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BBenenne

B ocnose ynpasisiemoro repmosiyiepHoro cuaresa (YTC) sexur
BO3MOXKHOCTH TIOJIyY€HUsI SHEPIUU 33 CUET CJIUSHUS (CHHTEe3a) JIEr-
KX aTOMHBIX siJIep B KOHTPOJIUPYEMBIX YCJIOBHSX, T.€. JTUOO B yCTa-
HOBKax J1abOpaTopHOTO THNA, JUOO B HPOMBIILIEHHBIX TEPMOSIED-
HBIX peakTopax. Ilpum srom YTC mporuporocraBisiercst “HeyIpaB-
JIsieMOMY” TEPMOSIJIEPHOMY CUHTE3Y, YCIIEITHO peaJn30BaHHoOMy B 50-
X TOJIaX MPOIILIONO BEKA B BHJIE TEPMOSIIEPHOrO opyxKust. HayduHbie
ucciiegoBanns 1o mupobaemMe YTC ObLim HaYaThl HPAKTUUYECKH CPa-
3y IOCJIE YCIENHBIX UCHBITAHUN EePBbIX T€PMOsiiepHbIX 60Mb. Oc-
HOBHBIM CTHMYJIOM JIJIsT TAKUX UCCJIEJOBAHUN SIBJISTETCSI IEPCIIEKTUBA
MTOJIYYIUTD JIOCTYII K OTPOMHBIM 3aliacaM siJepHO SHepTrun, CojieprKa-
IIUMCSI B TAKAX KOMIIOHEHTAX [TOTEHIIUAJBFHOTO TEPMOSIIEPHOTO TOII-
JIMBa Kak Jefirepuit, TpuTnii, auTuii, 60p u apyrue. B mamnnoe Bpems
9TH WMCCJIEJIOBAHUST YCIIEITHO MPOJBUTAIOTCS K BAXXKHOMY ITPOMEXKY-
TOYHOMY (PUHUIIY, & UMEHHO, K yOeINTEJIbHON JTeMOHCTPAIUU BO3-
MOXKHOCTHU TIPaKTUIeCcKoro ocyiectsienuss ¥ 1'C B uccjenoBare/ib-
ckux ycranoBkax ITER (International Thermonuclear Experimental
Reactor, France), NIF (National Ignition Facility, USA) u LMJ
(Laser Mégajoule, France).

VipaBiisieMbIil TEpMOSIICPHBIN CUHTE3 COJIEPXKUT B cebe JBa OC-
HOBHBIX HAITPABJIEHHUsI, OTJINYAIONINXCST CIIOCOOOM yI€pXKAHUs TOPsi-
qeit Tepmosiiepoii (T4) miasmer. B ciyuae maraurroro T4 cunresa
(MTC) pasorperas minasma T4l Torumsa y/iep:KuBaeTcst KBA3UCTATH-
YeCKUM 0DOPa30M C MOMOIIBIO CHILHOTO MArHUTHOTO IOJI B T€YEHHUE



JIECATKOB MUHYT M YaCOB B yCTAHOBKAX TUIIA TOKAMAK, CTE/LJIADATOD
u uMm nonooubix. IIpu stom TH peakTop paboraer daxkTutdecku B
CTAIIMOHAPHOM PEYKHMe: B HEero HEelPEPBhIBHO BIPBHICKUBAETCS HOBOE
TOILIUBO, U3 HEr0 HEIPEPBIBHO BLIBOJSATCA HTPOAYKTHI 14 ropenus,
a BBIJIEJISIONIASICS SHEPI U HEIPEPHIBHO CHIMAETCSI CO CTEHOK PeaK-
topa. lpakruueckas peanmuzyemocts MTC mosikHa OBITH BIEpBBIE
IPOJIEMOHCTPHUpOBana Ha MexKrynapognoM Tokamake ITER (mpes-
HOJIOXKUTENIbHO B paitone 2016 rosa), CTpOUTEIHLCTBO KOTOPOrO Ha-
qaTo B 2008 r. na rore Opanmun.

B ormmame or MTC, B nneprmasnsaom T4 cunrese (MTC) mras-
Ma HUYEM He yJIep:KUBACTCs KPOMe COOCTBEHHON MHEPIINH: BCE peak-
AU si/IEPHOTO CUHTE3a IIPOUCXOJISAT B KOPOTKUIT IIPOMEXKYTOK BpeMe-
HU, U3MepsieMblil JI0JIsIMU HAHOCEKYH IbI (1 HC = 107° ¢), B IIporecce
¢cBODOIHOTO pa3zjéra onpemencaHoit maccel T4 Tormmmsa. CTosb Ko-
POTKOE BpeMsi HHEPIIMOHHOTO “yiep:Kauns OObsICHSIETCS] OIPOMHBIM
JIaBJIEHUEM, KOTOPOe pa3BuBaeTcs B poriecce T4 ropenus u pacraJi-
KuBaeT ropsiree TorauBo. Tem cambim, B ITC MbI 110 cyTn mmeem
sieato ¢ TSl B3pbIBOM (MM 110CII€/10BATEIBHOCTBIO TAKUX B3PLIBOB). B
9TOM CJlydae yrpaBisgeMocTh 19 cuHTe3a o3HAYAET JIUIIb JIOCTATOY-
HO MaJIyI0 MOIHOCTH (TOYHee, SHEPIUI0) KarK/[0r0 TAKOro B3DbIBA,
HEe TPUBOJIAILYIO K Pa3PYIIEHUIO B3PBIBHOI KaMephl PA3yMHBIX Pa3-
MepoB. [lasee, B oTsimiane oT “HeymnpaBisgeMblx’ B3pbIBOB T4 6oMO,
“yupasysiembie” T4 B3pBIBBI MajI0i MOIITHOCTH OyIeM Ha3bIBATh MUK-
posapbiBamu. OOIIeNpUHSITAS BEPXHsisl 'PAHUIIA SHEPTOBBIIEIEHNS B
omrom T¢I MukposspeiBe HaxomuTes B paitone 1 [k (107 JIx).

Ha mepBbrii B3ryIsty moxker mnokasarbes, dro Mexay WMTC wu
T4 opyxuem HET HUKAKON MPUHITUIINAILHON PA3HUAIILL: HEOOXOIUMO
JINTIb Ha HECKOJIBKO TOPSIIKOB IMOHU3UTH MOIIHOCTH B3pbiBa. OmHa-
KO mHUIuupoBanue camorno yiepxupatomnieiics T4 peakuuu (T4 ro-
penusi) TpebyeT Co3/aHusi CTOJIb BBICOKON HAYAIBHOM KOHIIEHTPAIH
SHEPIUM, ITO JIOCTHKEHHUE STOI0 B KOHTPOJIUPYEMBIX JIADOPATOPHBIX
YCJIOBUSIX HATAJTKUBACTCS HA OTPOMHBIE TPYIHOCTH, IPEOJIOJIEHUE KO-
TOPBIX CBS3aHO C HEOOXOIMMOCTDBIO PEIICHUSI 1IEJIOT0 Psi/ia HOBBIX Ha-
VUIHBIX IIPOOJIEM U MPOBEIECHUS OOJIBITOTO 00bEMa TOPOrOCTOSIIINX



NCCJIEJOBAHUIA.

[Ipexxyie BCero, st muaurnmuposanusi 191 mukposspesos UTC
cJIe/lyeT OTKa3aTbCsl OT MCIIOJIb30BaHUsI B KadecTBe ‘3amasa’ aToM-
HOIT OOMOBI jiesieHUsi. A TOrja Cpa3y BO3HUKAET MPUHIUITHAJBHBIHN
BOIIPOC: KAKUM JIOJDKHO OBITH yCTPOHCTBO (M crocob), KOTopoe
obecrieauT TpeOyEeMyIO HaYaJbHYIO KOHIEHTpaIuio sueprun’ B uc-
caepoBanusix mo UTC 310 yerpoiicTBO NpUHATO HA3bIBATH dpatige-
pom. MHOTOUYNCIIEHHBIE TIONIBITKYE UCIOJIB30BATh B KAYECTBe JIpaiiBe-
pa OOBbIUHYIO (XUMUYECKYIO) B3PBIBUATKY HE YBEHYAJUCH YCIEXOM.
B macrosiiee BpeMsi Ha poJib peaJMCTUIHBIX Jpaiiepos s UTC
MIPETEH/IYIOT MOIIHBIE JIa3€Phbl, YCKOPUTEHN TSXKEJbIX HOHOB U CH-
CTEMBI HA OCHOBE MOIITHOT'O JIEKTPUYECKOTO Pa3psija THIIA Z-TIHHM.
Bmxke Beero k ycnerrsoit gemoncrparun UTC mopomnuiu uccienosa-
rus 1o gaszepuomy T4 cunresy (JITC). Iepsoie TSl MUKpPOB3PHIBBI
¢ sueprosoiesenrem 10-20 M/, vHUITUUPOBAHHDIE JIA3EPHBIM M-
IIyIbCOM, IIJIAHUPYETCs OCYIIecTBUTE B patiore 2011 r. Ha ycTaHOBKE
NIF B JIusepmopckoii maboparopun CIITA.

JlamHOoe 1mocobme OCHOBAHO HA KypCe JIEKIUN, INTaeMOM Ha IIPO-
TSKEHUU PAJa JeT crylenTtaM crapmmX Kypcos MUOU u MOTI.
B HéEM mperkiie BCEro paccMaTpUBAETCsT TeopHusi (PU3MIECKUX IPO-
1eccoB, Jiexkarux B ocuoBe U'TC, a Tounee, ¢pusuka mumeneit 1TC.
Y MuIeHeil, UCIOAb3yeMbIX ¢ PA3JIMYHBIMUA BapuaHTaMU JIpaiiBepa,
MuOoro 0011iero. OCHOBHOE BHUMAHUE YJIEJIEHO TeM (DU3UIECKUM [IPO-
meccaM, KOTOpbIE He 3aBUCSIT OT TUIIA UCIOJIB3YEeMOTo JipaiiBepa. Jls
HadajapHoro osnakomiienus ¢ dpusnxoit UTC moxHO nopekomeHio-
Barb MoHorpaduun [1, 2, 3|. Bonee meranbuas undopmanus o co-
BpeMeHHOM cocTostHuu uccaenopanuit mo UTC comepkurcs B MO-
Horpadun [4] u nocieauem o63ope [5] dxk. Junmna. Obcyxnenune
sHepreruveckux acuekTo UTC, a Tak:ke onncaHne BOSMOKHBIX TH-
OB JIpaifBepa U CXeM HEpPreTudeckoro peakrtopa ua ocHose UTC
MOXKHO HafiTH B HeJABHO BbIIIeseii Kuure [6].

B katuecTBe OCHOBHOI CUCTEMBI €JIMHUIT HUXKE TIOBCIOJTY UCIIOIB3Y-
ercst cucrema CGS (caHTUMETD, IPaMM, CEKYHJIA), 1 BCe (DU3UUECKue
dopmysbl (KpoMe CIIenuaJbHO OFOBOPEHHBIX CJIy9aeB) MPUBEICHBI



MMEHHO B 9TOit cucreMe. Bo MHOrHX cirydasix, O/{HAKO, KOIJIa 9TO $B-
JISIeTCsT OCOOEHHO yJIOOHBIM MJIM OBIIENPUHSITHIM, YUCJACHHbIE 3HAYE-
HUSI PA3JIMIHBIX BEJIMUNH IIPUBEJEHBI B TAKUX BHECHCTEMHBIX €[1H-
HHUIAX KaK KHUJI03JeTPOHBOJILT (K3B), merasnekrponsoisr (MsB),
HaHocekyHza (Hc), merakoyab (MJIxk), Tepasarr (TBt), u Tomy
10/106HbIX. st Temueparypbl 1 Be3jie HCIOJIB3YIOTCS SHEPreTHHIe-
CKMe eINHUIBI, T.e. 1 3PI, ecju He OrOBOPEHO HPOTHBHOE. UTOOBI
nepeiiTy K Temiieparype B rpajycax Kesbuna, HeOOXOANMO B COOT-
BeTCTByIOMuUX popmyax samenntsb 1T ua kg, tine kg — nocrosinnast
Boabnmana.



I'maBa 1

AnepHble peakKnuu cMHTE3a

1.1 DHeprud siIepHBIX peaKITii

[Tomo6HO TOMY, KAK UCTOYHUKOM SHEPTHH OOBITHOIO XUMUIECKO-
I'0 TOPIOYETO SIBJISIETCS SHEPIUS CBI3U SJIEKTPOHOB B ATOMAX U MOJIE-
KyJiaxX, ICTOYHUKOM SHEPIUU SIIEPHOIO TOPIOUEro SBJISIeTCS SHEPIUs
CBSI3U HYKJIOHOB B ATOMHBIX sifipax. Mbl OrpaHUINMCS si/IEPHBIMU Pe-
AKIUIMU, B KOTOPBIX 110 OTACIBHOCTH COXPAHSIOTCS KaK HAYATIbHOE
YUCJIO NIPOTOHOB, TaK U HAYAJILHOE YUCJIO0 HEHTpoHOB. Peakmuu co
B3AMMHBIMU [IPEBPAIIIEHUSAMI IPOTOHOB B HEHTPOHBbI (1 HAOGOPOT)
THIIA
p'*'—|—p+—>D—|—e+—|—lj6 (1.1)

BKJIIOUAIOT CJ1a00€ B3aUMOIEHCTBUE U IPOTEKAIOT CJIMIIKOM MEIJIEH-
HO, ITOOBI ITPEJICTABJISITh XOTh Kakoi-To uuarepec jyist Y T'C. Tem ca-
MBIM, B pacCMaTPUBAEMbBIX HAMH PEAKIUSIX ABTOMATHIECKH 00ecIie-
YUBAETCS COXPAHEHHUE IJIEKTPUIECKOTO 3apPsifia U UCKJIIOUAETCST POXK-
Jenne (MM yHUYITOXKEHHUE) 3JIEKTPOHOB U mo3uTponos. Kak cres-
CTBHE, B SHEPreTUIECKOM OaJIaHCE PEaKIUU He TPeOYyeTCsl YIUThIBATH
MacCy aTOMHBIX 3JIEKTPOHOB, 8 WX JHEPIUIO CBSI3M MOXKHO CUUTATH
IPEHEOPEKUMO MAJIOH.

Ocuosnoit uarepec gy Y TC HpeacTaBisiorT OuHapHble PEaKUUL,
B KOTODPBIX B KAaXKJbIH OTJ/IEJIBHBIH aKT SJICPHOIO B3aUMOJIEHCTBUS

10



BCTYIIAIOT TOJILKO JBa sijpa (21, A1) u (Za, Ag), comepxariue 1mo Zy,
nporonoB u Ay nykionos (k = 1,2). IIpoaykramu GuHApHON pe-
aKIMK MOI'YT OBITH OIHA, IBe W Oojee siaepHbIX dacTuil. OTHOCH-
TeJILHO 00JIee MeJIJICHHBIE PEAKIINU, B KOTOPLIX POXKIAIOTCA (POTOHDL,
U CKOPOCTb KOTOPBIX OIPAHMYEHA 3JIEKTPOMATHUTHBIM B3aUMOIEH-
CTBHEM, TaKXKe He UHTEPECHLI IJIs Ipou3BoacTia sueprun B YTC. B
pe3yabTaTe HAM OCTAIOTCSA PEAKIINH, B KOTOPBIX IIPOUCXOUT ITPOCTAS
[IePErpyIINPOBKa HYKJIOHOB B 9HEPreTuIeCKn 00J1ee BLIMOIHYI0 KOH-
duryparuio ¢ BLICBOOOXKIeHNEM N30BITOYHON SHEPTIUuu CBsI3u. Takue
peaKIy MPOTEKAIOT IOJ, NEHCTBAEM TOJBLKO CHJIBHOIO B3aMMOIECH-
cTBUs. B KauecTBe TUIMYHOrO IpUMEpPa, PACCMOTPHUM PEAKIIIO

(Z1, A1) + (Z2, A2) — (Z3, A3) + (Za, Ax) + Q12 (1.2)

¢ aByMsl dacTuiaMu-nipoxykramu (Zs, As) u (Z4, A4) u sHeprueii
(rertoroii) peaknuu (Q12. Hac, ecrecTBEHHO, MHTEPECYIOT 9K30TEp-
MHUYIECKHEe PEAKIu, I KOTophix (1o > 0. Ilockoabky HEUKaKMX
npyrux gacrui, kpome (Z3, As) u (Zy4, A4) B npornecce (1.2) ne pox-
naercs, sHeprusa (Qio BblLIE/sSeTCs B BUJIe KUHETUYECKON 3HEpruu
pazyIéTa 3TUX JIBYX YaCTHI-IIPOLYKTOB.

Ouepruio peaknuu (12 JErKO BHIYHUCIUTH, €CJAM U3BECTHLI SHEP-
run cBsisu Epy = epy Ay Beex yaactByromux siaep (kK =1,2,...):

Q12 = Eps+ Epys — Ep1 — Epa = (A1 + A2) (€Bout — €Bin) - (1.3)

3/1ech UCIOJIb30BAHO TIOHSTHE CPEIHEeNH yIeJbHON SHEePIUun CBSA3U Ha
OJIMH HYKJIOH JIO0 B3aUMO/ICHCTBUI,

ep1 A1 + €pa Ay

€Bin = 1.4
in A, (1.4)
u, COOTBeTCTBeHHO, II0CJIEe B3aI/IMO,H‘eI>'ICTBI/IH,
. ep3 Az +eps Ay (15)
Bout = .
ou A3 + A4 b))

a TakKe yCJIOBUA Z1 + Lo = Z3+ Zy u A1 + Ay = Az + Ay,

11
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Puc. 1.1. Ynensnas sneprus cpasu saep ep(Z, A) B 3aBUCHUMOCTH OT TIODSI-
KOBOI'O HOMepa 3jeMeHTa /. JJjis mpoCcTOThI MPpU KaxkKJIOM 3HAYeHUn Z BHIOpaH
n3oron A ¢ HambosbuINM 3HadYeHueM € (Z, A)

®opwmyia (1.3) BeIpakaer TOT JOBOJILHO OYEBHIHBIN (DaKT, ITO
SHEPreTUYECKH BBITOJHBIMU SIBJISTIOTCS PEAKIUN, COTTPOBOKIAIONIH-
ecs TaKO# HeperpylnnpoBKONA HYKJIOHOB, IIPDU KOTOPOII BO3pacTaeT
CpeHSIs y/ieJIbHAsT SHEPTUs CBA3U sijiep. JHEPruu cBs3u Fp mpakTu-
YEeCKU BCEX CYHIECTBYIOIINX B IIPUPOJ/IEC U30TOIIOB XOPOHIIO U3BECTHBI
|7, 8]. Ha puc. 1.1 moka3ana 3aBHCHMOCTD YETHHON SHEPIUH CBI3H
ep = eg(Z, A) or NOpsiIKOBOrO HOMEpa dJIeMeHTa Z Jijisi HauboJiee
TIyOOKO CBSI3aHHBIX M30TOMOB. BuHo, 9T0 ¢ yBemaeHneM Z yieib-
Has HEPIUs CBA3U sIJIEP B CPEIHEM PACTET BILJIOTH JI0 “2KEJIE3HOTr0”
mmKa pu Z = 26. [locieqaee o3HaTaeT, ITO 7151 IPOU3BO/ICTBA SHEP-
TUU TIPUTOJIHBI PEaKIIUU CUHTE3a JIUIIb JIETKUX U CPETHUX JIEMEHTOB
JIO T€X TI0p, [OKa B Ka4eCTBe fJePHOM “30JIbI” HE HAYHYT MOJIYYaThCs
3JIEMEHTBI IPYIIIIBI JKejie3a. DTOT (HPaKT, B YACTHOCTU, UTPAET BarxK-
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HYIO POJIb B TEOPUU IBOJIONUU 3BE3J. JIEPHYIO SHEPTUIO THKETBIX
9JIEMEHTOB, 00YCJIOBJIEHHYIO UX 60J1ee HU3KOM (110 OTHOIIEHUIO K JKe-
JIE3HOMY TIHKY) Y/ETIbHOI SHEprueil CBs3W, MOXKHO, KaK H3BECTHO,
BBICBOOO/IUTH B PEAKITUSIX JICJICHMUSI.

Puc. 1.1 sicHo moka3bIBaeT, 9TO CAMOM BBICOKON YIAEIbHON TEILTO-
TBOPHOI CIIOCOOHOCTHIO JOJIKHO obsiagark T4 TormmuBo, cocrosiiiee
U3 CaMbIX JIETKUX 3J€MEHTOB: BOJIOPOIa 'H u ero msoromnos JeiiTe-
pus D = 2H u rpurusa T = 3H. Snepuas sHeprus, BbIEISIONASCS
B DT-peakiiuu

D+ T — %He +n, (1.6)

cocrapiger Qpr = 17.59 MsB, 4TO COOTBETCTBYET TEILIOTBOPHOI
criocobnoctn DT-rormmsa 337 MJIxx/mr. s cpaBHeHnst ykazkeM,
YTO TEIIOTBOPHAs CIIOCOOHOCTH IPEMydero rasa (CTeXmoMerpude-
CKOIi cMecu BOJIopojia 1 Kucjiopoja) cocrasisier 15.8 JIxk /mr. Tak Ha-
3BIBAEMBII MPOMuUA06bItl IKEUCAACHT, XAPAKTEPUIYIOMIMI 3HEPTo-
BbIJIeJIeHIE B OOBIYHON (XMMUYeCKOii) B3pbIBYATKE, paBeH (110 orpe-
nesternio) 4.184 JIxk /mr. Takum 06pa3om, yesbHOe SHEProcoIeprKa-
mre TS tommsa mourn B 10° pa3 HpeBbIIIaeT SHEPrOCOIEPIKAHME
XUMHUYIECKOIO TOIIUBA, €CJIN B IIOCJIEIHEE BKIIOYUTD MACCY OKUCIIH-
TeJIs.

1.2 CeueHue siAepHBIX peaKITUii

OcHoBHOIT (pU3NIECKOI BEJIMIMHON, XapaKTepU3yIoIeil CKOpOCTh
IPOTEKaHUsl SJEPHBIX peakiuii (Kak 1 OOJIBINTMHCTBA JIPYTUX e
MEHTAPHBIX TIPOIECCOB), ABJSETCS UX afipexmusnoe ceverue (mmm
npocto cewerue). Onpenesenne cedeHnst o1y OGUHAPHON PEaKIN TH-
na (1.2) npoie Bcero copMympoBaTh B CUCTEME OTCUETA, TJIE OJl-
HA U3 PEArnpyIoNnX YaCTHIL (/I OIPeIeI6HHOCTH MyCTh 9TO OyeT
yacTuia copra 2) mokourcs. IIpenosiokumM, 4To B 3TOi cucreme
MMEETCsT OJTHA TIOKOSATIASICS TACTUIA COPTA 2, Ha KOTOPYIO HAJIETAET
IOTOK [acTur copra 1 ¢ o6bEMHOM mI0THOCTBIO Ny [eM ™3] 1 cKo-
poctbio v. Torga BEPOSITHOCTH TOrO, YTO 3a BpeMmsl di IpPOuU30iIeT
cobbitue (1.2), naércst BoipazkenueM dv = njvog dt. Onpegenénuoe
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TaKuM 00pPa30M CeYeHUE 019 UMEET, 0OYEBUIHO, PA3MEPHOCTD ILJIOIIA-
JI ¥ SIBJISIETCSI PEJISITUBUCTCKY MHBapuaHTHBIM [9, §12].

B obmem ciydae BeqndmHA CEUYEHHS 019 MOXKET 3aBUCETH OT
BHYTPEHHUX XapPAKTEPUCTUK PEArupyIOMUX 4YacTull (TakuxX, Kak
9JIEKTPUYIECKUI 3apsifl, CIMH U T.II.), OT TUIA B3ANMOJECHCTBI MEXK-
Jy HUMU U OT CKOPOCTU ¥ UX OTHOCHUTEJILHOrO cOmkenusd. Kak ns-
BECTHO, CHJIbHOE B3aWMOJIEHCTBUE, IPUBO/IAIIEE K IePerpyIiInpoBKe
HYKJIOHOB B peakiusix Tumna (1.2), mposiBisieTcst JIMIb Ha KOPOTKUX
PacCTOAHUAX 1 < Ty TOPAJIKA PaJIIyca HyKJIOHA T, U OU9€Hb OBICTPO
cuamaer upu r > r,. OJHUM U3 CIEICTBHUI 5TOr0 06CTOATEILCTBA
SABJISIETCS TAaK HA3BIBAEMbIil 9(pDEKT HACHIIICHUS sIIEPHBIX CUJI, OJ1a-
rojapst Kotopomy pagmyc R4 simpa, coctosiero m3 A HYKJIOHOB,
B 1IEPBOM NIPHOJIMZKEHNN OKa3bIBaeTcs nporopuuonanes A3, Ecin
onpenesnTh 3pdEKTUBHBIN PAJINYC HYKJIOHA Iy, COOTHOIIEHUEM

Ry =rp A3, (1.7)
TO B 3aBHCHMOCTU OT THUIIA IIPOBOAMMBIX M3MEPEHUI KCIEPUMEH-
TaJIbHBIe JIAHHBIE JaloT 3Havenus r, = (1.1-1.4) x 10713 cm [10,
c. 923].

KoporkojeiicTByomuii xapakTep siIepHBIX CHJI IIPUBOJUT K TO-
My, 9To peakisi (1.2) MoXkKeT OCyNIeCTBUTHCS JIMIIL TOJA, KOTJIA
sinpa (21, Ag) u (Zs, Ag) commkatorcst pakTudeckn 0 “KacaHus’,
T.e. JI0 paccrosiust Ry = 1, (Ai/g + Aé/?’). DTOMYy, OJIHAKO, TIpe-
HATCTBYET KyJIOHOBCKOE OTTAJTKUBAHUE MOJIOKUTETHLHO 3aPAZKEHHBIX
siJIep — €CJIM, KOHEYHO, OHO He SKPAHUPOBAHO JPYTUMH YaCTUIAMU
C OTPHIATEHHBIM 3apsIoM (3JIeKTPOHAMEM B OOBIYHOM BEIIECTBE,
(L~ -ME30HAMHU B Me3oaTroMax u T.I.). B paccmarpuBaemoii Hizke T
[J1a3Me 3JIEKTPOHbI HAXOJATCS B CPEJIHEM Ha CPABHUTEIBHO GOJIb-
mmx paccrogauax > 1072 cM oT Azep, n 3Toit SKPAHUPOBKOiT MOYKHO
npenebpedb. [ToTeHIMaIbHY 0 SHEPIHUIO JIEKTPOCTATUYECKOTO B3aU-
MOJIEHCTBUSI s1/Iep Ha Pajiuyce KacaHusi

7175 €2
o (A}/ Sy aY 3)

Eq = (18)
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IPUHATO HA3BIBATH KYJIOHOBCKUM 6APBEPOM; 311€CH € — IIOJI0KUTEb-
HBIN syieMeHTapHBIH 3apsia. [Ipu onenke Fp, JUIsT IPOCTOTHI TIPeJI-
[OJIATAETCS, YTO BECH SJIEKTPUYICCKUN 3apsjl A1pa COCPEIOTOYECH B
nenrpe. st peakiuu (1.6) KysoHoBcKuit 6apbep cocrasiisier Fg, &
~ 0.4 M»sB.

U,,(r)

|

DHeprus

Rp, Pamnyc r

Puc. 1.2. Kauecrsennblit Buz HOTeHIMAIA B3AHMMOICHCTBHH IBYX ATOMHBIX
sS7ep

C y4ueroM KyJIOHOBCKOTO Oapbepa 3(hEeKTUBHBII TOTEHITHAJT B3a-
nmogeiictsust Uya(r) simep B peaxrun (1.2) mMeer KadeCTBEHHBII
BUJ, n300parkeHHblil Ha puc. 1.2. B pamkax kiaccudeckoit ¢husu-
KW JIJIsT TIPEOIOJIEHIST KYJIOHOBCKOTO Hapbepa TpedbyeTcs, 9To0bI CyM-
MapHasi KUHETHYeCKasl SHEPIUs siJIep B CHUCTeMe TleHTpa uHepryu (u-
cucmeme)

1 M, Mo
E=-Mv? M=—-
2 v My + M,

npesocxoauiia E.. 3nech M7 u My — Macchl CTaJIKUBAIONIUXCS SIIED,

(1.9)
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M — ux npuBenéHHAs Macca, U = U] — Us — CKOPOCTb UX OTHOCUTE/Ib-
HOIro C6J'II/I}KeHI/IH A0 BCTYIIJIEHUA B peaKIUIO Ha 6OJIbH_IOM YAaJieHrun
JIPYT OT JpyTa; B MHTEPECYIOMINX HAC YCJIOBUSX CKOPOCTb v = |U]
MOXKHO CUATATL MaJIoi 110 CPaBHEHUIO CO CKOPOCTBHIO CBETA C.

B KBaHTOBOI TeopHH BO3MOXKHO I0A0apbepHOe (TYHHEIbHOE)
[IPOHUKHOBEHUE B 00/IaCTh CHIBHOIO SJIEPHOIO IPUTsyKeHnd 1 < Rio
unpu F < E, HO ¢ 3KCIOHEHITNAJIBHONR MaJI0il BEpOATHOCTBHIO, €CJII
F < E.. IlockoibKy Hac MHTEPECYeT BO3MOXKHOCTH OCYIIECTBJIE-
HUSI sIIEePHBIX peakinii mpu HamboJiee HU3KUX SHEPruax F, Moxk-
HO BOCIIOJIB30BATBHCA OOIIEel KBAHTOBON aCUMIITOTUKOM Il cedeHUi
HeyIPYIroro paccesiHusi B Ipejieie HU3KuX ckopocteil [11, §143]
[PEJICTABUTDH 3aBUCHMOCTE 012(v) B Buje

Z\Zse?
o12(v) = % exp <—27Tlhie> . (1.10)

DKcroHeHMaNbHbI MHOXKHUTEb B (1.10) Kak pa3 u xapakrepusyer
BEPOSITHOCTH KBAHTOBOT'O TPOHUKHOBEHUSI T10JT KYJIOHOBCKHIT ODapbep.
DTOT MHOXKUTEb IaCTO HasbiBaloT pakTopoMm ['amoBa u mpejcras-

JIAIOT B BUJE €XP (—\/Eg/E>, re

7272 et M 5.5 A1As
A —979.137173
2 979.13 Z; P A A "

B dopmyne (1.11) Ay = My/my, Ay = My/m,, — aToMHBIE MaCcChI
pearupyrommx siep, m, = 1.66054 x 1072
Macchl. JI1s Hepe30HAHCHBIX SJIEPHBIX PEAKIMi MOXKHO B IIEPBOM
NPUOJIMZKEHUN CYATATh, YTO S12 €CTh HEKOTOpasi IMOCTOsTHHASI, Xa-
paKkTepu3yonas JaHHYI0 KOHKPETHYIO PEaKInIo, U 3aBUCUMOCTD Ce-
YeHUsI OT OTHOCUTEIBLHON CKOPOCTH SIJIEP U MOJHOCTBIO OIUCHIBAETCS
BbipazkenueM (1.10).

Eq = 2n° k9B, (1.11)

I' —aTOMHasd €JMHHIla

1.3 CkopocTu TepMOsiAepHBIX PeaKITIii

Korna ymorpebisiercst tepMuH “repMosiiepHbIil cuHTE3”, TO UMe-
eTcsd B BUJY, UTO PEaKIINU sePHOTO CUHTE3a IPOTEKAIOT B YCIOBUIX
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TEIIOBOTO paBHOBecHus (IO KpailHell Mepe I siJIePHON KOMITOHEH-
b1 T4 roprodero), npu KOTOPOM BCTYTIAIOIINE B DEAKIIUIO sIIPa UMe-
I0T PABHOBECHOE MAaKCBEJJIOBCKOE pacIIpejiesieHne 110 CKOpoCTsaM. B
9TOM CJiydae I BBIYUCIeHUs] CKOpocTu peakimu (1.2) HeoO6xommMo
pex/ie BCero 1poBecTu ycpeanenue eé cedenns (1.10) 1o maxcsesi-
JIOBCKOMY PAaCIIPeIeIEHUIO.

Paccmorpum roMorennyio cMech JABYX copToB suep (Z1, A1) n
(Z3, Ag) ¢ obieii Temmeparypoit T 1 06bEMHBIME KOHIIEHTDAIIMS-
ME 11 ¥ Ng [cM 3] COOTBETCTBEHHO M BBEIEM I KAXK/IOTO U3 3THX
COPTOB MaKCBEJIJIOBCKYIO (DYHKITUIO PACIIPEICTICHIS

3/2 M 2
fkwk,T):(M’“) exp<— ’“f) k=12 (L12)

27T 2T
HOPMUPOBAHHYIO YCJIOBUEM
/fk(vk,:r’) B3, = 1. (1.13)

Ecnn wa MrHoBeHUE TPETIIONOXKUTD, YTO BCE SJpa cOpTa 1 UMEIOT
CKOPOCTH U7, a BCe siipa copra 2 — CKOPOCTb Uz (MOHOSHEPreTHYe-
CKHUE IYYKN), TO MO ONpeIeeHuo 3P MEKTUBHOIO CEUCHUS 012 THC-
JI0 GuHApHBIX peakiwii (1.2) B ejuHuIe 06bEMA B €IUHUILY BDEMEHH
COCTaBUT

dv dt

rje v = |U] — U2| — oTHOCHTEIbHAST CKOPOCTH. OTMETHM, UTO IpHUMe-

=ningvoia(v) [em 3 71, (1.14)

HUMOCTH BbIpazkenns (1.14) orpannuena HEpeTsITUBUCTCKUME CKO-
pocrsimu |07 < ¢, |2 < ¢ [9, §12]. B ciyuae MakcBeIOBCKOIO
pacIipejiesieH1sl, KOTJia J0Jisl sijiep copTa k, IMEIONUX CKOPOCTh Uy,
coctasuser fi (T, T) d>T), uncio peaxmuii B eunuIe 06bLEMa B €/11-
HUILy BpEeMEeHU JIadTCs BbIparkKeHueM
dN12
dV dt

rJie BeJUUINHA (0V)12 ONPEEISeTCsl HHTEPAJIOM 110 CKOPOCTSIM

(V)12 ://U012(U) f1(1, T) fo(Ta, T) d*%) d30s. (1.16)

= Nning <O’U>12, (1.15)
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B gnanbHeiimeMm 1on ckopocmuvio mepmosdeproti peakuyuu OymeMm
HOHUMATh MMEHHO BEJIMYHMHY (0vU), KOTOpasi MMEeT DPa3MEPHOCTb
[em? ¢ m i KaskOi KOHKDETHOM peakmun sBfsercs (byHKI-
el OJIHOM JINIIb TeMIteparypbl 1.

