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NPEANUCJ/IOBME

Hacrosmuit, saxmountesbrbiil ToM «TeopeTnyeckoll  Ghu3HKM»
NOCBAWEH (QUsHYecKol KHHETHKE, MOHUMAaeMOH B IMHPOKOM CMEICJIE
K4K MHKPOCKONHYeCcKasa TeOpHs MNPOLECCOB B CTaTUCTHYECKHM Hepas-
HOBECHBIX CHCTeMax.

B otnnune ot cBOHCTB CTATHCTHYECKH PAaBHOBECHBIX CHCTEM, KHHe-
THYECKHE CBOHCTBA 3HAuUHTeNBHO GoJiee TeCHO CBs3aHbl C XapakTe-
POM MHKPOCKONUYECKHX B3aHMOJEHCTBHH B TeX WJM WHBIX (pU3HYec-
Knx o0bekTax. Orciofa-—orpoMHoe pasHooOpasue 5THX CBOHCTB U
3HAYUTEJBHO O6OJblIast CAMKHOCTL X TEOPHH. B CBsI3u € 3TUM CTa-
HOBHTCSI MeHee OJHO3HAYHEIM M Bompoc o6 oTGope marepuasa, KOTo-
PLIH 0J2KeH OLITh BKJIOUECH B OOMMH Kypc TeopeTnuecKol GPuUanKH.

Coznepzxanne KHUTH $ICHO W3 ee orJjasjaeHus, CrenaeM B 3TOH
CBA3H JIHIIb HECKOJBKO 3aMeuyaHHid.

3HauuTesbHOE BHUMAaHHE B KHHIE YJAEJeHO TeOpHH TrasoB Kax
HauboJsiee TNPOCTOMY B NPHHUHIE O0BEKTY KHHETHUECKOH TEeOopHH.
Psapn raas nocesiies Teopuu NasMel — He TOJBKO BBHAY QH3MUECKOH
BAKHOCTH 3TOr0 pasjesa KHHETHKH caMoro mno cefe, HO W IOTOMY,
4TO MHOTHE 3aJayd KHHETHKH IIa3MBl MOFYT GHITh DEIIeHH A0 KOHILA
U JAI0T TOYYHTEJNbHYIO HIIIOCTPALHIO OOLINX METOLOB KHMHeTHUeCKOH
TEOpHH.

KuneTngeckue crofictsa TBepAblX Tesl B OCOGEHHOCTH MHOrooG-
pasunl. I'lpu or6ope MaTepuasta AJAS COOTBETCTBVION[HX TIJIAB MBI
JOJKHBL OBLJIH, €CTeCTBEHHO, OrpaHHYHTLCA JHIUbL Hambosee OOGLLH-
MH BONPOCAMH, AEMOHCTPHPYIOIMUMH OCHOBHBIE KHHETHUecKHe (usu-
YecKHue SIBJICHUS H METOABl X paccMoTpeHus. JlumHuil pas noguep-
KHeM B 3TOH CBS3H, YTO 3Ta KHMIrA — 4acTb KypPCa TEOPETHUECKOH
(GusHKM U HHKOMM 00pasoM He NpeTeHAYeT Ha POJb Kypca Teopuu
TBEPAOro TeJja.

B copmep:kauum 2Tofl KHHIH e€CTb JABa OueBHAHBIX JedekTa: oOT-
CYTCTBYIOT BONPOCHl KHHETHKH MAarHHTHBIX IIPOIIECCOB M TEOPHs
KMHETHYeCKUX SBJeHHH, CBA3aHHBIX C NPOXOXKAEHWEM OBICTPBIX yac-
THI[ Yepe3 BeLIECTBO. IJTH AeDEKTH CBA3aHBI C HELOCTATKOM BpeMe-
HH, ¥ Mbl PENIWINCh JONYCTHTh MX B 3TOM H3JAHHH, C TeM 4TOGH
He 3amepxkuBaTb eue OGOJbIIE BHIXOJ KHUIH. Mbl mosBoJguM cebe
BbICKa3aThb HafekAye®Ha TO, YTO XOTS, TakHM o6pasoM, B 3ToH
KHHre copepXKuTcs He BCe, 4TO TpefoBasoch Obl, HO B TO JKe BpeMsd
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BCe TO, YTO B Hefl CONEpPMKUTCH, NPEACTABHT HHTEPeC H OyAeT moJjes-
HEIM UIITATeasIM.

Dra KHHra 3aBepiIaeT nporpammy, Hameuennyo JIbBom [aBbi-
JoBuueM Jlanjay Gosiee copoka JieT TOMY Hasaj. Bech Kypc COCTOHT
H3 CJELYIOMHX TOMOB!:

Tom 1. Mexanuka.

Tom I11. Teopusa noJs.

Tom 111. KpanTtoBas MeXaHuKa (HepeJATHBHCTCKAs TEOPHS).

Tom 1V. KBaHToBas 3JeKTPOAHHAMMKA.

Tom V. Craructuueckasi ¢usuka, vactb 1.

Tom VI. 'mppopunaMuka.

Tom VII. Teopusi ynpyrocru.

Tom VIII. DnexrpojgnHaMuKa CIVIOIIHBIX CpPeX.

Tom IX. Cratuctuueckas Qusuka, 4acTb 2.

Tom X. QPusudeckas KHHETHKA.

Hanomuum, uto noJoxernue ToMa [X B 3TOM PSAY CBSI3aHO C TeM,
YTO B HEM CYILECTBEHHO HCIOJIB3YIOTCSH CBEAECHHs U3 IHIPOAMHAMUKH
H MaKpPOCKONHYECKOH 3/JEeKTPOAHHAMUKH.

B HoBoIl cepun u3jaHuil, nauatoft B 1973 r., N0 HacTOAIIEro
spemenn Boiman Toma I, 11, 111, V, IX, X. Tom VII cmoxer GiTh
mepeusgad 0es Gopluux H3MeHenuil. Ms Toma 1V, usjansoro paneule
noj Ha3BaHueM «PesITHBHCTCKAS] KBAHTOBAS TEOPHs», OYAYT HUCKJIO-
YyeHbl TJIaBbl O caabbiX M CHJBHBIX B3auMOJIEHCTBHUSX, W OH BCKOPE
Gyzer mepeusaan kak «KBamroBas aJekTpopuHamukar. Toma xe Vi
u VIII, He mepeusfaBaBIufecs yxKe B TeUeHHE MHOTHX JeT, TPeGYIOT
GoJiee 3HAUUTEILHON mNepepaGOTKU H JONOJHEHHS ; Mbl pACCUNTHIBAEM
3aHATHCS STHM JeJ0M B Osnikaiiuee BpeMs.

Mol xoresn Obl BBHIPa3HTb HCKPeHHIOIO Gmarogapsocts A. .
Aungpeeny, P. H. Typxu, B. JI. Typesuuy, 0. M. Karany,
M. Y. Karanopy u M. M. Jluduuuny, ¢ KOTOPBIMH Mbl OGCYKAQnH
paccMOTpeHHbIe B 3TOH KHHIE BOIPOCH.

Mur 6aaropapusl JI. 1. TopsroBy u A.A.Pyxanse, npounTaBIINM
KHUT'Y B DYKONMCH H C€/aBIINM DPAJ 3aMeuaHui.

Hos6ps 1978 r.
E.M. Jluguwy, J1.11. ITumaesckutl



HEKOTOPBIE OBO3HAYEHHU S

QyHruMs pacnpepenenns vactun f (raasol [—VI); no uMmyss-
caM Besfile OTHeceHa K dp.

OYHKUMH pachpefe/ieHHs — YuCda 3aNoJHEeHHS KBAHTOBBIX CO-
CTOSIHUH 2/1eKTPOHOB M (GoHOHOB 1 (p) ¥ N (k) (rasst VII, IX —X1);
[I0 MMIYJIbCAM Besie OTHeceHBl K d*p/(2mfi)d.

Hurerpan crosnknosenunit St, JuHeapH30BAHHBIA WHTerpas CTOJK-
HOBeHHu#A /.

TepMmonnnamuueckue BesuuuHBI: Temnepatypa 7T, jasjieHue P,
XMMHYECKHH IIOTEHUHak W, TJOTHOCTh 4YHC/Aa yacTuy, N, HOJHOe
YHCJIO YacTHll o, NOJHHEA 06beM P2,

Hanpsokennocts sjektpnueckoro mnoiss E, maruutHas uHAYK-
uus B. OsemeHTapHb 3JeKTpHUecKMH 3apsn e (3apsa saeKTpona
—e).

B ouenkax wucnospsyiorcst 0603HaueHHA: XapaKTepHbIE AJIHHEL
sajaun L; aTOMHBe pasMepbl, NOCTOSIHHAS peuleTkd d; AJHHA CBO-
GonHoro mpo6era [; cKOpOCTb 3ByKa u.

Ycpennenue 0603HayaeTcs YrJIOBLIMH CKOGKAMH <...»> HIH dep-
ToH Haj GYKBOM.

TpexmepHbie BeKTOpHbIE HHAEKCH O603HAUAIOTCS IPEUECKHMH GyK-
Bamu a, f3, ...

B raasax III—VI:

Maccnl aniekTpoHa u woHa m u M.

3apsibl 3/1€KTPOHA H HOHA —e W ze.

Ten/ioBble CKOPOCTH 3JEKTPOHOB H HOHOB

Ure =(T o /m)'/2,  vg;=(T;/M)'h,

Mnasmennas yactora

Q, = (4aN e*/m)'/s,

Q; = (4nN ;22%¢2/M)'/s,
HeGaesckuit paguyc

8= (To/AnN ', a;= (T J4aN z22e%)'s,
a t=qa;*+a;t.
JlapmopoBa wactora
©g,=eB/me, wg;=zeB/Mc.



12 HEKOTOPBHIE OBO3HAUEHUS

Cepikn Ha HOMepa maparpadoB M (OPMYJ APYTHX TOMOB 3TOTO
Kypca cHabmeHbl pUMCKHMMH Iu¢ppamu: | —«Mexanuxa», 1973; I1 —
«Teopust moas», 1973; II1—«KBanToBas MexaHuka», 1974; IV —
«KBantoBas smexrpoaunamukar, 1980; V— «Craructuueckas ¢dusuxa,
4acTe 1», 1976; VI—«Mexanuka cnomusix cpeay, 1954; VII—«Teo-
pust ynpyroctu», 1965; VIII —«nektpoaunamMnKa CjioHbIX CPeRy,
1959; IX —«Craructuueckaa dusixa, gacte 2», 1978,



rTABA 1
KMHETHYECKAST TEOPHUSI I'A30B

§ 1. dyuknua pacnpefenenus

Dra rnaBa NMOCBAIEHA H3JOXKEHHI0 KUHEeTHUECKOH TEOpHH 00y~
HBbIX TasoB H3 3JeKTPHUCCKH HEI(iITpaJIbeIX aTOMOB HJ/IH MOJECKYJI.
HpeleeTOM H3YyUYeHHd 3TOH TCOPpHH SABJAIOTCA HepaBHOBeCHble CO-
CTOAHHSA - IIPOLECCHI B HAeaJbHOM Tase. HaHOMHHM, 4yTO IIOJ
HIA€aNbHLIM TOAPA3YMEBACTCSA Tra3 HACTOJbKO paspe;xex—mbxﬁ, YTo
KaxJast MOJIEKyJa B HEM IOYTH BCE BPCMdA ABHIKETCH KakK cBoboj-
Had, BSaHI‘»IOILeﬁCTByH ¢ JPYyruMu MOJIEKYJdaMH JHIIb I1IpU HEIOo-
CPEeACTBEHHBIX CTOJKHOBEHUAX ¢ HHMHU. 310 3HaA4uT, APYruMu CJao-

BaMHM, YTO CPeJHee PACCTOSIHHE MEXKAY MoJekyjamu r~N-*/s (N —
YHCJIO MOJIEKYJ B elHHHLE ofbema) npeipnoJaraercss GOJbLIEM IO
CPABHEHHIO C UX COGCTBEHHBIMHU pa3MepamMu, TouHee, [0 CPaBHEHHIO
C PagHycoM ICHCTBHSI MEXMOJIEKYJISIPHBIX CHJI d; Majylo BeJIMUIHY

Nd?~(d/r)® nHOrza HasbIBaIOT «IIaPaMeTPOM Ta30BOCTH».

CratvcTdUecKoe OIMHCAHHE Iasa OCYIUECTBAsCTC (yuKkyuel pac-
npedesenus f(t, g, p) MOJeKyJ rasa B ux (pasoBOM NPOCTPaHCTEE
Ona spasiercst, BooOlue roBopsi, (GyHKIHEH BbIGPaHHBIX KaKHM-J160
06pa3oM O0GOGIIeHHLIX KOODJXHHAT MOJIEKYJIbl, (COBOKYMHOCTH KOTO-
peIX o603HaueHa wuepe3 ¢g) u COOTBCTCTByIOHLI/IX UM O0OOCLLEHHBIX
UMITYJIbCOB (COBOKYIIHOCTb KOTOpBEIX OGO3HAaueHa uepes p), a B He-
CTANHOHAPHOM COCTOSIHHH—elle M OT BpeMeHu f. OGo3HayuM I1O-
cpencteoM dt=dgdp saemeHT o6beMa (Pa3oBOro INPOCTPAHCTBA MO-
JIeKyJipl; dg ¥ dp ycI0BHO 0603HAYAIOT COOTBETCTBEHHO MPOH3BEIEHHS
Zuddepennnanos BceX KOOPAHHAT H BeeX HMIYJabcos. Ilpousseje-
HHe [dt ecTb cpeiHee YHCJIO MOJIEKYJ, HAXOASMIHXCS B 3afaHHOM
sneMeHTe dt, T. e. 00JajaloUlUX 3HaYeHUSIMH ¢ H p B 3aJaHHBIX
MHTepBasax dq u dp. K CMBICTY NOHSITHSI CPENHEr0 B 3TOM OIpe-
A€JIEHHH MBI BEPHEMCH elle HUKe.

Xorss ¢ysxuua f GyjgeT Besfe NOAPA3yMEBATHCH ONPEJEJNEHHON
K4K MJIOTHOCTh pacnpefeseHHss HMEHHO B (ha30BOM NPOCTPAHCTBE,
B KHHETHYECKOH TeOpHH IeJecooGpasHO BBIpaXKaTh €e uyepes
OnpesesieHHbIM 006pa3oM BhIOpaHHBIE IepeMeHHbIe, KOTOpHIE MOIYT
H He $fBJIATbCA KaHOHMYECKH COIPSIKEHHBIMH OGOGLIEHHBIMH KOOP-
JlHHaTaMH M UMIyJbCaMH. YCJOBHMCS, NpPeX[Ie BCero, o6 3TOM Bbl-
Gope.

Iocrynarenbhoe nBuKeHHE MOJIEKYJBI Bcerja Kuiaccuyuo. OHO
ODMChIBaeTcl KOOpAMHATaMH = (¥, y, 2) ee LEHTPa HHEPUHH H
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HMIIYJIbCOM P (MM CKOPOCTBIO V=p/n) €€ IBHUXKEHHUA KaK LEJOoro.
B oaHOaTOMHOM rase MOCTYyNaTeJbHEIM HCYEPNEIBACTCSH BCE JBHXKE-
Hue yactul (aToMoB). B MHOroaroMHHX Xe rasax MOJeEKYJEl o6Ja-
JAIOT elle W BpallaTeJbHBIMH U KoJe0aTeJbHBLIMH CTEeHEHSMH CBO-
6oIbl.

BpamaresbHoe ABMKEHHE MOJIEKYJH B rase NpPakTHYECKH BCETna
Toxe KJaccuuHo'). OHO onuchiBaeTcs, pexje BCEro, 3ajjaHueM Bek-
TOpa BpalarejbHOro MoMeHTa Mosexyasl M. [lns pByxatoMHOH
MOJIEKYJIBl 3TOr0 JoctarodHo. Takas MoJieKyJa IpezicTaBisieT COGOH
poTaTop, BPAIAIIHACA B IJOCKOCTH, EPIEeHAUKYASPHONA BeKTOpY M.
UTo ke KacaeTcd yria ¢ IOBOPOTa OCH MOJEKYJH B 3TOH mJoc-
KOCTH, TO B peasibHbIX (H3HUecKHX 3ajauyax (YHKIHIO pacipejede-
HHSI MOXKHO CUMTATh He3aBHCsLIeH OT HEro, T. €. BCeé OpUEHTAllU#
MOJIEKYJ/Il B YKa3aHHOH IJIOCKOCTH — PaBHOBEPOATHBIMH. ITO 006-
CTOATEJIbCTBO CBfA3aHO C OLICTPOTOR M3MEHEHHs yrJaa ¢ INpHu Bpa-
LIEHHH MOJIEKYJBI, H €ro IPOUCXOXKACHHE MOXKHO MNOSCHHTbL CJe-
AyIomuM 06pasoM.

CkopocTb H3MEHEHHs] ¢ (yryioBasi CKOPOCTb BpAIEHHSI MoJie-
KyJe) ectb ¢ = Q= M/I. Cpennee 3HayeHue 370l cKOopocTH Q~v/d,
rie d—MoJIeKy/spHble pasMephl, a U— CpelHee SHAUEHHE JHHEHHbIX
ckopocreii. Ho pasnnunbie MOJIEK /Il HMEIOT Pa3/IMYHbE 3HAYEHHsT Q,
pacnpeseniedHple IO HEKOTOPOMY 3axkoHy BOKpyr £2. Ilostomy mo-
JIEKYJIbl, HMEBIIHe B HavaJbHblf MOMEHT OJWHAKOBHE ¢, OYEHb
GbICTPO pacXomsiTcs IO 3HAYEHHIM @; MPOMCXOLHUT, KaK TOBOPST,
ObiCTpoe «pasMeliHBaHMe» MO yriaM. I1ycTh B HAwaJbHBIA MOMEHT
t=0 pacnpefiesenne MOJeKyJ MO yriaM ¢ = @, (B uHTepBaje oT 0
10 2m) ¥ mo Q paercss HekoTopol ¢yHKImed f(@,, Q). Boizennm
U3 Hee He3aBUCsILEE OT ¢ CpejHee 3HaueHUe

f

f

) 25
FQ+F (@0 @, F@ =5 7@ Ddos,
0

Tak uTo f' (@, Q)—3HaKonmepeMenHas (QYHKUMS C PABHBIM HYJIO
cpenuuM 3HaueHueM. Ilpu panbpHeliiedl sBosonMu 3a cuetr cBoGoj-
Horo BpameHus MoJekya (¢=Qf-q,) dyHKuUuS pacnpeje/eHus
MEHSAETCS COrJIacHO

F(p Q )y=FQ)+F (¢—Q1, Q)

(npuuem aprymMeHT ¢ —Q¢ noxmpasyMmeBaeTcsi NPHBEIEHHHIM K HHTEp-
Bany orf 0 Ao 2% myTeM BHIYMTAHHs HaJJeXKaUWEro IEJI0ro Kpar-

1) HanomnuM, 4To yc/nOBHe KJIACCHYHOCTH BPaUIeHUs COCTOMT B HEPABEHCTBE .
ﬁ2/21<T (rme I-—MOMEHT uHepuUMH MoJjieKyJbf, T -——TeMiepaTtypa rasa). 3ro
yclOBHE B OGBIYHEIX a3aX MOXET HapyllaThcs pasBe 4TO AJsA BOAOPOAA M Jeli-
TepHA NPH HH3KHX TeMmIeparypax,
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Horo or 2z:). C TeueHneM BpemeHH f' CTaHOBHTCH Bce Gosee OBICTPO
oCLMJUIpYome QyHKUMEH OT Q: XapakTepHblil NePHON OCHHIISILII
AQ~2m/t u yxe 3a BpeMsi CBOGOLHOrO (Mexny AByMsI CTOJKHO-
BEHUAMH) MpoGera MOJEKy/ CTAHOBHTCS MaJbiM 10 CPaBHEHHIO ¢ L.
Ho Bce naGaiopaembie dH3HYeCKHe BeJUYHHBI cojepxar B cefe He-
KOTOpO€ yCpefHeHHe (YHKIHMH pacnpefeseHuss mo € BKJAaj e
OBICTPO OCHMJIHDYIOWEH (GYHKHOHH [ B Takue cpexnye npeneGpe-
KUMO MaJl. MMeHHO 3TO M MO3BOJISET 3aMEHUTH (YHKIHMIO pacnpe-

Renennust f (@, ) ycpenHensoit mo yraam dyHgmueit f(Q).

Msnomentsie cooGpakeHusi HMEIOT, OYEBHAHO, OGIIHM XapakTtep
H OTHOCATCS K JIIOOBIM GBICTPO MEHSIOU[UMCS BEJHUHHAM (basam),
NPOGEraiomyuM 3HAYeHUs! B KOHEUHBIX HHTEpBaJax.

- BosBpamasich K BpawarenbHHIM  CTENEHAM CBOGOHI MOJIEK Y1,
OTMETHM, 4YTO B MHOTOATOMHBIX rasax (YHKUUSI paclpefeseHHs Mo-
KET CLIE 3aBUCETb OT YI/IOB, ONMPeAeJSOmHX (PUKCHPOBAHHYIO OpH-
€HTALUIO OCeH MOJIEKYJbl MO OTHOLEHWIO K BekTopy M. Tak, B Mo-
JCKyJaX THIA CHMMETPHYECKOrO BOJYKA 3TO—yroi mexay M u
OCBIO BOJIYKA (YroJ NPENecCHH); OT GLICTPO MEHSIONHXCS Ke yIJOB
BPAllleHHA BOJYKA BOKPYr COGCTBEHHOH OCH M NPELECCHOHHOIO Bpa-
WEHUA ITOH OCH BOKPYr M (YHKLMIO pacnpeieseHus CHOBA MOXKHO
CYHTATh He 3aBucAmell 1).

KoneGaTtenbHoe pBHXKEHHE aTOMOB BHYTPH MOJIEKYJB HPAKTH-
HECKH BCerja KBAHTYeTCsl, TaK YTO KOJE6ATeIbHOE COCTOSHHE MO-
JICKYJIBL  OTPENENSAETCS COOTBETCTBYIOUUMH KBAHTOBBIMH WHCJAMH.
B OOBIMHBEIX yC/OBHAX (NIpH He CJIMIUKOM BBICOKHX Temneparypax),
OAHAKO, KosiebaHus BOOGLIE HE BO3GYKIAEHHI H MOJIEKYJA HAXOMUTCS
Ha CBOEM OCHOBHOM (HYJIEBOM) KOJIe0aTe/JbHOM YpOBHe.

B nanpHefimeM B 3Toil rsiaBe Mbl GyaeM 0603HauaTh cUMBOJIOM I
COBOKYNMHOCTb BCEX NEPEMEHHBIX, OT KOTOPhIX 3aBHCHT (hYHKLHs
PaclpenesIeHnst, 3a UCKJIIOYEHHEM KOOPIHHAT MOJIEKYJIBI KAK IEJOT0
(1 Bpemenu f). M3 agementa (basoBoro o6beMa dt BLUIEJAHM MHO-
xuteab dV =dxdydz, a ocraabHyo ero uacrp, npeoc6pa3oBaHHYIO
K HMCHOJIb3YeMbIM TNEPEMEHHbIM (U NPOHHTErPHPOBAHHYIO HO yraam,
OT KOTOPhIX (YHKIUA f He 3aBHCHT), OGO3HAUMM CHMBOJIOM dT.
Beapaunp I 006J1a210T BaXKHLIM OGIHIHM CBOHCTBOM: 3TO—HHTErPaJisl
ABHXKEHHS, OCTAIOIIUECA MOCTOSTHHBIMH JJISl KAXKIOi MOJIEKYJIBl B Te-
UeHHe ee CBOGOAHOrO (B OTCYTCTBHE BHEIIHEroO H0JIA) JBHXKEHHSH
MEXAy HKBYMS MOC/TENOBATEJBHEIMH CTOJNKHOBEHUSIMH, B pesyJabTaTe
K€ KaXJ0ro CTOJKHOBEHHS 5TH BEJTUYHHBI, BOOGIIE rOBOPA, MEHSIOTCSH.

1) Ilpn Bpamenun MOJIEKYJIBl THNIA IAPOBOTO BoJdka (nanpumep, CH,) ocra-
0TCS mocrosHHLIMU ABa yria, OnpeJeAoNHe OPHEHTAIHIO MOJIEKYJB IO OTHO-
IeHKI0 k Hanpassiennio M (coBmagaiomemMy ¢ HanpaBieHreM yIIOBOH CKOpoCTH ).

PH Bpamennn Mosekysawl THna 4CUMMETDHYECKOTO BOJIUKA OCTAETCH MOCTOSHHOMN
KOMGuHayus yrios, BEIP2XAMOIAACA HOCTOSHCTBOM BPallaTelbHON 3Heprin Egp =
=M§/211—[—M$l/212+M2/213, rae Mg, My, Mp—DpOoeKIHH HOCTOSIHHOFO BeK-
T0pa M na ppamarouuecs: riaBHEe OCK HHEPIHH MOJIEKYJIH,
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HaHpOTHB, KOOpPAUHATEL X, Y, 2 MOJIEKYJIBI K3K 11€J10T0, Pa3yMEETCA,

MEHJIOTCS B TeueHue ee CBOOGOAHOrO JABIKEHHS.
ﬂﬂﬂ OJAHOATOMHOI0 Trasa BeJUYHHAMH I' aBasiiotrcsa Tpu KOMIO-

HeHTH! HMIyJbca aToma p=mv, TaKk uto dI'=d’p. Jln1s xByxaTom-
HOK MoJekyiel B ' BXOAAT, NMOMHMO HMIYyJbca P, €€ U Bparia-
TeqbHBI MOMEHT M; COOTBETCTBEHHO ajieMeHT dl' MOXKHO NpeACTaBUTb
B BHJE '

dl' = 2n d®*p M dM dow, 1,1

rie dow — 5JEMEeHT TeJCCHLIX YIVIOB AJisl HanpaBJeHus BekTopa M 7).
JIa% MOJeKY.Ibl THNA CHMMETPHYECKOro BOIYKA B 4lic/io Besiuud I
BXOANT Takxke ¥ yrosa 0 mexxay M u ochlo BOJMYKA; 3/€MEHT

dl =4n2d*p M*dMdomdcos©

(OMHH MHOXNTEJb 27 BO3HHKAeT OT HHTErPUPOBaHUs 1o YrJay Bpa-
MIEHHs] BOJUKA BOKPYT CBOeH OCH, a APYroil MHOKUTENb 27— OT
HITETPUPOBAlLS 110 YIJIY [PELEeCCHOHHOrO BpaileHHs).

Hurterpan

(i, r, AT =Nt 1)

€CTh IJIOTHOCTb INPOCTPAHCTBCHHOIO paclpeieseHuss 4YacTull rasa,
N dV ectb cpeiHee YHCJAO MOJEKYN B 3/emeHTte obnema dV. B aT0i
CBSi3H HeOOXOAMMO clesaTh CJelyIollHe 3ameqaHus.

Korga peub ujieT o GeCKOHEYHO MajoM 3Jjemente ofvema dV,
TO TOJpa3yMeBaeTcsi, COGCTBEHHO FOBOPS, HE MaTeMaTHYeCKH, a (u-
3HUECKH MaJjelii o6beM, T. €. y4acTOK NMPOCTPAHCTBA, PasMephbl KOTO-
pOro OueHb MaJbl [0 CPABHEHHIO C XaPaKTePUCTHUECKUMH pasyepamu
sajiaud L, HO B TO K€ BPEMsl BeJHKH IO CPAaBHEHMIO C pasMepaMy
MOJIEKYJI. DTO 3HAUNUT, NPYTHMH CJIOBaMH, YTO YTBEPXKJEHHE O Ha-
XOMKJIEHUH MOJICKYJBl B JaHHOM 3JeMeHTe oObema dV onpeaessier
I0JI0JKeHHe MOJIEKYJBI B JydilleM CJydyae JHIlb € TOYHOCThIO [0
paccTosHui MOPsiJAKa ee pasMepoB. IJTO OGCTOSITENIBCTBO BeCcbMa Cy-
IIeCTECHHO. Ecgad Gbl KOOPAHHATHL 9aCTHIL Fasa ofpefessaucs TO4HO,
TO MpU CTOJIKHOBEHHH, CKa)keM, JABYX aTOMOB OJJHOaTOMHOrO rasa,
JBIKYIHXCA IO ONpPERe/ICHHBIM KJACCHUECKUM TPaCKTOPHsAM, pe-
3YJIbTAT CTOJIKHOBEHHs1 OblJl Obi TOXKE BIOJIHE OmpeaeseHHoiM. Ecan

1) K suipaxenuio (1,1) moxuo mpuiitu, Hamucas chavana dI' B Buae
dT =d3p 6 (Mn) d®M do,, = d3p & (M cos 6) M2 dM doy d cos 0 dg,

rie do,=d cos 0 dp—sneMeHT TeNeCHBIX YIOB AJs HampasieHuii ocu  Moje-

Kyabl (0—yroa mexay stofi oceio m M). O-dymkuusl Bopaxaer TOT (akr, uTo

M uMeeT TOJBKO J[BE€ HE3aBHCHMbie KOMIIOHEHTHI (COOTBETCTBEHHO YHCJY Bpaliia-

TeJdRHBIX CTeTeHel CBOGOAL! ABYXATOMHOH MOJIEKYJ/bl) —MoMeHT M meprnengukyas-
peH ocu MoJekysbl. [IpOHHTErPHPOBAB HaNHCAHHOE BhIpaxeHue Mo d cos O dg,

noaydnm (1,1).
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JKe peub HAeT (KakK Bcerna B KHHETHUECKOH TeOpHH Ta3oB) O CTOJK-
HOBEHHH aTOMOB, NPOHCXOAsIIEM B JAaHHOM (DH3HYECKH MajloOM 3Jje-
MeHTe o0beMa, TO BBHAY HeONpeleseHHOCTH TOYHOTO B3aHMHOTO
pacmoJsioKeHHs aTOMOB pe3yJbTaT CTOJKHOBEHHsS Toxe OyAeT He-
onpefieleHHBIM M MOXKHO TOBODHTB JIMIIb O BEPOSTHOCTH TOIO HJIH
HHOTO ero HCXOAa.

Mbl MOXKEM Telepb YTOUHHTB, YTO, TOBOPS O CPelHel MJIOTHOCTH
ypcjia YacTHL, MBI HMeeM B BMAY YCpelHeHHe no oGbeMaM ompe-
JIeIeHHBIX TAKHM 00pa3oM (pHaHYecKH GecKOHEYHO MAaJfblX 3JIeMEHTOB
W COOTBETCTBEHHO [0 BPEMEHAM IIOPSKAa BEJHYHHBI BPeMEHH MpO-
JIeTa YacTHUll 4Yepe3 TaKHe 3JeMEHTHI.

[TockoabKY pasMeps! 3JeMeHTOB o0bemMa, [0 OTHOLIEHHIO K KOTO-
pbIM ompesesieHa (QYHKLHS pacipeieseHHs, BeJUKH N0 CPaBHEHHUIO
€ MOJIEKYJAPHBIMA pa3Mepamu d, TO paccTosiHus L, Ha KOTOPBIX
5Ta (YHKIHA CYHMIECTBEHHO MeHfeTCsi, BO BCSKOM CJyyae JOJLKHBL
ObITh TOXKE BeJHKH 1o cpapHeHHo ¢ d. CooTHOLIGHHE Ke MEeXKIY
pasMepamu (U3HYeCKH OECKOHEYHO MaJblX 3JEeMEHTOB ofbeMa H

CPEAHHM MEXMOJEKYJSPHLIM PAacCTOSTHHEM r MOXKET ObITbh, BOOGLIE
rOBOps, MNPOU3BOABLHEIM. CyIecTBYeT, OJHAKO, pa3juuue B Xapak-
Tepe onpegesasieMoll ¢yHKIHel pacnpeieseHHs njaotTHocTH N B 3a-
BHCHMOCTH OT BEJHYUHBl 3TOTO COOTHOUIEHHSsI. Ecjau pasMmepsl 3Je-

MeHTOB dV 1ie BeAMKH [0 CpPaBHEHHIO C r, TO IJIOTHOCTE N He
ABJSACTCSH MAKPOCKONHYECKOH BeJMYHHOH: ¢UIyKTyalluH YHc/jaa qac-
THL, HaXomsnuxcst B dV, CPaBHHMBI C €ro CpeAHHM 3HaYeHHEM.
[TnotrocTs, N CTaHOBHTCA MAKPOCKOMWYECKO! BeJNUUHON, JHUIIbL eCJH
OHA OIpefeseHa TO OTHOIIEHHWI0 K obveMmaM dV, coiepKalllMM MHOTO
4acTyl; ToTAa (MAYKTYalHH YHCAA YacTHH B 3TUX ofbemMaX OTHO-
CHTEJBHO MaJbl. $ICHO, OJHAKO, UTO TaKoe OIpejeJeHUe BO3MOIKHO

JHIb, €CJH U XapaKTepHbie pasmMepwl 3ajaun L>>r.

§ 2. MpusEMn AeTaJbHOTO PABHOBECHS

PaccMOTpHM CTONIKHOBEHMST MOJIEKYJ, H3 KOTOPHIX oxHa o6aa-
Jaer sHadeHuaMd seqnduy I, semxamnmyu B 3ananaom uHtepsade dI°,
a jpyrag—B uHTepmaJe dl';, npuyeM B pesyJbTaTe CTOJKHOBEHHS
9TH MOJIEKYJBI TNpHOOpeTaloT 3HaueHHs I B HHTEPBaJaX COOTBETCT-
Beuno dI' u dI'j; nas kpaTkocTH 6yaeM TOBODHTBH IIPOCTO O CTOJIK-
Hopenusix MoJsekva I' u I'y ¢ mepexogom I'y, T';— 1V, I'j. Toauoe
YHCIO TaKHX CTOJKHOBCHHH, OTHECEHHOE K eJIHHIIlE BpPEMEHH H
K efMHHLE o0beMa rasa, MOXKHO HallucaThb B BHJAE [IPOH3BEAEHHS
UHcsia MOJEKYN B eiuunne o6hema (»T0 uncao pasHo f(f, r, I)dl)
Ha BepOATHOCTb Ka:KAOH M3 HUX HCHBITATb CTOJKHOBEHHE PaccMaT-
puBaemoro Tumna. Ilocneansis BO BCSIKOM CJydyae NPONOPILHOHAIBHA
duciny mosexyn I'y B eanmnunme oGbema (paBuoMmy f (4, r, I'))dl,)
U unreppanam dl”, dl'; sumauennii Besmuun I' oGenx Mosiekys nocse
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CTOJIKHOBeHHsI. Takum 06pasom, YuC/IO CTOJKHOBEHHH C IepexoioM
I, Ty—T', T{, npoucxogsimux B 1 ¢ B | cM?, MOXKHO npexcra-
BUTb B BUJE '

w(, I'y; T, T)ffdTl dl dT" dIy 2,1

(smecb H Hmke HHIeKCH y QYHKUME f OTBewaloT MHIEKCAM HX ap-
rymentoB I: fi=f(¢, r, Ty, f'=f(t, r, T') u 1. n.); xosdou-
LHEHT @ ecTb HEKoTOpas (YHKUHS BCeX I[ePEUHCJEHHBIX B Heil
aprymedtos I'!). OrHowenne wdl'dl; x aGcomoTHOH BeauyHHE
OTHOCHTENIbHOH CKODOCTH V-—V; CTa/JKHBAIOWAXCA MOJEKYJ HMEeT
PasMepHOCTL mIomagl H npeacrtapiser coboll addexTuBHOE ceye-
HHE CTOJKHOBEHHI:

do =2 T5 0 1) e e 2,2)

fv—vy|

QyHKUUS @ MOKET GhiTb ONpefesieHa B TPHHLIMIIE JHIIb NYTEM
PelleHyst MeXaHHYeCKOH 3afaul O CTOJKHOBEHHM YacTHL[, B3aUMO-
ACHCTBYIOIUMX MO JaHHOMY 3akony. Ho HeKoTOphe CBOHACTBa 3TOM
(yHKIUH MOryT OBITh BBISICHEHBI yXK€ HA OCHOBAHMH OGLIMX COOG-
pakeHnt %),

Kak u3BecTHO, BEpOSTHOCTb CTOJKHOBEHHS OGJALaeT BaMKHBIM
CBOHCTBOM, CJEAYIOIINM H3 CHMMETPHH 3aKOHOB MeXaHHKH (xJ1ac-
CHYECKOH HJ/IM KBAHTOBOH), OTHOCHTEJbHO OGpalleHHs 3HaKa Bpe-
menu (cum. III, § 144). O6osnauum nocpexctBom I'7 3HaueHHa Be-
JIMYEH, nosydaromuxcs u3 I' npu ofpauiesnn BpeMerH. dta onepanus
MEHSIET 3HAaKH BCEX HMIYJbCOB M MOMEHTOB; MO3TOMY ecau I' =
=, M), To I'"=(—p, —M). TlockoabKky oGpauieHue BpEeMEeHH
[I€PECTABJSET COCTOSIHUS «AO0% H «IIOCJE» CTOJIKHOBEHUS, TO

w(l’, Iy; T, T)=w (7, IT; I'7, T}T). (2,3)

OTMeTHM, YTO 3TO COOTHOUIEHHE OGeCIIEYHBAET BHIMOJHEHHE B CO-
CTOSHHU CTaTHCTHYECKOTO PABHOBECHS MPUHLUNA OemaibHo20 PAsHO-
6€Clis, COIJIACHO KOTOPOMY B PaBHOBECHH YHCJO CTOJKHOBEHHH C re-
pexogom I, I'; —T", T{ paBHO umcay CTONKHOBEHHH ¢ nepexoJioM
T, Tif —7T7, I'7. IeiictBHTenEHO, IpeJCTaBUB 3TH 4YHCJA B BHIE
(2,1), nmeem

w(I’, T4 T, Ty) fof s dT dT, dT” dT; =
=f@7, I{; T'7, I fifon dUT dDT dD'7 Ty T,

1) XapaKTepHCTHKH HauaJbHOIo (/) u xoHeuroro (f) cocTossHHH B QYHKUUH @
SAIACHIBAIOTCA B NOPAAKE cnpaBa HajeBo, w(f; ), B COOTBETCTBHH C TeM, Kak
9TO OPHHATO B KBaHTOBOH MeXaHHKe.

2) Cpasy e NOZYEpPKHEM, YTO, XOTSL CBOGOLHOE IBHIKCHHE MOJIEKYJT Hpef-
NOJIaraeTCsl KJIACCHYECKHMM, 3TO OTHIOb He HCKJIYaeT TOLO, YTO CEYeHHe HX
CTOIKHOBCHHH JIO/UKHO ONPEIeJATLC KBaHTOBOMEXAHHUECKH (KAK 5TO OGLIYHO H
HMeeT MecTo). Becb HamaraeMuifi BEIBOJ KMHETHUECKOrO ypABHEHHS He 3aBHCHT OT
IPHPOAEL (KJACCHYECKOH HJIM KBAHTOBON) ®OYHKUHH @,
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rie f,-—paBHOBecHas (GoibLMaHOBCKAast) QYHKUHUA pacnpeneseHus.
IlpousBenenue ssementoB asosoro o6bema dI'dl,dI"dl; npu
O0pallleHHH BpPeMEeHH He MEHSIETCS; M03TOMY nuddepeHnnans B o6enx
CTOPOHAX HANMHCAHHOTO PABEHCTBA MOXHO ONYCTHUTh. [lajiee, npu
3aMeHe [ Ha —¢t sHeprus He MeHsietcsa: &(I)=e (I'7), roe ¢ (I') —
SHeprusi MoJjekyan Kak ¢yakuus BejuduH I. ITockosbky paBHo-
BecHasi (QYHKUHS pacrnpelesieHHs (B HENOABHIKHOM KaK IIeJI0€ rase)
3aBUCHUT TOJIBKO OT 3HEPTHUH,

fo (I') =const-e-e @/T 2,4)

(rme T —remneparypa rasa), 1o 4 f, (I')=f, (I'7). Hakonen, B cuay
3aKOHA COXPAHEHUS SHEPrHH IPHM CTOJKHOBEHHH IBYX MOJIEKY.I

e--¢e;, =¢g' ¢ IlosTomy
fof01=f6f61v (2v5)

H HANHCAHHOE BHIIE PaBEHCTBO CBOAMTCHA K (2, 3).

OTO YTBEpKJACHHE OCTAETCs, KOHEYHO, CIPABEIJMBLIM H AJIs Tasa,
JBUXYINErocsi € MaKPOCKONMYEeCKOH cKopocthlo V. PaBHoBecHas
GbynKuusa pacnpefeseHusi B TAKOM CJydae €CTb

f, () = const - exp (—ﬂD—T_ﬂ) , 2,6)

H paBeHCTBO (2,5) mpojo/Kaer COGAIORATBhCS B CHJY COXPaHEHHs
UMIIYJ1bCA NDH CTOJKHOBEHHUSIX: PP, =p -+ p;l).

O6paTuM BHHMaHHe Ha TO, YTO PaBEHCTBO (2,5) CBSI3aHO TOJBKO
¢ BuaoM pacnpelenenua (2,4) wam (2,5) kak ¢yHKuuM Besuyuy I
napamerpel ke T M V MOryT IIpH 3TOM MEHSITbCS IO 06beMY rasa.

[lpunnuny jeraspHOro paBHOBECHSI MOKHO NPHAATh TakKkKe H
HECKOJIBKO HHYI0 (OPMYJHPOBKY. [l 3TOTO NIPOHM3BeleM Hapsny
C ofpaiieHHeM BPEMEHH ellle H MHBEPCHIO —H3MEHEHHEe 3HAKa BCeX
KoopjauHaT. Eciu MosekyJsl He 06.1a1al0T JOCTATOYHON CHMMETPHEH,
TO [PH HHBEPCHH OHH «IEPEHAYT» B CTEPEOH3OMEPHEIE MOJIEKYVJIHL,
C KOTOPBHIMH OHH HE MOTYT OBITb COBMEIIEHE HHKaKHM ITOBOPOTOM
MOJIeKysBl Kak menoro?). JIpyruMu cjoBaMH, B TaKHX cJaydasx
npeoGpasoBaHye HHBEPCHM O3HAyasto OBl 3aMeHY rasa Mo CYIIECTBY
APYruM (CTePEOH3OMEDHBIM) BeIeCTBOM U HHKAKUX HOBBLIX 3dKJIO-
YeHHH O CBOMCTBAX €ro caMoro Hesb3s GbLI0 OHl cledaTh. Ecau xe
CHMMETpUsSI MOJIEKYJl HE JONMYyCKaeT CTePEOH3OMEPHH, TO IPH HHBEp-
CHH ras ocTaercd Te€M XKe Y BeJUUYWHBI, ONUCHIBAIOMIYE CBOHCTBA
MaxkpoCcKOMHYECKH OHOPOJHOrO I'a3a, JO/KHEL OCTAThCA HEH3MEHHEIMH.

——

) ®opmyna (2,6) nomyuaercss us (2,4) npeoGpazoBAHHEM SHEPIHH MOJIEKYJIbL
U3 cuctemsl orcuera K, B KOTOPOH ras TNOKOMTCS, B CHCTeMy oTcueta K, B KO-
TOPOit ras spumKeTCss €O CKOPOCTBIO V: &4 (I') =g (T)—pV-+mV¥2 (cp. 1, (3,5)).

*) HanoMnuw, 9TO CTEPEOH3OMEPHA CYIIECTBYET y MOJIEKYJ, He 0OJafaloLiiX
HH LlenTpoM, HH HJOCKOCTAMH CHMMETpHH,
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O6o3naunm nocpencTsoM I'T? COBOKYNHOCTH BEJHYHH, HoJTyuato-
muxess u3 I' opHOBpeMeHHbIM OOpAlleHHeM BPEMEHH M HHBEDCHH.
HuBepcusi MeHsieT 3HaK Bcex OOBIYHBIX (moJIsipHBIX) BEKTOPOB, B TOM
HHCJE HMOYJbCA P, M OCTABJAAET HEU3MEHHBIMH AaKCHaJbHBlE BEK-
TOpEL, B TOM yncsie BekTop Momenta M. Ilosromy, ecsu I'= (p, M),
To I'"?=(p, —M). Hapsgy c pasenctsoM (2,3) GyAeM HMETb TAK:Ke
H PaBeHCTBO )

wl, Ti; T, T))=w (7%, I]?; T'7P, T{TP), 2,7

O nepexomax, K KOTODHIM OTHOCATCS (VHKUHH @ B OGEHX CTO-
poHax pasenctBa (2,3), roBopAT Kak 00 00pauenubix no 6peseni
1o orHowenuio Apyr K Apyry. OHM He fBJSIOTCA B GYKBa/JLHOM
CMBIC/IE NPAMbLM W 00pamHbLM, TIOCKOJABKY OTJIHYAIOTCS 3HAYEHH MM I
(' u I'7). Hdna opnoatoMmuOro rasa, OfH4aKo, NPUHLHI AETAJLHCLO
PABHOBECHST MOXET GbITh C(OPMYJIHPOBAH TAKKE H B TePMHHAX TIPsi-
MBIX H O0paTHBIX mepexofoB. ITockosbKy Bemuunnamu I' spgsiotes
SACCH BCETrO TPH KOMIOHEHTHL HMIIyJbca aroMma, T0 I'=I7#=p u
us (2,7) umeem

@w(p’, pi; P, P)=w (P, py; P’» D). (2,8)

31eCh MBI HMEEM JEeJIO C «IeTaJabHBIM paBHOBecHeM» B GYKBaJbHOM
CMBICJIE 3TOrO  CJIOBA: KaXKABIH MHKDOCKONHYECKHH NPOLEcc CTOJIK-
HOBEHHH OanaHCHpyeTcsi 06paTHBIM €MY TPOLECCOM.

OyHKWHS @ YAOBJAETBOPSET elre OJIHOMY OOLIeMY COOTHOLIEHHIO,
HE HMEIoLleMy OTHOIICHHS K CHMMETPHH OTHOCHTE/IBHO ofparie-
HHUsl BpeMeHH. BbiBoa 3TOro coorHomenus Gosee HArJISACH, ecJH
TNPOUSBOLHTL €ro0 B KBAHTOBOMEXaHWUECKHX TEPMUHAX, PaccMarpii-
Basl TIEPEXOAB! MEXKAY COCTOSHHSIMH, 0OPA3YIOUIUMH AUCKPETHLIH Psij;
P€ub HIET O COCTOAHHUSX NAaphl MOJEKYJ, ABHKYLUIMXCS B 3a1aHHOM
KOHEYHOM oGbeme. Kak H3BECTHO, aMOJUTY/bI BEepOsATHOCTEH pas-

JIMUHBIX TIPOIECCOB CTONKHOBEHHs 06Pa3yloT YHHTAPHYIO MaTpHLY S
(Tak HasblBaeMasi MAMPUUA PACCesHUL, M S-mampuya). Ycaosue
YHUTAPHOCTH - MMACHT: S*S=1, uay, B SBHOM BHIE C MATPUYHBIMH
MHACKCAMU (HYMEPYIOIUMH pPa3JHUHEE COCTOSTHUS),
+ R N s
2 S nk~245ni5nk—0ik-
n

n

B wactnoctH, npn i=k

;lsnilzzl’

!) Ecom cpenu Besmunm T' mMeoTcst Takke H TIePEMEHHLIE, ONpPE/IeNSIOIIH e
PPALATCbHYIO ODHEHTALMIO MOJEKYJL, TO npH nepexore K I'¥ win 7P nommust
ObITE ONDESICTEHHLIM O6PA30M NpPeobpa3oBAHLl TakKe H oni, Tax, yroJ npeneccun
CMMMETPHIECKOTO BONKA 3ajlaeTcst NponssefenneM Mn, Iie n— nanpasjienue ocu
MOJIEKYJILL, 5Ta BeJMYHHA MEHSeT SHAK Kak Npd o6pallleHHH BPEMEHH, Tak W npu
HHBEPCHH,
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Keagpar |S,;|* onpezensier BepOSITHOCTb CTOJKHOBEHHUS C I€PEXONOM
{—>n'), H HalHCAHHOE PaBeHCTBO BhIpazaeT coGoll IPOCTO YCI0BHE
HODMHPOBKH BEPOSITHOCTEH: CcyMMa BEpOSITHOCTEH BCEX BO3MOXKHBIX
MepexoJ0B M3 3aJaHHOr0 HAYya/JbHOrO COCTOSIHHSI DABHA €XHHHLE.
Ho ycooBne ynurapHocTH MoXHO Hamicatsh H B Buge SS*t=1

o & A ‘ ~
¢ Apyrum mopsiaxom Muokutenedt S u S*. Toraa noayuum XS, Sk, =
n

=08, unpu i=~k

;lsinlzzl’

T. €. DaBHa eIHHHLE TAKKE M CYMMa BEPOSTHOCTEH BceX BO3MOXK-
HEIX [EepPeXOl0B B 3alaHHOe KOHeYHoe cocrosinue. Mexiouns us
ofenx CyMM 10 OZHOMY uJeHy ¢ n=={ (mepexof 0e3 u3MeHeHHS:
COCTOSIHHs1), HallHLIeM

2

;’ ISm’ {2 = ;I lSin

OTo M ecTb HCKOMOe paBeHcTBo. B Tepmunax ¢yuxuuil @ oHo 3a-
[HILEeTCS] B BHJE

fw, 4T, Tydral; =§w@, T 17, T drdry. (2,9)

§ 3. KuHeTnueckoe yparHenue BoabumaHa

IepeiigeMm Tereph K BLIBOAY OCHOBHOIO ypasHeHHs KHHETHYECKOH
TEOPHH Fa30B— ypPaBHEHU, ONpefedisiiomiero (yHKIHIO pacnpejelie-
uus f(¢, r, 1),

Ecal cTosKHOBEHHSIMM MOJIEKYJ MOXKHO Orujio Obl npeHeGpeub
BoBCe, TO KaxJasl MoJeKyJa rasa mnpejacrasdsgaa Obl coO0H 3aMKHY-
TYIO NOJCHCTEMY M JJsg (PYHKIIHH pacrpegeseHis MOJeKyJ Oblia Obl
enpapejiuba Teopema JInyBuans, B cuiy KOTOpoQ
af _

W—O v 3,1)
(em. V, § 3), Tloanas mnpousBoaHas o3HayaeT 3jech AuddepeHiiu-
poBanue BAOJb (A30BOH TpPaeKTOPHH MOJEKYJEl, ONpeAeseMoH ee
YpaBHeHHAMHU JIBHkeHMs. Hamomuum, uro Tteopema JIuyBuanas umeer
MecTo Anst (QYHKLUHM paclnpejesieHusi, onpegesieHHOH MMEHHO Kak
IJIoTHOCTE B (asoBOM INPOCTPAHCTBE (T. €. B HMPOCTPAHCTBE Iepe-
MEHHEIX, ABJAKMMXCS KAHOHHYECKU CONpSI2KEHHBIMH 00OOLIEHHBIMH

1) Ksagpar |S,;|? npu 60abluEx BpeMeHaX TPONOPLMOHAJEH ! M TOCIE Je-
JI€HHs Ha { jaeT BEPOATHOCTh NepexXofa, OTHECEHHYIO K elMHHUE Bpemenu (cp. 1V,
§ 64). Ecan BoaHOBbIe (QYHKIHH HAYaJbHBIX W KOHEYHBIX YaCTUL, HODMHPOBAHEL
“Ha 1 yacTHLy B e€IMHHYHOM OGbEME», TO 3TA «BEPOATHOCTH» GyJeT HMeTb Ty iKe
PasmepnocTs (cm®/c), uwto u ompejeieHHag coraacHo (2,1) Beauwuupa wdl dly.
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KOOpIMHATAMH M HMIYJbCaMH). DTO OGCTOSTENBCTBO HE MeILaeT,
KOHE4YHO, TOMY, 4TO caMa (yHKIMS f MOXKeT GHIThb 3aT€M BhIpaXKeHa
H yepes Jo0ble IpyrHe mepeMeHHLIE.

B orcyrcrsue Bmewnero moas Beqmummbt I' cBoGOmHO ABHKY-
WEACS MOJIEKYJIBI OCTAlOTCSi MOCTOSHHBIMH M MEHSIOTCS TOJBLKO e
KOODJUHATH I; NPH 3TOM

df _ of
o =or TV (3,2)

Ecnu xe ras maxopurcsi, HampuMep, BO BHEIIHeM moJe U (r), peit-
CTBYIOIIEM HA KOOPAMHATHI LEHTPA HHEPUMM MOJEKYJB (CKaxeM,
B I0JIEe TSXKECTH), TO

daf _ of of
E———-(F—I‘VVf“i‘F'b‘E, (3,3)
rie F=—VyU-—cuna, pefictBylomas Ha MOJEKYJy CO CTODOHEI

noJss.
Y4Yer CTONKHOBEHMH HApyIIAeT PaBEHCTBO (3,1); dyuxuus pac-
NPEAC/NCHHS NepecTaeT GbITh MOCTOAHHOH BAOJb (a30BEIX TPAEKTO-
puit. Bmecto (3,1) mago nucars
df
= =St f, (3,4)
rae cumBol Stf osHayaeT cKopocTh W3MeHeHHsT DYHKIMH pacmpe-
Aesenus Gnaropapst croakHoBennam: dV dl'-Stf ects ormecemmoe
K €lHHHNE BpeMEHM H3MeHEeHHe 3a CYeT CTOJIKHOBEHHH 4YHCJa MoJe-
Kyn B ¢asosom o6peme dV dI'. HanucaHHoe B BHje

Fr=—vvitsty

ypasuenue (3,4) (c df/dt us (3,2)) onpenenser momHOoe H3MeHeHHE
¢yHKUMM pacnpenesieHHs B 3a1aHHOI TOUKe ¢asoBoro npocrpancTaa;
wien dV dI'(vyf) ects y6mib (B 1 ¢) uucaa MOJIEKYJ B 3aJaHHOM
SJIEMeHTe (ha30BOrO MPOCTPAHCTBA, CBA3AHHAS C HX CBOGOLHBIM JLBH-
JKEHHEM, .

Besnunny Stf masesaor uumeepairon CmoAKHogerull, a ypas-
HeHusa Buja (3,4) Ha3LIBAIOT BOOGIIE KUHEMUUECKUMU ypasHenuamu.
Pasymeercst, kKunernueckoe ypasuennue NPHOOPETAET PeaNbHBIi CMBICT
JIMIIBb 1I0C/IE YCTaHOBJIEHHS! BHAA HHTerpaja CTOJKHOBeHuii. K 3TOMY
BONPOCY MBI ceduac M mepeiifem.

Ilpn cronknOBeHHH ABYX MOJEKYN 3HAaueHHs HX Beauuuy T Me-
Hslorcs. [losToMy BCSIKOe CTOMIKHOBEHHE, HCIBITAHHOE MOJIEKYJI0H,
BBIBOJHT €€ W3 3alaHHOro HHTepBasa dI'; o TakKHX CTOJKHOBEHHSX
TOBOPAT KaK 00 akTax «yxofa». I[loJHOE YHCJIO CTOJKHOBEHHI]
¢ nepexogamu I', I'y— I, T} co BceMH BO3MOMKHBIMH 3HAYEHHUAMH
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"Iy, T, T'{ npu sagausom I', NPOUCKOAAUIUX B EIHHULY BPEMEHH
B o0beMe dV, paBHO umHTErpa’ay

avdr {w(, Ty; T, T,)ff,dTydT" dT;.

IpoucxoasaT, onHako, H Takne CTOJKHOBEHHS (IPHUXOI»), B Pe3yib-
TaTeé KOTOPBHIX MOJIEKYJbl, o6JajaBllie NEePBOHAYAJIBHO 3HAYEHHUSIMU
BesiuuH I, Jexamumu BHe 3amaHHOro uHTepBajga dI', momajarot
B 3TOT HHTepBaJ. JTO— CTOJKHOBeHHs c nepexopamu IV, I'i—T, I',
cHopa co Bcemm posmoxkupmu I'y, T, T'7 npu sagannom T'. IMosnoe
YHCJIO TAKHX CTOJKHOBEHHH (B €IMHHIY BpeMeHU B oGbeme dV) paBHO

avdr § w (T, Ty T', T9) [ fidT;dl” dIy.

BriuTa uHC/I0 aKTOB yxoja M3 uuCJa aKTOB NMPHUXOJa, HAHJEM TaKUM
o6pasoM, 4TO B pe3y’abTaTe BCeX CTOJKHOBEHHI paccMaTpHBaeMoe
YHCJIO MOJIEKYJ YBeJHuyuBaercsd B 1 ¢ Ha

av dr § @'f'f; — wff,) dT, 41" dT,

Tle A KPaTKOCTH 0603HAueHO
w=w{', T; T, T), w=w Iy I, . (3,5)

Taxum o6pason, HaXOAUM CJAEAYICHIEe BLIpaXKeHue AJ HHTerpaJa
CTOJIKHOBEHUI:

Stf = w'f'fi—wff,)dr a1 dry. (3,6)

Bo BTopoM useHe B MOJBIHTErDa/IbHOM BBIPAMKEHHH HHTErPHDOBAHHE
no dI”dl; orHocWTCs TONBLKO K (YHKUMH W, MHOMKHTENHA f, f; OT
3TUX NepeMeHHbIX He 3aBucAT. [loaTomy aTy wacTb uHTErpasa MOKHO
npeo6pa3oBarh ¢ NOMOWBIO COOTHOWRHUS yHUTapuocTH (2,9). B pe-
3yJbTaTe HHTErpaj CTOJKHOBEHMH NPHMET BUA

stf={ o (fi—fr)dr,dr ar;, (3,7)

B KOTOpPOM 00a u/jeHa BXOAAT C OJMHAKOBBIM KosbduuuentoM w'?).
YcTaHOBUB BMJ HHTerpaja CTOJKHOBEHHH, MBI TeM CaMbIM IIOJIY-
Wi BO3MOXKHOCTb HAMHCAThb KHHETHYECKOE YpaBHEHHE

S+ vvf = (@ (" fi— ff) drydr ary. (3.8)

S10 uurerpo-anddepenunaibHoe ypaBHeHHe Ha3blBAIOT TaKKe ypas-
Henuem Loasymana. OHO GBIIO BIEDBEE YCTAHOBJSHO OCHOBATEJEM
Kunetuyeckoll teopuu Jlwdeueom Boasymarnom B 1872 r.

—_—

1) BOBMO;KHOCTI: npecGpasoBanisl WHTErpasa CTOJKHOBEHHE ¢ momousio (2,9)
YKazana IlmiokxeasGepeon (E. C. G. Stiickelberg, 1952).
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PaBHoBecHOe cTatHCTHUECKOE pacnpefeseHHe JOMKHO VIOBJETEO-
PATE KHHETHYECKOMY YypPaBHEHHIO TOXAECTBEHHBIM 06pasoMm. 1o
yCJoBHe NeHCTBHTENLHO BbIIOMHAETCS. PaBHOBECHOE pacnpefeseHue
CTALLHOHAPHO M (B OTCYTCTBHME BHENIHEro MOJS) OAHOPOIHO; IIOITOMY
7€Bas CTOPOHA ypaBHeHHs (3,8) TOKIECTBEHHO OGpAIIAeTCs B HYJb.
Pasen Hysio Takxke H HHTErpan CTONKHOBEHHH: B CHJY paBeHCTBa
(2,5) obpamaercsi B HY.Ib NOIbIHTETPA/BHOE BHIPAXKEHHE. Y IOBJET-
BOPsIeT KHHETHYECKOMY YDAaBHEHHIO, KOHEUHO, H PaBHOBECHOE pac-
npejejeHye s rasa BO BHEMWHeM moJge. JIOCTATOYHO BCHOMHHTD,
YTO JieBas CTOPOHA KHHETHYECKOIO YPABHEHMSI €CTb NMOJHASA IPOH3-
BofHasA df/dt, TOXAECTBEHHO O6pamlaWAsics B HYJAb /15 BCSIKOI
$ysKuHn f, saBucsAwedl TOJBKO OT MHTErPAtoB ABHMKCHHS; PaBHO-
BECHOE 7K€ pacnpefie/ieHHe BbiPaXkaeTcs TOMbKO uepes HHTCrpad
ABHXEHHS — MOJIHYIO 3HEPTHUIo MoJeKyJsl & (I).

B usnoxeHHOM BHIBOJE KUHETHUECKOTO YpaBHEHHS CTOJIKHOBEHHS
MOJIEKYJl DAcCMAaTPUBANHCE MG CYIIECTBY KaK MIHOBEHHbiE AKTHI,
MPOHCXOJAINHE B OIHOH TOUKE NpPOCTPAHCTBA. FICHO MO3TOMY, 4TO
KIHHETHYECKO® ypaBHeHne NO3BOJSET B HPHHLHIE CJASNHTL 34 H3Me-
HeHHeM QYHKIMH pacHpeleslenHs JHilb 3a NPOMEXYTKH BPeMEHH,
Gontblilie 0 CPABHEHHIO C AIHTRJABHOCTBIO CTOJKHOBEHHI, H Ha pac-
CTOSIHUAX, GOJBIINX TI0 CPABHEHHIO ¢ pasMepaMy O6JaCTH CTOJNKHO-
penust. llociefHHe TODANKA BEMNYHHBL PajHyca AeHCTBHS MOJIEKY-
JAPHBIX CUI d (A1 HeATPAJbHBEIX MOJEKYJ] COBNAJAKILETO € HX

pasmepanmi); BpeMsl ke CTOJKHOBEHHs TOPSAKA BeJMuHHl d/0. DTy
3HAYEHHs] ¥ YCTAHABJIHMBAIOT HHKIMI Tpejes pacCTOsTHUN U AJHTe b-
HOCTefl, PacCMOTPEHHE KOTOPLIX IOMYCKAETCH KHHETHYCCKHMM YypaBHe-
HHeM (K TPOHCXOMIEHHIO ITHX OrPAaHHYEHHH MLl BePHEMCS elle B § 16).
Ho ¢akrtuyeckn ofpiuno mHeT HeOGKOIHMOCTH (42 H BO3MOMKHOCTH)
B CTOJIb JAETaJbHOM ONHCAHHH TIOBEAEHHST CHCTEMbI; IJ5 5TOTO MO-
HaoOHIOCh Obl, B YACTHOCTH, H 34jaHie HAYAJIbLHBIX YCJIOBHH (npo-
CTPAHCTBEHHOTO paclpeliesielisl MOJEKYJl rasa) ¢ Takoil JKe TOUHOCTbLIO,
9TO (pAKTHYECKH HEOCYIECTBUMO. B peasbunx Gusndeckux Bompocax
CYMECTBYIOT XapaKTepHLle mnapamerpel Juiudel L u Bpemenn T, Ha-
BSISBIBAEMBI€ CHCTEME YCJOBHSIMH 3ajiadyu (XapakTepHble MJIHHLI Tpa-
AHCHTOB MAKDOCKONMYECKHX BEJHYHH rasa, JJINHB H IepHoibl pac-
ITPOCTPAHAIUINXCA B HEM 3BYKOBBIX BOJH 4 T. I1.). B Takux sagauax
JOCTATOYHO CJACAUTL 34 MOBEJIEHHeM CHCTEMBl Ha PacCrosHUAX H 32
BpEMCHA, MaJjble JHIbL 110 cpaBHeHHIO ¢ aTumu L u T. Jlpyrumu
C0BaMH, MaJbIMH JIHIIL [O cpaBHeHH ¢ L u T J0/KUBI GBIT
(usnueckH GeCKOHEYHO MaJLle 3JeMEHTH ofbeMa H BpeMeHH. Ycpen-
HEHBBIMH IO TaKHM 3J/1EMEHTAM 3aJaloTCs N HavyajbHLle YCJAOBHS
3ajlaun.

Hasi onHOAaTOMHOTO rasa BeAHYHHEI I CBOAATCS K TPpeM KOM-

MOHEHTAM uMOYyJbca atomMa p, a corJacHo (2,8) ¢yukuus w’ B
MHTerpaje  CTOJIKHOBEHHE  MOxeT ObiTh 3aMeHEHa (yHKuuel
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w=w(p’, p1;p, p,). Beipasus 3arem 3Ty ¢yHKUHMIO uepes Aubde-
peHLHaJbHOe cedeHHe CTONKHOBEeHHH do corjiacHo @ d*p’'d®p] = Uy, do
(PHe vgp=|V—v,|; oM. (2,2)), moayuum

Stf = § tes (' fi— 1) do d*py. (3.9

dyHknUa w, a ¢ HeW M ceueHue do, ompeneseHHoe corjacHo (2,2),
cozepxkart B cefe O-QyHKIUOHHbIE MHOXKUTENM, BbIPAKAIOMINE 3aKOHEl
COXPaHEHHA HMNYJAbCA W 3IHEPIUH, B CHAY KOTODHIX II€PEMEHHBIE
P, P’y pi (pu 3ajgausoM p) B AEHCTBHTEJBHOCTH HE HE3aBUCHMEL.
Ho mnocse Toro, kak uHTErpaj CTOJKHOBEHWH BrIpaxeH B BuAe (3,9),
MOKHO CYHTATh, UTO 3TH O-(PYHKIHUH YiKe YCTpaHeHH COOTBETCTBYIO-
IIHMH MHTETPUPOBaHUAMY; TOTAA do GyAET OOLIUHLIM CeYeHHeM pac-
CeSHHS, 3aBHCAUINM (IIPH 3aAaHHOM U,.,) TOJIBKO OT YIJid PacCesHus.

Jl1s KayecTBEHHOrO pacCMOTPEHHS KMHETHUeCKHX sBJEHHH B rase
HCrosb3yeTess rpy6ast oneHKa HHTerpasia CTONKHOBEHHH C MOMOLIbIO
HNOHATUA JAauHbl €80600H020 npobeea |-—HEKOTOPOro CpejHero pac-
CTOSIHHS, IPOXOAHMMOTO MOJIEK YJIOH MEZKAY ABYMS MOCJeN0BATeAbHBIMH
CTOJIKHOBEHHMsIMu 1), DTa BeJUYHHA HMEET, KOHEUHO, JIHIIb Kauect-
BEHHBLIl XapakrTep; caMoe ee olpeleJeHHe 3aBHCHT OT TOro, Kakoe
UMEeHHO KHHETHYeCKOoe fABJeHHe B rase paccMaTpuBaercs.

JliuHa cBoBopHOro npobera MoxeT GLITh BRIPaKeHA depes ceueHue
CTOJIKHOBEHHHl 0 ¥ IJIOTHOCTh uuciaa MoJsiekys B rase N. Ilyctb Mo-
JIEKYJia B CBOEM JABHXEHHH NIpoumnia 1 cM; Ha 3TOM NyTH OHA CTOJK-
HyJach C MOJIEKYJaMH, HAaXOASAMHUMHCS B ofbeMe o (00beM IMUAHHIPA
C IJIOMAAbI0 CeyeHus ¢ u JaHHOH 1 cM); B 3TOM oObeme umeercd oN
MoJeKyJ. SICHO moaToMy, YTO

[ ~1/No. (3,10)
Ceyenue crosikHOBeHHH O ~ d*, rAe d—MOJEKYyJIApHBIE Pa3MepHL.

HanucaB takxke N ~r~%, Trhe r—cpejHee paccTosHHE MEXKAY
MOJIEKYJ/1aMH, HaiJeM, uTo

~7(5) =a (%) (3.11)

IMockonbky B rase r>>d, to amauxa npoGera [>>r.
OrHolieHne T~ [/u HA3LIBAIOT gpeMeHeM c80000H020 npobeea. na
Ipy6oH OLEHKH HHTerpasa CTOJKHOBEHHH MOMXKHO IOJIOKHTB

St~ —{lom 2 ). (3,12)

Hanucas B uncautese pasuocts f—f,, MBI TeM CaMBIM Y4JIH, YTO
HHTErpaJ CTOJIKHOBEHHHM ofpamaercd B HYJb MJsi PaBHOBECHOH

}) 210 nonsatHe 6LLiO Boepsule BBeAeHO Kaaysuycom (R. Clausius, 1858),
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GyHKIUH pacnmpepesenus. 3Hak MuHyC B (3,12) BeIpaxkaeT Tot dakr,
YTO CTOJIKHOBEHHS SfABJISKOTCS MEXaHU3MOM YCTAHOBJEHHS CTaTHCTH-
YECKOr0 paBHOBECHS, T. €. CTPEMSITCS YMEHBIIHTb OTKJOHEeHHEe (PyHK-
MY pacnpejeseHdss OT paBHOBECHOH. B 3ToM cMpICje Be/UYHHA T
HTpaeT posib BPEMEHH peJakcallud JAJs YCTAaHOBJIEHHST pPaBHOBECHS
B KaxJoM sjeMeHTe o0beMma rasa.

§ 4. H-teopema

[TpenocrapieHnblfl camoMy ceGe ras, Kak W Beskas 3aMKHYTas
MaKpOCKONHYECKass CHCTEMA, CTPEMHTCSL IIePeHTH B pPAaBHOBECHOE
cocrossHye. COOTBETCTBEHHO 3BOJIOIMS HEDABHOBECHOH (YHKIHH
pacnpejeseHns COrJiaCHO KHHETHUECKOMY YPaBHEHHIO JOJIXKHA CONpO-
BOXKJAaThCS BO3pacTaHWeM 3HTponuu rasa. [lokamxem, uto 3t0 gefi-
CTBUTEJBHO TaK.

Kak usBecTHO, 3HTpPONmUsl HALANBHOTO Ir'asa, HAXOASILErOCs B He-
PaBHOBECHOM MaKPOCKONHYECKOM COCTOSHHH, OMHCHIBAOILEMCS] QYHK-
uued pacnpefeseHus f, paBHa

S=5f1n%d1/dr 4,1)
(em. 'V, § 40). Oudpdepenunpysa sto Bﬁxpameﬂne 110 BpeMeHH, MulleM
%f_=ga_at (fm-;-) dV dl = — glnfadedF 4,2)

ITockosibKy yCTaHOBJIEHHE CTATHCTHYECKOTO pPABHOBECHS B rase
OCYUIECTBJISIETCS.  CTOJKHOBEHHSIMH  MOJEKYJ, TO BoO3pacTaHue
SHTPOIHH JOJXKHO OBITb CBSI33aHO MMEHHO €O CTOJKHOBUTE/IbHOH
YacTbi0 H3MeHeHH# ' (QyHKUMH pacnpefenenus. MsmeHenue xe 3TOH
GyHKUMH, CBSI3aHHOE CO CBOGOAHBIM JBHXKEHHEM MOJIEKYJI, HE MOMKET
H3MEHHUTb 3JHTPONHM rasa. J[leHAcTBHTeJNbHO, 3Ta 4YacTh H3MEHEHHS
OGyHKUuM pacnpefienieHusa JaeTcs (/s rasa Bo BHeilHeM nojse U (r))
NEPBLIMH JBYMs 4YJeHaMH B IpaBoi CTOpOHe ypaBHeHHSA

d=—vvi—FLstr.
Mx Bknapy B mpoussopuyio dS/d¢ paseH
—Slnf[ v f] dV dT = S[ 6r+F0p] (fln )dVdr.

Ho unTterpan mo dV ot usnena ¢ mpousBogHoét 0/0r mnpeoGpasyercs
corjiacHo Teopeme I'aycca B WHTerpaJ/ Mo NOBEPXHOCTH; NPH HHTe-
TPUPOBAHHH 1O BceMy oOObeMy rasa OH oGpaiiaeTcss B HYJb, MO-
CKOJIbKY 3a MpejeJiaMyd 3aHHMaeMoro rasom oonema f—=0. Ananorny-
HEHIM 00pasoM, uJeH ¢ [POW3BOAHOH O/0p NpH MHTErpPHPOBAHHH 10
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d*p npeo6pasyeTcs B HHTErpaj Io GeCKOHEWHO YJNa/JeHHOH MOBEpPX-
HOCTH B MMIYJbCHOM IDOCTPAHCTBE H TOXe ofpaiiaercss B HYJb.
Takum o6pasoM, [/ H3MEHEHHs SHTPONHH OCTAETCH

%ti.:_gmf.swdrdv. (4,3)

DroT MHTErpaj MOKHO NpeofpasoBaTh C MOMOLLbIO TPHEMA, KOTO-
pHil MBI copMyanpyeM (MMes B BUAY TaKke H JaJbHEHINHE MNpH-
MeHeHUs1) B oflieM Buje AJis HHTerpana

{ o stradr,

rie ¢ ([)—nw6as ¢yskuns semuuud I'. TlpeacraBuB HHTErpas
CTOJIKHOBEeHHH B BHje (3,6), nuuieMm

{omstiar={ quw, 11, T) f'iide0— gu(I’, T T, Ty) fLd'T,

rae nas kpatkoctn o6osuaueHo dT'=dl'dIl';dI" dly. Ilockoabky
MHTErpHpOBAHHE IPOM3BOAMTCS 3f4ech mo Bcem nepemennsM I', T,
I’, T, To MOXKHO, He MeHsis HHTerpasa, IIPOU3BECTH JI000e Mepe-
0603HAUeHHE NepeMeHHbX. Bsaumuo mepeofosHauns I, I'; u r’, Ii
BO BTOPOM HHTerpae, HmOJYy4YHM

fomstfdr={(@—e)w( Iy T, F)[HdT.

ITepeoGosnauus tenepp I', I «> T, T, B3AB mosycymmy nosyyato-
muxcsd TaKuM 06pa3’oM HHTErpajioB H yuTs OYEBHAHYHO CHMMETDHIO
dYHKIEH @ [0 OTHONIEHHIO K JBYM CTaJKHBAIOIHMCH 4YacTHLAM,
nosiyusM opmyJay npeobpasoBaHus

1 14 * rgtee
(omstiar=; (@ +o—o'—edw[HdT. (44
B wvacrtHoctn, uHTErpal SStf dl' =0; npexpcraBus 3geck Stf B Buje
(3,7), noayuyum
{strar={w ('fi—ff)aT=o0. (4,5)
B npumenennn K uuterpaay (4,3) dopmyaa (4,4) naer

a8 1 S @' In %’% AT dV = S W' ffx In xd*T dV,

rae oGosHaueno x=f'fi/ff;. BbMTA U3 3TOro BbIpaKECHHS MOJOBHHY
paBHoro HyJio uHTerpana (4,5), mepenuiiem ero B BUJE

48 L (i, (e lnx—sx - )TV, (4.6)
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Oynxnusg B cKO6KaX B MNOABIHTErpajbHOM BBIDAXKEHHH HEOTpHIA-
TeJbHa TpH BceX x > 0: oHa paBHA HyJ©O OpH x=1 ¥ Bospactaer
0 o6e CTOpPOHB OT 3Toi Touku. [To ompeje/seHHIO MOJOKHUTENbHBI
TaKXe M MHOXKuTen w’, f, f, MOA 3HaKoM HHTerpaJa. Takum ofpa-
30M, MBI IPHXOJHM K TpeGyeMOMY pe3yJ/bTary

2 >0, (4,7)
BBEIDAXKaLmeMy cofof 3aKOH Bo3pacTaHus SHTPONHH (3HAK paBeHCTBA
IIMEeT MEeCTO B paBHOBeCHH) ).

O6patuM BHHMaHWE Ha TO, YTO B CHJIY HEOTPUILATENBHOCTH TOJBIH-
TErpajsbHOrO BhIpaxkeHHs B (4,6) (a Tem cambim H B (4,3)) momoxu-
TeJeH HE TOJAbKO Bech uHTerpan (4,3) mo dI'dV, Ho u wuuTerpan
ToNbKO 10 dI'. JIpyrumu ‘cjloBaMH, CTOJKHOBEHHS NPHBOAAT K BO3-
PacTaHHIO SHTPONHH B KaxXXAOM 3JeMeHTe ofbema rasa. 10, KOHEYHO,
He BHAYMT, UTO BHTpPONHs BoOOLLE BO3pPACTaeT B KaK/AOM 3JeMeHTE
ofbemMa, TaK KakK OHA MOXKEeT IEePCHOCHTBCS H3 OJHOTO YyyacTKa
B JIPYTO# 3a CueT CBOGOJHOTO JABHIKEHHST MOJIEKYJI.

§ 5. Iepexon K MaKpOCKOMMYECKMM YpPaBHEBHAM

Kunernueckoe ypapHenne DosblMana [aeT MHKDPOCKOMHMUECKOE
ONMCAHHE 3BOJIOLMHM COCTOSTHHSA rasa. IlokazkeM, KakuM o6pasoM
MPOU3BOANTCA TEPEXOJ OT KHHETHUECKOrO YPaBHEHUST K OGBbIYHLIM
YPaBHEHUAM THIPOAMHAMUKH, OCYILECTBJSAIONIAM MeHee JeTaJbHoe,
MaKpOCKOIIMYECKOe ONMHUCaHhe 3TOH sBosonun. Takoe omucaHue npu-
MEHHMO B YCJOBUSX, KOrZA MaKpPOCKONMHYECKHe CBOHCTBA rasa (ero
TeMIeparypa, MJOTHOCTb, CKOPOCTb U T. I.) NOCTATOUHO MEIJIEHHO
MEHSIIOTCST BAOJIb €ro o6heMa: PaccTOSHHS L, Ha KOTOPBIX MPOHCXO-
JIUT CYLUIECTBEHHOE M3MEHEHHE 3THX CBOHCTB, JOJKHLI OBITh BEJHKH
[0 CPABHEHHIO ¢ JJIHHOH CBOGOAHOrO Ipolera MoJekyda .

Mul yxe ynomuHasu, YTO HHTErpad

N(t, )=\, r, T)dr (5,1)

€CTh IJIOTHOCTh PACHpENeseHHnst MONEKYJ rasa B MPOCTPAHCTBE; Npo-
u3BejieHne p=mN ecTb COOTBETCTBEHHO MacCCOBas IJIOTHOCTb rasa.
CKOpOCTb MaKpPOCKONHYECKOTO JBHKECHHSI rasa o06o3HaduM uyepes V
(B OT/IHUHE OT MMKDOCKONHYECKHX CKOPOCTeil MOJIEKYJ V); OHa ompe-
JEJIFAETCSl KAK CpejHee 3HAUCHHe

V=V=%SvfdP. (5.2)

1) HorazaTenscTBO 3aKOHA BO3PACTAHHSA SHTPOTIHH C TIOMOMIBIC KHHETHYECKOTO
ypasHenHs Obl10 faHO BojibLMAaHOM M ABWIOCH NEPBLIM MHKPOCKOTIHYECKHM 060~
CHOBaHHEM 3TOTO 3aKoHA. B rnpHMeHeHMH K rasaM 5TOT 3aKOH YacTO Ha3blBa-
10T H-meopemoit (10 oGosHauenuio — H, HCHONIB30OBAaHHOMY bBoabpumanoM pas
SHTPOIHH).
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CronKHOBEHHSI HE MEHSIOT HM YHCJA CTAJAKMBAIOMKXCS TacTHIL,
HH HX CYMMapHBIX SHEPrHH M UMIyJbca. SICHO MO3TOMY, UTG CTOJK-
HOBHTEJIbHASI 4acTb M3MeHeHHsT (YHKIMU pACTIpefieJieHHS He MOXKeT
IIPHBECTH K H3MEHEHMIO TaK¥Ke U MaKPOCKONHUYECKHX BEJHUYHH B KaxK-
JIOM 3jeMeHTe ofbeMa rasa—ero IJIOTHOCTH, BHYTPEHHEH SHEPruu
I Maxkpockonnueckoll ckopoctd V. [efCTBHTENBHO, CTOJIKHOBHTENE-
HbI€ YaCTH H3MEHEHHS NOJHBIX YHCJa, SHEPTHU H HUMIYJ/bCA MOJEKYI
B eIuHuLEe o0beMa rasa JamoTcs PaBHLIMHU HYJIO HHTErpajiaMu

{stfar=o, {eStfar=0, {pStfar=o. (5,3)

B 3THX paBencTBax JeTKO YGeIWTbCSI, NPUMEHMB K HHTErpasam

npeo6pasoBanue (4,4) COOTBeTCTBEHHO ¢ ¢=1, & uad p (nepBLl

HHTerpasn obpaiaercss B HYJAb TOXKAECTBEHHO, 2 BTOPOH M TPeTHH —

B CHJIY COXPAHEHHs 3HEPTHH H HMIYJbCa NPH CTOJKHOBEHHSX).
Hanuem Tenmeph KHHETHYCCKOE YpaBHEHHE

Tt 5 uh) =St (5.4)

¥ npounTterpupyem ero mo dI', mpeiBapHTeabHO YMHOXKHE Ha M, pp
Wi €. Bo Bcex Tpex cJydasax npasas CTOpCHA ypaBueHus ofpa-
THTCH B HYJb W MbI NOJYYHM CJACAYIOU[HE YpaBHEHMs:

ap

<5 +divpV=0, (5,5)
0 Olap !
W {)Vm+ 6x3 ———O, (5’6)
2 Ne4-divg=0. (5,7)

IlepBoe nz HIX €cThb OGBIUHOE THIAPOAHHAMHYECKOE YpABHEHHE He-
OPepHIBHGCTH, BHIpaxKamllee co00l coxpaHeHne Macchl raza. Bropoe
YPaBHEHHE BBIPAXKAET COXPaHeHHE UMMYJbca; TeHsop llgg onpenenen
Kak

Mog = § mogupf dr (5,8)

¥ MOpeAcTapjsier coGof TeH30p IJIOTHOCTH MOTOKA IIMNYJbCA: €ro
Komnonenta Il,p ecTh @- KOMIOHEHTa HMNYJbCd, NEPEHOCHUMOrO
MOJIEKYJIaMH B 1 € uepes eHHHYHYIO NJIONAAKY, TEPIEHAUK YAAPHYIO
ocu xg. Haromen, (5,7) ecTp ypapHenue coXpaHeHHs 3HEPIHH; BeK-
TOp ( OIpejeseH Kak

q={ evjdr (5,9)
H mpejicTaBJsieT cofoi IJIOTHOCTh IIOTOKA 3HEPTHH B rase,

Hans npusenenust (5,6) u (5,7) K BUAY OGBIYHBIX THAPOAWHAMH-
UeCKuX ypaBHeHHH Haxo, OAHAKO, eme BHpasutb ll,g u q uepes



30 KHHETHUYECKASl TEOPUSI TA30B Iri. 1

MaKpOCKOMHYECKHE BEJMYHHEL. Mbl' yXke YNOMHHAJH, 4TO MAKPOCKO-
[IHYeCKOoe OMHCAHMe rasa INpeanosaraer AOCTAaTOUHYIO MaJoCTh rpa-
JMEHTOB €ro MAaKPOCKOMHUeCKHX XapakTepHCTHK. B rtakoM ciydae
B TepBOM NpPUGMHKEHHH MOXKHO CYHTaTh, YTO B KaKIOM OTIENbLHOM
ydacTKe rasa ycrneBaeT YCTAaHOBHTBCS TEIJIOBOE PaBHOBECHE, MEXIY
TeM Kak Bechb ras B LieJOM He HaXONWTCs B paBHOBecHu. Jlpyrumu
CJIOBAMH, B KaXKJAOM 2JeMeHTe ofbeMa (QYHKUHS paclpeiesenus f
NpPUHUMAETCH N0KAAbHO- PABHOGECHOL — COBNIafAoMel € PaBHOBECHOH
¢yuRuMeRn f, ¢ TeMH NJIOTHOCTBIO, TeMIepaTypoll U MakpocKonuye-
CKOH CKOPOCTbIO, KOTOPbIE HMEIOTCS B JIAHHOM SJIEMEHTE. Taxkoe npu-
GiKeHHe O3HAyaeT IpeHefpexeHHe BCEMH JAHCCHIATHBHLIMH MPO-
leccaMH B Trase—BA3KOCTBIO M TEIIONPOBOJHOCTHIO. EcTecTBeHHo,
yro ypasHesus (5,6—7) CBOASATCS IPH 3TOM K YPaBHEHHSM THAPO-
JMHAMHKH HeajbHOR XKHIKOCTH. YOEeNHMCS B 3TOM.

PaBHOBeCHOE pacipefiejieHHe B yYacTKe rasa, JBHAKYILEMCS KaK
1106 CO CKOPOCTbIO V, OTJIMYAETCs OT PaBHOBECHOTO pacHpele/CHHs
B HENOJABMAKHOM rase JuIb MpeobpasoBaHueM [asmuies; MNepeHas
B cucteMy orcdera K', ABUXKYUIYIOCS BMECTe C rasoM, MBI IOJY4YHM
o6bigHoe pacnpenenenne Bombumana. CropocTH v’ MOJeKyJ B 3TOH
cHCTeMe CB$i3aHBL C MX CKOPOCTSIMH B HCXOfiHOH cucTeme K mocpen-
ctBoM v=v 4+ V. Ilumem

I = mN <vg0p> =mN (Vo +0z) (Vg +03)>=mN VoV g 4-<vavp>);

usentt Voop u Vpuy, o6pamaiorcs B HYJb NP YCPEIHEHHH XIO Hampas-
JICHHSM V', TOCKOJBKY BCe HaNpaBJEHHsi CKOPOCTH MOJIEKYJIB B CH-
creme K’ pasuoseposTH. Ilo »ToH ke mpuyrne

<VL0p> =5 <0 Bap (5,10)

CpeflHHH K€ KBaApaT TemJIoBOH CKOPOCTH '*>=3T/m, tne T —
Temneparypa rasa. lHaxouelw, 3aMeTHB, 4TO NT ecth JaBbieHue
rasa P, noay4um

H“ﬁ = pVaVﬁ + ﬁaﬂP, (5, 1 1)

T. €. U3BECTHOE BHIpAXKEHHWE JJI8 TEH30pa NMOTOKA MMIyJbCa B HIE-
aJbHONl KWIKOCTH; ypaBHeHHe (5,6) C 9THM TEH30DOM SKBHBAJICHTHO
THIPOAMHAMHUIECKOMY ypaBHEHHIO Disiepa (eM. VI, § 7).

It mpeoGpasoBanusi uHTerpana (5,9) sameuaeM, 4TO SHEprus
MOJIEKYJHL € B cHcTeMe oTcuera K cBsidaHa C €€ smeprueit ¢ B cH-
creMe K I10CPENCTBOM

ge=¢ -+ mVv' -1'——;— mye.

TMoncrapus 5To BEpamkenue n v=v' -4V B q=Nev, nonyynm

q= NV [ B0 =V (% +P+NeT)
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(npu  ycpenHenun npousBegenus v’ (Vv') wucnoansosano (5,10)).
Ho Ne' ectp TepMopunamuyeckasi BHYTpPEHHsIsi SHeprus rasa, ofT-

HeceHHas K eaunuie ob6bema; cymma xe Ne' P ecrtb TemsoBas
¢ynguua W Toro xe KosaxyecTBa rasza. TakuM oGpasoM,

q=V(%/—2—l— W) (5,12)

B COIJIaCMM C W3BECTHHIM BBIPaXK€HHEM IIOTOKA SHEPTHH B F'HAPOIH-
HaMHKe HAeanpHOR xuakoct (cMm. VI, § 6).

Haxkonel, ocTaHOBHMCS Ha 3aKOHE COXPaHEHHs MOMEHTA HMMyJibca
B KHHeTH4YeCKOM ypaBHeHHH. CTpPOruH 3aKOH COXpaHeHHS JOJDKeH
HMETb MeCTO JIHWb JAJIf TOJHOTO MOMEHTAa rasa, CKJaJbIBaIoerocs
M3 OpOHTAJbHOFO MOMEHTA MOJIEKYJ B HX HOCTYNATEJIBbHOM JBUKEHUH
H HX COOCTBEHHBIX BpallaTeJbHBIX MOMEHTOB M; IJIOTHOCTH IOJHOTO
MOMEHTA Haercs CyMMOH ABYX HHTErpaJtoB

{[rp]far -+ mpar. (5,13)

Ho stu gBa unena uMeloT pasauyHBI NOpPSIOK BesnduHbl. Op6u-
TaJbHbIA MOMEHT OTHOCHTEJBHOTO JBHMKEHHs JABYX MOJEKYJ, Haxo-

ASAMWKXCA HA CPEAHEM DPAcCTOSIHHM r JPYr OT JApYra, Nopsixa BeJH-
YMHEL MUr; COGCTBEHHLIH XK€ MOMEHT MOJeKyJabn M ~ moud, T. €. Maka

10 CPaBHEHHUIO ¢ OPGHTAJbHBIM MOMEHTOM (OCKOJIBKY Bcerjpa d << r).

EctectBenHo nostomy, 4T0 KHHeTHYecKoe ypaBHenue DGosbpimMana,
OTBEYaIoIee IEePBOMY HeHCYe3aiouleMy NpHUOGJMKeHHI0 Mo MaJod Be-
JY4MHE d/r, He MOXKeT YYecTb MaJblX H3MEHEeHH#l OpOHTaIbHOrO
MOMEHTa, CBSI3aHHBIX ¢ OGMEHOM MeXJAY ABYMS YacTsMH HOJHOTrO
momeHTa (5,13). C 3TUM CBsI3aHO TO OGCTOSITENBCTBO, UTO YPaBHEHHE
BoabuMana coxpauser nmosHbfi OpGHTaJNbHBII MOMEHT rasa: u3 pa--

BEHCTBa S p St fdI'=0, BHpaxalomero coxpaHeHyue UMNYJbCa, aBTO-
MaTHYeCKH CJejyer, 4TO U

§[rpIstfar=[r{ pstfar]=o. (5,14)

ITpoucxoxaeHue 3TOro CBOACTBA OYEBMAHO: NOCKOJLKY B YPaBHEHHH
BonpiMana CTONKHOBEeHHsT DAacCMaTpUBalOTCA KakK MPOHCXOAAMIUE
B OJHOH TOYKE, TO BMECTE C CYMMOH HMIYJbCOB CTaJKUBAIOIIHXCS
MOJIEKYJ1 COXPaHSIeTCs TaKXKe H CyMMa HX OpGHUTajIbHBIX MOMEHTOB.
YUTo6k HOTYYHTh ypaBHEHUE, OMHCHIBAONIee H3MeHeH)e OpGHTaIbHOrO

MoMenrta, Hafo OblIO GBI YUYeCThb UJEHB! CJAE[VIOEro MOPsiaKa 1o d/r,
CBA3aHHLIE C TEM, YTO B MOMEHT COYAAaPEHHSI MOJEKYJbl HaxoAsTCs
Ha KOHEYHOM pacCTOSiHHM APYr OT Jpyra.

B To ke BpeMs, oiHako, camuiil mnpomecc o6MeHa MOMEHTOM
MeXay mnocTynareJbHEIME H BpaljaTebHBIMH CTEHEHAMH CBOGOAEI
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MOXeT OHTb ONHCAaH B paMKaX ypaBHeHHs BosbuMmana cooTHoLe-
HHEM BHJa

‘%gflzgmswdr, (5,15)

rae M —na0THOCTH COGCTBEHHOTO MOMEHTa BPAailieHHs MOJEKYJ.
[TockonbKy 0pU CTOJNKHOBEHHM MOJIEKYJ CYyMMa HX COBCTBEHHBIX MO-
MeHTOB He 00653aHa COXPaHATLCS, HHTerpan B rpapoil cropoue (5,15),
BOOOIE TOBOPS, OTJHYEH OT HYJS U CIPEAENAeT CKOPOCTh UBMEHEHU S
BeqrunHL . Ecn B rase xakuM-iufo HCKYCCTBEHHBIM CIIOCOGOM
co3jaHa OT/IHUHAsi OT HyJs MJOTHOCTb MOMEHTA, TO €ro jJajbHeinias
peaakcaiys Oyzaer onpefeasarbcs ypasHeruem (5,15).

§ 6. Kunernyeckoe ypasHeHHe 11s c1a00 HEOZHOPOAHOTO ra3a

Jna toro 4ToGBl BKJIOWHTH B PAaCCMOTPEHHE AHCCHIIATHBHLIE TPO-
IIeCChl (TeN/ONPOBOAHOCTE M BA3KOCTb) B ¢/1aG0 HEOAHOPOAHOM rase,
Ha0 06paTUTLCS K CAeAytomeMy (Mocjie paccMOTPEHHOro B Mpenl-
AymieM naparpage) npubamKeHHo. Bwmecto Toro uytoGb CYHTATH
(YHKLUIO pacnipefiejieHHs] B KamKIOM YYacTKe rasa NpocTo J0KajdbHo-
paBHOBeCHOH (hyHKUHEH f,, yuTeM Tenepsb TakxKe ¥ HEGOJIbIIOE OT/IH-
yue f or f,, T. €. HamuiieM f B BHZIE

f=lotof,  8f=— oy @)=%fu (6.1)

raie 8f—manas mnonpaska (8f<€f,). Ilocsennow uesecoo6pasuo
NPEACTaBNATE B HAIMCAHHOM 3JeCh BHJE, BLIHECS H3 Hee MHOXKHU-
TeNb —0f,/0e; AnA pacrmpezeseHHss BoJbliMaHa 3Ta MPOM3BOAHAs
OTJIMYaeTCs Jiulib MHoXuTeeM 1/T ot camoii dynxuuu f,. [Tonpaska 8f
JO/DKHA B TPUHIHUIE ONPEAEATbC NyTeM PeIleHHs JHHeapH30BaH-
HOI'0 N0 OTHOLIEHHIO K HeH KHHETHYECKOro ypaBHEHHs !).

TMomMuMo caMOro KMHETHYECKOTO ypaBHeHUsl, GYHKIHS § AOJDKHA
VIOBJETBOPATL €lle M ONpPeAesiCHHBIM JONOJHHUTENBHBIM YCJIOBHAM,
Heno B TOoM, wro f, ecTb paBHOBecHass (QYHKIHS pacrpeneseHus,
OTBeYawlast 3ajaHHLIM (B pacCMATPUBAEMOM 3JeMeHTe 06beMa) HoT-
HOCTSIM YHCJIa YaCTHI[, SHEPTHH H UMIYJbca rasa, T. €. 3aJaHHBIM
BHAYEHUAM HHTErpasioB

§fodr, (efpar, §pf,dr. 6,2)

Hepaprosecnass ¢yHkuus pacnpepesenus (6,1) K0/KHA NPHBOKKTD
K TeM e 3HAYEHHSAM 3TUX BeJAMYMH, T. €. uHTerpasawnt ¢ f u f,
JO/DKHBL OHITH OJWHAKOBBIMH. DTO 3HAYWT, APYrHMH CJ0BAMH, 9TO

1) Tako#i MeTox pellleHHS KHHETHYECKOIO YDaBHEHHA NPHHANJEKHT JHCKO2Y
(D. Enskog, 1917).
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GVHKIHS % JOMKHA YAOBJETBOPSITH YCJOBHAM
{foar=0, §fyedr=0, §fxpdr=o. (6,3)

IMojuepxkHeM, YTO caMO MOHATHE TeMIepaTypel B HEPaBHOBECHOM
rase CTaHOBUTCS ONpeJeJeHHLIM JHIIb B PE3yabTaT€ IPHIHCLIBAHHS
unterpaiaM (6,2) ompefesieHHLIX 3HAYeHHI. ITO [MOHATHE HMeEeT
Ge3ycJIOBHBIH XapaKTep JHIIL B IMOJHOCTBHIO PaBHOBECHOM COCTOSIHHMH
rasa B LeJOM; JJIsi OnpelesieHHs »Ke TeMIepaTypsl B HepaBHOBECHOM
rase TpeGyercs OMOJIHHTEJbHOE YCJIOBHE, KAaKOBBIM M CJYXKHT 3aja-
HUE YKa3aHHbIX 3HaueHHH.

IpeoGpasyeM, npexjpe Bcero, MHTErpas CTOJKHOBEHHH B KiHe-
Tnueckom ypasHenuu (3,8). Ilpu noicTaHoBke B Hero QYHKIUHA B
suge (6,1) usieHbl, He cojepxkallue MaJoH TONpaBKH ¥, B3aUMHO
COKpAIlaloTes, MOCKOJbKY paBHOBeCHasi (QYHKILHS pacipeneseHHs
ofpaiaer HHTErpajd CTOJKHOBEHMH B Hyqab. YJeHnl mepsoro mo-
pAlKa JAaloT

stf=Lr, (6,4)

rae () oGo3HauaeT qnHEiHbLIH MHTErpajbHLIA OMEpaTop
1(2) = § w'foy (1 + i —x%— ) Ty dT” dT,. (6.5)

3mech HCNOJABL30BAHO PaBEHCTBO [ofy; = fofa; MHOXHTENB f, MOXKeT
GuiTh BBHIHECEH M3-TOJ 3HAKa MHTerpaJsa, Nockosabky nmo dI' He mpo-
H3BOJHTCS WHTErpHPOBAHHA.

OGpaTHM BHUMaHHe Ha TO, 4TO HHTerpaa (6,5) TOXIECTBEHHO
ofpawmaercs B HYJb AJs QyHKIUH

y=const, y=const-g, yx=poéV (6,6)

(rme 8V —mocTosiHHBI BEKTOp); obpalileHHe B HYJb JJsi BTOPOH H
TpeTbell U3 3THX GYHKUHH CBA3aHO C COXpaHEHHEM SHEPruu M HM-
my/jbca B KaXKIOM CTOJKHOBeHMH. Bylyun He3saBUCHMBIMH OT Bpe-
MEHH H KoopiauHaT, ¢pyHKuuu (6,6) yAOBJIETBODSAIOT, C/ELOBATE/NbHO,
U BCEMY KHHETHUECKOMY YyDaBHEHHIO.

OTH pelleHHsl MMEIOT MPocToe NpoHcxoxjeHHe. Kunernueckomy
YPaBHEHHIO TOXKIECTBEHHO VYIOBJETBOPSiET pPaBHOBECHAs (QYHKIHS
pacnpejesieHssi ¢ MOGBIMH (TIOCTOSTHHBIMH) MJIOTHOCTBIO YacTHL H
Temrepatypoil. [TosTomy eMy aBTOMaTHYeCKH YAOBJIETBOPAET U MaJas
nonpaBka

d 8N
8 = 348N = fo 7 »

BO3HMKAIOIas#h NPH H3MEHeHWH IJIOTHOCTH Ha ON; orciona BO3HH-
KaeT nepsoe u3 peteHuil (6,6). AHaJorHuHLIM 00pPasoM YAOBJIETBO-
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psieT ypaBHeHHI0 M no6aBKa
o

BO3HUKAIOIIAA B pe3yjbpTaTe M3MeHeHHs T Ha MaJyio HNOCTOSHHYIO
peauyuny O87. ITpoussognas ke Of,/0T CKJaJbiBaeTCst H3 HJeHA
Buja const-f, (mpoucxopamero oT auddepeHUHPOBAHHA HOPMHPO-
BOYHOrO MHOXMTEJNS B [,) ¥ M3 4JeHa, NPONOPUHOHAILHOrO &fg;
OTCIOZa M BO3HHKaeT BTopoe us pewenuii (6,6). Tperbe xe U3 3THX
pelleHH# BO3HMKAET KaK BhIPaXKEHHE rasu/eeBCKOro NPURIHKIA OTHO-
CHTEJbHOCTH: paBHOBecHas (YHKIUS pacrnpe]esieHuss HOJKHA YHOB-
JIeTBOPATH KHHETHYECKOMY YDaBHEHHIO TaKXKe H MOcje mepexoja K
nro6oit 1pyrofl uHepuuanbHOH cucteme orcuera. Ilpm nepexoze k
cHcTeMe, JABHIKYILIEHCsi OTHOCHTENBbHO NEPBOHAUAJIbHOM € Masioi Mo-
CTOSTHHOH CKOpPOCTbIO 8V, CKOPOCTH MOJIEKYN V 3aMeHsioTes Ha V-8V,
Tak 4To QYHKIHUS pacnpejesieHus: MoJaydaer npHpauleHue

8f =25V = — Lpsv,

geMy H OoTBeuaeT TpeThe M3 pewenuil (6,6). [Japasutnbie» pemerus
(6,6) uCKIOYAOTCH HaJoNeHHeM TpeX ycdaoBuil (6,3).
IIpeoGpasoBanue Jjepofi CTOPOHBI KMHETHYECKOTO ypPaBHEHHA Npo-
u3BeieM cpasy B oOmeM BHJE, OXBATHIBAIOUIEM KaK 3ajady O Tenso-
TPOBOJHOCTH, TAK M 3ajady O BA3KOCTH. J[pyruMu CJIOBaMH, Jo-
IyCcKaeM CYHIeCTBOBAHHE TPAJUEHTOB BCEX MAKPOCKOMHYECKHX Xa-
PaKTePHCTUK rasa, B TOM WHCJE €r0 MaKPOCKOMMYECKOH CKopocT# V.
PaBHoBecHast (YHKIHS pacnpeleseHuss B HeNOABHKHOM (V =0)
rase ectb pacnpejienenue DosbliMana, KOTOpoe HanHuieM B BHIE

fo=exp (£=70), 6,7)

rie pi—XUMHUECKH NoTeHHMas rasa. Pacnpeienenne e B JIBH-
Kymemea rase ominuaercs ot (6,7) (xak yxe OblI0 oTMEYeHO B § 5)
JUIIb TaJHJeeBCKHM npeoGpa3oBaHHeM CKOPOCTH. [Ijis TOro 4tolbl
HanucaTb 5Ty (PYHKIHIO B SIBHOM BHJE, BBIIENMM U3 MOJHOH SHEPruu
mosekyabl € (') KHHETHYECKYH 3HEPTHI0 ee MOCTYNaTeJbHOro ABH-

KEeHUA:
e (T) =2+ 4 6:8)

BHYTDEHHAS SHEPIUS €, BKJIOYaeT B ceGd SHEPruio BPALICHHS MO-
JEKYJBl H KoJeGaTesbHYI0 HEPTHIO. 3aMeHHB V Ha v—V, MoJay4nM
pacnpefefienie BoabliMaHa B ABHAYIEMCH Tase:

£, = exp <%> exp (..fﬁ%.;)’l‘i) . (6,9)
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B caabo HeomHOpPOAHOM rase f, 3aBHCHT OT KOODAWHAT H Bpe-
MeHH, TIPHYEM 3Ta 32BHCHMOCTH BO3HHKAET Yepe3 NOCPEJCTBO MeHsIo-
muxcd BAOJb Fa3a (M CO BPEMEHEM) ero MaKPOCKONHYECKHX Xapak-
TepUCTHK —ckopoctH V, TeMnepatyphl 7 u Aasienus P (a ¢ wumu
u ). ITockoJIbKY IpajiHeHThl STHX BEJHYHUH MPENNOJAralTCst MabIMA,
B JieBOIl CTOpPOHE KHHETHYeCKOrO YypaBHeHHsl JOCTAaTOYHO (B pac-
cMaTpuBaeMoM NpPHO/IMKEHUH) NOJCTaBHThb f, BMECTO f.

BeYMCACHHST MOXHO HECKOJBKO YHPOCTHTb, YHTS OYEBHAHYIO
HE3aBMCHMOCTh HHTEPECYIOINUX HAC B KOHEYHOM CHYeTe KUHETHUECKHX
Ko3(hunuenToB 0T ckopocTn V. IToaTomy HOCTAaTOUHO,pPACCMOTPETDH
KaKyo-1160 OJHY TOYKY B rase M BHIOpaTb B KauecTBe TAKOBOW TY,
B KOTOpofl cKopocTh V (HO, KOHEUHO, He ee NPOH3BONHbLIE) PaBHA
HYJIO.

[Mponuddeperunpopap Bhipaxenue (6,9) mo BpeMeHH H IIOJOKHB
satem V=0, noayuum

T ofy  [(0w\ __ p—e()]9T , (du) 9P v
7;7-»7—“%% T ]aﬁ(@)mﬁ”“wf

CorJiacHO HU3BeCTHLIM TEPMOZHHAMHYECKHUM cpopmyﬂaM HMeeM
auy oy 1 .
<ﬁ/p—“s’ <ap P =W wmeTs

rie @, s u l/N—tennosasg (yHKUHUS, 3HTpPOnHs U o6BEM, OTHe-
CeHHble K OflHOH uwactuie rasa. [Tostomy

AnpanoryyspM o6pasoM Hafizem
-;—;vvfo=-S—(D7‘ﬂvVT+%vVP+mvavﬁVa5, 6,11)
rie JJia KPAaTKOCTH BBEJCHO 0GO3HAueHHe |
vaﬁ=§(%‘%+g‘;—z), Vs = div V; 6,12)

B nocJjegHeMm uJjene B (6,11) mpousBefeHa TOXJAECTBEHHAs 3aMeHa
v
UaUp 3y, = VaUp Vag .

JleBag CTOpOHA KHUHETHYECKOrO YPABHEHHMA MNOJYyYaeTCs CJoxKe-
HueMm Buipaxenuit (6,10—11). Ilpu sTOM Bce HpPOU3BOAHLIE MO
BpeMEHY OT MaKpPOCKONMYECKHX BEJIHYMH MOTYT ObITh BBEIPAMKEHLI
yepes MX [IPOCTPAHCTBEHHblE T'PaJfeHTHl COMVIACHO THAPOAHHAMHYE-
CKHM YpaBHEHHAM HIeadbHOH (T. €. HEBSI3KOH M HeTenJIoNnpOBOAS-
Well) cpeabl; YueT AHUCCHNATUBHLIX 4JIEHOB 3JleChb NpHBeJ Obl K Be-
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JUIHAM BHICHIErO MOpsKA ManocTH. B Touke, B Kotopo#t V=0,
ypaBHenHe Jisiepa 1aetr
ov 1 1
-b—t'—-—-(—)-vp———mvp- (6,13)
B Tofi e TOUKE N3 YpaBHEHIIS HENpepLlBHOCTH HMECM ON/Ot =
=—NdivV, uin

1 GAV_La_P__LT?%:_divv (6,14)

(MCTIOJIb30BAHO  ypaBHeHHEe COCTOAHHS uneanvuoro rasa N=P/T).
Haxonen, ypaBHEHHE COXPAHEHHs IHTPOIHUI, 0s/0t +Vys=0, naer
0s/0t =0, uau

_____ _o, (6,15)

rJe HCIOoJb30BaHbl 'TepMOILHHaMHLIECKHe (bOpMyJIbI

oy _ % (o ___ L
(0’1'p—‘T’ oP/r— P

(c ,— TeTIOEMKOCTD, roske OTHeceHHasi K OfHOfl MoJeryJe); Bropas
i3 3TUX  (POPMYJ OTHOCHTCS K 1A€a/bHOMY rasy. M3 papencrs
(6,14 —15) HaxoAnM

L oT . 1P %

1

Cy

(yuteHo, 4To AJf HIEaNLHOTrO rasa c,—C,=1).
TIpoctoe BHIYHC/EHHE NPHBOLHT Tenepb K peayabTary

%"\‘vao =
T —¢ w—Tc,—e(T) |, ‘
=IT9{8( )T © VT + mug0pVep -+ 57, div V} . 6,17)

TloguepkHeM, 4TO O CHX TOp HE JENaJoCh HUKAaKuX chemnpuye-
CKHX TpEANOJOXEeHHi O Xapakrepe TeMIepaTypHOH 3aBHCHMOCTH
TepMOAHHAMIECKIX BE/HUIH; HCNOAB30BANOCH Juib ofliee ypas-
HeHie COCTOsiHMs HieajbHOro rasa. s rasa xe C KJIACCHUECKHM
BpallleHHeM MOJIEKYJT 1 HEBO3GYKACHHBIMHY  KOJIEOaHHAMHA TeILIo-
eMKOCTb HE 3ABHCUT OT TeMIepaTypel M Temiosas QyHKIAS D)

w=c¢,T. (6,18)

1y Tlpeanosaraercsi, 4TO SHEPrHS MOJEKyJhl g (I') OTCUMTHIBAETCS OT €e Hau-
MEHDBIIETO 3HAUCHAS; COOTBETCTBEHHO 3TOMY ONYCKaeTCs H He3aBHCAas OT TeM-
fepaTyphl ajAHTHBHAsI NOCTOAHHAA B W.



