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Mpeaucnosue
v

HauHoe yueOHOe mocoOue 3aBepIIaeT HOBBIM B CTPYKTYPHOM U
coZlep:KaTeIbHOM OTHOIIIEHUUM KypC 00Ineil (Gu3uKu, HaJ KOTOPHIM
aBTOP paboTas HECKOJIBKO JieT. [IpuHATOEe B HEM PACIIOJIOMKEHUE Ma-
Tepuanga (MeXaHWKa, JJIEKTPOMATrHEeTU3M, BOJHOBBIE IIPOIECCHI,
KBaHTOBasA (pusmka m GUINKA MaKPOCUCTEM) ABJIAETCA 10 TJIyOOKO-
My y6esKeHNI0O aBTopa HamboJjee JIOTUYECKU IIOCJIEeLOBATEIbHBIM U
OIIpaBJAaHHBIM B METOJUYECKOM OTHOIIeHWu. Takas CTPYKTypa
Kypca II03BOJISIET CTYZeHTaM Jierde ¥ OCHOBaTe/JbHee T03HAKOMUTh-
Csl ¢ MaTePUAJIOM U 10 JOCTOUHCTBY OIEHUTH Ba’KHOCTH, TJIYOUHY U
YHUBEPCAJIBHOCTh OCHOBHBIX UJel Kypca (GU3UKM, KOTOPHIN II0 IIpa-
By cuutaerca ¢pyrdamenmanvHvim. VIMEHHO TaKasd CTPYKTypa Kyp-
ca COOTBETCTBYET KOHIIENIIUY COBPEMEHHOI IIPOrpaMMBbl II0 (GhU3UKe
MunucrepcrBa obpasopauusa PdD.

dopma HIIOKEHUA MaTepuajga Ta Ke, UTO M B IPEIbIAYIIUX
KHHUTrax: CHauaJja JaloTCs OCHOBBI TEOPUU, a 3aTeM pa3bop pAja 3a-
Iad, TOe MOKAasbIBaeTCAd KAK CJeNyeT HMOAXOAUTh K UX PEeIIeHUIo.
3amayy TECHO CBA3aHBI C OCHOBHBIM TEKCTOM, YACTO ABJIAIOTCS €T0
JOIIOJTHEHNEM M DAa3BUTHUEM, II09TOMY paboTa HajJ HUMU JOJIKHA
TIPOBOJUTHCA IapajjieIbHO C M3YyUYeHHEeM OCHOBHOTO MaTepuajia.
Kpome Toro, mpeasiaraemsblii Habop 3ajgau JOJIMKEH, IO 3aMBICIY aB-
TOpa, MaTh BO3BMOKHOCTH CTYJEHTY AOIOJHUTEJHHO 00AyMaTh DAL
Ba’KHBIX BOIIPOCOB UM IIOMOUYB IIPEACTABUTH (Za’Ke eCJiM MHOTUE 3a-
IauyW He pellaTb, a IPOCTO IIPOUYUTATH UX YCJIOBUA) OOJIBIIION Aua-
IIa30H IIPUJIOKEeHUS U3ydaeMbIX upeii.

KypcuBom BBIEeI€HBI BasKHEHININE TTOJIOXKEHUA U TepMUHEBI. Ile-
TUT UCIOJb3yeTCA JIA MaTepuajia MOBBIIIEHHONW TPYAHOCTU (3TOT
MaTepuas IpU IIePBOM UTE€HUU MOYKHO 0€300/le3HEeHHO OIIyCTUTDH), a
TakyKe A IPUMEDPOB W 3ajad.

B Hacrosmem wuszaHum cpelaHbl HEKOTODBIE J[OMOJHEHUSA U
YTOYHEHUs, YCTPAHEHBI 3aMeUEeHHBbIE OIeUaTKHU.

KHura xax yuebHoe mocobOue paccumTaHa Ha CTYJEHTOB BY30B C
pacHimpeHHo# mporpaMmoii mo ¢pusuke. OHa MOKeT ObITH ITOJIE3HOI
U TPemofaBaTesisiM BY30B.

. Upomos
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Beepenme
v

O0BeKTOM UBYyUEHUS B 3TOM yUeOHOM ITOCOOMU ABJIAIOTCSA CUCTE-
MBI, COCTOAIINE U3 0YeHb OOJIBIIIOTO UMCJa YacTUll (MOJIEKYJI, aTo-
MOB, 9JI€KTPOHOB, (DOTOHOB U AP.). IIpruMepoM MOKET CIAYKUTDH r'as.
Takue cucTeMbl IPUHATO HA3BIBATHL MAKPOCUCTEMAMU.

Kasamoch ObI, TOBeeHe TAKUX CHCTEM MOKHO pacCMaTpPUBATh
HaA OCHOBE B3aKOHOB KJIACCUYECKO! MexaHuWKu. OJHAKO AJIs 3TOTO
MIPUIILIOCH, OBl COCTABUTH TaKOe T'PAHIMO3HOE UYKCJIO0 YPaBHEHUI,
YTO CTAHOBUTCS CPAasdy SICHO, UTO IMPAKTUUYECKU IIOLOOHBIN IIyTh He-
cocTosATeNeH (qaske ecau ObI YACTHUILLI IOJUNHSINCH KJIACCUYECKUM
3aKOHAM, MMeJM Obl TOYHO M3BECTHBIE HAYAJIbHBIE YCJIOBUSA U IBU-
rajuch ObI IO TPAEKTOPUIM).

Ho mmenHO KoJsi0OCCATBbHOE YUMCJIO YACTUI] B CUCTEME IIPUBEJIO K
paspaboTKe IBYX PaAUKAJIbHO OTIUYAIONIUXCA IPYT OT APyra METO-
OB M3YUYEeHUs MaKPOCUCTEM — TEPMOJUHAMUKU U MOJIEKYJIAPHON
(craTucTuuyeckoit) pUIUKU.

Tepmodunamurxa (Uaum oOIIAsd TEOPUA TEIJIOTHI) ABJIAETCA IIO-
CTyJIaATUBHOU HayKoui. E€ He MHTepecylOT KOHKPETHbIe IIpe/cTaBIe-
HUSA O CTPOEHUM CUCTEMBI (BelllecTBa) U (pusmuecKas IIpuUpoia ca-
Moit TemaoThl. IIpy TaKOM HOAXO0/€ MCIOJIb3YIOT MOHATUS U (DU3U-
YyeCKUe BeJIMYUHBI, OTHOCSIIUECA K cucTemMe B Iejom. Hampumep,
UIealbHBIII Ta3d B COCTOSHUN PABHOBECUS XapPaKTEPU3YIOT 00be-
MOM, JIaBJIEHWEM U TeMIIEPaTypPOil.

BrIBOZBI TEPMOAVMHAMUKY OCHOBAHBI Ha OOIUX IPUHITUIIAX WJIU
Hayanax, KOTOPbIe IIPEACTABIAIOT CcO00# 0000IeHre OMBITHBIX
(daxToB.

B orauume oT TepMOAMHAMUKU, MOJEKYJAApHAL (cmamucmuue-
cKas) Pu3uKa NCXOAUT U3 IPEJCTABIEHUN 0 MOJIEKYJIAPHOM CTPOe-
Huu BelrecTBa. To 06CTOATETBCTBO, YTO UMCJIO YACTHUI] B MAKPOCHU-
cTeMe BechbMa BeJIUKO, IPUBOAUT K HOBOMY THUIIY 3aKOHOMEPHOCTeIH,
MMEIOIUX CTAaTHUCTUYECKHI, T.e. BEPOSATHOCTHBIA xapakTtep. Ha
OCHOBE dTHUX IIPEACTABJIEHUN MOJIEKYJIsApHasa (pusrKa pacKpbIiBaeT
GUBMUECKYIO IPUPOAY BEJIUYNH, KOTOPHIMU OIIEPUPYET TEPMOIUHA-
MUKa. A MMEeHHO, MOJIEKYJsApHasa (hU3UKa II03BOJIAET OOBACHUTH
HaOJIIoZjaeMble CBOIICTBA MAaKPOCHCTEM KaK CYMMAapHBIA 3(PdeKT



8 Beenenne

dexT meiicTBUM OTAENBHBIX MOJEKYJ (Ha OCHOBE OIIpeJeeHHBIX
mogeieit). IIpu a3TOM MCHONIB3YETCA CTATUCTUYECKHUI METOX, KOTO-
pPBIi MHTEepecyeT He NefiCTBUA OTAEJIbHBIX MOJEKYJI, a cpedHue 3HaA-
YeHUs OIpelesIeHHBIX BeauduH. C IMOMOINBI0O HUX, CPEIHUX BEJIU-
YWH, OTKPHIBAETCA BO3MOYKHOCTH WHHTEPIpPETAuu HaOJII0JaeMbIX
BEJIMYUH.

MonekynspHaa pusuKa JOJKHA OCHOBBIBATHCS HaA 3aKOHAX, KO-
TOPBIM HMOAUYUHSIIOTCS aTOMBI ¥ MOJIEKYJIbI. OTO 3aKOHBI K8AHMOBOIL
¢gusurxu. Be3 3HaHUS 3TUX 3aKOHOB JOCTATOUYHO KOPPEKTHOE M3JI0-
JKeHUe COBPEMEHHOM MOJIeKYJIAPHON (U3WKU OKas3bIBaeTcs Hesa-
KOHUYEHHBIM M, 3HAUUT, METOAWYECKH! HeoIpaBAaHHBIM. IlosTomy
MBI OyaeM mpejmojaraTb, UTO UYUTATENb YK€ IT03HAKOMUJICT C
OCHOBHBIMHU TIPEACTaBJICHUAMU KBaHTOBOI Teopuu. Ho nmpu Heob6xo-
IUMOCTU HY:KHBIEe cBeJleHUA OyJeM Bce Ke HAIlOMHHATD.

ITockonbKy TepMOAMHAMUKA M MOJIEKYJIApPHAsA GU3UKA N3ydatoOT
OJIVH U TOT K€ 00BbeKT — MAaKPOCHUCTEMbI, — TOJLKO Pa3HBIMU Me-
TOZAMM, TO MBI B IeJSX OOJBIIEN IPOCTOTHI U SICHOCTH MUBJIOKEHUS
U TIOHUMAaHUs OyJeM IIPUBJIEKaTh 00a MeTo/a KaK B3AUMHO JIOIIOJI-
HAIOIUe APYyT Apyra.

HNrak, TepMOIMHAMUYECKUIN M CTATUCTUYECKUHN METOABI M3yde-
HUA MaKPOCHUCTEM JONIOJHAT APYT Apyra. TepMoguHaMUUeCKUt
MeTOJ XapaKTepusyeTcsi CBOeii OOIIHOCTBHIO M IIO03BOJAET M3ydaTh
ABJIeHUA 0e3 3HAHUA UX BHYTPEHHUX MeXaHuU3MoOB (M Momesei).
CTaTHuCTUUECKUH »Ke MEeTO/ TO3BOJISAeT MOHATh CYyTh ABJIEHUIT, yCTa-
HOBUTH CBA3b IOBEJEHUA CHUCTEMBI B II€JIOM C IIOBEeJEHUEM U CBOIi-
CTBaMM OTHEJBHBIX dYacTull. X KOMOMHMPOBAHHOE IPUMEHeHNe
crocobcTByerT Hambosee 5PHEKTUBHOMY pEIIeHUI0 TOW MU WHOI
HAYYHOU IPOOJIEeMBbI.



Fnasa 1
lNepBoe Hayano TepMmoaAnHaMUKU

v

§ 1.1. Cocroaaue cucrembl. IIpomeccs:

Temmepatypa. 9To BeJnUMHA, XapaKTepUIYIOMIas COCTOSHUE
TepMOAUHAMUYECKOTO pPaBHOBecus MakpocucreMbl. Ecsim ipu ycra-
HOBJIEHUY TEILJIOBOTO KOHTAKTa MEKy TeJaMU OJHO M3 TeJ Iepeia-
eT DHEPrui0 APYTrOMY IIOCPEJCTBOM TeIlIolepefadyu, TO CUUTAIOT,
YTO IIEPBOE TEJI0 MMeeT OOJBINYI0 TEeMIIEpaTypy, YeM BTODOe.

JIr060ii MeTo  M3MepeHusA TeMIepaTypbl TPeOyeT yCTaHOBJIEHUA
TEeMIIePATyPHOI ITKAaJbI. [ 3TOTO MCHOJIB3YIOT HEKOTOPBIE OCO-
Oble Touku. [Io MeXIYHApPOJHOMY COTJIAIIIEHUIO TEeMIIEPATYPHYIO
IIKaJy CTPOAT IIO OJHOI PEelepHOIl TOUYKe, TaK HasbIBaeMOU mpoil-
noit moure 600v. (T,,). B mepmodunamuyeckoil wianre memnepa-
myp (wrxane Keaveurna) mpuHUMAaeTCA IO OIpeLeeHUI0, YTO

T, = 273,16 K.

IIpu Taxom sHavenun T, UHTEPBA MEAY TOUKAMMU ILJIABJICHUAA
JbJAa M KUIIeHUsS BOABI HNpaKTuuecKu paBed 100 KeJbBUH, U TeMIIe-
paTypul 5TUX TOUeK paBHBI mpuoamkenuo 273,15 u 373,15 K. Ha-
nomuuM, 1 K = 1°C. Temnieparypa ¢ mo miraie Ilenbcusa cBsasana ¢
TeMIIepaTypou 1o mixkajge KeJabBuHaA pPaBEeHCTBOM

t=T-273,15.

Temnepatrypy T = 0 HaswsIBaIOT ab6CONIOMHBbLM HYJLeM, eMy COOT-
BercTByeT t = —273,15 °C.

B panbheiiem (§ 1.5) Mbl BBIACHUM (QU3UYECKUN CMBIC TeMIIe-
paryper T.

TemmepaTypa — 9TO OfHa 13 MAKPOCKOIINYECKUX XaPAKTEPUCTUK
makpocuctrembl. OHa He MMeeT CMbICJA AJIsI CUCTEM, COCTOSAIIUX W3
HECKOJIbKMX MOJIEKYJ (BOpOuYeM, IIPU OIPEeAeSIeHHOI JOTOBOPEHHO-
CTU YCJOBHO TOBOPSAT O TeMIepaType Aake OMHON YaCTHUIIBI).

Cocroanue cucrembl. CoCcTOSHIE MaKPOCHUCTEMBI XapaKTepusy-
IOT BeIMYUHAMU, KOTOPBIE HABBIBAIOT MEPMOOUHAMULECKUMU NAPA-
mempamu (naBieHue p, oowseMm V, tremneparypa T u ap.). Ecau atu



10 Tmasa 1

ImapaMeTpbl MMeIOT OIpeJeJieHHbIe U IIOCTOAHHBIE 3HAUEHUA IJIA
JI00071 YacTM MAaKPOCUCTEMBI, TO €€ COCTOAHWE Ha3bIBAIOT
pasnogecHblM. Bynyumu BhIBeeHA M3 COCTOAHUA pPaBHOBecudA (cuc-
TeMa CTaHOBUTCS HePABHOBECHOIl), CUCTeMa B JaJbHEHIIIeM BO3BPa-
11aeTcsA B PABHOBECHOE COCTOSHME. JTO IPOUCXOIUT 3a BpeMsd, PaB-
HOEe II0 MOPAAKY BEJIUUYUHBI 8pemeHu peaakcayuu (t). Tak HasbIBa-
0T BpeMs, 3a KOTOPOe IIePBOHAYAJbHOE OTKJIOHEHWE KaKOoro-Iubo
rmapaMeTpa COCTOSHUSA YMEeHbITaeTcss B e pas. s KaKmoro mapa-
MeTpa COCTOSHUS BPeMs T UMeeT CBOoe 3HaueHue. PeIramIinyo poJb
UrpaeT TO T, KOTOpPOe ABJsIEeTCA HambOOJbIIUM. Ero m cumTamT 3a
BpeMsi peJlaKCalluy CHUCTEMBI.

Takum 06pa3oM, COCTOSHUE CUCTEMBI SBJIAETCS PABHOBECHBIM,
ecJu Bce IapaMeTphI ee MMEIOT OIpeJesIeHHbIe U IIOCTOIHHBIE 3HA-
YeHUsS MPU HEU3MEHHBIX BHEITHUX YCJIOBUAX.

PaBHOBecHOe cOCTOAHUE MOJKHO IIPEJCTABUTH TOUKOM B IIPO-
CTPAHCTBE, IO KOOPAUHATHBIM OCAM KOTOPOT'O OTKJIaAbIBAIOTCA 3HA-
YeHUsA IIapaMeTPOB COCTOAHUA. KCIM HE3aBUCUMBIMHU SABJISIOTCA
BCEro Be IIepeMeHHble (Hampumep, p u V), ToO paBHOBECHOE COCTOs-
HUe M300pasKaloT TOYKOII Ha aumarpamme p, V.

IIpouece. JIro6oii mporece, T.e. IIePexX0]] CUCTEMBI U3 OJJHOT'O CO-
CTOAHUSA B Apyroe (IPOUCXOAANINI, HAIIPUMED, 0Jarogapsa BHEIIHe-
MYy BO3JIEHICTBUIO) MPOXOJUT, BOOOIIE TOBOPSA, Uepes IocjeaoBaTe-
JBbHOCTh HEpPaBHOBECHBIX cocTodHuii. Ho
ecJIu TaKoe BO3IENCTBYME OCYIIIECTBIIAETCS
IOCTATOYHO MeAJIEHHO, TO MOJKHO CKa-
3aTh, UTO IIPOIIECC IIPOXONUT Uepe3 IIOo-
CJIeIOBATEJILHOCTh PAaBHOBECHBIX COCTOSA-
1 "Huii. Takoil mpollecc Ha3BLIBAIOT PABHO-
6ecHblm wiam Keasucmamuueckum. OH
MOXKeT OBITh M300paskeH, HalpuMmep, Ha
v nouarpamMme p, V COOTBETCTBYIOIIEil Kpu-

Boii (pmc. 1.1). HampaBieHme mpoiiecca

IOKAa3bIBAIOT CTPEJIKOI.

HepasHoBecHbIe mpoIiecchl MBI OyIeM YCJIOBHO M300paKaTh MyH-
KTUPHBIMU KPHUBBIMU.

PaBHoBecHBIN mporiecc MOKeT OBITh MPOBEIEH B 00paTHOM Ha-
IpaBJIeHUM Yepe3 Ty JKe COBOKYIHOCTh PABHOBECHBIX COCTOAHUI,
T. €. IO TO¥ Ke KpuBoil I — 2 (cm. puc. 1.1), HO B o6paTHOM Ha-

p 2

Puc. 1.1
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npasienun 2 — 1. ITo aTo# mpuumHEe paBHOBECHBIE IIPOIECCHI Ha-
3LIBAIOT OOPATHMBIME .

§ 1.2. IlepBoe HauaI0 TEpMOAUHAMUKH

IlepBoe HauayI0O TEPMOAMHAMUKU OTHOCUTCA K OZHOMY u3 (pyH-
JTaMeHTAJbHENINX 3aKOHOB (PUBUKM MaKPOCHUCTEM, OHO SBJIAETCS
00001IIeHIeM OUYeHb 0OOJIBLIIIOr0 SKCIIEPHMEHTAJILHOr0 MaTepuaja 1
IpejcTaBasgeT co00i II0 CyTu OOOOINEeHHBIN 3aKOH COXPaHEeHUS
9HEPTUM Ha TEIJIOBBIE IIPOIECCHI B CaMOM O0O0IIeM BHJIE.

ITOT 3aKOH COJAEPIKUT TPU BEJIUUYNHBI: BHYTPEHHIOK dHepruio U,
pabory A u temaory Q. Ilpexxae uem copMyJIUpoBaTh caM 3aKOH,
yCTaHOBUM (PDUBWUYECKUA CMBICI 3TUX BEJIUYUH.

BuyTpennsasa sneprusa. Bayrpenueii sHeprueiit U MakpoOCUCTEMBI
HAa3bIBAIOT BEJIUYUHY, COCTOSIIYIO M3:

1) cymMMapHO! KMHETUYECKONM SHEPTUU XaO0TUUECKOTO ABUIKEHUA
MoJeKyJs B I]-cucteMe, CBA3AHHOM C CaMOIl CHCTEMOH (B BTOU cuc-
TeMe OTCUeTa CYMMAapHBIN MMITYJIbC BCeX MOJIEKYJI paBeH HYJIIO, U
cucreMa Kak Iejoe IIOKOUTCH);

2) coGCTBEeHHOI MOTEHIINATBLHOM dSHEPTUU B3aUMOAENCTBUA BCEX
MOJIEKYJI, T.e. DHEPTUU B3aUMOJEHCTBUA TOJBKO MEKIY MOJEKYJa-
MU, IPUHAJIEKAIINMU TaHHOU CHUCTEME;

3) BHYTpeHHeH HEeprum CaMUX MOJIEKYJI, aTOMOB, AIep,...

ITorka MBI He OyZeM BKJIIOYATH BO BHYTPEHHIOI dHepruio U BHYT-
PEHHIOI0 PHEPTUI0 MOJIEKYJ M aTOMOB, CUMTAA BO MHOTUX IIPOIIEC-
cax BKJAaJ 9TOl 9HepTruu B U HMOCTOAHHBIM, He 3aBUCAIIUM OT BUIA
nporiecca. T. e. 6ymem cuuraTh, uTo U ompeneseHa ¢ TOUHOCTHIO IO
HEKOTOpOIi mocTtosauHol. Ho mpu HEOOXOAMMOCTHM MBI CHHMEM 3TO
OrpaHMYEeHVEe W BKJIYUM B PAaCCMOTPEHNE U BHYTPUMOJEKYJIAP-
HYIO 9HEPIruIio.

HawuboJiee cyiecTBeHHOE OT/IMUMe BHyTpeHHel sHepruu U B TOM,
YTO OHA ABJAETCA QPYHKUUEI COCMOAHUSL M He 3aBUCUT OT TOTO, Ka-
KUM IIyTeM MbI IIPUBEJIN CUCTEMY B JaHHOe cocTosgHue. [Ipu usmeHe-
HUU COCTOSAHUA IIPUPAIeHNEe BHYTPEHHEH SHEPTUU OIIPeNesIsaeTCs
TOJIBKO KOHEUHBIM M HaUaJbHBIM COCTOTHUAMU U HE 3aBUCUT OT IIPO-
mecca, KOTOPBIH IepeBesI CUCTEMY M3 OJJHOTO COCTOSHUS B APYToe.

* KaTeropmuecKu yTBEPIKIaTh, YTO KAYKIbI PABHOBECHBIN IIPOIECC ABJSIETCI 00pa-
THUMBIM, HeJb3sd. OH HaBepHAKA 00PaTUM TOJBKO AJIA M30TPOIMHBIX MAaKPOCUCTEM.
Ecuau sxe cucreMa aHM30TPOIIHA, TO 3TO HE BCerga Tak. IIpuMepoM MOMKeT CIYIKUATH
sIBJIeHUE TUCTepesuca.
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3aMeTuM, UTO B OTJIMUYME, HATIPUMED, OT TeMIlepaTypsl T, KOTO-
pas XxapaKTepu3yeT Pa6H08eCHO0e COCTOSHUIE MaKPOCUCTEMBI, BHYT-
peHHsAA 5Heprua U mpucyia Kak PaBHOBECHBIM, TaK U HEPABHOBEC-
HBIM COCTOAHUAM. B maabHeiIeM, oqHAKO, MBI OyJAeM paccMaTpH-
BaTh BHYTPEHHIOI JHEPTUIO0 JUIIHL PABHOBECHBIX COCTOSHUIM.

Ecau makpocucTeMa COCTOUT M3 HECKOJBKUX UYacTel, TO dHEp-
rueil Me;XMOJIEKYJIAPHOTO B3aUMOJENCTBUA HA IPAaHUIIAX dTUX UYac-
Teii (B TOHKOM CJIO€) MOKHO IpeHeOpedb M CUUTATh, UTO BHYTPEH-
HsIS 9HEPrusi BCell CHMCTeMbl NPAKTUYECKH DaBHA CyMMe BHYTDEH-
HUX SHEPruii ee uyacreii. TO 3HAUUT, YTO BHYTPEHHSAS DHEPIrUsd
ABJAETCA BEeJINYMHON afIUTUBHONM.

Pab6oTa n KoJMuecTBO TeIljia. BHYTPEHHIOI SHEPruio MaKpPOCH-
CTeMbl MOYKHO U3MEHUTD, COBEPIIINB HAJl CUCTeMOii paboTy A’ BHeIII-
HUMU MaKPOCKOIIMUYECKUMU CUJIaMU, JU00 IyTEM menJonepedaiu.

Cosepirernre paboThI COTPOBOKAAETCA IIePEeMeIleHueM BHeITHUX
TeJI, AEeMCTBYIOIIUX Ha CUCTeMYy (TaK, HaIpuUMep, BeAeT cebs IIo-
pPIlleHb B IIWJIMHAPE C Ta3oMm).

ITepegaua makpocucremMe Tema @ He CBs3aHA C IIepeMelleHreM
BHemrHUX TeJ. OHa OCYIIeCTBJIsSETCA IIyTeM HeIOCPeACTBEHHON Ie-
penauu BHYTPEeHHEH 9HePruu MaKpPOCHCTEMe OT BHEIIHUX TeJ IIPHU
KOHTaKTe ¢ HuMU. Ilepegaua sHePruu IPU dTOM MOKET IIPOMCXO-
IUTh U Yepes3 U3JIyuyeHUe.

IlepBoe HauaI0 TEPMOAMHAMMKHN YTBEP)KIAET, UTO IMPUPAIIleHIe
BHYTPEHHE! SHEePTUU MaKPOCUCTEMBI IIPU ee Imepexole U3 HavaJb-
HOTO cocTOoAHUA I B KOHeUHoe 2 pPaBHO CyMMe COBEDPIIIEHHOU HaJ
cucTeMoii paboThl A' BceX BHENITHUX MAaKPOCKOMMYECKUX CUJI U KO-
JIMUYEeCTBa IEPEeJAaHHOTO CHUCTeMe Telia @:

U,~-U,=Q+A. (1.1)

OOBIYHO paccMaTpPUBAIOT He pabory A’ Haj cucTeMmoii, a pabory
A, Tpou3BOAUMYIO CAMOM CHUCTEMOU HAJ BHEITHUMU TejaaMmu. Vmes
B BUAy, uro A' = —A, nepenumiem (1.1) B Buze

Q=AU + A, (1.2)

rae AU = Uy — U;. 910 ypaBHEHIE U BhIpasKaeT mepBoe HavaJjo Tep-
MOIVMHAMMKH: KOAuYecmeo menaomsl @, coobwennoe maxkpocu-
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cmeme, udem na npupauwenue AU eé 6HympeHHell sHepzul U HaA
coeéepuenue cucmemoi pabomuv. A HAO0 6HEULHUMU MeENLAMU.

Bce Bxopamiue B (1.2) BeJIMUNHBI ABIAIOTCA A12e0paAULecKUMU,
T. €. MOTYT UMETh KaK IIOJIOJKUTEJbHBbIe, TaK U OTPHUIlaTeJbHBIE
sHaku. Ecau @ < 0, To 9TO 3HAYUT, UTO TEILJIO OTBOLUTCS OT CUCTE-
Mbl, eciu A < 0, To pabora mpousBoguTca Had cucremoii. IIpupa-
menue AU BHYTpeHHe! sHepruu MOYKeT UMeTh JIFo00oil 3HaK, B YaCT-
HOCTH OBITh PAaBHOM HYJIIO.

Eme pa3 momuyepKHeM, YTO MOYKHO TOBOPHUTL O IIPUPAIIEHUU
BHyTpeHHeil sHepruu U, HO HeJb3s FOBOPUTH O IpUpaIlleHnuun pabo-
THI WU Telja. ['OBOPAT TOJBKO O KOJIUUECTBE MOCJIEeIHUX ABYX Be-
JUYUH B TOM WJIU WHOM npouecce, T.e. A u @ ABIAIOTCA QYHKIIUA-
MU TIpoIlecca.

IlepBoe mauajsio TepMogMHAMUKYN B Aud@depeHnaabHON (Ghopme
nMeeT BU[

d'Q =dU + d'4, (1.3)

rJe IITPUX O3HAYaeT, UYTO MBI MMeeM [eji0 He ¢ IpupalleHrueM Ka-
KO#-1n60 (PYHKIMU, a C 9JIeMEeHTAPHBIMHU B3HAUEHUSMH TEeILJIOTHI
(d'Q) u paborer (d'A).

Pab6ora, coBepmaemasa mMakpocucremoi. Eciim 00beM MaKpocH-
crembl (Hampumep, rasa) moJaydaer npupainenue dV, a maeieunwne,
OKasbIBaeMoe €10 Ha cocemgHUe Tesa (CTEHKU), PABHO P, TO BJIEMEH-
TapHasg pabora cmi, AEeHCTBYIOIIUX CO CTOPOHBI ra3a Ha CTEHKU,

d'A = pav. (1.4)

9TO JIETKO MOJIYUUTH AJs CJIydasi, KOTZa CUCTe-
Ma (ras) HaxogUTCA B IWJWHApPE C HOPIOTHEM [ _ _ _ _ _ ]
(puc. 1.2). dnemenrapHas pabora, coBepIiae- S —idh
Masi ra3oM IpU IepeMelneHuu mopinud Ha dh,
pasua d'A = F dh, rne F — cuja, ¢ KOTOpOi1 ras
JeficTByeT Ha MopIneHb. ILIoIans ceueHus Io-
cineguero S, mosaromy F = pS u d'A = pS dh, rae
Sdh = dV. Orcioma u caenyet (1.4).

IIpu momHsATHM MOPINHS HaBJIeHUe rasa, BO-
o0111e TOBOPS, MOKeT MeHAThCcA. [loaTomy pabo-
Ta, COBepIIaeMas radoM IIPU KOHEUYHBIX H3Me-

Puc. 1.2
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HeHuax obbeMa, HampuMep oT V; mo Vy, HoIKHa OBITH MpeacTaBJIe-
Ha B BHJe MHTErpaia:

2
A=[pav. (1.5)
1

p 2 Eime pas ormetum, uTo pabora A cy-
IeCTBeHHBIM 00pa3oM 3aBUCHUT OT
mpoiiecca (MJIU «IIyTHU»), IO KOTOPO-
MYy CHCTeMa IePeBOJAUTCSA U3 COCTOA-
Hus 1 B 2. 9TO HAIJIATHO BULHO U3
rpadurka Ha puc. 1.3, rae msobpa-
JKeH IIpoIlecC M3MeHeHusa o0bemMa Ha

v AuarpamMe p-V. Mbl 3HaeM, 4To reo-
MeTpUUYecKas HNHTepIpeTanus WH-
Terpaja (1.5) — 29To «ILIOIALb» IO,

KpuBoii 1—2, a sTa IJOIaAb 3aBUCUT OT BHUAA KPUBOI, T. €. OT

mpoiiecca.

Eciu B pesynbTaTe m3MeHeHUII MaKpOCHCTeMa BO3BpAIllaeTCs B
WCXOMHOE COCTOSHWME, TO TOBOPAT, UTO OHA COBEPINWJIA KPY2080iL
npouecc unu yuka. Ha nuarpamme p-V Takoll mpoiiecc mMeeT BUJ,
3aMKHYTO# KpuBoii (puc. 1.4). Pabora, coBepiraemasa cucreMoii 3a
IUKJI, YUCJIEHHO paBHAa ILJIOIagu BHYT-
p pu IIUKJIa, TOHUPOBAHHOM Ha PUCYHKE.
IIpu »sTOM, ecim ToOuKa, M300paKkaro-
miasi COCTOSIHIE CHCTEMBbI, OIMCBIBAET

Puc. 1.3

IUKJ TI0 YacOBO¥ cTpesjKe (Kak Ha pU-
CYHKe), To pabora cucrembl A > 0.
Ecau :xe mpOTUB YacOBOUM CTPENKH, TO
A<O0.

3Hak paboThl 3aBucHUT OT 3HaKa dV:
Ha TeX yJacTKax Ipoiiecca, rae dV > 0,
Puc. 1.4 pabora A > 0, Ha Tex JKe y4yacTKax, Iiae
dv < 0, u A < 0.

< b -

IIpumep. Haiinem rpaduuecku paboTy, COBEPIIIEHHYIO CUCTEMOI B IIpOIlec-
ce, IMOKasaHHOM Ha pwuc. 1.5.
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Ha yuactke 1— O pabora A, > 0 u paBHa p
miomaau mon Kpusoit 1— 0. Ha yuacTke
ke O — 2 pabora Ay, < 0. CymmapHasd pa-
bora A OymeT paBHA ILJIOIAAN, OXBAThI-
BaeMoii KpuBoii 1— O —2-1, mpuuem B
IaHHOM ciyiydyae sTa padora A < 0.

Bosspamasgcs kK (GopMyJIHMpPOBKE IIEPBOTO 1
Hayaja TepMoauHaMuKu, 3anuinem (1.3) c [
yuerom (1.4) B BuIe 1%
Puc. 1.5
d@ =dU + pdV. (1.6)

Kak MBI yBUAUM gajiee, B TAKOH (pOpMe STOT 3aKOH HCIOJIb30BAThH
HamboJiee yHOOHO AJIA PeIlleHus pPsAga BOIPOCOB.

B sakJroueHme OTMETHM, YTO CIPABEAJUBOCTD MOCTYJINPOBAHHO-
ro IIePBOr0 Havajga TePMOAUHAMUKU HOKA3bIBAETCA He TOJBKO IIPs-
MBIMU OmbITaMu. IlepBoe HAaUajIo MO3BOJISIET, He BAABAsACh B JeTau
MeXaHW3Ma IIPOIIeCCOB, MOJYUYUTH MHOTOUMCJIEHHBIE CJIEJCTBUS U
KOJIMUeCTBeHHBIE COOTHOIIIEHU. B 9TOM ero rpoMaaHoe mo3HaBaTe-
JbHOe 3HaueHmue. [loATBepKIaeMble OIBITOM TaKue CJIEeICTBUA U CO-
OTHOIIIEHHUA Jal0T HeCPaBHEHHO 0oJjiee TOUHOE U HalesKHoe JoKasa-
TEJILCTBO CAMOI'0 IIEPBOT'0 HAYasa, HEKEJU IIPSIMbBIE OIIBITHI.

IlepeiineM K pacCMOTPEHUIO Ba’sKHBIX CJIEICTBUIl, BBITEKAIOIUX
U3 IepBOTO HavaJyia. B KauecTBe 00beKTa MCCJIeNOBAHUA BO3bMEM
UIeaJbHBIA ras, YpaBHEHUE COCTOSHUS KOTOPOTO mMMeeT HauboJiee
IIPOCTOI BUI.

§ 1.3. Ten10eMKOCTs, NIAEaJBLHOI'O rasa

YDaBHeHI/le COCTOIHUA MIOEeaJbHOI'O rasa. HoeanvubLm Ha3bIBA-
IOT ras3, ypaBHe€HMNE COCTOAHMA KOTOPOIro MMeeT BH[

pV = vRT, (1.7)

€ro Ha3bIBAIOT ypasHeHuem Kaaneiipona. 31eck v — KOAULECE0
eeujecmea, N3MepsieMoe YUCJIoOM Mogell, R — yHusepcaavHas 2a3o-
6as NOCMOAHHAA:

R = 8,314 JI:x/(moxb - K).
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Mosb — 9TO KOJHMYECTBO BEI[eCTBa, COLep:Kalllee UMCJIO YACTHII,
paBHOe nocmosHHOU Ae0zadpo:

N, = 6,022 - 10* monb .

Mouto cooTBeTcTByeT Macca — JMOJAAPHASA MACCA, — PasHAA IJIA
PaBJIMYHBIX ra30B. OTU MACCHI IPUBEIEHBI B IIEPUOIUUECKOI cHUCTe-
Me BJIEMEHTOB, TJle V KaKJI0T0 dJeMeHTa IIePBoe YKUCJIO — IMOPIIKO-
BBIII HOMEp, a BTOpPOe — MOJAPHAs Macca B T'/MOJb.

C MOJIeKYJIAPHON TOUKU 3PEeHUA UAeATbHBIA Iad COCTOUT U3 MO-
JIeKYJI, B3auMOZeiiCTBIe MeX Ay KOTOPLIMHU IpeHe6peXuMo Majo’.
ATOo MIPUCYIIle BCeM ra3aM IIPU JOCTATOUHO GOJIBIITOM PaspsaKeHun.

ITpocToTa Momenau maeaJbHOTO rasa JeJjiaeT ee HamboJiee MOAXO0-
IAIel A1 03HAKOMJIEHUSA C METOAAaMU M3YUeHUA MaKPOCUCTEM U C
COOTBETCTBYIOIIUMU ITOHATUSMU.

TemmoeMKOCTh HAEANTBHOTO Tasa. IIpe:xae Bcero oTMeTHM TOT
BasKHBIA 9KCIEePHUMEHTAJbHBIN (PaKT, UTO BHYTPEHHAS sHeprus U
UIeaJbHOTO rasa 3aBUCHUT TOJBKO OT TeMmIeparypsl 1, mpuuem

U T (1.8)

B JOBOJIbHO IIIUPOKOM JguanaszoHe Temueparyp. Kosdduimenr mpo-
MOPIMOHATHLHOCTH 3aBHUCUT OT poOja Trasa.

TemmoemrocTeio C Tesa (rasda) Ha3bIBAIOT KOJMUYECTBO TEILIa, KO-
TOpOEe HYYKHO COOOIIUTH TeJy, YTOOBI IOBBICUTH €T0 TEMIIEPATypy
Ha OJUH KeJbBUH:

C = d'Q/dT. (1.9)

Jra BesmumHa, Kak u d'@, 3aBUCUT OT IIpoliecca. bes ykasaHusa
mporiecca BeipaskeHue (1.9) He umeer cmbicia. Eine pas: menaoem-
Kocmov C saeasemcs QyHKyueil npouecca.

Msbr GyzeM IOJIB30BATHCA B OCHOBHOM MOJADHOU MenJyoemKo-
cmoio C, IIxx/(monb * K). B Tabauiiax ke 06bIYHO YKa3BIBAIOT yOe.lb-
HYI MmenJoemKocmb

c=C/M, (1.10)
rae ¢, x/(xkr-K), M — wmoaspHada macca.
* Bwmecre ¢ TeM, BBaHMOHeﬁCTBHe MEXOY MOJIEKYJIaMU JaKe B CJIyuae ueaJibHbIX I'a-

30B 00J19%HO ObLMb, HO BecbMa caaboe. OHO HEOOXOMMO, TaK KaK TOJIBKO Oyiarogapsa
HEMY B CHCTE€Me MOJKET YCTaHOBUTHLCSA PaBHOBECHE.
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Ocoboe 3HaUeHWE WMEIOT TEIJIOEMKOCTH [IJs ABYX IIPOIIECCOB:
npu MocToAHHOM obbeme Cy u Ipu mocToaHHOM JAaBienun C,. IIpu
nocroaHHOM o0beMe dV = 0, u corsacHo (1.6) mmeem

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

Takasa ¢opma s3ammcu mogYepKUBaeT, uTO mpu AuddepeHIImpoBa-
Hum U o T o6wvem V cienyeTr cCUMTATH IOCTOAHHBIM (3TO TaK HA3BI-
BaeMas uACMHASL NPOU3IBOOHAS).

OnwIT MOKA3bIBAET, UTO BO MHOTHX CJIy4YadX TemaoeMKocTb C B
ITUPOKOM HHTEpBaje TeMIepaTyp IOUTH He MeHseTcA. Kciam cum-
TaTth, uro C coBcem He 3aBucuT oT 1, To m3 (1.11) cuemyert:
dU = Cy dT, u MoXHO HamucaThb IIPOCTYIO (GOPMYJIy

U =C,T. (1.12)

IIpou3BOJIBbHYIO IIOCTOSAHHYIO MHTETPUPOBAHUSA MBI OINYCTUJIU, IIO-
CKOJIBKY OHa He CYIIEeCTBEHHA: BO BCE COOTHOIIEHWUA BXOAUT HE
cama QyHKIuA U, a TOIbKO Pa3sHOCTH ee 3HAUEHUH (aHAJIOTUUYHO
TMMOTEeHITNAJIbHON 9HEPrun).

IIpencraBum BbIpaskenue (1.9) Iida TemI0eMKOCTM, YUWTHIBASA
(1.6) u (1.11), B BUZOE

dav
C=Cy, +p—. (1.13)
1% pdT

Ecau nporecc nsobapuueckuii (p = const), To u3 ypaBHEHUsI COCTO-
auus (1.7) caegyer, uro p(dV/dT) = R, u COOTBETCTBYIOIIAsI MOJIAP-
Has TeIJ0eMKOCTH

C,=Cy+ R (1.14)

BasxHoll xapaKTepUCTHKOHN rasos aBjiserca orHomenue C,/Cy,
KoTOpoe 0003HAUAIOT OYKBOM Y M HA3BIBAIOT NOCMOAHHOU aduaba-
mut. mea B Buny (1.14), sanuiiem

C, R

=1+—,

e, T e,

OTKyZa MOJIAPpHad TEILJIOEMKOCTb

Cy=R/(y - 1). (1.15)
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W3 ommiTa cienyeT, YTO 3HAUEHUA Y AJISA PA3HBIX Ta30B JIEXKAT B
mpenmenax 1,3 + 1,67.

ITogcraBus (1.15) B (1.12), monyuum apyrue (OPMBI BHIpasKe-
HUA A BHYTPEHHeN dHepruu ¥ MoJiell MAeaJbHOTO rasa:

_vRT  pV
y-1 y-1°

U (1.16)

IIpumep. Onpenesnm MOCTOAHHYIO afguabaThl y IJIA ra30BOM CMECH, COCTOA-
el U3 v; MoJIel rasa Cc IIOCTOSHHON aguabaThl y; U v, MOJIel rasa
C TIOCTOAHHOH! Y,

Hcxoma us roro, uro y = C,/Cy, samuiiem
v,C 1t v,C P2

y= ot *)

V1Cyq +v9Cyy

VuureiBag, 4Tro MoJjapHble Temnoemkoctu Cy = R/(y — 1) u
C,=yR/(y — 1), npeobpasyem (*) K BHUIY
_ Vivi(ye = 1) + voyal(yy — 1).
vi(v2 1) +7vy(y; —1)

§ 1.4. IToauTponnYecKue IMPOILECCHI

AnmabaTnuecKuii mpoiiecc. ITO MPOIEeCC, KOTOPBIH IMPOUCXOIUT
6e3 TerIoodOMeHa ¢ OKpysKarolmeit cpemoii. [[yia naeaarbHOT0 rasa 3a-
nunieM (1.6) ¢ yuerom (1.16) B BuUzme

d'e =d(pVJ+pdV =0.
y—1

Brinuiniem umcanTeNb 3TOrO BBIPAKEHUA:
dV)+ (y — )pdV=dp-V+pdV +ypdV —-pdV=0.
ITocne cokparmenusi Ha p dV mosyuum
Vdp +ypdV =0.
Pasgenum oba ciaaraembix Ha pV, Torma

dp . AV _
p 14

0.
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ATo BHIPAKeHUe IIPeACTaBIsIeT coboil cymmy auddepeHIIuagoB Jo-
rapupmoB p u V:

dlnp + ydInV = dIn(pV")=0.

PaseHncTBO HyJst0 mocsegHero nuddepeHInagia 03HAYAET, YTO MBI
nMeeM JeJOo ¢ KOHCTAHTOI, T. €.

pV?" = const. (1.17)

JTO U ecThb ypasHeHue aduabamsl B IepeMeHHBIX p, V. Ero HaswiBa-
10T ypasHeHuem Ilyaccona. To ypaBHeHHE MOKHO IIPEJICTABUTH U B
Ipyrux nepeMeHHbIX. Hampumep, B nepemeHHBIX T, V OHO BBITJISA-
OIUT TaK:

TV'"! = const. (1.18)

Aduabama (1.17) uget Kpyue uzorepmsl (pV = const): gua srToro
JOCTATOYHO CPaBHUTH Hpom3BoxHble dp/dV mis o6oux mpOIeccosB.
Ona msorepmudeckoro mpoiiecca pdV + dp -V = 0, orkyna

dp/dV = —(p/V). P

A 1na  agmabaTudecKoro Iporecca
(1.17) pyV?~1dV + dp-V = const, oTkyzaa

aduabama

usomepma

dp/dV = —y(p/V).
ITockoabky vy > 1, To aguabarTsl, gelicT-
BUTEJIBbHO, HAYT KpydYe  M30TEepPM Vv
(puc. 1.6). Puc. 1.6

ITonmuTponuueckue mpoiiecchl. TaKk HA3BIBAIOT IIPOIIECCHI, YPaB-
HeHUe KOTOPBIX B IIEPEeMEHHBIX p, V uMeeT BUJ

pV" = const, (1.19)

re 7 — IIPOU3BOJbHOE YMCJIO0, KaK IIOJOXKUTEJIbHOe, TAK 1 OTPUIA-
TeJbHOE, a TaKsKe paBHOe HyJsfo. TakuMm obOpasom, Jiroboi mpoilecc,
ypaBHEHNEe KOTOPOTO MOXKHO cBecTH K Buay (1.19), aBisercs mMOJIUT-
poruueckuM. COOTBETCTBYIOIYIO0 KPUBYIO HA3BIBAIOT NOJIUMPONOIL.
ITonurponnyecKUMU ABJSAIOTCS, B YaCTHOCTHU, IPOIECCHI M30XO0-
puvecKuii, 1300apUUECKUI, U30TEPMUUECKUN 1 aquabaTUIeCKuii.
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OTauuuTeIbHON 0COOEHHOCTBHIO BCEX MOJUTPONUYECKUX IPOIeC-
COB ABJIAETCA TO, YTO B XOJie 9TUX IPOIIECCOB TEIJIOEMKOCTh CHCTe-
MBI OCTaeTCA HOCTOSHHOI:

C, = const. (1.20)

Yb6enumca B 8TOM, BOCIIOJb30BaBIuch Gopmysoi (1.13). Bxoxgs-
1y B Hee mpousBogHyro dV/d¢ HalizemM ¢ IIOMOINBIO YPaBHEHUS
TVn -1 = const — ypaBHeHHus moauTponuueckoro mpomecca (1.18) B
nepemeHHBIX T, V. IIpomuddepeHiiupyemM mocjeqHee ypaBHEHIE:

dTV" ' + T(n - 1)V 2 4dV = 0,

OTKyZa
av 1V R

T n-1T p(n-1)

Ocraercss MmMoACTaBUTHL 3TO BbIpaskeHue B (1.13), u MBI mMOIyUUM

R R R

c, =Cy - = -
Y w1 y-1 n-1

(1.21)

Orcioma BUAHO, YTO, MEHCTBUTEJIBHO, B XOI€ IOJUTPOIHUECKUX
nporeccoB C, = const.

Ecau n =y, to C,, = 0 (310 cpasdy cjenyeT u U3 OUPeIeIeHU au-
abaruueckoro mporiecca). Ilpu n=1 C,, - ©, Kak 4 JOJKHO OBITH
IPpY M30TEPMUUECKOM IIpOIlecce.

WuTepecHbIil pesynbTaT oOHapy:KMBaeTca B caydae 1 <n <y.
ITepenumem (1.21) B Buge

c,=—""7 R (1.22)
(v-I)(n -1)

Bugno, uto B aTom cayuae C, < 0. Ito
3HAUHUT, YTO MbI COOOII[aeM TEILIO CHC-
TeMe, a OHA OXJIAXKIAETCs, MOCKOJILKY
sHaky d'Q m dT moMKHBI OBITH WIPHU
9TOM MIPOTHUBOIOJOMNKHBIMU. ITO OTHO-
CHUTCS KO BCEM MOJUTPONUYECKUM IIPO-
meccaM, «IIPOMEXKYTOUHBIM» MEMXKIY
N30TEePMUUYECKUM U aguabaTuYecKuM
(puc. 1.7).

Puc. 1.7
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W3 (1.21) HeTpyAHO TOJYUYHUTH BBIpaKeHMNEe, OHpenessioniee 7
yepes TeIJIOEMKOCTH:
c,-C
n
n=--—"_* (1.23)
Cn - CV
Pa6oTa raza mpu moJuTpomMUECcKUX mpoueccax. Pabory, KoTo-
PYIO COBepIIaeT ras IIpu J00M IIpoliecce, MOKHO BBIUMCIATE C IIO-
motibio Gopmyast (1.5). Ho aty paboTy MOKHO BBIYMCIATH UM MHA-
Yye — C TOMOIIBIO TEPBOTO HAYajia, a UMEHHO:

A=@Q - AU = C,AT — C,AT = (C, — C,)AT,

roe AT = Ty — T;. oia v moueit coraacuo (1.21) C, — C,= —vR/(n — 1),
II09TOMY IIPeAbIAyIliee BhIPDAYKEHUE MOKHO IepenucaTh Tak:

_VR(T, -Ty) _p1Vi —pP2Ve
n-1 n-1 (1.24)

A

Orcroga ciaenyer, uto npu n =y pabora A = ~AU, KaK U ZOKHO
OobITh. 13 (1.24) ciaenyeT Takike, UTO IPU IMOJUTPOIMUUYECKUX ITPO-
meccax pabora rasa

A oo —AU.

Bripaskenue (1.24) He ymoOHO IIA M30TEPMUYECKUX IIPOIIECCOB,
nockonbKy mpu n =1, Ty = Tou A = 0/0. IlosTomMy B faHHOM cJydae
paboTy A cieqyeT BHIUKCIATH HEIIOCPENCTBEHHO ¢ moMoIbio (1.5):

VET v —vRTIn 2. (1.25)

2
A =|pdV =
Joar=]% v,

§ 1.5. MoaekynsapHO-KMHETUYECKAsaA TeOpusd

Temeps HAM IPEACTOUT PACKPHITH (PUBUUECKUIN CMBICJI, IIPUPOIY
U TIPOMCXOKIeHNEe HEeIoCPeJCTBEHHO HAOJI0JaeMbIX IIapaMeTpoB P,
T u ap., UCXOAA M3 MOJIEKYJISPHO-KNHETUUECKUX IIPeACTaBIeHUMN.
IIpu sTOoM MBI OyZeM KCIIOJB30BATh CMAMUCMUYeCKUil Memod, H-
Tepecysch ABUKEHHEM He OTIeJbHBIX MOJIEKYJ, a JHIIb TAKUMU
cpe0HuUMU BeJIWYNHAMH, KOTOPbIe XapPaKTePU3VIOT IBUIKEHNE KO-
JIOCCAJIBHON COBOKYITHOCTU MOJIEKY.JI.
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ITepBeIii mmIar Ha 3TOM IIyTU — BBIOOD MOOesU TaHHOU MaKpOCHU-
crembl. Moneab, eCTECTBEHHO, BRIOMPAIOT CHaAUaJa npocmeiiulyio n
¢ IIOMOIIbIO Hee IIPOBOJAT OueHowHbLiL pacueT . IlomydeHHsle pesy-
JIBTATHl CPAaBHUBAIOT C SKCIEpUMEHTOM. IIpu HEYIOBJIETBOPUTEJH-
HOM PAaCXOKAEHUU C OIBITOM MOJEJb YCIOMKHSIOT, BEIACHAIOT, KaK
9TO OTPA3UTCA Ha pe3yJbTaTaxX U T. . ITO TUIUUYHBINA IIyTh IIO3HA-
HUSA IIPUPOJBI.

Ilpocreiitiieit Momenbio obJiafaeT uaeaJbHBIN ra3. Bymem cuu-
TaTh, YTO

1) MOJIEKYJIBI UAeaJTbHOTO Ta3a He BBAUMOIEHUCTBYIOT (UM IpPakK-
TUYECKU He B3aUMOJEHCTBYIOT) APYT C APYroM;

2) B paBHOBECHOM COCTOAHUY [BUKEHUE MOJIEKYJ IIOJIHOCTHIO
XaOTUUYHO. ITO IIO3BOJSAET B IpyObOM HTPUOJIUKEHUU CUUTATH, UTO
BCe MOJIEKYJbl IBUMKYTCA TOJIBKO B HanpaBieHuax X, Y u Z , T. e.
ecJu B eIUHUIIE 00bEMA UMEETCA 7l MOJIEKYJI, TO B KaXKJOM U3 3TUX
HaIpaBJeHUH OBUIKYTCA IO /3 MOJEKYJ, uiau n/6 B OOHY CTOPO-
HY.

Yucao ymapoB MOJEKYJI O CTEHKY. Pazo0beM MOJIEKYJIBI B KavK-
JIo¥ equHUIlE 00'beMa Ha I'PYIILI An;, B KaXKA0N U3 KOTOPHIX CKOPO-
CTH MOJIEKYJ MOYKHO CUMUTATH HNPAKTUYECKU OJUHAKOBLIMU U PaB-
HBIMU V;, TaK YTO Z An; =n — IOJIHOe YHCJIO MOJIEKYJ B elUHUIle
obbeMa.

YHucno Av; MOJIeKyJI i-I TPYNIIBI, KOTOPbIe JOCTUTAIOT 3a MaJbIi
IIPOMEXKYTOK BpeMeHu At sjieMeHTa
CTeHKU IIomanpio AS, pgBurasch
MepHneHANKYJIAPHO K HeMy, PaBHO,
KaK HETPYAHO cO00pasuTh, YUCJIY Ta-
KUX MOJIEKYJ B IWJINHIPE IJIUHOMN
U;At u ceuernuem AS (puc. 1.8), T. e.

Av;

L

=& An,v; AtAS .

OTcroza ciefyeT, YTO YUCJIO YAapoB
€)KEeCeKYHIHO O €JUHUIYy ITOBEPXHO-
CTU CTeHKU v; = Av;/AtAS, nan

Puc. 1.8

v, =gAn;v;. (1.26)

* 3aMeTHM, U4TO C OIEHOYHOTO ITO[X0/ia HAUNHAETCA IOCTPOEHNE IIPAKTHYECKH JII000H
cepbesHol Teopuu. Ero MOKHO paccMaTpuBaTh KaK IePBOe MPUOIUIKEHYE.
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CyMMuUpysa IO BCEeM TpyInaM, HaXOAUM

v=>wv, =13 Anv,.

Pasgesnm u yMHOKUM TOCJEAHIOI0 CyMMy Ha n. B peayiabrare
IPUXOJUM K TOMY, UTO TOJIHOE YUCJIO YAAaPOB MOJIEKYJ O €IUHUILY
MMOBEPXHOCTU CTEHKU 34 €IUHUILY BPEeMeHU OIPEeeJsAeTCA CJIeLyIo-
UM BBIPAYKEHUEM:

v =g nw, (1.27)

rge <vy) — cCpenHee 3HAUYEHHE CKOPOCTH MOJIEKYJI. 3aMeTHM, YTO
TOUHBIN pacueT gaeT Koapduiuesat 1/4 (a e 1/6). T. e., HecmoTpa
Ha Takue IpyoOble IPEeOoJOKeHNUsA, Pe3yabTaT MOJYUYMUJICS BIIOJHE
MPUJIAYHBIM.

O1eHM YHCJIO ¥ [JIA BO3L4yXa IIPU HOPMAJIbHBIX yCaoBuaX. Cum-
rasg, uro n ~ 1019 cm3 (mopazka mocrosuHON JlomMmuaTa) U vV ~
~ 1 KM/c, momyuyum

v ~10°10° = 10** ¢ lem 2

JaBienue rasza Ha creHKY. [Ipupona naBieHMs, KaK MBI JoTa-
IbIBaeMcs, 9TO COBOKYIIHOE HelCTBUME MHOXKeCTBa MoJeKyJa. Ilpm
OIIEHOYHOM IIOJXO0Jie OyeM CUMUTATh, YTO KaKAas MOJIeKyJia, Haje-
Tasg Ha CTEeHKY HOPMAaJIbHO, B Pe3yJibTaTe CTOJIKHOBEHUS C HeHl OT-
JleTaeT B IIPOTMBOMIOJOYKHOM HAIpPaBJIEHUU (XOTS 3aBEJIOMO SCHO,
4yTo BTO He Tak”). JI0 CTOJKHOBEHHUS CO CTeHKOH MOJeKyJa HMeJa
UMIIYJILC Py = MV U IIOCJIE CTOJKHOBEHUA IIPU CAEJIAHHOM IIPEAIIo-
JIOKEHUU — UMIIYJIbC Py = —mv. IIpupaiienre nuMoyabca MOJIEKY-
JBI B pe3yJIbTaTe CTOJKHOBEHUS

Ap=py — p; = —mv—mv=—2mv.

Taxoii sKe UMITyJIbC, HO B IIPOTUBOIIOJIO}KHOM HaIIPaBJIEHUM, IIOJY-

Ymjia CTeHKA — COTJIACHO 3aKOHY COXPAaHEHUS UMITYJIbCa.
NmMmnynbe, mepefaBaeMblil €3KeCEKYHAHO €IMHUIE ITOBEPXHOCTHU

CTEHKHU MOJIEKYJaMM i-B TI'pynnbl, Haigem ¢ momoinbio (1.26):

p; =2mv,; v, =LtmviAn,. (1.28)

* CTeHKa He ABJSIETCS UJeaJbHBIM 3€PKaJIOM, OHA COCTOUT U3 MOJIEKYJI, I09TOMY OT-
pajKeHUe OT Hee MOJIEKYJ mMeeT AUDPY3HBIN XapakTep.
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PesynbpTupyioliee aaBjaeHHe TOJNYy4YUM, mpocyMmupoBas (1.28) mo
BCceM rpynmnam An; MOJIEKYJ:

pP=>.p; :%mZv?Ani.

PasnesnB m yMHOKHUB IIOCJIEIHIOID CYMMY B 5TOW (popmyJje Ha n,
MPUXOAUM K CJIEAVIOIIEeMY BBIPAYKEHUIO:

p =1 nmab. (1.29)

ITO BBIpa’KeHME MOJYKHO IIepelucaTh nHaue:

P =218 00> (1.30)

rae (Egoery = (MU2/2) — cpemHee 3HAUEHNE NOCMYNAMeEnbHOl KAHe-
TUYECKOII SHEPTUU MOJIEKYJI.

Dopmyay (1.30) Ha3BIBAIOT OCHOBHBLIM YPABHEHUEM KUHemuue-
ckoil meopuu 2as306. OHa pacKpbIBaeT (PUBUUYECKUN CMBICI MaKpPO-
mapaMeTpa p: NaBJIeHME Tasa Ha CTEHKY OIIPeeJgeTcAd CPeIHUM
3HAYEHUEM NOCMYynamenbHoll KHHeTUYeCKON DHEePTUHU MOJIeKYJI (1
TOJBKO IIOCTYIIATEIbHOI!).

OTMeTuM, YTO 9TO BBIPAKEHUE SIBJISETCS TOUYHBIM, HECMOTPS Ha
TO, UTO PAaCUeT MMeeT MOBOJBLHO T'PYOBIA OIIEHOUHBLIN XapakxTep.
Heso B ToM, UTO B IIpoIlecce pacueTa OBLIMW AOIYINEHBI JBe HETOY-
HOCTH B UHCJIOBBIX KO9(p(PUIIMEHTaX, KOTOPbIe CAYUAHHBIM 00pa3om
(Tak mHOTZA OBIBAeT) KOMIIEHCUPOBAJIU APYT Apyra. A UMeHHO, IJIs
Yucjia CTOJKHOBEHUU ¥ M IlepelaBaeMOro CTeHKe B CpeJHeM WM-
myJabca Ap KasKIOW MOJIEKYJION MbI MCIOJb30BaIU KO3(DDUIIMEHTHI
coorBeTcTBeHHO 1/6 m 2. TouHnsIil ;xe pacuer gaer 1/4 u 4/3. Kak
BUAUM, WX IIPOU3BeleHMNe B 00OMX cJaydasx paBHo 1/3.

®dusnuecknii cmbica Temmnepatypsl T. ComocTaBuB MOJTYyUYEeHHOE
Beipaxenue (1.30) ¢ ypaBHenuem Kuiameiipona (1.7), Haxomum

(€ poer) = %kT’ (1.31)
rae B — nocmosunas Boavuymana
k=R/N,=1,38-10 *® x/K. (1.32)

dopmyaa (1.31) sameuaTenbHa TeM, UTO BCKPBIBAET (PUIUUECKUI
cMbIca TeMuepatypsl T: memnepamypa T evipaixcaem cpedHiow Ku-
HemuuecKylo dHepzui0 MoJLeKy.l.
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Cienyer o0paTuTh BHUMAaHUE, UTO (€rocy) S3ABUCUT TOJBKO OT T,
OT MAacCChI K€ MOJIEKYJ He B3aBHCHUT.
3amenuB B (1.30) (gy..;) ero BeIpaskeHumem (1.31), moayuum

p = nkT, (1.33)

rge n — KOHIIEHTPAIlUsA MOJEKYJ. ITO II0 CYIIEeCTBY IIPOCTO MHASA
dopMa ypaBHEHHSA COCTOAHHA HAeajbHOro rasza. ®opmyay (1.33)
MOXKHO, KOHEUHO, IIOJYUYUTh U cpasy us ypaBHeHnus pV,; = RT, pas-
menuB obe vactum Ha V) m mpeactaBuB R Kaxk kNy.

JdaBiaenue ¢goronmHoro rasza. Ilpeamosaraercd, 4To WM3JIydeHUE
(dboTouHuBI# Tad) paBHOBecHOe. CKOPOCTH (hOTOHOB paBHA C U UX UM-
yJbC Py, = £/¢, TAe € — dHeprua GoToHa (¢ = hv). Ilpeacrasum dop-
myay niasa naBiaeHus (1.29) rak:

p =3nmv - vy =1npo. (1.34)

IlogcTaBUB BMECTO UMIyJIbCa P’ UMNYAbC POMOHA £/C, & BMECTO
U CKOPOCTH C, MOJIyUYHM

u, (1.35)

rme ¥ — IIJOTHOCTH 9HEePrum (POTOHHOTO rasa (MBIYUEHU).

§ 1.6. Tumore3a o paBHOpAacIpeneJeHUN SHEPTUuu
II0 CTeIeHAM CBOOOIBI

Crenenu cBo6oabl. Tak HA3HLIBAIOT YHMCJIO HE3ABUCUMbBIX KOOPIH-
HAT, OIPEeNEeJSINUX II0JIOMKEeHNe CHCTEeMbl, UJIN B MHTEePeCcyYIoIleM
HacC cjaydyae — MOJEKYJbl. [[JIsg ompeneneHUsa TOJOKEHUS IEHTPa
Macc MOJEeKYJIbl He0OXOAUMO 3aaTh TPU KOOPAWHATEI. JTO O3HaUAa-
€T, UYTO MOJIEKYJIa UMEeT TPU NOCMYNAamelbHblX CTEIeHU CBOOOIHI.

Eciu wojsekysna JaByXaTOMHas ¥ JKeCTKas [
(«ra"TENb»), TO, KPOME TpeX MOCTYyIaTeJIbHBIX s
cTemeHell cBOOOABI, OHA MMEET U JBE 8PAULAMmeb- I -1
Hble, CBA3AHHBIE C YIJIaAMU IIOBOPOTA BOKPYT ABYX .—/I(—.
B3aMMHO NepPHeHAUKYJIAPHBIX oceir 1—-1 u 2-2, )3/ |
MPOXOAANINX ueped IeHTp Macc C, Kak IIOKa3aHO 1 :

Ha pwuc. 1.9. BpalmeHue BOKPYr OCH MOJEKYJIbI 2l
IS MaTepUaJbHBIX TOUEK JIMIIIEHO CMBICJA. Puc. 1.9
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Taxum obpasoM, sKecTKas ABYyXaTOMHAsA MOJEKYJaa MMeeT HAThb
cTeleHell CBOOOABI: TPU IIOCTYHATEJNLHBIX UM OBE BpaIllaTeJbHbIX.

Eciu moiexysa ympyras, TO BO3MOMKHBI KoJebaHUS aTOMOB U
HeoOXoamMa eIlfe OJHa CTeleHb CBOOOABI (pacCToAHME MEXKIY aTo-
mamu). Ee HaseIBaioT kosebamenvbHOl.

T'umore3sa o paBHOpacupemeseHuu. ToT @QaxT, UYTO CpegHSS
9HEPTUA IIOCTYNATEJbHOTO ABUKEHUS MOJeKyJbl corjacHo (1.31)
paBHa %kT, 03HaAYaeT, YTO Ha KaXKAYIO CTeIIeHb CBOOOALI B CPeIHEM
mpuxoauTcA sueprusa kT /2. BoabiiMaH 0000IITUII 3TOT BEIBOJ B BUE
zunomes3vl. 0 paHOM pacnpedeseHuu cpedHell dHepzuu NO cmene-
HAM c80000vl. IIpu sTOM Ha KojaebaTeJbHYIO CTeIleHb CBOOOIBI JAOJI-
JKHBI TPUXOOUTHLCA B CpPeJHEM IO [Be IMOJIOBUHKM BT — omHa B
BUZe KMHETHUYECKON M OJHA B BUMAE IMOTEHIMATLHONU (KaK MbI 3Ha-
eM, UX CpeJHNe 3HAUEeHUS OJMHAKOBEI).

Urak, cpeqHsas SHEPTrus MOJEKYJIbI

i
@ = kT, (1.36)

rjae i — CyMMa YHCJIa MOCTYIATeIbHBIX (Zpocr), BPAIIATENBHBIX (Z5,)
U YOBOEHHOTO UYMCJa KO0JeD0ATeNbHBIX (Zy,,;) CTEIleHeill CBOOOIBI:
i=z + 2y, + 2240 (1.37)

II0CT

Yucso i coBOmazaeT ¢ YMCJIOM CTeIeHell cBOOOIBLI TOJNILKO OJIS JKeCT-
KMX MOJIEKY.JI.

IIpumep 1. T'as cocTouT M3 KECTKUX ABYXATOMHBIX MOJEKYJI, KOHIIEHTPA-
nus KOTOPHIX 7. IIpu HEKOTOPOI TeMIepaType CpefHAs KUHe-
THYeCKas 9Heprus MOJIEKYJbl paBHA <&>. Halifem naBieHue Ta-
KOro rasa.

31ech BasKHO 00paTUTh BHUMaHUE HA TO, UTO JaBJeHUE OIpee-
JIAeTCs TOJIBKO NOCMYNAmeabHblMU CTEIeHSAMU CBOOOABI. Y
HAIlled MOJIEKYJIbI UKMCJIO CTeHeHel ¢cBOOOAbI 2 = 5, IMO2TOMY Ha
HoCTyIIATeIbHY0 S9HEPIUI0 IPUXOAUTCH 34 <e>. B pesymbrare co-
raacuo (1.30) masienue

p=2n-%3@=2ne.
IIpumep 2. 'as U3 }KeCTKUX ABYXAaTOMHBIX MOJIEKYJ HAXOQUTCSA IIPU TEM-
neparype T = 300 K. Beruucaum cpefHIO KBaApPaTUUYHYIO yT-
JIOBYIO CKOPOCTb (O, BPAI[eHUA MOJIEKYJBI, €CIU ee MOMEHT

unepnun I = 2,1-10739 r.cm2.
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W3 MexaHUKM M3BECTHO, YTO KMHETUUECKAS SHEPIUsi BpaIlar-
merocs TBepporo tena K = Iw?/2. B Hamem ciryuae gBe Bparma-
TeJIbHbIEe CTeIlleHUu CBO6OI[bI, II03TOMY CpemHAA BpalaTejJbHad
KHHeTU4YeCKasd 9Heprud

K> = dw’/2> = de? /2> + dos /2,

MIOCKOJIBKY (2 = 0)12 + o)% , Tle ®; U g — YTJIOBBIE CKOPOCTH Bpa-
IIeHUSA BOKPYT B3aUMMHO IIePIEHIVUKYJIAPHBIX OcCel, IIPOX0Js-
MUX Yyepes IeHTP Macc MOJeKyabl. SIcHo, uTo <0312> = <w§>, 1oa-
TOMY

de’/2> =2+ (kT/2) = kT.

[, 2
Hckomasa yrioBas CKOPOCTB O, = +/(®”) miIn

[2kT 2.1,38-107%%.3.102 12
o = — 4 =6,3-10 azn/c.
e I 2,1-107%° paz/

Eure o crenenax ceo6ombl. [IpuBeseM HEKOTOPhIe BasKHBIE pesy-
JIBTATBHI AJISI YUCJIa CTelleHell CBOOOABI ¥ JIUHEUHbLX U HeJUHeUHbLX
MOJIEKYJI, YUIUTBIBAS, UTO [IOJIHOE UKCJIO CTeIleHell CBOOOABI Y CUCTe-
MbI 13 N MaTepHaJbHBIX TOUeK paBHO SN. OTU pes3yabTaThl IPUBE-
meunl B Tabua. 1.1.

Ta6auma 1.1
JKEeCTKas npyraa
Mouanexyia . : Y
I = Zpoer T Zmp I = Znyoer T 2sp + 22x0n
JIluneiinasa } z2 = 8poer + 25p = 5 Zxon = SN — 5
Henunelinasa
/\q } 2 = 3poer T 3gp = 6 Zxon = 3N — 6

IIpumep. BrisicHum, Kakue KojebaTeabHbIE€ CTEIIEHN CBOOOIBI BO3MOYKHBI Y
auHerHON MoJsieKyabl CO,.
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a) CorjlacHO TPUBEAEHHOH Ta0JaUIEe TaKUX

; KoJsiebaHUIT HOJKHO OBITH ueTbipe (3:3 —
— 5 = 4). 9ru Kosnebanua (B I]-cucreme)
nokasaHbl Ha puc. 1.10, u ux meiicTBuUTe-
JIBHO UYeThIpe, IIOCKOJBKY B Ciydae a)
BOBMOJKHBI K0J€0aHUA KaK B IJIOCKOCTU

0 C 0 PUCYHKA, TaK U B NEePIEHAUKYIAPHON K
Puc. 1.10 Hell (IBe IOJIApU3aIlNNT).

BuyTpeHHAs sHeprus. Ty 9HEPTHUIO [JIA MOJIS UAeaJTbHOTO rasa
MOJKHO HahTu, yMHOKUB (1.36) Ha mocToaHHYIO ABOraapo:

Uy = LRT,

l\'J‘u.

(1.38)

rane R = kNy,.
VuureiBasa (1.11) u (1.14), moayuyuM BBIPpAKEeHUS IS MOJSAP-
HBIX TeIJIOEMKOCTEMH:

i i+2
Cy =§R, C, = 5 R (1.39)
U UX OTHOIIEHWe — IIOCTOAHHYI0 anuabarsl y, paBHyio C,/Cy:
y=tr2 (1.40)

i
CoryacHo aT0it opmyJsie A MOJIEKYJIBI omHOATOMHOH y = 1,67,
JKecTKoU aByxaTromHo# y = 1,40 u ynpyro# aByxatomuou y = 1,29.
ITu 3HAUEHUSA XOPOIIIO COTJIACYIOTCS C ONBITHBIMU TaHHBIMU B 00-
JIaCTH KOMHATHBIX TEMIIepaTyp.

Orcroga, Kazausoch ObI, CIEYeT, UTO TUIIOTE3a O PaBHOpPacIpene-
JIEHUW JHEPTUM IO CTEeIeHAM CBOOOABI IIOATBEPIKAAETCA, OTHAKO
pacIInpeHue TEMIIEPATYPHOI'O MHTePBaJa MCCJIEeIOBAHUI IIOKA3aJI0

unoe (puc. 1.11). Boobie

Cv/R TOBOpA, W3HAYAJLHO [JaH-
/2 Has TUIoTe3a ObLJIAa He
5/2 OuYeHb IOHATHA: IIOYEMY,

HaIpuMep, JIByXaTOMHAas
3/2 MoJIeKyJia (KaK 1 aToM) He
MOXKEeT BpaIllaTbCid BOKPYT
010 5'0 1'00 5(‘)0 1(')00 T cBOeill OCHM, HIN IOUYEeMY

«KecTKasd» MoJeKyJa He
Puec. 1.11 HCOBITHIBAET KOJIeOaHUI.
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ITapagoxkcanbHO, HO ycnex TUIOTE3BI O DPAaBHOPACIPEIeIeHUU
9HEPTUU IO CTEeIIeHAM CBOOOABI CBA3AaH C OMKA30M OT ITOUW THUIIOTE-
3bl. YcIex ObLT OCHOBAH HaA TOM, UTO HEKOTOpbIE€ CTEIIEHU CBOOOIBI
UCKYCCMBEHHO UCKJIIOUANNCh 0e3 KaKUX-JIN00 yOeqUuTeIbHBIX 000-
cHOBaHUIi. A eciu 3ariAHYTbL BIJIYyOb MOJIEKYJIBI HUJIW aToMa, TO
cpasy o0HapysKUBaeTCsd, YTO MHOYKECTBO CTelleHell CBOOOABI IIPOCTO
IIPOUTHOPUPOBAHO?!

Bce sTu Bompoch! OBILIM MOJIHOCTHIO pasperieHbl TOJbKO B paM-
KaX KBaHTOBOI Teopuu. MI3BecTHO, UTO BpaliaTejabHasa U KoJjebaTe-
JIbHASA 9HEePrUy KBAaHTOBAHBI. VIX YPOBHU OIPENeIAI0TCA COOTBETCT-
BEeHHO ()opMyJiaMu

12 L
E, :Er(r+1), E, :hm(v +§), (1.41)

rIe r — BpalaTeJabHOe KBauToBOe umeyo (r =0, 1, 2,...), v — Ko-
nebarenwpnoe (v =0, 1, 2,...), I — MOMEHT UHEPIITUU MOJIEKYJIBLI OT-
HOCHUTEJBHO TON MM WHOU INIABHOHN OCU, () — COOCTBEHHAS 4aCTOTa
KosebaHuit, h — nocmosannas Ilnanxka (h =h/2m).

W3 stux ¢dopmysa ciaemyer, uTO MHUHUMAJIbHAsS BpalaTelbHas
sHeprusa Mojekyasl Hy, paBHa mopanka oguoi coroit a3B. U npu Ta-
Kol Hu3Kou temneparype Kak 50 K (yuacrok I Ha puc. 1.11) cpex-
HsAS 9HEPrusl MOCTYIATeJbHOTO ABUKEHUS MOJIEKYJIbI BABOE MEHb-
IIle MUHUMAaJbHOW BpAaIaTeJbHOU SHepruu. T. e. ee OKasbIBaeTCs
HEeJOCTATOYHO, YTOOLI BO3OYAUTH BpalljaTeJbHbIe CTeIIEHU CBOOOIbI.
B sTux ycioBusx, Kak IOBOPST, BpalllaTeJbHBIE CTEIIEH! CBOOOIBI
«3aMOPOIKEHBI» .

B o6smactu temmepatyp ~ 500 K, cooTBETCTBYIOIUX yUYacCTKy 2,
BpalljaTeJbHbIE CTEIIeHU CBOOOIBI MMOJHOCTHIO PA3MOPOKEHbBI, U MO-
nexkyaa Hy BefeT ce6sa Kak KecTKasA JByXaTOMHaA MOJIEKYJia C Uuc-
JIOM cTelleHe#l ¢cBoboanl 3+2 = 5. 3aMeTuM, 4TO BKJIIOUAIOTCS IBE, a
He TPU BpallaTeJbHble CTEIEeHU CBOOOIBI. ITO CBA3aHO C T€M, UTO
Ui BKJIIOUEHUS CTEelleHU CBOOOABI, COOTBETCTBYIOIIEH BpAaIlleHUIO
MOJIEKYJIBI BOKPYT ee OCHU, IPOXOAsdIel uepes oba sapa, Tpedyercs
3HAUUTEJHHO 0O0JIbIIasi SHEPTUSA M3-38 MAJOCTH MOMEHTA MHEPIUU
MOJIEKYJIBI OTHOCHUTEJIBHO 9TOW OCH, COTJIaCHO IIePBOM u3 (OpPMY.JI
(1.41).

