmepTH Bcenennon 88
- (NYKTYalMoHHad BonsnmaHa 88
T'pagneHT miaorHocty 164

Habnenne BHyTpeHHee 31

— raaa Ha CTeHry 23

— ponoJHuTensHoe 141

—~ KpHTHueckoe 150

— IIOX HSOrHYTOH noBepxHoctho 140

— ¢oHOHHOro rasa 129

- (poToHHOrO raza 25

— 3JIeKTpPoHHOro rasa 125

Huarpamma cocrositnnii 136

Huamerp mMonexryan 3ddexTHBHbIH 166
Dubdvans 162, 163

— remwnopasa 175

Musnextpuxn 109

Jnuna cBoGopHoro npobera cpepHssi 166
HMupxn 111

Huagroers 137
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— neperperas 133

3axoH Byrepa 158

— Hwonoura n Iltn 117

— kybop Hebas 123

— pacnpegeneHus Doaninmana 55
- — Maxcpenia 48

— — Makcseana—Boabomana 62
— cMewenus Buua 116

— Credbana—Bojsnmana 115
3HaueHHsa cpenune 42, 44

— — CHAY48MHHIX BeJHYHH 42
3ona BaneHTHas 108

— nposogumocta 110

— cBobogmast 109

3oHBI sHepreTMdeckue B Kpucranaine 108

Hanyuenne MHAYLMPOBAHHOE {BBHIHYXAeHHOE) 158
— KorepeHTHoe 159

HsorepMa kparnueckas 131

Haorepmrr Baux-aep-Baansca 131

— 3KCHepMMeHTanbHEE 131

HaosrTponsl 74

HuTencuBHOCT: myuka 159

Hcnapenne 134

Kamepa Bruabcona 133

— NY3BIPBKOBAas XHAKoRoZopoaHas 133
Kanwmiap 143

Ksasmumnoyasc 120
Krazauactanm 120

Konebanmnsa nilasmeHHsle 147
KoauvecTso Bemecrna 15

— TemaoTsr 12

Kounexncaxusti napa 133
Koadbuumenr asxoctn 164

- muddysnn 164

— noJe3Horo AefcTRHsS 72

— camoaudpdysuu 171

~ TeINIONPOBOgHOCTH 1656
KoadpdunmenTns JAHmMTe#HA 158
KparHocTh BHpOXXAeHHa 158
Kprpaa ucnapesuasa 136

- nnaBneHuAa 136
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~ cybaumanun 135, 136
Kpucramnn atromunie 145
— xXuAxHe 137

~ HOHHHIe 145

-~ MeTannauueckne 145

— MOJIEKYJAApHbHe 145

Jlasep 160

Maaep 160

Maxpocuctema 6
Makpococroanue 82

Macca armocdeps! 3eman 60
~ mMonAapHaa 15

Menuck 143

MeTtanarn 109

MeTon craTHcTHYecKui 21
Mukpococrosaune 82
Mogens xkuaxoctn 138

— TerwtoeMkocTH HebGas 118
- ~ Rjaccuyeckas 117

—~ — O#iHmrelina 117
Monexyanl JrHeliHbe 27

— HesHHeliHbe 27

Moias 15

Harpeparens 78

Hakauka 160

Hars>xeHHe noBepxHocTHOe 139
Hauano tepMogmHaMuku Bropoe 71
— — meppoe 12

— — tperbe T6

Hynp remnepatrypm alconioTHeir 9

O6wem dasopoit suedikn 101

Onmir JlaMmepra 53

— Ileppena 57, 58

OcobeHHOCTH nalepHOro HanydeHms 161

Napanokc I'mG6ca 78

ITapaMeTphl TepMOAMHAMHYUecKHe 9
ap. HacwmenHed 132

— mepechillleHHbIA 133

ITepexoaw ¢aaopnie 132, 133
ITepuieryym-mMobune 2-ro popa 72
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ITnaama 145

~ B MATHHUTHOM noJse 149

— upeansHas 148

— HM3oTepmMmuyeckada 148

IlnoTHOCTE BepOATHOCTH 43

- — obbemHas 46

— DOTOKa MMOysabca 164

- — mMaccu 164

- — Moaexyn 169

- — Tenna 165

ITonmukpucranasr 144

ITonutpona 19

IToayupopoguuxn 109

ITopagox GauxHuE 137

— panbeEHd 137

HocTosnuuas Asoragpo 15

— agnabarm 17, 28

— Boapumana 24

— ra3osBad MoJspHas 15

—~ 38KOHa cMelneHHsa Buua 116

— JlommMupara 188

— ILnanxa 29

- Crejana—BoabpnmMana 115
ITocTonxHkle Bau-gep-Baansca 30
ITorennnan xuMudeckuit 101
IMoTeHUHaNKI TepMOAKMHaMUYeckHe 89, 91
ITorox 162