$7] TEIMJIOITPOBOAHOCTDL T'A3A 37

Torpa nocsneannii umaew B (6,17) ynpouaercs; npupaBHsB (6,17) u
(6,4), Hamumen OKOHYATE/bHO KIHETHYECKOE ypABHEHHE B BHIE

e(l)—c,T r
! [mvavﬁ_aaﬁ ?] Vis =1(2).  (6,19)

B caenyomnix AByX naparpadax 310 ypaBHeHHe GyIeT paccMOTPeHO
gosiee MOAPOOHO B IPHMEHEHHM K 3ajayaM O TEIJIONPOBOAHOCTH H
BSI3KOCTH.

HanomnnM, uto yae H3 3aKkoHa BO3PacTaHHUs SHTPOINHH CJle-
AYeT, YTO TpajHeHT [asjeHlis (B OTCYTCTBHE IPajHeHTOB TeMrepa-
TYPl M CKOPOCTH) HE NPHBOAHT K BO3HUKHOBEHHIO JHCCHIATHBHLIX
npoueccos (cp. VI, § 49). B xunernueckom ypaBHeHHH 3TO Tpe6o-
BaHye YIOBJETBOPSAETCS aBTOMATHUCCKH H NPOABJSETCS] B BhINaAeHUH
rpajueHTa JaBJeHHs U3 JeBol cTopouml (6,19).

§ 7. TennonpoBojHOCTh rasa

Jaa Boruncienuss KosduuueHTa TemJONpPOBOAHOCTH Trasa Hajo
peliaTb KHHETHYECKOE ypaBHEHHe ¢ TpajlieHToM TeMiepartypul. Co-

xpauus B (6,19) Juwp nepsulii usieH B JIEBOH CTOPOHE, HMeeM
e(I) —cpT
—— VVT =1 (x). (7,1)

peU_IEHI/Ie 3TOI'0 ypaBHEHHA HaAO0 HCKATb B BHIC

rae BeKTOp g—(QyHKOHSA ToJbKo ot Beauund I'. HeficTBHTEJLHO,
IpH noacraHoBke B (7,1) B oBenx CTOpOHAX PaBEHCTBA HOJIyyYaeM
MHO)HTeNb V7. IlockosibKy ypaBHeHHe JOJKHO HMETb MEeCTO NpH
NPOU3BOJBHBIX 3HAYEHHAX BeKTOpa V7T, JNO/KHBI GbITh pPaBHBLIMH
Kos(unuentel npu V7 B ofeux CTOPOHAaX PaBEHCTBA, TAK 4TO Mbl
nosyyaeM JJisi g ypaBHeHHe
e(Ty—c,T
v g, (7.9)

Yke He comepxamee VI (a TeM camMbM U SBHOH 3aBHCHMOCTH OT
KoopauHar).
OyHKUHA ¥, N0JKHA elile YAOBJATBOPATh ycaI0BUsM (6,3). C GpyHK-
leit y B Bume (7,2) mepBhle ABa M3 STHX YCJOBHH YJOBJETBOpS-
- 10TCst  apTOMAaTHYeCKH: 3TO OYEBHMAHO YK€ H3 TOTO, 4TO YPABHEHHe
(7,3) He comepKMT HHKaKHX BEKTOPHBIX 1aPaMETPOB, BAOJb KOTOPHIX
MOriM  Gul GbiTh HampaB/eHbl NOCTOSHHBIE BEKTOPBL — HHTErpaJinl

fugdl' u Sfoeng‘. Tperbe e HakJafbIBAaeT Ha pelLIEHHE ypaB-
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nenus (7,3) HONMOJHHUTENBHOE yC/IOBHE
{ fovgdl=0. (7,4)

EcJu KHHETHYECKOe ypaBHEHHE peIleHo H GyHKLUA ) HU3BECTHA,
TO MOXKHO ONpENeNHTh KOIPPUUHUEHT TeNJONPOBOAHOCTH, BHIUHCIAA
[OTOX 5HEPTHH, TOYHee —ero AHCCHMAaTHBHYIO 4aCTh, He CBSI3aHHYIO
IpOCTO ¢ KOHBEKTHBHBIM MEPEHOCOM sHepruu (Ty 4acTb TMOTOKA
saeprud  Gysaem o0o3HadaTh nocpeacteom q'). Ho B OTCyTCTBHE
MAKPOCKOIMYECKOTo JBUMKEHHSA B rase q’ coBnajaer ¢ MOJHBIM II0O-
TOKOM 3HEprHH (, JAaBaeMbM HHTETPajioM (5,9). Ilpu f=f, atoT
yHTErpas Hcue3aeT TOXKICCTBEHHO 34 CueT HHTErpUpPOBaHyst NO Ha-
npasaennsim v. Ilostomy npH nojcranoske [ (6,1) ocraercd

1 1
q= 5 { vigedl = § v (gvT) dT)

uJau, B KOMIIOHEHTax,

oT 1
Jo= " Hab Gy * Hap = — T S foevagp dL'- (7.5)

BBujy H30TPONMU PABHOBECHOTO rasa Kaxkue-1n6o H3OpaHHbIE
HanpaBJeHUsi B HeM OTCYTCTBYIOT # TEH30D %,p MOKET BHIPAXKAThCH
JUIb yepes eXMHUHYHBIH TEH30P 84p» T. €. CBONHTCH K CKAJSPY:

Rop = %0ap > W= Ko/

TakuM 06pa3oM, IOTOK SHEPrHH
=—xVT, (7,6)

rie CKalApHBIR KospPuyuenm Mmenaon posodHOCMI

= — S fevg dr. .7

TTo/I0XKUTENBHOCTD TOH BEJIHUMHEL (MOTOK q AO/KEH OBITh HAPaBJ/ICH
IPOTHBONOJIOKHO TPALHEHTY TeMepaTypsl) aBTOMaTHYECKH obGecrie-
yuBaeTcsd KMHETHUECKHM YpPaBHEHHEM (em. § 9).

B onHoaTOMHBIX Tasax CKOpOCThb Vv —eJMHCTBEHHBIH BEKTOP, OT
KOTOPOTO 3aBUCHT (QYHKIHA g5 SCHO TNO3TOMY, 4YTO 3Ta (QyHKLHA
JO/PKHA KMETb BH

g=—-g (). (7,8)

B MHOrOATOMHBIX rasax (QyHKuUHA g 3aBHCHT yKe OT JBYX BeK-
TOPOB—CKOPOCTH V M MOMEHTa M. Ecau cuMMeTpUs MOJieKyJ HE
JOTyCKaeT CyliecTBOBAaMHNs CTepeon30OMEepHH, TO MHTErpa CTOJIKHO-
BeHWii, a ¢ HUM U YpaBHCHHE (7,3) MHBApMAHTHBl N0 OTHOMICHHIO
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K HHBEPCHH; TaKOH e HHBAPHAHTHOCTHIO AOKHO 06JaJaTh ¥ €ro
pewenne x. pyrumu cnosamu, y=gVT JOMKHO GLITb HCTHHHBIM
CKaJsIpOM, @ TIOCKOJIBKY TpaaueHT V71 ecTb MCTHHHBIH BEKTOp, TO
TaKUM 2Ke BEKTOpPOM JOoJKHA ObiThb M (yHkuusa g. Tak, nas aByx-
ATOMHOTO Tasa, rje BeKTopaMu V H M ucYepIbiBaloTCs BeJHYHHH I,
¢ynxuus g (I') umeer Bup

g=vg,+M(¥M)g, +-[vM] g, (7,9)

rae gy, &, g—CcKajasipHple (YHKIUUU OT CKaJAPHBIX apryMeHTOB
vz, M2, (VvM)?; 3710 HauGosnee oOWMH BUJ HCTHHHOTO BEKTOpa, KO-
TOPBIE MOXKEeT GRITb MOCTPOEH M3 HCTHHHOTO K€ BEKTOPA V H ICEBIO-
pekTopa M1).

Ecau ke BemecTBO npeicTaB/sieT cofoll cTepeousoMep, TO HH-
BAPHAHTHOCTb 110 OTHOILCHMIO K HHBEDCHH OTCYTCTBYET: KaK Yie
oTMeUaJoch B § 2, B TAKOM CJyuYae HHBEPCHSI «IpeBpallaeT» ras
B, IO CYLIECTBY, Apyroe BemlecTBo. COOTBETCTBEHHO (PYHKIUA 7§ CMO-
JKeT COJIePKath TaKXKe U IICeBJOCKasIpPHbIe 4JIeHkl, T. €. (PYHKIUA g —
[CeBAOBEKTOPHBIE YJIeHB! (Hanmpumep, ujaeH Bupa g,M).

Yc0BHEe HPUMEHHMOCTH H3JIOXKEHHOTO MeToJa pelueHusl KHHEeTH-
4eCKOro YpaBHCHUS (OCHOBAHHOI'O Ha MNPEJIOJAOXKEHHH O 6/M30CTH f
K f,) MOXHO BBbISICHHTL TNyTeM OLEHKHM MHTerpaja CTOJKHOBEeHHI
cordyiacHo (3,12). Cpenuss sHeprus MoJieKyJnl € ~ T, II03TOMY OlLiEHKa
o6eux CTOpoH ypasHeHHus (7,3) naer v~ g/t~ guv/l, otkyaa g~ |[.
Yeaosue y/T ~ g|vT |/T €1 (9xkBuBanentHoe tpeGoBauuio §f << f,)
03HayaeT, CJAEAOBATENbHO, UYTO PAaCCTOSIHUS L, Ha KOTOPBHIX TeMIe-
paTypa HchbITBIBaeT cymlecTBeHHOe uameHenue (| VT | ~ T/L), RO/KHBI
ObiTb BeJIMKM HO cpaBHeHuo ¢ [. Jlpyrumu cJjosamu, ¢GyHKILHA
Bupa (6,1) npexncrasasier cofoil MepBble YJeHbl Pas3/oXKeHHs pelile-
HHsl KUHETHUYECKOTO YPAaBHEHHSI IO CTENEHAM MaJloro OTHoleHus [/L.

Ouenka unterpana (7,7) ¢ g~ npuBoguT K ¢opmyJe

n ~ cNlv, (7,10)

Tlle ¢—OTHeCeHHass K OJHOH MOJIeKyJe TemJI0eMKOCTb rasa. 710 —
H3BecTHAs 5JeMeHTapHas rasoknHeTHueckass Qopmynaa (cp. npume-

Yanye ua crp. 58). Ilosoxus B meit [~ 1/No, c~ 1 uv~VT/m,

hMeeM
1 T
H~ G 1/7. 7,11)

B sroft oneHke ceueHne ¢ OTHOCHTCS K cpefHedl TEmJIOBOH CKO-
POCTH MosieKys, W B 3TOM CMBICJIE €r0 HajJ0 IOHUMATh KaK (YHK-
Wilo temneparypel. C yBeJW4E€HHEM CKOPOCTH CeyeHMe, BOOGLIe
_—

B ') Pemenust ypapmenns BojplMaHa s ra3a ¢ BpAL|AIOUIEMHECS MOJEKYJIaMF
TepBLie paccmarpusanuch JO. M. Kazanom u A. M. Agaracvessin (1961).
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roBopsi, YObIBa€T; COOTBETCTBEHHO O OyneT y6biBatolel QyHKIHEH
TeMnepaTyphl. [IpH He C/IMIIKOM HH3KHX TEMIepaTypax MOJIEKYJbl
raza BelyT ce0si, KauecTBeHHO, KaK TBEDJbl€ YyIpyrue HacTHIb,
B3anMOfelcTByoUHe APYT C APYTOM JHIlb NPH HENOCPEACTBEHHBIX
CTOJIKHOBEHHAX. TaKOMy XapaKTepy B3anMOAEHCTBHs OTBeuaer ciabo
3aBucslee OT CKOPOCTH (@ TMOTOMY M OT TEeMIeparypbl) cedeHue
CTOJIKHOBeHHi. B 3THX YCJOBUSX 3aBHCHMOCTb % OT TeMIEPaTypbl
6A13Ka K NPOINOPIHOHAJIBHOCTH VT.

Ilpu saganHOfi Temmeparype KO3(GQHIHEHT Tem/IONpPOBOAHOCTH,
Kak ato Buaso u3 (7,11), He 3aBHCHT OT IVIOTHOCTH ra3a HJH, 4TO
To e, OT ero papjenHsi. [lojuepkHeM, 4TO 3TO BaxkKHOE CBOHCTBO
He CpS3aH0 CO ClAeJaHHBIMH [PH OLEHKe NPeAnoJOKEHHAMH o ABJA-
eTcs TOYHHIM B PaMKaX KHHETHYeCKOro ypaBHenusi BosbuMaHa. OHo
BO3HHKAeT KaK CJieACTBHE TOr0, 4TO B 3TOM YpaBHEHUH YUHTLIBA-
[OTCS TOJBKO NMapHBIE CTOJKHOBEHHS MOJEKYJI (MMEHHO MOSTOMY AJHHA
npobera oxasplBaeTcsi 0GPATHO NMPOMOPIHOHAILHOH MIIOTHOCTH rasa).

§ 8. Baskocrp rasa

Bolunc/iedre BSI3KOCTH rasa ¢ ITOMOIIBbIO KHHETHYECKOro ypaB-
HeHHA TPOM3BOAMTCS AHAJOTHYHO BBIYHCJICHUIO TENIONPOBOAHOCTH.
Pasuulla COCTOMT B TOM, WTO OTKJIOHEHHE OT PaBHOBECHS O0YCJIOB-
JIEHO He TPajMEHTOM TeMIepaTyphl, a HEOGHOPOAHOCTBIO IOTOKA rasa
Mo CKOPOCTH MAaKPOCKONHYECKOro JBukedns V. [Ipu sToM cHOBa
npeAnosiaraeTcs, UTo XapakTepHBIE PasMephbl 3aaaqu L>1.

CylIecTBYIOT, KaK H3BECTHO, JBa BHAa BA3KOCTH, KO3(pPHIHEHTH
KOTOPHIX NPHHATO 0603HAYyaTb MOCPEACTBOM 1 H {. Onu onpenens-
joTcs KaK KO3(M(HIMEHTH B TeH30pe BASKMX HaIpsiKeHHH Ogpy BXO-
AsieM KaK 4acTh B TEH30p IJIOTHOCTH NOTOKA HMITYJbCa:

Haﬁ = P(Saﬁ —}—pVaVﬁ-“Gz;ﬁv (8’1)
015 =21 (Vap — 5 Ba iV V) + e divV, 8,2)

rie Vyp ompefeneno coraacso (6,12) (cu. VI, § 15). B necxumae-
MOfi JKWIKOCTH MpOSIBJISETCS JIMIIb BASKOCTb 1. «Bropasy xe BAS-
KOCTb [ TpOSIBJISETCS NpPH ABHMKEHHAX, B KOTOPbIX divV=£0. O6a
K03(hHIMeHTa 11e]eco06pa3HO BBIYHC/ATL Pasie/ibHO.
OnycTuB B 06LIeM KHHETHYECKOM YPaBHCHHHU (6,19) usen ¢ rpa-
JHEHTOM TeMIIepaTyphHl, NepenuileM ero B BHAE
mo? e

1 . r .
mugy (Vap — Sap div V) + (2D divv=1(), ©3)

r7ie B JEBOi CTOpPOHE pasjiesieHsl ujieHbl, CO3/[alollie NEPBYIO i BTOPYIO
BASKOCTH. [IpM BHIUKCJEHHH TNEPBOH BS3KOCTH HAJO CUMTATh, HTO
divV = 0. Ilonygaiomeecss ypaBHeHHe TOXKIAECTBEHHO MNEPEMHUILIEM
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B BHie
1
m (vaty — 38250" ) Vap =1 (0, (8,4)
rie 06a TSH3OPHLIX MHOXHTENs B JIEBOH CTOPOHE HMEIOT paBHBIH
HYJIIO CJIe]l.
Pemenne 3toro ypaBHEHHS HIIEM B BHIE

X=8apVap, ] (8,5)

rie gup () —cumMMeTpHuHBI TeH30D; NOCKOMABLKY cen Ve, =0, To
npubapjenneM K gup 4ieHa wn8y,; MOMKHO BCEraa NOGHTLCS TOro,
4TOGbl OBIIO H Guy =0, He MeHsis npu sToM QYHKUHH ¥. s gup
HMeeM YypaBHeHue

1
m (vavﬁ — b 02> =1 (gap) (8.6)

HomnonuuTenpHsle ycaoBHst (6,3) YAOBJIETBOPSIOTCA aBTOMATHUECKH.
[Totox umnyabca BhMUC/ISETCS NO (DYHKLUUU paclpepesents Kak
unTerpan (5,8). Murepecyiomas Hac 4acTb 3TOTO TeH30pa— TEH30P
BSI3KHX HaNpsKeHHH — JaeTcss WHTErpajom
m

O = — T E UaUpfoX A = NopysV yo s 8.7
Napys == — ""77'1‘ S fovocvﬁgyé dr. 8,8)

Bennuusel 1,g,5 COCTABJSIOT TEH30D YETBEPTOrO PaHra, CHMMET-
PHUHBIH 110 napaM HHAEKCOB o, P u v, O M JaoMmuil HYJIb NpH YIPo-
leHAW 1o nape y, 8. BBuay usoTponuu rasa 3TOT TEH30D MOXKeET
BBIDA)KAThCSl TOJIDKO Uepes eNMHMYHEIH TeH30p Oq5. Beipakenue,
YAOBJIETBOPAIOIEE 3THM YCJIOBHSM:

2
Napys =" [5av6fsa -+ 6a563v~— _3‘6045(3%} .

Torza o,5=21V,s, Tak 4To M ecTh HCKOMBIf cKaJapHelil kovhdu-
luent Bsiskoctn. OH onpenessieTcsi nyTeM YINPOUICHHs TeH30pa MO
Nlapam uHAEKCOB o, y H [, &:

n=—157 | vaosgusfodl. (8.9)

B onnoatomuom rase ZGup ABJASETCH (YHKUMEH TOJBKO OT BEKTO-
Pa v. O6uuit pux TakOro CHMMETPHYHOroO TEH30pa C PABHBIM HYJIIO
Crefom ectp ‘

1 .
g = (a0 —5 Su® ) 2 0) (8,10)
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¢ OfHON TOJIBKO cKajspHON ¢ynxuneit g(v). B MHOroaToMHbIX rasax
TEH30P gup COCTABJISIETCA C MOMOLLbIO GOJBIIErO YHCIA ePEMEHHbIX,
B ToM uucJe ABYX BekropoB v H M. B orcyrcrBue cTepeousomer-
DHH gnp MOMKET COEPXKATh TONBbKO HCTHHHO-TEH3OPHBIE UJIEHBI; B rase
CTEPEOH30MEPHOrO BEmIeCTBA JONYCKAIOTCs TaKkKe H NCEBLOTeH30PHbIC

YJIeHEL.
Ouenxa kKo3(hduinenTa BA3KOCTH, aHAJIOrHYyHas OUEHKE (7,10) pos

Ko3(uiiyeHTa TENJONPOBOAHOCTH, NPUBOAUT K U3BECTHOH 3JIeMEeH-
TapHOH rasOKMHETHUECKOii- PopmyJe

n ~ mo Nl @,11)

(cM. mpumeuanpe Ha cTp. 58). Ilpu sTOM TeMIePaTypONpOBOAHOCTE
W KHHEMATHyecKas BS3KOCTb OKas3hlBAalOTCSA OJAMHAKOBOrO MOpPsAKa

BEJINYMHDL:
%/Ne, ~ n/Nm~vl. (8,12)

Tlonoxus B (8,11) { ~ 1/No u v~ (T/m)'/s, nonyanm
n~Vml/o. (8,13)

Bce ckazannoe B § 7 0 3aBUCHUMOCTH ¥ OT AaBJICHHSI H OT TeMIiepa-

TYPBl OTHOCHTCS H K KO3(GbHILUERTY BISKOCTH 1.
IIis BBIUMCJEHHs] BTOPOro KoadpuuueHta BA3KOCTH HALO0 CYHTATD
OTJIMUHLIM OT HYJs BTOPOH ujeH B JIEBOH CTCPOHE KHHETHYECKOro

ypaBHenud (8,3):

2 r .
(%—a—c(-v—’) div V=1 (y). (8,14)
Uinem pemenne B BHAES
y=gdivV (8,15)
u as (pysguun g HaxoAUM ypaBHEHHE
2 r
L ] (8,16)

BLunc/IiB TEH30p HANPSIZKeHU# 1 CPaBHUB €ro C BhIPaKeHHEM
t8ap div V, monyunM KOS(HIHEHT BSSKOCTH B BHAC

E= _g”% vigf,dr. (8,17)

V opmoaromunix rasos & (I')=mv?/2, ¢,=3/2, U neBas cTOpoHa
ypasnenns (8,16) ofpawaercst B Hyap. W3 ypasuenus [ (g) =0 cie-
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Ayer TOTAQ, utro M g=0, a motomy u {=0. Mbl npuxoguM, TaKuM
06pa3oM, K HHTEPECHOMY Pe3yJbTaTy: Yy OAHOATOMHEIX Ta3oB BTOpas
BSI3KOCTh PaBHa HYyJio ).

3apaua

llokasaTb, 4T0 BTOpasi BASKOCTH ra3a y.IbTPAPE]ATHBUCTCKHX UaCTHI paBHa
wymo (H. M. Xaaamnuros, 1955).

Pewenne. OSueprua e pejsTHBHCTCKOH YacTHH®l B cucTeMe oTcyera K,
B KOTOPOIl ra3 [ABHMKETCH C (HEPeNSITHBHCTCKOI) CKOPOCTBbIO V, CBsI3aHA C ee 3Hep-
r#eil & B cucreMe K', B KOTopoli ra3 moxoutcd, Qopmynoil & —=e—pV, rie p —
HMIYILC YacTHUpl B cucreMe K (310 —dopmyna npeoSpasoBanus Jlopennua, B XOTO-
pO#l OmylleHH uJseHb Gojee ueM MepBOro mopsaika mo V). ®yexuus pacnpenene~
nas B cacreme K: fo(e—pV), rze fq(e’) —pacnpegeaenne Boasumana.

Hutepecysich UMb BS3KOCTHIO, MBI MOKEM € CAMOTO HAYaja CUMTATh PABHEL-
MH HYJIO TDAjiMeHTH BCEX MAaKDOCKONHUGCKMX BeJHYHH, 38 HCKJIOUCHUEM JIHIIb
ckopoctd V; Torna m dV/d¢ =0, rtak uto nocaeannf wien s (6,10) Bhinagaer 2.
B (6,11) mepsuie jpa usena TOKe OTCYTCTBYIOT, a TPETHH 3aMEHsETCH HA

Vs

)
vy (pV) =v, 0 B, =0,P6"up

(HanpaBJeHus V U P COBNANAIOT, HOITOMY fo UB == Pg Ug ). ¥ PaBHEHHS HelpepbiB-
HOCTH H COXDAHtHHf SHTPONMH B WCIONB30BAHHOM B § 6 BHAe OCTaOTCA cnpa-
BEJJIMBLIMH ¥ TPHA JBHNKEHHH (C MaJLIMA CKOPOCTAMH V) peJIiTUBICTCKOTO rasa.
[Tostomy ocraiotes B cute n gopmyant (6,16). B peayanTaTe KuHeTHUECKOE ypas-
HeHHe IDHHUMAET BHUJ

e
(trmpB ——(‘)mB c_,,,> Vaﬁ =171 (y).
B 3agaue 0 BTOPOH BSI3KOCTH HAJ0 NOJOKHTb Vap=1/30ap divV, u Torza

<¥_i> div V=1 (x).

Cy

B ymbTpapenstumHCTCKOM Tase 0C, £=Cp, @ TEIIOEMKOCTh Cp=3 (M. V,
§ 44, samaua), Tak uTO JeBas CTOPOHA YPABHEHHS, a C Hel0 H % obpauiaTcs
B HYJb.

§ 9. Cummerpuss KuHeTHueckHX Ko3thdHuLUHMeHTOB

KoadduiueHTs! TeNJI0NPOBONHOCTH U B3KOCTH OTHOCATCS K KATEr0-
PHHU BeIHYHH, ONMPEAJISTIOUIUX NPOLLECCH PeslaKCallHil c1a60 HepaBHOBeC-
HBIX cHCTEM. DTH BEJIHUHHBL — KUHEMUHECKUE KOIpduyuermb— yLoBJIe-

1) Ioauepxuenm, 4TO pedb HIET O Ta3ax KMEHHO B TOM NPUOGIHIKEHHH 10
“Nlapamerpy rasosoctd» Nd®, KOTOpoMy oTBeyaeT ypaBHeHHe Bosbumana (4 B KOTO-
POM BaskocTh 1) OKkasplBaeTCA He3aBHCAUIEH OT NJIOTHOCTH). B enegyiomux npusmau-
HEHURX (CJeNyIOmHUe UJIeHb «BHPHAJIbHOTO pasnoxenusa» —cM. § 18) mossasercs
M OTimynas OT mysas BAsKOCTh {. CyllecTBeHHA TaKxKe M KBaJipaTHYHAA 3aBHCH-
MOCTh sHeprum wacTHIB OT ee HMIOYJbca: B PeJSTHBUCTCKOM «OAHOATOMHOM» Trase
BTODpas BsskocTh ywe He paBHA HYJIO (ona ofpamaercsi, ONHAKO, CHOBA B HYJb
B Ipyrom mpegeaprom clyyae — yIbTPaPeJIATHBHCTCKOM; CM. 3ajauy).

%) Bo mabexanne HEIODa3YMeHHH HANOMHHM, YTO B PEJASTHBHCTCKOM I'ase I'pa-

g“fgg) AaBIEHHS JAeT CBOH BKJAR B TEIVIONPOBONAUIHE IOTOK 8Heprud (cM. VI,
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TBOPSAIOT NPHHIHUITY CUMMETPHH (npuHyun OHcazepa), KOTOPHIH MOXKET
ObITh YCTaHOBJIEH B ofuieM BHAe, 0e3 pacCMOTPEHMs KOHKPETHBHIX
peJaKCalHOHHBX MeXaHu3MoB. Ho npuH KOHKDPETHOM BbIYHCJIECHHH
KHHETHYECKUX KO3((HIHEHTOB C NOMOILbIO KHHETHYECKHX ypaBHe-
HUGl NPHHIMI CHMMETPHH He JaeT KakKux-au6o YCJIOBHH, KOTOpbIE
JIOJDKHBI GbLJH Gbl JOMOJIHHTE/BHO HaJararthCsi Ha pelleHue ypapHe-
nuii. Ilpn TakoM BbIYHMCJ/IEHMN TPeGOBaHMs STOrO NPHHUHIA YAOBJET-
BOpPSIOTCSA, pasyMeeTcsi, aBToMaTHuecKu. ITo/1e3HO NpOC/IeIuTh 3a TEM,
KaxuM 00pa3oM 3TO MPOHMCXOJHUT.

HanomnumM, uro B ofuleit ¢opmy/npoBke mnpunnuna Oncarepa
(eM. V, § 120) durypupyer Habop BeJH4HH X,, XapaKTepU3YOUIHX
HEPABHOBECHOCTb CHCTEMBbI, H Hab0p «TePMOAMHAMHYECKH CONpSKEH-
HBIX» ¢ HUMH BespunH X, — — 0S/dx, (S—sutponus cucrempl). ITpo-
necc peJiakcanuu cJa6o HepaBHOBECHO CHCTEMBI OIHCBHIBAETCS ypas-
HEHHSIMH, ONPEAESIOWUMH CKOPOCTH H3MEHEHHs! BEeJMYHH X, B BHE
JHHEAHBIX (QYHKUMHA BesanuuH X,

'x:a:_—_Eb:YabXb’ (91)

e y,, —Kuneruueckue kosddunuentsl. Corsacno mpUHIHMIY Onca-
repa, €cu X, U X, OAHHAKOBO BelyT celsi npHu cOpallleHHH BPEMEHH,

Yab = Voa: (9,2)

[Ipn 5TOM CKOPOCTE H3MEHEHHF SHTPONUH AaeTCs KBaJPaTHYHOH
doprioi

S=—3 Xty = 2 VaXoXo- 9,3)
a a, b

[lepBBIM W3 STHX BBPaXKeHHH yacTO OuIBAET YAOGHBIM MOJB30BATHCS
A5 YCTAHOBJIEHHSI COOTBETCTBHsi MEXKJY, BeTHUHHAMH X, H X,

B ciyuae TeNJIONPOBOJHOCTH B KauecTBe «CKOPOCTEH» X, pac-
CMATPUBAeM KOMIIOHEHTB ¢ BEKTOpa JHMCCHNATIBHOIO TEIJIOBOTO
notoka (B KaxJoH 3ajaHHOH Touke cpenpl); HHAEKC a COBOajaer
[IpH 3TOM C BEKTOPHEIM HHJAeKCOM c. CoOTBETCTBYIOWHMH BeJudH-
Hamn X, 6ynyt toraa npoussopusie T =207 /0xq (CP. IX, § 88). Poab
ypasrenuit (9,1) HrpaloT paBeHCTBA (o= —%q07T /Oxg, TAK YTO KH-
HeTHUeCKUMH KOS(QMHIMEHTAMH Y., SBJsioTcs BeanuuHsl T*x.g. Co-
raacHo npumiuny OHcarepa JOKHO ObITh %op = %ga-

AHaJIOTHYHBIM 06pa3’oM, B Cjyuae BASKOCTH B Ka4eCTBE BEJIMUYHH
X, paccmMaTpHBaeM KOMIOHEHThl TeH30pa Bf3KOrO IOTOKA HMIYJbCa
Ogp, @ COOTBETCTBYIOIMMH X, SIBJIAIOTCA —Vop/T (WHOEKCY @ OTBe-
yaeT MpPH 3TOM Napa TeH3OPHbIX Hujekcos of). Poiab ypasreuus (9,1)
HTPAIOT COOTHOLIEHHS Ogp == Tgpys V yor 8 KHHETHUECKHMH Ko3(HILHEH-
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TAMH SIBISIOTCA BeTHUHHBL TMqgys. Corsaco npunmnny Omncarepa
LOJIKHO OBITb Megys = My sng-

B paccMortpenHsix B npeibiAymux naparpaax 3azauax o Temso-
NPOBOAHOCTH H BASKOCTH a30B YKASAHHAS CHMMETDHS TEH30POB Xeg
U Mopys BOSHUKANa aBTOMATHYECKH yXKe KaK CJIEACTBHE H30TPOIIH
Cpenbl, GEe30THOCHTEJNBHO K DELIEHHIO KHHETHUECKOrO VPABHEHHSI.
[loxaxem, oxHaKo, 4TO 5Ta CHMMETPHS BO3HHKJA Obl H B pesyabTtare
PEIIEHHsT KHHETHYECKOrO YPAaBHEHHS, GE30THOCHTENBHO K H30TDPOMUH
rasa.

Cxema peurenns 3ajau o TeMJIONPOBOAHOCTH H BS3KOCTH B caaGo
HEONHOPOAHOM Ta3e COCTOsia B TOM, YTO IONPABKA K DPaBHOBECHOM
GYHKUHH pacnpefejends HUETCS B BHIe

1= 28, (1) X, (9.4)
0 s GYHKUHH g, MOMy4YaloTesl ypaBHeHHs! Buga
L,=1(g,) (9,5)
Bennunnamu La SIBJAIOTCSI KOMITOHEHTHI BEKTOpa
T[e(T)—c,T]v,

B CJydyae TemnJOoIIPOBOAHOCTH, HJH TeH30pa

—T [mvavﬁ——g—c(;—) (Saﬁ]

B cayuae BsskocTH (cp. (6,19)). Pewenus ypapmenu#i (9,5) 1ok Hbl
YAOBJIETBOPATL NONOJHHTENbHLIM YCJIOBHAM

§ig.dr =0, §rgedar=0, {fg,pdr=o.

C yueroMm 3THX yci0BHI KnHeTHueCKHe KODOHUHEHTEl Y4 MOTYT
GbiTb 3amucansl B B HHTErpasios

T*yap=—{ fiLogdT" (9,6)

Hokasatennerro cuvmerpun Vab = Voo CBOAHTCS, TaKHUM 06pasoM, K
AOKazatesibCcTBY pPaBEHCTBA HHTErPAJiOB

§ fuLogedl = f,L,g,dr. ©.7)

Ono ocrosano na caoiictse «CaMOCOIPSXKEHHOCTHY JIHeapH30-
;:HHOFO onepartopa /, K KOTOPOMY MOXKHO HPHHTH CAEAYIOWHAM 00~
30M,
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PaccMoTpUM HHTErpas
[ ol () dF = § Fofou’@ (9 + 91— =) d'T,

rae P (T), ¢ (I')—mobsie 18e (YHKIH TepeMeHHBIX T'. ITockonbky
HHTErpUPOBAHHE IIPOU3BOAUTCA IO BCEM nepementbivM I, Ty, r, I,
MOJKHO, He MeHssl HHTerpaja, MpOM3BECTH alob6oe HX mepeofosHa-
yeHne (Kax 3TO JeJasoch yXe B § 4). IpousBeneM nepeofo3HayeHHe
T, I'eT,, T}, a saTeM B KaxXJOM u3 ABYX TOJydYarouXcs TaKAM
o6pasom QopM HHTErpasa—~elue nepeoGosnauenve I', NeT’, T
B3siB CyMMy BCEX HeThipex BLIpaKeHu, HMeeM

§ fapl () dl =
1 14 14 ’ ’ ’ .
— L { s [ (0 -+ @) —0 (¢ + @] 4D — (91T
(9,8)
(o6o3HaueHus W H ' us (3,5)). PaccmoTpum Tenepb Tako#i XKe HH-
Terpasi, B KOTOPOM (yHKLHH P (I') u ¢ (I') 3aMeHEHBI COOTBETCTBERHO
na ¢ (I7) n $(I'7) (e Menas TpH STOM NepeMeHHbX B @ H w'!).
ITpousse/is B 5TOM HHTErpaje nepeoGosnauenue I'7, rr,...—I, I, ...
M BOCIOJb30BABILMCH TNPUHLMIIOM ACTANLHOTO pasHoBecua (2,3),
[OJMYYHUM

§ fou71 (¢l =
='}f S fofor [@ (b =+ y) —w' (P + P1)] [((P’ + 1) —(@+ 9)]d'T
9,9)
(yuTeHO Takike, 4TO fo (PTy= f, (I')). PackpbiB B (9,8) u (9,9) kBaz-
paTHbie CKOOKH H CPaBHHB HX [OUJIeHHO, YOeAuMcs, uTo 00a HHTE-

rpana paBHBl APYT ADYTY. [Ips cpaBHEHHH HajO YYeCTb COOTHOLIE-
nne yHuTapHOCTH (2,9), B CHJy KOTOPOTO HMeeM, HanpuMep,

{ Fufoi (b 1) (0 @n) T = { fuforte” (0 +10) (@ + @) d*T

(cootHowenne (2,9) MPUMEHEHO 3AECH K MHTErpUpPOBAaHHIO MO TMepe-
svenup I, T7, OT KOTOPHIX B MOJbIHTErpajbHOM BLIpAXKeHHH 3aBHU-
CIT TOBKO @ H W').

TakuM 06pasoM, NPHXONHM K PaBeHCIBY

§ fol () dl = § fuu71 (") T (9,10)
OTMeTHM, 4TO ecjii IPHHIMI JIeTanbHOro paBHOBecHsl CIpaBelIHB
B cBoeil mpocreitmeil opme (2,8), w=w’, TO COOTHOLIECHHE 9,10}

s

CBOJUTCS K GYKBAJIbHON CaMOCOTPSKeHHOCTH onepatopa I:

{ oot () dr = fo0] (@) T, ©,11)
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rje B o6oHX HHTerpajax (QUIYPHUPYIOT PYHKHHH ¢ H P OJHHX H TeX
Ke nmepeMeHHBX I' (370 cpasy OueBHAHO NpH W =w' U3 BEHPAXKEHUS
9.8)).

Bosppamasick K KHHeTHUYECKHM Ko3(pGdHUHEeHTaM, INpOH3BefeM
B nepBoM unTerpase (9,7) nepeoGosuavesue I —I'T u yurem, uTo

L, (FT) ==xL,(I) (9,12)

(BepXHHH 3HAK OTHOCHTCS K CJyYalo BSI3KOCTH, HHKHHH — TeIIO-
nposogHocTr). BocmosbayeMcss Temepb cooTHomeHHsMH  (9,5) H
(9,10). Ilpu satom B (9,10) MOXKHO NpPOM3BOAMTL MHTErpHPOBAHHE
no I'T pMecto I', 3HaueHHe HHTerpajga OT 3TOr0, OUEBHJHO, HE
uaMenurcs. HMmeem

{ figoLodl = = fogl 1 (g,) dTT =
=+ S fogd1(gy) dTT= £ S fogTLy(T)dIT.

Temepb AocTaTouHO nepeoGO3HAYHTD B NPABOH CTOpPOHE PABEHCTBA
I'"—T, uc yueroM (9,12) Mbl mosmyumm TtpeGyemblii pesyJbTaT
(9,7).

Kunernueckue KO3(QQUIHEHTBI JO/KHBEL VIOBJETBOPATh TaKXKe H
YCJAOBHAM, CJEIYIOIEM U3 3aKOHA BO3pacTaHMs SHTPONHH; B HacT-
HOCTH, JOJIKHBI GBLITh MOJOMKHTENbHBI «AHATOHAJNbHBIEY KOI(PPHIIHEHTHI
Veq- TIOCKOJIBKY KHUHETHUECKOe ypaBHeHHE ofecneuuBaeT Bo3pacTaHHE
SHTPOMHY, TO €CTECTBEHHO, 4YTO IPH BBIYHCAEHHH C €ro0 IIOMOULbIO
KHHETHYECKUX KO03()OdUIMEHTOB 3TH YCJOBUS YAOBJETBOPSIOTCA aBTO-
MaTHUECKH.

BospacraHue HTPONHHN BBIPAXKAETCS HEpPaBeHCTBOM

—{Inf-Stfar>o

(cm. § 4). IMoxacraBus clona

F=h(1+%), sti=R1w,
HMeeM
_SlnfOStfdr—T‘-gfom(l +%>[(X)d1‘>0.
Tepsuiit uuterpan ofpaiaercst B HYJb TOKAECTBEHHO, a BO BTOPOM

HumeMm, eujy magoctd i, In(l1+4y/T)= /T 4 HaxomuMm

—S fox! (x)dl' > 0. (9,13)
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DTUM HepaBeHCTBOM H ofeciieuliBaloTcsl HeOGXOAUMEIE CBOfiCTBA KiTHe-
THYeCKHX Ko3(dHikeHTOB. B yacTHOCTH, Npu ¥ =g, OHO Bbipaxaer
€060l MOJIOKUTENBHOCTD V44

§ 10. MpubauxeHHoe pelleHNe KHHETHUECKOTO YPaBHEHHH

BBUJY CIOKHOCTH 3aKOHa B3aUMOAGHCTBHS MOJEKYJ (B ocofeH-
HOCTH MHOTOATOMHBIX), ONpPeNeNsoUiero GyHKUHIO w B HHTerpaje
CTOJIKHOBEHHU{1, ypaBueHue BosbiMaHa O CYIECTBY He MOXeET GbiTh
Jaxe 3arucaHo AJis KOHKPETHbIX rasoB B ToyHoM Buae. Ho u npu
TIPOCTBIX TPENNOIONKEHHSIX O XapakTepe MOJEKYJIsIPHOTO B3aHMOJe-
CTBHS CJA0KHOCTb MATEMATHUECKOH CTPYKTYPBl KHHETHUECKOTO Y paBHe-
HUS [e/14€eT, BOOGLLE TOBOPSt, HEBO3MOMKHEIM HaXO0XK/ICHHE €ro pelienud
B TOYHOM aHaJUTHYECKOM BHJE; 3T0 OTHOCHTCA JaXe K JIHHeapHso-
BAHHOMY ypaBHEHHIO. B CBSI3M C 3THM B KHHETHUECKOH TEOpHH ra-
30B npHOGpeTaoT 0cofoe 3HaueHue A0CTaTOUHO 3BPeKTHBHBEIE METOIBI
npUB/IDKEHIOTo peluenHst ypaBHenus Boabumana. Msioxum siech
K0 TAKOrO MeTojla B IIPUMEHEHNH K OfHOoaToMHOMY rasy (S. Chap-
man, 1916).

PaccMOTpHM cHayajJa 3ajauy O TenjomposoauocTH. [as onHo-
aTOMHOIO rasa TeIVIOeMKOCTb C,=5/2 U JHHeapH30BAaHHOE YpaBHe-
Hue (7,3) NpHHUMAET BHJ

~v(§—pe)=1@ (10,1)

(rge P==m/2T); auHeflHbil uHTerpaibublil omepatop [/ (g) ompeie-
asietca Qopmyao

1@ =§ orfor (€ +gi—g—2)) dprdo (10,2)

(cootBetcTBYIOmEli MHTerpasy crtoiksosennit (3,9)), a pasHOBecHas
GyHKUUS pacnpeeaeHus )
N 2/s
fo (0) =22 e fer, (10,3)

m:%na/ 2

OdeK THBHEI MeTOA NMpPUG/IKEHHOTO DRIICHUS YPABHEHUS (10,1)
OCHOBaH Ha PAa3JiOKeHHH HCKOMBIX (YHKUHI 10 IOJHON cHCTeMe B3a-
HMHO OPTOrOHAJIbHBIX (YHKIHMH, B KauecTBe KOTOPHIX 0COGHIM YA0C-
cTBOM O6/ajaroT Tak HashiBaembie noauHombl Comuna (D. Burnett,

1) GyuKUMA pacTpefeseHHs Besfie MPEATIONAraeTcst onpejesieHHoll No oTHolre-
HMIO K MMIYJbCHOMY [POCTPaHCTBY. JTO He MellaeT, OAHAKO, TOMY, UTO OHA MOKeET
GLiTh BHIPAXKEHA, MO COOOPAaXKeHMSM yaA06CcTBA, YEPE3 CKOPOCTb V= p/m,
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1935). dtu dynkuum onpegesiorcs popmyoii?)

1 ds
Sp (%) =g e*x7" TF €T, (10,4)

IpHYEeM 7— IPOH3BOJBHOE, a §—LeJioe MOJOXKHTeNPHOE WHC/IO HIIH
Hyab. B uactroctH,

Se—1, St(x)=r-+1—x. (10,5)

CaoficTBo OpPTOT'OHA/IBHOCTH 3THX MOJIHHOMOB NPH 3alaHHOM HHIACKCE ¢
H pa3JHUYHBbIX HHJEKCAX S:

®

xS (0) 87 (v) _LltstD g ., (10,6)

sl

Umem pemenue ypasuenus (10,1) B Buge pasioxeHH:

ew=bvY 4,5, o). (10,7)

s=1

OnycTus B pa3ioxeHun ujed C $=0, Mbl TeM CaMbIM aBTOMAaTHYECKH
yzoBJeTBOpsiem yciosuio (7,4) (uuterpas obpaiaercsd B HYAb B CUJIY
OPTOrOHANBHOCTH NOJHHOMOB € S=0 u s==0). Bripaxenue B cKoG-
Kax B Jepoit ctopore (10,1) ects mosuHom S} (Bv®), Tak 4TO ypas-

HEHUe HpHHI/IMaeT BHJ
—vSh, (o) =D A1 (vS3,). (10,8)
s=1

I
VMHOXKHEE ero ¢ ofeux CTOpPoH Ha Vf, (v) Ss/, (Bv?) u mpouHTErpHPO-
BaB IO d3p, MOJY4UM CHCTEMY a/ireGpaHuyecKHX ypaBHEHHH

il 15
Moa A, =78 [=1,2, ..y (10,9)
s=1

npHYeM

a,, = ﬁfgfvsl [ (vSS)dop = (vsl,, vs
s =™ TR 0¥Os,, 8/z) p,—mi{v ey VS“/z}’ (10’10)

rae BBeJeHH 0003HAUCHUA
{(F, G = F @ o (@) V=V, [A(F)AG)d'pdipdo, 1 1)
A(F)=F (V') +F (v{)— F (v)—F (vy). ’

1) Ong OTAMYAIOTCS JMIIb HOPMHPOBKOW H MHAEKCHPOBaHHeM OT 0GOOiieH-
HBIX noJnHomoB Jlareppa:

st =" 1r ).

D
(r+9)!
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Ypapuenne ¢ /=0 (10,9) orcyTcTByeT, NOCKOJBKY a,,=0 B cuay
COXpaHeHHs UMMyJibca: A(vS;’/z)zA(v)=O. KosgpdunueHT TenJonpo-

BOJHOCTH BhiuHcasercst noacraHoskofi (10,7) B HHTerpan (7,7). Beuny
ycsiopusi (7,4) 3TOT HHTerpasn (¢ £=rnv?/2) MOXHO IIpeJCTaBuThb B
BHJE

w=—5 { 1,85, (o7) vg aop

H B pesy.anaTe HaxoJaum
x==A4,. (10,12)

B npocTtoTe 1paBoil CTOPOHHI ypasuennit (10,9) u Brpaxenns (10,12)
NPOSIBJSIETCS MPEUMYIIECTBO Pa3JIOKEHHsI TO TMONHHOMAM CoHuHa.

Xoj BbUMCHeHHi AJsI 33ajadd O BA3KOCTH BNOJHE aHAJOrHYeH.
WUwem pemenue ypapHenus (8,6) B BHAe

2

1 o]
o =1 (0an—y ©Bus) X BLS5, B0 (10,19
s=0

MoxctaoBka B (8,6) ¢ MOCJAGAYIOMMM YMHOXKEHHEM 3TOro ypabHe-
HHSl HA

1
o (0) S, (Bv?) (vavﬂ—-g uzaaﬁ>
Y MHTErpHpOBaHHEM IO d’p NPUBOAHMT K CHCTEME ypaBHEHHH

3 b, Bi=58,, 1=0,1,2,..., (10,14)
s=0

rae
3 2 2
b =B { (o0 — 5 8un) 810 (15— 50 S, . (10,19

Ilns Kosduuuenta BsiskocTd us (8,9) mosyuaercs

M= mB,. (10,16)

[puGaukenHoe peileHue GeckoHeuHOl cucTeMbl ypaBHeHuit (10,9)
unu (10,14) mocruraetcs COXpaHeHHeM B PasJOKCHHAX (10,7) wnan
(10,13) JMIIb HECKOJDbKHX MEpBbiX WICHOB, T. €. HCKYCCTBEHHBIM
o6priBoM cucTeMbl. CXORMMOCTB mpolecca npubNIKeHNa MPU yBe-
JIUUEHHH UHCJA WJIEHOB OKA3HBAeTCsl YpesBHYalHO ObICTPOH: yxe
COXpaHEHHe BCEro OJHOrO WJeHa NPHUBOAHT, Bpoo0iie roeopsi, K Tou-
poctd 1—2% B 3HAYEHUM % WM 1*).

1) CxozuMOCTh OKashlBaeTCHd, OAHAKO, HecKOJIbKO XV2Ke B 3a5a4ax o auddysuu
# B ocoferHoCTH O TepMoauGbOy3HH.
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IMokaxem, uTo l'IpH6JIIfI}KeHHOE peuienye JHHEAPH30BAHHOIO KH-
HEeTHYECKOro ypaBHeHHUst A1 OJHOATOMHBIX ra3oB, OCYIeCTBJ/IAEMUC
ONHCAHHBIM CIOCOGOM, NPHBOJAUT K 3HAUCHUAM KHHETHUECKHX Koadp-
(pI/IIlHeHTOB, 3aBeJOMO MEHBIIHM, UE€M ZaJjo Obl TOWHOE peleHne 3Toro
YpaBHEHHUA.

3anpiueM KHHETHYECKOe YpaBHEHHE B CHMBOJIHYECKOM BHJIC

1(@@=L (10,17)

(rie ¢ynkuud g W L—BeKTOpH B 3ajaue O TEIJONPOBOAHOCTH H
TEH30pHl BTOPOrO paHra B 3agaue o BsaskocTn). Ilo GyHruuu g coot-
BETCTBYIOLIMI KHHETHUEeCKHH KO3(QHUIMEHT opeie/seTcss KaK BeJH-
ylHa, NPONOPLUHOHAJNbHAsA HHTErpasy

—§ rel @awp (10,18)

(cm. § 9). TpubnuxenHas ke QyHKIUHSA g YAOBJIETBOPSIET HE CaMOMY
ypasuennto (10,17), a Juub HHTErpajbHOMY COOTHOLICHHIO

{ roal (@) a*p={ fiLgdp (10,19)

(KaK 5TO OYEBHMAHO M3 Crocofa onpeaesenus KosQQuiHeHTOB B pas-
JOKEHHAX g).

BricKa3aHHOE Bbillle YTBEPMKACHHE HENOCPEACTBEHHO CJHEAYET M3
«BapHAIlMOHHOTO NPHHINNAY, COrJIACHO KOTOPOMY pelieHHe ypaBHe-
nua (10,17) ocymectaser MakcuMyMm dyHkiuonana (10,18) B kuaacce
¢ynruumit, yrossersopsomux ycaosuio (10,19). B cnpasenuBoctn
3TOr0 NPHHIIUIA JETKO YOEeAUTbCSA, PaCCMOTPEB HHTErpas

—(foe—0) I @e—o) &P,

rie g—peuenre ypasuenus (10,17), a ¢—mo6as npo6Has ¢yHK-
1hd, yAoBJeTBopsiomas Juib ycjosuwo (10,19). Ilo obmemy cBoil-
ctBy (9,13) onepatopa / 3TOT HHTerpas moJoXuteseH. Packpuis
B HeM CKOOKH, IIMHIEM

—( fotel @+ of (0)—ol (@) —gl (9)} d°p.

IMocKosbKY JIst OJHOATOMHOrO ras3a NpHHIHIN JeTaJbHOro paBHOBe-
cusi cmpaeegiuB B ¢opme (2,8), To omepartop I o6/1agaer CBOHCTBOM
camoconpsixkensoctd (9,11)*). ITosTomy uHTErpabl OT ABYX MOCJEX-
HUX ujeHoB B ¢urypHoii ckoOke paBHBl JApyr apyry. IloacraBus
sateM [/ (g)=L, umeeM

—$ 14l (@) + 91 (9)—20! (@)} d*p=
=—fotal @ +ol (9)—2Lg}d2p >0.
) IopuepkHeM, UTO BAPHALMOHHLIA NPUHIMI B cYOPMYJIHPOBAHHOM BHJE CBS-

3aH ¢ 5THM 06GCTOATEJBCTBOM H HE MMeeT MecTa NpH COOGMIOJEHHH NpHHUMIA Je-
Ta/ibHOro paBHOBecHs JHIIb B e€ro Haubojee obimieM BHAE (2,3).
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Haxkoner, npeo6pa3oBaB WHTErpaJs OT [OCJAEAHETO YIEHA C [TOMOULBIO
yeaosug (10,19), naxomum

—rgl @ap>—S 1ol (9) @,

yrto u TpeboBanoCh AOKa3aThb.

YromMsHeM o cayuyae, HPeACTaBJdWOIEM HHTepec ¢ GopManbHOIl
TOUKH 3PEHHS, XOTH OH H HE HMEeT NPSMOro GU3HYeCKORO CMbICJa.
D10-—--ra3 U3 YacTdll, B3auMogeHcTByromux no sakoHy U=ojrt?l).
2ror caygal xapakTepeH TeM, YTO CeYeHHE CTOJKHOBEHHH Takux
yacTHI (onpelesieHHOE MO KJ4aCCHYECKOH MexaHuke) ofpaTHo npo-
MOPILUOHANBHO HX OTHOCHTEALHOH CKOPOCTU Uypy,, a NOTOMY PHTYPH-
pylolilee B HHTET pasie CTOKHOBEHHH NPOH3BeIeHHE U,y A0 OKA3LIBAECTCH
3aBHCAIMM TOJbKO OT yrja paccessHust €, HO He OT U,y. B 3TOM
CBOUCTBE JIerKo yOeAnTbCcsl yxKe U3 coobpaxeHuil pasmepHocTH. [lefi-
CTBHTENbHO, CEUeHHe 3aBUCHT BCErQ OT TpeX IapaMmMeTpoB: IOCTOSH-
HOH o, MAacCEl 4acTHL m H CKOPOCTH Uyy. V3 3TUX BEeJNUYHH Hesb3sl
COCTAaBUTL Oe3pasMepHON KOMOHHALMU M BCero OAHY KOMGHHAILHIO
C pasMepHOCTBIO MJOWALH: Ugh, (a/m)'/:; el W JOMKHO OBITH Iipo-
MOPLUOHAIbHO CeYeHHe., ITO CBOHCTBO CEUEHHA NPHUBOAUT K Cylie-
CTBEHHOMY YNIPOUIEHHIO CTPYKTYPH HHTerpasna CTOJKHOBEHHH, B pe-
3yJbTaTe Yero OKAa3blBA€TCS BO3MOMKHBIM HaHTH TOUHBIE pelueHs!
JiHeapH30BaHHbIX KHHETHYECKHX YpaBHEHHH 3a7ad O TelJoNpoBOA-
HOCTH U Bsi3KocTH. OKasblBaeTcsl, U4TO OHM JAIOTCS NPOCTC MePBLIMH
yneHamu pasiaoxennd (10,7) u (10,13)2).

3apauun?)

1. Hality TenonpoBOJHOCTL OAHOATOMHOTO ra3a, COXPaHHB B PasJOXKEHHH
(10,7) Juwb mepBuifl WJeH.
Peurenue. Ilpu oaHoM unene pasnoxkenus ypasnenus (10,9) cBogsarcs
K pasenctBY A;=15/4a;;. a5 soiuncaexus uarerpa’ia (10,10) ¢ [ =s=1 progum
;

BMECTO V, Vy, v, V1 CKOPOCTDh LeHTpA HHEPLUHH H OTHOCHTEJILHBIE CKOPOCTH ABYX
aToOMOB.

(V‘}‘V])-— v —'Vl) Voru=V—Vy, Voru=V —Vy,
02—}—01 = 2V2—i— 5 - @3 p d3py = mSd*V d3vgru.

ﬂpocToe BBIUHCJICHHUE JacT
A (VSal/z) =A (ﬁ02v) =6 [(Vvé'm) v(;TH_(VvOTH) VOTH].

1) KusernyeckHe CBOHCTBA TaKOH T'asoBOil MOJEJH BIIEPBHE PacCMaTPHBAJHCh
Maxceearon (1866).

2) Tloapobroe wu3nOKeHWe TeOpHH 5TOro chaydas—cM. §§ 38—40 cratbu
JI. BaasOmana B c6opunke «TepMoanHamuka raszoB», Mocksa, 1970 (mepesop us
Handbuch der Physik, Bd. XII, 1958).

3) @opmyant (1)—(6) Gulin noayuenn Yenmenom u IFHCKO20M,
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BOSBeI{ﬂ 3TO BbipaXKeHHe B KBaJpaT H YCPEJHHB ero o HalpaBaeHHn IM V, MOJIYYHM
2p2 - 4 © el 2B 4 -
'—2“ [l'oTu - (VOTHVOTH) ] V2 :—5‘ voraV? sin? .

IMocne Bemosnenus unrterpuposanns no 4aV2dV u no HATIPABJCHHAM Vypy (ITOCTER-
Hee CBOJMTCA K YMHOXKEHHIO Ha 471) MOJYYHM OKOHYATEJIbHO

T >
4 Yo [® L'z do
anz—ﬁa— (%) ’ j exp (-ﬁ gm ) Uory sin? @ Ea-dvom de; (1)
b6

KO3(dHIHERT TeNIoNPOBOAROCTH
%n="75/16a,;. (2

2. To xke IJst BSISBKOCTH OJHOATOMHOIO Ta3a.
Pewmenne. Anatoruunnm ofpasom umeeM

Bo=5/bgy, 1 =5m/4byq.
B unrerpane (10,15) npu {=s=0 naxozuu

1 1 B ’
A <UOLUB_‘3" U"(Sa[i) 25 (Unn{ o Vot B~ UVorn @ Votn B)a

KBaapar 3T0ro0 BbIPAaKEHHS €CTb
1
2
Hoce unterpupopanus no d 1 Mo HaNpaBICHHAM Vg OKA3HBALTCH, UTO boo=ay;,
TaKk 4ToO

4 .
vorn Sint 6.

n=4mu/15. 3

Ilnst 0XHOATOMHOrO Ta3a TemI0eMKOCTb ¢p="5/2. Tlo3TOMY OTHOLUEHHe KHHEMaTH-
4eCKOH BSI3KOCTH v =n/Nm K TeMIepaTyponpoBOIHOCTH ¥, =n/Nc, (rak HaspiBae-
Moe wncao Ilpauaras) B paccMaTpuUBaeMoM HPHGIHMKEHHH OKa3biBAETCH paBHBIM

viy=2/3 4

BHE 3aBHCHMOCTH OT 33KOHA B3aHMOAEHCTBHS aTOMOB1).
3. B TOoM e npuGNHMKEHHM HAATH TeNJONDPOBOJHOCTD M BS3KOCTb OTHOATOM-
HOro rasa, paccMarpupas aTOMbl K&K TBepjble VIPYrue WapHKU auamerpa d.
Pemenne. Ceuenne paccestHns WwapHka Ha WapHKE SKBHBATCHTHO paccest-
HHIO TOUEUHOH 9aCTHIBl HA HempoHHUAeMoR cdepe pajuyca d; NOITOMY CedeHHe
40 = (d/2)do. Buiuncsienue unrerpaga (1) npusogur x pesy.asTatam %)
.

LB T ow )T ‘
““ayze V w=e Vow ‘
_ — V' mT

n—m VmT = 0,18—-—;1—2—. (6)

1) Jlns rasa ¢ 3aKOHOM B3auMOJeHCTBHS wactHy U =o/rt dopmyaar (1)—(4)
ABJIAIOTCS TOYHBIMA H NPHBOAAT K CJEAYIOUHM 3HAUEHHM SM:

%=23,04T (ma)~'/2, m=0_81T (m/a)"s.

%) Jlns XapaKTepHCTHKH GBICTPOTHl CXOJMMOCTH MOCJENOBATE/bHEIX npuban-
EHM yKaxeM, YTO NIPH y4ere BTOPOTO H TPEThero U/IeHOE B pasnoxenusax (10,7)
H (10,13) Buipaxenus (5) u (6) YMROKAIOTCS COOTBETCTBEHHO Ha (14-0,015+ 0,001)
B (14 0,023--0,002).
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§ 11. Muddysus jgerkoro rasa B THKEJIOM

SBnenue pud@dysuu B cMecH ABYX ras’oB MBI H3YYHM IS HEKO-
TOPHIX YACTHBIX CJy4aeB, JOMYCKAIOUWHX CPABHHTE/IHHO 1a/EKO HAY-
lee TEOPETHUECKOEe HCCJIEJOBaHUE.

O603HauuM NJOTHOCTH 4MCJIa YaCTHIl ABYX KOMIIOHEHT CMECH 4e-
pes N; u N, u onpeiesnM KOHUEHTPAIHIO CMECH KaK ¢=N,/N, rae
N=N,-+N,. Iognag naoTHOCTH YHCJa YaCTHIl CBs3aHa € JaBJe-
HueM U TeMnepaTypoil cornacio N = P/T. [laB/ieHHe rasa nocTossHHO
mo ero o6beMy; KOHLEHTpAIUS K€ M TeMIepaTypa myCTh MEHSIOTCHA
BIOMb OCH X (IOMyCKas W3MEHEHHe TeMIepaTyphl, Mbl TeM CaMbiM
BKJIOUaeM B PACCMOTPEHHE TaKxke H TepMORUDPY3HIO).

PaccmoTpuM  audysuio B CMECH raso0B, M3 KOTOPBIX OAHH («Ts1-
JKeJIblii») COCTOHT H3 MOJIEKYJ € Maccofl, GoJbuIoil Mo CPaBHEHHIO
¢ Maccoil uacTHI APYroro («erkoros) rasa. Jlerkuit ras 6yjeMm cuu-
TaTh OXHOATOMHBIM. IIOCKOJBKY cpeiHsis TenjoBas SHEPTHs MOCTY-
[aTeJbHOro JBUAKEHHMs BCEX yacTui (IpH 3ajaHHOH Temmeparype)
OIMHAKOBA, TO CPEAHSIsI CKOPOCTb TAXKEJBIX MOJIEKYJl MaJja mo Cpas-
HEHMIO CO CKOPOCTBIO JIETKMX M MX MOXHO paccMaTpuBaTh npub.au-
HEHHO KaK HelojBWXHEe. [IpH CTOJKHOBEHMH JIETKOW YacTHIbI
C TSKEJIOH TOCJEeHIOI0 MOXKHO CUHMTATH OCTAIOMIEHCS HENOJBUAKHOIL;
CKOpOCTb 2Ke JIEPKOHM YacTHIBI MeHsieT HanpaBJeHHe, OCTaBasChb He-
H3MEeHHOH 10 cBOeH aGCOJIIOTHOH BeHUHHE.

B srom naparpade paccMOTpUM CJydai, KOIJA KOHIEHTpalusd
JErKOro rasa B cMecd MaJga (mycTb ato 6yzeT ras I). Torpa croix-
HOBEHHsI ero aToOMOB APYT C APYroM OTHOCHTEJbHO PEIKH H MOXKHO
CUNTATb, YTO JIETKHE YACTHIE! CTaJKHBAIOTCS TOJBKO C TAKEJBIMH *).

B obmeM caydae NPOM3BOJIBHOH rasoBoii CMecH AJIs (QyHKUHH
pacnpefeseHusl YacTHI{ KaxAO# 13 KOMIIOHEHT CMECH JOJLKHO GBIT
COCTABJIEHO CBOe KHMHETHYECKOE YpaBHeHHE, B IPaByl0 CTOPOHY KO-
TOPOro BXOAHT CYMMa MHTErpajos CTOJIKHOBEHMI 4YacTHI| JaHHOH
KOMIIOHEHTHl ¢ UACTHILAMH €€ JK€ M APYruX KOMIIOHEHT. B paccmar-
pUBAEMOM UACTHOM CJIyuae, OJXHAKO, LEeJeCO0GPasHO NPOH3BECTH BEI-
BOJ YNPOLIEHHOTO KHHETHYECKOTO YPaBHEHHs 3aHOBO.

VickoMoe ypaBHEHHE JOJIKHO ONpeAesiaTh (YHKIMIO pacrpenese-
HUsl 9ACTHIL JIETKOFO Trasa;, ofosHaunM ee uepes f(p, x). B crenan-
HBIX TPENOJIOKEHUX CTOJKHOBEHHSI JErKHX 4YacCTHI( C TsXKEJBIMH
He MEHSIOT pachmpefiesieHHs MOCJEAHHX, U B 3ajade o nudpdysuu 310
pacrnpezie/ieHHe MOXHO CYMTATbh 3aJaHHBIM.

[Tycts 6—yros MeXAy HallpaB/IeHHEM MMITYJIbCa JIerKO# Y4acTHIbE
p=m,v ¥ Ocbi0 X. B CHly CHMMeTPHH YCJIOBHil 3314yl OUEBHIHO,
yto (YHKIMA pacnpeieietus OyleT 3aBUCEThb (HOMHMO MEpPEMEHHBIX
p 4 x) Tonpko OT yraa 8. OGosnayuM MOCPEACTBOM do=F (p, &) do’

1) Kuuernueckasi TeODHs TaKOH rasoBoil mojienn Oblja BIEpBEHIe PasBHTa JIo-
periyen (H, A, Lorentz, 1905).
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CeyeHNe CTOJNKHOBeHnil, B pe3ysbTaTe KOTOPBIX JIerKas dacTuua,
HUMEBIIAs HMIYJLC P, npnoépeTaeT HMOYJbC p’ =mv’, Hanpap/eHHbIH
B 3JIEMCHTE TEJIECHBIX YIVIOB do’; o ecTb YroJ MeXJAy BeKTOPaMH p
u p’ (abcosoTHeE BeJHYMHBL KOTOPHIX OJAHHAKOBHE). BeposTHOCTb
YaCTHIlE MCILITAaTh TaKoe CTOJKHOBeHHe Ha eJHHHLe NYTH ecThb N, do,
rae N,— nJOTHOCTb uMcJa TsKeJbIX yacTHI. BeposTHOCTL Xe, OT-
HeCEHHAs K €JHHMIIE BPEMEHH, IIOJNydyaeTcsl YMHOXKEHHeM elle Ha
CKOPOCTh 4acTHUE: N,vdo.

PaccMoTpiM wacTHlbl, Haxoisliyvecs B 3aJaHHOH efuHune o6beMa
U 00/afaol{He MMIVJABCOM B 2aJaHHOM HHTepBaJje alCOJIOTHHIX
3HAueHUH dp, HanpaBJEHHBIM B 3J€MEHTe TeJecHblX YrIoB do. Umcao
Takux uvactuil ects [d*p=F[(p, 06, x)p%lpdo W3 Hux B HHHILY
BpEMEHN B pesy.bTare CTOJIKHOBEHHH npucOperer uMmynasc p’, Ha-
npagJeHHslil B do’,

f(p, 8, x) prdp do- NoF (p, o) do’
yactun. Bcero, caejoBaTtesbHO, H3MEHHT HaNpaBJeHHe HMIyJbca

@p § N of (p, 8, 9 F (p, o) do’

YaCTHIL.
Hao6opot, us uncaa wacTul B d3p’ = p’* dp’ do’ npuobperer cKo-

pocTh, HanpaBJeHHYIO B do,
f(p' 0, x)p dp do’-Nu'F (p', a)do

gactul. ITockoabky p’= p, TO AJMd IOJHOIO YHCJA YacTHll, MPHOG-
peTarolliiX B pesyJ/bTaTe CTOJKHOBEHHH CKopocTh B d°p, HMeeM

dp S N (p, 0, %) F (p, 0 do.

Takum o6pasoM, H3MEHEHHE YHCJIA YACTHIL B 3JeMeHTe d®p paBHO
pasHocTn

@p-Nw  F (o, a) [} (p, 0, 2)—F (p, 0, )] do’.

C apyroft CTOpOHBI, 3TO HM3MEHEHHE JOJIKHO ObITh PABHO IOJIHOH
NIPOH3BOAHOA HO BpEMEHH

d*p d’; d*p-vyf=dp fvcose

ITpupaBusiB 06a BhIpaKeHHs, MOJYYHM HCKOMOE KHHETHUECKOE YpaB-
HeHue B Bpw;e

veos 8L =N [ F(p, o) [F (¢, 0, )—F (p, 0, x)]do’ =St[. (11,])

OTMeTHM, UTO IpaBas CTOPOHA 3TOro ypaBHeHHd obpailaercst B HYJb
s gio6ofi ¢yHKOMH f, He 3aBUCsALled OT HalpasJ/eHus p, a He
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TOMBLKO AJS MAKCBeJJOBCKOH (DVHKUMH f,, KAK 3TO UMEeT MEeCTO IJs
ypaBHeHHs1 BosbumaHa. D10 O6CTOATENLCTBO CBA3aHO C NPEANoJio-
JKEHHEM O HEeM3MEHHOCTH BeJIMYMHBl MMIYJbCA IPH PACCESIHUU JIETKUX
YaCTHL, Ha THXKEJBIX: OYEeBHUIHO, YTO TAKUE CTOJKHOBEHUS OCTaBJIOT
CTALHOHAPHBIM JI000€ pacnpeiesieHHe JAeTKHX YacTHI[ IO 3HEePrusiM.
daxrtuyecku ypasHenue (11,1) oTBewaer aAMb HyJeBOMY NpHGJIH-
KEHHIO [0 MaJoll BenuuuHe m,/m,, W yXKe B cjepywouieM npubnau-
JKEHHH TIOSIBASIETCSl pesiakcallysi N0 SHEPrHH. ;

Ecnd rpagnedThl KOHIEHTPAUMU H TeMNepaTyphl HE CJAHIIKOM
BeJHKY (BeJHUHHB Majio MEHSIOTCS Ha PACCTOSHUAX NOPAAKA AJMHBL
CBOBOLHOrO TpoGera), TO MOMXKHO UCKaTb [ B BHIE CYMME

f:fo (p’ A)‘{“Sf(p’ 9, x.)’

rae §f —wmanas nonpaBka K JIOKanbHO- paBHOBECHOH (GVHKIHH pac-
npefenenus f,, JUHCHHAsA HO rpajHeHTaM ¢ I/I T. B cBow ouepeln
umeM 6f B BHze

8f =cosB-g(p, x), . (11,2)

rae g—QyHKIHS ToJbKO oT p u x. Ilpu noacranoeke B (11,1) B Je-
BOM CTOPOHE YPABHEHHSI JOCTATOYHO OCTABHTb TOMABKO UJeH C f;
B HHTerpaje e CTOJKHOBEHUH useH ¢ f, BHIagaer:

Stf=gN,v S F(p, o) (cos 8" —cos 8) do’;

HesaBHCAmAas OT YIJIOB QYHKIHS g BLIHECCHA H3-TT0J 3HAKa HHTerpasna.

DTOT WHTErpaJ MOXKHO yNPOCTHTb. BriGepeM B KadecTBe MOJAsIp-
HO# OCH [/ifi OTCYeTa YIJIOB HampasJjeHHe umnyJabca p. [lycrs ¢ n
¢’ —asuMyThl HarpaBJeHHH OCH X M HMOYJAbca P’ OTHOCHTEIBHO
nossipHolt ocu. Torpa

cos B’ =cos 0 cosa +sinBsinacos (p—¢’).
DIeMEeHT TesieCHBIX YIVIOB do =sinadodg’, MOCKOMBKY &—nonAp-
HBIH yroa ggast umnysabca p’. Murterpan or useHa c cos (¢ — q)) 06-

pamaercs B HYJ/b [IpY HHTErpUPOBaHuH 1o dg’. B peayabrate HaligeM,
uTo

Stf=— N,o;(p)vgcosB=— N,5, (p)vdf, (11,3)
rae BBeleHO obo3HaueHue
g; (p) =2m S F(p, o) (1l —cosa)sinada= S (1 —cosa)ds; (11,4)

BeAHYHHY O; Ha3bLIBAIOT MPAHCNOPMHLIM  CederueM CTOJKHOBEHHH.
Hs ypasnenus (11,1) Baxoaum Temepb

1 0
g0 =35, 5o (11,5)
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Huddysnonnsit notox i ecTb, MO ONPEAeJIEHHIO, MJOTHOCTh MO-
TOKa MOJIEKYJ OfHOW W3 KOMIIOHEHT CMeCH (B AaHHOM CJyuae — JIer-
Koil). OH BbuMcAsieTcst MO ()YHKIHH pacnpejesieHHst KaK HHTerpais

i={ vasp, (11,6)
HJIH, NOCKOJBbKY BEKTOp i HampasJseH 1o ocH X,
i:ScosB-fchp:ScosQG-gvdzp (11,7

(uneH ¢ f, o6pamaercs B HyJb NPH HHTErPHPOBAHHH O yIJam).
[logcrarus coga (11,5), noaydum
19 fovcos?0 o0 1 3 foU g4
Ny Ox ot (p) T 3Ny 0x) o4 y
310 BHIpa)KEHHE MOXKHO 3alHCaTbh B BIHJE

s )

rAe ycpeaHeHHe MPUBOLHTCS MO MAKCBEJJIOBCKOMY DacrpefeseHHIo.
Hakonel, BBoAuM Konuentpaiuto ¢ = N,/N = N,/N, (HanoMHHM, YTO
no npexnoJoxkenurw N,>> N,) u samvenusem N, ~ N=P/T. C yyerom
[IOCTOSIHCTBA JABJEHHS NOJAY4YdM B Pe3yJbTaTe

A e e RO

Aty GopmMyay HaZo CPaBBHTh C (PeHOMEHOJOrHYECKHM BbIPaXKeHHEM
JH(PPY3HOHHOIO IIOTOKA

i=—~ND(vc+’iTZVT), (11,9)

[ =

3aKJIIOYAIOMUM B cefe onpefesieHust Koagpuyuenma Oupgdysuu D n
mepmodugppysuonnoeo omuouenus Ry (kodpuyuenmon xe mepmo-
Ougppysuu naspiBatoT npoussenenne Dp=Dk;; cm. VI, § 58)7). Ta-
KM 06pasoM, HaXOLHM

T
D = 55 <v/oy>, (11,10)
by =cT o In <2, (11,11)

IMpu auddy3noHHOM PABHOBECHH B HEPAaBHOMEPHO HArperoM rase
YCTaHABJAMBAETCSI TAKOe PacnpefeseHne KOHIEHTPallui, NpH KOTOPOM
Inboysronnntit notoxk i=0. IlpupaBHaB nocTOAHHOH BHIpaXxeHwue,

1) Senenne TepmomucbysHH Oputo Tpenckasano ISuckoeom (1911) nmenno ans
paccMaTpHBaeMOH 3Jech MOJETH Ta30BOH CMeCH.
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cTosuiee B QUrypHBIX ckofkax B (11,8), monmyuum

T
o= const . (11,12)

[penronaras ceueHye o; He 3aBHCAIIUM OT CKOPOCTH H 3aMeTHB,
uro (o)~ (T/m,)'>, nalizeM, 4T0 1pu Iu(p()Y3HOHHOM PaBHOBECHH
B CMECH C MaJoi KOHIEHTpauued Jerkoro rasa IIOCJeHsis NPoIop-
uHoHanpka ' T; APYTMMH CJOBaMH, JETKH ra3 KOHUEHTPHPYETCH
B MecTax C 6oJblled TeMmnepaTypoH.

ITo nopsaaky BeauuuHB Koahpuuuest audbdysnu

D~ ul, (11,13)

¢ U—CPelHss TEeNJoBas CKOPOCTb MOJEKYJ Jierkoro rasa, a [~
~ 1/No—pauHa cBoGopnoro npofera. HamoMHHEM H3BeCTHEHIH sJe-
MeHTapHBIH BHBOA 3Tol dopmyas. Uucao Mosekyn rasa I, rnpoxo-
AAMKUX CJeBa HampaBo B 1 ¢ uepes eNMHHYHYIO IIOMIANKY, llepleH-
IUKYJSIPHYIO OCH X, PAaBHO IO NOPAAKY BEeJUUHHBI NPOH3BENCHHIO
N,v, npuyeM mIOTHOCTE N, Jo/ikHA OBITH B3ATa HA PacCTOsHHU [
BJIEBO OT IJIOW[AAKH, T. €. B TeX MeCTax, OTKYJAa MOJIEKYJbl TOCTH-
raiT 3Ty NJOLAAKY Y2Ke 6e3 CTOJKHOBeHHH. AHaJOrMYHBIM 06Pa3oM
ompenessieTCsT YHCJO MOJEKYJ, NePeceKaliux Ty e [JIOMaiKy
CripaBa HaJEeBO, a pa3HOCTh 0GOMX yHceJ jaeT ANPPY3HOHHEIE NOTOK:

i~ N, (x—Do—N, (c+-D) o~ —0 %0,

orkyna u caenyer (11,13)1).

§ 12. Juddysus Tsaxkensoro rasa B Jerkom

~ PaccmoTpuM Tenepb ofpaTHbI NpefeNbHBIN caydali, Korga Maja
KOHIIeHTpalus TsKea0ro rasa B cmecH. B 3Tom caydae xosddu-
IueHT Au(dY3UH MOMXKHO BBIYMCJIHTb KOCBEHHBIM CIIOCOOOM, HE MNPH-
feras K NOMOIIM KHHETHYeCKoro ypabHeHus. HMwmenno, ompenennm
TaK Ha3bIBAEMYIO HOOGUIMCHOCHy HaCTHIL TAKEJOTr0o rasa, npeanosa-
rasi €ro HaxojsuEMcsi Bo BHeuiHeM mnojse. IlogsuxHocTe XKe b cBf-
3aHa ¢ Kosdpunuentom AubdysHr STHX Ke UYACTHL H3BECTHHIM

1) Jdudipysus, Tena0NPOBOXRHOCTE H BA3KOCTH OCYIIECTBJSIOTCS OAHHM H TeM
JKe MEXaHU3IMOM — HEeNOCPeICTBEHHBIM MOJICK YJIsIpHBIM lepeHocoM. TenmonposogsocTs
MOXKHO PaccMaTpHBaTh KakK «MuU(DY3HIO 3HEPTHH», @ BA3KOCTb—KakK «Auddysuio
uUMIyabca». ITo3TOMy MOXKHO yTBEPXKAaTh, 4TO Koadhduuuent aupdysuu D, Temne-
PaTYpPONPOBOAHOCTE ¥ =%/Nc, M KHHEMATHUeCKas BASKOCTb V=1)/Nm HMeIOT o4uH
M TOT e MOPSJOK BeJMUMHbLL, OTKyJa H nosgyuaiorcss dopmyast (7,10) zas temso-
nposojgHocTH u (8,11) maa BASKOCTH.
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COOTHOIIEHHEM DiiHiTedHA
D =bT (12,1)
(cm. VI, § 59).
HoxsuknocTs ecTsh, MO onpefesnennio, KoI(GOHIHEHT NPONOPIHO-
HAJLHOCTH MEXAY cpenueil ckopocTbio V, npuobperaeMoil yacTurei
rasa BO BHellIHeM I[I0Jie, W JedCTBywmell Ha YaCTHIY CO CTOPOHEI

noJst cudsoi f:
V =bi. (12,2)

Ckopocth xe V ompesenseTcs B JaHHOM CJ1y4ae M3 YCJOBHS B3aHM-
HOH KOMIEHCAlUh CHJBl f U CHJBI CONPOTHRJEHHUS f,, HCIBITEIBAEMOIT
ABHZKYIIEACS TsKeJOH yYacTHLeHl CO CTODOHBI JIETKHX (CTOJKHOBE-
HHSIMH TAXKEJbIX YacTHL APYT C APYTOM MOXKHO NpeHeGpeub BBUAY
HX OTHOCHTE/bHOH pearocTh). PyHKUUS pacnpelededHsl JErkux
YaCTHI SABJSETCH NPH 3TOM MAKCBEJJOBCKOH:

. Ny 14 myu?
fo= @um,ry s FP\ T or ) ’

rfie m;—mMacca JIerKko# 4acTHIbI.

Paccmotpum  Kakyio-HHGYAbL OfHY OIPENEJEHHYIO TAMKEJAYIO ya-
CTHLY; NYyCTb ee ckopocth ecth V. [lepefinem Ttemeph K cHcTeme
KOOpDAHHAT, ABHKVIIEHCS BMECTe C 3TOM yacTHLed, ¥ NycTh v 06o-
3Ha4aeT CKOPOCTH JIETKMX 4YacCTHL B 3TOH HOBOH cucreme. DyHK-
IHsl pacnpefesieHust JErKHX YacTHIL B 3TOH CHCTeMe KOOpAMHAT
ectb f, (v-4V) (cp. ¢ (6,9)). IIpeanosarast ckopocTs V mManoil, MokeM
HamucaThb

myvV )

fo (V) & fo (o) (1— 228 (12,3)

Hckomyro cusy compoTusieHUs f, MOKHO BBIYHCAUTDL KaK IOJIHBIH
HMIYJIBC, NMEepelaBaeMblil TSKEJIOH YacTHIE JIETKHMH, KOTOpbIe CTaJ-
KHBAIOTCS C HEW B eIMHHLY BpeMeHH. TsiJKesas 4acTHIA OCTaercs
npH CTOJIKHOBEHMH HEMOABHXKHOW. Jlerkas ke yacTlia NPHHOCHT
C COGOi HUMNYJIbC mM,V; NOCJE CTOJKHOBEHHS, IPH KOTOPOM ee HM-
IyJibC IOBOPAYUBAECTCS HA YroJl o, OHA YHOCHT € COGOM HMIyJbe,
PaBHBLIH B cpejteM m,v cos a. [loaToMy HMNyJibe, epeiaBaeMblil U Ta-
KOM CTOJIKHOBEHHH TS2KeJIOf YacTHIle, paBeH B cpelHem m,v (1 —cosa).
YMHOXKas1 €ro Ha IJIOTHOCTb NMOTOKA JErKHX YaCTHIL CO CKODPOCTBIO V
M Ha CeyeHHe dO0 TAKOIO CTOJIKHOBEHHS ¥ HHTErPHPYS, MOJLYyUYHM
MOJIHBI TepefaBaeMblil TAXKEIO0H YacTHIe WMMYJIbC:

i, =m, { f, (v-V) ovo, d°p,

IZle onste BBeleHO obosnauenwe (11,4). Ilpum mopcraHoBke ciona
o(V+V) B Buge (12,3) nepsbiit unen obpamiaercs B HyJb (MHTEr-
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pHpoOBaHHEM MO0 HanpaBJACHHAM CKOPOCTH V), TAK 4YTO OCTaeTcCAa
2 el
m .
f,=— ?j fo (©) (V) vuo, d*p,

HJH, YCPeNHsst NO HaIpaBJEHHAM V,
mi

S P

re YyrJoBbie CKOOKH CHOBa 00603HAYAOT YCPeAHEHHE 1o OBBLIYHOMY
MaKCBEJAJOBCKCMY pacmpejenennio. Hakoden, umes B BHAY, 4TO
B paccuaTpuBaeMom caydae N, 3> N,, miwem N, = N = P/T, Takuto

mfP

I =—3m

<oty V.
TIpHpaBHSB HYIIO CYMMY CHJIBI CONPOTHBJCHHS f, 1t BHelHeR CHIibI f,

nodyuny coracio (12,2) moxBHKHOCTb b,*a 3areM H HCKOMBIH KO-

s¢¢uuueHT AuddysHu

373

T mdP <oy

D=bT (12,4)

Yro kacaercss Tepmoanddysuu, TO I € BHIYHUCIEHHS B pac-
CMaTpHBAEMOM CJyuae HeO6XOAHMO Oblo Gbl 3HATbL (hYHKIHIO pac-
nmpefesieHusi YACTHIL JIETKOTO rasa MpH HAJWYHH B HEM rpajieHTa
TemmepaTypul. [lostomy Kosdpuuuent TepmoAu(Py3HH HE MOXKET
GbITb BLIYHCJEH 3/ieCh B OOLIEM BHJE.

[lo nopsiaky Beanyussl D ~ v/No, raev~ V T/m,— cHoBa (KaK
u B (11,13)) cpenuss TensioBas CKOPOCTb MOJIEKYJ JETKOro 1asa.
Takum 06pasom, NOPAAOK BeJHYHHBl Ko3dulHeHTa AnPy3uH B 0GOHX
c/yuasx OAUHAKOB:

D ~ T*/+jaPm;". (12,5)

3anaua -

Onpefenuts Koahduuuent audpdysHd B CMECH JIBYX Iasos (MeTKOro M Tsxe-
JOT0), paccMaTpUBas HX UYacTHULl Kak TBepAple YNpYTHe WApHKH IAaMETPOB dy
H dz.

Pemenne. Ceuenne croaxHoBenui do==m (d;--d,)*do/16m, otkyna Tpauc-
nopTHOe ceueHue Oy ==t (d;—+-dy)*/4 (B AaHHOM CJlyyae COBNAAAET C MOJHBIM cewe-
uueM o). Koapduunent auddysud HMeeT BUA

32
o AT
(di+4-dp)? Pmy*

rAe My—Macca Jerkoll YacTHUsl, a A— uncieHHbll KOpuLHeHT. B cnyuae Ma-
/10if KOHIEHTPAUWH JerKoro rasa soigucsenne no (11,10) paer

4 [ 2\%:
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ITpy manofi Ke KOHUEHTpAIMH TSKeJOro rasa (12,4) paer
A=3/2V21=0,6.
O6paTtuy BHHMaHHe na GamsceTb sHauendit A B 0Gonx npeNeNbHLIX cayyasnx,

§ 13. KuHeTnueckue siBjeHHsi B rase Bo BHelIHeM noJie

BpamatensHsle crenenn cBoGoabl MOJIEKYJI CO31aI0T TOT MeXaHH3M,
YEDE3 KOTOPLIH BHEIHEee MArHHTHOE HJHM 3JeKTPHUECKOE [OJe MOKET
OK4sbipaTh BANSIHHE Ha KHHETHYECKHE SBJEHHA B rase!l). XapakTep
9TOTO BJHAHHS OAHHAKOB B MAHHTHOM M 3JIEKTPHUECKOM C/Iyyasx;
GyZIeM rOBODHTH CHAYaJa O rase B MArHHUTHOM IOJe.

Bpawaromasics mosiexysna o6iagaer, Boofie FOBOPSI, MarHUTHEIM
MOMEHTOM, CpejHee (B KBAaHTOBOMEXAHHUECKOM CMBIC/IE) 3HAYeHie
KOTOpOro 00O03HAa4HM depe3 m. MaruHuTHOe moJe GyleM mpeanosa-
FaTb OrpaHMYEHHBIM 110 BeJIHYHHE HACTOJNBLKO, YTO NMPOH3BeleHHE nB
MaJI0 10 CpaBHEHHIO C HHTEPBANAMH TOHKOH CTPYKTYpHI MOJIeK -
ASpHBIX ypoBHedt *). Toraa MoXKHO NpeHeGpeusb BJAHSHMEM OIS Ha
COCTOSIHHE MOJICKYJIbI, TAK YTO MArHHTHBIH MOMEHT BBIYUMC/SETCS M0
¢e HEBOSMYIIEHHOMY COCTOSTHHIO. IlpH He ciMmIKoM HH3KHX TeMpepa-
Typax (KOTOpBle MBI H paccmaTpHBaem) BesHYHHa pB GyaeT masa
TaxKe 1o cpaBueHHO ¢ T 5TO MO3BOMSIET NpeHeSpeub BAHAHHEM
M0/ Ha paBHOBECHYIO (YHKIHIO PacIpejie/leHHst MOJeKY.l rasa.

MarHuTHbI MOMEHT HaNpaBJeH BIOJb BPaLlaTeJIbHOTO MOMEHTa
MoJIeKyanl M; Hamuuiem ero B Buje

p=1M, (13,1)

Kunaccuyeckomy Bpamenuio MOJIEKYJ/Ibl  OTBeyaloT Gosbliune Bpaiia-
TeJbHLIe KBAHTOBLIE 4HCJA; NIPHU 3TOM MOXKHO npereGpeur B M pas-
JTHUHEM MEXKJY MOJHBIM (BKJIOYAIOMHMM CIHH) H BpallaTeyibHLIM MO-
MEeHTaMH. 3HauyeHHe MOCTOSHHOTO Koa(puinenra y 3aBHCUT OT pona
MOJIEKYJILL ¥ NIPHPOJbI €e MarHUTHOrO MoMeHTa. Taxk, /I IBY XaTOM-
HOH MOJIEKYJIbI C OTJIHYHBIM OT HYJS CIIHHOM S umeeM

2
Y= 'MG”B’ (13’2)

rne up—marueton Dopa, a uucso 0=J —K—passocts mexny
KBAHTOBLIMM UHC/AMH MOJIHOTO MOMeHTa J It BpallaTeNbHOrO Mo-
MeHTa K (3Ta pasHOCTb mNpoGeraer 3HaueHus S, S—1,...,=38);
B 3HameHnaTene xe pasinune Mexay J u K HeCyulecTBeHHo: M =

!) Dror mexauusm Gui1 ykasan F0. M. Kacanos u J. A. Marcunosoim (1961);
HM 3Ke NPHHAJMeRKAT H3Jaraembic B 5TOM naparpade- peayabTaTh.

?) Hamomuum, uto B Makpockomuueckoi SACKTPOJHHAMUKE CPefHee (MO (hu3H-
9eCKH GeCKOHEYHO MaJbiM o6beMaM) 3HaUeHHe HANPSKEHHOCTH MaCHHTHOIO noas
HaspiBaeTcd MarHUTHON HHAYKUHeH H o6osHauaercst Kak B. Ipu Mano#t miotHoCTH
CPenbl —B rase—ee HAMACHHYEHHOCTBIO MOKHO npenebpeys, H Torma BekTOp B
CoBnajaer ¢ BexTopoM MaKpOCKONHYeCKOH HampsixkeHHOCTH H.
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~kJ ~hK. B dopmyne (13,2) npeanosaraercsi, 9To B3auMoOJeHCT-
BHE CIHH—OCh B MOJIEKYJE MaJo HO CPaBHEHHIO C HHTePBaJaMu
BpalllaTe/IbHOl CTPYKTYPH YpoBHeH (cayyail b no T'ynny)?).

B maruuTHoM noJje B Ha Mojiekyay RefCTBYET MOMEHT CHJ, paB-
neit [uB]. Tlox ero BaumsnueMm BekTop M nepectaeT GhITb MOCTOSIH-
HEIM B TeueHHE «CBOGOJHOTO» JBWXKEHHS MOJEKYJbl M MEeHseTcs co-
TJIACHO YPaBHEHHIO

AN —[uB]=— v [BM] o (18,3)

— pekTop M mpeleccHpyeT BOKDYT HaNpaBJeHdst MoJd € YrJoBoH
cKopocTbio — yB. B CBfA3HM ¢ 3THUM B JIEBYIO CTOPOHY KHHETHYECKOTO

ypaBHeHUsI JOKeH ObiTb N0GaB/ICH Y/eH (0f1om) M, Tak uro ypas-
HeHHe TpPHHHUMaeT BHA

0 1) 0
I vy [MB] S =St . (13,4)

B uncio mepemeHHsiX I', OT KOTOpHIX 3aBHCHT (QYHKLHs pacnpefe-
qeHHsi, M0/KHA GBITh BKJIOUCHA TAKMKE H AHCKPETHAS MEPEMEHHAI O,
olpeResislionas sHaueHHe MATHUTHOTO MOMEHTA (€CJ/IH TaKOBAs HMEeTCs,
kak B (13,2)).

B 3ajauyax O TENJOMPOBOAHOCTH H BA3KOCTH CHOBa paccMaTpH-
BaeM pacrpefiesieHHe, OJM3KOe K PaBHOBECHOMY, IPEJICTaBUB €0

B BHIE
f=F(+yT) (13,5)

TTokaeMm MpeXAe BCEro, YTo uWIEH ¢ Mpou3BoaHoOil Of/OM B KuHe-
THYECKOM ypaBHeHuM Beinanaetr. JefCTBHTENbHO, OCKOJBKY f, 3aBH-
CHT TOMBLKO OT 3Hepruu Mosekydsl € (T'), a mpousBomHas 0¢/OM ecTb
yrJoBasi cKopocTh Q, TO

v[MB] 2o — 5 (MB] @) L. (13,6)

Jljgs MOJeKyJ THIA POTaTopa M WIAapOBOro BOJIUKA HanpabseHus M
u Q coBmajaooT, Tak 4ro Belpaxkenue (13,6) obpaiiaercs B HYJb
TOXIECTBEHHO. B Apyrux e clayyasdx OHO ofpaliaercs B HYJb MocJe
yepefHeHHsi MO OBICTPO MEHSIoWHMCs (asaM, HeoGXONMMOCTb KOTO-
poro 6buia ofbscnena B § 1. Ilpn BpameHnH MOJIEKYJ THHA CHM-
METPHYECKOTO WJH ACHMMETPHYECKOTO BOJYKa ObICTPO MEHSETCH KaK
HanpaBJeHHe ocefl caMOi MOJIEKYJbl, TaK M HAlPABJCHHE €€ YI.Jo-
Bofi ckopocetn Q. Tlocie yKa3aHHOTO yCPeAHEHHs B § MOKET OCTaThCs

1) ®opmyaa (13,2) noaydaercst M3 TouHolf (17 caydas b) gopmyasl, Hakifien-
woit B samauwe 3, III, § [13, nmyrem mepexoma K mpegeny Goabuwinx J u K npu
sananHofi passoctd J—K. Bxaag opGuTanbnOro MoMeHTa A IPH 3TOM HcYesaeT
(OH OKa3hIBaeTCA BEJHUMHON CJEAYIONIero nopsjka MaflocTH Io 1/0).
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JHLIb CcoCTaBasiomas € BAOJIb NMOCTOSHHOrO BeKTopa M, HO Ans
TaKoi cocrapastomefi npousselenne [MB]Q, =0.

Ocraspibie wleHsl B KHHETHYECKOM YPABHEHHH NPEOGPa3yiorcs
TaK e, Kak 310 Oblio clestaHo B § 7 uam § 8. Taxk, ans sajgaum
O TEHJIONPOBOJHOCTH HAXOIUM YypaBHEHHE

e(l)—c,T
2O v = — MBIk 4 T (). (13,7)
Pemienne storo ypabHenust cHOBa Hajo uckath B Buie ¥ =gV7T, HO
AJIl COCTaBJICHUS! BeKTOPHOH QyHKuum g (I') MBI HMeeM B cBoeM pac-
NOps2KeHUH Y2Ke He JBa, a TpU BekTopa: v, M, B. Buemmnee nose
cosjnaeT B rase u3bpaHHOe HampaBJeHHe. B cBs3u ¢ sTHM npouecc
TEIJIONPOBOAHOCTH CTAHOBHTCS aHH30TPOINHBIM H BMECTO CKaJIsiPHOTO
KO3(HIHEHTa % HANO BBECTH TEH3OP TEIIONPOBOZHOCTH qp, ONpE-
JeqsIom U Tena0BOH HOTOX COrJIacHo
or (13,8)

Qa’—‘—““ocrsm-

TeHsop %4p BEUHCAsIETCS M0 GYHKIMM pacnpefeseHHs Kak HHTerpasn
1
Yap=— | Foevagy AT (13,9)

(cp. (7,5)).
OCwuit BHA TeHzopa BTOPOrO paHra, 3aBHCSAWErO OT BeKTopa B,

€CTb
Hop :%601,[3 +%1bocbﬁ +%2€aﬁ\,bv, (13,10)

rre b=B/B, €qpy —CAMHHYHBIA AHTUCHMMETPHYHBI TeH3op, a x,
My, U, CKaJsPBl, 3aBHUCSAIIHE OT abCoJIIOTHOH BeJHUHHBEI MOJst B.
Tensop (13,10) obaagaer, oueBHAHO, CBOHCTBOM ?)

#a (B) = %o, (— B). (13,11)
Bripaxkennio (13,10) oTBeuaer TemsioBoit MOTOK
q=—uVT—x,b (bVT)—x,[VT-b]. (13,12)

Tocaenunii unen 3jgech mpeactaBasier co6oil, Kak FOBOPAT, Hewerm-
Houli 3¢hgpekm: 3Ta 4acTh TENJIOBOrO MOTOKA MEHsSIET 3HaK NpU uU3Me-
HeHHM 3HaKa MOJsl.

Huterpanbupii ynen [ (y) B npasoit cropone ypasuenus (13,7)
Raercst Qopmysiodt (6,5). B ero mopblHTErpajbHOM BHIPAXKEHHH CO-
Aepxutcst QyHKUUA f,, NpomopiuHoHaJbHAS MJAOTHOCTH rasa N. Bu-
AeJNMB 3TOT MHOXHTEIb W PasfesiiB Ha Hero oGe CTOPOHH ypaBHe-

1) 310 CcBOHCTBO BHIpa¥aer co6Ofl NPHHIHI CHMMETPHH KHHETHYeCKHX K03d-
(HUHEHTOB B MPHCYTCTBMM MarkMTHOTO NOJA. B jaHHOM cayyae OHO OKa3blBaeTcs
ABTOMaTHYECKHM CJ/IC[CTBHEM HaJHUMs BCETO OJHOTO BEKTOpa b, ¢ MOMObIO KOTO-
POro CTPOHTCH TEH30D Xqp.
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Hus, HafizeM, 4To N BXOJMT B ypaBHEHHE TOJNbKO B KOMOHHAUUAX
B/N u VT/N c nojeM u rpagueHtoM TemnepaTyph. OTciofa sicHo,
yro ¢Qyukuusi fox=f,8@VT Oyler s3aBHCeTb OT MapameTpoB NuB
TONBKO B BUAE OTHOWEHHS B/N; TOJIbKO OT 3TOH e BeJHYHHBI
GynyT 3asucerb u wuHTerpansl (13,9), a TeM caMmbiM # KO3(uIH-
eHTH %, %,, %, B (13,12). Tlnorwocts N npomopumonasibHa (NpH
3aJaHHOl TeMmepaTtype) AaeJeHuto rasa P. Takum 06pasoM, Tem/o-
NPOBOJHOCTb ra3a B MATHUTHOM I10J€ 3aBUCHT OT BeJTHYHHBL NOJA
¥ OT [1aBJeHHS TOJbKO 4epes oTHolenue B/P').

Ipu yBesuueHuu B mepBblil 4Y/eH B npaBofl CTOpPOHE ypaBHEHHSA
(13,7) Bospactaer, a BTOpoil He MeHseTcsi. Otciofa ACHO, UTO B npe-
Aede B-—-oco peuleHMe YpaBHEHHS HOJKHO TNPEACTABJSTh cofoi
(bYHKIMIO, 3aBHCSIILYIO TOJBKO OT HAalpasJeHHs (HO HEe OT BEJIHUUHBI)
noJs, npuueM 3Ta QYHKIHS JO/KHA 00palaTh TOXKACCTBEHHO B HYJb
used [MB]0y/OM B ypaBHeHuM; COOTBETCTBEHHO K03 pULHEHTH X,
%,y ¥, CTPEMSTCH NPH B—> 00 K MOCTOSHHBIM (HE 3aBHCAILUM OT B)
npexesaM. .

AnasornunbiM  06pasoM paccMaTpiBaeTcs 3sajgaya O BSIBKOCTH
rasa B MarHuTHOM noJie. COOTBETCTBYIOIIEE KUHETHUECKOE ypaBHE-
Hue UMeeT BHJ

a.
(mvavﬁ— e (1) 6aﬁ>vaﬁ=1(x)~y[ms]ﬁ (13,13)

Cy

(cp. (6,19)). Pemenue 3T0r0 ypaBHEHUST HAJ0 HCKATh B BHAC Y =8upV ap-
Bmecto ABYyX KO3(UIHEHTOB BASKOCTH M M { Hajg0 BBECTH TeNephb
TEH30p UETBEPTOTO PAHIA Magys, OTPEACJIAIONMA TEH30D BASKHX HA-
NpsKeHUH cor/aacHo

Oop = NapysV vos (13,14)

10 ONpEAEe/eHHI0 TEeH30D TMqpys CHMMETPUYEH IO MapaM HHAEKCOB
o, p u v, 8. Ilo u3BecTHOH (YHKLHH ¥ €r0 KOMIOHEHTHl BBITHC-
JIAIOTCSA Kak MHTerpasbi

Nopys =— § Mg yo AT (13,15)

BHIYMCJEHHE TAKHM 06pasoM TeH30p BA3KOCTH OyleT aBTOMaTHue-
CKH YJOBJIETBOPATh YCJIOBHIO

Napyd (B)znvéaﬁ (— B), (13,16)

BHIPAXKAIOMEMY COGOH MPHHIHN CHMMETPHH KHHETHYECKHX KOaddu-
IIHEHTOB.

C nomompio BekTopa b= B/B (4 e{UHHUHBIX TEH30POB Syp H €opy)
MOXKHO COCTABHTH CJEAYIOLIHe He3aBHCHMblE TEH30PHbIE KOMOHHAIMH

1) MsMeHeHHe TEMJIONPOBOAHOCTH Ta3a B MarHHTHOM IOJie Ha3HBAIOT aghgpex-
mom Serpmaebena.
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cO CBOHCTBaMH CUMMETPIIH TEH30PA Tggypd:
1) 6&376[36"“6@665?,

a6
3) Bbpbs -+ Ossbeds + Sciabshy ~ Ssbaby,
4) Sopbrby -+ Byshabps (13,17)
5) bybabybs
6) bav6ﬁ6 + b6v6a6 + baéﬁﬁv ‘l— bﬁéﬁay,
7) boybpbs -+ baybabs ~+ buobghy + bobabys

rae bop=—bpy =e4pyby. Bo BCEX 3THX KOMOHHALMSAX, 32 HCKIIOYE-
HueM ueTBepTOHd, cBofcTBO (13,16) BO3HHKaeT aBTOMATHYECKH KakK
CJIeCTBHE CHMMETPHH 10 IapaM HHJAEKCOB o, f} H y, 8; B uerBepToM
JKe BHIp@XKEeHHH oObeJHHeHHEe ABYX YJIEHOB BHISLIBAETCS JHINb YCJIO-
BueM (13,16)1).

CootserctBento uyucay TeHsopos (13,17) ras B MarnuTHOM noJje
XapakTepusyercsi B OOIEM CJy4yae CeMbIO He3aBUCHMBIMH KO3(dH-
HHeHTaMHu BsiskocT#. OnupepenuMm HMX Kak Ko3(Q(HULHEHTH B ClefYo-
IeM BBIPAJKEHHH TEH30Pa BSI3KHX HalpPsKEHHH:

Ol =21 (vmﬁ—‘gamB div v) 1 28yp div V4
My (Vg —Bap div V 8oV yobybs — 2V by —
— OV by - babp AiV V + bbaVysb,bs) -
420, (Vb - Vshyba — 266baV s o) -+
+ N3 (Vavbﬁv +V[3ybocv _‘vabowbﬁbé —Vvébﬁybocbé) +
+ 27]4 (Vyébaybﬁbé "I‘V\;ﬁbﬁvbabé) + Cl (Gocﬁvvébvbé + babli div V) (13’ 18)

(Vus onpepeneno B (6,12)). OHO cocTaBJeHO TakuM 06pasoM, 4TO
M, My -« -, 1, CTOAT KO3(ppHLLHEHTAMH IPH TEH30paX, 0OpallalIHXCs
B HYJib NPH YIOpPOWEHHH IO HHAEKCaM a, . KoabbuiuueHTH ke {
U {, CTOAT IpPH TEH30paX ¢ OTJHYHEIM OT HYJS CJAeJOM; HX MOXKHO
Ha3BaTb Ko3pduinedtaMmu BTOpoH BsiskocTH. O6patuM BHHMaHHUe
Ha TO, 4TO OHH cojepxkar He TonbKo cKanap divV, Ho u V,sbybs.
[lepeeie nBa usnena B (13,18) cOOTBETCTBYIOT OGBHIYHOMY BBIPAXKEHHIO
TEH30pa HamnpsiKeHUH, Tak 4YTo M H {—OoObluHBIE KO3(DQHLHEHTHI
BSI3KOCTH,

OTMeTHM, YTO TEH30PHl %up H Tgpys ABTOMATHUCCKH OKa3bIBAIOTCS
HCTHHHBIMY TEH30paMH, TaK YTO 3TH BbIPa)KeHHT YAOBJICTBOPSIOT
Tpe6oBaHMUIO CHMMETPHU II0 OTHOIIEHHIO K HHBepchu. [lostomy oTtkas
OT sTOr0 TpeGoOBaHUA (/s rasa CTEDPEOH30OMEPHOIC BelllecTBa) HE
NpuBen 6Bl K MOSIBJEHUIO B HUX KaKHX-JIUO0 HOBBIX YJIEHOB.
——————————

1) KoM6HHAIHA H3 YJIEHOB C JBYMS MHOMKHTEISMH bgp mMcaTe He HAjO: TO-

CKOIbKY mpousBefeHHe IBYX TEH3OPOB €gBy CBOANTCA K DPOH3BEIEHHSM TeH30-
POB 8gp, Taxue koMGuHALHM CBOAATCS K yKe BhmHcaHHMLIM B (13,17).
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Takoit oTKa3 NPHUBOAMUT, OXHAKO, K MOSBJEHHIO HOBHIX 3¢dek-
TOB — BO3HUKHOBEHUIO TEIJIOBOro notoka ¢'") noj BARAHHEM rpagHeH-
TOB CKOPOCTH H BO3HHKHOBEHMIO BSI3KHX Hanpsixkenuil ¢’ nog Bius-
HHUEM rpajMeHTa TeMIepaTypul. 3TH (TaK Ha3LIBAEMBIe fepeKpecinrbie)
a¢dexTe omuchBawOTCA (GopMyJIaMH BHA

. ~aT
93 =0y, aVopr  0f’ = — g, Yoxy ? (13,19)

THE Cy qp U Qup, p—TEH30DH TPEThEro paHra, CHMMETPUUHEE IO
nape HHAEKCOB, oTheseHHbIX 3anatofi. [lpu ykazauHom B § 9 BrIbope
BeJUUHH X, ¥ X, KHHETHUECKHMH KO3(QQHIHEHTAMH Y, H V,, AB-
aawores Tey op B T?aqs 4. IlosToMy B cuay npuHiuna Oucarepa
0pyd HaJMIHH MArHMTHOIO MOJS JO/KHO GBITh

Tagp, y(B)=cy, op (—B). (13,20)
O6wuit BHA TakKuX TEH30POB: .
Qop, v = Q;bebghy + b yB0p +
+ a5 (buBpy + bday) + a4 (baybp + bgyba)- (13,21)

Bce 4neHBl B 3TOM BHIpa)KeHUH — IICEBJOTEH30PH, TaK YTO COOTHO-
menns (13,19) ¢ Takumu Ko3(pdHIHEeHTaMH He HHBADUAHTHHL 1O OT-
HOIIEHHIO K HHBEPCHH.

OcTaHoBHMCS KOPOTKO Ha KHHETHYECKHX SIBJIEHHSIX B rase B 3J€KT-
puueckoMm nofe. PaccMmorpuM ras, coCTOSIUE W3 NOJSPHHIX (T. €.
o6/1afjalolUX AUNOJNbHEIM MOMEHTOM d) MOJIEKYJ THIA CHMMETpHYe-
CKOro Bojyka. B saexTpuueckoM nosie Ha TOJSIPHYIO MOJEKYJAY
neiicreyer MomeHT cud [dE], Tak YTO B KHHETHUECKOM ypaBHEHHH
HOSIBUTCH WJIeH

- of of
sz [dE]}?_NT'

Hanpasnenne d coBmajgaer ¢ OCbi0 MOJIEKYJBl H HE HMEET OTHOIIE-
HHS K ee BpamareibHoMy MoMeHTY M. OnHako B pe3yapTate ycpen-
HEeHHs 10 OLICTPOH mnpeleccHd OCH BOJYKA BOKPYF HallpaBJeHHs
NOCTOSHHOrO BeKTopa M B HANWCAHHOM YJeHe OCTAHETCA JMilib
npoekuusl d Ha HampaBJjeHHe M H OH mpuMeT BUJ

d
v[ME] 9L, (13,22)

rae y=od/M, npuueM nepemenHnas o (Kocunyc yrna mexay d u M)
npoGeraeT Tenepb HENPEPLIBHBIA psAj 3HauUeHHH B HHTepBaJe OT — |
o +1. Brulpaxkenne (13,22) oTiinuaercss OT COOTBETCTBYIOILETO WieHa
B MarHuTHOM cJaydae Juwb 3ameHoit B Ha E. IlosTomMy ocraioTcs
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B CHJIE H BCE HANMCAHHBIE BhHIIE KHHETHYECKHE YDPaBHEHHS H CJex-
CTBHSA H3 HHX*').