ITpu Temneparypax, mpesimatoniux 1000 K, suepruu y:xe oka-
3bIBAETCS AOCTATOUHO JJIs IOCTEIIEHHOTO BO30OY:KIeHUA KojebaTe-
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JBbHOMH cTemeHM CBOGOALI" (IIOJTHOCTHIO — HET, MOCKOJLKY DaHbIIIe
HACTyIaeT QUCCOI[MAIAA MOJIEKYJIhI Ha ABa aToMa, y4acTok 3).

O6bacuenue saBucumoctu Cy (T), mokasanHo# Ha puc. 1.11, —
9TO CEepPbe3HBbIN yCllexX KBAHTOBOW TEOPWH.

§1.7. T'az Bau-nep-Baaasca

Ypasuenue Ban-nep-Baaasca. [lo cux mop MBI He BBIXOAUJIN 34
pamMku Mmozenu upeasnbHoro rasa (pVy,= RT). OnHaKO ONBIT BBIHYK-
IaeT YTOUYHUTH 9Ty MOIEJb, IIOCKOJbKY ¢ pocToM naBieHus (mpu T
= const) oxkassiBaercsa, uto pVy, # RT. Ilpu p = 1000 at™ pV,, cra-
HOBUTCA BABOe OOJIbIIle, UeM IIPENIUCHIBAET MOJeJIb UAEaJTbHOTO
raza (ras He «CXKUMAaeTCd»).

Ilpuuun sTomy naBe:

1) coGCTBEeHHBINT padMep MOJIEKYJ; OH U YMEHBIIIaeT 00beM, M0-
CTYHHBIN AJA ABUKEHUSA MOJEKYJ, IPU HOPMAJLHBIX YCIOBUSIX OH
cocraBisgeTr ~ 0,07% ob6wmema cocyza ¢ rasom, a nmpu 100 atm yxe
70% !

2) CJIOKHBIN XapaKTep B3aMMOIEMCTBUSA MeEKIY MOJEeKYyJaMU.
TunuyHasa KpuBasg 3aBUCHUMOCTU dHepruu B3aumogeiictsua Uy, oT

paccToAHUSA I MEMKIy UX IeHTpaMu
U, A npuBegeHa Ha puc. 1.12. Ha manabix
paccrogaauax (r < ry) MOJEKYJBI OT-
TAJIKUBAIOTCSA, Ha Oojabimux (r > rg)

IPUTATUBAIOTCA.
0 "o r AT TPUYUHBI MOKHO YYecTb Iy-
TeM BBeIEeHUS MOIIPABOK B ypaBHEHUE

M‘ COCTOAHUA UAEATbHBIX T'a30B, UTO U
cnenan Bau-mep-Baansc. B pesynabra-
Te YypaBHEHWE COCTOSHUS OJHOTO
MOJIsI PeaJIbHOTO rasa IMPUHSJIO BHUJ

'\

Puc. 1.12

p+ VLZ (Va —b) =RT. (1.42)
M

* 3aMeTI/IM, UTO MEXAYy HYJIEBEIM U II€PBBIM BO36y){€ﬂeHHLIM Ko0J1e6aTeIbHBIM YpPOB-
HEM PAacCIIOJIOKEHBbI HECKOJIBKO OECATKOB BpalllaTeJIbHBIX ypOBHeﬁ.



IlepBoe HaYa/I0 TEePMOIMHAMUKHI 31

910 u ecThb ypasHerue Bamn-dep-Baanvca. 3necy a u b — nocmo-
sHHble Ban-0ep-Baanvca, 1y pa3HBIX T'a30B OHU MMEIOT CBOU 3HA-
YeHUsd.

Eciu MBI mMeeM [ei0 He ¢ OSZHUM, a C ¥ MOJSAMHU rasda 00beMoOM
V, To B ypaBHenuu (1.42) cienyer cmenath 3ameHy: Vy = V/v.

ITonpaBka B mepBOil CKOOKe, a/VJ\2/[, o0ycJioBJIeHA CUJIaMU IIPHU-
TSMKeHUA MexKay mojekyaamu. OHa mMeeT pa3sMepPHOCTD IaBJIEHU,
U ee WHOT/[A Ha3LIBAIOT 8HYmMpeHHUM Oasnenuem. Ha cTeHKy cocy-
Jla TaKkoil ras oxkasbIBaeT gaBjeHue p. OmHAKO, ecau ObI CHUJIBI IIPU-
TSYKEHUS MEXKAY MOJIEKYJaMH MI'HOBEHHO HCYE3JId, TO TaBJIEHUE
Ha CTeHKY cTaJio ObI p + a/V]a. T. e. mpu mepexofie OT WAEATHHOTO
rasa K peaJJbHOMY JaBJIeHUE Ha CTEHKY YMEHBIIIAeTCsa — M3-3a CHJI
MIPUTAKEHUA MeKIY MOJIEKYJIaMU.

ITompaBka b, Kak JIETKO cOOOpasuTh, CBA3aHA C COOCTBEHHBIM
00'bEMOM MOJIEKYJI, €€ Pa3MepPHOCTb M3/MOJIb.

Tas, moguunHstomuiica ypasueuanio (1.42), Ha3bIBAIOT BaH-Iep-Ba-
anbcoBckuM. ObOpalriaeM Ha 9TO BHMMAaHUe B CBA3U C Te€M, UTO K Ha-
CTOSAINEMY BPEMEHU MPEeJIOKEeH0 MHOTO IPYTUX YPaBHEHUI COCTOS-
HuA (cBeire 100), Gosiee TOYHBIX, HO U 0OJlee TPOMO3JIKUX.

Hna mHamux 1esieii ypaBsHenue BaH-nep-Baanbca aBideTca npep-
IMOYTUTEJIbHBIM: IPU OOJIBIIIOM IIPOCTOTE OHO JAEeT BO3MOYKHOCTH
00'BSICHUTH, XOTA OBl KaUeCTBEHHO, IMTMPOKUIN KPYT ABJEHUI B ra-
3axX U JaKe B JKUAKOCTAX. K aToMy MBI mo3:xe BepHeMcs (§ 5.1).

IIpumep. Halizem naBieHue, Ipu KOTOPOM ILJIOTHOCTH YIJIEKWCJIOTO rasa C
temneparypoir T' = 300 K oxraskerca pasuoii p = 500 r/u.

Cunras ras BaH-Iep-BaaJbCOBCKUM, mpexacraBuMm (1.42) B Bume

2
va [K—bj:RT. 1)
14

V2
Orciona, mmes B Buny, uro v = m/M u m/V = p, nmoxyuum:

2 2
p:ﬂ_%:ﬂ_aﬁ. 2)
V-vw V M —pb M
Hna yraexucsoro raza a = 0,367 Ila-m®/monw?, b = 4,3:10°°
m3/mouib U M = 44 r/monb. B pesynbTaTe mOACTAaHOBKU HalifeM
p = 80 arm. Pacuer xe o ¢opmyse COCTOAHUA UAEATHLHOTO rasa
maer 280 arm. Pasinume BechbMa 3HAUYMTEILHOE.
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JHeprus BaH-IEP-BaaJbCOBCKOrO rasa. BHyTpeHH:As sHeprus
rakoro rasa U = K + U,,, Toe K — cyMMapHasd KHUHeTHUYeCKasd
9Heprus MoJIeKyJs B I[-cucteme (CBsisaHHOI ¢ cocygom), Uy, — cyM-
MapHas SHEPrus B3aWMOJAENCTBUI MOJIEKYJ (COOCTBeHHAsl ITOTEH-
nuajnbHas sueprusi). Cuauasa matigzem U,,. Il 9TOr0 BOCITOJIB3Y-
eMcs TeM, 4To paboTa CUJ MPUTAKEHUA PaBHA yObLIN sHepruu U,:
dA = -dU,,. Cunpl OPUTAKEHUS XapaKTEePU3YIOTCS BHYTPEHHUM
IaBJIEHUEM p; = a/Vf,I B ypaBuenuu (1.42). Torma siemenTapHas
pab6ora atux cuia d’A = —p;dV,,, raoe sHaK MUHYC OOYCJIOBJIEH TeM,
uyTo npu pacmupenun rasa (dV,,; > 0) pabora d'A moxHA OBITH OT-
punareapuoii, T. e. dA < 0. Urax,

da=-2 av, =-d| -
Vi Vi

Mer npencrasunu d’A Kak yObLIbL HEKOTOPOM BEJIWYMHBI — OHA
u ABideTcA Heprueilr U,,:

U, =-a/Vy. (1.43)

KoHucranra, KoTOopyio 3mech ciaenoBaao ObI 06aBUTH, HECYIIECT-
BeHHA. [loaTOMy MBI cpasy ke IOJIOKUJIU ee paBHOI Hyx0. Ilomy-
YyaeTcsa eCTeCTBEHHBIN pedynabrar: mpu Vyr — o U, — 0.

CyMMapHas e KMHeTHYeCKasd dHeprusA K 3aBHCAT OT IOCTYIIA-
TeJIbHOTO U BHYTPEHHETO ABUMKEHUI MOJEKYJ, U OIPeeasdeTcsa KaK
CyT.

Takum o6pasoM, BHYTPEHHAS SHEPrUsS MOJIA BaH-JIeP-BaajbCOB-
CKOTO Tasa

Uy = CT - -2,
Vu (1.44)

rae Cy = (i/2)R.

Ecau ras pacimupsercs B IIycTOTy 0e3 TemjIoo0MeHa ¢ OKPY:Kalo-
muMu Teaamu, To A =0, @ = 0, 1 corsIacHO IepBOMY HavaJay B 9TOM
uporecce U = const. 3HauuT, Kak Bunuo us (1.44), ¢ pocrom obbe-
Ma TeMIlepaTypa rasa yMeHbIIaeTca (B OTJMUYME OT UAEaJTHHOTO
rasa).

ITO MOKHO IpeACcTaBUTh U HaraagHo (puc. 1.13). Buguo, uto
mpu paciiupeHuu rasa (yBenuuenuu oonsema V) B cayuae U = const
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cyMMapHasa KUHETUUYeCKAasa SHePrud Mo- A U=const
JIEKYJI rasa, a 3HAYUWT W TeMIeparypa ]
T, ymeHbIIaercsa. 1'as oxJiakmgaercs.

IIpumep. Haiizem mpupareHue TeMIepary- 12: CyT v
DPBL ¥ MoJIeli BaH-[ep-BaabCOBCKO- -

ro rasa IIpu PacIiupeHun ero B IIy-
cToTy oT oobema Vi mo Vg B Terio- | U
B3

MB0JMPOBAHHOM cocyze (ras ObLI /
JIOKaJM30BaH B o0beme Vi U B He-

KOTODBIA MOMEHT II€PEropoaKy yo- Puc. 1.13
paaun).

Kak MBI BBISICHMIN, B 9TUX YCJIOBUSAX BHYTPEHHSS 9HEPIUsA rasa
U = const. 3mauur corsacuo (1.44)

AU=VCVT—v2a L—i =0,
Vo Wi

rae CV — MOJIIpHad TeIlJIOEMKOCTb. W3 sToro BbIpaXeHusd ciaenyer

T. €. TeMIlepaTypa rasa yMeHbIIIaeTCd.

Ipdexr dxoyaa—Tomcona. UccienoBanusa [xoynsa u Tomcona mosBo-
JIUJIU He TOJBKO 3KCIIEPUMEHTAJIbHO MOATBEPAUTh 3aBUCHMOCTH BHYTPEH-
Hell YHePruy peajbHOro rasa oT ero o6beMa. BBLIO OTKPBITO BaXKHOE (hU3U-
yecKoe sIBJIEHWE, MOJyuuBIlee HasBaHue agpexma xcoyari—Tomcona.

B X ompITax MCIOJH30BAJIACH TEILJIOM30JIMPOBAHHAA TPYOKAa, B Cepeau-
He KOTOpOoI moMelrajgach mopucrad meperopogka N (puc. 1.14). Uccaenye-
MBIl ra3 o[ IeliCTBUEM Iiepelnaja JaBJeHu (p; > pPs) MEAJEeHHO IIPOTEKAaJl
yepes Meperopoaky. Biarogaps MeIeHHOCTU

TeueHUA KMHEeTUUYeCKad SsHepPrud rasa Kak IeJjio- N
I'0 IPaKTU4YeCKU He MeHAJacCh. B aTux YCIOBUAX P
ras B Ra)K,Z[BIfI MOMEHT 110 00e CTOPOHBI IIepero-
POOAKM HAaXOOUJICSA B TEPMOAMHAMMNYECKU PaBHO-
Puc. 1.14

BECHBIX COCTOAHUAX. TemI0n30JIMpPOBAHHOCTD
TPYOKU JeJsiajia TIPOIlecC TedeHUdA axmadaTmde-
ckuM. [JaBaeHUA rasa mo o0e CTOPOHBI IEPETOPOAKY (P U Py) MOAEPIKUBA-
JILCH IIOCTOAHHBIMMU.

IIpu crammoHapHOM TEeUEeHUU C OJHOM CTOPOHBI IIEPETOPOJKM yCTaHaB-
JUBaJIach IOCTOAHHAsA Temmeparypa T, a ¢ ApPyroii cTropoHbl — Ty, ITU
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TeMIepaTyphl ¥ U3MEPAJINCH B ONBITaX. VI3MeHeHUe TeMIepaTypsl — IPU-
pamenue AT — mpu TakoM TeueHUYU U Has3bIBAIOT d(dexTom [Ixxoynra—Tom-
coHa.

CHavaJia monbITaeMCs BBISICHUTD, YTO MOYKHO OKUJAATh OTHOCUTEIBHO
AT. IIna 3TOro MBICJIEHHO BBIAEJINM CJeBa OT IIePeropoigku odowem Vi
Mouia rasa. Iloce MPOXOMKIEHUSA Uepes MEeperopogKy sTa MOPIius Trasa
satimer 06beM V,. CorsmacHo 1-My Hauajay TePMOAMHAMUKU C YUETOM
TOTO, UTO B 9TOM mporiecce § = 0, mpupaiiesHue BHyTpeHHell sHepruu AU
NAaHHOW MOPIIMM rasa PaBHO paborTe A’ BHEIIHUX CHUJI:

AU =A"=pV, - p,V,.
Ilpu masom mepemnaze maBiIeHUI
AU = C,AT + AU,

rae AU,, — IpupalieHne 9HePTrUY BBAUMOAEHCTBIA MOJISA MOJIEKYJI Tasa.
WNwmes B Buny, uto AU = A’, OJyYnuM U3 ABYX IPEABIAYINUX (POPMYJI, UTO
AU -AU,,

AT =——8B, 1.45
c, (1.45)

W3 (1.45) caenyer, uro adhdext (3uar AT) za-
BUCHUT OT COOTHOIIIEHUS MEXKIY MPUPAI[eHN-
eM BHyTpeHHel sHepruu AU, paBHO# pabore
BHEIIIHUX CWJI, U IIPUPAIIEHNEeM OHEPIun
BaaumogenictBuda AU,, . OTO IOSCHSAET pUC.
1.15, rge BeJMYMHA BEPTUKAJIBHOTO OTPE3Ka
XapaKkTepusyeT COOCTBEHHYIO KMHETHUUECKYIO
oHepruio rasa K, a BHAUNT U TeMIEDPATYDY
T. B wactaoctu, ecau AU = AU, , To AT = 0.

JloBOIBHO I'POMO3JKMUII pacueT TaeT BO3-
MOJYKHOCTh HAWTU 3aBUCUMOCTD JaBJIieHUs p; OT Ty, IpU KOTOPBIX d(PheKT
(AT) paBen mymawo. CoorBercTByOIIasa 3aBUCUMOCTD p1(7T';) — ee Ha3BIBAIOT

Puc. 1.15

Kpueoil uneepcuu — moKaszaHa Ha puc. 1.16. HavanrsHble cocTogauusa (pi,
T:) mon KpUBOM MHBEPCUUM NPUBOAAT K IIO-
b AT >0 goxuresbHoOMy ddderty Hxoymra—Tomco-

HAa, T. e. K oxygakgenuto raza (AT < 0). Kpu-
Basg WHBEPCUU He SBJIAETCA YHUBEPCAJIHHOM,
OHA CBOS [JIA KaXIOTr0 rasa, IIOCKOJBbKY
pacuerHasa dopmyaa aias AT 3aBUCHUT OT TO-
CTOAHHBIX a u b Bam-mep-Baasbca.

Bonee Tounsniit pacuer AT 1y 4acTHOTO
Puc. 1.16 ciaydas mmpuBeZieH B 3amaude 1.11.

AT <0

> T,
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1.1.

1.2,

3agauu

YpaBHeHue npouecca. HaiiTu MakcuMaIbHO BO3MOYKHYIO TeMIIepaTy-
Py OZHOTO MOJS WIEAJBHOIO Tras3a, COBEPIIAIONIEro IIPOIecc
p=po—oV? Tme pp U 0. — TIOJNOKHUTETbHLIE TIOCTOAHHEIE.

Pemrenue. [Ina aroro caenyer cuauasia Haiitu 3aBucumocts T'(V), a
sarem us ycyuoBus dT'/dV = 0 oupegenum Ty axe- VITaK, JaHHBIN B yCJIO-
BUU IIPOIECC C IIOMOIIBIO YpaBHeHUA cocTodHudA pV = RT mepenuiiem
B BHIE

RT = p,V — oV’ 1)
Huddepernupyem 3T0 ypaBHeHHe 10 V:

dr
RW:pO—?,aVz:o. 2)

Orcroga V,,, coorBercTByloiiee Makcumymy 7T, paBHo V, =./p,/3a.

ITopcranoBka storo Beipaskenusd B (1) maer

_2py |Po

Makxc 3R 3a *

Pabora mag rasom. B BepTuUKaJIbHOM IIUJIUHAPE IIOJ HEBECOMBIM IIO-
piurtHeM P HaxoguTcAa OAWH MOJb HAEATBLHOTO rasa
upu temneparype T (puc. 1.17). IIpocTparcTBO Haf
mopirHeM coobitaercsa ¢ armocdepoii. Kakyio pabory
HeoOXOAMMO COBEpPIIUTh, UTOOBI, MEIJEHHO IIOJHU-
Mas IOPIIeHb, H30TePMUUYECKHU YBEJIUUYUTH 00heM
rasa mojJ HUM B n pas?

P e e nue. ITo onpegenenuto, pabora, coBepiiae-
Masa cujaoii F, ecTb

hy
A= jF(h)dh, ®
hy Puc. 1.17

rae cuiy F MOXKHO BBIDA3UThH uepe3 HaBJIeHUE Iasa p IOJ IOPIITHEM U
Po — HaJ MOPIITHEM. A UMEHHO, U3 YCIOBUSA MeAJEeHHOCTH COXPAHIEeT-
ca OajaHC CHJI:

F + pS = p,S, 2)

rae S — momanb ceuyenus nopiiHsa. IloncranoBka F us (2) B (1) naer

A'=j(p0—p)Sdh:jpodV—jP:/ldV. 3)
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1.3.

1.4.

B pesysabrare mHTerpupoBaHUs B mpexesax oT V mo nV moaydyum
A" =pyV(n — 1) — RT Inn,
wiu ¢ yuerom poV = RT

A'=RT(n —1 — Inn).

IToruTponmueckuii mpouecc. VeaabHBIN ra3 ¢ moxkasarejeM ajamada-
THI Y PaCIIMPUJIMN B 1 pas II0 3aKOHY p = alV, rme oo — IOCTOAHHAaA.
ITepBonauanbubil 00beM rasa Vy. Hatitu:

a) mpupallleHue BHYTPEHHEH SHepruu rasa;
6) paboTy, COBEpPIIIEHHYI0 I'a30M;
B) MOJIAPHYIO TEILJIOEMKOCTH r'a3a B 9TOM IIpPOIecce.

Pem e nue. a) Ilo onpenenenuto

C
AU =Cy(Ty - Ty) = FV(szz -V (1)

Nwmesa B Bugy, uro Vy/Vy = m u p oo V, nepenumtem (1) Tax:

AU = aVZm® - 1)/(y - 1);

Ve _y2
6) A=[pdv =Tt T = faVi(n® ~1);
1

B) coryacHo (1.13) pelreHue CBOAWUTCA K HAXOMKAEHUIO TTPOU3BOIHON
dV/dT. Ws ypaBHeHUsA mpollecca U ypaBHEHUSA COCTOSHUSA UIeaIbHOT0
rasa cjaenyeT, UTO

oV® = RT.
Huddepennupysa mo T, moaxyuaem 20V(dV/dT) = R, nan
p(dv/dT) = R/2.

CienoBaTebHO

c=c,+ B_Er+l
2 2

y-1"
ITokxasaTs, UTO IpOIECE, IPH KOTOPOM paboTa HealbHOTO Ta3a IIPOIIop-

I[MOHAJbHA COOTBETCTBYIOIIEMY IIPUPAIIEHUI0 €r0 BHYTPEHHEN 9Hep-
Tuu, ONMUCBIBaeTCA ypaBHeHueM pV" = const, rme n — mocTosHHAasd.
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1.5.

Pemrenue. Cormacuo yemosuto d’A = a dU, rae a — HeKoTopas I0-
crossHHAsI. PacKpoeM 9TO BBIparKeHUe:

pdV =a

R
1 dT. 1)

Ilepeiinem k mnepemeHHBIM p, V, B3AB auddepeHIag ypaBHEHUS
pV =RT:
RdAT =pdV + Vdp. (2)

IToacranoBka (2) B (1) maer
vap=L12%pav, (3)
o

rae o = a/(y — 1). Pasgenus (3) Ha pV, moayuum
dp _1-adv

p o V @

HMHTerpupoBanme 9TOro ypaBHEHUS IPUBOIUT K CJeayIoleii (hopmyae

1-a

Inp = In V' + const.

o
B pesysibraTe moTeHIIMPOBAHUSA IIOJYUYUM

an = const,

rge n — HEKOTOpas IOCTOSAHHAsdA, 37ech n = 1 — (y — 1)/a.

WpeansHbIN ra3 ¢ mokasaTejaeM aguabarsl Y PACIIUPSIOT TaK, 4TO CO-
OOIIIeHHOE Ta3y TeIJIO PaBHO yObLIM ero BHyTpeHHell sHepruu. Hatitu:

a) MOJIIPHYIO TEILIOEMKOCTH rada B 9TOM IIPOIECCe;

0) ypaBHeHUe Imporecca B mnepeMeHHbIX 1, V.

Pem e nue. a) Cormacao yciaosuio d'@Q = —dU umeem
c-99 =ﬂ=—cv B .
dT dT y-1

0) Ucxomum u3 coorHommeHus (1.13):

dv
C=Cy+p—=-Cy .
4 pdT v

Orcroma
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1.6.

9TO TPUBOIUT K YpPaBHEHUIO

ar ___R d¥
T 2c, V'’
WHTErPUPOBAHNE KOTOPOTO JAeT
InT = —iln V' + const.
v

Orcroma cienyer, 4TO TV R/2Cr const, manm
TV 71)/2 — const.

OpuH MOJIb UAeaJbHOTO ra3a ¢ N3BeCTHLIM 3HaueHneM Cy HAXOOUTCA B
JeBoi mosoBuHe muauHApa (puc. 1.18). CupaBa oT MOPIIHA BaKyyM.
B orcyTrcTBHE rasa moplleHb HAXOAUTCHA BILIOTHYIO K JIEBOMY TOPILY
MUIWHIPA, U IPYKUHA B 5TOM IIOJIOMKE-
Huu He ned)opMUpOBaHa. BOKOBBIE CTEH-
KU IMUIWHIpPA ¥ IMOPIIeHb amsuabaTHBIE.
Tpeuus mer. 'asz HarpeBaioT uepes Je-
BRI ToOperl nmuauHapa. HaliTu Temimoem-
Puc. 1.18 KOCTh I'a3a B 3TOM KBa3MCTATHYECKOM
mporiecce.

Pemrenue. Cormacao popmyne (1.13) Hago HaliTU BTOpPOE ciarae-
moe, T. e. p(dV/dT). Iloctynum Tak. IIycTh KECTKOCTH MPYKUHBI X,
TOT[a, €CJIU CXKaTue MPYKUHBI PABHO X, TO B IIPOIECCE HOJIIKHO BBI-
IOJTHATHCA PABEHCTBO %X = pS, rae S — IJIOIaAb CEUeHUs IUINHIPA
(1 mopiIiHA). YMHOMKUB 00e YacTH 9TOr0 PaBeHCTBA Ha S, IOJYyYUM

»V = pS?, 1)

rae V — o6bem rasza. Berpasum B (1) gasienue p uepes T u V ¢ momo-
b0 YPaBHEHUA COCTOAHUA HIealbHOro rasa. Torga moydmm

V? = (RS?/%) T. 2)
HuddepeHmupyeM 3TO paBeHCTBO 1o 7'

2
2V v = RS =R K, 3)
dT % p

rze mocJieHee PaBeHCTBO HamucaHo Ha ocHoBaHuu (1). I3 ypaBHeHUA
(3) umeem

v _R

Par "2

>
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1 HMCKOMAas TEeIJIOEMKOCTb

C=Cy,+R/2.

1.7. Konebauus. B 3axpbsiTOM ¢ 060MX TOPI[OB T'OPU3OHTAIBHOM ITUJINHIPE,
3alIlOJIHEHHOM HeaJIbHBIM I'a3OM C IIOKasaTejieM a,una6a'rb1 Y, Haxo-
JIUTCS IOPIIeHb MacChl M C ILIOanbio ceueHusd S. B mooxeHnu pas-
HOBeCHUdA OaBJIeHHE ra3a PaBHO pp U IOPUIEHb AEJIUT MUJIUHAP Ha ABE
OOVHAKOBBIE YACTH, Kakaasa odbeMoMm V. HaiiTm uyacTrory ® Majabix
Ko0JIe0aHUI MOPIITHA OKOJIO IIOJIOXKEHUA PAaBHOBECUSA, CUUTAA IIPOILECC
a,una6aanecng U TPEeHHue HUYTOXHO MAaJIbIM.

P e m e H u e. 3anuireMm OCHOBHOE 0 x X

—_—
ypaBHeHHe IWHAMHUKHN [JIs CJydas, ‘
KOrJla TOPIINeHb HAXOIWUTCH, HAIIPHU-

\
p, o f——
Mep, CIpaBa OT IIOJIOXKEHUsS PaBHOBE- 1 } D,
cusa Ha paccrogHuu Xx (puc. 1.19): ‘

Puc. 1.19
mx = —(py — p1)S. 1)
Us ycnosua pV' = p,V{ curenyer, 4aro
1 1 Vi-v,)
_ — VYI— -~ | = VY 1 2 , (2
P2 —P1 =PoVo vy vy PoVo VOZV )

rfie IPUHATO BO BHUMAaHWE, 4TO V| MaJo OTIMYAeTCA OT Vy, MOITOMY B
suameHarese V;'V] sameHeHO Ha V02Y. Temeps ydTeM, 4TO

Vi =(Vy+Sx) = V{ 1+Ys—x ,
Yo (3)
Vi =(Vy - Sx) ~vi[1-2%].
Vo
Torma (2) moxxHO TpeoOpa3oBaTh TaK:
2ySx
P2 —P1 =P (4)
Vo

TlogcramnoBKa sToro BeIpaskeHusi B ucxoguoe (1) maer

mx = —(2ypyS?%/Vy)x. (5)
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1.8.

1.9.

Mpbl OPUILIM K YPaBHEHWIO TapMOHHYECKUX KoJebanuii X + o?x = 0,
u3 KOTOPOTO CJEAyeT, UYTO MCKOMAas YacToTa

o =S8.2ypy/mV.

Cremenu cBoGoabl MoJeKyabl. HaiiTu umnco aToMOB B MOJIEKYJIe rasa,
Y KOTOPOI'o MPH «3aMOPaKMBAHUN» KoJiebaTeJbHBIX CTeleHeil cBobo-
bl IOCTOSTHHAA afmabarel y yBeiaunumBaeTcsa B 1 = 1,20 pasa.

Pem e v ue Hcxogum us ycioBuda

n="v/7 1)

roe Vs — IIOCTOAHHAA a,uma6a'rbl II0CJIe «3aMOPaKHUBAHUA» }coneﬁa're-
JBbHBIX CTeleHell cBoOoabl. [lanbHelilliee 3aBUCUT OT TOr0, KaKue MO-
JIEKYJIbl — JIMHEeHHbIe WIN HeJuHelHbie. [IycTh YMCI0 aTOMOB B MOJIe-
KyJsie paBHO N. IIyiA TUHEHHBIX MOJIEKYJ UHUCJIO KOJe0aTeJbHBIX CTe-
meHe# ¢BOOOABI 2., = SN — b u uucao i = 5 + 2z,,, = 6N — 5, a moce
«3amopaskmuBanua» i, = 5. Torgma corsacuo (1.40)

v, (i, +2)/i, _ (5+2)/5 _T6N -5

nZT (i +2)/i (6N -5+2)/(6N -5) 56N -3

(2)

3Haa 3HaUYEHUE 1), HAXOLUM

v 15/ m=5 _

=2,84.
(30/7)n -6

ITO HEBO3MOJYKHO, 3HAUUT PacueT HaJ0 BECTU, CUUTAS, UTO MOJIEKYJIBL
HeJuHelHbIe.

IlocTynas aHAJOTUYHO, MOJYYUM
n=4(N - 1)/(3N - 2),
OTKyAa
N=(2n—-4)/(3n — 4) = 4.

Taxum obpazoM, MBI UMeeM [eJI0 C HeJIMHEeHHBIMH MOJIEKYJIaMH, CO-
CTOAIUMU M3 YeThIPeX aTOMOB.

Ban-gep-BaanbcoBckuit ras. I[losyunuTs A MOJIS 9TOTO Tasa ypaBHe-
HUe aguadaThl B iepeMeHHbIX T, V, eciy u3BeCTHA €ro MOJIAPHAs Tell-
goeMkocTs Cy.
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P e m e n ue. CornacHo mepBomMy Hauasny u ypaBHeHHUwo (1.44)

a RT a
dQ=dU + pdV =C,T + —dV +| ————-—|dV =0.
Q p 14 Vz (V—b V2)
Orcroga
¢, T __RaV.
T V -b

HNuTerpupysa sTo ypaBHeHUe, IOJydaeM
InT /B = —In(V -b) + const,
wiu
In[T ¢v/B(V -b)] = const.
Takum oO6pasom, ypaBHeHHe aauabaThl UMeEeT BUJ

TV —b)R/CV = const.

1.10. OnpenenuTs JAJis BaH-eP-BaalbCOBCKOTO Ta3a PasHOCTb MOJAPHBIX
remnoemrocreir C, — Cy.

P e m e H u e. I[lo onpeseseHnIo TEIIJI0EMKOCTHU
' U v
e -(ar), (&), - (&),
ar J, or ), or /),
YuureiBas, uro U = CyT — a/V, nonyuyum

ov
c -c +(p+ij(7j. (1)
e vz)\er),

Haiinem (0V/0T ),. Ona sroro npoauddepennupyem o T ypaBHeHUe
Bau-gep-Baanbca (1.42). B pesynbraTe ImOJIyYUM

v R
((TTJ a4 2a ' @
P (P‘*FJ—W(V—IJ)
ITogcramoBka (2) B (1) IPpUBOAUT K MCKOMOMY pe3yJbTATY:
R
c,-Cp =———5.
PV 2a(V -b)?

1
RTV?
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1.11. 9dderr [Ixoyna—Tomcona. Cumrags ras3 [0 pacIIupeHUd

BaH-JepP-BaaJIbCOBCKYUM, & IIOCJIe PACIINPeHu (3a IOPUCTOH Iepero-
POIKOil) — uAeaJbHBIM, HaWTH NIpUpalleHNe TeMIepaTyphl rasa B
pesyabTaTe TaKOTo paciimpeHusd. [0 pacimIiupeHudA ras uMesl MOJIAP-
HBIH 00beM Vi u Temmepatrypy T';. MI3BeCTHBI TaKKe MOJSApHAA TeIl-
moemrocTs C, u mocroaHHbIe Bam-gep-Baanbca mamHOro rasa.

PemeH ue. Cormacro 1-my Havasmy TepMOJUHAMUKU B JAaHHOM
mpoiiecce

Q=AU+A=U,-U,+p,V,—p,V,=0. 1)
Temepb y4TeM, YTO COTJIACHO YCJIOBUSM 3afauu

u=¢C¢T -a/V,, U,=C,T,. (2)
3 ypaBHeHUil COCTOAHNA MOJIS BaH-AepP-BaaJIbCOBCKOTO U UAeaTbHO-
IO rasoB CJIELYeT:

a ab
Vi=RT, +bp; ——+ —5,
P1Va 1+ 0py v, V2

p,V, = RT,. 3)

ITocne moxcranoBKu BeIpaskenuii (2) u (3) B popmyuy (1) u coxparre-

HUN MOJYYUM

1 ( RTyb  2a

Ty -T; ~— Pkt S
c,\Vi-b VW,

3nech IPUHATO NPUOIUAKEHHO, uTo paseHcTso C, = Cy + R cupasen-

JINBO U AJI BaH-[eP-BAaaJbCOBCKOI'O r'asa, XOTA 3TO HE COBCEM TaK

(cM. pesyJsbTaT pelIeHUs IPeNbIAYIIeH 3amaun).
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Cratncrnyeckas pusmka.
PacnpepeneHna Makceenna v bonbumaHa
v

§ 2.1. Bepoarnocts. Cpegaue 3HaUYEeHUA

Craructuueckas (pusuKa— 5T0 paszies GU3uKU, B KOTOPOM U3Y-
YalOT CBOMCTBA MAaKpPOCHUCTEM, WCXOAA U3 WHIUBUAYATbHBIX
CBOICTB COCTaBJIAIINX MaKPOCHUCTEMY YaCTHUIl U B3aMMOAEHCTBUIL
mesxay Humu. Onncanue IBUKEHUA KaiKI0M YacTUIIhI MAKPOCUCTe-
MBI (2 ux mopazka 1022 + 1023) — zazaua coBepIIEHHO HEMBICIU-
Masi. BmMecTo aTOTO cTaTHMCcTHUECKAasa (U3UKAa OMEPUPYEeT CO CPEeIHU-
MU 3HAUEHUSIMHU IapaMeTpPOB OUeHb OOJBIIOTO YMCJa YacTuil. Ko-
JoccasibHOE YKCJIO YACTUIL B MAKPOCUCTEME IIPUBOAUT, HECMOTPA Ha
OUEeBUIHBIN Xa0C, K MOABJIEHUIO HOBBIX, CMAMUCTMULECKUX 3AKOHO-
mepHocmeil. VIx n3yueHue U JejiaeT BO3MOMKHBIM OIMCAaHUE MaKpPO-
CUCTeM Ha OCHOBE CBEJEHHWI O CBOMCTBAX OTAEJIbHBIX YACTHUII.

O BepoarHoctu. OCHOBY CTAaTUCTUYECKON (PUBUKU COCTaBJIAET
Teopud BepoATHOcTell. VIcXonHble MOHATUS 9TOU TEOPUU — COObL-
mue U 8eposmMHOCMb.

CobOviTHE — 5TO, HAIIPpUMeP, BHIIIaJeHNe OJHOTO U3 IIeCTH HOoMe-
PoOB mpu OpocaHuy UTrPaIbHOTO KyOuka. Viu mmpu m3aMepeHuu CKO-
pocTH MOJIEKYJI ras3a: pasOMB BO3MOXKHBLIE 3HAUEHUS CKOPOCTell Ha
oTmenbHBIe MHTepBaJbl Av; (i =1, 2,...) u Oo0OHApy’XUB, UTO CKO-
POCTb MOJIEKYJIBI IIOIIAJIa B -1 MHTEPBAJ, MBI TOBOPUM 00 i-M COOBI-
TUU.

B manbmeiiniieM Hac OyAyT WHTEpPeCcOBATh JIUIL TaKKUe COOBITHA,
KOTOpbIEe SBJISIOTCS:

1) cayuaiinvimu, T. €. COOBITUAMU, YCIOBUA HACTYIJIEHUS KOTO-
PBIX IO T€M WU UHBIM MPUYNHAM HEU3BECTHBI U KOTOPHIE II03TOMY
HeJIb3s 3apaHee C YBEPEHHOCTHIO IIPEACKAa3aTh;

2) pasH0B03MONCHBLMU WU PABHOBCPOAMHLIMU — IJIS KOTOPBIX
HeT HUKAKWX OCHOBAHUI OKUAATDH, UTO IIPU UCIBITAHUAX OHHU OY-
IyT BecTu cebs mo-pasHoMy (Hampumep, Ipu OPOCAaHUU UTPATHLHOTO
KyOMKa MJIM MOHETBhI, HO HUKAK He OyTepOpoja C MacJyioM).
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BepoATHOCTH MaHHOTO CJIYUYANHOTO COOBITHS XapaKTepU3yeTCs
KPaTHOCTHIO ero moBTopenus. Eciu B N ciaydasax i-e cOOBITHAE IPO-
ucxoaut N; pas, TO BePOATHOCTHIO P; 9TOTO COOBITHS HA3bLIBAIOT Be-
JINYNHY

N,
P =lim “ L. (2.1)

Tak Kaxk Ha mpakTuKe N Bcerga KOHEYHO, TO JIJIs BBIUMCJIEHUSA
BEPOSATHOCTU CTAparoTcsa, YToO0bI N u N; OBLIN JOCTATOYHO OOJIBIIIN-
mu. Torma MOMKHO CUMTATH, UTO

P,~N,/N. (2.2)

SlcHO, 4TO cyMMa BepOATHOCTell BCeX BO3MOKHBIX Pe3yJIbTaTOB
U3MepeHu# paBHa eJUHUIIE:

> P, =>(N,/N)=1. (2.3)

Temeps oOpaTuMcA K BBIUMCJIEHUIO BEPOATHOCTEH CJOMNCHBLLX CO-
O6vimuil. PaccMoTpUM IBe OCHOBHBIE TEOPEMBI: O CJIOKEHUN M YMHO-
JKeHUY BePOATHOCTeH Ha IpUMepe WIDAJIBHOTO KyOHWKa.

1. Teopema cnoxcenus éepoamunocmeti. Ecaiu B pesysnbrate N
Opocanmuii Ky6buka B N; ciy4adx BBINaJEeT YUCJIO i, a B N, ciayda-
AX — k, TO BepOATHOCTH BBINAJEHUA i WIN E paBHA

P(i mnk):wzp. +P,. (2.4)

13
ITO 3HAUUT, UTO IPU OpPOCAaHNU KYyOMKA BEPOATHOCTH BBITIAJEHUI,
cKaskeM, 2 mwam 5 paBHa P=1/+1/6=1/s.
B obmiem ciyduae sTa TeopeMa YTBEPIKAAET: GePOANMHOCMU HeCo-
emecmumvlx cobblmuil CKIA0bLEAIOMCS.

IIpumep. IIpu GpocaHUM UTPASIBLHOTO KYOWKA BEPOATHOCTH:
a) BhIIAJEeHUA 4eTHON mudpel paBHA 1/g+ 1/6 + l/g=1/5.
0) TOro, UTO He BBINAZET 2, paBHA °/g.

2. Teopema ymuosicenusn éepoamuocmeii. Haiifem BepoATHOCTD
TOr0, YTO IIPU ABYX OpPOCAHMAX KyOWKa BBHINAJET IIOCIELOBATEJIHLHO
i u k. Paccmorpum N nBOMHBIX Opocanuii. IlycTs mepBBIii U3 KaK-
Io¥ mmapsl OPOCKOB maj i B N; caydaax (tak uto P; ~ N;/N). Tenepnb
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BBIgeIUM U3 3TuX N; ciiyuaeB Te N, cOOBITUI, KOTZA BTOPOI OPOCOK

KyOuka masai k (tTak uto P, = N,/N,;). Torga nckomas BEepOATHOCTD
N, N

P (i, 3atem k) =W‘N—k=Pi -P,. (2.5)

i

3HAYUT, BEPOATHOCTH TOTO, UTO MPU ABYX OpocaHMAX KyOMKa BBI-
majgyT, HOIYCTHM, cCHadaaa 2, a 3aTeM 5, paBHa 1/g - 1/4=1/36.

B obmiem ciyuae TeopeMa YMHOMKEHUA BEPOATHOCTEH yTBEPIKAA-
eT: B8epPOSMHOCMb CO8MeULeHUS 08YX UAU HECKOAbKUX COObLmuUil
pasHa npouseederuro 8eposmHocmell Kaxdozo ux HUX 6 omaenbHo-
cmu.

IIpumep. BeposaTHoCTh TOTO, YTO IPU ABYX OPOCAHUAX KyOuWKAa:
a) BBIIAAYT ABe 5, paBHA /g 1/ =1/36;
0) He BBINIAJET HU OXHOU D, paBHA °/g * /¢ = 25/36;
B) BBImazeT oxHa 5, pasHa (/s 5/¢) + (5/6 * 1/6) = 1%/s6.
3ametum, uto P, + Ps+ P, =1, KaKk U JOJKHO OBITh.

CpemHue 3HAUYEeHHMS CJIYYAWHBIX BEJIWYMH. 3HAS BEPOATHOCTU
MMOABJIEHUS PA3JIUYHBIX PE3yJIbTAaTOB M3MEPEeHUA TUCKPETHON BeJu-
YMHBI X, MOKHO HaWTH UX cpefHee 3HaueHUe <x). IIo ompeneseHnIo
CpemgHero

<x>:%ZNixi =Y Px;. (2.6)

dynrknua pacnpenejeHusda. PaccMoTpuMm ciydaii, Korja ciaydai-
Hafd BeJIMUMHA X UMeeT Henpepul8Hulil XapaKTep (Hampumep, CKOPO-
ctu MojeKyJ). st aroro pasobbeM BCiO 00JiacTh M3MEHEHHUs X Ha
OTJeJIbHBbIe MHTEePBAJILI U OyAeM CUUTATh YMCJIO MONaJaHui cirydari-
HOM BeJWUYMHBI B TOT WJIM WHOU MHTepBaj. WMHTepBaJIbl OJIKHBI
OBITH BO 130e:KaHME 3aMeTHBIX (PIYKTyaIuii JOCTATOYHO OOJIBIIIN-
MU, 4TOOBI B KaKJOM HMHTePBaJie YUCJIO nonaganuii 6eio N; > 1 un
YTOOBI C TTOMOIITEIO (2.2) MOYKHO OBILIO ONIPEAESUTh BEPOATHOCTD TIO-
najaHuA CAYYalHON BeJIMUMHBI B JaHHBIA WHTEPBaJ. BmecTe ¢ TeM,
VHTEPBAJbl JOJKHBLI OBITH JOCTATOUYHO HEOOJBINTNMU, UTOOBI Gojiee
JeTaJIbHO XapaKTepu30BaTh pacipejesieHre BeJIUUYNHBI X.

Wrak, MBI ©UMeeM AOCTATOYHO OOJBIIIOE UKCJIO AOCTATOUYHO He-
0OJBIINX WHTEPBAJOB U, NOIYCTUM, HAM HM3BEeCTHA BEPOSTHOCTH
P, monagzaHusa B TOT wmau nmHOU mHTepBas Ax. Cama BenmuuHa AP,
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BecbMa MaJja, II09TOMY B KaudeCTBe XapaKTEePUCTUKU CJydaliHOH
BEJIMYUHBLI 0epyT oTHoIlneHue AP,/Ax, KOTOpOoe AJA OOCTATOUHO
MaJIbIX AX He 3aBUCUT OT BEJUUYHWHBLI CAMOTO WHTepBaja AX.
9ro orHomenue npu Ax — 0 HasBIBAIOT QYHKUUell pacnpedee-
Husa f(x) cayyaiiHON BeJTUYUHBI X:
AP dP

x) = lim r =% 2.7
f(x) o = @ (2.7

Bugmo, uto (QyHKIUu pacmnpegeneHus [(x) MOMKHO IIPUIHNCATH
CMBICJI NJIOMHOCMU 8ePOSAMHOCMU, T. €. BePOATHOCTU UHTEPECYIo-
el Hac BeJUUYUHBI OKa3aThCS B €IUHUYHOM UHTEpBaje BOJIU3U
3HAUEHUSA X.

B pasubIx ciayuasax QYHKIUSA paclpegeieHus NMeeT COBepIIeH-
HO PAa3JMYHBLIN BUJ, OOAUH U3 KO-
f(x) TOPBIX B KauecTBe IIpUMepa IpU-
BemeH Ha puc. 2.1. B coorBercrt-
Buum ¢ (2.7) miomamb IOJIOCKU
mupuHO dx Ha 9TOM pPHCYHKE
paBHa BEPOATHOCTU TOTO, YTO
cayJyaliHas BeIUUYWHA X OKaKeTcs

0 x x+dx X B nmpegmenax wuHTepBama (X,
Puc. 2.1 x +dx):
dP, = f(x)dx. (2.8)

BepoAaTHOCTH TOTO, UTO BeJIMUMHA X TTOoHafaeT B uHTepBas (a, b):

b
P =jf(x)dx. (2.9)

fcHO, UTO BEPOATHOCTH TOTO, UTO BEJIUUYMHA X MOXKET IMPUHATH
X0oTsA OBl Kakoe-HUOYAL 3HaueHUe (JLOCTOBEPHOE COOBITHE), paBHA
eUHUIEe. OTO HA3BIBAIOT YCJ08UEM HOPMUDOBKU:

[fx)dx =1, (2.10)

rfe MHTerpupoBaHNe IIPOM3BOAUTCS II0 BCEMY MHTEPBATIY BO3MOMK-
HBIX 3HAUYEHMWI BeJWUYMHBI X. V3 9TOro yciaoBUs CIeAyeT, UTO BCH
ILIOINAab MO KpuBoH f(x) paBHa egunure (cm. puc. 2.1). 3amerum,
yro (2.10) aBasercs anaigorom GopmyJbl (2.3).
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Cpennue 3Hauenua. CpenHee 3HAUeHHE BEJIUYMHBI X MOXKHO
HaWTH, 3HAS ee HOPMHUPOBAHHYIO Ha eAUHUIY (PYHKIIUIO pacmpeme-
aerus f(x). Oopatumeca Kk ¢opmyiae (2.6). OHa copaBeaauBa W A
cayuas, KOTJa WHTepBaJ U3MeHeHHUsA BeJUUYUHBI X OyZeT pas30ouT Ha
HeOOoJIbIIINe yYacTKU. Y MEeHbIIad YYacTKU, MbI JOJKHBI B KOHILE
KOHIIOB 3aMeHMTh P; Ha dP u X — Ha unterpan ). Torza

<x>:jde:jxf(x)dx, (2.11)

rfie MHTerPUPOBAHUE IMPOBOAUTCA II0 MHTEPECYIOIeMy HAc WHTep-
BaJIy 3HAUEHWU X. AHAJIOrMUYHBIE (DOPMYJIBI CIPABEAJIUBLI AJIs JIIO-
601t pyHKIUU ¢ (X), HAIPUMED

= I x2 f(x)dx.

ITpumep. UneanbHbIA Ta3d HaxoquTcA B chepryecKoM cocyne pagmyca R.
Haiinem pacmpepeneHme pacCTOAHUM I MOJIEKYJI OT IIEHTPA COCY-
la ¥ cpefHee 3HaueHUe (1.

Beigenum MBICIEHHO TOHKUI KOHIEHTPUYECKUU IIapOBOI CJIOH
paguyca r u toamuHoi dr. CHauana HaiijeM BepPOATHOCTH TOTO,
YTO MOJIEKYJIBI OIAAAI0T B 9TOT cjoii. OHA paBHA [0Jie MOJIEKY.JI
B aToM cJjoe: dP, = dN,/N. B cuny paBHOMEPHOTO pacipeneaeHns
MOJIEKYJI 9TO OTHOIIIEHHE PABHO OTHOIIEHUIO COOTBETCTBYIOIIUX
00bEeMOB:

_dv 4mr?dr  3ridr

V  (4n/3)R®* R?®

r

Corsnacuo (2.7) uckomaa QYHKIUA pacIiipeneeHus
f(r) = dP,/dr = 3r°/R’.

Cpennee 3HaueHue <r> HaxomauM 1o Gopmyie (2.11):

R 2 4
3r 3 R
r=|r—dr == =3R,
£ R? R® 4 ¢

daykryanuu. BepoaTHOCTb CIyYaiiHOTO COOBITUA U dKCIEPUMEH-
TaJbHO HaAOJIOMaeMas MOJIA pPe3yJbTaToB, KOTAA COOBITHE OCYIIEeCTB-
JseTcs, — 9TO He OOHO U TO Ke. Ilocaenusasa (moyid pe3yIbTaTOB) UC-
TIBITBIBAET CIAYUYaiiHble OTKJIOHEHUS OT MPeACKa3bIBaeMOM BEPOSITHO-
ctu. MMEeHHO TakKoro pojga OTKJOHEHUS IIPOUCXOAAT B JIIOOBIX
MaKpOCHCTEMAaX. ITU OTKJIOHEHUA U 00YCJIOBIUBAIOT QIYKMYAUUU.
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CorsacHO TEOPUU BEPOATHOCTH, C YBeJIUWUeHUeM uucia N HCIIbI-
TAHUN OTHOCUTEJIbHAA PAYKTyalusa J0007 BeIUUYNHBI YMEHbBIIAET-
cd 1mo 3akoHy 1 /\/ﬁ . ImenHO rpaHamo3HOCTb ynucja N MOJIEKYJ U
00bACHAET, MMOUEMY MaKPOCKOIMUYECKUe 3aKOHBI, IOJlydyaeMble Ha
OCHOBE CTATHUCTUYECKUX MPEACTAaBJICHUN O IBUIKEHUU YaCTUIl MaK-
pocHuCTEMBI, OKa3bIBAIOTCS TOUYHBIMU.

B pmanpHelineM MbI YacTo OyaeM KCIIOJB30BATh MOHATHE 0OECKO-
Heuno majoro oonema dV maxpocucrembl. Ilom sTum OyaeT IMOHU-
MaTbCA TaKoili 00beM, pasMepbl KOTOPOrO HUUYTOMKHBLI IO CPaBHEe-
HUIO C padMepaMy CaMOM MaKpPOCHCTEMbI, HO BCE€ yKe HaMHOIO IIpe-
BOCXOZSAIINE XapaKTePHBIA pasMep ee MUKPOCTpoeHus. Kaxmas
0ecKOHeUYHO Majad o06JacTb, IPENIOIATAETCA, COLEPIKUT YUCIIO Ja-
crur; dN HaAcTOJIBKO OOJIBIIIOE, UTO OTHOCUTEJIBHOM (GIyKTyalimei
WX MOJKHO TIpeHeOpedub.

JdeMOHCTpanMs CTaTHCTUYECKOTO pacipenejeHusi. Beaukoen-
Had OEeMOHCTPAIlMA CTATUCTUUYECKOTO XapaKTepa paclpeeeHus
MOKeT OBITh IOKa3aHa Ha TaK HasbiBaeMoil docke I'anvmona. OHa
IIpeJcTaBadgeT co00i BEPTUKAJIBHYIO ITaHEJb, B KOTOPYIO PaBHOMED-
HO ¥ [OOCTATOYHO T'yCTO BMOHTHPOBAHBLI TOPU3OHTAJIbHBLIE CTEPIK-
HU — TOUYKHK Ha puc. 2.2. BHU3Y II0oJ peIleTKol m3 CTep:KHeH pac-
IIOJIOKEHBI Y3KUe ONMHAKOBbIe BePTUKAJIbHbIE AUueliKu. BBepxy Haj
CTEP:KHSAMHU IIOMEIeHA BOPOHKA, B KOTOPYIO MOXKHO CHIIATh, HAa-
mpumMep, 3epHa nmreHa. VI Bce 9TO (BOPOHKA, CTEPIKHU U AYEHKU)
IIPUKPBITO C IEPegHEeNl CTOPOHBI CTEKJIOM.

Eciu 6GpocuTh B BOPOHKY OIHO 3ep-
HBIIIIKO, TO IPU NAAeHUUW OHO HCIILITAET
MHOTO CTOJIKHOBEHUH CO CTEP:KHAMU, II0-
cJie 4ero IomajieT B OJHY U3 sdueeK. B Ka-
KYI0 UMEHHO — IIpeACcKas3aTh COBEPIIEeH-
HO HEBO3MOKHO H3-3a MHOKECTBa CJIy-
YaWHBIX (aKTOPOB, BJIUAIONIUX Ha €ro
nBuKeHre. MOKHO MOBOPUTH JIUIIEL O Be-
POATHOCTH IIONAJAHWUS S3E€PHBIIMIKA B Ty
WIN WHYIO AYerKy. EcTecTBeHHO O0MKu-
IaTh, UTO IOMAaJaHWe B I[eHTPAJIbHbBIE
sA4ekm 0ojiee BEPOATHO, UeM B KpalHUe.
OmbBIT 5TO TOATBEPIKAAET: €eCJU CHITIATh
Puc. 2.2 MIIIIeHO B BOPOHKY HEIPEPBIBHO, TO B I€H-
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TpalbHbIe AUEHKU MeCTBUTEJIbHO IomazaeT 6OJIbIIle BCeTO 3ePHBI-
IIIeK.

ITpu oueHb GOJBIIIOM YHMCJIe 3€PHBIIIIEK BOSHMKAET BIIOJIHE OIIpe-
IeJeHHasd CTaTUCTUYeCcKas 3aKOHOMEPHOCTH PACIpPeNesieHUusa UX II0
AYelKaM, KaK mokasaHo Ha puc. 2.2. IIoBTOpUB OUBIT, 00HAPYKUM
TO Ke pacipejejieHNe, Ty ’Ke 3aKOHOMEDPHOCTh (9TO pacupeneieHue
Ha3bIBAIOT HOPMAJAbHbIM 3akoHom ['aycca).

Takum obpasoM, MBI UMeeM HATJIANHYIO, yOeIUTeJbHYIO (U He-
BOJIbHO BBLI3BIBAOIIYIO YAWBJICHUE) AEMOHCTPAIIHMIO TOT0, KaK IIPO-
ABJSIOT ce0s CTAaTHCTHUUYECKNe 3aKOHBI uepe3 OOJIbIIIOe YKCJIO CJIY-
YaWHBIX COOBITHIA.

§ 2.2. Pacnpenenenue Makcpeiaa

3aK0H pacupeneeHusl 0 CKOPOCTAM MOJEKYJ rasa, HaXOoAsIe-
rocs B TepMOAWHAMHYECKOM paBHOBECHU, ObLa HalifeH Maxcpel-
aom (1859). Xox ero paccy:KIeHUN TOBOJBHO CJIOKEH U MMOJTHOCTHIO
IIPUBOLUTEL €r0 MBI He OyIeM, a OrpaHMYMMCSA B OCHOBHOM PACCMOT-
peHueM TOoaX0Ja K PEeIIeHno 9TOM mpobJieMbl, a TaK:Ke (Pu3ndecKo-
ro cmbIcjia 3akoHa MakcBesyia M HEKOTOPBIX €r0 CJIEICTBUMA.

Cnenysa MakcBesny, IpeicTaBUM cebe npoCmMpPaHcmeo CKOpPOo-
cmeil ¢ TPAMOYTOJBHBIMU KOOPAUHATHBIMHU OCSIMU, II0 KOTOPBIM
OyneM OTKJIaJbIBaTh 3HAUEHUS IMPOEKIUN Uy, Uy, U, OT[ENbHBIX MO-
aerya. Torga cKopocTu KaKIooH MOJEKYJIbI OyAeT COOTBETCTBOBATDH
TOYKA B 9TOM IIPOCTPAHCTBE — KOHeI[ BeKTopa v. M3-3a CTOJKHOBe-
HHUII MOJIEKYJI IIOJOKeHUA TOUYeK OyAYT CTPeMHUTeJIbLHO MeHATHCH,
HO MX pacipejejieHne B IeJIOM OyJeT OCTaBaThCA HeM3MEeHHBIM, II0-
CKOJIbKY MaKpPOCHCTEMAa HAXOAUTCS B TEPMOAMHAMHUUECKOM (CTaTu-
CTUYECKOM) PaBHOBECUM.

BenenmcTBue paBHOUIPABHOCTM BCeX HAIMPABIEHUN ABUMKEHUSA
pacroJiokeHre ToUueK OTHOCUTEJIhHO HavaJia KoopaumHaT 0ymaeT che-
pUYecCKY CUMMETPUUYHBIM. [109TOMY HJIOTHOCTH TOUEK MOYKET 3aBU-
CeTh TOJBKO OT MOAYJA CKOpocTu U (HO HE OT V).

Urak, mycts MakpocucteMa (ras) comep:xut N MoJieKyJ. Boige-
JUM B HEKOTOPOIl TOUKe — KOHIIe BEKTOpa V — MaJblii 06beM

9

* JIpym HOPMAaJBHBIX YCIOBHAX KaiK/Jasd MOJIEKyJa rasa WCIBITHIBaeT mopsmka 10
CTOJIKHOBEHUH B ceKyHAY. C TaKoil 4acTOTOI HEeIpeCKasyeMo MEeHAETCS MOAYJIb U
HalpaBJeHUEe ee CKOPOCTH.
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V.o dv,dv,dv, (puc. 2.3, roe ock v, Ha-
IIpaBjieHa Ha HAc). OTOT MaJIbIi 00beM
IOJKeH OBITh TAKWUM, YTOOBI UMCJIO
dN MoJIeKyJ B HeM OBILIO JOCTATOUYHO
OosbiiuM (BO m3berKkaHMe 3aMeTHBIX

5. GaykTyanuii). Eciu, HanpuMep, Mak-
pocucrema cogep:kutT N ~ 1020 moie-
KyJ, To unciao dN ~ 10% ma mHOrO MO-
pAOKOB MeubIlle N, M 9TO maeT HaM
mpaBo paccmarpuBarb dN Kak (Gpusu-

Puc. 2.3 YyecKU 0ECKOHEUYHO MAJIYI0 BeJUUYHuHY,

OTHOCUTEJbHBIE (QhIYKTyallnyu KOTOPOU IpeHeOpe:kuMo Majabl. B ga-

apHeiiem mox dN MbI OyaeM MOHUMATH cpedHee YUCJIO MOJIEKYJ B

COOTBETCTBYIOIIEM HUTEepBaJie TONH WJM WHOM BEJIUYUHBEI.

OTHOCUTEIbHOE YMCJI0 TOUeK (MOJIeKYJ) B 9ToM obobeme dN/N,

WA IPYTUMU CJIOBaMU, BEPOATHOCTHL AP TOro, 4TO CKOPOCTH MOJIe-

KYJBI, T. €. KOHEI[ BEeKTopa V, II0MageT B 3TOT 00'beM, MOKHO 3aIlu-

caTh Tak:

dN(v,,v,,v;)

dP(vx,vy,v2)= N

=f(v)dv,dv,dv,, (2.12)

rae f(v) mMeeT CMBICI 00BEMHOI NJOMHOCMU 8EPOAMHOCMU.
BepoaTHocTs sKe TOTO, UTO MOJIeKyJia (ToOuKa) OyaeT mMeTh IIpo-
eKIIM CKOPOCTH B HHTepBale (U, U, + dv,), ecTsb

_dN@,)

dP(v,) =o(v,)dv,, (2.13)

rae ¢ (v,) — MYHKIUA pacupegeleHud 0 U,. Berparkernue (2.13) —
9TO 1O cymecTBy uHTerpat (2.12) mo v, u v,, T. €. OTHOCHTEILHOE
YKCJIO MOJIEKYJI (TOUEK) B TOHKOM ILJIOCKOM CJIO€ OT U, IO U, + dv,.

BeposaTHocT TOrO, UYTO MOJIEKYJIa UMEET IPOEKIIUU CKOPOCTU B
uHTEpBaNax (Vy, U, + dvy), (v, v, + dv,) u (v,, v, + dv,), aBasatorca
HEe3aBUCUMBIMHU (9TO OBLIO CTPOTO JOKAa3aHO), IIOATOMY B COOTBETCT-
BUU C TEOPEMO 00 YMHOKEHUY BEPOSATHOCTEN HE3aBUCUMBIX COOBI-
THUH MOJKHO 3aIlicaThb

dP(v,, v, v) = dP(v,)dP(v)dP(v,) =
=p()ey)o(v,)dv,dv,dv,. (2.14)
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W3 coobpakeHus: paBHOIPABUS OCEH Uy, U, U U, ACHO, YTO (PyHK-
IUY @ JOJKHBI OJUHAKOBBIM 00pa3oM 3aBHUCETh OT COOTBETCTBYIO-
muX IpoeKIuii ckopocreii. ComocraBus (2.14) ¢ (2.12), Haxonum

f)=0@,) ¢@,)9,). (2.15)

Onyckas maabHelile IpeodpasoBanusa (C YUeTOM YCJIOBUS HOP-
MUPOBKHU), IPUBEIEM OKOHYATEJIbHBIE PE3yJIbTATHI:

m 172 m 2
(p(vx) = (j exp - d ’

aHAJOTUYHBIN BUJ uMeoT GyHKIuu ¢(v,) u ¢(v,). U Torma cormac-
HO (2.15)

m /2 muv?
f(v) (2nij exp onT | (2.17)

I'padpux dysrmum ¢ (v,) A\P(v,)
nsobpaxken Ha puc. 2.4. Ou
COBIIaJJa€T C TayCCOBOU KpHU-
BOM morpertHocTeit. Ilmomans
TOHUPOBAHHON IIOJIOCKHU Ha
puc. 2.4 — 3TO BEPOATHOCTH
TOTO, UTO IPOEKIIUSI CKOPOCTHU 0 v, prrdvx v
MOJIEKYJIBI JIE’KUT B MHTEPBa-
ae, (v, v, + dvy).

dyurnua (2.16) HopMupoBaHa Ha eUHUIY, T. €. IJIOINAAb IO
KpuBo# @(v,)

Puc. 2.4

f@(vx)dvx =1L (2.18)

—00

HNurerpupoBanue B mpejiesiax OT —w 0 o0 He 03HAUAET, UTO B rase
€CTh MOJIEKYJIBI € TAKUMU OOJBIIMMHU CKOPOCTAMM. IJTO CJEIYET
paccMaTpuUBaTh TOJBKO KaK BBIUYMCIUTENbHBIN mpueM. MoJIeKyJ ¢
BecbMa OOJIBIIIMMU CKOPOCTAMHU OYE€Hb MaJio, M OHU MPAKTUUYECKU
He BHOCSAT HMKAKOTO BKJAJa B HOPMUPOBOUHBLIN WHTErpaj. ITO U
TMO3BOJIAET 3aIMCHLIBATH TaKMe IIPEeIesIbl.



52 Taasa 2

Pacnpenenenne MOJEKYyJ IO MOXYJI CKOPOCTH

Haiigmem BEpOATHOCTh MJIM OTHOCUTEJIBHOE YMCJIO MOJIEKYJI, MO-
IyJIb CKOPOCTH KOTOPBIX 3aKJOUeH B uHTepBasie (v, v + dv). Takum
MOJIEKYJIAaM COOTBETCTBYIOT BCE TOUKM, IIOMALAOINe B IIIapOBOM
cJoi ¢ pagmycamu v u v + dv (puc. 2.5). O6beM 5TOro €0 paBeH
IPOU3BEeleHNI0 IIOBePXHOCTH CJOSA Ha ero TOJIuHY, T. e. 4nvidv,
o0beMHas Ke ILJIOTHOCTh BepoATHOCTH f(V) BO BCeX TOUKAX CJIOSA
onuHakoBa. CieoBaTebHO, COTJIACHO TeopeMe CJIOKEeHUS BePOsT-
HOCTeli, BePOATHOCTb IIOHMaJaHUsA B 9TOT CJOM

dP = f(v)- 4nv’ dv. (2.19)
Uy
FA
\\z(v) Fv) ,
\\ : / 4:TC v2
No 0/
\\):(/
\
N
// 1 N
~ i \\\
0 Vsep D) Uy v
Puc. 2.5 Puc. 2.6

Besmumua dP/dv — mbl ee obosuauum F(v) — xapakTepusyer
HCKOMYIO BEPOATHOCTE, T. €. F(v) = 4nv?f(v). YuuTesas (2.17), mo-
JIYyUUM:

3/2
2 mv?
viexp| -

F(v) :475( mv_ |
2kT (2.20)

2nkT

Jra popmyia mpeacTasiaseT coboil 3aKoH pacnpedenenus Markc-
geana no modyaw ckopocmu. Bupy dymrnum F(v) mokasaH Ha
puc. 2.6. 9rta QyHKIIUA TOKe HOPMHUPOBaHA Ha €IUHUILY:

TF(v)dv -1 (2.21)
0
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Ha puc. 2.6 nyHKTUPOM IIpefcTaBieHa «KOHCTPYKIIUA» (COMHO-
Kurtenu) pyuknuu F(v), omuH M3 COMHOMKUTeael KoTopoit f(v). 3a-
MeTUM, UTO B oTjamuue oT F(v) miomansb mon KpuBoii f(v) pusuue-
CKOT'O CMBbICTIA He umeem.

CiieiyeT OTMETHUTH, UTO IOJy4YeHHBbIe MaKCBeJJIOM pacipejee-
HUSA IO CKOPOCTAM He 3aBUCAT HU OT CTPYKTYPHI MOJIEKYJ, HU OT
TOTO, KaK OHU B3aMMOAEHCTBYIOT APYr ¢ aApyrom. IlosTomy oHH
MIPUMEHUMBbI He TOJbKO K rasaM, HO U K APYTUM arperaTHbIM COCTO-
AHUSM BeIllecTBa.

XapaxkrepHbie ckopoctu. K HUM OTHOCATCS TPU CKOPOCTH: HAU-
b6oJsiee BeposATHAS Ugep, CPEAHAA (V) U CPeAHEKBAAPATHUYHAA Ugg.

Haubonee 6epoamHuoil ckopocmu COOTBETCTBYeT MaKCUMyM (hyH-
Kium pacupeneneHus F(v). 9Ta CKOPOCTH ONPeIeIaeTcs U3 YCJIO-
Bus dF/dv = 0, oTKyzma ciemyer

Ve = /2% - |2 %. (2.22)

Cpedusas cKopocmb IO OIPEIeTeHUIO"

H 8 kT 8 RT
- = 2B o 28 2.2
) i[vF(v)dv . . (2.23)

CpedHersadpamuiHas CKOPOCMb Uy = J(©?); ona HaxoxuTes U3
YCJIOBUS "

w?) = [v?F(v)dv LS
0 m

vKB:,/3@=,/3E. (2.24)
m M

9TOT pPe3yJabTAT MOYKHO MHOJYUUTL U 0e3 MHTEerPUPOBAHUA, a KaK
caenctBue dopmyasr (1.31).

OTKyZa CJeLyeT, UTO

* HpI/I BBIUMCJIEHUAX KCIIOJIb30BAINCH TAOJUUYHbIe 3HAYCHUA HHTEerpaJjoB:

o0 o 3 o 3Jn
J.x3e ox dx=72, Ix4e ox dx=ﬁ.
0 20 0 8a /
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B kauecTBe mpuMepa MPUBEEM CPEIHIOI CKOPOCTH MOJEKYJ
azora Ny mpu T = 300 K: <v) = 480 m/c. OTa BesnumnHA UMeET IIOPA-
IIOK CKOPOCTH 3BYKa B as0Te, U,, = +/YRT/m = 350 m/c.

IIpuBenenHble XapaKTepHbIe CKOPOCTHA OTJIHUUYAIOTCA APYTr OT
Ipyra B MPOIOPI[AU

Upep © (O 21U, =1:1,13 1 1,22,

BEP

KauecTBenso sTo moxasaHo Ha puc. 2.6.
3aBucumocth pacnpenenenusa or T. IlogcTaBuB 3HAUEHHUE Uy,
u3 (2.22) B popmyay (2.20), moayumum, 4TO

Fyaxe © ym/T. (2.25)

B coorBercTBUUM C 9TMM pE3YyJbTATOM [AJsS PAa3HBIX TEMIIEPATyp
T, < Ty < T3 kpuBsle pacupezenenus F(v) OynyT uMeTsh BUL, IIOKA-
3aHHBIN Ha puc. 2.7. BugHo, uTO0 ¢ yBesmueHueM T MakcuMyM (QyH-
knunu F(v) cMmelaerca B CTOPOHY OOJBININX CKOPOCTEH, a ero Beju-
yuHa yMeHbItaercsa coryacuo (2.25). Ilpu sTom maoinanb mMox Bce-
MU TpeMsA KPUBBIMU OCTaeTcsa pPaBHON exmHuile. Kpubble Ha
puc. 2.7 MOKHO pacCMaTPUBATh U MHAUYe — KaK COOTBETCTBYIOIIUE
PasHBIM MaccaM MOJIEKYJI ra3a IIpU OJHOU U TOH JKe TeMIleparype,
npuueM m; > Mgy > Ma.

F

Puc. 2.7

®opmyna MakcBeisia B IPUBEJEHHOM BUE

Pemenue psima 3amau ymobHee IPOBOAUTD, €CJAU BhIPpasKaTh CKO-
POCTH U MOJIEKYJI B OTHOCUTEJIbHBIX eIUHUIIAX — €IUHUIIAX HAm0O-
Jiee BEPOATHON CKOPOCTHU Uge,. TOIZIa OTHOCUTENbHAS CKOPOCTH MO-
JIEKYJIBL
(2.26)

U = U/VUgepe
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IIpu mepexone K pacipeeeHUIO 110 APYTOH IIepeMeHHOH (3kech
OT U K u) OyeM MCXOAUTh u3 BepoATHOCTU dP mpeObIBaHUS MOJe-
KyJbl B WHTepBaje ckopocreii (v, v + dv), xKoTopas paBHa dP =
= F(v)dv. 3HaueHME 3TOI BEPOATHOCTU HE M3MEHUTCHA, €CJIU IIPABYIO
YacTh PABEHCTBA Pa3[eJUTh M YMHOMKUTL Ha du. Torma MosKHO 3a-
nucaTh

szF(v)g—vdu:F(u)du.
u

Taxkum obpasoM, MBI IepPexXoAuUM OT WHTepBajsa (v, v + dv) K cooT-
BeTCTByIOIIleMy emy uHTepBany (u, u + du).

CoraacHo (2.26) v = uby, U dv/du = vg,. Ilocie moxCTaHOBKH
aTux (POpMYJ B BbIpaskeHue mjasa dP moayyum

FWw) = (4/7n) u* exp(—u?). (2.27)

B raxom Buze pacipeneseaue Maxcsesta saBiadeTca yHusepcav-
HblM: OHO HE€ 3aBHCHUT HH OT TeMIlepaTyphbl, HM OT poJga rasa.

IIpumep. Haiinem oTHOCHMTEeNBbHOE umcao MoyieKyJa dN/N co CKOpPOCTSAMM,
OTJINYAIOIIMMUCA OT Haubojiee BepOsATHOI He 0oJjiee, YeM Ha

n=1%.

B namnoM ciyyae u = 1, u MBI MOXKeM corJiacHo (2.27) sanucaTtb
v _ F(w)du = A 121y .0,01 = 0,08 _ 1,65-1072,
N \/E e«/E

rae du = 21, IOCKOJBKY Ha 1| % OTKJIOHEHUS MOTYT ObITh KaK B
ONHYy, TAK W B JIPYI'YIO CTOPOHY.

Pacnpemenenue mo 3HEPrusaM MOJIEKYJT

HNwmeercsa B BuAy QPyHKIUA pacIpeieseHnsi MOJEKYJI 110 UX KHHe-
TUYECKUM DHEPIrusM & IIOCTYIIaTeJIbHOro ABMKeHus. I[yisa HaxoxKie-
HUSA 9TOU PyHKIUN — obozHauuM ee O (¢) — MBI, KaK 00BIYHO, OymeM
WCXOAUTh U3 TOTO0, YTO BEPOATHOCTL AP MpeObIBAHUSA MOJIEKYJIBL B MH-
TepBase ckopocreit (v, v + dv) pasua dP = F(v)dv. Pasgenus u ymMHO-
JKHB IIPaBYI0 YacTb 9TOr0 paBeHCTBa Ha de, MOJIydYnM

dP = F(v) C:T”ds = O(g)de. (2.28)
&
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Teneps yurem, uto ¢ = mv2/2 u de/dv =mv o e. IlogcranoBKa
aTux (popmysa B (2.28) IPUBOAUT K CIEAYIOIEMY BBIPAKEHUIO IS
MCKOMOI (DYHKITUU:

D(e) oo ge ¥ /¢,

nJjin
D(c) = AVe e /T, (2.29)

rome A — HOPMUPOBOUYHBIN MHOXKUTENb, A =(2/ \/E)(kT) /2 I'pa-
¢ur sToli (PYyHKIIMM IIOKasaH Ha puc. 2.8. Hawmbosee BeposaTHas
sHeprus Haxomurtcsa ud yciaoBus dd/de = 0:

E5ep = RT/2. (2.30)

o) Craenyer oOpaTuTh BHUMAaHNE Ha
TO, UTO &z # & (Vgep). OTO CBABAHO C
TeM, uTo QyHKIuA O (¢) mosydueHa us
F(v) nyTeM yMHOKeHUA TOCTIETHEN He
Ha KOHCTaHTy, a Ha dv/de, KoTopoe
3aBUCUT OT €. VIMEHHO 3TO IPUBOJUT
0 . - K «IepekamuBaHuio» QyHrnuu P (g)
Bep OTHOCUTEJbHO F(V) 1 cMeIleHnio MaK-
Puc. 2.8 CUMYMOB JAHHBIX (DYHKIIHA.

IIpumep. Haiinem c¢ momomipio (2.29) cpemHee 3HaueHNE KHUHETUUYECKOMH
SHEPTUHU IMOCTYIATEJbHOTO IBUKEHUS MOJIEKYJ ra3a IpPU TeMIle-
parype T.

CorsiacHO OIpeesieHUI0 CPeqHero

& = .[ ed(e) de = Aja3/ze’5/des .
0 0

Bocnosb3oBaBIInCh TaOJMUHBIM 3HAYEHUEM HHTerpaJga

.|.x3/2e’°‘xdx =375\/§2
0 4a

U BBIpa’KeHueM s Koad@uiimeHta A, TOIyUYUM
2 1 3Vn 5

& = —— . =3k,
Jr (RTHY3/2 41 /kT)®/2 2

4YTO U CJIeJOBaJIo OKHUIOATH.
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I[OIIOJIHI/ITeJILHI)Ie 3aMeuaHusd

1. IIpu cTaTuCTUYECKOM HOAXOAEe HEe MMEEeT CMBICJIa BOIPOC: Ka-
KOBa BEPOATHOCTD (MJIM CKOJBKO MOJIEKYJI) UMEIOT BIIOJHE OIIpPese-
JIEHHYIO CKOPOCTh. Peub MOIKET HATU TOJBKO O UUCJIE MOJIEKYJ
6 3adanHoOM uHmepsase ckopocreii. IlosToMy Ha BOIpPOC: KaKUX
MOJIEKYJI 00JIbIlle — C HamboJjee BEPOSATHON CKOPOCTHIO MU CPEJ-
Hell — MOXKHO CMeJI0O OTBeuaTh: o0urakoso (B cmbicae 0 = 0).

9TO OTHOCUTCH, padymMeeTcs, U K SHEPTUAM E.

2. IIpu mozpcuyeTe BEPOATHOCTH UM UYKCJIA MOJEKYJ B 3aJaHHOM
WHTepBaje CKOPOCTed (Mau SHEPTUii) He BCerjga cjaeayeT nmpuderarb
K uWHTerpupoBaHU0. Ecam HMHTEpBaJ CKOPOCTEH OueHb MaJ (10
CPaBHEHUIO C CAMOIl CKOPOCTHIO), TO PEIlleHHe CBOILUTCS IIPOCTO K
YMHOKEHUIO:

AP ~ F(v)-Av. (2.31)

3. Cienyer mmMeThb B BUAY, UTO Bce (WYHKIIUU PacCIpefeeHUs —
BeJINYMHBI padMepHble. Hanmpumep, pasmepHocTs ¢ (v,) u F(v) pas-
Ha c¢/M coryacHo (2.18) u (2.21), a pasmepHOCTS f(V) — c3/M3 co-
riacHo (2.15).

