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IMPEAVCJIOBUE

Hacrogmuit, 3akaounrenbabiit Tom «Teoperunydeckoit dusuxms
nocssitied (hu3nIecKoll KMHETUKE, TOHUMAEMOM B IMIUPOKOM CMBIC/IE
KAK MUKPOCKOIUYECKAs TEOPUsi MPOIECCOB B CTATUCTUIECKU HEPAB-
HOBECHBIX CHUCTEMAX.

B orsimuue ot cBOiicTB cTaTUCTUYECKN PABHOBECHBIX CUCTEM, KH-
HETUYECKUE CBOWCTBA 3HAYUTE/NIHHO DOJIee TECHO CBA3AHBI C XapaKTe-
POM MUKPOCKOIMYECKUX B3aUMOAEHCTBUIl B T€X wju MHbIX (pusnde-
ckux obbekTax. Orcoojla  orpoMHOE pazHooOpasue ITUX CBOHCTB u
BHAYUTENIHHO OOJBIIAsT CI0KHOCTh X Teopun. B ¢Ba3m ¢ 3TuM cTaHo-
BUTCSI MEHEE OJHO3HAYHBIM 1 BOMTPOC 06 0TOOpe MaTepnaa, KOTOPHIit
JTOI’KEeH OBITH BKJIIOUEH B OOIMNiI KypC TEOPETUIECKO (pu3nKm.

Coneprkanne KHUTH siCHO 13 ee orjiasenns. Cremaem B 9TOM CBs-
3U JIUIIb HECKOJIbKO 3aMeYaHull.

3HaUYNTETHHOE BHUMAHNE B KHUTE yIeeH0 TEOPUN Ta30B KaK HAW-
0ojiee TPOCTOMY B TIPUHINTIE O00BHEKTY KWHETWIECKOi Teopmu. Psim
TJIaB TIOCBAIIEH TEOPUHU TLIa3Mbl — HE TOJBKO BBUIAY (DU3UIECKOL
BaYKHOCTH 3TOTO pa3jesa KWHETUKN CaMOro 1o cebe, HO W TIOTOMY,
9TO MHOTHE 331491 KHHETUKW TJIA3Mbl MOTYT OBITH PEIeHbl 0 KOH-
Ia W JAI0T TOYYUTENbHYIO WJLTIOCTPANINIO OOIINX METOIOB KWHETH-
YeCKOI TeOpuu.

Kwunernaeckne cBoiicTBA TBEPABIX TEJT B 0COOEHHOCTH MHOT000-
paszubl. [Ipn oTbope marepuasia 1/t COOTBETCTBYIOIINX TJIAB MBI J0/I-
JKHBI OBIIW, €CTECTBEHHO, OTPAHWYHUTHCA JINIIL Hanbosee obmmMu
BOIIPOCAMHU, JIEMOHCTPUPYIOIIUMHU OCHOBHBIE KMHETHYECKUe (buzmde-
CKUE {BJIEHUsI U METO/bI UX paccMmorpenud. Jlumuuii pa3 nogaepk-
HEM B 3TON CBA3M, 4TO 3Ta KHUIA 4aCTh KypCa TeOPeTUYeCKON
dusukn 1 HEKOUM 00pPAa30M HE MPETEH/IyeT HA POJib Kypca Teopuu
TBEPJIOTO TeJia.

B copmepkanmu 310 KHUTH €CTh JIBa OUEBUJIHBIX JedekTa: 0TcyT-
CTBYIOT BOIIPOCHI KUHETUKM MAUHUTHBIX [POIECCOB U TEOPUsl KUHE-
TUYECKUX $BJIEHUI, CBA3AHHBIX C IIPOXOXKIEHUEM OBICTPBIX YaCTHI]
depes BemecTBo. I1u jiepeKThl CBABAHBI ¢ HEJOCTATKOM BPEMEHU, U
Mbl PEHIUJIUCH JOIYCTUTh UX B 9TOM U3JJAHUU, C TEM 4TOOBI HE 3a/1epP-
KUBATDH ere 0osibine Bbixo KHuru. Mbl mo3BosimMm cebe BbICKA3aTh



10 NPEJUCJIOBUE

HAJIEXK Iy HA TO, YTO XOTS, TAKUM 00OPA30M, B 9TOW KHUTE CONEPIKUT-
cs1 HE BCe, 9TO TPeboBaIOCh ObI, HO B TO K€ BPEMS BCE TO, UTO B HEil
COJIEPYKUTCS, TTPEJACTABUT WHTEPEC W OyIEeT TOME€3HBIM IUTATEIAM.

DTa KHWUTA 3aBEPINAeT MPOrpaMMmy, HaMedeHHyio JIbBoMm JlaBwi-
noswaeMm Jlamgay 6ostee copoka JjieT Tomy Hazal. Beck Kypc coctonT
"3 CJIeAYIONNX TOMORB!

Towm I. Mexanmnka.

Towm II. Teopws mosts.

Towm III. KpanroBasi Mexanuka (Hepe/siTUBUCTCKAsT TEOPUs).

Tom IV. KBanroBas 3/1€KTpPOuHAMUKA.

Towm V. Crarucrudeckasi pusuka, gacts 1.

Tom VI. T'mapoanaavuka.

Towm VII. Teopus yupyrocru.

Towm VIII. DyekTpouHaAMUKa CILIOMIHBIX CPE/I.

Towm IX. Crarucruaeckasi puszuka, gactb 2.

Tom X. @usnueckasi KUHETUKA.

Hamomunwm, aro nosoxenune roma IX B 9TOM psjly CBI3aHO C TEM, UTO
B HEM CYIIECTBEHHO KCIIOIB3YIOTCH CBEJIEHUS U3 UJIPOJUHAMUKU U
MAaKPOCKOIUYECKON 3JIEKTPOJIUHAMUKHN.

B nosoit cepun nzganuit, nagaroit B 1973 r., 10 HACTOLAIIETO Bpe-
venu Boinwin Toma I, 1T, ITT, V) IX, X, Towm VII cmoxker 6biTh nepens-
gan 6e3 bosbmmx maMenennii. I3 toma IV, n3manHOro paHbIe moj
Ha3zBanueM <«PejgaruBucTckas KBAHTOBAs TEOPUs», Oy/IyT UCK/IIOY9e-
HBI TVIABBI O CIA0BIX W CUIBLHBIX B3aWMOIEHCTBUSIX, W OH BCKOpe 0y-
Jer nepeusjan Kak «KBanToBas ayekTpoanHamnkay. Toma ke VI u
VIII, ne mepen3maBaBIiecs yKe B T€UEHNE MHOTUX JIeT, TpeOyioT 60-
Jlee 3HAUUTETHLHON TepepabOTKN W JOTIOHEHUT; Mbl PACCINTHIBAEM
BaHATHCS STUM JeJI0M B OJIKaiimee Bpemsi.

Mps1 xoTesn GBI BHIPA3UTh MCKPEeHHIOI0 Ostarogapaocts A.D. An-
apeery, P.H. I'ypxwu, B.JI. 'ypesuay, KO.M. Karany, M./. Karanosy
u V.M. JIudmmuiry, ¢ KOTOPBIME MBI 00CYK/IaIN PACCMOTPEHHBIE B
9TOI KHUTE BOMPOCHI.

M1 6sraromapust JIIL. Topekosy n A.A. Pyxajgze, npounTtasimm
KHUTY B PYKOTUCHU U CJICJIABIIAM PsIJ] 3aMETaHUIA.

Hosi6pn 1978 . E.M. Jlupwuy, JI.11. [Tumaescrudi



HEKOTOPBIE OBO3HAYEHUS

@Oyuknus pacnpegenennst gactuil f (raasel [-VI); mo mvnyascam

Be3jie oTHeCceHa K dop.
QyHKUMKM PACHPEIEJICHNs]  YUC/IA 3AL0JHEHUs] KBAHTOBBIX CO-
crosiauii anekTponoB u douonos n(p) u N(k) (rmaser VII, IX XI);

0 UMy ThcaM Be3e oTHecernwl K dop/(2nh)3.

Warerpan cronkuoBennit St, mnHeapu30BaHHBIT HHTETPAJ CTOIK-
HOoBeHmit I.

TepmogmramMmaeckne BeWYWHBL: Temmiepatypa 1', nasienune P,
XUMUYECKUHN MOTEHIIUAJ 4, IIJIOTHOCTD YUCJia dacTull [V, MOJHOe 9uc-
j0 vactut, N, nosnsiii oobem V.

Hanpskennocts asiekrputeckoro noisd E, MarnuTHas nHyKius
B. DiemenTapublii 31ekTpUUeCKuil 3aps e (3apsj] JeKTPoHA —e).

B onenkax ucrnosip3ytorcs 0003HaueHNs: XapAKTEPHbBIE JIJIMHBI 3a-
nagu L; aroMmuble pa3Mepbl, HOCTOSHHAS pemeTku d; JjinHa cBo0O/I-
HOTO Tpobera [; CKOpoCTh 3BYKA .

Yepeanenue o6o3HaMAETCH YIIOBbIMU CKOOKamu (... ) wau 4ep-
TO# Hag OYKBOIi.

Tpexmeprbie BeKTOpHbBIE HHJIEKCHI 0003HAYAIOTCS IPEYECKUMU
OykBamu «, 3, ...

B rmasax IIT VI:

Maccst snexkrpona u nona m u M.

3apsijibl 9JIEKTPOHA U HOHA —€ U Z€.

TertoBBIE CKOPOCTH SJIEKTPOHOB 1 MOHOB

T\ /2 T\ /2
Ve = | — ;Ui = IV .

m
I1nasmennada vacrora

Q. — (47rN562)]/2 Q — (47rNi2262)]/2
e=\— ; i= |\ .

m M
Hebaesckuit pajanyc

( T, ) ]/2 ( T ) ]/2
Ge = y Gy = ; )
4w N e? 4N, z2%e?

-2 _ -2, 2
a " =a,"+a;".
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Jlapmoposa dacToTa

zeB
Mc'
Cepuiku #Ha HOMepa naparpadoB u GOPMYyJI JIPYIUX TOMOB 9TO-
ro kypca cuabxkennl pumckumu nudpamu: I «Mexanukay, 1988;
I «Teopus nossy, 1989; III «KpanToBass mexanmkay, 1989;
v «KBanroBas snexkrpogumnamukay, 1989; V «Craructuye-
ckas dusuka, gactb 1y, 1995; VI «I'mapomuaamukay, 1988; VII
«Teopusi ynpyrocruy, 1987; VIII  «DjekTpojuHaMuKa CILIOLI-
Hbix cpeiy, 1982; IX  «Crarucruueckas dusuka, dacrs 2», 2000.

eB
WRe = e’ WpR; =



FTABA 1

KNMHETUYECKAAd TEOPUZ I'A30B

§ 1. dysHKIUsa pacnpeieeHust

DTa raBa MOCBSIIEHA U3JI02KEHUI0 KUHETUIECKOT Teopun 00b14-
HBIX Ia30B U3 3JIEKTPUYECKU HEATPAJIBHBIX ATOMOB WJIM MOJIEKYJI.
[Ipeverom uzydenusi 310N TeOpUN SIBJISIFOTCST HEPABHOBECHBIE COCTO-
sIHUsI U TIPOIECCHl B MjleajibHOM Taze. HarnoMHuM, 910 10| ujiealib-
HBIM TIOJIPA3yMEBAETCS Ta3 HACTOJIBKO PA3PEKEHHBIN, UTO KayKIast
MOJIEKYJIa B HEM TIOUTH BCE BPeMsl ITBUYKETCS KaK CBODOJIHAS, B3au-
MOJIEICTBYsI C JAPYTUMHU MOJIEKYJIaMU JIUIIH TTPU HEMOCPEICTBEeHHBIX
CTOTKHOBEHUSIX C HUMU. DTO ZHAYUNAT, APYTUMU CIOBAMU, UTO CPETHEE
paccTosiHme MexKLy Moaekyaamn 7 ~ N 1/3 (N — [aucio MosieKy.
B eanHWIE 00hbemMa) TpejnoaraeTcst OOJBINM 110 CPABHEHUIO C WX
COOCTBEHHBIMU pa3MepaMu, TOUHEE, 0 CPABHEHUIO C PAJNyCOM Jeii-
CTRUST MEKMOTEKYIAPHBIX cua d; Manyio semwanny Nd® ~ (d/7)?
WHOTIA HA3BIBAIOT «TAPaMETPOM Ta30BOCTHU .

CraTncrryeckoe onmcanne ra3a OCyIecTriasdercs gynryued pac-
npedesenus f(t,q,p) Monekya raza B ux (azsoBOM MPOCTPAHCTRE.
Ona gmisercs:, BooOIEe TOBOPs, (DyHKINEH BBIOPAHHBIX KAKWM-
b0 06pa3oM 060OMIEHHBIX KOOPJAWHAT MOJIEKYJIbl (COBOKYITHOCTH
KOTOPbIX 0003HAYEHA 4epe3 ¢) U COOTBETCTBYIOMIUX UM 0000IeH-
HBIX UMITYJICOB (COBOKYITHOCTH KOTOPBIX 00603HAUYeHa 4depe3 p), a B
HECTAITMOHAPHOM COCTOSIHUN — erre u oT Bpemenu t. Obo3HaunM de-
pe3 dt = dq dp snevent ob6bema Gaz0BOr0 TPOCTPAHCTBA MOJIEKYIHI;
dq n dp ycioBHO 0003HATATOT COOTBETCTBEHHO TTpon3BeaeHust audde-
PEHIMAJIOB BCEX KOOPJMHAT U BceX uMity/ibcoB. [Ipoussenenue f dr
eCTh CPeJIHee YUCI0 MOJIEKYJI, HAXOJSIIUXCA B 3aJJaHHOM 3JIEMEHTE
dr, 1. e. 00JIAJIAIONINX 3HAYEHUSMEU ¢ U P B 33JIAHHBIX WHTEDPBAJIAX
dq u dp. K cMblciy OHATHST CPEIHEr0 B 3TOM OIPE/IEJIEHUN Mbl BED-
HEMCsI HUZKE.

Xorst pyHkiust f Oyger Besje moapazyMeBaThCsl ONPEIeJIeHHON
KAK IJIOTHOCTH PACHpejieieHrns UMEHHO B (Pa3zoBOM HPOCTPAHCTBE,
B KUHETHYECKONH TEOPUH [E1eCO0OPA3HO BBIPAXKATH €€ 4epe3 Olpe-
JleJIEHHBIM 00pa30M BbIOPAHHBIE [TEPEMEHHBIE, KOTOPbIE MOTYT U He
SIBJIATHCA KAHOHUYECKU COTPSIKEHHBIMEI 0D0OIIEHHBIMU KOOPIUHATA-
MU U UMILYJIbCAME. YCJIOBUMCS, MIPEXKJIe BCero, o0 3ToM BbIOOpeE.

[MocrynarespHoe JBUZKEHEE MOJIEKYJIbI Beerja Kjaccudno. OHo
ONMCBIBAETCsl KOOPAUHATAMU T = (I, Y, 2) €€ IEeHTPA MHEPIUHU U UM-
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MyJ6COM P (WM CKOPOCTBIO V = P/m) ee JABWKEHWs KaK IIeJI0TO.
B osHO0ATOMHOM Ta3e MOCTYMATebHBIM JABMKEHIEM WCIePIThbIBACTCS
BCe JBVKeHVe 9acTul] (aTOMOB). B MHOrOATOMHBIX JKe razax MoJe-
KyJIbI 00JIaIAf0T elrle W BPAIATeTbHBIMI 1 KOJeOATeTLHBIMI CTeTTe-
HIMW CBOOOIRI.

BparmmarensHoe JBUKEHIE MOJEKYJIbI B ra3e MPAKTHIECKN BCET-

12 ToXKe Kaaccudano ). OHO ONUCBIBAETCS, IPEKIE BCErO, 3a1aHHeM
BEKTOPa BpaIaTebHOr0 MoMenTa Mosekysibl M. s gByxaromuoit
MOJIEKYJIBL 9TOr0 J0CTaTO4YHO. Takas mMojiekysa npeacrasiisier coboit
POTATOP, BPAIAIOMINICI B IJIOCKOCTH, MEPIEHIUKYJISPHON BEKTOPY
M. Yro xe kacaercs yriia ¢ I0BOPOTA OCU MOJIEKYJIbI B 9TOM ILIOCKO-
CTH, TO B PeaJIbHbIX (DUBUIECKUX 33/1a9aX (DYHKIUIO PACIIPEIe/IeHI T
MOXKHO CUUTATH HE3ABUCIIIEN OT HEro, T. €. BCE OPUEHTAIIUN MOJIEKY-
JIbl B YKA3aHHON IJIOCKOCTA — PABHOBEPOSITHBIMU. DTO 00CTOSITE b~
CTBO CBA3aHO C OBICTPOTON M3MEHEHUS YIJVIA (0 IPU BPAIIEHUU MOJIe-
KYJIbI, ¥ €70 TIPOUCXOXK IEHNE MOYKHO MOSICHUTE CJIETYIOIINM 00pa30M.

CkopocTh n3menenus @ (yrjaoBasi CKOPOCTh BPAIIEHWsT MOJIEKY-

abl) ectb @ = 0 = M/I. Cpexnnee 3nadenue 91oit ckopocru ) ~ v/d,
riae d  MOJIeKYJIsiDHBbIE PAa3MepPbl, & U CPeJHee 3HAYEHUe JInHEel-
ubix ckopocreit. Ho pazyimanbie MOIEKyJ/ibl UMEIOT Pa3/InydHble 3HA-

ueHust {2, pacrpejiesieHHbIe 110 HEKOTOpoMYy 3akoHy BOKpyr 2. ITo-
9TOMY MOJIEKYJIbl, UMEBIIME B HAYAJILHBI MOMEHT OJIMHAKOBBIE (O,
O4YeHb OBICTPO PACXOAATCA 1O 3HAYEHUAM (0; MPOUCXOJNUT, KAK rO-
BOPSIT, OBICTPOE <«pa3MelnBaHuey 1o yriaam. [lycrs B HavaIbHBIN
MomernT ¢t = () pacrpeiiesienne MOJEKYJ Mo yriaam ¢ = ¢qg (B WH-
repsasie or 0 10 27) u no Q gaerca mekoropoit dbyuxuueit f(pg, ).
Boigeaum u3 Hee HEZABUCAIIEE OT ¢ CPEIHEE 3HAYEHNE

2m
f=FO) + Flo0 D FO) =, ] fle0. D) dgn.

rak ato f'(pg, 2) — sHakomepemennas (yHKIMS C PABHBIM HYJIIO
cpeganM 3HavenvreM. [lpn maanpHeiTeil SBOTIONNN 3a CIeT CBODOI-
HOTO Bpaiennst Moeky1 (@ = Qt + ¢g) dyHKIMs pacripeenenust
MEHSIETCST COTVIACHO

f(‘pa Q, t) = T(Q) + fI(QD — 0, Q)

(mpuuem apryment ¢ — f 10APa3yMEBAETCS IIPUBEJIEHHBIM K MHTED-
Basry oT () /10 27 TyTeM BBIYMTAHUS HaJJIEXKAIIETO I1eJ0T0 KPATHO-
ro or 2w). C reuennem Bpemenu f' cramosmrcs BCe Goee OBICTPO
ocrmyLupyoteit byuknmeit ot ): XapakTepHBIH Tepuo T OCIULIs-
it AQ) ~ 27/t n yike 3a Bpemsi CBOGOJHOTO (ME¥KIy IBYMSI CTOJIK-

1) Hanommuum, 910 yc10BHe KIACCHYHOCTH BPALIEHHS COCTOUT B HEPABEHCTBE
2
h*/2I € T (vpe I — voment muepuum mosiekyssl, T — Temmeparypa rasa).
DTO yC/I0BHE B OOBIYHBIX ra3aX MOMKET HApPYyIIAThCs PAa3Be YTO IS BOJOPOJA U
JefiTepust IPU HU3KUX TeMIepaTypax.
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HOBeHI/IHMI/I) Hpo6era MOJIEKYJI CTa@HOBUTCA MaJIBIM TI0O CPAaBHEHWIO

¢ Q. Ho Bce nabstoaemblie hu3naecKne BeJIMIUHBI COJIEPKAT B cebe
HEKOTOpOe ycpejnenue QyHKIuUU pacupejesienus 1o §2; BKIal ke
ObicTpo ocumaupyomteit pyukuun f B Takue cpejHue npexedpe-
xKumo MaJj. VIMeHHO 3T0 U 1103BoJigeT 3aMeHuTh (PYHKIUIO Pacipe-

nenenns f(p, Q) yepeanennoit no yraam dbynxnueit f(€).

N3znoxkennbie coobparkenus UMeEIOT, 09eBUIHO, 001Init XapakTep
U OTHOCATCA K JIIOOBIM ObICTPO MeHstfommMest Besimaunam (dazam),
NpOOErafouM 3HAUYEHUsI B KOHEYHBIX WHTEPBAJIAX.

Bosspaiasich K Bpalare/ibHbIM CTereHsiM CBOOOIbI MOJIEKYJT, OT-
METHM, 9TO B MHOTOATOMHBIX Ta3aX (PYHKIUsI PACIPEJIEJIEHUs] MOXKET
ellle 3aBUCETh OT YIJIOB, OUPEJIeSAonnx (PUKCUPOBAHHYIO OPUEHTA-
LUTO OCeit MOJIeKYJIbI 110 OTHOIeHu o K Bekropy M. Tak, B MojiekyJrax
THUIIA CHMMETPUYECKOrO BOJTYKA 3TO  yroj Mexkay M u ocbio Bod-
ka (yros npeneccun); OT OBICTPO MEHSIONIMXCSL 2Ke YIJIOB BPAIEHUSs
BOJTYKA BOKPYT' COOCTBEHHO OCH ¥ HMPEIECCUOHHOIO BPAIeHUs STOM
oct BOKPYT M (hyHKIHMIO pacipeaeseHnsi CHOBA MOXKHO CIUTATH HE
3aBUCAIIEH 1).

Konebarenbroe qgBuKenne aToOMOB BHYTPU MOJIEKYJIbI TTPAKTHYE-
CKU BCET/Ia KBAHTYETCs, TaK 9UTO KOjaebaTenbHOe COCTOSTHUE MOJjie-
KYJIbI OTIPEJIe/IeTCS COOTBETCTBYIONINMI KBAHTOBBIME duCIaMu. B
OOBIYHBIX YCIOBUSIX (TIPM HE CJUTIKOM BBICOKMX TEMTepaTypax), Ojl-
HaKo, Kojiebanust BooOIIe He BO30YKIACHBI U MOJIEKYJIa HAXOIUTCS Ha
CBOEM OCHOBHOM (HyJIEBOM) KOJIE0ATEIBHOM YDOBHE.

B panwreitmem B 310 TyaBe Mbl OygaeM 00603HAIATH CUMBOJIOM I
COBOKYITHOCTH BCEX MEPEMEHHbBIX, OT KOTOPBIX 3aBUCHT (DYHKIIWs
pacipejiesieHust, 3a UCKJIIOYEHNEeM KOOPIUHAT MOJIEKYJIbl KAK [EJI0r0
(n Bpemenu t). 13 anemenra daszosoro obbema dr BbLIEJINM MHO-
xkuresib dV = dzr dydz, a octajibHyI0 €ro 4actb, NpeodpaszoBaHHYTO
K UCIOJIb3YEMbIM IEPDEMEHHBIM (M IPOMHTErPUPOBAHHYIO 110 YIJIAM,
oT KoTopbIX (yHkus f He 3aBucuT), obosnaunm cumpoiaom dI'. Be-
JuauHbl [ 00/1a1a10T BaXKHBIM OOIIUM CBOMCTBOM: 9TO — WHTErpa-
JIBl JIBUIKEHWS, OCTATOIINECs] TIOCTOSTHHBIMI JI/I KAXKIOU MOJIEKYJIbI
B TedeHue ee CBODOIHOTO (B OTCYTCTBHE BHEINTHErO TOJIs) BUKEHWSsI
MEXKJTy IBYMsl TIOC/IE0BATENBHBIMI CTOJTKHOBEHUSIMU; B PE3Yy/IbTATE
2Ke KaxKJIOTO CTOJIKHOBEHUsI 9TU BEJIMYUHBI, BOODOIIE TOBOPS, MEHsI-
forcsi. Hanporus, KOOpJAUHATEL , 4, 2 MOJIEKYJIbl KAK LEJIOr0, Pasy-
MEETCsl, MEHSIFOTCsI B TEUEHUE €€ CBODOIHOIO JIBUXKEHUSI.

!) Ilpu Bpamenmu MoeKy/IbI THIA MAPOBOro Bomdka (manpumep, CHy) ocra-
I0TCsl IOCTOSIHHBIMY JIBA yTJ1a, ONPEAE/ISIONNEe OPUEHTALNIO MOJIEKYJIbl 110 OTHO-
HIEHUIO K Hampas/aeHnio M (COBIAIAomeMy ¢ HAPAaBIEHUEM YIJIOBON CKOPOCTH
Q). TIpm Bpamennn MOJIEKYJIbl THIA ACHMMETPUIECKOTO BOTUKA OCTAETCS TIOCTO-
SIHHON KOMOWHAIUS YIJIOB, BEIPAKAIOIIACH TOCTOTHCTBOM BPAIIATEIbHOMN SHED-
run By, = Mg/(?h) + M}/ (2L) + ME/(ZI:»,), rae Mg, M,, M; — npoekuun
NOCTOSHHOTO BekTOpa M Ha Bpamaiomuecs rIaBHbIE OCH WHEPIUN MOJIEKYJIbL.
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,Z[JIH OJHOATOMHOTO Ta3a BEJIMYHNHAMU T ABJIAIOTCA TPU KOMIIO-
HEHTBHI UMTIYJIHCA aTOMa P = MV, Tak 910 dI' = d3p. Jtsa aByxaToMm-
HO MOJIEKYIbI B [ BXOANT, TOMUMO UMTIYJIHCA P, €Ile W BpaIlaTe h-
el MoMenT M; cooTBeTCcTBEHHO 371eMeHT dI' MOXKHO TpeICTaBUTH
B BUIEC

dT = 27 d®p M dM doyy, (1.1)
e dong — D/IeMEHT TeJeCHBIX YIJIOB IS HAPaB/JIEHWS BEKTOPA

M ). JIast MOJIEKy/Ibl THIIA CHMMETPHYECKOrO BOJYKA B YHCIO Be-
smans I BxoauT takzke u yroj 6 mexy M u 0cbio BOTIKA; 9JIeMEHT

dl = 472 d3p M? dM dong d cos 0

(oauH MHOKUTEIL 27T BO3HMKAET OT MHTErPUPOBAHMS 1O YIJIy Bpa-
LIEHUsT BOJYKA BOKPYT CBOEH Och, a JAPYroifi MHOXKUTEJb 2T  OT
MHTErPUPOBAHUS 110 YIJIy IPEIECCUOHHOIO BPAIEHUS ).

WMurerpan

[ f(t.r,T)dl = N(t,)
€CTh IJIOTHOCTH MPOCTPAHCTBEHHOIO PACIPEJIEJICHUS TaCTUL] TA3a;
N dV ectb cpennee qucio mojiekys B sjemente obbema dV. B aToit
CBSI3U HEOOXOUMO CJEaTh CJEYTOIIe 3aMedaHus.

Korga peunb mjer o beckonedno majiom sjnemente obbema dV, o
MTOAPA3yMEBAETCsI, COOCTBEHHO TOBOPSI, HE MATEMATUIECKH, a PU3U-
YECKU MaJIblit 06beM, T. €. yIaCTOK MPOCTPAHCTBA, Pa3MepPbl KOTOPO-
10 OY€Hb MAJIbl 110 CPABHEHWIO ¢ XaPAKTEPUCTUIECKUMU Pa3MepaMu
gajlaar L, HO B TO Ke BPeMsl BEJIMKU 110 CPABHEHUIO ¢ pazMepaMu
MOJIEKYJI. DTO 3HAYUT, JAPYTUME CJIOBAMHU, 9TO yTBEPXKJIEHUE O Ha-
XOYK/IEHUW MOJIEKYJIbI B JIAHHOM 3jemMenTe obbema dV ompemenser
TTOJIOYKEHTE MOJIEKYJIBI B JIYIIIIeM CIydae JIUITh C TOTHOCTHIO IO PAC-
CTOSTHUT TIOPSIIKA ee Pa3MepoB. DTO 0OCTOSATE/THCTBO BECHMA CyIIle-
cTBeHHO. Ecm Ob1 KOOPAMHATHI TACTHI] Ta3a OTPEIEISIINCH TOTHO, TO
pW CTOJTKHOBEHNN, CKAYKEM, JBYX aTOMOB OITHOATOMHOTO Ta3a, JBU-
JKYIIAXCS TIO OTPEIeIeHHBIM KIACCUIECKIM TPACKTOPHUIM, Pe3yIh-
TAT CTOJKHOBEeHUsI ObLIT OBl TOXKe BIOJHE OmnpeeaeHHbIM. Kenm ke
peub wier (Kak BCerjia B KHHETUYECKO# TeOpun ra30B) O CTOJKHOBE-
HUAW aTOMOB, TTPOUCXOISIIEM B JaHHOM (DUBUYUECKN MAJIOM /IEMEHTE
obbemMa, TO BBUIY HEOTIPEIEIeHHOCTH TOYHOTO B3aUMHOTO PACIIOIO-
JKEHUsT aTOMOB PE3yJIbTAT CTOJKHOBEHWS TOXKEe OyJIeT HeOTpeeIeH-

1) K Berpaxenmo (1.1) moxno npumiitn, Hanucas cuagana dI' B Buge
dl = d*p6(Mn) d* M do, = d*p §(M cos ) M>dM dond cos 6 de,
rae don, = dcosfdp — dneMeHT TeJeCHBIX yTJIOB IJIsl HAIIPABJIEHUN OCHU MOJie-
Kysabl (8 — yron mexmy 3roit ockio m M). §-bynkums Bhipaxkaer TOT dakr,
aro M mMeeT TONBKO JBE HE3aBUCUMBIE KOMIIOHEHTHI (COOTBETCTBEHHO HHCITY
BPAIIATESbHBIX CTENeHel CBO0OIBI ABYXaTOMHON MoseKyan) — momenT M nep-

TIEHINKYISPEH OCH MOJIEKYJbl. [IpOMHTErpupOBaB HATIMCAHHOE BBIPAKEHWE TI0
dcos 0 dp, nomyanwm (1.1).
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HBIM U MOYKHO TOBOPHUTH JIUIIH O BEPOATHOCTH TOTO WU WHOTO €T0
MCXOA.

Mg MOKeM Ternephb YTOIHUTH, UTO, TOBOPS O CPEIHEel TLI0THOCTH
quCIa 9aCTUIl, MBI UMEEeM B BUJY yCpeIHEHWEe 10 0ObeMaM Orpejie-
JIEHHBIX TaKUM 00paz3om (hu3naeckn DECKOHETHO MAIBIX 3JIEMEHTOR 1
COOTBETCTBEHHO TI0 BpeMEHaM TMOPsIIKa BEJININHBI BPEMEH! MpoJIeTa
YaCTUI] Yepe3 TaKUe 3IeMEHTHI.

[TockonbKy pasmeps 97eMeHTOB 00beMa, TI0 OTHOIIEHWIO K KOTO-
pbiM onpejeneHa MYHKIUs PACIPE/Ie/ICHNs, BEJIUKU 110 CPABHEHUTIO
C MOJIEKYJIPHBIMU pa3zmepamu d, T0 paccrosguus L, HA KOTOPBIX 9Ta
byHKIUS CYIIECTBEHHO MEHSIETCs, BO BCAKOM C/Iy9ae JO0JIZKHbBI ObIThH
TOXKE BeJIUKHU 110 cpaBHeHUio ¢ d. COOTHOIIEHUE Ke MeXK]ly pazme-
pamu dusuvdecku 6ECKOHEIHO MaJIbIX JJIEMEHTOB 00beMa U CPeIHUM
ME2KMOJIEKYIAPHBIM PACCTOSHUEM T MO2KeT ObITh, BOOOIIE TOBOPH,
npousso/ibHbIM. CyIIecTByeT, OJHAKO, pa3/udre B XapaKTepe Ompe-
nesisiemoii pyuxmmeit pacupejesenus miaorHoctu N B 3aBUCHMOCTH
OT BEJIMYMHBI ITOr0 coorHomenus. Eciu pazmepst aiementoB dV ne
BEJIMKU 110 CPABHEHWIO C T, TO MA0THOCTH N He gBJIgeTcd MaKpo-
CKONUYECKOH Besmunuoit: hIyKTyanunn 9ucaa 9acTull], HaXOMAIIIXCS
B dV, cpaBuumbl C ero cpeanum 3uadenueMm. I[Lnornocts N crano-
BUTCS MAKPOCKOIMYECKON BEJIUYUHON, JIUIIb €Cu OHA OIpeje/ieHa
10 OTHOIIEHUI0 K oObemam dV, comepzKaimy MHOTO YaCTHUIL; TOTIa
duiyKTyanuu 9ucjia 9acTuil B 9TUX 00beMax OTHOCUTEJIHLHO MaJibl.
flcno, omHako, 9TO TaKOe OINpe/ie/IeHre BO3MOYKHO JIUITh, €CIU W Xa-
paKTepHBIE pa3Mepbl 3aadn L > 7.

§ 2. Ilpuniun geTajIbHOrO PaBHOBECUS

PaccMoTpuM CTONKHOBEHUST MOJIEKYJI, W3 KOTOPBIX OJHa 00.1a/1a-
eT 3HAYEHUAMN BeIWInH [, IeKalmmMu B 3aJaHHOM nHTepBase dl', a
npyras — B wATepBae dl'y, mpuyeM B pe3yIbTaTe CTOIKHOBEHUST 3TN
MOJIEKYJIBI TPROOPETAIOT 3HaueHns || B MATEpBaIax COOTBETCTBEHHO
dl' n dI'}; nnst kparkocTn Gy1eM TOBOPUTE TTPOCTO O CTOJKHOBEHUSIX
mosekyn I' u T'y ¢ mepexogom T, Ty — TV T, Tlosnoe uueno raknx
CTOJIKHOBEHWI, OTHECEHHOE K eJMHUIE BPEMEHU M K eJAMHULe 00b-
eMa ra3a, MOKHO HAIMCATL B BUJIE IPOM3BEJICHUS YUCIA MOJEKYJI
B eaunuie obobema (310 uncao pasuo f(t,r,I')dl') na BepoaTHOCTD
KazKJIOl M3 HUX MCOBITATH CTOJKHOBEHHE PACCMATPUBAEMOIO THIIA.
[Tocneansst BO BCAKOM CJIydae IPONOPUUOHAIBHA YUCTY MOJEKysT 'y
B eannnne oobema (pasuomy f(¢,r,I'1)dl'y) n narepsanam dI”, dI'
sHavennii BesmanH [T 00enx MOJIeKyJ Tocae CTONKHOBeHWs. Taknm
obpazom, uncao croakuosenuii ¢ nepexogom I', Iy — I, T} nponc-

xomsmmx B 1 ¢ B 1 em?, MoskHO mpeacTaBuTh B BUIE

w(l, T T, T) f f1dU dl'y T dT) (2.1)
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O6oznaunm cnviotom TP copoxymmocTs Besmums, momyuaro-
mmxcst u3 [' OJIHOBpEMEHHBIM 00pallleHneM BPEMEHN ¥ WHBEpPCHH.
VHBepcust MeHsIeT 3HAK BCEX OOBIYHBIX (TIOJISIPHBIX ) BEKTOPOR, B TOM
YHUCIe UMTTYJIhCa P, W OCTABJIsIeT HEM3MEHHBIMW aKCHaJIbHbIE BEKTO-
pbI, B TOM uncyie BekTop MomenTta M. TTosromy, ecim I' = (p, M), 1o

I'"F = (p, —M). Hapsiay ¢ pasernctrom (2.3) Gysem mMeTh TaksKe
")
w(, T;T,Ty) = w(@F 177, 1P TP, (2.7)
O nepexoax, K KOTOPbIM OTHOCATCsT (DYHKIUHU W B 00EUX CTOPO-
HaX paBeHCTBa (2.3), TOBOPAT KakK 00 00pauieHHuT No 6pementy 1o

OTHOTIIEHUIO IPYT K ApyTy. OHM He SBIATIOTCST B OYKBATHLHOM CMBICTE
NPAMBM T 00PAMHLM, TTIOCKOIBKY OTndaioTcs suaderusivu [ (T
u I'T). [Ina ognoaroMuoro rasa, 0HAKO, IPUHIMHIL JIETAIBHOIO PAB-
HOBECHS MOXKET ObITh COOPMYJTUPOBAH TAKZKE ¥ B TEPMUHAX [TPSIMbIX
u obparubix mepexo1oB. [lockonbky Besmmunnamu [' aBagiorcs 31ech
BCETO TPH KOMTIOHEHTHI IMTTyThca atoma, To I' = I = p wusz (2.7)
nveem

PABEHCTBO

w(p’,p1;p,P1) = w(p, pP1; P, P)- (2.8)
31ech MBI UMeeM JeJI0 C «IeTAThLHBIM PABHOBECHEM» B OyKBaILHOM
CMBIC/IE DTOTO CJIOBA: KaXKJIbIHT MUKPOCKOTTMYECKUIT TTPOIECC CTOJIK-
HOBEHUIT OalaHCUPYeTCst 0OPATHBIM MYy TTPOIECCOM.

OYHKIMS W YIOBIETBOPSIET €IIe OJHOMY OOIIEMY COOTHOIIEHHIO,
HE I/IMeIOH_IeMy OTHOIIIEHUA K CI/IMMeTpI/H/I OTHOCUTEJIBHO O6pameHI/Iﬂ
Bpemenu. BbiBojg 3TOro coorHourenus 0ojiee HAIVISIIEH, €C/IU IIPO-
I/ISBO,HI/ITI) €I'0 B KBaHTOBOMEXaHMNYECKUX TepMI/IHaX, paCCManI/IBaH
ePexXoabl MEXKy COCTOSTHUSIME, O0OpPa3yOMMMKA JTUCKPETHBIN PsI;
peLH) I/I,HeT O COCTOAHUAX Hapbl MO.HeKyJL ,HBI/I)KyIlH/IXCH B SRrHaHHOM
koredHoM oObeme. Kax m3BECTHO, aMILIUTY/bl BEPOATHOCTEH DPas-

JIMYHBIX MPOIECCOB CTOJKHOBEHMS 0OPA3YIOT YHUTAPHYIO MATPULLY S
(Tak Ha3BIBAEMAs MAMPUUG PACCEAHUA, NI S-mampuua). YCIOBIE

yauTapHOCTH Tiacut: S8 = 1, wim, B 9BHOM BHJE ¢ MATPUYHLIMU
WHjIeKCaMU (HYMEPYIOIINMHU Pa3IuIHbIe COCTOSTHSA ),

> S Suk =Y SiSuk = ik

B wactuoctu, ipu © = k
> [Snil” =1.
n

') Ecmm cpemm Benmmamu [ MMEIOTCS TAKIKE M IIEPEMEHHBIE, OIPeIe/IsAIONIre
BPAILIATEILHYIO OPUEHTALMIO MOJIEKYJIb, TO npu nepexoxe k 17 wm I'7F non-
JKHBI OBITH OMpeaeeHHBIM 00pa30M Tpeobpa30BaHbl TaKke W OHHM. Tak, yrom
MPENecCun CUMMETPUYIECKOTO BOJYKA 33JaeTcs npomseegernem Mn, rae n —
HallpaBJIEHWE OCU MOJIEKYJIbI; 3Ta BEJIWYNHA MEHAET 3HAK KaK IIpH O6pa]l[eHI/H/I
BpPEMEHU, TaK U TIPU WHBEPCHH.
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Kraapat |S,;|? ompesenser BeposTHOCTH CTOIKHOBEHWS C TIEPEXO-

JIOM i — m '), m HammMCcaHHOe PAaBEHCTRO BHIPAYKAET COBOM TPOC-
TO yC/IOBME HOPMUPOBKH BEPOATHOCTEH: CyMMa BEpPOSTHOCTEH BCEX
BO3MOYKHBIX TIEPEXOJ0B W3 3aJaHHOTO HAYAILHOTO COCTOSTHWST PaB-
na eguauie. Ho ycaoBme yHUTApPHOCTH MOXKHO HAMHUCATH U B BUIE
S8+ =1 ¢ npyrnm mopsiakom MuoxuTeseit S n ST. Toraa momyanm

> SinSy, = 6ig mnpn i =k

Z |S7TL|2 = 1:
n

T. €. PaBHA €IMHATIE TAKKE W CyMMa BEPOSITHOCTEN BCEX BO3BMOYKHBIX
TePexXO/I0B B 3aaHHOE KOHEUHOE cOoCTosnme. VckaouanB w3 obenx
CYMM TI0 OJJHOMY YJjIeHy C 1 = i (Tiepexoj1 6e3 n3MeHeHUsl COCTOSTHMS )

HATTUTIIEM
! 2 ! 2

n n
DT0 U €CTh UCKOMOE PaBeHCTBO. B TepmuHax (byHKIUi w OHO 3ariu-
LIETCS B BUJIE

[w(I',T};T,T)dl" dT’, = [w(D,Ty;T",T)dl"dTY. (2.9

§ 3. Kunernyeckoe ypaBuenue Bosibiimana

[Tepeiijiem Tenepb K BBIBOJY OCHOBHOIO YPABHEHUsI KUHETHYE-
CKOIl Teopum ra30B  ypaBHEHUs, ONPEIEJSIONEro (MyHKIUIO Pac-
npepenenns f(t,r,T).

Eciu crosknoBeHusiMu MOJIEKYJT MOXKHO ObLI0 Obl mpenedpedb
BOBCE, TO KarkK/lasg MOJIEKYJIA I'a3a [peJCTaB/isjia Obl COOON 3aMKHY-
TYIO [IOJICUCTEMY U Jijist (DYHKIMKU PACHPeIeaeHns MoKyl ObLia Ob1
cripaBejiyinBa Teopema JIumyBuiuisg, B CUIy KOTOPOU

9 — 0 (3.1)
dt
(em. V, § 3). Tlonnasi mpousBoaHas o3HavaeT 37ech jnddepenin-
poBanue BIOTH (HA30BOI TPAEKTOPUYU MOJIEKYJIbI, OTIPEJEIsIeMoil ee
YPaBHEHUAMU IBUZKEHNA. HaHOMHI/IM, 9TO TeopeMa .HI/IyBI/IH.HSI nMme-
er MecTo 1151 (DYHKIINK PACIpPEIEIeHnsi, OTPeIeJTeHHON NMEHHO KaK
MJI0OTHOCTH B (ha30BOM TPOCTPAHCTBE (T. €. B TPOCTPAHCTBE Tiepe-
MEHHBIX, ABJIAIOIINXCA KaHOHNYECKN COTTPAXKEHHBIMNT O606meHHBIMI/I

1 2
) Ksazpar |Sy,;|° upu Gosbmnx BpemMeHax NPONOPUMOHAJEH ¢ M TOCTIE Jesie-
HUs HA t JaeT BEPOSATHOCTH IE€PEeX0/a, OTHECEHHYIO K eauHuie spemenu (cp. IV,

§ 64). Ecsim BostHOBBIE DYHKIMM HAYAIBHBIX M KOHEYHBIX YACTHI HOPMUPOBAHBI
«Ha 1 9acTuy B € IMHIIHOM 00bEMEe», TO ITA «BEPOSATHOCTE» Oy/IeT UMEeTh Ty XKe

pasmeprocts (cvm? /c), uro u onpepenennas cornacho (2.1) emanna w dT dTy.
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KOODJIMHATAMW W UMTTYJIHCAMM ). DTO 0OCTOSTENHCTBO HE MEIAeT, KO-
HEYHO, TOMY, 4T0O cama (pyHKINs f MOXKeT ObITh 3aTeM BhIpaykeHa 1
uvepes Jito0Oble JIpyTHe TTepeMeHHbIe.
B orcyrcrrue BHerHero mosist BeinanHbl [T CBOOOIHO BV YIIEH-
CsT MOJIEKYJIBI OCTAIOTCS TTOCTOSTHHBIMY W MEHSIOTCS TOJHKO €€ KOOP-
JUHATHT T TIPA 9TOM
i 9 | vy, (3.2)
dt ot
Ecnu ke ra3z maxoaurcs, nanpumep, Bo Bremuem nose U(r), aeii-
CTBYIOIIEM Ha KOODJIWHATHI [IEHTPA WHEPIMN MOJIEKYJIbl (CKasKeM, B
HOJIE TSKECTH), TO

af _ of of

= == \Y F— 3.3

dt ot +VVi+ op’ (3.3)
rne F = —VU cuia, JeRCTBYIONIAs HA MOJIEKYJY CO CTOPOHBI

HOJIA.

Yuer croskHoBenuii napymaer paseHctso (3.1); dynkuus pac-
npeJiesIeHns epecTaeT ObITh NOCTOAHHON BA0Ib (Hha30BBIX TPAEKTO-
puit. Buecro (3.1) nHazuo nucarsb

4 _ gt f, (3.4)
dt

re cuMBosT St f o3nagaer cKOpocTh n3Menenust (OYHKIINNA PACITPE/Ie-

Jiennsi Guiarogapst cronkroBenusiv: dV dI' - St f ecth orHecennoe K

eIMHNTIE BPEMEHW M3MEHEHNe 33, CIeT CTOTKHOBEHWH THCIA MOJTEKYJT

B dazosom oboneme dV dI'. Hammcanmoe B BUge

af _
T vVf+Stf

ypastuenue (3.4) (¢ df /dt u3 (3.2)) oupeuessier 10JHOE U3MEHEHUE
dbyHKIIMKU pacrpejesienns B 33aHHON TOUYKe (ha30BOr0O MPOCTPAH-
cria; wien dV dU(vV f) ecrb yObuib (B 1 ¢) unciaa Monexysn B 3a1aH-
HOM 3j1eMeHTe (DA30BOro NPOCTPAHCTBA, CBA3aHHAS ¢ UX CBOOOIHBIM
JIBUZKEHUEM.

Benuunny St f HazbIBAIOT UMMEZPANOM CMOAKHOGENUT, a yPaB-
Henus Buza (3.4) HA3BIBAIOT BOOOIIE KUHEMUYECKUMU YPAGHEHU-
mu. Pazymeercs, KUHETHYECKOE ypaBHEHUE MPUOOPETaeT peasbHbIi
CMBICJ JIMIIB [TOCIE YCTAHOBJICHHS BUJIA MHTErPa/ia CTOJKHOBEHMIA.
K sTomy BOmpOCy MBI cefiqac m nepeitgem.

IIpu CTOJKHOBEHNMU JBYX MOJIEKYJ 3HAYEHHs WX BeauduH [ me-
HATOTCA. [103TOMY BCSAKOE CTOJIKHOBEHHE, MCIBITAHHOE MOJIEKYJION,
BBIBOJAUT €€ U3 3aJIaHHOr0 MHTEpBaja dl'; 0 TAKMX CTOJKHOBEHUSX
FOBOPST KaK 00 akTax «yxoiar. [[osiHOe 9ucao CTOJKHOBEHU ¢ 1re-
pexogamu I', T'; — IV, T} co Bcemn Bo3mozkubIMY 3HAueHustMu [, TV,

I} mpu 3azanrom ') mponcxoasmux B eNHAIYY BpeMeHn B obbhemve
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o
w

dV', paBHO MHTETpAIY
dv dr [w(I',T}:;T,Ty)f f1 dly dI' dL).

[TponcxoasaT, oJJHAKO, ¥ TaKHWe CTOJKHOBEHWS («TIPUXOI» ), B PE3YJib-
TaTe KOTOPHIX MOJIEKYJIbI, 00/IaJaBIie TTepBOHAYAIRHO 3HATCHUAMI
BevunH [, J1eKammMu BHE 33JaHHOTO WHTepBaaa dl', monagaioT B
9TOT WHTEPBa/L. JTO — CTONKHOBeHUs ¢ nepexogamu [V, T — T, Ty
cHoBa co Beemu Bo3MoxHbiMu L'y, IV, T npm 3agannom T. Ilon-
HOE YMC/I0 TAKWX CTOJIKHOBEeHuii (B eaunnily Bpemenn B obbeme dV)
paBHO
AV dr [ w(D,Ty; T, ) £/ f1 dTy dI dI,.

BeraTsa ameno akToOR yXoJa M3 Uncaa aKTOB TTPUXO/A, HalleM TaKnM
obpas3oMm, YTO B peE3yJhTaTe BCEX CTOJKHOBEHWI paccMaTpuBaemMoe
qMUCI0 MOJIEKYJ yBeanunBaercs B 1 ¢ Ha

dv dr [(w'f'fi —wf f1)dly dI" dT),
rjie Jiisg KPaATKOCTH 0003HAYEHO
w=w(l,T';T,T), w=w T T). (3.5)

Taxwum obpaszom, HAXOAUM CIEIVIONIEe BHIPAYKEHWE /1T WHTerpa-
Jla, CTOJIKHOBEHWIA:

Stf = [(w'f'fi —wffi)dly dI"dl". (3.6)

Bo Bropowm ujiene B nogbIHTErPAIBHOM BbIPAXKEHUU HHTEIPUPOBAHNE
no dI' dT"} ornocurcsa toapko K GyHKumMM w; MHOKuTean f, fi or
9THUX 1epeMeHHbIX He 3aBucdt. [loaroMy 9Ty YacTh mHTErpasia MoxK-
HO 1IPeodPa30BaTh ¢ NOMOUILIO COOTHOIEHust yaurapuoctu (2.9). B
pe3yabTaTe WHTEerpas CTOTKHOBEHUN TIPUMET BUT

St f = [w!(f'ff — £f1)dy dT" dT%, (3.7)

B KOTOPOM 06a djIeHa BXOIAT ¢ OJMHAKOBBIM Kodhduimentom w' ).
VCTaHOBUB BUJ WHTErPAIA CTOTKHOBEHUN, MBI TEM CAMBIM TIOJY-
9UIM BO3MOYKHOCTH HAMMCATH KUHETHIECKOE yYPABHEHNE

g_f +vV = [ (f'f = ffi)dlydlYdly. (3.8)

D10 uHTEerpo-aAud@EpPEHInaJIbHOE yDABHEHUE HA3BIBAIOT TAKKe
ypasHeruem Boavuymara. OHO OBLIO BIEPBbIE YCTAHOBJIEHO OCHOBA-
TejieM KuHeTudeckoi reopuu Jlodsuzom Boavumarom B 1872 r.
PaBuoBecnoe crarucruueckoe pacupejiesieHue J0JIZKHO yI0BJie-
TBOPSITh KHHETUYIECKOMY YPABHEHUIO TOXKJIECTBEHHBIM 00pa3oM. DTO

1) BoaMoKHOCTD npeoOpa3oBaHusa WHTErpata CTOMKHOBEHUH ¢ moMOombio (2.9)
ykazana I[ITmiwokxeavbepeom (E.C.G. Stickelberg, 1952).
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YCIOBME JEfCTBUTEIRHO BHITIOIHAETCA. PABHOBECHOE PACTIPEIEIEHNE
CTAIMOHAPHO M (B OTCYTCTBUE BHEITHErO TMOJIs) OJHOPOIHO; TIO3TOMY
JieBast 4acTb ypasHenusi (3.8) TOXKJIECTBEHHO OOPANIAETCS B HyJIb.
Pagen mysio Takxke u MHTErpaJl CTOJKHOBEHWI: B CHJly PaBEHCTBA
(2.5) obpamaercss B HyJib NMOJBIHTEIPAJLHOE BbIPAKEHUE. YI0BJIe-
TBOPSIET KMHETHYECKOMY YPABHEHMIO, KOHETHO, U PABHOBECHOE Pac-
npejiesieHue i ra3a BO BHeImHeM 1oje. JIoCTaTOYHO BCIOMHUTD,
YTO JIEBASA 9ACTh KWHETWYECKOTO yPABHEHWS €CTh TIOJHAA TTPOU3-
BogHast df /dt, TOXKIECTBEHHO OOPAINAOIIASICS B HYJIb JIJIs BCSIKO
dbynknum [, 3aBucAIeil TOILKO OT WHTErPAJIOR JIBWKEHWS; PABHO-
BECHOE YK€ PACTIPEJEIEHNE BHIPAKAETCA TOJIBKO Y€pe3 MHTETPAJT IBW-
JKEHUsT — TIOJHYI0 SHepruio Mosekyist ().

B "3/10’keHHOM BBIBOZE KWHETHYECKOTO YPABHEHUS CTOIKHOBE-
HUS MOJIEKYJI PaCCMATPUBAINCH TIO CYIIECTBY KaK MTHOBEHHBIE aK-
THI, TTPONCXOAAIINE B ONHON TOYKE TPOCTPAHCTRA. YICHO TO3TOMY,
YTO KWHETUYECKOE yPABHEHNE TIO3ROISET B TPUHIIATIE CIEANTH 34, N3-
MeHerneM (DYHKINU pACITpeNeNeHns JUIThH 38 TTPOMEKYTKHA BpPEMe-
Hu, GOIBIIME TT0 CPABHEHWIO C JINTEIHHOCTHIO CTOJIKHOBEHWI, W HA
PACCTOTHNAX, BOJIBINX TIO0 CPABHEHWIO C Pa3zMepaMn 06JIaCTH CTOJIK-
norenmns. [lociegAne MOpsIKa BEJNYUHBI PAINYCa AEHCTRASA MOJe-
KYJIAPHBIX Ul d (7151 HeATPaIhHBIX MOJIEKYJI COBMAJAIONIET0 € WX
pa3MepaMn); BpeMsi yKe CTOTKHOBEHWsI TOPSIIKA BEJUINHBI d/U. DTn
3HAYEHNS W yCTAHABJINBAIOT HUYKHWIT TIPEIE PACCTOSTHWI W JIJINTE -
HOCTEIl, pACCMOTPEHNE KOTOPBIX JOMYCKAETCH KWHETUIECKUM YPaB-
HeHneM (K TIPOMCXOXKIEHWI0 9TUX OTPAHWYEHW Mbl BEPHEMCS elle
B § 16). Ho daxruueckn 06b1dHO HeT HeoOxogumoctn (ga u BO3-
MOYKHOCTH) B CTOJIb JETATLHOM OTMCAHUY TTOBEJEHUs CUCTEMBI; st
9TOr0 MOHAIOOMIOCH OBbI, B YACTHOCTH, W 33 [aHNE HATAIBHBIX YCI0-
BUii (MPOCTPAHCTBEHHOTO PACIIPEJIEIeHNsT MOJIEKYJI Ta3a) ¢ TaKoi JKe
TOYHOCTHIO, 9TO (PAKTUUECKN HEOCYIIECTBUMO. B peaahHbIx (hnsm-
YECKUX BOIPOCAX CYIIECTBYIOT XapaKTEePHbIE TapaMeTpbl AjnHbl L n
Bpemenn 1, HABSI3BIBAEMbIE CHCTEME YCJIOBUSIME 3a/1a491 (XapakTep-
HbIE JIJIMHBI TPAJMEHTOB MaKPOCKONMYECKUX BEJIMYUH Ta3a, JJIMHBI
U NepUuojbl PACHPOCTPAHSIONIMXCA B HEM 3BYKOBBIX BOJIH M T. IL.).
B Takux 3aja4ax JOCTATOYHO CJIEJUTH 3a MOBEJAEHUEM CHCTEMbl Ha
PACCTOAHUAX M 34 BPEMEHa, MaJible JIMIIb [0 CPABHEHUIO C 3THMU
L uT. Ipyrumu caoBaMu, MaJIbIMU JIMIIL 110 cpaBHeruio ¢ L u 1T’
JIO/IKHBL ObITh (pusndecKkn OECKOHETHO MaJible 3jeMeHThl 00bema u
BPEMEHHU. YCPEJHEHHBIMU 110 TAKUM 3/1eMEHTAM 3aaf0TC 1 HadaJlb-
HBIE YCJIOBUS 3a/1a4H.

JI/ist OIHOATOMHOrO Ta3a BeJMYUHBI I CBOAATCS K TPEM KOM-
HOHEHTAM MMITyJIbCa aToMa P, a cornacHo (2.8) dbyuxknus w' B
MHTErpaje CTOJIKHOBEHHH MOXKeT ObITh 3aMeHeHa (QyHKOuei w =
= w(p’, p}; P, p1). Beipasus 3arem sty dynkuuio uepes auddepen-
npaThHOe cedente CTOMKHOReHwi do cormacho w dop’ d*p) = v do
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(r11e vors = |V — v1|; em. (2.2)), momyanm

St f = [ voun(f'fi — ff1) do d’p1. (3.9)

@yukuust w, a ¢ HEIO u cedenue do, onpeaeseHnoe corsacHo (2.2),
copepxar B cebe d-PpyHKIMOHHBIE MHOKHUTENN, BHIPAXKAIOIINE 3aKO-
HbI COXPAHEHUsI UMITYJIbCA M SHEPIUU, B CUJIY KOTOPBIX NEPEMEHHbBIE
P1, P, P} (npu 3amanHoM p) B JefiCTBUTENHLHOCTH HE HE3aBUCHMBI.
Ho mocste Toro, Kak mHTErpasa CTOJIKHOBEHNi BhipaxkeHn B Buje (3.9),
MOYKHO CIUTATh, 9TO 3TN J-(PYHKIINN yKe yCTPAHEHBI COOTRETCTRYIO-
MM WHTETPUPOBAHUEM; TOTHA do OyAeT OOBIYHBIM CEUEeHNeM pacce-
STHUSL, 3aBUCSIINAM (TIPU 32JIAHHOM Ugry) TOJBKO OT YIJIa PACCESTHUS.

JIns Ka4eCTBREeHHOTO PACCMOTPEHUS KUHETWIEeCKUX SBICHWUN B
rasze MCroab3yerca rpybas olerKa WHTErpaja CTOJIKHOBEHWil C TI0-
MOIIIBIO TIOHSITUST dAUHbL, 600001020 npobeza | — HEKOTOPOTO Cpe-
HEr0 PacCTOsTHUA, NPOXOAMMOTO MOJIEKYJIOH MEXKJy JByMsi MOC/Ie-

JIOBATEJIbHBIME CTOJIKHOBEHUSIMH |). DTa BeJndiHa nMeer, KOHEeYHO,
JINIIIb KAY9EeCTBEHHBIN XapakKTep; CaMoe ee OIpeje/IeHre 3aBUCUT OT
TOr0, KAKOE MMEHHO KHHETHYECKOE siBJICHUE B Ia3e PACCMaTPUBAET-
csl.

Huna cBobomuoro npobera MoxKeT ObITh BbIPAyKeHA Uepe3 cede-
HEe CTOJIKHOBEHWIl 0 ¥ IJI0THOCTH 4umcia mojexkys B raze N. Ilycrs
MOJIEKYJ/Ia B CBOEM JBUYKEHUW TPOIILIA 1 CM; HA 9TOM Ty TH OHA CTOJTK-
HYJIACh C MOJIEKYJIAMU, HAXOJAAIMMUCS B 00beme o (00beM IuInHIpa
C IIOIABIO CeueHns o u ayuuol 1 cm); B 3rom o0beme nmeercst o N
MOJIeKyJ1. ZlcHo mosTOMYy, UTO

1
I~ . (3.10)
No
Ceuenvie CTONKHOBeHMT 0 ~ d?, T7ie d — MOJEKYJISPHBIE pa3Mephl.
Hamucas takxe N ~ 7 3, e ¥ cpefmee PACCTOSHEE MEXKIY MO-
JleKyJlaMu, Haiijgem, 4ro

l~?<2)2:d(3)3. (3.11)

[Tockonbky B raze ¥ > d, To gyunaa npobera [ > T.
Ornomenune 7 ~ /T Ha3BIBAIOT 8pemenem c60000H020 npobeza.
st rpy6oit oneHKu wHTErpaga CTOJKHOBEHUN MOYKHO TIOJIOZKUTH

stf~ L0~ Tir - o). (3.12)

T

Hanucas B unciuresie paznocrs f— fo, Mbl TEM CAMBIM YUJIH, 4TO UH-
TerpaJi CTOJKHOBeHu 00palaeTcs B HYJIb Jjisd PABHOBECHOM (DyHK-
nuu pacupejesnenusi. 3uak Munyc B (3.12) Beipaxaer tor daxr, 4ro

1) D10 noustue Gu110 Buepsbe BRemeno Kaaysuycom (R. Clausius, 1858).
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CTOJIKHOBEHUA ABJIAIOTCA MEXaHU3MOM ycTaHOBJIeHI/IH CTaTUCTU4E-
CKOTO paBHOBECHA, T. €. CTPEMATCA yMeHbH_H/ITB OTKJIOHEHUE (byHK—
MW pacTpe/ieieHns OT PaBHOBeCHOU. B 3TOM cmbIcae BennumHa T
UTpaeT poJb BPEMEHUW DEJIAKCAINN 17151 YCTAHOBJIEHUS PABHOBECUS B
KaykJI0OM 3JIeMenTe 00hemMa Tasa.

§ 4. H-reopema

IIpenocrasiiennniit camomy cebe ra3, Kak ¥ BCAKas 3aMKHYTasd
MaKPOCKOIUYIECKAs] CUCTEMA, CTPEMUTCS IEPEHTH B PABHOBECHOE CO-
crosiire. COOTBETCTBEHHO 9BOJIIOLMS HEPABHOBECHOM (DyHKIMU pac-
[peJieJIeHsl COIVIACHO KWHETUYEeCKOMY YPABHEHUIO JO0JIZKHA COIIPO-
BOXKJIATHCsI BO3PACTAHUEM SHTponuu rasa. [lokaxkem, ar1o 310 Jeii-
CTBUTEIbHO TaK.

Kax wsBecTHO, SHTpONNS MI€AJBHOIO Ta3a, HAXOAIIErOCs B
HEPABHOBECHOM MAKPOCKOIMYECKOM COCTOSHUM, OIHUCHIBAIOIIEMCS
dyuknmei pacupejenenns [, paBHa

S = /fln?dVdF (4.1)

(em. V, §40). dudbdepentmpyst 370 BhIpaykeHne 110 BpEMeHH, TTHIIeM

ds 9 e - of
/a<fln?> dV dr = /lnfat dvdr.  (4.2)

dt

[TockombKYy yCTAHOB/IEHUE CTATHCTHYECKOTO DPABHOBECHST B TA3e
OCYTIECTBJISIETCST CTOTKHOBEHUSIMU MOJIEKYJT, TO BO3PACTAHUE IHTPO-
[UU JTOJIZKHO OBITH CBS3aHO MMEHHO CO CTOJKHOBUTEJIBHON 9aCTBIO
n3menenus GyHKIUU pacupejesienns. 3menenue ke 310t pyHK-
[IUH, CBSI3AHHOE CO CBOOOIHBIM IBUZKEHIEM MOJIEKYJI, HE MOKET N3Me-
HUTH SHTPOIHMH Ta3a. JleficTBuTeibHO, 9Ta YaCTh U3MEHeHus (DyHK-
uuu pacupejesienns gaercs (uuis rasa Bo saemnem nose U(r)) nep-
BBIMU JIBYMSI 4JIECHAMY B IIPABO¥ 9aCcTU yPABHEHUsI

of _ of
o —vVf— F -I—Stf

Ux Brran B mponseoanyio d.S/dt pasen

—_/lnf{—vzr af] dVdI‘_./ [V%JFF%] (FmL) avar.

Ho wrrerpan mo dV or wiena ¢ mpon3BogHoit d/0r mpeobpasyercst
corytacHO TeopeMe 'aycca B WHTErpaJI o TOBEPXHOCTH; TIPW WHTETPH-
POBAHUW TI0 BCEMY 00HEMY Ta3a OH 0OpAIAETCA B HYJIh, TTOCKOIBKY
3a TIpejieslaMu 3aHMMaeMoro TazoM obbema f = (. Anamormanbim

06pa3oM, WJIeH ¢ TPOM3BOAHOI O/Op MpW WHTErpHpOBaHWH 10 d°p
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npeobpasyeTcss B MHTErpasl 1mo 0€CKOHEYHO yIAJIEHHON TTOBEPXHOCTHU
B UMITYJICHOM TPOCTPAHCTBE W TOXKE 00paIaeTcst B HYJIb.
Takwum obpazom, /I W3MEHEHUs SHTPOTIUN OCTAETCSI
as
Pl flnf St fdl'dV. (4.3)

DTOT MHTErPaJl MOXKHO Peodpa30BaTh ¢ MOMOIILI IPUEMA, KO-
TOpBIH MBI chopmysiupyem (UMest B BUJLy TAKZKe U JajibHefmme npu-

MeHeHWs1) B 00IIemM Buje JIIs WHTerpaa

[ () St fdr,

rae (1) gobasg yuxmua Besumuun [, [IpegcraBuB mnaTerpasn
croakHoBeHuit B Bue (3.6), nnmem

[@)St fdl = [ u(T,Ty; T, ) f' f1d'T —
— [@w(I", 14,0, 1)) f 1T
e s xkpatkoctu obozmaveno dil' = dIdl'y dIV dI'}. Tlockoneky

WHTErpUpOBAHNE TTPOM3BOJANTCA 37eCh TI0 BceM rmepeMenabiM [, 'y,
I, T}, T0O MOXKHO, He MeHsist ”HTerpaJa, MPON3BeCTH JII000e epeobo-

3HAUEHWe TepeMeHHbIX. B3anvuo nepeobosznauns I', 'y u IV, T Bo
BTOPOM WHTETpaJie, MOy M

J @) St fdl = [(p — " )w(T,T; T, TY) f f1d'T

[Tepeo6ozuauns reneps I', IV «» Ty, T, B3sB noaycymmy nosyvaio-
HIMXCA TAKUM 00pa3oM MHTEIPAJIOB U yUTd OUYEBUJHYI0 CUMMETPUIO
byHKIMU W 10 OTHOIIEHUIO K JBYM CTAJKMBAIOIIMMCS YaCTULAM,
notyaum GopmyJy npeodpa3oBaHus

[ Stde——fs0+<m—<p—<p1)wff1d4 (4.4)

B wacrrocrn, marerpan [ St f dI' = 0; npeacrasue 3neck St f B Buge
(3.7), nonyaum

[StfdU = [u!(f'f = ff1)d'T = 0. (4.5)

B npumvenennn x narerpany (4.3) dopwmyna (4.4) maer

=2 /w’f’f{lnf;){l'd“rdv— : /w’ffmlnxd‘leV,
. '] .

rae obosnaveno x = f'f]/f fi. Berars u3 3moro BeIpazkeHus moa0BU-
Hy PaBHOrO HyJIIO uHTerpasa (4.5), nepenuiem ero B Buje

Z—f ffw'ffl (zlnz — x +1)d*‘T dV. (4.6)
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QOyHKINA B CKOOKAX B TOABIHTETPAJHHOM BBIPDAYKEHUH HEOTPHUIIa-
TebHa TIpn Beex £ > (): oHa paBHa HYJIIO Tpr & = 1 ¥ BO3paCTaeT 1o
obe cTtoponb! OT 3TOi Touku. [1o ompeneIeHnIo TOMOKUTENHHBI TaK-
ke m MHOKuTew w', f, fi mog 3makoM maTerpana. Takum oOpasowm,
MBI TIPUXOINM K TpeOyeMOMYy pe3y/IbTaTy

>0, (4.7)

dt
BhIparKaloImemMy cob0il 3aKOH BO3PACTAHWs SHTPOTHN (3HAK PaBeH-

CTBA WMEET MECTO B PABHOBECHM ) 1),

O6parnv BHUMaHWE Ha TO, 9TO B CHJIYy HEOTPHUIATETHHOCTH
MOJIBIHTErpATHHOTO BhIpakenust B (4.6) (a Tem cambim u B (4.3)) m0-
JIOXKUTEJIEH He TONBKO Bech uarerpan (4.3) o dI' dV, no u unrerpasn
T0bKO 110 dI'. JIpyrumu cjioBamu, CTOJKHOBEHUS TPUBOJALT K BO3Pa-
CTAHUIO SHTPOIUHU B KaXKJIOM djieMenTe 00beMa raza. 910, KOHEYHO,
HE 3HAYUT, 9TO SHTPONUS BOODIIE BO3PACTAET B KAXKJOM 3JIEMEHTE
obbeMa, TaK KAK OHA MOYKET [EPEHOCUTHCS U3 OJIHOTO y4dacTKa B
JIPYTOit 3a c4eT CBOOOIHOIO JIBUXKEHUsT MOJIEKY.I.

§ 5. Ilepexos K MAKPOCKONMMYECKUM yPaBHEHUSIM

Kwnerndaeckoe ypaBaenne Bomabivana JaeT MUKPOCKOTTTIECKOE
OTIMCAHVE DBOJIONNNA COCTOsTHMs Tasa. llokarkem, Kakmm 0oOpa3om
TTPOU3BOJUTCA TIEPEXOT OT KUHETUYECKOTO YyPaBHEHUA K O6bI‘{HBIM
YpaBHEHUAM TUAPOANHAMUKN, OCYHIICCTBJIAIONINM MeEHEEe AETaJIbHOE,
MaKpOCKOTINYIECKOe OTMHUCaHMe 3Toi sBosonnn. Takoe onucanme mpu-
MEHWMO B YCJIOBHSAX, KOTJa MaKpPOCKONWYECKWe CBOiCTBa rasa (ero
TeMIeparypa, MIOTHOCTL, CKOPOCTh U T. 1.) JIOCTATOYHO MEJJIEHHO
MeHSTIOTCST BIOJIh €10 00beMa: pacCTosTHrsT L, Ha KOTOPHIX TTPONCXO-
JIUT CYIIIECTBEHHOE M3MEHEHNEe STUX CBOMCTB, JOJYKHBI OBITH BEJTUKU
110 CPABHEHUIO C JINHON CBOOOIHOrO mpobera MOIeKy.T /.

Mpg! yiKe yIIOMWHAN, YTO WHTETPAJ

N(t,r) = [ f(t,r,T)dT (5.1)
€CTh TJIOTHOCTH PACIPEIE/TIeHN MOIEKYJI Ta3a B MPOCTPAHCTRE; TTPO-
n3Begenne p = MmN ecTh COOTBETCTBEHHO MACCOBasl TIOTHOCTH Ta3a.
CKOpOCTH MaKPOCKOTIMYIECKOTO JBMKEHWS Ta3a 00o3HadInM 1uepe3 V
(B OTsIMY¥Ee OT MUKPOCKOTIMYECKIX CKOPOCTE MOJIEKYJT V); OHa OTIpe-
JIeJISIeTCS KaK Cpe/iHee 3HAUEHUe

— 1
V:V:vafd]:‘. (5.2)

1) JIoKA3aTeTBCTBO 3aKOHA BO3PACTAHUS SHTPOIUH ¢ MOMOIIBI0 KAHETHHIECKO-
TO ypaBHEHUs OBLTO TaHO BOIbIIMAHOM ¥ SIBHIOCH MEPBBIM MUKPOCKOIIMIECKUM
000CHOBaHMEM ITOTO 3aKOHA. B mpuMeHeHnn K ra3aM TOT 3aKOH YaCTO HA3bIBA-
1ot H-meopemoti (o 06o3HaIEHTTO H, ncnonpzoBannomy Bombiivanom s
SHTPOIUHN).
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CToNKHOBEHUS HE MEHSIOT HU YNCIa CTATKUBAIONINXCS YACTHIIL,
HW WX CYMMapHBIX HEPTUN W UMTYJIbCA. ZICHO TTIO3TOMY, 9TO CTOJK-
HOBUTEIbHAS YACTh W3MeHeHWs (DYHKIUN paCTpEeIeeHusl He MO-
JKeT TTPUBECTU K M3MEHEHNIO TaKyKe W MaKPOCKOTTMIEeCKNX BEJINIWH B
KayK/IOM 3jieMeHTe 06hemMa ra3a — €ro MJI0THOCTH, BHYTPEHHEN SHep-
TMW W MaKpOCKOTMYeCcKoi ckopoctn V. [leificTBUTEHHO, CTOJIKHO-
BUTETbHBIE YACTH W3MEHEHWS TIOJHBIX YHUCIA, SHEPTUN W UMITYJIHCA
MOJIEKYJT B €IWHUIE 00beMa Ta3a JaloTCsd PABHBIMU HYJII0 WHTErpa-
JlaMu

JStfdl' =0, [eStfdl'=0, [pStfdl=0. (5.3)

B sTux parencrTrax jerko ybeanThcs, MPUMEHWB K WHTErPaaaM Mmpe-

obpazosanmne (4.4) coorsercTBenno ¢ ¢ = 1, € wan p (nepsBbIil UH-

Terpasi 0bpaIaeTcs B Hy/ b TOYXKIECTBEHHO, & BTOPOIl W TpeTuii — B

CHUJIy COXPAHEHUsI SHEPIUH W UMITYJIhCA MPU CTOJTKHOBEHUSIX ).
Hammmem Temepsh KMHETHYECKOe ypaBHEHNE

of , 9 —
Lt o (vaf) =St f (5.4)
U IpouHTerpupyem ero no dl', npeisBapuTebHO yMHOXKHUB Ha M, Pg

nwm €. Bo Bcex Tpex ciyuasix mpaBasi 9acTh ypaBHEHWS O00PATUTCsI
B HYJIb W MBI TTIOJIYYNM CJEIYIOIINE YPaBHEHUS:

% +divpV =0, (5.5)
9 OMap

oy Ve G =0, (5.6)
%Nﬂdivq: 0. (5.7)

[Tepsoe u3 HUX eCTh OOBIYHOE MUJIPOAMHAMUYECKOE YPABHEHUE Hellpe-
PBIBHOCTH, Bblpazkaioliee co0oil coxpaHeHue Macchl rasa. Bropoe
ypaBHeHne BhIpaykaeT COXpaHenne mMIy/bca; Tenzop I,z ompese-
JIEH KaK

Hap = [ muqugfdl (5.8)
W TIpeACTaBaseT coboi TEeH30p TUIOTHOCTH TMOTOKA WMITYJIhCA: €ro
kommonenTa Il,5 €cTh (-5 KOMTIOHEHTA WMITY/IhCa, MEePEHOCHMOTO
MOJIEKYJIaMU B 1 ¢ 9epe3 eJIMHUYHY0 IJIOIAJIKY, NePHeHJInKYIsap-
nyio ocu zg. Hakonemn, (5.7) ecrb ypaBHeHHE COXDAHEHNSI SHEPIHY;
BEKTOP ( ONPEIEIeH KaK

q= [evfdl (5.9)

U 1peJicTaB/isger co00# IJIOTHOCTh 1IOTOKA SHEPruu B rase.

s npusepenust (5.6) u (5.7) K By 0ObIYHBIX I'MAPOANHAMU-
YeCKUX ypaBHEeHHI HaJl0, 0/1HaKoO, eme Buipasuth [l,5 u q gepes ma-
KPOCKOIMYeCKHe BeJMInHbl. MBI yKe yHOMUHAIN, YTO MAaKPOCKO-
MIIecKoe OTMCanne Ta3a TPEeAToaaraeT J0CTaTOYHYI0 MaIoCTh Tpa-
JIMEHTOB €r0 MaKPOCKOMNYECKNX XapaKTepUCTUK. B TakoMm ciaydae B
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EPBOM TPUOIMKEHIUH MOXKHO CUUTATH, 9TO B KAXKJIOM OTIETHHOM
yYIaCcTKe Ta3a yCIIEeBAET YCTAHOBUTHCS TETLJIOBOE PABHOBECHE, MEKITY
TeM KaK BeCh Ta3 B [1€JIOM He HAXOINTCs B paBHOBecun. Ipyrumu cio-
BaM¥, B KayKJIOM 3eMenTe obbema (DyHKINs pacrpeaenenns f mpu-
HUMAaETCs A0KAAbHO-PAGHOBECHOT, — COBTIAJIAIONIEN C PABHOBECHON
dbyukIMEN fi ¢ TEMU TIOTHOCTHIO, TEMTIEPATYPOl 1 MaKPOCKOTHIE-
CKOIf CKOPOCTBIO, KOTOPBIE MMEIOTCST B JaHHOM 3eMenTe. Takoe mpu-
OTMKeHne O3HAYAeT TpeHeOpeykeHne BCeMU JINCCUTIATUBHBIME TTPO-
[ECCAMU B Taze  BS3KOCTBIO W TEIJIONPOBOAHOCTHIO. EcerecTBeHHO,
4o ypasaenus (5.6), (5.7) cBoasTCS IPU ITOM K yPABHEHUSAM M-
POAMHAMUKN WACATBHON KUJIKOCTH. Y O0IMMCS B 9TOM.

PaBHoBecHoe pacipejieienre B yUaCTKe ra3a, JIBUKYIIEMCS KaK
LEJI0E CO CKOPOCTHIO V| OTJINYAETCsT OT PABHOBECHOI'O PACIIPEJIesIe-
HUsl B HEMTOJIBUKHOM ase JIUIb npeobpaszoBanuem [auies; nepeiiis
B cucremy orcuera K| IBUXKYILYIOCH BMECTE € Ia30M, Mbl 1101y YUM
0b6bIuHoe pacipegesenue Bonbiumana. Ckopocrun v/ Mosiekys B 3Toii
CUCTEME CBSI3aHBI C MX CKOPOCTSIMU B MCXOJHOM cucreme K mocpej-
crom v = v + V. Tluwem

Mo = mN(vavg) = mN((Va +v,) (Vs +0p)) = mN (Vo Vs + (va5));

/ !
4JIEHbI Voﬂ)ﬂ u Vgv, obpamaiorca B HyJb IPU yCPEJHEHMM 110 Ha-

MpaBIEHNAM V' | TOCKOIBKY BCE HAMPABIEHNsT CKOPOCTU MOJIEKYJIbI B
cucreme K’ pasnoseposaTtrbl. [1o 3T0it ke mpuanne

{vaup) = %(v”)w; (5.10)

cpenmii JKe KBapaT Temoroil ckopoctn (v'2) = 3T/m, rae T —
TeMriepaTypa rasa. Hakowner, 3amerns, utro NT' ecTh 1aBjeHne Ta-
3a P, momyanum
Haﬂ = pVaVﬂ + (SaﬂP, (5.11)
T. €. W3BECTHOE BBIPDAYKEHWE JIJIs TEH30pa MOTOKA MMITYJIbCa B Me-
aIBHON KuakocTn; ypasHenne (5.6) ¢ 3TUM TEH30pOM 3KBUBAJIEHTHO
IUJIPOMHAMUYECKOMY ypaBHeHnuto diiiepa (cm. VI, § 7).
Hnga npeobpazosanus unrerpana (5.9) zameuaem, 410 HEprus

MOJIEKYJIBI € B cucreme orcaera K cBs3ana ¢ ee sueprueit €' B cucreme
K mocpencTBom

/ r, 1
e=¢€¢ +mVv + EmVQ.
IMopcraBus 310 Bhipaxkenue u v =v' +V B q = Nev, noayuum

2 _ o 2 -

(mpu ycpeanenun nponssenenns v/ (Vv') ncnomszorano (5.10)). Ho
Ne' ecth TepMogMHAMWYECKAsT BHYTPEHHSS SHEPTUS Ta3a, OTHECEH-
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Has K eamnanie obbema; cymma ke Ne' + P ecth TemnoBast GpyHK-
s W toro xe KoamuecTra ra3a. Takum obpasowm,

q:V(pTVQ-FW) (5.12)

B COTJIACWW C W3BECTHBIM BhIPAXKEHWEM TIOTOKA SHEPIWH B THJIPOIH-
HaMUKe njeanbHoil xugakoctn (cm. VI, § 6).

Hakowerr, 0cTaHOBUMCsI Ha 3aKOHE COXPAHEHWST MOMEHTA NMTITY.JTh-
ca B KuHeTH4YecKoM ypasHenuu. CTpOrnii 3aKOH COXpaHEeHNs JIOJIKEH
UMeTh MeCTO JIWIIb JJIsi TIOJIHOTO MOMEHTa Tasa, CKJIAIbIBAIOIIEro-
csl M3 OpOUTATLHOTO MOMEHTA MOJIEKYJI B UX TOCTYMATEIHHOM JIBW-
JKEHWM M WX COOCTBEHHBIX BPAIIATEILHBIX MOMEHTOB M; TIOTHOCTH
MOJIHOTO MOMEHTA JAeTCsl CyMMOTi JIBYX WHTErPaJIOB

Jlrp]fdl + [Mfdr. (5.13)

Ho s1u aBa wieHa umeroT pazjindHblii nOpsgoK Bejuunnbl. OpOu-
TAJIbHBI MOMEHT OTHOCUTEJIbHOIO JIBUYKEHUS JIBYX MOJIEKYJI, HAXO-
JAMUXCA HA CPEJHEM PACCTOSIHUM T JIPYT OT JApyra, HMOPsi/IKA BeJIu-
quHBI MU T; COOCTBEHHBIN Ke MOMEHT Mojiekyabl M ~ mud, 1. e.
MaJl 110 CPABHEHUIO € OpOUTAIBHBIM MOMEHTOM (IIOCKOJIBKY BCErja
d < 7).

EcrectBenno mosromy, 4ro KuHerudeckoe ypasuenue Bosibiva-
Ha, OTBEYAIOIIee MePBOMY HEMCUE3AIOMIEMY TPUOIUKEHUTIO 110 MaJI0i
Besimuube d/T, HE MOXKET y4eCTb MAJblX M3MEeHeHuil opOuTanbHOro
MOMEHTA, CBA3aHHBIX C OOMEHOM MEXKJIy JABYMd YaCTAMHU I1OJTHOTO
momenTa (5.13). C 91um ¢Ba3aHO TO 06CTOATENBCTBO, YTO ypPaBHE-
nre Bosbivana coxpaHsier HoJHbIH OpOUTAJIBHBI MOMEHT Ta3a: u3
paserctea [ pSt fdl' = 0, BEIpaskaomero COXpaHeHNe MMITYJIbCA,
ABTOMATUYECKU CJIEJIYET, UTO W

[rp]St fdl' = [r [pSt fdT']| = 0. (5.14)

[Tpoucxoxk gerne 3Toro CBOMCTBA OYEBU/IHO: TOCKOIbKY B YPABHEHUN
Bosibiimana cTosiKHOBEHUS PACCMATPUBAIOTCH KAK ITPOUCXOJSIINE B
OJHOI TOYKE, TO BMECTe C CyMMO# MMILyJIbCOB CTAJIKMBAIOIINXCS MO-
JIEKYJI COXPAHSAETCd TAKXKE M CyMMa UX OpPOUTAJBHBIX MOMEHTOB.
Yro0bI TIONYYNTH ypaBHEHWE, OMHUCHIBAIOIIEE M3MEHEHNEe OpOUTAIh-
HOTO MOMEHTA, HAJI0 OBLIO OBl YIECTh WIEHBI CIeIYIOMIETr0 MOPsIKa
1o d/T, CBI3aHHBIE C T€M, YTO B MOMEHT COYIapeHNsT MOJIEKYJIbI Ha~
XOAATCS Ha KOHETHOM PACCTOSTHUM JAPYT OT JpyTa.

B o ke Bpewmsi, oiHaKO, caMblii TPOIECC 0OMEHa MOMEHTOM MeXK-
Iy TOCTYMATEIbHBIMIA W BPAIIATEILHBIMI CTETEHAMU CBOOOIBI MO-
JKeT OBITH ONMCAaH B PaMKaxX ypaBHeHWs BojabIMana COOTHOEHWEM

BUA

dM

rae M — TJIOTHOCTH COOCTBEHHOTO MOMEHTA BPAIIEHUS MOJIEKYJI.
[TockobKy TIPW CTOJIKHOBEHWHW MOJIEKYJI CYyMMa WX COOCTBEHHBIX MO-
MEHTOB He 00si3aHa COXpPaHsIThCs, WHTerpas B npapoii actu (5.15),
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BOODIIIE TOBOPST, OTJINYEH OT HYJIS U OTIPEeIsieT CKOPOCTh M3MEHEHsT
Beqmunnbl M. Ecin B raze KakmM-anb0 MCKYCCTBEHHBIM CTIOCOO0OM
co3/1aHa OTJIMIHAST OT HYJIS TJIOTHOCTH MOMEHTA, TO €r0 JalbHeNast
pesiakcanusi Oyaer onpegensaThcst ypasaennem (5.15).

§ 6. Kuneruueckoe ypaBHeHUE
JJist cj1abo HEeOITHOPO/IHOTO ra3a

Jlast Toro 9ro0bl BKJIFOYUTH B PACCMOTDPEHUE JIUCCUIATHBHBIE
nponeccs  (TEmIONpPOBOJHOCTE U BABKOCTH) B €1a60 HEOJHOPO/I-
HOM rase, HaJI0 00paTUThCA K Caeayromemy (Tocae pacCMOTPEeHHO-
ro B mpeabiaymem naparpade) npubiauzxkenuio. Byecro Toro uro-
Obl cauTaTh PYHKIUIO PACIPEJIETCHIST B KAXK/IOM YIaCTKe ra3a, mpo-
CTO JIOKAJIbHO-PABHOBECHOM (pyHKIMEH fp, ydreM Ternepb TakKe u
Hebosibiioe ormaue f ot fo, T. e. Hanumem f B Buje

F=fotof, 6f ==2Lo(r) = Zfox. (6.1)
5 T

rae 6f  wmanas noupaska (0f < fo). Hocneauion nenecoobpasno

[PEJICTABJISITH B HAIMCAHHOM 3JI€Ch BUJIE, BBIHECS] U3 HEE MHOKUTE b

—0fy/0¢e; nns pacupenenenust BoabuMana 3ra NpPOU3BOAHAA OTIIM-

qaercst b MHOKUTeReM 1/T ot camoii dynkmmn fy. [Tompaska

0f MonKHa B TIPUHIIATIE OTIPEEIITHCS TTyTeM PEITeHnst THHeapn30-

BAHHOI'O 110 OTHOIIEHUIO K Hell KMHETUYECKOI'O YPaBHEHUS 1.

TTomumo caMoro KUHETUIECKOTO ypaBHeHus, PYHKIU X JTOJI2KHA
YJIOBJIETBOPSATH €Ille U OIPe/IeJIeHHBIM JIONOTHUTEIbHBIM yCJIOBUSIM.
Heno B oM, ato fj ecTh paBHOBECHAsT (DYHKIUST PACIPEIEJIEHUsI, OT-
BEYAIONIAA 33/IAHHBIM (B PACCMATPUBAEMOM JIEMEHTE 0ObeMa) Mma0T-
HOCTSM YMCIA YaCTHUIl, SHEPIUU W MMIIYJIbCA ra3a, T. €. 3a/[aHHbIM
3HAUYEHNAM MHTEerpaJoB

f f(] dF, f €f(] }‘T, f pf() dr'. (62)

Hepagsnosecnasi byukims pacnpeaesenvs (6.1) g0KHa TPUBOANTH
K TeM Ke 3HAUEHUsIM TUX BEJIUYUNH, T. €. UHTErpaJibl ¢ f u fy momK-
HBI OBITH OJIMHAKOBBIMHU. DTO 3HAYUUT, JPYTUMHU CIOBAMU, UTO (DYHK-
s Y JO/IZKHA YAOBIETBOPSITEH YCIOBUAM

[ foxdl' =0, [ foxedl'=0, [ foxpdl =0. (6.3)

IloggepkremM, 9TO caMO TOHATHE TEMIIEPATYPHI B HEPABHOBECHOM
ra3e CTaHOBWUTCA ONDEIEJICHHBIM JIWIhL B DE3yJIbTaTe MPUTTHUCHIBA-
HYst nHTerpasiam (6.2) onpeeleHHbIX 3HAUEHNI. DTO TTOHSITHE NMeeT

') Takoit MeTos pemrerus KHHeTHIeCKOTO YPABHEH s TTPHHAIICKAT IHCKOZY
(D. Enskog, 1917).
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0e3yC/IOBHBIN XapaKTep JIUIIh B MTOJTHOCTHIO PABHOBECHOM COCTOSTHUH
rasa B IeJOM; JJIsl OTpeJie/IeHus »Ke TeMTlepaTypbl B HepaBHOBEC-
HOM Ta3e TpedyeTcs TOTOJHUTETHLHOE YCIOBUE, KAKOBBIM U CJIYIKUT
3aJlaHre YKA3aHHBIX 3HAYEHUI.

[Ipeobpazyem, mpeskie BCero, MHTErpasl CTOTKHOBEHNN B KHHETH-
yeckom ypasaennn (3.8). IIpu moacranorke B Hero (byHKIWIA B BUIE
(6.1) wnenbl, He cogepzKalMe MaJjol MONPABKY X, B3AMMHO COKPAIIA-
FOTCSI, TIOCKOJIBKY PaBHOBECHAs (DYHKIWMS pacCIpeeenns: obparaer
WHTErpaJ CTOTKHOBEHUI B HYJIb. YJIEHBI TIEPBOTO TIOPSJIKA JTATOT

St f = L1(x), (6.4)

rie I(x) obo3Havaer JIMHEHHBIH WHTErpaIbHbBII oTepaTop

I(x) = [w'for(xX' + x| —x — x1)dl'y dI" dI. (6.5)

Buecs ucnonszoano pasencrso fofor = f{f{; MuoxuTens fo mo-
2KeT ObITh BBIHECEH W3-110J] 3HAKA MHTErpaJjia, MOCKOIbKY 1mo dI' me
TTPOM3BOINTCST WHTETPUPOBAHTS.

O6parnm BHUMaHWE Ha TO, 9T0 WHTErpas (6.5) TOXKIeCTBEHHO
obparaercst B HyJib Jid QyHKINAH

x =const, xy=const-g, y=poV (6.6)

(rme V. — nocTosinHbIfi BEKTOD); 0Opalllenne B HyJIb JIIs BTOPOii 1
TpeTheit 13 3Tnx (PYHKIUI CBA3aHO ¢ COXPAHEHWEM 3HEPTUW W WM-
TyJIbCa B KaKJIOM CTOIKHOBEHWN. ByIydun HE3aBUCHMBIMU OT BpEMe-
HU ¥ KoopauHAT, MyHKImK (6.6) yAOBIETBOPSIOT, CJIEJI0BATETHHO, 1
BCEMY KWHETUYECKOMY YPABHEHWIO.

OTH pemenns nMEI0T MPOCTOoe MTPONCXOXK Aeane. Knnernaeckomy
YPABHEHWIO TOXKIECTBEHHO YIORJIETROPSAET paBHOBECHAsA (DYHKIWA
pacrpejiesienusi ¢ JIIOObIMY (MOCTOSTHHBIMK) TIJIOTHOCTHIO YACTHUIL W
TemnepaTypoit. [Io3ToMy eMy aBTOMATUYECKW YAORIETBOPSET W Ma-
J1asg TIOTpaBKa

of = 26N = £,
ON N
BO3HUKAIOIIASA PU U3MEHEHUH ILJIOTHOCTH Ha AN 0TCIO/1a BO3SHUKAET
nepsoe u3 pemenuii (6.6). AnanornaabiM 06pa3OM yI0BJIETBOPSIET
YPABHEHUIO U JTI00ABKA

_ O
of = or oT,

BO3HWKAIOIIAsA B pe3y/IbTaTe n3MeHeHns 1’ Ha MaJIyIo TOCTOSHHYIO Be-
mmanny 0T Ilponssonnast xke dfy/0T ckianpiBaeTcst U3 UaeHa BUIA
const - fy (mpoucxomsitero or auddepeHInpoBaHNs HOPMUPOBOYHO-
ro MHOXKUTENsSE B f() M M3 WIEHA, NPONOPHUOHAILHOTO € f(; 0TCIOIa
n BO3HWKaeT BTopoe n3 permennii (6.6). Tperse e n3 aTnx perenuii

2 JI. J1. Jlanpay, E.M. Jludbmwuy, Tom X
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BO3HVKAET KAaK BbIpA’KE€HNWE TAJINJICCBCKOTO TPWHIIMTA OTHOCWUTEIh-
HOCTU: paBHOBeCHAs (DYHKIINS PACIPEICTICHNS TOIKHA YIOBIETBO-
pATH KHHETUYECKOMY YPABHEHUWIO TaK Ke W MOCIe TIepexoIa K JIr000it
JpyToi mHepnnaIbHoil cucteme orcyera. [Ipm mepexosie K cucreme,
JABUXKYIIENCsa OTHOCUTEBbHO IMIEPBOHAYAJIBHON C MaJION IMOCTOAHHONI
CKOPOCTHIO 0V, CKOPOCTH MOJIEKYJI V 3aMEHSIOTCsT Ha V + 0V, Tak
a0 DYHKINST PACTIPEIe/IeHIST TIOTyIaeT TPUPAIeHne

of =2 5v = Lopsv,
’ ov T

yemy u oTBeuaer rperbe u3 pemenuii (6.6). «[lapasutHbiey pemenus
(6.6) mckIOYAIOTCS HaJIOKeHeM Tpex yciaoBuit (6.3).

ITpeobpasorsanme JIEBOI YacTH KWHETHYIECKOTO YPABHEHWUsI MpO-
M3BeJIEM Cpa3y B OOIIEM BHJIE, OXBATHIBAIONIEM KaK 3aJ[a9y O TErLIo-
MPOBOJHOCTH, TaK M 33J1a9y O BA3KOCTH. /Ipyrumu cioBamMu, JOMyc-
KaeM CyIIeCTBOBaHNE TPAJNEHTOB BCEX MAKPOCKOTTMYECKNX XapaKTe-
PUCTHK Ta3a, B TOM YHC/IE er0 MaKpPOCKOTMYECKOi ckopocTr V.

PasroBecnas dbyHKIns pacnpeesnennst B HernoasuxkuoM (V = 0)
raze ecTh pacrnpejenerre BoabliMana, KOTOpOe HATUIIEM B BUJIE

fo=exp (“20), (6.7
T

rje 4 — XVUMHWYeCKWil ToTeHInas ra3a. Pacrpejesenne xe B IBUXKY-
memcst taze ormuaercs or (6.7) (kak yxke ObLIO oTMeYeHO B § 5)
JIVITITH TAJIWJIEEBCKUM TIpeobpasoBannem ckopocTh. Jljist Toro arobbl
HAMMCaTh Ty (DYHKIWIO B SIBHOM BHJIE, BHIIEINM U3 MOJHON SHED-
run Mostekysibl £(I') KUHeTHYecKkyo SHEPrHio ee TOCTYNaTeThHOTO
JIBVZKEHNST:

2
e(T) = " + eu; (6.8)

BHYTPEHHSS JHEPIUSA Eyy BKJIIOYAET B CeO YHEPIUIO BPAIIEHUSA MO-
JIEKYJIbI U KOJIEOATEIbHY O SHEPruto. 3aMeHUB V Ha V — V., TOJLy 9uM
pacupejeenue BosibiiMana B JIBUXKYIIEMCS Ta3e:

2
fo = exp (&) exp <_M) _ (6.9)
T 2T

B ciiabo meomHOpogHOM Taze fo 3aBUCAT OT KOOPJMHAT U BpE-
MEHM, NPUYEM 5TA 3aBUCUMOCTH BO3HUKAET HYepe3 MOCPEJCTBO Me-
HSAOIIUXCsL BJIOJIb ra3a (M CO BDEMEHEM) ero MAaKPOCKOIMYECKUX Xa-
pakTepucTuK — ckopoctn V, temmeparypbl T w gasiaenuss P (a ¢
HUMU ¥ [4). TTOCKOIBKY IPAJMEHTBl 9TUX BEJUYUH IIPENOIAraforcs
MAJIBIMK, B JIEBOI 4aCTH KMHETHYECKOrO yPABHEHUS JIOCTATOYHO (B

paccMaTpuBaeMoOM MPHUOJINKEHNN) TIOJACTAaBUTEH fo BMecTo f.
Boranciaennst MOXKHO HECKOIBKO YIPOCTUTH, YUTS OYEBUIHYIO
HE3ABUCUMOCTh WHTEPECYIOIINX HAC B KOHEUYHOM CUYeTe KWHETHUYe-
cknx Ko3d(hpdunmenTor or ckopoctu V. Ilosromy mocraTtouro pac-
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CMOTpEeTh KaKyI0-1100 OJIHY TOYKY B ra3e W BhIOpATH B KAUECTBE Ta-
KOBOI Ty, B KOTOpO# CKOpOCTh V (HO, KOHEYHO, HE ee TPOU3BO/IHBIE)
paBHa HY/JIIO.

[Tponuddepentmposas Buipaxkenne (6.9) Mo BpeMeHy 1 MoJI0KNB
zarem V = (), mosryunm

Lofo _ [(Om) _n=el) DL (Ou) OF 0V,
fo Ot oT/ p T ot OPJ)T ot ot

CoryracHO U3BECTHBIM TEPMOJIMHAMUYIECKUM (POPMYJIAM UMEEM
1
(3_ﬂ) — s, (8_u) =L u=w-Ts,
or/p or/t N

rae w, su 1/N  remnosas GpyHKIMsi, IHTPONUS U OGBEM, OTHECEH-
HblE K OJIHO# wacTune raza. [losTomy

T0f _ M) —wol | 10P ov 6.10
fo Ot T at+Nat+mv8t' (6.10)
Ananornanbiv obpazom Haiigem
Zvag D —wogp +lvvp g muavsVag, (6.11)
fo T N
TIe JIJIST KPATKOCTHW BBEIEHO 0O03HaTeHne
Vg =+ (‘% + ‘%> . Vo = div'V; (6.12)
2 6.”1:5 6.730

B mocsierem wiene B (6.11) mpon3eegena TOXKIECTBEHHAsT 3aMeHa
Vs
Va8 —— = Va5 Vya3.
B oz, BYap

JleBast 9acTh KWHETHYECKOTO YPABHEHWS TIOyYIaeTCs CIOKEHNEM
Beipaskennii (6.10), (6.11). IIpn 5TO0M BCe TPOM3BOJHBIE TIO BpeMe-
HU OT MAKPOCKOMMYECKUX BEJUINH MOTYT OBITh BBIPAYKEHBI Uepe3
WX TPOCTPAHCTBEHHBIE TPAJINEHTHl COTJIACHO THIPOJIMHAMUYECKUM
YPaBHEHUAM N1€AJIbHOMI (T. €. HEBA3KON 1 HeTeHHOHpOBOLLHLueﬁ) cpe-
IIBI; y9eT JWCCUTIATWBHBIX YJIEHOB 37eCh MPUBEI Obl K BeJTUINHAM
BBICITIETO TIOPSAAKa MasiocTu. B Touke, B KoTopoit V = (), ypaBHenne

Dittepa maer

vV _ lyp=_1lyp (6.13)
ot p Nm
B Toit ke ToUKe W3 ypaBHEHHWsI HeNpephIBHOCTH nMeeM ON/O0t =

= — NdivV, wm

1ON _10P 19T _ gy (6.14)
N 0Ot P ot T Ot

2*
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(ncmoR30BaHO ypaBHEHWE COCTOSTHUST njeanbHoro raza N = P/T).
Hakonen, ypaBuenune coxpanenust 3urponuu, 9s/0t+VVs = 0, naer
0s/0t = 0, nim
@ 1P _, (6.15)
T ot P ot ’

e MCITOJIH30BaHbBI TEPMOJANHAMMNMYECKIE (l)OpMyJIbI

(&) -2, (&) -1
ar/p T’ orPJ)T P

(¢p — TETTI0EMKOCTh, TOJKE OTHECEHHAsT K OJHOIT MOJIEKYJIe); BTOpast
u3 91ux HOPMYJI OTHOCUTCS K MjeanbHoMy razy. 13 pasencrs (6.14),
(6.15) Haxoxum
1or _ 1gyv, 192_ @gyv (6.16)
T Ot Co P 0Ot Co
(y4areHo, 4To Jyist UJeaIbHOIO ra3a ¢ — ¢, = 1).

IIpocroe Bbramc/IeHEE TPUBOJAUT TEIEPH K PE3YJIHLTATY

Ofo —

Bt +vVfo =

_ % {5(1")7: W oVT 4 MavsVas + w—Tep —e(I) diVV} . (6.17)
Cy

Tloguepkuem, 9T0 /10 CUX TIOP HE JAE/IA/I0Ch HUKAKUX CIeIupUIeCKuX
IPeJIOJIOZKEeHNIT 0 XapaKTepe TeMIlepaTypHOil 3aBUCMMOCTH TePMO-
JMHAMWYECKUX BEJIMYUH; KUCIIOJIb30BAIOCH JIUIEL OOIEee ypaBHEHUE
COCTOsIHMS MJIAJILHOTO ra3a. s ra3a ke ¢ KJAACCUYEeCKUM BPAIlie-
HUEM MOJIEKYJI U HEeBO30YXKIEHHBIMI KOJI€OAHUSIME TEILIOEMKOCTD HE

3aBUCHT OT TEMIIEPATYPHI T TeTIoBast (byHKIHs 1)

w = ¢,T. (6.18)
Torpa nocneanuii wien B (6.17) ynpomaercs; npupasass (6.17) u
(6.4), manuimeM OKOHYATENTHHO KWHETHIECKOE YPABHEHWE B BUJIE

T)—e¢,T r
E()#CVVT + [mvavﬂ — 6ap %] Vap = 1(x)- (6.19)

B cremytommx aByx maparpadax 3To ypaBHenue OyaeT pacCMOTPEHO
Oojtee TTOAPOOHO B TTPUMEHEHWN K 331a9aM O TeTJIOTTPOBOIHOCTH W
BSIBKOCTT.

Hamommmwm, 9T0 yrke n3 3aK0HA BOZPACTAHWS SHTPOTIHH CJIETYET,
YTO TPAJMEHT JaBeHus (B OTCYTCTBHE TPAIUEHTOR TEMIIEpaTypPh
U CKOPOCTH) HE IPUBOJAUT K BO3HUKHOBEHUIO JMCCUIATUBHBIX MPO-
neccos (cp. VI, § 49). B kuHeTH9IecKOM ypaBHEHNN 3TO TpeboBaHme
YIOBIETBOPSIETCST ABTOMATHIECKN W TIPOSTBIISTETCST B BHITIAJEHNN TPa-
JIMeHTa JaBjeHust u3 jepoii gactn (6.19).

1
) TIpeanonaraercsi, aro sHeprust Mosekysanr €(I') orcanThiBaeTcs OT ee Han-
MEHBIIEr0 3HAYCeHNA; COOTBETCTBEHHO 3TOMY OIIyCKACTCA W HE3aBUCAMAA OT TE€M-
neparypbl aJJUTUBHASA ITOCTOAHHAA B W.
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§ 7. TensionpoBoO/IHOCTH Ta3a

st Berancienuns ko03hUIMeHTa TermJI0MTPOBOIHOCTH Ta3a HaJIo
peraTh KHHETUIEeCKOe ypaBHEHUe C rpagueHToM temmepartypsl. Co-
xpauuB B (6.19) Juine nepBwIil Y4ieH B JI€BO YacT, nMeeM

ff(”%ﬂvw = I(x). (7.1)

PeIHeHI/Ie 9TOTO ypaBHeHI/Iﬂ Haﬂo NCKAaThH B BI/Iﬂe
x = gVT, (7.2)

rje BekTop g  dysKius Tobko 0T Besmuund . JlefictBuresnbho,
npu nogcranoBke B (7.1) B 00enx 4acTaX PABEHCTBA MOJIy4aeM MHO-
xkutesb V1. TlockonbKy ypaBHeHME JIOJ2KHO UMETh MECTO IPHU IIPOo-
M3BOJIbHBIX 3HAUEHUAX BeKTOpa V1’| 10/KHBI ObITh PABHBIMU KOI(D-
dunmenter npu V1 B 006eux 9acrsix PaBeHCTBA, TAK 9TO Mbl IIOJIY-
qaeMm /[ijisd g ypaBHeHue

vt el _ p(g), (7.3)
yxke He comepxariee VT (a TeM caMbiM W SIBHOI 3aBUCHMOCTH OT
KOOD/IMHAT ).

Oyrknus X JIOKHA elle yIoBIeTBOpsAThH ycaousam (6.3). C
dbynkumeii xy B Buge (7.2) nepsble aBa U3 ITUX YCJAOBUH yH0BJIE-
TBOPSIFOTCSl ABTOMATUYECKM: ITO OYEBHUJIHO YXKE U3 TOTO, 4TO ypaB-
Henue (7.3) HE CONEPKUT HUKAKMX BEKTOPHBIX NAPAMETPOB, BJOJIb
KOTOPBIX MOIJIM Obl ObITh HAIPABJIEHBI IOCTOSHHBIE BEKTOPbl  WH-
rerpasibl [ fogdl u [ foeg dl. Tperbe xKe HaK/1a/bIBaET HA PElEHUE

ypasHenust (7.3) JOIOJIHUTENBHOE yCIOBUE
[ fovgdl = 0. (7.4)

Ecin xunerudeckoe ypapHeHue pemeHo n QyHKIUS Y M3BECT-
HA, TO MOXKHO ONpeaeuTh KO3(M@MUIMEHT TenI0npPOBOJAHOCTH, Bbl-
YUCAAA MOTOK 3HEPrUU, TOYHEEe  ero JMCCHNATUBHYI0 4acTh, He
CBABAHHYIO NPOCTO ¢ KOHBEKTUBHBIM MEPEHOCOM SHEPruu (3ITy 4acTh
noToka sueprun Oygem o6o3navarh cuvBoaom (). Ho B orcyrcTeue
MAaKPOCKOIMYECKOI0 JIBMKeHUs B rase q' COBIAJAeT C IOIHbIM I110-
TOKOM 3Heprum ¢, gaBaembiMm unrerpasom (5.9). Ilpu f = fy sror
MHTErpaj uCYe3aeT TOXKJIECTBEHHO 3a CYET MHTeIPUPOBAHUS 110 Ha-
npassieausim v. [losromy npu nogcranoske f (6.1) ocraercs

1 1
a= [ vioxedl = T | foev(gVT)dL,
WK, B KOMIIOHEHTAX,

orT 1
o = _%aﬁ‘%: Hap = _% f fOE'Uag,B dr. (7-5)
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Bumay nzorponun paBHOBECHOTO Ta3a KaKue-11mb0 n30paHHbie Ha-
MPABJICHUA B HEM OTCYTCTBYIOT M TEH30D 3,3 MOYKET BHIPAKATECS
JIMIIb 9epe3 eJMHUYHbBII TeH30D 044, T. €. CBOJUTCA K CKAIAPY:

o3 = 7003, 7= a0 /3.

Taknm 06pazom, MMOTOK IHEPTUN

q=-»VT, (7.6)
T7e CKAJISIPHBIN Koadduyuenm menionposodnocmu
1
= —— dr. 7.7
=L [ feve (17)

[MonoxkurenpbHOCTH 3TOH BesMumMHbl (IOTOK  JOJIZKEH ObITh Ha-
NMPaBJIEH MPOTHBOMOIOKHO TPAJANEHTY TEMIEPATYPHI) aBTOMATHYE-
cKu 00eCIIeYnBaeTCst KNHETUIeCKuM ypaBueruem (cum. § 9).

B oH0aTOMHBIX razax CKOPOCTb V. €JMHCTBEHHbIH BEKTOP, OT
KOTOPOI'O 3aBUCUT (DYHKIMSA g; ACHO MOTOMY, 4TO 3Ta (PyHKIUS J0JI-
JKHA UMETh BUJL

g="2g(). (7.8)

B muoroaromubix razax GyHKIUs g 3aBUCUT yXKe OT JIBYX BEK-
TopoB  ckopoctu vV u momenta M. Eciu cummerpus Mosiekys He
JIOTTYCKAET CyIIEeCTBOBAHNS CTEPEOM30MEDPUHN, TO WHTErPaJ CTOJIKHO-
BeHWIi, a ¢ HUM ¥ ypaBHenue (7.3) WHBAPUAHTHBI 110 OTHOIIEHWIO K
WHBEPCHH; TAKOI K€ MHBAPMAHTHOCTHIO JIO/’KHO 00J1ajaTh W ero pe-
menne . Apyrumum crnoBavu, x = gVT 10KHO OBITH UCTUHHBIM
CKaJIAPOM, a TIOCKOJBKY TpajuedT VT ecTh MCTUHHBIN BEKTOD, TO
TAKUM JKe BEeKTOPOM JOKHA ObITh u (byHKIng g. Tax, misa aByx-
ATOMHOTO Ta3a, e BeKTopaMmu v 1 IV UCYepnbIBalOTCA BeIUInHbBL 1
dyrkums g(I') mveer Bug

g =vg, + M(vM)g, + [vM]g3, (7.9)

e g1, 89, &3  CKajsgpHble DYHKIMKU OT CKAJAPHBIX apPI'yMeHTOB

vZ M?, (vM)?; 510 nanbosiee obuumii B MCTHHHOIO BEKTOPA, KO-
TOPBI MOKeT ObITh IOCTPOEH U3 UCTUHHOI'O K€ BEKTOPa V M ICeB-

nopekTopa M .

FEcin xke BemecrBo npejcrasisger coboit crepeomzomep, TO WH-
BAPUAHTHOCTH 10 OTHOIIEHUIO K WHBEPCUU OTCYTCTBYET: KAK YIKe
OTMEYAJIOCHh B § 2, B TAKOM CJIy4dae MHBEPCHUSI IIPEBPAIIAETY a3, 10
CYIIECTBY, B ApyToe BerecTBO. COOTBETCTBEHHO (DYHKITUS Y CMOYKET
COJIEPYKATH TAKYKE W TICEBIOCKAISIPHBIE WIEHBI, T. €. (DYHKINA g —
TMICEeB/IOBEKTOPHBIE UJIeHBI (HarmpuMmep, djieH Buga g, M).

!) Pewenus ypapuenus BombiMana njis ra3a ¢ BpAAIOMUMUC MOJICKY IAMI
Brepsbie paccmarpuBamnch 0. M. Kazarnom v A.M. Apanacvesvim (1961).
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o
(e}

Ves10Bre TPUMEHNMOCTH W3JI0KEHHOTO METOJ1a PEIeHs] KHHEeTH-
YEeCKOTO ypaBHeHWsl (OCHOBAHHOTO Ha MPENOIOKeHNN 0 Oin3ocTr f
K f0) MOXKHO BBISICHUTD IIyTEM OLEHKM MHTErPaia CTOJKHOBEHUH CO-
riacHo (3.12). Cpersisi sHEprust MOJIEKYJIbl € ~ T', IO3TOMY OIleHKa
obenx wacreit ypasuenust (7.3) maer v~g /T ~guv/l, otkyna g~I.
Yeaosue x /T ~ g|VT|/T < 1 (sxBuBasentHoe TpeboBanuio 0 f < fq)
03HAYAET, CJIeJJOBATEJIbHO, YTO PACCTOsiHUs L, HA KOTOPBIX TeMIepa-
Typa ucnbThiBaer cyuecrsennoe usmenenue (|[VT| ~ T/L), pomx-
HbI OBITH BejiMKU 110 cpaBaenuto ¢ [. Ipyruvu ciioBamu, OyHKIMs BU-
na (6.1) npegcrasaser coboli NEpPBbIE Y/IEHbI PA3JIOKEHUs PEeIleHust
KIHETHYIECKOTO YPABHEHNUS TI0 CTETeHsIM MaJjioro oTHotennust [/ L.

Ouenka wraterpana (7.7) ¢ g ~ | npusoauT K dhopmyie

% ~ cNlv, (7.10)

rIe ¢ — OTHECEHHAs K OIHON MOJEKyJie TeMIOeMKOCTh Ta3a. JTO —
M3BECTHasl JIeMEeHTapHas TazoKuHeTnYecKasi hopmysia (cp. mpumed.

Ha ¢. 57). Homoxus B weit [ ~ 1/No, ¢ ~ 1 nuv ~ /T/m, nmeem

w~ LT (7.11)

a m

B s70i1 onienke cedenne o 0THOCUTC K CpejHEdl TeII0BOi CKOPO-
CTH MOJIEKYJI, U B 9TOM CMBIC/IE €r0 HaJ0 HOHUMATb KaK (PYHKIMIO
remreparypbl. C yBequdeHueM CKOPOCTH CedeHue, BooOIe ToBops,
yOBIBAET; COOTBETCTBEHHO o Oyaer yObIBaommeit byHKIme Temire-
parypsl. Ilpu HEe CHAMIIKOM HU3KHX TEMIEPATYPax MOJEKYJIbl ra3a
BeJyT cebs, KAUeCTBEHHO, KAK TBEP/bIE YIPYyIue YaCTUIbl, B3AUMO-
JIeHCTBYIONINE JIPYT C APYTOM JIUIH MTPU HETOCPEICTBEHHBIX CTOJIK-
HoBeHmgax. Takomy xapakTepy B3amMOeicTBHUs OTBedaeT c1abo 3a-
BUCSIIIIEE OT CKOPOCTH (& TIOTOMY 1 OT TeMIepaTyphl) CevYeHne CTOJIK-
HOBeHMit. B 3TuX yC/i10BUAX 3aBUCUMOCTD ¢ OT TEMTIEPATypPhl OTM3Ka

K TporoprmonatkrocTn /T

[Ipm 3aganHOll Temneparype KO3 MUIMEHT TEeII0IPOBOJHOCTH,
Kak 9T0 BuAHO n3 (7.11), He 3aBWCHT OT MJIOTHOCTH Tra3a WM, 9TO
TO ¥Ke, OT ero ganjennd. IloguepkHeM, 9TO 3TO BayKHOE CBOWCTBO HE
CBA3AHO CO CAEJaHHBIMU TIPW OIEHKE TIPE/INOIOKEHUAMI W ABJISET-
csl TOUYHBIM B pPaMKaX KHHETHUeCKOro ypaBHeHus Bonbnvana. OHO
BO3HWKAET KaK CAEJCTBYE TOTO, 9TO B 3TOM YPaBHEHNN YUNTBIBAIOT-
sl TOJIBKO TTApPHBIE CTOTKHOBEHUSI MOJIEKYJT (MMEHHO TTO3TOMY JITTNHA

npobera OKazbiBaeTCst 00paTHO MPOMOPIMOHAIBHON TIJIOTHOCTH Ta3a).

§ 8. BsizkocTh raza

Brruncienne Bsi3kocTn rasa c TTOMOIIBIO KMHETUYIECKOTO YypaB-
HEHWA TTPOU3BOANTCA aHAJIOTUYIHO BBIYUCIECHWIO TETIJIOTIPOBOJHOCTHA.
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Pazmauma cocront B TOM, 9TO OTKIOHEHUE OT PABHOBECHS 00YCIOBIIE-
HO He TPaJNeHTOM TeMITepaTyphbl, a HEOHOPOIHOCTHIO TTOTOKA, Ta3a
MO0 CKOPOCTM MaKpocKoruueckoro gpukenusi V. Ilpu sTom cHOBa
TTPeoIaraeTcst, ITO XapakTepHbie pa3zmMephb! 3agadan L > [.
CyImecTByoT, KaK M3BECTHO, JIBA BUIA BA3KOCTHU, KO duimen-
ThI KOTOPBIX TPUHATO 0003HA4YATHL mocpeactBom 77 u (. Oum ompe-

JIeJIAIOTC KaK KOI(MMUIUEHTHI B TEH30PE BAZKUX HAMPIKEHUIT a:l >
BXO/IAIIEM KaK 4acThb B TE€H30P IJIOTHOCTHU MOTOKA MMILYJIbCA:

Haﬂ = P(Sag + pVaV5 - U;ﬂ, (8.1)
S (Vaﬂ . %%ﬂ div V) + (Bup divV, (8.2)

rae Vg onpeneneno cornacuo (6.12) (em. VI, § 15). B meczknmaemoit
JKVJIKOCTH TTPOSTBJIAETCSI JIUTITH BSI3KOCTH 7). «Bropas» e Ba3KoCTh (
MPOSIBJISIETCST TIPU JIBMKeHnsiX, B KOTOphiX div'V # (0. Oba kosddu-
IIMEeATa TeIeCO00PA3HO BHITUCIATH PA3IETHHO.

Onycrue B obmieM KuneTnvyeckoM ypasaennn (6.19) dien ¢ rpa-
JINEHTOM TEMTIEPATYPhI, TIEPETTHIIIEM ero B BHJIE

1 . 2 r .
MV (Vaﬂ - géaﬂ div V) + (% -~ )) divV =1(x), (8.3)
o
rJie B JIEBOI 9aCTN PA3/IeIeHbl YJIeHbl, CO3/IAIO0IINe TTEPBYIO0 1 BTOPYIO
Bs3kocTu. [lpu BbIYUC/IEHUN TIEPBON BSI3KOCTU HAJ0 CUATATH, 9TO
divV = 0. [Mosyuaromieecs ypaBHEHUE TOXKIECTBEHHO MIEPEIUIIEM B
BUJIE

1
m (vavg —3 50502) Vag = 1(x), (8.4)
rae 06a TEH30pPHBIX MHOXKWUTEJsT B JIEBOW CTOPOHE MMEIOT PABHBINI
HYJIIO CJIeJI.
Permrerme sToro yparuenus nimnem B BUJIE
X = gaﬂVaﬂu (85)

e g,45(0)  cummerpuunblit Tenzop; nockosibky ciej Voo = 0, 1o
upubaB/ieHueM K g,g 4ieHa QO a5 MOXKHO BCerja J1o0uThes Toro,

aTOOBI OBLIO M g, = 0, He Menss mpu sTom pynknmm x. s g,
nMeeM ypaBHEHUe

m (z)avﬂ - %5a51)2> = 1(gap)- (8.6)

Hononnaurensusie yeiosust (6.3) yA0BIeTBOPAIOTCS aBTOMATHYECKH.

TToToK MMITy/IbCA BBIYUCIAETCH 110 QYHKIUU PACTIPEIETCHUS KAK
unrerpas (5.8). nrepecyiomas HAC 4aCTh 9TOrO TEH30PA  TEH30D
BABKMX HANPSKEHUHA  JaeTCs MHTErPaioM

/

Oop =~ J vavsfox AT = 1apysVis. (®.7)

Napys = f% J fovavpg s dl. (8.8)
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Beamuanmn COCTABJIAIOT TEH30P YE€TBEPTOTO paHTra, CUMMET-
afyd ]

PUYHBII 10 TTApAM UHJEKCOB v, 3 ¥ 7y, § ¥ JAIOMIN HyJIb DU YIIPO-
LIEHUH 10 1ape v, 6. BBujy uzorponum raza 3T0T TeH30D MOXKET Bbl-
paxKaTbCd TOJILKO 4epe3 eJIMHUYHBI TeH30p d,4. Boipaxkenne, yio-
BJIETBOPAIONIEE 3TUM YCJIOBUAM:

P
Nafys =1 [5117555 + 00508y — 5%5576 :

Torna U;[B = 2nV,p, TaK 4TO 1) €CTb UCKOMBIH CKaIdpHbli KO3 du-

urenT BsaskocTr. OH OMpPeJIesieTCst MyTeM YIIPOIIEeHUsT TEH30pa 10
napam WHIEKCOB «, Y n (3, §:

n= 710% J vavpgapfodl. (8.9)

B oanoaromnom rase g g saBagercs dbyHKuueil TOILKO OT BEKTO-

pa v. O6mwmit BUJ| TAKOTO CUMMETPUYHOTO TEH30pPA C PABHBIM HYJITO
CJI€JIOM €CTh

1
Zas = (vavs = + dase?) g (v) (8.10)

C OJIHOM TOIBKO CKansapHOii dyuknueit g (v). B MHOroaromMubIx razax
TEH30D § o4 COCTAB/ISETCS C OMOLIBIO OOJ/IbIIIEero Yuc/ia IePEMEHHBIX,
B TOM umciie AByx BekTopos v u M. B orcyrcrsue crepeonzomerpun
8 af MOXKET COJepKaTb TOJIbKO MCTHHHO-TE€H30PHbIE WIEHbl; B rase
CTEPEeOU30MEPHOI0 BelleCTBa JIONYCKAIOTCH TaKzKe W IICeBJO0TEeH30D-
HbIE YJICHBI.

Ouenka koadbdunuenta Bsaskocru, ananornunas ouenke (7.10)
i KoadunmenTa TerionpoBOJHOCTH, TPUBOAUT K U3BECTHOI 3j1e-
MEHTAPHOW Ta30KWHETHIECKOH hopmy.re

1~ muoNl| (8.11)

(cm. mpumed. Ha c. 57). TIpu 5TOM TeMTepaTyponpoOBOJHOCTh W K-
HeMaTndeckasi BA3KOCTh OKa3bIBAIOTCA OJIMHAKOBOTO TIOPSI/TKA BeJIH-
GUHBI:

%/(Ncy) ~n/(Nm) ~ Tl. (8.12)
Monoxus 8 (8.11) I ~1/No u @ ~ (T/m)"/?, nonyunm

n~vVmT]/o. (8.13)

Bce ckazannoe B § 7 0 3aBUCHMOCTH 3¢ OT JaBJIEHWsI W OT TeMIiepa-
TYPBI OTHOCUTCS W K KOIDDUIMEHTY BSIIKOCTH 7).

st Beramcienust BTOpOro KodduimenTa BA3KOCTU HAJI0 CUU-
TATh OTJIMYHBIM OT HYyJIsi BTOPO 4J/IeH B JIEBOH 4aCTH KUHETUYEeCKOI'O
ypasHenust (8.3):

(™" ) div v = 1(x). (8.14)

3 Co
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Nmewm perrienve B BUjIE

x=gdivV (8.15)
u Jytsd QYHKIUU g HAXOAUM yDPABHEHUE
2
" ™) _ 1(g). (8.16)
Cy

Boraucane Ten3op HANpsiyKEHU W CPABHUE €r0 C BBIPAYKEHUEM
(ap div'V, momyunm K03 DUIIERT BI3KOCTH B BUJIE

(= 7;;; [v*g fodl. (8.17)

YV omnoaromubix razos £(I') = mv?/2, ¢, = 3/2, u nesas gactb
ypasrenus (8.16) obparaercs B nysib. 13 ypasuenus I(g) = 0 cie-
ayer Torga, 9o u g = 0, a moromy u { = (. Mbr npuxonmm, Takum
00pa3oM, K MHTEPECHOMY Pe3yJIbTaTy: ¥ OJHOATOMHBIX ra30B BTOpas

BSI3KOCTH PABHA HYJIO |).

Bamauga

ITokazaTh, 9TO BTOpas BA3KOCTh Ta3a yIbTPAPEIATUBUCTCKAX YaCTHUI] DABHA
aymo (A.M. Xaramuukos, 1955).

Pemenwue Dueprusi € peasiTUBUCTCKON YacTulbl B cucreme orcuera K, B
KOTOPOii Ta3 IBUKETCH ¢ (HEPETATUBACTCKO ) CKOPOCTHIO V, CBA3aHA C €€ SHep-
rueit ¢’ B cucreme K', B KoTOpoii ra3 mokoutcs, hopmy.ioit & = — pV, rae p
UMMy IhC gacTunnl B cucreme K (3r0  dopmyna npeobpazosanus Jlopenna, B
KOTOPO# OIyIIeHb! 11eHbl 6os1ee uem mepsoro nopsiaka no V). @yHkuus pacrpe-
nenenus B cucreme K: fo(e — pV), tae fo(e') — pacnpenenenne Bonsumana.

VHTEpecyach UMb BA3KOCTHIO, MBI MOYKEM € CAMOTO HAYAIA CIUTATH PABHBI-
MU HYJ_IIO Fpa.'ZLI/IeHTBI BCEX MaKpOCKOHI/IquKHX BeﬂH‘IHH, 3a MCKJIIOYEeHUueM JINITh

. 2
ckopocru V; rorma n 9V /0t = 0, tax aro nocneaunit winen B (6.10) sBeimagaer ).
B (6.11) mepBble aBa 91eHA TOXKE OTCYTCTBYIOT, & TPETHI 3aMEHACTCA HA

Vs
O0xa
(HampasseHUsI V 1 P COBHAAAIOT, MOITOMY PaUs = PaUq ). Y DPABHEHUS HEIIPEPHIB-

HOCTU M COXPAHEHUsI SHTPOIMU B MCIIOJIB30BAHHOM B § 6 Bue OoCTaroTcsi cripa-
BEJJIMBBIMA U TIPH JBWXKEHUH (C MATIBIMEA CKOPOCTAME V) PEIATUBACTCKOTO Ta3a.

vV(PV) = vaps = vappVap

1) IToguepkuem, 9T0 peus naeT 0 ra3ax UMEHHO B TOM IPUOJIMKEHUH II0 «IIa-
pamerpy razosoctus Nd°, KoTOpoMy oTBeuaeT ypasnenne Borbimana (u B ®KOTO-
POM BSI3KOCTB 7) OKa3bIBAETCS He3aBUCALIEH OT TI0THOCTH). B coregyommx mpu-
Gymzkernax (C/IemyIonme YIeHbl «<BUPAATBLHOTO PA3IoKeHusa»  cM. § 18) moas-
JISeTCsl M OTJIMYHAs 0T HyJst Bsa3kocTh (. CylecTBeHHa TakyKe U KBaJApaTuYdHas!
3aBMCUMOCTH HEPTUN YaCTUIIHI OT €e MMITYJIhCa; B PeIdATUBUCTCKOM «OJHOATOM-
HOM» ra3e BTOpad BA3KOCTD yKe He paBHA Hy.Ti0 (OHa 06paIaeTcs, OJHAKO, CHOBA,
B HyJIb B JIDYTOM MPEIETHLHOM CJIy9ae — yJAbTPAPEJTSITUBACTCKOM; CM. 331249y ).

2) Bo usGesxanme HeJ0pa3yMEeHNU HAIIOMHNUM, UTO B PEJIATUBUCTCKOM ra3e rpa-
JINEHT IABJICHAs JAET CBOW BK/IAT B TEILIOMPOBOAAIAI TOTOK dHeprum (cm. VI,

§ 126).
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o
©

Tlosromy ocratorcs B cuae u dbopmyant (6.16). B pesyaprate Kurernaeckoe ypas-
HeHHe NPUHUMAaeT BU

E
(vapa - 5oﬂ_) Vap = 1(x)-

-

1 .
B 3agade o BTOpOil BA3KOCTH HAZO MOJIOXKUTE Vo3 = 5505 divV, u Torma

(@ - i) divV = I(x).
3 Co

B y/IbTpapensTUBUCTCKOM ra3e v & ¢, € = ¢p, a TEIIOEMKOCTh ¢, = 3 (em. V, §
44, 3aga4a), Tak 9TO JIEBas 9aCTh YPABHEHWUS, a C HEIO M Y 00PAIaiOTCs B HYJIb.

§ 9. Cummerpusi KuHeTUYECKUX KO3 punueHTOB

KosddummenTsr TemnmonpoBOAHOCTH W BSI3KOCTH OTHOCATCS K
KATErOPUM BEJIMYUH, ONPEJIEISIONMX TPOHECChl PEJIAKCAIUU  CJla-
60 HEPABHOBECHBIX CUCTEM. DTU BEJIUIUHBI KUHEMuUMeckue Ko-
appuruenmo,  YAOBAETBOPSIOT HPUHIUILY CUMMETPUE (NpuHyun
Oncazepa), KOTOPHIii MOKeT OBITH yCTAHOBJIEH B 00mIem Buje, 6e3
PacCMOTpEeHNsT KOHKPETHBIX PEIAKCAIMOHHBIX MexaHu3MoB. Ho mpu
KOHKPETHOM BBIYUCICHUN KHUHETUIECKUX KOIDMUIMEHTOB ¢ TIO-
MOIIIBI0 KWHETWYECKNX YPABHEHWIl MPUHINAI CUMMETPUU He JTaeT
KaKWX-1100 YCIOBUil, KOTOPBIE ITOMKHBI OBLIN OBl JOTIOTHUTETHHO
HajaraThCsd Ha pernenne ypapHenuii. [Ipu TakoMm BuIYmcIeHUN Tpe-
OoBaHMs DTOTO MPUHIINATIA YIOBJIETBOPSIOTCS, Pa3yMeeTCs, aBTOMa-
tuuecku. [losiesno mpocaeanTs 3a TeM, KaKuM 00pa3oM 5TO TTPOWC-
XOJIWT.

Hanovmuaunwm, aro B 06mmieit ¢gpopmynuposke nputiuna OHcarepa
(em. V, § 120) dburypupyer HabOp BeJMUUH I,, XaPAKTEPUBYIOIINX
HEPABHOBECHOCTH CHUCTEMbI, ¥ HAOOD <«TEPMOJMHAMUYECKH COIPSsI-
JKEHHBIX» € HUMU BeauduH X, = —0S5/0x, (S surpoununs cucre-
mbl). TIporecce penakcannm ciabo HEPaBHOBECHON CHCTEMBI OMUCHIBaA-
€TCsl YPABHEHUAMU, OTIPEEISIIONINMI CKOPOCTH U3MEHEHUS BETNINH
T, B BUIE JTUHEHHBIX DyHKINH Beauans X, :

Fa =) Yar X, (9-1)
b

e Yop  Kuaerwaeckue koddduimentol. Corsracao npusiuny OH-
carepa, eciii T, U Tj OAUHAKOBO BeyT cebs mpu obpalienun Bpeme-
HU, TO

Yab = Yba- (92)
[Ipu 31OM CKOPOCTH H3MEHEHWs JHTPOINUU JA€TCsl KBAaPATHIHON

dbopmoit
S==> Xata=> YarXaXp: (9.3)
a a,b
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[TepBBIM M3 3TUX BHIPAKEHNIT 9aCTO OBIBACT YI0OHBIM TTOIB30BAThHCS
JJIST YCTAHOBJIEHWS COOTBETCTBUS MEYKTY BEIWIUHAMU T, T X,.

B ciaywae TemionpoBOHOCTH B KadecTBe «CKOPOCTEH» T, pac-
CMaTpUBAaeM KOMIIOHEHTHI ¢, BEKTOpa JIMCCUIATHBHOTO TEIJIOBOTO
noToKa (B KaXKJ0f 3aJaHHOM TOYKE CPeJibl); MHJEKC ¢ COBHAAeT
LIPU 9TOM C BEKTOPHbIM UHJIEKCOM . COOTBETCTBYIOIMUMUY B/ YU-
namu X, 6yayr roraa npoussogubie T 20T /0, (cp. IX, § 88). Posb
ypasuennii (9.1) wrpator paBerncTBa ¢, = —,30T/0xg, Tak 9TO
KUHETHIECKIMHI KOIDDUINEHTAMN Ygp ABIIOTCSH BeamInHB T2 22,5.
Cornacro mpunmmmy Oncarepa JI0KHO OBITh 2,4 = #454-

AnajlornunbiM 00pa3oM, B CLydae BI3KOCTU B KAYECTBEe BeIUYUH
T4 PACCMATPUBAEM KOMIIOHEHTHl TE€H30Pa BA3KOI'O LIOTOKA UMILY./1bCa
a;ﬂ, a coorsercrByionmmu X, sapasiorcs —Vog/T (nagexcy a or-
BEYAET MPU 3TOM Mapa TeH30PHBIX WHAEKCOB «ff). Ponn ypasHenus
(9.1) mrpator cooTHOmEHUS a;ﬂ = NaBysVys, & KHHETUYECKUMU KO-
s dbunnenramu sBsgioTCs Beuaunbl 1'1ag. CoracHo npuHIMILY
Omncarepa J075KHO OBITh T)agys = Tysas-

B paccMoTpenHBIX B Mpeabiaymmx maparpadax sagadax o Ter-
JIOTIPOBOJHOCTH W BA3KOCTW Ta30B yKa3aHHAss CUMMETPHUS TEH30POB
a3 W TaBys BO3HUKAJIA ABTOMATHIECKN yIKe KaK C/IeJICTBIE M30TPO-
IUU Cpejibl, DE30THOCUTE/]ILHO K PELIeHUI0 KUHETUYeCKOro ypaBHe-
nus. ITokazkeM, 0JHAKO, 4TO 3Ta CUMMETPUsl BO3HUK/A Obl U B pe-
ByJIbTaTe PelleHusd KUHEeTUYeCKOr0 ypaBHeHUsl, De30THOCUTENILHO K
U30TPOLIUU I'a3a.

Cxema pelllenus 3a/a4 0 TelJIONPOBOAHOCTY U BSI3KOCTU B ¢/1a00
HEOJHOPOJIHOM I'a3€ COCTOsla B TOM, Y4TO LOLNPaBKa K PaBHOBECHOI
dYHKIUY pacupejie/eHus UIeTrcs B BUJIe

x=Y 8.0)Xa (9.4)

n st GyHKOWUR g, NOIyvaloTcsl yPaBHEHUST BUJIA
L,=1I(g,) (9.5)
Bemmunnavu L, SBISIOTCT KOMIIOHEHTBI BEKTOPA
T[e(T) — ¢pTva

B C/ly4ae TeILIONPOBOJHOCTH, WM TEH30Pa
e(T)
-T [mvavﬂ — c—éaﬂ}
v

B crydae Bs3kocTH (cp. (6.19)). Perennst ypapuennit (9.5) momKHb!
YJIOBJIETBOPSITH JTOMOJHUTETHHBIM YCIOBUSIM

[ fogo,dl =0, [ fog,edl' =0, [ fog,pdl' =0.
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C yuerom sTux ycaoBmit KUHETHYECKHe KO3(MMUIMEHTH! Y43 MOTYT
OBITH 3aIUCAHBI B BUJIE UHTEIPAJIOB

ey = — [ foLagsdl. (9.6)

JlokazaTesibCTBO CUMMETPUH Yop = Ypg CBOAUTCS, TAKUM 00pPa30M, K
JI0Ka3aTeILCTBY PABEHCTBA WHTETPAJIOB

J foLagydl' = [ foLpg, dr. (9.7)

OHO OCHOBAHO HA CBOMCTBE «CAMOCOTPSIZKEHHOCTH» JINHEAPU30-
BAaHHOTO omeparopa I, K KOTOPOMY MOYKHO TIPUNTH CJIEIYIOIINM 00-
pa3oM.

Paccvorpum maTerpan

[ foeI(4)dT = [ foforw'o(y' + by — 4 —¢1) d'T,

rae P(T), p(I')  mobbie ase Gyuxnun nepemennsix [ Tlockonbky
WHTErprpoBaHne MPOU3BOANTCs 1o BeeM nepementbiv Iy Ty, TV, T,
MOXKHO, He MeHss WHTerpaJja, mMpon3BecTn Jir0boe nx rnepeobo3Hatde-
Hue (Kak 9To jenanochk yxe B § 4). TIpoussegem mnepeobo3Havdenme

[, T" < I'y, T, a 3arem B KaxK10M U3 JABYX NOJLYYalOIMXCH TAKUM

obpazom dopm nHTErpana — eme nepeobosnavenne I', I'y > TV, T
B3sB cymMy Bcex UeTBIpeX BBIDAYKEHNI, NMeeM

[ foel(y)dl =

= 1 [ fofulw' (6 + 1) — wl¢' + DI +¥}) — (6 +9)] d'T
(9.8)
(obosnavenns w n w' w3 (3.5)). Paccmorpum Teneps Takoit xe uHTe-
rpast, B kKotopom dyukunm (I') n ¢(I') 3amereHsl COOTBETCTBEHHO
na (1) m (') (me menss npu srom mepemennnix B w n w'!). Tpo-
U3BE/Is B 9TOM HHTerpasie nepeobosnadenue [V FT, 2 I T

M BOCTIOJB30BABIINCH TIPUHIAIIOM JeTaJbHOrO paBHOBecusi (2.3),
Oy YUM

[ fop"I(e")dl =

1
= 1 [ foforlw(@ + 1) — ' (@' + i]l(¢" + @) = (0 + @1)] d'T
(9.9)
(yureno takxe, uro fo(I'T) = fo(T')). Packpsis B (9.8) u (9.9) ksa-
JIpaTHble CKOOKU UM CPABHUB WX HMOYJIEHHO, yOeauMmcs, 9410 0ba uHTe-

rpaJjia paBHbl Apyr Apyry. [Ipu cpaBHeHUE HAJ0 y9ECTh COOTHOIIECHHIE
yautapuoctu (2.9), B cuty KOTOPOrO MMeeM, HalpuMep,

[ foforw(@® + 1) (@ + 1) d*'T = [ foforw' (¢ + 1) (¢ + ¢1) d'T
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(coorromenne (2.9) mpuMeHeHO 3/1eCh K WHTErPUPOBAHUIO 10 TIepe-
mennbiM IV, T 0T KOTOPBIX B MOJBIHTErPAJIBHOM BbIDAZKEHUN 3aBU-

CAT TOABKO w 1 w').
Taknm 0Opazom, MPUXOINM K PABEHCTBY

[ foeI(p)dr = [ fopTI(T)dr. (9.10)

OTMeTI/IM, 9TO €C/JIn MPUHIONUTT JeTaJIHHOTO PAaBHOBECHA CITPpABEINB
B CcBOeil mpocreiimeit hopme (2.8), w = w', To coornomenne (9.10)
CBOANTCS K OYKBAJIBHON CAMOCOTPSIKEHHOCTH oneparopa I:

[ fowI (1) dl = [ foipI(¢)dl, (9.11)
rie B 000mx nHTerpagax urypnpyoT OYHKIUT @ W 1) OJHUX W TEX
JKe TepeMennbIx [ (3T0 cpasdy oueBnaHo pn w = w' M3 BBIPAKEHUsT

(9.8)).

Bosspamasice kK kuaeTnaecknM ko3 durmenTam, Tpon3BeaeM B
nepsom mHTerpaie (9.7) mepeoboznavenwe I' — I'! u yurem, uro

Lo(TT) = +L,(T) (9.12)

(BepxHWIt 3HAK OTHOCUTCS K CIY9at0 BA3KOCTH, HUKHWH — TErIonpo-
BopHocTn). Bocnonbsyemest reneps coornomenusivu (9.5) u (9.10).

Ipu stom B (9.10) MOXKHO HPOM3BOAUTL MHTErpupoBaHme 110 L'
BMecTo I, 3HAYEHNEe MHTerpasa OT 3TOr0, OUYEBUIHO, HE M3MEHUTC.
Nmeem

— T T _
[ fogyLadl ==+ [ fogy I(g,)dl" =
_ T T _ T T
=+ [ fogal(gy) dl'" ==+ [ fogq Ly(T') dl'.
Teneps 1OCTATOYHO TTEPEOOO3HAYUNTH B TPABOM YAaCTH PABEHCTBA
"= T, u ¢ yaerom (9.12) Mer momyany Tpebyembit pesyabrar (9.7).
Kunernaeckne x03bdUIIMEHTHI TOMKHBI YI0BIETBOPATH TaKIKe
7 YCIOBUSIM, CJIEIYIONINM W3 3aKOHA, BO3PACTAHUS SHTPOTNN; B 9aCT-
HOCTH, JOJIYKHBI OBITH TTOIOKUTEILHBI «IMATOHATLHBIEY KOIDDUIIH-
€HTBI Y4q- IIOCKOTBKY KUHETHUUECKOE ypaBHEHUE 00eCITeunBaeT BO3-
pacTanne SHTPOTNN, TO €CTEeCTBEHHO, UTO TPU BBIYUCIEHWN C €ro
TTOMOIIIHI0 KUHETUIECKUX KOI(MDMUITMEHTOB 3TU YCIOBUS yIOBIETBO-
PSTIOTCST aBTOMATHIECK.
Bospacrtanme suTponmm BhIpaykaeTcst HepaBeHCTBOM

— [Inf-Stfdl >0

(cm. § 4). Tloacrasus croga

F=r(1+X), stf=Lr100),

umeem
1

/lnfOStde /foln (1+%) I(x)dl > 0.

T
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[TeprrIit nHTErpas obpalaeTcs B HyJIb TOXKJIECTBEHHO, a BO BTOPOM
mteM, BBUIy masioctn x, In (1 + x/T) = x/T n naxoanm

— [ foxI(x)dTl' > 0. (9.13)

OTNM HEPpABEHCTBOM M 00ECTTeTNBAIOTCS HEOOXOAMMBIE CBOCTRA K-
Herndecknx KoapdummrenTor. B wacrrocTn, npm x = g, OHO BhIpa-
yKaeT cobO0il TIOTOKUTETHHOCTD Yqq-

§ 10. IIpubamrkeHHOE peIlleHne KUHETUYECKOrO YPABHEHUS

BBuy ClI03KHOCTH 3aKOHA B3aMMOJIEHCTBUsT MOJIEKYJ (B 0COOEH-
HOCTM MHOTOATOMHBIX), ONPEJENAIONero (DyHKIMIO W B MHTErpa-
Jie CTOJIKHOBeHWil, ypaBHenue DojibliMana 1mo CymiecTBy HE MOYXKET
OBITH JTayKe B3alNCAHO JIJIT KOHKPETHBIX ra3oB B TOYHOM Buje. Ho n
OpU OPOCTBIX IPEJANON0KEHUAX O XapaKTepe MOJIEKYJIAPHOrO B3au-
MOAEHCTBUA CH02KHOCTh MaTEeMAaTUYeCKON CTPYKTYPbl KUHETUYECKO-
T0 ypaBHEHHUsl JlejlaeT, BOOOIIe TOBOPS, HEBOZMOXKHBIM HAX0XKIEHWe
€ro pemeHnd B TOYHOM aHaJUTUYECKOM BUIE, 3TO OTHOCUTCA JarKe
K JTMHEeapW30BaHHOMY ypaBHEHWIO. B CBA3M ¢ 9TUM B KMHETHYECKO
TEOPUW TA30B TIPMOOpeTarT 0coboe 3HATEeHWe JOCTATOUIHO 3(hdek-
TUBHBIC METO/bI HpI/I6.HI/I)KeHHOFO peniennsd ypaBHEHNA BO.HB]_[M&H&.
Wz10sxmM 37€Ch UILI0 TAKOTO METOIa B TPUMEHEHWH K OJIHOATOMHO-
my tasy (S. Chapman, 1916).

Paccvorpum cravasia 3agady o TermaompoBogHocTH. s ojHo-
aTOMHOTO Ta3a TEeMI0eMKOCTh ¢, = 5/2 1 JInHeapn30BaHHOE ypPaBHe-

nue (7.3) upuHumaer Buj

v (g _ 57,2) = I(g) (10.1)

(rae B = m/(2T)); nuueiinplii uaTerpabublit oneparop I(g) oupe-
nesisiercst (hopMyJIoit

1(8) = [[vorufor (8 + 8 — g8 — g1) d’p1 do (10.2)

(coorrercTByIOIIEil MHTErpaIy cronkHoBernii (3.9)), a paBHOBecHast
byHKIms pacnpegeaents 1)

3/2 .
f(](?)) = ‘N:% ef’sz. (103)
man3/2
Db dexTuBHbIil MeTO) TPUOJINKEHHOTO PEIIeHUs YPABHEHUsI
(10.1) ocnoBan Ha pa3IOKEHUM UCKOMBIX (DYHKIUI 110 TOMHO Cu-
CTeMe B3aMMHO OPTOrOHAJIBHBIX (DYHKIINI, B KAY€CTBE KOTOPBHIX OCO-
ObiM  y1006CcTBOM 00J1aJai0T TakK HasbiBaemble nojuHOMbl CoHuHA

1 .

) OyHKnns pacnpeseeHns Be3Ie MPeANOIAraeTcs OMpPeIeeHHON M0 OTHO-
MEHNI0 K UMITYTbCHOMY TTPOCTPAHCTBY. DTO HE MEIIAeT, OJHAKO, TOMY, 9YTO OHA
MOkKeT ObITh BbIPaskeHa, 10 cooOparkennsM yan00CcTBa, 1epe3 CKOpoCTs V = p/m.
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(D. Burnett, 1935). Dtu dbynxmun onpegensrorcs bopmyioii 1)

1 —r d®
Si(x) = ="z T e Tyt (10.4)
s! dz*

TpUYeM 7 — TPOW3BOIBLHOE, & § — IIeI0€ TTOMOKUTETHHOE UNCI0 WJIN

Hyah. B wacTHOCTH,

S0=1, Slz)=r+1—=. (10.5)

CsoiicTBO OPTOTOHAJIBHOCTHU 9TUX IMOJIMHOMOB IIDU 3a/IaHHOM MH/ICK-
Ce r 1 PAa3JIMYIHbIX MHJEKCaX S:

s!