Cayuait ogHokoMIIOHeHTHOrO T4 TOIIMBA, COCTOSIIETO U3 AAEp
ozmHOrO copra (Z1, A1), KOTOpbIe MOTYT BCTYNATH B PEAKIIUIO CHHTE3a
JPYT C JIPYyroM, CJIedyeT OTMETUTh 0cob0. B aTom cirydae uucio pe-
akIuil B equHuie oobéMa B €IMHHUILY BPEMEHHU OYIET OIpPEeIe/siThCs
BbIpaKCHHUEM

dN- 1

Willt = 3t (o0, (1.17)
rje Juist (ov)1] CupaBe/InBo TO ke onpejenenue (1.16) ¢ 3ameHoi
nnjiekca 2 Ha 1. JlonosiHuTe/IbHBI MHOXKHTEIb % B (1.17) mo cpas-
Henuto ¢ (1.15) BO3HHKAET M3-3a TOrO, UTO TEePh B KAXKJIONW peak-
mun (1.2) y9acTBYIOT ABe YACTHIBI COPTa 1, M IPU CyMMHUPOBAHIN
BEPOSITHOCTH PEAKIIUU 110 BCEM siJ[pAM-MHUIIEHsIM 11 dV B 3JIeMeHTe
06béMa dV MBI KaXKIbII aKT PEAKIIHN YITEM IBAYK b

Crosiinuii B npasoit yactu (1.16) 6-kpaTHBI uHTErpas 1o mnepe-

MEHHBIM U], Uo MOXKHO CYIIECTBEHHO YIPOCTHTB, €CJIU B G-MepHOM
npocrpaHcTse (U1, U2) cuenarb pOPMAIBHYIO 3aMeHY IIePEMEHHBIX

M,

b o= et —2 7 1.18a

! <M+ M,y ( )
M,

Uy = 0p— —1 @ 1.18b

V2 Ve ]\41 —|—M2v’ ( )

U TepeiiTu K MHTErPUPOBAHUIO 110 IEPEMEHHBIM U U Ue. 371€Ch, KaK u
pamee, U = U] — U — OTHOCUTEbHAS CKOPOCTh, a
L Myt + Mt
YT M+ M,
CKOPOCTD TIEHTPa WHEPIMH pearupyromux saep 1 u 2. 3amMeTun, 910
B HOBBIX [T€PEMEHHBIX

— (1.19)

3/2
AT, T) fo(T, T) = M exp <_Ml+M?v2 B M 1}2> ’

(2nT)? 2T ¢ 2T
(1.20)

18



6e3 Tpy/ia BLIMOJIHSEM UHTEIPUPOBAHUE 110 BCEMY TPEXMEPHOMY IIPO-
CTPAHCTBY CKOPOCTEN U U IO JBYM YIJIOBBIM IIEPEMEHHBIM B c(hepu-
YeCKUX KOOPJUHATAX B TPEXMEPHOM IIPOCTPAHCTBE OTHOCUTEJIbHBIX
ckopocteft ¥. B pesynbraTe mosgydaeM Ceayioniee BbIPAXKEHHE JIJIst
(ov)12, colepKaliee JIMIb OJUH UHTErPAJ [0 MOJLYJII0 OTHOCHTE]Ib-
HOII CKOPOCTH V:

MO\ 32 o0 M
(ov)19 = 4m <27rT> /012(1)) exp <_2TU2> vidv.  (1.21)
0

XapakTep 3aBUCHMOCTH CKOPOCTU HEPE3OHAHCHBIX PEaKIHil (0v)12
or TemmepaTypbl 1T MOXKHO yCTAHOBHUTH, HOJICTABUB BbIparkKeHue
(1.10) B dopmyay (1.21), B pe3ysbrare 4ero mosrydaem

MV T Fo

=2 — —r — 1 — . 1.22

(ov)12 S19 <27TT> /exp x T dx ( )
0

MuTerpan B mpaBoil 9acTu 3TOTO BLIPAXKEHUS BBIYUC/ISICTCS IPUOIT-
JKEHHO TaK Ha3bIBAEMBIM MeTOIOM ItepeBaJia. 1IocKoIbKy mokasaresb
9KCIIOHEHTBI B TOJbIHTErpaibHOl dhyrknuu (1.21) umeer Makcumym

mpu
B\ /3
p— p— — 1.2
T = 2o <4T> , (1.23)

TO MOXKHO HPEAIIOJIOKUTH, UTO OCHOBHOW BKJIaJI B MHTErpaJl JTaeT
MaJiasi OKPEeCTHOCTh 3TOi ToUKHU. Pa3jarasi mokasaresb 9KCIIOHEHTBI
B psan Toitopa B OKPECTHOCTU T = X JIO0 BTOPOI'O WIEHA, ITOJIyIaeM

[e.e] E [e.e]
e 28 dr ~ 30 — (2 — wg)?| dz =
/exp x o de ~ /exp[ 3xo 12g (x —x0)°| do =
0 —oo
4 1/2
_ <”3”“°0> exp(—310). (1.24)

JIerko MoHATH, YTO METO[ IEepPeBaja CTAHOBUTCH ACUMITOTHIECKHU
TOYHBIM B Tpesiene xg > 1 (re. npu T < Eg), MOCKOJbKY IpH
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5ToM 3hQEKTHBHAS IUPHHA MAKCHMYMa B OKA3ATEJIE SKCIIOHEHTHI
1/2
Ax ~ JZO/ < zo. U3 (1.22)-(1.24) nomydaem BbIparKeHHe

S Eg\'*
(ov)12 = TTI/23 exp [—3 (4;) , (1.25)

e Sio — HEKOTOpast MOCTOSIHHAS, XAPAKTEPU3YIOMAs JAHHYIO KOH-
KPETHYIO PEAKIIHIO.

®opwmyira (1.25) ¢ pasyMHOIl TOYHOCTBIO OIIUCHIBAET TEMIIEPATY -
HYIO 3aBUCHMOCTB CKOpocTeii (ov) bosbimacTBa T4 peaknumit cunre-
3a U YaCTO SBJIAETCS OTIPABHOM TOUKOM JJis TOCTPOEHUs OoJiee TOU-
HBIX AITPOKCUMAIMOHHBIX (hopmysr. OHa siCHO TTOKA3bIBAET, YTO IIPH
He CJIUIIKOM BBICOKOI TemmepaTrype 1 CKOpOCTh peakiiud, B MEPBYIO
04Yepe/ib, OIIPeJIeJIsAeTCs 3HadeHneM raMoBCKoit sneprun Fg. B acrpo-
dbusnueckux o630pax [12| jmocTaTouHO TOUHBIE ANIIPOKCUMAIMU JIJIsT
ckopocreit (ov) Gosbmoro unciaa T¢ peaknuii mosydeHsl IPOCTOLl
3aMEHOl MHOXKUTEIS S1o B (1.25) Ha anIpPOKCUMAIIMOHHBII TOJIMHOM
LIATOH CTEIeHN OTHOCHTEILHO Besmananl 113,

1.4 Peaxkuun geiiTepuii-TpuTHEBOTO ITUKJIA

['maBuBIM 00CTOATEIHLCTBOM, onpeesiomum Buibop T Tommn-
Ba, SIBJISIETCSI CKOPOCTD cooTBeTcTByIoMme T4 peaknmu. Makcumaib-
HYIO CKOpPOCTb T4 ropemnust ciieryer, O9eBUIHO, OKUIATH OT Pa3JIni-
HBIX BAPUAHTOB CMECH M30TOIOB BOJIOpOIa — neiitepusi D u Tputus
T, moCcKONBKY AJId HAX MUHUMAJIBHO 3HAYEHUE FaMOBCKON SHEPTHu
E¢. Paznuuator jBa OCHOBHBIX THIIA BOJOPOIHOIO Torumsa: (1) sK-
BUMOJISIpHYTO (¢ paBHOiT KonienTparmeil simep D u T) cmech jeiire-
pHsl U TPUTHsI, HA3bIBAEMYIO Jist HpocToThl D T-monausom, u (2) au-
CTBHIN JleiiTepuil, KOTOPBIM Ha3bIBalOT DD-monausom. Bo3MOXKHBI,
KOHEYHO, U IMPOMEXKYTOUYHBIE BAPUAHTHI C IPOU3BOJILHBIM OTHOCU-
TeJTbHBIM COJEePXKaHUeM TPUTHSI.

B nefitepuii-TpuTueBoit cMecu MOXKeT TPOTEKATD IEJIbIH PsiJT pa3-
JIMIHBIX si7IepHBIX peaknuii. OCHOBHOM MHTEpeC, ¢ TOUKU 3PEHUST BbI-
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nenenns sHeprun npu T4 ropennn, mpeacTaBIsdIOT CIEAYIONINE HTe-
TBIpE U3 HUX:

D+T — “He (3.52 MaB) 4+ n (14.07 MsB),  (1.26)
D+D — 3He (0.82 MaB) +n (2.45 MaB), (1.27)
D+D — T (1.01 MaB) +p (3.02 MaB), (1.28)
D+%He — *He (3.67 MsB) +p (14.68 MaB).  (1.29)

CxopocTu 9TUX PeaKIyii ¢ HEIJIOXOH TOYHOCTBIO OIUCHIBAIOTCS IPO-
CTBIMH BBIPAXKEHUSIMU:

1/3

_ 19.98
(ov)pr ~ 2.62 x 10727, /P exp | — o ¢ 1, (1.30)
TkeV

Ry 18.81 N
(0v)ppn ~ 1.29 x 1071 kav/?’ exp <_T1/3> em® ¢t (1.31)
keV

_ 18.81
(ov)ppp ~ 1.35 x 1071 Tkj,/?’ exp (—T1/3> em® ¢t (1.32)
keV

_ 31.72
(ov)pres ~ 2.16 x 10727 23 exp (—1/3> em® ¢, (1.33)

TkeV

ocnoBanubiMu Ha Gopmyse (1.25). Bosiee Tounble ammpoxcuMa-
AU JJIsi CKOPOCTEN YKAa3aHHBIX PEAKINii MOXKHO HailTu B paborax
[12, 13|. I'padbuku TemueparypHoii 3aBucumoctu (0v) JJIsi peaKIit
(1.26)—(1.29) B mmamazone T' = 1-100 k3B npusenens na puc. 1.3.
JlBa kanasia peakiuu D+D mmeroT mpakTUUecKu PaBHYIO BEPOST-
HOCTB; Ha puC. 1.3 nokasaxa cymma (0v)ppp + (0V)ppp 1O 06OUM
KaHaJIaM.

Ha puc. 1.3 xoporo BujHO, 9TO M3 4eThIpEX peakimii (1.26)—
(1.29) camoit 6picTpoii siBisiercst peakiust D-+T: B nuamasone Tem-
neparyp 1-30 k3B eé ckopocts mpubnusuressno B 100 pas mpe-
BoImaer ckopoctb D+D peakmuu. Ilociiennee oznadaer, uro B DT-
TOIUIUBE JIOCTATOYHO Y4YeCThb JIMIb OjHy peaknuio (1.26); sHepre-
Traeckas posib nporeccos (1.27)—(1.29) cBoaurTes K monpaBkaM Ha
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Puc. 1.3. Temneparypras 3aBEHCHMOCTS CKOPOCT€il OCHOBHBIX PeaKIMii, Ipe/-
CTaBJIAIONMX Haubo bINuii naTepec mys Y TC

YPOBHE HECKOJILKUX TporieHToB. B DD-Tonuse neobxomnmmo, Koned-
HO, YUIUTBIBATh Bee Yerhbipe peakimn (1.26)—(1.29). Cymmupyst suep-
I'MHU BCEX MPOJLyKTOB B paBbIX dacTsx (1.26)—(1.29), Mbr BuguM, 9TO
B IIPE/INOJIOXKEHUH ITOJTHOTO BBITOPAHUS TPOMEXKYTOUHBIX ITPOIYK-
tos T u 3He remnorBopnas criocobrocts DD-Tommsa cocrapiisier
43.24 M5B Ha 6 syep jgeiirepust, T.e. 345 M/ /Mr — aro mpakTu-
YeCKU He OTJINYaeTCsd OT TeIIOTBOPHOI crocobroctu DT-Tommmsa,
pasroit 337 M/JIx /mr.

ITo moBomy ocHOBHBIX peakiuit B DD-TommuBe ciaeayer caenaTh
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caemyroinee 3amedanne. Ha mepBbiil B3IVIAL MOXKET OKA3aThCs, 9TO
HOCKOJIbKY obpasyionuecs B akTax D-+D cunresa siapa T u 3He 06-
JIATAIOT JOBOJBHO BBICOKON KHHETHUEeCKOM sHeprueit ~ 1 MsB, mxo-
CTATOYHON JIJIsT IPEO0JICHN ST KYJIOHOBCKOT'O 6apbepa, TO OHU JTOJI¥K-
HBI pearupoBaTh C siaApaMu JefiTepus MOYTH cpa3y ‘Ha Jery’, T.e.
emé 70 TOro, Kak OHU IPUIYT B TEILIOBOE PABHOBECUE C OKPY2KAIO-
mel cpeioif. A Toraa CKOpOCTb 9TUX BTOPUYHBIX PEAKIUIl CIe10Ba-
710 6Bl paccInTHIBATH He 110 “reroBbiM” (opmyrtam (1.26), (1.29), a
UCIIOJIb3Ysl 3HAYUEHUE 0V IPU KOHKPETHOW CKOPOCTH ¥, COOTBETCTBY-
fomeil Haua IbHOI sHeprun obpaszosanus giapa T wmm >He. Onmako
JIeJIO B TOM, 9TO B THIIUYHBIX ycjioBusix 141 ropeHus ceuenune KyJio-
HOBCKOT'O TOpMOzKeHus GuieTprix syiep T u 3He cyIecTBenHO mpeBb-
nraeT COOTBETCTBYIOIIME siJIEPHbIE cevdeHusl (IOPOOHEE CM. CJIeJLyI0-
IIYTO [VIABY ), U TEPMAJIN3AIINS OIABIISIONIEH YaCTH U3 HIX ITPOMCXO-
JIUT TOpa3/0 paHbIe, YeM OHU YCIIEBAIOT MPOPEArHPOBATH C siIpAMU
nefirepus “Ha jery’. Ho ompenenénnas majast m10Jist OBICTPBIX siaep
T umu 3He ycreBaer, KOHEUHO Ke, BCTYIIUTH B PEAKIIHIO JIO HOJIHOM
TepMaIU3AITIH.

Ha puc. 1.3 Bugno raxxe, aro upu T' < 26 kB peakrus D+3He
T MejgieHnee, deM D-+D (u3-3a Gojiee BBICOKOTO KYJIOHOBCKOIO
G6apbepa), HO 0OroHsieT eé mpu GoJsiee BBICOKUX Temieparypax. Fc-
JIL K 3TOMY T00aBUTH TO BayKHOE OOCTOATEIBLCTBO, UTO B PEAKITUU
D-+3He ne obpasyercss HOHTPOHOB, TO CTAHOBUTCH IIOHSTHLIM OCO-
6eiit maTepec Kk D3He-TommmBy, cojepskalieMy aToMbl jeidTepust u
rejus-3 B paBHOI poropiuu. fIcHo, 0HAKO, 9YTO U B 9TOM BapuaH-
te T4 TonnmBa BaxkHYIO POJIb OYIyT UrpaTh BCE UYEThIPE PEAKITUH

(1.26)—(1.29).

1.5 IlobouHble 1 MepCIIEKTUBHBIE PeaKITun

B kaxxmom Bune T4 Tomnusa Hapsiny ¢ ocuoBubiMEU T4 peakitu-
sIMU BCETJIa MPOTEKAET U TEJIbI PsiJi MOOOYHBIX. Tak, HAIIPUMED, B
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DT- u D3®He-rormmse 6yayT umers Mecto TSI peaxmmm

T+T — “*He+n-+n+11.33 MsB, (1.34)
SHe+3He — “He+p+p+ 12.86 MaB, (1.35)

CKOPOCTH KOTOPBIX allllPOKCUMUPYETCsl BhIpakeHusiMu |12]

_ 21.52
(ovypr ~ 541x107 T P exp [ — e et (1.36)
TkzeV
_ 54.22
(V) Hesmes ~ 1.93x107277 23 exp —7 o ¢ (1.37)
keV

N xorsi mobovuHble pEAKIINK HE OKA3BIBAIOT OILYTUMOTO BJIASIHUS HA
obmyto quHamuky T¢l BCUbIIKY (MMEHHO B 9TOM CMBICJIE OHU SIBJIsI-
I0TCsI TODOYHBIMU ), HEKOTOPBIE M3 HUX MOIYT IPEJICTABIISTH HHTEPEC
JubO ¢ TOYKU 3PEHUsT AUATHOCTUKM, JIMOO ¢ TOUYKHU 3peHust odpaso-
BaHUS OTJEJBHBIX HYKIUIOB U SIAEPHBIX TACTHII.

Baxkubim obcrositeniberBoM jytst ¥ TC siBjisiercst Hau4aue B MpU-
pojie U CTOUMOCTb J00br4u (TponsBoacTBa) Kommonent T4 roprode-
ro. C nefirepueM mpobjieM HET, TaK KaK OH CTADUJIEH M JIOCTATOYHO
IIIIPOKO PACHPOCTPAHEH: €r0 JOJIS 10 OTHONIEHWIO K BOJIOPOMY CO-
crasysteT okoo 1.5 x 104, C TpuTuenm curyarms cIoxHee, MOCKOIb-
Ky OH Pa/IMOAKTUBEH, 00JIa/IaeT CPABHUTEIHLHO KOPOTKUM IEPHUOIOM
nosypacnaza (B gapo >He ¢ ucnyckanmem siaexrpona) 12.3 roma, u
I10 9TOH IpUYIMHE OTCYTCTBYET B mipupoe. [l pousBoauts TpuTnit as
uyxJ ¥Y'TC npejmosaraercst ¢ MOMOIIBIO PEaKITHit

Li+n — %He+T+n—2.47 MsB, (1.38)
Li+n — “*He+T+4.79 MsB (1.39)

B autueBoM 6nankere T4 peaktopa. [lepBasg u3 sTux peaknuit 3710~
TEePMUIHA U MOXKET HITU TOJIHBKO Ha OBICTPBIX HEHTPOHAX C SHEPIU-
et > 2.47 M»B, 1.e. TosibKO Ha nepBUYHBIX HeliTponax DT-peaxium.
JloCTOMHCTBOM 3TOI peakIny SBJIAETCS TOT (PaKT, UITO POKIECHUE

24



snpa T He conpoBoxKtaeTcs rubesibio HeHTpoHA. Bosiee Me IeHHBIE
HEATPOHBI [B TOM 4mcie W uciycKaemble B peakiuu (1.38)] moryr
POYKJIATH TPUTHIA, HOrIOMmasACh Ha, °Li, BbIe IS DI 9TOM JIOIOJIHHE-
TeJIbHYIO SHEPruio. HamoMHUM, 9TO NMPUPOIHBIA JUTHNE COCTOUT HA
92.4 % w3 m3orona 'Li u umb na 7.6 % us mzoromna °Li.

Bynyuun cambim JierkoBociutamMeHuMbiM, DT-TormamBo B TO Ke
BpeMsi 00JIaJIaeT JBYMsI KPYIHBIME HEJIOCTATKAMIE: BO-TIEPBBIX, 3TO
TOILIMBO yKe caMo 10 cebe CUJIbHO PaUOAKTUBHO, & BO-BTOPBIX, B
MIPOIIECCE €ro TOPEHUsT BO3HUKAET MHTEHCUBHAS HEUTPOHHAS HAIPY3-
Ka Ha KOHCTPYKIIMOHHBIE 3jieMeHThl 1Y peakTopa; Kak cJeJCTBHE,
BOBHUKAET IIPobJIeMa, HaBeIEHHON PauoaKTUBHOCTH. AJIbTepHATHB-
uble Bujibl T4 ropioyero, Koropble MPUHATO HA3LIBATH [IEPCIIEKTHB-
HBIMU, [PU3BAHBI U30ABUTHCS OT 3TUX HEJIOCTATKOB. B mepByto oue-
pelib, K HAM, KOHEYHO K€, CJIEJYeT OTHECTU yKe YIOMUHABIIAECS
YHCTBHIN jiefiTepuit 1 sKBUMOIApHYIO cMech D3He. OyauM u3 mpe-
IATCTBUI Ha IyTH ucnoab3oBanns D3He-Tommisa, sBigercs Hu3Kas
pacrnpocTpanéHHoCTh (Ha ypoBHe 1.4 X 10~% or usoromna 4He) U30TO-
ma 3He.

B kadecTBe ciieflyonux KaH/MJIATOB HA POJIb MEPCIHEKTUBHOIO
TOILJINBA JIOJIZKHBI OBITH PACCMOTPEHBI Pa3JIMIHbIE BAPUAHTHI CMECH
BOJIOPO/Ia U JefiTepusi C U30TONAMU JINTUS, OCHOBAHHBIE Ha PEAKITHSX

Li+p — 2%He+17.35 MsB, (1.40)
*Li+p — 3He+ ‘He + 4.02 MsB, (1.41)
‘Li+D — 2%He+22.37 MsB. (1.42)

BJech 0oba peareHTa HEPAMOAKTUBHBI M JOCTATOYHO IIUPOKO Pac-
IpocTpaHeHbl B Ipupo/ie. [IpolyKraMu siBJISIFOTCs CTaOMIbHbIE s1/1pa
reJiust, SHEPTUI0 KOTOPBIX CPABHUTEIHHO JIEMKO yTUIn3upoBaTh. Ciia-
Gast HEHTPOHHAsT HATPY3Ka MOYKET BO3ZHUKHYTH TOJIBKO M3-32 HEKO-
TOPBIX OBOYHBIX peakiuii Tuia, ckaxkeMm, ‘He 4+ D — *He+p+n —
—2.22 MsB. K coxkasenuio, Kak BuHO u3 puc. 1.3, peakuuu (1.40)—
(1.42) mpoTexatoT cymecTenHo Mejyientee, dem D+D u D-+3He [12].
[Mocieaee 03HAYAET, ITO K OCBOCHUIO BOJIOPOHO-TUTHEBOTO TOILIU-
Ba MOXKHO OyjleT IPUCTYIUTD JIMIIh [OCJIe TOro, KaK Oyer Ipojie-
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moncTpuposano 3axuranne D+ D wmm D+3He peaxnmit. Ormernn,
YTO CMeCh JiefiTepust u JUTUSA-6 peasbHO ucnosb3dyercs B T4 opy-
JKUH, HO TaM BCErJa IPUCYTCTBYIOT MHTEHCHBHBIC IIOTOKH HEHTPO-
HOB, KOTOpBIe 110 peaknun (1.39) coznator Tpurnii “Ha mecre” [15].

BamanunuBbIM BapuanToM T4 TommBa siBiIsieTcsl CMeCh BOJOPOJIA
1 mzotona 6opa ' B (BH-Tommso). O6a KOMIOHEHTa 3TOTO TOTLIHBA
HEePa/IMOAKTHBHBI I B U300U/INH IPUCYTCTBYIOT Ha 3emite. OcHOBHAs
peaxnus, nporexaomas B BH-rommse, nmeer Bug

p+ "B — 3 'He + 8.68 MsB. (1.43)

ITo cyTu sTa peakiius ABJISIETCS peaKIell sdIepHOr0 PACHICIICHUS,
a He CHHTE3a; OHa YK30TEPMHUIHA TOJBKO OJarogapsi CUILHOMY JIO-
KaJIbHOMY MaKCUMYyMy 3Hepruu cessu y uzorona ‘He (cm. puc. 1.1).
Hecmotps ma 6ostee Boicokwmii, gem B LiH-Tommuee, Kymonosckwuii 6a-
pbep, IpH BeICOKHUX TeMmueparypax 1" > 100 k3B sra peaknusa uiér
Geicrpee [14], wem (1.40)—(1.42) (cm. puc. 1.3). Oanako u3-3a HU3-
Koit ckopoctn BH-peaknnm mpum yMepeHHBIX Temimeparypax 1 =
= 10-100 x»B mnoxka me ynanochb chopMyaupoBaTh HU OJHON yOe-
murenbHoil cxembl Y TC ma ocroe uncroro BH-Tomnusa.

KOHmpO/L’bH’bLB 60NPOCHL

1. TTouemy nyst YTC npeicTaB/siioT UHTEPEC JIUITb TAKHUE sIIIEP-
HbIE PEaKIINK, KOTOPBIE CBOIATCA K IIPOCTOH IEepPerpyIinpoBKe
HYKJIOHOB B y4YaCTBYIOIIUX sJIpax’

2. Houemy YTC me ymaércsi 0CHOBATh Ha, Ka3aJ0Ch ObI, SHEpTe-
THYECKH CaMOH BBIrOHOH peaximu cuatesa D + D — 4He +
+ 23.8 MaB?

3. Kakosbl 6b11n 661 mocitenctusa g ¥ 1C, ecin Obl BCTymla-
IOIMEe B PEAKIMIO sijIpa JIOJ>KHBI ObLIM IIPEOJIOJIEBATEL KYJIO-
HOBCKHUII Oapbep IO 3aKOHAM KJIACCHUUIECKOI, a He KBAaHTOBOM
MEXaHUKU !
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KakoBa xapakTepHasi BeJIUYHHA KYJIOHOBCKOIO Oapbepa st
OMHAPHOI siIEpHOI peakiuu 1 + Zo?

OGbsICHUTL HPOMCXOXKICHHE HU3KOTEMIIEPATYPHOH ACHMIITO-
tukn (ov) o exp (—const/T"/3) B saucmmoctn ckopocrn TSl
peaxuuii (ov) OT Temueparypsl wiasMbl 1.

Kaxwne geTbIipe OCHOBHBIE sITIepHBIE PEaKITN CUHTE3a MPOTeKa-
0T B JieliTepun?

Kaxk coornocsitest ckopocrn (ov) peakiuit D+ T u D + D (1o
HOPSIJIKY BeJIMYUHBI) 11pu Temiieparypax 1T’ ~ 5-50 ksB?

. Homyctum, uro B T4 ToruBe co3manbl yCaI0BU JIjIsT TPOTEKA-
ausa T peaknuu. XapakKTepHBIM BpeMeHEM peaKIud Ha3bIBa-
€TCsl BpeMsl, 32 KOTOPOEe IPOpPearupyer OKOJIO MOJOBUHBIL sSIIIED
rorinBa. Kak 1npu npounx paBHBIX YCJIOBHUSX 3TO BPEMS 3aBH-
cut ot mwioraoctu T4 Tommmsa?

B 4éM HOTeHIMAJBHBIE HPEHMYIIECTBa peaknmud p + B 1o
cpasuenuio ¢ D + T peaxiueii?
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I's1aBa 2

Ilepenoc sneprun
OBICTPBIMU IIPOLYyKTaMU’
dAJePHbIX peakKInil

[lepBranbIMEu HOCHTEISIME HEPTUH 191 cuHTE3a SABISIOTCST OBICT-
pbie sijiepHble 9acTullbl (14-M3BHBIE HEHTPOHBI U 3.5-M3BHBIE ajbdha-
gacTuibl B ciaydae DT-peaxium), KoTopble, KaK IIPABUJIO, HMe-
0T Makpockomnu4deckue mnpobderu. [locieqnee oznadaer, 4To SHEPrus
T4 ropenusi BolJIEISIETCS HEJOKAJIBHO, T.€. Ha HEKOTOPOM Y/IAJIEHNN
OT MeCTa MPOTEKAHUsI PEAKIUU. DTO OOCTOATETHCTBO CYIIECTBEHHO
yenoxaster pacuér T4 mumeneit U'TC, u B Kaxk10if KOHKPETHOI cXe-
me U'TC Tpebyet crienuajbHOIO aHAIN3a, B KAKOM COOTHOIIICHUN Ha-
XOJIATCH XapaKTePHbIE Pa3Mephbl 00JIACTH TOPEeHust U podberu ObICT-
PBIX IIPOJIyKTOB T4 peakriuii.

MozkHO, 0U€BHUIHO, IPEICTABUTL cebe MBa KPANHUX MPeIeTbHbIX
cydas: ONTHYECKN TOHKHUU W ONTHUYEeCKH TOJICTHIH. B onTmdeckn
TOHKOM IIpefiejie TPOOEru MPOJAYKTOB INOPEHUsI HAMHOI'O IIPEBBIIIA-
IOT pa3Mephl TOIJIUBA. YICHO, ITO B 9TOM Ipejieie OHU YHOCAT IIPaK-
TUYIECKU BCIO BBIJIC/ISIONLYIOCS SHEPTHUIO 3a IPeesbl TOIINBA, U B
CaMOM TOIIJIMBE He MOXKeT Pa3BUTHCS IIPOIECC CAMOIOIePKIBAIO-
merocsi ropenusi. B Taxkoit curyarun njis nopuep:kanus 14 ropenus
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HEe0OX0IUMO 00EeCIIeYnTh CTOPOHHUI HAMPEB TOIIMBA, [JIsT KOMIIEHCA-
MK Herm30eKHBIX IIOTEPh Ha, OXJIaXKIEHHE.

B omruveckn TOJICTOM ciydae IpoOern IacTUL-IPOLYKTOB Ha-
MHOI'O MEHbBIIIE Pa3MEpPOB TOILINBa, U B IepBOM Ipubiukennn 141
9HEPIOBBIJIEJIEHNE MOXKHO CUATATH JIOKAJIBHBIM. II0CKOJIBKY BbIIE-
JIAIOIIEHiCST SHEPIUH C JINXBOU XBaTaeT, YTOObI HAIPETh JI0 TeMIIepa-
TYPBI 3aKUTaHUsT HOBBIE TIOPIIUU TOILIMBA, TO IIPH 9TOM CTAHOBHUTCSI
BO3MOXKEH IIPOIECC CAMOIIOIIEPXKUBAIOIIErocs ropenus, 3¢ deKTus-
HOCTH KOTOPOI'O BCeria BbIIe, 4eM 3(P@PEKTUBHOCTL T'OPEHUS IO,
JelicTBUEM CTOPOHHEro Harpepa. Ha npakTuke, Kak IpaBUjo, pea-
JIN3yeTCsT MIPOMEXKYTOUHBIN CJIydail, Korjga Ipodern Tex WA HHBIX
JaCTHUI-TIPOLYKTOB CPABHUMBI C pasMepaMu 00bEéMa TOIIBa. ITo-
Obl MUMETh BO3MOXKHOCTDL IIPABUJILHO PACCYUTHIBATEL IIEPEHOC SHEp-
run npoaykramu T4 peakinii, odpaTuMcs K TEOPUN 3aMeJICHUS 1
[IOIJIOIIEHNsST CYOATOMHBIX YaCTHUI[ B BEINECTBE W TEOPUH IIEPEHOCA,
SHEPIUU TAKUMU YACTHUIIAMU.

2.1 HeiiTpoHnHbIiT HArpeB B ONTHYECKN
TOHKOM MpejeJie

B peaknusix (1.26) u (1.27) obpasyiorcst 6bICTpbIE HEHTPOHBI €
3Heprueit coorercTBenno F, = 14.07 MsB u E,, = 2.45 M»3B. Ilpu
sromM B DT-ronsuBe Ha 105110 14-M3IBHBIX HEHTPOHOB MPUXOIUTCS
80 % moJIHOrO 3HEproBbleseHus. UTOOE IMETh BOZMOXKHOCTE OIle-
HUTH, KaKas JI0JIs 3TOI sHepruu ocraércs B 14 Tommmse, paccMoT-
PUM B3anMOJICHCTBUE HEHTPOHOB MYJIBTUMIBHBIX 9HEPIUA C s/1paMu
JieliTepust U TpuTHUs. B Halem ciiyuae 9TO B3aUMOJIENCTBUE CBOJUT-
csd K PacCedHUIO, KOTOPOE HAPAIy C YIPYTUM MOXKET COIEpXKATh U
Heynpyrue Kauajbl. [IoCKOJIBKY CKOPOCTH OBICTPBIX HEUTPOHOB Ha-
MHOT'O IIPEBBIIMAET TENJIOBbIE CKOPOCTHU AP CPEJIbl, TOCJIETHUE JI0
CTOJIKHOBEHUST MOYKHO CUUTATD MOKOSINMUCA. OTMETHM, 9TO B CHITY
M30TOMUYECKON NHBAPUAHTHOCTU CUJIBLHOTO B3aUMOJEHCTBUS MOYKHO
C TIPUEMJIEMON TOYHOCTBIO HE Je/IaTh PA3JIUUIUsT MEXKY PACCesTHHEM
HefiTpoHoB Ha sapax SHe u T.
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DKCIEePUMEHTHI TOKA3BIBAIOT, UTO PACCESHIE NHTEPECYIONINX HAC
HEWTPOHOB Ha siApax AefATepuss W TPUTHUS SIBJISIETCI B OCHOBHOM
yupyrum. [losHoe cedernne HEHTPOHHOTO pacCesHUsl Ha JeHTepun B
nuarnasone sHepruii 1.5 MsB < E, < 22 MsB ¢ Tounocreio 1.4 %
OIIMCBIBAETCS IPOCTON SMIMpUIecKoi hopmyitoii [16]

14.35 6apu

—_— 2.1
E, + 3.6 MsB’ (2.1)

OnD, tot —
rie 1 6apa = 1072* cm?, a 3Havenne suepruu Heiirpona F,, m3mepsi-
etcst B MaB. Heynpyruit kaHaJ1, COMPOBOXK JAIOIIUICS pacIIelIeHueM
JefiTtpoHa mo peakiuu n + D — n + p 4 n, MOABISAETCS JIUIIb IPU
E, > 3.3 MsB. Ina 14-m3aBabix DT-HeHATPOHOB cevenune HEYIPYyTo-
IO paccestHust, 0pppon = 0.18 Gapu [17|, cocTaBiser JHIIL OKOJIO
YEeTBEPTH OT IIOJIHOTO CeYeHUs 0y, p tor = 0.81 HapmH.

AHaJIOrUIHO 0OCTOUT HEJIO U JJIsl PAcCesiHusI HeTPOHOB Ha, sij-
pax tpurus. [lockoabKy TpuTnii B 60JIBIIOM KOJUIECTBE COMEPIKUT-
cst mumb B D'T-TorimBe, TO HAC B IIEPBYIO 0Uepeib HHTEPECyeT pacce-
stHre 14-M3BHBIX HEHTPOHOB, poxkaaromuxcs B peakiun (1.26). TTos-
Hoe cedenne paccesiuust upu E, = 14.1 MsB cocrasiser [18]

onT tot = 0.98 GapH. (2.2)

[Tpu sTtom Heynpyrue kanaiel n+1T — D+2nun+T — p+3n maior
COOTBETCTBEHHO BKJIAJIBI 0y T n2n A 0.047 6apH 1 0,7 3, ~ 0.20 6apn
[19]. TTockosbKy BKJIAJ] HEYIIPYIOTO PACCEsIHUSI OTHOCUTENHHO HeBe-
JIUK, MBI HE JIOIIYCTUM OOJIBIIION HOTPENTHOCTH, €CJIU HUXKE IIPU BbI-
YUCJICHUH JIOJIA SHEPIUU, OCTaBJIAeMO ObicTphiMu HefiTponamu B T4
TOIIUBE, OyJIeM JIJIst IIPOCTOTHI MIPE/IIIoJIaraTh, YTO paccesHue Heii-
TPOHOB C CeYCHUAMU Oy, D tot U OpT tot ABIACTCS MOJHOCTBIO YIPYTUM.