§ 2.3. OnpITHAA MpoOBEpPKa
pacunpenenenusa Makcsesia

Onwumiem gBa HaumboJiee TOYHBIX SKCIEPHUMEHTA, OCYIIEeCTBJICH-
HBIX C IIeJIBI0 IPOBEPKY pacupeneneHua MakcBesia II0 CKOPOCTAM.

B ombrTe JlammepTa (1929) B o6meme V (puc. 2.9, a) Haxogurca
ra3 B PaBHOBECHOM COCTOAHHNMU. BBIXO,ZIHH_II/Iﬁ 13 OTBEPCTUA B CTECH-
Ke o6beMa V MOJEKYJAPHBIH Iy4YOK ONPOXOAUT Kosuumarop K us
IIOCJIeZOBATEIbHBIX OTBEPCTHUI, KOTOPHII 00pasyeT MOUTH IapaJiie-
JIBHBIN Iy4YoK. [lasee mydok momagaet Ha ycTpoiicTBo C, COPTUPYIO-

|4 K D

1 |
L

Puc. 2.9
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1Iee MOJIEKYJIBI II0 CKOPOCTAM, W AeTeKTop D AJA perucTpanuu Mo-
JIEKYJ II0CJe€ COPTUPOBKHU.

YerpoiictBo C mpexacraBiasieT coboil ABa BpallaloOIUXCcs AUCKa
(Ha OgHOU OCHU) CO IEeJAMU BAOJb PagmycoB. Ecam 1iesu moBepHY-
TBHI Ha YT'OJ (0 OTHOCUTEJNLHO IPYT APYyra, TO IPU YIJIOBOM CKOPOCTH
® [AVICKU TIOBEPHYTCS Ha YroJ (p B TeUeHUe IIPOMEXYTKa BpeMeHU
At = ¢/o. ITosTomy uepes obe Iienu, PACCTOAHUE MEXKAY KOTOPBIMU
l, IPOHAYT MOJEKYJBI CO CKOPOCTBIO U = [/At=I1n/@.

MeHsig YTJIOBYIO CKOPOCTH (0 WJIM YTOJ (O MEKAY PaAMaIbHBIMU
IIIeJISIMU, MOYKHO BBIJIEJIUTh U3 IIYYKA MOJIEKYJIBI PA3HBIX CKOPOCTEIl.
ViaBauBas OeTEKTOPOM STH MOJIEKYJbI B TeUEHNE OJUHAKOBOIO Bpe-
MeHU, MOKHO HAWTM MX OTHOCUTEJIHLHOE KOJUUYECTBO B ITyUKeE.

B npyrom ombrTe seBad uwacts ycranoBku (V, K Ha puc. 2.9, a),
dopMuUpyoIaa MapajjelbHbIN MYYOK MOJEKYJ, OCTAeTCA TOH JKe.
Ho cemextop C u gerekTop D coBMeIeHbl BO BPAIlaiOMeMCsa IUINH-
Ipe co 1mieabio S (cm. puc. 2.9, 6). Korga miens S momazaer B magato-
it myuok C, uepe3 Hee B IIUIUHAP BXOAUT HMOPIUA MOJeKya. Mo-
JIEKYJIBI C Pa3HBIMH CKOPOCTAMHU MJOCTUTAIOT ITPOTUBOIIOJIOMKHOMN
CTEeHKU IWJIWHAPA C Pa3JUYHBIM 3alla3fblBAHUEM II0 OTHOIIIEHUIO
K MOMEHTY IIPOXOKAEHUS IIeau S MyY4KoM P U mosTomMy momamaroT
Ha pasJuYHbIe y4acTKU [ IIPOTHUBOIIOJOKHOM CTEHKU ITMJIHHAPA.
WNsmepuB cremeHb MMOUYEPHEHUS PAa3JUYHBIX YYACTKOB D, MOIKHO
OIIPeNeINTh pacIpeie/leHre MOJIEKYJ B IIyYKe II0 CKOPOCTSIM.

Pasymeercs, Bce 5T OMBITHI TPOBOAUINCH B YCIOBUSAX BBICOKO-
ro BaKyyMa 1, KPpOMe TOT0, C YUETOM Pa3JUUUs PacIpemesieHus MO-
JIEKYJ TI0 CKOPOCTAM U B Iy4YKe U B obmeme V.

Pe3yabTaThl 9TUX U APYTUX OIBITOB OKA3aJMCh B IIOJHOM COTJIA-
CHUU C 3aKOHOM pacIIipelejieH1s, YCTAHOBJIEeHHBIM MaKcBesIoM.

§ 2.4. Pacnpenenenune Boasnmana

B oTcyTcTBUME BHEITHUX CUJ CPEAHAS KOHIIEHTPAIIUA N MOJIEKYJI
rasa B COCTAHUU TEPMOIMHAMUUYECKOTO PABHOBECHUS BCIOAY OJUHA-
KoBa. Ecau JKe ras HaXOAUTCS BO BHEIIIHEM CHJIOBOM II0JIe, CUTya-
U CTAHOBUTCS WHOIA.

Paccmorpum, Hampumep, MOBeJeHNe MOJIEKYJI rasa, HaXOsIlle-
rocs IoJ JeHCTBHEM CHJBI TayKecTu. Ecam Obl He OBLIO TEIJIOBOIO
IBUKEHUsI, TO BCE MOJEKYJbI «yIIaJi» Obl HA MOBEPXHOCTL 3E€MJIU.
Hannune ke TemIoBOro ABMKEHMS MeIlIaeT 3TOMy. B pesyibrare
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COBMECTHOTO JAENCTBUA STUX ABYX (PaKTOPOB yCTaHABIMBAETCA He-
KOTOpOe paBHOBecHe, W KOHIIEHTPAIIUA MOJIEKYJ CTAHOBUTCS 3aBU-
cAmell oT BBICOTBHI. Kaxk? OTO M TPEACTOUT HAM BBIACHUTD.

ITycTs ras HaXOAMTCA BO BHEITHEM II0JI€ IMOTeHIUAJBHBIX (KOH-
CepBaTUBHBIX) CUJ, NeHCTBYIOMUX AJIA IIPOCTOTHI B OAHOM HAIIPaB-
JIEHUU U 3aBUCSAIINX TOJBKO OT KOOPAUHATHI 2. IIpu TemioBoM pas-
HOBecuu TeMieparypa T MOJI’KHA OBITH OAWHAKOBA IO BCEIl TOJIIIN-
He rasa, nHaue Obl BO3HUKJU IMOTOKMU TeIlJa, U COCTOSHIUE rasa He
ObLIO ObI PABHOBECHBIM.

Hnsa ompenmesneHHOCTH OyaeM CUM- 7 A
TaTh, YTO CUJIBl BHEIIHErO IOJA Ha-
mpaBJeHBl BHU3, a OCb Z — BBEPX
’ z+dz p+dp

(puc. 2.10). Brigesum MbIcIeHHO Oec-
KOHEUYHO Y3KWH CJIOA rasa TOJIIUHOU
dz c¢ maomagbo0 OCHOBAHHUS CTO0JI0A,
paBHoit emuuHUIe (S = 1). 3anuiiaem
yCJIOBME PaBHOBECHUS STOTO CJIOs, WC- F
MOJb3ysl TUAPOCTATUYECKUU IIOAXO]I.
Ha cuoit dz meiicTByeT HampaBJieHHAS
BBEpPX cmJja, 00yCJIOBJIeHHas pasHOCTbIo maBieHuir dp (dp < 0), u
cuiia, IefiCTBYIOIasi BHU3 CO CTOPOHBI BHEIIIHEro moJisd. IIpu paBHO-
BECHUU [TOJI?KHO COOJIIOMATHCSA PaBEHCTBO

Puc. 2.10

dp=ndz-F,, (2.32)

rre F, — npoeknusa BHeIIHeU CUJIBI, AelCTBYIOMIell Ha KaKIYI0 MO-
JIEKYJy. 3aMeTHUM, UTO JieBas U IpaBas YacTU 9TOr0 PABEHCTBA SB-
JIAIOTCA OTPUIATEIbHBIMIU.

W3 mexanuku msBecTHO, uTo F, = — 0U/0z, rne U — moreHIMAa-
JbHaSA 9HEePTUsa MOJEKYJIbl BO BHeITHeM moJie. [ToaTomy (2.32) MOK-
HO Iepernucarh Tak:

dp = —ndU. (2.33)

Cuuras ra3 uAeaJbHBIM, T. €. MOTUUHSIONIUMCS Gopmysae p = nkT,
mpencTaBuM JeByio dacTh (2.33) B Buge dp =dn -kT. Torzma sra dop-
myna npumer Bupn dn-kT =-ndU, uinm

dn _ dU

=——. 2.34
n kT ( )
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ITponHTerpupoBaB mocJefHee ypaBHEHUE, IIOJIYyUUM
n U-U,

In— = . 2.35
ng kT ( )

Bynem cuumrars, utro Uy = 0, rme n = ng, Torga

n = nge U, (2.36)

ITOT 3aKOH M BBIpa)KaeT pacnpedenerHue Boavumawna.
C momoinbio (2.36) MOMKHO HANTU YKUCJIO MOJIEKYJ B HHTEPECYIO-
IIeM Hac djJeMeHTapHoOM ob0beme dV:

dN = nadv. (2.37)

IIpu sTom ciemyer mmMeThb B BUAY. 4TO 00beM dV MOMKeT MMETh,
BOOOIITe TOBOPs, He J00yio dopmy. O0a3aTeTbHLIM ABJIAETCA BBI-
IIOJIHEHNE YCJIOBHUSA: BO BCeX TOUKax o0bema dV KOHIEHTpamus n
JOJIJKHA OBITH ONMHAKOBOM.

ITepen Tem, KaK 0OOCYAUTH HOJNyUeHHBIN 3aKoH (2.36) u BbIscC-
HUTH €r0 BOBMOYKHOCTHU, HAIIOMHUM, YTO IPUBEAEHHBIA BBIBOJ (DOP-
MyJabl (2.36) gBasgeTcd YKMCTO TUAPOCTATHUYECKHM: B HEM MBI IIO
CYTH pacCMaTpUBAJIM a3 KaK CILIOIIHYIO CPely, OTBJIEKAACH OT €TI0
MOJIEKYJIAPHOU CTPYKTYPBI. ITO AOMIYCTUMO JHUIIH IJIA JOCTATOUHO
IIJIOTHBIX Ta30B IPU HAJWUYUU OOJIBIIIOTO YMCJa CTOJKHOBeHUi. He-
00X0aUMO, UTOOBI CPeIHIII CBOOOAHBINA IIPOOer MOJEKYJ MeXIy IIO-
CJIeIOBATEJIbHBIMU CTOJKHOBEHUAMY OBLI MaJl 10 CPABHEHUIO C TOJI-
muHoM dz ciosi. ToIbKO B 9TOM ClIyuae MMEeT CMBICJI TOBOPUTH O
IaBJIeHUN, KOTOPOe IefCTBYeT Ha CJIOM dz CO CTOPOHBI COCETHUX
cyoeB. U TeM He MeHee IPUBEAEHHBIN BBIBOJ IPUBEJ K BEDHOMY pe-
3yabTaTy .

IIpumep. Y3Ky0 TPyOKY AJUHBI [, OMIUH TOPEI KOTOPOIl 3amasH, BpalaioT
C IOCTOAHHOI YIJIOBOM CKOPOCTBHIO (0 B TOPUBOHTAIBHOM IIJIOCKO-
CTU BOKPYT BepTuKaJbHOU ocu OO, MPOXOAsAIeil yepe3 OTKPBI-
TBIN KOHel TPyOKu (puc. 2.11). OTO MPOUCXOJUT B rade, COCTOA-
meM U3 MOJIEKYJ Macchl m, npu Temiepatrype 1. Konmenrpaius

* CyIIecTBYeT U MOJIEKYJIAPHO-KMHETUUYECKU BBIBOJ 3aKOHA paclupezeneHus Bob-
mMaHa, CBOOOAHBIN OT HEJIOCTATKOB, IPUCYIUX IIPUBEIEHHOMY BBIBOAY, HO MBI He
OyzeM ero MpUBOLUTH, MOCKOJBKY OH 3HAUUTEJIHLHO CJIOKHEE.
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MOJEKyJT y OTKpeiToro Komma O
TpyOKU paBHa ny. Halizem KoH- 1
EeHTPAlUI0 MOJEKyJ y 3alasH-
HOTO TODIA.

T'az B TpyOKe HaxXOAUTCSA B IIOJIe
IeHTPOOEIKHBIX CHJI HHepmuu <> O
F = mo?r (umeerca B Bunsy cucre- O

Ma OTCueTa, CBA3aHHAS C Bpalla-

. . Puc. 2.11
omeicsa Tpyo6koit). B atom ciy-
yae
L
Uy -U = jmw2r dr = me?1%/2,
0
roe UO unU — IIOTeHIIMAaJbHbIE 9HEPI'unu, COOTBETCTBYIOIIIHE OT-

KPBITOMY 1 3aKPBITOMY TOpPIIaM pr6KI/I. B pesyJjbTaTe IIoJIydnM

U, -U me?l?
n =ngexp kT = nyexp 2}{77' .

Ilonesno camocTOATENBHO NOAYMATb, YTO M3MEHUTCS, €CJIU:
a) oCh BpAIlleHUs IIPOXOIUT UYepe3 3aKPBITHIN KOHEI TPYOKU;
6) TpyOKa OTKpbHITA ¢ 060MX KOHIIOB.

Bepuemcsa x ¢opmyie (2.36). Paccmorpum moapoOHee cirydait
M30TEePMHUUYECKON aTMocdephbl B OJHOPOJHOM II0JIe CUJI TAMKecTu. B
arom cayuae U = mgz, rie m —macca MOJIEKYJIbl, U pacipeeieHue

BoabliMaHa mpuHHMaeT BUI:

Ha puc. 2.12 mokasaHBbI ABa rpa-
¢ukra sroro pacupeneaenHus, I u 2.
I'pajpur 2 coorBercTByeT 60jiee BBI-
COKOIf TemmepaType (IO CpaBHEHUIO
¢ rpajpurkom 1). IIpousBemenue
n(z)dz paBHO YHMCJIy MOJIEKYJ B CJI0€
TOJIIIIUHOM dz Ha BBICOTE Z B BEPTH-
KaJbHOM CTOJIOE, ILJIOIaAb CeUEeHUS
KoToporo paBHa emuHuiie (S = 1).
Ilnomane moxy kpuBbiMu I u 2 Ha
puc. 2.12 paBHAa IIOJHOMY YHCJIy MO-

(2.38)

T,>T,

Puc. 2.12
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JIEKYJl B TaKOM OECKOHEYHO BBICOKOM cToJsibe. OTcioza ciaeayeT, UTO
TIJIOIAAY TOA KpUBBIMU I W 2 OOAMHAKOBBI B JaHHOM CcJydYae.

Ecnu ras mpeacrasiseTr coboii cMech pasHBIX Ta30B, TO B COCTOS-
HUU TePMOAUHAMUYECKOT0 PaBHOBECUA KOHIIEHTPAIUA 71 STUX I'a30B
JIOJI’KHA YOBIBATH C BBICOTOM SKCIIOHEHIIMAJIBHO C PA3JHUUHOM «CKO-
POCTBIO» — B 3aBUCHMOCTH OT Macc MOJIeKyJ. BoJiee KpyTas 9KcIo-
HenTa I Ha puc. 2.12 cooTBeTCTBYeET 00Jiee TAKEJTbIM MOJIEKYJIaM.

st seMHOM aTMochepsbl PE3KOro U3MEHEHHUA COCTaBa rasa ¢ BbI-
coToit He HaOaomaerca. MI3BeCTHO TaKsKe, YTO C BBICOTOM TeMIlepa-
Typa IMOHUIKAETCS, a 9TO IPOTUBOPEUYUT TPEOOBAHUIO ONNHAKOBOCTH
TeMIepaTypbl B PaBHOBECHOM cTO0JiOe rasa (Bo ma0erkaHUe KOHBEK-
IIMOHHBIX TEILJIOBBIX ITOTOKOB). Bce 9TO yKashiBaeT Ha TO, UTO 3eM-
Has aTMocdepa He HaXOAUTCA B COCTOSHUU CTATHUCTUUYECKOTO PaB-
HOBECHA.

Omnpenenenue IleppeHom mocrosHHOI ABorampo

C sroii nesbio IleppeH mcmosib30BaJl 3aKOH pacupeaesneHus bBo-
apimaHa (2.38). OmnpeneauB IIOCTOAHHYIO k, MOKHO OBLIO BBIUHC-
JIUTH U MOCTOAHHYI0 ABorangpo N4 = R/k. Ho uamepurs Mmaccy Mo-
JIeKYJIbLI He MeHee TPYAHO, YeM IIOCTOSIHHYI0 k. ATy TpyAHOCThL Ilep-
PeH TpeomoJiesi, MIOHAB, YTO POJIb MOJIEKYJ B (2.38) MoryTt urpatrb
IOCTATOYHO MaJible, HO MAaKPOCKOIMWYECKWEe YaCTHUIBI, pasMep u
Maccy KOTOPBIX MOYKHO OBLIIO M3MEPUTH. UTOOBI pacupesesieHIe Ta-
KUX YacTHUIl OBIJIO He OUeHb «KPYTHIM» IO BbICcOTe, IleppeH momec-
TUJ UX B dKUIAKOCTD, IIJIOTHOCTh KOTOPOII HEMHOTO MEHBIITe IIJIOTHO-
CcTHU BelllecTBa uacTuil. Torza moJie TAKecTH OyIeT CUIbHO ocyiadJe-
HO apXWMeJOBOU IIOABEMHOI CHJIOM, WM paclpelejieHre YaCTHIL II0
BBICOTE B 3MYJBCUU OKAaKeTCA IPUEeMJIEMBIM IJIA IPOBEJEHUS W3-
MepeHUN.

OngHa M3 TPYAHOCTEIl COCTOsAJIa B IIOJYUEHUH TaKWUX YacCTHII,
npuyeM o0uHAK08020 padmepa U POPMbI. s 9TOro OBLIN MCIIOJIb-
30BaHBI YaCTUIBI TYMMUTyTa (0cobas cMoJia), OHU mMeau chepuye-
ckyo ¢opmy. [ia orbopa dacTull oquHAKOBOTO pasmepa Ileppen
HUCIOJIb30BaJl MHOTOKpaTHOe IeHTpudyrupoBanme. B pesyabrare
OBLIM TTOJYUYEHBI ONMHAKOBBIE YaCTUIIBI TYMMUTYTa AUAaMEeTPOM Me-
"Hee 0,5 MEKM.

C smyJsbcuell M3 TaKWX YACTUI[ M ObLIa BHIIOJHEHA IleppeHoM
(1908-1909) cepua TOHUANIINX 9KCIEPUMEHTOB 10 U3MEPEHUIO 3a-
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BHCHUMOCTY KOHIIEHTPAI[UM YACTHI] T'YMMHUI'yTa
OT BBICOTBI. M3MepeHUsA TPOBOAUJINCH C IIOMO-
b0 MuUKpockoma (puc. 2.13). HemocpemcTsen-
HO IIOJCUUTBLIBAJIOCH UMCJIO UACTHUI B BUIUMOM
o0bemMe, OTPAaHUYEHHOM II0 JuaMeTpy I1oJeM 3pe-
HUSA MUKPOCKOIIA, a II0 BHICOTE — TJIYyOMHOI pes-
KocTu o0bexTuBa (~1 MKM). Bea TosmmuHaa smy-
abcun ObL1a ~100 MEM.

ITone 3peHUS IPUILIOCH YMEHBIIUTH HACTO- Puc. 2.13

JbKO, UTOOBI OJHOBPEMEHHO OBLIO BUAHO He 00-
Jilee HECKOJbKHUX YACTHI[. BoJbIllee UYMCJIO YaCTHUIl IIPOCTO HEBO3-
MOJKHO OBLJIO TIEPEeCcUUTaTh, TOCKOJbKY OHU HEIPEPHIBHO XAOTUUHO
IBUKYTCsA. 1A moTyueHusa HeoOxXomamMon TouHoctu [leppeny mpu-
IIIJIOCh 3aTJIAHYTh B MUKPOCKOII uepe3 OmpelesieHHbIe NHTePBaJIbI
BpeMeHU HecKoJbKo ThicAY (!) pas. Bcero rakum o6pasom OBIIO CO-
cuutano 13000 uacTul (Ha YeThIpEeX YPOBHAX).

TpyAHOCTH 3TUM He HCUYepPIbIBAINCH. A KaK, HalIpuMmep, u3Me-
puth auamerp udactuil? MUKPOCKOII 3[eCh IIOMOUYb HE MOI: pasMep
YacTull ObLI MeHbIIe AJUHBI BOJHBI CBETA, II09TOMY BUIETH YaCTHUIILI
OBLIIO MOYKHO, HO M3MEPUTHh UX AuaMeTp Heabasd. U Bce ke Ileppeny
yIaJI0Cch U3MEPUTh UX AUaMETpP, U He oqHuM a tpems (1) crrocobamu.

Ynanoch IpeomoseTs U Apyrue TPyaHOCTU (He OyIeM mX mepeduc-
aatb) PacckasaHHOTO BIIOJIHE JOCTATOYHO, YTOOBI IO JOCTOUHCTBY
OIIEHUTHh YHUKAJIBLHOCTH U BUPTYO3HOCTD 9KCcIlepuMeHTOB Ileppena.

ITonyuenHble UM 3HAUEHUsS IIOCTOSHHON ABOrajgpo JeKaau B
npegenax (6,5 ~ 7,2)-1023 moun~!, uro HaxoAUTCA B XOPOIIEM CO-
TJIaCUM CO 3HAUEHHSAMM, HOJYUYEHHBIMH BIIOCJEACTBUU JPYTHUMU,
b6osee TouHbIMU MeTomamu. Pa6oTel IleppeHa mokKasanu IpUMEHU-
MOCTh pacmpeneeHus BosbliMaHa He TOJIbKO K MOJIEKYJIaM, HO U K
MaKpOUYaCTUIIAM, a4 TAKIKe IOATBEePAUIN dKCIIEPUMEHTAIbHO U CaM
3aKOH pacmpeneineHus BosbiMana.

CoOTBeTCTBYIONINII pacueT IIOCTOAHHOW k£ HaH B 3amaue 2.8.

| I

Bapomerpuueckasa dopmya

YMmuOKUB 00e yacTu pacupenenenusd (2.38) ma kT, moaydum co-
riacuo (2.33), uTo maBieHUTe

p = poe EHT (2.39)
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rane M— mosigpHas Macca, R — yHuBepcasibHas ra3oBas IIOCTOAHHAA.
Jro TaKk HasbIBaeMas Oapomempuyeckas opmyaa. OHa CcTPOro cupa-

BeAJINBA [JIA WUIEaJIbHOTO Tasa,

TeMIlepaTypa KOTOPOTO He 3aBU-

CHUT OT BBICOTHI (M30TepMUUecKas

armocdepa). Ha puc. 2.14 moxa-

3aHbl ABa rpadura (2.39) mpu

pasHBIX Temmeparypax: To > T;.

Crenyer oOpaTuUTh BHUMAaHNE Ha

TO, YTO B OTJIMUMWE OT pacIpee-

sgenuit n(z) (cMm. puc. 2.12), Kpu-
0 Z> BBIE p(2) Ha puc. 2.14 HaUWHAIOT-
cd B OTHOM TOUYKe, HE3ABUCUMO OT
TeMIIepaTypbl. OTO HE CJIy4ailHO
1 WMeeT IpocToe oObscHeHuUe (cM. masiee).

PaccMoTpuM TOIYyTHO HECKOJBKO 3aCaY:KUBAIOINIUX BHUMAHUA
BOIIPOCOB.

1. O moBemeHUU IEHTpPa Macc rasa B IoJe Tsaxectu. I[lpu uH-
TepupeTanuyu CUTyanuu, n3o0paskeHHoi Ha puc. 2.14, MbI IPUXO-
IUM K BBIBOJY, UYTO B Pe3yJbTaTe HMOBBIIIEHUA TeMIepaTypsl oT 1
no T, meHTp Macc rasa mepeMeliaetTcsa BBepx. BodHuKaeT BoOmpoc:
moJ, melicTBUEM KaKou gHewHell cuabl? Ha mepBBI B3TJIAL Bpone
HUYEro He M3MEHUJIOCh — HU CHUJIa TAMKECTU, HU CUJIA PEaKIUU! CO
CTOPOHBI MTOBEPXHOCTU 3eMJyu (Beqb IaBJIEHUE Py OCTAJIOCH IIPEIK-
HuM). Ha camoM ke meJsie B npoyecce HaTpeBaHUA ras3a paBHOBeCHUE
HapyIIaeTcs, BTOpas CUja OKa3bIBaeT-
cda Oosblineir mo moayJo. OHa Hampas-
JeHa BBEPX, OHA-TO U BHIBBIBAET IIepe-
MeIlleHWe IIeHTpa Macc.

Tounee, mporlecc ITPOUCXOIUT, Ha-
mpuMep, TaK, KaK IIOKa3aHO Ha pHC.
2.15, tme T(t) — »rO rpadmk M3MeHe-
HUA TeMIEePaTypbl CO BDEMeHeM {, a TOJ
HUM pg(t) — COOTBETCTBYIOIINI rpaduK
uU3MeHeHUs JaBJeHUs p,. BpéMmeHHOe
yBenmueHue naBjieHus (I) BBIBBIBAET
yckopeHme 1eHTpa macc C rasa. 3arem,
mocjie paBHOMEpPHOro moabema Touku C

PA

Puc. 2.14

Puc. 2.15
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cienyeT BpEéMeHHOe yMeHbIeHme nasieHus (2). Ilocimenuee mpuBo-
IUT K OCTAaHOBKEe IIEHTpa Macc, X TeMIlepaTypa ra3a CTaOuIn3yer-
cA — IIPU TOM JKe 3HAUeHWUU Dy, YTO M B Hayaje Ipolecca.

2. O tormuue 3emHON aTMocdepsl. IIpencraBum (2.39) B Bume
p=poe ", rme h = RT/Mg — »To BBICOTA, HA KOTOPOW [AaBJICHUE
yOBIBaeT B € pa3. 3HaueHUe I U UrpaeT POoJIb XapaKTePHOM TOJIIMHBI
atmoctepsl. IIpu M = 20 r/moab u T = 280 K Benuumua h ~ 8 KM.
ITo cpaBHeHUIO ¢ pagmycoM 3eMJaHn aTMochepa — TOHKadA ILJIEHOUKA
(4TO U IO3BOJISET IIPHU IIOJYUEHUU 0apOMETPUUECKON (POPMYJIbI CUM-
TaTh YCKOPEHUE g He 3aBUCSHIIUM OT BBICOTBI).

3. O macce atmocgepst 3emau. CHauasa BRIYMCIUM YHUCJIO MO-
JeKya ¢ momoilnbio (2.38). BosbMeM Ha MOBEPXHOCTU 3eMJIU ILJIO-
IagKy ¢ miaomanbo S = 1 u paccMoTpuM cToJI6 BO3Ayxa Ham 9TOH
mwromankoii. B cioe TonmuHOE dz Ha BBICOTE 2 HAXOQUTCA YUCJIO
MOJIEKYJI

dN = ne "4z,

WMuTerpupysa sto BeIparkenue no 2 or 0 10 ©, HAXOAMM IIOJHOE
YHCJIO MOJIEKYJ B CTOJIOE:

N = nkT/mg.

3arem yMHOKUM N Ha Maccy m OTHOI MOJEKYJbl U Ha ILJIOIIALb
nosepxHocTu 3emau 4nR2. B pesyabTare Haiizem, uro macca M aT-
MocQepsl

KT

M =Nm -4nR? =% 47R2 —Po 41p% _53.108 k.

g g

ITOT BOIIPOC MOJKHO PEIINTh U IPOIle, paccyKaasa Tak. II0CKOJIb-
Ky aTMocdepa 3eMau B I[eJIOM HAXOJUTCA B PABHOBECUU, TO MOKHO
CUMTATD, UTO CUJIA TSYKECTH, JeMCTBYIOIAA Ha ra3 B KaXKJI0OM BePTHU-
KaJIbHOM CTOJI0e eIWHUYHOI'O CEUEHUs, YPABHOBEIIIUBAETCA CUJION
peaKIuu CO CTOPOHBI IIOBEPXHOCTH SeMJIu, T. €. [JaBJeHUeM
Po = 10°TIa (1 atm). YMHOMHE p, Ha TOBEPXHOCTH 3€MJIH, MTOJYyIUM
Mg, rne M — uckomasa macca. Orcioga M = 5,3 - 1018 xr.

4. Pacceanue armocgepsi. CTporo roropsi, armochepa 3eMaiu He
ABJsieTCA PaBHOBeCHOIT. ATMmocdepa HEIpPephIBHO paccernBaeTcs,
XOTs AJiA 3eMJIM dTOT IPOIecC UIET 0ueHb MedseHHo. PaccenBanue
00yCJIOBJIEHO Te€M, YTO B IPOIECCAX COYIAapPeHUs MOJEKYJ B BepX-
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HUX CJ0AX aTMochepbl Hem30e:KHO BOSHUKAIOT MOJIEKYJIBI, CKOPO-
CTH KOTOPBIX OKAa3bIBAIOTCS OOJbIIE BTOPOM KocMuueckoii. U Ta-
KMM MOJIEKYJIaM WMHOTAA «yOaeTcsa» 06e3 CTOJKHOBEHUHN IMOKUHYTH
aTMocdepy 3eMau. 3a Bce BpeMs CYIIECTBOBAHUA 3eMJIA IOTEPAIa
OUeHb MAJYIO0 YacTh CBOeli aTMoc(epshl.

5. «Ilapamokc»: moueMy B IIOJIe TSAMKECTHU IIPU ABUKEHUU MOJIe-
KYJ BBePX UX KMHeTUYeCKas dHEPrus YMeHbIITaeTcs, a TeMIlepaTy-
pa ocraerTcs Ipe)KHeil, T. e. CPedHAs KHUHETHUYecKas SHeprus He
MEHSeTCs, a IPU IBUKEHUN BHU3 KUHETHUYEeCKAasl DHEPIrusa BCeX MO-
JIEKYJI YBEeJIUYWBAETCS, a4 CPEJHSS UX DHEPrus OCTAeTCs TOH Ke?
ITOT «IMapaJoKC» ObLI pasbAcHeH y:ke camMmuMm Makcsemtom. CyTs B
TOM, YTO IIPU ABUXKEHUN BBEPX MOJIEKYJIBI MEHCTBUTEJIbHO 3aMe[-
JISIOTCSA, HO IPU 9TOM HamboJee MeJIeHHbIe MOJIEKYJIbI BbIOBIBAIOT
13 TTOTOKA uacTuil. Ilpu IBUKEHUU Ke BHU3, Ha000POT, MOJIEKYJIEI
He TOJBKO YCKOPSIOTCSA, HO OJHOBPEMEHHO WX IMOTOK IOIOJHSETCS
6ojiee MeAJIeHHBIMU MOJIEKyJaMu. B pesysbTare cpeqHsas CKOPOCTH
TEIJIOBOTO ABUKEHUS MOJIEKYJI OcTaeTcsa HeusMeHHoI. Cuia Tsixe-
CTU MeHfAeT JINIIb KOHIIEHTPAIIMI0 MOJIEKYJ Ha PasHBIX BBICOTAX,
HO He TeMIlepaTypy rasa. 1 3akoH pacupenesienus BoabliMaHa KakK
pas u BBIBOJUTCA U3 YCJIOBUSA, YTOOBI TeMIIepaTypa rasa ocTaBajiach
BCIOAY OOHOM U TOU Ke.

Pacupenenenue BoasiMaHa mpu OIUCKPETHHIX YPOBHIAX

ITonyuernnoe Boabimamom pacmpefnesnenne (2.36) oTHocuTcs K
caydyasM, KOTJa MOJIEKYJIbl HaXOJSATCS BO GHEUWHeM TIOoJe W UX IIO-
TeHIUAJIbHAA dHeprud U MOKeT U3MEHSATbCA HelpepbiBHO. I3
(2.36) BunmHO, uTO ¢ pocToM U KOHIIEHTPAIIUS YACTUIl YMEHBIIIaeTCs.

Boabman o06001mua 3akoH (2.36) Ha cayuail pacipeneleHus,
3aBUCAIIETO OT 6HYMpeHHell snepeuu E; moneryasl (aTroma). V3Be-
CTHO, YTO Beau4yuHa E; B 9TOM ciiyuyae MOKET IPUHUMATE JIUIIb JAU-
CKDETHBIN DA NO3BOJIEHHBIX 3HAUEHUI, M COOTBETCTBYIOIEE pac-
npenesneHue BoJsbliMaHa

N oo exp(—E,/kT) (2.40)

3allMChIBAIOT TakK:

(2.41)
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rme 1 m 2 — J[Ba TPOMBBOJILHBIX (MHTEPECYIOIMNX Hac) ypPOBHSI,
Ny/N; — OTHOIIIeHUWe UYmMCcJIa YACTHUIl Ha 9TUX YPOBHAX, KOTOPHIM
OTBeUalOT BHYTpeHHUE sHepruu Ey u E{, £ — KPaTHOCTH BBIPOIKeE-
HUSA KaXKI0ro ypoBHsA. Hampumep, KpaTHOCTh BBIPOMKICHUS dHEPTe-
TUYECKOT'O YPOBHSA aTOMa BOJOPOJa C INIABHBIM KBAHTOBBIM UMCJIOM
n ecTb ¢ = 2n?; KpPaTHOCTh BBIPOMKJECHUSA K0Je0aTeJIbLHOTO YPOBHS
IBYXaTOMHOII MOJIEKYJbI & = 1, a y BpallaTelbHBIX YpPOBHeN
g = 2r+1, roe r — BpalllaTeJIbHOE KBAHTOBOE YMCJO.

MMmeHHO B TaKOM BHUe paciipeeienne BoabliMana A JUCKPET-
HOI'O CIIEKTPAa MCIIOJIb3yeTcsa Haubojiee dacTo.

IIpumep. Makpocucrema cocTouT U3 N 4YacTUIl, KOTOPble MOI'yT HaXOJUTh-
¢ B JBYX COCTOAHUSAX, I U 2, ¢ BHYTPEHHUMHU dHepruamu E; u
E,, npuuem E, > E,. UsBecTHO, uTO &g, = &»,. Halirem 3aBuCUMOCTb
OoT TeMHepaTypsl 1T cuCTEeMBbI CpeIHero umncja yacTuly Ny, B COCTOSA-
HUm 2.

B mammom ciayuae
N,+N,=N, N,/N,=e""

rae AE = E, — E,. Uckaouus N, 2
U3 9TUX ABYX YPaBHEHUH, IIOJY-
YuM

N

AE JET °

N, =
2 1+e¢

Y

Ha puc. 2.16 npuseseH rpadpuk Puc. 2.16
daBucumoctu Ny(T).

3akoH paciapenejgeHusda MaRCBeJI.TIa—BOJII:IIMaHa

Pacupenenenuss Makcpesia u BoabliMaHa sSBJISIOTCA COCTABHBI-
MU YacTAMU eIUHOI'0 pacipefiejieHusi, HasbIBAEMOTrO paclipejeJie-
HueM I'mb6ca (3TOT BOIIpoC IMOAPOOHO paccMaTPUBAETCSA B CIEIKYP-
cax II0 CTATUCTUYECKOH (pM3MKe, U MBI OTPAHUYMMCS TOJBKO YIIO-
MHUHaHHEM 3TOTo (paxTa).

O6a pacCMOTPEHHBIX HAMM pacIpeleseHus MOXXHO 00beIUHUTH
B OTHO — 3aKOH pacnpedenenus Maxceeanra—Boavymana. Coriac-
HO 9TOMY 3aKoHY uucyio dN Mojekysa B oobeme dV ¢ pagmyc-BeKTO-
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POM T, UMEIOIUX MPOEKIIUN CKOPOCTU B MHTEpBaJIax (V,, U, + dv,),
Toe X = X, Y, 2, OIPEJeNdaoTca KaK

dN = n(r)dV - dP(v,, vy, v,),

rae n(r)dV — uwucio mosexya B ooweme dV, a dP — Ta mosa aTux
MOJIEKYJI, MTPOEKIINU CKOPOCTEH KOTOPBIX JIEXKAT B BBINIEyKas3aH-
HBIX nHTepBajax. Ocraerca yuecThb, uTo n(r) ompemeasercsa Gopmy-
aoi (2.36), a dP — dopwmymoit (2.12): dP = f(v)dv,dv,dv,, rae
f(v) — 910 BBIpakenme (2.17).

B pesynbraTe momyuum:

dN = Ae V¥ qvdv,dv,dv,. (2.42)

31ech HODMUPOBOYHLIA MHOXKHUTENh A = ng(m/2nkT)3/2, norenmnua-
apHaa oHeprua U = U(r), KuHerumuecKas osHeprus K = muv2/2,
v? =v? +v§ +v2, amement obvema dV = dxdydz.

B kauectBe mpumepa cMm. 3amauy 2.10.

3agauu

2.1. ®yuKuuA pacnpemejeHUsaA BepoATHOCTEN. PacrpejesieHrue BePOATHO-
cTell HEKOTOPOI BEJMUYMHBI X ONUCHIBaeTca Gopmysoit f(x) o x B
unrepsane (0, a). Bue sroro maTepBana f(x) = 0. Haitru:

a) Haubojiee BepOATHOE U CpelHee 3HAUEHUSA BEJIUYUHBI X;
0) BEepPOATHOCTh HaxXOKIeHUA x B mHTepBase (0, a/2).
f P e e ue. a) Haubosee BeposarT-

HOe 3HAUEHWEe X COOTBETCTBYET MaK-

cumymy Gyuknun f(x). U3 puc.

2.17 cpasy BUJHO, UTO Xy, = G. ITO

caydaii, He TPeOYIOIIUI BBIMOJHE-

Husa ycuaosusa df/dx = 0.

> Cpe,aHee 3HaUYeHue X IIO oIipeneJie-

0 a X  Huwo ectsb
Puc. 2.17

(v) :]l'xf(x)dx =il[xAx/;dx, )
0

0

rge A — HOPMUPOBOUHBIA MHOXKUTENb. Ero HaxoimM u3 ycJI0BUA

Tf(x)dx =AT\/?dx =1,
0 0
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2.2

otkyza A = 3/2a%2. TlogcranoBka 3HaueHus A B (*) U HHTErpupoBa-
HUe JalOT B pesyJbTaTe

="/, a.

6) Ilo ompejesenno MCKOMAasi BEPOATHOCTD

a/2
P = [AVxdx =1/48 =0,353.
0

IInorHOCTH pacipeneJeHuA MEeCTOHAXOMXKICHUA YaCTHUIl II0 IIJIOCKOCTHU
3aBHUCHUT OT PACCTOAHUA I 4O TOUKHU 0 kak

f(r) = A - r/a), m°,
ecau r < a. 37ech a 3aJaHo, A — HeKOoTopas HeW3BeCcTHAas IOCTOSIH-
Haa. Haiiru:
a) Hambojee BEPOATHOE DPACCTOSHUE Iy, JAcTHUI] OT Toukm 0;
0) cpemHee paccTosgHue dacTuil oT Touku 0.

Pemenue. a) Bepoaraocrs dP HaX0KJeHUsI YACTHUI[ B MHTEpPBaJe
(r, r +dr) paBHa npousBemeHuo f(r) Ha IJIOMIAAb KOJbIA paguyca r u
mupuroit dr, T. e.

dP = f(r)-2nrdr. (1)

Orciofia IIOTHOCTH BEPOSITHOCTH B pacueTe HA eJUHUIY IIUPUHBI KO-
aena paBua dP/dr. O6osHaums Ty BeauumHy Kak F(r), sanumem

F(r) = f(r)2nr = 2nAr(1 — r/a). 2)

®yuxnuu f(r) u F(r) nokasaHbl HA

puc. 2.18. HawubGosiee BeposATHOE
PACCTOAHHUE I'yep, HAXOAUM M3 YCJIO- F(r)
Bua dF/dr =0, OTKYJa I'yep = a/2. 1(r) :
6) Ilo ompeneneHuio '

. |

(r) = [rF(r)dr, (3) |

0 |
rae Gyuxnua F(r) gomxHa OBITH :
HOPMUPOBaHa Ha eIWHUIY — IJad () Taep a r
ompengeneHus A:

Puc. 2.18

jF(r)dr :27cATr(1 ~r/a)dr =1.
0
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2.3.

24.

Orciona A = 3/ma?. Teneps ocTaeTcsa B3aATs uHTerpa (3). B pesyiabraTe
nonyuuMm <> = a/2. T. e. B JaHHOM ciydae () = Iy

Pacnpenenenne Makcsesna. HatiTu ¢ momoisio pacupegenenus Mak-
cBeJIa cpefHee 3HAUEHWE MOAYJA MpoeKIuu cropoctu (|v,|), eciam
TeMIeparypa rasa T m Macca KaKkIOU MOJIEKYJbI M.

P e e H ue. Ilo onpeneennio NCKOMas BeJIUUYUHA

+00
(o) = [loglo(v,)do,. )

—00

Ilockonbky mnofbIHTErpasbHasd (QYHKIUSA BCIOLY IOJOKUTEIbHA U
CUMMeTpPUYHA OTHOCUTEJBHO Hauasnta KoopauHat (v, = 0), To nHTerpan
(1) MoKHO 3ammcaTh TaK:

(o) =2[v, o(v,)dv,. (2)
0

Ilocne moxcranoBkM GyHKIUU ((V,) U HEKOTOPBHIX IIpeobpasoBaHU

IOJIyYUM
1/2 o
2kT -
<\ux\>:[7) [emdn, 3)
m

rle BBeJleHA HOBadA IIepeMeHHad 1 = mvf /2kRT. Tlocneguuii nHTETPAT

paBeH equHHUIle, U Mbl MMeeM
(v = kT /nm )",

T'asz cocTouT M3 MoJeKys, Macca KasKJIoi M3 KOTOPBIX paBHa m. Ilpm
Kakoii Temmeparype T 3TOro rasa 4mcJIO MOJEKYJ CO CKOPOCTAMU B 3a-
danHom MasoM mHTEepBase (Vg, Vo + Ov) Oymer maxkcumanbHO? Kakosa
Haubojiee BepOATHAsI CKOPOCTH MOJIEKYJ, COOTBETCTBYIOIAS TAaKOH
TeMIieparype?

P e e u u e. IlepBrIil Bonpoc o3Hauaer, 4To Hamo HaviTu T, Ipu Ko-
Topoit pyHKnuA (2.20) OymeT MaKCUMaJIbHOMU AJSA 3aJaHHON CKOPOCTHU
v. 3aBUCUMOCTDL 3TOU (PyHKIIUU OT T mMeeT BU

F(T) co T3/ 2 exp(-mvg /2kT). 1)

Maxkcumym dyurnum F(T) maxomgum mu3 yciaosua OF/0T = 0, orkynga
cienyer

Ty = mvg /3k. (2)
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2.5.

ITpu srToit Temmeparype

Vep = 2/3 0y 3)

3amMeTuM, 4YTO CKOPOCTH Vg IpU TeMIeparype I' coBIazaeT co cpexHe-
KBaApaTUYHOU. PaccMOTpeHHYI0 3[ech CUTyaluio  IOACHSET
puc. 2.19, u3 Koroporo BUAHO, yTo npu T Gyurmus F(vy) = Makc.
Hywmepamnusa 1, 2, 3, 4 cOOTBETCTBYET pacupeesieHusaM IIPU TeMIlepa-
typax T1 < To(Ty) < T3 < Ty.

F

T'as u3 mosiekys, Macca KaJJoi U3 KOTOPBIX M, HAXOAUTCS IIPU TeMIIe-
parype T. HaiiTu (QyHKIIUIO paclpefesieHusi MOJIEKYJ 10 Ae0poities-
CKUM AJUHaAM BOJH f(A) 1 HauboJiee BEpOATHOE 3HAUEHUE A IIPU JaHHOM
Temneparype. M30o6pasuts npuMepHbil rpaduxk GyHKRmum f(A).

Pemenue. IIpeo6pasyem Boipaskenue dP = F(v)dv ciaexyiomum 06-
pasom:
dv
dP = F(v)—dA = f(1)dr .
di
Orcroga BUAHO, UTO

dv
f(k)—F(v)a- 1)

Ilanmee yuTeM CBsBb MEK/AY CKOPOCTBHIO U U IJIUHOM BOJIHBI A, & UMEHHO

A= h/muv. Ilocie coOTBETCTBYIOIIUX ITpeoOpasoBaHuil BeIpaskeHusd (1)
TMOJTyYUM:

f(A) = C1 "exp(~a/L%), 2)

rae C = 4n(h?/2mnmkT)?? u a=h?/2mkT. 3HaK MHUHYC B BBIDAKeHUU
(2) MBI OIIyCTWJIM KaK HECYIIIeCTBEHHBIN, OH 03HAYaeT TOJbKO, UTO C
POCTOM CKOPOCTH U AJUHA BOJHBI A YMEHBIIAETCS.
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HawnGosee BepoATHOe 3HAUEHUE Ay, HaxoguM u3 ycaosua df/di =0,
OTKyJa CJeAyeT, 4TO

Wk
P o mkT

WNmes: B Bugy, uro f(A) »> 0 Kaxk mpu
A — o, Tak u npu A — 0 (B mociexn-
HEM cJIyyae 3TO DPeIIaeTcss ¢ IIOMO-
miplo npaBuia Jlommrans), a Takike
TO, uTo 1upu A —> 0 mpomsBomHAS
df/d\ — o0, MBI IPUXOAUM K BBIBOZY,
uyro rpadur QyHKnum f(A) KOJKeH

0 A nep 2 uMeTh  BUI, TOKAa3aHHBIA Ha
puc. 2.20.

Puc. 2.20

2.6. BpIuucuTh ¢ IOMOIIBIO pacupeneaenusa MaKcBesa YUCIO ¥ MOJEKYJI

rasa, magamllnX eKeCeKYHIHO Ha eMUHUYHYIO ILIOMIAAb CTEHKH COCY-
na. Temneparypa rasa T, KOHIEHTPAIIXA MOJIEKYJI 71 I Macca KaxKIomi
MOJIEKYJIBI M TIPEAIIOJIaralTCs N3BeCTHBIMMU.

P e e nue. HampaBum ock X neprneHANKYIAPHO K eIUHUYHOM IJIO-
majKe CTeHKU cocyza (B mpousBoibHOM MecTe). Torma mpousBeneHue
dn(v,)'v, — 9TO YMCIO MOJEKYJ B IUJUHAPE AJIUHON U, €IUHUYHON
ILJIOWIA Y CEUEHUsI, UMEIOIINX MPOEKIMU CKOPOCTH B MHTepBase (U,
v, + dv,). OHO paBHO uymcsy dv yAapoB O CTEHKY €KECEeKYHIHO JTOM
TPYIIILI MOJIEKYJI:

dv = dn(v,)v,. 1)
Corsacuo (2.13) dn(v,) = no(v,)dv,, rae ¢(v,) — GYHKIUS pacupese-
ngenuss Maxcsesia mo v, (2.16).

WNuTerpupoBanue (1) mo BceM v, JaeT MCKOMBIH Pe3yJbTAT:

v=[v, dn(v,) =Cn|[exp(-mv2/2kT v, dv, , 2)

rae C = (m/2nkT)'/2. BeeseM HOBYIO IIepeMeHHYIO 1 = mvi /2kT. Torma
(2) nmpumer BuUJ
¢ kT

v:Cnﬂje*“dnzn ) 3)
m g 2nm

Hocne;{Hee BbBIDpasK€HNe MOMHO IIpeACTaBUTh KaK

v="/, n(v), 4)
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2.7

2.8.

rae () =/ 8kT /mum . IlonyuenHsril pesyabrat (4) cooTBETCTBYET (HOP-
myJie (1.27). Takum o6pas3oM, MBI IIOJYUYMJIN TOUYHOE 3HAUEHNE KO03(-
dbumnuenta B popmysae (1.27): e 1/6, a 1/4.

OmpenenuTh ¢ ITOMOIIBIO pacupenesenuss MakcBesia gaBieHUne, OKa-
3BIBAa€MOE Ta30M Ha CTEHKY, €CJIi TeMIleparypa rasa I 1 KOHIleHTpa-
U MOJIEKYJ 1.

Pem e nue. HampaBum ock X mepneHAUKYIAPHO K CTEHKe cocyaa (B
IPOM3BOJIBbHOM MecTe). Karkmas MoJeKysa mepefaeT IpU MageHUU Ha
CTEeHKY UMIIYJbC Mmv,. B equHuIle oobeMa cogep:kurca dn = no(v,)dv,
MOJIEKYJI C IPOEKIUsIMU CKOpocTell B muTepBase (v,, v, + dv,). Ilepe-
IaBaeMbIil 9TUMU MOJIEKYJIAMU UMITYJIbC B €IUHUIY BpEMEHU PaBeH

mv_(dn-v,), 1

rie BeJUYMHA B KPYIJIBIX CKOOKAaX — B9TO YHCJO COOTBETCTBYIOIIUX
MOJIEKYJ B o0beMe IUJIUHApPA AJUHON U, eIUHUUYHOTO CEUeHWS, UJIN
YHMCJIO YIApOB, UCIBITHIBAEMBIX CTEHKOH ekeceKyHaHO. Torma moJsmoe
maBjaeHUe (CyMMapHBI MMIYyJIbC B CEKYHAY) ONpenesserca Kak

0
p=2[mv, v dn(,) =2 [molne(v,)dv,, 2)
0

TIe JBOMKA IIepe] MHTEeTPajoM YUUTHIBAeT TOT ()aKT, UTO UMITYJIbC IIe-
pelaeTcsa CTeHKe IPU NaJeHUU MOJEKYJ U TAKOU JKe — npu ompajice-
Huu. ITogcTaHOBKA B IIOCJIeIHUI MHTETPAJ BEIPDAKEHUA (O(V,) COTJIACHO
(2.16) u BBeeHUE HOBOU IE€PEeMEHHOH ) = U, /m/2kT mosBoaser dop-
MyJay (2) mpencTaBUTH B BHUIE

4nkT ¢ , 9
p=——|x"exp(—x")dy. 3)
|

ITOT MHTerpaJs TabJIUYHBIN, OH paBeH ~/1/4, M09TOMY B pe3yJbTaTe

p = nkT,

4YTO U CJIeJOBaJIO OXKHUIOATH.

Pacnpenenenne Boabnmana. IIpu HabI0ZeHUM B MUKPOCKOI B3Be-
IIEHHBIX YaCTHUI, TYMMUTyTa OOHAPYKEHO, UTO CPefHee UHCJIO UX B
TOHKHUX cJI0sAX 1 u 2, paccTosgHNe MeXKIy KOTOPHIMU IO BHICOTE PABHO

h, oTsimuaeTcd APYyT oT Apyra B M pasd (n = N1/N,). Temneparypa cpe-
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2.9.

nel T, nuamerp dacTun d M UX IJIOTHOCTH Ha Ap GOJIBIIE IJIOTHOCTH
OKpYysKalomei :KugKocT. HaliTu 1Mo sTUM JaHHBIM IIOCTOSHHYI0 BOJIb-
IMaHa.

P em e nue. CormacHo pacupeznesennio bosbiiMaHa OTHOIIIEHE Yac-
TUIL B cJaoAX I m 2 ompenensieTcsa Kak

N,/N, = exp[—(m — my)gh/ET], (1)

rge yu4TeHO, YTO YACTUIIbI HAXOAATCSA B I0Jie, 00Pa30BAHHOM COBMECT-
HBIM [JeiicTBHEM CHJIBI TssKecTH (mg) u cuiabl Apxumena (—mpg). Ilpe-
o0pa3yeM pPa3HOCTbL MAacC B KPYIJIBIX CKOOKax BbIpaskeHus (1):

m—mgy = ApV = (1/6)d’Ap. 2)
ITocnie mogcranoBku (2) B (1) coorHoirenue (1) mpencraBuM B Buje

g N1 _ md®ghdp

3
N,  6kT @)

OTKyZa, mMes B BuAy, uro N;/N, = n, ciemyer

_ nd®ghAp
6T Inn

IlorennmanbHas 9Heprus MOJIEKYJ rada B HEKOTOPOM IeHTPAJIbHOM
MOTEHITUATBHOM II0JI€ 3aBUCUT OT PACCTOAHUA I' O IIEHTPA IOJA KaK
U = ar?, roe a — moJio:KuTeabHad mocrosuHas. Temmneparypa rasa T,
KOHIIEHTpanus MOJIEKYJ B IIeHTpe IoJd ng. Haiitu:

a) umcso mosieKya dN ¢ IOTeHIMaJbHON 3SHEprueil B WMHTEPBAJe
U, U+ dU);

6) HanboJsiee BepOATHOE 3HAUEHUE ITOTEHIINAIHHON SHEPTUN MOJIEKYJI.

Pemrenwue.a) Momekyabl ¢ TakuMu 3HaueHuAMU U OyIyT HaXOAM-
Thca B cdepuyeckoM cioe obbemom dV = 4nr’dr. Torma

~U/kT

dN = nge - Anr®dr. 1)

TTockonsky U = ar?, To dU = 2ardr u dopmyny (1) MOXKHO IpejacTa-
BUTH B BHUIE

AN = (2rny/a®? )e MU AU. 2)
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0) Pemenue cBomuTcA K HaxoKAeHUI0 U, mpu KOTOPOM (GYHKIIUS
dN/dU B ypaBuenuu (2) umeer makcumym. O6osnauum dN/dU kak
f(U), samuiem ycjaoBue, Ipu KoTopoM [ = Makc (M3 BUZA 9TOH (PYHK-
nuu OymeT BUIOHO, YTO MBI MMeeM [eJI0 MMEHHO C MaKCHUMyMOM).
Urak, Boiuncaue npousBoguyio df/dU u mpupaBHSB MMOJYyUYEHHBIN pe-
3yJbTAT K HYJIIO, MMOJYUYUM

Uyep = KT/2.

2.10. Pacunpenenenue Makceenna—bBoasinmana. I'as u3 MOJIE€KyJI Maccsl m

2.11.

HaXOMUTCA B IIEHTPAJIBLHOM II0JIe, T/e MOTeHIINAIbHAA SHEePIUsd MOoJe-
Kyxa pasua U(r), r — paccTosHUe OT IleHTpa moJis. Temieparypa rasa
T, KOHIIEHTPAUA MOJEKYJ B I[€HTPEe MOJA Ng. HaiiTu yucao moJie-
KyJ ON B TOHKOM c(epuueckom cjoe (r, r + Or) co CKOPOCTSIMHU, OT-
JNYAIONMMUCA OT HamboJsiee BepOATHOH He GoJiee, YeM Ha O1-4acThb
(on < 1).

Peme H ue Yuciao MoJEKyJT B JAHHOM CJIO€

~U/kT

8N, = nye anr®sr. 1)

W3 Hux AOJIA MOJIEKYJ, CKOPOCTH KOTOPBIX OTJIMYAIOTCA OT Uge, HE

Oosee, uem Ha dv, ompexessercsa (GopMysIoit

3/2 2

m 9 muv

OP =F(v)ov =4n| ——— viexp|———|0ov, 2
) (ZHkT) P 2)

rAie BMECTO U HajO MOACTABUTS U, = /2kT /m u BMecTo dv — Besu-

YHHY Vg, S0 Upep - 20M. Torpa (2) npumer Bup
BEp

3/2 3/2 —1
6P = 4n| 2RT ) g5 = 8 5y 3)
2nkT m N

Hckomoe suHauenue ON paBHO npousBemenuio (1) Ha (3):

—E/kT 2
/7‘

8N = 3N 3P = 32/nnge drom,

rne E = U + EkT.

Juckpetrnoe pacnpenenenue Boasnmana. HaiiTu orHOmeHUE KOJIU-
YeCTB MOJIEKYJI BOJOPO/a HA IEPBBIX BO30YIKACHHBIX KOJIe0aTEeIHHOM
¥ BpaIfaTeJbHOM ypPOBHAX mpu Temnepartype rasa T = 880 K. Cober-
BEHHAas 4acToTa KojaebaHuil MoaeKyasl o = 0,83 1015 ¢71, ee momeHT
nHepnuu I = 4,6-10739 r-cm2.
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P em e uue. Bocnonbsyemcs popmymamu (1.41) aas 103BOJIEHHBIX
3HAYEHUU BpalllaTeJbHOU W KoJjiebaTesbHOI sHepruu. [[is GoJbimnei
SICHOCTU M300pasuM MHTepecyoInue Hac ypoBHu (puc. 2.21). Coriac-
HO pacnpenesieHnuio Boabimana (2.41),

—_— E(v-=1)
ho Now 1 ( ho-h*I)_
I N, 2r+1 KT )
T E(r=1) Mo —h2T) )
—*E(v=r:0) :éeXp|:_kT}—3,1'10 4,

Puc. 2.21
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BTopoe Hayano TepmMogMHaMUKW.
DHTponua
v

§ 3.1. Bropoe Hauaj0 TepMOAMHAMUKHU

IlepBoe Hauaso TepMOAMHAMUKHU IIPEACTABJIAET COOOU II0 CYyTU
0000II[eHIe 3aKOHA COXPaHEHNs SHEPruy HaA TeIJIOBLIEe SABJICHU.
OmoO ycTaHaBIWBAaeT KOJUYECTBEHHBIE COOTHOIIEHUS MEKIY IIpe-
BpaIlleHusAMU OAHUX BUIOB DHEPTUU B JPyrue.

B orainuwme ot HEro BTOpoe HAUAJIO OIPENeIaeT YCIOBU, IPHU KO-
TOPBIX BO3MOYKHBI 9TU IIPEBPAI[eHUs, a TAKIKe BOSMOKHBIE HAIIPAB-
JIeHUsA MpoTeKaHusA mpoileccoB. OKasbhIBaeTcs, He BCe IIPOIECCHI,
paspellieHHble MMEePBBIM HAYaJOM, BO3MOJKHBI.

Cy1recTByeT HECKOJbKO (DOPMYJHMPOBOK BTOPOI'O0 Hauaja.

1. Kaaysuyc (1850): He6o3modcen camonpou3eonvrsLil nepexod
mennia om menee K 0olee Hazpemomy meny, UIU HEE03MONCHbL
npoyeccvl, eOUHCMEEHHBLM KOHEYHbLM Pe3YyLibmamom KOmopwLx
6bL1 6bL nepexod menna om MmeHee K Oonee Hazpemomy meny.

Tor daxT, uTO, HAIPUMED, B XOJOAMJIHHUKE COBEPIIIAeTCS Iepe-
XOJ Telyia OT XOJIOAUJIBHON KamMephl B KOMHATY, HE TPOTUBOPEUUT
9TOMY YTBEDPKAEHUIO, ITIOCKOJIBKY BTOT IIPOIleCC He SABJIAETCS CaMo-
IIPOM3BOJILHBIM: JIJIA €T0 OCYII[ECTBJIEHU MOTPEOIsAeTCA dJIeKTpuUe-
cKas 9Heprus.

2. KeasBun (1851): He603MmoscHbL Nnpoyeccovl, eOUHCMEEHHBLM
KOHewHblLM Pe3y1bmamom KomopuvLx 6vL0 66l npeépaujerue men-
na yenrukom 6 pabomy.

Kazamnoch ObI, UTO 5TOMY IIPOTHBOPEUYHUT, HAIIPUMEpP, MPOIIECC
M30TEPMHUUECKOT0 PACIINPEHUS UJeaJlbHOTO rasa, rjae Bce I0JyUYeH-
HOe Ta30M TeILIO IIpeBpalfaercsa B padbory. OgHaKo 3To He eduHcm-
6eHHbLl KOHEUYHBIN Pe3yJbTaT MPOIecca: MPU 9TOM IPOUCKXOAUT U3-
MeHeHUe o0Bbema rasa.

3aMeTuM, UTO CJOBO eJuHCMBEHHbL B 00eux (hopMYyIHUPOBKAX
SBJIETCA BecbMa CYII[eCTBEHHBIM, 0€3 Hero OHU TEPAIT CMBICJ.

IIpuBenennbie GOPMYJIUPOBKU BTOPOTO HaUaja SKBUBAJIEHTHBI,
u3 OOHOUM Hem30e:KHO cJjefyeT apyrasd. B camom [nese, ecau Obl
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MOYKHO OBLJIO OCYIIIECTBUTH IIPOIlECC, 3ampelneHHBIH no KeabBuny,
TO TEIJIO, OTHATOE OT KAaKOT0-JIM0O0 Teja, MOYKHO OBLIO IIOJTHOCTBHIO
IIPeBPaTUTL B paboTy, a 3aTeM, MPEBPATUB 9Ty paboTy IeJIUKOM B
Teryo (TpeHueM), mepeiaTh 3TO TEIJIO APYroMy Tesy ¢ 6ojee BBICO-
Ko#l TeMmeparypoii. B pesysbTaTe MBI MMeJH OBI IIPOIlECC, HEBO3-
Mo:KHBIN mo Kiaysuycy.

Ecau 6b1 He BTOpOE HAYaJI0, MOKHO OBLIO JIETKO PEIIUTH dHepre-
TUYECKYI0 IP00JIeMy — MOCTPOUTH ABUTATENb, KOTOPBLIH OTHUMAJ
OBbI TEILIO M3 OKEaHOB U IIeJIMKOM IIpeBpariaJj ero B pabory. Ilomo0-
HBIM ABUTATEJb II0 CBOUM IIPAKTUYECKUM IIOCJIEeACTBUAM IIPeCTaB-
a7 ObI IepIeTyyM-mMmoousae 2-1o poja (B OTJIWYME OT «BEYHOTO JBU-
rareyisa» — ImepreTryym-moomiae 1-ro poxa). Ilpu coBpeMeHHOM IIO-
TpebJIeHUY SHEePTUU YeJOBEeUeCcTBOM TemmepaTypa okearoB 3a 1000
JIeT yMeHbIIujaach ObI He OoJiee, UeM Ha OJWH KeJIbBUH.

IdTto mosBosiAeT mepedpasupoBaTh GopmMyaupoBKy KeabBuHa
Tak: nepnemyym-mobusne 2-20 poda He803MONHCeH, NI HEeE03MOHCHO
cosdamv menaogoil dsuzamenv ¢ KIIJ] n = 1. Hanomuum, KIIIT
TEeIJIOBOTO ABUratesda N = A/Q, rae @ — coolIlleHHOe JBUTATEJIIO
TelJjao, A— mpousdBeleHHas UM pabora.

JIto6oi1 TersioBOII ABUTaTeNb paboTaeT IO 3aMKHYTOMY ITUKJY,
)4 Q, HampuMep, Kak Ha puc. 3.1. Ecam mpo-

Iecc COBepIllaeTcs II0 YaCOBOIU CTPeJKe,
TO paboTa, IPOU3BOAUMAS ABUTATEIEM 34
nukia, A > 0.

IIyers @7 — TIOTJIOIIEHHOe TerLIo, a
, Q, — oTIaBaeMoe TerLIo (Q2 >0). OmpIT
Q, MOKAa3bIBaeT, YTO TEILIO Q2 Hens30eKHO
V' CyIIecTByeT B JIIOOOM TEIJIOBOM ABHUIATE-
Je (Kak TemyaoBO# «Iuiak»). Ilo mepBomy
HauaJly 3a [UKJ IIpUpallleHrue BHYTPeH-
Hel sHeprum pabouero BerrectBa AU = 0, moatomy A = @ — Q2' . 9h-

(eKTUBHOCTDH TEIIJIOBOTO ABUTaTeNs ompenensiorT ero KIIII:

A _Q-Q | @
e & @,

Puc. 3.1

(3.1)

OnwIT MOKAa3bIBaEeT, uTo Becerma 1 < 1. 3Hauenme N = 1 3amperre-
HO BTOPBIM HAYajIOM.
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IIpo6i1emMa HeoOpPATHUMOCTH TpoIlieccoB. Ilo cyIecTBy Bce IIPO-
IIecchl B MaKPOCHUCTEMAaX ABJIAIOTCA HEOOPAaTUMBIMU (CTPOTO T'OBO-
pA, TAKOBBIMU ABJAIOTCSA U IPOIECCHI, KOTOPbIe MBI HAa3BIBAJIU 00-
PaTUMBIMU — 9TO HIeaJU3aIusd, yAOOHAA OIS PEIIeHus MHOTUX
Ba’KHBIX BOIIPOCOB).

Bosurkaer npumHIMNINAIBHBIN BOIPOC: 6 YeM NPULUHA HeoOpa-
mumocmu? ITO BHITJIAAUT OCOOEHHO CTPAHHO, €CJIN YUYECTh, UYTO BCE
3aKOHBI MEXaHUKU 00paTUMBI BO BpeMeHu. /1 TeM He MeHee, HUKTO
He BUJeJ, YTO0bI, HAIpUMeD, pPa3bUBIIAsCA Ba3a CaMOIIPOU3BOJIHLHO
BOCCTAHOBUJIACH M3 OCKOJIKOB. JTOT MPOIECC MOYKHO HAGJIIOAAThH,
ecJIu TpefBapUTEIbHO 3aCHAB Ha IJIEHKY, IIPOCMOTPETh ee B 00paT-
HOM HaIpPaBJIEHNU, HO HUKAK He B JIeHCTBUTEJIbHOCTH.

3araJOYHbBIMU CTAHOBATCSA W 3aIpPeThl, YCTAHABJIWBAaeMbIE€ BTO-
PBIM HAYaJIOM TEePMOJUHAMUKH.

Pemenue aT0i CIIOMKHONI IPOOJIEMBI IIPUIILIO C OTKPBITUEM HO-
BOM TepMOJMHAMUYECKON BEJUUYUHBI — IHMPONUU — U PaACKPBI-
THEeM ee (PU3UUECKOTO CMBICJIA.

§ 3.2. 9uTponHUA

OrkpeiTue Kiiaysuycom sHTPOIUU — OJHO U3 CAMBIX YIUBUTEIb-
HBIX, CHEJAHHBIX «HA KOHUMKE Iepa», T. €. YHUCTO TEOPEeTUYECKMH.
Hecmorpst Ha 9TO0 0GCTOATENBCTBO U OTCYTCTBUE ITPUOOPOB, KOTOPHIE
ObI M3MEPSJIN SHTPOIHUIO BEIeCTBa, 9TO IMOHATHE OKA3aJ0Ch HEOObI-
YaifHO IJIOMOTBOPHBIM. JHMponus S BBOIUTCA UYepe3 ee dJeMeHTap-
HOe IIpupallleHre Kak

T (3.2)

Caenyer oOpaTuUTh BHMMAaHNE Ha OCOOEHHOCTL 3TOH (DOPMY.JIBI.
Kak mbr 3Haem, d'@ He ecTh IpupalleHre KaKOW-TO (PYHKIIUU, HO
Iocje AeJIeHus Ha TeMuepatypy 7', OKa3bIBaeTCs, MOJIyYaeTCA IPu-
pareHre HeKOToOpoii PyHKIUU (sSHTpoInM). B oTInYme OT TeIJIOTHI,
SHTPONUSA TaKasd 'Ke PYHKIUA COCTOAHUA KaK TeMIepaTypa, BHYT-
PeHHAA 9HepPrud WUIU naBjeHue. IloJyuyeHHOEe CHUCTEMOI Telyio @
3aBUCHUT OT IIpPoIlecca Iepexojia U3 HauaJbHOI'O COCTOAHUA B KOHEU-
HOe, IIpUpaIlleHue Ke dHTponuu AS cosepuleHHO He 3asucum om
npoyecca, a moJbK0 Om HAYAJbHOZ0 U KOHEYH020 COCMOSAHUIL.
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B muTerpanbuoii popme coorHomrenue (3.2) mMeeT BUJ

2 4
S, -8, =jﬂ, (3.3)
1 T
IIPU 9TOM He UTPaeT POJIM, KaKOi MMEHHO IIPOIecC IIepPeBesl CUcTe-
My us cocrosgsHus I B cocroarue 2. IIpoiecc MmoxkeT OBITH make He-
obpaTuMbIM. BaKHO JINIIb, YTOOBI cOocTOAHMUA I m 2 OBLIM paBHO-
BECHBIMU, PacyeT ke ¢ ITOMOIIBI0 (3.3) MOXKEeT IPOBOAUTHCS IO JITO-
bomMy oOpaTMMOMY IIPOIlecCy MeXKIy cocrosHusamvu I u 2.
3HakK paBeHcTBa B opmye (3.2), a 3HauuT u B (3.3), OTHOCUTCA
TOJIBKO K PAaBHOBECHBIM (KBa3WCTATUUYECKUM) IIpolteccaM. B ciyuae
JKe HepaBHOBECHBIX IIPOIIECCOB 3HAK «=» 3aMeHdeTCA Ha «>» ITO
00BbACHAETCA TEeM, YTO IIPU HEPABHOBECHBIX IIPOIleCCaX SHTPOIUSA
moJjiyuaet, Kpome npupartesnus d'Q/T, elfe 1 MOJOKUTEJTbHOE TIPU-
pamenue dS,, 06ycIOBIEHHOE CaMOli HeOOPATUMOCTBIO IIpomecea’”.
BBegenne takuMm o0OpasoM sHTponmu S O3HAYaAeT, UTO MbI MO-
JKeM BBIUMCJATH TOJHKO PA3HOCTH SHTPONUI, HO HEJb3sS CKasaTh,
yeMy paBHA SHTPOIMUS B KaKIOM W3 COCTOSHWMA, T. €. DHTPOIUS
sruMu (HOPMYyJIAMU MOXKET OBITH OIIPEeJe/ieHa C TOYHOCTBIO JO0 IIPU-
0aBJIeHUS IIPOM3BOJLHON AAIUTHUBHON ITOCTOSHHOIM.

CBoiicTBa HTPONHUH

1. Urax, sumponus — Qyrkyus cocmosrus. Ecam mporecc mpo-
BOJAT BIOJIb anuadaThbl, TO SHTPOIMSA CUCTEMBI He MEHAETCSA. SHAUUT
anmabaTel — BTO OSHOBPEMEHHO U uU309HmMponvl. Kasxmoit 6osee
p «BBICOKO» PACIIOJIOKEHHOM aguabare (u30-

SHTPOIIE) OTBeUaeT OOJIbIlIee 3HAUEHUE SHT-

1 ponuu. B aTOM JIETKO YOEAWTHCA, IIPOBEAA
MB30TePMUYECKUIT IPOIleCC MEKAY TOUKAMU

2 1 m 2, jme:xxamuMu Ha pasHBIX ammabaTax

(puc. 3.2). B aTom mporiecce TeMIiepaTypa
T = const, mostomy Sy —S;=@Q/T. Nua
HUeaJIbHOTO ra3a @ paBHO pabore A, coBep-
Puc. 3.2 mraeMol cucremoii. A rak xak A > 0, 3Ha-
uut Sy > S;. Takum obpasom, 3HasA Kak

* Ilpu arom mox T mogpasyMeBaloT TeMIIEPaTypPy TEILJIOBOTO Pe3epByapa, 0T KOTOPOTO
WHTEepecyolnas Hac cucreMa moiydaer temio d'Q.
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BRITVIAAUT CcUCTeMa amguadaT, MOYKHO JIETKO OTBETHUTH HA BOIIPOC O
MIPUPAIEeHNY SHTPOINU IPUW IPOBEIEeHUM JII000T0 IIpoIlecca MeKIy
WHTEPECYIOIMHU HAC PAaBHOBECHBIMH cocTosuuamu I u 2.

2. dumponusa — eauduHa ad0umuéHas: SHTPOIUA MaKPOCHU-
CcTeMbl PaBHA CyMMe SHTPONHUI €e OTHAEJbHBIX YacTei.

3. OnHo 13 BaXKHEWIIINX CBOMCTB SHTPOIINU 3aKJII0UAETCA B TOM,
4TO IHmMponua 3amKHymotu (T. e. TEIJION30INPOBAHHON) MAKPOCU-
cmembl He YMeHbUaemcs — OHa Aubo eo3pacmaem, 1ubo ocma-
emca NOCMOAHHOU".

ITpunyun 6o3pacmanusi IHMPONUUL 3AMKHYMbLX CUCMeM TIpeJ-
cTaBygeT coboi elle OfHY (OPMYAUPOSKY 6MOP020 HAUALA MepMOo-
JuHaMuKuU.

BennunHa Bo3pacTaHUs SHTPOIUU B 3aMKHYTON MaKpPOCHCTEMe
MOJKET CJIYXXUTh Mepoil HeoOpamumocmu IIPOIECCOB, IIPOTEKAI0-
IUX B cucTeMe. B mpeneabHOM ciiydyae, KOT/A IIPOIeCChl UMEIoT 00-
paTuMbIii XapaKTep, SHTPOIUA 3aMKHYTON MaKpPOCHUCTEMBI HE Me-
HAETCA.

IIpumep. UneanbHbIH ra3, HaXOAANIUNACA B HEKOTOPOM COCTOSTHUU, aguaba-
Tudecku (T. e. 0e3 TemsmoobdMeHa) paciupunu no oovema V. Oxu-
HaAKOBO JIN 6y,z[eT YCTaHOBUBIIIEEeCA OaBJIEHUE rada B KOHEYHOM CO-
crossuuu (B oobeme V), ecau mpollecc pacIIvpeHus: a) odpaTu-
MBI, 6) HeoOpaTuMBbIii?
B coorBercTBUY ¢ IPUHIIMIIOM BO3PaCTAHUA HHTPOINYU B 3aMKHY-
TOU cHUCTeMe IPU HeoOPaTHUMOM IIPOI[eCcCe S9HTPOMUS JOJKHA yBe-
JINYUTHCS. SHAUUT YCTAHOBUBIIIEECS COCTOSHUE OYIeT COOTBETCT-
BOBaTh TOYKe Ha 0oJiee BBICOKOI agmadare, T. €. JaBjaeHUe OyaeT
0oJbIIIe.

3aMeTuM, YTO C CaMOI'0 Hauajia BBeJeHUEe MOHATUSA SHTPOIUU S
OBILJIO TIOCTABJIEHO B IIPAMYIO CBA3b ¢ HeoOpaTuMocThio. OKa3bIBaer-
cs, BCEe CAMOIIPOM3BOJILHO IIPOTEKAIOIie IPOIEeCChl B IIPUPOJIE —
OT TeIJioo0MeHa M0 XMMHUECKUX PeaKIUil — IPOTeKAalT TaK, YTO
SHTPOIINS Bo3pacTtaeT. Heo6XoauMo cIelraJlbHOe B3aMMOAeHCTBIE
C OKPYKaIoIleil cpenoil, YTOOhI IPEHATCTBOBATL BO3PACTAHUIO 9HT-
ponum B MakKpocucteMe. Hambosee ApKUM IPUMEPOM MOTYT CJIy-
JKUTH BCE JKUBBIE CYII[ECTBa.

# BaMeTI/IM, 4TO TakK BeeT cebsa SHTPOIINA TOJBKO 3aMKHYTBIX MaKPOCUCTEM. Ecin
JKe cucTreMa He 3aMKHYTa, TO €€ SQHTPOIINA MOMKET KaK yBeJInMunBaThbCsA, TAK U yMe-
HBIIATHCA.
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4. Teopema Heprcra (1906). 9ta Teopema yTBep:KAaeT, YTO npu
npubaUHceHUU meMnepamypsvl kK a6CONIOMHOMY HYLI0 IHMPONUS
Mmakpocucmemb, MaKice cmpemumcs K HYRo:

S >0 mpu T — 0, (3.4)

U MBI MOYKEM BBIUUCJATH a0COJIIOTHOE 3HAUEeHMEe dHTponuu 1mo Gop-
myJie

S(p,T) =

T
jemar @9

0

Orcroga caexyer, uro mpu T — 0 renoemkocTs C, BCeX MaKpo-
CHCTEM JOJIIKHA TOXKE CTPEMUTHCA K HYJIIO (MHAUYe WHTEerpas He Oy-
JIeT CXOAUTHCS).