IIpvHIMO BO3pacTaEUs SHTPOOHMH T3
— geonpepeneqnocty [eitzenbepra 101
— HEPA3NMYMMOCTH TOMAeCTBEHHRIX wacTun 99
— ITayan 99, 100, 104

Ipob6aema HeofpaTuMocTH uporeccos 73
— YCTOWYMBOCTH ILTA3MEl 149
IIpopoauMocTs Onas3Mbl 148

— npaMecHaa 111

— coGeTeenHas 111

IIpocTpancrBo ckopocredt 45

~ ¢aaosoe 101

ITponecc 10

— aguabaTuaeckui 18

— uaobapudeckui 17

— m3oTepmuveckuit 19

— kBadncraTuveckui 10



192

lIpeaMerHrrit ykaasarens

-~ Kpyrosoi 14

—~ HepaBHOBecHBH 10

— obpatTuMmi 11

~ moJuUTponMyecKHi 19
— pasHoBecHu# 10

Pa6ora 13

—~ peixoza 107

~ rada IPHM NOJMTponKYeckoM Npouecce 21
PaBHoBecue noxansHoe 163

—~ TepMOZHHAMHYECKOoe 9

- daa 134

Paguyc nebaesckuit 146

— MOJeKYJHPHOro AeiicTtBus 138
Pacnpenenenne Bose—-Dinmreiina 112, 113
-~ Boasnmana 55

-~ — IPH AUCKPETHHIX ypoBHax 61
~ KBaHTOBRIX YacTun 103

~ MaxcBenna—BoasumaHa 62, 63
~ — B IIpMBeAeHHOM Buze 51

~ — IO MOAYJAM CKOpPOCTH 48

~ — IO NPOeKnHuAM cKopoctH 47
—~ II0 HEepPrusaM MoJexya 51

~ ®epmu—Qupaxa 103, 104
dononos 121

dororoB 113

-~ ayexTpoHor 105
Pacopenenenns ksantoBeie 101
Paccessane atTmocgepm 60
PesonaTopsl onrudeckue 161
PemeTka xpucraninyeckan 144

}

l

Camopuddysua 170

CeeTHMoCTh sHepreTHveckan 115
CpoiicTpa 3uTponmu T4

Cease reTeporeHHas (MOHHas) 145

— roMeonoispHas (KoBajgeHTHas) 145
~ obpartHan 161

Cedenne mosekynn abdexrusHoe 166
CuMMeTpHa KpucTaLloB 144
Cucrema HepasHoBecHas 10, 157

— CHJIPHO HepaBHOBecHas 157

~ tpexyposHepas 160

CropocTit Monexyn xapaktepubie 49



DpenMernnil ykazarenn 193

Cxopocts manbosiee pepoaTHas 49

- cpeRHeKBagpaTHuHad 49

— cpexuaa 49

CnaunBanye 142

CMmeprb BceenenHoit remwrosas 88
CMBIca TeMnepaTyphl dusudecknii 24
~ BTOPOTO Hayasla CTATUCTHYECKHH 82
CoOTHOILIEHUA TepMoaMHaMu4YecKue 89
Cocroanne xupxoe 137

— meractabuanHoe 133

— nepasHosecHoe 10, 157

— paBHoBecHoe 10

- cHCTeMBl 9

CiuexTp KBasHHenpephiBHpIH 104
Cpena axtusHaa 160

— HHBepcHaa 160

CraTtucTuka Bose—DitnmTreitna 99

— Pepmu—dupaxa 99

CTaTHCTHKH KBaHTOBHE 99
CraTtucTueckust pec 82

Crenenu csobopmr 25, 27

Crenenp MoHn3anuma naaszmbl 146
Crpoenne xpucrannos 144

Teno uepHoe 115

Teopema Kapro 80

— Hepuera 75

— 00 YMHO’KEHHH BeposATHocTei 42
— 0 CJIOXKEHHH BepOATHOCTEH 42
Temnepatypa 9

— KpuTH4Yeckaa 131

— nna3mpl 148

— TepMOAMHaMHUYecKas 9

— xapakrepucrudeckasa Jebaa 122
TeopHA MOJEKYAAPHO-KMHEeTHUeckas 21
— TennoemrocTH Hebaa 122