3Has I0JIHOE CeYeHUe PaCCesHus HEHATPOHA O, MOXKHO JIETKO
HaiiTu ero addexkTuBHbI pober. JleficTBUTEIbHO, IyCTh Iy Y0K Heli-
TPOHOB PACIPOCTPAHSIETCS B CPeJle, COCTOSIIEN N3 HYKINIOB OTHOTO
copra ¢ aroMHOiT Maccoii A (Koropast 6/IM3Ka 110 3HAYEHUIO, HO B 00-
IIEeM caydae He paBHa YUC/TY HYKJIOHOB B siJIpe, KOTOPOE TOXKe TTPUHS-
TO 0603HaYATH GyKBOI A) 1 06BLEMHON KoHIenTpameit ny [cm ™3], a
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OnA — TOJTHOE cedeHne HERTPOHHOTO paccesiHus Ha Sapax TUX HyK-
o, Torma /10J1st HEUTPOHOB, BHIOBIBAIOIINX U3 HAYAJBHOTO ITyHU-
Ka Ha JymHe dr, cOCTABUT OpanAdr = (opa/myA) pdx, toe p—
IUIOTHOCTD CPEJIbI, M, — aTOMHAas eInHuIa Macchl. B ycaopusx UTC
TUMMMIHON ABJITETCS CUTYaIUs, KOTJIa BIOJIb TPAeKTOPUHM HEUTPOHA
CUJILHO U3MEHSIETCs IIJIOTHOCTDb CPEJIBI P, HO He €€ sAnepHbIil cocTas. B
9TOM CJIy4dae HavdaJIbHBIN ITy90K HEHTPOHOB ocjabeBaeT B e = 2.718...
pa3, IPOXoJs CJION ¢ MacCOBOU TOMIIMHON

[ pda=(oi)a = mA ], (2.3)

OnA cm2

D1y Beauunny OyjieM Ha3blBaThb afifexmushoim (cpednum) macco-
6bLM npobezom (WK IPpocTo npobezom) HeliTpoHoB. B ciyuae, Kora
cpe/ia COCTOUT U3 CMECU HJIEMEHTOB C JIOJIEBBIMU KOHIIEHTDAITASIMI
C O 4uciy sijiep copta k, omnpejesenue (2.3) jierko o60o0Imaercst K
BU/TY

Nk ko '
[ToncraBisisi npuBeEéHHBIE BBIIIE 3HAYEHNs] HEHTPOHHBIX CEeYeHU
B (2.3), (2.4), mosyuaeM ciremyrommue 3HadeHus npobderos st DT-
HeUTPOHOB ¢ sHeprueit F, = 14.07 M»sB,

(plin =m

(s = 413 r cem? B DD-rommse, (2.5)
POnIL= N 467 rem? B DT-romnuse, '
u it DD-nefitponos ¢ sueprueit F,, = 2.45 M»sB,

(pl)pa = 141 r ecm™? B DD-rormmse. (2.6)

Takum obpasom, 00béMm DT-TomamBa MOXKHO CUNTATH OUNTHIECKN
TOHKUM JI7isi 14-M3BHBIX HEHWTPOHOB, €CJIM €0 MAacCOBas TOJIIUHA
[pde <471 M2,

Jlajzee paccMOTpPUM BOIIPOC O Tepeade SHEPIuu ObICTPBIX Heil-
TPOHOB sIIpaM OKPY>KaloIei cpebl. B mpeanoaoKeHnn IucTo yiupy-
FOTO pacCesiHrsl MOYKHO BOCIIOJIb30BATHCS PEIeHNeM U3BECTHOH 3a-
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Jagan 00 yIpyroM CToJKHOBeHHH nByX 4dactur |20, §17| u naiitn us-
MEHEHHEe dHEepI'uu HeHTpOoHa

2M/my,
(1+ M/my)?

B OJJHOM aKTe paccedHusl Ha MOKosAIeMcd spe ¢ Maccoit M; 3jech

AE, = -E, (1 —cosx) (2.7)

m, — Macca HefiTpoHa, F, —ero sHeprus JI0 CTOJKHOBEHUS, X —
YTOJI PACCESHUS B CHCTEMe IEHTPa NHEPIHN (U-CucTeMe). YCpeHsist
110 yIJIaM PaccesHus Y, HaXOJUM CPEJIHIOI0 OTHOCUTEJBLHYIO IIOTEPIO
SHEPTUN B OJTHOM PACCESIHUU

AE, 24
L 2.
(&) = ap e =
e
1
Upa = (l—cosx)=— [ (1 —cosx) dopa — (2.9)
OnA

YCPEIHEHHOE 110 yIJIaM paccessnus 3nadenne 1 — cos x. IIpn nepexo-
Je or (2.7) k (2.8) Mbl st mpocToTsl notoxkuan M /my, = A, rue
A — 9HCI0 HYK/JIOHOB B PACCEMBAIONIEM sJIpe; BHOCUMAS TIPU 3TOM
HOIPEITHOCTD (JI0JIU MPOIEHTA) PEHEOPEKUMO MaJia, OCOGEHHO PU
paccessHUM Ha JIETKuX siapax. JlJIst cMecu 3/eMeHTOB ¢ JI0JIeBbIME
KOHIIEHTPAIIUSMHU Cy, 110 YUCIY sijiep copra k dopmysta (2.8) 06061a-
eTcst K BULY

-1

AE,\ 24,
< En > = ;Ckgnkmw Unk Zk:CkO'nk . (210)

Ecin 6b1 paccesinne HEWTPOHA B U-CUCTEME MOXKHO OBLIO CUH-
TaTh W30TPONHBIM (MM, [0 KpaiiHell Mepe, CUMMETPUIHBIM OTHO-
CHUTEeJIbHO HAIIPABJIEHUN BIEDEI-HA3a/), TO Mbl UMEIH OBl Vpg = 1.
Bocrionib3oBaBImmcs peaibHO U3MEPEHHBIMU T depeHITnaIbHBIMI
CEeYeHUsIMU YIIPYIOro paccesiiust u3 [21], HETPYHO BBIYUCIUTH, YTO
ang 14-maBubix DT-meifiTpoHoB

Unp ~ 0.80, vnp A~ 0.74. (2.11)
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[Moxcrasnss stu 3nadenus B popmyiy (2.10), HAXOIUM CPEIHIOIO J0-
JIIO SHEPTUU, OCTaBJsieMyio 14-MdBHBIMU HeliTpoHamu B DT-rorinse
[IpU [IEPBOM PaCCEAHUN

<AEn|> 5% 0.80 x 0.81 Gapu + 3 x 0.74 x 0.98 6apn 0
DT

31.
E, 0.81 6apu + 0.98 6apu

(2.12)

s paccesang 2.45-M3BHBIX DD-HeliTpoHOB Ha gapax JefiTepus
¢ TO9HOCTBIO OKOJI0 1 % mmeem v,p = 1.0, u 011 SHEPrUM, OCTAB-
JisieMast 9TUMHU HelTpoHaMu 1pu 1nepBoM paccesiiuun B DD-rorutuse,
paBHA %.

Ternepb MOXKHO JIETKO OIEHUTDH POJIb HERTPOHHOIO HATPEBA B OII-
THUYECKH TOHKOM IIpejiesie, KOrja Ipober HEeWTPOHOB CYIIECTBEHHO
mpesbimiaeT pa3dMep T4 Tommmsa. B kauecTBe mpocTeiitiero mpumepa,
paccMoTpuM CcheprIecKyo KOH(PUTYPAIMIO TOILUIUBa pajmycoM R ¢
OJIHOPOJIHBIM paCIIpeJieJIEHIEeM TEMIIEPATYPhl U IIJIOTHOCTH, 0OecIie-
YUBAIOIIUM OJIHOPOJIHYI0 WHTEHCUBHOCTH POXKJICHUS HEUTPOHOB IO
BceMy 00béMy cdepnl. Ilycrs 1 — s — J0J1s1 OT BCeX POJIMBIIMXCH
HEHTPOHOB, KOTOPbIE MOKUIAIOT c¢]epy TOIUINBA, HE UCIBITAB HUA O
HOT'O PACCEesTHUST; COOTBETCTBEHHO, (s — 9TO J0JIsl OT BCeX HETPOHOB,
KOTOPBIE UCIIBITHIBAIOT OJHO UJIu OoJiee paccesHuii. Jra Oe3pazmep-
Has BEJIMYNHA OIPEJIEIAETCS 3HAYEHNEM OJTHOTO 6e3pa3MepHOTro IMa-
pameTpa, a UMEHHO, 0nMmu4eckot moaul, paccCMaTpUBaeMoil cepsl
TOILINBA 110 HEHTPOHHOMY PaCCESTHUIO

R pR
Th =+ = —, (2.13)
(Dn (phin
rie (pl), —onpenenéunniii B (2.4) 3dbdeKTHBHBI MacCOBBIN mpoHer
HeATpoHOB, (I), —ux 3ddeKkTuBHBIl reomerpuyueckuit npoder, p—
miaoTHOCTL 19 TommmBa B paccmaTpuBaemMoiil cdepe.

Y100BI BBIYUCIUTD Pg, PACCMOTPUM HEHTPOH, KOTOPBIA POXK/Ia-
eTcst BHYTpH cepbl TOILUINBA B TOUKE C PAJILyC-BeKTOPOM T (puc. 2.1)
U JIETUT B HAIPABJIEHUN €IMHUIHOIO BeKTOpa 7i. PaccrosHue x ot
TOYKHU POXKJIEHUsI JIO BHEIITHEH IPAHUIIBI CPephl TaETCsT BhIparkKeHHeM

T =—ru+ (R2 —r? 4 r2,u2)1/2 , (2.14)
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e
= Tl cosh — (2.15)
T

KOCHHYC yriia 6 MexKjy HalpaBjeHusMu ©° u 7. BepositHOCTB TOTO,
9TO PACCMaTPUBAEMBbI HEHTPOH CBOOOHO BBHIIET U3 TOILINBA, PaB-
Ha

Gese(p, 7, R) = exp (—z/{l)y) . (2.16)

Cdepuyecknin o6bém
TOonnMBa

Puc. 2.1. Cxema spLTCTA HEUTPOHA U3 OIHOPOIHOHN cdephl TEPMOSIEPHOrO
TOILJINBA

ITockoJIbKyY BCe HAIIPABJIEHUS BBLJIETA HEATPOHA PABHOBEPOSITHBI,
HCKOMasl BeJWYnHa 1 — g TOJIydaeTcsi YCPeAHEHUEM Qesc(pt, 1, R)
110 TEJIECHOMY YIUIY C MOJIAPHON OChIO BJOJb T U 110 06bEMy cepb
r < R:

+1
3

R

1

1—(,08—Rg/ 2/goesc w,r, R) dp| r*dr. (2.17)
0 1
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IMoncrasiss (2.16) u (2.14) B (2.17) u mepexo/ist OT HHTETPHPOBAHHST
O f{t K MHTEIPUPOBAHUIO IO T, HETPY/IHO yOEIUThCs, YTO BO3HU-
KAIONMIl JBYKPATHBIl MHTErPA MOKHO BBIYHCJIUTD aAHATIUTHICCKH.
B pesyibrare, juisi HOJIHOM JIOJM HEHTPOHOB (g, MCIBITABIINX IIO
KpaifHeil Mepe OIHO paccesiHre B cdepe ¢ ONTUIECKON TOMIIENR Ty,
HOJTydaeM CJIe/IyIONee BbIparXkKeHe:

1—(1+42 272 -2

ps = 1— 3 1 —exp(—271,) — (1 + 27 + 27,) exp(—275) _
Aty 272
3
—Tn, n < ].7

=11 3 (2.18)
1——, 7> 1.
47,

B onrudeckn ToHKOM mpejiesie T, <K 1 BesmdunHa @y darTHIe-
CKU IIPEJICTAB/IsIeT HEATPOHBI, UCIIBITABIINE TOJIBKO OJIHO PACCEsTHUE;
JI0JIsl HEHTPOHOB, UCHBITABIINX 1M > 2 PACCESHU, IIPONOPIUOHAIb-
Ha 7,/" U sIBJISIeTCsl BeJINUNHON 0OOJjlee BBICOKOT'O HOPSIIKA MaJIoCTH. B
pesysibrare, nepemuoxkast (2.12) u (2.18), noiaydaem cjeyroiee Bbl-
paKeHUe JJIsi CyMMapPHOH J0/IM SHEPTUH, OCTaBJIsAeMOM 14-MIBHBIMU
Heiirponamu B cepudeckoM o6béme DT-rorminsa:

N < AE,|
B \ B,

> — 023, =023 22 (2.19)
DT (Pl)n

31ech Fy,14 —2Heprusi Bcex 14-MIBHBIX HEHTPOHOB, POXKJIEHHBIX 33
HEKOTOPBI (IIPOU3BOJIBHBII) IPOMEKYTOK BDEMEHH B PACCMATPUBA~
emoit DT-cdepe. B wactrnocrn, suamm, aro ipu (pR)pt < 11 cv2
(TunmuHBIl pasmep obsactu 3axkuranusg B DT-tommse) He#Tpo-
HBI OCTABJISIFOT B TOILIMBE MeHee 5 % CBOeH SHEPrum — uTo CJIy2KUT
olpaBJIaHueM i IpeHeOpeKeHnusi HeUTPOHHbIM HarpeBom B DT-
mvutensax UTC.

B DD-rommmse HefiTpons! ¢ sHepruamu F, = 2.45 MsB n E,, =
= 14.07 M»B poxmaioTcsa B MOYTH PABHOHN MPONOPIIUU B PEAKITUIX
(1.26)—(1.28). Xapakrepusle 3uateHns napamerpa pR 8 DD-Tomnse
6osibirie, ueM B DT u ero y»e HeJib3sl cAUTATH ONTHYECKH TOHKUM
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JUIst HeHTPOHOB, ocobenno ¢ sueprueii 2.45 MsB. B Takoit curyarun
aJeKBATHBIN yI€T HEHTPOHHOrO HArpeBa TPeOYeT PeIeHusi COOTBET-
CTBYIOIEr0 ypaBHEHUA NIEPEHOCa HEHTPOHOB.

2.2  OOmue MOHATUS TEeOPUU KYJIOHOBCKOTO
TOPMO2KEHUS 3aPAKEHHBIX YaCTUI]

CyIecTByIOT JBa OCHOBHBIX TEOPETUYECKMX IIOJIXOa IIPH BbI-
YHUCJIEHUN TIOTEPb SHEPTrUur OBICTPOil 3apsi?KEHHON JacTUIeil B Bele-
crBe: POPMAJIM3M MAPHBIX CTOJKHOBEHHMI U (POPMAJIN3M JUIJIEKTPHU-
TecKoit mpoHuriaeMoct. PopMasin3M MapHBIX CTOJKHOBEHNI OCHO-
BaH Ha IIPEIIOJI0KEHUN, YTO TOPMOXKEHNE OBICTPOI IaCTHUIBI TIPE/I-
cTaBjsieT coboit aaauTUBHBINA 3(hdEKT OOJBIIOr0 YNCIa He3aBUCHU-
MbBIX CTOJTKHOBEHUU C aTOMHBIMHU YacTUIIAMU cpelbl. [IpuMmenenne
3TOoT0 popMaaIn3Ma OOOCHOBAHO JIMIIL TOTJIA, KOTJa OTCYTCTBYIOT
B3aUMHbIE KOPPEJIAIUU B PEAKIIMU OTAEJIbHBIX YaCTULL CPe/Iibl Ha IIPO-
JICTAIOINHA IIPOCKTUIIb.

PopMaan3M JUIJIEKTPUIECKON MPOHUIIAEMOCTH, JIETAIBHO U3JI0-
JKEHHBII B KypCe 3JIEKTPOAUHAMUKI CILIOMHBIX cpel Jlamnay u JIud-
mmna |22, i, XIV], upexnosnaraer, 4ro Bce MacuiTabbl JIUTMH, Xa-
PaAKTEpU3YIOIIUX B3auMOeiicTBIe OBICTPOIO 3apsia CO CPeloi, Cy-
IIECTBEHHO MPEBBINIAIOT PACCTOAHUA MEXKJy aTOMHBIMHU YaCTUIAMUI
cpesibl. B aToM 1ipejiesie TopMo3sIiee BeIecTBO MAIIIEHN MOYKHO CUH-
TaTh HEIPEPBIBHON CILIOINIHON cpemoii. Bo3aMoKHBIE KOPPEIAIud B
OTKJIMKE YaCTUIl MUIIECHU HA BO3JIEUCTBUE CO CTOPOHBI IIPOJIETAIOIIe-
ro 3apsja YYUTHIBAIOTCA aBTOMATUYECKU IIPU BBIUYUCIEHUU JIUDJIEK-
TPUYECKON IPOHULIAEMOCTHU BEIeCTBA MUIICHU.

Jlerko MoHATH, YTO JBa YKa3aHHBIX CIIOCOOA OIMCAHUS TOPMO3sI-
mieit cpesibl B ONPeJIeJIEHHOM OTHOIIIEHNN B3aWMHO JIOTIOJHSIOT JIPYT
apyra. JeiicrBurenbno, ¢popMain3M HapHBIX CTOJKHOBEHHI B €ro
IPOCTENIeil TPAKTOBKE IMPUMEHUM TOIJIa, KOTJIA B IIOJIE JICUCTBUSA
OBICTPOrO 3apsa/ia B KaXKIbI JAHHBI MOMEHT BPEMEHU HAXOIUTCSI
He OoJiee OHOM aTOMHOM TOJeBOM YacTuIlbl. [loHsTHE TUaIeKTpIIe-
CKOI ITPOHUIIAEMOCTH, HAIIPOTUB, IPUMEHUMO JIMIIb TOT/a, KOIJa B
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1oJ1e JAeficTBUst OBICTPOTO 3apsiia B KarK IbIii MOMEHT HAXOIUTCS MHO-
ro nojesbix yactuil. O6a 3Tux popMaan3Ma CTaJIKUBAIOTCS C IIPO-
6J1eMOIl KyJIOHOBCKOM PACXOIUMOCTH, HO, B CUJIY B3AMMHOI TOTIOTHI-
TeJIbHOCTH, Ha PA3HBIX IIPejiesiaX HHTerpUpOBaHust: (hOPMAJIU3M IMap-
HBIX CTOJIKHOBEHHUIT — IPU MAJIBIX [EPEIAHHBIX IMITYIbCax (OOJIbIIIX
HPUIE/IbHBIX apaMeTpax ), (pOpMan3M JIUIEKTPUIECKON TPOHUIIA~
€MOCTH — IIpHU 60.HBH_H/IX nepeIanHbIX UMITYJIbCax (IVIaﬂbIX IIpuIeIb-
HBIX apamMerpax). K c4acTbio, BO MHOIMX THIIMYHBIX CJIyYasiX MexK-
Ay O6H3,CTHMI/I IPUMEHUMOCTU JIBYX (bOpMaJH/ISIVIOB CYIIECTBYET IIu-
pOKast 00JIaCTh MEPEKPBITHUsI, TO3BOJIAIONIAs IIyTEM UX COIJIACOBAH-
HOT'O COBMECTHOT'O IIPpUMEHEHNA YCTPaHUTH KYJIOHOBCKYIO PaCXO/IU-
MOCTb.

Teopust KyJIOHOBCKHUX IIOT€Ph SHEPIrUU B €€ COBPEMEHHOM BU-
Jie Oblia 3a0XkeHa B Kiaccmueckux paborax Bopa [23, 24| u Be-
re |25, 26]. CoorBercrBytomiue hOpMyIIbl ObLIN HOTYIEHbI B PAMKAX
dopMam3Ma IapHBIX CTOJKHOBEHU. 3/1eCh IPUBEIEM OCHOBHBIE Pe-
3yJIBTATHl [0 TEOPUU KYJIOHOBCKOTO TOPMOYKEHUS KAK B XOJIOTHOM
HeUTpaJIbHOM BEIECTBE, TaK U B Tropddeil Ijla3Me, KOTOpPbIe Tpe-
Oyerca 3Harh npu pacuére cucrem MTC. Ilpu sTom Takke Gymem
HNCXOAUTH N3 TEOPpHU IIapPHBIX CTO.HKHOBGHI/IfI, yAeJauB IIpUCTaJIbHOE
BHUMaHHIE BBIBOIY (hopMyJsibl Bopa B HEpeIsITUBHCTCKOM IIpeesie.
BoJtee mosHOE n3/103KEHNE TEOPHUH KYJTOHOBCKOTO TOPMOXKEHUST MOXK-
HO HaiiTh, Hanpumep, B Monorpadun 1. urmymnma [27].

B Teopuum mnapHBIX CTOJKHOBEHUII CKOPOCTH IIOTE€Ph SHEPrUU
ObICTPOil YacTUIeil B COyJapeHusiX ¢ MOKOAMMMUCS (UM MeJJIeH-
HBIMH) [OJIEBBIME YaCTUIIAMHU JIAETCst 001eit hopmyIioii

dE
E = N9 ’U/AEl dO’, (2.20)

rie E — 3Heprust GBICTPOH HYACTHIHI, ¥ — €& CKOPOCTh, Ny [eM 3] —
00 bEMHAsT KOHIIEHTPAIUsI TOJIEBBIX dacThll, do — mauddepeHnnaib-
HOE CeUeHme CTOJIKHOBeHuit. Ecim ObicTpast dacTuila uMeeT onpee-
JEHHOE 3HavYeHne sHeprun F (MOHOSHEPreTHIecKuii My oK ), To ¢hop-
Mmysia (2.20) siBjisieTcsl BIIOJIHE CTPOTON M MMeeT HPO3PAdHBIN hu-
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3UYECKUI CMBICT: Nov do €CTh CPEJIHEE YUCTO CTOJKHOBEHUN OBbICT-
poii YacCTHUIIBI B €JIMHUILY BPEMEHU C PacCesTHUEM Ha OIPEeJIeIEHHBIN
yroi, Torga kak AFE] ecTh m3MeHeHme e€ HEPTUU B KAXKJIOM Ta-
KOM crojikHOBeHUU. MHTerpuposanue B (2.20) NpousBoAUTCs IO TEM
[IepEMEHHBIM, OTHOCUTEJIHHO KOTOPBIX pacKpbiBaeTcs jnddepeHiu-
an do. B ciayuae mokosimuxcst (MM MEJJIEHHBIX 0 CPABHEHUIO C
[POJIETAIONIMM 3apPsiJIoM) T10JIeBbIX yacTul dpopmyta (2.20) siBisier-
Cs TaKzKe PEeJATUBUCTCKU NPAaBUJIBHON, ITOCKOJIBKY PEIATUBUCTCKHA
MHBAPUAHTHOE cedeHue do OIPeIeeHO B CHUCTEME ITOKOS IIOJIEBBIX
YACTHII.

[MonsitHO, uTO B hopmyste (2.20) yrKe 3a707KEHO IIPE/IIOJIOKEHIE
O CTATUCTUYECCKON HE3aBUCUMOCTH OTJECJBHBIX NapPHBIX CTOJKHOBE-
HUl, IPUBOJgIlee K TOMY, YTO IOJIHasA BEJIUYNHA IHEPreTUIECKUX
IOTEPh €CTh IPOCTO CYMMa MOTEPh II0 OTJICJIbHBIM CTOJIKHOBCHUSAM.
ITpu sToM, BooOIIIE TOBOPS, COBCEM HE 00s3aTENLHO IPEIIIOIAraTh,
9TO OTJEJbHBIC CTOJKHOBECHUA CJICAYIOT OJHO 3& JAPYIMM BO BpeMe-
H: GOJTBITIOE YHUCJIO CTOJIKHOBEHUI MOXKET ITPOUCXOIUTH OJTHOBPEMEH-
HO — JINIIIb OBl TIOJIEBbIE YaCTHUIILI ObLIM PACIIOJIOXKEHBI B IIPOCTPAH-
CTBe CJIydailHbIM 00pasoM, a B3aMMOJIEHCTBHE KasKJOH OTIe/IbLHOMI
[IOJIEBOIl JACTHUIIBI C IPOJIETAIONIUM 3aPAIOM He ObLIO MCKaYKEHO OT-
BETHOM peakIiuell JIpyrux mojeBbix dactuil. CraTucrudeckasi Ipupo-
Ja OTAEJIbHBIX CTOJIKHOBEHUI TPUBOJUT TaKzKe K TOMY, UTO SHEPTUs
OBICTPOil YacTHUIBI F SIBJIIETCS, CTPOrO TOBOPs, CJIyYaiHOU BeJIn-
YUHOM, MIUPUHA PaCIpeesieHns KOTOpoi pacTéT Bo Bpemenu. Ilo-
cjejHee 03HAYAET, YTO HA KOHEYHOM HHTEpBaJie BpeMeHu (POpPMYILy
(2.20) MOXKHO IPUMEHSITD JIUIIb B paMkax npubsmxkenus AE < F,
e AF — mumpuHa CTATUCTHIECKOTO pa3bpoca Mo SHEePTUN 3aMeIIs-
oIIeiicst OBICTPOI YaCTHIIBI.

Bmecro dE/dt jist onucanust KyJOHOBCKOIO TOPMOYKEHUS] 4ACTO
UCIO/IB3YIOT J[BE APYTUe BEJUYUUHBI, & UMEHHO: MOPMO3ZHYIO CNOCOO-
HOCTND

Az

e /AE1 do, (2.21)
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u appexmusroe MopMoACeHUE
S = —/AEl do. (2.22)

Bripazkenne (2.21) nomyuaercs us (2.20) gesennem na v u 0603Ha-
yenueM v dt = dz. Kak u dbopmyna (2.20), Topmo3Hasi CHOCOOHOCTD
(2.21) crporo onpejesieHa JHIIb JJisi OBICTPOTO 3apsijia ¢ OIpejie-
JIBHHBIM 3HadYeHUEM CKOpocTu ¥. B aTOoM ciydae oHa mpejcTaBisieT
co00# CJIy TOPMOYKEHUST U TaéT “MIHOBEHHYIO CKOPOCTH dHEPTeTH-
YECKUX IOTEPh HA eIUHUILY JJIUHBI BJIOJIb HAIIPABJIEHUS CKOPOCTH U.
Ha xoHeuHOM MHTepBaJie JJIMHBI, 10 Mepe HabOpa CTATHCTUIECKIX
OTKJIOHEHUI OT MEPBOHAYALHOIO HAIIPABJICHUS JIBUXKEHUS, (POPMY-
ay (2.21) MOXKHO NIPUMEHSITH JIMIIb [OCTOJIBKY, IOCKOJIBKY BBIIOJI-
ustiorcst cootrorennss AFE < E u Af < 1, tne Af — cpenuuit yrout
OTKJIOHEHUSI TPAEKTOPUHU OBICTPOrO 3apsijia OT IePBOHAYAJIBHOIO Ha-
[IpaBJIeHUs] CKOPOCTHU V.

Bemmmunna s dekTuBHOrO TOpMOXKEHUS S YI00HA TEM, ITO JIJIst
€€ BBIYMCJIEHUs] JIOCTATOYHO PACCMOTPETH OJIMH KT CTOJKHOBEHHS C
nojieBoit gacturieir. [1ockoJIbKY 1mpu TOpMOYXKEHNH OBICTPBIX YACTHI]
dE/dt < 0, o 3pdexkTuBHOE TOpMOXKEHHE S O CBOEMY CMBICILY
[TOJIOYKUTEJIHHO.

2.3 KyiioHOBCKOE TOpMO>K€EeHUE
B NPUOJNXKEHNN OBICTPOTO MPOJIETA

Dopmysty st KYJTOHOBCKUX IMOTEPh SHEPIUHU IIPOIIE BCET'O BbIBE-
CTH B paMKax KJACCUYECKON MEeXaHWKH B IIPUOIUKEHUU OBICTPOro
nposiéra. Ilycts ObicTpast mpobHas YacTHUIA € 3aPsIIOM €1, MAaccoil
ITOKOST M| W CKOPOCTBIO ¥ IIPOJIETAET CKBO3b 00JIAKO TIOJIEBBIX UACTHI]
(yacTHIl MUIIEHN ), UMEIOIIUX 3apsijl €o U Maccy mg. PaccMoTpenue
IIPOBEIEM C YIETOM PEIATUBUCTCKUX 3MDPEKTOB, T.€. HE HMPEIIIoa-
rasi, uro v = |U] < ¢, TJe ¢ — CKOpOCTh cBeTa. BBICTPOil cunTaercs
9aCTUIa, CKOPOCTH KOTOPOM ¥ CYIIECTBEHHO ITPEBOCXOIUT BCE ATOM-
HbIE U TEIJIOBbIE CKOPOCTH JIEKTPOHOB U sIIEP B TOPMOBSIIEM BeITe-
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crBe. IIpu 5TOM sizipa 1 9/IEKTPOHBI TOPMOSSIIENH CPeIbl MOXKHO JJIsI
HavaJia PacCMaTPUBATD 10 OTAEILHOCTH KAK TOUEUHbIE 3aPIKEeHHbIE
JaCTUIBI COOTBETCTBYIONIEr0 COPTa, KarK/1asl U3 KOTOPBIX 0 CTOJIK-
HOBEHUSI ITIOKOUTCSI.

PaccmorpumM oTnebHOE CTOIKHOBEHME OBLICTPOTO 3apsiia C IoJIe-
BO#l yacTuIeil, 3HaUYeHUsT UMITYJIbCa KOTOPO JIO0 M TIOCJEe CTOJIKHOBE-
HUSI COCTABJISIIOT COOTBETCTBEHHO fy = 0 u ply = pa+¢ = ¢. B pamkax
KJIACCUYIECKON MEXaHMKHU TaKOe CTOJIKHOBEHHE YI0OHO XapaKTepu30-
BaTh IPUIEIbHBIM MapaMeTPOM l_;, KaK 3TO II0Ka3aHO Ha puc. 2.2.
Bekrop b [TEPIIEH UK YJIAPEH MMPIMOJJMHEHON TPAaeKTOPUH OBICTPO-
r'o 3apsaa, KOTOPYIO TOT UMeJI Obl IIPU OTCYTCTBUU B3aUMOICHCTBUS
C TIOJIEBOI YACTUIEH, W HAIPABJIEH B TOYKY HCXOIHOIO IOJIOYKEHUS
1oJieBoit gacTuIlbl. JIMHUIO MCXOMHOTO NBUKEHUsI OBLICTPOro 3apsijia
IIPUEMEM 38 OChb & JIabOPaTOPHON cHUCTeMBI KoopauHatT. Torma BeKTOp
UCXOJIHON CKOPOCTU U HAIIPABJIEH BJOJIb OCH I, 8 BEKTOD b jexKur B
IIOCKOCTH Y2, T/Ie €r0 KOMIIOHEHTBI COCTABJISIIOT

b= {bs, by, b.} = {0, bcos, bsin¢}; (2.23)

3IECH ¢ — a3UMYyTAJILHBIA YIOJI B ILIOCKOCTH Y2z, XOTs B KOHKPETHOM
npuMmepe, n3obpakéHHoMm Ha puc. 2.2, azumyT ¢ = 0, B 00IIIeM CJIy-
Jae, KOIa IPUXOAUTCSI HHTEIPUPOBATH I10 BCEM BO3MOXKHBIM 3HAUE-
HUSIM TPUIEBHOTO ITapaMerpa 5, HEOOXOIUMO YIECTb MOJIHBIA WH-
tepBas 3uadennit 0 < ¢ < 27. Benuumna b BekTOpa b paBHa pac-
CTOSIHUIO MCXOIHOT'O IIOJIOYKEHHsI I0JIEBOI dacTuilbl 10 ocu x. Ilpu
PacCMOTPEHNH OTHEJILHOrO CTOJIKHOBEHUsI MOMEHT Bpemenu t = (
BBIOMPAETCsT TaK, 9TOOBI COOTBETCTBOBATH MOMEHTY MAaKCHMAJIHLHOTO
cOmmKeHns: OBICTPOTO 3apsifia C MOJIEBOM YACTHUIEH IIPU OTCYTCTBUHU
B3aUMOJIEHCTBUS MEXKIy HUMHU.

B paccmarpuBaemoii 3amate npubianzkeHue OBICTPOro MPOJETa
(nm mpubJIMKeHne KPATKOBPEMEHHOIO Y/apa) sIBJISIETCS 10 CYTH
HEePBbIM HOPSJIKOM KJIACCUYECKOU TEOPUU BO3MYIIEHUS: PE3YJIbTAaT
B3aUMOJIEHCTBHUSI BBIUUC/ISIETCSI B IIEPBOM IOPSIIKE TEOPUH BO3MYIIE-
HUI 110 B3aUMOJEHCTBUIO, T.€. C UCIOJIb30BAHUEM HEBO3MYIIEHHBIX
TPaeKTOPHUIl IBUKEHNS B3aNMOIEHCTBYIOIINX YacTUIl. JpyrumMu cjio-
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BaMU, MBI BBIUUCIISIEM WMITYJILC ¢, TTE€PEJTaHHBIN MOJEeBOM JacTHILE,
(a) npenebperasi cMmerreHreM 110JieBoi dacTuibl, u (6) npenebperast
UCKPUBJIEHHEM TPAEKTOPUU OBICTPOrO 3apsia B IPOIECCE CTOJKHO-
Benusi. CMeITeHIeM MOJIEBOY TaCTHUIIbI 38 XapaKTEPHOE BPEMST CTOJIK-
HOBeHUsl t, ~ b/v MOXKHO, OUEBH/HO, IIPEHEOPEeb TOr/a, KOIJIa OHO
maJio 1o cpaBHeHuio ¢ b. [loceaHee, B CBOKO ouepenb, 03HAYAELT, UTO
B CJIy4dae IPUMEHUMOCTHU ITPUOJIMKEeHMsT OBICTPOTO IIPOJIETA CKOPOCTH
vg, IpuobGpeTaeMasl oJIeBOii YacTulell B Xo/e CTOJIKHOBEeHUs!, Oy1er
MaJia 10 CPaBHEHHIO CO CKOPOCTBIO OBICTPOTO 3apsijia v, M, B 9aCTHO-
CTU, MaJia 10 CPABHEHUIO CO CKOPOCTHIO CBETA C.