HekoTtopoe oTiinyHe BO3HHKaeT, OGHAKO, B CBS3U C TEM, YTO 5JIEKT-
pugeckoe nosie E—HCTHHHBIA (2 He NCeBJO) BEKTOP H YTO OHO He
MEHSIeTCsl NpPH obpalieHyy BpeMeHH. B cuJy moc/ienHero o6CTOATENb-
crBa mnpuHuun OHcarepa A/ TEH30POB TEMJONPOBOAHOCTH H Bs3-
KOCTH BBIPa3uTCs TeNnepb PaBeHCTBAMH

%ap (E) =%pa (E),  Mapys (E) = nysas (E) (13,23)

smecto (13,11) u (13,16). CoorBercTBenHO B BhlpaxeHuax (13,10) u
(13,18) (rae tenepb b=E/E) Gymer %,=0, 1, =m,==0?). B To xke
BpeMs HepeKpecTHbe 3exThl 0Ka3BIBAIOTCS BO3MOXKHBIMH HE TOJBKO
B rase CTEPEOH30OMEpHOro BeulecTBa (rAe Bhipaxkenue (13,21) octaercs
B CHJIe LIeIMKOM), HO M B rase H3 HeCTepEOH30OMEepPHBIX MOJIEKY.JI:
Boipaxenye (13,21) ¢ a,==0 sABJgeTCS Tenepb UCTHHHBLIM TEH3OPOM.

§ 14. fBaenus B caao paspexeHHbIX rasax

T'nnpoaunaMudeckne ypaBHEHHsSI ABHMKEHHS rasa ¢ yyeToM IIpo-
IIeCCOB TelVIONPOBOAHOCTH H BHYTDEHHErO TPEHHs COAEPKAT TemlJo-
BOH MOTOK q' (AMCCHNIATHBHAS 4YacTb IOTOKA SHEPTHH Q) H TEH30D
BSASKHX HaNpPsKEHHH Ogg (AMCCUNATHBHAS YaCTb NOTOKA HMIYJIbca [ yg).
OTH ypaBHEHHS NPHOGPETAIOT PEeaJIbHbI CMBICA MOCJE TOro, Kak g
U Oup BHIDAXKEHBI Yepe3 TIPafHeHThl TEMIEPATyphl H CKOPOCTH rasa.
Ho o6biunere BEIpaXeHus, JUHEAHbIE 10 3THM TPaJHEHTaM, NPELCTAB-
JIIOT cOOOH JIMIIbL NepBble YJIEHBI PA3JIOXKEHHs 110 CTeNeHSIM MaJoro
OTHOIWEeHHsT [/L— inHBl CBOGOAHOrO npoGera K XapaKTepHBIM pas-
MepaM 3ajgayu (ero HasmBawT qucsom Kuydcena K). Ecam 310 OTHO-
IIEHHE HE OYeHb MaJlo, MOXKET HMeTb CMbICJ BBeJeHHE NONPaBOK,
YUMTBIBAIOIIUX WIEHH CJefylouero nopsiaika Majoctd no [/L. Takue
NONPABKH BO3HHUKAIOT KAK B CaMHX YPaBHEHHAX ABHKEHWS, TaK H
B TPaHWYHBIX YCJAOBHAX K HHM Ha TOBEPXHOCTH OOTEKAaeMbIX ra3oM
TeJI.

TocnienoBatesnbHbe u/leHE passoXeHHH MOTOKOB q U G.g Bhipa-
*KaloTcs yepes NPOCTPAHCTBEHHbIE IIPOH3BOAHBIE TEMNEPATYpHl, NaB-
JCHHS M CKOPOCTH Pa3/HYHBIX MOPSIAKOB M B PAa3JHYHBIX CTENEHSX.

M ujeHbl JOJKHBl BBIYMCJAATHCS B NPUHIHIE NYTEM Nepexofa K
CIELYIOmUM NPUOIHKEHUSIM B PELIEHHH KHHETHUYeCKOro yPaBHEHHSI.
«Hynesomy» npu6auxennio COOTBETCTBYET JOKaJbHO-PaBHOBECHAs
\__

HOSTIQ)MILByxaTOMHbIe MOJIEKYJIbl BpallalOTCA B IJIOCKOCTH, nepneHauKmepHoﬁ M;

SJIeK'rpp};’qgg;o lfx;zy;}:;aT:MHoﬁ Bno.ns(p:of(w OM(;JIeKy.anoO' = ;?.TB TaKoM cliydae B.nmmm_a

Henmy THGS B KBaJI Ha JABHIKeHUE J1 Kyg NPOABJIACTCSA B KHHETHYECKOM ypas
APaTHYHOM TI0 MOJI0 NPHOJHKEHUH.

Ta3¢ U3 HECTePEOH3OMEPHEIX MOJEKYJ OTCYTCTBHE WJEHOB C %3, Mg, Mg

B
x JEKTPHUECKOM NoJie TPeGyercsi W yCIOBHEM HHBAPHAHTHOCTH 1O OTHOLIGHHIO
HHBepcuy,
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(GYHKUHS pacTpenesieNus f,; 5TOMY NPHG/IHKEHHIO OTBEYAIOT rHApO-
AUHAMUUECKNE ypaBHeHHs HIeasbHOH ujKoctd. [lepBomy npu6in-
ZKEHHUIO COOTBETCTBYET DYHKIUUS pacrpefenenus Buaa f=f, (1--yT),
paccMmarpuBaBluasicss B §§ 6—8, n eMy 0oTBEYaloT rHAPOAMHAMHYECKHE
ypaBHenust HaBbe—CroKca M ypaBHeHHe TeNJIONPOBOLHOCTH. B cie-
AYIOIEM, BTOPOM, NMPUG/IHKEHHH QYHKIHIO PaClpeeJeHusl Hago HCKaTh
B Buje

F=h| 14720+ 722 (14,1)

H JHeapu3oBaTh KHHETHUECKOE YDaBHEHHE IO MONpPAaBKE BTOPOTO
nopsiika . Ilonyyarolieecsi ypaBHeHHE HMEET BHJ

g -

— s | 0o [10 4 g O] LD T = o1 (), (14,2)
rae /—unpexuufl JUHEHHBIA HHTErpanbHLIl ormepaTop (6,5). Ilpowus-
BOZHBIE 110 BpEMEHH OT MAaKPOCKONHYECKHX BJIHYMH, T10JYUAIOMHecst
B JIeBOil CTOpOHe ypaBHeHHs OT Ru¢pdepeHumposanus f, u yV/T,
JOMKHE! ObITb BhIPAKEHBl YEDe3 MPOCTPAHCTBEHHBIE IIPOM3BOLHBIE C
[OMOWbLIO THAPOAMHAMAYECKHX YPABHEHMH NEepPBOro NpHGIHKEHHUS.

Mer He GyieM BBIHCHIBATb BCEX MHOTOYMCJIEHHBIX UJEHOB B q
W Ogp, BOSHUKAIOIMX BO BTOPOM NPHONMMEHHH (3TH U/IEHBI HA3BI-
BaioT Oapremmosckumu; D. Burnett, 1935). B GosbiioM uncie cI1y-
HaeB 3TH 4Y/JeHbl BHOCHT B pEIIEHHE BKJAJ, Majblii [0 CpPaBHEHMIO
C IONPABKaMH B I'PAHUYHLIX YCJIOBHAX, O KOTOPHIX peub GyaeT HATH
moeke. B Takux caydasx yuer monpasok.B CaMHX YDPABHEHUSIX GbLI
Gbl HEOpaBJAHHLIM [1PEBBIIEHHEM HaJ JONYCTHMONH TOUHOCTBIO. Orpa-
HHUAMCSL DACCMOTPEHHEM JIMIUb HEKOTOPBIX THIMUHBIX [ONpPABOYHEIX
UJIEHOB M OHEHHM HX JJIsl ABHIKEHHH pasJMYHBIX THIIOB.

Ormernm npexje Bcero, uto MaJjbili mapamerp K =1I/L onpene-
JEHHBIM 06pasoM CBsI3aH C ABYMf NapaMeTPaMu, XapaKTepH3yOmuMHI
F1APOAHHAMUYECKOE JBH:KEHHe,— uHC/ioM PefiHombaca R u unciom
Maxa M. Hanomuum, yTo nepBoe Hs HuX onpegeasercs: Kak R~VL/v,
rae V—xapaKTepHslli MacliTal M3MEHEHMsT CKOPOCTH TeYeHHs, a v —
KiHeMaTHYecKasi BA3KOCTb; YHCIO Xe Maxa ectb M~ V/u, rne u —
CKOpOCTb 3BYKa. B rase mopsijiok pesMuiHEI CKOPOCTH 3BYKa COBMA-

AaeT CO CPelHedl TeNJOBOH CKOPOCTBIO MOJEKYJ U, a KHHEMATHUECKAs
BA3KOCTh v~ [v. [loatomy R ~ VL/lv, M~ V/v, a uncio Kuyncena

Orciofa BUATO, YTO YCJIOBHE THAPOAHHAMHYHOCTH ABHAKEHHS, K<Z£1,
HaKJaJbIBAET ONpejeseliHoe orpannyenie Ha OTHOCHTEJbHbI MOpsi-
oK  Bemmuubbl ydcen R u M. PaceMoTpuM cHadasa «Mej/ieHHBIEY
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JIBHIXCHHA, B KOTOPBIX
R<l, M<LL (14,4)

Paccmorpum  Kakoif-nu6o H3 6GapHETTOBCKHX UJEHOB B TEH30pe
BSI3KUX HanpsKeHu#l, cojepxkallHX INPOH3BEJEHHE JBYX MEPBHIX
NPOU3BOJAHBIX OT CKOPOCTH, Hanpumep

ol W, Wy

0xv 0x,, ’

(14,5)

HanucaHHufl 37ech Koahduuueut pl? (p-——NJOTHOCTH rasa)-—OLEHKa
no HOPSAKY BEJIHUHHBL. JTOT UW/I€H AAeT B Oy BKJAalL 0P ~pl[/?%/L2.
TMopsnoK ke BeJHYHHEL OCHOBHBIX (HaBbe-CTOKCOBBIX) UJICHOB B Bf3-
KHX HANpsKEeHUAX:

W plav
1) — ~
o N ox L’

¥ OTHOLIEHHE
ol w 2
a0~ g T IE R.

[Tockonbky R <1, TO MBI BHpuMm, uTto uJeHsl (14,5) BHOCAT B
BSI3KHME HalpsKeHHs IONpPaBKy OTHOCHTEJbHOrO mHopsaka <g(//L)?,
MeXAY TeM KaK TOTpaBKa B IPaHHYHBIX YCJIOBHAX (CM. HIKE) BHOCHT
B JBHJKEHHEe TIONPaBKH OTHOCHTeJpHOro nopsiaka [/L, T.e. 3Hauu-
TeJIbHO GOJIbLIHE.
Eule menbine GyZyT MONpaBKH, NPOMCXOASLINE OT 4/EHOB Bujal)
ol aT oT
mgaz Ea};’ (1416)

€CJM peub HACT O rpajheHTax TeMIIepaTypbl, BO3HHMKAIOIIHX CaMH
coboit B peay/ibTaTe JBHIKEHYS; B 3TOM J€TKO YOeNUThCS, 3aMeTHB,
49TO XapakTepHeie nepenafnl Temuepatypsl AT ~ TV?u? Ho ecau
SHauuTesLbHLIE Nepenagbl Temmepatypsl (AT ~ T) 3ajatoTcsi «U3BHE»
(cKdKeM, MOTpyKEHHBIMH B TA3 HAUPEThIMH TeslaMu), TO GapHETTOB-
CKHe yjensl Buaa (14,6) MoryT mpuBecTH K BO3HHUKHOBEHHIO JBHIKE-

HHUSL C XapaKTepPHBIMH CKOPOCTSIMH, OINPEAE/SIOMUMUCS  YCJIOBHEM
0~ oW T e,

L (AT
v~ oL (14,7)

Ananornunpie COOBpaKEHHS OTHOCATCS K IONPABOYHBLIM YJCHAM
B Tensosom notoke q'. M3 npousBoAHEIX OfHOH TONBKO TeMIEPATypEl

Booﬁme HEJb3s COCTABUTL IONPABOYHOIO YJEeHA BTOPOTO MOPSIKA;
\

1
P ) Takue usenst » BAZKMX HANDAKCHHAX BUEpBbE paceMaTpuBanmch Marcs
4404 (1879),
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neppeifi  (mocme —xV7T) Takofi [NONDABOYHHA Y/IeH HMeeT BHUA
const-v AT (A—omnepatop Jlanaca), T. €. TpeTbero nopsaxa. UneHsl
XKe, COAepXKallHe Hapsay ¢ NPOH3BOJAHLIMHU OT TEMIEpaTyphl eme |
IPOH3BOJAHEIE OT CKOPOCTH, HalpHMEp

%idiv V.vyT,

CHOBA NPHBOAAT K HONpaBKaM OTHOCHTeNBHOro nopsjka [3/L2.
Ilepeiinem K «GBRICTPHIM» JBHIKEHHSIM, B KOTOPHIX

R>1, Mgl ‘ (14,8)

B rakmx cilyuasx KapTHHa THIPOJMHAMHYECKOrO JBHXKEHHS rasa
CKJIaJibIBaeTCs U3 ABYX obaactefi: 06beMHOH, B KOTOPOH BSA3KHE UJIEHBI
B YPaBHEHHMSX [BHIKECHHS BOOOIIE HECYIeCTBEHHBI, H TOHKOTQ IO-
TPaHUYHOIO CJIOSI, B KOTOPOM CKODOCTb rasa GhICTPO YOBIBAET.

IMyctob, Hanpumep, peub uaeT o6 o6TEXaHHH rasoM MJOCKOH mJa-
CTHHKM; HalpaBJeHHe oOTeKaHHsl BbIOepeM B KadecTBe ocu x. ToJ-
IHHA O NOrpaHHYHOrO CJOS Ha IIJIACTHHKE:

' xv\*/a 2o \ /s
o~ (7)"~(%)"

rIe X—paccTosiHMe OT ee mepexneit KpoMmku (cM. VI, § 39). Xapak-
TEPHEIl pazMep AJisl H3MEHEHHS CKOPOCTH BJAOJBL OCH X JAeTcsd camoi
KOOpAuHATOH X, a BJOJL NEPHEHJMKYJAPHOTO IJIaCTHHKE Harpas-
JIEHHs! OCH y~— TOMIKHON norpanuunoro cioa 6. Ilpu stom V,~V,6/x,
KaK 370 CJeyeT U3 yDaBHEHHs HelPepEIBHOCTH. TnaBubf wieH B
HaBbe-CTOKCOBOM TEH30pe BSI3KHX HaNpsKeHHH:

avx otV
ny ~ p'V ~p —6—' .

Cpenyi 6apHETTOBCKHX € YJIEHOB B Oy, OJHAKO, HET WieHa, KOTODHIH
6bl cofepxan KBappar (dV,/Jdy):—aerko coo6pas3uTh, 970 H3 NpO-.
u3BoAHBIX OV, /0xg HeJb3s COCTaBHUTb KBAJpaTHYHOrO HO HHUM TEH-
30pa BTOPOTO pPaHra, Xy-KOMIOHEHTa KOTOpPOI'o coiepxkania Gbl 3TOT
kBajpaT. CaMbIMH GOJIBLUIMMH YJIeHaMH B Of) MOTYT GHITb JIMIb UJICHEL
BHJA

ple2

pl2 J“d1VV~ =5

Hx orHomenue K oy 0'®/c® ~ (V/xv~ (I/0)?, T. €. cHOBa BTOPOroO
HopsaKa.

TMokamxeM Tenepb, YTO MONPABOYHBIE YICHHI B MPEAEJbLHEIX YCJO-
BHSIX HAa TIpaHHIE MeXAYy Ta3oM M TBEPABIMH TeJIaMH IpPHUBOAAT K
adekTaM nepBoro nopsiaka mo /L. TlosToMy 3aMeTHBie sBJeHHA,
06ycJ/IOBJIEHHbIE Pa3PeKEHHOCTBIO rasa, HMeloT MeCTo HMEHHO BOIH3H
TBEp/AbIX TOBEPXHOCTEH.
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B HepaspeeHHbIX rasax rpaHHUYHBIM YCJOBHEM Ha NOBEPXHOCTH
TBEPAOrO TeJjia SIBJIsieTCd PaBEHCTBO TeMilepaTyp rasa H teja. B fmeli-
CTBUTEJIbHOCTH, OJIHAKO, 3TO YCJOBHE NPUOJHKEHHO H HMEET MeCcTO
JMIIb ITOCTOJBKY, IGCKOJBKY IJHMHY CBOGOIHOro mnpo6era MOXKHO
CYHTaThb CKOJb YyrogHo Majiod. Ilpu yuere ke KOHEYHOCTH NJIHMHBI
cBOGOAHOro mnpofera Ha [MOBEPXHOCTH 7
CONPHKOCHOBEHHUS] TBEpPAOrO Teja U He-
pPaBHOMEPHO HArPeTOro rasa HMeeTcs He-

KOTOpasi pasHoCTh TeMHepartyp; 3Ta pas-
HOCTb OOpalaercss B HyJb, BOOOILE ro-
BOpA, JiHlb TMPH HOJHOM TEIJOBOM
PABHOBECHH, KOrjga TemmepaTypa rasa }7
NOCTOSIHHA 1). /éz’

B6JiH3n TBepo# MOBEPXHOCTH (HA He- _t_~
g

G0JIbIUMX, HO H He Ha CJMIIKOM MAaJbix
pacCTOSIHUSIX OT Hee) TPajUeHT TEMIIEPATY-
pBl raza MOKHO CUMTATh NOCTOSIHHBIM, TaK Puc. 1.

YTO XOJ TEMIEPaTyph Kak (YHKLHH pac-

CTOsHHs H3o0Opaxkaercsi npsimolt JiuHuell. OLHAKO B HelmOCPeXCTBEH-
HOH GJIM30CTH OT CTEHKH (Ha PacCTOSHUAX ~I[) Xoj TEMITEPATYPHI,
BoOOwLEe rOBOPsI, GoJlee CIOMKEH H ee IPafHeHT HeloCTOs HeH. Ilpumep-
HBIH XOJ TeMnepaTyphl rasa BOJIM3H IOBEPXHOCTH n3obpaxeH Ha
puc. 1 cnyommHOH AHHMEH.

Onnako 3TOT MCTHHHBIH XON TEMNEpPATYpPH B HENMOCDEICTBEHHOH
G6/IM30CTH CTEHKH, OTHOCSIIMHCS K PACCTOSHUAM, CPABHHMBIM C JUTHHOM
CBOGOAHOrO mnpoGera, HEeCYIIECTBEH NPH PAaCCMOTPEHHH pacrnipeneJie-
HHS TemnepaTypel BO BceM ofbeme rasa. Ilpum wu3yueHuu pacmpepe-
JICHHST TEeMIIePATyPhl OKOJIO TBEPAOH CTEHKH Hac HHTEpecyer mo cy-
IECTBY TOJIbKO IpsIMasl 4aCTh KPHUBOH Ha puc. 1, mpocTHpamomascs
Ha paccTosnus, GOJbUINE N[O CPABHEHHIO C NJIHHOH CBOGOAHOTO MPO-
Gera. YpapHenue 37Ol NpAMOil OTIpeJeJisIeTCs YIJIOM ee HakJioHa H
OTPE3KOM, OTCeKaeMBIM €l OT och opauHaT. Takum o6pasom, Hac
MHTCDECYeT He HCTHHHBIE NPHCTEHOUHBI CKAuyoK TeMmeparyphl, a
CKadoK, mosywalomuiicss 3KCTPANOJHPOBAHHEM TeMnepaTyphl rasa
AO CaMO#i CTEHKHM, CYHTasi ee IDaJMEeHT MOCTOSHHLIM BOJIH3H CTEHKH
BIJIOTh 10 paBHOTO HYJIO PACCTORHHMA (IYHKTHpHast npsamMasi Ha
PHc. 1). ITox 6T mui 6yieM NIOHWMA4aTbh HMEHHO TaKoH 3KCTPanon-
POBaHHBI CKayoK TeMIeparyphl, IPHYEM ONPEIEJUM €r0 KaK TeM-
€patypy rasa muHyc TemmepaTypa CTEHKH (na puc. 1 Temmeparypa
CTEHKH YCIOBHO NpHUHATA 3a HYJIB).

k

nopgl) Korpa pedb HJET O TeMlepaType rasa B YyyacTKaX, pasMepsl KOTOPEIX

g, #::a AHHLL  CBOGOZHOTO npobera, HeOGXOAMMO, CTPOLG FOBOPS, ONPENeHTh,

Onlie,z(e;HHO NIOipasyMeBaeTca IOJ NOHSTHEM TeMIlepaTyphl. Temnepatypy Gyaem

Npisen ATb B 3TOM cJlydae 10 cpefHell SHepruu MOJIEKYJ B JaHHOM MecTe rasa,

nonaraeTg)yHKI{Hﬂ, Onpefengomas TeMIEPATYPY IO CpPelHEH SHEPTHH MOJEKYJ,
A TOM Xe, KaKOH oHa ABJAgeTcs Aasi G6OJABIIHX 06BeMOB rasa.
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Tlpu paBHOM HYyJIO TpajueHTe TemmepaTypsl ckauok 67T Toxke
Hcueszaetr. [TosToMy npH He CJAMIIKOM OOJBLIMX TI'PajueHTax TeMIie-

parypst ‘
oT

(ntpousBojHAast GepeTcs IO HaNpaBJeHHIO HOPMaJH K INOBEPXHOCTH,
HalpapJeHHOH BHYTPb rasa). KoadduuueHT g MOXKHO HasBaTh Ko3gp-
puyuenmom memnepamyproeo ckayxa. EcIM TeMmmnepatypa rasa pac-
TET 10 HanpaBJeHHIO BHYTPb ero ob6wvema (07/0n > 0), To ROMKHO
obiTh U 67T > 0; cjaepoBaTesbHO, KOIQOHUIUEHT g MONOXKUTEJEH.

AnanornyHpie gBJEHHST MMEIOT MECTO Ha TPaHHIE MeXAy TBepAoi
CTeHKOH M JBHIKYLIIUMCSl rasoM. BmecTo Toro u9To6bl NOAHOCTHIO
«IPHUJIHMATLY K NMOBEPXHOCTH, pa3peeHHHH ras coXpaHsieT OKOJIO
Hee HeKOTOPY0 KOHEYHYIO, XOTS U Majyld CKOPOCTb; IIPOHCXOIMT,
KaK rOBOPST, CKOJbXEHWe rasa y IOBEPXHOCTH. AHA/NOrHYHO (op-
MyJe (14,9) uMeeM A/l CKOPOCTH U, 3TOr0 CKOJIbMKEHHS:

=12, (14,10)

rae V,—kacarejbHasi COCTaBJ/SIOIAsl CKOPOCTH ra3a BOJHM3M CTEHKH.
Kak u g, koaggpuyuenm cxoavocenus § nonoxurenes. K Bejsuunte v,
OTHOCATCSL T€ Ke 3aMeyaHus, KOTOphle OblJH CHeJaHBl 1O MHOBOLY
TemnepatypHoro ckauka 07, onpepensieMoro (14,9). dra ckopocTs
SIBJISIETCSs], CTPOrO TOBOPS, HE HCTHHHOH CKOPOCTBIO Trasa y caMoi
CTEHKH, & CKOPOCTbIO, 3KCTPANOJHPOBAHHOH B NPEATNOJOMKEHHHd IHO-
CTOSTHCTBA TpajveHTa 0V,/0n B NPHCTEHOYHOM CJI0€ rasa.

KoaddunuenTel ¢ 1 § UMEIOT pa3MepHOCTb AJIHMHEL U MO HOPSAKY
BEJIMYHHBI COBNAJaOT ¢ JJHHOH cBoGoAHOro mpoera:

g~l, E~L. (14,11)

Camble CKa4oOK TeMIepaTypel B CKOPOCTb CKOJBXKEHHS SBJSHOTCH,
cJeloBatebHO, BeJHUUHAMH IepBoro nopsaika no /L. [as Briyucie-
Husl KospduiuentoB g u & Hajo OblIO OBl peliaTh KHHETHYECKOe
ypaBHeHHe JJisi QYHKLUUH pachnpejesieHuss MoJeKyJs rasza BOJAH3H IO-
BEpXHOCTH. B 3TOM ypaBHeHHHM [JOJ/uKHB ObJIM Obl OBITh YYTEHH
CTOJIKHOBEHHSI MOJIEKYJ CO CTEHKOH, U NOTOMY JAOJKeH GbITh H3BEeCTeH
34KOH, [0 KOTOPOMY HIPOUCXOAHT HX paccesiHHe NPH TaKHX CTOJK-
HOBEHHSX.

Ecau mpojonxuTk Ha puc. | NYHKTHPHYIO NPAMYKO 10 ee mepe-
CeyeHHst C OChI0 abCLHCC, TO OHA OTCEUET OT 3TOH OCH OTPE30K JJUHH .
HpyruMe cioBamMu, MOXHO CKasaTh, 4TO paclpejeseHue Temmepa-
TYpPHl IIPH HAJMYMH TeMOEpPaTyPHOTO CKauka TakKoe e, KaKUM OHO
6b110 OBl IIDH OTCYTCTBHH CKauyka, HO CO CTEHKOH, OTOIBHHYTOH Ha
paccrosHue g. To ke caMoe OTHOCHTCH K CKOJIb2KEHMIO rasa, npuyeMm
CTeHKa OTOjJBHraeTcsl Ha paccrosgHue §. Pasymeercs, mpu Takux
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3aMeHaX B pelIeHUAX FUAPOJMHAMHYECKHX 3ajaiy JOJ/IKHHL COXpa-
HATLCA TOJBKO UJeHbl mnepBoro nopsiaka mo g wian &. Ilockosbky
y4eT CKayKoB TEMIEPAaTypbl HJIH CKOPOCTH 3KBHUBAJIEHTEH CMELIEHUIO
rPaHull Ha paccTOsiHUA NOPsJXa BEJHUYHHB! [, TO BHI3BAHHEIE 3THM
[ONPAaBKH B pelleHHSX 3afay HMEIT NOPANOK [0/0x ~ [/L—mnepBril
1o BeauuuHe [/L.

Hapsny c paccmoTperHbIMH nmoOnpaBKaMH K TPaHHYHBIM YCJOBHSM
CYLIECTBYIOT eile ¥ jgpyrue addekTsl Toro xe mopsaxka no [/L, xo-
TOPHIE BO MHOTHX CAy4YasiX fABJAAITCH GoJsiee BaXKHBIMH, NMOCKOJBKY
3/lecb BO3HHKAWT HEKOTOPhle KaYeCTBEHHO HOBHIE SIBJEHHUS.

OnyH H3 HHX COCTOMT B BO3HHKHOBEHHM ABHIKEHHA rasa BOJIH3H
HepaBHOMEPHO HarpeTofl TBepiOfi NMOBEPXHOCTH —TaK HAa3hIBaeMoOe
menaogoe ckoavoertie. DTOT PDEKT B H3BECTHOM CMBIC/E aHAJOTHUEH
tepMonuddysun B cmecd raszos. ITogo6HO TOMY Kak [pH HaJTUYHU
rpajHeHTa TeMNnepaTypel B ra3oBOH CMECH CTOJIKHOBEHHSI C MOJIEKY-
JAMH «4YZKOr0» rasa NpHBOJAAT K NMOSIBJEHHIO MOTOKA YacTHll, B AaH-
HOM CJydae NOTOK BO3HHKAET B PE3yJLTATE CTOJKHOBEHHH C HEPaB-
HOMEPHO HarpeTtofi CTEHKOH MOJeKYJ B Y3KOM (C TOJUHOH ~I)
IPHIOBEPXHOCTHOM CJI0€ rasa.

O603HaYUM TaHTEHIHAJBHYID CKOPOCTh, NPHOOpETAEMYIO FasoM
BOJIH3H CTEHKH B PE3yJ/IbTaTe TEMJIOBOTO CKOJBXKEHHUS, TOCPEACTBOM Vy,
a TaHTeHIHAJbHYIO COCTABJSIOILYIO TPafiHeHTa TeMIepaTyphl ocpes-
crBoM V,7. B nepsoM npuG/iKeHHH MOMKHO YTBepHKJAaTh, 4To V,
nponopunoHaibHa VT, T. €. LIS H30TPONHOH NOBEPXHOCTU

V,=pv,T. (14,12)

KoabduunenT p JoeH OGHTb NPONOPUHOHAJEH AJMHE mnpobera
(MOCKOJIBKY OH CBSI3aH C YacTHLAMH B CJIOE a3a TAKOH TOJIHHBL).

Torzga u3 coobpaxennit pasMEPHOCTH SICHO, 4TO W ~ [/mu. Bblpasus
IJIHHY npo6era 4vepe3 cedeHHE CTOMKHOBEHHH H IJIOTHOCTh Trasa,
umeeM [~1/No~T/oP ¥ OKOHuaTeJbHO

p~ s L (14,13)

3HaK KO3OULUEHTA Y HE ONpene/seTcsl TepPMOJHHAMHUECKHMH Tpe-
GOBAaHUSIMH; COIVIACHO OIBITHBHIM JAHHBIM OOBIUHO W > 0.

Hakonen, eme oxun sddekr nepBoro nopsixa 3akJoyaeTcss B
NoABJIeHUH B JBHXKYIIEMCA rase NOMNOJHHTENLHOro HOBEPXHOCTHOrO
(T. €. COCPEIOTOUEHHOTO B NPHCTEHOUHOM CJI0€ TOJIUIHHBL ~[) TerJo-
BOrO 10TOKA (pep, MPONOPHHOHAJLHOTO HOPMAJbLHOMY TI'PajUEHTY
TaHreHIMa/IbHOH CKOPOCTH:

, ov
qnma:q)—a‘;t (14,14)

(310t notok mmeer pasMepHOCTb 3pr/cM-c).
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KoadpunueHTe! p ¥ ¢ CBSI3aHBl APYr € APYrOM COOTHOLIEHHEM,
caenyomuM u3 npuHnuna Oncarepa. [lna BriBoAa 3ToH cBsi3d pac-

CMOTpPHUM <IIOBEPXHOCTHYIO» YacTh BO3pACTaHHS 3HTPONHH, Spo,, CBH-
3aHHYIO C MIPUCTEHOUYHBIM JBHKEHHEM rasa (U OTHECEHHYIO K eIHHHIE
IJIOLIaJH MOBEPXHOCTH CTEHKH). DTO BO3pacTaBHe CKJAJBIBAETCH H3
JIByX uactedl. Bo-nmepBhIX, Ha/juyue TEMJOBOTO IOTOKA (o AAET B

HPOMU3BOJHYIO Sp,p BKJAL

_'T—zqr’ros VT
(cp. amanoruuHOe BHIpa)KeHHe /s BO3pacTaHUS IHTPONHH, CBA3aH-
HOrO ¢ 06BeMHBIM TemoBeM motokoM,— VI, § 49, IX, § 88). Bo-sro-
pBIX, Ha ofTeKaeMyl0 ra3oM CTeHKY JeHCTBYeT CHJa TpeHHs, paBHas

(6yayun oTHeceHa K ejuHuie nJjomand) —noV,/on. Huccunupyemad
B €AUMHHIY BPEeMEHH 3HeprHs paBHa paboTe 3TOH CHJIEL

_7] 0n v”

a mofeseHHass Ha T OHa JlaeT COOTBETCTBYIOMMH BKJaj B BO3pacra-
Hue suTponuu. Takum oﬁpasom

Stos=— 73 Qs VT — -V, 3. (14,15)

BrLiGepem Temepb B KauecTBe BeJuuHH X,, GUIYPUPYIOUWHUX B 06-
meit GopmyaHpPOBKeE npnmmna Oncarepa (§ 9), BexTOpHI

19V

Torpa cpassenue (14,15) ¢ o6mum BoipaxenueMm (9,3) TOXasHIBAET,
YTO COOTBETCTBYIOLIMMH BeJHYHHAMH X, GYAYT BEKTOPHL
X = Qrioss X, = Tth
Poub xe «ypaBHeHuRt nsmxenus» (9,1) urpator cootHomenus (14,12)
u (14,14); sanucaB ux B BujIe
X, =T¢X,, X,=mpT*Xy
MBl TIIPHIEM K HMCKOMOMY COOTHOLIEHHIO

e=Tnp (14,16)
(L. Waldmann, 1967).

3agaum

1. Jlpa cocyna, cofepalllie ra3 MHpH PasaMuHMX Temmepatypax Ty m T,
COefluHeHB! AJHHHOH TpYyOKoii. B pesyJabTate TemJoOBOTO CKOJIbXKEHHS YCTAHOBHTCS
PAsHOCTh NABJIEHHH MeXJy rasaMu B 060X COCYRax (mepwzozwexanwwcxuu acgexm).
OnpeResATE 9Ty Pa3HOCTH,
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Pemenne. I'panuusoe ycioBHe Ha NOBEPXHOCTH TPYOKH NpH Nyaseles-
CKOM TEYeHHH TOJ BJHAHHEM T'PajAHEHTOB JaBJeHHS H TeMNepaTypH C yYeTOM Tem-
JIOBOTO CKOJIbXKeHHs riacutT: v= dT /dx npu r =R (R —paguyc 1py6K#H, OCb X —
Bfoab ee aaunel). OGeludpiM o6pasom (cM. VI, § 17) HaxoguM pacnpejesieHHe
CKOPOCTell MO CeYeHHIO TPYOKH:

1 dP,._, ., , dT
v__Tn-Ec(R r )—f—'u,—dx—.

KonngecTso (Macca) rasa, NMpOTeKaOlIero yepe3 ceyeHue TPYGKH B eIHHHLY Bpe-
MeHH, PaBHO

__PIRVAP e dl
(p—mnoTHOCTD rasa). Ilpu MexamuueckoM pasHoBecHH Q =0, oTkyaa
ap _ S dT
de ~ R® dx’

Hurerpupys no Bceli Aanue TpyGKH, HaXOAHM IJIsI PasHOCTH AaBJeHHI:

8
Py—Py=—pb (Ty—Ty)

(npu wHe cuaumkoMm Goabmnx pasHocTaAX To—T; KO3QOUUHEHTH 7 H p MOMKHO
cuyTath noctofHHbIME). OueHKa nopsaka BeauunHsl sddekra (¢ nomouwsio (14,13)
H (8,11)) naer

oP 2 8T

PTRT

Pacnpegenenne ckopocTeft mo ceuenuio Tpy6ru npu Q =0 uMeeT BHS
V=L 2r 1 gl
“H\Re dx’

Bronb cTeHOK ras Teuer B Hanpas/enHy IpajHenTa Temneparypst (v > 0), a BGIH3H
ocH TPYGKH — B NPOTHBONOJOKHOM HanpasieHuu (v < 0).

2, Jie Tpy6KH (¢ AMuHaMH L) pasauunbix pagaycoB (Ry < R,) coeamnentl
CBOMMH KOHL@MH; MecTa COCJHHEHHS IOJIePXKUBAIOTCSA IPU DA3NHUHBIX TeMIepa-
Typax (T, > T,; pasuocts Ty,—7T, Mmasz). B pesysibrate TeNsOBOrO CKOJMbKEHHS
YCraHaBiuBaeTcA KPYrosoe JABHXKeHMe rasa 1o TpyGKaM; OIpeJieJiuTh NOJHBI pac-
XOn rasa yepes ceyeHHe TPYOOK.

Pemenne. Pasgenns coorromenne (1) sazauu | ma RY u uuterpupys mno
3aMKHYTOMY KOHTYPY, O6Da30BaHHOMY OGeHMH TPpyGKaMmu, NOJYYHM

2 n2
Q=PI (1, 7,) (R—RE) AR
RZ"I’ Rl

Teuenue NPOHCXOAAT B YKAa3aHHOM Ha PHC. 2 HanpasBJIeHHH.
3. Onpegenuts cuny F, gefictByiomyto Ha wap (paguyca R), MOTpysKeHmbii
B ras, B koTopoM mojflepKUBAETCA TIOCTOAHHLIN TPafHEHT TemnepaTypsl V7T = A.
emenue. Pacnpenenenne TeMnepaTypbl BHYTPH IIapa jlaerca (GopMyJiofi

3%2
%1+ 2%

Arcos 0,
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rle %) U %g—KO3DdUIHEHTH TENJIONPOBOLHOCTH Wiapa u rasa; r u 6-—coepuuec-
KHe KOOPJMHATH C HayaJoM B LieHTPe Wiapa H HanpaBJeHHeM A B KauecTse I0-
JspHolt ocH (cm, VI, § 50, sapaua 2). OTcroza HaXOAuM AJsi PajMeHTa TeMiepa-
TYPHl BJIOJIb 1IOBEPXHOCTH lIapa:

1 oT _ 3%2

Asin 6,

R 00 T HF2x,

Bosnukawomee 6/1arofaps TEIVIOBOMY CKOJbBKEHHIO JNAMHHAPHOE [JBHXKEHHe
rasa onpejeJsiercst BCero oAHMM BeKTOpoM A. [To3TOMy COOTBETCTBYIOIlee pelIeHHE
ypasHenuss Hapbe—Crokca MOXKHO HCKATh B TaKOM JKe BiJe, Kak M B 3ajade of
00TeKauHH KHIKOCTHIO ABMIKYINErocs B Hel Imapa (cM. V, § 20):

aA+n(An) ] b3n(An)—A

V=
r rs

’

rfe n=r/r (aJIATHBHON NOCTOSIHHOM B V He NHINEM, TaK KAaK AOKHO 6LITh v=10
npu r —> o). IToctosuusle a u b prpenenaoTcs U3 YCJOBHH

7
oT
f * v,=0, U9='1%5_9— npu r=R
H paBHH

| T

2 a—-b~—— 3naRp

| TR 2(uy4-2up) "
f HeificrByromas Ha wap cuia:
_ - 12mquRue
7é F—8ﬂa‘r]A_-—m~VT.
Puc. 2, N

Has 1010 4TOGE pacCMOTPeHHBIE B 3ajlayaX TOBEPXHOCTHEIe 3GdeKTr GHLIH
JEHCTBUTENBHO MaJjbl 110 CPAaBHEHHIO C OGBEMHBIMH, TEMIEpaTypa A0JUKHA Majo
MEHATbCH —B 3aflauax 1 nm 2 Ha pajguyce TpyGKH, a B 3agaue 3 Ha pajuyce wapa,

4. Jlpa cocyna, coefuHeHHsle ANUHHOM TPyGKOH, CONep&AaT ra3 NpPH OJHOH M
TOH Ke TeMmepaType H AaBJeHUAX Py u P, OnpefenuTb TeIJIOBOHl NOTOK MeXIy
COCyZaMu, CONPOBOKIAIOMMN MNyaseHaeBcKoe TeueHHe N0 TPyOKe (mexanoxaiopu-
yecku aghgexmy.

Pemenue, Cornacio copmynam (14,14), (14,16) TensoBok NOTOK BHOJb
CTEHOK TpyOKU

’ dV
q’ :23’1’,an03: QJTRTT]}J.E- .

C apyroit cTOpOHBI, 3 YC/NOBHH MEeX4HHYECKOrO PABHOBECHS MKMAKOCTH NPH CTa-
LHOHAPHOM TeYeHHH HMeeM

dpP Py—P
2nRn %:ﬂRZE}?:nRE——z—L——I.

Orciofa OKOHUATEAbHO
g’ == R?Ty (Py;—P,)/L.
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§ 15. SlBaeHus B cHJIBHO pa3peXeHHBIX rasax

PaccmoTpenHble B npeapaylueM mnaparpade siBJeHHS NpPeACTaB-
JSIIOT COGO¥i JULIb HOnpaBoYHble (PPEKThl, CBA3AHHBIE C BBICIIHMH
CTENEHAMH OTHOLIEHHS AJUHBI cBofojHOro mnpoGera [ K XapakTepH-
CTHYECKHM pasMepaM 3ajaud L; 5TO OTHOMIeHHE NO-IPEeXKHEMY INpei-
noJara/noch masnwM. Ecau xe ras HacTosbKO paspexeH (WaM pas-
Mepbl L HAacTOJIbKO MaJbl), 4To [/L = 1, To ruapogiHaMUyecKie ypaB-
HEHUsSI CTAHOBATCA BOBCE HENPHMEHHUMEBIMH, Ja)Ke € HCIPABJEHHBIMHU
IPAHUYHBIMH YCJOBUSIMA.

B ofwmem cayyae mpoussBosibHOro I/L Tpebyercss B NPHHIHUNE pe-
WaTh KHHETHYECKOe YPaBHEHHE ¢ ONpeNc/eHHLIMH TPAHHYHBIMU YCJaO-
BUSIMH Ha CONPHUKACAIOIHUXCSA C ra30M TBEPALIX NOBEPXHOCTAX. ITH
YCJOBHS ONpeNeNsoTcss B3aUMOAEHCTBHEM MOJEKYJ rasa ¢ HOBepX-
HOCTBIO M CBA3LIBAIOT QYHKUMIO pacnpefeseHus YacTHIL, NaZalomuX
Ha IIOBEPXHOCTD, ¢ PyHKIMEH pacnpejesenus YacTHIl, TOKHIAIOMHX ee.
Ecan 310 B3auMojeHcTBHE CBOAMTCS K pPacCesiHHIO MOJIEKYJ (6e3 HX
XMMHYECKOr0 IIPEBPALleHNns], HOHH3AUUH HJH TOTJIOUWIEHHS IOBepX-
HOCTbIO), TO OHO oOmHChIBaeTcsi BeposTHocThio w (I, T)dI —roro,
YTO MOJIEKYJ/la € 3aJaHHBIMK 3HaueHHUSAMH I', CTOJKHYBIIHCHE C TO-
BEPXHOCTBHIO, OTPA3HTCA OT Hee B 2ajaHuelii uHTepBaa dl'; ¢yvek-
I¥A @ HOPMHPOBAHA YCJOBHEM

{o@, rydar —1. (15,1)

C nomompio w rpaHnyHoe ycaoBue Aas Gynkuun pacnpepenenns f(T)
3aIUCHIBACTCS B BHJIE

S w, D)nvf()dl = —nv'f(I") npu nv' >0. (15,2)

nv<?0

Wnrterpas B JeBoil CTOpoHe mNpeAcTaBJsieT COGOH YHCIO MOJEKYJ,
najaromwkx B 1 ¢ Ha 1 cM® NMOBepXHOCTH U NONAJAwIHX B pe3yiib-
TaTe paccesiHUs B 3aJaHHbi HHTepBaJs dI'; WHTErpHpoBaHUE NPOU3-
Boputest mo obsacTu sHayeHHi I', oTBevarwieil MoJseky.aM, ABHKY-
IMMCsT 110 HANpaBJIeHHI0 K IOBEPXHOCTH (N—eAHHHYHBIH BEKTOD
BHEIIHEH HOPMaJi K TNOBEPXHOCTH TeJia). BelpaxeHue ke B npaBoil
CTopoHe ycaoBust (15,2) ecTh uHCsIO MOJIEKYJI, NOKHAAIONHX TTOBEPX-
HOCTBL (3a TO Ke BpeMs#A M C TOH xKe muomiaiu); suavenus [ B ofenx
CTOpOHaX paBeHCTBA JOJIKHBI OTBEYaTL MOJEKYJaM, JBHKYLIUMCS
N0 HanpapBJ/IeHUIO OT MOBEPXHOCTH.

B pasHoBecun, korjga Temmeparypa rasa COBIAjaeT C TeMiepa-
TYpoit Tena, yHKIMS pacnpefiefieHHsi KaK NajdioliX, TaK H OTpa-
KEHHBIX YaCTHIl JOJKHA OblTh GosbLMaHOBCKOH. Otciofa ciexyer,
9T0 QyHKHMSA @ JO/KHA TOXKJAECTBEHHO YIOBJETBOPATL PABEHCTBY

S wl, T)nve-eTidl = —nv' e-¢/T1, (15,3)

nv<0



78 KUHETHYECKASl TEOPHA I'A30B fra. 1

nosyyatomemycst noxcraHoskoit B (15,2) f(I') = const-exp (—¢/T)),
rae 7,—TeMmiepaTypa Tena. .

B onucaHHO# O6Wiel MOCTAHOBKE pEIlCHHE 3ajJaud O IBHIKEHHH
CHJIbHO DPa3PEeXEHHOr0 rasa, KOHEYHO, BeChbMa 3aTpPyIAHMTENLHO.
3agaya MOXeT GHITH NOCTaBJeHA, OXHAKO, GOJiee NMPOCTHIM O6PasOM
B IPeeJIbHBIX CAYyYasiX HACTOJNBKO CHJBHOIO Pa3pekeHHs rasa, uTo
oTHoweHue [/L>>1.

Bosbluas kateropusi Takux 3ajay OTHOCHTCA K CHTyallMaM, KOIa
3HAYMUTE/IbHASl Macca rasa 3aHuMaeT o0beM, pasMepsl KOTOPOrO Be-
JIHKH KaK TO CPaBHEHHIO C pasMepaMH L TNOTPYXKeHHBIX B a3 TBep-
ABIX TeJ, TaK H IO CPaBHEHHIO ¢ AJuHOH mpoGera [. CToJKHOBEHHS
MOJIEKYJI C IOBEPXHOCTDIO TeJl IPOUCXOAAT TOTJa CPABHUTENLHO PEIKO
H HECYIIECTBEHHBI 110 CPABHEHHIO CO B3aHUMHLIMH CTOJKHOBEHHSMH
Mosiekys. Ecau ras cam mo ce6e HaXomuTgss B PABHOBECHH C HEKO-
TOpo# TeMnepatypo# T,, TO B 3THX YC/JOBHSIX MOXKHO CUHTATb, 4TO
PaBHOBECHE He HapyMIAeTCs MOTPYXKEHHBIM B HEero TejioM. Ilpu 3Tom
MEXKJy rasoM M TeJOM MOTYT CYLIECTBOBATb NPOM3BOJILHBIE Pa3HOCTH
Temnepatyp. To ke caMoe OTHOCHTCS H K CKOPOCTSIM MAaKPOCKOIH-
4YeCKOT'O JBUKEHHS.

Iyets T=7,—T, ecTb pasHOCTb MeXny TeMIIepaTypoH rasza M
TeMIepaTypoii HEKOTOPOTO yyacTka df NOBePXHOCTH Tesda, a V— CKo-
POCTb IBHXKEHHMA Ta3a OTHOCHTEJbHO Tena. IIpy OTVIMUHBEIX OT HyJas
T ¥ V BO3HHKaeT, BO-NEPBBIX, OOMEH TENJIOM MEXIY IasoM H TeJIoM
H, BO-BTOPLIX, HA TeJIO JAEHCTBYET CO CTOPOHBI ra3a HEKOTOpas CHJa.
OGosHauuM NJIOTHOCTH AHCCHNATHBHOIO MOTOKA TEMJa OT rasa K Teny
yepes g. Cuay e, AeCTBYIOIYI0 B KaXIOH TOYKe NOBEPXHOCTH
T€la MO HaNpaB/IECHHIO N BHEIIHEH HOPMai¥ K Hell (M OTHECEHHYIO
K eJuHuue nuolanu), o6osHaunm Kak F— Pn. 3nech BTopoii uieH
€CTb OGBIYHOE jAaBJeHHe rasa, a F—uHTepecylomas Hac AONOJNHH-
TesqpHas cusa, CBfisaHHasgs ¢ v W V. Beauuunsl ¢ u F sBasiores
¢yHKUMAMA OT T M V, O6pallAlOmAMUCH B HyJb BMECTE C HUMH.

Ecin T n V 10cTaTouHO Maibl (€pBOE— O CPABHEHHIO C CAMHMH
TEMIEpaTypaMH rasa u TeJa, a BTOPOe—II0 CPaBHEHHIO C TEMJIOBOM
CKOPOCTbIO MOJIEKYJl Ta3a), TO MOXHO pasjoXHTh ¢ 4 F B psg mo
CTeNeHsM T W V, OrpPaHHYMBLIHCH JIMHEHHBIMH uwieHaMH. OGo3Ha-
4HM nocpenctsoM F, u V, xomnowentst F u V no manpaenenuio
HOpMaJ¥ n, a nmocpeactsoM F,, w,—wuX TaHreHIHaJbHBIE COCTAaB-
JIAIOIKE; TOCACJHHE SIBJSIOTCS BEKTOPAMH C ABYMS He3aBUCHMBI-
MH KOMIOHeHTaMH. Toraa ykasaHHble pas/OKeHHS GYAyT HMETH
BUJ

g=at+pV,, F,=y1+8V,, F,=0V,, (15,4)

rae o, P, y, 6, 8—mnocTosinubie (Bepuee, QyHKUMH TeMIepaTyprl H
AABJIeHN ), XapaKTepHble MJs KaXIABX JAHHBIX rasa M BellecTBa
TBEpAOro TeJa. «CkaJsipHEIe» BeJHYHHbl ¢ U F, He MOTyT, B CHJIY CO-
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oOpaxeHHH CHMMETPHH, COAePKAThb UNEHOB, JUHEHHDBIX 110 BEKTOpY V,.
Ho Ttakoii e mnpUYHHE B pasJONKEHHH BEKTOpa F, orcyrctByior
YIeHbl, JIMHEHHblE MO «cKajsgpam» T U V.

BeJsuuunel a, §, 0 nosoxutensusl. Tak, ecin TeMIepaTypa rasa
BHILLIE TEMIEPATypul Tesa (T > 0), To Tem1o GyAeT NepexOmHTh OT
rasa K TeJy, T. €. COOTBEeTCTBYIOLIAS YacTb INIOTOKA ¢ OyJeT IOJO-
KHUTEJIBHA; M09TOMY o > 0. [lasiee, AeficTBylomue Ha Tes10 cuabt F,, F,,
06YyCJIOBJIEHHbIE JBHXXEHHEM I'a3a OTHOCHMTEJBHO Tea, NOJKHBI OBITb
HanpaBJIeHbl B Ty XK€ CTOPOHY, KyAa HanpaBieHH V, un V,; noatomy
JOMKHO GhiTh 6 >0, 6> 0. Uto Kacaercst kKosppulueHTOB P H v
TO HX 3HAK HE CJaefyeT U3 OOLHX TEPMOJAMHAMHYECKHX Coobparxe-
HHH (XOTs, MO-BUAHMOMY, (DaKTHUECKH OHH, KAK IPABHJIO, HOJIOKH-
TeJbHBI). MeXIy HHMHM HMEETCS NPOCTOE COOTHOLIEHHE, siBJSIONe-
ecst CIEACTBHEM INPHHLMIA CHMMETPUM KHHETHYECKHX KO3(HIH-
€HTOB.

Jlns BEIBOAA 3TOrO COOTHOINEHHS! BHIYHCJUM MPOH3BOLHYIO IO
BpEeMEHH OT MOJHOH 3HTPONMH BCEH CHCTEMBI, COCTOsIIIEHl M3 rasa
BMECTE C HaXOAfIIUMCSH B HEM TeJOM. B eIuHMIly BpeMeHH TeJo
NONYy4aeT OT rasa uyepes Kax bl 3JeMEHT NOBEPXHOCTH df KoJH-
uecTBO Temsia gdf. Ilpu aToM sHTpomua Tesma S; HCILITHIBaeT upu-
palneH#e:

Sy =¢ 7—df,

TZle HHTerpHPOBAHHE NPOU3BOAUTCS IO BCell MOBEPXHOCTH TeJa.

JJ1st BBIMHCNEHHS yBEJHYEHHs SHTPONHMH rasa BEIOHpaeM TaKyio
CUCTEMy KOOpAHHAT, B KOTOPOH ras (B MecTe HaXOxIEHHs TeJa)
NOKOUTCSA; B STOH CHCTeMe CKOPOCTb KaXKJOH TOUKH IOBEPXHOCTH
Tena ectb— V. Jlns nedsefl fokasateqnbCTBa MCKOMOTO COOTHOIIEHHSI
Gynem cuuTaTbh, 4TO (POPMA Tesla MOIKET MEHSThCS IPH €ro JBHXKe-
HHM; TOrJa CKOPOCTH V pAs/IHUHBIX TOUGK €r0 IOBEPXHOCTH GYAYT
SABJISITLCS NIPOU3BOJILHLIMH HE3aBHCHMBIMH T€PEMEHHLIMH BEJIHUHHAMY.
Coraacuo TEPMOAHHAMHYECKOMY COOTHOILEHHIO dE =T dS— P d97° us-
MEHEHHE SHTPONHUH ras3a B €IHHULY BPEMEHH PaBHO

. 1 . .
Sa = 'ﬂ (E2+P27/‘)2)

(Bemmumnb ¢ wHAEKCOM 2 OTHOCATCS K rasy). IlpousBoanas E, pabHa,
B cuy coxpaHeHHs MOJHOH SHEPIHH CHCTEMBI, B3STOMY C 06paTHHIM
SHaKOM u3MeHeHHIO 5HepruH Tenma. Ilocsiensee CKJIambIBAeTCSt H3 KO-

MYecTBa Tensa 95‘qdf ¥ MIDOM3BEJCHHOI HaJ TeJoM PaGoThl, paBHOI

HHTerpany 55(—V)(F—Pn)df. Orciona HaxoguMm Aas H3MeHeHHs!
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SHEepruyu rasa:
E,=§(—q+FV,+FV,—PV,)df.

Uro xacaeTcsl H3MeHeHHss o6beMa rasa, TO OHO paBHO B3fITOMY C 06-
paTHBIM 3HAKOM HM3MEHEHH!IO o6beMa TeJsa:

¥, =V, df.
Taxkum 06p330M, uMeeM 1Jisd U3MeHEHHd SHTPONUH I‘ﬁSé:

$i =7 f(—q+FV,+FV) .
-
CkJaajelBas NPOM3BOAHBE OT S; M S, U moJgarasd sateMm (NpH Ma-
aelx 1) Ty~ T,=T, noayyaeM OKOHYATeJbHO JJAd CKOPOCTH H3ME-
HEHHsl MOJAHOH SHTPONHUM CHCTEMBI:

S=S[—;ilz+f—;’— i;&] df. (15,5)

BrLifepeM B KauecTBe BeJUUHH Xg, X,, X3, X, B oOwme# dopmysn-
poBke npunuuna Oxcarepa (§ 9) cooTsercTBeHHO ¢, F, u ABE KOM-
noHeHTH BexkTopa F; (B KaK7oil 3afaHHOH TOYKE NMOBEPXHOCTH TeJa).
JLs BBISICHEHHS CMBICJAa COOTBETCTBYIOIIMX BeJHYMH X, CPaBHHM
dopmyay (15,5) ¢ obuium BIpaXkKeHHeM CKOPOCTH H3MEHEHHs! IHTPO-
muu (9,3). Mer yBumuMm Torza, uto BenmumHamu X,, X,, X, X,
6yayt cootBercrBenno —tv/T%, —V /T U JBe KOMIIOHEHTHl BEKTOpa
—V,/T B 1ol ®e Touke. KuHeTHueckne xe Kos(dumuentsl (Koadou-
IMEHTHl B COOTHOIeHHAX (9,1)):

Yu=0T? v, =0T, YVy3=Vu= oT,
V2 =BT, Yor=vT"
M3 cHMMETPHH 7,,=Y,; CJEIYeT, TakuM 06pasoM, HCKOMOE COOT-

HOllleHle
B=1T. (15,6)

OrMeTyuM TakXke, 4TO U3 YCJIOBHS TOJOZKUTEJBbHOCTH KBaJpaTH4-

Hoit gopmbl (9,3) (S > 0) cJexyloT yxe YNOMSIHYTEIE HePaBeHCTBA
o, P, 6>>0 ¥ AOHOJHUTENBHO €le H HEPaBeHCTBO

Tad > p2.

Briuncaenue kosquriventoB B (15,4) TpebyeT 3HaHHS KOHKpeT-
HOTG 3aKOHA paccedHHsl MOJEKYJ Trasa OT MOBEPXHOCTH TeJa, BHI-
paxaemoro BBefeHHoH Bbimie Qynkuueit w(I'V, T). Has npumepa
nosiyuuM (opMyJay, MNO3BOJAONIYI0 B NPUHLHUIE BHIYHCJIHTH BeJH-
UHHY O.
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[MTnoTHOCTh TOTOKA 9HEepruu OT rasa kK TeJy BbIpAXKACTCSA HHTE-
rpaJioM

g="{ (e—e") v lw @, T)f()drdr’ (15,7)

(B3siTEIM 1O o6nacTH v, < 0, vy > 0), — IPH KaXJIOM CTOJKHOBEHHH
MOJIEKYJ/Ibl CO CTEHKOlt ToC/efHeH nepejaeTcs sHeprusi e—e’.

[Tpeo6pasyem 3TO BEIpaXKe€HHE C TNOMOILBIO MPHHEIMMNA J€TaJbHOTO
PaBHOBECHSI, COIJIACHO KOTOPOMY B COCTOSIHHH DaBHOBECHs UHCJIO
nepexonoB I' — I npu paccesnuy MOJEKYJ OT CTEHKH PAaBHO HHCJIY
nepexogos I''T—T7. Dro 3mauMT, uTO

wI,T)|v,|exp (”;f) =w((TT,I"T)|v;

exp (”;;) (15,8)

(B paBHOBECWH TeMNepaTypa rasa COBIAJAeT ¢ TeMnepaTypol CTeHKH).

[pouseeneM B (15,7) nepeoGosnaueHue MEPEMEHHBIX HHTETpPH-
popanusa [ —TI'T, T"—TT. Baap nomycymMmy oGOHX NOJYYarOWHX-
¢s1 BBIpaXKeHWH, HalHLIEM

= Slemsens
x[w (I, T)|v,|e#Ts—w (L7, T'T) |v;]e-/Te]dI dI".

Hakouen, noxcrasus ciofa @ (I'T,T'7) uz (15,8) u pasnokuB 3areM
NOZBIHTEr PATbHOE BbIPAKEHHE [0 CTENeHsIM MaJiofi pasHocTd T=T,—T'y,
HaijeM, 410 ¢-=av, TIE

I , , . ,
OL=2—772—S(8——8 ) u.|w @, T')yexp (FL_;‘_QF_)) dr dr
(v, <0, v; >0) (15,9)

(unpexc y temmeparypel Ty~ T, onmymeH).

@DyHKIYS pacnpefesieHusl MOJIEKYJ, PACCesiHHBIX OT CTEHKH, 3aBH-
CHT OT KOHKDETHOFO XapakTepa WX B3aHMOJEHCTBHSI CO CTEHKOH.
ToBopAT, 4TO HMEeT MeCTO MOAHAA AKKOMOOQyUS, €CJIH MOJEKYJbl,
OTpaeHHble OT KazJOTO 3JIEMEHTA MOBEPXHOCTH Te/a, HMEIT (Hesa-
BHCUMO OT BEeJHUYMHBI U HANPABJEHUSI HX CKOPOCTH AO CTOJKHOBEHHS)
TaKoe e pacrpefesieHne, Kakoe HMeJu Obl MOJEKYJAbl B Iyuke,
BEIXOJISIIILCM H3 MAaJIeHbKOTO OTBEPCTHS B COCYJE€ C ra3oM C TeMmepa-
Typoii, paBHOI Temmepatype Tesa. [IpyruMmy cjoBaMmu, MPH IOJHOH
8KKOMOJAIlMY pacCerBaeMblil OT CTEHKH ras NPMXOAUT B TeNJOBOE
PaBHOBecHe ¢ Helo. Bennuuny xosdunuentoB B (15,4) uMeer CMbIC
CPaBHUBAaTh HMMEHHO C HMX 3HAYEHHSIMH I[PH HOJHOH aKKOMOMALHH.

_4acTHOCTH, oGMeH SHepruedl MekAYy MOJIeKyJaMH rasa u TBep-
IOl crenkoli OOLIUHO XapPaKTepH3YIOT KO3bdHLHEHTOM aKKOMOJALUH,
OlpefensieMbIM KaK OTHOLiEHHE oo, (FAe o, OTBEYaeT MOJIHOM
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aKKoMojauuu). B peanbHBIX cayuasx nosHash aKKOMOAAWMS, BO-
oflue roBopsi, HEe JOCTHraercsi u Ko3bdUIHEHT aKKOMONALMI MEeHbILe
€MHHIIBL,

B ToM, uTO 3HaueHue @, AEHCTBHTEJBHO ABJASETCS HAHGOJDBLINM
BOBMOXKHBIM, JIEFKO YGeAUTHCS C MOMOMIBIO CAEAYIOMHX COOBpaskeHH .
Pacemorpum sutponnio S B (15,5) ¢ HECKOJBKO MHO TOUKH 3pEHUA:
HE KaK IIOJIHYIO SHTDONMIO Tea M rasa B IEJOM, a KaK SHTPONHIO
Tela W JMIb TOH COBOKYNMHOCTH MOJIEKYJ rasa, KOTOpPLIE 3a BpeMst
At majaoT Ha nOBepXHOCTb Tena. [lAs 3TOH CHCTEMbE oTpa)keHue
MOJIEKYJl ¢ TNOJHOA aKKOMOJaLHell O3HAYaeT Mepexof B COCTOSHHE
TMOJIHOrO PaBHOBECHUS, TAK YTO ee SHTPOMHS NPHHHMAeT MAKCHMAJbHO
BO3MOxHOe 3HayeHue. COOTBETCTBEHHO GyAeT MAaKCHMAJbHO BO3MOXK-

HEIM H M3MEHEHHE SHTPONHH, AS = SA{, conpoBoxkaaromee 3ToT nepe-
xoa'). Hpyrumu cioBamu, mpu IOJHOM aKKOMOAALMM KBaJpaTHyHas
dopma (9,3) momkna GbITL MakcHMaJbHA NPH JIOGBIX 3aNAHHBIX 3Ha-
YeHnsx BequuuH X, (1. e. 1, V,, V;). OrMeuass cooTBercTByIMOUIHKE
3HAYEHUS KOIPPHUHEHTOB Y,, HHACKCOM HYJIb, 3AMHIIEM 5TO YCJOBHE
B BHJE

“”T_z“rz+2(5;;“ﬁ)TV,,+6°;8V,2,+9°T—6 %>0.

Orcrona clenyior HepaBeHCTBa

a‘o>a) 6o>61 90>9,
T (ao_a) (60—‘5) > (Bo_’ﬁ)z-‘ (15»10)

PaccMoTpuM BbiTeKaHue CUJIBHO Pa3peXKEHHOTO Ta3a M3 MaJjeHb-
KOro oTBepcTHst (C JMHeHHBIMH pasMepamu L). B mpegenbHoM cayuae
[/L>>1 srtoT mpouecc npHoGperaeT BecbMa npocroi xapakrtep. MouJe-
KyZbl GYAYT MOKHAATh COCYA HE3aBHCHMO ORHA OT JpYIOii, obpasyst
MOJICKYJISIPHBIA [IY4OK, B KOTOPOM KaXJas MOJIeKYJa IBMIKETCS C TOH
CKOpOCTbIO, C KOTOPOH OHa NOZOWLIA K OTBepCTHIO. UHCJ0 MoseKy.I,
BBIXONSAMMHUX B 1 C M3 OTBEPCTHS, COBIAAAET C YUCJIOM CTOJKHOBEHHI,
KOTOpLIE HCMbITAMH Obl 32 3TO BPeMS MOJIEKYJBI ras3a ¢ IJIOLajblo
TNOBEPXHOCTH, PABHOH NJCmagu OTEepPcTHs S. UHC/IO CTOJIKHOBEHHI,
OTHECEHHOE K €IHHMIE IJIOUaAH CTeHKH, ecTb P (2amT)-'/:, rpe
P—paenenne rasa, m—macca MoJeKy.Jbl (em. V, § 39). Takum obpa-
30M, JAJs KOJMYeCTBAa (Macchl) BHITeKawomero B 1 ¢ rasa Ha-
XOZUM

Q=sP )/ 5. (15,11)

') B srHX paccymJeHHsX CYHIECTBEHHO, UTO TeNO (Hrpaolee POJIb «TEMN0BOTO
Pe3epByapa») MOMHO CUHTATh HaXOAALIUMCA B COCTOSIHHH DABHOBECHS B TeUCHHE
BCETO mpoiecca, a SHTPONMA HACAJLMOTO rasa 3ABHCHT TOJBKO OT 3aKOHA pacipe-
ACJICHHST €TI0 MOJIEKYJ], HO He OT 3aKOHA WX B3aUMOJEHCTBHA APYr ¢ ADYIoM.
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Ecau gBa cocyna ¢ rasom coefHHeHB APYT € APYTOM OTBEPCTHEM,
TO B ciyyae [<<L mpH MexaHUYeCKOM DaBHOBECHH JaBjeHHsl P; u
P, rasos B o6onx cocygax GyAyT ONMHAKOBLIMH, BHE 3aBHCHMOCTH
oT 3HayeHu# ux rtemneparyp T, u T,. Ecaum xe [3>L, T0 ycnoBuem
MEeXaHHYECKOro paBHOBecHs! OyIeT BJSATbCA PABEHCTBO YHCEJ MoJie-
KyJ, TepPexoisiuX 4epe3 OTBePCTHE H3 OZHOIO COCyha B APYrof H
obpartro. CoraacHo (15,11) 3T0o NpHBOAUT K paBEHCTBY

Py P 15,12
VT, " VT, (15,12)

Takum o6pasoM, naBJjeHHs paspereHHHIX IasoB B ABYX coofliaio-
Iyxcss cocygax OYAyT pAasJavYHBEIMH, TIPHYEM OHH OTHOCSITCS JAPYT
K JpYry Kak KOPHH us TeMmneparyp (aggpexm Krydcena).

Lo cux nmop peub 112 O ABJNEHUAX B 3HAUUTENLHON MACCE CHIBHO
paspexkeHHOro rasa, HaxoJsLIerocs camMoM mo ceGe B paBHOBECHH.
OcraHoBUMCSI KOPOTKO Ha SIBJIE€HHSIX APYrOro XapakTepa, B KOTOPbIX
M caM ras He HaXOLHTCA B PaBHOBeCHOM COCTOSIHHM. TakoBa, HampH-
Mep, nepejaya TemJja MeXAy ABYMS TBepABIMU IIACTHHKAMH, Harpe-
THIMH J0 PA3/INYHBEIX TeMIepaTyp M HOTPYXEHHbIMH B paspekeHHBIH
ras, npuyeM PacCTOSIHHE MeXIV HHMH MaJo IO CPaBHEHHIO ¢ JJIHHON
CBOGOAHOro mpo6era. MosieKyJibl, JBHXKYIIHECS B TPOCTPAHCTBE MEKAY
NJIaCTHHKAMH, MPaKTHYeCKH He HUCIBITHIBAIOT CTOJKHOBEHHH ApPYr
C JpYyroM H, OTpaxasach OT ONHOH NJIACTHHKH, CBOGOLHO JABHIKYTCS
IO CTOJNKHOBEHHst ¢ gapyrod. Ilpu paccesnuu ot Gosee Harperoi
NJACTHHKH MOJIEKYJIBl NPHOGPETAIOT OT Hee HEKOTOPYIO IHEPTHIO, a
3aTeM IIPH CTOJIKHOBEHHH C MEHee HarpeTol —OTHAloT eft yacTb CBOEH
SHeprud. Mexanusm TenJsonepenayd B 3TOM CJAydyae CYLIECTBEH-
HO OTJIHYaeTcsi, TakHM 00pas3oM, OT MeXaHu3Ma OGLIYHOH TemnJo-
NPOBOAHOCTH B HepaspeXeHHoM rase. Ero MoOXHO XapaKTepH3o-
BaTb KO3(pUIHEHTOM TeMJonepenayn %, ONpejesieHHsIM (N0 aHaso-
gHI/I C OObIYHBIM KO3((HIHEHTOM TeNnJONPOBOAHOCTH) TaK, YTOGHI

BIJIO

qz’L“L“_TL) , (15,13)
TAe g-—rmepelaBaeMOe KOJHUECTBO TeHJa (OTHECEHHOE K EeNUHHIE
IJomagy NJAaCTHHOK B eAWHHOY BpemeHu), T; u T,—Temneparypn
IJacTHHOK, a L-—paccrosHue Mexny Humd. Kos(huuueHT % MOXKHO
OUEHHTb IO NOPSAKY BEJHUYMHBEI ¢ NOMOIIBIO (GopMynwl (7,10). Ilo-
CKOIbKY BMECTO CTOJKHOBEHHH MOJIEKYJ APYL C APYTOM MBI HMeeM
Tenepp KeJ10 ¢ HEMOCPeACTBEHHBIMH CTOJKHOBEHUSIMH C MJIACTHHKAMH,
TO BMeCTO A/MHBI CBOGOZHOrO npoGera ! Hafo HOJACTABHTb PaccTOs-
HHe [ mexxay nJjactHHkaMmu. Takum o6pasoM, uMeeM

= PL
MNLUNN—V_rn:T. (15,14)
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KoshpunueHT Tenyonepeaayd B CHJILHO pa3pekeHHOM rase Hponop-
ILHOHAaJeH JaBJEHHIO—B IPOTHBONONOAKHOCTL TEMJIONPOBOJHOCTH He-
pa3pexeHHOro rasa, He 3aBUcsiLIeH OT AaBJjeHHd. IloauepkHeM, BIpo-
yeM, UTO TeHepb X He ABJIAEeTCA XapaKTepPHCTHKOH JIHIIb CaMOTO rasa:
OH BABHCHT TaKXK€ M OT KOHKPETHHIX YCJIOBHUH 3aJauyH (OT pacCTOSIHUA
L Mexny njacTHHKaMH).

AnanoruyHoe siBJICHHE TMpeiCTaBiseT COGOH «BSI3KOCTb» CHJBLHO
Pa3peXKeHHOrO Trasa, NPOoABASIONANCS, HANPUMEP, IPH OTHOCHTE/Ib-
HOM JBIJKEHHH JIBYX HAXOASUIHXCS B HeM MJACTHHOK (MPHYEM ONSAThb
L<Z1l). Koappuuyenr BSIBKOCTH 1) HaZO ONpPEAeJUTb TeNepb Tak,
4TOObl ObLIO

F=nV/L, (15,15)

rae F-—cuia TpeHUs, HCObITHIBaeMast ABMAKYIeHCA NJIacTHHKOH (oTHE-
CeHHas K eJMHHIE ee IJIOIEAH), a V—CKOpOCThL ABMMKEHHS OLHOH
IJIACTHHKY OTHOCHMTesbHO Apyrofi. Hamucas B (8,11) paccrosuue L
BMECTO AJHHBI mpofera [, noaydum

n~mNL~LP Y ™, (15,16)

T. €. BfISKOCTb pPaspeKeHHOro rasa Toxe NponopuuoHasbHa HAaB-
JIEHHIO,

3agauy

1. B navaabpHbiit MoMmerT £ =0 ras sanuMaer noJaynpocrpasctso ¥ < 0. B npe-
HeGPEKEHU CTONKHOBEHUAMI ONpeeauTh pacnpegesenye MAOTHOCTH B NOCALAYIO-
[lHe MOMEHTH! BPEMEHH.

Pewenue. B npenebpemednH CTONKHOBEHMSIMH KHHETHUeCKOe YpaBHeHHe
CBOJAMTCA K ypaBHCHHIO

of | of
or Vo

ofuiee petleHHe KOTOPOro ecTs f=/(r—vi, v). C yueToM MNOCTaBJIEHHOTO HAaYaJb-
HOTO YCJOBHSI NOJYUHM B JAaHHOM cJyuae

F=Fo(v) npu vy > x/t, f=0 npu v, <x/t,

rae fo-—MaKCBeJUIOBCKoe pacnpeneaecHune, IlnoTHOCTR rasa

N(t, x)= ﬁ Sfo (v) m3 doy doy do, = 7"[ ~cD<% ]/%”?)]

—-w x/t
rae
g
e j‘e" 8 gy,
0

Q)=
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a N¢—mBavambHas naoTHOCT. BBHIy npeHeGpexeHust CTOJKHOBEHWSMH, HATHCAH-
Hete GopMyJpl GAKTHYECKH CHPABEIIHBBL JHWb B ofaact | x| <€ .

2. Onpegeautsh cuay, IefiCTBYIOIYI0 Ha mWapHK pajuyca R, IBHXKYVILHHCH CO
CKOPOCTBIO V B paspekellHOM rase.

Pemewnue. TloHas cuaa conpoTHB/eHHs JBMKCHHIO IADHKA PAaBHA

F =_4T”VR2 (5-+26).

3. Ompegeanth CKOPOCTh, C KOTOPOH GyJAeT ABHIAThCH B PA3PEIKEHHOM Tase
HEBECOMBIl IJIOCKHI JHCK, CTOPOHB KOTOPOIO HAIPeThl IO PassiMuHBIX TeMIepaTyp
Tl u Tz.

Pemenue. CxopocTs V JIBHKEHHS IMCKA (B HanpaBJeHHH, NePHeHIHKYIAD-
HOM X €r0 IIOCKOCTH) ONpeieMTCs M3 YCJAOBUSA PABEHCTBA HYJIO CYMMBI CHJ,
ZeifCTBYIOMUX Ha oGe ero cTopoHel. JIHCK GyeT ABHTaThcsl MeHee HarpeToll CTopo-,
HOif BIIEPEA CO CKOPOCTBbIO, paBHoH (cumtaeM, uto Ty > Tq)

=T —

4. BoluncanTh 3HaueHHe oy KO3(QDHIMEHTA o0 NPH [OJHON aKKOMOJZALHH.
Pemenne. KoamuectBo sueprum, NPHHOCHMON B CIMHHIY BPCMEHH MOJIEKY-

JIaMH, CTaJIKHBAIOIHMHCS ¢ CAMHHUUEHN N/IOMA iy MOBEPXHOCTH Tesa, ecTh \ fev e dl,

rae fy—G6ombuMaHOBCKAH GYHKUMS pacnpeieseHdss ¢ TeMmmepaTypoii T, rasa
(e—>5Heprust MoJekyanl, a OCb X HaNpaBJeHa NePHEHAHKYIAPHO K HOBEDXHOCTH
Teda)., Koauuecrso YHOCUMOH STHMH 3Xe MOJIEKYJaMyu SHEPLHH NOJYYHTCS OTCIOAA
(npu nosHOH akkoMOjaUWM) NMPOCTO 3aMeHo T, Ha Temnepatypy Teda Ty. IloTox
TenJaa

9= (o= ev,ar

(uHTerpupoBaHHe N0 U, —B npefenax or 0 70 o). DHePruo MOJICKYJIB ITHLIEM
B BHJE &=gnyy-}-mv?/2, Tje &p,-—BHYTPEHHSAS SHePTHA. BbluuCc/IeHHe HaeT AJs
KaX/J0ro U3 MHTErPaJOB 3HaueHHE

S fevy dl' = (£p,--2T) =w <E+§> =T (a,,+—21—> ,

rae e=c,T —cpelusia sHeprusi MojekyJaw, a v=P/V 2am7T —uucao MOJIeKY 1,
Crankupawomuxcs B 1 ¢ ¢ 1 em® nosepxuocru. Temso ¢ paBro passoctn smepruil
UIPHXOAAMNX M YXOASMHUX MOJEKYJd IPH OJHHAKOBOM YHCJE TeX W ADYTHX, T.e.
OMiHakoBOM V. B pesyabrate maxomum nisa kospduumnenra B ¢ =a (T'3—7T) 3Ha-

YeHHe
P 1
Uy =——————— | C, —_
"V oumT <”+2>

(pasnoets Ty— Ty npeAnoaraeTcst Maoi, Tak uto mogaraeM Ty & To= T).

5. To xe xns KosQpUUHEHTOB f H 7.

Pemenne. HopManemas cocTaBisiioWas HMIYJbca, TPHHOCHMOTO MOJIEKY -
J1aMH, craskuBalomuMHCs B 1 ¢ ¢ | cM? TNOBEPXHOCTH TeJa, paBHa HOJOBUHE JaB-
JCHH S rasa. Bripaxaa Jas/ieHue uepes v, HMeeM

i_vl/ﬂmT
2 2 "
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Baas pasHoctb 3BaueHHi 5TOH BeJHuMHH NpH TeMmmneparypax Tj # T3 H ogHHAKO-
BHIX ¥, TIONYYHM JOTIOJHHTENBbHYIO CHAY Fp, 00YCJOBJICHHYIO PAa3HOCTHIO TEMIEPATYP.
Cunrasg Ty—7T; manoit, HaiifeM

vo=P/4T.

Hna xospdunuenta B umeem corsacuo (15,6) Po=P/4.

6. To xe ana xos(umuentoB & u 0.

Pemenne. BubupaeM cUCTEMY KOODIMHAT, B KOTOPOH TeJO NOKOHTCH, a Ta3
IBHXKETCA CO CKOPOCThIO V; OCh X HanpaBJeHa IO HOPMaJH K MOBEPXHOCTH, a
IJIOCKOCTb Xy BhiGpana Tak, uroObl V Jjexano B Hefl. DyHKUES paclpejiefeHHs
B 3TOH CHCTEMe ecTb

f=const-exp { — S g lOe=Var+ 0=V, 2]}

Uro KacaeTcst OTPaXeHHEIX MOJEKYJ, 'TO INpPH NOJHOM aKKOMOJALHH OHH HMEIOT
GyHkuuio pacnpenenenus ¢ V=0; T cuHTaeM PaBHEIM HYJIO.

[pu BeluBCIeRHN KacaTenbuol cuninl Fy, onaraeM V= 0. TIpusocHmas nagamo-
ILHME Ha NOBEPXHOCTh TeJa MOJEKYJaMH NOJHAS y-KOMIOHEHTa HMIYJbCA €CTh

S mou.f dT =mV,, S Uyf dT =mV v

(o v, WHTErpHpPOBAaHMe NPOU3IBOAUTCA Be3dfe B mpefenax ot 0 zo ). YHocuMas
XKe HMH Y-KOMIIOHEHTAa HMINyJsbca Hcuesaer. Takum o6pasom, Fy=vay, Tak 4To

m
=vm=p /-

ITycre Temeps Vy # 0, V;=0. C TOYHOCTEIO [0 WJIEHOB NEPBOTO IOPSIAKA MO
Vx HMeeM

f=Fot Ve T fos

rie fo—odynkuua pacmpenenenus ¢ V=0. Uncao MOJeKyJa, CTaJKHBAIOLIHXCS
B 1ccl cm® moBepxuoctH, ecThb

v=j‘fvde‘= P PV".

VonmT = 2T

I'lpuHocumaﬂ STHMH MOJIEKYJ/JIAMH X-KOMIIOHCHTA HMIIYJbCa €CTh

P om
X mvy f dT =5 +PVs ]/ET .

OrpaKeHHBle OT CTEHKH MOJIEKYJbl HMelOT (yHKUHIO pacrpepeneHns c V, =0,

HOPMHPOBAaHHYIO TaKHM 06pasoM, 4YTOOH HHTerpas vax dl’ 6bl1 paBeH yHCay v

najaromHX MOJEKYJ, ONPEAECJeHHOMY BBHILIE, YHocHMas 3THMH MOJIEKYJIAMH X-KOM-
NMOHEHTA HMNYJbCa paBHA

V o ps—m= P PVx]/E’_"_.
—g VanT=—5—=*) o

HononnutenbHast K AaBJEHHIO HOPMasbHas cuia ectb Fo=08¢V,, rae

8o=P ]/?I’?T— (2 + %) =% (4+m).
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7. B npeanonoxenuy nonHo! aKKOMOJAIHH ONPeSieIHTE TEMIepaTypy MIacTHHKH,
ABHKYIIEHCA CO CKOPOCTBIO V B PaspexXeHHOM rase napaJjielibHO caMoil ceGe.
Pemenue. [locrynas xax B 3agaue 4, uMeeM pas NPHHOCHMOH 3SHepruu:

T mVy?
v(alt 2+,
a IJs1 YHOCHMOH:
1
vTy (Cv+'§') .
IlpupaBHHBas 3TH MOTOKH, HaXOZMM
my?
Tl__Tz——QC.‘.,#, l*

8. OmpezeuTh KOJIM4ECTBO rasa, NPOTEKAIOMIETO B eAHHHMIY BDEMEHH Hepea
TIONepedHoe CeyeHHe LHARHAPUUeCKOl TPpyChl (paiuyca R) HOA BJHSIHHEM rpajHeH-
TOB JIaBJIEHHA M TeMmepatypel. ['a3 HacTOMbKO pa3pexeH, YTO AJHHA CBOGOLHOTO
npobera I3» R31). TIpH CTONKHOBEHHSX MOJIEKYJ C ee CTEHKaMH HMEeT MeCTO
TOIHaA AKKOMOZALIHS.

Pemenne. Pacnpefesenne Monekya MO CKOPOCTAM NPH OTParKeHHH UX OT
CTCHKH NDH TMOJHOH aKKOMOZAUHH MMeeT BHA U.f dp, rlie f—MaKCcBeNJOBCKaAs
(YHKUMA pachpefiesieRns, a ochb X NePNEHAHKYAAPHA K NOBEpXHOCcTH. O6o3nauas
nocpeficTBOM ¥ yroa MeXniy CKOPOCTBIO MOJEKYJIbl H OChIO X, HafJeM, U4To pacipe-
Jenenye OTPAXMEHHBIX MOJIEKYJ 10 HAaNPaBJeHMSIM HX JBHXKCHUS (HE3ABHCHMO OT
a6COMOTHOH BeIMYUHLL CKODOCTH) HMeeT BHZ

v
— cos ¥ do
T

(sTa GyHKUHST HOPMHDOBAHA TAK, UTO €e MHTEIPat MO BCEM TeNeCHEIM yraam mo
OJHYy CTOPOHY IJIOCKOCTH PaBeH V).

BriGupaem ock z o ocH TPYOKH, 2 HAYAMO KOODAMHAT —B PacCMAaTPHBAEMOM ee
ceuennH. Yepes 5To cevenne MPOXOAAT MOJIEKY/IB!, HCILITABLINE IIOC/IEHEE OTPAKEHHC
OT pas/HYHBIX YYaCTKOB NOBEPXHOCTH TPyOul. M3 umcsa moseky.s, paccesiHHEIX OT
HEKOTOPOro sJeMeHTa df TOBEPXHOCTH CTeHKM Ha PaccTosHHE Z, TPOfiiyT uyepes
3aJ]AHHOE CeueHHe Te, KOTOPhle OTPAaXKeHbl 110 HAMPaBJCHHAM, JIeXaUlUM BHYTPH
Te€CHOTO yTJla, NMOJA KOTOPBIM BHAHO 3TO CeueHHE M3 PacCMATPHBAEMOR TOYKH Ha

HOBEPXHOCTH TpYyOH, T.e. df-v S cos 9 do/m mMoseKyJ1 (HHTErpHPOBaHKE NPOH3BO-

RATCS 110 yKa3aHHOMY HHTepBasy YIJIOB).

OTOT HHTErpas, OUeBHIHO, OAHHAKOB JJIST BCEX TOUEK, JeKAHX HA OXMHAKO-
BOM DACCTOIHHHM 2 OT 3af@HHOTO cedeHHA. [103TOMY MOJIHOE UHCJIO MOJEKYJ, TPo-
Xopamux (B 1 ¢) yepes 310 ceveHne, NOAYUUTCS 3aMeHOH df Ha KOMBLEBOH 3JeMEHT
NOBEpXHOCTH 27R dz ¥ MHTErPHPOBAHMEM IO Beell JTHHE TPYOH; YMHOXKAS elle Ha
Maccy m MOJIEKYJB, NMOJYYAM PacXof Macchi rasa Yepes ceueHHe TPyOb:

Q=2mR S v(S cosﬁdo) dz,

Yucno v, 6yryum ¢ymkuueli nasnenus u TeMIePaTypH!, MEHSIETCSH BJOJb AJIHHBI
TPYOE. Ecau rpajHenTsl AaBJeHHS H TEMIEPaTyphl BROJb JJIMHH He CJHIIKOM
BeJIHKH, TO MOXKH) HamHCaTh
dv
V(@) =v(0)+2z—-—
@=vO)+zg|

=0

\—_—_
}) O notoke rasa B TaKHX YCIOBHAX TOBOPAT KaK O C80000HOMOAEKYAIPHOM,
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Hurerpan ¢ v (0) obpaijaercs, O4eBHAHO, B HYJb, TaK 4TO

SS zcos U dodz.
2=90

JIis npoBefleHHs HHTErPHPOBAHMS BBOAMM B INIOCKOCTH paccMaTpHBaeMOro
ceueHHs TPyO: KOOPAHHATH r M @, TAe r— PAaccTOHHe nepeMennoii Touku A’ oT
HEKOTODOH 3afaHHON TOYKH O Ha OKPYXHOCTH CeyeHHs, a (p— yros MexAy OTpes-
koM OA’ 4 paguycom cewenus (puc. 3). MosiekyJa, OTpaxKeHHAs OT CTEHKH B TOYKE
A (nexamell Ha ofHON ofpaayromell ¢ Toukolt 0) u NPOXOASIAA 3aTeM uepe3

Touky A’, NOMKHa HMeTh CKOPOCTB TOJ yT-

dv
Q =25 R ‘FZ_

1 z _— JOM O ¢ HOpMaZbi0 K IOBEPXHOCTH TPyOH B
,!;‘ ,L Touke A, A8 KOTOPOTO
AN 7 \
/ \ \ r cos
] \ ,, r s Ccos ﬁ=—r&- .
fd ) VirEga
y o1l ,/’ﬁ l’
\\ { ,l’} e \\‘l / AjeMeHT TeJIeCHOrO yrJa MOXKHO HanHcartb B
k- /
\AZ~ XY/ BHjE
rdr d 2z
A 0 do P

Puc. 3. Ttz YrEgeR

(nytowans r dr d@ TpoeXTHPyeM Ha INIOCKOCTb, MEPNEeHIHKYAAPHYI0 K npamoit AA’,
W neQHM Ha KBagpaT AJuHLI 3TOH mpawmoii). MHTerpuposanye NpOH3BOAATCA [O
obnactu

—n2<p=<<n/2, 0<r<<2RcOSQ, —X<Z®,
u jaer
8nR3® dv
O="F"7"

¥
Haxkowuern, 1nojicTaBHB v=P/ VQHmT, [OJIyYHM OKOHUATENLHO
Q— 4n R3

— Py P,
V(v )
rIe B CKOGKAX CTONT Da3HOCT: 3HAHEHH{ BeJHuHHb P/ VT na aanme L Tpy6H
(3amena TPOM3BOJAHOH PA3HOCTHIO AONYCTHMA BBHAY TNOCTOSHCTBA Q, a noToMy H
5TOH TIPOM3BOAHOMN, BAOJb AJKHLL TPYOH).

9. B npeanmonokeHuy MOJHOH aKKOMOJAUMK HAHTH CHJIY TPEHHS MEXAY ABYM
TBEPABIME IJOCKOCTSAMH (PACCTOSHHE MekAy KOTOPuMH L <€ [), ABMKYUHMHCS OTHO-
CHTEJIBHO IPYT APYTA €O CKOPOCTBLIO V; IIOCKOCTH MMeIOT Temmepatypsl Ty u T,.

Pemewnne, [lycts naockoctb ! (¢ Temmeparypoli Ty} MOKOHTCH, @ MIIOCKOCTh
2 NBMKETCS CO CKOPOCTBIO V BIOJbL OCH ¥; OCh J HanNpaBJjeHa OT NepBofl MJIOCKO-
etH Ko BTopoit. MosieKyJsl o CKOPOCTMH Uy > 0 1 vy, < 0 OTpaxeHH COOTBETCT-
BEHHO OT mIockocTell / M 2: TIPH NCJAHON aKKOMOZAUHMH HX QYHKLHH pacnpeje/eHus

21\/1 mu?
f= —exp{ — ) npu vy, > 0,
(2numT )’/ o7,
>} S 2
e 2N, __exp <_m(v V)
(@sumT 5}/ 2T,

rae Ny u N,—cooTBeTcTBYWOIIHE IJIOTHOCTH UMC/IA YACTHI; MOJHAs NJIOTHOCTE
N=N,-FN,. YcaoBue OTCYyTCTBHS CyMMapHOTO NIOTOKA B HANPaB/eHHH OCH Y JaeT

NV Ti=N, VT,

> npu v, < 9,
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Ha kaxaywo M3 mjockocreil gefictByer pabienne P =N T, N,T, u ciana Tpenus
(OTHeCeHHast K eJ\MHHIE IJIOLLaH)

— 1/
F2=—F1=mV S‘ nydspzsz VQmTzZVN gl“n —!11/1—7“"2_)%'
I n le +T22

“>0
°y

Ecan T;=Ty==T, 10

m
FQS—F]_:VP -23'77

B cootsercteun ¢ (15,15—16).
10. B npexmojioxeHHH TOJHOH AaKKOMOJALMH ONpPeAeHTh Ko3(h:hHUIMEHT Temno-
Mepefiaud ¥ MeXJy AByMA NJAcTHHKaMH c Oimskumu temrepatypamu Ty u To.

Pemenue. Ilpy noanoll aKKOMOAAUMH NajaoM e HA MIACTHHKY I MOJIEKY/ibl
HMEIOT PABHOBECHOE pacupefesenne ¢ temnepatypoii T ITosTOMy HOTOK 3HEpPrHH

or naactuaky I K mactauke 2:q =ay(To—T). v
BasB oy u3 3ajaul 4 Honpeeaus ¥ COIVIACHO - »
(15,13), nomyunm r S~

Fr s

PL 1y =% =gxE-—--?
gl — 2 ;
K= V 2amT <C7j * 2) ?

. Puc. 4.
B COOTBETCTBHHU ¢ ouenkoit (15,14).

11. OupenennTs MJIOTHOCTL ra3a HA OCH MO3aAHu KPYroBOTO JWCKa pajguyca
R <1, peuxyierocss B Trage co CKopocTblo —V, Goabwmofi M0 CPaBHEHHIO CO
CpeaHell TenJoBO#H CKOPOCTBIO ATOMOB Uf.

Pemenue. Ilpu V>vur uyacTHUB, OTPA’KEHHEe OT 3ajHeil NOBEPXHOCTH
IKCKa, HeCYLIeCTBEHHH (33 MCKJIOYeEHeM y3KeH 06JacTd y sToif NMOBEPXHOCTH —
cM. HuExke). Bce [eso CBOAMTCS K «3aTEHEHHIO» AHCKOM HaGeraioillero MoToka.
B cucreMe KOODAMHAT, B KOTOPOH AHCK IIOKOMTCS (@ Ta3 ABHIKETCH CO CKOPOCTBIO V),
B OTCYTCTBHE CaMOro JHCKa (yHKLUs pacnpefenenus Gpiia Obl pasHa

Ng f m(v—V)?
V)—m—— ¢€X — ———— Y,
P = Gy P oT }
B nprcyTcTBMM JMCKa IJIOTHOCTH UHCJA YaCTHI rasa Ha ocu z (puc. 4) Gyaer
o I
N(@z)=2n S S Fo (V)p? sin & d dp,
0 9,
e '&—erJI MexAay V 1 OChlO 2, 8 ’ﬂ’o—'yroﬂ, IoJx KOTOprM pa:,myc JUCKa BHAEH

H3 TOUKH HaGmogenns Ha oc z (1€ Oy=R/z; vacTuip ¢ ¢ < ¥y «3aTeHEHBI).
Huterpuposanue ¢ yueroM ycioBaa V 3>vp naer

N (z)=%> (7:%) f2 S exp {* o7 L=V cos 9g)2-+V? sin’ ﬁo]} vdu
0

z mV? R
No———:..__—exp - — %,
VR2+22 9T R+ 22
rge N,— NJOTHOCTH rasa BfaAd oT JHucka. MHTerpuposaHue 1o dp BHITOJIHEHO
B mpeanosioxkenuu cos o> vr/V (MOXKHO NOKasaTh, YTO 9TO K€ HEPABEHCTBO

ABNsieTcsl TakXKe M YCJOBHeM JONYCTHMOCTH NpeHeOpeXeHHs OTPasKeHHEIMH OT
8ajHell CTeHKH YaCTHLAMH),

2

~ Njcos Opexp {—- my sin? ﬁo} =
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§ 16. luHaMM4eCKHH BBIBOX KHHETHYECKOr0 YypaBHeHHS

XoTsl H3JIOKEHHBIA B § 3 BHIBOJ KMHETHYECKOrO YPABHEHHS YJOB-
JIETBOPHTEJIEH C (U3HYECKOH TOYKH 3pEHHs, NPeICTaBJsgeT 3HAuH-
TeJIbHBIH UHTEpPEC MPOCJEIMTb 3a TeM, KAKHM 00pasoM 3TO ypaBHe-
HHe MOXKHO aHAJHTHYECKH IOJyY4HTb H3 MAaTEMAaTHYECKOro anmnapara
TEOPHH, T. €. U3 YPaBHEHMH IBUKEHHS YaCTHIL ras3a; TAKOH BRIBOJ
lan H. H. Boeoarrwobosoim (1946). 3HaueHne 35TOro Meroga COCTOHT
TaKXe H B TOM, YTO OH JaeT Pery/sipHyI NpOgenypy, INO3BOJSI0-
My B TNPHHIHIOE NOJYYHTL He TOJBKO ypaBHeHHe DBosbliMaHa, HO
W MONPABKH K HeMy, T. €. YI€Hbl CJACAYIOMHUX MOPSIAKOB IO MajoMy
«apameTpy rasoBOCTH» — OTHOLeHUIO (d/r)?, rie d—MoseKyaspHble
pasMepel (paguyc JHeHCTBHA MOJEKYJSPHBIX CHA), a r-—cCpefHee
paccrosHue MeXAY MoJieKyJaMH. KajaraeMblfi HUKe BHIBOJ OTHO-
CUTCA K OJHOATOMHOMY ra3y B YHCTO KJIACCUYECKHX paMKax, T. e.
B MPEANOJIOKEHHH, YTO HE TOJNbKO CBOGOAHOE IBHMKEHHE, HO H MPO-
HeCChl CTONKHOBEHMS YACTHIL ra3a ONHCHLIBAIOTCS KJIaCCUYeCKOH MeXa-
HUKOH.

Hcxonueim mynkToM Mertopa siiisieTcsi TeopeMa JIuyBuaust agst
GyHKuME pacnpepesieHHss rasa B NeJOM KaK CHCTEMBI of UYaCTHIL.
O6o3HaunmM TaKylo GYHKIMIO (B 6Jf-MepHOM (hazoBoM IIPOCTPAHCTBE)
nocpencteom &) (¢, 1, Ty -+« Tpe)» TAE CHMBOJIBI T, 0603HAYAIOT
COBOKYNHOCTH KOOPAMHAT H KOMIIOHEHT WMIYJbca g-H 9acTHIH:
T, =(F,, P,); 3728 Qynxuus GyieT NPeANoJaratbcsi HOPMHPOBAHHOM
Ha eJHHULY:

1

gf(d\f)(t, Tio ooey Tye)dTy . drye =1, dt,=d%,d%,.

Qurypupylonass B ypaBHeHHH BosbnMaHa «OIHOYACTHYHASY byHK-

LMl pacnpefieieHisl MOJy4aercsi uuTerpuposaHueM ¢ynkuun floV)
10 BCeM dT,, KPOME ORHOro:

o (t, ) 25' N dr, ... dz 3 (16,1)

bynxuus f3 ToKe HOpMHpoBaHa Ha 1; o6o3HauyeHME Ke f (Ges
UHIGKCA) COXPaHUM A/l (QYHKUIMH pACIpefeseHHsl, HOPMHPOBAHHOM
Ha MOJIHOE YHCJAO 4YaCTHLL: [= N[V,

Hanomuum (cM. V, § 3), uTo Teopema JIuyBH/IIS BO3HHKAeT Kak
CJEACTBHE YpDaBHEHHSI HENPEPHIBHOCTH B ()a30BOM IPOCTPAHCTBE,
KOTOPOMY JOJIZKHA YJOBJIETBOPATb (PYHKUHS pachpene/eHHs 3aMK-
HYTOH CHCTEMBI:

N’
() . -
R E:l{a"f; (Ff) +%(f(d\f’)pa)}=o, (16,2)

a=
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C noMompio ypaBHenu#i ['amuJsbTOHA

. oH . oH
Te=5p.' Pa=" 75 (16,3)
OTClola IOJYyYaeTcsi pPaBEHCTBO
N
o) o) gy g
N ot "I“Z{ a,-a L apa pa}_‘ dt “‘0’ (16’4)

TIPHYEM [, ==V, H P, IPEANOJAraloTcs BeIpaKeHHEIMH 4epes Ty, Ty, - - -
corsacHo ypaBHeHusM (16,3); paBencrso (16,4) u cocraBmsier copep-
XKaHue TeopeMul JIMyBuaIa.

OynxuHio I'aMuIbTOHa OZHOATOMHOrO rasa NpeACTABHM B BHAE

H= 3 524 X U(r,—r,). (16,5)
a<d\’ b<ago\

3Aech mpennosiaraeTcsi, 4TO BHELIHEE IIOJI€ OTCYTCTBYET, a B3aHMO-
AeHCTBME YaCTHL Trasa APYr C APYroM CBOAUTCSA K CyMMe HX Iomap-
HhIX B3auMofedicTBuii!). C Takoit ¢pyHkuneii ['amuibTOHa ypaBHeHHe
(16,4) npuHuMaeT Buj

$- U
o) S o) ) v W
ot +Z{ ar, Ve ~op. Iga ar, (=0, (16,6)

rae U,, (as=b) obosnavaer U (jr,—r,|).

Ilpounrerpupyem Temepsr 3TO ypaBHeHHe 10 dr, ... dToN" B pe-
3yJbTaTe TAKOro HHTEIrPHPOBAHMS M3 BCEX UJEHOB 0] 3HAKOM
cymmbl B (16,6) ocramyTcs Jimib Te, KOTOpLIE cozepiar mubdepeH-
UAPOBAaHHA MO P; HJIH F;; MHTETPaJbl OT OCTAJBHBIX UWJIEHOB Npeo-
pasyloTcd B HHTerpajbl N0 GECKOHEYHO YHAJEHHHIM [IOBEPXHOCTSAM
B HMITYJbCHOM HJIH KOODAMHATHOM NpPOCTPAHCTBE H 06pallaoTCs
B Hysab. Takum o6pasoM, nosyuyum

af V(¢ = of (¢, © Uy, Of® (£, 14, T
f ét 1)—I—V1 f 6(;-1 I)ZOJ\P ariz f (deI 2)d172, (16,7)

rre f® —nopMupoBanHas Ha 1 gByXuacThunas GyHKIHS pacnpene-
JEHHs, T. €. HHTerpa

i (4 15, 1) =S ) dry ... dryp (16,8)

') Tlocnennee npeinosioXeHie HMeeT MOJEJbHEI XapaKTep. TNonuepxem,
OlHako, uTo Ha pesyNbTaTe NEPBOr0 NPHOJHNKEHHA (OTBEYAIOMEr0 ypPABHEHHIO
OJlbiMaHa) OHO BOOGIle He CKa3BIBAETCA: B STOM IPUGIHKEHHH durypupymor
TOMLKO ABOHHEE CTOJKHOBEHHS HACTHL, B KOTODHX ApyrHe (He napHble) B3aHMO~
AeHCTBHS He YHacCTBYIOT,
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(MHoxuTenp o B (16,7) YUHTHIBAET UIEHBI, OTJIHYAIOULHECS JIHIIb
0603HaueHHeM MePEeMEeHHBIX HHTErPHPOBAHHs, CTPOTO rOBOPS, YHCJIO
TAKUX YJEHOB eCThb of'— 1, HO, BBUAY OUeHb GOJIbIIOH BEJHYHHH o,
N—1= N).

AmnasiornuHsM  o6pasoM, npouHterpuposas (16,6) mo dt, ...
... dT e, TONYYUM ypaBHEHHE ‘

of® v Of(2)+ Of»  0Uyp 0f® 09Uy, 01
ot L Or, 2 Ory or, op,  ory 0py

:ONFS[@M_}—@@U%} dTg, (16,9)

opy Ory dpy, Org

rae f® (¢, 1;, T, T;)—TpexuacTHuHas (QYHKLHS pacrupeje/eHus.
[Ipofomkasi TakuM o06pasoM, Mbl IOJNYYHJIH Obl NPAKTHIYECKH
HEOTPAHHUEHHYIO (V' OUeHb BEJHKO!) LENoYKy I0C/e10BaTe/IbHbIX
ypaBHeHHil, KakJ0e M3 KOTOPHX Bhipaxaer [ uepes [f"*1. Bce
5TH YypaBHEHUsI—TOUHbBIE B TOM CMbICJI€, YTO HUKAKHX NPEAroJo-
JKeHHH, CBA3AHHBIX C PA3PeKEeHHOCTHIO rasa, B HHUX €lle He JeJsa-
nock. Ho f1d mHosydeHHs] 3aMKHYTOH CHCTeMBI YPaBHEHHH 3Ty Ie-
I04KY H4HO TAe-TO 00OpBaTh, BOCMOJB30BABIIHCH YCJIOBHEM paspe-
JKeHHOCTH rasa. B 4acTHOCTH, NEPBOMY NPHOJHKEHHIO METOAa OTBe-
yaeT OGDHIB LEMOUYKY yzKe Ha MepPBOM YPaBHEHHH (ypaBHeHHe (16,7)),
B KOTOpOM AByXyactuunasi QyHknus f% 6Gyaer npuGIHKEHHO BHIpa-
skena uepes [V, Tlocaennee ocyliecTBJsteTCsl ¢ YYETOM paspexked-
HOCTH Trasza ¢ moMolipio ypaBHesus (16,9). \
O6pamasich X 3TOMY YPaBHEHHMIO, [OKaxKeM IpPeXJe BCero, 4ro
WHTErpaJd B ero npaBoid cropoHe mad. JleficTBHTENBHO, QYHKIUSA
U (r) 3aMeTHO OTJHYHA OT HYyJs JHIIb B pajuyce AeACTBHS CHJT,
1. e. npu r=<<d. ITostomy u B o6eux uactax umterpaia s (16,9)
MHTeIPUPOBaHMs [0 KOOPJAHHATAM IMPOMCXONAT (AKTHUECKH JIHIIb
no obmactsiM |ry—r; |<d win |r,—r,|<d, T. e. 1o o6bemy ~ d>.
3aMeTHB TakKe, YTO IMPH HHTETPHPOBAHHH MO BCeMy 0o6beMy rasa

Yo~ 1 GbLIO GBI gfm dt, = [, HaxomUM CIEYIOUIYIO OLEHKY:

oJ\PSafw) WUy g0 QU OFD &
3

apy Ory ar Opy 3

Orcrona BUAHO, 4TO IIpaBas cTopoHa ypaBHenus (16,9) mMazna B oTHO-
meHuu (d/r)? mo cpaBHenuio ¢ cofepxamuyu 0U/Jr uneHamu B Je-
BOH CTOpOHE YypaBHEHHs W TO3ITOMY' elo MOXHO npeHe6peub. CoBo-
KYIHOCTb K€ UJIEHOB B JIeBOH CTOpOHE YpaBHEHHs IPeACTaBJAeT
coGoit monuyro npousBopuyio df®/di, B KOTOpPOH ry, Iy, Py, P, pac-
CMaTPUBAKOTCH KaK (YHKIHY BPeMEHH, YAOBJETBOPSIONIHE ypaBHE-
HusiM aBwkenus (16,3) ¢ dynknueil [amusipToHa 3aja4n ABYX TeJ:

pi , p3
H=%+'2‘,;—1+U ([rl"—rz [)
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Takum obpasoM, HuMmeem
;%f‘” (¢, 7y, 7,)=0. (16,10)

Ho cux nop Bce npeoGpasoBaHusl YpaBHEHHHA HOCHJIH YHCTO MeXa-
HHYECKHH Xapakrtep. Pasymeercs, 175 BBIBOJa KHHETHUECKOTO YypaB-
HEHUs] HEOOGXOJUMO CcAeJaTh TakkKe H HEKOTOpOoe MPeanoJioKeHHe
CTATHCTHYECKOTO XapakTepa. OHO MOXKeT GBITh CPOPMYJIHPOBAHO KaK
yTBEPXKACHHE O CTATHCTHYECKOH HE3aBHCUMOCTH KaX[OH maphl YaCcTHIL,
BCTYNAIOUUX B CTOJKHOBEHHE (IIO CYIIECTBY HMEHHO 3TO MPEIIIOJIO-
JKEHHe TIOAPAa3syMeBaJoCh IPW BHIBOJE KHUHETHUECKOr0 YPaBHEHUS
B § 3, Korja BeposITHOCTb CTOJIKHOBEHHUSI 3amuchiBajiach B Buze (2,1),
NpPONOpLHOHAKBHOM TNpoHusBefeHuto ff;). B nsnaraemoMm mertozme 3To
YTBePKJEHHE HIpaeT POJib HAuaJbHOTO YCJOBHS K AuddepeHnuannb-
HoMy ypasHeHmioo (16,10). VIMeHHO OHO BHOCHT aCHMMETPHIO @O
OTHOWIEHHIO K O6OHM HarnpaBJeHUsIM BpEMEHH, B pe3yJibTaTeé Yero
13 UHBAPHAHTHBIX K OOpaleHWI0 BPeMEeHH YPaBHEHHA MeXaHHKH [0JY-
uaeTcd HeoGpaTHMOE KHHETHYeCKoe ypaBHeHHe. Koppensinus mMexny
NOJIOKEHHAMH M HMIYJbCaMM YacTHIL ra3a BO3HHKAET JIHlllb B Teye-

HH{E BPEeMEHH MX CTOJIKHOBeHUS (~ d/v) W MPOCTHPAETCs HA PacCTosi-
Hud ~ d. TakuM o6pasoMm, Npeprno/iokKeHHe O CTATHCTHYECKOH Hesa-
BHCHMOCTH CTAJKHBAOMHUXCSH YaCTHI{ fBJSETCS TaKkKe U HCTOUHHKOM
NPUHLUHINAJbBHEIX OrPAHHYEHHH B JONYCKaeMHX KUHETHYECKHM YpaB-
HEHHEM PACCTOSAHHAX M NPOMEXKYTKAX BpPeMeHH, O KOTOPHIX TOBODH-
Joch yxe B § 3.