[ e oa"S3(x)S? () dx = Lr+s+1) Osst - (10.6)
0

Nem pemtenne ypapuenns (10.1) B Buge pasnoxkenus

g(v) = %VZAssg/Q(ﬁqﬂ). (10.7)
s=1

Onyctus B pasjoxkennn 4jer ¢ § = (), MbI TeM CaMbIM aBTOMATHUYE-
CKM yaoBaeTBOpsieM yciosuio (7.4) (wHTerpas obpaimaercst B HyJib B
culy OpTOroHaBHOCTH NOJMHOMOB ¢ § = 0 u s # (). Boipaxenue

B CKOOKax B JjieBoit wactn (10.1) ectsh monmHOM S%/Q(&)?), TaK 9TO
ypaBHEHNE PUHUMAET BUT

—vSy5(Bv%) = % 3 AJ(vS;)). (10.8)
s=1

YMHO)KUB €ro ¢ obenx CTOpoH Ha vfo(v)Sé/z(ﬂvQ) U NPOUHTErPUPO-

BaB 110 d°p, HOAYYUM CUCTEMY AIrebPAMYeCKUX yPABHEHUIT

o0

S A = 14—55“, 1=1,2,..., (10.9)

s=1
npudem

2 2
ais = =L [ fov Sl 1(vS3),) dPp = Lo {vSh . vSs ) (10.10)
rIe BBEJIEHBI 0003HAUECHIS
{F,G} = [ fo(v)fo(v1)|lv — vi|A(F)A(G) d®p d’py do,

(10.11)
A(F)=F(')+ F(v)) — F(v) — F(v1).

1) Onw ormaatores mn HOPMWUPOBKOM M MHIAEKCUPOBAHUEM OT 00OOIIEHHBIX
nomHOMOB Jlareppa:

s (71)1’ T
Sy (x) = Y Ly, (x).
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Vpasuenne ¢ [ = 0 (10.9) orcyrcryer, mOCKoNIbKY ags = 0 B cu-
JIy COXPAHEHMs] UMILYJIbCA: A(ng/Q) = A(v) = 0. Koacbdpuuumenr
TEIIONPOBOJAHOCTH BblUMCAAeTCs 110AcTanoBKoit (10.7) B maTerpan

(7.7). Brugy ycnosus (7.4) stor mmaterpan (¢ € = mw?/2) moxmo
NPEJICTABATH B BUJIE

1
s = =1 [ foSi, (B0 vg d'p

n B pe3y.HBTaTe HaX0aM
= ZAI. (10.12)

B npocrore nparoit wactu ypasuennit (10.9) n Boipaxkennst (10.12)
MPOSBJISIETCST TPEUMYIIECTBO pas/ioyKenusi 110 nojmaoMaM CoHMHA.

Xoj1 BHIYMCIEHWH 7T 3/1a49W O BSI3KOCTHM BIIOJHE aHAJOTMYEH.
Umiem perienvie ypasuennsi (8.6) B Buje

2

_ 1 9 = s 2
Baf = — (Uavg — 3V 5a5) gBSS5/2(5U ). (10.13)

N?
[MogcranoBka B (8.6) ¢ MOCAEAYIOMINM YMHOKEHHEM 9TOTO YPABHEHMW ST

Ha
fo(v) S5y (Bv?) (Uavﬂ - é'l)?aaﬂ)

U WHTErPUPOBAHWEM 110 d°p MPUBOANT K CUCTEMe ypaBHEHmMit

o
D bisBy =560,  1=01,2,..., (10.14)
s=0

bjs = % {(1@1)5 — %5@) Sé/Q, (1)a1)5 — %%5) Sgﬂ}. (10.15)

s koadpdunmenrta Baskocru u3 (8.9) nomyuaercs
n= imBo. (10.16)

[Tpubsmkennoe pemrenne OECKOHEYHON CHUCTEMbl ypaBHEHUN
(10.9) wum (10.14) nocruraercs coxpanenuem B paziaoxkenusx (10.7)
nav (10.13) uib HECKOJIBKUX TIEPBBIX YJIEHOB, T. €. HCKYCCTBEHHBIM
0b6peiBoM cuctembl. CXOMMMOCTE TIPOIIECCa TMPUOINKEHUsT TP yBe-
JINYEHNN 9NCIa 9JIEHOB OKA3bIBAETCS YPE3BBIUATHO OBICTPOI: yiKe
COXpaHEeHWe BCEro OJHOr0 YjeHa MPUBOINT, BOOOIIE TOBOPS, K TOY-

wocru 1 2% B 3mavennu » win n ]).

1) CxoamMoCTh OKA3BIBAETCS, OHAKO, HECKOTBKO XyuKe B 3a7a4ax o auddysun
u B ocobennoctu 0 repmoauddy3nn.
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IToxkaxkem, aTO TIPUOINIKEHHOE pEITeHNe JTUHEeAPM30BAHHOTO KH-
HETUYIECKOTO YPABHEHUS JJIsI OJHOATOMHBIX TA30B, OCYIIIECTBIITEMOE
OTIMCAHHBIM CITOCOOOM, TIPUBOJUT K BHAUYEHUAM KHUHETUIECKUX KO-
5 IUIMEHTOB, 3aBEIOMO MEHBITNM, UeM a0 Obl TOYHOE PEIeHne
9TOr0 yYpaBHEHWUSI.

3anuiiemM KWHETUYIECKOe YpaBHEHWE B CHMBOJNYIECKOM BUJIE

I(g)=1L (10.17)

(rpme dynkumn g u L BEKTOPBI B 3a/lade O TelJONPOBOJHOCTH
M TEH30phl BTOPOTO paHra B 3ajade o Bs3kocTH). o dyukimm g
COOTBETCTBYIOMIMI KUHETHIECKUIT KOIDDUIIMEHT OmpeTesaeTcsa Kak
BEJMYNHA, MPONOPIUOHAIBHASA WHTErPAJY

— [ fogI(g)d’p (10.18)

(cm. § 9). ITpubkenHast ke (DYHKIWSA g YIAOBIETBOPSIET HE CAMOMY
ypasuenuto (10.17), a qumb uHTErPAJIbHOMY COOTHOIIEHUTO

[ fogI(g) d®p = [ foLg d®p (10.19)

(kax 910 04eBUIHO U3 crnocoba onpegenenus KO3bOUIMEHTOB B pas3-
JIOXKEHUSIX g ).

Brickazannoe BbITIIe yTBEPXK/IEHNE HETIOCPEJCTBEHHO CJIEyeT W3
«BapPMAIMOHHOTO TIPUHIIATIAY, COTJIACHO KOTOPOMY DellleHne ypaBHe-
nust (10.17) ocywecrsisier makcumym dynkuuonasa (10.18) B kiac-
ce dyukumii, yrosnaersopsitomnx yeaosuio (10.19). B crpasepimso-
CTH 3TOTO TPWHIINTIA JIETKO YOEeINThCs, PACCMOTPER MHTETPAJ

— [ folg —)I(g — ¢)d’p,
rae g pemenne ypasuenus (10.17), a ¢ mo6as npobuast dbyHk-
1ust, yjoBjeTBopsitomast autb yeaosuio (10.19). Tlo obruemy cBoii-

crBy (9.13) omeparopa I 3ToT WHTErpas TMOJ0KNUTENeH. PackpbiB B
HEM CKOOKM!, TIHATIIEM

— [ folgI(g) +¢I(v) — ¢I(g) — g1(p)} d’p.
ITocKo/IbKY /151 OJJHOATOMHOI'O T'a3a HPUHLMI JIeTAJIbHOIO PABHOBE-
cusi cupasegyus B opume (2.8), 1o oneparop I obagaer csoiicrBoM

camoconpsizxensocta (9.11) 1), TlosroMy HHTErpAIbI OT ABYX HOCIE/I-
HUX 4JIEHOB B (pUIrypHON ckOOKe paBHbl Apyr aApyry. llogcraBus 3a-
rem I(g) = L, nmeem

— [ fofgI(g) + ©I(p) — 20I(g)} d*p =
= — [ fofgI(g) + @I(p) — 2Ly} d*p > 0.

1) Moguepkrem, 4To BAPMALMOHHIT TPUHLIIT B CDOPMYIMPOBAHHOM BUIE CBsi-
3aH C 9TUM O0GCTOATENTHCTBOM W HE MMEET MECTa TPH COOJIIOIEHIN TIPWHIIATIA e~
TAJBHOrO PABHOBECHs JIMIIL B ero Haubosee obmem Buge (2.3).
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Hakowerr, mpeobpa3oBas WHTErpaJj OT MOCIEJIHEr0 WIeHa C MOMOIIHIO
yenosust (10.19), maxoanm

— [ fogI(g)d*p > — [ foel(p) d®p,

410 U TPeOOBAIOCH JOKA3ATH.
Vuoomsaem 0 ciydae, IPEJACTABLIONIEM HHTEPeC ¢ (hOpMaIbHOM
TOYKM 3PEHUs, XOTs OH U HE UMEET HPAMOro (pU3MIECKOr0 CMBIC/IA.

D710 — ra3 u3 yacTui, B3aNMoeiicTRyoNmMx mo 3akony U = a/rt ).
DToT Caydail xapakTepeH TeM, UTO CedeHre CTOJIKHOBEHWI TaKUX
qacTuil (OnpejeenHoe 110 KJIACCHYeCKoi MexaHWKe) 00paTHO Tpo-
TMOPIMOHAIBHO WX OTHOCUTEIHHOW CKOPOCTH Ugrym, & MOTOMY (UTy-
pUpYyIOIee B WHTETrpajie CTOJKHOBEHUI TPOM3BEIECHUE Ugry dO OKa-
3BIBAETCST 3ABUCAIINM TOJABKO OT yrjia paccesHust §, HO HE OT Vgry.
B stom cBoiicTBe jierko yoeanThes yrke m3 COO0parKeHmii pa3MepHO-
cru. JlefictBuTeIbHO, CEYEHNME 3aBUCUT BCErO OT TPEX MapPAMETPOB:
MOCTOSTHHON (v, MACChl YACTHULL 17, U CKOPOCTH Vgry. VI3 9TUX Besinann
HeJIb35 COCTABUTHL Oe3pazmepHoil koMOuHAIIUKM U BCErO OJHYy KOMOU-

HAIWIO ¢ PA3MEPHOCTHIO m1otmatu: v, (a/m)/?; et u nomKuO 6BITH
MPOTIOPIMOHAIBHO CeYeHne. JTO CBOHCTBO CeYeHNsl MPUBOJINT K Cy-
[IECTBEHHOMY YTPOIIEHUI0 CTPYKTYPhl WHTErpajia CTOJKHOBEHWH, B
pesyJibTaTe Yero OKa3bIBaeTCst BO3MOKHBIM HAfiTH TOYHbBIE DerreHmst
JIMHEAPW30BAHHBIX KHHETHYECKNX yPABHEHW 3a/1a9 O TEerI0TpPOBO/I-

HOCTH W BsisKoCTH. OKa3bIBAETCST, UTO OHW JAIOTCST TPOCTO TIEPBBIMHT
anenamu pasiokenuii (10.7) u (10.13) 2).

Bagauu’)

1. Haiitu TermmonpoBoaHOCTh OJHOATOMHOTO Ta3a, COXPAHWB B PA3/IOKEHUN
(10.7) awmk mepBwIfi Yen.

Pemnrenme. Ilpu omnom wmene paznoxenus ypasaenus (10.9) ceogarca k
15
pasencrBy A = Y a11. dns serancaenns narerpana (10.10) ¢l = s = 1 seogum

BMECTO V, V1, V', V| CKOPOCTH IEHTpa HHEPINH I OTHOCHTEIBHEIE CKOPOCTH JBYX
ATOMOB:

1
V= (v+V1):§(V’+V’1), Vown =V — V1, Vors =V — Vi,

N | =

. 1
w2+ 1)]2 =2V 4+ 51)(2,“{, dsp d3p1 =mid*V dSUOTH.

IIpocToe Bhraucienue maer

A (VS';/Z) = A(ﬁUQV) = ﬁ[(vvi)TH)vi)TH - (VVOTH)VOTH}-

!) Kunetnueckue cBORCTBA TAKOH ra30Boi MOJe/ U BIepBble pacCMaTPUBAIUCh
Maxceeanom (1866).

?) TlonpobGroe wu3nOXKeHWE TEOpmU ITOr0 Ciuydas — cMm. § 3840 crarbn
JI. Baavdmana B c6opuuke «Tepmommumammka tazos», Mocksa, 1970 (mepesog
n3 Handbuch der Physik, Bd. XII, 1958).

3) ®opmymst (1)-(6) 6biam nonygens: Tenmvenom n Jnckozom.
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BosBenst 310 BRIparkeHme B KBaJAPAT W YCPEIHUB €r0 10 HATPABJIEHUsIM V, IO-
Iy 9IM

2 2
253 4 N2l 2 287 4 o
— [UOTH — (vOTH UOTH) ] Vi= "—vymV sin” 6.
3 3
TTocre srimonrenst waTerpuposanyst 10 41V 2 dV v 110 HANpaBIEHHIM Vory (TT0-
CJIeIHee CBOJUTCA K YMHOKEHUIO Ha 47) TIOTy¥nM OKOHYATETHHO

4 1/2 T 0o 5
a1 = 2 <£> // exp <7%> v sin® Gd—a dvors db; (1)
4 \ 27 2 de
00

KO3 DUITUEHT TErmI0npOBOTHOCTH
75
16(111 ’

2. To xe /119 BAZKOCTHA OJHOATOMHOTO Ta3a.
Pemrenne Ananorumansim 06pa3om mveem
5 5m
Bo = n= .
boo 4bOO

B unrerpasne (10.15) upu [ = s = 0 Haxogum

(2)

1 1
A (UQUB - g 'UQ(SQB) = E(UOTH aVora f — /U:)TH Q’UZ)THB)'
KBagpaT 3TOro BBIpaXKeHHUS €CTh
1 .
—yt . sin” 6.
2

Iloce mHTErpmMpoOBaHHUS IO d*V u mo HAIIPAB/IE€HUAM Vory OKa3bIBA€TCA, YTO
boo = ai1, TaxKk 4TO

4dmoe
= ®3)
15
Jl/Is 0IHOATOMHOTO Tra3a TeILIOEMKOCTb ¢p = 5/2. IlosToMy OTHOLIEHWE KHHe-
MaTUYeCKOW BA3KOCTH V = A K TeMnepaTyporpoBOJHOCTA X = (rax
Nm Nep

Ha3bIBaeMoe 9rca0 [IpaH TIs) B PACCMATPUBAEMOM TTPUOIMKEHUN OKA3hIBAETCS
paBHBIM

L-2 @

BHE 3aBHCHMOCTH OT 3aKOHA B3AUMOJEHACTBHS ATOMOB ).
3. B Tom ke mpubsrkeHnH HANTH TEIIOIPOBOJHOCTE U BA3KOCTH OJHOATOM-
HOTO Ta3a, PACCMATPHUBAs ATOMBI KaK TBED/bIE YIIPyrue MIapuKu auamerpa d.
Peme nune Cedenne paccesHus mapuka Ha IIAPUKe SKBUBAJICHTHO
PACCesTHUIO TOYEeYHON 9aCTHIBI HA HEMPOHUIAeMOoi cdepe pagumyca d; 1mod3TOMYy

') Mns raza ¢ 3akonom B3ammMozeiicTsus wactim U = a/r* dopwymsr (1) (4)
ABJIAIOTCA TOYHBIMU U TTPUBOALAT K CJICAYIOINM 3HAYECHUAM:

B m 1/2

s =3,04T(ma)" ">, = 0,81T(—) .

a
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ceuenme do = (d/2)?do. Beranciaenue nrmerpana 1) HNPUBOANT K Pe3ysbratam ')

0,66
64\/_d2 \/7 ®)

— vmT
= 16ﬁd2 ml =018, ©)

§ 11. duddy3us jerkoro raza B TAKeEJIOM

Asnenne quddy3un B cmecu AByX ra30B Mbl U3YUUM JIJI HEKOTO-
PBIX YACTHBIX CJIy9aeB, JOIYCKAOIINX CPABHUTEIBHO JIAJIEKO U/IYIIEe
TEOPETUIECKOE UCCIEI0BAHME.

O603HAYUM [IJIOTHOCTH 9HUCIA YACTUL JBYX KOMIIOHEHT CMECH Je-
pe3 Ny u Ny u onpejgennm KoHnenTpanuio cmecu kak ¢ = N1 /N, rae
N = N+ No. Ilonnas mI0THOCTD YA YaCTUL, CBA3aHa C JaB/ACHU-
em u Temneparypoii cornmacao N = P/T. JlaBjnenue raza n0oCTOSHHO
10 ero o0beMy; KOHIEHTPAIUS YK€ U TEMIIEPATYPa IyCTh MEHIIOTCs
BJIOJIb OCH % (JOIyCKasi M3MEHEHUe TEMIEPATYDPbI, Mbl TEM CAMbIM
BKJIIOYAEM B PACCMOTPEHHE Takzke u repmoanddysuio).

Paccmorpum pndpdysnio B cMecr TazoB, W3 KOTOPHIX OJWH («Tsi-
JKEJIBIIT» ) COCTOMT U3 MOJIEKYJI ¢ MACCOi, OOJIBIION 10 CPABHEHUIO C
Maccoii gacTuI] apyroro («jaerkoro») rasa. Jlerkwii ra3 Oygem cuu-
TaTh OJHOATOMHBIM. [[OCKOMBKY CpejHsisi TerioBas IHEprus MOCTy-
MaTeIHLHOTO JIBUXKEHUsT BCEX dacTuil (TpM 3aJlaHHoi TemrepaType)
OJIMHAKOBA, TO CPEIHsIsT CKOPOCTh TAYKEIBIX MOJEKYJI MaJja MO CpaB-
HEHWIO CO CKOPOCTBIO JIETKUX W WX MOYKHO PACCMATPUBATH MpuO/In-
JKEHHO KAaK HemnojBrKHbIe. [Ipu CTOIKHOBEHUM JIENKON YaCTHIbI C
TAXKEJION ITOC/ICHIOI0 MOZXKHO CYUTATH OCTAIOMIECHCH HEeNO/IBUKHOI;
CKOPOCTD 2K€ JIENKON 4aCTUIlbl MEHsIeT HAIIPABJIEHNE, OCTABASICH HEU3-
MEHHOH 10 cBOeit abCoMIOTHON BenanHe.

B sTom maparpade paccmorpum ciydaitl, KOrjga KOHIEHTPAIUs
JIEKOT0 raza B cMecu Maga (mycrs 510 Oyaer rasz 1). Torpa cronxk-
HOBEHHS €r0 aTOMOB JAPYT C JIPYIOM OTHOCHUTEJIbHO PEJIKH U MOZK-
HO CYUTATH, YTO JIETKUE YACTUIIBl CTAJKUBAIOTCS TOJBKO C THAXKEJIbI-
v 2).

B obmem ciyvae mpow3BOIBHONW Ta30BOI cMecu Ayt (DYHKIWH
pacrpeiesiennst 9acTull KaykI0i m3 KOMIOHEHT CMEeCH JOJIYKHO OBIThH
COCTABJIEHO CBOE KMHETWYECKOE ypPaBHEHWE, B TPABYI0 9aCTh KOTO-

D st xapakTepucTuku ObICTPOTHI CXOAUMOCTHU TTOCIEI0BATEIbHBIX TTPUOJIN-
JKEHNU YKaXKeM, 9TO TPHU y9ueTe BTOPOTO W TPEThEro UIE€HOB B Pa3JI0KEHUSTX
(10.7) m (10.13) Beipaxenns (5) m (6) ymnaoxatorcs coorBercrBenno Ha (1 +
+ 0,015+ 0,001) m (1 + 0,023 + 0,002).

2) Kumernueckas Teopusi Takoii ra3oBoil Momenm Gblna Brepsbie passuta Jlo-
penuyem (H.A. Lorentz, 1905).



54 KUHETUUYECKAS TEOPUS 'A30OB L 1

POTO BXOAUT CyMMa WHTETPAJIOB CTOJKHOBEHWI YaCTHIl TAHHOW KOM-
TIOHEHTHI C YaCTUIIAMW €€ YKE W APYTUX KOMIIOHEHT. B paccmarpuba-
€MOM YaCTHOM CIIy4ae, OJHAKO, HMEeIeco00pasHo TPOW3BECTH BBIBOI
YTIPOIIEHHOTO KUHETHIECKOTO YPABHEHUST 3aHORO.

Vckomoe ypaBHEHWE HOKHO ONPEAETIATh (DYHKINIO PaCTIPEIe-
JIEHWsI YaCTHIl JIEPKOTOo Ta3a; 06o3HaunM ee yepes f(p,z). B cuenan-
HBIX TIPENOI0KEHUAX CTOJKHOBEHUS JIETKUX YACTUI C TAXKEJIBIMU
HE MEHSAIOT pacnpeseIeHns TTOCAeIRNX, W B 3a1a9e 0 auddysnn 31o
PACHPEIEIEHIE MOYKHO CUUTATH 33/IaHHBIM.

Ilycts @ yrom mexky HANPABJEHUEM WMITYJIbCA JIEIKOW da-
CTHULBI P = M1V U OCbI0 Z. B cuiy cummerpuun ycaoBuii 3ajaqdn
04eBnIHO, uTO (DyHKIMs pacnpejesenus Oyaer 3aBuceTb (MOMUMO
MepeMeHHBIX P W ) TOABKO oT yriaa 6. O6osnaunm vepes do =
= F(p,a) do’ ceuenue cTosKHOBEHUIT, B DE3yJIbTATE KOTOPBIX JIETKAS
YaCTHUIIA, MMEBITAas NMIYJILC P, TprobpetaeT mvmyahe p’ = mv', na-
MPaBIEHHBIN B 3JIEMEHTE TEJECHBIX YIIIOB do’; v €CTh yro MesKay
BekTopamu p n p’ (aBCOMOTHBIE BEINYINHBI KOTOPHIX OJWHAKOBHI).
BepoAaTHOCTE 4acTHIE MCTBITATH TAKOE CTOJKHOBEHWE HA €IWHWIIE
nytu ecth No do, tae Ny — TJIOTHOCTD 9MC/Ia TAXKEIBIX JacTull. Be-
POSITHOCTH 7K€, OTHECEHHAs K €IMHUIE BPEMEHU, TIOJIyYaeTCa yMHO-
JKEHMEM €eIIle Ha CKOPOCTh gacTunpl: Nov do.

PaccvoTpum wacTunbl, HAXOOAIIMECT B 3aJaHHON eInHnIe 00h-
ema n 06JIaJaIoImye UMY ILCOM B 33JAHHOM WHTEPBAJIE abCOTIOTHRIX
3HAYeHnil dp, HATPABIECHHBIM B JIEMEHTE TEJIECHBIX yTIoB do. Uuc-
70 Takwux wactui ecth f dp = f(p,0,x)p? dpdo. V3 wux B egunmiLy

BPEMEHU B pe3yJibTare CTOJKHOBEHUil npuobperer umilyjabe p’, Ha-
upasJieHHblii B do’,

f(p,0,2)p” dpdo - NyvF (p, ) do’
vacTun,. Beero, ceoBaTebHO, M3MEHNT HATIPABJICHIE MMITY THCA
d*p [ Novf(p,0,7)F(p, ) do’
JACTHIL,

Hao6opor, n3 wncna gactii B dop’ = p' dp’ do’ nmpnobperer cko-
POCThH, HATPABJIEHHYIO B dO,

f(p', 0, x)p” dp' do’ - Nov' F(p', ) do

vyactui. [TockombKy p' = p, TO 719 MOJIHOTO YMC/Ia 9aCTHIL, TPHOGpe-
TAIONINX B PE3YJIbTATe CTOJIKHOBEHMI CKOPOCTh B d°p, MMeeM

d*p [ Novf(p,0',x)F(p,)do.

Takum 06PA30M, U3MEHEHHE YUC/IA YACTUIL B S/I€MEHTe d°p PABHO
pasHocTH

d*p- Nov [ F(p,e)[f(p,0',z) — f(p,0,z)]do.
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C apyroit CTOPOHBI, 9TO W3MEHEHWE IOJYKHO OBITH PABHO IOTHOMN
NPOU3BOJAHON 110 BpeMeHU

dgpﬁ — d3p vV f = d3pg v cos 6.
dt Oz

[Tpupasusis 006a BbIpazkeHUsl, Oy IUM UCKOMOE KUHETUYIECKOE yPaB-
HEHUE B BUJE

v COS 9% = Nov [ F(p,a)[f(p.0,z) — f(p.6.z)] do’ =St f. (11.1)

Ormernm, 9TO TpaBas 9acTh 3TOr0 ypaBHEHWS 00pAIaeTcs B HYJIh
mrsa g0boit byuknum f, He 3aBUCAIIEl OT HATpaBIECHUS P, a HE
TOJIBKO JIJIsi MAKCBEJIJIOBCKOM (DyHKIMHU fi, KAK 3TO UMEET MECTO
JJisi ypaBHeHusi Bojibimana. 910 00CTOSATENIBCTBO CBSI3aHO C HPEJI-
[IOJIOKEHUEM O HEM3MEHHOCTHU BEJIUYMHBI UMILYJIHCA IPU PACCETHUN
JIETKUX YaCTHI] HA TAZXKEJIbIX: OYEBUIHO, 9TO TAKUE CTOJKHOBEHUS
OCTaBJIAIOT CTAIMOHAPHBIM JII000€ PACIIPE/Ie/IeHNE JIETKUX YACTHIL 110
sueprusim. Paxruveckn ypapuenue (11.1) oredaer qumb HyneBOMY
npUOINKEHUIO 110 MaJjIoi BEJIWIWHE My /Mg, N YiKe B CIeIYIOIeM
MpUOIMKEHNN TIOSIBJISIETCS PeJIaKCalns 10 SHEPIUH.

Ecnu rpagnenTsl KOHIIEHTPAIINY W TEMIIEPATYPHI HE CIUIITKOM Be-
JIUKW (BEJTMUMHBI MAJI0 MEHSIOTCS Ha PACCTOSTHUSIX TOPSIJIKA JIJTHHBI

cBOGOHOTO TIpo6era), TO MOXKHO WCKaTh f B BUJE CYMMBI

rae §f — mMajast oNpaBKa K JIOKAJIhHO-PABHOBECHOW (DYHKIINU pac-
npegenerust fo, auHeitHast Mo rpagvenTam ¢ u T. B cBowo ouepen
uiem df B Brjie

0f =cosf-g(p,x), (11.2)

e g — dyskuusa Toapko ot p u . Ilpw nogcranoske B (11.1) B
JIEBOI YACTW ypaBHEHWS JOCTATOYHO OCTABUTH TOJHKO Wa€H C fy; B
WHTErpase e CTOJTKHOBEHUIl [jieH ¢ fj BbITagaeT:

St f = gNov [ F(p,a)(cos 8 — cosb) do;

HE3ABUCAIAs OT yIJIOB (DYHKIMSI g BBIHECEHA, M3-TIOJ 3HAKA WHTE-
rpaJa.

DTOT WHTErpal MOXKHO yIPOCTUTEL. Bhibepem B KadecTBe TOJISIp-
HOIl ocu jjigd OTCYeTa yIJIOB HalpasjeHnune umiyibca p. Ilycts ¢ u
4 a3MMyTbl HalpaBJIEHUI OCH Z M UMIyJbca P’ OTHOCUTE]bHO

nosigpuoit ocu. Torga
cos @' = cosf cos a + sinf sinacos(p — ¢').

Dnement TenecHbx yriaos do' = sinadady’, nockonbky « — mo-
NApHBIH yron st mvmyasca p’. UaTterpan ot winena ¢ cos (o — ¢')
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obpamaercst B HyJIb Tpu WHTErprpoBannu 1o dy'. B pesynsrare maii-
JeM, 9TO

St f = —Nyoy(p)vg cos = —Nooy(p)vdf, (11.3)
rJie BBEJeHO 0003HavYeHne

oi(p) =27 [ F(p,a)(1 — cosa)sinada = [(1 —cosa)do; (11.4)

BEJIMYUUHY 0y HAZBIBAIOT MPAHCTIOPMHBLM CEHEHUEM CTOJKHOBEHUIA.
U3 ypasuenus (11.1) naxoaum renepb

1 oh

— . 11.
Ngo't aT ( 5)

gp,xz) =

Jnddy3noHnbIil TOTOK 1 €CTh, 10 OTpeIeIeHHI0, TIOTHOCTH TI0-
TOKa MOJIEKYJT OJIHOI M3 KOMIOHEHT cMecH (B JaHHOM CJIydae — Jier-
koit). On BerumMcsiercs 110 QyHKIMU PACIIPEIEIeHNs KAK MHTErPaJl

i~ [ fvdp, (11.6)
WM, TIOCKOJIbKY BEKTOP i HAIpaB/eH 10 OCH T,
i= [cosO- fod’p = [cos?O-gvd’p (11.7)

(unmen ¢ fo obpamiaercss B HyJb TIPH WHTETPUPOBAHWN TI0 YIJIaM).
IMoxcrasue cropa (11.5), nosyunm

10 [wetep 10 [ e
N, Ox ot(p) 3N, 0x | o ’

910 BhIpa>KEHNEe MOYKHO 3allncaTh B BUIIE

i— -1 2 (),
3N> ox gt

rIe yCpeaHeHne PUBOANTCS 110 MaKCBELIOBCKOMY PACTIPEIETICHUIO.
Hakower, BBognM koutertpammio ¢ = Ni/N = Ny /Ny (manmomumm,
9T0 1o Tpeanookennio Ny 3> Np) n 3amensiem Ny = N = P/T. C
Y9EeTOM TIOCTOSHCTRA, JABJECHUS TIOJIYUINM B PE3YJIBTATE

. TO [c/w 1/v\0 T 0 [1/w orT
i=—=—q—A—)r=—A—)=———|=(—)| =—. (11.8)
30z \T \oy 3\o:/ Ox 30T LT \oy oz
D1y GOpMyIy HAIO CPABHUTH C (PEHOMEHOJTOTUIECKUM BhIparKe-
arem 1 Oy3nOHHOTO TTOTOKA

i= ND (vc+ ’%TVT) , (11.9)

BaKJIIOYAIONNM B cebe omnpejenenns kospduyuenma dupdysuu D
n mepmoduddysuonnozo ommuowernus kp (xKospduyuernmom xe
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mepmodudpgysuu wazpiBaoT npomssenenue Dy = Dkp; cm. VI,
§ 58) ). Takum 06pazoM, HAXOAUM

D= 3lp<a%> (11.10)

ky = 2 n 0090, (11.11)
oT T
[Mpn auddysnoHHOM paBHOBECHM B HEPABHOMEPHO HATPETOM
ra3e yCTAaHABIMBAETCST TAKOE pacrpeiesienne KOHTIeHTPAINi, TPH KO-
Topom auddysnonnsii motok i = (. [IpupaBuaB MOCTOSHHOM BHIPa-
Kenwe, crositiee B (purypbix ckookax B (11.8), momyanm

T
¢ = const - . (11.12)
(v/on)
[Mpeanonarast cedenne o; He 3aBUCAIIMM OT CKOPOCTH M 3aMETUB,
ato (v) ~ (T /mq)'/?, maiizenm, aro mpn anddysnonroM pasrOBECHT
B CMeCH ¢ MaJjoif KOHIeHTparnneil Jerkoro ra3a TOCIeHsIsT TPOmop-
unoranka /T IPYTUMI CIOBAMU, JIETKWii ra3 KOHIIEHTPHPYETCs B
MecTax ¢ OOBINEeN TeMIepaTypoii.
[To mopsinky Benwaunbl kKo dumuent auddy3nn

D ~l, (11.13)
rje U — CpeJHsIsi TeryoBasi CKOPOCTh MOJEKYJ JIErKOrO rasa, a
I~1/(No) — nnmua csobogroro mpobera. HamomHIM W3BECTHBIN

S7IeMEHTAPHBIN BRIBOI 9TOH hopmysibl. Uucmao Mosiekys1 ra3a 1, mpo-
XOJIATIINX CJIEBA HAMMPARO B 1 ¢ Yepe3 eMHNIHYIO TIIOTIAJIKY, TTepTeH-
AUKYJIAPHYIO OCHU X, PABHO TO TIOPAAKY BEJINYUHBI TTPOUI3BEIECHUIO
Nyv, npudeMm TI0THOCTH Ny JIO/KHA OBITH B3sTa HA PACCTOSHUM [
BJIEBO OT TLJIOIIAJKHW, T. €. B T€X MeCTaX, OTKYyJda MOJIEKYJIbI T0CTHU-
TaroT Ty TIOMAAKY yikKe 6e3 CTONMKHOBEHUi. AHaIOTMIHBIM 06pa-
30M OIPEJesseTcsl YUC/I0 MOJIEKYJl, TIePeceKalonnX Ty Ke IMJI0Ia/l-
Ky CIpaBa HAJEBO, & PA3HOCTH obomx wuuces jaer auddy3noHHbIi
IIOTOK:
i~ Ni(z — 17— Ny(z + )7 ~ 179

dx

orkyaa u caeayer (11.13)2).

1
)SIBnenne repmoauddysun Geu10 npeackazano Jxckozom (1911) nmenno gns
paccMaTpUBaEeMO# 371eChb MOJIE/IUA Ta30BO CMeCH.

2) Jluddysus, TEMIONPOBOIHOCTE U BI3KOCTD OCYIECTBISIOTCS OJHEM ¥ TEM
K€ MEXaHU3MOM — HENOCPEACTBEHHbBIM MOJIEKYJ/IAPHBIM TT€PEHOCOM. TeHHOHpO—
BOZHOCTH MOYKHO PACCMATPHUBATH KaK «auddy3nio SHePrumy», a BA3KOCTh — KAaK
«aud dysuio mmmyabcas. [loaToMmy MOKHO yTBepKIATH, 9T0 KO3 durment aud-
dy3sun D, remneparyponposoanoctsb X = 3¢/(Nc¢p) u Knnemarniaeckas BA3KOCTh
v = 1n/(Nm) uMe0T OJUH U TOT Ke TNOPAA0K BEJUIHHBI, OTKYIa W TOIyIai0TC
dopmynsr (7.10) mrs TentonporogrocTr n (8.11) s BA3ZKOCTH.
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§ 12. Indpdy3us Tsa>keioro raza B JIErKOM

PaccmoTrpum Teneps 00paTHBI TpeIeIbHbIN CIydaii, KOT1a Maja
KOHTIEHTPAIINsT TSKEJIOTO Ta3a B cMmecu. B sTom ciaydae xkoaddurm-
et mudy3un MOKHO BBITUCIUTH KOCBEHHBIM CITOCODOOM, He mpube-
rast K TOMOIIM KWHETUIECKOTO ypaBHeHus. VIMEeHHO, OTrpeaeinM Tak
Ha3BIBAEMYIO T0J6UNCHOCTS TACTUT] TSIYKEJIOTO Ta3d, MPearmoarast
€ro HaxOAAIMMCs BO BHermHeM mosie. [logBmxkmocTh ke b cBa3ana
¢ KoaddurmerTom audpy3un STUX Ke IACTHAT] U3BECTHBIM COOTHO-
meHueM DiHireiina

D=bT (12.1)
(em. VI, § 59).

IloaBmKHOCTE €CTh, TT0 OTpeeIeHn 0, KOIMAMUINEHT TPOTIOPIIHU-
OHAJIBHOCTU MEXK/y CpejiHell ckopocTbio V| npuobperaemoit dyacTu-
el raza BO BHEIIHEeM 110J1e, U JefCTBYIOIeil Ha 4acTully CO CTOPOHbL
noJjist cuioit f:

V = if. (12.2)

Ckopoctb ke V olpejieigercs B JaHHOM CJIydae U3 yCA0BUs B3aUM-
HOI KoMueHcauuu cusibl £ u cuiibl conporusienus f,., ucibiTbiBaeMoit
JABMZKYIIENCA TAKeJI0i JacTuieid co CTOPOHbI JIETKUX (CTOJIKHOBG—
HUAMU TSIZKEIBIX YaCTUIL APYT C APYTOM MOXKHO TpPEeHeOpeYh BBUITY
X OTHOCUTETHHOI peakocTn). OyHKIMS pacipe/esieHus JIETKUX da-
CTHUIL ABJAETCA TTPU 3TOM MAaKCBEJLJIOBCKOWM:

2
fo=—N __oxp (_mw ) 7

(2mm,T)3/? 2T

rje mq Macca JIErKO 4aCTUIbI.

Paccmorpum kakyto-auby/ib OHY OIPEIEJEHHYIO TAKEJIYI0 [a-
CTUILY; TIYCTh €€ CKOpocTh ecTh V. [lepeiizem Teneps K cucreme Koop-
JIMHAT, IBUKYINEHCcS BMECTe ¢ 9TON JacTuriei, n mycrb v 0bo3HaTaeT
CKOPOCTH JIENKUX YaCTHUIl B 9TON HOBO# cucreme. PyHKius pacipe-
JIJIeHUSE JIEPKUX 9aCTUL B 3TOH cucreme koopaunar ectb fo(v + V)

(cp. ¢ (6.9)). TIpeamonarast cKOpocTh V MaJIoii, MOXKeM HAMMCATh

folv+ V) ~ folv) (1 - mT_"V) . (12.3)

Hckomyto cuiy conporupienus f, MOXKHO BbIYMCIUTH KaK I110J1-
HBIII UMITYJIBC, IepeJaBaeMblil TAXKEJION JacTulle JerkuMu, KOTOpbIe
CTAJTKWBAIOTCA C HEIO0 B €IMHUITY BpeMeHn. TsKenas 9acTUIA OCTa-
eTcd TIpW CTOJIKHOBEHWHW HEMOJABVMKHON. Jlerkas ke wacTtuia mpu-
HOCHUT C COOO WMIIY/IBC 7711V; TOC/IE€ CTOJKHOBEHWS, TMPU KOTOPOM
€e MMIIYJIbC TTOBOPAYMBAETCS HA YTOJ (, OHA YHOCUT C CODOi mM-
MyJIbC, PABHBIN B cpeiHEM 1M1V €os . [loaToMy mmmyibe, mepeaBa-
MBIl TTPU TAKOM CTOJKHOBEHUN TSAXKEJION 9acTuIle, PaBEeH B CPETHEM
myv(1l —cos ). YMHOXKast ero Ha TJI0THOCTh MOTOKA JIEPKUX YaCTHIL
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CO CKOpPOCTRHIO V T Ha ceuenne do TaKoTO CTOJIKHOBEHWS W WHTETPH-
Py, MOJIYYUM IIOJHBINA Iepe/1aBaeMblil TAXKEJI0N 4aCTUIle UMITYJIbC:

£, =mi [ fo(v+ V)vvoy d3p.

rjge onsTh BBeJeHo oboszwauenwe (11.4). Tlpw mojcranoBke croja
fo(v+V) B Buge (12.3) nepssiii unen obpamaercs B Hyib (MHTErpu-
POBAHWEM IO HATPABJIEHUSM CKOPOCTH V), TaK UTO OCTAETCS

2
f, = f% [ fo(w)(Vv)vvo, d®p,
WM, yCPeJIHsAs TI0 HAPaBJIEHUsAM V,
2 2
f.= My 3dBp=—N"v 3
=2V | oo dp = —Ni TV (o),

rJIe yrJIoBble CKOOKHM CHOBa 0003HAYAIOT yCpPEIHEHHUE 110 0OBITHOMY
MaKCBEJLIOBCKOMY pacrpejieiennio. Haxkomer, mves B BUIy, 9TO B
paccmarpuBaemom ciaydae Ny > Ny, mumem Ny = N = P/T, tax
9TO

2

mi P

f, = " (07 V.
3712

[IpupaBHSB HYJIIO CyMMY CHJIBI COPOTUB/IeHU f,. 1 BHeTHell cn-

ael £, momyany corstacro (12.2) mogBmKHOCTE b, & 3aTeM 1 MCKOMBIi

ko3 durment auddy3un
3
D=b7=_3T"__ (12.4)

m?2P{ov?)

Yro racaercs tepmomuddy3un, TO s €€ BBIUUCIEHUS] B pac-
CMaTpUBAEMOM CIydae HeoOXOoanMo ObLIO Obl 3HATH (DYHKIUIO Pac-
[pejieJieHns 9aCTUIl JErKOr0 Ta3a HPYU HAJIMYUU B HEM I'DAJUEHTA
TemrepaTypbl. [loatomy kKoabdunment repmoaunddy3un HE MOKET
ObLITH BBIYUC/IEH 3J1eCh B 00IEeM BHJIE.

[To nopsiaky senmuuunsl D ~ G/No, rne T ~ /T /my  cHoBa
(kak u B (11.13)) cpeaHsst TemioBas CKOPOCTH MOJIEKYJI JIEPKOTO Ta3a.
Takum obpazom, mopsok Bejuanabl Kodddunuenta aguddy3un B
000uX CIydasgx OINMHAKOB:

T3/2
D~ —-. (12.5)
1/2
oPm,
Bagaua

Omnpenemuts koabdunmment muddysnm B cMecn AByX ra3os (71€rkoro u Ta-
JKEJIOT0), PACCMATPUBasi MX 9aCTUIHl KAK TBEPBIE YIPYTHE MAPUKN TNAMETPOB
d1 n dz.

Pemenwue Ceuenne cromxuonennii do = w(di + do)? do/(167), orxy-
ma tpamcropTHoe ceudenue oy = w(dy + d2)*/4 (B mammoM ciydae coBmamaer c
nosabiM cevennem o). Kosdbdnunent mnddysun nveer B

AT??
(d1 =+ dQ)Q.P’ITL}/2 ’
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e mi — macca Jerkoil wactunsl, a A — uancnaennniii koagdunment. B ciy4uae
MAJIOil KOHIIEHTPAIIUK JIETKOTO Ta3a Bbraucenne no (11.10) maer

3/2
a=4 (3) =0, 68.

3A\m
TIpw mManoii ke KOHIEATpamm Tsxkegaoro rada (12.4) maer
3
A= ——=—=0,6.
2V/2m

Ob6parum BHuManue Ha 6sM30CTh 3HaveHuit A B 000MX NPEJE/IbHBIX CJLydasiX.

§ 13. KnHeruveckue siBJieHUsI B ra3e BO BHEIIIHEM I10JIe

Bpamarensubie crenernn cBOOOIBI MOJEKYT CO3IAI0T TOT MeXa-
HW3M, Yepe3 KOTOPHIN BHeNTHee MarAnTHOE WJIN JIEKTPUIecKoe To-

JIe MOZKeT OKA3bIBATH BJIMSIHIE HA KUHETHYECKUE SIBJICHUS B Tase ).
XapakTep 9TOro BUsHUSA OJUHAKOB B MATHUTHOM U IEKTPUIECKOM
caydasx; Oy/leM rOBOPUTH CHAYAIA O Ta3e B MAUHUTHOM IIOJIE.
Bpamaromasicsa mosiexyJia obs1amaeT, BOOOIIE TOBOPs, MAIHUTHBIM
MOMEHTOM, CpejiHee (B KBAHTOBOMEXAHUYECKOM CMbIC/IE) 3HAYEHUE
KOTOpOro oboznadmm depe3 p. MarnurHoe moje Oymem mpejnosia-
rarTb OIPAHUYEHHBIM 110 BEJIMYMHE HACTOJIBKO, 9TO Ipou3Beienue B
MaJIO 110 CPABHEHUIO C MHTEPBAJIAMEU TOHKOW CTPYKTYPhI MOJIEKYIP-

HBIX ypOBHeﬁ2). Torma MoXkHO TpeHeOpeYh BAUSIHUEM TIOJIS Ha, CO-
CTOSHUE MOJIEKYJIBI, TaK YTO MATHUTHBINT MOMEHT BBIYHACASAETCA T10
ee HEBO3MYIIEHHOMY cocTostHmio. [Ipm He CAWIITKOM HU3KUX TeMTie-
parypax (KOTOpble Mbl 1 paccMaTpuBaeM) Beandnna B Gyger masa
TaKKe M 10 CPABHEHUIO ¢ 1'; 3TO TO3BOJIsIET TIpeHeOPednh BINTHUEM
T0JIst HA PABHOBECHYIO (PYHKIINIO PACITPE/IETIEHIS MOJIEKYJI Ta3a.

MarauTHBIIT MOMEHT HaITpaBJIEH BIOTH BPAIATEThHOTO MOMEHTA
MoJieky bl VL; HamuITeM ero B BUJIE

p =M. (13.1)

Krnaccnaeckomy BpallieHNIo MOJIEKYJIbI OTBEYAIOT OOJBIITHE Bpala-
TeIhHBIE KBAHTOBRIE UNCIA; TTPU 3TOM MOYKHO TpeHeOpeds B M pas-
JINYMEM MeKIY TIOJHBIM (BKJIIOUAIONINM CITHH) W BPAIATETHHBIM MO-
MeHTaM’. 3HAYEHUE TTOCTOSTHHOTO KO3(hDUIIMenTa 7y 3aBUCAT OT POja
MOJIEKYJIBI ¥ TIPUPOIBI €€ MATHUTHOTO MOMEHTa. 'TaK, /i AByXaToM-

1) ror mexanusm 6b11 yrasan FO. M. Kazarnom u JI.A. Makcumosvim (1961);
UM JKe [IPUHA/IIeKAT U3/IaraeMble B 9TOM maparpade pe3y bTaThl.

%) HanoMmumM, 94TO B MAKPOCKOIIMYECKOH SIeKTPOIUHAMEKE cpeauee (10 (hu-
3UYECKN GECKOHeLIHO MaJIbIM O6"heMaM) 3HAQUEeHUEe HAIIPAKEHHOCTHU MAI'HUTHOT'O
TOJIst HA3BIBAETCH MArHUTHON MHAyKnmeil m obo3nadaercs kak B. Ilpm masoit
IJIOTHOCTH CPEeJIbI B rase ee HAMArHUYEHHOCTHIO MOXKHO IIpeHeOpetdnb, u
Torga BekTop B coBriasaer ¢ BEKTOPOM MaKpOCKONMU4Ieckoit nanpsikennoctu H.
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HOMI MOJIEKYJIBI C OTJIMYHBIM OT HYJIA CIITMHOM S nMeeM
20
X~ = up, 13.2
TR M (13.2)

e pup — Maraeron bopa, a wncino o = J — K — pasdocTh MexXIy
KBAaHTOBBIMHW YUCJIaMU TTOJIHOTO MOMEHTA J " BpallaTeJIbHOTO MOMEH-
ta K (3Ta pasnoctsk npoberaer 3uavenns S, S—1,... ,—S5); B 3Hame-
Harese ke pazanane mexay J n K wecymecrsenno: M = hJ ~ hK.
B dopwmyse (13.2) npejamnonaraercsi, 9To B3anMOeNHCTBHE CITHH—OCH
B MOJIEKYJIE MaJIO TI0 CPaBHEHWIO C WHTEPBAJAMHU BpAaIIaTEThHOI

cTpyKTYpBI ypoBreit (cayuait b mo Tymay) ).

MarHuTHOM nosie B Ha Mosiekysly JleficTByeT MOMEHT CuJl, PaB-
ubtit [pB]. ITox ero Bausinuem Bekrop M nepecraer Gbirh 10CTO-
SHHBIM B TeYeHHE <«CBOOOJHOrO» JBUKEHMS MOJIEKYJIbl U MEHSeTCs
COLVIACHO YDABHEHUIO

dM
™M _ [u4B] = —[BM] (13.3)
BekTop M mnpeneccupyer BOKPYr HAlpaBJieHus 10Jis C yIJIOBOM

ckopoctoio —yB. B cB#a3u ¢ 3TtuM B JieByI0 9acTb KUHETUYECKOIO

YPaBHEHUST JTOJIKEH ObITH J00aB/IeH YIeH (af/aM)M, TaK UTO ypas-
HEHNE TTPUHUMACT BU]I

o + o 4 B 2L st f, (13.4)
ot Or oM

B gucno nepemennnix I') o1 KoTOPBIX 3aBUCHT (DYHKIIMS PACIPE/IEIE-
HUsl, JIOJIZKHA ObITH BKJIIOUEHA TAKXKe U JUCKPETHAs [epeMeHHas o,
onpeensionas 3Ha4eHne MarHuTHOIO MOMEHTA (€M TAKOBask MMe-
ercst, Kak B (13.2)).

B 3asavax o TeronpoBOIHOCTH W BS3KOCTH CHOBA PACCMATPH-
BaeM pacripejiesienne, OJM3K0e K PaBHOBECHOMY, TTPEJICTABUB €ro B

e f = foll +x/T). (13.5)

[Mokazkem mpezkje BCEro, 4To 4jeH ¢ npousBognoit dfy/0M B ku-
HETMYECKOM yPABHEHHMHU Bblnajgaer. JleficTBUTEBHO, TOCKOIBKY fo
3aBUCUT TOJIBKO OT 3Hepruun moexynl (1Y), a npoussoanas de/OM
ecTh yryioBas CKopocts 2, To

YIMBSE — o(mBj0) 2L (13.6)

st MOJIEKyJT THIIA POTATOPA U MIAPOBOI0 BOJIYKA Hampasjerus M
n Q coBuagaior, Tak 4To Bbipaxkenue (13.6) obpamaercs B HyJsb

1) ®opmyana (13.2) nomyuaercs u3 Tounoit (st cayuas b) Gopmyms, Hadien-
voit B 3amaqe 3, t. 11, § 113, nyrem mepexoga x npeaeny 6ospmmx J u K npn
3amannoil pazuoctu J — K. Bkaan opbutanbaoro MmomenTa A mpu 3TOM uc4esaer
(oH OKa3BIBAETCS BEJIMYMHON Cj1eyIOero nopsaka mausoctu no 1/.J).
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TOXKIECTBEHHO. B Apyrmx ke caydasx OHO 0Oparmaercs B HYJIhb TT0-
clle YCPeHeHWsT o OBICTPO MEHAMMMCsT (da3am, HeoOXOINMMOCTh
koToporo Orl1a obbsicuena B § 1. I1pn Bparenny MOIeKy 1 Tua CiM-
MEeTPUIECKOTO MM aCHMMETPUTIECKOTO BOTIKA, OBICTPO MEHSIETCST KAk
HaIPaBJIEHUE OCeil caMOil MOJIEKYJIbl, TAK U HAIIPABJICHUE €€ YIJIOBOI
ckopoctu ). Tlocie ykazawuoro ycpegnenusi B ) MOXKET OCTaThCsI
JIUTTb cocTanstionast 3y, BIOIb TOCTOSHHOTO BeKTOpa M, HO s
TaKoit cocrasisionteit mponssegerne [MB|Q, = 0.

OcrajibHble 4IeHbl B KUHETHYECKOM yDABHEHUU MPEe0OpasyroTcst
TaK ke, Kak 910 0bL10 caenano B § 7 (wm § 8). Tak, mna 3agaqu o
TEIJIONPOBOJHOCTH HAXOJUM yPAaBHEHME

W —alyyr = 4 MB]2X + I(y). (13.7)
T oM

Pemrenue storo ypaBuenus cHoBa HaJI0 uckarh B Buje X = gVT,
HO it coctaByenns BekTopuoit dyukumu g(I') Mbl nmeem B cBOEM
pacnopsizkeHuu y2ke He gB8a, a Tpu Bekropa: v, M, B. Buemnee nosie
cozjlaer B rasze m3OpaHHOE HAlpap/eHue. B ¢Bsi3u ¢ 9muM 1mporece
TEIJIONPOBOJHOCTU CTAHOBUTCS AHU30TPOIHBIM M BMECTO CKAJISIPHO-
ro xoscdunuenTa » HaJ0 BBECTH TEH30D TEILIONPOBOJHOCTH 4,
OIIPEJIE/ISIONINIT TEIJIOBOH TIOTOK COTJIACHO

da = _%oz,[?%- (138)

Tenzop 7,5 BEMUCAETCA 1O (DYHKIUW pacTpe/e/lenns KaK WHTe-
rpaJ

Hap = —% J foevag 5 dl (13.9)
(cp. (7.5)).

OO6mmit B TeH30pa BTOPOTO pamTra, 3aBNCSIIEro 0T BeKTopa B,
ecTh

o3 = 7003 + #1bobg + 309€05+br, (13.10)

rie b =B/B, €afy — €AMHWYIHBI aHTUCHUMMETPUIHBIN TEH30D, a i,

31, 29 — CKaJSIPbI, 3aBUCSIINE OT abOCOTIOTHON BEIUYWHBI TIOIA .

Terzop (13.10) obaazaer, oueBuaHO, CBOiCTBOM ')

03 (B) = 5650 (—B). (13.11)
Bripaxkennio (13.10) oTBeuaer TemioBoil MOTOK
q=—»VT —1b(bVT) — 55[VT - b]. (13.12)

Ilocneaunit wien 3aech mpeacraBisier coboil, KaK TOBOPAT, HE4Em-
Holli aghperm: ITa IACTH TEIIOBOTO TTOTOKA MEHSET 3HAK TPU U3Me-
HEHWW 3HaKa TOJs.

1) D10 croiicTso BRIpayKaeT cOOOM MPUHINII CHMMETPUN KMHETHIECKUX KOID-
GUIMEHTOB B IPUCY TCTBUM MArHUTHOTO T0J1s1. B TaHHOM Ciiyvdae OHO OKa3bIBAET-
Cs ABTOMATHUYIECKHUM CJIeICTBHEM HAIUYWS BCEI0 OJHOI0 BEKTOPa b, ¢ moMombio
KOTOPOTO CTPOUTCSA TEH30D ap-
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Wurerpansuwiii uien I(x) B npasoit yactu ypasuenus (13.7) na-
erca dopmyoii (6.5). B ero nogbiHTerpasbHOM BBIDAKEHUH COJIEP-
xkurest pyHKIUs fo, TponopuuoHaibHas mwioTHocTu ra3a N. Boiie-
JIUB 9TOT MHOXKUTEJIb U Pa3Je/iiB Ha Hero 0be JacTu ypaBHEHUS,
Haiiziem, uro N BXOAMT B ypaBHeHUe TOILKO B KoMOunanusx B/N
u VT'/N ¢ nonem u rpaguentom temneparypbl. OTcioga siCHO, 4TO
dbyukuus fox = fogVT Oyuer 3apucers ot napamerpos N u B T0Jib-
KO B Bujie otHOmenust B /N; To1bKO 0T 9T0it 2ke Besimuntbl Oy1yT 3a-
Bucerh n waTerpasnbl (13.9), a Tem cambiM 1 KO3bDDUINEHTHI 2, 777,
»y B (13.12). Ilnorsocrs N nponopuuonasbha (pu 3ajaHHO TeM-
neparype) jgaejennio raza P. Takum o6pazom, TenjonpoBOIHOCTH
ra3a B MarHUTHOM TI0JI€ 3aBUCHAT OT BEJUUWHBI TIOJIsT U OT JTABJICHUST
TOJILKO depe3 oTHorenne B/ P 1),

[lpu yBesmuenun B mnepBbIil 4ieH B MpaBoii 9acTu ypaBHEHWsT
(13.7) Bo3pacraer, a BTOpoii He MerseTcsi. OTCIOIa SICHO, UTO B TIpe-
nene B — oo perienne ypaBHEHWS JIOJYKHO TPEJCTABJISAThH C0O00i
byHKIMIO, 3aBUCAIILYIO0 TOJBKO OT HANpaBjeHus (HO He OT BeJNYW-
Hbl) 1OJIst, npudeM 9T1a (PyHKIMs J0JZKHA 00PAIATh TOXK IECTBEHHO
B Hys1b uwien [MB]0x/OM B ypashenuu; coorBercrBeHHO KO3(hbU-
[INEHTHI 3¢, 31, 39 CTPEMSTCS P B — 0C K TIOCTOSIHHBIM (He 3aBu-
camumM ot B) npegenam.

AHajlorugHbIM 00PA30OM PACCMATPUBAETCS 3a/1a49a O BIBKOCTHU Ia-
3a B MarauTHOM 1ojie. COOTBETCTBYONIEE KUHETUIECKOE YDABHEHNE
nMeeT BuJl

(rmvavs = Wiy Vas = 100 — 7MBJ-2X (13.13)

Cy

(cp. (6.19)). Pemenne 51010 ypaBHeHUs: HaJ0 UCKATH B BUJE X =
= 8apVap- Buecro aByx xoaddunuentos Bsaskoctu 1 u ¢ HaJ10 BBe-

CTH Tellepb TeH30D YeTBEPTOr0 PAHIA T8+, ONPEJeIAI0OIMA TeH30D
BABKHUX HANPSAKEHUN COIJIACHO

0&5 = Nafys Vasi (13.14)

TI0 OTPEJICJICHIIO TE€H30D T)o3y5 CUMMETPUYEH TIO TIAPAM WHJIEKCOB (v,

£ n 7y, §. Ilo nzsecrnoit pyHKIMU Y €ro KOMIIOHEHTBI BHIYUCAATOTCS
KAK MHTErPaJIbl

Napro = — [ Mg fog s dL- (13.15)

Boruuciennbiit Takum 06pazomM T€H30P BAIKOCTHU OyAeT aBTOMATUYE-
CKU yJIOBJIETBOPSATH yCJIOBUIO

Naprs(B) = Nysap(—B), (13.16)

1) NsMmenenme TemmOMpOBOAHOCTH Ta3a B MATHUTHOM TIOJIE HASBIBAIOT adiherk-
mom 3engmaebena.
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BBIPAZKAIOIIEMY CO0OI TTPUHITUTT CUMMETPUY KUHETHIECKUX KO hu-
[INEHTOR.
C mowmomipio BekTopa b = B/B (v eIWHWYIHBIX TEH30POB 03 W

€afy) MOYKHO COCTABUTE CJIEJyIOIINEe HE3ABUCUMBIC TEH30PHbBIE KOM-
OuHanuu €O CBOHCTBAMU CUMMETPUU TEH30DA 7af~6"

1) 504’75,86 + 5a65,3"/a

a0y,
5a7bﬂb5 + 557[) bs + 50“5[)5[) + 5551) by,

3)
4) agb b5 + dygbabg, (13.17)
5) "/ (57
6) ba"/6,35 + b575a6 + baddﬂfy + bﬂﬁ(sa'ya
7) baybgbs + bﬂ,yb bs + basbgby + bgsbab,,
rae bog = —bga = €apyby. Bo Beex 9Tux xoMOMHAIUSAX, 32 UCKIIIOUE-

HueM 4derBepToii, csoiicrBo (13.16) BO3HMKAET ABTOMATHYECKH KAaK
CIEJICTBUE CUMMETPUU [0 [MapaM WHIEKCOB &, 5 u 7y, §; B derBep-
TOM 7K€ BBIPDAYKEHHN O00beMHEHNE JBYX YIEHOB BBI3BIBAETCS JIAIIDL
yeaosuem (13.16) 1).

CoorercrBenHo yuciy TeH30pos (13.17) ra3z B MArHUTHOM 110JI€
XapakTepu3yercs B 00IIeM CJIydae CeMbI0 He3aBUCUMbIMU KOd(DDu-
nuenTamu Bsizkocru. OupejennM ux Kak Ko3pOUIUEHTs! B CIeLy10-
€M BBIPAYKEHUN TEH30DA BS3KUX HALPSIKEHUII:

Ohg =21 (Vas = 2003 div V) + (B divV +
+m (2Vaﬂ — (5aﬂ divV + (Saﬂvfﬂgbfybg — QVa,ybfyb/g —
— 2V3ybyby + babs div'V 4 bobg V50, bs) +
+ 212(Vay bybg + Vo byba — 2b0bgVo50,b5) +
+ 13(Varbgy + Vaybary — Vysbaybgbs — Vi5b5,babs) +
+ 2774(‘/751)047[)/3[)5 + V75657bab§) + C1(5Q5V7567b5 + babg div V)

(13.18)
(Vo ompeseneno B (6.12)). Ono coctaBieno Takum obOpa3oMm, UTO
N1, , N4 CTOAT KOIDPUIMEHTAME TTPU TEH30PAX, 00PAIIAIOIINX-

¢ B HyJIb IPU yOPOIIEHUH 10 uHjekcaMm «, 3. Kosdduimenrs ke
( u (1 CTOAT MPU TEH30PAX C OTJIMIHBIM OT HYJIs CJIEJIOM; UX MOYKHO
HazBarh Koy dunmenramu Bropoii Bs3kocTu. OOpaTuM BHUMAHME
Ha TO, YTO OHHU COjEpzKaT He TONbKO cKaaap divV, no u V,s5b,bs.
ITepsbie aBa unena B (13.18) cOOTBETCTBYIOT OOBIMHOMY BBIPAZKEHUTO
TEH30pa HANpsizKeHui, Tak 910 N u (  00braHbIe KOI(DDUImeHTHI
BSI3KOCTH.

h Komburanun n3 wsienos ¢ asyms MHOXKUTEIAMU byg TIMCATH HE HALO0: T10-
CKOTBKY TIPOU3BEIeHNe ABYX TeH30POB €43, CBOAUTCHA K MPOU3BEJeHUAM TeH30-
POB 043, TaKMe KOMOMHAIMM CBOASATCS K yKe BbhimucanubiM B (13.17).
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OTmveTnm, 9To TeH30DH! 44 1 T)ofys ABTOMATHYECKN OKa3hIBAIOT-
€ ICTUHHBIMU TEH30PAMU, TaK UTO ST BHIPAKEHWS YIOBJIETBOPSIOT
TpebOBAHNIO CUMMETPUN MO OTHOIIEHWIO K mHBepcuu. [losTomy oT-
Ka3 OT 3TOro Tpebopanusi (JJisi Ta3a CTEPEOU30MEPHOrO BEIIeCTRA)
He mpuBes Obl K TIOSIBJICHUIO B HUX KAKWX-TM00 HOBBIX UJIEHOB.

Taxoit oTKa3 TPUBOANT, OIHAKO, K TIOSBJIEHWIO HOBBIX 3 dek-
10B  BO3HMKHOBeHHIO Temnosoro noroka ¢\V) nox BansHumem rpa-
JMEHTOB CKOPOCTH M BO3HMKHOBEHMIO Bsizknx Hanpsixkennit o' (1) mox
BJIMSIHUEM TPAJMeHTa TeMIepaTypbl. JTu (Tak Has3bIBaeMble nepe-
kpecmunvie) 3hbdexTol onuckiBaoTcs GopmynaMu Buga

V) _ n(ry _ oT
&y " = CyapVap, Tap = —Gapyy —
v

IJe Cyaf U GgBy  TEH30DBI TPETHEro PaHra, CHMMeTPHYHbIE 0 T1a-
pe MHJEKCOB, oTaenennbx 3anaToil. [Ipn ykaszannom B § 9 BRIOOpE
BEJINYUNH L U X, KHHETHIECKUMU KOIDMDUIHEHTAMUT Yop W Ypg ABIIS-
10rest T'cy a5 ¥ T? g, 1loaTomy B ety npunnuna Oncarepa npu
HAJINYUY MAaTHUTHOTO TOJISA JIOJI?KHO OBITH

Tanp,B) = ¢y.a5(—B). (13.20)

OO6muit BuT TAKUX TEH30POR:

(13.19)

aa577 = a1bab[357 + CLQbA,(Saﬂ +
+ (Zg(ba(slg,y + bﬁém) + a4(ba755 + blg,yba). (13.21)

Bce usenbl B 9TOM BbBIpakenuu [ICEBJOTEH30PbI, TAK YTO COOT-
nowenus (13.19) ¢ Takumu ko3 buMEHTAMN HE MHBAPUAHTHBI 110
OTHOIIIEHUIO K WHBEPCHUH.

OcTaHOBUMCS KOPOTKO HA KHHETUYIECKUX SIBJIEHUSIX B TA3€ B DJIEK-
TpUYecKOM nojsie. PaccMorpuM ras, cocrosimmii u3 nosdpHbix (1. e.
06JIaIAI0IIMX IUTIOIBHBIM MOMEHTOM d) MOJIEKYJT THIAa CUMMETPH-
TeCKOTO BOJUKA. B 3/eKTputdeckoM TOje Ha TOJSPHYI0 MOJIEKYITY
neiicreyer moment cui [dE], Tak 9T0 B KMHETWYECKOM YDABHEHUW

IIOABUTCA YJI€EH P 9
ML — ag] 2L

oM oM’
Hamnpasyienne d coBmaaeT ¢ 0ChI0 MOJIEKYIBI U HE MMEET OTHOTIIEHUST
K ee ppamaresbaomy momenTy M. OnHako B pe3yibTaTe yCpe HeH st
10 OBICTPOil Mpereccnu OCU BOYKA BOKPYT HATPABJICHUS MOCTOSIH-
HOrOo BekTOpa M B HANMMCAHHOM UJI€HE OCTAHETCS JINIITh TTPOEKIN d
Ha Hampajenne M u OH TpUMeT BU/I

+[ME] ;1\]:[ (13.22)

riae y = od/M, npuaem nepemennast o (kocunyc yriaa Mex 1y d n M)
npo0eraeT Teneph HEMPEPBLIBHLIN PAJT 3HAYCHUI B WHTEpBAIC 0T — 1

3 JI. 1. Jlappay, E.M. Jludbmuy, Tom X
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Vx oTHOIeHne K ogy): o@ /oM ~ 1V/(zw) ~ (1)), © e. cHoBa
BTOPOTO TIOPSIIKA.

IToxkazkem Temepsb, ITO TTOMPABOYHBIE UJIEHBI B MTPEIETHHBIX YCIO-
BUSX HA TPAHWUIE MEXKIY Ta30M U TBEPIABIMU TeJaMW TPUBOIIT K
sddekram nepporo nopsizka 1o /L. Tlosromy 3ameTHbIe sIBJICHNS,
00yC/IOB/IEHHBIE PA3PEKEHHOCTHIO Ta3a, WMEIT MECTO MMEHHO BOJIH-
31 TBEPIBIX TTOBEPXHOCTEIA.

B mepazpekeHHBIX Ta3aX TPAHUYIHBIM YCIOBUEM HA TTOBEPXHOCTH
TBEPJIOTO TeJia sIBJISIeTCS. PABEHCTBO TEMIIEPATYD Ta3a u Teja. B jaeii-
CTBUTEJILHOCTH, OJIHAKO, 9TO YCJIOBUE NPUOJIMKEHHO U UMEET MECTO
JIAIIB TTOCTOJIBKY, TIOCKOJIBKY JIIMHY CBODOHOTO TPOOEra MOXKHO CUU-
TaTh CKOJIb YyTOJHO MaJjoi. [Ipu yuere ke KOHEYHOCTH JJIMHBI CBO-
6oHOrO 1pobera Ha MOBEPXHOCTU CONPUKOCHOBEHUS TBEPJIOTO Tejia
U HEPABHOMEPHO HAIDETOTO raza MMEeTCsl HEKOTOPAasi PAZHOCTH TeM-
neparyp; 9Ta pa3HocTb 00paIaeTcss B HyJib, BOODIE IOBOPS, JIUIIh
[IPU [TOJIHOM TEIJIOBOM PABHOBECHM, KOTJIa, TEMIIEpATyPa ra3a moCTO-
srma ).

Bo6smsu TRep10it moepxHOCTH (HA HEOOIBIINX, HO U He Ha, CJIUIII-
KOM MAJIbIX PACCTOSTHUSAX OT HEe) IPAJMEHT TEMIIEPATYPbI Ia3a MOK-
HO CYMTATH HOCTOSHHBIM, TAK YTO XOJ TEMIEPATYPbl KAK (DyHKIUH
paccrosiaust uzobpazkaercs npsmoi juHueit. OJHAKO B HEImocpej-
CTBEHHOI 6sin30cTH OT CreHKM (HAa PAcCcTosHusX ~ [) Xoi remie-
paTypsbl, BOOOIIE TOBOPsi, 00JIee CJI0ZKEH U €€ T'PAJMEHT HeIOCTOSHEH.

IIpumepnbiit xo1 Temneparypbl rasa BOJu3u
[OBEPXHOCTH U300pazkeH Ha puc. 1 CrutonHoi
JIMHUEN.

OJHAKO 9TOT UCTUHHBIA XOJ TeMIepary-
Y pPbl B HENOCPEJCTBEHHOW OJIM30CTH CTEHKH,
27 OTHOCAIINICST K PACCTOSHUSIM, CPaBHUMBIM
e E ¢ AauHOi cBOOOAHOTO Tpobera, HECYIIeCTBEH

g

T

x TIPU PACCMOTPEHWM PACIpeIe/ICHN TeMIIepa-
TYphl BO BceM obbeme raza. llpm mzyuenun
pacupeiese s TeMIIEPATyPhl OKOJIO TBEP/IOi
Puc. 1 CTEHKN HaC MHTEpeCcyeT 10 CYHIECTBY TOJIHKO
npsAMas 9acTh KpUBOit Ha puc. 1, mpocTuparo-

IIASICST HA PACCTOSHWS, DOJIBITIHE 110 CPABHEHWIO C JIJIMHOI CBOOOIHOTO
npobera. YpaBHEHUE 3TOW TPAMOI OMPEIeIsieTCsT yIJIOM ee HaKJIO-
Ha ¥ OTPE3KOM, OTCEKaeMbIM €f0 OT ocu opjamHat. Taknm obpazom,
HAC MHTEpecyeT He UCTUHHBINA IIPUCTEHOYHBIN CKAYOK TeMIepaTyphl,
a CKQ4OK, TTOIyJAIOIINICA SKCTPATOJINPOBAHNEM TEMIIePATyPhI ra3a

') Korma peun muer o remmeparype rasa B yqacTKax, PasMephl KOTOPHIX MO-
psiaKa JyMHBL CBOOOIHOTO TIpobera, HeoOXOAMMO, CTPOTO TOBOPS, OIMPEIE/IUTh,
YTO MMEHHO IO/IPA3yMEBAETCs IO/ TIOHATHEM TeMrepaTypbl. Temmepartypy Oy-
JIEM ONpPeJeJIsiTh B 9TOM CJLydae 110 CPeJHeN SHEPruy MOJIEKYJI B JAHHOM MeCTe
raza, npudem (YHKINA, ONPEIE/IA0Nas TeEMIEPATYPY [0 CPeIHelH SHEePTUur MO-
JIEKYJI, TIOJTATAETCS TOH Ke, KAKON OHA ABIAETCs /I OOIbIUX 00bEMOB Ta3a.
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10 caMoOli CTEHKH, CUNTas ee TPAJUEHT TOCTOSHHBIM BOJU3U CTEH-
KW BIJIOTH JI0 PABHOTO HYJIIO PACCTOSHUsI (IITPUXOBasi TpsiMasi Ha
puc. 1). Tlonx 6T mbl GygeM OHUMATH MMEHHO TAKOH 3KCTPAIIO/IN-
POBaHHBIN CKAYOK TEMIIEPATYPbhI, IPUYEM OIPEJIE/JUM ero KaK TeM-
neparypy rasa MUHyC Temneparypa credku (Ha puc. 1 remneparypa
CTEHKHM YCJOBHO NPUHATA 34 HYJIb).

[Ipu paBHOM HYyJIIO TpajueHTe TeMmiepaTypbl CKadok 01 Toxke
ucuezaer. [losromy npu He cimmrom GOIBIIUX I'PAJAUEHTAX TEMITe-

pPaTyphbl

or = g2~ (14.9)
on
(mpomsBosiHasi GepeTcst 70 HAMPABIEHUI0 HOPMaJN K TIOBEPXHOCTH,
HANpPaB/IeHHON BHY TP raza). Koaddunment g MoxkHO HAa3BATL K0IP-
Puyuenmom memnepamypHozo ckayka. Ecau Temneparypa raza pa-
CTeT 10 HAMPABJIEHNIO BHYTPE ero obwema (0T /dn > (), T0 101KHO
obiTh 1 0T > 0; caemgoBaTeabHO, KOIDDUIMEHT g MOJIOKUTETIEH.
Anajornunble SIBJIEHUS UMEIOT MECTO Ha I'PAHUIE MEXKIy TBEpP-
JI0# CTEHKON M IBVKYIINMCsT ra30M. BMecTo Toro uTo6hl MOJIHOCTHIO
«TIPUJINTIATHY K MOBEPXHOCTH, Pa3peKeHHBI Ta3 coXpaHsieT OKOJIO
Hee HEKOTOPYIO KOHEUHYIO, XOTsI W MaIyl0 CKOPOCTH; TMPOUCXOINT,
KaK TOBOPSIT, CKOJIbYKEHWE Tras3a y MOBEPXHOCTH. AHajsorudauo ¢op-
mysie (14.9) nmeem jiist CKOPOCTH Uy TOTO CKOJIBIKEHUS:

vg =&—, (14.10)

rae V; — KacareqbHast COCTARJISAIONIAsT CKOPOCTH Ta3a BOJIW3W CTEH-
k. Kak n g, woauvyuenm crxorvorcenus & nonoxurenen. K Be-
JIMUWHE ¥y OTHOCSATCS Te YKe 3aMeYaHUsi, KOTOpble OBLIN CIe/IaHbl
Mo TIOBOJLy TemriepaTypHoro ckadka 071, onpenesnsiemoro (14.9). Dra
CKOPOCTH SIBJISIETCST, CTPOTO TOBOPSI, HE UCTUHHOW CKOPOCTHIO Tasa y
caMoil CTeHKM, a CKOPOCTHIO, 3KCTPATIOJINPOBAHHON B TIPEITIOIOYKE-
HUW TIOCTOSTHCTRA, rpaanenTa dV;/0n B MPUCTEHOTHOM CJIO€ Ta3a.

Kosddumments g n £ nMeroT pa3sMepHOCTh JITUHBI U T10 TIOPSAIKY
BEJIMIWHBI COBTAIAIOT C JIJINHON ¢BOOOIHOTO Tpobera:

g~ &~ (14.11)

Cawmble CKavoOK TeMmTepaTypbl W CKOPOCTh CKOJIhYKEHWs SIBJISTIOTCS,
CJIe/TIOBATEIHHO, BEIMYWHAMY TIEPBOTO Topsiaka 1o [/ L. st Bbranc-
senns ko3ddunmenTor g u £ Ha10 ObLIO OBl permaTh KHHETHIECKOe
ypaBHenue st QyHKIINN pacrpejieiennsi MOJIEKyl ra3a BOJU3W T10-
BepxHOCTH. B 3TOM ypaBHeHWN HOJKHBI OB Obl OBITH YUTEHBI
CTOJIKHOBEHUS MOJIEKYJl CO CTEHKOl, W TMOTOMY JIOJIKeH OBITh W3-
BECTEeH 3aKOH, 110 KOTOPOMY TPOWCXO/INT WX pPacCCesiHne TPU TaKuX
CTOTKHOBEHUSIX.
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Ecmm nmpogomxnTh Ha puc. 1 mMTpUXOBYIO MTPAMYIO J10 ee Tiepece-
YeHUS C OCHIO aOCIINCC, TO OHA OTCEYET OT ITOH OCU OTPE3OK JTUHBI g .
JpyruvMu cioBaMu, MOYKHO CKa3aTh, UTO PACIPEIEIeHNEe TeMIepa-
TYPBI TIPW HAJUYUUN TEMIEPATYPHOTO CKAYKA TAKOE YK€, KAaKUM OHO
OB1710 OBI TTPU OTCYTCTBUH CKAYKa, HO CO CTEHKOM, OTOIBWHYTO! Ha
paccrosiave g. 10 ke camMoe OTHOCUTCST K CKOJIBYKEHUIO Ta3a, MpuIeM
CTEHKA OTOJIBUTAETCS HA paccrosinne &. Pazymeercs, mpu Takux 3ame-
HaX B PENeHusIX THAPOSMHAMUYUECKUX 3a0a9 JTOJYKHBI COXPAHSITHCS
TOJIBKO YJjIeHbl IepBOro nopsijka o g uau &. [TockoyibKy yder ckad-
KOB TEeMIIepaTypbl WA CKOPOCTU IKBUBAJEHTEH CMEIIEHUIO IPAHMILL
Ha PACCTOSIHUSI MOPsiJIKA BEJIMYUHBL [, TO BBI3BAHHBIE STUM ITOIPAB-
KU B DPEIIeHUsX 3aJa4 UMEIOT nopsajnok [0/0x ~ /L uepsblii 10
Besmanne [/ L.

Hapsiny ¢ paccMOTpeHHBIMI TTOTIPABKAaMP K TPAHUYIHBIM YCIOBH-
SIM CYIIECTBYIOT erie n apyrue sdbdexTsr Toro xke mopsiaka mo [/ L,
KOTOPBIE BO MHOTHUX CJIyUasIX SIBJIAIOTCS 00J€e BaXKHBIMU, TTOCKOIBKY
3/1€Ch BO3HUKAIOT HEKOTOPHIE KAUECTBEHHO HOBBIE SBJICHUS.

OfuH U3 HUX COCTOUT B BO3SHWKHOBEHUN JIBUKEHUs Ta3a BOIM3M
HEPABHOMEDHO HATPETON TBEPOil MOBEPXHOCTH — TaK HA3BIBAEMOE
MeNA06oe CroAbIceHUe. ITOT 3(MGEKT B M3BECTHOM CMBICIE aHAJIO-
ruden Tepmoanddy3un B cmecu ra3oB. 1107106100 TOMy Kak mpu HATH-
YUU TPAJIUEHTA TEMIIEPATYPhI B Ta30BOM CMECH CTOJKHOBEHUS C MO-
JIEKYJIAMU «9Y2KOTO» Ta3a NPUBOAAT K HOSBJIECHUIO TOTOKA YACTHII,
B JIAHHOM CJIy9ae MOTOK BO3HUKAET B PE3YJbraTe CTOJKHOBEHW C
HEPABHOMEDHO HAIDETOH CTEHKO MOJIeKyJ1 B y3KOM (C Tommuuoit ~ [)
[PUIIOBEPXHOCTHOM CJIO€ Ta3a.

O603HAYUM TAHIEHIUAJIBHYIO CKOPOCTh, MPUOOPETAEMYIO Ia30M
BOJIM3U CTEHKU B PE3YJIBTATE TEIJIOBOTO CKOJIbXKEHUS, CHMBOJIOM
V., & TAHPEHIUAJIBHYIO COCTABJISIIOILYTO IPAJUEHTa TEMIEPATY PbI
VIT'. B nepBoM npub/inKeHnn MOXKHO yTBEPKIATH, 9YTO V; MPOIIOP-
nuonasibaa Vi1, 1. e. jijist B30TPOIHOM TOBEPXHOCTH

Kosdbdurment g momken ObITh TPONOPLHMOHAJEH yinHE ITpobera
(MOCKOJIbKY OH CBSI3aH € 4ACTHLAMM B CJ0€ ra3a TAKON TOJIIIUHDI).
Torma n3 coobpazkeHwii pa3MepHOCTH SICHO, 9TO i ~ [/(mwv). Beipa-
3UB JJIMHY TIpo0era yepes3 ceueHne CTOJIKHOBEHUI U MIOTHOCTH Ta3a,
nmeeM [ ~ 1/(No) ~ T/(0P) n okoHYIaTETHHO

p~ /L (14.13)
oP \ m
3rak k03D MUINEHTA 4 HE OTPEIeISIeTCS TEPMOJTHAMITICCKUMU TPe-
OOBAHWAMU; COTJIACHO OMBITHBIM JIAHHBIM OOBITHO 4 > ().
Haxowern, eme ogma addexT mepBoro mopsiaka 3aKJII0TaeTCsT B
MOSIBJIEHUN B JBUYKYIIEMCST Taz3e JOTOJHUTEJIHHOTO TIOBEPXHOCTHOTO
(T. e. COCPETOTOUEHHOTO B TIPUCTEHOUHOM CJI0€ TOJIIWHBI ~ [) Ter-
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JIOBOTO TIOTOKA Qhp, TPOTIOPIMOHAIBLHOTO HOPMAILHOMY TPAJIUEHTY
TAHTEHIMAIBHON CKOPOCTH:

oV,

on
(3TOT MOTOK MMeeT PA3MEPHOCTH 3PI/CM-C).

Kosddunmentsr 4 u ¢ cBg3anbl Apyr € APYyroM COOTHOIIEHU-
em, ciaejytormmm u3 npudiuna Oncarepa. Jljis BeiBoJA 9TO# cBsA3M
PACCMOTPUM «IIOBEPXHOCTHYI0» YACTh BO3PACTAHUS SHTPOIUH, Shop,
CBSA3AHHYIO C IPUCTEHOYHBIM JBUKEHUEM Ta3a (1 OTHECEHHYIO K €/11-
HUIIe TJIOIIAIN TIOBEPXHOCTH CTEHKMN). DTO BO3pACTAHUE CKJIajIbiBa-
ercst m3 AByX 4acreil. Bo-nepsblx, HAIMUMe TENJIOBOTO MOTOKA Qho,

(14.14)

qi‘IOB =@

TaeT B MPOUBBOIHYIO Shop BKJIA

-2

=T qI‘[OBVT
(Cp. aHAJIOrUYHOE BbIPAXKEHME Jijisi BOZPACTAHUS SHTPOIMUU, CBA3AH-
HOrO ¢ O0BeMHBIM TerioBbiM ToTOKOM, — VI, § 49: IX, § 88).

Bo-BTOpBIX, Ha 00TEKAEMYIO Ta30M CTEHKY JeiCTBYeT CWja TPEHW,
paBHas (Oymyun oTHeceHa K exmawuIe miomaan) —ndVy/on. dncen-
nmpyeMasi B eIMHNILY BPEMEHW SHeprus paBHa padoTe 3TOH CHIbI

IV,
on

a nojejeHHag #a 1’ oHa JlaeT COOTBETCTBYIOMINI BKJIAJ B BO3pacTa-
HEe SHTpOoruu. Takum 0bpazom,

—1——Vi,

- 1 ! 1 BVt
SHOB = 7EqHOBVT - %nvt on (1415)
Bribepem Terneps B kauecTBe Besimaud X, GUIypupyionmx B 00-

uieit popmysmposke npunnuna Oucarepa (§ 9), BeKTOpbI
19V,
T dn
Torpa cpasuenue (14.15) ¢ obumm Beipazkenuem (9.3) nokasbiBaer,
YTO COOTBETCTBYIONMMHE BEJMUUHAME Zq OYAYT BEKTOPBI

1
X, ==VT, Xy3=
1 T,_)Vt ; 2

. / .
X1 = Queps X2 = NV

Pons ke «ypaBhennit asuzxenusiy (9.1) wmrpaioor cooTHOmEHMs
(14.12) u (14.14); 3anmcaB wx B BUIE

X = TpXs, %9 =nuT?Xy,
MBI IPUJIEM K UCKOMOMY COOTHOLICHHIO
o ="Tnu (14.16)
(L. Waldmann, 1967).
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Bamgauym

1. /IBa cocyma, comeprkaliiye ra3 Ipy pa3auydHbIX Temueparypax 11 u Th, co-
eJIMHEHb! JJIMHHON TPpYOKO#. B pesysibrare TernjioBoro CKOJIbKEeHUs YCTaHOBUTCS
PA3HOCTD JABJICHUI MEXKIy Ta3aMu B 000mx cocymax (mepmomezanuveckuti sg-
Pexm). Onpenennts 3Ty PasHOCTH.

Pemenwne I'panmunoe yciaoBue Ha MOBEPXHOCTH TPYOKM 1IpH 11ya3eiies-
CKOM TE€YeHUU TI0J BIUSHUEM I'DAJUEHTOB JABJICHMS U TEMIEPATYDPHI C YIeTOM
TEIJIOBOrO CKOjbxkenust riaacur: v = pdl'/dx npu r = R (R — paguyc tpybku,
0Cb T HalpaBjIeHa BIOMb ee aymabl). O6braabiM o6pazom (cm. VI, § 17) maxoxum
pacripeiesienue CKOpocTeil 1o cedennio Tpyoku:

1dP dr
= (R =) +p—.
4n dx dx
KommaectBo (Macca) raza, MpOTEKAIOMEro 9epes3 Ceuenne TpyOKN B €MHUILY Bpe-
MEHH, PABHO

4
prR" dP »dT
= — + ppunR™— 1
Q sy dr PR (1)
(p  mnormOCTH Taza). Ilpm Mexammaeckom pasaoBecuu () = 0, OTKyma
ap _ s dT
dx R? dx’

Wurerpupys mo Bceit qmuae TpyOKU, HAXOAUM J7TsT PA3HOCTHU JABICHUIA:
8
Py— P =228, — 1y
R?

(npw He commikoMm Gobmmx pazHocTax Th — T kK03bdOUINEHTH 1) U [t MOKHO CUW-
TaTh nocTosHEbIME). OeHka nopsiaka Beauaunsl dddekra (¢ momompio (14.13)
u (8.11)) naer

5P I’ 6T

P RT

Pacopenenenne ckopocteit o cedennio Tpyoku mipu () = 0 mmeeT BuI

22 T
v=p—-—-1) —.
R? dx

Bosib CTEHOK Ta3 Teder B HANpaBJIECHWM TpajneHTa temnepatypbl (v > 0), a
BO/M3M ocw TPYOKW B MIPOTHBONONOXKHOM Hampasyerun (v < 0).

T, 2. Tge tpy6km (¢ gmmaamvu L) pasamanbix paamycos (R <
Py < R») coeMHEHBI CBOMMY KOHIIAMW; MECTa COETUHEHUS TOIJIED-
JKMBAIOTCS TIpU pa3nandanbix temneparypax (T» > Ti; pasHocTh
T ¢ T>—T: mana). B pesynbraTe TEMIOBOrO CKOMHKEHWs yCTAHABIIH-
BaeTCsl KPYTOBOE JIBMYKEHWE Ta3a 1Mo TPyOKam; ONpeaenTh MmoJ-
51_{; 2R; wbIi pacxop ra3a depes cedenue Tpy6OOK.
Pewenue Pasgenus coornomenue (1) 3azauan 1 uva R*
| ¥ MHTErpupys M0 3aMKHYTOMY KOHTYDY, 06pa30BaHHOMY 00enMm
T TPyOKaMu, IOy IUM
- - ' ‘ 2 p2
~ Q:M(Tngl)(RﬁfRf)%.
2 R; + R}

Puc. 2 Teuenne TPOUCXOANT B YKA3AHHOM HA PHC. 2 HAIPABICHNN.
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3. Onpegesmte cuny F, neificreytomyro na nrap (paguyca R), morpyeHHbIi
B ras, B KOTOPOM IIOJIeP’KUBAETCS IOCTOSHHBIN IpagueHT TeMuepatypsl VI = A.
P em e nme. Pacnpenesieane remmeparypsl BHYTPH mapa gaercs Gopmyaon

T = 3iflrcos 0,

1+ 2300

rae > W 32 KO3 UIUEHTHI TEII0MPOBOJIHOCTHY mapa u ra3a; r u . cdepu-
YecKue KOOPAMHATHI ¢ HAYaI0M B IEHTPE Iapa U HampasjieHueM A B KauecTBe
nossproii ocu (em. VI, § 50, 3amaua 2). Orcoga HAXOAWM [1/1si TPAJINEHTA TE€M-
MepaTypbl BAOIb TIOBEPXHOCTH TApa:

Lor = I Asinéf.
R 66 1 =+ 2%2

Bozaunkaromee 61arogaps TernyioBOMY CKOJIbYKEHWIO JITAMWHAPHOE [IBUKEHNE
rasa ompezensiercs Bcero onuuM BektopoM A. IToaTomy coorBeTcTByIomee perre-
ure ypasaenus Hasbe CTOKCAa MOXKHO MCKATh B TAKOM K€ B/, KAK U B 3a/ate
00 00TeKaHNM KUAKOCTHIO ABMKYIIErocss B Hell mapa (cm. V) § 20):

_ —aA + n(An) n b3n(An) —A

T 73

)

rae n = r/r (aATUTUBHON NMOCTOSHHONW B V HE THMIIEM, TAK KaK JOJIKHO OBITH
v =0 npn r — oc). locrosanble a 1 b ONpeaessoTcs n3 yCaoBni

oT
v, =0, w):ﬁ—npnrzR

W PaBHBI

a:i: 3:00Rpu

R? 72(%] —}-2%2).
JeiicTBytomasa Ha map cuia:

~ 12mnuRse

F = 8manA = VT.

1 + 2309

JInst Toro 9To6Bl paCCMOTPEHHBIE B 33a9aX MTOBEPXHOCTHBIE 3} eKTHI ObLIN
AEWCTBUTEIbHO MaJlbl 110 CPABHEHUIO ¢ 00'beMHBIMM, TEMIIEpAaTypa J0JPKHA MaJlo
MEHATbCs B 337a4ax 1 u 2 Ha pagumyce TpyOKH, a B 3a/1a9e 3 HA PAIyce Mapa.

4. JIBa cocyna, coeIMHEHHBIE JIUHAON TPYOKO#, COMEPKAT Ta3 MPU OJTHON 1
TOM ke Temneparype u gasieaunsix Pp u Py. OnpegennTs TernjioBoi oTOK MexK 1y
cocyaamu, CONMPOBOXKIAIOMNI Iya3eiiieBcKoe Tedenue 1no Tpyoke (Mmeranokano-
puneckuti agpexm).

Pemenue. Cornacao dopmynam (14.14), (14.16) Tennosoit noTox BIOIb
CTEHOK TPYyOKm!

av
q =2rRqq, = 2nRTpu—o7.
dr
C apyroii CTOpOHBI, U3 YCIOBUS MEXAaHUIECKOTO PABHOBECHS KUIKOCTH TIPU CTa-

IOVUOHAPHOM TE€YE€HUHN MMEeeM

av 2dP

o Py — P,
27rR77d—=7r TFRZ#.
T

dx L

Orcroga OKOHYATEILHO

¢ = TR*Tu(P, — P1)/L.
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§ 15. fBaieHnsi B CMJIbHO Pa3pPE>KEHHBIX ra3zax

Paccvorpennnie B ipeabiayieM maparpade siBIeHusT MPeICTaR-
JITIOT CO0OO# JTUIITh TONpaBovHbIe 3(DDEKTHI, CBA3AHHBIE C BBICIIN-
MW CTeTeHsIMU OTHOIIEHWsT IJINHBI CBOOOIHOTO Tpobera [ K Xapak-
TEPUCTUIECKUM pazMepaM 3ajJadu L; 370 OTHOIIEHNE TO-TIPEKHEMY
pe/Inoiaragoch MaabiM. Ecam ke ra3 HACTOIBKO paspexked (wjim
pasmepsl L HACTOMBKO MaJibl), 9o [/L 2 1, To ruapognHaMIaecKie
YPaBHEHWsT CTAHOBSITCS BOBCE HEMMPUMEHUMBIMIY, JIa¥Ke C NCITPABJIEH-
HBIMU TPAHUIHBIMU YCIOBUSIMU.

B obmem ciywae mpomssosnbHOro [/L Tpebyercst B TpWHIHATIE
perarTh KUHETHYIeCKOe YPaBHEHNE C OMpeJIeJeHHBIMI TPAHUIHBI-
MW YCJIOBUSIMU Ha COTPUKACAIOIIMXCS C TA30M TBEPABIX MOBEPXHO-
CTIX. DTU YCIOBUST OMPEIEISIOTCS B3aNMOIEHCTRHEM MOJIEKYJI Ta3a
C TIOBEPXHOCTHIO W CBSA3BIBAIOT (DYHKINIO PACIpeesennst YaCTHII,
MaJalonX Ha TMOBEPXHOCTh, ¢ (DYHKIMEN pacrnpeaeaenns YaCTHIl,
MOKWIAIONNX ee. Kcinm 370 B3anMOJeiCTBIEe CBOIUTCS K Paccest-
HUIO MOJIEKY T (0€3 WX XMMUYECKOTO TPEBPAIIEHVs, HOHW3AINN W
HOJIOIIEHUS MOBEPXHOCTHIO), TO OHO OIHUCBIBAETCS BEPOSITHOCTHIO
w(I,T) dI", 1. e. BEPOATHOCTHIO TOTO, YTO MOJNEKYJIA C 33JAHHBIMU
BHAYEHUSIMU [, CTOIKHYBIINCH C TTOBEPXHOCTHIO, OTPA3UTCS OT HEE B
3ajiannblil uaTepsa dlV; pyHKUMA W HOPMUPOBAHA YCIOBUEM

Jw(l,T)dl" = 1. (15.1)

C noMowbio w rpaHuydHoOe yeaoBue Jyisi OyHKIUE PACHPEIesIeHUs
f(T') 3anuceiBaercs B Buje

[ w( T)nvf(l)dl = —nv'f(I") npn nv’ > 0. (15.2)
nv<0

Wurerpas B JIeBOi 9acTw MpeACTAB/IsSET COOOi UNCIO0 MOJIEKYJI, T1a-
natormx B 1 ¢ Ha 1 cM? TIOBEPXHOCTH M HONAJAIONINX B Pe3y/ibrare
paccesiHus B 3aaHHbIN nHTepBas dIV; nHTerpupoBanne NpPON3BOIANT-
cst o obJtacTy 3HadeHnit I', oTBevaOIIeil MOTEKyIaM, TBUKYIIINMCS
MO0 HAMPABJIEHWIO K MOBEPXHOCTH (N — eIWHWIHBII BEKTOD BHEI-
Heil HOpMaJIM K I0BEPXHOCTHU Teja). Boipazkenue ke B 1paBoil yactu
yeoBnust (15.2) ecTh 9ncao MOIEKyJI, TTOKUIAMOMINAX TTOBEPXHOCTH (32
TO Ke BpeMs U ¢ TOH ke nuomaan); 3nadenns [ B obenx 4gacTsax
PABEHCTBA JOJIKHBI OTBEYATH MOJIEKYJIAM, JBUZKYIIMCH 10 HALIPAB-
JIEHUIO OT IIOBEPXHOCTH.

B paBroBecuu, Korja temueparypa rasa CoBIAJAeT ¢ TeMmiepa-
TypOit Tesa, HYHKIUsS PACHPEJeNeHNs] KAK [1a/IAl0IINX, TaK 1 OTPa-
JKEHHBIX 9aCTHI] JOJIKHA OBbITH OosbiManoBckoi. Orcioga ciemyer,
910 DYHKIWSA W JI0/KHA TOXKIAECTBEHHO YIO0BJIETBOPATH PABEHCTBY

[ w(,Tnve /T dl' = —nv'e='/T1, (15.3)
nv<0
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nosryvaoremycst mojgcranoskoii B (15.2) f(I') = const - exp(—¢e/TY),
e T — TemMmepaTypa Tesa.

B ommcanmoit ob61eit mocTaHOBKe perrenie 3a7adn O JIBWKEHNN
CUJIBHO PAa3PEeyKeHHOr0 Ta3a, KOHETHO, BeChMa 3aTPYIHUTEIHHO. 3a-
Tada MOXKeT OBITH MOCTAaB/IEHA, OHAKO, O0Jiee TTPOCTHIM 00pa3oM B
TIPEJIeTBHBIX CAYyYasdX HACTOABKO CHIHHOTO PA3PEYKEHUs Tasad, uTo
orromenne [ /L > 1.

Bonbmast kareropust Taknx 3a/1a9 OTHOCUTCST K CUTYAIINsAM, KOT-
J1a 3HAYUTEbHAsT MAacca Tas3a 3aHuMaeT 00beM, pa3dMepbl KOTOPO-
0 BEJIMKHW KaK TI0 CPABHEHUIO C pasMepamMu L TOrpy»KeHHBIX B Ta3
TBEPJIBIX TEJI, TAK U 110 CPABHEHWIO ¢ JinHO# npobera [. CrojikHOBE-
HUS MOJIEKYJI C TIOBEPXHOCTHIO TeJI MIPOUCXO/IAT TOIA CPABHUTEIBHO
PEIKO M HECYIIECTBEHHBI 10 CPABHEHUIO CO B3AUMHBIME CTOJKHOBE-
nugmu Mojiekysa. Eciu ra3z cam no cebe HAXOAUTCS B PABHOBECUU
C HEKOTOPOU TeMneparypoil Th, TO B 9TUX YCIOBUAX MOXKHO CYU-
TaTh, 9TO PABHOBECHE HE HAPYIIAETCs MMOTPYKEHHBIM B HETO TEJIOM.
IIpu sToM Merk/1y razoM u TEJI0M MOIYT CYIIECTBOBATH HPOU3BOJIb-
HBIE PA3HOCTU TeMmrepaTyp. 1o ke caMoe OTHOCUTCSA W K CKOPOCTSIM
MaKPOCKOTINIECKOTO JIBUZKEHMUS.

I[Iycte 7 = T5 — T} ecTh pa3zHOCTH MEXKJy TEeMIEpPaTypoil ra-
3a U TEMIEpaTypoil HEKOTOPOro ydacrka df HOBEepXHOCTH Teja, a
V  ckopocTb jgBuKE€HUs ra3a OTHOCUTE bHO Tesa. [Ipu orimanbix
orT Hysig T 1 V BO3HUKAET, BO-IIEPBBIX, OOMEH TEILIOM MEXKJIy ra30oM
7 TEJOM W, BO-BTOPBIX, HA TEJIO JEHCTBYET CO CTOPOHBI ra3a HEKO-
Topast cuiaa. OOO3HAUNM TIIOTHOCTH AWUCCHTTATUBHOTO TIOTOKA TETIa
oT raza K teiy uepe3 q. Cuiy ke, IeHCTBYIONIYIO B KAaXKI0i TOUKE
TTOBEPXHOCTHU TeJIa TI0 HAMPAaBJIECHWIO N BHEINTHEH HOpPMaJnl K HER (1/1
OTHECEHHYIO K eJuHuIe miomaam), obo3naunm kak F — Pn. 3xaeck
BTOPOIl WwieH ecTb 00bIYHOE naBjenue ra3a, a F uaTepecyrlomas
HAC JONOJHUTE/IbHAS CHUja, cBa3aHHag ¢ 7 u V. Benuuunabr ¢ u F
ABJLIOTCH (DYHKIUAMEU OT T 1V, 00PAIIAIOMIUMUCA B HYJIb BMECTE
¢ HAMM.

Ecim 7 u 'V pocrarouno masibl (mepBoe 10 CPABHEHUIO C Ca-
MHUMJ TeMIIepaTypaMy rasa W Tejaa, a BTOPOe M0 CPABHEHUIO €
TEIIOBOH CKOPOCTBIO MOJIEKYJI Ta3a), TO MOXKHO paszjioxkuth ¢ u F
B psiJl TIO CTeNeHsaM 7 U V, OTPAHUYUBIIUCEH JUHEHHBIMHU UJICHAMHU.
Ob6oznaunm cumpomavn Fy, n V, kommorenTsl F 1 'V 1o mampansie-
HUIO HOpMAaJIN N, a cuMBoiamu Fy, U; — WX TaHTeHIMAIbHBIE COCTa-
BJISIIOIIINE; TIOC/IETHUE SIBJIAIOTCS BEKTOPAMU C JIBYMsT HE3ABUCUMBIMHU
kommorerTaMu. Torga ykazamHble pa3/iokKeHns OyayT WMeTh BT

g=ar+pV,, F,=v1+V,, F;=0V (15.4)

rne «, B, 7, 0, 6  nocrosunbie (BepHee, GyHKIMU TEMIIEPATYDbI
W JIaBJIEHNUs ), XapaKTepHble IS KayKJIbIX JIAaHHBIX Ta3a U BEIIecTRa
TREpAOrO Teja. «CKalsipHbIey BeJIWYWHBI ¢ W F), HEe MOTYT, B CUIy
Cco00paykeHuil CUMMETPHHN, COJep>KaTh WIEHOB, JUHEHHBIX TI0 BEKTO-
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py V.. Ilo Takoii ke nmpuunne B pasaoxKennn BekTopa F; orcyTcTBy-
TOT YJIEHBI, TUHEHHBIE TI0 «CKAJIAPAM» T 1 Vi,.

Benwaunnr «, §, 6 nonoxurensabl. Tak, ecan Temneparypa rasa
BhITIIE Temmneparypbl Tesia (7 > 0), To Ternno Gyjger mepexoanTh OT
ra3a K TeJly, T. €. COOTBETCTBYIOIIAS YaCTh TIOTOKA ¢ OYIeT TOJI0XKHI-
TenbHa; modToMy « > (. [lasee, neficTBytomme Ha Teno cuabl F,,
F,, obycioBnaentbie ABMKEHWEM Ta3a OTHOCUTEIHHO TEJa, JTOJKHBI
OBITH HATIPABJIEHBI B Ty YK€ CTOPOHY, KyJa HAmpaBiaeHbl V, n Vi;
movTOMY HOKHO ObITh d > 0, 8 > 0. Uro racaerca koadduimen-
ToB U 7y, TO UX 3HAK HE CJIejyerT u3 OOIIMX TePMOJIUHAMUIECKUX
coobpazkenuii (xoTs, n0-BuAMMOMY, (DAKTUYECKH OHU, KAK IIPABU-
JIO, TIOJIOYKUTEIbHBT). MexK Iy HUMIU UMeeTcsi TIpOCTOe COOTHOITIEHE,
SIBJISTIOIIEECS CJIEICTBUEM TPUHIINIE, CUMMETPUN KHHETUIECKUX KO-
s purmenToB.

JL71st BBIBOZA 9TOTO COOTHOIIEHUsT BBIYUCIUM TTPOU3IBOIHYIO 10
BPEMEHU OT IIOJIHOM SHTPONUU BCEl CUCTEMBI, COCTOALICl n3 rasa
BMECTE C HAXOSIINMCS B HEM TeJoM. B eanHnily BpemeHu TeJso mo-
JIy9aeT OT Ta3a depe3 KarKIbIil 3JIEMEHT TTOBEPXHOCTHU df KOJIMIECTBO
teria qdf. Ilpm 9ToMm suTpONMs Tesra S7 UCHIBITHIBAET TPUPAIIEHUE:

" da
Si=f L

rJle UHTErpUPOBAHKE [TPOU3BOJUTCS 110 BCEH MOBEPXHOCTHU TEJIA.

JList BBIYUC/IEHUS] YBEJIMYEHUST SHTPOIUK Ta3a BIOUPAEM TaKYTO
CuCTEMY KOODJMHAT, B KOTOPO# ra3 (B MecTe HaXOXK/EeHHs Teaa) M0-
KOUTCsI; B 3TON CHCTEME CKOPOCTh KaXKJI0f TOUKU TTOBEPXHOCTH Tejia
ectb —V. g meseit 10ka3areibCTBa MCKOMOI'O COOTHOIIEHUsT Oy-
JIEM CYUTATh, 9TO (POPMA TeJIa MOKET MEHSIThCSI [IPU €10 JIBUYKEHUN;
Torjga cKopoctu V. PasjItdHbIX TOYEK ero MOBEPXHOCTU OyjyT siB-
JISTBCA [POU3BOJIBHBIMU HE3aBUCUMbBIMU TIEPEMEHHBIMY BeJIMIMHA-
vu. COrIACHO TepMOJUHAMUYECKOMY cooTHoimernto dF = 1T'dS —
— P dV u3menenue sHTPONNUM ra3a B €AUHUIY BPEMEHU DABHO

SQ = TL(EQ + PQ]-}Q)
P)

(BeJIMYMHBI ¢ MHIEKCOM 2 OTHOCSTCS K Tasy). [Ipoussognas Fy pas-
Ha, B CUJIy COXPAHEHUsI TIOJIHOM SHEPTUN CUCTEMBI, B3ATOMY ¢ 00paT-
HBIM 3HAKOM W3MEHeHWIo 3Heprun Teja. llociennee ckiaagpiBaeTcsd
u3 Ko/muecTsa remwia ¢ ¢df u npousseseHHON Hag TenoM PabOTHL,

pasnoii unrerpaiy ¢(—V)(F — Pn)df. Orcioga naxoaum jijist usme-
HEeHUs SHEPIUU ra3a:

By = §(—q+ F, Vi, + FV, — PV, df-

Yro kacaercst m3aMeHeHWsT 00beMa Tasa, TO OHO PABHO B3SITOMY C
obpaTHBIM 3HAKOM M3MEHEHUIO 0Obema Tejia:

Vo = $V,, df.
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Takwum o6pazom, nmeem st 3MEHEHUsT SHTPONNH Ta3a:
- 1
Sy = T—f(fq + F,V, + F, V) df.
2

CkaajgpiBasi Mpon3Boanbie oT S; u So m mosaras 3arem (Npu Ma-
abix 7) Ty &= Ty = T', nosydaem OKOHYATENBHO I CKOPOCTU U3Me-
HEHUsI TTOJTHON SHTPOINNA CUCTEMBI:

e _ g ann Fivt
S—./ [ 4 Eo¥e g EVi] g (15.5)

Bribepem B kauecTre BeUYUWH L1, Lo, L3, L4 B 00IIeH hopmy -
poske npuanuma Oucarepa (§ 9) coorsercTrenHo g, Fj, n 1B KOMNO-
HenThl BekTopa Fy (B Kax10i 3a1aHH0il TOUKe NOBEPXHOCTH TeJa).
JIist BBISCHEHWS CMBICJIA COOTBETCTBYIOIINX BEJUYMH X, CPABHUM
dbopmyay (15.5) ¢ 06mmM BbIpazKeHreM CKOPOCTU U3MEHEHUsT IHTPO-
muv (9.3). Mer ysuanMm torga, uro Beanmamnamu X, X9, X3, Xy
6yayr coorsercreenno —7/T?, —V,/T n aBe KOMIIOHEHTHI BEKTO-
pa —V/T B 7oii xe Touke. Knnernaeckne ke k03bdUIIEHTH (KO-
sbdunments B coorommenusx (9.1)):

Y11 = OzTQ, Yoo = 0T,  y33 = yaa = 0T,
Y2 =BT, v =T

N3 cummerpuu 7y19 = Y21 Cl€AyeT, TAKMM 00pa30M, KCKOMOE COOTHO-
HIEHUE

b =~T. (15.6)

OrMeTuM TakzKe, YTO U3 YCJIOBUsl MOJIOKUTEJBHOCTH KBAPATHAY-

wHoit bopmbr (9.3) (8 > 0) creayioT yike yIOMsSHyThIE HEPABEHCTRA
a, 5,0 > 0 1 JONOJIHUTEJILHO €l1e HEPABEHCTBO

Tad > (2.

Borancienve koaddunmentos B (15.4) Tpebyer 3HaHWS KOHKpET-
HOTO 3aKOHa, pacCesiHus MOJEKYJ ra3a OT TMOBEPXHOCTH Tesa, BbIpa-
KaeMoro BeeJennoii seimre dynxmmeit w(lY,T). Ina npumepa nosy-
anM (hopMyITy, TTO3BOIAIONLYIO B TTPUHIIATIE BRIYUCIUTH BEJIUUNHY (.

[InoTHOCTH TIOTOKA SHEPTMM OT Ta3a K TEIY BBIPAYXKAETCST WHTE-
TpaJioM

g = [(e — &g lw(I,T) f(I') dT dI" (15.7)

(B3stTBIM 110 06sacTn v, < 0, vl > 0),  npu KazKI0M CTOJKHOBEHUM

MOJIEKYJIBI CO CTEHKOM TIOCTIeIHel epegaeTcs sHeprus £ — &'
[Ipeobpazyem 310 BhIparkeHne C MOMOIIHIO MMPWHIIATIA JeTaThHO-

TO PABHOBECWA, COTJIACHO KOTOPOMY B COCTOSAHNM PABHOBECUS YNCIIO
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nepexonos I' — IV mpu paccestHum MOJIEKYJI OT CTEHKW PABHO YUCITY
nepexonos I — T'!". Do oznauaer, aro

w(F',F)|vT,| exp (“—_ E) = w(FT,F'T)|v;| exp (H —° ) (15.8)
T1 Tl
(B paBHOBecMM TeMIepaTypa Tra3a COBHAJAeT ¢ TeMIeparypoii
CTEHKN).
ITpouseenem B (15.7) nepeobosHavenHe mepeMeHHbIX WHTErPUPO-

panuss I' — IV, TV — I'7. Bass noaycymmy 060MX Oy 9afONIHXCsT
BbIPAKCHUN, HAIIMIIIEM

q= % /(5—5')@“”2 X
D X [w(, D) ogle /T — w(TT,T'T)[o! [~/ T2] T dI”.

Haxonen, noacrasus cioga w(T'T,T'T) uz (15.8) u pazioxus 3arem
HOJBIHTEIPAIBHOE BBIPAXKEHUE 110 CTENEeHsSIM MaJoifl pasHocTH T =
=Ty — T4, naitjiem, 410 ¢ = T, 1€

«

. "2 ! [.l*é‘(r) Vi
= (e — &) *|vg|w(I”,T') exp (T) dr dr (15.9)

(vy <0, vl > 0; ungexc y remueparypot Ti & Th onyien).

OyHKIMS PACHPEIEIEHUs] MOJEKYJI, PACCESTHHBIX OT CTEHKW, 3a-
BUCHAT OT KOHKDETHOTO XapakTepa WX B3auMOJIEHCTBUS CO CTEHKOIA.
ToBopsT, 9TO MMeeT MEeCcTo NoAHGA GKKOMOOGUUA, €CIN MOJIEKYJIhI,
OTpaykeHHBIE OT KayKJIOT0 3JIeMEHTa TOBEPXHOCTH TejIa, MeIOT (He3a-
BUCUMO OT BEJIUYNHBI W HAMPABJIEHWT WX CKOPOCTH 0 CTOJTKHOBE-
HW$T) TaKoe Ke pacrpejieienne, Kakoe nMesin Obl MOJIEKYJ/IbI B Ty YKe,
BBIXOJSAIIEM M3 MaJeHHKOIO OTBEPCTHSI B COCY/E C Ta30M C TeMIiepa-
Typoii, paBHO#l TemTiepaType Tejaa. JIpyrumm cJIoBamMu, TTPpHA TTOJTHOM
AKKOMOJIAIINY PACCENBAEMBINI OT CTEHKW Ta3 MPUXOANT B TEILIOBOE
paBHoBecue ¢ Heto. Besmunny koahdurmentos B (15.4) nmeer cMbic
CPaBHUBATH WMEHHO C WX 3HAYEHWSMHU TPU TOJTHON aKKOMOIAIIWH.
B wactHocTH, 0OMeH sHeprmeit Mexk Iy MOJEKyJIaMu ra3a W TBEp-
JIOf CTEHKOI OOBIYHO XapakTepu3yoT KOI(MMUIHEHTOM aKKOMOIA-
I[N, OTIPEJIEISIEMBIM KaK OTHOIIIeHne «/cy (T1e (g OTBEYaeT TOTHO
AaKKOMOzIaluK). B peasibHbIX CJIydasiX MOaHast aKKOMOJAIMsl, BOOO-
IIIe TOBOPsT, HE JTOCTUTAETCST W KOIMDDUIIMERT aKKOMOJAIINT MEHBITIe
eJINHUIIHI.

B Towm, uro 3HaveHMe (v) AEHCTBUTEIHHO ABJISETCS HAMOOIBITNM
BO3MOYKHBIM, JIETKO yOEINThCsI C TIOMOIIBIO CJAEIYIONINX CooOpake-
awit. Pacemorpum suTpormio S B (15.5) ¢ HECKOIBKO WHOW TOUKH
3peHus: He KaK TOJHYI0 SHTPONWIO Teaa W ra3a B IEeJ0M, a KaK IH-
TPOTHUIO TEIA W JINTIH TONH COBOKYITHOCTH MOJIEKYJI Ta3a, KOTOphIE 3a
Bpemst At TaJar0T Ha TTOBEPXHOCTH Teja. Jljist 9Toit crucrembl 0Tpa-
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JKEHMEe MOJIEKYJI C TTOJTHON aKKOMOJAIreil 03HaYaeT mepexo/ B COCTO-
STHUE TIOJTHOTO PABHOBECHSI, TAK UTO €€ SHTPOINN MPUHNUMAET MAKCHU-
MaJIbHO BO3MOYKHOE 3HaueHne. COOTBETCTBEHHO Oy/IeT MaKCUMAJIHHO
BO3MOXKHBIM ¥ u3MmeHenwe suTpornnu, AS = SAt, conpoBoxgaio-
1ee 5TOT Trepexo 1), JIpyruMu ¢IoBaMu, TIPW TOIHOM aKKOMOIAIINN
kBagparnyras dpopma (9.3) gomKHA OBITH MaKCHMAIbHA MPW JIHO-
ObIX 3aJlaHHBIX 3HAaYeHnsX Beanann X, (1. e. 7, V,, V). Ormeuas
COOTBETCTBYIONINE 3HAUEHUsT KOIPMDUIMEHTOB Y, WHIEKCOM HYJIb,
BAMUIIEM 9TO YCIOBUE B BUJIE

bo

QO—OL7_2+ 2(,302—,3)7Vn+(50;5VTL2+

—Oy2 5.
T2 T T

Orcrosa caegayoT HepaBeHCTBa
ag >y 0g >0, 0y > 0,
T(ag — a) (6 — 0) > (Bo — B)% (15.10)

Paccmorpum BhITeKanme CHIBHO PA3PEKEHHOTO Ta3a W3 MaJjieHb-
KOTO oTBepcTust (C nHeitHbIMu pa3Mepamu L). B npegensHom ciy-
wae [/L > 1 stor npouecc npuobperaer BechbMa IPOCTOH Xapak-
Tep. Mojiekysibl OyyT HOKHIATH COCYJl HE3ABUCHUMO OJHA OT JIPY-
roit, obpazysi MOJIEKY/ISIPHBIN IIy9Y0K, B KOTOPOM KAaXKJas MOJIEKY-
Jla JIBU2KETCd C TOI CKOPOCTBIO, ¢ KOTOPOM OHa 110J0LLIa K OTBep-
ctuto. Yucsio MoJIeKyJ1, BBIXOAAMUX B 1 ¢ U3 OTBEPCTHUS, COBIAJIAET C
YHUCJIOM CTOJIKHOBEHWUI, KOTOPbIE MCIBITA/IM Obl 38 9TO BpeMs MOJjie-
KYJIbI Ta3a C TJIOMIAIbI0 TTOBEPXHOCTH, PABHON TIIOMIAIN OTBEPCTHUSI
s. Uucmo CTONMKHOBEHUI, OTHECEHHOE K eJMHUIE TIIOIIAIN CTEHKH,

ects P(2nmT)~Y/2, vne P — pasnenve rasa, m — Macca MOJIEKYJIbI

(em. V, § 39). Takum o6paszom, jjisi KOIUYecTBa (MacChl) BBHITEKAIO-
mero B 1 ¢ raza Haxoanm

Q= sP 27% (15.11)

Eciu aBa cocyna ¢ ra3oMm coeluHEHbBI JPYT C JAPYTOM OTBEPCTH-
eM, TO B ciiy4dae | < L npu MexaHudeckoM paBHOBecuu JiaBjenus P
n P razoB B 060ux cocymax OyayT OJMHAKOBBIMU, BHE 3aBUCHMOCTH
ot 3navenuit ux remueparyp 11 u 1s. Eciu xe [ > L, 10 ycioBuem
MEXaHUYECKOr0 PAaBHOBECHs Oy/IeT ABJISATHCS PABEHCTBO UUCE]I MOJIE-
KYJI, TIEPEXOAIINX YepPe3 OTBEPCTHE U3 OJHOTO COCyJa B APYroil u

1) B s1nx PACCYKIEHUAX CYIIECTBEHHO, 9TO Tesi0 (MIPAoNiee POJIb «TerIo-
BOTO pe3epByapa») MOXKHO CYNUTATh HAXOJSIIUMCS B COCTOSTHUM DABHOBECHUS B
TedeHne BCero Mmpouecca, a HTPONUs MAeaTbHOr0 Ta3da 3aBUCUT TOJLKO OT 3a-
KOHa pacupefesieHdd ero MOJeKy I, HO He OT 3aKOHA WX B3aUMOIeHCTBHUA APYT C
ZIPYyTOM.
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obparno. Cornacuo (15.11) 310 MPUBOANT K PABEHCTRY

P P,

VT VT

Takum obpazom, jaBjieHus Pa3PEKEHHBIX IA30B B JIBYX CO00-
HMIATOIIAXCST COCYJIaX OyJIyT PasjMIHBbIMEU, TPUIEM OHU OTHOCATCS
JPYT K APYry Kak Kopau u3 remueparyp (apdexm Knydcena).

Jlo cux mop pedn TIa O ABAEHUSX B 3HAUYUTEILHON MACCe CHIh-
HO Pa3PEKEHHOTO Ta3a, HAXO/SIIErocss CamMoM 10 cebe B paBHOBeE-
cun. OCTAHOBUMCST KOPOTKO HA SIBJCHUSX JAPYTOr0 XapakTepa, B KO-
TOPBIX W CaM Ta3 He HAXOAWTCA B PABHOBECHOM COCTOSHHUU. Tako-
Ba, HATPUMED, Tepeada Teria MeXIy ABYMs TBEPIAbIMU TLIACTUH-
KaM¥, HATPETHIMU 0 PA3TUIHBIX TEMIIEPATyp U TMOTPYKEHHBIMU B
Pa3pEeKEHHBI Ta3, TPUYeM PaCcCTOSTHUE MEXKIy HUMU MaJjIo 10 CPaB-
HEHWIO C JUIMHON cBOOOAHOTO 1pobera. MosiekyJibl, NBUKYIIUECT B
[IPOCTPAHCTBE MEXK/Iy IJIACTUHKAMU, TPAKTUYECKHA HE UCIIBITHIBAIOT
CTOJIKHOBEHUN JIPYTr C JIPYrOM ¥, OTParXKasgCh OT OJHOW ILJIACTUHKMH,
CBODOIHO JIBUYKYTCs 70 CTOJIKHOBeHUs ¢ apyroii. [Ipu paccesuuun ot
0ojiee HArPeTOll IJIACTUHKK MOJIEKYJIbI NPUOOPETaloT 0T Hee HEKO-
TOPYIO SHEPIuio, a 3aTeM IPU CTOJKHOBEHUM C MEHEe HArperoi
OTJIAIOT €if YacTh cBOeit Heprun. Mexanu3m Terionepeaadan B 3TOM
caydae CyIIeCTBEHHO OT/IMYAeTCs, TaKuM 00pPa30M, OT MEeXaHu3Ma
OOBIYHOM TEIIOMPOBOJHOCTH B HEPA3PEKEHHOM Taze. Fro MoxHo xa-
pakTepu30BaTh KOIMDMUIMEHTOM TEIJIONEPEIadn 3¢, ONPE/Ie/IEHHBIM
(mo anasorun ¢ 06bIYHBIM KODMDUIMEHTOM TEIIONPOBOAHOCTH) TAK,
9T00BI OBLITIO

(15.12)

g=2L-T) (15.13)
L

e ¢ [epejaBaeMoe KOJIMYeCTBO Temia (OTHECEHHOE K eJIMHULE
MJIOIIA/IN TIJIACTUHOK B euHUIy Bpemenn), T1 u Ty — memmeparypbl
MJIACTUHOK, a L, — paccrosgraue mex 1y aumu. Koadbduiment s Moxk-
HO OIIEHUTH TI0 TTOPSJIKY BEJIMUUHBI ¢ TOMOIIHIO hopmy.int (7.10). TTo-
CKOJIBKY BMECTO CTOJTKHOBEHUN MOJIEKYJI JPYT C APYTOM MBI TMEEM
Tereph JIeJI0 C HEMTOCPEACTBEHHBIMI CTOJTKHOBEHUSIMU C TLIACTUHKA-
MU, TO BMECTO JJWHBI CBOOOIHOTO mpobera | HAIO MOACTABUTH PaC-
crogaue L mexty miactuakamu. Takum o6pazom, umeem

_ PL
s~ LoN ~ —. (15.14)
vmT
KosdbdurmenT remnonepemadn B CUIbHO PA3PEKEHHOM ra3e IPoImop-
UMOHAJIEH [JIABJIEHUIO B MPOTUBOIOJIOXKHOCTH TEILIONPOBOIHOCTH

HEPA3PEXKEHHOI0 Ta3a, He 3aBucdiineil or jgassienus. [loguepknem,
BIIPOYEM, YTO TeIepb 3 He SABJISETCS XapaKTePUCTUKON JiMIb Ca-
MOI'O Ta3a: 3 3aBUCHT TAKXKE U OT KOHKPETHBIX yCjoBuii 3agaquu (o
paccrosiavst L MeXKy TIaCTHHKAMMN ).
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Ananoruunoe siBJIEHNE TIPEICTABISIET COO0I «BSIZKOCTHY CHJIBHO
Pa3pPEeKEHHOTO Ta3a, MPOSIBISIONIASACS, HATPUMED, MTPU OTHOCUTETh-
HOM JIBVZKEHUH JIBYX HAXOJSIINXCSA B HEM TJIACTUHOK (TIPUYEM OTsITh
L <« 1). Kosppuument BaskocTu 7 HaJ0 ONPEJEIUTH TENEPh TaK,
9TOOBI OBLIO

F =nV/L, (15.15)
rae F' — cujga TpeHws, WCIBITHIBAEMAS JIBUXKYIIENHCS TMIACTUHKOMN
(oTHECEHHAsT K eJMHUIE ee TLIOoMaan), a V — CKOPOCTh JIBUKEHWsI
OIHOl macTuHKKM OTHOCHTENbHO Apyroi. Hanucas B (8.11) paccro-
gune L BMecTo Jyinnbl npobera [, nosydum

n~muoNL ~ LP % (15.16)

T. €. BA3KOCTH PA3PEKEHHOTO Ta3a TOYKe TIPOTMOPIIMOHaJJIhHaA JdaBJIe-
HUIO.

Bamgaum

1. B naganbubii MomenT t = () ra3 3anmmaer nosynpocrpanctso xr < 0.
B npenebpexkeHnr CTOMKHOBEHUSIMU OIPEJIETUTEH PACIPEIeTIeHIe TLTOTHOCTA B
MOCJIE LY FOIIME MOMEHTHl BPEMEHMU.
Pemenne. Bupenebpexennn CTOJIKHOBEHUSIMI KHUHETUIECKOE Y PABHEHUE
CBOIUTCS K YPAaBHEHUIO
of , 0f _

ot Or
obmee pemenne KOTOporo ecth f = f(r — vt,v). C y4eTrom mocTaBIeHHOTO Ha-
YaJIbHOTO YC/J0BUA TIOJIYYUM B JAaHHOM Cj/ly4ae

f = fo(v) mpm vz > z/t, f=0upu v, < z/t,

rae fo — MakcBesuoBcKoe pacnpegesienue. IlnoraocTs raza

N(t,z):///fo(v)mgdvzduyduz:% 1-9 i“% ,

—ocz/t

0,

=

e

3
2 [ e
®(£) = ﬁo/e dy.

a Ny wHavyagbHag JIOTHOCTH. BBUAY npeHeOpekeHus CTOJKHOBEHUSMU, HAIIN-
cannbie (HOPMyJTbl (HAKTUEECKU CIIPABEIUBLL JTUIIb B o0nactu |z| < .

2. OnpeaenuTh cuy, AeACTBYIONIYIO HA NIAPUK paanyca R, ABMKymuics co
CKOpPOCTHIO V B pa3pesKeHHOM Trase.

Pemenwne Ilomnas cnra cCONpoOTHBIEHNS IBUXKEHUIO NIAPUKA PABHA

F = f%rVRQ(é + 26).

3. OmpeieiuTh CKOPOCTD, € KOTOPO# Oy/IeT IBUTATHCS B PA3PEKEHHOM Ta3e
HEBECOMBII TIJIOCKHH INCK, CTOPOHBI KOTOPOTO HATPETHI JI0 PA3/IMYHBIX TEMIIEPa-
Typ T n Ts.

Pemenwme Ckopocts V neuxkenns nucka (B HATIPAB/ICHWUH, TIEPIICH A~
KyJISIPHOM K €r0 TIJIOCKOCTH) OMPEJIEJNTCS U3 YCIOBUS PABEHCTBA HYJIIO CyMMbI
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cu, geficTrytommx Ha 0be ero cToponbl. JInck Gymer aBuraThcsa Meree HarpeToi
CTOPOHO# BIIEpE CO CKOPOCTBIO, paBHOii (camraeM, ato Th > Th)

v
V="(T - T).
26
4. BerancinTs 3HaUeHne (g K03 GUnmenTa o mpu MOTHOM AaKKOMO/IAIINN.

Pemenue KomuuecrBo sHeprum, mpuHOCUMON B €IWHUILY BpPEMEHU
MOJIEKYJIAMHY, CTAJIKUBAIOUINMIUCS C €INHULEN TIJIOIA/ M TTOBEPXHOCTH TeJIa, eCTh

[ fovzedl, e fo OOTBIIMAHOBCKAs (DYHKIWS PACIIPEIe/IeHUs C TEMIIEPATY-
poit T> taza (¢ IHEprus MOMEKY/BI, & OCh T HANPABIEHA TEPIEHANKYIAPHO
K TOBEPXHOCTH Tesa). KommaecTBO yHOCUMON 3TUMU YK€ MOJIEKYJIaMU SHEPIUn

MOy IUTCA OTCIOAA (TP MOTHOM AKKOMOJAIMN) MPOCTO 3amenoil Th Ha Temme-
parypy resa Th. ITorok rernuia

q= f(fg — fi)evg dl’

(waTerpmpoBanme No v, B npeaenax ot 0 10 00). DHEPrUI0 MOJIEKY/TbI TATIEM

2
B BUJIE € = Egy + MV~ /2, TAE Enw — BHYTPEHHsISE SHEPTUs. BohIMucienue Jaer st
KaKJJO0T0 W3 WHTETPAIOB 3HAYEHUe

T 1
/f&:vz dl' = v(Guu +2T") = v (§+ 5) =T (cv + 5) )

rae € = ¢, T — cpennss sneprust Mosexy.sl, a v = P/v/27mT — aucno moneky.n,
crankuBaomuxcs B 1 ¢ ¢ 1 cm? nosepxuocTr. Terno ¢ paBHO pasHOCTH SHEPTUN
MIPpUXOAAIINX U YXOAANINX MOJIEKYJI ITPU OJIMHAKOBOM YHCJIE€ TEX U JAPYIrux, T. €.
oaMHAKOBOM V. B pesysbrare Haxomamm juisi koaddunmenta B ¢ = a(T> — Th)
3HAEHHE

ap = L (c + 1)
’ V2w R

(pasmocrs Th — T mpeanonaraeTca Mamnoii, Tak aro nonaraem 11 ~Th = T)).

5. To xe aust koapduunenros B u .

Pemenne Hopwambaas COCTaBAAIONIAS WMITYIhCA, TTPUHOCUMOTO MOJIe-
KyJjaamu, ctajgkuBaommmucs B 1 ¢ ¢ 1 cm? TMOBEPXHOCTY TeJjla, PaBHA TTOJIOBUHE
IaB/leHnd ra3a. Bulpaxkas JaBleHHe 4epes v, IMeeM

2 2

Baap paszmocTh 3HaYeHwMit 3TO BeMUMHBI Ipu Temiepartypax 17 u 1> u oau-
HAKOBBIX V, TOJIyYUM JIONOJHUTELHYIO cuity Fj,, 00yCI0B/IEHHYIO PA3HOCTHIO
temmeparyp. Cumras 1o — T masoil, HaligeMm

Yo = P/AT.

P mT
v

s xoadduumenta B nmeem cornacno (15.6) fo = P/4.

6. To ke mnsa koadduruenTos d u 6.

Pewmenue Boibupaem cucremy KOODAUHAT, B KOTOPOi TEIO MMOKOUTCH, a
ra3 JBUXKETCS CO CKOPOCTHIO V; OCh T HAIPABJIEHA TI0 HOPMaJIU K TTIOBEPXHOCTH, &
IJIOCKOCTH Yy BbiOpaHa Tak, 4robbl V Jjiexkano Ha neil. OyHKIUA paCIpPeIeIeHus
B 9TOI cucTeme eCcTh

f = const - exp {—

Egu M
T 2T

Y10 KacaeTcs OTPaXKEHHBIX MOJIEKYJI, TO IIPHU ITOTHON aKKOMOJAIIUN OHU MMEIOT
dbyukumio pacrnpenesnenus ¢ V = (); 7 canraeM PaBHBIM HYJIIO.

[(ve = V) + (vy — V,)? + 0] } )
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IIpn Berancnennn xacarennpHoit cuael Fy, nomaraem V, = (. Ilpunocumas
MAAIOTIIMH HA TIOBEPXHOCTH T€JIA MOJIEKY/TAMU TOTHAS Y-KOMIIOHEHTA UMITYIbCA
eCcTh

[ muyv,. fdl = mV, [v, fdl = mV,v

(o v, WHTErpUpOBaHME TPOU3BOIUTCA Be3me B ipeaenax ot 0 10 oc). YHocHMAad
JKe MMM Y-KOMIIOHEHTA MMITyJihca ncdesaer. Takum obpazom, F, = mvV,, rak

4T
90 =vm=P i
V 2xT

IIycts Teneps V, # 0, V, = 0. C TOYHOCTHIO 70 YJIEHOB MEPBOrO MOPSIKA
no V, nmeem
Mmug

f :fo-l-VmTfo,

rae fo  dyurmma pacnpenenenus ¢ V = (. Yucmo MOMEKy 1, CTATKUBAIOTIIXCS
B 1l cclcMm™ moBepxHOCTH, €CTH

u—/fv dT—L-i-PVE
‘ VormT 2T

HpI/IHOCI/IMaﬂ ITUMU MOJIEKYJIAMU T-KOMIIOHEHTA MMITyJIbCa €CTh

/m1)2fdf: Ll +PVmV27m-
. 2 T

OTparkeHAbIe 0T CTEHKW MOJIEKYJ/Ibl UMEIOT (DYHKIUIO pacnpenenenns ¢ V, = 0,
HOPMMPOBAHHYIO TakmM 06paszom, utobnt materpan [ fv, dI' 6pl1 pasen umcty v
MAJAIOIIUX MOJIEKYJI, OIPEIEIEHHOMY BBINIE. Y HOCHMAsi 3TUMU MOJIEKYJIAMH X-
KOMIIOHEHTA UMITYJIbCA PABHA

—zv27rmT: P PVz\/m.
2 2 2 2T

JomnonuuTenbHas K JaBI€HUIO HOpMaJibHas cuia ectb Fy, = §oVy, e

do = Py = (2+f) gy
2T 2) " 2

7. B nipeanonokeHnn MOTHOM aKKOMO/IAIINN OIIPEIETUTh TEMIIepaTypy Mia-
CTUHKH, IBUKYIIEHCS CO CKOPOCTHIO V' B pa3pezkeHHOM Ta3e MmapaJiaebHO caMoit
cebe.

Pemenwne Ilocrynas kak B 3amade 4, muMeeM [171s1 TPUHOCUMOM SHEPTHUU:

2
V(CUTQ‘FE'Fﬂ),
2 2

1
vT (cv + —) .
2

IIpupaBHuBasg 3T MOTOKM, HAXOAUM

a 114 YHOCHUMOI:

mV?
2, +1

8. OnpegennTh KOJIMHYECTBO ra3a, NPOTEKAIOIEr0 B eAUMHNUILY BDEMEHU Yepe3
MOTIEpPEeYHOE CeveHne MUIMHIPUYeCKoi Tpy6nr (paamyca R) non Bamsinmem rpa-
JUEeHTOB JaBJeHHd U TeMIepaTypbl. ['a3 HacTOMBKO pa3perkeH, 9TO AIUHA CBO-

T Ty =



86 KUHETUUYECKAS TEOPUS 'A30OB L 1

Goaroro mpobera I > R ). TIpn CTOIKHOBEHUSIX MOJIEKYIL € €€ CTEHKAMY NMeeT
MECTO TIOJTHASA AKKOMOJIAIAS.

P e m e n ue. Pacripenesienne MosIeKyJ1 10 CKOPOCTSIM IIPU OTPAYKEHNN UX OT
CTeHKH IIPHU TIOTHOH aKKOMOJAITIH UMEeT BUT Uy f d°p, Tme f  MaKCBe/LTOBCKAS
dyHKUMs pacnpeuesiernst, a OCh T IepreHanKyJisipaa K nosepxuocru. Oboznadast
gepe3 ¥ yroa Mexky CKOPOCTBIO MOJIEKYJIbI M OChIO X, Halgem, 9To pacrpeje-
JIEHWE OTPAKEHHBIX MOJIEKYJT TI0 HATPABICHUAM WX JIBUKEHUdA (HE3aBUCHMO OT
abCOIIOTHON BEIMINHBI CKOPOCTH) UMEET BUJL

Y cos¥do

™
(3Ta DyHKIMS HOPMHUPOBAHA TAK, YTO €€ WHTErPAJI 110 BCEM TEJIECHBIM YTIJIaM 110
OJIHY CTOPOHY TLIOCKOCTH PABEH V).

Buibupaem och z o ocu TpyOKu, a HAYAIO KOOPAMHAT — B PACCMATPUBAEMOM
ee ceuenuu. Uepe3 3TO ceUeHME TMPOXOAAT MOJIEKYJIbl, UCIIBITABIINAE TIOCTIEIHEE
OTpaykKeHWe OT PA3JIUYIHBIX YUIACTKOB MOBEPXHOCTU TPYyObI. V3 umcna Momexy.n,
PACCesTHHBIX OT HEKOTOPOro dj1eMeHTa df MOBEPXHOCTH CTEHKU HA PACCTOSIHUE Z,
NpOAAYT Yepe3 3aJaHHOE CEYEHME Te, KOTOPbIE OTPAYKEHBI 110 HAIPABICHUIM,
JIEYKAIIMM BHYTDPU TEJIECHOIO yIJVIa, 0/ KOTOPHIM BHJHO 3TO CEYEHUEe U3 pac-
CMATPUBAEMOfl TOYKH Ha HMOBEPXHOCTH TPYOBL, T. e. df - v [ cosd do/m monexyn
(nATErpUPOBAHNE TPOU3BOANTCS TI0 YKA3aHHOMY WHTEPBAJLY YTJIOB).

9TO’T‘ MHTETrpaJ, O9€eBNIHO, OJMHAKOB IJId BCEX TOYEK, JIEXKAIIUX Ha OJWHA-
KOBOM DACCTOSHUM z OT 3aJaHHOIO cedeHud. 1109TOMY MOTHOE YUCIO0 MOJEKY.T,
npoxonsimmx (B 1 ¢) "epes 310 cevenue, NMOAyHUnNTCs 3aMeHoi df Ha KOIhUEBO
37eMeHT ToBepxHocTU 27 R dz u uHTerpupoBanueM 1o Beeil gimuHe Tpy6bl; yMHO-
JKagd erle Ha MACCy 1m MOJEKYJIbl, TOy9uM PACX0J MACChl ra3a 4depe3 CedeHue
TPyOBI:

Q =2mR [v ([ cosddo) dz.

Yucmo v, 6yayan dyHKIUel JaBIeHUS U TEMIIEPATYPbI, MEHSIeTCS BIAOIb JIINHbI
Tpy6sl. Eciin rpagnenTsl gaBjeHns U TeMIEPATyPhl BIO/Ib JJIMHBL HE CJIUIIKOM

. BeIUKHW, TO MOXKHO HaIITUCATh

| |
dv
/:l\\ /l\ v(z) =v(0) + “ .
VAR VAR zes
| “ " A ‘\ Unrerpan ¢ v(0) obpamaerca, O9€BUIHO, B
[ J,.\ (] HYJIb, TAaK 9TO
\ | / -7\ 3)1' / d
| - v
\\ v 7 }(“ // Qz?ﬂRd— //zcos19dodz.
T 2z 1z=0
e v
A o JIis IpOBEJIeHNsl WHTETPUPOBAHUS BBO-
MM B TJIOCKOCTH PacCMaTpPUBAEMOTO Ceve-
Puc. 3 HUS TPYOBI KOOPAUHATHL I' U, TJ€ T — Pac-

crostHme iepemenHoit Touku A’ 0T HekoTopoit
3aanHOi Toukn O HA OKPYXKHOCTU CEUYEHMSI, & ¢ — YrOJI MEXK/ly OTPE3KOM OA
u pagmycom ceuerms (puc. 3). Monekyna, oTpakeHHas OT CTeHKH B Touke A (e~
Kameil Ha ofHoM 00pasytomeil ¢ Toukoit ) m mMpoXoAsAImast 3aTeM 9epe3 TOUKY
A, momxHa IMeTh CKOPOCTh MO/ YIoM 1) ¢ HOPMAThio K TIOBEPXHOCTH TPYOBI B
Touke A, j1st KOTOPOro
T COS

N ZE2

cost) =

1
) O noToke Taza B TAKMX YCJIOBUSX TOBOPST KaK O C60600HOMOACKYALDPHOM.



§ 15 SBJIEHUS B CUJIbBHO PABPEYKEHHBIX PA3AX 87

DJIEMEHT TEJIECHOTO yTJjia MOYKHO HAIMCATh B BUIE

rdrde z

r2 4 22 \/r2 4 22

(wromans rdrdy npoenmpyeM Ha IJIOCKOCTH, MEPIEHIUKYISAPHYIO K MPAMOM

AA', m germM Ha KBapaT JTWHBI 3TOM TpsiMoii). HTerpupoBanme mpOM3Bo-
auTces 10 0baacTu

—7m/2< <72, 0<r<2Rcosy, —oc<z< 00,

0 =

" J1aeT
0= 87R® dv
3 dz

Hakonen, noacrasus v = P/+/27rm/T’, nonyauM 0OKOHIATETHHO

4R Ps P,
= \/2— ( - )
Q= VI m T

re B CKOOKAX CTOMT PA3HOCTh 3HAYEHWI BesmamHbl P/ VT ma gmume L TpyOBI
(3aMeHa HpOI/I3BO,HHOﬁ PAa3HOCTHIO AOIMYyCTUMA BBUAY TTOCTOAHCTBA Q7 a 1moToMy
7 9TO MPOU3BOIHOM, BIOIH JTAHBL TPYOBI).

9. B npeanosokeHnn HOIHOM aKKOMOJAIUH HANTH CUJIY TPEHUS MEXKIy [IBY-
M# TBEPJABIMHA TLIOCKOCTAME (pacCTOAHME MEXKIYy KOTOpbiMu L < 1), nBmKymm-
MUCSI OTHOCUTEIBHO APYT APYTa CO CKOPOCTHIO V' MJIOCKOCTH MMEIOT TeMIIEePaTy-
pot Th v Ts.

Pemenmne Ilycrs mnockocts I (¢ Temmeparypoit 1h) mokomtcs, a
IUIOCKOCTh 2 JBUIKETCS CO CKOPOCTBIO V' BIOIB OCH X; OCh Y HAIPABJIEHA OT
epBO# IJIOCKOCTH KO BTOPO#. Monexkynsl co ckopoctamu vy, > 0 m vy, < 0
OTPAXKEHbl COOTBETCTBEHHO OT MJIOCKOCTEN 1 1 2: 1pu MOJHON aKKOMOJIAIMN X
dyuaKIINMN pacupegesreHns

f—Lex <7m7v2) apu vy > 0
T @rmm)a2 TP\ om Pty =
2N m(v — V)Z)
= exp | — npm vy < 0,
f (2mmTy)3/? P ( 2T Pt

rae N1 u No  COOTBETCTBYIOUIUE ILTOTHOCTU 9HUCIA 9GaCTULL; IIOTHA IJIOTHOCTD
N = N; + N,. YcnoBrue OTCyTCTBHA CyMMapHOIO IMOTOKA B HAIIPDABIECHUH OCH Y

Jaer
N1VTy = No/Ts.

Ha kaxnayio m3 miockocreit peitictsyer masienme P = NiTi + NoTh u cuta
Tperns (OTHECEHHAs K €JIMHUIIE TLIOIAIN)

2mT: 2m  (1hT»)'/?
Fy= F =mV / vy fd’p = VNyy [ 2222 N —m%
0 T T+ T

vy >0
Ecmu Th =T, =T, 10
Fy=-F =VPy- "
27T
B coorsercrsum ¢ (15.15), (15.16).
10. B npeanonokennn moJiHOW aKKOMOZALMW ONpeaenTh Koddduumen

TerIonepeiaun > MeXKy JABYMs IJIACTUHKAMU ¢ Onu3kumu Temneparypavu T
nTs.
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Pewenwne Ilpu nonnoil akkOMOZAIMK MAJAONIME HA TJIACTUHKY 1
MOJIEKYJIBI UMEIOT DABHOBECHOe pacrpejeneHue ¢ teMmreparypoit Th. ITosromy
TOTOK 3HEPruM OT TacTHKM | K mactmake 2: ¢ = ao(T> — T4). B3ss ag u3
3azaun 4 u onpenenus s cornacuo (15.13), momydnm

%—aL—ipL ((‘ +1>
’ V2mmT D)

B COOTBETCTBUM ¢ OLeHKOM (15.14).

11. OnpenesmTh MJIOTHOCTH Ta3a HA OCH 033U KPYyTrOBOrO JIMCKA Paauyca
R < I, nBuxkytierocsi B ra3e CO CKOPOCTHIO — V., GOMBIION 1O CPABHEHUIO CO
cpenHel TenJI0BOM CKOPOCTHIO aTOMOB UT .

Pemenwune IlpmV > vy gacrumnsl, orpakeHHbe 0T 33 1HeH TOBEPXHOCTH
JINCKA, HECYTECTBEHHBI (32 UCKTIOUYEHNEM y3KOii 06/1aCTH y 9TOM OBEPXHOCTH
cM. HWXKe). Bce €10 crOAMTCS K «3aTeHe-

V, HUIO» JUCKOM Haberaionero noroka. B cucre-
R S~ M€ KOODAWHAT, B KOTOPOW JWCK TOKouTCs (a
~
90 T~ z  Ta3 IBUKETCA CO CKOPOCTHIO V), B OTCYTCTBHUE
camoro aucka GbYHKIHs pacmpeeaeHns Obuia
» OBl paBHA
Sy = N0 { my V)
0 = - — .
Puc. 4 (2mmT)3/? 2T

B npucyTcTBUM AMCKa MIOTHOCTD YHMC/IA 9aCTHI Ta3a Ha ocu z (puc. 4) Gyzer

N(z) =2n / / Fo(v)p® sin® dv) dp,
0 90

rae ¥ — yrosi Mexjy v u 0CbhIo Z, a Y9 — yroJi, 110/l KOTOPbIM PAJINYC JINCKA BUIEH
u3 To4ku Habmogenus Ha ocu z (tg g = R/z; wactunst ¢ ¥ < 9y «3aTeHeHbI» ).
Wurerpuposanue ¢ yuerom ycuosust V 3> vp paer

12 P
N(z) = No ( m ) /exp {f%[(v — Vecosdo)® + V7 sin” 190]}1)(11) =
0

V. \2nT
2 2
sin2190} :Ngéexp{—mv L},
R? + 22 2T R? + 22

rae No — 1JI0THOCTH Ta3a Biaan OT aucka. arerpupoBanue 110 dp BHITTOIHEHO
B nipeanonokenun cos Yo 3> vr /V (MOXKHO MOKa3aTh, 9TO ITO Ke HEPABEHCTBO
ABJIACTCA TaAKXKE "N yCIIOBHeM ,E[OHyCTI/IMOC’T‘H HpeHe6pe)KeHH9[ OTpa)KeHH})IMI/I orT
3a7Hell CTEHKYW 9aCTUIAMHA).

2

v
~ N cos g exp {_m

§ 16. Ilnnamuveckuii BbIBOJ KUHETUYECKOTO YPABHEHUS

XoTst M3JI0KEHHBIH B § 3 BHIBOJ] KWHETHYECKOTO YDPABHEHWST V0B~
JIETBOpUTEIeH ¢ (PU3WIECKON TOUKN BpPEHUs, MPEACTABITAET 3HAUN-
TEJIbHBINA WHTEPEC TMPOCAEINTh 38 TeM, KaKUM 00pa3oM 3TO ypaBHe-
HUE MOKHO aHAJIUTUYIECKU TTOJIYIUTH N3 MATEMATUYIECKOTO allliapaTa
TEOPWUH, T. €. W3 YPABHEHWI IBUKEHUS YaCTHUIl ra3a; TaKoil BBIBOJ
nan H.H. Bozoawboswvim (1946). 3navernne 3TOro mMeroga COCTOUT
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TakyKe W B TOM, YTO OH JAaeT PETyJIApHYI0 TPOIELYpPY, TTO3BOJISIO-
HIyI0 B TIPWHIWTIE TIOAYYWTH He TOIRKO ypaBHenwe bomapmvana, HO
W TIOTPAaBKW K HEMYy, T. €. WIEHBI CIeAyIOINX MOPSAIKOB 110 MaJlo-
My «Tapamerpy rasoroctu» — otromennio (d/7)3, rie d — wmome-
KyJIiDHBIE pa3Mepbl (pajuyc AefiCTBUS MOJEKY/ISPHBIX CHJ1), a T
CpeJHee PACCTOAHNE MeXKLy MOoJeKyaaMu. VznaraeMplil HUZKe BBIBOJ
OTHOCUTCS K OZHOATOMHOMY Ta3y B YHCTO KJIACCHMYECKMX PaMKaX,
T. €. B IIPEANOJI0KEHNU, YTO HE TOJBKO CBOOOJHOE JIBHKEHHUE, HO W
NPOLECChl CTOJKHOBEHMsI YaCTHUI] ra3a ONUCHIBAIOTCA KJIACCHYECKOM
MeXaHUKOI.