Yy

<

Puc. 2.2. Cronknosenue 6ricrporo 3apsia e, mi, JETSIIET0 CO CKOPOCTHIO ¥,
C IOKOdANIeHCcA 110JIEBOM YacCTULeH ez, Mo

B pamkax Hammmx npubINKEHUN UMITYJIbC ¢, TepeTaHHbIi ToJIe-
BOIl YaCTHUIIE, JIETKO BBIUUC/IAETCA 10 (hopMyJie

+o00
=Dy —Pa=e2 / £ dt, (2.24)
—00

rie E=E (t) —2JsieKTpHUYeCcKoe 10JIe B TOUKe HAXOXKJIEHUs IOJIeBOi
YACTUIBI, CO3/aBaeMoe OBICTPBIM 3apsiioM. JleiicTBueM MarauTHO-
r'0 1101t OBICTPOrO 3apsi/ia MOXKHO IIPeHeOpedb, IIOCKOJIBKY COOTBET-
CTBYIOIINI 4JIeH B cuje JIopeHIa mpornopIimonaeH MaJIoil BeJIndnHe
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Vg /€ ¥ BOHUKACT JIUIIb B CJIC/IYIOIIEM ITOPSI/IKE TCOPHU BO3MYIIICHHSL.
Ormerum, uTo Bhipazkenue (2.24) cupapeinBo B OOIIEM CJlydae pe-
JIATUBUCTCKOTO JIBUZKEHUSI OBICTPOTO 3apsijia, KOTJa v HE MaJo IO
CPABHEHUIO C C.

BeKTOp 3JI€KTPIIECKOro MOt £ MOMKHO PAsIOZKUTh Ha [IPOIOJTh-
HyIO (BJI0JIb BEKTOPaA ¥) U MONEPEUHyTo (BIOJIb BEKTOPA l;) COCTABJIS-
fommue:

-

b
.

PensaruBucrckue BbIpasKeHUsI JIJIsT IPOJOJIHHON U TOMEPETHON KOM-

E=&-+& (2.25)

HOHEHT TI0JIs1, CO3/aBAEMOr0 PABHOMEDHO JIBUKYIIUMCS 3aPsiJIOM €3,
umeror Buj [9, §38], [28, rur. 13]

ep vt (1 — 3?)
gt = —[62(11_52) T (2.26a)
Ei(t) = erh(1—F) (2.26b)

[b2 (1 — 52) + v2e2]¥/?
rae [ = v/c. Cpasdy BUJIHO, 9TO OTJIMYHON OT HyJsi OyJer JIUIb

rnorepevyHasi KOMIIOHEHTA TI€PEIAHHOTO MMITYJIbCa, KOTOpasl TaeTcs
BBIpAYKEHNEM

+o0 +00 b(1 9
qL = /eggj_dt—/ €1 ( _'6)32dt:
(02 (1 = 2) + 2]
—00 —00
T 2
_ 4% / £ _2ae (2.27)
b (14 £2)3/2 vb
—00
OrmeTnM, 9TO TepeTaHHbII UMITIYJIBC q = \q J_’ HE 3aBUCHUT OT MacCC

CTAJIKMBAIOIIUXCS YaCTHUIL.
3Hasl MepelaHHblil UMITYJIBC, MOXKEM BOCIIOJIb30BATHCSI 3aKOHOM
COXPAHEHUs] SHEPIUU U OIPEIE/IUTh SHEPIUIO, TePIeMYyI0 ObICTPBIM
3apsI0M B OJHOM CTOJKHOBEHUM C IPUIEILHBIM ITapamMeTpoM b:
2

AE = -B}=—1 —_ 2673

Sy mau?h? (2.28)
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Ucnonb3oBanne HepeIITUBICTCKOIO BBIPAKEHUs JIJIST SHEPIHA 110~
siepoit wactunsl Fy = (p})?/2mg onaTh-Taku onpaBIaHO yCIOBHeM
Vg € v < ¢, BBIIOJHSIOMIMCS B PaMKaX HPUOJIIZKEHNsT GBICTPOro
nposiéra. Kak BujHo n3 Bbipakennii (2.27) n (2.28), Bceryma cyiie-
CTByeT 00JIACTBH JOCTATOYHO OOJIBIINX 3HAYEHMIl HPUIEIHHOIO Ia-
pameTpa b, IpU KOTOPBIX JBHKEHNE PACCESTHHBIX IOJIEBBIX YACTHI]
MOXKHO CYMTATh HEPEJISITUBUCTCKUM.

[Tonnoe adpdexruBHoe Topmokenue S, onpejenénnoe B (2.22),
HAXOJITCS NHTEIPUPOBAHKMEM B IIUIMHIPUYECKUX KoopuHaTax (b, ¢)

)
=

II0 IIJIOCKOCTHU BCeX 3HaUYeHUN BEKTOPpa IIPUIIEJIBHOT'O ITapaMeTpa b,

4 2.2
S = —/ AE bdbdp = —121, (2.29)
maov
rae 6e3pasMepHasi BeJINTIHHA
db
L= " (2.30)

IIPEJICTaBJISIET COOOI M3BECTHBIN Ky/IOHOBCKUi jtorapudm. Ha sa3bike
MPUTIEJIBHBIX TTapaMeTpoB mpoussejienue bdbd¢ urpaer, odeBuIHO,
posb nuddepeHmaabHOro cedenus paccesausi do. ITockombKy Be-
smanHa, L He Beerjia sBJsieTcst JJorapudMOM, Jijisi He€ B aHTJIOA3bIU-
HOIl JtuTepaType ymHoTpedisgercs OTIAeIbHOe Ha3BaHue — stopping
number, KOTOPOe MBI ITEPEBEIIEM KAK KOIPPUUUEHN MOPMONHCEHUA.
Eciu He 3a0CTpsITh BHUMAHUSI HA KYJIOHOBCKOM Jiorapudume (0 Ko-
TOPOM pedb HUXKE), TO Bbipaxkenue (2.29) mpejicrasisier coboii mpa-
BUJIbHYIO PEJIATUBUCTCKYIO (POPMYJIY, TaK KaK IIPU €€ BBIBOJIEC HUTIE
He TIPeJIIoJarajoch v < ¢. bojee Toro, mockoJbKy IPHU JIOCTATOYHO
OoJIBITINX 3HAYMEHUAX L npubinKenre ObICTPOTO IPOIETA OKA3bIBAET-
Csl CIIPABE/UINBBIM B jIorapudMUYEcKH IMMPOKOM HHTEPBaJe 3Hade-
HU b, TO MOYXKHO JIOTaJIAThCsl, YTO YTOYHEHUE ITOTO IIPUOJIUKEHUST
MOXKET IIPUBECTH JIUIIb K U3MEHEHHIO CaMOr'0 KYJIOHOBCKOIO JIOTa-
pudma L, HO He BBIPAYKEHUS, CTOSAIIETO TIEePeJT, HUM.

®opmasibHo unTerpuposanue B (2.30) HEOOXOAUMO BBILIOJIHUTD B
npenenax 0 < b < oco. Bumgno, uro B pamkax mpubJimKeHusi ObICT-
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poro mposiéra KyJaoHoBckuii jorapudm (2.30) pacxomurcs Ha 060-
nx npejejiax UHTEIrpupOBaHUSA. HGFKO IIOHATH, YTO PaCXOJAUMOCTDH
Ha HukHeM mpenesne b = 0 obyciioBieHa crerunduKoil CaMoro 3To-
ro nNpubIMKeHHs U, Kak OyJIeT IMOKa3aHo B CjeLyoneM maparpade,
JIETKO YCTPAHSIeTCsl NIPU TIePeXojie K CTPOroil Teopuu paccesiHusi Ha
KYJIOHOBCKOM TIOTeHInase. /leficTBuTeIbHO, B 00IIeM cilydae Iepejia-
qa dHEeprumn HOKO?{HlefICﬂ I10JIEBOM JaCTUIlE B YIPYTI'OM CTOJIKHOBEHUU
orpannvena peaunannoii [20, § 13|

2m2v? 2mims L 9m2y2
AE N B It L AN | <2
(AEy),.. ekl L o +m2)2(7 )| < O
(2.31)
e v = (1 — v2/02)_1/2 — PeNIITUBUCTCKUM (hakTop, a
m= 12 (2.32)
mi + meo

MPUBEIEHHAS MACCA CTATKUBAIOIIIXCS TacTUIl. A Tak Kak (HhopMy/ia
(2.28), cormacuo Koropoit AEy = —AFE; o< b~2, Berymnaer B mpoTH-
Bopeune ¢ 3tuM dakrom npu b — 0, To u cama dbopmyra (2.28), u
IpubIMKeHne OBICTPOro MPOoJIETa, B KOTOPOM OHA IOJIyUeHa, CTaHO-
BATCS 3aBEJIOMO HEITPUMEHUMBI MTPU JTOCTATOTHO MAaJIBIX 3HATEHUSIX
b. Bosiee TouHO, 06JIACTD TPUMEHUMOCTH TPUOJIMAKEHUST OBICTPOrO
TPOJIETA, TI0 KpaitHell Mepe, orpaHUYeHa MPUIEJIbHBIMU ITapaMeTpa-
MU

ee
b>—, b0:|12’

. e (2.33)

Srto ycmoBue moayuaercs us coornomenns |AE| < 2m2v?y?/ma,
rie AE) onpegensiercs: BbipazkeHueM (2.28).

Byny4n KoHIenTyaj bHO 09eHb IPO3PadHbIM, IIPAOIMZKCHIE ObICT-
POro IpPOJIETA II03BOJISET JIOBOJIBLHO IIPOCTO IPOAHAJIM3UPOBATHL BO-
IPOC O IPUMEHUMOCTH TEOPHH IAPHBIX CTONIKHOBeHuit. Kazaoch Obl,
TEOPHS IIaPHBIX CTOJIKHOBEHUI JOJI?KHA ObITH IIPUMEHUMA JIMIIb TO-
rJ1a, Korjia (a) moJIoyKeHusl MOJIEBBIX YaCTHUIL HEKOPPEJIUPOBAHBI MeK-
nty coboii, u (6) CTOJKHOBEHUsI C MOJEBBIMU YACTUIAME TTPOUCKOJIST
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ITOCJIeIOBATE/IHHO OJTHO 3a JIPYTUM, T.€. B “chepe CTOJIKHOBEHUS Pas3-
MEPOM bpmax [MaKCHMasIbHOE 3HAYEHME HPUIEIBHOIO mnapamerpa b,
Ha KOTOPOM CJieyeT o0pe3arTh MHTEIPUPOBAHNE B KYJIOHOBCKOM JIO-
rapudme (2.30)] HaxoaUTCST B CpeiHEM MEHbIIE OJ(HOM I10JIeBOi da-
crumpl, n2b3 . < 1. OJHAaKO U3 MTPOBEIHHOTO BHIIE PACCMOTPEHMs
SICHO, UTO €CJTH MPUMEHUMO HPUOIMKEeHNE OBICTPOTO IPOJIETa U IO~
JIEBbIE€ YaCTUIIbI MOXKHO CYUYHNTATDH CBO60ﬂHbIMI/I " TIIOKOAIIUMMUCHA, TO
BbINIOJIHEHUE ycaoBus (6) coBceM He obsizarenbHO. JleficrBuresbHO,
€CJIU B IpoIecce OBICTPOTO CTOJKHOBEHUSI ITOJIEBbIE TaCTUIIbI HE YCITe-
BalOT U3MEHUTH CBOE IOJIOXKEHUE, TO M HUKAKUX JOTOJHUTEHHBIX
KOPPEJISIIAY B UX PaCIOJIOKEHUU, KOTOPbIE MTO3BOJIMINA ObI 3a3Kpa-
HUPOBATDH JIEKTPUIECKOE TI0JIE TIPOJIETAIONIErN0 NOHA, HE BO3HUKHET.
A Torma kKakiasi IOJIeBas YaCTHUIA IIOJydaeT “TogdoK’ ¢, JaBae-
MBIl BeIpaykeHueM (2.27), He3aBUCHMO OT TOTO, CKOJIBKO ITOJICBBIX
JaCTHUIl HAXOIUTCSA OJIHOBPEMEHHO B O0JIACTH Pa3MepoM bpyax. llo-
cnemree haKTUIECKN O3HAYAET, UTO C JIOTapU(PMUIECKON TOUHOCTHIO
(r.e. mpu L > 1) Teopust MapHBIX CTOJKHOBEHUI BCEr/ia IPUMEHIMA
JUIST pacuéra KyJOHOBCKOIO TOPMOKEHUSI B HEYIIOPSIIOYEeHHBIX Cpe-
Jlax; IIPU 9TOM HE UI'PAET HUKAKON POJIM, CKOJIBKO IOJIEBBIX UACTHII
OJIHOBPEMEHHO HaXOUTCS B cpepe CTOJKHOBeHUSsI. JIpyTroe ieio, 94To
B TEOPHUH YUCTO MMAPHBIX CTOJKHOBEHUI HE BCErJa YIaeTCs BBIYUC-
JINTH MIPABUJIbHOE 3HAUEHUE KYJIOHOBCKOTO Jjorapudma L.

2.4 Crporas Teopus KyJIOHOBCKOTO
paccessHUs

Uzioxkennblii Bbie BuIBOJ, (hopmydibl (2.29) obsajaer cieyro-
MIAMU JBYMsI BaXKHBIME HEJOCTATKAME. BO-TIEPBBIX, B HEM HCIIOIB30-
BaHbl KJIACCUIECKUE MOHSITHsI TPAEKTOPUU U IIPUIEILHOIO [apaMeT-
pa, KOTOpBIE HEPUMEHUMbI B KBAHTOBOI Teopun paccessuus. Hamom-
HEM, 9TO JIJIsl DACCEesTHUS Ha KyJIOHOBCKOM MOTEHIUAJIE KJIACCHIECKOe
paccMOTpeHue JOJIKHO OBITh 3aMeHEeHO Ha KBaHToBoe |11, §49| npu

leres]
<1. 2.34
v h’U ~ ( )
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Bo-Bropnix, npubamKkenne 6bICTPOro MpoJIéTa IPUBOIUT K PACXOJIN-
moctu nHTerpasia B (2.30) Ha HuxkHeM upejese b = 0 us-3a mpe-
HebperKeHns NCKPUBJICHAEM TPACKTOPHUI B IIPOIECCE CTOJIKHOBEHMS.
OT 060MX 3TUX HEJIOCTATKOB JIETKO U30aBUTLCS, MPOBEJS CTPOroe
PACCMOTPEHNE Ha A3BIKE MEPEJIAHHBIX MMITYJILCOB M BOCIIOJIB30BAB-
muchk gudpdpepeHnraabHbIM cedeHneM Pesepdopa, OnUChIBAIOIIAM
paccestHre Ha KyJOHOBCKOM IIOTEHIUaJse. IIpu 9ToM BaxKHYIO pOJIb
HAIPaeT TO CHYACTIIMBOE OOCTOATEILCTBO, YTO UMEHHO JIJIsA PACCESHHS
Ha KyﬂOHOBCKOM IIOTEHINaJIC HEPEJIATUBUCTCKAsA KBaHTOBasd MEeXaHU-
Ka U HEPEJATHBHUCTCKAS KJIACCHYECKAA MEXAHWKA ITAal0T OJUH H TOT
e pesyiabrar [11, §135]. CoorBercrBenHO, B 9TOM naparpade orpa-
HUYUMCH HEPEIATUBACTCKUM CJIy9aeM U IPOBEIAEM BCE BLIMHC/ICHUS
B IIPEJIIONIOXKEHUN U K C.

Kak n mpexkze, paccMOTPUM CTOJKHOBEHHE OBICTPON 9ACTHUILBI,
UMEIOITIEH 3apsiJi €1, MACcCy M1 U CKOPOCTb ¥, ¢ TIEPBOHAYAJBLHO ITO-
KOSIIIEHiCsT IOJIeBO JacTureit eg, mo. B maboparopnoii cucreme (.-
cHUCTEeMe) 3HAYEHMsI UMITYJIbCA U SHEPIUU ITUX YACTHIL O CTOJKHO-
BEHHS COCTABJISIOT

OBICTPBI 3apsiT;: pL = mv, E1 = g2 /2ma, (2.35)
[oJIeBast 4YacCTUIla: Py =0, E> =0; '
9TH 2K€ BEJIMYUHBI 1OCJIe CTOJKHOBEHUSI OyIyT PABHBI
OBICTPBIIT 3apsI; Pl =701 — 4, E! = (p)%/2ma,
oJieBast YacTUIA: Py =pa+q=4q, EJ = q?/2ms.
(2.36)

=/

[Tepenanuplit uMIynse ¢ = Py — pj = Py — P2 B HEPEIATHBUCTCKOM
cJlydae He 3aBUCHUT OT CHUCTEMBI OTCUYETa, U €ro yI00HO BBIYUCIUTD B
cucreme NEHTPa UHEPIWH (U-CHCTeME).

B y-cucreMe MMITy/IbCHI CTAJIKUBAIOIINXCST YACTHIL,

ﬁlc = _ﬁZC = ﬁ: m177 (237)

PaBHBI 110 MO/JTYJTIO U TPOTUBOIIOJIOYKHBI 110 HATIPABJIEHUIO; 3/1ECH 11, —
upuseEHHas Macca (2.32). B cuity 3akoHa COXpaHeHUs! SHEPIUU MO-
JIyJIb UMILYJIbCa P B U-CHCTEME COXPAHSETCs, a IIPOLECC PACCEsHUs
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S

PI/IC. 23 I/IMHy.HI:CH&H JuarpaMma CTOJIKHOBEHUA B U-CuUcreme

CBOJIUTCS K TIOBOPOTY BeKTOpa P Ha HekoTopbiit yroa 0 < y < 7. Ile-
PEJAHHDI UMITYJILC § = P — P’ YA00HO Pa3/IoKHUTh Ha IIPOJOJILHYIO
U TOTIEPETHYIO COCTABJISIIONINE,

L@ b
q=aqy +aLy, (2.38)

JIUIsl KOTOPBIX JIEMKO HaxoauM (cMm. puc. 2.3)

2

q| = muv (1 — cos x) = 2muv sin (2.39)

X
2 )
X

g1 = musiny = 2mv sin% cos 5. (2.40)

[Tocko/ibKy Tenepb He HCIOJIb3YeTCsl IMOHSATHUE IPUIETLHOrO Iapa-
MeTpa, TO BEKTOP b cJielyeT MHTEePIPETUPOBATh KaK HEKHUIT BEKTOD,
[IEPIIEH UK YJISIDHBI UMITYJIbCY P U JIEXKAIMUNA B TOH Ke IJIOCKOCTH,
9TO BEKTOPA ¢ U P HAIIpaBJIEHHE BEKTOPA b BBIOMpAETCs TaK, ITOOBI
[IPOEKIINA ¢| ObLIa IMOJOXKHUTEIbHA. AOCOMIOTHASI BeJIWYHUHA, IIepe-
JAHHOTO UMITYJIbCA COCTABJISET

1/2
q= (qﬁ + qi) = 2mu sin g (2.41)
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MakcuMaIbHBIN TIepe aHHbI UMITYTbC
Jmax = 2Mv (2.42)

COOTBETCTBYET yIJIy IIOBOPOTa X = 7 B y-cucreme. lIzmenenne suep-
ruu OBICTPOTO 3apsijia B OIHOM CTOJIKHOBEHUU HEOOXOMMO BBIYUC-
JIITh B A-CHUCTEME, I'JIe OHO OYE€BUTHO PABHO

q2
ABE = —ABy= ——— (2.43)

2m2 ’
B mepensruBucrckoMm ciydae nuddepeHiimaabHoe ceueHne pac-
cestHUsI Ha KyJOHOBCKOM ToTeHImase (cedenne Pesepdopma) 3amm-
coiBaeTcs B Buge [11, §135]

do — e2e3 d  4eled dg dqb.

= = 2.44
4m2v* sint(y/2) v P (244)

Mgl 371€CH BOCITOIB30BAJIACH BhipazkeHueM dS) = sin y dx d¢ mis ste-
MEHTa TeJIECHOrO yriia, a Takxke dbopmynoii (2.41) st npeobpaso-
BaHWsS OT HE3ABUCUMOI IEPEeMEHHOI X K HOBOH mepementoii q. IToma-
crapisist (2.43) u (2.44) B (2.22) u uHTErpUpys MO IEPEMEHHBIM ¢
u ¢, nojaydaeM i 3HEPHEeKTUBHOTO TOPMOXKEHUST Ty Ke (DOPMYITy
(2.29), uTo U B NpUO/IMKEHUN OBICTPOrO MPOJIETA, HO CO 3HAYCHUEM
KYJIOHOBCKOT'O Jiorapudma
max
dq 2mu

L= — =In——-. (2.45)
q Gmin

Tenepb KyJIOHOBCKHIT jlorapudM PacXOAUTCs JIHUIIL HA OJHOM Ipe-
Jlesie, a MMEHHO, IIPU MaJIbIX IIepeJaHHbIX HUMIyabcax q — 0. s
olpeie/IeHnsl MUHUMAJILHOTO IIePeJIaHHOI0 UMITY/ILCA, (min, HA KOTO-
poMm ciiejyer obpe3arb uHTerpuposanue B (2.45), morpebyrorcs jo0-
HOJIHUTEIbHBIE (DU3MYECKUE COOOPAsKeHUS].

IIposeénnoe 3/1eCh PacCMOTPEHHEe CIPaBeINBO B paMKaX KaK
KJIACCUIECKOl (HEPEISAITUBUCTCKON), TaK U KBAHTOBON MEXaHUKU.
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Tot draxT, 4TO IPU FTOM MOJIyIaEM OJUH U TOT YK€ PE3YJILTAT, BHIPa-
skeHHbII dopmynamu (2.29) u (2.45), siBisiercsi, KOHEUHO Ke, CJIe]l-
CTBHEM CHelUMUKNA paccesiius Ha KYyJOHOBCKOM IOTEHIUAJIE, JIJIsd
KOTOPOr0 KBAHTOBAasS U KJACCUYECKas MEXaHUKa JAIOT OJHO U TO YK€
muddepennnanbHoe ceuenne. KyToHOBCKasT pACXOIUMOCTH BOZHUKA~
€T JINIIb B TIPeJIeJie MAJIbIX ePeIAaHHbIX UMITYJILCOB, T.€. €JIMNHCTBEH-
HOIT HeOopeaeJJEHHON BETMYNHOIN OCTaETCsT MUHUMAJILHBIN TTepeaaH-
HBIIl UMITYJIBC (in. OTCIOA MOXKHO CJI€JIATh BAXKHBIN BBIBOJ[, 9UTO
pazjuyune MeXK/Iy KBAHTOBBIM U KJ/IACCUYECKUM BapuanTaMu hop-
MyJibl (2.29) J1si KyJIOHOBCKUX TIOTEPh SHEPIUH MOXKET BO3HUKHYTH
JIVTITB TI0JT 3HAKOM JIoTapudMa U JIUIIb TPU BHIYUCICHUT (in -

@opmymy (2.45) st KyJOHOBCKOTO JiorapudMa MOXKHO TaKKe
[IOJIyIUTh, TPOBOS PACCYKIEHUsI U HA KJACCUIECKOM SI3bIKE IPU-
[EJIBHBIX [TAPAMETPOB. YT0JI X IIOBOPOTA UMITYJIbCA B U-CUCTEME CBSI-
3aH C IPUIEILHBIM HapamerpoM b coorHorreruem [20, §19|

<2 X 1
sin® 5 = 1 OE (2.46)

rJie IpuIeabHbIi napamerp by mosopora Ha 90° omnpesesén B (2.33).
KomrionenTs! 1mepelaHHoro UMITyJibca u Iepejada SHEPru B OJJHOM
CTOJIKHOBEHUU COCTABJISIOT

2mu
= — 2.47
q 1+ (b/bg)?’ ( )
b/bo .
= 2mv—mFm— 24
qL K OE sign(eqe2), (2.48)
2., .2
g ta 2mv? m
A = e T TR b/ho)E ma (249)

[Moncrasisist (2.49) u 3uavenue do = 2w bdb B (2.22), ousith 1puUxo-
M K dopmyite (2.29) co 3HaUeHneM KyJIOHOBCKOTO Jorapudma

Y b\ 2 2mw
/b2_|_b(2] 2 n +( bO > n 9 ( )

0
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e Gmin = 2mvu/+/1+ (bmax/bo)?. Kaxk u ciemosano oxugaTh,

KYJIOHOBCKUiT JiorapudM B JTaHHOM IIPEJICTABICHUN PACXOIUTCS Ha
OOJIBIINX MPUIIEIBHBIX ITapaMerpax b — 00, COOTBETCTBYIOIIMX Ma-
JIBIM TIEPEJIaHHBIM UMITY/IbCAM; HEOPEIE/IEHHON BEJIMIUHON OCTaET-
CsI MAKCUMAJILHBIN TPUTIEIbHBIN mapaMeTp bpax.

2.5 O01mme 3aKOHOMEPHOCTH KYJIOHOBCKOTO
TOPMOXKEHU ST
Bocriob30BaBIIuCh CBI3bI0 MEXKIY TOPMO3HOHM CIIOCOOHOCTBHIO

dE /dx n 3bdekTUBHBIM TOPMOZKEeHHEM S, TIePEIUIeM 101y YeHHY O
BBITTIe POPMYITY I KYJTOHOBCKUX TTOTEPH B OOIIEIIPUHSITOM BUJIE

dE dAmee?
— = -—npS=-——L2ny L. 2.51
dx 2 mav? 2 ( )

[TockonbKy TIpH BBIBOJIE ITON (POPMYIIBI MPEIIOIATATIOCH, ITO MOJIe-
BbI€ YACTHUIIBI /IO CTOJKHOBEHUsI TIOKOSITCS, OHA JIOJI?KHA OIHCHIBATH
TOPMOYKEHNE OBICTPBIX YACTHIL, CKOPOCTH KOTOPBIX ¥ CYIIECTBEHHO
[IPEBBIIIAET CKOPOCTU TEIIOBOIO WJIM BHYTPHATOMHOI'O JIBUYKEHUS
moJsieBbIX dacTur. Huke ybemmmces, 9TO B 9TOM Ciaydae, KaK IMpa-
BUJIO, (max = (min, KYJIOHOBCKHUil jiorapudm L T0CTATOYHO BEJIHK,
U B MEPBOM MPUOJIUKEHUU MOXKHO HE MHTEPECOBATHCI ero caaboit
3aBUCUMOCTBIO OT XapaKTEPUCTUK CPEJIbI U CaMOil OBICTpON YacTu-
IIbI, & MOIPOCTY cuuTaTh L HEKOTOpPOI mocTosinHoi. B pamkax sTux
OTOBOPOK MOYKHO YCTAHOBHUTD CJIEIYIONINE BayKHBIE OOIINE 3aKOHO-
MEPHOCTH KYJIOHOBCKOI'O TOPMOZKEHUA.

IIpexx /e BCero 3aMeTHM, 9TO TOPMO3HAsI crocobHocTDh (2.51) me
3aBHUCUT OT 3HAKA [TPOU3BEJICHUS €1€2. JIpyruMu cioBaMu, TOPMOZKe-
HUe 3apsI?KEHHO YaCTHUIIBI He 3aBUCUT OT TOTO, TPUTITHBAET OHA 1TO-
JIEBBIE YACTUIBI MJIN OTTAJKUBAET. DTO, B YACTHOCTHU, O3HAYALT, UTO
KYJIOHOBCKYE TIPOOETH JACTHUIl U AHTHIACTHIL C OIMHAKOBON HATAID-
HOi 9HEprue JOJKHBI ObITH OMHAKOBBI. OJTHAKO, KaK MOKA3LIBAET
OoJiee J1eTa/IbHOE UCCJIEIOBAHUE ITPOOJIEMbI, TaKas 3aPsI0Basi NHBA-
PHAHTHOCTH BBIIIOJIHSIETCS JIUIID JJIs [VIABHOT'O WIEHA ACHMIITOTHIe-
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ckoro paznoxkenusi dE /dz no 601b11oMy mapaMeTpy cKopocTu ObICT-
POTO 3apsifia v; y2Ke B CJIeJIYIONIAX MOIPABOYHBIX UjIeHAX BO3HUKA-
eT pas3Imane MeXK/Iy KYJTOHOBCKUM MPUTSKEHIEM U OTTAJTKUBAHIEM
[29], koropoe npunsito HasbBaTh dhdhexrom Bapkaca—Anmepcena
(the Barkas—Andersen effect) [27], u orHOCHTEIBHAST POJIB KOTOPOTO
BO3PACTAET C YMEHBIIEHUEM V.

Crenymolee BaXXHOE 0OCTOSITEIBCTBO COCTOUT B TOM, UTO TOP-
MO3Hasi criocobHOCTH (2.51) 06paTHO TPOMOPIMOHAJLHA MACCe TI0JIe-
BBIX YacTull meo. OObACHAETCS 9TO TEM IIPOCTHLIM (PAKTOM, 4TO IIe-
PEJIAHHBI B OJJHOM CTOJIKHOBEHUH UMIYJIbC ¢ (2.24) He 3aBUCHT OT
MacC CTATKUBAONINXCS TACTHIL, & Tepe/IaHHast SHEPIUs ecThb ¢ /2ma.
Kax cieicTBrie, 0CHOBHOM BKJIa] B KYJIOHOBCKOE TOPMOYKEHHUE TTOUTH
BCerJa JIaéT B3aUMOJIEHCTBUE C 3JIEKTPOHAMHU CPEJIbl, Macca KOTO-
pPBIX, IO KpaitHeil mepe, B 1836 pa3 MeHbIle MACChl ATOMHBIX s1JIED.
UckiitoueHneM u3 3TOrO TPABUJIA SBJISIOTCS JIUITh OTJAEbHBIE CJIy-
qan, KaK, HalpUMep, TOPMOYKEHIEe He CJIUIIKOM OBICTPOTO TSIXKEIOTO
noHa ¢ Z1 > 1 B cpesie ¢ Zs > 1, Koryia Jjisi paccestHusl Ha sapax
BO3pacTaHme (hakTopa e%e% C JINXBOW KOMIIEHCHUPYET yMEHbIIIEHNE
BEJIMYUHBI Ny /M.

dE [

dx |
] Muk Bparra /

Puc. 2.4. Ipoduis xymoHOBCKO# TOPMO3HOI CIIOCOGHOCTH BIOJIb TPAEKTOPHI
OBICTPOIl YaCTHUIBI C MAKCUMYMOM B IMKe Bparra B KoHIE mpobera

2

Bynyun obpaTHO HIpONOPIMOHAJIBHON v°, TOPMO3HAs CIIOCO0-
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HOCTh (2.51) BO3pacTaer ¢ yMEHBIIEHHEM SHEPIHH OBICTPOrO 3apsi-
na FE. B pesymbrare, cCKOPpOCTH ITOTEPHh HEPIUU HA €IUHUILY JJIMHBI
TPAEKTOPUU MMEET SIPKO BbIPAaKeHHBIN MAKCHUMyM K KOHILY IIpobera,
KaK 9TO MOKA3aHO Ha puc. 2.4. DTOT MAKCUMYM HOCUT HA3BAHUE ITHU-
ka Bparra (the Bragg peak). Ilpu v — 0 pocr dE/dx upoucxomur,
KOHEYHO K€, He JI0 66CKOHEUHBIX 3HAYEHNI, KaK MOXKHO OBLIO OBbI 10-
JlyMarTh, T Ha Gopmyiny(2.51) — yke xoTsi 661 1oToMy, 9TO (Kak
OyJIeT sICHO U3 JNAJbHENIero) KyJIOHOBCKUi jiorapudm L yMmeHbIna-
eTCsl ¢ yMeHbIeHrneM v. 1Ipu KyJIOHOBCKOM TOPMOXKEHUH pPeaIbHBIX
HOHHBIX IIYYKOB MAKCHMAJbHBI KOHTpACT 1O 3HadeHusM dF /dx B
HavaJje mpobera n B mnuKe bparra oOBITHO He IpeBbINTaeT PakToOpa
4-6.

Emé onna Baxknas 0cOOEHHOCTH KYJIOHOBCKOT'O TOPMOXKEHUS Ka-
CaeTcsd WUCKPUBJIEHUSA TPAEKTOPHH OBICTPOl wacTwilbl. Eciam Takoit
JaCTUIIEH SBJIETCA MOH C MAacCOfl mj, KOTOPBI TOPMO3UTCS IIpe-
UMYIIECTBEHHO Ha 3JICKTPOHAX CPelbl C MaCCOU Mo = me K My,
TO €ro TPAEKTOPHUsl BILIOTH IO CAMOI OCTAHOBKM C XOPOIIEH TOY-
HOCTBIO SIBJISIETCSI TIPSIMOI: OTKJIOHEHIE OT IPSIMOJIMHERHOTO JIBUYKE-
HHS B CPEIHEM COCTaBJIAET He D0Jiee HECKOJIbKNAX YIJIOBBIX I'PAJLyCOB.
Yro0bI yOeuThCsI B 9TOM, OIeHUM HapacTaHue yTJia OTKJIOHeHus 0
OT ITEPBOHAYAJIBLHOIO HAIIPABJICHUS JIBUYKEHNUA B IIPOIECCE KYJIOHOB-
CKOr0 TOpMOKeHusI. Tak Kak Ipu meo <& M) MaKCHUMAJbHBIN mepe-
JAHHBIA UMIYILC (max = 2MU & 29U MHOIO MEHBIIE HMITYJIbCA
OBICTPOr'O MOHA M1V B A-CUCTEME, TO B OJHOM aKTe PacCesiHus ObICT-
PbLl MOH OTKJIOHAETCA Ha MAaJIblil yIoJI

q
Ab, ~ < 1. (2.52)
miv
Z[anee, IIOCKOJIBKY ITapHbI€ CTOJIKHOBEHUA CTATUCTUYICCKH HE3aBUCU-
MBI, & OTKJIOHEHUSI B Pa3HbIE CTOPOHBI PABHOBEPOATHBI, TO YCPEIHEH-
HOE II0 6OHBIHOMy YUCJLy CTOJIKHOBEHUII U3MEHEHUe yIJIa <A9> = 0.
HpI/I 3TOM &JIJINTUBHON 11O CTOJIKHOBEHUAM BEJIMUYUHON (KaK IIpu BCA-
KOM CJIy4daiiHOM 6Hy}K,ZLaHI/II/I> 6yﬂeT KBaJpaT yIJIOBOI'O OTKJIOHCHUA
A02, HapacCTaHue CpeaHero 3HAa4YCHHA KOTOPOI'O BLIYUC/IAETCA aHa-
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JIOTUYHO YOBIBAHUIO SHEPIHH,

Jmax

d(Ag?) 9 . q \° 8medel dq
T = ng/(A91) dO’—TLQ / Mo qu

0

8metel
= ——=noL. 2.53
e (2.53)
Paznenus dopmymy (2.53) Ha (2.51), B HEPEIATUBUCTCKOM CJIydae,
korma E = lmva [IOJIy4aeM IIPOCTOE yPABHEHUE
d(AG? mo 1
dar) _ ma 1l (2.54)
dFE mi E
Wurerpupyst (2.54), Haxomum, 9T0 B IPOIIECCE 3aMe/JIeHIs ObICTPOTO
noHa or sHepruu Fy mo sueprum E; < FEy, cpeaHekBajapaTudIHOe
OTKJIOHEHHE OT IIEPBOHAYAJIBLHOIO HAIIPABJICHUS IBUKEHUS COCTABUT

<A92>_< In g(l))m. (2.55)

[MoncraBus my/me = 1836 u Ey/Ey = 10 B (2.55), y6exqaemMcst, 9T0
Jlaxke Hanbosiee JIETKNE MOHBI — MPOTOHBI, TIOTEPSIB B CTOJKHOBEHHUSTX
¢ anekrponamu 90 % cBoeit sHEprum, OTKJIOHSIOTCS OT IIePBOHAYAJb-
HOTO HAIIPABJICHUST JIBUKEHUS BCETO JIUITH Ha, 2°.