ITycTh #,~—HEKOTOPHIH MOMEHT BPEMEHH, NPEALIECTBYIOMUN CTOJK-
HOBEHHUIO, KOTJa JBe YacTHLBI HAXOASITCH €lle Jajeko APYyr OT
apyra (|ry,—r,,|>>d, rie MHIEKC HYJb OTJIHYAET 3HAYEHHS BEJH-
YHH B 3TOT MoMeHT). CraTHCTHYECKasl HEe3aBHCHMOCTH CTaJKHBA0-
IMXCSl YaCTHL 03HauyaeT, YT0 B TaKOH MOMEHT f, ABYX4YaCTHUYHAs
QyHKuHus pacnpefesieHusl PacnafgaeTcsl HA NPOU3BEJEHHE ABYX OIHO-
uyacTUyHblXx ¢yuxuuit fO. ITlosToMy HWHTerpupoBaHHe ypaBHEHHS
(16,10) ot ¢, no ¢ naer

[ 11 T) =V (2, Tio) [V (£ Tag)- (16,11)

3nechk Ty=(I, P1g) B Tpo=(Fs9, Psy) HAAO INOHHMATb KAK T€ 3Ha-
YeHHSI KOOPAMHAT H HMIYJbCOB, KOTOPHE NOJKHH HMETb UaCTHILBI
B MOMEHT f, AJsd TOro, 4yToGbl K MOMEHTY ! NpHoGpecTH TpefyeMrle
BHAYEHUS T, =(Iy, P;) ¥ T, (r,, D,); B ITOM CMBICJIE Tyy, Ty, ABATIOTCS
yukunamu or T, T, 0 {—¢, (IpUYEM OT {—f, 3ABHCAT JHIUb Iy,
H T,); 3HAYEHHA XKe P,y H P,;, OTHOCACH K CBOGOJHO IBUKYIIHMCS
Hepen CTOJKHOBEHHEM YacTdllaM, OT BbiGopa f-—+f, He 3aBHCAT).
Bosepatumest k ypasHenuw (16,7)—O6yaymieMy KHHETHYECKOMY
YpaBHenmio. Ero Jepas cropona yike umeer TpeGyemblil BHI; Hac
Oyner umTepecosath Tenepb HHTerpaj B €ro npasoifl YacTH, KOTO-
PBli osKeH NpeBpaTHTHCS B KOHIE KOHUOB B MHTErPaj CTOJKHO-
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Beuuil ypaBHenus Boubumana. IlogcTaBuB B 3TOT HHTerpan f®
us (16,11) u nepeiinsi B 0GeHX CTOPOHAaX ypaBHEHHs OT QYHKLHH
f@ K dynkuun f=ffV, nuiuem

of (¢, 1y) of ¢t m)
_.—a-t—l——}—vl———a—rl———stf'

rae

Stf =Sagrig aaTl {F (4> Tao) f (F0» Tao)} AT, (16,12)

B uurerpane (16,12) cyumecTBeHHa TOJBKO 06/1aCTh [r,—r | ~d—
06s1acTh, B KOTOpPOH NpPOHCXOAMT croikHoBenne. Ho B 3Toi#l o6s1acTh
MOXHO npeHe6peub (B PacCMATPHBAEMOM NepBOM NpuG/HKeHHH!)
KOOPAMHATHON B3aBHCHMOCTBIO (QYHKHMH [, 3Ta (YHKIHS 3aMETHO
MEeHsieTCsl JIHIUb Ha PacCTosiHHsAX L (XapakTepHble pasMephl 3ajaun),
BO BCAKOM cJyyae GOMBbLIMX MO cpaBHeHHIO ¢ d. Mbl He H3MEHHM
[I03TOMY OKOHYATENLHOrO BHAA HHTErpPaja CTOJKHOBEHHH, ecil 6yAeM
pAacCMaTpHBaTh (C LEAbI0 HEKOTOPOro YIpPOIMEHHs PpacCyXAeHHH H
3amHcH (GOpMYJ) NPOCTPAHCTBEHHO-OLHOPOAHBHIH cayuya#t, T. e. mpex-
NOJIOKHB, 4To QYHKIMS f BooGme HE 3aBHCHT oT Koopaunat. Cpasy
Ke OTMETHM, 4TO B (MYHKUHAX [ (Z4, P1o)» [ (£o» Pgp) POMANALT TOTAA
H sBHas (4epes IOCPEACTBO Iy, (f) H Iy, (f)) 328BHCHMOCTb OT BPEMEHH.

ITpeo6pasyeM momslHTerpadbHoe Bhipaxenue B (16,12), Bocnosb-
30BaBIIMCh TeM, YTO Bbipa)keHue B (UIYPHHIX CKOOKax sBJfeTrcs
HHTETPANOM [BHKEHHs (MMEHHO KaK TakOBOE OHO [OSBUJIOCH
B (16,11); HE3aBUCHMO OT 3TOTO OUYEBHAHO, UTO Py, M Pyo— 3HAUCHHUS
UMIYJAbCOB B (HKCHPOBAHHBII MOMEHT BpeMeHH #,—YyXe IO ompe-
JeJIEHHIO ABJSIOTCS MHTErpasaMu JABHXKEHHs). YuTs Takke d OTMe-
YEHHOE BbIIE OTCYTCTBUME B HUX SIBHOH 3aBHCHMOCTH OT BPEMeHH ¢,
MeeM

L (tor Deo)  (Hor Pao) =

v15r_1_+v2 m*Wa—mm)f(to’ plo)f(tov pzo)':‘o-
(16,13)

BripasuM OTCIOZa NPOM3BOXHYIO NO P; Yepe3 MpOU3BOAHBIE MO Iy,
r, H p, u moacrasuM B (16,12). Unen c mpoussoaHoit 0/0p, ucue-
3aeT MocJe NpeoGpasoBaHusl B HHTEIPaJ 10 NOBEPXHOCTH B HMITYJIbC-
HoMm npoctpanctse. [Tocse aroro moayuum

SEF(, 02 = § Voru 55 {F (for P10} F (b0 D)} d2x %P, (16,14)

rie BBejeHd OTHOCHTENbHAs CKOPOCTh YACTHIL Vypy =V, ——V, H YUYTEHO,
YTO Py, M P, (@ C HUMH M BCe BHIpaXKeHHE B (QUIYPHBIX CKOGKaXx)
3aBUCAT OT I; H T, JIMIIb Yepe3 PasHOCTh I=T;—T, BBels BMecTo
r=(x, ¥, 2) UWHJIUHADHUYECKHE KOOPAMUHATHE 2, P, ¢ C OCbIO Z BAOJb
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Vorns 3aMETHB, 4TO V,.,0/0r =v,.,0/02, 1 TIpOHHTErpHpoBaB 10 dz,
nepenumem (16,14) B Bune?)

Z=®

StF (t, )= | {F (fos Pso) F (For Paod} | Compdpdep-dip,.  (16,15)

2==-®

BcrioMHEM Tenepb, 4TO P,y U P,,— HauajbHble (B MOMEHT f,)
HMIYJIbCH YaCTHL, KOTOPbIE B KOHEUHBIH MOMEHT { HMEIOT HMIIYJbCh
P, U p,. Ecau B KoOHeyHnlE MOMEHT 2z=2,—2,=-—00, TO fICHO,
4TO B HAYaJbHHIH MOMEHT YacTHLhEI HaXOAWJHCDL «elle Jasblie» APYT
OT Apyra, T. €. CTOJKHOBEHHA BOoOLIe He OBbIJIO; APYTHMH CJIOBaMH,
B 3TOM CJyyae Haya/jbHble H KOHEUHBIE HUMIIYJbCHl COBNajAloT:

Pio =P1» P20=P72 npd 2=—o00,

Ecin xe 2= 400, TO p;, B Py UI'PAIOT POJb HAYAJBHBIX HMIYJb-
COB JJIsi CTOJIKHOBEHHS, B pe3yJbTaTe KOTOPOTO YaCTHLBI HpHOOpeE-
TAlOT UMOYJbCH P, H P,; 06O3HAUUM B 3TOM cJydae

Po=Pp1(0), Pa=0p:(p) n1pu 2=+ oo.

DT 3HaueHHs SIBJASIOTCS (QYHKUHAMH KOOPAMHATHL O, Hrpaiomed
po/ib NMPHILENbHOrO NapaMeTpa cToJiKHOBeHUs. [lpousBefeHue xe

pdpdp=do

€CTh KJIACCHUECKOEe CeueHHe CTOJKHOBEHUH.

Haxonel, octaercs 3aMeTHTh, YTO ABHYIO 3a8BHCHMOCTH GYHKIHH
[ter P1o) ¥ F (g l{zo) oT !, MOXKHO 33MEHHUTb B paccMaTpHBaeMOM
NpUOJIIKEHHH TaKol K€ 3aBHCHUMOCTBIO OT f. [leficTBUTENBHO, clpa-
Be[lJIMBOCTL yTBepxkAeHHs (16,11) TpebGyer cobmioneHusa Jumb Hepa-

BeHcTBa f—1,>>d/v: B MOMEHT f, pacCTOsiHHE MEXAY YaCTHIaMH
AOJKHO OLITH BEJIMKO 10 CPaBHEHHUIO ¢ PajuycoM IeHcTBHS cuJa d.
Ho pasnocts f—1f, MoXeT ObiThb BHIGpaHa TaK, 4TOGH YHOBJETBO-

PSITb Takxke W YCJOBHIO t—to<<l/5, rie [-—pnvHa mpobera; OTHO-

llenne xe //v-—BpeMst CBOGOLHOTO Npolera—ecTk Kak pas Ta xapax-
Te€pHasi BeJIMYHHaA, KOTopas ompelesisieT NEPHOAbl BO3MOKHOTO H3Me-
Henust ¢yHxuuu pacnpepeseHHsi co BpeMereM. VameneHue QyHKUHH
bacmpenenennss 3a Bpemsi {—1, OygeT TOrJa OTHCCHTEJNBHO MAJLIM,
Tak yTo MM MOXKHO nNpeHeGpeyb.

_—

') Hpenenst z= 4 oo Hajo MOHHMATH KaK DACCTCSHUSA, GOJBIIHE TIO CPABHe-
HHIO ¢ d, HO MaJmle IO CDaBHEHHIO C JJHHON mpoGera | (npu 6ykKBajbHO Gecko-
gg‘mblx npeflenax Bce Bhipaenue o6paTHAOCh Obl B HYJB, NOCKOJBKY f==0 BHe
o BCMa, sanuMaemoro rasom). Takas CHTyauus BO3HMKJA BCACACTBHE TOTO, YTO
Bg“ nepexone ot (16,12) k (16,14) Gsuio HcnoabsoBano ypaenenue (16,13), cnpa-
p AIHBOe MWL [0 Tex TIOp, TIOKA PAaccMaTpHBaeMbleé YaCTHUB HE HCHBITHIBAIOT
JCAYIOIUX CTOMKHOBEHHIE.
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TMocjie Bcero CKa3aHHOrO MOJydaeM OKOHUATeNbHOE BHIpAXKECHHE
/s uuterpanaa (16,15):

StF (¢, )= 4 BOF (6, 0D —T (6 D) (£ D)} era 0 p,. (16,16)

coBmajammee ¢ GOJbIMAHOBCKHM IHTErPaJOM CTOJKHOBEHHH (3,9).

§ 17. KuneTnueckoe ypaBHeHHe C Y4eTOM TPOHHBIX CTOJIKHOBEHHR

JIis HAXOXKAEHHs MEPBBEIX [ONPABOYHBLIX YJEHOB K ypPaBHEHHIO
BoJblMaHa Haf0 BEPHYTbCS K TeM IYHKTAM H3/0KEHHBIX B § 16
BBIYUC/IEHHH, B KOTOPBHIX ObLIH NPOU3BEJEHbl NPeHeGPeXKenus, 1 1po-
JBUHYTb TOYHOCTH BBIYHCJICHHH Ha OAUH TOPAAOK (mo mapamerpy
ra30BOCTH) fasblie. DTH NpeneCpeReHsl OTHOCHIUCE, MPEXKE BCETO,
K ypaeHeruw (16,9), B koTopoM 6L/ ONYLIEHB YJIEHH, COAepPKallHe
TpOiiHYI0 Koppessinuio f©®; TeM cambIM GBlAM HCKJKOUEeHBbl M3 pac-
CMOTpPEHHsT TPOHHBIE CTOJIKHOBEHHS aTOMOB. Kpome Toro, mp Ipe-
06pa3oBaHUH HHTErpaja CTOJKHOBEHHS (16,12) X OKOHYATEJBHOMY
Buay (16,16) G0 npeHeOpeeHo M3MEHEHHEM (GyHKIIHM pacnpese-
JIEHHS Ha PacCTOsiIHMAX ~d W 3a BPEMEHa ~d/v; TeM cambIM JBOH-
HplE CTOJKHOBEHHS PacCMaTPHBAJHCh KaK «/I0KaJIbHBLIEY -— IPOHCXO-
AAmue B OxHOH Touxe. Temepb JOJ/KHBL OBITE yUTeHHI o6a 3TH
MCTOUHHKA [ONPABOK — TPOHHBIE CTOJKHOBEHHS M «HEJIOKaJbHOCTbY
NapHbIX CTOJIKHOBEHHH.

B nepBoM NpHG/IMAKCHHH Ienoyka ypaBHeHHH Gbl1a o6opBaHa
Ha BTOPOM ypaBheHHH, cBsi3biBatomieM [* ¢ . Bo BTopoMm npu6au-
JKeHHM Hajo HOHWTH A0 TPEeTbero ypaBHEHUs, CBS3bIBAIOMIETO f®
¢ f%, npuueM wieHs ¢ f*) B HEM MOXKHO OIYCTHTb (moxo6HO TOMY,
KaK B NepBOM MPUOGAHXKEHHU ObLIM OMYIeHBl YIeHB C f® B (16,9)).
ITocsie 3TOrO OHO CBEACTCHA K BHAY

‘%f(m (tv Typs Tzv 173):0, (17,1)

aHAJOrMUHOMY npexuemy ypasHenuio (16,10) mmst f®; mepementibie
T, T, T, B (17,1) mpeanmosiararoTcs  H3MEHSAIOMUMHUCS CO BPEMEHEM
COTJIaCHO ypaBHEHHAM ABMMKEHHS 3a1au Tpex Tesl (IpuueM B3anMo-
KeHCTBYE MEXKY 4aCTHIAMH NO-NpexHeMy OyleM CUHTaTh NapHHIM ).
C yueToM CTaTHCTHYECKOH HE3aBUCHMOCTH HaCTHIL Mepef CTOMKHOBE-
nueM pemenue ypasmenua (17,1) ectnb

f(3) (t’ 1:1’ T2’ T3) = f(l) (tO’ 1:10) f w (tO’ 1:20) f(l) (tﬂ’ T&O)' (17’2)

1) B mpOTHBONONOKHOCTE NEPBOMY npubanxKennio (cp. UpHMeuaHHe HA
crp. 91) Temepb 3TO NpPEATOJIOKEHHE HECKOJLKO OrpaHHYMBACT O6ULHOCTb pacs
CMOTPEHHs, UOCKOJbKY B TPOHHHIX CTOJNKHOBEHHSX MOTJIH 6Ll TIPOSIBAATECA M
TpOliHBle  BaauMojeficTBUsi (T. €. UJeHH B ¢yukiuy  TamuabTOHA  BHJAA
U (rg—r;, r3—ry)), HE CBOAsIIHECT K NapHBIM.
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Benunuunwl £, 7v,, (a=1, 2, 3) UMEIOT 37€Cb TAKOH XK€ CMBICJ, UTO
U B (16,11); 1, =1, ({, {5 T4s Ty Ty)—3TO 3HAUEHHH KOOPAHHAT U
HMITYJbCOB, KOTOpPblE YACTHLBl XOJKHBl HMeThb B MOMEHT [, I/
TOro, 4tofbl K MOMEHTY { HONacTb B 3ajJaHHbIe TOYKH T, T,, T,
¢dasoBoro npoctpanersa. Otauuue or (16,11) coctoHT JHwWb B ToM,
UTO TENEPH T,y = (Iygr Pgo) SBJISIOTCS HAYATBLHBIMH 3HAUEHHSMH KOOP-
IVHAT ¥ UMIOYJbCOB 33Jauyi Tpex (a He ABYX) Tes, KOTopyio Oylem
CYHTaTh B NPHHIHIE PelIeHHOH b).

J1s 3anucy ¥ npeo6pa3zoBaHusl AajbHeHmHX (opMmyJ nenecood-
pasHO BBECTH ONepPaTop S,,,, AEHCTBHE KOTOPOTO Ha (YHKLHIO mepe-
MEHHBIX T;, T,, Ty (OTHOCALUXCHA K TPEM YacTHUAM B 3ajade Tpex
TeJ) 3aK/IOUaeTCs B 3aMeHe STHX MNEePeMEeHHBIX COrJacHo

r, —T ~rao+p“° (t—1,),
Po— P =Par-

AuanoruuesiM o6pasoM, onepatop S;, OyAeT MNPOHU3BOIHUThL TaKyIO
XKe 3aMeHy B (DYHKUHSX HNEepeMeHHBIX Ty, T,, OTHOCALUIUXCA K JBYM
yacTHlaM B 3ajade JABYX Tesa. DBakHoe cBoficTBo mnpeo6paso-
Bauus (17,3) COCTOMT B TOM, UTO NMPH BpeMeHax [—{&;>>d/v oHO
nepecTaeT 3aBHCETb OT BpeMeHH. JlefCTBUTEJNbHO, IPH TaKUX [—f,
YACTHIM HAXOAATCS HAaNeko JPYT OT JApyra M JABIXKYTCH CBOOOAHO
C MOCTOSTHHBIMH CKOPOCTSIMH V,; = Pg,/M; TIPH 3TOM 3HAUEHHS T,
3aBHCAT OT BpeMeHHM Kak const—v,, (¢—1,) ¥ BpeMeHHasi 3aBHCH-
mocth B (17,3) BRImanaer. 3aMeTHM TakXe, UTO €C/IM YaCTHLLl BO-
ofle He B3amMojieficTBOBaAM Gbl, TO mpeofpasoBanue (17,3) cBonu-
Joch 6Bl K TOXKAECTBY: OPH CBOOOZHOM (B TeUEHHe BCEro BPEMEHH)
LBIKEHUM IpaBhle CTOPOHBI npeobpasoBanuil (17,3) TOXmecTBEHHO
coBnagaior ¢ Jepsimi. ITo TOH e MpHYMHE, eCH OJHA U3 HacTWL,
CKaxeM, gacrtutia [, He B3aHMOﬂ6HCTByeT ¢ yactHmamH 2 U 3, TO

Si0s=3,,; omeparopn xe S12 u S,; B 3THX YCJOBHAX CBOAATCS
K €QHHMIe. B CHJIY 3THX CBOHCTB OYEBHAHO, YTO ONEPATOP

Gipa = S10s—S1a—Sis—Ses +2 (17,4)
obpaiaercst B HYJb, €C/IH XOTs 6Ll OfiHA M3 TPeX 4acTHll He B3aHMO-
IeficTByeT € ABYMA APYruMu. [lpyruMu c/10BaMu, 3TOT ONEpaTop
BuiiesdeT M3 (YHKLIMA Ty 4acTh, KOTOpas CBfi3aHa CO B3anMOIeH-
CTBMEM BCEX TpeX 4acTHIl (MeXAY TeM KaK B 3ajauy Tpex Tesa BXO-
AAT, Kak 4YacTHBIE CJIydYyaW, TakKe W IapHble CTOJAKHOBEHUS IIPH
CBoGoxnHo ABHKYyLLeHCA TpeTben YacTHIE).

C nomompsio oneparopa S;,, $opmyna (17,2) samuercs B BHA

(3) & f
F9 (8, T4, Ty Ta) = Sl @ (8, Lr W) D (E, 10y T) FO (F, 1y 7), (17,5)
—_—— e

1) dakrtuuecku, KOHEUHO, aHANHTHYECKOE peIleHue 3ajaul TPeX Tesl MOXeT
ObiTh ocymiecT/eHO JiHUIE B PEAKHX CAYyYaAX (HampHMep, A TBEPABIX LIADHKOR).

(17,3)
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rae
FoO (8, 10, ) =19ty =2 (t—10), ) (17.6)

(ciBHr aprymenta r B f*) BBejeH AJIA KOMNEHCAUHH CABHTa, MPOH3-

BOJHMOrO ONEPATOPOM Sypg)-

JByxuactuunoe pacnpejenenue f® mosy4nM, NPOUHTErpPHUPOBAB
dynxkumo [ 1Mo NepeMeHHBIM T,, a HHTErpHpOBaHHE IO T, H T,
naer dyHkuuo pacnpegesenns f:

fOE, 1, 1) = S‘ f® (t, Ty Tos Ty) drg, (17»7)
FU (¢, T,) =Sf‘3’ (t, Ty, Ty Ty) dT, dTy. (17,8)

I_LeJIb ILaJIbHEﬁHleFO BBLIYMCJEHUA COCTOMT B TOM, yTOGBl M3 3THX

ABYX paBeHcTB (¢ f® u3 (17,5)) myTeM HCK/IOYEHHS f@ ¢ HyXHOH
TOYHOCTBIO BHIPa3uThb [ wepes f@'. IloacraBHB 3aTeM 3TO Bhlpaxe-
nue B ypabHenue (16,7) (camo mo cefe TOUYHOE), Mbl MOTY4HM HCKO-
MO€ KHHETHYeckoe ypaBHeHHE.

Jlns ocyumiectBIEHHS 3TOM mporpaMMmbl, Npexae BCEro, npeobpa-

syem wunrerpan (17,8), BbipasuB B (17,5) omepatop S,,, uepes Gias
cormacio (17,4). Himes B BHAY OYEBHIAHBIC (B cuay coxpaHeHHs
HOJIHOrO HYHCJA MOJIeKYJ/) paBeHCTBa :

Sfm (¢, tO,T)d‘l7=Sf(1)(tor Tdr=1,

Sglj(l) (t’ tos ) 7(1‘) (¢ o T,) dt, dt, = 1,
OJIYYHM
8 (¢ v)=
0 (1, 10, 7) 2 [ {Su— DT (¢ fos )0 (8 oo T+

£+ { {Gua® (1 tor W) T (1 o ) T (1 o T dmy s (17,9)

310 ypaBHEeHNe MOKHO peliaTh OTHOCHTEIBHO f@ mocsenoBaTebHBIMH

npubauKeHUAMH, UMesi B BHAY, 4YTO (8;,—1) mepsoro, a G,,; BTO-
pOro NopsiaKa MajoCTH (Cp. OLEHKY npasoit yactH (16,9)). B nyzne-

BOM TpPHOJHKEHHU! fo (¢, t,, T) =[P (¢ 7). B caenyomux- ABYX
NPUGTIKEHHAX TOAYYHM
fio (8, o, ) =

= (t ) —2 [ {Su— D (6, ) [ (f m) dra—

_S {61’23"4 (Sm'— 1) (313 +S'23"2) f(l) (t’ "71) f(1) (ta Tz)x
X D (¢, T5)} dr, dT,.



§17] YPABHEHHE C YYETOM TPOIHDbIX CTOJKHOBEHHUH 99

Teneps ocraercs noacraBuTb 3T0 BhIpaxeHnue B (17,5) u sarem B
(17,7), coxpaHuB mpu 3TOM JIHIIb UJEHbl He 60Jee YeM BTOPOIO

nopsiika Magoctd (4iewsl ~ (S;,—1)*> u ~G,,,). B pesyabrarte
MOJYIHM OKOHUYATEJbHO

fo (T ) =8ufP (8, ) [, 7))+

+ S {Ruaf ™ (£, w) [V (1, 1) f2 (8, )} dr,, (17,10)
rae
Rlza:S123“512813_S12823+812- (17’”)

[loguepkueM, 4To MOPANOK c/eOBaHHsI S-0NepaTtopoB B MX MPOH3-
BefleHUsX cymecTsed. Omepatop S,,S,,, HaupuMep, cHauada 3ame-
HSIeT NePeMEHHBIE Ty, T, Ty — Ty, T, (T, Ty)s Ty (Tys Tg), NpPHUEM
QYHKUEH T, ,(T,, T,) ONPENEJSIOTCS MO YPABHEHUAM IBHIKEHUS
B3aHMOJEHCTBYIOIHX YacTull 2 1 3, a 3aTeM IepPeMeHHbIE T,, T,, T,
NMOABEPraloTCsi NPEOGPA3OBAHHIO T, Ty, Ty — T, (Tys Ty)s T, (tr, T,), Ty,
rae Tenepb (QyHKIHH %1,2(11, T,) ONpejensiioTCs 3ajaueli O ABHIKE-
HUHM Iapbl B3auMoOJeHCTBYOWUX yacTull [ U 2.

IloxcraBus rteneps (17,10) B (16,7) u nepeiins Besne oT byHKuui
[ & QynrunaM f =NV, naliteM KnHeTHIECKOE YpaBHEeHHE B BHAE !)

5/’(2} Tl)'f“vi af(é, T‘):St""’f—l—St‘f"f, (17,12)
Ty
rjpe
Stwf (¢, 1)= (212 2 4g t, ©))d I
f(t w)= pr—l{ wf (¢, ) f (¢ v)}dy, (17,13)
St®f (¢, 1) =

= 3 | T o (Ruf (6 ) F (s w) (1 )} d, dv,. (17, 14)

IlepBbiit ¥3 5TUX MHTerpaioB ecTb MHTErpas ABOMHHIX, a BTOpOH —
TPOMHLIX CTONKHOBeHHH. PaccMOTpPHM X CTPYKTYpy ZeTajbHee.

B o6oux mHTerpajax B NOABIHTErPAJbHBIX BBHIPAKEHHUSIX ¢ury-
PupyioT ¢yHKuMH f, B3ATHe B PAasJHUHBIX TOYKAX NPOCTPAHCTBA.

HHTerpaJje NBOHHBIX CTONKHOBeHHH 3(deKT 3TOH «HeJOKaJbHOCTHY
Hano BLIeIMTH B BUJE NMONPABKH K OGBIMHOMY (GO/bLMaHOBCKOMY)
HHTerpasny. Jlis 3TOro pasjoXdUM B HEM MENJIEHHO MEeHSIOLLHECS
(12 paccrosiusix ~d) OyHKUME f MO CTeNmeHsIM DPasHOCTH r,—T,.

Ilockonbky 3™ dyHKIHH CTOST B MOJBIHTEr PAJIBHOM BHIPAKEHHH
Mox smakom omeparopa S,,, PaCCMOTPHM CHAUA/NA BEJHYHMHBI Siary
HS,r, B KOTOPEIE 9TOT ONEPATOp NPEo6pasyer NepeMeHHbIe Iy | T,.
) Oyte pas BBIBOJA TIOMPABOYHbIX YJEHOB K ypaBHeHHI0O bBossuMaHa 6bur

Rameuen ywe H. H. Bocoawbossis (1946). TlpuBeseHMe 3THX WJIEHOB K OKOHYa-
Tenbnomy BHIy ocymectBteno snepeble [punom (M. S. Green, 1956).
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IlenTp MHEPUHH ABYX YacTHH (r,-+r,)/2 nBHxercs (B sajgave IBYX
TeJ) PABHOMEDHO; II03TOMY OTNepaTop S,, 2Ty CyMMy He MeHser.
C yueroM 3TOro OOCTOSITeNbCTBA MHLIEM

a & -1y , T1—T; ry—r l & )
Sl =51 <El__{?—z+"17_z> =T+ _5‘2_1""5_7'812 (F3—ry)s

& ry—1r;

1 ~
Slzr2:r1+ ) +'§S1z (1‘2—1‘1).

PasnoxiB Tenepb QPyHKIHH

Slz.f (t’ Ty p1)=f(tv Smrv p1o)v
Smi(t’ Ty pz):f(tv Smrz* pzo)
no r,—ry ¢ TOYHOCTBIO IO UJ/IEHOB IEPBOTO nopsiaka, OJaYUYHM
St®f = Stf + St (17,15)
rue
SEOF(t, 11, p) = { o2 LA (1,1, pig) [ (£ 1oy Do)} ATy (17,16)
1 Py

Stiz)f (t’ Fy p1) -

1 foUy, 0 a
— g (% () (6 o D) [ (1 B0 +

1t pi i 16 T P —F (6 T B g (s 1 B X
) XSm (rz—“rl)}drz (17’17)

(muddepeHUpOBaHKs MO r; TPOM3BOAATCS MPH IOCTOSTHHOM Py
HIH Pyy)-

Uurerpaa (17,16) cosmagaer ¢ (16,12)1); B § 16 Gpisio nokasaro,
KakuM 06pa3oM (yTeM BBINOJHEHMS OJHOTO H3 TpeX HHTErpHpOBa-
HHH 1O IPOCTPAHCTBEHHBIM KOOPAHHATAM) 3TOT HHTErPaJsI IPHBOAUTCA
K OOLIYHOMY GOJIbIIMAHOBCKOMY BHAY.

OG6patnMcsi K HHTerpajly TPOHHLIX cToMKHOBenu# (17,14). Yuer
«HEJIOKAJBbHOCTH» B 3TOM HHTerpase Obl1 6bl MPEBLINIEHHEM HaJ IpH-
HATOH 37€ch TOYHOCTHIO, TAK KaK caM 3TOT HHTerpas y»Ke sBJiseTcst
Masofi nonpaBKoi. IlosToMy B aprymeHTax Tpex GyHKUHA [ B HeM
HAZ0 MOJOXKHTb BCE PafUyC-BEKTOPHI Iy, Iy, T; OJHHAKOBHIMH (COB-

najalomuMy ¢ r,) H, CBEpPX TOro, CUHTaTh, 4TO onepaTop R,,; HA

1) Bupawenue (17,16) otnuuaercst or (16,12) 3ameHolt fy Ha ¢ B apryMeHrax
¢ynkunit f. Tlocse Takoit sameHbl, oaHako, mpasoe paBeHcTso (16,13) mrce paBHO
HMEET MEeCTO, TMOCKOJIbKY 3aBHCHMOCTH OT Iy, Fg, Pi, P BXOJAT TOJNBKO HEPE3 Pyg,
P20, ABIAIOILHECST WHTerPaJaMH ABHIKEHHS,
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3TH TIePEMEHHbIE BOOOIE He AcHCTByeT?!):

St(3)f(tv r, p)=

1 PoUys 0O ~
= G Rl (e rp) P 1 90 T (0 P | dr, dr,.(17,18)

PaccMoTpuM HeCKOJBKO Gostee feTasbHO CTPYKTYPY omepatopa R,
C LEJbIO YsCHeHHS XapakTepa NPOLECCOB CTOIKHOBEHHH, YUHThIBAE-
MBIX HHTerpajaom (17,18).

Ilpexkne Bcero, omnepatop R,,, (kak n omepatop G,,, (17,4))
ofipallaeTcst B HyJb, €CAH XOTs Obl OAHA M3 TpeX YAaCTHIL HE B3a-
HMOAEHCTBYET C OCTA/bHBLIMI. B 4iHCI0 IpOLECcOB, 1 KOTOpbIX

7 2 3 g

Puc. 5.

-~

Ry,; 540, BX0AAT, OAHAKO, HE TOJBKO TpoHiHeie (B GyKBaIbHOM
CMBICJIE 3TOrO CJIOBA) CTOJKHOBEHHS, HO H COBOKYIIHOCTH HECKOJb-
KHX JBOHHBIX.

B HCTHHHBIX TPOHHBIX CTOJKHOBEHHUSX TPH YACTHILL OJHOBPEMEHHO
BCTYNarT B «cepy B3auMOAeHCTBHA», KaK 3TO CXEMATHUYECKH H30-

Gpaxeno Ha puc. 5, a. Ho omeparop R,,; OTJIHYEH OT HyJa TakKkKe
H LIt TaKHX MPOLECCOB «TPOHHBIX B3aHMOAEHCTBHIl», KOTOpHIE CBO-
AATCSL K TpPeM NOCJ/Iel0BaTENbHEIM ABOAHBIM CTOIKHOBEHHAM, MpPHYEM
OMHa M3 map YacTHl CTAaJKUBAeTCs MeXAy COGOH MBaXKAbI, NpPUMEp
Takoro mpouecca cxemaTHYecKH H300paxeH Ha pHC. 5, 6 (/s 5TOro
pouecca S,; =1, Tak uTo onepatop R,,; CBOAUTCA K Sy —S,,S,,) 2).
———

] Honuepknem, Bo usbekanue HEJOpa3yMeHHii, 4TO 3Ty YOPOLIEHHSA OTHIONb

HE 03HauaoT, WTO MOABIHTErPANBHOC BHIpAKeHHe BOOGLIE nepectTaer 3aBUCETh OT
T2, I3, 3aBHCMMOCTL OT STHX TEpeMEHHbIX OCTAeTCH uepes mocpeacTBo S-omeparo-

POB, xortoprie NIpeBPalialoT HMIYJAbCH Py B QYHKUMH Pg (rq, Ta, 3, Py, P2, P3).
2 5 )
) B 10 xe BpeMst onepatop Rjs3 (B NPOTHBONOMOKHOCTE onepaTopy Uyegl)
Ofpamaercy B HYJb JJsi TOCJEJOBAaTeNIbBHOCTH BCETO IBYX CTOJKHOBenwi. Tak,

-~

A8 mpouecca, cocTaBeHHOTO W3 CTOAKHOBeHHE 2—3 i 1—2,6b110 61 Syg5=
‘*812823’ Sl3=l, TdK 4YTO R123:0.
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BoJsee TOro, ONEPaTopoM R,,, YUHTHIBAIOTCA TaKike H clydaH, Korja
onHo (niH GoJee) H3 TPeX CTONKHOBERHUI ABJSIETCS «BOOGPaXKaeMBIMY, |
T. €. BO3HHWKAIOWLMM, JIHIIb €CJH He YUMThIBATh BJHAHHA Ha TPaek-
TOPHIO YaCTHIl KaKOTo-JAH60 H3 peajbHbiX croskHoBeHu#. Ilpumep
TAKOr0 Mpoiecca H300pakeH Ha pPHC. 5, &: croskHoBeHue [—3
UMeJO Obl MECTO JHIIbL B OTCYTCTBHE HCKaXKeHHsl TPAaeKTOPHH 4a-
CTULIB 8 ee CTOMKHOBEeHHeM C dactuued 21') (mis 3Toro mporecca
8103 =S8, HO Siy7~= 1, Tak uT0 Ry, CBORHTCS K — 81,845 --S5,)-
TTono6HO TOMY, Kak npeoGpasoBsiBasics B § 16 unterpan St§”, mo-
&eT GbiTh BBIMOJHEHO OJHO M3 IIECTH HHTErpHMPOBAHHH MO KOOPAH-
jaTaM B HHTerpaje TPOHHBIX CTOJKHOBEHUH; NPH 3TOM IOTEHIHAN
paanMopeiictBusi U,, B ABHOM BHAe HcuesaeT us (opmyi?).

§ 18. BupuanbHoe pasjoienHe KMHETHUECKHX K02 dMIMeHTOB

B §§ 7, 8 Guio yxXe yxkasaHo, 4TO HE3aBHCHMOCTD Ko3(dunye-
TOB TETJIONPOBOJHOCTH M BSI3KOCTH OT IVIOTHOCTH (WJIH JaBJEHH)
rasa sBJseTCs CAeACTBHEM YyueTa OAHMX TOJBKO MapHBIX CTOJIKHO-
BeHMEl MOMEKYJ. VIMEHHO AJisi TaKHX CTOJKHOBEHMH HX yacToTa (T.e.
YHCJIO CTOJNKHOBEHHiI, HCHBITBIBAEMBIX B 1C 3ajaHHONl MOJEKYJI0H)
nponopnuoHaabHa IUoTHOCTH N, JauHa npoGera [~ 1/N, a 1no-
CKOJBKY 1 M % NPONOpPIMOHA/bHE NI, OHH OKa3bpBAIOTCSA HE3aBH-
campvi ot N. ITonyuaromuecss TakuMm oGpasoM sHauenns (06o3Ha-
UM HX 1), M ¥,) SBJISIOTCSH, KOHEYHO, JHIIb NEePBHIMM YJICHAMH
PA3/IoXKeHHs STHX BEJHUHH IO CTeneHsM IVIOTHOCTH (3TH Pa3JIoKeHHs
HA3BIBAIOT GUPUAAbHLLMY). YIKEe B CJeiylouleM NPHUOIHKEHHH INOfB-
JITeTCs 3aBHCUMOCTh OT IJIOTHOCTH BHJa

w= g (1 +-aNd®), n=1,(l+pNd), (18,1)

rie d—mnapaMerp TOPSiAKAa BEeNHYHHBL MOJEKYJISPHBIX Pa3MepOB,
a o, p— 6espasMepHble MOCTOSIHHBIE. JTH [epBble NMONPABKH MMEIOT
ABOSIKOE NPONCXOXKJEeHHe, OTPaKeHHOe B NONPABOYHBIX UJIeHAX St
n St B KuHeTHueckKoM ypaBHesuu. Tpofinble CTOJNKHOBeHHs (4a-
cToTa KOTOPHIX IIponopuHcHAJbHA N?) NOPHBOAAT K YMEHbLIEHHIO
JMHBL npoGera. He/ioKaabHOCTh YK€ NAPHBIX CTOJIKHOBEHMI MPUBO-
JAWT K BO3MOMKHOCTH TepelayH HMIYyJbca H SHEPTHH Yepe3 HEeKOTo-
DYIO HOBEPXHOCTb 0e3 ee (aKTHYECKOTO INEepeceyeHHsl CTaJKUBao-
IMMHCSL UACTHIAMH: YaCTHIBl COMMMKAIOTCS Ha paccTosiHue ~d .
3aTeM PacXONATCs, OCTaBasCh M0 PasHbie CTOPOHBI OT NOBEPXHOCTH;
5TOT 3((eKT NPHBOAUT K YBEJHUEHHIO MOTOKOB HMIYJ/IbCA U SHEPTHH.

1) HanoMuHM, 4TO N0 CMbCAy JeHcrsus S-omepaTopoB Hajo CAEJuTh 3a
{pACKTODPHSIMK UaCTHL MO HaNpaBJeHWIO HA3ag BO BpeMeHH!

2) TpoBesenne 3Toro npeo6pasosanus —cM. Green M. S.—Phys. Rev. 1964,
v. 136A, p. 5063,
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Pewwenye 3agaun o TenmonpoBogHOCTH UM BA3KOCTH ¢ YTOUHEHHBIM
KHHETHYECKHM ypaBHeHneM (17,12) NO/KHO CTPOUTBCH MO TOH Ke
CXeMe, KoTopas Gblna onucaHa B §§ 6—8. Mwem ¢ynkuino pacripe-
AeqeHust B Bule f=[,(1+y/T), rae f,—.10KaJbHO-paBHOBecHAs
¢yukuus, a /T ~ [/L—manass go6aBka. Huterpas TpoHBIX cTOMXK-
HOBeHHH St®, kak u SI¥®, o6pamaercs B HyJIb QyHKRuEd f,.
[TostoMy B HemM Hamgo yaepxKarth wWieH c ¥, B pe3yjbrare uero
uHTerpat St'® oxasmpiBaeTcs 10 OTHOIICHUIO K GOJMLIMaHOBCKOMY

uHTerpany St monpaBkoli  OTHOCHTENLHOTO nopsiaka  ~ (d/r)3.
B unrerpane xe St{», comepxamenm NPOCTPAHCTBEHHLIC NPOH3BOAHLIE
yHKUUH pacnpefeNenns, JOCTATOYHO HOMOKHUTE f==f,; B 3TOM CMBICJIE
ynen St(® no/mken 6HTB OTHECEH K JeBOM CTOPOHE ypaBHEHHUH,
B KOTOPOH OH JaeT NONpaBKy TOrO K€ OTHOCHTEIbHOI'O nopsajpka

~ (d/r)®. Tagkum o6pasoM, o6a HOMOJIHHTENLHBLIX YJeHA B KHHETH-
4eCKOM ypaBHenuu, St® u St(®, naror BRIaAB O1HHAKOBOTO nopagkal).

Tlpusenem specw, nuast CIPABOK, Pe3yJsbTaThl PEIIEHHs] YTOYHEH-
HOTO KHHETHYECKOIO YDABHEHHS IS TeNJONPOBOXHOCTH M BSI3KOCTH
rasa B MOJAEJH TBEPAbIX IIAPOB (AuaMerpa d):

n=2x, (1 4+ 1,2Nd?%, n=n, (1--0,35Nd?), (18,2)

TRE %, U M,—3Hauenus, noayyeHusle B sazaue 3 § 10 (J. V. Sengers,
1966) 2).

Beoas manmpmefimine nonpaBkM B KuHeTHUeCKOe ypaBHeHHe (cBA-
SalHO€ C YEeTBepPHLIMH H T. I. CTOJIKHOBEHHSIMH), MOXKHO GBIIO GBI
B TIPHHLHIIC ONMpEAEJHTh U CICAYIOUINE UYJICHEl BHPHANBLHOTO PasJio-
KEHUS KHHETHYECKHX KOoadpuuuentoB. CyiiecTBeHHO, OAHAKO, YTO
STH WIEHB YXe He GYAYT HPOCTO LEJLIMH CTeHeHsSMH N dYHKIIUY
- %(N) u n(N) okasbiBaloTcs HeaHaNHTHYECKHMH B Touke N — (). Has
BBRISICHEHHS] NPOUCXOXKACHUS 5TOH HeaHaNAHTHYHOCTH IPOaHAJU3UPYEM
BOIIPOC O CXONMMOCTH HWHTETPasoB, (UIYPUPVIOWIMX B M3JI4raeMoi
Teopun (E. C. Cohen, J. R. Dorfman, J. Weinstock, 1963).

Paccmorpum unrterpan B (17,10), onpenensiomuit Bkaan TPOHHKIX
CTONKHOBeHHI B ABYXYacTHYHYIO (DYHKIHIO PACIpEReJCHUS. Xapaxk-
TeP CXOAMMOCTH MHTErpajia OKasbiBAaeTCs PasJHYHBIM s pasIuYHBIX

THIOB  1pOIecCOB CTOJKHOBEHHUIl, YUHTHIBAEMBIX ornepaTopoM R,,.
aCCMOTpHM A/t pHMepa npoliece Tuma puc. 5, 6.

Hurerpuposanue NPOH3BOAUTCA 1O pazoBomy o6beMy dt, mpH
SallaHHBIX (a3oBBLIX TOUKaX T, U 7,. B xauectBe mepemennoii, mo
\_

') 31w coobpamenns PasmbIiCHIIOT HEACYMeHHE, KOTOPOe MOIVIO 6l BOSHHKHYTE

B cBsigy ¢ TeM, uto uuterpas St{ COACDIKUT NPOHM3BOAHBIE Of/dr ~ f/L, KOTOpBIX

HeT B ywurerpaje St®), u nmoromy, Kasasnoch 6k, 5TH zBa YieHa NIPEACTaBISIOT
M TIONpaBKH pasiuuHOTO HOPSIAKA BeJIMUMHBI.

MoKty HSqomeﬂﬂe X012 COOTBETCTBYIOUHX, BechMa TPYACGMKHX  BBIYHC/ICHHI

HAaUTH B craTthe Jenzepca B kuure: Lectures in theoretical physics, Vol.

C, Kinetic Theory (edited by W. Brittin); Gordon a. Breech, N.Y., 1967,
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KOTOPOH HHTETPHPOBaHHE NPOU3BOAMTCS TOC/]ENHHM, OCTaBUM pac-
CTOSHHE r, YaCTHUBL 3 (B MOMEHT BpeMeHH f) OT TOYKH, A€ Npo-
usoulIo crosikHoBeHue 2—3. Ilepen 3THM MNOC/EHAM HHTErpUpoOBa-
HHeM MOABIHTerpajbHoe BhipaxeHue OyleT colepxkaTb Cjelylomune
MHOXUTeTH: 1) 3jiemMenT o6beMa 10 NepemMeHHol ry: ridry; 2) ecau
C/ACANTh 33 ABWKEHHeM YacTHIbl 3 Hasaj [0 BpemeHH, TO Oyrer
SICHO, 4TO HAIpaB/EHHE ee HMIY/bca P, AOJIKHO JeXKaTh B Olpelne-
JIEHHOM 5JIeMeHTe Te/jeCHBIX YTIJIOB s TOro, uTOObI MOTJIO IPOH-
30HTH CTOJKHOBEHHE S—2—YyIoJ, MOJ KOTOPBIM 00JacTh coyjape-
HUS BHAHA C PACCTOAHHS r,; OTCIOJA BO3HHKAET MHOMXHTENb d*/r§;
3) eule OAMH TaKOH MHOXKUTE]Ib BO3-
HUKaeT B pe3yJbTare Ja/jbHeHuero
orpaHuueHHsl BO3MOXKHEIX HaNPaBJ/IeHHH
HMIIYJIBCA Py, TPEOYEMOIO YCJOBHEM,
YTO «OTCKOUMBIUAs» dactulla 2 JOJK-
Ha monacTs B cdepy coyaapeHus ¢
uyactaueit /. Takum obpasoM, moay-

7/ 2

yaeTcst UHTETpasj BHIA Sdr3/r§, KOTO-

pBIfl JOJIZKeH OBITh B3sIT OT PACCTOSHHS
ry~d g0 ©0; Mbl BHIMM, YTO 3TOT
HHTerpaj CXOAMTCsi. AHAJOTHYHBIM 06-
pasoM MOXKHO II0Ka3aTth, UTO AJs MPO-
LECCOB CTOJKHOBEHHS! APDYTHX THUIIOB
CXOAHMOCTh MHTErpasa OKasblBaeTasi jaxe GoJiee GbICTPOi.

BkJsial yeTBepHBIX CTOJKHOBeHHl Belpasuscsa Obl B (17,10) uure-
rpajoM aHaJOrHYyHOrO BHAA, B3ATHIM MO (PasOBOMY NPOCTPAHCTBY
yacTull § U 4 (CHOBa MPH 3alaHHBIX T, U T,).

PaccMOTpHM YETBEPHOE COYAapeHHe H300PaXkEeHHOTO Ha puc. 6
tana. OcTaBUM B KauecTBE Moc/eqHeH HepeMeHHON MHTerpHpOBaHUS
paccTosiiue r, OT 4acTHUBl 4 (B MOMEHT {) IO TOYKH COYJapeHus
4—3. Ornune OT NpeABAYIUEl OLEHKH CBA3aHO C TeM, uyTO (haso-
Bas#i TOYKa T, (B MOMEHT [) He 3ajaHa—B OT/IMYHME OT TOYKH T,
B uHTerpaje, orseqatomeM puc. 5, 6. Ilostomy okaskiBaercs Hesa-

2 F
Puc. 6.

' KpeNJIEHHBIM TaK¥Ke€ W MEeCTO CTOJKHOBeHHss 4—3, KOTOPOe MOXKeT

HAXOIMThCS THe-IM60 B IHIMHADHYECKOH 06JacTH ¢ fuaMeTpoM ~ d

"M OCBIO BJOJBb P, (NyHKTHp Ha puc. 6). COOTBETCTBEHHO TeJleCHbIH
. yroJ, TOA KOTODBHIM BHIHA4 5Ta 006/1acTh C PaccTosiHusl r,, GyAeT

~ d/r, (Bmecto d?/r} B mpeipiiyumieM cayuae). B pesysbrate unTe-

rpajJ OKaxeTcs BHJa Sdr4/r4, T. €. JorapupMHUYECKH PaCXOJUTCA Ha

BepxHeMm npeneje. OGpesas HHTerpajs Ha HEKOTOPOM PAaCCTOSTHHM
A, moayuuMm BKJaj B ¢yHkuuioo f?, cojepxamuil Gosabwiod Jora-
pudm In(A/d). Dror norapudM BOHAET COOTBETCTBEHHO U B NONPABKY
K KHHETHYeCKHM KO3pdUIIHEHTaM, KOTOPas OKAaxKeTcst IMPOHIOPIHHO-
HaJbHOH He (Nd®)3%, a (Nd?®)*In (A/d).
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IlosiBneHne pacxonsiumxcs UY/JEHOB O03HAYAeT, YTO HYETBEPHHIE
CTOJIKHOBEHHSl Helb3sl paccMaTpHBaTh OTAEJNBHO OT CTOJNKHOBEHHI
BCEX G0Jjiee BLICOKHX MOPSIAKOB (NSITEPHBIX H T. n.). HefictBuTesbHoO,
pacXoIUMOCTh NOKa3LIBAeT, YTO CYWIECTBeHHH Goabline r,. Ho yxke
npH ry~ [ wacTuua 4 MOKeT CTOJIKHYThCS C KaKOH-1160 yactuuei 5,
u T. 4. OrCiofa CTaHOBUTCS SICHBIM I1yTh YCTPAHEHUS PACXOLHMOCTH:
B BhIpaxeHun mias Qynkumu f (¢, T, 1,) HAXO y4ecTb YJEHHl CO
CTOJKHOBEHMSIMH BCEX MOPSIKOB, OCTABMB B KaXJOM MNOps/KEe HaH-
Gosee GBICTPO pacxojsiiuecss HHTerpajel. Takoe CyMMHPOBaHHE
MOXET OGbiTb NPOM3BENEHO H NPUBOAHT K DPe3YJAbTaTy, KOTODHIH
MOXHO OBLJIO OXKHJATh: TPOH3BOABHEIN GoJbWIOA napamerp A 10f
3HAKOM JIOTapH(Ma 3aMeHsieTcsi Ha BeJHYMHY NOPSIAKA AJHHBI HPO-
Gera [ ~ 1/Nd*1).

Takim o6pasom, pasjoxkeHHE KHHETHYECKHX KO3(h(HIHEHTOB
HMeeT BUJ

%—xo[l—l—oclNd3—|—oa2(Nd3)2 1nA}—d3+...] (18,3)

(1 aHajoruyHO AJA ).

§ 19. dmyxTyauuu GyHKUMH pacripelesieHMs] B PAaBHOBECHOM Trase

OnpexesnsiemMass KUHeTHYECKHM ypaBHeHHEM (YHKLHS pacnpene-
MeHHs (KOTOPYIo Mbl GyleM 0603HauyaTh B 3TOM H CJEAVIOWEM Ma-

parpapax xak [) naer cpemmue uucaa MOJIEKYJI, HaxOAsLIHXCS
B 3jemMeHTax ¢aszoBoro ofwvema dixdl; nis cTaTHCTHUECKH paBsHo-

BecHoro rasa qynkuns f(I) ectb mesaBucsimasi or Bpemenn u (eciau
HET BHEIIHEro IoJst) OT KOOPAMHAT I GOJIbLMAHOBCKASl (BYHKIHS
pacupenenennsi f, (6,7). EctecTBenHo BosHuKaeT Bompoc o dayrry-
aundAX, HCHBLITBIBAEMBIX TOYHOH, MHKPOCKONMHYECKOH (yHKIueH pac-
npeperenns f(¢, r, I) B Xome ee u3Memenus co BpemeHeM npH
ABHXKCHIN 4ACTHIL ra3a MO HX TOUHBIM yPABHEHHSIM IBHMKEHs ?).

Beenem koppesayuonnyio gynkyuio gaykmyayuil (41, Kax ro-
BOPAT Kopoue, Koppeasmop)

<8f (1, 1y, T OF (4ys 1y Ty), (19,1)

rie 8f =f-—f. B paBnoBecHOM rase sra (GYHKUHST 3aBHCHT TOJIBKO
OT pasHocTH BpemeH ¢ = ¢, —t,; ycpejHeHe IPOH3BOAUTCS 110 OHOMY
43 MOMEHTOB t;, f, IPH 3a1aHHOM B3HAYEHHH HX pasnoctu. Beuay
OIHOpOAHOCTH ra3a, B BHAE PasHOCTH r=r,—r, BXOJiT B Koppe-
JATOP TaKkKe U KOODPAMHATHL TOUEK r, 1 r,. [Tostomy MoxHO, yea0BHO
Heagkus £, u r, PaBHBIMH HYJIIO, NPEACTABHTL KOPPeJSTOp B BlHje

Of (¢, r, T8/ (0, 0, T,)>. (19,2)
—

;) CM. Kawasaki K., Oppenheim I.—Phys. Rev. 1965, v. 139A, p. 1763,
) Aot mompoc bilepshie paccMatpusadics 5. 5. Kadomyeson (1957).



106 KUHETHYECKAS TEOPHS TA3OB Ira. 1

BBuiy HM30TPONIM rasa, 3aBUCHMOCTb STOH QYHKIUM OT r ¢dhakTH-
YeCKH CBOAUTCSL K 3aBHCHMOCTH OT aGCOJIIOTHOM BEJHYMHBI 7.

Ecan ¢ynxuusi (19,2) usBecTHa, TO €e HHTerPHPOBAHHEM MOKHO
HafiTH TaKKe M KOPPEeJsTop IJOTHOCTH UHMCJ/Ia YaCTHIL

BN (£, 1)ON (0, 0)>= " <8f (£, r, T))8f(0, 0, Ty)>dT,dT,. (19,3)

Jaa paccrosinuil r, GOJBIIMX 1O CPaBHEHHIO C aauHo#l mpoGera [,
KOPPEJISITOP NJIOTHOCTH MOXKHO BBIYMC/IHTb C TOMOLLBIO THAPOXHMHA-
Muueckoil Teopun ¢paykryauuit (em. IX, § 88). Ha paccrosnusax xe
| Tpebyercsi KUHETHYECKOE PACCMOTPEHHUE.

Henocpeactenno u3 onpejenenus (19,1) oueBuano, uto

(¢, v, Ty 8F(0, 0, T,)>=<8f(—t, —r, T,) 87 (0, 0, T1)>.(19,4)

KoppensinnoHHas ¢yHKius obaajaer Takke H GoJsee rayboKoOk CHM-
MeTpHeil, BEIpaxKatoliell CHMMETPHIO PABHOBECHOTO COCTOSIHH S CHCTEMEL
110 OTHOLIEHUIO K o6paienuio Bpemenn. O6palienne BpeMeHH 3aMeHsET
Goslee TIO3AHME MOMEHT BpeMeHH ! Ha GoJjee paHHud — ¢, a TaK-
e MeHser sHayenus peqanudH I Ha obpamensble I'T. Ykasanunas
CHMMETPHUSI BLIpaXkaercd IO0TOMY PaBEHCTBOM

Sf (¢, v, TS0, 0, Ty)>=<8f(—1¢, r, T 8f (0, 0, TNH>. (19,5)

[pu t=0 pyukuus (19,2) cBaAsbBaeT QIYKTYaluH B PasIHIHbIX
Toukax (a3oBOr0 MPOCTPAHCTBA B OJMH M TOT K€ MOMEHT BPEMEHH.
Ho Koppessiiui Mex1y OAHOBPEMEHHBIMH (JIYKTyalHusMH pacnpoct-
pAaHSAIOTCSA JIHIIb HAa DACCTOSIHUM TOPSJKA BEJHUHHBL pajuyca aefi-
CTBHSL MOJIEKYJAPHBIX cua. Mexpy TeM B paccMaTpHBaeMOH TeOpHH
Tague PACCTOSHHS PAcCMATPHBAIOTCS KAaK PaBHbIE HYJ/IO H, TAKUM
06pa3oM, OJ|HOBPEMEHHBIH KOppPeasaTop ob6pauiaercsi B HYyJb. Ilox-
yepKHeM, UTO 3T0 OOGCTOATENbCTBO CBSI3AHO HMEHHO C PaBHOBECHO-
CTBIO COCTOSIHMSI, OTHOCHT@JbHO KOTOPOrO PacCMaTpUBAIOTCS (UIyK-
Tyannu. B HepaBHOBECHOM Cjydae, KaK Mbl YBHIHM B CJELYiOLIEM
naparpade, OJHOBPEMEHHLIE (JIYKTYalluH TOXKE KOPPEJHPOBAHBL.

B orcyTcTBHE KODPEJSIUHM HA OTJIHUHBIX OT HYJIsl PAcCTOSAHHAX
OHOBPEMEHHBIl KOPPeJISTOp CBOAUTCS K O-QYHKIUAM, MpUYeM KO-
spuiuneHT mpu 3THX (QYHKUMAX ONpEAenseT cpeaHHl KBaApar
(IyKTyauuu B OfHOH TOuke (ha30BOro mpocTpaHcTBa (cp. IX, §88).
B WjeaZpHOM pPaBHOBECHOM Trase CpeiHuil KBajpar (JIyKTyaruH
(QYHKIEH paclpefe/eHnsl COBIAJaeT O CPEAHHM SHAUEHHEM caMoi
sroit ¢ynknuu (cm. V, § 113) u, TakuM 0oGpasoM,

87 (0, r, T)8F(0, 0, T)>=F (T8 (r)8 (T;—T,). (19,6)
HeonHoBpeMeHHas e KODPeJsins MEXKAY PIYKTyalusMu B pas-

AMUNLIX TOUKAX CYLIECTBYeT YK€ M B TeOpHM, NpeHeGperaromel
MOJIEK yJISipHBIMU PasMepaMu. HeoGXO1UMOCTb BOSHUKHOBEHHS 9TOH
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KOPPEJIILMHN OYeBUJHA yKEe M3 TOTO, UTO WACTHHEL, YYaCTBYIOLIHE
B ONpELEJICHHBII MOMEHT BO (JIYKTyalHH B HEKOTOPOM MecTe paszo-
BOTO NIDOCTPAHCTBA, B CJEAYIOLLHE MOMEHTHI GYAYT yie HaXORHTbCSA
B ADYTHX MecTax. -

3agava o BLIYHCJEHUH KoppeJasitopa npn {540 He MOXKeT GbITb
pemena B o0uieM BHJE, HO MOXKET ObITb CBEleHa K pelleHuo onpe-
ACNENHBIX ypaBHeHHH. [[11 9TOro Hazo BCHOMHHTH CJIEAYIOUIEE II0-
JOXKeHne OOliell TeopHH KBasHCTALKHOHAPHBIX baykryauuii (M. V,
§§ 118, 119).

ITyets  x, (£) —QaykrTyupyiome  Beauuner (c paBHBIMH HyJIO
CpeanuMH 3nayeHnsimu). Ilpeanmonaraercss, uto ecau cucTeMa HAXO-
AUTCSI B HEPABHOBECHOM COCTOSIHHH CO 3HAYEHHSIMH X, BHIXONSIIIMU
38 NPEACJIBl X CPeNHHX (QIYKTYaumuii (HO BCe JKe MajbIME), TO Ipo-
LHECC peJlakCallMH CHCTeMBl K DPaBHOBECHIO ONUCBHIBAETCS JHHEHHLIMU
«YPaBHEHHAMU [BUKEHHS» BHIa

X, = —;kabxb (19,7)

C MOCTOSHHBIMA Kos(pduunentamu A,,. Toraa MoxHo yTBepxpath,
UTO KOPPEJIATOPH BEIHYHH X, YAOBJIETBOPSAIOT TAKHM K€ yPABHEHUAM

i G5 O == Ty <x, ()7, O, 10 (19,9

(uHzeKCc ¢ B 9TOM CHCTeMe ypaBHEHHH cBOGOAHBIA). Pemup sty
ypaBHEeHUs mpH ¢ >0, Halizem 3aTeM 3HaueHHs QYHKUH npu t <0
COTVIaCHO CBOKCTBY CHMMETPHH

g () %5 (0)> = <2, (— 1) x, (0)>, (19,9)

ABJSIOMEMYCS CEACTBUEM ONpPENe/IeHHSI KOPPe/sTOpOB.

B nannom ciywae posb ypaBHeHMH ABUMKeHUs (19,7) urpaer
JIHHEeapu30BaHHOe YpaBHeHHe DoJsbuMana s Majioli H06aBKH of
K paBHoBecHOH dyHkmuu pacnpenesnenus f. Takum o6pasom, Koppe-
JATOp GVHKIMH PACNpefese s NOMKEH YAOBJIETBOPATh HHTETPO-
RuddepeHIHaIbHOMY YPaBHEHHIO

P -
’(a7+v1§;—11) <bf (¢, 1, T,)8f(0, 0, T,)>=0 mpu >0, (19,10)

The [, —unefiHblfi MHTerpasbHbIA oneparop, IeHCTBYIOUHA Ha
Iepemennsie I'; B caeayomell 3a HuM GyHKUHH coracHo onpege-
JIeHHI0:

Ig ry)= S w(ly, Ts Ty, T) [figi+T'g" —Fogi —fg]dT dTidI” (19,1 1

Tepemennpie e T, B ypasuenun (19,10)—cBoGoxuse. Hauaapupm
YenoBueMm paig YPaBHEHUs CAyXHT 3HaueHue (19,6) koppensiTopa
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npu ¢=0, a xoppensrtop npu ¢ < 0 onpefessieTcs 3aTeM PaBeHCTBOM
(19,4) (ycaosue xe (19,5) ynos/jersopsiercss B pe3yqbTaTe aBTOMa-
tuueck). Popmynsl (19,10—11), (19,4) u paoT Ty COBOKYIHOCTD
ypaBHeHU#, KOTOpble B NPHHIHIE MOCTATOYHBL JJISI TOJHOIO ompe-
JeJIEHHS KoppeJasTtopa.

O6BIYHO MPEICTaBJAseT HHTEPEC HEe caM KOppe/saTop, a ero gypoe-
o6pas MO KOOpPAHHATAM M BPeMEHM, KOTOPBIH Mbl 0G03HAYHM CHM-
BosoM (8f,8f,)ok, DA€ HHAEKCH 1 1 2 o6o3nauator aprymentsl Iy u Iy

OFSfdok = § dt $ <67 (f, 1, T,)87(0, 0, T,)>e=idr=ungog (19,12)

(cnexmpansras Qynkyus Gaysmyayutl, WIA CReKmpanbtblil Koppe-
agmop). Ecan Qayxryupyomyio QyHKIHIO pa3/oxUTh B HHTErpall
dypre TO BpEMEHH H KOOPJAUHATAM, TO CpefiHee 3HAUCHHE NPOH3-
Bejennfl ee Qypbe-KOMIOHEHT CBA34aHO CO CIEKTPA/IBHBIM KOppeJs-
TopoM popmyJIoH

S (T1) 8fwrkr (To)> = (2m)* 8 (@ + ") 8 (k+K') (§]:8f)ux (19,13)

(cp. V, § 122). (

Jlerko mamucath ypaBHEHHE, KOTODO€ [03BOJIAET B IIPHHIMIE
ONpefeHTh CIEKTpadbHyio (yHKUHIO (aykTyaluid Ges mpeaBapu-
TeJJbHOr0 BLIUHCJAEHMSI IIPOCTPAHCTBEHHO-BPEMEHHOTO KODPPEIATOpPa.

Pa36uB obJsacTh uuterpuposanus aio ¢ B (19,12) na nase uactu
(or — oo g0 0 u or O o oo) ¥ Hcmoawaya (19,4), nonyyum

(87,87,)ok = (8/:8f.)6k 4 (8]:8f1) -1 (19,14)
rpe

Of8F)50= § at (<87 (¢, v, T8 (0, 0, Tp)>e-f =0 dog. (19,15)
0

Cosepmium Haj ypasuenueM (19,10) oxnocToponHee npeoGpasoBaHue
dypbe (19,15). Ilpu 3TtoM wieHbl C NPOU3BOAHBIMH MO f M MO
HHTETPUPYEM [10 YacTsIM, YYHTHIBAfA, UTO KOPPEJSTODP JNOJIKEH CTpe-
MHTLCA K HYJI0 NPH F—> 00 W OPH [-— 00, a npu f=0 jpo/mxex
naBatbcs opmydoit (19,6). B pesysbrare moJayuynM HCKOMOE ypas-
HEHHE B BHJe

[i (kv,—0©) — 1] (6/,8f,)ok’ =F () 8 (T,—Ty).  (19,16)

Ecan uHTepecoBaThCA He (GIyKTyauusMu caMmod (YHKIMH pac-
npejeneHus, a JHUIb GIYKTyanHusIMI IJOTHOCTH rasa, 1ejecoofpasHo
NpoUHTerpupoBath ypasueune (19,16) mo dly:

[i (kv—w)—T] (5f () 8N) sk =F (). (19,17)
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Hckomas ke crnektpanbHas ¢ynkuust (8N?),x noayuaercs u3 pelie-
HHS 3TOr0 VPAaBHEeHHS OAHOKPATHBIM (A HE JBYKpaTHBIM, KaK B
(19,3)) uHTEerpUpOBaHUEM.

Hpyroit croco6 naxompuenns (N?),x OCHOBaH Ha cBA3H Koppe-
JATOPA IJIOTHOCTH ¢ OGOGLIEHHOH BOCIPHHMYHBOCTBIO MO OTHOLICHHIO
K cgaboMy BHeIIHeMY MOJ0 BUA

U(t, 1) = Uge! kr=on (19,18)

(em. IX, § 86)1). Ecan nop BJAHSIHHEM 3TOTO MO BOSHHKAET H3Me-
HeHHe NJIOTHOCTH

SNox=a (0, k) U, (19,19)

to (coraacro IX, (86,20)) B K/accHuecKoM npefese CHEKTPaThHLI
KOPPEJISATOP IJIOTHOCTH

(ON)ox =" Imo (0, k). (19,20)

[Tycto 8f (f, r) —nuaMeneHne GyHKIUM pacrpefeneHUus MOJ BIUSHUEM
310ro e 1nojd. OHO YAOBJAETBOPSET KHHETHUECKOMY YDPaBHEHHIO

968f 08f  OU of 5

o TV T v =10

®ypbe-komnonentsl Gyuxunn S8f (¢, r, I') 3anuwem B Buge
fc)k (F) = Yok (F) U ok,

BbIAEJIMB B HUX BHelIHee noJe. TOFﬂa A0 Yok HMEEM YpaBHeHHE
[ (kv —@) — 7] ok (T) = ik 2L (19,21)

ITo pewenuto 3T0ro ypaBHeHHS HCKOMBII CTNEKTPa/bHbIE KOPPEaITop
ompeneJisieTcsl OAHOKPATHEIM HHTErPHPOBAHHEM:

(SN Yok =2 Im { ax (1) a. (19,22)

3anaum

1. Onpenennts KOppeasiTop MIOTHOCTH B PaBHOBECHOM OJHOATOMHOM Trase
B TpeneGpeeHHH CTOJKHOBEHUSMH,
Pemenne [l1s ogwoarommoro rasa seanunmamu I' sBasorcsa TPH KOMIIO-

HeHTH munyasca p. Pewenue ypapmenns (19,10) upu [y =0
<O (£, v, P1) OF (9, 0, Po)> =7 (p1) & (r—vut) & (PL—pa)s
Ero ¢ypre-kommonenra:
(8F18f ) o =277 (P1) 8 (pr —p2) 6 (@ —kvy).

') Moguepkrewm, yto s1a coA3b CyLleCTBYeT TOJBKO B DPABHOBECHOM Clydae,
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Huterpuposanne STHX BhIpaKeHHH -(C MAKCBENIOBCKOR (yHKUMeR f) jaer aas
KoppeasTopa NJOTHOCTH:

g(_m \'/: 1 mr?
N [ 2rum \ /s mw?
(6N2)wk_7< T ) exp (— W) )
2. To Xe pnst HHTerpaja CTOJKHOBEHWH BHAA ]Alg—_——-g/t ¢ TOCTOSHHBIM

BpeMeHeM T.
Pemenue. Ypasuenue (19,16) coaurca k anare6panueckoMmy. Onpefenus
H3 HeTro (éf16f2)§;;(), HalifemM 3aTeMm no (19,14):

(OF8F )= Tt 8 (Py—po). @

OrmeTM, YTO HaJHUHE Jaxke MaJoro 4YHc/JAa CTOJKHOBEHHH MeHseT acHMITOTH-
HecKoe TOBejieHHe CTeKTPaJbHOrO KOppensTopa MJIOTHOCTH NPH GOJMBIIHX YacTo-
Tax, O3> kv, T. e. AAA QaykTyanuil ¢ ¢asoBol CKOPOCTBbIO, MHOrO GoJbliefl Ten-
JIOBO¥ CKOPOCTH MoJeKyJa. JleHCTBHTENBHO, B 3TOM MpejeJe

(ON?),, =2N w2, )

T. €. KOppeaarop yO6bIBaeT ¢ yBeJNHUYEHHeM YacTOTHI NO CTeNEeHHOMY 3aKOHY BMECTO
IKCTIOHEHIHAABHOrO B (2).

§ 20. ®aykryauuu ¢yHKUHE pacnpelie/ieHHst B HEPABHOBECHOM rase

HyCTh rasd HaxXOJHUTCsA B CTalHOHApHOM, HO HepaBHOBGCHOM Co-

CTOSIHMHM ¢ HeKoTOopoil (dynkuuell pacrnpegenenus | (r, I'), yxosser-
BOpAmOllell KHHETHYECKOMY YPaBHEHHIO

v—a—f—=Stf (20,1)

@OYHKIHA [ MOXET CHJBHO OTJHMYATbCS OT PaBHOBECHOH GYHKUHH
pacupefenenusi f,, TaKk YTO MHTerpaJ cToJKHoBeHu# St/ He mnpex-
nojaraeTcs JiMHeapH30BaHHBIM No pasHocTd f—f,. CrauuoHapHoe
HepaBHOBECHOE COCTOSIHME JNOJIKHO NOJAJEPXKHBAThCS B rase BHell-
HUMH BO3JEHCTBHSIMH: B Tasze MOKET HMETbCA MOJAEPKUBAEMBIN
BHEUIHNMH HCTOYHHKaMM I'PaJHeHT TeMNepaTyphl, ras MOXeT coBep-
waTh CTalHOHAPHOE JIBHKeHHe (He CBOASALIEeCS K ABUKEHHIO KakK
HeJIoro) U T. 1.

IToctaBuM 3ajauy o BhIUHCAEHHHM (QJIYKTyanu#l GYHKUMH pacrpe-
Zenenus f (¢, r, T') orHocutensno f(r, I'). dtu daykryauuu 6Gyayr
CHOBa XapakKTepH3oBaThcs KoppeastopoM (19,1), B koTopom ycpexn-
HEHue NPOH3BOAMTCS OOBIYHBIM O6Pa3OM MO BpPeMEHH NPH 3ajaHHOH
pasHocTH f=1{,—1%,, H KOppensiTop 3aBHCHUT TOJBKO OT {. BBugy
HeoJHopoAHOCTH pacnpefeaenua f(r, I'), oqHako, koppeasitop Gyner
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3aBHCETb TeNepb OT KOOPJAMHAT Iy H I, 110 OTAEJBHOCTH, a HE TOJbLKO
oT HX pasHoctH. CpofictBo (19,4) 3anumercs Temeps B Bujae

<8f, (1) 8f, (0)> =<8, (— ) 6, (0)>, (20,2)

f1 (t)Ef(t’ r, IY), fz (O)Ef(ov Ty, F2)~

Cootrowenne xe (19,5), cBg3anHoe ¢ oGpauieHHeM BpeMeHH, B He-
PaBHOBECHOM cCJyyae, BOOGLIE rOBOPS, OTCYTCTBYET.

Koppeastop ¢pyHKuuK pacrnpefeneHdsl No-npexHEMy YAOBJIETBO-
psieT ToMy Ke ypasHeruio (19,10):

(%Jrvla—(zl—fl) <87, (#) 8f, (0)> =0, (20,3)

rje

rae 1, — munefiupi HHTErpansbHplit oneparop (19,11), meficTByrommui
Ha nepemeHsbie I';'). Bompoc e 0 HayaJbHOM YCJIOBHM K 3TOMY
YPaBHEHHIO, T. €. O BHJE OJHOBPEMEHHOTO KOppeasiTopa, 3HauH-
TeJbHO GoJiee CJIOXKEH, 4eM B PABHOBECHOM cJjy4yae, e OH HaBaJics
npocto BhipaxceHueM (19,6). B nepaBHOBeCcHOM rase OJHOBpeMeHHBIH
KOPPeJIATOP CaM ONpeAe/IseTcsi H3 HEKOTOPOro KHHETHUECKOro ypaB-
HEHHUsI, BHJl KOTOPOTG MOXKHO YCTaHOBHTB, BOCIO/b30BABLIUCH CBA3ZLIO
KOpPeJISIHOHHOA (YHKUHM C ABYXYacTHYHOH (yHKIHEH pacmpene-
Jenust ¥, BBenienHo#t B § 16. B cTaunoHapHOM COCTOSHHH (DYHKILHS
f®(ry, Ty5 1y, Ty), kak u f(r, T'), He 3aBucAT sBHO OT BpemeHH.

Hnst BbiBOAA 3TOH CBSI3H 3aMeyaeM, 4TO BBMAY GECKOHEUHOH Ma-
Joctu ¢asoBoro ofbeMa dt=d*xdl’ B HeM MOMKET HaXOXUTBLCH Of-
HOBpeMeHHO He Gosiee opHoH wactuuel ?). [lostomy cpegnee umci0

fdt ecTb B TO e BpeMs BEpOSATHOCTb YaCTHLE HAXOAHTLCS B 3Jie-
MeHTe dT (BEpPOSITHOCTD XK€ HAXOXKIEHHS! B HEM Cpas3y JABYX WYacTHIL
€CTh BesMyHHA GoJiee BBICOKOTO MOpsaKa MajocTd). OTciona Ke cie-
AYeT, 4TO cpe/Hee 3HAueHHE MNPOH3BEJCHHS YMCEJ YACTHI B ABYX
dJeMeHTax dt, M dv, COBNAjaeT ¢ BEPOSITHOCTBIO OJHOBPEMEHHOTO
HAaXO0XK/EHUsI B KakIOM H3 HHUX N0 OJHOM wuacTuue. Has 3ajaHHOMN
apsl 4acTHI[ 3TO €CTb, MO ONpENEJNEHHIO ABYXYacTHYHOH (DYHKIHH
Pacnpesesnenns, npoussesenne fi3dv,dr,. Ho nockoasky napa wactuir

Moxer ObIThb BHIGPaHa H3 (OYeHb GOJBLIOrO) MOJHOrO YMC/IA YaCTHIL
N (N —1) &~ )% cniocobamu, To

<fodvy - fodty> = N2 @dr,dr,.

Honyyasomeecs Takum oGpasoM paBeHCTBO <f,f,> = N'?f2 oTHOCHTCSH,
OlHaKo, Jjumb K pasJHUHBIM TOYKaM (asoBOro mpoctpaHcTBa. Ilepe-
\

e ') Uenonwzosanse sroro YPaBHEHHS B HeDABHOBECHOM CJydYae BBEAEHO JJ aK-
M gM. Lax, 1966).
Caenyiownii' nuxe BHIBOJ — NepedpasnpoBKka paccykgennii us V, § 116.
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xon xe X npegeny r,, I'y—r,, T, Tpebyer yueTa TOro, 4YTO €C/H
dt, u dr, coBNajaoT, TO AaToM, HaXOAAUMHCA B dt,, Tem cambM
HaXoIHTCA It B dt,. COOTHOLIEHHe, YUHThBalOUlee 3TO OGCTOsTENb-
CTBO, HMEeT BHJ

<f1f2> = Wéfﬁ) +716 (rl—-r2) 6 (Fi'—rz)- (2014)

JTefiCTBHTEIBHO, YMHOXKHM 3TO DaBEHCTBO Ha dT,dT, H MPOHHTETpH-
pyeM IO HeKOTOpPOMYy MafoMy obbemy Av. TlepBpiii ujeH cnpaBa
KaeT NMpH STOM MaJylo BeJIHYHHY BTOPOrO mopsiaka (~ (AT)?); umen
xe ¢ O-pyHxmusME jgaeT fAT, T. €. BeJHYHHY NEPBOrO MOPsIKA.
Mgl noJsiyunn, CJEJA0BATEJNBHO,

(§7an)=Tax,

AT

Kak ¥ JO/BKHO 6BITb, MPHHHMAas BO BHHMAaHHe, 4TO C TOUHOCTBIO 1O
BeJIMUMH [I€PBOrO NOpsiAKa B MaJjon oObeme AT MOKET HaXOJMTbCHA
auws 0 wan 1 gacrtuna.

[NoxcraBus (20,4) B onpeje/erHe OJHOBPEMEHHOrO KOpPpeJaATopa

<8F, (0) 8F, (0)> = <[+ (0) f, (0> —Fsfe

MOJYYHM HCKOMYIO CBSI3b MEXJY HUM H ABYXYaCTHYHOH dbyHKIHeH
pacrpese/cHHS:

<8, (0)6f, (0)> = N*F@—TFifa + 18 (r,—r,) 8 (T, —T5). (20,5)

B paBHOBecHOM HJ€4JLHOM Tase ABYXYacTHUHas (YHKUHS pacrpe-
JeJientst CBOJHTCS K IIPOH3BEACHHIO Fo=TF,f,/N2 u torna (20,5)
ceoputea kK (19,6). B mobom cayuae f& cTpeMuTcst K yKasaHHOMY
NPON3BEJEHHIO MPH YBEMHYEHHH PAcCTOAHUS MeXAy TOYKaMu [ i 2,
TaK 4TO

<8f, (0)8f,(0)> —0 nmpu |r,—r,|— oco. (20,6)

JiByxuactnuHast QYHKUHS paclpejfesiesus YJAOBICTBOPAET KuHe-
THUECKOMY YpaBHEHMIO, aHajorHuHoMy ypaBHeHHIo Boabumana. 310
ypaBHEHHE MOXKHO 6biio 6bl BbIBecTH M3 ypasuenns (16,9) nms f®,
n010GHO TOMY, KaK ypaBHeHHEe JAjsl OAHOYaCTH4HOH (QYHKUHH ObLIO
BuiBefieno u3 (16,7)'). M, ogsako, gaauM 31eCb BBIBOX ypABHEHHA
A8 f®, aHaJoruMuHbIl OCHOBAaHHOMY Ha HANJIIAHBIX (QH3HUYECKHX
coofpakeHHsX BLIBOAY ypaBHenusi Bosbumana B § 3.

') B § 17 ypasnenne (16,9) ncnonbsosaftock JHMIIb A% cnenuguyeckon wLe-
JIH— IS HckaAiouenks f(2) M3 ypasHenus aas f.
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ByneMm paccmaTpuBaTh B KaueCTBE HEM3BECTHOH He caMyio dyHK-
puto f¥®, a pasHoCTb

(P(rlv Fl; LP Fz) :d\mﬂ?“fjw (20,7)

ofpamatmonyiocsi B HYJb NpH |r,—T,|— oo (Koppeastop (20,5)
Ge3 TocJefHero uieHa). Dta BeJHUMHA SBJASETCH MaJjoll B OGbIu-
HOM B Teopun GaykTyauuii cmbicie—mnopsaaxa 1/\ 110 cpaBHeHHIO
¢ fife

B oTcyTcTBHE CTOJIKHOBeHHH GYHKIMA ¢ YIOBJCTBOPSIET YpaB-
HEHHIO, BbIpaxkarwiiemy coboli npocto teopemy JIHyBHIIS — OCTOSIH-

CTBO f_“” BLOAb (PA30BOU TPAEKTOPUHU Taphbl 4acTuI :

i dy - op o _
—dt—-—m——vl—aﬁ'—l—vzm—o. (20,8)

Wsmenenue ke ¢ 3a CueT CTOJKHOBEHHH CBsS3aHO C IpolleccaMy
JABOSIKOrO pOJa.

CroakHoBenuss wactuil / u 2 co BceMH OCTaJbHBIMH YaCTHIIAMH,
HO HE APYT C APYroM, NPHBOAAT K TOSIBJICHHIO B IpPaBofl CTOpOHE
ypaBuenns (20,8) wunenos [,¢-4-1,p, rae /, n I,—auHeiinble uH-
TerpajbHele onepatopel (19,11), neficTByroniMe COOTBETCTBEHHO HA
nepemennsle I'y u I,

CTo/IKHOBEHHS Ke 4acTHI / B 2 Apyr ¢ APYroM HrpaiT ocobyio
pOJib; OHH IPHBOAAT K OJHOBPEMEHHOMY «IlepecKoKy» OO0eHX yac-
ta [ ¥ 2 U3 ofHO# mapel ToueK (a30BOIO NPOCTPAHCTBA B JPYIyIO.
B rounoctH Te ke coobpazkeHHs, YyTO H OpH BeBofe (3,7), AAOT

B npasoit ctopone (20,8) uien Buga 8 (r, —r,) St,, f, rae
Sty J={ w (D, Ty T (Fi—F.) Tl (20,9)

(B 3ToM uuTerpase (QAYKTyallsIMH MOMKHO NpeHeOpedb); MHOXKHTENb
8 (r,—r,) BbIpaxkaeT TOT (aKT, 4TO CTOJKHOBEHHS! HCHBITBIBAIOT 4ac-
THIBl, HaXOAsUMecs] B ONHOH TOUKe IpOCTpaHcTsal).

Takum 06pasom, OKOHYATEJNLHO NPHXOAMM K CJeAylolleMy ypaB-
HEHHIO:

9 o . - _
Vi v, B f—Te=0(r—r) St . (20,10)
1 2

Pemus 310 ypaBnenne, mbl Toayuum corjacHo (20,5) ¢yHRuH©O,
HFpaOUIYI0 pOJib HAYaJbHOI'O YCJIOBHA K Yypasrenuio (20,3) npu
t=02)

1) Ecan mpownterpupoBate uHTerpal (20,9) ewe u no dI'y, To moayuutces
OOLIYHEI pTerpan cToMKHOBeHui BosbuMaHa.

%) dror pesyanrtar npunaanexutr C. B. lanyesuwy, B. JI. Mypesuuy u P. Ka-
Muatocy (1969) u L. M. Koeany u A. A. Ulysomany (1969).
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Be3 mpaBoit yactu oaHoponuoe ypasHeHue (20,10) umeer peiuenue

O=fublutfubfor  Afo=gE A+ AT +FEAV, (20,11

OTBeYaIolee NMPOU3BOJBHLIM MaJblM H3MEHEHHSAM YHCJa 4acTHI(, TeM-
nepaTypbl H MAaKPOCKOINHYECKON CKODOCTH B DPaBHOBECHOM pacImpe-
IeJeHnH f,.

Dro «nmapasUTHOE» pelleHue, OJHAKO, HCKJ/IIOYAETCS] YCJIOBHEM
¢—0 npu |r;—r,]— oco. TlosToMy B paBHOBECHOM cJydae, KOrja
urTerpan St;, TOXIECTBEHHO ofpauiaercs B HYJb, U3 YPaBHEHHS
(20,10) crenyer ¢ =0 u Mbl BO3BpamlaeMcd K HAYaJbHOMY YCJIOBHIO
(19,6).

[lpaBas cropona ypaBHenus (20,10), T. e. napHb€ CTOJKHOBEHHS
MEXJY uacTHLUAMU B 3alaHHBIX coctosiusix I', m I',, aBasercs, Ta-
KHM 00pa3oM, HCTOUHHKOM ONHOBPEMEHHOH KOppessiiHH QAYyKTyauuH
B HepaBHOBecHOM rase. [IpuBOAsi K OJHOBpPEMEHHOMY H3MEHEHMHIO
yHceJ 3aNOJHEHHS] JBYX COCTOSIHHI, MapHble CTONKHOBEHUS MOPOXK-
Jal0T KOPPessiiuio MeXAY JTHMH uHc/AaMH. B paBHOBECHOM cOCTOS-
HHH, BBHJY TOYHOH KOMIEHCAllUM INpPSIMBIX H OOpAaTHBIX IAapHBIX
CTOJIKHOBEHHH, 3TOT MeXaHH3M Hes(D(PEeKTHBEH H OJIHOBPEMEHHbIE
KOppeJsslLuy OTCYTCTBYIOT. )

Ecau pacnpejeseHde f He 3aBHCHT OT KOOPAMHAT I (KakK 3TO
MOXKET GbITb NPH NOJJEpPKAHHH HEPABHOBECHOCTH BHEIIHHM I10JIEM),
TO MOMHO TIOCTABHUTh BONPOC O (JIYKTYaHHsiX (GYHKIUHH pacmpeese-
HMs, YCpeAHEHHOK 10 BceMy o6beMmy rasa, T. €. o QIYKTyanusx
(GbyHKIHH

i, I‘)=~7-/1—05f(t, r, T)d'x (20,12)

(kotopyio MBI OGO3HauHUM TOH Ke OYKBOH f, HO 6e3 apryMmeHTa r).
CooTBeTcTBYIOIAST KOppeIsAl{HOHHAs QYHKUHUSA YIOBJIETBOPSET YpaB-
HeHHIo, orauvaiouiemycss ot (20,3) OTCYTCTBHEM W/I€Ha ¢ INPOU3BOJ-
HOH IO KOoOpJAHHATaM:

a d o
(—07-{-F13—p—1——11> ¢S (t, T)8F(0, T,)>=0 mpu ¢>0; (20,13)

B J1eBOil cTOpoHe fAoGaBjeH u4JeH, CBS3aHHHH ¢ cujoll F, nefictBy-
IOIlell Ha YacTHikl BO BHeuwiHeMm noJie. OfHOBPeMEHHBI e Koppe-
JATOP

<8F (0, T,)8f (0, T,)>=
=7 (T, Ty)— f(rl>f(n>+“” 8 (I, —T,) =
=q (I, P2)+f$;)6(1‘1—~1“2) (20,14)
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YAOBJIETBOPSET yPaBHEHHIO
0 7] = 2
[Fig: +Fume— (1) | 0 (0 T =Sty 0 (T, T). (20,15)

Ecuu ra3 HaxofuTcsl B 3aMKHYTOM COCYJA€, TO 3TO YPaBHEHHE NOJAKHO
pellaThCst NMPH AONOJHHTEJNbHOM YCJIOBHH, BbipaxarolieM cofoil 3a-
HaHHOCTb (T. €. OTCYTCTBHe (JIYKTyalHH) NOJTHOTO YHC/IA YAaCTHIL
B rase:

{ <8 (0, T8 (0, T,)>dl, = <8 (0, T,)8f (0, T)>dT,=0. (20,16)

DTo ycJIOBHE JOIKHO BBHIIOJMHSITHCS M B PABHOBECHOM CJydae.
Mexny tem Beipaxenue f(I';) 6 (I',—T,)/9?, coorsercTByIomee Kop-
peasitopy (19,6), emy He ynoBnerBopsieT. IlpaBusibHOe Bbipaxkenue
MOXHO NOJYuYuTh 32 cueT npousBosa (20,11); noao6paB AOMKHBEIM
o6pasoMm napametp A, mosydum

<8F (0, T)8f (0, To)> =75 (1) 8 (0, —T) = F L) F (). (20,17)

OtMeTHM, YTO 3TOT KOPpesasiTOp CONEPXKHT TakkKe H He O8-(YHKIHOH-
HHIH uJeH.



FJTABA I
AUOPY3HOHHOE NPUBJIHXEHHE

§ 21. ¥YpasHenne Pokkepa — Inanka

3HAUUTENBHYIO KATErOpHi0 KHHETHUECKHX $IBJCHHI COCTaBJASIOT
MPOLIECCH, B KOTOPbIX CpEAHHE M3MEHEHUS BeJIHYHH (OT KOTOPBIX
3aBUCHT (YHKIHSA paclpefesjeHusi) B KaxK/JIOM 3JeMEHTADHOM aKTe
MaJbl 110 CPaBHEHHMIO ¢ MX XapaKkTepHBIMH 3HaueHHsMH. Bpemena
peslakcaly TaKHX MPOIECCOB BEJHKH [0 CPAaBHEHHIO ¢ BpeMeHaMH
3JIeMEHTaPHBIX AKTOB, COCTABJAIOWINX HX MHKPOCKOIMYeCKHH MeXa-
HH3M; B 3TOM CMbIC/Ie TaKHe ITPOIecChl MOXKHO HA3BATh MeJlJICHHbIMH.

Tunuu"ell npuMep TaKOro poja JaeT 3ajadya O peJAKCalHH TIo
HMTyJIBCaM HeGO/TbINONH TIPHMECH THAMKEJIOTO rasa B JErKOM (KOTOpHIH
caM no cefe IpeAnosiaraercs HaXOAAUIHMCH B paBHOBecHH). BBHAY
MaJofl KOHIEHTpAaIlHH TsXKeJBIX YaCTHI, HX CTOJKHOBEHMUSIMH JApYF
C JPYroM MOXKHO IIpeHeGpeub M pacCMaTpHBAaTh HX CTOJKHOBEHHS
JUIIb C YACTHIAMH OCHOBHOro (/1erkoro) raza. Ho npu croaxszose-
HUM TSXKEJ0H YacTHIBEl C JErKHMH ee HMIYJbC HCHBITHIBAET JIHILb
OTHOCHTE/JBHO MaJioe H3MEeHeHHe.

Dyaem nas1 onpefeseHHOCTH FOBOPUTH UMEHHO 00 3TOM INpHMeEpe
i BBIBEJEM KHHETHUYECKOE ypaBHEHHE, KOTOPOMY YAOBJIETBOPSET B Ta-
KOM cayuae (hyHKLIUST paclpefesneHus 4acTHI[ NpPHMECH 10 UMIYJb-
caM, f (¢, p).

OGo3nauum uepe3s w{p, q)d*q OTHECEHHYIO K €IMHHUIE BPEMEHH
BEPOSITHOCTh M3MEHEHUS] HMIYJbCA P—p—¢ TAKEJI0H YaCTHLL! I1PH
JEMEHTaPHOM aKTe-—ee CTOJKHOBeHHH ¢ Jerkofl wacruneft. Toraa
KHHETHUECKOe YpaBHeHHe Aas (YHKUUM f(f, p) s3amuuercss B Buie

TCD_(wpra, 9f (b pra—w®, Of ¢ phdg @LY)
rje cripaBa CTOUT Pa3sHOCTh MeXAY UHCJIOM YacCTHI, NOCTYNAIOLIHX
(8 1 ¢) B 3axaHHBIH 3JEMEHT HMIYJAbLCHOrO IPOCTpaHcTBa d*p M IIO-
KHAAIOHMX €ro sa To ke Bpems. COrjacHO CAeJaHHBIM Ipearnoso-
KeHusaM, GyHKUUS w(p, q) ObicTpo yObiBaer ¢ yBeJHueHHeM (, Tak
YTO OCHOBHYIO pOJIB B HHTErpaje HIpaloT 3HAUEHHS ¢, MaJble T
CPaBHEHHIO CO CPeAHHM HMOYJIbCOM YacCTHIL. ITO 0OCTOATE/IBCTBO
103BOJISIeT POM3BECTH B MOABIHTETpaJbHOM BbIPAXKEHHU pasJ/oKeHue

wp+4q, q)f ¢ p+a=wp, Of ¢ p)+ .
+age® O D)+ 3 g gy @ DF (B
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B pesyJpraTe xuHETUYECKOE YDAaBHEHHE NPHMET BHJ
7] a ~ lé]
a—/;='5;; {A“f+—6pﬁ (Bocfif)}’ (21,2)

rie

~

I
A=§ g0, 0, Bup=1 | g0 ®: Q. (21,3)

Takum ofpa3oM, KHHETHYeCcKOe YypaBHeHHe H3 HHTerpo-Ludpdepen-

IHAJIbHOTO CTAHOBHTCS auddepenuuanpubiM. Beanunnet A, U Byg
MOKHO 3alIHCcaTbhb B CHMBOJHYECKOM BHJE, 00j€e SICHO BbipaKalolleM

HX CMbICJ:
\
A‘ . Z Ga Z q9z9s
LY

208 °

, Bep= (21,4)
rje SHaKH ¥, 03HAYAKT CyMMHPOBaHHE MO (GoNBILIOMY) UYHCAY CTOJK-
HOBEHMH, NMPOHCXOJASIIHX 3a Bpems Of.

Bripaxenne B mnpasofi cropone (21,2) mmeeT BHJ ANBEPreHUHH
B MMIIYJBCHOM IPOCTPAHCTBE, ~—054/0pq, OT BEKTOpA

of

-~ J ry aBa
sm=—Aaf—a—pB(Baﬁf>:—Aaf—Baﬁgp—ﬁ, Ay=A, =2

apﬁ ’

(21,5)

Jpyrumu caosams, (21,2) nmeer, Kak # CJeJ0BaJ0, BHA yPaBHEHHS
HETNPEPBIBHOCTI B HMIYJLCHOM IPOCTPAHCTBE; TEM CaMblM aBTOMATH-
yecKH COG/IIOfAeTCs coXpaHeHie YicJa YacTull npH npouecce. Bektop
e s SBJseTcsl MJOTHOCTBIO MOTOKA YaCTHL B HKMIYJbCHOM IDPO-
CTpPaHCTBeE.

Corsnacno ¢opmyaam (21,4), Ko3apduinenTsl B KHHETHYECKOM
ypaBHEHHH BBIPAXAOTCs 4epe3 CPeiHHE XapaKTePHCTHKH CTOJKHO-
BeHMl, ¥ B 3TOM CMbICJI€ MX BbIHC/IEHHE TIpejcTaBiseT CoGoi Me-
XaHHYecKyio 3ajauy. DakTHIeCKH, OJHAKO, HET HEOGXOAMMOCTH B Pas-
AeALHOM BbIUMCJIeHHH Ko3dppuuuentoB A, U B,g, onu MOryT ObITH
BhIpajkeHbl APYT uepe3 Apyra M3 ycJoBUs O0palleHHs TOTOKA B HYyJb
B CTATHCTHYECKOM papBHOBecHH. B JlannoM caydae paBHOBecHast QYHK-
UUs paclpefeseHusa ecTh

f=const.e-p¥/2MT,

rie M—Macca uacTHIl TSKeJOro rasa, a 71 —TemrnepaTypa OCHOB-
Horo (Jerkoro) rasa. IloiacTaHOBKa 3TOTO BbIPaXKeHHSA B ypaBHEHHE
§=0 gaer

MT A, = Bopps- (21,6)

TaKHM o‘6pa30M, KHHETHYECKOE YpaBHEHUE NPUHUMAET BHA

o, p)_ 9 Pe e, OF
T—W[B“ﬁ</wr f+ apﬂﬂ' @L7)
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OrMeTuM, uTO KO3(pHUUKHEHTH B ABYX NEPBHIX UY/JE€HAX pasJOKe-
HHMSl HHTerpa/jia CTOJKHOBEHHH OKAa3BbIBAIOTCH OJHHAKOBOIO MNOPAAKA
BeJIMYHHLI; 3T0 CBf3aHO C TeM, 4TO YCpeJHEHHe IepPBHIX CTelleHel
3HAKONEPEeMEHHBIX BeJMUYHH ¢, B (21,4) cBsizaHo ¢ 6OJBIMM moOra-
IIEHHEM, YeM TIpU YyCpeAHEHHMH XBaJpaTHYHLIX BbipaxkeHHH. [lajb-
HeHlIHe e YIeHbl pas3J/oxkeHHs GYIYT yKe BCe MaJibl [10 CPABHEHHIO
C ABYMS TepPBBIMH.

EnuncrBenHBli BEKTOp, OT KOTOPOrO MOIYT 3aBHCEThb K03ddH-
IMeHTH Byg, —HMIyabsc Taxenawx uvacthi p. Ho ecou ckopocty stux
yactui, p/M, B cpeiHeM MaJjbl O CPABHEHHIO CO CKOPOCTSIMH Jer-
KHX 4acTHI, TO IIPH CTOJIKHOBEHHSX HMX MOXKHO CUHTaTh HEIOABHXK-
HBIMH; B 5TOM NPHOJIHKEHUH BeJHYHHHE B,g He OyIyT 3aBUCETH OT P.
Jpyrumu caoBaMu, TeH30p Bgg CBeleTCs K NOCTOSHHOMY CKaJjsapy B:

By = BSyg, B—_—%Sq% (0, q) d%, ©@1,8)
a ypasHeHMe (21,7) mpumer Buf
of _pod /P of
W_.B(-3[-,(/‘4—Tf+a—p). (21,9)

O6patum BHUMaHue Ha (opMajbHOe CXOICTBO ypaBHeHus (21,7)
¢ ypaBHeHHeM Autdy3uH BO BHeIHeM IoJe, B OCOGEHHOCTH HarJIaf-
Hoe B 3anucu (21,9). HanomuumM, uto ypaBHeHHe AUPDY3NH UMeeT BHI

dc .
5= div (Dvc—0bcF),

rjae c¢—KoHuueHTpanusa npumecu, F—cuja, geficTByomas Ha dac-
THIYy DPUMECH CO CTODOHBI BHeIllHero noad, D —xosdduauent aud-
dysuu, b—nopsmxkHocTh. OmnuchiBaembie ypabBHeHuem (21,9) mpo-
nHecchl MOXKHO HasBaTbh Judysued B HMMIYJBCHOM HPOCTPAHCTBE,
npuueM B wurpaer poab Kos@dunueHTta AHGOY3HH; CBA3b MEXKAY
KoapuLueHTaMi IIpH OOOHX uJieHaX B mpaBok cropone (21,9) ana-
JIOFMYHA H3BECTHOMY COOTHOLIeHHMIO DHHINTeHHA MeXAY Ko3pduIHeH-
toM auddysun u noapuxkuoctbio: D =0T (eM. VI, § 59).

Kunernueckoe ypasHenue Buja (21,2), B KoTopoMm K0s(hdHIUEHTHE
ompejieieHb! yepe3 ycpelHeHHBlE XapaKTePHCTHKH 2JeMeHTapHBIX
akToB corJgacHo (21,4), HaswiBawoT ypasuenuem Doxkepa—Ilranka
(A. D. Fokker, 1914; M. Planck, 1917). Cnenudugeckue cBoiicTea
nlepeMeHHbIX p, KaK HMNYJbCOB YacTHIL B M3JOXKEHHOM BHIBOJE He
Hrpasu posu. SICHO NMo3TOMYy, 4TO ypaBHEHMEe TaKOTo XKe THIa OYAeT
CHpaBejIUBO U 175 GYHKUHH pacnpefiefleHHs [ IO ZPYyruM mepe-
MEHHEIM, €CJIH TOJbKO BLINOJHEHBl YCJOBHS, JIeXallie B OCHOBE
BHIBOJla: OTHOCHTe/JbHas MaJIoCTb M3MeHEeHMs BEJHUWH B 3JeMeHTap-
HBIX aKTax ¥ JUHeHHOCThb 1o f MHTerpalbHOTO onepaTtopa, Bhpa-
JKAWIEro U3MeHeHHe (QYHKOMM 6Jjarojaps 3THM akTaM.
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YromsiHeM, IJisl npumepa, elle ciayua#, KOrjaa Jerkuit ras co-
cTaBJ/seT HeGOJIBIIYIO MPHMECh K TsXKeJoMy rasy. Ilpn cronxknoBe-
HHSIX C TSKENBIMH Y4CTHHAMH HMIYJbC JIETKOH YacTHIUB CHJBHO
MEHSIeTCS 110 HanpaBJ/IeHHI0, HO JIHIIb HEe3HAYHTEJbHO HO abCcoJoT-
HO¥ BejHuMHe. Xo0Td A OYHKIHH pacnperefeHHs YacTHI, NpUMec-
HOTO rasa Ho BeKTOpYy HMOyJbca p ypaBHeHue (21,7) B atux ycno-
BUAX OyleT YyXKe HENPHMEHHMO, AHAJOTHYHOE YPABHEHHE MOXKHO
YCTaHOBUTB JAJISl PaclpefieleHust 110 OJHOHA JHIUb aGCOJIOTHOR BeJu-
yuHe p. Ecan OQyHKIUA pacnpejeseHHs MO-NPEXHEMY OTHeceHa
K 2JI€eMEHTY HMMNYJbCHOTO NpOCTpaHcTBa d®p (TaK YTO UMCJIO YaCTHIL
¢ BeJMUYMHOH p B HHTepBaje dp ecTb f(¢, p)-4mp*dp), T0 ypaBHe-
nie ®orkepa—Ilnanka Oyger uMmeTb MecTo A1d QYHKUHH 4mp?f,
OTHECEHHOH K 3JeMeHTy dp

) 0 1
A~ {ira+ B im),

HJIH
0 1 9 , B 9
F = P [A+ o 77}, (21,10)
rjae
1 2 6p)?
B=o=2" @1,11)

Bripaxkenne B QUrypHBIX CKOOKax IpelcTaB/sieT COGOH paayaJbHbId
HOTOK S B HMIOYJAbCHOM IHpocTpaHcTBe. OH JO/MKEH o6pamiaThbes
B HYJIb PaBHOBECHHIM pacnpeesieHueM

f=const.e-p*/2mT

(rme m—wmacca Jerkoft wactuuel, a T —TeMmeparypa OCHOBHOTO,
TAXKEJOro rasa). J10 yc/JOBHe cBsisblBaeT BequuuHet A U B, U B pe-
3yJbTarTe KHHeTHYeckoe ypasHeHMe (21,10) mpunuMaer Bup

of 1 dps . p of
F=—aZ, s=—B(Hr+L). e

3agaumn

1. Onpegenuts KosdduimenT Audpy3UH B HMIOYJABCHOM NPOCTPAHCTBe
(B B ypasnennu (21,9)) AN NPHMECH TAKeJOTO rasa B JerkoM, npejnosnaras
CKOPOCTH TSAKEJBIX HACTHIL MaJbIMH 10 CD2BHEHHIO CO CKOPOCTAMH JETKHX.

Pemenune Kak ykasaHo B TekcTe, B JAHHBLIX YCJOBHSX NPH BHIUHCAEHHH
Tlepenaun UMIYbCa MOXKHO CUHTATH THXKEJIYIO YaCTHILY HENOJBHXKHON M NpeHeGpeun
M3MeHEHHeM €€ SHePrHH IIPH CTOJKHOBEHHH. MaMeHeHHe MMIyJibca TSXKeJOH ua-
CTHLLL BhIYHCIAETCH TOTAA Kax (COBNAJAloliee ¢ HUM) H3MeHEeHHe HMIYJbCa Jerkol
dacruuer: (Ap)2=2p'® (1-—cos @), rie p’—BeNMUHHA HMUYJbCA JIErKOH 9acTHLEI,
28 a—yros ero noBopoTa npH paccesund. Orciofa

2 (ap)r=5t { 29" (1 —cos o) Nv’ do



120 OHOOY3IHOHHOE MNPHUBJMUXEHHE [rJ 11

(rne N —OJOTHOCTB YKC/Aa YAacTHIL JETKOTO Fasa) H OKOHYAaTeNbHO
N |, .3
—_ — 0.
3 PO

rae Gt=S (1—cos o) do—TpaBCMOPTHOR CeYerHe, & yCpelHEeHHe NPOM3BOAHTCA MO

pacipejeIeHHI0 YaCTHIL JIeTKOTO rasa.

2. C nomouisio ypaBuenusi Qokkepa—Il1anka onpeneuTp IMOJABHKHOCTE TH-
KeJloli YacTHLb! B JEeTKOM rase.

Pewme nue. IIpi Hamuuuy BHEIIHEro Ions B JeBOll cropoHe ypasHenus (21,9)
no6asasiercst unen F 0f/0p, rae F—cuna, geiictsyiomasn Ha wactnuy. Ilpeanonaras
3Ty CcHAY MaJoil, HilleM CTalMOHapHOe peIleHHe YpaBHeHWd B BUIE f=Fo+6F,
rae fo— MaKcBeanoBckoe pacnpejenenue, a 8f <€ fo. Hdas 8/ HaxoauM ypaBHeHHe

d (38, P <\ _ g0
B3 (T ) =F 5
Orcioza
s, p -
B (W+W 5f> =Ffo
i sareM 8f = fFp/B. INoxBuxuocts b ecth K03)QULHEHT B PaBEHCTRE
V:S 8 -v dip = bF.

Bolunc/JeHHe HHTerpaja JAaer
T 3mT

B N<owp'

B corsacuu ¢ (12,4).

§ 22. CraGo MOHM30BAHHBIA ra3 B 3JEKTPHUECKOM ToJe

PaccMOTpHM HOHH3OBAHHBIA ra3, HAXOAAUMHACS B OLHOPOIHOM
saextpuyeckom noje E. Ilose napyuiaer paBHOBECHOE pacnpeiese-
Hue CBOGOIHHIX 3JEKTPOHOB B rase M CO3[aeT B HEM 3JIEKTPHYECKHUH
ToK. BriBeleM KHHETHYeCKoe YpaBHEHHE, OIpejesisiioniee 3JeKTPOH-
Hoe pacnpejenenue’).

CnabocTh HOHHM3ALHH O3HA4YaeT, YTO KOHILEHTpPalus 3J/I€KTPOHOB
(1 MOHOB) B Taze Maja. [fosToMy OCHOBHYIO POJIb HIpaloT CTOJIKHO-
BeHMA 3/EKTPOHOB JHIIb C HeHTPaJIbHBIMH MOJEKYJ/aMH; CTOJIKHO-
BEHHSMH 2Ke 3JEKTPOHOB JPYr C APYroM (M ¢ HMOHAMH) MOXKHO mpe-
neGpeub. ByzeM npeanosaratb Takke, YTO CPeiHssl SHePrus, Mpu-
obpeTaeMasl JEKTPOHAMH B 3JEKTPHUECKOM IOJie (Xaxe ec/n moje
CUJBHOE; CM. HHXKE), HEJOCTATOYHA I/ BO30OYXKIECHUS UM HOHU3ALHH
MOJIEKYJI; TOrJa CTOJKHOBEHHs 3JEKTPOHOB C MOJIEKYJaMH MOXKHO
CUUTATD YIPYFHUMH.

BBy GO/MbIIOH pasHHLbBl B Maccax 3/JEKTPOHOB m v Mosiekya M,
CpeiHsii CKOPOCTb 3JIEKTPOHOB BeJHKA IO CPABHEHHIO CO CpefHel

1) ManoxenHas B 3ToM naparpade Teopus npuuamaexur 5. H. Jaswdosy
(1936). Tlpenenvuas ¢opmyaa (22,18) Cbia eue paublue moayuexa Jlpyideecmed-
nom (M. J. Druyvesteyn, 1930).
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CKOpOCTbi0 Monekya. Ilo Toi e NpHYMHE HMIYJbC 3JEKTPOHA NpH
CTOJKHOBEHHH MEHsieTCsl CHJBHO 110 Hampab/eHHI0, HO JHIlb ¢Jabo
00 a6CcoMMOTHON BesuuiHe. B 3THX YCJAOBHSIX HHTErpajg CTOJKHOBE-
HHIf B KHHeTHUeCKOM ypaBHEHHH pa3fMBaercs B CyMMY ABYX yacteil,
NPEJCTABJSIONUX H3MEHEHHS UHMC/Ia YacTHI B 3aJaHHOM 3JeMeHTe
HMIYJIbCHOrO TPOCTPAHCTBA COOTBETCTBEHHO OT U3MEHEHUs Be/HUYHHBI
¥ OT H3MEHEHUS HaNpaB/eHHs MMOYJbca; NEPBas H3 3THX YacTed
MOXKET OBITH TpeAcTaB/ieHa B (QOKKep-NJIaHKOBCKOM AHpdepeHiHab-
HOM BUJE.

Beugy CHMMETPHH BOKDYT HampabjeHHs noJjs, GyHkuus pacnpe-
JeNeHHs 3aBHCHT (IIOMHMO BpEeMEeHH) TOJBKO OT IBYX MEePEMEHHBIX:
OT abCOJIOTHOH BeJMYHHBI MMIYJbca p H OT yraa 8 mexpy p=mv
u HanpasjenueM E (kotopoe BhIGepeM B KauecTBe ocH Z). Kuneru-
yeckoe ypaBHenue ans ¢yHkuuu f(f, p, 0) umeer Bug?)

ek L= — S P No ([ (1 p, 0)—[ (¢ p 8)]do,  (22,1)

rje

0 af 2 (Ap)?
S=—-—B<Tf—f-—a—ﬁ>, B=——2-57—.