~ — DiHmTeliHa 118
Tennomnepexaua 12

Temwnora ucnapennsa 134

— KoHpeHcanun 134

- kpucranausanuy 134

-~ nepexoga 133

— nnasnenus 134



194 IlpeameTHRIA yKAA3ATE/Ib

- cybapmanun 134
TennoeMkocTs 16

— HAeanbHOro rasa 16

— kpuctanna 122

— mojaapHas 16

~ Ip¥ OOJHTPONMYECKUX nponeccax 20
— — HOCTOSHHOM HmaBiaeHun 17

- — — obbpeme 16

— ymensHas 16

— 3JIeKTPOHHOro raaa 124
TennooposogHocTs 165

Tensnora 12

— mepexoza 133

~ -~ ygenbHaa MchnapeHEns 134

- - — KoHAeHcanumu 134

— — — Kpmcrananuzanue 134

— ~ - naapaeHna 134

— cybnnMannr 134
TepMoauHaMmuka 6

— ¢oroHHOrO rasa 126
Tepmoumsonsanua marHuTHas 149
Trowl KprcTanioB GuaHdeckne 145
TonuruHa 3eMHOM aTMocdepnr 60
Toura KpaTHYecKasa 131

- Tpoitnaa 9, 136

Tpenne PHyTpeHHee 164

VYron rpaepoit 142

VYpapHenue (aguabaTm) Ilyaccouna 18

— Bag-gep-Baansca 30

— KHMHeTHYecKOH TeOpHH raaos 24

— Knaneitpona 15
Knaneitposa—-Knayanyca 135

— mepeHoca OcHOBHOe 169, 170

— — 3aBHcaee oT BpeMeHH 174

- camogubdyanu 171

-~ COCTOAHHA HAeanpHOro rasa 15

- TePMOOHHAMHKH OCHOBHOE 76
¥Ypopens (3Heprua) Pepmn 104, 105

— aBepruH MetactabHabHNE 161
VpoBHY aKLeNTOpPHHE M AOHOpHBbIe 112
— 3HEPIrMH KpasuHenpepmpHble 102, 104
Yenneune moporopoe 161



IIpepverannit ykazarems 195

YcnoBHe KpasmHelTpagbpHocTH 147
— HOPMHDOBKH 43

Paza 132

PepMHOHR 98

Puanka KpanToBaa T

— MOJIeKynsapHaa 6

Dryktyaunn 45

®ononn 119

DopMyna Gapomerpudyeckas 59

— BoasnomaHna (gas surponumn) 87
Buna 114

Heban 122

Jlannaca 141

— MakcBeana p npusexeHHoM sBHze 51
MNiaauxa 29, 101, 114

— Ilyaseitna 177

— OfHmTe#iHa (Ana remnoeMkocTH) 118
®oronbr 112

DyHKuMA npouecca 16

— pacnpepeneHnsa 43

— cocroanmna 11

XoaoauasHHK 78

Iluxn Kapso 79
— Kpyrosoit 14
Inxnm 14, 78, 80

JacToTa ILIa3MeHHBIX KoJseGanmit 147
Yucao crenenei csoboaul 25

— YAApOB MOJIEKYJI O CTEHKY 22

-~ ¢dasoBnx syeex 102

LIxkana Kenspuna 9
— TeMIepaTyp TepMogHHaMHYeckas 9
— Henscus 9

SnexTpoun csobopune 103

ONeK TPONPOBOAHOCTs MeTannop 110
— noayHpoBogHHKOB 111

OHeprusa BaH-Aep-BaaJbcoBa rasa 31
— pHyTpeHHsa 11, 28, 91

— BpamatejabHas 29

— kKonebarenrHaa 29

— Hynesax 118



196 IIpemuerunii ykasaatens

— IIOBEepXHOCTHOro cios 139

— pemieTKH KojeGarensHaa 121
— cBoGogHasa 91

— CPeRHAA KBAHTOBOTO ocumiaaartopa 118, 128
~ - ¢BOGOQHBIX 3JeKTpoHOB 106
®epmu 104, 105

-~ mapu T>0 108

OuTponna 73

— abco/noTHOe 3HaveHue 76

—~ ® BepoaATHocTs 85, 87

— KOeaJbHOrO raza 76, 77

— kak mepa HeoGpatumocTH 75

1

fABneHHA IIOX MIOTHYTOK MOBEPXHOCThIO 141
— KanuaaapHse 143

— Ha NpaHHBax MeXAV cpemamy 141

— mepeHoca 162

Hueitka dasopas 100