Tlomobno ToMy, Kak B mpoliecce KYJOHOBCKOTO TOPMOXKEHUS Y
OBICTPOTO 3apsijia TOABJISETCS OIMMCAHHBIN BBIMIE CTATUCTUIECKUIT
pas36poc 1o yrity 6, y Hero mosiBJisieTCsi U CTATUCTUIECKUI pa3bpoc 1o
sueprun E. Kak 6pu10 nokazano H. Bopowm [24], B HepesisiTuBrcTcKOM
caydae pocT CpeJHEero KBajpaTa pa3dpoca Mo SHEPrun OMUChIBACTCS
BhIpaKEHHUEM

d(AE?)

2
NEET _ gre2e2 (M . 2.56
dz e <m1 + ma " (2:56)

OrmeruM, 9o B orimune or (2.51) u (2.53), dopmyna (2.56) He co-
JIEP’KUT KyJIoHOBCKOro jiorapudma L. ITonobuo pasbpocy 1o yriam,
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CTATUCTHYECKUIT Pa30pOC M0 SHEPIHH BCETa OTHOCUTEIHHO MaJl IIPU
TOPMOKEHUU TSIZKEIBIX MOHOB Ha JIENKHMX 3JIeKTpoHax. JleiicTBUTe b-
Ho, nmens (2.56) ma (2.51) m wHTErpUpysi, HAXOAUM, UTO IIPU IOJI-
HOM 3aMeJJICHUN HepeJISTUBUCTCKOIO MOHA OT HAYAJIbHOH SHeprun
Fy cymmapHBIiT HAKOILJIEHHBIN pa3dpoc IO SHEPTUU COCTABJISIET

ma

1/2
<AE2> = ( > Ey < Ep. (2.57)

mlL
3aMeruM, OJIHAKO, YTO IPHU 3aMeJJIeHHH OT OOJIBIINX HAYAJBHBIX
suepruit Fy B Jecatku u coTHr M5B /HYKIOH HAKOIJICHHBIN CTATH-
CTUYECKUN pa3dpocC 10 SHEPrUU yKe He MaJI [0 CPABHEHUIO C “‘ecTe-
crBeHHOI” mmMpuHO nuka Bparra (T.e. ¢ mupuHON MakcuMyMma 3a-
BucuMocTu 3dhdexrusaoro ropmoxkenust S(FE) or sneprun nona E).
Kak ciesmcrBue, 3ToT craTucTmyecKuit pa3dbpoc MPUBOIUT K CyIIle-
CTBEHHOMY yBEJIMYEHUIO IMTUPUHBI 1 CHU2KEHHIO BBICOTHI TKa Bparra
Ha podusie SHEProBKIaIa HOHHOTO IIYyIKA BIOJb €r0 TPACKTOPHUHN.
OTHOCUTENIBHBII MaJIbIl CTATUCTUIECKUI paszdbpoc 1o yriam u
SHEPrUusaM IPHU KYJOHOBCKOM TOPMOYXKEHUU OBICTPBIX HOHOB II03BO-
JIIET ¢ XOPOIeil TOYHOCTHIO CUMTATDH IOJHBIH KyJIOHOBCKUI Ipober
TaKNX NOHOB HE CTATUCTUYIECKOIl, & 1eTepPMUHUPOBAHHON BEJININHOM.
JlpyruMu cjioBaM#, B OTJIMIUE OT IPdexmuehozo npobeza

E, dE |t

(1) = 12 S(Eo) = Ep (2.58)

dx | p_ Eo
MOHA C HavdaJbHOU sHeprueit ¥ = FEj, Mbl MOXKEM OIPEIeJUTh ero

Parxmuueckutd npobee

Ey
| = I(Ep) = /n;g?m (2.59)
0

W C TOYHOCTBHIO TMOPSJIKA HECKOJBKUX MPOIEHTOB CYUTATH, UTO BCE
HMOHBI C HavYaJIbHON sHeprueit [y ocraHaB/IMBAIOTCS Ha OJHOM M TOM
ke paccrostuun [(Ey) oT Mecra pPOXKJEHUS M MMEIOT OJUH U TOT
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JKe JIETePMUHUPOBAHHDBIN TPOMUIL SHEPrOBBIJIEEHUS BJIOJb CBOE
[IPsIMOJIMHETHOM TpaekTopun. B 9TOM OTHOIIIEHNN KYJIOHOBCKOE TOP-
MO2KeHUE OBICTPHIX MOHOB KAP/IMHAJIBHO OTJIMIAETCH OT 3aMe JIEHUs
OBICTPBIX HEHTPOHOB IIPU SJIEPHOM PACCESTHUM, JIJIT KOTOPBHIX CTaTH-
CcTUYeCKuil pa3dbpoc 1o yriiaMm, SHEPrusM U JIJInHe Ipobera BCerjia Be-
JIUK, U BBeJIeHne (pakTHIecKoro npobera (2.59) dpusndaeckoro cmbicia
e nmeeT. Ha npakTuke otnimans mexk 1y 3hdeKTUBHBIM 1 (DaKTHIe-
CKUM IIpoberaMu Ipu KYJOHOBCKOM TOPMOXKEHUU MOTYT JOCTHUTATH
muoxkutess 2. Ilociennee 0OCTOATEBLCTBO Jlerde BCErO IPOJIEMOH-
CTPUPOBATD, MOJIOKUB

S(E) = S(By) <§O>n (2.60)

¥ 3aMeTHB, YTO B HPAKTHYECKH MHTePeCHbIX ciaydasx —1 < n < 1.
[Moxcrasiss (2.60) B (2.59), moxydaem

(2.61)

2.6 ®opmyinaa bopa

2.6.1 Mogens» Bopa

KynonoBckasi pacxoguMoCThb, ¢ KOTOPOil MbI CTOJKHYJIUCH IIPH
MOIIBITKE BBIMUCJIUTE 3P PEKTUBHOE TOPMOKeHMEe S, 00si3aHa CBOUM
[IPOUCXOXKIECHIEM OTHOCUTEILHO CJIa00MY YOBLIBAHIIO CUJIBI 3JIEKTPO-
CTATUIECKOI'O B3AMMO/IeiicTBUs ¢ paccTosiaueM. JLjist crabo yobIBaio-
LIEr0 MTOTEHINAJIa B3aUMOIEHCTBIS MOJEIb HE3ABUCUMBIX ITAPHBIX
CTOJIKHOBEHMIT €O CBODOJHBIMU 3apsijIaMU CPEJIbl SBJISIETCS I€pPec-
qyp YIPOIIEHHON moeaausarmeil. ZlcHO, 4TO Ha JTOCTATOYHO OOJIb-
IIUX PACCTOSTHUSIX OT OBICTPOrO 3apsijia B3ANMOJIEICTBIE, CBSI3bIBAIO-
Iee 3JIeKTPOHBI CPEJIbl B ATOMBI, Oy/IeT CUJIbHEE, YeM UX B3aHMO/Ieli-
CTBHE C TIPOJIETAIOIIIM 3apsiToM. MOYKHO cpa3y HIPeooKuTh, 9TO
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VIET 3TOH CBSI3U JIOJI2KEH YCTPAHUTD KYJIOHOBCKYIO PACXOIUMOCTD.
Yro 310 HeiicTBUTEIBHO TaK, ObII0 ToKa3ano Hunbcom Bopom B ero
sHaMenuToii padore 1913 roza [23], re oH B paMKax KJIacCHYecKoil
MEXAHUKU BIIEPBBIE MPABUJIBHO BBIYUC/IUJI 3HAYEHUE KYJOHOBCKOTO
siorapudma L 1151 HEPeIITUBUCTCKUX 3aPSI?KEHHBIX JACTHIIL.

Bop paccmoTpesr TopMorkeHne ObICTPOi 3apsAKEHHON YaCTUIIBI B
HeyIIOpAJ04YeHHON cpene (ra3e, JKHJTKOCTH ), COCTOSIIIEH U3 HEHTPasIb-
HBIX aTOMOB. B KadecTBe IOJIEBBIX YaCTHUIl OH YUET TOJBKO JIEIKUE
9JIEKTPOHBI C MaCCO Mo = M, U 3apsijioM eo = —e. B sToM cirydae
OCHOBHBIM (PAKTOPOM, OTPAHUIMBAIONIUM IPUMEHUIMOCTD IHCTO KY-
JIOHOBCKOI'O pacCCedHUsI IPU MaJIbIX IEPpEeJaHHbIX UMIIYJ/JIbCaX (60.Hb—
MIAX TPUTEJIBHBIX IapaMeTpax ), sBisiercs 3bdEKT CBI3U 9JIEKTPOHA
B arome. [lockoIbKY KBaHTOBOI TEOPUU aTOMa B TO BPEMsd €IE He
6b1710, BOop TIpeaoIoKmI, 9T0 KayKIblil CBSI3aHHBIN 9JIEKTPOH BXO-
JIUT B COCTAB TapMOHUYECKOTO OCIUJLIATOPA € YacTOTOM COOCTBEH-
HBIX KOJIEOAHUH w.

-e,m_,®

o)

S

Puc. 2.5. Cronknosenne mona eZ;, mi, JeTHIIEro co CKOPOCTBIO ¥, C 3JIEK-
TPOHOM —€, M., CBA3AHHLIM B TapMOHHYECKOM OCIHUJIATOPE C COOCTBEHHOM
9aCTOTOR w

Bripaxkasice Tounee, B Mmozgesn Bopa paccmarpuBaioTcs He3aBH-
CUMbIE TapHBbIE CTOJKHOBEHHS OBICTPOIO TOYEYHOI'O 3apsijia €] =
= e/ C 3JEeKTPOHAMHU CPEIbl, KaKJIbIil M3 KOTOPBIX HAXOIUTCSA B

56



ITOTEHITHAJIE TAPMOHUYIECKOTO OCIUJIISITOPA ¢ COOCTBEHHON 1acTOTOM
w (puc. 2.5). Tlpeamonaraercsi, 9T0 MEHTP KayKJIOIO OCIHLISATOPA
dburcupoBan B mpocTpancTBe (T.e. ACCOMUMPOBAH C TSYKEIBIM HEIIO-
JIBUYKHBIM SIJIDOM aTOMa, CPEJIbl), U 3JIEKTPOH JI0 CTOJIKHOBEHUS 10~
KOHUTCsI B 9TOM IIEHTPE, UMes HyJIeBYIO HaJaIbHYIO SHEpruio. Pacrpe-
JeJIeHUe IOJIOXKEHN OCIIUJIISITOPOB B IIPOCTPAHCTBE IIPEIIIOIaraeTCst
abcosoTHO caydaiiabiM. Kak u panee B pazjesne 2.3, KaXKIbIil akT
CTOJIKHOBEHHSI XapaKTePU3yeTCs IPUIEIbLHBIM [IapaMeTPOM 5, KOTO-
PBIif, OJIHAKO, Tellepb PaBEeH PACCTOSTHUIO HE CAMOI'0 3JIEKTPOHA, a
IIEHTPa €ro OCHUJLISTOPHON MOTEHIIMAIBHON SIMBI JI0 IIEePBOHAYAIb-
HOiT (HEBOBMYIIEHHOIT) TPaeKTOpUH OBICTPOrO 3apsijia.

B nonosinenne K BBIMITECKA3aHHOMY JIJIsT IPOCTOTHI ITPEIITOJIOKUAM
TaKKe, 4TO OBICTPBIH 3apsij| ABJISIETCA TXKEION dacTureil (HoHOM)
¢ Maccoit my > m, (x0T st BeIBoa hbopMyssl Bopa 970, BoobIIe
roBopsi, He Tpebyercsi). B aroM ciydae npuBeséHHAsT MACCA CTATKU-
BAIOIIUXCS JACTHIL M = Mg = Me, U, KAK HETPYIHO MMOHATH, MAaC-
ca WMOHA 1M1 He BOMIET HU B BHIPAXKEHHE JJIsl IEePEeIaHHOR B OIHOM
cToJIKHOBeHNM 3Heprun AFE7, HU B OKOHYaTEIbHBIE (DOPMYJIBI st S
u L. Ormerum, 4T0o Upu my > m, ynorpebienne BBEIEHHOIO BbI-
IIe TPHUIEJIBHOIO IMapaMeTpa b BrIOJIHE OIIPaBJIAHO U P KBAHTOBOM
OINCAHUU JIBUKEHUSI JIEKTPOHA, ITIOCKOJIbKY b €CTh IIPHUIEIbHOE Pac-
CTOsAAHNE MEK/1Y THA2KEJIBIMU AJIEPHBIMU YaCTUIlaMU, IJIMHY BOJIHBI /1€
Bpoitias KoTopbIX MOKHO CINTATH OECKOHETHO MAJIOH 110 CPABHEHHIO
€ COOTBETCTBYIOIIEN JIJIMHOM BOJTHBI 3j1eKTpoHa. Crieysi OpUruHA b=
Hoit pabore Bopa, Bce BbIYHC/IEHUsT B JTaHHOM pasjesie MPOBeIEM B
HEPEJISTUBUCTCKOM TIpejierie v <& C.

[Tapamerpuuecknii anaan3 cOPMYIUPOBAHHON TaKUM 00pa30M
mozesm Bopa mokaseiBaet, 4To 3 HEKTUBHOE TOPMOXKEHHUE S JTOJIK-
HO OBITH (PYHKIHEH TOJBKO YETHIPEX PAa3MEpPHBIX IIapaMeTpoB, a
MMEHHO,

e1es, Me, U, w, (2.62)

a OespasmepHasi BeJmdIuHa L MOXKeT, eCTeCTBEHHO, ObITh (DYHKIIU-
et juib 6e3pa3MepHBbIX KOMOMHAINN 3TUX YETHIPEX TapaMeTpOB.
[TockobKy 4geTbipe pa3MepHBIX HapaMerpa (2.62) uMeroT Tpu He3a-
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BUCHUMBIX Pa3MEPHOCTH, M3 HUX MOYKHO C(OOPMUPOBATH JIUIIL OIHY
He3aBUCUMYIO Oe3pasMepHy KoMOuHaImo. Mbl BEIOEpEM 3TY KOM-
OUHAINIO CJIEYIONINM 0DPa30M.

[Tpekjie BCEro MCKIIIOYMM U3 YeThIPEX ImapaMeTpon (2.62) cko-
poCThb OBICTPOTO MOHA v. VI3 ocTaBIUXCSI TPEX MOYKHO CPOPMUPOBATH
JINIIIb OJHY KOMOMHAIINIO C PA3MEPHOCTBIO CKOPOCTH, 8 UMEHHO

1/3 7 2 1/3
o (Y
Me Me

VMest B CBOEM PaCHOPSIZKEHUH XaPaKTEPHYIO CKOPOCTb Vs, KOTOPAast
HE 3aBHCUT OT CKOPOCTU MOHA U, MbI MOKEM BBECTH Oe3pasMepHyIo
CKOPOCTD

I (2.64)

Us

B pesysbrare npuxoiuM K BBIBOMLY, YTO KYJOHOBCKHM JiorapudM B
Mozenun bopa nosken ObITh DYHKIHEH JIMITL OHON Oe3pa3mMepHOit
HepeMeHHON V.

311ech HEOOXOMMO CJIeJIaTh OrOBOPKY. B obieM ciiydae Koahdu-
[UEHT TOPMOXKEHUsI 3aBUCUT OT 3HAKa [POU3BEJICHUsI 3apsiiOB €1€9
(adbdexr Bapkaca—Annuepcena), T.e. 3HadeHus: L(U) npu oHOM u
TOM 2Ke U OyayT pasHbIMU i ejeg > 0 u ejeg < 0. B obozmadge-
HHUSIX JaHHOTrO maparpada caydait ejes > 0 dpopMmaabHO peasn3yeT-
cst ipu Z1 < 0, T.e., CKaXKeM, JIJIsi aHTUIPOTOHOB HYKHO IOJIOKHUTH
Z1 = —1. A rorua, onpejienus v coracHo (2.63), (2.64), MbI JOJIKHBI
paznnyarh JBe GyHKImn, a nMenno, Ly (0) mis ejeg > 0 (KysroHOB-
ckoe orTajkuBanue) u L_(0) mist ejea < 0 (KyJIOHOBCKOE IIPHUTSIZKe-
uue). Popmysna Bopa, kak GyjieT BUIHO HUXKe, JaéT HE 3aBUCSIIUIL
or 3HaKa B3amMogeiicTBus pesynbrar L(v) = Ly (v) = L_(0).

B mozenn Bopa 3uavenust Ly (U) KOHEYHBI X MOTYT OBITH B IIPUH-
ATl BBLIYUCIIEHBI IPH JIFOOBIX KOHEUHBIX 3HAYEHUSIX TIapaMeTPOB, I1e-
peunciieHHbIX B (2.62). OnHako mpocras aHajuTudeckas Gopmyra
st Ly (0) mostydaercst JIUIIb B pejiesie BBICOKUX CKOpocTeit U > 1.
Hpyrumu ciioBamu, 9TO0OBI BBIBECTH CBOIO (hopMyity, Bop caeman mo-
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HOJTHUTEIbHOE (K y2Ke chOPMYTMPOBAHHO MOJIEIN) TIPEOIOKEHTE
v 2> Us. (2.65)

NnmenHO 3TO yC/I0BUE JTAET MaTeMaTHIeCKoe OIpeJie/IeHue TOro, UTO
B Mojesin Bopa moruMaeTcst o1 ObICTPOoil JacTurieii.

2.6.2 BmbiBoa HepeasTuBuCTCKOI dpopmysibl Bopa

Hapsiny ¢ xapakTepHOil CKOPOCTBIO Ug, B MOJIe/IN bopa ecTh JiBa
HE3AaBUCUMBIX XapaKTEPHBIX 3HAYEHUS IPUIIEIBHOrO HapameTpa b,

v

VA 2
_ A, Y (2.66)
w

bo
Mev?

KOTOPBIE eCTECTBEHHBIM 00pa30M 00pa3yIoTCsl U3 Y€THIPEX OCHOBHBIX
pasMepHbIX HapaMerpoB Mogesn (2.62). 3navenue b = by coorser-
CTBYeT IOBOPOTY mMITyJibca Ha 90° B y-cumcreMe mpu CBOOOIHOM KY-
JIOHOBCKOM pacCestHuHU, a b = b,y — anmabaTuaecKuil IPUIeTbHBII
napameTp, Ha KOTOPOM XapaKTepHOe BpeMsi CTOJIKHOBeHust b/v cpas-
HHUBaETCsI ¢ 0OpaTHON YACTOTON 3JIEKTPOHHOTO OCIULISTOPA w™ L
NHTYNTUBHO MOHATHO, YTO B CTOJKHOBEHHUSX C b > b,g mepenada
SHEPIrUM CBSI3aHHOMY 3JIEKTPOHY JTOKHA OBITh CUJILHO TOJIaBJICHA.
Jlerko ybenuThCsl, UYTO YCJIOBUE VU > Us IKBUBAJEHTHO HEPABEH-
cTBy by < by, KOTOPOE IO3BOJIET BBECTH HEKOTOPOE IPOMEXKYTOY-
HOe 3HAYeHNe MPUIETLHOIO mapaMeTpa by, yI0BIETBOPSIONEe COOT-
HOIIIEHUTO
bp € b1 € byg. (2.67)

Kaxk 6yzmer BuaHO B IajbHeilieM, KOHKPETHOE 3HaUYeHHe b HEBaXK-
HO, ITIOCKOJIBKY OHO BBIIIa/Ia€T U3 OKOHYAaTEJIbHOI'O OTBETAa. BBG,ZL?{ bl,
MOZKeM pasbuThb obriee Bbipazkenue (2.22) mist 9¢bhEKTHBHOTO TOP-
MOKEeHHUsI S Ha CyMMY JIBYX MHTEIPaJOB

b1 S
S:SA+SB:27r/|AE1| bdb+27r/|AE1| bdb,  (2.68)
0 b1
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U HCIOJIb30BaTh IPU WX BBIYMCJIEHUN JIOIOJHUTEJbHBIE YIIPOIIAIO-
M€ IIPEIIIOJIOKEHUsI. DTH IIPEIIOI0KEHUsT OYIyT pasHBIMM sl
JBYX o0JIacTell MHTEIrPUPOBAHHUs, HO KayKJ0e U3 HUX OyIeT achuMII-
TOTHYECKU TOYHBIM B CBO€il 00JIacTH.

Jlj1s1 61U3KIX CTOTKHOBeHuit ¢ b < by, Korma b/v < w™! u cTonk-
HOBEHHE IIPOUCXOIUT OUEHb OBICTPO 110 CPABHEHUIO C IEPUOIOM COO-
CTBEHHBIX KOJIEOAHUIT 9JIEKTPOHA, MOXKHO IIPeHeOPedh CBSI3BIO IJIEK-
TPOHA B OCLUJLISATOPE U CUMTAThL €ro CBOOOMHON uacTuueil. B sTom
caydae repejiada SHEPTUH B OJHOM CTOJKHOBeHUH AF| onpeiess-
eTCsl TI0JIyYeHHBIM paHee BbIpaxkenueM (2.49), u Jyist mepBoro cjara-
emoro B npaoii yactu (2.68) cpa3sy mnosyuaem

b1
4 Z3et bdb 4rZ%et 1 b\ >
= = —In |1 — . 2.
Sa mev? /bz—i—b?J mev? 2 nt bo (2.69)

0

Yrobbr yoemuTbest, 9To npu b < by MOXKHO JeHCTBATEILHO IIpEHE-
OpeYb CBA3BIO JIEKTPOHA, JJOCTATOYHO [IPOBEPUTH BHIIIOJIHEHIE HEPa-
BEHCTBA

1
|AE| > |AU| = imeuﬂrg, (2.70)

e AU — u3MeHeHne TOTEHITNAIBHON SHEPIUN 3JIEKTPOHA B OCIUJI-
JIITOPE B PE3YJIbTaTe €r0 CMEIIEHNS OT HAYAIbHOI'O TIOJIOXKEHUS PAB-
HOBeCHsI HA BeJIUUNHY 7. OIEHUBAasT CMENIEHUE JIEKTPOHA 38 BPEMsI
CTONMKHOBeHNs t. = b/v 1o mpocToit hopmyie 7, ~ Ft2/m, = by, T1e
F = |Z1|e?/b? — cuna Kymnona B MOMEHT MaKCHMAIBHOTO COJMIKe-
HIsI, HAXOJIUM, 9TO HepaBeHCTBO (2.70) SKBUBAJEHTHO HEPABEHCTBY
b% + b0 < bgd, BBITIOJTHEHUE KOTOPOTo 1pu b < by rapaHTHPOBaHO
ycsioueM (2.67).

Ilepeiiém K BoraucaeHnio 3pPEeKTUBHOTO TOPMOXKEHUS Sp s
JAJEKUX CTOJIKHOBeHHit ¢ b > b;. B 3TOoM ciiygae Helrb3st Ipe-
HebperaTh CBA3BIO 3JEKTpoHA B ocrusagTope. Ho mockoiabky Te-
IIepb XapaKkTepHOe CMEIEHUE 3JIEKTPOHA 3a BPeMsl CTOJKHOBEHUSI
re < bp K b, MOXKHO clle1aTh Ipyroe yIpoInaloliee IpeinoozKeHne,
a uMeHHO, 4To cuja KyjioHa, meiicTByoIIas o CTOPOHBI OBICTPOrO
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MOHA Ha 3JIEKTPOH, HE 3aBUCUT OT CMEIIEHHSI 3JIeKTPOHA B IPOIIECCe
CTOJIKHOBEHUSI U sSIBJIeTCsI (PYHKIIMEH TOJIbKO BpEMEHH t. DTO yIIPO-
HIafoIIee MPEIIOJIOKEeHNEe IPUHATO HA3BIBATD JUIIOJIbHBIM ITPUOJIU-
KeHueM. BwiOupasi cucreMy OTCUETA TAKMM Ke 00pa30M, Kak U B
naparpade 2.3 (cMm. puc. 2.5), Mbl BHJUM, 9TO HEOOXOIUMO PACCUH-
TaTh IBM2KEHHE CBSI3AHHOI'O JIEKTPOHA IIOJ, JIefCTBUEM IIepeMEHHOI
BHermei cubl F(t) ¢ KOMIOHeHTaMH

o2 vt

! (b2 + v2t2)3/2

2 b
(b2 _H]2t2)3/2'

(2.71a)

F,(t) = —Ze (2.71b)

Buauenus: F(t) soramcsiensl B Touke (x,y) = (0,b), rjae Haxomurcs
HETIO/IBUKHBIN EHTP OCIUJLISITOPA.

[Tycrb 7 (t) — BEKTOp CMelleHusl SJIeKTPOHA OTHOCHTEJIBHO TI€H-
Tpa ocnmiATopa. Torjaa ypaBHeHUe JIBUXKEHUsI 3JIEKTPOHA HMeeT
BI/L

A 2 1 =
Te +wTe = —F(1), (2.72)
e
[Jie TOYKa HaJI CAMBOJIOM O3HavaeT JuddepeHmpoBaHmie o BpeMe-
uun. OOIree perieHne 3TOr0 ypaBHEHHsI XOPOIIO M3BECTHO U3 Kypca
mexanuku. Crenyst merony u3 [20, §22|, BBeéM HOBYIO KOMILIEKC-
HYIO [IEPEMEHHYIO § = T + iwT, YTO 103BOJIsIET HAM cBecTH (2.72) K
JHeiiHOMY fuddepeHnuaaTbHOMy yPABHEHHUIO [IEPBOTO MOPSIIKA
s .o, 1 =
§—iws=—F(t). (2.73)
me
Permtenme 91010 ypaBHEHHs OPHM HAYAJIBHBIX YCIOBHAX Te(—00) =
= e (—00) = 0 umeer BUJ

g(t):miexp(m) / Ft)exp(—iwt)di'.  (2.74)

e
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[Tonuas sueprust snekrpona Fe(t), paBHas cymMMe KHHETHIECKON 1
IIOTEHINAIBHONU COCTABJISIIONINX, JIOBOJIBHO IIPOCTO BBIPAXKAETCs de-
pe3 KOMILIEKCHYTO TePEMEHHYIO S

E.(t) = %me ( 72, 4 w2, 4 72 , tw r2y) = %me (]sm\Q + \sy|2) )
(2.75)
TlockombKy OBICTPBIIT HOH TEPSIET POBHO CTOJILKO SHEPIUU, CKOJIhb-
KO IIpHOOpeTaeT 3y1eKTPoH, u3 (2.74), (2.75) u (2.71) moxywaem ciie-
JIyIoILy 0 (bOpMyJLy JIsi I3MEHEHUsT SHEPIUU HOHA B OJTHOM CTOJIKHO-
BEHUU:

—AEl = Ee(+OO) - Ee(—oo) =

2 | 4o 2
= S /Fx(t) exp(—iwt) dt| + /Fy(t) exp(—iwt) dt| | =
2.4 T n(h 2 I 5 ’
_ ;Z;;bz /Mdr + /mdr , (2.76)
0
IIe BBEIEHO 0DO3HAYEHNE
b= b:d = b% (2.77)

Crositue B (2.76) MHTErpaJIbl BBIPAXKAIOTCS Yepe3 MOAUMUIIUPOBAH-
uele dyukun Beccenst (byukiym Maknonansaa) Ko(z) nu Ki(z) =
= —dKy/dz [30],

o0

T sin bT T cos(br) - -
/1—1—7 3/2 *ng /1—1—7 21372 dr = bKi(b). (2.78)
0 0

Oyukmun Ko(z) u Ki(z) MOHOTOHHO yOBIBAIOT HAa BCEl JEHCTBU-
TesibHON ocn 0 < z < OO M UMEIOT CJIeIYIONINe aCUMIITOTUYECKHUE
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Pa3J/I02KEeHNA:

_fYE_lnga z K 17
Ko(z) = T\ 1/2 (2.79)
(2) e =1,
2L z L 1,
K = 1/2 2.80
1(2) (22) exp(—z), z>1, (2:80)
e vg = 0.5772...—mnocrosinaas Ditepa. [Moxcrasiss (2.78) B

(2.76), mosryvaeM cieyromiee BbIpaskeHue JIst [epeiadn SHEPIUui B
OJTHOM CTOJIKHOBEHUU C IPUIEJLHBIM IapaMeTpoM b > by:

_2AE gy 4 K] B (2.81)

Skcnonennuaiboe yobisamne dynxmmit Ko(b) u Kq(b) mpu b >> 1
O3HAYAET, YTO MOTEPHU SHEPIMH OBICTPOIO MOHA B CTOJKHOBEHUSAX C
b > byq KCHOHEHITHAIBHO Majbl. Cpa3y sICHO, 9TO 9TO 0OCTOSITE b~
CTBO yCTpaHsAeT KYJIOHOBCKYIO PacXoJuMOcTh mpu b — oo. B mpo-
TuBomnooKHOM Tipesiesie b < 1 umeem b2KZ(b) — 0, B2KZ(b) — 1,
u dopmyna (2.81) nepexoqur B BbIpazkenue (2.28), nosyueHHoe pa-
Hee B NMPUOJIMYKEHUH OBICTPOrO IPOJIETA. DTO BIIOJIHE €CTECTBEHHO,
ITOCKOJIbKY KaK IMPHUOJIMKeHne ObICTPOro IPoJIETa, TaK U JIUIIOJIBLHOE
npubJIMKEHNEe OCHOBAHBI Ha IIPEHEOPEKEHUN CMEIIEHUEM JIEKTPO-
Ha B IpOoIecce CTOJNKHOBeHMs. HeTpynHo Takke yOeIuThCs, ITO Ipu
BBINOTHEHNH yc10Bu:A (2.67) dopmyssr (2.81) u (2.49), ucnonb3oBan-
HBIE COOTBETCTBEHHO Iipu b > by u b < by, acUMITOTUYECKH TOYHO
cmmBaroTest upu b = by.

Tenepb, urobbl HaiiTu BrOpoe ciaraemoe Sp B (2.68), ciemy-
eT npouHTerpupoBarh (2.81) 1o 06/1ACTH NPUIETBHBIX apaMETPOB
b1 < b < oo. Bocrosib30BaBIINCH COOTBETCTBYIOMIUM TaOJIMIHBIM HH-
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rerpasioMm s dynknumit K, (2) [31], maxommm

anziet T A ZRet
Sp = Tég /Z [Kg(z) +K12(Z)] dz = m;p b1Ko(b1)K1(b1),
b1
(2.82)
rie
_ bl blw
g b 2.83
=5 = (2.83)

CruagpiBas Sa n3 (2.69) ¢ Sp u3 (2.82), emg pas BCIIOMHIM yCJIOBHE
(2.67) u yjep:KuM JIMIIb [ePBbIe YJIeHbI

%m 1+ (b/b0)?] ~ (b /bo),  BKo(B)K1(Br) ~ —v5 + n(2/B)

(2.84)
B ACUMIITOTUYIECKOM Pa3JIOZKEeHHUHU 110 MaJIbIM napamerpam by/by < 1
u by = by /byg < 1. Cpasy BUIHO, UTO TIPH CIOYKEHHH STUX HJICHOB
IPOMEXKYTOYHBIN TTapamerp by BbIllajaeT 3 orBera. B pesysbrare,

epexoist K TOPMO3HOI CIIOCOGHOCTH, TI0JTydaeM M3BeCTHYIO (hopMy-
iy Bopa [23]

dE drZ3et mev3
e IIOCTOAHHAaAd
—1.1229... . (2.86)

B P E—

exp(VE)

[Toguepkuém, aTo B mosryaerHoit bopom dhopmyite it KyJIOHOBCKOTO
JiorapudmMma,

3

L= Lgohr =In (1.123 ’ZT:2W> =In(11232%), (287

CTOUT UMEHHO abCOIIOTHAST BEJIMUNHA IPOU3BEICHUsI 3aPsJIOB |eqea| =
= |Z1|e?, T.e. Kymonosckoe Topmorkenue 1o dopmyse Bopa ne za-
BUCHUT OT TOI'O, NPUTSATUBAET OBICTPBIA MOH JIEKTPOHBI CPEJIbI WK
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orraskuBaer. Ecim dopmyity (2.87) mpeacraBuTh B TPAIUIHOHHOM
Buzte L = In(bmax/bo), TO MOXKHO CKa3aTh, YTO BbIYHCIEHHOE Bo-
pPOM 3HAYEHNE MAKCUMAJIbHOI'O IIPUIIEILHOIO ITapaMeTpa COCTaABIIAET
bmax = 1.123b,q = 1.123(v/w).

@opmyna (2.85) mosdydena st HEPEIATUBUCTCKUX OBICTPBIX
MOHOB ¢ v K ¢. B pesgTuBucTCKOM cilyvae, KaK MOXKHO JIOTaaTh-
cd U3 pe3yabTaroB naparpada 2.3, BOBHUKAIOT MOMPABKHU JIUIIL K
KYJIOHOBCKOMY JiorapudMy, KOTOPbIi npu 7y < mq/m. JaéTcs Bbl-
parkeHueM ,

L=In <1.123 me”f) 1l (2.88)
| Z1|e?w 2
e B =wv/c, v = (1 — (3%)"/2. Persrusucrckuit Bapuant hopMyIIb:
Bopa (2.88) He numeer 0cob0ro npakTUIeCKOro 3HaUeHusl, IOCKOJIbKY,
KaK CTaHET siCHO U3 JIAJbHEHINEro, IpU OOJIBINNX CKOPOCTHAX KBAHTO-
BBIe mornpaBku K dopmysie Bopa BaxkHee pesaTUBUCTCKUX.

2.6.3 IlIpenen HuUskmMx ckopocrei v < v

[TpuBenéuuslit Boime BoBox hopmysisl Bopa (2.85) sicHo mokasbI-
BAET, IYTO OHA TPEJCTABJSIET COOOM MEPBI YIEH ACUMITOTHIECKOTO
pasIoXKeHnsT TOPMO3HOM CIIOCOOHOCTH B Momenn bopa mpm v > 1.
ITpn v < 1 dopmysna (2.85) craHOBUTCS HEIPUMEHUMOIT, HO B CaMoii
Mozen bopa HIYero mioxoro He IPOUCXOInuT. Bo3HUKAET eCTeCTBEH-
HBII BOIIPOC: KaK BEJET cebst TOPMO3Hast CIIOCOOHOCTDH B Mojiesin Bopa
IIPH YMEPEHHBIX U HU3KHUX CKOPOCTsX ObIcTporo 3apsiia v < vs? o-
CTATOYHO MTOJIHBINA OTBET HA 3TOT BOIPOC OBLJI ITOJIy Y€H JIUIIb HEJABHO
B pabore [32].