McXOaHBIM TIYHKTOM METOAA sBASETC Teopema JImyBuis s
dbyHknnm pacnpejenenusi raza B 1eJoM Kak cucrembl N uwacTuil.
O6osnaunm Takyw dynknuo (B 6 -meprom dazoroM mpocTpan-
crse) uepes W) (t, 11, 79.... ,7), Tae CuMBOIBI T, 06O3HAUAIOT
COBOKYTTHOCTH KOOPAWHAT W KOMTIOHEHT WMITYJIbCA G- YaCTUIIBI:
Ta = (Tg, Pa); 3Ta dyHKIMA OygeT MpeanosaraTbCss HOPMUPOBAHHOIM
HA, eIMHNILY:

/f(N)(t,T'],... 7TN)dT] d’TN — 17 dTa :d3$ad3pa

Qurypupyiomas B ypaBuenuu BojibiiMana «ogHo9acTuaHassy QyHK-

[Usl PACHpejiesIeHns [0/y4aeTcss HHTerpupopanuemM GpyHkiuuu f (M)
Mo BCeM dT,. KpOMe OIHOTO:

fO, ) = /f<N> dry ... dry (16.1)

byuxmus 1) roxe nopmuposana ma 1; oGosznadenue xe f (6e3 un-
JIeKca) COXpaHnM st QyHKIINY pacpe/ie/IeHnsi, HODMUPOBAHHON Ha

noanoe unciao wactui: f = N fO.

Hamomunwm (cm. V, § 3), uto Teopema JInyBu/iisi BO3HUKAET Kak
CJIEJICTEVE YPABHEHUS HEMPEPBIBHOCTH B (ba30BOM TTPOCTPAHCTRE, KO-
TOPOMY JOJIKHA YAOBJIETROPATH (DYHKINA PACTIPEIETICHNsT 3aMKHY-
TOW CUCTEMBI:

N
o5 RO PR AT {0 P
ot +z; oo, 7 Ea) + Bon (f"Pa) ¢ = 0. (16.2)
a=
C nowmorpio ypasueruii [avmuabToHa
_ OH __oH
Fo =g Pa=—7- (16.3)

OTCIOZIA TIOJIYYa€TCA PABEHCTBO

N
(N) (N) (N) )
of + E {8f I.'a + of pa} = af = 07 (164)

ot or, OPpa dt

a=1
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nmpuvueM T, = V, W P, TPEATONaraioTCs BBHIPAKEHHBIMIA Tepes
T1,Ta,... coracHo ypasHenusim (16.3); paserncrso (16.4) u cocras-
JISTeT cofieprKaHme TeopeMbl JImyBmLIs.

Oyuknnio 'aMuIbTOHA OJHOATOMHOTO Ta3a MPEJICTaBUM B BUJIE

H=%" an + 3 Ulra —m)). (16.5)

a<N b<a<N

3J1ech MPEJIoIAraeTcst, YTO BHEITHee 1106 OTCYTCTBYET, a B3aWMO-
JeiicTBre YacTull ra3a JApyr ¢ APYyroM CBOAWTCA K CyMMe UX Tomnap-
HbIX B3auMOoJeiicTBui 1). C rakoit dyukiueit lavuibrona ypasaenue
(16.4) npunumaer Buj

N

3f(f\/) {6f(N) 6f(N) AU }

— = 16.

ot +; or, " ° Pa ; dr, 0, (16.6)
= a

rae Uy (a # b) o6ozuavaer U(|r, — rp)).

IIpounTerpupyem Temnepb 910 ypaBHeHUe 10 dTo ... d7ar. B pe-
By/IBTATE TAKOI'O0 HUHTEIPUPOBAHUSA W3 BCEX UJIEHOB II0JI 3HAKOM
cymmbl B (16.6) ocranyrest umb Te, KoTopbie cogepxkar auddepen-
UUPOBAHUS 110 P| WJIU I'1; UHTEIPAJIBI OT OCTAJIBHBIX YJIEHOB 1IPE0h-
Pa3yIoTCsd B MHTEIPAJIbl 110 DECKOHEYHO Y/AJIEHHBIM [MOBEPXHOCTAM
B UMILYJICHOM WJIM KOOPJAMHATHOM IIPOCTPAHCTBE U OOPAIIAIOTCH B
nysib. Takum 06pazom, oy dum

Af M (t,m) Af I (t, 1) AUy DA (t, 71, 72)
: = T2 g 16.7
ot Vi Jry N Ory op1 2 ( )

e f @ — HOpMUpOBaHHAs Ha 1 AByXdacTudHas (DYHKIINSA pacipe-
JEeJIEHUS, T. €. MHTerpaJl

FO(t, 11, 70) = /f(N) drs ... d1y (16.8)

(vroxurens N B (16.7) yuuThIBAeT €/IeHBI, OTIWYAIONINECS JIUIITH
obo3HaveHNEM TTepEMEHHBIX WHTEIPUPOBAHNST; CTPOTO TOBOPSI, YHNCIO0
Takux 4jnenos ectb N — 1, Ho, BBUY ouenb 6ombiioit seananabl N,

N—-1=N).

1 .
) Tlociemmee NpeaonokeHne MMEET MOAENbHBIH xapaxrep. Ilomuepknem,
OJTHAKO, UTO HA PE3Y/IbTATE TEPBOTO MPUOINKEHUA (OTBEYAIONETO YPABHEHUIO
Bosibiivana) oHO BOOOIIE He CKa3bIBAETCS: B 3TOM NpuOIMkeHnn Gurypupyor

TOBLKO JIBOWHBIE CTOMKHOBEHHWS YACTHUI, B KOTOPBIX Apyrue (He mapHble) B3au-
MOJIEHMCTBIMS HE yUACTBYIOT.



§ 16 JUHAMUYECKUI BBIBOJL 91

Awnanornansiv o6pasom, nponnterpuposas (16.6) o drs . .. d7ar,
TIOIyINM ypaBHEHWE

(2) (2) (2) . (2) . (2)
of* |, or? | Bf?  0Unaf? | 9L 0F”) _

ot Or, ors ori 6[)1 ors 6[)2

Af® aUs . Of® AU.s
= : : drs, 16.9
N/|: 6[)1 61'1 + 6[)2 61'2 73 ( )

rae fO)(t, 71, 79, 73) — TpexuacTuunas GyHKIHS PACTPE/IeIEHNUsL.
[Ipogoskas Takum 006pa3oM, Mbl HOAyUM/in Obl MPAKTUYECKU
neorpanudennyto (N oueHb BeJMKO!) HEnovky NoCIeJI0BATebHBIX

ypaBHeHuil, kax10e u3 koTopbix Boipaxaer [ gepes f("+1) Bee
9TU yPABHEHUS  TOYHBIE B TOM CMBICJIE, YTO HUKAKKUX MPEITION0KE-
HUil, CBA3AHHBIX C PA3PEZKEHHOCTHIO ra3a, B HUX eIle He J1e1a/10Ck. Ho
JUISE TIOJIYYEHUsT 3AMKHYTON CUCTEMbl yPaBHEHWI 3Ty LENOuKy HaJl0
T71e-TO0 060PBAThH, BOCMTOIL30BABIINCH YCIOBHEM DA3PEKEHHOCTH Ta-
3a. B wactrocTn, mepBomMy MPHOIMKEHWIO METOa OTBEYAET OOPHIB
[ENOYKN yKe Ha nepeoM ypasHennn (ypasuenne (16.7)), B KoTopom
neyxuactinanas ynkius (2 Gyger npubimkenno BeIpakena ue-
pes f(U Tloceree ocymecTRISETCS ¢ yIETOM PA3PEKEHHOCTH ra3a
¢ momomrkio ypasuernns (16.9).

Obpamasich K 3TOMy ypaBHEHHUIO, TTOKAYKEM TPEXKIE BCETrO, UTO
uHTerpas B ero npasoit wacru masn. Jeficreurensno, dyuxnus U(r)
BaMETHO OTJIMYHA OT HyJIsl JINIIb B PAJNYCe JeHCTBUS CUJI, T. €. IPU
r < d. [Tosromy u B 06eux yacrsx unrerpana B (16.9) unrerpuposa-
HUS 10 KOOPJMHATAM IPOUCXOAAT (DAKTUHUECKM JIMIIbL 110 00J1aCTsAM
lr3—r1| < dwm |r3—ry| < d, T e. o 06Bemy ~ d¥. Bamernr Taxxe,
YTO PU UHTEIPUPOBAHUM 110 BeeMy o0beMy raza YV ~ N7 66110 6bl

f f(3) drs = f(Q), HAXOANM CJIEAYIOMIYIO OIEHKY:

N 6f(3) 6U13 d’T ~ aU(’I’) (9]0(2)(1_3
] op1 or T Tar op 7

Orcrona BuHO, 9TO paBast 9acth ypasuenust (16.9) mana B oTHOMIIE-
nun (d/7)? no cpasnenuto ¢ cogepxanmavu OU/Or anenamu B jeBoit
YACTU YPABHEHHH U IO3TOMY €10 MOKHO npenedpeds. COBOKYIIHOCTH
JKe 4IEHOB B JIEBOM 4aCTH yPaBHEHUs LPeJCTaB/sger cOOOU IOIHYIO
TIPOM3BOIHY IO df(Q)/dt, B KOTOPOIi Iy, Iy, P1, P2 PACCMaTPUBAIOTCS

Kak (DYHKIINM BPEMEHW, YOBJIETBOPSIONINE YPABHEHNUSIM JIBUKEHNUST
(16.3) ¢ dynkumeit lamuibrona 3amaum AByX Tes:

2 2
H="2 4 P2 L (r — ).
2m m

2
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Takum obpazom, mmeem
d
<Ot mm2) =0, (16.10)

o cux nop Bce npeobpazoBanus yPaBHEHUN HOCUJIN YUCTO MeXa-
Huveckuii xapakrep. Pazymeercs, /st BBIBOJIA KUHETHYECKOTO yPaB-
HEHMA HEOOXOAMMO CJIENATH TAKIKE U HEKOTOPOE MPEIIION0KEHNE CTa-
TucTrueckoro xapakrepa. OHO Moxker ObITh CHOPMYJIUPOBAHO KAK
YTBEPZKJIEHUE O CTATUCTUYECKON HE3aBUCUMOCTH KaXKJ0H Mapbl 4da-
CTHIL, BCTYNAOMMX B CTOJKHOBEHUE (110 CYIIECTBY MMEHHO 9TO MPe/I-
MOJI0KEHUE TI0IPA3YMEBAIOCH PHU BBIBOJE KMHETUYECKOIO ypaBHEe-
Hus B § 3, KOIJIa BEPOSTHOCTH CTOJKHOBEHUS 3AINCHLIBAIACH B BUJIE
(2.1), nponopunonanbaom npoussegenuio ffi). B usmaraemom me-
TOJIE 3TO yTBEPIKIEHUE UTPAET POJIb HAYAJBHOTO yCa0BUs K jude-
pennmaabHomy ypasaenuio (16.10). Vimenno ono BHOCMT acuMMeT-
PUIO TI0 OTHOTIEHNIO K 000MM HATTPABJIEHUAM BPEMEHU, B PE3YILTATE
Yer0 M3 WHBAPWUAHTHBIX K OOPAIIEHWIO BPEMEHW YpPaBHEHW Mexa-
HUKW TOJIy9aeTcs HeobpaTtmmoe KWHeTHIeCKoe ypasuenme. Koppe-
JIAIAS MEYKIY TIOJIOKEHUSMI W UMITYJIHLCAMW TaCTUL] Ta3a BOSHUKAET
JINIITH B TEUEHNE BDEMEHN WX CTOTKHOBEHUsI (~ d/vU) m mpocTupaercst
Ha paccrostanst ~ d. Takum obpazom, TPeanoaosKeHne 0 CTaTHCTH-
YECKOW HE3aBMCUMOCTU CTAIKWBAIOIINXCA YACTUI SBISETC TaKKe
M UCTOYHUKOM TPWHINTHAIBHBIX OTPAHWTIEHUI B JOMTYyCKAEMBIX K-
HETUYECKNUM yPABHEHWEM PACCTOTHUAX M TTPOMEKYTKAX BPEMEHU, O
KOTOPBIX TOBOPUJIOCH YiKe B § 3.

Tlycth ty) — HEKOTODBIi MOMEHT BPEMEHW, TPEANTeCTRY IO
CTOMKHOBEHWIO, KOTZA JBE YACTUIHI HAXOAATCS €IIe AAIEKO JIPYT
or gpyra (|rig — rog| > d, rae WHAEKC Hy/JIb OTJIMYAET 3HAYCHUS
BEJIMYUH B 3TOT MOMeHT). CTaTucTnyeckasi He3aBUCHMOCTh CTAJIKV-
BAIOIINXCSA TACTUI, O3HAYAET, 9TO B TAKON MOMEHT t(y ABYXYaCTHIHAS
dbyHKIMa pacnpemenennst pacnagaeTcs Ha TPON3BEJICHNE JIBYX OJI-

nouactnanbx ynxumii £, Tlosromy nrrerpupoBanme ypasHenvst
(16.10) or tg mo t maer

FOt,m1,m) = FO(t0, m10) FD (t0, m20). (16.11)

Baecwh 119 = (r10, P10) ¥ T20 = (r20, P20) HAJL0 NOHUMATH KAK T€ 3HA-
YeHusd KOOPAWHAT U UMILY/IECOB, KOTOPBIE JIOJI2KHbI UMETh YaCTHUIbI
B MOMEHT % [ijig TOrO, 9T00Bbl K MOMEHTY t npuobpectu Tpedyembie
suavdenus 71 = (r1,p1) u 79 = (ra, P2); B 3TOM CMBIC/IE Ti(, To) SABJIsI-
10TCst GYHKIUSMY OT T1, To W £ — to (Mpudem oT ¢ — tg 3aBUCAT JIUIITH
T10 U Fo0; 3HAYEHUS K€ P1g U P20, OTHOCACH K CBOOOIHO JIBUKYIIIIM-
Csl TIEpeJI CTOJIKHOBEHUEM YaCTHIAM, OT BbIOOpaA t — t He 3aBUCAT).

Bossparumvcst K ypasuernio (16.7) — GyayiieMmy KHHETHIECKOMY
ypasuennio. Ero jeBast gacth yxke mmeer Tpebyemblit Bu; HAC Oy-
JIeT WHTEPECOBATh TeTeph WHTETPAJ B €ro TPaBoil 9acTH, KOTOPBIit
JIOJI>KEH TTPEBPATHUTHCA B KOHIIE KOHIIOB B WHTErpajl CTOJTKHOBEHWH
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ypasuennsg Bonbivana. [TogcTtaBuB B 9TOT MHTETpaI f(2) n3 (16.11)
u mepeiis B o6enx uacrax ypasuenus ot bynuxmun (U k dynkimm

f=NfU numem

af(t: Tl) af(t: Tl) .
o TV, Ot

1
rjae

St/ = [ 222 (to, o) (. ) (16.12)
. 61‘1 ap1

B wnrerpane (16.12) cymecreenra TOaBKO 00/1aCTh |r9 — ry| ~ d —
06J1aCTh, B KOTOPO#i MPOUCXoauT crojskHoBeHne. Ho B 9Toil obaactu
MOXKHO TIpeHeOpedh (B paccMaTpuBaeMOM TepBOM Tpub/nkenun!)
KOODIWHATHOW 3aBWcnMOCThio dyHKIUNU f; 3Ta DYHKINSA 3aMETHO
MEHsSIEeTCsl JIMIh Ha pPacCTosiHnsax L (XapakTepHble pa3Mepbl 3aja-
4m), BO BCAKOM Cjydae Goabinux no cpasaenuio ¢ d. Mbl He nzme-
HUM [03TOMY OKOHYATENHLHOIO BUJA MHTErPAIa CTOJKHOBEHUI, eciin
Oy1emM paccMaTpuBaTh (C MeJIbI0 HEKOTOPOTO YTIPOIIEHUsT PACCY K e
Huii u 3anucu GopMys1) TPOCTPAHCTBEHHO-OJAHOPOAHBIA Cirydail, T. €.
NpeAnonoKuB, 4ro GpyHkuua f BOOOIIE HE 3aBUCAT OT KOOPJMHAT.
Cpasy xe ormerum, uro B dynkuuax f(to, p1o), f(to, P2o) npona-
JlaeT Torja v siBHas (uepes mocpescTBo rig(t) m rog(t)) 3aBUCHMOCTS
OT BPEMEHH.

[Tpeobpaszyem mojpIHTErpaIbHOE Bhipakenne B (16.12), Bocrmosh-
30BaBIIICH TEM, YTO BhIpaykeHne B (DUTyPHBIX CKOOKAX sIBISETCS WH-
TerpasioM JIBWXKeHUs (MMEeHHO KaK TaKOBOe OHO MmostBiIoch B (16.11);
HE3aBUCUMO OT 3TOTO OUYEBUIHO, YTO P1g U Pog — 3HAYEHUS WMITY.JIb-
cOB B (DUKCUPOBAHHBIIT MOMEHT BPEMEHU fy  y2Ke 110 ONPEeeHUTO
SIBJISAIOTCS MHTEIPAJIAMU JIBUKEHHUsT ). Y UTs TAKZKE M OTMEUEHHOE Bbl-
e OTCYTCTBME B HUX ABHON 3aBUCHMMOCTH OT BPEMEHU f, UMEeeM

dt Ory 2871'2 ory 8p1 Ors 81_')2
X f(to, p10)f(to, P20) = 0. (16.13)

Bripasum 0TCio/1a MTPOM3BOIHYIO 10 P Y€pe3 PON3BOIHBIE TI0 I'y, I'y
n po n nogacraum B (16.12). Ynen ¢ mponssoxnoit d/Jpy ncuesaer
noc/e mpeobpa3oBaHWsi B WHTETPAJ 10 MOBEPXHOCTH B NMITYJIHCHOM
npoctpancTie. [locae sToro mosrydanm

d 0 0 oUs 0 oUs 0
— f(to, P10) f (to, P20) = <V1+V - = T2 )X

Stf(tap]) = /VOTH;{f(toap]O)f(t(]up?O)}dsx d3p2: (1614)

rJIe BBEJIEHA OTHOCHUTE/IbHAS CKOPOCTh YACTUIl Vopy = V| — Vo U
YUTEHO, 9TO P1g U P2g (a4 ¢ HUMM M BCe BbIpaxkKeHue B (DUIYDPHBIX
CKOOKax) 3aBUCST OT I'q ¥ 'y JIWIIH Yepe3 Pa3HOCTh I' = 'y —ry. Brest
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BMECTO T = (,¥, z) IMINHIPUIECKIE KOOPAWHATHI Z, P, ¢ C OChIO Z
BJIOJIb Vg, 3AMETUB, UTO Vo 0/ 0T = Vopq0/02, 1 IpOUHTErPUPOBAB
1o dz, nepermmenm (16.14) B Buge )

St (1, p1) = / (£ (t0, p10) f (0. P20)}

Z=00

Vorup dp dep - d3p2 .
00
(16.15)

BenmomauM Tenepb, 910 pig ¥ Pag Haua/IbHBIE (B MOMEHT f)
UMTIYJIBCHI 9aCTUIL, KOTOPbIE B KOHEYHbBIIT MOMEHT { IMEIOT UMITYJTbCHI
P1 1 p2. Ecim B KOHETIHBINT MOMEHT 2 = 21 — 29 = —00, TO SICHO, 9TO
B HAYAJIBHBINT MOMEHT YaCTHUIIBI HAXOAUIUCH EIIe TaJbIey APYT OT
Jpyra, T. €. CTOJKHOBEHWS BOOOIIEe He OBbLIO; APYTMMU CJIOBAMH, B
9TOM CJlyvdae HadaJbHbIE M KOHEYHBIE UMITYIbChI COBITQ/IAIOT:

z=—

Pio = P1, P20 = P2 Upun =2z = —0Q.

Eciu xke z = 400, 10 p1g ¥ P2g UIPAIOT POJIb HAYATBHBIX UMITYJIHCOB
JIJIE CTOJIKHOBEHUsI, B PE3YJIbTaTe KOTOPOI'O YACTHILI IPUOOPETAIOT
UMILYJIBCHI P1 U P2; B 9TOM CjIydae BBeJeM 0003HAUEHUs

P10 = P1(p), P2 = Ph(p) 1pu z = +oc.

OTr 3HAYEHUS SBIAIOTCS (DYHKIUSIMUA KOOPAUHATHI 0, WUTPAIOIIEit
PO TPUTIETHHOTO TIapaMeTpa CTOTKHOBeHUs. [Iponspeienne ke

pdpdp = do

€CTh KJIACCUYIECKOe CEeUeHre CTOJIKHOBEHMIA.

Hakomer, ocraercsi 3aMeTnTh, UTO SIBHYIO 3aBUCHMOCTH (DyHK-
it f(to, P1o) u f(to, P2o) OT tg MOYKHO 3aMEHWThH B pacCMaTpUBae-
MOM TIPUOIMKEHUN TAKON K€ 3aBUCUMOCTBIO OT t. JleficTBurennmo,
CTIpaBeIMBOCTEL yTRepKaernsi (16.11) Tpebyer coOJIIOIeHNsT JIAIITH
HepaBeHCTBa t — to > d/U: B MOMEHT t( PACCTOsSIHUE MEXK/y 4aCTu-
HaMu JO0JZKHO OBbITh BEJIMKO 110 CPABHEHUIO C PAaUyCOM JeificTBus
cuit d. Ho pazuocts t — ty moxker ObITb BhIOpaHa Tak, 4TOOBI yi0-
BJIETBOPATH TAKzXKe U yCa0BuIO t — tg <K 1/, rne | ajmna npobera;
oTHOmIeHue ke [/v  Bpems cBOOOAHOrO mpobera  eCcTb Kak pas
Ta XapakKTepHasl BeJUYNHA, KOTOPas ONPeIesisdeT MePUOIbl BO3MOZK-
HOTO u3Menenus PYHKIUU pacupejieenus co Bpemenem. 3menenue
dbyHkinu pacupeeienus 3a Bpems t —tg Oyger Toraa OTHOCUTETBHO
MaJIbIM, TaK 9TO UM MOXKHO IpeHeOPedb.

1) Ipenens: z = +00 HAO HOHUMATH KAK PACCTOSHUS, GO/IBIIHE 10 CPABHEHIIO
¢ d, HO MaJIbIe TI0 CPABHEHWIO ¢ IMHOMN nipobera | (Mpn OyKBaJIbHO GECKOHEUHBIX
mpeesax BCe BhIpaxkKeHne 06paTuiaoch ObI B HYIb, MTOCKOMBKY f = ( BHe 00beMma,
3aHMMAaeMOro Ta3oMm). Takas cuTyanusa BOHUK/IA BCIEJACTBHE TOTO, 9TO TIPU TIEPe-
xoze ot (16.12) k (16.14) 6b110 ncnons3osano ypasuenue (16.13), cnpasemymsoe
JIMIIB JT0 T€X TOP, TOKA PACCMATPUBAEMbBIE YACTUIBI HE UCIIBITHIBAIOT CIEILYIOIINX
CTOJIKHOBEHWIA.
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[Tocste BCeTO CKA3AMHOTO MOMYYaeM OKOHYATETHHOE BBIPAZKEHWE
st warerpasa (16.15):

St f(t, pl) = [{f(ta p’l)f(ta p’2) o f(t, pl)f(ta p2)}“0TH do d3p27
(16.16)

coBnaaoliee ¢ HOJIbIMAHOBCKUM WHTErPAIOM CTOJIKHOBeHHUit (3.9).

§ 17. Kunerndeckoe ypaBHeHUIE
C YYE€TOM TPOMHBIX CTOJTKHOBEHUIA

Jlisi HaxOXkK/eHus MEPBBIX MMOMPABOYHBIX UJIEHOB K YPaBHEHUIO
BoabnMana Hajio BEPHYTHCS K TEM [IYHKTAM U3/I0KEHHBIX B § 16 BbI-
YHUCEHUN, B KOTOPBIX ObLIU MPOU3BEIEHBbI MPeHeOpeKeHusi, u mIpo-
JBUHYTH TOYHOCTHb BBIYMCACHUI HA OJUH MOPsIOK (110 napamerpy
ra30BOCTH) JaJiblie. DTU NPEeHeOPeKeHnst OTHOCUIUCD, TIPEXK/IE BCe-
ro, K ypasuennio (16.9), B KOTOpOM OBLIN OMYIIEHBI YIEHBI, COIEP-
atme TpoitHyio koppessimo f); Tem camMbiM GBIIM MCKITIOYEHbI
W3 PaCCMOTPEHUs TPOHHBIE CTOJKHOBEHNS aTOMOB. Kpowme Toro, mpu
npeobpa3oBanuy WHTerpasa crojkHoBerusi (16.12) Kk okoH9aTE/b-
Homy Bujy (16.16) GbL10 npenebpexkeno uamenenueM (DyHKIUU PAc-
peJIe/IeHnsT Ha PACCTOSTHUSIX ~ d ¥ 3a BpeMmeHa ~ d/v; TeM caMbiM
IBOIHBIE CTOMKHOBEHWS PACCMATPUBAINCEH KAK «JIOKAJIBHBIE» — TTPO-
UCXOMAIINe B OHOI Touke. Termeph MOKHBI OBITH yUTEHBI 00a 3TH
WCTOYHWKA TIOTPABOK — TPOWHBIE CTOJIKHOBEHUS M «HEJTOKATHHOCTD»
TIAPHBIX CTOJIKHOBEHMUIA.

B nepBom npubsurkenun menoydka ypasHenuit Ooiia obopBana Ha
sropom ypasuennn, caseisatomem 2 ¢ ). Bo sropom npu6iu-
JKEHNN HAJ0 J0fTH 710 TPEThEero ypasHenns, ces3piaomero f) ¢
W npuvem unensr ¢ ) B Hem MoxkHO OnyCTHTH (110106HO TOMY,
KaK B IIEPBOM HPub/IMKeHnu ObLIN OMYIIEHbI Y9I€HbI C f(s) B (16.9)).
[Tocne aToro ono cejercs K Buiy

S FD(t 1, ma ) = 0, (17.1)

aHAJI0ruIHOMY npexkuemy ypasaenuto (16.10) s f(Q); IepeMeHHbIe
T1, T2, 73 B (17.1) mpeanonaraoTcs M3MEHSIIOMIMMHUCS CO BPEMEHEeM
COIJIACHO YDABHEHMsIM JIBUZKEHUs 33J1a4u TPex Tes (IpudeM B3au-
MOJIEICTBUE MEXK/y YaCTUIIAMK IMO-IPEKHEMY OyJ/ileM CunuTaTh mnap-
meiM 1)), C yderoM CTaTHCTHHUeCKO# HEe3ABMCHMOCTH TACTHIL MepPeT

)'B TIPOTUBOTIONIOKHOCTD MEPBOMY TpHOIMKeHnio (cp. mpumed. wa c. 90) Te-
ephb 3TO MPEIIOJI0KEHNE HECKOJHKO OrPAHMYMBAET OOIMHOCTH PACCMOTDEHUS,
MOCKOTBKY B TPOWHBIX CTOJKHOBEHUSX MOT/IM OBl TIPOSIBISATHCS W TPOMHBIE B3a-
nmogeiicrus (1. e. winensl B Gynkunn lamunsrona suga U(rg —ri,r3 —r1)), He
CBOAAIIMECH K [aPHBbIM.
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CTOJIKHOBEHVEM perrenne ypasuernus (17.1) ecrs

FOt, 71, 70,7m3) = FV(t0, m10) D (0, 720) f D (H0, 730).  (17.2)

Benmuunnbl t, 740 (@ = 1,2,3) umeror 31ech TAKON K€ CMBIC/I, 9TO

B (16.11); 740 = Tao(t,to, 71,72, T3) — 9TO 3HAYEHWUST KOODJMHAT W
UMITYJTHCOB, KOTOPBIE YaCTUIIBI IOJKHBI UMETH B MOMEHT t( JIIs1 TOTO,
9TOOBI K MOMEHTY { TIOTACTh B 3aJaHHBIE TOUKH T1, T9, T3 (DA30BOTO
npocrparcTsa. Ormane ot (16.11) cocronT gnmb B TOM, 9TO Tenephb

Ta0 = (Ta0, Pa0) ABJSIIOTCS HAYAJIBHBIMU 3HAYEHUSIMU KOODJMHAT U
UMITYJILCOB 332491 Tpex (a He JByX) TeJ, KOTOPYyIo Oy/eM CYUTATh
B IPUHIUIE PEIIeHHON 1

Jlst 3anucy u TpeoOpasoBaHus JATBLHERTINX HOPMYIT TeIeco00-
pPa3HO BBECTU OLEparop Si93, JAeiiCTBUE KOTOPOIO Ha (DYHKIMIO Iie-
DEMEHHBIX T1, T2, T3 (OTHOCAIIUXCS K TPEM YaCTUIAM B 33/1a4€ TPeX
TeJI) 3aKJI0UAeTCS B 3aMeHe THX TePEeMEHHbBIX COTIACHO

Yo = Fa = Tao + 221~ o), (17.3)

Pa — 5(1 = Pa0-

AwnajoruunabiM obpaszom, orepatop Sig OyJeT TPOU3BOANTEH TAKYIO
JKe 3aMeHy B (DYHKIUSX TTEPEMEHHBIX Ty, T, OTHOCSIIUXCS K JIBYM
JacTUIaM B 3ajJade JBYX Tejl. BaykHoe CBONCTBO NMpeobpasoBaHmst
(17.3) cocront B TOM, UTO TIpW BpeMmeHax t — ty > d/v ono mepecra-
eT 3aBUCETH OT BpeMeHn. JleiicTBuTe/IbHO, TpY TaKuX € — ty YaCTHUIIHI
HaXOJSITCS JIAJIeKO IPYT OT APyra W JBUKYTCSI CBOOOIHO C TTOCTOSTH-
HBIMU CKOPOCTSIMU Vg0 = Pgo/mM; TIPH 9TOM 3HAUEHUSI Ty 3aBUCSAT
OT BpeMeHM Kak const — vgo(t — tg) W BpemMeHHasi 3aBUCUMOCTH B
(17.3) BBInagaer. 3aMeTuM TAKXKe, UYTO €CJM 4aCTULBl BOOOLIE He
B3anMojieiicTBoOBaM Obl, TO Tipeobpazosanue (17.3) cBoanIOCH OBI K
TOXKJIECTBY: 1IPpU CBOOOJHOM (B TE€YE€HHE BCErO BPEMEHU) JBUZKEHUU
npasble yacTn mpeobpasosanuii (17.3) TOXKIECTBEHHO COBMAIAIOT C
nesbrvm. o Toft ke nprawne, ecim OHA W3 TACTWIL, CKaXkKeM, Ja-
cruna I, ne zammogeiicrsyer ¢ dacruuamu 2 u 3, 10 Siog = Sgr;,

oTiepaTophl Ke .5'12 " .5'13 B 9TUX YCIOBUAX CBOAATCA K eanauIe. B
CUJTy 9TUX CBONCTB OYEBUIHO, UTO OMEPATOP

Gros = S123 — S12 — Siz — Sz +2 (17.4)

obparmaercst B Hy/Ib, €CJIN XOTs OBl OJIHA, M3 TPEX YACTHUIl HE B3ANMO-
JeficTByeT ¢ AByMs ApyruMu. JIpyrumMu cioBamMu, STOT OTIEPATOD BbI-

') @akruueckn, KOHEUHO, AHAIMTUYECKOE DENIEHUE 380291 TPEX Tejl MOXKeT
GBITH OCYIIECTBIIEHO JIUIIb B PEAKUX CIydasx (HALPUMEp, IJisi TBEPIBIX IIapu-
KOB).
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nesisier w3 QYHKIUN Ty 9aCTh, KOTOPAs CBS3aHA CO B3aUMOLHCTBU-
eM BCeX TpeX 4JacTull (MexkIy TeM Kak B 3aJlady TpexX TeJ BXOJIST,
KaK YaCTHBIE CIyvar, TAKKe W MapHble CTOIKHOBEHUS TIPU CBOOOIHO
ABUKYIIENCSa TpeTheil qaCTI/Iue).

C nomomkio omeparopa S1o3 dopwmysa (17.2) sanwmercst B Buje

f(s)(t; T, T2,T3) = §123f(])(t; to,T1).F(])(t,to;T2).f(])(t,to;73),
(17.5)

e
FO( to,m) = £ (to,r* E(15*750)7P) (17.6)
m

(cBur aprymenTa r B f(l) BREJIEH [T KOMTIEHCAIIUN CIABUTA, TTPOU3-
BOAWMOTO OTIEPATOPOM §123).

JByx9dacTnaHoe pacrpejie/ienne f(2) TTOJIy9WM, TIPOWHTETPUPO-
BaB QYHKIINIO f(3) 10 TIEPEMEHHBIM T3, & UHTETPUPOBAHME TI0 Ty U T3
Jaer hyHKIUIO pacupejesienus f M)

f( ) t T1, 7'2 ff t 7'1,7'2,7‘3) dTg, (177)
FO ) = [ O, 71,79, 73) dry drs. (17.8)

[Mesb ganbHeRmero BhlaucIeHns COCTOMT B TOM, 9YTOObI U3 3THX JBYX
pasencrs (¢ ) uz (17.5)) uyrem uckmouenus f1) ¢ nyxuoit rouno-

crpio Boipasuts f(2) uepes f(1). IlopcraBue 3arem 310 BhIpazkeHue
B ypasaenue (16.7) (camo 1o cebe TOYHOE), Mbl HOJYIUM UCKOMOE
KUHETUYECKOE YDABHEHUE.

st ocymecTBieHus 3TOH MPOrpaMMbl, MIPeXK e BCero, mpeodpa-

syem maTerpas (17.8), seipasus B (17.5) omeparop Si93 vyepes Gios
corsacuo (17.4). Umes B Buy oueBuaHbIe (B CHLY COXPAHEHMs! HOJI-
HOTO YHC/Ia MOJIEKYJ) PABEHCTRA

/ﬂ”(t,to,r) dr = /f(”(to,T) dr =1,

/§12.f(1)(t; to,ﬁ)f(l)(t,to;ﬁ) dry dry =1,

TTOJTY 9 M

f(l)(taTl) =
= .F(l)(tatoaTl) + 2/{(§12 - 1).ﬂ1)(tat0:Tl).f(l)(tvtO:TQ)}dTQ +

+ /{6123f(])(t: tUuT])ﬂ])(t: tUaTQ)f(])(tatO:T?))}dT? dTS' (179)

4 JI. Jd. JlTappay, E.M. Jlucdmun, Tom X
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OTO ypaBHEHWE MOYKHO PEMaTh OTHOCUTEIHLHO f(l) TTOCTIETOBATE -
HBIMUI IPHOINKEHIAME, UMes B BAJLY, 9TO (§12 — 1) nepsoro, a Gho3
BTOPOTO TOPsijIKa MajgocTn (cp. omenky mpasoit wactn (16.9)). B my-
JIEBOM TIPUOJINKEHUN: f(l)(t, to, 1) = f(l)(t, 71). B cregyrommx aByx
NpUBINKEHUAX IOy TUM

FO(t,to,71) =
= fO(t,m) -2 / {12 = O (t,7) f N (8, 72) } dra —

— /{6123 — 4(§12 — 1)(§13 + Sy — 2) O (t, ) fD(t, ) x

X f(l)(t,Tg)}dTQ dTg.

Tenepb ocraercs noacTaBuTh 310 Bbipaxkenue B (17.5) u 3arem B
(17.7), coxpaHuB TIPW ITOM JIWIIb “JIeHbl He 6ojiee YeM BTOPOTO TO-

pska magoctn (waenst ~ (S1o — 1)2 w ~ G1a3). B pesysrarte mio-
JIy9UM OKOHYATEHHO

FOt,m1,79) = S1af O (t,71) FO (8, 72) +
+/{ﬁmgf(l)(t,ﬁ)fﬂ)(t,m)f(l)(t,fg)}dfg, (17.10)

rie
Ry93 = S123 — 512513 — 512593 + S1o. (17.11)

osepkHeM, 9T0 NOPATOK C/1€J10BAHUs S-OIEPATOPOB B UX IPOU3BE-
Jenusx cymectser. OmepaTtop 512523, HaTTpUMep, CHAYaJIa 3aMeHsTeT
nepeMeHHble Ty, Ty, T3 — T1, To(Ta,T3), T3(7T2,73), npudyem (yHK-
uuu 79 3(T2, T3) OLPEIEIAIOTCH 10 YPABHEHUSIM JBUKEHUS B3aUMO-
JEHCTBYIONMX YacTull 2 u &, a 3aTeM HePeMEeHHbIC T{, T, T3 HOJ-
BEPraioTcs npeobpasoBanuio 11, T, T3 — T1(T1,72), T2(T1,7T2), T3,
rje renepb GyHKUuU Ty 9(7T], T2) OLPEJENMIOTCS 3aadeil O JABUKe-
HUU 1apbl BlauMmojieiicrBytommx yactul, 1 u 2.

IMoxcrasus reneps (17.10) B (16.7) u nepeiius Besae ot dyHKImi
M x dyukuuam f = N wafizem kunermdeckoe ypasHeHue B
Buje |

6f(l;;7'1) vy 8fét ) — 64 f 4 st®) (17.12)

Y IIyTe nnst BRIBOZA TOMPABOYHBIX HY/IEHOB K yPaBHEHMIO BosbrMana ObLI
nameder yxe H.H. Bozoawboso.m (1946). IlpuBenenne STUX 9I€HOB K OKOHYA-
TeJIbHOMY BH Ly OocymecTBiaeno snepsbie 'punom (M.S. Green, 1956).
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rjae

St f(t,m) = /8;11” apl{S”f(t ) f(t,72)} dra, (17.13)

gt (3 )

t 7']
N / 66?12aipl{ﬁmgf(t,ﬁ)f(taw)f(taﬁ)}dﬁd73- (17.14)

[TepBrrit 13 3TNX WHTETPATOB €CTh WHTETPaAJ JBOMHBIX, & BTOPOH —
TPOMHBIX CTOJKHOBeHwuit. PaccMOTpUM UX CTPYKTYPY JleTajibHEe.

B oboux maTerpasiax B mojbIHTErPAJbHBIX BbIPAXKEHUAX (DUTY-
pupyior gpyHKIuU [, B3sIThle B PA3JIMYHBIX TOYKAX MPOCTPAHCTBA. B
MHTErpajie JABOMHBIX CTOJKHOBEHUN 3D@PEKT 3T0i «HEJIOKATbHOCTHY
HAJI0 BBIIEJIUTH B BUJIE MONPABKU K 00bIMHOMY (60/IBIMAHOBCKOMY )
uaTerpaiy. st 9T0ro pasioxKuM B HEM MeJJIEHHO MeHsoIpecs (Ha
paccrosinusx ~ d) dyHKumu f 110 cTenensM pasHOCTH Ty — I'1.

[Tockonbky 31n yHKIUKU CTOAT B MOJALIHTErPAJILHOM BbIparKe-

HUW TIOJ 3HAKOM oTepaTopa Sio, PACCMOTPUM CHAYAIa BEJIWINHBI
S19r1 m Si9ry, B KOTOpBIE DTOT OMEpaTop mpeobpasyer mepemMeH-
Hble 1 u ro. enrp unepuuu asyx wactun (rq + ro)/2 asuxercs
(B 3a/1a9€ IBYX TeJ1) PABHOMEPHO; OITOMY OMepaTop Sig 3Ty CyMMy
e Menser. C yaeToM 3TOT0 00CTOSATETHLCTBA TTUIIIEM

-~ -~ ri + re ry —ro rs —r 145
512P1:S12< L2 O)ZI’]-F 21— —Sia(ry —1y)
2 2 2 2
~ o — 1 ~
Siorg =11 + + 7512(1'2 — rl).

Paznoxus Teneps ynxmmm

S]Qf(t: ry, pl) = f(t S]QP] 3 p]O)u
S12f(t,ro, p2) = f(t, S12r2, P20)
10 r'9 — r1 C TOYHOCTHIO rHO YJIEHOB HepBOFO HOpSI,L[Ka, Hoﬂqu/IM
St f =gt f+ st ¢, (17.15)

rjae

oU
Stg)Q) f(t, rl:pl) = / 81‘112 Tp]{f(farl:plﬂ).f(tarQ:pQO)}dTQ:
' (17.16)

4*
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StSZ) f(ta r]up]) =
= ;/ Ol i{(1“2 — rl)aif(tarlapm)f(ta ro, Poo) +
T

81‘1 8[)1
19} 0
+ [f(ta ry, pl(])8 f(ta ry, p20) - f(ta ry, p20) f(ta ry, PIO)] X
r ory

X S]Q(I’Q —I'])}dTQ (1717)
(mndpdepentmporanysi O T MPOU3BOJASITCS TIPU TIOCTOSTHHOM P1g
1 P2g)-

Murerpan (17.16) copnagaer ¢ (16.12) 1); B § 16 Gb110 nokazano,
KaknM 06paszoMm (TyTeM BBIMOIHEHUST OJTHOTO W3 TPeX WHTEerpUpOBa-
HUH 110 TPOCTPAHCTBEHHBIM KOOPAUHATAM ) 3TOT UHTErPAJI IPUBO/IUT-
cd K OOBI9IHOMY OOJIBIIMAHOBCKOMY BUJLY.

O6parumcst K uHTErpasty Tpoiinbix crojkHosenuit (17.14). Yuer
HEJIOKAJIBHOCTUY B 3TOM WMHTErpajie Obla Obl NMPEBBINIEHUEM Ha/I
NPUHATON 3/1€Ch TOYHOCTHIO, TAK KAK CAM 3TOT MHTErPAJ yKe sAB-
Jistercst MaJjioi nonpaskoit. [loaromy B aprymentax tpex (yHkiuii f
B HEM HAJI0 TOJIOZKUTH BCE PAJINYC-BEKTOPBI T'1, T, I'3 OJMHAKOBBIMU
(coBMaAOMMU € T'1) U, CBEPX TOTO, CUYNTAThH, 9TO Oneparop Risz

Ha, 3TU TIEpEeMeHHbIe BOOOIIe He JIefiCTByeT 2).

St f(t, r]up'l)
N /86U12 R123f(t I']:pl)f(t,rl,pQ)f(t,r],p3)} dro drs.
r

(17.18)

Paccmorpum neckosibko Oosiee jieTajibHO CTPYKTYPY oreparopa Ris3
C HEJIbIO0 YSICHEHMsI XapaKTepa MPOLECCOB CTOJKHOBEHUH, yIUThIBAE-
MbIX uHTEerpasom (17.18). R

Ipezxe Bcero, oneparop Ris3 (kak m oneparop Gioz (17.4))
obpamaeTcss B HyJb, €CIM XOTd Obl OJHA M3 TPeX 4acTHI, He B3a-
UMOJICHCTBYET ¢ OCTAJbHBIMH. B 4mMCIO MPOLeccoB, st KOTOPBIX

Ri93 # 0, BXOAAT, OHAKO, HE TOJILKO TPOIHBIE (B OyKBaJIbHOM CMBIC-
Jie 3TOrO0 CJIOBa) CTOJIKHOBEHUHA, HO M COBOKYIIHOCTU HECKOJIbKUX
JIBOMIHBIX.

') Buipawenue (17.16) oramuaercs or (16.12) 3amenoit to na ¢ B aprymentax
dynxmmii f. [Toce Takoil 3aMenbl, OTHAKO, TpaBoe paBeHCTBO (16.13) BCe paBHO
nMeeT MeCTO, MOCKOJ/IbKY 3aBUCUMOCTU OT T, T's, P1, P2 BXOJAAT TOJbKO 4Yepes3
P10, P20, ABISIONINECS UHTETPATAMU IBUKEHUSI.

2) IomuepkHeMm, BO M30ekKAHWE HEIOPASYMEHWil, 9TO 9THW YHPOIIEHWUS OT-
HIOAHh HE 03Ha‘—IaIOT, 910 HO,Z[BIHTeraJIBHOe BBIpa)KeHI/Ie B006me HepeCTaET 3a-
BUCEeTH OT r27 1‘3; 3aBUCUMOCTH OT 3TUX HepeMeHH})IX oCTaeTrcd ‘Iepe3 110-
CPeACTBO S-0IepaToOpOB, KOTOPHIE MPEBPAINAIOT UMIIYThCH Po B (GyHKIMH
Pu(ri,r2,r3,p1, P2, P3)-
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B ucTuHHBIX TPOWHBIX CTOJIKHOBEHUSX TPU YACTHUIHI OIHOBPE-
MEHHO BCTYTAIOT B «cepy B3aNMOIEHCTBUsI», KaK 9TO CXeMaThde-
cku u3obpazkeno Ha puc. 5a. Ho omeparop Rjg3 omimden oT HyJisd
TaKKe U JJ1d TAKUX MPOLECCOB «TPOMHBIX B3aMMOJACHCTBUI», KOTO-
Pble CBOAATCS K TPEM IOCJIEI0BATE/bHBIM JABOMHBIM CTOJIKHOBEHUSIM,
NpuYeM OJIHA U3 AP YACTUI] CTAJKUBAETCI MEXKy CODON JIBAXKIbI;
IPUMEp TAKOTO NPOIECCa CXeMATHYECKH H306pa>KeH Ha puc. 56 (mus

3TOrO Hpoue(’(’a Slg =1, Tak 910 oepaTop Rug CBOJUTCS K 812‘; —

— SlgSgg) ). Bosee TOTO, OIEPATOPOM R123 YUUTBIBAIOTCH TAKXKe U
cydan, Korja OaHo (mam 0osiee) M3 Tpex CTOJKHOBEHWl sIBJISIeTCsI
«BOOOpaYkaeMbIM», T. €. BO3HUKAIOIIUM, JIUIh €CJIW He YIUTHIBAThH
BJIMSIHUSA HA TPAECKTOPUIO YACTUL, KAKOTO-JM00 N3 PEAJbHBIX CTOJIK-
nosennit. [Ipumep Takoro mporecca n3obpazken Ha puc. b 6: CTOJIK-
Hogenne 1 8 mmeno 6bl MECTO UMb B OTCYTCTBUE MCKAYKEHUs] TPa-

eKTOPUU 4aCTHIIbI 3 ee CTOJIKHOBEHUEM C qaCTI/IueH 2 ) (,zmﬂ 9TOT0

mporecca 5123 512523, HO Sy; # 1, Tak 410 ngg CBOJUTCI K
—812513 + Si2).

2 3 1
’
7 N
\lg J
A
N\
2 3 1

a 6 8

2 3

Puc. 5
(2).

[Tomobro Tomy, kak mpeobpaszoseiBaica B § 16 maTerpan St
MO2KeT OBbITh BBIIOJIHEHO OJHO W3 IIeCTU WHTEIPUPOBAHUI 110 KOOD-
JUHATaM B MHTerpaJse TPOWHBIX CTOJKHOBEHU; IPU 3TOM ITOTEHIINAJ

B3anmogeiicteust U9 B IBHOM BHE mcUe3aeT n3 hopMy.I 3).

s ~ ~
) B 10 xe Bpems oneparop Riss (B mpoTnBOmOnoKHOCTH oneparopy Gias!)
obpamaerca B HyJb /g MIOCTEA0BATETLHOCTH BCETO ABYX CTOMKHOBeHWid. Tax,

JUIS TIPOTIECCa, COCTABIEHHOTO M3 cTONKHOBeHUN 2 & u 1 2, 661710 OBl Slg':; =
= S125237 Sm = 1 TaK 49TO R123 = 0

2) Hanomuanwm, 910 110 cMbICIy meficTBust S-0nepaTopoB HAI0 CAEAUTH 33 Tpa-
E€KTOPHUSAMU YaCTHI] 110 HANPABJIEHUIO HA3a/l BO BpeMeHn!

3) IIposenenne sroro nmpeobpasosanus — cm. Green M.S. — Phys. Rev. 1964.
V. 136A. P. 905.
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§ 18. BupnasibHoe pa3Jjio>kKeHne
KUHETHYECKnX KO3 PUIMeHTOR

B § 7, 8 66110 yrKe yKazaHOo, 9TO HE3ABUCUMOCTH KOI(MDDUINEHTOR
TEeTJIONPOBOIHOCTH W BA3KOCTH OT TJIOTHOCTH (WJIM JABJIEHUsI) Tas3a
SIBJISIETCST CJIEJICTBUEM YUE€Ta OJHWX TOJHKO MAPHBIX CTOJTKHOBEHWIT
MosieKyJI. VIMEHHO Jijist TAKWX CTOJKHOBEHWIT WX YacToTa (T. €. YUCI0
CTOJIKHOBEHWIA, NCTIBITHIBAEMBIX B 1 € 3a[aHHOI MOJIEKYJIO) TTPOTIOp-
nuoHabHa ntotaoctu N, gauna npobera [001/N | a nockonbky 1) u
3¢ nponopimonasibubl NI, OHU OKA3bIBAIOTCs HezaBucdmmmu or N.
Monyuaromumecss rakum o6pazom 3uavdenus (0603HAYMM UX 4epes 1)
W ) SIBJSIOTCS, KOHEYHO, JIWIIH TEPBBIMU UJIEHAMW DPA3JI0KEHUs]
9TUX BEJMYMH 110 CTENEeHSIM IJIOTHOCTH (3TH PAa3/I0KEeHUs] HA3bIBA-
0T BUPUAALHBIMU). YKEe B CIEAYIONEM MPUOIMKEHNN TOSTBISETCS]
BABUCUMOCTH OT IJIOTHOCTH BUJA

u=uny(l+aNd®), n=mny(l+BNd®), (18.1)

rjie d — mapaMerp TOpsiIKa BeJIMUWHBI MOJIEKYISIPHBIX Pa3MepoB, a
«a, [ — Oe3paszMepHble TOCTOSTHHBIE. DTH TIepBhIe TTOTTPABKNA WMeIOT

JBOSTKOE TIPONCXOYKJICHNE, OTPAYKEHHOE B MOTTPABOYHBIX YJIEHAX St
2 .
n Stg ) B KHHETUYECKOM ypasHeHun. Tpoiinbie cronkHoBeHus (4acTo-

Ta, KOTOPBIX IPOHOPHHOHAILHA N2) NPUBOAAT K yMEHbBIIEHUIO JI/I1-
Hbl 1Ipobera. HejlokajbHOCTD Ke TAPHBIX CTOJKHOBEHUI IPUBOJUT
K BO3MOYKHOCTH TIepeJadn WMITYJIbCa W SHEPTUN UYepes3 HEeKOTOPYIO
TTOBEPXHOCTH 6e3 ee (haKTUIECKOTO TIepPecevuennst CTATKWBAIOINMU-
Cs1 YaCTUIIAMU: YaCTHIIBI COJTMYKAIOTCS HA PACCTOsTHNE ~ d W 3aTeM
PACXOISATCsT, OCTABAsICh MO Pa3Hble CTOPOHBI OT TOBEPXHOCTH; 3TOT
3 dEKT TPUBOANT K YBEJNUEHUIO TTOTOKOB WUMITYILCA W SHEPTHN.
Pertenvie 3a1aum 0 TemIOMPOBOAHOCTH WU BSI3KOCTH C YTOUHEH-
HBIM KHHETHYeCKNM ypasHeHneM (17.12) J0/IKHO CTPONTHCS 0 TOi
JKe cxeme, KoTopas Obiia onmcana B § 6-8. Nmem dpyakmio pacmnpe-
nenernnst B Buge f = fo(1 4 x/T), rae fo — JIOKAIBEHO-pDABHOBECHAST
dbyukumsa, a x/T ~ /L masiasg jgobaska. arerpas TpoiiHbIx

CTOJIKHOBEHUIA St(B), Kak St((]z), obparaercs B HyJIb GyHKIHEN f.

Tlosromy B HEM HAJO yIEPXKATH WIEH C X, B PE3y/braTe 4ero mHTe-
rpaJ St(®) okasblBaercs 10 oTHOLWIEHUIO K OOILIIMAHOBCKOMY HWHTE-

rpaJy St(?) nonpaskoif OTHOCHTEILHOTO MOPSAIKA ~ (d/7)?. B wn-

2
TerpaJje xKe Stg ), coiepKalleM MTPOCTPAHCTBEHHBIE TTPOU3BO/HbBIE

dyHKIIUM pacrpee/ienns, J0CTATOYHO TOJOXKUTE f = fo; B 9TOM

(2)

2 .
cmBIciie WireH Sty JoKeH OBITH OTHECEH K JIeBOW 9YacTW ypaBHe-
HUsI, B KOTOPOI OH JIaeT TOMPABKY TOTO YK€ OTHOCHTETHLHOTO TTOPS/I-

ka ~ (d/7)3. Taxum ob6pazom, 06a JOTOTHAUTETHHEIX [jIeHa B K-
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(2)

HETUYECKOM ypaBHEHWM, St u St,”, JaT BKIaJR OJMHAKOBOTO

HopsmKa]).

[Ipusesem 37eCh, JAad COPABOK, PE3Y/ILTATHI PEIIEHUs] YTOIHEH-
HOI'O KHWHETUYECKOTO YPaBHEHUS 1/l TEIJIONPOBOAHOCTH 1 BA3KOCTH
raza B MOJEJIM TBEPJbIX MAapos (auamerpa d):

s =2o(1 +1,2Nd*), n=mno(1+0,35Nd*), (18.2)

3

rje >y W 19 — 3HavYeHus, noaydennnie B 3agade 3 § 10 (J. V. Sengers,
1966) 2).

BBojst rasibHeiime nonpaBku B KUHETHYECKOe ypaBHeHue (CBsi-
3aHHOE C YeTBEPHBIMW U T. JI. CTOJKHOBEHUSIMI), MOYKHO OBLIO OBl B
TIPUHITATIE OTIPEIEINTE U CAEIYIONINE UIeHbl BUPUATHHOTO PA3I07Ke-
o KuaeTnvecknx koddduimenton. CyIecTBeHHO, OJHAKO, ITO ITU
YJIeHbI yKe He Oy1yT mpocTo nestbivmu crenensivu N; byukimm s(N)
u n(N) okazbiBatorcs Heanaaurndeckumu B rouke N = 0. st Bbi-
SICHEHU HPOUCXOXKIEHNUA ITONH HEAHAJIUTUYHOCTU LIPOAHAIUIUPYEM
BOILIPOC O CXOAUMMOCTU MHTErPaJ/ioB, (DUIYPUPYIOIIKUX B M3J1araeMoil

reopun (E.C. Cohen, J.R. Dorfman, J. Weinstock, 1963).
Paccmorpum unrerpasn B (17.10), onpenenstommii Bkaaj Tpoii-

HBIX CTOJKHOBEHWI B JIByXYaCTUUHYIO (DYHKIMIO paCIpesesieHus.
XapakTep CXOAMMOCTU MHTEIDAJIA OKA3BIBAETCS PABIUYHBIM s

Pa3/IMYHbBIX THUIIOB IPOIECCOB CTOJKHOBEHUH, yUUThIBAEMbIX OllE€pa-

TopoMm Ri93. Paccmorpum st mpuMepa mporiece Tuma puc. 5 6.
WNaTerpuposanne npou3BoauTcs 1o (hazoBomy obbemy dry mpn
3aJaHAbIX (A30OBBIX TOUKAX 7] W To. B KadecTBe mepemMeHHoil, 1o
KOTOPOI MHTETrPUPOBAHNE TIPOW3BOUTCS TIOCTETHUM, OCTABUM pPac-
CTOsIHUE T3 YacTuilbl 3 (B MOMEHT BpeMeHW t) OT TOYKH, TJe TpPO-
n30mIo cronkaopenne 2-3. Ilepes aTuM mocaeTHUM WHTETPUPOBa-
HUEM TOJLIHTErPAIbHOE BBIPAKEHNE OyIeT COmep:KaTh CIeIYIOIIne
MHOXKUTEM: 1) 37eMeHT obbeMa Mo MepeMeHHON 73: r%drgg 2) ec-
JIV CJIEUTH 32 JBUKEHWEM YaCTHUIBI § Ha3aJ 10 BPEMEHH, TO Oy1eT
SICHO, 9TO HallpaBJeHWe ee MMIyIhca P3 JOJXKHO JIeXKaTh B OTpe-
JTeJIEHHOM 3JIEMEHTE TEeJECHBIX YIJIOB JIJIs TOTO, 9TOOBI MOTJIO TIPO-
W30TH CTOJKHOBEHME 3—2 — yroJI, O KOTOPhIM 00J1acTh COygape-
HIST BUJIHA C PACCTOSIHUS T'3; OTCIONA BO3HUKAET MHOXKHUTETh (2 /7'?2,;
3) emwe ojMH TAKON MHOXKUTE/Nb BO3HUKAET B PE3Y/BTATE Ja/bHEfi-

1
) D1u co0Bparkenns PazbACHIIOT HEJOYMEHME, KOTOPOE MO0 Bbl BO3HMK-

HYTh B CBsI3U C TE€M, YTO WHTErDAJI Sth) conepxkut npoussoansie 0f /Or ~ f/L,

koroprix Her B maTerpane St(* | u moromy, kazamock Gbl, 3TH IBa IeHA TpEI-
CTABJISIIOT CODOM TIOMPABKYM PA3JIMYHOIO TOPSIIKA BEJIMIUHBI.
2

) Usnoxenne xona COOTBETCTBYIOHINX, BeChMa TPYJOEMKWX BhIYMCIIEHWNA
MOYKHO HAWTH B cTaThbe 3Jenzepca B KHWre: Lectures in theoretical physics, V.
IX C, Kinetic Theory (edited by W. Brittin) — N.Y.: Gordon a. Breech, 1967.
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Jlnst paccrostamit 1, GOMBINNX MO0 CPABHEHWIO C JJIWHON mpobera [,
KOPPEJIATOP TIOTHOCTY MOKHO BBIYACANTHL C TTIOMOIIBIO THIPOIN-
Hamudeckoii Teopun duykryanmii (cm. IX, § 88). Ha paccrosinmsx
ke S| rpebyercsd KUHeTHYeCKOe PACCMOTPEHME.

Henocpeacrsenno u3 onpegenenus (19.1) oueBuano, aro

(0f(t,x,T1)0f(0,0,T9)) = (0f (=8, —r,I'2)0£(0,0,T)).  (19.4)

Koppenamuonnast byuknns 06/1a1aet Takke u 601ee TIyooKoit cruM-
MeTpUEN, BBIPAKAIONICH CHUMMETPHI0 PABHOBECHOTO COCTOAHWUA CH-
CTEeMBI TI0 OTHOIITEHWIO K obparennto Bpemenn. OOparerne BpeMeHn
zamenHsieT 0ojee MO3HNIT MOMEHT BpeMenn t Ha 0ojee panumii —t, a
TakyKe MensieT 3ravenns Beanann I Ha obpammentoie 'L, Vikazammast
CUMMETPUS BBIPAYKAETCSA TIOITOMY PaBEHCTBOM

<5f(t7 r, Fl)(sf(oa 0, FQ)) = <5f(*t7 r, FT)(Sf(Oa 07 P;)) (19'5)

ITpu t = 0 dbyukms (19.2) ces3piBaeT GIyKTyannn B pasjinaHbix
TOUKax (a3z0BOTO MPOCTPAHCTBA B OJUH U TOT YK€ MOMEHT BPEMEHH.
Ho xoppensmmm Mex Ty OIHOBPEMEHHBIMU (IYKTYAIUIMIA PACITPO-
CTPAHAIOTCS JINIITH HA PACCTOSTHUN TIOPSI/IKA BEIMIWHBI PAIUYCa J1eii-
CTBUST MOJIEKYJISIPHBIX CHJI. MeXK Iy TeM B pacCMaTpuBaeMoOil Teopun
TAKWE PACCTOSTHUS PACCMATPUBAIOTCS KAK PABHBIE HYJIIO U, TAKUM
06pa3oM, OJHOBPEMEHHBIN KOPPeadTop obpamaercd B HyJib. 1loj-
YEPKHEM, 9TO 9TO OOCTOATEBCTBO CBSI3AHO MUMEHHO ¢ PABHOBECHO-
CTBIO COCTOSIHUS, OTHOCUTEIbHO KOTOPOI'0 PACCMATPUBAIOTCS (DIIyK-
ryaruu. B HEpaBHOBECHOM CJiydae, KaK Mbl YBUJUM B CJIEIYIOMIEM
naparpade, ogHoBpeMenHbie (DIYKTYAIUH TOXKE KOPPEJIUPOBAHDI.

B orcyrcrBue xoppesnsdiuu Ha OTJIUYHBIX OT HYJs PACCTOSHU-
SIX OJIHOBPEMEHHBIT KOPPEJSITODP CBOJAUTCS K O-(DYHKIUSIM, IPUYEM
ko3ddurment npu rux QYHKIUAX OMPEesdeT CPEIHul KBagpaT
daykryauun B oanoit Touke dazosoro npocrpancrsa (cp. IX, § 88).
B wugeasbnom paBHOBECHOM Ta3e CpeHuil KBAPAT QUyKTyarun
GYHKIMKU pACIPeIe/IeHUs] COBIAIAET CO CPEJHUM 3HAYEHUEM CaMOi
91oit dynkumn (cm. V, § 113) u, takum obpazom,

(0f(0,r,T'1)£(0,0,T9)) = f(I'1)d(r)d(T" — T9). (19.6)

HeonnoBpemenHast ke Koppessiiiust Mexkjy (JIyKTyalusiMu B
PA3JIMUHBIX TOYKAX CYIIECTBYET yKe W B TEOPHUH, MpeHebperarorei
MOJIEKYJISIPHBIMY pazMepaMn. HeobXoamMoCTh BOSHUKHOBEHUST 9TO
KOPPEJISIIIUU OYEBWIHA YK€ U3 TOT0, UTO YACTHIIBI, YIACTRYIOIINE B
OTIpeIeJIEHHBIT MOMEHT BO (DIYKTyaluu B HEKOTOPOM MecTe (hazo-
BOTO TIPOCTPAHCTBA, B CJIEAYIONIHE MOMEHTHI OYIyT YK€ HAXOIAUThCS
B JIDYTUX MeCTax.

Bajaua 0 BRIUNCIEHNN KoppeasTopa npu ¢ # (0 He MoyKeT ObITh
pertiera B 00IIeM BHUE, HO MOXKeT ObITh CBEIEHA K PEIeHUI0 OTpe-
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JIeJIEHHBIX ypaBHeHWi. [Ist 3T0r0 HaJI0 BCIIOMHUTE CJIEIYIOIIee T0-
JIOYKeHne 00IIeii Teopun KBasucTannoHapHbix duykryanmii (cM. V,
§ 118, 119).

[Tycte z4(t) — daykTyupyomme BeJndInHbl (C PABHBIME HYJIIO
cpeHUMHU 3HaueHusiMu). [Ipeanosaraercs, 9To ecim CUCTeMa HaXo-
JINTCSI B HEPABHOBECHOM COCTOSTHUW CO 3HAYEHWSIMU Ly, BHIXOIAIMI
3a MIpeJiesibl UX Cpeaunx (IyKTyarnnii (HO BCe Ke MaJIbiIMu), TO TIPO-
[IECC pesIaKCAIN CUCTEMBI K PABHOBECHIO OMMCHIBAETCS JIMHEHHBIMU
«yPaBHEHWSIMU JIBVYKEHUsT» BUJIA

Ea=— Y Aab (19.7)
b

¢ ocTostHEBIMI KO3(d dummentamn Agp. Torga MOXKHO yTBEpPXKIATh,
9TO KOPPEJISITOPHI BEJIMYUH &, yAOBJIETBOPSIOT TaKWM K€ ypaBHE-
HUSIM

d
cwa(®)me(0) = - zb: Aap(zp(H)7c(0)), >0 (19.8)
(uuzexc ¢ B 910#t cucreme ypasnenuii co6oaubiii). Pemus 3u ypas-
wenung upu ¢t > 0, maiigem 3arem 3uadenus GyHkuuit upu t < 0
COTJIACHO CBOMCTBY CUMMeETPUU

(za(t)20(0)) = (zp(—1)7a(0)), (19.9)

SIBJISTIONIIEMYCST CJIEJICTBUEM OTIPEJIe/IEHNsT KOPPEISTOPOR.

B nannoM ciayuae posh ypasHenuit auxkenus (19.7) wrpaer jin-
Heapw30BaHHOE ypaBHeHWe boiabnmana st mMajoit gobarku Jf K
paBHOBecHO# (yHKiuu pacupegeienus f. Takum obpaszom, Koppe-
JATOp (PYHKIMEU paCHpejie/ieHns J0YKEH YI0BIETBOPIATH UHTEIPO-
nuddepenuaabHOMY yPaBHEHUTO

(% n vlaﬁ . fl) (6f(t,£,T1)0£(0,0,T2)) = 0 upn >0, (19.10)
T

rae Iy — JIWHENHBIN WHTerPaJIhHBIN oTepaTop, JeiCTRYIOMNi Ha Te-
pemennble 'y B ciejytoreit 3a HUM (QYHKIINNA COTJIACHO OTIPeJIeie-
HUIO:

~ o, o, _ _
Lg(Th) = [w(, iDL T [ f18) + f 8" — f181 — fgldldl ar'.

(19.11)
[Tepemennnbie ke I'y B ypasuenun (19.10)  cBoboanbie. Hauanbubiv
YCJI0BUEM Jiisi ypaBHeHus ciyzkut 3uavenue (19.6) koppensitopa npu
t = 0, a xoppessgrop npu t < 0 onpejgessercs 3aTeM PAaBEHCTBOM
(19.4) (ycnosue xe (19.5) yuoBiaerBopsiercsi B pe3yJ/ibraTe aBroMaTh-
qeckn). @opmyssr (19.10), (19.11), (19.4) n garoT Ty COBOKYITHOCTH
yPaBHEHWUil, KOTOPBIE B MPUHIIATE JOCTATOYHBI I TOJTHOTO OTIPEJIE-
JIEHUsT KOPPEeIATOPA.
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OOBITHO TpeACTABASET WHTEPEC He caM KOppPeasiTop, a ero
dypne-06pas3 1Mo KOOpAUHATAM ¥ BPEMEHU, KOTOPBIN MBI 0003HATNM
cumBosioM (0 f19 f2)k, Tiie mHIEKCH 1 1 2 0003HAYAI0T apryMeHThI
F] n ng

(6f16f2)ac = | dt [(67(tr.T1)67(0,0,T))e 00 gy

(19.12)
(cnexmpanvnas Gynryus daysxmyayud, na cnexkmpasvroli Koppe-
aamop). Ecmn dbaykrynpyroniyo dyHKINIO pa3aokuTh B WHTErpaJl
@ypbe 110 BpeMEHN 1 KOOPJIWHATAM, TO CpeIHee 3SHAYCHNE TTPON3BeIe-
Hnit ee pypbe-KOMITOHEHT CBSI3aHO CO CTIEKTPATILHBIM KOPPEIITOPOM
dopmy.ioit

(0furc(T1)0 fure (C2)) = (2m)*6(w + w')d(k + k') (016 f2)unc (19.13)

(cp. V, § 122).

Jlerko wammcaTh ypaBHeHWe, KOTOPOE TO3BOJISIET B TPWHIIATIE
OTIPEJIEINTh CIEeKTPAILHYI0 (MYHKINIO dayKTyannit 6e3 mpeasapu-
TEJILHOTO BBIUNCIEHWST TTPOCTPAHCTREHHO-BPEMEHHOTO KOPPEISITOPA.

Paz6us obnacts waTerpuposanus mo t B (19.12) wa aBe wacTm

(or —00 10 0 u or 0 10 00) u ucnons3ys (19.4), nosyuum

(6£16f2)une = (6£162)5 + (52010, (19.14)
rae

1188200 = [ dt [(6£(2,1,T1)3£(0,0,T))e06r—et) g,
0

(19.15)
Cosepmum naj ypasaenuem (19.10) omnocroponnee mnpeobpazosa-
e @ypoe (19.15). Tlpu 3T0M wIe€HBI ¢ TPOU3BOJAHBIMK 110 ¢ W 10 T
WHTETPUPYEM TIO 9aCTAM, YUUTHIBAS, 9TO KOPPEIATOP OIKEH CTpe-
MUTBhCA K HYJIIO DU r — 00 U npu t — 00, a npu t = 0 go/ken
naBarbes dopmyaioii (19.6). B pesysibrare mosydnm uckoMoe ypas-
HEHUE B BUJE

[i(kvi — w) — L](0f10f2)0) = DS — o). (19.16)

FEciu unrepecoBarbea we durykryanusgamu caMoit pyHKIMU pac-
npeJiesiennst, a JuTh QUIYKTYAIUSMI TJIOTHOCTH Tasa, 1eaecoodbpas-
HO TpOWHTerprpoBarh ypastaenne (19.16) mo dI'y:

fikv —w) — N)(3f(T)N)}) = F(D). (19.17)
Vckomas e crnekTpanbhas dynkuns (JN2),, morydaercs u3 pe-
HIEHUsI 9TOI0 yPABHEHMsI OJHOKDATHBIM (A He JBYKDATHBIM, KAK B
(19.3)) maTerpmpoBaHUEM.
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Jpyroii cnocob naxoxgenus (§N?2),x OCHOBaH Ha CBA3W KOppe-
JIATOpPA TJIOTHOCTU € ODOOIIEHHOW BOCIPUUMYNBOCTHIO TT0 OTHOTIITE-
HUIO K c1aboMy BHENTHEMY TIOJIIO BUIa

U(t.r) = Uyye' kF=1) (19.18)

(em. IX, § 86) ). Ecan mom BanMsHmeM 3TOTO TOJIsS BO3HWKAET H3Me-
HeHWe TIJIOTHOCTH

INk = a(w, k)Uyuk, (19.19)
1o (corsacuo IX, (86.20)) B k/1accuyeckoM npejese CleKTpasibHbIil
KOPPEJISITOP [JIOTHOCTH

(ON?) e = %Ima(w k). (19.20)

3

[Tycts 0f(t,r) — n3menenne hyHKINU pacrpe/ie/IeHns 0.1 BIUSHN-
eM 371oro0 ke nosa. OHO yI0BIETBOPAET KWHETUIECKOMY YPABHEHUIO
0of | O OUOF _ Ty,
ot or or Ov ’

®ypre-kommonenTth dbyuxiyn § f (¢, r, ') 3ammmem B Buge

fwk(r) = ka(P)ka,
BBIJEINB B HUX BHerHee mojie. Torma maas x,x UMeeM ypaBHeHue

~

[i(kv — w) — Ty (T) = ikg—z. (19.21)

[To permreruto 31010 ypaBHeHUs UCKOMBIN CIIEKTPAJIBHBIN KOPPEJIATOD
OlpeJIesIIeTC OJITHOKPATHBIM MHTEIPUPOBAHUEM:

(ON?)ux = %Imewk(r) dr. (19.22)

Bagaum

1. OnpegenmmTh KOPPEJATOP MJAOTHOCTU B PABHOBECHOM OJHOATOMHOM Ta3e
B IIPEHEOPEIKEHUU CTOJTKHOBEHUSMU.
P emenwne g oagnoaromHoro rasza sBesmanHamMu [ sBJISIIOTCS TPU KOM-

MOHEHTHI UMTyJIhca p. Pemenne ypasnenus (19.10) npwu f] =0:

(6f(t7 r, p1 )6f(0 0: p2)> = 7(p] )(S(I‘ - v1t)6(p1 - pz)
Ero dypne-kommonenTa:
(6.f]6f2)wk = 271'7(}_)])6(])] — pz)é(w — kV]).

MuaTerpuposanmne 3Tux Bhipakenanii (¢ MakcBeanoBcKoi dynkumeit f) maer ans
KOPpeJIaTOpa NJIOTHOCTH:

(GN(t,1)5N(0,0)) = N (2;’;)3/2 t%exp <7 2”;’;1) , (1)
ON)= N (T)I/Qexp (). 2)

1
) TloguepkHeM, 9TO 9Ta CBA3B CyIIECTBYET TOJABKO B PABHOBECHOM CJ1ydae.
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2. To xe mus mATErpana Croakaosenwii Buna I1g = —g /T ¢ MOCTOSIHHBIM
BPEMEHeM T.
Pemenwne. Ypasuenne (19.16) ceoanrcs k anrebpanveckomy. Onpenenns

W3 HEro (5f15f2)f;), Haiizem 3arem mo (19.14):

(16 )ene = P 5(p, — ). Q
14 72(kvi — w)?

OTMeTHM, Y9TO HAJIWYHE JarKe MaJIoro 4ducjia CTOHKHOBQHI/Iﬁ MEHAEeT aCUuMIITO-
TUYECKOE TOBEJICHNE CIIEKTPATBLHOTO KOPPEIATOPa IJI0THOCTU MPU OOILIINX Ya-
crorax, w > kv, 1. e. st durykTyaumit ¢ pa3oBoi CKOPOCTHIO, MHOTO OOJIbIIEH
TEIIOBOW CKOPOCTU MOJEKY.. [lelicTBUTETbHO, B 9TOM Mpeee

(V)i = 2 (4)

97
wz

T. €. KOPPEeJIATOP yOBIBAET C yBEJMYEHNEM YACTOTHI IO CTEIIEHHOMY 3aKOHY BMe-
CTO YKCIOHEHIMATHLHOTO B (2).

§ 20. Paykryanuu (pyHKIUN paciipegesieHus
B HEPABHOBECHOM Ta3e

Ilycrs raz maxomurcs B CTAIMOHAPHOM, HO HEPABHOBECHOM CO-

cTOsiHMU ¢ HEKOTOPO# (bynkuumeii pacnpeaenenus f(r, '), ynosaerso-
PAIOLIEH KHHETUYECKOMY yPaBHEHUIO

v%f =St 7. (20.1)

T

Oyukims f MOXKET CUJIBHO OTJIMYATHCSI OT PABHOBECHON (DyHKIUU
pactipesiesiennst  fo, Tak 9TO MHTErpas CroJikHOBeHuit St f He mpej-

OJIATAeTCs JIMHeapn30BaHHbIM 10 pasuoctu f — fo. Crammonaproe
HepPaBHOBECHOE COCTOSTHIE JTOJIYKHO TO/IIEP’KNBATHCS B Ta3e BHEITHN-
MW BO3JEHCTBUSAMN: B ra3e MOYKET MUMETHCS TTOJIJIEPKMBAEMBIN BHETIT-
HUMW UCTOYHWKAMW TPAJIMEHT TEMIEPATYPHI, Ta3 MOYKET COBEpIaTh
CTAIMOHAPHOE JIBUYKEHWE (He CBOJSIILECS K JIBUYKEHUIO KaK IeI0r0)
" T. T

IToctaBnm 3aavy o Bhrancaennn IyKTyamnnit GyHKITNT pacipe-
nenenusi f(t,r,T") ornocurenwro f(r,I"). Dmu daykryammn OymayT
CHOBA XapakTepu30BaThCs KoppessTopom (19.1); B kKoTopom ycpes-
HEHWEe POU3BOAUTCS OObIYHBIM 00PA30M 110 BPEMEHU IIPU 3aAHHOMI
pazuoctu t = 1] — 1y, U KOPPEAATOP 3ABUCUT TOJBKO 0T t. BBuy
HeotHOpoHOCTH pacnpenesenns f(r,T'), ograko, KoppeasaTop 6y-
JIeT 3aBWCETh Temneph OT KOOPAWHAT Ty W Iy TO OTAEJLHOCTH, a He
TOJBKO OT nx pasnoctu. Croiictro (19.4) 3ammmercs Tereps B Brje

(0f1(t)0f2(0)) = (d f2(—1)d f1(0)), (20.2)
fi(t) = f(t,r1, 1), f2(0) = f(0, e, T'9).

rae
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Coorromenne ke (19.5), cBsi3anHOe ¢ oOpallleHWeM BpEMeHHU, B
HEPaBHOBECHOM CJIydae, BOOOIIE TOBOPSI, OTCYTCTBYeT.

Koppensatop dyrkumm pacnpesenennss mo-npeskHeMy ya0BJIe-
TBOpsieT ToOMy ke ypasuenno (19.10):

(2 +vi= = 1) (BH(H3F(0)) =0, (20.3)

TIIe f] — JIMHENHBI nHTerpaabHblii oneparop (19.11), geficTBytoumii

Ha nepemennbie 't 1), Bonpoc e 0 HAYAABLHOM YCJIOBHH K 9TOMY
YPaBHEHWUIO, T. €. 0 BHUJE OJIHOBPEMEHHOTO KOPPE/IsATOPa, 3HAYUTE b
HO OoJjiee CJIOKEH, 9eM B PABHOBECHOM CJIydae, I/Ie OH JIaBaJICS IPOCTO
Boipazkenuem (19.6). B nepaBnoBecHOM rasze 0JHOBPEMEHHBIH KOPpPe-
JIATOP CaM OTIPEIE/ISIeTCsT N3 HEKOTOPOT0 KUHETHIECKOTO YPaBHEHUSI,
BUJI KOTOPOTO MOYKHO YCTAHOBWUTDH, BOCIO/JIB30BABIIHUCEH CBI3HI0 KOP-
peNAnuonnoit (byHKIWM ¢ AByXYdacTUdIHON yHKIMENH pacmpemesie-

—(2
HUS f( ), Brejgennoit B § 16. B cranmmonaprom cocrostany byHKINA

f(Q)(rl, Iy;19,T9), kak u f(r,T'), ne 3aBucuT SIBHO OT BPEMEHHU.
JLuist BBIBOJIA 3TOM CBA3M 3aMEYaeM, 4TO BBUJY OECKOHEYHON Ma-
aoctu BhazoBoro obvema dr = d3xz dl' B HeM MOXKeT HAXOIUTBHCS OJi-
HOBPEMEHHO He Gosee oHoil wacTwint 2). [TosToMy cpelree [amcio
fdT ectb B TO Ke BpeMsd BEPOATHOCTb YaCTUIE HAXOAUTHLCS B 3J1€-
MenTe d7 (BEPOSATHOCTH 2Ke HAXOXK/EHUs B HEM CPa3y JIBYX YaCTHUL|
ecTh BesimYrHa 60J1ee BHICOKOTO Mopsiaka Majtoctn). Orcioma e cie-
JIyeT, UTO CpejHee 3HAYeHVe TPOW3BEIEHUs] UNCel YaCTUI] B JIBYX
smevenTax dr; M dTy COBTMANAET C BEPOSITHOCTHIO OTHOBPEMEHHOTO
HaXOXKJEHUs B KaykKJIOM M3 HUX 10 OJHO# wactuie. dng sagannoit
[apbl 4acTULl 3TO €CTh, 110 OLPEAEJIEHUIO JIBYXYaCTUYHON PYyHKIMU

—(2
pacupejiesierust, npoussejenue f 22) drti dry. Ho nockoibKy mapa 4a-
CTHI] MOXKeT ObITh BhIOpaHa w3 (09YeHb OOJIBINOTO) TMOJTHOTO YHCIA
gactun, N (N — 1) =~ N? cnocobamu, 10

(fdri - fodm) = NQT(@ dry dry.

[Monyuatonieecss Takum o6pazom paBeHCTBO (f1fo) = Ngf(é) OTHO-
CUTCS, OJIHAKO, JIAIIb K PA3JIMYHBIM TOYKAM (haz0BOrO MPOCTPAH-
cra. Ilepexop xke x npegeny ry, I'y — ro, I's Tpebyer yduera toro,
910 ecnn dT) U dTo COBIAIAIOT, TO aTOM, HAXOJSIIUNCS B dT|, TeM
caMbIM HAXOAUTCA U B dTg. COOTHOIIIEHUE, yUUTBIBAIOIIEE 3TO 00CTO-
SITEJIBCTBO, UMEeT BUJ|

(Fif2) = N2 + FLo(ry — 12)3(Ty — ). (20.4)

1) MCHOHB3OB3,HI/I€ 3TOrO0 ypaBHeHI/IH B HEPABHOBECHOM cnyqae BBE€IEHO JI(MCCO.M
(M. Laz, 1966).

%) Cnenyomuii Huxke BBIBOI — nepedpasuposka paccyxaenuii uz V, § 116.
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D10 «mapa3suTHOE» pEIeHre, OJHAKO, MCKJIIYAETCS YCIOBHEM
@ — 0 mpu |ry — ry| — oo. IlosTomy B paBHOBECHOM CIIytae, KOT-
Jla WHTErpas St1o TOKIECTBEHHO 0OpAIAeTCst B HYJIb, U3 YPaBHEHW
(20.10) cneayer ¢ = 0 m MBI BO3BpAIIAEMCsi K HAYAILHOMY YCIOBHIO
(19.6).

[Mpasag wacrb ypasuenus (20.10), T. €. napHble CTOJKHOBEHUsI
MEXKJIy YACTULIAMU B 3aJaHHbIX cocTosinugax ['1 u [y, asngercs, a-
KUM 00pazoM, MCTOYHMKOM OJHOBPEMEHHOW KOoppessuuu (yKTy-
anuii B HEPABHOBECHOM raze. [IpuBojsg K OZHOBPEMEHHOMY H3Me-
HEHUIO YUCE/1 3AIOJHEHUSA JBYX COCTOAHUN, MAPHBIE CTOJKHOBEHUSI
NOPOKJAAIOT KOPPEJAUIO MEXK/y STUMU YUCJIaAMU. B PABHOBECHOM
COCTOSTHUM, BBUJLy TOYHOW KOMIIEHCAIMM TIPAMBIX U 00PATHBIX Map-
HBbIX CTOJIKHOBEHU, 3TOT MexaHmu3m Hea(MEKTUBEH U 0JHOBPEMEH-
HbIE KOPPEJISUU OTCY TCTBYTOT.

Ecin pacnipesiesienvie f He 3aBUCHT OT KOOPAWHAT T (KaK 9TO MO-
JKeT OBITh TP TIO/JIEPKAHNY HEPABHOBECHOCTH BHEITHUM TOJIEM ),
TO MOYKHO TIOCTaBUTH BOMPOC O (huyKTyarmsax (byHKIUN pacripeie-
JIGHWSI, YCPEIHEHHON 10 BCeMy 00beMy raza, T. €. 0 IYKTyarnsax

dbyHKIIIT

f(t,T) —ff (t,r,T) d3z (20.12)
(koTOPYI0 MBI 0603HAYMM TOI 2Ke OyKBOii f, HO 6e3 aprymenta r). Co-
OTBETCTBYIOIIASA KOPPEIANMOHHAsA (DYHKIUS yI0BJIETBOPSET ypaBHe-

HUIO, orryaomemMycs ot (20.3) oTCyTeTBUeM 4sieHa ¢ IPOM3BOHOMN
110 KOOP/IMHATAM:

( —|—F1a—p1—f]) (6f(t,T1)0f(0,T2)) =0 mpu t>0; (20.13)

B JIeBOil yacTu j1006aBjen 4iieH, cBa3aHublil ¢ cusioit F | gefictytoreit
Ha JacTullpl BO BHelHeM 1ojie. OHOBPEMEHHBIN YKe KOPPEeJIsiToP

(0 (0, F1)5f(0 I'y)) =

= N2 FP ), 1y) — F() F(T) + L85, — ) =
= (T, Ty) + (v J§(0) —Ty) (20.14)
YJIOBJIETBOPSIET YPABHEHWIO
Fli + FQ* — (fl + TQ) (P(Fl,PQ) = Stq9 (p(Fl,FQ). (2015)

Op1 Op2

Ecmm raz naxogurest B 3aMKHYTOM COCYJIe, TO 3TO ypaBHEHUE JTOIK-
HO PeIIaThCs MpPH JTOTOTHUTEILHOM YCIOBUH, BhIparkaromeMm coboit
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3aJJaHHOCTH (T. €. orcyTcTBUE (DIYKTYyalnii) TOJHOTNO YUCIa JaCTHIL
B Tase:

DTO YCIOBUE JIOJKHO BBIIOJIHATHCS U B PABHOBECHOM CJIydae.
Mexy tem Beipaxkenne f(I'1)d(I'y —I'9)/V, coorBercTByomee Kop-
peasaropy (19.6), emy ne ypossnersopsier. [IpaBusibHoe BbIpazKeHue
MOZKHO 1oj1yunTh 3a cder npoussosa (20.11); nomo6pas poaKHBIM
o6pazom napamerp AN, nosyuum

(0f(0,11)0f(0,T2)) = %7(F1)5(F1 —Iy) - %7@1)7@2)- (20.17)

OrmeruM, 9T0 3TOT KOPPEJSITOD COJAEPXKUT TaKKe U He J-(DyHK-
LUUOHHBIN YJ1€H.



FI1ABA II

JNOPY3VNOHHOE IMTPUBJIN2KEHUE

§ 21. YpaBuenue ®Pokkepa—Ilinanka

SHauNTeIbHYI0 KATErOPUI0 KUHETUYECKUX SIBJICHUI COCTABJILIOT
NPOLECCHI, B KOTOPBIX CPEJHUE M3MEHEHUs BeJUduH (0T KOTOPBIX
3aBUCHT (DYHKINS PACTpEEeHnsi) B KaKJIOM 3JeMEHTapHOM aK-
Te MaJjlbl 110 CPABHEHUIO ¢ UX XapaKTepHbIMU 3HauyeHUsaAMU. Bpeme-
Ha pe/lakcallud TaKUX ILPOLECCOB BEIMKU 110 CPABHEHUIO C BpeMe-
HAMU 3/1eMEHTAPHLIX aKTOB, COCTAB/ILIONIUX UX MUKPOCKOLMYECKUil
MEXaHU3M; B 9TOM CMbIC/IE TaKUe HPOLECChl MOXKHO Ha3BaTb Mejl-
JICHHBIMU.

Tunuubblii HpUuMep Takoro poja Jaer 3a/ada O pesakCaluu 110
UMITYJIbCAM HEOOIBIION MPUMECH TSZKEI0T0 ra3a B JJerkoM (KOTopbiii
cam 1o cebe TIPeIoIaraeTcs HaxXoJAdAIMMCsl B paBHOBecHn ). Beuiy
MaJIOH KOHIIEHTPAIINN TAYKEIBIX YACTHIl, WX CTOJKHOBEHUSMU JIPYT
C APYrOM MOKHO TpeHefpedh W pPaccCMaTpPUBATHL WX CTOJKHOBEHWS
JIMTITH C 9aCTHUIAMU OCHOBHOTO (JIerKoro) rasa. Ho mpu cTOIKHOBE-
HUW TSKEJO0H YaCTHIBI C JIETKUMU €€ WMITYJIBC WCTTBITBIBAET JINTIThH
OTHOCUTEJIBHO MaJjloe U3MEeHEeHUe.

ByJjem jid oupejieleHHOCTH TOBOPUTh UMEHHO 00 9T0M LpUMe-
pe U BblBEJEeM KUHEeTUYECKOe ypPaBHEHUE, KOTOPOMY YJ/0BJIETBOPIeT
B TakoM cjydae (pyHKIMd paclpeje/eHus 4acTull IPUMeCU 110 KM-
nysabcam, f(t, p).

O6ozraunm uepes w(p, q) d°q oTHECEHHYIO K eIMHNIE BPeMeHN
BEPOATHOCTh MW3MEHEHUS MUMITYJbCA P — P — ( TAYKEJION 9acTUIlb!
OpU 3JIEMEHTAPHOM aKTe — €€ CTOJKHOBEHUM C JIETKON 4YaCTUIIeH.
Torga kuHeTHYecKoe ypapuenue st byukiyn f (¢, p) 3anumrercs B
BUJE

% = [{wp+aq,q)f(t,p+a) —w(p.q)f(t,p)}d®q, (21.1)

r7e CIpaBa CTOUT PA3HOCTH MEKIY UUCIOM FACTHIL, TTOCTYTIAIOIITNX
(8 1 ) B 3aaHHBIT 3JIEMEHT NMITYJILCHOTO TTPOCTPAHCTBA d°p M TO-
KWJIATONINX ero 3a TO Ke BpeMs. COoracHo CAeTaHHBIM MTPEIIoI0Ke-
HusiM, byHKINs w(P, q) 6bICTPO YOBIBAET C YBEIWUYEHUEM (], TaK YTO
OCHOBHYIO POJIb B WHTErpaje WTPai0T 3HAUEHWS (, MaJjble 10 CPaB-
HEHWIO CO CPEIHUM WMITYTHCOM FACTHI[. ITO 0OCTOATETHCTBO TO3BO-
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JIdeT HpOI/ISBeCTI/I B HOﬂBIHTeraHBHOM Bpra)KeHI/II/I paB.HO)KeHI/Ie
w(p+49q,9)f(t.p+q) = w(p,q)f(t,p) +
0 1 9?
< t, 2 Guts—2—w(p., t.p).
+ qapw(p,q)f( ,P) + 3155 - 8p5w(p,Q)f( .P)
B pesysibrare kuneruueckoe ypaBHEHUE PUMET BUJL

of o [~ d
a = @ {Aaf + M(Ba,ﬁf)} ) (212)

e
-~ 1
Aq = [qaw(p.q)d®q, Bup = 5 [ qagpw(p, q) d*q. (21.3)

Takum obpaszom, KWHETHIECKOE ypaBHeHWe u3 WHTerpo-anddepen-

HUAIBHOrO cTanoBuTCd juddepennuansabiv. Benmnunnnr A, u Bog
MOYKHO 3aTNCaTh B CUMBOJIMIECKOM BHjIe, 00JIEe sICHO BBIPAYKAIOIIEM
WX CMBICT:

Be ma=EE
rJie 3HaK » | O3HAYaeT CyMMWpOBaHWE TO (GOIBINTOMY) UHUCIY CTOJK-
HOBEHUIH, TTPOUCXOISIINX 3a BpeMst Ot.

Bripaxkenne B npasoii wactu (21.2) mmeer BUJ JWBEPreHINN B
MUMTTYJIECHOM TIPOCTPAHCTBE, —0S4 /0Py, OT BEKTOPA

Sa = *Aaf - i(Boz,b’f) = *Aaf - Baﬁai: Aq = An + 6370‘5
Opp Opp Opp

(21.5)
Hpyrumu ciosavu, (21.2) nmeer, Kak W C1eI0BaJIO, B ypaBHEHWs
HEMPEPBIBHOCTH B WMIIYJILCHOM MPOCTPAHCTBE; T€M CAMBIM aBTOMaA-
TUYIECKHU COOJII0AeTCs COXPAHEHUE YUC/Ia YaCTHll Ipu rporecce. Bek-
TOP K€ S ABJISIeTCs IJIOTHOCTBIO MOTOKA YACTHI] B UMILYIbCHOM IIPO-
CTPaHCTBE.

Cornacuo dopmynam (21.4) kosdduumentsl B KuHETHUECKOM
YPaBHEHUM BbIPAYKAIOTCSA UEPE3 CPEJHUE XAPAKTEPUCTUKU CTOJKHO-
BEHUil, U B 9TOM CMBIC/I€ UX BBIUYUC/AEHUE IPEJCTaBJIAeT CODON Me-
XaHu4ecKyo 3ajgady. PakrTuydecku, OJHAKO, HET HEOOXOIAUMOCTH B
pasJebHOM Beluucaennn Koadgdunuentos A, u B,g; oHE MOTyT
OBITH BBIPAYKEHBI JAPYT Yepe3 JApyra u3 yCAOBUsi OOpAIEHUsT MTOTOKA
B HYJIb B CTATUCTUYECKOM paBHOBecwu. B gamHOM ciydae paBHOBEC-
Hast (PyHKIUS PACTIPeIe/IeHN eCTh

2
= const - ex (— L ),
f b 2MT

(e}

rae M — macca 9acTuIl TSXKeJI0ro ra3a, a I’ — TeMmepaTypa OCHOB-
HOro (y1erkoro) rasza. ITojcraHoBKa 9TOrO BBHIDAYKEHWsI B yDABHEHWE
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s = 0 gaer
MTA, = Bagpg- (21.6)
Taknm 006pazoM, KHHETUYIECKOE yPABHEHNE TPUHUMAET BU/T
ft.p) _ 9 |p s of 21.7
ot Ope [ ap MTf+3p5 ' (21.7)

Ormernm, 910 KO3(MMUIMEHTHI B JIBYX HEPBbIX YIEHAX PABI0KEe-
HUY MHTErpajia CTOJKHOBEHUN OKA3bIBAIOTCHA OJIMHAKOBOI'O ITOPSIKA
BEJIMYUHDL; 9TO CBA3AHO C TEM, 9TO YCPEJHEHWe IEPBbIX CTeneHeit
3HAKOIIEPEMEHHBIX BeJIMYUH (o B (21.4) cBs3ano ¢ 66abmmM nora-
[IEHUEM, YeM IIPU YCPEIHEHWM KBAIPATUYHBIX BbIpaxkenuii. Jlajb-
Helime »Ke 94JIeHbl Pa3/I0KeHus Oy/1yT yzKe BCe MaJIbl 110 CPABHEHUTO
¢ JABYMsI TIEPBBIMHU.

EanaCcTBEHHBIT BEKTOP, OT KOTOPOTO MOTYT 3aBHUCETH K03 hn-
nuenTbl Bag,  uMIyabe Taxkenbix dactun, p. Ho ecimu ckopoctu

9TUX yacTull, p/M, B CPeJHEM MAJIbI 110 CPABHEHUIO CO CKOPOCTSIMU
JIETKUX YaCTUIl, TO IPU CTOJKHOBEHUSX WX MOYKHO CUYUTATH HEIO-
JIBUZKHBIMU; B 9TOM HpuO/mxKenun seandunbl B,g ne Oyayr s3abu-
ceth oT p. pyruvu cioBamu, Tenzop B,g CBeJeTcsa K TOCTOSHHOMY
cKanspy B:

1
Bap = Bdag,  B=_[q"w(0,q)d%, (21.8)
a ypasrenve (21.7) npnmer Buj
of o [ p of
— =B — ]. 21.
ot ap <MTer ap) (21.9)

O6parum BHuManue Ha hopMagbHOE CXOACTBO ypasHenus (21.7)
¢ ypaBuenueMm jucpdy3un BO BHEITHEM I10J1€, B 0COOEHHOCTH HATJIsI/I-
Hoe B 3armmcu (21.9). Hamomunwm, uro ypasuenne anddys3nn nmeer
BT

Jdc

ot
rje ¢ KoHueHTpaius npumecu, F cuta, geficTByolasi Ha 4acTu-
Iy IPUMECH CO CTOPOHBI BHeIIHero nosisg, D kodddurument mud-
dysuu, b noasuxknocTs. OnuceiBaembie ypasuenuem (21.9) npo-
LECChl MOYXKHO Ha3BaTh JAudy3ueil B UMITYJbCHOM HTPOCTPAHCTBE,
npudem B urpaer posb kodddunuenta guddy3un; CBI3b MEKIY
k03 dunmenramu npu 06oux wienax B npasoi uactu (21.9) anano-
PUYHA U3BECTHOMY COOTHOIIEHUTO DIHINTEHA MeXK /1y KoM DUIneH-
rom gurdbdysun u nogsuxkuocThio: D = bT (cm. VI, § 59).

Kunernueckoe ypasnenue suga (21.2), B koropom ko3 dunmen-
ThI ONPEJIEIEHBI U€PE3 YCPETHEHHBIE XaPAKTEPUCTUKY JJIeMEHTAPHBIX
akToB, cornacuo (21.4), maseBaior ypasnernuem Poxkepa ILranxa
(A.D. Fokker, 1914; M. Planck, 1917). Cneundunueckue cBoicTBa

= div (DVe — beF),
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TIEPEMEHHBIX P, KAK WMITYyTHCOB YACTHUI[ B M3JI0KEHHOM BBIBOJE HE
UTPAJIN POJIA.

fcro mosTOMY, 9TO ypaBHEHWE TAKOTO YK€ THUMa OyJaeTr cripaBej-
JMBO W A7 (DYHKIUI pacupemeneHus [ 10 APYTUM TEPEMEHHBIM,
€CJTM TOJIBKO BBITIOJIHEHBI YC/IOBUA, JIEJKAINE B OCHOBE BBIBOJA: OT-
HOCUTEJIbHAS MaJIOCTh W3MEHEHWs BEJVNIUH B DJEMEHTAPHBIX aKTAX
7 JINHEWHOCTH TO f WHTErpajgbHOT0 OTEpPaTOPa, BHIPAYKAOIIETO W3-
Menenne GyHKINM Oaromaps STUM aKTaM.

Yuoomsrewm, jd npuMepa, eme cjy4ail, Korjga Jerkuii ra3 cocra-
BJIeT HEOOJIBIIYTO TPUMECH K TszKe10My razy. [Ipu cronkHoBeHUSIX ¢
TSIZKEJIBIMU 9ACTULIAMEU UMITYJIBC JIETKOH YaCTUIbl CUJIBHO MEHSIeTCs
110 HAIPABJIEHUIO, HO JIUIIb HEZHAYUTETBbHO 110 abCOJIOTHON Beju-
quHE.

Xorst Jist QYHKIUK PACIPeJIe/IEHUs] 9aCcTUl] IPUMECHOTO Ta3a, 10
BEKTOPY uMIlyjibca p ypaBuenue (21.7) B 9rux ycjaoBusax Oymer yxe
HEIPUMEHUMO, AaHAJIOTUIHOE YPABHEHUE MOXKHO YCTAHOBUTD J1J1sl PAC-
npejiesieaus 10 OjHO# Jyiniib abcoyoTHoit Bemuune p. Ecin dynk-
[Usi PACHPEesIEHNs] TO-TIPEKHEMY OTHECEHA K JIEMEHTY UMILYJIbC-
HOI'O IPOCTPaHCTBA d°p (TaK Y4TO YMC/I0 YACTHIL C BEJMYMHON P B MH-
tepasie dp ects f(t,p) - 4np? dp), 1o yparuenme Poxkepa-Ilianka

6yer umers Mecto st pyHKimu 4mp? f, OTHECeHHOI K s1eMenTy dp:

o1 0 (s 52 )
P

ot Jp
nJjan
of _ 190 2 A B9 .2 21.10
En p26pp {f +p26p p }: ( - )
rjae
2
B=1x0n (21.11)

2 it

Buipaxkenne B (hurypHBIX CKOOKAX MpeACTaBIsgeT cO00i paanaabHbI
TMOTOK § B WUMITYJIbCHOM TpocTpancTBe. OH J07KeH o0pamaThesa B
HYJIb PABHOBECHBIM PACIIPeIeIeHueM

2
f = const - exp<fp—)
2mT
(rme m Macca Jerkoit gacruimpl, a I Temmeparypa OCHOBHO-
ro, TSYKeJI0r0 Tas3a). DTo yCIOBWe CBA3LIBAET BeqndnHbl A u B, u B
pesyabrare kunernueckoe ypasuenue (21.10) npuaumaer Buj

of 1 9p’s P of
9= =Bl Lr4+2 ). 21.12
ot p2 dp y (mTf + 6p) ( )
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Bamgauym

1. Onpenennts koadbduument quddysnn B nvmyascaom npocrpancree (B
B ypasaenmn (21.9)) m1a mpuMecH TAKENIOTO ra3a B JIErKOM, IIPEANOIaras CKO-
POCTU THANKEJIBIX 9aCTUL MAJIBIMU 110 CPABHEHUIO CO CKOPOCTAMM JIETKUX.

Pemenwue Kak ykazaHo B TEKCTe, B JaHHBIX YCIOBHSAX IIPU BBIYHC-
JIeHUn nepegavr MMITYJIbCa MO?KHO CHUTATH TAXKEIYIO YaCTUuIy HEHO,ZLBI/I)KHOfI n
npeHeOpeYh M3MEHEHNEM ee SHEPTUU IPU CTOIKHOBEHWU. VI3MeHeHMe MMITYIhbca
TAKEION FACTUIBI BBIYMCIAETCA TOT/IA KAaK (COBIAJAONIee ¢ HAM) M3MEHEHUEe
nmiysbea serkoit vacrunsi: (Ap)? = 2p'%(1 — cosa), rae p — Besuunna nM-
IyJIbCa JIETKON YaCTUIBL, & (¢ YrOJI €ro moBopoTa mpu paccesann. OTcioaa

Z(Ap)2 =4t [ 2p"°(1 — cos @)Nv' do

(rme N TmIOTHOCTB WMC/IA 9ACTHUIL JIETKOTO Ta3a) W OKOHIATETHLHO
N

B=_—(p
3m

rae oy = [(1 —cosa)do — TpaHCTIOPTHOE Cevenne, a yCPeJHEHNE TPON3BOANTCS
110 PACHPE/IEJIEHNIO YaCTULL JIEFKOTO ra3a.

2. C momompio ypasaenna Pokkepa ILmanka ompenenTh NOABUKHOCTD TH-
JKeJIoi YaCTUIbI B JIETKOM Ta3e€.

P e nreHmume. Hpﬂ HaJIWYNU BHEITHErO 110/ B JIEBOW dYacTu yYpaBHEeHUA
(21.9) moGasmaerca wmen FOf/Op, tme F cmna, neiicTByomas HA 9acTHILy.
Ipeanonaras 3Ty cujly MaJioif, UM CTallMOHAPHOE PEIleHNe YPaBHEeHUs B BUJIE
f = fo+df, toe fo MAaKCBEJITIOBCKOe pacmpenenenue, a 0f K fo. dna & f

HaXO0JUM ypaBHeHI/Ie
I (f&f N L(;f> _gdfo
Jp \ Op MT Jp

B (‘%f + —6f> —Ffo
op

u 3arem 0 f = foFp/B. Ilogsuxuocts b ectb xk03ddunment B paBencrse
V= f(if-vdgp: bF.

Broraucnenme WHTEerpaJja JaeT

’30t>7

Orcrona

b z _3mT
B N{owp)

B cormacum ¢ (12.4).

§ 22. C1a60 MOHM30BAHHBII Ta3 B IEKTPUIECKOM II0JI€

Paccmorpum moHnzoBaHHBIN 143, HAXOALAIMICH B OIHOPOIHOM
snekTpuaeckom nojie E. ITose napymaer paBaoBecuoe pacupe/iesie-
Hre CBODOHBIX JIEKTPOHOB B Ta3e U CO3JAeT B HEM DJIEKTPUIECKUit
TOK. BbIBe/ieM KMHETHYECKOe ypaBHEHUE, OIIPE/IE/IAONIee JIeKTPOH-

HOe pacrpesesenme ).

') Msnoxkennast B srom maparpade rteopus npunamnexur B.H. Jaewdoey
(1936). Ilpemenpras dopmyna (22.18) Geia eme pampme momywena /pyiise-
cmetinom (M.J. Druyvesteyn, 1930).
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CrabocTh MOHM3AINT O3HAYAET, UTO KOHIIEHTPAINS 3IeKTPOHOB
(n monoB) B Taze masa. [1o3TOMy OCHOBHYIO POJIB WTPAIOT CTOJTKHO-
BEHWsT 3JIeKTPOHOB JINIIH ¢ HEATPAJIbHBIMU MOJIEKYJIaMHU; CTOJKHO-
BEHWSIMU K€ 3JIEKTPOHOB JIPYT C APYTOM (M ¢ MOHAMM) MOYKHO Tpe-
Hebpeub. Byaem npeanonarath Tak»Ke, 9TO CPEIHsISI SHEPTHS, TTPU-
obperaemMasi SJIEKTPOHAMW B 3JIEKTPUIECKOM Tosie (Jayke ecu 1oJie
CHJIBHOE; CM. HUZKE), HEJIOCTATOUHA JJisi BO30YK/IEHUs UJIM MOHU3A-
MW MOJIEKYJI; TOTJIa CTOJTKHOBEHUS 3JIEKTPOHOB C MOJIEKYJIAMU MOXK-
HO CYNTAThH YIPYTUMU.

Bsuay 6016111011 pasauiisl B Maccax J€KTPOHOB 771 M MOJIEKYJT M,
CPeHsIs CKOPOCTh 3JIEKTPOHOB BeJIMKa TI0 CPABHEHWIO CO CpeIHei
CKOPOCTHIO MOJjIeKyJI. 110 Toii ke TpUYInHe UMITYJILC 3MEKTPOHA MpU
CTOJIKHOBEHUU MEHSIeTCsl CUJIBHO TI0 HAIPaBJIEHWIO0, HO JIUITH CI1a00
o abcomoTHON BeamunHe. B 3TuX yCI0BUSX WHTErpaJl CTOJKHOBE-
HII B KWHETUYECKOM yYPaBHEHNN pa30UBaeTCst B CYMMY JIBYX dacTeil,
MPECTABISIONINX U3MEHEeHWsT UNC/Ia YacTHIl B 3aJaHHOM 3JIEMEHTE
UMITYJIBCHOTO TTPOCTPAHCTEA COOTBETCTREHHO OT W3MEHEHUsT BEJTUIH-
HBI U OT U3MEHEeHWsT HaTIPaBJIeHWsT NMITY/IhCA; TIepBast W3 3TUX JacTeil
MOXKeT OBITH TpeACTaBIeHa B (POKKEP-TIAHKOBCKOM auddepeHIin-
AJILHOM BH/IE.

Beuay cuvmMerpun BOKPYT HAMpaBAEHWST 1011, (DYHKIINAST PACTIPe-
JIeJIeHUs 3aBUCAT (IIOMUMO BPEMEHU) TOJBKO OT JIBYX MEPEMEHHbIX:
0T abCOIIOTHON BEJIMUMHBI UMITYJIBCA P U OT yryia 6 Mexjay p = mv
n nanpasiennem E (koTopoe Bbibepem B kauectse ocu z). Kunern-

weckoe ypasrenne jst byukmmn f(t, p, §) nveer i !)

g—eEa—f 109 2

ot op 2opl ® + Nv [[f(t,p,0) = f(t,p,0)]do, (22.1)

rjae

s=— (f—l— p) B:%tp)?.

[lepsbiii unen B npasoii yacru (22.1) orBevyaer npapoii yacTu ypas-
nernnst Poxkepa—Ilranka (21.12). Bropoit ke [ien ecTh wHTErpas
CTOJIKHOBEHWIi TI0 OTHOINIEHUIO K W3MEHEHUIO HATpPABJIEHWsT WMITY.Ib-
ca. B 9TOoM mHTErpasie MOJEeKyJIbl MOYKHO CYMTATh HETOIBUKHBIMU
(N — mJIOTHOCTH WX YHCJA); TOT/a YUCIO0 CTOJKHOBEHWH, UCTTHITHI-
BAEMBIX 3/IEKTDOHOM B €IHHHUILY BpeMeHI/I M MEHSIIOIINX HalpaBJIeHne
nvmyasca ot § u 6’ (mmm or 6" u 6), ectb Nvdo, rne do — ceuenne
paccestHVst 3JIEKTPOHA Ha HETIOIBUYKHO MOJIeKYJIe, 3aBUCSIIIee OT P 1
oT yra « Mexkay p u p’ (Nmpejnosaraercsi, 4To CeYeHne yiKe ycpe-
HEHO TI0 OPUEHTAIINSIM MOJIEKYJIbI ).

1) B s10ii kuure e 0603HaUACT Be3ze MOJIOKUTETHHYIO BETUINHY — aDCOTI0OTHOE
3HAYEHNE HJIEMEHTAPHOIO 3apsijia. 3apsi/] JEKTPOHA €CTh M03TOMY —e.
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Huke O6ymer paccMaTpuBaThCsT CTAIMOHAPHOE COCTOSIHUE C He3a-
BUCAIIEH OT BpemeHu (YHKIMEH pacripegesieHus, COOTBeTCTBEHHO
gemy wien Jf /Ot B ypasuennu (22.1) 6yzer omyimeH.

Jt BBIYWC/IERUsT BeTUIUHBI B BOCTIOIB3yeMCS PABEHCTBOM

(v-V)?2=(v' - V)
BBIPAYKAIOIINM HEM3MEHHOCTh BEJTUINHBI OTHOCUTETHLHON CKOPOCTHU
JIBYX 9aCcTWI] ipn ymipyrom croakuosennn (v, V u v/, V' — nauann-
HBIE 1 KOHEYHBIE CKOPOCTH 3JIEKTPOHA U MOJIEKYJIbI ). VI3MeHeHne cKo-
POCTH MOJIEKYJIBI MAJIO TI0 CDABHEHWIO C M3MEHEHNeM CKOPOCTH 3JIeK-
tpora: AV = —mAv/M; mosroMy mociie pacKpbITHsT HAMMCAHHOTO
paBeHcTBa MOKHO 10j10KkuTh B Hem V = V' Toraa

2V(v —v') =0 — 0% = 20Av,

rae Av = v — v’ — manas senmuanna. Taknv oOpaszowm,
2
(Ap)? = m*(Av)? = Z[(VV)? + (VV)? = 2(Vv)(VV')].
v

Vepearerne 9Tor0 BhIpayKeHNWsT OCYIIECTBASIETC B IBa drana. [Ipexk-
JIe BCEr0, yCPEHSIEM 10 PACHIPeIesIeHnI0 (MAKCBELIOBCKOMY ) CKOPO-
creit Mostekysr V. BBUIy M30TpONHUHM 3TOTO pacipeie/leHus MMeeM
(VaVi) = 0a5(V?)/3, a cpeanuit xsagpar (V2) = 3T/M. Hosromy
MOy TaeM
2 2
T, 92 2 ' 2m-T
Ap)? =" 2 (2 0 —2vv)) & (1 — cosa). 22.2
(ap)? =" PV . (22)
Teneps HATO YCPEIHUTH MO CTOJKHOBEHUSIM, MUCIBITHBIBAEMBIM JIEK-
TPOHOM B €JUHUILY BPEMEHU; 9TO OCYIIECTBIAETCS NHTEIPUPOBAHUEM
o Nvdo. B pesyabrare nojydnm

B — NmQUO'tT — p’ITLT’ (223)
M Ml

rpe 0y = [(1 —cosa)do  TpancnoprHoe ceuenue, a | jyMHA
cBoOOIHOTO TIpobera, oTpeTeIeHHast Kak

l=(Noy)™! (22.4)
(B 06mem ciayuae ! dynkuus p). Takum o6pazom, durypupyiommii

B (22.1) morok

Ml
O6paTuM BHUMAHUE HA TO, YTO COIIACHO (22.2) u3MeHenue suep-

5= mp (vf + T%). (22.5)

IEE SIEKTPOHA NPH CTONKHOBeHHH Ae ~ TAp ~ T(m/M)'/? ~

~ E(m/M)'/?. TlosroMy 3amMeTHOE H3MEHEHHe STOH SHEPIHH IPO-
WCXOIUT JINIIL B pe3yabrate ~ M /m CTOIKHOBEHWUi, MeXK1y Tem
KaK HAIlPaBJIEHNe NMITYJIbCa 7EKTPOHA, CYIECTBEHHO MEHSIeTCsT yIKe
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B OZHOM CTOJKHOBEHWHU. JIpyruvmu clioBaMm, BpeMs pPEJakcanuu o
SHEPTUAM IEKTPOHOB T, ~ T,M /m, r1e T, ~ | /U — Bpems penaxca-
[N TI0 HATIPABJIEHNUAM WMITY.IHCA.

JleByto wacth ypasuenus (22.1) Toxke Ha10 npeobpa3oBaTh K Te-
peMeHHbIM p u §:

(22.6)

.9
B — g9 _ R [cos&a—f 4 sn’6 Of |
op 9p- dp p Ocosb

Perrenne coctaBaeHHOr0 TaKM o6p330M KUHETUYIECKOTO ypaBHE-
HUA MOYKHO MCKAaTh B BUJAEC PA3JIOZKEHWA TTO TTIOJIMHOMAM .HemaH;Lpa:

Z fn(p) P (cos ). (22.7)

Mpbr yBUANM HUZKE, 9TO TOCTIEJ0BATEHHBIE UIEHBI ITOTO PA3I0Ke-
HUs OBICTPO YOBIBAIOT IO MOPSAKY Bennannbl. [loaTomy dakTuaeckn
JIOCTATOYHO OTPAHUYUTHCS IBYMSI TIEPBBIMU UJICHAMU PABI0KEHUA:

f(p.0) = fo(p) + fi(p) cos 6. (22.8)
Wnrerpan B (22.1) npn nozgcranoske (22.8) maer

f[f(P 9’) - f(pa 9)] do = —fio4cos 6

(cp. mpeobpasoranne Takoro ke mHTerpasa B (11.1)), mocme wero
KUHETUYIECKOE YPaBHEHUNE TIDUHUMAECT BUJT

eE[fo cos @ + f1 cos? 6 + f sin @ 12 (sop?®) + %fl cosf =0,
p

rJie TMTPUX O3HavYaeT ;m(b(bepeH]mpOBaHHe 10 p; 3/1€CH OTTYIIEH YJIeH
p~2(s1p?) cos 6, 3aBesomo Mawtit (B oTHOTTERWH ~ /M) TI0 Cpan-
Henuto ¢ wienom (vfi/l)cos@ (sgu s1  Beipaxenus (22.5) ¢ fo win
f1 Bmecto f). YMHOXKUB 310 ypasHenne va Py = 1 wan va Py = cos 6
7 TTPOMHTETPUPOBAB €T0 0 d COS f, TOTyunM 1B yPABHEHWS:

1 1 E
LY =0 S =t TR~ Th, (229

fi= e—Elfo (22.10)

Bripaxkenue S npejcrapisger coboil MIOTHOCTH MOTOKA YACTHUIL
B UMIIYJIbCHOM IIPOCTPAHCTBE, M3MEHEHHOI'O JIEKTPUYECKAM II0JIEM.

U3 (22.9) ciepyer, uro S = const/p?. Ho ook S gomxen 6biTh Ko-
HEYEeH IPU BCexX 3HadeHusax p; nosromy const = 0. ITogcrasus Tenepn
f1 m3 (22.10) B ypasuenue S = 0, naiizem ypaBHEHUE, ONDEIEJSIIO-

mee dynxumio fo(p):

[pT + “E?fp] i+ fo = 0. (22.11)
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Jlo cux mop MBI He Jeann HUKAKWX TPEATIONOKEHNH O BUJIE
dyukunm [(p), a nHTErpa ypaBHeHus iepBoro mopsijka (22.11) mo-
xKer ObITh HANMCAH ¢ npou3BosbHON (ynkuuei [(p). C neabio no-
Jlydenuss 6ojiee KOHKPETHBIX Pe3yJITATOB IPEAIION0KUM | = const,
YTO SKBUBAJIEHTHO MPEJNOI0KEHNIO O HE3ABUCUMOCTH CeYeHUs 0f OT

nvmysca ). Torma waTerpnposanne ypasrerns (22.11) gaer

2\ 72/6
fo(p) = const - (% + %) e e/T, (22.12)
rae
y= B M (22.13)
T m

Hns dyrkumn xe fi1(p) n3 (22.10) n (22.12) nmeem

_ /T
= f[s/T+7?/6 (22.14)

Bennuuna vy gBagercd rem napamMeTrpoM, KOTOPbI XapakTepusy-
€T CTeleHb BO3IeHCTBUs 110/ HA Pacipejesienue 3exkTpouos. [Ipe-
JeJIbHBIN ciydail caabbix mojeit orsedaer mepasencrBy v K 1. B
nepsom npubsmxkenun fo(p) CBOAMTCH TOrJa K HEBO3MYIIEHHOMY

MaKCBeLIOBCKOMY pacipesenenuio (focoe ¢/ & =13T/2), a

fi=—

Bosuukarommit B raze a71eKTPUIecKuil TOK ONMPeaessieTCs MOABUKHO-
CTBIO 3JIEKTPOHOB

o r<1. (22.15)

1
b= — cosl - fd?p=—
— el —eE N, '[U f p

o [vfid®p (22.16)

(N,  mrorHOCTH unciaa saekrponos) 2). IIpocroe Boraucienue ¢ fi
u3 (22.15) maer jist MOABUKHOCTH B C1aOOM TI0JIe
3/2
S (22.17)
3n1/2(mT)1/2

Kak u cieoBano, 970 BbIpaXkKeHue yJIOBJIETBOPSieT COOTHOIIEHUIO
Qitnmreitna D = bT', tie D — xosddurment auddyszun (11.10).

1) D10 Bo BCAKOM Cllydae BBIIOMHIETCS IIPH JOCTATOYHO HUIKHUX TEMIEDa-
Typax 3JeKTPOHOB, TOCKOJIBKY I MEJIJIEHHBIX 9aCTHI[ CEY€HUe CTPEMHTCS K
He3apucsimemy ot sueprum npegeny (cm. 111 § 132).

) OrmeTnM, 9TO, BBULY OPTOrOHAILHOCTH PA3IMUHBIX TTOMHOMOB Jlexanipa,

W3 BCEX WICHOB pa3nokenus (22.7) BKIaJ B HOPMHUPOBOYHBIH WHTETPAT JAET
TOJILKO 4jieH fo, a BKJaJ B U, — TOJBKO “ieH f1cosd
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Cwmbict HepasencTBa 7 < 1 kKak KpuTepus C1ab0OCTH MO MOK-
HO TIOHATH W3 CJIEAYIOMIUX TPOCTHIX coobparkenuit. QOUeBnIHO, UTO
BJIVISTHIIE TIOJISI HA pacipejie/IeHne 3IeKTPOHOB OyaeT ciabbiM JI0 TexX
Top, TOKa YHEpTus, Habupaemast JIEKTPOHOM 3a BpeMsi €ro CBOOO/I-
Horo mpobera, Oyaer Maja Mo CPaBHEHWIO C SHEPTHUeil, oTjaaBaeMoit
“M aTtomy mpu croakHoBennn. [lepBas n3 uux ecth eKl, a Bropas —

e ~ VP ~ Vp ~ 1/%\/Tm

(P nV — uMnOyasec 1 CKOPOCTh aToMa; n3MeHenne P mopsijika BeJin-
YMHBI UMITYJIbCA 31eKTPoHa). CpaBHenne 060uX BbIpAXKeHU 1 npu-
BOJAUT K TPEOYEMOMY KPUTEPUIO.

B o6parHOoM caydae cuabHBIX mojei (7 3> 1) maxomam !)

folp) = exp (-2,

33/4Ne

B 23/271(3/4) (m~T)3/2’ (22.18)

— g M=
fr==6\/ 37 fo (22.19)

Cpeiasist SHEPrusi 3JIEKTPOHOB:

g2 [2Mp2 (ﬁ) El = 0,436E1\/£ (22.20)
™ 3m 4 m

a UX TOABUZKHOCTH

41(5/4)1'*

o 33/47r1/2(mM)1/4(eE)1/2' (22'21)

Ocraercs BbIgCHUTH KpuTepuil cxoaumocTu paszsoxkenus (22.7).
st 3T0TO 3aMeuaeM, 9TO €ro moCAe0BATE/IbHbBIE YJIEHbI CBIA3AHbI,
110 MOPSJKY BEeJINYMHBI, COOTHOIIIEHNEM

E
 fur~ 2 (22.22)
muv l

(nocsie nopcranosku (22.7), ymuoxkenus: va Pp(cos ) u unrerpupo-
BaHust 110 d cos 6 B JIEBOII 4AaCTH KMHETHYECKOIO yPABHEHHsI OCTAETCs]
4JjleH ¢ fp_1, @ B MHTErpaje CToJKHOBenuit b ¢ fy,). [puy < 1

cpenHsisi 9Heprust anekTpona € ~ T, u u3 (22.22) nmeem

1/2
fuo Bl o (ﬂ) < 1.
f’nfl T M

1) ®@opmyny (22.18) mpomte momyunTs, pemas 3aH0B0 ypasrenne (22.11) (mmo-
snoxkuB B Hem T = (), wem myTem npemennHoro nepexona B (22.12).
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B cayuae ke 6omprmx mosteit, kKorga y > 1, CpenHdAs SHEPTUs
€ ~ eBl(M/m)"/?, tax uro cuosa

fol fn1~ ('m/JM)]/2 < 1.

Takum 06paszoM, CXOAWMOCTH PABIOKEHUsT 0DECTIEUNBAECTCA MAJIO-
cThIO oTHOMIEHnst m /M 1),

§ 23. Puykryanuu B cjiab0 HOHN30BAHHOM
HEPABHOBECHOM raze

B srom naparpade mbl paccmorpum durykTyanun GyHKIUT PAc-
[Ipe/ieJIeHN S JJIEKTPOHOB B CTAIIMOHAPHOM HEPABHOBECHOM COCTOSHUI
€200 MOHM30BAHHOIO Ta3a; T'a3 MPOCTPAHCTBEHHO-OIHOPO/IEH U HAa-
XOJIUTCsL B TIOCTOSHHOM OJIHOPO/IHOM 3jIeKTpudeckKom mose E.

Mpr OyjieM MHTEPECOBATHCS JIUIIThL BPEMEHHOM, HO HE IIPOCTPaH-
crBennoit koppesnsuueit duykryanuit. Torga mmeer cMbIC BBECTH
BMECTO 3aBUCAIIEH 0T KOOpAMHAT TOUHOi (biykTyupytomeii) dyHk-
un pacnpegesenns f(t,r, p) yCpeIHeHHYIO 110 BceMy obbeMy Trasa
GYyHKIITO

f(tp) = [ f(t.x.p) d*x (23.1)

(koTopyto Mbl Oyzem B 3roM naparpade 0603HauaTh TOH xKe Oyk-
BOii f, Ge3 aprymenTa r); 3ra GyHKIUA (DIYKTYUDPYET TOJBKO CO
BpemeneM. Oyukiwst ke f(p), MO0 OTHOMIEHWIO K KOTOPOil (hIyKTyH-
pyer f, ecTh HalieHHOE B TIPEALIAYIIeM maparpade pacupemgeneHne
(22.8

JL1st paccMaTpUBaEMOil CUCTEMBI TTPEJICTABIIAIOT OCOOBIH MHTEpeC
He cTobKO uIyKTyannn (QYHKIUNA PACIpeIeIeHns caMoii mo cebe,
CKOJIBKO CBSIBAHHBIE C HUMU (DIYKTYAIINN TIJIOTHOCTH JIEKTPUIECKO-
ro ToKa j. KOppeasiTopbl 3TUX BEIMYWH CBA3AHBI IPYT C IPYTOM OtUe-
BuHOM hopmy.0it

(070 (t)075(0)) = €* [(6f (£, P)3f(0,p"))vav d®pd®p',  (23.2)

npuueM, pasymeercst, 0j ecTh (DIYKTyalust MJIOTHOCTH TOKA, YCPEI-
HEHHAs 110 00 beMy rasza 2).

1) OrmermM, 0mHAKO, 9TO TTOTTPABKH f2, fa,... HeMB3s OBLIO GBI ONIPEIENATD C
MOMOIIBIO ypaBHeHns (22.1), Tak Kak B 3TOM yPaBHEHUHN MCIIOJI30BaHO (DOKKEP-
TIJIAHKOBCKOE TIPUOIMZKEHNE, B KOTOPOM BEJTMMWHAME BBICIIUX CTerneHeii mo m /M
yIKe mpeHedperkeHo.

2) Taxoe ycpeaHenue COOTBETCTBYET MOCTAHOBKE OIBITA, B KOTOPOM N3MEPSIOT-
cs urykTyanum mosiHOTO TOKa B rade: UIyKTyanns MOJIHOTO TOKA paBHA (Buiyk-
Tyalun yCPeIHEHHON MIOTHOCTH TOKA B JAHHOM HAITPABICHUHN, YMHOKEHHON HA
cedenune oOpasua.
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Perrenne 3a1a4v j1/isi HepaBHOBECHOTO Ta3a OCHOBAHO HA YKa3aH-
Hom B § 20 obiem meroe 1.

Coriacuo sromy metouy, Koppessitop (0 f (¢, p)df(0,p’)) yaosne-
TBOpsieT (M0 MepeMeHHbIM ¢ U P) KWHETHYIeCKOMY ypasHenuio (22.1),
KOTOPO€ UIDAET B JIAHHOM Cjy4ae poib ypashenus (20.13) obuie-
ro mMeroja. Bmecre ¢ 3TuM KOPPEsATOPOM TAKOMY 7K€ YPaBHEHUIO
y0BJAeTBOPpsieT 1 (DYyHKIUSA

g(t,p) = [(6f(t,p)df(0,p" )V &), (23.3)
yepes KOTOPYIO B CBOKO 0Yepe/lb BbIpaxKaeTcsd UCKOMBbII KOPPeIsTop
TOKa:

<5.7a (t)(sjb’ (0)> =e’ [ gﬁ(ta p)“a dgp- (23'4)

Takum obpazom, nmeem ypaBHEHHE

woe(en)s il (o)
— N [[g(t.p.0) — g(t.p.0")] do (23.5)

¢ B u3 (22.3).

Kunernaeckoe ypasaenne (22.1) yanThiBaeT CTOIKHOBEHWST JIEK-
TPOHOB TOJILKO C MOJIEKYJIAMHU, HO HE APYT ¢ aApyrom. [losTomy 31ech
HET MeXaHM3Ma, YCTAHABJIWBAIOIIET0 OJHOBPEMEHHYIO KOPPEJISIINio
MEZK/ly JIEKTPOHAMM C PABAMYHBIMU HUMIIYJIbCAMU U <HAYAJILHOE»
yenosue ayist byuxkuun g(t, p) Oyger TakuM ke, KAK U B DPABHO-
BecaoMm cocrogauu. [lockonbky pednb uger o duykryamuu GyHKIUN
paciipe/iejieHust, yCPeJIHEHHOM 110 BceMy O0beMy Ia3a, TO J0JIZKHO

BBITH yUTEHO TIOCTOSHCTBO Uuca yacTuil (31exTporos) 2). CormacHo
(20.17), upu TaKOM YCJIOBUU UMEEM

(0f(0,p)of(0,p")) = % f(p)é(p —p') - Nij(p)f(p')

1) Uccnenosanmne 910it 3ama9n IIpaticom (P.J. Price, 1959) aBmioch mepBbIM
IPUMEPOM BbIYnCaeHns (GIIyKTyannii B HEPAaBHOBECHOH cucrteme. Mbl ciemyem
anecs uznoxenuto B.JI. I'ypesuua u P. Kamuarwca (1965).

2) WuTepecysach TOMbKO BusgHUEM HA (DIyKTYyaIuyn HEPABHOBECHOCTH, CBA3AH-
HOH ¢ Ha/JIMYMeM M0JIs, MBI IpeHe0peraeM (IyKTyanusiMu MOJIHOTO 9HCJIA JJIEK-
TPOHOB, CBSI3aHHBIMU C TPOIECCAMHU MOHM3ANMUU U perkomMOmHanmu. CTporo 3tu
dbIyKTyarmn MOryT OTCYTCTBOBATH B CIydae, KOT/Ia BCE 3IEKTPOHBI 00Pa30BAHbI
HPUMECSHMU € MAJIbIM TTOTEHIINAJIOM MOHU3ALNM; TIOJIHOE HMUCJI0 JIEKTPOHOB COB-
MajlaeT TOTJA MPOCTO C TIOJHBIM 9YHC/JIOM IIPUMECHBIX aToOMOB. [Ipenebperaercs
Takyke QUyKTyauusiMu KOHLUEHTPAaUUu HefTpaiabHbix Mosiekysn. Oraocurennhas
durykTyanms 3T0i KOHIEHTPAIINN 3aBEI0MO MaJIa 10 CPDABHEHUIO C TAKOH XKe /1715
3/IeKTPOHOB, OCKOIBKY KOHIIEHTPAINA 3JIeKTPOHOB MHOTO MeHbIIe KOHIIEHTpAa-
LUY MOJIEKYJI.
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(N, — MJIOTHOCTH SJIEKTPOHOR), OTKY/A JIJIsi HA9aIbHOW (byHKINN

g(0.p) = JF(P)(v ~ V), (23.6)

rae V. cpefiHsisi CKOPOCTb SJIEKTPOHOB B COCTOSIHUU C PACIIpe/iesie-

nnem f(p). Crkopocts V Hampamiena, pasymeercs, Baojb mosst E;
HaNIUIIIeM €€ B BUJe

V = —ebE, (23.7)
rae b — TOABMKHOCTL. [10CTOSHCTBO TOMHOTO YHCIA SAEKTPOHOB
osnauaer Takxke, uro [§f d*p = 0 n noromy

[g(t,p)d®p = 0. (23.8)

Crenyst onucanromy B § 19 Meroy, coBepiiiaem HaJl ypABHEHU-

em (23.5) ogrocroponnee npeobpazosanne Oypbe: yMHOKAEM €ro Ha
et u unrerpupyem no t B npegenax or 0 g0 oo. Ilpu sroMm wien
e™“'dg /Ot mpeobpasyeTcs Mo FACTSM C yIeTOM HAYAIBHOTO YCIOBHS

(23.6) u yciosuga g(oo,p) = 0. B pesyabrare nosyuum ypasHeHue

mTp? <Ug(+) n 6g(+)>:| n

. 0 1 3
+Now [ [6(p) g9 do :57( v - V), (239
rie
g (w,p) = [ ¢'g(t,p) d’p. (23.10)
0

B cuny (23.8), 910 ypaBHeHUe JIOIKHO PEIaThCs MPHU JOTIOJTHUTE b-
HOM YCJIOBUW

/g(+) (w,p) d®p = 0. (23.11)
Ecan perenvie ypasuenwst (23.9) HaiineHo, TO MCKOMOE CITeK-

Tpa/IbHOE Pa3JIoyKeHNe KOPPeasaTopa TOKOB MOYKHO HAWTW TTPOCTHIM
nHTEerpupoBanneM. JlelicTBUTETLHO, TTUIITEM

(Jads)w = [ dt [ (3f(t,p)of(0,p"))vavyyd*pd’p’

U, IOCTYNUB 3aT€M B TOYHOCTH aHAJOru4dHO BbIBOAY (19.14), mosy-
quM

(ads)o = € / (85 (@, P)ve + 85 (—w, p)os} . (23.12)
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Hwxe Oymem cumrtaTh 7Isi KOHKPETHOCTH, UTO JJIMHA TPOOera
[ = const. B paBHOBECHOM COCTOSHUN, B OTCYTCTBUE 3JIEKTPUIECKOTO

noss, GyHkuua f eCcTb PABHOBECHOE MAKCBEJLIOBCKOE PACIPEIeICHIE
fo(p). Pemenne ypasuenns (23.9) ects Torga

(+) _ p fo(p) !
8 p V 1—iwl/v’ (23.13)

B 9eM JIeTKO yOeanThes, 3aMeTuB, 9To

J(®—p')do=ap. (23.14)

Ecmw wry < 1 (tpe 7, ~ [/up  Bpems pejaxcanuu 1o HAnpagJie-
HUSIM UMTTyJIbca), To B (23.13) MoxkHO mpenebpeds dienoM —iwl /v
B 3HamMenaresne. Berancrenne warerpana (23.12) npusoanT Torma K
pPe3yIbTATY

.o 2T
(Jadg)w = 7"%, (23.15)

rae 0 = e>Nyby — TpOBOAMMOCTH Taza B ciabom mose; by — To-
JBUKHOCTH B cJ1aboM mosie, gaBaemasi dpopmysioii (22.17). Pesysib-
tar (23.15) coorBercrTryer, KoHeuHo, obmieit dopmyne Haiiksucra
1151 paBHoBecHbIX (urykryanuit Toka (em. IX, § 78). JleitcrBurenbho,
PACCMOTPHM IUJIMHIPAYECKHUA BAOAL 0cH X 00beM raza. ITockonbKy
IJIOTHOCTD TOKA YK€ YCPeJIHeHa 110 00beMy, TO IMOMHBIH TOK J = j,5
rae S nsomaap cedenus nmauaapa. U3 (23.15) umeem roraa

(]2) _ 275 S? _ 2TcS _ 2r
o v L R
rne L = V/S — pnuna obpasma, a R = L/oS — ero comporusie-

(23.16)

)

Hue ).

IIpu E # 0 ypasuenue (23.9) pemaercs 10cie10BaTEIbHBIMU
npubnzkenusaMu, n0gA00HO TOMY, Kak pemajoch ypasaenue (22.6).
Ho B 10 Bpewms, Kak ypaBrernne (22.6) onpee/isiio CKaIsipay o dhyHK-
uuio, ypasuenue (23.9) nmanucano ans sexkTopHOit dbynkiuu. [lep-
BbIe YJIEHbI PA3JIOKEHWsI TaKOW (yHKINHU (3aBUCAIIEH OT JBYX BEK-
TOPOB  moCTOssHHOTO E M nepeMeHHoro p) Hanuimem B Buje

g (w,p) = hlw, pIn + e{go () + meg (w.p)}. (2317)
npuuem g, < g, (37eck n = p/p, e = E/E). Oynkmusa xe f(p)
eCTh _

f(P) = fo(p) + nefi(p) (23.18)

C BBIUUCJIEHHBIME B npesayniem naparpade fo u f1 = eElf)/v.

b IIpu cpasrennu ¢ IX (78.1), mamo yaects, ato fiw < T u 9T0O B CHITY yC/IOBUS
wTp K 1 aucnepcnst TPOBOANMOCTH OTCYTCTBYET, Tak 910 4 = R.

5 JI. J. Jlanpay, E.M. Jludbmwuy, Tom X
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IMoacraum (23.17), (23.18) B ypasuenwue (23.9) u oTges M B HEM
“JIeHBI, HedeTHRIe 1 YeTHEIe 110 p. CHora monarast wr, < 1, moay«n,
coOpaB HEYETHBIE YJICHbI:

v 0 v,
2{m + g e(ne)} —e | eZ8l | eE = Jov
l Jp v’
3JI€Ch OILYIIEHbl YJ/IeHbl, 3aBeJ0MO MaJible (B orHomenun m/M) no
cpaBHeHMIO ¢ HanucanubiMu. OTcrona

l eElm 0g y(w,p)

W) = L), gi(wp) = mOEalenr) (23.19)
v P op

Yo KacaeTcsd 4eTHBIX 110 P YJIEHOB, TO OHU JIOJI2KHBI Y/I0BJIETBO-
paTh ypashenuto (23.9) b 110CI€ yCPEJHEHUs 10 HAIPABJIEHU-
SIM P — B COOTBETCTBUU C TeM, 9T0O Bhipaxkenue (23.17) maer jwiirn
[epBbIe 4jIeHbl pasd/ioxkenus: nckomoit dyukuun. [locie meciokuoro
BbluMCIeHus (¢ ucnosb3oBanueM Bbipazkenuii (23.19)) nosyvaercs

crenyromiee ypasuenne st GyHrmn go(w, p):

rae
2 2
S — _ 1 <p g0+mpT8g0> _eF lm%_
dp 3p Op
DTO ypaBHEHUE HAJIO0 PEIIaTh MpU JOTOJHATEILHOM YCIOBUU

ng(wap) d3p = Oa (2321)

K KoTopoMy cBoguTcst (23.11) npu moacranorke B Hero (23.17).
Ilo uzBecTHoit dbyHkMM g(+) MCKOMBIM KOPPEJIATODP TOKa OIpe-
neqsiercs bopmynoii (23.12). Tlpu nojcranoBke B Hee Pas/iOkKeHust

(23.17) u upocroro npeobpaszopanus ¢ ucnosaszoanuem (23.19) no-
JLy 4aeTCst

o 2¢*1
lods)o = 80s S} [ whad'p

21,3 d3
o EO‘EIB% /[gO(wap) +g0(*W,p)]7p (2322)

Ynen —iwg, B ypasuernn (23.20) CTAHOBUTCS CYIIECTBEHHBIM
npu w ~ mv/MI, 1. e. npn w7, ~ 1, TIe 7. — BpeMsi peJAKCAIN TI0
sHeprusaM 31eKTPoHOB. C TAKNX YaCTOT HAUNHAECTCS, CJIEI0BATETHHO,
jucrepcust (payKTyaruii ToKa.

B obmem ciayuae ypapuenne (23.20) ouensb ciaoxuo. OrpaHnanm-
cs, JUIS WTIOCTPAIAW, CIyYdaeM MaJIbIX 9acToT, wT. K 1, n cnib-
HBIX TIOJIE, YIOBIETBOPSIONINX YCJIOBUIO ¥ > 1, re v — mapameTp
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(22.13). B cuty mocsennero yenosusi, byukuns fo(p) gaercst BeIpa-
kenuem (22.18). Boluncienue nnrerpasna B nepsom diese B (23.22)
Jaer

5. 2 Nl (eEz)V? (M)W
°b35/ar3/4) VvV \m m)

Bo Bropom uiene B (23.22) orpannumMcs OyKBeHHOi orenkoii. 13

ypasuenust (23.20) (6e3 unena —iwg ) HAXOAUM OLEHKY

m m

eBlI> M f
0~ e o
I/IHTera.H OlI€EHUBaETCAd 3aTeM KaK
SIEEp,
P
B pesysibrare Haxomum Jijisi KOPPeJisATOPa TOKA BbIPAYKEHUE
i ig), = Neell (e_El)”Q (%)”4 [0,6305 — 5727 23.23
(]aJ,B)w Ty - - 6008 — B 5 | (23.23)

e 8 ~ 1 — ancaennast TOCTOSTHHAST.

§ 24. PekombuHanusa u moHu3anus

Vcranos/ienre paBHOBECHO! CTENEHN MOHU3AIUN B YACTUYHO HO-
HU30BAHHOM Ta3€ OCYIIEeCTBIIAETCs IIyTEM PAa3INIHbIX dJIEMEHTAPHBIX
AKTOB CTOJKHOBHUTEJIbHONU wmoHM3auu u 00paTHOfl pexomMOMHAIIAM
CTAJIKMBATIOIINXCs 3aPLAKEHHBIX 4acTull. B rnpocreiimeM ciiy4dae, Ko-
rJa B raze umeercst (II0MUMO 3JEKTPOHOB) JMIIb OJUH COPT MOHOB,
POIECC YCTAHOBJIEHUS MOHU3AIMOHHOTO PABHOBECHUS OIMCHIBAETCS
YPaBHEHUEM BUJA

dN,
dt

Brech  — umcI0 371€KTPoHOB, obpasytommxca B 1 ¢ B 1 cv® (mpn
CTOTKHOBEHUSIX HEWTPATBHBIX aTOMOB WM MyTEM HWOHW3AINN aTO-
MOB (hOTOHAMM); ITO YMCAO He 3aBUCHAT OT HAJWYHBIX TIIOTHOCTEN
snektponoB N, n nonoB IN;. Bropoit ke wjgen maer yObLIL dmcia
SJEKTPOHOB OJiarofapsd WX pPEeKOMOWHANINW C WOHAMH; BEJIUYUNHY
Ha3BIBAIOT KOIPHUUUEHMOM DEKOMOUHAUUU.

[Iponecc pekombunaluu 0OBIYHO BECHMA ME/IJIEH 110 CPABHEHUIO C
OCTAJIBHBIME [POLECCAME YCTAHOBJIEHUS PAaBHOBecusl B mia3zme. Jle-
JIO B TOM, 9TO 0Opa3OBaHUe HEHTPAJbHOIO aTOMA HPU CTOJKHOBE-
HUM MOHA C 3JIEKTPOHOM Tpebyer yHOca 0CBOOOXKTATOIIECs SHEPIUn
(SHEPrUM CBSA3M JIEKTPOHA B ATOME). DTA IHEPIHUs MOKET U3JLy IUTh-

cst B Bugie porona (pajauarnmnonHasi pEKOMOWHAIINS); B TAKOM CJIy4ae

= — aNeN;. (24.1)

5*
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MeJIJIEHHOCTH TIPOIECCa CBSI3aHa C MAJIOCTHIO KBAHTOBOIJIEKTPOIN-
HaMUYIECKO BepOATHOCTH W3ayderus. OCBOOOK TAIOMIASICT JHEPTUST
MOXKeT OBITh TaKKe TepeaHa TPeTheil JacTuile — HEeHTPATHLHOMY
aTOMY; B 9TOM CJIydae MeJJIEHHOCTH MPOIECCa CBsI3aHa C MaJjoil Be-
POATHOCTHIO TPOWHBIX CTOIKHOBEHNI. Bce 9T0 TpUBOANT K TOMY, ITO
PEKOMOMHAIINIO TACTO MMEET CMBIC U3YYaTh B YCIOBUSIX, KOTJIA PAC-
MpeJieJIeHre BCEX JaCTUI] MOYKHO CIUTATH MAKCBETOBCKIM.

B pasnorecun npownssognast dN, /dt obpamaercst B #yib. OTcio-
Jla CJIeyer, 9To BeJnunHbl v 3 B (24.1) cBsiBaHBl APYT € JAPYyTOM
COOTHOIITEHNEM

B = aNgeNoi, (24.2)
e Noe 1 Ng;  paBHOBECHBIE TLJIOTHOCTH SJIEKTPOHOB U MOHOB, OTIPe-
JEJSTIOIINECS COOTBETCTBYIOMMME TEPMOJUHAMIIECKIMEI (hopMyJIa-
vu (em. V, § 104) 1).

Koaddnmment pagmammonHoit  peKOMOMHAIINT  BBITHUCISIETCS
HETOCPEe/ICTBEHHO TI0 CEYeHUI0 PeKOMOMHAIINN Opex TP CTOTKHOBE-
HUM 3JIEKTPOHA C HEIOJBUZKHBIM HOHOM (CKOPOCTBIO MOHA MOXKHO
npeHedpeds 10 CPABHEHUIO CO CKOPOCTHIO 3JIEKTPOHA):

a = (VeOpex), (24.3)

rjle yCPEJIHEHUE TPOU3BOIUTCS [0 MAaKCBEJJIOBCKOMY PACIpeJIesie-
HUIO CKOPOCTEH 371eKTPOHA Ve (CM. 3agauay 1).

Pajmanmonnass pekoMOuHAIMS CYIIECTBEHHA, OJIHAKO, JIUIIb B
JIOCTATOYHO Pa3PEKEHHOM Tasze, KOrja TPONHBIMEU CTOJKHOBEHUS-
MU YaCTHI], MOXKHO BOBCE NpeHeOpedb. B MeHee pazpekeHHOM Taze
OCHOBHBIM MEXaHU3MOM SIBJISETCS] PEKOMOMHAIMS C yIACTHEM TPe-
Theil 9acTulbl  HeATpasbHOrO aroMa. VIMEHHO 3TOT MEXaHU3M Mbl
U PACCMOTPUM TEIEPD MOIPOOHEE.

Ilpw cronkHOBEHWN € aTOMAMU SHEPTHUsSI JIEKTPOHA M3MEHSIETCST
MaJjIbIMu TopimsiMu. [1oaToMy mporiecc peKoMOWHAIINY HAUYMHAETCST
¢ obpazoBaHus CUIHLHO BO30OYKIEHHOTO aTOMa, & TPHU JAJTLHEHTITNX
CTOJIKHOBEHUSIX 9TOTO aTOMa, TPONCXOINUT TTOCTETIEHHOE «OTYCKAHWTE»
S7eKTpoHa Ha Bce Oosiee Hu3kme ypoBHU. Takoii xapakTep rpoiecca
TO3BOJIIET PACCMATPUBATE €r0 KakK «aIndy3uio TT0 SHEPTUI» 3aXBa-
YEHHOTO 3JIEKTPOHA, 1 COOTBETCTBEHHO TIPUMEHNUTH K HEMY ypaBHeHe
®oxkepa—Ilnanka (JLI1. ITumaescrui, 1962).

Brenem dyukImio pacnpegeserus 3aXBaU€HHBIX 9JIeKTPOHOB 110
ux (oTpuraTesibHbIM) 9HEprusaM €. OCHOBHYIO pOJIh Oy/IeT, eCTeCTBEeH-
HO, urpathb «auddysusay no obaacru suepruit |e| ~ T. Hanmomuum
B 9TOH CBSA3U, 9TO TEMIEpATypy HaJ0 BO BCAKOM CJIydae CUUTATH
3/1€Ch MAJIOi MO0 CPABHEHWIO ¢ MOHU3AIMOHHBIM TOTEHIINAIOM aTO-
MoB [; ipu T' ~ [ 1a3 6611 OBl y2Ke MPaKTHIECKU TTOJTHOCTHIO MOHU-
soBaHHbIM (cp. V, § 104).