Ob6patTuM BHUMaHWE Ha TO, YTO SHTPOIUS II0 CBOEU CYITHOCTU
BCera oIpeesieHa ¢ TOYHOCTHIO O IIPOM3BOJILHOM aIUTUBHON II0-
crosuHo#i. ITosTomy cieBa B dopmyae (3.4) caemoBayio ObI IIHCATH
S —Sy. To, uro mbI cuutaem Sy =0 — 9T0 He 6ojIee KaK IPOU3BOJIb-
HOe CcoOTrJIallleHue.

Teopema Hepucra He MoKeT OLITH JIOTUUECKHU BhIBeleHa U3 IIep-
BBIX [BYX HAYaJ, IO9TOMY €e YacTO Ha3bIBAIOT Mpembum HALAL0M
mepmoouHaAMUKY.

§ 3.3. O BhIUMCIIEHMM U NMPUMEHEHHH JHTPOIUU

1. OcHoBHOEe ypaBHeHHe TepMoguHaMuKu. OHO IIpeaCTABJISIET
coboii o0beauHEeHNe SHTPOIUU C MepBbIM HavajoMm. IlomcraBuB B
(1.6) Boipaxenume d'Q = TdS us (3.2), moayuyum g oOpaTUMBIX
IIPOIECCOB:

TdS = dU + pdV. (3.6)

9TO ypaBHEHUE MMEeT MHOTOUMCJIEHHBbIE IIPUMEHEHMUS.

2. JHTpONMusS MAEaJBLHOr0o rasa. IIlycTh HauaJabHOE WM KOHEUHOe
cocroAHudA, I m 2, raza OompenesAOTCA IapaMeTpaMu pq, Vi U po,
Vy. Coraacuo (3.6) sieMeHTapHOe IpuUpAallleHNe SHTPONUU Tras3a ¢
yuerom Toro, uro dU = CydT u pV = vRT, ompenensercsa Kak

dS =Cy, d—T+ng. (3.7)
T v
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Bzas puddepennuan sgorapudpma or vRT = pV, nmoryuum

ar _dp v 5.5)
T p 14
u gopmyse (3.7) MOKHO IPUAATH CUMMETPUUHBIN BUI:
ds :Cvd—p+de—V, (3.9)
p %4

rae yureno, uro C, = Cy + vR. IIpounTerpuposas nociemaHee BbIpa-
JKeHUe, MOJIyUMM B pe3yJbTaTe
v
Sy -8, =CymP2 ¢, In-2. (3.10)
V.
P 1

3. Ilpupanienue 3HTPONINH IIPH HEOOPATHMOM IIPOIIECCE MEXKIY
IBYyMsA pagHogecHvimu coctossHuamMu I u 2. HemocpencTBeHHO cuu-
TATh YHTPOIMIO 10 HEOOPATUMOMY IIPOIIECCY COBEPIIIEHHO HEBO3-
MoskHO. Ho sHTponmus — (QPYHKIIUA COCTOAHUA. ITUM MBI U BOCIIO-
JIb3yeMcd, IPOBeNA MeXAy cocToaHuaAMu I u 2 KaKou-HuOyAb 00-
pamumblil TPOIECC, HUUETOo OOIINEero He WMEIIUH ¢ peaJbHBIM
HeoOpaTuMbIM IIpoiteccoM. OOGBIUHO BBIOMPAIOT TAKOW OO0PATUMBIN
IIPOIecC, MO KOTOPOMY pPacueT IPOIIe.

IIpumep. IlycTs B 0fHOM M3 ABYX TEIJIOU30JIMPOBAHHBIX COCYZOB, COEIU-
HEHHBIX TPYOKOH C 3aKPBITHIM BEHTUJIEM, HAXOAUTCA OLWH MOJIb
UIeaJIbHOTO rasa, a B APYIOM cocyge
— BakyyM (puc. 3.3). O6beMbI cocy-
noB Vi u Vy. BenTusib OTKpbBLIN, a3 -

3amoiHuyI 06a CoCcyZa U IPUIIENT B CO- Vi T v

CTOAHUE TEPMOAUHAMUYECKOTO paB-

HOBecud. Hailinem mpupalieHue 9HT-

poIIuu B 3TOM IIpOIlecce. Puc. 3.3

fcHo, uTO TpoIlecc pacHIupeHus rasa HeoOpaTumblii. IIpu sTOM
mporliecc mpoiies 6e3 Termaoodomena (@ = 0) u 6e3 coBepieHUs pa-
6orel (A = 0). 3HayWT, WO IEepPBOMY HAaYaJly TePMOJUHAMUKU
AU = 0, T. e. KOHeUHasd TeMIlepaTypa paBHa HadYaJbHOW. JTO IIO-
3BOJISIET TIPOBECTH PacUeT MPUPAIIEHUA SHTPOIUU 10 00paAmumo-
MY UOMEPMULECKOMY Npoueccy:

as = [4_[2 _[p W _pinMitVe .,
T T % v,
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4. BospacTranue 3HTPONHUH MPH CMENUIeHNH Ta30B. [IycTh B ABYX
TMOJIOBUHAX TEILJION30JIUPOBAHHOTO cocyla o0beMoM V HaXOOATCS
IBa uUAeaJbHBIX rasa, I um 2, pasmejeHHBIX meperopoakoii. Tewmie-
paTtypa, maBJeHHe W YUCJIO MOJeil ¥ B 00enX IOJOBUHAX OJMHAKO-
Bo. ITocsie ymaneHus IMeperopoiKy HAUMHAETCS HeoOpaTUMBbII IIpo-
Iecc cMeIleHus ra3oB. B KOHIle KOHIIOB OH IIpPeKpaIlaeTrcs, 1 CHucC-
TeMa IIPUXOAUT B PABHOBECHOE COCTOSHINE, B KOTOPOM obOa rasa
paBHOMepHO mepemelraHbl. Temmeparypa B KOHEUHOM COCTOSHUK
OyIeT TaKasd ke, TaK KaK CHCTeMa TeIlJIOM30JIMPOBaHA U ra3bl Haea-
JIbHBIE.

Hcmonpaysa pesysbTaT HIPEeIbIAYIINEero mpuMepa, HAXOAWM, UYTO
npu V; = V, npupalenne SHTPOINH Kaxkoro rasa AS; ; = vR In 2,
T. €. CyMMapHOe IpupalieHne SHTPOIUU CUCTEMbI

AS =2vRIn 2.

ITpupammenue AS > 0, 4TO ecTeCTBEHHO, MOCKOJbKY IIPOIIECC CMe-
IIeHNUsI CYIIeCTBEHHO HeoOpaTHMBbIN (0OpaTHBIN HpOIlecC — caMo-
pasmesieHMe cMecU IBYX I'a3sOB — COBEPIIEHHO HEBEPOSTEH).

Ilocnegusaa dopmyaa IPUBOAUT K BHIBOJY, Ha3bIBAeMOMY napa-
dokxcom I'u66ca. Momyctum, uto rasel I um 2 ToxKIAecTBeHHBI. Torma
mocje yAaJieHUA IIePEerOpOAKU HHTPONUA YBEJIMUMBAETCA, XOTA
fACHO, UTO KOHEUHOE COCTOSHNE CUCTEMBI HUUEM He OTJIMUAETCSA OT
HavyaJgbHOrO. B BTOM CcyTh mapamokxca.

15 TOHUMAHUS ONMUCAHHON CUTYyaIlMU CYIIeCTBEHHO 3aMeTUTh,
YyTO IOCJemHAsS (opMyJa IOJydYeHa TOJbKO [JIA CJaydas, Korga
raspel 1 u 2 pasnuuubl. A TOMKIECTBEHHBLIX I'a30B IIPUBEIEHHBIE
paccy:kaeHus He npuMmeHuMbl. IInsa mux AS = 0.

Taxkum obpasom, gopmyra AS =2vRIn2 cnpasediuea mosbko
npu cCMeUUBAHUY PA3LULHBLY 24308, XOTS ObI 9TO pasjnuune U ObLIO
CKOJIb YTOZHO MaJibiM. BOBHMKAOIAA 34€Ch TPYAHOCTD C IPeehb-
HBIM IE€PEeXOJO0M B JEUCTBUTEJIbHOCTU HE CYIIECTBYET, IIOCKOJBKY
YWCJI0 PABIWYHBIX TUIIOB aTOMOB KOHEYHO, W TaKOU IIpenebHBIN
mepexofi IPOCTO HEBO3MOXKEH.

5. IMuxax Kapuo. Paccmorpenubiii KapHo TemoBoil mBUTaTeNb
COCTOSAJI M3 HarpeBaTeJid ¢ TeMuepartypoit T, xoaoguabHuka ¢ Ty u
pabouero Teja, T. €. yCTPOICTBA, CIIOCOOHOTO II0JYYaTh TEILJIO U CO-
BepiaTh pabory (puc. 3.4). Ilog paboumm TesoM moKa OyeM IMOHU-
MaTh WUAEANbHBLIA rad B IUJIUHIDPE C IIOPIIHEM.
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Kapno paccmoTpesn muka us3 gByX M30-
TepM u ABYyX aguabar (puc. 3.5). IIpu uso-
TepMUUYeCKOM paciupeHuu 1—2 ras Haxo-
INTCA B KOHTaKTe c¢ Harpesatenem (7).
IIycTs mpu sTOM ras moJiyyaeTr TeIyio @q.
Ha usorepme 3—4 ras orgaer TeILio QZV XO0-
aoaunbHUKY (T5). B coorBercTBUM C (3.1)
KIIII mBuraressa Puc. 3.4

'
n=1—93
@

HaHHBIN ITUKJ SBJIAETCSA 00PATHUMBIM (eCJU ero IPOBOAUTH Oec-
KOHeuHO MmemyieHHO). OH Mo:KeT OBITh HPOBEJEH B OOpaTHOM Ha-
MIpaBJIeHNHW, W IIPU dTOM TIa3 COBEpIIaeT OTPUIATEJLHYIO padoTy,
HarpeBaTesib II0Jy4aeT OOPATHO TeIIO0 @1, XOJOAUIbHUK OTAAeT
rasy TeILIO Q2', KOTOpOE OH MHOJIYUMJ B MPAMOM IuKJe. VIMeHHO
TaKk B IpUHIIUIE padoTaeT J000 OBLITOBON XOJOAUJILHUK.

Pa6ouee
BelleCTBO

(3.11)

T
p ; T, Tl 1 2
2

T _ -

4 5 4 '3

T, | I
v S, S, S
Puc. 3.5 Puc. 3.6

HanpHeIe paccysKAeHUs IPOIe BCEro IMPOBECTH, M300pas3uB
nukyg KapHo me ma mgumarpamme p-V, a Ha guarpamme S-T (9HTpO-
nmus — TeMmneparypa). Ha sToii numarpamme nukja KapHo mmeer BuUf
npaMoyrojabHuKa (puc. 3.6). M30oTepMbl M300paKaAIOTCA MPAMBIMU
1-2 u 3—4, aguabarsl — npambeiMu 2—3 u 4—1. Corsacuo (3.3) mo-
gydeHHoe Temyo @ = T1(Ss — S;) 1 paBHO IJIOIIAAU IIOJ OTPE3KOM
1-2. OrpanHOE XOJOOUIBLHUKY TEIlIo Qé = T9(Sy; — S;) u paBHO
miomaau moa orpeskom 4—3. Ilpu sTom ILIomagh TPAMOYTOJIbHU-
Ka, T. e. @ — Qé , paBHa pabore A, coBepIllaeMOil ABUTATeJIeM 3a
mukJ. [logcTraBuB BeIpaskeHUA @@ U Qé B hopmyary (3.1), moryuum,
yro KIII mmrmaa Kapwuo

T,
=1--2%. 12
n=1-7. (3.12)
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ITpu BBIBOZE 5TOll (hopMyJBI He Aejlajioch HUKAKMX IIPEAIloso-
JKeHUH 0 cBOHcTBax pabouero BellecTBa U YCTPOHCTBE TEIJIOBOTO
neurarens. OTciona cienyer 3HaMeHUTass meopema Kapho:

KII]T oopamumbslx 0suzamedeil, pabomaruwux no yuxkay Kapro,
3agucum moavko om memnepamyp T; u Ty — Hazpesamens u xo-
A00UNbHUKA, HO He 3a6Uucum HU om ycmpoiicmea 0euzamens, HU
om poda paboyezo eeujecmeaa.

IIpumep. Boisicaum, B kKakoMm cayduae KIIIl nukaa KapHo moBbimaercsa 6o-
JIBINE: MIPU yBeJWYEHUM TeMIepaTypbl Harpeartensa Ha AT uin
IIPY YMEHBIIEHUN TeMIIEPATYPhI XOJOAUJIbHIKA HA TAKYIO JKe Be-
JINYUHY.

C aT0¥i 1esbI0 BOBbMEM YacTHBIe mpoudBogHbie o 11 u T's BhIpa-
sxkenud (3.12) mpna KIII:

o _T, Ty 1 on 1

o, TF T, T, or, T,

Tax xak Ty < Ty, To on/0T; < |on/0T,|. 3HAUUT, TIPU yMeHBIIIe-
HUHU TeMIepaTypsl XojoguiabHuka KIIJ mukia IOBBIIIaeTcA 00-
abIe. 3aMeTHM, YTO 5TOT BOIPOC MOKHO PEIINTh U C IIOMOIIBIO
nuarpamMmmer T-S.

MosxHO moKasaTh (MBI OIIyCKaeM JOKa3aTelabCTBO), uTo KIIJ{
JII000T0 HEOOPATMMOTO TEILJIOBOTO ABUTATEJA, PAOOTAIOIEro ¢ TeMU
JKe HarpeBaTeJeM U XOJIOAUJIBHUKOM, BCerjga MeHbIIle, YeM y JBHU-
raresis, paboraroiiero mo obpatTumMomy IHKJIYy KapHo:

nHeo6p < T]oﬁp’ (3-13)

rhe TMeep Oompermensercsa dopmysoi (3.12).

6. O gpyrux mukaax. Pemenue Bonpoca o KIIIl apyrux mukJjaoB
YacTO CHUJIBHO YIIPOIIAeTCs, eCJAM ero paccMaTpuBaTh B IepeMeH-
HeIX T-S. Bo MHOruX HUKJaX BCTPEUAIOTCA YUYACTKU — U30XOPBI U
n300apbl. BeIsCHUM, KaK OHU BBIMVIALAT Ha auarpavmme T-S.

IIycTs HauanbHOE COCTOSHUE rasa OIpeaessieTcd 3HAUEHUSAMU
To, So- IloBbicuM TemmepaTypy no T cHayajia uU30X0puieckKu. ITO
suauut, uro dS = C,dT/T, oTkyzma

S-S, =C lni, T =T, exp S-S0, (3.14)
0 |4 T 0 C
0 14
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Ecau xe mporecc mpoBoguths usobapuuecku, To BMecto Cy HaIo
6pate C,, ¥ MBI IOJTYyIUM

S-S,

T =T, exp (3.15)

p

I'padpurkn pysarnuit T(S) umeioT BUL
9KCIIOHEHT, U MOCKOJbKY Cy < Cp, 130X0-
pa (V) umer xpyue (puc. 3.7).

ITonryuennsie pesyabrarbl (3.14) u
(3.15) goa T(S) moxHO 0600IITUTH HA JIIO-
Oble noaumponuyeckue IPOIEecChl:

T <o exp(S/C,), Puc. 3.7

rae C,, — TeImJIOEMKOCTh IMOJUTPOIUYECKOTO IIpoIlecca, n — IOKa-
3aTesJb IMOJUTPONBI. VI3 9TOT0 BHIPA'KEHUSA, B YACTHOCTHU, CJIEIYET,
uyro npu C, < 0 (xorma 1< n <vy) saBucumocts T(S) mmeer Bup
yOBIBaIOIEN C POCTOM S SKCHOHEHTHI (IIYHKTHUPHASA KpUBas Ha
puc. 3.7).

Crenyer Tak:Ke UMeTh B BUIY, YTO B JIIOOOM MOJUTPOIUYECKOM
npomecce dS = C,dT/T, u 3uauur

Sz - Sl = Cnln(Tz/Tl). (3.16)

ITpumep. neanbHbIA ra3 cOBEPIIAET IPAMON IIUKJ, COCTOAIWNN W3 M30-
TEepPMBbI, IIOJUTPONBI U aguabdaThl, IpUUEeM U30TEePMUUYECKUN TIPO-
mecce npuoncxo,tm'r mpu MakKCH- 1 Q,
MaJbHOM TeMIlepaType IIUKJAa. Th- Y
Haiigem KIIII Takoro mukJa,
ecsqiu Temneparypa T B ero mpe-
nejax M3MeHseTcs B T pas.

W300pasuM maHHBINA ITUKJ Ha
nuarpamme T-S (puc. 3.8). Ilo
ounpenenenuio, KIII] Beipaskaer T, -
dopmyna (3.1). Pemenue, Ta-
KM 00pasoM, CBOJHUTCS K Ha-
XOMKJIeHUI0 OTHOIIEHUSA Qé/Ql. Puc. 3.8
Mgp1 3HaeM, 4TO

@=T, (S; = Sy, Qé =Cy(Ty— Ty
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(BamoMHUM, @y ZOKHO OBITH IOJIOKHUTENbHBIM). OTCI0fa ¢ yue-
ToM (3.16) mosyuum

&_Cn(Tz_Tﬂ_ T, -7y -1

Q TSy -S;) T,In(Ty/T}) tlnt

’

u KIII mukaa
t-1

=1- .
N tln~t

§ 3.4. CraTuCcTHYECCKHNII CMBICJI
BTOPOr0 HAYaJia TePMOIMHAMUKU

Bepremcst B BOIIpoCY: KaK HeoOPATHUMOCTh PEaJbHBIX IIPOIIECCOB
MOXKeT OBITH COTJIacOBaHAa C OOPATHMMOCTBIO 3aKOHOB, YIPaBJSIO-
IMUX ABUKEeHWEeM KakJaou uvacturbl. OTBeT HA BTOT BOIIPOC OBLI
HalileH Ha OCHOBAHUU IIPEACTABJEHUS O BEPOSITHOCTU OTAEIbHBIX
COCTOSTHUI MAKPOCUCTEMBI M CTATHUCTUYECKOTO IIoJcueTa HamboJjee
BEPOATHBIX COCTOSHUI.

CocTosiHIIE MaKPOCUCTEMBI MOXKeT OBITh OXapaKTepHU30BaHO 3a-
JaHWeM, HallpuMep, TaKUX MaKpollapaMeTpoB Kak o0beM, daBJe-
HUe, TeMIepaTypa, YKUCJ0 MoJieil 1 Ap. B aToM ciaydae roBOpAT, 4TO
3aaHO MAKPOCOCMOSAHUE.

CocrosiHme JKe MaKpPOCUCTEMBI, 0XapaKTepPU30BaHHOE HACTOJIbKO
IeTaJbHO, UTO OKAa3bIBAIOTCA 3aJaHHBIMH COCTOSHUS BCEX MOJe-
KYJI, HasbIBAIOT MUKDPOCOCTMOSAHUCM.

JIto6oe MaKpOCOCTOSHME MOKET OBITh PeayiM30BaHO PA3JIUUHBI-
MU cImoco0aMu MM PasiIdUYHBIMA MUKPOCOCTOSHUAMI. UMCI0 pas-
JUYHBIX MUKPOCOCTOSHUM, COOTBETCTBYIOIIUX TaHHOMY MAaKpOCO-
CTOAHUIO, HABBIBAIOT CMAMUCMUYECKUM 6€COM MAKPOCOCTOIHUS.

HexoTopoe mpeacTaBiieHe O CTATHCTHUYECKOM Bece MOJKHO IIO-
JYYUTh, PACCMOTPEB CIIOCOOBI, KOTOPBIMU MOJEKYJIbl MOTYT pac-
IpefeATbCsa MeXIy ABYMsA IIOJIOBUHKAMU cocyja ¢ rasoM (OTBJe-

A B Kasfch PaAy IPOCTOTHI OT BJIUAHUSA Ha CO-
CTOsSHUE Trasa pacupeneeHreM MOJEKY.JI
mo cKopocTaM). BosbMeMm, HamIpumep,
ciayudaii, KOrga B COCyze, MBICJIEHHO pas-
e 3 JIeJIeHHBIM Ha JBe OAUHAKOBbIE MIOJOBUHBI
A u B (puc. 3.9), HaX0AUTCA YUCJIO MOJIE-
Puc. 3.9 Kya N = 4. Ilepeaymepyem ux: 1, 2, 3, 4.

4@ °*2
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Kasxknaa monexrysa ¢ paBHON BEPOSATHOCTHIO MOYKET HAXOAUTHCA
KakK B IIOJIOBUHE A, TaK W B IOJIOBUHe B cocyzma. 3HAUUT, BEPOAT-
HOCTb TOTO, UTO Ji00as MOJIEKYyJa OKasKeTcA B IOJOBUHE A, paBHA
1/2. IIpebriBaHue B IOJIOBUHE A OJHOI MOJIEKYJIBI 1 OMHOBPEMEHHO
IPYroii — COOBITHS CTAaTUCTUYECKU HezaBUCUMBIe. [loaToMy Bepo-
ATHOCTh OJHOBPEMEHHOrO MpPeObIBAHUSA B HOJOBUHE A ABYX MOJe-
KyJ paBHa IIPOU3BeJleHUI0 BepoATHOcTel, T. e. (1/2)2, Tpex MoJie-
kynx — (1/2)3, geteipex — (1/2)%

ITomo0HbIe pacCcysKIeHusl IPUBOAAT K BBIBOLY, UTO BEPOSITHOCTH
106020 pasMellleHUS YeThIpeX MOJEKyJa Takske pasHa (1/2)%. Kax-
o€ pasMeIlleHHe — 3TO HEKOTOPOe MUKPOCOCTOAHVE CHUCTEMBI, U
BepOATHOCTh P Kaxcdozo W3 HUX ofMHAKoBa U pasHa (1/2)%

Bce Bo3MoOiKkHBIE pacipefieIeHUA UYeThIPEX MOJIEKYJI IO IIOJIOBU-
Ham A u B cocyna mpuBeneHbl B Tabs. 3.1. I3 Hee BUAHO, KaKue
BO3MOJKHBI «MaKPOCOCTOAHUA» (OHU OTAEJIEHbI APYT OT Apyra ropu-
30HTAJbHBIMU JUHUSIMU) U CKOJBKUMU CIIOcOO0aMu (MUKPOCOCTOSA-
HUAMHU) pPeaaudyeTcs KaKIoe «MaKPOCOCTOSHUE».

Ta6aumna 3.1
Crioco0bl peanmsaiiuu Yuco OO6bIyHAA
MaKPOCOCTOSAHUHA cr1oco0oB BEPOATHOCTD
A B Q P
1, 2,3, 4 1 1/16
1 2, 3,4
2 1, 3, 4
3 1. 2 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
1, 2, 3 4
1, 2, 4 3
13 4 9 4 4/16
2, 3,4 1
1, 2, 3, 4 - 1 1/16
Bcero mukpococrosuumii 24 = 16
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IToxg makpococTogaHUAMU OyZeM HOHUMATH COCTOSHUA, IPU KOTO-
PBIX B IIOJIOBMHE A cocyJa HaXOQUTCH, CKayKeM, OJHA MOJIEKyJia
(nmr00as), a B moioBUHe B — Tpu MoJieKyJibl. M3 TaGauibl BUIHO,
YTO TaKOe MaKPOCOCTOAHNE DPeain3yeTcd UYeTHIPHbMA MUKPOCOCTOS-
HUAMHU. 3HAUUT, CTATUCTUUYECKUII BeC MAHHOI0 MAaKPOCOCTOSHMUS
Q = 4, a obpryHaa BepoATHOCTH P = 4/16.

MaxkpococTosaHue, y KOTOPOTro B 00eUX IMOJOBUMHAX COCyZa HAaXO-
IUTCA OOUHAKOBOE UKCJIO MOJIEKYJ (IO ABe), Peaim3yeTcs ¢ IIOMO-
b0 IIIeCTH MUKPOCOCTOSHII, U CTATUCTUUECKUI BeC, a TaKiKe Be-
POATHOCTH TAKOTO MAaKPOCOCTOSHUSA MaKCUMAJIbHBI.

IIycTs mepBOHAYAIBLHO BCE YETHIPe MOJEKYJIbl HAaXOAUJINCEH B II0-
jgoBuHe A cocyma. C TeueHHMeM BpPeMeHU HEKOTOpble M3 MOJIEKY.JI,
IBUTASACH OECIIOPAMOUHO, OKAXKYTCA B IMOJOBUHE B. 9TO 6ymeT o3Ha-
YaTh, YTO «Ta3» PACIIUPUJICA. B JajmbHEHIIeM «MaKpPOCOCTOSAHIIE»
cuCTeMbl OyJeT MEeHAThCS CIAy4YalHBIM 00pas3oM, HO dUalle Oyaer
OCYIIECTBIATHCA TO U3 HUX, KOTOPOMY COOTBETCTBYET MaKCHMAaJIb-
HOe 3HaueHMe cTraTucTuueckoro Beca . MosKeT mpomsoiTu Tak,
YTO CJIy4ailHO BCE YeThIPpEe MOJIEKYJbl CHOBA OKAXKYTCS B IIOJOBUHE
A cocyma. 9To 03HAUYaeT, UTO B paccMaTpUBaeMOM cjayuae (BCero ue-
ThIPE MOJIEKYJIBI) BIIOJTHE BOBMOYKHO, UTO «Ta3», CIIEPBA PACIIUPUB-
IIKUCh, 3aTE€M CAMOIIPOU3BOJILHO COKMercs. IIpoitecc paciiupeHus
OKasaJicad O0paTUMBIM.

IIpu GosbIIIo# CKOPOCTU ABUMKEHUA MOJIEKYJ Pa3JIMUHbIE COCTO-
SAHUS CUCTEMBI OBICTPO CJIEAYIOT IPYT 34 APYrOM WM, OYEBHUIHO, IIPU-
IeTcs He OYEHBb JOJITO KAATh, UTOOBI PACIIMPUBIINICA «Tas» caM
coboi1 cHoBa cirajyicd. OQHAKO TaK OOCTOUT €0 TOJIbKO IIPU OUeHb
MaJIOM YHCJIe MOJIEKYJI.

BesencrBue craTuCcTMUECKON HE3aBUCUMOCTU IIOBENEHUS MOJIE-
KYJI UZeaJbHOTO I'a3a BePOATHOCTD JIOOOT0 MUKPOCOCTOSIHUS pPaBHA
IPOU3BENeHNIO0 BEPOATHOCTel IpeObIBaHUA MOJIEKYJIBI B JIFOOOI II0-
moBuHe cocyna. [Iaa N uacrtum, aTo nmpousBegenne P = (1/2)N. Or-
cioJja CJemyeT, YTO IOJHOE UMCJO BO3MOKHBIX MUKPOCOCTOSHUMN
cuctemsl paBHo 2V, IIpu N = 10 nonyuum P ~ 1073, Eciu B TeueHHe
IUINTEJILHOTO BpeMeH! (DUKCUPOBATH pacIpelesieHre MOJIEKYJ Ue-
pe3 paBHBIE TPOMEIKYTKHU BpeMeHM, To Ha Kaskabie 1000 cayuaeB B
cpegHeM IIPHUIETCA OAWH ciaydaii, korga Bce 10 moaexkys OyayT Ha-
XONUTHCA, HAIPUMED, TOJIBKO B IIOJIOBUHE A cocyna.
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Ho npu N = 100 mer noayuum P ~ 10730 | B makpocucremax Mbl
UMeeM [eJI0 C OYeHb OOJbINIMM 4YucjoMm uactuil. CKakeMm, ecau
N =1020 10 g1a BepoATHOCTH IIOJIydaeTcs HeBOOOPasUMO MaJjas
BeauunHa P ~ 1073 10%° . TakoBa BEpOATHOCTH, UTO Ir'ad CAMOIIPOU3-
BOJIBHO COKMETCS B OJHOII MOJIOBUHE cocy/a. SICHO, YTO IpU TaKOM
3HAUEHUU BEPOSTHOCTU 3TUM COOBITMEM MOXKHO IIpeHeOpeuh — OHO
MMPAKTUYECKN HEOCYIIeCTBUMO.

BwmecTe ¢ Tem craTmcTuuecKuii Bec (M BEPOATHOCTH) MAKPOCCT-
CTOAHUA, IPU KOTOPOM MOJIEKYJBI PACIIPEeIATCS PABHOMEPHO II0
00erM IIOJIOBUHAM COCY[a, CTPEMUTEJIHLHO PACTET C POCTOM YHCJIa
moJierys N.

Takum 00pasoM, MBI IPUXOAUM K Ba’KHOMY BBIBOAY: npedo-
CcMaeienHas camoil cebe MaKpocucmema cmpemumcs nepexooums
om JMeHee BEePOAMHbLX COCMOAHUL K OoJee 6epoimHbuim. B sTom
CyTh HeoOpaTMMOCTH. B MpUHIINIIE HEOOPATHUMBIH ITPOIleCC BO3MO-
JKeH, HO BEePOATHOCTh ero HUUYTOMKHO MaJja.

Takum o6pasoM, BTOpOe HAYaJI0 TePMOAMHAMHUKM, YKa3bIBalo-
Iee Ha HeoOPaATMMOCTH Iepexojga pPadoThI B TEILIO, 00YCJIOBJIEHO
TeM, UTO IIePeXOJ TeIIJIOThHI B paboTy O3HauaeT mepexo] oT boJiee Be-
POSAATHOTO COCTOSIHUSI K MeHee BePOSATHOMY.

ITomuepkHeM: MOHATHIE HEOOPATUMOCTH ITPOIIECCOB UMEET CMBICJI
TOJIBKO AJIsI MakpocucTeM. K coBOKynHOCTH HEOOIBIIIOTO YKCIA Ya-
CTHUIL 5TO TMOHATHE He IPUMEHUMO. OTO Mbl BUJE/JIU HA ITPUMeEPEe CHUC-
TeMbI U3 YeThIPEeX MOJEKYJ — CaMOIIPOM3BOJLHOE CiKAaTHe TAaKOTO
«Tasa» BIIOJIHE BO3MOJKHO, T. €. IIpoliecc o6paTmM.

B cocTossHUM paBHOBECUsS YMCJIO MOJEKYJ B 00eMX IT0JIOBHHAX
cocyZla MOJYKHO CUHTATH OJUHAKOBBIM C Te€M OOJIbINEell TOUHOCTHIO,
yeM 6OJIbIIIe YKCJIO MOJEKYJ. IIpu aToM HensbekHbIe QIYKTyaIluu
CTAHOBATCS HUYTOKHO MAJBIMU, U UMU MOYKHO CIOKOMHO IIpeHe-
Opeusb (peub UAeT, padyMeeTcs, 00 OTHOCUTEJIbHBIX (PIYKTyaIrnax).

§ 3.5. 9HTpONIMA U BEPOSATHOCTH

Ecau makpocucrema HaXOOUTCA B HEPABHOBECHOM COCTOSIHUM, TO
OHA CaMOIIPOM3BOJILHO OyZeT IIePeXOAUTh B COCTOSHME C OOJIbIIIei
BEPOATHOCTBI0O — paBHOBeCHoe. BmecTe ¢ TeM, COrJIACHO BTOPOMY
HavaJy TePMOAMHAMUKK BCEe CAMOIIPOM3BOJILHBIE IIPOIIECCHI B 3aM-
KHYTBIX MaKPOCHUCTEMAaX COIIPOBOYKAAIOTCSA BOSPACTAHUEM HSHTPOIIUN.
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ITosToMy MOYKHO OKUIATH, YTO MEXKAY SHTPOIMEH S MaKpPOCHUCTEMBI
B KaXXJOM COCTOSHUMN U BEPOATHOCTHIO P TOTrO K€ COCTOAHUS OJI-
JKHA CYIIIECTBOBATH OIIPeieJIeHHas CBA3b. OJTa Hjesd, BhICKasaHHAA
Boawsimmanom, ompaBpaiach U OKa3ajgach BeChbMa ILJIOZOTBOPHOI.

g HaXOMKIeHUA 9TOU CBA3U PACCMOTPUM aHAJOTMUYHO IIpUMe-
py Ha ctp. 83 HeoOpaTUMBIN MPOIECC PACIIHUPEHUS UAEATHHOTO
raza B mycToTy. IlycTh HaHHBIN ras IepBOHAYATBHO HAXOJUTCS
0 174 v, 7, B o0beMe V; TEIIOM30JMPOBAHHOIO
T T cocyma obobemom V. OT ocranabHOH
YACTHU COCYa OH OTJIeJIeH IIePeropo/-
Koii (puc. 3.10). Ileperopoaky mpak-
TUYECKN MI'HOBEHHO IIE€PEMEIAloT 13

1 9 moJsioxkeHus 1 B 2, ras pacmimpsaeTcs
B IIYCTOTY A0 00beMa Vy U IPUXOAUT
B DPABHOBECHOE COCTOSHUE.

B mammom ciyuae (ras3 maeasbHBIM) paboTy ras He cOBepIIaeT
(A = 0), mepemanHoe rasy Terio @ = 0, ciemoBaTesIbHO, IO IIEPBOMY
HavaJy mpupalleHue BHyTpeHHen sHepruu AU = 0, T. e. Temmepa-
Typa KOHEUHOr0 M HAYaJbHOTO COCTOSHUI OJMHAKOBA.

ITockoNbKY 9HTpONINS — (GYHKIUSA COCTOSHUS, TO ee IIpupaie-
Hue B mporecce Vi — V5 MOMKHO BBIUKUCJIUTH II0 00paTUMOMY IIPO-
1meccy, HaIIpuMep, M30TePMUUECKOMY. B M30TepMUYecKOM IIPOILec-
ce cormacuo (1.25) @ = A =vRTIn(V,/V;) n

Puc. 3.10

AS = Q/T = vRIn(V,/V,) = kN In(Vy/V7), (3.14)

rae N— dYmncJIo MOJIeKYJI B rase.

Teneps o6paTuMcs K BEPOATHOCTAM. B paccMOTPEeHHOM IIpOIlec-
ce pacIIpefejieHre I0 CKOPOCTSAM B HAYAJIbHOM M KOHEUYHOM COCTOSI-
HUAX OLMHAKOBO: OHO 3aBUCHUT TOJBKO OT TeMIepaTtypsl 1, KoTopas
He m3MeHmJach. IIpocTpaHCTBEHHOE ’Ke paclpefiesieHre MOJIEKYJ
cTajio 0ojiee «CBOOOTHBIM», a 3HAUUT U O0Jiee BEPOATHBIM. B camom
eje, BEPOSATHOCTh HAXOMKAEHUA OTHOM MOJIEKYJIBI ra3da B 00beMe
V1 paBHa, oueBuznHo, V1/V,. BepoaTHOCTh 'Ke Bcex N MOJEKYJ CO-
OpaTsca B oobeme V; pasHa (V1/Vy)N. O603HAUNM 5Ty BEPOATHOCTD
kak P;. CoorserctBenno (Vo/Vy)N — kar P,. Torma oTHoIIeHue
9TUX BEPOSATHOCTEH

Py/Py = (Vy/V)Y, (3.15)
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u mpuparienue sHTponuu (3.14) MOXKHO 3ammcarTh Kak
V. v, \" P
AS:kNlnv—zzkln —2 | =kln-2. (3.16)

1 1 1

ITockoJBKY BEPOATHOCTh MaKPOCKCTEMBI IIPOMOPIIMOHANBHA ee CTa-
TUCTUUECKOMY Becy, T. €. P co Q, mocyenuion GopMmysay Ipeacra-
BUM TaK:

AS = E1n (Qy/Q), (3.17)

U MBI IPUXOAUM K 3HaAMeHUTOU ¢opmy.ne Borvumana

S=FkInQ, (3.18)

u3 Kotopoit u ciaexmyet (3.17).

3aMeTuM, YTO IPUBEJEeHHBIE 31€Ch PACCYKIEHUA HE IMPETEHAYIOT
Ha BBIBOZ (opmyJibl (3.18), a mpeacTaBiasioT coboil cKopee HEKOTO-
pole mosicHeHusA. CTporuii BHIBOA 9TOM (OPMYJILI JAETCS B TEOPETH-
YyecKoll (usuke, rme, KCTaTH, MOKasbiBaeTcd, uTo (3.18) oTHOCHUTCA
He TOJbKO K PAaBHOBECHBIM COCTOAHUAM, HO M K HEPABHOBECHBIM.

Temeps MTPEAIONOKUM, UTO MAKPOCUCTEMA COCTOUT W3 IBYX
MIPaKTHUUYECKU He B3aMMOIEHCTBYIONIUX IIOACHUCTEM, OJHA M3 KOTO-
PBIX HaXOOUTCA B COCTOAHUM I ¢ sHTpomueH S; U CTATUCTUUECKUM
BecoM (Q;, a Apyrag — B COCTOAHUU 2 C dHTponueil Sy U CTATUCTU-
YecKUM BecoM Q.

Yucao cmocoboB (MUKPOCOCTOAHUIM), KOTOPHIMU MOJYKET peasu-
30BaThCA paccMaTpUBaAeMOe COCTOSHUE MAaKPOCUCTEMbBI, PABHO IIPO-
U3BEIEHUIO YMCeJ CIIOCO00B, T. €. ()1 U 2y, KOTOPLIMU MOTYT OBITH
OCYIIECTBJIEHBI COCTOSIHUA KaMKION 13 IMOJACUCTEM B OTAEJTHHOCTH:

Q= 0,0, (3.19)

Orcroga caenyer, uto S = £ In(Q1Q) = EInQ; + kEInQy = S; + S,,
KaK W JOJIKHO OBITh, IIOCKOJIbKY SHTPOINS — BEJUUYNHA aIIUTUB-
Hadg. 9TO, KaK BUAHO, coryacyercsa ¢ (3.18).

IIpuHIMO BO3pacTaHMWS SHTPOIMMU CO CTATHUCTHUYECKON TOUKHU
3peHns IpuBeJ BoabliMaHa K (PyHIaMEHTAJIbLHOMY BBIBOLY:

6Cce 3AMKHYmMble MAKDOCUCMEMb. CMPEeMAMCL nepexodums
om cocmosnuil MmeHee 6epOAMHLIX K GOnee 6ePOAMHBLM.
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IIpu sTom cama sHTponua S XapaKTepUByeT cmenendv 6ecnopso-
K@ B MaKPOCHUCTEMeE: COCTOIHUAM C OOJBITUM OeCIIopAJKOM OTBeUa-
eT GOJbINIasg BEPOATHOCTh (UM CTATUCTHUUECKUI Bec (1), ueM y 6o-
Jiee YIOPATOUYEHHOTO COCTOAHUA, a MOITOMY U OOJIbIllee 3HAUEHUE
SHTPOIUHU.

Bospacranmue sHTpommu ¢ poctoM OecnopsjKa B MaKpOCHCTE-
Me — 3TOT BOIIPOC PelllaeTcs JajieKo He TaK IIPOCTO, KaK MOJYKET II0-
KasaTbcsa. O6 95TOM CBUAETEIBCTBYET XOTs OBbI CIEAYIOIUI IIPUMeED.

IIpumep. Ha puc. 3.11 nmokasanbl pacupeneseHus MakKcBesjia MOJEKYJI 10
cxkopocTam F(v) y HEKOTOPOii MaKkpo-
cucremsbl (rasa). IlombiTaemsi BbIsC-
HUTh, IIpU Kakoi temmeparype (T
uiu T'p) SHTPONIMA NJAaHHON MaKPOCHU-
cTeMbl 0OJIbIIIE.

Ha mepBbIll B3TUIAM, SHTPOIUS MakK-
pocucrembl mpu Ty OymeT GosbIiie:
npu OoJIbIIell TeMIlepaType MOJeKY-
JbI 0OJIBIIIe pas30poCaHBI II0 CKOPO-
CTSIM, 3HAUUT, OECIIOPATOK OOJIbIIIE.
OmHAKO 5TOT BBIBOJ OKAa3bIBAETCA He OJHO3HAUYHBIM. B camom

Puc. 3.11

Ieje, BeIb MBI He 3HAeM KAK IPOUS3OIILI0 HarPDeBaHUE, B Pe3yJib-
TaTe KaKOro Imporecca. OTo MoACHAeT puc. 3.7, rae HA AuarpaMmme
T-S wpome wmsoxopsl (V) u msobapsl (p), MOKa3aH TYHKTUPOM
OIVH M3 MHOYKECTBA IIPOIIECCOB, B Pe3yJabTaTe KOTOPOTO C POCTOM
T surponus S ymeubinaerca. VI cBA3aHO 9TO ¢ TeM, UTO, XapaKTe-
pusys CTemeHb 0eCHoOpPSAAKa, MBI JOJYKHBI YUUTHIBATH HE TOJBKO
pacupeznenenue (pasébpoc) MOJIEKYJI IO CKOPOCTAM, HO W IIO IIPO-
cTpaucTBy. [/ «IyHKTHUPHOTO» IOJUTPOIMYECKOTO IIPOIlecca
00'beM MaKpPOCHUCTEMBI ¢ pocToM 1 yMeHbIIIaeTcd, 3HAUUT, «IIPO-
CTPAHCTBEHHBIN» 0€CIIOPAAOK CTaHOBUTCA MeHbIe. [lociequuii B
ITaHHOM cJydyae W IIpeBaJUpPyerT.

B pesysbTaTe sHTPOIMUSA MaKPOCUCTEMBI IIPU IMOBBLIIIIEHUN €€ TeM-
nepatypbl or T; 10 T9 MOKEeT KaK YBEeJIUUYUTHCH, TAK U YMEHb-
muThcA. Bes JOmoTHNTEeIBbHBIX YCJIOBUHA 9TOT BOIIPOC OAHO3HAYHO
PenuTh HeBO3MOMKHO.

C sTuM cBszaHa U HeOOPATUMOCTDL PeaJbHBIX CAMOIIPOU3BOJIb-
HBIX TEIJIOBBIX MPOIECCOB: OHU MPOTEKAIOT TaK, YTO OECIOPAIOK B
MakKpocucreme yBeaununbaerca. C aTuM CBsI3aH U TOT (PAKT, UTO JIFO-
60ﬁ BHJ OSHEPrum IIepexoAuT B KOHIe KOHIIOB BO BHYTPEHHIOIO
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9HEpPTHio, T. €. B COCTOAHUE, IPU KOTOPOM «XaoC» B MaKPOCUCTEMeE
MaKCUMAaJeH. OTO COCTOSHUE SBJIAETCS PABHOBECHBIM, €T0 9HTPO-
musa S = Makc.

KaxoBo 6bI HU OBIJIO IePBOHAYAJIBHOE COCTOSHIE MAaKPOCUCTEMbI
(mampumep, rasa), OyAy4Yud TEILJIOM30JMPOBAHHOM OHA HeM30erKHO
IIePEeXOAUT B COCTOSHME, IPU KOTOPOM pacIpelesieHre MOJIEKYJI II0
CKOpPOCTAM OyaeT MaKCBEJJIOBCKMM, a BO BHEIITHEM IIoJie ellle u 0o-
JILIITMAHOBCKYM.

JuTponua u cyabda Becenennoii. IIpuHIIMT BodpacTaHmsA SHTPO-
nmuu npuBogurT K Mbicam (Kiayswmyc), uro sHTpomusa BcesieHHO#
npubam:KaeTcsa K MaKCUMyMYy, IO AOCTHXKEHHH KOTOporo Bo Bce-
JIEHHOII TpeKpaTATCcA Kakue Obl TO HU OBLIM IIPOIlecChl. J[OJIKHO
HACTYIIUTHh a0COJIOTHO PABHOBECHOE COCTOSHUE, B KOTOPOM HUKAa-
KJe TPOIleCChl Yy:Ke HEeBO3MOXKHBI. HacTymuTt menJnosas cmepmb
Bcenennoii.

B cBs3u ¢ sToit KoHIenmuel BoabliManoM OblIa BhICKa3aHa TaK
HasbIBaeMas QPAYKMYAYUOHHAS zunome3a. BoabliMaH He OTPUIIAT
MIPUMEHUMOCTh IPUHIINIA BO3PACTAHUA SHTPOIUU KO Bceit Beesen-
HOH B IIeJioM (a TaKue COMHEHUS BbICKa3bIBAJNChH), HO OH 00OpaTuj
BHUMAaHNE HA CTATHUCTUYECKYIO IPUPOAY 9TOro 3axkoHa. IlosTomy
OTCTYILIEHUSI OT TePMOAUHAMUYECKOr'0 paBHOBecus BcesleHHOH —
GayKTyanuu — He TOJBKO BO3MOYKHBI, HO 1 Hems0e:xkHbI. Ceiiuac
MbI UMEEeM JeJI0 ¢ TUTAaHTCKOM (uyKryammeii. OHa JOKHA HCUE3-
HyTb. Torma HacTynuT TemjaoBas cMepTh Bceesernnoii. OqHaKO uepes
HEKOTOpOoe BpeMs CHOBA BO3HUKHET TUTaHTCKadA GIYKTyanud, u
Bcenennas BBIIZET M3 COCTOSHUSA TEIJIOBOM cMepTH. 3aTeM OIATH
BCe TIOBTOPUTCA, W TaK 6e3 KOHIIA.

B macrosIiee BpeMs YCTAaHOBJIEHO, UTO BBIBOA O «TeILJIOBOM
cMepTH» BecelleHHON U mepBoHaUYaJbHBIE IMONBITKU €r0 OIIPOBEpIKe-
HUSA ABJSAIOTCSI HECOCTOATEJbLHBIMU, IIOCKOJbKY B HUX He YUUTHIBa-
JIOCh BJIUSHWE TATOTeHUsS. BBIACHUJIOCH, UTO U3-3a TATOTEHUS Of-
HOPOJHOE M30TePMHUUECKOe paclipejejieHre BelllecTBa Bo BceieH-
HOl He COOTBETCTBYET MAaKCHUMYMy OSHTPOIINHU, IIOCKOJBKY TaKoe
COCTOSIHUE He sBJIAeTCs Haubojiee BEPOSTHBHIM. BceslemHas HecTa-
I[MOHAPHA — OHA PAaCIIUPSEeTCs, U IePBOHAYAIBLHO OJHOPOIHOE Be-
IIeCTBO paclajaeTca IIOJ MAeNCTBMEM CHUJ TATOTeHUdA, o0pasysd
CKOIJIEHUS TaJaKTUK, CAMU TaJaKTUKHU, 3Be3Abl U T. I. ITU IIPO-
IecChbl MPOUCXOMAT C POCTOM SHTPOIUUN — B COOTBETCTBUU CO BTO-
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pBIM HAYajJoM TepMomuMHAMUKHU. VI HHOTKyZa He cJeayeT, YTO 3TU
IIpoIlecChl MPUBEAYT K OAHOPOAHOMY M30TEPMUUYECKOMY COCTOSHUIO
BcenenHoit, T. e. K «TemJIOBOA cMepTu» BcesleHHOI.

§ 3.6. TepmoguHaAaMHYECKHE COOTHOIIEHU ST

B ucxoxpuyio dopmyny (3.2), ABAAIOIIYIOCS ONpeAeieHueM SHTPOIINH,
OJCTaBUM BhIpasKeHue AJs d'Q) U3 ImepBOro Havajia TEPMOJUHAMUKU:

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

9T0 BhIpa)KeHNe HABOAUT HA MBICJIb PACCMATPUBATH SHTPOIUIO KaK (DYHK-
MU0 ABYX MEePEeMeHHBIX — BHyTpeHHeil smeprum U u obGbema V, T. e.
S(U, V). Torga B COOTBETCTBUHU C OOIIMM ITPABUJIOM OIIpeaeaeHus maudde-
peHnuasa QYHKIUNA HECKOJbKHUX IIePEeMEHHBIX

ds = [ﬁj du + [ﬁj av. (3.21)
ou )y Viu

W3 cpaBuenus (3.21) c (3.20) BugHO, YTO

[ﬁj _1 [ﬁj _P (3.22)
ou), T o)y T

9TH paBeHCTBA HAYMHAIOT COOOM MIMHHBIN DAL PA3JIUYHBIX TEPMOJMHA-
MHUYECKUX COOTHOIIEHU, KOTOpPbIe IOJYUYAIOTCA IPU IIEepPexofie OT SHTPO-
nmuu S K ApyruM GQYHKIUSAM (TaK HA3bIBAEMBIM TEPMOJUHAMUYECKUM II0-
TeHIIHaJIaM), a OT ImepeMeHHBIX U u V K APyruM IepeMeHHBIM.

IlpeacraBuM sHTpPOUIHIO Kak (QYHKIUIO nepeMeHHBIX T u V, T.e.
S(T, V). HuddepeHniinan BHyTPeHHell SHEPTUU B 3TUX IIePEMEHHBIX

dU = [@j dT + (ﬂj av. (3.23)
oT ), v )y

ITogcraBuB ato BeIpaskeHume B (3.20), moxyuum
S =l(@) T + l[ﬂj + 2 v,
T \oT )y T\oV)r, T
OTKY[a CJeIyeT, UTO

l(ﬂj :(ﬁJ, l(ﬂ) +£:[§j. (3.24)
T\oT ), \oT)y T\V )y, T \oV)p
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Ecnu mckaounThs 9HTpOnuio S M3 3TUX PABEHCTB, TO MOMKHO IOJTYYUTH
COOTHOIIIEHVEe MeXXAYy 60jiee IPUBBIYHLIMYU IE€PEeMEHHBIMU. [ 9TOTO IpO-
nuddepeHnupyem nepBoe paBeHcTBO (3.24) mo V, a Bropoe — mo T. U3 pa-

BEHCTBa IIpPaBBbIX yacTell — CMeIIaHHBIX IIPOU3BOAHBIX,
2 2
2s %S
T e 2
0TV~ oveT
IIOJIYyYHNM

10U _of1(auy _p
T oToV  oT |[T\oV ), T |,

ITocie BoImosHeHUA AuddGEPEHIIUPOBAHUS U COKPAIeHUS MOJYUUM:

0 1 U
—Z([2)- 2. (3.25)
oT\T) T? 0V

YT00BI HE BO3HUKJIO BIIeHYaTJIEHUA, YTO TepMOIWMHaAMHNYECKHe COOTHO-
IIeHudA — 3TO IIPOCTO KaKHue-TO MaTeMaThu4dYeCKHe yIIpaXHEeHUA B YaCTHBIX

TPOM3BOAHBIX, ITOKAKeM Ha CJeyIOoIeM IpuMepe, Kakue riyookue Gusn-
YecKHe pe3yabTAaThl MOKHO M3BJIEUb M3 3TUX COOTHOIICHMUI.

IIpumep. 3Has, 4TO AaBJIeHUE TEIJIOBOTO U3JIy4YeHUs p = u/3, roe u = U/V
— IJIOTHOCTH W3JIyUeHUusd, ABIdoIagcad (yHKumeid Toabko T,
HalileM ypaBHEHINE COCTOSHUSA ITOT0 MBJIYUEHU.

IloxgcTaBuM mpuBeNeHHBIE BHIpAMKEHUA IJdA p U U B (3.25):

i(L) - L0,
oT \38T T= oV

otkyzma ou/0T = 4u/T, nnu ou/u = 40T /T. 9ro quddepeHIINATE-
HOe ypaBHEHHE IIPeJCTAaBUM B BHUJE

dln (w/T" = 0.

Smauur, u/T* = const, T. e. u o~ T4. MBI DOTYyYNIN BAKHBIN pe-
3yJbTAT, MOJTBEPKIEHHLIM JKCIePUMEHTATILHO.

B 3axirouenue 3aTpoHeM BOIIPOC, CBA3AHHBIN ¢ TAK HA3BIBA€MBIMU 1Mep-
modunamuieckumu nomenyuaram. Tak HasbIBAIOT PYHKIUU COCTOSHUA,
Ha KCIOJIb30BAHUU KOTODPBIX OCHOBAaHBI BCe pacueThl B TepPMOIUHAMUKE.
CyiiecTByeT MHOXKECTBO TAKUX (DYHKI[WII, HO JIHUIIL HEKOTOPBIE HIPAIOT
BaKHYIO poJib. MBI OTpaHUYUMCS ABYMSA — BHYTPeHHeH sHeprueit U u cBo-
OomHOI sHeprueit F, MOCKOJbKY APyrue HaM He IIOHAZO00ATCH.
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Brnympennsasa snepeusa U. C a10oif QyHKIIMEN MBI yiKe TOBHAKOMUJINCE.
IIpencraBuM mepBOe HAYaJO TEPMOAWHAMUKHM C YYETOM TOrO, UTO
d'Q =TdS, B Buze

dU = TdS — pdV. (3.26)

ITO COOTHOIIIEHVE II03BOJISET yTBEepxaarb, 4TO

oUu oU
) (5 (520

W3 Toro :xe mepBoro Hauaja CJIegyeT, UTO IPU OTCYTCTBUU TEILJIOO0OMEHa C
OKpYyJKaloleil cpenoit pabora, coBepiiaeMas MaKpPOCUCTEMOI, paBHA yObI-
JU BHYTPEHHeIl SHepruu:

A =—AU. (3.28)

9TO COOTHOIIIEHNE, KCTATH, MOYKET CIYKUTh TePMOJUHAMUYECKUM OIIpese-
JIeHNeM BHYTPEHHEeH Hepruu.
Ceéo60o0nasn snepzus F. Ilepenurmiem (3.26) B Buze

d'A = —-dU + TdS. (3.29)

IIpu msorepmuueckom mpoiiecce (T = const) pa6ora d’A mMoKeT OBITH OIpe-
IeJieHa KaK

d'A=-d(U - TS) = —-dF, (3.30)
rae F u ectb c60600HaA sHepzua:
F=U-TS. (3.31)

Taxum ob6pasom, pabora, coBepliiaeMas MaKpPOCUCTEMOII IIPU U30TEPMIU-
YecKOM IIpoliecce, pPaBHA YOBIIM CBOOOIHOM SHEPTUU:

A = —AF. (3.32)

IIpu msoTepMumuyecKux mpoliieccax cBobomHasa sHeprusa F umrpaer posab
MIOTEeHIIUAJIBLHON dHEPTUH: ee YOBLIb PaBHA IIPOM3BOAUMON paboTe, U paB-
HOBECHOMY COCTOSIHUIO MAaKpPOCHCTEMEI COOTBeTCTByeT F = MuH.

ITpeacraBum F Kak GQYHKIUIO JBYX HepeMeHHBIX. [[Jig 3TOro BosbMeM
nuddepennuan or (3.31) u mpumem Bo BHuManue (3.26). Torma

dF = dU - d(TS) = TdS — pdV — TdS — SAT = —pdV — SAT.  (3.33)

oF oF
B (e e

Orcioma ciaemyer, 4TO
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AHasoruyHble COOTHOIIIEHUS MOYKHO U3BJIEUDb U U3 APyrux TepMoAauvHAa-

MUYECKHUX IIOTEHI[UAJIOB.

3.1.

3.2.

3agauu

durponuda. OIMH MOJIb UAeaJIbHOTO I'a3a ¢ U3BECTHBIM 3HAUEHUEeM Tell-
goemkoctu Cy coBepIllaeT MPOIecc, IPU KOTOPOM ero sHTpomus S 3a-
BucuUT oT Temreparypsl T kak S = a/T, roe oo — nocrossHHas. Temme-
parypa rasa msmeHwmsach or T; mo T,. HaiiTu:

a) MOJIAPDHYIO TEeILJIOEMKOCTH Trasa Kak (QyHKmuioo T
0} KOJIMUYECTBO TEILJIOTHI, COODIIEHHOH Trasy.

Pemesnue. a) MOJIHpHaH TEIIJIOEMKOCTb B JAaHHOM IIpOIlecce

c_dQ _Tds _

o
dT dT T

Bugzo, uro eciim oo > 0, To C < 0, u Hao6OpOT.

T2 ar
6)Q=[CdT =« | - = on(Ty/Ty) .
T,

B pesynbraTe moIuMTpONMUECKOro Ipoliecca 06bEM MeaTbHOTO rasa
yMeHbIHUICA B v pas. IIpu sTom pabora, coBepIleHHas HaJL ra3om, A’ =
= 2AU, roe AU — upupaiiieHre ero BHyTpeHHel sHeprunu. Haiitu npu-
paleHue SHTPOIUM B ITOM IIpOIlecce.

Peurenue. ITo onpegenennio AS = Jd ‘Q/T . Haitzem d'Q. Corsacuo

IIepBOMY HauaJjJly TepMOJUMHaAMHUKHW B OJAaHHOM CcJiy4dae

Q=AU - A' = -AU = - C,,dT. 1)
CaemoBarenbro, d'Q = — C, dT u
TZ
dT T
AS =—|Cy —=-Cyln|=2]|. 2
7:[1 v v in (TlJ (2)

Ocraerca BBISICHUTH, 4eMy paBHO oTHomieHue T'5/T;. U3 (1) caenyer,
YTO TEIJIOEMKOCTb MaHHOTO MoJuTponudeckoro mpoiecca C, = —Cy.
Ho C,, cormacuo (1.21) paBuo pasnoctu Cy — R/(n — 1). 9to 3Hayur,
yro 2Cy = R/(n — 1). Orcroga

n-1=(-1)2. 3)
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3.3.

3.4.

VMesa B BuUIy, UTO ypaBHEHHe IIOJHUTPOIMYecKoro mpormecca TV 1 =
= const, mosyuyum

-1 -1)/2
Ty/Ty = (Vy/Vy) H=v D2

Takum oOpasom, ypaBHeHue (2) mpumeT BU]

(G-1)/2 _ _

AS = - Inv —Inw.

y-1
OxuH MOJb BaH-Aep-BaaIbCOBCKOTO rasa, MMeBIINil o6beM Vi u TeM-
neparypy T, IepeBennu B COCTOSHUE ¢ 00beMOM Vy M TeMIepaTypou
T5. HaiiTu cooTBeTCTByIOIllee IpUpAIeHWEe SHTPOIUU TIasa, CUYUTAA
€ro MOJIEKYJIAPHYIO TeloeMKocTb Cy M BaH-Iep-BaajbCOBCKYIO IIO-
IpaBKy b M3BECTHBIMU.

Pem e Hue. Mckomasa BeslmumHa

dU + p dv

Aszj -

Hcnonb3ys BuIpaskeHUs OJA BHyTpeHHell sHepruum U BaH-Iep-Baajb-
coBckoro rasa (1.44) u nia gaBjieHUA p U3 YPABHEHUSA €T0 COCTOAHUA
(1.42), monydyuM Iocje COKpAIeHui
dT ¢ R AV Vy—b

j Cp—+ |22 =C,In>2+RIn-2"",

7, T v, V -b T1 V,-b
W neanpHEBIl Ta3 ¢ mokasatenaeM aguadaThl Y COBEPIIAET IIPOIleCC II0 3a-
KOHY p = po — oV, TOe pp U 0. — TOJIOYKUTEJTbHbIE IIOCTOSIHHBIE, V—
o6wem raza. [Ipu Kakom 3HaUeHUU 00BeMa V,, 9HTPONUA ra3a OKasKeT-
cA MaKCUMAaJbHOM?

Pewenue. Jurponus Oyger MakCcuMaJbHOU B Touke, rae dS = 0.
BocnonbzoBasmucs Gopmynoit (3.9), sanumem

c, P o Wy, 1)

d c - oV
7p: p P Po . (2)

Kpome Toro, ua ypaBHeHUs mpollecca IPOU3BOLHAS

dp/dV = —a. 3)
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3.5.

3.6.

IToncranoBka (3) B (2) IPUBOAUT K yPaBHEHUIO

y(% - (xj - a, (4)

OTKyZa o0beM V,,, OTBEUAIOIUIl MaKCUMyMy SHTponuu S, paBeH

YPo .
a(y+1)

m

Temnon30IMPOBAHHBIN COCY[ pasiesieH IIeperopoaKoil Ha IBe YacTHu
Tak, 4TO 00'b€M OJAHOUM M3 HUX B n pas OoJibllle o0bemMa Apyroi. B me-
HbIIIell YacTy HAXOAUTCS V; MOJIS OJHOTO rasa, a B OOJIbIIIEN YacTU vy
MoJisg Apyroro rasa. Temieparypa rasoB oJuHaKoBa. Ileperopoakry
yaaauau, U rasbl nepeMelnananch. Halitu mpupaienue sHTponun AS
MaKpPOCUCTEMBI, CUMTAsI radbl UAeaTbHBIMMU.

Pemrenwue. U3 agmuruBHOCTH 9HTpPONUU cienyet, uro AS = AS; +
+ AS,, roe oba npupartieHus AS; u AS, HaliieM, UCIOJIb3Y A U30TEePMU-
YeCKUU MPOIecC pacCIIMpeHus KaKJaoro rasa. HamoMHUM, YTO 9TO IIO
CYIIIECTBY YMCTO MaTeMaTUYeCKUH IpueM, OCHOBAHHBINA HA TOM, UTO S
ABaseTca (QYHKIUeN cocrosuusa. Wrak,

ASlzjﬂzlelnM, A32:V2Rlnu.
T 14} Vo

WUwmesa B Buny, uro V,/Vy, = n, monyuum
AS =AS, + AS,=v,RIn(n + 1) + v,R In(n + 1/n).

JlBa OAMHAKOBBIX TEIJIOM30JUPOBAHHBIX COCYHa, COeJUHEHHBIE TPYO-
KO C BEHTUJIEM, COIEPIKAaT 110 OJJHOMY MOJIIO OJHOTO M TOTO JKe miaea-
JbpHOrO rada. Temmeparypa rasa B ogHom cocyzne Ty, B apyrom T'5. Mo-
JApHAA TEIJIOEMKOCTH raza paBHa Cy. BeHTUIb OTKDHLIN, U ra3 IpHU-
meJ B HOBOE COCTOSHME paBHOBecusd. HailiTu npupaienue AS
9HTPOIIMU Tasa B dToM mpoiiecce. Ilokasars, uro AS > 0.

Pemenue. ITo yciaoruo @ = 0, A = 0, 3HAUUT COrJIACHO IEPBOMY
"Hauany u AU = 0, 1. e. U; + Uy = U, oTKyza

T, +T,=2T, 1)
rae T — yCTAHOBUBINASCA TeMIlepaTypa. 3HAsS HauaJabHOE ¥ KOHEUHOe

paBHOBECHBIE COCTOSAHUS, 0.4 nodcuema AS BosbMeM HamboJjee IIPo-
CTON OOpATHUMBLIN ITPOIECC — MN30XOPUUECKUIA:

T T
AS =Cyln—+Cyln—+AS,, 2
|4 T1 14 T2 0 ()
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3.7.

rae AS) — mpupalreHye SHTPOINUY 3a CUeT llepeMelnBanusa razos. Ho

IpU TepeMeIlnBaHUU TOMKAECTBEHHBIX razoB AS; = 0 (cMm. mapamokc
T'uG6ca, § 3.3).

ITepenumiem (2) ¢ yuerom (1) B Buze

2 2
AS =C, lnL:CV mw_

3)
T,T, AT, T,

Hoxaskem Ternepb, uTo AS > 0. [Iaa 9TOro MOCTYIHM TakK:
(T, + Ty’ =T2 + T2 + 2T,T, — 2T T, + 2T, T, =

= (T, - T, + AT,T,.

Torpa BeIpaskeHue mox Jorapudmom B (3) OymeT MMeTb BUJ

2 a2
(T, +Ty)” (T =Ty)" 4

(4)
AT, T, 4T, T,

Orciofa BUAHO, YTO OHO 0OJIbINIE €IMHUIIBI, 3HAUUT ero Jorapudm 60-
abire Hysada u AS > 0.

IMukxa Kapao. OfmH MOJIb UeaIbHOTO Ta3a U3 KEeCTKUX JBYXaTOMHBIX
MoOJIeKyJ coBepimaer 1ukJ Kapao. Temmeparypa HarpeBaTess
T1 =400 K. Haiiru KIII[ nukia, ecau npu agmabaTudecKoM CyKaTUU
sarpayuBaerca pabora A’ = 2,0 xx.

Pem e nue. IIpu aguabaruueckom cxxkatuu @ = 0, ciaemoBaTeabHO,
coBepIllaemMasi Haj rasoM paboTa HAeT Ha MNpUpalleHue BHYTpeHHei
9HEPruu rasa:

A'=AU=CV(T1T2)=CVT1( ?J ©
1

BenuuuHza B mocsiegHux Kpyribix ckodkax — ato KII 1. ITosTtomy us
(*) cnenyer, uTo
n=A4'/C,T;.
ITockonrry Cy = (i/2)R, TO
n = 24'/iRT, = 0,24,

rae i = 5 (MoJeKyJa JKecTKas).
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3.8. KII nukmaa. OquH MOJb UAEAJIBHOTO ra3a C IIOCTOSHHON amzuabaTsl y

3.9.

COBepIIlaeT ITUKJI, COCTOAIIUIN W3 M30XOPbI, M30TEPMbI U M300aphI,
npuyeM H30TEPMUUYECKOE PACIIUPEHNe IIPOUCXOAUT IPU MaKCHMAaJIb-
HOII TeMmIlepaType IukJja. TeMieparypa B Ipefesax IIUKJIA NU3MEHIET-
ca B T pasd. Haiiru KIII] mukia.

P e m e v u e. I300pasuM maHHBIN
muKJa Ha guarpamme T-S (puc. 3.12).
BykBamu V u p oTMeueHBI UB0XOPU-
YeCKUH U M300apUUECKUIl IIPOIeCcChl
(cm. puc. 3.7). CornacHo ¢opmyie
(3.1) pemrenne cBOgUTCA K HAXOXKIE-
HUIO OTHOIIEHUS Qé/Ql. Brrmuiiem

CHavaJla UX OTAEJIbHO:

Q, = C(T, - T)),

Q=C(T,—-T)+T,NS,—-8,). (1) S
Onpenenum S3 — S, ¢ moMoIIBIO (hop- Puc. 3.12
myabel (3.16) B gBa srama:
S, -8, =CIn(T,/T)), S, -8, =CInT,/T,), (2)
OTKyJa X PasHOCTH
S;-8,=(C, - C)) Int = Rlnr. 3)

OTHomleHue ), /Q; COrIacHO NPUBeAeHHBIM (OPMYyJIaM MOXKHO IIPUBe-

CTH K BUAY

®Q_ v
Q 1, 0-Dry o
-1
Uckombrit KIII 1mukia
1+y tln~t
-1

Bugto, uro B orsimuune ot nukiaa Kapao KIIIl raHHOTO ITMKJIA 3aBUCUT
oT poja BelecTBa (y).

Crarucruuyeckuii Bec. OIUH MOJIb HAEAJBHOTO I'a3a, COCTOSIIEro M3
ONHOATOMHBIX MOJIEKYJI, HAXOAUTCA B COCyAe IIPU TeMIlepaType
Ty =300 K. Kak u BO CKOJBKO pa3 MBMEHUTCSA CTATUCTUUECKUI Bec
9TOII MAKPOCUCTEMBI, €CJIN ee HArpeTh nsoxopuuecku Ha AT =1,0 K?
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Pem e nue. Ucxoma us popmyiasl (3.18), umeem
AS = k In(Q/Qy). 1)

Bunmo, uto perienue cCBOAUTCA K HaxoKaeHUo AS:

Aszjﬂzcvln£=iRln 1487 2
T TO 2 TO

W3 comocraBimenus dopmyra (1) u (2) moayuum

Q i AT i AT o1
In-> = N,In[1+°|~:N, 20 —3.10%, 3
2 4 T 24T (3)

Q, 0 0
3aecy yuteHno, uto AT/Ty <« 1. s mocienueir (popMyJbl HAXOIUM:
Q/Q, = o3 102 _ 10%3 10%
0 = =

— BeJIMUMHA UYYJOBUIINHO I'DAHAMO3HAA Aake IIPU TAaKUX CKPOMHBIX
U3MEHEeHUAX TeMIIepaTyphl.

3.10. Haiitu craTuctuuecKkuii Bec () Hamboee BepPOATHOIO pacipeeeHnsa

N = 10 oguHAKOBBIX MOJIEKYJI IO IBYM OJMHAKOBBIM IIOJIOBUHAM CO-
cyma. Yemy paBHaA BEPOSITHOCTH TAKOTO PaCIIpEeeIeHUs?

P eI e H u e. PaccMoTpuM Takoe MaKpOCOCTOAHUE, IIPU KOTOPOM B
OIHO¥ (IIepBOIl) ITOJIOBUHE COCYla HAXOJUTCS N MOJIEKYJ, a B APYyTroi
(BTopoit) N — n. Haiizem umcyio crroco60B (MUKPOCOCTOSHUIT), KOTO-
PBIMHU MOKET OBITH PEaIN30BAHO TaKO€ MAKPOCOCTOSHME. OTO UMCJIO
PaBHO umMCJy IepecTaHoBOK N MoJsekyna, T. e. N! OgHako mepecra-
HOBKU, IIPU KOTOPHIX M3MEHAETCS TOJHKO IOPALOK Da3MeIleHUus B
mepBoil mosoBuHe (T. €. n!) He MIPUBOAAT K HOBOMY MUKPOCOCTOSHUIO
(HAIOMHUM, YTO OT[eJbHble MUKDPOCOCTOSHUS OTJIUYAIOTCS TOJIHKO
HOMepaMH! MOJIEKYJI, IIOIAJAlOINX B pasHble IIOJIOBUHBI COCY[a).

Karxmomy m3 BOBMOYKHBIX paclpefieleHUil OCTaJIbHBIX MOJEKYJ BO
BTOPO# MOJIOBMHE COCYZa COOTBETCTBYET n! Pa3JIMUYHBIX PadMeIleHn
MOJIEKYJI B II€pBOil mosoBrHe. IloaToMy, pasgeanB MOJIHOE UHMCIO IIe-
pecraroBok N! Ha n!, MBI UCKJIIOUNM II€PECTAHOBKH, KOTOPHIE OTJIH-
YaloTCA JUIIb CIIOCOOOM pasMelleHus MOJIEKYJ B IIEPBOI IIOJOBUHE
cocyna.

Pasgenus sarem N!/n! ma (N — n)!, MBI UCKJIIOUNM II€PECTAHOBKU BO
BTOPOM IOJIOBUHE cocyla. B pe3ybTaTe UMCIIO pacupeeieHuid MoJie-
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3.11.

KYJI 10 006eMM II0JIOBUHAM COCY[a, OTJINYAOIIUXCSA JIUIIL HOMePaMu
MOJIEKYJI B 00eMX IIOJIOBUHAX, OIPENeJseTcs Kak
N!

Q(n, N_n):m.

9Ta BeIMYWHA €CTh YNCJIO MUKPOCOCTOAHMUM, COOTBETCTBYIOIUX MaK-
pococrosuuoo (n, N — n). Ilpu Haubosee BEepOITHOM pacipeeaeHun
n = N/2, u MBI UMeeM
N!
Qe =————— =252
[(N/2)1]

CooTBeTcTBYyIOIasA BEPOATHOCTH
j— N — 0,
P—QBEP/Z =25%,

roe 2N — [OJIHOE YMCJIO0 MUKPOCOCTOSHUIMA.

CBobGomuas smeprua. Haiitu saTponuio oxgaoro mosasa asora (y = 1,4)
npu temneparype T1= 300 K, eciu npu obpatumMoM agmabaTAUeCKOM
cokatum ero B v = 5,0 pasa mpupailieHue cBoOOIHOIN SHEPTruM OKasa-
nock paBHBIM AF = —48,5 gll)x. I'as cunraTh MOeaJTbLHBIM.

P e m e H u e. Pacniumem mpupaiiiesne cBOOOJHOM 5HEPTUU B JaH-
HBIX YCJIOBUAX:

AF = AU = S(T, — Ty) = (Cy = S)(Ty — Ty). (1)

IIpu agmabaTuuecKoM IIpoiiecce (TV"’f1 = const)
-1 -1
Ty/Ty = (Vy/Vy)  =v" . (2)
CoBmecTHOe pertenue ypaBHeHui (1) um (2) maer

AF R AF

S T T T o
=Ty v-1 Ty(v'7 -1)

=20,8 +179 Ix/K .

Takum obpasom, S = 0,20 gllx/K.



Fnasa 4

KBaHTOBbIEe CTaTUCTUKUN N UX npuMeHeHus
v

§ 4.1. KBaHTOBBIE CTATHCTUKU

B xBaHTOBOU (pusuKe, KaK U B CTATHCTHUUECKOM, 3aKOHOMEPHO-
CTU HMEIOT BEepPOSTHOCTHBIN, CTATHCTHUUECKHH xapakrtep. OmHakKo
€CTh U NPUHIUNNATIbHOE OTJINYME: B KBAHTOBOI (DM3UKE CTATUCTU-
yecKuil (BePOATHOCTHBIN) MOAXOM JIEKUT 8 CAMOil npupode MUKPO-
YaCTHUIl[, B UX BOJHOBBIX CBOWCTBAaX.

CorJyiacHO KBAaHTOBOI TEOPUU BCE MHUKPOUACTHUIILI OAPA3AEIIIOT
Ha OBa KJacca, KOTOPBIM COOTBETCTBYIOT JBe KBAHTOBBLIE CTATUCTH-
KHU:

1) HacTUIBI ¢ NOAYYeaAblM CNUHOM, UX HABBIBAIOT PePMUOHAMU;
OHU HONUMHAITCA cmamucmurke Pepmu—ldupara;

2) YacCTHUIBI C UeNblM CNUHOM — O0030HbL; OHU IOTUUHAIOTCS
cmamucmuke Bose—JilHuimeiina.

Odpyrux BO3MOKHOCTEH KBAaHTOBas Teopus He gomyckaer. Hert
YaCTHUI], MONUNHAIOININXCA KJaCCUUeCKOll cTaTucTuke BoJsbliMaHa.
ITocnenusas ABasieTcAa IPUOJIUKEHHBIM IIPEJEJIbHBIM CIyUYaeM, B KO-
TOPBIN INEPEXONAT IIPU OIPEJEeJeHHBIX YCJIOBUAX 9THU OBE KBAHTO-
BbIe CTATHUCTUKHI .

Bo Bcex Tpex cratTucTmkax (KJaaccuueckoii, bBose—9JiHIITeliHA U
Depmu—/lupakra) [oOyCTUMbIE MUKDPOCOCTOSAHUSA CUUTAIOTCSA PABHO-
seposmubvimu. Ho paznmume ux — B crocobax OIpPemesieHusa MUK-
POCOCTOAHUMN M CTAaTUCTHUUECKUX BecoB. B cratmcrmke Bosbiimana
CUUTAeTCA, UTO Ja’Ke TOKIECTBEHHBIE YACTHUIBI NPUHYUNUATLHO
pasauyumsvl. B KBAHTOBBIX K€ CTATUCTUKAaX, HA000POT, CUUTAETCS,
YTO TOMKAECTBEHHBIE UYACTUIBI NPUHYUUNUAJLHO Hepa3JUYUMbL.

B craructure @epmu—uparka B KaiKJI0M KBaHTOBOM COCTOSAHUU
MOJKET HaXOAUThCA He 0ojsee ogHOI yacTuuwl (npuxryun Ilayau), a
B cTaTuCTUKe Bose—diHIITeliHA — JII000e YMCJIO YaCTHUIIL.

* dusnyeckad IIpuposa pas3jinumda 3TUX JBYX KBAHTOBBIX CTATUCTUK BBITEKAET U3
npuHyuna Hepasaudiumocmu moxcdecmeeHHbLX YqacTuir, COrjiaCHO KOTOPOMY CyIIie-
CTBYIOT ABa THUIIA BOJTHOBBIX \‘F—(byHK]_LI/II‘/'I, OIIXCBIBAKOIIUX COCTOAHNE TOXKIECTBEH-
HBIX YaCTUIll, — CHUMMETPUYHbIE U aHTUCHUMMETPUYHEBIE.
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Pasiimune crarucTuk mnosicuser Tabda. 4.1, rae moKasaHo KakK B
KayKIOU M3 HUX PasMeIalTCsA ABe TOMKIECTBEHHBLIE YACTUIILI a U b
II0 TPeM KBAHTOBLIM COCTOAHUAM (KJIETKaM).