[Ipexxme Bcero MOXKHO BBIYUC/IHUTDL CJIELYIONIUN UJIEH aCHMIITO-
TUYIECKOTO pazjioxkenud 1o v > 1. PesysbraT Takoro BbIMHUCICHUS
umeer Bu/ [29]

Li(v) =1In(Cpv®) ¥ 37” o3 In (Ca?%), (2.89)

riae C4 ~ 0.325 [32]. Coruiacuo sromy pesyabrary L_(v) > L4 (0),

1 OTHOCHUTEJIbHOE Da3/InIne ME2KJy HUMU €CThb BEeJInNIUHa ~ 17_3.
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01 H‘l ‘ “‘10

Puc. 2.6. BaBucumocts sbdextusroro ropmorkenus S+ (7) o< o 2L+ (7) ot cko-
poctu GbicTporo 3apsina U = v/vs B Mogesau Bopa npu ¢ < 10. Ilpuseznenst rpa-
(bUKM PACCUMTAHHBIX YHCIICHHO 6e3pa3MepHbIxX dbyukmuit o 2L (7) u o 2L_ (T)

Ha puc. 2.6 noxasannt rpacbuxn dynxumit 0 2L (D), nomyden-
HbIE HyTéM YUCJICHHOT'O peIIeHud KJIaCCUICeCKUX ypa.BHeHI/Iﬁ JBHUZKE-
HUs 9JIeKTpoHa B Mojiesn bopa [32]. TloBenenne stux dyHukimii or-
pazkaeT 3aBUCUMOCTh 3P (MEKTUBHOIO TOPMOXKEHUsT S+ OT CKOPOCTHU
OBICTPOrO 3apsifia. XOPOIIO BUIAHO, uTo mpu v =~ 1 sddexkr Bap-
kaca—Amnzepcena cocrapiser yxke okoio 100 %. AnaauTudecKumn
MeTOaMU yJIAETCs JI0Ka3aTh, 9To 1npu U K 1 addekTuBHOE TOPMO-
kerue S1(U) B ciaydae OTTaJKUBaHUsI 00paIaercs B HyJb 110 3a-
kony S (7) oc 7°/3. @ymkums xe S_(7) npu 0 < 1 obHapyKuBaer
KBA3MPE30HAHCHOE TIoBeleHne (13-32 BpEMEHHOTO 3aXBaTa [0JIEBOTO
9JIEKTPOHA ITPOJIETAIOIIIM 3aPAIOM ); 3aKOH ef yObiBanus mpu 0 — 0
0CTaéTCsT HEM3BECTHBIM.
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2.7 ®opwmyibl Bere n Bioxa

Bop Boeisest hopmyity (2.85) B paMKax 4uCTO KJIacCuueckoii du-
sukn XIX Beka. Poxkaenme KBaHTOBOH MEXaHHKM IIOCTABUJIO IO
COMHEHHUE CIIPABEINBOCTD (UJIM IIPUMEHUMOCTD) MHOIMX KJIACCHYe-
ckux (opmys, B ToM Uncie u GopMysabl Bopa st TOpMOXKeHuUsI
sapsizkeHHbix dactur. B 1928 r. Morr u Topgon (N.F. Mott and
W. Gordon) crporo jlokazau, 9To Jilsl pAccesiHusl Ha KyJIOHOBCKOM
[IOTEHIHAJIE HEPEISITUBUCTCKAsl KBAHTOBAasI MEXaHUKA IYIECHBIM 00-
pa3oM JaéT TOT Ke CaMblil OTBET, 9TO U KJIACCHIECKasl MEXaHUKA,
a uMmenHo, ¢opmyay Pesepdopma. Iocaemnnee, Kak 310 ciemyer u3
I0BOMOB maparpada 2.4, o3HavYaeT, YTO KBAHTOBAsl TEOPHUS HE MO-
JKeT U3MEHUTD MPeI0rapudMUIecKnii MHOKATEIb B popmyste Bo-
pa. OjHAKO, TMOCKOJBKY BBIUHCJIEHAE KYJIOHOBCKOTO jorapudma L
6asupyercst Ha KOHKPETHOI MOJIEIN aToMa (KJIACCHIeCKUN TapMOHN-
YeCKUil OCIUJLIATOP B Mojiesin Bopa), 66110 6bl cTpaHHO, eciu Obl
MIPABUIbHOE KBAHTOBO-MEXaHUIECKOE BbIparkeHue Jiisi L, coBceM He
cozep:kaJio nocrosinaoit Ilnanka h.

Heiicreuresbho, B 1930 r. I'. Bere (H. Bethe) omy6imkosadr mosty-
YEHHYIO UM KBaHTOBYIO hopmyiny st L [25], koropast cyiecTBeHHO
OTJINYAJIACH OT KJIACCHYECKOro pesysbrarta (2.87) u cozjeprkaja 11o-
crosgauyio h. Ho mockoibKy BbIaucieHusi bere ObLIN BBITOJIHEHDI
B IIePBOM OOPHOBCKOM HPUOIMKEHUM, 00JACTh MPUMEHUMOCTH KO-
TOPOTr'0 OTpPaHUYEeHa, HEKOTOPOE BPEMs OCTABAJIOCH HESICHBIM, B Ka-
KOM OTHOIIIEHUU JAPYT K APYTY HaxodaTcd pe3yibrarkl bopa u Bere.
OkonvaresbHyto sicHocTh BHecsa pabora @. Biooxa (F. Bloch) [33],
KOTOPBIH IMPOBE&/T CTPOrue KBAHTOBBIE BBIYUCJICHUsI U TIOKA3AJI, KAK B
3aBUCUMOCTHU OT 3HAYEHUs1 O€3Pa3MEPHOrO MapaMeTpa

_ ’6162| _ ‘21’62
hv hv

13 HOJTHON KBaHTOBOIT opmyitnl (bopmyssl Bioxa) B kadecTBe 1By X
npeJIe/IbHBIX CJlydaeB mosydatorcs jmbo dopmyna Bopa (mpeses
ay > 1), mmbo dopmyiia Bere (npees o, < 1). 3nech npuseiém Ka-
YECTBEHHBIN BLIBOL, KBAHTOBOM (pOPMYJILI [1JIsl KYJIOHOBCKOI'O TOPMO-

v

(2.90)
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JKEHUsI, TTO3BOJISIONTUH BOCIIPOU3BECTH PE3YIBTATHI Byioxa ¢ TOYHO-
CTBIO JI0 YHUCJIEHHOTO MHOXKUTEJIS MOPSJIKA €JIMHUITBI [0, JIorapud-
MoM. Kax u mpu BeIBOsEe hopMmysibl Bopa, orpaHn<InMcs 9acTHBIM
CIIy9IaeM TSI¥KeJION ObICTPOi JaCTHUIbI C M1 3> Me, KOTJIa MPUBEIEH-
Hasl MAcca B CTOJTKHOBEHUSAX C JIEKTPOHAMU 1M = M.

C TOYKM 3pEeHUsT COBPEMEHHOW KBAHTOBOW MEXAHWKW, MCXO/IHAS
MoJiesib Bopa nmeer jiBa nsbsiHa: 1) JBUKEHUE 3JEKTPOHA B OCIUII-
JISITOPE JIOJIPKHO TIOAYUHSATHCS HE KJIACCUYECKHM, & KBAHTOBBIM 3a-
KOHaM, U 2) peajlbHble ATOMBI YCTPOEHBI CJIOXKHEe, YeM rapMOHUYe-
CKUi oCTUIATOp. MBI n36aBUMCs OT 9THUX J1ePEKTOB MO OUEPE]IH,
T.e. CHavAJIa MOy IrM (POPMYITY s KYJIOHOBCKOTO TOPMOXKEHUSI Ha
3JIEKTPOHAX B KBAHTOBBIX OCIUJIIATOPAX C CODCTBEHHOM YaCTOTOM W,
a 3aTeM 00OOIIUM ITOJTy I€HHDBIN Pe3y/IbTAT Ha PeasibHble aToMbI. [1pu
9TOM U3 TEOPUU TAPMOHUYIECKOTO KBAHTOBOTO OCITUJIIATOPA HAM ITO-
HaJ00UTCS JIUITH XOPOIIO U3BECTHBIN (PaKT, UTO MUHUMAJIbHASI TOP-
IIHsT SHEPTUHU, KOTOPast MOXKET OBITh MepeaHa CBI3aHHOMY 3JIEKTPO-
HY, COCTaBJIsieT hw, a NBUKEHNE 3JIEKTPOHA B KBAHTOBOM OCITUJLIISI-
TOpe C TOJIHOM 3Heprueit F, > hw SIBAsSETCS KBA3UKJIACCHIECKIM.
Kak yxe ormeuasiocs B naparpade 2.6.1, KBAHTOBO-MEXaHIUIECKOE
paccMOTpeHre BIIOJIHE JIOMYCKAET UCIOJIb30BaHUE MPUIEIBHOIO ITa-
paMeTpa b TIpW YCJIOBUU, YTO OH M3MEPEH He JIO JIEKTPOHA, a Ji0
HEIOJIBUKHOTO IEHTPa OCHUILIATOpa. HeobXoamMo TOIBKO UMETh B
BUJy, YTO Tenepb nepegada sueprun |[AE;(b)| B oaHOM CTOJKHOBE-
HUU C IIPUIEJILHBIM paccTosHuEM b OyIeT mMeTh TUCKPETHBIH Habop
suadennit 0, Aw, 2hw, ..., pPacIPeeIEHHBIX TI0 OTPEIETIEHHOMY Be-
POSITHOCTHOMY 3aKOHY.

Herpyamo mOHATH, 9TO TpH JOCTATOYHO BBICOKMX CKOPOCTSIX
OLICTPOrO 3apsijia B KBAHTOBOM (TOYHO TaK K€, KaK W B KJIACCU-
YEeCKOM) CJlydae CyIIeCTBYeT IMUPOKHUH JMANAa30H IIPUIEJbHBIX T1a-
pamMeTpoB (WM HepeJIaHHBIX UMIIYJIbCOB), TJE CBS3bI0 9JIEKTPOHA B
KBaHTOBOM OCITUJIJISITOPE MOXKHO TpeHeOpedb. Ilpu sTOoM, Hapsty
¢ KJIACCHYECKUM YCJIOBHEM U > Vg, JJII KBAHTOBOI'O OCIMJLISITOPA
HEOOXOIMMO TTOTPeOOBATH BBIMIOJIHEHUST JTOMOJTHUTEIBHOTO HEPABEH-

crBa Mev? > hw. A Torma, HOCKOIBbKY KBAHTOBOE DACCESHUE Ha
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KYJIOHOBCKOM IOTEHIIUAJE OIMUCHIBAETCS BCE TOi ke popmystoit Pe-

sepdopaa (2.44), nonydaem BCE Ty ke (DOPMyJLy JJIsi TOPMO3HOI

CIO0COOHOCTH ) 4
dE dnZie
Y (2.91)
dx MV

rje KyJIOHOBCKHIL jjorapudm (hbopMaabHO ONPEIe/IsIeTcs BhlpazKeHN-

€M

L —1In Gmax —In 2mev

Gmin Gmin

(2.92)

Korma mponcxonnuT paccesHne Ha CBA3aHHOM JIEKTPOHE, Iepe-
JIQHHBII UMILyJIbC ¢ = DPj — P OIPEIEJsSeTcsl KaK PasHOCTh MeXK-
Jly 3HAYEHHUSIME UMILYJIbCa OBICTPOH dYacTuubl p1 = mi¥ U p; co-
OTBETCTBEHHO JIO M IIOCJI€ CTOJIKHOBCHMA. HpI/I 9TOM I/H\/IHyJIbC CBd-
3aHHOI'O IIOJIEBOI'O 3JIEKTPOHA II0CJIe CTOJKHOBEHUS YK€ He 00sg3aH
OBITH PABHBIM (, IOCKOJIBKY TIEPEIaHHBI UMIIYJIbC PACIIPEIEISIETCSI
MEZKy JIECKUM 3JIEKTPOHOM U TSIPKEJILIM ATOMHBIM SIAPOM B II€H-
Tpe OCHUJLIIATOpPA. MaKCI/IMaﬂbHaH BeJIMYMHa IIepeaaHHOro NMIIyJjib-
Ca Qmax = 2MeU JOCTUTAETCS B IpeJesie, KOIIa CBSI3bIO 3JIEKTPOHA
B OCIIJLJISITOPE MOXKHO IpeHedpedb. PU3ndecKuii CMbIC MAHIMAIb-
HOT'O IIEPEIAHHOTO UMITYJIBCA (min COCTOUT B TOM, 9TO CTOJIKHOBEHHUSI
¢ ¢ < Qmin Y2K€ HeJIb3s OIHUCLIBATL AudepeHalbHbIM CeUeHneM
Pesepdopma ns-3a TOro, UTO MOJIEBOI 3JIEKTPOH CBA3aH B OCITHJLIS-
tope. Hamma 3amada cocTouT B TOM, 4TOOBI OIPEIEIUTD Gmip -

B kmaccudeckoit Mmosenn Bopa joruka onpeneaeHns ¢min J10CTa-
TOYHO IpocTa. /st 3JIeKTpOHA B OCHMILIATOpPE CYIIECTBYeT aJua-
faTuyeckoe 3HAUEHME MPUIEJIbHOrO napamerpa b = b,y = v/w. B
aMabaTUIeCKOM Ipejese nmpu b > b,y mepegada SHEPTUHM CBA3aH-
HOMY 3JIEKTPOHY SKCIIOHEHITHAJBHO MaJia, MOCKOJIBKY OIpeIesiseT-
cs1 CBEPTKON OBICTPO OCHUJIIUPYIOMMX (DYHKIWMH sinwt u coswt ¢
MeJIJIEHHO MeHsitoleiicsi BHernei cuiioii [em. (2.76)]. Tlpu b < byg
3JIEKTPOH MOYKHO CIUTATH CBOOOTHBIM U IPUMEHATDH (popMyay Pesep-
dopaa. B pesyiabrare, ¢unin €CTh Iepejada MMIYJIbCa OpH b = byq.
[TockobKy 1ipu v > vs MBI IMeeM byg > by, MOKHO BOCIIOJIb30BATE-
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cst dopmyioit (2.27) u HaiiTu

2 Z1|e*  2|Zy|e*w

e 3 (2.93)

Gmin,cl =

[Moncrasiss (2.93) B (2.92), ¢ TounOCTBIO 10 MHOXKHUTEA 1.123 101
sorapudMoM 1oJrydaeM pedyiabrar Bopa (2.87).

B KBaHTOBOM Cirydae COXPAHSIOT CBOI CMBIC/I KaK HOHSITHE &/[a-
6armanocTr BosMmyIenust [11, §41], rak un agnabarndeckoe 3HAYCHNE
HpHUIEIbHOrO Hapamerpa b,g = v/w. Tem He Menee, IpuBeIEHHOE BbI-
1€ pacCy’KJIeHue CTAHOBUTCsI HECOCTOSITEIbHBIM, [IOCKOJIbKY Hepa-
BEHCTBO b < b,y OTHIOND HE O3HAYAET, UTO JIJIsA ONEHKN ¢ MOYKHO HC-
HOJIb30BAaTh KJIACCHIECKYIO hopMyity (2.27) — yxKe X0Tst GBI OTOMY,
9YTO COOTBeTCTBYyIOIee 3Hadenne |AFE| u3 (2.28) Moxker oKa3aTbCst
MenbItie hw. Ipyrumu ciioBamu, yciaoBue b < byg y2Ke He 03HAYAET,
YTO 3JIEKTPOH B KBAHTOBOM OCIJUISITOPE MOXKHO CUHTATh CBOOOJI-
HBIM, IIOCKOJIbKY Ilepejiatda SHEPIUU MOXKET ObITh I10/[aBJIEHA JIOOJI-
HUTEJ/JIbHBIM yCJIOBHEM TOI'O, YTO CyHIECTBYET MUHHNMaJIbHaA IMOPIIUA
nepe/IaHHOI sHepruu, pasHas hw.

— \ qmin, q

Puc. 2.7. Uvmynbcuas auarpaMma paccesnus 65ICTPOro 3apaia ¢ HAYAIbHBIM
WMITYJIBCOM P71 Ha JIEKTPOHE, CBSI38HHOM B KBAHTOBOM OCHMJLISITOPE. Ecin sek-
TPOH IOTJIOIIAET MUHUMAJILHO BO3MOXKHY O TIOPITHIO HEprun hw, HAUAIO0 BEKTOPA

. 1/2
¢ JIEXKUT Ha MOKA3AHHON IIYHKTUPOM OKPY?KHOCTH PAJIAYCOM (p% — 2my hw) /

C apyroit CTOPOHBI, U3BECTHO, UTO B KBAHTOBOM MEXaHUKE CTPOIO
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BBITIOJTHSETCS 3aKOH COXpaHEeHUs SHEPTUN, KOTOPBIH JIJIT paccMaTpu-
BAEMOI'0 CTOJIKHOBEHUSI UMEeT BU/I
9 /N2
P (p1)° + nhw, (2.94)
2m1 2m1
rme n = 1,2,.... Jlerko ycTaHOBUTH, YTO MHUHUMAJbLHOE 3HAYECHUE
q = |p1 — py| mocruraercst mpu n = 1, Korja BeKTOPHI Py U P{ KOJLIH-
HeapHbI U HAIPABJIEHBI B OJHY CTOPOHY. JTO CTAHOBUTCS OYEBHU/IHO,
ec/ii PacCMOTPeTh UMITY/IbLCHYIO JinarpaMmy paccesinusi (puc. 2.7),
Ha KoTopoil pu n = 1 B cuiay (2.94) Hayanmo BekTOpa ¢ JOJXKHO
JIEXKaTh Ha, OKPYXKHOCTH PaJInyCcOM (p% — 2m1hw) 1/2 C TEHTPOM B
Havajle BEKTOPa Pi, a KOHeIl — Ha KOHIEe BekTopa pi. llomcrasiss
P1 = M1V U YIUTBIBAs, 9TO B CUJIy CJCJTAHHBIX BBIIIE ITPEIITOI0KE-
Hull hw < mev2 < m1v2, JIETKO HAaXO/IMM MUHUMAJIbHBIA HepenaH-
HBII UMIYJIBC B CIy9ae KBAHTOBOT'O OCIIMJLISITODA:
)1/2 _ hw

Gmin,g = P1 — (P% — 2myhw 7 (2.95)

Ecau Tenepn nogcraBum (2.95) BMECTO @in B (2.92), To nosyunm
BbIpazKeHUe JJIsl KyJIOHOBCKOTO Jiorapudma

2m,v2

hiw
KOTOpOE B TOYHOCTH COBMagaeT ¢ popmysoit Bere, BKIoUYast aucieH-
HBI MHOXKUTEIb 10/, 3HAKOM Jiorapudma.

Opmako mpu Gojiee TPUCTATBHOM PACCMOTPEHUHN JIETKO TOHSTD,
9TO 3aMEHA min B (2.92) Ha ¢min,g B3 (2.95) He BIIOJIHE IPaBOMEPHA,
TaK KaK, CTPOTO TOBOPsI, 9TH JIBE BEJIMYUHBI UMEIOT PA3HBIH (husu-
JecKuil cMbIC. JIefCTBUTEIBHO, ¢min,g €CTH AOCOJIIOTHAS HUXKHSISI
TPAHUIa TEePETAHHOTO UMITYJIbCA, T.6. BO BCEX CIyUYasax, KOTJa MpPO-
UCXOIUT TIEPEXO]], TIOJIEBOT0 SJIEKTPOHA B COCTOsTHUE ¢ GoJiee BBICOKOM
SHeprueil, UMeeM ¢ > (ming. B TO Ke BpeMsl, ¢min B (2.92) ecTb
MUHUMAJIbHBIN TepeaHHblii UMIYJILC, HUYKE KOTOPOTO OTKAa3bIBaeT
pubJINKEHNEe PaCcCestHus Ha CBOOOJHOM 3JIEKTPOHE W HEJIb3sT HUC-
moJ1b30BaTh opmyny Pesepdopaa. A dopmyna Pesepdopma moxer

L=Lpep =In (2.96)
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OKa3aTbCs HEIPUMEHUMOM 3aJ10JIT0 JIO TOTO, KaK BEJIMYUHA, ¢ OITy-
CTUTCSL JI0 3HAYEHUS (ryin,g. JIPYTUME CJIOBAMH, €CJIH Obl U3 Hepa-
BEHCTBA ¢ > (min,q BCEIJA CJIEIOBAJIO, ITO MOMKHO HCIIOJIb30BATH
ceuenne Pesepdopia 1jist paccesiius Ha CBOOOIHBIX 3JIEKTPOHAX, TO
MBI JIOJDKHBI Oblan 661 3a0bITh 11po bopmysy Bopa (2.87) u Beerma
(korga L > 1) npumensTb kBanToByio (hopmyiy Bere (2.96). B neii-
CTBUTEJIBHOCTH, KaK MbI ceiigac yOeIuMcs, €CJIN PeaIn3yeTcs Iy dail
Gmin,g < Gmin,cl, PopMyIoii Pesepdopia MOKHO IIOIb30BATHCS JIUIIb
IIPH ¢ > (min,cl, HO HE B HHTEPBAJIE (ming < ¢ < Gmin,cl (PHC. 2.8).

(@)

3anpeLyeHo Pesepdopa
4 : >
Dnin, g Din, et q
(6)
3anpeLeHo Pesepdopa
‘k ‘l >
Gin el Gin g q

Puc. 2.8. Jipa cayygas B3auMHOTO COOTHONMICHUST MEKY Gmin,q ¥ Gmin,cl- B CITy-
4ae (2) ¢min = Gmin,cl, TOLAA KaK B CAy4ae (6) ¢min = min,q- SHAUCHUS I€PEAH-
HOTo uUMIyJibca B quanazone 0 < ¢ < (min,q 3aIPENIeHbl 3aKOHAMHI KBAaHTOBOM
MEXaHIKHI

PaccmoTpum 6ojiee 10IpOOHO CUTYaIUIO, KOTJA Gming < Gmin,cl
(cM. puc. 2.8a). B sTOM citydae mapaMerp &ty = Gmin,cl/2¢min,g > 1,
1, COryIacHO obremy kpurepuio |11, §49|, Mbl BiipaBe aHAJIN3UPOBATH
paccesgHue Ha KyJOHOBCKOM IIOTCHIMAJIE B PAMKAX KJIACCHIECKOI Me-
XaHUKH. Pe3y/brar Takoro aHaIu3a U3BECTEH: pe3epdopIoBCKoe ce-
YeHHE pacCedHus MOXKHO IPUMEHATH B MHTEPBAJIE [IEPEIAHHBIX MM-
IYJIBCOB 2MeV > ¢ > Qin,cl- 1JOHATHO, YTO INOSIBJIEHUE JIOIOJIHU-
TEJIbHOT'O OTPAHNYIEHUS ¢ > (Gmin,qs I71€ Gmin,q K Gmin,c] B 9TOM CJIyvae
HUYEro He MEHsIeT: B KA4eCTBE MUHUMAJILHOTO TIEPEAHHOTO UMILYJIb-
ca Gmin B dopmyiie (2.92) HeoOXoanMO, KOHEIHO Ke, HCIOJIb30BATD
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Gmin,cl -

B obpaTHOM IpeIeIbHOM CILYIA€ Gmin,g > Jmin,cl (CM. puc. 2.80)
3HAYEHHSA ¢ < (min,q 3AIIPEIICHBI 3aKOHAMH MOBEJCHIA KBAHTOBOTO
OCIUJITIATOPA, U 9TO, KOHEYHO YK€, O3HAYAeT, UYTO IPH ¢ < Gmin,q HEJIb-
351 NCIIOIB30BaTh U cevueHne Pesepdopma. Tem camMbiM, TPUXOAUM K
BBIBOJLY, YTO HPU Gmin,g -3 Gmin,c] MAHUMAJbHEIN HepeJaHHbIN IM-
IYJIbC min 2, Gmin,q- 1O, ITO OH IO HOPAJIKY BEJTMYUHBI UIMEHHO COBIIa-
JIAeT C Gmin,q, MOKHO ODOCHOBATB C IIOMOIIBIO CJIEYIONIEro apI'yMeH-
Ta. CTOJIKHOBEHUS C ¢ > (min,q B CPEHEM COIPOBOKIAIOTCS OTHOCH-
TeJIbHO OOJIBIIIMMHI 3HAYEHUSIME TIepeilantoil sneprun |AFE| > hw,
IIPU KOTOPBIX PA3JININE Me)KILy KBaHTOBbBIM 1 KJIACCUYCCKHUM OCIIMJI-
JISTOPOM CTHPAETCs, a [JIsi KJIACCHYECKOrOo OCHMJLISATOPa, KaK H3-
BECTHO, JIOCTATOYHO yzKe 0oJiee cJ1aboro yCiaoBUs q > (min,cl, ITOOLI
MOXKHO OBLIIO IPeHEOPEUb CBI3BIO IIOJIEBOI0 3JIEKTPOHA U IPUMEHUTH
cegenne Peszepdop/ia jist paccestHust Ha CBOOOIHOM 3apsijie.

N310KeHHbIE PACCYKIEHUSI NPUBOIAST K IMPOCTOMY IIPABUILY
OIIEHKY MUHUMAJILHOTO IEPEIAHHOTO UMIIYJIbCA (min B 00mIEel dop-
mysie (2.45) Jyist KyJIOHOBCKOrO Jiorapudma IpPU TOPMOMKEHUH Ha
3JIEKTPOHAX CPEIbl, CBA3AHHBIX B KBAHTOBBLIX OCIHUJLISTOPAX: HE00-
XOJIUIMO BBIYMCIUTD 3HAYCHUSA (min,cl U (min,g, & 3aTeM BbIOpaTh U3
HUX MakcuMaJjbHoe. Ha mnpakTuke yao0HO HCIOIL30BATH IPOCTYIO
F.Ha,H‘KyIO MHTEPIIOJIAIUIO ME2KIY ABYM:I ACUMIITOTUKaMM B BUJIE

712w hw
Gmin = 1/ qlznimd + q12nin7q7 Gmin,cl = 1‘781|v|27 Gmin,g = —»

v

(2.97)
rie koadduiment exp(yg) = 1.781 ... obecreanBaer TOUHYIO CIIB-
Ky ¢ kjaccuueckoii dhopmysoit Bopa. Ilo cmbicay cBoero BbIBOmA
opmysbt (2.45) 1 (2.97) npUMEHUMBI TOJIBKO TOTJIA, KOTJIA OHU [IPH-
BOJIAT K 3HAYeHUsIM L, JOCTATOYHO OOJIBIIUM 0 CPABHEHUIO C €JIH-
HUIIEH.

U3 dopmystet (2.97) BUIHO, 9TO TPUMEHUMOCTD KJIACCHIECKON 1
KBAHTOBON ACUMIITOTHK KOHTPOJIUPYETCS Oe3pa3sMepHBIM I1apameT-
POM (v, omipeieI6HHBIM B (2.90), KOTOPBI ¢ TOYHOCTHIO JI0 IHCIICH-
HOI'O MHOZKHTEJISI PABEH OTHOMICHHIO Grin,cl/Gmin,g- LIPH 0y > 1 cite-
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JIyeT HCII0JIb30BaTh KjaaccuiecKyio ¢popmyity bopa, a npu o, < 1 —
KBaHTOBYIO (bopmysty Bere. DTor ke mapamerp KOHTPOJUPYET IIPHU-
MEHUMOCTD KJIACCMYECKOM MEXaHNKHN K 3aJlade O pacCesHnN Ha Ky-
soHoBckoM norenimasie 11, §49]. Crporoe KBaHTOBOMEXaHHYECKOE
BBIYHCJIEHNE KYJIOHOBCKOrO Jjiorapudma L, cripaBe/jinBoe IpH JIO-
ObIX 3HAYEHUSAX (v, ObLIO TpoBeeHo Bioxom [33]. C yuérom pestsi-
TUBUCTCKUX HONpaBok 1pu 1 < v < mi/me dopmyna Bioxa nmeer
B/,

2
Lpioeh, = In (2T;LLZU 72> — %~ dp1 (), (2.98)
opi(@) = vp+Rev(14in), v(z) =TT (200

rie I'(z) — rammva dysaxius. QyHkiuo ¢p; (ay,) 0OBIYHO HA3BIBAIOT
nonpaskoii Biioxa. AcuMnrormueckme passioXKeHue 3Toil pyHKIpun
JA€TCsl BbIPayKeHUsIMNU

C(3)-a2—¢(B) -zt +..., z<1,

| — + ... 1
7E+nw+12x2+ ) > 1,

opi(x) = (2.100)

e ((n) — mzera-dynknns Pumana, ((3) = 1.202. Iloxcrasiss
(2.100) B (2.98), 71erKo0 yOEKIAEMCSL, UTO B IIPEJIEIe (v, > 1 hopmyita
Bioxa nepexonut B dpopmyny Bopa, a npu a,, < 1 — B hopmyiry Be-
re. B HepensgTuBUCTCKOM cilydae oriimaue cTporoil hopmysibl (2.98)
or 3HaveHuit L, nocuuraHHbix 1o dopmysie (2.45) ¢ mpocroii naTep-
nossueit (2.97) st Guin, Hurae He npesbimaer 0.05.
Pa3zob6pasiiuch co ciiydaeM KBaHTOBOI'O OCIIUJLIATOPA, 00paTUM-
cd K TOPMOXKEHUIO Ha CBA3AHHBIX JIEKTPOHAX PEAJbHBIX ATOMOB.
Kak u B Teopun Bopa, Ipy BBIIOJIHEHNH YCJIOBHI v > U, Mev? >
> hw 3ddeKT cBA3U JIEKTPOHOB B TOME JIOCTATOYHO yYECTDb B JIH-
TOJIbHOM TTPUOJIMZKEHUH, TIPEJIIoJIarast, IT0 BO3MYIIAOIIEE JIEKTPHU-
YecKoe I10JIe, CO3/IaBAeMOe IMPOJIETAIONIUM 3aPAI0M, HE 3aBUCUT OT
KOODJMHAT 3JIEKTPOHOB OTHOCUTEJIHHO IIEHTPA ATOMA; B 9TOM CJIydae
BO3MYIIAIOINI TOTEHIHAJT OyAeT JuHEeHHON (hyHKITHe 9TuX KOopIm-
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nat. B obmmem cirygae KaxKaplit aToM 00/1a/1aeT ONpeIeIEHHBIM SHEp-
PeTUYECKUM CIIEKTPOM 3JIEKTPOHHBLIX BO3OYKIEHUN €, KYIa BXOIAT
COCTOAHNA KaK JUCKPETHOTO, TaK W HEIIPEPBIBHOTO YYACTKOB CIIEK-
Tpa. BeposiTHOCTH Tepexojia 3JIeKTPOHA U3 OCHOBHOTO COCTOSTHUS C
SHeprueil €] B BO3DYXKIEHHOE COCTOSIHWE C SHEPrUeil €, B IUIMIOJIb-
HOM IPHUOJIMKEHUH [IPOIOPINOHAIBLHA KBAIPATY MOJLYJISI MATPHIHO-
'O 9JIEMEHTA, JIUIIOJILHOTO MOMeHTa, —eir. ObenpuasaToil be3pasMep-
HOIT BEJIMYMHON, XapaKTepU3yIoleil BepOATHOCTh JUIOJIbHBIX Ilepe-
XOJIOB, ABJIAETCS CUJIa OCIUIIATOPA, OIIpeaeIeHHAasa Kak

2mewln 2mewln 2mew1n
h h h

rje wiy, = (€, — €1)/h—vacrora nepexoga 1 — n, Tin, Yin, 21n —
COOTBETCTBYIOIINE MATPUYHBIE 3JIEMEHTbI KOODJAUHAT T, Y, z |35,
v 13|, st cuit octiuisiTtopoB  f1,, BBIIOJIHSIETCSI [IPABUIIO CYMM
Tomaca—Paiixe—Kyna

|z10]?,  (2.101)

’xln‘Q = |y1n|2 =

fln:

> fin=172, (2.102)

rie Z — IHOJHOE YUCJIO CBSI3aHHBIX 3JIEKTPOHOB B aroMe. 31ech U
HIKE IOAPa3yMeBaeTCs, UTO CYMMUPOBAHUE 0 BO30YKIEHHBIM CO-
CTOSTHUSIM 7 BKJIIOUAET TAKXKe U WHTEIPUPOBAHUE 10 HEIIPEPBIBHOMY
CIEKTPY 3JIEKTPOHHBIX SHEPIHil.

B cBoux paborax Bere u Biiox mokaszasu, 94To B JUIOJIHLHOM IIPH-
OJIMKEHNN BKJIAJT OTIEILHOIO ATOMA, CPEbl B KYJIOHOBCKYIO TOPMO3-
HYIO CIIOCOOHOCTD OIIPEIEISIeTCsl CyMMOI

2m.v?
3" faln T (2.103)

KOTOpasl JIOJI’KHA 3aMEHHTHb Bbipazkenne In(2m.v?/hw) B dopmyie
JUIS KYJIOHOBCKOT'O TOPMOYKEHHsI Ha, FapMOHMYECKUX OCIMJLIATOPAX
¢ cobcTBeHHOI YacToTOl w. Ecim Tenepb BBEJIEM CPEHIOID YACTOTY
ATOMHBIX [IEPEXOJIOB (W), OIPEJIEJIEHHYIO COOTHOIIIEHUEM

In(w) = anf:’m}jlnwm ;

75

(2.104)



u yarém npasuiao cymum (2.102), To npumém K BBIBOJLY, UTO JIJIsI OIIU-
CaHUsI KyJIOHOBCKOT'O TOPMOXKEHUSI B CPEJIE, COCTOSIIEH U3 PeaTbHbIX
aTOMOB, JIOCTATOYHO BO BceX (GopMyJiax JJjs KyJOHOBCKOT'O JIOTa-
pudmMa 3aMEHUTD YACTOTY KBAHTOBOI'O OCIIHJLISITOPA W Ha CPEJIHION0
aTroMHyt0 dacTory (w). [Ipu arom B ocHoBHOIT hopmyste (2.91) 1o ne
caeyeT, KOHETHO, TIOHUMATD ITOJTHOE YHUCJIO BCEX CBSI3AHHBIX ATOM-
HBIX 3JIEKTPOHOB B €IUHUIE 00bEMA.