B CIyvae paaualiioOHHON PEKOMOMHAIINN PABHOBECHOCTD COCTOSTHUS TTPEI-
TI0JIATAET TAKYKE W PABHOBECHOCTh M3JIydeHUs B IJIa3Me.
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Ypasuenne Pokkepa-Ilranka:

of _ 05 o B _ 4y (24.4)
ot Oe Oe

Kaxk o6b1an0, Ko3bdurmert A MOKHO BRIPA3UTh Uepe3 B n3 yeIoBust
s = 0mnpu f = fy, tne fo — paBHoBecHoe pactpeaenenne. [locae aToro
MOTOK § TPUMET B/

of
Joo, fo
«Koabdunuenr nuddysuuy B(e) onpenesnsiercs no obmemy npasu-
JIy KAk

(24.5)

s=—-B

2
B(e) = 289 (24.6)
26t

riae Ae  w3MeHeHue 3Heprun BO30YKIEHUsT ATOMA [IPU €10 CTOJIKHO-
BEHUU C HEBO30Y2K/IEHHBIM ATOMOM; Bhiuuciaenue B(g) 1o 3roii dhop-
MyJie CBOJUTCS K PEIIEHUI0 MEXaHUYEeCKOH 3a/1a91 0 CTOJIKHOBEHUU U
MOCIEYTOIIEMY YCPEJHEHUTO 110 CKOPOCTH HEBO30YKJIEHHOIO aToMa

(cm. 3amaqy 2).
st maxoxgennsi pyurunn fo(€) 3amedaem, 910 pPaBHOBECHOE
pacripe/iesieHue 1Mo UMITyJIhCaM W KOODPJMHATAM JIJIs SJIEKTPOHA B KY-
JIOHOBCKOM 1OJIe 3apsiyia ze (3apsan unona) paercs dopmysioi Bosbi-

MaHa
2

2
fo(p,r) = (27TmT)73/2675/T, =2 _ 2 (24.7)
2m T
(0 ee HODMUPOBKE CM. HUZKE); JBUZKeHMe 31eKTpoHa 1pu |e| ~ T & T
KBa3UKJIACCUYHO, YTO U MO3BOJISET MCIOJb30BATH JJIsd SHEPIUU € ee
KJaccn4eckoe Bbipaxkenne. OyHKIUs 2Ke PACIpeeeHus 1Mo € eCTh,
CJIEJIOBATEJIBHO,

fo(e) de = (2amT) 32V 1 (e) de, (24.8)

rie 7(e) — ob6beM $azoBOTO MPOCTPAHCTRA, OTBEYAIOIINI WHTEPBa-
ay de:

2 2
T(e) = /5 (|E\ + 2p—m - %) Pz d®p. (24.9)

Bamenns d>z d®p = 4mwr? dr - 4wp? dp n TpoM3BeAst MHTErPHPOBAHTE,
TTOJIY UM

3.,.2\3, 3/2
7(e) = % (24.10)

Jnst GopMyIMpoOBKN yCAOBUH, ONPEJESAIONUX Hy KHOE HAM Pe-
nrenue ypasuenunit (24.4); (24.5), ynoOHO cumTaTh, 4TO HAMMYHASA
MJIOTHOCTH 9JIEKTPOHOB B Taze N, > Ny.; Toraa B (24.1) MOXKHO npe-
Hebpevh CKOPOCTHIO MOHM3ANNM (3, Tak 910 yowLah N, Oymer ompe-
JEAATHCA OHOMN MUITh pekomOnHanmed. B 9Tux yCaoBusax mocTosH-

HOe 3HaYeHne MOTOKa § B CTAIlMOHAPHOM pellieHnn ypasHenus (24.4)
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npsiMo JlaeT 3uavenne Koddduimenta pekomburammm (s = const =
= —a), ecau TobkO byHruus f(€) AOKHBIM 06pA30M HOPMUPO-
Bana. Vmenno, Ha caMbix BepxHUX ypoBHSX (|e] < T') 9/1€KTPOHBI
HAXOAATCA B PABHOBECUU CO CBOOOIHBIMM 3JIEKTPOHAMMW; STO 3HAYWT,
9T0 JIOJIZKHO OBbIThH

fle)/fole) =1 mpm |e| =0, (24.11)

npudeMm HOpMUPOBKA fo(€) mo/KHA OTBEYATH OJHOMY CBOOOJIHOMY
9JIEKTPOHY B eAnHWIE 00bema (4To u BeImoIHeHO B (24.7)).

Jnsg HaxoxK jeHus: BTOPOro rPaHuvHOroO yceaoBus (pu € — —00)
3aMedaeM, 4TO pacrpejeenne Ha ryOOKUX yPOBHSAX BO30YKI€H-
HOIO aTOMa He BO3MYIIEHO HAJTMYUEM CBOOOJHBIX 3JEKTPOHOB U HE
3ABUCHT OT UX YUCIA: OHO MPONOPHHOHAJIBHO PABHOBECHOMY YHUCJLY
Noye, a ve dpaktuaeckomy Ne. [Ipn yenosun N, > Ng. 91a curyanms
BBIPAKAETCS TPAHUIHBIM YCJIOBUEM

fe)/fole) =0 upu |e| = oo. (24.12)

Murerpupyst ypaBHeHme § = const ¢ TPAHWUYHBIM YCIOBUEM

(24.11), mveem
le]
“- = const /
f
0

Koncranra 6ymer coBnasars ¢ —q, €CJiu ONPEIEJIUTh €€ TaK, 9T00bI
YA0B1eTBOpusIoch yeaosue (24.12). Takum 06pa3om, HAXOAMM OKOH-
JaTeIbHO

tc‘&

o0 o0

3/2 le|/T|.15/2
1 /M: 2T /6 EL e ). (24.13)
. )%,
0

Bfo  w¥/2(ze? B(—lel)
0

DTa hopMyIa OTHOCUTCS K TIPOIECCY, B KOTOPOM POJIh «TPETHETO
Teay WTpaeT HeBO30YKAeHHBII aToMm. Ecan ra3 yxe CuaIbHO HOHI30-
BaH (qTo, OJTHAKO, €ITle COBMEeCTUMO ¢ yciropueM T < [ ) M JOCTATOYHO
MJIOTE€H, OCHOBHAS POJIb MOXKET TIepeiT K PEKOMOWHAINHN C yIaCTH-
€M BTOPOTO 9JEKTPOHA B KadecTBE TpeThero Teja. CKOpOCTh PeKOM-
OWHAIIMY CTAHOBUTCS TOT/Ia MpOMOpIHonanbroit N2N;, Tak |9To Ko-
s dutmenT pekoMOuHAINN, OTTPEIEIEHHBIN TTO-TTPEKHEMY COTJIACHO
(24.1), 6yner cam mponoprmonaned Ne. [ToCKOIbKY perakcaims mo
SHEPTUN TIPU JEKTPOHHBIX COYTAPEHUAX TTPOUCKXOIUT OBICTPO, U310~
JKEHHBITT MeTO BHIUNCIeHsT KoM DUImenTa peKOMOMHAIINT B 9TOM
CIyvae HETPUMEHUM.

Bagauam

1. Haittn ko3 dunmenTt pagumannoHHON PEeKOMOMHAINY C 3aXBATOM JI€K-
TPOHA HA OCHOBHOE COCTOSHHWE aTOMa BOIOpomaa npw temneparypax 1’ < I (I =

=e'm / (2h?) — 1HOTEHUMA MOHN3ALMI ATOMA BOJOPOIA).
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Pemenwue. Ceuenne pekoMOMHAIMM MEIJEHHOTO 3/IEKTPOHA, C HETIOABUIK-
HBIM IIPOTOHOM Ha OCHOBHOII YPOBEHBb BOJOPOTHOTO aTOMa eCThb

21972 (e? Jhe)a% I?
Opex = ,
e 3(2,71...)*m2c%v¢
ﬁ2

TJIe Ve CKOPOCTH 3/IEKTPOHA, AB =

5 Goposckmii pagmyc (cm. IV, § 56,
me

bopmynt (56.13), (56.14)). Cpemee suauenue {(v. ') = (

2m

1/2
— . B pesynbTare
) ey

nosryaum cornacHo (24.3):

o 2107r3/2 (5)30%1 (£>1/2_35 (5)30%1 (1)1/2
3(2, 71)* \ he hoO\T he Bo\T ’

2. Onpenemuts xK03ddunmment pexkombunaanmm cornacuo (24.13), npeneGpe-
rasi BJIMSTHUEM CBSI3W JIEKTPOHA B BO30YIKIEHHOM aTOME HA IIPOLIECC €r0 CTOJIK-
HOBEHUA C HeB036y)K,HeHHBIM ATOMOM ™ T110JIarasd TPAHCIIOPTHOE CeYeHune 3TuX
CTOJIKHOBEHU HE3ABUCAIINM OT CKOPOCTH.

Pemenne <«Koabbuumenr mnddysuns» B(g) BHIMACIACTCS aHATOTUIHO
TOMY, KaK 3TO [ea0Ch B § 22, u paBeH

BE) = (k) ow'). (1)

3mech N — MIOTHOCTH aTOMOB B Taze, M — Macca 3JIeKTPOHA, Uar — OTHOCH-
TeIbHASA CKOPOCTHh BO30YZXKIEHHOTO UM HEBO30YXKAEHHOTO aTOMOB. CKOPOCTH Vax
pacmpezenensl o Makceeny ¢ mpuBemennoii maccoit (M/2, rme M wmacca
aToMa) B KAYECTBE Macchl YacTHipr; moaromy (v2,) = 6T /M. Hanee, p B (1) ectn
UMIYJIBC IEKTPOHA B T0JI€ MOHA; YCPELHEHNEe o¢p° MPOMBBOANTCS 110 00J1acTH
dbazoBoro nmpocTpancTBa 3nekTpoHa T(€), OTBEYAIOMEH 3aTAHHOMY 3HAYECHUIO ||,
IIpu 0 = const Haxoaum

2 ‘2 2v/2 .
oy = 5 P84 G ) et = e

Takum o6pasom,

_ 64v2ToN|e[*/?

3nM
u 3aTeM Beraucsenue 1o (24.13) maer okoHUATENTBHO

32v2rm'?(ze?) oy N
a= .

B

(2)

3MT5/2
IIpeneOpeskeHue CBA3BIO MEKTPOHA B aTOME 3aKOHHO, €C/IM YacTOTa BO3-
MyILIEHUs, CO3JABAEMOr0 aToOMOM BO/m3M 3jeKTpoHa (~ d/Tar, d — aTOMHBIE

Pa3MepBl), BEIWKA TI0 CPABHEHUIO ¢ IACTOTON OOPAIIEHNS 3MEKTPOHA ¢ SHEPrHedi
le| ~ T. Orcioma nonyuaercs ycnosue T < (e /d)(m/M)"/?.

§ 25. AmOunoasipuasi qudpdysus

Paccmorpum anddysnio 3apsKeHHBIX YaCTUIl B €1ab60 MOHNU30-
BanaoM raze. Kak m B § 22, cremenh MOHW3AINN TIPEIITOIATACTCS
HACTO/IBKO MAJION, 9TO CTOJKHOBEHUSMU 3aPSKEHHBIX YACTHI] JPYT
C IPyrOM MOXKHO TpeHeOpeth M0 CPABHEHWIO C WX CTOTKHOBEHUSIMU
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OkoHuaTennHas pesakcannsl BO3MYIIEHWS 3JIeKTPOHHOW M MOH-
HOI TJIOTHOCTEH TIPOMCXOINT COTJIacHO ypaBHenwio (25.8), koropoe
nocsie nojacraHoBku (25.12) npunumaer Buj

3(;? — 2D;AN;. (25.13)

Taknm 0bpazoM, B TeUeHVEe BPEMEHN ~ T; 3JeKTPOHBI W MOHBI (-
dyuaupyior Bmecre (0N, = 0N;) ¢ yaBoeHHBIM KO3bDdUIIEHTOM
auddysun MoHOB (Tak HazbIBAEMAas aMOuUnoAsphas oupdysus). Io-
JioBuHA 3TOro KoddduimenTa ceg3ana ¢ cobcrBernoit auddysueii
HOHOB, a MOJIOBUHA, € 9JEKTPUYECKUM I10JIEM, CO3JABAEMbIM Pa3-
OerarMMucs TeKTPOHAMMA.

Ormernm, HakoHell, uTo ypasHenue (25.13) nmeer Gosee mmpo-
Kyi0 00J1aCTh TPUMEHUMOCTHU, UeM 3TO CAeIyeT U3 TPUBEIEHHOTO
BBIBOA. Jlake eciim BO3MYyIleHME He SIBJISIETCS CIAa0BIM, JIBUYKEHWE
9JIEKTPOHOB OBICTPO TTPUBOAUT K YCTAHOBJIEHWIO MX OOJIBIIMAHOBCKO-
10 pacrpeeeHus B o€ U K BHIPABHUBAHUIO KOHIIEHTPAIINN 3JI€K-
TPOHOB W MOHOB, T. €. KBaznHehTpaabuocTu. [Ipu srom

N, = N; = Nge®#/T, ep="TIn ]]\\;’

0

(25.14)

IMoxcrasue (25.14) B (25.5), upuxoaum cHOBa K ypasHeHuio (25.13),
HO y2Ke 0€3 [PEJIIOIOKEHUS O MAIOCTH BO3MY IEHHSI.

§ 26. IloaBU>KHOCTh MOHOB B PACTBOPAaX
CUJIBHBIX 3JIEKTPOJIUTOB

Beinucannbie B npeapiayiiem maparpade ypaBHeHus JErko 0000-
[IATOTCS HA CJIydail HAJIu4Iusi MOHOB Pa3HbiX copToB. OHU TpPUMEHM-
MBI TAKXKE M K JIBUXKEHUIO UOHOB B PACTBOPAX CUALHOBLL IAEKMPO-
aumoe V). B npezene «Geckoreuroro» pasbarienus pacTeopa (T. e.
npu CTpemMsameicss K HyJIi0 ero KOHIEHTPAIMU) NOJBUKHOCTh KazK-

(0)

J0ro (a-T0) copTa MOHOB CTPEMUTCS K TIOCTOSTHHOMY TIpeieny by ', a
ero ko3 durment guddy3un — COOTBETCTBEHHO K 3HATEHUIO

DO = 70, (26.1)
Hacrogmuit maparpad mocssiiesn BbIYUCIEHUIO [TEPBBIX, 110 Ma-

JI0Tt KOHIIEHTPAIUH, TOTTPABOYHBIX YJIEHOB JIJId TTOJBUYKHOCTEN NOHOB

B c1abOM pacTBope 2). Tem cambim OMPEJIeNIATCS TaKyKe W MOmpaBOY-
HBbIE YJIeHBI B MPOBOAMMOCTHU pacTBOpa. B ajgekTpudeckom mose E

1) HaHOMHI/IM, 9TO CUJIBHBIMU 3JIEKTPOJIMTAMW HA3BIBAIOT BEUIECTBA, KOTOPHIE
IIPU PACTBOPEHUU TOJHOCTBIO JAUCCONUUPYIOT HA UOHBI.

2) Nanaraemas Huzke Teopust 6bLma passuta Jebaem u Xwoxxesem (P. Debye,
E. Hiickel, 1923) n Oncazepom (L. Onsager, 1927).
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Ha KaXKJIblil MOH JleficTByeT cuia ez,E, 1om jaelicTBueM KOTOpPOil OH
nproOpeTaeT HATPABIEHHYIO CKOPOCTh byez,E. [lostomy mroraoCTh
TOKa B PacTBOpE

i= EZ €zqNg - bgezq,
a

rie N, — KOHIeHTpaIrws (YnciI0 HOHOB COpPTa G B enHUIe 00bema)
TaK YTO MPOBOANMOCTH

o=e"Y Naziba. (26.2)
a

W3znaraemas amKe Teopusi OCHOBAHA HA TEX JKe MPEJICTABICHU-
SIX, 9TO W TEOPHUsl TEPMOIUHAMUYECKUX CBONUCTB TLIA3MBI U CHJIHHBIX
971eKTPoanTOB. OHM COCTOAT B TOM, 9TO BOKPYT KaXKJ0I'0 HOHA CO3J1a-
eTCsl HEOJJHOPO/IHOE pacipeiesienne 3apsaioB (MoHoe 00/1aK0), IKpa-
Hupyitoiiee nojie nona. Coorsercryiornme (HOpMyJibl ObLIN MOy Ye-
bl BV, § 78, 79, Jis my1a3Mbl; aHAJIOTUYHBIE (DOPMYJIBI JIJIsl PACTBOPA
CUJIBHOTO 9JIEKTPOJIUTA OTJUYATOTCS JIUIIh HAJIMIUEM B HUX OTJIHY-
HO¥ OT eJIUHUIBI JUTEKTPUIECKONH TPOHUIIAEMOCTH PACTBOPUTE/IsI €
u OY/yT BBIIUCAHBI HUXKE.

DKpaHupyfoIiee 00JIAKO MEHSIET MOJIBUKHOCTh HOHA B CHUJIY JIBYX
pazauunbix dddexToB. Bo-nepBhix, jABUKEHUE MOHA BO BHEITHEM
SJEKTPUILCKOM MOJIe MCKAXKAET PACIpEJIe/ieHre 3apsijioB B 00JIaKe,
B PE3yJIbTATE Yero BOZHUKAET JIOTOJHUTEILHOE T0JIe, JefCTBYoIee
Ha noH. Bo-BTopbIX, jiBU2KEHHE 00J1aKA PUBOJIUT B JIBUKEHUE YKUJI-
KOCTh, YTO BBI3BIBAET «CHOC» MOHA. [lonmpapky 1mepBoro poja Hazbl-
BAIOT PEAGKCOUUOHHOT, a TIOMPABKY BTOPOIO POja  asexmpogope-
muyvecrol.

Penakcamnmonnast monpaska. Haumnem ¢ BBIYUCTEHNUST TIOTIPAB-
K1 TIepBOro poja. Ilockonbky sKpanupyiomiee 06,1ak0 BEIPAYKAET CO-
00il CyIecTBOBaHME KOPPEISIINN MEXKIY TOM0KEHUIMI PASTHIHBIX
MOHOB, TO PEYb MIET O BJIWSHUU BHEITHETO 1o K Ha KOppessim-
OHHBIE (DYHKIIIH.

Onpenenum  (QYHKIUIO TAPHONH KOPPEJANNH Wy TaK, YTO
Nywap(re, vp) dV, €CTh 9ncio HOHOB COPTA @, HAXOJSIINXCSA B 0Obeme
dV, B6IM3M TOYKM T, TIPU YCJIOBUM, ITO OJWH MOH COpTa b HAXOIWT-
Cd B TOYKE TI'y; COPTa @ W b MOTYT OBITH KaK pPa3IUIHBIME, TaK U
onnHaKkOBbIMU. OUEBHUIHO, 9TO

Wap(Tas Th) = Wha(Tp, Ta), (26.3)

a mpn |r, — ry| = oo dbyukunm wy, — 1. B pasHOBecun dbyHKINM
Wqp BABUCAT TOJBKO OT PACCTOSIHUI [Ty — T'p|; BO BHEIIHEM 1OJ1e 3T0
yaKe He TaK |).

1) Meron KOppensmaoHEbIX GYHKINI B IPAMEHEHNN K PABHOBECHOMY COCTO-
STHWIO TJIa3Mbl (MJIM 371eKTPOoMTa) n3yioxken B V, § 79.
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Koppensamuonnsie dhyuxknmm, Kak u BCsgkne (MYHKIUN pacipe-
JEeJIEHUS, YVJIOBJIETBOPSAIOT YPABHEHUAM, WMEIOIIUM BUJ yPABHEHUS
HEMPEPBIBHOCTU B COOTBETCTBYIOIIEM TTPOCTPAHCTBE — B JTAHHOM CJIy-
Jae B KOH(MUTYPAIMOHHOM TTPOCTPAHCTBE JIBYX UACTHUIL:

a/wa.b

ot
rjae ja, jb IJIOTHOCTHU ITOTOKOB BE€POATHOCTU JJid YaCTHUIL G 1 b, a
NHAEKCBI y 3HaAKa div YKa3bIBalOT, II0 KaKUM II€PEMEHHBIM (I‘a nJin I'b)

npon3BOAUTCsT AU EPEHITUPOBAHNTE.
ITotox j, mmeer Bua

jo = —belo)vawab + bflo)zaezl)ab(E —Vapp), (26.5)

a jp — TaKOii JKe BUJ C TIepeCTaBIEHHBIMU NHIEKCaMn a n b. Tleprbrii
wien B (26.5) onuckisaer anddy3noHHOE TEpeMerenne NOHOB a,
TTPONCXOAAIIEE Y7KE W B OTCYTCTBAE BHENTHETO TOJIs1. BTOpOii wien —
IJIOTHOCTE TTOTOKA MOHOB TIOJT JCHCTBUEM CHJI CO CTOPOHBLI BHEITHE-
ro moast E w monst —V @, CO3JaBAEMOTO B TOYUKE T UCKASKEHHBIM
061aKOM TIpU yCIOBWU, 9TO B TOYKE Iy, HaxoanuTcsa non b. TTorenmman
Ya = @p(rq, Tp) TOCTETHETO TIOJST YIOBIETBOPSIET ypaBHeHuto Ilyac-
coHa

4
Aupp(re, 1) = 75 [Z ezeNewey(ra, rp) +ezpd(rg —rp)|. (26.6)

c

+ divy jo + divyjp = 0, (264)

IlepBoIit wieH B KBaAPATHBIX CKOOKAX — CPEIHSS TLIOTHOCTH 3apsi-
JIOB BCEX COPTOB MOHOB B 00J1aKe, & BTOPOIl WIeH — TJIOTHOCTH 3apsi-
J1a, JIOKQJIN30BAHHOTO (COTJIACHO YCIOBUIO) B TOUYKe Ty. MHOXKWTEH

1/e Boipazkaer ocabyieHue 1oJIst B JIM3JIEKTPUYECKOl cpee (pacTBo-
purese).

IIpenmomarast pacTBOp JOCTATOUHO paszbaBIEHHBIM, MBI TTpEHe-
OperaeM TPOWHBIMYU KOPPEJSAIUSIMIA MeYKJIy MOJ0KEeHUsIMI HOHOB. B
9TOM Ke TPUOINKEHUN (DYHKIINU TAPHOH KOPPETANNH Wqp OJTU3KU
K 1; BRejieM MaJjible BeJINIuHbBI

Wap = Wap — 1. (26.7)

DTOT ¥Ke MOPsiJIOK MAJOCTU UMEIOT MOTEHIUAIbL . [Ipenedbperast
YJIeHAMM BTOPOTO NOPsijIKa Majoctu, nepenuniem (26.5) B Buje

ja = b((l,O) [_Tvawab + eza(l + wab)E - ezava(Pb]' (26'8)

B ypasuennn xe (26.6) B cuity SgeKTpOHERTPATLHOCTH PACTBOPa B
cpeaneM (Y ez.N. = 0) MOXKHO [IPOCTO HAIUCATH Wgep BMECTO Wep:

Aapp(ra,Th) = —4?” [Z ezeNewey(Tas Th) + €240(rqg — 1) |- (26.9)

c
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B nocrostarom oxmoponuom mone E dyrkunm wg, #e 3aBucsT
OT BPEMEHH, & KOOPANHATHI JBYX TOUEK BXOASIT B HUX JINIIb B BHJE
Pa3HOCTHU T = 'y — Ip; TIPU 3TOM V,Wep = — Vpwep. LlogcTanoska j,
n3 (26.8) (w amasormaHOTO BRIpaXKeHust st j;) B (26.4) mpuBoanT
Tereph K yPaBHEHWIO

T(b,(lo) + bgo))Awab(r) + ezabgo)Atpb(r) + ezbbéo)Agpa(—r) =
= (200 — zbbgo))eEVwab(r), (26.10)

rjle BCe IPOU3BOJIHBIE HEPYTCs 110 T.
[Ipeanonaras Bueminee mose ciabbiM, MOXKHO PeIiaTh 3aady M0-
ciepoBarebabivMu npubsmkenngyvu 10 E. B mysesom npubiinzxke-

nuu, upu E = 0, norenuuasib go,(lo) (r) uernbie dynkuuu r. Umes B
BUJLy, 4TO BCe DYHKIUU Wep U Pq JOJIZKHBI 00pAIIATHCS B HyJlb 1IPU
7 — 00, HaXOAUM Toraa u3 (26.10):

T + 5w + e(0 2,0 + 5V 200y =0, (26.11)
WNmewm perrienne B BUjIE

Wiy (1) = zazw O (r), el (1) = ~Tzew ) (r). (26.12)

ITpu srom (26.11) yaoBieTBopsieTcss TOXKIECTBEHHO, a n3 (26.9) Ha-
xoanm ypagrerne st by w(® (r):

2
AwO(r) — L0 (r) = 47 5(p), (26.13)
a? eT
rje
-2 dre? 2
a? =" ZNZ (26.14)
Pemrerne sroro ypaBaeHust:
2 —r/a
w(r) = J;Te (26.15)
3 r

Benuunna a ects gebaeBckmii pammyc SKpAHUPOBAHUS B PACTBOPE
DJIEKTPOJIUTA.
B crnenyromem npubsimkennu moiaraem

0o =00+, wap=wl) +wl), (26.16)

rje nHgekcoM (1) ormedeHbl Masible 100aBKYW K HYJIEBBIM 3HAUEHM-
sM. Byyun ckasisipamu, Bce 3T TONPaBOYHbIE (DYHKIMHA UMEIOT BU/T
Erf(r), rue f(r) — dyHKIMM TOILKO 0T abCOMIOTHON BEJWYUHBI 7°;
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) (1)

no3TOMYy BCe W,, W Qg — HedeTHble dynkmun r. [lockonbky co-
riacro (26.3) nmeem

(1)

W) (1, 19) = W) (1) = Wl (r9, 1) = Wil (1),

TO OTCIOJA CJle/yeT TaKzKe, 4TO
1 1
W () = —wiV(r) (26.17)

(HAIIOMHMM, 49TO Be3je ' = I, — Ip). Eciu nonbl @ u b orHOCATCS
K OJIHOMY COPTY, TO NEPECTAHOBKA MHJEKCOB HE MOXKET W3MEHHTb

1
bYHKINTO w((lb)
1
9TO 3HAYNT, YTO HONPABKK W,, CYIECTBYIOT JIAMIb 18 KOPPeJIsiy-
OHHBIX (DYHKIWI AP PA3JIMIHBIX UOHOB.
st yruporenust JajibHEAINX BbIYUCICHUN OUPDAHUYUMCS CJLy-
4aeM JIEKTPOJIUTA BCEro C JIByMsi copTaMu uOHOB. B 3ToMm cirydae

(1)

OTIMYHA OT HyJIsl JIMIIL OJHA (QYHKIHS wyy (I) = fwéll) (r) u nox-
cranoBka (26.16) B ypasuenue Ilyaccona (26.9) naer

(r) u noromy u3 (26.17) caegyer, 4ro rakue wit) = 0.

ApM (r) = —iiem Niw'D(r), (26.18)

rae r =r;—rg. C ydeToM yCI0BUS 3IEKTPOHEHTPAIHHOCTH PACTBOPA
M YKa3aHHBIX BBITIE CBONCTB cuMMeTpnn (DbYHKIN Jerko ybeanTh-

(1)

Csl, 9TO TOTEHINAI (¢ ' (') YIOBIETBOPSIET TAKOMY 7K€ yPABHEHMWIO, a

notomy @\ (r) = 3 (x).

ITpwn moacranoske (26.16) B ypasuenune (26.10) coxpansiem B ero

. 0
npaBOU 9aCTU JIMIIb YJI€H C w12 1 HaXOJHUM

T+ 657) Ay (1) + o0 21 — b5 22) A} (1) =
= (bgo)zl - bgo)zg)ezleEVw(O) (r). (26.19)

Cucrema ypasuennii (26.18), (26.19) pemaerca merogom DPypbe.
Hna dypbe-kommonenT wg)k u gogk) MOJIy9aeTcst cucrema, anaredpan-
YeCKUX ypaBHeHwii, orandaromasicst ot (26.18), (26.19) 3amenoii ome-
paropos V — ik, A — —k?. ®ypre-kommonenta dynxmmn w® (r)
(26.15), crosimeii B npasoit wactu (26.19), naerca dopmyoit

(0) e? 4w
Wy = Q15 T o
eT k? 4+ a2
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Mgl mpuBeseM cpa3dy OKOHUATENbHBIH pPe3yabTaT st (pypbhe-KOM-
TOHEHTH! TTOTEHINAA!

(1) _ 4me’z1209 ikE 2690
Pk T Trar Rt a (R b ga D) (2620)

re
b50)21 — bgO)ZQ
q= o (26.21)
(21— 22)(by " +by")
ITockoMBKY 21 M 29 WMEIOT TTPOTHUBOTIONOXKHBIE 3HAKW, TO OYEBUJIHO,
aro 0 < g < 1. M
Bemomanwm, 910 @5 ' (ry,ry) ecTh JOMONHUTENLHBIH MOTEHINA,
BO3HUKAIONINI B TOYKE I'| TIPW YCJIOBUU, UTO B TOYKE I'y HAXOIUTCA
non 2. HampsyKeHHOCTh 3TOT0 OIS €CTh

B (r) = — V108 (11, 19) = — Vel (r).

Ero 3navenue npu r; = ry (1. e. upu r = () gaer uHTEpecyiomee
HAC T0J1e, JefCTBYIONee Ha caM MOH 2 U TeM CaMbIM MEHSIOIIee ero
M0/IBU?KHOCTb.

(1) (1)

®ypre-kommnonenTa By = —iky,, . [Toaromy
1 . 1) jkr d°k
Eg )(0) =— /zkgaék)elk

o () @k
(2m)3 lr=0 B / Zk(ka (2m)3’

[Ipu noxcranoeke coga (26.20) Bo3HUKAET MHTErPaJl

I— / k(KE) &k
k2(k> + a=2)(k? + a—2q) (2m)3 '

Yepenenne no nanpasienusy k samensier k(kE) na k2E /3, nocne
9ero MHTEerpas no k BBIYUCAAETCS M0 BbIYETaM TI0BIHTErPaIbHOTO
BRIDAXKEHNs B nojiocax k = i/a n k = i,/q/a w naer

Ea
I= %
127 (1+ /)

Takum obpazom, selicTByIomee HA UOH 2 CyMMapHOE I0Jie eCTh

MWy _ |1 €lzizlg
E+E,’(0) = |1 Ta (it va) E. (26.22)

Takoil »xe pesyjabTaT TOJAydaeTcs M I8 MOJsA, JAeHCTBYIONIEero Ha
MOH 1, KaK 9TO OUEBMJHO YK€ W3 CUMMeTpuu BhIpaxkenus (26.22)

no nHpekcam 1 n 2. YmuokuB mose (26.22) na b ez, mbr momyamnm
TproOpeTaeMyIo TOHOM CKOPOCTh, & HATICaB 3TY YKe CKOPOCTh B BUIE
bezE, naiizeM, 9TO BbIpayKeHNE B KBaJPATHBIX CKOOKAX OMpejesiser
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TaKyKe W OTHOIIeHwe b/ b(®) . Takuwm obpazom, JIIsT MICKOMO# pejakca-
HHOHHOﬁ'HOHpaBKHﬁK TIOABUKHOCTU MOHA HAXOIUM

2
booy = b C1222la 26.9
Pe 3¢Ta (1 + /q) (26.23)

Ormernm, 9410 3101 3PMEKT YMEHBITAET MOJIBUKHOCTD.
DuekTpodopeTutecKass momnpaBKa. llepeiijgem k Bbraucie-
HUIO MMONPABKY, CBA3AHHOM C JBUKEeHMEeM pacTBopuTesis. Bonpoc cra-
BUTCS IIPU STOM CJISIYIOIUM 00Pa30M.
PaccmarpuBaem HEKOTODBIH Bbl/I€IEHHBII B PACTBOPE NOH BMECTE
C OKPYKAIOIINM €10 SKPAHUPYIOMINM 00JIAKOM. DTO 00IAKO0 JIEKTPHU-
TECKM 3APSIKEHO C TIOTHOCTHIO

op = Z €zq0N,

a

rae 0N, OTJINYHME KOHIEHTPAIIMA MOHOB G-TO COPTa B OOJAKe OT
ero cpexgnero 3uadenus N, B pacrsope. B snexrpudeckom nose E na
KUJIKOCTh, HECYILYIO 9TO 00JIAKO0, JEHCTBYIOT HOITOMY CHUJIbI C 00b-
emuoit mwiotaocteio f = Edp. Tlog BiausinueMm 5Tux Cuji KUJIKOCTh
JIBUZKETCS, & 9TO JIBUZKEHUE B CBOIO OYEPE/Ib YBJIEKAET PACCMATPUBA-
€Mblil [IEHTPAJIbHBII MOH.

Pacmpenenenne nonos B obs1ake CBI3aHO C TIOTEHITUATIOM (O TIOJISA
B HeMm opmyioit Borbiivana:

_ zaepN,
N, = Ny [6’ Zacp/T _ 1| ny — ZaPle
T
BBugy cmaboctu nosns E, nedbopmanmeit monnoro objiaka B pac-
cMaTpUBaeMoil Temeph 3ajlade MOXKHO TpeHedpeds. B cdeprnaecku-
CUMMETPUIHOM O0JIAKe MOTEHIUA JAaeTcs (DOpMYyJIOit

—r/a

¥ =€z )
r

rIe ez, — 3apsl IEHTPATLHOTO MOHA, a ¢ OmpeeseHo (hopMyJIoif
(26.14) (cp. V, § 78). IlosTromy mosHast TJIOTHOCTE 3apsIIOB B 0OJIake

) 2 ez, e~
op = fTZNaza =—
a

r/a

(26.24)

4ma? r

BBHrHy MEJJICHHOCTU JABUXKCHUA T10J] BJAUAHUEM TI0JIA E, KNJI-
KOCTHh MOXKHO CUHUTATH HeC)KHMaeMOﬁ, TaK 9TO

divv = 0. (26.25)

IIo Toit ke npuvnHe MOYXKHO OIYCTUTb KBaIPATUYHbBIN 110 CKOPOCTHU
uinen B ypasHenun Hasbe Crokca, koTopoe cBoautcst Torga (s

CTAIMOHAPHOTO JIBUYKEHWS) K YPABHEHUIO
nAv — VP +f =0, (26.26)
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rie P — nasnenne, 11 — K03MMOUIMEHT BAZKOCTH KUIKOCTH (pac-
TBOPUTEJIsE).
[Mepeiias B ypaBuerusix (26.25), (26.26) k dypbe-KOMIIOHEHTAM,

nMeeEM
kv =0, —nlﬂQVk —1kPy + Edp, = 0.

VMHOKUB BTOpOE ypasuenue na ik, naxoaum Py = —ikEdpy/k? n
3areM ,
= BB K(AE) (26.27)
7 k
Dypbe-KOMIOHEHTA TIJIOTHOCTH 3apsiioB (26.24):
Opre = ———b (26.28)

a?k?+1°

Wnrepecytomniasi HaC CKOPOCTh KUJAKOCTH B Todke r = () Haxo-
JKJIEHNs TIEATPAJIHLHOTO WOHA JTAeTCA WHTETPAIOM

v(0) = /vk @k

(2m)?

[MogcraBus coga v n3 (26.27), (26.28), moayunm nocie HHTerpupo-
BAHUS TI0 HANPABJICHUAM K:

oC
v(0)= B 87 [ Ak
(2m)3n 3 ) Kk%a®+1
0
" OKOHYATEJIIHBHO
v(0) = - ZLE.
6mna

(0)

9Ta CKOPOCTH CKJIAJBIBACTCA CO CKOPOCTBIO e2yb, ' E, mpuobpera-

eMOil MOHOM HEIOCPEJICTBEHHO 110 JgeficrBueM nojs. Orcioga siCHO,
9TO UCKOMAst JIEKTPOMOPETUIECKas MOMPABKA K TTOABUKHOCTH O~
HAKOBa JJ1d MOHOB BCEX COPTOB M PaBHA

1
6man

bsp = — (26.29)
[Tonnas nonpaska jgaercs cymmoil o6oux Bwipaxenuit (26.23) wu

(26.29). O6Ge orpunareabHBI 1 BMeCTE ¢ 1/a TPONOPINOHATIBHBI KOP-
HIO KBaJPATHOMY W3 KOHIIEHTDPAINT.



FrJ1ABA III

BECCTOJIKHOBUTEJIBHAA IIJIASMA

§ 27. CamocorsiacoBaHHoOe T10Jie

Iupokyio o0b6jacTb NPUMEHEHUs] KUHETUYECKON Teopum mIpej-
CTaBJISIET NAG3MG, TO0J, KOTOPOil Mbl Oy/ieM IMOHUMATH IIOJHOCTHIO

MOHM30BaHHLIH Ta3 !). TepmoanHamMuyeckasi T€OpuUsi PABHOBECHOTO
COCTOAHUA TLJIa3MBbl PACCMOTPEHaA B APYIUX TOMaX 3ITOTO KypcCa
(em. V, § 78-80, IX, § 85). I'naBsr I1I-V 5T0i KHUIHM TTOCBSIIEHBI
M3YYEeHNI0 KHHETHIECKUX CBOMCTB mra3mMbl. Bo m3bexanne HETTpUH-
[UTTAATBHBIX YCIOKHEHUiT Mbl Gygem (rae 9To MmoHagobuTes) Cuu-
TaTh TJIA3MY JIBYXKOMTIOHEHTHOW — COjlep»Kalreil JNTIThH SJIEKTPOHBI
(3apsii —e) W TOJIOKHUTETBLHBIE WOHBI OJIHOTO COPTa C 3apsijioM Ze.
KaK n I O6quHBIX Ta30B, YCJI0OBUE TTPUMEHUMOCTU METOJa KH-
HETHYIECKOTO YPABHEHWsT K TTasMe TpebyeT ee JOCTATOUHO paspe-
ZKEHHOCTH; ra3 J0JIZKEeH JIMIIb C,Ha60 OTKJIOHATBHCA OT MJEaJIbHOCTH.
Beumy mejiennoctu yobIiBaHuS KyJIOHOBCKUX CHJI, OJHAKO, 3TO YCI0-
Bue J1Jid I1J1a3Mbl 60ﬂee CHUJIbHOE, YeM JIJId ra3a 13 HeﬁTpaﬂbeIX qa-
crut. He nmenast moka pasjmanst MKy JaCTUIIAMEA C PA3TUIHBIMA
3apsi/iaMu, HAIIUIIEM YCJI0BHe ¢1aboil HenieaJbHOCTH ILJIa3Mbl B BU/JIE

T > %/ ~ N3, (27.1)

rae T — TemmepaTrypa Tia3Mbl, N — TIOJIHOE YUCI0 YaCTHIl B €JIH-

uune obbema, a ¥ ~ N~/3 CcpeHee PACCTOSTHUE MEXKJy HUMU.
D10 ycjioBUE BbIpaxKaer co00il MaJoCTh CPEJHENH SHEPIUr B3auMO-
JefCTBUA ABYX MOHOB 110 CPABHEHUIO C MX CPeJHEll KUHETUYeCKON
sueprueii. Beipazum 310 ycjioBue eiie u B APyroM BUJE, BBEJS TaK
HasbIBaeMblil debaesckuli paduyc m1a3Mbl G, OIPEJIEJEHHBIN CONIACHO

—9 4w 2
a?= ?ZNa(zae) , (27.2)

T€e CYMMUDOBaHNE TIPONU3BOANUTCA 110 BCEM POJIaM MOHOB; HATTOMHUM

(em. 'V, § 78), 9T0 a ompejensier pacCTosiHUE, Ha, KOTOPOM 3KPAHW-
1/2

ve)

pyercsd KyJIOHOBCKOE T10j1€ 3aps/ia B mia3me. Bres a ~ (m
TiNe

b Tepmun BBenen Jlenzmropom (1. Langmuir, 1923), mOMOKABIIIM HATATO
CHCTEMATUYECKOMY TEOPETUIECKOMY M3YUYEHUTO TIJIa3MBbl.
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B (27.1), nomyunwm
ENBT ~ T« 1 (27.3)
4ma?

— B pa3peyKeHHOil TIa3Me CpejiHee PacCTOsSTHNE MKy YacTHIaMu
JIOJIZKHO OBITH MaJjIo 10 CPaBHEHWIO € J1eDaeBCKUM DAINycoM, T. €.
«MOoHHOE 00/1aK0» BOKDPYT 3apsijia JIOJIXKHO JefCTBUTENHHO COJEp-
JKaTh MHOTO wacTuil. Masioe orHomenne (27.3) urpaer st maasMbl
POJIb «TA30BOT0O MapaMeTpay.

Bessnie B riaBax 11-V (3a uckirouenuem s § 40) maasva Oy-
JIeT TIPEJTOoIaraThCsi KJIACCUYEeCKo, T. €. T0/IPa3yMeBaeTCst BhITION-
HEHHBIM JINITH OYeHb Cjaboe yclIoBre — TeMTepaTypa Taa3Mbl J07-
JKHa OBITH BBICOKA 110 CPABHEHMIO C TEMTIEPATYPOl BHIPOKIEHUS ee
IEKTPOHHON KOMIIOHEHTbI:

T > H2N?3m, (27.4)

rae m macca anekrpona (cp. V, § 80).
Kwunernveckoe ypaBHeRme I KayKJIOTO COpTa YaCTHI] B TIIa3Me
(JIEKTPOHOB W MOHOB) WMeEEeT BU/I

g—i—vaf

[ » 8f =
o o + St f, (27.5)

p ap

e f — dyHKIMs pacnpeae/enns TaHHBIX JACTHI] 10 KOOPINHATAM
" UMITyJIbCaM, St — WX MHTerpaJj CTOJIKHOBEHWI (C 4acTHIIaM¥ BCEX
copros). IIpu 3T0M IpOU3BOAHAS P ONPEAENAeTCs CUIION, JeHCTBYIO-
et Ha JacTuily. Jra CUjia B CBOIO OUYEPe/lb BBIPAXKAETCS Yepe3 Ha-
NPSIPKEHHOCTH 3JIEKTPUYECKOI0 U MATHUTHOIO TOJIEH, CO3aBAEMbIX
BCEMU OCTAJIbHBIME YACTUIIAMU B TOYKE HAXOXKJICHUSI JTAHHON dacTu-
1bl. 3/1€Ch BO3ZHUKAET, OJHAKO, CJIEYIONUI BOPOC.

B cayuae HeiiTpasbHBIX YacTHIl (ATOMOB WM MOJEKyJ), Oma-
rojapsi 6pICTPOMy yOBIBAHWIO CHJI B3aWMOJIEHCTBUS, 3aMETHbBIE W3-
MEHEHWS B WX JBWKEHWH, WHTEPIPETUPYEMble KaK CTOJKHOBEHWSI,
MPOUCXOJAT JIMITh HAa MAJIbIX MPUIEJIbHBIX PACCTOAHUAX (TOPsiIKa
BEJIMYMHBI CAMMX ATOMHBIX Pa3MepoB). B mpomexkyTkax e Mexly
TAKUME CTOJIKHOBEHUSIMU YACTHUIIBI JIBUXKYTCS KAK CBOOOIHBIE; UMEH-
HO TIO3TOMY B JIEBO 9aCTU KUHETUUECKOTO YDPABHEHUS J1Jist OOBIUHBIX
razoB nosnaraerca p = 0. B mnazme ke, BBuy majibHOJAEHCTBYIO-
LIEro XapakTepa KyJOHOBCKUX CHJI, 3aMETHOE M3MEHEHUE JBUKEeHUSs
YACTHUL TPOUCXOJUT JlaXKe Ha OOJIBIINX HPUIEBHBIX PACCTOSTHUSIX;
SKPAHUPOBAHUE KYJOHOBCKUX CHJI B ILJIA3ME MPOUCXOJAUT JIUIIb HA
DPACCTOSHUSAX ~ @, KOTOPbIE COMIACHO yCaoBuio (27.3) Besmku ja-
7K€ 10 CPABHEHUIO ¢ MEXKYaCTUYHbIMU paccrosgHusMu (cm. V) § 78,
a rakxke 3amady 1 k § 31). He Bce amu ciydan, 0JHAKO, JOJKHBI
WHTEPIPETUPOBATHCS B KWHETUYECKOM YPABHEHWN KAK CTOJKHOBE-
Husg. B KkuaeTnveckoil TeOpun Xa0THIECKNEe CTOJTKHOBEHUST TTPEICTaB-
JIAIOT co60fl TOT MeXaHM3M, KOTOPBIN TTPUBOIUT K TPUOINIKEHUIO K
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COCTOSTHWIO PAaBHOBECHST C COOTBETCTBYIOIINM BO3PACTAHWEM SHTPO-
nuu cucreMbl. Mex Iy Tem CTOJIKHOBeHWsI Ha OoibinnX (~ a) mpu-
HEIBHBIX PACCTOSHUSX HE MOTYT CIYXKWUTh TAKUM DPeJIaKCAITMOHHBIM
Mexanm3moM. Jleso B ToM, 9TO B3aMMOJEHCTBIE JBYX 3apsiKEHHBIX
YaCTHI] HAa TAKWX PACCTOSTHUSIX TPEJICTARISET cO00i B JAeCTBUTEIb-
HOCTHW KOJIIEKTUBHBIN 3 DEKT, B KOTOPOM yIACTBYET OOIHINTOE TUCIO
gactut. CoOTBETCTBEHHO U TO 3(DPEKTUBHOE TIOJIE, KOTOPHIM MOYKHO
OTCcaTh 3TO B3aMMOJIEHICTBIE, CO3/1AeTCs DOIBITUM YUCIOM YaCTHII,
T. €. UMeeT MAaKPOCKONUYeCKnil Xapakrep. TeM caMbiM BeCh IIPOLIECC
npuodbpeTaeT MaKpPOCKOIMYECKHN JIOCTOBEPHbBIHN, a He CIydaliHblil Xa-
pakTep; TaKue IPOLECChl HEe MOI'YT IPUBOJIUTH K BO3PACTAHUIO DH-
rponuu cucrembl. OHU JO/KHBL OBITH MCKJIFOYEHBI TIO9TOMY U3 I10-
HATUS CTOJKHOBEHUN, YIUTHIBAEMbBIX B IIPABON 9aCTH KUHETHIECKUX
YPaBHEHUIA.

TakoMmy BbI/I€JIEHUIO OTBEYAET IIPEJCTABIEHUE TOYHBIX MUKPO-
CKOIIMYECKUX 3HAdeHuil anexkrpudeckoro (€) n maraursoro (h) no-
Jieit, efiCTBYIOIMX HA HEKOTOPYIO YaCTUILy B ILIa3Me, B BU/IE

e=E+e, h=B+h (27.6)

rne E u B — 3navenna mosteit, ycpeaHeHHbIE TI0 001aCTsM, COIEepIKa-
[IIIM MHOTO YaCTHIL, — 00J1acTeil ¢ pazMepamMu, GOJIBIIME 110 CPABHE-
HUIO C PACCTOSTHUSIMU MEYKJIy YacTUIaMu (M B TO YKe BPEMs MaJIbIMU
10 cpaBHeHuio ¢ JebaesckuM paauycom). Lienst xe € u h' onucer-
BAIOT TOrIA CJIydaitfbie JIyKTyalun 10J1eil, KOTOPbIe U MPUBOJAT K
CILydaifHbIM U3MEHEHUSIM JIBUXKEHUsI 9aCTHUll, T. €. K CTOJKHOBEHUSIM.

ITo cBoemy Tounomy cmbiciy Eu B B (27.6)  cpeanue 3nauenus
noJieil B Mecre HaxXOXKIeHns 3aJlanHoit gactuibl. Ho B cuty npejmno-
JIaraeMoil pa3peKEHHOCTH T1IA3MbI MOYXKHO IIPEHEOPeUYb KOppeJIsiiuei
MEK/1y OJIHOBPEMEHHBIMU IOJIOKEHUSIMEU JacTul] B Heit. Torga Tou-
KA HAXOXKJIEHUS KAXKJOW 3aJIAHHOW YACTUIBI HUYEM HE BbIJIEJICHA,
tak 9T0o mog E u B MOXKHO MOHWMATH TPOCTO TIOJIsT, YCPEIHEHHBIE
B OOBIYHOM JIJIsT MAKPOCKOTTHIECKON SJIEKTPOAUHAMUKN CMBICIE. DTH
oJIst W OYIyT ONpEIeIsiTh JOPEHIERY CULY, KOTOpas JOIKHA OBIThH
MOJICTaB/IeHa B ypaBsHenwe (27.5) BMecTo p.

B 9Toit TiiaBe MBI OyleM paccMaTpUBATH SIBJIEHWST, B KOTOPBIX
HECYIIIECTREHHBI CTOJIKHOBEHWST MEYKY YaCTUIIAMU TJIA3MBbl; B TAKUX
CIydasagxX TOBOPAT O beccmoarHnosumenvhoti mnasme. Todmrbie yeao-
BUST BO3MOYKHOCTH TIpEHEOPEKEH ST CTOJIKHOBEHUSIMU 3aBUCST, BOOO-
II[e TOBOPST, OT KOHKPETHOI TTOCTaHOBKY 3a4adu. Ho 00bIaHO HE0OX0-
JIIMO€ YCJIOBHE COCTOUT B TpeboBaHum Mamoctu 3hQEeKTUBHON 1a-
CTOTHI CTOJKHOBEeHUil v (Besmumna, oOpaTHasi CpeIHeMy BpEMeHN
cBOOOIHOrO mpobera 4acTullbl) M0 CPABHEHMIO ¢ YACTOTON w m3Me-
HeHusl Makpockonudeckux nojeit B u B B janHoM npouecce:

v <L w. (27.7)

B cmny sToro ycnmoBwsa wmHTErpas CTOJKHOBEHWH B KUHETHYECKOM
YPaABHEHNM OKA3bIBAETCS MAaJIbIM 110 CPAaBHEHWIO C TIPOU3BOIHOIM
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Of /0t. CTONKHOBEHUSIMI MOYKHO TpeHeOpedh TaKXKe W B CIydae, ec-
JM CpefiHgst JmHa npobera yactun [ ~ U/V BeMKa 110 CDABHEHUIO C
paccrosinvieM L, Ha KOTOPOM MeHsIeTCst 1ojie ( «IJTMHA BOJIHBI» TOJIs).
Ecmm o6oznaunts 1/L ~ k, TO 9T0 yC/I0BHE 3aNUIIETCsS B BUJIE

v <L kv. (27.8)

[Ipu 5ToM mHTErpas CTOJKHOBEHUM OKAXKETCsl MAJIBIM 110 CPABHEHUTO
¢ wienoMm VvV [ B JIeBOIl YACTH KMHETHIECKOIO YPABHEHUS.

[Tocne npenebperkenus MHTErpajioM CTOJKHOBEHUII KUHETHYE-
cKue ypasHenus jyist QyHKUMI pacupesesienust 31eKTpoHOB (fe) u

MOHOB (f;) IPUHUMAIOT BU[

(s b)) 2o
‘ g ‘ P (27.9)
U vt e (B4 1vm)) 2 <0,
P

K stum ypaBHeHumsaM HAIO0 TPUCOEAVHUTH CHUCTEMY YCPETHEHHBIX
ypaBuennit Makcsesia:

16B

rot E = 5 divB = 0,
C
(27.10)
rot B = 18—E+4—WJ divE = 47p,
c Ot c

e puj  CpejlHue IJIOTHOCTH 3aPsJIOB U IJIOTHOCTH TOKA, BhIPAYKA-
formecs: yepe3 pyHKIuu pacupe/iesienns O9eBuHbIMU (hOpMyIaMu

_efzfl fe dgpu
—efzfZ fevdg

Ypasuenusi (27.9) (27.11) coCTaBAsiOT CBA3AHHYIO CHCTEMY
yDaBHEHUil, OIpeIessONX OJHOBPEMEHHO KaK (DYHKIUU PACHpe-
nenenust fo, fi, Tak u nonst E; B; onpejesisiemble TakuM 06pa3oM 11o-
JIst HA3BIBAIOT CAMOCO2A4C06a1HHbMU. CaMOCOTIacOBaHHOE 10JI€ ObLIO
BBEJIEHO B KuHeTuveckue ypasenusi A.A. Baacosvim (1937); cucre-
My ypasrenwnit (27.9)—(27.11) mazweiBator ypasnernuamu Baacosa.

B coorBercTBUM €O CKA3aHHBIM BHITIE, IBOTIONNS (DYHKIMI pac-
mpe/iesienust B 0eCCTONIKHOBUTEILHOI T1a3Me C CAMOCOTIACOBAHHBIM
1oJIeM He CBsI3aHA C YBeJIWUEHNeM SHTPOIHUN ¥ TIOTOMY cama 1o cebe
HEe MOKET NMPUBECTH K YCTAHOBJIEHUIO CTATHCTUYECKOTO DABHOBECHSI.
DT0 04eBUHO U IPAMO U3 BuAa ypashenuii (27.9), B kotopeix E u B
BBICTYIAIOT (POPMAJIBHO JIMIIb KAK BHEIIHUE 051, HAJIOXKEHHBIE HA
11a3My.

Kaxoe u3 kunerndeckux ypasaenuii (27.9) umeer Buj

(27.11)

a_ (27.12)
dt
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OO61uit BU TAKOTO TEH30pa MOYXKHO TPEICTABATEH B (bopMme

eap(w.K) = 0w, k) (Bap = "22) e, ) 2R (28.7)
IIpu ymuoxkennn na Fg nepsoiit wien 8 (28.7) paer B nagyknuio D
BKJI&JI, [E€PIEHIUKYJIAPHBII BOJIHOBOMY BEKTOPY, & BTOPOI djieH
BKJ1a1, nmapasenbubiit k. g noneit E, nepnenaukysspuabix k win
HanpasJieHHbIX 110 K, ¢Bsizb Mexkiy D u E cBogurest coorBeTCTBEHHO
Kk D = gE win D = ¢E. Crajsipuble (hyHKIUU € U € HA3bIBA-
0T COOTBETCTBEHHO NONEpedHoti u npodoavroti npoHuyaeMoCmam.
OHuU BaBUCST OT JIBYX HE3aBUCHUMBIX IIEPEMEHHBIX  YaCTOThl W U
abcositoTHOM Besmuunbl BoHOBOrO BekTopa k. [Ipu k — 0 Beigenen-
HOE HAIPaBJIEHUe MCYE3aeT, U TOIJA TEH30D Eq8 JOJKEH CBOJAUTHLCS

K BUAY €(w)dag, Tae e(w) — 0ObITHAS CKATSApHAs MPOHUIAEMOCTH,

YUUTBHIBAIONIAS JIVITH ACTOTHYIO Auctepcnio. COOTBETCTBEHHO TIpe-
JlesTbHbIE 3HAUeHnsd (DYHKINI €, U € OJUHAKOBBI W PDABHBI

e(w,0) = g)(w,0) = e(w). (28.8)
Coracro (28.6) ckansipuble hyHKINYM £ U £, 007aaI0T CBOWCTBOM
gi(—w, k) = ¢ (w, k), e(—w,k)=c¢;(w,k). (28.9)

IIpocrpancreennas aucepcus He BJUSET HA CBOWCTBA £ M £ KAK
dbyHkiuit KOMILIeKCHOM nepemennoit w. g stux dyHkuwmit ocra-
10TCs B cuyie Bee u3sectHbie pesysbrarel (em. VIIL § 62), ornocsin-
ecst K TpOHUIaeMocTn €(w) OOBIYHBIX Ccpejl 6e3 MPOCTPaHCTBEHHOI
JINCTIEPCUN.

B sT0ii Tmage MBI OyzeM paccMaTpuBaTh TOIBKO W30TPOMTHYIO
naasmy. TTomuepkaeM, 9To 3TO MPEANOIAraeT He TOJBKO OTCYTCTBHAE
BHENTHETO MAaTHUTHOTO TOJA, HO W W30TPONUIO (PyHKIMW PACTpee-
JIEHWsT YaCTHUI] TI0 UMITYJIhCaM (B HEBO3MYIIEHHOI mosiem iasme). B
TTPOTURHOM CJIYYa€ MOSTBIAIOTCA HOBBIE BBIJIEICHHBIE HATIPABICHUS 1
TEH30PHAsST CTPYKTYPA €48 YCIOKHSIETCS.

Vake ObLIO yKAa3aHO, 9TO IIPOUCXOXK/IEHWE ITPOCTPAHCTBEHHON
JINCIEPCUU B IJIA3ME CBA3aHO C 3aBUCHUMOCTBIO «CBOGOJHOTOY» JIBU-
JKEHUsl 4aCTUI, OT 3HAYEHUI 1oag BAOAL ux Tpaekropun. Paxru-
YECKM, KOHEYHO, CYIIECTBEHHOE BJUAHUE HA JBUKEHUE HYaCTHUIBI B
KaKJI0# TOUKE ee TPAEKTOPUM OKAZLIBAIOT 3HAYEHN 1019 HE HA BCEH
TPAEKTOPUM, & JIMIIH HA HEKOTOPBIX €€ OTPE3KAX HE CJAUIIKOM 6OJIb-
moit amuanl. TIOpagoK BEIWYWMHBI 3TUX JJIMH MOYKET OTPEIETAThCS
JIBYMsT MEXaHW3MAMMU: CTOJKHOBEHUSIMW, HAPYTTAIOIINMHU CBOOOIHOE
JIBVYKEHNE TI0 TPACKTOPWN, WIW YCPEAHEHNEM OCIMLINPYIOIIETO TT0-
JIT 33 BpPEMs TpOJIeTa YacTUIIRI MO TpaekTopun. Jia meproro me-
XaHM3Ma XapaKTEPHBIM PACCTOTHNEM ABJIAETCA JJINHA CBOOOIHOTO
npobera 9acTwilbl [ ~ U/, a Jijist BTOPOTO — PACCTOSTHNE U/w, Ha KO-
TOPOE YaCTWIA, ABUTAACH CO CPEIHEH CKOPOCTHIO U, TEPEMEIIAeTCst
324 BPEMS OJHOTO TIEPUOJA TOJIS.
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B meipaskennu (28.3) JaIbHOCTH KOPPEIANNN MEXKy 3HAUE-
angvu D nw E B pa3andabIX TOYKAX TPOCTPAHCTBA COOTBETCTBY-
IOT PACCTOSHUSA T'op, HA KOTOPHIX CYHIECTBEHHO yObIBaeT (DyHKINS
Kog(7,p). MOKHO yTBEPKAATE, (JIEAOBATEILHO, YTO TOPSIOK BeJIn-
YWHBI 3TUX PACCTOSTHUN JTA€TCsI MEHBINEeH m3 JABYX BeJIWYHWH, | WIu
U/w (mpuvem HaZO OpaTh €e I TeX YACTUI] — IEKTPOHOB W WO-
HOB, JI/Is KOTOPBIX OHAa MMeeT Gosbinee 3Havenne). Ecm v < w, 10
MEHbIIEH sIBJISIeTCsl BEJIMUUHA U/Ww U TOrga

Tkop ™~ E/W- (2810)

[IpocTpancTReHHAsT INCTIEPCHST 3HAYNTEIRHA TIPH KT'yop 2 1 1 mCHe-
3aeT 1pu krygop < 1; B nocieanem ciaydae B (28.5) MOXKHO 3aMeHHTD

e ™0 ~ 1 u unrerpan nepecraer sapucers ot k. C ryop u3 (28.10)
Mbl HAXO/IMM, CJI€JOBATENLHO, YTO TPOCTPAHCTBEHHAA JUCIIEPCUST Cy-
HIECTBEHHA 15 BOJIH, (ha30Basi CKOPOCTh KOTOPLIX (w/k) cpaBHuMA
WM MEHbIe CPeJHell CKOpocTu JacTull B mia3me. B obparaoMm mpe-
JIEJIBHOM CJlydae Ipu

w > kv (28.11)

TPOCTPAHCTBEHHAsA JUCTIEPCUA HECYHIIECTBEHHA.
Ba)KHO.‘ YTO 3SHAYCHUA Tkop B TjIasMe MOryT OBITH BEJINKN
IO CPAaBHEHUIO CO CpeAHUMU DPACCTOAHUAMU MEKAY [TaCTUlaMMn

(~ N~'/3). Tmenno 510 ycaoBue jgesaeT BO3MOXKHBIM MAKPOCKO-
NUYECKOe OIMUCAHKUE MPOCTPAHCTBEHHON JUCIEPCUU B T€PMUHAX JIU-
SJIEKTPUYECKON POHULIAEMOCTH J1aXKe TOrJA, KOT/Ia JUCIEPCUs 3Ha-
yurenbna. Hanomuum (cm. VIII, § 83), uro B 06b14HBIX Cpegax posib
JUITMHBI KOPPEJISIIINT UTPAIOT aTOMHBIE PA3MEPHI M TIOTOMY yIKe YCJI0-
BUE MPUMEHNMOCTH MaKPOCKONWYECKO# Teopum Tpedyer cob.irome-
HIST HEPABEHCTRA KT, <K 1 (J7IMHA BOTHBEI JI0JI7KHA OBITH BeJIMKA
[0 CPABHEHWIO C ATOMHBIMU PAa3MEPAMM); UMEHHO T109TOMY B TaKUX
cpejiax MpoCTpaHCTBeHHAs JINCTIepCHst (TIPOSIBIISAIONIASICS, HATPUMED,
B TaK Ha3bIBAEMON eCTeCTBEHHON OnTM4ecKoil aKTMBHOCTH) BCerja
OKa3blBaeTCd JIUIIb MaJjON IOIIPAaBKOM.

§ 29. JlusnekTpudyeckasi IPOHUIAEMOCTh
0eCCTOJIKHOBUTEJILHOMN T1JIA3Mbl

B obmem ciyuae mponsBoibHBIX 3HaYeHuit k, Kormga cyriecTBen-
HYIO POJIb UTPAET NMPOCTPAHCTREHHAS JWCIEPCHUsI, BHIUNCIEHNE TTPO-
HUIIAeMOCTH TpedyeT MpuMeHeH!s] KHHETHYIeCKOTo ypasHenus. Ce-
JlaeM 370, TIpeJIroaras, 9To B JN3IeKTPUIECKOi TTOIAPU3AIIY T11a3-
MBI Y9aCTBYIOT TOJIBKO 3J€KTPOHBI, & JBUYKEHUE NOHOB HECYIIIECTREH-
HO (B TaKUX CIydasix TOBOPST 00 94ekmpornoti naasme); K yCIOBUIO
JIOTTYCTUMOCTW TAKOTO TPEITOIOKEHUsT W K 0000IIEHUIO pe3yIhTATOR
MBI BepHemcs B § 31.
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st craboro mostst uimeM (pyHKITUIO PACTIPeIeIeHusT JJIeKTPOHOB
B BUjge f = fo+ 0f, tme fo — HEBO3MYyIIEHHAsST MOJIEM CTAI[HOHAD-
Has M30TPOTHAS U MPOCTPAHCTBEHHO-OTHOPOTHASA (DYHKIINSA PaCIpe-
nentenus, a 0 f — ee u3aMeHeHue 1o BaUsiHUEM ToJst. [Ipenedperast B
KUHETUYIECCKOM YPaBHEHUUN YJI€EHAMUW BTOPOTO TTOPAIKA MaJIOCTH, TI0-

JIyauM
005 4 O _ (1 1 vp)) 2
o -I—var e —I—c[v ] Bp

B uzorpontoit miasme pyHKIMs pACIpeleieHrsT 3aBUCHT TOJBKO OT
a0bCoJTIOTHOM BeIMYuHbl uMITyJibca. g Takoit pyHKIMy HAITpaBie-
Hue Bektopa 0fg/Jp coBnasaer ¢ HANPaBJEHUEM P = TV U €ro mpo-
ussejenue ¢ [VB] obpamaercs B nyab. Takum o6pasom, B uHeitHOM
Npub/IMKEHUN MATHUTHOE 10j1€ He BjusieT Ha (DYHKIMIO PACIpeje-
sterusi. st § f ocraercst ypaBaeHnue

adof a0f dfo
— =cE. 29.1
ot tv Jr ¢ Jdp ( ) )

Bumecre ¢ nonem E dyakums Jf npejnosaraercss mponopuo-
HasibHO# exp [i(kr — wt)]. Torga uz (29.1) naxoaum

Sf = eE  dfo
i(kv —w) dp

(29.2)

VeaoBue MaJiocTu 10jisi BOZHUKaeT u3 TpeboBanus, 9To0bl d f ObLI0
mano no cpasuenuto ¢ fo. Koadbdunuenr npu dfy/dp B (29.2) ecrsb
AMILIMTY/IA UMILYJIBCA, TPUOOPETAEMOro 3JIeKTPOHOM B mojie E. Dra
AMILIUTY/A J0J2KHA ObITh MaJjia 110 CPABHEHUIO CO CpegHuM (ompe,e-
JIEHHBIM 110 PACHPEIEIEHUI0 f() UMILYyIbCOM M.

B HeBOo3MYyIIEHHOM T11a3ME [IJIOTHOCTH 3aPsiJIOB SJIEKTPOHOB KOM-
[EHCUPYETCsT B KAXKJIOW TOUYKE 3apsilaMi MOHOB, a ILJIOTHOCTH TOKA
paBHA HYJIO TOXKJIECTBEHHO BBU/y u30Tponuu miasmbl. [Lioraocts
2Ke 3apsiJIOB U IJIOTHOCTH TOKA, BOZHUKATIOIIME B IJIA3Me IIPU €€ BO3-
MYIIEHUY [T0JIEM, PABHBI

p=—e[dfd’p, j=—e[vifd’p. (29.3)

Buecre ¢ df 9rn Besmuunbl nponopumonasnbubl exp [i(kr — wt)], n
cornacHo (28.1) ux CBsI3hb C AMIIEKTPUIECKON MOIApu3aryeil 1aercst
dbopmymavu
kP = —p, —iwP =j. (29.4)
Cnocob B3grust uarerpanos B (29.3) tpebyer, 0HAKO, yTOYHEHUsI
BBUJy Haju4us y pyHKIuu df mnojatoca npu

w = kv. (29.5)

Yrobbl NpugaTh UHTEIPAJLY CMBICI, Oy/I€M BMECTO CTPOIO rapMOHU-

geckoro (cve ™) pacemarpuBaTh TOTE, KOTOPOE GECKOHETHO Me/I-
JIEHHO BKJIIOYAETCA OT BPEeMeHn t = —oo. TaKoMy OMMCaHWio MO
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COOTBETCTBYET J00aBJEHNE K €r0 9acToTe OECKOHEYHO MAaJIOi MmoJIo-
JKUTEIBHON MHWMOM 9acTH, T. €. 3aMeHa w — w + 40, rae § — +0.

JeiicTBurensHo, npu 3rom 6yaer Ecoe “hed — 0 npu t — —o0; Bbi-

3bIBacMO€ K€ MHOXKHUTEJIEM €t6 HEOTPpAaHWYEHHOE BO3paCTaHUE TIOJIA

mpu ¢ — 00 HECYMIEeCTBEHHO, TaK KaK B CWJIy TPUHIUTA TPWINHHO-
CTHW He MOXKET OKA3aTh BIWSHUS HA SIBIEHWS, PACCMATPUBAEMBIE TTPH
KOHEYHBIX BpeMeHax ¢ (MexkIy Tem kKak ¢ § < () mose okazaaoch Obl
GOMBITIM B TIPOTILIOM, ITO HAPYIIMIO OB TPUMEHNMOCTH JTHHEHHOTO
10 noso npubaukenus ). Takum 06pazom, npasu.ao 06x0da MOJIOCOB
(29.5) ompezensieTcst 3amMeHOi

w — w~+10; (29.6)
0HO 6b110 Buepsbie ycranossaeno JI /1. Jlanday (1946).

K o6ocnoBanuio npasuia (29.6) MoxKHO 11010fiTH TAKKE ¢ APYTOi
TOYKM 3PEHUs, IyTEM BBEJECHUsI B KMHETUYECKOE ypaBHEHue Hecko-
HEYHO MAaJIOr0 MHTerpaja CTOJKHOBEHUIl, PeJICTABICHHOIO B BUJIE
St f = —vdf. JlobaBjienue Takoro 4jeHa B NpaByl YacTh ypapBHe-
Hust (29.1) 5KBUBAJIEHTHO 3aMeHe w — w + iV B djene 00f /0t =

= —iwd f; yerpemmss sarem v— 0, noayany caoBa npasmio (29.6) ).
[Tpu wHTErpUpoBaHusAX ¢ MpaBuIoM 06xoaa (29.6) MBI nMeem jie-
JIO C MHTErpajgaMu Bua
o
f@d= 550,
z—1id
— 0o
B rakom muTErpajsie nyTh MHTEIPUPOBAHUA B MJOCKOCTH KOMILIEKC-
HOIl TIepeMEeHHOil 2z POXOANUT 1o/ TOYKOi z = 40; ipu & — () 310 3K-
BUBAJIEHTHO WHTEIPUPOBAHNIO BJOIh BEIIECTBEHHONW OCH ¢ 00XOA0M
nomoca z = 0 1o 6eCKOHEIHO MAJION MOIyOKPYKHOCTH cAN3y. Brias
B MHTETPAJ OT 3TOTO 00X0a ONMPEAEIAETCA TOIYBBIYETOM TIOIBIHTE-
TPATBLHOTO BBIPAYKEHWs, U B PE3YIBTATE MOy TIM
oC

o
z z .
G gy = f 1@ gy 4 inf(0), (29.7)
z—10 . z
—0oC —0oC
rJle MePeYePKHYThIfl 3BHAK MHTEerpajia 03HAYaeT, YTO UHTerpasl Oeper-
Cs1 B CMBbICJIE [JIABHOTO 3HAYEHUA. DTy (POPMYJIy MOXKHO 3alUCATh U

B CUMBOJIMYECKOM BH/IE

L —pliins(z)

z—10 z

(29.8)

3

1) B M3M0KEHHBIX pACCYKICHUIX COMEPKATCS 10 CYIIECTBY JBA MEPEXOIa K
npejesty: K MajbiM osism (mHeapusanys ypasaennii) m x v — (0. O6paTnum BHU-
MaHMe Ha TO, YTO NMEPBBIH IPOU3BOAUTCs 10 BTOPOTo. HeobxoammocTh MMEHHO B
TAKOM TIOPSAJIKE MPEIETbHBIX MEPEX0/I0B CBA3aHA ¢ HEOOXOAUMOCTHIO COOTIOMeHU
yenosus O f <K fo npm nmaeapusannm; npu v = () gobaska 0 f o6pamianace Obl B
0eCKOHEeYHOCTh TIpu kv = w.
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riae cuMBoa P osnavaer B3aTve (Mpu JaJIbHEANTNX WHTErPUPOBAHY-

$IX) IVIABHOI'O 3HAYEHMUSI.

BbluueiuM 1pogoibHy 0 9acTh JUJIEKTPUYECKOI [TPOHUIIAEMO-
cru 11a3Mbl. Bocnosb3yeMes Jist 9T0r0 1epBbIM M3 COOTHOLIEHMUT
(29.4), noxcrasus B Hero 0p u3 (29.3) u (29.2):

3
kP = —?E [ %o dp
op i(kv —w — i0)
Iycrs mosie E (a ¢ auv u P) manpasieno Baois k; Torma 47P =
= (g;—1)E. Mb1 npuxogum, Takum 00pazom, K cieyiomeii hopmy.e

JUISE TIPOJOJIBHON MPOHUIIAEMOCTH ILJIA3MBI ¢ IIPOU3BOJIBHOM CTAIO-
napuoit dbyunkuueit pacupegenenust f(p) (uugexc 0y koropoit nHuzxe

OIIYCKaEM ).
' ) 4me? of d?
g=1-" /k P (29.9)

k? % kv—w—i0
Bribepem nanpasienue k B xadecrse ocu z. B mogbinrerpasibHOM
BoIpazkernn B (29.9) or py, p, 3asucut jumsb f. [losromy dopmyiry

(29.9) MOKHO TepenucaTh B IPYrOM BHJIE, BBEIs (DYHKIIUIO pacipe-
JIeJIEHTST TOJIBKO TI0 Py = MUy:

f(pz) = f f(p) dpy dp,.

Torna
o
2
e =1 2 /df(pz) dpe (29.10)
k dpy kvy —w — 10
— 00

B usorponnoii mutasmve f(p,) — derHast yHKIMS Py .

Cpazy ke OTMETHUM BayKHBIN PE3YJIhTAT: TUAIEKTPUIECKasi MPO-
HUT[AEMOCTH OECCTOMKHOBUTENHHOM TIIa3MBI OKa3bIBAETCS KOMTLIEKC-
HOIl BeJMYMHON; MHUMasi dacTh wHTerpana (29.10) onpenesnsiercs
dopmynoii (29.7). K 06cyKaeHHI0 9TOTO BAXKHOIO PE3YJIBTATA Mbl
BO3BEPATUMCA B CaejayiomeM naparpade, a 3/eCh pacCMOTPUM aHa-
JINTUYECKKME CBOMCTBA (DYyHKIMM YaCTOTHl W, ONPEAeasdeMOoil uHTe-
rpasom (29.10). Vike u3 o0mux CBORCTB JAMIEKTPUYECKOH TPOHU-
[[AEMOCTH M3BECTHO, 9TO 3Ta (DYHKIMS MOXKET WMeTh 0COObIe TOU-
KW TOJIBKO B HUXKHEN TMOJIyNJIOCKOCTA KOMIIJIEKCHOW TepeMenHoi w
(cm. VIII, § 62); 910 sIBISIETCS CIEICTBUEM YIKe CAMOTO OMTPe/IeIeHIs
(28.5). Iose3n0, OAHAKO, TPOCAEIUTH 33 TE€M, KAK 3TO BUHO HEINO-
cpeacTrento u3 dpopmyibt (29.10), ¥ BRISICHUTH CBSA3H MEXK/Ly STHUMU
0cobbIMu TOUKaMu u CBOHcTBaMu (pyHKuuu pacupeienenus f(pg).

N3zmenus obo3HAYEHNE EPEMEHHON MHTEIrPUPOBAHUS, HAIUIIEM
unrerpas B (29.10) B Buge

/df(z_)idz _ (29.11)
. dz z—wlk
C
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Wnrerpuposanue MPOM3BOANTCSA B TJIOCKOCTH KOMILIEKCHOM Tepe-
MEHHOI 2z BJIOIb BEIECTBEHHON OCH, ¢ 00X0moM TOUYKM z = w/k
cuuzy (puc. 7a). Tem cambiv unrerpan (29.11) oupepessier ana-
JIUTUYECKYI0 (DYHKIMIO M BO BCell BepXHE(l MOJIyIJIOCKOCTU w: /st
BCEX TaKUX 3HaYeHuii w noaoc z = w/k 06-

XOJIUTCs, KaK U CaejoBasio, causy. [Ipu ana- @
JINTUYECKOM K€ IPOJOJIZKEeHUU 1O (DyHK- k

MU B HUKHIOK TIOJYTJIOCKOCTh W HEO00- o w./ S
XOIMMOCTH 00X0[a TIOIICa CHU3Y Tpedyer TN Ima—o

KaKIBI pa3 COOTBETCTBYIOMIETO CMENIEHWS
nyTh uHTerpuposanus (puc. 76). Ho dyHk-

uus df (z)/dz, perynsphas npu BelIeCTBEH- C /% T 2—0
HBIX 2, UMEET, BOOOIIE roBOpsi, 0COOBIE TOU- 6 .

KW IIPU KOMILJIEKCHBIX 3HAYEHUSAX 2 (HaBOBeM 20
WX Zg), B TOM YHCJIe B HUXKHEHl TTOIYTIIOCKO-
cTtv z. ¥YBOA nyTu maTerpuposanns C' OT mo- Puc. 7

moca z = w/k OKa3bIBAETCST HEBO3MOYKHBIM,

KOIJIJa 9TOT IIOJIOC COMMAKAETCS ¢ KaKOH-/1mb0o u3 0CoObIX TOYEK 2
n KouTyp C 0Ka3bIBAETCs 3arKATHIM MEZK/ly 3TUMH JIBYM$ TOUKAMH.
Takum o6pazom, dyuxnus (29.11) umeer ocobble TOYKM B HUZKHEN

MOJIYTIJIOCKOCTH W TIPW 3HAYeHnsX w/k, COBMagaloumx ¢ 0coObIMu
roukamu byuxuun df (z)/dz.

§ 30. 3aryxaume Jlanmay

Vike ObLIO OTMEYEHO, YTO JM3IEKTPUUECKAst MPOHUIIAEMOCTD
BECCTONKHOBUTEILHOM T11a3Mbl OKA3BIBAETCsl KOMILIEKCHONH BeJIMYU-
Hoit (g;=¢) +1g)). OTaennB MHENMYIO 9acTh C MOMOIIBIO (hOPMYIIBI
(29.8), mveem

6;’ — 47262 /[‘)fk (w — kV) dgp, (301)
] Opk?
nJjan

) i)

g = 2 - (302)

1)z:w/k.

Kax m3BecTHO, KOMIIIEKCHOCTh AW3AEKTPUYECKOH TPOHMIIAEMO-
CTW O3HAYAET HAIWYWE IUCCUTIAIINN SHEPTUN 3JIEKTPUIECKOTO TIOJSA B
cpege. Hanmomunm hopMyJibl, OMpeesisione CpeIHIo0 JUCCUTIADPY -
eMyIo (B eIMHNILY BpEMEHU B eJInHNIe 06'beMa) SHepruo () MOHOXPO-
MATHYECKOTO 3JIEKTPUYECKOTO MoJIst. ECam 9To 1o/1e mpeicTaBieHo B
KOMTIJIEKCHOM BHJIE

E — Ewkei(krfwt)’
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IMoacrasus ciona E, dx, dw wu3 (30.7), (30.8), nociae nmpocToro mpu-
BeAEHUA TTOJIYyIYUM

qzil
2m

|2 d wod
dwo 62 + k2(wo — w/k)?’
Tenepb ocTaeTcss NPOCYMMUPOBATD ¢ 110 3JIEKTPOHAM CO BCEBO3MOK-

HBIMU HAYaJIbHBIMU UMITYJIBCAMU Py = THW():
o0

©- / af (o) dp, = — 11 / ot Ly

2 02 + k2 (wo —w/k)? dps

— 00

(mpousBeieHo nHTerpupoBaHue 110 YacTaMm). Ilepexo K npeaesy ocy-
LIECTBJISIETCS C TIOMOIIBIO (POPMYJIbI

lim —— = 7d(z2) (30.9)
§—0 62 + 22
U HENOCPEJACTBEHHO NPUBOANT K Bhipazkenuio (30.6).

B coorBercTBUM € 0OparuMbiM XapakKTEPOM OECCTOJIKHOBUTE/Ib-
HOW JUCCHUNIAIMU, TEPMOJMHAMUYECKHUE YCJIOBUS HE TPEOYIOT M0JI0-
KUTEJBHOCTU BeJIMIMHBI () (KAK 3TO MMEeeT MeCTO J/ish MCTUHHOT J1C-
cunannn). Beipaxkenne (30.6) Bcerga moI0KUTENHLHO TIPH W30TPOTI-
HoM pacupegenenun f(p) (cm. 3anaay). s aHU30TPONHBIX pacnpe-
JIeJIEHUTT, OJIHAKO, () MOYXKeT OKA3AThCA OTPUILATEIBbHON BEJTMIMHO
SJIEKTPOHBI OYAYT B CPEIHEM OTAABATH SHEPTUIO BOJHE, & HE TOJIY-

warh ee!). Takwe cJlyyad TeCHO CBA3aHbl C BO3MOXKHOW HEyCTOWYN-
BOCTHIO TTa3Mbl (cm. § 61), w, Takum obpasom, yciosre @ > 0 (a
reM cambiM 1 g’ > () sBIseTCs Pe3yJbTATOM JIHIIb yCTOHYUBOCTH
COCTOSTHUS T1JIA3MBbI.

C TouKYM 3peHus OMUCAHHOM BhIIe (GU3NIECKON KAPTUHBI 3aTY Xar
avst Jlangay waamane mponssoanoit df /dp, B dopwmye (30.6) MoxkHO
HATJIATHO WHTEPIPETUPOBATE CASAYIONNM 00pa3oM: B 0OMeHe SHep-
rueil ¢ mojeM yJacTBYIOT YaCTHIIBI CO CKOPOCTSIMU Uy, OJIU3KUMU K
w/k, mpuaem 9acTuIbl ¢ v, < w/k TOMYIal0T SHEPTHUIO OT BOJIHEL, & C
vy > w/k  OTAAI0T SHEPrUI0 BOJIHE; BOJIHA OyJeT TepaTh SHEPrUio,
€CJI TTEPBBIX HECKOJIBKO OOJIBIIE, YeM BTOPbIX.

Bamauga

Tlokazarh, 4T0 jJ1st M3OTPOITHON TIA3Mbl OECCTOIKHOBUTEIbHAS JIUCCHUTIA-
s () BCerga MOMTOKUTETbHA.

Pemenue. Busorpomnoit mmasme f  dynkmma ToabKo ot p? = p2 +pl
(pz m p1  cocTaBAIOMUE P, TPOJOIbHASA W TIOMEPETHAA TIO0 OTHOMIEHUIO K k).
[Tumem

dJ:l(pz) AT r @2 + ) rd(p) = 2 ]"f pz +p1)d(pl),
pa: dpiﬂ 0

Y TIponssenennbiii Bhime Harasaaabii BhiBog Gopmyst (30.6) we cBasan ¢

m3oTpormeil pacnpenenennd. He cBasano ¢ meii takxke u Boipaxenue (30.2)
cm. ke § 32.
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u nockonsky f(p?) = 0 npu p? = oo, 10
df (p= 2
®e) _ o, 32),
dpx
tak a0 df /dp, < 0 mpu pr = w/k > 0.

§ 31. lusnekTpudyeckasi IpOHUIAEMOCTh
MAaKCBEJIJIOBCKOI T1J1a3MBbl

[Tpumennm dopmyy (29.10) K 3eKTPOHHOl MIaA3ME ¢ PABHOBEC-
HBIM (MaKCBEJJIOBCKUM) PACTPEIEICHIEeM 3JT€KTPOHOB

Foa) = N esp (< 2, (31.1)

(2rmT.)1/? 2mT.

rge T, remmeparypa JIeKTPOHHOIO Ta3a (MMest B BULY BKJIIOYUTH
HUZKE B PACCMOTPEHKE TAKZKe M MOHHYIO KOMIIOHEHTY I/1a3Mbl, Oy/1em
cpasy JKe OTJMYaTh UHJIEKCOM € BeJIMYUHBI, OTHOCALINECs] K 3JIeKTPO-
nam). Haxoaum

1 w
eiw, k) =1+ G [1 +F (Wﬂ , (31.2)

e yHKIUs F(’I’) OIpe/IeJIeHa MHTErPAJIoM |)

F(z) = \f / a0 % fezz_zz—{—iﬁmezg (31.3)
—0C

" BBCJICHBI HapaMeTpm

Ve = 4 / =4/ 47rN 62 (31.4)

Bennunna v, €CTh HEKOTOPAs CPeIHss TEIIOBAsT CKOPOCTH JEKTPO-
HOB; @ — J1e0aeBCKUil pajgnyc, OMpPeaeeHHbII TI0 3apsi1y U IJI0THO-
CTH 3JIEKTPOHOB.

[Ipeaennubie Boipazxenus dyuxkuun F(z) paug 6oabmmx u Maabix
3HAYEHWH 2 JIErKO HaiiTh HermocpejcTBeHHO n3 onpejenenns (31.3).
ITpm = > 1 numrem

o R o
N S (CT TP
ﬁ/z—x ﬁ/e —l—x—l—xQ—{—... 1Z.
—0C —00

1) Pasnuansie hOpMBL IpeICTABICHAS dbyskmmm F(z) n ee mogpobHbIE 9nC/IEH-
abie Tabmnpt ganbl B kaure: B.H. @addeesa, H. M. Tepenmuves. Tabauupr 3nave-
HUT WHTErpaJjia BEPOSATHOCTEN 0T KOMILIEKCHOro aprymenTa. — M.: T'ocrexusgar,
1954. Tabynuposannas B 9T0# Kuure ¢pynkuus w(z) casana ¢ F(x) cormacHo

F(z) = iymzw(z).

6 JI. /1. Jlanpay, E.M. Jludmuy, Tom X
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WuaTerpanbl 0T HEYETHBIX MO I UJAEHOB OOPAIIAIOTCS B HYJb, a

OCTaJIbHBIC JTaIOT
F(g;)+1z_L_4i4+i\/he*$2, > 1. (31.5)
T

212

IIpn x < 1 mpon3BoIMM CHaYa A 3aMeHy TepeMeHHON WHTEeTpPhupo-
BaHWUA 2 = U + &, TIOCJIe Yero pasJjiaraeM T0 CTENeHIM I:

(0.0 5 5 (o) (0.0
T e * dz re * a2 du T w2 (1
— _— = e “ QUI— ~ — € u (— — 2[1)) du
VT z—x T U VT U
— 00 — 00 — 0o

[1aBHOE 3HAaYeHME MHTErpaja 0T HepBOro (HEYETHOrO 10 U) Y/ieHa
obpalllaeTcst B HyJ/b, a C Y4€TOM BTOPOI'O 4IEHA HAXOIUM

F(z) ~ =22 +iv/rz, z < 1. (31.6)
C nomomipio 91ux GOpMyJi MOKHO HAMUCATH TPEJIE/IbHBIE BbIPA-

JKEHUsl JUIeKTpudeckoit nponurnaemoctu. [Ipu Gosbmmx gacrorax
nvMeem

2 2,2
elzl—&;(lJrL”“)Jr

2

w w

w2 w? w
g |22 o - 1. (31.7
+ 2 (kvre)? *P 2k2v2., P VT > ( )

31ech BBEJIEH TTapaMeTp
2
Q, = VTe _ 4w Nee (31.8)
Qe m

— Tak Ha3bIBAEMAasl NAGSMEHHAA (MIN AEHZMIOPOSCKAA) TACTOTA JJIs
anektponos. Kak u crieposano, B cayqae w/(kvpe) > 1 npocrpan-
CIBEHHAsl JMUCIEPCUY HPUBOAUT JIMIIb K MAaJbIM IOIPABKAM B JIU-
SAEKTPUYECKON HPOHULIAEMOCTH, IPUYEM MHUMAas 4YaCTb £ OKA3bl-
BAETCsl 9KCIIOHEHLIMANBHO MaJIOH  pe3y/braT TOro, YT0 B MAaKCBeJI-
JIOBCKOM PaCIPE/IECJIEHUH JIUIID SKCIOHEHIUMAJILHO MaJlasl 10 JIeK-
TPOHOB UMEET CKOPOCTH VU, = w/k > vp.. HezaBucamee or k npe-
JIeJIbHOE 3HAYEHUE JUIIEKTPUYECKON POHUIAEMOCTI

e(w) =1—(Qe/w)? (31.9)
D10 BbIpArKeHHe OTHOCUTCS KAK K IPOJOJIBHOI, TaK U K HONEPedHO
nponunaemoctu (cm. (28.8)). Ero jierko nosyuurs ¢ oMOLIbI0O 1po-
CTBIX PACCYKJACHUIT, 6€3 UCIIOIBb30BAHUS KUHETUIECKOTO yDABHEHMUSI.

HeitctBurensuo, npu k — 0 1mojie BOJHBI MOXKHO CYUTATH OJHO-
POJHBIM, ¥ TOTJIa YPABHEHUE JIBUKEHUS IeKTpoHa mv = —el naer

vV =

N , TaK 9TO CO3/jaBaeMad JIEKTPOHAMU IIJIOTHOCTH TOKa
imw
. e?N. E

rmmw
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C Apyroit cTOpOHBI, TMEeM
e(w)—1
4

Cpasnenue 060ux Bbipazenuii u npusogut K dopmyse (31.9).
B obparnom npegesbHOM Ciydae MaJibIX 9acTOT UMEEM

2 2
gl:1+(96) 1—(”)4—1’ LT S
kvre kvre 2 kvre kvre
(31.10)

Ob6paTnM BHUMaHIE HA TO, 9TO MPOCTPAHCTBEHHAS JTUCTIEPCHUS YCTPa-
HdeT TMOMI0C TTpu w = (), KOTOPBIH WMeeT ANIIEKTPUIECKAs MPOHNU-
IaeMOCTh OOBITHON TTPOBOAAIIEH cpeabl. OTMETUM TaK»Ke, ITO MHU-
Masl 9acTh TPOHUIAEMOCTH OKa3hiBAETCS OTHOCUTEIHLHO MaJIoi (XO-
TS M HEIKCIIOHEHIMAJIBHO) U 1IPU MAJIbIX 4aCTOTAX, HA 9TOT pa3 B
pesysabrare majioctu GpazoBoro 06beMa JIEKTPOHOB, B KOTOPOM Y0-
BJIETBOPsieTCs yciorne kv = w.

B § 29 6110 mokazano, uro dyHkma €)(w), onpeensieMasi WH-
rerpanom (29.10), He umeer 0coObIX TOUEK B BEPXHEH 1OJIYILIOCKO-
CTH W, a ee 0cOObIe TOYKU B HUYKHEN MOJIYIIOCKOCTH ONPE/Ie/ISI0TC
ocobbivu Toukamu df (py) /dp,; kax GyHKIMN KOMILIEKCHON nepeMeH-
Hoit p,. Ho jyig makcBe/uioBCKOTO pacupejesienus: OyHKIUs
df (p) (7 i )

— 0 ex
dpy P OXP 2mT

j=—iwP = —w E.

BOOOIIIE HE MMEEeT 0COOBIX TOUEK HA KOHEUHBIX PACCTOSTHUAX BO BCEit
KOMTIJIEKCHO# TIII0CKOCTH P, (T. €. siByisiercst nenoii dbynkumeii). TTo-
9TOMY U JIM3JIEKTPUYECKass ITPOHUIAEMOCTh MAaKCBEJJIOBCKON Oec-
CTOJKHOBUTEIBHON TIA3MBbl ABJISAETCS 1EI0H DyHKIHei w HE UMe-
eT BOBCE 0OCODEHHOCTE MpU KOHEYHBIX W.

o cux 1op Mbl paCCMATPUBAJIA BKJIAJL B IMJIEKTPUIECKYTO TIPO-
HUIAEMOCTb, TPOUCXOJSIINA TOJBKO OT JIEKTPOHHOW KOMIIOHEHTbI
wia3Mbl. BKj1aj HOHHOM 4YacTU BBIYHUC/ISETCS TOYHO TEM K€ CIIOCO-
6om m 0ba BrJaJa B €, — 1 mpOCTO CKJIAJABIBAIOTCs; TAKUM 00pa3oM,
NPUXOAMM K 04eBUAHOMY 0000menuto (popmynst (31.2):

(kale)2 [F(ﬁ‘;;v%) * 1} + (k;i)Q [F<\/§:vﬂ) + 1}. (31.11)

Munekcst € u 4 0T/IMYAIOT BEJIMYUHDBI, OTHOCAIINECH K SJIEKTPOHAM U
MOHAM;

T, \/2 v T; 1/2 9 _ 4mNi(ze)?
vpi = | — . Q= =|l— , Q=—
M Ql 47rN1'(26)“ M
(31.12)
(M wn ze — macca n 3apsig nona). Beipaxenne (31.11) orHocuTest K
«JBYXTEMTIEpATypPHOiT» T1azmMe, B KOTOPOi KayKjasi W3 KOMITOHEHT

51—1:

6*
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MMeeT PABHOBECHOE PACIpeiesIeHre, HO C PA3INIHBIMU TEMIIEPaTY-
pamu, Tak 9TO JPYyT C APYTOM 3J€KTPOHBI W MOHBI B PABHOBECHU HE
HaxomaTcs. Takoit ciydail BOSHUKAET eCTeCTBEHHBIM 00Pa30M BBUILY
TOTO, 9TO OOJIBITIAs PA3HUIA B Macce 3aTpyaHsieT 00OMeH dHeprueit
TTPW CTOJIKHOBEHNSIX 3JIEKTPOHOB C MOHAM.

OO6BIYHO TIPUXOAUTCS UMeTh Jiesio ¢ curyanmeii, Korga T; < Ty;
TP 3TOM v7; K UTe. YUUTHIBAST TakKe, uTo Beerma §2; < €., merko
BaKIIOYNTh, 9TO B CIy9ae w > kvre > kvp; BKIIaJ MOHOB TIpeHe-
Gpexkum, Tak 4To cnpasegmusa dopmysa (31.7). B obparnom npe-
JIEJIbHOM CJLydae uMeeM

1 1 . w
1= T w 1.1
“l G2 Gz T\ 2 Gran)hors” (31.13)

w KL kvp; < kope.

Cayuait xke kvp; < w < kvpe 6yaer paccmorpen B § 32.

Bce Boruncsiennst B 91oM u npeibLyineM naparpadax npoussejie-
HBI JIJIsl TIPOJOIBHOM 9aCTU UK TPUIECKON TPOHUIIAeMOCTH. Bbi-
YUCIEHUE TTOTIEPEYHO TPOHUIIAEMOCTH [PEJICTABJIACT MEHBIIUI WH-
repec. [esio B ToM, uT0 monepednoe mojie 06bIYHO CBOAUTCs K 0ObIU-
HBIM 9JIEKTPOMATHUTHBIM BOJIHAM, JIJIsi KOTOPBIX 9aCTOTA U BOJIHOBOM
BEKTOD CBsi3aHbl cooTHOmeHneM w/k = ¢/\/e;. Ilpn srom w/k >
> C>> Ure, T. €. W > kupe; TOATOMY TIPOCTPAHCTBEHHAS JUCIIEPCHUsT
MaJIa U JAM3JIEKTPUYECKas MPOHUIAEMOCTD Jaercst opmysioi (31.9).
JList 3TUX BOJIH OTCYTCTBYET TAKKe 1 3aTyXaHue JIaH/ay; moCKOJIbKY
dazoBasi CKOPOCTb BOJIHBI IIPEBBIIIAET CKOPOCTh CBETa, TO B ILJIA3ME
HET YaCTHIl, KOTOPble MOIIM Obl JABUraThCsA B haze ¢ BOIHON (CTPOro
POBOPSI, JIOKA3ATEIBCTBO 9TONO yTBEPXKIEHUS TPEOYeT PessiTUBUCT-
CKOTO PACCMOTDEHUsT — CM. 3a1a9y 4).

Bagaum

1. HaiiTu noreHIuan 3/eKTPUYIECKOr0 II0JId, CO34aBAEMOT0 MOKOAIINMCH B
TIa3Me MAJIbIM TOYEYHBIM CTOPOHHUM 3apsiIOM €1.

Pemenwue. Cyuerom nojasipusaniu ria3Mbl, M0JI€ OMPEIEISETCS yPaBHe-
muem div D = 47e1d(r). g mocToaHAOro motsa KOMIOHEHTH Pyphe WHIyKImn
n norernmaia cBsazanbl coorHomennem Dy = £/(0,k)Ex = —ike (0, k)px. TTo-
TOMY J/1d (k HAXOJIUM ypaBHEHHE

. 2
Zka =k 61(0, k)(pk = 471'61.
Bazsas ¢,(0, k) u3 (31.13), numeem

4mey —2 —2 —2
= — a " =a, +a;
k2 +a727 € 1

CoorsercrByoomas KoopanHaTHast GyHKLIust

Pk

€1 _r/a.

p=—¢ )
r
TakuM 00pa30M, JUIMEKTpUIecKaa nporunaeMocTsb (31.13) ommceiBaer skpanu-
pOBaHUE CTATHYIECKOTO 3apsia B coracum ¢ V, § 78. YcaoBue MamocTu 3apsiia:
e1 € Na’e, —e; HOMKHO GBITH MAIO TI0 CPABHEHUIO ¢ 3APSIOM UACTHI] TLTA3MBI
B 06beme ~ al.
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2. BeraucanTs onepedHyo An3IEKTPUIECKYI0 TPOHUIAEMOCTD TIa3MBbl.
Pem e nwue Beramenms snekrpornyio nonapuzanmio P = —j/(iw) ¢ j u3

(29.3), nomyumm s TEH30pa TPOHUTIAEMOCTH b

dre? o 0
g = 0ap = o [t Oy, (1)
w J kv—w—100ps

HonepeqHaﬂ 9aCTh BBIIEJIACTCA U3 £qp5 KaK

1 kaks
&t = 5 Eaa _Soﬂ?

U JaeTCd MHTerpaaoM

Stzl—

271'62/ af d’p
L - AN S
opL kv —w—1i0

(2)

w

e pi = MV, — HONEePeYHasi M0 OTHOMIEHUIO K k kKoMmmoneHnTa mmmyabca. s
2
MaKCBEJJIOBCKOTO pacupejesienust [ rocie uHTerpupoBanusi 10 d-p| HaXOAUM

OKOHYATe/IHbHO
= ()

g —1=2F —— 3

‘ w? V2 kvre )

¢ bynknmeit F n3 (31.3); nonst BHOCAT B £, — 1 anasornanniii Bkaag. B npemenn-
HBIX CIydasx

0?2 kUTE)2 \/? Q. ( w? )
e 1= e 1 (BT ) | gy [T e (Y 4
! w? ( w 2 whae ¥ 2k2v2., )

(w > kvre > kuri),

=t I [ )
(kae)?  (ka;)? 2 wkae

(w < kvr; < kvre).
3. Onpejeanrs JUJIEKTPUHUECKYIO TIPOHULIAEMOCTh YJIhTPAPEJIs THBUCTCKOT
SIeKTPOHHOM 111a3Mbl; Temieparypa Te > mc® (B.I1. Cuaun, 1960).
P e m e nue Kunermueckoe ypasHeHue coxpanser cBoii ux (27.9) u
B pesaTuBuCTCKOM ciydae. COOTBETCTBEHHO COXpaHATCs Takme (DOPMYJIBI, KaK
(29.9) n (2) u3 3apaunm 2. B yapTpapesissTHBUCTCKOM CJIy9a€ CKOPOCTH 3JI€KTPOHOB
v & ¢, UX IHEPIUs €CTh Cp, 4 PABHOBECHAA (DYHKIMs PACIIPEICTCHUS

@

Nec® o
= —e °.
1) 87T

Jng mpogonbHON TPOHUIIAEMOCTH HAXOIUM

1 oo
2 ) 2
o 1— 4dme’c // f(p)cos@ - 2mwp” dpdcosf (6)
Z10

kT, kccosf —w — 10

(6 — yron mesxay k u v). Uarerpuporsanue f no 27p” dp maer N, /2, nocie wero
maTerpuposanue 1o d cos f ¢ 06xogom momoca cos § = w/(kc) can3y mpusogmT K

1 o
) B sTtom BBIPDAKEHUU I1JIa3Ma elle He IIpeanoaaraeTcd n30TpoIrmHOn.
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pesyanTaTy

4 N —ck

(k) 1 = e [1+i1n“’ c ]

kZT 2kc w +ck 1)

" (w k) = ww/(2ke) upm w/k <e,

Bl )= 0 nmpu w/k > c.
AmnasmornaapivM 06pazom, nexoas n3 (2), HAXOAUM s TONEPEIHON TTPOHN-

AaeMoCTH
2N, 2 —ck| 2
k) 1= T Nec (1, @ )m w=oc ,ﬁ],
wkT. c2k? w+ck ck

0 g (8)
1 1= w?/(K?)] npn w/k<c,
er(w k) = { 0 mpn w/k > c.

4. Hajitu MEnMYyI0 yacTh & juist Hepeasitusuctekoit (T, < me?) snekrpon-
HOH mnazMbl upu w/k ~ ¢ > vre (B.I1. Cuaun, 1960).

Pemenwne U3 dopmynnt (29.9) (cnpasenympBoii npu JIOOBIX CKOPOCTSAX
9JIEKTPOHOB) TIOCI€ MHTETPUPOBAHMA TI0 d COS  HaxoauM

" 8r3e’w 7 f(p)p’ mew
e (w,k) = ——— | —=—dp, m = e————— 9
(. k) k3T, v P P Verk? —w? ©)
(momoc cosf = w/(kv) mexuT HA TyTH WHTErPUPOBAHUA TO COSH Wb TIpU

w/(kv) < 1; nosromy HuKHUIT npeses MHTErPUPOBaHUs 110 dp OTBEYAET 3HAUE-

HUO v = w/k). Oyukuma pacnpenenenns npu 1. K mc?, cpaBennuBas mas
BCEX CKOPOCTEN 3JIEKTPOHOB, €CTh

2
e mce 5(?)) 2 2 2\1/2

p) = -———--€exp - — e=c(p”+m-c

1) = G e (e~ ). ( )

(3mauenme HOpMI/IpOBO‘IHOI‘O HHTerpaja Ompeiensercs ObMaCThio € — me® &~

g(2m) ~ T. < mc?). B unrerpane (9) npu w/k ~ ¢ >> vre Cymecrren-
Ha 00JIaCTh 3HaueHuil p BOM3KM HUKHero npenena. [lonarag B sxkcronenTe

()% ) + 5] 0= p) = o) + £ p)

(a B IPEIPKCIIOHEHIMATIBHOM MHOXKUTENE P R Prm, ¥ & w/k) m unTerpupys 1o
P — Pm o1 0 10 0O, TOTYIUM

" T wﬂg 1 mc? 1
g =41/ — expy —— | ———— — 1] ;.
2 (kvre)® 1 — (w/ke)? T. | +/1— (w/kc)?

DTum onpenensiercs 3akon obpamenns € B wyah ipu w/(ck) — 1.

§ 32. IIpomosibHBIE TIJTA3MEHHBIE BOJTHBI

IIpocrpancrBennasi gucnepcus HPUBOJUT K BO3MOXKHOCTU Pac-
[POCTPAHEHUSI B ILJIA3Me HPOJOJIbHBIX JIEKTPUIECKUX BOJIH. 3aBU-
CHMOCTBH 4aCTOTBI OT BOJHOBOTO CEKTOPa (MjM, KaK TOBOPAT, 3a4KOH

ducnepcuu) ISt ITUX BOJIH OTIPEJIENISIETCS] YPABHEHUEM

e1(w, k) = 0. (32.1)
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Heiicreurensro, npu £, = 0 JjIs TPOAOJIHHOTO 3JIEKTPUYECKOTO TI0-
as B nvmeem D = 0. Tlonoxkwur tak:ke B = (0, MBI TOXI€CTBEHHO
yJIOBJIETBOPUM BTOpO# Tape ypapuenwii Maxkcresia (28.2). V3 nep-
BOI Ke TTaphl octaeTcsd ypasuerue rot B = (), BeImoHenne KOTOporo
obecmreunBaercst pogonbHOCTRIO Tosist: rot E = {[kE] = 0.

Kopuu ypasuennsi (32.1) okasblBaoTCsi KOMIUIEKCHBIMM (W =
= W' +iw"). Ecm manmas wacts nporumaemoctn g > 0, To 31n
KOPHW JIe’KAT B HIKHEH TOMYTIIOCKOCTH KOMTIJIEKCHOTO TTePEeMEeHHO-
ro w, T. e. w” < 0. Bemmunna v = —w"” npexacrasaser coboii gexpe-
MEHT 3aTyXaHus BOIHBI, TPOWCXOAsAIIEro 1o 3akony e L. ToropnTs 0
PaCTIpOCTPAHSAIONIENCS BOTHE MOKHO, KOHETHO, JIUITH €Can 7y K w' —
JIEKPEMEHT 3aTyXaHns TOMKeH OBITH MaJI TI0 CPABHEHWIO ¢ 9aCTOTOM.

Mb1 noayuum takoi kopenb ypashenus (32.1), mpeanonoxus,
91O

w > kvpe > kvop;. (32.2)
Torma B KomebaHWsIX yYACTBYIOT JIWIH 3JEKTPOHBI W (DYHKINA
e)(w, k) maercsa dopmyinoii (31.7). Pemenne ypapuenus €, = 0 ocy-
[IECTRJISIETCST TIOCIeI0BATEILHBIMI TPUOIMKeHusIMU. B mepBom mpu-

OJ/iMyKeHUH, OIYCTUB BCE 3ABUCHIINME OT Kk 4JjieHbl, HAll1eM, 910 1)

w =, (32.3)
T. €. BOJIHBI HMEIOT IOCTOSHHYIO, HE B3aBUCAILYI0 OT Kk YacToTy.
OTU BOJIHBI HA3BIBAIOT NAGZMEHHOLMU, WA JIEHIMIOPDOBCKUMUI

(I. Langmuir, L. Tonks, 1926). Ouun sBAsI0OTCS JUIMHHOBOJIHOBBIMY
B TOM CMBICJIE, YTO

kae < 1, (32.4)

KaK 970 ciaegyer npu w = Qe u3 (32.2).
Jist onpenesieHnst 3aBUCAIIEH OT k TONPABKN B BEIIECTBEHHOMN

qacTnu LIaCTOTbI: J0CTAaTOYHO IOJJOXKUTb W — Qe B HOHpaBOI‘IHOM
YJIEHE B 6’; TOrJa HOJIy‘{I/IM
3
w=Q, (1 n Ek%z) (32.5)

(A.A. Baacos, 1938).

MHumast 2ke 9aCTh 4aCTOTHI IIPU 3TOM
" 1 7
w' = —59651 (w, k) (32.6)
¥ 9KCLHOHEeHIUAIBHO Masia BMecTe ¢ ). [Tns ee oupejenenus (Bmecre
C IPEJPKCIOHEHIUAIbHBIM MHOKUTEIEM) HAJI0 IOACTABUTD B €] yKe
noanpassennoe 3nauenue (32.5). B pesyabrare nosydum

T 1 3
— )T Sk -t 3 9.
TN 8 (kan)? eXp[ 2ka)? 2 (32.7)

1) Vuer xomeGanuit mOHOB HpUBEs GBI UL K MaJIOMY CABHUTY 3TOH 9aCTOTHI:
2 2 2
w” = Q; + Q.
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(/1. Jlanday, 1946). B cuy ycinosust ka, < 1 jekpeMenT 3ary-
XaHWs TUIA3MEHHBIX BOJH JIEHCTBATEIHLHO OKA3HIBACTCA SKCTTOHEHIIN-
amsHo Maabiv. OH BO3pacTaeT ¢ yMEHBIEHNeM JIWHBI BOJIHBI W TTPU
ka. ~ 1 (xorma dopmyna (32.7) yxke HempuMeHWMa) CTaAHOBUTCS
TOTO K€ TIOPSAIKA BeJIUIWHBI, 9TO W 9aCTOTa, TaK 9TO TIOHATHE O Pac-
MPOCTPAHAIOIINXCS TUIA3MEHHBIX BOJHAX TEPAET CMBICIL.
ITpoBegenHOe paccMOTPEeHre OTHOCUTCSA, CTPOTO TOBOPS, JINTIH K
U30TPOITHON TIJIa3Me, B KOTOPOI TE€H30D AUSIEKTPUYECKO poHuIa-
eMOCTHU CBOAUTCS, COrIACHO (28.7), K ABYM CKAJISIPDHBIM BEJTMYUHAM
€ n ;. B aHu30TpONHOIM T1/1a3Me (T. €. TIpW 3aBUCAIIECIT OT HaNpaBJie-
nust p dyuxkuun pacnpegenenus f(p)) He CyHIeCTByeT CTPOro mpo-
JIOBHBIX BOIH. [Ipu onpesesieHHbIX yeI0BUAX, OJHAKO, B HEll MOryT
PACIIPOCTPAHATBLCS «IIOYTH MPOJOALHBIEY BOJHBI, B KOTOPBIX MOIE-

pedHast o OTHOIIEHNTO K BEKTOPY K COCTaBISIONIAST OIS, E®, vana
110 CPaBHEHUIO C LIPO/IOJIbHOI coCTaB/I4IOLIeH E®:

EW « BV, (32.8)

JList BblsiCHEeHUsT 9TUX yCJIOBHI 3aMe4YaeM IIPEXKJe BCero, 4ro B
npenebpexennn BE®) u3 ypasuenna divD = 0 ciexyer, aTo

kD =~ kozga,BEg) = %kakﬂé'aﬂE(l) =0.

DTO PABEHCTBO, ONPEIESIONIEe 3aKOH JUCIEPCUI BOJIH, MOXKHO CHO-
Ba 3anucarhb B Buje (32.1), eciu onpesesmTh «npooJibHYI0» TPOHU-
AEMOCTb KaK

1
gl = ﬁkakﬂgaﬂ; (32.9)

TTOJYEPKHEM, 9TO 9Ta BEJINYNHA 3aBUCUT TETEPh OT HAIIPABJICHUA k
Opmraxo n3 ycmosus €, = () yxke ne ciemyer paBenctso D = (; Ben-
YUHa

l k
D, =~ sagEé) = €ap fE(l) = saE(l)

ormuHa OT HyJs (B M30TPONHON ke miasme £, = 0 upu £, = 0). la-

nee, m3 ypasrennst Makcrenna rot B = ¢ 19D /0t naxomnv onenky
MATHUTHOTO TIOJId B BOJIHE:

B~ 2egW
&
n 3atem n3 ypapnernws rot B = —¢ 10B/dt — omenky nomepedroro
SJIEKTPUYECKOTO TIOJIsT
2
E® ~ YR~ (i) 508 (32.10)
ck ck

Takum 06pa3oM, YCIOBHE «TTOYTH TPOJAOIBHOCTHY (32.8) yI0BI€TBO-
psIeTCsi, eC/IN BOJITHA STBJSIETCS «M€JIJIEHHOI» B TOM CMBICIE, YTO

w/k < ¢/ /. (32.11)
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Ormernm, Hakorerl, uto dopmyna (29.10) ocraercs cnpasemin-
BOI 1 Juist onpejeneHHoil corsacHo (32.9) BeauuuHbl € B Cjydae
AHUBO0TPOLHOM 1171a3Mbl, KAK 3T0 $ICHO M3 €€ BbIBOJIA U3 BbIPAXKEHMUs]

kP = (ka€a5E5 - kE)

1
4
¢ npogosibabiM nojiem E. Tlpu 310M CymecTBeHHo, 410 B KMHETHYE-
CKOM ypPaBHEHUM MOZKHO npeneOpedn Jjopennesoit cunoit e[vB]/c no
cpasuennio ¢ ¢E (xorst ee mpomssenenne ¢ df /0p n He obpamraer-
Cs Tenepb  npu aHU30TPONHON byHKuuu f(p)  TOXKIECTBEHHO B
HyJ6). JleficTBurenbro, ¢ omenkoii (32.10) nmeem

DT0 OTHOLIEHHE MAJI0 KAK B CHJIY YCIOBUS <MEJJIEHHOCTH» BOJIHbI
(32.11), Tak u B cuny U < C.

Bamgaum

1. OnpemenuTs 3aKOH AUCIIEPCUN TIOTIEPEYIHBIX KOTEOAHUN TITA3MBI.

Pemenmne. ﬂﬂﬂ TIOTIEPEYHBIX BOJIH 3aKOH AUCIIEPCUN Ja€TCA COOTHOIIE-

muem w? = c2k2/51,. Bricokowactorabie kKomebannsa (w > kvre) COOTBETCTBYIOT

00braHbIM 371eKkTpoMaranTHbIM BoHaM. C &, n3 (31.9) (cm. Takxke 3amaqy 2 § 31)
HAXO UM

w? =k 4+ Q2.

OTO BBIPAXKEHWE CIPABEIJINBO /s 00X 3Hauennil k; 3aryxanume Jlamgay ort-
CYTCTBYET, KaK y»Ke OBbLI0 yKa3aHO B KoHIe § 31.
Jna am3kogacToTHBIX Komebanmii (w < kvre) JTBUKEHNE MOHOB TOXKE OKa-

3bIBaeTCa HecywecTseHubiM. s aamunbix o (ka. < 1) ruaBmblil wien B

3aKOHE OUCTIEPCUN
2 k3P,
w =i =——
Q2

YUCTO MHUMOE W O3HAYAeT AIePUOAMYECKOe 3aTyXaHWe, TaK YTO O PACIHPOCTpa-
HEHUU BOJH BOOOIIE He/Tb3sI TOBOPHUTh.

2. Haiitn 3akoH guMcniepcuu MJIa3MEHHBIX BOJIH B YJIBTPAPEsIsiTUBUCTCKOM
snextponHoiil mnasme (B.II. Cuaun, 1960).

Pemenwue. Ilpuw > ck u3 nonyuennoii B 3agate 3 § 31 dbopmynsr nmeem

QQ 2‘2
El(w,k):].* epen(1+3k(‘):

w? w?
e
0?2 _ dre?N.c?
e per 3.
TIpupaBHSB 5TO BBIpAXKEHUE HYJIIO, TIOIY9IUM 3aKOH JUCIIEPCUU

UJZ = Qg pen + gCZk:) (Ck < Qe pen)-

IIpu yBenuuenun k 3ta hopMya CTAHOBUTCS HEITPUMEHUMOT, HO BCETIA OCTAETCS
w > ck (n nosromy 3aryxanme Jlamgay orcyrcrByer). B npesesbrOM ciryvae
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0onpmux k 9acToTa W CTPeMHUTCs K ck M0 3aKOHY

2k 2
=ck|l+2e — 2.
v ‘ |: Xp( 3Qgpen >:|

3. To ke [/ MOTEPETHBIX BOJTH.
Pemenwne C nomompo Beipaxkenns &:(w, k), MOMy9eHHOro B 3ama4e 3
§ 31, HaAXOAMM 3aKOH AWCIEPCUN

w? = Q2 pen + gCQkQ opu  w > ck.

IIpenenbroe Boipaxkenue nipu Oosibmmx k:

w? = ggﬁ pen + Ak

1 3xeck Bcerga ocraercst w > ck, m moTOMy 3aTyXaHWe OTCYTCTBYeT.

§ 33. lloHHO-3BYKOBBIE€ BOJIHbBI

Hapsay ¢ miazmenabiMu BOTHAME, CBA3BAHHBIMU C KOJeOaHUIMU
JIEKTPOHOB, B IIa3Me MOIYT PacCHPOCTPAHATBHCA TAaKKe W BOJIHBI,
B KOTOPBIX UCIBITHIBAIOT CYIIECTBEHHBIE KOJIEOAHNS KAK JIEKTPOH-
Hasl, TAK U MOHHAS [JIOTHOCTU. DTA BETBb CHEKTPA KOJiebaHuil nmeer
cinaboe 3aryxanue (M IOTOMY MOZKHO FOBOPUTH 00 UX BOJTHOBOM PAac-
NPOCTPAHEHUN) B CJIydae, KOIJa TeMIEePATypPa ra3a HOHOB B IJIa3Me
MaJjia 110 CPaBHEHUIO C TeMIIEPaTypoil 3/IeKTPOHOB:

T, < T,. (33.1)

Kak Oyuer moarBepKaeHO PE3yJibTaTOM BbIYUC/IeHUS, (Pa30oBasd
CKOPOCTH 9TUX BOJH YIOBJIETBOPSET HEPABEHCTBAM

v K w/k K vre. (33.2)

Maustocts 3aryxanns Jlangay B 9TUX YCIOBUAX 3apaHee OYeBHTHA:
MOCKOIbKY (hazoBasi CKOPOCTh JIEKWUT BHE OCHOBHBIX WHTEPBAJIOB
pazbpoca TerJIoBbIX CKOPOCTEN KaK MOHOB, TaK W 3JIEKTPOHOB, JINIITH
MaJjiasi 4acTh YaCTHUI] MOXKET JBUTAThCs B (hase ¢ BOJHOW U TeM car
MBIM y9aCTBOBATH B OOMEHe SHEPruil ¢ Heil.

Bkiiaj1 9/1eKTPOHOB B JINSJIEKTPUYECKYIO TTPOHUIAEMOCTH B YCJI0-
Busx (33.2) naerca npenesnbnoit hopmy.oit (31.10), a Bkaag nonos
dopwmysoit (31.7) (¢ 3ameHOit 9/I€KTPOHHBIX BeJnYrH WOHHBIMMK). C
HYZKHOI TOYHOCTBIO:

05 1 LT ow
- |1+ /=
w?  (kae)? 2 kvre
IIpenebperasi crmagasia OTHOCUTEJHLHO MAaJIOfl MHMMONW YacTbIO, U3
ypaBHeHud £; = 0 noryqum

k2a? 2T, 'S
w?=QF Tl = e T (33.4)
1+ k2a? M 1+ k2a2
(B mocsIeIHEM BBIDAYKEHUN MCTIONB30BaHO0, 9T0 N, = zN;).

g =1 (33.3)
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J1st caMBIX JUIMHHBIX BOJIH, npu yciaosun ka. << 1, 3aKoH gwuc-
nepcun (33.4) CBOAUTCH K COOTHOMEHHTO | )

w=k ZZE kae < 1. (33.5)

Hacrora OKa3bIBAeTCsl NPOLHOPLUMOHAIBHON BOJHOBOMY BEKTODY
KaK B OOBIYHBIX 3BYKOBBIX BOJIHAX. BOJIHBI C 9TUM 3aKOHOM JIUC-
HEPCUK HABBIBAIOT UOHHO-36YK06bMU. PazoBasi CKOPOCTH ITUX BOJIH
w/k ~ (T,/M)'/?, tax uro yciosme (33.2) aeficTBATEIBHO BBIIOI-
HAETCs. YUUThIBasg B CJEAYIOIEM TPUOINKEHNN MHUMYIO YacTh €,
JIETKO HAfiTH JIeKpeMeHT 3aTyXaHust

_ mzm
Y=\ (33.6)

D10 3aryxaHue 0DYCJIOBJIECHO JIEKTPOHAME. BKJajl »Ke MOHOB B 7y

2T,
SKCIIOHEHIIUAJIbHO MaJl: OH COJEPZKUT MHO2KHUTEJIb eXp(* QTE ) .
i

s Menbmmx e BoaH, B obiactu 1/a, < k < 1/a; (cyue-
CTBYIOIIEl B CHJTYy TTPEJIIOI0KEHHOT0 HepasencTra (33.1)), n3 (33.4)
uMeeM IpOoCTo

w ~~ ;. (33.7)
DTO — MOHHBIE BOJHBI, AHAJOTUYHBIE 3JEKTPOHHBIM TIA3MEHHBIM.
JIerko mpoBepuTh, YTO W 37€Ch BHIMOIHAIOTCA yeiorus (33.2), a 3a-
Tyxanne mano. [Ipu ganpreiimem yMeHbIIeHUN JIJIMH BOJIH, OJHAKO,
zaryxaHue Bo3pacrtaer, u npu ka; 2 1
WOHHBIN BKJIaJ B JEKPEMEHT 3aryxanus @ /
CPABHUEBAETCS C YaCTOTOM, Tak UTO TOBO- _/
PUTH 0 PACTPOCTPAHEHWN BOJIH CTAHOBUT-
Csl HEBO3MOYKHBIM.

Ha puc. 8 cxemaruueckun umzobpazken
CneKTp (3aKOH AUCIEpCHM) i PACCMO-
TPEHHBIX 3/1€Ch HU3KOYACTOTHBIX KoJe0a-
Huii (HUXKHSSE KDUBAsi) B CPABHEHUM CO
CIIEKTPOM  BBICOKOYACTOTHBIX 3JIEKTPOH-
HBIX [JIA3MEHHBIX BOJIH (BEPXHsisl KpU- Puc. 8
Bast). [lITpuxamu Hamedensl 061aCTH, B KOTOPBIX 3aTyXaHUe CTAHO-
BUTCST OOJIBITINM.

1/a, 1/a;

§ 34. Pesiakcanmsi Ha4aJIbHOTO BO3MYIEHUS

Paccmorpum 3azady o pereHur KUHETUYECKOTO YPaBHEHUSA C
€CaMOCOIJIACOBAHHBIM I110JIEM TIPU 3a/IaHHBIX HA4YaJIbHBIX YCJIOBUAX

1) Bakon (33.5) maiinen Jlenzmrwopom n Tonxcom (1926), a HEOOXOAUMOCTH
yenosms (33.1) ykazana I'B. Topdeesoim (1954).
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(/1. Jlanday, 1946). Mbl OrpaHWanMCsi CIy4aeM YHUCTO TIOTEHIH-
anbHOro 3nekrpudeckoro noas (E = —V¢) npu paBHOM Hy/110 Mar-
HUTHOM T10J1€ U IIPEINOJ0KUAM, 9TO BO3MYIIEHUTO TI0BEPIAeTCsl TO/ b
KO 3/JIEKTPOHHOE DPACHPEJIEJICHNE NPU HEM3MEHHOM DACIPEee/ eHUN
HOHOB.

Bysem Takzke cuuTaTh, 9TO HAYAABHOE BO3MYIIEHHE MAaJjo: Ha-
vasbHast (DYHKIUS PACIPEIEEHUs SJTEKTPOHOB

f(oa r, p) = fo (p) + g(r, p)7 (341)

rne fo(p) — paBHOBecHOe (MAaKCBEJIOBCKOE) pachpejiesienve, a
g < fo. Boswmymenne ocraercsi, KOHEYHO, MajblM W B JajbHeil-
e MOMEHTRI BDEMEHW, TAK 9TO yPABHEHWS MOYKHO JIMHEAPU30BATE;
nmeM QyHKIWIO Pacpeselennsa B BUIE

f(tu r, p) - fO (p) + 5f(t7 r, p) (342)

Jst Manoit nonpasku 0f u st HOTEHOMALA CAMOCOIIACOBAHHOIO
nosst @(t,r) (BesmunHa TOro Ke MOPs/IKA MAJIOCTH ) HAXOLUM CHCTe-
My ypaBHEHWl, COCTABJIEHHYIO U3 KWHETHYECKOTO YDaBHEHNUS

% ‘96” + eV J; 0 (34.3)

n ypasuenus Ilyaccona
Ap =Adme [ §f dPp (34.4)
(PaBHOBECHBIN SJIEKTPOHHBI 3apsii KOMIEHCHPOBAH 3apsiioM WO-

HOB).

[MockonbKy 9T ypaBHEHUS] JIMHEHbI U HE COLePKAT KOOPAUHAT
B SIBHOM BHJIE, TO WCKOMbIe (DYHKINU 0f W ¢ MOXKHO Pa3IOXUTh B
nnTerpas @yphe Mo KOOPAWHATAM W HAINCATH YPABHEHUS sl KaK-
J0#i n3 ux dyphe-KOMIIOHEHT B oTaesbHOCTH. JIpyruvn ciosamu,
JIOCTATOYHO PACCMAaTPUBAThH PEIeHnst BUIa

5f(t,r,p) = fu(t,P)e™,  o(t,r) = pi(t)e™. (34.5)

s takux perrennit ypasrennst (34.3), (34.4) npuaUMAOT BUT
O 1 ikev fic + ek 22 f" —0, (34.6)
ko = —dme [ fi d3p. (34.7)
s permennst 9TxX ypaBHEHUiT ymI00HO BOCHONB30BATHCS OfT-

HocroponauM npeobpazosannem Pypne, onpegenus odbpas fﬂ;)(p)
bynkuun fi(t, p) xax

[ee]
fe“"tfk b, p) di. (34.8)
0
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Ob6patnoe npeobpazoBanue gaercs Hopmyaoit

oc+io
—iwt d
Ktp) = [ e e, (34.9)
—oc+io

rjie uHTerpa 0epercd B KOMILIEKCHOT IJI0CKOCTH w 110 IIPSAMOI, Ha-
paLIe/IbHON BEeIeCTBeHHOM ocu u npoxoaduieit najg weit (o > 0),
BbILIE BCex ocobennocreil pyukuum fox ).

Ymuoxkaem 06e vactn ypasHenns (34.6) na e~
mo t. 3amMeTnB, 9TO

Wty yrTerpupyem

o

afk iwt twt
et dt = fre
/ ot fk

0

oC
[ee] .
— W / fre™t dt = gk — z'wf(f;)
0
0

(rme gx(P) = fk(0,p)), u pazpenus 06e uactu ypasuenus ua i(kv —
— w), HAXOZINM

(+) _ 1 — e P2 41
fok i ) [gk e, ap} . (34.10)
Ananoruunsiv 06pazom, u3z (34.7) noaydum

kgl = —dme [ £5) () dp. (34.11)

[Togcrasus fo(;) n3 (34.10) B (34.11), momyunm ypaBHEHWE yiKe

+ .
JJISI OJTHOT'O TOJBKO ‘Pz(uk ; U3 Hero Haiigem

+ 4me d*

(p‘(u ) =—— gk(P) p7 (3412)
k?ei(w, k) i(kv — w)

rJIe BBEJICHA MPOJIOJIbHAS JNIIEKTPUYECKasi MPOHNUIAEMOCTh €] CO-

riacro (29.9). Crosa (kak n B § 29) BBeIsT COCTABJISIIONLYI0 NMITYJIbCA

Py = MU, BIOL HAIPaBAeHUs K, nepernuieMm 31y GOpMyay B BUIE

(4) _ _ d4me 81 (p2) dp:
Pk = (o) / i(kvs — )’ (34.13)

rIe
gx(pz) = [ gx(p) dpy dp..

') TIpeo6pasoranue (34.8), (34.9) ecrn He uTO MHOE, KAK M3BECTHOE NPEOBpa-
3opanme Jlammaca

[s%) . 1 ioccHo .
fo=[f®)edt,  ft)=-— [ foe"dp,
0 2mi —ioco+o
B KOTOPOM TEpPEMEHHAs p 3aMEHEeHa HAa —iw W COOTBETCTBEHHO W3MEHEH IyTh
nHTEerpupoBanus B Gopmyse Bocctanosaenuns Gynkunu f(t) mo ee obpasy fp.
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JLns jankHeinero onpeaenenns BpeMeHHO| 3aBUCUMOCTH TTOTEH-
nraja mo Gpopmyse odpalieHms

oco+-io )
wk(t) = € i e*Z“’tgo(le() dw (34.14)

w
2m —oo+1i0

HEOOXOIMMO TIPEIBAPUTENHHO YCTAHOBUTEH AHAJIUTUYECKNE CBOWCTBA
Pk KaK MQYHKIINN KOMILIEKCHON TTepeMeHHOl w.
Bripaxkenne Bujga

+ _ T it
Puk = f‘pk(t)e dt
0

Kak (DYHKIMS KOMILJIEKCHOW TEPEeMEeHHON w MMeeT CMbIC JIUIlb B
BepxHeil moyymiockocTu. To ke OTHOCUTCST COOTBETCTBEHHO U K BbI-
paxxenuto (34.13). Uurerpuposanue B (34.13) npoussogurcst 1o my-
TN (BEIIECTBEHHAS OCh Py ), TPOXOISIIEMY HIIKE TIOMI0Ca Py = mw k.
Mg Bugenu B § 29, 9T0 ompeeseMas TAKIM WHTETPAJIOM (OYHKITHST
IEPEMEHHON w TIPK ee aHATUTUIECKOM TTPOIOIYKEHNN B HUKHIOO TI0-
JIYTIJIOCKOCTh MMEET OCOOEHHOCTH JIMTTh B TOYKAX, COBMAJIAIOININX C
ocobbivMu TouRamMu GyHKIN gy (py). Bymem cumrarts, 110 gy (py)
KaK (DyHKIWS KOMILIEKCHON MepeMeHHOl p, eCTh menas (OyHKIUs
(T. e. He MMeeT HUKAKUX OCODEHHOCTEN MPW KOHEYHBIX Py ); TOTIA W
paccMaTpuBaeMblil MHTErpaJl OnpeensieT Heayio (MYyHKINIO w.

B § 31 6110 oTMEYEHO, YTO NPOHUIAEMOCTD £ MAKCBEJJIOBCKOI
mwia3Mbl  TOXKe mesasd GyHkimsd w. Takum 06pazom, anaIuTudeckas
BO BCEHl TI0CKOCTU W DYHKIIUS Pyl €CTh YaCTHOE JBYX [eJIbIX (DyHK-
nuit. OTcioga ciesyer, 9ro eJMHCTBEHHBIMU 0COOEHHOCTSIMU (1OJTIO-
camu) (DYHKIUW Qg ) ABJISIOTCS HYJIW ee 3HAMeHaTesisi, T. €. HyJu
dbyuxumn €)(w, k).

D1u cO0OpaAXKEHUsT TTO3BOJIAIOT YCTAHOBUTE ACUMIITOTUIECKUIT 3a-
KOH yObiBaHus norennuana @y (t) npu 6oabmux sBpemenax t. B dop-
myJie obpamennst (34.14) wHTErpUpoOBaHUE MPOU3BOINUTCS TI0 TOPW-
BOHTAJIBHOW NPSAMOil B IIOCKOCTH w. OJHAKO, MOHUMAsS O (P K
OTIPEJIEJIEHHYTO YKA3aHHBIM 00pPa30M BO BCEil IJIOCKOCTU AHAJATH-
YeCKYT0 (DYHKIUIO, Mbl MOYXKEM CMECTUTb IIyTh WHTEIPUPOBAHUS B
HUZKHIOIO TTOJIYILIOCKOCTH TaK, 4TOObI HE Tepecedb MPU STOM HU Ol
Horo u3 nosocos Gyukuuu. Iycrs wy = wj, + iw)  TOT U3 KOpHEi

ypasuenus £(w, k) = 0, koropplii 06/1a1a€T HAMMEHbINEH 10 BeJu-
qIHE MHUMOI 9acThio (T. e. GmKkaiimmii K BerecTBeHHoit ocn). By-
JIEM TIPOU3BOAUTH uHTerpuposanue B (34.14) 1o nyTu, cmemeHHomy
JIOCTATOYHO JAJIEKO 10J] TOYKY W = Wy U OrmbaioIeMy 3Ty TOUYKY
(a TakKe ¥ JApyrHe TOJIOCH, JesKalllie CBepXy OT Hero) yKa3aHHBIM
na puc. 9 o6paszom. Torga B unrerpane Oyger cymecrsen (npu 60/b-
MUX t) TOJTHKO BBIYET OTHOCHTETHHO MOJIOCA Wg; OCTAJIbHBIE YacTh
WHTErpaja, B TOM YUCIe WHTerpaJj Mo TOPU30HTAIBHON YacTh TyTH,
Oy/LyT SKCMOHEHIMATHHO MaJIbl 10 CPDABHEHWIO C YKA3AHHBIM BhIYe-



§ 34 PEJIAKCALIMS HAYAJIBHOTO BO3MYILIEHMSI 175

TOM GJIarofapst HAJINYWIO B TOABIHTErPATLHOM BHIPAYKEHUN MHOMKH-
tensa e ! GpicTpo yobiBatomero npu ysesndennn | Imw|. Takum
00pa3oM, aCHMOTOTHYECKUI 3aKOH yOBIBAHMS MOTEHIMAIA JACTCS

BblpazKeHueMm
P A )]
oi(t) ~ e Wit Wkt (34.15)
T. €. C TeyeHueM BPEMEHU BO3MYLIEHUE 110Jid 3aTyXael S5KCIOHEHIIM-
AJIBHO C JEKPEMEHTOM 7Y, = |w), 1.
st gimeHOBOAHOBBIX Bo3Myienuii (ka, < 1) wacrora wy u je-
KPEMEHT Y COBINAIAIOT ¢ TAKOBBIMY JI/151 TJIA3MEHHbBIX BOJIH U JIAI0TCS
dbopmymnamu (32.5), (32.6). dekpement
BaryXaHus TaKUX BO3MYIIEHMII 3KCIO- @
HEHIMAJILHO MaJl. B obparHom ke ciiy-

4ae KOPOTKOBOJIHOBBIX ~BO3MYILEHMUIA,
xorga ka. ~ 1, 3aryxanme CTAHOBUT-

Cs1 OYEHb CUJILHBIM; JIEKPEMEHT Y TaXKe Wy

BEJINK TI0 CPABHEHWIO C W), 2), .
Haxkonern, ocranoBumcs HaA CBOHCT-

Bax camoit dyHKIIUN pacmipe- > >

nesienns 31eKTpoHoB. Mckomast yHK-
nus fi(t, p) noayvaercs 1moacTaHOBKOMN
(34.10) B warerpan (34.9). ITommumo mno- Puc. 9

JIFOCOB B HUKHEH TOJIYTJIOCKOCTH, TIPOUCXOJANINX OT Pk, TTOIBIH-
TerpaahbHOe BHIDAYKEHWE MMEeT TaKKe TOMIC B Touke w = kv Ha
BEIECTBEHHOM ocn. VIMeHHo 9TOT mosmoc n Oy1eT onpeensTh acuM-
NTOTHYECKOE TOBeJIeHne MHTerpasa npu oonbmux t. I1o Beryery B
HEM HAXOUM

fi(t,p) coe ™V (34.16)

Takum obpazom, Bo3Mmylnenre (QYHKIUU PACIPE/Ie/eHNus HE 3a-
TyXaeTr C TedeHueM BpeMenu. Pacripejiesienre CTAHOBUTCs, OJHAKO,
BCe Oosiee ObICTPO ocLuIMPYoLei (pyHKImel cKopocTr (epuoj| oc-

') Ecan nauaneuas ynxuns g, (pe) uMeer 0coBEHHOCTH, TO B UMCIO KOH-
KypUPYIOIIUX 3HAYCHUN w BXOAAT Hapamy ¢ Hyaamm dbyskoun £ (w, k) Takxe
u 0COOBIe TOYKM (DYHKOUHU Oy k, BO3HUKAIONINE OT OCOOEHHOCTH WHTErDAJIa B
(34.13). B wactrocTH, ecnu g, (p.) uMeer ocoGeHHOCTD (HANpUMeED, U37I0M) Ha
BEIIECTBEHHON OCH, TO U @k OyJeT UMeTh 0OCOOEHHOCTh DY BENIECTBEHHOM 3HA-
uennn w = kv,. Takoe Bo3mymenune (B GeccronkuoBnrensHON m1a3me!) Boobme
He OyIeT 3aTyXaTh.

2) Mozker BOSHEKHYTH BOIPOC O TOM, OTKyJA BOHUKAET GOJIBIIOE 3ATyXAHUE,
ecru «dazoBag CKOPOCTh» wy, /k JT€KUT BHE OCHOBHOTO MHTEPBA/IA TEILIOBBIX CKO-
pocreit. B neficrsuresnsroctn, ognako, ipu ¥ > w' 06 ornomennn w'/k Boobuie
HeJIb3s1 TOBOPHUTH KakK 0 (azoBoii ckopoctu. Ecim cHOBa pa3iokuTh (HYHKIHIO
BUIA e ite 1t g uaTerpas Pypwve, T0 B HeM OyayT IPUCY TCTBOBATH KOMIIOHEH-
THI C YACTOTAMU BO BceM mHTEpBaje oT 0 10 7 U COOTBETCTBEHHO ¢ «(ha30BBIMU
ckopoctsimuy ot 0 go ~ v/k.
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LISt o ckopoctu ~ 1/(kt)). Ilosromy Bo3MyIeHIe TJIOTHOCTH
(T. e. maTerpan [ fi d3p) 3aryxaer, Kak n moTeRmIMAT @ ).
DBostonys hyHKIMK pacnpegesenns cornacHo (34.16) orHocut-
Cd KO BpeMeEHU, KOoTrJa TI0JIe MOZKHO CUYUTATH 3aTYXITUM; (bOpMy.Ha
(34.16) cooTBETCTBYET TIPOCTO CBOGOJHOMY PA3JIETy YACTHIL — KaK-
JTast CO CBOEH TIOCTOSTHHOM CKOPOCTHIO. /leficTBuTe o, OyHKINS BUIA

f(t,r,p) = g (p)e'r k) (34.17)

€CTh pelleHne KUHETUYIECKOTO YpaBHEHUA CBO60,D;HbIX HaCTUI]

of L O _ 4.1
o TV o 0 (34.18)

npu 3aJaHHOM HavasabHOM (¢ = () pacupejenenun 1no CKOPOCTsIM U
nepuogmaeckom (00 e’KY) pacupeieiennu 1m0 KOOPAMHATAM.

§ 35. Ilnazmennoe 3x0

Tepmogunamuyuecku obparumblii xapakrep 3aryxanus Jlangay
[POSBJISIETCS] B CBOCOOPAZHBIX HEJMHENHbBIX SABJICHUAX, HA3BIBAEMbIX
NAGSMEHHBLM ITOM. DTU SBJIEHUS BO3ZHUKAIOT B PE3YJIBTATE TEX
HezaTyxalommx ocuussanuii yukuun pacnpegenenns (34.16), ko-
TOPBIE OCTAIOTCs TIOCTe OECCTOMKHOBUTEMLHON peslaKcai BO3MY-
meHuii IoTHOCTH (1 10JIst) B iasme. OHM UMEIOT TI0 CYIIEeCTBY K-
HeMaTWYeCKoe TTPONCXOKIeHNe, He CBA3aHHOE C CYIIECTBOBAHUEM B
TJIa3Me CaMOCOTJIACOBAHHOTO 3JIEKTPUTECKOTO TOJs. MBI TTponiio-
CTPUPYEM €ro cHadaJia Ha TTPUMepe rasa n3 He3apsaKeHHBIX YaCTHIL
6e3 CTOJKHOBEHMII.

ITycTs B Hava bHBIN MOMEHT BpEMEHW B Tase 3aJlaH0 BO3MYIIe-
HUe, B KOTOPOM (DYHKIWMS pacIpeeeHus, OCTABASICH 110 CKOPOCTAM
MAKCBEJIJIOBCKOM B KazK/JOW TOYKE NPOCTPAHCTBA, MEHACTCS BJIOJIb
OCH T TIO0 TIEPNOINIECKOMY 3aAKOHY

Of = Aycoskiz - fo(p) npu t=10 (35.1)

(B arom maparpade p = muv Gymer 0603HAYATH T-KOMIOHEHTY MM-
nyJbca; MYHKIUs PACIPEeeHUs [PEJINOJIAraeTCs y2Ke ITPOUHTE-
IPUPOBAHHON 110 Py 1 p,). Ilo TakoMmy ke 3aKOHY MeHsSIeTCss BJIOJIb

ocn x (B ToT ke MOMeHT ¢t = () u BO3MYyIIIEHNe TJIOTHOCTH Tasa, T. €.
narerpan [ df-dp. B mocienyromme MOMERTI BpeMeHN BO3MYIIEHNe

1) Baberas Buepes, cpasdy *e OTMETHM, OLHAKO, YTO OCLMILIMDPYIOLAH XapaK-
Tep MYyHKOUM pacrpegesenus mpu 00bInX ¢ MPUBOAAT K CUJIBHOMY BO3pacTa-
HUI0 9GbGEKTUBHOTO 9MCIa KYJTOHOBCKAX CTOJKHOBEHUI M TEM CAMBIM YCKOPSIET
HACTyNAKIIee B KOHETHOM CYeTe 3aTyXaHne Bo3MylieHus (cm. 3anady Kk § 41).
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dyuKINM pacnpeaenenust OyIeT MEHSITHCS M0 3aKOHY
5F = Ar coslki (« — ot)] fo(p), (35.2)

OTBEYAIONIEMY CBOOOTHOMY TEPEMEIEHUI0 KaryKI0i TacTHUIlhl BIOJb
OCHW Z CO CBOell CKOpOCThIO v. Bo3myIenne MmIOTHOCTH, OJTHAKO, 3a-

TYXHET <3a BpeMsT ~ ) BEMIy noramenns naTerpana [ 6 f dp 3a
vrk:
CUeT OCHMJIIMPYIONIErO MO CKOPOCTSIM MHOXKHUTeNs cos|ky (z — vt)] B

TTOABIHTETPAJIHBHOM BBIDAYKEHUN. AcuMnToTruecknii 3aK0H 3TOTO 3a-

TyXaHWs MPU BpeMeHax t > JaeTcsl BhIparkKeHneMm

1vT

172,942
N = [df dpcoexp (_Ek]th (35.3)
(oneHKa MHTErpasa NPOU3BOJUTCH METOJ0M MEPEBAIA).
1
kivr
dyHKINS pacnpeeeHnst CHOBA MPOMOIYJINPOBAHA C aMILIUTYIOM
A9 U HEKOTOPBIM HOBBIM BOJHOBBIM BEKTOpPOM ko > ki. Bozuukiee

ITycthr Temeph B HEKOTOPHII MOMEHT BpeMeHW t = T >

1
BO3MYIIIEHHUE TIJIOTHOCTU CHOBA 3aTyXHET (?a Bpems ~ . ), HO B
20T

MOMEHT )
r'=_22_r (35.4)
ko — k1
BOBHMKHET BHOBb. JIeHCTBUTEIbHO, BTOPAst MOJYJIsUs TPUBOJUT K
nosiBjieHnio B pyHKUMM pacupenesenns (B MOMeHT § = T) djeHa
BTOPOI'O TOPsiJIKA BUJIA
52 = Ay Ay cos(kyz — kyvt) cos ko - fo(p). (35.5)

Habueiinas 9BOIIONUs 9TON0 BO3MYIIEHU 1Ipu ¢ > T IpeBpalaer
€ero B

5@ = Ay Agfo(p) cos [kiz — kyvt] cos ke — kgv(t — 7)] =
= %AlAQfo(p){COS [(kg — kl)"r — (ko — kl)f)t + kg?)T} +
—+ cos [(I{IQ + k])]? — (kQ + k])’l)t + kQ'UTH.

Teneph BUIHO, 9TO B MOMEHT ¢ = 7' OCHULIMPYIOMIAs 3aBUCUMOCTD

OT ¥ B MEPBOM YJIEHE MCYE3AET, TAK 9TO 3TOT UJIeH JACT KOHEUHBIi

BKJIJT B BO3MYIIIEHNUE TLIOTHOCTH Ta3a ¢ BOJTHOBBIM BEKTOPOM ko — k1.

Bosuukinee taknum 06pasoM 920 3aTYXHET 3aT€M B T€YEHWE BPEMEHN

~ ———— TIpUYEeM TIOCJIEIHSS CTaIUs ITOTO 3aTyXaHUsl TIPOUCXO-
’UT(kQ — kl)

JIAT TI0 3aKOHY, aHajornaaomy (35.3).
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TTepeiiziem K MCCIE0BAHUIO STOTO SIBIEHUS B JIEKTPOHHON T1a3-
ve (R.W. Gould, T.-M. O’Neil, J.H. Malmberg, 1967). Ero mexanmsm
OCTAETCST MTPEKHNUM, HO KOHKDETHBII 3aKOH 3aTyXaHUsI MEHSAETCS W3-
3a BJIMSTHUS CAMOCOTTIACOBAHHOTO TOJISI.

Byzaem camraTh, 9T0 BOZMYIIEHNS CO3IAI0TCS MMITYTHCAMU HEKO-
TOPOTO BHEITHETO (CO3aBAEMOTO «CTOPOHHUMWY» 3apsiTaMu) TTOTEH-

mmata @), npuaraeMbIMI K TIa3Me B MOMeHTH £ = 0 u t = T
@) = 15(t) cos k1 + @20(t — T) cos ko; (35.6)
1
kvor ~v(k1)

Py 3TOM TIpeAToaaraeTcs, uto ko > ki, a 7 >> (rme

v(k) — nekpement 3aryxanus Jlangay).
Bosmytenne dbynkimn pacnpegenenns (f = fo+03f) yaosaerso-
psieT GeCCTONKHOBUTEHLHOMY KUHETUIECKOMY YPABHEHWIO, KOTOPOe

C YYETOM YJIeHa BTOPOTO MOPSIKA UMEET BW/I
00f ., 00f | Opdfo _ _ 0000

(35.7)
ot oz Oz dp 6”5 op

HpI/I 9TOM IOTEHIUAJI @ BOZHUKAIONIETO B ILJIa3MeE I10JId (BK.HIOLIaIO—

muit B cebst TakKyKe MW «CTOPOHHIOI» YacTh <p(CT)) Y0BJIETBOPSAET
YPABHEHUTO

Ao — @) = 4me [ 61 dp. (35.8)

Bysem uckars permrenve 3Tux ypaBHEHUI B BHUJE WHTEIDAJIOB

Dypre:
't) dw' dk'
R

(k! o — !t dw" dE"
‘P:/%ﬂ'k"ez( 2wt TR

IMogcraBuB  »TU  BbIpaXKeHUs, YMHOXKUB 3aT€M yDABHEHUE Ha
e ikr—wt) o WHTETPUpyd uX 10 dz dt, mosyanm

(kv — w) fur + ekpuy d];]

— ! , Idfwlk/ dw'dk'
- e/(k k )‘oww k—k dp  (27)? 3 (35'9)

—k*p,), = 4me /fwk dp — ngofdk), (35.10)

rae

SDSI;F) =7mp1[0(k + k1) + 0(k — k1)) + mpa[d(k + ko) + d(k — kQ)]ein.
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B smneiinom npubsnykernn (T. e. mpu TipeHeGpesKeHnt MpaBoif
4yacTeio B (35.9)) peuieHue 9Tux ypaBHeHuii ecrb

(cm)
f(l) P% k 1) 1) _ Loy (35‘11)

Twk _7‘dpkv—w(pwk’ (p‘*’k_sl(w,k)

rjie £, — JAW3IeKTpUYIecKas mporuiaeMocts (29.10). Dromy perennio
OTBEYAIOT BO3MYIIEHWS, 3aTyXaIOIINe OT MOMEHTOR Bpemenn t = () u
t = 7 coorBeTCTBEHHO ¢ mekpemenTamu 7y(ky) n y(ke).