[lepBoiit uses B npaboil cropoHe (22,1) oTBeyaer NMpaBoOH CTOPOHE
ypaeHenuss Poxkepa—Ilianka (21,12). Bropoil ke uied ecTb uH-
Terpas CTOJIKHOBEHH#l [0 OTHOIIEHHIO K H3MEHEHHIO HanpaBJleHHs
pmMnyabca. B 9TOM HHTerpasie MOJEKYJBl MOXHO CYHTATh HEMOABHXK-
HeIMH (N — IJIOTHOCTH MX 4YHMCJIa); TOTHA YHCJO CTOJKHOBEHUH, HCIIBL-
THIBAEMBIX 3JIEKTPOHOM B €JUHHIY BPEMEHH I MEHSIOWHUX HanpasJe-
Hue wumnyaeca or 0 u 6 (uam or 0’ u 0), ectp Nuvdo, rae do—
CeyeHHe paccesiHHS 3J€KTpoHa Ha HGHO,IIBI/I)KHOI/I MOJIEKYJIe, 3aBUCHA-
mee OT p M OT yrJia o MexAy p ¥ p’ (Ipeimosaraercs, 4To cedeHHe
yXKe YCPEAHEHO MO OPHEHTALHUAM MOJIEKY.JIbI).

Huxe Gyner paccMaTpuBaThCsl CTAallMOHAPHOE COCTOSIHME ¢ Hesa-
BUCsIIEH OT BpeMeHH (yHKUHEH pacnpejeseHNsi, COOTBETCTBEHHO
uyeMy ujed Of/0f B ypaBHenuu (22,1) Gynzer onyiieH.

Juisi BBIUMC/IEHHST BeJHYMHBL B BOCNOJb3YyeMCs PaBEHCTBOM

(—VP=('—V)?

BHIPAXKAIOUIMM HEH3MEHHOCTb BeJHYHHBI OTHOCHTE/ILHOH ~ CKOPOCTH
ABYX YaCTHMIl NPH ynpyroMm crosikHosenuu (v, V u v', V'—Haua/b-
Hble M KOHEYHble CKOPOCTH 3JIEKTPOHA H MOJIeKy.HbI) Vamenenue
CKOPOCTH MOJIEKYJHl MajJ0 MO CPaBHEHHIO ¢ H3MEHEHHeM CKOPOCTH
anexrpoHa: AV =-—mAv/M; nosroMy nocje PacKpLITUSA HalHCaH-

1) B aroit xHHTe e 0603HAYAET Be3jie NOJOXKHTENbHYIO BEIHYHHY — a6COJMIOTHOE
SHayeHHe 3JeMEHTAPHOrO 3apaja. 3apsaj SJEKTPOHA €cTh NOITOMY —e.
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HOrO PaBEHCTBA MOXHO HoJoXKHuTh B HeM V=V’. Toraa
2V (v—v')=1v2—0"" & 20 Av,
rae Av=v—v'—wmanas Bemnunna. Takum oGpasom,
(Ap)* = m? (Av)? = T2 [(V)2 ++ (VV')2—2 (V) (V¥)].

YcpeaHeHHe 3TOro BHIPAXKEHHUS OCYIECTBJsleTcs B [Ba sTana. [Ipexne
BCEro, ycpeliHsieM IIO pacmpejejeHuio (MaKCBEJIJTOBCKOMY) CKOpocTel
MoJiekys V. BBuay u30Tponuu sToro pacnpejenenust umeeM <V, Vg>=
= 8,5 <V?>/3, a cpenuuii kBaupar <V2*>=3T/M. Ilosromy nosygaem

(Ap)? = ”,f;; (2 4v"*—2vw) ~ 2> T(l —cosa). (22,2)

Tenepp Hajgo yCpPeaHHTH MO CTOJKHOBEHHUSIM, HUCIHITHIBAEMEIM 3JI€K-
TPOHOM B €IMHHILY BPEMEHY; 3TO OCYLLECTBJSETCS MHTerpHPOBaHHEM
no Nvds. B pesysasrarte noaydum

_ NmPvoyT _ pmT
B =— =57 (22,3)

rpge o;= S (1 —cosa)do—TpaHCnOpTHOE CceueHHe, a [ —jJauHA CBO-
GopHOoro npofera, onpejesqeHHas Kak ‘

[=1/No, (22,4)
(B ofbmem cayuyae [ —obyskuus p). Takum ob6paszoM, GUTYPHPYIOIHA
B (22,1) norok
. mp of
s=— P (uf +T5F) . (22,5)

O6patuM BHMMaHHe Ha To, UTO corjiacHo (22,2) H3MeHeHHUE 3HEPTHH
3JIEKTPOHA NPH CTOJKHOBeHHH Ae~ vAp~ T (m/M)'/z ~ e(m/M)'/x.
[TosTomy 3ameTHoe u3MeHeHHe 3TOH 3HEPrUU NPOUCXOAMT JHIIbL B
pesysbraTe ~ M/m CTOJKHOBEeHMH, MeXJy TeM KaK HanpaBJieHHe
HMIIYJIbCA 3JEKTPOHA CYLIECTBEHHO MEHsSeTCs y:Ke B OJHOM CTOJK-
HoBeHHMH. JIpyrHMH cJjoBaMH, BpeMst peJaKCallMH 110 3HePruaM
3JEKTPOHOB T ~ T,M/m, rae t,~ [/u—BpeMsl peJaKcaluu IO Ha-
NpaBJeHNIM HMIYJ/bCa.

JleByio cropoHy ypasHeHus (22,1) Toxe Hajo npeo6pas3oBaTthb
K IepeMeHHBIM p U 0:

af of of , sin?® of
eE — —eE I =eE |cos® +—p—a—m . (22,6)

Penrenye cocraBjeHHOro TakKMM 00pa3oM KHMHETHUECKOro ypaBHe-

HHS MOXKHO MCKaTb B BHJE pas/oxKeHHs N0 noJnHoMaM Jlexauzpa:

F (6, &)= 3 1. (9) P, (c0s6). @27)
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MBI YyBHIMM HHXKE, YTO MOCJENOBATENbHBEIE WIEHHl 3TOFO Pa3JOXKEHHSt
6eICTPO  YOBIBAIOT O NOpsAAKY BeaudnHbl. Ilostomy dakThyecku
AOCTATOYHO OTPAHMYHTBCS JABYMS HNEPBLIMH UJEHAMH Pas/oXeHHs:

f(pv 6):f0 (p)+f1 (p)COSG. (22’8)

Unrerpan B (22,1) npu noacranoeke (22,8) paer
{17 (0, ©)—F (p, 0)]do = — f0,c050

(cp. mpeoGpasoBanue Takoro ke uHTerpasna B (11,1)), mocie yero
KHHETHYECKOE ypaBHEHUE TNPHHUMAET BHJ

—ek [f{, cosG—f—f{cosﬁG—]—];—1sin2 6] —{—’%(so;ﬂ)' —}—%fl cos0=0,

re WTPHX o3HauaeT AHpdepeHNHpOBaHHE MO p; 37eCh ONYILIEH Y/eH
p~?(s;p?) cosO, 3aBesomo Mauiblii (B OTHOmeHnu ~ m/M) mo cpas-
HeHuI0 ¢ ujeHoM (vf,/l)cos® (s, u s;,—BeIpaxkenus (22,5) ¢ f, uan
f, BMecTo f). ¥YMHOXHB 3T0 ypaBHenne Ha P,=1 niu Ha P, =cos
¥ OPOMHTErpHPOBaB ero mo dcos0, mojyunM ABa ypaBHEHHSA:

L8y =0,  S=—qy (Pt mpTi)—% Fr  (22,9)

I
fi =%’fa- (22,10)

Beipaxkenue S npeiacTaBiser cofoil IJIOTHOCThL IOTOKA YAaCTHH
B HMIYJbCHOM HPOCTPAHCTBE, H3MEHEHHOTO 3JEKTPHYECKHM IIOJEM.
Mz (22,9) crenyer, yto S=const/p?>. Ho notok § nomxen 6biTh
KOHEYeH npu BceX 3Hayenusix p; nostoMy const=0. Iloxcrasus
tenepp f, u3 (22,10) B ypaBHenne S=0, HaliieM ypaBHEHHe, onpe-
Ieqstioiiee QYHKIHIO [, (p):
2 2
[ pT +EELE] fo+ 2 fo=0. (22,11)
Jo cux mop Mbl He JeslaM HHKaKHX IPeANnoJIoKeHHH o BHIe
byukuun [ (p), a uHTErpaJ ypaBHeHHMst nepsoro mnopsgka (22,11)
MoxeT OBbITh HalHMCaH C NPOH3BOJBHON ¢yHKUUeH [ (p). C uenbwo
nosiygeHusi 6ojiee KOHKPETHBIX Pe3yJbTaToB IpeAnoJoxuM [ = const,
YTO 5KBHBAJIEHTHO MPEJIONOXKEHHI0O O He3aBHCHMOCTH CEYEHHS O, OT
HmMnysabcatl). Torna uuTerpupoBaHue ypasenus (22,11) paer

Folp) =const: (- +- 5 )77 e-err, (22,12)

——

1
pax ) DT0 BO BCSKOM Caydae BHNOJHSETCS HpPH HOCTATOUHO HH3KHX TeMriepary-
B SJIEKTPOHOB, MOCKOJIbKY [/ MelIeHHBIX UACTHL CEYeHHe CTDEMHTC K Heaa-
fAllleMy or smeprum npejeny (cM. III, § 132).
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rue

LY VS (22,13)

Ilna ¢yukuun xe [, (p) u3 (22,10) u (22,12) umeem

‘m yelT o
fl’_ fo M E/T—[—YZ/G' (‘-’2’14)

BesuunHa y ABJIAETCA TEM MapaMeTpoM, KOTOPBIA XapaKkTepuayer
cTerneHb BO3JEHCTBHS OIS Ha paclpezesenue saekTpoHos. Ilpenens-
HBlfi cayuafl ciabbix mosell otBeuaeT HepapeHCTBY << 1. B mepsom
npUOMHKEHHH f, (p) CBOAMTCS TOrAa K HEBO3MYILIEHHOMY MakcBeJ-

JOBCKOMY pacrpefenennio (f, o e~¢7, e=3T/2), a
fi=—%f v<L. (22,15)

BosHHKaOIWMA B rase 3/eKTPHUECKUH TOK Of1peAe/IAeTCsl MOJBHXK-
HOCTBIO 3JIEKTPOHOB
v, 1 3 1 3 1
b= __eE eENE‘S‘vcos&fdp— S%EN, of, d*p  (22,16)
(N ,—njoTHoCTh uucaa 371eKTpoHoB) ). Ilpocroe BeiuncieHHE cf1 U3
(22,15) paer aJs MOABHXKHOCTH B CJabOM ITOJIE

a/‘l

o :W . (22,17)
Kak M cJAe10BajNo, 3TO BHIpaXKeHNHe YAOBJETBOPSAET COOTHOLIGHHIO
Aunmwreiina D =0T, rae D —xosbdunuent puddpysnu (11,10).
CMeicsT HepaBeHCcTBa y<€ 1 Kak KpUTepHA C€AAGOCTH IOJST MOXKHO
[OHSTH U3 CJEIYIOHIMX MPOCTHX coobpaxenuil. OueBHHO, YTO BJIHS-
HHe NoJs Ha pacrpeleneHHe 3/JeKTPOHOB 6yjaeT caabbM 0 TeX mop,
noka 3Heprusi, HaGHpaeMasl 3JEKTPOHOM 3a BpeMs €ro CBOGOZHOIO
npoGera, 6yneT Majza IO CPABHEHUIO C 3HEPrHeH, OTAaBaeMOH UM
aToMy NpH cToJKHoBeHHH. [lepBas u3 Hux ecTh eEl, a BrOpas—

s ~ V8P ~Vp~ Y =V Tm
(P u V—uMOyJbC H CKOPOCTb atoMa; u3MeHeHHe 8P mopsixa Be-

JMYMHLEL UMIYJIbca 37eKTpoHa). CpaBHEHHE OGOMX BhIpaXKEeHHH H IPHU-
BOAUT K Tpe6yeMOMYy KpPHTEpHIO.

1) OtmeTuM, uTO, BBHAY OPTOTOHAJBHOCTH Pa3JHUHEIX MOJHHOMOB Jlexauapa,
W3 BCceX uJeHoB pasgoxenus (22,7) BKJaj B HOPMHPOBOUHBIA MHTErpas Jaet

TOJIBKO UMieH fo, 8 BKJaj B U,— TOJbKO 4JeH [y ¢os 0.
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B ofpaTHoM caydae CHJIBHBIX mojedt (y>>1) Haxommm?)

3e2 3N,
folp)=Aexp <—\72T2) > A=gng (1g) (myT)"= (22.18)

=6V il (22,19)

Cpenssisi 3HEPTHS 3JIEKTPOHOB:

2 1 /T 1y (5 7
=2 Y/ 20 () eEl = 0.43¢EL VI (@

a X HNOABHXKHOCTH

o |

_ 4T (3/,) e
b_ 33/%‘/’(771/\/1)’/‘ (eE)l/z . (22’21)

Ocraetcst BBISICHHTL KPHTEPHH CXOANMOCTH pasnoxenus (22,7).
Jlist 9TOTO 3aMeuaeM, YTO ero MocJeJoBaTe/bHble UJIEHBI CBSI3aHHI,
0 MOPSIAKY BEJIUYUHBI, COOTHOILEHHEM

E
= fuei~ T (22,22)

(mocaie moactaHoBkH (22,7), ymHOMKeHHd Ha P, (cos®) u msurerpupo-
BaHus 110 d cos O B JIeBOl CTOpOHE KHHETHYECKOrO YPaBHEHHs OCTAETCS
wien ¢ f,_,, a B UHTerpaje CTOJKHOBeHui —.uub c f,). [pu y <1

CpeiHsis 3Heprus sjaekTpoHa & ~ T, U u3 (22,22) umeeMm
f. €El (m >1/2
~ = <L\ 57 < 1.
n~ T <\ar) <
B cayuae ke Gosblinx mojei, xorga y>>1, cpeauss sHeprus
e ~eEl (M/m)'/:, Tak 4TO CHOBA

fn//fn—1~ (m/M)l/2< 1.

Takum 06pasoM, CXOAUMOCTD Pas3J/ioKeHHs 00eCeuHBaeTCs MajoCTbIO
oTHoweHust m;M?).

§ 23. dayktyauuu B cJa0ec HOHM30BAHHOM HEpaBHOBECHOM rase

B stom maparpade Mbl paccMOTpPUM (GJAyKTyauud GYHKUHH pac-
npejeieHis 3JEKTPOHOB B CTAlHOHAPHOM HePaBHOBECHOM COCTOSTHUH
C1a60 HOHM30BAHHOTO rasa; ras [POCTPAHCTBEHHO-OJHOPONEH W Ha-
XOAuTCSl B ITOCTOSIHHOM OJHOPOJAHOM 3JjeKTpHyeckoM moje E.

1) Gopmyay (22,18) mpome noayuuTs, pelas 3aHOBO ypasHenue (22,11) (mo-
JoxHB B HeM T =0), dem nyreMm npefennpHOro mnepexoia B (22,12).

2) OrMeTHM, oZHAKO, 9TO TMONDPABKHA [y, fs, ... HeAb3s OblI0 OBl ONpelesisaTh
C HOMOMbIO ypaBHenus (22,1), Tak Kak B 3TOM YPABHEHHH HCIOJb30BAaHO (OKKEp-
NaHKOBCKOe nNpHGJMIKeHHe, B KOTOPOM BeJHYHHAMH BHICIIHX cTeneHeil mo m/M
YXe npeneGpekeHo, -
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Ml 6yneM MHTEpecoBaThCsi JHIUIb BPEMEHHOH, HO He NPOCTpaH-
CTBeHHOH Koppesasinueil ¢ayrryauuii. Torma uMeer CMBICJA BBECTH
BMECTO 3aBHCSILEH OT KOOPAMHAT TOYHOH (GAyKTyHpPYIOmeH) QyHKIHA
pacnipesesnienus f(f, r, p) YyCPelHEHHYI 0O BceMy o0beMy rasa
(yHKLHIO

Fit, =5 | [(f, 1, p)dox (23.1)

(koTopyio Mbl 6yAeM B 5TOM naparpadge o603Hayath ToOi ke 6YKBOIl f,
Ge3 apryMeHra r); 3ta QyHKUuHs QIYKTYHPYET TOJNBKO CO BPEMEHeM.
dyukuusa ke f(p), MO OTHOWIEHHIO K KOTOPOH (QJIYKTYHpYeT f, ecTb
HalijleHHoe B NpeipiAynieM naparpade pacnpepenenue (22,8).

Jlnst paccMaTpHBAEeMOH CHCTEMbI MPEACTABJIAKT OCOGHIA HHTEpec
He CTOJBKO (JIyKTyauud GYHKIUHH pacnpejelendss caMod 1o ceCe,
CKOJBLKO CBSI3aHHBIE C HHUMH (UIYKTYalUH IVIOTHOCTH 3JIEKTPHYECKOrO
ToKa j. KoppeasiTopel 3THX BeJHYMH CBSI3aHH JAPYT C APYroM oue-
BHAHOH (opmynoil

<8jo (£)8jg (0)>=¢? S <SF (¢, pYOF (0, p')>vavpd®pd®p’, (23,2)

npuuem, pasymeercs, Oj ecTb (aykTyalus MJIOTHOCTH TOKa, yCpeA-
HeHHas no oObemy rasal). '

Pemienne 3ajayu 71 HEPABHOBECHOTO ra3a OCHOBAHO Ha yKasaH-
Hom B § 20 obmem MeTofe 2). ,

CorJiacHo 3ToMy MeTony, koppeasTop <8f (¢, p) 6f (0, p’)> ynosae-
TBOpSieT (MO MepeMEHHBIM ! ¥ P) KHHeTHYeCKOMY ypaBHeHHw (22,1),
KOTOpPOe Hrpaer B JaHHOM cJy4ae posb ypasHenus (20,13) oGumero
MeToZa. BMecTe ¢ 3THM KOPPESITOPOM TakOMY XK€ YPaBHEHHIO OB~
JeTBOpsieT U (YHKHHUSA

g (t, p)="{ <8F (£, ) 8F (0, p')> V' d*p’, (23,3)

yepes KOTOPYIO B CBOIO Odepelb BhIPaXKaeTCsi MCKOMBI KOPPEIsTop
TOKa:

Bja () 815 (O)>=¢*{ gs (¢, P) va d*p. (23,4)

1) Tagoe YycpepHeHHe COOTBETCTBYeT MOCTAHOBKE OIEITA, B KOTOPOM H3Meps-
10Tc QIYKTYalKd TOJHOTO TOKA B rage: (AYKTyallus MOJHOTO TOKa pasHa Quyk-
TYalHH YCPEAHEHHOH IJOTHOCTH TOK2 B JAHHOM HalDaBJCHHH, YMHOMXKEHHOH Ha
ceyeHHe ofpasua.

%) Hccnenosanue 310i 3amaun [padcom (P. J. Price, 1959) siBHJOCH nepBHM
IPHMePOM BHIUMCJIEHHS (JIYKTYaluil B HepaBHOBecHOH cHcTeMe. Mur cieflyeM 3iech
naqaoxenuio B. JI. I'ypesuia u P. Kamuawca (1965).
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Takum 06pasoM, HMeeM ypaBHEHHE

og aN
H—e(Egp) =

=i |PB (Fe+2)|—No[let, p.O—g (1, p,8)]do (235)
¢ B us3 (22,3).

Kunetnueckoe ypaBaeHue (22,1) yuuThiBaeT CTONKHOBEHMS 3JeK-
TPOHOB TOJIBKO C MOJIEKYJIaMH, HO He Apyr ¢ apyrom. Ilostomy 3mech
HET MeXaHH3Ma, YCTAaHABJHMBAIOUIEI'O OJHOBPEMEHHYIO KOPpPEeJsiiHIo
MEXKJY 3JEKTPOHAMH C Ppa3IUYHBIMH HMIYJAbCAMH H «HAyajJbHOE»
ycaoBue ans QyHkuuu g (f, p) OYAET TaKHM XKe, KAK H B PABHOBEC-
HOM cocrosiHuH. [locKosbKy peub uiaeT o GAyKTyauud QyHKIUH
pacnpejenenns, ycpeaHeHHOH 1o BceMy o0beMy rasa, TO JOKHO
GbITb YYTEHO MOCTOSTHCTBO 4ucJa dacTuy (3/ektpoxos)?'). Corsacho
(20,17), mpu TakoM YC/JOBHH HMEEM

’ 1 i ’ 1 =z T in?
<81 (0, ) 8] (0, p')> =5 | T (#) 8 (0—P ) —7-T (9) T (0"
(N,—nJOTHOCTb 3/EKTPOHOB), OTKyAa AJf HavajbHOH (GYyHKUHH

g0, p) =557 (®) (v—V), (23,6)

rne V—cpe;msm CKOpPOCTb JIEKTPOHOB B COCTOSIHHH C pacrnpenesie-

nueM f (p). CkopocTs V HampaB/ieHa, pasymeercsi, BRodb noasi E;
HanuuieM ee B BUJE
=—ebE, (23,7)

rae b—nogBWXHOCTb. ITOCTOSIHCTBO MOJIHOrO YHCJA 3JEKTPOHOB 03-
HagaeT Takxe, 4TO S(‘Sfd?'p:O H TIOTOMY

gt pyap=o0. (23,8)

Cnenyst onucanHomy B § 19 meropy, coBepuiaeM Haj ypaBHeHHEM
(23,5) omHocTOopoHHee npeobpasoBanue Pypbe: YMHOKAEM €ro Ha elo!
H wuHTerpupyeM mo f{ B mpegejsax or O jgo oco. [lpu srom usen
€' 9g/0t mpeoGpasyercsi MO YacTsIM C y4eTOM HAYaJbHOTO YCJIOBHS

_ ') Hutepecysnce ToNbKO BaMAHHEM Ha GUIYKTyalMH HepaBHOBECHOCTH, CBA3aH-
HOH ¢ HasuyMeM 1oJIs, Mbl nepeHeGperaeM (VIYKTyallHsiMH TOJHOTO 4HMCJA 3Je€K-
TPOHOB, CBSI3aHHBIMH C IIPOLECCAMH MOHM3aUMH H pexoMOuHauuu. Crporo 3aTH

MIYKTyallid MOTYT OTCYTCTBOBATb B cJiydYae, KOTAa BCe 3JeKTPOHH 0O6Pa30BaHbI
UpuMecsiMu ¢ MaJIBiM [OTEHLHANOM HOHHM3ALKHM; IIOJHOE YHCJO 3JIEKTPOHOB COBIA-
A3eT torja mpocTo ¢ MONHBIM UHCJOM TIPHMECHBIX aTOMOB. IIpeHe6peraercst Takme

YKTyanusMHM KOHIEHTPALHH HeHTPaJbHbIX MOJAeKYJ. OTHOCHTeNpHAA QIYKTyaluus
ST0li KomyenTpauuu 3aBefOMO Majia 0 CPABHEHHIO C TaKOH e JJsA 3MEKTPOHOB,
JHOCKo/IBKY KOHUEHTPALUUS 3JMEKTPOHOB MHOTO MEHbIIE KOHLEHTPAlHH MOJEKY.I.
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(23,6) u ycaoBus g (oo, p)=0. B pesysabTate MOJy4HM YpaBHEHHe
. 0 1 0 Tp®/ v dgt+)
—iogi—e (B ) e — o [T (e + %) [+
’ | a
+No [ [g0 @ —g® @)]do=g57 () (v—V), (23.9)

rge

@

g (o, p) = e'g (¢, p) d°p. (23,10)

0

B cuny (23,8), aTo ypaBHeHue JOJIKHO peliaThesi [PH AOMOJNHUTEb-
HOM YCJOBHH

(g4 (0, parp=0. (23,11)

Ecau pemenue ypaBHeHus (23,9) HafijeHo, TO HCKOMOe CI€K-
TPaJsbHOE Pa3fokKeHHe KOppeasiTopa TOKOB MOMKHO HaHTH [IPOCTHIM
HHTErpHpoBaHueM. JlelicTBUTENbHO, NHIIEM

®
(aiplo= § dt § et 51 (¢, p) 8] (0, p')> varh d*p dop’

-

M, MOCTYNHB 3aTeM B TOYHOCTH aHAJOrHYHO BRIBOAY (19,14), nosyuum
(aislo=e*§ {g5 (@, P)vatgs” (—w, p)ughd®p.  (23,12)

Huke 6GymeM cuuTaTh JAJs KOHKPeTHOCTH, YTO JAJHHa mpobera
I =const. B paBHOBECHOM COCTOSIHHM, B OTCYTCTBUE 3JEKTPHUECKOIO
nosst, GyHKIHS [ eCcTh paBHOBECHOE MAKCBE/JIOBCKOE pacnpejeneHune
fo (p). Pewenue ypaBHenus (23,9) ectb Toraa

_ b fo(p !
g+ = (:;,J T~ (23,13)

B 4YeM JIerko yﬁe}.II/ITbCH, 3aMeTHB, 4TO
{ 0—p")do=ap. (23,14)

Ecmu ot,<L1 (rae T,~ l/u,—BpeMst PeNaKCalyy MO HalpaBJIeHAsM
UMIyJbca), T0 B (23,13) MOkHO mpene6peub 4ieHOM —iwl/v B 3Ha-
MeHatesie. Bblumcjenne wuHterpana (23,12) TNpUBOAMUT TOTA4 K pe-
3yJbTary

., . 2T :
(jai)o =5 Suts (23,15)

rge ¢ = ¢*N ,b,— NPOBOAUMOCTb Tas3a B ¢JaboM nose; b,— MOABHK-
HOCTb B c/1a6oM moJie, gapaeMas gopmydoit (22,17). Pesyabrar (23,15)
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COOTBETCTBYET, KOHeuHo, obuleil (opmysae HaiikBucra gnas paeBHO-
BeCHBIX QuiyKTyanuii Toka (cM. 1X, § 78). JeficTBHTEbHO, PACCMOTPHM
IHJIMHAPHYECKHHA BROJb ocH x o6beM rasa. [lockoJibKY MJIOTHOCTH
TOKa yXKe ycpelHeHa mo o6beMy, TO NOJHBIA TOK J ={,S, rae S—
nJolaie cegenuss nuiausapa. Ms (23,15) umeem Torpa

e=T55 =T =%, (23,16)

rae L =97/S—panuna obpasua, a R=L/0S—ero conporusieHue?),
[lpu E==0 ypaBueune (23,9) pemaerca mnoc/e0BaTe bHbIMHU
npuOIKEHHMHA, NMOAOGHO TOMY, KaK peuiajgoch ypasHenue (22,6).
Ho B 1o Bpems, kak ypaBHenne (22,6) onpemessyio cKajdspHYIO
¢QyHkuuo, ypabnenne (23,9) HanucaHO It BEKTOPHOH (DYHKIHH.
[lepBoie usensr passokenust Takoll (GyHKIUH (3aBHCAINEH OT ABYX
'BeKTOPOB —1noctosuioro E M nepemeHHOro p) HamuiieM B BHjE

g (o, p)=h (v, p)n--eig, (o, p)+neg, (o, p)}, (23,17)

npuueM g, <€g, (3mech n=p/p, e=E/E). Oyuxuus xe f(p) ects
[ (p) =T, (p) +nefy (p) (23,18)

C BBIUHCJEHHBIMH B npeabiaylieM naparpade f, u f,=eElf/v.
[TopcraBum (23,17—18) B ypasuenue (23,9) W OTAeNHM B HEM
YIEHBl, HEUETHBIE U yeTHbie 110 p. CHoBa noJsaras ot,<< 1, moayunw,
co0paB HeueTHLIE YJIEHBI:
v ) fov.
T{hn “f—gle (ne)}——e (er'> eE :%,
3lechb OMNYINEeHbl WYJEHbl, 3aBeIOMO Masble (B OoTHoieHuu m/M) mno
CpaBHEHHIO ¢ HanucaHseiMH. Otcrofa

Limden(@.p) - (93,19)
p op

HUTo KacaeTcs YeTHBIX [O P UJIEHOB, TO OHH JOJIKHHI YHOBJET-
BODATL ypaBHeHHIO (23,9) JuIub focsie ycpeaHeHHs 10 HallpaBJIeHH M
P—B COOTBETCTBHY C TeM, 4YTO BhIpaxkeHHe (23,17) jgaer Juumib mep-
Bbl€ uJIEHBl pas/oXKeHUss HckoMol (yHkuuu. Ilocie Hecsox)HOTO
BLIYHC/IEHHsT (C HCNOMb3OBAaHHEM Bhipaxenuil (23,19)) noayuaercs
Glepylomee ypaBHeHHE AJsA QYHKUHMH g, (w, p):

2eEl 0
kmmﬁﬁmy<mm

h(p)=%fo (), & (o, p)=

. 1 0 1
— l0g, +'p_20—p (p*S) = 7
rae

— 1 2 Ggo ezElenago
S= m(l’ go+mPT'5’,;'>————“—3p Yk

1) Ilpu cpaBuennu ¢ IX (78,1), Hago yuecTh, utO fw)<T H UTO B CHIY
YenoBus @1, <€ 1 AHCHEpCHS NPOBOAMMOCTH OTCYTCTBYeT, Tk uTO Z=R.
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.

STO ypaBHeHHe Haxo pemaTb HpII JONOJHUTCJbLHOM YCJIOBHH
{ g (@, pap =0, (23.21)

K KoTopoMmy cBoautcs (23,11) mpu mojactaHoBKe B Hero (23,17).

Iio napecTHell ¢pynknuu ¢’ HCKOMEH KOppesasTop TOKa orpe-
neqsieress doparyacit (23,12). Ilpu moacraHOBKe B Hee pasfiokKeHHs
{23,17y u npoctoro npeoGpascBaHusi ¢ licnojb3oBaHueM (23,19) mno-
Jayqaercs

(jo.jﬁ)(o =
21e3

= Bes 35 | fodip—ELEy 5 [ [2, (0, p)+8 (— o, p)] 22 (23,22)

Ynen-—img, B ypaBHeHun (23,20) CTAHOBHUTCS CYLIECTBEHHBIM
npir o~ mu/Mi, 1. e. npu 0t,~ 1, TAC T,—BpeMs pesaxcaluy 1o
SHePrHaM 2JeKTPoHOB. C TaKHX YacTOT HauumHaeTcs, CJeJOBATENLHO,
JHCTIepCeHa (UIVKTYaluil TOKA.

B ofmenm cayuae ypasuenue (23,20) oueHb cioxuo. OrpanuynMes,
A0 WIOCTPalyy, cjayyaeM MaJjblX YacToT, ®Tg<<l, W CHJBHBIX
noJsel, yAOBJAETBOPAIOWUX YCAOBUKO Y>> 1, rae y—rnapawmerp (22,13).
B cray nocregsero ycnaoeusi, GyHKuug f, (p) maercss BoipameHueM
(22,18). BrlumcJjeHHe HHTErpajia B IepBOM uJjehe B (23,22) maer

2’ Nl (@)*/2 (M)‘h
B34 97 \m m) "
Bo BropoMm uzene B (23,22) orpaHuyuMcs OyKBeHHO# ouenko#. M3
ypaenenns (23,20) (6e3 useHa —iog,) HaXOAUM OLEHKY

eElPM
gO ngz fo
Huterpas oueHuBaeTcsl 3aTeM Kak

3| 80 y3
elEpp.

B pesyabTare HaxOIHM JJid KOppeJasTopa TOKa BhIpaxKeHue
.. N,e?l [eEINYs [ M EoF
Guio=—55 (5 )" (47) " [060—B 52t (23,29)

rae ﬁN 1 —uncnenHast nocTosiHHASA.

§ 24. PexomOGuBauus ¥ HOHK3ALHA

YcTaHOBJIEHI€ PaBHOBECHOH CTENEeHH MOHM3aIlUH B YACTHYHO HO-
HH30BAHHOM Tas3e OCYLIECTBJACTCS MYyTEM PA3/IHYHBIX 3JEMEHTAPHBIX
axTOB CTOJIKHOBHTEJbHOH HCHU3aUMH H OOpaTHOH peKoMGHHALHH
CTaJIKMBAIOIIMXCS 3apsiKeHHEIX yacThd. B npocTefimem caywae, Korga
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B rase HMeercst (IOMHMO 3JIeKTPOHOB) JIHIIb OXHH COPT HOHOB, MPO-
11€CC YCTAHOBJIEHHS HOHH3ALHOHHOIO PAaBHOBECHS OMHCHIBAETCS YPaB-
HEHHEM BHJA

7
e —p—aN,N,. (24,1)
3nech B—uncao 3JeKTPoHOB, obpasymouxes B 1 ¢ B 1 cm® (npu
CTOJIKHOBEHHSIX HeHTpaabHBIX aTOMOB UJH ITYTEM HOHH3aLHH aTOMOB
(oTOHAMH); 3TO YHC/IO HE 3aBHCHT OT HAJMUYHLIX IJIOTHOCTEH aJsex-
TpoHoB N, u HoHOB N,;. Bropofi e ujieH jpaeT yObLIb uHC/Ia 3JeK-
TPOHOB 6/1arojaps MX PeKOMOHHALHH C HOHAMH; BEJHYHHY ¢ Ha3bl-
BAIOT KO3Quyuenmom peKosmbuHayuu.

Ilpouecc pexomGiHannu COGBHIYHO EBeCbMa MeLJeH 10 CPAaBHEHHIO
C OCTQJbHLIMH NPONECCAMU YCTAHOBJCHUST PaBHOBECHS B IJasMe.
Heno B ToMm, 4YTo 06pasoBaHHe HEHTPAJIbHOTO aToOMa NIPH CTOJKHO-
BEHHH HOHA C 3JIEKTPOHOM TpeOyeT yHoca ocpoboxjaawlieiicss sHep-
THH (HEPTHH CBA3H 3J1EKTPOHA B aTOMe). DTa HEePrusi MOXKET H3J]y-
YUTBCS B BHAE (oToHa (paguanuoHHas peKOMGHHALUs); B TAKOM
ciydae MENJIEHHOCThL Mpouecca CBA3aHa ¢ MaJoCTblo KBAHTOBOAJEK-
TPOAHHAMUYECKON BEPOSITHOCTH U3JyyeHHs . OcBOGOXKIAIOIASICST SHEP-
THsI MOXKET OBITh TakzxKe IepejlaHa TpeTbell yacTulie — HeHTpasbHO-
MY aToMy; B 5TOM CJy4ade MEAJEHHOCTh NMpollecca CBsizaHa ¢ MaJof
BEPOSITHOCTBIO TPOHHBIX CTOJKHOBeHHH. Bcee 3910 npusoaur K
TOMY, 4YTO DEKOMOHHAINI0 YacTO HMeeT CMbIC/] H3y4aTh B YCJAO-
BUSIX, KOTJA pacrnpejesieHHe BCeX YacTUlL MOKHO CYHTATH MAKCBeEJ-
JIOBCKUM.

B pasHopecun npoussoxnas dN,/dt ofpamaercsa B Hyan. Orciona
Cleayer, 4TO BeJMuHHBl o H [ B (24,1) cBA3amEl IPYr C APYTrOM
COOTHOLUEHHEM

ﬁ:aNoeNoi’ (2472)

rie Ny, u N;;—paBHOBeCHBIE MJIOTHOCTH 3JEKTPOHOB M HOHOB, OIl-
penessioecs: COOTBETCTBYIOLIMMH TePMOAHHAMIYeCKUMH QopMyaaMu
(em. 'V, § 104) ).

Kos¢dunnent panuanuoHHoll peKOMOHHANMH BBEIYHCJASETCS HEno-
CPENCTBEHHO I10 CEUEHHMIO PEKOMOHHAIMH O, NPH CTOJIKHOBEHHH 3JeK-
TPOHA C HEMOABHMKHBIM HOHOM (CKOPOCTBIO HOHA MOMKHO HpeHefpedb
N0 CpPaBHEHHIO CO CKCPOCTBIO 3JEKTPOHA):

0= <U,Oper > (24,3)

TA€ ycpenuenne NPOM3BOAUTCS MO MAKCEENJIOBCKOMY paclpefeseHHIo
CKOpocre#i ssekTpoHa v, (cM. 3amauy 1).

Panuanuonnas pexoM6uHaus CymecTBeHHa, OLHAKO, JHUIIb B JO-
CTaTOuHO paspexeHHOM rase, KOrAA TPOHHBIMH CTOJKHOBEHHSIMH 4a-
\—

1 .
. ) B cayuae pajmanmoHHOl peKOMGMHALHYM PaBHOBECHOCTL COCTOSHHA npeamno-
4T4eT TakXKe U PABHOBECHOCTh H3MYYCHHH B IIA3Me.
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CTHI[ MOXHO BOBCe TpeHebpeub. B meHee pasperKeHHOM rase OCHOB-
HbBIM MEXaHH3MOM SBJISIETCS PEKOMOGHHAIMA C y4yacTHeM TpeTbed
YaCTHLB — HEATPaJbHOro atoMa. MIMeHHO 9TOT Me€XaHu3M Mbl H pac-
CMOTPHM Teneppb nojpolHee.

Tlpy CTONKHOBEHHI ¢ aTOMAMH 3HEPrHA 3JEKTPOHA H3MEHseTcs
MaJbIMH TopuusMu. IlosTomy rnpouecc peKOMOHHAIMH HauMHAeTCs
¢ o6pa3oBaHus CHJIbHO BO3GYXKAEHHOTO aToMa, a NMpPH AaJbHEHIIHX
CTOJIKHOBEHHSIX 3TOTO aTOMa NPOHCXOANT MOCTENEHHOE «ONyCKaHHUE?
3A€KTPOHA Ha Bce GoJiee HH3Kue yposHH. Takolt xapaxTep mpouecca
HO3BOJISIET PACCMATPHBATL ero Kak «IH(PY3HIO IO 2HePTHH» 3aXBa-
YeHHOrO 3JEKTPOHA H COOTBETCTBEHHO NPUMEHNUTH K HEMY YpaBHEHHe
®oxkkepa—ITnanka (JI. I1. [Tumaesckuti, 1962).

BeegeM ¢YHKIHIO pachpeneseHHs 3aXBaueHHBIX 2JIEKTPOHOB MO
HX (oTpunaTeNbHbiM) 3HepruaMm &. OCHOBHylO poJb GYHeT, ecTect-
BEHHO, Mrpath «anddysusi» no obaactn suepruil |e|~ T. Hanom-
HUM B 3TOH CBfI3H, UTO TEMIEPATYyPYy Hal0 BO BCAKOM caydae cuu-
TaTh 3A€Ch MaJOU [O CPaBHEHHIO € HOHA3ALHCHHBIM IOTEHIIHAJ0M
aroMoB [; ipu T ~ [ raz 6pi1 6bl yKe NPAKTHUECKH IOJHOCTBIO
HoHu30BaH#bIM (cp. V, § 104).

YpaBHeHue Poxrrxepa—Ilianka:

of as . af
T =P, s=—BL—Af. (24,4)

Kak o6biuHO, Ko3(pduinent A MOXKHO BHPa3uTh yepes B U3 yciaoBus
s=0 npu f=f,, rne f,—pasuosecHoe pacupeneacuue. Ilocse storo
IIOTOK S MPHMET BHJ,

0

s——Bf, 2 1. (24,5)

oe fo /
«Koadduuuent audpdysum B (e) onpenenserca no o6WeMy NpPaBUIy
KakK

Y A A2
B (e) = 2, (24,6)

rae Ae-—y3MeHeHWe SHePruM BO3GYMKAENHs aToMa TPH ero CTOJKHO-
BEHIH C HeBO3GVIKAEHHBLIM aTOMOM; Buluucaenie S (e) no atol ¢op-
MyJle CBOAHUTCS K pCIIEHHIO MeXaHHUYecKoH 3aiaud O CTOJKHOBEHHH
H [OC/eAYIOIEMY YCPEJHEHHIO 10 CKOPOCTH HeBO3OYAKACHHOTO aToMa
(cMm. 3agauy 2).

[asa HaxoxjeHus QyHruund [, (e) 3amedaeM, 4YTo DPABHOBECHOE
pacnpenesieHue MO MMIyJgbcaM H KOODAHHATaM [Js 3JEKTpola B Ky-
JIOHOBCKOM TIOJIe 3apsjia ze (3apsj uoHa) gaercs GopmyJaoi BoJsumana

ze?

fo (P, 1)=2mmT)~*se=¢T, &: A (24,7)

T 2m r
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(0 ee HOPMHPOBKe CM. HHXKe); ABHIKEHHE 3JIEKTPOHA IPH le|~T<LI
KBa3HKJACCHYHO, YTO M MO3BOJAET HCIOJB30BaTh AJd SHEPTHH € ee
KJaccH4ecKkoe BbipaykeHHe. @YHKIUMUS XKe pacnpefeseHus Mo € ecTb,
cJIeJ0BaTebHO,

fo(e) de = (2nmT)=*/2el eI/ T 7 (¢) d, (24,8)

rae T (¢) —o6beM (asoBoro MPoOCTPaHCTBA, OTBEYAIOUIUIT HHTepBay de:
2 2

T(8)=S§< {e}+§%—$>ds,xd3p. (24,9)

SaveHus d*xd*p=4nridr-4np*dp w npoussBeas HHTErpUPOBaHIle,
TIOJYUHM

V23 (ze?):* m’le
l & \“/2

T(e) = . (24,10)

Jast GopMyJIHPOBKH YCJIOBHH, ONPELeJsIOmMUX HYXHOE HaM pe-
lmeHue ypasHeHud (24,4 —5), yno6HO CUMTATh, YTO HAJAMYHAA IJIOT-
HOCTb 3JeKTPOHOB B rase N,> N,,; Toraa B (24,1) MoxHO npene-
Gpedb CKOPOCTBbIO HOHHM3aUMH f3, Tak 4ro yGblib N, Gyjer onpeje-
JSTBCST ONHO¥ JIMIIb PeKoMOHHALMeHd. B 3THX yC/oBHAX NOCTOSHHOE
3HaueHHe MOTOKa § B CTAlMOHAPHOM peIeHHH YpaBHeHHS (24,4)
IPAMO 1aeT 3HaueHie KosduinenTa pekoMGuHaLuH (S = const = — a),
€CJIN TOJIbKO QYHKIHSA [ (£) JOIAKHBIM 06pa3aoM HOpMUpPOBaHa. MMenHoO,
Ha caMBIX BepXHUX YpOBHAX (|e|<€T) 3JeKTPOHB HAXOASATCA B PaB-
HOBECHH CO CBOGOJHBIMH 3/1€KTPOHAMH; 3TO 3HAUHT, 4TO JOJIKHO GbITH

[(€)/fo(e) —1 mnpu |e|—0, (24,11)

npHYeM HOPMHPOBKA [, (¢) MOMKHA OTBeyaTb OJHOMY CBOGOAHOMY
JIEKTpOHY B euHuIe obbema (UTO H BBHIMOMHEHO B (24,7)).

JlJis1 HaXoxJenus BTOPOro IPAHHYHOIO YCJAOBHA (NPH &—> — 00)
sameuaeM, YTO pacrpejeeHHe Ha rIyGOKHX YPOBHAX BO30YKAEHHOTO
aTOMa HEe BO3MYIEHO HAJUYHeM CBOOOXHBIX 3JEKTPOHOB H HE 3aBH-
CHT OT HMX YHC/a! OHO NPONOPLHOHANLHO PaBHOBeCHOMY wucay N,
a ne (aktuyeckomy N,. [Ipu ycnoBuu N,>> N,, 3Ta cuTyauus Bbl-
paxaercst rpaHHUYHBIM YCJIOBHEM

[(®)/fo(e)—0 mpu [e]— oo. (24,12)

Hnrerpupys ypasrenne s = const ¢ rpanuyusiM ycsiosuem (24,1 1),
HMeeMm
I
die|
B, L

1e
Fo_
Wﬂconst §

Koncranra 6yger cosnagats ¢ —a, ecan ONpeNesHTb €e TaK, uTo-
Ol ypoBaerBOpHIIOCH ycaoBue (24,12). Taxum oGpasom, HaXOAHM
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OKOHYaTe/JbHO

1 _Talel_ _orth GemlelT eyt
o _68‘ Bfy _ln°/z(zez)30 B(—e]) dlel (24,13)

Dra dhopMysa OTHOCHTCS K IPOLECCY, B KOTOPOM POJIb «TPETHEro
TeJia» MrpaeT HeBO3OYyXKAEHHBIH aTtoM. Ecau ras yxe CHJIBHO HOHH-
30BaH (UTo, OJHAKO, eme coBmecTuMO ¢ ycaosuem T <<[) u gocra-
TOYHO IVIOTEH, OCHOBHAas pOJb MOXKeT MepefiTH K PeKOMOHHAUuH
C yyacTHeM BTOPOrO 3JIEKTPOHA B KauyecTBe TpeThero Tesa. Ckopocthb
peKOMGHHALMY CTAHOBHTCS TOFAA Mpornopuuonanbuoilt NZN;, Tak yto
KO3(Q(UIHCHT PeKOMOUHAINH, ONpeJesieHHbIH 0-TIPEKHEMY COIJIaCHO
(24,1), 6ymer cam mponopiuonaned N,. [lockospKy pesakcaius mno
SHEPTHH TPH JEKTPOHHBIX COYIAAPEHUSX MPOMCXOAUT GHICTPO, U3JIO-
JKeHHEIH MeTOJ BhlYHCJeHHS Ko3hduuueHTa PEeKOMOHHALHU B 3TOM
cayuae HelpHUMEHHM.

3agpaun

1. Haiitn kosdhhuument pagnauioHHON peKoMOHHAIMH C 3aXBATOM 3JIEKTPOHA
Ha OCHOBHOE COCTOSHME aToMa Bogopoja mpu Temmeparypax T <&/ ([=e4m/2ﬁ2 —
MOTeHIMAl HOHH3ALHH aTOMa BOJOPOAa).

Pemenue. Ceuenne pekoMOMHALMH MEIJICHHOTO 3JIEKTPOHA C HENOABHMKHBIM
NPOTOHOM HAa OCHOBHOH YPOBGHb BOJOPOAHOrO aroMa ecTb

2102 (e2/fic) ahI?
Oper = " o . s?

3(2,71. .. ) m%%ve
rfie v,—CKOPOCTh 3JEKTPOHA, ap="Thi?/me® —6opoBcknit pammyc (cm. IV, § 56,
dopmyan (56,13), (56,14)). Cpennee sHauecHHE ve'> = (2m/aT)"/>. B pesyavrare
HoJIyduM corjacho (24,3):

o1’/ /g2 3af§l< I )1/2 a5 [ 3Bl < I )1/,
o=rm -l T\ = =} = .
3(2,71)4<kc> BT <ﬁc> iA\T

2. Onpegeauts Koadduument pexoMGunaumm corgacko (24,13), mpenebperas
BJHSHMEM CBSI3H 3JIEKTPOHA B BO30Y2KICHHOM aTOME Ha IIPOHECC €ro CTOJKHOBEHHS
¢ HeBO3GYMKIEHELIM aTOMOM M NoJaras TPAHCIOPTHOE CeYeHHE STHX CTOJKHOBEHHH
He3aBUCSHIUM OT CKODOCTH.

Pemenne. «Koabbuunedr nuddysun» B (e) BLIUACAACTCT aHAJOTHYHO TOMY,
Kak 3710 Jenajoch B § 22, u paseH

N
B(e)=75— <0Zr> <o1pPy. ()

31eck N —IJIOTHOCTE aTOMOB B rase, m-— MacCa 3JEKTPOHA, Uar— OTHOCHTEJNbHAH
CKOPOCTh BO3GYKIEHHOTO ¥ HeBO36YMAeHHOTO aTOMOB. CKOPOCTH U,y pacmpefiesieHbl
no Maxceenny c npupefeHHoll Maccolt (M/2, rie M—macca aroma) B KauecTse

MacChl YacTHIB; HOSTOMY <U§T>=6T/M. Hanee, p B(l) ectb EMIYJbC 3JIEKTPOHA
B TOJI€ HOHA; YCDeJHEeHHe Oyp3 IPOH3BOZHTCA 1O 06JacTH (asoBOro mpoCTPaHCTBA
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9JIeKTPOHA T (€), OTReyaioweli 3aJaHHOMY 3HAYEHHIO | e]. IIpu oy =const Haxomum
¢ 9 2 5
3, —_ Ot 3 P™ 287\ 5 13 =32 V2 s,
<Otp*> T(e)jpﬁ |e|—|—2m r)dxdp I oun | e |

TaxuMm obpasowm,
BV IToN| e[

B 3aM

U 3aTeM Bhluucaenne no (24,13) naer oxonuatenbuno
R
2 Voim' (ze2)* 61N

. 2
3MT*/> @

24

l'IpeHe6pe}KeHHe CBA3LIO 3JEKTPOHA B 4TOME 32KOHHO, €CJIH YacToTa BO3MYylLle-

HHST, CO3NABAEMOrO aTOMOM BOIHSH SJEKTPOHA (~ d/fv,y, d—aToMHLle paswepsi),
BeJHKa [0 CPABHEHHIO € 4YacTOTOH oOpalleHus 3JeKTPoHa ¢ sHepruedd |e| ~ T.

Orciopa nonyyaercs yeiaosue T &L (e*/d) (m/M)l/Z.

§ 25. AmGunoaspuas auddysus

Paccmorpum guddysuto sapsukeHHBIX yacTull B c1a60 HOHH3OBAH-
HoM rase. Kak u B § 22, cremeHb HOHHM3ANNH NpEeiosiaraeTcs Ha-
CTOIBKO  MaJIoH, YTO CTOJKHOBEHUSIMH 3apSRCEHHBIX YACTHI[ Apyr
C JPYroM MOXHO fpeHeOpeub IO CPABHEHHIO ¢ HX CTOJKHOBEHHSIMI
C HeHTPaNbBEIMH aToMamM. J{aKe B 5THX yceaoBuax Auddysus 1syx
POIOB 3apsAKEHHBIX YaCTHL[— 3/1€KTPOHOB W HOHOB— IPOHCXOAHT He
HE3ABMCHMO BBHIY BOSHMKHOBEHHA, B npouecce Lu(dysun, sJeKTpu-
ueckore noas (W. Schottky, 1924).

Ypasrenus: auddysnn mveor BUJTypaBHEeHHH HENPepBIBHOCTH [Jis
SJIEKTPCHOB (€) M HOHOB (i): '

e 1 divi, =0, i | divi; =0, (25,1

at

NIPpHYEM MJIOTHOCTH IOTOKOB BLIDAXKawTCs 4Yepe3 IMJIOTHOCTHU QI{C.ﬁa
HYacTuw M ux FPAAHUEHTHl COrJIacHO

i,=— N,b,eE—D,yN,,

i, =NpeE—D,y N, (25,2)

tne D,, D;—xospdpuunenTs nudpysun, a b,, b; —noaBUKHOCTH
SJEKTPOHOB # HOHOB Y). Te n ppyrue cBsizaunl Apyr c JAPYTOM COOT-

‘Howenuamu diiHmrenna
D,=Tb,, D;=Tb,, (25,3)
\_

1
To ) Kparnocrs 3apAfia MOHOB MoJaraeM z;=1, kKaK 3T0 OOBIYHO U MMEeT Mec-
DU Manoil crenenu HOHM3aUHY rasa.
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BBIpasKAOIUMH COBOH ycaoBHe Hicue3HOBEHH S OTOKOB (25,2) B paBHO-
Becud. C yUeTOM 3THX COOTHOILEHMEI W BBIPA3UB HAMPSKEHHOCTD M0J151

yepes ero mnoreHuuan (E=—V¢), nepenumem YypaBHEHHS (25,1)
B BUje
aN, . eN,
TZ—_Dedw[vl\/e— 7 V(p], (25,4)
oN; . eN;
i D, div [VN,. +ve . (25,5)

K HuM Hajo jfo6aBuTh ypabHeHue Ilyaccona aJs motenmuana:
Ap =—4ne (N;—N,). (25,6)

Cucrema ypaBHeHH# (25,4 —6) CYleCTBEHHO YIPOULACTCS, €C/IH
pacmpenenenus Kouuentpaunit N,, N; 1mouTH OXHOPOAHEL. Torna
B Koa(duunentax npu Ve B (25,4 —D5) MOKHO NOJOKUTH N,~N;~
~const=N, H HCKJouuTh @ C noMoubio (25,6). B pesy.iprare
MOJTYUUM

MNep, [aN,— 22, (25,7)
Wi—p, [an,+2, (25.8)

rae a—*=4ne:N /T (a — ne6GaeBcKuil paguyc 37eKTPOHOB HJIH HO-
HOB; cM. nHuxe § 31).

XoTsl ceueHHsi paccesiHusl 3JEKTPOHOB M HOHOB, Booluie roBops,
OAMHAKOBOTO HOPSAKA BEJAHUHHEL, HX Ko3(duiuentsr Anddysnu cyue-
CTBEHHO pas/MuHBl Gsarofaps pashulle B CPEJHHX TeIJOBBIX CKOPO-
cTax (vy) TeX U APYrux: )

Dy vre 1/@ (25,9)

D; Uy m "’

tak 4ro D,>>D,;. D10 06CTOATENBCTBO NPUAAET MPONECCY nuhhysun
cBOEOGPA3HEIe UEPTHI.

PaccMOTPHM 5BOJIIONHUIO €J1a60ro BO3MYIIEHHs SJIE€KTPOHHOH H HOH-
HOH MoTHOCTeH, XapakTepHbie pasMepnl Kotoporo L >>a'). B Hadanb-
HOH cTajuu mpolecca, NOKa NepeMeHHble yacTu niotHoctei |ON, |~
~|8N;|~|O6N,—O6N;|, mepsbié ujeHbl B NPABBIX CTOPOHAX ypaBHe-
Hu# (25,7 —8) Maabl MO CpaBHEHHIO CO BTOPBIMI:

AN, ~ 8N, /L* < (ON,—8N )/a. (25,10)

1) Vike Aa% TPHMEHHMOCTH caMMX ypaBHenuil anddysnn L BO BCAKOM caydae
JOMKHO ObITh BeJWKO IO CPABHEHMIO C JJIMHOH mpodera MOHOB M 5/eKTPOHOB i
IMostomy yescere L 3> g npejcrapiser co0oil A0MOJNHHTEIbHOE OrpanAyenue, JHIlb
ecyu a > I



§ 25] AMBUTIIONISIPHAST UGG Y3US 137

3aMeuast Takke, uyto BBHAY (25,9) |ON,/01|<<|0N,/0t|, nmeeM
2 (SN — 8N ) =—De (5N, — 8w,

a?

nTKYyAA
SN, —O8N,= (5N, — B8N ), exp (——g—;— t) . (25,11

Orcrona BHIHO, YTO 3a BpeMs T,; ~ a*/D, pasHocts |§N,—08N,| cra-
HeT MaJod mno cpaBHeHmio ¢ camuMmu 8N, u ON;, T.e. ras craser
KBA3HHCUTPAJbHBIM.

Crepyioliasi cTafus TMpolecca COCTOMT B 3BOJIOLMH pacrpenesie-
HUS 3JEKTPOHOB K paBHOBECHOMY (NP 3aJaHHOM paclpeleselni
HOHOB), OMNpEAEeJIsAeMOMY YyCJOBHEM OOpalieHHsl B HYJb NpaBoil CTO-
poHHL (25,7):

SN, —BN;=a* AN, =~ a*AN,; ~ 55BN, 25,12)

dta cragus nporekaer no AupdysHoHHOMY ypaBHeHuio (25,7) ¢ xapak-
TepHBIM BpeMeHeM T,, ~ L*/D,. D10 BpeMs MaJso 1o CpaBHEHHIO C Xa-
pPaxkTepHBIM BpeMeHeM AH(PDY3UH HOHOB T;~ L%*D;, pacnpeiecnicHue
KOTOPEIX MOXKHO IIO3TOMY BCe ellle CYHTaTh HEeH3MEeHHBIM.

OxoHuaTesnbHAs] penakcanys BO3MYUIEHHS 3JIEKTPOHHOH H HOHHOH
IJIOTHOCTeH TPOHMCXOAUT COIJIACHO ypaBHeHHIo (25,8), KoTopoe nocJe
NOACTAaHOBKU (25,12) npunHuMaer Bug

i —9D AN, (25,13)
Takum o6pasoM, B TeueHHe BpPEMEHH ~T; 3JEKTPOHBI U HOHBI AH-
bynmupyior Bmecre (8N, =~ O6N,) ¢ yaBoeHHBIM Kos(uiineHToM -
¢ysun HoHoB (Tak HaswlBaeMmasi ambunorapras duggysus). Ionosuua
3TOro KospopuuueHTa cBsizaHa ¢ cO6CTBEHHON Auddy3uell HOHOB, a 1o~
JOBHHA —C 3JIEKTPHYECKHM II0JIeM, CO3/laBaeMbIM pa3ferarliuMHCsT
3MEKTPOHAMH.

Ormerum, HakoHel, 4to ypaBHeHHe (25,13) umeer GoJee HIHPOKYIO
00/1acTh TIPUMEHHMOCTH, UeM 3TO CJeAyeT H3 NPHBEAEHHOrO BHIBOAA.
Haxe ecnu BO3MylieHne He SBJSIETCSs CJIa6bIM, ABHUAKEHHE JIEKTPOHOB
GBICTPO NPHUBOAMT K YCTAHOBJEHHIO MX GOJBLMAHOBCKOTO pacipese-
JIEHHs1 B riojie M K BLIPABHHBAHHIO KOHLEHTPALMH 3JEKTPOHOB H
HOHOB, T. e. xBasuHeliTpasbroctd. Ilpn atom

N;
N,=N;=NevT, ep=T anO— . (25,14)

Moncragus (25,14) B (25,5), npuxoIUM CHOBa K ypasHeHuiwo (25,13),
HO yke Ges mpepniosiokeHusi O MaJsJiOCTH BO3MYLLEHHS.
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§ 26. IopBUXHOCTD HOHOB B PACTBOPAX CHJABHLIX JMEKTPOJNUTOB

Brinncannele B mpeppiyiieM naparpade ypaBHEHHS! JeTKo 0600-
HIAIOTCSl HA CJayyall HaJH4lis HOHOB PasHblX coptoB. OHU NPHMEHHMH!
TaxKe U K IBHXSEHHIO IOHOB B PACTBOPAX CUNGHBIX 3AEKMPOAUMOE ).
B npenene «GeckoHeunoro» pasfaBjexnnsd pacTBopa (T.e. NpH CTpeMs-
melcss K HYJI0 ero KOHUEHTPalHH) MOABHKHOCTb Kaxacro (a-ro)
cOpTa HOHOB CTPEMUTCS K MOCTOSIHHOMY npenedy b0F’, a ero xosgdu-
nuedT IHPPY3HH — COOTBETCTBEHHO K 3HAUEHHIO

DO = Tb®. (26,1)

Hactosimuft maparpad nocBsiieH BLIYMC/JAEHHIO NEPBHX, 110 MaJloi
KOHIIEHTPAU}H, O PABOUHEIX UJIE€HOB JJ1s1 IOABIXKHOCTE!l HOHOB B CJ/a-
O0oMm pactBope?). Tem cambiM oOfnpelensTcs Takike H IOIPaBOYHblE
yJeHbl B TNPOBOAMMOCTH PpacTeopa. B anexktpuueckoMm noje E na
KaxJAbll HOH JeficTByeT cuia ez,E, nmox aeficTBieM KOTOPOH OH NPU-
ofperaeT HampaBJeHHYIO ckopocTb b.ez,E. T1o3T10MY N/OTHOCTE TOKa
B pacTBope

rae N,-—KOHHEHTpaluH (4ucaa HOHOB COpPTa @ B eRHHHIE 00beMa),
TaK YTO NPOBOJUMOCTH

oc=e2 N, 22b,. (26,2)

Hanaraemas HizKe TeopHsl OCHOBaHA Ha TeX XKe IPeJCTaBJACHMAX,
49TO ¥ TEOPHSI TEPMOJHHAMHUECKUX CBOHCTB IJ1a3MEI U CHJBHBIX 3J€K-
TposutoB. OHH COCTOST B TOM, UTO BOKPYI KaKJOro MCHA CO37aeTcs
HEONBOPOJHOE pacmpeseseHne 3apsioB (HoHHoe c6JIaK0), IKPaHUPYIO-
mwee mnosae woHa. CooteercrByiomye GopMyssl OBIIH NMOJYUEHHl B V,
§§ 78, 79, nnis naasMbpl; aHAJOTHUHBlE (DOPMYJIBL IJISl PAaCTBOPA CHJb-
HOrO 3JIEKTPOJIHTA OTJHUYAIOTCS JHUINb HaJHUHeM B HHUX OTJIMYHON OT
ENUHUIBl LU3JIEKTPUUYECKOH IMPOHHIAEMOCTH PACTBOPUTENA & U GyAYyT
BBLITKCAHBL HIKE.

Jrpanupyoiee 006nako MeHsfeT NOABMKHOCTD HOHA B CHJAY ABYX
pasauuHelX 3¢hQexkToB. Bo-IepBHX, IBIXKEHHE HOHAZ BO BHEIIHEM
2JIEKTPUUECKOM TIOJIe HCKaXKaeT pacnpefelieHHe 3apsioB B obaake,
B Pe3yJibTaTe Yero BO3HUKAET JOMOJHHUTEIbHOE MoJle, JeHCTBYIOeE Ha
HOH. Bo-BTOpHIX, ABHXKEeHHE 06JaKa MIPUBOJUT B JBUKEHHE XKUAKOCTD,
uTO BLI3BIBAET «CHOCY HOHA. [lonpaBky nepBoro poja HasLIBAOT pPeaak-
CayUOHHOL, a NONPaBKy BTOPOro PoJa— 34eKmpogopemuneckol.

1) HanoMuuM, 9TO CHJbHBIMH 3JCKTDOJHTAMH HasblBAaIOT BEHIECTBA, KOTODHIE
NP PACTBOPEHHH TOJHOCTBIO JHCCOUMHDYIOT Ha HOHBL

%) WsnaraeMas Huxke Tteopusi Guiia passura JeGaem u Xroxkesem (P. Debye,
E. Hiickel, 1923) u Oncacepon (L. Onsager, 1927).
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Penrakcayuonnas nonpaska

Haunewm ¢ Bbiuncaenus nonpasky nepsoro poga. ITockonbky skpa-
HHpYIomee o06Jako BhIpaxaeT COGOH CYIIeCTBOBaHKE KOPPeaAnHH
MEXIY IOJIOXKEHHSMH pasJHYHBIX HOHOB, TO peub HIeT O BJHUAHHH
BHemHero nosas E Ha KoppeaslHOHHBIE (YHKIUH.

OnpengenuM  OYHKUMIO [apHOH KOppeNsUHH W, TakK, 4YTO
N, w,, (r,, r,)dV, ecTb uHCIO HOHOB COpPTa @, HAXOASIIHUXCA B o6beMe
dV, BOJHM3H TOUKH T, NPHU YCJIOBHH, YTO OJUH HOH copTa b Haxo-
IUTCA B TOYKE Iy; copTa 4@ H b MoryT OBITb KAk Da3/JHYHBIMH, Tak
U ORMHAKOBHIMH. OueBHJIHO, YTO

Wy (ra’ rb) =Wy, (rb’ ra)’ (26’3)

a mpu |r,—r,|— oo QyHKUNH W, — 1. B paBHOBecHH GYHKIMH W,
3aBHCAT TOJbLKO OT PacCTOSIHHH |r,-—T,|; BO BHELIHEM IOJE 3TO yXKe
He Tak1').

KoppessnyoHHsle QYHKIUY, KaK U BCAKME (PYHKIHM pacnpenese-
HUS, YIOBJIETBOPSIOT YPAaBHEHHSIM, UMEIOUIMM BHJ YPaABHEHHS Helpe-
PHIBHOCTH B COOTBETCTBYIOIIEM MPOCTPAHCTBE—B JaHHOM CJydae
B KOHQUTYPaAIVIOHHOM HPOCTPAHCTBE ABYX YACTHIL

R 1 div, j, +div, j, =0, (26,4)
rae j,,» J,—TMJOTHOCTH TOTOKOB BEPOSITHOCTH JJIsl yacTHil @ U b, a
HHACKCH y 3Haka div yKasHBAaT, N0 KAKKM [ePeMEeHHBIM (I, HJIH Ip)
NPOU3BOAUTCH Au(depeHIHPOBAHKE.
Ilorox j, umeer Buf

ja = TbEIO)Vawab + bSJO)Zaewab (E - Va(Pb)’ (26’5)

4 j,—Takol e BHJA C MEPECTABJEHHBIMH HEHAeKcaMu g u b. IlepBriit
wieH B (26,5) onuceiBaeT auddysHoHHOE INepeMellleHHe HOHOB 4,
NPOUCXOAAIEE YKe U B OTCYTCTBHE BHELHEro 10Js. Bropo# unen —
NJIOTHOCTb [IOTOK2 HOHOB 10J HeHCTBHEM CHJI CO CTOPOHBI BHEIIHEro
nonsg E u moast — V,¢,, cO3aBaeMOro B TOUKe I, HCKaXKeHHBIM obJia-
KOM IIpH YCJOBHM, YTO B TOUKe I, Haxojutca woH b. llorenuuan
©p = @, (r,, T,) TOCJENHETO O YAOBJETBOPsIeT ypaBHenuio [lyaccona

Ay (£, 1) =— 22 [L 2N ey (1, 1) +ez,d (ra—r,,)] . (26,6)

IlepBriit unen B KBagpaTHHIX CKOGKAX — CPEJHAS NJIOTHOCTDL 3aPSNOB
BCeX cOpTOB HOHOB B Of/aKe, a BTOpPOU YjeH—IJIOTHOCTh 3apsjia,
JIOKaJIH30BaHHOIO (COrJIacHO YCJOBHIO) B TOUKe r,. MHOXuTesan l/e
?blp%;)xaeT ocnabJieHe TOJsI B JU3JEKTPUYeCKOH cpele (pacTBopH-
€Jie).

\_—-

1) Meron xoppensiuMOHHLIX QYHKUMI B NPHMEHEHHH K DABHOBECHOMY COCTOS-
HHIO Inasmbl M/ 3/eKTPOJIHTA) HaJoxkeH B V, § 79,
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IMpeanonarast pacTBop AOCTAaTOYHO Pa3GaBJIeHHEIM, MBI peHeGpe-
raen TPOHHBIMH KOPPeasLHSIMH MeXIY MOJOXKEHHSAMH HOHOB. B aTon
Xe NPHOJMAKEHHH (QYHKIMH NapHOH Koppeasiuun w,, 6ausku K 1;
BBEACM Majible BeJHYHHBI

(Oab:wab'—lu (26,7)

DTOT Xe MNOPSJNOK MaJjoCTH HMEIT NoTeHuHansl ¢,. [IpeneGperas
yJeHaMy BTOPOro NOpsAKa MaJjocrd, nepenmiem (26,5) B Buze

ja = bEIO) [_ Tvawab +€2’a (1 +(Oab) E _ezava(Pb]‘ (26!8)

B ypaBnenun ke (26,6) B cusy 3/eKTPOHEHTPAsBIOCTH pacTBopa
B cpegnenM (D ez,N,=0) MOKHO IPOCTO HAMHCATbH ®,, BMECTO W,;:

By (00 7)) =—22 [Zechvcwcb (Fan 1) +02, (1, —1,) | - (26,9)
c
B mocrosnnom opxopopHoM nose E dbyHKUMHM w,, He 3aBUCAT OT
BpeMEHH, a KOODJAHMHATBl ABYX TOUEK BXOJST B HHX JHIUb B BHJE
Pa3HOCTH I =r,~—TI,; HPH 3TOM VW, = — V,w,,. [logcraHoBka j,
u3 (26,8) (M aHANOTHYHOrO BHIPAXKEHHS 15 j,) B (26,4) npuBoguT
TeNepb K YPaBHEHUIO

T (00 +b§2) Aoy (1) + 2,60 Ag, (1) +ez,b® Ag, (— 1) =
= (2,6 —2,0) CEV oy, (1), (26,10)

TJe Bce NIPOM3BORHLIE OepyTcs MO T.

[lpeanonarasi BHelHee nose csaGbiM, MOKHO peilaTh 3ajauy
noc/ef0BaTe/ibHEIMH npubiixkenusmMu no E. B uyseBom npuGnnxe-
Hud, npy E =0, norenumnann ¢ (r)—uetHbie ¢yHKUHH r. Vmes
B BHUJY, 4TO BCe (QYHKUMH g, H ¢, JOMKHB O0pallaTthCsi B HYJb
OpH r— 0o, HaXOAUM Torma us (26,10):

T (0 +0p) gy + e (b2 ,48 +bPz,0) = 0. (26,11)
Hinem peunerie B BHIE
Ogy (1) = 2,2,0 (1), e (r)=-—Tz,0® (r). (26,12)

Ipu stom (26,11) ynoBseTBOpsieTCs: TOXJAECTBEHHO, a U3 (26,9) Haxo-
AWM ypaBHeHde Lis GyHKROUH o (r):

Ao (1) — L 00 () =422 5 (1), (26,13)
rae )
a-z=4§; > N2 (26,14)
Pemenne srorc ypaBHeHus:
ez o'l

0" (1) =—— . (26,15)

e r



§26] HNOABHUXHOCTb B CHJIBHBIX JIEKTPOJIUTAX 141

BesnunHa a ecTh neGaeBCKHI paanMyc SKPaHUDOBAHHs B PacTBOpe
3J1eKTPOIUTa.
B cuenyomenm npubanKeHHH noJaraem

Co=05"+ 92 0y =05 + of, (26,16)

rae uHjacKcom (1) oTameuenpl Magble 10GABKH K HYJEBBHIM 3HAYCHHSIM,
Byayuu ckanspamu, Bce 3TH [ONPaBOYHBIE (DYHKIMH HMEIOT BHJ
Erf(r), rne f(r)-—GyHKUHU TOJNBKO OT aGCOJIOTHOH BEJHUHHBL 7;
NO3TOMY BCe g H ¢’ —HedeTHble PyHKIUK r. [lockoJbKyY coryiacHo
(26,3) umeem

gy (Fy, ) == o (1) = (r,, )=o) (—1),
TO OTCIOAA CJeAYeT TaKikKe, 4To
g (r) = — op) (r) (26,17)

(HamoMHUM, YTO Be3le T=7r,—r,). Ecau HOHH @ u b oTHOCSITCH
K OJHOMY COPTY, TO M€PeCcTaHOBKA MHJEKCOB HE MOMKET H3MEHUTh
GyHRUHIO g (r) u notomy us (26,17) caepyer, 4to Takne ol = 0.
OTO 3HAUMT, YTO TONPABKH G CYMWECTBYIOT JHILIb A5 KOPPeSIHOH-
HBIX (YHKUUH nap pas/uyHBIX HOHOB.

Jaist ynpolenusi nanbHeRIINX BEIYHCICHUH OPPAHHUMMCS CJIydaeM
3JIEKTPOJIHTA BCEro C JABYMA COPTAMM MOHOB. B 3TOM cayuae oTjuyHa
OT HYJs JMIIb OAHZ (QYHKUMA off (r)=-—of’(r) 4 noacraHoBKa
(26,16) B ypaBnenue ITyaccouna (26,9) naer

Api (1) =—2X 2 N 0 (1), (26,18)

rae r=r,—r,. C yueToM yc/JOBHS 3/eKTPOHEHTPaANbHOCTH pacTBopa
U yKa3aHHBIX BbIIIE CBOHCTB CHMMETDHH (YHKIUH JIETKO YOEAUThCS,
YTO MOTEHUHas ¢V (r) yAOBJIETBOPSET TAKOMY K€ ypPaBHEHHIO, a IO-
oMy @f (r) = ¢V (r).

Ipu noacranoske (26,16) B ypasuenue (26,10) coxpamsieM B ero
NpaBoH CTOpPOHE JHIIb WIEH ¢ oY H HaXOAHM

T (b 4 b) Aol (r) +e (b2, — bz,) AgL (r) =
= (b{"z,—b§"2,) e2,2,E¥0® (r). (26,19)

Cucrema ypasuennit (26,18—19) pemaetcsa merogom ®ypoe. s
bypve-komnonent oYy u @l moayuaercs cucrema anreGpanyecKux
YPaBHenu#l, omiduaromascs oT (26,18—19) samenoil onepatopos
V—ik, A-—-—k®. ®ypbe-komnonenta (GyHKIHH ©© (r) (26,15),
CTosiest B mpasoit cropose (26,19), maercst popmysoit

o= _ & __4n
k = el k*+q-2°
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Mnr mpuBefieM cpasy OKoHuaTeAbHBIH pe3yabTaT M (ypbe-KOMIO-
HEHTBHl NOTEHNHAJa:

(1)  4e’zizeq ikE
Vi =g REFa) EFa ) (26,20)
rne .
) (0)
g=—tnbz 26,21)

- (21— 23) (biO) “5(20)) )

[NockoabKy 21 U Z, UMEIOT NPOTHBONOJIOXKHBIE 3HAKH, TO OUEBHUIHO,
yto 0 < g <1

BCHO‘\IHH\I, yto ¢¢ (r,, r,) €cTb JOIOJHUTEeJbHLIA NOTeHIHAa,
BO3HHKAOIHUH B TOYKE r; IpPH YCJIOBHH, YTO B TOYKe T, HAXOMUTCS
noH 2. HanpsikeHHOCTH 3TOro moJas €ctb

EP (1) =— V.98 (ry, 1,)=— V95 (r).

Ero sHauenue npu r,=r, (T. e. npu r=4_0) jaer HHTepecylollee HaC
none, JeficTByiollee Ha €aM HOH 2 H TeM CaMblM MEHSIOLLEE ero
NOJBHKHOCTD.

®ypre-komnonenta E{) = —ikgl. TTosromy
d3k . (1) d3k
Ef (0)=— | ikglilei T oo =— { ikt o

Ilpn noxcraHoBre cioma (26,20) BO3HMKaeT HHTerpaJ
[ Q k (KE) )
T J R (REam?) (k2 -amq) (2ap

Yepennenne no HanpasmeHusiM k samensier k (kE) ma &% E/3, nocJse
Yero HUHTErpajd o £ BBIYUCISETCS MO BBIUETAM MOALIHTETPaJbHOIO

BHIpaXKeHUs B Nosiocax k—i/a u k=i)/ gla n naer

- EFa
120(14+ V)
TakuM ofpasoM, AeficTByMoIlee Ha HOH 2 CyMMapHOe IOJe €CTh
2
0 (0)= | 1— LAzl WM—‘} E. 96,2
N N (26.22)

Tako#t xe pesyabTaT moaydaeTcss H JJIS 00Jis, AEHCTBYIOLIErO Ha
HOH ], Kax 3TO OUEBUJHO yKe H3 CHMMETPHH BHIpaxkeHHus (26,22) no
uHgexkcam 1 uw 2. YwmuoxuB nose (26,22) Ha b'Wez, MBI nosy4uMm
IpHoGpeTaeMy10 MOHOM CKOPOCTb, a HamHCaB 3TY Xe CKOPOCTh B BUAE
bezE, Halijem, 4TO BHpa)Ke€HHe B KBaApATHLIX CKOOKax oNpejesser
Takxke U oTHomeHue b/b'"., Taxum o6pasoM, IJisg HCKOMOMH peJsakca-
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IHOHHOH [IOIIPaBKH K MNOJABHXKHOCTH HOHa HaxXojuM

. e2|21221q 2
bpea =—b oL (26,23)

OtmeruM, uTO 3T0T 3¢(eKT YMEHBbILAET MOABUNKHOCT.

Saekmpoghopemuseckas nonpaska.

[lepeifizeM K BHUHCJEHHIO [IO0PABKH, CBSI3aHHOH C JBHKEHHEM
pacTBopuTess. Bonpoc CTaBUTCS NPU 3TOM CJASLYIOMHM 06pasoM.

PaccmaTtpuBaeM HeKOTOpHIfl BLIeTEHHBIH B PacTBOPe HOH BMECTE
C OKPYXKAIOIHM €ro 3KPaHuPYIOMHUM 06JaKoM. ITo 06JaK0 3JAeKTPH-
YEeCKH 3apsiKeHO ¢ MJIOTHOCTBIO

8p = ez 6N,

rie 8 N,—oTnuyHe KOHLEHTPAlHH HOHOB @-rO COPTa B 06/1aKe OT ero
cpennero 3HaueHuss N, B pacTBope. B snexrtpuueckom mnoJsie E nHa
JKHAKOCTDb, HeCYI(yIo 3T0 06saKo, AeHCTBYIOT MO3ITOMY CHJBI C OGDbEM-
Holi nsorHOCThIO f=E8p. Ilox BiAHAHHEM 3THX CHJ XKHUIKOCTL IBHU-
JKeTCS, a 3TO ABHMKEHHE B CBOIO OYePeAb YBJeKaeT paccMaTpuBaeMslil
HEeHTPAJbHBII HOH.

PacnpesieieHe HOHOB B 06JIaKe CBA3aHO € MOTEHLHALOM (p HOJs
B HeM ¢opmyqoll Boabvumana:

SN, =N, [e—zaew/T—l] ~— 2l

Beuny caaGoctu mossi E, pedopmanuedl HoHHOrO ofsaka B paccMar-
pHBaeMO#d Temepb 3ajade MOXKHO InpeHebpeub. B chepHueckH-cHM-
MeTpPUYHOM of6JaKe NOTeHLHaJs jAaeTcsl GopMyJiod

—-r/a
(p=€2b 7 y

Tle ez,—3apsii HEHTPaJbHOIO HOHA, a a ompejesaeHo Gopmy.Ioil
(26,14) (cp. V, § 78). ITosTomMy nosHas IJIOTHOCTb 3apsA0B B 06JaKe
r/a

2 -
eq)ZNza ez, e

T Lwar r

(26,24)

BBuay MeNJIeHHOCTH IBUXKEHHS IOJ BausiHueM nodas E, xkuixocts
MOXKHO CYHMTATb HECXKHMMAaeMOH, Tak YTo

divv=0. (26,25)
Ilo Toft e mpuuMHEe MOXHO ONMYCTHTH KBAaAPATHYHHI MO CKODOCTH

uten B ypasHennu Happe—Crokca, KoTopoe CBOAUTCS TOrAa (AJist
CTalMOHApHOrO ABHXKEHHS) K YDPaBHEHHIO

NAV—VP+i=0, (26,26)
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rie P—paBneHue, 7—Ko3(pdHUHEHT BASKOCTH XKHIAKOCTH (pacTBo-
pHTEJIS).
ITepeiins B ypaBhenusx (26, 25—26) K Qypbe-KOMIIOHEHTaM,
HMeeM
kviy =0, — nk?vx— ikPx+ Edpx=0.

YMHOXKHUB BTOpoe ypaBhenune Ha ik, Haxoaum Py = — (kESpy/k?
1 3aTeM

80k R2E —k (KE
vie= —% FE_XED (26,27)

Oypoe-KoMIIOHeHTa NJOTHOCTH 3apsAoB (26, 24):
Sk = — —g— . (26,28)

R 1

Hurepecyiomas Hac CKOPOCTh KHUAKOCTH B Touke r=1{0 Haxox-
JCeHUs LEeHTPAaJbHOIO HOHA AAeTCs HHTErpaJioM

dk
V(O)"—— S‘ka.

IToactasus ciona vi u3 (26, 27 —28), noayyum nocsae HHTErpUPOBA-
HHUS 10 HanpaBJaeHusMm K:

o®

ez, 8m dk

v(0)=—E @m*y 3 ) Rla? 1
0

H OKOHYAaTeJbHO

. ezy
viO)= 6nna

3Ta CKOpOCTh CKJaAblBaeTcs co cKopocTeio ez,0iPE, mpuefpetae-
MOH HOHOM HeIIOCPeACTBEHHO IOA JckctBuen nodst. Orcioga scHo,
YTO HCKoMas aJekTpodopeTndeckasi MONpaBKa K IOABHKHOCTH OjH-
HAaKOBa [J/51 HOHOB BCEX COPTOB M paBHa

by = — 1/6man. (26,29)

Ilonnas nonpaBka paercsi cymmoli o6oux BeIpazkeHuit (26.23) u (26,29).
O6e otpuiaTesbHBl M BMecTe ¢ 1/a NpornopuuoHabHbl KOPHIO KBaj-
pPaTHOMY U3 KOHLeHTPamuH.
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§ 27. CamocoraacosaHHoe mnose

Ilupokyio o6nacTh npuMeHeHNs] KHHETHUECKOH TEOPHH IPefCTaB-
J5€T AAG3MA, TOJl KOTOPOH MBI 6ylAeM ITOHUMAThb MNOJHOCTBIO HOHH-
soBaHHBIH ra3’). TepmoguHaMuyecKasi TEOPHSI PABHOBECHOFO COCTOSI-
HHsl MJIa3MBl paccMOTpeHa B JPYrHX ToMax 3Toro Kypca {cm. V,
§§ 78—80, IX, § 85). I'naswt III—V 510l KHUIH MOCBSAIEHBI H3Y-
YEHHIO KHHETHYECKHX CBOWCTB mnJasMbl. Bo wuaGexanue HenmpuHILM-
NHaNbHEIX YCIOXKHEHHH Mbl 6ygeM (rA€ 3TO MOHANOGHTCS) CUHTATH
n1asMy JIBYXKOMIIOHEHTHON —COAepXkKallel JHIIb 3JEKTPOHH (3a-
PAN -—e) W NOJNOMUTEJbHEIE HOHBL OJHOTO COPTA C 3apsioM ze.

Kak wu pna o6bluHBIX Ta30B, ycJaOBHE NPHMEHHMOCTH MeToja
KHHETHYECKOro ypaBHEHUs K MJasMe TpeGyeT ee HOCTATOYHOM pas-
PEXKEHHOCTH; ras3 JOJIKEH JIHIDb /1360 OTKJOHSITBCH OT HACAJLHOCTIH.
BBuxy mMenneHHocTi yObIBaHNS KYJIOHOBCKHX CHJI, OfHAKO, 3TO yCJIO-
Bue A MJasMbl 0oJiee CHJIbHOE, 4eM JJIs ra3a u3 HeHATPaJbHBIX
vactii. He flenasi moka pasimuust MexK/1y 4acTHUAMH C Pa3/HUHBIMH
8apsajamH, HalHLIEM YCJOBHE c/iabod HeHAeaJbHOCTH IJa3Mbl B BHJIE

T>ejr ~ e2N'/s, 27,1

rae 7 —TeMmepatypa niasMel, N —I0JHOe YHCJIO YacTHIl B eHHHIE
obbema, a r ~ N~'/s—cpeHee paccTosiHHe MeX1y HHMH. DTO yeJo-
Bue BhIpaxkaeT COGOH MajocTh CpeiHefl SHEPruH B3aMMOACHCTBHS
ABYX HOHOB MO CPaBHEHHIO € WX CpefHell KHHeTHYECKOl 3Heprue.
Bripasum 3To yesoBue emme m B ApPyroM BHAe, BBEAS TaK Ha3blBae-
MBIE OeGaesckuii paduyc nasMbl @, ONpeedeHHbI COIMACHO

a2 =33 N, (z,00, ©7,2)

TI€ CyMMHPOBaHHE IIPOH3BOAMTCS IO BCEM POAAM MOHOB; HANIOMHHM
(em. V, § 78), uto a onpejiessieT PAaccTosiHie, Ha KOTOPOM 3KPaHH-
PYeTCs KysMoHOBCKOE mosie 3apsfa B maasme. Beepst a~(T /4nNe2)'/s
B (27,1), noayynm

eN'/o|T ~ rjdma? £ | (27,3)

1y Tepmun spenen Jenzuiopos (I. Langmuir, 1923), NONOKHBIIMM HAYATO
CHCTeMaTHUecKOMY TEOPETHYECKOMY H3YHCHHIO [JasMbl,
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-— B Da3spexeHHOH IjlagMe CpeiHee PAacCTOSIHME MEXKAY YacTHIAMH
NO/LKHO ObITh MaJo TO CpaBHeHHIO ¢ IeOaeBCKHM pajHycoM, T. €.
«HOHHOEe 00/JaK0» BOKPYT 3a2psifa LOJIKHO JeHCTBUTENBHO COAEpPXKATh
MHOTO uacTunl. Manoe ortnowmenue (27,3) urpaeT IJs NJa3Mbl POJb
«razoBOTrO IapameTpas.

Besze B raaBax II1—V (3a wuckaoueHueMm JjHmb § 40) nuasma
SyJleT TPeanoaaratbcs KJaacCHUecKOoH. ITUM IoApasymeBaercs BHI-
NOJMHEHHLIM JIHIIb OYeHb CJaboe YC/I0BHE — TeMNepaTypa MJAa3Mbl
JOJKHA GbITh BBICOKA IO CPABHEHHIO C TEMIEPATypPOH BHIPOKACHHS
ee 3JeKTPOHHOH KOMIIOHEHTHI:

T > h2Nsim, (27,4)

rjie m-—wacca snekTpona (cp. V, § 80).
KuHeTnueckoe ypapHEHME JUIs KaxJOr0 COpTa YacTHLL B MJasMe
{(3/IeKTPOHOB M HOHOB) HMeEeT BHJ

Ty p st (27.5)

rre f—QyHRUMa pacnpenesieHus JaHHBIX YaCTHIl IO KOODJHHATAM
M MMIyJascaM, St—mux uHTerpasi CTOJKHOBEHHI (C 4acTHIAMH BCeX

coptoB). Ilpu atom npousBoaHas p onpeiedasercs CHJIOH, AeHCTBYO-
el Ha gacTuiy. 2Ta CHJIa B CBOIO Ouepelb BLIparKaeTcsl 4yepes Ha-
NPSIKEHHOCTH 3JEKTPHYECKOTO H MAarHHUTHOro IOJIed, CO3JaBaeMbIX
ECEMH OCTaJIbHBIMU YACTHIIAMH B TOYKEe HaXOXAEHHs JAHHOH 4acTHUHL
3Jnech BO3HUKAET, OAHAKO, CJefylouui BOIpoc.

B cayyae HeAiTpaibHBIX uacTHl (aTOMOB HJIH MOJeEKYyJ), 6aaro-
papsi GplcTpoMy YOBIBAHUIO CHJ B3aMMOJEHCTBHA, 3aMeTHLIE H3MeHe-
HHST B X JBHXKEHHH, HHTepIpeTHpYyeMble KaK CTOJKHOBEHHs, Npo-
HCXOAAT JHIIb HA MaJblX INPHIEJbHHX PacCTOSHHAX (nopsiaxa
BeJIMUHHBEL CaMHX aTOMHLIX pasMepoB). B npomMeXyTKax ke Mexny
TAKUMH CTOJKHOBEHUSMH YaCTHIbI JBUKYTCH KaK CBOOOJHLIC; HMEHHO
NO3TOMY B JI€BOIl CTOPOHE KHHETHUECKOTO YDaBHEHHS JJif OOBUHBIX

rasoB mogiaraercss p=~0. B nsasme xe, BBUIY AaJbHOJAECHCTBYIOIETO
XapakTepa KyJOHOBCKHX CHJI, 3aMeTHOE U3MEHEHHUE JBUKEHUS YaCTHIL
IPOUCXOMUT Jayke Ha GOJBIIMX MPHIEJbHBIX PACCTOSHHAX; 3KPaHH-
pOBaHKe KYJOHOBCKHX CHJI B NJa3Me NIPOHCXOLHT JIMIIb Ha PacCTOs-
HHUAX ~ d, KOTOpPHIE COTVIACHO ycJoBHIO (27,3) BeJINKH Jake MO cpas-
HEHHIO € MEXYaCTHUHBIMH paccTOsiHuAMH (cM. V, § 78, a Takke
sagauy 1 x § 31). He Bce aTm cayuanu, ofHaKo, AOJKHBLI HHTEpIIpe-
THPOBaThCs B KMHETHYECKOM YpaBHEHHH KdK CTOJKHOBesHd. B ku-
HETHUYECKOH TEOPHH XaOTHYeCKHe CTOJNKHOBEHMS IPEACTaBJAIOT COGOH
TOT MeXaHHu3M, KOTOPbifi MPUBOLHT K NPHUOJHKEHHMIO K COCTOSIHHIO
PABHOBECHSI C COOTBETCTBVIOLIMM BO3PaCTaHHEM 3HTPONHH CHCTEMHI.
MexJ1y TeM CTONIKHOBEHHA HA 60OJbLIHX (~ @) NPHLEJbHBIX paccTosi-
HHAIX He MOTYT CJAYXHUTb TaKUM PeJakCAllHOHHBIM MEXAaHU3MOM,
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Heno B TOM, yro B3anmMoNeHCTBHE NBYX 3apsSKEHHBIX YACTHI[ Ha
TaKHX PACCTOSIHHSIX TNpeACTaBJsieT CO60H B NEHCTBUTENBHOCTH KOJI-
JIEKTHBHBEIA 3(eKT, B KOTOPOM YYaCTBYET GOJBIIOE YHCJAO YACTHIL.
CooTBeTcTBEHHO U TO 5(Q(EKTHBHOE MOJEe, KOTOPHIM MOXKHO OMHCATH
9T0 B3aHUMOJeHCTBHE, co3jaercsi OOJBIIMM YHCJIOM YacTHll, T. €.
MIMEET MaKpOCKoNn4ecKuil xapaktep. Tem caMbM Bech mpolecc mpH-
o6peTaeT MakpPOCKONHYeCKH IOCTOBEPHBIH, a He CJyyaliHbIl Xapak-
T€P; TaKHe MPOLECCHl HE MOryT NPUBOAUTL K BO3PACTAHHID SHTPO-
NHH cHcTeMbl. OHM JO/UKHBI GLITh HCKJIIOYEHBl ITO3TOMY H3 MOHSITHS
CTOJIKHOBEHHH, YYUTBIBAEMBIX B NPaBOH YaCTH KHHETHUECKHX YDA4B-
HEeHHH.

Takomy BbiesieHHI0 OTBEYAET MPEJCTABJIEHHE TOUHLIX MHKPOCKO-
[IMUECKUX 3HAYEHHil sJaekTpuueckoro (e) m MarHuTHoro (h) mouJes,
JeHCTBYWOIHX Ha HEKOTOPYIO YacTHIy B NJasMe, B BHJE

e=E-+e’, h=B-+h, (27,6)

rae E u B-—sunauenns nosef, ycpepneHHBle nO 06/acTAM, comep-
#KalHM MHOTO YacTHL,— 06jacTeli ¢ pasMepaMH, GOJIBIIMME IO CpaB-
HEHHIO C PACCTOSTHHAMH MEXJAY YacTHIAMH (M B TO K€ BpPEMs Ma-
JAbLIMH MO CPaBHEHHIO ¢ Je6aeBCKHM panuycom). Usennl xe e u h'
OMNHCHIBAIOT TOrja ciyyadinble (QIYKTYaluH [oJelf, KOTOpLe U IPH-
BOIAT K C/AyYallHBIM H3MEHEHHSIM JBU:KEHUS 4acTHL, T. €. K CTOJK-
HOBEHHSIM.

[lo cBoemy Tounomy cmeiciy E u B B (27,6) —cpennue 3paye-
HUA NOJeil B MeCTe HaXOXJeHHMs 3ajaHHoOH uwactuuel. Ho B cuay
npeanoJaraeMoil paspexkeHHOCTH IJa3Mbl MOXKHO npeHeGpeub Koppe-
JISIIHEH MeX1y OAHOBPEMEHHLIMH MOJIOXKEHHAMH 4acTHL B HeHl. Torma
TOYKa HAXOXKJAEHHS KaXJOH 3aJaHHON YaCTHIlLI HUUYeM He BLILeJIeHa,
Tak uto nofx E u B MoxHO mnomuMaTh mpocTo mosist, ycpeiHeHHHe
B OGBIUHOM Ji/11 MaKPOCKONHYECKOH 3JEKTPOIMHAMHKH CMBICJE. ITH
nosg M GyAYT ONpefessaTb JIOPEHIEBY CHJY, KOTOpas JOKHA OBITh

NofcTaBneHa B ypasHeHHe (27,5) BMecTO p.

B 7ol riaBe MBI GyneM paccMaTpHBAaTh SIBJEHHSI, B KOTOPBIX
HECYLIeCTBEHHB CTOJKHOBEHHS MEXAY YACTHLAMH IJIA3ME; B TaKHX
Cllyyasx roBopsat o Geccmoaknosumensroli niaasme. Tounsle ycaoBus
BO3MOXKHOCTH MpPEHEOPEREHHsT CTOJAKHOBEHHSIMH 3aBHCHT, BOOOIIE
TOBODPs, OT KOHKPETHOH NOCTaHOBKH 3ajzaud. Ho 06bl4HO Heo6xomu-
Moe ycjoBHE COCTOMT B TpeGOBaHHH MasoCTH 3PEeKTHBHOH 4aCTOTHI
CTONIHOBeHHA v (BeJMUMHA, OCpaTHas CpeAHEMY BpEMEHH CBOGOL-
HOro mpoGera 4YacTHIBI) IO CPABHEHHIO € YacTOTOH © H3MEHEHHs
Makpockonuyecknx nose#t E u B B panHoM mpouecce:

v<o. 27,7)

B cuny storo yenopws mETErpan CTONKHOBeHHEE B KHHETHIECKOM
YDaBHEHUH OKa3BIBAeTCS MaJbIM [0 CPABHEHHIO C IIPOH3BOAHOMN
0f/0t. CTOJIKHOBEHHSAMH MOMHO npexebpeub TaxkxkKe H B CJyyae, ecau
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CpenHsis AMHA Npobera yacTHi [ ~ ;v BeJHKa [0 CPaBHEHHIO C pac-
cTosAHueM L, Ha KOTOpPOM MeHsieTcsl noje («1JHHa BOJHBIY T0Jf).
Ecau o6osnaunte 1/L ~ k, TO 3TO YCJOBHE 3amumueTcsd B BHJE

v <L ku. (27,8)

[Tpu 3TOM uHTerpas CTONKHOBEHMIl OKaXKeTCs MaJjblM M0 CPaBHEHHIO
C YJEHOM VV/ B JIeBOil CTOpOHE KHHEeTHYeCKOro ypaBHeHHd.

[Tocsie npene6pexennst HHTErpasJoOM CTOJNKHOBEHUH KHHETHYECKHE
ypaBHeHusl A QYHKUHE pacnpejeseHHs 3JeKTPOHOB (f,) H HOHOB
(f;) npuHHMawT BUJ

afe+ %——e<E+ [B]>0fe___ ,

(27,9)
afl +Vail+ze (E+ [VB]) afl

K aoTuM ypaBHEHHSM HaAJO NPHCOEAUHUTL CHCTEMY YCPEAHEHHBIX
ypaBHeHU# Makcgena:

1 OB .
rotE——T 5 divB =0,

rtB—-cl—ﬁ—{— j, divE=4mp,

(27,10)

rle 0 U j—cpeaHHe MJOTHOCTh 32psjJloB M IJIOTHOCTb TOKa, BHIpA-
Kawmuecs gepe3 QyHKUIHH paclpefe/eHHs OUeBUAHBIMH (opMmysaMu

=e{ (i —F.) ap,
i=e§ (ef;—F)va'p.

Ypapuenusa (27,9—11) cocraBasioT CBA3aHHYIO CHCTEMY ypaB-
HEHHH, ONpejessoIHX OJIHOBPEeMEHHO KaK (DYHKUUH pacmpeseseHus
fer fi» Tak u mosst E, B: ompenessiemble TakuM o6pasoM IoJsl Ha-
3BIBAIOT camocozaacoéannbimu. CaMoCOriacoBaHHoe IoJie ObLJIO BBe-
IeHo B Kusetnueckue ypasHenuss A. A. Baacoswin (1937); cucremy
ypasHesu#i (27,9-——11) naswmiBaoT ypasHenusmiu Baacosa.

B cooTBeTcTBHM €O CKasaHHBIM BbIlE, BOJOHHS (QYHKIUH pac-
npejesenusi B 6CCTONKHOBUTEJBHON MJa3Me ¢ CaMOCOIJIaCOBAHHBIM
IoJieM He CBsi3aHa C YyBeJUYeHHEM SHTPOIHH H MOTOMY cama 110
ce6e He MOMKET NPHBECTH K YCTaHOBJEHHIO CTaTHCTHYECKOTO paBHO-
BecHs. DTO OYEBHAHO H HpPSAMO U3 BHAA ypasHeHui#l (27,9), B KoTO-
peix E u B BoicTynaloT ¢opmaJbHO JIHIIb KaK BHELIHHe TOJA, Ha-
JIOXXEHHBIC Ha TJIa3My.

Kaxnoe us kunetuueckux ypasHeHHH (27,9) nMeer Buj

af _
=

(27,11)

(27,12)
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TAe NOJIHAsT MPOU3BOAHAs O3HAuaeT AudpepeHNHpOBaHHE BIOJb Tpa-
€KTOPHHM 4HacTul. OObllee pelleHHe TaKOro YPaBHEHHsI eCTb IPOHU3-
BOJIbHAs (PYHKUHS OT BCEX HHTErPaJIOB JBHXKEHHS YACTHLLL B MOJAX
E un B.

§ 28. Npocrpancrsennas AMCEpPCHS B masme

Hepenuiem ypasuennst (27,10) B Buze, 6oJiee OGLIYHOM A/ MaK-
POCKONNYECKOl SJIEKTPOAHHAMMKH, BBeAs B HHX Hapsiay C Ha-
npaxennoctio E - rakke o anextpuueckyro mmayknuio D. TIpn
9TOM MBI ONPEAE/IHM BEKTOP 3/JeKTPHYECKOH noJsipusanuu P coortno-
HICHH M

Z=j,  divP=—p; (28,1)

HEMPOTHBOPEUUBOCTL 3THX ABYX (opMysn ofecrneuuBaercss ypaBHE-
HUEM HenpepuiBHOCTH div j=-—dp/0f (MBI BepHeMcs elle K 3TOMY
onpelesieHnio Hipke B 9TOM naparpage). Torpa ypasuenus (27,10)
NPUMYT BHJ

rotE:—%%?—, divB =0,

1 oD (28,2)
rotB=——-, divD=0.

¢ 0t

B cnabpix mosiax cpash mHaykumn D ¢ panpsukensoctbio E u-
HeifHa'). Ho yxke B OOBbIYHBIX cpefax 5Ta CBSI3b HE MMEET MIHOBEH-
HOro xapakrtepa mo bpemenu: sHauenue D (7, r) B HeKOTOPHI MOMeHT
BpeMEeHH ¢ 3aBHCHT, Booflie rosopst, oT snauennit E (Z, ) HE TOJIbKO
B TOT K€, HO H BO BCE NPEILECTBYIOLIHE MOMEHTH! BpeMenu (cM. VIII,
§ 58). B nuasme x sTOMY fn06aBsieTCs €le H HEJAOKAdhHOCTb CBSISH:
sHayenne D (4, r) B HeKOTOPOH TOuKe MPOCTPAHCTBA T 34ABHCHT OT
sHayenuit E (¢, r) He Tonpko B Toll xKe TOuKe, HO, BOOOLIE roBops,
U BO BCeM oObeMe naasMbl. DTO CBOHCTBO CBSI3aHO C TEM, UTO «CBO-
GoxHoe» (1. e. Ge3 CTOJKHOBEHHi) JBIZKEHHE YacTHIL B IUIA3Me orpe-
ACJISETCST SHAYCHHSAMH [0Jsl HA BCeH HX TPaekTOpHH.

HanGosee ofmast snuefinas cBsish Mexqy ¢yuxuuamu D (¢, r)
u E (¢, r) Moxer GhiTh 3amucaHa B Buje

t

D (t, r)=Eo(t, )+ §  Kegt—1', v, v)Ey (2, v') abx’ dt.

—_w

Ins npocTpaHCTBeHHO-OIHOPOXHOH TMIA3MEI SIAPO  MHTETrPabHOTo
oneparopa Ky 3aBHCHT TOJBKO OT PAasHOCTH NPOCTPAHCTBEHHHIX

&-——
1) Yenosue caabocta mosna Gyger chopmyanporano B § 29,
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aprymentos r—r’. O6osnauus r—r’ =p, {—1 =1, nepenuiuem Ty
CBfI3b B BHIE
Dy (t, ) =Eq (t, 1)+ § Kag (1, 0) Eg (f—7, r—p)d?pdr.  (28,3)

0

Kak ofbluHO, NMyTeM pasfioxeHuss B Psi Wi uHTerpan @ypbe
MOXKHO IIPeJCTAaBHTH M0Je B BHIE COBOKYNMHOCTH IJIOCKMX BOJH,
B kKoTopelx E u D mnponopuuonanpubt ef (kr-@), [l TakHX BOJH
ceasp D ¢ E nmpunumaer Bux

D, =845 (0, k) Eg, (28,4)

rje TEH30p llHBJIEKTpH‘-IGCKOfI NPOHHILAEMOCTH

@®

fup (0, ) =bup +§ § Kup(x, p) et - m0dpdr.  (28,5)
’ 4]

U3 storo ompegpeseHuss HENOCPEACTBEHHO CJEAYET, UTO
€ap (— 0, — k) =245 (0, k). (28,6)

Taxkum o6pasoM, HejokajbHocTb cBssn Mexay E u D npusoput
K TOMY, U4TO AH3JEKTpHUYecKas NPOHHIAEMOCTDb MJa3Mbl OKa3biBaeTCsl
(YHKIHell He TOMBKO OT 4ACTOTHI, HO H OT BOJHOBOTO BEKTOPa; 00
3TOi ToOC/e[HeH 3aBHCHMOCTH TOBOPSAT KaK O NpOCmpaHcmeéeHHol
ducnepcuu, TOROGHO TOMY, KaK 3aBHCHMOCTb OT 4aCTOThl HA3LIBAIOT
epemertoll (nad uacmomrotl) Oucnepcuel.

Bepuypiuce K ypaBHeHusM (28,1 —2), HanmoMHHM, 4YTO IIpH
¢dopmyanpoBKe ypaBHeHnH MakcBesia /s 1ePeMeHHBIX noJiefi B o6bIY-
HBIX CpejaX Hapsay C AudJeKTpuuecKoii moaspusauueii P BBOAUTCA
Takxke M HaMarHHYeHHOCTb M, mpuueM CPeiHHH MHKDPOCKONHYECKHH
TOK PpasJsaraercss Ha JBe 4acTH OP/0t u crotM; B TJOCKOU BOJIHE
5TH BHpaxenus cBopatcs K —ioP u ic[kM]. Ho npu nanuuun npo-
CTPAHCTBEHHOH AMCIeDPCHH, KOTJA BCE€ BEJHYHHBI BCE PABHO 3aBHCAT
ot k, Takoe pasiesieHie HeleJecoo6pasHo.

OTMeTHM TaKKe, 4TO, €CJH TOK j H INIOTHOCTH 3apsiioB O LleJHu-
KOM BKJIOUEHB B ONpejesieHHe moJspusauud P (Kak 3T0 chenaHo
B (28,1)), mocaeaHsas 3aBUCHT, BOOOLLE rOBOPS, KaK OT 3JEKTpHYe-
ckoro nodst E, Tak M oT maruurtHoro mojis B. Ho mose B moxmhHo
BelpasuTh uepes E corsacHo mepso#l mape ypaBHeHHII Maxkcpesa
(28,2), coxgepxalieil TOJbKO 3TH [BE BEJUYHHBI, T. €. (1a1s nJocKoH
Bosbl) coraacio [kE]=oB/c, kB=0. Toraa u moaspusauus P
oKaxeTcsl BhlpaxeHHO# Tospko uepes E, 4yro M mnoapasymesaercs
B ONpENeJICHUH €4g cOrslacHo (28,3—5).

3aBHCHMOCTb OT BOJIHOBOTO BEKTOPA BHOCHT B GYHKIHH €44 (®, k)
BLIZIEJIEHHOE HanpaBJeHue — HampaBjeHne ee aprymenta k. ITostomy
Ipd HaJWYHH [POCTPAHCTBEHHOH IUCIEPCHH JM3JIEKTPHUYECKass Npo-
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HULAEMOCTD BJIAETCS TEH30POM Jaxe B H30TponHoil cpege. O6uui
BHJ TaKOro TEH30pa MOXKHO MNPEACTaBHTL B (opme

ko kok
eap (0, k) =¢, (0, k)(aaﬁ—Tf)Jre, (0, h)E2E - (28,7)

ITpu ymuoxennn na Eg mepswil unen B (28,7) jaeT B HHAYKIHIO D
BKJ/al, MNepreHAUKYNsipPHEIA BOJMHOBOMY BEKTODPY, & BTOPOH YJjeH —
BKJIaJ, napanienvubit k. laa nmoseit E, nepnedpukyaspubix k man
HaupaBaenuelx 1o k, cBasp mexay D u E cBOAWTCS COOTBETCTBEHHO
K D=¢gE um D=gE. Cranspuble QYHKIUH & U €, HA3BIBAIOT
COOTBETCTBRHHO nonepeuHoti u npodoaorot nporuyaesocmamy. Onu
3aBUCAT OT JBYX HE3aBHCHMBIX IIEPEMEHHBIX —YaCTOTH ® H a6COJMIOT-
HOH BEJHMYMHLL BOJHOROTO sekropa k. Ilpu k-—0 Boigesennoe Ha-
NpaBJieHne HCYe3aeT, U TOIAA TEH3O0DP €,g JOJIKEH CBOAUTHCH K BHAY
€(0)8,p, rhe &(w)—oObiuHAs CKadApHAs IPOHHIAEMOCTD, YUUTHE-
Baomas JUWb Y4acTOTHYIO AHcHepcHio. COOTBeTCTBEHHO Npeje/ibHbIe
3HAYCHUsI QYHKIMH €; U & OXHHAKOBBI H PABHBI

gt (0, 0)=¢, (0, 0)=c¢ (0). (28,8)
Corsiacuo (28,6) cxanspuble GYHKIUH &, H & O6JaalOT CBOHCTBOM
g (—o, k)=c¢ (0, k), & (—0w, k)y=¢] (0, k). (28,9)

ITpocTpancTBennas ancnepcusi He BJAMSET Ha CBOHCTBA €, H € Kax
QyHKOMHA KOMIJIEKCHOIT mepeMeHuof o. J{ia aTux GYHKIMI OCTAIOTCS
B CHJ€ BCe H3BECTHHIE pesynabrathl {cM. VIII, § 62), ornocamueca
K TNPOHHIAEMOCTH & (®) OObIUELIX cpejl (€3 NPOCTPaHCTBEHHON Miic-
NEepCHH.

B sroit rnase MBIl GyzeM paccMaTpHBATh TOJBKO H30TPONHYIO
naasmy. IToguepkHem, yTo 3TO MpejroJaraer He TOJBKO OTCYTCTBHE
BHEIIHErO MACHHTHOTO I10JiST, HO M H30TPONHIO (YHKLHH pacnpeje-
J€HHsl YACTHIL MO0 HMIYJbCaM (B HEBO3MYIIEHHOH IIOJIEM MJasMe).
B npoTHBHOM cilyyae MOSIBASIOTCA HOBBIE BHIE/EHHBIE HalpasJ/JeHUS
M TEH30PHAsl CTPYKTYPa &,p YCIAOKHSAETCH.