Kak mpaBujio, BMeCTO cpejiHeil aTOMHO#l 4acToThl (W) ynorped-
nsiercst BesimanHa I = h{w), KOTOPYIO HA3BIBAIOT cpedneli anepauet
vonusayuu. IlepBonavassuo Bere ynamoch BbraucauTb 3HadeHue |
JIMIIB JIJIsl ATOMA, BOJOPO/IA, JIJIsl KOTOPOro (¢ yuérom 6oJiee o3 HuX
nonpasok [36]) I = 1.102Ry = 15.0 sB; 31ecs Ry = mee*/2h% =
= 13.6 3B. B nocseinee BpeMsi MOSIBUINCH YUCICHHBIE PACIETHI 3HA~
gennii I u Jyid psgja JApyrux aToMoB U noHOB. Ilpu mpakrtudeckom
npuMmenenun dopmys Bopa—Bere—Biioxa 00BITHO UCIIOIB3YIOT IM-
mupuyeckue 3Hadenns . [oaayo Tab/Iiily SMOInpUaecKuX 3HaTeHU I
I 11 BceX 3JIEMEHTOB U Psifia COeMHEHMI MOYKHO HAlTH B 0030pe

37].

2.8 KyJsioHOBCcKOe TOpPMOXKEHNE B I1JIa3Me

2.8.1 XoJugogHasa mjasma

Bop, Bere u Biiox B cBonx paborax mokazaju, 9T0 KyJOHOBCKAS
PACXOIMMOCTh B CKOPOCTH MOTEPh SHEPTUN OBICTPHIMU 3aPSIyKEHHBI-
MU JACTUTAMHI YCTPAHSIETCS, €CJIN YIE€CTDh, ITO B OOBITHOM BEIIECTBE,
COCTOSITIEM U3 HEATPAJLHBIX ATOMOB, 3JIEKTPOHBI HE CBOOOTHBI, & Ha-
XOOATCA B CBA3aHHBIX COCTOAHUAX. ECTeCTBeHHO BO3HHUKaeT BOIIPOC,
KaK YCTPAHUTb KYJIOHOBCKYIO PACXOJUMOCTHL B CJIydae WIeaTbHON
IJIa3MBI, TJI€ 3JIEKTPOHBI H3HAYAJIBHO HAXOISITCSI B CBOOOIHOM COCTO-
STHUWM, W 9HEPTUsT UX B3aMMOJECHCTBUS C TOJOKUTETHLHBIMI HOHAMU
nperebpe:kuMo MaJjia. BriepBble NpaBUIbHBIN OTBET Ha 3TOT BOIIPOC
6bL1, cyzs 110 Beemy, nosyden I.A. Kpamepcom (H.A. Kramers) [34].

N3 obmux coobpakeHuil MOHATHO, YTO KYJIOHOBCKYIO PACXOIIU-
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MOCTb IIPH BblYuceHnn 3P(GEeKTUBHOrO TOPMOXKEHHISA MOXKHO yCTpa-
HUTD, JIMIIb IIPUHAB BO BHUMaHHNE NCKazKeHUd, BHOCUMbBbIE B 3a/lavy
0 YHCTO KYJOHOBCKOM PACCESHHMH OBICTPOrO 3apsAma Ha CBOOOIHOM
3JIEKTPOHE JIPYIUMHU YACTUIIAMU CPEObl — OKPY2KAIOMUMU HOHAMEI 1
COCEIHMMI CBOOOIHBIME 3JIEKTpOHAMHU. B cirydae maeanabHON Iras-
MBI IJIS 3TOrO JOCTATOYHO y4ecTb 3(P(eKT eé MMOIApU3ALUU IIOJ
JIEHCTBUEM 3JIEKTPUIECKOrO 10Jist OnIcTporo 3apsaa. I[Ipu sTom Hac
BIIOJIHE YOBJIETBOPHUT IPOCTEMIIass KOHTHUHYAJbHAS MOLEJDb ILIa3-
MbI, B KOTOPOI 3JIEKTPOHHAA YKUJKOCTh C IIJIOTHOCTBIO MACCHI MMeTe
7 IJIOTHOCTBIO 3JIEKTPUYECKOTO 3apAia —en, JBUKETCS Ha OTHOPOI-
HOM U HEMOJABUXKHOM (poHE OECKOHETHO TSKETON MOHHON »KUIKOCTHU
C TUIOTHOCTBIO JIEKTPUIECKOTO 3apsiia +€Ney, KOTOpasi B HEBO3MY-
IIEHHOM COCTOSIHMU IUIA3MbI (T.€. IIPU Ne = Neo) B TOTHOCTH KOM-
[EHCUPYET IUIOTHOCTH 3apsi/ia 9JIEKTPOHOB (TaK Ha3bIBaeMasi MOJICIIb
OJTHOKOMIIOHEHTHOIH 111a3Mbl ). Jlasiee paccunraem JBUKEHUE OT/IE/b-
HOTO 3JIEKTPOHA, C MACCON M U 3apPAAOM —€, PACCMATPUBAS €r0 KaK
IpOOHBIA 3apsl, IOIPYKEHHBIA B INIA3MEHHYIO >KUJIKOCTD, IO, BO3-
JIEACTBAEM 3JIEKTPUYECKOTO IOJISA CO CTOPOHBI ITPOJIETAIONIETO 3aPsi-
na. Beé paccmoTpenne npoBeéM B paMKax HEPEeJIATHBUCTCKOI KJ1ac-
CUYCCKON MEXaHUKMU.

ITonsgpusyeMoCThb IIa3Mbl B HAIIEH MOJIEIN CBA3aHA C TE€M, 9TO
QJIEMEHTBI SJIeKTpOHHOI';I 2KHJKOCTH C T€YEHHNEM BPpEMEHUN CMEIat0TCd
OTHOCUTEIHLHO CBOEIO MCXOJHOIO IMOJIOXKCHHS, U 9TO CMEIICHUE Pas3-
HOE JIJIsl PA3HBIX 9JIEMEHTOB XKUJAKOCTH. [LycTh 7 = 7 (t, &) — BEKTOD
3TOr0 CMEIIEHUs B MOMEHT BpeMeHM ¢ B TOYKe Z. 3/1eChb T — BEK-
Top ¢ KoMmmoHeHTamu {z;} = {z,y, 2} B cucreme KoopamHaT, N300-
pakénnoit Ha puc. 2.5. IIocKOIbKy cMeleHne n3MepsieTCst OTHOCH-
TEJIbHO HAYaJIbHOTO HEBO3MYIIEHHOI'O COCTOSIHHSA IpU t — —00, TO
Te(—00, &) = 0. Ecau 1mwiockocTsb 2,y BHIOpaHA 32 IJIOCKOCTH CTOJIK-
HOBEHHH, TO OT KOODJAUHATHI Z, OYEBUAHO, HUYEro HE 3aBUCHUT, U €6
MOZKHO HUCKJIIOYUTH U3 PAaCCMOTpEHUA.

U3 puc. 2.5 BUIHO, 9TO B KOHEYHOM UTOre HAJO BBIYACIUTDL 3(-
dbekT nossipusanuu B Touke ¢ koopamHaramu I = {0,b,0}. Kax
I B BBIYHCJIECHUAX DBopa IJIg KIaCCHYIECKOrO OCIUJLIATOPA, MOZK-
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HO BIIOJIHE OIIPABIAHHO BOCIIOJIb30BATHCS JIUIOJILHBIM TPUOJIKE-
HHUEM, TPUMEHMMOCTH KOTOPOT'O B HAIlEM CJIydae KOHTPOJIUPYETCS
ycaoBueM |7e| < b. I3 mampHeRmnxX BBIMUCICHUIT CTAHET $SICHO, UTO
JJIsI TPUMEHUMOCTHU JIUTIOJIGHOTO TIPUOJINZKEHUS JIOCTATOYHO, YTOOLI
BBIPAXKEHME TI0J] 3HAKOM Jorapudma B MOJIyIeHHON (hopMyie s
L 6puto mMHOrO GOJbINie eauHUIbl. [[0CKOJIBKY XapaKTepHBIl Mac-
mrad MPOCTPAHCTBEHHBIX BapUAIUN BO3MYIIAIONIETO MOJIsT B TOYKE
Z = {0,b,0} paBen win npesbimaer b, TO yCJIOBHE MPUMEHUMOCTH
JUIO/IBHOTO TPHUOJIMKEHUST MOXKET OBITH BBIPAXKEHO B BHUJIE JIFOOOTO
U3 JIByX 9KBUBAJIEHTHBIX HEPABEHCTB

8 ,
7| < b & Teil <1, (2.105)
k

ox

rJe MHIEKCH ¢ 1 k B o0IeM cjydae mpoberaior 3uadenus 1,2, 3.

CwmerlieHne 3/1EKTPOHOB BBI3BIBAET U3MEHEHUE UX IJIOTHOCTHU 7.
Bocnonbsosasimcs yemosueM (2.105), MBI MOXKEM BBIHC/INTE H3Me-
HEHME 3JIEKTPOHHOI IJIOTHOCTU B IIE€PBOM IOPSJIKE 110 TEOPHU BO3-
MYIIEeHUi, IPe/ICTaBUB €€ B BUJIE

Ne(t, T) = nep + net (¢, T), (2.106)

rJle Nep — HavdasibHasl (HEBO3MYINEHHAS) IJIOTHOCTD, a |Ne1| < M.
Jljist 9TOro BOCIIOJIb3yeMCsl YPaABHEHHEM HeIIPEePLIBHOCTU JIJIs 3JIeK-
TPOHHOUN KMIKOCTHU

e | div (neiis) = 0, (2.107)
at
rie
di,  OF, . _. . O
Ue—ﬁ— ot +(Ue‘V)reN ot (2108)

CKOPOCTB 3JIeKTPOHOB. Bo Bropoii wactu pasencrsa (2.108) crout
JarpaHzkeBa npousBojHas d/dt, BeraucisieMast 1jist (PUKCUPOBAHHO-
IO JIEMEHTa JIEKTPOHHOI KujkocTu. B cuiy yesmosust (2.105) B Tpe-
Theit yacTu paseHcTsa (2.108) MoKHO npeneGpeds 4aeHoM (U, - V) T
[0 CpaBHEHHIO C U, B Jieoit dactu (2.108). IToxcrasiss (2.106) u
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(2.108) B (2.107) u ymepKuBast JINIIb “JIEHBI HEPBOTO MOPSKA 110
MaJIbIM BEJIMIHHAM Te U Mel, HOIYYaeM

8nel
ot

0
+ g div i, = 0. (2.109)

Uurerpupyst (2.109) 10 BpeMeHu, HAXOUM
Ne1l = —MNeo div 77,3. (2.110)

[TocrosinHast uaTerpupoBanusi (IIPOU3BOJIbHAs (DYHKIMs BEKTOpa )
paBHa, HyJIIO TIOTOMY, 9TO TIpH T = (0 BO3MYIIIEHHE JIOTHOCTH OTCYT-
CTBYET U Ne1 = 0.

ITockosbKy KOMIIEHCUPYIOIIHH (DOH MOHHOW KOMIIOHEHTDI 1143~
MBI CUUTAETCS HEIOJBUXKHBIM, U3MEHEHUE WMCXOJHON 3/IeKTPOHHOMN
IUIOTHOCTU HA BEJUYUHY Ne] HPUBOJIUT K BO3HUKHOBEHUIO OOBEM-
HOH IJIOTHOCTH 3apsjia —ene1. B pe3yibrare Ha pacCMaTpPUBAEMbBIH
OTJIETbHBIN JIEKTPOH IJIa3MbI OyJIET JefICTBOBATh CYMMAPHOE SJIEK-
TPUYECKOE TI0JIE 3 , OIIPEJIeJIsIEMOe yPaBHEHIEM

divE = —drmeny +4nZied (Z — vt) =
= Admweneo div T, + dnZied (¥ — 0t) . (2.111)

[Teppoe ciaraemoe B npasoii yacru (2.111) mpejcrapisier coboil uc-
TOYHUK MOJIsI HOJISPUAZAIAN TLIA3MBI fjpol, BTOPOE CJIAraeMoe — UCTOY-
HUK TI0JIs1 OBICTPOrO TOUEYHOIO 3apsijia +Z1€, JETAIEro CO CKOPO-
croio ¥. Ilpn v < ¢ ypasuenne (2.111) MOXKHO NPOMHTErPUPOBATD
[0 KOOpJUHATAM B HOTEHIMAJIBHOM (KBa3UCTATUYECKOM) MPHUOJIU-
>Kenuu. /1 noaspu3anuoHHOlil KOMIIOHEHTHI HOJIS CPa3y MOJIyIaeM
5pol = 4meneyT,, TOrIa KakK I0Je OBICTPOro 3apsija OIpPeIe/IseTCs
BbIpaxkenusivu (2.26) npu [ = 0.

Onpe/Ie/InB 3/IeKTPUIecKoe HoJe €, MOKHO 3allHCaTh yPABHEeHNe
JIBUZKEHHsI OTJebHOrO (1IpobHOro) ssekTpona B Touke T = {0,b,0}
B BUJIE
e = 4meneg

1 =
fo_Cgo Amemen Ly (2
Me me Me
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rJ1e KOMIOHeHTbI cuibl F(t) mams Boipazermsivi (2.71). Cpasnusast
(2.112) ¢ ypaBHeHueM jBurKkenus (2.72) JIsi 5JIEKTPOHA B OCIIUJLISITO-
pe monenu Bopa, obnapykuBaeM 3aMedaTeIbHBIN (hakT, 9TO 9TU ABa
YPABHEHUSI JIBUKEHUST B TOUYHOCTH SKBUBAJEHTHBI JIPYT JPYTY, €CJIH
110/, COOCTBEHHOH 4aCTOTOH OCHUJIISATOPA W IOHUMATDH [LIA3MEHHYIO
JACTOTY )
2 1/2
wy = (A0 ) (2.113)
Me
Tem cambiM 3ajada O KYJOHOBCKOM TOPMOYKEHWHM Ha CBOOOHBIX
3JIEKTPOHAX XOJIOJHOMN ILJIa3MblI CBeJIACh K y K€ PEeIEHHOH 3a/iavue o
TOPMOXKEHUU Ha, DJIEKTPOHAX, CBA3AHHBIX B FAPMOHUYECKUX OCIUJI-
snaropax. [Ipunas yciaosue by < byg = v / Wp, MOXKHO IIOBTOPUTH BCE
paccyxjenus naparpada 2.6.2 1 HoJyIuTh JIJisi KYJIOHOBCKOT'O TOP-
MOXKEHHUsI B IJ1a3Me Ty ke camyio dhopmyiy Bopa (2.85), B koropoii
TeIeph BMECTO W CTOUT Wpy. DTOT pe3yabTaT ObLI JoKasan Kpamep-
coM B 1947 romy [34| npsiMbiM npuMeHEHHEM TEOPHHU JIMAJIEKTPUte-
CKOM TIPOHUTIAEMOCTH JIJTsT XOJOTHON TIJIA3MbI. AHAJIOTUYIHbIE KBAH-
roBble Bhruncienust Jluuaxapyaa (J. Lindhard) B 1954 1. [38] u Jlap-
kuHa B 1959 1. [39] nokaszasu, 910 Hpu ycaoBun oy, < 1 TopMosHast
CI0COOHOCTH XOJIOTHOM TLJIA3MbI B TOYHOCTH ONUCHIBAETCST (DOPMYJION
Bere (2.96), B KOTOPOIi OIISATH K€ 9acTOTa OCHUIIISITOPA W JIOJZKHA
ObITH 3aMeHeHa Ha IIa3MEeHHYIO JacToTy wyp. Ilociemnee oznagaer,
ITO B OOIIEM CJIydae JJjisl BBITUCIEHUsT KYJIOHOBCKOTO JIorapudMa, Xo-
JIOJHOM m1a3Mbl L HeoOxo Mo npuMeHsTh dhopmyrny Bioxa (2.98),
HOJIOKUB B Helt W = wp, IPU YCJIOBUH, KOHEYHO, UTO IIOJIydaeMble
3HavdeHusi L JOCTATOYHO BEJIMKH 110 CPABHEHUIO C €IUHUIIEH.
OrmeTnM, 9TO POBEIEHHOE BBIIIE BBIYUC/IEHNE TIOJISIPU3YEMOCTH
IUIA3MBI SBJISETCS 110 CYTH IPUMeHeHHeM (hopMain3Ma JUdJIeKTPHU-
JeCcKON mpoHHUIaeMocTu. B pamkax 3Toro ¢dopMajn3Ma MMoJIydaeM
dbopmyity (2.81) s nepenadn sHeprun ogHoMy aekTpory A (b).
Tor dakT, 4To MHTErpa OT BBIYUCIEHHOrO TakuM obpazom AF(b)
[0 MPUIEIbHBIM MapamerpaMm b pacxomurces npu b — 0, T.e. mpu
OOJIBINNX TIePEIAaHHBIX UMITYJIBCAX, KAK Pa3 U UJIICTPUPYET TO 00-
Iee CBOWCTBO JIAHHOTO (popMaJim3Ma, ITO B HEM KYJOHOBCKasl pac-
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XOJMIMOCTB YyCTPaHsAETCA Ha MAaJbIX ITePEJJAHHBIX UMITY/IbcaxX, HO II0-
SIBJISIETCS TIPU OOJIBINIHX.

®opmyne Bopa—Kpamepca mj1s KyJIOHOBCKOIO TOPMOXKEHUST B
XOJIOJTHOH T1J1a3Me MOYKHO JIATh CJIEIYIONLYIO IPOCTYIO KA9eCTBEHHYTO
nuTeprperanuio. Crie/ICTBUEM HU3BECTHON 3aBUCHMOCTH JINJIEKTPH-
YEeCKON MTPOHUIIAEMOCTHU XOJIOJHOM IIa3Mbl 0T YacToThl w [40, §31]

w2

e(w)=1- w% (2.114)
SIBJISIETCS TO OOCTOSATEIHLCTBO, UTO 3JIEKTPOMAIHUTHLIE BO3MYIIEHIHSI
C XapaKTEPHBIMH YacTOTaMH w < W, HEe HPOHUKAIOT B ILIA3MY,
[TOCKOJIbKY OHHU 3KPaHUPYIOTCSI MOACTPAUBAIONIIMUCS CMEIEHISIME
3JIEKTPOHHOM »KUJIKOCTU. B Halleil cuTyalii 9TO O3HAYAET, YTO B
CTOJIKHOBEHUSIX C HPHUIEJBHBIMHI IapamerpaMu b > v/wy, mpoucxo-
JSANIX ¢ XapaKTePHBIM BpeMeHeM b/v > w,’ L 51eKTPOHBI CpeIbI IIe-
PECTAIOT OILYIIATEH [TEPEMEHHOE 3JIEKTPUIECKOE I0JIE OT IIPOJIeTAIO-
IIIero 3apsijia, KOTOPOEe MPAKTUIECKH HOJHOCTHIO S9KPAHUPYETCS 101~
CTPAUBAIOIIMMUCS CMEIIEHUSIMI JIPYTUX, 60j1ee OJIU3KNX K OBICTPOMY
3apsly, 9JeKTPOHOB. B pesyibrare, ecii BOCIOIL30BATHCS BLIPAYKe-
HEEM JJIsi KyJIoHOBCKoro Jsiorapudma B Buge L = In(bmax/bo), T0 B
KaJeCcTBe MAaKCUMAJILHOIO IIPULIEILHOrO IapaMeTpa, CIeAyeT UCIOJIb-
30BaTh BEJIMYUHY Dmax = U/wp.

B zakurouenune 3Toro naparpada OneHuM 00JIaCTh IPUMEHIMO-
cru dopmyinsl bopa—Kpamepca. C o1HOI CTOPOHBI, BBLIBOJ, 3TOI
dbopmyibl 6asupyercst Ha ycioBun by <K bgg = v/wp, KoTOpPOE, B
YaCTHOCTH, PAPAHTUPYET, 4TO 3HaAYEHUE KYJIOHOBCKOrO jJorapudma L
OymeT MOCTaTOYHO OOJIBINMM 110 CPABHEHUIO C equHuUIEeil. BermoMuns
Boipazkenust (2.66) mst by u (2.113) mast wy, (Toe Temeps omyckaeM
unzexc “0” y neg), 06HApyKHUBaeM, 9T0 ycIoBue by < v/w, IPHBOIUT
K CJIEeOYIOIEMY OMPAHMYEHUIO CBEPXY HA ILJIOTHOCTD ILIA3MBIL:

1 mwg 3 23 o[V 6 _3
Ne < FZ% < > =54 x10 Zl 1}70 CM 7, (2115)

e vp = e2/h = 2.1877 x 10® cm/c — 6oposckas ckopocth. C py-
roif CTOPOHBI, JJI NPUMEHCHHS MOJCJIHM JUHAMHAYECKH IOJIAPU3Ye-
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MOt JIEKTPOHHOM YKUJIKOCTH HEOOXOIMMO, ITOOBI B 00bEME bz g OJIHO-
BPpEMEHHO HaXO/IUJIOChb MHOI'O 9JIEKTPOHOB, T.€. LITO6I)I BBIITOJIHAJIOCH
ycJI0BHE
3
v
ne|l — | >1, (2.116)
Wp
KOTOpOE OISATH K€ MPUBOJIUT K OIPAHMYEHUIO CBEPXY Ha IJIOTHOCTD
ILIA3MDbI

2\ 3 6
ne <K <me”2> = 3.4 x 10* <”> em3, (2.117)
4me g

CpasuuBast jgBa yciaoBus (2.115) u (2.117), BuauM, 9T0 OHE MOYTH
SKBUBAJIEHTHBI JIPDYT JAPYTY W [OYTH BCEIJIA BBIIOJIHSIOTCS HA IIPaK-
THKE, KOIJIa CKOPOCTB OBICTPOrO 3apsifia U HPEBOCXOAUT OOPOBCKYIO
CKOPOCTB 1.

2.8.2 Topssyas niiazma

o cux mop mpenoaarajgoch, YTO MOJIEBbIE YACTHUITHI O CTOJKHO-
BEHHUsI ¢ OBICTPLIM 3aPSIIOM HAaXOSTCS B COCTOSTHUU IIOKOsI. 1erepb
PacCMOTPUM BazKHBII cjydail, KOrJia IOJEBbIE YACTUIIBI C 3aps0M
e2 W Maccoil mo MMEIT MaKCBEJJIOBCKOE PaCIpejlesIeHNe 110 CKOPO-
CTSIM, COOTBETCTBYyIOIIee TeMiiepaType 1. Takas 3ajada ecTecTBEH-
HBIM 00Pa30M BO3HUKAET, KOTJa TPeOyeTcs OIpPeaeuTh CKOPOCTh
KYJIOHOBCKUX TIOTEPH B IIJa3Me, TJjle JOMUHUPYIONUI BKJIal B TOP-
MOXKeHHe O0YyCJIOBJIEH B3aUMOJECHCTBUEM C MAKCBEJIJIOBCKUM Ia30M
CBODOIHBIX 9JIEKTPOHOB. BOCIO/IBE30BaBIINCE &I IUTUBHOCTHIO BKJIA~
Jia& OTJIETbHBIX CTOJIKHOBEHU, PEIUM 3Ty 3a/a4y B JIBa dTala: CHa-
qaJjia ONpeIeTMM CKOPOCTh TOPMOXKEHUST Ha TTOMHOYKECTBE TTOJIEBBIX
YaCTHUIL, UMEIOIIUX OJHO U TO YKe (PUKCHUPOBAHHOE 3HAUEHUE CKOPO-
CTU Uy B A-CHCTEME, & 3aTeM MPOU3BEIEM yCPeIHEHNE IO CKOPOCTIIM
Ua ¢ MaKCBEJUIOBCKOU BecoBoil dyuKimei. [Ipu sToM orpanmanmcs
CIydaeM HepeJsATHBICTCKUX TeMieparyp 1 < mac?.

fcHo, 9TO 3a7aYa O KyJOHOBCKOM TOPMOXKEHHH Ha CBOOOIHBIX
IIOJIEBBIX 9aCTUIIAX, TMEIOIUX XOTh U OTJINYHYIO OT HYJIsd, HO OJUHA-
KOBYIO JIJIsT BCEX CKOPOCTD, IPOCTBIM IIPE0OpPa30BAHUEM KOODPIITHAT
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CBOJUTCS K 33J1a9€ O TOPMOKEHUHU Ha ITOKOSIIIIUXCST MOJIEBBIX YaCTHU-
1ax, paccmorpenHoil B nmaparpade 2.4. Ilycrs ¢7 — ckopocThb ObICT-
poro 3apsiia, a Us — CKOPOCTh IOJIEBBIX YacTHIl B A-cucreMe. Orpa-
HUYNBAsICh HEPEJIITUBUCTCKAM PACCMOTPEHNEM, IojiaraeM vp < c,
v9 & c¢. Torma cooTBeTCTBYIONINE 3HAYEHUST UMITYJILCOB IO U ITOCTIe
CTOJIKHOBEHUSI COCTABJISIIOT

J0 CTOJIKHOBEHMA | IIOCJIE€ CTOJIKHOBCHUA

=/

OLICTDBII 3apsi p1 = mqt Pl =p1—q
HoJieBasl 4YacTHUIA Do = Malh Py =D+ q
(2.118)
Kax 00braHO, KMHEMATUYECKHUI aHAJIN3 CTOJKHOBEHUS yI00Hee
BCEr0 MIPOU3BOIUTH B U-cucTeme. B 310l cucreme HanpaBieHue cOJu-
JKEHUsI CTAJIKUBAOIIUXCS YACTHI] 38J[a6TCsI BEKTOPOM OTHOCUTEJIhb-
HOU CKOPOCTU

T =1, — b, (2.119)

HalpaBJIieHre KOTOPOil, KaK u paHee B naparpade 2.4, npuHIMaeM 3a
ocb x. IIpu sTOM, ecrecTBeHHO, cOXpaHstioTcst hopmMyIibl (2.38)—(2.42)
JIJTsT BEKTOPHOTO PA3JIOKEHUsT TIEPEJITAHHOTO UMITYIbCa ¢ U (DOPMYIIa
(2.44) nyist mudbbepeHImaIbHOrO ceueHust paccesinus. 11oaepKuéM,
9TO A3UMYTAJTBHDBIN YTOJ (b OTCINTHLIBACTCS B TIOCKOCTH, TIEPITEH TH-
KYJISIDHOM BEKTOPY OTHOCUTENIbHOI ckopocTu (2.119). CoorHomenust
(2.39) m (2.41) MO3BOJIAIOT BBHIPA3HTD q|| 9EPE3 ¢:

e
q = ——. 2.120
= 2mu ( )
31ech caelyeT OTMETHTH CJelylomee BaykKHoe OGCTOATEIbLCTBO.
ITpu c10’KeHUM HOTepb SHEPTUU B CTOJKHOBEHUAX C IOJIEBBLIMU Ya-
CTHUIIAMH, IMEIOIIUME Pa3HbIe HAYAJbHBIE CKOPOCTH U, I INTUBHEI-
Mu siBsistiotest pesraunbt dE/dt w dE/de = v 'dE/dt, wo ue s¢-
dbexrusroe Topmorkerne S = —(ngv) 'dE/dt, TOCKOMBKY Terephb
OTHOCUTEJIbHAST CKOPOCTh ¥ = |U] — U] GyJer pasHoil mis pasHbIx
TPYIII TTOJIEBBIX YACTHIl. TakuM 06pa30M, UMEeeM IIPABO YCPEIHSITD 110
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MAKCBEJIJIOBCKOMY DPACIIPEIETICHUIO MOJEBBIX YACTUIL CPETHIOI CKO-
pocTb TOPMO3HBIX HoTephb dE /dt u TopmosHyto criocobrocts dF /dx,
o He 3pPEKTUBHOE TOPMOKEHHnE S.

Cy1ecTBeHHOE OTJIMYIUE OT CJIyIast IMOKOSIIUXCST TI0JIEBBIX TACTHI]
BO3HWKAET TIPU BLIYUCJIEHUN Tepefantoi sHeprun AFy, mas dero
HY?KHO OTISATh BEPHYTHCS B A-CUCTEMY:

—92 — —\ 2
AR, = AR P2 PEO” (2.121)
2m2 2m2
2TTl2 2 27TL2 I v L b

Yrobbl nostyunts dF/dt, Boipaxkenne (2.121) HaI0 yMHOXKUTH HA
nov u do u3 (2.44), a 3aTeM MTPOMHTEIPUPOBATH MO TIEPEMEHHBIM ¢ 1
q [em. (2.20)]. Tockombky uu g, HE q 1, Hu guddepernuaIbHOe Ce-
YeHne PACCEesHUs HE 3aBUCAT OT ¢, B IOJABIHTEIPAJLHOM BbIPAYKEHIH
(2.22) sTa 3aBUCHMOCTD IIOSIBJISIETCSI JIUIIb OT TPETHETO CJIAraeMOr0
B mocJsieiHelt yacTu paseHcTsa (2.121) u onpe/iesisieTcss MHOKHUTEIEM

b

b
uHTErpaj or koroporo mo waTepBaty 0 < ¢ < 27 pasen myJo. B
COOTBETCTBUU C 9TUM cjiaraeMoe ¢ ¢ B (2.121) MOXKHO OIyCTUTH H,
BOCIIOJIb30BABINCEL cooTHOIeHusmu (2.119) u (2.120), npeobpaso-
BaTh BBbIPasKeHUE JJIsI [Iepeiadi SHEPIUU B OJHOM CTOJIKHOBEHUH K

BILY

= gy COS ¢ + Vg, sin @, (2.122)

2 - =
AE1:q< M2 U “). (2.123)

2m \mi + mao v2

[Moncrasisst (2.123) u (2.44) B (2.20), mosrydaeM HCKOMOE BbIpazKe-
HHE JIJI CKOPOCTH 9HEPreTHIECKUX II0TePh GBICTPOro 3apsijia

E 422 =2
dE _ dmeiey < m2 U 1}> ny L (2.124)

dt muv mi + mo v2

Ha TI0JIEBBIX YACTHUIAX, UMEIOIIUX B A-CUCTeMe (DUKCUPOBAHHYIO CKO-
pocthb Us. KystoHoBCcKmit jiorapudm L onpesessieTcs: BbIpaykeHHeM

(2.45).
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IIpexxae 4eM mepexoiuTb K MaKCBEJIOBCKOMY YCPEIHEHHIO, 00-
paTuM BHUMaHHE Ha TO 0OCTOATENLCTBO, 4TO hopmyna (2.124) na-
éT pe3yIbTaT, KOTOPBI MOXKET COOTBETCTBOBATL KAK KyJIOHOBCKO-
My Topmoxkenuto (dE/dt < (), Tak U KyJIOHOBCKOMY YCKOPEHUIO
(dE/dt > 0) 6bicTporo 3apsiga. JleficTBUTEIHHO, B 4ACTHOM CJIydae
Uy = 0 moKosAIUXCs MoJIeBbIX YacTutl popmyia (2.124) nepexomur B
OOBITHOE BBIPAYKEHUE

2.2
B __drae, (2.125)
dt moU1
ISl CKOPOCTHU KYJIOHOBCKUX IOTEPL SHEPTHH, KOTOPOE OTBEYIAET I0-
JaydeHHoMy paHee sddekTuBHOMY TOpMOKeHHIO (2.29). Onako, ec-
JIX TI0JIEBBIE YACTHUIIBI JBUXKYTCS B TOM Ke HAIIPABJIEHUHU, 9TO U OBICT-
pBIit 3apsijl, HO ¢ 6oJIee BBICOKON CKOPOCTBIO (T.€. pu U - U = vov1 >
> v?), To BBIpaKeHue B CKOOKaxX B (2.124) MONOKHUTENIBHO 1 “OLICT-
PBIiT” 3apsi/i YCKOPSETCS, 9TO BIIOJIHE COTJIACYETCs C MHTYUTUBHBIM
npencrapiaenueM. B yactHocTu, upu U7 = 0 mokosiuiicss 3apsia Oy-
JeT HAOUPaTh YHEPIHUIO CO CKOPOCTHIO

dE 4reded
— = +% ns L. (2.126)

Yr00bI IPOBECTU YCPETHEHHE TI0 TEIJIOBBIM CKOPOCTSIM MOJIEBBIX
YaCTHUIL, IPABYIO 4acTh (POpMyJIbl (2.124) HEOOXOAUMO YMHOXKUTH HA
dyHKINIO pacipe/ie/ieHust

. mao >3/ 2 m21722
= (—= — 2.127
F(@2) (27rT P\ T ) (2.127)
HOPMUPOBAHHYIO YCJIOBUEM f fd3U, = 1, © TPOUHTErPHPOBATH IO

BCEMY [IPOCTPAHCTBY cKopocreii Ua. B dopmyite (2.124) ckopocTs 1o-
JIEBBIX YACTHIL o BXOJIUT KaK B KyJIOHOBCKHMIA jiorapudMm L, Tak u B
MHOXKHUTeb Tepes JorapudmoM. Hac, ecTecTBeHHO, B IIepBYIO OUe-
penp mHTepecyeT Hambojee CHUIbHBIH 3 deKT, CBA3AHHBIN € Ipe-
JiorapudMudeckuM MHOXKUTeeM. st BeisiBjeHUsT 5T0r0 3¢ dekra
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MOXKHO IpeHeOpedb ¢aboil 3aBUCHMOCTBIO KYJIOHOBCKOTO JIOTapud-
Ma L OT U5 ¥ BBIHECTH €ro MU3-110J1 3HaKa UHTerpaJia.

Ycpenamenne mepBoro ciaaraeMoro B mpasoit gactu (2.124) cBo-
JINTCS K BBIYUCJIEHUIO MHTErPAJIa

<1> _ /f@lds@ _ 1]11@ (&), (2.128)

v | — Ua

e

¢
2
d(¢ \FO/ (2.129)

dbynknus ommbok, a £ = v1/vyr €CTh OTHOIIEHNE CKOPOCTHU OBICT-
poro 3apsja vq K CpegHeil TeIJIOBOil CKOPOCTH ITOJIEBBIX YACTHUIL

1/2
Vo — (2T> . (2.130)

ma

Bo Bropoit qactn (2.128) MbI BOCIIOIB30BAINCH H3BECTHOI (hOpMYIIOit

/exp(—)dgq_/eXp [T +70)%] 5 773/2@(7«0). (2.131)

|7 — 70| |7 7o

Bropoit unrerpan B (2.131) JIerKo BBIMHC/ISIETCST B HOJISIPHBIX KOOP-

JIMHATAX, €CJIU B KauecTBe TOJISPHON 0cH BBIOpATh (DPUKCUPOBAHHBIM
BEKTOD 7.