Bo Bropom npubsmkenun wajgo nogcrasuts (35.11) B npasyio
qacTh ypasHenus (35.9) u jist 9I€HOB BTOPOTO TOPsIIKa B BO3MYIIIE-
Huax QYHKIUN pacTpeeeHus U TMOTEHIINAIa TOIyIai0TCa ypaBHe-
HUAS

(kv — w) £ + ekgl) ‘3“ = di;k (35.12)
K2 = 47re/f (35.13)

rie
Lk = — /(k el k,f3k,d(‘;;ff'. (35.14)

Muarepecyiomuit Hac 3bdexkT  9X0 ¢ BOTHOBBIM BeKTOPOM ko — Ky

OyJer 3akjio4eH B 4jeHax B npasoit wactu (35.12), comepzxammx

0(k + (ko — k1)). Cobepem Takue wienbl B Bbhipaxkennn I,;. K mo-

MenTy Bpemenn ¢ = 7 Bosmymenne 1), mponcxomsimee ot mpmio-

skenHoro nipu ¢ = 0 mvmyssca @1, yke 3aTyxnet. [losromy sapanee

09eBnIHO, UTO Tpm moactanoBke (35.11) B (35.14) mamo yuects B
1)

) MIIb 9IEH C (Q3: HHTEPECYIONINe HAC YICHbI BUJIA
Iwk = Iw(kl, kg)é(k — ko + kl) +Iw(*k1, *kg)a(k + ko — kl) (3515)

TOIyYaTcs TPU 9TOM OT YJIEHOB B f Wk » comepxkammx 1. [locme BRI-
nosHenust uaterpuposanust no dk’ B (35.14) nosyanm B pesyanrare 1)

o
1 9 df() ei(wfw’)r dw/
I,(k1, ko) = ~e kiko == ,
w (k1 k2) 4 P12 2dp / (kv + we(w', k1)e(w — w' ko)’
— o0

(35.16)

npuYeM, KakK BCerja, TepeMeHHYI0 MHTerpupoBanus w' Hajo TOHU-
MaTh Kak w' + 0.

') IIpu BBIMMCIERMYN CIEAyeT MMETh B BHAY, 9TO £ 3aBUCHT JIAIIL OT |k| n
noromy B obo3Havdenusx sroro maparpada (rme k = k) umeem g(w, —k) =
=¢ei(w, k).
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Warerpasn (35.16) MOKHO BBIYHCINTE C YI€TOM TOTO, 9TO T TTPE/I-

L, 1) s sToro cmeraeM B HUK-
kvr " vy

HIOO LOJIYILJIOCKOCTh KOMILIEKCHOM 1epeMeHHOl w’ KOHTYp UHTerpu-
POBaHUS, «3ALEIIAIOMUIAC» IPU 9TOM 38 HOJIOCHI TTOBIHTErPaJIb-
HOT'O BBIPAXKEHMsI. DTH IOJIOCHI PDACIOIOKEHbI B HyI1gX (DyHKIMH £
u B Touke w' = —kjv—140. [lepsble u3 HUX UMEIOT OTJIMYHbIE OT HyJId
orpunarenbhbie MauMble yactu (—y (k1) nam —y(k2)), n BkIaabl or
HUX B WHTErpaj (BBIYETHI B MOJIOCAX) 3aTYyXAIOT C YBEJIWYEHUEM T

kKak e 7. Hezaryxarommii ke BKJIaJ BO3HUKAET TOJIBKO OT BeIle-
crBeHHoro nooca w' = —kyv — 40. Takum 06pazoM, 110y UM

MOJIAraeTCa OOJILIITNM (7’ >

- i(wtkiv)T
Lo(ki, ko) = 2T do__erpakikoe . (35.17)
2 dp ei(—kiv, k1)ei(w + k1v, k)

Bozspamasics x ypasaennsiv (35.12), (35.13) n moacrasus fﬁ)
W3 TIEPBOTO YPABHEHNUST BO BTOPOE, HAXOIMM

[e.e]
(2) _ _ A4me dl i dp 35.18
Puk k?ei(w, k) / dp kv —w —i0’ (35.18)
—0o0

IMpu Berunciaenun npoussopnoit dly,/dp wamo auddepenumpo-
BaTh TOJIBKO IKCIMOHEHIMAIBHBIN MHOXKUTETb B (35.17), TOCKOIBKY
kiort > 1.

Cobupast Tereps mosrydennbie Buipaykernst (35.15)—(35.18) u co-
Beprtast obparnoe mpeobpasosanne Oyphe, MOIYINM WHTEPECY IOt
HaC TTOTEHINAJ 9Xa C BOJIHOBBIM BEKTOPOM k3 = ko — k1 B BUIE

o (t,z) = Re {A(t)e*37}. (35.19)

Awmmmryny A(t) BeImHIeM cpasy B aCUMITOTHYECKOM TIpeJjesie Tpu
t — 7 — o0o. B 9TOM mIpemenie mHTErpas MO0 w OMPEIEISIeTCS BhIUe-
TOM TIOJIBIHTETPAJTHHOTO BBIPAYKEHHUS TOJIHKO B TOI0Ce w = kgv — 10.
OxoHTATETHHO HAXOINM

o

2 o o
At) = fi7r63<p1(,027'k1];2 dfo exp [—ivks(t — 7')] dp ’
]{)3 dp 81(k3'1),]{)3)61(—]611),]61)81(]62'1),]{)2)

- (35.20)

rine 7' = kot /ks3.

D10 BbIpazKeHMe  aMILIMTY/A 9Xa  MaKCUMajbHO npu t = 7/,
nprdeM MaKCUMAJIbHOE 3HAYEHUE MIPONOPIUOHAJIBHO T, T. €. IPOMe-
KYTKY BPEMEHU MeXKJy JAByMs umiryjibcamu. [lo obe croponbr or
makcuMmyma ammntyaa A(t) yObiBaer, HO 10 PA3IMYHBIM 3aKOHAM.
Acnvmmirorrueckn nipu £ — 7' — 0o maTerpan (35.20) ompenensiercs
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BBIUETOM TIOJBIHTErPATLHOTO BBIPDAYKEHUST B €r0 TIOII0CE ¢ HANMEHb-
el 1o BeJIMYnHe OTPULATEAbHON MHUMON YaCTbhIO; 3TOT IOJIIOC JIe-
st npn ) (k3v, k3) = 0, n ero munmas gacts Imov = —y(k3)/ks 1).
[To ApyTyIo K€ CTOPOHY OT MAKCUMyMa, pw t — 7' — —0C, HHTErpal
onpejiesisieTcst BhiaeroM B nositoce mpu €)(—kjv, k1) = 0, mist KoTopo-
ro Imv = y(k1)/k1 (nyTh unTerpupOBaHust JOJIKEH OBITH DU ITOM
CMEINEH B BEPXHIOIO TTOIYTLIOCKOCTH KOMTLIEKCHOTO v). B pesynsrare
HAXOJIMM, UTO

A(t) co exp[—v(k3)(t — 7')] mpm t — 7" — oo,

A(t) co exp —]]:—37(14:1)(7' —t)| npu t—7 — —o0. (35.21)
1

Takum obpazom, aMIIUTyda 9Xa Tepes JOCTHKEHNEM ero MakK-
cuMyMa Bo3pactaer ¢ mHKpementoM kzy(ki)/k1, a 3a Makcnmymom
yowiBaer ¢ gekpementom y(ks).
Puc. 10 wmmmoctpupyer pac-
CMOTPEHHOE SIBJIEHWEe: TepPBhIe \
IBe KPUBBIE M300paKaroT XO.I LA :
M3MEHEHUsI TOTEHINAIA B IBYX
UMTTYJIBCAX, TPUIOYKEHHBIX B
mMoMenThl ¢t = 0 m t = 7, a A (k)
TpeThst KpuBast — (hopMmy dxa. AA,V-
OKOJI0 KPUBBIX yKa3aHbl COOT- T vv t
BETCTBYIOIINIT JIEKPEMEHT WJIN
MHKDPEMEHT.

W3ziokenfbie pacyeTs po-
W3BEJIEHBI B TIPeHeOpeKeHUn
crosikHOBeHUsIMU. [losaTomy ye-
JIOBUE [PUMEHUMOCTU KOJIW-
uecTBennoit dopmyan (35.20)
TpebyeT, YTOOBl K 3aJaHHOMY
MOMEHTY T oCHu/LIsuu (PYHKIIUU PACIPEJIe/ICHUST He YCIIEJIn eIe 3a-
TYXHYTb 1O BJUSIHUEM CTOJIKHOBeHUil. 3aberast Bliepeji U BOCIOJIb-
B0BABIIUCH pe3yJibratamu 3ajaun K § 41, MoxKHO chopMympoBaTh
9TO YCJIOBUE B BUJIE

Puc. 10

v(vy) (kvp)*t® < 1, (35.22)

rae v(vr) — CpeHsist 9acToTa KYJOHOBCKWX CTOJKHOBEHWIT 37I€K-
TpOHA.

1) IlompasymeBaeTcs, 9T0 BCe BOITHOBBIE BEKTOPEL k < 1/ac. Torga v(k) sxcno-
HEHIMAJIbHO MaJjo u yobiBaer ¢ Bo3pacranuem k. ITockonbky ks < k2, TO mosioc
upu g;(kav, ko) = 0 B 3TUX yCI0BUAX 3aBEIOMO JIEXKUT Ja/bllle OT BELIECTBEHHOI

ocn v, wem nooc npu €, (ksv, ks) = 0.



182 BECCTOJIKHOBUTEJILHAS TIJIABMA rJL. 11

§ 36. Agmabaruueckuii 3aXBaT JIEKTPOHOB

Paccvorprm  Bomrpoc 0 pacmipesesleHuH  3JIeKTPOHOB  TLIa3MBbI
B MEJJIEHHO BKJIIOYAEMOM TOTEHIIMAJIHLHOM 3JIEKTPUUIECKOM TOJIe.

[Iycts L — MOpSIIOK BEJMYMHBI MPOTSIZKEHHOCTH TOJS, & T — Xa-
PaKTEpHOE BPeMs €ro M3MeHeHnsl. ByjeMm cunrars, 9To
T > L/v,. (36.1)

B 10 xe Bpems Oyuem mpeanosiaraTb T MAJBIM 10 CPABHEHUIO CO
BpemeHeM CBOOOIHOIO mpodera 3jIeKTPOHOB, TaK YTO Pedb UJET I10-
npexkuemy o 6eCCTOIKHOBUTEIBLHON 111a3Me.

B cuny ycnoBus (36.1) 1mose MOXKHO CUMTATH CTAIIMOHAPHBIM B
TEYEeHUE BPEMEeHU ero mnpojiera 31eKTpoHoM. C 39T0ii Ke TOUHOCTHIO
Oy/1eT CTaMOHAPHO TakyKe W (DYHKINSA PACIPE/IC/IEHNST JJIEKTPOHOR
B moste. Kaxk Ob1710 ykazano B Komme § 27, perenne 6€CCTOTKHOBHU-
TETHLHOTO KMHETUYEeCKOTO YPABHEHWS 3aBUCUAT TOJIHKO OT HHTETPAIOB
JIBUKEHUST YACTUIIBI; JJIsT CTAIMOHAPHOTO PACIIPEIeIeHus 3TO MOTYT
OBITH TOJBKO T€ WHTETPAJIbl, KOTOPBIE HE 3aBUCSIT BHO OT BPEMEHH.

MpbI OrpaHTIUMCST OJTHOMEPHBIM CIy9IaeM, KOTJA MOTEHIINA TT0-
JIST (9 BABUCUT TOJHKO OT OJHOW KOOPAWHATHI &. 1aK KaK JIBUYKEHUE
BJIOJTH OCeil Yy M z TIpW 3TOM HECYIIECTBEHHO, peyb Oyaer MITh o
dyHrIMM pacnpeaenienvs f TOIBKO TIO UMIYJILCY P, (M TIO KOOPIW-
HATE ).

B ognomepnom ciiyuae ypaBHEHHE [IBUXKEHUs UMEET [IBA WHTE-
rpajia, U3 KOTOPbIX HE 3aBUCUT SIBHO OT BPEMEHU (B CTAIIMOHAPHOM

noJIe) BCErO OJIMH  SHEPIusl JIeKTPOHA

2
e=L 1 U(2), (36.2)
2m
e U(z) = —ep(z) 1). Tostomy crammonaprasi byHKIsST pacipe-

Jesiennst OyJIeT 3aBUCETh OT Py U T TOJBKO B KOMOuHanmu (36.2):

[ = Fle(z, pa)]- (36.3)

Bug xe dyuxkuun f(€) q0/12KeH ONpesessiThCsi IPAHUYHBIMU YCJIOBU-
SIMU.

Mycrs none U(z) umeer Buj noreHumagbHOro Oapbepa (puc.
11 a). B arom ciiyvae dbynkumst f () onpeaessiercss BUIOM pacipejie-
JIEHWsT 3JIEKTPOHORB, IPUXOIAIINX K 0aphepy n3 6eckoneunocTn. Taxk,
eca 1o 06e CTOPOHBI BAAIN OT Oaphepa 3IeKTPOHBI NMEIOT PABHOBEC-
Hoe (OHOPOIHOE TI0 MPOCTPAHCTRY ) PACTIPEIETIEHIE C TEMTIEPATY PO
T,, TO M BO BCeM TTPOCTPAHCTBE OYAET NMETh MECTO DOTBLIIMAHOBCKOE

1) BTOpBIM WHTErpajoM ABUKEHNUA MOXKET ABJIATHCHA, HAIIPUMED, HAYAJIBHOE
(B HEKOTODBIN 33 TAHHBIT MOMEHT BPEMEHN) 3HAYEHNE KOOPAWHATHI 9aCTHIIBI Zg,
BBIpaKEHHOe B (DyHKIIMU OT BDEMEHU U TeKyIeil KOOPAUHATHI BIOIb TPAEKTOPHU
xo(t, x).
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pacripejiesienue:

f=_— M o (fi) . (36.4)

(2rmT.)1/2 ¢ T.
[lnoTHOCTE Ke 3JIEKTPOHHOTO Traza OyIeT pachpejeseHa Be3je 10
dopwmyte
N(z) = Nye U@/ Te, (36.5)

rame Ny TJIOTHOCTH BIaJm OT Gapbepa.

[Tycts Tenepnb 1oJe uMeer BuJL MOTeHIUAILHOM sMbl (puc. 11 6).
B srom ciyuae pacupejesienue 3eKTPOHOB € HOJ0KUATEALHONR SHep-
rueil € CHOBA OLPEAEIUTCS PACHPEeSeJeHueM YacTUll, HTPUXOAAIIUX
1n3 OECKOHEYHOCTH; 1IPU PABHOBEC- "
HOM paclpejlejienud Ha Oeckoneu- U
HOCTU PACLPEJIeJIEHUE JIEKTPOHOB C
e > 0 Oyzer OOJBIIMAHOBCKAM BO /—\
Bcem npocrpancrse. Ho nomumo ya- x
cturi ¢ € > (0, B 3TOM ciIydae cylie-
CTBYIOT TaKKe W YaCTHUIBI C SHEP-
et € < 0; 3Tm wacTumbsl coep- U
marT (GUHUTHOE JBUXKEHWE BHYTPU
TMOTEHITUAJIBHON SIMbI — OHU «3aXBa-
uenbl». Ha 0OeckoHeuHOCTM dYacTHi | %1 T
c € < 0 mer; mMOITOMY WBJIOKEH-
HBIE BBIMIE COOOPa’keHWst, B KOTO-
PBIX SHEPTWsT paccMaTpuBalach Kak Puc. 11
CTPOTO COXPAHSIOMIASICST BEJINUNHA,
HEeJIOCTATOUHBI JIIsT HAXOXKJIEHWsT PACTPEIEIeHNs] 3aXBAUYeHHBIX Ya-
crut. Heobxoanmo ydecTsh TakyKe W W3MEHEHUEe SHEPTUW B HE CTPO-
r0 CTAMOHAPHOM TIOJIe, B Pe3yJIbTaTe Yero 3TO pacrnpeeaeHne OKa-
3BIBAETCsT, BOOOIIE TOBOPSI, 3aBUCSIIUM OT TPEIBICTOPHN — OT XOJIa
BrJtovenns nosst (A.B. I'ypesun, 1967).

B cuny yenosus (36.1) mosie mMajio MeHsIETCsl 3a BpeMsi TIepHO-
Ja (PUHUTHOrO JIBUYKEHWsT 3aXBaUeHHBIX JacTull. Kak w3BecTHO, B
TAKOM CJIydae COXPAHSIeTCs Tak HasbIBAeMbI aduabamureckutl uH-
6GPUAHM — WHTErPAJI

I(te) = L -2 [[2me — Ut 2)))/2 da, (36.6)

2w Z1

B3ATBIl MEXK/1y IByMsl DAHUIIAMU JABUKeHUs! (MDY 3a/1aHHBIX € U 1).
OTa BeJInunMHA U OyJeT UrPATh Telepb POJib MHTErpaJia JIBUKEHUS,
qepe3 KOTOPBIH [I0JI2KHA BbIPAXKAThCA (DYHKIMS PACIPEIe/IeHus 3a-
XBA4YEHHBIX YaCTHILL

faaxe = faaxe(I(t, €)) (36.7)

(pudem SHeprusi € B CBOK 0Y€Pe/lb MPEINOIArAeTCs BbIPAZKEHHOT
371€Ch Yepe3 & u P, coracHo (36.2)). Bug xe dynkunn (36.7) ompe-
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JeJIAgeTCda TeM, 9TO TP MeIJIEHHOM BKJIIOYEHUN TI0JIA (byHK]_[I/IH pac-
npesesieansa Oyaer HempepwbiBHOI dyuknmeit €. [losromy npm rpa-
HUYHOM 3HAYEHWN SHEPTUN 3aXBAYEHHBIX 9aCTUIl (DYHKIUSA faaxn(])
JIOJIKHA COBTATATH ¢ (PYHKIMEH pacmpeseenns TacTuI], COBEpIa-
TOTINX HAJ IMOT MHMUHUTHOE IBWKEHTE.

Cayuait morermuabHOM saMbl Buga puc. 10 6, oqHAKO, B 0COOEH-
HOCTU TPOCT B BUAY TOTO, 9YTO 'PAHUYTHAA SHEPTUA OCTACTCA (HpI/I T10-
CTENeHHOM BKJIFOYEHUH TIOJIsT) TMOCTOSTHHOM, paBHOit Hysto. Torma n3
YKA3aHHOTO TPAHWIHOTO YCIOBUS CIEIYET, UTO faaxs CBOIUTCS TIPOC-

TO K TTOCTOAHHOT:
fBaXB - f(0)7 (368)

rae f(g) dynkuusa pacnpegesenus dactun Hag amoit. Haidigem
NPOCTPAHCTBEHHOE PACIIPEIEICHNE JIEKTPOHOB B 3TOM CJIydae, eCjn
f(e)  Goabumanosckas dynkuus (36.4).

YMMUDPYS YUCTA 3IEKTPOHOB ¢ € > 0 u ¢ € < 0, numeem

N, =2 Tf(g) dp, + 2]}1f(0) dpy, p1 = (2m|U|)1/?
p1 0

(MHOXKWTEIN 2 YUYUTHIBAIOT YaCTHUIIBI C P, > 0 u p, < 0). Tlogcrasus
ciona f(g) uz (36.4), noayaum

N, (t,2) = N {elU/Te [1 - <1>< 'TU|)] +2,/1Ul } (36.9)

e wle

rae

e
B(¢) = %Ofefuz du. (36.10)

ITpu ¢ < 1, pasnoxkuB noapiHTErpaibioe Bbhipazkenue B (36.10)

IO CTeIIeHAM U, UMeeM
2 3
o)~ 2 (¢-%).

ITosTomy pacmipemesienrie 3/IEKTPOHOB, 3aXBAYEHHBIX B HETJIYOOKOit
sive (|U| < Te), maercst bopmynoit

N, = N, [1+|U|4(IUI)3/2], (36.11)

T. 3Jr \T.

IepBbIit MONPABOYHBIN Y/I€H COBHAJAET C T€M, 9TO MOJIYYUI0CH Obl
u3 dopmynst Boabnmana (36.5). Ho yxe ciepyonas nonpaska oT-
JIM9AeTCs 0T GOJIBIMAHOBCKOT.

IMMpu &>1 pazsocrs 11— ®(£) sSKCNOHEHIMATBLHO — MaJia

(~ exp(—¢&2)). Hosromy B cayuae ray6okoit avwr (|U| > T,) »
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(36.9) cyrmiecTBen Mk BTOPOii djied B GUTYPHBIX CKOOKAX, TakK YTO

N, (. z) = 2N, (lgi)l/Q. (36.12)

T,
C yreanuennem |U| MIOTHOCTH BO3PACTAET TOPA3/I0 MeIIEHHEE, TeM
9T0 ciemoBasio 6v1 mo hopmyse Bonbivana.

§ 37. KBasuneiiTpaJsipHasi nJjia3zma

YpaBHEeHUs IMHAMWKHA TIA3MBI JOTTYCKAIOT JAI€K0 UIYIIee YIpo-
IIIeHMe /I KATeTOPUN SBJIEHUI, B KOTOPBIX XapaKTEePHBIE MACIITA0bI
JITUH W BPEMEHU YIOBJIETBOPAIOT CIAEIYIONINM YCIOBUSIM. XapaKTep-
HBIIT pa3Mep HEOTHOPOIHOCTE B T1azme L mpejmnosaraercs 00/b-
MM TI0 CPABHEHUIO C 3JIEKTPOHHBIM [1€0aeBCKUM PaINyCOM:

% < 1. (37.1)
L

CKOpoCTh 2Ke TPoLecca MPeoaraeTcs Onpeaesafoencs JIBuKe-
HUEM MOHOB, TAK YTO XapPAKTEPHBI MACIITAD CKOPOCTH JIAETCS BEJIU-
YUHON V7, MAJION 110 CPABHEHUWIO CO CKOPOCTSIMU JIEKTPOHOB. [IBu-
JKeHUe MOHOB IPUBOJUT K MEJJIEHHOMY U3MEHEHUIO 3JIEKTPUIECKOTO
MOTEHIMAJIA, 34 KOTOPBIM auabaTu9ecKu CJIeJlyerT pacipejiesieHne
SJIEKTPOHOB.

ITycte N, u 0N;  u3MeHeHus JI0THOCTEH 3JIEKTPOHOB U HOHOB
B BO3MYIIEHHOW TMIazme. DTU U3MEHEHWsT CO3JAl0T B IJIa3Me Cpel-
HIOIO TIJIOTHOCTH HEKOMIIEHCHPOBAHHOTO 3apsiyia: 0p = e(z0 N; —IN,).
[Torentman co3aaBaeMOT0 3TUMU 3apsiIaMi 3JIEKTPUIECKOTO TI0JIsT
onpeensieTcst ypasHeruem [lyaccona

Ay = —4rme(z0N; — ON,). (37.2)
o mopsaaxy semmaunsr Ag ~ /L2, Tlostomy
20N; — N, - 1 A . (37.3)
0N, 4dmeLl? | 6N,
Ecim nose cnabo (e < Te), TO M3MEHEHNE 3JIeKTPOHHO TJIOTHOCTH
SN, ~ N
e T,
(cp. (36.11)) u rorua
20N; — 6N, al
— "~ = 1. 37.4
O Ne L? < ( )

D10 HEPaBeHCTBO 0CTAETCH CLUPABEIIMBLIM U B CJ1y4Yae CUJIbHOIO BO3-
myutenusi, Koraa eg ~ Te; npu 3tom 0N, ~ N, u uz (37.3) chosa

cnenyer (37.4).
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WuaTterpupyst 3T ypaBHEHUs] C TPAHUIHBIMI yCaoBuamu ¢ = (),
v =0, N; = Ny ipu £ — 00, Halizem

e f _ (u—w)?
<ot o) (35.8)
Nj = Ng—— = Ng—————. :
’ Ou—v O[u2 — 2e/M|1/2 (38.9)
Ypasuenue xke (38.4) naer ¢" = —4ne(N; — N,), nam, nocie ymHo-

JKeHWs Ha 2¢' ¥ MHTerpupoBaHus,
%)
¢ = —8me [[Ni(p) — Ne(p)] dep. (38.10)
0

ITpn sTrom dbyrkuns N;(¢) 6epercst n3 (38.9), a N (p) ompenensiercst
dopmyravu § 36. OTmernm, 9TO B pacCMaTpPUBAEMOIl BOJIHE BCETIa
@ > 0, kak 970 BuaHO n3 (38.8). TToTeHma bHass SHEPIHUsT JIEKTPOHA
B TakoM Tosie U = —ep < (), T. €. TT0 OTHOTIIEHNIO K 3JIEKTPOHAM TIOJIE
UMeeT XapakTep TMOTeHIINATLHON MBI,

Ypasuennem (38.10) zagaua 06 onpenesenun mMpoduist BOJTHBI
©(&) cBomuTes K KBagparypam. IIpu 9TOM CKOPOCTH U OKA3bIBAETCsI
HENOCPEJICTBEHHO CBA3AHHONW € aMILIMTYJ0H BOJHBI — MaKCHMaJlb-
HbiM 3Hadennem Gyuxknun (&) (obozHauMM 9TO 3HAUEHME uepe3
©m)- JeiicTruTensro, pn @ = @, gomkHO OBITH ' = 0. Ilpu-
paBH#AB HyJsi0 uHTerpas B npasoii yacrtu (38.10) (u ocymecrsus B
HEM MHTErPUPOBAHUE IIEPBOIO YJIEHA), HOJLYyUYUM yPABHEHUE

Pm
M 12 m 1/2 1
u [1 - (1 —26—2) ] = / Ne(p) dp, (38.11)
0

¥
e Mu

KOTOPOE U OIPEe/IeIgeT B IPUHIIUIIE 3aBUCUMOCTD U OT (0, . IIpu 3T0M,
O0YEBU/IHO, JIOJIZKHO OBITDH

2e-Lm < 1. (38.12)
Mu?

DTO ycoBMe, BOOOIIE TOBOPSI, YCTAHABIWBAET BEPXHIOI0 TPAHUILY
BO3MOKHBIX 3HAYEHWUil aMIIMTYIbl BOJHBI @, (& ¢ HEI0 W CKOpO-
CTH U).

Ormerum erne, 94To JIjist MOJIHOTO MPEeHEOPEYKEeH st CTOJIKHOBEHM -
M¥ HEOOXOAUMO, 9TODOBI YaCTOTA MO W ObLIA BEJIUKA 110 CPABHEHUTIO
¢ XapaKTEPHBIMU YACTOTAMU COYJIAPEHU KaK 3JIEKTPOHOB Ve, TaK
w moHoB v;. Ho mockombky ve ~ (M/m)Y2u; > v (em. § 43), To
BO3MOXKHA CUTYyaIWs, KOTIa Ve > w > v;. B TakoMm ciydae CTOTKHO-
BEHWs TMO-TIPEYKHEMY He BJIWSIOT Ha JBUYKEHWE MOHOB, HO PacIpeje-
JIEHWE JIEKTPOHOB MOYKHO CHUTATH OOTBIIMAHOBCKUM W TP HAJTUIUH
MTOTEHINATBHBIX STM.
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Bamaua

Onpenennts npoduab U CKOPOCTHh YEJMHEHHON BOJIHBI HEOOIBIION WHTEH-
cusHOCTH (€ [Te < 1) B IL1a3Me € 37€KTPOHAMHY, PACIPE/IETEHHBIME COTTIACHO
(36.11) (A.B. I'ypesuwu, 1967).

Pemenwue B (36.11) nomxHsl GbITh COXPAHEHBI BCE YJICHBL; BO3SHUKHO-
BEHUE yeﬂI/IHeHHOﬁ BOJIHBI CBA3aHO MMEHHO C TOCJIEAHUM, HEJIMHEHHBIM 9/I€HOM
B 3TOM BbhIpaykeHnn. Borancienune 1o (38.11) npuBoanT Kk pesynprary

1/2
u’ = E 1+ E (6%”)
M 15 \ nT.

IIpodunp BoMHB HAXOAWTCA WHTETpUpOBaHWeM ypasHernuda (38.10) m mmeer Bum

= gmch ! |2 (esam)l/4
o V15a. \ «T.

§ 39. ConmroHbl B cj1abo aucneprupyioineii cpejie

CymecrsoBanue (B cpeje 6e3 auccunanumu) HeJMHEHHBIX BOJIH CO
CTAIMOHAPHBIM TPOMUIEM TECHO CBI3AHO ¢ HaandIueM jaucrnepcun. B
HEIUCIIEPTUPYIOMEH cpejie yaeT HeJTMHEHHOCTH Hen30eKHO HapyIa-
eT CTAIMOHAPHOCTH BOJHBI; CKOPOCTH PACIPOCTPAHEHUST PASJTHIHBIX
TOUeK MPOMUIsT OKA3HIBACTCS 3ABUCAIICH OT 3HAUEHUST AMILIATY Bl B
9TUX TOYKAX, 9TO U MPUBOINT K MCKaxkeunio mpoduas. Tax, B rumapo-
IWHAMWKE MALATHHOW CORUMaEMO JKUIKOCTH HeInHeiHbie 3(hderTh
TIPUBOIAT K TIOCTETIEHHOMY YBEJIUUIEHNI0 KPYTU3HBI TIepeHero hpoH-
ta BostHbl (em. VI, § 94). ducnepcust ke, O CBOEil CTOPOHBI, TTPUBO-
AT K TIOCTEMEHHOMY PACILIBIBAHUIO TPOMUIst, 1 0062 BIAUAHUS MOTYT
B3aWMHO KOMITEHCHPOBATHCSA, TTPUBO/S K CTAIMOHAPHOCTHU TIPOGUIS
BOJIHBL.

B stom maparpade mMbl u3ydaum 9TH siBJEHUS B 00IEM BUIE /I
JIOBOJTBHO TITUPOKOI KATEropwu CAy9IaeB PACIpPOCTPAHEHUsT BOJTH B
Oe3arccumaTUBHON C1a00 AUCTepTUpyIoNeil cpeae ¢ yaerom caaboit
K€ HeJIMHENHOCTH.

[Tycth ug — CKOPOCTH pacTpoCTpAHEHWsT BOTHBI B IMHEHHOM MTPH-
OM>KEeHN, TTPH TTpeHebpeskennn aucnepcueit. B aTom mpubanskennn
B OJIHOMEPHO! BOJIHE, PACHPOCTPAHAIONIECA B OJHY CTOPOHY B/10J1b
OCH I, BCE BEJIMUNHBI 3aBUCAT OT X W t TOJBKO B KOMOmHaImnm & =
= = — ugt. B nuddepenimaibaom Bujie 310 CBOUCTBO BhIPAXKAETCs
ypPaBHEHTEM
o
oz

rae b obo3HaUAET KAKyI0-IM00 M3 KOJIEOIOMINXCS B BOJTHE BEJIAYIH.

[TocTostHHOI CKOPOCTH 14y OTBEYAET 3aKOH IWCIEPCUH BOTH W =
= ugk. B aucneprupyromeit cpeje 9TOT 3aKOH TPEACTAB/IsIeT OO0
JIVTITG TIEPBBIN ujieH pasiaoxkenust byHKInn w(k) 1o crenersM Maiio-

ob
— +u 0
ot 0 )
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ro k. C yqeToM CIIeIyIomero taena nveem )
w = ugk — BE>, (39.1)

e f HOCTOsTHHAS, KOTOPasi MOXKeT B IPUHIUIE OBbITh KAK [10J10-
2KUTEJbHOMI, TaK U OTPULATE/IbHOI.

Huddepentinaibioe ypaBHEHHE, ONUCHIBAIOIIEE B JIMHEITHOM
npubzkeHrn pacnpocrpanenue (B OJHY CTOPOHY) BOJIHBI B CPeJe
C TaKOW aucnepcuen, nMeer BuJ,

7+“07+ﬁ8x3 - a

JIefiCTBUTEIHLHO, JIJIst BOJIHBI, B KOTOPOii bov exp (—iwt+ikx), oTcioga
nosyaaercst (39.1).

Haxkowner, yuer HeIWHEHHOCTH TPUBOAUT K TIOSIBJIEHWIO B yPaB-
HEHWUW 1/I€HOB H0JIee BBICOKOTO TOPSIKA 110 b. DTHU U/IeHBI BO BCAKOM
CIIydae JIOJIKHBI YIOBIETBOPSATE YCAOBUIO 0OPAIIEHNsT B HYJIb TIPH 110~
CTOSTHHOM (He 3aBUCAIIEM OT ) b, YTO OTBEYAET MPOCTO OJHOPOIHON
cpege. OTpaHUIUBINNCH YIEHOM € TMPOW3BOAHON HanbojIee HUZKOTO
nopsigka (Masibie k!), HamuImeM ypaBHEHWe pacrnpocTpaHeHus Ciabo
HEJIMHEIHOW BOJIHBI B BUJE

Bb
83:

rjle @ [OCTOSIHHBIH mapamMerp (KOTOpr?I TOXKE MOYKET B [IPUHIIUAIIE
nverh 062 3Haka) 2).

st yripotiennst 3armmcu 3Toro ypaBHEHWsT BBEJIEM BMECTO & HO-
BYIO TIEPEMEHHYTO & 1 BMECTO b HOBYIO HEM3BECTHYIO (PYHKIIHIO @,
OTIPEJIEJIUB UX COLJIACHO

& =x—upt, a=ab. (39.3)

- + Uo— + ﬁ =0, (39.2)

') Tor dakr, uro Gyuxmms w(k) Pa3IAraeTCs N0 HEYETHBIM CTEneHsM k, Cile-
JyeT yx)e m3 cooOpaxkeHuii BemecTBeHHOCTH. Vcxommas cucrema (hU3NIECKUX
ypaBHeHI/Iﬁ JABUXKEHUA Cpe,Z[BI CO,Z[ep)KI/IT JIUIIHh BEINECTBEHHBIEC BEJIMYMHBI U IIa-
paMeprI. MHI/IMaﬂ € InHUIIA Z TIOABJIAETCA JIUIIIH B pe3yﬂbTaTe MOACTAaHOBKN B
9TW ypaBHEHWS PEIICHWsl, TPONOPIUOHATBHOTO exp(—iwt + ikz). [TlosTomy BO3-
HUKAIOWMI B pe3ysbrare 3TON NOACTAHOBKM 3aKOH JUCIEPCUN ONpeJessier iw B
Buze GyHKIMu oT ik ¢ BemecTBeHHBIMU KOdh durmenTamu; pa3aokeHne TaKoi
GbYHKIINHT MOXKET COIEpKATh JIMIb HedeTHble crernenu oT ik. B obmem ciydae
muccumupyiomeit cpeast byaxmma w(k) xommnexcra (w = w' +iw’), w Torma ce-
JIAHHOE YTBEPXKJIEHUE OTHOCUTCS K PA3JIOKEHUIO BELIECTBEHHON YacTu 4acTOThI,
W' (k). Paznoxenne xe dbynxnun w'’ (k) mo Tem wxe npuannam OyIeT comeprxaTh
JIVIIb Y€THBIE CTerneHu k

2) IomuepKHeM, OIHAKO, BO M36eKAHME HEIOPA3YMEHH, 9TO TAKON BUI, Cia-
00l HeTMHEHHOCTH OTHIOND He SB/IsIeTCs yHUBepCcaabHbIM. Tak, crabas memnHeri-
HOCTB JIjIs PACITPOCTPAHEHUsI BOJIH B I1J1a3Me, BOSHUKAIOLIAs OT MOCAEIHEro jie-
Ha B 3J€KTPOHHOM pacupeenennn (36.11) (I/ICHOJ’II)BOB&HHOM B 3aj1ade K § 38),

coorsercrroBana 6e uneny ~ \/bOb/dx B ypasnenuu tuna (39.2).
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Toraa momy«nmm

da da da

— — — =0. 39.4
o %% TPoe (39-4)

B Takom Bujie 9170 ypaBHeHUe Ha3bIBalOT ypaBHeHuem Kopmeseza Ode

Bpusa (KaB) !). Byzem cunrars cHavasa aj1st OMpeIeIeHHOCTH, 9T0
noctosaHasg 3 > (.

Hac 6yayT naTepecoBaTh perienust, OMUCHIBAIOIINE BOJIHBI CO CTa-
oHapHbIM nipoduaem. B takux permennsx dyukums at, &) 3apucut
TOJIFKO OT paszHocTn & — vgt ¢ HEKOTOPBIM MOCTOSTHHBIM Ug:

a = a(& —vgt); (39.5)
MPU 3TOM CKOPOCTH PACTPOCTPAHEHWST BOJHBI €CTh
u = ug + vg. (39.6)

[Moxcrarus (39.5) B (39.4) n ob6oznauns muddepentmporanne mo &
MITPUXOM, TIOJTy9INM ypaBHEHWE

Ba" + aa' — voa' = 0. (39.7)
OrmvernM, 9TO OHO WHBAPWAHTHO OTHOCHTEIHHO 3aMEHbBI
a—a+V, vg—=v+V (39.8)

C TIPOU3BOJILHOM TTOCTOTHHONI V.
[lepswbiii unrerpasn ypasuenus (39.7):

" 1 9 c1
a + -a” —vga = —.
p 2 0 2

VMHOKMB 9T0 paBeHCTBO Ha 2a’ M MHTErpupys ele pas, H0/LyYuM

3

o

Ba'? = 5 +vga? + cra + co. (39.9)

BmecTo Tpex nocrosiHHBIX Vg, €1, C2 LEJAECO00PA3ZHO BBECTH Jpylue

HNOCTOSIHHBIE  TPH KOPHS KyOMYeCKOr0 TPeXH/IeHa, CTOSIIErO B IPa-

Boit uactu (39.9). O603HAUME ITH KOPHU Yepe3 ai, G, 43, HAIUIIEM
2 _ 1

fa” = —g(a—m)(a—ag)(a—ag). (39.10)

ITocTostnmaas Vg CBdA3aHa C HOBHBIMU TTOCTOAHHBIMU PDAaBEHCTBOM

vo = %(m +ay + as). (39.11)

1) Omo Gwimo nony4eno Kopmeeezom n de Bpusom (D.J. Korteweg, G. de
Vries, 1895) nyist BOMH HaA TOBEPXHOCTH MEJIKON BOJIBI.

7 JI. J. Jlanpay, E.M. Jludbmwuy, Tom X
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Hac OymyT wHTEpecoBaTh /UL TaKWe DEMIEHWs ypPABHEHUST
(39.10), B xKoTOpBIX BesqmunHa |a(€)| orpaHnveHa; HEOTPAHMIEHHBIH
pocr |a| nporusopednsi Obl IPEANONIOKEHUIO O CIAO0H HeJMHEHHO-
ctu. JIerko BHIETH, YTO 3TO YCJOBHE HE BBIIOJHSAETCS, €CIH CPeJIn
KOPHEH a1, a2, a3 MMEIOTCS KOMILIEKCHBIE; MYCTh 3TO OYAYyT a1 ¥ a9
(upuuem ag = ai). HeficrBuresbHO, B TAKOM CJlydae npapasi 4acTb

(39.10) mpwamMaer i |a — aq]?(az — a)/3 w wwaTO e MermaeT a
CTPEMUTHCA K —OQ.

Taknm 0O6pas3om, TOCTOSTHHBIE a1, A9, 43 AOIKHBI OBITH Belle-
CTBEHHBIMW; PACTIONIOKUM WX B TIOPSIKE a1 > a2 > a3. [IoCKOIBKY
BbIpaykeHne B npaoii uactn ypasrenus (39.10) 10mKHO OBITH TT0JI0-
KUTETbHBIM, TO GyHKIMs a(€) MOKET MEHSITHCSI JIUIIb B UHTEPBAJIE
a1 = a = a9. be3 orpanndennst OOIMIHOCTH MOXKHO TOJTOXKUTE a3 = (;
9TOTrO BCErJla MOYKHO JIOCTHYH TpeobpaszosanneM Buaa (39.8). Veo-
BUBIIUCH O TAKOM BbIOOpe, nepenuinem ypasuenue (39.10) B Buge

Ba* = é(m —a)(a — a9)a. (39.12)

Permrerme sToro ypaBHeHUsT MMeeT pa3JIMIHBIN XapaKTep TPU
ay = 0 n mpn ay # 0. B mepeom cayuae (ag = 0, a1 > 0) wnnre-
TPUPOBAHNE YPaBHEHWS JaeT

a(€) = ay ch? g ;L; : (39.13)

Havasi0 orcuera  BHIOpAHO B TOYKe MakcuMyMma (byHKIWN (371eCh
HUZKE MBI TUTIEM, /IS yIpoIennst 0603nadennii, mpodnIb BOJIHBI
kak (PyHKOWIO OT £ = I B HEKOTOPBI 3aJaHHBIIT MOMEHT BPEMEHN
t = 0). D70 perenne ONMUCHIBAET YEIUHEHHYIO BOJIHY (COJMTOH): TIpK
¢ — +o00 dynkuuga a(§) BMecTe o CBOMMU NPOU3BOAHBIMU OOpaIa-
ercsa B HyJib. [locTOAHHASA 1 JaeT aMIIUTY Ly COJUTOHA, a €ro -

~1/2
puHa yObIBaeT C POCTOM AMILIUTY/Ibl KaK 2 Cornacto (39.11)
nveeM vy = a1 /3, Tak UTO CKOPOCThH COJINTOHA

u=1ug+a/3. (39.14)

DTa CKOPOCTD 4 > g U PACTET C YBEJUYEHUEM AMILIUTY/IbI.

CHOBA HANIOMHMM, YTO HEJUMHEHHOCTH MPOIECCOB, OMUCHIBAEMBIX
ypasuenunem KaB, npeanonaraerca ciaboit. YejgoBue 31oit majgoctu
MMEET eCTECTBEHHBIH CMBIC/T; TAK, €C/IM POJIb BEJUYHUHbBI ¢ UTPAET 13-
MEHEHHME TLJIOTHOCTU CPEJIbI, TO 3TO U3MEHEHUE JIOJIZKHO ObITh MaJIbIM
10 CPABHEHUIO C HEBO3MYIIEHHOH 110THOCTHIO. B TO 2Ke Bpemst «cre-
NEHb HEJMHEHHOCTUY 3THX NPOLECCOB XaPAKTEPU3YETCs ele U JPy-
UM Ge3pazMepPHBIM TapaMeTpOM: L(al/ﬁ)l/Q, rie L — xapakTepHast
JUINHA, & (1 — AMTLINTY1a BO3MYIIEHUA. DTOT MAPAMETD OTPEIETIAET
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OTHOCHUTEIBHYIO POTh 3(MHEKTOB HEJIMHEHHOCTH W AUCTIEPCUH U MO-
XKeT ObITh Kak MajbiM (npeobaaganve sddexra aucnepcnn), Tak n
Gonbmum (npeobaaganue apdexra nenuneitnocrn). Inst conurona,

wmpuna koroporo L ~ (8/a1)'/?, sror napamerp nopsiixa 1.

[Mepeitjgem k ciayaai as # 0; B 9T0M ¢jIydae pelieHue ypaBHe-
nus (39.12) onuckiBaeT nepuOAMUECKYI0 B IPOCTPAHCTBE, GECKOHEY-
HO TPOTs2KEeHHYIO BosiHy. HTerpupoBanue ypaBHeHUS J1a€T

_ V3B da <%)1/2 P .
&= / [a(ar —a)(a—a2)]"/2 ~ \ a (s,0), (39.15)
rae F(S, <,0) JIANTUYCCKUN MHTErpaJl NepBoro poja:
®
dy
F = | T anio)? 1
(s, ) / T e )77 (39.16)

0

singp = :;:(Z, (9:1/172—?; (39.17)

HAuaI0 orcyera & BbIOPAHO B OJIHOM U3 MAakCuMyMOB (dyukimn a(§).
O6pammas dopmyay (39.15) nyrem BBeJeHUs SJLINTTHIECKON
dbyukunn Axobu, moxyuanm

a = ap dn® ( %3 £, s) . (39.18)

Orta GyHKIMS NEPUOJNIHA, NPUUYeM ee nepuoj (JJMHA BOJIHBI) 1O
KOOP/IMHATE X PaBeH

A=4,/F (g 3) =4,/ ¥ K(s), (39.19)

rae K(s)  noasslii ssmmnrudeckuii narerpan nepsoro poga. Cpej-
Hee 110 Treproy 3Hadenne gynkmmn (39.18):

TpuieM 1)

A
.Ofa(f) d¢ = aliii)) (39.20)

rae E(s)  nosmmbiit sjummnruyeckuit marerpas Broporo poja. Ecre-
CTBEHHO paccMaTpuBaTh IEPUOAMYECKYIO BOJIHY, B KOTOPO# cpej-

1) IlapaMeTp 3/UIMNTHYIECKOr0 HHTErpata 0603HAYEH OyKBOIi § (BMECTO 0OBIYHO
II I/IHS{TOﬁ k BO I/I36€)KaHI/Ie nyTaHnuObl C BOJTHOBBIM BEKTOPOM.
y

7*
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Hee 3HaYeHWe KOIeOMIOIENics BeTMIUHBI PABHO HYJI0. DTOTO BCE-
ra MOXKHO J106mThCst mpeobpaszosannem (39.8), BbrUmTast BeIMYN-
Hy (39.20) u3 dyuxuun (39.18). CkopocTh pacmpocTpaHEHUsT BOJIHBI
paBHa TOIA

U = ug +

a1 + as E(s
EpEON (39.21)
3 K(s)
Mautbim amMIIuTy1aM KOaeDaHu# G — Gy COOTBETCTBYIOT 3HAUE-
Hust mapaMerpa s < 1. Bocnomb3oBapimch mpub/inKeHHBIM BbIPa-
JKEHUEM

2 2
dn(z,s)zl—%—i—%cosZz, s 1,

Haiizem, uro pemenue (39.18) mepexoaur B 3TOM (yydae, Kak u Cjie-
JIOBAJIO, B TADMOHUYECKYIO BOJIHY

a="10 L B0 gy, k=, 2.
2 2 33

ITpu srom ckopocrs (39.21) cranoBurcst paBHOW u = uy — a1/3 =
= ug — Bk? B coorsercreum ¢ (39.1).

O6parHOMY [PeJebHOMY CIydao DOIbIIMX aMILIUTy (B pac-
CMaTPUBAEMON MOJIEJIN BOJIH) OTBEUAIOT 3Ha4YeHusi ag — 0, mpuvem
napamerp s — 1. mes B Bujy nipesenbuyio popmysry

K(s)zllni 2 =1
2 27 7

1—
Haii/leM, 9TO B 9TOM IIPe/Ie/ie JIIMHA BOJIHBI BO3PACTAET 110 Jjiorapud-
MUYECKOMY 3aKOHY

A= )10 160 (39.22)
al as

Jpyrumu cjioBamu, nocae0BaATEIbHBIE Iy YHOCTH BOJHBI PA3/IBUTA-
oTcg Ha Oosibliue paccrosinug Apyr or japyra. [Ipodwuis BosHbI
BOIMBKM KaxKI0i u3 Hux noaydaercs uz (39.18) ¢ nomouipio npe-
JIeJILHOTO Bhipazkenust pyuknuu dn z npu s = 1, cnpaseausoii npu
KOHEeUHbIX 3HaueHusix z: dnz = 1/ ch z. B pesysbrare mbl Bo3Bpama-
emcst kK popmysie (39.13). Takum obpasom, B mipeesie s — 1 mepuo-
Judeckast BOIHA pa3OUBaeTCst Ha, COBOKYITHOCTE CJIEAYIOIINX JAPYT 3a
JPYTOM VIAIE€HHBIX COJUTOHOR.

Mo cux mop wmbI npeanonaraaun, aro [ > (. Ciaywait, Korma mo-
crogarasg [ < () #e TpebyeT 0cOOOTO PACCMOTPEHNsT: M3MEHEHWE 3Ha-
ka [ B ypasuenuu (39.4) sxBusanentHo 3amene & — —&, a — —a.
IMockonbky mipu Takoit 3amene aprymenT & — vot B (39.5) npesparina-
ercst B —€ —vgt, TO CKOPOCTH PACIPOCTPAHEHNs BOJIHBI OyIeT Ternephb
u = ug — vg. Tax, st COTUTOHA TMOJYUEHHBIE BHIIIE Pe3yIhTaTh
MU3MEHATCS JIWITh B TOM OTHOMEeHuN, 410 dyHkruns a(£) craner or-
PULATEIBHON, & €r0 CKOPOCTh U < Ug.
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Vpasuenne KaB obragaer nexkotopbiMu creruduaecKuMu CBOii-
CTBaMU, MO3BOJISIONMMI YCTAHOBUTH JIJIsST HErO Psijfi OOIMUX Teo-
peM. OHn ocHOBaHBI Ha (POPMAIBHON CBSI3W, CYIIECTRBYIOIIEH ME¥K-
ny ypaeuennem KiaB wm 3amaveil 0 cOOCTBEHHBIX 3HAYEHUSIX YPAB-
Hennst Tuna ypasuenusi Ilpegunrepa (C.S. Gardner, J.M. Greene,
M.D. Kruskal, R.M. Miura, 1967).

Pacemorpum ypaBaerue

>y 1 _
o6 + [Gﬂa(t’ €+ 6:| =0 (39.23)

u OyJieM CHOBA JIJIs OTIPEIEIEHHOCTH CIUTATh, uTo [ > (). YpasHenue
(39.23) mmeer Bug ypasuenust [Ipeannrepa, B KOTOpOM (hyHKIHS
—a(t, &) urpaer pob NOTEHIUANBHON SHEPrun, 3aBUCSINEH OT t KakK
or mapamerpa. Ilycrs dyukmms a(t, &) B HekoTopoit obsactu £ 1o-
JIOYKUTEHHA W CTPEeMUTCsT K Hysto nipn £ — +oc. Torma ypasmenne
(39.23) Oymer obsiagaTh COGCTBEHHBIMYU 3HAYEHUSIMU €, OTBEYAIOIIN-
MU «DUHUTHOMY JBUKEHWIO B TIOTEHIINAILHON sive —a(t, £)»; B cuty
3aBUCUMOCTH (DYHKIUU ¢ OT t, 3T COOCTBEHHBIE 3HAYEHUSI, BOOOIIE
TOBOPS, TOYKE 3aBUCAT OT {.

[Tokazxem, aT0 cCOOCTBEHHBIE 3HAYEHUS € HE OYIyT 3aBUCETH OT t,
ecim dbynkmns a(t, &) yposnersopsier ypasuennio KaB (39.4).

Beipasus u3 (39.23) a B Buje

(1,:6,8<1’i}/)”+6>

u nozacraBus B (39.4), noCa€ IPAMOrO BHIYUCJAEHUS NOJLYYUM

= (A gAY, (39.24)
TIe
_ 10y 3 1 m_e.1\ .
A(t. ) =6 (Ea ¢1/)1/) + 1 61/)), (39.25)

CYIIECTBEHHO, YTO npasas 4acTh (39.24) oKa3bIBAETCS BbIPAKEHHOM
B BU/IE POU3BOJAHON 110 & OT BbIpaXKeHusi, 0OPAIIAIOIIErocsi B HYyJIb
npu § — +00 (HAanoMHUM, 9TO COOCTBEHHDBIE (DYHKIIMU JUCKPETHOTO
criekTpa ypasrenns (39.23) ncuesator wa 6eckoneunoctn). [Tosromy
unrerpuposanue pasencrsa (39.24) mo Bcem € o —0C 10 0C gaer

ﬁocz_
T v

7, BBUJy KOHEYHOCTHW CTOSAIIETO 3/1eCh HOPMUPOBOYHOTO WHTETpaJa
dbyukumm 1), orciona ciaemayer, aro de/dt = 0.
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ITokaxkem Tereph, uto ypasHenne (39.23) nMeer BCero oJHO JIWC-
KpeTHoe COOCTBEeHHOe 3HAYEHVE B CIydae CTAIMOHAPHOTO «TOTeHIHa-
nay a(§) uma (39.13), oreevarotero oquHOIHOMY connTony. C 9T
«11oTeHuprasoMy ypastaenue (39.23) umeer Buj

@+ <& + s) b =0, (39.26)

ch? o
npuyaem
1/2
U=2 a=(2] . 39.27
= ep <12ﬂ (39:27)
Juckpernbie cobcTBeHHbIe 3HaueHusi ypasHenusi (39.26) matorcs
dopmy.ioit
en = —a’(s —n)?, s= g4 1+ 3 , n=0,1,2,...,
2 a?

npuyuem J07KHO ObITh 1 < s (em. 111, § 23, 3amaua 4). Co 3nave-
Husimu napamerpos u3 (39.27) s = 1, Tak 4TO MMEeTCss BCEro OJHO
cOOCTBEHHOE 3HAYEHNE
£= -2 (39.28)
128

Eciu xe «norennmany a(t,&) npeacraBiaser coGoit COBOKyI-
HOCTH COJIMTOHOB, HAXOJAIIMXCA HA DOJIBIINX PACCTOAHUAX JPYT OT
apyra (Tak 4To «B3aMMOAEHCTBUE» MEXKJy HUMU OTCYTCTBYET), TO
CTIEKTP COOCTBEHHBIX 3HaveHwuii ypasuenusi (39.23) Gymer CKiabi-
BaThCsl 13 «ypoBHET» (39.28) B KaXK10# M3 OTEHIMATBHBIX SIM, TTPV-
YeM KaykKIbIi M3 HUX ONPEAENIsaeTca aMTINTYI0i a1 COOTBETCTRYIO-
IIET0 COMMTOHA.

TTockoRKY CKOPOCTH PaCpOCTPAHEHUST COMTOHA, PACTET C yBE-
JIMYEHNEM €T0 AMTIINTYABI, TO COMUTOH DOJIBITIEH aMTLINTYIHI B KOHIIE
KOHIIOB BCETJa JOTOHNUT COJIMTOH MEHBITEH aMTInTyabl. [1pon3Bo/Inh-
Has HAYAJIBHASA COBOKYTTHOCTH yAAJIEHHBIX APYT OT JIPYTa COJUTOHOR
TIOCJIE TIPOIIECCOR B3aWMHBIX «CTOJIKHOBEHWIT» B KOHIE KOHIIOR Tpe-
BPATUTCA B COBOKYTTHOCTH COJIMTOHOB, PACMOJIOKEHHBIX B TOPSIKE
BO3pACTaHUsl WX AMILUIATYJI (HATIOMHUM, YTO BCe BO3MYIIEHWsI, OTIV-
ceiBaemble ypasHenunem KB, pacupocrpansiores B ogny cropony!).
ITosyuennble Bl PE3yJIbTATH TO3BOIAIOT CPA3y KE CAEJaTh WH-
TEPECHOE 3aK/II0YEHne: HavaahbHass W KOHEYHAs COBOKYMHOCTH COJIN-
TOHOB OJWHAKOBBI 10 OBIIEMY YWCIy W 10 aMTILIUTYIaM COJUTOHOR,
OTJIMYIAACH JINTITH TOPSIAKOM WX PACTIOIOKEHNsT. DTO CJIELYET HEro-
CPEJCTREHHO M3 TOTO, 9TO KAYKIBIH M3 W30IUPOBAHHBIX COJIUTOHOR
COOTBETCTBYET OJHOMY W3 COOCTBEHHBIX 3HAMEHWI £, & 3TN 3HAYEHIST
OT BPEMEHW HE 3aBUCST.

Boobiiie, Besikoe mosioxkuresnbioe (a > () HavagibHOE BO3MYIIe-
HUE, 3aHMMAIOIIee KOHEIHYI0 00J1aCTh MPOCTPAHCTRA, B XOJ€ CBOEH
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SBOJIIOIINW, COTJIACHO ypaBHenWio KB, B KOHIIE KOHIIOB paciaiaeTcd
B COBOKYTTHOCTH W30JWPOBAHHBIX COTUTOHOB, aMTLIUTYIHI KOTOPHIX
yKe He 3aBUCAT OT BPEMEHW. JTU AMILIUTYIbI W GHUCI0 COJTUTOHOR
MOYKHO B TIpWHIIATIE HAWTHW TyTeM OTNpeeseHns CIeKTpa JIMCKPeT-
HBIX COOCTBEHHBIX 3HaveHwii ypapuenus (39.23) ¢ HaUaIbHBIM pac-
npegenennem a0, &) B kKauecTse «norennuanay. Eceam ke HauaabHoe
BOBMYIIIEHWE COEPKUT B cebe Takyke n yuactku ¢ a < (), To B x0/1€
€T0 JBOJIIOIINYM BO3HWKAET €Ille M BOJTHOBON TaKeT, MMOCTETEHHO pac-
TTHIBAIOTINCS, HEe pacralasich HAa COMUTOHBI.

Bo wu3bekanme nemopasymeHuii HaI0, OJHAKO, YTOYHUTH, HGTO
WMEHHO TIOPAa3yMeBAETCs TI0J/T HaYaIbHBIM BO3MYIIIEHUEM B ypaBHe-
v KaB. Peansnoe Bo3MyIerne, BO3HUKAIOIIEE B CpPeJle B HEKOTO-
pBIfi MOMEHT BPEMEHHU, B XOjie CBOei 9BOTIONNY (OTHUCHIBAEMON TOJI-
HBIM BOJIHOBBIM YPABHEHMEM BTOPOrO MOPsiJIKA 110 BPEMEHHU) Pacna-
JtlaeTcs, BOOOIIE rOBOPsi, HA JIBA BO3MYIIEHUS, PACIPOCTPAHIONINECS
B 00e croponbt ocu . [log «HAYaIBHBIMY BO3MYIIEHUEM [IJisi yPaB-
nenng KiaB Haj0 noHuMaTh 0JIHO U3 ITUX JBYX BO3MYIIEHU cpaszy
1ocJjie pacnaja.

Bamaua

Onpegennth ko3dduuments a n 3 B ypasaenun (39.2) 1715t MOHHO-3BYKOBBIX
BosH B iasMme ¢ 1; <K T..

Pemenwne Kosbdbummenr mucnepcnn § nonyaaerca n3 (33.4) pasmoxe-
HUEM 110 MaJIOM BeJImauHe Kd.:

B = aguo,
_ 1/2

rne up = (2T /M)~

IIpu onpenenennu ke Ko pUImeHTa HEJTUHEHHOCTH (v MOXKHO TIpeHeOpedn
Aucnepcueil BOBCe, T. €. paCCMATPUBATh NpeebHblil ciy4aait k — 0. B srom mpe-
JeJie IIa3My MOXKHO BO BCAKOM C/Iydae CUMTATHh KBAa3WHEHTPATbHON M COOTBET-
CTBEHHO OIUCBHIBATH €€ IUAPOAMHAMUYECKUMH YPABHEHUSMU HU30TEPMUIECKOr0
naeanhHOTO Tasa (38.3), (38.7). Homoxkus N; = Ng+ N, numiem 5Tn ypaBHEHWUs
C TOYHOCTBHIO 70 IEHOB BTOPOTO IOpsAKA 110 ManabiM BernumuuuHaMm 6N u v. Ilpn
3TOM B 4JIeHaX BTOPOT'O NOPHAJKA MOXKHO TOJ0XKUTh U = u()(SN/No, KaK 3TO UMeeT
MeCTO B JIMHEIHOM TIPUOJINIYKEHNN [T BOJIHBI, PACIIPOCTPAHAIONMENCS B TOI0XK -
TEHLHOM HATIPABIEHUHN OCU T (g  CKOPOCTH BOJH B JTMHEHHOM TTPUO/IUKEHUHN).
Torpa ypasuenust npumyT Bu

DN | N0 = D oy = - 240 s 20N
ot ox ox No ox
2 2
dv EE)(SN _ uiaNaéN 71)8711 —o.

=+ — )
ot Ny Oz Ng Oz Oz

Jnddepenmupys nepsoe ypasmenue 1o £, Bropoe 1o & u uckmouans 0°v /0t O,

HaXOIIM
(Q —u02> (2 +uo£) N = 20 0 (6N86N> .
ot ox ot ox Ny Ot ox

C Toit 2ke TOYHOCTBIO 3aMeHsIeM TPOU3BOAHYI0 0/0t B 1paBoii 4acTn ypasHeHus n
B pazuoctu 0/0t —uod/dx B ero nepoii wactn Ha —uod/0z. Hakonen, BoraepkHyB
B 06enx vacrax quddepenuuposanns §/0T n CPABHUB MOJLy YMBIIEECST y PABHEHUE
¢ (39.2), naitnem

a = ug/No.
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§ 40. JdwusnekTpuyeckasi IPOHUIAEMOCTH BbIPOXKIEHHOM
0€eCCTOJIKHOBUTEJIbHON TJIa3Mbl

IIpu Borauciaenun B § 29, 31 AWIEKTPUYIECKO TTPOHUIIAEMOCTH
6ecCTOIKHOBUTEILHON T1JIa3Mbl TTOJIHOCTHIO TIpeHebperajgoch BCeMU
kBaHTOBBIMNI 3 dexkramn. [lomydennbie TakM 06pa3oM Pe3yIhTaThl
OTPaHWYEHbI, TTPEYK/IE BCETO, 110 TEMTIEPATYPE YCIOBUEM OTCYTCTRUSA
BBIPOXKIEHNsT; JIIsT JIEKTPOHOB 3TO YCJIOBWE TJIACHT:

2N /3
T>»ep ~ ——, (40.1)
m

p2

e £ = —~, pp — TPARWUHbII UMITYJIRC pactpeaenaenns Oepmm pn
m

T = 0, cBg3aHHBIN C IJIOTHOCTHIO YHUCIA IJIEKTPOHOB PABEHCTBOM

3
Pr
= N.,.
3n2h?

Kpowme Toro, cama BO3MOXKHOCTH TPUMEHEHUST K [1J1a3Me BO BHEIII-
HEM TI0JIe KJIACCUYECKOr0 ypaBHeHust BojibliMaHa CBsi3aHa ¢ Onpeje-
JIEHHBIMU YCJIOBUSIMM, HAJIOXKEHHBIMU Ha BOJHOBOW BekTOp k w ga-
CTOTY W nosisA. XapakTepHble PACCTOstHus u3MeHenus mons (~ 1/k)
JOJKHBI OBITH BEJIMKW TI0 CPABHEHUIO ¢ J1e-OpPOIeBCKOM THHOM
BOJIHBI 371eKTPOHOB (i/P), a CBsi3aHHAd C ITOH HEOJHOPOJHOCTHIO
HEOIPEIEJIEHHOCT UMITY Ibca (~ fik) noskaa ObITh Masa 110 CpaBHe-
HUTO ¢ puHOii (~ T'/v) 06acTn pa3MBITHS TEMIOBOTO PACTpe/Ieie-

HVIST 9JIEKTPOHOB. [1J1s1 HEBBIPOK I€HHOI T1a3Mbl p ~ T' /v ~ (mT)'/2,
Tak 910 062 9TU yCIOBWA COBMAIAIOT. [ BHIPOKIECHHON TIa3MbI
D~ pr, v~ vp =pr/m, #Ho nockoabky T < ep, 1o T'/v < p. Takum
00pazoMm, JOCTATOIHO TTOTPEOOBATH B 000X CIyIasdX

kv < T. (40.2)
Hakower, yacrora go/zkHa y/10BJIETBOPATD YCIOBUIO
hw < ep (40.3)

KBAHT YHEPIUM IOJId JOJIZKEH ObITb MaJjl 110 CPABHEHUIO CO CPEJI-
Hell sueprueil 3;ekTpona (3T0 yeaoBue, BpoyeMm, 0ObIMHO HE UIPaeT
posin).

Temeps MBI pacCMOTPUM AMAIEKTPUTECKNE CBOMCTRA TIIA3MBI, OT-
Kaz3aBImMCh OT BhImoaHerns ycnosuit (40.1)—(40.3) mist ee smekTpoH-
HOW KOMTIOHEHTBI; MOHHAA K& KOMITOHEHTa MOYKET OCTaBATHCA HEBBI-
pokieHHO. Mbl Oy/eM BBIYNUCIATH JIEKTPOHHYIO HYacCTh JINIJIEK-
Tpudeckoil mponutaemoctu. [Ipw sTom Oymer mo-mpekHeMy Tpe-
[I0JIATATHCA BBITIOJHEHHBIM YCJIOBHE, 00ECIIeYnBAIONIee BO3MOKHOCTD
npeneOpekeHns B3auMOIECTBIEM YACTUIL IL/Ia3MbI:

NP < 7 (40.4)
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2 2
PN € ~ £F 3TO YCIOBWE TTPUHNUMAaET BT N;/g > n;i—i, nan he— <1
VR
(cp. V, § 80, IX, § 85).

Orkaz or ycnosus (40.2) tpebyer npumeHenus ¢ CaMoro Hada-
Jla KBAHTOBOMEXaHUYECKOI'O YpaBHEHUs /s MaTpUllbl ILJIOTHOCTU.
ITockoIbKy B3auMoJelcTBUeM MeK/ly 3/eKTpoHamMu LpeHebperaer-
Ced, MOKHO [IMCATh 3aMKHYTOE YpaBHEeHUe cpasy sl OJHOYACTUYHOI
MATPUIBI IIOTHOCTH Py o, (8, 11,T2) (01, 09 CHMHOBbBIE MHJIEKCHI).
Byjem cunrars pacupejejenue 3/1eKTPOHOB He3aBUCAIIUM 0T CLIUHA;
JPYIUMU CJIOBAMU, 3aBUCUMOCTL MATPULbI IJIOTHOCTUH OT CIMHOBBLIX
WHJIEKCOB OTJE/IS€TCsl B BUJE MHOXKUTENS Oy, oy, KOTOPBIH MBI Oy1€M
onyckarb. HeszaBucsimasi o1 cnuaa marpuna maoraoctu p(t,ri,ro)
YJI0BJIETBOPSET YPABHEHUIO

0 = F
zﬁa—f = (H, — H3})p, (40.5)

rpe H — raMWIbTOHMAH 3JIEKTPOHA BO BHEIIHEM T0JIe, & WHIEKCHI 1
WAV 2 yKa3bIBAIOT TepeMeHHble (I WM I'y), Ha KOTOPBIE JeiCcTByeT
oneparop (cm. III, § 14). Do ypasuenue 3amensier coGoil Kaaccu-
qeckyto Teopemy JInyeums (df /dt = 0) nns kaaccmaeckoit ogHowTa-
CTUYHON (DYHKIMW PACTIPEJICTIEHNS.

Byaem (kak u B § 29) BBIYMCISTL TIPOJOIBHYIO JIU3IEKTPUIECKY O
npornnaeMoctb. COOTBETCTBEHHO 3TOMY PACCMATPUBAEM 3JIEKTPU-
YECKOEe MOJIEe CO CKAJSPHBIM NOTEHIMaoM ¢(t,T), TaK 9TO raMu/ib-
TOHUAH 3JIEKTPOHA

~ ﬁ2 2
H=——V*—ep(tr). (40.6)
2m
CunTast oe crabbIiM, Toaraem

p = po(r1 —r2) + dp(t, 11, 12), (40.7)

rIe pg — MaTpuia TJIOTHOCTH HEBO3MYIIEHHOTO CTAIMOHAPHOTO W
OJIHOPOJIHOTO (HO He 00si3aTeIbHO PABHOBECHOTO) COCTOSIHUS Ta3a; B
CUIIY €T0 OZHOPOIHOCTH, Py 3aBUCUT TOJIHKO OT pa3HocTn R = rq—rs.
Marpuna moraoctn po(R) ces3ana ¢ (HeBo3MytenHoii) dbyHKImei
pacnpejiesiennst 3JIeKTPOHOB 110 uMItyibcaM ng(p) dbopmy.oit

no(p) = N, /po(R)eiPR/ﬁ 3z, (40.8)

rne N, — nonnoe wncno snektponos (em. IX, (7,20)). 3xecw n(p)
OTIpeJIeJISIETCST KaK YMC/Ia 3aTOAHEHNs] KBAHTOBBIX COCTOSTHUH 3JIeK-
TPOHOB C OTIPEAEJIEHHBIMU 3HAYEHUAMU UMITYJIhCa W TIPDOEKIINN CITn-
Ha. Ynceao cocTosaumil, MpuXoAdIInXcsd Ha 3JIeMeHT UMITYJILCHOTO TTPO-
2d%p

CTpaHCTBa dgp " C ABYMd SHAUYEHUAMU TTPOCKI NN CITMHa, €CTh m
™
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ITosTromy n(p) CBsI3aHO € MCMOIK30BABINENCs paHee (hyHKIMeH pac-
npegenenus f(p) cooTHOmEnnem

f(p) = (22:’5;1- (40.9)

IMogcrasus (40.7) B (40.8) u 016pOCUB YileHBI BTOPOIO 11OPSsi/i-
K& MaJIOCTH, [OJIyYUM JIMHEHHOe ypaBHEHHE il MaJoi Jo0aBKu K
MaTpUIEe MJI0OTHOCTH:

2
[fmﬁ + A = A Gt e, r0) =

ot 2m
= —e[p(t,r1) — @(t,12)]po(r1 — r2). (40.10)
ITycTn 1)
o(t, ) = e’ KT, (40.11)
Torga 3asucumocTh perernsi ypapuerus (40.10) or cymmbr ry + 19
(¥ OT BpeMEeHM) MOKHO OTJEJINTh, TOJOKUB

0p = exp [zk% — iwt] g uk(r1 —r2). (40.12)

IMopcraBus 310 BoIpaxkenune B (40.10), moayuum ypasHeHue s

gwk(R):

[ﬁw + :—2 (V +z’§)2 o (V - zg)Q] guk(R) =

m 2m
_ *e@wk(eikR/Q - efikR/2)p0(R).

Temrepp  MOXKHO TIEpeiiTH B 9TOM ypaBHeHUU K Qypbe-
pazsoxkernnio mo R. Ymuoxue obe ero wactn Ha exp (—ipR/h) n

npounTerpuposas 1o d3z, noayuum (¢ yaerom (40.8))
hk hk
[ﬁw —e (p + ;) +e (p - 7)] guk(P) =

= R
N [n(J(p 5 g p+2

(vaie £(p) = P2/ (2m)), nm

_ €Puk no(p + hk/2) — no(p — hk/2) 40.13
guk(P) =37 . : (40.13)
Bnadenne MaTpuUnbl IIOTHOCTA HOPHA F{ = Iy = T OOPEIessd-

1) Tamunsronmam (40.6) momken GBITH SPMHUTOBBIM, a TIOTOMY (GYHKIHUA @ B
wem (m, ceposarenbro, B ypasaeann (40.10)) — semecrrsennoii. Ho nocie toro

kak ypasaenue (40.10) manmcano, BBU/y €ro TUHEHHOCTH MOXKHO €T0 PEMIATh s
Ka)K,E[OfI N3 KOMIIJIEKCHBIX MOHOXPOMATUYECKNX KOMITOHEHT TI0JId B OTJEJIbHOCTH.
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er MIOTHOCTH uncita wactun B cucreme: N = 2N p(t,r,r) (cm. IX,
(7.19)). ITosromy u3MeHEHUE MJIOTHOCTU JIEKTPOHOB 110/ BJIUSHUEM
I10JI4d €CThb

SN, = 2N,0p(t,x,r) = 2N,'*“Dg (R = 0),

usn, Beipasus g, (R = 0) yepes dypbe-komnonenTsl,

i(kr—w d’
SN, = 2N, e'kr=wh) /gwk(p)(zﬂ‘;g. (40.14)

CooTrercTRyIOIIee ke N3MeHeHUe TIOTHOCTH 3apsijioB ecTh —ed N,.

ﬂHSHeKTpI/IquKaH TTPOHUITAEMOCTH BBHIYNCTIACTCA TeTeph TaK, KakK
910 OBLTO caenano B § 29: mcxoms W3 CBA3M TLJIOTHOCTU 3apsiaa C
BEKTOPOM JM3jieKTpudeckoil noisipusamun (—edN, = —divP =
= —ikP) numem

edN, =i 1Ek = 281, .

47 4
Takum obpazom, HAXOAUM CJIEAYIOULYIO (DOPMYJIY Jjisd SIEKTPOH-
HOM 4acTu LPOJOAbHON JU3JIEKTPUYECKON IIPOHUIAEMOCTU I11a3Mbl
¢ dynkuueii pacupegenenus nekTponos n(p) (ungexc 0y Koropoi
Tereph OMyCKaeM):

2 3
w k) — 1 = _4;;:2 / n(p+ﬁllz/2) fn(p — hk/2) 2d p3 (40.15)
. v —w—i0 (27h)

(FO.JI. Kaumonmosun, B.I1. Cuaun, 1952); 06xoj mostoca B WHTE-
rpaje OnpesenseTcs, Kak 00baHo, mpasnaom Jlangay.
B kBasmk1accuueckoM ciydvae, npu BeinoaHennn ycaosuii (40.2),

(40.3), moxuo paznoxkurs byuxkuuu n(p + hk/2) no crenensiv k.

Torua

hk hk on(p)

—]—n({p— —) ~hk

n(pr ) n(e ) mm
u dopmyna (40.15) nepexonur (¢ yuerom cesizu (40.9)) B upexHi00
dbopmyny (29.9). Tlonuepkuem, oanako, 4ro pacupeaenenue n(p) B
910l opMyJie MOKET OTHOCUTHCS K BBIPOKJIEHHON TLj1a3Me.
[Tpumennm dopmyny (40.15) K HOJHOCTBIO BBIPOKIEHHO 3/1€K-

rTponHoit mnasme npu T = 0, korga n(p) = 1 npu p < prp un(p) =0
npu p > pp. 3amenus B aByx wienax B (40.15) nepemennyio unre-
rpupoBanust p + hk/2 — p, moxyanm

o 1 = 4me’ 1 B 1 2d°p
: hk? wi —kv+i0  w_ —kv+i0 ] (2nh)3’

P<pFr

2

hk
rjge w4 = w =+ o DJleMeHTapHOe, XOTs U JI0BOJBHO I'POMO3JIKOE
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MHTETPUPOBAHNE MPUBOAUT K PE3YJILTATY
30?2

k) =1 = 2% (1 g(w)) + g ), (40.16)
F
(w) = m(w? — k*v%) In @t kvp
5 N 2hk3vp w—kvp’

npudem jiorapudm JOJIZKEeH TIOHUMATLCS KaK 1n |u| — 47, ecim ero ap-
ryment 4 < 0; «maazmMenHas 9actoray (2, onpeeseHa no-mpexKHeMy
Kak ), = (47 Noe?/m)'/2.

B KBasukjiaccudyeckoM npegene, npu hk < pp, hw < ep 1),
dopmyna (40.16) npuBoAMT K MPOCTOMY BBIDAXKEHUIO, HE COJEPIKA-
memy h:

0 mpn  |w| > kup,
] -+ . 3712w
2(kvr)3

302 w w+ kvp
g—1= 1— In 1
2kvp w— kvp mpu |w| < KUp.

(40.17)

Ocobwrit mHTEpEC TIpeIcTaBIgeT cTaTudecknii cayqait. [lpu w = 0

Beipakenre (40.16) kak dbyHKINA k nMeer 0COGEHHOCTH B TOUKE, TJe
hk conamaer ¢ guamerpom epmu-cdeph:

hk = 2pp; (40.18)
B 9TOI TOYKE apryMeHT OJIHOI0 U3 JIOrapudMOoB 00palaeTcs B HyJlb.
Bo6smszu nee

2
g(0,k) —1=-°—

271'ﬁEF

hk —2
E==F <L
PF

[1 —¢In |£1|] (40.19)

IMTokaxkem, 9To HaMUIHe TOI 0COBEHHOCTH (€€ HA3BIBAIOT KOHOBCKOT )
TPUBOANT K U3MEHEHUIO XapaKTepa 3KPAHWPOBKUW TIOJIA 3apdAd0B B

1J1a3Me, KOTOpasi CTAHOBUTCS HE SKCIOHEHIHAMBHOM 2).
Banumenm soipazkenue (40.19) B Bujge
e/(0,k) = — afIn é (40.20)
2

e
rme o = Py a TOCTOSTHHAs [ MOYKET BKIIYATH B CeOST TakyKe 1
Thup

He MMEIOINi 0COOEHHOCTH BKJIAI OT HEBBIPOXKIEHHON MOHHOW KOM-
TTOHEHTHI TIJTA3MBI.

b IIpu T' = 0 mocraTovHo 3THUX ycaoBHil. le0 B TOM, UTO TIpeeTbHOe 3HAMe-
uue g; upu hkvp/er — 0 u T — () He 3aBuCHT OT NOPsIKA IEPEXOJA K PEIELy.
Ilostomy cootnomenne mexmy hkvp n T HeCymecTBEHHO.

2) Qusuueckme CIeCTBAL ocobernocTr, Bo3AMKaomei nmpu ycnosun (40.18),
Op1n ykazaubl Konom (W. Kohn, 1959).
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@ yphe-KOMTIOHEHTA TIOJIs, CO3/IaBAEMOTO TIOKOSIIINMCS B TLIa3Me
MaJIBIM TOYEYHBIM 3apsiJIOM €1, BBhIPaXKaeTcs depe3 JIN3IeKTpude-
CKYIO TIPOHUIIAEMOCTh (hOPMYJIOit

4me,
= = 40.21
Pr = e (0.8) (40.21)

(cm. 3amaay 1 § 31). Ins nmorenmmana ke (r) Kak QyHKINN pac-
CTOSTHWSI OT 3apsijia €1 NMeeM

[ee]
. 3 .
o(r) = [ pre™* a7k _ 1‘ Im | ek dk. (40.22)
(2m)3 2m2r
0
IIpu k& — 0 dyukums p(k) crpemurcs K NOCTOSHHOMY Tpejie-
JIy ¥ He uMmeeT ocobernocTn. [103ToMy acuMITOTHYECKOe TIOREICHNE

naTerpana B (40.22) mpu r — oo onpenessieTcsi 0COOEHHOCTHIO ITOT
dbyukun npn hk = 2pp. Bonmsu nee

evmh? « 1
=9y Yo L
Pk = [ ﬁgné}

BK.Ha,ZI 3TOH 00J1aCTU B aCUMIITOTUYECKOE 3HAYEHUE nHTerpaJial

0
(p(’)") ~ 2612(}. Im (€2Z-pFT'/ﬁ(])7 J = / fln i€2ippr£/ﬁ d§
nB3%r . €]
—00

BBUYy ObICTPOI cxoauMocTu (CM. HUZKE) UHTEIPUPOBAHKE 1O £ MOK-
HO PACIPOCTPAHUTH OT —OC 0 OQ.

st Berauciienns wHTErpasa J pasjesuM ero Ha JBe 4acTu
or —oc 10 0 mw or 0 10 oc 7 B KaX/I0#f W3 HUX MOBEPHEM IMyTh
MHTEIrPUPOBAHUS B IJIOCKOCTU KOMILJIEKCHOW mepemMeHHoit & 10 ero
COBIaJIeHUS € BepxHell MHuMO# nosyocwio. lomoxkus 3arem & = iy,
[IOJLY 9UM

oo
J = /e%ﬂy/ﬁ [ln# —1In l} ydy.
-y Yy

Pasnocts B KBagpaTHbIX CKOOKAX CBOAUTCH K 47, Tak 4910 J =

. B2
= z7r< ) . OkoHUaTeIbHO HAXOIUM
2pFT

n? 2 h
plr) ~ G1ol cosCprr/h) (40.23)
2ﬂ2p3, r3
Taknm obpazom, TMOTEHIINAT SKPAHWPOBAHHOTO TOJS BIAIN OT
3apsjla OCHWJLINPYET € aMIUINTYI0#, crnajaromieit mo CTenmeHHOMY
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BaKOHY. DTOT PE3YAbTAT, TTOJIYIEHHBIH /1T BBIPOKICHHON TLI1a3Mbl
npu T' = 0, ocTtaeTcs B cuje JijIg MaJbIX, HO KOHEYHBIX TEMTIEPATYP

hvr
Ha PACCTOAHMAX T K e

Bamauga

OnpeennTh CIEKTDP JIEKTPOHHBIX KOJIEOAHUIT BBIPOXKAEHHON IJIa3Mbl 1IPU
T = 0 B KBa3suKAACCUIECKOI obaacTu 3HaveHuii k.

P em e nue 3asucumocrs w(k) naer-
cs ypasuenmem £ (w,k) = 0 ¢ g n3 (40.17).
IIpn manmeix k (kvp < ) OKa3bIBaETCS, 9TO

kvp /w < 1; peiicrBurensro, pasaoxus g;(w, k)
110 CTEIeHAM 3TOTO OTHOIIEHUS, TTOTYIIM

3 [(kvgp 2
-0 [14+ 2 (2 1
N 10<Qe) M

(A.A. Baacos, 1938) ') Dra uacrs cuekrpa co-
OTBETCTBYET OGBI‘IH})IM TJIa3MEHHBIM KOJ'Ie6aHI/I—
Puc. 12 au (cp. (32.5)).
TIpw Gombnmx k (kve > Q., #Ho no-npexnemy hk < prp) OKa3bBaeTCs,
u10 w & kvp. Pemas ypasuenne g; = 0 mociegoBaTeIbHbIMUA TPUOTHKEHAAM,

Hoﬂqu/IM
2k v,
w=kvp 1+2exp<f —2 2
[ - )

(A.H. Toavdman, 1947). Dra 9acTh CIEKTPA AHAJIOTUYHA HYJIEBOMY 3BYKY B HE3a-
pakernoM depmm-rase (cp. IX, (4.16)).

Xox crekrpa nokazaH cxemarumdecku Ha puc. 12. Ormerum, uro Besue
w/k >vp, a nockonsky npu T = () HET 9acTUL CO CKOPOCTAMH U > Up, TO 3aTy-
xarme JIaHmay ¢cTpOro paBHO HYJTIO.

) OrmeTnm, 9TO ycIOBHEe KBA3HKTACCHIHOCTH YacTOTHI e B BBIPOMKICHHOI
mraszme (hfde K €7) coBnAJaeT ¢ ycioBueM uueanbaoctu miaasmer (40.4).



r1TABA IV

CTOJIKHOBEHUA B IIJIASME

§ 41. Nurerpan cronkaoBeHuit Jlangay

N3zyuenne cBOMCTB 1a3Mbl C yU€TOM CTOJKHOBEHWUI MEXKy da-
CTULIAMU HA/I0 HadyaThb C BbIBOJA KUHETUYECKOIO YDPaBHEHUS JIJ1d
dbyHKIHUiT pacupegesenns JMEKTPOHOB U HOHOB.

reruduKa ITOr0 CIydas CBsidaHa C MEJJIEHHOCTHIO yOBIBAHUS
CHJI KYJOHOBCKOTO B3aWMMOAEHCTBUS MEXKAY 3apsAKEHHBIMHW YaCTH-
mamu. [Ipu OykBaIbHOM TPUMEHEHUN OOJBIIMAHOBCKOTO WHTETrpasia
CTOTKHOBEHUI 9TO OOCTOSATETHCTBO MPUBOIUT K TIOSIBJIEHUIO PACXO-
IUMOCTel B mHTerpasax Ha OOIBINNX PACCTOAHUSX MEXKJY CTaIKU-
BAOIIMMUCS TaCTUTIAME. DTO 3HAUNAT, ITO CYIMIECTBEHHYIO POJIh UTPa-
IOT WMEHHO JajieKne CTOJKHOBeHus. Ho Ha 6OMBIHMX PACCTOTHUSIX
YaCTUIBl OTKJIOHAIOTCA JIUIIL C MaJjblM W3MEHEHWEM WX WMIYJIb-
COB. DT0 00CTOATETHCTBO TO3BOJISIET TMPUAATH WHTETPATY CTOJKHO-
BeHUil BUI, I000HBIN TOMY, KaKOil OH mMeeT B ypaBHeHun Pokkepa—
[Tnanka. B ormmane ot nociaeinero, oJiHaKO, MHTErpasl CTOTKHOBEHNI
Tereph He JINHEEH M0 MCKOMBIM (DyHKINAM pacrnpegenerus. Ho or-
HOCUTENbHAA MAJOCTh W3MEHEHUI MMMy IbCa MPA CTOJKHOBEHUAX BO
BCAKOM CJIy4dae O3HAQ4YaeT, YTO OMUCHIBAEMBI MHTErpaJoM CTOJKHO-
BEHUIl MTPOIECC MOYKHO PACCMATPUBATH Kak AndDy3uio B UMITYIHC-
HoMm mpoctpancTBe. COOTBETCTBEHHO STOMY MWHTETPAJ CTOJTKHOBEHUIT
MOKeT OBITH MPEJICTaBIEH B BUJIE

. ds
Stf=—divps= ——=,
. o
Pa
rIe § — TUIOTHOCTH TIOTOKA YACTWIL B WMITYJIHCHOM MPOCTPAHCTRE;
3aJ1a9a COCTOWT B BBIPAKEHWWM 3TOTO TOTOKA 4epe3 (DyHKINM pac-

TipeJIe/IeHus.
3armriem B BUIE

wf(p)f'(p') d’qd’p’

YUEIO CTOJKHOBEHWH, UCHbITbiBaeMblX (B 1 ¢) wacruueil ¢ uMiysib-

COM P, C 9aCTHIIAME C UMIyIbcaMu p’ B unTeprane d°p', npudem p
n p’ mepexomAT COOTBETCTBEHHO B P+ q 1 P’ — ; 37eCh YITEHO yiKe
COXpaHeHne NMITYJIhCA TTPU CTOJKHOBEHNAX. APryMenThI £, T B hyHK-
LIUAX paclpejeseHus I KPaTKOCTU He BBIMUChIBaeM. dacTuibl p
n p’ MOTYT OTHOCHTECA K OZHOMY W TOMY K€ MWW K Pa3JIndHbIM PO-
JIaM 9ACTHI] B TJIa3Me (3JIEKTPOHBI, MOHbI). DyHKImio w Oygem cum-
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TaTh BBIPAKEHHON Yepe3 MOLyCYyMMBbl UMITYJIbCOB KazK/10M 13 4aCTUL]
JI0 U TOCJIEe CTOJIKHOBEHUI M Yepe3 IepeaBaeMblil UMITYJIbC (:

w(p+g, p'— q);

OHA 3aBUCUT, KOHEYHO, ¥ OT POJIOB CTAJKUBAIOMINXCs dacTull. B cuy
NPUHIMNA JIETAIBLHOr0 paBHoBecus (2.8), dyHKIMs W cuMMeTpuyYHA
110 OTHOIIEHUIO K IIePECTAaHOBKE HAYAJBbHBIX W KOHEYHBIX YaCTUIL:

q ! q q ! q
195 _9.q) = 495 -9 _q). 41.1
w(p+2,p 27q) w(p+2,p ) q) (41.1)

DOyHKIMS W COMEPKUT O-DYHKIMOHHBIIT MHOXKUTEIH, BHIPAKAIOIINT
COXPAHEHNE 3HEPIMU TIPU CTOJKHOBEHUAX (COXpAHEHME WMITYJIbCa
YK€ YUTEHO).

PaceMoTpuM eIMHIYHY O TLIOMIAJKY, PACIIOIOKEHHYI0 B HEKOTO-
poii TOYKE P UMILYJILCHOTO TPOCTPAHCTBA (YACTUIL JAHHOIO POJA),
HEePIEeHINKYIAPHY 0 0CH Pg. 10 ONpeeennio, KOMIIOHEHTa, 8 g, TLI0T-
HOCTH TIOTOKa eCTh M30BITOK YHCIa YacTHIl (JIAHHOTO CopTa), Tepe-
CeKAIOIINX B €IWHWILY BPEMEHW 3Ty TIOMAJIKY CJI€Ba HAMPABO, HAJ
YMCIOM YACTHII, TTIEPeCceKaloIInX ee Crmpasa Hajaero. [lepememenmne
B WIMITYJILCHOM TPOCTPAHCTBE €CTh Pe3y/aIbTaT CTOIKHOBeHwuit. Ecim
NPW CTOMKHOBEHNW YACTHIE TIEPEIAeTCa (-KOMIOHEHTa UMTTYJIhCA (g
(go > 0), TO B pesyabpraTe TAKWX CTOJKHOBEHUil HWepe3 TIOMAJIKY
MPOFIYT CIeBa HAMPABO Te€ YACTHIBI, ¥ KOTOPHIX 10 CTOJKHOBEHWS
9Ta KOMTIOHEHTA JIesKala B TPeJeaax 0T Po — (o O Po- 1103TOMY TOJI-
HOE YMCI0 FTaCTHIl, TEPEeCeKaIOINX TIOMAIKY CIeBa HAPaBO, €CTh

Pa
> / d3q/d3p’ / w (p+ SP - %;q) f(®)f'(p") dpa-
qo:>0 ’ pa‘*Qa

CyMMI/IpOBaHI/Ie TTPOU3BOANTCA TIO BCEM COPTaM YaCTUIl, K KOTOPHIM
OTHOCATCA TMTPUXOBAHHBIE BEJINIMHBI (B TOM YnCjIe, KOHEYHO, W TI0

3a/IAHHOMY COPTY, K KOTOPOMY OTHOCSITCS BEJIMYMHBI 03 IITPUXOB).
AHaJOruIHBIM 00PA30M, YUC/I0 YACTHULL, TEPECEKAIONINX TY YKe I1J10-
Ia/IKy CIIPaBa HAJIEBO, MOXKHO IIPEJICTABATH B BU/IE

Pa
Z/d3q/d3p' / w (p+§,p'*§;*q> fp+a)f'(p' ) dpa-
Ga>0 Pa —qa

B cuy (41.1), dbyskumm w B 060uX WHTErpasiax oJuHakoBbI. [To-
9TOMY Pa3HOCTh ITUX WHTETPAJOB COJEPKUT B TOIBIHTETPATHHOM
BBIPAXKEHUU PABHOCTD

fe) f'®)—-fe+a)f'®-d).
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Bocrnosnib3ayemcst Teneph MaJIOCTBIO TIepead UMIyabca  (Tod-
Hee, MaJIOCTHIO CYIIECTBEHHBIX B WHTerpajax 3HavYeHWil q 10 Cpas-
Hennio ¢ p u p'). Pasnaras manucannyio pasHoOCTh MO CTEMEeHsIM (,
TOJIY9IWM, C TOTHOCTHIO 710 YJIEHOB TIEPBOTO TIOPSIIKA,

Of(P) pr/ af' (p')
[%Z’f (p') + f(p) > }qﬁ-

8 I

ITocnie 3TOrO MOXKHO y¥Ke, C TOI YK€ TOUYHOCTHIO, 3aMEHUTH B TIOJIHIH-
TErpaIbHbIX BbIPAYKEHUAX

w (p + g,p’ - g;q) ~w(p,p';q).

Muarerpuposanue xke 110 dp,, KOTOPOE TPOUIBOAUTCS 110 MAJIOMY WH-
TEPBAJY MEXK/Y Po — o U P, MOKHO 3AMEHUTH IPOCTO YMHOKEHIEM
HA BEJIMYWHY 9TOI0 MHTEPBAJIA §q. B pe3ysbrare mojydnm

0 ’ 0
=3 [ #a futepia) | 101 - o) 20 g,
qa >0
(41.2)

B cuny (41.1), w(p, p’;q) — wernas dbyHKIMSA ¢, TO3TOMY 9€THO
U BCE NOJbIHTErpanbHoe Boipazkenue B (41.2). D10 nozsossier 3ame-
HUTH MHTETPAJI 10 MOJYIPOCTPAHCTBY (o > 0 moaoBuHON naTErpana
10 BCEMY (-IIPOCTPAHCTBY.

[MepenucbiBas Boipaxenune (41.2), BBejgeM Takzke B HErO BMECTO
byHKIMM W cedeHre CTOJIKHOBEHUH COTJIACHO

wd?q = |v —v'| do.

Kak yzxe 6b1j10 00bSICHEHO B CBsI3U € 3AMKUCHI0 MHTEIPAJIA CTOJKHOBE-
Huii B Buge (3.9), nocae 3Toro MOKHO CYUTATH, YTO YUCJI0 HE3ABUCHU-
MbIX MHTEIPUPOBAHUI yXKE YMEHBIIEHO YIEeTOM 3aKOHA COXPAHEHUsI
suepruu. Takum 006pa3oM, MJIOTHOCTH MOTOKA MUMITY/IbCA B UMITYJIbC-
HOM IPOCTPAHCTBE JijIsi YaCTUIl KayKJI0T'0 POJIa TPUHUMAET BU/I

So = Z / |: (pl) _ f/(p/) 8f(p) BOL,B d?lpl7 (413)

B Ops
TIe
1
Bopg = 5[([&Q5|V —V'|do. (41.4)

Ocraerca BRIMMCIUTL BeauuuHbl Bag g CTOIKHOBeHMI 4YacTHIL,
B3aumoeiicTBytonux 1o 3akony KyJsona.

IIpm oTkIOHEHNN Ha MaJbIit yToJ M3MeHeHNe q MMITYIbCa CTa-
KWBAIOIINXCST TACTUIl TIEPTIEHANKYJISPHO WX OTHOCUTEIBHONW CKOPO-
cri v — v'. Tlosromy w Tensop B,g Tomepeden Mo OTHOIIEHNIO K
BEKTOpPY V — V':

Bag(vg — vg) = 0. (41.5)
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Cpa3y 7K€ OTMEeTUM, 9TO TeM CaMbIM aBTOMATUYIECCKN o6ecnqu/IBaeT—
cst obpairienne motokoB (41.3) B Hy/Ib JJIsi PABHOBECHOTO paCIpe/ie-

sennst Beex yactull. C MakcBes1oBckumu pacnpejesenusavmu f u f’
(¢ omuuakoBoit Temmeparypoit 1) NOABIHTErPAILHOE BLIPAYKEHUE B
(41.3) cTaHOBUTCS paBHBIM

%(U% —wvg)Bag = 0.

BekTop v — v/ ecTh B TO JKe BpeMsi €IMHCTBEHHBII BEKTOD, OT
KOTOPOTO MOYKeT 3aBuceTh Ten30p B,g. [lonepednsrii mo oTHOMeEHNIO

K v — v’ Takoit TeH30p JI0JI?KeH UMeTh BUJL

Ba,B _ %B 506 _ (va — vg)(vp — vp) 7

(v—v')?
IJ1e CKaJIsip
1
B = Bao = 5fq2|v — V| do.
IIyctb X yroJl OTKJIOHEHMsI OTHOCHTEIbHON CcKopocTu (yros
OTKJIOHEHWsI B CHCTEME MEeATpa WHEPIUK AByX wactui). [Tpn maasix

3HAYEHUSIX ITOTO YIJIa BEJMYNHA N3MEHEHWs] MMIYJIbCa ¢ = p|v —
—v/ |x, Tae p — mpuBenennast Macca gactui. [losromy

1
B= Ly -V [ 3 do = v — v/,

e
at:f(lfcosx)da%%fXQda

Tpancnopraoe cedenne. uddepenuaibuoe cevenne paccesiHust
Ha MaJible YIVIbl B KYJIOHOBCKOM 1ojie jaercs hopmy.ioit Pezepdopaa

do ~ 4(ee’)? do ~ 8m(ee’)? dx (41.6)
p v =v)ixt (v = V)t e
(e, ¢  3zapsaapl crankupatomuxcs yactun). OTCIOAa TPAHCIOPTHOE
cevenue
2
oy = Amee)” oo = [ X (41.7)
p (v —v)t X
Hnsa senmaun xe B,g umeem, ¢1e10BaTe1bHO,
27(ee’)? (va — v (vg) — vp)
Bog = "——"2L 0,5 — . 41.8
] ["‘5 (v—v')? (41.8)

Warerpan L norapudvudeckn pacxoanTcsi. PacxommMocTh Ha
HUZKHEM TIpejiesie CBaA3aHa ¢ (PU3WIeCKOil MpUIMHON — MeIeHHO-
CTBIO YOBIBAHUS KYJOHOBCKWUX CHJI, TIPUBOJAIIEH K OOJBIION BEpo-
SATHOCTHW PaCCeTHNs Ha MaJjible YTIbl. B J1eiicTBUTeThbHOCTH, OTHAKO,
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B JIEKTPUYECKU HEHTpaJIbHON IJIa3Me KYJIOHOBCKOE I10JIe YaCTUIIbI
Ha JOCTaTOYHO 6OJIBHH/IX PACCTOAHUAX SKPAHUPYETCA APYTUMU 3a-
psimavu; 0003HAYNM Tepes Xmin TMOPAJOK BEIUYNHBI MUHUMATILHBIX
YTJIOB, Ha KOTOPBIX pacCedHmne enie MOXKHO CYUTATH KYJTOHOBCKUM.
PacxommMocTh ke Ha BepXHEM TIpejesie CBs3aHa TPOCTO C TeM, 9TO
BCE (bOpMyJIBI 6BI.HI/I HaNMMCaHbI B TTPEATTOIOKEHNN MaJIOCTU YTJIOB 1N
TEepSII0T CBOIO MPUMEHNMOCTh 1pn Y ~ 1. mes B Buay ciabyio 9ye-
CTBUTEJIBHOCTH norapmbMa 60.HBIHOFO apryMeHnTa 1Mo OTHOIIEHUIO K
He60.HblHI/IM N3MEHEHUAM ITOCJIEHETr O, MO2KHO Bbl6paTb npezjesibl nH-
TEeTrpupoOBaHrdA 110 OIEHKaM HX IIOPAJKOB BEJIMYUHBI, T. €. HallUCaThb

L = In(1/Xmin)- (41.9)

DTy BEJUUYUHY HAZBIBAIOT KYAOHOBCKUM Aozapudmom. Cpazy noj-
YEPKHEM, 4TO TAKOM crnocob ero onpeje/ienus OrpaHnauBaeT BCe Pac-
CMOTPEHUE, KAK TOBOPAT, A02aPUPMU4ECKOT MOuHOCMBI0: IpeHedpe-
raercs BEJMYMHAMM, MAJIBIMU 10 CPABHEHUIO HE TOJIBKO C OOMLINON
BesmIMHON 1/Xmin, HO 1 ¢ ee jorapudmom.

QakTnyeckasg OUEHKA Xmin 3ABUCUT OT TOTO, JOJKHO JIN PACCes-
HUE YaCTHUI ONMCHIBATHCH KJIACCUYECKU MJIM KBAHTOBOMEXAHUYECKU
(camo xke 110 cebe Boipazkenue (41.8) cupasemBo B 060uX Ciydasx,
MOCKOJIBKY 9MCTO KyJIOHOBCKOE Paccesiiue OnuchbiBaercst hopmyJioi

Pezepdopaa kak B Kaaccmuaeckoif, Tak M B KBAHTOBOW MeXaHWKe 1))
DKpaHUPOBKA KYJOHOBCKOTO TIOJI YACTHUIBI B TIa3Me TTPOUCXO-
AT HA PACCTOSTHUAX TOPSIKA BEJININHBI 1e0aeBCKOTO pajanyca a. B
KJIACCUIECKOM CJIYIA€ Xin OTPEIEIAETCA KaK YTOJ PACCESTHUS TTPU
TpoJieTe Ha MPUIETLHOM paccTosdaunu ~ . COOTBETCTBYIONIEE N3Me-
! !
HEHWE UMITYJIbCA: ¢ ~ J;L' (Hpou3Be;1eHne CUJIBI ~ ‘ZLQ' Ha BpeMs
OTH

poJIeTa ~ )2) Pazgenms ero na mMIysIhe ~ UUgry, TOJIYIAM

ee
Xmin ~ % Ves10Bre KIacCMIHOCTH PACCEeSAHUs AAeTCs HEPABEeH-
ee
creom 1241 > 1 (em. III, § 127). Takum o6pazom, umeem
/')OTH

—2 !
L=1In o ppy leel 5, (41.10)

lee’| Aoz

') B xBanrtosom CIIyvae TIPWM PACCesTHUM OJIMHAKOBBIX YaCTHIl (3JIEKTPOHOB)
JOMKEeH YIUTHIBATHCs OOMeHHBI 3 derT. DToT 3dhderT, omHaKo, He MeHSeT
NPEJEIBHOrO Buja cedenns Ha Maubix yraax (41.6).

2) 31ech 1 BE3LE B AHAJIOTMYHBIX MECTAX HUKE Tory — CPEAHEE 3HAYEHWE OT-
HOCHTEeTbHOM CKOpPOCTH ABYX [acTtui, |v — v'|. Ecm wactuner omroro poma, To
Tgrn COBIIQJAET CO CPEAHUM 3HAUe€HHEeM U. Eciau 4acTuubl pasjimyaHOro poja, 1o
Ugrn COBIIAIAET € OOJIBINM M3 U U U .
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le€’|

B obparnom mpemennHOM ciydae, KOraa < 1, pacces-

Voru

HUE JO0JIKHO PACCMATPUBATHCA KBAHTOBOMEXAHWIECKW, B OOPHOB-
ckom mpubamkernn. Cedenne paccesHusi B 9TOM CJIyYae BbIPAYKa-
ercs 1uepe3 pyphe-KOMIOHEHTY PACCENBAIOINIETO TTOTEHIINAIA C BOJI-
HOBBIM BEKTOPOM q/f. BKy1a/1 B 9Ty KOMIOHEHTY, TPOUCXOISIINIT OT
9KPAHUPYIONIEro «00J1akay 3apsyioB (C pa3MepaMu ~ @), CTAHOBUTCS
MabiM 1pu ga/f 2 1; UMEHHO 9TO €CTb B JJAHHOM CJIydae yCJIOBUE
YUCTON KYJIOHOBOCTHU paccesuus. [109TOMYy yTIOa Xmin HAXOAUTCS U3
YCJI0BUS
GuinG _ pUXmin@ _ 1.

h h
Takum obpazom, B 3TOM Ciry4dae
L=1In"Te el « 1. (41.11)
Vorn
ITpu (41.10) u (41.11), ecrecrBeHHO,
COBIAJIATOT.

Beinuiem Tenepb OKOHYATEJIbHOE BbIPAZKEHUE Jlsl [LJIOTHOCTEN
HOTOKOB B MMILYJIbCHOM npocTpancrse, nojacrasus (41.8) B (41.3):

Sa = ZQ?T(@@I)QL / (fa_fll —f’a_f> X

dp s Opg

N2 _ — — ]
y (V v) 5o¢B (Ua Ua)(vﬁ UB) d3pl (4112)
|V _ vl|3

COOTEETCTBYIOIINE KMHETUYECKNE YPABHEHUS:
v +e(E+—[vB]) O _ _divys (41.13)

(e — 3apsiyi 9acTUI, K KOTOPHIM OTHOCUTCS (DYHKIWs f, T. €. Jis
JIEKTPOHOB HAJI0 IIMCATH —€, a Il MOHOB ze). VIHTerpas CTojKHO-
Beruil B jorapudMudIecKOM IPUOINKEHUN JIjIsd Ta3a, C KYJIOHOBCKUM
B3auMoJIeiicTBreM MexK Iy dactuiiamu 0oL yeranossien J1 /. Jlanday
(1936).

IIpumenunmocts naTErpaia CroakHoBenuit Jlanay cBga3ana ¢ Bbl-
NOJIHEHMEM OIIPEJIEIEHHbIX YCI0BUA. Xapakrepabie jyuabl 1/k, Ha
KOTOPBIX CYIIECTBEHHO MeHseTCs (DYHKIINST PACITPEIeIeHIs, TOIK-
HBI OBITH BEJIMKH TI0 CPABHEHWIO C PAJNYCOM 3KPAHWPOBAHUSA @, a
XapaKTepHbIe WHTEPBAIbl BPEMEHN 1/w — BeJIMKW M0 CPABHEHWIO C
a/Vory; B s0rapudMuueckoM 1pub/IMKEeHnn, OJHAKO, (haKTUuIecKn
JIOCTATOYHO MOTPEOOBATH BBITIOJHEHUS ITUX YCJIOBUIT B cyiaboit popme

ka <1, w< o (41.14)

a
co 3HakoM < BMecTO K. /lebaeBckuil paamyc a urpaer 37ech Ty
JKe€ POJIb, KOTOPYIO /Il HEMTPAJIbHBIX Ia30B UT'DAJ PAAUYC AeiCTBUA
MOJIEKYJIAPHBIX CHUJI.
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Bamaua

B § 34 mokazamo, UTO mOC/TEe TOTO, KaK BO3MYIIEHUs TEKTPOHHON ILIOT-
HOCTH C BOJIHOBBIM BeKTOpOM K 3aryxHyT mM3-3a 3aryxanus Jlawjgay, BO3MyILie-

Hust DYHKIUH pPACIIpeie/IeHIs! MPOJ0IKAIOT OCII/LIIPOBATE 110 3aKOHy e KVt
(34.16). Haiitu 3akoH 3aTyXaHusd 3TUX OCHULIAINN U3-32 KYJTOHOBCKUX CTOJK-

Hosennit npu sBpemenax t > 1/(kv).
Pemenwne Umem byuknuio pacupeneneHus B BUIe

f=fo+df,  8f =alt,v)e (1)
rae 0 f — BO3MyIIEHME PABHOBECHOTO pacrpeaesenus fo; & — MEIJIEHHO MEeHsI-

omadacd beHKHI/IH CKOpPOCTHU (I/ICHBITBIBaeT 3aMeTHO€ M3MeHeHue JIUIIb Ha HWH-

1
TepBajiax ~ v > —) IIpu noacranoske (1) B (41.12) B nogsiHTErpasbHOM

BBIPpa>KE€HUU HaJ0 COXPaHUTh JIUIIb 9JIeH

@) L) L (p) (')
P m

OCTa/IbHBbIE YIEHBI JAI0T MAJIbIA BKIaJ MO0 BBU/IY MOTANIEHUs WHTErpasa, 6a-
roflapsi HAJTMYIHIO OBICTPO OCHUJLIUPYToIero Muoxkutens exp (—ikv't), nuo sBu-

Ay OTCyTCTBHs B HMX MHOxutesas kt > 1/7. Ilo nocnenneil npuumne wamo u
npu Beranciaennn divp s guddepeHnnpoBaTh TOJBKO IKCIOHEHINAIBHBIN MHO-
KATeIb. B pe3ynbTraTe KMHeTHYECKOe yPAaBHEHNE JaeT

da 2
— = —kakgbagt’a,
ot

MPUYEM 110 TOPsiAKY Beanuanibl Kodddnunentor bog ~ v2v (v — gacrora CTOJIK-
sosenwuit). Orcona

1
a(t,v) = ao(v) exp{fgkokgbagtg}, (2)
MO9TOMY BpeMsi 3aTyxXaHust Kojaebanmit
Taar ~ v~ P (kD) P

HOCKOH})Ky BCA TeOpI/Iﬂ 3aTyXaHI/I5{ ﬂaHﬂay nMeeT CMbICJI JIUITh HpI/I yCIIOBI/II/I
kU >> v, TO Taar K 1/1/. Pesynbrat (2) CIIPABEJI/IUB JIUIIb TIPU YCIOBUUA MAJIOCTH
nokasaresns B (2) mo cpasHennio ¢ nokasarenem kvt B (1); anst 3TOr0 JOMKHO

Guith t < (VkT)™'/2. Ba 910 BpeMst OCHUAIAIMY 3aTYXHYT B €XP (—\/ki/y) pas.

§ 42. Ilepepgaua sneprum Mexk/ 1y JIEKTPOHAMU U MOHAMU

Bosbmast pazuuma mexk/y Maccamu 3jeKTPOHOB m u uoHoB M
3aTpyaHseT 0OMeH Heprueil MeXJy HUMU: TPU CTOTKHOBEHUU Tsi-
JKEJION 7 JIETKOW YaCTUIl SHEPTUsl KayKI0i M3 HUX TOYTH HE MEHs-
ercs. [TosTomy ycranom/ieHre paBHOBECHUS MEYK]y JIEKTPOHAMU Ca-
MUMH TI0 cebe W MOHAMU CaMUMU 110 cebe MPOUCXOAUT 3HAYUTETHHO
OBICTpee, YeM MEXKy SJIeKTPOHAMU W moHaMu. B pesyibrare Jerko
BO3HWKAET CUTYyallls, B KOTOPO# 3/IEKTPOHHAsI W MOHHAS KOMTIOHEH-
THI TJTA3MBI UMEIOT KayKasd CBOE MAKCBEJJIOBCKOE pacripesesieHre ¢
pazimunbiMu Temnepatypavu T, u Ty (06b1ano Ty, nipesocxoaut Tj).
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PasrnocTs TemmiepaTyp S7€KTPOHOB W MOHOB MTPUBOJANT K TIepe/ia-
Ue SHePruu MexKJy 00enMU KOMIIOHEHTAMNU ILIa3Mbl; ONpeIe/nM 3Ty
nepegaay (JI./1. Jlanday, 1936).

Byaem BpeMeHHO 00603HAUATH BEJIMYUHBI, OTHOCSIIINECS K MOHAM
U 3JIEKTPOHAM, OYKBaMU COOTBETCTBEHHO 0€3 IITPUXA U CO MITPUXOM.
Uzmenenne sneprim nonos (B 1 ¢ B 1 em® mmaswmer) gaerca mATerpa-
JIOM

% = [eSt fd?p = — [ediv,sd’p,
WJIN, THTETPUPYS 0 JaCTAM,
dE Jde 3 3
" / Sop 4P [svd’p (42.1)

(naTErpan mo GECKOHEYHO YJIATEHHONW TOBEPXHOCTH B MUMITYIHCHOM
NPOCTPAHCTBE, KaK OOBIYHO, OOPAIIAETCS B HYJIb).

B cymmax (41.3), onpegensionmumx mOTOKU 3JEKTPOHOB U MOHOB
B MMITYJIbCHOM ITPOCTPAHCTBE, OCTAIOTCA JINIIb YJI€HBI, COOTBETCTBY-
OIIME 3JEKTPOH-MOHHBIM CTOJKHOBEHUSIM; 3JIEKTPOH-3/IEKTPOHHBIC 1
MOH-MOHHBIE HJIEHBI /I MAKCBEJUIOBCKUX PaCIpeaesennii obpaima-
10TCA B HyJ1b. [T0JCTABUB B 3TH OCTAIOIINECS YJI€HBI MAKCBEIOBCKUE
pacupejesenus ¢ remneparypamu 1! u T, nojydum s 10ToKa Mo-

HOB:
Sq = /ff’ <1;‘j — ;‘j) Bag d3p'.
Ho ® cuny (41.5) nmveem Baﬂv/’g = B,gvg; caenaB 3Ty 3aMeHy U
nojcTaBuB OTOK S B (42.1), naiigem
dE 1 1
w_ (f . ?) /ff'vaq;ﬂBaﬁ Bpdp. (42.2)

Bruay mamoctin Macchl 371€KTPOHOB, WX CKOPOCTH B CPEJTHEM Be-
JIMKW TI0 CPABHEHWIO CO CKOPOCTAMU WOHOB. [Ioaromy B B,g MOKHO

TOJIOAKNTE ), — U & U,,. ITocIe 51010 Besmanibl Byg yiKe He OymLyT
3aBUCETH OT Uy W B (42.2) MOXKHO TPOU3BECTH WHTErPUPOBAHUE O
d3p:

1 — T
/fvavg d*p = géagNUQ = 60"3NM'
Taknm obpazowm,
dE NT (1 1
i M (? a :T’) /fIB g (429

Haxownen, nojcrasus cioga coryiacuo (41.8) B = 4mwe*22L/v" (ze
3apsijl HOHOB) M 3aMETHB, YTO JIjIsi MAKCBE/LJIOBCKOTO PACTIPEIETICHIST

f/dgp’ _ N/ 2m
T T’
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TTOJIY UM
dE _ ANN'2’e'\/2mmL

E o MT3/2
DT0 Ke BbIpa)KeHue ¢ 0OpATHBIM 3HAKOM JlaeT yObLib IHEPIUU
JIEKTPOHHON KOMIOHEHThl ia3mbl, —dE'/dt. Beipasus suepruio
9JEKTPOHOB B eJIMHUIE OObEMa 4Yepe3 UX TeMIepaTypy COrJIACHO
E' = 3N'T'/2 u BepuyBmuch K 0603HAYEHUIO 3JIEKTPOHHBIX U MOH-
HBIX BEJINYNH WHIEKCAMW € W 1, HATTUIIIEM OKOHYATEIhHO CJIE/IYIOIIee
BBIPAYKEHWE /I CKOPOCTH M3MEHEHUsT 9JIeKTPOHHOW TeMIepaTyphl:

(T' = T). (42.2)

_m 3/2

. _ LT e LM (42.5)

dt T ' 8N;z2e* L. (2wm)'/?

Qurypupyiomuii 3/1eCb KyJIOHOBCKUil jiorapudm paBeH

ln(aTS) pn hze_ > 1,
L. = e m;‘" (42.6)

ln(i'mTea) upn 5 < 1.

h hvre

Bemunna 77, npejcraBiger coboit BpeMs peslakcanuu 18 yCTaHOB-
JIEHWS JIEKTPOH-NOHHOTO PABHOBECHSI.

§ 43. [yimaa npobera yacTui B nJjia3me

Mgl Bugenn u3 m3/102KeHHOTO B § 41 BBIBOZA, UTO XapaKTepwH-
CTUKO# CTOMKHOBEHUI B KWHETHIECKOM YPABHEHUW CIIYKUT TPAHC-
noptroe ceuenne o; (41.7). IlosTomy MMEHHO 9TO CeUeHWE JOIKHO
durypupoBaTh u B ONpeIeNeHNN JJIUHBI CBOOOIHOTO TIpobera.

JLyist 37IEKTPOH-2JIEKTPOHHBIX  (e€) ¥  SJIeKTPOH-MOHHBIX  (€1)
CTOJTKHOBEHWI TIPUBEJIEHHAST MACCa [t ~ M, & MOCKOJIHKY CKOPOCTH
9IEKTPOHOB MHOTO OOJIBITIE CKOPOCTEH MOHOB, TO

pw(ve — vi): ~ mvg, ~ Te.
st qmabl pobera 97eKTPOHOB MOTYYaeTCs TTI0O3TOMY OIEeHKa,
T?
e™
4met* N L,
¢ Le m3 (42.6). MHOXuTEM 2z B OLEHKAX HE TMHUITEM; TPEJIno/iara-

ercst, 4T0 2; ~ 1. Bpems cBobognoro npobera sjeKTpPOHOB Te (uJin
obparHas eii BeJIMYMHA — YaCTOTa CTOJKHOBEHU V):

1

(43.1)

3/2 1/2
’Te ~ i ~ l—e ~ Tie m . (432)

Ve VTe 4me*NL,

e 1( T. )3/2
;Nfe N1/3p2

Ormerum, 9To
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U B CUJIY YCTIOBUS paspeskeHHocT miasmbl (27.1): [, > ae. CoorBer-
CTBEHHO 3TOMY YaCTOTa CTOJKHOBEHWI Maja 0 CPAaBHEHWIO C TIIa3-
MEHHOI YaCTOTOI 3JIEKTPOHOB:

Ve L Vpe/ae = Qe. (43.3)

Ananoruanpiv 06pazom, JrHa 1poHera HOHOB 110 OTHOIIEHUTO K
MOH-UOHHBIM (%) CTOJIKHOBEHUSIM:

T? aT;
li ~ 71, L1 =In{ —* s (434)
dme*NL; e?
riae L; KYJIOHOBCKHiT JIOTapudM ¢ MOHHBIMU BEJMINHAMHU BMECTO

snekTportbix. CooTBeTCTBYIONIEE BpeMsi podera:

1 T M2
Tig ™~ — Y .
Vg 471'64NLi

Benuuuna 7, onpegesisier, 0 NOPsIKY BEJMIUHBI, BPEMs PeJIaK-
camuu Jijisi YCTAHOBJIEHUS JIOKAJIBHOTO TEILJIOBOTO PABHOBECHUS JIEK-
TPOHHON KOMIIOHEHTBI IJIA3Mbl, & Tj;  TAKOE K€ BPeMs JIjisi HOHHOM
KOMIOHEHTbI. HO XOTS 9aCTOTBI Vee U Ve; €€- U €1-CTOJKHOBEHUN O/
HOT'O MOPS/IKA BEJUIUHDBI, BPEMS T OTHIO/b HE SIBJISETCI BPEMEHEM
peJiakcainuu Jjisd yCTAHOBJIEHUS] PABHOBECUsI MEXKy JIEKTPOHAMU U
MOHAMU; OHO XaPaKTEPU3yeT JIUIb CKOPOCTH [€PeIadu UMITYJIbCA OT
9JIEKTPOHOB K MOHAM, HO HE CKOPOCTH 00OMEHa, SHEeprueil MezK /1y HUMHU.
Bpewmsa ke pesrakcanuu i 97€KTPOH-UOHHOIO PABHOBECHUS JIA€TCS
onpe/jiejieHHoi B npejablyliem naparpade Besndunnoit 75, Cpabhe-
HUE BCEX TUX BPEMEH IOKA3BIBAET, UTO

Tee : Tii t Te; ~ 1 (M/m)l/2 :(M/m). (43.6)

C noMoIIbo JIJIMHBL TPOOEra MPOU3BEIEM OLEHKY KUHETHIECKUX
K03 DUIMEHTOB T11a3Mbl.

JList OLeHK Y 97IEK TPUIECKO TTPOBOJIMMOCTY 0 BOCIIOJIB3YEMCs U3~
BECTHOM 3JIEMEHTAPHON «Ta30KWHETUYIECKOity dopmysoit. HacTuis
(HoCcWTENIM TOKA) C 3apsJIOM € W MacCCOW 1 B CBOEM CBOOOJHOM JIBU-
JKEHUN B TEYEHUE BPEMEHW T TPUOOPETAIOT T BIANIHUEM JIEKTPU-
geckoro nosst B «ymnopsiiodenuyoy ckopocts Vo~ TeFE /m. Ilnor-
HOCTH CO3/aBAEMOTO ITUM JIBUKEHUEM 3JJIEKTPUIECKOTO TOKA, €CTh
j ~ eNV. IIposoanmocts ke (Ko OUIMeHT mponopIuoHaIbHOCTH
mexay j u E) ecrs, ciemoBarensbho,

(43.5)

2 2
UNeNTNeNl’ (43.7)

m muvr

npudeM 1oz [, m u vp caejayer MOHUMATh BEJMIUHBI, OTHOCHAIINEC
K Oosiee jilerkum gacrtumam  3jekrpoHam. OeHuBas ¢ MOMOIIBIO
910l HPOPMYJIBI, UMEeM
3/2
T.
o~ — (43.8)

e?2m'/2 L,
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Koaddumment TemnmonpoBOIHOCTH OIEHNBAETCS aHAJIOTUIHBIM
06pa3oM ¢ TIOMOIILIO Ta30KUHEeTHYeCcKOoi (hopmysl (7.10); ocHOBHYIO
posib urpaioT 31ekTponbl. meem 3¢ ~ Nelovpece (tpe ce ~ 1 anek-
TPOHHAsI TEMJIOEMKOCTh), OTKY/Ia

T:/Q

etml/2L, "

B mrpoTnBOMOMI0KHOCTE 3/IEKTPO- W TETLIOTPOBOIHOCTH, BABKOCTH

TJTIa3MbI CBSI3aHA B OCHOBHOM C JIBUKEHVEM MOHOB, TIOCKOJIBKY MMEH-

HO B MOHHO KOMIIOHEHTE TLIa3Mbl B OCHOBHOM COCPEIOTOYEH ee MM-

nyabc. CBepxX TOTO, UMITYJIHC MOHA MAJIO MEHSETCS TPU CTOJTKHOBE-

HUAX C 3JIEKTPOHAMUT; TI0 ITOW MPUUWHE JTOCTATOIHO PACCMATPUBATH

ofHM Jmmh it-cronkHoBerusi. Coryacuo (8.11), koaddunment Bsi3-
KOCTHU OlleHmBaeTcs Kak 1) ~ N;Ml;vr;, oTKyaa

(43.9)

Ml/:)TiS/Z
€4L1‘ )

Boruucsienne koadduuuentos B Boipaxkenusax (43.8) (43.10)
Tpefyer pelieHus JIMHeAPU30BAHHOIO KUHETUYECKOIO yPABHEHUsI C
MHTErpajioM CTOJKHOBeHuil JlaHjay, 4T0 BOBMOXKHO JHiib 1pub/im-
JKEHHBIMM YUCAEHHBIMU MeTogamu. Tak, Juist BOZOPOAHO# 11a3Mbl
(z = 1) koapuuneHTs B BbIPAXKEHUIX Il 0, 3, 7] OKA3bIBAIOTCS
pasubivu coorsercrsento 0,6; 0,9; 0.4.

N~ (43.10)

§ 44. JlopeHiueBa 1iiazma

[Ipu BBIUMC/IEHUN JIEKTPOHHOTO BKJIA/IA B KUHETHIECKHE KO-
dburmenTs mIa3Mbl HA/I0, BOOOIIE TOBOPS, YIUTHIBATH KAK €i-, TaK
7 ee-CTOIKHOBeHUs. Kcin, oiHaKo, 3aps/] MOHOB JOCTATOYHO BEJIWK,
POJTh €1-CTOJIKHOBEHMI MOXKeT OKa3aThCst ipeobiagarorieit. leiicTBu-
TeJbHO, CEUYEHNE ee-CTOJKHOBEHNI MPONOPINOHAIBHO (62)2, a JacTo-
Ta, TaKWX CTOJTKHOBEHWN Vg, — €Ie W TIJIOTHOCTHU 3JIEKTPOHOB Ng;
AHAJIOTUIHBIM 00Pa30M, JacTOTa €i-CTOTKHOBEHUIN TPOMOPIINOHA -
na (ze?)?N; = e*z;N,, Tak uto npu z > 1 6yAeT M Vej > Vee. [Lnas-
My, B KOTOPOiIl MOXKHO TpeHeOpedh ee- 0 CPABHEHWIO C €i-CTOJIK-
HOBEHWSIMU, Ha3BIBAIOT A0PEHUEB0T. XOTS ITOT CAydail M He 0YeHb
peaimCTNYeH, OH MHTEPECEH KaK B METOJANYECKOM OTHOIIEHNU, TaK 1

10 BO3MOYKHBIM TTPIMEHEHNSIM K JAPYTHM 00hekTam !).

Bsujy masioctu ckopocreit MOHOB 110 CPAaBHEHWIO CO CKOPOCTS-
MU 3JIEKTPOHOB, B MEPBOM NPUOJINZKEHUN MOXKHO UMU 1peHedpedn,
T. €. CYNTATh MOHbBI HEIO/IBU?KHBIMU, a UX PaclpejieseHne 3a/JaHHbIM.
B 3azade o noBejenun maa3zMbl BO BHEITHEM JIEKTPUIECKOM IIOJIE

b Hampumep, x c1abo noHN30BaHHOMY Ta3y, T/i€ BMECTO €i-CTOTKHOBEHMI HAI0
TOBOPUTH O CTOJIKHOBEHUSX JJIEKTPOHOB C HEHTPAJILHBIMU aTOMAMU.
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MMeeTCsa BhIICIEHHOe Harpapaenne — Hanpasaenane norsa E. Ecim
SJIEKTPOHHAA (DYHKIWA PACTPEIETCHTs MAJIO OTIWYAETCA OT PABHO-
BecHoii, f = fo(p) + 0f, To Mamast monparka 0 f JWHENHHA TIO TIOJIIO,
T. e. umeer Bug 0f = pEg(p). B arux ycioBugx 31eKTpOH-MOHHBIH
MHTErpaj CTOJKHOBEHWI IIPUHUMAET TOT BU/1, KOTOPBINA ObLIT IPHIaH
B § 11 mnarerpany cronkHoBeHuili B 3agade o auddysun npumecn
JIETKOTO Ta3a B TAYKEIOM:

St f = —vei(v)df, (44.1)

TJI€ BBEJEHA, 3ABUCAINASA OT CKOPOCTY IPhekmuenas 4acmoma CTOIK-
HOBEHU M
(v) = Nywo'® 44.2
Vei(v) = Nywo, ", (44.2)
(ei)
a o, TPAHCLIOPTHOE CeYeHUe PACCesHUd 3J1eKTPOHOB Ha MOHAX.
Bzss nocieanee n3 (41.7) u 3amenus zN; = N, mosyanm

4
Vei(v) = Amze Nel: (44.3)

m2v3

Huxe B 9TrOoM maparpade mbr Oygem nucars npocro v(v), onyckas
WHJIEKCHI €1.

BeraucamM  AM3IeKTPUYECKY0  TPOHUIIAEMOCTh  JIOPEHIEBOit
NJ1a3Mbl B IPOCTPAHCTBEHHO-0HOPOAHOM (BOHOBOH BekTOp k = 0)
nepementoM (0 e ') srextpuueckom none. Jlobaska df K paBHO-
BECHOMY PACHPEIEJICHUI0 OyIeT 3aBHCETh OT BPEMEHHU 110 TOMY K€
3AKOHY, 1 KHHETUIECKOE YPABHEHHE JIJIsi HEe UMEET BU/I

—iwdf — eE? +v(v)df =0. (44.4)
P
Bamerns Takke, aro Jfy/0p = —vfo/T, naxognm oTcroga
_ e fo
of = TEvu(v) — (44.5)

JnanekTpraeckast TpOHUIIAEMOCTE OTIPEIETISETCsST COOTHOTIEHNEM
(29.4): —iwP = j, win

e—1
—iWw

E=—¢[vifdp. (44.6)

IMopcrasus (44.5) u 1pousBes yCPEJAHEHME 110 HAIIPABJIEHUAM V (CO-
r1acHo (Va¥g) = 04502 /3), MOy UMM

(w) =1 ¢ / cod'p (44.7)
3wl | w+iv(v)
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B mpesensrom caytdae w > v 1) ara dopumymna gaer

2 2
gw)=1- AmeTNe | jAme g’s (v?v(v)), (44.8)

mw? 3w?
rJle YCpeJHEeHne MPOW3BOANTCS MO MaKCBEJIOBCKOMY pACTpesesie-
HUIO 3JIEKTPOHOB. Bbraumcims 3ro cpeanee st v(v) ns (44.3), mo-
JIyauM

B &2+i4\/2w ze'LN, O
w? 3 T3/2ml/2 w3
Hamomuum, ognako, 4ro 00/1acTh CHPABEAIUBOCTH 3TOH (POPMYJIbI
OrpaHuveHa Takxke u cepxy obmum ycaosuem (41.14) npumenumo-
cTu JorapudMUIECKOro npub/IMKeHus B MHTErpaJjie CTOJKHOBEHMUI:
w K 1)Te/(1,e = Q. qacToTA JOJIKHA OBITH MaJja M0 CPABHEHUIO C

e(w) =1 (w>v). (44.9)

IJIA3MEHHOM 9aCTOTON 3JEKTPOHOB 2).

®opmyaa (44.9) umeer 0coboe 3HAUECHHE, TAK KAK OHA CLIPABE//IH-
Ba Npu JIIOOBIX (& HE TOJBLKO DOJIBINNX ) 3HAYeHNsX 2. [leficTBuTeIbHO,
TIpH w > V POJIh CTOJKHOBEHUI CBOINTCSA K MAJIBIM TTOTIPABKAM; €1~ 1
€e-CTOTKHOBEHUsT MOYKHO, CJI€I0BATENHHO, YINTHIBATH HE3ABUCUMO.
Ho B oTcyTCcTBIE MOHOB OJIHOPOIHOE IEKTPUTUECKOE TIOJIE TTPUBOIUIIO
Obl JIUIIb K [IEPEMEIIEHUIO BCell CUCTEMBI JJIEKTPOHOB KAK €00 U
CTOJIKHOBEHMs B TAKO CHCTEME HE MOTYT BbI3BATh JUCCUNIANUIO (BbI-
ParKaroILyI0Cst MHUMOTT 4acThio nporutaemoctu €”); nocineauss ofy-
CIABJIMBAETCS B 3TUX YCAOBUAX TOJBKO €1-CTOJKHOBEHUSMU, YITEH-
ueiMu B (44.9).

B obparrOM mpemensHOM caydae, KOrga w <K U, TTPOHUIIAEMOCTH

MMEeT BUJL
2 2
e=il", =N [V (44.10)
w 3 \v(v)

Bennauna o, purypupyiomias B 3T0M HPeIeJbHOM BbIPAXKEHUH, €CTh
craruveckas npoBoauMocTh miaasmbl (em. VIIL § 58). Boruucaenue ¢
v(v) n3 (44.3) maer mias wee

42 T2
o= \/_7 (44.11)
w3/2 ze2 Lm1/?2
DTOT pPe3yIbTaT MOXKHO OBLIO OBl Oy YNThH, KOHEYUHO, W TIyTEeM IIpsi-
MOTO BBIYUCIEHWST TIIOTHOCTH SJIEKTPUTIECKOTO TOKA

j=—e[vifd®p
c df uz (44.5) (upu w = 0).

') Ion v (Ge3 ykazamus aprymenta) mompasymesaercs 3uauenue v(v) mpu
47'rze4NeL

ml /2T63/ 2

2) Berancienne £’ npu w > Q. pacemorpeno B § 48.

v = vr. B nannom ciydae v =
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Borancanm Takyke m Jipyrue KuHeTndeckne KoIMOUIMEHTH J10-
PEHIIEBOI TIJIA3MBI, CBSI3aHHBIE C €€ TTOBEJIEHNEM T10JI BJINSIHUEM T10-
cTosHHOTO (w = () SJIEKTPUYECKOro TOJIs W TPajMeHTa TeMnepary-
pol. [IpenBapurenbHo HATTOMHNM OTpejesienne 3TuX Koddduimen-
ToB (cm. VIII, § 25).

Ve1oBus TETIOBOTO PABHOBECHS TPEOYIOT, KAaK W3BECTHO, HAPITY
C TIOCTOSTHCTBOM TEMTIEPATYPHI TAKKE W TTOCTOSTHCTRA BJOIb CPEIhI
cymmnl g+ U, tie p — xuvudecknit norenimast gactnil, a U — ux
SHeprusi BO BHeIIHEM mojie. B jannom ciydae pedb ujer 0 paBHOBe-
CUU 110 OTHOIIEHWTO K JIEKTPOHAM, TAK YTO I0/I [ HAJI0 MOHUMATh UX
xumudeckuit norenmnuasi, a U = —ew, 171e (¢ mOTEHUIHAJ DJIEKTPU-
qeckoro 1ojisi. CoOOTBETCTBEHHO 3TOMY SJIEKTPUYECKU TOK j U JUC-
CUIIATUBHBIA 110TOK 3Hepruu q' 06palaoTcs 0JHOBPEMEHHO B HYJlb
Juib pu yeaosugx 1 = const, 1—ep = const, T. e. ipu V1 = (),
Vi + eE = 0. Boipaxkenus g j u q’ SAMHCHIBAIOTCS B BUJIE CJie-
JYIOIIUX COOTHOIIEHU, YIOBJIETBOPAIONIUX YKA3AHHOMY YCIOBUIO:

E+ vy=1j+avrT, (44.12)
e a

d=q- (cp - ﬁ)j = oTj — »VT. (44.13)
e

Baech ¢ sseKTpUYecKas NPOBOAMMOCTD Cpeabl, sz Koadduiment
TEIJIONPOBOJIHOCTH, (  TEPMOIEKTPUIECKUiT KO3hdUImenT; coor-
Howmenne mex 1y Koaddunnentavu npu VT B (44.12) u j B (44.13)
caencreue npunnuna Oucarepa. Benuunna (¢ — p/e)j, Borarennas
U3 TOJIHOTO TOTOKA SHEPIHHU, MPEJACTABIgeT COOOH IJIOTHOCTH KOH-
BEKTUBHOI'O [OTOKA SHEPruu ')

Jliist BbIYMCI€HUST KUHETUYIECKUX KOI(MDPUIIMEHTOB UCXOAUM U3
KUHETUYECKOTO yPABHEHUS

g2 o0 — )61 (44.14)
B Vo
TTo/cTAaBUB B HErO PABHOBECHOE PACIPELeseHne B Buje 2)
fo=-exp (“;E) , (44.15)
TTOJTY IM
5f = — 12 (eB+Vp)v+ fo S vVT. (44.16)

Tv(v) TQ()

1) Ipu 3anucu coornomenmii (44.12), (44.13) B VIIL, § 25, 66110 IpOU3BEIEHO
nepeoboznaqenne: nox ¢ u E nogpasymesanucs ¢ — u/e u E + Vu/e. Taxoe
OIIpeJIE/IEHne, TOMYCTUMOE TP (DEHOMEHOIOTHIECKOM TIOIXO0/IE, HEeIeco00pas-
HO B KUHETHYECKOUW Teopuu, rie 1noj —eE Hajmo nonumarsh AeficTBYONIYIO HA
3JIEKTPOH CHJLY.

2) OGo3HaueHHe QUIIEKTPUIECKOH IIPOHULNAEMOCTH ¥ SHEPIHE SIKTPOHA
mv2/2 OIHOM U TOM ke OYKBOI € BPsi/ JIM MOYKET IPUBECTH K HEJ0PA3YMEHHUSIM.
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TepmosnexkTprudaecknit K03 dunmenT Buraucasgercsa mo xko3hdu-
menTy B paserctse j = —aoVT npn E + Vu/e = 0. Iumewm

j:—efvéfdgp:—

n 1mocJjie yCpeJHeHud 110 HallpaBJIEHUAM V HaXO/IUM

_ Nee [P(u—e)\ _ 1 [ @) | 44.17
30T2< v(v) > e {“ <v2/v<v>>} D

Berancienne ¢ v(v) n3 (44.3) maer ')

a="1 (E - 4) . (44.18)

v(vVT)d*p

st Berancienns k03MUINEHTa TETIOTPOBOIHOCTH 3aMEYUAEM,
aro nipn j = 0 gomkno O0bith E 4+ Vy/e = aVT. Ilogcrasus 310
3HadeHue (BMecre ¢ v u3 (44.18)) (44.16), nmeem

- 4- i) T.
of = Tu(v) ( T vV
Boraucnss c sroit dyHKIMEN TOTOK 3HEPTUN
q=[vesfd®p
HOJLy YUM
2
_ Ne‘ v e(4T —¢) (44.19)
372 v(v)
U, HAKOHell,
_ 16v2 T2

(44.20)

71-3/2 ze4Lm]/2

Bagaua

HaﬁTH CTOJIKHOBUTEJIbHYIO YaCTh 3aTyXaHWUd 3SJICKTPOHHBIX IIJIA3MEHHBIX
BOJTH.

Pemenune Ecm vEUMaZg 9aCTh AUINEKTPUIECKON TPOHUIIAEMOCTH
MaJjia, TO BKJIQZbl B Hee 3a CUYeT 3aryxaHus Jlamgay m 3a CYeT CTOJIKHOBEHMIT
cxkmagpiBaorca. C yaerom nmocnennero € maerca dopmynoii (44.9); nmpupasaas €
HYJI0, Halinem w = . — iy, rae koadduunenr 3aryxanus

Vei 2\/ T zet
T3 3 ml/sz/"'

!) B k/accuueckoil CTaTUCTHKE XUMUYECKHH HOTEHIUAT COAEPKUT UIeH BUIA
(T c meonpenpenennoii noctosaaol ( (COOTBETCTBYIOMEH HEONPEIETeHHON a-
JUTUBHON MOCTOAHHON B dHTpONWH). TeM caMbIM BO3HUKAET W HEOMPEIETCHHA
nocrostiHast (/€ B a. Dra HEOIPEIEJEHHOCTh He OTPAYKAETCsl, OJHAKO, HA KAKUX-
mbo mabmomaembix 3¢ dexrax; meonpeaenennsie wnenst ((/e) V1 cokpamanTcsa
B 06enx uactsax pasencrsa (44.12).



222 CTOJIKHOBEHUS B IJIABME JL 1V

OrHomenne ‘
01 V2zL 62N51/3 o0

Qe 3 T.

<1

B CUNy YCIOBUA Pa3PEXKEHHOCTU ILTA3MbI; 3THUM ONPAaBAbIBACTCA IIPUMEHEeHue

(44.9).

§ 45. Y0beraonime 3JI€KTPOHbBI

BricTpoe ybhiBanme KyJOHOBCKOTO CEYEHWST C YBEINIEHUEM CKO-
POCTH CTAJIKWBAIONINXCS YACTUIL TTPUBOJINT, KAK MbI YBUINM, K TO-
My, 9TO y?Ke B CKOJIb YTOJIHO CJIaDOM 3JIEKTPUYECKOM ToJie (DY HKITHS
pacripe/iesieHust JOCTaTOYHO OBICTPHIX JIEKTPOHOB B TIJIa3Me OKa3hbl-
BAa€TCHA CUJIbHO UCKAaKCHHOM.

JlBurasich ¢ TEMIOBON CKOPOCTHIO U, 38 BPEMSI CBOET0 CBODOHOTO
npobera 37eKTPOH B dJIEKTPpUIecKOM 1ojie F npuobperaer ynopsiio-
YEHHYIO CKOPOCTH

eEl el v3mE

muv muN.o(v) 4me3 LN,

VN

(cewenne oy uz (41.7)). Vake upn v ~ v, rae

3 ]/2
()" -

CKOpOCTH V' ~ v, a pu v > v, JJIWHA W BpeMs mpobera orpeesi-
10TCst yoKe ckopocThio V. VMmysibe, mprobperaeMblii 3JIeKTPOHOM 3a
BpeMms mpobera, OyaeT mpu 9TOM

eEl eE Vim’E (V)2

~ ~ ~mV =] .

1% V Neai (V) 4me3 LN, Ve

I/IMHy.T[BC Ke, OTﬂaBaeMBIﬁ QJIEKTPOHOM TIpW CTOJIKHOBEHWN B KOH-
e mpobera, ~ mV. Orcioga BUAHO, ITO 3JIEKTPOHBI C JTOCTATOU-
HO GOJIBIIUME CKOPOCTAME OY/1yT HEOIPAHUYUEHHO YCKOPATHCS; TAKUE

IEKTPOHBI HARBIBAIOT Ybezarouumu. pu yenosun v, > (T, /m)'/?
9TO siBjienue Oyj1er HabJII0JAThCS JIUIb B «XBOCTE» MAKCBE/LIOBCKOTO
pPACIPeeNeHnsT; IEKTPUUECKOe TTOJIE JOJIZKHO [T 9TOTO YIOBIETBO-
PATH YCIOBHUIO
4me® LN,
T.
B stux ycinorusx 3amady 06 yOeraonx 3JeKTPOHaX MOKHO pe-
maTh Kak crannonapHyo. (OCHOBHasS Macca 37TeKTPOHOB, pacipe-
Jenenubix o MakcBesty, mrpaeT posh OOMBITOTO pe3epryapa, u3

E<E, = (45.2)
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KOTOPOTO «TeueT» CTaL[I/IOHapHBIﬁ MaJIbIli TTOTOK B CTOpOHY OOIBITINX

HEPruit ]).

Vake uz npoucxoxkjerus yOeraromux 3jeKTPOHOB KaK PE3yJib-
TaTA HANPABJIEHHOIO YCKOPEHUS WX JIEKTPUUECKUM I0JIEM OYEeBU/I-
HO, 9TO OHH JBUXKYTCS B OCHOBHOM TOJ MaJjibiMu yrjiamu 6 K Ha-
npasJjienuto nojsd. Eciu, 0HaKo, IoCTaBuTh cede MesIbi0 BhIUUCIeHUE
JIWIIIb BEJIMYUHBI IOTOKA yOeraiommx 3J1eKTPOHOB, [IOJIHOE OLpe/ieie-
nre (PyHKIUHU UX pacipejesieHus He Tpedyercs; J0CTaTOIHO Olpe/ie-
JINTH YCPEIHEHHOE TI0 yTjIaM pacrupeieneHne f 1mo SHeprusim.