Yaxe OblIo yKa3aHO, YTO NPOMCXOMEHHE IIPOCTPAHCTBEHHOM AHC-
HIEPCHH B IJIA3ME CBS3AHO C 3aBMCHMOCTBIO «CBOGOAHOrO® JBHIKEHUS
HacTHIl OT 3HAYEHHH MO0J BAOJbL UX TPaeKTOpHH. MaKTHYECKH, KO-
HEYHO, CYIMECTBEHHOE BJHSIHUE Ha JABIXKEHHME YacTHIL B Kakjioj
TOUYKe €€ TPaeKTOPHH OKAa3bIBAIOT 3HAYeHMs MOJsi He Ha BCeH Tpaek-
TOpuY, a JIMLIb HAa HEKOTOPHIX €€ OTPe3KaxX HE CJAMIIKOM GOJILIION
Amaupl. TTopagoK BeMUUMHBI STHX JAJIMH MOMKET ONpeRessThbCsl JABYMsi
MEXaHH3MaMH: CTOJIKHOBECHHSIMH, HAPYIIAOMUMH CBOGOIHOE NBIHKE-
HHEe 1o TpaekTOpHH, MJIH YCPeJHEHHEM OCLMJIHDYIOWEro NoJjis 3a
Bpemsi mposiera wacTHIB 10 TPaeKTOPUH. JIas MepBOro MexaHH3Ma
XapaKTepHBIM PACCTOSIHHEM SIBJSIETCS JJAHHA CBOOOLHOIO npoGera

qacrtunpl [~ vu/v, a pas BTOPOTO — PAacCTOSHHE U/®, Ha KOTOpoe
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yacTHIIa, ABHTAsICh CO CpeaHell CKOPOCTHIO U, NIEPEMEIAETCst 33 BPeMA
OJHOTO IIEPHOJa MOJIS.

B Buipaxenuu (28,3) AanbHOCTH KOPPeNANUH MEKILY SHAUCHHIMU
D u E B pasauuHplX TOYUKaX NPOCTPAHCTBA COOTBETCTBYIOT pacCTof-
HHS fyop Ha KOTOPBHIX CYLIECTBEHHO y6uBaer QyHKUHA Kog (T, 0)-
MOKHO YTBEpXKJaTh, CJEJOBATEJbHO, YTO MOPSAJOK BEJHIHHBL STHX

paccTosiHuil JaeTcs MeHbileH 3 ABYX BEHUHH, [ WIH 0/® (mpuyeM
Hago OpaTh ee AJs TeX YACTHI—3/EKTPOHOB WJIH IOHOB, AJf KO-

-

TOPBIX OHAa HMeeT GoJibllee 3SHAUYeHHE). Ecin v<€®, TO MeHbLIeH
ABJsSeTcsl BeJMYMHA U/® U TOriAa

Txop ~ V/®. (28,10)
[TpocTpaHcTBEHHAs JAMCHEPCHst 3HAuUTeJbHA TpH krip =1 1 ticue-
3aeT NPH krp<< 1; B HOCIeAHEM ciydae B (28,5) MOXKHO 3aMCHHTD
e-iko &~ 1 u murerpan nepectaer 3aBuceTb oT K. C ryop U3 (28,10)
MBI HAaXOmuM, CJeJOBaTejibHO, YTO MPOCTPAHCTBEHHAsT AHCHCPCHA
CyIIecTBEHHA JJIf BOJH, (pazoBas CKOPOCTH KOTOPBIX (w/k) cpaBHHMA
WIH MeHble CpejHeil CKOPOCTH 4acTull B NJasme. B oGpaThHoM npe-
IeJbHOM cJydae IIPH

o> ko (28,11)

IPOCTPAHCTBEHHAs AMCIEPCHS HECYIIECTBEHHA.

BamHo, UYTO 3HAUEHMS Iy, B IJa3Me MOIYT GBITH BEJHKH IO
CPABHEHHIO CO CPeIHHMH PACCTOSHHAMHA MKy HaCTHILAMH (~ N5,
VIMeHHO 3TO yCJOBHE AeNaeT BO3MOMKHBIM MAaKDOCKOIHYCCKOE Onnca-
HHE TPOCTPAHCTBEHHON QUCIEPCHH B TEPMHHAX AM3JIEKTPUUYECKOH TIPO-
HULLAEMOCTH Naske TOrAa, KOTJa jucrepcus snaunresbHa. Hamomuum
(cm. VIII, § 83), uto B OGBLIYHBIX cpeiax poJb AIHHbL KOPPEJSILUIiH
UTPAIOT ATOMHbIE DPasMepbl M IIOTOMY Y€ yCJOBHE HNPHUMEHAMOCTH
MaKpocKonuyeckofl Teopun Tpebyer coGI0JIeHH S HEPABEHCTBA kr ozl
(1JHHA BOJHBI JO/DKHA ObITh BeJHKA TO CPABHEHHIO C ATOMHBIMH
pasMepamu); HMEHHO IIO3TOMY B TaKHMX CPelax NpPOCTPAHCTBEHIHAS
JUCIepcus (NposiBasiouasics, HanpyuMep, B TaK Ha3bIBaeMOH eCcTecT-
BEHHOH ONTHUECKOH aKTHBHOCTH) BCETJa OKasbiBAeTCs JIHIDL MaJioi
TIONPaBKOH.

§ 29. JduaneKTpHuecKast NPOHHLIAEMOCTD GeCCTOAKHOBUTEIBHOMN NAa3Mbl

B ofmeM cJygae TpPOW3BOIbHBIX 3HaueHHH K, KOrjia CyLlecTBEH-
HYI0 POAb HMrpaeT NPOCTPAHCTBEHHAS NUCTICPCHS, BRIYHCJCHHE HPO-
HUILaeMOCTH TPpe6yeT IPAMEHEHUsI KHHeTHYECKOro ypaBHEeHU . Crenaem
570, NpeAnojarasi, 4TO B AHINEKTPUUECKOH MOJNSPH3ALMH NJIa3MEI
Y4aCTBYIOT TOJBKO SJEKTPOHBI, & ABIDKEHHE HOHOB HCCYIIECTBEHHO
(B TakuX caydasx ropopsar o6 51CKMPORHOL naasme); K YCJOBHIO
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JAONYCTHMOCTH TAKOro Ope/INiosIoKEHHA U K OOOOIKEHHIO Pe3yIbTaToB
Mbl BepHeMcs B § 31.

st caa6oro moJs uuieM (YHKIHIO paclpefieleHus! 3JeKTPOHOB
B Buie f[==f,-+0f, rae f,— HEBO3MYLIEHHAS IOJIEM CTAllHOHApHAsI
H30TPOIIHAs I MPOCTPAHCTBEHHO-OMHOPOAHAA (YHKUMS pacnpenede-
HUS, a 8f —ee naMenenue noj BaAusHueM noJst. [IpeneGperast B KUHETH-
4YeCKOM ypaBHEHHH YJeHaMH BTOPOTO NOPsJKa MaJ/oCTH, HOJYUUM

66f+ (76f <E—}— [v B]>6f0 )

B wusorpouHo#t nnasMe GYHKUHS pacnpejeseHHs 3aBHUCHT TOJBKO OT
abcomoTHOoll BeJHYMHBL MMOyJabca. [las Takod GYHKUMH HanpasJe-
HUe BeKtopa Of,/0p coBmajaer ¢ HanpaBJeHHeEM p=mvV H €ro npo-
usBeflerue ¢ [vB] ob6pamaercs B HyJb. Takum o6pa3oM, B JHHEHAHOM
npubaMKeHHH MAaTHHTHOE NoJe He BJAuseT Ha (QYHKIHIO pacnpene-
Jgerus. Hnsa Of ocraercss ypaBHeHHe

66f+ aﬁf BE%ZQ-. (29’1)
p
Bumecte ¢ mosem E ¢yurnus §f npeanonaraeTcst nponopuHoHab-
Ho#t exp [/ (kr—oif)]. Toraa us (29,1) Haxomum

eE f o
of = Tlv—0) p ° (29,2
YcaoBre MajocTH TOJS BO3HUKaeT M3 TpeGoBaHust, uTo6Ll 8f GbLIO
Masno no cpaBHeHuio c f,. Kosbdunuent npu of,/0p B (29,2) ecthb
aMIJIHTYAa HMIYJbca, npuobperaeMoro 3JjekTpoHoM B moje E. Jta
aMIIMTYAa JOJKHA OBITh Maja IO CPAaBHEHHIO CO CpPefHHM (ompeje-
JeHHBIM IO paclnpejiesleHHIo f,) HUMIYJIbCOM MU,

B HeBoaMylieHHOH mJa3Me IJIOTHOCTh 3apsiJOB 5JEKTPOHOB KOM-
HeHCHPYyeTcss B KaxkJAOH TOuKe 3apsilaMH HOHOB, a MJOTHOCTBH TOKa
paBHa HYJI TOXKIECTBEHHO BBHAY H30TPONUH I1a3Mbl. [lIOTHOCTB
Xe 3apsIoB H IUIOTHOCTh TOKAa, BO3HHKAKINE B I[JIa3Me IpU ee
BO3MYILEHHH IOJeM,

p=—el8fdop, j=—el vofaop. (29,3)

Bmecte ¢ 8f atu BesmuuHB TponopuuoHasbhbl exp[i (kr—of)],
H corjaceo (28,1) ux cBA3bL ¢ AUANEKTPUYECKOH NoJsApU3alHei
Jaetcs QopmynaMu

ikP=—p, —ioP=j. - (29,4)

Cnoco6 B3stusi uHTerpanoB B (29,3) Tpebyer, OAHAKO, YTOYHe-
HHsl BBHAY Haguuusa y ¢yHkKuud O6f mosioca npu

o =Kkv, (29,5)
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UrtoOpl NpHAATh MHTErpany cMmblici, 6yAeM BMECTO CTPOro rapMOHH-
YecKoro (ove~i®f) paccmarpuBaTh IOJe, KOTOpoe GeCKOHEUHO Mef-
JIEHHO BKJIIOYaeTCs OT BPeMeHH [=-— oo. TakKOMY ONHCaHHIO TNOJS
COOTBETCTBYET ZOGABJEHHE K €ro uacTote GecKOHEUHO MaJiofl moJo-
XKUTEJbHOH MHUMOH 4acTH, T. €. 3aMeHa ®— o -0, rge 6 — J-0.
HefictBurenpHo, mpu 3toM Oygetr E ocve~i@ed— 0 npu {—— oo;
BBLI3BIBAEMOE K€ MHOMXKHTENEeM €% HeorpaHuyeHHOe BO3pacTaHue 1oJs
Ipd {-—— 00 HECYUECTBEHHO, TaK KaK B CUJY NPUHLIUOA OPUYHH-
HOCTH HE MOMET OKasaThb BJWSHHS Ha sBJCHM], pacCcMaTpHBaeMble
IPH KOHEUHHIX BpemMeHax [ (Mexzy TeM Kak ¢ & < 0 moJsie okasa-
Jochb Obl GOJBLIMM B HpPOLLIOM, 4TO HapYLIHJAO OBl NPUMEHHMOCTb
JUHEHHOrO mo mnoJgo npHbanxkenus). Takum obpasoM, npasuso o6-
xoda moJiocoB (29,5) onpexeasercs 3aMeHoH

®— 0 --{0; (29,6)

OHO GBblIO BUEpBHIe ycTaHoOBJeHO JI. [. Jlawday (1946).

K o6ocunopannio npasuaa (29,6) MOXKHO TNOJOATH Takxke C APY-
rofi TOYKM 3DEHHUSI, INyTeM BBeJECHHS B KHHETHUECKOE YPaBHEHHE
OECKOHEYHO MaJIoTO HHTerpasa CTOJKHOBEHHH, MpeACTaBJeHHOTO
B BHie Stf=—+v8f. [lo6aB/ieHre TaKoro ujeHa B TPABYIO CTOPOHY
ypaBHerus (29,1) skBUBa/JeHTHO 3aMeHe W — ® - [V B ujeHe 0 §f/0f=
= —{wdf; ycTpemass 3ateM v — 0, moJyunM cHOBa npasuiio (29,6) ).

Ilpu uHTerpupoBaHHsIX ¢ mpaBuJoM obxopa (29,6) MBL uMeeM
JeJio ¢ MHTerpaJjaMy BHJA

@®
f(2)dz
= 020
-
B TakoM uHTerpasje NnyTh HHTeTPUPOBAHUS B IIJIOCKOCTH KOMIIJIEKC-
HOH mepeMeHHOH 2 INPOXOMMT mnoi Toukod z=1id; mpu 8 — 0 3t0
9KBHBAJEHTHO HHTETPHPOBAHMIO BJIOJb BEIIECTBEHHOH OCH ¢ 06X040M
nojoca z=0 no GecKOHEUHO MaJioil MOJYOKPY:KHOCTH CHU3Y. Bkaag
B HHTErPas OT 3TOr0 06X0Ja ONpPEAEsasSeTcs MOJYBLIYETOM HOALIHTEr-
PaJbHOrO BHIpAXKEHHs, U B peayabraTe MOJMYYEM

<@

S zf-(_zz)O dz = % f(Z) d2+lﬂf (O)’ (29’7)

-0

rJe TepeuepKHYTHIH 3HAK HHTerpaJja O3HauaeT, 4TO HHTerpasn Ge-
PeTCsl B CMBIC/IE TJIABHOTO 3HAUEHHS. Ty GOPMYJIy MOXKHO 3allHCaTb

1) B u3m0XeHHBIX pacCyXKIEHHSX CON€pKaTCAd IO CYIIeCTBY JBa Mepexoja
K 0Opefeay: K MaJjblM LOJSM (NHHeapuszallisl ypaBHeHH#) u K v —» 0. O6paTtum
BHHMAaHHE Ha TO, 4TO MEPBHIH NPOU3BOAMTCS A0 Broporo. Heo6xomuMocTh HMEHHO
B TAKOM MNOPHAAKE NpelesbHBIX NEPeX0J0B CBA3aHA C HEOOXOAHMOCTBIO COBIIONEHHUS
yenosus Of <€ fo npu auneapusauuu; npu v=0 goGaska §f obpamanack 6ul B Gec-
KOHEUYHOCTh TpPH kv=0
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H B CHMBOJIHYECKOM BHJIE
Lo_pliimse), 29.8)

z2—i0
rie cumBos P o3navaer B3siTHe (NPH JaJbHeHIIMX HHTEIPHPOBAHUAX)
IJIABHOTO 3HAYEHHS.

BbIune/IMM NPOJOMBHYIO YacTh MHJIEKTPHYECKOH MPOHHIAEMOCTH
njasmel. Bocmosibayemcsa J/Is 3TOTO NEPBBIM H3 COOTHOLIEHUH (29,4),
noxcrasus B Hero 8p us (29,3) u (29,2):

. af d?p

—_— p? o F

ikP=—¢'E g I Ikv—0—100) "
Ilycts moste E (a ¢ Hum ¥ P) Hanpasseno Broas k; torma 4mP =
= (¢,— 1) E. Mpl npuxoguM, TakuM o06pasom, K cjenywlieil GopmyJe
/IS TNPOROJNBLHOH [POHUIGEMOCTH INJIa3Mbl C MPOH3BOJBLHOH CTALMO-
HapHO# QyHkuunelt pacnpepejenus f(p) (uujgerc 0 y KOTopo# Huxke
ONyCKaeM):

47e2 of d3p
o=1— ko (29.9)

BriGepem Hampabjenwe k B KauecTBe ocu x. B mojwlHTErpasibHOM
Bepaxkenun B (29,9) ot p,, p, sasucur Juuis f. [Tostomy Gopmymy
(29,9) moxno mepemnucath B APYTOM BHJE, BBeAs (YHKLHIO pacripe-
JICJIEHUS TOJIBKO IO P, = MU,

Fp) =" F(p)dp,dp,.
Torna
smet C df(py)  dpy
1—“7 dp, hkve—w—iQ° (29,10)

-

&=

B usorponHoii nnasme f(p,)—uerHas GyHKUHA p,.

Cpasy ke OTMETHM BaXKHBIH De3yJsbTar: NM3JeKTpHYeCcKas Npo-
HHUIIaeMOCTb GECCTONKHOBHUTENBHOR MJIasMbl NKasbiBaeTcst KOMILJIEKC-
HO#l BeJMYMHOW; MHHMad uacTh HHTerpasa (29,10) ompexensercs
Gopmyqoit (29,7). K o6cyxpeHnIO 3TOr0 BaXXHOTO pe3yJbTaTa Mbl
BO3BpATHMCSI B CJeAyiolleM mnaparpade, a 3fech pacCMOTPUM aHa-
JMTHYECKUE CBOKCTBA (PYHKIHH YaCTOTHI @, ONpeNessieMoll MHTerpa-
oM (29,10). ¥Yxxe M3 o6WMX CBOKCTB AM3JEKTPUYECKOH NpPOHHILAE-
MOCTH H3BECTHO, 4TO 3Ta (QYHKIUS MOXKeT HMEThb OCOGble TOYKH
TOJIbKO B HIXKHEH IOJYNJIOCKOCTH KOMILTEKCHOH NEpeMEeHHOH
(cm. VIII, § 62); 310 ABJISETCS CAEACTBHEM YKE CAMOTO onpejede-
Hus (28,5). IlonesHo, oxHako, mpocjesuTb 3a TeM, KaK 3TO0 BHIHO
HemocpencTBeHHO u3 GopMyJbl (29,10), u BBISICHUTL CBSI3b MEXKAY
STUMH OCOGHIMH TOYKaMH M CBOHCTBaMH (YHKLHH pacmpesesieHHs

[ (ps)-
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Vsmenus o603HageHHe MHepeMeHHOH HHTErpHPOBAHHS, HaNHIIEM
iHTerpaa B (29,10) B Buue
(aa_d (29,11)

P dz z—ow/k "’

MuTerpupopanie MPOH3BOAUTCS B IJIOCKOCTH KOMILJIEKCHOI IepeMeH-
HOH 2z BIOJb BelleCTBEHHOH OCH, ¢ O6XOZOM TOUKH Z=®/R CHU3Y
(puc. 7, a). Tem campM HHTerpan (29,11) onpexessier anaanTHye-
CKyl0 (YHKOHIO H BO BCeHd BepXHEd MOMYIJIOCKOCTH ©: LIS BCEX
TAKUX 3HadeHHH o noawoc 2z=w/k oOXOAHTCH, KaK H CJeZ0BaJo,
cuusy. [lpu aHasuTHUECKOM 2Ke NPOAOKEHHH 3TOH (PYHKIMH B HHX-
HIOIO HOJYIJIOCKOCTD ® HeO6XO0AHMOCTb 06X04a N0MI0ca CHU3Y TpeGyeT
KaXkJBH pa3 COOTBETCTBYIOUIEIO CMe-

@ IEHHs TIyTH HHTerpuposanus (puc.

) wlt 7, 6). Ho ¢yuxuus df(z)/dz, pery-
¢ Y Imz=0 JAsIpHas NIpPH BeleCTBEHHHIX Z, HMEeT,
BOOGILIE TOBOPS, OCOOBIE TOUKH TIPH

a) KOMIIJIEKCHBIX 3HAUEHUAX 2z (Ha30BeM

UX 2,), B TOM 4HCJe B HHXHEH MoJy-
MJOCKOCTH 2. YBOJ IMYTH HHTErPHPO-

c \a://r/ : Imz=g BaHUs C or noJgioca z=w/k OKaswl-
L]

BaeTcss HEeBO3MOMXKHLIM, KOrjla 3TOT IIO-
JI0C cOaMKaeTcd ¢ Kakoi-a1u6o U3 oco-

L¥4
? Oblx TOUEK 2z, ¥ KOHTYp C oKasbIBaercs
8) 8axKaThIM MEKAY STHMH JABYMS TOYKa-
Puc. 7. mu. Takum oGpasom, dynxuusa (29,11)

HMeeT 0coBble TOYKH B HHXKHEH HOJIy-
MJIOCKOCTH ®© MpH 3HAUYEHHsX ®/k, COBNAJAIONIUX C OCOOBIMH TOYKa-
My Qynnuun df (2)/dz.

§ 30. 3aryxaune Jlanpay

Vike GBLIO OTMEUEHO, UTO JAHU3JEKTpUUecKasi NpoHHIlaeMocTh Gec-
CTOJKHOBHTEJAbHON TNJIASMBl OKA3bIBAETCS KOMIJIEKCHOH BeJHUUHON
(e,=¢] +i¢}). OTAeMNB MHHMYIO 4acTb C NOMOLULbIO popmynl (29,8),
nMeeM

€] = — dne? S%{?é(w_kv) dp, (30,1
HJIH
v Anemdf(psx)
=" dpy lox=o/k" (30’2)

Kak H3BeCTHO, KOMIJIEKCHOCTh JHIJEKTPHUECKOH NPOHHIAEeMOCTH
O3HayaeT HaJHyHe JUCCHIANHH SHEPTHH 3JeKTPHYECKOro 1oJs B cpe-
jge. HanoMuum GopMynEl, Onpejessiiolide CPeAHIon JUCCHIIHPYEMYIO
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(B enunuLy BpemeHu B efuHHIE o6beMa) 3HePrui® Q MOHOXPOMATH-
YECKOTO 3JeKTPHYeCcKOro noJjs. Ecau 1o nose npeacraBieto B KOMI-
JIEKCHOM Buj€

E = Emk ei (kr—(ot)’
TO B oflieM cJyyae aHH30TPONHOH Cpensl')

o 1. .
Q:é%'?[gﬁa (@, k) —tqp (0, k)] Eo.Lp; (30,3)

JUCCUNIAIsT ONpENeAeTCs aHTHIPMUTOBOMH YacTbio TEH30PA €,p5. EciIH
3TOT TEH30P CHMMETPHYEH, TO AHTHIPMHTOBA 4acTb CBOAMTCS K MHH-
MOH YacTH M TOTJa

[0} ”

Q == thp (0, k) ELE}. (30,4)

B ¢aydyae HpoOAOJIbHOIO IIOJA 3JeChb OCTaeTcsi TOJLKO MHHUMAs
JacTb I'IpOLLOJIbHOﬁ NNPOHHIAEMOCTH

Q="4=¢|E]. (30,5)

[ToacraBus cioma (30,2), Haxonum B AaHHOM CJayuyae

. ame?w df (py)
Q= ! EP KT “dp, vx=a/k (30,6)

Taxkum o6paszon, nauccumaiisg BO3HHKAET y#Ke B GECCTONKHOBU-
TEJIBHOH MJa3Mme; 3TO sBjeHue Oblio mnpenckasano J. [. Jlanday
(1946) u o mem roBopsit Kak o samyxanuu Jlanday. He 6ynyun
CBSI3aHO CO CTOJKHOBCHISIMH, OHO NPHHIHMIIHAJILHO OTJINYAeTCH OT
NHCCHITALMKE B OCBIYHLIX MNOTVIOUWAIOUIHX cperax: GecCTOMKHOBHTE b-
Has JHCCHIIANlMA He CBs3aHa ¢ BO3PACTAHHEM 3SHTPONHH H TOTOMY

1) 910 BEIpaxenne noayyaercs H3 oburedt Gopmy.IE

Q=<ED> /47,

rJe yIJoBble CKOGKM 03HAYalOT ycpenHeHHe no Bpemenu (cum. VIII, § 61). 3nech
nojpasymenaercsi, 4to E u D Bemecrsennn. Ecaun ke E npencraBaeHo B KoMn-
JIEKCHOM BHJE, TO B (DOPMyJly Hajio NoAcTaBuTh BMecto E moaycymmy (E--E*)/2.
CootrercTByrOmHi BeKTOp D MMeET KOMIOHEHTHI

1 %
5 {eap (0, k) Ep +eap (— 0, —k) Eghy

a BekTop D—
im
2
Yepeanun npousseente ED m pocmoansopaBimmchb cBoiicTBoM (28,6), TOMYUHM
(30,3) (cp. muke mpumevanue ma ctp. 159).

{—eap (0, k) Ep - eap (— ©, — k) Eg}-
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npefcTaBaseT co6oil TepMOAMHAMHUECKH 00paTHMBIH nmporecc (x aro#t
CTOpOHE siBJeHHsi Ml BepHeMcs eme B § 35).

MexanusM saryxaHus JlaHjay TECHO CBSI3aH C IIPOCTPAHCTBEHHOH
aucnepcueit. Kak suguo us (30,6), nuccHnanis BO3SHUKAET OT 3JEKTPO-
HOB, CKOPOCTb KOTOPHIX B HalpaBJIeHHH PaClpOCTPaHEHHs 3JEKTPH-
qecKOll BOJHBI COBIajaeT ¢ (asoBOH CKOPOCTLIO BOJIHH (V= ®/R);
0 TaKHX 3JeKTPOHAX TOBOPSIT, 4TO OHU JBHXKYTCA B (ase ¢ BOIHOM ).
[lo OTHOLIEHHIO K 3THM 3/€KTPOHAM MOJe CTAlMOHAPHO H I03TOMY
OHO MOXKET NPOH3BOAMTH HaJ| 3JeKTpoHamu paboTy, He ofpaiaioo-
myiocs B HyJb IPH YCPeJHEHHH IO BpeMmeHH (KaK 3TO HMEeT MeCTO
IJSi APYTHX 3JEKTPOHOB, IO OTHOLIEHHIO K KOTODBIM MOJE OCLHJI-
nupyer). [oyuyutesqbHO MpPOCTEAHTH 32 3THM MEXaHH3MOM Gojee je-
TajdbHO, BhiBeas dopmyay (30,6) mpameM o6pasoM, He npuberas
K KHHETHUECKOMY YDaBHEHHIO.

[TycTb 3JeKTPOH JBHXKETCS BJAOJDb OCH X B HaIpPaBJIEHHOM IO
3TOH XKe ocH cJaboM 3JIEKTPHUECKOM MNOJIe

E (¢, x)=Re {E e tx-0h ¢t} (30,7)

MHOMKHTENDb e!® CHOBAa OMNHCHLIBAET MEJJEHHOE BKJIOUEHHE I0Js OT
BpeMeHH f=— oco. Byxem HCKaTh CKOPOCTb U, == @ H KOOPAUHATY X
JBHKYUIETOCSA 3JEKTPOHA B BHJE

w=w, -6w, x=x,+0x,
rie 8w, 8x—TMOMpPaBKU K HEBO3MYLIEHHOMY ABHXKEHHIO X, = W,f, Ipo-

HCXOASIEMY C IOCTOSIHHO CKOpOCThIO @,. JInHeapu3oBaHHOE IO
MaJbiM BeJHYHMHAM YpaBHEHHE ABHIKEHHS JIEKTPOHA:

m d_ds%@ =—ekL (t’ xo) = —¢eRe {Eoefkf (wo—m/k)eté}.
Orciofna
€ E (¢, x¢)
dw=—z-Re m , s
e E (¢, x) ( ’ )
6)6: _ Re

m [ik (wo—0/R)+ 8% *

Cpennsia pa6oTa, MPOM3BOLUMAS TOJMEM HaJ 3JEKTPOHOM B eJlu-
HHLLY BPEMEHH, €CTh
g= —e<wE (I, x)>= —e{(w,-+0w) E (¢, x, +8x)> &
OE
~—ew, <—0K 8x) —e<dw-E (£, %,)>

1y OrMeTdM B 3TOiH CB3M, 4YTO PasHOCTh @—KV ecTb 4acToTa MOJA B CHC-
TeMe OTcueTa, ABMIKYILEHCS BMeCTe C S7eKTPOHOM.
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HJIM, B KOMILJIEKCHOM BHfe ),

OF*
g= _%Re {woﬁxm—k 6w'E*} .

[oacraBus coga E, 8x, w us (30,7 —8), nociae mpocToro mnpuse-
AEHUS MOJYUHM

= 2_d oS
1= EI' g o et -

Tenepp ocTaeTcst MPOCYMMHPOBATL ¢ 110 3JIEKTPOHAM CO BCEBO3MOXK-
HBEIMH HayaJbHBIMH HMIYJALCAMH P = M0,

_ ¥ __EIEp wd ____ df
Q= § af (py) dpy=——5 S TR (wo—aTHT 3y IPx

(npousBeneno MHTerpHupopaHie mo yacTsim). [lepexox K nmpegeny ocy-
IIECTBJ/ISAETCH € IOMOIIEIO (popmyﬂu

11m 62+ s =08 (2) (30,9)
H HemoCcpeJCTBEHHO NPHUBOAUT K BhIpaxenuw (30,6).

B cootBeTcTBUH ¢ 00paTHMBIM XapaKTepoM GeCCTOJKHOBHTENLHON
RHCCHITALMY, TePMOAHHAMHUYECKHE YCJIOBHSI He TPeGYIOT IION0KUTENb-
HOCTH BeJHYHHBI @ (Kax 3TO UMeeT MeCTO I/ MCTHHHOR JAuCCHIa-
uuy). Berpaxkenne (30,6) Bcerfa MOJIOKHTENLHO IIDH H3OTPOMHOM
pacnipenenenun f(p) (cM. 3ajauy). Has anusorponuslx pacmpepesie-
nuil, ofHako, @ MOXeT 0Ka3aThCs OTPHIATE/LHOH BeJHUHHON — HJIEK-
TPOHEI OYAYT B CpPeJlHEM OTJAaBAThb SHEPIHIO BOJIHE, 4 He M0Jydarh
ee”). Takue cayyad TeCHO CBsI3aHBI C BO3MOXKHON HEYCTOHUHBOCTBIO
niasMol (em. § 61), u, TakuM obpasos, ycaosie Q > 0 (a Ten campid
u &' >0) sBafeTca pe3yJbTaTOM JHIIb YCTOHYMBOCTH COCTOSIHUSA
/1a3MBl.

1) Ecnu jge MepHOANUECKHe TC BPeMeHH BEAWUMHB A W B TpefcTaBjeHb B
—im?
KOMIIIEECHOM BHZe (e '®), 1o,

<ReA-ReB> =% (A-+ A% (B B*)>,

270f
H

Tlpu ycpennennu mpoussesenns AB u A*B*, cogepxaume em 20t ¢ obpa-

WATCH B HYJdb H OCTAGTCA
<ReA-ReB> =% (AB*-+ A*B):_Ql_ Re (AB?).
2) Tlpou3BeReHHBIH BhlNe HATJIAAHBIN BHIBOJ dopmy.aet (30,6) He cBsi2aH ¢ H30-

Tpouued pacnpejeseruda. He cBasamo ¢ Hell Taxxe M Bhpamenue (30,%)—ou.
Huxe § 32.
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C ToyxkHu 3peHus onucaHHo# Brile (QH3HYECKOH KapTHHEL 3aTyXa-
Hus JlaHzgay Hajuuue mpoussoauoil df/dp, B dopmy.e (30,6) MOXKHO
HarJsAHO HHTEPNPETHPOBATh CAEAYIOHM oOpa3omM: B oOMeHe 3Hep-
THefl ¢ [OoJeM Y4YacTBYIOT YacTHIBL CO CKODOCTAMH U,, OJH3KHMH K
o/k, IpUYEM YACTHUBI C U, < ®/k HOJy4alOT SHEPTHI0 OT BOJHBI, &
¢ U, > 0/k—oO0THatoT 3HEPTHIO BOJHE; BoJHA OYAET TePATh SHEPTHIO,
€CJIH NepPBBIX HECKOJbKO GOJbllIe, YeM BTOPBIX.

Bagaua

Ilokasarb, uro pas I/I30TpOHHOﬁ MJIasMel GeCCTONIKHOBHTE/IbHAS AHUCCHIIALUS Q
BCerja IIOJ0XKHTEJIbHA.

Pewenne. B usorponnoil maasme f—dyHKIHA TOJBKO OT p2=p;’;—[—pi
(px m p | —cocTaBisONHe P, MPOAOJILHAA M IONCPEYHAS MO OTHOUICHHIO K k).
IMumem

df(p) _ d ( e .
B =d—p,;.§ (24 9% ad (p3) =205 0§ P (2t #L) 4 (o0),

H TOCKOABKY f(p?) —» 0 mpu p? — o, 10

di(ps) __ __ 2np.f (P,
apx *

tak uro df/dp, < 0 npu py=ow/k > 0.

§ 31. uanekTpuueckass NPOHULAEMOCTh
MaKCBeJJIOBCKOH TJIa3Mbl

Tpumennm Gopmysy (29,10) x 3JeKTPOHHOH MIa3Me ¢ paBHOBEC-
HBIM (MaKCBe/JIOBCKHM) paclipefieieHHeM 3JEKTPOHOB
’ '

N, P
f(Px)—W exp <—“m—e>, (3L.1)

rae T,—rTemnepaTypa 3/JeKTPOHHOrO rasa (uMess B BUAY BKJKUYHTH
HAXKe B pacCMOTpPEHHe TaKiKe H HOHHYIO KOMIOHEHTY I1a3Mbl, 6y-
JeM Cpasy e OT/IMYaTh HHJEKCOM e BEJMUUHB!, OTHOCAMHECA K 3JIeK-
TpoHam). Haxozum

e, (@, k)= 1+(k [1+F<V2krg>] (31,2)
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rie ¢yuxuua F(x) onpepejeHa HHTErpasom?!)
@

F(1)=—% | i = § 2Lt iyae= (31,9

z—x—i0 2—x

v
-0

H BBeJEHBI IlapaMeTphl

T, 7
Upp = T: s a, = m . (31 ,4)

Besnunna vy, ecTh HeKOTOpas CpelHSS TENAOBAs CKOPOCTb 3JCKTPO-
HOB; @,— Jie0aeBCKUH pajuyc, ONpejeseHHbH O 3apsAiy H IJIOTHO-
CTH 3JI€KTPOHOB.

[Ipenennupie BuipameHnusd GyHkunu F(x) Ang GOJBIIAX U MaJbIX
SHAYeHHH X JIErKO HaliTH HENOCpPeJCTBEHHO U3 ompegesenus (31,3).
IMpu x> 1 nuwenm

x ¢ e~z o gt z , 22
V= % = T Ty s e <1+'x“+x—2+"‘>dz.

HMuterpasel OT HeYeTHBIX HO ¥ YJeHOB 0GPAlatOTCs B HY.Ib, & OCTA.Th-
Hble HAIOT

F)+lm—gm—iatiVawe =, x>1. (31,5

ITpu x<<1 mpousBoguM CHayasa 3aMeHy IepeMeHHOH HHTEerpHpoBa-
HHA Z==u--X, 1I0C/I€ 4ero pasjaraeM IO CTENeHSAM X:

® * =]

x e~dz xe~¥ ; du x .1
Vo —x V= %e‘“ T A Va %e‘” o 2x ) du.

—-—® -

®

[naBHoe 3HayeHue MHTerpajda OT IePBOrO (HEYETHOrO MO #) 4JeHa
ofpamiaercd B Hy/b, @ C Y4€TOM BTOPOrO 4Y/JeHa HaXOIUM

Fx)=—22+iVnx, x<1. (31,6)

C nomowipo 3THX GOPMY/ MOXKHO HamucaTb NpefesbHble BhIpa-
JKEeHUsT AUeKTPH4ecKod npoHmuaemoctd. [Ipu Gosapmux yacrorax

1) Pasnuunple dopmel mpeAcTaBienns GyHkuuu F (x) 0 ee MOAPOGHHIE umc/IeH-
Hble TaGaulbl NaHel B Kuure: B. H. ®addeesa, H. M. Tepernmoes. Tabauunt 3Ha-
YeHMH MHTErpaja BEPOATHOCTEH OT KOMIIEKCHOro aprymenrta. —M.: Tocrexusaar,
1954. Ta6ynupoBannad B 5Toff XHure GyHKUHA w(x) cBsAzanma ¢ F (x) cor/iacHo

Fx)=1i V nxw (x).
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HMEEM
o2 32 2
€l=1—"—§<1+ sze)"I"

=
+i)/ 5 ve exp<——‘fi> mpn kv, S>>1. (31,7)

2 (kg P 20T,

3nech BBefieH mnapamerp

Ure 44,‘INP 2
0, =~ /B (31,8)

— TaK HasbiBaeMasi NAQ3MEHHAA (WM AeHZMIOPOBCKAs) 4acToTa Jas
9J1eKTpoHoB. Kaxk H cJjefoBajo, B caydae o/kvp,>>1 npocTpaHCcT-
BeHHAst JMCNEPCUsT MPHUBOAHUT JHIIb K MaJbiM [OHPaBKaM B JIH3JEK-
TPUYECKOIl MPOHHIAEMOCTH, MpHYeM MHHMAS 4acTh €&; OKasblBaercs
SKCTIOHEHIHAAbHO MaJIod — pe3yJ/abTaT TOro, YTO B MaKCBe/JIOBCKOM
pacrpefieeHIH JIHIIb 3KCHOHEHLHa/IbHO MaJjas JoJd  3J1eKTPOHOB
HMeeT CKOpOCTH v, = w/k>>u;,. HesaBucsamee or k npenennHoe 3Ha-
YeHHe JHISKTPHUECKOH NPOHHHAeMOCTH

e (0)=1—(Q,/m). (31,9)

310 BRIpaXeHHe OTHOCHUTCS KaK K NPOJOALEOHA, TAK M K MONepeyHol
npoHHllaeMocTH  (cM. (28,8)). Ero Jerko TOJAY4HTL € IOMOILBIO
HDPOCTEIX paccyxkjeHu#, 06e3 HCHOJb30BAHHS KHHETHYECKOro Ypas-
HEHHA.

Hesicteutenvho, npu k—— 0 noJe BOJHB MOXKHO CYHTaTh OJHO-
POMHLIM, ¥ TOTJa YypAaBHEHME JBHXKSHMS 3JeKTpoha mv = —eE Ja-
er v=¢E/im®, TaKk YTO cO3faBaeMas 3/JeKTPOHAMH IJOTHOCTBb
TOKa
2N,
imw

j=_

C zmpyroft cTOpPOHBHI, HMeeM

j= —ioP=—io®I—LE,

Cpasnenue 0GOMX BBIDaXKeHHH M NpuBOAMT K Qopmy.e (31,9).
B o6parHOM mpefe/bHOM C/lyyae Ma/biX 4acTOT HMeeM

Qe 2 . ® 2 X T ®
w1 (BT~ 1 V3]

(31,10)

OfpaTiM BHHMaHHe Ha TO, YTO IPOCTPAHCTBEHHAS AHCIIEPCHA yCTpa-
HsleT noJoc npd w=_0, KOTOphIHl HMeeT AH3JEKTpHuUecKas NpOHHLae-
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MOCTb OOBIYHOM mpoBoasmedl cpensl. OTMETHM Takxe, YTO MHHMAs
Y4acTb INPOHHIIZEMOCTH OKAasbiBaeTCs OTHOCHTEJNLHO MaJo#l (XOTa u
He 3KCIIOHEHIHAJILHO) H IPH MaJbIX YacTOTaX, Ha 3TOT pa3—B Pe3yJb-
TaTe MaJIOCTH (pa30BOTO 00beMa 3JEKTPOHOB, B KOTOPOM YZIOBJIETBO-
psiercst ycaosue kv = o.

B § 29 6pu10 noxa3zaHo, uto QYHKIHUSA g, (w), OnpejeasdeMast HH-
terpaioM (29,10), ve uMeeT ocoOBIX TOYEK B BEpXHeH MOJYIJIOCKO-
CTH ®, a ee ocoOble TOYKH B HHKHEH MOJYIVIOCKOCTH ONPENeIsIOT-
csi ocoObIMH TouKaMu df (p,)/dp, Kak (QYHKUHH KOMIJIEKCHOH me-
pemenHoll p,. Ho ana MakcBesJOBCKOTO pacnpefiesieHHss (yHK-
1ust

df (py p:
L0 oo exp (=50

BOOOIe He MMeeT 0cOObIX TOUEK Ha KOHEYHBIX PACCTOSHAAX BO BCei
KOMIIJIEKCHOH [J0CKOCTH p, (T. e. siBJadeTcs Heqolt ¢pyuxuuei). [To-
5TOMY M JH3JEKTPHUECKAs MPOHUIIA€MOCTh MAKCBEIJOBCKOH 6ECCTOMK-
HOBUTEJNbHOH NJ1a3Mbl ABJASETCA IeJI0H QYHKIHEH » — He HMeeT BOBCEe
OCOGEHHOCTEH NP KOHEUHHIX ©.

Jlo cux mop Mbl paccMaTpPUBAaJH BKJAAJ B AHI/IEKTPHUECKYIO IPOHH-
[aEMOCThb, NPOHCXOATHIHH TOJBKO OT 3JEKTPOHHOH KOMIOHEHTEH
n/71a3Mbl. BKJaf HOHHOIl YacCTH BBMUCHSIETCS] TOUHO TEM e CIOCOGOM
1 oba BKJajJa B &—1 MpOCTO CKJAAJBIBAIOTCS; TaKHM 006pasoM, MpH-
XOMUM K OueBHAHOMY o0o0wenuo Qopmydn (31,2):

V=T P () ) e [P (i) 1)
(31,11

HHILeKCbI € U [ OTJHYaloT BC/AMYMHBL, OTHOCAINNECS K 3JIEKTPOHaM H

HOHaM;
o T,‘ /2 _ Ut T,‘ /s
UT"“(/’VT) A T W] ’

2 4nN; (ze)?
QZ:_;l/l( )

(31,12)

(M u ze—macca u 3apsiy HoHa). Beipaxkenne (31,11) oTHocutes k
«IBYXTeMNepaTypHOH» nniasMe, B KOTOPO#l Kaxaasl M3 KOMOOHEHT
HMeeT paBHOBECHOE pacmpejie/ieHne, HO C Pa3iHYHBHIMH TeMIepaTy-
pamH, TaK 4TO APYr ¢ APYroM 3JEKTPOHBl H HOHBl B PaBHOBECHH He
Haxopstest. Tako#t cayuyaii BO3HHKAET eCTECTBEHHEBIM 06PA30OM BBHAY
Toro, yro GoJibluasi pasHHUA B Macce 3aTPyAHAET OOMEH SHepruel
[PH CTOJKHOBEHHUSIX 3JEKTPOHOB C HOHAMH.

O6bluHO TPUXOAUTCS HMETb HEJO C cutyanued, xorna T,<T,;
pu srom vy <€vp,. YunteBas Takike, 4T0 Beerga Q;<€Q,, Jierko
SAK/MOYHTb, YTO B Ciydyae o3> kuy, 3>kvuy; BKIaj MOHOB mpeHeGpe-

@
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KuUM, TaK 4To cnpapejiuBa dopmyaa (31,7). B obparHoM mnpenesb-
HOM CJ/1y4ae HMeeM

1 1 . ©
o=@y Tyt VY 7 G GL1Y)
o <L kvp; L kvge.

Cayualt ke kvy; <€ o< kvy, 6yrer paccmotper B § 32.

Bee BLIUHCJEHMS B TOM M OpeAbIAyLleM mnaparpadax mnpousse-
TeHBl AJs NPOAOJbHOH 4YacTH AMBJEKTPHYECKOH TPOHHLAEMOCTH. Bol-
YicJIeHHE TIOMEPEYHOH IPOHUIIAEMOCTH IPEACTaBJIsAeT MEHBIIUE HHTe-
pec. Jleso B TOM, 4TO MONEPEYHOE MOJE 0OBLIUHO CBOJUTCS K OOBIUHBIM
3JeKTPOMArHUTHEIM BOJIHAM, JJisl KOTODBEIX 4acToTa H BOJIHOBOH BeK-

TOp CBSI32HBEL COOTHOLIEHHEM w/k=c/) &, Tpu 3tom @/k > ¢ >0y,
T. e. ®3>kvy,; MOITOMY NPOCTPAHCTBEHHAs AUCIIEPCHs Maja u -
3JeKTPHUECKas MPOHHMIaeMoCTh jaercs dopmyqolt (31,9). [las atux
BOJIH OTCYTCTBYET TaKxke M 3aryxamue Jlammay; HOCKOJIBKY (pasoBast
CKOPOCTb BOJIHBI 1PEBBILIAET CKOPOCTb CBETa, TO B IJa3Me HeT YacTll,
KOTOpEIE MOIJIM Obl ABMraTbcst B ase ¢ BOJHOR (CTpoOro rosops,
70KA3aTeJdbCTBO 3TOTO YTBEPXKIAEHHS TpeOyeT PesiTHBHCTCKOrO pac-
CMOTpEHHsI —CM. 3afady 4).

3apgauu

1. HafiTi noTeHLHAJ 3JEKTPHUYECKOIO TMOJA, CO34ABAEMOTO TMOKOSAIMMCH B
mJIasMe MaJsM TOYeUHLIM CTOPOHHEM 3apijicM ej.

Pewenue. C ydeToM MOJSPH3ALHM 1Ja3Mbl, I0JI€ ONPEJEC/ISCTCS YpaBHEHH-
em divD =4me,8 (r). [asi mocTOSHHOTO NOJS KOMIOHEHTH Dypbe HHIYKUMMU H 110
TeHnHana cBfsambl cooTHowenueM Dy =g, (0, &) E, =—ike; (0, &) ¢, . IlosTomy

IS ) HAaXOJHM ypaBHeHHe

kD = ke, (0, k) @y = 4mey.

Bass €, (0, k&) u3 (31,13), umeem

47e, 2
—_ -2 -2 -2
Py = a2’ amt=a, +ai *

CooTBeTcTBYIONIast KOOpAMHATHASA GyHKUHA

€1 _~rja.
q)=7-e /7

TakuM 06DA30M, NHAMEKTPHYeCKAs MpoHKIaeMocTe (31,13) omucslsaer sxpaHHpo-
BaHHe CTATHUeCKOro 3apaga B corsacu ¢ V, § 78. Ycaosue wmajoctd sapsija:
e1 € Nade, —e; JO/MKHO ObiTb MajiO IO CPAaBHEHHIO C SaPHAOM YACTHIL ILIA3MEL B
ofbeMe ~ a3, . )

2. BBIUHCIHTD TIONEPeuHYIO AW3JAEKTPHYECKYI0 NPOHHIAEMOCTh MJIA3MBl.
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Pemenue. Buuncaus 3.1eKTPOHHYIO noaspusaunio P= —j/io cjn3(20,3),
HOJIYYHM JJ51 TeH30Pa MPOHHIAEMOCTH 1):
4e? Ue, of

. . 3
€ =00~ W—w—70op; * P ()

HOI’ISPE‘IHaﬂ YacTbk BBIJCJIACTCS H3 SOCB KakK

1 /a(/?ﬁ
5 [Baa_aaﬁ 22

==
H JaeTcs HHTErpasoM
26 af d3p

8t=l————

o ) VL ldpJ_ kv—n—i0"’ @

rue pLzva_—nonepeqHaﬂ N0 OTHOWeHHI K k KoMmmoueHrta UMIIyJbCA. ,HJH
MaKCBLJILJIOBCKOTO pacupeae.’leHuﬂfnoc.ne HHTETPUPOBAHUA NTO dﬁpJ_ HaXoJ{HmM OKOH-

yaTeNbHO
Q. ®
g—1= ey F — 3
e <V 2kuTe) R

¢ dvukunefi F u3 (31,3); HOHBI BHOCAT B & — ! aHaJOTHYHBIY BKaag. B npefe/b-
HBIX CAyYasx

A NLACE .l/? Q, o2
al= o [l N <T)> J—r' ! B wha, e <_2/22U;}‘e ®

(0> kuy, > kvyy),

1 1 , nQ, (3)
€ = — g e L 5
t (ka2 (kay)® T+ 7 wka,

(0 <€ kvy; << kur,).

3. Onpenesnts JH3IEKTPHUECKYIO MPOHUEACMOCTh VaBTPAPCIITHBUCTCKON /€K~
TPOHHOH miasMbl; Temneparypa T, me? (B. I1. Cuaun, 1960).

Pewenue. Kuanernueckoe ypaBHenue coxpanser cBofi sua (27,9) n B pess-
THBHCTCKOM ciyuae. COOTBETCTBEHHO COXPAHATCH Takue (Gopmyasl, xak (29,9) u (2)
u3 3ajaud 2. B yJIpTpapensATHBUCTCKOM CJydae CKOPOCTB 3/EKTPOHOB U & ¢, MX
SHEPTHA €CTb CPp, & PaBHOBEeCHAst GYHKIMS paclpefeJeHHS

f(p)=

3
Necg RULN
8nT,

Jnsa npogonbHolil NPOHHIAEMOCTH HAXOXUM

Q)

Sl—lz

1 o

4% f(p)cos0-2ap2dp dcos O

~T, S ke cos @ — o —i0
-10

(0—yron mexnay k 1 v). HUnrterpuposarve f nmo 2np3dp naer N,/2, mocie uero
HHTerpupoBanue no dcos® c o6xojoM mogioca cos 8 =w/kc CHHU3Y NPUBOAUT K

—————— e

1) B atoM BhpaMeHHH IUIasMa elle He NPeANoJaracTcsi H3OTPONHOI.
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pe3yabTaTy
, 4a N e? ® o —ck
&1 (©, k)—lz—k?f‘e— [1 + 3% In w—ck ] ’

9
” _§ mw/2kc npm w/k<c,
e (v, k)—{ 0 npu o/k>c.

AuanoruuHLM 06pa3oM, HCXOJAA U3 (2), HAXOMMM AJS ronepeyHofl MpoHHLae-
MOCTH
ne’N ¢ ®? w—ck 2w
g; (o, k)—-l:———e | ——5 In|l—|—=1,
¢ wkT, c*k o-ck ck

n _ [ a(1—o0?/c%?) npr w/k <c,
et (o: A) _{ 0 npu @/k > c.

4. Haiity MHEMYIO 4YacTb &; JJs HEPeJATHBHCTCKOH (T, <€ mc?) saeKTpoHHOH
naasmer npu o/k ~ ¢S vp, (B. 1. Cunux, 1860).

Pemenue. M3 dopmyas (29,9) (cmpaBeanuBofi TpH JOGBIX CKOPOCTAX
5JIeKTPOHOB) [10CJIe HHTEIPHPOBAHHA MO d cos 0 HaxoauMm

ee]

. 8ndeo [ f(p) p? mew

&' (0, k) =7 S'—v—”dp, Pn= VR —of ©
., 5,

(nomoc cos B=w/kv NeKUT HA NYTH MHTETPHPOBAHUS IO COS 0 anwb npu w/kv < 1
TMEATOMY HHKHEII Iipejes HHTCTPUpOBaHHA IO dp orTBeuaeT 3HAUCHHIO U= @/k).
GyHKuHS pacHpeje/ieHus IpH T.<€mc?, cnpaBelaupas A1 BCeX cxopocTell
9JIeKTPOHOB, €CTh

Ne / mc? 8(p)> Py 9 9\1/,
——f X —— ], g=¢ m3c?) '®
f () T ) P\T T, (P2 mc?)

(3Havenne HOPMHPOBOUHOrO WHTErpPaJa OnNpeie]aercs o6.1acTbio e —mc? = p?/2m ~
~T,<€mc?). B uunrerpase (9) npu @/k ~ ¢ > vy, CyLIECTBEHHA 06/1aCTb 3Haue-
uuii p BGaman HuzkHero npexena. Ilonaras B IKCIOHEHTE

(p—pm)=8(pm)+%(p—pm)

&(p) = 8(pm)+g§ p=n,,

(a B npeNSKCIIOHCHIHANBHOM MHOXHTENE P = Pm, U~ ©/k) B HHTErpUPYA IO
p—pm or 0 jo oo, NOTYyUHM

i 4/ 09 1 , f__’lef[__l___
o D (v T— (w/ke)? exp \ T | V1= (0/ke)? Lye

"
SrHM Onpejesisercs 3aKOH OfpauleHHA &/ B HyJb DpH w/ck - 1.

§ 32. MpomoabHble NJia3MeHHblE BOJHBI

npOCTpaHCTBeHHaﬂ Jucnepcusa NPUBOAHT K BO3MOXHOCTH pac-
IpocTpaHeHusa B nJjasMe NPOJAOJILHBIX JICKTPHYECCKUX BOJIH. 3aBucu-
MOCTb 4acTOTEI OT BOJHOBOTO BEKTOpa (HJTH, KaK TOBOPAT, 3aKOH
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Qucnepcuu) 7S 3THX BOJH ONpPeJesfAeTcs ypaBHeHHeM
g, (0, k)=0. (32,1)

HeficTeutenbHo, npd €, =0 1715 NPOJOJNLHOrO 3JeKTpHuecKoro noJjas E
umeeM D =0. [losoxus takxke B=0, Mbl TOXIECTBEHHO YyXOBJE-
TBOPUM BTOpOH nape ypaBHeHu#i Maxcsesasa (28,2). M3 nepsoil ke
napbl octaercsl ypasHeHue rot E =0, BmmnoJsHeHHe Kotoporo ofecne-
ypuBaeTcs NpogoanHocThio moas: rot E=i[kE]=0.

Kopuu ypaBHenus (32,1) oKaspBaOTCsT KOMIJIEKCHBIMU (0 = 0" +-
+ iw"). Ecan MHuUMAasi yacTb NPOHHMIIAEMOCTH €/ > (), TO 5TH KOpPHH
JIEKAT B HIXKHEH MOJYNJOCKOCTH KOMINICKCHOTO HEepPeMEHHOTS o,
T. e. ® < 0. Bemuunna y=-— " npexcrasJjseT coGoll IeKpeMeHT
3aTYXaHHS BOJIHEL, NPOHCXOAAIIETO IO 3aKOHY e~ ¥, ['OBOPHTL O
paenpocTpaHsiomeicss BoJHe MOXKHO, KOHEYHO, JHIIb ecIH § << 0 —
JeKpereHT 3aTyXaHus JoJKeH OBRITh MaJl MO CpPaBHEHHIO C 4acTOTOIl.

M1 nonyynM takoll KOpeHb YpaBHeHHA (32,1), NpeanoNoXkuB, UTo

0> kv, > kog;. (32,2)

Torpa B KoJle0aHUSIX y4acTBYIOT JIMIIB JEKTPOHHE U QYHKIUS €, (0, k)
naerca dopmydaolt (31,7). Pemenwe ypaBHenus g,=0 ocyuecrsis-
€TCsl TNOCJef0BaTeNbHBIMH [ PHOMKEHHAMH. B nepBoM npub/imkeHny,
ONYCTHE BCE 3aBUCALNE OT R uJieHbl, Hadijgem, 4rol)

0=Q,, (32,3)

T. €. BOJHBEl HMEIOT MOCTOSIHHYI, He 3aBHCALLYI0 OT R YacToTy. DTH
BOJIHBl 11a3bIBAIOT 714Q3MEHHbIMU, WU JIeHIMIOpoBcKumu (/. Langmuir,
L. Tonks, 1926). Oun aBASIOTCH NJMHHOBOJHOBLIMH B TOM CMEICJIE, UTO

ka, <1, (32,4)
Kak 31O cjenyer npu o=, u3 (32,2).
s onpejesienydst 3aBHCSILEH OT K NONPAaBKH B BeEIECTBEHHOH

YacT{ YacTOTHl, JOCTAaTOYHO NOJIOKUTh 0 =1{2, B ICIPABOYHOM YJ/ICHE
"B &’} Torjga noayyuMm

0=, (1 +3 kmg) (32,5)

(A. A. Baacos, 1938).
MHHEMAag e 4YacTbh 4YacTOTHI IIpu 3TOM
o = — 5 Qe (o, k) (32,6)

H 3KCIOHEHUHANbHO MaJja BMecTe ¢ gf. [lJ1s ee onpepesneHus (BMecre
C IIpe3KCMOHEeHIHAJbHEM MHOMKHTEIEM) Halo TOACTABUTH B €] yXKe

1) Yuer kone6annéi HOHOB NMpPHBEJ Gbl JIHIIb K MaJOMY CABHTY 3TOH 4acTOTHL
2 2 2
0°=Q;1- Q7.
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nofnpasJeHHoe s3HayeHne (32,5). B pesynbrare MOJYdHM
. T Q, 1 3
v=V s |~ mr 3] (32.7)

(JI. XI. Janday, 1946). B cumay yc/ioBus ka,<< 1, nekpemeHT 3a-
TYXaHHS TJa3MEHHBIX BOJH AefICTBHTEJIBHO OKASHLIBACTCA SKCIONCH-
IHaapHo Majpd. OH BO3PAcTaer ¢ YMeHbIIeHHeM IJIMHBL BOJHBL H
npu ka, ~ 1 (korma dopmyna (32,7) yke HenpHMEHHMa) CTAHOBHTCS
TOrO JKe NOpAAKA BEJHYMHBI, YTO ¥ YacToTa, TaK 4YTO IOHATIE O
PACTIPOCTPAHSIOIIUXCA MJIA3MEHHBIX BOJHAX TEPSET CMbIC.

IlpoBeentoe paccMOTpeHHe OTHOCHTCS, CTPOrO rOBOPS, JIHILID
K HM30TPONHOH IJIa3Me, B KOTOPOH TeH30p IH2JeKTPUUECKOA TPOHU-
11aeMOCTH CBOAHMTCS, corJjacHo (28,7), K ABYM CKaJsipHBIM BeJMYH-
HAM €, W €, B aHH3OTpONHOH njasme (T. e. mpH 3aBHCSALER OT
HanpaeJeHHs] p QYHKUMU pacnpee/eHns f (p)) He cyIEeCTBYET CTPOro
npofonbubiX BOJH. [Ipu onpejesieHHBIX yCJAOBHSX, OLHAKO, B Helt
MOTYT pPaCHPOCTPAHSATBCA «MOYTH IPOROJAbHBIE» BOJHBI, B KOTOPLIX
nornepeyHas MO OTHOLIEHHIO K BEKTOPY k cocrasnsiomasn noas, E®,
MaJa Mo CPaBHEHHIO C IPOJOJHHOU coctapasiiomest E:

E® L E®, (32,8)

Jlnst BhISICHEHMsST STHX YCJIOBHA 3ameuaeM IpexJe BCEro, HTO
B npenebpexenuu EP us ypaBHeHHA divD =10 cJaenyer, uro

kD =~ kaﬁaﬁEg) = %kakﬁeaﬁ EW=0,

DTo paBeHCTBO, ONMPEJIeJIsAIoiee 3aKOH JHCIIEPCUH BOIH, MOXKHO CHOBA
sanucath B Buie (32,1), ecaH ONpeieUTb «NPOAO/BHYIO» IPOHH-
11aeMOCTb KaK

1
g = 5l kakﬁeaﬁ N (32,9)

HOJUEPKHEM, 4TO 5Ta BeJMHMHA 3aBUCHT TENEPh OT HANpPaBJCHUA k.
Oxnako u3 ycjoBus e, =0 yxe He CJeAyeT PaBEHCTBO D = 0; BeJau-
YHHa

k
Dy~ eqgEY = 804[3'/?' EW = g EW
OT/IMYHA OT HYJIS (B H3OTPOMHOM Xe njasMe &,=0 mpu g, =0). Ja-

Jee, u3 ypaBHeHHs Makcaesia rot B=¢"*0D/0f HaxoAuM OUEHKY
MarHUTHOTO II0JISE B BOJIHE:

B~2 E®
ck
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it satem u3 ypasuenus rot E=—c~'0B/0f{—ouenky nomnepeunoro
9JIEKTPHYECKOTO NOJs

EW ~ C_";B ~ (C_";)ggEm_ (32,10)

TakuM 06pa3oM, yc/0BHE «IOYTH NpomoabHOCTHy (32,8) yaoBJeTBO-
psieTcsl, eC/U BOJHAa SB/SeTCs «MEIJEHHOH» B TOM CMBICJE, UTO

ok <<cly . (32,11)

OrveTtuM, Hakouen, uto qopmysa (29,10) ocraercst cnpabeiu-
Bofi W ;s onpegeneHHofl coraacHo (32,9) BesauuuHH €, B CAydae
AHH30TPONHON IJ1a3MBI, KaK ITO SICHO H3 €e BLIBOAA H3 BHIPAKEHHS

1 »
kP = T (k“earg L’ﬁ—— kE)

¢ npomoanHeiM noseM E. Ilpu 3ToMm CymecTBeHHO, YTO B KHHETH-
YECKOM VDPaBHEHHH MOMKHO MpeHebpeub JopeHUeBoll cusoll e [vB]/c
no cpaBuennio ¢ ¢E (xorsa ee npoussegeHue c 0f/0p n He obpauia-
eTcst  Temeph—HpU AaHWU30TPONHOH (YHKIHUK [ (p) —TOXKACCTBEHHO
B HyJb). JleficTBuTenpHo, ¢ ouneHko#t (32,10) umeem

[[vBl| @ev
mrar ~ g <L

AT0 OTHOWIGHHE MaJo KakK B CHJAY YCJIOBHS «MeIJIeHHOCTH» BOJIHBL
(32,11), rak u B cuny v<&c.

3agaum

1. OnpegesuTh 3aKOH IMCHEPCHH NONepeyHBIX KoJdeGaHuil MaasMel.

Pewenue. Jlas nonepeusslx BOJH 3aKOH JUCHEPCHH JAETCS COOTHOLIEHHEM
®?=c?k?/e;.  BuicoxouactoTibte Kosmebanust (@ 3> kvr,) COOTBETCTBYIOT OGBIYHBIM
3JAeKTPOMATHUTHEIM BoanaM. C g u3 (31,9) (cm. rakxke sajauy 2 § 31) Haxogum

=2k Q.

310 BHIpaXKeHHe CIPaBeNIMBO NS JMOBHX 3HaueHnit k; saryxauue Jlangay oreyt-
CTBYeT, Kak yxe Obl10 ykasamo B xoHie § 31.

Jas nusKouacTOTHBIX KoseGannil (@ <€ kur,) JIBHIKCHHE MOHOB TOMKE OKasbl-
BaeTcs HecyllecTBeHHbM. I JJHEHBEIX BOAH (ka,<€ l) raapuplii uied B 3axoHe

AHCIEPCHH
o=—i 1/ 2 E¢ur,
n Q2
e

YHCTO MHHMOE () O3HauaeT aNepHOJMUeCKOe 3aTyXaHye, TaK YTO O PACHPOCTPaHeHKH
BOJH BOOOIE Hesb3s TOBOPHTh.

2. HaiiTn 3ak0H JUCTIepCHH NJa3MEHHBIX BOJH B YJbTPapesasTHBHCTCKOMN 3J64-
Tpontol maasme (B. 1. Cuaun, 1960}
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Pemweune. Ipy ©> ck w3 noayyensoll B 3afave 3 § 31 dopmynnt umeem

2
£, (o, k)=1—£%ﬂ<l—[—3/fj:2) :
rjge
Qg Pen=4——‘—“ﬂf7{v ecz .
“ie

HpﬂpaBHﬂB 3TO BLIpaXKeHHe HYJO, TOJYUHM 3aKOH JUCIepPCHH
2 3
2=Qgpen—|——5‘czk2 (Ck<Qe ])C.H)'

ITpu yBesumuennn £ sta GopMysa CTAHOBUTCA HempuMeHuMoll, Ho BCerja ocra-
etest @ > ¢k (4 mo3TOMY 3aryxanme Jlanjay oTcyrteTByer). B mpejesbHOM cayyae
GOBIIHX £ 4aCTOTa ® CTPEMUTCH K €k 1O 3aKony

b 202
m:ck[l—f—Qexp <— 2k20 —2)] .
SQCPE.’I
3. To Xe anas nomnepeuyHLIX BOJH.

Pemwenne. C rnoMoupio BuipameHHs € (®, k), NOJIyYeHHOro B 3ajaue 3
§ 31, HaxofHM 3aKOH JMCIIEPCHH

m2=93peﬂ+%c2k2 mpu o> ck.

[MpefeabHoe BHpaXenue NPH GOMbIIKX k:

®? —_——g- Qgpen—l— c2k2.

U anech Bcerga ocraercd @ > ¢k, W TOTOMY 3aTyXaHHe OTCYTCTBYET.

§ 33. HoHHO-3ByKOBbIE BOJIHEI

Hapsay ¢ nsasMeHHBIMHM BOJIHAMH, CBA3aHHBIMM C KOJe6aHUSMH
5JEKTPOHOB, B IL1a3Me MOTYT PacHpPOCTPAaHATLCS TaKXKe H BOJIHHI,
B KOTOPHIX HCHLITHIBAIOT CYINECTBEHHbIE KO/EOAaHHsl KaK 3JEeKTPOH-
Has, TaK ¥ MOHHAH MJOTHOCTH. DTa BeTBb CIEKTpa KoseGaHUH HMeeT
caaboe 3aryxaHne (M MOTOMY MOXKHO T'OBOPHTb 06 HX BOJTHOBOM pac-
IpOCTpaHeHNH) B cJaydae, KOIZa TeMIepaTypa rasa HOHOB B IJasMe
MaJa [0 CPABHEHHIO C TEMIIepaTypoi 3/eKTPOHOB:

T,<T,. (33,1)

"Kak 6yler TNONTBEPKAEHO Ppe3yJbTaTOM BblUNC/eHHs, ¢a3oBas
CKOPOCTb 3THX BOJIH YJOBJICTBOPSIET HEPABEHCTBAM

v L 0k Lup,. (33,2)

Masocts 3atyxanusa Jlaugay B 9THX YCJIOBHSIX 3apaHee OYeBHAHA:
MOCKOJAIBKY (hasoBasi CKOPOCTb JIEXKHT BHE OCHOBHBIX HHTEpPBaJiOB
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pasbpoca TEMJIOBEIX CKOPOCTeH KaK HMOHOB, TaK H 3JIEKTPOHOB, JIHIND
Manas 4acThb 4acTUL MOXKeT ABHrarbcsi B (ase ¢ BOJHOH U TeM ca-
MbIM YYaCTBOBATb B OOMEHE 3Hepruil ¢ Hei.

Bxusian 3/7eKTpoOHOB B AH3JEKTPUYECKYIO MPOHHIAEMOCTb B YCJO-
Buax (33,2) paercs mpepennHoi dopmyol (31,10), a Bknag nonos —
topmydoit (31,7) (c 3aMeHON 51eKTPOHHEIX BeIHUYHH HOHHBIME), C HYXK-
HOH TOYHOCTBIO:

Qf 1 . T
81:1——@_}—(/{{%)2 1+L 5;{}—; . (33,3)
HpeHeﬁperaﬂ CHayaJsa OTHOCHTEJbHO MaJofi MHHMOH yacThlo, U3
YpaBHCHHSA g, =0 HoJYy4YUM

2,2 b
wz:ggg_ﬂe_zzﬂe_k_z (33,4)
|+ k2 M 1 p2)

(B mocsienHeM BHIPaXXeHHH MCNOJb30BaHO, uTo N, = zN,).
Jlng camelx AJIMHHBIX BOJIH, OPH ycJaoBud ka, << 1, 3aKoH gucrep-

cuy (33,4) cBOAUTCH K COOTHOLIE-
4

HuU1o ) /
oT, __/
o=~k I ka, << 1. (33,5) =«
UacToTa OKasBIBaeTCst NPOTMOPIHO- 2

HaJbHOH BOJIHOBOMY BEKTOPY — Kak gl
B OOLIYHEIX 3BYKOBBIX BOJHAX. Boi-
HBl C 3THM 3aKOHOM JUCIIEPCHH Ha- «
3BIBAIOT UOHHO-38yKoBbIMU. DasoBast ae a;
CKOPOCTh 3THX BOJIH W/R ~ (T ,/ M)/, Puc. 8.

TaK Y710 ycsoBue (33,2) ACACTBUTE/b-

HO BHINOJIHSIETCH. YUUTBHIBAST B CJEAYIOWEM NPUGTHMKEHHH MHHMYIO
4acTb €;, JIEFKO HAaHTH JIEKPEMEHT 3aTyXaHus

azm

O1o 3aryxaHHe OGYCJOBJIEHO 3JEKTPOHAMH. BKJaj ke MOHOB B y
SKCIIOHEHIIMANDHO MaJ: OH CONepPKHT MHOXHTeab exp (— 2T ,/2T)).
Has MeHBLIMX JJHH BOJH, B obaactu l/a, <<k <<1/a; (cywect-
BYIOIeH B CHJY IIpeAIOJIOXKEeHHOro HepapeHctsa (33,1)), us (33,4)

¥MeeM HPOCTO
o= Q;. (33.7)

OT0—HOHHEIE BOJIHBI, AHAJOTHYHBIE 3JEKTPOHHBIM [JA3MEHHBIM.
Jlerko mnpoBeputb, YTO M 34ech BHIIOJHAIOTCA yesaosua (33,2), a

1) 3axon (33,5) naiizen Jewemopom u Towuxcom (1926), a HeoGXOMMOCTD
yeaoeus (33,1) ykasara I'. B. opdeesom (1954).
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saTyxanne Mano. IIpu fanbHeiiiiem ymMeHbIIEHHH IJIHH BOJH, OQHAKO,
3aTyXaHWe BO3DACTaeT, W NMPH ka;z | HOHHBIH BK/AL B A€KPEMEHT
3aTyXaHusi CPABHHBAETCsi C YacTOTOH, TaK 4TO FOBOPUTh O pacnpo-
CTPaHEHHH BOJIH CTAHQBUTCH HEBO3MOMKHBIM.

Ha puc. 8 cxemarnueckH M300paxeH CIEKTp (3aKOH JHCHEPCHHU)
AJsd  PacCMOTPEHHbIX 3]eChb HU3KOUYACTOTHBIX KoJebaHul (HH)KHFHI
KpHBaH) B CpaBHEHHH CO CIEKTPOM BBLICOKOYACTOTHBLIX 3JIGKTPOHHbBIX
MJIa3MeHHbIX BOJIH (BepXHsist KpuBas). ITyHKTHPOM HaMeUeHbI obJ1a-
CTH, B KOTOPBIX 3aTyXxaHie CTAHOBUTCS GOJIBLIIIM.

§ 34. Penakcauusi Ha4ajabHOTO BO3MYUIEHHS

PaccMOTpHM  3aJayy O PpelIeHHH KHHETHYECKOro YpaBHEeHus ¢
CaMOCOTJIACOBAHHBIM [OJAEM IIPH 3aAaHHBIX HAUa/JbHBIX YCJAOBHAX
(1. O. Janday, 1946). Mel orpaHnyuMCs CJAy4aeM YHCTO MOTEHIH-
aJbHOTO 3/eKTpuueckoro nogs (E=— V@) npu paBHOM HYJO Mar-
HUTHOM I10Jie ¥ NPEANON0XKHM, YTO BO3MYLIECHHIO TOABEPraeTcs TOMLKO
3JIEKTPOHHOE PACHpEJe/eHHe NP HEU3MEHHOM Pacrpele/eHu HOHOB.

Bygem Takke cuuTaTh, 4TO Haya/bHOE BO3MYILECHHE MaJjo: Ha-
yaabHast (QYHKUMS PacHpefesieHusl 3/1eKTPOHOB

fQO, r, p)=Fs(p)+g(r, P), (34,1)

rie f,(p)—paBHOBeCHOE (MAaKCBEJJIOBCKOE) PacnpeiesieHue, a g<<f,.
BoamylieHHe OCTaeTcsi, KOHEYHO, MaJbiM U B Ja/bHeHINNe MOMEHTHI
BpeMEHH, TaK YTO ypPaBHEHMs MOXKHO JIHHEAPH30BAThb; HUIIEM GyHK-
[MI0 pacnpeie/iCHHA B BHIE

f(t, v, py=F,(p)+8f (¢, 1, D). (34,2)

Jlns Majoil monpaBKu Of W s MOTEHUHAIa CaMOCOrJIaCOBaHHOrO
noast ¢ (f, r) (BeJUYHHA TOrO K& MOPAAKa MAJIOCTH) HAXOJBM CH-
cTeMy ypaBHEHUH, COCTABJEHHYIO H3 KUHETHYECKOro ypaBHEHHS

0 8F a8 d
2 v 2 +evg g =0 (34,9)
u ypaBrerus Ilyaccona
Ag = 4ze § 8f dop (34,4)

(paBHOBeCHBIl SJIEKTPOHHBIH 3apsj KOMIEHCHPOBAH 3aPANOM HOHOB).

[TocKoMbKY 3TH ypaBHEHHsl JIMHEHHbL M HE COAEPXKAT KOOPAMHAT
B SIBHOM BHJe, TO HCKOMBIE (YHKHUH 8f H @ MOXKHO DassoXKHUTL
B HHTerpas ®yppe MO KOODAHHATAM W HalUCaTb ypPaBHEHHA N/
KaXkzoil u3 UX Qypbe-KOMIIOHEHT B OTAEJBHOCTH. [lpyrumu cijosam,
LOCTATOYHO paccMaTpUBATh pelleHHs BHIA

8 (¢, r, p)=[x(t, p)e*r, ¢(t 1) = @i (2) e¥r. (34,5)
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Mg TakuX peweHuil ypaBHeHud (34,3—4) NpUHUMAIOT BUJ
f . . 3 .
XL ikvfi +te(pkk§£i’:0, (34,6)
kg = — dme § i dp. (34,7)

Jlna pemenud 3THX ypaBHeHHH YA0GHO BOCIIONB30BATHCA OIHO-
CTOPOHHIN TipeoGpasoBanier Dypre, onpeaeaus o6pas fur (p) Gy HK-
uHH fx (¢, p) xak

o s]

fod ) = {evtfut, pyat. (34,8)
0
O6patsoe npeofpasoBanie jgaercs Gopmyaof
w +iG
: d
fi(t, p)= S e~ 1 (p) 5 » (34,9)
—-w+io

rae HHTerpasn Gepercs B KOMIJIEKCHOH MJIOCKOCTH ® TO TPSIMOH,
napasuielbHOM  BeleCTBEHHOA OCcH W npoxopdmel Hax Helt (o > 0),
BHIIE BCEX OCOOeHHOCTeH QYHKLUHH fur')
YnmHOxKaeM ofe CTOpoHbl ypaBHeHHs (34,6) Ha e~/ § uHTErpH-

pyem 1o f. 3ameruB, 4to

el @

([ 0fe . S L (P .

\ __atlemldt = f el ’ ,— 10 \ Freiot dt = — g —iofR

b 0
(rme gk (p)=F (0, p)), u pasgenus o6e CTOPOHL ypaBHEHHS Ha
i (kv—w®), HaxomiM

! ) 9
i) = =) [gk —ieghid k fo:l (34,10)

AnajoruuspiM 00pasoM, u3 (34,7) noayuum

kil = — dme § FG2) (p) d7p. (34,11)

1) IpeoGpaszosanue (34,8—9) ecrb He uUTO HHOE, Kak H3BECTHOE IIpeoBpaso-
Banue Jlamtaca

® ) i®+0o
= iweria,  jo=55 | herdn
0 —ix+aq

B KOTOpOM MepeMeHHas p 3aMeHeHa Ha — I H COOTBETCTBEHHO U3MEHEH NyTh WH-
Terpupopanud B (opMyJe BOCCTAHOBJEHHST QyHKUuH f(f) mo ee obpa3sy o
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Toacrasus f) us (34,10) B (34,11), monyuuM ypaBHeHHe yXe
LISl OHHOTO TOJBKO (4i; M3 HEro Haiem

(+) _ 4re 8x (p) d°p
Pok = — 7%, (o, k)5 i (kv—ow)’ (34,12)

rIe BBeleHa NPOAOJNbHAS HUIJIEKTPHYUECKAs NPOHHLAEMOCTDb &, CO-
raacHo (29,9). CrHoBa (kak u B § 29) BBeAs COCTAaBJAAKOLIYIO HM-
nyanca p, =iy, BIOJb HampabJjenus k, nepenumeM o1y QopMyay
B BUJIE

(+) ame  ( G(Po)dps
Quk = — kzgl(w’ k) 5‘ i(kvx—(o)’ (34,13)

rae
gx(ps) = S gk (p)dp,dp,.

Jas pganpHefiiiero omnpejeseHus BPEMEHHOH 3aBHCHMOCTH IOTEH-
uHajga mo qopmyJse obpalleHus

© +i{0
1 .
Qi (t) = 5= S e i (Rdo (34,14)
- ®©+IC

HEOGXOIHMO IIpeIBapUTebHO YCTAHOBHTL aHAJMTHYeCKHE CBOHCTBA
Qok KaK QYHKIHH KOMIVIEKCHOH INEePeMEHHOH ®.
Buipaxenue Buaa
@
(+) {
Pk = S(Pk(t) elot dt
0

Kak QYHKHOHS KOMIIJIEKCHOH IepeMeHHOH ® HMEeT CMBIC JHIIb
B BepxHeil MOJYMJIOCKOCTH. To e OTHOCHTCA COOTBETCTBEHHO H
K puipaxkenuio (34,13). Harerpuposanue B (34,13) mpoussogutcs
10 NyTH (BEleCTBEHHAs OChb p,), NPOXOAALIEMY HHXKE MOJIoca
p,=mo/k. MB Bugenu B § 29, uTo onpejessieMas TaKuM HHTerpa-
JoM (QYHKIHsS [ePEMEHHOH « NPH €€ aHAJMTHYECKOM IPOJAOJIKEHHH
B HIZKHIOIO [OJYIJIOCKOCTb HMEET OCOOeHHOCTH JIHMIIb B TOYKaXx,
COBNAJAOIHX C OCOOHIMH TOukamMu QyHKUuH gk(p,). ByneMm cuurars,
uTo gi(p,) KaK QYHKLUHS KOMIUVIEKCHOH NMEepeMEHHOH p, ecTb LeJsas
GyHKIEA (T. €. He HMeeT HUKAKMX OCOGEHHOCTEH NPH KOHEUHBIX p,);
Torjja M paccMaTpuBaeMbidl HHTerpaJ onpejender nesyro GyHKIHO o.

B § 31 6BLI0 OTMEueHO, YTO NPOHHUIIAEMOCTb €; MaKCBEeAJIOBCKOH
NJ1a3Mbl— TOXKe HeJas QyHKuusi o. TakuM o6pazoM, aHaluTHUeCKas
BO BCell MNJOCKOCTH ® (YHKIUS @ek €CTh YacTHOe JBYX ILeJblX
¢yuruui. Otcioa cjaepyer, 4YTO €JAHHCTBEHHBIMH OCOGEHHOCTSIMH
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(mosmocamu) QYHKUUH @k SIBJASIOTCA HYJIM €€ 3HAMEHaTeJss, T. e.
HyJdH QYHKUHH €, (®, k).

OTH coobpakeHust NO3BOJSIOT YCTAHOBHTh ACHMITOTHUECKHH 3a-
KOH yObIBaHHs moTeHuHana Qx(f) npu Go.bluux BpemeHax f. B dop-
MyJse obpawenns (34,14) HHTErpUpOBaHHE NPOH3BOAUTCA MO TOPH-
30HTaJbHOH NPSMOA B MJIOCKOCTH ®. OpHaKo, MOHMMAs moj Dok
OnpeleNIeHHY0 yKasaHHBIM 06pasoM _

BO BCEeH IJIOCKOCTH aHAJHTHYECKYIO @
(GYHKIMIO, MBI MOXKEM CMEeCTHTb NYTh
HHTErPUPOBAHHS B HUXKHIOID NOJYIJIO-
CKOCTh Tax, 4YTOOBI He T[iepecedb MpH
3TOM HH OJHOTO U3 NOJIOCOB (DYHKILHH.
[Mycte 0, =0+ iw;—T0T U3 KopHe#h
ypaBHeHus g; (o, £)=0, KOTOpHIH 06-
JafiaeT HauMeHbIneHd MO0 BeJUYHHE MHH-
MOH 4YacThio (T.e. Gaumadinuil K Be-
IecTBEHHOM ocH). Bynem mpoussoguts
HHTErpHpoBanne B (34,14) mo nyrtw, Puc, 9.
CMEIEHHOMY AOCTAaTOYHO JaJjeKO IO

TOUKY O = (0, H OTHGA0MEMY 5Ty TOUKY

(a TakxKe W Ipyrue MOMIOCH, JIeXKallHe CBEPXY OT HEro) yKasaHHBIM
Ha puc. 9 obpasom. Torja B HHTerpase Gyjer cymecTBeH (npu
GosbIIMX f) TOJBKO BBIYET OTHOCHTE/IBHO IOJIOCA ) OCTAJBHEIE
4acTH MHTerpaja, B TOM 4YHCJE HHTErpas MO ropH3OHTaJbHOH wacTu
nyTH, GYAYT 3KCNOHEHIHAJIbHO MaJibl 1O CPABHEHHIO C YKa3aHHBIM
BBIYETOM G./1arofapsl Ha/JHuHI0 B MOABIHTErPajbHOM BHIPAXKEHHH MHO-
KuTeqst e~'®, GeICTPO y6hIBaIOmero npu ysesuyeHnu | Im o], Takum
00pasoM, 4CHMITOTHYeCKHH 3aKOH yObIBaHHA IMOTEHLHANA [aeTCs
BBIpazKEeHHEM

@y

u(t) ~ e 0kt gm0kl (34,15)

T. €. C TeUeHHEM BpPEMEHH BO3MYLIEHHE II0Js 3aTyXaeT SKCIIOHEeH-
IHAJIbHO C JEKPEMEHTOM Y, =]} |?).

Has NJMHHOBOMHOBEIX BoaMylleHnit (ka, <€ 1) wactora o) u je-
KPEMEHT Yy, COBNAJAIOT ¢ TAKOBBIMH JIst [JIA3MEHHHIX BOJH H JAOTCS
$opmynamu (32,5—6). JlekpeMeHT s3aTyxXaHHs TaKux BO3MYIIEHUH
SKCIMOHEHIIMAMbHO MaJ. B o6paTHOM ke c/lyyae KOPOTKOBOJIHOBBIX

') Ecau navanbHas GYHKUHA gy (Px) MMEET OCOBEHHOCTB, TO B YUCIO KOHKY-~

PHpylOIHKX 3HAYCHHN © BXOAAT HApsAy C HYJIAMH (QYHKIUHU e (0, k) Takke M
0cobble TOUKH (YHKLHH Pk s BOSHUKAIOIME OT OCOGEHHOCTH HHTerpasa e (34,13).

B uactnocru, ecam 8k (Px) HMeeT OCOGEHHOCTL (HANPHMEp, H3JIOM) HA BEILECTBEH-
HOi ocH, TO M @) GyRET HMETb OCOBEHHOCTD NPU BEILECTBEHHOM 3HAUCHHH © =kvy.
Taxoe BOSMyIleHHE (B GecCTOJKHOBHTEJBHOH NulasMel) BooGiue He GyAeT 3aTyXaTb.
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BO3MYVIIEHHH, KOrJa ka, ~ 1, 3aTyxaHHe CTAHOBUTCA OYEHDb CUJILHBLIM;
NIEKPEMEHT Y, Aa)e BeJNHK [0 CPaBHEHHIO C @p').

Haxkonen, ocraHosBumcst Ha cBOiictBax caMoil (YHKHIHM pacnpe-
IeJieHHs snekTpoHoB. Mckomast ¢ynkuus fx(f, p) mosyuaercs nop-
craHoBko# (34,10) B unrerpan (34,9). Ilomumo nosiocoB B HiKHeH
TMIOYNIJIOCKOCTH, TIPOHCXOASIIHX OT gk, NOABIHTErPanbHOE BhIPa-
JKeHHe MMeeT TakKkKe HOJIOC B Towke ®=Kv Ha BeH|eCTBEHHOH OCH.
HMeHHO 3TOT MOJIOC W GVJeT Onpefessth aCHMITOTHYECKO® IOBe-
neHue uHTterpana npu Ooabiiux {. Ilo BHYeTy B HeM HaXOAHM

fx(t, p)ove—ikvi, (34,16)

Takum o6paszoMm, RoaMylleHHe (YHKLIHE paclnpeieseHHst He 3a-
TyXaer ¢ TeyeHueM BpeMeHH. PacrpejeseHue CTaHOBHTCS, OLHAKO,
Bce OoJsiee GHICTPO oclmnupyiomell ¢GyHKIUel ckopocTu (epHoA
ocuuansunil mo ckopocti ~ l/kt). ITosToMy Bo3MyLieHHE NJOTHOCTH

(T. e. HHTErpan gfkdsp) 3aTyxaer, Kak H NOTEHIHAN @g?).
dpoJonusa QYHKIHY pacnpeneseHud corsacHo (34,16) oTHocHTCS
KO BPEMEHH, KOTAA MoJe MOXKHO CUHTATh 3aTyXHIMM; hopmyaa (34,16)
COOTBETCTBYET MPOCTO CBOOOJHOMY Das3/ery 4YacTHI -—Kaxkias co
cBOeH NMOCTOSIHHOH CKOpocThio. [e#cTBuTenbHO, GYHKUHA BHAA

[(t, r, py=g(p)eikr-kvh) (34,17)

€CThb peLLIGHI/Ie KHHETHYECCKOro ypaBHEHUS] CBOﬁOH,HbIX YacTHlL
of , o of _ :
Srvil=0 (34,18)

npu 3aiaHHoOM HadaabHOM (f=0) pacnpeiefeHHH IO CKOPOCTAM H
nepuoaHYecKoM (v e’kT) pacnpeneseHHH O KOOPAMHATAM.

§ 35. IlnasmeHHoe 3axo

TepmopuBaMnyecku o6paTHMBIfi Xapaktep saryxauus Jlauady
NPOSBJSETCS B CBOCOGPA3HBIX HEJNMHEHHBIX SBJCHUSX, Ha3bIBAeMbIX
NAGBMEHHbIM 9XOM. DTH SBJIeHHs BO3HHUKAIOT B Pe3y/bTateé TeX He-

1) MoxeT BO3HHKHYTb BONPOC O TOM, OTKYA& BOSHMKAET OoJbMIOE 3aTyXaHHE,
ecan «dazosas CKOPOCTbY /K JIEKUT BHE OCHOBHOTO HHTEPBAJE TENMAUBBIX CKO-
pocreii. B mefictBuTenpHOCTH, OAHAKO, NPH Yy > © 06 OTHOWIEHHH ® /R BOOGLIC
HeJb3S TOBOPHTH Kak O (asoBoil ckopocTH. Ecid cHOBa pasaoXuTb GyHKUHIO
BUJA e~ l0't= vt 4 unrerpan dypobe, 10 B HeM 6VAYyT NPHEYICTBOBATE KOMIIOHEHTBI
¢ UacToTaMy BO BCeM HMHTepBaje or 0 JO ¥ M COOTBETICTBEHHO ¢ «(ba3oBHIME CKO-
poctsiMu» o 0 po ~ y/k.

2) 3aleras Bmepell, Cpasy Ke OTMETHM, OBHAKO, WTO OCHHUJIHPYIOIMH Xapak-
Tep QYHKIUH paclpejesieHHs NpH GoawiiiX { MPABOAHMT K CHJILHOMY B@SPACTAHHIO
5GPEKTHBHOTO uKCaa KYJAOHOBCKUX CTOMAKHOBEHHN H TEM caMbiM VCKOpHAéT Hacty-
naomee B KOHEUHOM c¥elé saryXdume BosMymeHHs (cm. sanauy k § 41).



§35] MJIASMEHHOE 3XO 177

3aTyXawlluX OCHHAATUNE GYHKIHUN pacrpefe/ieHus (34,16), KoTopHIE
ocTAalTCH  TocJe GecCTOJKHOBHTENBHOH pe/lakCcalHud BO3MYLIEGHHH
naotHocTH (¥ nosig) B nsasMe. OHHM HMMEIOT M0 CYLUIECTBY KHHeMa-
THUYECKOE MPOHCXOKAEHHE, HE CBA3AHHOE C CYIecTBOBaHUEM B IIJla3Me
CaMOCOT/IACOBAHHOTO 3JIEKTPUUECKOro 10Jsi. MBl NPOHITIOCTPHPYEM
€ro cHauaja Ha IIpHMEpe rasa H3 He3apsSKEHHBIX 4acTHL 6€3 CTOJIK-
HOBEHHUH.

[TycTh B HauasbHBIE MOMEHT BPEMEHH B rase 3aJaHO BO3MYIIEHHE,
B KOTOPOM (PYHKIHSA pacnpeesietsi, 0CTaBasch 110 CKOPOCTAM MaKc-
BEJIJIOBCKOH B KaXKNOH TOUKe NPOCTPAHCTBA, MEHSETCH BAOJAL OCH X
[0 MEepPHOLHYECKOMY 3aKOHY

8f =A,coskx-f,(p) mpu t=0 (35,1)

(B 3TOoM naparpade p = mv 6yaeT 0603HAYATb X-KOMIOHEHTY HMITY/bCa;
GYHKLHS paclpelescHus MPeAnosaraeTcst yke nPOnHTer pHPpOBaH O
no p, u p,). Ilo Taxomy e 3aKOHY MEHACICH BLOAbL OCH X (B TOT
ske MoMeHT f=0) W BO3MyIleHHE NJOTHOCTH rasa, T.C. HHTerpals

Séf-dp. B nocaeayioliye MOMEHTH BPEMEHH BO3MYLIEHHE QYHKIHI
pacnpesiesieHia GyleT MeHsTbCS MO 3aKOHY

8] = A, cos k, (x—0t) f, (), (35,2)

OTBEUaoLleMy CBOGOAHOMY IEPeMelleHUI0 KaKO0il YacTHIbl BAOJb
OCH X cO cBoefi cKopocTbid v. BosMyuienwe MJIOTHOCTH, OAHEKO,

saryxner (3a Bpemsi ~ l/uzk,) BBUAY TNOralleHus HHTerpasa S(S/’dp‘
3a CHeT OCIUJIHPYIOUIEro 110 CKOPOCTAM MHOMUTENs €OSk, (x—ul)

B NOIBINTEIPAJbHOM BBIpaKeHUH. ACHMITOTHYECKHH 34KOH 3TOro0
3aTyxauusi npu BpeMeHax I3>1/k,up Jaercst BHIpameHUEM

GN:SSfdpcbexp (-%kng) (35,3)

(oleHKa WHTerpaja IMPOU3BOAUTCS METOLOM IepeBala).

IMycth Terteph B HEKOTOPHIH MOMEHT Bpemenn [=7t3>>1/kv;
(YHKLHA pacnpefescHust CHOBAa NPOMONYIHPOBAHA C aMITUTYROH A,
¥ HEKOTOPLIM HOBBIM BOJIHOBBIM BEKTOpPOM k, > k,. BosHukuiee B03-
MYleHHE IJIOTHOCTH CHOBa 3aTyXHeT (3a Bpemss ~ l/kyvr), HO
B MOMEHT

r kz
U= n " (35,4)

BO3HUKHET BHOBb. JleHCTBHTEJNLHO, BTOpas MOAYJAANNSA HPUBOAHT
K TIOSiBJICHHIO B (YHKIMM paciipefiesieHdss (B MOMEHT {=1) uJieHa
BTOPOro MNOpsifika BHAa

8f® = AyA, cos (kx—kut) coskx-fy (p). (35,5)
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JlanbHeiinas 3BOJIIOIHS STOr0 BO3MYILEHHA OPH ! > T npeBpaliaer
ero B

87 = A, A,f, (p) cos [k x—kvt]cos [Ryx —kyv (t—T1)] =
= 5 A Ay, (p) {eos [(ky— ky) x— (ky—ky) vt + koot +
+cos [(ky + k) x—(ky + k) vt -+ Ryot]}.

Tenephb BHAHO, 4TO B MOMEHT {—1T' OCHWJJIHPYIOIAsi 3aBUCHMOCTb
OT v B INEPBOM UJIeHE HCYe3aeT, TaK YTO 3TOT YJeH JACT KOHEUHBIH
BKJaJ B BO3MYLIEHHE IJIOTHOCTH rasa C BOJHOBBIM BEKTOPOM k,—R;.
BosuuKilee TakuM 06pasoM 3xo 3aTyXHeT 3aTeM B TeyeHHe BpeMeHH
~ 1jvy (k,—Fk,), npuuem nocjeiuss CTajiis TOTO 3aTyXaHHsi NPO-
HCXOAUT MO 3aKOHY, aHaJoTHYHOMYy (35,3).

[TepeiigeM K uCCIeOBAHHIO 3TOTO AB/CHHS B 3JIEKTPOHHON IIasme
(R.W. Gould, T. M. O’Neil, J. H. Malmberg, 1967). Ero wmexa-
HH3M OCTAeTCsl MPEKHUM, HO KOHKPeTHBIA 3aKOH 3aTyXaHUsl MeHseTC s
U3-3a BJHSAHHS CaMOCOTJIACOBAHHOIO IO,

ByzxeM cuuTaTh, YTO BO3MYIIEHHSI CO3JAIOTCS HMIYJBCAMH HEKO-
TOPOTO BHEIIHEro (CO34aBaeMOr0 «CTOPOHHUMH» 3apsAaMH) MOTeH-
nuasga ¢V, npuJaraeMbIMM K NJasMe B MOMeHTH (=0 un t=1:

@ =, (1) o8 kX + ¢, ({—T) cos &,x; (35,6)

&

MpU 3TOM Mpejnosnaraercsi, 4ro k, >ky, a 1> l/kur, 1/y(k,) (tae
v (k) — mekpeMeHT 3aTyxanus JlaHpay).

Bosmymenne ¢ynkuun pacnpegenenus (f==f,+95f) ynosaerso-
psieT GecCTOJKHOBHTEbHOMY KHHETHUECKOMY YDaBHEHHIO, KOTOpoe
C yY4eTOM 4JeHa BTOPOTO MOPSAJKA HMeeT BHJ

adf , _068f
o TV Tl = ¢k dp

[Tpu 3TOM MOTEHLHaJs ¢ BO3HHKAIOMIETO B IJla3Me MOJs (BKJO4alo-
mHil B cefa Takmke H «CTOPOHHIO» YacTb @°T’) yroBJeTBOpseT
YpaBHEHHIO

A (@ —¢?) = 4ae § 8 dp. (35,8)

ByneM HCKaTh peHeHue 3ITUX ypaBHeHI/Iﬁ B BHJAC HHTErpaJioB
dypoe:
. oy do'dR’
by :Sl soepb (Rx—o't)y 22 20
f forre @)’

; npy A0 dR"
= wpn @1 (k”x“m t) -
P SCPOJ k" € @F *
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TMoncTaBuB 5TH BLIPAXKeHHs, YMHOXKUB 3aTeM ypaBHeHHe Ha e~ (kx~ol)
d HHTETPHPYS HX 1O dxdf, mOJyuyHM

(kv — ) for -+ ek@or %" =

dfo)’k’ doy' dk’

=—e | (k=) Qu-v, 1-r —g2- T s (35,9)

— kg =4me S fordp— RP¢SE, (35,10)

rae
QP =g, [8 (k+ky) 06 (k—k,) ]+ 714, [8 (R + k) -8 (B—k,)] oo

B aunpefinom mpubauxeduu (T.e. NPH NpeHeOpeKeHHH MNpaBoi
cropoHo#l B (35,9)) pelicHHe 3THX YPaBHEHHH eCTb

dfo _k 9P
w__ 0 o)) 1) __
Wk e dp kv__wcpﬁ)kr (P(Dk"‘el ((o,k) ’ (35v11>

rae e,—anaJeKTpuyeckas mponuuaemocTs (29,10). Idromy pemenuio
OTBEYAOT BO3MYILEHHUS, 3aTyxaloliie OT MOMEHTOB BpeMmeHH (=0
U =17 COOTBETCTBEHHO C JeKpeMeHTaMHu y (&,) u y (k).

Bo propoM npubIMmKEHHH Hago MoAcTaButh (35,11) B mpasyro
cTopony ypaBHeHusi (35,9) ¥ AJs YJeHOB BTOPOTO MOPAAKA B BO3-
MYymeHnsiX (YHKUHH pachpefejeHus M TNOTEHLHAJa I[0JYyYaroTcs
ypaBHEHHSH

di
(ko— o) fih - ekl =%, (35,12)
kg, =—4ne § fGdp, (35,13)
rjpe
' do'dk’
lop=—e{ b—K) Q0 r [0 Tgr . (35,14

Hntepecyromuii Hac 3qpeKT-—5X0 ¢ BOJHOBBIM BEKTOPOM R, —R; —
GyzeT 3akJioueH B wJeHax B npaBofl wactd (35,12), copepxkarux
8 (k += (k,—k,)). CobGepeM TakHe uJeHH B BhIpaXeHHH [qr. K MoO-
MEHTY BpeMeHH {=7T Bo3MyweHue ¢, npoucxojsliee OT IPHJO-
®enHoro npu =0 umnyiabca ¢, yxe saryxuer. [losTomy sapanee
oueBMAHO, ¥TO npH uoxcraHoBke (35,11) B (35,14) Hago yuecThb
B &) JHHOIb WIeH ¢ @,; UHTEPECYIOHIHe HAac UJeHb BUAA

Taw=1¢(ky, kS (k—Fky+k)+Io(— Ry, —ky)0 (k4 k,—Fk,)(35,15)

nojiyyatcsi OPH 3TOM OT YJIEHOB B fG2, cojepxkamnx ¢q. [loc-
Je BbHIIOJNHEHHS uHTerpupoeanus mo dk’ B (35,14) moayunm B
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pe3y.bTaTe?l)
® . . ’
& (0--0') T de’

_ 1 d
lo(ky ko) =7e W“klkfd_ﬁf (T ) & (0, k) & (0—0, E3)

- (35,16)

npUHEM, KaK BCerja, MepeNMeHHY0 WHTerplupopamis o Hajo NOHH-
MaTh Kak o -i01).

Hurerpan (35,16) MOXKHO EBIYHCIHTH € Y4YeTOM TOrO, YTO T Ipel-
nosaraercs Goapmum (T3> 1/kvg, 1/y). Jdaa atoro cMemaes B HHK-
HIOI0 TIOJIYIIIOCKOCTh KOMIJIEKCHOI TIepeMeHHOi @' KOHTYp HHTe-
rPUPOBaHNsl, «3aLeMJIAIONHACAY IPH STOM 3d HOMIOCH OABIHTETPaJIh-
HOTO BbIpasKeHUs. DTH IOJIOCH PACIOJIOXKEHB B HYJIAX (QYHKUHI €
0 B Touke o = —kv—i0. IlepBble u3 HHX MMEWT OTJIHYHBIE OT
HyJs OTpullaTeJbHbe MHHMbIE wactTi (— v (k) uan —7v(ky)), n
BKJagbsl OT HUX B HHTEeTpaJ (BBIYETHl B [OJ0CaX) 3aTyXawT ¢ yBe-
JuueHneM T Kak e~ ¥F. Hesaryxawoomuil xe BKJAaJ BO3HHKACT TOJLKO
OT BeleCTBEHHOro noJwoca ® = — k,u— (0. Takum 06pasom, HOJyIUM

i(o+hko) T
L (3.17)

— 2&% P1Pa Rikoe
To (kl’ k2) B € 2 dp e (— kv, ki) g (@R, k)

Bosspamasich K ypaBHenusam (35,12—13) u noacraBus [g; us
NepBOTO ypaBHEHHS BO BTOPOE, HaXOAMM

@®
4me dl g dp
9 e Wi
Yo =" (G k) ) dp ko—w-—i0° (35,18)

—-®
IIpu BbIUMCJEHHH [POU3BOAHOH dfup/dp HaA0 Iuddepennnponarth
TOMBKO BKCNOHEHIMAJbHBIH  MHOXHTENL B (35,17), NOCKOJABKY
ku;t>> 1.
CoGupasa Terepb TNoJydYeHHble BHpaxkenus (35,15—18) u cosep-
was obpatHoe mnpeobpasoBanue Pypbe, MOJYUHM HHTEPeCYIOWHH
Hac MOTEHINAJ 3Xa C BOJHOBBIM BEKTOPOM k; —k,—£k, B BUIE

@@ (£, x)=Re{A (t)eits}. (35,19)

Amnautyny A (¢f) BeInuieM cpady B aCHMIOTOTHYECKOM TpejeJie npH
f—T—>0c0. B 3TOM mpejesie HHTErpas MO O ONPEJAE/ISeTCs BEIYCTOM
NOJBIHTErPAIBHOrO BBIPAXKEHUSI TOMBKO B Iojoce o= kyu—i0.
OkoHYaTe bHO HAXOAUM

2 py vk (t=T")

Kiky  dfo PR dp

b dp & (kgv, ka) &y (— ke, ki) g (kav, ko)’

-7 (35,20)

A (t) = — e3P, ,T

rae v =k,t/k,.

1) TIpu BLIYHCJEHHH CJeyeT HMeTb B BHIY, YTO &; 3aBHCHT JHIB OT |k |
H TOTOMY B 0603nadcHHAX 5Toro maparpada (rie k=sky) umeem g (0, — k) =
= &, (®, k).
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3710 BHIPAKENHE —aMIIUTYJa 3Xa—MaKCHMaJpHO mpu f=1’,
[IpHYEM MAKCHMa/bHOE 3Ha4eHWEe INPONOPUHOHAJbHO T, T. €. IPOMe-
KYTKY BpeMeHH MexAy AByMs umnyabcamu. [To ofe ctopoHbl ot
MaKcHMyMa ammautyia A (1) yGpiBaer, HO 10 DA3JUYHBIM 3aKOHAM.
AcumntoTHueckn npu {—1t — oo uHTerpasa (35,20) onpenensercs
BBIUETOM MOABLIHTErPaAibHOTO BhIPAXkKeHHsl B €ro MOJCce ¢ HauMeHb-
medl N0 BeJHYMHE OTPHLATETbHOH MHHMOH 4acThi; 3TOT MOJIOC

JeKUT npH €, (kyv, ky) =0, u ero MuuMas yacTb Imo = —y (R;)/ks1).
v (k)
&
Y(k,)

A AAaan -
Pk 7

Y(k/)ks/k/ (k)

. 'y 3
.Av.'A'.v,vAvA'A'AA”\AA \MMA ARSI
e

”

Puc. 10.

[o npyryio e CTOPOHY OT MakcHMmyMma, nmpH f—7T' —»—o00, HHTe-
rpaJj onpeiessieTcss BbIUETOM B mogioce npu &, (— kv, k,)=0, aias
Koroporo Imo =7y (k,)/k, (1yTb HATETPUPOBAHHUA JOJKEH ObITH NPH
3TOM CMEIIEH B BepxXHION MOAYNJIOCKOCTh KOMIJIEKCHOro v). B pe-
3yJIbTaTeé HAXOMUM, YTO

A(t)yocoexp[— 7 (k) (t—1')] mpu t—1" — oo,
A(t)cpexp[——/;—jy(kl) (r’—t)] npi {—1' — —oo. (35,21)

Takum o6pasom, aMIJHTYyAA 3Xa nepef JOCTHXEHHEM €r0 MaKCH-
MyMa Bo3pacTaeT ¢ HHKDEMeHTOM R;y(k,)/R;, a 3a MakCHMYyMOM

1) [Nogpasymesaercsi, uT0 BCe BOJNHOBHE BeKTope k<€ l/a,. Torma y (k)
3KCIOHeHNMA LHO MaJo M y6hiBaerT ¢ BospactamMeM k. Ilockoabky ks < kg, TO
nomoe npu g; (kov, k2)=0 B 3THX YCJOBHSAX 3aBEJOMO JIEXKHT Jajiblle OT BELlECT-
BEeHHOfl ocu v, ueM NOJIIOC NpH g; (kgv, kg)=0.
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y6hiBaeT ¢ AekpeMeHTOM v (k). Puc. 10 wimocTpupyer paccMOTpeH-
HOe sIBJEHHE: TNepBble JBe KPHUBbIE M300pa)kaloT XOJ H3MCHEHHS
MOTeHUHaJa B JABYX MMIY/bCaX, NPUIOKEHHHX B MOMeHThl ¢=0
u t=1, a Tperba Kpuasg—¢popMy 3xa. OKOJIO KPHBBIX yKasaHbl
COOTBETCTBYIOWIUHl JEeKPeMEHT HJIH MHKPEMEHT.

V3n0xeHHEE pacueThl NPOU3BEJEHBl B NpeHeOpeXeHHH CTOJIKHO-
BenuaMH. [lo3TOMY ycCJ/OBHE NPHMEHHMOCTH KOJHUECTBEHHOH (Op-
myasl (35,20) TpeGyer, 4TOGH K 3aJaHHOMY MOMEHTY ¢ OCLH/IJISILHH
(QYHKLHH pacnpefle/leHHs He YCIeJM elle 3aTyXHYTh NOJ BJHSHHEM
cTonKkHoOBenuH. 3aberas Buepej H BOCIOJb3OBABUIMCH Pe3yJ/bTaTaMi
sagaun X § 41, MoxHO chopMyaHPOBaTh 3TO YCJOBHE B BHAE

v (vr) (kvp) 2L, (35,22)

rae v (Ug) —CpeHsis YacToTa KYJIOHOBCKHX CTOJKHOBEHHIT 3/1eKTPOHA.

§ 36. Apuabaruueckuil 3axpaT NEKTPOHOB

PaccMOTpUM  BONMPOC O pacopeleseHHH 3JEKTPOHOB  I1J1a3Mbl
B MEMJICHHO BKJIOYAEMOM IOTEHLHAJbHOM 3/EKTPHUYECKOM TOJIE.
[TycTh L-—mOpsiioK BeJHUHHBEI NPOTAXKEHHOCTH MOJIA, a T-—Xapak-
TepHOE BpeMsl ero H3MeHeHus. DyneMm cuntarth, 4TO

> Ljv,. (36,1)

B To xe BpeMsi GyZeM mpeanoJararb T MajbiM [0 CPaBHEHHIO CO
BpeMeHeM CBOGOZHOrO npoGera 3J]eKTPOHOB, TaK YTO peyb HJET II0-
NpexHEMY O GECCTONKHOBHTEJNbHON I/Ia3Me.

B cuay ycaoBusi (36,1) nose MOXKHO CYHTATh CTALLMOHAPHBIM
B TeyeHHe BPeMEHHU €ro npoJera 3JeKTpoHOM. C 3TOH e TOYHOCTbIO
OyleT cTalMOHApHON TakxKe M (QYHKIUS pacrnpelesieHUs 3JeKTPOHOB
B noJge. Kak 6b10 ykasaHo B KOHLe § 27, pemenue 6ecCTOJKHOBH-
TeJbHOTO KMHETHYECKOr0 ypaBHEHHS 3aBHCHT TOJIBKO OT UHTErpaJsioB
NBHKEHUS YaCTHILBI; AJs CTAllMOHAPHOrO pacnpejeseHHs 3TO MOryT
OLITh TOJNBKO TE€ HHTErpatbl, KOTOPHE He 3aBHCST SIBHO OT BpeMeHH.

Mpl orpaHMYMMCSl OJHOMEPHBIM CJydyaeM, KOTAA MOTEHHHaJ [0~
Js1 @ 3aBHCHT TOJBKO OT OAHOH KOOpAMHATH X. Tak Kak ABHKeHue
BIOJb OCEd y W 2 NPH 3TOM HECYIIECTBEHHO, peyb OyHeT HATH
0 OYHKUMM pacrpeleseHHs! [ TONBKO MO HMIYJbCY p, (H IO KOOp-
JHHaTe X).