Ta6auna 4.1

Cmamucmuka Cmamucmuka Cmamucmuka
Borvymana Bose—dinwmeiina  Pepmu—Jupaka
Lol | [efe]l | [ed=] | -] ]
L lefo] [folaf [ L-f- HEAE
Ll (o] [2f [af [l [- JHE

o] T ] [ ]
[ [ ] [ [ ]
[ [ [«] [T I-]

Bupgso, uTo B cTatTuctTuke BosibiiMaHa BceX MUKPOCOCTOAHUM fe-
BATh W BEPOATHOCTH KaKAOTO M3 HUX paBHaA 1/9.

B cratucrtukax ke Bosze—9diiumiTeitna u @epmu—Ilupaxa cocTos-
HUA B MEPBBIX TPEX Iapax pacupefesieHuA BosbiiMaHa Hepa3iuiu-
Myl, ¥ KayKIas Ilapa paccMaTpuBaeTca Kak 00Ho cocTosgHue. HacTu-
bl @ U b IPUHIIUNNAIBLHO HEPA3JIUUYNMbI, IIO9TOMY OHM O0O3HAUE-
HBI IIPOCTO TouKamu. I[Jid 6O30HOB UMCJIO MUKPOCOCTOAHUII PaBHO
IIeCTH, U BEPOATHOCTb Kaskaoro m3 Hux 1/6. Hna ¢hepMuoHOB IO-
cjeqHNEe TPU pacipeleseHus CTaTUCTUKU Bose—dNHINITeiHA HEBO3-
MoxkHBI (npunuyun ITayau). OcraeTca TOJIBKO TPU MUKPOCOCTOSA-
HUS, U BEPOSATHOCTh KaKJOro M3 HUX paBHa 1/3.

dazosbie gueitku. OcHOBHAA 3a7ava KBAHTOBBIX CTATHUCTUK —
9TO HAXOMKIEeHWEe COOTBETCTBYIOIMUX UM (PYHKIIUI pacupeneieHUs
YaCTHI] IO TeM WJW WHBIM IapamMeTrpaMm (Hampumep, IO 9HEPTrusaM),
a TaKiKe ompeleseHMHe CpeIHUX 3HAUEHUH 9THUX ITapaMeTpoB, Xa-
paxkTepusyoIux Hambojee BepPOATHOE MaKPOCOCTOSHMWE BCEH cuc-
TeMbl YACTHII.

s omyrcaHUs COCTOSAHUSA CHCTEMbBI YACTHIl PACCMATPUBAIOT BO-
obpaskaeMoe IIeCTIMePHOe IIPOCTPAHCTBO, KaKAasd TOUKa KOTOPOTo
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XapaKTePU3yeTCA IIECTbI0 KOOPAUHATAMU: X, Y, Z, Dys Pys Pz OTO
Tak HasbIiBaeMoe @a3osoe npocmpancmeo. COCTOSAHUE CUCTEMBI
oIpeessieTcss TeM, KaK paclpefesieHbl B 9TOM IIPOCTPAHCTBE TOY-
KH, 1300pakarolre COCTOAHUA Bcex N dacTull cucTeMbl. I1pu aToMm
HY>XHO YYECTh IPUCYIIUNA YaCTUIAM KOPIIYCKYJISIPHO-BOJHOBOI Y-
ajn3M, COTJIACHO KOTOPOMY HEONpPeAeJIeHHOCTH KOOPAMHATHI X U
COOTBETCTBYIOIIEH MPOEeKIMU UMIYJbCa P, MOTYT OBITH OIpemese-
HBI TOJIBKO C HEOIIPEeNeJeHHOCTbI0O 0X U Op,, IIPOU3BEJeHNe KOTO-
PBIX, COTJIACHO npuHyuny HeonpedenenHocmeil Ieiizenbepza,
dx-0p, > h (3mech h = 21h). AHANIOTWYHO U AJIA APYTUX HapP: Y U Py,
zZ U p,

ITosTOMY €CTEeCTBEHHO CUUTATH, UTO JAHHOMY COCTOSHHUIO YACTHU-
bl B (DA30BOM IIPOCTPAHCTBE COOTBETCTBYET HE TOUKA, a ()a308as
Aueilka, o0beM KOTOPOit

SA = 5x-8y-32-8p,-8p,op, ~ h°. (4.1)

Pacnpenenenue wacTuil mo TakuM (as3oBBIM AUeliKaM eCTb npe-
OdenbHO NOOPOOHOe K8AHMOB0e ONUCAHUEe COCTOAHUA cucTeMbl. Hac
OyZeT WHTepecoBaTh HamboJiee BEPOATHOE pacIpeaesieHIe UYaCTHUIl
mo (a3oBbIM AUYelKaM. PelreHue 5Tol 3aaymM JOCTATOUYHO CJIOKHO,
M ero HeT CMbICJAa 3[eCh NPUBOAUTH. MBI IpUBeAeM JIUIIIb OKOHYA-
TeJIbHBbIE Pe3yJIbTAThl — pacIpefeJeHUsa YaCTHUIl II0 DHEPTUAM &;

KBanTOBBIEe pacmpemesieHus. ITU pacIpeeeHnuA IIPeICTaBIIA-
0T coboii pyHKIHU f(g;), ONpPeNeNdIIne CPeIHue UYNCJIa YACTHI]
6 00HOoUl (ha30BOM AUElKe C 9HEPTUEN §;, UIU QYHKYUU 3ANO0JIHEHUS
AYeeK:

1
ona ¢gepmuonos f(ﬁi) Zw- (4.2)
gl +1
(7] 6 = L
na 6030106 f(g;) —m- (4.3)

31ech |\ — TaK Ha3bIBAEMBIN XUMUYECKUIl nomeHyuas (HeKoTopas
XapaKTepHas SHEPrus, 3HauUeHUe KOTOPOI MOYKHO HAWTH M3 YCJIO-
BMsS HOPMHUPOBKH!: CYMMAapPHOE YMKCJO YacTUIl BO BceX (Phas0oBBIX
AYeNKaxX MOJKHO OBITh PABHO IIOJHOMY YUCJIY N UacTUI[ MAKPOCH-
CTEeMBI).
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OcraHoBuMcA MoApPOOHee Ha OCOOEHHOCTSIX STUX paclpenesie-
HUM.

1. Ina depMmuoHOB hyHKIUA f(€;) HE MOXKET OBITHL OOJIbIIIE €IU-
HUIIBI, a IJisg 0O030HOB ee 3HAUeHHE MOKeT ObITh J00BIM (f >0).

2. Ecau f < 1, To B 3HaMeHaTe/IAX 000MX pacipeaeeHnii MOXKHO
npeHebpeusb eguHUIEH, U (GopMyJa IepPexonsaT B

f(e;) =e ™M = ge 7 T (4.4)

T. e. B pacupejenenue Borbiimana (A — HOPMUPOBOUYHBIA K0ah(u-
IIMeHT). SHAUYUT, KJAcCUUecKoe paclipenesieHue BojbliMaHa cipa-
BEeJJINBO JIMIIb TOT[A, KOTAA MaJibl «YKCJIa 3aIl0JHEeHUs» (Pa30BbIX
AdeeK,— mmpu ycaoBuu (N < 1. Ocobo oTMeTUM, UTO B 9TOM CJIY-
Yae peub UJAeT O C08NnadeHuu opmy.s, a OTHIOAb HE O TOM, UTO W3-
MeHAeTCs moBeneHUe yacTull (hepMMOHBI OCTAlOTCA (hepPMUOHAMU,
0030HBI — 0O30HAMM).

3. B makpocucTemMe YypOBHU HHEPTUU §&; YACTUI] KB8A3UHENPEPbLE-
Hbl (PACIOJIO}KEHBI OUeHb IJIOTHO). IlosToMy MHIOEKC i ¥ € MOYKHO
OITyCTUTH.

4. [Tna 6030H0B 3HaUeHUA |l B (4.3) HE MOTYT OBITH IOJIOKUTEIh-
HBIMU, MHAUE IPHU g; < L OKaKkercd, uto f < 0, a aT0 JuIiieHo pusu-
yeckoro cmbicaa. Takum obpasom, nid 6030H0B | < 0. ¥V makpocuc-
TeM C IIePeMeHHBIM YKUCJIOM 0030HOB (K UYMCJIY KOTOPBHIX OTHOCSTCS,
"Hanpumep, ¢orousl) U = 0, u dopmyrna (4.3) mepexogur B

f= N . (4.5)

esi /kRT -1

Onsi epMUOHOB IOJOOHOI'O OrpPaHUUYEHUS HE CYII[eCTBYET.

Yucao ¢pazoBbix gueek. [lo cux mop MbI UMeJgu AeJio ¢ QyHKIU-
eir f(e), xapaxkTepusyioleil, HAaIOMHUM, CpPeJHee UYHCJIO YACTHIL C
sHepruel € B OHOU (hazoBoit Aueiike. [lJId maabHEUINIUX Iejell He-
o0xomumo HavTu unciao dZ (pasoBBIX sSUEEK B MHTEPBAaJie dHEPrui
(g, ¢ + de).

Yrobel ompemenuTb dZ, HaiigeM CHAa4Yaja COOTBETCTBYIOLI[WIA
00beM dA (pasoBOTO HMIECTUMEPHOTO MPOCTPAHCTBA. [[JId 9TOTO B UM-
IyJIbCHOM YacTu (pa30BOr0 IIPOCTPAHCTBA BBIAEJIUM IITapPOBOM CJIOH
paguycoM, PaBHBIM HMIYJBLCY p YacTHUIIbI, 1 TojiuHoil dp. Ero
o6beM paseH 4nmp2dp. YMHOKHUB ero Ha o0beM V KOOPAMHATHOMN
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yacTu ($hasoBOTO MPOCTpPaHCTBA (3TO 06beM MaKpPOCUCTEMBI), TOJY-
YMM HCKOMBLIN 3jeMeHT obbema dA (asoBOro ImpoCTPAHCTBA:

dA = 4np®dp- V. (4.6)

Yucao dZ $pas0BBIX AYEEK B 9TOM dJEeMEHTe 00beMa MOJYUMM,
paszeaus dA Ha o6beM OLHOI (ha3oBoil gueiiku, paBHBIH A3 coriac-
o (4.1). Kpome Toro, B manbpHeiileMm Hac OyIeT MHTEPECOBATH UKC-
JI0 )a30BBIX AYEEK, IPUXOAANIUXCI HA eJUHUILY 00beMa OOBITHOTO
IIPOCTPAHCTBA, MOdTOMY Oyaem cumTaTth, uyto V = 1. Takum obpa-
30M, YKCJIO (pa3OBBIX AYEEK B pacueTe Ha eOUHUYY 00sema, 3aHUMa-
eMoro rasom, OyAeT paBHO

4z =4—73tp2dp. (4.7)
)

9Ta BeJMUYMHA HMeeT PasMepHOCTbH CM 5.

Ilepexon oT MMIYJbCOB K 9HEPIUSAM 3aBUCHUT OT IIPUPOABLI Yac-
TUI. ITO OyAeT KOHKPETH3UPOBAHO B HaJIbHEHIIIEeM.

Pacnpenenenue yactuin. 3uHasd uuciao dZ $asoBbIX sSUeeK B UH-
TepBase sHepruil (g, € + de) U cpegHee UKWCIO YACTHUI[ B KaKIOHN
A4yeriKe, T. e. (PYHKIUIO 3alOJHEHUS [, Mbl MOYKEM HANTU YKCJIO
yacTull dn B JaHHOM HHTePBaJie dHEPruil (B pacuere Ha eNUHUILY
o0bemMa rasa):

dn =vfdz, (4.8)

Te Y — YuCJI0BOM KO3(M(MUIMEHT MOPAAKA eJUHUIIBI; KAK MBI YBU-
IUM Jajee, OH CBSA3AaH CO CHEIM(PUKON YaCTUIL UAeaJTbHOTO Trasa.

§ 4.2. Pacupenenenue ®@epmu—/Iupaka
IJIsl 3JIEKTPOHOB B MeTaJlie

CBoOOmHBIE 3JEKTPOHBI B MeTajuie. OJEKTPOIPOBOAHOCTL Me-
TaJIIOB 00yCJIOBJIEHA, KAK M3BECTHO, HAAIUYNEM B HUX JJIEKTPOHOB,
KOTOpbIe MBI HasdbiBaeM c680000HbiMu. OHU He CBSA3aHBI C KOHKDET-
HBIMM aTOMaMM M MOTI'YyT IIDaKTHUYECKHN CBO6OI[HO nmepeMeniaTbCAa B
npesenax obpasmna. B mepBoM mpubiMiKeHUM CBOOOJHBIE BJIEKTPO-
HBI MOJKHO paccMaTpuUBaTh KaK HAeaJbHBIN ras m3 (GepMHUOHOB B
IPAMOYTOJIbHOII HOTEHIIMAJbLHON sSMe.
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TIpesxme Bcero pacCMOTPUM IOBEJEHIE 3JIEKTPOHHOTO rasa Ipu
remnepatype T = 0. B aTom cayuae pyHkinua (4.2) mpuHuMaeT cie-
IyIoIre 3HAUeHUd:

fe<w=1, f(e>p)=0. (4.9)

CooTrBeTcTByIOmuil rpaduK mokaszaH |
Ha puc. 4.1, U3 KOTOPOro BUAHO, UTO 1
3aIlOJIHEHBI BCE COCTOAHUA C dHEpruei

€ < |, a COCTOSITHUSA C € > |I OKasbIBa-
IOTCA HEe3aHATBHIMU.

CocTosAHUS KBAaHTOBAaHLI, U 9HEPTE- () mn €
TUYECKUe YPOBHU SIBJIAIOTCA TUCKPET- Puc. 4.1
HBIMU, HO PACIIOJIOKEHBI HACTOJIBKO
r'yCTO, YTO SHEPTEeTUUECKUN CIIEKTP MOMKHO CUNTATDH, KaK yiKe I'0BO-
puiochk, K6éa3uHenpepvléHuiym (cM. 3amauy 4.2).

B craructuxke @Pepmu—lluparka, KOTOPON MOAUUHAETCA DJIEKT-
POHHBIH Ta3, IPUHUMAaeTCA BO BHUMaHUe npuryun Ilayau (coryac-
HO eMy B Ka’XJJOM KBAaHTOBOM COCTOSHUU MOKET HaXOAUTHCA He 60-
Jiee oHOTO dJieKTpoHAa). OTCIoa cIenyeT, UTO HasKe MEXKAY CBOOO-
HBIMU DBJIEKTPOHAMU CYII[ECTBYeT KaKoe-TO B3aWMOJeliCTBUE.
OmHaKO 3TO B3aUMOIEeiCTBIE He ABJSAETCA CUJIOBBIM, a IPEACTaBJIA-
eT co0oil cyryoo KBAHTOBBIN 9(MEKT, UYYKABIA KJIaCCUUECKUM
IpeCTaBJIEHUAM.

Iduepruga Pepmu. B paccmarpuBaemom caydae (T = 0) Beauuuny
|\ HA3BIBAIOT dHepzuell niu yposHem Pepmu: ep =|. ITa S9HEPTUA AB-
JIAeTCs MaKCHUMAaJIbHOIM, KOTOPYIO MOTYT MMETb CBOOOIHBIE BJIEK-
TpoHBI B MeTasie nmpu 1T = 0. Haiizem ep

s sTOro CHavajia OIPENEJSUM UYKCJIO KBAHTOBBIX COCTOSHUH
(basoBrIx AuYeeK) dZ nasa CBOOOAHBIX JJ€KTPOHOB C SHEPTUAMU B
uHTepBage (g, ¢ + de). CBA3b MeKIy dHEpPrueil U UMIIYJbCOM JJIEK-
TpoHAa 3T0 € = p2/2m. Orcioga p =+2me nu dp = /m/2¢de. IlosTOoMy
dZ cormacuo (4.7), T. e. B pacuere Ha eJUHUIY o0BbeMa dJIEKT-
POHHOTrO Tasa, HPUMET BUJ

dZ = av/ede, (4.10)
re BBeIeHO 0003HaUeHIe

o = 2n(2m)>'%/nd. (4.11)
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dz 3aBUCHUMOCTL YHCJIa KBAHTO-

de BBIX COCTOSHUIN Ha €IUHUILY SHEp-

ruu, dZ/de, or sHeprum & Ipen-

cTaBJieHa rpadguuecKu HaA

puc. 4.2.

YT00BI ONIPENeSUTh YKUCJIO CBO-

0 2 € OOmHBIX JJEKTPOHOB dn B MHTEP-

Puc. 4.2 Baje sHepruii (¢, ¢ + deg), HamO

YMHOKUTH COOTBETCTBYIOIIlEE UuC-

a0 dZ (dasoBbIX Aueek, T. e. (4.10), Ha cpegHee UKUCIO ITUX BJIEK-
TPOHOB B OJHOI AuYeliKe — Ha (PYHKINIO 3allOJHEHUus f:

dn = 2fdZ. (4.12)

Kospopuiiment 2 mosaBuacsa B CBA3U C TE€M, UTO B KayKIoi (hpasoBoii
AYelKe MOTYT PACIIOJIOKUTHCA 08a 3JeKTpoHa ((hepMMOHA) C IPO-
THBOMOJIOXKHO HalpaBJieHHbIMU cuuHamu. B Hamem ciayuae (T = 0)
CBOOOIHEIE 9JIeKTPOHBI 3aMOJHAIOT MoJaHocThIo (f = 1) Bce KBaHTO-
Bble COCTOSHUA C DHEPruaMU € < I, ¥ MBI MMeeM

dn =20+/e de. (4.13)

dn
de I'paduk GYHKIUU pacipeseeHus

CBOOOIHBIX 9JIEKTPOHOB IO SHEPIHU-
aMm, T. e. dn/de B 3aBUCUMOCTH OT
SHEprum €, mokasaH Ha pwuc. 4.3.
ILromans mox sTuM rpaduKoOM pas-
Ha KOHIEHTPAIIUU N CBOOOJHBIX
AJIEKTPOHOB:

Puc. 4.3

n=[dn(e) =2 op®/?. (4.14)

O —F

Orcroia HaXOAVM | — MaKCHMaJIbHOe 3HAUYeHWe SHEPTUU CBOOO[-
HBIX 9JeKTPoHOB npu T = 0. ITa BeIMUMHA U €CTh dHep2uUs WJIU Ypo-
eenv Pepmu:

F = em\ x , (4.15)
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rme, HaMOMHUM, A = 27h. IIpu TTOTyUYeHUN 9TOTO BBEIPAIKEHUSA yUTe-
HO, UTO IIOCTOSHHAS O ompenesserca GopmyJoit (4.11).

Ornenum 3HaueHUe £p. KOHIEHTPALA N CBOOOJHBIX 3JIEKTPOHOB
B MeTa/IaX HaxXomuTcs B mpegenax ot 1022 1o 1023 cm3. Il cpen-
Hero sHaueHus n = 5 -1022 moxyuum

ep = 0,8 -10 " opr = 5 oB.

IIpumep. Omnpenesnum pacupeneseHre CBOOOLHBIX 3JIEKTPOHOB B MeTasljie
IO CKOPOCTSAM M MaKCHUMAaJIbHYIO CKOpocTb ux mpu T = 0.

fAcuo, uro yucsno dng cBOOOAHBIX 3JIEKTPOHOB B MHTEPBAJEe dHEP-
ruii (g, € + de) ZJOMKHO PABHATHCA UX YKUCAY A7, B COOTBETCTBYIO-
meM MHTepBajie ckopocreit (v, v + dv), T. e. dn, = dn,. Umes B
BHUY CBA3b MEXIY € U U, 4 UMeHHO & = mv2/2, u popmyny (4.13)
mia dng, moIydYuM

dn, = 2ay/mv?/2 mo dv.

OcraeTca BOCIOJIB30BAThCA BhIpakeHumeM (4.11) nna o, u MBI
HangeM:

dn, = 87c(m/h)?’v2 do,
T. €. ILIOTHOCTHL pacupenenenusa dn,/dv oo v2.

TIoCKOJNIBKY MeTa/lI He KOHKPEeTU3WPOBAH, OrPAHUYMMCS OIleH-
KO MaKCHMaJIbHOU CKOPOCTH, Iojaras sHepruio depMu paBHOU
3HAUYEHUI0, KOoTopoe mpuBemeHo Brwimie (5 3B). Torma

Dyae =28 /M =42-5-1,6-1072 /(0,9-10%7) =
=1,34-10% cm/c=1,34 -10°% km/c.

Cpemuasa sHeprus CBOOOTHBIX 3JeKTPoHOB. IIpu T = 0 umeem
cjiefyioiiiee BBIpaKeHUe:

@ =21 |edn, =1 2as3/2da:%8F, (4.16)

o7
o7

rge wucnosb3oBaHbl (Qopmynabr (4.13) u (4.11). Ilpu 3HaueHUH
ep=55B <& = 3 3B.

Kaaccuueckomy rasy ¢ Takoil cpefimeil sHeprueii COOTBETCTBOBA-
Ja Obl, corJyiacHO (hopmyJie (&) = %kT, remneparypa T ~ 5-104 K. Ora
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TeMIepaTypa BO MHOTO pas IIPEeBOCXOAUT TEeMIIePaTypy IJIaBIeHUI
JI000T0 MeTaJjia.

WneanbHBIl Tas, pacupenesieHrie YacTUIl 110 SHePTUSIM KOTOPOTO
CUJIBHO OTJIMUAETCA OT KJIACCUUYECKOTO, HA3BIBAIOT 8blPONCOCHHULM,
YTO MBI 1 MMEEeM B PACCMOTPEHHOM CJIydYae.

f dueprua ®epmu npu T > 0. Pac-
1 ﬂ npenenerane DPepmum—Hupaxa He-

CKOJIbKO Pa3MbIBaeTCS B OKPECTHOC-
™1 ypoBHA Pepmu (puc. 4.4). Irto
| IIPOUCXOIUT BCJEACTBUE B3aWMOIel-
| CTBUSA CBOOOAHBIX DJIEKTPOHOB C TeIl-
0 € € JIOBBIM [IBUKeHHUeM aToMoB. Tak Kak
CPemHAS dHEePTUs TEeIJIOBOTO ABUKe-
HUA aTOMOB mMeeT HOpPAnoK kT, To
o0slacTh pasMbIBaHUA QYHKIIUKU HUMeeT TOT JKe mnopamnoxk kT.
Amnajmornuno aedopmMupyercs U PYHKIIUA pacrupemeeHus CBOOOT-
HBIX 9JIEKTPOHOB II0 dHEPrusam, T. e. dn/de (puc. 4.5).

Takum o6pasom, IIpu Harpesa-
kT HUW MeTajljla SHEPrui0 MOTYT W3-
dn q MEHUTb TOJBKO Te CBOOOIHBIE
de I DJIEKTPOHBI, KOTOPbIE HAXOMSITCS
Ha CaMbIX BEPXHUX YPOBHAX, IIPU-
MBIKAIOMIIX K YpoBHIO Depmu.
OcHoBHasA Ke Macca CBOOOIHBIX
| SJIEKTPOHOB Ha 0oJjiee HUBKUX
9HEPreTUYEeCKUX YPOBHAX OCTaET-

Puc. 4.5 Cs B IPEKHEeM COCTOAHUU U TIOTJIO-
IaTh SHEPrui0 MPW HaTpeBaHUU
He Oyner.

VIMeHHO B 9TOM KJIIOYU K pasTajKe «CTPAHHOTO» IIOBEIeHUA dJIeK-
TPOHHOT'O rasa, BKJAJ KOTOPOr0 B TEIJIOEMKOCTH IIPAKTHUUYECKU He
3aMeTeH, U TeILJIOEMKOCTb KPUCTAJIJIa MPAKTUUYECKU 3aBUCUT TOJIb-
KO OT KOoJIe0aHUII aTOMOB peIleTKH (K 9TOMY BOIIPOCY MBI eIlle Bep-
HeMca B KoHIie § 4.5).

WNwmesa B BuAy, YTO B MOJIeJI CBOOOIHBIX SJIEKTPOHOB ITOCTEIHIIE
HaXOAATCA B IIPAMOYTOJBHON MOTEHIIMAIBHON AMe, pacupeesieHne
3JIEKTPOHOB M300paKaloT A HATJIASHOCTU TaK, KaK IIOKAa3aHO Ha
puc. 4.6. 3gecb U — rnybuHa ambl, A — pabora BeIxOogqa (HaMMEeHb-

1/2 __________

Puc. 4.4
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masd SHepPrusa, KOTOPYI HAaL0 COo00- — —
IIUTH BJIEKTPOHY [JIA YAAJIEHUA €ero
u3 wmeraymia, A= U — gp). Cnextp €p
9HEePreTUUeCKUX YPOBHEIH IUCKPeT- U
HBIZT (MpaKTUYeCKU KBas3WHENIPepbhIB-
HbI1). ToHMpPOBaHA 4YaCTb CHEKTpA,
3aIlOJITHEHHOTO CBOOOAHBIMU  BJIEK-
TPOHAMU.

Oueprusi PepMu, Kax MMOKA3bIBAET PaCUeT, HECKOJIbKO 3aBUCUT
OT TeMIepaTyphl:

n

Puc. 4.6

2
w2 ( kT

er(T) =e5(0) I—E m

, 4.17)

rae €x(0) — ypoBenb @epmu nipu T = 0, onpegensieMbrii HhopMyJIOi
(4.15). 1 Gosee obiiee ompejaesieHre YpoBHA PepMu TIJIACUT: 9TO
9Heprus, mpu KOoTopoii pacupenenenne Pepmu—Hupaxa (4.2) mpu-
Humaer 3Hauenue f = 1/2.

§ 4.3. O 30HHOI TeopuH. IJIEKTPOIMPOBOTHOCTH

JHepreTuyecKue 30HBI B KpucTajaaax. CBoOOOAHBIE 9JIEKTPOHBI B
MeTajljie — 9TO MOJeJb IMOBEeJeHUA SJIeKTPOHOB B IIEPBOM HpuUOJIN-
JKeHUU. Y TOUHeHU’e 3TOH MOJEJU CBOAUTCA K YUeTy TOr0, UTO dJIeK-
TPOHBI HAa CAMOM Jejie ABUKYTCA B MEePUOAUYECKOM II0Jie, U ITO
MIPUBOJUT K IOABJIEHUIO HOBOT'O ABJIEHUs. A MMEHHO, KBa3WHeIIpe-
DPBIBHBIN dHEPreTUYECKUH CIIEKTD 9JeKTPOHOB paciiajaeTcs Ha P
paspellleHHbIX U 3alpPeIeHHbIX 30H.

Kaxxknas us3 paspelreHHBIX 30H cocTouT u3 N OJIM3KO pPacIoJio-
JKEeHHBIX YPOBHEH, YMCJIO KOTOPBIX PABHO KOJHUYECTBY aTOMOB B
kpucrainie. [llupuna 30 (3 + 5 5B) He 3aBUCUT OT pasMepOB KpucC-
rajmna. IIpowmcxoskaeHWe STHUX 30H CBA3AHO C JHEPTeTUYECKUMU
YPOBHAMU M30JUPOBAHHBIX aTOMOB. [Ipu oO0pasoBaHuM KpuUCTaJIa
Ka)KIBIM ypOBeHb aToMa pacmagaerca Ha N yposHeii. OcobeHHO
CUJIBbHOMY PACIIeIJIeHUIO IMOABEPTAIOTCSA BHIIIeIeKalue sHepTreTn-
yecKHe YPOBHU aTOMa, U B YaCTHOCTH, YPOBEHDb C BHEIITHUM BaJieH-
THBIM 9JI€KTPOHOM. B pesysbTare BOSHUKAeT 0COOEHHO MHTEPEeCcyIo-
11as HaC 8AJleHMHAS 30HA, YPOBHU KOTOPOI 3aII0JHEHBI HAIIOJOBU-
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HY, €CJIM B COOTBETCTBYIOII[eM aToOMe OBLI OAWH BaJIEHTHBIN
aneKTpoH. HamosioBuHY, MOTOMY 4YTO Ha KaKIOM YpPOBHE MOTYT
pacmojiaraThbCs IO JBa 3JIEKTPOHA C IIPOTHBOIOJIOMKHO HAIPaBJIEH-
HBIMU CIIMHaMu. KEC/u jKe BaJIEHTHBIX 9JI€KTPOHOB y aToMa JABa, TO
BaJIeHTHasd 30HA OyAeT 3alloJiHeHa IMOJHOCThI0. BIpouem, BO3MOK-
HBI CcJyuyaud, KOTZa JABe 30HBI, 00pa3oBaHHBIE M3 JBYX COCEJHUX
YpOBHell aToMa, IlepeKpbIBaloTCA, U 00pasyeTcsa 30Ha, cojleprKalias
2N ypoBHeM.

30HY, PACIOJIOMKEHHYIO HAJ, BAJIEHTHOM, HA3LIBAIOT C80000HOIL.

B zaBuCHMOCTU OT CTEIleHM 3aIIOJTHEHMA BAJIEHTHOH 30HBI dJIEK-
TpoHaMU U MUPUHLI AE 3ampeIrrieHHON 30HBI KPUCTAJLJIBLI IIOApas/e-
JAIOT Ha MemadsaJbl, NOAYnpoodHuKu u ousrexkmpuru (puc. 4.7).
Ha pucynke ToHmpoBaHa Ta 4aCTh SHEPTETUYECKOTO CIEKTPa, KOTO-
pas mOJHOCTHIO 3allOJIHEHA 3JIeKTPoHaMM (IO JBAa HA YPOBEHB). JTO
pacupeneneHue coorBeTcTByeT TeMmieparype T = 0. IIpu aToii Tem-
IepaType BCe BJIEKTPOHBI COBEPIIAIOT BHYTPEHHNE KBAHTOBLIE IBU-
JKeHUsA, HUKAK MPU dTOM cebA He IPOABIAA.

AE
fAE
Memaann ITorynposodnur Huanexmpur
Puc. 4.7

B memannax, kak MbI y:Ke 3HaeM, JOCTATOYHO COOOIIUTH DJIEK-
TPOHAM, HAXOLAMNIMMCSA HA BEPXHHUX YPOBHAX, HEOOJILIIYIO SHEp-
ruio (TOBBIMIAA TEMIIEpaTypy WJIW IPUKJIAAbIBAd BHEITHee 3HJeK-
Tpuueckoe moJe E), uToOBI mTepeBecTn ux Ha 00Jiee BBHICOKUE YPOB-
HU, TJe OHU IPOABJSIOT cebdd HUJIM B TEIJIOEeMKOCTH WUJIN B
9JI€KTPOIPOBOIHOCTH.

Y noaynpoeodnukoé neno oOCTOUT MHAYE, M DJIEKTPOHBI MOTYT
ce0sa TaK MM WHAUE IIPOSABUTH JUIIL B clAyuae, €eCJau UM OyIeT co-
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o0IlleHa 9YHepPTudA, IpPeBbIMAoIasd sHepruilo AE 3ampelneHHOMH
30HBI, IIT06},I IIepeBeCTu NX C BEPXHUX ypOBHefI 3aIoJHEeHHO! Ba-
JIEHTHO 30HBI B CBOOOIHYIO 30HY (Y IOJYyIPOBOAHUKOB AE mopsanka
HECKOJbKUX JecAThIX 5B). CBobOomHas 30Ha CTaHET AJA TaKUX
3JIEKTPOHOB 30HOIL npogodumocmu. OTHOBPEMEHHO MOTYT cebs IIPo-
ABJATH M 9JE€KTPOHBI HAa BEPXHUX YPOBHAX BAJEHTHOM 30HBI, IIO-
CKOJIBKY 9TH YPOBHU UYACTHUUYHO OCBOOOKIAIOTCH.

BJIeRTPOIIPOBOI.[HOCTI) MeTaJJIOB U ITIOJYIIPOBOTHUKOB

HamomuauM, 371€KTPOIPOBOJHOCTE G — 9TO BEJWUMHA, CBA3BIBA-
IOIIas MJIOTHOCTE j 9JIeKTPUYECKOT0 TOKA U HanmpAXKeHHOCTh E B Jo-
KaisbHOM 3akoHe Oma j = oE.

[isi memannoé KBaHTOBas TEOPUS IPUBOAUT K CJEAYIOIIEMY
BBIDAYKEHUIO 9JIEKTPOIPOBOLHOCTH:

2
c="¢ T (4.18)

m

TJle n — KOHI[EHTPAIuA CBOOOJHBIX 3JIEKTPOHOB, M — Macca 9JeK-
TpOHA, T — HEKOTOPOe XapaKTepHOe BpeMs, KOTOpOe MHOT[a Hasbl-
BAIOT 8pPeMeHeM pPelaKcayul. ITO BpeMsa XapaKTepu3yeT B YaCTHO-
CTHU MIPOIIECC YCTAHOBJIEHUS PABHOBECHUS MEMKAY 9JIeKTPOHAMU U pe-
IIeTKOM, HapYIIeHHOro, HaIpPUMep, BHE3allHBIM BKJUYEHUEM
BHemrHero mojsa E.

Mosxer morasarscs, uto ¢ B (4.18) 3aBucuT OT IOBELEHUA BCEX
CBOOOJHBIX 3JIEKTPOHOB. JTO He TaK. YUacTBYIOT TOJBKO Te U3 HUX,
KOTOpbIe MMEIOT 9Hepruio BOIM3uM ypoBHS Pepmum. A 310 Majas
YacThb BCEX CBOOOJHBIX BJIEKTPOHOB, U UX NOJIA YUUTHIBAETCS BEJIU-
YUHOU T.

Ananus BeipaskeHus (4.18) mokaswiBaer, uto ¢ oo 1/T. 9To pac-
XOZUTCA C Pe3yJIbTaTaMH KJIACCHUIeCKON Teopuu, rae ¢ o 1//T.
OKCIIEPUMEHT IIOATBEP KIaeT BBIBOJ KBAHTOBOII TEOPUH.

DPU3nUecKoil MPUUNHON 3JIEKTPUUECKOTO COIMPOTUBJIEHUSA ABJIS-
eTcsl paccesHUe JJIEKTPOHHBIX BOJH HA IIPUMeECSX U AedeKTax pe-
IIeTKU, a TaK)Ke Ha €e TeIlJIOBBIX KOJIe0aHUAX.

Y nonaynpoeodnuko6 31eKTPOIPOBOSHOCTE Bo3HMKaeT mpu T # 0
B pe3yJbTaTe IIepexojia 3JIEKTPOHOB C BePXHUX YPOBHEN BaJeHTHOU
30HBI B CBOOOIHYIO 30HY. IIpu 3TOM B BaJIeHTHOII 30HE OCBOOOKIA-
eTCs TaKoe JKe YKCJIO COCTOAHUIN Ha BePXHUX YPOBHAX — UX HABHI-
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BaIOT «OJvlpKamu». Korma roBopAT 0 mepeMellleHuN ABIPOK, TO MMe-
I0T B BUAY HE PeaJbHYIO YaCTUILYy, a TOT (haKT, UTO e€e ABUKEHUE OT-
pasKaeT XapakTep [IBUKEHUs BCEH COBOKYIHOCTU BJJIEKTPOHOB
B BEPXHUX YPOBHAX BAJIEHTHOM 30HBI. ITO yAOOHOE MOHATHE, U UM
e ITUPOKO TOJb3YIOTCA.
Pacmipenesnienue 2/1eKTPOHOB
10 YPOBHAM B CBOOOJHOH U Ba-
JIEHTHOM 30HAX OIIMCHIBAETCS
GyHKIIUEH Pepmu—Hupara
(4.2). T'paduueckn 5TO ITOKA3aHO
Ha puc. 4.8. CooTBETCTBYIOIIUIA
pacuer gaer, 4YTO ypoBeHb Dep-
MU IIPU 3TOM PACIIOJIOYKEH IIO-
cpequHE 3aIlpPeIeHHON 30HHI,
KaK 9TO U IIOKa3aHO Ha PUCYHKE.
VYpoBHU CBOOOIHOIT 30HBI (C
Pre. 4.8 9JIEKTPOHAMM) HaXOOATCA Ha
«XBOCTe» pacupenenaeHus f(g).
ATo 03HAYAET, UTO € — €p ~ AE/2. C yueToM IIOCJIEIHEr0 COOTHOIIIEe-
HUSA U TOTO, 4T0 AE > kT, BepoATHOCTS f(€) 3a0HEHUSA YPOBHEH B
cBOOOLHOI 30HE, T. €. opmyay (4.4), roe | = €p, MOYKHO 3aIMCaTh
Kak

f(e)

f(g) co e AT (4.19)

Yucsio 91eKTPOHOB, TMEPEeNIeAInx B CBOOOAHYI0 30HY, a 3HAUUT
W YMCJO 00pas30BABINIUXCA ABIPOK, OyAEeT IIPOMOPIIMOHANBHO f(€).
9THU JJIEKTPOHBI W ABIPKU U SABJIATCA HOCUTEJIIMHU TOKA.

JJIEKTPOMIPOBOAHOCTh G IPOIOPI[MOHAJNBHA YUCJIY HOCUTEJIe,
3HAUUT U © < f(g), T. e.

G oo e AE/ZHT (4.20)

Orciofa ciaenyeT, YTO 9JE€KTPOIPOBOAHOCTD IIOJYIIPOBOAHUKOB ObI-
CTPO PacTeT C yBeJWUYEeHUEeM TeMIIepaTyphl.

TUIUYHBIMY TOJYIIPOBOAHUKAMU SABJIAIOTCA TePMAaHUM U KPeM-
HU.

IIpoBogMOCTH, KOTOPYIO MBI PacCMOTPENH, HAa3bIBAIOT CO-
0cmeeHHOoil, 0OHa CBOMCTBEHHA UMCTBHIM IIOJYIPOBOAHHKaM. Kpome
Hee CYIIeCTBYeT U IIMHPOKO WCIOJb3YeTCS NPUMEeCHAs TPOBOLU-
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mocTh. OHa BOBHHKAET, KOrJa B YMCTOM IIOJYIPOBOAHUKE HEKOTO-
pble aTOMBI 3aMeINalT ApyruMu (mpuMechbio). B pesyiabsraTte B 3a-
MIPEIeHHON 30He BO3HUKAIOT N00ABOUYHBLIE YPOBHM, PACIIOJIOMKEH-
HBbIe OJIM3KO WJIM K CBOOOJHOIT 30HE (JOHODHbLE) MIU — K TIOTOJKY
BAJICHTHON 30HBI (aKyenmopwvt). ITO CIIOCOOCTBYET CYII[ECTBEHHOMY
YBEJIMYEHUIO 9JI€KTPOIPOBOAHOCTH IIOJYIpPOBOAHUKA. Ho B meranu
9TOTO BOIIPOCA MBI YIIyOJATHCA He OyeM, IIOCKOJIbKY PagiuKaIbHO
HOBBLIX HJel 3Jech HeT.

§ 4.4. Pacnpenenenue bo3e—diiHITEeiiHA
aasa (pOTOHHOrO rasa

PaBHOBecHOe TeIIoBOe M3JIyUYeHHe B 3aMKHYTOM IIOJIOCTU IIPE[-
CTaBJIsieT CO00 COBOKYIIHOCTD CTOSAYMX 3JIEKTPOMATHUTHBIX BOJIH C
IUCKPETHBIMHU YacTOTaMu. IIOTBITKY TeOpeTuUYecKu OO0BIACHUTH Ha-
OsromaeMoe pacupefiesieHNe CHEeKTPAJTbHOU IJIOTHOCTU U3JIYyYeHUA
II0 YaCcTOTaM C KJIACCUYECKON TOUKM 3PEeHUA OKa3aJINCh HECOCTOA-
TeJbHBIMU U MOPOANJIN TaK Ha3bIBAEMYIO «IIP0O0JEeMy TEIJIOBOTO M3-
ayudenus». B 1900 r. ona Obla periena [lankoMm mmyTeM BBeIeHUS
B IIPOIIECC B3aMMOeHCTBUA U3JIYUEHUA C BEeIleCTBOM HAer KBAHTO-
BaHUI.

OUHINITEHH cheyay ciaexnyroinuii mar. OH IPeamnoioMKuI, U 9TO
MMOATBEPAUJIOCH 9KCIIEPUMEHTOM, UTO CAMO U3JIyUeHUne IIPeJCTaBIIA-
eT co0o¥l (pomoHHbLI 203, Ta3 UAEATbHBIN. ¥ (POTOHOB CIMH pPaBeH
enuHUIlEe. SHAYUT 9TO OO30HBI, 4 OHU IOJUUHSIOTCA CTATUCTHUKE
Boze—9ditHInTeiina.

Yucao (OTOHOB B IIOJIOCTH HE COXPAHSIETCS, OHO 3aBUCUT OT
TeMIOepaTypbl. A IJid CUCTEM C IIepeMeHHBIM YMCJIOM 0030HOB, KaK
O0bLT0 cKaszaHO B § 4.1, xuMnuecKuit morennuaa | = 0, u QyHKIUA
(4.3) npurumaetr Buz (4.5), T. e.

1
f= W . (4.21)

Ons ¢doToHOB € = hv u p = hv/c, TO9TOMY YUCJIO KBAHTOBBIX CO-
crosaHuil ((pasoBBIX sSUeeK) B MHTepBaje yacToT (v, v + dv) B pacue-
Te Ha e0uHuUyy obsema (POTOHHOTO raza paBHO coryacHo (4.7)

dz =i;°v2dv. (4.22)

c



120 Tmasa 4

T'paduru dyuxmuit f u dZ/dv gias ¢poToHHOTO Tasa mpeacTaBie-
HBEI Ha puc. 4.9 u puc. 4.10. Crexyer o6paTuTh BHUMaHNE Ha TO,
uyTo 00e QYHKIIUU BEAYyT ceds C POCTOM YACTOTHI ¥ B3BAUMHO HPOTHU-
BOTIOJIOXKHO: f yObIBaeT, a dZ/dv pacrer.

dz

f dv
1 /v
oo V?
—hw/kT
coe
0 v 0 v
Puc. 4.9 Puc. 4.10

B coorBercTBUM ¢ (popmyioii (4.8) uncao (pOTOHOB ¢ YACTOTAMU
B mHTepBase (v, v + dv) pasHo

8y dv

dn =2fdz =" ST

(4.23)
c

Koshdurpenr 2 moABUICAa B CBA3SHU C ABYMs HE3aBUCUMBIMU II0-
JAPUBANUAMEA WU3JIYyUYEeHUS BO B3AUMHO IEPHEHIUKYJIAPHBIX ILJI0C-
KOCTAX. [[pyruMu cjI0oBaMM, OH YKa3bIBA€T HA JBe BO3MOXKHBIE IIOIIe-
peuHble mosApusanuu (poroma. HamoMHMM, UTO B caydae 3JI€KTPO-
HOB 9TOT KO3(DPUIIMEHT YyUYUTHIBAJT ABE BO3MOYKHBIE «OPUEHTAIIVN»
CIIMHA 3JJIEKTPOHA.

I'padur pacupenenerusa GpoToHOB o yacroram, T. e. dn/dv, mo-
KasaH Ha puc. 4.11. Ilnomans moa KpUBOii paBHA ITOJHOMY UHCIY 7
doToHOB B pacuere Ha efWMHUIlYy 00BbeMa (DOTOHHOTO Tasa.

dn
dv
oY
n _
ooe hv/ET
0 v

Puc. 4.11
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Teneps mepeiifieM K CHeKTPAJbHON IIJIOTHOCTW SHEPTUU UIJIyUe-
Huda (poronHoro rasa): u, = du/dv, rge du = hv -dn. B pesynbrare
IIOJIy UMM

_ 8nh? 1

u, .
3 oM/RT 4

(4.24)

Jro sHameHUTaA Qopmyna Ilaaw- u,
Ka. E€ OTKpbITHMe W MHTepIpeTa- '
YA MOJOXKUJIN HAYaJIo CO3LAaHUIO |
KBaHTOBOI (puauku. I'paduk sToit T
3aBUCHUMOCTUA OT YaCTOTHI V IIOKa- N
3aH Ha puc. 4.12.

o3

|
IIpu mepexome oT v U h K IUKJIAYE- L
cKoM yactoTe ® = 27v u h = h/2n Ha®o [
yuaects, uro u,dv = u,do. Torza qop- O 4
myaa Ilnanka mpuoGperaeT BUI: Puc. 4.12

3

3
U, = %eh/klﬁ ) (4.25)

Bepuemcsa K dopmyae (4.24), rpaduKm KOTOPOI IPU Pa3HBIX
TeMIlepaTypax InpencraBiieHsl Ha puc. 4.12, rne Ty < Ty < T'3. Ilno-
Iaab IO KasKIOM M3 9TUX KPUBBIX PABHA IOJHOM IIJIOTHOCTH dHEP-
TUU U TIPU COOTBETCTBYIOIIEH TeMIepaType. BrlACHUM, Kak 3Ta Be-
auuwnHa (1) 3aBucur ot T'. [na aToro pagu ympolleHus mpeobpaso-

BaHuii npeacrasum (4.24) B Buze
u, = vV*F(v/T), (4.26)

rae F — (QyHKIUA, BUJ KOTOPOH M0 OTKPBITUS IlaaHKa ObII HeMs-
BecteH. Kcratu, B Takom Buze opmyna (4.26) 6p11a moayuena Bu-
HOM U TIOJIyuuJa HasBaHUe Qopmyav. Bunua.

BocmoabsoBasinuch (4.26), samuriem:

u={u,d :JV3F(;jdv =7* [ x* F(x)dx, (4.27)
0 0 0

rae BBeJeHa HoBas mepemenHad x = v/T. Ilociemumii mHTETrpas
MIPeACTaBIsIEeT CO00M HEKOTOPYIO IOCTOSHHYIO @, M MBI IPUXOIUM
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K BBIBOAY, YTO
u=aT". (4.28)

3akon Credana—Boasmmana. BmecTo maoTHOCTH 9HEPrUu u3-
JIy4yeHUs U yaoOHee IMOJb30BATHCS IOHATUEM IHEpzemuiecKoll cae-
mumocmu M, KoTopas BBIpasKaeT IIOTOK SHEPTUU U3JIYUYEHUS C
eIMHUIILI IOBEPXHOCTH II0 BCEM HAIIPABJIECHHUAM B Ipeaesax Tejec-
HOro yria 27. MOKHO IIOKas3aThb, 4YTO 00e 9TU BEeJUUYNHBI CBA3AHBI
COOTHOIIIeHEM

c
M =—u. 4.29
1 (4.29)

Ocraetrcsa yuecTh (4.28), u MBI IOJYUYUM

M = oT*. (4.30)

Jdra ¢opmyna u BeIpaskaer 3akon Cmegana—Boavymarna. 31pechb
6 — nocmosHHaa Cmepana—Boarvymarna. C moMoIrnbio GOpPMYJIBI
Il;nanKa MOXKHO HAWTH ee 3aBUCHUMOCTDL OT IIOCTOAHHEBIX C, h, B 1 ee
YHCJI0BOE 3HAUEHUE:

o = 5,67-10 ° Br/(m2K*). (4.31)

Eciu B cTeHKaXx ITOJIOCTH C PABHOBECHBIM TEILJIOBLIM H3JIYUEHHEM
(dboToHHBIM Tra3oM) caesiaTh HEOOJBIIIOE OTBEPCTHE, TO MOYKHO dKCIIe-
PUMEHTAJILHO HMCCJIEIOBATH CIEKTPAJIBHBIA COCTAB BBIXOMASAIIEIO Ue-
pes3 9TO OTBEpPCTHE UBJAYUYEeHUA. ITO OBLIO ITPOAESIaHO A Pa3HBIX
TEeMIIepaTyp IOJOCTH. Pe3ynbTaTbl OKa3ajanch B IMPEKPAaCHOM COOT-
BercTBUU ¢ opmysaoit Ilnanka m sakoHom Credana—Bosbimana.

B mammoMm ciiyyae oTBepcTHE B CTEHKE IIOJOCTU UTPAET POJb TaK
Ha3bIBaEMOTO YepH0z0 meJa. Ero 0coO0EHHOCTHIO ABJISIETCA CIOCO0-
HOCTBH IIOJIHOCTBIO IIOTJIONATE IIafalolee HA Hero u3BHe U3IydyeHune.
TepMuH yepHoe He ciefyeT MOHUMATh OYKBAJIbHO: IPU MOBBIIIIEHUN
TeMIIepaTyphbl OTBEPCTHE HAUMWHAET <«KPAaCHEThb», a 3aTeM MOJKeT
craTh u O0eabIiM. Ilocse 3TOro He JOJIKHO BBI3BLIBATH OCOOOT0 yIMB-
JIEHUS, eCJIM B KauecTBe IIpUMepa YePHOro TeJjia OyIeT HasBaHoO...
Coanrie. Ile1o B TOM, YTO CIEKTPAJbHBIM COCTAB €r0 M3JIYUEeHUS
OueHb 0JIM30K K onucbkiBaemMomy dopmyJoit [lnamka (u CosHile ipu
9TOM TIOJIHOCTBIO TIOTJIOIIIAeT IIajalolee Ha Hero M3JydeHue).
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3akon cvmemieHus Buna. IIpu TeopeTwuecKUX WUCCJIETOBAHUAX

CIIeKTPAJbHBIN COCTAB WM3JyueHUd yAo0Hee XapaKTepU30BATh II0

YacToTaM, B dKCIEPUMEHTAJbHBIX JKe — II0 AJAuHaM BOJH. MmMes

B BuAy coorHolienue u,dv = —u;dA, dopmyny (4.26) u TO, UTO
v = c¢/\, 3amuInem:

dv 1 1 1

5

u, =u, —=—FAT) — F(AT). (4.32)
A 4 d}\, 7\‘3 }\’2
Hanuuwme 3Haka MUHYC B MCXOAHOI (hOpMYyJie CBSI3aHO C TE€M, UTO C
poctom uactoThl (dv > 0) mamua BoaHBI ymeHbImaerca (dA < 0).
Haiigem Teneps AJUHY BOJHBI A, COOTBETCTBYIOIIYI0 MaKCUMY-
My QYHKIIUU U,. ITO 3HAUUT, HAAO PeluThb ypasHeHue du; /di = 0:
d (o (>
1 pd7 59‘—1(de‘/—5,7]= 0.

R R A A G

BripaskeHnue B ckoOKax ecTh HekoTopas GpyHkmus O(AT). Ilpu giu-
He BOJIHBI A, COOTBETCTBYIOII[ell MaKCUMyMy (DYHKIUU U;, DPYHK-
nua O(AT) pomxHa odpatTurhesa B Hyab: O(A,,T) = 0. Pemenue mo-
cJeNHero ypaBHeHUA IPUBOIUT K HEKOTOPOMY 3HAUEHUIO b BeJInUu-
HBEI A,,T. Takum oO6pasoM, MOKHO 3alucaTb, UTO

T\, =b. (4.33)

ATO U eCTh 3aKOH cMmeuweHus Buna. 3HaueHUe MOCTOAHHON b
MOJKHO HANTU HSKCIEPUMEHTAJIbLHO HJIN C IIOMOIINbI0 (OPMYJIBI
Ilnanka:

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

N3 popmyisl (4.33) BUAHO, UTO C POCTOM TEeMIepaTyphbl AJUHA
BOJIHBI A, yMEHBIIIAeTcs, a 3HAYUT, YacToTa V,, yBeJIWUUBaeTcsd,
Kak moxkasaHo Ha puc. 4.12. 3ameTum TOJBKO, YTO V,, # C/A,,, IO-
CKOJIBKY V,, COOTBETCTBYET PACIPeeJIeHUIO 10 YaCTOTaM, a A, — II0
IJIMHAM BOJIH.

C nmomomipio 3aKOHA cMelleHNA BuHA JEerKo onmpemesinTh TeMIIe-
parypy T 2J1€KTPOMarHUTHOTO W3JyUYeHUA (MU ero MCTOUHUKA),
CHEKTP KOTOporo coorBercTByeT (popmyse Ilnamka. Tak HaxomAr,
HaIpuMep, TEeMIIepaTypy 3Be3.
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IIpumep. OnpenenuM AJIUHY BOJHBL A,, COOTBETCTBYIOIIYID MaKCHUMyMY
GYHKIIMY pacupeneeHus U, TEIJIOBOTO M3JIyUeHUs, JHepreTuye-
CKasg CBeTHMOCThb Koroporo M = 30 Br/cm2.

s 9TOTO CaeayeT UCIOAb30BAaTh 3aKOH cMellleHua BuHa, Temiie-
parypa T B KOoTOpoM cBs3aHa ¢ BeaumumHoit M 3axoHom Creda-
"Ha—Boarnmana. B pesysnbraTe moayumm:

A, =bio/M =0,29-1072 %/5,67.10-3/(30.104) =
=1,9-10%m =1,9 MrM.

§ 4.5. TenioeMKOCTh TBEPABIX TeJI

Kaaccuueckasa momens. B ocHOBe KjaccuuyecKOil TeOPUU TEILIO-
eMKOCTH TBEPABLIX TeJ (KPHCTAJIJIOB) JIEJKUT 3aKOH paBHOpacipese-
JIeHUS SHEePTUHU II0 CTelleHaM cBoOoabI. TBepmoe Telo paccMaTpHUBa-
0T Kak cucteMmy N He3a8UcuUMbLX IPYT OT IPyra aTOMOB, MMEIOIIUX
110 TPU KoJebaTeJbHBIX CTEIeHW ¢cBoOOAbI. Ha Kam Iyio 13 HUX IIPHU-
xoauTca B cpenHem sHeprua kT (kT/2 B Bume KUHETUUYECKON u
kT/2 B Bumge moreHIUaabHOI). ViMeda B BUAY, YTO UMCJIO KoJieba-
TeJbHBIX CTelleHeil cBoOOAbI paBHO 3N, IMOJNyYNM, UTO BHYTPEHHAS
sHeprua ogHoro moJus atromoB U = SN kBT = 3RT. Orcoga moJisap-
Hasdg TeIJ0eMKOCTb

C =0U/0T = 3R. (4.35)
C B aTom cyTe 3axona [Jononza u
SR-————— - IImu, KOTOpBINL YTBEP)KIAET, UTO

MOJIApHAS TeIJIOeMKOCTh BCEX XU-
MUYECKM TIPOCTBIX TBEPABLIX TeJa
omguHaxKoBa m paBHa 3R. IroT 3a-
KOH BBITIOJHSETCSI JOCTATOUYHO XO-
pPOIIIO TOJBKO IIPU CPABHUTEIHHO
0 T BBICOKMX TeMIepaTypax. OmsIT 1O-
Puc. 4.13 KasbIBaeT, UTO IPU HUBKUX TeMIIe-
parypax TeIJI0OeMKOCTb TeJ yObIBa-

et (puc. 4.13), crpemsacs k By npu T — 0 mo 3akory C co T3,
Mogens JiiHmITeitHa. TpyaHOCTH, Ha KOTOPhbIe HATOJKHYJACH
KJIaccuuecKas Teopus B BOIIPOCE O TEIJIOEMKOCTU TBEPIBLIX TeJl,
ycTpaHmia KBaHTOBasA Teopus. B mepBoHavaJbHON MOJeau, paspa-
6oTaHHOII OWHINITEHHOM, KPUCTAJLI paccMaTpUBAaJicId KaK CHUCTeMa
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N aTomMOB, KasKABIA M3 KOTOPBHIX ABJIAETCA KBAHTOBBIM TapMOHU-

YEeCKUM OCIHUJLIATOpPOM. IIpeamoJsaragoch, 4TO KOJieOaHUS aTOMOB

MIPOUCXOAAT He3a8UCUMO IPYT OT APYyTra ¢ 00UHAKO0B80il YaCTOTOM V.
IHeprus KBaHTOBOTO TaPMOHUUYECKOTO OCIIUJIIATOPA JUCKPEeTHA:

e, =W+ ), v=0,1, 2, .. (4.36)

MosxHO mokasarh (cM. pelneHue 3agaun 4.8), 4TO CpeHAST SHEPrUs
TAKOI'0 OCIIIJIJIATOPA
hy

hy
&> :?er . (4.37)

IlepBoe ciaraemoe 3mech — 9TO TaK Ha3bIBaeMasi HYJle8as dHepeus
maHHOro ocmuiiaTopa. OHa He 3aBucutr oT T U He MMeeT OTHOIIIEe-
HUA K TEIJIOBOMY [BMKeHN0. I109TOMYy B TEOPHUM TEILJIOEMKOCTH
TeJI ee MOJMKHO ONYCTHUTb M BbIpaKeHMe [Jis BHYTPEHHEH sHepruu
OZHOTO MOJIA OyJeT MMeTh BUL:

hv

U = 3NA<8> = 3NA }W/Tl' (4.38)
e —

Tenepb MOYKHO HAUTU MOJIAPHYIO TEIIJIOEMKOCTB KpI/ICTaJIJII/I‘IeCKOﬁ
peleTKmn:
c_0U _ S8R(hv/ET)? k1

—=————=¢ 4.39

ITO BBIpa)KeHUWE HAa3BIBAIOT (OPMYJOlL DUHULMelHA.

IIpu BBICOKHX Temmeparypax (kT > hv) oHa mepexomuT B (op-
myay (4.35). ITpu Hu3KUX Ke Temneparypax (BT < hv) MOKHO IIpe-
HeOpeub eIVWHWUIlEN B 3HaAMeHaTeje, U

C = 3R(hv/kT)? e ™/*T. (4.40)

IIpu T — 0 u C — 0, u xox KpuBoii C(T) B 00IlleM IOUTU COBIIAJAET
c pesyabratramMu omubiTa (cM. puc. 4.13). 9To OBLI CepbEe3HBIN yCIlex
KBAHTOBOII Teopum”.

* 3aMeTHM, YTO TeOpUs DUHINTEeHA IPUMEHNMA U K KoJIe0aTeJIbHON TeII0eMKOCTH
rasoB, COCTOAIUX U3 MOJIEKYJI.
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BwmecTe ¢ TeMm, mpeackashbiBaeMoe Teopuell MOBeeHUe TeIJIoeM-
koctu npu T — 0 He oueHBb coryacyerca ¢ HabmomaembiM. Ilo
Aitamreiiny 3aBucuMmocth C(T) moKHA UMETh SKCIOHEeHIIUATbHBIH
xXapakTep, a onwIT gaeT, uro C co T3, Ilpu Apyrux TeMIepaTypax
dopmyaa JUHINITEHIHA TaKKe COTJIACYeTCs C 9KCIePUMEeHTAIbHBIMU
IaHHBIMU TOJBKO B KAaUECTBEHHOM OTHOIIEHWMN.

IOTHU PacXOKJIEHUS CBI3aHBI HE C CYIIeCTBOM KBAaHTOBOI TEOPUH,
a ¢ Ype3MEepPHBIM YIPOIIEeHNEM CaMOM MOJEeJU TBEPAOTO Teja, T. €. C
IIPEAIIONOMKEeHEM, UTO BCE aTOMBI KOJIEOJIIOTCA HE3aBUCUMO IPYT
OT Jpyra U C OLWHAKOBOW YACTOTOIi. OTO IIOHHMAaJI U caM
OUHIITEHH, OH JKe yKasaJ, B KaKOM HAIIPaBJEeHUU CJeIyeT PasBU-
BaTh KBAHTOBYIO MOJEJb.

Mopgens [Ie6asa. B oToit Momesn KpUcTaJInyecKasa pPerreTka pac-
cMaTpUBaeTCA KaK CB843AHHAS CUCTeMa B3aWMOJAEHCTBYIOIINX aTo-
moB. KosebaHusa TaKoii cuCTeMbI — Pe3yJIbTAT HAJOKEHUI MHOTUX
rapMOHMYECKUX KoJebaHWH ¢ pasjaudyHbIMU uyacToTamu. Ilom rap-
MOHUYECKUM OCIIUJIIATOPOM TON WJIM MHOM UaCTOTHI Telmepb HAamIo
IIOHMMATDh KoJie0aHUA He OTAEeJILHOTO aToMa, a BCeH CUCTEeMBI B Iie-
JoM. 3ajiaua CBOAUTCA K HAXOMKIEHUIO CIIEKTPA YaCTOT 9TUX OCIIUJI-
JISTOPOB. JTO BecbMa CJIOKHO. [lebait cuabHO yrnpocTtusa 3agavdy. Oun
ob0paTuj BHMMAaHHE HA TO, YTO IPU HUIKUX TeMIepaTypax OCHOB-
HOIT BKJIaJ B TEIJIOEMKOCTDb BHOCAT KoJebaHUsA (OCIUIIIATOPHI) HUS-
KHUX YacCTOT, KOTOPBIM COOTBETCTBYIOT MaJible KBAHTHI dSHepPruu hv.
IIpakTuyecKu TOJIBKO TaKuWe KoJebaHUA U BO3OYKIeHBI BPU HU3-
KUX TeMmIeparypax. HU3KOUAaCTOTHBIN Ke CIEeKTP KoJiebaHUil pe-
IIIeTKX MOJKEeT ObITh PACCUUTAH JOCTATOUHO TOUYHO, ¥ BBHIYMCJIEHUS
OKa3bIBAIOTCA MOBOJILHO IPoCcThIMU. Takum myTem [lebaii mocTpou
TEOPUIO TEIJIOEMKOCTH TBEPJBIX Te€J, OCOOEHHO XOPOIIO COTJIACYIO-
ITYIOCS C OMBITOM NIPU HUBKUX TeMIlepaTypax. V3 Teopuu cjaemoBa-
jgo, uto npu T — 0 geficrButensHo C co TS,

Mpb1 He OymeM BOCIIPOMBBOAUTH IOAPOOHO paccyskaeHus Ilebas.
YTo6bI TOJYUYUTHh PE3YJIbTAThI, K KOTOPBIM mpuiiesa Jlebaii, MbI mMo-
CTYIUM WHaue.

®ononpl. Curyarus, ¢ KOTOPOi MbI BCTPETUIUCH (KPUCTAJLI, 00-
beM KOTOPOTO 3aIl0JHEH CTOAUYNMH YIPYTMMU BOJIHAMU — KBAHTO-
BBIMHU OCIHUJLIATOPAMM), aHAJOTUYHA TOH, KOTOPYIO MBI MMEJU B
cayuae I0JIOCTH, 3aIllOJHEHHOI 5JIeKTPOMATHUTHBIMU KBAHTOBBIMU
ocmiATopamMu. Tam, mo uaee DUHNITEHHA, OKa3aJloCh BO3MOMK-



KBaHTOBBIE CTATHCTHKH M MX NPUMEHEHUST 127

HBIM IIPEACTaABUTH 3JIEKTPOMAarHmuTHOE U3JIyUYeHNe B IIOJIOCTU B BUE
QJOTOHHOI‘O rasa. BTO HaABOAUT HA MBICJIb IIOCTYIIUTH HO,I[OﬁHbIM JKe
0o0pa3oM U B caydae yIpPyTruX BOJIH.

Yupyrue Koaebanusa (OCIUIIATOPHI) B KPUCTAJLIE UMEIOT KBaH-
TOBBI€ CBOICTBA, HPOSBJIAMIIINECA B TOM, UTO CYIIECTByeT Hau-
MEeHbBIIIas IMOPIUA — KBaHT SHEPTUHU C YACTOTOU V. ITO IO3BOJAET
COTIIOCTABUTH YIIPYTOH BOJHE C YACTOTOU ¥V K8aA3uU4acmuyvl — (QoHo-
Hbl, PACHPOCTPAHEHUIO KOTOPBIX CO CKOPOCTBIO U COOTBETCTBYET
yIpyras BOJIHA.

BBenenne moHsaTua (POHOHA, KAK BBIACHUJIOCH, ABJSETCSA ILIO-
JTOTBOPHBIM IIPUEMOM, 3HAUUTEJIHLHO OOJETYaIoIUM PACCY KICHUA.
Ono Tak:xe BecbMa 3(PMPEKTUBHO B MATEMATHUYECKOM OTHOIIIEHUMH,
TaK KaK MaTeMaTHu4YeCKHue IIPHMEeMBbI BbIUKUCII€HUA PA3JINYHBIX BEJIN-
YnH, CBA3aHHBIX C (I)OHOHaMI/I, AHAJIOTUYHBI COOTBETCTBYIOIIIVIM BbI-
YUCJIEHUAM, OTHOCAIMUMCA K (POTOHAM.

DoHOH XapaKkTepU3yIOT dHeprueil € m UMIIYJIbCOM p:

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

Tle U — CKOPOCTH ()OHOHA (CKOPOCTH BOJIHBI), ¥ — €ro uacToTa. VM-
oyJbC MMeeT HalIpaBJieHUe, COBIaJaiolllee C HaIlIpaBJIeHUWEM pac-
MIPOCTPAaHEHNUA YIPYroi BOJHEI.

Taxum ob6pasoM, mMOJO00HO TOMY, KaK KBAHTOBAHMIE SJEKTPOMAr-
HUTHBIX BOJIH IIPUBOAUT K (OTOHAM, KBAHTOBaHUWE YIPYTUX
BOJIH — K (poHOHAM.

Brracaunocs, uTo (DOHOHY cienyeT IPUINCATH CIWH, PABHBIN
HyJa10. 3HAUUT (POHOHBI — BTO OO30HBI U MOAUUHAIOTCSA CTATUCTUKE
Boge—9diiamreiina. @OHOHBI MOTYT POKIATHCA W HCUE3aTh, IIPU
9TOM YHCJIO UX He coxpaHsercA (0OHO 3aBUCUT OT TeMuepatypsl T),
IIO9TOMY [IJIA (POHOHHO020 2a3a XuUMHUUecKuil morenmuman w = 0, u
dyuKIUA f 3amoHeHUA (Ha30BBIX AUEEK omIpenesseTcAa (OPMYJIoi
(4.5).

KonebarenpHasa sHeprus pemetrku. KonebaTenbHyo sHepruo U
KPUCTAJLINYECKOl PeIleTKY MOXKHO paccMaTpuBaTh KaK DHEPruio
@oHOHHO020 2a3a. IIOBTOPUB paccy:KIeHUA, KOTOPbIe IPUBOLAT K

* VImmyabe GoHOHA obJiagaeT CBOeOOpPasHLIMU CBOMCTBAMMU: IIPU B3aUMOAEHCTBUU
(OHOHOB APYT C APYTOM UX MMIYJIbC MOKET JUCKPETHBIMU MOPIIUAMHU IIepeqaBaTh-
cA KPUCTAJLJINYECKON pellleTKe 1, CJIeoBaTeJIbHO, He COXPAHATHCA. B ¢cBABU ¢ aTUM
uMIysabc (GPOHOHA HA3BIBAIOT KEA3UUMNYJLbCOM.
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dopmyae (4.8), ompemensaroiieil ynuca0 YacTull (B pacueTe Ha enu-
HUIy o6beMa) B MHTepBaJie dHepruii (g, € + deg), U yuuThIBas, 4TO
MBI MMeeM [eJi0 ¢ 0030HAMU!, 3aIlHUIIeM:

dn =vyfdZz, (4.42)
rae coriacHo (4.5), (4.7) u (4.41)

2 2
- le ’ dZ:4np3dp:4m/3dv. (4.43)
/R _1 h v

f

B TBepabIX TeIax MOTYT PACIPOCTPAHATHCS TPU BOJIHBI: IPOL0JIb-
Hasl W IIOMePeYHBbIe C JBYMS B3aMMHO OPTOrOHAJBHBIMU IIOJIAPU3a-
nuaMu. X CKOPOCTH HEeCKOJIBKO OTJMYAIOTCA APYT OT Apyra, II03TO-
My IIOJ U MMeeTCA B BUIY UX CPEIHssI CKOPOCTh. B cooTBeTcTBHU C
HaJIMYMEM TPeX BOJH, B (4.2) koaddumnment y = 3. [lpyrumu ciioBa-
MU, OH YUYUTBHIBAET TPU BO3MOJKHBIE IOJIAPU3ANUU (DOHOHOB.

dHeprus (POHOHHOTO ra3a B MHTepBaje uactoT (v, v + dv) paBHa
IPOW3BEAeHUIO YHEPTUN OAHOTO (hOHOHA HA UX UMCJIO B JAHHOM UH-
TepBasie uactor: dU = hv dn, rme dn ompemensercsa dopmyraMu
(4.42) u (4.43). OcTaeTcsa MPOMHTErPUPOBATD MIOJYUYEeHHOE BHIPaKe-
HUE TI0 BCEM B03MOMCHbLM YaCTOTaM:

12rnh "p v3dy
U:Ithn: j /T 1

, (4.44)
U3

TlIe Vyaxec — BEDPXHAA IPAHUIIA BO3SMOYKHBIX 4YacTOT (hoHOHOB. Il
onpeieIeHUs 9TOU YaCTOThI IIPUXONUTCA BBOJUTH JOBOJIBHO UCKYC-
cTBeHHOe (KaK U B paccykaeHusax lebas) ycioBue. A UMeHHO, II0JI-
HOEe UYMCJIO KBAHTOBBIX COCTOSAHUU (POHOHHOTO rasa, T. €. (ha30BBIX
AYeeK C yUYeTOM TPeX BO3MOJKHBIX IOJIAPU3AIuii (POHOHOB, HOJKHO
PaBHATBHCA UUCJIY CTelleHell cBOOOARI 37 (g — KOHIEHTPAIU aTo-
MOB):

12193, 4n 3

8ng = [3dz ==% ==y

: e (4.45)
0 v

TIle WCIIOJIb30BaHO BhIpaskeHue (4.43) masa dZ. Takum obpasom,

Voyae =V 5810 /4T . (4.46)
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OTMeTuM, UTO IJIA YIPYTOM BOJHBI COOTBETCTBYIOIIA 9TOM YacTOTe
IJIVHA BOJHBI OKAa3bIBAeTCs PaBHON

o =V 3 AT ag (4.47)
V maxe 3n 0
IOCKOJIBKY Ny = 1/d3, d — mepuog pe- 2d
HMIeTKU. OTOT PEe3YJbTAT COIJIaCyeTcCs /F ;‘\
C TeM, YTO BOJIHBI C A < 2d He MMEIOT / \
¢usuueckoro cmbicaa (puc. 4.14). 3ro \T/

CHYKUT DPa3yMHBIM OIIpaBJaHUEM
ycaoBus (4.45).

YuursiBasa (4.46), nepenuitiem BuIpaskeHUe (4.44) nns sHepruu
U edunuuyv. o6sema (HOHOHHOTO Ta3a B BHUIE

Puc. 4.14

U

_9ngh VJB“‘“ v dv

3 hw/ET :
macc 0 © -1

(4.48)
v

TenmoemrocTs kKpucramaa. 3Hasg U(T), HaXoauM, UYTO TEIJIOEM-
KOCTb eOUHUUbL 00BeMa KPUCTAJIA

C- ou Onyh? Vg MYt gy

or kT2V3maKc 0 (e

T )7 (4.49)

BBemem Tak HasbIBaeMYI0 XaAPAKMEPUCTUYECKYH memnepamypy
Iebasa ©, ompenesngeMyi0 yCJIOBUEM

hv,. .= kO, (4.50)

MaKc

a TaKKe HOBYIO mepeMeHHyI0 x = hv/kT. Torma BhIpaskeHume IJisd
TemaoeMKocT (4.49) mpumer Buf

(4.51)

3xm x .4
C=9n0k(Tj [

@ 0 (ex _1)2 ’

e X, = Wyao/RT = ©/T. Beipakernue (4.51) HasbIBaOT opMYn0iL
Ilebas.

OrmeTuM elrie, UTO AebaeBcKkas TeMmmoeparypa ® ykasbIBaeT IJis
KaKJIoro TBepaoro Teja obgacts Temneparyp (T < ®), rme craHo-
BUTCS CYII[ECTBEHHBIM KBAHTOBAHNE SHEPrUU KOJeOAHUIA.
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IloBegeHue TEMIOEMKOCTH B IpemeIbHBIX CIydasX

1. IIpu T <« ® MOXHO TPUOJIUKEHHO CUNTATb, YTO BEPXHUH
npenen uHTerpasa (4.51) x, — o. Torma mHTerpan Oyaer Ipej-
CTaBJIATH cO00IT HEKOTOPOE UMCJIO, ¥ MBI BUAUM, UTO B 3TOM CJIyUae

C o T2 (4.52)

9TOT Pe3yabTaT HA3LIBAIOT 3akonom T3 IJebas. VIMEHHO TaKyio 3a-
BucumMocTh C or T 1 HabGIIOAAIOT BO MHOTUX cayuaax, npu T < O.

2, IIpu T > O, T. e. ipu hv,,../kRT < 1, Bripaskenue (4.48) nia
U moxHO ympocTuthb, cuutasg e™/kT ~ 1 + hy/RT. Torza

U

_9noh | BT 34y —8n kT (4.53)

3

makc 0 hy

v

s Moy KpUCTaLIa 3aMeHsAeM g Ha N4, U TOJIYUUM, UTO AJISA MO-
JIAPHOI TeIJIOEMKOCTH KPUCTaJLIa

C = 3R,

KaK U JOJI’KHO OBITH B COOTBETCTBUU ¢ 3aKoHOM [ltosoura u IlTH.

Pestome. 3aBucumocts C(T), paccuntanuasd mo popmyie (4.51),
T. e. mo ¢gopmyJie llebasd, oOUeHb XOPOIIO OIMCHIBAET HKCIIEPUMEH-
TaJlbHble Pe3yJbTAThl, HAIPUMED, A adioMuuus u menu. Ho mo-
JIyYEeHHBbIE COOTHOIIEHUS He SABJSAIOTCS YHUBEpCAJbHBIMU. Bo-mep-
BBIX, OHU XOPOIIo mepenaioT 3aBucuMocTb C(T) TOJIBKO AJA XUMU-
YeCKM IIPOCTBIX TeJ C IIPOCTON KPUCTANIUYECKOIN permreTKoi. K
TeslaM ¢ 0oJiee CJIOMKHOM CTPYKTYpoi opmyna [lebas He IpuMeHU-
Ma. ITO CBA3AHO C TeM, UTO Y TaKUX TeJ COeKTp KojaebaHuii (pac-
mpeneseHre (POHOHOB IO KBAHTOBBIM COCTOAHUSIM) OKAa3bIBAeTCH
OUeHb CJIOMKHBIM.

MbI He cobOupaeMcsa BHHUKATL B dTU fAeranu. I[Isg Hac BayKeH
TJIABHBIM BBIBOJ: KBAHTOBBIN IIOAXOJ — 3TO €AUHCTBEHHBLIN MyThH K
PeIlleHu0 TOAOOHBIX IIPOOJIEM.

Poab 3JIEKTPOHHOTO Tra3a B TEIJIOEMKOCTH KpucTaiia. Pacuer
moKasbIiBaeT, uto nmpu 1 # 0 cpemgHss sHepPrus CBOOOJHOTO 3JIEK-
TpOHA B MeTaJjljie MMeeT BT

5 (kT )

L a ’ 4.54
12 \ &g ( )

3
& =—cp|l1+
5 F
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rae e — dHeprua Pepmu npu T = 0. Torga mMonApHasA Temioem-
KOCTBH 3JIEKTPOHHOI'O rasa
e % kT

N, &2 _T B p. 4.55
UTA T 2 g, (4.53)

C

ITo saxony iosonra u IlTu MoisipHAA TENJIOEMKOCTD PEIIETKH IPU
HOPMAJBHBIX yCIOBUAX Cpey = 3R. Torma oTHOIEHNE 5JI€KTPOHHOM
TEILJIOEMKOCTA K PEIIeTOYHOM IPU HOPMAJIBHBLIX YCJIOBUAX OyIeT
paBHO

C,, Tc kT
C 6 Ep

pemr

(4.56)

ITockonbKy mpu paccMaTpuBaeMbIX yciioBusax kT < €p, TO 3TO O3HA-
YaeT, YTO TEIIOEMKOCTb METAJIJIOB 34 CUET CBOOOMHBIX DJIEKTPOHOB
npeHebpe:xumMo mMaJja. HamoMHHM, 5TO O0YCJIOBJIEHO TeM, UTO IIPU
OOBIYHBIX TeMIIepaTypax B TEIJIOBOM IBUIKEHUMN IIPUHUMAET ydac-
THe JIUITh HeOOJbINas YacTh OOIIero uucjia CBOOOAHBIX 3JIEKTPO-
HOB — TOJILKO Te 5JEeKTPOHBI, SHEPTUS KOTOPBIX JIEKUT BOIU3U
ypoBua Pepmu. Takum 06pa3oM, MOBeeHNE BEIPOKIEHHOTO JJIEKT-
POHHOTIO Tra3a Pe3Ko OTJIMYAeTCSA OT MOBeJeHuA OOLIUHOTO rasa, ero
CTeIlleHr CBOOOABLI OKA3LIBAIOTCSI B OCHOBHOM «3aMOPOKEHHBIMIT» .