Kwunernaeckoe ypaBHeHme i pacupeeeHust 371eKTPOHOB TI0
UMITYJIECAM B 9JIEKTPUIECKOM T0JIe UMEeT B/

0 8

or _ f + divys =0, (45.3)

ot
Trae 8 — TIJIOTHOCTH CTOJJKHOBUTE/JIHBHOTO TTOTOKA B I/IMHyHBCHOM HpO—

crpancTie. B cepuueckux koopanHaTax p, 6, ¢ B MMy I6CHOM TIPO-
cTparcTBe (C MONSIPHO# 0ChI0 BiI0L cuiibl —eE) nveem

— eEg =ek (cos 92—f - Sinaa—f) =

op /4 p 00

=eF Cosggp% L 2qln 0-f
p% Op psinf 06

JnBeprennms e MOTOKA

1 0 92 0
——=p°sy —sinf - sy.
p? Op psinf 06

Vepeaaum ypasaenne (45.3) mo yriam, T. e. YMHOXKWM €ro Ha
2w sin@df/(4m) n npounterpupyem. Bce wiaeHbl ¢ NPOM3BOAHBIMU
0/00 npu 3TOM BBITIAIAIOT; MHOXKNUTEIH e €0S § MOKHO, B IEPBOM
MpUOJIMIKEHNN, 3aMEHNTh eJnHuIel. B pesyabrare s ycpeHeH O

dyHkIMM f nojgydum ypaBHeHUe

Of  eE D 25, 1 0 o
P . 454
8t+28p p°f + p9 =0 (45.4)

B newm ocraercst jiniib pajuaibHasg KOMIIOHEHTA IJIOTHOCTH TIOTOKA B
UMITYJIbCHOM [POCTPAHCTBE. DTa KOMIIOHEHTA CBsi3aHa C Hepejajdei
SHEPIUU TIPU CTOJKHOBEHUAX; BKJIAJ €4-CTOJKHOBEHWIT B Hee, Ode-
BU/IHO, MaJl 110 CPABHEHUIO C BKJIA/IOM €e-CTOJKHOBEHUM.
[Tockonbky yberatomiue 3/1€KTPOHBI COCTABJISAIOT JIUIITh OY€Hb Ma-
JIYIO JIOJIIO BCEX 3JIEKTPOHOR, TIPW BRIYUCIEHUW TTOTOKA Sy HALO0 yUW-
THIBATH WX CTOIKHOBEHWS JINTITH C OCHOBHOW MacCOif MaKCBETOBCKIX

divp s =

1 . .
) SIrnenne yGeraommx s1eKTPOHOB OHIIO yKasano Jpeticepom (H. Dreicer,
1958), a wm3naraemaa 3mech KoMWUeCTBeHHas Teopusa nama A.B. Iypesuuem

(1960).
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9JIEKTPOHORB (& HEe JIPYT € JAPYTrOM); CKOPOCTH TIOCIEJIHUX MAJIbI MO
CPaBHEHUIO CO CKOPOCTAMM y0erarommwx 371eKTpoHoB. B sTux ycmo-
BUAX HET HeO6XOrD;I/IMOCTI/I 3aHOBO BBIYUC/TIATH TTOTOK Sp. ,ZL.T[H HETO
MOZKHO HalTMCaTh BhIDaKeHMe

sp = —Tevee(v)m [ﬁ + -2 (45.5)

Jp mT,

HEMOCPEJACTBEHHO 10 AHAJOTUHM C paHee BBIBEICHHON (OopMyI0it
Ame* N, L
(22.5); 3716CH Vee(v) = —=—— — 9aCTOTa KYJOHOBCKUX CTOJKHOBE-
m=vr
HItil GRICTPHIX 3IEKTPOHOR ¢ Metenabiv (cp. (44.3)) 1). Tlockombky
BoIpazkeHue (45.5) OTHOCHTCS K 9JIEKTPOHAM CO CKOPOCTSAMU U ~ Vg,

TO U I KYJIOHOBCKOTO Jiorapudma mojaraem
L = In (mv?a/e?). (45.6)
Beanunna _ _
S, =35, + cEf (45.7)
npejcrassger coboil, Kak 310 sCHO u3 Buja ypaBuenus (45.4), mos-

HyI0 (0T CTOJIKHOBEHMIT M OT AefCTBUs 10JIs) JIOTHOCTH Pa/iuaJib-
HOI'O 1I0TOKA B MMILyJIbCHOM npocrpancTee. COracHO CKa3aHHOMY
BbIIIE, PACpe/iesieHne yOeralmx 3IeKTPOHOB MOXKHO MCKATH KAaK
CTAIIMOHAPHOE, T. €. npeHeOperas IMPOU3BOJAHOM 110 BPEMEHU B KHHEe-
ruueckom ypasuenun (45.4). Torua

4mp®S, = const = nys. (45.8)

910 pasencrso (¢ 5, uz (45.5)) mnpexncrasisier coboit puddepen-

naJbHOE YPaBHEHUE, OIPeesIsdioniee HKIWIO pacipejenenus f.
. J . P
[Mocrognnas xe Ny JaeT UCKOMYIO BeJMYUHY — HOJIHOE YHCI0 yOe-

raiomux (B €JIMHKUILY BPEMEHU B eJUHUIE 0ObeMa) JIeKTPOHOB.
Bgenem 6e3pazmvepryio mepeMeHHyo u W 0e3pa3sMepHYI0 MOCTO-
STHHYI0 b COTJIacHO OTTpe/IeIEHITO

u=p/pe, b=E[E., p.=(mT./b)"> (45.9)
Torpa ypasuenue (45.8) npunumaer Buj

LY _ 2 f-cC (45.10)

u du

(mocrosinnas C' OTAMYAETCS OT Tiyg TTOCTOAHHBIM MHOKHTETeM). Tlo-
CKOJIbKY mpejnoaraercs, aro nojie F < E., o napamerp b < 1;

b IIpu BeBOAE bopmymsr (22.5) GBLIM UCIOMB30BAHBI TOIBKO MAJIOCTh TIEPe-
Ja9n SHQPFI/II/I HpI/I CTOJIKHOBEHUAX WU MaJIOCTh CKOpOCTI/I qaCTULbI-MUIITEHU 110
CPaBHEHUIO CO CKOPOCTHIO HAJIETAIOWIEro dj1eKTpoHa. [ljisi nepexosa K JaHHOMY
CJIyHat0 TOCTATOYHO 3aMeHuThb B (22.5) M ma m, a mox mmmHoi mpobera [ monn-
MaTh AJIAHY Hpoﬁer‘a 10 OTHONMIEHUIO K e€e-CTOJIKHOBEHUAM.
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9Ta BEJIWYNHa UTPAET B paCCManI/IBaeMOﬁ 3aJa49€ POJIhL MaJIoTO Tia-

paMerpa, XapaKTepu3yomero CTeneHb mpuo/izKenns |).
Pewenue ypasnenust (45.10):

o U
f:F—CFf%du, (45.11)
0
TIe
N. 1 (u! 2
F = BT exp {27; (? —u )} (45.12)

— permenne OJHOPOAHOTO YPaBHEHWA. HOpMHpOBOqHBIﬁ MHOKUTEJH

B F' onpenesien uz ycnoBusi, atobbl npu v — 0 dyHkus f rnepexo-
JInjia B MAKCBEJ/LJIOBCKOE PACIIpe/ie/ieHue

N, u”
fo= = —exp (-2,
(2wrmT.)3/? 2b
I[Mpn u — oo pyHkIMsT F HEOrpaHWUYEHHO BO3PACTAET, MEXKIY TeM
kak f(u) gomkaa ocraBaThest Koneunoit. OTciona nosyvaem ycaosue
f/F — 0 upu u — oo, u3 KOTOPOro onpegensercs nocrosanas C 2):

00 -1
C= (%Hivﬁ [/ exp {fﬁ (%4 - 71,2)}11, du} . (45.13)

0

MNaTerpan BeIYUCASIETCS METOAOM TIEPERAIA TTYTEM PA3I0KEHNS
roKazaTesist SKCIMOHEH TRl BOJIN3M TOYKHM ero makcumyma, u = 1. Ta-
KUM 00pa3oM, MOIydaercs CAeAYIONNil 3aKOH 3aBUCHUMOCTH YHCIA
yberarommx JIeKTPOHOB OT HATPSKEHHOCTN oISt [4:

E) . (45.14)
4F
[IpesKernoHeHuMaabHbI MHOXKUATEIb HAIKCAH 3/1€Ch JIMIIb 110 Pas-
MepHOCTH; 00J/iee TOYHOE BBIUUCIEHUE JIEXKUT BHE PACCMOTPEHHOIO
npubsivKeHusi U Tpebyer pelreHnsi KHHETUIEeCKOTO yPABHEHUs ¢ Car
MOI'O Ha4daJla C 60.Hb1HeI71 TOYHOCTBIO.

Ny ~ Nel/ee('UTe) eXp <_

§ 46. Cxopgmuiicad MHTErPaJi CTOJKHOBEHUM

Kwunernvueckoe ypaBHeHWe ¢ WATErpajioM CTOIKHOBeHUI Jlanmay
TIO3BOJIAET PEIaTh 3aaad9u (PU3NKW TIa3Mbl JIUIIL € Jorapudmu-

1) B YaCTHOCTH, aHAJIN3 yl"J’[OBOfI YaCTU KUHETUYECKOTO YPDAaBHEHHW A TTOKA3bIBa-
€T, 9TO HallpaBJI€HUAd JIBUKEeHUA y6erarounxlx JIEKTPOHOB JI€2KaT B obmacTu yrjoB

6~ b'/4

2) DopMyAUPOBKA TPAHUYHBIX YCIOBHI 371€Ch aHATOTHIHA (HOPMYTUDPOBKE B
§ 24.

8 JI. /1. Jlanpay, E.M. Jludbmuy, Tom X
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YeCKOW TOYHOCTBHIO: DOIBINON apryMeHT KYJOHOBCKOTO Jorapudma
He BIOJIHE OTpE/eieH. DTa HEONpPeIeSeHHOCTh CBSA3aHa C PAaCXOIN-
MOCTBIO WHTETPAJIOB Ha, OONBIUX W MaJbIX yriax paccesrus. Kak
VK€ YKAa3BbIBAJIOChH, PACXOINMOCTE Ha, OOIBINNX yT/IaX HE UMeeT TTPUH-
UTAATRHOTO XapaKTepa: OHa TOSBISETCS JIUITh B pe3yJbTare Mpo-
W3BEJIEHHOTO TIPW BBIBOJIE PA3JIOYKEHWS TIO CTEMEHAM TIepegaBaeMo-
0 UMTYJIbCa (; B CAMOM WHTeTrpaJie CTOJKHOBeHni BoabiMana sTa
PaCXoaMMOCTh OTCYTCTBYET. PacxoanMocTh »Ke Ha MaJIbIX yIylaxX BO3-
HUKAET B pe3yJibTaTe HeydeTa SKPAHUPYIOUIErO JIeMCTBUS ILJ1a3Mbl
Ha B3auMHOEe paccesinue dactull B Heil. [jis Boruncienus: nnrerpasia
CTOJIKHOBeHUl ¢ Hosiee BHICOKOI, 1eM jiorapudMudecKkast, TOUHOCTHIO
HE0OXO0IUMO TIOCIEI0BATE/IBHO YUUTHIBATH SIKPAHUPOBAHUE C CAMOTO
Hauaaa (a HE TOJIBKO 1PU Onpejeennn 00JIaCTH MHTErPUPOBAHUS B
KYJIOHOBCKOM Jiorapudme).

B § 41 6b110 yrKe yKazaHo, 4TO yCAOBUS TPUMEHWMOCTH WHTE-
rpaJia CTOJIKHOBEHUI C 9KPAHUPOBAHHBIM B3aUMO/ICHCTBUEM MEXK /1y
BapSAKEHHBIMEU YACTUIIAMU TPEOYIOT, UTOOB! (DYHKIMH pacrpe/ierie-
HUST MAJI0 MEHSINCH 33 BPEMEHA ~ G /Ugry W HA PACCTOSTHUSIX ~ .
DTn ke yCI0BUs TMO3BOJIAIOT PACCMATPUBATEH IKPAHUPOBKY 3aPSI0B
MaKPOCKOMTMYECKMM 00pa3oM Kak Pe3Y/IbTaT JUIEKTPUIECKOi TM0-
JITPUBAINAN TIJIa3MBbI.

Mp! paccMOTPUM [TOCTABJICHHYTO 33129y B JBYX IPEJIEIbHBIX CJIy-
vyagx: 1) KOrjga K CTOJIKHOBEHUSIM YACTHIL TPUMEHUMO KBAHTOBOME-
XaHN4YeCcKoe BOPHOBCKOE MPUOJINIKEHNE 1 2) KOTJia TIPOTIECC CTOTKHO-
BEHNS KBa3WKJIACCUYEH.

BopHoBckuii ciayuait. Haurem ¢ mepBoro ciydasi, WMeIOIIEero
MEeCTO TP YCJIOBUT

!
ee

<1 (46.1)

W0oru

Biusinue, okazbiBaemoe Au3JIEKTPUYECKON CPeJoit HA paccesHue
qacruiy, Haunbosiee siCHbIM 00pa3oM (pOPMYJIUPYETCH HA S3BIKE TUa-
rpaMMHOI TexHuku. B GOpHOBCKOM HPUO/IMKEHUN PACCEsHUE IBYX

YACTHIL OTTUCHIBAETCS (B HEPEISITUBUCTCKOM CJIydae) JIuarpaMMoii 1)

p+q p-q

_____ / (46.2)

T/Ie MITPUXOBOit InHNN oTBevaeT GyHKiws 47/ q% — xommonenTa ®y-

1) Kak u B § 41, GyKBbI 6€3 IITPHEXA U CO MTPAXOM OTHOCATCS K IBYM CTATTKH-
BalOIUMCs 9acTriaM (OJHOTO M TOTO JKe WJIM PA3HBIX COPTOB).
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phe KYJIOHOBCKOTO TIOTEHIMAIA eJIMHITIHOTO 3apsiia (q — nepemaBae-
MBIt Ipu paccestHum UMIybC). Hajmume cpejibl CKa3blBACTCS JIUID B
3aMene 3Toil GyHKINM Ha KOMIOHEHTY TOTeHIrata B cpejge — ——,
qaqpEap

rje £44(w, q/h) — TEH30P AWAIEKTPUYIECKON MPOHNIIAEMOCTH CPeIbI,
npuuem fiuw coBnagaer ¢ nepegasaemoii sueprueii (cp. IX, § 85). Co-
OTBETCTBEHHO U B aMHHI/ITyﬂe paccedanmnsd TTOABUTCA ﬂOHOHHHTeHBHbIﬁ

2
MHOKHUTEIb — L a B cevyeHnn  KBapar ero Moayus. Takum 06-
dadp€ap
pasom,
4
do = dope, ——. (46.3)
€apqaqs|

JLnst mpocTOoTh MBI Oy/IeM TIpeJInoiaraTh jaJjee Taa3My n30TPOT-
HO#t. [I1s1 Takoit maasmMel TEH30P €44 CBOANTCA K JIBYM CKa/IsApaM (e

" €]), IPUYEM B TIPOU3BEJIEHE

€0plads = €1G°

BXOJIUT TOJBKO OJMH M3 HUX; MBI OyJaeM OMyCcKaTh WHIAEKC [, moapa-
3yMeBas T0/I € MPOJOJIBHYIO TPOHUIIAEMOCTh.
Taknm obpazowm, cevenme paccesTHnst TPUHNUMAET BUI

do
do = —2 . (46.4)
e(w,a/h)]
rje dope; — 0ObIUHOE pe3epdOpIOBCKOe ceuenne Jisd PacCesHus B
HyCTOTe 1). OTMeTI/IM TaK>Ke, 9TO nepeagaBaeMasd TP CTOTKHOBEHUN
SHEPTUS CBA3aHA C Nepejladeil MIyIbca PaBEHCTBOM
hw =qV, (46.5)

e Vo CKOPOCTb LeHTPA HHEPIUK CTAJIKUBATomuxcst yactui 2). Be-
JINYMHA YK€ BEKTOPA ( CBA3aHA C yIJIOM PACCesHUs X B CUCTEME IEH-
Tpa uHepuuu O0LIYHON hOoPMyIOii

q=2ulv—v Sing, (46.6)

!
mm

R el

') ins paccesnmsi TOXKIECTBEHHBIX UACTHI] (ma He masble yrubl) 10X dopes

CJIe/lyeT TIOHMMATh CeYeHne KYJOHOBCKOTO PACCesiHusl ¢ y9eToM O0OMeHHBIX 3(-
dexron (cm. II1, § 137).

2

) B srom zerko ybenThes, BhIPa3uB CKOPOCTH YacTul, v u v uepes V u
CKOPOCTh OTHOCUTEJILHOTO JABVYKEHUS V — V' 1 ydrsd, 4ro npu paccesuum V. u
|v — v'| ne mensioTcs.

8*
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WnaTerpan CTONKHOBEHWIT, aBTOMATWYECKW MPABMJIBHO YUUTHI-
BalOIINil GOJIBITINE W MaJIble YIJIbl PAcCesiHnsi W CBOOOJHBIN OT pac-
XOJANMOCTH, TOJIYYAeTCsl TIOJACTAHOBKOM (46.4) B 0OBIYHBIN GOTHIIMA-
HOBCKWIT MHTErpaJI:

!
s/ =Y 1+ (o - a) — f(p) (o)} e a6
. le(w, q/hB)?
CyMMMDOBAHWE TPOW3BOJIUTCS TIO0 BCEM POJIAM YaCTHIl, K KOTOPHIM
OTHOCSITCS TITPUXOBAHHBIE BEJTHIHHEI.

Kunernueckoe ypaBHeHHe C WHTerpajioM CToaKHOBeHuil (46.7)
OYeHb CJI0KHO — He TOJHKO B CHUJIYy HEBO3MOXKHOCTH DPa3JIOKEHUs
MOJIBIHTErPAJILHOTO BhIPAYKEHWS 110 CTeleHsiM (, HO W BBUJY TOTO,
YTO JAMIIEKTPUYECKas MPOHWIIAEMOCTh TIa3Mbl Cama Ofpejeiser-
cst gepe3 nckomble (DyHKIMKM pacrtpegesenns. CyIecTBEHHOE yIpo-
LIEHWE JOCTUIAETCS JIMIIb B Ciy4dae ¢1aboro OTKJIOHEHHU: OT Pas-
HOBECHS, KOIJIa JIOIYCTUMA JIMHEeAPU3ALUs KUHETUYECKOIO ypaBHE-
Hus. Torja npoHUIAEMOCTD JI0JIZKHA BBIYUCIATHCH C PABHOBECHBIMU
byHKUMAMY PACHPEJieIeHns 1, TaKUM 00pa30M, He 3aBUCUT OT UC-
KOMBIX IIOIIPABOYHbBIX (DYHKIHIA.

KBasukaaccuueckmii ciryqaii. Ilepeitgem k obparHomy mpe-
JIeJIBHOMY CJ1y4alo, Korja

!
ee

> 1 (46.8)

hEOTH

7 JJIsT PACCESTHUsT YACTHUI] TPUMEHNMO KBA3WKJIACCUIECKOe TTpuO/In-
Kenme. B 3ToM cydae Heslb3s yIecTh BJANSHIE CPEeJIbl Ha, paccesHme
eJIMHBIM 0OPA30M TP MAJIBIX U GOIBINNX yIyIax paccesHus (Kak 910
ObLIO0 BO3MOXKHBIM B OOPHOBCKOM CJIydae); MO3TOMY HPHIETCA PACc-
CMOTPETDb 3TU JBe 00JIACTU OT/EJIBHO U 3aTEM «CIIATHY PE3YJIbTATHI
IIPU IPOMEZKYTOUHBIX yIJIax.

Tlose Bapsizna e, ABUAKYIIErOCs: CO CKOPOCTHIO V B JIUIJIEKTPUIE-
CKOI1 cpeJie, onpejenseTcs ypaBHEeHUEM

divD = 47ed(r — vi).
B xommonenTax @yphe HAXOANM OTCIO/IA LIS TIOTEHITHAIA TTOJIS 1)

4dme —ikvt
e . 4 .
Pk = e k) © (46.9)

) Besog dopmynsr (46.9) npeanonaraer muHEHHOCTD cBa3u Mexay D u E u
TEM CaMbIM JOCTATOYHYIO MAJIOCTh MO, DTO YCIAOBUE BO BCAKOM CJIy9ae BBITIOJ-
Hsercs (B c1a60 HEUIEATbHOM ras3e) Ha PACCTOSHUSAX T 2 @, OT KOTOPBIX KaK Pas
¥ TIPOMCXOIUT PACXOAUMOCTD WHTETPasa, /i YCTPAHEHWS KOTOPON MBI MMeeM
B BUY BOCHOIB30BaThCs GHopMynoit (46.9). DTum paccTOSHUAM OTBEYAIOT 3HA-
werna k S 1/a, nna KOTOPBIX AMAIEKTPUYIECKas TPOHUIIAEMOCTD CYIIECTBEHHO
orangaercs ot 1.
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HpI/I MaJIBIX yTJIaX PaCCeAHNA N3MEHEHNE UMITYJIHCA TaCTUIBI Ja-
ercst (cm. 1, § 20) kaccuueckoit bopwmyioii

q=— / U a1, (46.10)
or

rne U sHeprus B3amMoeiiCTBUs JIByX 9aCTHIl, & UHTEIPUPOBAHUE
HPOUBBOANTCH BJIO/Ib NPAMOJMHENHO TpaeKTopun r = p + v't (p

BEKTOP NPUIEJLHOIO PACCTOSTHUSA ) 1). Boipasus suepruio U = €'¢ B
Bujie uarerpaaa Oypne

U = dmee! [ €020 Tk (46.11)
k?e(w, k) (27)3

(upuuem w = kv) u nogcrasus B (46.10), noayuum

o

q — 7471_7;66’ dgk keikp efik(V7VI)t dt
J @m)? | k2e(w, k)

—0C
27 (k)
v =]

Ha HampasJerne v — v'. Yerpanus 3aTeM 0-(DyHKIWIO WHTErPUPOBa-
HUEM J10 dkH, HaiijgeM

Buyrpennuit uarerpas jgaer , rae k| npoekuust Bekropa k

N driee’ ki e®? dk,

[v—v'| ] ke(w, ki) (27r)2’

q= (46.12)
rae k| (kak u p) — JBYMEpHBIl BEKTOP B TJIOCKOCTH, MEPTICHAKY-
nsipuoit v — v/, Tlpu s10M 1 yacrora

w = kLV = kLV (4613)

Huxe B 3TOM maparpade mbl Oyjgem ornyckaTh nHAEKC |, moapasy-
MeBast Besjie o K ykazaHHBIN ABYMEPHBII BEKTOP.
Beraucsinm teneps ¢ nomomibio (46.12) Besmuntbl

1
Bas = 1 [ qutslv ' &2p. (46.14)
BXOJSIIIIME B UHTErPasl CTOJKHOBEHWH, PA3JIOXKEHHbIH 10 CTEHeHsM
masioro q (cevenue do B (41.4) HauMCAHO 3/1€Ch B BUJIE IPULEJIBHOT
niaomayn d2p). Harmmcas nponssesenne nByx nuTerpaiaos (46.12) B

Buje asoiinoro unrerpana (no d?kd?k'), Bbinosinges wHTErpUpoOBa-
He 1o d’p corylacHo

[ ) 2 = (2m)25(k + K).

1) Be3pa3m/mHo, KaK BBIYMUC/IATH BEJIMYMHY (: KaK U3MEHEHNE NMITYJIbCa KaXK-
,ZIOI>’I U3 CTAJIKUBAIOMINUXCA 9aCTUIl, NI KaK U3MEHEHNE NMITYJIbCa UX OTHOCUTEIb-
HOTO ABUXKEHWA.
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ITocse sToro wnTErpupoRanie 1o d>k’ mpocro ycrpansier §-byHKINIO
7 OCTAeTCst 5 1o )
2e‘e kokpg d™k
v v ) K&V, k)]
(37€Ch WCMOB30BAHO TakKe, 49To corjgacHo (28.9) e(—w,k) =
= &*(w, k)). DT uHTErpaAsIBI YIKE CXOAATCH NPU MaJIbIX k (II0CKOIBKY
le| ™2 — 0 npu w, k — 0)1).

B (46.15) BXOAUT TPOHUIIAEMOCTH MTPH OTJIMYHON OT HYJIsI YaCTO-
Te w = k'V; mvest B BUIY 3T0 06CTOATETHCTBO, WHOTIA TOBOPST, ITO
9Ta, HOpMyIa YINTHIBAET IDMERT JUHAMUYECKO20 IKPAHUPOBAHUA.

Ob6patnm BHUMaHWE Ha 3aBUCUMOCTH TIOIBIHTETPATHLHOTO BHIPa-
skenns B (46.15) or wanpassenus V depes apryment kV dbyHkmmm €.
DTa 3aBUCUMOCTE WCUe3aeT TIPY BRIYUCIEHNN WHTErpaIa B Jorapnd-
MWYECKOM TPUOINKEHNN, KOTa WHTEIPUPOBAHNE OTPAHUINBAETCS
obmacteio o1 k ~ 1/a 10 k ~ puv?/|ee’|. Ocnormyio pos B nATErpae
WTPAIOT 3HAUEHNsT k, Jamekne oT 000WX STUX TPeIesIon; B 3Toi obia-
ctn 3navennit mveem || = 1 w nnrerpan ceomurest k[ kokg d*k /K2
VepeiHsist TOABIHTErPAJIBHOE BbIPDAXKEHHUE 110 BCeM HarpasjieHusM k
B IJIOCKOCTH, HEePHeHAMKYIAPHON V — V', Mbl BEDHEMCS K [IPEsKHEMY
soipazkenuio (41.8) ¢ L= [ dk/k.

Jlist yerpaHeHust pacxoJAuMOCTH [pU OOJIBIINUX TIepejladaX HM-
[yJIbCA HAJIO, KAK y2KE YKA3bIBAJIOChH, IPOU3BECTH «CIIUBKY» PA3JIO-
JKEHHOTO TIO CTETIeHsIM ( WHTEerpaJjia CTOMIKHOBEHUH C HepasJIoyKeH-
HeiM wHTerpasiom (J. Hubbard, 1961; O. Aono, 1962).

Paccvorpnm pasznocTh

Stun f — Stg f, (46.16)

rae Sty ecTb MCKOMbBIA CXOAMIIMIACH MHTerpasl CTOJKHOBEHWI, a
Sty maercs Boipaxkenuem (46.7), kKoTopoe B GOPHOBCKOM Cjrydae
[peJICTaB/igeT COO0M MPABUIILHBIN HHTEIPAJI CTOJKHOBEHU, HO 31€Ch
Urpaer JIUIb BCIOMOIATEJbHYI0 POJIb.

Pazgenum Bech muTepBas uM3MEHEHUs] yIvia PACCEsHUS HA JIBE
obJiacTu:

Bog = (46.15)

I)X<X1a II)X>X17
npuYeM Y1 BRIOPAHO Tak, 9To
7
el <y <. (46.17)
HAVorx
IIpu KJIACCMYECKOM PACCETHUEM HA MAJIble YIJIbl B KYJOHOBCKOM
HoJie, yroJi X CB3aH C IPULEJbHBIM PACCTOAHUEM P COOTHONIEHHEM

_2ee]|
u(v —v')2x

!
ee

p:

') Verpamenue pacxomuMOCTH B MHTErpase CTOJKHOBeHMH JlamHmay, CBA3aH-
HOH € SKPAHWUPOBKON KyJOHOBCKOTO TOJsA, MpuHammexut Basecky wn Jlenapd
(R. Balescu, 1960; A. Lenard, 1960). TlosmrocThio cxoasinieecs: Buipaxkenne (46.7
Geuto narmcano A.A. Pyzadse u B.I1. Cuaunoim (1961).
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[TosTomy 3Havenwio x = X1 orBedaer (mpwm yciaosun (46.17)) 3ua-
uenne p = p; <K @, TaK 9TO HA ITOM PACCTOSTHUU 3KPAHUPOBKA
HeCYIIIeCTReHHA U Paccestine JefCTBUTEIHRHO MOYKHO CIYUTAThH YUCTO
KyjoHOBCKUM. To »Ke camoe OTHOCHUTCS M KO BCeit obnact p < pj
(1. e. x > x1). Ceuenne paccesinusi B 370i o0sactu Gyer, ciaegoBa-
TeJIbHO, pe3epdOPIOBCKIM, U COOTBETCTRYIOIINI BKJIA B WHTErPAJI
CTOJIKHOBEHWIT €CTh

Stin f =Y /[f(p+q)f'(p’—q)—f(p)f’(p')v—V'dapes-

X>X1

Ho rouno Takos ke BKyag obsacti xy > X1 B mATerpan (46.7): B
910it 0baactu ¢ > qp, npuuem B cuny ycaosus (46.8)

@ Hemnxs g Jee]] 1
h h AUorna a’

1 motomy B (46.7) Moo onokuTh |¢|2 = 1. Taknmv o6pazom, BKIaT
B pazuocth (46.16) BozHukaeT TOAbKO 0T obaactu x < x1 (p > p1),
KOTOPYIO U OCTA€TCsI PACCMOTDETh.

Bo Bceit sroit obsiacTtu nepejatia uMIryJibca MaJia, TaK 9TO UHTEr-
pasi CTOJKHOBEHUI MOXKHO Pasjararh 10 CTeneHsM . Bxopsmune B
passioxennbiii Sty, Besnmunnbl Byg BBIYMCAAIOTCH KAK MHTEIDAJIbI

(46.14) ¢ q 3 (46.12). Braag B 9T wHTErpaIbl 0T 00IaCTH P > )

aBEH
P (ee')?

Bag)l, = ) _p o
( Oc,B)Kn 27T2|V7v" afs
o0 o0 [0}
. ik - ik
Fap = /d%(/““ae 'Jd%/““ﬁe pd%), (46.18)
. . k%e . k%e
p1 0 0

rJe B KauecTBe Mpees]oB B ABOMHBIX mHTerpanax (mo d’p w d’k)
YC/IOBHO yKa3aHbl Tipesennl o p n k. Ilepermmenm Benmamnnbl Fig
TOXKJIECTBEHHBIM 00Pa3oM B BUJIE

00 qi/h q1/h
Fop = f d2p< f ...d2k> ( f ...d2k> —
0 a B

0 0
p1 q/h a/h
—‘[de( [ ...d2k> (_[ ...d%) d*k +
0 0 a\ 0 i
+_fd2p<f...d2k> < i ...d2k> +
P1 0 a \q/h B

—i—}onp( T ...d%)a(q;f/ﬁ...d?k)B. (46.19)
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Ieprwriit wien B (46.19), Oyayun nmpeobpas3oBaH Kak MPU BHIBOJIE
(46.15), naer B (46.18) BriA]

q/h
2(ee’)? kak
(ee’) %8 2l
v —v'| kel
0
DTO BBIPaXKEHHE KAK Pa3 COBHALALT ¢ T€M, KOTOPOE MOJIyYUI0Ch Obl
npu pazsoykernn naTerpasa (46.7), B3sToro mo obmact x < x1 1); B
MHTEPECYIONLY 0 HAC pazHocTh (46.16) ono, ciegoBaTesbHO, He gaer
BKJIaJ1A.
Hng npeobpazosanus ocranbhbix 4ieHoB B (46.19) 3ameuaem,
YTO B MX NOJABIHTErPAIBHBIX BBIPAKEHUAX MOXKHO MOJOXKUTH € = 1:
MHTErpajibl OCTAIOTCA MTPU 3TOM CXOASIIUMUCS, U UX 3HAYEHUS OIpe-

penstiores obnacreio k ~ g1 /h, B kotopoit ka > 1 u notomy |e| = 1.
CymecTBeHHO Takke, 9T0 B CuiIy yciaosust (46.8) mapamerp

apr _ 2ee] g (46.20)
h hVorn

[I03TOMY HAJI0 COXPAHUTDH TOJBKO HUJIEHBI, OCTAIOIINECS KOHEYHBIMUI
npu q1p1/h — oo. B arom npegese tperuit u yerBepThiil usieHbl B

(46.19) obparmatorcst B Hy/Ib. Takum 00pa3oM, OCTAeTCs JIUIITh

(Baﬂ)}m - (Baﬂ)}s =
q1/h q1/h

B . ikpd’k . ikpd’k

0
IJie MHJIEKChl <Ky 1 «B» ykasbiBaior, 4ro 3nadenus Byg 0THOCHTCs
COOTBETCTBEHHO K Pa3J/I0KeHUIM UHTErPajoB Sty u Stg.

Kazk/1plit U3 JBYX MHTEIPAJIOB 110 d2k HAIPABJIEH BJIO/b BEKTO-
pa p; MOC/Ie MHTErPUPOBAHUS 110 ITUM HAIPABJIEHUSAM (B IJIOCKOCTH,

NepreHnKyIapHoi v — v') momyunm s pasnoctn (46.21) B3aroe
¢ obparTHbIM 3HAKOM BbipaxkeHue suja (41.8) ¢

p1 q1/h 27 2

L:/pdp i / /cos e FPOSP do dk;
0 0

0

') PesepdopioBckoe cedemme paccesHis Ha Majble yIJIbl, BRIPAKCHHOE te-
pe3 q, umeer BuJL
4(ee)?

dopes = 1B

v —v
d2q
2 )

(I/ICHOIIBSOBH,HO, aro q & plv —V'|x, do =
v — V)2
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Bocnonp30BaBmmCh,  M3BECTHBIM  WHTETPAIBHBIM  TIPEJACTABICHAEM
dbyukunii Beccenst u pasencrsom Jj(z) = —Ji(z), nepenuceiBaem
STOT WHTErpasa B BUJE

[Jo(w) — 1]2%,

x

p1 q1/h 2 piq1/h
Lprdp[ J Jl(kp)dk} =/
0 0 0

WJid, 10C/Ie MHTeIrPUPOBaHud 110 YaCTAM,
oo
L=1In % +2 [ Ji(2)[Jo(z) — 1]Inz da.
0

Baech yureno, uro mapamerp p1qi/h (yxe me coaepxxammii BCIo-
MOTaTENbHOW BEJIMYNHBI X]) BEJINK; COOTBETCTBEHHO 3TOMY 3aMEHEH
0EeCKOHETHOCTHIO BEPXHUI TTpeiesl B OCTABIIIEMCSI MHTErpaJse, a B mep-
BOM [jiere nosioxkeno Jy(qip1/h) = 0. C momomrsio 3HaveHnit

oc
[ Ji(z)Inzds = —C + In2,
0
s 1
[ Jo(z)Ji(z) Inz dz = 5(1112 - C)
0
(tme C = 0,577...  mocrosmuas Diinepa; v = e = 1,78...) u c
yaerom (46.20) okoHUIATENHHO HalieM
L=l (46.22)

h\v—v’|'

[MogBoast uTor TPOU3BEEHHBIM BHIYUCICHUAM, IIPUXOIUM K Pe-
3yJIBTaTy, YTO B KBA3UKJIACCUYECKOM CJIydae JIMIIEHHbBIH Pacxoinmo-
cTeit MHTerpaJji CTOJKHOBEHUI MOYKET ObITh MPEJACTAB/IEH B BUJIE

rie St gaercst dopmyioii (46.7), a Sty; — WHTErpaa CTOJKHOBEHMIT
Jangay ¢ kysnonosckum sorapudyonm (46.22). Iloguepkuem, urto B
nociegneM |v — v'| — TouHas TlepeMeHHas BeJIMYNHA, a He CPejHee
3HAYEHUE Ugpy-

B cuny coenanabix npu BBIBOJE TPEHEOPEIKEHU, ITOT Pe3y/ib-
TAT CHPABEJIUE, KOHEYHO, JIUIIb C «YJIydIIeHHON JorapudMudeckoi
TOYHOCTBIO» : KHHETUYECKOe YPABHEHUE C MHTEIPAJIOM CTOJTKHOBEHU
(46.23) n03BOJISIET Yy UIIUTD TOYHOCTH BBIYUCACHUIT JIMIIB B CMBICJIE
ompeziesieHus TOYHOTO KOdddunmenTa B aprymenTe O60JIbIIOT0 jora-
pudma (¢ 9T0fl TOUYHOCTBIO, PA3yMEETC s, U3 BCEX OTBETOB BbINA/1a-

et h, urparotee B (46.23) b posib BCIOMOraTeIbHOrO MapaMeTpa).
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Bamgauym

1. B OGOpHOBCKOM Ciiydae € YJIy9IIEeHHOW JI0raprdMUYecKodl TOYHOCTHIO
BBIYUC/IUTD MHUMYIO HYaCTb JUIIEKTPUYECKOH IIPOHHUIIAEMOCTH OJHO3APAIHOM
(z=1) pasuosecnoit (T; = T.) mua3mbl s 9aCTOT W > Ve;.

Pem enue. Ilpuseraucienun €’ 1npu yeaoBuu w >> v HAJO yYUTHIBATD
TOJIBKO €i-CTOJIKHOBEHUs (KakK 910 ObL10 00bsiCHEHO B CBaA3u ¢ BoiBogoM (44.8)).
ITockonbKy uHTErpast cTonkHOBeHuil (46.7) orimdaercs 0T 0GBIMHOTO UHTErpasa
Bosbmvarna mosmbko MuOKITETeM |€] 7% mepen dopes, nekomoe € mMoxer Bhrmc-
JAThCs 110 TOH ke (opmyne (44.8):

4me® N; N,

"

(W) = — (vl {oe)i)e, (1)
3Tw?

rae (...)e mwam (...); O3HAYAIOT yCPEJHEHNE 1O PABHOBECHOMY DACIPEIE/ICHUIO

CKOPOCTEH 3JIEKTPOHOB Ve min noHOB V,;. Orinune or npoussenenunix B § 44

BBIUUCTEHUH GyjeT COCTOSTH JIMIIb B TOM, YTO 0y OLNPEAEIAeTCs Tellepb Kak

at—/(l—cosx) ( . %) )

¥ B HEOOXOIMMOCTH YCPEIHEHUS 0t TI0 CKOPOCTAM HOHOB (KOTOPBIMHA B 9TOM MECTE
npenebpedn, KOHEUHO, HEJIb3s1); B aprymente w = qV /h dynkumn £ ckopocrs
IeHTpa WHEPIINU SIeKTPOHA M MOHA IPUO/IMKEHHO 3aMeHeHa CKOPOCTHIO MOHA.
Pezepdopaosckoe ceuenne 3amnuchiBaeM B BUIE

2
dopes, (2)

(ze?)*m? 2msin x dx  8m(ze?)*m?
dapea = 1 . 4 - 2 3 dq7 (3)
dp¢  sin’(x/2) pq
rue
X 7’
q:2pesin5, 1—cosx—2—2 0<qg< 2pe

€
(pe = MVe — MMIYJIBC IEKTPOHA).
Dyuxnus £(w, q/h) — 1 onpenensiercs dhopmynoit (31.11) u cknaapBaercs us

9J1eKTPOHHOI n nonnoit wacreit. ITockonbky ee apryment B (2) hw = qv; < que,
TO HMEKTPOHHYIO 9aCTh MOXKHO B34Th npu w = (; Torma

5i) o e ()
el —, =) —-1= 24+ F 4
<h h) 92(1/3 \/§7JT7L ()

(Uiq — TIPOEKINS V; HA (; YITEHO, 9T0 1ipn 2z = 1 a; = ae)_
Ioxncrasus (3) u (4) B (2), HOCIE OYEBUAHBIX 3aMEH IIEPEMEHHBIX IIO/IyYaeM

4P§ 2/h2 o]

=2 /[ Ce~€ dgd¢

pe C+2+ F/(OF + [F(§)]?

(F = F' 4+ iF"). Unrerpuposanue 1o d( BHITIOJHAETCS 3EMEHTAPHO, a TPU
HOJICTAHOBKE MPEIe/oB Haao yuectn, aro 2 /(p2a2) < 1, u or6pocurs Bee wie-
mer ~ h?/(pZa?) u Bemre. B pe3ym>TaTe Oy IaeTCs

et 2Mue e
Z_— In ZWele 4l 5
(o) = 25 | 2 ®)

TIe
oo

1 2+ F' 24+ F' 1
= 7 /6762 {% [arctg% _ §:| _ 5111[(24_},—1/)2_'_FHQ]} dé
.
0
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(yareno, aro F'(§) — wernas, F" () — nedernas dbyuxnmum £); 9uCICHHOE BbI-
uucnenne gaetr A = —0, 69.
Vepennenne B (1) nponsBoanTes ¢ nomompio GopmMyt

=) (2)=(2) " E

(C — nocrosinnas Ditnepa). OxoHUATEIHLHO HAXOAUM

n_ 42 e'N, Q2 as(mT)'?a,.

€ B, Lp=In———

3 T%/z 1/2 w% ’ h ’
lnaB:gIHQfg-i-A:lnl,OG (6)

(B.U. Ilepeaw, I'M. Dauawbepe, 1961).
2. To ke B KBA3UKIACCHIECKOM CIIydae.
Pemenune Cornacuo (46.23) Berpaxenue ais 0¢ B KBA3UKJIACCUIECKOM

e
CIIydae IOIyJaeTcd BhlYUTaHHeM ln(fyh—) u3 norapudma B (5):
v

1
(O't>i _ 27‘re [ln 2m1) (e +A:| (7)
m2ud ~ve?
Ins € nomyuaerca dopmyna (6) ¢ morapudmom
LmzlnTLf““, I, =2In2 —2C + A =1n0,63 (8)

BMeCTO L.

3. C yayuniernoii jorapuMuaecKoil TOYHOCTHIO ONPEIEINTh CKOPOCTh T1e-
peJlauu SHEPIuM OT JTeKTPOHOB K MOHAM OJHO3apsAHOM (z = 1) miasMel, cauras
PA3HOCTH TEMIIEPATYD IEKTPOHOB n moHoB Masoit (0T =T, — Ty < T.) 1).

Pem e nwue Beumy mamoctn orrmomenus m/M (a Tem camMbiM MaIoCTH
MepeIavn SHEPTUN B KAXKJAOM aKTe), 3apaHee siCHO, 9TO ypaBHeHne s (HyHK-
OUH PACIpeesieHns JIEKTPOHOB CBOANTCS K ypaBHeruio Tuna Pokkepa—Ilianka.
Omno umeer Buz (cm. § 21)

Ofe 1 0 ; Ofe e
fo_ 19 {piB(pe) [ fe 4 fe} }
ot p2 Ope Ope T;
2
VYMHOXKUM 3TO ypaBHEHHE HA 210_6 u npounrerpupyem no 4np? dp.. Tocie nure-
m

TpUpoOBaHUd 110 YaCTAM TIOJAYyYIaeM [Jjid CKOPOCTHU M3MEHEHUA IHEPTUUN IJIEKTPO-

HOB: dE 8f
= B e < + —Je d3 e-
dt ./ ! [61)5 Z f :| P

Cunrast GyHKUMIO DaCHpPee/eHnst 3JeKTPOHOB MAKCBEJIJIOBCKOW, a Pa3HOCTh
TeMIepaTyp MaJol, HaX0JIuM

dE. (1 1 2y 0T 2
U 7('1767'17) '/BugfgdpEAJfENe(Bug)e. 9)

1) Dot Bonipoc paccmarpuBaica P.P. Pamasaweunu, A.A. Pyzradse u
B.II. Cusunvim (1962).
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B cuny yenosmit (47.5), narerpuposanne B (47.9) J0IKHO TIPOU3BO-

iQq

2
JIUTHCS 110 00J1aCTH ( ) < & < 1. IlockobKy MHTErpaJsI CXOINT-

Eae
¢l Ha MaJibIX &, HUXKHUI TIPejIes MOXKHO TIOJIOKUTh PABHBIM HYJITO.

ITpu L1 — oo unrerpan B (47.9) crpeMurcs K HyJII0; IPENosa-
rag Ly goctarodHo OOJIBIINM, BBIYUC/IUM €r0 B JIOrapudMUYeCKOM
NpubIMKEHUH, T. €. OPPAHUYUBIINCH JIUITb [IEPBBIM Y4JIEHOM PA3JIo-
xkenust 10 1/L1. OcHOBHO# BK/1a/1 B MHTErPaJ BOBHUKAET OT 00,1aCTH,
B KOTOPO#l MOXKHO TIPeHeOPedb SKCIIOHEHIIMAIbHBIM 9JIEHOM B 3HAME-
natrese. s aroro poskuo 6bire —1/(2£)+L1/2 > 1, 1. e. unrerpa
Ha10 6parh B mpesestax or 0 qo 1/(Ly —1) &~ 1/ Ly, 9T0 maer mpocto
1/Ly 1). Taknmu 06pa3oM, OKOHYATETHHO MMeeM

i 227 e* zur. T
Béﬂ ) = neng o Zete (47.11)
|[VV']|T¢L1

(ee)

Ilonmoe 3navenme BeIMYINH Ba,B B 3JIEKTPOH-3JICKTPOHHOM WH-

TerpaJie CTOJIKHOBeHuil nosydaercs ciaoxennem (47.11) ¢ oObruHbIM
KYJOHOBCKUM Bbipakennem (41.8), mpudem B aprymeHTe KyJIOHOB-
ckoro jorapudma L medaeBckuii paamyc

-2 —2y—1/2
a:(ae +a; ) / ~ Q-
Braay miaszmennbix Bosin (47.11) cranoBurcs npeobiagaomum npu

T 51 (47.12)
T;LLy

§ 48. Ilorsiommenue B mjia3mMe B BHICOKOYACTOTHOM MPeesie

O6.1acTh wacToT, B KOTOPOii crnipaemania dopmysa (44.9) mis
MHUMOUN YaCTU AUJIECKTPUYICCKON TTPOHUILAEMOCTH TIJIa3Mbl, OTDAaHW-
Jera HepaBeHcTBAMT (2, > w > V;; T€BOE HEPABEHCTRBO €CTh 00IIee
ycaoBue TTPpUMEHUMOCTU WHTErPaJia CTOJIKHOBEHUM C IKPaHNPOBaH-
HBIM KYJIOHOBCKUM B3amMmogeiicTBueMm. Paccmorpum Terneph obpart-
HBIA 110 OTHOIIEHNIO K TIOCIeAHEeMY YCJIOBUIO TIPENe/ILHBIA CIIyvait,
KOT/J1a

w > Q. (48.1)
Cpasy ke OoTMeTHUM, UTO B 3TOM CIy9ae BEIIECTBEHHAS YACTh MPO-
HULAEMOCTH, €, 3aBe/IoMO 0/M3Ka K 1, a MHMMasl 4acTh, €, MaJa.

1) B cymecTsennoit pis unterpana obnactu £ ~ 1/Ly, 1. e. 3¢ ~ 1/(a;L’?).

IIpu sTom
Qe T, \1/2
HAe ~ —1/2 ~ ( ) > 1
a; L, T; Ly

B COOTBETCTBUU CO CACJTAHHBIM BBIIIE ITPEAITOIO?KEHNEM .
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K pmuccwnanym sHEprum BHEITHETO IMEPEMEHHOTO TIONs IPH-
BOJSIT €4-CTOJKHOBEHUS, JJIUTEJIHHOCTh KOTOPBIX TIOPSAIKA WU
MEHBITIE TEpUoaa MOoJd. IDTO 3HAUAT, 9TO Tpu w > (), Oy-
IyT CYIIECTBEHHBI CTOJTKHOBEHUsI, TTPOUCXOISIINE HA PACCTOTHUSIX
~ vTe/w < ’UTe/Qe = a.. Ha Takmx paccTossHNAX KYJJOHOBCKOE TIOJIe
VMOHOB Y Ke He SKPAHUPOBAHO W, TAKUM 00pPa30M, CTOJTKHOBEHUS TP~
06peTaT YMCTO JABYXYACTUUHBIN XapakTep (a He MHOTOYACTUIHBII,
KAKOBBIMU TI0 CYIIIECTBY SIBJIAIOTCS CTOJTKHOBEHWsI C 3KPAHWPOBAH-
HBbIM B3auMoJlelcTBreM ). B 3TuxX yCa0BUsAX MUKPOCKOIMYECKUE AK-
ThI TIOTJIOIIEHUS SHEPIUU T10JIsi CTAHOBATCS MIPOIeccamMu, 0OpaTHbIMU
K TOPMO3HOMY W3JIyYEHWIO IIPU MMAPHBIX CTOJKHOBEHUSIX 3aPsizKEH-
HBIX YACTHUL[. DTO 00CTOSTENIBCTBO MO3BOJISIET ¢ MOMOIIBIO IPUHIIUIIA
JIeTaIbHOIO PABHOBECUSA BbIPA3UTh £ uepes cedeHne TOPMO3HOIO U3~
ayuenuns (B.JI. T'unsbype, 1949).

Huccunanus () 9HEPruu 3JIEKTPOMATHUTHOLO 1O/ B €JUHULE
ofbeMa cpejibl 3a eJIMHULY BPeMeHU Bblpakaercs udepes € (opmy-
aoit (30.5). Urobbl CBsi3aTh 3Ty BEJMUYMHY € CEUEHUEM TOPMO3HOTO
W3JIYHYEHUS, IPUMEM, 9TO I10JI€ CO34AETCsl MOHOXPOMATUYECKO T1710C-
KO#l BOJIHO#, B KOTOPOI ILJIOTHOCTb 3HEPIUU PaBHA

E24+H2 _ |E]
87 8w

(B 1OC/I€IHEM BBIDAXKEHUU TIPEJIIoIAraeTcs, 4ro E BbIpazKeHo B KOM-
MJIEKCHOM BHJIe — Cp. puMed. Ha ¢. 159); BBuUy 6JM30CTH JIN3JIEK-
TPUIECKON TTPOHUTIAEMOCTH K enHuTe mojaaraem 37ech € = 1. [Tocne
sroro dopmysy (30.5) MOKHO 3anucaTh B Buje

Q= we"€. (48.2)

C z1pyroit CTOPOHBI, JUCCHTIAIIS PABHA PAZHOCTH MEXKJ1y SHepru-
eit Quorn, MOTJIOMIAEMON IPU CTOJKHOBEHUSAX DJIEKTPOHOB ¢ MOHAMMU,
u Heprueil, n3jaydaemMoi B 3rux crojkHoBenuax. [Ipu srom mogpa-
3yMEBAETCsI UMEHHO SHEPIust Qppy BBIHYKIEHHOIO (& HE CIIOHTAHHO-
r0) U3JIyYeHUs, PUBOJASIIErO K NOABJCHUIO (POTOHOB, KOT€PEHTHBIX
C UCXOJHBIM II0JIEM U B 3TOM CMbIC/I€ HEOTJIMYUMbBIX OT HEro.

3anuiem cedeHre CliOHTAHHOTO UCIYCKaHus POTOHA, T. €. 00bIY-
HOI'O TOPMOBHOI'O U3Jly4YeHUd, B BUJIE

5:

! 3
doen = M5(5 — ¢ — hw) dk_ 3y (48.3)
v (2m)3
Baeck k — BomHOBOI BekTOp oTOHA, p M P’ — HaAYAILHBIN W KO-
HEYHBIi UMITYJIbCHI 9yieKTpoHa. [Iponssenenve N;v doc, (rme N; —
NJIOTHOCTh YUC/IA HOHOB) €CTh BEPOATHOCTD M3/1y4eHust (hOTOHA 3/1eK-
TPOHOM 3a eaunuIly Bpemenu; (ynkuns w(p’, p) 3aBUCHT TakKe u
0T ToNigpu3anuu ucrnyckaemoro ¢porona. [lpomnterpuporas mo Ha-
npasnernsy p’ w k m nmpocymMMmpoBag no nongpuzanuam (hOTOHA,
noyunm jnddepennmanbHoe (Mo 9acToram) CedeHne TOPMO3HOTO
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nusnydenns do,; d-byukuus B (48.3) ycrpaHsieTcss HHTErpupOBAH-
em 1o €' = p'?/(2m). Takum o6pazom,

am?v’ 9
do, = ww” dw,
Toed
rae w(p,p’)  snavenue dynkuum w(p,p’), yepeaHennoit no wa-

MpaBIeHnsM P U P’; 9TO 3HAYEHNe He 3aBUCHT yKe OT TOJIAPU3aInm
doToHA, U TTOTOMY CYMMWPOBaHWE MO TOCIEIHUM CBOINTCS K YMHO-
xeHnio Ha 2. Bregs «addexktuBHOE M3Iydenmney s, M0 ONpPEIeJTeHII0

hwdo, = », dw,
BBIPDA3UM OTCIOZIa W B BUIE
3
_ x4
W= ————3,. 48.4
dm2v' s Y ( )

Cedenne BBIHYKJIEHHOTO M3JIy9IeHNsT OTMIaeTcst ot (48.3) smib
MHO)KUTETeM Nie — 4UnCIOM (POTOHOB B KBAHTOBOM COCTOSIHUU C
BOJIHOBBIM BeKTOpOM k m HampaBjieHmem mnossipmsanuu € BJoabL E
(em. TV, § 44). TTosToMy TIOJTHAST SHEPTUST BHIHY K IEHHOTO W31y YeHUsT
paBHa

Qun = MY [ i@’ ) (pIote &' o) 2

d*pd’yp,

rie f(p) — dyHKuus pacnpeesnenms 31eKTpoHoB. Huske Gyiem cum-
TaTh Ty (DYHKIWIO MAKCBEIOBCKOM, 3aBUCSIIel TOJHKO OT abCo-
JIIOTHOM BEIMIUHBI p. YCPEIHNB TIO HATPABJIECHUSIM P U P’ W 3aMeTHER,
YTO BBUJIY MOHOXPOMATHYHOCTH TTOJIS

d’k £
Ol RIRCL
. (2m)3 hw
e
epennineM (Qpyn B BUIE

QBBIH = Nzg fﬁf(p)é(a —¢e - ﬁW) dgp d3pl. (485)

AnajIoruyHbIM  00pa30M  BBIYMCISETCS IHEPIus, HOLJIOIaeMast
npyu 00OparTHbIX IEPEX0Jax € M3MEHEHMEM HUMIIYJIbCA 3JIeKTPOHA
p’ — p (Heynpyroe paccesiHue 3JIeKTPOHA B 3JIEKTPOMAIHUTHOM 110~
sie). ITpu 3T0M, COTIACHO MPUHIAITY JETAJILHOTO PABHOBECHST, (DYHK-
[V BEPOSITHOCTH W, OTPEIEISIONINEe CEIeHUsT TPSIMOTO U 00PATHOTO
TIPOIECCOB, paBHBI Mexay coboit. [losromy it Quory TOIyTaETCS
BbIpayKeHue, orandaronieecss ot (48.5) sk 3amenoit byHKINN pac-
npejeseHnd f (p) Ha f (pl) ,ZLHCCI/IH&HI/IH Q = QHOFJ‘I - QBBIH; CpaBHUB
9T0 BhIpaxkenwe ¢ (48.2), momydanm

=N [T~ e - — ) Epdy. (48.6)
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OI‘paHI/I‘H/IMCH HJacTOTaMu1, IJId KOTOPBHIX

fiw < T. (48.7)

Torya pasHocth p' — p Maja ¥ MOYKHO TIOJIO¥KUTh

F6) = Fp) = =Tt = 22 £ ().

a B ocTaababIx MEOKHUTENsX p = p'. [loncrasus 310 B (48.6) M BRIpa-
3UB W 4epes s, coracHo (48.4), HAXOMM OKOHYATENBLHO CI1e/1yIOIIee
BbIPpasKeHUe JjIsi MHUMOM 4aCTH IPOHULAEMOCTH:

2.3
£"(w) = NiNe=“(v3z,), (48.8)
Tw?

re yrjioBble CKOOKM O3HA4YaI0T YCpEIHEHWe 10 MaKCBEJJIOBCKOMY
pacrpe/ie/IeHNI0 JIEKTPOHOR.

[Mpumennm 3Ty dOpMyIy K ABYM TPEIEIbHBIM CIydasM — KBa-
3uKJIaccuIeckoMmy u bopuockomy. B mepBom ciyuae, T. e. npu

2 o> 1, (48.9)
orpaHuYanM erre 06,1acTh 9acToT w > (), 6o/lee y3KUM WHTEPBAIOM

3
T > w > (48.10)
ze
(cneBa crout BesmuWHaA, OOpaTHAsi KO BPEMEHW TIPOJIeTa 3JeKTPOHA
Ha TAKOM PACCTOSTHUW OT WOHA, Ha KOTOPOM YTOJI PACCEsTHUsT CTAHO-
BuTCs ~ 1); jierko Bujgers, yro u3 yciaosuit (48.9), (48.10) aBroma-
Tudeckn ciaepyer (48.7). B kpasukiaaccnyeckoMm ciaydae shdexTun-
HOe u3jydenue Ha dactorax (48.10) mpu CTOJKHOBEHMH 3JIEKTPOHA
C HEINOJIBUKHBIM MOHOM JaeTcst (hopMyJIoii

162%¢8 2mv?

3w2edm?  qwze?’

(48.11)

w

e v = ¢ = 1,78..., C — nocrosmmas Diinepa (cm. 11, (70.21)).
Hoxcrasus B (48.8) w Mpon3Beast ycpeaHenwe, MOIyanM 1)

" 427 ze'N. Qg In 2°/23/2
3 T3/2m1/2 3 ’yﬁ/sze?ml/Q.

(48.12)

1
) TIpu 9TOM MCIOIB3YeTCs 3HAUECHNE MHTErPAIA

Je "Inzdz =-C.
0
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uro kBaapar E?, ycpeiHeHHBIl 10 CTATMCTHYECKOMY pacrpejee-
HUIO (ha3 M WHTEHCUBHOCTEl BOJIH, He 3aBUCUT OT KOOPAWHAT (Takoe
yCpeIHeHne 9KBUBAIEHTHO YCPEIHEHNIO TT0 YIACTKAM TTPOCTPAHCTRA
¢ pazmepavn Az > 1/|Ak|).

IIpepcrapum nojie E B HauaibHbIIT MOMEHT BPEMEHU B BUJIE WH-
rerpasia Pypoe:

. 3
E = /Ekezkf dk_ (49.6)
(2m)?

rae B cumy ycnosus semectsennoctn E_y = Ep. Ilpeamonoxenne
(49.4) o0 xapakTepe HAYATLHOTO BO3MYIIEHNUST O3HAYAET, YTO WHTETPH-
posanue B (49.6) dakruuecku BegeTCs JMNIb B OKPECTHOCTAX TOYEK
k = +kq. YoioBue ke npocTpanCTBEHHON OZHOPOIHOCTU BO3MYIIIE-
HMA JIEFKO C(POPMYIMPOBATH, HAIIMCAB KBapaTu4Hblil Ten3op K, Eg
B BU/IE JBOMHOIO MHTErpaJia:

(et ke PR AR
EOLEﬂ — //EkaEk/ﬂeZ(k+k) W.

Tlocse ycpeauenusi 1o CTaTUCTUYECKOMY PACIPEIEIEHUIO, STO BhIPa-

JKEHNEe JIO0ZKHO OKA3ATBHCS HE 3aBUCAIAM OT T ). st sToro cpeg-
ree snadenne (Fy,Fyg) D0omkno cogepxarh o-yrkmamio d(k +k').
I/IMeH TaK>Ke B BUY HpOrHO.HI)HOCT]) IIJIaSMEHHBbIX BO.HH7 Haltuiem

3heks (B2),5(k + K. (49.7)

(BxaBip) = (2m)
D10 COOTHOLIEHNE HAJI0 PACCMATPUBATL KAK OlPEJIe/IeHNe BeJIUYnH,
obozHauennbIx 371ech cumpondecku epes (E2),. Orverum, aro stu
BEJINIMHBI BEIECTBEHHBI. Boiparxkenne (49.7) OTIM9IHO OT HyJIs NI
npu k = —k' u cumMmerpuuno 1mo oTHOIIEHMIO K HepecTaHoBKaMm k
u k'. Tlosromy (E?), = (E?)_k, a nepevena snaka k sxsusajientna

KOMILIEKCHOMY coTipsizkernio. Cpeannii KBapar <E2) BBIPaKaeTCs
gepe3 3TU BeJIMYNHBI COTJIACHO

A3k
®) = [ (EhtE (19.)

Unrerpuposanue B (49.6), a noromy u B (49.8), npoussoaurcs,
KaK y2Ke YKa3bIBaJIOCh, 110 OkpectHocTsiM Touek kg m —kg. Vmo6-

') Jlns  BO3Mymenmii paccMaTpEBaeMoro THTA WHTerpambi  Bi =
= [E(r)e * dz® daxtuuecku pacxonsrcs, nockombky E(r) me mcuesaer

Ha 0ECKOHEIHOCTH. DTO 00CTOATENHCTBO, OJHAKO, HECYIIECTBEHHO /si (hOop-
MaJIbHBIX BBIBOJOB, WMEIONUX [0 € 3aBEJ0OMO KOHEYHBIMHU CDEIHUMU
KBa/IpaTaMu.
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Hee, OJTHAKO, NCKIIOYNTE U3 PACCMOTpeHust BeKTop —kg, mpejcrasns
(49.6) B Buge

. 3
E= / Eyelkr 4F + K.C., (49.9)
(2m)?
k%k(]

rJle MHTErPUPOBAHWE TPOU3BOANTCS YK€ TOJBKO MO OKPECTHOCTH
Toukn k = kg, a K.c. 03HavaeT KOMTIJIEKCHO-COTIPSI>KEHHOE BhIpa-

xenne. Coorsercreernno (49.8) zanmrmercst kaxk

3
®) =2 [ @k (49.10)
. (2m)?
kkko

a coornowenus (49.7) B Buge
* ko k
(BxaByg) = (ZW)S(EQ)kk—ZB o(k — k'),
<EkaEk’,B> =0.

Hanbreitas sposornns Bo3mytenns (49.9) co Bpemenem mpej-
CTABUTCS BhIPAYKEHNEM

(49.11)

. 3
E = / e p (1) 4k e, (49.12)
(2m)?
k%k(]
rie w(k) = Q. — wacrora nIA3MEHHBIX BOJH, a KO03(MMOUIHEHTH

Ex(t) memnenno mensiorcs 3a cuer 3aryxanusi Jlanpay. B anaso-
TUIHOM BHJIE TIPEJACTABAM U (PYHKIIMIO PACTIPEIETEeHNs JIEKTPOHOB

f=hep)+{ [ Adeppeted T 9as)

k%ko

Broipaxenue B durypubix ckobkax mpezicrasisger coboit ObicTpo oc-
UMJIAPYIONLYTO B IPOCTPAHCTBE U BPEMEHU <«XAOTUUYECKYIO» 9aCTh
u3MeHeHust PYHKIUKU PACHPEIEJIEHUsI; OHA MCYe3aeT PU CTATUCTH-
4EeCKOM ycpeaHeHun BojiH. jien xke fo(t, p)  MeIIeHHO MeHdone-

ecsi, yCpeIHEHHOe PaCTIpeeente ).

Hama nenp cocTonT B IIOJIy9eHUH CUCTEMbl yPaBHEHUi, onpee-
JISFOIIUX 3BOJIOLUIO YCPEIHEHHBIX XaPAKTEPUCTUK COCTOSHUS T3
vbl dynknumit (E?)x u fo(t,p). Jdus roro urobbl Taxas cucre-
Ma MOT/Ia ObITh 3aAMKHYTOH, 3TH XapaKTEPUCTHKH JOJKHBI OXBa-
THIBATH CO0OM BCE 3/IEKTPOHBI, YYACTBYIOIIUE B MHTEPECYIONINX HAC
nesimaeitabix 3ddexrax. [asg 3T0ro B CBOIO 0Yepeb UHTEPBAJI CKO-
pocreit (49.3), orBeuatomuii pazépocy BoaHOBBIX BekTOpoB AK, BO

') He cMemmBaTh €ro ¢ paBHOBECHBIM MAKCBE/LIOBCKUM PACHpeeseHnen!
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paxkervn B (49.19) 0-dbyHKINN SKBUBAJIEHTHO, MO TIOPSIIKY BEJINUV-
HbI, yMHO)KeHUIO unTerpasa na 1/(vgAk). Takum obpaszom,

D) o €EY) | eXE?) (49.21)
UoAk koAU ) )

Haxonen, soipasus (E?) uepes ammmuryny g xonebanuii moteHim-
ama (~ k%|pg|?) n noacrasus (49.21) B (49.20), naiizem ')
(Av)?

ko(elol/m)?

B nziokeHHOM paccMOTpEHWH TO/Ipa3yMeBaeTcst, KOHEYHO, 9TO
BpeMsT Ty MaJjio M0 CpPaBHEHWIO CO BpeMeHeM 3aryxanmus Jlammay:
Ta < 1/7; B IPOTMBHOM Cjiy4ae BOJIHBI 3aTyXHYT, HPEXKJE HYeM
ycreoT npoaButhCa dddexTor Heauueinoctu. B To ke Bpems
npuMeHnMocTb ypasuenus (49.14) npeanosaraer MaaocTb BpeMeHu
1/y mo cpaBHEHWIO CO BpeMeHeM CBODOTHOTO TPoOera 3J1€KTPOHOB:
1/y < 1/ve, tne ve  cpeansis wacrora cronkHosenuii. [locreanee
YCJIOBHUE, OJHAKO, HE TADAHTUPYET eIlle 3aKOHHOCTU MPEeHeOPerKeHu st
CTOJIKHOBEHUSIMY B PACCMATPUBAEMOM siBJIEHUH (T. €. 3AKOHHOCTH (-
MOJIB30BAHWST 3716Ch KWHETHYIECKOTo ypasHenus B Buje (49.16)): mis
KOHKYPEHINN ¢ HeJwHeHHbIMu 3¢ dexTamn CymecTBeHHO He 00Iee
BPEMsl CTOJIKHOBUTE/JIHHON PEJIAKCAIIMHU, & JIUIIL BPEMsi CTOJKHOBU-
TEJILHON peJIaKCAlli B WHTEpBaJje CKopocrein Av; 0603HAYUM €ro
KAK Terp.

ITockosibKy peub mjer o pejakcanuu B uHTepBaje Av, paciojio-
JKEHHOM BOJIMEU 3HAYEHUsI V) S>> UTe U B KOTOPOM COJEPYKUTCS JIUIIb
OTHOCHUTEJILHO MaJias J0Jis BCEX JJIEKTPOHOB, TO CUTYAIN AHAJIOIUY-
Ha TOI, ¢ KOTOPO#l Mbl mMe/n 110 B 3aja4de 00 yberaromumx 3Jiek-
tponax. IIpomecc mpeacrasisier coboit nuddy3uio B UMy IbCHOM
npocTpancTBe ¢ Koadduimentom auddy3un

4 2 5
(ct) _, 2 2 4me"LN.T. _ m vec(vre)vp
D' = m*vee(v)vy, = . =

~
muv? v

(49.22)

(49.23)

(xkoabdurment nipu Jf /Op B MIOTHOCTH TTOTOKA B WMITYJILCHOM TIPO-
crpancrse (45.5)).
Wckomoe BpeMsi CTOJIKHOBUTEILHOM pejiakcaluu B uarepsaje Av

ormmaercst ot (49.20) zamenoit DM ma D):
2 2 2 3
o WIS A0 (W) g

2
D(er) 03 Vee (VTe) \VTe

1) Ipu Av ~ (e|lgo|/m)'/?, xorma m3moxennas Teopus yie, CTPOLO Io-
BOpsi, HempuMeHnnMa (3HaK ~ BMecTO 3Haka > B (49.5)), T1a omenka maer
Ta ~ kil (m/e|po|)t/?. Mmenno 1o pesyisrar u cies0Bag0 0XnaaTh, KOrua
pa3bpoc PE30HAHCHBIX CKOPOCTEH Av COBIQIAET € aMILUINTYA0H CKOPOCTH 3JIEK-
TPOHOB IIPU UX KOJIE€OAHUSX B IIOJI€ BOJIHBL: [0 HOPS/IKY BEJINYUHA T, COBIIAJAET
C TIEPUOJIOM TUX KOJIEDAHWT.
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ITpn
T > Ter (4925)

(1. e. DM « D(CT)) nesinaeitabie 3@EKTh He UTPAIOT POJIU: CTOJIK-
HOBEHHSI YCIIEBAIOT TMOJJIEPKUBATH MAKCBEJIOBCKOE PAaCIpe/lesieHre
BOJIN3U V(, HECMOTPsI HA BO3MYIIIEHUE OT BOJHOBOIO IOJIsl; COOTBET-
crBenno kodddunment 3aryxanus Jlanmgay Oyaer gaBarbcd 00bIU-
HBIM BBIDAKEHNEM, OTBEYAIONINM MaKCBE/JIOBCKOMY 3HAYEHWIO TPO-
n3BoIHOI Of/Jp B oKpectHOCTH V(. Taknm 06pazom, HEPABEHCTBO
(49.25) ecrb yc0BME IPUMEHUMOCTH CTPOTO JIMHERHOM Teopun 3ary-
xanus Jlangay. HanmomHuM B TO 2Ke BpeMsi, 4TO U3jaraemMasi KBaszu-
JINHEHAST TeOpUst CIPABEJIMBA IPU ropazgo bojiee cjaaboM yeaoBun
(49.2). Yenosue (49.25) MOKHO IPEJCTABUTH B BUJE

2 3
%<< N,T, |Vax Ly*'? (“L) avt

Vo Vo

e n = €2N1/3/T — TapaMeTp ra30BoCTH. MajlocTh MHOKATE A, 3a-
KJIFOYEHHOTO B KBaJIPATHBIE CKOOKU, JEMOHCTPUDPYET CJIAD0CTh YCJI0-
Bus (49.2) no cpasuenuto ¢ (49.25).

B obparnom npegenbaom ciiyuae, npu 7y K Tep, HeJIUHENHHBIE 3(-
(bexThl NPUBOAAT K CUJIBHOMY yMEHbBIIEHUIO IPOU3BOAHOM O f/Jp B

yKazauHoit obsractu, rpyb0 roBOps, B OTHOIIEHUN D(CT)/D(H). Coort-
BETCTBEHHO yMeHbImaeTcd Kodddunuent 3aryxanugd Jlamgay.

§ 50. Kunerndeckoe ypaBHeHUIE
JIJIsl PEeJISTUBUCTCKOMN T1J1a3Mbl

Ecau ckopoctu wactun (3/1eKTPOHOB) B IjIa3Me HE Majlbl 110
CPABHEHUIO CO CKOPOCTHIO CBETA, KMHETHUIECKOE YDABHEHUE JOJIKHO
OBITH 3aMMCaHO C y4eToM peasTusrcTckux addekros (C.T. Beases,
I'". Byokep, 1956).

[Tokazkem npeaBapurebHo, 9To MYHKIU pacipe/eienus B da-
30BOM npocrpanctse, f(t,r,p), ABASeTCA PENATUBUCTCKA MHBAPU-
anTHOil Besmuuuoit. g 3TOro 3amernm, UTO HPOCTPAHCTBEHHAS
IUIOTHOCTH YaCTUIl U IUIOTHOCTH UX MOTOKA, T. €. UHTEI'PAJIbI

N=[fd, i=[vfd,

J0/KHEL cocTaBsats 4-sexrop i = (eN,i) (cp. 11, § 28) ). Nmes
B BHJY, YTO B PEJIATHBUCTCKON MEXaHUKE CKOPOCTh YACTHUIIBI C WM-
1yJIbCOM P U 3HEPrueil € ecrb v = pc?/e, MOXKHO 3alUCATH TOT

1
) B srom naparpade narunckuvu 6yksamu k, | 0603HAUAIOTCS YeTHIPEXMED-
Hble BeKTOpHBIE nHIeKchl. CKaIsApHOe IPOU3BeIeHne ABYX 4-BeKTOpPOB a u b 000-

snauaercs kak (ab) = apbt.
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4-BEKTOD B BUJIE
3
i* = /pkfd—p, (50.1)
. 13

rne pF = (e/c,p) — 4-uvmnymse. Ho ripawenne dp/e smnsiercs
4-ckanapom (cm. II) § 10). fcuo mosromy, uro u3 4-BeKTOpHOCTH
unrerpana (50.1) ciepyer, uro byakuus f  4-cxansp ).

ITepexoast K BBIBOJY KMHETHYECKOTO YPABHEHMsI, 3aMEYaeM, 9TO
npousBeJeHnble B § 41 BBIYMCIEHUS OCTAIOTCS B CHJIE U B PEIATH-
BUCTCKOM CJIy4ae BILIOTH 10 Bbipaxkenus (41.3), (41.4) aust nuior-
HOCTHM TIOTOKA B UMILYJILCHOM NpocTpancTse. HeoOXoammo b Bbl-
YUCUTH 3aHOBO BEJUYHUHbBI

1
Bug = 5 | 4aqpvom do. (50.2)

Bemmanna vy 3/1€Ch — TO-TIpEXKHEMY OTHOCUTEThHAS CKOPOCTH
JBYX YacTwt]. HamoMHUM, OJHAKO, 9TO B PEJISITUBUCTCKON MeXaHWKe
OHa OTIpesieisieTcsd KaK CKOPOCTh OJHON YaCTHUIl B CHCTEME TTOKOSA
JIpyTOii M, BOOOIIE TOROPS, HE CBOAUTCA K pasnoctn v — v/ (cm. 11,
§ 12).

BrisicauMm, tipexkie Becero, TpanchOPMAIIMOHHBIN XapaKTep 9TUX
BenmawH. [Iponsrenenne

Vorndo - ff dpd®p &z dt

eCTh YUCI0 AKTOB PACCEesHUS, MPOUCXOALIINX B obbeme dor B Tede-
Hue BpeMenu di MexK/y ABYyMs YACTUIAMU C UMIIYJIbCAMU B 3a/1aH-

HBIX HHTEpBAIAX dop n d>p'; 0 CROeMYy OTIpeIe/IeHIIO ITO YHCI0 eCTh
naBapuanT. [lepenmcap ero B Bue

U 3aMeTUB, 4YTO MOCJEJHUE IATh MHOXKUTEseil (OTAeNeHHBIX TOY-
KaMW) WHBAPUAHTHBI, 3aK/I0YaeM, YTO W TIePBbIi MHOXWUTEb,
€€'Vorn do, ectb unBapuant. OTCI0A B CBOIO OYepe/b CJeIyer, 4To
UHTErpaJibl

wht = %55' quqlvOTH do (50.3)
o6pasyior cummerpuunbiit 4-ren3op. Besmunnbr xe (50.2) csa3anb

C IIPOCTPAaHCTBEHHBIMU KOMIIOHEHTAMM 3TOr0O 4—T€H30pa COLJIaCHO

weps

ee’

Bog = (50.4)

1) ®yukums ske pacnpesesenust 10 O4HUM JINTIh UMITYJIhCAM, T. €. MHTerPaJl
ft,p) = [ f(t,r,p)d*z, yxe me apasgerca 4-cKanapom (MMEHHO Takad QyHKITHA
paccmarpusaerca B 11, § 10).
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Borancanw cnavana 4-rersop (50.3) B cucreme orcdera, B KOTO-
poit osna m3 vacrui (CkazkeMm, 4acTuA €) NOKOMTCs. PensaruBuct-
ckoe cevenne pe3epdOpAOBCKOTO PACCeTHNST YaCTUIL € Ha TIOKOSIIINX-
cst (10 CTOTKHOBEHWST) YaCTHWIAX € MPW MaJIbIX YrjlaxX pacCesiHus
nmeer BUT )
4(66’)26’2

p/4X4
Takoe ke BbIYMC/IeHWe, KaK Tpu BhiBojge (41.8), mpuBoanT K Cie-
JIYIOIIEMY BBIPAYKEHWIO JI/IS TTPOCTPAHCTBEHHBIX KOMTIOHEHT TE€H30pa

(50.3):

do = < 2mx dx. (50.5)

WP = 27(ee')2L(v"805 — U;v'ﬁ)chq%. (50.6)
OctasibHble K€ KOMIIOHEHTbI HA/I0 CUMTATH PABHBIMU HYJIIO:
W =woe =, (50.7)

JleficTBuTe IbHO, M3MEeHeHre SHeprum YacTui npu croixkaosenun (q°)
B pacCMaTpUBAEMO CUCTEME OTCUYETa €CTh BeJIMINHA BTOPOTO TOPsi/I-
Ka 110 MajioMy yrily paccesuus; nosromy WO u WO oxazanuce 6u1
BEJIMYUHAMU TPETHEr0 WJIM YE€TBEPTOrO IMOPS/IKA MAJOCTU, MEXKY
TEM KAaK BeCb BBIBOJI MHTErPAjid CTOJKHOBEHUN TPOU3BOIUTCS JIUIITh
C TOYHOCTBIO JI0 BEJIMYUH BTOPOIO MOPSIKA.

13 (50.6), (50.7) nmeem
WE=-we = —47‘(’(66,)2[/771028—’/.
v

DT0T 4-CKaJIsip MOXKHO 3alUCAaTh B MHBAPDUAHTHOM BU/IE, 3AMETHB,
9TO B CUCTEME ITOKOSI YaCTUIlbl € nMeeM

/ 2 1/2 ’
w )” — 1
(uu') = = [Cwe)” =177 v

m'c?’ (uu') c
e ub = p¥/(mc), u'* = p'*/(m'c) — 4-ckopoctn obenx wactTm.
ITostomy
WF = —4n(ee’)? Lmm/c! ()" (50.8)

c[(uu)? — 1]1/2°
13 (50.6), (50.7) maxoanm Takike, 9TO
Whly, = whkly) = 0, (50.9)

a BBUAY PEIATUBUCTCKU WHBAPWAHTHOTO BU/a I3TUX PABEHCTB OHN
CTIPABEIINBEI W B 000t crcTeMe oTCYeTa.

1
) D70 BhIpAKEHME OTHOCHTCS K PACCESTHUIO JIEKTPOHOB KAK HA /1EKTPOHAX,
Tak u HA MOHax. B mepBoM ciywae oo nomywaerca u3 1V, (81.7), a Bo Bropom

W3 CeYeHUsl PACCesTHNUsI Ha HEMOABMYKHOM KyJIOHOBCKOM menTpe IV, (80.7).
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Buipaskenne 4-rermsopa WH, cripaBeinBoe B mpom3BoIbHON CH-
creMe oTcUeTa, JOJIZKHO, OYeBUIHO, 6BITB CUMMETPUYHBIM TI0 OTHO-

mennio K obenm wactumam. OOImit BUI Takoro 4-TeH30pa, 3aBNCs-

orero ToJIbLKO OT 4—B€KTOpOB U,k n ’U/k, €CThb

Wkl :agkl—l—ﬁ(ukul—l—u'ku'l) —|—(5(uku'l+u'kul),

rae «, 3,0  cxkanapbl. Oupenenus nocaegnue u3 yceaosuii (50.8),
(50.9), momyamm

W — o (ee!)? [ (w)*
cl(uu')? —1]3/2
x {=[(uu')? = 1]g* — (uFu! + Fu") + () (uFu + uFub)}.
(50.10)

Haxowerr, B3sB TpOCTPAHCTBEHHYIO YaCTh STOTO 4-TeH30pa B MPO-
U3BOJIBHOW CHUCTeMe OTCYeTa, IOJYyYUM OKOHYATEJbHO CJIeylollee
BBIpAKEHNE 19 BEJINYNH Baﬂ, BXOAAIINX B WHTETPaJ CTOJTKHOBE-
HUI:

2
/ 1 _ ,
ezt T )
2 !

2 2 12 ’
— Z—Qvavg — 72 vflvlﬂ + % (1 — %) (vomlﬂ + 1;;1;5)}, (50.11)

C C C

5 v? —1/2 / e’ 0> —1/2
v mc? ( c? v m'c? c?

— JIOPEHIERBI MHOKWUTENN 1151 06enx gacTun. OTMeTnM, 9To, HECMO-
TPs Ha CBOiT 60/1ee (I0KHBIH (YeM B HEPEJIAITUBUCTCKOM C/Iydae) BUJIL,
TpexmMepHbIii Ter3op (50.11) mo-mpekHeMy yI0BJIETBOPSIET COOTHO-
MEHTSIM

rae

Bagvs = Bapv. (50.12)

Jliist  OueHKM  KYJIOHOBCKOIO Jiorapudma 3aMeTum, d9To B
PEJIATUBUCTCKOM —C/Iydae WMeeT MeCTO OOPHOBCKAs CHUTYaIlus;

ze? [(fw) ~ ze?/(fic) < 1. TlosToMy A7Ist ee- W €i-CTONTKHOBEHHT

a Tea

La~In2 x~n=—<2 (50.13)
h he

Hna di-cronkuosenuit nano 3amennts T Ha T; (ecinm moHBI TOXKE

peJIHTI/IBI/ICTCKI/Ie) WJIN YK€ TIOAh30BATHCA OOBIYHBLIMUI HEPETIATUBUCT-
CKUMW BBIPDAKEHUAMN.
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Kwunernvueckoe ypaBHenme ¢ KyJOHOBCKIUM WHTErPAIOM CTOJIKHO-
BEHUT MMeeT CMBICT 0 TeX TOop, ToKa pe3epdOopI0BCKOe PACCesTHUe
SIBJISIETCA TJIABHOW MPUYNHON M3MEHEeHNT NMTTYThCa W SHEPTUN JIeK-
TpoHa. KoHKypUPYIOMIM TPOTIECCOM 3/1€Ch ABJIAETCI TOPMO3HOE M3-
jaydenre (a TpU HAJTWYUU B TJIa3Me 3aMeTHOTO 4ncia (GOTOHOB —

rakxke u 3dgdexr Komnrona). Ceuenne (rpancnopraoe) pesepdop-
JIOBCKOTO PACCESTHUSI UMEET NOPAI0K BeJUIHHbI

o ~z2(62)2<m8)?L~z2(fi)2(mi)?L (50.14)
pes mc? € mc? T. ' ’

CeueHnue ke TOPMO3HOIO UCIYCKaHUs (HOTOHOB ¢ sHepruein hw ~ T:
2? ( e? )2 T.
o ~ In =¢ 50.15
ropu 137 \'mc? mc? ( )
(cp. IV, (93.17)). DTu cevenunsi CpaBHUBAIOTCS TTPH
T. ( 137L )1/2
In137L '

mc?

Bagmgaum
1. Haiitu CKOpOCTH TEpeIavYu SHEPrUU OT SJAEKTPOHOB C TEMIEPATypOit

T. > mc® x nonam ¢ remneparypoit T; < Mc?.
Pemenue Burors no (42.3), npoussenennsie B § 42 BbraucieHus

ocTaiorcd B cuite. Benuaunsl xe Bc(fﬂi) Gepem m3 (50.4), (50.6), monoxus v' ~ c:
i L
B = 4net 22 =
c
B pesynbraTe Haxoaum
dE; _ dE. _ (1 B g) drz’e’ NiN. L
dt dt T. Mec

Bbipasus aHepruio yibTpapenaTHBUCTCKUX 3MEKTPOHOB Yepe3 WX TeMIIepaTypy
cornacno E. = 3T, N, (cm. 3amaqy B V, § 44), nonyunm

dT. dmz"e’N;L
= (T - T) TS
dt 3McT.

2. HaiiTtu 3/1eKTpOnpoOBOIHOCTh PEISTUBACTCKOMN JIOPEHIIEBOM TLTA3MBI.

P e m e n ue. Ilocie mpenebperkennsi ee-CTOJIKHOBEHHUSIMU U TI€PEX01a K
npegeny M — 0o, XOII pellleHns B PeIATUBACTCKOM C/IyIae COBIIAIAET C PelleH!-
eM HepessTuBUCTCKON 3aaun B § 44. Tiist nonpasku K GyHKUMM PACTIPEJeIeHNs!
B nocToAHAOM (w = () 3JIEKTPUYECKOM TI0JI€ CHOBA TIOJLY Ya€TCs

eEv
if =- Tovei(p) fo

(cp. (44.5)), ¢ Toit s pasHUNEH, ITO IACTOTA CTOJKHOBEHWI ONPEIeTAeTC
Terneph PEAATUBUCTCKUM CederreM pe3epdOpI0BCKOTO PaCCesTHIs:

Amz2e’ L

v2p?

2
Vei(p) = Njvoy, o X / X; do =
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Borunesms Tok kax warerpan —e [ Vo f d®p, 10JLy UM ISt €K TPOIPOBOAHOCTH
)
127wze?T. L
B yasrpapensTusicTckom cayyae v X ¢, (p?) = 12(T. /c)?, Tax uro

cT,

mze?

g =

§ 51. DuykTyarnuu B 1Jjia3me

Teopust durykTyanuii B miasmMe CTPOMTCS B NPUHIMIE TaK 2Ke,
kak u B 00brunOM raze (§ 19, 20). Pasnospemennbie KOPpPessiTOpbI,
HAIpUMep

(0fa(ti,r1,P1)0f5(t2,v2,P2)),  (0(t1,71)d fo(t2, T2, P2))

(cp [IOTEHINAJT SJIEKTPUIECKOTO 110JIs; UHIEKCHI @, b OT/IMYIaioT cop-
Ta, YACTHIL), yJIOBJETBOPSAIOT npu t = t1 — t9 > 0 Toil ke cucreme
ypaBHeHI/Iﬁ — JINHEAPU3O0BAHHBIX KUHETUYIECCKOTO YPAaBHEHWA U YPaB-

nerns Ilyaccona, aro m dynkmun pacnpejenenns f, w moTeHIN-
ast . g pertenust 310l cucreMbl HEOOXOUMO 3HATH, B KAYECTBE
HAYa/IbHOIO YCJIOBUSI, COOTBETCTBYIOIIME OJHOBPEMEHHbIE KOPPEJis-
topbl. Ho B oT/imune oT pABHOBECHOTO ra3a HelTpa/ibHbIX YaCTHIL, B
[JIa3Me UMeeTCsi OJIHOBPEMEHHAs] KOPPEJIALUsT MEXKJIY TOJIOXKEHUSIMU
PA3JIMYHBIX YACTHULL, CBSI3AHHAS € UX KYJOHOBCKUM B3aUMOEHCTBHEM
u npocrupamomasnca Ha 6osbmoe (~ a) paccrosiaue. B paBaoBecHOM
CIydae 3Ta KOPPEJsns OMUCHIBAETCS KOPPEISITOPAMHU TLIOTHOCTH,
BerauciendbiMu B V, § 79. B HepaBHOBECHBIX YKe CIydasix Onpeierie-
HIE€ OTHOBPEMEHHBIX KOPPEJIATOPOB SBJIAETCST TPY/IHON 3a1adeii.
DTy TPYIHOCTH, OJHAKO, MOXKHO TPEOIOJeTh B 00IeM BHje B
caydae 6eCCTOMKHOBATEIHLHON TIa3Mbl. 3aMETUM, UTO WMEHHO IS
0eCcCTOMKHOBUTEIHHON TLIa3MbI 334294 O (DIYKTYAIUsIX B CTAIHOHAD-
HOM HEPABHOBECHOM COCTOSIHUW CTABUTCS B OCOOEHHOCTU €CTEeCTBEH-
HBIM 00pa30M, MOCKOILKY B TaKOi TJIa3Me B OTCYTCTBHUE BHEIITHETO

nosist 10661 byuxnun pacnpegenenus f,(p), 3aBucanime TOJIbKO OT
UMILYJIbCOB Y9aCTHIL, SIBJAAIOTCS CTAIMOHAPHBIM PEIIeHNeM KUHEeTUYde-
ckoro ypasuenus. Koppeagarop duiykryanuil OTHOCUTEIBHO TAKOTO
pacmpeeenusi, KAk W B PaBHOBECHOM CIydae, Oy/eT 3aBUCETH OT
KOOPJWHAT JIBYX TOYEK U OT JIByX MOMEHTOB BPEMEHU TOJILKO Uepe3
pasHocTH T = 1] —TI9 u t = 11 — 9. BeccToNIKHOBUTEIHLHOCTH TLIa3-
MBI O3HAYAET TPW DTOM, UTO PACCMATPUBAIOTCS BpEMeHa t, Majble
no cpasHennio ¢ 1/v, rae v — sddekTnBHas 9acTOTa CTOJIKHOBE-
uwnit. V31araemblit Huke METO ] TPUMEHNM UMEHHO B 9TUX YCIOBUSX;
0eCcCTOKHOBUTEIHLHOCTE UCIIONB3YeTCsT B HEM ¢ camoro Hadanaa. O
OCHOBAH HA HEMOCPEJICTBEHHOM YCPETHEHUN TPOW3IBEICHUN TOUHBIX
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baykryupytommx dbynkmmit pacrpegeenns fo(t,r,p) ).
O1n GYHKINN yIOBIETBOPSIOT YPABHEHUSIM

dfo _ 0fa | ,0fe  Op0fa _ (51.1)

dt ot or “ or Jop ’

rje ¢  TOYHBII IIOTeHIUaAJ 3JIEKTPUYECKOIO 110J1d, YA0BJI1eTBOPLIO-
mKUA ypaBHEHUTIO

Ap =41 eq [ fadp. (51.2)

Vpasuennst (51.1) Beipaxkator co6oii awasor Teopembl JInyBuLIA.
[TogaepKHEM, 9TO B 9TUX TOYHBIX YPABHEHUSIX eIlle He TTPEeHeOPeKeHO
cronikHOBeHWsAMU. TouHbIe (DYHKIMN pacrpeieneHust

falt,r,p) = > 8[r — ra()]6[p — pa(t)] (51.3)

(cymMMUMpOBaHUME 1O BCEM YaCTUIAM COPTA ) YUUTHIBAIOT JIBUKEHUE
YACTHIL TT0 TPAEKTOPUSM I = T'y(t), SIBAAIONMMCSA TOYHBIMY PEITIeH-
SIMM YPaBHEHWIl JIBUYKEHWS CUCTEMBI B3aWMOJIEHCTBYONINX YaCTHII.
Vpasuennus (51.1) jilerko npoBepuTh npsiMbiM and depenHmposanemM
Boipazkenuit (51.3) ¢ yuerom ypaBHeHuUil JIBUKEHUS YACTHIL B CAMO-
COTJIACOBAHHOM TTIOJI€.

Vpasuennst (51.1), (51.2) camu 1o cebe JIOBOJIBHO GECTIONE3HBI;
nosb30BaThCa byHKIMsAMU pacupegenenus B Buge (51.3)  Bce pas-
HO, 9TO CJIeAUTh 34 KaxKJION [actumeit B orjeabHocTu. Ecanm xe
YCPEAHUTH UX 110 (DU3NYECKH GECKOHEYHO MajibiM 00beMam 2), 1o-
Jlydarcst 0bblaHble KuHeTnveckne ypasuenns. llomoxur f, = f, +
+ 0f4, ¢ = ¢+ dp n ycpeauur ypasHenus: (He TPOU3BO/s MTPH 3TOM
HUKAKUX nperebpexkenuit!); mosyaum

f, | O, _, %0, _, <66¢86f> (51.4)
ot Or Or Or or Op
Ap =—41Y eq [ [, dp. (51.5)
a

[Tpasasi wacth B (51.4) ecTh WHTErpaI CTOJKHOBEHUI 3).
Berurs (51.4), (51.5) u3 rounbix ypasuenuii (51.1), (51.2), nosuy-
uuM ypasHerns I (pAyKTympyrommx dacteil hbyHKIuii pacrnpese-

') Dror meron npunagnexur Pocmoxepy (N. Rostoker, 1961) u [0.JI. Kau-
monmosuuy u B.II. Cusuny (1962).

2) Wnn, 910 10 ke, 0 HAYAIBHBIM yCJIOBUSIM TOYHOU MEXaHWYECKOW 334a¢n,
OTBEYAOIINM 33JaHHOMY MAKPOCKOINUYECKOMY COCTOSHUIO.

3) Mul ewe BepHEMCs K 3TOMY BRIPAKEHWIO B KOHIE raparpada, a noka o1-
METHUM JIUIIb, 9TO OHO COOTBETCTBYET MPaBoi uacTu ypasaenus (16.7) B caygae,
KOTJIa B3aMMOefCTBIE 9acTull — KyJOHOBCKOE.

9 JI. J1. Jlanpay, E.M. Jludbmwuy, Tom X
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JIEHUsT W ToTeHImaa. [Ipu 91oMm KBaapaTudHbie 1m0 d¢ u O f, dire-
Hbl B KUHETUYECKOM YPABHEHUU OINUCHIBAIOT BJIMUAHUE CTOJKHOBE-
anit #a aykTyannu. [Iperedperas STuMn djieHaMu U PACCMaTPUBAST
NPOCTPAHCTBEHHO-OJHOPOAHBIN CIy4ail, T. €. IOJ0XKUB

?a - ?a(p)a P = 0, (516)
TTOJIYIUM ypaBHEHW T
08fu | 03fu  05p0f, _ .
ot v Or Ca Or Op 0, (51.7)
Adp = —47TZea [ 6fa dp. (51.8)
a

Dru ypaBHEHHs NMO3BOJASIOT BbIpasuTh dyuxkuun 0f,(t,r,p) B
[POU3BOJIbHBIIT MOMEHT BPEMEHH { Uepe3 UX 3HAYEHUsl B HEKOTOPbIi

HaLIaJIbeIfl MOMEHT t = 07 TeM CaMbIM OKa3bIBa€TCd BO3MOXKHBIM
BBIPA3UTH U KOPPEJIATOD
(0fa(tr,r1,p1)0 fo(t2, T2, P2)) (51.9)

uepes ero 3Hadenue npu t; = to = (. D10 HAYAIBHOE 3HAYEHUE KOP-
peagropa (06o3uauuM ero uepes g,,(r1 — ro, p1, P2)) €CTh B 3HAUN-
TeJRHOI crenenn (cM. HUKe) mpomsBosbHas dyHknus. Cpasy ke
MOTIEPKHEM, UTO OHO OTHIO/Ih HE SABJISIETCS TEM OJHOBPEMEHHBIM
KOPPEJIATOPOM, HAXOXKJEHHEe KOTOpPOro (BMecTe € TIOJHBIM Pa3HO-
BPEMEHHBIM KOPPEJSTOPOM) COCTABJISIET HAIly 1eJb. LlenTpaibHblii
nyHKT, obecneduBaomuit 3pOEeKTUBHOCTD U3araeMOro MeTo/1a, Co-
CTOUT B TOM, YTO IIPU IIPOUBBOJILHOM BbIOOpPEe (DYHKIUU g BHIYUC/IEH-
HbIil Takum 00pazom koppeasTop (51.9) ¢ reuenuem Bpemenu (1, to
nopsijika BpeMenu 3aryxanus Jlanaay) cBegercss K QyHKIMU TOJIBKO
or pasunoctu t = t; — 1y, He 3aBucsmeir or Boibopa g. Tem cambim
zajada OyjieT perrena: 9ta npejesibHas MyHKIusd 1 OyaeT HCKOMBIM
PA3HOBPEMEHHBIM KOPPEJIATOPOM, & €ro 3HadeHue npu t; —tg =0
OJIHOBPEMEHHBIM KOPPEJISITOPOM.

ITepexojst K TPOBEJIEHUTO YKAZAHHON MPOIPAMMbI, BBEJIEM KOM-
noHeHThl pazsokennsd Dypbe M0 KOOPAUHATAM U OJHOCTOPOHHErO
pazsoxkenus Pypbe 110 BpeMeHu:

Ofia(p) = [ dw [ dt - e OTD5 £, (v, p), (51.10)
0

U aHAJIOTUYHO JJist <p£;1:). Ymuoxus ypasuenus (51.7), (51.8) na

e i(kr—wt) wnTerpupys 1o dt ot 0 710 0o n mo d>z, ToTy UM

’L(kv — w)(sfé:l){ - ieakaai 6805;;() = 5fllk(07 p)7
P

— K255t = 4wzea/5f§jll &p. (51.11)
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C 1om06HBIME ypPaBHEHWSIMI MBI YK€ HEOTHOKPATHO BCTPEYAJINCH
(cp. (34.10), (34.11)); w3 HUX HAXOINM

(+) _ 9 fax (0, p) &p
6(pwk B kzsl (w, k) Z / (kv — w) p: (51.12)

riue € — ﬂnaneKTqueCKaﬂ TTPOHUIIAEMOCTE TIIA3MBI C paclipejiese-

HueM f (p) 1. [Tepemuozkenne Takux JBYX BBIPAXKEHUN W CTATUCTH-
9eCKOe yCPEe/IHEHHE J1af0T

() g, (+)\ _ 167
<5(p‘”k 5('0‘“’1‘/) - Eley(w, ke (W', k") 8

x Zeaeb/(éf:mféfb,kll((]p))) dpdy. (51.13)

Cpeanee 3navenmre B 9MCANTENE TIOABIHTErPAILHOTO BHIPAYKEHMST
CBs13aHO C (DYpPHE-KOMIOHEHTOH g,k (P1, P2) «HATATBHOTO» KOppe-

AATOPA g 45 (T1 — T2, P1, P2) bopmy.ioit

(6 faxc(0, D)3 frc (0,0")) = (21)°6(k + k') ypac (P1, P2)

(cp. (19.13)). Kak n Bcsikast OIHOBpeMeHHast KOPPeasinonHast (DyHK-
W1, HAYAIbHBIA KOPPEJISITOp JIOJIPKEH CojepkKaTh 0-byHKIMOHHBIN
YJIeH, BRIPAYKAIONINii Te c/Iydan, KOTIa BCero OjHa 4acThIa HaXouT-
Cs B COBMAJIAIOIINX 3IeMeHTaX (ha30BOTO MPOCTPAHCTRA!

dapf(p)O(r1 —r2)d(pP1 — P2)

(em. (19.6)). @ypre-o6paz roro uaena ecthb dqpf (p)d(p1 — P2). Ta-
kM obpasom, B (51.13) Ham0 MOMOKUTE

<5fak(07 p)(sfbk’ (07 p’)> =
= (2m)*3(k + X)[0as fo ()0 (P — P') + p(p, P')],  (51.14)
rje px(p,p') ecrb npoussosbhag raajkas (6e3 ocobGeHHOCTEN 1pu

BemecTBeHHbIX p u ') dynknusa — dypbe-00pa3 nekoTopoii dhyHkK-
uun p(ry — ro, pi, P2), CTpeMsInelics K HyJII0 0pu |r] — ry| — oc.

1) JInms anist ynpomenus 3amucyu nocaeayiomux GopMys1 6yIeM CIUTaTh, 9TO

dbyrkmma f(p) n3orpomHa, TaK 9TO COOTBETCTBYIOMUI €if TEH30P IUINEKTPUHE-
CKOTl IDOHULAEMOCTU Eq8 CBOJAUTCH K CKaldPaM € U E¢.

g*
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ITpu noacrarorke B (51.13) wjien ¢ 9T0i MPOU3BOIBHON (DYHKIN-
eit B (51.14) naer

4( ) k+k’ Z/ Nk P, P dspdspl ] (5115)

ktey(w, ke (v, k") kv —w)i(kv' —w')

HOKa}KeM, YTO 9TO BBIparKE€HME OTBEYACT BO BPEMEHHOM TIpEICTaB-
Jernn (byHKIUN, OBICTPO 3aTyXalomeil ¢ ypeandennem ¢ uim t'.
ITepexoa ot JsammacoBckoro (cM. mpumed. Ha c. 173) obpasa

(6(,081;)&,05;,_11,) K GyHKIuM Bpemenu to u t1 = t9 + t OCyIIeCTBIgeT
dopwmyioit obparienms
dw dw'

Gt (t2)) = [ et mgagl ) ok

/1€ MHTErPUPOBAHKE MTPOU3BOJANTCA 110 My TSIM B IJIOCKOCTAX KOMII-
JIEKCHBIX II€PEMEeHHbIX W U w', IPOXOASIIMM BbIIE BCeX 0COObIX TO-
4YeK NOJBIHTErPAIbLHOrO Bhlpazkenus. Hac uHTEpecyer acuMnToTuka
Boipazkenusi (51.16) npwu £, ty — oo. g ee HaxoxkaeHusi HAJI0 CMe-
IATh KOHTYPbl MHTEIPUPOBAHKMA BHU3 JI0 TEX 10D, IOKA OHU HE «3a-
[EMSTCsT» 3a 0COOBbIe TOYKM; TaK, OCOOEHHOCTh B TOUKE W = W, MPHU-
BEJET K aCUMITOTUYECKON 3aBUCUMOCTH MHTErpasia 110 dw 0T Bpeme-
Hi BuJa exp (—iw,t). JIerko Bugers, 4ro BeIpaxKeHue (51 15) umeer
0COBEHHOCTH JIWITH B HUKHUX TIOIYTLIOCKOCTAX w wian w' (HO He Ha
BEIIECTBEHHBIX OCAX ITUX IIEPEMEHHbBIX) U IIOTOMY ACUMIITOTUKA MH-

rerpasia (51.16) ¢ (51.15) B kauecTre <(5g0${)5g0$r11,) COJIEPIKUT TOJIBKO

3aTyXaIOIINe YIeHbI.

Paccvmorpnm, nHanpnmep, naTerpas mo w. Muoxknrens 1/¢;(w, k)
B (51.15) nmeer nostock B Hy X MyHKINN £;(w, k), PACTOIOKEHHBIX
JIMIIb B HUZKHEH 101ymiockoctd w ). Takum ke cBOHCTBOM 06/1a-
jaer u uurerpan no dop B (51.15). JdeiicTBATENIHHO, ITOT MHTErPaJl
uMeer BU

(51.16)

Y(z) dz
z—w/k—i0’
e z = py MPOEKINS BEKTOPA P HA HampasieHne K, mpudem
(cormacuo npeanonoKeHubM cBofictBam dynkuun py(p, p')) MHO-
KUTETh Y(z) MOT 6Bl IMeTh 0COOBIe TOYK JINIIB MTPH KOMTIIEKCHBIX
sHadeHnsX z. VATerpas Takoro Buaa ObLT yKe PacCMOTDEH B KOH-
me § 29 um OBLIO TMOKA3aHO, UTO OH MOYKET WMETH TOTIOCHI JIUIb B
HUZKHEN TTOIYTIJIOCKOCTHA W.

1) Honpasymesaercs, uro pacnpenenenne f(p) OTBEUAET yCTORIMBOMY COCTOSI-
HHUIO Hﬂa3M})I7 TaK 49TO TIJIa3MEHHbIE BOJIHBI 3aTyXaIOT. O‘«IEBI/I,Z[HO, 4YTO TOJIBKO B
TAaKOM C/Tydae uMeeT BOOOMIe CMBIC/T MTOCTAHOBKA 33a41 O CTAITMOHAPHBIX (MTyK-
Tyalnmnsx.
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Taknum 06pa3oM, MHTEPECYIOMAA HAC HE3ATYXAIOIAasd 9acTh KOpP-
peJsisiTopa BO3HWKAET TOJBKO OT BKJIaJja OoT mepBoro 4iena B (5H1.14)

B unrerpan (51.13):
(Bpad D) =

_ 4(27I’)(5k+k’ ()d3
e ke, "“)Z /(w—kv—HO)(w + kv +i0)° (51.17)

[Ipeobpaszyem moabIHTErpATHLHOE BBHIpAYKEHUE, HAMICAB

—kv+i0)(w' +kv4i0)] ' =
[(w—kv+i0)(w +kv+i0)] T

1 [ 1 1
w—kv+10 w'+kv+1i0

[Tpn nanereiimenm narerpuporannu 1o w' & (51.16) meszaryxatoumii

npu t — oC BKJaJl BO3HMKAeT OT Bbluera B nojoce w' = —w — 40,
KOTOPBIH 00XOANTCA KOHTYPOM MHTErPUPOBAHUSA, KAK 9TO MOKA3ZAHO
Ha puc. 14; B 3Tom cmbiciae muoxkuTeab 1/(w + w') nago nonumars

kak —2mid(w + w'). Cwmbica ke muOKMTened 1/(w + kv) npu 1o-
CIEJIYIOIIEM WHTErPUPOBAHWN T10 w onpeessercs: ¢hopmyioii (29.8),

COTIJIACHO KOTOPOWH
1 1

— — — = 2mid(w — kv)
w—kv +1i0 w—kv —10

(310 OGO3HAUEHHME MOJPA3YMEBAeT, YTO UHTErPUPOBAHULA 110 W U W'
MTPOM3BOJISITCS Y3Ke TI0 BEIIIECTBEHHOM OCH ).

Taxwum obpazom, /11 BEIUUCIEHNsT KOPPEISITOPA B aCUMIITOTHAYE-
ckOM 1pejiesie Goabinux Bpemen t, B unrerpase (51.17) nago 3ame-
HUTH

[(w—kv+i0)(w' +kv+i0)] " — —(27)?0(w + w')d(w—kv). (51.18)
B pesymnwrare momy«nm )
(o ety = 2m)16(w + )(k + K) (09D, (51.19)

rjae

0 = 1 20 Y [T - ' (51.20)

1) Bo ms6exanme HeI0pa3yMeHUN HallOMHUAM, UTO 3TO  He BCe BhIpaykKeHue, a
TOBKO €ro 0cobad Mo w + w' ¥acTh, oNpeaensdomas aCuMITOTHYECKOe oBeIe-
HEE KOppenadaTopa. B momHoM BhIpaykeHUN OTHIONb HE BCE UIEHBI COMEPIKAIU OBl

§(w +w'), mockombKyY cooTBeTCTRYIOMAs (DYHKINS OT t1, t2 32aBUCHT OT PAZHOCTH
t = t1 — to MmIb ACUMITOTHYECKH, IPpH OoIbINX 1, to.
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Ecnn wacrora mosisi cormajiaer ¢ JIapMOPOROM YaCTOTOW WpRe
WM KpaTHA €eif, TO TOBOPSAT O NPOCMOM WIN KPAMHOM GUKAOMPOH-
HOM pe3onance (37eKTpoHoB). [List MCCIe0BaHNS JINIIEK TPUIECKUX
CBOMCTB TLJIA3MBI BOJIM3W TAKUX PE3OHAHCOB yHA00EH JPYTOoit crocob
perennst ypasrenus (53.11), oCHOBaHHBIN HA PA3JIOKEHUI UCKOMOI
dbyuknun B psig Pypbe Mo IepeMenHoii .

ITpownssens B (53.11) 3ameny

Of = e Wsineg (53.14)

oIy uM Ji7ist (DYHKINN g ypaBHEHWE

Z—i +iag = ei’BSi“‘pQ(vz,m, ®).

Ero pemenne nmem B Buze psima @ypoe

o

g =Y €¥g(v,v1) (53.15)

§=—0C

n Jig KoadduunenTos g, Haxoum

Qs
= — .1
5= (53.16)
27
Qs(vy,v,) = _21 /ei(ﬂsiﬂT”)Q(q;z,m,T) dr.
vis

0

Paznioxkenne (53.15) aBromaTndeckn o6ecrednBaeT MepruOANnIHOCTh
dyukmmm §f M0 @.

OTmeTnm peskJie Bcero, 9To Beipakenve d f B Buje psiga (53.14),
(53.15) nozBosier cpady cHOPMyIMPOBATH YCJIOBUs JOIYCTUMOCTH
npeneOpekeHns TPOCTPAHCTBEHHON Jucnepcueii. BoanoBoit BekTop
BXO/IUT B “JIEHBI Psijla 9epe3 rapaMeTpbl

kiv, w—swp — kv
B = , a@ts=——"—""""F
wB wB

JusnekTpudeckas ITPOHUIAEMOCTD ILIa3Mbl OIPE/Ie/1seTCsd (DYHKIIN-
eil pacupezeeHus Ipu CKOPOCTIX U ~ V. BOTHOBOI BEKTOD BbIIIa-
JaeT u3 dToi PYHKIUU, eC/in

kv, <wp, |w—swg|> |k]|vr. (53.17)

IMepsoe uz nepasencts (53.17) u Bropoe ¢ s = 0 COBIAAAOT C yCa0-
Busivu (52.17). MbI BUANM, 9TO TIOMUMO STUX YCJIOBWIT TpebyeTcsi
ere, 9ToOBl YaCTOTa W HE JIeyKasa CJAUIIKOM OJM3KO K KaKOMY-J11n00
73 IMUKJIOTPOHHBIX PE30OHAHCOB.
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B okpecTtHOCTH MUKIOTPOHHBIX PE30HAHCOB (DYHKIINSA paCIpee-
JIEHWST MOYKET BBIPAKATBLCA, TIPU BBITIOJHEHUW OIPEJICJICHHBIX YCJIO-
BUii, Bcero ogauM djeHoM psga Oypre. menno, momKHO OBITH

kyor K wp, |w—nwp| K ws, (53.18)

rae n — Kakoe-nmmbo m3 uwmcen 0, +1, +2, ... Jlerko BumeTh, 9TO
npy 3TOM n-it uieH B paszioxkennn (5H3.15) BeJUK MO CpABHEHWIO C
oCcTaJIbHBIMU. JlelicTBUTETHHO,

anB

|k2vr| + |w — nws]|

8n ™~ >>Qn:

MEeKJIy TeM Kak Jiist s # n oyzer g, < Qs (Tak Kak |swp —w| 2 wp).

OFpaHI/IqI/IBHH/ICB 9TUM OJHUM YJIEHOM, TIOJIyYUM IJIsd beHKHI/H/I pac-
npegeiennd 3JIEKTPOHOB!

(e tme)
WRe €Xp |2 | NY — sin @
5f = Qn Whe s

i[k:v: — (w — nwBe)]

(53.19)

2m
Q. = % / exp [—z' (m’ — k::: sinT)} Qv vy, 7T)dT.
0
3aBucuMOCTh (DYHKITUU PACIPEIEIeHNs OT yIiia ¢ 310 hopmy-
JIOM ompeenisieTcst B sisBHOM Buge. B wactroctu, mpun =0mn k| — 0
pactpeenenne BoobIie He 3aBUCHT OT . llpomcxoxkjenme 3TOTO
CROICTBA OUEBMIHO U3 yCI0Bus w K wpe ((53.18) ¢ n = 0): wacrora
JIADMOPOBA BPAIIEHUsI BEJIMKA 110 CPABHEHUIO ¢ YACTOTON N3MEHEeHWs
[OJIg, 4TO U HPUBOAUT K «yCPEJHEHUIO» (DYHKIUU PaCIPeseaeHust

0 yIJly BpAIIeHus ' ).

§ 54. JlusnekTpudyeckasi IPOHUIAEMOCTh
MarHUuTOAKTUBHOII MAaKCBEJIJIOBCKON I1JIa3MbI

DJIEKTPOHHBIN BKJAJ B TEH30D AUIIEKTPUIECKON TPOHUIIAEMO-
CTW BBIYNCISETCs TI0 DYHKINKA PACTPEJIESIEHNsT COTJIACHO (DOpMYy.Ie

af — Oa g

P, =8 Sbp, - ° /vaéf d*p (54.1)
4 w

(M aHAJOIMYHO, ¢ 3aMEHON e — —ze  MOHHBINA Bkiajy). Ting mak-

CREJIJIOBCKO# TIJTa3MBl WHTETPUPOBAHIE MO d°p B 9TOM BHIPAIKEHUH
MOYKeT OBITH BBITIOJTHEHO B SIBHOM BHJIE.

1) CoOTBeTCTBYIOMINE PACCYKIEHNUS U3T0KEHBI H0sIee TOIPOOHO 0 AHATIOTUY-
Homy nosozy B § 1.
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Qyukumst §f maercsa maTerpasoM (5H3.12), mpuuem corsiacHo
oupesesenuto (53.10):
eEv
wpeT

Q- -y, (54.2)

Ilepenmmmem 3TOT MHTErpaI B 00Ie¢ KOMITAKTHOM BUJE, BBEIS BMECTO
BekTopoB k = (k,, k) w E = (E,, E| ) BekTOpHI

K = (kZT, 9k | sin %) , E=(E,E,), (54.3)

rae k| Bekrop k|, noBepuyThiit Ha yroa 7/2 (B miockocTu, nep-
nenukynsapuoit Bg), a E;  Bexrop E |, nosepuyrslii Ha yroa 7.
Torpa 0 f upumer Bu

o0

/exp { : (wr — Kv)} fo(p)(ﬁv) dr,

TwBe B WBe
0

of =

rae fo(p)  MakcBennoBckas (DyHKIUS PACHPEE/IeHUsI.
D10 Bhipazkenue nojacrasuM B (54.1) n 3aMeHuM nepeMeHHyo uH-
TErPUPOBAHUS P = MV COIJIACHO
KT
v=u-— .
TMWBe

UnTerpuporanue 1o d>u MPOM3BOINTCS 3IEMEHTAPHO, U B PE3YJIbTa-
Te HAXOIUM

[e.e]
- 2 ~ ~ ; 2
p — N /(E L (EK)K) exp [“’” w

MWW Be mwy, wpe  2mwiy,

dr.

(54.4)
ITpu sToMm, coracho onpenesennio (54.3):

K? = k27% + 4k7 sin’ g

Pacuucas Boipazkenne (54.4) B KOMIIOHEHTAX, HAil1eM KOMIOHEH-
ThI TEH30Pa €q4. [Ipu arom yciaosumes o BeIOOpe OcCeil KOOpAMHAT:
ocb z 10 Bg,oce x nok ,ocey wo [Bok,] (puc. 15). ITocue
HPOCTBIX BBIYUCAECHUI [10JIy4UM

o0

Q2
Eaff — 5a5 = ap X

WWBe
0

X exp {2’7“};’;20 - %k?r%eTQ — 2k r%,, sin® g} dr, (54.5)
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rie
sy = cOST — (k1 7TRe)? sin? 7,
sy = cos T + 4(kyrp,)” sin’ g
M, =1— (IﬂZT’Be)QTQ,
Hypy = —Hyg = — sinT + Q(kLTBe) sin 7 sin? % (546)
Wyy = Hyy = —kzku_r%er sin T,
My, = —Hyy = *kakL’r%eT sin® T

(rBe = Vre/Wpe  JIAPMOPOB PAAMYC NEKTPOHOB).
OrmeruMm, 9TO paBeHCTBA
Exy = —E€yx, Epz = Ezpy Eyz = —Egy (54.7)
zapaHee oveBWAHBI. JlelicTBuTenbHO, TpU (DUKCUPOBAHHON crucTeMme
KoopamHaT cornacHo npuumumy OHcarepa JOIKHO OBITh £44(Bg) =
= €8q(—Byg). Ilpn yciornenHom ke BRIl BHIOOpPE OCeil, CBSI3AHHBIX
¢ nanpasyienusgymu Bg u k|, nanpasienus oceit

y m z nipn 3amene By — —Bg MendioTca nHa
obparnsie. [losaTomy B Taknx ocsx Oyaer

5my(B0) = *5ym(*B0)a
5:1:2(B0) = _5217(_]30): (54-8)
6yz(B0) = 8zy(*B0).

C apyroit croponsl, By (Hanpasienne ocn z) —
ncesgorektop, a k| w [Bok | (mampasienns
oceit £ uy)  mcrunHbIE BeKTOPbL. [losToMmy, B
cusly TpebOBaHUST MHBAPUAHTHOCTU MO OTHOINEHUIO K MHBEPCUM KO-
OPJIMHAT, KOMIIOHEHTBI €5, M £y, (COAEPIKAIIAE HHIEKC Z OJUH pa3)
JIOJIZKHBI OBITH HEYETHBIMHU, & BCE OCTAJIbHBIE KOMIOHEHTH — YeTHBI-
mu byskuusvu Bg. Orcioga n u3 (54.8) cienyer (54.7).

Orwmernwm, aTo BBUIY cooTHOMeHUi (54.7) SpMUTOBBI 1 aHTHID-
MUTOBBI YACTU PABIMYHBIX KOMIOHEHT €43 = 6;,3 —l—ie'ciﬁ BBIPAZKAIOT-
Csl TIO-PA3HOMY Yepe3 WX BelIeCTBeHHYI0 W MHUMYIO dacTu. VIMeHHO,
paszbnenne Ha SPMUTOBY ¥ aHTUIPMUTOBY YaCTH JIA€TCS CJIe Iy Folei
CYMMOIi:

Puc. 15

/ - / ./ / ./

Exa 10y Exz 10y 6ry 1€y
o ! /] o " /
(€ap) = | —t€ay 6yy i€y, | + | —€my i€y €y |- (54.9)
/ e / /] ! /]
Erz yz €2z ey, Yz €72

XoTa MBI TTPOM3BOANJIN BCE€ BHIYUCIIECHUA 1A SJIeKTpOHHOf/'I qacTn
TTPOHUITAEMOCTH, HO BITOJTHE aHAJIOTUYHBIE CbOpMyJIbI CIIpaBeAJINBHI 1
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JIJIST MIOHHOTO BKJIa1a. Ilepexos K caydaro MOHOB COBEPIIAETCS 3aMe-
voit Qg,vre — 4,07 WBe — —wp; W OZHOBPEMEHHON 3aMeHoi
BepxHero mpejena waTerpana B (54.5) Ha —oo (cMm. mpuMed. Ha C.
271). 3amMeHUB 3aTeM NEPEMEHHYI0 MHTErPUPOBAHUS T — —T, Mbl
BepHeMCsl K TpexxHuM Bhipaxkenusm (54.5), (54.6) ¢ €y, vp;, wp;
BMeCTO (o, UTe, WRe W € TEM JIUIIb OTJIMUAEM, UTO U3MEHUTCH 3HAK
Hypy U ;. Taxum oOpasoM, HPaBUIO HIEPeXoja OT 3IEKTPOHHOIO
K MOHHOMY BKJIQJIy B IPOHUIAEMOCTH COCTOUT B 3aMEHE 3JIEKTPOH-
HBIX [IAPAMETPOB MOHHBIMHU C OJIHOBPDEMEHHBIM WM3MEHEHUEM 3HAKa
KOMIIOHEHT €y U Eyy.

§ 55. Baryxanue Jlanjay B MArHUTOAKTUBHOI T1J1a3Me

Vder TemoBoro JIBUKEHUs YACTUIL ILJIA3MbI ITPUBOIUT K IOSB-
JIEHUIO y TeH30Pa £,4 AHTUIPMUTOBOI dacTu. B GeccronkHoBUTE b
HOMI 11a3Me, BBU/LY OTCYTCTBUS UCTUHHOM JIMCCUTIAIUN SHEPIUU, ITA
4aCcTbh TEH30PA CBA3AHA C 3arTyxanuem Jlanay.

Msr Bugiesin B § 30, uro Mexanusm 3aryxanus Jlanjgay cBsizaH
¢ nepejiadeil SHEPrUU JIEKTPOMATHUTHOIO IO/ YACTULIAM, JTBUZKY-
muMcs B pase ¢ BOJHOM: B 3aTyXaHWUU ydaCTBYIOT YACTHUIIBI, s
KOTOPBIX w = kv, T. e. mpoeknusa ckopocTn v Ha Hampasjenne k
commazaer ¢ $hazoBoil CKOPOCTHIO BOIHBI w/k. B MaranToak THBHOM
mra3mMe 9TO YCIOBUE HECKOIBKO MEHSIETCS: JOIYKHBI COBIAIATH TTPO-
eKIINY CKOPOCTU YaCTHUIHI 1 (pA30BOIH CKOPOCTHU BOJIHBI HA HAIIPAB/IE-
HUE TIOCTOAHHOTO 10JIs By:

vk, = w. (55.1)

HeficTBuTe/ IbHO, MTONEPEYHOE 110 OTHOIIEHWIO K B BuzKeHune gactu-
bl TTPOUCXOUT 110 KPYTI'OBBIM TPAEKTOPUAM U HE MOYKET COIPOBOZK-
JAThCS CUCTEMATUYECKON Iepejiadeil SHEePIrun OT 1oJsd K 4YaCTULE:
eC/In Ha OJHOI 4YacTu KPYI'OBOM TPAEKTOPUU YACTUIA JIBUKETCH B
dase ¢ BOJIHOI U 1O/1ydaer OT Hee SHEePIUI0, TO Ha LPOTUBOIOJIOK-
HOM 9aCcTH TPAEKTOPHUHU TaKas »Ke SHePrus OyJAeT OTaaHa JaCTullei
110JIIO.

B maramroakTuBHOl 11a3mMe, OAHAKO, CYIIECTBYET eIlle U JPyroi
MeEeXaHUu3M 6eCCTOJIKHOBI/ITe.HbHOI‘/’1 rHI/ICCI/IHaU,I/H/I, CB43aHHBII MMEHHO
C JIJApMOPOBBIM BpAIlleHNeM YacTHIl. B crcreme KOODJIAWHAT, TBUKY-
mieiicst Boab 1osst By BMecTe ¢ wacTuiei (Co CKOPOCTBIO v,), T0-
CTIeHSIST IBUYKETCS TI0 KPYTOBOi opbuTe ¢ yacToToit wp. Takas ga-
CTUIA NpeJcTaBaser coboil, B 3/eKTPOAMHAMUIECKOM OTHOIIEHUN,
OCIIMJLIATOP, W3/Iy9alonuii Ha 9acToTe wp (MATHUTOTOPMO3HOE W3-
syuenune). Hanporus, Oy1yun nOMEIeH B IEPEMEHHOE BHEIITHEE T10J1e,
OCLUJLISTOP 1IOIJIOWAET Ha 3T0i 2Ke yacrore. Jacrora sjekrpoMar-
HUTHO? BOJIHBI B JIBUKYIIEHCs (OTHOCUTEIBHO 1J1a3Mbl) CUCTEME KO-

opauHaTt, usMeHennas sdgpdexrom donmiepa, pasHa w' = w — k,v,.
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[TosTomy B yKazsaHHOM MOTJIOMIEHUU OYAYT TPUHUMATEH YIACTHE Ua-
CTHIIBI, A7 KOTOPBIX
w—kyv, = wp.

Ecau k| = 0, 1o nose BosHbl 01HOPOAHO B nonepevnbix (K By)
HaIIPABJICHHAAX, T. €. AeHCTBYIOMAad Ha OCHULIATOD BBIHY2KIAIOIIAS
(U1 HE 3aBUCUT OT €ro KOOpAHHAT. VIMEHHO B TAKHX yCI0BHUAX OC-
[IMJLJISITOP TIOTJIOIIAeT TOIRKO Ha CBOei vactore wg. Keanm xe k| #£0,
TO BBIHYKIAIOIIAsT CUJIa 3aBUCUHT 0T KOOPAWHAT OCIMJLISITOPA, B Pe-
3yJIbTATE YEr0 MOSIBJISETCS TMOTJIOMIEHNE TaKyKe U Ha, KPATHBIX YaCTO-
Tax, T. €. TPY YCIOBUSIX

w— kv, = mwpg, (55.2)

rae n — Jio6oe (TOJOKNUTENHLHOE WM OTPUIIATE]HHOE) TeI0e YUNC-
J10. OTMCaHHBIl MEXaHU3M JTUCCUTIAINY HABBIBAIOT UUKAOTIPOHHbIM
samyzanuem Jlanday; B 3aBUCUMOCTHU OT 3HAYEHUS 71 TOBOPST O 3a-
TyXaHu# Ha MpocToM (n = +1) win KpaTHOM IUKJIOTPOHHOM DEe30-
HaHCe.

Takum 06pazom, 3HAUUTEBHOE 3ATYXAHUE MOXKET UMETb MECTO
B 00JIaCTSAX 9ACTOT, B KOTOPBIX

|w — nwp| < |k |vr, n=0,%£1,42,... (55.3)

(3nauenne n = 0 orevaer ycaosuio (55.1)). D1 IMHUM PE30HAHCHO-
IO NOTJIONIEHUs CYIIECTBYIOT KaK Ha 3JeKTPOHHBIX, TAK U HA MOHHbBIX
HaCTOTaX WpRe U WH;.

C maremarnueckoil Touku 3penus yciaosusm (55.1), (55.2) or-
BEYAIOT MOJIOCHI, KOTOPBIE B 3TUX TOYKAX UMEIOT PA3IMYHbIE 4JI€HbBI
pazyioxkennst byHKIMN pacnpeenenns B psiig Pypoe (53.14)—(53.16).
AHTUSPMUTOBBI YACTH TEH30DPA £,3 BO3HUKAIOT OT BHIYETOR MPH 00-
X0JIe STHUX TOII0COB B mHTerpasie (54.1) mo npaswuiy Jlanmay. [Tepexon
K nipeneny By — 0 mMeer mareMaTuvueckn CBOEOOpa3HBIH XapakTep.
B MarauTHOM TOJIe «TIOMIOCHBIE» 3Ha4YeHust v, (Mpu 3ajaHHoM k)
06pa3yoT JMCKPETHYIO MOCIE0BATEILHOCTE, OTIPEJI/IsieMyI0 YpaB-
nernnem (55.2). Ilo mepe yMeHBINEHNsT TOJST TOMIOCH COMMKATOTCS
n B nipesene By = (0 mosfocHble 3HAYEHWs] U, 3aBUCAT y¥Ke He OT
JIMCKPETHOTO HOMepa 7, a OT HelpepbiBHOrO mapaverpa k| v, B co-
OTBETCTBUU C YCJIOBUEM

w=kv==Fkuv,+k v,

(kak 910 nokazaxHo upu nepexoge or (53.12) k (53.13)).

Beraucsium, Juist mpumepa, TeH30p JAUJIeKTPUYECKOil IpoHuiae-
MocTH B 00J1acTu 1pocToro (n = 1) HUKJIOTPOHHOIO PE30HAHCA JIeK-
TPOHOB. ByzeM cuntaTh Takxke, uTo

Whefore o, kavre g (55.4)

WBe WBe
Toraa MOYKHO BOCTIONB30BATHCS 7151 (OYHKIINU PACITPEIeTIeHUsT BCETO
omHUM uneHoM psiza Pypbe — BuiparkenneMm (53.19), cooTBercTByIO-

MM JTaHHOMY 3HavYeHmio n. lIpm 3ToM, B CWIy BTOPOTO YCIOBUS
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Ipu k, = 0 (1. e. mpu k | By) 3aryxanue Jlangay B MarHuToak-
TUBHOM TIa3Me OTCYTCTBYET: CKOPOCTH YACTWIL BHITTAJZAET W3 YCJIO-
Buit (55.1), (55.2), n oM He MOryT OBITH BBITIOJIHEHBI (KpOMe Kak

P TOYHOM COBMAJIEHUN W C KaKUM-JIN60 nwpg) 1). TTomaepkuewm,
9TO 9TO CBOWCTBO CBA3AHO C HEPEJIATUBUCTCKUM TPUOJIMIKEHUEM; B
PeJISITUBUCTCKOIT T1a3me 3aryxanne Jlangay (IUKJIOTPOHHOE) MOYKET
cymectBoBath u nipu k, = (. Yacrora obpaiienns BOKpyT Hampas-
aenvs By 11 pesITUBUCTCKON 3apsyKEeHHON YaCTUIIbI C SHEPTueil €
paBHa
2
wp™=— = wp
e

(¢ mpexkHUM OmpejiesIeHneM Wy ). DTO 3HAYEHUE JIONKHO (DUrypPUpO-
BaTh B MpaBoii wactu ycaopus (55.2) BMecro wp. B wacTHocTH, mpn
k, = 0 6ymem nmvetn

(55.12)

JUIsT BO3MOXKHOCTH BBITIOJIHEHWsT 3TOTO yCJIOBUSI TpeByerTcs JInIib,
9TOOBI OBLIO W < NWR.

Baryxanmne Jlangay B MArHUTOAKTUBHON PEJISITUBUCTCKOf TI1a3Me
MOXKET CyIIecTBoBaTh u B mipejene k — 0 (B oTimumne He TOJIBKO OT
MarHUTOAKTUBHON HEPEeJsITHBIUCTCKOM T1a3Mbl, HO W OT PeJISITHBUCT-
CKOTi TJIA3MBI B OTCYTCTBHE MArHUTHOTO 110J151). OHO OCyIIecTRIIsIeTCsI
33 CYeT YACTHL, HAXOASIIUXCH B IIPOCTOM LUKJIOTPOHHOM DPE30HAH-
ce ¢ OJHOPOAHBIM nepemeHHbiM noseM (yciaosue (55.12) ¢n = 1) u

CYIIIECTBYET, CJIeJI0OBATEIHHO, TPU YacToTax w < wp (cM. 3amady 2).

BGagaum
1. Haiitu TeH30p AMIIEKTPUIECKON IIPOHMUIIAEMOCTH MArHUTOAKTUBHOMN
mna3msl 0pu w S |k |vre ; IpeanonaraoTes BbIIOIHeHHBIME TakKe ycaosust (55.4).
Pemenwue. B nysesom npubsimkennnu 1o Maaomy napamerpy ki vre /wne
dynxmma pacnipenenenusa mns sroro cnyaaa  (amen s =0 pama @ypee (53.14),
(53.15)):

WBRBe
Of =Qo——m,
f Qoi(kzvz —w)
e
27
o ]. - ZEZ
Qo = — cfo -2 [ Bvdr=-% fo.
wpT 2m. wreT
0

C sroit dyrkumeii d f BekTop nonsipn3anuu P umeer TOJIBKO 2-KOMIIOHEHTY, U 13
BCEX KOMIIOHEHT T€H30PA €43 — 0qp OTJIMYHA OT HYJS JUIIb OIHA:

sme® [ folp)ol dp

€., — 1= .
wT J kv, —w—10

B npesene Bo — 0, pasymeercs, 3aTyXaHHUe MOABJISETCSI BHOBb 34 CYET
JIEKTPOHOB, YJIOBJIETBOPSIOMMX ycaopnio w = kv =k v, .
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ITocne ToxxgecTBEHHON 3aMEHBI
2 1 w
v; = — (kv —w)v, + —v,
k. k.

WHTErpas OT IepBOro 4IeHa o6pamaerca B Hy b (IpM WHTerPUPOBAHUM TI0 dp. );
BTOPO¥ Ke 4jIeH TPUBOJANT K Pe3yJIbTaTy

() 4
522_1: E e. F +1 -
k2v2., V2|k |vre

Muaumast 9acTh 3TOTO BbIDarKeHud:

o wl/QwQE exp<7 w? )
- 21/2‘k2|3(v%e ‘ 2k§v%e .

2. Haittu aHTHIPMUTOBY YaCTh TEH30PA AUIIEKTPUIECKON MPOHUIIAEMO-
CTH yIbTPapPeNaTUBACTCKON MarHUTOAKTUBHON 37eKTPOHHOI IITa3Mbl B IIpejesie
k—0

Pemenue B pensrusucrckoMm ciydae KuHerndeckoe ypasaerue (53.5)

OCTAeTCsl TeM Ke, HO TpW ero nmpeobpaszosanun k euay (53.6) pensiTmuBucTCKOE

COOTHOIIEHNE P = EV/(’ ( SHEPTUdA 37EKTPOHA) BMECTO P = MV TIPUBOIUT

K 3aMCHE Wpe HA WReMC’ /€; ¢ ITOH 3aMEHON OCTAIOTCS CTIPABEIMBBIME 1 BCE
nocregyfomue Ghopmyist B § 53.

IIpu k = 0 3aTyxanme npoOMCXOIUT TOIBKO OT TPOCTOrO HUKJIOTPOHHOIO PE30-
HaHCa; TTIO3TOMY IJId BBIYUC/IEHUA aHTI/I3pMHTOBOﬁ qacTn EQB A0CTATOYHO y4eCTh
smmb wen s = 1 B (53.14), (53.15). Ananornuno (55.5), (55.6) naitnem

. 2 i
iepic e’ fo .
of =— (Ex —iEy).
’ 2T 2
e(w —wpemc?/e)

Vmsrpapenatusucrckas (T > mc?) bynkmmsa fo 1):
f(] o NEC. P—E/T
87T?
BekTop nonsipusanum BHIYUCAAETCA KaK

2
e c
p— = [P 5pa%,

w €
npuuem d°p mano samucars B Buzge pdpdo = pede do/c:). TTocne Bouimonnenus

unrerpuposanus 10 do u 3amenst ¢p = (2 — m?c?)? nomywaercs

Q2mc? /(s 2et)3/2e=2/T ge
€ — WBe .

593.171:5 *1:’l<€z = —
v Y 12w2T me? Jw + 40

2
Mnrerpan nmeer MHAMYIO 9aCTh, €CIM HMOIOC € = WRMC [w Jjexur B obaacru
WHTETDUPOBAHUA, T. €. €CIH W < WRBe. B 3TOM caydae OKOHYATE/THbHO HAXOIUM

2 3 2\ 3/2 2
no__ o TFQEUJBE 1 w McC WBRe
Epy = Eyy = Szy = 712w5 — w_2 exp —7MT .

Be

') B srom BBIPAYKEHUN C YJIbTPAPEIATUBUCTCKON TOYHOCTHIO HAIMCAH HOP-
MHUPOBOYHBIN KO3 GUIMeHT; mo1arate € X ¢p elle Heab3sl BBUY JATbHEHIero
uHTEerpuposanus 1o p or 0 10 oco.
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§ 56. DyIeKTPOMATrHUTHBIE BOJIHBI
B MArHUTOAKTUBHOW XOJIOAHOI T1a3Me

Briseem ob1mee ypaBHeHne, OMpeIesoIee 3aBUCUMOCTD 9aCTO-
THI OT BOJTHOBOTO BEKTOPA (MM, KAK TOBOPAT, 3AKOH JNCTIEPCUN) /TSt
CBOOOIHBIX MOHOXPOMATHIECKWX BOJIH, PACTIPOCTPAHSIONINXCS B Cpe-
e C TTPOM3BOIBHBIM JIHIIEKTPUIECKIM TEH30POM Eqp(w, K).

JIJ1st 371€KTPOMArHUTHOTO T10/1s, 3aBUCAIIEI0 OT BPEMEHH M KO-
opauHaT 1o 3akony exp (—iwt + ikr), ypasuenns Maxcsena (28.2)

OPUHUMAIOT BUT ])
[kE] = “B, [kB] = —-*D, (56.1)
(& C
kB =0, kD = 0. (56.2)

IMoacrasus neppyio u3 dhopmyst (56.1) BO BTOpyIo, MoIydnm

“"D = —[K[kE]] = Ek? — k(kB),

(:2
nan, B KOMIIOHEHTAX,

2 2
Eok? — kokgEg = “:—QDQ = %aaﬂEB. (56.3)

YciaoBue COBMECTHOCTH ITOW CUCTEMBI JIMHEHHBIX OJIHOPOIHBIX
YPABHEHUN BBIPAXKACTCA PABEHCTBOM HYJIIO OIPeIe/INTeId:

2
k*Sap — kaks — % Eap| = 0. (56.4)

D10 u ecth MCKoMoe ducnepcuonnoe ypasrenue 2). Tpn 3amanmnom
(Bemectrennom) k ono ompejensier wacrtorsl w(k) (Boobiie roBopst,
KOMILJIEKCHBIE), WM, KAK TOBOPSAT, CIIEKTD COOCMEEHHBIT KOAOaHU
cpedu. B obiem ciryuae Hajimausi 9aCTOTHON v POCTPAHCTBEHHOM
aucniepenit ypasuernne (56.4) onpejessier 6ECKOHEYHOE MHOYKECTBO
serseil hynkunn w(k).

PaceMoTpuM 3/1€eKTPOMATHUTHBIE BOJIHBI B XOJOHOR MarHUTOAK-
TUBHOH ILIa3Me ¢ TEH30POM JIU3IEKTPUYECKONH NPOHUIAEMOCTH, J1a-
BaempiM bopmyaamu (52.7) u (52.11) 3). Beuay spMuaroBocTa 91010
TEH30pA 3apaHee FCHO, 4TO onpejensgembe ypasnenuem (56.4) 3na-

uenns k2c? /w? BemecTBeHHbI.

1) He cMemmBaTh mepeMEHHOE MATHUTHOE TIOJE BOTHBL B ¢ MOCTOSHHBIM TOTeM
B!
2
) B KpUCTA/LIO0NTHKE €ro HA3HIBAIOT ypasHenuem Dperes.
3) SﬂeKTpoMaT‘HI/ITHBIe BOJIHbBI B XOJIO,Z[HOﬁ MArHUTOAKTUBHOM ILj1a3Me 6})1—

JIN BIIEPBBIE WCCIEIOBAHBI, B TPEHEODEKEHUM DOMLIO HOHOB, ONNAmoHOM
(E.V. Appleton, 1928) n Jlaccenom (H. Lassen, 1927).
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[TockonbKy B OTCYTCTBHE MPOCTPAHCTBEHHON JUCTIEPCUN €443 3a-
BUCHAT TOJIBKO OT W, TO 110 OTHOIIEHUIO K K jucnepcuonnoe ypaBnexnue
(56.4)  anrebpanueckoe. PackpbiB onpegenureib, Moy dIuM noc/ie

IPOCTOrO BBIYMUCJICHUA ])

Al L (k) Lo, 56.5

(=)' s o
A= %Ea/gkak/g =e sin29—|—6|‘c08295 €1, (56.6)
B=—¢e1¢(1+ cos® ) — (2 — g?)sin?4, (56.7)

C= 6H(62l —g?) (56.8)

(0 yron mexay k u Bg). Ilpu 3agannbix 3nauenusx w u 6 ypas-
nenve (56.5) gaer aBa 3madenus k2, T. e. B TIA3Me MOTYT PaCpo-

CTPAHATHCS, BOOOIIE TOBOPS, JBA TUIIA BOJIH 2).

Paccmorpum cragasia ciydam pacrnpoCTpaHeHWsl BOJH CTPOTO
Baosb (6 = 0) n cTporo momnepek (6 = 7/2) MAarHNTHOTO TIOJIST, TTPE/T-
CTaBJISIONINE CTeInuIecKne 0COOEHHOCTH.

[Tpu 6 = 0 xopHU AUCTIEPCUOHHOTO YPABHEHUS JAIOT

2 2 2
(ﬁ) —e tg=1- Sk % (56.9)

w w(wtwse) wwFwsi)

U3 ypasuennit (56.3) Jjierko Bujerb, 4TO 3TU BOJHBI MONEPEYHbBI
(E, = 0) n nonsipusoransl mo kpyry (F,/E, = Fi). O6pamienne
Bbipazkenuit (56.9) B GECKOHEYHOCTH NPU W = WpRe WU 1IPU W =
= wp; OTBEYAET PE30HAHCY  COBIAJEHUIO YACTOTHI ¥ HAIPABJICHUSA
Bpamennst BekTopa E ¢ gacToToit m HanpaBaenneM JTapMOPOBCKOTO
Bpalenns 3JIeKTpOHOB M noroB. Ha puc. 17 mokasaH, jas MILTIO-
CTpanuu, NpUMepHbIi X0 Besuunnbl n? = (ck/w)? kak dynkuum w.
[pn w — 0 3Havenns n? cTpeMaATCcs K MpeAeahbHOMY 3HAUCHNIO

Q7 ?

1

r
2 =1+=
wh, u

1+

(npeHebpezkeHo wp; N0 CPABHEHUIO C We; U 4 OPeIeIeH0 HuzKe hop-
mysoit (56.18)). Pacnpocrpanennio He3aTyXaroumxX BOJIH OTBEYAIOT,
KOHEYHO, JIMIIb T€ YaCTU KPUBBIX (HOKaBaHHbIe Ha PpUCYHKE CIIJIOII-
HBIMI JITAUSIMT), Ha KOTOPHIX 12 > 0.

1) IIpu BBMUCICHAN TIETECO00PAZHO BHIOPATD OIHY U3 KOODJMHATHBIX ILIOCKO-
creil (ckakeM, TIJIOCKOCTh £2) nipoxoasimeii uepe3 Bo un k.

2) CooTBETCTBYIOIME UM BOJIHBI IPUHATO PA3/IMUATH HA3BAHUAMU 00bIKHO6EH-
HOU M HEOOLIKHOBEHHOT. DTN TEPMUHBI, OJHAKO, HE MMEIOT 31€Ch TOTO CMBIC/IA,
KaK B ONTHUKE OJIHOOCHBIX KPHWCTAJJIOB, HU OJHA W3 3TUX BOJIH HE BeleT ceds
KaK BOJIHA B M30TPOMHON cpejie.
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ITpu § = 0 ypasuenne (56.5) yI0BJI€TBOPSIETCS TAK¥Ke W MTPH | =
= (), 9TO COOTBETCTBYET OOBITHBIM TTPOIOIBHBIM TIIA3MEHHBIM BOJI-
HaM ¢ He3aBucsmeil ot k wactoroit w = (2.

, [Tpn 6 = /2 nBa KOpHS 1HC-
TIEPCUOHHOTO YPABHEHWSA:

(ck>2 _ (ek)2 _ g2

— =€ — =€ — —.

w w €1
(56.10)

______ G2 HepBOMy O0TBE€4Ya€T BOJIHA C HeE3a-

I BucAImmM or By 3aKOHOM Jmcrep-
WpB; WRe| Cuu

7 7
41 ’ ® w? =k + Q2

n

Lo Dra Bosna nonepedna (E_Lk) wu

’ I/ JIMHEIHO [O/ISPU30BAHA, [IPUYEM
N E | By. Bropomy xkopuio (56.10)
orBeuaer BosjHa ¢ nojgem E 1 By,

UMEIOLIUM  COCTABJIAIONME KAk
LPOAOIBHYIO, TAK U I[OLEPEYHYTO

no orsowenuto Kk k. Eciu gacrora HaCTONBKO BesMKa, 4TO BKJIA-

JIOM WOHOB B £,3 MOXKHO mpenebpeds (w >> (u);;»e(,um)l/2 — ycioBme

Puc. 17

(52.15)), T0 B 9TOI BoMHE )
2 20 2 2
(%) =1 el =) (56.11)

w w?(w? —w?, —N2)

B obmem ciayuae mpom3BONbHBIX yriaoB 6 (ormaabix ot 0 wam
m/2) 3amMedaeM NPEXKJe BCEro, UTO [ KAXKJIOI0 3HAYEHUS CyIle-
CTBYIOT YaCTOTHI, TPU KOTOPHIX Koahduiment A B ypasuennn (56.5)
obparaercsi B HyJib:

€ EeLsin29+6Hcos20:
Q2 +QF Q2 0F
_ ¥C0820* € 5 + 2 5
w? w? —wy, w?-wp,

=1

sin?f = 0. (56.12)

Ecnu s onpesensieMblx 3TuM ypaBHeHHeM 4acToT (Tak HA3bIBAEe-

MBIE 4ACTNOMYL NAASMEHHBLT PEZOHAHCOE) BBINOJIHAETCS TAKIKE Y0~
BUE «MeJJIeHHOCTHY w K ke, 1o coracHo § 32 UM O0TBEYA0T 1Mpo-
JIoIbHbBIE cOOCTBEHHBbIE KosieOanus mia3Mbl. B 1o 2ke Bpems obparie-

Hie B Hyah Kodbduumenta npu k* B KBagpaTHOM (OTHOCHTENHHO
k?) ypasuenuu (56.5) oznauaer obparieHne oJHOTO U3 €ro KOPHei B
6eckoneunocts; ipn A — 0 9tn kKopuu pasusl —C/B n —B/A.

') Kosebauus m1a3Mbl, B KOTOPBIX MOHBI HE MTPAIOT POJIM, IPUHATO BOODILE
HA3BIBATD 6HLCOKOYACTOMMHbLMU; KOTEOAHUS Ke, B KOTOPBIX BIUSHUE NOHOB Cy-
LMIECTBEHHO, HA3BIBAIOT HU3KOUACTLOMHLMU.
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Vpaguenne (56.12) — KyGudeckoe OTHOCHTEIBHO W2 W MMeeT Tpn

BEIeCTBEHHBIX KOPHsI. VIX JIErKO ONpeiesinTh, NCTIOIh30BaB MajIoCTh
orromennit ;/Q 1 wp;/wWpe. IBa KOPHS MONYYAIOTCS TIPU TTPEHe-
opexxennn B (56.12) BKJIAJIOM MOHOB U DABHBbI

Wy Q2 +wh,) £ (92 + wh,)? — 402w}, cos? 0]7. (56.13)

Yuer noHOB, 0gHAKO, HEOOXOANM B 00JIaCTH W R WpR;, B KOTOPOIi JIe-
KUT TpeTI/Iﬁ KOPE€Hb; JJId 3TOTO KOPHA JIETKO TIO/IYYUTH BhIPDa’KEeHNe

Wl w?, (1 g2 9) (56.14)

(3meck mpeamnonoxkeno €, > wp;). Popmynsr (56.13) u (56.14) s
w2(f) n w3(f) Henpumennmbl upu yrsax #, HACTOJLKO OJIM3KUX K
7/2, uro cos @ < m/M. B s10ii obnactu

2 _ whe(QF + wh)

2 _ Q2w cos? 6
wh = wh = e Rewpicos 6 (56.15)

2
Waq =
3 Q2 + w?

€ Be

Ponbio monos nenb3s npenebpedns He TOJBKO I W3, HO U IS Wo.
Ha puc. 18 uzobpazken cxemMaTnvecKu XapakTep 3aBUCUMOCTHU Ya-
CTOT Wy, W, w3 ot yriaa O ). Kpuseie wy(#) u wo () auxorga me me-
pecekaroTcs Ipyr ¢ apyrom. Ileprast u3 nux Haunnaercs (mpu 6 = 0)
or OoJsibieit, a Bropad oT
MeHbIeH u3 4acToT ., U Whe. o O1r
Ipu § = 7/2 oun gocruraior Max(Ee0se)
COOTBETCTBEHHO 3Ha4eHuil min(L,, 0pe) @y

wir = (2 + w3, )% (56.16) e

WpB; w3

1 wor. HacToOTh! Wir W Wop HA3HI-
BAIOT COOTBETCTBEHHO 6eprHet
7w HUscHel 2ubPUIHBLMU TACTO-

ramu. Ilpn Q2 > w%_ (a noro-

0 O=m/2
Puc. 18

My ¥ 3aBEJOMO QZQ > w%i) BTOpad U3 HUX: Wop = (wBewBi)l/Q.
[Tonoxkenne vacTor wy, wy, w3 B 3HAYUTENHLHON CTENeHn 3ajaer
PACITOJIOXKEHNE PA3INYHBIX BETREH CIIEKTPA, OMPEJIEITeMOro Inciep-
cnormrbM ypasrennem (56.5). Kax ksagparroe 1o (ck/w)? ypasme-
HUE OHO MMeeT NpH 3aJaHHbiX w u O aBa kopus. [Ipociaenus (npu
3a7aHHoM 6) 3a M3MeHeHWeM M oOpalleHneM B 6ECKOHEYHOCTh 9TUX
KOpHeH Kak GyHKIU w, JeTKO TpuiiTn K puc. 19, Ha KOTOPOM cxema-
TUYECKW TOKa3aH Xo7 9TuX (yuknmit. Toukm mepecedennss KPpUBHIX

1) Cpasy xe ormerum, a0 KOIeGaHMs ¢ 4ACTOTON w3 (GAKTUIECKN CYLECTBY-
10T JIMIIb UMEHHO B y3KOM MHTEpBaJIe yryioB BOsm3u /2. B ocranbnoii xe ob6na-
CTH YIJIOB 3TH KOMIEOAHUS CHJIBHO 3aTyXal0T M3-3a IUKJIOTPOHHOTO ITOTIOIIEHS
HA TIPOCTOM MOHHOM DE30HAHCE.
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| C ochio abciucc  OrnpeesTroTCs
| ypasuernem C' = 0, 7. e. g = 0 nn
|
! 63_ = g2. TlosoKenue STUX TOYeK He
| 3aBucuT OT yria f; oana u3 Hux (Ko-
|

i TJIA3MBI COIEPKUT, TAKUM 00Pa3oM,
| BCEro nsATh BeTBeil. /IBe n3 Hux (Ber-
Bu I m Il wa puc. 19) gocruraior
Puc. 19 06J1aCTH HU3KOYACTOTHBIX KoJeba-
HWit; pegesbabie (Mpu w — ) 3HavYenns GHas3oBoil CKOPOCTH B 9TUX
BETBAX PaBHBI

(g)l _ __ualcosf| (g)ﬂ — ua (56.17)

kJ1 0 (+ud/e)2’ \k (1+u/e2)/2’

e ===/~ === enb ypasHerus g = () ecrb Bce-
Fog oy W p yp e =0)
T |(/ o7 o1/ o TIJa W = Qe-
IS Sl B4 CrexTp cOGCTBEHHBIX Kojebar-

7/ o o o

b I HUil  XOJIONHOW MarHUTOAKTUBHOMN
|
|
|

rje
WR; B

up =2 = 2 ___; (56.18)

Qi (47N M)V/2

9TY BEIWYNHY HA3BIBAIOT (AbBEHOGCKOU CKOPOCMbIo. BhIparkenmsi

(56.17) nerko waiiTn u3 ypasuenus (56.5), BOCIOIL30BABIIUCH TIPe-

JIIETHHBIMY BHIPAKEHWMA

2

2
~ U ~ 0
eI+ g
C w

g~ O(w).