B 61nOMepHOM cilyuae ypaBHEHHE JBHAKEHMS HMEeT JBa UHTErpaJa,
H3 KOTOPbIX He 3aBHCHT $IBHO OT BpPeMeHH (B CTallHOHAPHOM IOJIe)
BCEro OJHH-—3HEPTHS 3JEKTPOHA

e =25 LU (%), (36,2)

2m
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rae U (x) =—eq (x)1). TTostoMy craunoHapHas GyHKUMS pacnpeje-
JeHnst GyAeT 3aBuceTb OT p, M X TOJIBKO B KOMGHHauux (36,2):
f:f[s (x' px)] (36»3)

Bua xe dynxuuu f(e) Ao/MKeH ONpefessiTLCS TPAHHYHBIMH YCJIO-
BHSIMH.

Iycts noste U (x) umeeT BHJ MOTeHIMAIbHOTO Gapbepa (puc.11, a).
B sTtoM ciyuae dyukuus f(e) onpenessiercss BUAOM pacipeaesieHust
9JIEKTPOHOB, NPUXOAAUIHX K 6apbepy u3 GeCKOHEYHOCTH. Tak, ec/u
no ofe CTOPOHBI BAasid OT Gapb- Uh
epa 3JEeKTPOHHl UMEIOT PABHOBEC-
Hoe (OAHOPOJHOE @O HpocTpau-
CTBY) pacnpefieleHHe C TeMmIepa-
typoit T,, TO © BO BCeM mpo- A
cTpancTBe OyleT HMeTb MECTO
G0JIbIIMAHOBCKOE PaClpefesieHHe:

f Ny exp <——~;’~e> (36,4) a)

"~ @amT,) "/
I110THOCTD 2Ke 3/IeKTPOHHOTO rasa
OyaeT pacmpejesneHa Be3ge HO
dhopmyJie
N, (x)= N V&7, (36,5

rae N,—IUIOTHOCTE BjpaJid  oOT
6apbepa.

ITycTs Tenepb novie uMeeT BHJ,
NOTeHIHANbLHON MM (pHC. 11, 6). 5)
B stoM cnyuae pacnpegenenne Pae. 11,
JIEKTPOHOB € TNOJOXKHUTEJLHOH
SHEPruefl € CHOBA ONPeJieHTCS paclpeseJeHHeM YacTHIl, TPHXOASIIHX
H3 GECKOHEYHOCTH; NPH PaBHOBECHOM pachpeje/eHHH Ha GecKOHeu-
HOCTH pacnpefie/leHHe 3JIEKTPOHOB ¢ € > 0 6yleT GoJIbIIMAHOBCKHM
BO BceM npocrtpaHctBe. Ho momumo wactui ¢ & > 0, B 3TOM ciiydae
CYIIECTBYIOT TaKiKe W YacTHLH ¢ 3Heprued e < 0; 3TH yacTHIEHI
COBEPLIAOT (PMHHMTHOE ABWXKEHHE BHYTPU MOTEHIHAJBHOH SIMBl— OHHU
«3axBaueHbl». Ha OGecxoneunoctn wactaiml ¢ &< 0 Her; HO3TOMY
H3JI0KE€HHBIE BHIILIE COOOPaXKeHHS, B KOTOPHIX SHEPTHsl PaccMaTpH-
BaJjlach KaK CTPOTO COXPaHAIOMASCS BeJHYMHA, HEJAOCTATOUHHL A8
HaxOoXJeHUs pacnpeiejieHds 3axBaueHHHIX wacTull. Heo6xoaumo
YUECTb TaKKe H W3MEHEHHE 3HEPTHH B He CTPOTO CTAallHOHAPHOM

1) BropsIM HHTErpaioM ABHIKEHHS MOMET SIBJIATLCS, HalPUMEpP, HauaAbHOE
(B mexoTopHIfl 3agaHuLIi MOMENT BPEMGHH) 3HaUeHHe KOODAHHATH YacTHLH Xy,
BhpaxeHHOe B (VHKUMH OT BPeMeHH H TeKylleH KOOpAMHATH BIOJb TPAeKTOPHH
xo (2, x).
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noJe, B pe3yabTate yero 3To pacrpeieseHue OKasblBaeTcs, BOOGLIE
rOBOpS, 3aBUCSIIAM OT MPEABICTOPHH —OT XOAd BKJIOYEHUS MO/
(A. B. I'ypesuu, 1967).

B cuay ycaosus (36,1) rnose Mano MeHseTCs 3a BpeMsd repHola
(PUHHTHOTO IBUXKEHUS 3aXBayeHHBIX YacTHI. Kak u3BecTHO, B TAKOM
c/lyuae COXPaHseTCs TaK HasblBaeMbIH aduabamuqeckull uneapuanm—

HHTErpaJ

1, a):E}T-QSz[Qm (e—U (t, %)]"dx, (36,6)

B3SITHIl MEXIY ABYMS TpaHHlaMi JBHKEHHS (npu 3ajaHHBIX € U {).
Dra BeJHUHHA M GYAET UrpaTh Terepb PoJb MHTETpasa NBHAKEHHS,
yepes KOTOPBIH NO/IKHE BBEIPAXaTbC GyHKUUS pacnpeieneHns 3a-
XBayeHHRIX YacTHIL:

faaxB = faaxs (1 (t’ 8)) (36’7)

(mpuyeM SHEPrist & B CBOW OUEPefb NPEAnoJaraercs BLIpa2KeHHOH
3jlech uepes x H p, COraacHo (36,2)). Buz xe ¢yuxuun (36,7) om-
pejieifieTcss TeM, UTO TP MEAJICHHOM BKJIOUCHHH TOJIA GYHKLUSA
pacnpejesenusi Gyier nenpepuiBuoil dynxuuei e. [lostomy npu rpa-
HUYHOM 3HAUCHHM SHEPTHH 3aXBaueHHBIX YacTHIL (QyHKUHA Faaxs (1)
JOJKHA COBMaaaTh ¢ (QYHKUMEH pacrpejeleHus HacTHI, COBEpLIAIo-
MX Haj AMOH HHOUHHTHOE IBHKEHHE.

Cayuail morteBnnasbHOi SMBl BHIA DHC. 10, 6, omHako, B 0OCO-
GeHHOCTH MPOCT B BHAY TOrO, YTO TPaHNYHAS 3HEPrHsi OCTACTCH
(IPH IOCTENEHHOM BKJIOUEHHH MOJIA) nocroauHof, paBHOH HYJIO.
Torza M3 YKasaHHOrO TPAaHHYHOrO YCJIOBHS CJACAYET, HTO faaxs CBO-
JIUTCH TPOCTO K IOCTOSHHOH!

faaxs = f (O)v (36,8)

rie f(e)—dyHKIHsA pacnpeesienns YacTHi Haj amoift. Hafizem npo-

CTpPAHCTBEHHOE pacripesiesieHHe 3JEKTPOHOB B 3TOM cJjydae, €C/H

f () —GoabIMaHOBCKAS (YHKIIMS (36,4). )
CyMmupyst GHCsIa 3JIEKTPOHOB C & > 0 uce<0, umeem

N=2] @) dpe+2(F O dps p=@mU]
P

(MHOMXHTE/H 2 YUHTBIBAIOT 4aCTHILH C Py > 0 u p,<0). IToacrasus
cioga f(e) u3 (36,4), monydum

N, (4, 5= N, {e'U‘/TE[l——CI)<]/‘I~;‘%~T>]+2]/%_—;}, (36,9)
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rae

|3
DE) = V” Se‘” du. (36,10)

IMpn £ 1, pasnoxkup mnoxblHTerpasbHoe BhIpakeHue B (36,10)
IO CTeNEeHSNM u, HMeeM

o @~ = (2-5).

TlosTomy pacrnpefieieHlie 3JeKTPOHOB, 3axBavyeHHBIX B HerJayGoKo
ame (|U|<T,), naercst dopmya0i -

Ne:No[lJr 'TUE'—B“‘/; (’;’J)”Z]. (36,11)

IlepBBifi monpaBOUHBIH UJIE€H COBMNAA3eT C TeM, YTO HOJYUYHIOCH Obl
u3 dopmyas Bosbumana (36,5). Ho yxe ciaeayroomias nomnpabBka OT-
Juuaercss oT GOJBbLIMAHOBCKOM.

[pu £>>1 pasnocts 1 —@(§) skcnonesunaIbHo Maa (~exp(-—E&?).
Ilostomy B cayuae ray6ekodt amu (| U|>T,) B (36,9) cyuectseH
JIILIb BTOPOH usieH B QUI'YPHBIX CKOOKax, Tak YTO

N, (¢, x)=2N, ('U') . (36,12)

C ysenuuennem | U| NJI0THOCTE BO3pacTaeT ropasao MeAJeHHee, YeMm
31O cJjaenoBato 6el mo ¢opmysne Bosbumana.

§ 37. KBasuHeliTpajbHas naasma

VpaBHeHus AMHAMHKH HJa3MBl JONYCKAWOT JaleKo HAyIlee yhpo-
HmeHpe JUIS KaTeropuu sBJEHMH, B KOTOPHX XapakTepHble MacliTaGhl
IJUH U BPEMEHH YAOBJETBOPAIOT CJAEAYIOLIMM YCJIOBUAM. Xapaxrep-
HbIH pasMmep HEOLHOPOXHOCTeH B mJjasme L npeamnosaraercs GOJBILHM
MO CPaBHEHHIO C 3JAEKTPOHHBIM AeGAeBCKUM PagHyCcoM:

aJL<Ll. (37,1)

CropocTb e mpollecca npefnoJaraercs onpejesiomeiics ABUKeHHeM
HOHOB, TaK YTO XapakTepHHIl MacuwiTal CKOPOCTH JaeTcsl BeJIMYH-
HOH# Ur;, MaJIOH 110 CPaBHEHHIO CO CKOPOCTSIMH 3JIEKTPOHOB. [IBukenue
HOHOB TNPUBOAHT K MEAJEHHOMY H3MEHEHMIO 5/IeKTPHYECKOro MOTeH-
1MaAa, 38 KOTOPHIM afiuabaTHuecKH CJeAyeT pacHpelejeHHe 3JeKT-
poHOoB.

Iycte 6N, u 8N,—u3MeHEHHS NIJIOTHOCTEH 3JEKTPOHOB H HOHOB
B BO3MYLIECHHOH mJasMe. DTH H3MEHEHHs CO3JAIOT B IJIAa3Me CPEIHIOn
IVIOTHOCTh HEKOMIIEHCHPOBAHHOrO 3apaga:. dp=e (20N ;—9ON,). Iloten-
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LlHaJ/ CO3aBae€MOro 3THMH 3apsjaMH 3JEeKTPHYECKOIo I10Js onpene-
JACTCS yYpaBHEHUEM Hyaccona

Ap=—4ne(26N;—6N,). (37.2)
Mo mopsiaky Besuuunsr Ag~q/L*. Tlostomy
26N;— 8N, 1 )

SN, ~ Fmel® | SN, | (37,3)

Ecan none cnabo (ep<€T,), TO HU3MEHEHHE 3JEKTPOHHOH IIIOTHOCTH
6Ne ~ e(PNe/Te
(cp. (36,11)) u Torga

20N — 6N,

2
SN, ~ %%<<1' (3714)

DTO HEPaBEHCTBO OCTAETCsl CHPABENJIMBBLIM H B C/y4ae CHJIBHOIO BO3-
Myulenus, Korjaa ep~7T,; npu stom SN ~N, u us (37,3) cHoBa
caenyer (37,4).

Takum o6pasoM, BO3HMKAWIIAs NMPH BO3MYIIEHHH HEKOMIIEHCH-
POBaHHAsl NJIOTHOCTb 3apsJOB OKasblBAaeTCsl MaJioH [0 CPABHEHHIO
C BO3MYHICHUSIMH IJIOTHOCTEH 3apsifioB 3JIeKTPOHOB M HWOHOB B OT-
IeJbHOCTH; B TaKUX CJIYy4YasiX TOBOPAT O KEQ3UHeUmparbHol naasme.
Oto CBOHCTBO MNO3BOJISET IIPH H3YYEHHH PACCMATPUBAEMOrO Kpyra
SIBJIEHHII ONmpejeasiTh paclnpeje/eHHe NOTeHLHasa B IJjasMme, IIPOCTO
HCXOAS M3 «yPaBHEHUS KBa3HHEHTPAJbHOCTH»

N,=2zN, (37,5)

COBMECTHO C KMHETHYeCKHM ypaBHeHHeM AJISI HOHOB U C YPaBHEHHEM,
BBIPAXKAIOIUM «aAHabaTHUeCKoe» pacipee/eHde 3/JeKTPOHOB 1).

Pasymeercs, B HayajibHLIH MOMEHT BpPEMEHH —€CJH pacCMaTpH-
Ba€Tca 3ajaua ¢ HayaJbHBIMH YCJIOBHSIMH— IJIOTHOCTH 3JIEKTPOHOB
MOryT ObITh 3alaHbl TIPOH3BOJILHO H HE 0653aTesIbHO y/OBJIETBOPSIOT
HepaBeHCTBY (37,4). BosHukamollee mpu 3ToM GOJIBIIOE 3JIEKTPHYE-
CKOe TIoJie NpHBENeT, OJHAKO, K ABHXKEHHIO 3JEKTPOHOB, KOTOpOe
6LicTPO, 3a XapaKTepHBIE «3JIEKTPOHHBIE» BpPEMeHa, BOCCTaHOBHT
KBAa3HHEHTPaIbHOCTL (B AN(QY3HOHHOM c/Iydae 3TOT MPOLECC npocJe-
xkeH B § 25).

[Tepexon oT ssekTpoauHamudeckoro ypasHenus (37,2) X ycJo-
Buo (37,5) o3HayaeT He TOJIbKO CYLIeCTBEHHOE YNPOIEHHE CHCTEMBI
ypaBHeHUH AHHAMHMKH IIJIa3Mbl, HO ¥ IPUHIUNHAJbHOE H3MEHEHHe

1) TleadepxHeM, YTO 3TOT Pe3yJabTAT caM IO cebe OTHOCHTCH KaK K GeccToJK-
HOBHTEJbHOH MNJia3Me, TAK H K IJIa3Me CO CTOJKHOBEHHSMH. 3aMeTHM TakXke, 4TO,
NIOCKOJIbKY BIBOA HepaBeHcTBa (37,4) He CBSI3aH ¢ NPEANOJOXKeHHEM © cJaaboCcTH
II0JIA, CBOHCTBO KBasMHEATPANbLHOCTH HMEET MECTO H B TeX CJy4asix, KOTa 3JeKTpo-
MarHHTHEIE CBOHCTBA NJIa3Mbl He MOTYT GbITh ONHCAHBI C IOMOLIbIO JH3/ICKTPHYECKOH
NPOHKLAEMOCTH (T. €. B NPEANONOKEHHH JAuHelHON cBA3u Mexpy D u E). '



§37] KBASHHEHTPAJIBHAS TIJA3MA 187

WX PaSMEPHOCTHOH CTPYKTYpHl. JIeACTBATEBHO, NOTEHIUA @ BXOAHT
B KHHETHUECKOE ypaBHeHiie M B paclpejeseHue 3/IEKTPOHOB TOJIBKO
B TIPOH3BEAEHHH C 3apsiacM e, a B ycjaosue - (37,5) (B mportuBono-
JIOXKHOCTB ypaBHeHHIO (37,2)) 3apazn BooOwe He BXOauT. [Tostomy
3aMeHOH

ep — (37,6)

3apsa e BoobLie YCTPaHsAeTC W3 yPaBHEHHIl, a BMECTe ¢ HHUM Hcue-
32T TaKXKe W NapaMeTp pasMepHOCTH JJIMHBL—AebaeBCKHH pajuyc a,.

OrcyTcTBHE B YPaBHEHHAX NapaMeTpa JJIHHL AeJaeT BO3MOKHEIMU
aBTOMOJIE/IbHBIE JIBIKEHMS MJashpl. Taxkue peLIeHHS MOSBJAAIOTCH
B T€X ¢Jydasix, KOT[a IapaMeTphl PasMEepPHCCTH LJAHHBL OTCYTCTBYIOT
TAKXKe U B HauaJbHBIX WM IPaHHYHBIX YCJOBHSAX 3afayH; TOTja Bce
(DYHKIHH MOTYT 3aBHCETb OT KOODAHHAT ¥ BPEMECHH TOJBKO B KOM-
6unanuu r/t. Ilycrs, HanmpuMep, nJiasMa NepPBOHAYaJbLHO 33aHHUMAeET
noJynpocrpancTBo x < 0. B momeHT BpeMmenu ¢=0 «y6upaercs 3a-
CJOHKA» W TJ1asMa HauWHaeT pacluupsAThbea B nyctory. CHavasna Ha-
YHHAIOT [BUCATHCH 2JIEKTPOHBI, TAK UYTO 3/EKTPOHHAS IJIOTHOCTH
o6pasyer B6JIM3U TPAHUILB IEPEXOAHBIN CJIOH ¢ XapaKTepHOH LHHPHHON
~a,. 3a BpeMs !,>>a,/ur, ICKTPOHHOE [BHKEHHE 3aTyXaeT U jaJjee
3JIEKTPOHHASl IIJIOTHOCTb CJAeAYyeT aiuabaTHUeCKH 3a NOTEHIHAJIOM
corqacto ¢opmysne Dosbumana. Tenepb H3MeHeHHe BCeX BeJHUYHH
onpejesseTcss JBUXKEHHeM HoHOB. DBumaromaps stoMy 3a BpeMs
t,> a,/vri>> a,/vr, rpanulla PasMBEIBAETCS Ha PACCTOSIHMAX, GOJBIINX
o CcpaBHEHHIO C 4,. K 3TOMy BpeMEHH Ila3Ma CTaHOBHTCS KBa3H-
HelTpaJbHOH, a [ABHKEHHE aBTOMOJEBLHBIM.

Hanuiiem ypaBHeHHs] AHHAMHKH KBasHHEATPaANIbHOHN 1JIa3MHI B pac-
KPLITOM BHJE, NMPEANoJoXUB A5 ONpefeJeHHOCTH, HTO pachpeje-
JIeHH€e 3JEeKTPOHHOI IJIOTHOCTH Be3fe GoJbHMaHOBCKOE:

N, =N ebTe; (37,7)

Kag ObljI0 MOKas3aHo B § 36, 3TO pacnpefesieHHe He Hapyiiaercs
MeIJICHHO MEHSIOIUMCS [OJIEeM, €CJH ToJie He COJNepHKHUT NMOTEHLH-
anpHEIX M. Qopmyna (37,7) coBMecTHO ¢ yciaoBuem {(37,5) mosBo-
JSieT MPSIMO BHIPA3UTh HOTEHIHA] dYepe3 (QYHKIMIO pacnpeleseHns
HOHOB:

=T, ln ZN' =T,In [Tv"—ogpr]. (37,8)
ITopcraBuB e 3TO BhIpaXKeHHE B KUHETHYECKOE YPaBHEHHE [ HOHOB
(c camocorJacoBanubiM 1nojeM E=—V¢), nonyunm

of; of; J

Tiyvoi_er, 6’;' = lnS fdp=0. (37,9)

OrMetum, uTO, HecMOTpPSl Ha HEJIHHEHHOCTb 3TOrO YpaBHEHWs, €ro
PelieHus He 3aBHCAT OT cpefHeH NJIOTHOCTH IJasMel: ecau f;(Z, r)
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ecTb pelleHue, To peuenuem 6ymet # Cf; c NPOU3BOJBLHBIM IOCTO-
SAHHBIM MHOXKUTeJeM C.

YrhomsineM, 4TO B OJHOMEPHOM cJydae ypaBHeHue (37,9) umeer
KJacc pelleHHii, XapakTepHBX TeM, 4To B HuX ¢yukuus f, (¢, x, p)
3aBHCHT OT KOOPJHHATH X U BPEMCHH ! TOJIbKO Yepe3 MOCPELCTBO
HekoTOpO#l GYHKIHH ¥ (I, Xx):

fi=F:[x(t %), p)- (37,10)

OTH peuleHus B M3BECTHOM CMBIC/JE &HAJOTHYHEI NPOCTHIM BOJHAM
OGBIYHOf THAPOAMHAMHKH ).

§ 38. I'mipoaMHaMHKa JBYXTeMNepaTypHOH Mia3mbl

B ocofeHHOCTH NPOCTOE TEOPeTHYeCKOoe OIHCaHHe J0NYCcKaerT AByX-
TeMIepaTypHas IJjasMma, B KOTOPO#H

T,>T,. (38,1)

Mspr yxe Bugesnu B § 33, uTO B 3TOM cJ/ydae B IJIa3Me MOTYT pac-
IIPOCTPAHAThCS He3aTyXalolilie MOHHO-3BYKOBbIE BOJIHBL CO CKOPOCTHIO
~(T,/M)'/:. Dra xe cxopocTb GyaeT Boolule XapakrepHa IJsi pac-
npocTpaHeHust Bo3MylleHu# B nsasme. Ilockonbky B TO Ke Bpemst
oHa BeJuka (B cuay (38,1)) Mo cpaBHEHHIO C TENJIOBBIMH CKOPOCTSIMH
JIOHOB, TO AJA GOJBIIMHCTBA 3aja4 O ABHAKEHHH I1J1a3Mbl MOMKHO
BOOGIIE mpeHeGpeub TEMJOBBIM Pa3épocoM CKopocTed HOHOB. [IBH-
JKeHHe HOHHOH KOMIIOHEHTH NJja3mbl OyAeT TOIJa ONHCHIBATHCS B
«THAPOAHHAMHYECKOM  TIPUO/IIDKEHHH» CKOPOCTBIO V==V, 3ala-
BaeMoH Kak (YHKIHS TOYKH B NPOCTPAHCTBE (M BPEMEHH) U YAOB-
JIETBOPSIONIeH YPaBHEHHIO

dv

M —d-t'= eZE,

HJH

d

S+ vy v="20E. (38,2)
K 3ToMy ypaBHEHHIO [406aBJsieTCsl YPaBHEHHE HeMpepEIBHOCTH

Wi 1 div (Vv) =0 (38,3)
U ypaBHEHHE HyaCCOHa, OHPEILeJIHIOLU.ee [IoTEHUHAJ 3JEKTPHUUYECKOTO
nons ¢ (a ¢ HUM ¥ HanpsizKeHHocTh E=—Vg):

Ap=—4ne(zN,—N ). (38,4)

1) Cm. T'ypesus A. B., Humaesckud JI. I1.— XIT®P, 1969, T. 56, c. 1778,
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HTto Xe Kacaercsi 3J€KTPOHOB, TO MPH JABHKEHHAX MJIa3MBI CO
ckopoctamu v (T, /M)/: <Luvr. WX pacupeleseHve anuaGaTHUECKH
CJeAyer 3a pacnpepedeHueM noJds. Kak mbl Bugean B § 36, KoH-
KPETHOE BLIDaXKeHHe M/ SJEKTPOHHOH MJoTHOCTH N, mnpu srom
CYHIECTBEHHO 3aBHCHUT OT XapakTtepa mojs. Jliag mosad 6e3 moren-
IHAaNbHBIX AM OHO JaeTcs npocto ¢popmynoli Boabumana (37,7), Tak
4yTo ypaBHeHHe (38,4) npuHHMaeT BHJ

Ap=—dmeN, (%“;-"—eewe> . (38,5)

Ypapuenns (38,2—3) u (38,5) cocTaBasioT MOMHYIO CHCTEMY
ypaBHeHHH Aas ¢yHRuHi v, N 1 ¢. OHa MOXKeT ObITb elle ympo-
ueHa A/s KBasHHEHTpaJbHOA NJasMmbl. B 3ToM ciayuae corsacho
(37,8) umeem

ZN; . vN;
eQ = Te IHT\'/T , eE —-'—Te—]-v—i— (38,6)
u (38,2) MOXKHO nepemnucatb B Biije
d T, vN;
E;HVV)":—EM"ENT' (38,7)

Cucrema ypasuenuit (38,3) u (38,7) dopmMajbHO TOXKIeCTBEeHHA YpaB-
HEHUAM THAPOAMHAMHKH H30TEPMHUECKOTO Hea/IbHOTO Ta3a ¢ Maccoi
yactui, M u temnepartypoit zT',. CKOPOCTb 3BYKa B TAKOM Trase paBHa
(eT,/M)'/:—B cooTBeTcTBHH ¢ BBIpaxkeHueM (33,5) aas CKOpOCTHU
HOHHO-3BYKOBBIX BOJIH; AHCOEPCUSA BOJH B 3TOM NPUGIMKEHUH OT-
CYTCTBYET.

YcraHoBsienHas aHallorHsi ¢ THAPOJMHAMHKON HYXkKJIaeTcs B Cy-
HecTBeHHOH oroBopke. Kak H3BeCTHO, cHCTeMa [HAPOAMHAMHYECKHX
YPaBHEHMH Ja/IeKO He BCeria HMeeT HelpepBIBHbIE BO BCeM IIPOCT-
paHctBe pemuenusi. OTCYTCTBHE HENPEPHIBHOTO PeIICHHS B OGBIUHOMN
THAPOAMHAMUKE O3Ha4aeT o6pasoBaHMe YAapHBIX BOJH-—IOBEPXHOC-
Tefi, Ha KOTOPHIX (M3HUECKHE BEJHWUYHHBI HCIBITHIBAIOT Pa3pHIBHL.
B GeccronknoBuTeIbHOH TIHIPOAKMHAMHKE HE CYIIECTBYET yAapHBIX
BOJIH, NOCKOJIBKY OHH MO CaMO#d CBOEH NPHPOAE CBSI3aHHL C OTCYT-
CTBYIOUIEH B JAaHHOM cJyyae gMccumanuedt sHepruu. OTCYTCTBHe He-
IPEpPBIBHLIX peNIeHHd O3HauaeT 31eCh, YTO B HEKOTOpPOH 06JacTy
UPOCTPAaHCTBA HAPYWIAETCS NPEANOJOKEeHHe 0 KBAa3HHEATPAJbHOCTH
nJasMbel. B TakuX 06/acTaX (X YCJIOBHO HA3BIBAIOT O6eccroAKkHOB-
MeAbHbLMU YOAPHOIMI BOAHAMU) 3aBUCHMOCTb (U3HUECKHX BeJHUHH
OT KOODAWHAT M BpEMEHH OKAa3blBAaeTCsi OCUMJIHPYIOmEH, nmpuyem
XapakTepHasi JJMHA BOJHB 3THX OCUMJAJSLHEA oOnpegessercs He
TOIBKO XapaKTepHHIMH pa3MepaMi 3ajaud, HO H BHYTPEHHHM CBOH-
CTBOM mJIasMbl—ee Je0aeBCKHM pajuycoM ').

1} Cum. Cazdees P, 3.— C6opuuk «Bompochl Teopun miasmel», 1964, sum. 4,
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Bepuemcst K Gosee ofumumM ypaBHeHusm (38,2—4), He mpexrno-
JaraioliM KBa3sHHEHTPaJbHOCTH MJa3MB. BaXKHBIM CBOHCTBOM 3THX
ypaBHEHU} sIBJSIETCS] CYLLECTBOBAHHE Y HHX OJHOMEDHBIX PpeIllIeHHH,
B KOTOPHIX BCE BeJMUHHBI 3aBUCAT OT MNEPEMEHHHIX ! H X TOJBKO
B KOMOWHAMU §=x—ul ¢ nocrogHHOA u. Takue pelleHUsT OMHCHI-
BAIOT BOJIHBI, PACHPOCTPAHSIOUIHECSH €O CKOPOCTBIO ¢ 6e3 H3MEHEHHUs
croero mpoduis. Eciau nepediTu K cUCTeMe OTCYETa, JABHMKYIIEHCH
OTHOCHTEJILHO HCXOAHOH CHCTEMBl CO CKOPOCTBIO &, TO B 3TOH cucTeMe
IBIJKEHHMe IJIasMbl OyJeT crauuoHapHeiM. Haubosee uutepecHbIMH H3
peliednfi 3TOro THHA SBJSIOTCS PELIEHHs, MEPHOIHYECKHE B IMPO-
CTpaHCTBe, W pelleHHsi, yOblpalomue B ofe CTOpOHBI Ha GecKoHeu-
HocTH. PaccMOTpuM 371eCh HMEHHO IIOC/TIeIHHE—TaK Ha3bIBaeMble
yedunerroe 60arbL, WK coaumonst) (A. A. Bedenos, E. I1. Beauxos,
P. 3. Cazcdecs, 1561).

O6o3naune mTpuxoM AuddepeHuHpoBaHHE 1O &, MOJYYHM M3
(38,2—3)

v—u)v =—>=¢', (No)'—uN;=0
M H

(n1s ynpouenus rnosaraeMm z==1).
Vinrerpupyst 3TH YpaBHEHHsI C TDAHHUYHBIMH YCJAOBHAMH ¢ ==0,
v=0, N;=N, upu § — oo, Haiiznem

PR TES 5.9
r. - i— == —‘__'u
A’ I NO u—7u NO [uz——?e(p//\ﬂl/* . (3879)
Vpapuenne xe (38,4) naer ¢'=-—4ne(N,—N,), Wan, nocse ymo-
;KeHud Ha 2¢° ¥ HHTErPUPOBAHHS,
¢
¢ =—8ne | [N (9)—N. (©)]do. (38,10)

0

ITpu stom dyuruus N, (¢) Oeperca us (38,9), a N, (¢) onpenensercs
dopmysiamu § 36. OTMeTHM, 4TO B pacCMaTpHBaeMoll BOJIHe BCeraa
¢ > 0, Kak a10 BunHO u3 (38,8). IloTennuanbras sHEPrUs 3JEKTPOHA
B TakoM mnoje U=—ep <0, T.e. HO OTHOLIGHHIO K 3JEKTPOHaAM
[oJe HMeEeT XapakTep NOTeHHUANbHOH sIMHL.

VpasuenneMm (38,10) 3agaua o6 omnpenesieHHy NPOQPHJSA BOJHEL
@ (E) cogutest K kBaxparypaM. IIpu 3ToM ckopocTh u oOkasbiBaercs
HETIOCPEJICTBEHHO CBSI3aHHOH € aMMJIMTYAOH BOJIHBEI— MaKCHMaJbHBIM
snavenneM ¢yuxuuu ¢ (§) (o603HayuM 3TO sHayedne uepes ¢,,). Jlei-
CTBUTEJILHO, NPH ¢ = ¢, AOJKHO ObTb @' =0. IlpupaBusiB HYyJIO

1} Or amrauiickoro c¢joBa solitary— oiMHOKHE,
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MHTErpasn B npasoii cropoHe (38,10) (M ocymecTBuB B HeM HHTerpu-
POBaHHUE IIEPBOrO 4YJeHa), NOJYYHM YpPaBHEHHE

M[l_(l_%ﬁ%)”’]=NLOTNE(¢)dcp, (38,11)
0

[

KOTOPOe M onpejesseT B MPHHIHUNE 3aBUCHMOCTb U OT ¢,. IIpu sTOM,
QUEBHAHO, MOMXKHO OLIThb

2eq,,/Mu? < 1. (38,12)

D10 ycaosue, Booflle TOBOPsS, YCTaHABAUBAeT BePXHIOI IPaHHILY
BOSMOMCHBIX SHAYeHHEl aMIIATY/ibl BOJIHBL @, (A C HEIO H CKOPOCTH u).

OT™MeTHM elle, yTo AJS MOJHOTO npeHebpeKeHUs] CTOJKHOBEHH SIMU
HeoOX0AHUMO, YTOOH YacToTa HOJAS ® OblIa BEJHKA IO CpaBHEHUIO
C XapakTepHBIMH YaCTOTaAMH COYAAPEHMH KaK 3JEKTPOHOB V,, TaK
H HOHOB Vv;. Ho NOCKOMBKY V~(M/m)'/zv,3>v,; (cm. § 43), O BO3-
MOXHa CHTyauus, KOraa v,>>w>>v;. B Takom ciyuae croakuope-
HHST IIO-NIPEKHEMY HE BJHSIOT Ha JBHXKEHME HOHOB, HO paclipefe-
JACHHE 3JEKTPOHOB MOXKHO CUHTATh GOJBUMAHOBCKHM H NMPH HAJHYHH
MOTEHLHAABHBIX SIM.

Bangavua

Onpefenuts MpoduabL H CKOPOCTh YeNMHEHHOH BOJSHB HEGOJBLION HHTEHCHE-
HOCTH (€, /T, <€ 1) B mIasMe ¢ 9AeKTPORAMH, DACIPEEICHHLIMH corjacno (36,11)
(A. B. Iypesuu, 1567).

Pemenne. B (36,11) 1omKHb GHITE COXpaHeHBbl BCE YJICHBI; BOSHUKHOBEHHE
VEIHHEHHOH EOJHLL CBA34HO WMEHIIO C HOCJENHHM, HCAUHEHHBIM UJCHOM B 5TOM
BhlpaxkeHUH. Buiunesenne mo (38,11) npusoaut k pesyJabTaty

T 16 (e@,, \ '/
2_.1e g 13
u“M[1+15<ﬂTe> ]
[Ipoduns BoJHE! HAXOAHTCH HETErpHPOBAHHEM ypaBuenus (38,10) u umeer Bug

_ x e, \ /4|
== ch—4| ——— < > .
b [VlSae T, J

§ 39. Coamronn B caabo Aucneprupyoueil cpege

CymiecTBoBanue (B cpege Gea LUCCHOAINH) HeJMUHEHHEIX BOJH CO
CTANHOHAPHBIM MNPOPHJIEM TECHO CBSI3aHO C HAJHYHEM JHCHEPCHH.
B nenucmeprupyiomei CPeAe yYeT HeJIHHEHHOCTH HeH36eXHO Hapy-
lIaeT CTaHHOHAPHOCTL BOJIHBI; CKOPOCTb pacnpocTpaHeHHA pasJiny-
HBIX Touek mpoduisi OKasbiBaeTCs 3aBUCsULeH OT 3HAUEHH S aMIJIUTY b
B STHX TOUKaX, YTO M NPHBOAMT K HCKaXeHuto npoduss. Tak, B
THApOnHHAMEKE HIeaJbHOH CKHMAEMOH KHUIKOCTH HeJHHEHHEe ag-

CKTEl NPHBOAAT K NOCTENEHHOMY YBEJHYEHHIO KPYTH3HBI nepenHero
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¢ponta BoaHH {cM. VI, § 94). Hducnepcus e, co cBOGH CTOPOHH,
NPUBOAUT K TOCTENEHHOMY PACIIBIBAHHIO HPOPHIL, H 00a BJHAHHS
MOTYT B3aUMHO KOMIIEHCHPOBATLCS, IPHBOAS K CTAllIOHADHOCTH TPO-
¢uIg BOJIHEL.

B stom maparpade Ml H3y4HM 3TH fBJEHUA B 0OIEM BHIe A
JIOBOJIbHO [IHMPOKOM KATErOPHH CJYYaeB pacnpoOCTPaHEHHs BOJH B
Ge3qHCCHIATUBHON cJab0 AUCHEPrUpYIONeH cpele ¢ yyeToM cJaboi
Ke HeJHHeAHOCTH.

[ycth t,— CKOPOCTb PAaCNpPOCTPAaHEHHA BOJIHBL B JUHEHHOM MPH-
6/MKeHKY, NPH NpesefpexkeHuH AucnepcrHedl. B 3ToM npub/nKeHHU
B OJHOMEpPHOH BOJIHE, pacHpoCTpaHSIoWEACs B OAHY CTOPOHY BAOJD
OCH X, BCE BEJIMUUHEI 3aBHCAT OT X U { TOJBKO B KOMOUHAIHH § =x—1,t.
B nuddepennuatbHOM BHAE 3TO CBOHCTBO BBIpazKaercsi ypaBHEHHEM

0b ab
a7 Tt gy =0

rze b ofGosHauaeT Kakyio-aubo H3 KOAeGMIOIIMXCH B BOJHE BEJHYUH.

ITocTOsIHHOI CKOPOCTH U, OTBEYAET 3aKOH AHCHEPCHH BOJH 0=1t/R.

B jucneprupymoouleii cpeje 3TOT 3aKOH NpeAcTaB/JgerT CcOOGOH JHIIb

NMepBLIil uMeH pasJoxkennss GyHKIHH o (k) 1O cTeneHsAM MAJoro k.
C yueroMm cJIeAyIOULEr0O uJeHa HMeeM ')

o = u,k—pk?, (39,1)

re p—IMOCTOsIHHAS, KOTOpas MOXKeT B mpuHuune OblThb KakK MOJo-
JKHTEJLHOH, TAK H OTPHIATeJHHOH.

Iluddepenunansroe ypaBHeHue, ONHCHIBAKOLLeE B JHHEHHOM NpPH-
6JIMKEHHH pacnpocTpaHerie (B OAHY CTOPOHY) BOJIHBL B CpeJe ¢ Tako#
JAucrepcueli, HMEET BHJ

ab b | L
o7 Tt g TB5E=0

neficTBUTENBHO, AAsl BOJHEI, B KOTOPO# b o exp (—iwt 4 ikx), oTcioaa
noayyaercs (39,1).

Haxosen, yuerT HeJMHEHHOCTH MPUBOJAHUT K TOSIBJEHUIO B YpaB-
HEHHH 4JIeHOB 6oJ/ee BLICOKOIO IOPSAKA Mo b. DTH 4JeHHl BO BCAKOM
cayyae JOMKHBL YAOBJETBOPATh YCJOBUIO O0palieHHss B HyJb IpH

1) Tor dakrt, uro ¢yHKUHS © (k) pasnaraercs MO HEYeTHHIM CTENEHSM k, clte-
NyeT yxke H3 coofpaskeHHIi BemlectBeHHOCTH. McXOfHasA cucTeMa (PU3HYECKHX YpaB-
HeHHI [BHKEHHs Cpejbl COMEPXKHT JIHIIb BEIeCTBEHHbE BEJHYHHBE H llapaMeTpHL
MHuMas eXHHHHA { MOSABJSeTCS JUIIb B Pe3yJhTareé IOJACTAHOBKH B 3TH ypaBHe-
HHA pelieHHs, HPONOPHMOHABHOTO exp (— iwf+-ikx). TlosTomy BO3HHKAIOUIUH
B peaysibTaTe 3TOH MOACTAHOBKH 3aKOH NMCHEPCHH ONpeesIser (( B BHJe QyHKUMU
OT ik C BeIeCTBEHHLIMH KOQQHIUEHTAMH; PA3JOKEeHHE TaKOH (YHKIMHM MOXKeT
coflepXaTh JHIb HedeTHHIE cTENeHH oT ik, B ofliem caydae auccunupyiouleit cpelsl
dyuxuusa o (k) koMmiekcHa (0 =0’ +4i®"), H TOrAa CleJaHHOe YTBEPXKICHHE OT-
HOCHTCSI K Pas/OXEHHIO BelleCTBeHHOH YacTH uacToTel, © (k). Pasaoxkenme xe
GYHKUEE ©" (k) N0 TeM Xe NpHuHHAM OyAeT COAePKAThb JHMIID HETHbE CTENCHH .
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HocTOSTHHOM (HEe 3aBHcsmieM OT x) b, 4TO OTBEyaer HPOCTO OJHOPOJ-
Hoit cpee. OrpaHUUMBIIHCH YJEHOM C NpPOH3BOAHOH Hanbo/ee HH3-
KOro mopsiika (MaJjple k!), HanmulleM YpaBHEHHE PacnpoCTPaHEHH:
ca1afo HeNMHHEeHHOH BOJHEL B BHJE

b b 03 0b
?{’F”OW’}_BW'Faba—x:O’ (39’2)

re o—MNOCTOSIHHBIA mapaMeTp (KOTOPHIH TOXe MOXKET B NPHHLHIIE
pMeTh 06a 3HaKa)').

Jlnsi ynpoIueHus 3alicy STOr0 yPaBHeHHs BBEIEM BMECTO X HOBYIO
nepeMeHHYIo § U BMECTO b—HOBYIO HEH3BECTHYIO (QyHKIHIO @, Of-
pefeauB HX COIrJacHO

E=x—u,t, a=uab. (39,3)
Torga moayuyum

0 3] 03

SF+ag+Bgm =0 (39,4)

B TakoM BHJe 3TO ypaBHEHHe HashiBaloT ypaBHeHneM Kopmeseea—Oe
Bpuza (KaB)?). Bygem cuuTarth cHavaja JJIf ONPEACJEHHOCTH, UTO
nocrostigas f > 0.

Hac 6ynyt unTepecoBaTh peIlIEHHs, OIUCHIBAIOLIHE BOJHBI CO
CTalHOHApHbIM Tpoduiem. B Takux pemenusix ¢yuxnus a(f, §) sa-
BUCHT TOJIbKO OT PasHOCTH §—U,¢ C HEKOTOPHIM NOCTOSTHHBIM U,:

a=a(E—u,t); (39,5)

IIPH 3TOM CKOPOCTBH pacIipoCTpaHCHHA BOJIHBEI €CTh
U=ty V- (39’6)

Honcrasns (39,5) B (39,4) u o6osHauuB gupdepennupoanue no &
IITPHXOM, HOJYYUM YypaBHEHHE

Ba''! +aa’—v,a’ =0. (39,7)
OrmeTuM, 4TO OHO MHBapHAHTHO OTHOCHTE/ILHO 3aMEHE!
a—a-+V, v,—v,+V (39,8)

C NMPOU3BOJILHON HOCTOsSIHHOH V.

. *) Toguepkuem, onnako, BO H3bekanHe HEJOpa3yMeHHH, uTO takofi BHJ caa-
60fi HemuHefiHOCTH OTHIOAbL He ABJseTcs YHHBepcaJbHHM. Tak, ciafas HeaHHel-
HOCTb AJIsi PacHpOCTPAHEHHsS BOJH B IJIa3Me, BOHHKAIOMasg OT MOCJEAHEro w@ieHa:
B 3/IeKTPOHHOM pachpefiefiennn (36,11) (ucmoassoBaHHOM B 3afaue x § 38), coor-
BETCTBOBajia Ot uaeHy ~ Vb 0b/dx B ypasHennu tuna (39,2).

%) Ono 6mo moayseno Kopmesezom u Oe Bpusom (D, J, Korteweg, G, de
Vries, 1895) nns BOJIH Ha MOBEPXHOCTH MEJKOH BOJIH,
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IMepBriit uHTErpan ypapnenus (39,7):
1 ‘1
Ba"+ﬂ2—a2——voa:? .
YMHOXKHB 3TO paBeHCTBO Ha 20’ H MHTEIPHPYS elle pas, MOJYYHM

Ba't=— %3+voa2+cla +ep (39.9)

BMecTO Tpex NOCTOSIHHHIX ¥, C;, C, 11€]1eCO00Pa3HO BBECTH ApYrue
HOCTOSTHHBIE — TPH KOPHS KYOHUECKOro TpexusieHa, CTOSIIIECro B Ipa-
Boli cropone (39,9). OGo3nauuB 3TH KOPHU uepes a,, a,, 4, Ha-
nulIeM

pa”" = — 5 (@—ay) (a—a,) @—ay). (39,10)

ITocTosinnas U, CBA3aHa C HOBBIMH NOCTOAHHBIMU DABEHCTBOM

U= (@, +a,+a). (39,11)

Hac 6yayt uHTepecoBaTh JHIIL Takue peIleHUS YpaBHeHHS
(39,10), B xotoprix BenmunHa |a(E)| orpaHuyeHa; HeorpaHHYeHHBIH
poct |a| nporuBopeyusi GBI PeATIONOKEHUIO O CTaC0OH HeNUHEHHOCTH.
Jlerko BuzeTh, YTO TO YCJOBHE HE BHINOJHSETCS, €C/U CPpefd KopHed
@, d,, 0, UMEIOTCS KOMIJIEKCHEIE; NMYCTh 3T0 OYIYT @, U @, (npHueM
a,=a7). eficTBuTesbHO, B TaKOM CJyuyae rpasasi cropoHa (39,10)
NpHHUMaeT BHJ |a—a, |* (a;—@a)/3 M HHUTO He MEIIAeT @ CTPEMUTHCS
K —oo.

Takum o6pasoM, MOCTOsSIHHBIE @, @,, @, AOJ/KHBl OBITH BELUECT-
BeHHBIMH; PAaclOJOXHM HX B HOPSAKE a, > @, > @,. II0CKO/bKY BBI-
paxenue B npapod cropoHe ypaBHenus (39,10) nomxHo 6BITH NO-
JIOKHUTEJbHEIM, TO (PYHKUHA @ (§) MOXKET MeHSITLCS JHIIb B HHTepBaJse
a, > a->q0, Des orpanndeHuss oOLIHOCTH MOXKHO MNOJOXKHTb a, =0;
3TOr0 BCErja MOXKHO JOCTHYEL npeobpasopanueMm Buzpa (39,8). Ycio-
BUBIIHCh O TakoM Bhifope, mepenuiiemM ypasHenue (39,10) B Buue

pa’ = (a,—a) (a—a,) . (39,12)

Pemenye 3TOro ypaBHEHHS HMeeT pas3JMdHBIA XapaxTtep IIpH
a,—=0 u npu a,0. B nepsom cayuae {q@,=0, a, > 0) unterpupo-
BaHHe YpaBHEHHT JACT

a)=a ch‘“(% %) (39,13)

Hauano oTcyera § BEIGPAHO B TOUKE MakKCUMyMmMa QYHKUMH (3heCh U
HUIKe MH TNHIIeM, /s YOpolleHHs: o0O03HaueHu#, OPOQH/Ib BOJHH
Kak O®yHKmuio or E==x B HeKOTOPHH 3aJjaHHBIi MOMEHT BPEMEHH
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{=0). D10 pelieHHe ONUCHBAET YEAUHEHHYIO BOJIHY (COJMTOH): NpH
f — o= o0 (QyHKIHS a(E) BMecTe CO CBOMMH IIPOH3BOAHBIMM 0Gpa-
maercss B HyJb. [locrosinnas @, HaeT aMIVIMTYLy COJHTOHA, a €ro
mMpHHA YOBIBAaeT ¢ POCTOM aMIMTYAH Kak ap'/s. Coruacho (39,11)

JMEEM Uy =a,/3, TaK 4TO CKOPOCTb COJHTOHA
u=uy+a,/3. (39,14)

Dra CKOPOCTh U > U, W DacTeT C yBeJHUCHUEM AMIIUTYJIBI.

CHOBa HANOMHHM, YTO HEJMHEHHOCTb MNPOILECCOB, ONHMCHIBAEMBIX
ypasresuem KiB, npennonaraercst cjaGoit. ¥cjioBHe 3TOH ManoCTH
AMEET €CTeCTBEHHBI# CMBICH; TaK, €CJH pOJb BEJUUUHBI @ UrPaer
p3MeHeHHe TJIOTHOCTH CPefbl, TO 3TO H3MEHEHHE JOJ/DKHO GbITh MaJbIM
MO CPAaBHEHHIO C HEBO3MYLIEHHOH MJIOTHOCTBIO. B TO ke BpeMmd
«CTEMEHb HEJMHEHHOCTH» 3THX MPOIECCOB XapaKTEPU3YeTcs eme H
apyruM GespasmepHbniM napamerpom: L (a,/B)":, rae L—xapakTepHas
JJHHA, a4 @,— aMIJIUTYAa BO3MYLIEHHSl. IDTOT NapaMerp onpeneJser
OTHOCHTEJNbHYIO POJib 3P(PEKTOB HEJIHHEHHOCTH U JUCIEPCHH H MOXKET
6BITh KaK ManwiM (mpeoBiasadue sddekra AHCNEPCHH), TaK U GOMb-
mnM (npeoBaananue sddekTa HequHeHocTH). [Ias CONMUTOHA, IUPHHA
gotoporo L ~ (B/a,)'/+, saToT nmapamerp mopsika l.

TepeiinemM K cayuarmo a,==0; B 3TOM cJjyyae pelleHHe ypaBHEHHs
(39,12) omuCHBaeT MNEPHOAMYECKYIO B TNPOCTPAHCTBE, GeCKOHEYHO
npoTsiXKeHHYI BosHy. MHTerpupoBaHue ypaBHEHHs HaeT

a .
V'3p da 198\ /2
= — Pl F , , ,
: § la (2, —a) (a—ay)]'/? (al ) (s, 9) (39,15)
rie F (s, ¢)—3JIHNTHYECKHH MHTErpas nepBoro poja:
9
= dp
F(S) (P)—é\ (11— Sinch)l/z ’ (39,16)

npugeMm ')
sing@ = ]/%1-_:;—2 §= ]/1—%; - (89,17)

HayaJo OTCYeTa & BEIGPAHO B OAHOM M3 MakCHMyMOB yHKuuH a (§).
O6pamiasi  qopmyay (39,15) myreM BBeJeHHS SJUIMITHYECKOH
$yHkuun SIkoGu, HOTYyYHM

a=a1dn2< Bt s). (39,18)

1) IlapaMerp S/UIMNTHYECKOTO MHTerpata ofo3naueH GYKBOH s (BMECTO OGHIYHO
NPpURATOH k) Bo KaGexkaHue NYTaHUIEl C BOJHOBLIM BEKTODPOM.
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Ora ¢yHKUMA NepHojuuHa, NPHUEM €e MepuoA (ATHHA BOJHEL) ‘[0
KOOpJHHAaTe X PaBeH

=4 ]/%F(g 5)=4 BKo, (39,19)

rae K (s) —nosublit a11unTHYECKH HHTErpan nepsoro poja. Cpenuee
no nepuopy sHadenue ¢yrkuuu (39,18):

A
a= a@®di=a,, (39,20)
0

rae L (s)—mosHblil 3/JHNTHYECKH HHTerpai BToporo poja. Ecre-
CTBEHHO pacCcMaTpHBaTh MEPUOAHYECKYIO BOJHY, B KOTOPOH CpeaHee
3HAYEHHE KOJIeOIOmENACs BeJIMYHHLL PABHO HYJI0. DTOro BCErja MOXK-
Ho no6uThest npeoGpasosanuem (39,8), Bhiuntas Beauuuny (39,20)
u3 Qynxuun (39,18). CropocTs pacnmpocTpaHeHHs BOJHBI paBHA
TOTAa

w=u,+ [ax_j;aa__al lﬁ(f_g] , (39,21)

Masnpiv amMIuMTyaM KoJeGaluil @, —a, COOTBETCTBYIOT 3HAYEHHS!
napamerpa s<< 1. Bocnosib3oBaBuinch NPUOIHIKEHHEIM BhIpaXKeHHEM

dn (z, s)zl—-ziJr%zcost, s<£1,

HaiiieM, yTo pemense (39,18) mepexoguT B 3TOM cayyae, Kak U
CJIefIoBaNlo, B TapMOHHYECKYIO BOJHY

0 —a oy
2 3B

a=—a%g3+ cos kx, k=
ITpu srom ckopocts (39,21) craHoBHTCS paBHOH #=u,—a;/3 =
= u,—fpk? B coorBercTBUH ¢ (39,1).

O6patiomy mnpeiesbHOMY CJydalo GOJBIIMX AMIJHTYL (B pac-
CMaTPHBaEMOH MOJIesIM BOJIH) OTBEYAIOT 3HAuYeHHs! a,— 0, npuyeM
napamerp s— 1. Hmea B BHIY npenenbHyio Gopmyay

1 16
K(S)N—Q—ln—l—;—s-z-, Sz—>l,

HaﬁlleM, YTO B 3TOM npeﬂene JAJIUHA BOJIHBI BOSpaCTaET 1o .norapmb-
MHYECKOMY 3aKOHY
128 1,4 1644
h— 1/ 12 1y 16ay (39,22)
ay Qg

Jpyrumu  coBaMM, noc/efoBaTe/bHble NYYHOCTH BOJHEI Pa3jBHIa-
I0TCA Ha OGOJIblIME PacCTOSHMA JAPYr OT Apyra. Ilpodu/b BOMHDI
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B6JH3H KaXKIOH u3 HHUX nosydaercd u3 (39,18) ¢ momourkio npenennb-
HOTO BbIpaXKeHHs1 QyHRUMH dnz mpH s=1, COpaBefJuBOH NPH KO-
HeuHbX 3Hayenusix z: dnz=1/chz. B pesyabTaTte MBI Bo3BpauiaeMcs
K dopmysae (39,13). Takum ob6pasom, B mpejene s— 1 nmepuopuye-
cKas BOJIHA pas6HBaeTcsi Ha COBOKYIIHOCTB CJAEAVIOUMX APYr 3a
IPYToM YJAaJ€HHBIX COJIUTOHOB.

Ho cux nop Mmul npeamosaranu, uro B> 0. Cayuait, Koraa mo-
crosinnas <0 He Tpe6yer 0co0Oro pacCMOTPEHHs: U3MEHEHHEe 3HaKa 3
B ypaBHenus (39,4) sxkBHBaseHTHO 3amede &— —E&, a— —a.
[TockosibKy Npd Takod 3aMeHe apryment §—vu,¢ B (39,5) mpespa-
maercss B —E&—u,f, TO CKOPOCTb PACHpPOCTPaHEHHs] BOJHB Oyler
Tenepb U =u,—7U,. Tak, AJd COJUTOHA [OJYyUeHHbIE BHIE pe3yJb-
TaThl U3MEHSITCH JIMIIb B TOM OTHOIIEHHH, 4To QyHKUHA a (§) cTaHeT
OTPHULIATEJIbHOH, a ero CKopocThb U < Uy-

Vpaeneune KaB o6iagaer HEKOTOPBHIMH CHENH(PHUECKHMH CBOH-
CTBAMH, IO3BOJSIIOUMMH YCTAHOBUTh AJIS HErO Py OOMHX TEOpeM.
Onu ocHOBaHbl Ha QopMajbHOH CBSI3H, CYLMECTBYIOMEH MeXAy ypaB-
Hennem KgB 1 sajgaueil 0 COOCTBCHHBIX 3HAUEHHAX YPaBHEHHS
tuna ypasuenus IUpeaunrepa (C. S. Gardner, J. M. Greene,
M. D. Kruskal, R. M. Miura, 1967).

PaccMoTpuM ypaBHeHHe

ot [gratt ©+e]w=0 (39,23)

u 6yieM CHOBAa IJsi ONpEAEJEHHOCTH CuHTaTh, uTo P> 0. YpasHe-
nue (39,23) nmeer Bux ypasHenus lllpenunrepa, B KOTOPOM QYHKIHS
—a(t, &) urpaer posb NOTEHHHAJbHOH 3HEPrHM, 3aBUCALIEH OT f KaK
ot nmapamerpa. Ilycth ¢yskuus a(f, &) B HexoTopoii o6aactd § no-
JIOXKHUTENbHA H CTPEeMHUTCA K HYJI0 mpu § — == co. Torga ypasHeHue
(39,23) Gyner o6nagath cOOGCTBEHHBIMH 3HAUEHHSIMH €, OTBEYAIOMIUMU
«pMHHMTHOMY JBHMXEHHIO B MOTEeHLHanbHOH siMe —a(f, E)»; B cuay
3aBHCHMOCTH (DYHKIIMK @ OT £, 3TH COOCTBEHHBIE 3HAYEHHS, BOOOIILE
FOBOp#, TOXKE 3aBUCHT OT I.

[Noxaxem, yTo COGCTBEHHBIE 3Ha4eHHs1 & He OyAYT 3aBHCETH OT f,
ecin GyHKIHS a(f, &) yaoBieTBopsieT ypaBHeHmio KaB (39,4).

Bripaszus u3 (39,23) a B BHIe

——ep (¥
a=—6p ( w "H“)
1 nopctaBuB B (39,4), nocje npsAMOro BBIUHC/IEHHS MOJYYUM
P& = (p A—pA')', (39,24)

rae
Al =6 (F -+ ¥ ) (39,25)
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CYIECTBEHHO, 4TO mpaBas ctopoHa (39,24) okasblBaeTcsi BEIPAXKEH-
HOH B BHJE Npou3BogHOH mo & OT BhIpaKeHHs, oGpaliarerocs
B HYJb IIPU §— - oo (HANOMHHM, YTO COGCTBeHHbIE (DYHKIIMH IH-
CKPETHOIO CneKTpa ypaBHeHHd (39,23) ncuesaroT Ha GECKOHEYHOCTH).
IMostomy wmHTerpupoBaHme paseHctBa (39,24) no Bcem & oT — oo
IO ©o JaeT

de ¢

M, BBHAY KOHEYHOCTH CTOSIIEro 3ieCh HOPMHUDOBOUHOrO HHTErpasa
¢yHKLIME ', OTCIofa caepyer, uto de/dt=0.

IlokaxkeM Tenepp, yTo ypaBHeHue (39,23) MMeeT BCero ogHoO AMC-
KpEeTHOe COOCTBEHHOE 3HaueHHe B CJyyae CTAllHOHAPHOIO «IOTEH-
uuana» a(g) supa (39,13), OTBeYAICUIETO ONMHOYHOMY COJIUTOHY.
C stuM «moTeHuuasnoM» ypaBHeHue (39,23) umeer Buf

v (gl ) o, 0025

IpHYEM
U,=a,/6B; a=(a/12p):. (39,27)

HuckpeTHele coGcTBEHHble 3HaueHust ypaBHeHus (39,26) paiotcs
opmyJioi

£, = —a? (s—n)?, s=—;—<—l—}— ]/1 +%§2>, n=0,1,2 ...,

npuyeM JOKHO OhITe n <{s (cM. III, § 23, 3agaua 4). Co sHaue-
HUSIMH TlapameTpoB H3 (39,27) s=1, Tak u4TO HMEETCS BCEro OHO
COOGCTBEHHOE 3HaucHUe

e=—aq,/128. (39,28)

Ecau xe «norenuunan» a(f, §) npeacrapisier coG0H COBOKYIHOCTh
COJIUTOHOB, HAXOAAIUNXCA Ha GOJLLIMX PACCTOSHHAX APYT OT Apyra
(Tak 4TO «B3aMMOAEHCTBHE» MEXAY HHUMH OTCYTCTBYET), TO CHEKTP
COGCTBEHHBIX 3HaueHud ypasHeHHS (39,23) GyAerT CKJAABIBATLCH U3
«ypoBHeH» (39,28) B KaxAOH U3 MOTEHUHANBHBIX SIM, TPHYEM KaXKAblil
U3 HHX ONpefe/AeTcsa aMIIUTYAOH @, COOTBETCTBYIOINETO COJHTOHA.

IMockosibKy CKOPOCTh pacrmpocTpaHeHHsl COJMUTOHA PaCTeT C yBe-
JIMYEHHEM €r0 aMIJVIHTYABI, TO COJHTOH GoJibLle#l aMIHTYALL B KOHIE
KOHIIOB BCerja JOrOHHT COJIMTOH MeHbLeH aMOJHTYAb. [IpoH3BOJIb-
Hasi HayajpHast COBOKYIHOCTL YJAAJ€HHBIX APYr OT APYra COJUTOHOB
NocJIe TNPOUECCOB B3aUMHBIX «CTOJKHOBEHHE» B KOHIE KOHIOB IIpe-
BPaTHTCS B COBOKYNHOCTb COJIMTOHOB, PAacNOJIOXKEHHHIX B MOpPSAKe
BO3PAacTaHus HX aMIJIHTY[ (HAallOMHUM, 4YTO BCE BOSMYLIEHHS, OIH-
ceiBaeMbie ypaBhenueM KaB, pacnmpocrpansiorca B ogHy cTopoHy!).
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[Nonyuennbie BbInle pesyJabTATHl MO3BOJISIOT CPasy e ciejaTb HH-
TEPECHOE 3aKJIIOUeHHe: HauasbHash H KOHEYHAss COBOKYIIHOCTH COJIH-
TOHOB OJMHAKOBH NO OOMEMY YHCJAY ¥ N0 aMIJIHTYJaM COJMTOHOB,
OTJIHYASICh JIHIIb NOPSAKOM HX DAacIOJOXKEHHS. DT0 CJeyeT Hero-
CPeICTBEHHO H3 TOro, YTO KAXKIBIH U3 H30JHPOBAHHEIX COJHTOHOB
COOTBETCTBYET OLHOMY M3 COOCTBEHHBIX 3HaUeHHH €, a 3T 3HayeHus
OT BPEMEHH He 3aBHCHT.

Boo6iue, Besikoe mogoxutenpsoe (g > 0) HayaabHOE BO3MYIIEHIIE,
3aHHMalollee KOHedHVi0 o6JacTh MPOCTPAHCTBA, B XOAE CBOEH 3BO-
Jonny, corjaacHo ypasHexuto KnaB, B KoHlle KOHUOB pacnagaercs
B COBOKYIIHOCTb H3CQJAUPOBAHHBEIX COJNUTOHOB, aMIIKUTYABl KOTOPHIX
y¥Ke He 3aBHCAT OT BpPeMeHH. DTH aMIJIUTYAbl ¥ YHCJAO COJHTOHOB
MOXHO B NpPUHIHIIEC HAATH IyTeM OINDENeseHUs CIeKTPa AUCKPETHHIX
COGCTBEHHLIX 3HaueHuHt ypaBHeHus (39,23) ¢ HawasNbHBIM pacrpese-
agennem a (0, §) B xauectBe «moreHnuanar. Ecad xe HayaJbHOE BO3-
MYIIEHHE COAEPKHUT B cefe Takxke U yuactku ¢ a < (0, T0 B xoze
€ro 3BOJIIOIHI BO3HHKAeT ellle W BOJHOBOH Naker, MOCTENEHHO pac-
NJLIBAIOMNCA, He pacnajgasich Ha COJHTOHHI.

Bo usbekanue HenopasyMeHHil Hajfo, OfHAKO, YTOYHWTb, UTO
HMEHHO II0J|pa3yMeBaeTcs MOA HayaJbHLIM BO3MYIIEHHEM B YypaBHe-
Hrn KiB. Peasnbroe Bosmymienie, BO3HUKAIOIEE B CPefie B HEKOTOPLIH
MOMEHT BPEMEHH, B XOJ€ CBOEH 3BOJIIOIUH (ONHUCHIBAEMOH IIOJIHBIM
BOJIHOBHIM yDaBHeHHeM BTOPOI'O NOpsAKAa MO BPEeMEHH) pacnajaercs,
Booflle roBopd, HA JBa BO3MYLIEHHS, pacnpocTpasswouyecs B obe
croponsl ocd x. Ilox «HauanbHBIM» 175 ypaBHeHus KaB nago mo-
HYMaTh OQHO M3 3THX ABYX BO3MYLIGHHH cpasy mocjae pacnaja.

3agaua

Onpegenute KoahduuueHtsl o W B B ypaBHeHuu (39,2) AJs HOHHO-3BYKOBHIX
BoJH B maasme ¢ 7; L T,.

Pemenue. Kodpduunent aucnepcun P moayuaercs u3 (33,4) pasiomeHueM
N0 MaJOH BEJIHUHHE Ra,:

. ﬁzagu()r
the ug=(2T,/M)'/2.

Tlpn onpepenenun e xosddMImMeHTa HeJHHEHHOCTH G MOXHO TNpeHeGpedn
Adcnepcueit BoBce, T. €. paccMaTpUBaTh NpefespHHlt cayuaft k—> 0. B atom
Nipefesie myiasamMy MOXKHO BO BCSIKOM C/aydYae CUHMTaTh KBasHHefATpaJbHOH M COOT-
BETCTBEHHO ONKCHIBATL €€ THAPOJAHHAMHYECKHMH YPaBHEHHAMH H30TePMHYECKOIro
HleanbHoro rasa (38,3), (38,7). Ilonoxus N;= Nyt 6N, nuilleM 5TH ypaBHEHHS
C TOYHOCTBIO 1O YJEHOB BTOPOTO MOPsiAKa Mo ManmiM Beanunuam ON u v. Ilpu
STOM B 4YJeHaX BTOPOTO NOPSJAKA MOXKHO MOJNOXUTb 0=1us8N /Ny, KaK 3T0 HMeeT
. MECTO B JiMHeHHOM NPUGIEKEHHH AJiS BOJHBI, pacipocTpaHsiomefics B IOJOXKH-
TeMbHOM HanpaBjeHHMH OCH X (Lg— CKODOCTh BOJH B JIHHEHHOM NDHO/HKEHHH).
OTXa ypaBHeHHSI NPUMYT BUJ

a8N v ] _ Qugga, O8N
~or TN gy 53 @8N =— 0N =,
2 2
v us 08N g 6N65N Uav:O.

of "Ny ox N2 0x  0Ox
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Nuddepenuupyst nepBoe ypaBHeHHe No £, BTOpoe O X M HCK/IOUHB 020/0f 0%,

HaxoguM
9 ) AN
('a't‘“”“éi) ( t+u°0x)6N_— Ny Of (6N )

C To#l e TOUHOCTHIO 3aMeHsieM NPOHM3BOAHYIO §/0f B TpaBok CTODOHe ypaBHEHUA
H B pasHocTH 0/0t—uy0/0x B ero Jepod cTopoHe Ha —uy0/0x. Hakonen, Bblyepk-
HyB ¢ ofeux cTopor juddepennrpoBanns 0/0x W CPaBHHB IOJyuuBlUeeCd ypas-
Henne ¢ (39,2), Haiizem

(ZZUO/NQ.

§ 40. JuanexkTpuueckas TPOHHHAEMOCTH BBIPOMJEHHOM
0eCCTONKHOBUTENBHON MMJIA3MbI

IMpn pouncnenun B §§ 29, 31 aussiekTpuuecKOH NMPOHUIAEMOCTH
6ecCTO/IKHOBUTEILHON I11a3Mbl MOJHOCTBIO IpeHeGperasoch BCEeMH
KBaHTOBLIMU 3(dekTamu. [losyuenHsie TakuM 06pasoM pe3yabTaThl
OrpaHuyeHbl, NPEXAe BCEro, IO TeMiepaType YCJIOBHEM OTCYTCTBHS
BHIDOKJEHHS; JJ/I 2JEKTPOHOB 3TO YCJOBHE TIVIACHT:

T> ep~hN," /s, (40,1)

rae ep=pr/2m, Pp—TPaHUYHBIH HMMIYJAbC pAcnpefeneHus Depmu
npu T =0, CBA3AHHBIH C NJIOTHOCTBIO YHCJA 3JEKTPOHOB PaBeHCT-
BOM p%/3m? i — N,.

Kpome Toro, cama BO3MOMKHOCTb NPHMEHEHHS K IJ1a3Me BO BHEIL-
HeM IoJie KJIaCCHYeCKoro ypaBHeHHs bBoJssnMana cBsizava c onpe-
ICJICHHBIMY  YCJIOBUSIMM, HasOMKEHHLBIMH Ha BOJHOBOH BeKTop Kk H
4acToTy © nojs. XapakTepHble PacCTOSMHS H3MeHeHHs noas (~1/k)
NOJDKHBL OBITb BEJNIMKH II0 CPaBHEHHIO C Je-Opoi/eBCKOH IJIMHOM
BOJIHBl 3JIEKTPOHOB (ﬁ/p), a cBs3aHHas ¢ 3TO¥ HEONHOPOJHOCTHIO
HeOIPEAIEHHOCTb HUMIYJIbCa (~%ik) nomxma GeITb Masa mo cpaBHe-

HHIO ¢ WHpuHO# (~T/v) 06J1aCTH PasMBITHS TEIJIOBOTO pacrnpejele-
HUSI 3/1EKTPOHOB. /sl HEBBHIPOXKIEHHOH IMJIA3MBI P~ T/v~ (mT)'/e,
TaK uT0 00a 3TH YCJOBHs COBNAjaloT. [lJisi BHIPOKAEHHONH NJIasMbl
p Pr U~ Up= pp/m, HO TOCKONBKY T ep, 1o T/0sS = p. Takum
o6pasoM, JAOCTATOYHO MOTpeGoBaTh B 0GOMX Caydasx

ko ZLT. (40,2)
HaKOHeI.I, qacToTa JOJ2KHA YAOBJIETBOPATH YCJIOBHIO
fio<ep (40,3)

— KBAaHT SHEPTHH I10Jif JOJxKeH ObITh MaJ 110 CPAaBHEHHIO CO CPEJHEH
SHepPrued »JieKTPOHA (3TO yCJOBHe, BIpoYeM, OOGBIYHO HE HIPaeT
poan).

Tenmepr MBI paccMOTpHM [H3JEKTPHUECKHE CBOHCTBA IJIasMHI,
OTKa3aBLIKCh OT BHIOJHEHHs ycioBaH (40,1 —3) a5 ee aiekTponHOM
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KOMIIOHEHTHI; HOHHAsi JX€ KOMIIOHEHTa MOXKET OCTaBAThCsl HEBHIPOXK-
JeHHOH. Mbl 6yleM BHIUUCAATD JEKTPOHHYIO YACTh AH3JEKTPUUECKOH
nponuuaemoctst. Ilpu 3ToM Oyjer IO-IPEXHEMY IPeAnoJaraTbCs
BHITIOJTHEHHEIM  YCJIOBHe, ofecneyHBaloliee BOSMOXKHOCTb mpeHeOpe-
JKeHHsI B3aMMOJEHCTBHEM YACTHIL IJA3MBI:

e N, L%, (40,4)

pH & ~ &p 3TO YCJOBHE NPHHUMAET BHJ N> me2/h2, unu e2/fivp << 1
(cp- V, § 80, IX, § 85).

Otkas ot ycnosus (40,2) TpefyeT mpHMEHEHHs C CAMOTO HadvaJga
KBAHTOBOMEXAHHUYECKOrO0 ypaBHEHHsl [uis MaTpHisl miornoctd. Ilo-
CKOJMIbKY B3anMOfieficTBHEM MeXAY 3JeKTpoHaMH npeHeGperaercs,
MOXKHO [HCATb 3aMKHYTO€ ypaBHEHHE cpa3y [/ OJHOYACTHYHOH
MaTpUUbl [VIOTHOCTH g0, (%, Ty, Iy) (0, O,—CIHHOBHE HHIEKCHI).
ByaeMm cuutath pacnpejeseHHe 3JEKTPOHOB HE3aBHCALIMM OT CIIHHA;
JPYTHMH CJOBAMH, 3aBHCHMOCTb MATPHLLI MJOTHOCTH OT CITHHOBBIX
HHJEKCOB OTJE/SeTCss B BHAE MHOXKHUTENS Og,5,, KOTOPHI MBI OyleM
onyckatb. HesaBucsimast oT cruHa MaTpHua IJIOTHOCTH P (f, Iy, Fy)
YIOBJIETBOPSIET ypPaBHEHUIO

.1 0 i Sk
it = (7, — o, (40,5)

rie H —raMu/JbTOHHAH 3/J€KTPOHA BO BHELIHEM MOJ€e, a HHACKCH 1
uni 2 yKasbiBaloT IepeMeHHBle (r; HJH I,), Ha KOTOpHE JeHCTBYeT
oneparop (cM. III, § 14). Do ypapHeHue 3aMeHseT cOOOH KJaccu-
uecKyio Teopemy JlnyBuina (df/df=0) pna xaaccuuecko# opHoya-
CTHUHOH (PYHKIIMNI pacopenesieHus.

ByneMm (kak u B § 29) BHIUHC/IATD HIPOROJBHYIO AHINEKTPHUECKYIO
npouuilaeMocTb. COOTBETCTBEHHO 3TOMY paccMaTpHBAeM 3JEKTPHYeC-
KOe MoJie CO CKaJsipHBIM MOTEeHIHaIoM ¢ (£, r), Tax 4TO FaMHJbTO-
HHAH 3JEKTPOHa

~ }2
H=—<5—V:—eq(t, ). (40,6)

Cuutas mnoje cjaabbM, IOJaraem
p=p, (r,—r;)+0p (¢, 1y, 1), (40,7)

Tie p,—MaTpHiia IJIOTHOCTH HEBO3MYIIEHHOTO CTallHOHAPHOTO U
opHOpoaHOTO (HO HE 06s3aTeNbHO PAaBHOBECHOTO) COCTOSIHUSI rasa;
B CHJy €ro OJHODOAHOCTH, P, 3aBHCHUT TOJbKO OT pasHoCTH R =
=r,—r,. Marpriia miotHOCTH 0,(R) cBs3aHa ¢ (HeBO3MYIIEHHOH)
$ynkuueii pacnpesesieHus 31eKTPOHOB 110 UMITYJIbCaM 11, (p) GOpMY.IOH

1y (p) = § po (R) e~ #R/E %, (40,8)
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rae Jf’,—moanoe uucao asnektposoB (cM. 1X, (7,20)). 3mecy n(p)
OMpeJlle/IsieTCA KaK YHCJa 3aM0JHEHHs KBAHTOBBIX COCTOSIHMH 3JieK-
TPOHOB C ONPeJeJIeHHLIMH 3HAYeHHSIMH UMNYJbCa H NPOEKIHH CIIHHA.
Yucao cOCTOSIHHE, NPUXOAAMAXCS Ha 357€MEHT HMMIYJbCHOTO MPO-
CTpaHCTBA d’p M C JABYMsS 3HAUEHHSIMH INPOEKLHH CIHHA, €CTb
2d3p/(2nk). IlosToMy n(p) cBsi3aHO ¢ HCHOJb30BaBUIelics paHee
(Gyuguuell pacrpexesneHus f(p) COOTHOLIEHHEM

_ 2n(p)
fp) = by (40,9)

INoxcrasus (40,7) B (40,8) H 0OTGPOCHB uJ/eHBI BTOPOTO MOPSAAKA
MaJoCTH, IMOJYYUM JIHHefiHOe ypaBHeHHe AJs1 MaJoll 1o6aBKH K Ma-
TPHIE IJOTHOCTH:

20 ke
[lﬁﬁ_]—% (Al—Az)] 8p (4, 1y, 1y) =
=—-c[g(t, r)—q (1, r)]p, (r;—r,;). (40,10)
Ilycts 1)
(P(ty r):(f’wkei (kr—af), (40,11)

Torga saBucumocTb permennsi ypabseHust (40,10) or cymmbl ry -1,
(4 OT BpeMeHH) MOXHO OTAENHTH, MOJOXKHE

8p = exp [ik il;g’—r'%—iwt] Gok (F,—T,). (40,12)
TloacTaBuB 310 Bblpa}KEHI/Ie B (40,10}, monyuyum ypaBHenue st gok(R):
he Lk 2
[ﬁm —1'—7”7 <V+l—2“> — om KV—'I ) ] Zok (R) =
= — ek (¢RI —e~*R/2) p, (R).

Teneps MOXKHO nepefiTH B 9TOM YPABHEHHH K (ypPbe-Pas/OKeHHIO
no R. ¥YmHoxuB oe ero croporsl Ha exp (— ipR/A) u npounterpu-
posas no dix, noayuum (c yuerom (40,8))

[fio—e (p+ﬁk> te (p—-ﬁ—ﬂ Zox(p) =

== [ =)= (045

e ik /2) —nq (p—Fk/2
ﬁoj(;;l: ne (p+ /m) l:l‘(,)(P /) (40,13)

(roe e (p) =p2/2m), unu

gox(p) =

1) TamuaeTonuan (40,6) xomKeH 6HITH SPMHTOBHIM, a ToToMY GYHKUHS @
B HeM (H, clejoBaTe/bHO, B ypaBHeHnu (40, 10)) —Bemecteennok. Ho nocae toro
Kax ypapHenue (40,10) manmucaHo, BBALY ero JHHEHHOCTH MOXKHO €ro peliath AJIA_
KaXJ0H H3 KOMIVIEKCHBIX MOHOXPOMATHYECKHX KOMIOHEHT IOJS B OTJENbHOCTH.
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3HaueHMe MaTpuubl NJOTHOCTH NPH I, =T, =T onpejeser NJoT-
HOCTb uucsia yactun B cucreme: N=2~Np (¢, r, r) (em. IX, (7,19)).
ITosToMy H3MeHeHHEe MJIOTHOCTH 2JEKTPOHOB MOJ BIHSHUEM 110J1d €CTh

SN, =24.0p (¢, 1, 1) =24 ¢ Er-0hg, . (R =0),

HJH, BHIpasuB gex (R =0) uepes ¢dypbe-KOMIOHEHTH,

. _ d*p
— i (kr—wf)
8N, = 2o ¢ (kr-o E gmk(p)(Qnﬁ)3. (40,14)

CooTBeTCTBYIOIEE K€ H3MEHEHHe NJIOTHOCTH 3apsioB ecTb —edN ,.

JlusnekTpuyeckasi mpoOHHIIAEMOCTb BHIUHC/SIETCS Telepb TaK, Kak
310 OBlIO caejaHo B § 29: ucxoms U3 CBSI3H MJOTHOCTH 23apsia
C BEKTOpPOM Ju3JeKTpuucckofl mnoaspusauuu (—edN,=—divP =
= —IkP) numem

_.S]—] . 8[—1
edN,=1i e Ek=~Fk? T Pok-

Takum o6pasoM, HaXOAUM CAeAYICIYI0O (GOPMYJY AJAS 3JeKTPOHHOH
YacTH MPOAOJLHON AHIJIEKTPHUCCKOH NPOHHIAEMOCTH MJAa3Mbl ¢ (PYHK-
uuel pacripefesieHus 3JeKTpoHOB 1 (p) (nHzexc 0 y KoTopoii Tenepb
ollycKaem):

g (0, k)—1=—

. V(Mﬁ,k/z)—n(p—ﬁk/?) 200 (40,15)

hk? kv—o—i0 (2rhy

(0. JI. Kaumonmoeun, B. 1. Cuaun, 1952); o6xon nomoca B HH-
TerpaJjie ompefessieTcs, Kak OObIYHO, NpaBHJIOM JlaHAay.

B kBasukjaccHueckoM cJsyduae, IIPH BBITOJHEHHH YCJOBUHR
(40,2—3), MoxHO pasaoxuTh (yHKuuu 1 (p 4 hk/2) no ctenenam k.

Torpa
{ hik fik on(p)
n »\p+—v> —n <p——2 ) = ﬁk———ap

u dopmyna (40,15) nepexoaur (c yuetom cBsizu (40,9)) B mpexkHIO0
Gopmyny (29,9). Iloguepkuem, oaHAKO, 4TO pacupeieaesne 7 (p)
B 3TOH (opMyJ/ie MOXKET OTHOCHTBCS K BEIPOXKJEHHOH NJasMe.

- Ipumenum ¢opmyay (40,15) K NOJTHOCTbIO BBIPOKIEHHOH 3J€K-
TponHoi ngaasMe npu T =0, xKorna n(p)=1 npu p< prun(p)=0
Opu p > pp. 3amenus B AByX ujeHax B (40,15) mepemeHHYIO MHTe-
rpuposanus p 4+ hk/2 — p, noaydum

o1 dac S 1 . 1 2d%p
{ TR 0, —kv+i0  o_—kv+i0f (9373’
p <pF
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rie 0L =0+ ﬁk”/?m. djieMenTapHOR, XOTS H AOBOJBHO IPOMO3JKOE
MHTErPHPOBAHHE NPUBOAUT K Pe3yJ/bTaTy

302
q(o B—1= 22 (l—g) +g@)}  (10,16)
_m (02— k20F) ©-- kg
EO) =" ey " o=’

npuyeM Jorapudm JLo/KeH NOHHUMAThCs Kak In|u|[—im, ecau ero
aprymMedT u < 0; «nJ/asMeHHasti yactoTa» £, onpejejeHa No-Hpex-
Hemy Kak Q,=(4nN e/m)'/:.

B xBasuksaccuueckoM mpenese, npu hk < pp, ho<<epl), dop-
MyJa (40,16) IpHBOAUT K NPOCTOMY BEIPAXKEHUIO, HE COAepxaileMy /i

1 30% © , o--kup { 0 npu |@| > kg,
a—l= = [I_Q_kv—ﬁmw—kvﬁ] T 13nQw/2 (kvp)® npu |o| < kup.
(40,17)

OcoOrift uHTEpec mpejcTaB/sfeT craTHueckui ciaywail. Ilpn @=0
Beipaxenue (40,16) xak ¢ynknus k£ HMeeT ocobeHHOCTb B TOUKe,
rie fik coBnajaer ¢ auameTpoM ¢epMu-chepsi:

hk=2pg; (40,18)

B 2TOR TOYKE apryMmMeHT OAHOTO K3 Jorapupmos obpamaercsi B HYJb.
B6nnsu nee

e2 1
e, (0, k)——l:m[l—gan], (40,19)
£ = (hk—2pp)/2pr, |E|<L 1.

ITokaxkeMm, 4To HanuuHe 3TOH OCOGEHHOCTH (e HA3BIBAIOT KOHOBCKOL)
NPHBOAUT K HM3MEHEHMIO XapaKTepa 5KDaHHPOBKH IOJsS 3apsjioB B
nJasMe, KOTopasi CTaHOBHTCSI He 3KCIOHEHIHAaJbHOIl ?).

Sanuwem Boipaxkenue (40,19) B Buze

g, (0, k) =p—ak In TéT , (40,20)

rjae a:ez/QnﬁvF, a NOCTOSiHHAA [} MOMKeT BKJIOUaTh B ce6sl TaKxKe
W HE HUMCIOIHH OCOGCHHOCTU BKJIAJ OT HEBLIPOXKJAEHHOH HOHHOHM KOM-
[TOHEHTHI I1J1a3MHI.

@ypbe-KOMIOHEHTA TIOJISI, CO3[aBaeMOro NOKOSIIMUMCS B IL1a3Me
MaJbiM TOYEYHBIM 3apsiOM e;, BbIpaXKaeTcs Yepe3 JUIJIEKTPUUYECKYIO

1) Ilpu T =0 nocrarouno stux ycaobuii. Jedo B TOM, 4ro mpefiesibHOE 3Ha-
uenue € npu hkvp/er—>0 n T — 0 He 3aBHCHT OT llOpsijka Iepexoia K Ipe-
jeay. IlosTomy coorsolieHne MexXAay hkvp u T HecylUleCTBEHHO.

%) ®usnueckue cleIcTBHA 0COGEHHOCTH, BO3HHKalomleli npu ycnosuu (40,18),
Grlin ykasaue Kowom (W. Kohn, 1959). '
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NPOHHIIAEMOCTb opmyJoi

. 43'[61
= Fa 0B (10,21
(cm. sapawy 1 § 31). [asa notenmuana xe ¢ (r) Kak QYHKIUH pac-
CTOSIHHA OT 3apsafa e, HMeeM

L8 I
P (r)=S(pke‘k'é%=—l— Im S(pke‘k’k dk, (40,22)
0

25

Ipun k£ — 0 odyurmus ¢ (k) cTpeMUTCSs K MOCTOSHHOMY HpeAesy
u He uMeeT ocobenHocTd. [lostomMy acummToTHUECKOe MOBejeHHE
narerpana B (40,22) opu r —oo0 onpegensieTcss 0COGEHHOCTBIO 3TOil
dyHRUMH TpH fik =2p.. B6ausu nee

eth? ) ogy 1
‘P"Z‘,s‘p?[l* 5 eIy ] -

Bkaan sToft 06JacTH B acHMMOTOTHYECKOE 3HAYEHUE HHrerpaJa:

@ (r) zigf; Im (e*7F"/* ), J= S Elnl—é—le‘””f"g/hdg;

BBHAY ObICTPOH CXOAUMOCTH (CM. HIKE) HHTETPUPOBAHME MO & MOXK-
HO PacrnpoCcTPaHuTb OT — oo JO ©O.

s BoluMcsienust uHTerpaja J pasiesuM €ro Ha JB€ YacTH —
oT —o0 0 O 1 or 0 10 co— M B KaKAOH M3 HHX MOBEPHEM IYTh
MHTErpUpOBaHys B IIJOCKOCTH KOMILJIEKCHO! mepeMeHHOH & mo ero
COBMajeHHsI ¢ BepxHeH MHHMOH mosyocblo. [losioxkuB satem § =iy,
MOJTy4YUM

J=
iy

ey 8

e 2Prylh [ln :l.—-——ln %] ydy.

Pasnocth B KBajpaTHEIX CKOGKAX CBOAMTCA K im, TaK 4TO
J=in (ﬁ/QpFr)2. OxkoHuaTesbHO HAXOAUM y

fi2 2ppr i
P ()~ Gy R (40,23)

Takum o6pasom, moTeHmuas SKPaHHPOBAHHOTO MOJS BAAMH OT
Sapsana ocrussMpyeT ¢ aMIAMTYZOH, CHajaomedl 10 CTeNeHHOMY
33KOHy. 3ror pesysbTaT, TMOJYYEHHBIH MJif BBLIPOMKAEHHOH IJIA3MEI
UPH T'=0, ocraercs B cue AMs MajbiX, HO KOHEUHEIX TEMIEPATyp
Ha paccrosnuax r << hvyT.
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3axgaua

Ompefie/INTs CHEKTP 3MEKTPOHHBIX KOJeGAHHI BHIDOXKICHHOH NJasMsl IPH
T =0 B xBasHuKJaccuuecKofi o6jacTH 3HayeHHH k.
Pemenne. 3aBucumocte ® (k) paercsi ypaBHeHHeM g;(w,k)=0 c & H3
(40,17). Ilpn manmix k (kvp <€ €2,) OKasmBaeTcsi, 4To kup/o <€ 1; HeficTBHTEJBHO,
pas3/ioxuB g (w, k) N0 CTeNEHAM STOlO OTHOWIE-
HHA, TONyYHM

@l )
- 3 ka 2

o=2. [+ (5) ] ®

4 (A. A. Baacos, 1938)1) 3ra uacte cmekTpa co-

2l ,/: £ OTBETCTBYET OOGBIMHLIM ILTA3MEHHBIM KOJeOaHH M
€ | (cp. (32,5)).

7 Ilpu Goasmux k£ (kvp>Q,, HO HO-TpeX-

el . Hemy ﬁk<pp) OKashlBaeTCs, 4T0 ® ~ kup. Pe-

wasi ypasHeHue & =0 mocJeI0BaTeNbHEIME NPH-
GanKeHHSIMH, TIOJYYHM

Puc. 12, 2,2
®=Fkup [1—}—2exp <—-2k vf—Q)] 2)
3Qe

(U. H. Toasdnar, 1947). Dra wacth CIEKTPA aHAJOTHYHA HYJEBOMY 3BYKY B He-
sapskensoM ¢depmu-rase (cp. IX, (4,16)).

XOR cmekTpa MOKa2aB cxeMaTHuecKu Ha puc. 12. OTMerum, uto Besie o/k>vr,
a nockoasky mpu T =0 HeT wacTHI, cO CKOPOCTAMH U > Up, TO. 3aTyxaHnue Jlan-
Jlay CTPOro paBHO HYJIO.

1) OTMeTHM, YTO YCJIOBHE KBA3HKJIACCHYHOCTH YacTOTH 2, B BHIPOKIEHHOH
nJaasMe (ﬁQe<eF) COBMNAajiaeT C YC/IOBHeM MjieandbHoctn muasmer (40,4).



TJIABA IV
CTOJIKHOBEHHS B IJIASME

§ 41. HUnterpan cronkHoBeHuil Jlanpay

Hsydenne cBOHCTB n/asMbl € YYETOM CTOJKHOBEHHH MeXIy dac-
THIAMH HaJ0 HayaTb C BbIBOJA KMHETHUECKOr'0 ypaBHEHHd Aas QyHK-
LUl pacnpepesicHusl 3JeKTPOHOB H HOHOB.

Crnenngnka 310ro ciydasi cBsisaHa ¢ MENJIEHHOCTbIO YObIBAHHSA
CHJl KYJIOHOBCKOI'O B3aMMOJACHCTBHUS MeXJY 3apsiKeHHLIMH YacTHIla-
mu. Ilpn GykBasbHOM mpuUMeHEHHH GOJMBIMAHOBCKOTO HHTErpasa
CTOJIKHOBEHHH 3TO OOCTOSITE/bCTBO IPUBOJUT K TOSIBJAEHHIO PacCXo-
IMMOCTEH B HHTerpasnax Ha GOJIbHINX PACCTOSHHAX MEXAY CTaJKH-
BAaIOMIUMHCS YacTHULAMH. DTO 3HAYHT, YTO CYIIECTBEHHYIO pOJb HI-
parT MMEHHO JajieKue cToJKHoBeHHs. Ho Ha Gosabmuux paccrosiHHAX
YACTHIIBI OTKJIOHAIOTCS JHLIb C MaJblM H3MEHEHHeM HX HMIYJbLCOB.
D10 06CTOSATENLCTBO IO3BOJASIET NPHAATH HHTErPasy CTOJKHOBEHHH
BHI, TOAOOHLIE TOMY, KakoH OH HMeeT B ypaBHeHnn Mokkepa — [laau-
ka. B oriuune oT moc/epHero, ‘ofHaKO, MHTErpajd CTOJKHOBEHHH
Tellepb He JIHHEeH IO HCKOMBIM (YHKLIUSM pachpenesenus. Ho ort-
HOCHTE/bHas MAaJoCcTb H3MEHeHH{l HMIOyJabca IpPHU . CTOJAKHOBEHHSX
BO BCAKOM CJIyuae 03HAUaeT, YTO ONUCHIBAEMbIH HMHTErpajoM CTOJIK-
HOBEHMH Ipomecc MOKHO pacCMaTpuBaTth Kak Auddysuio B UMIYJbC-
HOM mpoctpancTBe. COOTBETCTBEHHO 3TOMY HHTErpajd CTOJKHOBEHHMH
MOXKeT OBITb NPEACTaBJEH B BHIE

Os,

Stf=—divps=—3*,
[¢7

Tle S-—IJIOTHOCTh NOTOKA 4YaCTHI, B HMIYJbCHOM MPOCTPAHCTBE;
3ajaya COCTOMT B BBIPAXKEHHH 3TOrO IHOTOKA 4Yepe3 (QYHKLHH pac-
npeneJieHus.

3anumeM B BHIE

wf(p) ' (p") d*q d°p"

HHCI0 CTOJIKHOBEHHUH, HCHHITHBaeMbIX (B 1 ) wacTHleH ¢ uUMMyJb-
COM p, ¢ wacTuamu ¢ uMnyJbcaMu p’ B HHTepBasne d®p’, mpHueM
P u p’ mepexoasT COOTBETCTBEHHO B P-+q M p'—q; 3lech yuTeHO
YXe coxpaHeHHe HMIYJbCa NPH CTOJKHOBEHHSX. APryMeHTHl £, T B
byHKIHAX pacrnpejeneHus Qs KPaTKOCTH He BuuchiBaeM. Yactu-
UEL p ¥ p’ MOTYT OTHOCHTBCS K OJHOMY U TOMY K€ WJH K Pasiuy-

HEIM ponam wacTun B nJ1asMe (3J€KTPOHLI, HOHB). QGyuxiuo @ 6yaeMm
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CUHTATh BHIPAXKEHHOH yepes MOJYCYMMB HMITYJIbCOB KaxJofl M3 yac-
THI JO H 1OC/e CTOJKHOBEHHI H 4epe3 mepeiaBaeMslil UMIYJILC :

w(p—{—%, p'—%; Q);

OHa 3aBMCUT, KOHEYHO, H OT POAOB CTaJKUBAaIOWMXCcs yacTul, B cu-
Jy NPHHUMOA JeTalpHOro paBHoBecHs (2,8), QYHKUHA W CHMMET-
pUYHA N0 OTHOIUEHHIO K MEePecTaHOBKE HAYaJbHBIX H KOHEUHBIX
JACTHL:

w(p+—2"~,p'——%;q>=w(p+§—,p’—%;—q)- (41,1)

DyHKLHS @ COTePKUT 8-QyHKIHOHHEIH MHOXHTEND, BhIpaxKaomni
cOXpaHeHHE SHEPIHH INPH CTOJKHOBEHHAX (COXpaHEHHe HMIYJbCa
yKe YUTEHO).

PaccMoTpuM €IMHHYHYIO TJIOMAAKY, PACTOJNONKEHHYIO B HEKOTO-
pOH TOuKe P MMIYJbCHOTO IPOCTPAHCTBA (4ACTHIL JAAaHHOTO poxa),
TNePNEeHUKY/ISPHYIO OCH po. Ilo onpenesenuio, KOMIOHEHTA Sy MJIOT-
HOCTY TIOTOKa eCThb H3GBLITOK uMCJ/a YacTHI, (HaHHOTO copTa), mepe-
CeKaoIx B €AMHHIY BpPEMEeHH 3Ty NJIOUIAJKy CJeBa Hanpaso, Hak
YMCJIOM YACTHL, TePEeceKaroulux ee crpasa Hajepo. [lepememenue B
HMIY/IbCHOM TIPOCTPAHCTBE €CTh Pe3yJIbTaT CTOJKHOBeHuH. Ecsu npu
CTOJIKHOBEHHH YACTHIE IepefaeTcss o-KOMIIOHEHTa UMIYJbCa (g
(g > 0), TOo 'B pesysibTaTe TAKMUX CTOJKHOBEHHI Yepes MNJOMANKy
NpOAYT C/€Ba HAaNpPaBO Te YACTHUBI, Y KOTODPHIX 1O CTOJKHOBEHHS
5Ta KOMIIOHEHTA JeXaJja B Tpefenax oT pPy,—(qq RO Po. llosToMy
[OJHOe YUCJIO YacTHIl, IepeceKalomuX IVIOUAAKY CJeBa Hanpaso,
€CThb

Po,
S aqfar | olp+g.0—3:0)f@F @) dpe
gg> 0 Po~ g,

CyMMHpOBaHHe IPOM3BOJUTCS TO BCEM COPTAM YaCTHIL, K KOTOPHIM
OTHOCAITCS IUTPUXOBAHHBIE BEJMUMHBI (B TOM uHcJje, KOHEYHO, H IO
3aJaHHOMY COPTY, K KOTOPOMY OTHOCSTCS BeJHUHHBI Ge3 IITPHXOB).
AHaJOrHYHBEIM 06pasoM, YHCJO YACTHL, IepeceKaloliux Ty ke I10-
UlaJKy CIpaBa HajleBo, MOXKHO NPEACTABUTb B BHJE

> S d3qu3p’ pSa w(p+%, P — —q) f(o+a) ' (p'—a) dpo-
qg> 0 Po,~dq

B cuay (41,1), ¢yskuun @ B 00OMX HHTErpajsax OJNHHAKOBHI.
TTostomy pasHOCTH STHX HHTETPAJIOB COJAEPKUT B [HOABIHTETPAJbLHOM
BbIPaXKeHHH Pa3sHOCThb

F@F @)—fe+af ®'—q).
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Bocnosb3yemcst Temepb MaJsiOCTBIO Nepefiaud uMmmysabca q (TOY-
HEe, MaJloCTbi0 CYIIECTBEHHBIX B HHTerpa/jax 3HauyeHufi q no cpas-
HeHUI0 ¢ p ¥ p’). Pasnaras HamucaHHYIO Pa3HOCTb IIO CTENEHSAM (,
IIOJIyY¥M, C TOYHOCTBIO JO UYJICHOB [EePBOro NOPSAAKa,

[~ 527 @)+ ) T | 9o

ITocne sToro MoXKHO VXe, C TOH K€ TOYHOCTbIO, 8SaMEHUTL B NOA-
HHTErpaJbHBIX BBIPAKECHUAX

w(p-{—%,p'———g-; q) ~w(p, p’; q)-

HuterpupoBanie xe 1o dpy, KOTOpoe NPOM3BOAUTCH IO MajloMy
MHTEPBAIY MEXKAY Pu— (o U Pg, MOKHO 3aMEHHTb NPOCTO yMHOXKeE-
HMEM Ha BeJIMYMHY 3TOTO UHTEPBAJa §o. B pesysabrate HONYyUHM

=X § @ fwm.es o [F ) TG =1 0052 | agsds’

g >0

(41,2)

B cuny (41,1), w(p, p’; q)—uerHas OYHKIHSA ¢, HOITOMY YETHO
U BCe MOJBIHTErpasibHoe Bhipaxkenue B (41,2). 1o nospossier 3ame-
HUTH HHTErpaj Mo MOJYyHIPOCTPAHCTBY ¢, > 0 IOJOBUHOI HHTerpaJa
[0 BCEMY (-IPOCTPAHCTBY.

[TepenuceiBast Beipaxenue (41,2), BBeAeM Takke B HEro BMeECTO
(QYHKLUMHM @ CceueHHEe CTOJKHOBEHHUH COTJacHO

wdlq=|v—v'|do.

Kak yxe Gbl10 0GBSICHEHO B CBfI3H C 3aMHCLIO HHTErpaja CTOJK-
HOBeHu# B Buje (3,9), mocsie 3TOro MOXKHO CUMTaTb, YTO YHCJO He-
3aBHCHMBIX MHTEFPUPOBAHHU YyXKe YMEHBIIEHO y4YeToM 3aKoHa Co-
XpaHeHus sHeprud. TaxkuM ofpas3oM, NJOTHOCTL IIOTOKA HMIIYJbca
B HMIIyJIbCHOM NDPOCTPaHCTBe AJs YACTHI KaXJOro poja NpHHUMAaeT

BH],
ZS[f(p)af ®) i )% ]Ba5d3p (41,3)

rie
1 ’
Ba5=75anﬁlV—V |do. (41,4)

Ocraercst BLumMCIMTD BenuuMHBl Byg NS CTOJKHOBEHWE uUaCTHIL,
B3anumonefictylomux no sakony Ky.oua.

Ilpu orkjonenun Ha majblil yros H3MeHeHHE ( HMITy/Ibca CTal-
KHBAIOWIXCsl YACTHIL NEPIEHAMKYISPHO HX OTHOCHTENBHOM CKOPOC-
™ v—v'. Tlostomy u TeH3op B,g mOmepedeH IO OTHOWIEHHIO K
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BEKTOpYy V—V':
) Bog (vg—vg) =0. (41,5)

Cpasy ke OTMETHM, YTO T€M CaMbIM aBTOMATHYECKH ofecrneyuBaeTcs
obpawmenue notokos (41,3) B HyJAb 1/ PaBHOBECHOTO pacHpejelie-
Hus BeeX yactunl. C MakcBeJNJIOBCKMMH pacnpenenenusima [ u f’
(c opuHakoBofi Temmepatypoil T) NOABIHTErpaJbHOE BBIPAXKEHUE B
(41,3) craHoBHTCS paBHBIM :

I (05— 0p) Bap = 0.

BexTop V—V’ €cTh B TO K€ BpeMsl €IMHCTBEHHBIH BEKTOP, OT
KOTOPOTO MOXKET 3aBUCETb TEH30P Bgg. [lomepeunblil 10 OTHOIIEHHIO
K V—V' TaKo#d TEH30p JAOJKEH HMETb BUJ

1 (Ve —7%) (g —U5)
Bug=-+B [5%——7:‘,1)—2— )
ruge cxkaJjaap
1
B=Baa=—2‘gq2|V—V’ld0.

ITycTh §— yroJ OTKJOHEHHSI OTHOCHTENbHOH CKOpocTH (yroJ or-
KJIOHEHHsI B CHCTEME LEeHTpa HHepUMHM ABYX uacTuu). Ilpu magwex
3HAYEHHSIX FTOTO yIJa BeJIMYMHA U3MEHEHHUS HMITYJbca g & W [V— V'Y,
rle p—IpHBefeHHasi Macca yactul. Ilostomy

B=%M“'IV-—V’ I3§x2d0=M2IV—V’i30t,

rae
1
crt:S(l—cosx)dGz—Q—szdc
— TpaHcnopTHoe ceuenue. JuddepennvasbHoe CeueHHe paccesHHsd

Ha MaJble yrJbl B KyJOHOBCKOM moJie Aaetcs ¢popmyJioii Pesepdopaa

4(ee’)2do _ 8n(ee)® dy
pEv—v)! X4~ 2 (v_v')4&§, (41’6)

do~

(e, e’ —sapsagnl craskuBarowuxes wactul). OTciola TpaHCIOPTHOE
ceyeHue

o= (el L=S%. @41,7)

TRV
,IIJISI BCJIUYHH 2KE Bag uMeeM, cJegoBaTeJbHO,
7y2 v —0 (Vq)—U5
21t (ee’) L [60‘5___( 0.~V (Yp) [3)] . (41,8)

V=T =V

Bo(,ﬁ =
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Wnrerpan L norapudmudecku pacxoautcsi. PacxoaumocTb Ha
HIKHEM TpejieJie cBsidaHa ¢ QU3NYECKOH NPUUHHOA — MeJJIEeHHOCTBIO
y6hIBaHHSI KYJOHOBCKHX CHJI, NPUBOASIIEH K 60JbLION BEPOSTHOCTH
paccessHHsl Ha MaJible YIJIE. B JIeHCTBHUTEJNbHOCTH, OAHAKO, B 3JIEKT-
pPHUECKM HEeHTpasbHO! NJa3Me KYJIOHOBCKOE IOoJIe YacTHIBI Ha AO-
CTATOYHO GOJIBIIHX PACCTOSHHUSX SKPaHUPyeTCs APYTHMH 3apsijaMy,
0GO3HAYHM Yepe3 Y, HOPSNOK BEJHUHHB MUHHMAJbHHIX YIJIOB, Ha
KOTODBIX paccesiHHe ellle MOKHO CUHTaThb KYJOHOBCKHM. Pacxonmu-
MOCTb XK€ Ha BepXHeM Ipejiesie CBs3aHa IPOCTO C TeM, YTO Bce ¢op-
MYJB GBIJIM HAMHCAHBLI B NPEANOJNOXKEHHH MaJOCTH YIVIOB H TEPSAIOT
CBOIO TIPUMEHUMOCTHL TpH )~ 1. Mimes B BuRLY c/1a6yi0 UyBCTBHUTE/Ib-
HOCTb JiorapudMa GOJBIIOTO apryMeHTa N0 OTHOIIEHHI0 K He6O0Jb-
IIIHM H3MEHEHHSM TOCJeAHEro, MOXKHO BLIGpAaThb INpelesbl HHTErpPH-
POBaHHUSI MO OLIEHKAaM HX MOPSAKOB BeJHYHHBI, T. €. HANHCATh

L=1n(1/%min)- (41,9)

DTy BeJMYUHY HA3LIBAKT KYAoHo8cKum noeapugmon. Cpasy MOAUEPK-
HeM, 4TO TaKoii cmoco6 ero ompejesieHHs] OTrpaHHYHBaeT Bce pac-
CMOTpEHHE, KaK TOBOPST, L02apughmu4eckoli mouHochnbo: Tpenedpe-
raeTcs BeJHMYMHAMH, MajbMH [0 CPaBHEHHIO He TOJbKO ¢ GOJBILOH
BeJIMMHHON 1/¥4,, HO H C ee Jiorapugpmom.

dakTHYeCKast OUEHKA i, 32BUCHT OT TOTO, AOJKHO JH pacces-
HHME YACTHI[ ONHCHIBATbCSH KJACCHYECKH HJHM KBAHTOBOMEXAHHYECKH
(camo ke mo ceGe BuipaxeHue (41,8) cmpaBeianBo B 0GOHMX CJy-
Yasgx, MOCKOJBKY YHCTO KYJICHOBCKOE paccesiHHe omHuchiBaeTcst ¢op-
MyJoii Pesepdopaa kKak B KJacCHyeckofl, TaK ¥ B KBAaHTOBOH Me-
xaHunke1l)).

DKpaHUPOBKA KYJOHOBCKOTO INOJS YacTHIBl B MJa3Me NPOHCXO-
INT HA PACCTOSIHUSX MOPSAKA BeJHUHHBI Je6aeBCKOro paauyca a.
B kjaccHueckoM cJyuae Yui, OIpefe/sercd KaK YroJ paccesiHus
IpH mpoJere Ha NPHUIENbHOM paccTOSHHUH ~a. CoOTBeTCTBYIOlEe
M3MEeHeHHe HUMIYJbca: ¢~ |ee’ |/avyr, (IpousBeeHue cuibl ~ |ee’ |/a?
Ha BpeMs MNpPOJeTa ~ Q/Uyy) ). PasfejquB €ro Ha HMMOYJIBC ~WUry,
MONYUHM  Ymin ~ | €€’ [/aM0sy, YCIOBHE KJIACCHUHOCTH PpaccesiHus
naetcst HepaBeHCTBOM |ee’ [y, S>> 1 (em. 111, § 127). Takum oG-
pasoM, HMeeM

— ,
L=in%m oy 1€l (41,10)

’
[ee” | 13 Yorr

1) B KBaHTOBOM cJydae IIPH DPAacCessHMH OJMHAKOBBIX YaCTHI (3JEKTPOHOB)
AOJIKEH YYMTHIBATHCS OOMeHHBbIH 3dhdert. 3toT >hdexT, OXHAKO, HE MeHsET mpe-
JeNbHOro BHja CeueHHs] HA Majbix yraax (41,6).

2) 3fech M Besfie B aHANOTHYHBIX MECTAX HHXKE Ugry— CPE/iHee SHaueHHe OT-
HOCHTENBHOI CKOPOCTH ABYX 9acThil, | V—V’ |. EC/IH YacTHIB OXHOTO POXA, TO Uy
COBNajaeT cO CPeJHHMM 3HAYeHHeM U. ECHM UacTHUBl DA3/MUYHOTO POAA, TO Uorx
CoBnafaer ¢ GOBILIAM U3 U H ¥,
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B ofparHom mpefenbnoM caydae, koraa |ee’ ]/ﬁvom<<1, paccesi-
HUe JOJ/DKHO paccMaTpHBaTbCs KBAHTOBOMEXaHHUECKH, B OODHOBCKOM
npubamkennn. Ceuyenne paccestHHss B 3TOM cJydae BbipaXaercd
yepe3 (ypbe-KOMIOHEHTY PpACCEHBAIOIIETO MOTEHIHAJa C BOJHOBLIM
BexTOpoM q/fi. Braax B 5Ty KOMIOHEHTY, TIPOMCXOAAIMUE OT 3Kpa-
HHUPYIOMIETO «06Jaka» 3apsaioB (C pasMepaMd ~a), CTAHOBHTCS
MaJbIM 1pH ga/h = 1; UMeHHO 3TO ecThb B JAHHOM CJy4ae YCJIOBHE
YUCTOM KYJOHOBOCTH paccesiHust. ITosToMy yron 9mi, Haxomurtcs
U3 YCJOBHS

Tmin a/ﬁ ~ Maxm'm Cl/ﬁ ~ 1.

Takum ofpazoM, B 3TOM cJydae

v | ee’ |
L = |n K% —
n= npu o
[pu |ee’[~ﬁ50m o6a Bolpaxenus (41,10) u (41,11), ecrecrBenHo,
COBIIAJAIOT.

Brinuinem Ternepb OKOHYaTesJbHOE BBIPaXKeHHe [Jg IJIOTHOCTEH
IIOTOKOB B HMIYJLCHOM IpOCTpaHcTBe, INojctaBuB (41,8) B (41,3):

7 _’26a—— m_I —_’
Sa=22n(ee')2LS<fZ—fTé—f’ o7 ) (0 Rep Qo) Co W) gy

£l. (41,11)

37, V—VF
(41,12)
COOTBeTCTBy}OHlHe KHHETHYECKHE YpaBHEHUS!
0 0 1 a .
a—ft+va—£+e(E+?[vB])E£=-—d1vps (41,13)

(e—sapsif wacTHl, K KOTOPBIM OTHOCHTCS (yHKuua f, T.e. ad
9JEKTPOHOB HAJO NHcaTh ——e, a AJs HOHOB ze). Murerpan croJk-
HOBEHHHE B JorapumuyeckoM npubAHKEeHHH AJdd rasa ¢ KYJ/JOHOB-
CKHM  B3auMOJEACTBHEM MEXKAY YacTHIAMy OBL1  yCTaHOBJIEH
J. 1. Jlanday (1936).