3aMeTuM, UTO IIPU JOCTATOUHO HU3KUX TEeMIIepaTypax CUTYaI[Us
CTAHOBUTCS OOpPaTHOM: TEIJIOEMKOCTh 9J€KTPOHHOTO rasa IIPeBOC-
XOJUT PelIeTOYHYI0, IOCKOILKY IOCIefHAS yMeHbIIaerca oo T3,

3agaun

4.1. CBoGoaHbBIE 3JIEKTPOHBI B MeTaJiie. HaiiTu (yHKIUIO pacIpeneleHus

dn/d\A cBOGOLHBIX 3JeKTPOHOB B Merayie npu T = 0 mo meGpoities-
CKHM [IJUHaAM BOJIH (B pacueTe Ha eJUHUILy 00beMa).
Pemrenue. Yucao cBOOOIHBIX 9JI€KTPOHOB B MHTEPBaJe Ae0pOoiiies-
cKuX IJuH BOJH (A, A + dA) ZOJIKHO PABHATHCA UX UKUCJIY B COOTBETCT-
BYIOIIIEeM HWHTepBaJje sHepruii (g, € + dg), T. e. dn, = dn.. Umes B Bugy
dbopmyny ge-Bpoitnsa A = hA/p U CBA3L MEXAY € U A, & UMEHHO & =
=p?/2m = h%/2m)\?, a rakske opmynay (4.13), momyunm:

h3 di
dn, =20+ede =20 ———— ERYEE
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4.2,

4.3.

3HAK MUHYC 3/IeCh OIYIIEeH: OH He CYIecTBEeH. PACKPHIB C ITOMOIIBIO
(4.11) snaueHme o, HaligeM

di
dn;L = 8TE}\474 .

3aMeTuM, UTO 9TO paclipejeeHre OTPAHNUYEHO HaumMeHbIIeH aedpoii-
JIEBCKOU IJIMHON BOJIHBI Ay, SHAUEHHE KOTOPOU CJIeNyeT U3 dHEePTUU
Ddepmu ep:

B h _ 27
2mep  (83n°n)t/3

MHWH

ITomaras pemieTky merajjia KyOWUYecKOIl ¢ IEPUOAOM a4 U COAepIKa-
IIYIO TI0 OZHOMY CBOGOJHOMY 3JIEKTPOHY Ha aToM, moayuuM n = 1/a® u

A ® 2a.

JTMCKPeTHOCTh CIeKTPa CBOOOMHBIX 3JIEKTPOHOB. BHIUMCINTEH MHTED-
BaJI MEK/y COCEJHUMY SHEPreTUUYeCKUMU YPOBHSIMU CBOOOJHBIX JJIEK-
TpoHOB B MeraJyie npu 1T = 0 B6ausu ypoBHsa Pepmu. Cuurarhb, 4TO
KOHIleHTpaIlsa CBOOOJHBIX 2JeKTpoHOB 1 = 2:10%22 cm 2 u ob6mem Mme-
ramta V =1 cm.

Perrenue. Ucxogum us ¢popmyast (4.13), rae yuITeHO, UTO B KaiK-
ot hasoBOi AYeiKe HAXOMATCS ABA 9JIEKTPOHA C B3AMMHO IIPOTUBO-
MOJIOXKHBIMU cuuHamu. I[losromy dn = 2, U MBI UMeeM

1
"ol

ITocsie mopcranoBKu B 9Ty Gopmynay 3HaueHus o (4.11) u € = g us
(4.15) moryuum

de

2 1/3
h b _
8 = — ~2-1072%5B.
2nm \3n

CoOOTBETCTBYIOIIYIO MUCKPETHOCTh YPOBHEH OOHADPYKUTH IIPOCTO He-
BO3MOJKHO. VIMEHHO MOTOMY CIEKTpP SHEePreTHUYeCKMUX YPOBHEIH CBO-
0OMHBIX BJIEKTPOHOB MOKHO pPacCMaTPUBATL KaK HEMPEPBIBHBIN (TOU-
Hee KBasWHENPEePHIBHBIN).

JdaBjieHue 3JEKTPOHHOTO ra3a. BBIUMCIUTL AaBJIeHUHE BJIEKTPOHHOTO
rasa Ha cTeHKH Merasaa npu 1T = 0, cuuras, 4TO KOHIIEHTPAIUSI CBO-

GOJHBIX BJIEKTPoHOB n = 2,5 -10%2 cm 3.
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4.4.

4.5

.

Pem e nue. CortacHO ypaBHEHHUIO UAEATbHBIX Ia30B IJIA NaBJICHUS
(1.30)

p= % n<e,

rae <) = (3/5)ep B cooTBercTBUU ¢ hopmytoit (4.16). ITocae moacra-
HOBKHY BbIpaskeHusa (4.15) oisa ep mMoaydmm

) _(3/7:)2/3 h2p5/3
20 m

=5.10° MMa ~5-10* atm.

Tepmogunamuka (OTOHHOrO rasa. 3aMKHyTad IIOJIOCTH O0BEMOM
V = 1,0 s 3amosIHEHA TEIJIOBBIM M3IydYeHUEeM ((POTOHHBIM rasoM), TeM-
neparypa xKoroporo 7' = 1000 K. Haiitu ero

a) termmoeMKocTh Cy U 6) dHTpoOIHUIO S.

P e e u ue. a) ITo oupenenenuio Cy = (0U /0T )y. Penienue cBoguTCs
K HaXO0MKIeHUI0 BHYTpeHHell suHepruum U. ITo Jerko caeinaTb, 3Had,
YTO IIJIOTHOCTH U OSHEPTUU U3JIYUEHUA OoIpejesserca qQopMyaaMu
(4.29) u (4.30): u = 4M/c = 46T*/c. Torna U = uV u

_16

c, oT’V =3-10" Ix/K.

6) B coorBercTBUU ¢ Teopemoit Hepucra (3.5)

T
s =Y _16 r3y _q 900 JIw/K.

0T 3¢

Haiitu ypaBueHnue aguabarsl (B mepeMeHHbIX T, V) 151 paBHOBECHOT'O
doToHHOTO Tasza, UMes B BUIY, UTO €r0 JaBJIEHNE P 3aBUCUT OT ILJIOT-
HOCTU DHEPTUU U Kak p = u/3.

P em e H ue. Ilo onpenenenuo aguabaTuueckoro Irpoiiecca
d'Q = dU + pdV = 0.

B mamem ciydae 9TO BBITVIAOUT TaK:
dwV) + (u/3)dV = 0.

Orcioma caenyer, 4TO
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4.6.

4.7.

u lnu + (4/3)InV = const, mwimu In(uV*/3) = const. ITockoabky u co T4,
TO B pe3yJbTaTe MOJIYYUM

VT3 = const.

Nanyuenne ConHITa IO CBOEMY CHEKTDPAJBHOMY COCTABY OJIM3KO K W3-
JIyYeHUIO YePHOT'O TeJia, AJI KOTOPOr0 MAKCUMYM U3JIYUEHUS IPUXO-
OUTCA Ha IJIUHY BOJHBI A, = 0,48 mxm. Haiitm maccy, TepsaeMyro
CoJIHIIEM e’KeCeKYHAHO 3a CUYeT JTOr0 M3JIYUeHUS.

Peme n u e Ilorok msayuenusa ¢ moBepxHocTu CoJiHIIAa pPaBeH
® = 41R’M, rne R — pazuyc Connma, M — sHepreTudecKas CBETHU-
mocTb. CorsacHo 3akony Credana—Boarnmmana (4.30) u 3aKoHY cme-
menus Buma (4.33), M = oT* = b*/)%, . llorok ® — 510 9HEpPrHs, Te-
paemasa CoHIIEM eeceKyHIHO. Pasgenus @ Ha ¢2, MOJydIHM COOTBET-
CTBYIOIIIYI0O Maccy B Kr/c. Takum oGpasowm,

4
‘ _ 4nR*cb =5,1-10%kr/c.

2)\’4

ITo rUTaHTCKas, Ha IePBBIN B3TJIAL TPEeBOXKHAs, BeauunHa. Ho macca
Comana m = 2:103° kr. IIpu Takoii HHTEHCHBHOCTH M3JIyYeHHS Macca
CoJiHITa YMEHBIIUTCH, CKaykeMm, Ha 1% 3a Bpems

m

= ~4:10%c~ 10" ser.
|dm/dt |

Tak uro curyanusa He Oe3HameKHAsd.

O xBaHTOBBIX ocnmiIATopax. CucreMa KBaHTOBBIX OCIMVJIIATOPOB C

JacToTo#l v HaxoguTcesa upu temueparype 1T'. C kakoit BepoaTHOCTHIO P,

MOKHO OOHApPY'KUTh B O9TOH CHUCTEeMe OCIUJLIATOP C 9Hepruen
=(v+1/2)hw? KBauToBOE UMCJIO U 3aZaHO.

Pemenue. Uckomas BEPOATHOCTH IIO OIIPpEeneJIEeHNIO €CThb
P,=N,/N, 1)

rae N, = A exp(—¢,/kT), N — 1OJIHOE YMCJIO OCIUJIJIATOPOB C YaCTO-
Toii v. PackpoeM mpaByio yacTh paBeHcTBa (1):
A -, /kRT Tt

p exp(—¢,/kT) _ e ) @)

v 0 —x —2x
ZAexp(—aU/kT) l+e" +e +...
v=0
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4.8.

4.9.

rae x = hv/kT. Cymma 4ieHOB 6eCKOHEUHOM reoMeTpUUecKoii mporpec-
cuu paBHa 1/(1-e7¥), mostomy (2) B pesynbraTe IPUMET BUJ

P =e¢71-e).

v

CpenHsasg sHeprusa KBAaHTOBOTO OCUHWLIATOpPa. MMeercs cucrema, CO-
CTOAINAas U3 HeB3aMMOIENCTBYIOINX KBAHTOBBIX OCIIUJIJIATOPOB C Of-
HOII M TOM ’Ke YacTOTOH V. JHEprusd KaKAOTO OCIUJIIATOPA MOIKET
OpUHUMATh 3HauUeHud €, = (v + 1/2)hv, roe v = 0, 1, 2,... Ucnoabsysa
pacupenesnenue BojbliMaHa, IIOKa3aTh, UTO CPEAHAS SHEPrUs TaKUX
OCI[UJIJISITOPOB

hv hy

& :?+7ehv/kT _1.

P em e nue. CormmacHo pacupeznesiennio BoabIiiMaHa YMCIO OCIUAJLIISA-
TOPOB C 9HEpruei, COOTBETCTBYIOIEH KBAHTOBOMY YHUCJIY V, PABHO

N, = Aexp(—¢,/kT),

rage A — HOPMHUPOBOUHBINA KoshduruenTt. Torga cpeausas sHeprud <&

ompeaenaserca (OpMYJIoi

_ ngNl) _ Zau exp(—asv) (1)
Z N, Zexp( —0E, )

rge o = 1/kT. 3gech cymMupoBaHue mpoBoguTes 1mo v ot 0 1o o, u ge-
JIaeTCs 9TO TaK:

&

0
&y=——1In) e . 2
o > exp(-os,) (2)

HsBecTHO, UTO CyMMa 4JIeHOB OECKOHEYHOU IreOMeTPUYECcKOl mporpec-
cuu X =a1/(1 — q), Tie a; — NepBBIN YieH IPOTPECCUN, ¢ — ee 3HaMe-
HaTesJb. B HameMm ciydae 9TO

o/ 2

D exp(-ag,) = o - (3)

Ocraercsa B3ATH IPOUSBOLHYIO IO O OT (3) 1 He 3a0bITh 3HAK MUHYC. B
pesyJbTaTe MOJYYWM [PUBEJEHHOE B YCJIOBUU BBIDAYKEHUE AJA <E).
®ouousl. OIeHUTh MaKCHUMAJIbHbIE 3HAUEHHUS SHEPTrUUM U WMIIYJIbCA
donoHa B Mexau, nebaeBckad Temueparypa Koropoit ® = 330 K u mior-
HOCTH p = 8,9 T/cme.
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Pemenwue. MakcumasbHyI0 5HEPIUIO (DOHOHA HAXOJUM C IIOMOIIHIO
(4.50):
Eyaee = kO = 3:10 5B.

MaKc

Iy MakcUMaJbHOTO HMIIYJIbCa HMeeM
= *
pM&KC h/}\'MI/IH' ( )

CorsacHo (4.47) Ayyy ~ 2d, THe d HaAXOZUM U3 ycjaoBUA n ~ 1/d® u
n=(Ny/M)p, M — monerynasapHada macca. Orcroozna

d ~3M/N,p.
B urore dopmyna (¥) mpumer Buf

Puae ®h/2d =(h/2)3/pN , /M =1,4-107" r-cm.

4.10. OuenuTs AaBjaeHre (DOHOHHOrO rasa B Meau, Ae0aeBCKas TeMIepaTy-

4.11.

pa xoropoit ® = 330 K. Konienrpanusa aToMOB MeAu paBHA Ny =
=0,84:1023 cm3.

P e 1 e u ue. [JaBienue umeaabHOTO rasa (B HaileM caydae ()OHOH-
HOTO) coryacHo (1.30) paBHO

p=2/3U, ()

rae U — sHeprus equHUIBI 00beMa (DOHOHHOTO rasa, onpefesseMas
dopmyoit (4.48). Beemem HOBYIO mepeMeHHYI0 X = hv/kT u mipeobpa-
syeM (*) K BUOY

T ’]’" x® dx
T 7,33 :

h Y vaxe 0 ex -1
Tenepsb yurem, uto T = O, coraacuo (4.49) x,, = 1 u 3HAUeHUE UHTET-
pana (rabauuuoe) paBaHo 0,225. B pesyabraTe mOSIydnM:

p=6nyk0 - 0,225 ~ 5-10° ITa = 5- 10° arm.

Kpucrann cocrout us Ny ofMHAKOBBIX aToMOB. Ero mebaeBckas TeM-
neparypa paBHa ©. Haittu uuciao dN GOHOHOB B MHTEpBaJie YaCTOT
(v, v + dv) npu Temneparype T Kpwucrasia.

Pemenue. Cornacuo gopmynaam (4.42) u (4.43) nna oowema V
KpHCTaJIa MMeeM:

2
1 4y de.

1)
/T _q 3

dN =yfdZ -V =3
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4.12.

Uckmtounm u3 310 (hOPMYJIBI CKOPOCTH U C IIOMOIIBI0 COOTHOIIIEHU I
(4.46) u (4.50):

3
U3 4TEVMaKC — 4n (@) . (2)
3n, 3ng \ h

Ilocne moacramoBku (2) B (1) momyuum

h )3 vy
kO

dN :9N0(— ]

rge y4TeHo, uTo nyV = N,.

IIpu HarpeBaHuuM KpucTayaa Mexu maccel m ot T1 go Ty emy 6GBLIO
COO0IIIeHO KOJMYECTBO TeIIoTh @. HaiiTu ne6aeBCKy0 TeMIepaTypy
©® 114 Mexu, eciu U3BECTHO, UTO MOJIPHAA TEILJIOEMKOCTb KpPUCTAJ-
Jla IPU 9TUX TeMIeparypax 3aBucur ot T Kay

_12n* R
5 @

Pemenwue. Ilo OIIpeneJIeHNI0 MCKoOMasa TeIlJioTa

3n* mR
Q= jvc(T)dT - M®3(T24—T14),

1

rme v — KoJymuecTBo BelrectBa (m/M). Orcioma

3n° mR
J5MQ‘T2 T
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CocTosiHUA BellecTBa

v

§ 5.1. Uzorepmsl Ban-nep-Baaasca

Teopernueckue M30TepMbl. AHAIN3 U30TEPM BaH-IeP-BAAIbCOB-

CKOTO Tasa JaeT BO3MOYKHOCTh IOJIYUUTEH BeChMa CYII[eCTBEHHBIE pe-
gyabratbl. Ha puc. 5.1 mokasausl Tpu Hanbojee XxapaKTepHbIe U30-

Puc. 5.1

BOJIHOOOPA3HBIN yYaCTOK,
Op/0V > 0. OueBuIHO, TAKOTO HE MOXKET OBITh, YTOOBI C M30TEPMIU-
YeCKUM yBeJnueHueM o0beMa pocjio Obl U JaBJIeHUE.

Tep™mbI (1, 2, 3), COOTBETCTBYIOIITE
ypaBHenuio (1.42) Ban-nep-Baansca
npu Ttemneparypax 11 < Ty < Ts.
ITpu mocTraTouHO BHICOKOM TeMIlepa-
Type m3oTepMa OJM3Ka K H30TepMe
uneanbHOro rasa. Ho mpu temmepa-
Type Ty Ha mM30TEpPME MMOABJISAETCH
Touka meperudba K, B KOTOpPOii
Op/0V = 0. Toury K Ha3bIBaIOT KPU-
muyeckoit. moukoii. CoOOTBETCTBYIO-
e el TeMIepaTypy W H30TEPMY
Ha3bhIBAIOT TaKiKe KPUTUYECKUMU.

Emte maTepecHell Beger ceba m3orepMa mpu T';: oHA COAEPIKUT
Mexxay ToukamMmu A m B KoToporo

JKCIepUMeHTaJbHbIe M30TePMBI. UTO ’Ke [aeT SKCIEPUMEHT?

Ero pesyabraThl mpeacraBiaeHbl Ha puc. 5.2. IlepBoe BmeuatieHHe

p

5_

Puc.

5.2

OT BTOTO PUCYHKA — TYT UTO-TO HE
Tak: Beb TOPU3OHTAJIBHBIN yUaCTOK
TOBOPUT O TOM, UTO C M30TEepPMUUE-
CKUM yBeJUUYeHHeM o0beMa rasa ero
naBJIeHUe He MeHseTcsa. Ho ropusoH-
TaJbHBIN YUYACTOK HAOJIIOZAeTCs, U C
HUM CBs3aHO HOBoe ABjeHue. IIpen-
cTaBuUM cebe IIPO3PAYHBIN IMUJIUHIP
C MOPIIIHEM YW BHYTPU ITUJIUHIPA —
ra3. Haumem ero c)kmmaThb II0 H30-
TepMme 1 U caeAUTH 3a TE€M, UTO IIPO-
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UCXOAUT B IuaumHApe. [Ipu mocTukeHuu odbema V, MUIWHAP 3a-
MMOJHEH OSHUM TasoM, HO IPU JaJbHEHIeM CKaTUU HapALy C Tra-
30M MHOABUTCA JKUAKOCTH, KOJUUYECTBO KOTOPOU IIOCTEIIEHHO OyIeT
pacTtu, a JaBJeHHe OCTaBaThCA MOCTOAHHBIM. Korma o6beM ZOCTUT-
HeT V,, OH IIeJIUKOM OKa’KeTCs B3aIlOJHEHHBIM KUAKOCTBIO.

Taxkum obpasom, Ha yuacTke CD MbI HabJogaeM TaK Ha3bIBae-
MBIN )a3086bLil nepexod BelllecTBa M3 raso00pPasHOr0 COCTOAHUSA B
JKUJIKOEe. ITO II03BOJIAET CAeJaTh BBIBOMA: €CJU (Pas3oBBIN Iepexo
IIPOUCXOAUT M30TEPMHUUYECKHU, TO OH COBepIllaeTcs mpu p = const.
OxasnIiBaeTcs, 9TO 00Ifee CBOMCTBO Bcex (has3sOBBIX IEPEXOI0B: He
TOJILKO Ta3000pa3Hoil (assl B :KUAKYIO (1 HA000POT), HO U KUIKO
¢daspl B TBepAYIO U T. A.

Boob111e, ¢pa3oii Ha3bpIBAIOT (PUBUUECKU OJHOPOAHYIO UaCTh Bellle-
CTBa, OTAEJEHHYIO OT IPYTUX UacTell cucTeMbl T'PaHUIEH paszea.
Hanpumep, Boma u jen, Bojga U pTyTh, IpaduT 1 aamas, HO Boma 1
CIIupT — 3TO omHa (asa.

Bepnemcsa K puc. 5.2, rie moKasaHbI 9KCIIEPUMEHTAJIbHBIE M30-
TepMbl. BceM ropu3oHTAJIBHBIM M30T€pPMaM B 00JaCTH IIOJ HYHK-
TUPHOM KpuBOU (OHA cI1a00 TOHHPOBAHA) COOTBETCTBYIOT ABYxX(as-
HbIe COCTOSTHUS — JKUIKOCTH C ITapOM, HAaXOAAIIECsS B PABHOBECUH
Ipyr ¢ apyrom. Takoii map Ha3bIBAIOT HACLLULEHHBLM.

JleBee nByx(asHOU 06JaCTH PACHIOJIOMKEHa 00JIacCTh, COOTBETCT-
Bylomasi omHOM (hasde — KUAKOCTH (OHA TOHWPOBAHA CHJIbHEE).
31ech U30TEPMbBI UAYT OUEeHb KPYTO, UTO OTBEUAET MAaJIO CiKUMae-
MocTU JKuAKocTH. IIpaBee AByX(dasHOIl 06JiaCTH BeIeCTBO HaXO-
OIUTCA B rasdoo0pas3HOM COCTOAHUU. lIpmueM Bce COCTOAHUA BHE
aToll ABYx(asHOUM 00JIacTH HEIJI0X0 ONUCHIBAIOTCSA YpPaBHEHUEM
Bau-gep-Baanbca. 9To TOBOPUT O TOM, UTO JaHHOE YPaBHEHUE OIIM-
ChIBaeT COCTOSHUE BeIlleCTBA HE TOJHKO B Ira3000pasHOM, HO W B
SKUJKOM COCTOSAHUM' .

Takum o6pasoM, eciu ras HAUMHAIOT CXKHMAaTh, HaIIPUMEpP, IIO
usorepme 1 (cMm. puc. 5.2), To OH IIEPEXOIUT B ABYX(Das3HOe COCTOIHIIE
(TOPUBOHTATBHBIN y4acTOK m30TepMbl CD) :KUAKOCTD + HACBHIIIEHHBIH
map. O6beM KUAKOH a3kl pacTeT o Mepe mpubamKeHus K Touke C,
TocJle KOTOPOIi ocTraeTcsa onHa ¢asa — Kuakroctb. Ho sTO He BCE.

* 3aMeTHM, YTO TOPU30HTAJNBHBIN YYACTOK pPeabHON N30TepMbI (OH M300pakeH MyH-
KTUPOM Ha puc. 5.1) pacroJiokeH Ha TAKOM yPOBHE, UTO OXBAThIBA€MbI€ BOJIHOO0-
PasHO! M30TePMOU IJIOMIAAY MO NIYHKTUPHOM IPAMON U HAJ HEW OJMHAKOBBI.
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MertacTabuIbHBIE COCTOAHUA. Bosiee TIaTeJ bHbIe S9KCIEPUMEH-
THI (BEIIECTBO OYUINAJIOCH OT
opuMecell ¥ IIPOIecC IMIPOBO-

. IUJICS OCTOPOJKHEe) II03BOJIU-
7\ JU O0OHAPYIKUTH, YTO IIPU M30-
- . D TePMUYECKOM C)KATUU ra3a ero
& \ MOXKHO JOBECTU IO COCTOSHUS
. B (puc. 5.3), a mpu pacIiiupe-

A HUU JKUIKOCTH — [0 COCTOS-

Hua A. T. e. peanusyrorcsa yua-

Puc. 5.3 v CTKU, IIPeICKasblBaeMble ypaB-
HeHueMm Bam-pep-Baaibca.

OCco0GeHHOCTHY ATUX YUYACTKOB B TOM, UTO KaKJas TOUKA UX COOT-

BETCTBYET HEPaBHOBECHOMY COCTOSHUIO TIPHU AAHHOM TeMIlepaType.

9T COCTOSHUA HA3LIBAIOT MemacmabuabHuimu. Ilpu maeiem

BO3MYIIIEHUU BEIleCTBA B 9TUX COCTOSHUAX IIPOUCXOIUT Paciaj ero

Ha 1Be (pasbl, COOTBETCTBYIOIIIE PABHOBECHOMY COCTOAHUIO (3TO II0-

KasaHO TOHKUMM BEePTUKAJbHBIMHU CTPEJKaMH Ha PHUCYHKE).

VuacTtoxk BD ONuCHIBAET COCTOAHMUSA, KOTOPBLIe HA3bIBAIOT nepe-
CblLULeHHbLM napoM, a yuacTok CA — nepezpemoil sudrocmuoio. Ile-
PECBIIIeHHBIN [Map MOKHO IIOJYYUTh, IIOABEPTrHYB HeEIlePeChIIeH-
HBIH IIap pesKkoMy, T. e. agrabaTHOMY pacinupeHwuio. Ilap mpu sToMm
OXJIAXKJAeTCAd M CTAHOBUTCS II€PECHIIIEHHBIM. OTO HCIIOJBL3YIOT B
kamepe BuavconHa — mpubope myia HaAOJIOAEHUs CJIETOB (TPEKOB)
3apAKEeHHBIX yacTull. [locaenuue, mpojeras yepes MepechIIeHHbIN
map, OCTaBJAIOT IIEIIOUYKY MOHOB, Ha KOTOPBIX U IIPOUCXOITUT KOH-
OJeHcayus napa B pe3yJbTaTe paclajna MemacmabubH0z0 COCTOA-
Hus. B urore ob6pasyercs Iemouka KamejgeK — CJeI YaCTUILBI.

Ileperperas KUAKOCTb TaKsKe HAIIlJIa IPUMEHEHUEe — B NY3blPb-
K08bLX HUOK08000POOHLLX Kamepax. 3apsaKeHHAsd YacTUIla, IIPOJIe-
Tasdg dYepe3 IIePerpeTyio KUAKOCTb, TaK:Ke OCTaBJSIET I[eIOUYKY
MOHOB, HA KOTOPBIX IIPOUCXOIUT IMapoodpasoBanme. BosHuKaer ie-
IIOYKa OY3bIPbKOB — CJI€J IIPOJIETEeBIIEl YaCTUIIHI.

Kunenne. HarpeBaHme KUAKOCTM IIPU IIOCTOSHHOM BHEITHEM
IaBJIEHUM COIIPOBOXKAAeTcs mapoodpasoBanmem. CHavajia OHO IIPO-
UCXOOUT CIIOKOWHO U TOJILKO C IIOBEPXHOCTHU KUAKOCTU. Tarkoir mpo-
IecCc HA3BIBAIOT ucnaperuem. Ilo mOCTHMIKeHUU Ke OIpPENEJIeHHON
TeMIEepPaTypbl — memnepamypv. Kunenus — odOpasoBaHUe Iapa Ha-

Q
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YMHAETCA W BHYTPU KuUAKOCTH (Osarogaps HAJIWYUIO MHOYKEecTBa
MeJIbUalIInX My3bIPhKOB I'a3a, B KOTOPhIE M HAUMHAET MIPOUCXOJUTD
nHTeHCHBHOe ncnapenue). [Ipomecc cranoBuTcAa OypPHBIM — HaYWHA-
erca kunenue. Ilo cyIiecTBy, KUIIeHNE €CTh OCOOBIN BUJI MCIIAPEHUS.

Taxkum 06pasoM, KUIEHe BO3MOKHO TOJBKO TOT/[a, KOrZa BHYT-
PU KHUIKOCTH MMEIOTCA Iy3BIPhbKU rasa. HEciau Ke TaKOBBIX HET,
KUIIeHNEe CTAHOBUTCSA HEBO3MOMKHBIM, U JKUAKOCTH MOMKHO HArperhb
BBIIIIE TeMIIEPATYPhl KUIIEHUA — OHA CTAHOBUTCSA nepezpemoil, T. e.
OKas3bIBAeTCSA B METACTAOMJIBLHOM COCTOSHUU.

§ 5.2. ®das3oBrie mepexoabl. /lmarpaMmma COCTOAHMIT

da3zoBbIe mepexoabl. PazinuaroT ¢asoBbie mepexonbl 1-ro u 2-1o
pona. IlepBble CONMPOBOMKAAIOTCA MenJaomoil nepexoda. ITo TO KO-
JINYECTBO TeILJIOThI, KOTOPOe HEeOOXOAMMO COOOIIUThH BEIEeCTBY,
yTOOBI M30TePMHUUECKU-U300apUUECKH IIePeBeCTH ero u3 OIHOI
daser B Apyryo. ITOT IPOIECC XapaKTePU3YIOT YyOesbHOlL

1) menaomoii ucnapenus (kKonOencauuu) qio, /KT

2) menaomoii naasnenus (Kpucmaaiusayuul) ¢n,, HK/KT.

3aMeTuM, UYTO TEIJIOTYy UCIapeHWs TBEPAOTO Teja Ha3BIBAIOT
menaomoil cyorumMayuu.

DazoBbIe JKe MepexoAbl 2-TO poja IPOUCXOAAT 0e3 TemaoobMe-
Ha. JTO, HAIPUMeED, U3MEeHEeHVe KPUCTAIINUYECKON MoauduKaum,
Iepexosl B CBEPXIIPOBOIAIINEE COCTOSHUE, B CBEPXTEKydee COCTOsI-
HUe y JKUIKOTO Tesiud, Iepexon (eppoMarHeTusMa B IapaMarHe-
TU3M. ITUM MBI M OTPAHUUYMMCS, OCHOBHOE K€ BHUMAaHMNE COCPEeIO-
TOUMM Ha (PasoBBIX mepexogax 1-ro poja.

Ypasuenue Kiaameiipona—Kiaaysuyca. V3BecTHO, UTO ABe JIO-
Oble (basbl BelllecTBa MOTYT HAXOAUTHCS B PABHOBECHU JIMINIb IPU
OompeseIeHHOM [TaBJIEHWU, 3aBUCAINEM OT TeMIiepaTypbl. Hampu-
Mep, AJsa ucnapeHusa (KoHAeHcanum) Kpusad saBucumoctu p(T') mo-
KaszaHa Ha puc. 5.4, rme K — KpuTuyeckasd TOYKa, cjIeBa OT dTOH
KpuBOi — Kuakada (asa, cupaBa — rasoobpasHas. IlpexacraBiser
NpaKTUUYECKUU MHTEPEC 3HATHh aHAJIMTUYECKUHN BUJ OTON KPUBOM.

O6muit Bun 3aBucumoctu p(7T), HO B nuddepeHINAIBLHON (op-
Me, OBLI IOJYyYeH M3 TePMOAMHAMHWUYECKHX cooOpasKeHui. A MMeH-
HO, MOJKHO HAWTH HAKJOH KpPUBOi, T. e. dp/dT (6oJbIiero mosay-
YUTh TePMOAMHAMHUKA He MTO3BojAeT). [esaerca sTo Tak.
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Puc. 5.4 Puc. 5.5

Paccmorpum sinemeHTapHBIM MuKJg KapHo B ob0sacTu ¢as3oBOTro
nepexona (puc. 5.5). 3mech Vl' u Vz' — ydenvHble 00BEMBL Dasel I 1
daser 2, T. e. 00BEMBI eIUHUILI MaCChl, MS/KT.

Pa6ora, coBepiiiaemas paboumM BeIleCTBOM 3a ITHMKJI, paBHA ILIO-
IIa¥, OTPAHUYEHHOH dTuM IuKJIoM (cTp. 14), T.e. dp-(Vy —V)).
IIpencraBuM Temeph AAaHHBINA IMUKJ Ha guarpamme T-S. flcHo, uTO
pabora 3a MUKJ IPU 9TOM He M3MEHUTCA U TOXKe OyJeT paBHA ILJIO-
maam, orpaHudYeHHoN nuKgom (crp. 85), a mmenno dT -(Sy; —S1),
rie B CKOOKaX — B3HAUEHUs YOEeJbHOI SHTPOINU TeX Ke (a3 Be-
mectBa. Takum obOpasom,

dp-(Vy =Vy) =dT -(Sy - S1). (5.1)

C mpyroii cTOpoHBI, HpUpAIlleHNe YAeJbHON SHTPOINN IPU U30TEP-
MudueckoM (pasoBoMm mepexome 1 — 2 paBHO corJyacuo (3.3) BwIpa-
JKEHUIO

Sy -81 =11, (5.2)

Te g12 — YHAeJbHas TeljoTa AaHHOro (asoBoro mepexozga. M3 mo-
ciaeqHUX (POpPMYJ BUIHO, UTO

dp _ qu»

ar T v (5-3)

910 u ecTdb ypasHeHnue Raanelipona—Kaaysuyca. Ciexyer obpa-
TUTHL BHUMAaHWE Ha IOPAJOK CHUMBOJOB 1 M 2 COOTBETCTBYIOIIUX

das.
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Bugao, uTO 3HAK IPOMBBOJHOM, XapaKTepUIYIOIIeH HaKJIOH
kpuBoii p(T), 3aBUCUT OT TOT0, KaK M3MEHAITCA yAeJbHbIE 00be-
MBI IIPU TIOTJIOIIEHUU TeIJla — BO3PACTAalOT UJIU YMEHBIIAITCA.
IIpu ucnapeHuuM KUIKOCTU UJIU TBEPAOTO TeJja YAEJbHBIN 00HeM
BCeTZa BoapacTaer, mosTomy npousBogHas dp/dT cooTBeTCTBYIO-
ITUX KPUBBIX MOJKET OBITh TOJBKO IOJIOMKUTEJIbHOI. 3aMeTUM II0-
MIyTHO, YTO KPUBYIO MCIapeHUs TBEPAOTO Teja Ha3bIBAIOT KPUBOLL
cybaumayuu.

Ilpu nnaBieHUM yAeJdbHBIA 00BEM IIOJABJIAIONIEr0 UYKCJIA Be-
miecTB Bospacraer, moaromy dp/dT > 0. OgHAKO y HEKOTOPBLIX Be-
IIeCTB, K UHNCJY KOTOPBIX NPUHAMJIEKUT BOAAa, 00BEeM KUIKOI
¢aspl MeHbIIE 00BEMA TBEPHOI (a3bl (V2' <V1’), u dp/dT < O.

Juarpamma cocrosHuii. Tak Ha3RIBAIOT ILIOCKOCTH p, T' (puc. 5.6),
pasIesieHHyI0 Ha TpU 00JIaCTH: TBED- p
nyio dasy (T), JKuaKyo (*K) u razooo- \ Tp' K
pasuyo (r). I'panumnamu sTuxX conpu- \
Kacaroruxcs a3 ABISIOTCA KPUBble
CYOAUMAYUU, UCNAPCHUS U NJaA8Je- @ \ @ “gy?
Hus, XapakTepusymioliue aByxdas- ¢
Hble PABHOBECHBIE COCTOSAHUA. B TOU- 6 Tp O)
ke Tp, ee Ha3bIBAIOT MPOIHOU, B cY
pPaBHOBeCUM HAXOZATCA TPU (Daskl.
IlyakTHpoM mmoKasaHa KpuBas ILIAB-
JIEHUS JJIA BeIeCTB, y KOTOPBIX Puc. 5.6
dp/dT < 0, mampumep, AJA BOIBL.

s Hee B TpoiiHOU Touke p =610 ITa (4,5 Topp) u ¢= 0,008 °C.

Ha puc. 5.6 mokasaHa TunudyHad quarpamma coctosauuii. Iloxo0-
HBbI€ TUArPaAMMBbI CTPOAT SKCIEPUMEHTAIBHO /IS Pa3HBIX BEII[ECTB.
OHU TOJIe3HBI B TOM OTHOIIIEHHUU, YTO IO3BOJIAIOT IIPEJCKa3bIBATh
dazoBbie IpeBpallleHUs B TeX WJIM HHBIX Mpolieccax. Hampumep,
MBI BUIUM, UTO KPUBasA UCIAapPeHUs 3aKaHUNBAETCA B KPUTUUECKO
Touke K. [TosToMy BO3SMOIKEH IIepexo]l n3 00JIACTU KUAKOU (Pasbl B
raszoobpasHyn mytem oboxoma ToukKu K «cBepxy» (0e3 mepeceueHUs
KpUBOI ucnapenus). B aTom ciyuae mepexof us ofgHOM (assl B APY-
TYIO COBEDPIIAETCA HEIPEPBHIBHO, Uepes II0CJIeJ0BATEIHFHOCTh OJHO-
(asHBIX COCTOAHUIA.

Kpome Toro, KpuBas NIaBJIeHUs MOKET BCTPETUTH HA CBOEM
«IyTU» OPYTYIO TPoiiHyi0 Touky Tp’' (cM. puc. 5.6), ABIAOIIyIOCA
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HavaJOM BWJIKU: JieBasd KpUBadA OyIeT ABJIATHCA TPDAHUILEH MeXKIY
IBYMA TBePALIMU (HO pasHbBIMM) (hasaMu, a IpaBasg — KPUBOI ILJIaB-
JIEHUsI HOBO TBepzoii dasbl. B masbHelIne getTaau Mbl yIIyOJIATh-
cA He OymeM.

3asepmiuM 3TOT 0630p TIpeAcTaBiaeHreM (ha3oBoil JuarpaMMbl B
obbemMHOM Buae. B mapamerpax
p, T, V oHa 6ymer BBITVIALETH
TaK, Kak IIOKas3aHo Ha puc. 5.7.
ITO CJIOKHASA TMOBEPXHOCTb,
KakJas TOYKa KOTOPOM oTBeua-
eT OIpeeIeHHOMY PA8HO08eCHO-
MY COCTOSHUIO — WUJIU OZHO(DAa3-
HOMY, Wiam OBYX(ha3HOMY, WJIN
TpexdasHomy. HenpepbIBHBIMU
JIMHUSAMU TIOKa3aHbl U30T€PMBI,
mapaJjjesbHble YacTu ux (ma-
paiienbHbIe ocu V) COOTBETCT-
BYIOT [IBYX(Ma3HbBIM COCTOSHU-
AM, a ogHa — TPex(asHOMY COCTOSHHUIO.

HocraTouHo mOCMOTPETh Ha 00BEeMHYIO (ha3oBy AmarpaMmy
(puc. 5.7) cipaBa HaneBoO (BIOJb ocH V), 1 MOMKHO y3HATH AuarpaM-
My Ha puc. 5.6, a ecium — Bmosb ocu T, To — aAuarpamMmy, mpaBas
YacTh KOTOPOII IMOKasaHa Ha puc. 5.2 (MMoJe3HO CaMOCTOSATEIbHO
1300pa3uTh U ee JIEBYIO YaCTh).

IIpencraBienuasa Ha puc. 5.2. (pasoBasa quarpaMma COOTBETCTBY-
eT BeIecTBaM, YAEJNLHBIN 00BEM KOTOPBIX IIPU B3aTBEPIEeBAHUU
yMeHbIIaeTcs (TaKMUX BEIIEeCTB IIONaBJAIOIEee OOJBIINHCTBO). B
TPOTUBHOM JKe cjIydyae, HalIpUMep, AJs CUCTEMBI Boga—Jel, JeBas
yacTh 00beMHOI (hasoBOii guarpaMMbl MMeeT HHOI, 0oJiee CJIOK-
HBIII BUJ, HO MBI Ha 9TOM OCTaHABJUBATHCA He OyIeM.

Puc. 5.7

§ 5.3. dKunkoe cocrosgunmue

Ecam BemiecTBO HaxonmTcAa B ra3oBOU (hase, TO MOJIEKYJBI €ro
IBUIKYTCS IIOUTH CBOOOTHO, MOCKOJBKY MX DHEPIUs B3aMMOAEUCT-
BUS 3HAUNTEJIHbHO MEHbLIIEe KHWHETUUYECKOH 9Heprum (peqb naer o
CpeqgHUX 3HAUYEHUAX 9TUX BeJII/IIII/IH). HpI/I 9TOM ras 3allOJIHAEeT BCe
IOCTYITHOE [Jisi Hero IPOCTPAHCTBO (Hampumep, o0bEeM cocyna).
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B sxugkoit (hase MOJIEKYIbI HAXOAATCA BILUIOTHYIO APYT K APYTY,
HO KaK ¥ B rasde, 00/1aHat0T GOJIBINTON MTOABUKHOCTHIO 1 PACIOJIOMKE-
HBI HEYIOPALOUYEHHO. OHEePrusa B3auMOelCTBUA MOJIEKYJ CPaBHU-
Ma ¢ UX KMHETUYeCKOU sHeprueit, M 3TO MPOABJIAETCA B TOM, UTO
KUIKOCTH 3aHMMAaeT OIlpelesIeHHBIN 00beM. B pacmosioskeHun vac-
THUIL JKUIKOCTU HAOJIIOJAaeTCAa TaK Ha3bIBA€MBIN OJMUMCHUI NOPAO0OK,
T. €. II0 OTHOIIIEHUIO K JI000H YacTuIle PacCIIooKeHne OIMKaNIITnX
YaCTUIl ABJAETCS YIOPSAAOUEHHBIM. B oTJuuYme OT JKUAKOCTHU, B
KpHCTaJLJIe UMeeT MecTO O0aJibHUil Nnopsadok.

B cBsisu ¢ oTcyTCTBHEM B JKUIKOCTHU JAJILHErO MOPAAKA OHA, KAK
IIPaBUJIO, He OOHAPYIKUBAET aHU3OTPOIUU, XapPAKTEePHOU /I KpPUC-
TaJJIOB. B KUAKOCTAX C YAJIUHEHHBIMU MOJIEKYyJaMu HaOII0maeTcsa
ONVHAKOBAsA OPUEHTAIlud WX B IMpemeax 3HAUUTEILHOTO 00beMa,
YTO MPUBOAUT K IOABJICHUIO aHWU30TPOIUU PANA CBOMCTB. JTO TaK
Ha3bIBaeMbIe JHUOKUe Kpucmaanavl. sKUIKMe KPUCTAJIBI 00JaaroT
OUeHb BAKHBIMU OIITUYECKHUMHU CBOMCTBAMM, UTO O0ECIEUMJIO UX
MHOTOUMCJIeHHBIEe IPUMEHEeHNA U 00JbIIION NHTEpeC K UX U3YUeHUIO.
Ha cpoiicTBa KUIKMX KPUCTAJLIOB CUJIbHOE BJIUAHUE OKA3hIBAIOT
9JIEKTPUYECKNe W MarHUTHBIE MOJiA. M3ydeHue STUX BIAUSHUN —
peaMeT MHTEHCUBHBIX HAYUHBIX MCCJIEJOBAHUM, a MOJydyaeMble pe-
3yJIbTATHI IITUPOKO KCIIOJB3YIOTCS B MIPAKTHKe (yIpaBJIeHHEe CBETO-
BBIMU [OTOKaMM, ITM(PPOBBIE yKasaTeaW Ha KUAKUX KPUCTAJIAX,
IUCIJIEN W IP.).

JHKugkocTs 3aHTMaeT IPOMEKYTOUHOE TTOJIOMKEHNEe MEXKIY Ta30oM
U KPUCTAJJIAMHU. JTO CBA3AaHO C TE€M, UTO JKUIKOE COCTOSHUE SBJIS-
eTca Hambojiee CJIOXKHBIM IO CBOMM cBoiicTBaMm. IlosaTomy ero teo-
pusA pasBUTa ropasio MeHee, UeM y ra3000pasHOT0 M KpUCTAJIINYe-
CKOro cocTosHUI. [Jo cuX TOp HET BIIOJHE 3aKOHUYEHHOM U oObIIe-
MPU3HAHHON TEOpUU KUIKOCTEMH.

OngHa w3 Momesell NMOBeAeHUs MOJIEKYJ B JKUIKOCTU, IIPEAJIO-
kennaa $1. 1. @penkeneM, BBIMJIALUT TaK. Kaskmad MojeKyjaa B
TeuyeHre HEKOTOPOTO0 BPeMeH! KoJiebJieTcsd OKOJIO OIPeaeeHHOTO
[IOJIOKEHUS PaBHOBeCHUS. 3aTeM MOJIEKYJia MEeHseT CBOe MeCTOII0JIO-
JKeHUe, CKAuKOM IIepeMeIllasicb B HOBOE II0JIOJKEeHHEe PaBHOBECHUS.
Taxum obpasoM MOJIEKYJa MeAJEHHO IMepeMeNlaeTcs BHYTPU KUI-
KOCTH, CTPAHCTBYA II0 BceMy ee 00bemMy. IIpu IOBBIIIIEHUU TeMIIe-
paTypsl CHJIBLHO BO3pacTaeT IOABUIKHOCTH MOJEKYJI U BA3KOCTH
KUIKOCTH YMEHBIIIAeTCs.
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ITocTpoeHne TeOpMYU KUIKOCTEN HaTAJIKUBAETCA HA MPUHITAIINA-
JBbHYIO TPYAHOCTH, CBA3AaHHYIO C Te€M, UTO B3amMOJeliCTBHE MOJie-
KyJI IPUBOAUT K 3aBUCUMOCTH YHEPTUU CHUCTEMBI OT UX B3aUMHOTO
TIOJIOKEHUA. YUET 3TOTO0 OOCTOATENBCTBA [J€JIaeT HEBO3MOKHBIM
BBIUNMCJIEHE PABHOBECHOTO pacIipefeseHus MoJjeKyJ. IIpeomoseTs
9Ty TPYAHOCTb IIOKa He yxaJyiochk. IIpuBieueHVe K DPEIIEeHUI0 3TOI
Po6JIeMBI fasKe CaMbIX OBICTPOAEMCTBYIONINX KOMITLIOTEPOB He I10-
3BOJISIET PACCUUTHIBATH MOJEJIb CHUCTEMBI C OOJIBIIIUM UYHCJIOM dYac-
THUII.

HecMmoTps Ha OTCYTCTBUME TEOPUU KUIKOCTEH, HEKOTOPHIE BaK-
HbI€ CBOMCTBA UX M3YYEHBI JOCTATOYHO IIOJHO U IPENCTABJISIOT CY-
MIeCTBEHHBIN IIPAKTUYECKUIl MHTepec. B mepByr odepenb 5TO IIO-
BEPXHOCTHOE HATAKEeHWe U CBA3AHHLIE C HUM SBJICHUA.

IToBepxHOCTHOE HATsKeHHEe. [I0BepPXHOCTHBIN CJIOM KUIKOCTU
HaXOAUTCSA B OCOOBIX yCJOBUAX. [lejlo B TOM, UTO paduyc MoaeKy-
AApHO20 deitcmeus ry ~ 1077 cM (HECKOJIBKO MEKIyaTOMHEIX pac-
CTOAHUIT), U 9TO MPUBOJUT K TOMY, UTO B IIOBEPXHOCTHOM CJIO€ Ta-
KO TOJIIUHBI HA MOJIEKYJbl OeHCTBYIOT CHUJIbI, HallpaBJIeHHbIE
BIJIyOb JKUAKOCTH. ITO JIETKO IIOHATH U3 puc. 5.8.

Puc. 5.8

31ech IOKa3aHO, YTO IPOUCXOAUT Ha I'PAHUIlE Pasjiesa KUIKO-
CTU CO cBOMM HapoM (Opu OOBIYHBIX YCJIOBUAX). BUIHO, UTO IIO
Mepe IMpUOJIMIKeHNa MOJEeKYJIbl (3 KUPHOM TOUKM) K I'PDaHUIE pasie-
Jia IefCTBYIOIAsA Ha Hee CUJIa CO CTOPOHBI APYTUX MOJIEKYJI VBEJIH-
ymBaercs. I1o Mepe Ke yaajieHus MOJIEKYJIbl OT *KUAKOCTHU 9Ta CHUJIa
YMeHbBIIIaeTCA M HA PACCTOSHUU Iy MPaKTUYeCKH obpariaercs B
HYJIb.

CneBa ma puc. 5.8 msobpakeH TrpaduUK Xoma MMOTEHIIMAJIBLHON
sHeprumu U, MOJIEKYJIBI B 00J1aCTH, IPUJIETAIONIEH K TPaHUIle pasje-
Ja. ToT rpad@UK yKasbIBaeT Ha TO, YTO MOJIEKYJIbI ;KUIKOCTU HaXO0-
IATCA IO CYIIECTBY B IIOTEHI[MAJBbHOHM fAMe, AJs BBIXOAA M3 KOTO-
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poil (IpeoosieHNA MOTEHIIUAIBHOTO O0aphepa) UM HeoOXOoAmMa W3-
ObLITOUHAA KMHETHYecKas dHeprus’ .

Taxum o6pa3oM, BBIXOJA MOJIEKYJBI M3 TJIYOMHBI JKUAKOCTH Ha
TIOBEPXHOCTh CONIPOBOKIAETCA YyBEIWUYEHUEM €€ IOTeHIMaJbHOMN
9HEPTUU — 3a CUeT KMHETUYECKOI sHepruu (BhIXOAAIINE Ha IIOBEP-
XHOCTh MOJIEKYJBI «OCTBIBAIOT»). SHAUUT, ITOBEPXHOCTHBINA CJIOH
obsamaeT MOMOJHUTENBHON IOTEHIIMAJLHON sHeprueii, Koropas
BMECTE C IIOBEPXHOCTHIO CTPEMUTCS YMEHBIIUTHCS, U JKUIKOCTD,
IIpeJoCTaBJIeHHAA caMoil cebe B YCJIOBUSIX HEBECOMOCTU, IIPUHUMA-
eT (hopmy mrapa (ITOBEPXHOCTH €ro MHHUMAaJbHA). «CrpemieHUe»
YMEHBIITUTH CBOIO IOBEPXHOCTH IMPOABJIAECTCA B BOSHUKHOBEHUY CUJI
N0BEPXHOCMHO20 HAMANCHUS, KaCATEJIbHBIX K IIOBEPXHOCTH.

Hanyuunue NTOBEPXHOCTHOTO HATAMKEHUA dh-
(GeKTHO JEeMOHCTPUPYETCA C TOMOIIHIO MBLIBHBIX
mieHoK. I[as aToro GepyT mpoBoJiouHBIN II-06-
Pal3HBIA KapKac ¢ MOJBUKHON IMePeMbIUYKON IJIN-
HEI [ (puc. 5.9). 3aMKHYTBI KOHTYP 3aTATUBAIOT
ILJIEHKOI, KOoTopas cpasy ’Ke, CTPeMsCh YMeHb-
IIIATHh CBOIO IIOBEPXHOCTH, HAUMHAET IOJHUMATH
nepeMbIuKy. UTOOBI BOCHPENSATCTBOBATH 3TOMY,
MIPUXOAUTCA IPUKJIAIBIBATH BHEIITHIOW CUIY F.

O6osnauum cuny f,, MOBEPXHOCTHOTO HATH-
JKeHUdA, MPUXOMAIIYIOCA Ha eIUHUIY IJIWHBI KOHTypa, depe3 o:

for = o, H/m. (5.4)

Benuuuny o HA3BIBAIOT NOBEPXHOCMHLIM HAMSNCCHUECM.
MeneHHO mepeMelnass IIePeMBIUKY BHM3 Ha paccrosHue dux,
cuna F, paBHas 2al, coBepuiaer pabory 2ol dx. Koadpdumuenr 2
MMOABUJICS U3-3a TOTO, UTO ILJIEHKA MMEET ABa MOBEPXHOCTHEIX CJIOA.
CaMa JKHIKOCTH COBEpIIAET HAJ IIePeMBIYKOl padoTy, pPaBHYIO
d’'A =—-20ldx = — adS, roe dS — mpupaieHue MIOIAAN TOBEPXHO-
CTHOTO cJiosA. IIpu 9TOM AOMOJTHUTEIBHOE KOJIUYECTBO MOJEKYJI IIe-
pexoauT 13 TIAyOWHBI KUAKOCTH B MOBEPXHOCTHBINA CJIOi, UTO CO-
IIPOBOJKIAETCSI, KAK OBLIO CKA3aHO BBIIIE, OXJAMKICHUEM KUIKO-

* BoT mouemy [JIA UCIAPEHUs MKUAKOCTH TpeGyeTrcs moaBoy Temia. CKOpOCTH MoJie-
KYJI )KUIKOCTH PacIpeesIeHbl 10 3aKoHy MaKcBeJlia, U HIOKUHYTh €€ MOT'YT TOJIBKO
HanboJsee OBICTPHIE MOJIEKYJIBI. B pesysbTare UX yXo/a JKUJKOCTb OXJIAMK[AIach ObI
0es MOABOJA TeIlIa, U WCIapeHNe CTAHOBUJIOCH OBI Bce ciadee.
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cru. OmHAKO e€caum STOT TMPOIeCC MTPOBOAUTH MEIJeHHO, OH
IIPOTEKAEeT U30TEPMUUYECKH, U 9TO JAET BO3MOMKHOCTh MHOM MHTEPII-
peranuy BeJIWUYMHBL O.

Pamnee (§ 3.6) MbI yCTAaHOBUJIN, UTO PabOTa CUCTEMBI B M30TE€PMI-
YEeCKOM IIPOIleCcCe COBEPIIAeTCs 3a CUeT YOBLIM CBOOOJHOM dHEPIruum

F. Torga moayueHHoe BuIlie BeIpakenue d’A = — adS ¢ yueTrom pa-
BeHcTBa d'A = —dF OpuUBOAUT K BBIBOAY, UTO
o = dF/dS, Ix/v>. (5.5)

T. e. mOBePXHOCTHOE HATAKEHUE O, IIPEACTABISIET CO00Ii CBOOOAHYIO
9HEPIUI0 eIUHUIHI ILJIOIIAAN ITOBEPXHOCTHOTO CJIOA. 3aMETUM, UTO
C POCTOM TeMIIepaTyphbl HATSKEeHHEe O YMeHbIITaeTcsA, o0palrnasach B
HYJIb IPU KPUTHUUECKOUN TemmepaType (Ipu 9TOH TeMIlepaType rpa-
HUIA MEXKIY JKUAKOCTBHIO M HACBHIIEHHBIM IIapOM HCUYE3aer).

IToBepxHOCTHOE HATAMKEHUE O 3ABUCUT OT CBOMCTB KUIKOCTU U
BappUpyeTCcA B JOBOJBHO IMWPOKUX IIpenesiaX. ¥ OOJBIMIMHCTBA
sgupkocteil mpu 20 °C o umeer nopazxok ot 1072 go 107! H/m uan
Ixx/m2 (cm. Ilpunoxkenue Ne 6).

B cocrosuuu paBHOBecus CBOOOJHAA SHEPrUs, a 3HAUUT U IIO-
BEPXHOCTD JKUAKOCTH, JOJYKHA ObITh MUHUMAJIbHON. ITO OTKPHIBA-
€T BEJIMKOJEIHYI0 BO3BMOKHOCTb UKCTO DKCIEPUMEHTAJbHO U IIPO-
CTO C IIOMOIIBIO MJIEHOK HAXOAUTH (DOPMY ITOBEPXHOCTU, HATAHYTOM
Ha KOHTYp JiI000II IIPOCTPAHCTBEHHOW KOH(MUTYpAI[UU, ILJIOI[Alb
KOTOpo# Obliaa O6bI MUHMMAJILHOII. MaTeMaTuuecKoe pellleHue 5TOu
MPAaKTUUYECKN BaKHOM 3aJaud COMPSKEHO CO 3HAUUTEJIbHBIMU
TPYAHOCTSAMMU.

C MmOBEpXHOCTHBIM HATSIKE€HWEeM CBA3aH PAN ABJIEHUHN, IIpef-
CTaBJAIIINX CYyry00 IPaKTHUYECKUI HHTepPeC.

JdaBjeHne IO W30THYTOH IIOBEPXHOCTHIO. PaccMOTpuMM IIpO-
CTEeUINUi cJydaii, Korja IIOBEPXHOCTb KUIAKOCTU cdepudecKas
(puc. 5.10). Boeigenum MbIcC-
JIEHHO Ha 3TOl TOBEPXHOCTHU C
pazuycom KpuBu3HBI R HebO-
JBIIION KPYsKOK pajauyca I
(r < R). 9TOT y4acTOK IIOBEPX-
HOCTU PACTATUBAIOT CHUJBI IIO-
BEPXHOCTHOTO HATAMKEHUA, Ha-
IpaBJeHHBIE TTOUTHU PASUATbHO
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(TouHee, B BUIe B30HTHUKA). Bjaromaps sTUM cHUJIaM B JKUIKOCTHU
BOBHUKAET JOIOJHUTEJIbHOE IaBJieHUE Ap = fén -2nr/ nr? , WINn
_2a

A , 5.6
pR (5.6)

rie yduTeHO, UTO fé;; =fen -0 =0a-r/R. 3necb R — BenuuuHa anreb-
pauueckasi: ecJu IEHTP KpuBusHbBI O IMOBEPXHOCTH HAXOIUTCS
BHYTPHU KUIKOCTU (KaKk Ha pUCYHKe), To R > 0, ecau Ke BHe JKUJ-
KOCTH, TO IIOBEPXHOCTDL OyIeT He BBINYKJasd, a Boruyras u R < 0.
COOTBETCTBEHHO B IEPBOM CJIydyae OOMOJHUTEJbLHOE [TaBJIeHNe
Ap > 0, a Bo BTOopoM Ap < 0 (pmec. 5.11).

R<0
R>0

p+Ap p—|Ap|
Puc. 5.11
JTO sABJIEHWE TIPUBOAUT, HAIPUMEDP, K IOBBIIIEHUIO JaBJIEHUA
BHYTPH IIY3BIPHBKOB C BO3AYXOM paamyca R=5 MKM Ha Ap=
= 0,3 arm.
Jlammac o6o61ua gpopmyay (5.6) Ha MOBEPXHOCTEL J000M (op-
Mbl. @opmynaa Jlanaaca BHITIAIUT TaK:
1 1

Ap=o| —+—|, 5.7
\p R 'R, (5.7

rae Ry u Ry — paauychl KPUBUSHBI B JBYX B3AMMHO IIEPIIEHIUKY-
JIAPHBIX IIJIOCKOCTSAX, IlepeceueHre KOTOPBIX COBIIAZAEeT C HOpMa-
JbI0 K IIOBEPXHOCTHU JKUIAKOCTH B MHTepecyioIleil Hac Touke. O0a
pazuyca KPpUBUBHBI — BeJWUYUHBLI ajaredpanueckue. IIpaBuio 3Ha-
KOB [JIsT HUX TO ’Ke, UTO OBLIJIO MpUBeAeHO BbIlle. Hampumep, s
ceI000pa3Hoil MOBEPXHOCTH PAANYChl KPUBU3HBI UMEIOT IPOTUBO-
MMOJIOJKHBIe 3HAKHU.

SBieHusa Ha rpaHUIaX MeKAYy cpexaMu. TBepable Teja, Kak U
JKUOKOCTHU, IO TeM ’Ke IIPUUYMHaAM 00JIafaloT IIOBEPXHOCTHOH dHEp-
rueil u HaTs:KeHUeM. IIpu sToMm, ecau peub UAET O IPaHUIle pasie-
Jla IBYX cpel, TO CJeIyeT UMeTh B BUAY, UTO IIOBEPXHOCTHAS dHEP-
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rud Ha I'PaHUIle pasieJia 3aBUCUT OT CBOMCTB o0eux cpen. Ipyrumu
cJI0BaMHU, HAIO PacCMaTpPUBAThH CYMMapHYIO IIOBEPXHOCTHYIO DHED-
TUIO Ol1p ABYX Cpen.

Paccmorpym Kamiio KUIKOCTH Ha IOBEPXHOCTH TBEPAOTO Teja

(puc. 5.12). nsa paBHOBecUs HEOOXOIUMO, UTOOBI BCE CUJIBI, AEHCT-

1 ByIOII[e Ha 5JeMeHT KOHTypa, Iep-

NeHAUKYJIAPHBIN PUCYHKY B Touke O,

Oy YDPaBHOBEIIUBAINUCH. ITU CUJBI COCTO-

2 AT W3 CUJ IIOBEPXHOCTHOTO HAaTHXKe-

6 HHUSA Ojp Ogg, O3, [AeHCTBYOIIHUX

Oz O Oy BIOJb IPAHUI, pasfesa MexJy cpeja-

\/\/__\/V\/U vu. PaBHOZeWCTByMOIAaA OSTUX CHJI

Oi9 T Og3 T Oy3 YPABHOBEIINBAETCSA

MOJEKYJAPHBIMU CUJIAMU TBEPIOTO

Teja, KOTOpbIe HAIIPaBJIEHLI BHUS.

ITosTomy paBHOBecue obecreunBaeTCAd PABEHCTBOM HYJIO CyMMap-

HOHM IpOeKIUN CHUJI Ha T'OPU3OHTAJbLHOEe HaIpaBleHWe, WUJIN O3 =
=0y cosO + ay3. Orcroma

Puc. 5.12

cos 0 = X138 ~ %23 , (5.8)
A1z

rae 0 — Tak Ha3BIBaeMBIU Kpaesoil yzosa. ETo oOBIYHO BHIOMPAIOT B
obnacTu, 3aHATON KUAKOCTHIO (Kak Ha puc. 5.12).

Ecnu 6 < 1/2, TO TOBOPAT, UTO JKUAKOCTH CHMALUBAEN TTOBEPX-
HOCTB TBepzoro tesa. [Ipu 6 — 0 uMeeT MeCTO noHOe cCMaLusaHUe.
Ono OyJzeT u Ipu yCJIOBUU, KOrJa IpaBas yacTh (5.8) oxkaskercs 6o-
JIBIIIe eQUHUIBI, T. €. IPU YCJIOBUU

O3 > Ojg T Olgg.

Ecam 0 > /2, To XUAKOCTHL HE CMauyMBaeT IIOBEPXHOCTh. Ilpu
0 — 7 MBI UMeeM noJiHoe Hecmayusarue. OHO OyaeT HaGIIONATHCA U
IIpu yCJIOBUM, KOTrJa mpaBas yacTh (5.8) oxkakercsa meHee —1, T. e.
IpU YCJIOBUU

Olgg > Oz + Qlyg.

Ha puc. 5.13 npuBenens! npuMepsl cMaunBanud (0 < n/2) u He-
cvauuBaHusd (0 > 1/2) — IpPU CONIPUKOCHOBEHUU JKUIKOCTU C TOPHU-
30HTAJIPHO ¥ BEPTUKAJIbHON IIOBEPXHOCTAMM TBEPAOTO TeJa.
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= el

Puc. 5.13

Kanunnsapusie saBiaenusa. Hamuurve KpaeBOro yrjia MPUBOAUT K
WCKPUBJIEHUIO ITOBEPXHOCTU JKUIKOCTU BOJM3W CTEHOK COCyja.

VsorHyTHIE TIOBEPXHOCTM HA3BIBAIOT MEHUCKAMU.

Ecau yskyro

TPYyORY (KamMasAp) MOTPYSUTh OAHUM KOHIIOM B JKHUAKOCTH, TO B

pesyabTaTe cMauuWBaHUA YPOBEHb JKUIKOCTH B
Hel OyJeT BBIIIE, UeM B COCYIe, a IPU HecMauu-
BaHum — HimKe (puc. 5.14). Bce aBiIeHUs, CBA-
3aHHbIEe C HCKPUBJIEHHMEM I[IOBEPXHOCTH KUIKO-
CTU, HA3BIBAIOT KANUAJLAPHbLMU.

Haiinem pasHOCTb YPOBHEH h MEXOY KHUIKO-
CTBIO B KallUJLJIAPE pPagmyca ' 1 B cOCyle, IoJja-
ras M3BECTHBLIMU IIOBEPXHOCTHOE HATSKEHHe O
JKUAKOCTHU (Ha rpaHuIie ¢ armocdepoii), ee mIOoT-
HOCTb P M KpaeBOU yroJ 0.

PasmocTh ypoBHEH A qoiKHA OBITH TAKOIi, UTO-
OBl THAPOCTATUYECKUM BeC CTOJI0A KUIKOCTU €IM-
HUYHOTO CEUeHUs YPABHOBEIIWBAJICA JOIIOJHUTE-
JILHBIM JaBJIEHUEM Ap mOJ MeHUCKOM. ByaeMm cuu-
TaTb, UTO MEHHCK B KaOWLIApPe HMeeT
chepuueckyoo Gopmy (9TO OUeHb OJIU3KO K pealb-
HocTtu). Torga corusacHo (5.6) ¢ yueToM TOro, 4TO
R=r/cos® — 310 BuIHO U3 puc. 5.15 — mosyuyum

Ap = 20.cos 0 ’
r
u mpu paBHOBecuu Ap =pgh, mosToMy
2acos 0
pgh = -=2°227
Orciofa cjaenyeT, 4TO PasHOCTH YPOBHEH
_20cos 0

pgr

h

Puc. 5.15

5.9)

(5.10)

(5.11)
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Ona cmaumBatomieit sxugroctu (0 < n/2) h > 0, T. e. YypOBeHb
JKUIKOCTY B KANUJLISIPe TOAHUMAETCS, IJIsI HeCMadnBatoIel K-
Koctu (0 > n/2) h < 0, 3HAUUT, YPOBEHDb B KAIIUJLIAPE OITyCKAETC.

IIpumep. Haiizem pasaHocTb Ak YPOBHEI PTYTH B ABYX COOOIIAIOIIUXCA Bep-
THUKAJbHBIX CTEKJISHHBIX Kanmyuigpax I u 2, paguychl CeueHUs
KOTOPBIX Iy U I'y, IpUUEM 1, < ry. KpaeBoii yroa pasen 0.

PTyTs 110 OTHOIIEHMIO K CTEKJY ABJISETCA
HeCcMauyHuBalollel KUAKOCTBIO, II03TOMY
— KapTuHa OyJeT BBITIAAETh KaK Ha PUC.
_____ N ‘{Ah 5.16. Ha ypoBHe, OTMeYeHHOM IIYHKTHU-
poM, JaBJleHHd B 000OMX KaIMJLIApPax Ofu-
HaKOBBI. JTO 3HAUUT, UYTO PA3HOCTb JOIIOJ-
HUTEJbHBIX JaBJIEHUI JOJIKHA ypaBHOBe-
IIUBATHCA THAPOCTATUUYECKUM JaBJIeHHEM

w croJifa KUAKOCTUA BBLICOTOM Ah, T. e.

Ap, — Ap, = pgAh.

Puc. 5.16

OcraeTrca OACTaBUTH B 3TO BhIpakeHue popmyiy (5.9), u MbI mo-
JIy4uM

Al = 20 cos 0] (1_1).
pg Ty

§ 5.4. Kpucrajainueckoe COCTOSHHE

Crpoenne KpucrajiaoB. IlogaBisiomniee GOJBIINHCTBO TBEPABIX
TeJ UMeeT KPUCTAJJINUYECKoe CTpOoeHUe, T. €. YIOpAZOoYeHHOe pac-
IMOJIOYKEeHUe YacTull (aATOMOB, MOHOB, MOJIEKYJ), U3 KOTOPBIX OHU
obpasoBanbl. C Takoll CTPYKTYpPOIl KPHUCTAJJIOB CBSI3aHO CBOIICTBO
AHU30MPONUL, KOTOPas MPOSABJISETCA B 3aBUCUMOCTU psiga (pusu-
YECKUX CBOMCTB OT HAIPAaBJICHUSI.

ITU CBOMCTBa He BCerja IIPOABJISIOTCS, IMOCKOJbKY KPUCTAJIIN-
YeCKUe Tejla BCTPEYAIOTCs, KaK IIPaBWJIO, B BUAE NOJAUKPUCMAL-
JI08 — COBOKYIHOCTY MHOKECTBa 0ECIOPAJOYHO PACIIOJIOMKEHHBIX
MEeJKUX KPHUCTAJLINKOB. VICKYCCTBEHHO C IIOMOIIBIO CIIEIIUATbLHBIX
YCJIOBUHM MOXKHO HMOJYUYUTDH M3 PACTBOPA GOJILIITIE MOHOKPUCTAJIIEI.
ITocnenuue, BIpoueM, BCTPEUAIOTCSA U B IPUPOLE ¥ HEKOTOPBIX MU-
HepaJoB.
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CummeTpua KpucTaaiaoB. KprucraainuecKou perreTke MPUCYIT
pasJIMUYHBIE BUABI CHMMETPUH, T. €. CBOMCTBA PEIeTKN COBIANAThH C
caMoii co00¥ IIPU HEKOTOPHIX MBICJIEHHBIX IIPOCTPAHCTBEHHBIX IIe-
peMelieHUAX (HAIpUMeED, MOCTYIATeJIbHBIX U MoBOpoTax). OcTraHo-
BUMCA HECKOJbKO IIOJpO0Hee Ha 3TUX BUAAX CUMMETPHUMU.

Jlrobas upeanbHas KPUCTAIJINUYECKAs PeIlleTKa IMPeXKAe BCEro

XapaKTepusyeTca MPAHCAAYUOHHOI cuMMeTpueii. OTO O3HAUaeT,
YTO KalKJOH peIlleTKe MOYKHO COIIOCTABUTH
TPU HEKOMILJIAHAPHBIX JJIEMEHTAPHBIX BEK- ‘
Topa a, b, ¢, IpU MBICIEHHOM COBMEIIeHUU ¢
BIOJIb KOTOPBIX pEIIleTKa COBEMEeIaeTCs
cama c coboii. ITapanienenuiiens, IIOCTPOEH-
HBIA Ha BEKTOpax a, b, ¢, HABHIBAIOT 3JI€MEH-
TapHOI Aueiikoit (puc. 5.17), a MOgyaU BTUX
BEKTOPOB — nepuodamu udeHmuiHocmu pe-
IIETKW BAOJb COOTBETCTBYIOIMX HAaIIpaBJie-
HUN (WJIX NOCMOAHHLLMU Deulemru).

JJIeMeHTapHYI0 AYelKy MOMKHO BBIOPATh Pa3JIMUHBIMHU CIIOCO0a-
mu. Eciiu oHa BKJIIOUaeT HanMeHbIIlee YKCJIO aTOMOB, TO ee Ha3bIBa-
0T NPpUMUMUBHOL aAuelikoil. IIpuMuTUBHAA AUYEiKa — BTO dJIEeMEH-
TapHasd AYeliKa HauMeHbIero oobema. Ee Mo:kXHO BBIOpaTh Tak,
yTOOBI BO BCEX BEPIIMHAX COOTBETCTBYIOIIEro ell ImapaJsijiesenunena
HaXOIUJIUCHh TOJBKO y3JbI (aTOMBI) pereTku. OJHAKO OOBIYHO BMe-
CTO TIPUMUTHUBHOI BBIOMPAIOT 3JIEMEHTAPHYIO AYEHKY C OOJbIITUM
YMCJIOM aTOMOB, HO OOJIaZAIOIIYI0 TOH K€ CUMMeTpPHel, YTO M BCA
peIreTKa.

Ecnu pemreTka coBMeriiaeTca cama ¢ co00i IPU MBICJIEHHOM ITOBO-
poTe BOKPYT HEKOTOPOIi ocu Ha yroua 360°/n, rme n — YKUCIO COBMe-
IIeHU 3a IOJHBINA IIOBOPOT, TO 3Ty OCh HA3BIBAIOT OCbI0 CUMMEMPUL
n-ro mopsizka. Kpome TpuBmanabHON ocu 1-TO MOpPsAAKA, BOSMOKHBI
TOJILKO OCH CUMMEeTPHUU, MOPAJOK KOTOPBLIX paBeH 2, 3, 4 u 6. m
COOTBETCTBYIOT yruibl moBopora 180, 120, 90 u 60°. 3amerum, uTO
CUMMEeTPUSA H-T0 MOPAAKA Y KPUCTAJLIOB HE CYIIIECTBYET.

Kpome sTux BU0B cMMMeTPUH, BO3MOXKHEI 1 Apyrue. BoJee me-
TAJIbHOE ONHMCAHNE M CHCTEeMATHUKA MX MaeTCs B KypcaxX KPUCTAJI-
Jorpaun.

B sakgoueHne mpuBezeM HEKOTOPBIE XapaKTEPUCTUKU KyOuue-
CKUX perreToK. K HUM oTHOCATCA mpocTas (IPUMUTHUBHAA), 00BEM-

a
Puc. 5.17
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et

IIpocras O6'peMHO- I'pane-
(IpUMUTHBHAA) LEeHTPUPOBAHHAA IeHTPUPOBaHHAA
Puc. 5.18

HOIIEHTPUPOBaHHAsA (0I) U TPaHEIeHTPUPOBAaHHAA (TI[) — OHU IIO-
KasaHbl Ha puc. 5.18. IIpuMuTuBHaA AYeiiKa IPOCTON KyOUMUECKOMR
peleTKn COAepP:KUT TOJBKO OAWH aToM (Ha S4elKy), OJHAKO dJje-
MeHTapHasd AueiKa 00beMHOIIeHTPUPOBAHHOM peIleTKu — JIBa aTo-
Ma, a dJieMeHTapHasd sguyelika I'pDaHEIeHTPUPOBAHHOIN pPEIeTKH —
yeTbIpe aToMa. UToObI 3TO MOHATDH, HAZ0 YUECTh, UTO KaKABIN aTOM
B BepIIMHAX yrja AYeHKU NPUHAAJIEKUT BOCBMU IIPUJIETAIOITNM
AYeriKaM, T. €. Ha KaKIAYI0 U3 HUX mpuxoauTca 1/8 mamHOro arto-
Ma. B KyOuuecKoii Ke Aueiike 8 yrioB, orcioga 8 + 1/8 = 1. AnaJio-
TUYHO paccy:kjasi, MOKHO IOHSTH, IIOYEMY B I'DAHEIleHTPUPOBAH-
HOMH peIlleTKe Ha 3JIEMEHTapHYIO0 AYENKY HPUXOAUTCS UYeThIpe aTo-
Ma.

Nunexkcer Muanepa. Pemreruarad cTpyKTypa KPHCTAJJIOB IIPH-
BOAUT K HEOOXOAMMOCTU BBIZEIATH W OMPEeAeIeHHBIM 00pasoM 000-
3HAUYATh Pa3JIMUYHbIe KPHUCTAJIOTpapuuecKue IJIOCKOCTH — ILJIOC-
KOCTH, B KOTOPBHIX HAXOAUTCS MHOXKECTBO aTOMOB pelneTKu. IIpak-
TUYEeCKOEe 3HaueHWe WMEIOT JIUIIL ILJIOCKOCTH C HaWOOJbIINM
YHCJIOM aTOMOB HA E€NUHUILY ILJIOIanu (IIOBEPXHOCTHOI IIJIOTHO-
CTBIO).

O »TOTO IOJB3YIOTCA CIEIUAJbHON CHUCTEMOII KOOpAWHAT,
CBSI3AHHOII ¢ KPUCTAJIJIOM TaK, UTO KoopAauHaTHble ocu X, Y, Z Ge-
PYT BIOJIb pebep sjieMeHTapHOU sSueliKy, a Hauajo KOOPAUHAT — B
OJHOM M3 y3J0B pelleTKr. KoOpAMHATEI B TAKOU CHCTEME HU3MepPs-
0T B eIUHUIIAX, PABHBIX MEKATOMHBIM PACCTOSHUAM, T. €. B €Iu-
HHUITaX COOTBETCTBEHHO a, b, c. IlosokeHne KaKoHi-1100 IMJI0CKOCTH!
OJHO3HAYHO OIIPeJesaeTcs KOOPAUHATAMU TPeX TOUeK 9TOM IIIoC-
KOCTHU, HAIIPUMEP, TeX, B KOTOPBIX OHA IIepeceKaeT TPU KOOpAMHAT-
Hble ocu. Ecau miaockocTs S (puc. 5.19) mepecekaer och X B TOUKe
Ha paccrosauuu ot Hauyasga O B 4a, ocb Y — B 1b 1 ocb Z — B 2¢, TO
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TMOJIOJKeHWe  IIJIOCKOCTU  3aJaeTcs
TpoiiKoii uucena: 4, 1, 2.