Ipu uy < ¢ dazosbie ckopocru (56.17) paBHBI COOTBETCTBEHHO
ua|cos @ uuy. Dru npenenbHbIe 3HAYEHUST COOTBETCTBYIOT BOJTHAM,
KOTOPBIE CYIIECTBYIOT B XOJOJAHON MIa3Me COIJIACHO OOBIYHBIM yPaB-
HeHusM MarauTHOH rugpogunavuku (cm. VIIL) § 52). [eiticrBuresn-
HO, CIIEKTP MarHUTOIMIPOAMHAMUYECKUX BOJIH COJIEPKUT TPH BETBH.
Bo Bcex tpex BerBsix dynkums w(k) smmeiina, HO, Boo6IE roBops,
3aBUCHT OT Hanpasjenus K:

(w/k)% = u% cos? 6,

1
(w/k)g = J{uf +ufy + [(uf +u%)® — dufu? cos® 02}, (56.19)
(w/k)3

(us — cKOpOCThH 3ByKa, (DOPMAIBHHO BBIYUCIEHHAs 10 aanabarnye-
cKoit cxkumaemoctu cpegbl). PazoBast CKOPOCTH MEPBO U3 ITUX BET-
Beil (MX Ha3BIBAIOT GALEEHOBCKUMU GOAHAMU) TIPSIMO COBTAAeT C
Npee/IbHBIM 3HAYEHUEM CKOPOCTH nepBoit u3 Berseii (56.17). dnsa
TOro 4TobbI IepeiTu K XOJI0/IHOM 11a3Me BO BTOPOi hopmyie, ciie-

JIyeT MOMOKHUTH B Hell uy = 0 (mockoapKy B Tase u, ~ (T/M)Y?).

= %{uz +u? — [(u? +u?)? — dulu? cos? 0]/}
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[Tpn srom (w/k)g (cooTBETCTBYIOIIE BOMHBI HAZBIBAIOT OBICTNPHIMU
MAZHUMO3BYKOBHLMIU) COBLAIAET C IIPeJebHbIM 3HadeHueM (w/k)y.
Yro kacaercst Tperheit BeTBH, (w/K), (oHa Ha3BIBAETCS MeEdAEHHOT
MazHUMO36YK060T BOJIHOI), TO €e CKOPOCTh 06paIaeTcs B HyJIb TPH
us — 0 m moToMy oHa B XOJ0/HON TIazMe orcyTcTByer. OTmMeTnM,
UTO MPETONOKEHNE 0 XOJTOIHOCTH TIIA3MBI TTO3BOJISTET TTPeHebperaTh
TEMIOBBIM PazbpPOCOM CKOPOCTEl MOHOB W OTMCHIBATEH WX THAPOINHA-
MWYEeCKW JaXKe B OTCYTCTBUE CTOJTKHOBEHWH. YCa0BME U4 K ¢ OTpaB-
IBIBAET TIpeHeOpeKeHne TOKAMW CMEIeHNsT B YPABHEHWAX MarHUT-
HOW TUIAPOJIUHAMUKMA.

B obpatroM ciyuae 6ombIux 9acToT a3oBble CKOPOCTU JIBYX
serreii (IV u V) crpemsitest k 3navennsmM w/k = ¢, OTBEIAIONINM
TMOTTEPETHBIM BBICOKOTACTOTHBIM BOJIHAM B W30TPOTHON Tiasve, —
KaK M JOMKHO OBIIO OBITH, TTOCKOILKY TPH W > WRe MATHUTHOE
ToJIe He WTPAeT POJIH.

Haxower, octanoBuMCcsS Ha WHTEPECHOM CIydYae BOJH, KOTOPHIE
MOTYT UMETh MeCTO TpH {2 > Wpe; TPU ITOM PE30HAHCHAST YACTOTA
Wy & wpe cos 6. Paccmorpum B 3TOM Ciiydae 06JiacTh 4acToT, MPO-
MexKyTounbiX (Ha BerBu 1I) Mexky wo M w3 & wpg;, ONPeeaseMyio
HEPABEHCTBAMU

Q?
wp K w K wgecosh, wK —=, (56.20)

WBe
Venorwe w > wp; NO3BOJIAET TIpEeHEOpeYh B g BKJIAJIOM MOHOB, a B
cuTy yeaoBust w <K wpge Oyaer

Q?

WWBRBe

Egy = 18 = —1 (56.21)
[Tpu ycnosusx (56.20) Gyner take g > g > €.

Uckomoe perienue AuCIepCHOHHOrO YPaBHEHUS IMOJIydaeTcss 60-
Jiee IpgMbIM 00pa30M, €c/id 3aIuCcaTh MMOCJIeHEee B BU/JIE

2
-1 ~1
k’eng — kakye g — %z Sap| = 0. (56.22)
nepeiins B (56.4) o1 T€H30pA £43 K €10 0OpaTHOMY (T. €. BHIDA3HB B

ypasuenusx (57.3) E uepes D). Komnonenrsr 06parnoro rensopa:

-1 _ -1, —¢€1 -1 _ 1 -1 _ -1,
Tx *Eyy ~ g2 g €2z = Ea:y *_Eya: ~ —

g 3

n HambobIel n3 HUX OyIer agyl. IIpenebperast ocTaIbHBIMU KOM-

€ s
Ell

noHeHTaMu (W BHIOpAB TJIOCKOCTH 2z mpoxojsiieii depes By n k),
TOJIyYUM JIUCTIEPCUOHHOE yPABHEHUE

LWt ik
2
w B |70

2

8 Cc
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OTKyIa
— j2.2WBe | cos§] = ¢Bg| cos €|k2
Q2 4meN,

DTH BOIHBI HAZKIBAIOT 2EAUKOUOGALHOLMU | ); O IMEIOT IMCTO IeK-
TPOHHOE TTPONUCXOIK ICHNUE.

Hazsanme 5TUX BOJIH CBA3AHO ¢ XapaKTEpOM WX Toaapusannn. 113
pasercrea kD = 0 (56.2) npu ciaenanHoM BhIGOpPe KOOPANHATHBIX
ocell numeeM

(56.23)

D, sinf + D, cos6 = 0. (56.24)
W3 ypasnennii xe (56.3), HAIUCAHHBIX B BUJIE
2
[K*e,5 — kakve 51Dp = —Da, (56.25)
Haxogum Dy = —i| cos 0|D . B rom ke npubsmxkenun (1. e. upu co-

—1
XpaHeHUn U3 BCEX & aB JINIIb €., JIEKTPUYIECKOE 110J1€ BOJIHBI JIC2KUT

Ty )
IEJTUKOM B TIJIOCKOCTH XY, TIepTeHanKyIapHoit Bg: F, = € ]DB =0.
KowmmonenTsr xke

-1 _ 1 _ —1
E,=¢, D E, = Eyz D, = —6$yDz,

u u3 (56.24) caenyer
E, =i|cos | E,. (56.26)

Takum 0O6pazom, BOJHA JIIUNTUIECKHU MMOJIIPU30BAHA B ILJIOCKOCTH,
neprnenuKyasapuoit Bg; npu 6 = /2 nonsipuszanms CTaHOBUTCS Jid-
wetinoit. B cucreme ke koopaunar Ey(, ¢ ocnio { Buob k, nmeem

Be =il g B = B tgo. (56.27)
i cos 6 i i
Bekrop E Bpamaercs BOKpyr Hanpapjenus K, onuceiBasg KpyroBoi
KOHYC.

Ormernm, uro Beipazkenue (56.21) ns €5y umeer npocroit dbu-
suueckuii cvmbica. [lpn wpe > w (BMeCTe C TI0JIpa3yMeBaAIOMINMCsT
Bezne yeaosueM (52.17) kyvpe/wpe = ki1rpe < 1) MOKHO cuuTaTh,
4T0 nonepevdroe (1o oTHOMmeHuIo K By ) J1BUKEHNE 3JIEKTPOHOB PO~
UCXOUT B NOCTOAHHOM 1 opHopoanoM nose E. Ho npu asuxennn
3apsa B MOCTOSHHBIX M OJHOPOAHBIX CKpeennbix noaax E u By ero
CPeJIHsIs TIONEPETHAst CKOPOCTH (CKOPOCTD 3JIEKTPUYIECKOro apefida)
ecThb
[EBg]

B3
(cm. II, § 22). VmeHHO 3TOH CKOPOCTH M OTBEYAET BbIPAZKEHUE
(56.21). Takum 06pa30oM, TeIMKOUIATBHBIE BOJHBI CBI3AHBI C DJIE€K-
TPUIECKUM ApeiihoM 37IeKTPOHOB B TLIA3Me.

(56.28)

V| =c

1
) B reou3nNKe NX HAZBIBAIOT CEUCTAULUMY AMMOCPHEPUKAMU.
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§ 57. Bunsinue TerJioBOro ABU>KEHUS HA PAaCHPOCTPaHEHUE
3JIEKTPOMArHUTHBIX BOJIH B MAarHUTOAKTUBHOW nJjiazme

[Ipu yuere TemI0BOTO ABMKEHWS TACTUIL IUCTIEPCUOHHOE YPaBHE-
HUe CTAHOBUTCsA, BOOOIIE TOBOPS, TPAHCIEHIEHTHBIM U TTPUBOIUT K
GecunciennoMmy MHOXKecTBY BerBeil dyukiym w(k). Tlomassioriee
OOBITMHCTBO ITUX KOJEOAHUI, OTHAKO, CUIHHO 3aTyxaet. JIumb B
WCKJIIOUUTETHHBIX CIyYdasx 3aTyXaHne OKa3bIBAETCS CIa0BIM U KOJIe-
OaHusi MOIYyT PACHPOCTPAHATHCH B Bujie BOJH. K 3TuM cirydasgm oT-
HOCATCH, PEK/Ie BCEr0, PACCMOTPEHHBIE B IIPE/IbIYIIEM maparpade
BOJIHBIL, JIJIsi KOTOPBIX TEIJIOBOE JIBUKEHUE NPUBOAUT (11pu coOJI01e-
avn yenosuit (52.17) u (53.17)) smmmb K MasIbIM TIOTPABKaM B 3aKOHE
IUcTiepcuu U K MasioMmy kKodddurmenty 3aryxanus Jlammgay.

Mg Bujien, OJHAKO, YTO JJIsi BOJH B XOJIOZHOI TIIa3Me CyIie-
CTBYIOT 00J1aCTH 9aCTOT, B KOTOPBIX OTHOIMIEHWEe k¢/w CTaHOBHUTCs
CKOJIb  yTOJAHO GObIIUM (OKPECTHOCTH NJIA3MEHHBIX PE30HAHCOB).
Ho mpu k — oc ycnoeust (52.17) 3aBe1oMO HApyYIMArOTCs, TaK 9TO
yUeT TeIJIOBOIO JIBUXKEHUs CTAaHOBUTCs HeoObxonaumbiMm. [Tokarkem Te-
[epb, YTO y4eT TEILIOBOIO JIBUXKEHUS YK€ KaK MAJION IONPABKU B
JIMAJIEKTPUYIECKON TTPOHUIAEMOCTH yCTPAHAET PACXOUMOCTH KOPHE
JIUCIIEPCUOHHOIO YPABHEHUS U MPUBOAUT K HEKOTOPBIM KA4eCTBEH-
HO HOBBIM CBOIicTBaM crekrpa kosiebanuii miasmel (5. H. Tepuman,
1956). TIpm 5TOM, KaK MBI yBUNM, BCE eIlle MOTYT ObITh BBITTOJHEHbI
YCJIOBUS, 00ECTIEUNBAOIINE SKCIIOHEHIINAILHYIO MaI0CTh 3aTyXaHUST
Jlamgay, Tak 9TO aHTUIPMUTOBOI YACTHIO €44 MOYKHO TIO-TIDEIKHEMY
npenebpednb. Byzem /g onpe/ie/ieHHOCTH TOBOPUTH 00 OKPECTHOCTH
BBICOKOYACTOTHBIX IJIA3MEHHBIX PE30HAHCOB, I/I€ JI0CTATOYHO YIeCTh
TEIJIOBOE JIBUYKEHUE JIUIIb JIEKTPOHOB.

[TonpaBounble Y/IEHb] B €44 TPOIOPIMOHAIbHDI (kvpe)? 1). Takue
JKe TIONPaBKN BOBHUKHYT U B KO3 dunnentax A, B, C aucnepcrnon-
Horo ypasaenus (56.5). ViMest B BUy MCCIEJI0BATEH JIMITH PACXOIs-
IIAICST KOPEHBb 3TOTO yPABHEHUsI, JOCTATOTHO YIECTh MOMPABOYHBIE
YJIeHBI TORKO B Ko3ddunmente A, obparmmatomiemcs (6e3 monpasok )
B TOYKE PE30HAHCA B HY/JIb.

[Tpeacrapum 3T0T KO3GMDMUIMEHT B OKPECTHOCTH PE30HAHCHOM
4acToThl (1yCTh 3T0 OyJer wi) B BUJE

2
A=a(w—w)— Ay, (”ZE’“) . (57.1)
1

Bropoit wnen npejcrasisger coboil monpaBky OT TEILJIOBOTO JIBUZKE-
nusg. Kosddunuenrs: a, u Aj, 6epyrcs B TOUKe W = Wi, TaK 4TO OT
[EPEMEHHOMN W yKe He 3aBUCIT (HO 3aBUCST, KOHEYHO, OT HAIIPABJIE-

uus k, 1. e. ot yruia 6). Tlonoxkue w = wy Takke n B Koaddurmentax

') OHm mOMyYAOTCA M3 €IEHOB MEPBOTO MOPSAKA B PA3TOKEHHH MOIBIHTE-
2
rpasbHOro Beipaxkenus B (54.5) no crenensim k~.

10 JI. J. Jlaggay, E.M. Jludmun, Tom X
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Jna mccnenoBanmst 9TUX BOJIH C yYETOM TEMIOBOTO JIBUKEHUS
SJIEKTPOHOR HAJ0 COCTABUTH IUCTIEPCUOHHOE YPABHEHWE C TEH30POM
JINBIEKTPUYECKUX TIPOHUIaeMocTeit (55.7), Kak pa3 OTHOCAIIMMCS

K 06/IacTM IWKJIOTPOHHOTO pe3onanca '). PackpwiB ompeaenmTen
(56.4) (c Bexkropom k, HaNMpaBIEHHBIM BIOJH OCH Z), TOJIYYUM

2 2 02 — wne
e 14 L T (57.8)
w? w(w —wge) V2 kvre

Bre mHUM PE30HAHCHOTO TMOTJIOMIEHNUSI, T. €. IPH |wpe — w| > kure

(HO, KOHETHO, TIO-TIPEKHEMY |wpe — W| K WRe), ITO COOTHOIIEHUE
TTPUHUMAET BUT

L Sy zﬂiﬁexp<_w>_

2 —
w3, wBe(w — wBe) 2 wekvTe 2k?v2.,

Orcroia cHOBa Moy daercs 3akon aucrepcnu (57.7) jist BeIecTBeH-
HOW 9aCTU 9aCTOTHI 1 BhIparKeHne

4 4 2
m WBRBe Qe) 1 (Qe> ( WRBe )
=,/-w =) expy—- | — 57.9
v \/; Be kvre (ck p{ 2 \ck kvre ( )
g Koaddbunmenta 3aryxanus Jlangay.
[Mpu panbHeiimem npubamzkeHnn w K wge, B 00sactu |wpe —
— w| K kvpe, ko3 dunment 3aryxanus pacrer, CTAHOBACH CPAB-

HUMBIM C CAaMO#l 4aCcTOTOI w; B 3TOH 00/1aCTH y2Ke HEJIb3s OBOPUTH
0 pacupoCTpaHeHun BOJIH.

§ 58. ¥YpaBHeHUs ruApOgUHAMUKN
MarHuTOAKTUBHONU NJIa3Mbl

FEciin xapakrepubie npocTpancTBeHHble pa3Mepsl L B 1BuKyIeii-
Cd T1J1a3Me BEJIMKU 110 CPABHEHWIO C JiMHAMu CBOOOIHOrO mpobera,

L>1, (58.1)

TO MOXKHO CYHTATH, YTO OJIArOJapsi CTOJKHOBEHUSM B KayKIOM
HEOOIBITOM yYaCTKE TLIA3MBI YCTAHABINBAETCA TEPMOINHAMUTIECKOE
paBHOBECHE CO CBOMMM MECTHBIMW 3HAUYEHWSMHU TeMIepaTyphl (0zm-
HAKOBBIMU JIJIsT 3JIEKTPOHOB W MOHOR), JaBJIeHUs 1 T. 1. B Takux ciy-
qasgx JIBUKEHNe TIa3Mbl MOYKET OTMUCHIBATHCA MaKpPOCKOTTMYECKIMA
TUPOIMTHAMUYECKUMI YPABHEHU M.

VpaBHeHnsT MArHUTHOW TraApognHaMUKN Oblan Hanmcansl B VIII,
§ 51. IIpu sTOoM, omHAKO, TIOIPA3YMEBAIOCH, UYTO KMHETUIECKNE KO-
s durenTh cpesibl (e BA3KOCTH, TETIONPOBOIHOCTE) HE 3aBUCST

b Hanmomawm, aro dopmymst (55.7) mpeanonaraor Tak:ke u COOTIONEHTE YCI10-
Bust (55.4): wpe > kvre.
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OT MAromTHOTO TIOJIA. B TjasmMe JJIA 9TOTO ﬂOH)KHbI 6BITI) BBITIOJIHE-
HBI yCJIOBI/IH
Vj 2> WRj, Ve 2> WBe

(BTpOe yC/IOBHE CIejlyeT U3 TIepBOr0). DT YCIOBUS YaCTO OKA3bIBa-
FOTCS CJIVTITKOM YKECTKUMU, B CBA3W C 9Y€M BO3HUKAET HEOOXOINMOCTH
B COCTaBJIEHWU THIPOJNHAMUYECKNX yPABHEHN, CBOOOTHBIX OT yKa-
3aHHOIO OI'PDAHUYECHUA 1.

VpaBHeHue HEIPEPHIBHOCTH JIJig MACCOBOW ILIOTHOCTH O COXPa-
HSeT, KOHETIHO, CBOl OOBIYHBIN BU/I

% +divpV = 0, (58.2)

riae V. MakpoCKONu4decKas CKOpocTh. OcTaercst MpexKHUM TAKKE U
obmmit Buy ypasnenust Happe Crokca

OV 0P lpnoi
p |22+ (VV)Va + b LliBla= "

Y] (58.3)

¥ ypaBHEHHE COXPAHEHUs] SHEPIUU

0 (pV2 BZ)
JR— —_— U —_— pu—
ot 2 toU 8w
— _div [pV (V7 + W) — (0'V) + S[EB| +q] . (584)
™
e 045 TEH30D BASKHX HAIpPSIKeHuit; (6'V) obosznauaer BekTOp
¢ cocrapnsiommvm 0,5V @ — TIOTHOCT TOTOKA SHEPTUH, BKITIO-

vaforrast B cebsi Kak JUCCUNATUBHYI0 YaCTh, CBAZAHHYIO € TEILIO-

MPOBOJHOCTBIO U TEPMOIIEKTPUIECKUME ABJICHUSME, TAK U KOHBEK-

TUBHBIH [EPEHOC 3Hepruu TOKOoM (cM. Huzke ounpejesenue (58.8));

UwuW  BuyTpenHss dHeprusg u TemjioBas (PYHKIUsS CPEIbl, OT-
/

HECEHHbIE K eAnHNLe ee Macchl. TeH30p 0,5 W BEKTOP q JOIXKHbBI

ObITh BbIPazKeHbl Yepes3 IPaJUMeHThl TePMOJMHAMUYECKUX BEeJIMYUH U
CKOPOCTH; BUJI 3TUX BbIPAKeHUI KaK Pa3 U 3aBUCUT OT MArHUTHOI'O
10J14.

B cBasu ¢ ypasuenunem (58.3) HEOOXOAMMO CAeaaTh CJIEYIONIEe
saMeuanue. B 9ToM ypasHeHuu yureHa cuia, JeficrByoias Ha 11as-
My €O CTOPOHBI MATHUTHOTO 11015 (IOCAEAHU 41eH C1eBa), HO OIly-
eHa cusa

e(zN; — N )E,

NefCTBYIOIIAsT CO CTOPOHBI 3JIEKTPUYECKOT0 MOJIs. DTO NpeHedperke-
HUe B JIAHHOM CJIydae Onparjaano: u3 ycaopus (58.1) ciaemyer, 9to n

b Kpowme toro, 8 VIII, § 51, OGblsin omymmeHsl UI€HBI B yPABHEHUSX, OITUCHI-
Baomue Tepmodekrputeckuil abdexr.
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nojaBHo L > a, a mTOTOMY TiTa3Ma KBaswHeNTpaabHa, TaK UTO MOYK-
HO Mo0XKUTH 2N; = N, M HEKOMTIEHCHPOBAHHBIE 3aPs/IhI B TIIa3Me

orcyTeTBYIOT ).

K ypasuennsm (58.2) (58.4) namno nobasurh ypasaenus Makc-
BeJUIA It KBA3UCTAIMOHAPHOTO JIEKTPOMATrHUTHOTO TI0JIst (ypaBHe-
Husi 0€3 TOKA CMEIeHus ):

rot B = J%B, divB =0, rotB = 17j. (58.5)

c ot c

Hanomuum, 910 KBa3MCTAIMOHAPHOCTD M0/ O3HAYAET MAJIOCTh Ya-
CTOTBI €r0 M3MEeHeHWsi w B cMmbicie w <K c¢/L. Tlpm sTom 371€ek-
TPUUIECKOe TIOJIe, WHAYIMPYEeMOe TepPeMEeHHBIM MaTHUTHBIM TIOJIEM,
E ~wLB/c < B; nmenno nosromy B (58.4) HaI0 yINTHIBATE TLIOT-
HOCTH 3HEPTHN JINTIThH MATHATHOTO, HO He 9JIEKTPUIECKOro, mosst. O1-
METHM TakKyKe, 9TO TpeHebpeKeHe TOKOM CMEIIEeHNsT HaXOINTCST B
COOTBETCTBUM C TIPEMOTIOKEHNEM O KBA3WHEHTPATHLHOCTH TIIa3MBbI:
u3 nocsearero ypasuennst (58.5) cienyer divj = 0.

Haxower, #a10 mpucoenHuTh ypaBHEHNE, BhIparkaiomiee «0000-
menHbIit 3akon Omay, Brga

E + %[VB] = F, (58.6)

rne F — nHekoropas jimHeliHasi KOMOWHAIINST TOKA j M TPAJNEHTOR
repMoanHamMudeckux Besuand. Hanomunm (cp. VIII, § 49), uro npo-
ucxoxkenne kombunaunu u3 E u B B siesoit wacru (58.6) cszano ¢
npeobpazopannem E npu mepexose 0T CuCTeMbl MOKOS JTAHHOTO 3J1e-
MeHTa 00beMa CPebl K CUCTEME OTCUeTa, B KOTOPOI OH JIBUZKETCHA CO
CKOPOCTHIO V.

B kBasunelTpasbHON n/1a3Me OTHOCUTE/IbHAS KOHIEHTPALMS €e
KOMTIOHEHT (3JIEKTPOHBI M MOHBI) €CTh 3aJlaHHas HEM3MEHHAs BeJIV-
yuna (N /N; = z). TloaroMy HE3aBUCUMBIME TEPMOJAMHAMUYECKIMU
NEPEMEHHBIMU SBJISIOTCS JIUIIb TEMIEPATYPA U JABJIEHUE; BOIPOC O
Boipazkennn F u q uepes rpajumentsbl 3rux Besmaun (1 TOoK j) dop-
MAJIbHO COBIAJIAET C TAKUM K€ BOIPOCOM B TEOPUM TEPMOTAIbBAHO-
MarenTHEX 3ddekTon B Meramtax (ev. VIIL, § 25) 2).

CooTHOTIIEHVST MEXKTY j U (, C OJIHON CTOPOHBI, U TIOJIEM U TPAJIN-
EeHTaMU TEPMOJIMHAMIUYECKUX BEJNYUH — C JIPYTOil, 3aliChIBAIOTCS

1) Do paccy»kieHne OCHOBAHO Ha HepaBeHcTre | > a. Hanomunm, uro Mbl Be3-
JIe IMeeM B BUY TIOTHOCTHIO HOHM3OBAHHYIO ITL1a3My. B 9acTuaHO mOHN30BaHHOM
TJjIa3Me HEPaBEHCTBO l >> a MOYKET HE€ BBITTOJIHATHCA BBUAY YMEHbINTECHWUA IJINHDBI
npobera 61arogaps CTOMKHOBEHUSM ¢ HEATPAIbHBIMUA aTOMaMM, U TOrIa Tpebo-
Baame L > a HaI0 pacCMATpUBATh KAK JIOMOJTHUTETHHOE YCIO0BUE, HEOOXOINMOE
15t TIpeHeOperkeHnsi O0bLEMHON JIEKTPUIECKON CHJI0M.

2) CroBa HATIOMHWMM, YTO PEYUb MAET O MOJIHOCTHIO MOHW30BAHHON Tuasme. Ha-
JIM9IME HECKOTMBKAX BUJIOB TAXKEIBIX FACTUI (PA3TMIHBIE WOHBI, HEHTPATHLHBIE

aTOMBI) TIOTPEBOBAIO OBl yUueTa COOTBeTCTBYOMNX Anddy3nOHHBIX MTPOLECCOB.
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B BHJIE, 06obmaromem coornorennst (44.12), (44.13):

10 1. oT
F — — E— .
o+ . aaﬁj,g—I-ozagamB, (58.7)
. . . orT
do = *%.704 + 6&5.7,8 - Hap 8wg. (58'8)

31ech [ty — XUMWYECKUI TOTEHIINAJ JIEKTPOHOB, & TEH30PbI U;ﬁ,
o, Bap 3aBUCAT, KaK OT Mapamerpa, oT MarauTaoro noas B. Or-
cytcreue B Jieoit wactn (58.8) wiena —pj (cp. (44.13)) cesizano c
TeM, uTO BeqmuuHa ©j yxe yurena B (58.4) sekropom Iloiturunra B

IUIOTHOCTH TIOTOKA dueprun. B 3Tom jerko ybeaurbes, npeobpa3oBas
¢ nomoIpio ypasrenniit Makcsesia (58.5) ero anBepreHimio:

. ¢ d B® | . d B? . .
— —[EB]| = =—— E=——" — .
div 47r[ } ot 8w +J ot 8= le((pJ)

Taxkum o6paszom, norok suepruun q B (58.8) yxe ne cogepxut B cebe
[EPEHOCA YACTUIAMU JHEPIUU —e(p.

B cuny npunnuna Oncarepa, ko3ddUIMEHTH B COOTHOIIEHUAX
(58.7), (58.8) cBsA3aHBI JAPYT € APYIOM COOTHONIEHUSIMU

008(B) = 0ga(—B), 43(B) = 33,(—B), (58.9)
5a5(B) = Taﬁa(—B). (5810)

[Tockoneky B — eAnHCTBEHHBI NMEIONINICSA B HATIEM PacTiops-
JKEHWN BEKTOPHBII TTapaMeTp, 3aBUCHMOCTE TEH30POB OT HampaBJe-
unst b = B/ B moxker ObITh Hammcana B 00IIeM BHUje

aa3(B) = 1045 + a2babs + azeqp,by (58.11)

(M aHAJIOTUYHO JJIsi OCTAIBHBIX TEH30PORB), T/e CKAISpPHBIE KOI(D-
durnmentsr @, @g, a3 — GYHKINN BEIUYNHBI 01 B; Takas 3aBu-
CUMOCTH YOBJIETBOPsieT TPEOOBAHUIO CHMMETPUN TIO0 OTHOIEHUIO K
uaBepcun: B akcumasbHbIN BEKTOP, U €10 KOMIIOHEHTHI HE MEHSIOT
3HAK [PU UHBEPCUU, KAK JIOJI2KHO ObITH W JIJisi KOMIIOHEHT UCTUHHBIX

TEH30POB (a4, ... OTMernM, 4ro Beipaxkenus Buga (58.11) aBroma-

TUYECKH yJI0BJ1eTBOPsitoT coorHomenusim (58.9), a (58.10) npunuma-
er Buj

Bap(B) = Ta,s(B). (58.12)

[Tpu dbaxruyeckom npuvenenun soipazkenuii (58.7), (58.8) B mar-
HUTHOM TMAPOJAMHAMUKE I'PAAMEHT XMMHUYECKOTO IOTEHIUAIa, y100-
HEe BbIPA3UTDH YePe3 ITPAJIMEHThl JABICHUS 1 TEMIEPATYPbl COIJIACHO

Ve = —5.VT + NLVPe, e = We — T'Se,
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rie P, = NT = L2

1+2
WIA3Me, Se U W,  SHTPONUSA W TeIioBass (QYHKIHs 3IEKTPOHHON
KOMIIOHEHTBI IJIA3MbI, OTHECEHHBIE K 0AHOf YacTune. OKOHYATEIHHO
nepenuiiem coorHomenus (58.7), (58.8) B BEKTOPHOM BuJIe KAk

— TapiaJibHOE JaBJIE€HWE SJICKTPOHOB B

E+ [VB]+ L VP =
c eN,

— + ii + R[Bj] + (XH(VT)” +a (VT) + N[BVT], (58.13)

aj|
q+ %_] = (J/||TJ|| +a,Tj, + NT[Bj] —

IJ1e BBEJIeHbl HOBble 0003HaueHus s koadbdunuentos (Bce oHu

dyukuun B), a ungekce || 1 L 03HA4AI0T COCTABIAIONIME BEKTOPOB,
NPOJIOABHBIE M Nonepednble oTHocuTesbHo B. Onpenenenue Koad-
dbunmenta o B (58.13) ormuaerca ot ero onpejesenns B (58.7)

BKJIIOYEHNEM B HETO Bemunibl S./e. Koadbdummentnr R, N, L orm-
CBIBAIOT COOTBETCTBEHHO TaK HazbiBaembie 3dderTn Xomra, Hepn-
cra u Jlegroka Puru. Hanomuum rakske, uro dinenst R[Bj] B (58.13)
n L[BVT] B (58.14) mpeacraBiasor coboit 6e31NCCUTTATHBHBIE KIHE-
Taeckue dhdexThl: oun BhImagaoT u3 npoussenennit Ej u qVT u
MOTOMY He CBSABAHBI C YBEJINTEHWEM SHTPOTIH.

Yro kacaeTcst TEH30pA BA3KNX HATIPSIIKEHH a;ﬂ, TO ero obiee

BBIPAYKEHNE 1Uepe3 IPAJIUEHThl MaKPOCKOMHUIECKOH CKOPOCTH OBLIO
manucano yxe B § 13. B mpumenennn x m1a3me 3TO BBIpAYKEHUE
HECKOJIHKO YIIPOIIAETCs BBUJLY 0OpAIeHnst B HyJIb 000nx K03 duim-
€HTOB BTOPOH Bs3kocTu ( u (1. PaBencrro wyso koaddummrenta (
ecTh 00IIee CBOIICTBO BCEX OJHOATOMHBIX TA30B, K KAKOBBIM OTHO-
curca u maasMa. llpuunna e orcyTeTBus diaeHa ¢ (; 00bscHEHA B
caemytomeM mnaparpade.

Ocraspubie wiens! B (13.18) B mpuMenerny K maa3mMe 1e1ecoo0-
pPa3HO HECKOJIBKO TEPEerpymlnupoBaThH, UMes B BUIY, 9TO B ILIa3Me
BJIUSIHIE MATHUTHOTO TIOJIS HA BI3KOCTH ABJISIETCs, BOOOIIE TOBOPSI,
cnibHBIM 3 derTom (a He c1abbiM, KaK B HEHTPaILHOM ras3e); Mo To-
My HE WMEET CMBIC/IA BBIIEIATh OOBITHBIN KOI(MDMUIMEHT BAZKOCTH
7. IlpeacraBum 371€Ch U:x/ﬁ B BUe, orandatonemMces or (13.18) b
TeM, ITO WIEH C 7) 3aMEHEH UJIeHOM

10(3babs = dag) (bybsVas — S div V), (58.15)

rae (Bvecto h) b = B/B; 0 nies1ecoo6pa3HoCTH TAKOTO OMPEIeICHNUST
79 CM. HVXKe, TpuMed. Ha ¢. 308.
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Ecnu Bei6paTsh och 2z B HanpaBjieHnu b, TO KOMIIOHEHTHI TEH30Pa
HATTPSIZKeHW TTIPUMYT BUJ]

o!w = —19 ( — = dlv V) + 11 (Ve — Vi) + 203 Vay,
1
Ty = —10 ( —3 —div V) + 11 (Vi — Vi) — 203 Vay,
o' =2 (VZZ - %div V) , (58.16)

Oy = 2m Vyy — N3 (Vaa — Vyy):
U.lrz = 2772VI2 + 2774Vyz:
Ulz = 2’/}2Vyz — 2"74Vrz-

§ 59. Kunernyeckue kK03 puiineHThl njaa3Mbl
B CUJIbBHOM MarHUTHOM IIOJIe

[Ipu Borumcaenun KuHeTHYeCKuX KOIPDUIMEHTOB MArHUTOAK-
TUBHOM IJIA3Mbl HAJIO, KAK OOBIYHO, MCKATH (DYHKIMKU PACIPEIe/ie-
Husi gactur, B Buge f = fo + 0f, e of MaJjiasi MOMpPaBKa K
JIOKAJIBHO-PABHOBECHOMY PACIHPEIEJIEHUT0, IIPOIOPIUOHATIBHAS COOT-
BETCTBYIOIIEMY I'DAJIMEHTY TePMOAUHAMUYECKUX BejinduHd. [Tpu moj-
CTAHOBKE TAKOI'O BBIDAXKEHUsI B KHHETUYECKOE yPABHEHUE, HAIIPUMED,
JIJIsT 9JIEKTPOHOR

afﬁ afg . afe — E % =
o TV o eE Bp C[VB} Bp St fe (59.1)

B [IEPBBIX TPEX YjIeHAX B JIEBOI yacTu nojaraeM fo = foe; 4eTBepThiii
K€ 4JIeH npU 9TOM 00panaeTcst B HyJib (MOCKOIbKY BEKTOD O foe /0P
HAIPaBJIeH BJOJIb V); TOITOMY 371eCh HAJI0 COXPAHUTD YJI€H C J fe, W,

TaKMM 06pPa30M, HAXOANM CIeAyIOliee ypaBHente ast 0 fo 1):

af(]e af()e o 3f05 _ ¢ a(sfE
VO Bty ‘vB) ) oo+ 1(61e), (59.2)

e [ — nuHeapW30BaHHBIN WHTErpaJ CTOTKHOBEHUIA.
OTmernm mipexkjie BCero, 9to K03(pMUImenTs MpoI0IbHBIX 3/1€K-
TPONPOBOJHOCTN 0| W TENIONPOBOJHOCTH | BOOOIIE HE 3aBUCAT OT

B, ocraBasich paBHBIMM CBOWM 3HAYEHWAM B OTCYTCTBUE MaTHUTHO-
ro nosisi (T. e. OOBIYHBIM CKaJIAPHBIM 0 W ). JleficTBUTENIHHO, W3

1) HanmomunM, 9T0 IIpK BEIYHCTEHNN OUSIEKTPUYIECKON IPOHUIIAEMOCTH IITas3-
MBI B § 29 <IeH ¢ MATHUTHBIM [IOJIEM B 3TOM yPABHEHUN OBLT OIYIIEH, IIOCKOIbKY
npu Mansix E u B on sBisercsa masioit BemannoOi BTOpOro mopsigka. B paccma-
TPHUBAEMOii Ke 3/1eCh 3ajade MarHuTHOE 1mojie B (B mpOTHBOMOIOKHOCTD JI€K-
TprueckoMy noio E) OTHIONP He TIPenosaraeTcss MajbIM.
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CcOOOpaskeHnii CMMMETPUN 3apaHee OUEBUIHO, UTO TPW COBTAJEHNN
namnpasiennit Bektopos E wim VT ¢ wmanpasinennem B dyukims
pacrpeenerust 0 f He 3aBUCUT OT yTJIa, ( TOBOPOTA MOTIEPETHO CKO-
pOCTH V| B IJIOCKOCTH, TIEPIEHINKYIsIpHOi o0 B. Mexay Tem

vB| 2 — BoF
Jp m Op
u, cregoBarensro, npu A0f /O = 0 MarauTHOE TOJIe BOOOIIE BBIMA-

ZIAeT M3 KMHETHIECKOTO YpaBHeHms |).

ITo Takoii ke MpuYrHe He 3aBUCHT OT MArHUTHOIO TOJsA (M Tem
CaMbIM COBIAJIAET ¢ OOBIMHON BA3KOCTHIO 7)) Takxke u Koy dunuen
BSA3KOCTH 7)g  TOT KOI(MMUIMEHT, KOTOPBII OIPejIesisieT BA3ZKUe Har
LpsizKeHus (f'aﬂ, KOrjia CKOpocTh V. Hanpassena Baoab B (ock z) n

3aBUCHT TOJIHKO OT KOOPJWHATHI z; TIPU 9TOM B BhipaskeHusax (H8.16)
OCTAIOTCST JINTITH 9JIEHBI C
/ ! 1 2 adv

= 0, :—_Uzz:—

Oz yy 9 57’0 E .

Haxower, goszxen 6611 Obl ObITH HE 3aBUCAIIIUM OT 1101 KO3Ddu-
umeHT (1, KOTOPBIH i YKA3AHHOIO PACHPE/eIeHUs] CKOPOCTU 1A
Obl B TEH30PE HAIPSIKEHUN BKJIA/I

! ! 1 dv
= O, = _UZZ = {(1—-
dz

8
5]
<@
<
[\

Ho nockosibky B oTcyTcrBre mosisg 310t 3hderT BooOIIe 0TCyTCTBY-

er, 70 TeM campiM (1 = 0 1 npu Hasmany no/st 2). (OrMernu, 910 912
MpUYNHA He CBI3aHa C KJIACCHYHOCTHIO TIA3Mbl, TaAK YTO PABEHCTBO
(1 = 0 mmeJ10 6B MECTO U B PEJISTTUBUCTCKOM CIyYdae — B TPOTUBOIIO-
JIOXKHOCTH KO DUIMEHTY (, OTJIMIHOMY OT HYJIST B PEJISTUBUCTCKOM
niasme. )

Brrancnenne ocTanbHBIX KTHETHIECKTX KOIDDUTIMEHTOR MOKHO
MPOW3BECTH B AHAJIWTUYECKOM BHJIE B TIPEJIETHLHOM CIyYae CHIHHBIX
MArHUTHBIX TIOJIEil, Korma (/IS KasKJI0ro poja YacTull) JapMOpoBa
JacTora wp > v. B 9TUX yoIoBHMSX CTOJIKHOBEHWsI WTPAIOT POJIb

MaJIOi 1onpaBKu 3) .

1) Cpasy axe oroBopuM, 0JHAKO, 4TO 9TH PACCYAKACHUS (I AHATOTHUHBIE DAC-
CyXKAeHusd HI/I)Ke) HIpeajaraoT, 9TO IPOIeCC pacCesdHrusd IaCTULl HE 3aBUCUT OT
MArHATHOTO 1O, J[1s1 3TOr0 HeoOGX0IMMO, ITOOBI MATHUTHOE TIONE YIOBIETBO-
pssio HepaperncTBy (59.10) — cM. HMKe.

2) Iloguepkuem jumraMit pa3, 9TO BCE ITH YTBEPXKIEHUS CBA3AHBI C BUIOM
conepxamero B unena B kunermdeckom ypassenun (59.2). OHu He oTHOCHTCS
MO09TOMY K OOBIYMHOMY Ta3y, MOJIEKYJIbl KOTOPOTO 00/1a1al0T MarHUTHHIM MOMEH-
TOM, Yepes3 MOCPELCTBO KOTOPOro (a He vepes 3apsij 4acTul, KakK B IUIA3Me) U
OCYIIECTBIAETCA B 9TOM C/Iydae B3aUMOAENCTBUE ¢ MATHUTHBIM IOJIEM.

) Kuneruaeckne k03bdUIHEATH MATHHTOAKTHBHON TLTA3MBI BHITHC/ISTICH
Jandczoom (R. Landshoff, 1949), E.C. ®@padxunvim (1951) n C.HU. Bpazuncrum
(1952). Mznaraemblii HuxKe aHanuTUIecKuil Meroxn upunaiytexur U.E. Tammy

(1951).
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DuiekTponpoBogHOCTh. Haunem ¢ Boranciaenust Ko3ddurnen-
TOB, OMPEIETAIONINX SJEKTPUIECKUI TOK B TI1a3Me. JTHU BHIUNCTICHUS
yI00HO MPOMU3BOANTE B CUCTEME OTCYETa, B KOTOPOIl JaHHBI S/1eMEeHT
obbema maasMbl mokonTest. Ipenebperast semmanuavmm ~ m/M, sty
CUCTEMY MOXKHO CUYUTATh COBHA/IAIOIICIH C CUCTEMOI IOKOA MOHHOM
KOMTIOHEHTBI. DJEKTPUIECKHUIl TOK B TAKOil CHCTEMe — |UHUCTO 3JI1EK-
Tpouublil. [losToMy Hamo pemarh JWUIML KUHETUYECKOE yPABHEHUE
JLTIST DJIEKTPOHOB.

JleBag 4acTh KMHETUYECKOTO yPaBHEHUs J0JzKHA ObLi1a Obl ObITH
npeobpazoBana ¢ IOMOIILIO THAPOJAUHAMUYIECKUX YPaBHEHU T, 110/106-
HO TOMY, Kak 3710 ObLI0 cienano B § 6 st obbranoro rasa. Ilpu
5TOM B BBIOPAHHON CHCTEME OTCYETa B PACCMATPUBAEMON TOUYKE Ma-
KPOCKOIIUYECKas CKOPOCTh (HO, KOHEYHO, HE €€ IIPOU3BO/IHBIE) PABHA
HyTI0 ).

B nosinom nposejiennu 3TuX BHIYUCIEHUN, OIHAKO, B JAHHOM CJIy-
vae (a1s 9JeKTPOHOB) HeT HeoOxomumocTu. IIpexae Beero zameda-
eM, 9TO MOYKHO BOOOIIe omycTnTh ien d6f./0t. dnddepenunpo-
BaHWe TI0 BPEMEHW TIPUBOJINT K TOSBIEHUIO UJIEHOB C TTPOM3BOIHBIMU
oT/0t, OP/0t m OV /0t. 113 nux mepBble 1Be BHIPAYKAIOTCS Tepes3
ckansp div'V (cp. (6.16)); HO Takue 4jieHbl, KAK HAM YK€ U3BECTHO,
B CJ/Iydae 0OJHOATOMHOTO Ta3a (KAaKOBBIM SIBJISETCS T11a3Ma) BCe PABHO
B3aMMHO COKparatorcs. [Iponssognas xe dV /0t, BhipaskeHnast n3
MIPOJAMHAMUIECKOrO ypaBhenus (58.3), comepKut Mmuokurean 1/p,
T. €. MHOXKHUTETb 1/M; y9er Takux 9IeHOB B KWHETHIECKOM ypaB-
HEeHUM TpuBes Obl JIMIb K 10npaskam ~ m /M, KOTOpbIMU MbI He
nunTepecyemcs. Jlasee, Moxkuo 10y105%kuThH B (59.2) E = 0, TOCKOIBKY
3apanee m3BecTHO, UTO K MOXKeT BOWTW B MCKOMBIN TOK j JIWIIH B
BUJIE CYMMBI

E+ VP
€1Ve
Hakomerr, moCKOIBKY MBI HE IMEEM B BUJY BBIYUCIATH HE3ABUCSIITHE
OT MATrHUTHOTO TOJISA «TPOJOAbHBIEY KHHETUIECKNe KOI(DDUINEeHTHI
(o)]; 24, Mo); TO MOYKHO CUMTATH BCE TEPMOIMHAMIIECKNE BETHTHHBI
TJTA3MBI 3aBUCSIIIUMA JIUITH OT KOOPAWHAT B TIJIOCKOCTH, TIEPTIEH TN~
Kyasipuoit manpassennio B. O6o3nauns oneparop auddepentupo-
BaHWA B 9TON IJIOCKOCTH MOCPEACTBOM V |, HAIUIIEM, TAKUM 00pa-
30M, KHHETUYECKOE yPABHEHUE B BUJIE

e d4éf

(Vvl)fﬂe = _[VB] -

c Jp
B CBOIO OoYepeab 3TO YpaBHEHUWE MOYKHO PEIIaTh MOC/IEeI0BATEIh-
HBIMU TIPUOIMKeHnsIMI 110 cTenensM 1/wpe. [lepBomy mpubmimke-

+I(51.). (59.3)

1) Bro mo cymectBy yiKe IOApa3yMeBanOCh BBIIIE, T€ HCIOAL30BAIOCH COB-
najenue Hanpassenuit sekropos 0fo/0p u v.
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Huio (KoTopoe orMernm wHiaekcoMm (1)) oTBedaer mosHOe MpeHebpe-
JKeHWe WHTETPAJIOM CTOJKHOBEHWI, T. €. YpaBHEHWe

(1)
b H = (V1) o (594
(b = B/B). Pemmenne 51010 ypaBHEHNUST:
818 = = (v[bV Lfuel). (59.5)

B UeM JIETKO YOeanThCs TpsMOil MOICTAHOBKON. 3aparee O9eBUIIHO,
9TO C €70 TTOMOIIHI0 MOYKHO BBIUUCINTEH TOIHRKO O€3IMCCUTTATHBHBIE
KUHEeTHYIeCcKne KO3 UINEHTRI: B OTCYTCTBUE CTOJIKHOBEHUIN IMCCH-
TaIust SHEPTUU OTCYTCTBYET.

IL10THOCTD 37IEKTPUIECKOTO TOKA JTAETCS WHTETPATIOM

j=—e[vif.dp. (59.6)
[Moxcrasue cropa (59.5), numeem

i = ZE(BYLIIV)Ne = BBV LN, (0?),

rJle yCpeJHeHre IMPOUBBOAUTCI 110 MAKCBEJJIOBCKOMY Ppacipe/iesie-
uuto. B pesysbrare Haxoaum

. B .

O = %[bVLPe]; V, P, = —7[})‘](1)]. (59.7)
CpaBHUB 5TO BbIparkenue ¢ onpejeeruem kKoddduiuenta R B
(58.13), nosyunm

1

N.ec’

B creayromem npubavikeHnn uineM perenne ypasrerus (59.3)

R=— (59.8)

B BUAE O fe = 5fé1) + 5fé2) u Jiist 5fé2) HaXOJIUM ypaBHEHUE

a5 (1) 1
wpe[vb]=—— = —I(0f,)) = —I(v[bV ] foe) (59.9)
ov WRe
(oneparop V | Helb3st BBIHOCUTH M3-11071 3HAKA [, IOCKOIBKY B JIMHE-
apMU30BaHHOM MHTerpaJe CTOJKHOBEHUIT MOJAbIHTEIPAJbHOE Bblparke-
HUE COJAEPKUAT B CBOMX KOA(MDUIMEHTAX 3aBUCIIINE OT KOOPIUHAT
Besimuubbl  Hanpumep Nj).
Kaxk 0b1710 yike yCIOBIEHO, MArHUTHOE TIOJIE TTPEITOIAaraeTCst Har-
CTOJIBKO CUJIBHBIM, UTO Wpge > V. Jlaee, B aTom naparpade Oymgem,
OJHaKO, CYUTATh B TO K€ BpEMd, 9TO

> a, (59.10)

VTe

T"'Be =
WBRBe

(1. €. wpe K §)¢), YEM BeMUMHA TIOJIsST OTPAHUYUBAETCST CBEpXY. [Ipu
BBITIOJTHEHUN 3TOTO YCJIOBUS TIOJIE TIOUYTH HE NCKPUBJILAET TPACKTOPUN
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9JIEKTPOHORB (M YK Tem 6oJiee MOHOB) B 00J1aCTH CTOJIKHOBEHUIT 1 TeM
CaMBIM He OKa3bIBAEeT BJAWSHUS HA TTPOTECC CTONKHOBeHUS. Ipyrumn
cioBamu, orepatop I He 3aBucHT gaBHO OT Toisd. Ho torma B cmty
coobparkeHuii CMMMeTpUN TipaBasi 9acTh ypapuenus (59.9) mokua

UMeTh BeKTOpHYTo cTpyKTypy Buaa (v[bV | ])p(v?); no ornomenuio x
MepeMeHHOl Vv 3Ta CTPYKTYpa Takasl ke, Kak 1y npasoii uactn (59.4)

(upuuem Bmecro V| crour [bV | ]). Pemenne ypasuenns (59.9) ecrsb
H03TOMY

6 = == I(V[bbV ]| fo) = o T(vVifo).  (59.11)

%e Whe

[Ipy BBIYMCIEHUN TOKA OTJAWIHBIA OT HYJsl BKJAJ BO3HUKAET
TOJIBKO OT €4-CTOJKHOBeHni. JleficTBUTEIbHO, TOCKOIBKY CTOJKHO-
BEHUS TPEJACTABIAIOT COO0I B PACCMATPUBAEMBIX YCIOBUSAX MAaJIbIi
s dexT, BKJIAJ B NPOBOAUMOCTL OT €€- U €i-CTOJIKHOBEHUI MOK-
HO YYMTBIBATH HE3ABUCUMO. DTO 3HAYUT, HAIPUMED, YTO BKJAJ OT
ee-CTOJIKHOBEHWH BBIUMCISETCs 110 (DYHKIIUN PACIIPEIETICHUS, TTOTY-
JAOIIENCcsT B pe3y abTaTe PeeHnss KHHeTHIEeCKOTO YPABHEHUSI, B TIpa-
BO# 9acTW KOTOPOTO CTOWT WHTErPAJ TOJBKO STHX CTOJKHOBEHWI,
Kak ecanm Obl ¢ MOHAMH 3JIEKTPOHBI BOOOINE He CTajaKnBajanchb. Ho

TOTJIA MHTErpaJl fv5f§2) d?p ¢ dbyukiueir 5f§2) Buga (59.11) obpa-
mAeTCs B HYJIb, IIOCKOJbKY B CHJIy 3aKOHA COXPAHEHUS MMITYJIbCA
NP CTOJKHOBEHHMAX st MPOM3BOJLHON (DYHKIHMM pacupeeeHns
fe MMeEeM TOXKIECTBEHHO

[V Stee fed®p =0
(cp. § 5).

Takum 00pa3oM, TP BBIYUCAEHUH 3JI€KTPUYECKOr0 TOKA Ha-
10 moanMath B (59.11) cumBon I Kak 37€KTPOH-MOHHBIN WHTErpas

croskHorenwuit. [Ipu sTom 1)
Ii(vV | foe) = —vei(0)(VV L) foe, (59.12)
rie cormacho (44.3)

) _ 47'rze4Ne L.

Vei(v s

Bkaaa B ok or dyuknun pacnpegenenns (59.11), (59.12) pasen

+(2) _ eN, 2 - 4\/ﬁze5LeNe P.
j = 3w%eVL(v Vei(v)) = Ty \Y T (59.13)

1) Cp. (44.1). Hanommum, uro dhopmysa Takoro suma ans St f umeer mecro,
€CJIN CTOJIKHOBEHMS MTPOUCXOASAT € YACTULAMU, KOTOPbIE MOXKHO CYUTATh HEIO-
NBUKHBIMA, U ecim d f umeer Buna (vA)g(v), tme A mocrosHHBIA BekTOp. B
JIAHHOM CJly9ae postb A Mrpaer BeKTOPHBIN oreparop V.



302 MJIABMA B MATHUTHOM T1OJIE LV

J1/1s1 BBIMMCTIEHNST NCKOMBIX KWHETHIECKNX KO(DMUIMEHTOR HAI0
nogcrasurs Tokj; = j( + j) B pasencrso (58.13)

1
eN,

VP, =3 L RB[bj, |+, V. T+NBbV T], (59.14)
g1

onpejesiomue 3tu Kod3dpdbunmentor. [lonoxus cuaganma VI' = 0 u
cobupast uaenbl opsaaka 1/wpe, naitgem, 4ro

<(1)
L+ RB[Db;¥] =0,
€L

a

OTKYy 12
3r/2e2N,
pu— 76 -1
VT (59.15)
rae Ve; (0€3 ykazanust aprymenta) ob03Hadaer
471'ze4L6N6
Vei = Vei(vre) = /2T (59.16)

Bennuanna (59.15) Toro ke mopsijika, 9To ¥ MpoBOANMOCTh (43.8) B
OTCYTCTBWE TIOJISA, ¢ KOTOPO# B IAHHOM CTydae COBMaaeT 1 o).

AwnanornunbiM obpaszom, monoxkus B (59.14) VP, = 0 u cHoBa
cobupast unennl ~ 1/wpe, Haiigem

RB[bj?] + NB[bVT] = 0,

OTKy1a

Vei 3eN,
N=— = °. (59.17)
(2m) 2mew?, 20, B?
Yro xacaercs koadduImenTa « |, TO OH TOSBISIETCS JUTIH eIle
B CJIEIyTOIeM TpubKeHnn 1m0 1/wpe 1 OKA3BIBAETCS PABHBIM (17151
z=1)

Veg 2
a) = 0,36(i) . (59.18)

WBe

DJIeKTPOHHAas TEMJIONMPOBOJHOCTb. TerioBOil TOTOK B I11a3-
M€ CKJIa/JIblBAeTCd KaK U3 39JIEKTPOHHON, TakK U U3 MOHHOHN vacrei;
PaccCMOTPUM CHa4daJla HMePBYIO U3 HUX.

DJIEKTPOHHBIN TETLIOBOI TTOTOK BBIYUC/IAETCA KAK WHTETPAT

qe = % Jvivéfe dp. (59.19)

B niepsom mpubsmzkennn 1o 1/wp,, mogcrasus cioga (59.5), naxoqiv

aV =" (bV, (v)vv?)N, = 76m bV | [N (v,

¢ 2
WBe W Be
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OTKy/1a

a = =22 bV T = "0 - by 7], (59.20)
e

e

e we = 5T/2  271eKTpOHHAS TEnaoBast cbyHKuHﬂ, OTHECeHHasl K
ogaOMy 371ekTpoHy. CpaBHuB ¢ onpegenennem Koddpdunmenta L B
(58.14), nosyuum
5¢NT
2eB?
B cnepytomem npubsnzxkennn uarerpas (59.19) goszken 6bITh BbI-
"ncien ¢ yHKimeil pacnpeenenns (59.11). B renioBoii moToxK, oji-
HaKO, JTal0T BKJAJ KaK €i-, TaK W ee-CTOIKHOBeHNsI. B meprom ciydae
crHOBa menomb3yem Bhipaykers (59.11), (59.12) u Haxogmm

qffi) = ZE Vl@ Vei(v)),

Lo=—

(59.21)

6 Whe
0TKYy/1a
(ei) _ _4V2m ze4NeLev P, 59.92
Qe 3 ,m3/2w?36 lﬁ' ( . )

Jtst HaxoyKIeHns OTCIO/Ia COOTBETCTRBYIOIIEN YacTh KOS(beI/II._II/I—
€HTa TETJIONPOBOIHOCTH 3| HAJI0, OJIHAKO, YIeCTh ellle YCJIOBNe j =
= i1 + i@ = 0, nockoubky cormacuo (58.14) 3¢, onpesensercs
M0 MOTOKY Terja uMeHHo B orcyTcTBue Toka. C momombio (59.7) n
(59.13) HaxoaMM, 9TO ITO yCJOBUE O3ZHAYALT CJIEIYIONIEE COOTHOIIE-
HUE MEXKJIY I'PAJIMEHTAME JIABJIEHUs] U TEMIEPATYPbI:

eN.v,
[bV 1P] = <
\/ mwB
(MpwW BBIYUCIEHUSX Be3je TpeHebperaeM djeHamMu (ojiee BHICOKOTO
TIOPAJIKa 1O 1/wBe). Borancams ¢ ygeTom 3TOro COOTHOTIIEHNST CYMMY

qgl) + qgei), HaXOAUM

—V,T

%(ei) 13 NcTve;
e = —.
€ 6271 mwf;e

Dra dopmysia umeer npocToit puzmyeckuit cmbic. 1o mopsigky
BesinIuHbl KOI(MDPUIMEHT TeIIOnPOBOAHOCTH JO0JZKEH ObITh PaBEH
w| ~CeD |, rne Co ~ N  TEII0EMKOCTH 3JIEKTPOHOB B €JUHULIE
obbema, a D kosddurment guddy3un 37€KTPOHOB B HATIPABJIE-
HUU TOHNEPEK MAHUTHOTO 1oJist. [locieauil B CBOIO o4uepeb OleHu-
Baerca kak ((Ax)?)/dt, rue ((Az)?)  cpeanuit kKBagpar cMerieHns
3a BpeMs 0f. B MAarHuTHOM TI0J1€ CMEIIEHUE B ONEPETHOM HALIPABJIE-
HUU OPOUCXOJUT JIUIID [IPUA CTOJIKHOBEHUSIX, IPUIEM SJIEKTPOH CMe-

MAETCS Ha PACCTOSIHUE ~ 7pe. Lloatomy D ~ ueir%e, OTKyIa 1
nonydaercst (59.23).

(59.23)



304 MJIABMA B MATHUTHOM T1OJIE LV

ObparnmMcst K BKIAIY ee-CTOJKHOBeHWi. Boranciennst 3mech 60-
Jiee TPOMO3/IKH; HAMETUM WX XOJI.

B dyuxkunn (59.11) nox I Hajgo MOHWMATH Teneph JIMHEApHU30-
BAHHBIN WHTErpaJs CTOJKHOBeHMi Jlangay:

Ioodfo = — divy sl

rae

2
W 0ag — WaW
stee) = 27re4l}8/7“ﬁ ——2 x
w

{2 02— 08 g (3024

(w =v —v'). Unrerpan (59.19) ¢ Taxoit dbynkumeii pacnpegenenns
MOC/Ie MHTErPUPOBAHNUS 10 YaCTsIM MPUHUMAET BUJ

e 2
2wy,

q(ee) _ (ee) 4 2V(VS(86))} d3p. (59.25)

Koadbdbunment B 310it hopmysie nanucan rak, aro nox 0 fe 8 (59.24)

Ha10 Teneph nmoHnMarh GyHKInio (vV 1) foe. Ilpn smom auddepen-
mporanue V | I0CTATOYHO TIPUMEHNTH TOJBKO K TeMmneparype T B
rmokazarese MaKCBEJJIOBCKO (byHKm/m foe:

(VV 1) foe = foeme e (VVJ_T)

9JIeHBI, BO3HUKAMOINME OT AnddEPEeHITNPOBAHNTS TPEIIKCITOHEHII-

AJILHOTO MHOYKHUTE IS, B3AMMHO COKPAIIAIOTCs ©
TTocne mpocToro, XoTst M JOBOIBHO JJIMHHOTO BHIYUCIEHUST WHTE-

rpast (59.25) npuBOAMTCA K BUILY _%Sfe)VJ_T, e 2)

e

4 2
) = e [+ OV L o) fon )

37703, |

rnew =v — v V= (v++v')/2, avmuororoune B dpurypubix ckob-
Kax CTOMT BMECTO 4JIeHOB, COJeprKallluX HedeTHble creneHn WV u
00palAloIMXCs B HYJIb IIPM MHTEIPUPOBAHUU. 3aMETUB, Y4TO

Foe (®) foe (p') 00 exp ("0 — ™Y

T 4T

1) Bro obcrosiTenncTrO 3apanHee 0UEBHIHO KAK CIeACTEUE ODLIEro CROWCTBA,
OTMEYEHHOr0 B § 6: MHTErpaJs CTOJIKHOBEHUI OAMHAKOBBIX YacTHL] 06paIaeTcs B
Hyﬂb nns byHKmin Buga v fo.

%) Ppaguent naBnenus 31eCh He TOAB/IACTCA, W TOSTOMY HET HeOGXOAMMOCTH
B UCKJIIOYEHHUH €ro ¢ TOMOIIbIo ycaosus j = 0.
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U BBITIOJIHUB WHTErpupoBanue 1o dop d3p’, momy«anM oKOHUATeThHO

(ee) _ 2 N.Tv.. 59.96
Le 3ﬁ mw%e ’ ( ’ )
T1Ie
4me* N. L.
Voo = AT DL, (59.27)

Takum 06pazom, BeCb JEKTPOHHBIN BKJIAJ B IMOMEPEYHYIO TeIl-
JIOIIPOBO/IHOCTH

2N.Tv 13
= e 7 (1 - ) . 2
e 3T mwy, ( + 4 i (59 8)

HNonnasi TenaonpoBOgHOCTB. OTMeTuM I[PexK/e BCero, 4ro
YCIOBUE TPUMEHUMOCTH PACCMATPUBAEMOTO MPUOJINKEHUST JJIsT 44-
CTOJIKHOBEHU, wp; > Vjj, O0JIee CUIIBHOE, YeM I 3JIeKTPOHOB. T1o-

CKOJIBKY Vj; ~ Z/ee(m/M)l/Q, a wpj ~ wpem/M, 10 3 wp; > Vi
CIIeyeT HEPABEHCTBO WRe > Vee(M/m)'/?, Gomee cmmwmoe, wem
WBe > Vee; UTO JK€ KACAETCS YCIOBUSA T; > G, TO OHO 3aBEIOMO
BhITIONIHSIeTCsA, Oymyan Gosee ciaabbiv, gem (59.10).

Kunernueckoe ypasHeHWe s MOHOB AHAJIOTUYHO yPABHEHWIO

(59.2):

8]"01 8]"01 8]"01 ze 8(Sf1
. + v N + ze B [V ] 9 + 1 ((sz) (59 9)

[Ipu npeobpazoBanuu ero jeBoil 4yacTu cuTyalus, OJHAKO, OTJIAYA-
ercs 0T 3JIeKTPOHHOro ciayyad. [lomcraBus cioga

o N; M 2
Foi = G 5P {~Ew -V},

Mbl JI0/KHBL Tenepsb auddepennuposats 'V 1o t (mocse 1ero cHosa
MOJIOKUTh, B CUIy BhIOOpa cucrembl orcuera, V. = 0). [Tpu V = 0
MMeeM, COTJIACHO TM/IPOJMHAMWYECKOMY YDABHEHWIO JIBUKEHMNSI:

v _ lypy LB,
ot p pc

rae pasieaune P = P, + P;, a njornocts p = N; M. B pesyabrare
KMHETUYECKOE YPaBHEHUE HPUMET BUJL

Vi fo - A (0P - LjB)) = —X[vB]

7

a5 f;
op
rae Mbl cHOBa (Kak u B (59.3)) momoxknan E = 0 w manncamm V |
BMecto V 1).

+ I(5f;), (59.30)

!) B ciayuae 51eKTPOHOB BIODOH 9/I€H B JIEBOH YACTH COIEPIKAT GbI BMECTO
M/p muoxurens m/p = m/(MN;) n um MoxkHO 66110 Gbl TpeHEGpPEYD.
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Pemaem ypasuenve (59.30) mocieoBaTeIbHBIMU TIPUOIHKEHV ST~
mu 110 1/wpg;. B nepsom npubivzkennu nosyunm anasorndso (59.5):

o517 = o (v (oo Vdu = 9P+ 2ml).

Ho B 9rom npubauzkennn umeem, corsacuo (59.7), V| P, = [jB]/c,
Tak 9TO

s ( [b Vo foi — fOiVLPiD. (59.31)
sz z’
OTa (QyHKIUS pacupegeseHus He TaeT, pa3yMeeTcs, BKJIaJa B

1
TOK f&fi( )y d®p = 0, Kak u JOKHO GBITH B CHCTEMe OTCUeTa, B
KOTOPOIl MOHHAs KOMIIOHEHTA ILIA3Mbl MOKOuTCd. st moTOKa Ke
TeI1a HAXOAUM

1 M/Uvéf d*p =

4\ ('1)4) ' 5¢cP;
= 6wns [b Vi) r Vb = BV,
OTKy1a
L= 0Nl Le (59.32)
2zeB? 22

IIpu BRIIHC/IEENY TTOTOKA TETLIa, B CJIEIYIONIEM TTPUOIUYKEHUN CY-
[IECTBEHHBI TOJILKO 44-CTOJKHOBEHUSI: 1€-CTOJIKHOBEHUSI JIAT0T BKJIAI,

B ~ (m/M)"/? pas menbmmii BBUIY MAIOCTH M3MEHEHHs HMILY.Ih-
ca MOHA 1P CTOJIKHOBEHUSIX ¢ j1eKTPOHOM. COOTBETCTBYIOLIME Bbi-
YUCJIEHUs! [TOJIHOCTBIO AHAJIOMMYHbBL [IPOU3BEACHHBIM BBIILIE Jlsl €e-

cronkHoBerwii ). VloHnast 9acTh TEMIOMPOBOIHOCTH TIOIYIaeTCsl TI0-
sromy u3 (59.26) 3aMeHOi SIEKTPOHHBIX BEJTMYNH MOHHBIMU:

2N; Tvi; A7z’ L; N;
SRS Y 0% P VEVEy TP (59.33)

Cpasuenne (59.33) ¢ (59.23) nokasbiBaer, 4ro (mpu z ~ 1)

21 ~ 21 o(M/m)'/?. Taxum 06pazomM, B MOJISX, HACTONBKO GOJIb-
KX, Y4T0 Wpg; > Vi, LolepedHas TelIONPOBOAHOCTL IIPAKTUYECKU
LEIMKOM UMOHHAs. DJIEKTPOHHAs TelIOIPOBOJHOCT, CPABHUBAECTCH C
MOHHOI, Koryia wp; OO (m /M )1/ 4y;; (MpM cpaBHEHWW CIeIyeT yuecTh,
YTO B TAKWX TTOAAX BAWSTHUEM MArHWUTHOTO TOJIS HA 2¢; MOYKHO TIPEHe-
Opeun). [lpm emre MEHBIUX TOIAX MOHHBI BKJIAJA B 3| CTAHOBUTCS

') Ynen ¢ VP;, ormwaomuit (59.31) ot (59.5), Ipu 5TOM HecymecTBen: 5Ta

gactb GyHKuMyu pacupeseaenus QOV fo; n oOpaliaer B HyJIb MHTErPAJl CTOJIKHO-
BeHuil; cp. npumed. Ha . 304.
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HECYIIECTREHHBIM; €CIIN TIPH 3TOM WRe S>> Vee, TO | AAETCA (DOPMY-
noit (59.28).

Baskocrb. VMmmyabe ABMKyIIEHcd TIa3Mbl COCPEIOTOYEH B
OCHOBHOM B MOHAX, MO3TOMY BA3KOCTH OTPEIEIACTCA NOHHON (DyHK-
nmeit pacrnpegenenusa. [Ipw 3TOM, TOCKOILKY COYJAPEHUS WOHA C
SJIEKTPOHAMY MAJI0 MEHAIOT WMITYJIhC MOHA, B KWHETUYECKOM YPaR-
HEHWW HAJI0 YYUTHIBATE TOJIHKO MOH-MOHHBIE CTOJKHOBEHWS.

Jlesast wacth KuneTndeckoro ypasHenust (59.29) npeobpasyercs
TaK Ke, KaK 3T0 6bL10 caenano B § 6, 8, u npuHuMaeT TOT XKe BH/I,

yro u tam ). Takum 06pa3oM, KUHETHUECKOE YPABHEHUE 3334l O
BA3KOCTH:
déf:

M 1 . ze
T Valp (Vaﬁ — 55a5 div V) foi = fW[vB] o

Pewenue sroro YpaBHEHUd Ha/J0 UCKATbh B BUE

+1;i(0fi). (59.34)

4
5f; = Zgn(q;Q)V§§)q;71)5, (59.35)
n=0

rie VA/(:;)

TYPUPYIOIINE B BBIPAYKEHUN TEH30pa BA3ZKNUX HAMPSKEHUI

/mHefinble KOMOMHAIMY U3 KOMIIOHEHT Tenszopa Vg, du-

4
ohs =3 Vi, (59.36)
n=1

cortacHo onpenenennsm (13.18) u (58.15); mamomHmWM, [TO BCe

VOSZ) = 0. Tenzop HanpskeHuil BHIYUC/IACTCH KAK UHTErPAJI
—045 = | Muqvgd fi d*p.
[Mogcrasus cioga (59.35), ycpeJHNUB 1Mo HApaBJIeHUAM V 110 (hOpMYy.Jie
(a50,05) = = (003815 + bar 035 + asisy)
n cpapauB ¢ (59.36), momydnm
N = f% [vig,(v?) d®p. (59.37)

Ypasrenust, onpejiessironiie GYHKIUN g,,, TOJLYy9al0OTCs T0CTa-
roBko# (59.35) B (59.34) n mpupasHuBanneM KOI(MMUINEHTOR, CTO-

n
AIMNX TTPU OJNHAKOBBIX TEH30paX VOEB) B 0benx vyacTtax YpaBHEHWA.

1) IIpu 3TOM HaNO y9ecTh, uTo maBnerue maasmbl P = (N; + N.)T = N; (1 +
+ 2)T', a Tenn0eMKOCTh, TPUXOAsAWAsCA HA oauH uoH, pasHa 3(1 + z)/2.
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OnycTuB jgerann 3TUX JIOBOJIBHO TPOMO3JIKWX BBIYUCIEHWH, TTPURe-
JIEM Cpa3y WX OKOHYATEIhHBIE PE3Y/IbTATHI.

Ornmanble or Hyast KO3MDOUINEHTHI BA3ZKOCTH 7)3 W 7)4 BO3HU-
KaloT yKe B MpeHeOpeKeHnr WHTErPAJIOM CTOJKHOBEHWH M MOTOMY
mpOTTOPIMOHATHHBI 1 /wpe. Koaddumumentsr ke 7y n 17y MOSBISIOT-
CsT JINTIB B CJIEYIONIEM TPUOINKEHNN, C Y9eTOM CTOJKHOBEHW, 1

MOTOMY TPONOPUAOHAJIBHBL 1 /wQBi 1):

n2 _ 21'/*(ze)*L; N} _m __ NiT
4 5Ty, T P T2 2w

OTMeTnM B 3aK/JII0YEHUE, UTO BCE TMOIYIEHHBIE B 3TOM Taparpa-
de BhIpayKeHust I «TIOMEPEUHBIXy» KUHETHIECKUX KOI(DDUIMenTon
UMEIOT CMBICT U TIPU YCIOBUSAX, O0jiee MSTKUX, 4eM 0bIee yCaoBue
(58.1). Jlerko y6eauThest B TOM, 94TO HONPABKA K (DyHKIMH PACIPE/ie-
JIEHUSI OKAZBIBAETCsT MAJION, Y2KE €C/IU XapAKTEPHbIE PA3ZMEDBI 33191
BEJIMKU JIUIIb 110 CDABHEHUTO ¢ JIADMOPOBCKUM PAJUYCOM T'p COOTBET-
CTBYIOIIMX YACTULL, Y€M U ODECHedrBAECTCsT TPUMEHUMOCTD YKA3AH-
HBIX BbIDAXKEHUIl. DTO YCJAOBHUE JIOCTATOYHO W JIJI IPUMEHUMOCTH
CAMUX THUJIPOJUHAMUYECKUX YPABHEHWIT, €CIU TPAJUEHThI JIABICHIs
U TEMIIEPATYPbhl BE3JIe MONEPEYHbl 10 OTHOIIEHUIO K HAIPABJIEHUIO
MarHUTHOTO TIOJIS.

B namem paccMoTpeHuu Mbl BE3Jle UMeJIH B BUJLY TLJIA3MY C OJH-
HAKOBBIMU TEMIIEPATYPAMU 3JIEKTPOHOB U MOHOB. Ho BBUY O0/IBIIION
PA3HUIIBI MACC 3JIEKTPOHOB U MOHOB HEPEJIKO OCYIIECTBJISIOTCS YCJI0-
BUS «JIBYXTEMIIEPATYPHOCTHY. B TakoM cilydae TakKe MOXKHO ¢hop-
MYJIUPOBATH CHCTEMY YPABHEHWI TUIA TUAPOJUHAMUIECKUX U BbI-

GncanTh (BUTYPUPYIONe B HIX KHHeTndeckne Ko3hdOUImnenTss 2).

m = (59.38)

Bagaum

1. Oupengennth TEH30D AUIIEKTPUUECKON NMPOHUIIAEMOCTH MArHUTOAKTUB-
HOM 3/IeKTPOHHOI nasmel B 0aquHOpoaHoM (k = () mepeMeHHOM 3/1eKTPUIECKOM
ose ¢ y9eTOM 3MeKTPOH-UOHHBIX CTOJTKHOBEHMH (OPEHIEBCKMI Crydail; CM.
§ 44).

Pemenwue Kak Ob10 oTMeUeHO B Hauate naparpada, ecim OIHOPOIHOE
nosie E mapannensno nomio B (ock z), To mocieanee BooOIme BhIagaeT 3 Ku-
HEeTUIeCKOro ypapHeHHd. [[09TOMy KOMIOHEHTHI €., €y-, £.. He 3aBHCAT 0T B

(upm aTOM £, = £y, = 0, a €., maerca Gopmynoii (44.7)). s naxoxaeHus xKe
OCTA/TBHBIX KOMIIOHEHT MOZKHO camrath, aro E
Mmem nonpasky k dyHKINMI pacupegeaeHns aneKTpOHOB B BUIE

6fe = (VE)g,(v) + (V[Eb])g ,(v). (1)
Inst dyrkumm sToro Tuna (cp. npumed. Ha crp. 301) maTErpas CTONKHOBEHMIT

Stei fe = —vei(v)d fe,

b ITenecoobpasuocTs onpenesenust K03ddumueHTa BA3KOCTH 1) JAJIsi MArHU-
TOAKTUBHON 11a3MbI coryiacHo (58.15) cBsi3aHa ¢ TeM, 9TO BCE OCTAIbHBIE KO-
(bI/mI/IeHTLI 7) OKa3bIBAIOTCS TOT/A CTPEMSANIUMUCT K Hymo mpu B — oc.

2) 1ot BoOmpoc m3y0xkeH B cratbe C.H. Bpazunckozo «SIBneHus mepemoca B
miasme» B ¢6. «Bonpocsr Teopun nnazmery — M. Aromuzpar, e 1, 1963.
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TaK 9TO KUHETUYIECKOE YypaBHEHUE

(vei(v) —iw)d fe — 7[ B]——= gofe _ EE% = fivEfgg. (2)

op Jdp T

Ono oramaaercst 0T 6ECCTONKHOBUTENIBHOIO yPABHEHNST JIMIIL 3aMEHOH w HA w +
+ ivei(v). Toncranoska (1) B (2) npuBoauT K AByM anredpan<IecKuM ypaBHEHUSIM
JUIsl g1 U g, pelias KOTOPBIE, HAXOUM

—ie(w + ivei(v)) foe iwpe [bV] _
5f. = e[y JBeV] g _ op 3
1 T[(w + ivei(v))? — w?,] { w ~+ e (V) } & ®)

Jusnek Tpuyueckuil TEH30D

4dme
3
Eap = 0ap + — fvaggdp.
w
B})IHI/IIHeM OKOanTeH})HBIﬁ pe3yﬂBTaT AJIA 9aCTOT

lw + wpe| > Vei,
KOT/Ia CTOJIKHOBEHUWS MOYKHO PacCMaTPWBATh KaK Majoe Bo3Mymenne. B Taxom
c/lydae MOYKHO TIOJIOXKUTh

. 0
g = go + ivei(v) 22,
ow

rne go  dynkuma g npu ve;(v) = 0. Torma

4
(0, .4V2mze LeNe i ©
€aB =Eqp T 17m]/2T3/2w dw[(saﬁ dap)w], (4)
(0)

Tae €,4 TEH30p AWIEKTPUIECKOM MPOHUIIAeMOCTH 0e3 ydeTa CTOTKHOBEHHIA.

Ora dbopmyna (o Toii ke npuumme, aTo n g (44.9)) cnpasemuBa HE TONTBKO
B JIODEHLIEBCKOM CJIy4ae, HO M JJIsl [JIa3Mbl C JIIOObIM 2.

2. Heomgmopoamasi B HATIPABJIEHUN OCU T TLIA3MA YI€PKUBACTCSH MATHUTHBIM
[0JIEM, HATPABJIEHHBIM TI0 OCH 2. 1Ipu yCIOBUU WBe > Ve; ONPEIENUTH pac-
npejie/ieHre NJI0THOCTU ¥ MAarHUTHOIO T0JIs B IJIa3Me, CUMTast PACHpelesieHne
temnepaTypbl 3amanabiv (4. E. Tamm, 1951).

P e menne Iloycmosuo, rpaanenTs Temrneparypsl 1 n gasinenns P
HAIPaBJIEHbl BJOJIb OCH €. Bosib TO e 0cu HANPABJIEHO W BO3HMKAIOLIEE M3-
3a HEOHOPOIHOCTHU TIA3MbI dTEKTpUUIecKoe mose E, moTeHnmmaabHoe B CTAImo-
HaPHOM CJLydae. V;xepmalme Ke TIITa3Mbl 03HAMAET, 9TO OTCYTCTRYIOT JIBNYKEHTE
[UIA3MBI ¥ SIEKTPUUIECKHIl TOK B HanpasaeHnn z: Vy = 0, Jz = 0.

TIpoenupys ¢ yaerom ckazannoro ypasaenuns (58.13) Ha och y m mcnonp3ys
ypasrermne Maxkcsemna rot B = 47j/c, nomyanm

< dB _ —jy=No.B ﬂ

47r dT ’ i

Hoacrasus B 3ty dbopmyry sepaxenne (59.17) mra Noy, nmeem

d B? 3 . dTl
- nE (1)

dz 87 2 dx
MaruuTHOE 110716 «BBITAJKUBAETCsi» U3 Dojiee ropsiunx obsacrei miaasmbl. [1po-
enmpys e Ha Och x ypasraenwue (58.3) u npenebperas BA3KAME II€HAMMA, TAIOIIA-

Mu BKJ1a 60s1€€ BBICOKOr0 opsiaKa Mainoctu no 1/ B, HaxoauM BTOpoe ypasHeHue

d 1.
(P + P)) = ~jyB,
x c
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KOTOPOE € TIOMOIIBIO TOTO ke ypasHernst Makcpesta npusoauTces K Buay (npm

z=1) )

2N.T + B _ const. (2)
8T

Vpasrennto (1) moxkHO npugarh Gonee yaooryo dopmy, nckaouns n3 (1) n (2)
MarauTHoe 1ose. [1oc/ie HHTerpupoBanus HAXOAUM

NETI/4 = const.

Dopmyser (2) n (3) pemaoT mocTaBaeHHYIo 33aa4y. Pacnpenenenne ke reMre-
paTypsl onpeaesseTcs ypaBHEHNEM TenJIONPOBOIHOCTH.

§ 60. dpeiidpoBoe npubsm>xeHue

Uccnenya B mpembiayinem mnaparpade xkunerndeckue Ko3dhdu-
LWEHTHI MJIa3Mbl B CUJIBHOM MAarHUTHOM TT0JI€, Mbl TTOJIb30BaINCh WH-
TerpajioM CTOJIKHOBeHWii Jlangay, 9To moapasyMeBaIo BHITIOJTHEHWE
HepaBeHCTBA 7' ge > a (59.10). TTokazkem Tereph, Kak MOXKHO 0CBOGO-
JATHCS OT 9TOTO OTPAHUYUEHUSI, T. €. TIOJIYUUTh (POPMYJIBI, TPUTOIHBIE
" B CIyvae moJjieil, HaCTOIBKO CUJIBHBIX, UTO JIJIsT 3JIeKTPOHOB BHITION-
HsIeTCs 0OpaTHOE HEPABEHCTBO:

T Be << a. (60.1)

IIpu 91OM y100HO BOCHOIB30BATHCS CIIENUABHBIM, TAK HAZBIBA-
eMbIM  dpetihosuim NPUbAUNMCEHUEM, KOTOPOE MPOU3BOIUTCA YXKE B
CaMOM KHHETHYIECKOM YPABHEHWU, a HE TOJHKO TPU €ro PerleHwH.
D710 npubIMKeHNe CIPABEIINBO, €C/IM MATHUTHBIE W DJIeKTPUIECKIe
TOJIS JIOCTATOYHO MEJIJIEHHO MEHSIIOTCS B MPOCTPAHCTBE U BO BpeMe-
un. Imenno, vactora mojist w n 3 peKTUBHAST YaCTOTa, COYIAPEHMIT I/
JIOIZKHBI OBITH MAJIBI TI0 CPABHEHUTO C JIJAPMOPOBCKON YaCTOTOM, a Xa-
pPaKkTEpHOEe PACCTOSTHIE, Ha KOTOPOM MEHSIFOTCs T10/1st (0003HaYNM ero
uepes 1/k), n0KHO OBbITH BEJMKO 1O CDABHEHUIO C JIAPMOPOBCKHUM
PAJIIYCOM. DTU YCJIOBUSI JOJKHBI BBITOJHATHCS JIJIsl KAYXKJIOTO COpTa
4acTull, K KOTOPBIM nipuMmensiercs jpeticbosoe npubsimkenve. Huxe
B 3roM naparpade Mbl Oygem nmcarh Bee Gopmysibl (s onpeje-
JIEHHOCTH) JIJIS1 3JIEKTPOHOB (aHAJIOrMIHbIE (DOPMYJIbI JIJIsl HKOHOB 110~
JIy9aroTCs, KaK BCerjia, 3aMeHaMu € — —2€, WRe — —wpg;, m — M).
Takum obpazom, OyayT TPEATONAraThCsA BHITTOTHEHHBIMU YCIOBUS

W Vei K Whe, 3> The. (60.2)

OcCHOROII paccMaTpuBaeMoro MeToja SBJSETCs TTPUOJINIKEHHOe
pelleHne YDABHEHUIT JIBUKEHMsI 3aPsiKEHHbIX YACTHUIl B 3aaHHBIX
nonsx E(t,r) u B(f,r), yaursiBaomee Me/lJIEHHOCTb U3MEHEHUsT 110~
ciaegHux Kak GyHKuuil ¢ u r. JIBrurKeHre 4acTul B TAKUX HOJISX IPEJi-
craBiasger coboil COBOKYNMHOCTH OBICTPO MEPEMEHHOro BpauieHus (¢
9aCTOTON Wpe) MO «JIAPMOPOBCKUM OKDPYKHOCTSIM» BMeCTe C MeJI-
JIEHHO MEHSIIOIIMMCSI TlepeMeleHneM [EeHTPOB 3TUX OKPY’KHOCTe(d
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(MM, Kak TOBOPSIT, 6€dywus uenmpos opbum.). MeTos perennst co-
CTOUT B BBIJENEHNN OBICTPOTIEPEMEHHO, OCIHUJIINPYIONIei COCTaB-
JISI}OH_[QIZ ABUZKEHNA N YCPEAHEHUN TI0 HEMY.

[TpeacrapuM paJimyc-BEKTOp W CKOPOCTH 3JEKTPOHA B BUJIE

r=R(t)+¢(t), v=V+( V=R, (60.3)

rie R PAJMyC-BEKTOD BeAyLIero enrpa opourel, a { oc-
LUJIIUPYIOMUI PaJRyC-BEKTOD 3/1€KTPOHA OTHOCUTE/bHO Beiylie-
ro menTpa '). B Hy/eBoM mpubivMKennn, B MOJTHOM MpeHeOpesKeny
TTPOCTPAHCTBEHHON W BPEMEHHO 3aBUCUMOCTSIMH TIO/IS T CTOJIKHOBE-
HASAMA, MBI IMEEM JeJI0 TTPOCTO C ABWIKEHWEM B CKPEIIEHHBIX OJIHO-
ponHBIX 1 TocTostHHEIX nosisix E n B. Kak n3sectro (cm. 11, § 22), B
9TOM CJIydae BeKTOP { JIEXKUT CTPOrO B IJIOCKOCTH, HEPIEHINKYIsAP-
noit nosto B, u Bpamaercd B 910 I0CKOCTH € MOCTOAHHON yTJIOBOM
CKOPOCTBIO wpe = eB/(mc), ocraBasich HEU3MEHHBIM 110 BEJIMYUHE.

Paanyc okpyxuocru [{| cBg3an ¢ NOCTOAHHON CKOPOCTBIO |C\ =0,
coracHo |{| = v) /wpe; B BEKTOPHOM BHJE CBsi3b Mexay { n { 3a-
NMUCHIBAETCA B BUJIE
1
¢ =——I[b(], (60.4)
WBe

rae b = B/B. lentp ke opOuThl JABUKETCS CO CKOPOCTHIO

R=V,= v b + wo,

IJle Ug||  CKOPOCTb PABHOMEPHO-YCKOPEHHOIO JIBUZKEHUS BJIO/Ib Mar-
HHUTHOI'O IOJId, Y/IOBJIETBOPAIONIAA YPABHEHUTO
muvg| = —ebE, (60.5)
a
wo=R, = %[Eb] (60.6)

€CTh CKOPOCTH IIEPEMEINEHUs] B IIJIOCKOCTHU, HepreHIuKy/aspuoii B

(ckopocTh aaekmpuueckozo dpetiga) ?).

B nanbueiiimneM Mbl OrpaHUYUMCS 3TUM NPUOIVIKEHUEM W TTpe-
HeOperkeMm WaeHaMn, CBI3aHHBIMU ¢ HemocTostHCcTROM momeit E n B,
T. e. pakTrIecKn OyJIeM CUuTaTh WX MOCTOSTHHBIMI. B cooTBeTCTBUN
C 3TUM MBI OyJeM OmycKaTh WHIAEKCH () y BCeX BEJIUYNH.

Cymrocts apeithoBOTO TPUOIMKEHNS COCTOUT B TIEPEXOJIE B K-
HETWYECKOM YpPaBHEHWHN K MeJJIEHHO MEHSIIOIINMCsI TlepeMeHHbIM R,

v, VL = |€|. DTr BeMUMHBI BMECTE COCTABJSIIOT TSITh HE3ABUCHMBIX
TIEPEMEHHBIX, 0T KOTOPBIX 3aBUCUT (DYHKIUS PACIPEICTICH.

1 .
) He cmemmsarh oboznavenne 'V B 310M naparpade ¢ MaKpOCKOTTUYECKOH
CKOpOCTHIO, 0603HavenHol yepe3 V B § 59!

2) IIpm sTOM mpeamonaraercd, KoHewno, aro E/B & 1, tak aro w € ¢ n
pessiTuBUCTCKUME b deKkTaMu MOXKHO ITpeHedpedn.
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DiemenT (HazoBOTO 00HeMa B HOBBIX TEPEMEHHBIX WMeeT BT
Brd®p=d*R - 2mm? dv-v dv) = 2rm3 d*R dvdJ,  (60.7)

rJe BBeJIeHA yI00HAs M JAJbHEHIero BeJTMInaa
2

J = % (60.8)

(mpu iporepke coorHotenust (60.7) cieayer TOMHUTH, 9TO B TPUHSI-
TOM NPUOJIMKEHUY TI0JIsT MOKHO CUUTATH NOCTOSIHHBIMU ).

Breipazum 4epes3 HOBBbIE IEPEMEHHBIE ILJIOTHOCTH TOKA 3JIEKTPO-
HOB. JIJ1s1 0JJHOrO 3JIEKTPOHA ILJIOTHOCTH TOKA €CTh —evi(r — ), T/1e
r — Oerymme KOOPAWHATHI TOUYKHU TIPOCTPAHCTRA, & Iy — KOOPANHATHI

TOYKM HAXOXKAeHus 3iekrpona. [lonoxus v=V +(ur, =R +(,
3ammImeM

—evi(r —1.) = —e(V +{)[6(r —R) —(V.(r —R)].

Vepegaum 910 BbIPAXKEHUe 10 yIJIy BPAIIEHUs C IOMOIIBIO OYeBU/I-
HOT'O COOTHOIIIEHUS

wpe(Calblls) = (Cals) = v das,

rae «, f aBymepHble (B IJIOCKOCTH, TIEPIEHINKYJISPHON MArHUT-
HOMY TIOJII0) BEKTOPHBIE WHIEKCHI. [Tomyanm

—eVé(r —R) + mg’ [bV.]i(r — R).

VMHOKUB 9TO BbipakeHue Ha (PYHKIUIO PACIIPE/Ie/IeHIS JJIEKTPOHOB
fe u unrerpupys no dp = 2wm? dv||d.J, noay4um mI0THOCTH TOKA

8 R-npocrpancrse !):
je=—e[Vf.dp— ”;c rot (b [ J fed®p). (60.9)

Ilepsoiit wiien B 9TOM BBIPAXKEHWM OTBEYAET IEPEHOCY 3aPsi/IOB
BMECTE C IIePEMEITAIONIMMUCS JIAPMOPOBCKUMU KPYKKAME, & BTOPOit
VUUTBIBAET BPALEHHE YACTHI[ 110 STHM KDPYy2KKaM 2). DToT BTOpPOi
YJIEH UMeeT MPOCTON (hU3UUIECKUil CMBIC/I: €CIU IPEJCTABUTL €0 B
Bujsie crot M, To BeKTOD

M = —mf [ feJ d®p (60.10)

1
) Bo BTOPOM YJIEHE IIPOU3BEJICHO MHTErpUpoOBaHue 110 4acTsAM, B pe3yJbrare
4ero omepaTop Vy mepeHocuTcs Ha b f..

2) BaMeTnM, 9TO TAKOE XKe YCPETHEHWE MIOTHOCTH 3apaaoB —ed(r — re) mpu-
BOAAT K OOBIYHOMY BBIDAYKEHHUIO —e€ f fe d3p; TIONTPABOYHbBIE YJIEHBI, CBA3AHHBIE

C BPAIIEHWEM YACTHIL, TTOABUIUCH OBl 3/1ECH JINIIb TIPXA YI€TE MAJBIX BEJMIUH
BTOPOTO TOPstJIKa (BTOPHIE TPOM3BOAHBIE TIO KOODIMHATAM ).
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OyeT TpencTaBaAsITh coO0H HAMATHUTIEHHOCTh TIIa3Mbl, CBI3AHHYTO
¢ Bpamienviem 3apsigoB. Marantasiii moment (60.10) e 3aBucut or
3HAKA 3aps/IOB M HAMPAB/IEH MPOTHBOMON0YKHO MArHUTHOMY TOJIIO,
T. €. OTBEYAET JNAMATHETHU3MY.

[Tpeobpasyem K HOBBIM TMEPEMEHHBIM KUHETHIECKOE ypPaBHEHTE.
[Tockoneky dyuxims pacmnpenenenust fo OTHECEHA K TOMY ¥Ke 3je-
MeHTY (a30BOro MpOCTPAHCTBA, UTO W paHbIne (UMb mpeobpaso-
BaHHOMY K apyromy Buay — (60.7)), To KWHETHYECKOE ypaBHEHWE
no-npexkuemy umeer Buj dfe/dt = St fe, uau, packpbiB JI€ByI0 4acTh
HOBBIX [IEDEMEHHBIX,

Ofe
ot

ofe | ¢ fe _
o [Eb] o =St fe. (60.11)

+1)H

31ech BBeIEHBI OUEBMIHBIE 0003HAYWEHWS ST TTPOEKINiT BeKTOPOR
n ucnoak3oBanbl pasencTsa (60.5), (60.6). Ymen xe ¢ 0 B 3TOM
MpUOINKEHNN OTCYTCTBYET, OCKOIBKY v | TPH Apeiide He MeHseTcs.

[Tepeitmem x 3anumcu nHTErpaia CTOJIKHOBEHUN B ApeiipoBBIX Te-

peMerHbIx 1). OTMeTHM MperkIe BCeTo, UTo aKT CTOIKHOBEHWST B 9THX
[EePEMEHHBIX COCTOMT B <«MI'HOBEHHOM» H3MEHEHHU CKODPOCTed v
¥ | W IepHeHAUKYJISPHbIX K MArHUTHOMY I1OJIF0 KOMIIOHEHT Pajnyc-
BEKTOpaA 1eHTpa Kpykka R | (4T0 ke Kacaercs napajuiesibHOi KOM-
HOHEHTBI, Rj|, TO OHa NPaKTUYeCKH COBIAJAET € COOTBETCTBYIOMIEH

KOOPJAMNHATON CaMOil YaCTUIIBI ¥ TP CTOJIKHOBEHWN HE MEHSIeTCs ).

CTONKHOBEHUS TTPOUCXOIAT JIMITh MEYKTY YACTUIAMU, TTPOXO/Is-
MU JIPYT MUMO Jpyra Ha IPULEIbHBIX PACCTOAHUAX p, HE Ipe-
BBIMNAOINIMX paguyca 3KpaHupoBauus a: p < a. Ecm p mano no
CPaBHEHUIO C JIAPMOPOBCKUMHU PaJNyCaMU CTAJKUBAIOIINXCA YaCTHUILL,
TO MATHUTHOE TI0JIe BOOOIIE He CKA3bIBACTCHA Ha MPOIECCe pacces-
HUA, NOCKOJIBKY HA TAKUX PACCTOAHUAX 110JI€ HE UCKPUBJIACT 3aMeT-
HbIM 0OpazoM TpaekTopuil yactuil. Onucanue Takux CTOJKHOBEHUA B
TepMHUHAX JIPeiidOBBIX TIEPEMEHHBIX BOOOIIE HE sIBISIETCS €CTECTBEH-
#eIM. [TosTOMYy MCOB30BaHME MHTETPAIa CTOJKHOBEHUH B 9TUX ITe-
PEMEHHBIX TIEeCO00PA3HO JIUIH B YCJIOBUSX, KOTIa TTO KpaitHeil Mepe
I OOHOW M3 CTAJKUBAIOIIMXCA dacTul g <K a.

[Tpm Ky TOHOBCKOM B3aMMOI€HCTBUN YACTHIl B MPUCYTCTBAN MAar-
HATHOI'O 1OJIA, KaK M B €ro OTCyTCTBHE, CYHIECTBEHHBI /1aJICKUE
CTOJIKHOBEHUA U COOTBETCTBEHHO MAaJIble M3MEHEHUSA BCEX I€PEeMEH-
nbix. ITosromy npoussegennbiii B § 41 BbIBO/ MHTErpajia CTOJKHOBE-
HUW B P-HPOCTPAHCTBE OCTACTCA B CUJIE W JIJIg MHTErpaJsa CTOJKHO-
Benuit B npoctpanctse nepemennbix Ry = (X,Y), vy, J (ocb 2

BJ1OJIb MaI'HUTHOTI'O HO.HSI), €CJIN TeIlePb BMECTO KOMIIOHEHT MMITYJIbCAa

') Unarerpan cronkuoBenmii B ApeidOBBHIX NEPEMEHHBIX OBl MOLyHUeH
E.M. Jlugwuyem (1937) ans 51€KTPOHHOTO Ta3a W OGOOIIEH IS TLIA3MBIL
C.T. Beasesvim (1955).
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BBECTH 4eThIpe nepemennbie g, {X, Y, v, J} w nommmars moxg Ag,

AgQ; ... UBMEHEHUA 9TUX BEJIMYUH HpI/I CTOJIKHOBEHUAX.
I/IHTera.H CTOJIKHOBEHU I HO—Hpe}KHeMy HpI/IBOﬂI/ITCH K BI/I,Hy
4
. 9 .
Stf=—3 O O O 0w (60.12)
—1 agk GRJ_ 81)” 8J

(OTOK S| 10 ONPEIEIEHUIO UMEET KOMIIOHEHTBI TOJIbKO B ILIOCKOCTH,
nepresInKyasapHoit B); 31ech cylecTBenHo, 9To sj1eMeHT obbeMa B
IPOCTPAHCTBE TIEPEMEHHBIX &) CBOJAUTCS MPOCTO K MPOU3BEIEHUIO
nx anddepeHImaios; T0ITOMY WHTErPAJ CTOJTKHOBEHUI WMeeT BUT
oberunoit quBeprennun. Buisog B § 41 Tpebyer uth HEOOMBITTUX W3-
menenwii. [Tpexxe Bcero, ipu 3anucu (41.2) 66110 yKe yITEHO, YTO
B cuily coxpaHenus umnyiabca Ap = q = —Ap’. dna paccmarpusa-
€MbIX JIPeiDOBBIX MEPEMEHHBIX TAKOIO COOTHOINEHUsI, PA3YyMEETCs,
ner. [ToBTopuB BbIBOJ 0€3 3TOrO IpeanoioKenus, Haifjgem (ckaxem,
JUIST CTOJIKHOBEHWIT SJIEKTPOHOB ¢ MOHAMMN)

4
el 1 3] e

559 V= Z 3 / <AgekAgel>fiagf] +
l:l o €l

of;
+<AgekAgil>fea; d*pi,  (60.13)
il

rae d3p; = 2 M3 dJ; dvj|, Agy ~ UM3MEHEeHUe BeJUYMH gy IIPU CTOJIK-

HOBEHHHM, A YIJIOBBbIE CKOOKM O3HAYAIOT YCPEJIHEHHE 10 CTOJKHOBE-
HUSIM.

ITpu BbiBOE (60.13) CYyIIECTBEHHO UCIIOIB30BAHA TAKIKE BO3MOK-
HOCTB [IEPECTABUTH B MHTErPaJie CTOJIKHOBEHHH HAYAJILHOE M KOHEY-
HOE COCTOSTHHS, MOC/Ie 9er0 CTAHOBUTCS OYE€BUIHBIM COKPAILECHNE JIH-
HelHbIX 110 Ag ) WIEHOB; KPOME TOr0, 3TO I03BOJIAET NPOU3BOJUTH
UHTErpupoBaHue 1o Beemy g-npocrpancrey. B § 41 takoe mpeobpa-
30BaHue ObLIO CAEJAHO B CHIYy CUMMETPUU 110 OTHOIIEHHIO K 00pa-
HIEHUIO BPEMEHH, CBA3BIBAIOLIEH BEPOATHOCTH TIPAMOTO 1 OOPATHOTO
cronknoBenuit. IIpy HaJIMYMM MATHUTHOTO TI0JIs TaKasg CUMMETPHs]
HUMeeT MECTO TOJIBKO IIPU YCJIOBUM M3MEHEeHUsl Hanpas/enus nojisa B
Ha 0OpPATHOE, TAK YTO OHA CBSA3BIBAET BEPOATHOCTH CTOJKHOBEHUS
10 CYIIECTBY B Pa3IUIHbIX 101X, OJIHAKO MbI YBUIUM HHUXKE, 9TO B
JIAHHOM CJIydae CUMMETDPHUsSI OTHOCUTETHHO OOPAIEHNsT BDEMEHH BOC-
CTaHABINBAETCS WHTETPUPOBAHWEM TIO TPHUIIEILHBIM TTapaMeTPaM.

Hakoner, B (60.13) ncnonb3oBano, 9TO B3aWMHOE pPaCCesTHUE
«KPY’KKOB» WMEET MEeCTO JIMMIh TIPpU WX TIPOXO’KICHUW Ha pac-
CTOSTHUAX JAPYT OT Jpyra, He TMPEeBOCXOAAIINX paanyca SKpaHw-
posanmst a. [Ipeanonarast, uto (yHKIUS pPacnpesesenus Majo
MEHAeTC Ha TaKWX PACCTOAHUAX, MBI TOJOKWIA TPUOINKEHHO
fi(Riy vy, Ji) =~ fi(Re, v, J;) W Tponssenn wHTerpmpoBanme 1Mo
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d®R;. B pesymsrare B (60.13) ocrasoch WL WHTErPHPOBAHWE TIO

d3p;, a ycpejuenue 10 CTOJKHOBEHHSIM BK/IOYAeT B cebs MHTErpu-
poBanme 1o nosioxkenusm R;. Huke B KOHKDETHBIX CJIydasix 3TO
ycpejiHeHne Oyjier BhIPAXKEHO € MMOMOIIBI0 COOTBETCTBYIOIIErO Ce-
ueHusi paccesiiusi. Ceffuac ykaykem JIMIb, YTO CPeJHUE 3HAYCHUSs
(AR AJ), (AR | Av)) pasubl Hy/110. DTO BUJIHO U3 TOTO, 9TO HPOH3-
sejenus AXAJ, AYAJ (u takue xe ¢ Av| smecto AJ) obpasyror
BEKTOD B MmIOCKOCTH ZY. [10CKOIBKY JjIsi JJADMOPOBCKUX KPYKKOB
HE CYIIECTBYET B 9TOH IJIOCKOCTH KAKUX-JINOO BbIJIEJEHHBIX HAIIPAB-
JIEHU, YKA3AHHBIN BEKTOD JIOJKEH O0pATUTHCS B HYJIb IIPU YCPEJ-
HEHUU.

Baxnoe cpoiicTBO muTerpasia CTOJKHOBEHU B JApeithOBBIX Iie-
PEMEHHBIX COCTOUT B TOM, YTO ero JoOAaB/IeHWE K KUHETHIECKOMY
YDABHEHUIO M3MEHSIET BbIPAXKEHUE /il HOTOKA YacTuil (B 00bIYHOM
npoctpancTBe!) yepe3 dyHKINIO pacnpeenenus. YTobbr yoenThest
B 3TOM, 3aIUIIeM KWHETHYECKOe ypaBHeHNe B BjIe

ofe o(Vfe) 0 0seL Ose| 0seq
— 4 =+ — (v = - = - == 60.14

Bt 6Rl BUH ( H fe) 6Rl BUH 6J ( )
(BBUY TipeanoaraemMoro nocrosincTa B u E moxxHO BRecTH V 1101

3HAK TPOM3BOHOI). [IponHTErprpoBar 3T0 ypaBHEHUE O d*p, no-
JIy UM

ON. .

Y + divg f(er + Se1) d*p=0, N,= ffe d*p (60.15)
(MHIEKC € y SJIEKTPOHHBIX TIePEMEHHBIX JJisi KPATKOCTH OTyCKa-
em); N, MIPOCTPAHCTBEHHAs TJIOTHOCTH 4YNC/Ia KPYXKKOB; BbIpa-

KeHue 1oy 3HakoM divRy ecTb, CJIe/I0BaTe/IbHO, IJIOTHOCTH [OTOKA
91X KPY2KKOB. Mbl BuauM, 4T0 K 06braH0MYy BeIpazkenuio [V f, d3p

1106ABJIACTCS €llle CBA3AHHBIH €O CTOJIKHOBEHUSIMU wieH [ S| d°p.
DTOT WJIeH TIpejcTaB/sieT coboit 1o cymiecTBy anddy3noHHBIH TT0-
TOK B TOTIEPEYHOM K MATHUTHOMY TIOTIO Hampasgennn. [1pm takom
onucannu (B OTJIMYMe 0T 0OOBIYHOTO onmucanus A dy3nn) OH BXOIUT
HETIOCPE/ICTBEHHO B KHHETHIECKOE YPAaBHEHNE.

[Ipn memonn30BaHUY STUX BBHIPAYKEHUI CIEAYET, KOHETHO, YIh-
THIBATh, UTO TIIOTHOCTH 3JEKTPUIECKOTO TOKA CBs3aHa C MOTOKOM
WUCTWHHBIX YacTHIl, a He Kpy»XKKoB. [Torok wactui cornacuo (60.9)
OTJIMIAETCS OT TIOTOKA KPYKKOB TJIEHOM € POTOPOM, OTMCHIBAIOTITIM
HAMaTHUIeHHOCTh. OKOHYATENHHOE BRIPAYKEHWE /1T TIOTHOCTH TO-
Ka JIEKTPOHOB MMeEeT TMOITOMY BT

je=—e[Vf.d3p— % rot (b [ feJ d®p) — [es.. d®p.  (60.16)

Boipaxenne (60.13) nprobperaer peasbHbIi CMBICI JIAIIH TO-
cjie BBIYUCIEHNsT (DUTYPUPYIOMINX B HEM cpejHux 3Havennii. [loka-
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JKeM, KaK 3TO JIeJAeTCsT Ha, MPUMepe JeKTPOHHOTO WHTerpasa s
9JIEKTPOH-MOHHBIX CTOJIKHOBEHIA.

Boranciaenust mpon3BoasaTcs pa3andHbiM 00pa3oM B JIBYX 0bJIa-
CTSIX 3HAYEHU TTPUIEIHHBIX TAPAMETPOB 0, OTIPEIEISIEMbIX HEPABEH-
CTBAMUT:

) p<KLrpe, )rp.<p<Ka. (60.17)
3amMeTnM, YTO WHTErPUPOBAHNS TI0 TTapaMeTpy p OyiyT, KaK 00BITHO
MpH KYJOHOBCKOM PACCESTHUH, UMeTh JIOTapu(OMUTECKUil XapaKkTep.
C morapmdmMmaeckoil TOTHOCTHIO MOYKHO He Je/IaTh Pa3Indust MeK-
Sy cuabHBIME (3>) u c1abbivu (>) HepaBencTBamu. Ilosromy obuia-
cru (60.17) nepekpuIBAIOT 1O CYHIECTBY BECh MHTEPBAJ M3MEHEHUs
npuIeIhbHOTO mapamerpa (B coorBercTsun ¢ (60.1) mpeamonaraercs,
KOHEYHO, 9TO T'ge K a). st cymecrroBanms obaact I Heo6xoqmmo
Tak)kKe, 9T00BI OBLIO

2
TBe > Pmin = — (60.18)

2
)Te

IJIE Pmin  IPULEIBHOE PACCTOAHUE, HA KOTOPOM yI'OJI PACCEAHUS Jle-
naercst ~ 1 (MBI paccMaTpuBaeM 3J1eCh TOJTHKO KBA3WKJIACCHIECKUIT
2
- e
caydait —— > 1).
hUTe
B 1o ke Bpems Gyjem cYuTaTh, 9TO T; 2 . Torma Jis BCex

NPULEILHBIX TAPAMETPOB P < @ BJMSHUE MATHUTHOIO MOJIsi HA JIBU-
JKeHVe MOHOB (B TIPOIECCe CTOJKHOBEHMWsI) HEeCYNIECTBEHHO: TPAeK-
TOPWST MOHA MAJIO MCKPWBJISETCS TIOJIEM Ha, PacCTOAHUAX ~ p. [lpm
9TOM MOXKHO Tipenebpeds (B npemgese m/M — () oTnadveit noHOB, T. €.
MOJIOKUTH PABHBIMU HYJII0 W3MEHEHWS BCEX XapaKTEPU3YIOIINX ero
nepemenubix R, vy, J 1). Torma B (60.13) ucueszaer BTOpOil wieH B
urypabix cKoOKax, TaK 4TO 3/EKTPOH-MOHHAS YaCTh 3JEKTPOHHOIO
TOKA LPUHUMAET BUJL

(ei) — _Ni (ei) Ofc
56 5 (AXaAXp) %" (60.19)

Bemmannbl (AX,AXg) cOCTABIAIOT IPOCTPAHCTBEHHBIH TEH30D, 10-
Mepevnblil K HATPABJICHWIO ToJIA. [IpeacTaBuM ero B B

(AXaAXg) = Z((ARL)) (Gap — babs), (60.20)

BBIPAKAIOIIEM 3Ty MOMEPEYHOCTH ABHBIM 00pasoM. [Torok e (60.19)
BATUTIIETCS TOT/A KaK

glei) — _%«ARL)?)(CUVLJC& (60.21)

1
) Droro menw3s clles1arTh, €C/IM CyHeCTBYIOT IPULIE/IbHBIE TTADAMETPHI, J11s
KOTOPBIX a >> p >> rp;. llpu TakuX CTOIKHOBEHUSX WOH ApeiidyeT B MO TeK-
TPOHA U €ro OOJIBIIAsT MACCa HEe IMPOSIBJISETCS.
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rie V, = Vr — b(bVR) — oneparop anddepenimporanvs B 110-
TIEPEYHBIX K b HAMPABICHUSIX.
Awnanornunsie (60.19) BeIpaskeHUst 11 «CKOPOCTHBIX MOTOKOBY :

(ei) _ _ Ni 2, (ei) Ofe (ei) Ofe
8| . {((AU) ) P + (Av) AJ) 57 },
(60.22)

(ei) _ _Ni (ei) Ofe 2y (ei) Ofe
s ; {(AU|AJ) o + ((AJ)?) BJ}.

B paBuoBecuu, T. e. jijisi MAKCBE/IOBCKOTO PACIIPEIEIECHUsT

2

f. = const - exp {—’" (”' + J) } , (60.23)
T 2

MHTerpajl CTOJKHOBEHMIl JIo/zKeH oOpaliarbes B Hy/b. IlogcraBub

(60.23) B (60.22) n NpUpaBHAB NOTOKM HYJIIO, Haligem

(Ao ALY = —y ((Aw))?) ) = — L((AT)%)D, (60.24)

UH

Boraucium cuagaia Bkiajg or obsaacru 1. B s1oit obiactu MOXKHO
CUMTATH, YTO MAarHUTHOE 110J€ BOODIIE HE CKAa3bIBAETCHd Ha [POLEC-
ce paccesdHus, OCKOJIbKY Ha TAKUX PACCTOSHUSX HE UCKPUBJISAETCS
3aMETHBIM 00Pa30M TPAEKTOPUsl HE TOJbKO MOHA, HO U 3JIEKTPOHA.
EcrecrBennoii nepeMeHHoil /i OUCAHUs CTOJKHOBEHUS sIBJISIETCS
[HPU 3TOM OOBIYHBIA UMILYJILC JAEKTPOHA P, Yepe3 KOTOPbIA 1 Hai0
BbipasuTh jpeiidossie nepementsie. Corsacuo (60.3), (60.4), (60.8)
nMeeM ,

L_bp,], y=8, J=2

MW Be m 2m?

r=R -

Wmest B BUJY, 9TO KOOPAWHATHI YACTHUIHI T (B OTWYNE OT KOOPJIW-
HaT nerTpa opoursl R!) HE MEHAIOTCS DU CTOJKHOBEHUM, HAXOIUM
0TCIOA

PN —

TMWBe

rje q  MaJjioe U3MeHEHHE MMITYJIbCa P.
Ormedass ungexkcom | BKJIaj 0T paceMaTpuBaeMoil KaTeropuu
CTOJIKHOBEHWUI, TINIIIEM Telephb

(AR = [(AR | )2vdo = ﬁ [ q2v do, (60.26)
Be

1
[bq,|, Av = %: Aj=—piqi, (60.25)

m2

riae do — cedeHnWe PACCEesTHWs JIEKTPOHA HA HETOJABMYKHOM WOHE.
Basas nocieanee u3 (41.6) u npoussenst nHTErpUPOBAHKE, MOJLY YUM

o\ (ei) _ 8mz%e’Li 14 cos’d
(AR )*)" = ;2% - (60.27)
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e 0 — yros Mexay v u b, a

Ly = In ™75V _ gy M (60.28)
ze? ze2wpe
— KYJOHOBCKMIi jorapudM, «00pe3anHbIii» CBEpXy Ha MPUIETHHBIX
pPaCCTOAHUAX P ~ T'ge (Bepxusig rpanuna obmactu 1). Hakonen, Bbl-
PA3KMB TOT Pe3y/bTaT Yepe3 apeiidoBble epeMeHHbIe, OKOHIATE b
HO HAXOJUM

_ 8w’y Uﬁ +J

2\ (ei)
(AR )N = =, (o2 + 2y (60.29)
Anajiorm4Hoe BBIYUCICHHUE J1AET
. 2 4
<A1)”AJ>§81) _ _ 8mz7e” Ly Ju)| (60.30)

2 2 3/2"
m (vf +2J)%/

a OCTABINNECs JIBE BEJIWINHBI onpeensorces n3 (60.24).
O6patnvcst k obractn 1. Baech ecTecTBEHHBIMT SBISIOTCS TMEH-
HO JpeiidoBbIe TTepeMeHHbIe U CTOJKHOBEHWE OMMCHIBAETCS KaK JIpeii-
doBoe oTkOHEHNE KPYIKKA, JeTdanero B Hanpasaenun b (ock z) B
KYJIOHOBCKOM I10Jie HenoiBukHoro nona. I[lpu apeiide ckopocts v,
a 3HauuT, U J HEe MEHSIOTCs; B CHJIy 3aKOHA COXPAHEHWS SHEPIUU
[IPU PACCESTHUE HA TSKEJTOM MOHE, 3TO B CBOIO OUYePe/b HPUBOJIUT K
coxpanenuio v). [Tosromy obsnacre II He BHOCHT BK/Ia/1a B BEJMYUHBL

(60.24).

Braag xe B {(AR)?) eruucisercs kax
(RODY = [(ARL)?|oy|do = [(AR)[oy|d%p,  (60.31)
rIe p — 3HAYEHWe pPaJINyC-BEKTOpPa MEeHTpa Kpy»Kka R /10 CTOK-
nosenns. V3menenne R | mpw mposieTe Kpy»KKa, B MOCTOSHHOM W O/I-
HOPOAHOM MAarumTHOM TIOJIE B u mocrosgmrom QIIEKTPUIECKOM TI0JIe
E = e2zR/R? (none wona) onpesensiercss ypapHeruem jpeiida

dRy _ ¢ _ zec [bR.]
—= =—bE|] ="+ ——+—"—+ .32
bE = 5 o)

dt B

(cm. (60.6)). B mepBoM mpubIMKEHUN MOYKHO TOJOXKUTH B MPABOI
JacTu 9Toro ypaHennsd R | = p, RH = vt TTonnoe ma3menenune R |

p¥ CTOJIKHOBEHWUN TOJIy4daeTcss narerpuposannem (60.32) no ¢ or —
—00 JI0 0O W PaBHO
AR, — 2zec [bol (60.33)
Bluy| p?
IMoacraBus 310 BhIipakenne B (60.31) w npowssessi WHTErpPUPOBa-
nue (¢ sorapudMuIecKoil TOUHOCTBIO, OTBeUaonIeil rpanunam ob.1a-
cru 1I), naiigem
. 2.2 2
(AR = P2 cll Ly = 2 (60.34)

B[y TBe
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Braager (60.29) u (60.34) umeror, BooOIIE TOBOPSI, OJMHAKOBBI
MOPSAJIOK BeJINIHHBI

Ni{(AR|)?) ~ Vit

TIE Vej — CPEIHSIST 9acTOTa 3JIEKTPOH-MOHHBIX CTONKHOBeHMit. Oco-
bernrocTh BKIaga (60.34) cocront, OIHAKO, B TOM, 94TO OH obpariaer-
cst B OECKOHEUHOCTH TIpH v — 0 BHE 3aBUCHMOCTH OT 3HAYECHUS V] .

Qu3mdecknit CMBICT 3TON PACXOJUMOCTH COCTOWT B TOM, YTO TIpH
MaJIoif CKOPOCTH v|| KPY?KOK JIOITO HAXOANTCS B TMOJIe MOHA 1 3a 3TO

Bpemst apeiid yHOCUT ero Ha 60/IBIN0e PaCCTOsTHIE.

JeficTBUTEThHOCTH, KoHedHo, ¢dopwmysa (60.34) cranoBurcst
HENPUMEHUMOM IPU MaJIbIX U) 10 Psiiy npuyun: 1) ecan rg; > a, 10
upu |v)| < vr; 32 Bpems CTOIKHOBEHUs HOH MOXKET YHTH OT 3JIeK-
TPOHA; ITOT MEXaHU3M «0OpesaerT» PacXojuMocTh Hpu |v|| ~ vpy;
2) npu BBIBOJIE GOPMYJIBI BO BCSIKOM CJIy9ae MoJpa3yMeBaeTcsl, 4To
|AR | | < p; 3) Kpy2KOK MOKeT y#iTu OT JAHHOIO MOHA 33 CYET JIpeii-
da B nose apyrux wacrun (TpoitHOE CTOJIKHOBEHUE).

Hanucanubie hopMyJibl peIiarT BONPOC O COCTABJICHUN KUHETH-
YeCKOro ypaBHeHUusl B JIpeiihoBOM HPUO/IMKEHUI, KOTOPOE MO3BOJIs-
eT, B 9aCTHOCTH, HAXOJUTh KUHETHIECKUE KOIMDPUIMEHTHI TIJIa3Mbl
B 11€pBOM HencyesaomeM 10 1/B npubiauzkennu (cum. 3agady 1).

Hakowern, ocrasiocs 00bgCHUTH, KAKUM 00pa30M HHTEIPUPOBA-
Hue 10 d2p GopMaIBbHO BOCCTAHABIMBAECT CUMMETPUIO 110 OTHOLIE-
HHUIO K OOPAIEHUI0 BPEMEHU, YTO yrKe ObLIO HUCIOJIB30BAHO MIPU 3a-
nucu (60.13). Hapyuienue 31oit cuMMeTpun nposiBjasercst B u3MeHe-
Hun 3uaka orkjaonennss AR B (60.33) npu m3aMeHenun HampasJie-
nnsg B na obparnoe. [Ipekunii 3HaK MOKHO BOCCTAHOBUTH, OJHAKO,
TIPOM3BOIST 3aMEHy MTEPEMEHHON WHTErpUPOBAHUA P — —pP, TaAK UTO
n3Menenue 3Haka B B 9TOM mpubniKeHNn HUTIAE CKA3aThCs HE MO-
x)er (B obstactu ke | MarauTHOE TI0JIe BOOOIIIE He BJIMSIET HA MPOIECC
paccestHust).

Bagaum

1. B apeiidoBom npubnamxkenun onpeaennts kKodddunnent Xonna R u mo-
nepednyio nposoguMocth o niasmbl (C.T. Beases, 1955).

Pem e uue Paccmarpumpag maasmy ¢ TPaJUEHTOM TLIOTHOCTH SJTE€KTPO-
HOB (B OTCYTCTBHE 3JIEKTPUYECKOTO TI0JIsi U TPAJAMEHTA TEMTIEPATYPHI ), TT0J1araeM
dbynkuuio pacupenenenus f. B (60.16) u (60.21) MakcBe/IOBCKON 1 HAXOUM

j = %[bVNE] +eD; VN,

npuuem Koddbunment nonepeunoit nuddysun
Nis— v
Do = —((ARL)),

T/l 9epTa 03HAYAET yCPETHEHUE M0 MAKCBELIOBCKOMY PACIPEIETCHAIO STIEKTPO-
nos. Cpasuus ¢ 06mum Beipaxennem (58.13), naxogum B nepsom 1o 1/B npn-
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XapakTepHbIii TPUMep HEYCTONINBOCTU TPEICTABIAECT HATPAB-
JIEHHBIH Ty I0K 97I€KTPOHOB, TTPOXOISIINX U€pe3 HeTIOABUKHYIO TL1a3-
vy (A.HU. Azuesep, 5.B. @atinbepe, 1949; D. Bohn, E.P. Gross,
1949). TIyuok npeanosaraercs JeKTPUIeCKU KOMIIEHCUPOBAHHBIM:
CyMMa 9JIEKTPOHHBIX ILJIOTHOCTEN 3aps/IOB B IJIA3Me U IIy9Ke PaBHA
MOHHOM IJIOTHOCTH 3apsijioB mia3Mbl. Cucrema 0JIHOPOHA U HEOTDa-
HUYEHA, T. €. Iy4Y0K (KAK U HENOABMKHAA IJIA3Ma) 3alO/IHIEeT BCe
MTPOCTPAHCTRBO, TIPUYEM €To HalpaBJeHHas CKOPOCTH V Be3je Ou-
nakoBa. Ckopocth V OylieM cumTaTh HEPEISITHBUCTCKOIL.

IIpeamonoxum cHaga a, 9TO KaK MydO0K, TaK W IIa3Ma — XO-
JIOTHBIE, T. €. MOYKHO TTPeHeOpedh TeTJIOBBIM JIBUKEHUEM WX YACTHIL;
HEOOXOMMOEe JIJTsT 9TOTO YCIOBUE BBISCHUTCS HUKE.

B obracti wacToT 3/IEKTPOHHBIX KOIEOAHWIT TTPOIOIHLHAST TUIIEK-
TpUYIeCKash TPOHUIIAEMOCTh CUCTEMBI TLIA3MBI-TTYI0K UMeeT BU/T

2 12
flwk)—1=-2 Q% (61.3)
w? (w—kV)?
Ilepebiit ujen copaBa OTBeYaeT HENOABUXKHOW 1asme, (), =

— (4m€®N,/m)/? ecth COOTRETCTRYIOMAST STEKTPOHHAS TIIA3MEHHAST
gacroTa. Bropoit unen 06s13an snekrponam mydka. B cucreme orcuae-
ta, K', 1Rk ymeiics BMecTe ¢ myuKoM, BKJIAJI €r0 3JIeKTPOHOB B £ — 1

paren — (€ /w')?, Tme w' — wacrora KoneGanmit B ITOI CHCTeMe, a
Q! = (4me*N!/m)'/? (N! — mnorHocTs smekTporos B myuxe). TIpi
nepexozie K MCXOHOM cucreme orcuera K wacrora w' 3amensiercs Ha

W' =w—-kV (61.4)

W MBI IPUXOANM K Bhipazkenmio (61.3) 1).
Byaem cunrars mioTHOCTH [ydKa MAJIOH B TOM CMBICJIE, 4TO

N! < N, (61.5)

tak uro u ), < Q.. Torga Haju4me nydyka JIMIIb HEZHATUTE b
HO MEHsIeT OCHOBHYIO BETBb CIIEKTPA IIPO/IOJIbHBIX KOJeDAHU T11a3-
MbI  TOT KOPEHb JUCIEPCUOHHOTO ypaBuenus €, = (), /jist KOTOPOTO
w & Q. Ho HApsij1y ¢ 3T0i BETBBIO MOSIBJISETCS €Il U HOBas BETBb,
CBsI3aHHAS C HAJUYMEM IIyYKA; OHA-TO HAC 3/1€Chb U UHTEPECYET.

Yrobbl ieH ¢ MaabiM unciureaeM 22 ne Bbinajan U3 Aucrep-
CHOHHOTO YPABHEHUSsI

02 02

T e b (61.6)

1) BakoH mpPeoGpPA3OBAHMS FACTOTHI JIETKO MOIy9UTh MyTEeM TPe00Pa30BAHMS

daszosoro muoxkuTens Bonmbl. Pagmyc-sextop Touku B cucteme K': v’ =r — Vit.
IloaTomy

kr —wt =kr' — (w—kV)t = kr' —w't.
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9Ta MaJIOCTh JIOJIXKHA KOMITEHCHPOBATHCS MAJIOCTHIO 3HAMEHATEJIS.
[Tosromy wmimem perervie B Bujge w = kV + § ¢ maasim 0. Torga
ypaBHeHVe TPUHUMAET BUI

@ or_

vt Tl (61.7)

OTKY/1a
Q/
0= . (61.8)
Qe \2
1—
6]
npuiem yciopue 0 K kV rpebyer, urober |kV| 6b110 He cimmkom
6smzko K .. Ilpeanosioxkenue ke 0 XOJOJHOCTH ILJIA3Mbl TpebyeT
coburtonenns ycsiopust kvr, < w M B JJAHHOM CJIy9ae 03HAYAET, CJe-
JIOBATEJIBHO, 9TO JOJIZKHO ObITh Ve <K V' CKOPOCTH IMydYKa BEJUKA
110 CPABHEHUIO C TEIJIOBOW CKOPOCTBIO SJIEKTPOHOB I1JIA3MBbI.
Ecin (kV)? > Q2. 1o 06a kopus (61.8) Bemectsennnl u Koaeba-
HUg HE HApacTaioT. Ko xke

(kV)? < 02, (61.9)
10 00a 3HaYeHUs J MHUMbI; TO U3 3HAYEHUN &, B KOTOpoM Imw =
=Imd > 0, orBeuaer Hapacraomum Kojedbanusam. Takum 06pazom,
CUCTEMA HEYCTOMYMBA 110 OTHOIIEHWIO K KOJEOAHUAM C JIOCTATOIHO
Masibivn 3HadeHnaMn KV,

,Z[pyraﬂ CUTyalsl BO3HUKAET TIPU yYE€TE TETJIOBOTO JIBUZKEHUA
9JIEKTPOHOB B T1a3me. B obmem ciydae Bmecto (61.3) 6ygem nmers

1 Qﬁf

()

rjae g, ' oTHOCHTCA K myasme Oe3 myuka. Pemasi ypasuenue g, = ()
TEM JKe CIocoboM, HaIeM Ternephb

(61.11)

(1)

Ho B cuny saryxanusa Jlangay dynkums € ' nMeeT MHUMYIO
qacTh Beerya (mpn sro6om k). Tem cambim Beerga OymeT KOMTLIEKC-
HBbIM U 0, npudeM B cujy JBoitoro 3naka B (61.11) ans ogmoit u3
BerBeit kojebanuit Oyger Imd > 0, 1. e. 3mu KojebaHUsT HEYCTOT-
guBbl. [Ipu nepexose k 6osibium V, 0TBEYAIONINM PACCMOTPEHHOMY
BBIIIIE CIy9al0 XOJIOJAHON IJIa3Mbl, CBA3aHHAS C 3aTyXanuem Jlangay
4acTh lme; CTAaHOBUTCH SKCIOHEHIMAIBHO MaJiofl U Mbl BO3BpAIa-
emcst K (61.8).

B uzioxennbix paccykjenusx npeHebperajioch TEIIOBbIM Pa3-
O6pPOCOM CKOpPOCTEil 3JIEKTPOHOB B Iy4YKe. DTO NpeHEOPErKeHne OlPAB-

JIaHO, eCJIM BeJIMYMHa 3Toro pazbpoca
V< % (62.12)

11*
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Bamgauym

1. Onpenenursb rpannily 06/1aCTH HEYCTONUMBOCTHY IyYKa B XOJIOIHOM 117143~
Me cO cTOpoHbl 3Hadenuit KV, 6mu3kux K .
Pewmenue Tlpu mansix suadenusx pasnocru (kV)? — Q2 rounocrs

ypasraenus (61.7) memocrarouna. Coxpanns B ypasuennu ¢; = 0 (¢ ¢, u3 (61.3))
TAKIKE U UJIEH CJIEJYTOLIero MopsijiKa 1o &, Moy aum

Q2 0?2 2025 2(kV — Q) 28
~1 ~ +

82 T (kV)2  (KV)3 Q. Q.
Beeast HoBbie Besimauubl € M T COTJIACHO

1 1/3 9 1/3
§=¢ (—9293) , T:( ) (kV — Q.),
2 0,02

IepenuiieM 3TO YpaBHEHUe B BUE

E+re=1

(mra ompenenernocTn camraem, aro kV 6mm3ko k +Q, a me x —). Bce

Tpu KOpH#a ypasuenws (1) BemecTBeHHbBl TIpHM T > 3/ 22/3 gem u ompemenser-
csa obsracTh ycroitumBocTu. /IBa M3 3TUX KOPHEH COOTBETCTBYIOT ABYM KODHSIM
ypasaenus (61.6), a Tpermii  6m3Koi K HuM mipu {2 & kV wacrore komeba-
HUH HENOIBUXKHOMN TLTa3MBbI.

2. TIpw ycnosum, o6parrom kx (61.12), nceaenosarh yCTORIMBOCTD MydKa, €
TeIIOBBIM Pa3bpOCOM CKOPOCTEH.

Pemenne. B ykazanHBIX yCIOBUAX IIy9KOBAsI BETBb B CIIEKTPE KOJI€OAHMIT
oTcyTcTByeT. UTO KacaeTcst OCHOBHON BETBHU ILTA3MEHHBIX KOTEOAHMIL, TO HATAYINE
ImyYKa Majaoid ITOTHOCTH MAaJI0 BIUAET HA BEHNIECTBEHHYIO YacTh €€ JaCTOTHI,
KOTOpas no-npexxkuaemy gaercs (nmpu kvre < Q) dopmyoit (32.5):

3 [ kvre 2
=Q. |14+ —
“ 2(@)

JlekpeMeHT ke 3aTyXaHWs 7y JAeTCs CyMMOM JEeKPEMEHTOB OT CaMOl IJIa3Mbl U
or nyuka. Coracno (31.7) nmeem

™ [ w2 < w? ) 02 (w—kV) ( (w— kV)2>]
y=4/o |- exp| — - exp|————" .
8 L (kvre)? 2k2v2., (kvl,)? 2k2v2.,

O6nacte meycroiiumBocTn ompemenserca ycmosuem (k) > 0. Jna storo Bo
BCSIKOM ciiydae foikuo Obith kV > w. Hawmbompmmit makpement Oyzer mpu
d =kV — w < kvp,. B a7oit obmactu nepseiit wien B (1) skcTioHeHTTHATBHO Ma
(8 cumy Qe > kvre) m mm MoxHO TpeHeGpeds (e TOMBKO N, He CIMIIKOM
Mas0). Torma mHKpeMeHT 7y OyAerT JaBaThCs JIMNIb BTOPBIM SJIEHOM; OTMETHM,
9TO OH TTPOTIOPIMOHAJIEH TIOTHOCTH TTyuKa N, .

3. UccnenoBarh yCTONYNBOCTD MOHHO-3BYKOBBIX BOJIH B JBYXTEMIIEPATY PDHOM
mrazme (1. > T;), B KOTOPOii 9JIeKTPOHHAS KOMIOHEHTA JIBUKETCSA OTHOCUTE -
HO MOHHON € MaKPOCKOIMYIECKOUN CKOPOCThio V, mpuueM V & vre.

Pemenwne. IlpuycnoBuu V < vr. HanpaBJIeHHOE IBUXKEHHUE STEKTPOHOB
MaJI0 CKa3bIBAETCS HA 3aKOHE INCIIEPCUY MOHHO-3BYKOBBIX BOJIH, KOTOPBI Oy1er
o-npeskHeMy gaBaThest hopmystoii (33.4):

1/2
w _ <zTe> 1 _ )
k M (1 + k2a2)1/2
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JlekpemenT ke 3aryxanms (€ro 37eKTPOHHAs 9acTh) mnosaydaercs u3 (33.6)
zamenoit (61.4): ”
Wzm) -

8M

1=V o) ( 2)

Yenosue veycroiranpoctu: KV > w; 115t 9T0r0 BO BCAKOM CJIydvae JI0JIKHO ObITh
V > w/k. B6iu3u rpannnsl neycroitansoctn muoxkuresas kV —w B (2) mas, u to-
r7a MOYXKeT 0Ka3aThCd HEOOXOIUMBIM yUeT B Y TAKYKEe M MOHHON 9acTh 3aTyXaHuUs,
KOTOpada B 06BI‘-IHBIX yCaoBudAxX MaJia.

§ 62. AbBcosiroTHasi 1 KOHBEKTUBHAs HEYCTOWYMBOCTh

Hamwuwe y amcnepcroHHOTO ypaBHEHWS KOpHENH B BepxHei
W-MOJYIJIOCKOCTU O3HA4YaeT, YTO MaJioe Havda/JbHOE BO3MYIICHUE B
BUJle IJIOCKOI BOJIHBI BO3pacTaeT, T. €. cucTemMa HeycTofuuBa 1o oT-
HOIIEHUIO K TAKOMY BO3MYIIeHuio. PeajibHo, 0JIHAKO, BCAKOE HAYAIb-
HOE BO3MYIIEHUE [IPe/ICTaBIsieT cOO0i «BOJIHOBOM MAKeT» KOHEYHBIX
pPa3MEepPOB B MPOCTPAHCTBE, U IJIOCKUE BOJIHBI IPEJICTABJISIOT cOO0it
JIAIIb ero oTjeibable Qypbe-KoMIoHeHTh. C TedeHrneM BPEMEeHH 1a-
KET «PACILIBIBAETCA», a ero aMiuiuTya (B HEeyCTORYMBON cucreme)
Bozpacraer. B To ke Bpemsi, 0JHAKO, KAK U BCAKUI BOJHOBON IAKET,
OH OyJjieT nepeMeIaTbCst B IPOCTPAHCTBE. 316Ch MOI'YT UMETh MECTO
JBa ciaydas.

B oxnom ciyuae, HeCMOTPs HA MEPEMEIIEHUE TAKETA, BO3MYIIE-
HEE HEOTPAHWYEHHO BO3pACTaeT B JiI0OO# TOUYKE IPOCTPAHCTBA; Ta-
KYIO HEyCTOWYMBOCTb HA3BIBAIOT abcoaomnoti. B npyrom ciyuae na-
K€T CHOCHUTCH TaK ObICTPO, YTO B KaXKJ0# (DUKCUPOBAHHONW TOUYKE
OPOCTPAHCTBA BO3MYIICHUE CTPEMUTCA IPU § — 00 K HYJIIO; TaKyIO
HEYCTOWYNBOCTE HA3BIBAIOT KOHBEKMUBGHOU.

Cpazy xe mogdepKHeM, 9TO 3TO Pa3/aindre OTHOCUTETHLHO B TOM
CMBICJIE, YTO XapaKTep HEeyCTOMUYUBOCTHU BCEra OIpeJe/sdeTcCs 110 OT-
HOMIEHWIO K TOW WJIW WHOW CHUCTEME OTCYEeTa W TepPexoJl OT OJHO
CUCTEMBI K APYTOil MOYKET M3MEHUTH 3TOT XapaKTep: KOHBEKTUBHAS
B HEKOTOPOIT CHCTEME HEYCTONIMBOCThH CTAHOBUTCST abCOTIOTHON B CH-
cTeMe, JIBUKYINEHCS «BMECTe C TIAKeTOM», a abCOMI0THAs HEyCTOM-
YUBOCTH CTAHOBUTCS KOHBEKTHUBHOI B CHCTEME, JOCTATOYHO OBICTPO
«yXOIAIIEe» OT IaKeTa.

DT0O 00CTOATENHLCTBO, OJHAKO, OTHIOAL He JNIaeT PU3NIECKOTO
CMBIC/IA PA3IUYINe MEXKIy JIByMd TATIAMU HeycToiunBocTr. B peanb-
HBIX ITOCTAHOBKAX 3a/1a4M BCErJa CYIIeCTBYeT BbIJCJICHHAsd C SKCIIe-
PUMEHTAJIbHON TOYKU 3PEHUs CUCTEMa O0TCYeTa, OTHOCUTEJILHO KO-
TOPOI W CelyeT pacCMaTpuBaTh HEYCTOWIWBOCTH. JlomycTnMoCTh
paccMoTpenust PUINIECKON CHCTEMBI, KaK OECKOHEYHO MPOTSKEH-
HOl, HEe uckJro4Yaer Toro (haKTa, 9T0 PEAJHHO OHA MMEET I'DAHUIIbI
(HAanpuMep, CTEHKHM), KOTOPBIE U CIyzKaT «J1a00paTOpHOi cucTemoii
orcueray. Bojee toro, dpakruyeckas OrpaHUYEeHHOCTH CUCTEMBI MO-
KeT NPUBOJAUTHL K TOMY, YTO IIPU KOHBEKTUBHON HEyCTOMYMBOCTU
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BBIDA’KEHNW TIpU { — OC HEOTPAHWYEHHO PACTET, a APYTOoii CTaHO-
BUTCS OECKOHETHO OBICTPO OCHUJLINpPYIOel (DyHKIINeit; 3T TpOTH-
BOTIOJIOXKHBIE TEHJIEHIINN 3aTPYAHSIOT OIEHKY WHTerpaJia.

Bwmecto sroro Bepremcst K Bhipaskennio ¢(t, z) B Buge (62.2), 10
BBITIOJIHEHU ST MHTErPUPOBaHUst 110 w. CMeCTUM w-KOHTYD BHU3 10 €10
«3alernyienns» 3a 1neppyoo (Hanbosee BHICOKYIO, T. €. ¢ HAnOOIBITNM
w") ocobyro Touky dbyHkmuu Y(w,T); MyCTh 3Ta TOYKA JEKUT NPU
w = we (Kak Oyger siCHO W3 JahHENIero, w, He 3aBUCUT OT ).
Od9eBnIHO, YTO ACUMIITOTHYECKOE 3HAYEHNE WHTErpasa Ompeesier-
€1 OKPECTHOCTBIO UMEHHO 3TOM TOYKM, TAK UTO

Y(t, ) coe Wb = exp (—iwlt + W't). (62.7)

Ecm w! > 0, 10 BO3MymieHne pacrer B KaxK0#i (GUKCHMPOBAaH-
HOII TOUKe Z, T. e. HeycroifunBocTh abcomorHa. Eam xe wl < 0,
TO B (PUKCHPOBAHHBIX TOYKAX BO3MYIIEHNE CTPEMWUTCH K HYJIIO —
HEYCTOWYNBOCTh KOHBEKTWBHA. VICKOMBII KpWTepwWit CBOANTCHA, Ta-
KM 00pa3oM, K OMPEIEIEHIIO W,.

DOyuxys ¢(w,z) gaercs narerpagom (62.3) ¢ 1/)5)? n3 (62.4):

[e.e]
_ Buk ikz dk
plw,z) = / A(ka)e o (62.8)
—0oQ0

ITockosibKy, IO TTPETONOXKEHNI0, g — lesnast pyukims k, T0 0co-
GEHHOCTH TIOBIHTErPATLHOIO BhIpayKeHWs (Kak (hOyHKIINU KOMIIIEKC-

1
————; OOBITHO pPEeUb
A(w, k)

WJeT 0 noocax  KopHsx k(w) ypashenus (62.5).

® s ® ®

B

\ C \\ C
> > _)_W_)__Llﬂ_) -)—W-»—?)—»
/
/

HOro k) jiexkar B 0COOBIX TOYKAX MHOKUTEJIsI

o
.
-
.
-
K‘//

Qe

Puc. 22

[Tycrs n1pu HEKOTOPOM 3HAUEHNMM W (TOUYKA HA W-KOHTYDPE) C J0-
CTATOYHO GOMBITION (MONIOKUTETHHOI) MHMMOI gacThio w” = o oco-
Oble TOYKM JIeXKAT B Kk-TIIOCKOCTM, KaK TOKA3aHO HAa puc. 22,
HEKOTOPBIE B BEPXHEl, a Jpyrue B HUXKHEH momymiaockoctr. [lyTh
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naTerpnpoBanust Mo k B (62.8) (HazoBem ero k-KOHTYDPOM) TPOXO-
JINT TIPU 3TOM BJI0JIb BEIIeCTBEHHOM ocu. ByJem Terneps N3MeHSTH w,
nocrenenno ymenbmas w'. Ocobbie Toukm Oy ayT nepememarses (B

k-1J10CKOCTH) M IPU HEKOTOPBIX 3HAYEHUSIX W MOIYT JOCTUIHYTh Be-

HecTBeHHON ocn ). DTy 3HaYeHHs W He GyJLyT elle sBJIATHCH 0CO-
Obivu g dynkumn @(w, k): HUYTO HE MemAaeT CABUHYThL k-KOHTYD
TaKM 00Pa30M, 9TOOBI YBECTH €r0 M3 OKPECTHOCTH OCOOBIX TOYEK,
NEPECEeKIINX BEIIECTBEHHYI0 OCh (KAK 3TO 10KA3aHO Ha puc. 220).
OcobeHHOCTh HMHTErpajia BOZHUKAET, OJIHAKO, €CJIU JIBE IepeMela-
IOIHMecs: 0COObIE TOYKHU COMYKAIOTCs, 3a2KUMast MexKIy 000 myTh
MHTErPUPOBAHUS, U, TAKUM 00PA30M, YCTPAHSIOT BO3MOXKHOCTD YBO-
J1a ITOrO MyTH U3 UX OKpecTHoctu (puc. 22 6).

Takum 06paz3oM, 3HAUEHUE W, ONPEJEISIIONIEe XapAKTeP HEYCTO-
YUBOCTHU, OTOMpAETCS W3 YHUC/Ia TeX 3HAYEHUI w, TTPU KOTOPHIX JIBa
KOpHs k(w) IUCTIEepCHOHHOTO ypaBHeHusi caupatorcs. [Ipm stom B
paccMOTpeHne BXOMISAT TOJIHKO T CAyYal CAWSTHWS, KOrja JBa KOp-
He CXOJIATCS C PA3HBIX CTOPOH k-KOHTYpa; APYTUMHU CIOBAMU, TTPU
w — 0C 3TW KOPHYM JOMKHBI JIEKATH MO PA3HBIE CTOPOHBI BEMIECTREH-
Hoit ocn. OTMeTHM, KCTATH, 9TO TIOCKOJIBKY 3HAYEHWS W, OTPEIEess-

IOTCA TOJIBKO CBOWCTBAMU (byHK]_[I/H/I TO MX HE3aABUCUMOCTH

Alw, k)’
OT o O4YeBUIHA.
[Ipu ciusinum 1ByX NPOCTHIX KOPHEN ypaBHEHUs BO3HUKAET KPAT-
HbIi1 (BToporo HOpS{,ﬂKa) Kopenb. BO/in3u TaKOro KOpHs JAUCIEPCUOH-
HO€ ypaBHEHUE UMeEeT BU]L

e = o) (22), 4 e (82) =0, (2

Tak 410 k — ko 0O £ (w — wc)]/2 2), Ormerum, 410 B TOYKE W = W,
dbyrkums w(k) yaoBaeTBopsieT yeIoBUO

dw

& 2.1
Ly, (62.10)

T. €. W, ABJSIETCS CeII0BOM TOUKOHN aHAINTHIECKON (DyHKIINN w(kz)

B cIy9ae HeyCTONYINBON CPeIbl BBIXOM 0C000# TOYKM HA BEIIECTBEHHYIO OCh
k nomxen (xoTst Gbl B HEKOTOPOH 06JaCTH 3HAYeHWH w') MPOM30HTH elmne Tpu
w" > 0, Tak KaK 3aBeAOMO MMEIOTCs Takme Kopau ypapuenus A(w,k) = 0, ana
KOTOPBIX NPU BENIECTBEHHOM k MHUMas dacthb w' > 0.

2) B HEKOTOPbBIX CJIyYIadX MOKET UMETH MECTO CIIMAHUNE TaKXKE 1 60.}'[})11[61"0 un-
c7a KOpHeil ¢ BO3HMKHOBEHMEM KOPHsS 0Oosiee BBICOKOro mopsaka. Taxkwe coydan,
OJIHAKO, MOT'YT, BOOOIIE FOBOPSI, OTBEYATH JIUIIb CIEIHATBHBIM 3HATUEHUSM apa-
METPOB CUCTEMBI, ITOCKOJ/IBKY OHHW HAKJIAABIBAIOT JOTOJHUTEIBHBIE OTPDAHUYCHUA
HA TOYKH We, ke: B paznoxennn A(w, k) HOMKHEBI 00pamaThCa B Hy/Tb TAKKE W

nexoropsie apyrue (nmomumo (OA/Jk).) ko3 duunentsr.
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Wurerpan (62.8), B3aThiit 10 okpecTHocTn Touku k = k., ¢ To4-
HOCTBRIO JI0 MOCTOSTHHOTO MHOKWTEIA NMEET BWI

eika

]
VW — We
dyurms o(w, x) nMeer Npn w = w, KOpHEBOH nosroc. VHTerpar xe

(62.2), B3s1TBIN TENEPHh 0 OKPECTHOCTU TOYKK W = W, KAK (DyHKIMs
oT t U x, UMeeT BUJ

p(w, z) 00 (62.11)

p(t, z) co %e*’(wct*’w) (62.12)

(OCKO/IBKY 9TO ACUMITOTHYECKOE BHIPAYKEHUE TOJLyYeHO [IPU £ — 00
n (UKCHPOBAHHOM X, OHO CITPABEINBO JINITh pH | kx| < |w,t]).