[IpuMeHUMOCTh HHTETpaja CTOJKHOBeHui JIanjay cBs3aHa C BH-
MOJIHEHHEM ONpeeJIeHHBIX YCJAOBHHA. XapakTepHbie AJHHBI 1/, Ha
KOTOPBIX CYILIECTBEHHO MeHdeTcs (QYyHKUHA pacnpefeseHHst, A0JKHb
ObIThb BEJHKH II0 CPAaBHEHMIO C PajAuyCcOM 3KPaHHPOBaHHA @, a Xa-
paxkTepHble HHTEPBaJbl BpeMeHH l/w—BEJHKH 110 CPaBHCHHIO C
Q/Ugry, B JOTApUPMHUYECKOM NPHOMHKEHHH, OAHAKO, (PaKTHUECKH
NOCTAaTOYHO IOTPeGOBaTh BHINOJHEHHS 9TUX YC/AOBHE B cJhaaboi popme

ka<l, ©<Uy/a (41,14)

co 3HakoM < BMmecto <Z. [leGaeBcKuMl pajumyc @ HrpaeT 3jech Ty
JKe POJib, KOTOPYIO I/ HefATpasbHBIX TrasoB Mrpaj pajuyc HeHcT-
CTBHA MOJIEKYJISIPHBIX CHJI. '
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3anava
B § 34 nokasano, uro moc/se TOTO, KaK BO3MYILEHHSI JEKTPOHHON NJIOTHOC-
TH C BOJIHOBHIM BekTopcM kK 3aTyxHyT H3-3a 3aTyxaHua JlaHpay, Bo3MylleHHs

(GYHKLHE DACTIpefe/leus MPOO/IKAIOT OCUMIIHPOBATh MO 3akomy e~ KV (34,16).
HafiTn 3aKoH 3aTyXaHHS 3THX OCUMJMSUHH H3-3a KYJOHOBCKHX CTOJNKHOBEHHI

IpH BpeMeHax [ > 1/kv.
Pemenue. Miuem Qyakuuio pacnpefenenuss B BHIe

f="rFo+96f, 8f=al(t, V)e_ik"t"'ikr, (n

rae Of —BO3MYIIeHHE PRBHOBECHOTO DacmlpeieieHus [y, @ — MEAJEHHO MEHSIONasncs
GYHKUMS CKOPCCTH  (MCHBITBIBAT 3aMeTHOe H3MeHeHye JHIUb Ha HHTepBajax
~ v> 1/kt). Tpn nogeranoske (1) B (41,12) B NOABIHTErpPajBHOM BBIPAMKEHHH
Hafi0 COXPAHHTb JIHIIb Y.IeH

— 1o @) 2L~ Lkt o) fu ')

OCTa/IbHBIE 4JIEHB! JAIOT MaJblil BKJajf JAu60 BBHAY HOTAlIeHMsI HHTerpaja, 6Jaaro-
Japsi HaJHM4Hio GBICTPO CCLMJLAMpYIOMero mHokutesast exp (— ikv’f), au6o BBUAY

OTCYTCTBHSl B HHX MHOXKHTeNd kf > /o, Tlo mocnefHell NPHYHHE Hago H IIDH BBI-
YHCJIEHHH lepS AuddepeRUHPOBATE TOMBKO 3KCHOHEHIHAJBHEIE MHOKHUTENb. B pe-

3yJabTaTe KMHETHYECKOE YDABHEHHE [aeT

da Y
a=—‘- kog kﬁ baﬁt“a,

MpHYEM MO MOP AAKY BeTH UHHE KO3(pH UEeH TH baﬁ—va?v (v—uacToTa CTOJKHOBEHHUI),
O1crona

a(,v)=a, (v)exp { —%kakﬁ baﬁfs} , 2

NOTOMY BpeMs 3aTyXaHHs KoJeGanuii
-1 ) 2
Taar ~ V /s (kv) /s,

Hockonsky Best Teopus saryxamust Jlapjay HMeeT CMBICH JHIL TPH YCJAOBHH
kU v, 10 T550 <€ 1/v. Pesynbrar (2) CHpaBeiMB JHIb NOPH YCIOBHM MaJIOCTH
NoKasatesis B (2) MO cpaBHeHMIO C ToKasatesaeM kvl B (1); mis 5TOTO JIOJHKHO

6biTh t<(vkz_))'1/2. 3a 370 BpeMs OCLMJIJIAUMH 3aTYXHYT B €Xp (—VIQZ_/;) pas,

§ 42. MNepepaua aneprun MeXARYy 3JeKTPOHAMH H HOHAMH

Boaburast pashuiia Mexny MaccaMu 5/eKTPOHOB /2 M HOHOB M
3aTpynuser oOMEH B3HEPrHEHd MEXKAY HHMH: NPH CTOJKHOBEHHH Tsl-
KeJIOH M JIerkofl YacTHL SHEPTHsi KaXKJOH M3 HHX IIOYTH HE Me-
HeTcsy. TlosToMy yCTaHOB/IEHHE DaBHOBECHS MEXKIY 3JEKTPOHAMH
CaMHMHU 110 ce6e M HOHAMH CAMHMHM N0 ceGe NPOHCXOAUT SHAYUTEJLHO
Grictpee, yem MEXJYy 3JeKTPOHaMM H HOHamu. B pesyiabrate JIerko
BO3HuKaer cuTyauusi, B KOTOPOi 3/JEKTPOHHAS M MOHHAS KOMIOHEHTHI
I1asMEr mMetor Kaxkiasi cBOE MAKCBEJUIOBCKOE pacnipefieieHue ¢ pas-
MuHbME Temnepatypamu T, u T, (06buHO T, MPEBOCXOXAUT T).
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PasHocTh TemmepaTyp 3/1€KTPOHOB H HOHOB NPHBOJHT K Mepenaye
SHEPTHM MexJy O6eMMH KOMIIOHEHTAMM TIJIa3Mbl, ONPEAE/IHM 3Ty
nepefauy (JI. A. Jlanday, 1936).

Bynem BpemenHo 0603HayaTb BEJIHYHHBI, OTHOCSIIMECH K HOHAM
M 3JeKTpPOHaM, 6yKBaMH COOTBETCTBEHHO 03 IITPHXa H CO LUTPHXOM.
Msmenenne suepruu HOHOB (B 1 ¢ B cM® N/Iasmbl) Aa€TCst HHTE-
rpaJjiom

dE __
7= sStfd3p——Ssd1vpsdp,

HJH, HHTETPUPYS 1O HACTSM,

Z—f: s§—§d3p=Ssvd3p (42,1)
(unTerpan nmo GeCKOHEYHO VYAaJieHHOH MOBEPXHOCTH B HMIYJbCHOM
IPOCTPaHCTBe, KaK OGLIYHO, ofpaljaercs B HYJb).

B cymmax (41,3), onpepesdolWUX IOTOKH 3JEKTPOHOB H HOHOB
B MMIYJBCHOM [POCTPAHCTBE, OCTAKTCS JHIIb YJEHBl, COOTBETCTBYIO-
IHe 3JeKTPOH-HOHHBIM CTOJIKHOBEHHSIM; 3JCKTPOH-3JIEKTPOHHEIE H
HOH-HOHHBIE YWIEHH! JJ15 MAKCBE/JIOBCKUX pacnpefeneHui o6pamaroTcs
B HyJb. IlogcTaBUB B 3TH OCTaIOLIUECs YJeHBl MaKCBEJJIOBCKHE pac-
npejenenns ¢ temneparypamu 7' u T, MOJy4YuM AJs NOTOKA HOHOB:

() e

Ho B cuay (41,5) umeem Boguvg = Bygup; cllelaB 3Ty 3aMeHY H MOA-
CTaBUB NIOTOK § B (42,1), Hafinem

dE 1 l 4 14
=7 ) [T vasBadp v’ (42.2)

BBujgy majoctd Macchl 3JEKTPOHOB, MX CKOPOCTH B CpeIHEM
BeJIMKY 110 CPaBHEHHIO CO CKOPOCTSIMH HOHOB. [lo3TOMY B Bgg MOXHO
HOJIONKHUTD Uy —Ug & Uy [lOCJIE 3TOrO BEJHYHHHEL B,g yxke He OyayT
sasgceTb OT Uy U B (42,2) MOXKHO NDOHM3BECTH HHTErPHPOBAHHE
no d3p:

{ foovpdop = L BN =8N 1.
Taxkum ob6pasom,

SN (rp)iroer. o

Haxonen, nojcraBus ciofa corqacHo (41,8) B=4ne*z®L/v’ (ze—3a-
PsiL HOHOB) W 3aMETHB, YTO JIJ5i MaKCBEJJOBCKOTO paclpejesieHus

Id'r’P’_ ’ “/—2—__”?
SfT——N T’
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NOJMYy4YUM
dE  4ANN'z%¢* V' 2nmL s
— _2UmL e T,
dt MT"*/2 ( 7 (42,4)

310 Ke BhIpaxeHue ¢ OOpaTHbIM 3HAKOM JaeT YOLUIb 3Hepruu
3JE€KTPOHHOH KOMNOHEHTHl IJasMel, — dE’/df. BblpasuB 3Hepruio
3J€KTPOHOB B efHHIEe o0beMa uepe3 HX TeMIepaTypy COTJIacHO
E'=3N'T’/2 u BepHYBIHCh K 0GO3HAUEHHIO 3JEKTPOHHBIX H HOH-
HHIX BEJHYUH HMHAEKCaMH € ¥ {, HalHIIeM OKOHYATeJbHO CJ/efyIoLiee
BHIpaXKeHHe /151 CKOPOCTH H3MEHEHH:A 3JKTPOHHOH TemIepaTyphl:

dT T,—T; T/*M
ik emﬁi ’ Tgi:szviz?e%e (@nm)'le (42,5)
durypupyolWuil 35ech KyJIOHOBCKUH JiorapudM paBeH
L [ In(aT,/ze?) npu ze2/ﬁvn,>>l,
=\ In(V mT,alk) npu ze*/fvy, < 1.

Bennynna 1% npeacraBasieT coGofl BpeMsi peJakcalHi I/ YCTaHOB-
JIEHHSI B5JIEKTPOH-HOHHOFO DaBHOBECHS.

(42,6)

§ 43. Jlauna npoGera yacTHIl B NJasMe

Mbl Bujenu us usjoxkeHHoro B § 41 BHIBOAA, YTO XapakTepH-
CTHKOH CTOJIKHOBEHHH B KUHETHYCCKOM YDABHEHHH CJYXKHT TPaH-
cniopTHOe cedenue o; (41,7). IlosToMy HMEHHO STO Ced4eHHE JOJIKHO
GUrypupoBaTh U B ONpeAeJEHHH JJHHBL CBOGOZHOTO Npobera.

Jng 3JeKTPOH-3JIEKTPOHHBIX (€2) M 3/1eKTPOH-HOHHBIX (ef) CTOJIK-
HOBEHMH NpPUBENEHHAsT MacCa [ ~ #1, a4 NOCKOJIbKY CKOPOCTH 3JEK-
TPOHOB MHOTO (OJIBIlIE CKOPOCTEH HOHOB, TO

p(v,—v)2 ~mvyr,~T,.

Hast pnunbl npo6era 2JEKTPOHOB MOJIYYd€TCsl MOITOMY OLEHKa
l, ~T4ne*NL, 43,1)

¢ L, us (42,6). MHOXKHUTENM 2 B OLEHKAX HE MHIIEM; MPEANoaaraercs,

uT0 2; ~ 1. Bpems cBoGoaHoro mpofera 3JeKTPOHOB T, (MJH o6part-

Has el BeJHMYMHA-—4YaCTOTAa CTOJKHOBEHHH v,):
I, T sy’

T, A~ —— N —e Y e
¢ v, Ure 4netNL,

. (43,2)

Ormetum, uro
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W B CHJIy VCJIOBHS paspexeHHocTH mnasmbl (27,1): [, > a,. CooT-
BETCTBEHHO 5TOMY 4acTOTa CTOJKHOBEHWH MaJsa No CPaBHEHHIO C I/1as3-
MEHHOH YacCTOTOH 3JIEKTPOHOB!

Ve < Urel@e = Q,. (43’3)

AHajoruuHbpiM 06pasoM, JAJHHA mpofera HOHOB MO OTHOIIEHHIO
K HOH-HOHHBIM ({{) CTOJIKHOBEHUSAM:

|, ~ TY4ne'NL,  Ly=1In(aT /e, (43,4)

rae L,—KyJoHOBCKHH JorapudM C HOHHBIMH BEJMYHHAMH BMECTO
sJekTponHpx. CooTBeTCTBYIOIlEE BPeMsi npoGera:

1 T;/le/z )
T ™~ -'EN m o (43,5)
BesuuuHa T, ONpeAe/sieT, N0 MOPAAKY BEeJUUYHHLI, BpeMs peJak-
canuy JJs yCTAHOBJEHHS JOKaJbHOrO TeNJOBOrO PaBHOBECHS SJEKT-
POHHO¥M KOMIIOHEHTHI IJIasMbl, & T;;—TaKoe XKe BpeMs I/ HOHHOH
KOMITOHEHTH. HO XOTS 4acTOTHI V,, U V,; €e- U €i-CTOJKHOBEHUH OJJHOTO
MOPSIIKA BEJIMUKHBI, BpeMs T, OTHIOAb He SIBJSETCS BPEMEHEM pe-
JaKcalliu JJIs YCTAHOBJIEHHS DPaBHOBeCcHs MeXKAy 3JIeKTpOHaMH H
HOHAMH; OHO XapaKTepH3yeT JHIIb CKOPOCTb Mepefaud HMIyJbca
OT 5J€KTPOHOB K HOHAM, HO He CKOPOCTb OOMeHa SHeprueH Memaiy
HHEMH. BpeMsi e peJakcaliud Jyis 3JEKTPOH-HOHHOrO paBHOBECH:
jaeTcs onpeieseHHON B TpefsliymieM mnaparpade BeJHUHHOH T
CpaBHeHne BceX 3THX BpeMeH NOKa3biBaeT, 4YTO

Tppi T, i18 ~ 1i(M/m)' /22 (M/m). (43,6)

C moMouibio AJMHHL mpobera HPOU3BEAEM OIEHKY KHHETHUECKHX
KO3(Q(pUIUEHTOB I1J1a3MBEl.

JI1s OLEHKU 3JIeKTPHYECKOH MNPOBONHMOCTH O BOCIOJb3YEMCs
M3BECTHOH 3JEMEHTapPHOH «ra3oKuHeTHYecKoi» dopmyof. HacTuisl
(HocuTenu TOKa) C 3apaJOM e M Maccoi m B CBOEM cBOGOJHOM IBHU-
JKEHUH B TedeHHe BpPeMeHH T NPHOOPeraloT NOJ BJNSHHEM 3JEKTpHU-
yeckoro noJist E «ynopsioueHnyo» ckopoctb V ~ teE/m. IliotHocTh
C0374BAEMOT0 3THM ABUKEHHEM 3JIeKTPHYECKOro ToKa ectb j~ eNV.
ITpoBoguMOCTb ke (KOo3(uIlueHT MPONOPHHOHATBHOCTH MEKIY juE)
€CTh, CJEe0BaTeJbHO,

o~ e2Nt/m ~ e&Nljmv, (43,7)
npuyeM nojx l, m n Up CJACAYET [MTOHUMAaTh BeJHYUHLI, OTHOCALLHECS

K GoJiee JerkuM wuacTHiaMm — 3JjekTponaM. OleHuBas ¢ IOMOILBIO
3TOH (POPMYJBI, HMEEM

o ~ T.[em'lsL,. (43,8)
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KosdduuneHT TenonpoBoAHOCTH OLL€HHBARTCS aHAJOTHYHBIM 06pa-
30M C MOMOIIBIO ra3oKHHeTHIeCKOH (opmyabl (7,10); ocHoBHYIO pOJb
HIPaloT 3JIeKTPOHbL. Mmeem ® ~ Nl v,.c, (rhe ¢, ~ 1— snekTponnas
TENJIOEMKOCTb), OTKYyJa

% ~ T2 [etm2L,. (43,9)

B npoTHBONOJIOXKHOCTD 3J/€KTPO- U TEeNJIONPOBOLHOCTH, BA3KOCTD
nJa3Mbl CBSI3aHA B OCHOBHOM C JIBH2KEHHEM HOHOB, NOCKOJbKY HMEHHO
B HOHHO¥ KOMIIOHEHTE I11a3Mbl B OCHOBHOM COCPeJJOTOUEH ee HMIIYJIbC.
CBepx TOro, HMNY/LC HOHAa MaJjO MEHSETCS INPH CTOJKHOBEHHSX
C 3JIEKTPOHAMH; MO TOH NPUYUHE JOCTAaTOYHO PACCMAaTPHBATH OJHH
JHIUb if-cToJIKHOBeHHS . CoraacHo (8,11), koaddurnneHT BA3KOCTH oLe-
HuBaercs Kak n~ N Ml vy, orkyna

0~ M'-TjerL;. (43,10)

Brruncienue kosgduunertoB B BeipaxkeHusax (43,8—10) TpeGyer
pellleHNsl JIHHeapH30BAHHOTO KUHETHYECKOTO YpaBHEHHS C HHTerpa-
JIOM CTOJIKHOBeHu# JlaHzay, 4TO BO3MOMKHO JIHLIb IPUGIHXKEHHBIMH
YHCJEHHBIME MeTofaMHu. Tax, AJs BoAOPoAHOH naasMel (z2=1) Ko3¢-
(GuLUHeHTH B BbIPAXKEHMAX MJIST O, %, 1) OKasbBAlOTCS PaBHBIMU
coorBercrBenno 0,6; 0,9; 0,4.

§ 44. JlopeHuesa miasma

Ilpu BIUHC/IEHHH 3/€KTPOHHOI'O BKJaAa B KUHETHYECKHE KO3(-
GunuenTsl N/1a3Mbl Hafo, BOOGLLE TIOBOPS, YYUTHIBATh Kak ei-, Tak
H ee-cTONIKHOBeHHsl. EcJaH, oHako, 3apsAj] HOHOB JIOCTATOUHO BeJIHK,
poJIb ei-CTOJIKHOBEHUH MOXeT oKasaThCs npeolaagaromed. HelicTsH-
TEJIbHO, CEYEHHE ee-CTOJKHOBEHHMH IponopuuoHanbHo (e%)?, a gacTora
TAKHX CTOJIKHOBEHHH v,,—e€lle H NJOTHOCTH 3JieKTpoHoB N,; aHa-
JOrHYHEIM 00pa3oM, YacToTa ei-CTOJKHOBEHHH IPONOPIHOHAJbHA
(2¢*)* N;=e*2;N,, tTak uro mpu 2> 1 6yger u v,;>v,,. [laasmy,
B KOTOPOH MOXKHO IpeHeGpeub ee- N0 CPAaBHEHHIO C ei-CTOJIKHOBe-
HHfAMY, Ha3BIBAIOT A0peHyesoti. XOTs 3TOT ¢aAydyall U He oueHp pea-
JUCTHYEH, OH MHTepeceH KaK B METONMYECKOM OTHOLUEHHH, TaK M IO
BOSMOXKHBIM IDUMEHEHUSIM K JPYTHM OOBEKTaM1).

BBuzy MaJsocTH CKOpPOCTEi HOHOB IO CPABHEHHIO CO CKOPOCTSIMH
SJEKTPOHOB, B HMEPBOM NPHOJ/IMKEHUH MOXKHO UMM NpeHebpedb, T. €.
CYHTATL MOHBI HENOABHXKHBEIMH, a HX pacapefeseHHe 3alaHHBIM.
B sajaue o noBenenmm njasmMbl BO BHEIIHEM 5JEKTPHUECKOM IOJE
HMeercsi BbIAeJeHHOe HanpaBJeHHe —HanpasjeHue mnoss E. Ecuu
SnekTpoHHass QYHKLHMS pacnpejiesleHHsi MaJo OTJIHYaeTcs OT PaBHO-
s

1) Hanpumep, X cnaGo HMOHM30BAHHOMY Fa3y, Tle BMECTO ei-CTOJKHOBEHHI
HaJ0 roBOPHTH O CTOJIKHOBEHHAX SIEKTPOHOB C HeHTPaJIbHHIMH aTOMaMH,
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BecHoit, f=f,(p)--6f, To manas mnompaBka 8f sauHefima mo noo,
T. e. umeeT BuR Of =pEg(p). B 3Tux YCJOBUSX 3JI€KTPOH-HOHHBI
HHTErpaJ CTOJKHOBEHHH NPHHHMAET TOT BHJ, KOTOPHIA Obla NpuiaH
B § 11 unterpany crosxkuoBenuii B 3ajaue O Aupdysuu npumecu
JIETKOTO rasa B TSXKeJIOM:

St f=—v,; (©) 8f. (44,1)

Iie BBeJleHa 3aBHCSALIAS OT CKOPOCTH dekmusHas wacmoma cTOJK-
HOBEHUN i

Ve (V) =N voi®, (44,2)

a 0¥ —TpaHCNOPTHOE CeYeHHe paccesHHsl 3JeKTPOHOB Ha HOHAX.
Base nociegnee us (41,7) u samenus zN;=N,, noayuum

e[()__theNL. (44’3)

meud

Huxe B 3aToM naparpade Mbl GyaeM MNHcaTb OpPocTo v (v), OmnycKas
HHJEKCHI ef.

BbluHCIHM AU3JEKTPHYECKYIO TPOHHIIAEMOCTD JIOPEHUEBOH MJIa3Mbl
B OPOCTPAHCTBEHHO-OAHOPOAHOM (BOJHOBOH BekTop k = 0) mepemen-
HOM (oo e~f@f) sperTpuueckoM moJie. [lo6aBka Of x paBHOBeCHOMY
pacnpejeneHuio GyAeT 3aBUCETh OT BPEMEHH IO TOMY 2K€ 3aKOHY,
H KHHETHYeCKOe ypaBHEHHe JJs Hee HMEET BHJ

— i8] —eE %’;‘l+v(v) §f=0. (44,4)
3aMeTHB Takxke, uto Of,/0p = — vf,/T, Hax0oAuM OTCIOAA
e fo

InajlekTpudeckasl NPOHHIIAEMOCTh ONpefe/iseTcd COOTHOIEHHEM
(29,4): —ioP=j, nau

— 0% ] E~—eSv6fd3p. (44,6)

IMoacraBue (44,5) u mnpoussefs ycpeAHEHHE 0[O HAaNpaBJeHUAM V
(coraacHo <UgUp> = 8qpv?/3), MOTYUHM -

. 4ze? * v, d3p
g (0) = 1—%—7: —__m—koiv @ (44,7)

B mpenenpHoM caydae @ >>v1l) aTa q)opMyJIa Jaer

e (@)= 1200t 20 e v )y, (44,8)

1) Mog v (6es ykasahusi apryMmesTa) NOJIpasyMeBaeTca sHaueHue v(v) npH
v==vy. B nandom ciayuae v=4nze*N,L/m e Ble,
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A€ ycpeHeHHe NPOU3BOAUTCA MO MAKCBEJJIOBCKOMY paclpe/e/ieH IO
5J€KTPOHOB. Bhiumcaus 310 cpepnee ags v (v) us (44,3), momyyum

Q , -4V 2 2N, Q
& (0) = _w—;+‘_T_T3Tm‘/EzF:- (0>v).  (44,9)

HanoMmuuM, ofiHaKo, 4To 06/acTb CHOPaBEIJIHBOCTH 3T0H (OpMYJIEL
orpaHHYeHa TaKXe U cBepXxy o6muM ycJgaoBueM (41,14) mpumenumo-
CTH JorapHdMuueckoro OpUGJIKEHHsI B HHTerpaje CTOJKHOBEHMH:
0<Lvy,/a,=Q,—uacrota fo/kHA GHITb MaJja [0 CPABHEHHIO ¢ MJ1a3-
MEHHOH 4acTOTOH 3JIeKTPOHOB !).
®opmyna (44,9) umeer ocofoe 3HaueHHEe, TaK KdK OHA CHpaBej-
JHBa IIDH JIOGBIX (a8 He TOJBbKO Gosbluux) 3HaueHHdX 2. JleficTBH-
TEJBHO, IPH O3>V POJb CTOJIKHOBEHHI CBOJHTCS K MaJjbiM MONPaB-
KaM; ei- W ee-CTOJKHOBEHHMSI MOXKHO, CJEeJOBATeJbHO, YUYUTHIBATH
He3aBucHMO. Ho B OTCyTCTBHE HOHOB OfHOPOJTHOE 3JIEKTPHUECKOE MOJIE
NPUBOJAKJIO Obl JHIIBL K IepPeMelleHHI0 BCeH CHCTEMB! 32JIEKTPOHOB
KaK ILeJIOTO M CTOJIKHOBEHHS B TaKOH CHCTeMe He MOTYT BRI3BAaTh
ZHCCHIIANNIO (BbIpaKamIyiocsl MHUMOH 4YacTbl0 NMPOHHILAEMOCTH &”);
nocjeHsisi o0ycJaBJAUBAETCSl B 3THX YCJIOBHSIX TOJIBKO ei-CTOJIKHO-
BEeHUAMH, yuTeHHBHIMU B (44,9).
B o6parHoM npejeJbHOM cayuae, KOTAa <€V, IPOHHLAEMOCTb
HMEeT BHJ,
. ARG e?N v?
8=lT, 0'=—37,£<;(—U)'>. (44,10)
Bennunna o, ¢urypupyomasi B 5ToM IpefebHOM BHPaXKeHUH, €CThb
cTaTHyeckas MmpoBojuMocTb mJiasmel (cM. VIII, § 58). Briuncnenue
¢ v(v) us (44,3) maer mas Hee

5 e
4ve T (44,11)

0= T e

a2 zetLm'ls

10T pesyJbTAaT MOKHO GbiIO Gbl OJNYYHTh, KOHEUHO, H NyTeM Npsi-
MOrQ BBIYHCJIEHHS NJOTHOCTH SHEKTPH‘IGCI(OFO TOKa

j=—e( voraep

¢ 8f us (44,5) (npu w=0).

BrluncsuM Takxe u Apyrue KiHeTHUecKHe KO3(hdHIIMeHTEl JOPEeH-
LeBo#l n/1asMbl, CBSISAHHBIE C ee IIOBEJEHHEM IOJ BJHSHHEM INOCTO-
AHHOTrO (w=0) 3/eKTPHYECKOrO NOJs W IPAJHEHTA TEMIEPaTyphl.

PeABapUTENBbHO HANOMHUM ONpEeAe/eHHe 3THX KO3(puuHeHToB (CM.
VIII, § 25).
YcJI0BHS TENJIOBOrO PaBHOBECHS TPEGYIOT, KAK H3BECTHO, HAPSALY

C NOCTOSTHCTBOM TEMIEPATYPBI TAKXKe U NOCTOSAHCTBA BJOJb CPEJbI
; .

1) Buuncuaenue ¢” nmpn o > Q, paccMoTpeHo B § 48.
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cyMmMbl 4 U, Tle | —xuMuyecKuli motennuan wactuu, a U—ux
3HEPTUsi BO BHEIIHEM noJie. B JaHHOM cJjyuae peub HACT O PaBHO-
BECHH 1O OTHOLIEHHIO K 3JEKTPOHAM, TaK 4TO NOJ W HaJ0 NOHHMATb
X XUMHYecKH#i nortesnuasn, a U=-—e@, TAe ¢-—TOTEHIHAJN 3JeK-
TpHueckoro mnoJs. COOTBETCTBEHHO 3TOMY 3JEKTPHUECKHil TOK j H
JIHCCUIATHBHBI{ TOTOK 3HEPruu q° ofpaimarnTcs OJHOBPEMEHHO B HYJIb
anmb npu yeaosusix T = const, p—ep=const, 1. e. npu ¥7' =0,
v -+eE =0. Boipaxenus Aas1 j ¥ q° 3a0HCBIBAIOTCS B BHAE CJELYIO-
IMX COOTHOLIEHHH, YIOBJIETBOPAIOLIMX YKA3aHHOMY YCJOBHIO!

E-+2vu=itarl, (44,12)
q’=q—(cp—7”) j=aTj—xyT. (44,13)

31ech G-—3/JeKTpHYeCKas IPOBOAHMOCTD CPelbl, * —KOI(QOULIEHT
TeIN/IONPOBOJHOCTH, 0.— TEPMO3JIEKTPHYECKHH KOS(QQUIUEHT; COOTHO-
meHne Mexxy Kosdpduuuenrtamn npu VT B (44,12) u j B (44,13) —
caegcteue npuumuna Omncarepa. Besanunna (¢—p/e)j, BbiUTeHHAS
113 [OJHOTO [OTOKAa 3HEPTHH, NPEACTaBAAET COOOI IJIOTHOCTH KOH-
BEKTHBHOI'O TOTOKA 3HEPTHH ).

JInst BLIUMCJIEHHS KUHETHUECKHX KO3(QQHIMEHTOB HCXOAHM H3
KHHETAYECKOTIO yPaBHEHUs

af f
—eE% v v(0)8. (44,14)

ToAcTaBUB B HErO PaBHOBECHOE paclpejesieHue B BHIE )
—g
fo=exp (7)), (44,15)

10JTyYHM

8f = — oy (€ - V) V + o iy VT (44,16)

TepMosTeKTpHUeCKUl KOSDOUIHEHT BRYHCIAETCS 110 KO3(duiA-
eHty B pasencte j=-—0ooV7 npu E-Vp/e=0. ITnmem

j= _eSvafmp:—Tizgf(,“t(;va(m)dﬁp

1y [Ipu samuch cootnowenuit (44,12—13) s VIII, § 25, Cpt1o mpousseseno
nepecGosnauenne: mox ¢ u E moppasymesasuch ¢ —p/e 1 E-l-yu/e. Taxoe onpe-
JedeHue, JONYCTEMOR TIPH (eHOMEHONOrHUECKOM NOIXOJe, Helelecoo0pasHo B KH-
HETHYECKOH TeopuH, rie noi — eE Hajo NOHHMATh LefiCTBYIOUIYI0 Ha 3JEKTPOH
cuay.

2) OBo3HaucHHE AUSTCKTPHUCCKOll POHUIIAEMOCTH H SHEPTHH 3JeKTpoHa mu®/2
OJIHOH M Toii ke GYKBOH € BPfJ], JIH MOMKET NPHBECTH K HEJOpasyMeHHAM.
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H MOCJE YyCPeAHEHHSI MO HanpaBJICHHSM V HaXOIUM

_ Nee jo?(u—e)\ __ 1 e/ (v)>
OC_SGT2< v (v) >_ eT {”’_ {oB)v (v)}}’ (44,17)
Briuncaenne ¢ v (v) us (44,3) naer?)
a=1 (%—4) . (44,18)

Hna Bbluucenns KosdUUHEHTa TEeNn/JIOMPOBOIHOCTH 3aMeuaeM,
uto npu j=0 ponxuo Geitb E -+ VYp/e=aVT. IlogcraBu 310 3Ha-
ueHue (BMecte ¢ o u3s (44,18)) B (44,16), umeem

6f:TVL(v) (4 —%) wT.

Boluncasa ¢ 9ol QyHKUUEH NOTOK 3HEpPrHH

q={ vesfap,

TOJTYUHM
N, pe (4T —¢)
H= g <—W> (44,19)
H, HaKoOHeIL,
K7} B/s
w_16V2 T (44,20)

'l zetLm'/s”

3aaaya

HaiiTn CTONKHOBHTeNBHYIO YacTb 3aTyXAHHS 3JEKTPOHHHIX IJIA3MEHHHBIX BOJIH.

Peumenue. Eciu MHHMasd uyactb IH3JAEKTPHUECKON MPOHMIAEMOCTH Mada,
TO BKJajbl B Hee 3a CYeT 3aTyxaHnus JlaHAay H 32 CYET CTONKHOBeHHH CKJALH-
Baorest. C ydyeroM mnocnefHero & jpaercsi ¢opmysoll (44,9); npupaBHsB & HYyJIO,
HaiijleM ® = Q,—iy, rie KO3pQULUHEHT saTyXaHus

p= Vei  __ 2 YV on zeLN, .
3V 3 mlT)s

Ornowenpe

v _ VL [(ENSN
0.3 \ T, ) <

B CHJIy YCJIOBHS paspeKeHHOCTH MJIa3Mpl; STHM ONpPaBALIBACTCSA NpHUMeHeHue (44,9).

1) B kJaccuueckofi cTATHCTHKE XHMHUYECKHIl MOTEHIHAJ COMEPIKHT UieH BHIA
&T ¢ HeOmpeJeJIeHHOH IOCTOSHHON { (COOTBETCTBYIOUIEH HEONPEeJe/ICHHON afUTHRE-
HOli noctosHHOR B auTponuy). TeM caMbiM BOSHHKAeT H HEONpPENeJeHHAA HOCTOSIH-
Hast {/e B . 3Ta HeonpejeNleHnocTb HE OTpaXaeTcsl, OZHAKO, Ha KaKHX-1uGO
HaGmojiaeMbIX 3dxpeKTax; HEOMpCACJCHHER UJEHbI (¢/e) vT coxpamatores ¢ oGenx
CTOpoH paseHcTBa (44,12).
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§ 45. YGerawomue 3JeKTPOHbI

BricTpoe YOLIBaHUE KYJOHOBCKONO CeueHHs C YBETUHEHHEM CKO-
POCTH CTA/IKUBAIOWMXCS YaCTHL[ NPHBOJUT, KAK MBI yBUIUM, K TOMY,
YTO yKe B CKOJb YrORHO CJaGoM 3JEKTPHIECKOM I10J1€ bYHKILHS
pacnpejie/lenusi J0CTAaTOYHO GBICTPHIX 3/EKTPOHOB B IJIA3Me OKasbl-
BAETCSl CHJIbHO HCKaXKeHHOH.

JlBurasich ¢ TeIJIOBOi CKOPOCTBIO U, 3@ BPEMS CBOCTO cBOGOHOTO
npoGera 3/eKTPOH B 3JIEKTPUYECKOM MOJiE E mupunobperaer ynops-
JOYEHHYIO CKOPOCTb

Vo~ ﬁ:”_l ~ eE - vmE
my muN .64 (v) 4ne’LN,

(ceuenne o; us (41,7)). Yxe npu v~ Ile

v, = (’LZ fa )’/ d (45,1

cTaHoBHTCS V ~ v, a npu v >0, AJUHA ¥ BpeM# npoGera oOIpefe-

astiotcsi yke ckopoctbio V. Hwmiyaec, npuoOpeTaeMblil 3/JEKTPOHOM
3a BpeMs npoGera, Oyaer npu 3TOM

eEl eE V8m2E V\2
A~ ~ mV =)
c

vV "~ VN, (V) 4meLN,

UMnysse xe, OTAABAEMBIH 3JEKTPOHOM NPH CTOJKHOBECHUH B KOHIle
npo6era, ~ mV. Orciofa BUIHO, 4TO 3JEKTPOHLL C IOCTATOUHO GOJIb-
IIUMH CKOPOCTSIMH GYAYT HEOTPAHUYEHHO YCKODATBCSH, TAKHE SJCK-
TpOHB HasblBalOT yoOeearowumu. Tlpu yCJIOBHH v,3> (T /m)'/* 310
siBjieHMe Oyaer HaG/oAaTbCs JHIIb B «XBOCTE» MAaKCBEJJIOBCKOTO
pacrpejieeHyst; 3IEKTPUUECKOe Noje AOKHO s STOTO yAOBJIETBO-
pSITh YCJOBHIO

E <E,=4neLN,/T,. (45,2)

B sTux ycnoBHsiX 3ajauy 00 yGerammyx SJCKTPOHaX MOXKHO
peliaTh Kak CTalMOHAPHYIO. OcHoBHasl Macca 3JIeKTPOHOB, pacnpe-
JefleHHBIX O MakcBessly, urpaer poab 6osbIIOro pesepeyapa, us
KOTOPOTO «TeyeT» CTalluOHapHBIH MaJjiBlil TOTOK B cTOpoHy 60Jb-
IIMX SHEPTHH !).

Yxe K3 NPOUCXOKAECHHS yGerarmolux 3/eKTPOHOB KaK pesyJlb-
TaTa HalpaBJ/eHHOTO YCKOpeHHus UX 3JEKTPHUECCKHM MNOJIEM OYeBHIAHO,
4yTO OHHU JABHIKYTCS B OCHOBHOM Ti0Jl MaJbIMH YTIJaMH 0k Harnpas-
JeHMIo TOJs. Ecad, OAHAKO, [OCTaBHTh Cebe LeJiblo BHIYHC/ICHHE
JHHIb BeJHUMHE MOTOKA YOEraiomiix 3JIeKTPOHOB, IOJHOE ONpere/e-
Hue QYHKUUM HX pacnpelefeHyuss HE tpefyercs; AOCTaTOYHO ompe-

JeNHTb YCPeAHEHHOE O yI/aM pachpee/eHHe f 1O SHEPrusM.

1y SIpneHue yGeraiomHuX 3JeKTPOHOB 6u10 ykasaHo [pedcepon (H. Dreicer,
1958), a m3aaraemad 3jieCh KOJHUYeCTBEHHAs TCOPHA AaHa A. B. I'ypesuuen (1960).
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Kunernueckoe ypaBHenue IS pacrpeeseHHs 3M€KTPOHOB IO
HMITYJIbCAM B 3JIEKTPHYECKOM IIOJ€ HMEET BHJ
of o | 4.
57— ¢E ﬁ)—l—dlvps:O, (45,3)
TAE §—TJOTHOCTL CTOJKHOBUTE/IBHOTO TMOTOKa B HMIYJbCHOM MHpO-
crpanctBe. B cepuuecknx koopamuatax p, 0, ¢ B HUMITYJIbCHOM
IpOoCTpaHcTse (C NOJSIPHOM OChI0 BAOJB CHJEL —eE) umeem
of / of sin@of
—_— - == E [ e T — A ==
eE ¢ \cos 3 o 30
/cosB@ &

- 19 Ginep.
= ek [\ p? Oppf_psineaesm 0 f) :

ﬂHBepI‘eHHHH Ke noToXa
N Y I 1o .
dl\'pS——F;a?p Slﬁ—f—ma—eSlﬂe'Sg.

Yepeannm ypasuenne (45,3) mo yraam, T. e. YMHOKHM €ro Ha
27sin8db/4n u mpounserpupyem. Bce uieHH ¢ MpOM3BOLHBIMA 0/00
IPH 3TOM BBHINAAAIOT; MHOKHUTE/Db e c0S0 MOXKHO, B IePBOM NPHGJII-
AKEHHH, 3aMEHHTb eAuHuled. B pesysbraTe g/s ycpefHEHHOH (QyHK-

UHH [ NONyYuM ypaBHeHHe

9 eE 0 ,7, 1 -

(th +F%p2f—|—?£p2sp=0. (45,4)
B Hem ocraercst Juwb pagManbHas KOMIOHEHTA IUIOTHOCTH NOTOKA
B HMOYJLCHOM IIPOCTPaHCTBE. JTa KOMIOHEHTa CBsidaHa ¢ ICpesa-
yell SHEPrUH NPH CTOJKHOBEHHSIX; BKJAJ ei-CTOJKHOBEHHH B Hee,
O4CBHIHO, MaJ 10 CPABHEHHIO C BKJA3AOM €e-CTOJKHOBeHHH.

[ockonbky yGeraiomue 3/eKTPOHLI COCTABASIOT JHMIb OUYEHD

MaJyl J0JI0 BCeX 3JeKTPOHOB, MpH BBIYHCJICHIH T10TOKA S, Halo
YUUTBIBATL HX CTOJKHOBEHMA JIHIUb C OCHOBHON MAaccoll MaKcBeJ-
JIOBCKHX 9JICKTPOHOB (a He APYr ¢ JADPYIOM); CKOPOCTH MOCJELHHX
MaJIbl 10 CPaBHEHHIO CO CKOPOCTAMH yOeraroliux 3/JeKTPOHOB. B sTux
YCTIOBHSIX HET HeCOXOAMMOCTH 3aHOBO BBIUHMCJISATH MOTOK $p- [l Hero
MOXKHO HaliMcaTb BEHIpaxeHue

0 I
Sp=—Toves @) m |+ -2 ] (45,5)

HEeNOCPenCTBEHHO MO aHAaJOTHH € paHee BHIBeAEHHOH (GopMyJIoi
(22,5); specn v,, (v) = 4me* N ,L/m*® — vacToTa KYJOHOBCKHX CTOJKHO-
BEHHH CBICTPEIX 3/1EKTPOHOB ¢ MeJJEHHBIMH (cp. (44,3))). Iockoabky

') Tlpn BuBOge opMydan (22,5) GBIIM HMCMOJB3CBAHB TOJABKO MaJdOCTh nepe-
AQYU sHEPrHY NPH CTOIKHOBEHHSX H MAaJOCTh CKOPOCTH UaCTHIbI-MHIIEHH 110 cpae-
HeHHIO cO CKOPOCTBIO HaJeTamulero siextpona. JLIs mepexoga NAHHOMY CJyudaio
AocTatoyno szamenHuTh B (22.5) M Ha m, a noj AJIMHOM npofera [ nonuMars AJuHY
Ipofera HO OTHOLIEHHIO K €e-CTOJKHOBEHHSIM.
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BhIpaxkenue (45,5) OTHOCUTCS K 3JIGKTPOHAM CO CKOPOCTSIMH U~ U,
TO H AJ4 KYJOHOBCKOro Jorapudma noJsaraem

L =1n (mvla/e?). (45,6)
BenuuuHa
S,=5,+eEf (45,7)

npeicTaB/seT cofoft, KaKk 3TO SCHO U3 BHAA YPAaBHEHHS (45,4), noa-
HYI0 (OT CTONKHOBeH:fl H OT AEHCTBHS 10Jf1) TJOTHOCTH DajHalIb-
HOTO TMOTOKA B HMIyJbcHOM mpocrpaHcTse. COrziacHo CKasaHHOMY
BLILE, pacrnpefesenne yOeraioiiux 3JEKTPOHOB MOKHO HCKAaTb Kak
cTallloOHapHOe, T. €. ipeHeGperas MPOU3BOAHON MO BPEMEHH B KHHE-
TuyeckoM ypasHenuu (45,4). Torza

4np2§p = const = n. (45,8)

310 paseHcTBO (¢ s, u3 (45,5)) mpeacrapser coGoii auddepeHnab-
HOe ypaBHeHue, onpejesswoulee (QyHKUHIO pacrpejesenus f. To-
CTOSIHHAsA K€ flyg AaeT MCKOMYIO BeJHUYHHY —IOIHOE YHC/O y6eraro-
muX (B €IMHWIY BPeMeHH B eluHuIe o0beMa) 3JCKTPOHOB.

BeeeM Ge3pasMepHYIo NepeMeHHYIo 4 U Ge3pasMepHYIO NOCTOSH-
HYIO b COTJIacHO ONpejesIeHuio

u=pip,, b=E/E, p,=(mT[b)/ (45,9)
Torna ypaBHenue (45,8) npuHuHMaeT BHJ
2 (1—w)f=C (45,10)

(noctosinHass C OT/IMYAETCS OT flyg MOCTOSHHBLIM muoxutenem). Ilo-
CKOJIBKY mpejinoJiaraercst, uro mnojse E<CE,, TO mapamerp b<£l;
3Ta BeJMUMHA HIPaeT B paccMaTpHBaeMoit 3ajaye pOJIb  MAJOro
napaMeTpa, XapakTepU3yIollero CTeneHb HPuG/HKenna’).

Pemenue ypaBHeHusa (45,10):

" u
j=F—CF |, (45,11)
0
rpe 7
=N _ R
F= G 7 ¥ {%(2 ”>} (45,12)

— pelneHKe ONHOPORHOTO ypabHenus. HopmupoBouHHI MHOXHTEND

B F onpesesed H3 yCJOBHsi, 4TOOB npu u— 0 QyHKuua f mepexo-

1) B uwaCTHOCTH, aHaJH3 YIJOBOH HYacTH KMHETHHECKOrO ypaBHEHHsS NOKaskhl-
BAET, YTO HaNpaBJeHHsl ABHXKEHHs YOeraiolluxX 3JEKTPOHOB JexaT B obuacTu

yriaoe 0~ b'/e,
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AuJsa B MaKCBEJJOBCKOE pachnpepesceHue

e (—3)
°~(2:LmT£,)’/2 P 26)"

[Ipy 4 — oo ¢yHKUMs F HeOrpaHMYEHHO BO3PACTaeT, MeXAy TeM
Kak f(u) DomxkHa ocraBaThest KoHeuHoft. Otciofa 1oJdyuaem ycJio-

Bue f/F-—0 npu u— o0, U3 KOTOPOTO OMNpeAeNsieTcss NOCTOSH-
Hag C1):

o -1
— N /e
" (2umT ) 1_05 exp { 2b ( g U )}” duJ‘ . (45,13)

MuTerpan BhuHC/IAETCS METOAOM I€peBaja OYTeM pPasjoXKeHHs
NoKasaTeJist SKCNOHEHTHl BOJIM3H TOUKH ero Makcumyma, u = 1. Takum
o0pasoM, MoJiyyaercs CJAeAYIOWUA 3aKOH 3aBHCHMOCTH 4ucjaa yée-
ralomux 3J/eKTPOHOB OT HamnpsiKeHHOCTH nojs E;

E,
g~ Nvee (0ro) exp (— 55 ). (45,14)
ITpenskcnoneHunabHBIl MHOXKUTENb HANHCAH 3Ji€Ch JHINb MO pas-
MEpPHOCTH; 60J/iee TOYHOE BHIYHCJEHHE JEKUT BHE PACCMOTPEHHOTrO

OpUO/IHAKEHHST H TpeGyeT DeileHusi KHHETHUeCKOro ypaBHEHHs ¢ ca-
MOro HayaJja ¢ 60JblIeHl TOYHOCTBIO.

§ 46. Cxopsmuiica MHMTErpas CTOJKHOBEHHI

KuHeTHueckoe ypaBHEHHE C HHTErpaJjoM CTOJKHOBeHu# Jlamaay
NO3BOJIsIeT pellath 3ajayd (PU3UKH MJa3Mbl JHIIL ¢ Jorapudmu-
YCCKOH TOYHOCTHIO: GOJIbIIOA apryMEeHT KYJOHOBCKOro Jorapugma
He BIOJIHE ONpejesieH. JTa HeONpele/leHHOCTb CBsi3aHA ¢ PACXOAHU-
MOCTBIO HHTErpaJsioB Ha O0OJbIIMX M MaJblX yraax paccesHusi. Kak
yKe YyKashlBaJOCh, PacXOAHMOCTb Ha OOJBIIHMX VyIJaX He HMeeT
NPHHUHNIKHAABHOIO XapakTepa: OoHa MOABJAETCS JHIb B Pe3ysbTare
NPOM3BEJCHHOIO NPH BBIBOJE PA3JIOKEHMS! O CTeNeHsM lepefaBae-
MOro HMIyJibCca (; B CaMOM HHTerpaJse CTOJKHOBeHH# BosbimaHa
3Ta pPacxXOAUMOCTb OTCYTCTBYeT. PacxoauMmocTh ke Ha MaJbIX yraax
BO3HMKaAET B pe3yJ/braTe HeydyeTa SKPAHUPYIOMEro AeHCTBUA NMJa3Mbl
Ha B3auMHOE paccesiHHe 4acTHil B Heli. J1a BBIYMCJAEHHS MHTErpaJa
CTOIKHOBeHUH ¢ GoJlee BBICOKOH, YeM JIorapupMHUUecKasi, TOUHOCTBIO
HEOGXOoMUMO IOC/ef0BATEIbHO YUYHTHIBATH 3KPAHUPOBAHUE € CAMOTO
Hayana (a He TOJIBKO INPH ONpejesieHHH O06/1aCTH HHTErpPUPOBAHUS
B KYJIOHOBCKOM Jorapugpme).

—_—_——m———————

§21) QopMyIMPOBKA IDAHHYHHIX YCJIOBHH 3JleCh AaHAJOTHYHA (OPMYJIHpOBKS
B § 24, '
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B § 41 6buto yxe ykasaHo, 4TO YCJOBHA NPHMEHHMOCTH WHTe-
rpaja CTOJKHOBEHHIl C KPaHHPOBaHHBLIM B3aHMOJEHCTBHEM MeXIY
3apsUKEHHBIMH 4acTHIAMH TPeGYIOT, UToOb (QYHKIHH paclpejelienns
MaJlo MEHSJIHCh 32 BPEMeHa ~ /Uy H Ha PacCTOSIHMAX ~ @. ITH
JKe YCJIOBHS TO3BOJISIIOT PaccMaTPUBATh 3KPAHMPOBKY 3apsj0B MaK-
POCKONMYECKHM 0GPA30M KaK Pe3yJ/bTaT NHIJIEKTPUYECKOH MOJAAPU-
3allUH TJIa3MBL.

Mbl paccMOTPHM TOCTABJICHHYIO 3alady B ABYX NMpefeJbHBIX CJy-
yagx: 1) Korma K CTOJKHOBEHHAM YaCTHIl IIPUMEHHMO KBaHTOBOME-
XaHHYecKoe GOPHOBCKOe MNPHOMXKEHHe M 2) KOTAa Hpolece CTOJK-
HOBEHUs KBa3HK/aCCHYEH.

Boproscrkutl caysai
Haunem ¢ mepBoro cayuast, HMEIONET0 MECTO NPH YCJIOBHH

€€’ |/t < 1. (46,1)

BivsiHue, OKasbiBaeMoe JHSJEKTPHUECKOH cpefloft Ha paccesHHe
yactun, Haubojee ACHHIM obpazoM (GOpMyJHpyeTcsi Ha si3blKe Aua-
rpaMMHOH TeXHHKH. B GOpHOBCKOM Opub/IMIKEHUH paccesiHue JBYX
YACTHL, ONMCBHIBaeTCH (B HEPEJSTHBUCTCKOM cJyyae) JHarpamMoi !)

q+p P-q

(46.2)

rage NYHKTHPHON JIMHHUM OTBeuaeT GyHKUUA 4m/q*—KOMIOHEHTa
@dypbe KYJOHOBCKOT'O IMOTEHLMAaska eIHHHYHOTO 3apsja (q—rnepeja-
BaeMBI# MpH paccesnuu umnyJec). Haanuue cpeanl cKasbBaercs
JHUIIb B 3aMeHe 3TOH (yHKUIHH HAa KOMIOHEHTY IOTEeHIHaJjJa B cpefe
4n/qoqptap, TAE €qp (@, g/h)—Teﬂaop JM3JeKTPUUECKOH IIpPOHHUIIAe-
MOCTH Cpefbl, NMpHYeM M@ COBmajaeT C mnepefaBaeMol 3HeprHed
(cp. IX, § 85). CooTBeTCTBEHHO U B aMILJIATYle PacCesHUs MOABUTCS
JOTOJIHUTE/NbHEIH MHOXKHTENb §%/¢4Gp€qp, @ B CEUEHHH —KBaApaT ero
monysas. Takum obpasow,

— gt /
do = deea W . (46,3)

Jljis npocToTHl MBI 6yZeM HpeAnoJarath jiajee 1JasMy H30TpOI-
HO#l. J{nia Takoff mNJa3MBl TEH30D €,p CBOAMTCSA K JABYM CKaJjigpam

1) Kak u B § 41, GykBel Ge3 wITPHXa M CO WITPHXOM OTHOCATCA K JABYM CTall-
EHBaIOLIUMCA YacTHUAM (OAHOTO H TOTO Xe HJH Pa3HHX COPTOB).
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(e ¥ €;), IPHYEM B NPOU3BENCHHE
eapadp == £,q7

BXOJHUT TOMBLKO OJHMH H3 HHX; MBI OyJeM onycKaTk HHAEKC [, MOX-
pasyMeBasi NOA & NMPOJNOJbHYIK) NPOHHIAEMOCTb.
Takum o6pasom, ceyeHHe pacCestHHsI NPUHHMAET BHJ,

dcpea
=7,
le(w, q/f)
rie dog,e,—oObiuHOe pe3epdOpPIOBCKOE CeueHHe A/ paccesHus

B mycrorel). OTMETHM TakXke, YTO NepeJaBaeMasi NPH CTOJKHOBE-
HHH SHEpPrHd CBA34aHA C Hepejayell HMIMYJbCa PaBEHCTBOM

ﬁ(o = qV, (46,5)

rge V—CKOpOCTb IeHTpa HHEPHUHH CTaJKHBAIOIIMXCS YacTHIl ?).
Besuuuna e BeKTOpa q cBsI3aHa C YIJOM pacCesiHHsl ¥ B CHCTEMe
LeHTPa MHEpPUHH OOGBIYHOH opMyioh

(46,4)

g=2pn|v—v'|sin —2"—, (46,6)
rae p=mm'/(m-+m’).

HHTerpasn cToJKHOBeHHH, aBTOMATHUECKH NPABUJIBHO YYHTHIBAIO-
wui GoJblIME M MaJjble YIJbl PaccessHus H CBOGOAHHIN OT pacxo-
AUMOCTH, HOJyYaeTcsi NOACTaHOBKOH (46,4) B OOGBIYHBIA 6OJILIMAHOB-
CKHH HMHTerpa:

14 ’ ’ 14 lv
sti=3 ({fFe+af o'—a—Fe)F 0 PRI
CYMMHMpPOBaHHe TMPOH3BOAUTCS MO BCeM pOJAAM HaCTHL, K KOTOPHIM
OTHOCSITCSL IUTPHXOBAHHBIE BEJHUHHEL.

KuHnetuueckoe ypaBHeHHe € HHTEerpasioM CTOJKHOBEeHHH (46,7)
OYEHb CJIO)KHO—HE TOJBKO B CHJY HEBO3MOXHOCTH DasjOMkKeHHs
MOBIHTEr PAJIbHOTO BBIPAXKEHHS MO CTENeHAM (, HO W BBHAY TOTO,
YTO QM3I/JEKTPUYECKAs] MPOHHIIAEMOCTb IIJIa3Mbl caMa OmpelessieTcs
depes HckoMble (yHKUuHM pacnpejeseHusi. CyllecTBEHHOe ympoie-
HUe JoCTHraeTcs JHullb B CIy4ae cJaboro OTKJOHEHHs OT PaBHOBe-
CHsl, KOTAa [JONYyCTHMA JHMHeapH3alHs KHHETHYEeCKOTO ypaBHEHHS.
Torna nponunaemocTs 10/KHA BEYHCAATECS ¢ PaBHOBECHEIMH dyHK-
OUAMH pacnpeleseHHs H, TAaKUM 0o6pa3oM, He 3aBHCHT OT HCKOMBIX
NOoNpaBoyHbIX (YHKHHIH.

—_———

— V' [ dOpes

(46,7)

1) Ilnst paccesHMst TOMIECTBEHHEIX YACTHI (Ha He MaJble YIabBl) MOA dOpe,
CACAYeT MOHHMATh CeYeHHE KYJOHOBCKOTO PAcCedHHs C YYeTOM OOMEHHEIX spdex-
T0B (cm. 111, § 137).

2 9TOM JIeTKO yOennThCs, BBIPA3HB CKOPOCTH YacTHLL V H V' uepes V u
CEOPOCTL OTHOCHTEJBHOIO IBHKEHHS V—V' K YuTH, YTO OPH pacceAsHHn V u

V=—=v'| He MeusoTCH.
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Keazuxraccuneckuti cayqail
Ilepeiinem K oGpaTHOMY mpefe]bHOMY CJIyyalo, KOria
lee" |/Mivy S>> 1 (46,8)

H JJIs pacCesiHMs YacTHIl NPHMEHHMO KBa3HKJaCCHUYCCKOe NpPUG/IH-
xenHe. B sToMm cayuyae Heqb3sl yyeCTb BJSTHHE CPeAbl Ha pacces-
HHE ©JHHBIM 00pPa3oM OpPH MaJblX U OGOJbIIMX YIJaX paccesdHHd
(kaK 310 OBIIO BO3MOXKHBIM B GODHOBCKOM CJydae); IOITOMY INpH-
JeTCH PaccMOTpeTb 3TH J[iBe O0JMacTH OTJEJbHO M 3aTeM «CIIHTHY
pe3yabTaThl NPH NMPOMENKYTOUHBIX YIJaX.

[Tone sapsga e, HABHAKYINErocss €O CKOPOCTBIO V B JHSJEKTDPH-
YeCKOH cpefe, onpefensercs YpaBHEHUEM

div D =4mnes (r—vt).
B xkomnonenrax Pypbe HaXOZHM OTCHOfA AJIsi NOTEHI(ajga MoJsl):

4ne ;

— —ikvt

Pk e (kv K . (46,9)

Ipn Maaplx yraax paccestHnsl U3MEHEHME HMITYJbCA YaCTHIEL
aaercst {em. I, § 20) ruaccuueckoit Gopmynoit

q=— (2, (46,10)

rae U-—3Heprust B3aUMOJCHCTBHS ABYX Y4CTHII, a WHTETPHPOBAaHHe
OPOH3BOJAUTCS  BHOJb  TPSIMOJMHEHNOH  TpaeKTopud r=p-+v’ ¢
(90— BEKTOpP MPHULEJLHOTO paccTodanud) ?). Brpasus suepruio U =¢'g
B BHJc HHTerpasa ®ypne

ei(kr—mt) A3k

U=l ) mem oo

(46,11)

(npnuem ©=kv) u moacrasue B (46,10), moayunum

q=—4mice’ S% {k_:sﬁ(l:_k) § e—ik(v-v)t jf }

-0

1) Bueox dopmyanut (46,9) npennonaraer JuHefiHOCTb cBsisM Mexkay D u E u
TEM CaMmbiM JOCTATGUHYIO MAaJOCTh 10JiA. DTO YCJAOBHE BO BCSKOM CJYy4ae BHIIOJ-
HseTcs (B ¢1a00 HenJealbHOM rase) Ha PacCTOSHUSX 7 2> d, OT KOTOPHIX KaK pas
H DPOHCXORHT DPacXOAMMOCTb HHTErpada, AJsl YCTPAHEHHS KOTOPOH MBI HMeeM
B BHAY BOCMOJb30BaThest (opMyJaoli (46,9). DTUM paccTOSHMSAM OTBEYAlOT 3HAye-
HEs k=T 1/a, A0 KOTOPLIX JHSJMEKTPHYECKAs NPOHHIAEMOCTb CYIIECTBEHHO OT/IH-
yaetca ot 1.

%) Be3paainyHO, KAK BLIUACASATh BCAHUHHY G KaK H3MeHeHHe UMIYJbCa Kax-
XO# H3 CTaJKMBAIOUIMXCH YaCTHL, MJIH KaK HIMEUCHHC HMNYJAbca HX OTHOCHTeNE-
HOTO JBHIKEHHS.
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BuyTtpenun#i uHterpan naetr 2md (k,)/[v—v'|, rae k, —npoexuus
pekTopa k Ha Hanpasjenne V—vV'. YcTpaHuB 3areMm O-QyHKIHIO
HHTETPHPOBaHuEM 10 dk,, HailjieM

ik
dniiee ky L0 &k

== [v—V"] Re (o, k) (21)2° (46,12)

rae k; (xak W p)—AByMepHBII BEKTOp B NJIOCKOCTH, NEPHEHAUKY-
asapuoit v—v'. Tlpu stoM u uacroTa

o=k, v=k,V. (46,13)

Hmxe B 3TOM naparpage wmbr Gyfem onyckaTb HWHAeKC |, moppa-
symeBasi Besjle noA K yKasaHHBIA JBYMEPHBIH BEKTOD.
BriyucsauM Teneppb ¢ nomoublo (46,12) Beanunsbl

1 ’
Bup = § quds 1 v—V'|dp, (46,14)

BXOAfIIHE B WHTErpaj CTOJKHOBEHUH, Pa3/OKEHHBIH MO CTeneHsIM
majoro q (ceuenue do B (41,4) HanucaHO 37ech B BUAE NMPHLIETbHOH
miomann d2p). HanucaB mnpoussenedne AByX HHTerpasos (46,12)
B BHJe ABoHHOro wuHrterpansa (mo d*kd®k’), BeIIONHSEM HHTErPHPO-
BaHUe IO d®p COrJacHo

Sefo<k+k'> d% = (27)? 8 (k + k).

Iocne artoro wHTerpuporaHue no d2k’ mpocTo ycrpaHser O8-pyHK-
LHI0 B OCTaeTcs

0027 by kg d2
TV J R e (kV, B)

Bag (46,15)
(3mech wmcnmoab30BaHO TakXke, uTo corjacHo (28,9) &(—o, k) =
= &* (w, k)). DTU HATETPA/H yKe CXOAATCS NPH ManbX £ (MOCKOJLKY
[3|_2~>0 npu o, k—0)*%).

B (46,15) BXoAUT NPOHHUAEMOCTb IIPU OTJIMYHON OT HYJISI 4acToTe
0=KkV; umes B BHULY 3TO OGCTOATENbCTBO, HHOTAA TOBOPAT, UTO
3Ta opmyJia yuuThiBaeT 3PPEKT OUHAMUUECKO20 3KPAHUPOBAHUA.

O6patum BHHMaHue HAa 3aBHCHMOCTb MOJBIHTETPAJbHOTO BHIPa-
XKeHusi B (46,15) or HanpaBnenus V uepes apryment kV dyHKUHY €.

a 3aBHCUMOCTL HCye3aeT NPH BHIYUCJIEHUH HHTErpasia B Jorapud-
MHYeCKOM npuG/HKEHHWH, KOTHa HHTETDHPOBaHHUE OrpaHHYUBaETCs
06n1acThio or k ~ 1/a 10 k ~ po?/|ee’ |. OcHOBHYIO poab B HHTErpase
\*

1) Yerpanenne pacXonMMOCTH B HHTeTpaJje CTOJNKHOBeHHi JlaHzay, cBs3aHHOM
€ Skpaunposkoit KynoHOBCKOrO NOJs, NpRHALNEKHT basecky u Jenapdy (R. Ba-

Heseu, 1960; A. Lenard, 1960). TTofHOCTBIO CXoAflleecs BHIpaKeHue (46,7) Guiao
HamucaHo A. A, Pyxadse w R. Il. Curutioin (1961).
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UTPalOT 3HAueHHs &, Aanekue OT OOOMX 3THX IMPEJeJNoB; B 3TOH
o6nactu 3HaueHu# nMeeM |e|*=1 1 uHTErpas CBOIUTCH K S kohgd®Rik2.

Ycpenusisi DoAbIETerpadbHOE BHIPaXKEHHE IO BCeM HampasJieHusM k
B TJIOCKOCTH, MepIEeHUKY/ISIPHON V—V’, MBl BEPHEMCS K HPEXKHEMY

selpaxkenuo (41,8) ¢ L:Xd/e/k.

Jls yeTpaneHHUsi pacXOANMOCTH PH GOJBIIKX Nepeladax HMIy1bca
HAJI0, KAK YK€ YKa3bIBaJIOCh, NPOH3BECTH «CIUHBKY» Pa3J/IOKEHHOTO
[0 CTemeHsIM ( MHTerpasia CTOJKHOBEHHH C HepasJiOXKE€HHBIM HHTE-
rpatiom (J. Hubbard, 1961; O. Aono, 1962).

PaccMoTpuM pasHoCTb

Stknf;stsfv (46,16)

rae St,, ecTb MCKOMBIA CXORSMHACA HHTEIPas CTONKHOBEHHH, a Sty
Aaetcsi BopaxkenueMm (46,7), Koropoe B GODHOBCKOM ciydae Ipef-
cTaBasieT cofOHl MpaBUJBHEI HHTErpas CTOJKHOBEHHM, HO 3JecCh
Urpaer JUIb BCIOMOTATeJbHYIO POJb.

PasgenuM Bech MHTEpBaJ H3MEHEHHs yIJja paccesiHusi Ha J1Be
obnacru:

D x <y 1) x> %o
rpuyeM y; BEIOPAHO Tak, 4TO
lee’ |navi, Ly, < 1. (46,17)

HpI/I KJ1acCHUUYECKOM pacCessHuH Ha MaJple YIJbel B KYJOHOBCKOM
noJje, YroJa paccessHusl ¥ CBsA3aH C NPHLUEJbHBIM pacCTOAHUEM P
COOTHOLUCHHEM

p=2ee" |jnp(v—V')y.

[TosTOMY 3HAUEHMIO % =%; OTBeuaeT (mpu ycsoBuu (46,17)) 3nave-
Hue p=p;<<@a, TaK 4TO HA 3TOM pPACCTOSIHHH SKPaHUPOBKA Hecy-
[IeCTBeHHA U paccesinye AeHCTBHTENBHO MOXKHO CUHTATb YHUCTO KYJIO-
HOBCcKUM. TO e caMoe OTHOCHTCSI U KO Bcelt ofsactu p < pg (T. €.
¥ > y,). CeueHne paccessHHA B 3TOH objacTu OYAET, CJeJOBATEJbHO,
pe3epOPIOBCKHM, H COOTBETCTBYIOLWMA BKJaZ B HHTETpaj CTOJK-
HOBeHUH eCcThb

stif=> § o+ f e —a—F@)F @) v—y|do,.
X>%s

Ho Touno TaxkoB Ke BKaaj o6aacTd y > y; B uHTerpan (46,7):
B 9TOoH ofJjacTu g > g,, TpHueM B cujy ycjaosusa (46,8)

CER P'Uoﬁ'iHXl > hj_eell >—

1
(7 Uora@ a’
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¥ notomMy B (46,7) MoXHO moJIOKHTL |e[*=1. Takum o6pasom,
BKJaJ] B pasHocTb (46,16) BO3H#KaeT TOJNBKO OT obaactd § < i
(0 > py), KOTOPYIO H OCTAETCS PacCMOTPETH.

Bo Bcelt 3To#i o6sacTd repefaua UMOyJbca MaJja, T4K YTO HHTE-
rpaj CTOJKHOBEHHH MOMKHO pasJjaraTb MO CTelneHsM . Bxopsmme
B pasjoxeHHbI St,, Bemnuunsl Bgg BHIUHCASIOTCS KaK HHTErpaJisi
(46,14) c q us (46,12). BxJaax B 3T MHTerpaJjsl oT o6;1acTd p > pg
paBeH

AV
(Bulh = 5 mr Pty
? ® ik, e'ke ¢ ik e'ke
Fop = d2p< I G d2k>, (46,18)
‘5: § k2e § k2e

rie B KauecTBe INPEAeJOB B JABOHHBIX MHTerpanax (mo d?p u d2k)
YCJIOBHO YyKasaHBl npelessl 1mo p u k. Ilepenumem BesquuuHBl Fgg
TOXJAECTBEHHBIM 00pasoM B BHIE

®© q/h a1/k
Fa5=Sd2p< { ...d2k> < { ...d2k>——
0 0 o B

0

o1 a/h a1/h
—§d2p< { ...d2k>< { ...d2k> ik +
0 a\ 0 B

0

+°§d"p <°§-..d2k>a< f ...d2k>ﬁ+

[ 0 a/k
-] © ‘h/h
+§d2p< { ...dﬂk)(S ...d%). (46,19)
01 a:/h AN B
Tlepsriit unen B (46,19), 6ynyun npeo0pa3oBaH KaK HpPH BHBOJE
(46,15), naer B (46,18) BKJIaz

/R
I L
V—vT ) #Iel

S10 BhIpaxenne Kak pas coBmajlaeT ¢ TeM, KOTOPOe MOJYUYHJOCEH OLI
IpY pasyoxenun uurerpana (46,7), B3sATOro mo oGJaacTH % <%
B HHTepecyromyio Hac pasmocts (46,16) oHo, C/IeNOBATeNLHO, He
AaeT Bkaaja.

_—

1
) peBepq)Op}IOBCKoe CeueHHe paccestHMs Ha MaJsible YIJIbl, BHIPaXKE€HHOE yepes
q, HMeer BHJ,

4 (ee’)?
FIV=VTF
(ncnonbaosayo, uTO g~ p | VeV |y, do & dPq/u? (v—V')?),

d0pes = d’q
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Jins npeoGpa3oBanis OCTaJbHBIX YJICHOB B (46,19) 3ameuaeM,
YTO B HX MOJBINTErpajbHBIX BBIPAXKEHUSAX MOMHO IOJOKHUTDL e=1:
MHTErpasbl OCTAIOTCS TPH TOM CXOMAUIMHCS, B UX SHAUCHHS ompe-
jeastiorcst o0aacTbio k ~ g,/h, B xoTopoil ka>>1 u motomy le|= 1.
CylieCTBEHHO TaKMKe, YTO B CHJY YCJIOBHSA (46,8) napamertp

gu0/h = 2 |ee’ |t 3> 1 (46,20)

I05TOMY HAZ0 COXDAHUTb TOJbKO UJEHbI, OCTAMOUIHECH KOHEUYHBIMH
OpH G0/t —> 0. B stoM mpejese TPETHH H yeTBEepPTLIHl  UJEHB
B (46,19) obpamatorcs B HYJb. Takum 006pa3oM, ocTaetrcs JHLIb

(Bocﬁﬂm — (Boc[i\’}S -
(ee’)? s 7l . d2k ah v d2k
0 0

0

rIe UHIeKCH «kJ» U «B» yKasbBaloT, YTO SHAUCHHA Bqp oTHoCATCH
COOTBETCTBEHHO K PAa3/OKEHUsIM HHTerpanoB St U Sts.

Kamnplii M3 ABYX WHTErpajoB no d°k Hanpas/eH BLOIb BCK-
Topa p; Tocjde HHTErPHPOBAHUs M0 STHM HANpaB/eHHIM (8 nuoc-
KOCTH, [epIeHANKY/siPHOHA v—vV') ToAy4uM Jjs Pa3HOCTH (46,21)
B3siTOE ¢ OGpATHHIM 3HAKOM BBIpAXEHHE BHIA 41,8) ¢

1 _ qu/hoaa 3

L_—:Spdp 72; S Scoscpefkpwwdcpdk .
] 0 0

BoOCTiONb30BABILKCH M3BECTHBIM HHTErPA/IbLHEIM NPEACTABICHAEM dVyHK-
nuil Beccenss ¥ PaBEHCTBOM Jy(x)=—J, (x), mepenuceipaem 3TOT
yurerpas B BHJE

01 lh/h 2 pilh/h d
2 4%
L=0§pdp ngp)dk = 5 [o (1) —1 =5,

Win, nocJje HHTErpupoBaHus IO qacTiaMm,

L=1In20L 42 SJl(x)[Jo(x)—l]lnxdx.
0

3mech yuTeHo, UTO Mapamerp 0,9./f (ye He cojepxaiuil BCIOMO-
raTespHON BENUUYMHBL 7Y,) BEJHK; COOTBETCTBEHHO 3TOMY 3aMeHeH
GeCKOHEUHOCTbIO BEPXHHIl Mpejes B OCTaBLIEMCA HHTErpane, a B Nep-
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BOM YJICHE MOJIOKeHO J, (qlpl/ﬁ) ~ 0. C noMombio sHaueHuil

SJI () Inxdx=—C+1n2,
0

S‘]" W Ji(x)Inxdx :%(an——C)
0

(rne C =0,577...—nocrosiHHas dinepa; y=e“=1,78...) u ¢ yue-
toM (46,20) okoHuaTespHO HalimeM

— Y lee’ | 46.99

L 1nﬁ|v——v’|' (46,22)

TloxBoxast HTOr MpPOH3BEAEHULIM BLIYUCJEHHAM, TPUXOIHM K pe-
3yJbTaTy, YTO B KBa3HKJACCHUECKOM CJy4ae JHIIEHHBIl pacxomi-
MOCTell HMHTerpa/d CTOJKHOBEHUH MOMKET ObITh NPEACTABJAEH B BHJE

St,, f=Stsf —Stnaf, (46,23)

rae Stg gmaercs dopmynoit (46,7), a Stp—muuTerpan crosxKHOBeHUH
Jlangay c¢ KyJoHOBCKHM Jorapudmom (46,22). Ilonuepkuem, uto
B NOCJeIHeM |V-—vV’'|—TouHas mnepeMeHHasi BeJUUYWHA, a HE CPel-

Hee 3HAYEHHUE U,y

B cuny chesnadHbIX NPH BBIBOJAE MpeHeGPe:KEeHHH, 3TOT pe3yJib-
TaT cHpaBejJ/MB, KOHEUHO, JIHIIb € «yJYYIIeHHOH Jorapudmuueckoil
TOYHOCTBIO»: KHHETHYECKOe YpaBHEHHME C HHTerpajioM CTOJIKHOBE-
HUll (46,23) nO3BOJSIET YJAYYHIHTH TOUHOCTH BLIYHCJAEHHH JIHILIb
B CMbICJIE OINpPeJesIeHHs] TOYHOro Ko3(dHIMeHTa B apryMeHnrte GoJib-
woro Jorapudma (¢ 3TOH TOYHOCTBIO, PAa3yMeercsi, U3 BCEX OTBe-
TOB BeIMajaer 7, urpamwuiee B (46,23) uib posb BCIOMOraTedb-
HOro napametpa).

3agaum

1. B GopHOBCKOM cuayuyae ¢ yJaAyUuleHHOH JOTapH(pMHUECKOR TOYHOCTBIO BHI-
UACJHTh MHHMYI YacTh JH3/JEKTPHUCCKOH TNPOHHIAEMOCTH OfHO3apsiiHON (z==1)
PasHoBecnolt (T;=T,) naasMbl AT 49aCTOT © 3> V,;.

Pemenue. Ilpn BouHCICHHH &” OIpu YCAOBMH © >V HAJ0 YYHTHIBATH
TOVILKO ¢i-CTOJIKHOBEHHA (KaK 3T0 OBLIO OGBIACHEHO B CBSI3H C BHIBOZOM (44,8)).
Hockombky HHTerpaJa CTOJKHOBeHHH (46,7) OTaMuaeTcs OT OGLIYHOrO HHTErpaJa
Bosbnmana tosmko mHoKuTEIEM [e]|~2 mnepex dope;, HCKOMOE &” MOMKET BhIUHC-
JAThCsL no ToH ke QopMyae (44,8):

4dne? NN 3

” iiVe

&' (0) = =55 {ve <O1> e 0))
The <...>e umu <...»; O3HAUAIOT YCPeIHEHHEe IO DPABHOBECHOMY PaclpejesieHHIO
ﬁKOPOCTeu 9MEKTPOHOB V, HJH HOHOB V;. OTJHYHE OT NPOH3BEIEHHHX B § 44 BHI-
HCaenuit Gyner coctoaTh JMIIL B TOM, 4TO Gy ONpeAeseTcs TeNepb Kak

ot=S(I—cosX) & <%, %)

2
d0pess 2)
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H B HEOGXOJMMOCTH YCPeJHEHHs Op IO CKOPOCTAM HOHOB (KOTOPBIME B 3TOM MecTe

npeHe6peub, KOHEYHO, HeJb3s); B apryMeHTe o=qV/N GyHKIHU & CKOPOCTb LEHTPA

HHEPHHH 3JIEKTPOHA H HOHA npubIMKEHHO 3aMeHeHa CKOPOCTbIO HOHa, Pesep-

(OpOBCKOE CeUYeHHE 3aTUCHIBACM B BHJE

(ze2)?m® 2msinydy 81t (ze?)%m?
4pt  sin (x/2) p3g®

dq, )

dOpes =

rae
2

—9p, sin & 08§ =
q_-2pesm2, 1—-cos ¥, %5

R 0<g<2p,
e
(p, = MV, — AMIYJIBC 37EKTPOHA).

®yuxuus (o, g/fv)—1 onpenenserca dopmysoft (31,11) ¥ ckaansiBaercs
U3 JeKTPOHHOH M HOHHOH yacteii. I10CKOJBKY €€ apTyMeHT B (2) ﬁm=qvi<qve,
TO 5/EKTPOHHYIO UACTb MOMKHO B3ATb IPH ®=0; Torjga

qQv; g he Vig
el 7T, 1 -—1:—;—-7 2 F|——— 4
(% )= 2 (e ) @
(v;q=— TpoeKLHA V; HA G yuTeHO, UTO IpH z2==1 a;=0a,).

Mogctapue (3) H (4) B (2), TOCHE OUEBHJHBIX 3aMeH MEPEMEHHBIX noJayuaeMm

4P3a§/h2 ®
2V wet S‘ V te~ ¥ dE di
. Jo 1

<0t>i:T C+2+F ©P-+F )P

-

(F=F'+iF"). Wurerpuposanue no df BuinoJiHsieTcd 5JEMEHTAPHO, a NMPH MOX-
2 3
CTaHOBKe TIpefieoB HAaj0 Yy4ecTh, 9UTO fi%/peas<€ 1, u OTGPOCHTH BCe HJICHHI
2 2
~F?/pia; u Bhune, B pesyabrare mogyuaeTcs

4 4
o=y | In 24 ®)

rae

A= 1 S‘E“EZ { 2—’F_”F, [arctg —2——%&_%] __.%.ln [(2+F1)2+F”2]} d§
0

(yureno, uro F’ (E)—wuerHasd, F” (E)— nevetHas QyHKuuH E); 9MCICHHOE BHIYAC-
genye paer A=—0,69
Ycpennenue B (1) MPOH3BOJHTCSA C MOMOLIBIO dopmya

eor=(2 )" () [

(€ —noctosinnas Diinepa). OKOHYATEJbHO HAXOJHM

., 4Vin N, 9 ag (mT)*a,
&= N, Qe g opp=in B F,
3 T /2m /2 @3 h

nag=-g In2—5+A=1In106 ©

(B. H, Hepeas, I'. M. Sauawbepe, 1961),
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2. To ke B KBasHKJ2CCHUECKOM cayuae,
Pemenune. Coraacuo (46,23), BHIpaxeHHe A7 O B KBA3HKJIACCHUECKOM

c/aydae NoJaydyaeTci BeIYHTaHUEM In (yez/fw) u3 Jjorapugma B (5):

25t 2muia ]
04> = In—214]|. 7
< t>l mzi'é [ ,Ye_ _‘— ( )

Has &” nonyuaeres ¢opmysa (6) ¢ sorapudmom

Ta,o
VK
Lygy=1n—2%1

s Inoy;=2In2—2C+A=1n0,63 (8)
BMecTO L.

3. C yayumesHOH JOrapupMHUeCKOH TOYHOCTHIO OIpeleIUTh CKOPOCTL Tepe-
Jaud SHEPTHH OT 3JCKTPOHOB K HOHAM OJIHO3APSAHOH (z=1) naasMel, cquTas
PasHOCTb TEMNePaTyp SJeKTPOHOB H HOHOB Majolt (0T =T ,—T; £ T, )1).

Pemenmne. Beuny mansocts ormomenus m/M (a TeM caMBIM MAaJIOCTH Ie-
belaun SHEpIHH B KaX[IOM aKTe), sapanee SICHO, YTO ypaBHeHue Iis GYHKIHH pac-
IpENesCHUs S/IEKTPOHOB CBOJHTCH K ypasHenHio ThHna Poxxepa—Ilaauka. Ouo
uMeeT BHA (cM. § 21)

2 2
YMHOMHM 3TO ypaBHeHHE Ha po/2m u npounTerpupyem no 4npe dp,. Tlocne un-
TEIPHPOBAHHA N0 YaCTAM NOJy4YaeM A CKOPOCTH H3MeHEHHsl SHEPTHH 3JeKTpO-

HOB:
dE, of, U s
== oGl o

Cuntas GYHKIMIO paclpesefeHHs 5JeKTPOHOB MaKCBEJIIOBCKOH, a PasHOCTb TeM-
nepaTyp Masoil, HaxoxuM

dE 1 1 %, 13 or 2
Tf=(TT‘T—,->SB””ed Pe N =y Ne Buede ®

Kosdpuunenr B, kak u B (21,11), Brpaxaercs wepes cpegsuii KBaApaT H3MeHe-
HESl HMIyJ/ibCa SJIEKTPOHA NIPH CTONKHOBEHHH C HOHOM:

2
B0 1 Ny, | <(Bp.)*; da, (10)
26t 2 e
Beanunny e Ap, HaxoguMm u3 paseHcTBa (46,5):
~_Va  viq_ Yigd
AR A

Moncrasnss s (10), a saTem B (9) K Hcmomb3ys CBASL g C VIJIOM paccesiHHA ¥,
U3 3ajaum 1, mosyuaem

T
= N D e (Ni= N, = ), (1)
- "

') Dror Bonpoc paccwatpumamcs P. P. Pamasawsuru, A. A. Pyxadse u
B. I Cununein (1962),
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Gopmyna (11) Bnoane aunagoruuna ¢opmyne (1) sagaww 1, M panbHeiimne
BBIYMCJEHHS [IO3TOMY MpPaKTHYECKH Te e caMmble. B GOpHOBCKOM cJjydae HMeeM

AT 2
<{vg0p>;= 4#8 — | In Mele | 4,1,
m*Mu, I3

rae A,-—uuTerpan, oTauuaomuiics or A 3anaun | ONOJHHUTEJbHHM MHOXHTe-

sneM 282 moj 3HakoM HHTerpaJja (4McaeHHEND pacuer paer A;=— 0,62). Ycpen-
HeHHe MO CKOPOCTSIM 3JEKTPOHOB NPOH3BOAMTCH, Kak B 3agaye 1. OKonuaTeJbHO
dE, 4 V 2nm N2e?

5 — T, LpdT, Lp=In (Bs (mT)/z a,/h), (12)

rape
InBs =% In 2~—%—}~A1=In 1,26.

AHaJOrHYHO B KBA3MKJAACCHUECKOM c/aydyae mojayuaeMm dopmyay Buza (12), Ho c 3a-
MeHOHt Lp Ha

Lia=1n (TaBux/e®),  InPua=21n2—2C+ A,=1n0,75. (13)

Popmyanl (12)—(13) yrounsior pesyaprath § 42, onpenensa (A44 cayyasd MaJjoi
DA3HOCTH TeMIepaTyp) YHC/IEHHLI MHOMHTENb NOX 3HaKoM Jorapudma B (42,6).

§ 47. BaaumogeiicTBMe uepe3 MIa3MeHHble BOJIHbI

B HeKOTOPHIX CaydYasX Y4eT JHHAMHYECKOro 3KPaHHPOBaHHS KY-
JIOHOBCKOTO B3aMMOJEHCTBHSA 4YACTHIL B 11/1a3Me IIPUBOAUT He TOJbKO
K YTOUHEHHIO apryMeHTa KYJOHOBCKOro Jorapupma, HO M K Ka-
yecTBEHHO HOBHIM abdekrTam. [das HX H3yyeHHs NpPeACTaBUM HH-
Terpas CTOJKHOBEHHH B BHJE, TOUHO YYHTHIBAIOIIEM BKJaJ OT pac-
cesHMs HAa MaJble YIJBl H JMIIL ¢ JOrapuMU4ecKol TOYHOCTHIO —
BKJAJ OT paccesiHusl Ha GOJbIUHE YIVIBL.

B KBa3sHKJACCHYECKOM cJiyyae GoJblliHe YIJbl paccesHus (y ~ 1)
NPONUCXOAAT OT MaJblX HPHLEJNbHBIX PACCTOSHHMA:

p<|ee |/t

UckoMbilt HHTErpaj CTOJAKHOBEHHII HMeeT BHZA HHTerpana Jlanpay
¢ BesnunHaMu Bgg H3 (46,15):

o 2(ee)? kakp d2k -
Bap =137 ) FTe (v, B’ (47,1)

rie HHTErpPUPOBaHHE NPOU3BOJUTCA MO OG/IaCTH HO
o ’
Royax ~ W0m/| €€']. 47,2)
B o6patHoM, GOPHOBCKOM cJydae HcKomas ¢opMa HHTerpasa
CTOIKHOBEHHH IOJydYaeTcsl MYTeM PasJoXeHHs TOALIHTErPAJIHHOTO

BhipaxkeHus1 B (46,7) no cremeHaM q. B pesysabrate cHoBa mpuxo-
IUM K uHTerpany Jlangay c BequdnHaMHM Bgg, AQIOULHMHCS TOH kKe
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dopmystoit (47,1) ¢ Tem JHIIL OTAMYHEM, YTO Tenephb

Fonax ~ W/ P (47,3)

(3HaueHwue k:q/ﬁ IpH Tepefavye MMNy/Abca g ~ Uly,,). Hamomuum
CHOBA, 4TO (PH3HUECKHI CMBIC/ 06pe3aHis Ha GOMbIIHX 3HauUeHHAX &
OMHH M TOT K€ B KJACCHYeCKOM H GOPHOBCKOM cayuaax —o6pesa-
HHE NPOH3BOAMUTCS HA YIJaX paccesiulist y ~ l; pasHas CBf3b MEXAY
kB u y B sHX cayuasx NPUBOAUT, OJAHAKO, K PA3HBIM BHIPAXKEHHSM
Aas Ry

Hurerpan cronxHosenuii Jlaunay c¢ seanuunamu Byg u3 (47,1)
HASLIBAIOT unmeeparon barecky—Jlenapda). Tlepenuwem (47,1)
B 6oJjlee ya0GHOM A5 MOCJIAVIOULEr0 BHE:

w
B =2 {ee')? 5’ | 8 ©—kv)do—kv')

) /’e<kma

Rokp d3k do
e npE e @04

X

A€ TEeNeph HHTEIPUPOBAHHE NPOU3BOAHTCS MO TPEXMEPHBIM (BMECTO
ABYMepHEIX) BekTopaM k. Jlpe S8-hynxumn B NOJ{bIHTETPAJIBHOM Bbl-
paxenny oGecneuuBalT paBeHCTBO kv =kv', T. e, nonepeynoctsb k
IO OTHOWIEHHI0 K v—V'. MHTerpuposanue xe no do samenser ap-
TYMEHT O B &(®, k) TpefyeMbIM 3HaueHHeM o — kv == kv’ = kV.

OGpaTum BHUMaHHE Ha TO, YTO MHOMXKHTENb e{m, k)|~? B noamIu-
TerpanbHoM BelpaxeHud B (47,4) ofpaiiaeTcas B 6eCKOHEYHOCTD Ipu
Tex sHauennax o=kV u k, na xoropsx e (o, k) =0, 1. e. 1pH
SHAYCHHSIX, OTBEYAIOWIHX 3aKOHY HHCIEPCHH NPOXOJBbHBIX M.1a3MeH-
HBIX BOJIH. JTH 3HaueHHs k MOryT BHeCTH GOJBLION BKJ4X B IH-
TErpajt CTOJKHOBEHHH. DU3HUCCKH 3TOT BKJAAJ MONKHO ONHCATD Kak
PE3YJIETAT B3aNMOACHCTBUSI MEMY YaCTHLAMH, OCYLIECTBJISEMOrO
MYTEM HMCIYCKAHIHsl W MOIVIOWEHHs UMH IJIa3MeHHBIX BOJH. DdxpekT,
OAHaKo, OYIeT SHAYWTE/JbHBIM, JHMIUL €CJAH B I/1a3Me HMeeTcs Jo-
CTaTOYHO MHOTO UACTHIL, CKOPOCTH KOTOPHIX CPABHHMBI ¢ (ha30BOf
CKOPOCTBIO BOJI Uy =/k WM NPEBLIIAIOT €e (TOJLKO M TAKHX
HacTHI{ MOZKET BBINOJHATBCH TPeOyeMoe COOTHOLIEHHe o =kV).

Paccmorpny nsiasmy, B KoTopoii 3JIEKTPOHBl H 10HBl HMEIOT KaxK-
Able cpoio Temmepatypy T, u T Ilpu T,~ T, B naasme MOT'YT
PacnopocTpansaThes (663 3aMETHOTO 3aTyXaHust) TOJNBKO 3JIEKTPOHHBIE
l1a3MeHHbIe BOJIHBL, ()a3oBasi CKOPOCTb KOTOPLIX Up 3> Up,; HHCJO
SJACKTPOHOB, MOTYIMX «OOMEHHBATLCS» BOJHAMH B 3TOM ciiyuae,
CJIeloBaTeNIbHO, SKCIIOHEHIMANbHO MAaJo.

Ecau xe T,>T;, 10 B niasme MOTYT PaCnpoCTPaHsATLECH TAKXKe
U HOHHO-3BYKOBBIE BOJIHBI, (Pa30Bas CKOPOCTb KOTOPHIX YAOBJIETBO-

Psier HepaBeHcTBam
vy <L 0/k Loy, (47,5)
-¥

1) ®opmanbumil BHBOZ aTOrO HHTErpajda GyLeT JaH B Kouue § 51,
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1H BOJHB MOLYT [aTh CYIECTBEHHBIA BKJaJ B WHTErpaj CTOTKHO-
penuii Mexay sJextponamu (B. 1. Cuaun, 1962).

BLiie M M3 3JEKTPOH-3JEKTPOHHBIX BEJIHIHH B{p uactb, cBi-
saHHYI0 ¢ 3THM 3deKkToM; OGO3HAUNM €€ Hepes B{y’. Oua BO3HH-
K4eT OT OOJacTH HHTEerpupoBaHus B (47,4), Jexaiel B OKPECTHOCTH
KOpHSI ypaBHeHus &€ (o, k)=0, OTBe4alOUEro 3aKOHY IHCTIEPCHH
MOHHO-3BYKOBBIX BOJH. CaM Mo ce6e TOT KOPeHb ® (k) KOMIJIEKCeH
¢ Masoli MHHMOH 4acTbio (KO3(QQUUHEHT 3aTyXaHH:d BOJIHBI); KOTJa ©
npoferaer BelleCTBEHHbIE 3HAYCHHA B o6nacTH HHTErPUPOBAHUA,
BelecTBeHHas 4acTh (YyHKUHH g—¢' - ic” NPOXOLUT uepe3 HyJb,
2 MuEuMas ocraetcs Majoi. Vmes B BHAY dopmyay (30,9), npexn-
cTABHM MHOMHTEJL |&|~2 B MOJBIHTErPA/JbHOM BBIPAKCHUH B 47,4)

B BHUAC

1 1 7
-— = _—:—”—6 8’ .
e IZ 812—1—8”2 |8 l ( )

Jlast 57eKTPOH-3/IEKTPOHHOrO HHTerpasna CTOJIKHOBEHHHA CKOPOCTH V
u v’ B (47,4) orHocATCS K 3JIEKTpOHAaM, a B CHJIy HEPaBEeHCTBa
o <L kvy, B aprymentax o6eux §-pyHKL I MOKHO ONYCTHTD YJEHBI @.
TakuM 006pasoM, HHTepecyloomas Hac 4acTb B§§ mpuHEMaeT BHA

G , i kokp d3kd
BSp = 2me* S Sﬁ (kv) 8 (kv')o(e") 'les_[?'(_w_,_k)m—l- , (47,6)

-—C0

IpUUEM HHTETPUPOBAHHE IO d°k mpoussomuTCs (PH 3aJAHHOM )
no obaacru (47,5).
[MpeoGpasyem uHTErpas 1o dsk K HOBLIM TepeMeHHBIM

x=kn, k,=kv, k,=kv',

re n—eJUHWYHBIH BEKTOP B HANpPaBJeHHU [vv’]. TIpaMBIM BBIYHC-
jenyueM skoGHaHa mpeoOpa3oBaHus HAXOLUM, HTO d*k saMeHsieTCs Ha

dw dk, dk,
- G4

HuTerpupoBanue o dk,dk, ycrpanser O-QyHKIUH (8 cuay KOTO-
puix k,=k,=0), mocje uero 6ymer k=xn. [lepemennas % npobe-
raer Kak MOJOXKHTEJbHbe, TaK M OTPHUATEJbHBIC 3HAUCHHUI, ycJIo-
BHBIUHCh HHTEIPHPOBATH TOJDBKO MO IMOJOKHTE/HHBEIM 3HAYEHUAM,
TuieM

e (@, A

mm __ 2netnang ¢ 8 (0, W]
By =2 § S e T 4o dx- 47,7
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HusnexTpuyeckas MPOHHIAEMOCTh ABYXTEMIEPATyPHOH MJaa3Mbl
B 00/1aCTH HOHHO-3BYKOBHIX BOJIH (47,5) Haercs dopmysmamu 1)

Q2 1
=G

Q2 Q? ©?
g’ — 'l/.{t_ 0 {_i L4 ex (_.__ .
2 B lohe - oy P 2k 0Ty

I'naBHbIE BKJIax B uHTerpan no dx B (47,7) BHOCHT (KaK 3To 6ymer
TIOATBEPKNEHO AaJbHERILINM BEIYHCACHHEM) 00J1acThb a,% 3> 1; nostomy
TMOCJCIAHHM 4YJeHOM B &' (@, %) MOXKHO npeHeOpedb. 3aMeTHB, YTO

5 <1 _ §;>=%L[6 (©—Q)+8 (0+2)]

¥ BBIIOJHHB B (47,7) mHTErpHpoBanue no dw, HaXOAHM

471e1Q; dx
(mmay ___ i
B =ngng T S (@57

W/, TOACTABHMB BBIpaKeHHe /s &” M BBeAs IepeMeHHYIo &= x2a?,

VQ—R—‘eﬁ)Teagj‘ dg
[lvv'] |} IFep (— 12T L (479

(47,8)

2
B&E» =ngng

rae
Q%% 2MTS

L =In—=f—=InpZ—_¢, 47,10

! suF: mT} (47,10)

B cuny ycnoenit (47,5), unterpuposanue B (47,9) IoJsKHO npous-
BOLUTbCA 1O objactu (2,a,/Q,a,)*<<E<C 1. IlocKonbky uuTerpas
CXONMTCA Ha MasblX §, HHMHHH Tpeles MOXKHO IOJNOXKHTb PaBHBIM
HYJIIO.

Ilpu L;— oo wuurterpan B (47,9) cTpemurcs K HYJ0; Openno-
Jaras L, ROCTaTouHO GOJBLINM, BBIYUCIHM €ro B JIOrapudMHUECKOM
UPHGJIMKEHHH, T. €. OrPAaHHUHBLIHCH JIHIIL MEPBBHIM UJEHOM pasJo-
®enust no 1/L;. OcHOBHOH BKJaix B WHTerpaj BO3HHKAET OT OG-
JIaCTH, B KOTOPOH MOXKHO NpeHe6peub 3KCHOHEHIHAJbHBIM YJIeHOM
B snamenartese. Jlist aTOro no/KHO GObite — 1/28+L./2 > 1, T. e.
unTerpan Hajo Gpath B npefenax or 0 go 1/(L;—1)~ 1/L,, uto
Aaer npocro 1/L,?). Takum 0o6pasoM, OKOHUYATEJbHO HMeEM

2V 2n etzvg,T
Bg?é"znanﬁ—llf%. (47,11)

—_—
1) Cm. (33,3). B (47,8) yuTen TakXe ® HOHHBIH BKJan B £”. XoTd B 06-
JaCTH (47,5) OH 3KCNOHEHWHAABHO MaJ, HO HM ONpeleNfAeTcs 06/1acTh HHTErPHPO-
Banus B murerpane (47,9) HuXe.
*) B cymecTBenHOl fis unTerpaJa obaactu § ~ /L, 7. e, %~ I/al.Lll/’, Ipu
8TOM

Y 1/
®a, ~ae/aiLl (Te/Tl.Li) 2> 1
B cooTsercreum co CleNlaHHLIM BhlIe HPeJHOJIOXKECHHEM,
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[Monmoe 3Hauenue BeJuuMH BYE B 3JEKTPOH-3JEKTPOHHOM HH-
Terpaje CTOJKHOBeHHi mnosyyaeTca cjaoxenneM (47,11) ¢ OOBIYHBIM
KYJIOHOBCKHM BbipaxeHneMm (41,8), mpuuem B aprymeHTe KyJOHOB-
ckoro Jorapudma L pe6aeBCKHA pajnyc

a=(a;?+a;®) "~ a;.

BkJaj mia3MeHHBIX BoJH (47,11) cTaHOBHTCS npeoGJafaioliuM IpH
2T, /T,LL;>> 1. (47,12)

§ 48. ToraouieHde B niasMe B BBICOKOYACTOTHOM Mpejese

O6nacTh 4acTOT, B KOTopoil cmpaBefiua dopmyaa (44,9) nms
MHHMO# 4aCTH AU3JEKTPUUECKOH TPOHHIAeMOCTH [/1a3Mbl, OTpaHuYeHa
HepaseHcTBaMu Q,3> 03> v,;; JeBoe HEPaBEHCTBO eCThb OOllee YCJO-
BHE TPHMEHHMOCTH WHTerpaja CTOJNIKHOBEHHH € 9KPaHHPOBAHHLIM
KYJIOHOBCKHM B3auMmojeficTueM. PaccMOTpHM Teneph 0GpaTHbIE IO
OTHOLUIEHHIO K NOCJEIHEMY YCJOBHIO Npefe/]bHbIH ciydad, Koria

(0>Qe_ (48,1)

Cpasy e OTMETHM, 4TO B 3TOM CJyyae BeMeCTBEHHAas dYacTb Mpo-
HULaeMOCTH, &, 3aBefioMo 6Ju3Ka K 1, a MHUMas yacTth, &', maja.

K puccumanyyu SHepTHH BHEUTHETO [ePEeMEeHHOTO TMOJsi NPUBOAAT
ei-CTOJKHOBEHH, AJHTEJBHOCTH KOTOPBIX MOPSAKA MJId MEHblle Ie-
pHoja moJsis. DTO 3HAYMT, YTO NpH ©3>§2, OGYAYT CYIIECTBEHHLI
CTOJIKHOBEHIH S, TPOHCXOASANLUE HA PACCTOSHUAX ~ Ur,/0 KUy, /R, =a,.
Ha Taxux paccTosiHUSIX KYJIOHOBCKOE I10JIeé HOHOB Y€ He 3KpaHH-
POBAHO H, TAKHM 06pa30M, CTOJKHOBEHHsI MPHOOPETAIOT YHMCTO ABYX-
YacTHYHLIA XapakTep (a He MHOTOYACTMYHBLIM, KAKOBBIMHM IO Cylle-
CTBY SIBJAIOTCS CTOJKHOBEHHS C 9KPAHHPOBAHHEIM B3aHMOJCHCTBHEM).
B 3THX YCJOBHSIX MHKPOCKONHYECKHE aKThl [OTJIOIIEHHS SHePrui
10/ CTAHOBATCSA MpolleccaMil, OGPATHEIME K TOPMO3HOMY H3JYYeHHIO
IPH NApHBIX CTOJKHOBEHHSIX 3apAXEHHBIX 4acTull. DTO OGCTOSTED-
CTBO MO3BOJISAET C MOMOILIBIO MPHHINNA AeTaJbHOrO PaBHOBECHS BHIPA-
31Tb " uepes ceuenne TopMosHoro uanyuenus (B. JI. I'unsbype, 1949).

Iuccumanusa Q 3HEPruu  3JeKTPOMATHUTHOrO HOJsL B elH-
nuie o6beMa CPeipl 3a EIMHUIY BpEMEHH BLIpa)aeTcsi uyepes &
dopmyaoit (30,5). UrTo6el cBA3aTh 3TY BEJHYHHY C CEUEHHEM TOP-
MO3HOrO H3/1y4eHHsi, MPUMEM, YTO NOJE CO3[AaeTcs MOHOXpOMaTHue-
CKOH ILJIOCKOH BOJIHOH, B KOTOPOH NJIOTHOCTh HEPTHH paBHA

_ B H_ |EP
6= 8t 8x

(B TIOC/IeHEM BEIDAXKEHHU NpexnoJiaraercs, 4to E Beipaxkeno B Kowm-
JIEKCHOM EHJe—cp. npumeyanue Ha cTp. 159); BBHAY OsmsocTH AH-
/IEKTPHYECKOH NPOHHIAEMOCTH K €JHHHLE TMojlaraeM SAech g=1.
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[Tocne atoro dopmyay (30,5) MOXKHO 3amucaTb B Buie
Q=we"é. (48,2)

C npyro#t CTOPOHHI, NAHCCHNALUS PaBHA Pa3HOCTH MEXIY 3Hep-
ruef Qmm, TOrJ10MMaeMoil IPH CTOJIKHOBEHHAX 3JIEKTPOHOB C HOHAMH,
¥ 3Hepruei, usjayyaemMoil B 3THX cToJKHOBeHusX. [Ipu stom moppa-
3yMeBaeTcsl HMEHHO 3Heprus Q) BHIHYKIEHHOTO (a8 He CIIOHTaHHOTrO)
H3JIyYeHHst, NPUBOASAILLEIO K IOSIBJIeHHIO (OTOHOB, KOT€PEHTHBIX
C HCXOJZHEIM IIOJIEM ¥ B 3TOM CMBICJE HEOTJHYHMBIX OT HEro.

3amuuieM ceueHue CIOHTAHHOTO HCOycKaHusi (OTOHA, T. €. OObIU-
HOrO TOPMO3HOI'O H3JYuYeHHS, B BHJIE

0 =20 § (e &' i) - aop. (48,3)

‘)'T

3necs k—BoJHOBOI BekTOp (OTOHA, P H p’—HAYAALHLIH H KO-
HEUHBI UMIyJbCHl 3/eKTpoHa. [Ipoussenenne Nvdo,, (rze N;—
NJIOTHOCTD YKCJIA HOHOB) €CTh BePOSITHOCTE H3JTYUCHH ] thoroHa 9J'I€KTpO-
HOM 3a eIUHHIY BpeMmeHH; QYHKUHS @ (p’, P) 3aBHCHT TaKXKe H OT
NOJISIPH3AUNH UCTTYCKACMOrO (boToHa. HPOHHTerpHpOBaB No Hampas-
JeHusiM p* u K M IpoCcyMMHDOBAB IO NoJsipusanusin (GoTOHa, NOJy-
qHUM /:Lmb(pepeﬂunanbnoe (o yacToTaM) CeUEHHEe TOPMO3HOTO H3JIyye-
HHA doy,; O-pynkuus B (48,3) ycTpaHsieTcss HMHTErpPUPOBaHHEM MO
e’ =p'?2m. Takum 06pasom,
dm2v’ .
doy = T woldo,

raie w(p, p’)—s3Hauedne ¢QyEKUHM @ (p, p’), YCpPEeAHEHHONI 1O Ha-
NpaBJEHHAM P 1 p’; 3TO 3HAUEHHE HE 3aBHCHT yXKE OT [NO.JIApH3a-
uud QOTOHA, U TOTOMY CYMMHPOBAHME MO TOCJACAHHM CBOJHTCS
K YMHOXKEHHIO Ha 2. BBeasl «3((eKTHBHOE H3JYyYeHHe» %, [0 Ompe-
IeJeHHIO

fio do, = nedw,

BEIpASHM OTCl0Ja W B BHAE

vc?

W=—"
4’ ho?

Ky« (48,4)
Ceuenne BHIHYKJICHHOIO H3JyueHHs oOTjuuaercs or (48,3) sumb
MuOxKHTEIeM N e —UHCIOM (OTOHOB B KBAHTOBOM COCTOSIHHH C BOJI-
HOBBIM BeKTOpoM K U HanpasaeHueM noJAsipusaiui e BRodb E (cm. IV,
44). TlosToMy moJiHAsl 3HEPTHST BEIHYZKACHHOTO I/ISJIy'-IEHI/IH paBHa

Quun =N ESNkeﬁmww D] (0) (e—e' —ho) 355 dpavp,
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rre f(p)—dyuxuus pacnpenesenus saexTpoHos. Hmxe Gynem cuu-
TaTh 3Ty QYHKUMIO MAKCBEJJIOBCKOH, 3aBHCSIIEH TOIBKO OT abco-
JEOTHOH BEJUUMHBL p. Y CcpelHHB 110 HANPAaBJICHUAM P H p’ U 3aMeTuB,
4TO BBHAY MOHOXpPOMATHUHOCTH NOJS

2 Ve =

nepenuieM Qg., B BHIE
Quun—= N6 { @ ()8 (e—e&' —Thw) dp d®p’. (48,5)

AwnaJIorH4HLIM 06pa30oM BHIYUCASETCsl SHEPTHs, NOrJomaeMas npH
o6paTHBIX IepPeXofaXx € H3MEHEHHeM HMIYJ/bCa 3JEKTPoHa p'—p
(Heynpyroe paccesiHMe 3/EKTPOHa B 3JEKTPOMarHHTHOM nose). Ilpu
3TOM, COTJIACHO NPHHIHUIY AETAJbHOTO PaBHOBECHS, QYHKIMH Bepo-
ATHOCTH W, ONPEeIAIONHE CeYeHUs MPSAMOTro i 06PaTHOTO NPOLECcCoB,
paBubl Mexay coboit. IlosTomy nns Qor; TOAyUACTCSI BLIPAXKEHHE,
oTayuatomeecss or (48,6) sumib 3aMeHOH QYHKIUH pacnpeacseHus
f(p) na f(p’). Huccunauus Q = Quors— Qeuys CPABHUB 3TO BBIpaXKe-
uue ¢ (48,2), mosyyum

& =2 (D[} () —F (P]Be—e' —ho)dpdp’.  (48,6)

OI‘paHI/IqI/IMCﬂ gyacToTaMu, AJsI KOTODHIX
ioLT. (48.,7)

Torna pasHoctb p’—p Maja ¥ MOXKHO MOJIOKHTR

Ho) —i(p) = —Lho=T2 ),

a B OCTAaJbHBHIX MHOXHTeNsix p=p’.IloxacraBus 310 B (48,6) U BHI-
pasuB @ 4Yepes ¥, COrJaacHo (48,4), HaxXONMM OKOHHATE/JBHO CJeny-
jolee BhIpazKeHHe [/ MHMMOH 4acTH IPOHHIAEMOCTH:

e” () =N,N, % (V% s (48,8)

rjne yrJosbie CKOGKH O3HA4YalT YycpeaHeHHe II0 MaKCBE/JJOBCKOMY

pacrpesesieHHI0 3JEKTPOHOB.
IIpumenuM 5Ty GOPMYJIY K ABYM NpEJEbHBIM CJIy4asM—KBasH-
KJIACCHYECKOMY U GODHOBCKOMY. B mepBoM caydae, T. €. NPH

ze?/fio> 1, (48,9)
orpaHHYMM eme 006J1aCTh 4acToT 0>, Gojee Yy3KUM HHTEPBAJIOM
mue/ze? > 0 3> Q, (48,10)
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(crieBa CTOHT BeJMYHHA, O6paTHasi KO BPEMEHH NpOJIeTa 3JeKTPOHa
Ha T4KOM PACCTOSHHHM OT HOHA, HA KOTOPOM YrOJl paccesHHS cTa-
HOBHTCSl ~ 1); JIerKO BHIETH, YTO H3 YCJOBHH (48,9—10) asTOMa-
THYECKH cJienyeT (48,7). B xBasuKaaccuyeckoM ciydae sdpexTHBHOE
p3Jayvyenye na uactorax (48,10) mpu CTOJKHOBEHHH 3/1EKTPOHA ¢ He-
NOJABHXKHBIM HOHOM Jaercd popmyJoi

162268 Omu3
Ko = 30203212 In ya’:l:ﬁ ’ (48,11)
rae y=e=1,78..., C—mnocrosnnas izepa (cm. II, (70,21)).
IToacraBus B (48,8) n mpouspexa ycpeaneHue, HOJyYuM )
on 2 28/s73/s
8” — 4 VQJ