OgHaKO TIPUHATO MIOJH30BATHCS
Ias1 0603HAUEHUA IIJIOCKOCTEN B KPU-
cTajijle He 9TUMU YUCJIAMHU, a 0COOBI-
Mu uHOexkcamu Muanepa, KOTOpbIe
OIIPEeNeJAIOTCA CAEIYIONINM 00pa3oM:

1) HaXOAMM KOOPAMHATHI TPEX TO-
YyeK IIepeceueHus IIJIOCKOCTH C KOOp-
IUHATHBIMU OCSMU (B €IMHUIIAX IOCTOSHHBIX PEIIeTKN);

2) obpaTHbIe 3BHAUEHUS MTOJYUEHHBIX UMCEJ IIPUBOAUM K 00IIEeMY
3HAMEHATeJI0 U 3HaMeHaTeJb oTOpackiBaeM. UUCIUTENIN TOJyUeH-
HBIX Ipobeii u ecTh MHAeKCHI Muiiepa h, k, [, KoTopble 3aKJIIOUAIOT
B KpyrJyble CKOOKu (hEl).

Tak, Hampumep, IJs TOJBKO UYTO PACCMOTPEHHOI IIJIOCKOCTH,
mmepeceKkaroleil ocu KoopaAnmHAT B TouKax 4, 1, 2, obpaTHbIe 3HAUe-
HS TaHHBIX Koopauuat Oymyt 1/4, 1, 1/2. OO6muii 3HaMeHaTelb
aTUX apobeili paBed 4, 1 MHAeKCH Muijaepa OKasbIBalOTCS PaBHBI-
mu 1, 4, 2. JlagHBIe YKCJia 3aIUCHIBAIOT B KPYIJIBIX CKOOKaX, Tak
YTO HMHTEPECYMIas Hac IIJIOCKOCTH CHMBOJHUYECKH 0003HAUAETCS
Kak (142).

IroT HAO0OP MHIEKCOB OIIpPeNeJsieT, OYeBUAHO, He OIHY IIJIOC-
KOCTh, a BCe CeMeMCTBO MmapajlieJbHBIX ILIOCKOCTeii. Ecam mioc-
KOCTb TapaJiiebHAa OJHOW M3 KOOPAWHATHBIX OCEeH, T.e. Iepe-
ceKaer ee B OECKOHEUHOCTH, TO COOTBETCTBYIOMINM mHAeKC Musie-
pa paBeH HYJIO.

Ha puc. 5.20 npuBenens! naaeKkcsl Musiepa HEKOTOPHIX Hanbo-
Jiee BAXKHBIX IIJIOCKOCTEH KyOMUYeCKOU peIreTKu, T. €. IMJIOCKOCTeH ¢
MaJbIMU WHIEKCAMIU.

Z Z T Z

Puc. 5.19

(001)

100y | 110

Y @y Y

Puc. 5.20
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4 Ecau nyocKocTh IPOXOAUT Uepe3 Havaylo KO-
opauHar (puc. 5.21), To a1 oTIpemeeHnA OTPes-
KOB, OTCEKAeMBbIX HA OCAX KOOPAUHAT, HAJO CMe-
Loy CTUTh 9Ty IIJIOCKOCTH IapajljieJIbHO caMoii cebe
Ha HEKOTOPYIO BEJIUYMHY U 3aTeM OIIPeAeSIUTH
COOTBETCTBYIOIIIME OTPE3KU, HaIpumep, 1, —1, oo,
uan —1, 1, co. Ilepexons K MUJIJIEPOBCKUM WH-
Puc. 5.21 JleKcaM JaHHOM IIJIOCKOCTH, HaXOANM (IIO) W
(TIO). IoscHuM cuMBoax 1: Ipu TepecevyeHunn
ILJIOCKOCTH C KOOPAWHATHOM OChI0 B OTPUIATEIBHOMN €e YacTU COOT-
BETCTBYIOIIIMH OTPE3OK, a 3HAUUT U MIJIJIEPOBCKUI WHAEKC OyIyT
oTpuIaTeaIbHLIMU. [[JIg KPATKOCTU 3HAK MUHYC IUIITYT HAJ UHIEK-
COM.

Kpucranmorpadpuueckue miIoCKOCTH UTPAIOT OOJIBIIYIO POJIb B
MeTOJlaX PEHTreHO- W HENUTPOHOCTPYKTYPHOTO aHAJW30B KpUC-
TaJJIOB.

MexcnaockocmHoe paccmostue d A IPOCTON KyOUUYecKoil pe-
IIeTKU ompejessercsa (hopMysoii

__a
Vh? + k2 +12

Tle @ — TOCTOsSHHAA PEeIIeTKHu, h, k, | — MUJIIEPOBCKUE MHIEKCHI
paccMaTpuBaeMoil CUCTEMBI IIJIOCKOCTeli. dTa hopMyJia IoJydaeTcsa
tak. Ilmockocts (hkl), Oauskaiiiias K HavyaJdy KOOPAWHAT, B3ATOMY
B OJJHOM M3 Y3JIOB PEIIeTKHN, OTCEKAeT Ha OCAX KOOPAWHAT OTPE3KU
a/h, a/k, a/l. PaccTossHue OT Hauajga KOOPAMHAT O 9TOM ILJIOCKO-
ctu paBHO d. OG03HAUUB YIJIBI MEXKAY HOPMAJBIO K IJIOCKOCTH U
ocamu roopauHaT X, Y, Z COOTBETCTBEHHO O, 3, Y, HIOJy4UM:

d =

d d d
coso.=——, cosfp=——, cosy=—-.
a/h a/k a/l

OcraeTcs yuecTb, UTO CyMMa KBaJpPaTOB 3TUX KOCHMHYCOB PaBHA
eIVHUIlE, U MBI mpuxoauM K (opmysne aiaa d.

dusnyecKue TUIHI KPUCTAJIOB. Pa3inyaroT yeTbipe TUIIA KPUC-
TAJIJIOB B 3aBUCUMOCTH OT IPUPOJBI YACTUI] B y3JIaX PEIIeTKU U OT
XapaKTepa CUJI B3BaUMOJEHCTBUA MEXKIy YaCTUIlAMU. JTO MOHHEIE,
aTOMHBIE, MeTaJJINYeCKUe U MOJIEKYJSIPHBIE.
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1. HonHble kpucmannvl. ¥ HAX B y3JaX KPUCTAJIINIECKOH pe-
IIeTKU HAXOAATCA MOHBI IIPOTUBOIOJJOKHBIX 3HAKOB. CHUJIBI B3au-
MOJIEICTBUSA MeXKJy HUMHN B OCHOBHOM »dJeKTpocraTtuueckue. Ta-
KYI0 CBSA3b HABBIBAIOT zemepozeHHoll (wam uoHnHoil). IIpumep moH-
Ho#l pemreTku — Kpuctaiaa NaCl. ¥V Hero Kydouueckasa pelieTka C
yepenymomumuca nogamu Nat u Cl™.

2. Amomnosie kpucmannvl. B ysnax pemreTku 9TUX KPUCTAJJIOB
pacmosioKeHbl HelTpaiabHble aToMbl. CBA3h MEXKAYy HUMMU Ha3bIBa-
0T 2oMmeononapHoll (unu kogaseHmuoil). COOTBETCTBYIOIIVE CHJIBI
B3aUMOZeICTBUA MMEIOT TaK'Ke dJeKTpuuecKuil xapakrtep. Ho ux
00'bACHEHNE MOJKET OBITH JaHO TOJBKO Ha OCHOBE KBAaHTOBOI Teo-
puu.

T'omeononsapHasa CBA3H OCYIIECTBIAETCA SJIEKTPOHHBIMHU Ilapa-
MU — B Hell y4acTBYeT IO OZHOMY 3JIEKTPOHY OT KaKJIOTO aToMa.
T'omeomnonsapHas cBA3b UMeeT HaIpaBJeHHBIN xapakTep (B oTinune
OT TeTEePOIIOJIAPHOIL), T. €. BO3AENCTBIE HATPABJIEHO HA TOT aTOM, C
KOTOPHIM Y JAaHHOTO aToMa HMeeTCA COBMEeCTHAasd 39JIeKTPOHHAA
napa. [JaHHAaA CBA3b MOXKET OCYIIECTBJIATHCA TOJHKO BAJIEHTHHIMU
3JIEKTPOHAMMU.

TunuyHbIle TPUMEPHI aTOMHBIX KPUCTAJJIOB — 9TO rpaduT U aj-
ma3. O6a OHU COCTOAT M3 aTOMOB YIJIEPOAA, HO PE3KO OTJIMYAIOTCS
KPUCTAJINYECKUM CTpOeHreM. B oriinuue oT asmMasa, aTOMBI yIJie-
pona B rpaduTe paCIOJOKEHBI CJIOAMU, M 9TO OKa3bIBaeT CUJIbHOE
BIUAHMNE HA pasjnume CBOHCTB rpadura “ aamasa.

3. Memannuueckue kpucmannwv.. B y3nax pemeTku 3TUX KPUC-
TAJIJIOB PACIIOJIOKEeHbI OJOKUTEIbHBIe NOHBI. [IPOCTPAHCTBO MEK-
Iy HUMU 3aII0JTHEHO 3JIEKTPOHHBIM I'a30M, KOTOPHIII KOMIEHCUDPYET
CUJIBI OTTAJIKWBAHUA MEXKAy WMOHAMU, yIep:KuBad WX BMecTe. B
IIPOTUBHOM CcJydYae peIlleTKa IIPOCTO pacmajsiack 6bl. IIpu saTom u
3JIEKTPOHHOE 00JIAKO YIEePYKMBAETCS B IIPefesiax PeIleTKU U He MO-
JKeT ee MOKUHYTh.

4. Monexynapusie kpucmannst. B ysnax pelieTku 3TUX KPUC-
TAJIJIOB PACIOJIOKEHBI OIpEeJeJIeHHBIM 00pa3oM OpHEeHTUPOBAHHBIE
MoJIeKyJibl. CHUabl B3aMMOJENCTBUA MeXKIYy MOJEKyJiaMu B KPUC-
Tajljie UMeIOT Ty Ke IPUPOAY, UTO U CUJIbI IPUTAKEHUA MEKIY MO-
JIeKyJIaMU PeaJbHOTo rasda. I1osToMy MX Ha3BIBAIOT 8aH-0ep-6ad.Jib-
COBCKUMU CULAMU.
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O TemI0eMKOCTH KPHUCTAJIOB. [[aHHBIN BOIPOC JOCTATOUHO IIO-
IpobHo paccmoTpeH B § 4.5 KaK ¢ KJIacCUYeCKOI TOUKU 3peHus (3a-
kKoH [iononra u IlTm), Tak U ¢ KBAHTOBOII (Mozeau OUHINITeHHA U
Hebast, (POHOHEI).

9THM MBI ¥ OIPAHUYMMCS, OCTABJIAA 38 PAMKAMU KHUT'YM MHOTHE
BOIIPOCHI, TIPEICTABJSAIOIINE KaK HAyYHBINA, TaK WM IPaKTHUUYECKUI
uHTepec. PusnKa TBEPAOrO Teja IPOJOJIKAET UHTEHCUBHO Pas3BU-
BaTbCs, 3aHMMAasl OJHO M3 IPUOPUTETHHIX HAIPABJIEHUN HAyKH.

§ 5.5. Ilmazma

IToBceqHEBHO MBI BCTpEUAeMCS C BeIECTBOM, HAXOAAIIEMCS B
TpeX COCTOSAHUAX — ras3oo00pasHoM, KUIKOM U TBepaoM. Bmecte c
TeM CYIIeCTBYeT M YeTBEePTOe COCTOSHME BeIecTBa — NJAA3MA.

Ilna3zma — 9TO UOHUBUPOBAHHBLI KE8a3UuHellmpaabHblil za3. KBa-
3UHENTPaJbLHOCTh ra3a 03HAUaeT, UTO UMCJIO 3apsAJ0B IIPOTHBOIIO-
JIOXKHBIX 3HAKOB B HeM noymu odunakxoso. OTHOIIEHME dYucjaa
MOHU3MPOBAHHBIX ATOMOB K HX IIOJJHOMY YHCJIY B TOM K€ 00beMe
Ha3bIBAIOT CMENneHbvbld UOHU3AUUU NnJaa3mMb. o.. B 3aBUCHUMOCTU OT
3HAUEHUS CTeIleHU MOHU3AINI, TOBOPAT O CJIa00ii, CUJIbHOM U II0J-
HOCTHIO MOHW3WPOBAHHON IIasMe. I11a3zMoil MOKeT OBITH COCTOA-
H1e c oo ~ 1073,

Cuavajia masmMa BBI3bIBajla MHTEPEC KaK OCOOBIM IPOBOTHUK
9JIeKTPUUECKOr0 TOKA 1 KaK MCTOUYHUK cBeTa (rasopaspsaHble JaM-
mbl). ITosokeHMe CyIleCTBEHHO N3MEHUJIOCH B CBA3HU C MOHUMaHUEM
posiu miIasMbl Bo BcesleHHOM, ITOAABIAIONIAA YacTh KOTOPOU (3Be3-
OBl M Me:K3Be3IHad cpela) ABJIAIOTCA IJIa3MOM, a TaKiKe B CBA3U C
BO3MOJKHOCTBIO CO3JAHWS IIPUHIUINAJILHO HOBBIX MCTOUYHUKOB
SHEPruM — YIIPABJSIEMOI'0 TEPMOSJAEPHOr0 CHUHTE3a, IpeodpasoBa-
HUSA SHEPTUU TJIa3Mbl HEIIOCPEJCTBEHHO B 3JEKTPUUECKYIO (B Mar-
HUTOTHUAPOAUHAMHUUECKUX TeHepaTopax).

OTMeTM OCHOBHBIE OCOOEHHOCTH UM CBOMCTBA IIJIa3MBI.

1. [leGaeBcKuUil paguyc rp — 5TO XapaKTePHBIN JUHENHBIN pas-
Mep objacTu 3apAMOBOM JeKoMIleHcallnu B Iiasme. K3 pacuera

ciaenyer, 4To
rp =+kT/xne?, (5.12)

rae » = 1/gg (CH) u 41 (CT'C), B — mocroauHaa Boasmmana, T —
TeMIepaTypa, n — KOHIIeHTPAIlUs 3JIeKTPOHOB. [lebaeBcKuil pagu-
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yC XapaKTepusyeT PAaCCTOAHIUE, Ha KOTOPOM NJAA3MA IKPAHUDYem
cebs om JOKAAbHO20 U3bbimKa 3apada. ITo HALO IOHUMATH TaK.

HomyctuM, B IIadMe OKasaJicsi HEKOTOPbIH 3apan g > 0. Bamxkaii-
IIIe K HeMy 2JIEKTPOHBI ILJIa3Mbl OYAYT UM OPUTATUBATHCA, 4 MOHBI,
Ha000pOT, OTTAJIKUBATECA. B pe3ysibTaTe BOKPYT 3apAfa ¢ BOSHUKHET
chepruecKu CUMMETPUYHOE 9JIeKTPOHHOe 001aK0. OHO OyaeT sKpaHu-
poBaTh 3aps ¢ OT PACIIOJIOMKEHHOIN BOKPYT ILIa3Mbl, TAK UTO Ha HEKO-
TOPOM yIAJIEHUU OT 3apsiga ¢ Iojie, 00pasoBAHHOE STUM 3apPAAOM U
9JIEKTPOHHBIM 00JIaKOM, OyJeT mcuesarollle MajJbIM. OTO PACCTOSHIE
MIPaKTUYECKN PaBHO PaAUyCy SJEeKTPOHHOrO 00JiaKa, T. €. pasMepy
obJsracTu, B IIpenesiax KOTOPOH CKa3bIBaeTCA IeicTBue 3apsana ¢. Pa-
IUyC 9TOW obJlacTH TOpPsAKa me0aeBCKOTO pamuyca I'p.

OxasbIBaeTcsd, IJa3Ma SKpPaHUPYeT HEe TOJbKO MelicTBHE IoMe-
IIIeHHOT0 B Hee 3apsAna, HO U BHEIIHee 3JeKTpuueckoe moJe. Ilo-
cjaefHee IMPOHUKAET B IJIa3My Ha PACCTOSHIE TOKe Mopsaaxa meda-
€BCKOT'0 pajzmyca.

2. YcaoBue KBasuHeHTpaJdbHOCTH. UTOOBI IJIazMa COXPaHsIa
KBa3MHEHTPAJbLHOCTh, €€ JIMHEHHBbIe pasMephbl JOJKHBI HaAMHOTO
IIPeBOCXOAUTDL nebaeBcKUil pagmyc rp. I TOIbKO mpu COOJIIONeHNNT
KBa3MHENTPAJbLHOCTH ILIasMa BeAeT ce0si KaK C8A3AHHbLIL KOJLLEK-
mueé 3apsAMCeHHbLX yacmuy. ITO 3HAUUT, YTO B IIJa3Me OIJHOBpE-
MEHHO B3aMMOJEMCTBYeT TPOMAaaHOE YUCJIO YACTHUI[, B OTJIUUNE OT
OOBIYHBIX T'a30B, I'lle YACTHUIILI B3AUMOIEHUCTBYIOT APYT C APYTOM B
OCHOBHOM TOJIBKO IIPU CTOJKHOBEHHAX. ITUM CBOMCTBOM ILIasMa
o0s3aHa OAJbHONEMCTBUIO KYJIOHOBCKUX CHJI, BOBJIEKAIOIIUX BO
B3auMoOecTBe MHOKecTBO duacTull. C 9THM CBsA3aHA BO3MOK-
HOCTH Pa3HOOOPA3HBIX KOJIIEKTHUBHBIX KOJeOaHWH TJIa3sMBbI.

3. Ilmasmennbie Koaebanusda. B orainume oT 0OBLIUHOrO rasa, rie
TemjaoBble (GJIYKTyalluu pPasBUBAIOTCA OECIOPSAJOUYHO X MOTYT 3a-
MIOJIHUTDH Bech 00beM Trasa, B ILIasMe (QIYKTyallMOHHOe HapyIIeHue
HEHTPaJIbHOCTHU JKECTKO JIOKAJU308(AH0 B JOCTATOYHO MAJIOM O0Be-
me. IIpu HapyIIieHUN 3JeKTPOHEHTPATLHOCTH B KaKoii-1ubo obJac-
TU TJIa3Mbl B HEW BO3HUKAET 3JEKTPUUECKOe II0Jie U CJIEACTBUEM
9TOT0 — IIPOJOJIbHBIE KOJIe0aHUA 3apAN0B C HEKOTOPOM YaCTOTOM
Oy;- Ee Ha3bIBAIOT nJaa3mMeHHoil uacmomoii. PacueT moKasbIBaeT
(cMm. pemrenme 3amaum 5.11), 4TO AJIA 9JIEKTPOHOB

o, =xne?/m, (5.13)
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rae n = 1/e¢g B CU u 41 B CI'C, m — macca 3JeKTpoHa, n — WX KOH-
IeHTpaIUs.

9Tu Tak Ha3bIBaeMble NJA3MeHHble K0JLe0aHUS NOBOJBLHO OBICT-
PO 3aTyxalmT B pe3yJbTaTe CTOJKHOBEHUI 3JIEKTPOHOB C MOHAMU.
OHU He UMEIOT BOJIHOBOTO XapaKTepa, T. €. He PAaCIPOCTPAHAIOTCA
o miasme. IlmasMeHHbIEe KOJIe6aHUA — 9TO TOT MEXAaHU3M, C IIOMO-
IIbI0 KOTOPOI'O B IJIa3Me ITPOUCXOAUT BhIPABHUBAHME IIJIOTHOCTEH
PasHOMMEHHBIX 3apAIOB.

4. TemnepaTtypa mia3msbl. BoJbllioe pasjanynre Macc 3JIeKTPOHOB
U WOHOB JeJlaeT BO3MOKHBIM CYIIIECTBOBAaHNE KBa3WPaBHOBECHBIX
COCTOSTHUY IJIa3MbI, KOTOPhIe MOTYT OBITh OXapaKTepU30BaHBI IBY-
Ms TemMmeparypamMu — dJjeKTpoHHo# T, u monHoiu T,;. Hampuwmep,
IIPU HOJYUEHUHU IIJIa3MbI C IIOMOIIIBIO Ta30BOT0 pPaspAga SHEPrusd OT
UCTOUYHUKA IUTAHUA NepPefaeTcsa B OCHOBHOM 3JIEKTPOHAM KaK Hau-
0ojiee TOABMIKHBIM uacTuIlaM. VIOHBI Ke HaOWMPAOT 9HEPTUI0 BO
BTOPUYHBLIX IIPOIleccaxX CTOJKHOBEHHN C 3JieKTpoHamMu. Heobxomu-
MOe [Ji BBLIDABHUBAHUSA DJHEPTUH YNCJIO CTOJIKHOBEHUIN IOJIMKHO
OBITH He MeHee HECKOJBKUX THICAY Ha KaKABIH HOH.

Ecau rakyroo miasmy mOpemocTaBUTh caMoii cebe, To cHauaja
YCTaHOBUTCA MAaKCBEJJIOBCKOE pacipejiejieHre CKOPOCTel 3JIEKTPO-
HOB, 3aTeM — WOHOB. BO3HMKaeT KBasMPaBHOBECHOE COCTOSAHUE, B
KOTOPOM 3JIEKTPOHBI OyAyT mMeTh Temueparypy T,, a monsr — T,
npuuem T, > T;. 3arem B peayJjibTaTe oOMeHA dHEPTUAMU MEXKIY
9JEKTPOHAMY ¥ HMOHAMM YCTAHABJIMBAETCA MAaKCBEJIJIOBCKOE pac-
pesesieHre AJIA 6cell IIa3Mbl, T. €. 00IIasg TeMIlepaTypa dJIEKTPO-
HOB U MOHOB. TakKyio IJIa3My Ha3BIBAIOT U30MEPMUYECKOIL.

5. AneanpHas miaa3ma. Tak HasbhIBAIOT I1JIa3My, Y KOTOPOM cpej-
HAA TOTEHIUAJbHASA JHEPTUS B3aUMOAEHCTBUS UYACTHUIl Maja IO
CPaBHEHUIO C UX CpefHell KMHeTHMUecKoU sHeprueii. IlosTomy Term-
JIOBOE IBUKEHUE YaCTHI] B IJIa3Me U UAeaJTbHOM Tase objazaer 0o-
JIBIIIIM CXOJICTBOM, U TepMOAWMHAMWYECKUE CBOMCTBA TAKOM IjIas-
MBI JOCTATOYHO XOPOINIO ONMCHLIBAIOTCA YpPaBHEHUEM COCTOAHUS
upeanbHOrO rasa: p = nkT.

6. IIpoBomumocTh miaasmbl 6. OHa OmUCHIBaeTCA TOU Ke GhopMy-
Jaoi (4.18), roe T — BpeMs pejlaKCAI[UU TJIa3MEeHHBIX 3JIEKTPOHOB.
ITomcTaHOBKA UMCJIOBBIX 3HAUEHUU BXOJAIIUX B 3Ty (GopMyay Be-
JIVYUH IIPUBOAUT K IIPOCTOMY BBIPDAKEHUIO AJISA OIEHKU IPOBOXLM-
moctu miaasmbl (B CU):

c~10°T%% om'm . (5.14)
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Biarogapsa ObICTPOMY YBEJINMUEHUWIO G IJIA3MBI C POCTOM TeMIIe-
patypbl T [OCTAaTOYHO pasorperasd IIjaszMa CTAHOBUTCA XOPOIIUM
IIPOBOJHUKOM.

7. Ilnasma B marHuTHOM moJie. HawmbGojsiee Ba'KHBIN IIpaKTHUe-
CKUII MHTEpPec, KOTOPHIN IpeAcTaBideT (husnKa IJIa3Mbl, CBSI3aH C
pellieHueM IIPOOJIEMBI YNpasasemoz0 mepMos0epHoz0 CuHmesa.
st ocyIllecTBIEHUSA TePMOALEPHBIX PeakIlnuil BOAZOPOIHYIO IJIa3My
HeoOXOZMMO HarpeTh o TemIepaTypsl He MeHee 108 K. IToxzepoxa-
HIEe CTOJIb BBICOKOU TeMIIepaTyphl HEBOZMOXKHO IIPU COIPUKOCHOBE-
HUU TIJIa3MBI CO CTEHKaMU KaMephbl, B KOTOPOII OHA HaxomuTca. 13-
0exaThb 9TOTO JaeT BO3MOYKHOCTH TaK Ha3bIBaeMasd MAZHUMHAA
mepMmMou3onAyUs: MIa3My IOMEIAalT B CHJIBHOE MATHUTHOE IIOJIe
(HampuMep, TOPOUAANBLHOE), HMPEIATCTBYIOINee MOHAM MU BJIEKTPO-
HaM IIepeMeIllaThCsa B MOIEePEeYHOM HAIpPaBJI€HWU U YXOOUTH Ha
CTEHKU KaMepbl. VI3BECTHO, UTO 3apAKeHHbIe YaCTHUIBl B CUJIBHOM
MarHUTHOM IIOJIe IBUIKYTCS II0 BUHTOBBIM TPAEKTOPUIM, KOTODHBIE
«00BUBAIOT» JUHUU BeKTOopa B.

OcHOBHaAsA TPYAHOCTH B PEIIIEHUU BTOM MPo6JieMbI CBsI3aHa C II0-
JIyyeHUeM ycmouiueoil niaasmel. IIpobsema oxasanachk Ype3BbIYaii-
HO CJIOJKHOM M O CHUX IIOP OKOHYATEJIbHO HEe pelleHa.

3agauu

5.1. ®asoBsrii mepexoa. Hexoropyio mMaccy BelecTBa, B3ATOTO B COCTOSI-
HUY HACBIIIEHHOTO Mapa, M30TePMUUYECKHU CHKAJIU B 1 pas Mo 00beMy.
Kaxkyo uactb 1 KOHeuHOTO 06'beMa 3aHUMAaeT KunKad asa, ecau yie-
JIbHBbIe 00'beMBbI HACBIIIEHHOT'O Hapa U JKUAKOCTHA OTJIHUUYAITCA APYT OT
npyra 8 N pas (N > n)?

P em e ue. Msobpasum gma p
HATJIAJHOCTU MPOUCXOAAINee Ha
puc. 5.22, rtne N = V,/Vy u
n="Vy/V,V — KOHeUHBI!I 00'b-

| T
eM cucreMbl. VHTepecyomas | IN |
Hac BeamuuHa M = Vi /V'. B Ko- I I n |
fe———
HEYHOM COCTOSHWU OTMETHM BCE : | |
BEJIMYUHBI IITPUXOM. | | |
14
Ve Vv Va 14

Puc. 5.22
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CocraBum G6anaHc Macc 1 00beMOB 00ernx a3 B KOHEYHOM COCTOSTHUU
, . , o om-m
m=m, +mj, V =V, +V, =V, +—EV,. (1)
m
Paspenum mocienHee BhIpaskeHue Ha V':
Va1 Y \Ve Vi Ve VaVa ©
14 VeV 14 \%4 vV Vi
Ilepenumiem sTO BRIpaskeHue uepes M, n u N:
1=n+n-nN. 3)
Orcioma ciaenyer, 4TO
n=(@-1)/(N - 1).
5.2. Kputuueckoe cocrosaue. OnpeaeuTh A5 KPUTUUYECKOTO COCTOSHUS

BelleCTBa, BaH-JeP-BaaJlbCOBCKUE IIOCTOAHHBIE KOTOPOT'O 4@ U b usBecT-
HBI, SBHAUYEHUA CJIeAYOINUX KPUTUUYECKUX BEJIUYUH: MOJAPHOI'O o0be-

Ma Vireps Twp U Pxp-

Pemenue. s ypaBuenusa Bau-gep-Baanbca (1.42) caenyer, 4To

RT a
p=—r -2 1)
Vi —-b Vi
B kputnueckoit Touxke K mpowmsBomuas Op/dV = 0, T. e.
® ___ RT 2 ©)

== s T 3
v (Vy-b)? VE

Kpowme Toro, Kputuueckas msorepma B TOuKe K MCIBITHIBAET Ieperuo.
ITO 3HAUUT, YTO B TOUKe K BTOpas IPOU3BOIHASA a2p/aV2 =0, unu

&p _ 2RT  6a

-—=0. 3
VE (Vi -b)P Vi ©)

UckntounB RT us ypaBuenuit (2) u (3), moayuum:

Viargp = 30. 4)
ITopcranoBka (4) B (2) maer:
8a
= . 5
 27bR ©)

ITopgcraBuB, Hakowel, (4) u (5) B dopmyay (1), momayuum:
a

P = orp2
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5.3.

5.4.

OTMeTHUM MOIIyTHO, YTO, KaK JIETKO II0Ka3aTh, CBA3b MEXKIY STUMU
KPUTUYECKUMU BeJIUYMHAMU HUMEET BU[I
Ve = S RT,

PV =g Kp *
JHTponudA u (pa3oBbie mepexoasnl. Jlex ¢ HauaabHOU Temneparypoii Ty,
pPaBHO¥ TeMIlepaType TagHUA, CHavaJIa U30TePMUUYECKH IIPEeBPATUJIN B
BOJZlY, a 3aTeM IIpU TeMIiepaType KuneHusa Ty — B map. Haiitu mpupa-
mieHre AS yaeabHON SHTPOMUU CHUCTEMBI B 9TOM ITpOIlecce.

P e m e H u e. [JanHBIA IpOIECC COCTOUT U3 TPEX YaCTEH: TagHUSA
(maBieHus), HarpeBa obpasoBaBleiicsa Boabl oT T mo Ty u mpeBpa-
mienusa ee B map. COOTBETCTBEHHO MOYKHO 3allMCaTh B pacueTe Ha eIu-
HUITY MacChI:

dl_{_‘b‘lap :qﬂ+cln£+qnap ,

T T, T, T, T,

T,
AS :ql+ I c
T, 7,

TAe (nn ¥ Jnap — YATbHBIE TEILIOTHI IJIABIEHUA U ITapoo6pasoBaHud,
¢ — yIoenbHAs TEIJIOEMKOCTb BOJIHI.

YpaBHenue Kaameiipona—Kiaysuyca. [laBieHue p HacCHIIIIEHHOTO
mapa pTYTH 3aBUCHUT OT TeMIlepaTypbl T II0 3aKOHY

In p :—%—blnT + const,

e a u b — IMoJIOKUTeJbHBIEe TOCTOAHHBIe. HaliTu MOJIAPHYIO TEILJIOTY
WcHapeHus pPTyTHu Kak GyHKIuioo temieparypsl, q(T).

P e m e u u e. Bocnosnssyemces ypasuenunem Kiamneitpona—Kiaysuyca
(5.3). YuurbiBasi, 4TO MOJIAPHBIN 00beM Iapa 3HAUUTEJBHO OOJIbIIe,
yem y sxugkoctu (Vy; > V), sanumiem

dp/dT = q/TV. 1)

Teneps HailifeM npousBoauyoo dp/dT us ypaBHeHUs, IPUBEJEHHOTO B
YCJIOBUU 3aJlaum:

1dp _a 1 ®

CoBmecTHOe pelrienue ypaBHeHuit (1) m (2) maer

dp
=TV — = R(a —-bT).
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5.5.

5.6.

Bogsanoit map, 3anOJHAIONINE IPOCTPAHCTBO IO IIOPIITHEM B ITHJIAHLI-
pe, CKMMAIOT TaK, YTO OH BCE BPEMs OCTAETCS HACBIII[EeHHBIM, HAXO-
IdCh HA IpaHu KoHgeHcamuu. Ilosaras AJs IPOCTOTHI, UTO yAeJIbHASA
TeIIoTa Mapoo0pa30BaHUsA PaBHA ¢ U HEe 3aBUCUT OT TeMmepaTtypsl T,
HaWTU MOJIAPHYIO TeloeMKocTh C mapa B JaHHOM IIpollecce Kak (PyH-
kuuio T. Ilap cuuraTh uUAeaaIbHBIM T'a30M.

P em e n ue. Cormacuo (1.13) mperkae Bcero Hamjgem, 4TO

dv d (RT RT d
Pl b || =R 8
dT dT \ p p dT

CruemoBarenbHO, TemaoeMKocTs C ecThb

c-c,+r-ELIP )
p dT

VYKasaHHBIM B YCJIOBUM 3aJauM IpoOIlecc Ha aumarpamMme p-1T uUAeT 1o
KpuBOii mapoobpasoBanmusa. [ljia Hero cmpaBeqiuBo ypaBHenue Kua-
netipona—Kiaaysuyca:

dp  q¢ _ Mg

A= 3
ar TV, TV,

roae M — MoasipHas Macca, V; — MOJSAPHBIN 00beM mapa (o0beMoM
JKUAKOCTU MBI IIpeHeOperaem).

ITopcranoBka (3) B (2) ¢ yueToM HAeaJbHOCTH Tasa Haer
C=C,—- Mgq/T.

Kanunnapuasie siBn1eHua. B gHe CcTeKIAHHOrO cocyza co PTYTBHIO MMe-
eTca MaJjioe KpyTIJyoe oTBepcTre panuyca r. IIpu Kaxkoil TOJIUHE CJI0S
pPTyTH OHa He OyZeT BBITEKATh Uepe3 9TO OTBepcTue?

Pemrenue. U3 popmysnsl (5.6) cienyer, 4To MaKCUMaJIbHASA TOJIIIIN-
Ha CJIOS PTYTU BO3MOXKHA IIPU YCJIOBHUU, UTO PAJNyC KPUBU3HBI MEHU-

I cka R = mun. W3 puc. 5.23 BugHO, YTO
I aTo Oymer mpu ycjoBuu R = r. B sTom
clyuyae TOBEPXHOCTHOE HATSMKEeHUe o
HampaBJ/ieHO BEPTUKAJIBHO BBEPX, U CO-
OTBETCTBYIOI[asA CyMMapHas cuJja 0y-
ner makcuMmaabHOIl. Takum obGpasom

h < 20./pgr,

rone p — ILIOTHOCTHL PTYTH.
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5.7.

5.8.

Ha MbLIBHOM IIy3BIDE Paguyca a «CHUILUT»
ny3sIpb paxuyca b. Mmesa B Bupmy, 4to
b <a, HaiiTu paguyc R KPUBUSHBI ILJIEH-
KH, ux paspeinsmoieii (puc. 5.24). Kako-
BBl YIVIBI MeXKAy IJIEHKaMU B MecCTe HX

COIIPUKOCHOBEHUA?
P e ur e H u e. 3anuinemM BeIpaskeHUe IJIdA
U30BITOYHOTO AaBJIeHUA B OOOMX IIy3bI- Pnc. 5.24
pax:
2a 20
Apa:27, Apb :27, (1)

rae KodpGUIeHT 2 YUYUTHIBAET TOT (PAKT, YTO ILJIEHKA MMeeT JBa II0-
BEPXHOCTHBIX cJioA. M3 ycioBuUsA paBHOBECHs HA TpaHUIE pasmelia
000X MTy3bIpeil ciaeayer, 4To

2a
2?:Apb_Apa' 2

CoBmecTHO pemias ypaBHeHus (1) u (2), Haxo-
IIIM

Ianee, cymMa Tpex CHJI IIOBEPXHOCTHOI'O HATS-
JKEHUS [P PABHOBECUU [JOJKHA PABHATHCS
"yaio (puc. 5.25), orkyma 6 = 120°. a

Puc. 5.25

BepTukanbHBIN KanMIAp IPUBEJN B COIPUKOCHOBEHUE C IIOBEPXHO-
cThI0 Bogbl. Kakoe KOJIMUECTBO Tellyia BBIAEIUTCA IPU IOAHATUN BOJABI
no Kanuyaapy? CMaunBaHUe CUUTATH MOJHBIM, TIOBEPXHOCTHOE HATS-
JKeHUe PaBHO .

P emrenue. Pabora A, coBepiiaemMas cujaaMy IIOBEPXHOCTHOT'O HATS-

JKeHUA IPU IMOAHATUM KUIKOCTH, UIET Ha COOOIleHue el IMoTeHIua-
JbHOM ¥ KWHETHUUECKOW SHepPrum:

A=AIl + K.

Ecsiu 611 He OBLTIO CHJI TPEHUS, YPOBEHD JKUAKOCTH B KaIWJJIAPE CO-
BepIaa Obl TapMOHNYECKHe K0JIe6aH!NA OKOJIO PABHOBECHOTO IIOJIOXKE-
Hus. DBiaromapsa TpeHuio, KUHeTHWYecKasa odHeprusa K mepexomur
BO BHYTDEHHIOIO 9HEPTHIO, T. e. BblgessdeTca Temwiao @ = K.
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5.9.

YuureiBaag ¢opmyay (5.11), 3amuiiieM BBIpakeHue AJA pabOThHI A:
A = a-2nrh = 4n0’/pg.

IIpuparienue 'Ke IOTEHIVAIbHOIN SHEPTHUU
AIl = mgh/2 = 2thx2/pg,

rae m = nrihp.
B pesyxibrare moayuum @ = A — AIT = 2na2/pg.

ITomyuuTs popmyiry (5.11) gaa k, HOAB3YACH SHEPTETUUYECKUMU CO0OOpa-
JKEHUSAMU U He JieJiasd KaKnuX-Iu00 IPeAIoIosKeHn 0 popMe MEHUCKA.

y P e m e H u e. PaBHOBecHOe 110JI0-
JKeHNe MEHMCKA JOJIXKHO COOTBET-

-
dh Ol CTBOBAaTh MUHUMYMY dHepruum FE
CHUCTE€MBI JKUAKOCTb—KAIIUJLIAD.
Jra SHEPrUs CJIaraeTcs M3 II0Bep-

XHOCTHO¥M 9HEPTUU U MOTEHIMAJb-

HOM OHEPru™m KUIKOCTU B II0JIe

3] o TAroreHus. MBICI€HHO IIpejcTa-
Olpgge BUM cebe, UTO YPOBEHB JKUIKOCTU
B Kamwjuigpe NOAHsJICS Ha dh

(puc. 5.26, a). Ilpu sTOoM mOBEPX-

a) 0) HOCThb COIIPMKOCHOBEHUS KUAKO-
Puc. 5.26 CTU CO CTEeHKO! Kanuisgpa yBe-

auuntcsa Ha 2nrdh, U 9HEPTUA II0-
JIy4aeT IpupaleHue

dE = 2nr dh( oy, — o) + (nr” dk p)gh, (1)

Tie IepBoe ciaraemMoe — IIpupalleHre CBOOOJHON 9HEPrUu, BTOPOe —
npupalieHue MOTeHIIUAJbHON d9Hepruu croJiba skugkoctu. lanee cie-
nyeT ydecTh, UTO Hpu paBHoBecuu (puc. 5.26, 0)

Olyp = Olpye T 0Ly €OSO, (2)

TT

u BOJIMBY paBHOBecus BuIpaskenue (1) paBHo mHyaio, dE = 0. B pesyin-
TaTe MOJYyYUM

2nra,cos0 = (prr h)g. (3)

Orcioma u ciaexyetr dopmyaa (5.11).

5.10. Tennora oGpa3oBaHUA IMOBEPXHOCTHOIO CJOsA. PacCMOTpPEB I[MKJI

Kapuo 11 mIeHKN »KULKOCTH, IIOKAa3aTh, YTO IIPHA M30TEPMUUECKOM
Impoliecce TeIIoTa, HeoOXomuMmasi s o0pas3soBaHUA eNUHHUIBI IIJIO-
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gy MOBEPXHOCTHOI'O CJIOS

do
q = -T—,
dT
rae do/dT — mpoms3BOAHAS MMOBEPXHOCTHOTO HATSMKEHUS II0 TeMIIe-
parype.

Pemrenue. IIpoBeaem ¢ mieHKoH 1muka KapHo, y KOTOpOro TemMiie-

parypa HarpesaTess T; OTJIMYAETCH
Ha oueHb Majioe 0T OT TeMIlepaTypbl o Qzl
Ty XOJOAUIBHUKA. ITOT ITUKJ U300- 4 \ T, 3
pasken Ha auarpamMme o-S O ———
(puc. 5.27), rme S — 1IOIIAAL IIJIE€H- oyl — — :
Ku. 31eCh YYTEHO, UYTO C POCTOM TEM- 1 T, \ 2
IepaTypsl O. YMEHbIIAETCH, IIOITOMY Q,
Ha pHUCYHKe IUKJ KapHO BBITIAIUT
KaK «IlepeBepHyThIii». Ho xom pac- S
CYsKJEeHHI OT 3TOT0 He MeHSeTCHd. Puc. 5.27
IIpu pacTsAKeHuM IJIEHKe COOOIaeTCs TeILIoTa

Q:=q"AS. (1)

3a MUKJ IJIeHKa coBepIiaer padbory A = Ay + Asy. YUuThIBad, 4To B
M30TepMUYECKOM IIpollecce pabora paBHA YyObLIM CBOOOIHON BSHEP-
ruu, T. e. A =—AF =—0AS, 3anuiieM BbIpaskeHue IJisg paboThl KaK

d’A = — 0;AS — ay(-AS) = (0y — 0)AS = da-AS. (2)

da T, -Ty
Q T, T ~ q-AS

ITo Teopeme Kapno, yuursiBas (1) u (2), moayuumm:
_ —dT _ da-AS

s IIOCJIEAHEr'0 paBeHCTBa IMPUXOANM K BbIDAKEHUIO B TEKCTE 3aladyl.

5.11. IInasmennsie kKoaebanusa. I[lox meiicTBeM HEKOTOPOH NTPUYMHBI
AJIEKTPOHHASA KOMIIOHEHTA IIJIa3Mbl, NUMEIOIas

S
(GopMy IJIOCKOTO CJIOS, CMeCTHJIach Ha HEKO- il jl
TOPOE PACCTOSAHWE X IMEePHeHIUKYJIAPHO CJIOI0 il O

i, + E |-
(puc. 5.28). BeaengcTBue 9TOro BOSHUKJIM IIO +I -
BEPXHOCTHBIE 3apAAbl (KaK Ha IIJIOCKOM KOH- il —
JleHCaTope) U COOTBETCTBYIOIas BO3BpAIIlAiO- il FE :: X
masg Ccujaa, YTO IIPUBEJIO K BO3OYKIEHUIO ¢| -
mIa3MeHHBIX Kojiebanuii. HaiiTu mx uacrory i[/v\/\_:l

®, ecJaU KOHIIEeHTPAIIUA 3JIEKTPOHOB paBHAa 1.
Puc. 5.28
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Pemnrenue. Ha 571eKTPOHHYIO KOMIIOHEHTY IIJIa3Mbl B 9TOM CJIydae
Oyzmer neiictBoBaTh cuia F = gE, roe ¢ — cyMMapHBIN 3apan 9JI€KT-
poHOB (¢ < 0). Eciz cymmapHaa Macca 9TUX 3JIEKTPOHOB PaBHA M, TO
COIJiaCHO OCHOBHOMY YPaBHEHUIO JUHAMHUKHN

mx = qE,, (1)

rae E, — TPOEKIUA HATIPSAKEHHOCTU JJEKTPUYECKOTO I0JIsI, CO3/a-
BAeMOTO 3apAJaMU Ha MOBEPXHOCTH CJIosd. VI3BECTHO, UTO, KaK U B
KOHJIEHCATOPE C IIOBEPXHOCTHOM IJIOTHOCTBIO 3apsija G,

c _enx

E, =— , (2)
€ €0

rIe e — dJIeMeHTapHBIH 3apsAf, n — KOHIEHTPAIUA SJIEKTPOHOB,
NX — YUCJIO 3JIeKTPOHOB Ha eIUHUIY ILJIOIAAN 3aPSAKEeHHOT0 II0BEp-
XHOCTHOTO CJIOA. 3aMeTUM, UTO B paccMaTpPUBAaeMBbI MOMEHT (CM.
puc. 5.28) E, > 0 u x > 0. IlogcraBum (2) B (1) u yurem, 4uTO
m=Nm, u ¢ =N(—e). Torga (1) mo:xkHO IIpeo6pasoBaTh K BUIY

2

X+ x =0.

gm,

TakuMm 06pasoM, MbI IIPUIILIN K YPABHEHUIO FapMOHUUYECKUX KoJieda-
HUI C IIUKJINYECKON YacTOTOH

o= wlnez/eome .
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HepaBHOBeCHbIe MaKpoCcncTemMbl
v

B npepwigyiux riiaBax OCHOBHOE BHUMaHUe OBLIO yIeJeHO PaB-
HOBeCHBIM Makpocuctemam. OZHAKO, CTPOTO T'OBOPsI, PABHOBECHBIE
CHUCTEMBI — 9TO wHugeaausanus. [loBCceIHEBHO HAM NPUXOIUTCS
BCTPEUATHCA TOJHKO C HePABHOBECHBIMHU cucTeMaMmu’ . PuU3MKa He-
PaBHOBECHBIX CHCTEM pPa3BUBAETCA, UMes OOJIbINTNE TMEePCIEKTUBLI.
Mgz He OymeM 3aTparmBaTh OOIME BOMPOCHI 3TOM 06JIACTH HAYKHU.
OrpaHMYmMMCA PAaCCMOTPEHUEM JIUIIbL HECKOJBKUX CJIyYaeB, IIPeJ-
CTaBJIAIOIINX OCOOBIN MPAKTUUECKUII MHTEePeC. JTO HePaBHOBECHBIE
CHCTEMBI, C KOTOPLIMU CBA3aHBLI CO3JaHUE JIa3epPoOB, a TaKiKe IIOTO-
KM HEKOTOPBHIX (PUMBWUYECKUX BeJIUUYNH (IBJIEHUS IIepeHoca).

§ 6.1. NuBepcHas cpena. Jlasepsr

Briny:knennoe (MHOYIUPOBaHHOE) u3iaydeHmne. IlepBoHauasbHO
CUNTAJIOCh, UTO MEXKIY 9HEePreTUUYeCKUMU YPOBHAMU aTOMOB IIPO-
UCXOJAT NBA BUJA IIEPEXOJOB: CIIOHTAHHBIE (CAMOIPOU3BOJIBHBIE) C
0oJiee BHICOKMX Ha 0oJiee HU3KNE YPOBHU U Te, KOTOPBIE IIPOUCXO-
IAT TOJ NefiCTBUEM M3JIydeHUus (BBIHYKAEHHBIE) ¢ 60JIee HUBKUX Ha
6osiee BbICOKUE ypoBHU. [lepexobl IepBOTO poa MPUBOLAT K CIIOH-
TAaHHOMY HCIYCKaHUI0O ()OTOHOB, IIE€PEeX0Ibl BTOPOI'O0 poia 00yCJIOB-
JINBAIOT IIOTJIOIIEHVE W3JIYUEeHUS BeI[eCTBOM.

duumrreiiH (1918) mpuriies K BBIBOAY, UYTO d3TUX ABYX BUIOB U3-
JIyYEeHUS HEeIOCTATOUYHO AJIsI O0BSCHEHUS PABHOBECUS MEKIY U3JIY-
YyeHHeM U BeIecTBOM. B camMom gesie, BEPOSITHOCTD CIIOHTAHHBIX IIe-
PEeXOI0B OIpeesAeTCA JIUIh BHYTPEHHUMU CBOMCTBAMU aTOMOB U
IIO9TOMY HE 3aBUCUT OT WHTEHCUBHOCTU IAJAIOIIETO W3JIYyUeHUd,
BEPOATHOCTD K€ BBIHYKJIEHHBIX IIEPEXOMIOB ¢ 00jlee HUBKUX YPOB-
Hell 3aBUCUT KaK OT CBOMCTB aTOMOB, TaK U OT MHTEHCUBHOCTHU IIa-
IaIoIero M3JyUeHU.

* CucTeMbl, OUEeHBb JajJeKue OT PABHOBECHBIX, HABBIBAIOT CUJIbHO HEPABHOBECHBLMU.
K ux umcay, MeXAy IPOUYNM, OTHOCATCA OMOJOTHMYECKUe (KUBBIE) CUCTEMBI, AJI
KOTOPBIX MAaK0e COCTOSTHUE SBJISETCS YCIOBUEM CYIIECTBOBAHUA (3a CYET aKTHUBHO-
ro B3aMMOJENCTBUA C OKPYJKAIOIel cpenoit).
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1A ycTaHOBJIEHUSA PAaBHOBECHUSA MPU IPOW3BOJBHON WHTEHCUB-
HOCTH TIAJAIONIero u3JIYUYeHUS HeOOXOAMMBI IIepeXOIbl, BEpPOT-
HOCTBH KOTOPBIX Bo3pacTajia Obl C yBeJMUeHNeM WHTEHCUBHOCTHU W3-
JyYeHUsd, T. €. IIePexX0bl, CBA3aHHbIE C UCIYCKaHueM (POTOHOB IO
JelicTBEM M3JIydYeHHUsA. BosHMKAIOIee MPU TaKUX Iepexofax MU3Jy-
yeHUe OBLIO HA3BAHO BblHYMOCHHbLM WUIU UHOYUUPOBAHHbLM. ITO
OBLIIO BecbMa BajkKHOe OTKDPBITHE, KOTOPOe, VBB, He cpasy OBLIO
OIIEHEHO II0 JOCTOWHCTBY.

Hnsa ymopolneHus AadbHEHINUX PACCYKICHUM pPacCMOTPUM JBa
9HEPTreTUUYEeCKUX YPOBHSA aTOMOB (MOJIEKYJI) CPeIbl, MEKAY KOTOPHI-
MU, T0 DUHNIITEHHY, BOBMOYKHBLI TPU THUIIA IIPOIECCOB: CIIOHTAHHOE
U3JIyYeHue, IOTJIONIeHe U BEIHYKIeHHOe (MHIYIITUPOBAHHOE) U3JY-

2 N, uenue (puc. 6.1). Ha pucyHke OHHZ OT-
MeUeHbl KaK cn, nozi u und. Hanee
OyaeM cumTaTh (9TO He MPUHIIUITHAATb-
1 | N HO), UTO KpATHOCTh BBIPOKICHUS

' »THX ypoBHell gy = g9 =1, T. e. ypOB-
Puc. 6.1 HU HeBBLIPOXKIeHHEIE.

Temeps BBemeM «BepPOATHOCTHU» IIePexX0oA0B P, moHMMAsS IIOJ

9TUM UKCJIO II€PEeX0J0B €KECeKYHIHO B pacueTe Ha OAUH aTOM:

cn noza |umno

Py =Byu,, Py =Bj,u,, (6.1)

rae By; u Byy — Tak HasbIBaeMble K0dQQuuyuenmoul JiHULMEUHA,

U, — CIEeKTpaJbHadA IJIOTHOCTH YHEPTUU UBJIYUEHUSA, COOTBETCTBY-

oIlasg SHepruu hv mepexona MeXKIy JaHHLIMH YPOBHIMMU.
Hcxomss u3 TepMOAUHAMHUYECKHUX COOOpaKeHuil, OUHIITEHH

ycranoBmi, uro P,{” = Py"". 9T0 3HAUMT, 4TO KOBDPUIMEHTHI

By = Byy. (6.2)

Ob6paTtuMcsa K IPOXOXKACHUIO MBJIydeHUs uepesd BerrecTBo. Co-
ryIacHO 3akKOHY Byzepa wmHTeHCHMBHOCTHL | IyuyKa M3JIyYEeHUA IPU
9TOM HBMEHSAETCA C PACCTOAHUEM X KaK

I=1I,e7, (6.3)

rae ¥ — Koa(@UIIMEHT MHOTJoIleHusA (Apyroro Impoiiecca 3hech He
MIPEeIoJIaraaoch). YureM, OJHAKO, POJb UHIYIIMPOBAHHOTO U3JY-
YyeHHUs U ero YHUKAaJIbHBbIE CBOMCTBA:
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1) ero HampaBJIeHVWE TOYHO COBIAZAET C HAIIPABJIEHUEM BBIHYIK-
IaIOIero MU3JIyUeHUd;

2) 9TO Ke OTHOCHUTCS K 4acToTe, (haze U mOaApPU3aIUU, T. €, UH-
IYIUPOBAaHHOE UBJIYUEHUE KO0ZePeHMmMHO C BBIHYKAAIOIINM, IPUYEM
B BBICOKOU CTeIleHU.

Bce aTo o3Hauaer, uTo BBIHY:KJAIOIEe U3JIyUeHUE, IPOXOa Ue-
pes cpeny, OyaeT He TOJBKO IIOTJIOIIATHCS, HO U IOIOJHATHCS 3a
CcueT MHIYIMPOBAHHOTO U3JAyUeHUus. IIpy MPOXOKIEHUU CJIOS Cpe-
OBl TOJIIUHON dX yOBLIb MHTEHCHUBHOCTH IIyYKAa C YACTOTOM V OIIpe-
IessieTcs Kak

—d.I,V =P12hV'N1dx—P21hV'N2dx, (6.4)

rJe IepBoe cjaraeMoe COOTBETCTBYET IIOIJIOIIEHUIO0, BTOPOEe — HUH-
IYIMPOBAHHOMY U3JIy4eHuo, N; u Ny — KOHIIEHTPAIU aTOMOB Ha
ypoBHAX 1 m 2, a UX IpousBeeHusa ¢ dx — 9TO UMCJIO TAKUX aTo-
MOB Ha eIWHWUILY ILIOIIAAN OBEPXHOCTHU CJIOsi. KaKAbnIil m3 aTux
aTOMOB MJIM IIOTJIOIIAET B eNUHUIlYy BPeMeHU dHepruio Piohv, win
BHOCUT B TYUYOK DHePTruio Py hv.

TTockoabKYy IYYOK HapasieabHbIl, U, = I,/c, 1 MBI MOYKeM Tepe-
mucath BhIpakenme (6.4) ¢ yuerom (6.1) Tak:

hy
—dI, =(N; By, —NzBm)?Ivdx . (6.5)

HWurerpupys, mojaydaem
I, =1I,e"", (6.6)
rae Koa()(puimueHT
# =(N{Bjy —NyByy)hv/c. (6.7)

Brineca N1Bps 3a CKOOKY 1 yuTs, UTO By = Byy, IPUXOAUM K BBIBO-
my, 4TO

»® oo -—= . (6.8)

B 06n1unBIX yenoBUAX Ny < Ny 1 JasKe C yUYETOM MHIAYIIUPOBAHHOTO
usnyuenua ¥ > 0, T. e. UMeeT MeCTO ocjabJyieHue IIyJKa.
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A uro, ecnu cpeny caesaThb AKMUBHOU — UYTOOBI UMCJIO aTOMOB
Ha ypoBHe 2 OKasajoch 0oJbllle, ueM Ha ypoBHe I? Torma BKIam B
WHTEHCUBHOCTh 3a CUeT WHAYIMPOBAHHOTO MBJIYUYEHUS OKaKeTcsd
0oJIbIIIe, UeM IIOTJIOIeHre, KO3(PUIMEeHT ¥ CTaHeT OTPUIlaTe/b-
HBIM ¥ WHTEHCHBHOCTHh HyukKa (6.6) ycumJInTCA HIPU IIPOXO0KICHUU
makxoil cpenpl. Ee HasbpIBaIOT UHBEPCHOIL. ITa MBICJIb OblJIa BHICKA-
sana B. A. ®aopuxkauTom (1940), Ho Ha Hee He OBLIO OOpaIleHO
moJykHOro BHMMaHuA. Co3laHne MHBEPCHBIX CHCTEM Kasajoch OGec-
MIePCIEeKTUBHBIM.

U Bce ke oTkpbITHE cocTosAa0och. B 1954 r. H. I'. Bacos u A. M.
ITIpoxopoB u HesaBucumo orT Hux Y. TaymHc, MCTIONB3YA WHIYIIIPO-
BaHHOE M3JIyUYeHUe, CO3JjaJi KBAHTOBBIN TeHepaTop B MUKPOBOJIHO-
BOM AuamnasoHe, Ha3BaHHBIN mazepom. A B 1960 r. Meiiman cosgan
Jla3ep — KBAHTOBBIM IeHepaTop B ONTUYECKOM AuamnaszoHe (jasep
Ha pyomue). B manbHelilniieM HavaJI0Ch CTPEMUTEIbHOE COBEPIIIEHCT-
BOBAHMNE STUX HOBBIX HEOOBIUYHBIX MCTOUYHUKOB CBETA.

TpexypoBHeBasi cucrema. OCHOBHas TPYAHOCTHL B IIpaKkTUUe-
CKOM OCYIIIECTBJIEHUY TAHHON HOEeM — OTO CO3JaHUWe HWHBEPCHOII,
T. €. Pe3KO HepaBHOBECHOII cpeabl. PaccMoTpuM, Kak Oblaa pelieHa
aTa mpobJyieMa Ha IpPUMEpPe MpexyposHesoil cucmembl.

s co3maHus cpelbl ¢ MHBEPCHON 3aCEJIEHHOCTBHIO YPOBHEI He-
00X0IMMO 3aTpPayMBaTL SHEPrUI0 Ha IIPEOIOJIeHHEe IIPOIIECCOB, BOC-
CTAHABJIMBAIIIUX PABHOBECHOE COCTOSHHUE CPeAbl. OTO [ejaeTcs C
MMOMOIIILI0 TaK HAa3bIBAEMOU Hakayku. Pas3paboTaHbl pasIiuyHbIE
croco0bl HAKaUYKM, OOUH M3 KOTOPBIX — CBETOBOM — MBI U pac-
cmoTpuM. VIMeHHO OH U OBLJI MCIIOJIB30BAH B PYOMHOBOM Jiaszepe.
31ech aKTUBHON cpemoil ABJAETCA NUJINHIPUYECKUH MOHOKDUC-
TaJI PyomHA, NPEICTaBIAIIININ co00i okuch amomMuuusa Al,O3, B
KoTopoii uacTh aromoB Al samernmena atromammu xpoma Cr.

OHepruio HAKAYKU B 9TOM Jasepe CO3Jal0T C IMOMOIIBI0 Ia3opas-
PASHBIX JIAMII, PA0OTAIOIIUX B MMIIYJIb-
cHOM pekuMe. [[JIMTeTbHOCTh BCHBIIITKU
~ 1073 ¢, a MOIIJHOCTh HAKAUKU B OLHOM
UMITyJIbCE€ TIPEBBINIAET JeCATKU Mera-
BaTT. [{o BembimKku aToMbl Cr HaXomATCA
B OCHOBHOM COCTOSHHUU C JHepruei &,
z \ (puc. 6.2). B pesyabTaTe HaKAYKM aTOMBI

Cr mepexomAT B BO30Y:KIEHHOE COCTOS-

e <]

|
:

HAKa4YKa

Puc. 6.2
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HUe C 9Hepruei &,. Bpemsa xusuu aromoB Cr HA YpOBHE &, MEHBIIIE
1077 c. IIpu sToM aTombl Cr mepexoAT He B OCHOBHOE COCTOSHHE &
(BEpPOATHOCTH TAKOTO IIepexofia BeCbMa MaJjia), & B COCTOAHIE C DHED-
rueit &3. Taxoil mepexoj mpoucxoauT 6Ge3 McmyckKaHus (OTOHOB, a
130LITOK SHEPTUU MepefaeTcs HemocpeacTBeHHO oT aTroma Cr Kpwuc-
TAJJINYECKON pellleTKe — Ha BO30yIKIeHUe ee KoJiebaHwuii.

Vposeub &3 sABIseTCA MemacmabusbHbim (9TO CYIIIECTBEHHO).
Bpemsa xusHm aToMoB Cr B 9TOM COCTOAHUU CPABHUTEJIHBHO 0OJIb-
moe — nopagka 1073 ¢. B Teuenue 3TOro BpeMeHU cpefia IpeObIBa-
eT B aKTUBHOM cocTosgHuu . Tax o6pasyeTcsa MHBEPCUA 3aceeHHO-
creil ypoBHell &3 u &;. Temepb AOCTATOYHO, UTOOBI B pPe3yJbTaTe
CIIOHTAHHOTO Tiepexofa &3 — &1 HMOABMWJICA (DOTOH, MMEIOIIUl Ha-
IIpaBJieHre BIOJIb OCU PYOMHOBOI'O ITMJIWHApPA, ¥ UHAYIIMPOBAHHOE
U3JIyYeHre MPUBeIeT K JJaBUHOOOpPasHOMY Pa3MHOMKEHUIO0 (DOTOHOB.

OoparHasa cBa3b. ['eHepaTop He OymeT AelicTBoBaThH 0e3 obpar-
HOM CBsI3U, KOTOPAs 3aKJIIOUAETCS B TOM, YTO YaCThb YCUJIEHHOTO U3-
JyUYeHUsA OCTaeTCsA B aKTUBHOW cpelie M IOABEepraeTcs IOBTOPHOMY
KOTepPeHTHOMY yCUJIeHUI0. B jlazepax st 3TOTO MCHOJIB3YIOT ONMmu-
YecKue pe3oHamopv. — CUCTEeMBI U3 ABYX 3epkaJ (puc. 6.3). Uuny-
IIUPOBAHHOE M3JyUeHHe 3a CUeT OTPaAKeHUH MHOTOKPATHO IPOXO-
OIUT aKTUBHYIO cpeny. Omao 3, 3,
u3 3epraJ (35) memaror caabo
MIPOITYCKAOIIIUM [JIS BBIBO-
Ja YacTU WBJIYUEeHUs Hapy-
3Ky, B pesyjbTaTe dYero u Puc. 6.3
dopMUpyeTCA JA3ePHBLIN IYUYOK.

Jlazep HaYHET TeHEPUPOBATH, €CJIU YCUJIEeHUE UIIyUYeHUA IIPU
OJTHOM IIPOXO0Jle MeX Iy 3epKasiamu (Tyza m oopaTHo) OyaeTr mpeBoc-
XOAUTHh TOTEePU SHEPTUU U3-3a UIJIYUYEHUSA, BBIIIENIIETO 3a ONUH
IIPOXOJ Uepe3 3epKaio 39. ITO yCUIeHHEe He MOKeT OBITh MeHbIIe
HEKOTOPOTO 3HAUEHUsI, Ha3bIBaeMOro nopozosviim. Ilociennee B 3Ha-
YUTEJHHON CTEIIeHU 3aBUCUT OT CTENEHU MPOIMYCKaHUA 3epKajIa 3y:
uyeM OHA 0O0JIbIIIe, TeM OOJIbIIIEe JOJKHO OLIThH 11 IIOPOTOBOE YCUJIEHIE
AKTUBHOU CpeIbI.

* JIocKOJIBKY Takas cpeja ABJAETCA 3aBeJJOMO HEPaBHOBECHOI, pacnpeseneHue Bo-
aeinMana (2.21) K Heil He npuMeHuMo. Ho (opMasIbHO ero MOKHO IPUMEHATH U B
9TOM CJydae, €CJIU BBECTHU IOHATUE OmMpuyamenvnoi. memnepamypot, T < 0, uro
3a4YacTyIO U JIeJaioT. ITO I03BOJIAET KPATKO U YA00HO XapaKTepU30BaTh COCTOAHNIE
WHBEPCHON CpeIbI.
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Oco0eHHOCTH JIa3epHOT0 U3Iy4YeHHA. JTO U3JIydeHUe o0azaeT
CBOMCTBAMHU, KOTOPBIX HET HU y OJHOTO HEJIAa3epPHOTO MCTOUHHUKA.
OHO oTJIMYaeTcsA BHICOKOM CTeIleHbI0 MOHOXPOMATUYHOCTH, HAIIPAB-
JIEHHOCTH U KorepeHTHocTu. TaK, B JIYUIIINX Ta30BbIX TeJIUi-HEOHO-
BBIX JladepaxX PacXOAMMOCTh MyYKa Jyuell JOCTUTAaeT TeOPEeTUUIECKO-
ro upegeaa 60 ~A/D ~ 20 yri. cek. OTHOCUTE/IbHAA IINPHUHA CIEKT-
PAJbHOM JIMHUM B U3Jy4eHUM TAKUX Jasepos ov/v ~ 10711 = 10712,
Kpome Toro, jazepsl IO3BOJISAIOT CO30aBaTh U3JIYyYeHUS, NHTEHCHUB-
HOCTU KOTOPBIX JOCTUTAIOT OIPOMHBIX 3HaueHui. OHU COOTBETCTBY-
T 3(deKTuBHON TeMIepaType, IIPEeBBLINIAIOINEN TeMIepaTypy
Coaana B 1011 — 1012 pag!

B oTsimune ot pyObmHOBOTO Ja3epa, ra3oBblie Jiasephbl MOTYT pabo-
TaTh HEe TOJbKO B UMITYJIbCHOM, HO W B HEIPEPHIBHOM peyKHMe.

K macrosamemy BpemMeHU pasdpaboTaHo GOJIBIIIOE KOJUUECTBO pas-
HOOOPA3HBIX JIa3epPOB, W TPYAHO Ha3BaTh 00JlacTU, rjae OBl OHU He
ucIob3oBaanchk. Ho aTo TpebyeT 0cob0Oro pasroBopa, BHIXOAAIIETO
3a paMKH! Halllell 3ajauyll — IIPOJEeMOHCTPUPOBATH HIEI0 CO3MaHUSA
PE3KO HePaBHOBECHBIX CHCTEM U BO3MOKHOCTH UX MCIIOJb30BAHUS.

§ 6.2. dBaeHus mepeHoca

BriBesienHass 13 COCTOAHUS pPaBHOBECU, Ji00as MaKpocHcTeMa
CTPEeMUTCA BEePHYTHCA B PAaBHOBECHOE cocTosHue. IIpu sToM pacter
9HTPOIINS, BHAUUT 3TOT IIporiecc HeoOpaTum. HapyrieHue paBHOBe-
CHus COMIPOBOKAAETCS BOSHMKHOBEHMEM IIOTOKOB WMJIM YACTUIL, WU
Teria, Uid dJIEKTPUYecKoro sapsazna u ap. CooTBeTCTBYIOIIME IIPO-
1ecchl HA3LIBAIOT ABJCHUAMU NepeHoca. Bece oHU sBIAOTCA Heobpa-
TUMBIMH.

IIpegmeTomM HaIIero BHUMAHUSA OYAYyT TPU SIBJIEHUS I[E€pPeHOCa:
nuddysus, BHYTpPeHHee TPeHWe U TeIlJIOMIPOBOAHOCTHL (IpuUuYeM B
YCJIOBUSAX, KOTIa OTKJOHEHHWSA OT paBHOBecus MaJjbl). Hara mpo-
rpaMma OyZeT cOCTOATh u3 ABYX uacteii. CHauaja Mbl IPUBEIEM
SMIUPUUYECKUE YPaBHEHUS STUX MIPOIECCOB — OHU MPUMEHUMBI K
JI00BIM cpemam (rasoo0pasHbIM, KUIKUM W TBEPABIM). 3aTeM MOJIY-
YUM MOJIEKYJISAPHO-KMHETUUYECKUI BBIBOJ NAHHBIX YpaBHEHUI I
rasoB, KOTOPBI ITO3BOJIUT HAM PACKPBITHL COAepiKaHMre KOd(DPUIH-
€HTOB, XapaKTepU3YIOINX COOTBETCTBYIOIVE SBJIEHUS.

B panbHeinieM mpuaeTCsS HCIOJIb30BaTh IIOHATHE NOMOKA TOU
WJIW WHOW (PU3MUYECKON BeJIMUYNHBLI Uepe3 MHTEPEeCYIOIyI0 Hac II0-



HepaBHOBeCHbIE MAKPOCHCTEMbI 175

BEPXHOCTH S. HamoMHUM, ITOTOK — BeJWYMHA CKAJIIpPHAA U ajareod-
panueckasi. Ero 3Hax 3aBHUCUT OT BBIOOpa TOJIOKUTEILHOTO «HA-
IIPaBJIEeHUA» . C OSHOIN CTOPOHBI MMOBEPXHOCTH S K APYroil Mam HAo-
6opor. Ilomo:kuTenbHOE  HaIpaBJeHHE  OOBIUHO  BBIOMPAIOT
IIPOM3BOJILHO (3a MCKJIIOUEHNEM 3aMKHYTBHIX MOBEPXHOCTEH, I'ae 10
COIJIAIIIEHUIO eT0 BBIOMPAIOT Hapy:Ky 00JacTH, OTPpaHUYEHHOI 3TOH
IIOBEPXHOCTBHIO).

Msgr Oyzem paccMaTpuUBATH IIOTOKM B OCHOBHOM Uepe3 IIJIOCKIE
IIOBEPXHOCTU S, IepIeHAuKYJIApHbIe ocu X, BhIOMpPAS IIOJOYKUTE-
JIbHOE «HAIIPaBJIEHNEe» IIOBEPXHOCTU S COBIIALAOIINM C OPTOM OCH
X. Eciu pusmueckasa BeaumunHa OyAeT IePeHOCUThCSI uepes S B Ha-
npasjeHuu ocu X, OyJeM CUNTATh COOTBETCTBYIOIIUI IIOTOK IIOJIO-
JKUTEeJIBLHBIM, €CJU Ke B 00OpaTHOM HAIpPaBJeHWHW, TO — OTPHUIlATE-
JIBHBIM.

JIroboe sABJIeHWE IIepeHOCa CBSA3aHO C HEOAWHAKOBOCTHIO B IIPO-
CTpPaHCTBE HEKOTOPO# BeInunHbI. Hampumep, MOTOK TeIlIa BOSHUKA-
eT B cJy4yae HeOJUHAKOBOCTU TeMIIePaTypPhl B PA3HBIX TOUKAX CPEIbI.
Ha sty ocoGeHHOCTH IIOTOKOB cjefyeT oOpaTuTh BHUMaHue. Ta ke
TeMIepaTypa — 9TO XapaKTePUCTUKA CUCTEMBI B I1€JIOM, a 3IeCh MBI
rOBOPUM, UTO OHA pasHas. [I[puxoauTCs BBOAUTH MOHATHE JIOKAALHO-
20 pasHogecusi. B cocTosTHUY JIOKAJIbHOTO PaBHOBECHUS CPela B KaiK-
IOl MAaJIOi YacTH CBOEro obbeMa HaXOOUTCS B TEIJIOBOM pPaBHOBeE-
CHUU, OJHAKO PAaBHOBECHE MEKIY PA3JUUYHLIMU YACTSIMU OTCYTCTBYET.

ITox manmocThbi0 UMEIOT B BUAY 00beM, pa3Mep KOTOPOr0 HAMHOTO
IpeBBINIaeT, HAIPUMep, CpelHee PACCTOAHUWE MEXKIY COCeTHUMU
MoJieKyJsiaMu. IIpy 5TOM YMCJIO YACTUIl B TaKOM oOBbeMe MOJIKHO
OBITh MAKPOCKOITMUYECKUM, UTOOBI MOYKHO OBIJIO IPUMEHSATH MaKpo-
CKONMUYECKNe ITapaMeTpPhl COCTOSHUSA TEIJIOBOTO PaBHOBECUS.

Temneps mepeiifleM K oSMIUPUUYECKUM YPaBHEHUSIM IIPOIIECCOB IIe-
penoca. p

HQupdysusa. Tax HasbIBAOT
B3aUMOIIPOHNKHOBEHUE BeIeCTBa
B PAaBJUUYHBIX CMeCAX, O0YyCJIOB-
JIEHHOE TeILJIOBBIM [IBUYKEHHEeM
MoJieKkyJ. IIycTh cMech COOEpPIKUT
IBe KOMIIOHEHTHI C IapIiiaJbHBI-
MU  TJOTHOCTAMU Py U Py

(puc. 6.4). KoumeHTpamusa KaiK- X
Puc. 6.4
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,ZIOfI KOMIIOHEHTBI CTPEMUTCA BBIPABHATHCA, BO3HUKAIOT IIOTOKU
Macchl 06emx KOMIIOHEHT, HalIpaBJIEHHbI€ B CTOPOHY YMEHBbIIIE€HUA
WX ILJIOTHOCTEM. BKCHepI/IMeHTaJIBHO OBLIO0 YCTaHOBJIEHO BBIDAMe-
HUe A IIJIOTHOCTH IIOTOKa MacCChI i-I KOMIIOHEHTBI:

iy =-DPL wrjead), (6.9)
i ox

rae D — roagppuyuenm ougp@ysuu. 3HaK MUHYC OOYCJIOBJIEH TEM,
YTO MOTOK i-i KOMIIOHEHTHI IIPOTUBOIIOJIOKEH IPOU3BOAHOU Op/0x
— ee Ha3BIBAWOT zpadueHmom naomuocmu (cMm. puc. 6.4).

BHyTPEHHee TPpeHue. N3 mexaHUKH N3BECTHO, UTO CUJIa TPEHUA
MeXKIy OBYMSA CJIOSMU KUAKOCTYA WJIU I'a3a, OTHECEHHAA K eqUHUIe
IJIOIIAAN TOBEPXHOCTH pasjejia CJI0eB, paBHA

ou 2
f:n - | H/M ) (6°10)
ox
rme n — KoapQuuuenm ea3xocmu (6843K0cmv), TPOUSBOSHAA
Ou/0x — TpamueHT CKOPOCTH — XapaKTepu3yeT CTeleHb M3MeHe-

HUSI CKOPOCTH KUJKOCTU WU ra3a B HampaBjeHUu ocu X, TepIeH-
OUKYJIAPHOM HAIIPABJIEHUIO NBUIKEHUA CJIOEB.

Corsacuo 2-my 3axkoHy HbloToOHA B3auMOJeiCTBUE ABYX CJIOEB C
cuioi f MOMKHO paccMaTpUBAaTh KaK IPOIECC IIePeJaull B eIUHUILY
BpeMeHu ummyiabca. Torma (6.10) MOMKHO IpPENCTABUTL KaK

. ou 2
=-n—, H/™m", 6.11
Ip =M, / ( )

rae j, — WMIYJbC, TTepPefaBaeMbIil eKeCeKyHIHO OT CJIOA K CJIOI0
” yepes3 eAWHUIY ILJIOIIAAU ITOBEPXHO-
- CcTU, T. €. NJIOMHOCMb NOMOKA UMNY-
Abca. 3HAK MHHYC OOYCJIOBJIEH TEM,
YTO MOTOK WUMITYJIbCA IIPOTHBOIIOJIO-
f S=1 JKEeH II0 HaNpaBJIEHUIO TIPagueHTy
ou/0x (puc. 6.5). Ha pucyHKe moxa-
3aHbI CUJIBI, AEHCTBYIOIME B ILJIOCKO-
l 1 CTH IJIOIIaAKMU S: JjeBas [ — cuia, ¢
KOTOPO# [OeMCTBYIOT CJIOW CIIPaBa OT
Puc. 6.5 mromagkyu S (OHE ABHXKYTCA B JaH-
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HOM cJiyuyae ObIcTpee), mpaBas [ — cuja, ¢ KOTOPOH MOEeHCTBYIOT
cJIoU cjeBa OT S. OTHU CUJILI B3aUMHO IPOTUBOIIOJIOMKHBI U OTUHAKO-
BBI II0 MOZYJIIO. Bompoc, Kyza AefCTByeT cuja B IJIOCKOCTH S, He
UMeeT CMBICJIa, TOKa He YKasaHO, CO CTOPOHBI KaKUX CJIOEB Ha Ka-
Kue.

TengonpoBogHocTh. OUBIT MTOKA3bIBAET, UTO €CJAU B Cpele Co-
3aTh BIOJIb OCU TpaJueHT TeMIilepaTypsl 01 /0x, TO BOSHUKAET II0-
TOK TeIlJla, IJIOTHOCTH KOTOPOTO

R 612

Te © — KoaQ@uuuenm menaonposoo-
Hocmu (menaonpogodHocmsb). SHAK Jg
MUHYC CTOUT IIO0 TOM Ke IpUYNHE:
IIJIOTHOCTh IIOTOKA ITPOTHBOIIOJIOMKHA
II0 HampaBJeHWI0 rpaaueHty 0T /0x
(puc. 6.6).

X
Puc. 6.6
IIpumep. OguH KOHeI CTEP:KHA, 3aKJIOUEHHOTO B TEIJIOM30JIUPOBAHHYIO
000JI0UKyY, MOAJEep:KUBaeTcsa npu Temueparype Ty, a Ipyroi Ko-
Her, npu T5. CaM cTep:KeHb COCTOUT M3 ABYX YacTell, JIUHBI KO-
TOPBIX /1 U [y ¥ TEIJIONPOBOLHOCTH %1 U Xg. Haliiem TemMuepaTypy
T 1OBEepPXHOCTU COIPUKOCHOBEHHUS STUX UYaCTEHd CTEepPIKHI.