XoTs1 chaustAMe KOpHEH JMCTIEPCMOHHOTO YPABHEHWS  SIBJISET-

Csl OCHOBHBIM MCTOYHUMKOM BO3HMKHOBEHUsI OCODEHHOCTEH (byHKIUK

¢(w,z) (1 uMEHHO UM onpejensercs OObIYHO XapaKTep HEeyCTOfi-

YMBOCTH), YIIOMSIHEM €IIe W JIPYTOil THT 0COOEHHOCTEH, BOZHUKAIO-

muii Ha 9acToTe, st KOTOPOil KOPEeHb JUCTIEPCHOHHOTO YPABHEHUST

|k| = oo !). Munvas 9acTh Takoil 9acTOTHI W, OIHAKO, (haKTHIECKH
BCEIJIa OTPULIATEIbHA U [TOTOMY 3aBEJIOMO HE MOXKET IPUBECTH K a0-
COJIFOTHOR HEeyCTOUMBOCTH (MOJIOKUTENTHLHOCTL W) O3HAYaIa Obl B
JIAHHOM CJIy4dae HEyCTONIMBOCTH CUCTEMBbI 110 OTHOIIEHUTO K KOjeHa-
HUsAM € GECKOHEYHO MaJsioi auHoil BosiHbl). C TakuM Cj1ydaem Mbl
BeTpernmcst ke (cm. (63.10)).

Kaxk y»e moguepknBaioch, HEYCTONINBOCTD, SIBIISIIOIIASICS KOH-
BEKTUBHOI B OJIHO# (;1a00paTOPHOIi) cucTeMe oTcueTa, MOXKET CTaTh
abcommoTHOM B Apyroii cucreme. [loctaBum cebe 1e/bio0 HAWTH CKO-
pocth V' Toit cucTeMbl 0TCYEeTa, B KOTOPOit HEYCTONINBOCTE abCOIIOT-
Ha ¢ MaKCUMAJIbHBIM THKPEMEHTOM.

Ilepexom ot j1abopaTOPHOIT CHCTEMBI K CHCTEME OTCUETA, JTBUKY-
IIEHCs CO CKOPOCTHIO V| OCYIIECTBISIETCS 3aMeHO BO BCeX (hOpMy-
jgax w — w—kV. Kak Mbl Buie/i1 BbIllle, 3HAYEHUE W, OTBEIAET TOMY
MOMEHTY, KOIVIa 110 Mepe yMeHblleHus w” Ha w-KOHType CIUMBAFOTCs
JiBa mojiroca PyHKIMK ﬁ B k-1JIOCKOCTH, NPUYEM 3T HOJIOCH

w7
JIOJIZKHBI IPUATH K TOYKE CJIMAHUS ¢ PAZHBIX CTOPOH BEIIECTBEHHO
ocH, a MOTOMY OJIMH M3 HUX JIOJI2KEH [PEJIBAPUTEIBHO [EePecedb 3Ty
ock. O6o3Haunm uepes wy ., MakcumasabHoe (He 3apucsmee or V1)

sHavenne w” npu BemecTBeHHbIX 3Havennsax k. [lockonbky wl (k, V)

) Takoif KOpeHb TPUBOIUT K CYIIECTBEHHO 0COGOH TOUKe (hyHKIAM p(w, x).
Tax, ecsin |k| crpemurcsa k 6eckoneunocTu 1o 3akony k- " = C(w —we), TO BKJI
bl . )
0T OKpecTHOCTH ocobenHocTu B uHTerpan (62.8)
T

p(w, ) OO exp W
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3aBeJI0MO MeHbIIle TOr0 3HavYeHnst w', Tph KOTOPOM TIOJIOC Tepecek
BEIeCTBEHHYIO 0Ch, TO Wi (k, V) < wi .. ipn Beex V. D10 03Hauaer,
4TO HAUOO/IBINEE 3HAYEHUE W) JIOCTUTACTCS, eCU CAUSHUE TOII0COB
MPOMCXOINT Ha BEMIECTBEHHOI 0cy B Touke makcumyma w' (k). 3ame-
nuB B (62.10) w(k) na w(k)—kV u orgessiss MHUMYIO U BELIECTBEHHY IO

YaCTH paBeHCTBa (TPM BENIECTBEHHBIX k), HaiijemM /1Ba ypaBHEHWS:

dw//
— =0, 2.1
n 0, (62.13)
dw'’
- 2.14
n (62.14)

Takum obpazom, HAMOOBIINI MHKPEMEHT HEYCTONYUBOCTH J1a-
ercsi MakcuMasibHbIM 3HadeHneM w” (k) kak DyHKLUMU BElecTBeHHO-
ro k. CKOpOCTh Ke CHCTeMBbI OTCYeTa, B KOTOPOW Takas HEyCTOM-
YUBOCTH MMEET MEeCTO, OTPEJIEsIsSIeTCsl COOTBETCTBYIOMINM 3HAUEHM-
eMm mponsBogHoi dw'/dk. Dro 3Havuenwe V ecTecTBEHHO TPWHSATH
B KauecTBe OMpe/e/IeHNs TPYIIOBOH CKOPOCTH BOJIHOBOTO TIAKETA B
KOHBEKTUBHO-HEYCTOMYMBOI CpeJe.

§ 63. YcusieHue n HENPOILyCKAHUE

o cux mop MBI paccMaTpWBaIN 337aud 00 YCTOWYWBOCTH, B
KOTOPBIX PEYh TjIa O PA3BUTUU BO BPEMEHN BO3MYIIEHUS, 3aaH-
HOTO B TPOCTPAHCTBE B HEKOTOPBIH HaYa/IbHBIN MoMmeHT. Dyphe-
pa3JIoyKeHNe TAKOTO BO3MYIIEHWS COAEPYKUT KOMIIOHEHTHI C Bellle-
CTBEHHBIMW 3HAYEHUSIMU BOJHOBBIX BEKTOPOB K, a WX BpemeHHas
3aBUCUMOCTD Onpeessiercs dactoramu w(k) — KOMILIEKCHBIME KOP-
HSIMU JIUCHEPCUOHHOTO YDABHEHUS.

Bosmoxkna, ogHAKO, 1 ApyTast MOCTAHOBKA 331841 00 yCTOWIUBO-
CTU: 3aJ1a4a, B KOTOPOH pedb ujer 0 BO3MYIIEHUHU, CO3/IaBAEMOM B
HEKOTOPOM YYaCTKe MPOCTPAHCTBA 110 33 IaHHOMY BPEMEHHOMY 3aKO-
ny. Oypoe-paziiozKenne TAKOr0 BO3MYIIIEHUS COAEPKUT KOMIIOHEHTHI
¢ BEIIECTBEHHBIMU YACTOTAMU W, 4 UX PACIPOCTPAHEHUE B ITPOCTPAH-
CTBE ONpENessieTCss BOJIHOBbIMU BeKTOpaMu k(w), NOLydaiomumMucs
pellienreM JUCIEePCUOHHOIO YPABHEHUS — HA 9TOT Pa3 OTHOCUTEBHO
k; cCOOTBETCTBEHHO KOMILIEKCHBIMU OKA3bIBAIOTCA HE YaCTOTHI, & BOJI-
HOBBIE BEKTOPBI (KaK M B NPEAbLAyIIeM naparpade, Mbl UMeeM B BULY
OJIHOMEpPHYIO 3aja4y u noromy nminem k = k, BMmecto BekTopa k).

KowmmiekcHoCTh BOTHOBBIX BEKTOPOB MOYKET WMETh Pa3INTIHbBIN
cmbica. B ognux ciaydasix oHA MOYXKET 03HAYATh IPOCTO, 9TO COOTBET-
CTBYIOIIIME BOJIHBI HE MOT'YT PACIPOCTPAHATHCA B cpeje (Henponycka-
Hue). B Apyrux ciydasx KOMIJIEKCHOCTH K MOYXKeT O3HAavaTh YCHJIe-
HWe BOJIH CPEJIOil TPy WX pacrnpocTpaHeHnn oT ncrounnka. Cpasy xe
TIOYEPKHEM, UYTO KPUTEPUEM PA3JIMICHUS ITUX JIBYX BO3MOKHOCTEI
3aBeIOMO HE MOXKET SABJISITHCA 3HAK lm k: BOJHBI MOTYT pacmpocTpa-
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HATHCST B 00OWX HANPABJIEHWSAX OCH &, & M3MEHEHHe HAIPABJIEHUSI
pacrpocTpaHennst SKBUBAJEHTHO N3MEHEHNIO 3HAKa K.

QusndecKn 0YE€BMUHO, UTO YCUIUBAIOIIMMHU CBONCTBAMHU MOYKET
obsiaiaTh UMb HeycToiunBast cpeja. [loaromy, nampumep, 3apamee
SICHO, 9TO JIJIsI TIOTIEPEYHBIX JIEKTPOMArHUTHBIX BOJIH B TIJIa3Me C
sakornoMm jucriepeny w? = 02 + c2k? (cwm. zamauay 1 § 32) npu wa-
crorax w < Q. (Korga k(w) MHUMO) MMEeT MeCTO HEIPOILyCKAHUE;
JIeHiCTBUTEIHLHO, OTTpeesisieMast 3TnM ypasaerneM GyHkims w(k) Be-
IIIECTBEHHA MDY BCEX BEIECTBEHHBIX 3HAUEHWsIX K, TAK UTO CHCTEMA
3aBeJ0MO yCTOMYMBA.

JLjist TOYHON IOCTAHOBKHU BOIIPOCA, PACCMOTPUM TOUYEYHbIH 110 KO-
OpJMHATE T UCTOYHUK (MJIM, KAK [OBODSIT, CUZHAA), BKJIIOYAEMBIN B
MomeHT ¢ = ( W co3garounii 3aTeM MOHOXPOMATHYECKOe (C HEeKO-
TOPOIi 4acTOTOi Wo) BO3MYIIEHHE 1) (OMEAUK CUCTEMbl HA CUIHAJL).
MHTEeHCMBHOCTE NCTOYHUKA €CTh, TAKUM 00pas3oM,

g(t,z) =0 ' mpm  t < 0,

g(t,x) = const - §(z)e ol mpw ¢ > 0.

He wxomkperusupyst Ghu3mwvaeckoil mpupoabl BO3MYIIEHUS 1), MbI

He Jej1aeM TOr'o K€ M B OTHOIIIEHUN (bI/IBI/IquKOﬁ npupoabl MHTEH-

CUBHOCTU HUCTOYHUKA & . Cy]_[[eCTBeHHO JINI b, 9TO wk-KOMIIOHEHTbI
BOSMYIIEHUA OIIPEACIAIOTCA 110 €r0 UCTOYHUKY BbIPDAZKEHNEM BHJ1a

— 8wk
Yok = A (63.2)
Takoe BbIPDAXKEHUE NOJIYyHYAeTCsl U3 HEOJHOPOAHOIO JINHEAPU3OBAHHO-
IO «yPABHEHUS JBUZKEHUS» CUCTEMbI, B KOTOPOM g (t, ) urpaer posib
«TpaBoit yacTny (aHAJIOrMYHO TOMY, Kak (62.4) OBLIO perennem o
HOPOJIHOTO YPaBHEHWSs C HAYAJIBHBIM YCIOBUEM, 3a/laBaeMbiM (DyHK-
uweit g (0,z)). das ucrounuka (63.1) mmeem ')

(63.1)

t
Sk = ﬁ (63.3)
Dyukumst 1)(t, x) HAXOAUTCs 3aTeM 1o (hopmysie 0OpaleHunst
co+i0o
—iwt
P(t, ) = const / @(w,m).eid—w, (63.4)
i(w —wo) 27
—0o+1i0
o0
ikx
O(w,z) = | —— dk. :
(w, ) / AR (63.5)
— 00

!) Ilpu BBrYECTCHEN 8 »r HAJO IMOMHUTBH, 4TO B (opMysie 0OpaTHOro mpeot-
pa3oBanns WHTErpUpOBaHNE MPOWCXOJNT MO KOHTYPY, Ha koropom Imw > 0;
nosromy et — ) ipm t — oo.
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D710 BhIpaXKEHNe aBTOMAaTUYeCKH obecriednBaer paseHcTBo 1)(t, x) = 0
mpu ¢t < 0 B COOTBETCTBUW C YCIOBUSIMU 339N BO3MYIIEHNE BO3-
HUKAET TOMHKO OT BKIIOTAEMOTO B MOMEHT ¢ = () mCTOUHMKA.

3amava cOCTOWT Temeph B TOM, UTOOBI HAWTH aCHMTITOTHYIECKOEe
BhIpaykenne (¢, x) Bragm or mcrouHWKa (|x| — OC) B yCTAHOBHB-
TMEMCsT PpeXKnMe, T. €. TT0 MCTeIeHNN OOIBITOTO BPEMEHH TOCTIe BKITIO-
yennst ucrounnka (¢ — oc). Ecim B TakoM peknme BO3MYyIIEHWe
CTPEMWUTCST K HYJIIO TP & — +0C, TO MBI WMEEeM JeJ0 C Hempo-
nyckaareM. Ecim ke BO3MYIIEHNE OKA3bIBACTCS BO3PACTAIOMIAM XO-
T OBl IO OJHY CTOPOHY OT WCTOYHWKA  WMEET MECTO yCUJICHHE.
OueBnmaO, 9TO B 000MX ITUX CAydasdX MOKET WITH Pedb JIUIIb O
KOHBEKTHBHO-HEYCTOWUMBO# (nsim 06 ycroitunsoit) cucreme. Ilpu ab-
COTIOTHON HEYCTOWYMBOCTH BO3MYIIEHNE HEOTDAHUYIEHHO PACTET CO
BPEMEHEM BO BCEX TOYKAX MPOCTPAHCTBA, TaK 9TO BBIXOJ] HA YCTAHO-
BUBIIANCS PEKUM BOOOIE HEBOZMOKEH.

[Tepexost K OTBICKAHUIO TPEOYEMO# ACUMIITOTUKH, TIPEZKIE BCErO
OTMETHM, 9TO ACUMITOTHIECKHUIT TIepexon ¢ — oC HAJ0 MPOU3BECTH
JI0 TIepexofa || — 00: MOCKOIBKY 3a KOHETHOE BPEMS BO3MYIIEHWE
HE MOYKET PACTPOCTPAHNUTHCS 10 OECKOHETHOCTH, TO IEPEXOJ || — 00
NP1 KOHEYHOM t 00paThuT 1 B HYJIb.

Kak n B § 62, gaa mosydennss aCHMITOTUYECKOTO BBIPAYKEHUST
npu t — OC CMelaeM IyThb MHTerpupoBanus no w B (63.4) BHus.
Awnanmruueckne cpoiicrBa dyukimnn P(w,x) Takwe ke, KaK W Yy
dbynkunn ¢(w, z) B § 62. [TockonbKy cucrema npeanonaraeTCs Juiib
KOHBEKTHWBHO-HEYCTOIHINBOi, T0 ®(w,z) He mmeer ocobeHHOCTEH B
BepxXHeH TMOJIYIJIOCKOCTH w W Haunbojiee BHICOKON 0cob0it TOuKOi
MOJIBIHTErPATBLHOTO Bhipakenust B (63.4) gBjseTcst MOII0OC W = Wy
Ha BermecTBennoit ocu. [losTomy acmvmToTnka mpn ¢ — 00

Y(t,x) coe “old(wg, z). (63.6)

s naxoxpennst acnvnrornkn dbyukunn ®(wy, ) mpn |z| — 0o
HAJI0 Tenepb CMENIATH 11yTh UHTErpupoBanus 110 & Beepx (npu > 0)
uam Bum3 (npu z < () 10 Tex nop, NoKa OH HE 3ALENUTCd 3a M0-
JIFOC TIOJIBIHTErPAILHOTO BRIpakennst B (63.5) (KopeHb ypaBHeHUsT
A(wg, k) = 0)

O6osnaunm wepes ki (w) m k_(w) Te MOMIOCH, KOTOpBIE TpH
Imw — oc HAXOAATCST COOTBETCTBEHHO B BEpXHEN M HUKHEl MosTy-
nockoctax k. [To mepe ymenbmenns Imw MOMIOCH TTEpeMenaTcs
W TIPU BEHIECTBEHHOM W = Wy MOTYT OCTaThCsl B «CBOEi» MOJIyILIOC-
KOCTH WJIM 7K€ TIONACTh B JAPYTYI0 NOJIYIJIOCKOCTh. B nepBom ciydae
nyTh uHTerpupoBanus B ®(wg, ) 0CTaeTCs HA BEIIECTBEHHON ocu
(kak Ha puc. 22a), a BO BTOpoM — j1ehOpPMUPYETCsl, KaK MOKA3AHO
Ha puc. 22 6, ornbas «y0exkaBIimes B Uy¥KYyIO TOIYTLIOCKOCTH TOJIIO-
col ki (wo) mk_(wp) (Toukn A u C). B 06onx cirydasix mpu CMeIeHnm
KOHTYPa BBEPX WJIW BHU3 OH 3AIETIAETCS COOTBETCTREHHO 3a MOJIIO-
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col ky wm k. Acummnmrornyeckoe Buipaxkenne dyukunmn (¢, ) mpn
T — 400 oTpeensgeTcs BKIAIOM 0T HanboIee HIU3KOTO M3 TOTI0COB
ky(wp), a mpm £ — —o0 — oT Hanbojiee BBHICOKOTO M3 TOIIOCOB K
—(wo); Apyrumu cioBamu, 910 Haunbosiee 6AM3KKI K BENECTBEHHO
ocH TOMTIOC (eC/IM BCe TIOMIIOCKI JTAHHON KATeropuu OCTAINCh B «CBO-
eif» TIOJIyTIIOCKOCTH) W YKe Hambojiee JajleKuii 0T BEeIeCTBeHHO
OCH TIOJTIOC W3 9HCTIA TeX, KOTOPBIE TEPEILIN B «TyKYI0» TOTYTLIOC-
kocTh. C stnMmn 3navuenusiMu ky u k_ OyJileM MMeTh

P(t, ) 0o exp {iky (wo)r —iwpt} upu x>0,

P(t,x) oo exp {ik_(wp)z —iwet} mpm z < 0. (63.7)

B ciyuae ycroitauBoit cucTtemMbl BCe MOJIFOCH OCTAIOTCS TIPU W = Wy
B «CBOMX» HOJIYIJIOCKOCTSIX; JEHCTBUTEIHHO, BBULY OTCYTCTBUS BET-
Beii kostebanuit ¢ Imw(k) > 0 (upu BemecrBeHubix k) nepecedexue
nosocom k(w) BemecTBeHHoit ocu Moo Obl UMETh MECTO JIUIIb IPU
Imw < 0. TTostomy B (63.7) Gymer

Imky(wg) >0, Imk_(wy) <0,

TaK 9TO BOJHBI 3aTyXal0T B 00€ CTOPOHBI OT MCTOTHUKA.

B ciyvae ke KOHBEKTHBHON HEYCTONYMBOCTH TOMIOCH! k(w) BHI-
XOJIAT Ha BEIIECTBEHHYIO oCh yKe ipn Imw > (. [TosTomy 3aBeomo
CYIIECTBYIOT MOJIIOCHI ky Wjn k_, TIOTIABIINE TIPH W = Wg B «IYKYIO»
HOJLYJIOCKOCTD, T. €. 1yist KoTopbix Im ky (wg) < 0 umm Im & (wp) > 0.
Hamwrane takoro mosroca k4 (wg) TPUBOANT K YCUJIEHWIO BOJHBI CITPa-
Ba OT MCTOYHWKA, & HAJIWYME TaKOro moaroca k_(wp) — K YCHIEHUIO
CJIeBa OT MCTOTHWKA.

Pestommpyst m3/103KeHHBIE PACCYKICHWSA, TPUXOANM K CIETYTO-
[MeMy KPUTEPHUIO PABTNIEHNsT CIyIaeB HETPOTYCKAHWS W YCUIEHMsT
BOJIH, MCITYCKAEMBIX MCTOYHUKOM € YACTOTON Wy B KOHBEKTHBHO-
HeyCTONUMBOil cucreme.

BosHa ¢ KoMIieKcHbIM 3HadenneM k(wg) Tpu BEIECTBEHHOM W
yeumsaercs, ecau dyukiusa Imk(w) Mensier 3HaK npu u3MeHeHun
Imw or +oo 70 0 (pm 3amarroM Rew = wy); ecim ke Imk(w) we
MEHSIET 3HAKA, TO UMEET MECTO HENPOIyCKAHUE.

OrmernM, 9T0 TPOUCXOKJIEHUE ITOI0 KPUTEPUsT CBSI3aHO C TPe-
OboBanugvmu npuanHHOCTH. JleficTBUTE/IbHO, TTPU CKOJIb YIOJIHO ObI-
CTPOM BKJTIOYEHUU MUCTOYHUKA BO3MYIIEHUE BO BCIKOM CIydae H0JI-
JKHO YyOBIBATH 1pU T — 00 HPOCTO MOTOMY, 9TO 338 KOHEYHOE BPeMs
OHO HE MOXKET PACIHpPOCTPAHUTHCsT Ha OeckoneuHnoe paccrosinue. C
JIPYTO#l CTOPOHBI, «CKOJIb YTOJHO OBICTPOE» BKJIIOYEHUE MOKHO OCY-
mecTRUTH 1o 3akony e “! ¢ Imw — +oo. TTosTomy sicHO, 9TO BO-
HBI, yCUIBaeMble (TTpU BEIECTBEHHOM w) B TY WJIN WHYIO CTOPOHY
OT MCTOTHWKA, JIOJIKHBI 3aTyXaTh B 9Ty ¥Ke CTOPOHY mpn Imw — oo,
OTKY/Ia T BO3HWKAET C(HOPMYINPOBAHHBIN BHITIIE KPUTEPHIA.
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[Tonyuenubie pe3yabTaThl UMEIOT €Ie W JAPYTroil acleKT, M03BO-
Jisisi OTIPEJIESTUTh HalpaBJeHNe pacipOCTpaHeHWs BOJHBI B CpPEJe C
MOTJIOIEHNeM WJIn ycusienneM. B mpo3pavnoii cpeje (1. e. Korjga w u
k BemecTBeHHbI) BONPOC 0 (DU3MUECKOM HATIPABJIEHUHM PACITPOCTPAHE-
HUsI PEIIAETCst HAIIPABJIEHUEM BEKTOPa IPyHIoOBOil ckopoctu. B uact-
HOCTH, B OJJHOMEPHOM (JIy4Yae BOJHA C MMOJIOKUTEJbHBIM 3HAYEHUEM
npousBoaHOi dw/dk nBUKETCS B NOJIOKUTEIBHOM HANDPABJICHUU OCH
T, & C OTpUIATETLHBIM — B OOpaTHOM HampasjeHun. B cpeme xe
C TIOTJIOIIIEHWEM WJIM YCUJEHWEeM MOYKHO yTBEPKIATH, 9TO B IMOJIO-
JKUTEJILHOM HalpPaBJIEHNN PACTPOCTPAHSAIOTCS BOJIHBI TPyNbl ki, a
B oTpunarenbHoM — rpynnbl k. B ciydae BemecTBeHHBIX w U k
sta obmmas GpopMyInpOBKa COBHAIAET ¢ npexueit. Jleficteurensmo,
MaJIble M3MEHEHN w U k CBA3AHBI APYT C APYTOM COOTHOTIIIEHUEM

_ dw
dw/dk’

Orcrofia BUJIHO, 94TO €GN y W MOABJISeTCsl MEUMAash 9acTh lmw > 0,
TO k CMEm@AeTcss B BEPXHIOK NOAyNJI0CKOCTh npu dw/dk > 0 u B
HU2KHIOIO B 0OPATHOM CJlydae.

B kagecTBe mpocroro mpumepa NpPUMEHEHUs] KPUTEPUEB, MOJIy-
YEHHBIX B 9TOM U HPEIbIayIeM naparpadax, paccMOTpuM HEyCTON-
YUBOCTDH XOJIOJHOIO IIy9Ka JEKTPOHOB B XOJO0HOM Ij1a3Me, O KOTO-
poit nuia peusb B § 61. Jlucnepcuonnoe ypaBHeHUE ITON CHCTEMbI:

Q2 E
ey e —1 .
w? + (w—kV)? (63.8)

(em. (61.6); asist BOJIH, PACHIPOCTPAHSIIONIMXCS B HANPABJICHUY 11y KA,
kV =£V). Kopru k(w) roro ypasrenns npu |w| — oo umeior sus ')
w+Q
v
ITpu Imw — oc 06a KOpHs J€xKAT B 0JHOI 1 TOMH ke (BepxHeii) 1o-
JIYTIZIOCKOCTH, T. €. 00a KOpHST OTHOCATCS K Kateropnn k4 (w). Oun He
MOTYT, CJIJIOBATEIHLHO, MPU CBOEM TepeMenteHnn (TIpu yMeHbITeHnn
Im w) 3axarh k-KOHTYD, TAK 9TO HEYCTONYUBOCTH — KOHBEKTUBHAS.
Acumnrorrnaeckoe moBejieHne CO3JJAHHOTO B HAYAJIBHBIT MOMEHT BO3-
MYIEeHUsT OIPeessdercs 9actoroii w = (g, BOIM3U KOTOPO#t KOpHU
ypaBuenus (63.8) crpeMsTest K 00 10 3aKOHY

2 0

2V2(w — Q)
Takum obpazom, npu £ — 00 OT BO3MYIIEHUsI OCTAIOTCs JIUIb HE3a-

TYXAIOIIUE [1JIA3MEHHbBIE BOJIHBI.

k= (63.9)

(63.10)

b Ormernm, aro (63.9) coBnazaeT ¢ AUCIEPCHOHHBIM yPABHEHUEM ITy9Ka Ca-
MOro 1o cebe, Kak ecjan Obl HEMOABMKHON T1/1a3Mbl BOODIIE HE ObLIO.
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ITpu BerecTBeHHbIX 3HaUeHNsIX w < ), ypasHenue (63.8) nveer
JIBA KOMILIEKCHO-CONPSZKeHHbIX KOpHs k(w). Tor w3 Hux, y KoTO-
poro Imk(w) < 0, nonana B HUKHIOK MOIYIJIOCKOCTh W3 BEPXHEN.
Takum 06pazom, TpW PACTPOCTPAHEHNN BOJTH OT MCTOYHWKA C da-
croToit wy < ) mpoucxoauT WX ycujieHue B Hanpasjiedauu x > 0,
T. €. «BHU3 110 TEUYEHUTIO» Iy IKA.

§ 64. HeycroiiunBocTh mipu cJjiaboii cBa3u
JBYX BeTBell cneKTpa KoJiebaHmii

ITpumennm pazsuteiit 8 § 62, 63 001mmit METOJ| K UCCIE0BAHUIO
HEYCTONYMBOCTH, BOBHUKAIONIEH Osaromaps «B3auMOAefCTBUIO» KO-
siebanuii ¢ O/IM3KUMU 3HAYEHUAMU W U k, OTHOCAIIMXCA K IBYM BeT-
BAM KOJIEOATEILHOIO CIEKTPa 0€3/IuCCUIaTuBHOM CUCTEMbI; 1101 0e3-
JIMCCUTIATUBHOCTHIO MOAPA3YMEBACTCS 3/1€Ch OTCYTCTBUE KAK MCTUH-
HOHl jquccunanuu, Tak u 3aryxaHus Jlanjgay.

Ecan 661 age BerBu w = wi(k) n w = wa(k) ObuM MOJIHOCTHIO
HE3ABUCUMBI, TO 3TO 3HAYUIO Obl, UTO JUCIEPCUOHHOE yDABHEHUE
pacrajiaeTcst Ha JBa MHOXKWTES:

[w— w1 (k)][w — wa(k)] = 0. (64.1)

B6uu3u Touku nepecedennst takux serseil dyukunu wi(k) n wa(k)
nMenn Obl B OOIIEM CIydae BUT

w1 (k) = Wy + V1 (k — ko),
w2(k) = Wy + UQ(k — ko),

rJe U1, ¥2  HEKOTOPbIE MOCTOsHHbIE, a Wy u ko 3HaveHus (Berie-
crBernble!) w u k B TOUYKE TepeceveHms.

Takoit cirygaii, oiHaKO, BOObIIE roBopst, Hepeasen. CBa3b MEXK Ty
JIByMsl BETBIMU MOIJIA Obl CITPOrO OTCYTCTBOBATL, B JIyUIIEM CJLy-
Jae, IPU KAKUX-TO CHEHMU(PUICCKUX ZHAYEHUSX [MAPAMETPOB CUCTE-

Mbl, HO HOSIBUJIACH Obl y2K€ IIPU MaJIeHIIeM UX U3MEHEHUN 1. st o1-
PakeHuUs PEAJLHON CUTyalluy HAJIO TIODTOMY yUIeCTh Hajmaue c;1aboit
cBsizu Mexky BerBsMu. OHa MPOSIBJSIETCsT B 3aMEHe HYyJIsl B [IPABOA
yactu ypasuenus (64.1) Ha HEKOTOPYIO MaJjyio Beqmuuny €. Torga
JIUCTIEPCUOHHOE ypaBHEHne BOIN3M 9TON TOUKNA MPUMET BU]L

[w—wo —v1(k — ko)][w — wo — va(k — ko)] = €. (64.3)

(64.2)

) Mcxkmodenue coCTaBnsior Coydad, KOLa B3aUMOIEHCTBUE OTCYTCTBYeT B
cuiry TpeOOBAHUMI CHMMETPHM, HAIPUMED, €CIN OJIHA BETBb OTHOCHTCS K IIPO-
JIOJTBHBIM, & Apyras K IOMEPEYHBIM BOTHAM B M30TPOIHON cpeje. IIocKOmbKyY
B I/I3OTpOHHOﬁ cpeae HpO,Z[OI[BH})II‘/)I TOK HE MOXKET MHAYIUPOBATH IOTIEPEIHOE T10-
Jie 1 Ha06OPOT, TO TAKME BOJHBI HE B3auMoeicTBYIOT Apyr ¢ Apyrom. Curyamms
37eCh aHAJIOTMYHA TOW, KOTOPAs MMEET MEeCTO B KBAHTOBON MEXaHUKe JI/Isl Tepe-
cedenunst TepMOB pasamaHoii cummverpun (em. 111 § 79).
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FEro pemmenne oTHOCHTENHHO W:
(k) =wo = H{(01+02) (k—Fo) £ [(k—ko)? (11 —v2)?+4c] 112}, (64.4)
a OTHOCUTEJIBHO k:

1
k(w) B ko o 20109

X {(v1 +v2)(w — wp) £ [(w — wp)?(v1 — v2)? + devivg] 12}, (64.5)

Hanwaue cBsi3m MeXK 1y BETBSIMI CIBUTAET TOYKY WX MTE€PECedeH st
B KOMTIJIEKCHYIO 00/1acTh. 3aBncnmoctn ke w(k) /15T BemecTBeHHbBIX
w n k MMeT pazindHbIil XapaKTep B 3aBUCHMOCTH OT 3HAKa MOCTO-
STHHOW € M OTHOCUTEILHOTO 3HAKA MOCTOSTHHBIX U] W V9. DTH 3aBUCH-
MocTu n300parkeHbl HA PUC. 23 Jijisd CJIEAYIONIMX CIyYaeB:

a) €>0, vyue >0, 6) ¢ >0, vyvy <0,

6) €<0, vvg >0, 2) <0, vyvy <O.
Paccmorpum 911 ciiydan nmoodepeHo.

a) Baecs dynkuun w(k) BewecrBeHHbl NpU BCeX (BEIIECTBEH-

HBIX) k, Tak 9TO crcreMa ycroitunia. BemmecTsenubl Takyke byHKIMHN
k(w) upm Bcex w, Tak 4TO

X

(64.6)

NPU BCEX W BOJHBI PACHPO- s ,
CTPAHSIOTCA HE yCUJTUBASACD. j

6) @yukunu w(k) Be- 7/
HMIeCTBEHHb 1Ipu  Beex K, >~y
TaK 4TO CUCTEMA YCTONYu- / \E:’fﬂ
Ba. Qynkinn xe k(w) KoM- e
TJIEKCHBI B 00JIACTH 9acTOT /

(w — w0)2 < M w-wg

(v1 — v2)? 2
(64.7) /

Beuay ycroiiunsoctu cucre- . /
MBI, B 9TOH 06slacT mMeeT N
MECTO HEeIPOIyCKAHUE. / ~eko

6) Ilpn //

(k — k0)2 < Ale]

(v1 — v2)?

(64 8) Puc. 23
dbyuxmmm w(k) KoMIIeKCHBI, TprdeM jiis ofHoi n3 vux Imw(k) > 0,
T. €. UMEET MECTO HEYCTONYMBOCTh. JTa HEYCTONIMBOCTH — KOHBEK-
THUBHAS; JEfiCTBUTENBHO, TIPH |w| — o¢ KOpHHU k(w) MME0T Bu

Ex~Y, kx® (64.9)
U1 V2

n pu Imw — oo 0b6a JiexkaT B OHON W TOil Ke TOIYTIIOCKOCTH K.
IIycts vy, v9 > 0; Torma 3Ta MOMYTIOCKOCTH — BEPXHSIST W KOPHU
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orHOCATCs K Kareropun ki (w). [Tpu BemecTBeHHBIX ke w B 006J1aCTH
(64.7) xopuu k(w) cOCTABIAIOT 1APY KOMILJIEKCHO-COLPSZKEHHBIX Be-
qmans. Tor w3 Hux, st Koroporo Im k(w) < 0, meperes n3 BepxHeii
MOJTYTIIOCKOCTH B HIKHIOW. Crie1oBareabo, B mosoce 9actor (64.7)
MMeeT MeCTO YCUJIeHNe BOJIH, PACITPOCTPAHAIONINXCS B HATPABIECHUT
z > 0.

JIerko TakyKe HAWTW I 3TOTO CIy9ast OMPEETEHHYT0, COTIACHO
(62.14), «rpynmoByI0 CKOPOCTH» BOJIH — CKOPOCTH CHCTEMbBI OTCUETa,
B KOTOPO#i MMeeT MecTo abCOTI0THAs HEYCTOWIUBOCTh C MaKCHMaJIb-
HBIM nHKpemerToM. [Tpomnddepernnnposas ypaeuenue (64.3) no k
u nojcrasus, cornacho (62.13), (62.14), dw/dk =V, nonyuum

V —u :wfwofvl(kfko). (64.10)
V—U2 w—u)()—vz(k—ko)
TTocKOIBKY JIeBast 9aCTh 3TOTO PABEHCTBA, BEIIECTBEHHA, TO JOJIKHA
OBITH BEIIECTBEHHON (TP KOMILJIEKCHOM W) TaKyKe W TpaBas 4acTh.
U3 sroro yenoust naxoaum, uto k = kg, nocue dero u3 (64.10) na-
XOJMM CKOPOCTh

v="ntn (64.11)
2 ’
a n3 (64.3) — COOTBETCTBYIOIINI MAKCUMAIHHBII WHKPEMEHT
(Im W) max = |e]/2. (64.12)

2) @yukinn k(w) BeIECTBEHHBI TIPU BCeX (BEIIECTBEHHBIX) W,
Ho dyukunu w(k) kommuekcHsl B obsactu (64.8), Tak uro cucrema
meycroituua. s BeigCHeHUS XapakTepa 9TOi HEeyCTONYnBOCTH 3a-
MedaeM, 910 coracho (64.9) (mpw pasaMyHBIX 3HAKAX U U U9) TIPH
Imw — 0o kopuu k(w) J1€KaT B PA3JIUYHBIX HOJYIIOCKOCTSX. DTH
JIBA KODHsI UMEIOT TOYKY CJMsiHUSI B BEPXHEH MOy JIOCKOCTH W TIPU

. \/V1V2€
W=w,=wy+ 21— (64.13)

o1 — v
D10 3HAYMT, YTO HEYCTONYMBOCTH  abCOIIOTHAsI, ¢ MHKPEMEHTOM
Imw,. Ilpn v1 = —vg, 9TO COOTBETCTBYET KAPTHHE BO3MYIIEHWS B

cucTeMe OTcYeTa, JIBUXKYIIEHcs co ckopocThio (64.11), wHkpemeHT
JIOCTUraeT MaKCUMaIbHOrO 3Hadenus (64.12).

Bamgaga

BbIgCHUTD XapaKkTep HEYCTONYIMBOCTH HU3KOIACTOTHBIX (W ~ Wp;) «MeJIeH-
HbIX» (W/k < €) MONEPEYHBbIX IEKTPOMATHUTHBIX BOJIH, PACIPOCTPAHSIOINXCS
B HATPABJICHUU TIOCTOSHHOTO MATHUTHOTO TOJIs B XOJIOAHONW MATHUTOAKTHBHON
Tj1a3Me; BJ0JIb TOTO K€ HallPpABJICHUA Yepe3 IJIa3My JABUKETCHA XOJ'[O'Z[HBII‘/’I IIYy4Y0K
JIEKTPOHOB MaJIOHN MJIOTHOCTU.

Pemenue JngacocraBnenns JUCIIEPCHOHHOTO YPABHEHUS THIIEM €r0
CHAYasIa C y9eTOM JIMIIb JEKTPOHOB TyYKa B CHCTEMe OTCYUeTa, TJe TTyY0K T0-
xourcst. Cornacuo (56.9) umeem B 910it cucreme:

12
QL w

2 2 2
ke —w' = ——
w =+ wRe
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rze €. — naasMeHHasi 4acToTa, OTBeYaoman MI0THOCTH yYka. [Ipu Bo3spailie-
HUHU K Ja00paTOPHOI CHCTeMe OTCYeTa, B KOTOPOH MyYOK ABUIKETCS CO CKOPO-

crbio V (Baosb KOTOPOI HAanpasJsieM OCh &), B IPAaBOI 9acTh PaBeHCTBA HAJO

3aMeHnTh w — w — kV; pasnocTs xe k’c? — w? MHBAPMAHTHA MO OTHOMIEHHIO K

M3MEHEHUIO CUCTEeMBbI OTcueTa. /lobaBuB Teneps B 1a00PATOPHON CUCTEME UJIEHBI,
CBSI3aHHBIE C IEKTPOHAMU M MOHAMU IJIA3MBbl, [TOJIYIHM

k202 _ U.)2 _ Qg(w — kV) _ UJQj _ UJQ?

w—kV £wpe w=* wBe wTF wai

IIpene6peras 371ech (B COOTBETCTBHM € yCJIOBUAME 3aa91) W MO CPABHEHMUIO ¢ ck
2 2
M C WBe W 3AMETUB TAKXKe, 4T0 —— = —— [IPUBEJIEM JUCITEPCUOHHOE ypaBHeHue
WBe WBi
K BUILY

2 2
Qiw

k22
P R
wgi(wpi Fw)

(w—EkV £wp.) = Q2 (w — kV). (1)

IlepBblii MHOXKUTETb B JIEBOH YACTU ypaBHEHUS OTBEYAET <«OCHOBHOW», a BTO-
pPOit — IMyYKOBOI BeTBH CHEKTpPa KojlebaHMil; TpaBasi 9aCTh OMUCHIBAET «B3AUMO-
JIeNCTBUE» ITUX BETBEI.

®
WpB;f S5 ©
/ WBe
k h
—0Be k
Puc. 24 Puc. 25

TIpm BepxHux 3Hakax B (1) 3aKOHBI IMCTIEPCUM IBYX HE3aBUCHMMBIX BETBE
[OKAa3aHbI HA PUC. 24 CIUIOMIHBIMY JTHHUAME (KaK BCEraa, JOCTATOYHO PACCMATDH-
BaTh sk BetBr ¢ w > (). B6um3n Toukm wo, ko WX mepecedenns pasioKenne
ypasraerns (1) mmeer Bum

koc” |k — ko — L0

0 12
[UJ — Wwo — V(k — k‘(])] = Qe WBe
U1
C TIOJIOXKUTENBHBIM (KaK 9TO sICHO W3 HAKJIOHA KpWBBIX Ha puc. 24) ko3addn-
unentom vi. Cpasuenme ¢ (64.3) moxaseiBaer, 9TO mMeeT MeCTO Ciaydail 6 —
KOHBEKTUBHAs HEYCTONYNBOCTH (HA PUC. 24 MITPUXOBBIMY JIMHUSAMHY [TOKA3AH X0
BeTBeH CreKTpa ¢ yIeTOM WX B3anMOJeHCTBHs ).
Ananornanbie rpadukn npu HuKHEAX 3HaKax B (1) mokazamer mHa puc. 25.
B6sm3u Toukm mepecevenns: JUCHEPCHOHHOE YPABHEHME NMeEET BUI
2 W — Wo 2
2koc” |k —ko+ ——— | [w —wo — V(k — ko)] = —Q. wBe,
U1
rige caoa v1 > (. Teneps mmeer mecro ciaydait 2 — abcoyiroTHAs HEYCTOWYIM-
BOCTH (MMeIOIIeecss B 3TOM CJIy4Yae BTOPOE IepPEecedeHne MPOUCXOINT, KAK BHJIHO
M3 PUCYHKA, PN W 2 WRe, YTO NPOTUBOPEYNT YCIOBUSIM 3a/1a4H1).
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§ 65. HeycToitynBOCTH KOHEYHBIX CUCTEM

Bes nznoxennas B § 61-63 Teopust oTHOCHIACH K OTHOPOIHBIM
cpefam, OECKOHETHO TPOTSIYKEHHBIM TI0 KpaifHeil Mepe B OJHOM Ha-
npasiaennn (ock x). [Ipu mpuMeHeHnn K peajibHbIM OMpaHUYeHHbBIM
CHUCTeMaM 9TO 3HAYUT, UTO Tiperedperaercs sddexramu, CBA3aAHHbBI-
MW C OTPAYKEHNEM BOJIH OT TPAHUIL, APYTUMU CIOBAMU, TAKAT TEOPUSI
OTPAHWYEHA BPEMEHAMU TIOPSIIKA BETMINHBI BDEMEHU PACITPOCTPAHE-
HUsI BO3MYIIEHUS 110 JIJINHE CUCTEMBbI.

Paccmorpum Teneps Bompoc 06 yeroitauBocTr B 00paTHOi cuTya-
MU, KOTJIa KOHEYHOCTH CUCTEMbI CYIIIECTBEHHA U CIIEKTP ee COOCTBEH-
HBIX KOJIe0aHUIT ONpeJesisieTcsl TPAHUIHBIMU YCJIOBUSIMU HA KOHIIAX
(Ipu 9TOM MBI O-TIPEZKHEMY OIDAHUUUBAECMCS OJHOMEPHBIM CJIyYa-
em; JJINHY CHCTeMbl BJIOIL ocu  o0o3Haunm depe3 L). CrekTp ua-
CTOT KOHETHOW CHCTEMBI IWUCKPETEH, M, eCIW XOTs OBl oaHa n3 co0-
CTBEHHBIX YACTOT WMEET TOJIOKUTETHHYI0 MHUMYIO 9aCTh, CHCTEMA
HeycroitunBa. Paznumuane mexay caydasmu abCOMIOTHON W KOHBEK-
TUBHOW HEYCTOMYNBOCTU TepseT 374eCh CMBIC.

Takum o06pa3om, BOMPOC O BBISICHEHUNW YCTONYUBOCTH WJIN
HEYCTOWYINBOCTH KOHEYHOW CHUCTEMBI HSKBUBAJEHTEH BOIMPOCY O Ha-
XOXKJIEHNU CIIeKTpa ee (KOMILJIEKCHBIX) COOCTBEHHBIX 4acToT. Jlnc-
[IEPCUOHHOE YPABHEHUE, OMPEJIEJISIONIee 9TU 9acTOThl, MOXKeT ObITh
YCTAHOBJIEHO B ODOIIEM BHJIE JIJIsl CHCTEMbI XOTsl U KOHEYHBIX, HO JIO-
crarouno 6osbumx pasmepos L: Im |k| - L > 1 (A.I Kyaukoscxudi,
1966).

Mycrs k(w)  pemrenust AUCIEPCUOHHOIO yDABHEHUs] HEOIDAHU-
YEeHHOM CPeJIbl; BETBU 9TOM MHOTO3HATHON (DYHKITUU CHOBA Pasz0dbeM
Ha ase kareropun, ki (w) u k_(w), onpenenennnie B § 63. CobcrBen-
HbIe KOJIeOAHUsI KOHEYHOW CHCTEMbl MOYXKHO PACCMATPUBATH KAK Pe-
BYJIBTAT HAJIOXKEHUsI OEryIIX BOJH, OTPAYKEHHBIX OT JBYX €€ I'DAHMI]

(B cpese 6e3 moryonieHust U yCUJIEHUS 9TO

ObL1u Ob1 00bIYHBIE CTOsTUne BosiHb). OTpa-

JKeHMe COIMPOBOXKAETCsI, BOODIIE TOBOPS,

B3aUMHBIM IIPEBPAIEHUEM BOJIH, OTHOCS-
x UIUXCs K Pa3/IMIHbIM BeTBAM criekTpa. [lo-

9rOMYy Oeryiasi BOJHA 33/ JaHHOM 9acTOThI

IpeJICTaBJIsieT CODON CYNepHO3UIIUI0 BCEX

perBeit. Ho Bmamm or rpaHuil OCHOBHO

BKJIAJ] B KAXK/IyI0 BOJIHY JIaeT JIUIIb OJUH

Puc. 26 u3 4WieHoB cynepnosunuu. Tak, Jjisi BOJI-
HbI, PACIpPOCTpaHsiomeiics or jesoi rpanunp, © = 0 (puc. 26), B
[OJIOKUTEJIbHOM HANPABIEHUN OCH T aCUMIITOTUIECKOE BHIPAYKEHUE
BJIAJIM OT 9TON IPAHUIBI UMEeT BUJ

1 = aexp {i[ks(w)z — wt]}, (65.1)

npuueMm B kadecrsBe ky(w) Jo/pKHAa ObITh BbIOpaHa Ta U3 BeTBEil

ANNNNNNNIE

k+
—_ >
-
k_

I NN 0o

8
I
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9TOi Kareropwuwn, st KoTopoit Imk, (w) nmeer (mpw 3agaHHOM Be-
IIECTBEHHOM w) aareGpantdeckyn HanMeHbInee 3nadenne ).
[Tocne orpazkenusi or npasoii rpanunel (x = L) BosHa pacnpo-

CTpaHdeTCd BJIEBO W Ha JOCTATOYHO OOIbIINX PacCTOAHUAX OT ITOM
I'PaHUIbI ©UMeEeT ACUMIOTOTUYECKUTI BU /I

1 = Roaexp {iky (w)L}exp {i[k_(w)(z — L) — wtl}, (65.2)

rjge k_(w)  Ta u3 Berseii 910i Kareropuu, st KoTopoit Imk_ (w)
umeer ajrebpanyecku nHaubosibinee 3uadenne. Kosddurment xe Ry
3aBUCUAT OT 3aKOHA TpaHcOpPMAalUM BOJH HA JIAHHON KOHKPETHO
rpaHure.

Hakowern, nocie BToporo orpaxenwsi — HA 9TOT Pa3 OT JIEBOi
rPAHUIBI  CHOBA MOJIYYUM BOJIHY, PACHPOCTPAHSIONLYIOCS BIIPABO:

) = Ry Ryae'F+ k)L gilkpz—wl) (65.3)

Beuay ogrosnaunoctn 1)(t, ) Beipaskenne (65.3) 10JKHO COBNAIATH
¢ (65.1). Orcroga HAXOAUM PABEHCTBO

RiRyexp{i[ky(w) — k_(w)]L} = 1. (65.4)

OHO onpejiesisier CIeKTP YacTOT W KOHEYHOW CUCTEMBI, T. €. sIBIeTCsl
ee JINCIIEPCUOHHBIM yDABHEHUEM.
B3gas Momaysib or 0benx dacreit TOr0 ypaBHEHUs, UMEEM

|Ry R exp {—Im (k, — k_)L} = 1. (65.5)

ITpm L — oo 9KCTIOHEHTTMATBLHBIN MHOYKATETH CTPeMUTCS K () I K 00
(B 3aBucumocT or 3Haka pasHoctw Im(ky — k_)). Tlosromy st
JOCTATOYHO JUIMHHBIX CUCTEM PaBeHCTBO (65.5) BO3BMOXKHO TOJIBKO,
ecjin

Im [y (w) — k_(w)] = 0. (65.6)

Taxknm obpazom, B 9TOM Ciiyvae JUCTIEPCUOHHOE yPaBHEHWE CBOINTCS
K BUJLY, 3aBUCAIIEMY TOJIBKO OT CBOHCTE CPeJibl CaMoil 110 cebe u He
BABUCSIIEMY OT KOHKPETHOIO XapakTepa YCJIOBUI HA €e IPAHUIAX.
Ypasuenue (65.6) onpeaesnsier HEKOTOPYIO KPUBYIO HA ILIOCKOCTH W)
Ha 9TON KPUBOIi JiexkaT O4YeHb OJM3KWe Apyr K apyry (mpu 60Jib-
mmx L) auckpernbie coOCTBEHHBbIE 4acTOThl. EC/n 3Ta KpuBasi XOTs
Obl YACTUYHO JIEXKUT B BEPXHEH TOIYILIOCKOCTH — CUCTEMa HEYCTOd-
unBa. B ¢Bsizu ¢ TeM, UTO 3Ta HEYCTOHUUBOCTH OOYCJIABIUBAETCSI
CBOMICTBAMU CUCTEMBI B [I€JIOM, €€ HA3BIBAIOT 2400a45HO.

') To ectb 570 HAMMeHbIIEE HOIOKUTEILHOE 3HAYCHHE, ecau Bee Im Ky (w) >
> 0, unu ke HaubosbIIee 10 aOCOMIOTHON BeJUYHHE OTPUIATENTBHOE 3HAYCHHE,
€c/m CymecTByIOT BETBH, A1t KOTopbix Im k4 (w) < 0. B nepsom cayuae (65.1) —
HauMeHee GBICTPO 3aTyxaolas (¢ pacCTOSHUEM I) BOJIHA, a BO BIODOM  HawW-
0oJiee OBICTPO YCHUIIMBAIOIIASICS .
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Crenaem ere HECKOJIHPKO 3aMevaHuil o0 CBA3W T1I00aIbHOI
HEYCTONYINBOCTH KOHEYHO! CHCTEMBI C HEYCTONYINBOCTHIO HECKOHEY-
noit cpeanl. Ilpexke Bcero, Jierko BHUIETH, YTO TPW HAJUYUHU TJIO-
6aIbHO HeyCTOWYNBOCTH DECKOHeYHas CHCTEeMa, 3aBEJOMO HEYCTOM-
YMBa: CYNIECTBYIOT TaKWe BEIeCTBEHHbIe 3HAYUEHNUS k, JJIsT KOTOPBIX
Imw(k) > 0. [deiicreurensro, no onpeaenennio dbyurunit ki (w) n
k_ (w) nx 3navennst mpu Imw — 00 J1esKaT B PA3IMIHBIX TOIYTLIOC-
koctax k. Yenosue xe (65.6) o3nadaer, 4To N0 Mepe yMEHbIIEHUs
Imw roukn ky(w) n k_(w) MOTYT MOMACTH B OIHY ¥ Ty YK€ TOJIYTLIOC-
KOCTb, npudem (B caydae rao6anbHOl HEyCTORIMBOCTH) 3TO MPOUC-
xoauT eme mpu Imw > 0. CregosarensHo, emle panbiie (T. €. 3aBe-
oMo pu Imw > 0) no kpaiineit Mmepe oJjHa U3 ITUX TOYEK Mepeceder
BEIIECTBEHHYIO OCh, UTO W TPEOOBAJIOCH.

O6parHoe yTBep:K/IeHNe CIPABEIINBO, OJHAKO, JIUITH 1151 abCo-
JIOTHOI (HO He KOHBEKTHBHOI) HEYCTOWIHBOCTH OECKOHETHOI Cpe-
JIbl: HAJIMYne abCOTIOTHOW HEeyCTOWYMBOCTH JIOCTATOYHO JIJIsT CyTIie-
CTBOBAaHUS TaKKe W IJI00AILHOI HEyCTOWYNBOCTH KOHEYHON CHCTe-
MbI. eficTBUTEILHO, yCI0BUE aOCOMIIOTHON HEYCTONINBOCTH COCTOUT
B CyIIECTBOBAHUYM TOYKHM BeTBIeHUst dyHKrinn k(w) mpu Imw > 0,
MPUYEM CJIMBAIOIINECS BETBU OTHOCSTCS K KareropusiMm ki n k_; B
TaKOi TOYKE 3aBEJIOMO BBIIIOJIHACTCs TakKe u ycsaosue (65.6).

KonBekTusHO ke HeyCcTOUMBas cpejia IPY HAJIMYUKY I'PAHUL, MO-
2KeT OKa3aThCd KaK HEyCTOWYMBOI, TaK U yCTONYMBOMA.



r1ABA VII

JANDJIEKTPUKN

§ 66. BzanmogeiicrBue (bOHOHOB

Dusuueckas OPUPOJA KUHETUYECKUX sIBJCHUI (TerionpoBoj-
HOCTB, 3JIEKTPOMTPOBOJHOCTH) B ra3ax COCTOUT B MPOIECCaX TMePeHoca,
OCYIIIECTB/ISIEMOTO TETLJIOBBIM JBUKEHUEM YACTHUIl Ta3a; B KHHETUIe-
CKUX SIBJIEHUSIX B TBEPJBIX TeJaX POJib YaCTHUI] EPEXOJUT K KBa-
guuacruraMm. [lpucrynasg K u3ydeHUIo 9TUX sBJEHWU, Mbl HAYHEM
¢ TEIJIONPOBOJHOCTH HEMAIHUTHBIX JIn31eKTpukoB. CpaBHUTE/IbHASI
NpocToTa (PUNIECKON KAPTUHBL 3TOTO sIBJICHUS, 110 CPDABHEHUTO ¢ KU-
HETUYECKUMU [POIECCAME B JIPYIUX TUIAX TBEPJIbIX TEJ, CBA3aHA C
TeM, 9TO 3/1eCh (PUTYPUPYIOT KBAZUUYACTHUIIBI JIUIIbL OJHOIO COPTA
PoHOHDL.

Hanomuuwm (cm. V, § 72), uro npeacrasienue o0 cBo60HbIX (POHO-
HaX BO3HUKAET B PE3yJIbTaTe KBAHTOBAHUsI KOJEOATEIBHOIO JIBUXKE-
HUsI aTOMOB B KPUCTAJJIMYECKON PEIIeTKEe B FAPMOHUYECKOM IIPU-
OJIMKEHUU, T. €. C YYeTOM JIUIIb KBAJIPATUYHBIX ([0 CMENIeHUsIM
ATOMORB) YJIEHOB B TaMWJIbTOHMaHE. PasjndHble JKe TpPOIecchl B3a-
UMOJIEHCTBUST (DOHOHOB BO3HMKAIOT HPHU YUeTe UJIEHOB CJIEyIOIIUX
MOPSIJIKOB MaJIOCTH AHTAPDMOHMYECKUX YJIEHOB TPEThEro u T. JI.

HOPSJIKOB 0 CMEIIEHHIM | ).
[lepsbie anrapMmonuveckue wienbl  KyOudeckme B Kjaccude-
CKOIl 9HEPIUM peleTKN MMEIOT BU/1

H® = é D AN (ni - mg,mg — m3)Ua (1) Uy, 5(n2) U (ma).
(ns)

(66.1)
Baecs Ug(n)  BeKTOpBI CMeleHust ATOMOB B pemierke; «, 3, v
BEKTOPHBIE WH/IEKCHI, TPOOeraromme 3Ha4enus &, y, 2; S1, S2, S3  HO-
Mepa aTOMOB B 3/IeMEHTapHO! d4elike; Ny, Ng, N3 L[EJ04YUCIeHHbIe
«BEKTODbI», OLPeAeIMIONIne MOJ0XKeHne da4efiKn B peleTke; CUMBOJI
(ns) 10/ 3HAKOM CyMMbI O3HAYAET, YTO CyMMUPOBAHUE TIPOU3BOIUT-
Cs 110 BCEM N U 110 BCEM S; BBUJLY OJHOPOJHOCTU KpuCTa/Ia (DyHK-
uuu A 3aBHCAT TOJBKO OT B3aUMHBIX PACCTOSIHUN N| — N3, Ny — N3
MEXKIy suefikaMu, HO He OT uX aDCOJIOTHBIX MOJI0YKEHUN B PEIIeTKe.

') HeoGx0aMMOCTh yHueTa aHrapMOHUYHOCT] KOIeGAHNH aTOMOB B PEIIeTKE I1pH
PACCMOTPEHUH TEMJIONPOBOAHOCTH KPUCTAJIA ObLIa BIEpBbIE yKazana Jebaem
(P. Debye, 1914) n Boprom (M. Born, 1914).
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BropruHO-KBaHTOBAHHBIN TAMUIBTOHWAH MOJYYaeTCsi T10/CTa-
HOBKO#T B (66.1) BMecro BekTOpoB cmewienuii oneparopos Usg(n),
BBIDAKEHHBIX Y€Pe3 OTePaTOPhl POKIEHWs /C\ltg T YHUITOXKEHNST Cig

dononos copra (1. e. BerBU (HPOHOHHOrO CHEKTPA) g U € KBABMUM-
nyabcom k dopmy.ioit

U, (n) Y [2MNw, (k)] /% x
gk

x {Cigel® (k)e™ ™ + 7l elB) (ke 1, (66.2)

rae N umcio gueek B pemierke, M cymMMapHasi Macca aToMOB B
stuedike, egg)(k) BEKTODPbI Hosspusaiun GoHOHOB, wg (k)  smep-

rust poroma copra g ). TIpn moacTaHOBKe BO3HWKAIOT WJIEHEI, COIED-
JKAIINE OIEePATOPBl ¢ U ¢ T B Pa3IMYHBIX KOMOMHAIUSAX 110 TPU. DTH
YJIEHBI OTMCHIBAIOT TTPOIECCH C y9acTHeM Tpex (hOHOHOB: MPON3BE/Ie-
HUA BUuJa ¢ T¢ ¢ pacmag oguoro bOHOHA Ha JBa, a IPOU3BEIeHUs
BUJIa C T CC — CAMSIHIE IBYX CTAJTKMBAIOMINXCA (DOHOHOB B OIMH (tIe-
HEBI JKe CCC 1 ¢ T¢T¢ T oTRewaroT mporeccaM, 3ampeeHHbIM 3aKOHOM
COXPAHEHWsI SHEPTH).

Harnmmem, manpuMep, waenbl, oTeedaiomme pacrnamy (hOoHOHa
(kig1) ma gma donona (koge) n (ksgs). Iepeitas B (66.1) or cywm-
MUPOBAHWSA TI0 Ny, No, N3 K CYMMUPOBAHWIO TI0 V| = Ny — N3, Vg =
= ny — N3, N3 HaNUIIIEM 3T YjeHbl B BUJe

~3) aeterd
L

rae
Q= (2M)73? x
X Z Af’él;;s?’ vy, 1/2)6’10[6’;’3637 exp {'i(klrul — kory, }a (664)

/C\] = /C\k]g]a w1 = wgl (k])u €] = e‘(ggl;l)(k])u

B (66.3) BbIgeIeH 9KCTIOHEHIIMAIBHBIT MHOXKWUTE/Ib, 3aBUCSIINIT
0T abCOMIOTHOTO TIOMIOKEHNST N3 TIEHKN B PETTeTKe. CyMMHpOBaHI/Ie
3TOTO MHOKHUTeJIs 1o Beem ng gaet N, ecim ki —ko — k3 cosnaaer ¢
KaKMM-TTHO0 TTeProIoM 0OpaTHO perneTkn b, min Hy/ib B TPOTHBHOM
coydae. [Tosromy

B _ Cicy ey
Hiaen = Qs s rais) 7 (66.5)

1 . . . .
) B aroit ruiase MOJIB3YEeMCst CHCTEeMOM euunLl, B KoTopoit i = 1. B a1oit cucre-
Me Pa3MEepPHOCTHU WMITY/IbCa M BOJTHOBOTO BEKTOPA COBIAIAIOT; TO K€ OTHOCUTCS
K Pa3MepHOCTSIM HEPIUU U 9aCTOTHI.
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NpUYeM KBA3UUMITYIHCHI (DOHOHOB YAOBIETBOPSIOT 3aKOHY COXPaHe-
HUS

k, = ko + k3 + b. (66.6)

Yenosue (66.6) ciepyer paccMaTpuBaTh Kak ypaBHeHWe, OTpejie-
JIATOIIee 3HAYEHNe, CKaYKeM, KBa3UMMITYIhca Ky, M0 3aJaHHBIM 3HA-
gerusm ki n ko. Ilpm sTom mHamo 6Gpars 3uavenus: k; n ko BHYTPH
HEKOTOPOU BBIOPAHHOM OHON 3jIeMEHTAPHON sueiiku 0OpaTHOil pe-
merku (3ak/aroudaroneii B cebe Bce GU3NIECKH PA3JINIHbIE 3HAYEHMS]
KBa3UMMITYJIbCA) W CIeUTh 3a TeM, 9To0bl u K3 TOXKe 0Ka3aJoch
B 3100t stuetike. [locienmee ycioBme ompesesnsier HEOOXOANMOE 3HA-
gennit b B (66.6), nmpuuem opHO3HAYHBIM 00pasoMm. JleiicTBUTENH-
HO, ecan nipn 3aaHubixX ki, ko, b Bektop ki mexxuT B BRIOpaHHOI
saeiike, To Ji00oe maMenernne b 3aBemomMo BRIBeI0 OB k3 M3 3TOI
sraeiikn. TIporeccwl (B ganHOoM caydyae — pacnaj hOHOHA), TIPU KO-
TOPBIX 3AKOH COXPAHEHUS] KBAZUUMITYIHCA COIAEPKUT OTJIUUIHBIN OT
HyJIsl BeKTOP b, HaszpIBaOTCH Iponeccamu ¢ nepebpocom '), B oTin-
qne 0T HopMaabHur tpoieccoB ¢ b = 0. Hajo ckazars, uro pas-
JIMUME MEXKJy 9TUMU JIByMsI KATENOPUSIMU [POLECCOB B M3BECTHOM
CMBIC/IE YCIOBHO: KaXK bl KOHKPETHBIN MPOMECC MOXKET OKAa3aThCsi
HOPMAJIBHBIM WJIK ¢ 1epedpPOCcOM B 3aBUCUMOCTU OT BbIOOPA OCHOB-
HO¥T stueiiku. CyIHIeCTBEHHO, OJIHAKO, YTO HUKAKUM BHIOOPOM HeJIb3st
obparuth b B HyJib OJHOBPEMEHHO JIJisi BCEX BO3MOYKHBIX ITPOIEC-
cos. esiecoobpazno BeiOMpaTh OCHOBHYIO sideiiKy 0OpaTHOil perer-
K1 TaK, 4r0o0bl Touka k = 0 (6eckoHeuHast JyinHA BOJIHBI) HAXOIMJIACH
B ee LeHTpe; 310 Oyjer nojgpasyMmeBarbesi Besje Huke. [Ipu takom
BBIOOPE BCEM HUBKOUACTOTHBIM (POHOHAM OTBEYAIOT MAJIbIe 3HAYCHU ST
kBasunmmyabca (k < 1/d, d — mocrosinHast pererkn), a BCe Mporec-
CBhI C yJ9aCTHeM OJHUX TOJTHKO HU3KOUACTOTHBIX (DOHOHOB SIBJIIOTCS
HopMaabHeiME 2). Bombimme ske 3nadenns kpasunvmyanca (k ~ 1/d)
OyayT OTBeYaTh KOPOTKOBOJHOBBIM (DOHOHAM C OOBINON dHEpTHEi
(mopsiika BeTMUnHBI 1ebaeBCcKoil TeMneparypo ©).

Bepremcst k nporeccy pacnaja gponona. CorsiacHo obmmM npa-
Busiam kBaHTOBOH Mexanuku (cum. III, (43.1)), BepositHoCTh pacua-
Jla, pU KOTOPOM KBA3UUMITYJIBC OJHOTO M3 JIBYX BO3HUKAOIIUX HO-
BBIX (DOHOHOB JIEXKUT B HHTEpRAJE d-ky, TaeTcst KBAIPATOM COOTRET-
CTBYIOIIIEr0 MaTPUYHOrO 3jIeMeHTa orneparopa Bo3Mmytnenusi (66.5)
coryiacao opmyJie

dW = 27|(N; — 1,Ny + 1, N3 + 1{H® | Ny, No, N3)|? x
Vd*ky
(2m)3

X (5((4)1 — Wy — wg) (667)

') Umklapp 10 HEMENKOii TepMHHOTOTHH.

2) Ecim ke, HAIPHEMeEp, BBIOPATD OCHOBHYIO f9eiiKy Tak, 4T00bl Touka k = 0
JieKaJjla B O,ZIHOfI n3 ee BepHII/IH: TO MaJIbIM 4YaCcTOTaM 6yﬂyT oTBEYaTh TaK>Ke "
OKPECTHOCTH JPYTIUX BepIIwH, BO/IM3U KOTOPHIX Kk yke He Masbl.
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rae N1 = Ny, g, N2, N3 — uncia 3anonnenns (pOHOHOB B Hadalb-
HOM COCTOSIHUY KpHCTajia. MaTpuaHbIe 3JIEMEHTHI OIEPATOPOB POXK-
JIeHUS ¥ YHUITOXKeHUsi (DOHOHOB JAtoTcsd (popMy/iamu

(N —1[¢|N) = (N|¢*|N —1) = V'N. (66.8)
B pesynbrare nosrygaem BepoOSTHOCTH pacmajga B BHUE
3
AW = wNy(Ny + 1)(N3 + 1)8(wi — wo — ws) é ’“)i, (66.9)
gy
rje
w = w(gsks, giks: giki) = ——[Q)f? (66.10)

wiwaws

(v = V/N — obbem sueiikm Kpuctammveckoii pemerkn). Taknmwm
00pa3oM, BEpPOSITHOCTDH TIPOIECCOB TPOMOPINOHAIbHA dncay Ni Ha-
JaIbHBIX (DOHOHOB B HAYAJBLHOM COCTOSTHUM KDPHUCTAJLIA, a TAKIKE
TrcaaM KOHEIHBIX (hoHOHOB (Ng + 1 m N3 + 1) B KOHETHOM COCTOSI-
nun Kpucrasa. [locieanee cBOMCTBO CBsI3aHO cO cTaTnCTUKOM Bo3e,
KOTOPO# MOAUNHSIOTCS (POHOHBI, ¥ XapaKTEPHO BOOOIIE JIsi BCEX

IIPOLIECCOB € yYACTHEM BO30HOB ).

IIpomeccom, obpaTubiM pacnajy, ABIsSeTCs «CAUdHuEe» IByX Ho-
HOHOB K9 n k3 B omua bonon k. JIerko vaiiTu, 910 UI€HBI B TAMUIH-
TOHMAHE, OTBETCTBEHHbBIE 33 JTOT NPOLECC, oTamdaiTca or (66.5)
3aMEHOI IPOM3BEICHUs C-OIePATOPOB B YUCIATEE Ha ?fL CoC3 1 3a-
menoit 2 na Q*. I[TosroMy BEPOSTHOCTL 9TOI0 IpoLecca jJaercs hop-
MyJ10it, ommyaroweiicst or (66.9) b N-MHOKUTE MY

Ak
2m)3"

dW = ’ll)NQNg(Nl + 1)(5(&)1 — Wy — (4)3) (6611)

—~~

Qyuxknum xe w 3aech u B (66.9) opunakosel. Ilocrieanee 06cToOs-
TEJIBLCTBO OTBEYaeT O0IeMy IPaBUILy: B OOPHOBCKOM HPUO/IMKEHUN
(nepBoe npubJsinKeHue Teopun BO3MYIIEHUIT) BEPOATHOCTH MPSIMOTO
1 06PATHOTO 3JEMEHTAPHBIX aKTOB paccestust ojuHakosbl (cm. 111
§ 126).

Cpean pa3maHbIX BeTBeil (DOHOHHOTO CIEKTpa BCETIA MMeeT-
CS TPU GKYCMUYECKUT, B KOTOPBIX SHEPTHUS CTPEMUTCS K HYJIIO TTPU
k — 0; jist 1IMHHOBOTHOBKIX (Masibie K) akycrndaecknx hOHOHORB 3a-
Bucumocth w(k) smneitna. s naabaeitimero 6yaer CylecTBeHHbIM
nosejienne dyukunn w (66.10) a1 Takux HOHOHOR.

') ®ynxums pacupenenenus dononos Ny (mwmu N(k)) 6ymer ompesensrsbes
KAK 9UCIA 3AT0THEHNS KBAHTOBBIX COCTOSHMUI ¢ PA3TUIHBIMA 3HATCHUAMY KBa-

summmyTbca k. Yuemo cocTosumit, mpuxoqamux ua snement d°k k-mpocrpancTsa,
ectn d*k/(2m)?, Tak uro pacnpenesenme, otrecernnoe k d°k, ectn Ny /(2m)3.
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Ero M0>KHO BBISICHUTH, 3aMeTHB CBONWCTRBO KO3(hdummenTor A B
ramuasrornane (66.1), Berpakaioriee co6oii ToT ¢akT, YTo MPOCTOEe
CMEIERne KPUCTALIA KaK IEeJ0TO HE MEHSIeT ero SHEPTUh — BHE 3a-
BUCUMOCTH OT TOTO, JehOpMUPOBAH JIN YK€ KPUCTAJLIT WA HET. JTO

suaunt, uro sneprus HG) e jgo/kaa uaMeHuThCS, €cau 3aMeHuTH
B Heit jr060it u3 muoxkureseii Ug(n) na Uy + a ¢ HezaBucsmmm ot
n, s sekropom a. JLisg 3roro Heodxoaumo, 4To0br OBLIO

Z Alsll,;’jsg(n]:n%n?:) =0, (6612)
nisi

re CyMMHUPOBAHNE TIPON3BOINTCS XOTs OBl 10 OJIHOI TTape rnepemMen-
HBIX N187.

N3 tpex yuacTByromux B mporecce hpOHOHOB MOTYT OBITH JIJIMH-
HOBOJIHOBBIMM aKyCTHYECKUMHU JTMOO OJWH, MO0 BCe TpH (C AByMs
TaknM¥ (HPOHOHAMU TIPH TPETHEM KOPOTKOBOJTHOBOM HE MOTYT OBITH
COOJTIO/IEHBI 3aKOHBI COXPAHEHWsT UMITYJIbca 1 3Heprun). s akycTu-
ueckoro (onona B npegese k — 0 nonspusannonnbie BekTops €4 (k)
CTPEMSITCS. K HE3ABUCSIIEH 0T § MOCTOSIHHON, TAK KAK BCE aTOMbBI B
sueiike Koaeb0TCa BMecTe; MuoxkurTesn ke exp (ikry) crpemsarca
K eamnanme. B cuny croiicra (66.12), Benmmunna Q (66.4) crpemnt-
Cs1, CJIeJIOBATEJIbHO, K HYJII0, a npu Majbix K nponoprnuoHajibHa k
un (4TO TO Ke JIg AKYCTHYECKOro (hOHOHA) MPOIOPIUOHAIBHA W.
B pesysibrare naxomum, 9to

weoky, (66.13)
eC/In JJINHHOBO/JIHOBBIM ABJIACTCA OJWH (bOHOH.‘ nJjan
w(\)k1k2k3, (6614)

ecIM JIJIMHHOBOJTHOBBIE BCe TpH (hOHOHA.

K pesyabrary (66.13), (66.14) MoxkHO npuiiTi n 6oee HarIsII-
HBIM TIyTeM, BCTIOMHWB, YTO JIJIMHHOBOJHOBBIE aKyCcTH4deckue ¢ho-
HOHBI OTBEYAI0T MAKPOCKOMUYECKWM 3BYKOBBIM BOJHAM, KOTOPBIE
JOTYCKAIOT PACCMOTPEHVE € MOMOIIBI0 MaKPOCKOTTHYIECKOH Teopnn
yrnpyrocru. B 3roii Teopun sueprust 1edOpMUPOBAHHOIO KPUCTAJLIA
BBIPAYKAETCST depe3 TeH30p gedopmarnmn

10U, , oy

, (66.15)
Ozp 0T q

rie U(r) — BeKTOp MaKpOCKONMYECKOTO CMEIEeHNsl TOYeK YIpyToii
cpennbl. VIMeHHO KOMTIOHEHTHI 3TOTO TEH30pa SBASIOTCS TEMW Ma-
JIBIMY BEJIMYNHAMHA, 110 KOTOPBIM MPOMCXOIUT PA3JIOKEHUE YyIPYTOi
SHEPTUN. HpI/I BTOPWTHOM KBAHTORAHNN BeKTOp U 3ameHsieTcst _ore-

paTropom U, anasioruanbiv (66.2). ,anb(bepeHquOBaHHe xe U no

KOOPJIMHATAM JIjId OCTPOEHUS OIEPATOPOB Ua[.,a JIaeT TOT JIOTOJIHU-
TeJIbHBIN MHOXKHUTEMb K, KOTOPBIH u npusoaut K 3akonam (66.13),

(66.14).
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§ 67. Kunernyeckoe ypaBHeHUe
11 (POHOHOB B AMIJIEKTPUKE

B tBepmom kpuctasie ¢poHOHBI 00pa3yiOT pa3perKeHHbIi ra3, u
KUHETUIECKOE YPABHEHNE JIJIsI HUX COCTABJISIETCS TTOJ00HO TOMY, KaK
9TO JEIAETCA JIJI OOBITHOTO Ta3a.

[Tycts N = Ng(t,r,k) — dbynkims pacnpesenenns (hOHOHOB g-
ro copra. Kuneruueckue ypapuennst (st Kazka0ro copra (hOHOHOB)
BAlUCHIBAIOTCH B BUJIE

ON
ot E = St N, (67.1)

rae u = dw/0k — ckopocTh (HDOHOHOB.

Cy1ecTBeHHOE OT/IMYHE OT CUTYAIINN B OOBIUHBIX Ta3aX COCTOWT,
OJHaKO, B TOM, 9TO CTOJIKHOBEHUA B (bOHOHHOM Tra3e HEe COXPaHAIOT,
BOOOIIE TOBOPSI, HU YnCIa (DOHOHOB, HI (BBUIY HAJWUUS MTPOIECCOB
nepebpoca) ux CyMMAPHOTO KBAa3UMMILY/IbCA. FEJIMHCTBEHHBIM 3aKO-
HOM COXPaHEHUA OCTACTCA JINITH 3aKOH COXPaHEHWA SHEPTUN. OH BbI-
PaskaeTcss COOTHOTIEHNEM

3 /wStN(ZBI;S = 0. (67.2)
—.

YwmuoxkuB ypasaenue (67.1) va w, nHTErpupyst 1O d*k w cymmupyst
1Mo g, TOJIY9YMM 3aKOH COXPAHEHWS YHEPTUN B BUE

98 | divq =0, (67.3)

rJIe TUIOTHOCTH TETJIOBOI SHEepTUH KpucTa/uia F 1 TJIOTHOCTH ee To-
TOKa ( JTAIOTCS €CTECTBEHHBIMHW BBIDAYKECHUAMUI

E = Z/ )2, q= Z/wu (%)2 (67.4)

Wurerpan cronkuosenuit B (67.1) 10/2KeH B NPUHIUIE yIUTbhI-
BaTh BCE IPOIECCHI, MOTYIIUE MPOUCXOAUTH B PE3yJbTaTe B3auMO-
JgeiictBusg HOHOHOB copTa g €O Bcemu Japyrumu dounonavu. Pakru-
4eCKHU, OJIHAKO, OCHOBHOI BKJIA/] B HEI'O BOZHUKAET OT TPEX(POHOHHBIX
[POIECCOB, PACCMOTPEHHBIX B npejiblayinem naparpade. [Ipomeccs
¢ ydactueMm O0JbIIOr0 4ucjaa (POHOHOB BO3HUKAIOT OT CJIEIYIOIIUX
YJIEHOB PA3JIOKEHUsI TAMUJIBTOHUAHA 110 CTEIEHSIM CMeIeHuil aTo-
MOB; 9THU YJjI€HbI OBICTPO YOBIBAIOT € yBejmdeHueM ux nopsaka. [Ipu-
YUHON YMEHbBIIEHUsI SIBJIZETCI MAJIOCTh OTHOIIEHUS aAMILIUTY/bI KO-
siebanuit & K MOCTOSIHHON pemerku d; B TBEPAbIX KPUCTAJLIAX OHO
OCTAETCS MAaJIbIM IIPU BCEX TEMIIEPATyPax, BILUIOTH J0 TEMIIEPATYPbI

naasstens 1), st rpy0O0it OIEHKN MOYKHO UCXOINTH M3 KJIACCUTe-

') Mckmouenne coCTaBIsieT «KBAHTOBBIH KPUCTALI» — TBEPABINA Tesnii.
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ckoro cooruommennst Mw?é? ~ T omenwB XapaKTepHOe 3HAUEHTe
4ACTOTHI KaK W ~ u/d ]), HaiizeM 49To
2
E) T
2~ < 1. 67.5
(d Mu? ( )

Kak Bcerma, marerpaj crojakHOBeHuil npejcras/isier coboit pas-
HOCTh YMCJIA TPOIECCOB, NPUBOAANINX (B €IMHUILY BDEMEHHU) K T10sIB-
nennio (hbOHOHOB B 3ajanHoM cocrostann (gK), m umciaa nmporneccos,
yBoAAIux (GOHOHBI U3 3TOT0 coctosduusa. C yderom Juib Tpexdo-
HOHHBIX TIPOIIECCOB MMEEM

StN = /{;gggrzw(kl,k%k)(s(w —wy — wa) X
X [(N + 1)N1N2 — N(N1 + 1)(N2 + 1)] +
+ Zw(k, ki;k3)d(ws —w — wy) X
g183
x [(N 4+ 1)(N) + 1)Ny — NN, (N3 + 1)]}

d’k:
(2m)3’
rae Ny = Ng (ki), w1 = wg, (ki), IMeproiit unen B GUrypHBIX
cKOOKaxX OTBEYAET MPAMOMY W 0OpATHOMY TIPOLECcCaM

(gk) = (giki) + (g2ks), ko =k —k; —b; (67.7)

(67.6)

MHOXKWUTETHh 1/2 B 9TOM 9jleHe yUIUTHIBAET, UTO BBUJY TOXK/ECTBEH-
Hoctu (DOHOHOB HAJ0 CYMMHUPOBATDH JIUIIb 110 IOJOBUHE KOHEYHBIX
cocrosuuii. Bropoit ke djen orBedaer mporeccam

(gsks) = (gk) + (g1ki), ks =k+k +b; (67.8)

B 9TOM 4JIEHE MHOXKHUTEIb 1/2 HE HyzKeH, TaK KaK OJMH U3 JBYX Pac-
naaubix Gononos 3agan. O6paTuM BHUMAHKME HA TO, YTO B IOJbIH-
TerpaabHOM Bbipazkenun B (67.6) Tpoiinbie npoussegenust N Ny Ny
n N N N3 COKPAIIaoTCs.

MuTerpan CTONKHOBEHUI TOXK IeCTBEHHO 00PAIIAeTCa B HyJIb PaB-
HOBECHBIM pacnpegenenrem (hoHoHOB — pacnpegenenneM [lnanka

No = (e¥/T —1)71. (67.9)

st marerpana (67.6) B 9TOM JIerko yOeIUTHCs MPSIMOi TIPOBEPKOI:
NEePEeMHOXKEHUE MHOXKUTEJIeNH JaeT

No(Ng + 1)(Ngz + 1) = (Ng 4 1) Ngi Ngz exp “”“’% (67.10)

1

) B omenkax mp OyaeM TOHUMATh 110/ U CKOPOCTH 3BYKa, XOTs, KOHEYHO,
OYKBaIbHBIA CMBICT TAKOE OTOYKIECTBICHNE MOXKET MUMETHh CMBICT TOTBKO s
JJIMHHOBOJTHOBBIX aKyCTUYECKUX (POHOHOB.
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a B CUJIy 3aKOHA COXPAHEHWs] IHEPTUH SKCIOHEHITMAIHHBIN MHOXKU-
TeIh B TIPABOil YaCTU 00PAIAeTCsS B €IUHMUILY.

Ecan 61 oTcyTcTBOBAMM TIpOTIECCHI TTepedbpoca, TO COXpaHsIach
OBl He TOIHKO CyMMapHasi SHEPTHs, HO U CYMMAPHBIH KBA3UNMITYIHC
donomnos. Torma paBHOBECHOIT SIBJISIACH ObI HE TOTHKO (DYHKIINAS PAC-
npeesenns (67.9), Ho u dyHKIMN

1
No = [exp % 1|, (67.11)

OTBEYAIOIIKE IOCTYIIATEJIbHOMY JABrKeHuio (dpetighy) bonoHHOrO ra-
33 KaK 1eJI0r0 ¢ POU3BOJIBHON CKOPOCTHIO V. OTHOCUTEIBHO Perer-
Ki. DTO yTBEPXKJIEHUE OTBEYALT ODLIMM IPUHIUIAM CTATUCTUKU. B
ero CIPABELIMBOCTH MOXKHO yOe U ThCsl U HEIIOCPEACTBEHHO: ¢ yHK-
uusivu (67.11) B kauecrse Ny B npasoit vacru pasexcrsa (67.10)
HOSIBUTCSL €111e ¥ MHOXKUTEJIb

exp Yk —ki — k)
T
obpamaomuiics B €IWHUILY I TPOMEccoB 6e3 mepebpoca, Korga
k =k + ko.

Ho pacnpegenenne Buga (67.11) upusoaut, pasymeercs, K OT-
JIMGHOMY OT HYJist TIOTOKY 9Hepruu q. Takum o6pazom, B OTCyTCTBUE
[POIIECCOB mepedpoca B Kpucrtasuie Ob110 Obl BO3MOYXKHO CYIIECTBOBA-
HUE TOTOKA TeIJia [PU MOCTOSTHHOW BJIOJIb BCEIO TEJIA TEMIIEPATYPE;
JPYTUMHU CIOBAMU, KPUCTAJI 007181871 Obl OECKOHETHOW TEeILIOmpo-
BOAHOCTHIO. KOHEUHAS TETIONPOBOIHOCTh BO3HUKAET TOIHKO B pe-

3yJIBTATe CYIIECTBOBAHMS TTPOIECCOB Tepebpoca b).

JL71sT BBIYMUC/IEHNST TETLIOTTPOBOIHOCTH HAJIO HATUCATH KWHETUYIe-
CKOe ypaBHeHWe I KPUCTAJLIa C MEJJIEHHO MeHsIOIEeics BJOIh ero
obbema temmeparypoit. Kak ob6brano, ninem GyHKIUN pacrpe/ierie-
uust (GOHOHOB B BUJIE

N(r,k) = Ny(k) + 0N(r, k), (67.12)
e ON  Majias IonpaBka K paBHOBecHOl dyukinun. Kunernyeckue
YPaBHEHUsT IPUHUMAIOT TOT1A BUJL

(uvT) 2N

oT

rae I(0N) — nvHeapu30BaHHBI WHTErpaJ CTOJIKHOBEHMWIA.
Oyukumn 6N JOIKHBI YAOBIETBOPATH €I1e U JOMOJTHUTETHHOMY

YCTIOBWIO
d*k
> | wiN =0, (67.14)
raf (2m)?

= I(6N), (67.13)

1) KBaHTOBASI TEODPHS TEITOIPOBOJHOCTH [UMTEKTPAKOB, OCHOBAHHAS HA K-
HETUYECKOM ypaBHeHun s HOHOHOB, ObLia nocrpoena [Hatepacom (R. Peierls,
1929). M ke 6bLma BHEpBbIEe YKa3aHA PO MMPOIECCOB MEpebpoca s KHHETH-
YEeCKUX MPOHeCCOB B TBEP/AbIX TeJIaX.
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03HAYAOIIEMY, UTO BO3MYIINEHHBIE (DYHKITUN PACTIPEICTCHUST JTOTK-
HBI TIPUBOJINTH K TOMY K€ 3HAYEHUIO TLJIOTHOCTU SHEPTUU PEIIeTKH,
aT0o 1 paBHorecHble hyHKIMN. Kak yke Ob110 oTMedeno B § 6, srum
YCJIOBUEM TI0 CYIIECTBY YCTAHABIUBAETCS CMBICT OTIPEIEICHUsT TE€M-
nepaTtypbl B HEPABHOBECHOM Tejie. UTO KacaeTcs APYTUX YCIOBHIA,
KoTOphle Hasjaraanch Ha 0N B § 6, To B ciayudae raza (HpoHOHOB (B
oTIm4KMe 0T OOBIMHOTO Ta3a) ITU yCJAOBUS OTCYTCTBYIOT. ducio va-
¢TIl B (pOHOHHOM Taze BOOOINE He sIBISIeTCS 3aJaHHON BEJIMINHOM,
a ycranaBiauBaeTcs Temreparypoit. CyMMapHbIi e MCTUHHBIN M-
nyasc (He KBazumMmyJibc!) OHOHOB B KpHCTA/LIE aBTOMATHYECKH
paBeH HYJII0; MPOTUBHOE O3HAYAJIO0 OBl TEUYEHWEe TBEpPIOrO Teja, 3a-
BEJIOMO HEBO3MOYKHOE JIIsi MjeanbHoil (6e3 medeKkTor) KpucTasiim-
deckoit pererku. KaKaplit aToM B pereTke COBEPINAET JIUIIh (hu-
HUTHOE JIBWYKEHWE — KoJe0anns BOIU3U y3JI0B PEIIETKN; CPeTHuil
WMTIYJIBC TAKOTO JIBUYKEHUsT TOXKJIECTBEHHO paBeH HyJ0. Takum 006-
paszoM, MoToK (POHOHOB (CBSABAHHBIN C MOTOKOM SHEPTUW) B TBEPIOM

KPWCTAJLIE He COMPOBOYKIAETCS MEPEHOCOM MacChi ).

BBIHI/IHIeM B ABHOM BUJIC HHHeapHSOBaHHB}ﬁ nHTEerpaja CTOJIKHO-
Benwii (67.6). Ilpu sTom 1enecoobpasno BBecTH BMecTo dN HOBbIE
Hen3BeCTHbIe (DYHKIMN X COMJIACHO OTIPe/IeIeHNIO

ONo  _ No(No+1)
Ow X T X

SN = — (67.15)

IIporenenne anHeApPM3ANNT YIIPOIIAETCS, €CIN 3aMETUTh, TTO

N _No x (67.16)
1+ N 1+ No T

Hanwmewm BeIpakenne B KBaIpaTHBIX CKOOKaX (HAmpuMep, B MEPBOM
unrerpaie B (67.6)) B Buje

M N, N
Ni+1N+1 N+11°

(N +1)(Ny +1)(Ny + 1)

B BBIHECEHHBIX M3 KBAJIPATHBIX CKOOOK MHOXKHUTEJSIX MOYKHO ITPAMO
nonoxuTh N = Ny. Paznocts ke B KBaJIpaTHBIX CKOOKAX Taer

1 DNg
— + —x),
T Noa 1 (x1+x2 — X):
rJIe YITEeHO PABEHCTBO
N(]1 N()Q NO

Not +1Nogp4+1 14N,

1) B orjimame oT )KI/I,HKOCTI/I: rae I/IMH_Y.T[})C (bOHOHa ABJIAE€TCA UCTUHHBIM MUM-
MyJIbCOM ¥ TIOTOK (POHOHOB CBSI3aH C MEPEHOCOM MacChl. /IBukeHme atoMOB B
JKUJKOCTA UHPUHUATHO: 32 JOCTATOYHOE BPeMs KK/l aTOM MOXKET TIONacCTh B
JII00YI0 TOUKY ee obbema.
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B uzmoxkeHHBIX PACCyKIEHUAX IO CYIIECTBY TOIPA3YyMEBAIOCH,
9TO PACCMOTPEHHBIN TPEeX(OHOHHBIN MEXaHW3M TEeIJIOBOTO COTPO-
TUBJIEHUS KPUCTATINIECKOH pereTrkn addexTuBen a1 Bcex (hoHo-
uoB. [loToKM 3HEpTUN, TTEPEHOCUMON PA3IUIHBIME TPYTITaMu (POHO-
HOB, aJJUTUBHBI, TAK UTO aIAUTHBHBI M UX BKJIAJBI B KO3 MUIINEHT
TeTLIONPOBOAHOCTH. K Janubiii MexaHu3M ObLT OBl HEeJOCTATOUYEH
XOTs OBl /I KaKOH-HUOYIb TpyNibl (POHOHOB, TO TEM CAMBIM OH
OBLT OBI BOOOIIIE HEIOCTATOYEH IS 00eCTIedeHnsT KOHETHONW TerIo-
npopogHOCTH. B 3TOM OTHOIIEHNM TPeOYIoT 0c060T0 PaCCMOTPEHNS
JIJIMHHOBOJIHOBBIE aKyCTUYECKre (DOHOHBI.

Pacemorpum nipekjie BCEro MpPOLECChbl, B KOTOPBIX YUYACTBYIOT
TOJIBKO JIJIMHHOBOJIHOBBIE aKyCTUYeCKHEe (DOHOHBI ¢ MAJIbIMU KBA3W-
UMITyJIbCAMU CPaBHUMOI Besmunnbl (OyeM 0003HAYATD ITH KBA3U-
ummysibebl OykBamu f ¢ coorBercrByrommMu nHiaekcamu). Ouennm
JUI TAKUX [POIECCOB MHTErpaj crojkHosenuit (67.17) B cmbicae
ero 3apucumoctn ot f. Cornacuo (66.14), B s3rom caydae dyHKIms
woo ffifa ~ f2. Muoxuresin Ng ~ T/wool/f. Unrerpuposanne
MPOM3BOIATCST B k-TIPOCTPAHCTRE 10 00beMy ~ f3, Ho d-yHKIms
BBIJEISET BHYTPU TOTO 00BEMA JIUIIb MOBEPXHOCTH C TLIOIIAIHIO
~ f2. Takum o6pa3oM, HaifeM, 4TO WHTErpPaa CTOJTKHOBEHMH

I(x) oo f*xco f1ON

(B TIOCTIETHEM BBIDAYKEHUW YUYTEHO, YTO COTJIACHO OMPEIeSIeHIIO

(67.15) 6 Ncoy/ f2); aTOT pesyabTar MoKHO cchOpMyTHPOBATE B Tep-
vuHAX 9P HEKTUBHON TACTOTHI CTOJTKHOBEHUI:

v(f) oo fh (68.4)

B sieBoii ke yacTn KUHETHYECKOTo ypasHenus (67.13) MHOX)uUTETH U

He 3aBucut (ans akycruueckux Gononos) or f, a ONg/0T col/f.
TTostomy

1
ON o —.
fv
Bkiag aauHHOBOMHOBBIX (DOHOHOB B MOTOK SHEPIUH ( JAeTCs
unrerpasoM (67.4), s3arbiv 10 obbemy ~ f3. Ho sror unrerpas

d*f d*f
/améN(%)3 Q¥ /u(f) (68.5)

pacxogaurcs npu magnbix f kak 1/f. Takum obpazom, TpexdonoH-
HBIE MPOIECCH MEXKJIy OJHUMHU TOJBKO JIJIMHHOBOJHOBBIMU AKYCTH-
veckumu (pOHOHAMY TPpUBEH Obl K OECKOHEYHO TeIIONPOBOIHOCTH;
JItst 00ecIieveHnsl KOHEYHOTO TEIJIOBOIO COIMPOTUBJIEHUsT HEOOXO 1~
Mbl CTOJKHOBEHUs 3TUX (DOHOHOB ¢ KOpoTKOBONHOBbIMU (M. 4. Ilo-

mepanyyr, 1941).
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ITycTh KOPOTKOBOIHOBKIH (DOHOH € KBAZUMMITYIHCOM K pacrama-
eTca Ha JUIMHHOBOJIHOBKIM akyctudecknii ¢gporon f m KOpOTKOBOJI-
noBblit oror k — f — b, orHOCAmIMIiCST K TO# Ke BETBM CHEKTpa
w(k), uro u douon k (st gamBHERTINX PACCYKIEHNI CYIIECTBEH-
Ha He CTOJILKO abCOMIOTHAsT BeJWIWHA Kk, CKOTBKO TOT (DAKT, UTO
k> f). Hockonbky dyukuns w(k) neproanana B 06paTHOii perer-
ke, 70 w(k —f — b) = w(k — f) n 3akon coxpaHeHws: SHEPTUU Jaer

wk) =wk —f) +u(n)f. (68.6)

Bropoit anen cipaBa — gacToTa aKyCcTHIecKoro hOHOHA — JUHEHHAS
dbyrkums f (u(n) = w(f)/f) — dasosas ckopocTh 3ByKa, 3aBUCSIIAs
or nanpassenus n = £/ f. Paznoxus w(k—f) no crenensim masnoro f,
HEePENnncbiBa€M 3TO PaBEeHCTBO B BUIE

Jw
fB_k = fu(n). (68.7)

Omo MoXKeT OBITH BBITIOIHEHO, JINTTH €CIN CKOPOCTH KOPOTKOBOJIHO-
BOro (boHOHA LPEBbIIAET CKOPOCTh 3BYyKa:

Wl S u(n). (68.8)

ok

B sTom cmbicie Hanboee «omacHay aKyCTUIecKasi BETBb ¢ HANOOJIb-
el CKOPOCThIO 3BYKA; 9Ty BETBb Mbl U OyJeM UMeTb B BUJLY, IOBOPs

06 axycruueckux Qononax ).

Jpyrue Bo3MOXKHOCTH [1jisi TPEX(OHOHHBIX MPOMECCOB TOSIBJIsi-
FOTCsl DU HAJIMYIUU TOYEK BBIPOXKJEHUS B K-TIPOCTPAHCTBE, B KOTO-
PBIX SHEPTUU ABYX mjn 0ojiee BeTBel (DOHOHHOTO CIEKTPa COBMAIA-
1ot (C. Herring, 1954); najinune Takux TOYeK (M30JMPOBAHHBIX WJIN
3AIOMHAOIIUX JIMHUIO MM [JIOCKOCTH) BO MHOIMX CJIydYasiX sIBJIsi-
ercs 00sI3aTe/IbHBIM CJIeJCTBUEM CUMMETPUHM KPUCTAJLIMIECKON pe-
meTku. Bo3HUKAOIIME B PE3yIbTaTe BO3MOKHOCTA ULIIOCTPUPYOT-
¢t TpadUIECKUM TIOCTPOEHUEM, KOTOPOE Mbl CHAYAJIa IPOBEJIEM J1Jist
y2Ke PACCMOTPEHHOTO CJIydasi HCIYCKAHUsT «CBEPX3BYKOBBIM» KOPOT-
KOBOJIHOBBIM (POHOHOM.

[Tpu 3ayianroM Hanpassienuu f BoiGepeM 9TO HAaPABJIEHUE B Ka-
decTBe OCu T; HA puc. 27a CHJIONIHAS KPUBas M300pazkaer 3aBUCH-
moctb w(ky) (npu 3amanubx ky, k,) 18 KOPOTKOBOJHOBBIX (DOHO-

HoB. Hanmcar yciosue (68.7) B Bujte
v
Ok,

Uy = u(ny),

B M30TPOIHOM TBEPJIOM TeJjle OJHA BETBb aKYCTHUYECKOI'O CIIEKTpa OTBe-
9aeT TPOIOTBHBIM, a JIBe ApyTrue TOMEPEYHBIM KOJIeDAHUSAM; CKOPOCTH TIPO-
JIOJIBHBIX 3BYKOBBIX BOJIH OOJIbINE CKOPOCTH TOMEPEYHbIX BOJIH. B aHn3oTpornHom
KPHUCTAJIJIe Pa3/1e/IeHne BOJIH HAa TPOJOJIbHBIE U MOTEPEYHbIE TePsieT, BOOOme ro-
BOp#, cMbica. Ho B iuTeparype 9acTo HA3BIBAIOT YCIOBHO <«IIPOJIOIHHON» BETBH
¢ HanbOJIbIIEH CKOPOCTHIO 3BYKA.

12*
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MBI BUJINM, YTO WCIYCKAaHWE aKyCTHYe-
ckoro (poHOHA BO3MOYKHO, €CJIN B HEKO-
TOPOIl TOYKE KPUBOI €e HAKJIOH COBIa-
JIaeT CO CKOPOCThIO 3ByKa. Torma BO/IM-
31 970it Toukn gactorel w(k) nm w(k — f)
KOPOTKOBOJTHOBBIX (DOHOHOB TATOTCST TOU-
KaMU IIepeceueHn sl KPpUBOIl CO MITPUXOBO
PsIMOit, TPOBEJIEHHOI ¢ HaKJIOHOM 4(ny );
a ky PA3HOCTH OPJAMHAT TUX TOYEK JIAET Ua-
crory uf.

Ecmm xe B HEKOTOPO# TOUKE kY = kg
kpusble aByx BerBeil w(k,) nepecekaror-
csd, 70 BOJIM3M TaKON TOUKH TPEXPOHOH-
HBI TIPOLIECC BOBMOXKEH BCETJIA, TPU JIFO-
Obix HaK/a0HAX KpuBblX w(ky), HE3aBUCK-
MO OT TOPO, UMEET JIK MECTO B TOUKE Ky
npocroe nepecevenue (puc. 276) nm Ka-
canve (puc. 27¢). Ilpn 3T70M 062 KOPOTKO-
BOJTHOBBIX (DOHOHA OTHOCSTCS K PABINI-
HBIM BETBSIM CITEKTPA.

Omennm 3ddeRTIBHOE UNCI0 CTOIK-
HOBEHUIT JIJIMHHOBOJTHOBOI'O aKyCTHYECKO-
ro (bOHOHA TPU HAJMYUKU TOYEK BBIPO-
KJieHusi. Peub npu 9TOM JIO/RKHA UIATH
0 MPOIECCaX MONVIOMEHUST W UCIYCKAHUSI

6 sroro donona  upoueccol (67.8) (upn
pacnage Takoro (hbOHOHA IPOLECCHI
Puc. 27 (67.7)  nmBa obpasyromumxcs dhonona Oy-

JYyT TaK?Ke JJIMHHOBOJHOBBIMHU 1 Mbl BO3-
BpaTU/IMCh Obl K npexkueil curyanun). [To9TOMYy MBI JOZKHBI Ol1€-

HUTH BTOpOit wied B (67.17), canrasi, 9To
wi, w3z > waoo f — 0.

ITpu sToM yurem, uro wodf, Ngool/f, a ocragbable MHOKUTE M 1O/
MHTErPaOM MOXKHO 3aMEHUTh HA He3aBucsme oT f cpejanune 3Have-
HUS, TTOCKOJIbKY WHTEIPUPOBAHUE NPOUZBOAMTCS JIMIIL B OKPECTHO-
cru Touek suipozkaenus. Cuosa Beeas SN OX/ f2, noiyunm onenky
3aBUCHMOCTH WHTErpasa cronkuosennii ot f B Bume I(x) ~ v(f)ON,
rje

v(f) oo f? [dlwi(k — £) +u(n)f — ws(k)] dk. (68.9)

DTOT UHTErPAJI MOXKHO IPe0OPA30BATh B UHTErPAJI 10 TOBEPXHO-
cru B k-ipocTpancTse, onpejesisgemMoil ypaBHEHHEM

wi(k — £) + u(n)f — wy(k) =0, (68.10)
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cormacro dopmyae )

/5 F)dk = (68.11)
\VkF I’
rje naTerpas 6epercs mo nosepxuoctu F'(k) = 0. Torga noxyunwm
2 dws(k)  Ouwi(k —f) ‘*1
v(f)co F2AS(f) < o " , (68.12)
rne AS(f) — mnomans nosepxuoctr (68.10), a yriaoBbie CKOOKH

03HA4Yal0T yCPEIHEHNE TT0 TTOBEPXHOCTH.

Paccmorpum tummaHbIit ciydail, KOr/ia TOUYKHW BBIPOKIEHUST 00-
pasytor simunio B k-mpocrpancrse. Torna npn f — 0 nosepxHOCTH
(68.10) crsirmBaercst B JIMHWIO, HA KOTOPO# JIeXKAT TOYKY BBHIPOXK Ie-
HUs, a IPU MAJIBIX [ OHA TIpeICTaBIgeT co00it TOHKYIO TPYOKY, OXBa-
THIBAIOIYIO Ty JUHUIO; 3aBUCHMOCTH Tiomaan AS ot f cormasgaer
TO3TOMY C 3aBUCUMOCTBHIO OT f Aumamerpa TpyOKwH.

Ecn n303nepreTndeckne MOBEPXHOCTH TIEPECEKAIOTCS HA JINHUN
BBIDOXKIeHUsT 6e3 Kacauus (cM. puc. 276), T0 paccrosinne Toukn k
OT TOYKW BBIPOYKIEHWS 3aBUCHAT OT f JuHeitHo, Tak ato n AS Q f.
[Tocko/bKy pa3HOCTh TTPONU3BO/IHBIX B 9TOM CAyYae KOHEYHA B TOUYKE
Tepecevennsi, TO

v(f)co 3. (68.13)

Wurerpan (68.5) pacxoganuTcest Teneph y¥Ke JIMITh JOTapruMIdecKnm
obpa3oM. dTa PacXoAUMOCTh JOJKHA YCTPAHATHCS TaK YKe, KaK W B
OTCYTCTBYE BBIPOXKJEHUsI (CM. HUXKe). BBUIY €1a60CTH pacXogauMo-
CTV OHA OOBITHO HE TIPUBOANT K CYIIECTBEHHOMY M3MEHEHWIO 3aKOHA
(68.2).

[lycts Temeps m309HEpPreTUYECKUE TTOBEPXHOCTH MMEIOT B TOYKE
BRIPOXKIEHUsT KB IpaTUUHOE KacaHue. Torjaa, Kak sicHo u3 puc. 276,
f mpomopnroHabHO KBAAPATy PACCTOSTHUS 0 TOYKHU Kacanus. [11o-
maak ke AS, Oyaydan mTpornopIHOHATIBHON STOMY PACCTOSTHUIO, OKa-

spiBaerca O f /2. Ho 1akoBa ke B 9TOM CJydae 3aBUCUMOCTb OT f 1
pasHocTu npou3BoaHbIX B (68.12), NOCKOJIBLKY KPUBBIE TIPOU3BOHBIX
nepecekaioTca yxke 6e3 kacanug. [loaromy B 3TOM City4dae

v(f)co f? (68.14)

1 pacxoJuMOCTb B TEILJIONPOBOJHOCTHU HE BO3HUKAET.

1
) Oty boOpMyIy MOXKHO CPa3y MOLYUYUTh, €CAU yUECTh, 9TO

Pk = dsdl = ds )
Vi F|

rae | — paccrosinme 10 HOPMaJ/IM K ITOBEPXHOCTH.
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AnasornaubiM 06pa3oM MOKHO PACCMOTPETH U JPYTHE THUITHI Bbi-
pozK gennsi ).

Ecnu Touku BuIpOK geHrsa B (OHOHHOM CIIEKTPE OTCYTCTBYIOT, TO
JUIst 0Decnedennst KOHEIHOM TenjI0npPOBOAHOCTH 3a cueT TPexOHOH-
HBIX 1IpOLEccoB ycaoue (68.6) J01KHO BBIIOMHATHCs (XOTst Obl Jst
oxnoit BerBu crnekTpa w(k)) mpw Bcex mamparseHusix n. B mporme-
HOM CJIyuae KOHeYHas TeIIONMPOBOJHOCTh YCTAHABINBAETCS JIUTIH 38,
cYUeT TPOTECCOB 6osIee BRICOKOTO MOpsiIKa (4eThIpex(OHOHHBIX) 1 3a-
koH (68.2) He mmeer mecta. 3aMeTHM, YTO IPU HU3KUX TEMIIEPATY-
pax, Korja JinHa npobera HACTOJLKO BO3PACTAET, YTO MOYKET CPaB-
HUTBCA ¢ pasdmepamu oOpasua L, pacxogumocts unrerpasa (68.5)
moxer obpesarbcsa Ha f ~ 1/L, uro npuseno 6bl K 3aBUCHMOCTH
K03ddurmenTa TeI0IPOBOIHOCTA OT Pa3zMepoB L.

§ 69. TersioNMPOBOIHOCTD JMAIEKTPUKOB.
Huskue TeMmriepatypbl

ITpu uuzkux remneparypax (1° < ©) xapakrep mepeHoca Teria
B JIN9JIEKTPUKAX PAJUKAJIBHO MeHsiercs. Jlejio B ToM, 9410 B Takux
YCJIOBHUSIX YUCIIO TTPOIECCOB IEPEOPOCA CTAHOBUTCS IKCIIOHEHITUAIBHO
MaJIbIM, KAK 9TO sICHO U3 CJELYTOIIIX PACCY K ICHUIA.

CoxpaHeHure KBAa3UUMILYJIbCA B TPEX(POHOHHOM MPOIECCE C MEpe-
O6pocom, BeIpazxkaemoe paBeHcTBOM K = k; 4 ks 4+ b, Tpebyer, 9100w
Mo KpaifHeil Mepe OIWH W3 TPEX KBA3UNUMITYJIHCOB OBLI BEJIVK; MYyCTh
sto Oymer ki ~ b. Torma u smeprust wy ~ O, a BCIEACTBHE ITOTO
coxpaHenmne sHeprun (w = wi + wy) Tpebyer, uToOLI ObLIA BeINKa
n sHepTust w ~ ©. Ho mpn T < © 6onsmmHACTBO (POHOHOB MMeeT
saeprnio ~ T, a anciao (GpOHOHOB € SHEPTUAMU ~ O SKCTOHEHIIN-
aahbHo Maso. Takmm obpazom, Kak st TTpoIecca pacmajga (hoHoHa,
TaK ” JJIsT 0OPATHOTO TIPOIECCa CIUAHUS ABYX (DOHOHOB YNC/IA Ha-
JabHBIX (DOHOHOB, & C HUMU W YUCIA TTPOIECCOB, SKCIOHEHITHATHHO
MaJbl. JIerko 3aMeTnTh, YTO B 9TUX PACCYKIEHUSIX HECYIEeCTBEHHA
TpexdororHOCTE TIporiecca. To ke camMoe OTHOCUTCS U K TTPOIIECCam
¢ ygactuem 60IbIero ancia (hoHOHOB.

B sToit curyarun buzndeckast KapTUHA, TEIIONEpe adr BhITIs-
JIT crieayommM obpa3om. MHOTOYHNC/IEHHBIE HOPMAaIbHBIE CTOJTKHO-
BeHUs1 (DOHOHOB, COXPAHSIIOIINE CYyMMAPHBINH KBAZUUMITYJIHC, TTPUBO-
JISAT K YCTAHOBJIEHUTO JIMIb «BHYTPEHHErO» PABHOBECHUSI B (POHOHHOM
rase, KOTOPBINl MOXKET [PU ITOM JIBUTATHCA OTHOCUTEBHO PereTKu
¢ IPOU3BOJIBHOM CKOPOCTHIO V. Majlouuc/ieHHbIE Ke CTOJTKHOBEHUSI
¢ repedpocoM Jjuiib ¢1ab0o MeHAIoT (QYHKIHUIO PACIPEIeeHus, HO
UMM yCTAHABIMBAETCs ONPejeeHHoe (IPOnOPIUOHAIBHOE IPAJIMeH-

') Nx uccnenoranue cm. B opurnnaasuoii crarse: Herring C. // Phys. Rev.
1954. V. 95. P. 954.
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Ty TemrepaTyphbl) 3HaueHwe V; 3TUM 3HAYEHWeM B CBOIO 0Yepellh
ompeesIsieTcst TerIoBoit moToK. [lokarkem Tereph, KaknM 0O6pa3oMm

ITA KAPTHHA BBIPAZKACTCS B MATEMATHYECKOM PEITeHIN 3a1adm | ).
BamnumeM KHHETHIECKOe yPABHEHUE B BUJIE
0Ny
——uVT = Iy(x) + Iy (x), (69.1)
oT
pa3/ie/inB B MHTErpaJsie CTOIKHOBEHWI TacTH, CBSI3aHHBIE ¢ HOPMATTh-
ueivu (wHgeke N) n nepebpocabivm (nHgeKe U) CTOTKHOBEHUSIMU.
Parnorecnast hyHKIMS pactpe/ie/ienns, 0TBEIAOIIAsT IBUKEHNIO Ta-
3a Kak IEeJ0T0 €O CKOpocThio V, mosmyuaercss u3 dynkmmn No(w)
3ameHoit ee aprymenTta w Ha w — kV; npu majsom V umeem
ON
No(w — kV) = Ny(w) — kv 22, (69.2)
Ow
B cooTrBeTcTBUM ¢ onMcaHHOI BBITIIE KADTHHON HIIEM pEIIeHne ypas-
nenns (69.1) B Buze

X = XN+ XU, xn = kV; (69.3)

XU — 9acTh u3MeHenust (PYHKINY PACTIPeIe/IeHNsI, CBSI3aHHAs C TTPO-
mmeccamu mepedbpoca. JTa mocIe Hss TacTh MaIa 0 CPABHEHUTO C X N -
Ecnu ob6o3naunTsh uepes vy u vy MOPAIKH BeTUINHbBI 3(DMEKTUBHBIX
YaCTOT CTOJIKHOBEHWI ¢ nepebpocamu n 6e3 Hux (vy < vy), TO

X (69.4)

XN VN

[Moxcranoska B (69.1) npuBOAUT K ypaBHEHUIO

N,
0 TO uVT = In(xv) + Iu(xn), (69.5)

rje JeicTByIoIIe Ha PYHKINN Y JUHEITHBIE OTIEPATOPhI OMpPe/Iess-
forest Beipaxkennem (67.17). B (69.5) yureno, uro In(xn) = 0, a
unen Ii7(xy) onynien kak Masbiif; 00a K€ OCTABJIEHHBIX B NPABOii
YACTU WIEHA OJIMHAKOBOTO TOPSJIKA BEJIMYUHBI HPU COOTHOIIEHUN
(69.4).

[TogaepkHeM TIpexKIe BCErO, UTO B MPEHEOPEKEHUN MPOIECCAMT
nepebpoca, Ipu OTJIAUIHOM OT HYJIsl TPAJUEHTEe TEMIEPATYPbI, KUHE-
TUYECKOEe ypaBHeHnue BooOIie ne nmesio 0o pemenuns. JleficrBureinb-
HO, ymHOKUM ypasuenue (69.5) na k, npounrerpupyem no d°k/(2m)?
U TPOCYMMHUDYEM IO BCeM BeTBsaM crekTpa (hoHoHOB. [Tockoibky

1) O6parum BHHMAHME HA TO, YTO OQHOZHAYHOE BBIAEICHHE IIPOLECCOB IIEpe-
6poca kak masioro addekra gocTuraeTcst UMEHHO 11pu 00yca0BJIeHHOM B § 66 BbI-
6ope OCHOBHOI si4efiki B 00PATHOM peleTke, B Pe3yJibrare KOTOPOro BCE CTOJIK-
HOBEHUS MeXKJy OJHWMH JIUIIb JIMHHOBOJHOBBIMU (DOHOHAMH MAaJIbIX SHEPIHil
ABJIAIOTCA HOPMAJIbHBIMHA.
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HOPMAJIbHBIE CTOJIKHOBEHNS COXPAHSIOT TTOJHBIN KBA3UNMITYJIBC, TO
wnen In(xy) obparuTcs B pe3y/abraTe B HYJb, TAK YTO OCTAETCS

Z/ uvT) 5N° d’“ Z/ ) . (69.6)

B npenebpeskennu mporeccamu mepedpoca, B MPaBOH YaCTH 9TOTO
ypaBHeHUS CTOsiji Obl HYJIb, MEXKJ/Iy TEM KAK JieBasg 4YacTb 3aBeo-
MO OTIMYHA OT HyJis (noJbiHTerpasibias byHKIMsa — derHas (yHK-
st k, mockonbky w(k) — wernasi, a u = dw/0k — neuernast GyHK-
[IW1); 3TO TPOTUBOPEYNe M O3HAYAET OTCYTCTBUE PEIeHus Y KUHe-
THIECKOTO YPABHEHUSI.

C yuerom ke miporeccoB nepebpoca paBeHcTBO (69.6) ompesess-
eT HeM3BeCTHYI0 BeqmumHy V., BxoAguyio B pemenue (69.3). Tna
yuportienus 3amucu popmys OyeM cuuTaTh, YTO KPUCTAJI UMEeT
KyOU4ecKyto CUMMETPuIo; Toryia B uarerpanax B (69.6) anuzorponus

KPHCTAJLIA HE IPOsB/Isercs |) u paBencTso (69.6) mocie moacranos-
ku xy n3 (69.3) mpuHUMaeT BuI

P1VT = —vy BTV, (69.7)

rIe BBEJIEHBI 0003HAUYCHIST
3

k2 d’k
p 36T2/u0 3’ﬁ2 38TZ/ a3’
1
Tuppe =13 [ kil
g

(MHOXKWTETH 9 BBIIEIEH JJIsi YIPOIIEHWs 3anucu (hopMyJ1 HUKE).

PagerncrBo (69.7) onpeessier 'V, mocjie 4ero moToK SHEPruu Bhbi-
yucsiercs kak uarerpas (67.4), B koropom B kauecrse N HAZ0 1101
CTaBUTH (DYHKITHIO

SNy = —kVaNO —xvZl

(69.8)

T 8N0
w T’

Torpa nonyuum q = 761 V; Bmecre ¢ (69.7) aro gjaer q = —»VT ¢
K03 DUIUEHTOM TEILIOTPOBOIHOCTH

=P (69.9)

vy B2
WuTepecHo, 9T0 B paccMaTPpUBAEMOM CJIyvae BBITNCIEHNE 3¢ He Tpe-
Gyer perenusi KWHETHYECKOro ypasHenus (69.5), a CBOANTCS K BbI-
quCIeHnio naTerpasios (69.8).

1) Ilpm xy6udeckoil cMMMeTpHH BCSKUH TEH30p BTOPOTO PAHTA CBOIATCS K
ckansaApy: aag = (1/3)adas), a = daa-
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Wurerpanst $1 n Py omipemeastioTest 006aCThio 9acToT w ~ T, B
KOTOPOW HAXOAUTCSA OOTBITUHCTBO (DOHOHOB. DTHU WHTETPAJILI 3aBU-
cart ot 1" jgumb crenendbiM o6paszom. [lockonbky masoit sreprueit
MOTYT 00J1a/IaTh JIUITH aKyCTHIecKue (hOHOHBI, TO B 31 u By dakTu-
9eCKW JIOCTATOYHO CYyMMWPOBATH JIUIIH 110 TPEM aKyCTUIECKUM BET-
BSIM CIEKTpa. JIerko Bugers, 9To mpu 9TOM

Bi, B2 0T, (69.10)

DKCIOHEHIINAbHASL K€ 3aBUCUMOCTBH 3aKJ/IIOUeHa B UHTErPaJIe
vy. Ero KoHKperHoe BbIPAXKEHUE MOXKHO IOIYYUTh C IIOMOIILIO
(67.17). Ins npoueccos nepeGpoca numeem

xn1+ xnv2 — xv = V(k; + ko — k) = Vb.

st 6onpmmuacTBa HOHOHOB W ~ T m (DyHKINSA pacupeseseHust
Ny ~ 1; ana domonos xke ¢ w > T dynxkmua Ny < 1. [Tostomy
MHOXKUTEeaN Ny + 1 ~ 1 m pn omeHKe WHTerpajga MOTYT He YIUTHI-
BaThCd. OyHKIINN *Ke

No=e¢ “T(Nyg+1)

cogepzxar Muozkuteun exp (—w/T'), KOTopble MOryT OBITh IKCIIOHEH-
[MAJBbHO MaJIbIMU; 3TU MHOXKUTEIN M UTPAIOT ONPEeAesAIONLyI0 POJib
Py OlLleHKe WHTerpaJa.

Taxum obpazom, ecjiu UHTEPECOBATHCS JIUITb IKCIIOHEHIIUABHOMN
3aBUCUMOCTBIO Yy OT TEMIEPATyPbl, UMeeM

vy 02 /ew/T5(w — w1 *wg) dgkdskl; (6911)
(gb)

CYMMUPOBAHUE MIPOUZBOJUTCS 110 BCEM BETBAM CHEKTPA g, 81, &0 U
10 BCEM BO3HMKAIOIIMM B IPOIECCAX MEPEOPOCA OTJIMIHBIM OT HYJIs
zuadenusm b. Ypasuenue

g (k) = wy, (k1) + wgy (k — k) (69.12)

ornpejiesisieT MSTUMEPHYI0 TOBEPXHOCTh B mmectuMeprom Kk, ki-mipo-
crpancte. [lycts A(g, g1, g2) — MunMManbHOe 3HaUenHNe wy(k) Ha
STON UIEPHOBEPXHOCTH; TOCKOJIBKY 3HEpru# (POHOHOB, y4YaCTBYTO-
X B IpoIeccax mepedbpoca, BeJIMKu, TO u 31u 3nadenust ~ 0. Ka-
JKJIBII M3 MHTErPAJIOB 1101 3HAKOM cymMbl 110 (g) B (69.11) nponop-
onanien exp [—A(g, g1,82)/T]. Coxpanus jumb HanboBIHi 13
HUX, TMEEM

vy exp(—A;in), (69.13)

rie Apin — Hanmvenbinee n3 A(g, g1, 82).
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Takum 06pazom, MBI TPUXOINM K PE3YIHTATY, ITO KOIDDUIHEHT
TETLIONPOBOJHOCTH 3ABUCUT OT TEMTIEPATYPHI B OCHOBHOM TIO KCIIO-
HEHIINATHHOMY 3aKOHY

200 exp A'T“i“, (69.14)

npudem Apin ~ © (R. Peierls, 1929).

IIpormeccor 6osiee BBICOKOTO MOPS/IKA, C yIacTreM OOJIbIIero Yuc-
Jia, (POHOHOB, TMPUBOJST K TEMIEPATYPHON 3aBUCUMOCTH TAKOTO Ke
xapakTepa, npudem A HauMEHbIIIee BO3MOXKHOE 3HAYEHNE SHEPI UK
HAYAILHBIX (DOHOHOB B KAXK/I0M IPOLECce (Ujim, 9To TO 2Ke, MOJOBUHA
HAMMEHbBIIEr0 3HAYEHUsI CyMMAPHON SHEPIuu BCeX — HAYAJIbHBIX U
KOHEYHBIX  (DOHOHOB, YUACTBYIOIIUX B porecce). B npunnumne mo-
JKeT 0OKAa3aThCsl, YTO 9TO 3HAYEHUE MEHbIIEe, YeM Jijisd TPEeX(DOHOHHBIX
MPOTIECCOB, M TOTJIA BKJIAJ TPOIECCOB BBICIIIETO TIOPSIKA B TETJIO-
MTPOBOJIHOCTH MOYKET CTATh TPeobJIaJaolinM, HECMOTDPsT Ha TO, 9TO
MPEIFKCITOHEHIINATBLHBI MHOYKHUTEb, PA3yMEETCs, YMEHBITAeTCs C
BO3PACTAHNEM TTOPSIIKA TTPOIECCA.

B ortnmuame ot wacToTe! vy mporeccoB mepedbpoca, adhdexkTuBHad
YacToTa vy HOPMAaJIhHBIX CTOJKHOBEHWIT YMEHBITAeTCs C TeMIiepa-
TYpOIl TIO CTENEHHOMY 3aKOHY; WMes B BUIYy NpuMmeHenue B § 71,
OTIPeJIe/INM 3aKOH TOT0 yObIBAHMSI.

Hopwmasnbible CTOTKHOBEHUST TPOUCXOISIT MEXKIY aKyCTUIECKH-
vu poHOHAME C W ~ T, COCTABIAIOMMUMHI OOJBIIMHCTBO. VX KBa-
3UNMITYJIbChl k ~ w/u ~ T /u. B narerpasne cronkuosennii (67.17)
MHTErPUPOBAHIE HPOU3BOJUTCS 110 MOBEPXHOCTH C ILIOMAALI0 ~ k2,
BBLIE/IsIEMOl J-DyHKImeit B 0bbeme ~ k3. B aroit obiacru dyHKmm
Ny ~ 1, a dynxuus w oo k® (cormacuo (66.14)); nosromy vy coT.
Kosdbdurment nponopruoHajbHOCTU TPOIIE BCErO ONPEAeUTh U3
yeoBus, uto npu 1T ~ O 310 Bbipazkenue u ouenka (68.3) m01KHbI
[PUBOJUTH K OJMHAKOBOMY PE3YJIBTATY; OTCIOA

T5

~ (69.15)
O Mud

VN

§ 70. Paccesinue (pOHOHOB Ha MPUMECIX

B aByx npempimymmx maparpadax moapasyMeBasioch, UTO KPHU-
CTAJLTMIeCKas pereTka — uaeanbuasi, 6e3 medextor. OcranoBumcs
Terepb Ha POJIU, KOTOPYIO MOXKET UIPATh B TEILJIONPOBOAHOCTU JIU-
SJIEKTPUKA paccesiine (hpOHOHOB HA MPUMECHBIX aTOMaX.

HO OTHOMIEHWIO K JJJIWHHOBO/JIHOBBIM aKyCTUYECKUM d)OHOHaM
TMTPUMECHBIIT aTOM TIPeJACTaABIISIET CODO TOTETHBINH JedeKT permeTKn.
XapakTepHast 0COOEHHOCTh PaCCesTHUsT Ha TaKnX JgedeKTax COCTOUT
B ero ympyrocru (dacrora (pOHOHA HE MEHSETCsl), MPUYEM CeueHne
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pacceanmd 6BICTpO TaJaeT C YMEHBIITEHNEM 9aCTOThI UJIN, 9YTO TO K€,

BOJIHOBOI'O BEKTOpa  Kak E4 ).
WNurerpan cToMKHOBEHUH J1s1 paccessunsg (DOHOHOB HA TIPUMECSTX
nMeeT BUJ

31,/

St Ny = Ny / w(k, k') {Nie (1 + Nic) — Nic(1 + N )} (o' — w) (Zﬂ’“)g.
(70.1)
Kak o6bruamo, mepebiit @ieH B (hurypHBIX CKOOKAX JTaeT IUCI0 aKTOB
paccestHusi, IPUBOAANINX (B eINHNUILY BpeMern) hOHOH B COCTOSIHIE
C BaJAaHHBIM KBa3uUMIyJhcoM K w3 cocrosuwmit ¢ 0ObBIME IpyTH-
MU 3HaveHnsaMU K, oTBewarommMn Toii JKe 3Hepruu. AHAIOTHIHBIM
obpazoMm, BTOPOIT YJIeH JaeT YnCI0 aKTOB paccesiHus, yBOAAINX (o-
HOHBI M3 3a/IaHHOT0 COCTOSTHWST BO BCe Jipyrue. Kcin npnmMecHbie aTo-
MBI PACIOJI0YKEHBI Xa0TUYECKN, a CPEJIHEE PACCTOSTHIE MEXK1y HUMU
MHOTO 0O0JIbIIIE aMTIINTY/IBI PACCESTHNS, TO PA3JNYHbIE aTOMBI Pac-
CEMBAIOT HE3ABWCHMO W BEPOSITHOCTH CKJIAJbIBAIOTCs. B 3mnx yciio-
Busix (uro w npeanonoxkeno B (70.1)) obriee 9ncio akToB pacce-
SHUS TPOTOPINOHAIBHO TJIOTHOCTH TMPUMECHBIX aToMOB Nyp,. Ilpn
paccesnun B anuzorponuoit cpeae dyukuus w(k, k') sagucur or na-
npasnaennii obonx BexkTOpoB k m k'; 3aBmcmMocTh ke oT abComoT-
Hoit Besmunubl k = k' gaercs zaxonom w co k. B (70.1) momoxeno
w(k, k') = w(k', k). Hanomuum, uto B 60pHOBCKOM TIpUO/IMZKEHUN
9TO PABEHCTBO CJIEJyeT U3 YCJIOBUsI YHUTAPHOCTU € yIETOM MaJOCTH
AMILTUTY/Ibl PACCEsIHUsI, DU IPEHEOPEKEHUN YJIeHAMU BTOPOrO T0-
paaka (cm. I, § 126). K paccesinuio hboHOHA HA NPUMECHOM aTOME
6opuoBckoe npubsinzkenue, BooOIIe ropopsi, HenpuMmenumo. Ho mpu
HUBKUX TeMIeparypax, Korja pedb ujier 0 OHOHAX ¢ MajibiMu K,
eCTh JPYTroil MCTOYHUK MAJIOCTH AMILIUTY/Ibl PACCESHUSI €€ MpPOo-
HOpIMoHAIBHOCTE k2; nmpenebperas wienamu 00k?, croBa npujem K
TpeOyeMoMy pPaBEHCTBY.

[Ipoussenenns Ny Ny B dburypubix ckobkax B (70.1) cokpama-
forcst, u nocae nojgctaHoku N = N + N uHTerpaj CroJKHOBEHU
cpazy NPUHUMAET JINHEAPU3OBAHHBIN BUJIL:

d°k'
(2m)?
Buecre ¢ dynknmeit w 3ror mHTerpan mpomnoprmonanen k. Ilo-

CKOJIbKY B TO Ke Bpemsi mpomssognaast 0Ny /0T col/w col/k nmpn
w K T, To B 3T0iT 061ACTH TACTOT

SN cok 5. (70.3)

(70.2)

St N = I, (6N) = Nyp /w(éNk: — 6Nk)6(w' — w)

1) 910 — o6mee CBOACTBO paccesHUs 3BYKOBBIX BOJIH HA NPEISTCTBUAX C PA3-
Mepamu, MaJbIMU 10 CpaBHeHWIO ¢ ajmuoi Boaabl (cp. VI § 76). Cp. Takxke
AHAJIOTUIHYIO CATYAIWIO JJIsl PACCESTHUS JIMHHBIX 3/IEKTPOMATHATHBIX BOJIA

11, § 79.
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C Takoit curyanmeit MBI y3ke BcTpedaanch B § 68 (cp. (68.4)): 3aucu-
MocThb (70.3) IPUBOANT K PACXOUMOCTH UHTEPAJIA, OIPEIEAIOIIEr0
TerI0Boi morok. Takum ob6pazom, caMmo 10 cebe Hajm4ane npumeceit
B KPUCTAJLJIE HE MOXKET 00EeCHeYnTh KOHEYHOCTH TEILJIOBOTO CONPO-
THUBJIEHUS JIN3JIEKTPUKA.

DTO HE 03HAYAET, OJIHAKO, YTO MPUMECH BOOOIIE HE UIPAIOT POJIN
B YCTAHOBJIEHUM ITOrO CONPOTUBAEHUA. JIeJ0 B TOM, 4TO pacces-
HUe Ha MPUMECHBIX aTOMaxX He COXpaHsieT KBa3UNMITYJIhC (DOHOHOB,
M B 3TOM CMBICJIE OHO MOXKET WI'paTh POJIh MPOIECCOB nepebpoca. B
JIOCTATOYHO YHUCTHIX 0Opasimax MOXKET CyIIeCTBOBAThH O0JIACTh HU3-
KX TEMTepaTyp, B KOTOPOil 3(deKTHRHAs 9acTOTa Vyp, PACCESTHIS
Ha npumMecax (aag GoHOHOB ¢ w ~ T') 3aHMMAET MPOMENKYTOUHOE
MOJIOKEHUE MEZKJIY YaCTOTAMYU HOPMAJIBHBIX U NEPeOPOCHBIX (POHOH-
BHOHOHHBIX CTOIKHOBEHMIA:

UN 2> Vyp > V.- (70.4)

B makux ycioBustx posib POIECCOB TIepedpoca TepexoquT K TPUMEC-
HOMY paccesiunio u (opmyin (69.6)—(69.8) ocratorcst B cue, ecin
3amMeHnTh B HUX [y na Iy,. B pesynbrare xosddumment remmiompo-

BojHOCTH oupejesercst dbopmy.ioit (69.9) ¢ vy, BMecTo vy

Bt

n = .
Bavnp

Cornacro (70.2), vmp cow? ~ T, Benwannnr xe 1 n [y ans axy-
criaecknx (onono mporoprmonanbuskl T2 (em. (69.10)). Tosromy
MBI IIPUXOJIUM B PACCMATPUBAEMOll cuTyanuu K 3akony » 0 1/T.

§ 71. 'mapoanHamuka POHOHHOTO Ta3a B AUIIEKTPUKE

[TpubmxkentHoe coxpanenne KBA3UNMITY/IHCA TTPU YCIOBUU MaJIO-
CTW JIWHBI Tipobera [y st HOpMATIhHBIX CTOIKHOBEHUI TI0 CpaBHe-
HWIO ¢ JIWHOM Tpobera [y 1st porieccor mepedpoca,

IV g1, (71.1)
lU 1 2\\
Jlejiaer cucreMmy (bOHOHOB B KPUCTAJLIE TIPU HUBKUX TEMIIEPATYPaX BO
MHOI'UX OTHOIIEHUSAX 1010000 00branoMy razy. Hopmasibabie cTosik-
HOBEHUSI YCTAHABIMBAIOT BHYTPEHHEE PABHOBECUE B KAXKJIOM JJIEMEH-
Te 00beMa raza (60IBIIOM 10 CPABHEHUTO € [ ), KOTOPBIH MOXKeT npu
9TOM JIBUTATHCsI C TTPOU3BOJILHON cKOopocThio V. Ecan ckopocts V
Temrieparypa T 3aMeTHO MEHSIOTCS JINIITH HA PACCTOSTHUSIX, OOJIBITTIX
1o cpasHenuio ¢ [y (n 3a Bpemena, 6o/bIme 1Mo cpaBHeHnio ¢ 1/vy),
TO JJIst HIX MOYKHO TIOJIy9UTh CUCTEMY «THIPOJINHAMUIECKUX» YPAB-
wenuit. [locTtpoum WX B JIMHEHHOM TPUOJIMKEHUN TT0 CKOPOCTH V 1
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IPaJIMeHTy TeMIepaTyphl, KOTOPbIe OyIeM CIYUTaTh MaIbIMU BN
HAMU OJMHAKOBOTO TOpsijika. Kpome Toro, Jis yrmporieHus 3amicn
dopwmyn 6yaem cHoa (kak m B § 69) cuntaTh, 9YTO KPUCTAILI UMeEET
KyOW9ecKyro CHMMETPHIO.

OHO W3 MCKOMBIX ypaBHEHWii BhIpaykaerT cO0Oil 3aKOH cOXpa-
Hennst sHeprun. OHO moaydaercs mojactaHoBkoit B (67.3), (67.4)
dbyrkumn pacnpenenennst (69.2). Unrerpanesr or w(kV)ONy /0w n
or wulNy 00pamamTcs B HYJIb NPU WHTETPUPOBAHWN TI0 HATIPaBJIe-
Husim k (cp. mpumed. nHa c. 353). @yukims Ng(w) 3aBUCHT OT KOOP-
IWHAT U BPEMEHU TOMBKO depe3 mocpeactso 1. [Ipenebperas wienom
¢ mponsregenneM V VT moxydnm

B0+ BT divV =0, (71.2)
re
_om,

Ey — paBHOBeCHasl TJIOTHOCTH SHepruu, a (31 onpejeneno B (69.8).
Jpyroe ypasmenue Bbipazkaer co0oii coxpanenue (npub/inzKeH-

HOG) KBa3UMUMITyJIhCa. Omno TOJIyY9a€TCd M3 KUHETUYECKOTO YpaBHE-
HUA

%—]tv +uVN =Sty N + Sty N (71.4)

nojcranoskoii B nero N B Buge (69.2), ymuoxenunem na k, unrerpu-

poranuneMm o d°k u cymmuposanueM 1o copram dononos. MuTerpasn
ot k Sty N obpamaercsi B HyJIb B CHJIy COXPaHEHWS KBA3ZUUMITYJIHCA
TIpW HOPMAaJILHBIX CTOJKHOBEHUAX. B pe3ynbrare moaydnm

52T%[ + VT = —vy BTV (71.5)

¢ fo m vy u3 (69.8). Ypaeuenns (71.2) u (71.5) u cOCTABASIIOT MCKO-
MYIO CHCTeMY THJIPOAMHAMUYECKUX YPABHEHWH /st (DOHOHHOTO Tasa
B JIN3JIEKTPUKE.

DKCIMOHEHIINAIBLHO MaJIblil (BMecTe ¢ vyy) WieH B MpaBoii dacTu
ypasuenus (71.5) npeacrasiager BausiHue 1pPOLECCOB nepedbpoca. B
NpeHeOPesKeHUI 3TUM YJIeHOM KBA3HUUMILYJIbC COXPaHAeTcs cTporo. B
TAKMX YCI0BUAX B (DOHOHHOM ra3e MOTYT PACIPOCTPAHATHCA HE3aTYy-
XAIOUIMe BOJHbBI, AHAJOTUYHBIE BOJHAM BTOPOIO 3BYKA B CBEPXTEKY-
ueit xxuakoctu (B.I1. ITewwxos, 1946). [leiicrBurensuo, uckaouus V
u3 (71.2) u (71.5), momyuanwm Toraa

T _ B Ap, (71.6)
ot? B2 83

T. €. BOJTHOBOE ypaBHEHWE, OTMCHIBAIOIIEE PACTIPOCTPAHeHNEe Koeda-
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§ 72. llorsiommenue 3ByKa B auajieKTpuke. JlJInHHbIE BOJIHBI

XapakTep MOTJIOIIEHNUsT 3BYKA B INIEKTPUIECKOM KPHUCTAJLIE CY-
[IIECTBEHHO 3aBUCHUT OT COOTHOIIEHUS] MEXK/Iy [JIMHOW BOJHBI U JITN-
HOM cBOOOIHOTO TIpobera, [ TerIoBbIX (POHOHOB. Ecmm anmma BOIHB
BesKa, 10 cpasHennio ¢ | (fl < 1, rume f — 3HaveHwe BOJHOBOTO
BEKTOPA 3BYKOBOI BOJIHBI), TO NPUMEHUMA MAKPOCKONMYECKAs] TEO-
pusi, OCHOBaHHAs Ha ypasHenusx Teopuu ynpyrocru (cm. VI, § 35).
CorstacHo 310it Teopun, KO3MPUIUEHT TONIOMEHUST 3ByKa CKJIAIbI-
BAETC W3 JIBYX YJIEHOB, OIPEJEJISIIONUXCS COOTBETCTBEHHO TEII0-
[POBOJHOCTHIO U BSI3KOCTBIO cpejibl. Oba djieHa mporopIuoHabHbI
KBaJIpaTy 4acToThl. Haima mejib COCTOUT 3J1eCh B ONPEJIEIeHUN X
TEeMIIePaTypPHOI 3aBUCUMOCTH.

TertonpoBoHOCTHBIN BKJIa/T B KOA(PMUIIMEHT TIOTJIONIEHUS 3BY-

Ka BBIPAYKAETCSI, TI0 TIOPSIKY BEJIMUHHBI, (bOPMYIIOii

2 %xTa’p
Yremwn ~ W “uC? (72.1)

e a KO3 uImMeHT TerioBoro paciupenns rejaa, C' remioem-
KOCTh €JIMHULBI 00beMa, p  [JIOTHOCTH. [Ipu BBICOKUX TeMmepaTy-
pax, T > ©, Temnonposogrocts 2001 /T, a C n o 0T TemmepaTyps
ne zasucar (cm. V, § 65, 67). Tlosromy B 310it 001aCTH Yo, HE
BABUCUT OT TeMmieparypbl. [Ipu HUBKUX Ke TeMmieparypax TemIle-
paTypHas 3aBUCUMOCTD “Yyer; B OCHOBHOM ONPEJENeTcst (B Ueab-
HOIl pereTke) 9KCIMOHEHIINATRHO BO3PACTAIONIEH, TPU YMEHBITTeHNN
T, TerI0TTPOBOTHOCTHIO.

ObpatnMcst K OTpeIesIeHnio BI3KOCTHOW wacTn kKo durmenTa
norsomenns 3syka (A. M. Azuesep, 1938).

IIpon3roist MAKPOCKOTTMIECKYTO 1eOPMAINIO KPUCTALINIECKON
PEIeTKY, BHEITHee 3BYKOBOE TI0/I€ MEHSIeT 3aKOH JIUCIepcun (hpoHo-
HOB. [lyinHa BOJIHBI TEIIOBBIX (DOHOHOB MAaJIa 110 CPABHEHUIO C JIJTH-
HO¥ BOJIHBI 3BYKA; [OITOMY 110 OTHOIIEHWIO K TEIJIOBOMY (DOHOHY
JedopMAINio MOXKHO CIUTATH OJHOPOJHOM, T. €. cauTaTh (DOHOH HAa-
XOJSIIIMMCsT B PEIIETKE, TO-TPEKHEMY PeryJisipHOi, HO ¢ HECKOJIBKO
U3MEHEHHBIMU TleprojamMu. B nepBom npub/inyKeHun 1o Majoi jie-
dopmanmn wacrora w(k) dbonona B Takoi pemerke cBg3aHa ¢ €ro

aacroroit w9 (k) B vegedopmuposannoit pemerke Ghopmy0il Bija
w(k) = w0 (k) (1 + XagUap), (72.2)
re

1/0U, | U,
= ()
@ 23m5+6ma

1) Mot mamenm, aas onpegenenuocTy, K03MDOUIMERT MONIOMEHNs Ha €/IiH-
me nytn. JacToTHAs U TEeMIIEPATYPHAS 3aBUCUMOCTH OCTAIOTCS TEMH K€ W JJIst
ko3 dunpenTa MOTIOMEHNs B €AUHUILy BPEMEHH, IIOCKOIbKY 00a OIpeie/eHus
OTJIMIAIOTCS JINIIb TTOCTOSTHHBIM MHOXKHUTEIEM — CKOPOCTBIO 3BYKa.
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— rensop gedopmarn (U — BeKTOp CMerienvs). XapakTepu3yio-
it KPUCTAJLI TEH30D A, 3 3aBUCHT, BOOOIIIE TOBOPH, OT K; j1s1 17TH-
HOBOJIHOBBIX aKyCTUIECKUX (DOHOHOB C JIMHEHHBIM 3aKOHOM JIUCIED-
CUU OH HE 3aBUCHUT, OJHAKO, 0T abCOMIOTHON Besmunnbl K.

B ckobkax B (72.2) pgospkeH Obui Obl CTOATH €lIe M Y/I€H BH-
aa Arot U, Beipakaionmii coboit TpuBrasibHoe 06CTOATENLCTBO: €C-
Jm gedopMaling TPUBOAUT K TTOBOPOTY 37€MeHTa 00bheMa pereTKu
(rot U # 0), T0 MeHsieTcst HanpapJjieHue oceii (06paTHOil pereTkn),
OTHOCHUTE/IHHO KOTOPBIX JOJIZKEH OMPEIeIAThCa KBA3UUMITYIhC (Ho-
Hona B 3akomne aucrepcnn; wied Arot U Beipakaa 661 COOTBETCTRY-
fomnit mepecaer k. Mbr we mmmem stor wiena B (72.2), Tak Kak
3apaHee 0YeBWIHO, YTO OH HE MOYKET OTPA3UThCS HAa WHTEPECYIOIei
HaC JMCCUTIAIINN SHEPTUHU B 3BYKOBOI BOJTHE: peAThHBIN (hU3MIECKuUit
sdderT — muccunanusg — HE MOXKeT 3aBucerh 0T BekTopa rot U,
OTJINYHOTO OT HYJIS YK€ JIJIsi TTPOCTOTO TIOBOPOTA Teja KaK Ie0ro.

N3zmenenne dyukmuu pacnpeaenenns (POHOHOB, BBI3BAHHOE JIe-
dopmarnmeit pemeTku, OnpeIe/IaeTcs KHHETUIeCKIM yPaBHEHUEM

ONG 4+ NP — g, (72.3)
Ow orT
riae St N unrerpan (HoHoH-DOHOHHBIX CcTONKHOBeHUH (67.6), a

T — CKOPOCTH M3MEHEHW A TeMHepaTypB] B ﬂaHHOﬁ TOYKE KpucTaJia,
Hen3bexXHo cesizanHast ¢ gedpopmarmeii. QOOBITHBIM 00pa3oM, InHea-
pU3yst 9TO ypaBHEHUE W BBeJs (DYHKIIUIO X, COTJIACHO OTPeIe/IeHII0
(67.15), cBeziem ero K BUIY

ON, : T
w2 (XagUas — =) = 1(x), (72.4)
rae I(x)  smHeapusoBaHHbI uHTErpas croskaosenuii (67.17). B

JIEBOI YaCTH TIPOM3BOHAS W BBIPAYKEHA C MOMOIIBLIO (72.2); WHIeKC
(0) y HEBOBMYIIEHHON YACTOTHI 3/1€Ch U HUZKE OILYCKAEM.
[Tponssoanyto T' MOYXKHO B MPUHIAIIE BEIPA3UTE C TIOMOIIBIO TOTO
Ke TeH30pa A g. [locie ymuoxkennst obenx wacreit yparuenns (72.4)
HA W, MHTErPUPOBAHUs 110 K-IPOCTPAHCTBY U CyMMUPOBAHUSI 110 BCEM
BeTBsM ClieKTpa (DOHOHOB IIpaBasi 4acTh ypaBHeHUs oOpaiaercs B
HyJIb B CHJIy COXDAHEHHs SHEPIUU IIPU CTOJKHOBEHUSX. JleBast xe
4AaCTh YDABHEHUS JIAET
o=
5= XapUas- (72.5)

e Aag — ycpeanenusiit mo w?dNy/Ow Tenzop Ans. B obonx mpe-
JeJIbHBIX CJlydadX — BBICOKMX M HU3KUX TEMIIEPATYD  Aqg HE 3a-
BUCHUT OT Temrneparypsl. leficreurensho, mpu T > © B ycpegHeHun

CyIIECTBEHHBI (DOHOHBI C HE3ABUCSIINM OT TEMIIEPATYPhl KBAZUMM-
myabcoM k ~ kmax ~ 1/d. Tlpn T' < © cymecTBeHHbI JINHHOBOTHO-
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BBIC aKyCTHUYeCKHe (POHOHEI, JJIst KOTOPHIX A,g HE 3aBUCHT OT k, 1
MIOTOMY YCPEIHEHNEe TOYXKE He BHOCUT 3aBUCUMOCTHU OT TEMTIEPATYPHI.

Obo3raINB Ao — Aag = Aag, 3aNHIIEM KTHETHYECKOEe yPaBHEHWe

B BUJE
BNO

)\aﬂUaﬁ =I(x). (72.6)

Hasee, BoiBeeM (HOPMYJLy, OIPEIAEISIONIYIO JIUCCUIAIIUIO JHEP-
rud B HEpaBHOBeCHOM (oHOHHOM Taze. ljig 9Toro mexoaum u3 Bbi-
PAYKEHWST SHTPONUN €IMHUIIBI 00beMa 603e-ra3a

S—Z/{(N—i—l)ln(N—l—l)—
=

(72.7)

(cm. V, § 55). TIpoguddepenuuposas 310 BbIpazKeHUe 10 BPEMEHHU,

HaXO/IUM
N+1 d%
S = § /Nl N o (72.8)

Bamennr 31ech N wmaTerpasom St N (cp. § 4) u npoussess onpe-
JlesieHHbIe Tepeobo3Hatennst mepeMenubix kK, ki, kg B aByx wiaemax

BhIpakenusi (67.6), mpusegem S BUIY

- o (Nl + 1)N2N3
°- gg;[%/w 2, ks K JO(uon —wn —ess) In Ni(N2 +1)(N3 +1)

Bk ko
(2m)®
VMHOXKUB 9TO Bblpaxkenue Ha 1, 1HOJyduM JUCCULIATUBHYIO (DYHK-
LIUI0  SHEPruio, JUCCUIUPYEMYIO B €JIMHUIYY BPEMEHH B €IMHUIE
obbema. Ioacrasus ciona N = Ny + 0N (¢ dN, nupeacrasieHHbM B

Buge (67.15)) u orpaHnYMBasCh MEPBBIMY, KBAIPATHIHBIMH, YIeHa-
MU paszyioxkerust 1o 0N, oLy anm

X [(Nl + l)NQNg — Nl(NQ + 1)(]\[3 + 1)]

: 1
TS = % Z /w(kg,k3,k1)5(w1 — W9 —W3) X
818283
2d°k1 d°k

X (No1 + 1) Noa Noz(x1 — x2 — x3) W
Hammcanubix hopMysT JOCTATOYHO IJIs1 ONpeJesIeHus TeMIepa-
TYpPHOH 3aBucHMOCTH Ko3dduinenTa morionenns: 3syka. Paccmor-

pUM CcHadaa 001aCTh BBICOKUX Te