ScHo, YTO MOTOK TemJia B JAHHOM CJIydae HOJIMKeH ObITh OQUHAKOB
B Jo0oM ceuenun crep:kusa. OTcioga cieayer, 4To

oT oT
%1(5)1 = %2(aj2. (1)

ITocKONIBKY CTEpKeHb IIPEANOJaraeTcsi IUJINHIDUIECKUM, TO
TeMIepaTypa B KaKJOi ero 4acTu MeHseTCs JIMHEWHO ¢ KOOPAU-
HaTO! X, U BMECTO IPOM3BOAHON B (1) MOKHO 3amucaTh OTHOIIIE-
HUe PasHOCTU TeMIIepaTyp Ha KOHI[aX Ka’KAOH YacTU CTEPIKHA K
ee ninune. Torma (1) mpumer Bu[I

T -T, T, -T
=%y .
ll l2

(2)

n
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dra 3ammuch cresjaHa B mpeanosokenuu, uyro Ty < T < T, (MOKHO
OBLIO IIPEATIIONIOXKUTH M HAa0O0POT, 9TO HE CYIlecTBeHHO). U3 (2)
cilenyeT, 4TO

_ T/l + 7Ty /1,

ny /[l + %y /1y

T

B sakirouenue oTMeTHM ellle pas:

1) IOTOKU BceX BeJIMUYUH ABJSIOTCA ajredpandeckuMu. X sHak
3aBUCUT OT HampaBJieHUs ocu X. J[locTaTOUHO 0OPATUTH MOJOMKUTE-
JIbHOE HaIpaBJIeHWEe 9TOW OCU Ha IPOTUBOIIOJOMKHOE, U 3HAK IIOTO-
Ka M3MEHUTCH;

2) BO BcexX TpeX ABJIEHUAX IEPEHOCA HAIPABJIEHUS IIJIOTHOCTEM
IIOTOKOB IIPOTUBOIIOJIOKHBEI T'DAaJMEeHTaM COOTBETCTBYIOIIINX BeJIN-
ypH. OTO O3HAUaeT, UTO IIOTOKU BCErga HAIPaBJEHBI B CTOPOHY
YMEeHBIIIeHUA BeJINYNH P, U, 1, T. €. IPOTUB UX I'pagueHToB. Takum
00pasom, AJIs MOTOKOB CYII[eCTBEHHBI I'DAJAMEHTHI BEJIUUYNH, UMEIO-
IUX TEHAEHIINIO BBIPABHUBATBHCH.

Teneps mepeiileM K pelIeHUIO BTOPOI UACTU HAaIleil Mporpam-
MBI — O00OOCHOBAHUIO dMIMPUUECKUX 3aKOHOB IIEPEHOCA C MOJIEKY-
JIAPHO-KUHETUUECKON TOYKU 3PEeHUs, IIPUUYEM TOJLKO IJIS T'a30B.

Hpe,[[Bapl/ITeJILHLIe IMOHATHUA

1. IpPpexmuenvlii duamemp monexkynwvl. Tak Ha3BIBAIOT PACCTO-
——— Aume d, Ha KOTOpOe CONMIKAIOTCA IeHTPBI
y N IBYX MOJIEKYJ IIPU CTOJKHOBeHUU (puc. 6.7).
/ BesnnuwnHa d HECKOJIBKO 3aBUCUT OT dHEPTUU
| MOJIeKYJI, 3TO cJjexyeT u3 puc. 1.12, a 3Ha-
‘\ d ‘ yuT u oT TemiepaTrypbl. C ee yBenuuenuem d
\ yMmeHbItaeTcA. Ho B gajbHEHIIIEM 3TUM MBI
- _ - OymeM mpeHeOperaTh.
Ilnomtank, oOrpaHWYeHHAs INTPUXOBOM
OKPY:KHOCTBIO Ha puc. 6.7, Ha3LIBAIOT I¢)-
(PeKmuBHvLM CeueHUeM G MOJIEKYJIBI:

Puc. 6.7

o =nd’. (6.13)

2. Cpednasa 0nuna c60600H020 npobeza. 3a CEKYHAY MOJEKYJa
IIPOXOJUT B CpelHEM IIyTh, PaBHBIN ee cpefHell ckopocTu <v>. Eciu
IPU 9TOM OHA IIPeTepIieBaeT B CPeIHEeM V CTOJKHOBEHUI, TO cpef-
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HAA OJWHA CBOOOTHOTO Hpobera MOJIEKYJIBI
A =<vy/v. (6.14)

YT00BI OIIPEAEIUTD ¥, MPOCTAECANM 32 IIOBEAEHIEM HEeKOTOPOH ABI-
JKYIIecs MOJIeKYJIbl, UCIOoab3ys puc. 6.7. IlycTh aTo Oymer JjieBas
MOJIEKYJIa, U OBUIKETCS OHA IePIeHANKYJIAPHO IJIOCKOCTH PUCYHKA.
HeTtpyznzo cooOpasuTh, YTO OHA HCIILITAET 33 €IUHUIIY BPEMEHU CTO-
JIbKO CTOJIKHOBEHUI, CKOJIBKO BCTPETUTCS Ha ee IIyTH MOJIeKY.JI, IeH-
TPBI KOTOPBIX OKaXKYTCA B Mpemenaax obbeMa IMUIMHApPA pagmyca d.
fcHo, KOHEYHO, UTO IPU KAYKAOM CTOJKHOBEHUU ITUJINHIP OyAeT rc-
MBITBIBATh «H3JO0M». Takumm oOpasom, 5TO OyAeT «JIOMAHbIHA» I[U-
JUHIP, 00beM KOTOPOro V mMpakTUUYeCKU PaBeH IIPOM3BENeHUIO CPej-
HEro IIyTH MOJIEKYJIbI 34 OJHY CeKYHAY, T. €. (U), Ha ILJIOLIALb IIOIIe-
PeUYHOTO cedyeHUs IMUJIMHApPa G = nd2. 3aMeTHM, UTO TaK MOYKHO
TIOCTYNIUTh, €CJIU CpeHee PACCTOSAHUE MEXKIY «U3JIOMaMU» 3HAUUTE-
JILHO 0OJIBIIIE AUaMeTpa MOJIEKYJHI d, T. €. IPU YCJIOBUU A > d, UTO
MBI U TIpeAIojiaraeM. 9TO MO3BOJISIET MpeHeOpeub YacTAMU 00beMa
OUINHLPA, IPUXONAIMMUCST Ha €ro H3JIOMBI.

Ecsu Bce aTO Tak, TO cpeHee UMCJIO ¥ CTOJKHOBEHUN MOJEKYJIbI
€XKEeCEeKYHIHO PaBHO IIPOM3BEAEeHUI0 oO0bema V, paBHOro <)o, Ha
KOHIIEHTPAIIUIO N MOJIEKYJI:

v = (vyon, (6.15)
U cpefHAA OJIWHA cBOOOomHOTO mpobera (6.14) paBHaA
A= 1 . (6.16)
on

Bosee cTporoe paccMoTpeHMe BOIpPOCA O YUCJIE CTOJIKHOBEHUU V
MIPUBOAUT K HEOOXOAMMOCTH B3aMeHBI CpedHell CKOpoCcTu <U> Ha
CPeLHIOI0 OTHOCHUTEJIBHYI0 CKOPOCTb (Vg CTAJIKWBAIOIINXCHA
MOJIEKYJI, KOTOpas, KaK IOKa3bIBAeT PacueT, B /2 GOJIbIIe, ueM <v).
Torma yrounenuble dopmyubl (6.15) u (6.16) OyayT mmeThb BUJA

v =2won, =L (6.17)

\/§Gn

ATU BEJUUYMHBI OTJIMYAIOTCA OT MPUOIMKEHHBIX (Gopmyna (6.15) u
(6.16) unCIOBBIM KO3((PUIMEHTOM, OJU3KUM K €IUHUIIE.
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B manbmeiiniieMm MbI coOmpaeMcs ITPOBOAUTH OIIEHOUHBLIE pacue-
TBI, TIO9TOMY MHOXKUTEJIEM /2 O0yzeM mpeHeOperaTh KaK He CYIIecT-
BEHHBIM.

IIpumep. Omenum s azora N, Ipu HOPMAJBHBIX YCJIOBUAX 3HAUEHUE A,

cpefHee paccrosiHue | MeKAy MOJIEKYJaM{ U YKUCJIO CTOJIKHOBE-
HUU ¥ MOJEKYJbl B CEKYHLIY.

Crauaua HafI]IeM KOHIIEHTPAIUIO MOJIEKYJI B 3TUX YCJIOBUAX:

L N4 6107 wom!
Vi 22,4-10° cM®/moms

=2,7-10"° o3,

rae V,, — MousapHbI 06beM rasza. IIpumem shGeKTUBHBIN aua-
MeTp MOJIeKyJibl a3oTa paBHBIM 2-1078 cm. Torga corsacuo (6.16)
1

A= =3-10%cm
n(2-107%)2.2,7.10'°

CpaBHUM 3Ty BEJIUYUHY CO CPEIHUM PACCTOSIHUEM MEXKAY MOJie-
Kynaamu. U3 ycaoBuda <)% = 1/n, monyuyum

W=1/3n =1/32,7.10"° =3,3-107 cwm,

T. €. A IpeBbINIaeT <[> Ha ABa HOpAaKa. UuCI0 CTOJIKHOBEHUN
e)KeceKyHIHO coryacHo (6.15) paBHO

v=wmnd?n ~4,8-10* - 7-(2-10%)2.2,7-10*° =1,6-10° ¢},

rae vy = 480 m/c (cM. cTp. 54). Takum 06pasoM, YMCIO CTOJKHO-
BEHUI COCTaBJISET MOPAJKA MUJUINAPAA B CEKYHIY!

§ 6.3. MoaekyaapHO-KMHETHUYECKAA WHTepPIpPeTaIus
SIBJIGHUH IIepeHoca

B sTom maparpadge MbI pacCMOTPUM SIBJIEHUA MepeHoca B ra3ax C
MOJIEKYJIAPHO-KMHETUUYECKON TOouKM 3peHus. CooTBeTCTBYIOIIUE
pacueTbl OYyAyT MMeETh OIEHOUHBLIN XapakTep. Eille pas HamoMHUM
(00 aTOM y:Ke TOBOPUJIOCH paHee), YTO OIeHOUHBIN ITOAXOI — 39TO
TO, ¢ Yero o0bIYHO HAUMHAETCA CO3JaHue Teopuu. IJIaBHOE TOCTO-
MHCTBO TAKOT'0 MOAXO0JAa COCTOUT B IIPOCTOTE W aKIleHTe Ha (husuye-
CKOIi CTOPOHE SBJIEHUS, He 3aCJOHEHHO! IPOMO3IKUMU BBIUKCJIE-
HUAMU U IpeobpasoBaHUSIMU. PasyMeeTcs, OIleHOUHBIN ITOAXO0M HU
B KOeil Mepe He MOJKET IIPEeTEeHJ0BATh Ha MOJYYEeHNEe TOUHBIX Pesy-
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JbTATOB, HO Pa3JMuYMe 3aKJI0UAETCA TOJBKO B UMCJIOBBIX K03 u-
IUueHTax.

WUrak, 0yaeM MCXOAUTDH U3 IPEIEIbHO YIIPOIIEeHHON MOAEeNN, KO-
TOPOI MBI yiKe MOJb30BallCh paHee U yOeqUINCh, UTO OHA JaeT He-
IIoxue pes3yabTaTbl. IIOBTOPUM: BBUAY IIOJHON XaOTUYHOCTHU TeIl-
JIOBOTO [BUWKEHUS MOJIEKYJ OyJeM CUMTaTh, YTO MOJEKYJbI IBU-
JKYTCS 10 TpeM HampaBiaeHuaMmM X, Y m Z, Tak UTO HA KaxIoe
HaIpaBjeHNe B OJHY CTOPOHY ILIOTHOCTH IIOTOKA MOJEKYJ COCTAaB-
JIsieT

j=twn, (6.18)

e n — KOHIIEHTPaIlUAd MOJIEKYJ. ITU IIOTOKU U ABJIAIOTCS IIepe-
HOCUMKaMHU OIIpelesieHHbIX (Qusumueckux Beaunuus G. IlaorHOCTH
moToxka BerudyuHBI G OygeM 0003HAUATH jg.

Hanee OymeM cuuMTaTh, YTO Uepes3 MHTEPECYIONIYIO HAC ILJIOIIA-
Ky S MOJIeKYJbI OyAyT MEePEeHOCUTH TO 3HaUeHUe BeauuuHbl (G, KO-
TOpPOe OHUM MMeJUu Ha paccTogHmmM A oT miomanku S. T. e. 6ygem
IIPEeJIIoJIaraTh, YTO MOCJIefHEe COyAapeHe MOJIEKYJIbI UCITBITHIBAIOT
Ha 9TOM pacCTOAHUU OT S.

Teneps mepeiileM K PACCMOTPEHUIO C IIOMOIIBIO ATOM MOJeNIu
ABJIEHUI IIepeHoca U HaYHEM C BBIBOJA OOIIEro ypaBHEHUS IIePEHO-
ca, He 3aBUCAIIETO0 OT BPEMEHW.

O6mee ypaBHeHue nepenHoca. IIycts BenuuuHa G XapaKTepusy-
eT oIpelesieHHOe MOJIEKYJISIPHOE CBOMCTBO, OMHECEHHOe K O00HOIU
MONeKyae. ITO MOXKeT OBITH dHEPTUd, UMIYJILC, JIEKTPUUYECKUN
3apsan u ap. SIcHO, UTO MpM HAJWUYUK IpagUeHTa BeJIUYUHBI G H0JI-
JKeH BOSHHKHYTb IIOTOK B CTOPOHY €€ YMEHBIIIeHU.

IIycre Benmnunua G MEHSIETCS TOJIb- G
KO B HalpaBjieHuu ocu X, Halpumep,
Tak, Kak ImoKasaHo Ha puc. 6.8. ILo-
magky S OyayT IMPOHU3BIBATH MOJIE-
KYJIbI, OBVIKYIIMECSA BO BCTPEUHBIX
HaIpaBJIeHUAX, WX IJOTHOCTU IIOTO-
KoB obosHauuM j u j'. IIlpuuem —
9TO CYIIECTBEHHO — OHU [JOJI’KHBI
OBITH paBHEI ApyT Apyry (' = j''), uro-
ObI He BO3HUKAJIO radofMHAMUYECKUX
IIOTOKOB M 4YTOOBI BCE IIPOIIECCHI CBO-
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JUJINCH TOJBKO K IepeHocy Benmuuubl G. Torma nimsa pesyabTUpPYIO-
el IJIOTHOCTU IIOTOKa BeamumHBI G MOKHO (cMm. puc. 6.8) samm-
carTh:

jo =j-G —j-G" =Lwmn (G — G). (6.19)
Buaromapa masocTu A pasHOCTb sHadueHui G''—G' mpencTaBuM B
BHJE
e

G'-G'=—=2)\. (6.20)
ox

C yuetrom aToii (hopmMynabl BbIpaskeHue (6.19) samuinem Tak:

. . oG

ITO U eCThb 00ULee YpagHeHUe neperHoca N Jboi BeandnHbl G.
31ech ng — KOHIEHTpanus MOJIEKYJ, V> — HUX CPeAHAs TeIJoBas
CKOPOCTh. 3HAUEHUSA JTUX BEJIUUYUH OepyTca B ceueHUuU S.

IIpumeHUM 3TO ypaBHEHUE K TpeM Haubojiee MHTEPECHBIM SBJIE-
HUAM IIepeHoca, CBA3AHHBIM ¢ Auddysueil, BA3KOCTHIO U TEILJIOIPO-
BOJHOCTBIO.

Hduddysusa. OrpaHuyuMcsa paccMOTPEHUeM camodup@ysuu,
T. €. TIPOIECCOM IepeMelInBaHusA (B3aMMOIIPOHUKHOBEHUS) MOJIe-
KyJ ogHOTO copra. MakpocKomuuecku caMoauddysno HaAOJI0IATh
HeJIb3s: M3-3a TOMKJIECTBEHHOCTH MOJIEKYJ OHA HE MOYKET IIPOSABJISA-
ThCSI HU B OJJHOM sABJIeHUU. [JId HAOJIIOJeHUA 9TOTO IIPOIlecca YacThb
MOJIEKYJI Tada HaJlo KaK-TO «IIOMETHUTH». [I[paKTUYEeCKU 9TO MOIKHO
clesiaTh C IIOMOIIBI0O TaK Ha3bIBAEMBIX «MEUEHBIX» aTOMOB: CMeChb
razoB 0epyT M3 MBYX H30TOIIOB OJHOTO U TOTO K€ dJIEMEHTa, OJWH
13 KOTOPBIX panmoakTuBeH. Torma mporecce aAudGys3unu MOMKHO Ha-
OJII0aTh, PETUCTPUPYA PASUOAKTHUBHOE M3JIyUeHUEe PAAUOU30TOIIA.
MosxHO TakKe B3ATH CMeCh ABYX Pa3JIMUHBIX T'a30B, MOJIEKYJIBI KO-
TOPBIX TIOUTHU OJWHAKOBBI IO Macce U pasMepam (Taxkue, HalIpUMep,
kaxk Ny u CO). B arom cayuae y o6erx KOMIIOHEHT rasa OyayT oau-
HAKOBbBI KaK CpeIHNE CKOPOCTHU, TaK U AJUHBI CBOOOIHOTO mpobera,
T.e. (V) U A.

YT0o0BI OTCYTCTBOBAIN T'a30KMHETUYECKME IIOTOKY U IIepeMeIn-
BaHME MOJIEKYJI IIPOMCXOAUJIO TOJBKO 3a cueT nuddysun, He06XO-
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IuMo (Tak MbI 1 OyZeM CUUTaTh), n Ty=1,+1,
yTOOBI CyMMapHad KOHIIEHTpA-
nud ny 00enx KOMIIOHEHT CMeCcHU
He 3aBHCesJa OT KOOPAWHATHI B
HampaBjeHuu ocu X, BIOJb KO-
TOPO# MPOUCXOAUT STOT IIPOILECC n,
(puc. 6.9).

IlycTh KOHIIEHTpAIUs MoJie-
KyJ 1-ro copra 3aBUCUT OT KOOP-
IWHATHI X KaK nq(x). YuursiBasd,
yTo BeauunHa G B ypaBHeHuu (6.21) ecTh XapaKTepUCTUKA ePEHO-
CHUMOTO KOJIMYECTBA, OTHECEHHOTO K 00HOI MOJIEKYJe, UMeeM

X
Puc. 6.9

G = nl/no,
rne nyg — paBHOBECHaAd KOHIEHTPAIIUA (CM. puc. 6.9). TOI‘ﬂa YpaBHE-

Hue (6.21) B maHHOM ciiyuae NIPUMET BUJ

. on
Jn, =—3 O aTcl' (6.22)

CpaBHUB 5TO BBIPa)KEHIE C SMIUpUUYecKoi dpopmyJioit (6.9), Ha-
XOMUM, UTO Koap@uuuenm camoluppysuu

D = % WA (6.23)

Paccyxxnenusa, npusenmnue Hac K dopmyte (6.22), B paBHOI
Mepe CIIPaBEeJIUBLI U AJSA IPYTrOo KOMIOHEHTHI cMecu. SHAUUT, KO-
s(ppumuent D ogUMHAKOB OJis 00eMX KOMIIOHEHT.

Bousee crporuii pacuer mpuBOIUT K Takou ke (opmyse naa D,
HO C HECKOJIBKO OOJIBIIIMM YKCJIOBBIM Koahdumuentom (B 1,2+1,5
pasa [IJda pasHBIX T'asoB).

Eqununeit usmepennsa Kosdduiuenta D asaserca m2/c. Ilpu
HOPMaJILHBIX YCJIOBUAX Kodhduiment D A KUCJIOpPoga U a3oTa B
BOxXJyxe mMeeT mopamokx 107° m2/c.

Mgl orpanuumMcsa paccMoTpeHueM caMonud@ysuu, IMOCKOJbKY
63aumHas Oug@ysus pasHbIX Ta3oB TpPeOyeT BechbMa I'DOMO3IKUX
npeoOpasoBanmii, HO IPUHIMINAJIbHO HOBOTO HUUYEro He maer. Kak
IIOKAa3bIBAIOT PACUETHI U U3MEPeHUsI, KOd(PPUIIMeHT B3auMHOI qud-
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¢ysunu Dy pasHBIX rasoB IIPU HOPMAJIbHBIX YCJIOBUAX HMEET TOT
ske mopagox 107° m2/c.

BaskocTs (BHyTpeHHee TpeHue). OTO ABJIeHNEe BO3SHUKAeT B TeX
cayJasX, KOrjJa Ha XaOTHUEeCKOe TEIJIOBOe ABUKEHUE MOJIEKYJ Ha-
u KJIaJbIBaeTCS YnopsdoieHHOe NBUKe-
Hue. IIycTh CKOPOCTh U YIOPALOYEH-
HOTO JBUKEHUS B3aBUCHUT TOJBKO OT
KOOpAWHATBEI X, KAaK II0Kas3aHO Ha
puc. 6.10. B sTom ciyuae uepes equ-
HUYHYIO ILTOIIAAKY S OyAeT Ipoucxo-
IUTH IIEPEHOC MMIIYJIbCa P = Mu, rie
m — mMacca MOJIEKYJbl. OTO 3HAYUT,
X uro B JaHHOM ciayuae BeaumuuHa G = p

u coryiacHO ypaBHeHuIo (6.21) mbI Ha-
XOIUM, UTO IIJIOTHOCTH IOTOKa UMITYJIbCA

Puc. 6.10

. ou
ip =—%<v>kp P (6.24)

Tie p = mng — MIOTHOCTH rada. COmoCTaBUB 9TO ypaBHEHNE C SMIIU-
puueckoit popmyJioi (6.11), HaxoAUM BBEIpAKEHUE JIA 6A3KOCMU:

_1
n =gz Whp. (6.25)

BoJsiee TouHBIN pacueT gaeT HECKOJLKO 0OoJiblllee 3HAUEHHUE IJIs
yucyoBoro Koapduiuenra: ve 1/3, a 0,49.

Enununeit Baskoctu B CU aBiserca mackaab-ceKyHza (Ila-c), a
B cucteMe CI'C — nyas (II). Ceasp mexxay aumu: 1 ITa-c = 10 II.

Ilpy HOpPMAJBLHLIX YCIOBHUAX BA3KOCTL rasos m ~ 107° Ila-c.

TensonpoBogHOCTH. B sTOM ABIeHUM BeanunHoil G B (6.21) aB-
JIETCS CPefHAA 9HEePTUA TEIJIOBOTO ABUKEHUA, IPUXOJAIasaca Ha
OOHY MOJIEKYJay. VI3 TeopeMbl 0 paBHOpACIPEeJeHUN SHEPTUU II0
cremeHAaM cBobonbl umeeM G = (i/2)kT, u Torga MJIOTHOCTH IIOTOKA
Tera

jq =—Ltwrin, iyl (6.26)
2 ox

Ona yuporeHusa 3Toi (opMysabl BBeLEeM YIEJIbHYIO TEIJIOEMKOCTH
cy. g sToro obpaTuM BHUMaHUe Ha TO, uTo (i/2)k — 9TO TemyioeM-
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KOCTb IIPU IIOCTOAHHOM 00'beMe, PACCUNTAHHAA HA OLHY MOJEKYJIY.
TIpousBenenre maHHON BeJIWYMHBI HA KOHIEHTPAIUIO 7 JAeT Tell-
JIOEMKOCTH €JUHUIIBI MAaCCHI €y, YMHOMKEHHYIO Ha IJIOTHOCTh I'a3a p.
Taxum oO6pasom, yuuTeiBasd, uTo (i/2)k-ng = c,p, nepenuiem (6.26)
B BHUIE

. oT

W3 cpaBHeHUsA 9TOT0 BbIpamkeHus ¢ Gopmysou (6.12) Bugum, 4TO
menaonpogooHoCMb

n :%<U> kpCV, (6.28)

rjge, IOBTOPUM, Cy — YIeJbHAs TEIJIOEMKOCTb, OTHECEeHHAs K eIu-
Hune maccel, [['x/(K-kr). Bosiee TOuHBIE BBIYUCIIEHUS YNCJIOBOTO
Koa(duiiuenrTa B (6.28) mpeacTaBaAOT O0JbIINE TPYAHOCTH, HO TIO-
JIy4eHHBIE Pe3yJIbTAaThl OKa3bIBAIOTCS TOTO K€ mopaAaKa, uto u 1/3.

Enunurieit TemsonpoBogHocTu ABadeTca Brt/(m-K).

IIpu 3amaHHOII KOHIIEHTPAIIUU N TEIJIOIPOBOLHOCTH 3aBUCUT B
OCHOBHOM OT CpeJHeli CKOpPOoCTH V). V3-3a 9TOr0 JierKue rasbl 0bJia-
IaloT 3HAUYUTEJIHbHO OOJIBIIEH TemJOIPOBOSHOCTHIO, UeM TS KeJble,
MMOCKOJBKY V> oo 1/ Jm. Hanpumep, mpu HOpMAaJbHBIX YCIOBUAX
KucJyiopon umeeT termonpoBogaocts 0,024 Br/(m-K), a Bomopox —
0,176 Br/(m-K).

Ananmu3 koad¢gpuimeHToB mepeHoca. IIpe)xkae Bcero BBITUIIIEM
Ias1 ymoOCTBa COMOCTABJIECHUWSA W aHau3a Bce TpU KodhduimeHTa
PacCMOTPEHHBIX ABJIEHUU IepeHoca:

1
D =3 wh,
n=">1wnp, (6.29)
% =g WApey.

1. OupenenuB o sMIHpUYECKUM (opmyaaM KosdduiueHTs: D,
N ¥ %, MBI IMeeM BO3MOYKHOCTbH ¢ moMmoIibio opmyra (6.29) Berumce-
JauTh A u guamerp d moJiekyJ. Ilpu sTom ciienyeT mMeTb B BUAY,
YTO IIOJIyUeHHbIE 3HAUEHUS 3aMETHO 3aBHUCST OT TOr'0, Ha OCHOBA-
HUU KaKOro Koa(@duiimeHTa UX BBIYUCIAIOT (II09TOMY B TabamMIIax
9TO OTOBapUBaeTCsd).
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2. Bce Tpu Koaddunuenta, D, 1 u #, ¢ pocToM TeMIepaTypsl T’
YBEeJINMYUBAIOTCA, TaK KaK (U) o© ﬁ

3. ITockoabKky A o 1/n, a n «© p, To Kak BA3SKOCTb 1, TaK U TeI-
JIOIIPOBOAHOCTh ¥ HE 3aBUCAT OT KOHIEHTPAIlUM, a 3HAUUT U OT
maBieHus (IpU HEU3MEHHOI TeMIlepaType).

Ha mepBbI#i B3rJIAL 5TOT BBIBOJ KalKeTCsA CTPAHHBIM M B CBOE
BpeMs MOCJIY:KUJ ITOBOJAOM K TOMY, YTOOBI ITOJBEPTHYTH COMHEHUIO
pasBuBaeMble MOJIEKYJIAPHO-KMHETUYeCKUe npencraBiaenusa. OgHa-
KO mnpum 0ojee BHUMATEJIBHOM PACCMOTPEHUMN BBIICHUJIOCH, YTO
3mech Bce B mopdAnke. I[eficTBUTENbHO, YMEHbINAS TaBJIEHUE, MBI
yMeHbIITaeM KOHIIEHTPAIIUI0 MOJEKYJ, HO IIPU 3TOM OJHOBPEMEHHO
pacTeT A, a 3BHAUUT U pas3juvuNe B 3HAUEHUSIX BeJUUYUHBI (G, IepeHo-
CUMOU KaiKJOU MOJIEKYJIOM B IPOTUBOIIOJOKHBIX HaIPaBJIEHUIX.
Tem camMbIM «ITapaZoKc» OBLT paspellieH, M 9TO ABUJIOCH OUePeTHBIM
TpUyMGOM MOJEKYIAPHO-KUHETUUECKON Teopuu.

Bce Tak, u TeM He MeHee, yMeHbIIad JaBJIeHUE p, MBI 00HAPY-
KHBaeM, 4TO C KaKOI'0-TO MOMeHTa KO3(h(dUIIMEHTHI 1| U X HauWHa-
IOT 3aBUCETH OT AABJIEHUA. ITO CBA3AHO C TEM, UTO C YMEHbIIIEHHEM
IaBJIEHUS PACTET A M HACTyIaeT MOMEHT, KOTZa A CTAHOBUTCS CPaB-
HUMBIM C XapaKTePHBIM PasMepoM COCyZa, B KOTOPOM HAXOJIUTCS
ras (HampuMep, ¢ PACCTOSTHUEM MEXKIY NUCKAMM, KOJIEOIIONTIMUC
oTHOCUTENbHO APYT npyra). Ilocie aToro xKoaduIIeHTH 1| U % Ha-
YMHAIOT YMEHBINATHCA 3a CUET YMEHBINEeHWA IJIOTHOCTH P, T. €.
KOHI[EHTpAaIuu 7, U Mbl BCTyIllaeM B HOBYIO 00JIaCTb — B 00JIaCThb
BAKYYMHbLX ABACHUIL.

ypaBHeHﬂﬂ IepeHoca, saBuUcAlMe OT BPEMEHMU. HpI/IBe,lIeHHI:Ie BBIIIIE
pacueTsl 1 pe3yJabTaThl OTHOCATCA K TaK Ha3bIBA€MbIM CMAUUOHAPHbLM 3a-
Iavam, KOT/a pacipeeseHre NHTepecyoleil Hac BeJUIUHbI G 3aBUCUT TO-
JIBKO OT KoopauHaT. Ho mporeccs nepeHoca (BbIpaBHUBAHUA BeIUYUHBI ()
3aBUCAT U OT BPEMEHH. ITO 00CTOATEJIBCTBO IIPUBOJUT K HGO6X0,I[I/IMOCTI/I
peniatbe HecmayuoHapHvle 3agadn, YUYUTBIBAIOIIVEe 3aBUCUMOCTDH BEJINUMHBIL
G Kak OT KOOpAWHAT, TaK U OT BpeMeHH. B KauecTBe IpuMepa IpuBeIeM
COOTBETCTBYIOIIlee OJHOMEPHOEe ,HI/I(I)CI)epeHI.II/IaJILHOQ YpaBHEHUE OJId TeIlJIOo-
IIPOBOOHOCTM:

or _  O°T

— o o
ot ox?

Insa perteHns TOAOOHBIX YPaBHEHUI HEOOXOAUMO 3HATH HayaJIbHbIE U T'pa-
HUYHBIE yCJI0BUsA. KEciu oHM 3aaHbl U U3BECTEH KO3((pUIIMEHT o, TO 3a1a-
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4ya SBJISETCS YHUCTO MAaTEeMaTHYEeCKOl, ee pelleHne MoAPoOHO paccMaTpUBa-
eTcsl B Kypce MaTeMaTUUYECKON (DUBUKU.

YasTpapaspe:keHHbIe Ta3bl (BaAKyyM)

Korga nnuna cBoGomHOro mpobera A IIPEBBIIIAET XAPAKMEPHbLIL
pasmep [ cocyzna, TOBOPAT, UTO HOCTUTHYT 6AKYYM, M ra3 HAXOIUT-
cs B COCTOSTHUM yJabmpapa3speicernus. Ilox xapakTepHBIM ITOHUMA-
IOT TOT pasMep cocyna (Wam B cocye), KOTOPHIN ompenessieT UHTe-
pecyiolriee HacC ABJeHUe. BaKyyM — MOHATHE OTHOCUTEJIbHOE: YCJIO-
BUe A > [ MOMKeT uMeThb MEeCTO B MaJIbIX IIOpaxX [Jgaske IIpHU
aTMoc(epHOM ITaBJIEeHUU.

IToBemeHue yabTpapaspeskeHHOro Trasa CYIIeCTBEHHO OTJIMYaeT-
cs OT MOBEJeHNUS Ta30B IIPU OOBIUHBIX YCIOBUSAX. B yCIOBUAX Baky-
yMa TepsieT CMbICJ TOBOPUTH O JAaBJCHUM OJHOI YacTu rasa Ha ApY-
Iryi0, a 9TO 3HAYUT, UTO BHYTPEeHHee TpeHHe OTCyTcTByeT. MmeeT
CMBICJI TOBOPUTH TOJBKO O CHUJIE TPEHUsS, UCIBITHIBAEMOTO IBUIKY-
IIAMCS MeJoM.

TepsieT Tak:Ke CMBICJ BBEJIEHHOE HAMU MMOHSATHE TEILIOIIPOBOJ-
HOCTH, KakK IIpoIlecca Iepenadyyd SHEPTUU OT OLHOI'O CJOs rasa K
apyromy (temnoBas nuddysus). Ciaenyer TOBOPUTH TOJBKO O Tell-
JooOMeHe MeXIy meaamu.

W3 crasaHHOTO cJeayeT, YTO IIPU BBIBOJE YPaBHEHUU IepeHoOca
BesimumHbL G (MMITyJIbCa WJIV SHEPTUU) HAJO0 OCTAHOBUTHCA Ha (op-
myJie (6.19), roe moxm G' u G’ cienyeT MOHUMATH 3HAUEHUSA BEJIUUN-
HbI (7, cooTBeTcTByIomue AByM TeiaaMm. Popmyraa (6.20) B ciayuae
yAbTpPapaspeskeHHoro rasa yke He MMeeT CMBbICJIA.

Temepb DOJMKHO OBITH MOHATHBIM, IIOUEMY B OMIBITE C KPYTHUJIb-
HBIMH KoJjebaunmamm aucka 1 (puc. 6.11, _

rae auck 2 HemoaBUKeH) B cocyne C mpu N I
YMEeHBIIIeHIH JaBJIEHNUs B HEM cHauaJa Ko-

a(ppunueHT 3aTyXaHUA He MeHdAeTcd, a Ha-
ypHasA C HEKOTOPOTO 3HAYEHWSA JaBJIEHUS
HAYMHAET YMEHBIIATbCA. ITO «'PAHUYHOE»
aBJIeHWE COOTBETCTBYET KOHIIEHTpAIUU 7
MOJIEKYJI, IPW KOTOPOI WX AJUHA CBOOOI- 2
HOTO TIpobera A CTaHOBUTCSA PaBHOI Xapak- L
TEPHOMY pasMepy — PaCCTOSHUIO MeXKIY
IUCKaMu, U Koa(hHUIIueHT 1| yMeHbIIaeTca
13-3a YMEHBIIIEHUS KOHIEHTPaIuu n. Puc. 6.11
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CTaHOBUTCS TaKiKe MOHSITHBIM, [I0YEMY W HACKOJBHKO HAIO 9Ba-
KyupoBaTh 00beM MEXAy CTeHKamu cocyaa Jlioapa, uToObl Kak
MOJKHO 0o0Jjiee CHUBUTH KO3((MUIMEHT TEIJIOMPOBOJHOCTH X. 3eCh
XapaKTepPHBIM PasMepoOM SBJIAETCA PACCTOAHUE MEXKAY CTeHKamu
cocyna.

3agauun

6.1. MTuddysua. [Iea cocyma 1 u 2 ommHaxkoBoro obbwema V coemlmHEHBI
TPYOKO# OOJBINION AJUHBI [ ¥ Majoi IIomaau S IIOIePevyHoro ceue-
HuA. B HauansHLIH MoMeHT ¢ = 0 B 0fHOM cocye uMeeTcda ras I ¢ KOH-
IeHTpanueii nyy, a B Apyrom — ras 2 ¢ KOHIeHTpaIuell nyy. llasie-
HHUSA U TeMIepaTypbl B 000UX cOCyAax OMHAKOBLI. HaliTu KOHIleHTpa-
A0 nl(l) B IIePBOM cOCyZe KakK (YHKIWIO BpeMeHu ¢, cuyuras
Ko puniuenT auddysuu D M3BECTHBIM.

Pem e ue. OfMHAKOBOCTL JaBJIEHUI U TeMIIepaTyp B 000UX COCY-
Iax O3HaAyvaeT, UTO KOHIEHTpanuu rasoB I m 2 TOKe OJWHAKOBBI, U

poliecc CMeIlleHusA Ia30B OyAeT MPOUCXOAUTH TOJbKO 3a cueT auddy-
3uu. B MoOMeHT ¢ U3 yCcJI0OBUA COXpaHEHUsS YacTHUIl rasa I mMeeM

1 2
ni) +n{* =nyq. (1)

ITorok yacTtui rasa 1 paBeH yObLIM 3TUX YACTHUIL B cocyne I 3a equHU-
Iy BpeMeHHu, T. e.

j,S =—0N,/ot. 2)

IIpeobpasyem 510 BhIpaskeHue ¢ ImoMoIlnbio dopmyasb! (6.9) xiasa mior-

HOCTH IIOTOKa YaCTHIL:

(1) (2) 1)

nmomm gy ong 3)
l ot

(2)
1

Yr0o0bl UCKJIIOUUTH N, , IPEeLCTaBUM Pa3HOCTh KOHIEHTpAaIuii rasa 1

Ha KOHIIaX TPyOKM ¢ moMmoinbio (1) Kak

(1)

n! (2)

nf (1)

1 1
=n; "’ —(nqy —nl( )) :2n1( )—nlo. (4)

Kpome Toro, BBeZeM AJIA YHOPOIEHUA IPeobpasoBaHUil 0603HAUEHUE
o = 2DS/VI. Torma ypaBHeHue (3) mpUMeT BUJ
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6.2.

9to HeomHOpoaHOoe AuddepeHIInaIbHOe ypaBHeHUe. Ero perenue

nM = (ny0/2)(1 + ).

Bunno, uto mpu ¢ — o0 ras 1 pacupenesuTcs MOPOBHY MeXXIy 000MMu
cocyIaMu.

BaskocTts. [IBa OIMHAKOBBIX IapaJIeJIbHBIX JUCKA, OCU KOTOPBIX COB-
majgaiT, PACIOJIOMKEHBI HAa PACCTOSHUMU A ApyT oT apyra. Paamyc Kamx-
moro aucka paseH R, mpuuem R > h. OguH qUCK BpaliaioT ¢ HEOOJIH-
IO YTJI0BOM CKOPOCTBHIO ®, APYroil AucK HemoaBum:KeH. Haiitm mo-
MEHT CHUJI TPeHUdA, MeHCTBYIOINUIN Ha KasKABIN OWCK, €CJIU BA3KOCTH
cpefbl MeKIy AUCKaMU DPaBHA 1.

Pemrenue. B ycroBuax 3ajaun HeABHO IPeAIIOIaraeTcs, YTo Kpae-
BeIMH d(ddeKTaMu MOKHO IpeHeOpeub, a

MAaJIOCTDb YTJIOBOM CKOPOCTH () 03HAYAET, UTO

YIOpANOUYEeHHOe MABUJKEHNe CJIOEB CpeJbl

MeXAy AUCKaM! HMeeT JIAMWHAapPHBIA Xa-

pakTep (6e3 TypOymenTHocTu). Kpome Toro, r ‘

He CKa3aHO, OTHOCUTEJIHLHO KaKOIl OCU HAaIo

HaTU MOMEHT cuj TpeHud. Ho aTo He cy-
IIIeCTBEHHO, IIOCKOJIbKY B [QHHOM cJIy4yae
pe3yJabTUPYIOIasA CuJja, AeiCTByloIiasd Ha
KaKJbIi AWCK, paBHA HYJIIO, U II09TOMY
(Kak moxasbIBaeTcA B MeXaHUKe) NUCKOMBI MOMEHT He 3aBUCHUT OT BBI-

6opa ocu. Pagu mpocToThl Oy/eM MPOBOAUTL PACUET OTHOCUTEIBHO OCK
JIVICKOB.

Puc. 6.12

CuauaJjia HalifleM MOMEHT CUJIbI, JeMCTBYIOMUIM HA MAaJbIi sjeMeHT d.S
(puc. 6.12), mnomazns Koroporo dS =rdoe-dr:

dON =r dF, :mg—vr dodr. 1)
Z

B mamem ciyuae mpousBogHas Ov/0r = v/h = or/h. YuurbiBaa 3To,
Hal/leM MOMEHT CIJI, JeHCTBYIOIIUX Ha OECKOHEUHO TOHKOE KOJIBIIO C
paguycamu r u r + dr:

2n
AN = [N =2m 2r® dr. 2
! h
=0
IIpounTerpuposas mocsenuee Boipakenue mo r ot 0 1o R, mosryumm:

N = moR'/2h.
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6.3.

6.4.

CorsacHo opmyse Ilyaseiina MOTOK JKUIKOCTU IIJIOTHOCTBHIO P Uepes
IonepevyHoe ceueHUe TPYObI paBeH

" - mpa’ py —py e,

81 l
rge a u |l — paguyc u giuHa TPYOBI, p; — Po — PABHOCTH NAaBJIEHUN Ha
ee TOpIAX, MNPUYEM pP; > Ps. BOCIOJIB30BABIIUCH 3TOH (HOPMYJIO,
OIIpe/IeJINTH BABKOCTD 1) rasda. VI3BeCTHHI BeJIMYUHEI [, @, D1, P2, [, MO-
napHasa macca M u tremneparypa 1" rasa. I'as cuurars upeasbHBIM.
Pemur e nue. Ilycts och X HampasiieHa BAOJb ocu TpyObl. Torma B

CJIO€ TOJIIIINHBI dx MOKHO CUUTATh a3 HeCXKuUMaeMbIM U IIDUMEHUTH K
"Hemy Qopmyay Ilyaseitns:

4

0

p= 22 [f—pj : 80
81 ox

IlepenuiiiemM 9T0 BBIpaKeHUe, UMes B BUY, UTO JAJIA HIEATHLHOIO rasa
njaotHocTs p = pM/RT,
p
=-Ap —, (2
ox

rae A = na*M /8nRT. Pazgenus B (2) mepeMeHHBIE P U X, IDOUHTETDHU-
pyeM TOJydYeHHOe ypaBHEHNEe M Haiigem:

1 =-A(p; - pi)/2. (3)
OcTaeTca pPacKpwITh KO3QPUIIUEHT A, U MBI IOJYIUM

_ Tfa4M P1 Pz
16pRT l

TenmonpoBoguocts. CTep:KeHDb AJUHBI | ¢ TEIJIOU30JIUPYIOIeit 60KO-
BOIl IIOBEPXHOCTHIO COCTOUT U3 MaTepuaja, TEeIJIOIPOBOLHOCTH KOTO-
poro u3MeHseTCA C TeMIlepaTypoi Kak x = o/T, Tae oo — TOCTOAHHASA.
Top1el cTep:kHA moAmep:KUBaioTca npu Temneparypax Ty u T, Haii-
™1 3aBucuMocTb T(x), TAe X — PacCTOAHUE OT TOpIla C TeMIIepaTy-
poir T;.

P e e v u e. IImoTHOCTL IIOTOKA TeIljia B CTaIlMOHAPHBIX YCJIOBUAX
He JOJI)KHA 3aBUCETH OT X, T. €.

a T

=C, 1
T ox (1)
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6.5.

rae C — KoHcrauTa. VI3 9TOro ypaBHEHUS CJIEAyeT
gzgdx, lnlzgx. 2)
T o T, o

s HaxoKAeHUs KoHCTaHThl C yuTeM, UTO Ipu X = [ TeMIeparypa
T=Ty uln(Ty/T1) = (C/a)l, oTryza

c-%ml,
1T

B pesysabrare ua BTOpOIt popmMyabl (2) MOSIyYUM

T
T =T,e%/% =T exp lflnT—2 =T,(Ty/Ty )"/
1

IBa meramnmuueckux Tena I u 2 ¢ remnoemkoctamu Cq u Cy coenune-
HBI MEXKIY CO00M OMHOPOAHBIM CTEPyKHEM IJIUHBI [ ¢ IJIOMIAAbIO ITOTe-
peYyHoro ceueHUs S U JOCTATOYHO MAJIOU TEIJIONMPOBOAHOCTHIO X. Bes
crucTeMa TeIlJIou30JiupoBaHa. B momenT ¢ = 0 pasHOCTbH TeMIEepaTyp
mexkny teaavu I u 2 paBHa (Ts — T1)o. IIpeHebperas TemI0eMKOCTbIO
CTEPIKHA, HANTU pasHOCTh TeMueparyp T'o — Ty MeXKAY STUMU TeJIaMU
B 3aBUCHMOCTH OT BpPEMeHH f.

Pem e u ue. Ucxogum U3 TOro, 4T0 KOJUYECTBO TEILIAa, IepegaBae-
Moro ot 6oJiee HArpeToOro Teja K MeHee HArpeTromy 3a Bpems di, ompe-
IessieTcsl Kak

jgSdt = —=CydT,,  joSdt = C,dT}, 1)

re B IPaBOIl YacTU PABEHCTB 3aIIMCAHO TEILJIO, OTAABAaeMOe 3a BpeMdA
dt¢ 6osee marpersiMm Tesiom (—CodT), U TeII0, MOJIyUaEeMOe 3a TO JKe
BpeMsA MeHee HarpeTrsiM TesioM (C1dTq). Ilpuaumas Bo BHUMaHUe Gop-
mynay (6.12), corsiacHo KOTOpoit B HameM cayuae jo =x (T — T1)/1,
paszenuMm 1mepBoe u BTopoe paBeHcTBa (1) coorBercTBeHHo Ha Cy u Cq,
a 3aTeM CJIOYKUM OT/EeJILHO JIeBbIe U IPaBble YaCTH IMOJYUYEHHBIX BbIPa-
JKeHmuii. B pesyibTare mosyuum

Ty-hgl, L dt = -d(Ty - Ty). (2)

l 1 Gy

Beeznem o6osnauenus t =Ty — Ty u o = uS(1/Cy + 1/Cy)/l, Torma (2)
npumer Buz ot dt = —dt, win
dt
T

= —odt.
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6.6.

6.7.

IIpounTerpupoBas sTo ypaBHeHume, moayuumm In(t/tg) = —ot, win
T = 19 . Ilepexofs K IePBOHAUAJBHBIM IapaMeTpaM, UMeeM

Ty — T, = (Ty — Ty)oe ©
roe oo = (1/C; + 1/C3)%S/L.
Haiitu pacipenesieHre TeMIlepaTypbl B IIPDOCTPAHCTBE MEXAY ABYMA
KOHIIEHTPUUYECKUMU cepamu ¢ paguycamu Ry u Ry, 3aII0JTHEHHOM OI-

HOPOAHBIM TEILIONPOBOAAIINM BeIeCTBOM, €CJIM TeMIepaTypbl chep
T{ u Ty, a Ry > Rj.

P e e ue. 3anuirem MOTOK TeIia uepes3 IPOMEKYTOUHYIO KOHIIeH-
Tpuueckyio chepy paguyca r: O = —x(0T/0r)4nr?. Dra BeIudYUHA B CTa-

[IMOHAPHOM CJiyuyae He 3aBUCUT OT I', IOITOMY

(T /or) = C, 1)
rane C — xoucrauta. U3 (1) caemyet
dT:Cd—;, T—Tl—C(l—lj. (2)
r R, r

Koncraaty C Haxogum m3 TOrO yCJIO-
BusA, uyto upm r = Ry Temmeparypa
T =Ty, 3HAUUT

6 r = _ T -7 X (3)
1/R, —1/R,
ITogcranoBka (3) B (2) maeT MCKOMBIIA
pesyJbTaT:
Puc. 6.13 T-T, + T, -T; L_l )
1/R, -1/Ry,\R; r

ITonmyTHO paccMoTpuM, KaKO# BUJI UMeeT 3aBUCUMOCTD 1'(r) B T€X CIy-
yaax, korga To > Ty u Ty < Ty.

B mepsomM ciaydae coraacuo (2) C > 0 u 0T/or = C/r2, T. e. ¢ pocToM r
HaKJOH KpuBoil T'(r) ymenbinaerca. Bo Bropom cayuae C < 0, HaKJIOH
KpuBoii T(r) «0TpUIlaTeJbHBIA» U YMEHbIIaeTcsa 1o Moayam. Oba ciy-
yad IOKasaHbl Ha puc. 6.13.

ITocToAHHBIN BJIEKTPUUECKUIT TOK TeUYeT II0 IIPOBOAY, PAAUYyC CEeUeHUS
KoToporo R U TeIJIonpoBOIHOCTE . B equHuMIle 06beMa MIpoBoOa BhIE-
JIsieTcs TeILIoBas MOIIHOCTL w. HaliTu pacipeseenne TeMIepaTyphbl B
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6.8.

6.9.

IPOBOJlE, €CJIM YCTAHOBHUBIIAACA TeMIlepaTypa Ha ero II0BePXHOCTU
paBua T\.

P e m e H u e. Paccmorpum muimHAPUUYECKU KOAKCUAJIBHBIN CJION T,
r + dr. B pacuere Ha eIUHUILY IJWHBI 9TOT'O CJIOS B HEI'O BXOAUT IIOTOK
rema (jo'2nr),, BBIXOZUT (jo'21r),1q,, BHYTPU K€ CJIOS BBIAEJAETCS
KosnuecTBO Temna w2nrdr. CoctaBuM OajiaHC TeIlia:

(i — (7i), = wrdr. (1)

aro YpPaBHEHNE MOMHO IIPpeACTaBUTH KaK

d(er) = wrdr, (2)
wiu, yunutbiBag (6.12), — B Buze
—d[%r d—Tj =wrdr. 3)
dr

ITpouHnTErpUPOBAB 3TO BBIPAYKEHWE, MOJYUYNM

-r — =w——. (4)

Jdauna cBo60gHOrO mpodera. A30T HaXOAUTCA IPU HOPMAJIbHBIX YCJIO-
Buax. [Ipu Kakoii yacToTe KoJyiebaHUU JJIMHA 3BYKOBOII BOJHBI OyAeT
paBHa cpefHell JiuHE CBOOOJHOTO Ipobera MOJEKYJI
manHOoro rasa? OGdEeKTUBHBIH [UAMETDP MOJEKYJIbI
asora d = 0,37 HM.

P e e n ue. Uckomasa vyacTora v = v/A, Tlie U — CKO-
poCTh 3BYKOBOM BOJIHBI, A — JinHAa BOJHBI. [lociern-

HAA, [0 YCJIOBUIO, AOJKHA OBITh PaBHOI BeJIUYUHE
(6.17). A cropocts BosHEL U = /YRT /M . B pesynbra-

Te IIOACTAHOBKMW B MCXOJHO€ BBIPDAKEHHNE IIOJIYyUYNM
v =nd?pN, \/2y/ MRT =5,5-10° I'm.

Baskocts. Toukocrenusiil muanaap C (puc. 6.14) mac-
Cbl M, paguyca ¢ W AJUHBI | MOABEIeH Ha yIPyroiu
HUTU U HaAXOJLUTCS B 3a30pe MeXAy IBYyMs 3aKpeIleH- Puc. 6.14
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HBIMU IMUJUHIPAMU, 3aII0JITHEHHOM TrasoM X ¢ MOJIAPHOI Maccoit M u
Temnepartypoii T. IToBepxHoCcTh MuauHApa C paBHOyJaeHA OT IIOBEP-
XHOCTell BaKpEeNJIeHHBIX IMJNHAPOB Ha paccTosgHue Aa, TpuieMm
Aa < a. HMununaap C coBeplllaeT 3aTyXamwlllne KPYyTUIbHBIE KOJIe0aHUA
BOKDYT BepTuKaiIbHOI ocu OO ¢ BpeMeHeM pesakcamuu t. Hatitu ad-
(dexTUBHOE ceueHUEe G aTOMOB X.

Pemen ue. Urobsl HaliTu G, HAJO 3HATH BA3KOCTH 1), & €€ MOYKHO
OIIPEIeIUTD U3 YPABHEHUA JUHAMUKHU A1 KPYTUIbHBIX KOJeOaHMi:

I(b=—'\{(p—Nsz, (1)

rae I = ma? — MOMeHT WHepIMM OTHOCHTeasHO ocu 00, v — Koaddu-
OMeHT YyIPYTOCTH HUTH, Ny, ; — MOMEHT CHJ TPeHHS, AeHCTBYIOIIMN
Ha muauagp C.

Beruucaum stor momenT. Ha egununy miaomaau muauaapa C meict-
Byet cuna f = 2n(0u/0r). IlosiBnenne KoadhdunuenTa 2 cBA3aHO C TeM,
uTo y nuauugpa C nBe MoBepxXHOCTH. B HamieM ciaydae (MaJblil 3a30D)
ov/or = v/Aa = ¢a/Aa, u f = 2n(a/Aa)p. Torza

Ny, =aF,, = afS = oo, 2)
rae S — miomanb nuauaapa C (S = 2nal), a KosddumeHt
o = 4mnla®/Aa. (3)
Temeps mpencraBuM ypaBHeHue (1) B craHAZapTHOM BHE:
¢+ 2P0+ 0g9=0, 2B=o/l (4)

Hanmomuum, BpeMsa pejakcamuy T — 9TO BpeMs, 32 KOTOPOe aMILJIUTY-
na KoJsiebaHuil ymeHbIiraeTcs B € pas. OHO cBA3aHO ¢ K0dhPUImeHTOM
saryxaHud 3 kak t = 1/P. Iloaromy u3 BTOpOro BhIpaskeHus (4) ¢ yue-
ToM (3) HAXOOUM, UTO BSA3KOCTDH

mAa

- . (5)

" 2nlat

W naxonern, mmes B BULy, 4TO M oIpenesserca BeipakeHueM (6.25), a
A — yTouHeHHOI (opmysoi (6.17), momyumum:

4 tla

6=—————~nRTM.
3mAa Ny
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6.10. TenmonmpoBogHOCTh. IIpocTpaHCTBO MEXKAY ABYMA OOJBIINMU TOPU-
30HTAJIBHBIMY IIJIACTHHAMY 3aII0OJHEHO resileM, AUaMeTp aTOMOB KO-
Toporo paseH d. Paccroanue mexxny miaactuHamu h. HuskHAA miac-
THHA TOAAep:KMBaeTcAd Ipu TeMmueparype T, BepxHasa — upu T\,
npuueMm Ty > T;. [laByieHue rasa HopMmasbHoe. HaliTy niaoTHOCTS ITO-
TOKa TeILa.

PemreH ue. dcHO, YTO IOTOK Telljia HampaBJeH BHU3. IIJI0THOCTH
moToka gaerca Gopmysaoir (6.12):

oT
o = —%—. 1
Jo o 1)
TemIompoBOAHOCTh ¥ ompeaensieTcsa dopmyioit (6.28):
%:%w)pcv = aiT, (2)
rme, Kak cieayeT W3 IIpeoOpasoBaHUil, KO3(HUIIUEHT
o = B/m)*?/d’N, M, 3)

R — yHUBepcaJibHasA ra3oBas IIOCTOSIHHAA, M — MOJIsIpHas Macca.

IloacramoBka (2) B (1) IpUBOAUT K ypPaBHEHUIO
jgdx = —a/TdT. 4)

IIpounTerpupoBas 5TO BBIpAKEHUE, MOJIYUUM:

. 20 ,.3/2 3/2
jo :3T(T2/ -T¢/?).



Mpunoxxenus

v

1. Emuaunst ¢pusugeckux Beamuud B8 CH u CI'C

EnuHnuna BennyuHbI OrHoIreHIEe
Beanuuna en.CH1
cu Crc en.CIC
CropocTb U M/c cM/c 102
Yacrora KojgebaHUil v T T 1
Kpyrosaa uacrora ® ¢t ¢t 1
VYriaoBasi CKOPOCTH pazn/c pazn/c 1
Macca m KT r 10°
IlnorHOCTH P }cr‘/M3 I‘/cM3 107
Cuna F H IUH 10°
IaBnenue p Ila I[I/IH/CMZ 10
Nmnynsc p KI-M/cC T-cM/C 10°
MowmeHnT cunsr N H.-m ITUH-CM 107
Odueprua E, pabora A,
ROJI'I)I/I‘IGCTBOpTeHJIa Q Hlox opr 10°
Tennoemrocts C ox/K apr/K 107
SuTpomusa S Ix/K apr/K 10°
ILHOTHOCTS Macchl j,, I{I‘/(C-MZ) I‘/(C-CMZ) 107!
HOTOKA UMIyIBCa jp H/(c-m?) e/ (c-cM?) 10
TeIa jq BT/M2 BpP/(C-CMz) 10
Koadpdunuenr nudpdysuu D MZ/C CM2/C 10*
BaskocTs N ITa-c II (myas) 10
TemIonpoBOgHOCTE % Br/(M-K) apr/(c-cm-K) 10°
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2. lecATUYHbIe TMIPHUCTABKM K HA3BAHUAM €TWHMUIL

I' — rwura, 10°
M — wera, 108
K — KWJIO, 102

-2
¢ — canaru, 10

M — MUJLIH, 10732
MK — MHKPO, 10°¢
H — HaHO, 107°
o — mnwmko, 1072

3. I'peueckuii ampapur

A, oo — anbda I, 1 — #ora P,p — po
B, B — OGeta K, » — kanma X, 6 — curma
I,y — ramma A, L — mambGpma T, © — Tay
A, 8 — penbTra M, p — ™I Y, v — HUICUJIOH
E, ¢ — smcumon N,v — HIO D, ¢ — u
Z,C — nsera 2, & — kcu X, x — xXu
H,m — aTa 0, 0 — OMUKDPOH Y, y — mncu
0, 0, 3 — Tera I, t — mu Q, ® — omera
4. TIInoTHOCTH BelIeCTB
T'as (mpm HOpMAJL- 3 3
HBIX yCTOBHAX) p, KI'/M TBepzmoe BelecTBO p, T/cM
Asor 1,25 Aunvas 3,5
Boziopox 0,09 AnroMuHIH 2,7
Bosayx 1,293 Boaspam 19,1
Kucmnopog 1,43 I'pacpur 1,6
Meran 0,72 emeszo (cramns) 7,8
Yraexkuciawrii ras 1,98 Boxoro 19,3
’ Jen 0,916
Xiop 3,21 Mezn 3,9
3 Monubnen 10,2
Hugrocrs p, T/cM Harpuit 0.97
Bona 1,00 QOuioBO 7,4
— 1,26 Ilnaruna 21,5
Csunerlr 11,3
Kepocun 0,80 Cepebipo 10,5
Pryrs 13,6 Turan 4,5
Croupr 0,79 Ypan 19,0
Sdup 0,72 Munak 7,0
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5. IlocrossHHBIE Ta30B
C IMuametp
_r Bsaskocts, TeronpoBogHOCTH
Tas L mkITa-c %, MBr/(m-K) MOMEHy BT
%4 n, g d, HM
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
0O, 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 0,30
Bosmyx 1,40 17,2 24,1 0,35
IToctoannsie a u b Ban-gep-Baaasca
Tas Ar H, N, 0, CO, H,0
a, Ha'MG/MOJIBZ 0,132 0,024 0,137 0,137 0,367 0,554
b, 10°° »®/mons 32 27 39 32 43 30

6. ITocTogHHBIE KMIKOCTEN

v YenbHas Temo-
BsaskocTs Ilosepxmocrioe AeJIbHA Ta mapoobpasoBa-
HKunkocts HaTSKEHUEe TeIIOEMKOCTD
M, mllac HUSA
o, MH/m ¢, ox/(r-K)
g, Ioxe/(r-K)
Boga 10 73 4,18 2250
Tnunepun 1500 66 2,42 -
PryTh 16 470 0,14 284
Cuaupr 12 24 2,42 853
7. IlocTogHHBIE TBEPIBIX TEJI
VaensHas Hebaesckas | Temmeparypa |YAenbHas TEILIOTA
Bemectso TeIJIOEMKOCTD | TeMIIepaTypa ILJIaBJIEHUSA TJIaBJIEHUSA
¢, Jx/(r-K) 0, K t, °C q, x/v
AnroMuHMIRA 0,90 374 660 321
Kemeso 0,46 467 1535 270
Jlen 2,00 - 0 333
Mens 0,39 329 1083 175
CBuHer 0,13 89 328 25
Cepebpo 0,23 210 960 88
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8. ®dyngamenrtanbHbie (hU3UUYECKNEe KOHCTAHTBHI

CKOpOCTh CBeTa B BaKyyMe
FpaBI/ITaHI/IOHHaH IIOCTOSAHHAaSA
VcKopeHne CBOOOZHOIO HageHUSA
ITocrossirnass ABoraapo
CraHIapTHBI 00BEM MOJIA rasa
ITocrossunas Jlommupara
MOJIHpHaH ra3oBasi IIOCTOAHHAaSA

ITocrossunasa Bosbimana
DJIeMeHTapHbINA 3apsaf
Macca ssexTpoHa
Macca mporona

ITocrossuuasa Ilmanka

ITocrossunaa Credana—Boabimana
ITocTrosanHaa cmenieHusda BuHa
AToMHas eIUWHUIIA MacChl

DJIeKTpuYecKasi IIOCTOSHHASA

MarauTHas mocToAHHAS

¢ = 3,00-10% m/c
v = 6,67-10 " m®/(xr-c?)
g = 9,81 m/c?
N, = 6,02:10%® mons!
Vo = 22,41 n/monb
ny = 2,710 cm
8,31 IIx/(K-moiub)
k= 1,3810 % Dx/K
. {1,60 10 Ko

4,80 -1071° crea
= 0,91-10"%° xr

m, = 1,67-10 %" xr
h = 6,63107% Iix-c
i = 1,05510% Dm-c
c = 5,67-10°® Br/(m% K%
b = 0,29 cmK

=]
Il

1 a.e.m. = 1,6610 27 kr
g = 0,885:10 " ®/m
1/4ng, = 9-10° m/D
e = 1,257-10°° Tu/m

Ho/4m = 1077 Tr/Mm




NMpeameTHbIn yKasarenb
v

ApnutuBHocTs 12, 81

Anuabara 19

Amnanus KoahduiimeHTOB repeHoca 185
Anuzorponus 152
AToMBI «MeueHbIe» 182

Boszonsr 106
Bakyywm 187

BeposaTruocTs 43

Bec craTucrtuueckuit 88
Boana me6poiiiesckas 71
Bpewmsa penakcamuu 10, 117
BsaskocTts 176, 184

T'as Bau-gep-Baanabca 30
— BBIPOKIeHHbIH 114

uneaabHbIil 15
yJabTpapaspekeHHbIit 187
doHOHHBIN 127

dorounusbIit 119
ajmekTpoHHbrit 110, 111, 130

T'unoresa o paBHOpacupeneseHun sHepruu 26
— o TemyIoBO# cMepTHu BeeseHHOMI 95

— duykTyanmonHas Boaxbnmana 95
T'paguent niaorHoctu 176

JlaBieHue BHyTpeHHEEe 31
— rasa Ha CTeHKY 24

OOIIOJIHUTeIbHOoe 149
Kputuueckoe 162

O M30THYTOM MOBEPXHOCTHIO 148
donoHHOTO rasa 136

¢doTouHOrO raza 25

9JIEKTPOHHOrO rasa 132

Iuarpamma coctossuuit 143, 144
HuameTp MosieKyJabl 3HeKTUBHBIN 178
Huddysua 175, 183

— TemyioBas 187

HMuasnextpuxu 116

Inuaa cBo6oHOTO ITpobera cpenusasa 178
Hocka I'asbToHa 48

«piprm» 118

JHKunrxocrs 144
— meperperas 141
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3akoH Byrepa 170

— HMxosoura u IItu 124

— Kryb6o0B ebas 126, 130

— pacnpegenenusa Bosbmana 60

— — Maxkcsesia 52

— — MakxkcsBesuia— Boabsmmana 67, 68
— cwmemnienusd Buna 123

— Credpana— Boabiimana 122
3uaueHus cpeaguue 45, 47

— — CcJy4YaWHBIX BeJIUMUYUH 45

3oua BajeHTHas 115

— mpoBogumocTu 117

— cBobOogHast 116

30HBI 9HepreTUUYeckue B KpucraJiae 115

WsnyueHnne nHAyIIUPOBaHHOE (BBIHYKAeHHOE) 170
— KorepeuTHoe 171

HNsorepma kputuueckasa 138

HNsorepmsbl Baun-gep-Baanbca 138

— 3JKcIepuMeHTaJIbHbIE 138

N3osuTpons: 80

Nuanexcsr Munnepa 154, 155

WNuTencuBHOCTh IyuKa 171

HNcnapenwne 140

Kamepa Bunbcona 140

— my3bIPbKOBadA JKUIKOBoAopoaHas 140
Kanouaasap 151

Kpaguumnyasc 127
KBasuuactunsr 127

Kumnenwue 140

Konebauusa niaasmennbie 159
KoauuecTBo BelrectBa 15

— TemJaoThI 12

Koungencamusa nmapa 140
Koasdpduiuent Baskoctu 176

— nuddysuu 176

— II0JIe3HOTro JeycTBud 78, 85
— camonupdysuu 183

— TemJompoBogHOCTH 177
KosdpdunuenTsr dituinreiina 170
KparuocTs BeIiposkgenusa 67, 170
KpuBasa nuaBepcuu 34

— wucnapenus 143

— maaBaeHus 143

— cyb6saumanuu 143

Kpucranaer aromabie 157

— Kugkue 145

— uoHHLBIe 157
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— meTajinueckue 157
— MoJIeKyJIsipHbIe 157

Jlazep 172

Magzep 172

Maxpocucrema 7
MaxpococTosaue 88

Macca armocheps! Semiu 65
— moJsapHad 15

Menuck 151

MeTanne: 116

MeToz craructudyecKkuin 21
MukpococrossHue 88
Mogens sxugkoctu 145

— remoeMKocTu Hebas 126
— — KJlaccmueckad 124

— — 9OuHmTeHa 124
Mounexkynab! tuHeiinbie 27

— HeJuHenHbIe 27

Moas 16

Harpesartens 84

Haxauka 172

Haraxenue moBepxHOCcTHOE 146
Hauajno repmoguHamuKku BTopoe 77, 81
— —mepBoe 11— 13

— — TpeThbe 82

Hyns TemnepaTypsl a6COMIOTHEBIN 9

O6bem pasoBoii suetiku 108

OmnwiT JIammepra 57

— Ileppena 62, 63

Oco0eHHOCTH JIa3epHOro usaydenus 174
Ocb cummerpun 153

ITapagokc 'n66ca 84
ITapameTpbl TepMogHAMUYECKTE 9
ITap HaceIimenHbrii 139

— mepecwIeHubrin 140
Ilepexonsl pasoBwie 139, 141
Ilepuon ngentTuunoctu 153
ITepneryym-mo6uiie 2-ro poga 78
Ilnasma 158

— B MarsuTHoOM moJjie 161

— upeagbHass 160

— wusorepmuueckas 160
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IlnockocTu Kpucramiuueckue 155
ITlnorHOCTE BeposaATHOCTHU 46

— — obbwemHas 50

— TOoTOKa mMnyJbca 176

— — mMaccsl 176

— — wmouekya 181

— — remua 177

ITonmukpucranabr 152

ITosurpona 19

ITonynpoBoguuku 116

Ilopanmox onuskHMM 145

— panapHUNi 145

ITocTosauuasa Asoraapo 16

— agmabaTer 17, 28

— Bosbnmana 24

— rasoBas MoJIIpHadA 15

— 3akKoHa cMmelreHus: Buua 123

— Jlommvmuara 199

— Ilnauka 29, 199

— Credpana— Boabiimana 122
ITocToanunsie Ban-gep-Baaabsca 31
— pemreTku 153

ITorennuaj xumudyeckuii 108
IToTrenmnuanbl TepMmognHaMuuecKmue 97
IToTox 174

ITpurun BodpacTanma sHTponinu 81
— HeonpegesenHoctu I'eitzenbepra 108
— HEpPasJIMYMMOCTHU TOKAeCTBeHHbBIX uacTtur 106
— ITaysnm 106, 111

IIpo6aema HeOOPAaTHMOCTH IPOIECCOB 79
— yCTOMYMBOCTH IIa3MbI 161
IIpoBogumocTh miaasmel 160

— npuMecHad 118

— cobcTBennas 118

IIpocTpancTBO cCKOpOCTEH 49

— ¢asoBoe 108

IIpomecc 10

— aamabaruueckuii 18

— wusobapuueckuit 17

— ma3oTepMuueckuii 19

— KBasucraruueckwuii 10

— Kpyrosoi 14, 78

— HepaBHOBecHbIH 10

— obOparumsbrit 11

— moJuTponIuYecKuit 19

— paBHOBecHbI# 10

Pabora 13
— BBIXOZA 114
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— rasa Ipu HOJUTPOIUUYecKoM npoiecce 21
PasHoBecue sokasbHOE 175

— TepMOLMHaMHUUYECKoe 9

— ¢asz 141

Panuyc nebaeBckuit 158

— MOJIEKYJIIpHOTO AetictBusa 146
Pacmnpenenenune Bose— Situmreiina 119, 120
— Bosapnmana 60

— — IIpU AUCKPETHBIX YPOBHAX 66
— KBaHTOBBIX uacTtuir 110

— Makxkcsesnna— Boabsimana 67, 68
— — B IIpUBEJIEHHOM Buze 55

— — IIO MOAYJISIM CKOPOCTH 52

— — IIO IPOEKIIUAM CKopocTH 51
— IIO 9HEePTUSAM MOJIEeKYJ 56

— ®epmu— Hupaxka 110, 111, 112
— (onoOHOB 128

— d¢oronor 119, 120

— aJjekTponos 111, 112
Pacopenenenus kBauToBbie 108
Paccesanue atmocoeps! 65
Paccrosanue mexiiockocTHoe 156
Pesonarops! onTuueckue 173
Permrerxka xpucraminueckas 152

Camomuddysus 182

CBeTuMOCTS 9HepreTUdeckad 122
CaoiicTBa suTponuu 80, 81

CBasb rereporenHas (mounHas) 157

— romeomnoJAapHasa (KoBajeHTHas) 157
— obOparHaa 173

Ceuernue MoJsieRyIbI 3hdexTrBHOE 178
CuMMeTpus KpUCTaIJIoB 153

— TpaHcaAnuu 153

Cucrema HepaBHoBecHasd 10, 169

— CHMJIbHO HepaBHOBecHas 169

— TpexypoBHeBas 172

CKOpOCTH MOJIEKYJI XapaKTepHbIe 53
CxopocTts HanboJsee BepoATHAA 53

— cpeaHeKBagpaTuyHadA 53

— cpenHsasa 53

CmauuBanue 150

CmepTh BeesenHoii TenoBast 95
CwMbIcT TeMIepaTypbl husudecKuit 24
— BTOPOTO Hauajia CTaTUCTUUYeCKui 88
CooTHolreHuA TepMoauHamMuueckue 96
CocTosauue xxugkoe 144

— Kpuruueckoe 162

— meTtacrabusabHOe 140
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— HepaBHOBecHoe 10, 169

— paBHoOBecHoe 10

— cucteMbl 9

CroeKTp KBasuHeNpepsIBHBIHA 111
Cpena akTuBHas 172

— wuHBepcHas 172

Craructuka Bose— dituinreiina 106
— ®epmu— Hupakra 106
Craructuku kBanTosbie 106
Crenenu cBobomer 25, 27
Crenenb Oecropsaaka 94

— HOHUM3AIUM ILIa3MbI 158
Crpoenue Kpuctajiaos 152

Tesio uepuoe 122

Teopema Kapuo 86

— Hepucra 82

— CJIOXKeHUs BepoATHocTen 44
— YMHOKeHUus BeposaTHocTei 44
Temneparypa 9

— KuneHuda 140

— Kpuruueckas 138

— orpunareabsad (1 <0) 173

— maa3msbl 160

— TepMoauMHaAMuyeckasa 9

— xapakTepuctuueckas [lebas 129
Teopusa MoJaeKyaApHO-KuHeTHUecKad 21
— rtenyioeMKocTu lebas 129

— — 9OHmTelHa 125
TennoemkocTs 16

— wupgeaJjbHOro rasa 16

— KpucrtaJjaa 129

— MosApHasa 16

— IPU DOJUTPONUUYECKUX Iporeccax 20
— — IIOCTOSHHOM gaBJjeHuun 17
— — — obmeme 17

— yneabHada 16

— aJieKTpoHHOTrO rasa 130
TennonpoBoguocTs 177, 185
Tennomepenaua 12

Temnora 12

— wucnapenus 141

— KoHaeHcanuu 141

— Kpucraaausanum 141

— mepexogna 141

— — yZejbHad ucnapeHusa 141
— — — KoHzeHcaruu 141

— — — Kpucrajaausamnuu 138
— — — mnaBaeHus 141
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— maaBienus 141

— cyoaumanuu 141
Tepmoamuamuka 7

— @orouHOro raza 133
Tepmousoasanua marauTHas 161
Tunsr kpucranioB usuueckue 157
Tonmuua semHOM aTMocdeps! 65
Touka kpuruueckasa 138, 141, 143
— Tpoiinaa 9, 143

Tpenue BHyTpeHHee 176

¥rou kpaeBoit 150

Ypasueunne (aguabarsl) Ilyaccouna 19
— Bau-gep-Baansca 30

— KUHETHYeCcKOi Teopuu rasos 24

— Kuaaneiipona 15

— Kinaneiipona— Kiaysuyca 142

— mepeHoca o6riee 182

— — BaBucsIIee oT BpemeHu 186

— camonuddysuu 182

— COCTOAHUSA UAeaJbHOTO rasa 15, 25
— TepMOJMHAMMUKU OCHOBHOE 82
Yposeus (sHeprus) Pepmm 112

— 9Hepruu MetacTabuiabHBIHA 173
YpoBHU aKIenTopHbIe U JoHOPHBIE 119
— sHepruu KBasmHemnpepbiBHbIe 109, 111
Ycunenue moporosoe 173

YcaoBue kBaguHedTpamIbHOCTH 159

— HOPMUPOBKU 46

daza 139

®Pepmuonsn 106

dusuka KBaHTOBasd 8

— MoJIeKyJisspHaa 7

Dayrryanunm 47

douoHbI 126

Dopmysa 6apomerpuyeckas 63

— Bouabsnmana (ajia saTponnu) 93

— Buna 121

— Hebas 129

— Jlansaca 149

— MaxcBeJsia B ipuBeieHHOM Buae 54, 55
— Ilmauka 29, 114

— Ilyaseiina 190

— Oiurreiina (a1 TerioeMKocTn) 125
®DoToHEI 119

dyHKIUA mpoiecca 16

— pacnpeneaeHus 45

— cocrosauusa 12, 79, 80
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XosoguabHukK 77, 84

IMuka Kapuo 84, 85
— Kpyrosoii 14
Hukasr 14, 78, 85

YacTora 1ma3sMeHHbBIX KoJyiebauuit 159
Yucao cremneHel ¢cBoboanl 26

— yZapoB MOJIEKYJ O CTEHKY 22

— (dasoBbix guyeex 110

IlIkana KeapBuua 9
— TeMIIepaTyp TepMoguHaMudecKas 9
— IMeabcua 9

DJIeKTPOHBI cBOOOAHEIE 110
DJIEKTPOIIPOBOAHOCTH MeTaJaoB 117
— TOJIYIIPOBOAHUKOB 118

DHeprusd BaH-Aep-BaajJbCcoBa rasa 32
— BHyYTpeHHsAsA 11, 28, 98

— BparimareabHasa 29

— KoJiebaTespbHasA 29

— HyJaeBada 125

— IIOBEPXHOCTHOTO cJios 147

— pelreTKH KoJsebarenbHasa 127

— cBoboguas 98, 148

— cpemHsAsa KBAHTOBOrO ocuujasaTopa 125, 135
— — CBOOOJHBIX 9JIEKTPOHOB 113
— @Depmu 112

— — apul>0115

durponusd 79

— abcoJaroTHOe 3Hauenue 32

— u BepoaTHOCTH 91, 92

— upeaJbHOro rasa 82, 83

— KakK mepa HeoOpaTtumocTu 81
Adbdexr oxoynsa— Tomcona 33, 34

SByeHUA ITOA MBOTHYTOH IIOBEPXHOCTHIO 148
— KRanuJiaapubie 151

— Ha rpaHUIax Me;xkay cpezamu 150

— mepeHoca 174

fueiika npocraa (mpuMuTHUBHAA) 153

— @dasoBasa 108

— ajmeMeHTapHasa 153
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