MakcBesIoBCKOe yCpeIHeHre BTOPOro ciaraeMoro B (2.124) jer-
KO CBOJIUTCsI K Y2K€ BBIIIOJIHEHHOMY YCDEJIHEHUIO BeJIMYUHbL 1 /v, eciu
BOCITOJIb30BATHCST TOXKJIECTBOM

IR 1
_ 3 =11 - vvl <v) (2132)

U IOMEHSITD [TOPSIOK omeparuii iuddepeHImpoBanus 0 KOMIIOHEH-

TaM U] ¥ MHTErPUPOBAHUS 110 KOMIIOHEHTaM U] Bblie V,, — olepa-

86



TOp I'PaJIMEHTa OTHOCUTENIHHO KOMIIOHEHT CKOPOCTH OBICTPOTO 3apsi-
na v1. Yepenusis (2.132) ¢ Becosoit dyukuumeii f(vs), momyaaem

— 1 d 1 1
<f%f>_ﬁyvm[m®@ﬂ]—mdm[WQKD}—_mcﬁﬁ’

(2.133)
e

¢

e 2 > 2

G)=®(&)—¢—=——|[eVdt—ce . (2.134)
de ﬁrJ

Sta GyHKIWS UL MEOXKATEIEM 262 OTINYAeTCA OT UCIIOJIb3yeMOi
B TEOpUU JMHAMUYeCKOro tpenusi dpynkiun Yanapacekapa [41]: B
namux obo3HaveHnax QyHKIUg JaHapacekapa OIIpPeIesseTcs Bbl-
paxcenmem (2£2)71G(€). Jlerko y6emurbesa, uro dynxnus G(€) mo-
JIOXKUTEJIbHA 1 MOHOTOHHO Bo3pactaer npu Bcex £ > 0; eé acuMmiro-
TUYECKOE MOBEJICHNE TIPU MaJIbIX U OOJIBITUX 3HAYCHUAX apryMeHTa
nMeeT BUI
e <,
G =4 3vVm (2.135)
1, £> 1.

OxkonuaresbHO, mojpcTabisis (2.128) u (2.133) B (2.124), nonyuaem

cJIeIyIoILy10 (bOPMYJLy JIIsi CKOPOCTH MOTEPh SHEPIHU HA MaKCBEJI-

JIOBCKOM Ta3€ IMOJIEBBIX YaCTHI[ C Maccoii mg n remmeparypoit 1
dE  4meies mo 2

== = — 2 2 et noL 2.1
i - G(fl) m \/7?516 1]l nol. (36)

st TopMOKeHnsT OBICTPBIX HMOHOB C 3apsiIoM Zie B Tropsiueit
ILUIa3Me IEPBOCTEIIEHHOE 3HAYEHNEe MMEET CJIydail, Kora ITOJeBBIMI
JaCTUIIAMHE SIBJISIIOTCS CBOOOIHBIE 3JIEKTPOHBI C TeMIepaTypoit T, u
mo = me < mq. B 9T0M cilydae B IIMPOKOM JMalia30HE CKOPOCTEi

BTODPBIM CJIaraeMbIM B cKoOKax (2.136) MoKHO 1peHebpetdb, YTO [pU-
BOJIUT HAC K CJIEIYIONEMY BBIPAXKEHUIO JIJIsi TOPMO3HOII CIIOCOOHOCTH
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ropdyeil mjia3Mmbl:

E A Z2et
& _ I el neL, (2.137)
dz M2 VeT

rJie, cJieiyst 0003HAYEHUSIM IPEIBIIY X naparpadoB, OlycKaeM nH-
neke “1” 'y ckopocTH OBICTPOil YACTUIBI; 37eCh Vep = +/2T¢/Me —
TEIJIOBasi CKOPOCTH 3JIEKTPOHOB. JIErKO OIEHUTH, YTO BEJIMYUHA
G(&1) nmommHEpyer B cKOOKe mpaBoit wactu (2.136) mpum v >
> (3me/2my) v,y

Dopwmyita (2.137) oTmdaeTcst OT MOy IEHHOTO patee 00IIero Bbl-
paxenust (2.51) vasmauem dyukuun G(v/ver), KOTOpasi yuauThIBaeT
POJIb TEIJIOBOIO JIBUKEHMs 3JIEKTPOHOB ILIa3Mbl. Kak u ciiegoBasio
0KWJIATh, IIPU BBICOKAUX CKOPOCTSIX OBLICTPOTO 3apsijia v > Ve, KOTJIA
G =1, st 1Be HOPMYJIBI JAOT OIUH U TOT XKe pe3yJsbrar. Ecin xKe
CKOPOCTDb OBICTPOTO 3apsijia ¥ OIyCKAETCsl HUYKE TEILIOBOI CKOPOCTH
9JIEKTPOHOB IJIA3MbI, TO C XOPOIIEil TOUHOCTHIO MOYKHO HCIIOJIb30-
BaTh BbIpasKeHUE

dE  4V21 m{*Z}et
de 3 T3/2

vneL, (2.138)

KOTOpOe cooTBercTByeT acumnroruke (2.135) mpu £ < 1. @opmy-
ja (2.138) mMpoKOo HPUMEHsSIETCsl [PH OIEHKE MPOOEroB OBICTPHIX
3apsiKEHHBIX [IPOJIYKTOB sJIEPHBIX peakiuii B ropsdyeit T4 miasme.
Corutacto 3Toit popmyse, ¢ POCTOM JIEKTPOHHONU TeMIIepaTypol 1
poberu 3apsizKEHHBIX YACTHUI] BO3PACTAIOT MIPOIOPIIUOHAIBHO T S 2,

Kak sterko ycranosurs u3 (2.136), dopmyna (2.138) npumenu-
Ma B HHTepBaJle CKOPOCTeit (3m6/2m1)1/ > < v/ver < 1. Tpu 6o-
Jiee HU3KUX CKOPOCTSAX OBICTPOil YaCTUIBI HEOOXOJIUMO yUUTHLIBATH
BTOpOE cjtaraeMoe B cKoOKax (2.136), 9To IpUBOAUT K CJICLYTOMIEMY
BBIPA2KEHUIO JIIsI CKOPOCTHU TOTEPL SHEPTHH:

dE 8w Z%et myv?
e A L L. 2.139
dt mM1VeT STE " ( )
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CorytacHO 9TOMY BBIPAXKEHUIO CKOPOCTH OOMEHa HEPTHEll MeXK Ty
OBICTPLIM 3aPSIJIOM U SJIEKTPOHHLIM ra30M 00paIiaeTcs: B HyJIb IIpU
FE = %mwQ = %Te. [Tocmenmee 06CTOATEILCTBO BIOJIHE COTJIACYET-
cd ¢ OOIMIUM TEPMOJIMHAMUIECKUM TPHHITUIIOM, COTJIACHO KOTOPOMY
paBHOBECHE MEXKIY MAKCBEJIOBCKUM aHCAMOJIeM OBICTPBIX TACTHIL
¢ reMmmepaTypoit T M MaKCBEIJIOBCKAM aHCAMOJIEM 3JIEKTPOHOB C
Temrepatypoit T, Hactynaer npu 17 = T,, TpudéM cpeJiHAA dHED-
rust GBICTPOIL YacTHIB! B TakoM ancambie pasha (E) = fmq(v?) =
= %Tl = %Te. HeiicTBuresnbHo, crpykTypa dhopmys (2.139) Takosa,
9TO IPH JIIOOOM CIIOCODE YCpeIHEHN 110 AaHCAMOJIIO OBICTPBIX JaCTHIT

d(E)/dt 1 — 7< )/Te — 1ero He CKazKelllb, HAIIPUMED, IIPO BbIPaA-
xenne (2.136).

B kadecTBe mpumepa NpUMEHEHHs TOJIYUYEHHBIX BbIIIE (OPMYJI
orernM sddekTuBHbI (He hakTrdecknit!) Kymonosckuit mpober (1)
asibpa-aactury ¢ sueprueit £, = 3.52 M»sB, obpasyomuxcst B peak-
muu D+T B ropstueit DT-mnazme. D¢ dekTuBHbIi IPOGEr OLEHUM 110
dbopmyite (2.58), rae sHavenune TopmosHoit crocobrnoctu dE/dr BbI-
qucsistercst cortacHo (2.137) npu Zy = Z, = 2 u cKopocTH GbICTPOro
Homa v = Vo = (2E4/mq)"/?, paBHoii HaMAILHON CKOPOCTH DPOXK-
JeHHBIX anbda-gacrui. s Gynknun G(E) npumeM mpocTeiinyio
ATTITPOKCUMAITIIO

G(€) ~ min { NG 53} (2.140)

YZIOBJIETBODSIIONILYI0 00enM acumurorukaM (2.135), a KyJOHOBCKuii
siorapudm L 1oj0KuM paBHBIM (PUKCUPOBAHHOMY 3HaUYeHWIO L = 5,
oTBevaoIeMy peaibHbiM yeaousiM B Mmuriensx UTC. Tlockombky
npu durcupoBanHoM L TopMo3Hasi crocobrocts dF /dx mponopiiu-
oHayibHa wotHocTy DT-1masmbr p, npober asnbda-dacTutl yaoOHO
BBIPA3UTh B MACCOBBIX €JIMHUIAX:

0.003 r cm2, T. <04 k3B,
Do T, \%? 2.141
(ol) 0.003 <0 = B) ren? T,> 0408 M
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CorocraBiisis 9Th 3HAaYEeHWA ¢ mpodberamMu 14-MIBHBIX HEHTPOHOB
(2.5), BumuM, 9TO, 10 KpaiiHeil Mepe, Ha crajuu pasropanus DT-
rommusa 1pu 1, < 10 k3B ObicTpBIe aibda-JacTUIbl HMEIOT CyIIe-
CTBEHHO MEHbIINE Mpoberu, ueM ObICTpbie HefTpoHbl. OTMETHM, 9TO
upu T, > 30 k9B u3-3a Geicrporo ymensuienns Gyuximu G(v/ver) B
TOpMO3HO# crrocobnocTu D'T-TommuBa i anbda-dacThl, HAUMHAIOT
JIOMIHIPOBATEH He y4TéHHbIC B (2.141) KyJIOHOBCKHE CTOJIKHOBCHHS
C MOHAMH ILIA3MBI.

B zaksiouenue mamnnoro naparpada odpaTuMcs CHOBa K KYJIOHOB-
cKkoMy Jiorapudmy L, KOTOPBI 10 CHUX TIOpP CYUTAJNA HEKOTOPOI IO-
cTostHHOM BesimanHOil. Ho MOCKO/IBKY, KaK OBbIJIO BBISICHEHO B IIPEIbI-
nynwx maparpadax, L, XoTs u ¢1abo, HO 3aBUCAT OT CKOPOCTH (U,
BOOOIIE TOBOPsi, OT MACChl) GBICTPOrO 3apsijia, BO3HUKAET PE3OHHBII
BOIIPOC, K KAKAM M3MEHEHUsIM B BeIUInHe L MOXKET MPUBECTH YIET
TEIJIOBOI'O JIBMXKEHUsI MTOJIeBbIX dacTull! Ha 3ToT BOmpoC Jierko otT-
BETUTH KaIeCTBEHHO, BCIIOMHUB BBIBOJ opMysibl (2.124): sicHo, |uTo
KyJIOHOBCKUI Jjiorapudm B (2.124) onpenessiercst TeMu ke (Gopmy-
savu Kpamepca—Jlunaxapaa—/J/lapkuna, moyIeHHBIMA B IIPEIEsIe
VU 3> Ve BBICOKHX CKOPOCTEil OBICTPOro 3apsija v, €CJIu IO U HOHH-
MaTh €ro CKOPOCTh OTHOCHTEJIBHO ITOJIEBBIX 3JIEKTPOHOB. [locsearee
O3HAYAET, YTO JJIs MPAKTHIECKON OIEHKN KYJIOHOBCKOI'O Jioraprudma
B Topsteil Iia3Me I0CTaTOYHO, HAmpuMep, B popmyiax Kpamepca—
Jlunaxapmna—J/lapknaa 3aMEeHUTH CKOPOCTDH OBICTPOTO 3apsiia v IO
norapudmoM Ha Bemanny (v2 4+ ’UZT)l/ 2
26T 3HaYeHne OTHOCHTEBHOM CKOPOCTH KakK B IIpejese v > Uer,
Tak U B rpejiesie v < Uer. HalloMHUM Tak:ke, 9TO MAaCcChl M1 U Mo
BXOIST B KYJIOHOBCKHi jjorapudM depe3 MPUBEIEHHYIO MACCY CTaJI-
KUBAIOLIUXCS IacTutl m = mims/(my + ma).

, KOTOpas IIPaBUJIbHO Iepe-

Konumpoavhoe sonpocou

1. Kakwue ssemenTapHbie MIPOIECCHl UTPAIOT OCHOBHYIO POJIb B IIe-
pesiade sHeprun OBICTPHIX HEHTPOHOB, POXKIAIOIIUXCS B SIIep-
HBIX peakiusix cuHTe3a, T4 miasme DT- u DD-rormmusa?
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10.

[Tpu Kakux ycaoBUAX MOXKHO IpeHedpedsb HarpeBoM T4 Tomn-
Ba OBICTPLIMU HEHTPOHAMU, POXKITAIOMIUMUCS B PEAKITUIX CUH-
Te3a’

Kak coorHOCsiTCst Mexkay coboit maccoBble mpobern 2.45-
M3BHBIX HeiiTpoHOB 0T D+D peakiiun u 14-M3BHBIX HEHTPOHOB
or D+T peakrnuun 8 DD-ronuse?

Kakyto mosro cBoeit sHepruu OLICTPbI HERTPOH B CPEIHEM Te-
psieT pH yIPyroM paccessHun Ha mpoToHe (auddepeHnuaiib-
HOE CEYCHUE PACCeAHUS MOXKHO CHUTATH U30TPOIHLIM B CUCTE-
Me IeHTpa uHepIwn)?

KakoBBI JiBa OCHOBHBIX VIIPOIMAOIIUX IPEIIOJIOXKEHUS] TPHU-
OJIMKeHrsT OBICTPOTO TPOJIETA TIPY BLIYUCICHUN KYJIOHOBCKUX
[IOTEPDb YHEPTUN !

Kak ky/joHOBCKast TOpMO3Hasi criocobnoctb dF /dx B obmem
clydae 3aBHCUT OT CKOPOCTH ObICTPOro 3apsiaa v? OT Macchl
MTOJIEBBIX YACTHIL 1Mo 7

Yro Takoe nuk bparra?

Ha kakux mnpezesax MHTErpUPOBAaHUSI ITOSIBJISETCS KYJIOHOB-
CKasl PacXOJMMOCTD IIPU BLIYUC/IEHIU KYJIOHOBCKOM TOPMO3HOM
criocobroct dFE/dx B npubiamxenun GpicTporo mposéra? B
CTPOroil TeOPUHU HNAPHBIX CTOJKHOBEHHUI CO CBOOOIHBIMU 3apPsi-
JIAMH CPEJIbI?

Kakoe npenmnosioxkenne Bopa B ero Momen gBUIOCH KJIIOUe-
BBIM JIJTs YCTPAHEHUST KYJIOHOBCKOM PACXOIMMOCTH TIPY BBIYUC-
JieHuu 3(HPPEKTUBHOTO TOPMOXKEHUsT OBICTPBIX 3aPSIXKEHHBIX Ta-
crur?

Yro Takoe agunabaTUUIECKUil MPUTIETBHBIN TTapAMETD MIPU CTOJTK-
HOBEHHUU C 3JIEKTPOHOM, CBI3aHHBIM B OCIUJISTOpPE C COO-
cTBenHoON YacToroit w? Yemy o pasen?
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11.

12.

13.

14.

15.

16.

B 4ém cocTouT cyTh JMIIOIBHOIO MPUOJIMAKEHUSI [IPU OIIMCAHUT
CTOJIKHOBEHHUsI OBICTPOrO MOHA CO CBOOOHBIM U (UJIM) CBsI3aH-
HBIM 3JIEKTPOHOM CPeJIbI?!

Yem ormymmaarorcs dopmysisl Bopa u Bere st KysioHOBCKOTO
jiorapucma L7

Kak dopmyna Bere /1 TopMOoKeHUsi Ha ATOMHBIX 3JIEKTPOHAX
OTJINIAETCS OT TOU ke (DOPMYJIbL JJisi TOPMOXKEHUST Ha, JIEK-
TPOHAX, CBA3AHHBIX B KBAHTOBOM OCIUJLISITODE?

B xaxom otnomenun K ¢popmynam Bopa u Bere misa kysiomnos-
CKOT'O TOPMOXKEHMs HaxoauTcst popmyia bioxa?

YeMm oTamyatorcs pOPMYJIbL IJIst KYJIOHOBCKOM TOPMO3HOM CIIO-
cobrocru dE /dx B HeliTpaabHOM Ta3e U B XOJIOAHOM 11a3me?

Yem ormaarorcst GOpMyIIbL 1St KYJIOHOBCKOIT TOPMO3HOIH CII0-
cobnocrn dE/dx B xomommoit (v > +/2T./m.) u ropsdeii
(v < /2T, /m.) mnazme?
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I'maBa 3

Ilepenoc sneprun
13JIy YeHIeM
11 TEILJIOIIPOBOIHOCTHIO

3.1 TemnsioBoe U3jydyeHne B T€PMOSI€PHOI1
nJjia3Me

[Tpu mioTHOCTSAX SHEPrUM, XapaKTEePHBIX JJist T4 11a3mbl, BaxK-
HYIO POJIb B IIEPEHOCE SHEPIUH UTPAET TeIIoBOoe u3jydeHue. Hcim
TENJIOBOE M3/IyUYeHUEe HAXOJUTCH B COCTOSTHUM TEPMOIUHAMUYIECKOTO
pPaBHOBECHS C BEIECTBOM, UMEIOIINM TeMIIepaTypy 1', TO ero crek-
TpaJibHasl IJIOTHOCTh SHEPIruu onpejessercs popmysioii [lnanka [42,
§63|, a mosHAsI IUIOTHOCTH SHEPIUY PABHA

7T2
15h3¢3
rie Tkey — TeMnepatypa 1', u3MepeHHas] B KHJI03JEKTPOHBOIbTAX.

E =aT* = T* = 1.37 x 10" T}, spr em—3, (3.1)

CpaBHI/IBaH 9Ty BE€JIMYUHY C IIJIOTHOCTBIO TEIJIOBOI QHEPI'uM 3IJICK-
TPOHOB M MOHOB

3pT

.OMy,

Em =3nT = 5 =1.16 x 10" pyjecThev opr M3 (3.2)
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B DT-mmasme, comeprkarneii n = p/(2.5my,) siziep u CTOJIBKO ¥Ke JIeK-
TPOHOB B eJuHHUIlE O0bEMA, BUJIUM, UTO HPU TEMIEparypax, Ipe-
BBIMAIONINX HECKOJIBKO K3B, SHEPIrus TeIioBOro M3J/IydeHus: Hadu-
HaeT OBICTPO JIOMUHUPOBATH B OOINEH IJIOTHOCTH SHepruu. B dop-
myste (3.2) my — aToMHas eMHHIA MACCHI, Pg/c. — MI0THOCTH DT-
TOIMBA B T /CM°.

Ecnu Temepnr mpemmnonoxkuTthb, aro T4 ropenHme mpoucxomuT B
YCJIOBUSIX PABHOBECHUsI MEXKJY U3JIydYeHHEM U BEMECTBOM, TO, 3Has
TemnoTBopHyIo crnocobnocts DT-Tommsa gpr = 3.37 x 108 spr/,
MO2KHO BOCIIOJIb30BaThCst yejioBueM &, < pqpt — Em < PGDT U MOJY-
YUTDH CJIEIYIONIYIO OIEHKY CBepXy Ha Temieparypy DT-ria3mbr:

T <125 (py/ec) /" 1B — (3.3)

IIpU YCJIOBUU TIOJTHOTO Bbiropanus T4 TommmBa. DTa oleHka crpa-
BeuBa u Jjist DD-ToInBa, mocKoJIbKY OHO 00J1a/IaeT TPaKTUICCKI
TaKON 7Ke KaJIOpUHHOCTHIO.

Yenosue (3.3) ykasblBaeT Ha TO, YTO B PABHOBECHBIX (IO HM3JIy-
YCHUIO) YCJIOBHSIX U IIPH HE OYEHDb BBICOKHUX IJIOTHOCTSIX TOIUINBA P
passutue T4 Beubimkun MoxkeT ObITh (hAKTHIECKH TIOJTHOCTBIO TOJIAB-
JIEHO CTPEMUTETHHO (IPOMOPIHOHATBHO T3) pacTymeil TermToéMKo-
CThIO u3aydenus. JleficTBUTEIbHO, aHATU3UPYS 3aBUCUMOCTH CKOPO-
ctu DT-peakiun Ha puc. 1.3, MOXKHO 3aKII09UTH, 9TO 3P deKkTuBHAS
T4 Bcopimka 3a cuér camonarpesa D'T-TommmBa MoxKeT Tpou30iTH
TOJIBKO TOLJIa, KOIJa y»Ke HeGOJIbINON /101 BhIrOpaHus (CKazKeM,
f» < 0.03-0.05) xBaTaer, 9TOOLI MOAHSATL TEMIIEPATYPY TOIUINBA JIO
T > 10 x3B. Eciiz k ToMy 2Ke yITEM, 9TO OBICTPhIE HEUTPOHBI YHOCAT
[IOYTHU BCIO CBOIO SHEPI'HIO U3 30HBI PEAKIIUU, TO HPHUIEM K BBIBOJLY,
YTO B YCJIOBUSIX PABHOBECHS C U3JIyUE€HUEM TaKasl BCIBIIIKA ITPAKTHU-
Jeckn HeBo3MoxkHa 1pu p < 100 r/cm3. Ha scbdexrusnoe ropenue B
PaBHOBECHBIX YCJIOBUSIX MOYKHO PACCUUTHIBATH Pa3Be UTO IIPU CBEPX-
BBICOKUX IUIOTHOCTSIX ToluBa p > 1000 r/cm3.

IIpoBeiénHOE paccy»k/IeHnE SICHO TOKA3bIBAET, UTO OCYIIECTBIIE-
nne T4 3axkuranus: OyaeT 3HAIUTEHHO 00/IETYIEHO B YCJIOBUAX, KO-
IJla PABHOBECHE MEXK/Iy BEIECTBOM M TEIJIOBBIM U3JIyUEeHUEM Hapy-
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[IEHO, W XapaKTepHas I[JIOTHOCTH SHEPIUU U3JIyUeHUs] CyIeCTBEH-
HO oTcTaér oT paBHOBecHOro 3Havenus (3.1). Tlociennee o3navaer,
9TO MpaBUILHOE TeopeTmdeckoe Mojennposanne T4 mumeneit 1T C
JIOJIPKHO BKJIIOUATH B Cebsl aJIEKBATHYIO MOJIEJIb JIJIsT OIIUCAHUST PO~
[IECCOB B3aMMO/IEICTBISI HEPABHOBECHOTO U3JIyYeHHsT C BEIIECTBOM U
[IEPEHOCa JIyIUCTOH SHEePIu.

3.2 Omnmucanue pOTOHHOTO rasa

Co Bpewmén llnanka n DitHIITEiHA TPABUILHOE OIUCAHWE IIOJIST
TEIJIOBOTO M3JIyUeHNsT 6a3UPyeTcs Ha MOHATHHA CBETOBOTO KBAHTA —
dorona. [IpousBosbHOe MOJIE U3TYyUEHUS MOYXKHO IPEJICTABIITH Ce-
6e Kak WeaJbHBIN Ta3 U3 HEeB3aNMOJICHCTBYIONINX PETSITHBACTCKUX
gacTull — (poroHos. DOTOH €CcTh MUHUMAJIBHAST TIOPIUS JJIEKTPOMAr-
HuTHOHN »Heprun F, = hv = hw, Ha KOTOPYIO MOXKET U3MEHSITHCSI
SHEPTHUsl MTOJIS U3JTyYeHUsI, COOTBETCTBYIONIAs IIUKJINIECKON JacToTe
KoJsiebanuii v (i yriioBoii yacrore w = 27v). Hapsity ¢ onpeesén-
HBIM 3HAYEHHEM SHEPIuu, (POTOH 0OJIaJaeT TaK:Ke OIpPeIeTEHHBIM
3HaYCHUEM HUMITYJILCA
Evg_ v Q, (3.4)

Cc Cc

—

Py =

rie ) — e IUMHUYHBIA BEKTOP B HAIIPABJICHUN PACIIPOCTPaHeHusI (POTO-
Ha. BmecTo nmiysibca ¢poToHa Py, 9acTO HCIOJIB3YeTCA PABHOZHATHAS
XapaKTePUCTUKA — BOJTHOBOI BEeKTOpP (DOTOHA,
2y =

O=2""0. 3.5
. (3.5)

7 ﬁz/
=1
h

L w
c

KoHKpeTHBIE COCTOSTHUST XAOTHIECKOrO (& 3HAYUT, HEIOJISIPU30-
BAHHOI'O) TI0Jisl U3JIyUeHUsl YJI00HO OIUCHIBATH C MOMOIIBIO Oe3pas-
MepHOit GyHKIMH pacupeseaenust GoToHoB n, = n,(t, Z, p,) B pazo-
BOM IIPOCTpaHCTBE &, Py,. [Ipu sTOM (haszoBoe mpocTpancTBO (GOTOHOB
Z, Py YIOOHO MpPEICTaBIsSITh cebe pasOUTBIM Ha OTIAEIbHBIE SJIEMEH-
Tapuble guciiku 06beéMoM h3 kaxkmas. Taxoe yciaoBHoe pasbueHne
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BOCXOJUT K PAa3JIOXKEHUIO IPOU3BOJBHOIO CBOOOIHOIO 3JIEKTPOMAr-
HUTHOIO 1107151 B psijt Pypbe 1o coberBeHHbIM Kostebanusim [9, §52],
IIPU KOTOPOM Ha KaXKJIbIi 3/IeMEeHT 00bEMa AVd3k B ¢daz30BOM MPO-
CTpaHCTBE &, k I PUXOJIUTCS

dvVd3k

— (3.6)

(2m)3
HE3aBUCUMBIX COOCTBEHHBIX MOJ; APYTUMH CJIOBAMH, HA KAaXKIYIO
HE3ABUCUMYIO MOJIy KoJieOaHUil B f,E [IPOCTPAHCTBE TTPUXOJUTCS
dbazoBwiit 06BEM (27)3, WTO, B CBOIO OYEpPEh, COOTBETCTBYET 00H-
émy (27h)2 = h3 B &, P, npocrpancrse. OyHKIUS paCIpPeIe/ICHIS
n,(t,Z,p,) onpenesena TakuMm 06pa3oM, YTO B MOMEHT BpeMeHH ¢
B KaXKIOH 3jeMeHTapHOHl s4elike (pa3soBOro IIPOCTPAHCTBA € KOOP-
JMHATAME T, P, 1 0bbéMoMm hP B cpemem HaxonuTces 2n, OTOHOB.
MHuoKUTENb 2 €CTh CTATUCTUYECKUI BeC (DOTOHHOI'O COCTOSHUS T, Dy,
00sI3aHHBIN CBOUM IPOUCXOXKJCHUEM JBYM JIMHEHHO HE3ABUCUMBIM
COCTOSTHUSIM IOJISIPU3AIUMH JIEKTPOMATHUTHOR BOJIHBI ¢ (PUKCHPO-
BaHHBIM BOJIHOBBIM BE€KTOPOM E

BHast dncita 3a1oaHeHns siaeeK (ha30Boro npocrpancTsa ny(t, Z, py ),

MOYKHO JIEI'KO BBIYUCJIUTH HHTEPECYOIINE HAC XaPAKTEPUCTUKU TTOJIS
n3JIydenusi. Tak 1mojHoe 9ucjio (poTOHOB B eIuHUIE 00bEMA OITpeie-
JISI€TCS BHIPAYKEHUEM

2
Not,d) = = / no (4,7, 5,) dp, —

h3
= 2 [y t,7,v,Q)d0 3, (3.7
- g voav n?“( y Ly U, ) [CM ]’ ( : )
0 4

rie df) —sJeMEeHT TeJIECHOIO yIJia B MPOCTPAHCTBE MMILYJIBLCOB Dy, .
[Tepexom OoT TIepeMEeHHBIX P), K [MEPEMEHHBIM U, {) SKBUBAJICHTEH IIe-
pexony K chepuueckKuM KOOPJAMHATAM B IPOCTPAHCTBE UMITYJIHCOB.
[LioTHOCTD 9HEPrUN U3JIYUEHUS] BBIMUCIISETCS 10 AHAJIOTUIHOHN (hop-
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2
E(t,T) = 3 hvn,(t, Z,p,) d>p, =

o0
2h 3 L o= = 3
= 3/ dv | ny(t,Z,v,Q)dQ [spr em™°|. (3.8)
0 4am
B kauecrBe asprepraTuBHOl nuddepeHinaabHol XapaKTePUCTUKI
TIOJTsT U3JTYIEHUS B KJIACCHIECKON TEOPUH JIyIUCTOTO TTEPEHOCA, TacTO
HCTOJIB3YETCS NHTEHCHBHOCTD, ONIPEICICHHA KaK
- o2n, d3p, chv 2h L o=
L(t,Z,v,Q) = 2 = 30 (t,Z,1,Q). (3.9)
h3  dvdd
CoryracHO OOIINM TPUHIIAIIAM KBAHTOBOM CTATUCTUKHU, (DOTOHBI
HOIIUHSIOTCS cTarncTuke bose—Diimmreiina [42, §54]. Kak curen-
CTBUE, B TEPMOJIMHAMUYIECKOM DABHOBECHH CPEJIHUE TUCTIA, 3ATIOJTHE-
Hus ss9eek (Ha30Boro o0bEMa uIeaabHOr0 pOTOHHOIO Ta3a OIpeje-
nsirorest bopmytoit [Tnanka [42, §63|

1

nr(I/, Q) = nf,-’P(V, T) = W’

(3.10)
KOTOpas IMPEJCTABIIET cODOM JacTHBIM ciydail paBHOBECHOTO Pac-
npejiesieHust bose—HHINITEiHA TPU PABHOM HYJIFO XUMHIECKOM I10-
renmpae rasa. [loncrasss (3.10) B (3.8) u unrerpupys mo v u §,
HOJIyYaeM U3BeCTHYIO (GOPMYJLy JJisl IUIOTHOCTH SHEPIUN PaBHOBEC-
HOTO (YepHOTENIHHOTO) U3JIy ICHNUST

2

e
grP

— 4 4

B mumenax UTC MaKPOCKOIINYEeCKNE U MUKPOCKOIINIECKUEe CKO-
POCTH 9aCTHI] IJIa3MbI CyHI€ECTBEHHO HU2KE CKOPOCTHU CBE€Ta, U AJId UX
OIINCaHMnA MOXKHO IIOJIB30BaTbCA HepeJIHTHBHCTCKOﬁ TeOpI/Ieﬁ. O,ILHa—
KO (bOTOHI)I ABJIAIOTCA YUCTO PEJATUBHUCTCKUMU YaCTUIIaMM, KOTO-
pbi€ B JIIO0OH cHUCTEME OTCUYETa ABUZKYTCA CO CKOPOCTBIO CBE€Ta C.
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[Tocreinee o3HaTaET, ITO IPHU PACCMOTPEHUN PA3IUIHDBIX ITPOIECCOB
BSaI/IMO,ZLefICTBI/Iﬂ N3JIydeHunsd C BEIIEeCTBOM B ABUXKYHIUXCA APYT OT-
HOCUTE/JIBHO JIPpyTra CHCTeMaxX OTCIETa HeOOXOANMO HUCIIOJIb30BATh pe-
JISTUBUCTCKUE (DOPMYJIBI IPe0OPA30BaHUST MHTEPECYIOMNUX HAC (Hu-
3udecKuX BeandauH. |IpuBeném nHanbosiee BayKHbIE U3 dTUX (POPMYII,
KOTOPBIE IMOHAI00SITCS B HAJILHEHIIIEM.

[Tycrs mMmeercst HenojsuzkHas (JabopaTopHast) cUCTEMa OTCUE-
ta K u cucrema K', ABUXKyIIascss OTHOCUTEILHO HEé CO CKOPOCTDLIO
U= ﬁc. Buibupaem och x cucreMbl K BI0Jb HAIIPABIEHUS CKOPOCTHU
U m cuurtaeMm, 4To cucrema K’ mosydena us cucrembl K IPOCTBIM
napaJiIeIbHbIM yCKOpeHueM (6e3 IpocTpaHCTBEHHBIX IIOBOPOTOB) JI0
ckopocru ¥. Ilycrh majee B cucreme K ummeercss (DOTOH, XapaKTe-
PU3YIOIIUICA 4aCTOTON ¥ M BEKTOPOM PaCIPOCTPAHEHUA Q, KOTO-
PBIi JJIsT TPOCTOTHI CIUTAEM JIEZKAIIMM B IJTIOCKOCTH xYy. ToT 2Ke dho-
TOH, Hab/ogaeMblil u3 cucrembl K’ Gyjaer uMeTsh dyacTory U M Bek-
TOP PACIpPOCTPAHEHUST (V. Bocriosib30BaBmch obmumu hopMyTaMu
PEJIATUBUCTCKOTO IPeoOPa30BaHU JIJIs KOMIIOHEHT 4-MMITYJIbca, (Po-
Tomna [9, §9], momyuaem caemyomme GopMyIbl CBA3H MeKLY U, ) 1
VY

v_1+469 v1-p5 (3.12)

v -2 1-3-0

(1-5-@)(1+ﬁ-ﬁ’):1—52, (3.13)
SN\ 2

i L (1-4-9)

W@ (egay P .

Paccmotpum nasiee, Kak mpeobpasyercs BBeIEHHAS BbIIe PyHK-
sl pacupezienenuss B $ha3oBoM mpocTpancTse ny(t, T, v, Q) st
9TOr0 MBICJIEHHO BbLJe M (“nomerum”) rpymiry (OTOHOB, KOTOpast
B cucteMe K 3armMmaeT 00béM dV KOODAMHATHOIO MPOCTPAHCTBA, U
00béM d3P, uMITyIbCHOTO pocTpancTBa. B cucreme K’ stn xe do-
TOHBI OYIyT 3aHUMATh, COOTBETCTBEHHO, KOOPAUHATHBIA U HUMITYJIHC-
uetit 06béMer dV’ u d3p). Tlommoe wmcao GOTOHOB B BbIAEICHHOL
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rpyuie,

d d3ﬂy - d /d3ﬁ‘/
% = ol (', 7,0, ) %, (3.15)

He 3aBHUCUT OT TOIO, B KaKO# cucTeMe OTCYETa ero BBIYMUCIATDL. 1lo-

2n,(t, T, v, ﬁ)

CKOJIbKY F, = c\/ PZy + D2, + DS, M BCE KOMIOHEHTBHI 4-MMITyJIbca

dOTOHA IOJHOCTBIO OIPEHEAIOTCA 3aJIaHUeM TPEX KOMIIOHEHT BeK-
TOpA P, IPeobpa3oBaHme UMITYILCHOTO 00bEMa d°, MOKHO HAiiTH,
BBIYKCJIMB COOTBETCTBYIOIIMIA TPEXMEPHBIN STKOOHAH:

d3p), V2dvdd  Opyapuy.pr:) 1+ G-

Bp, (W2drdY 0Pl Plys D) /11— 52
Yrobbl HaiiTu mpeobpazoBanne KOOpAUHATHOTO 00bEMa dV, BbIIe-
JiuM 3jieMeHT 4-00béMa dV At, obpasyemblil CJIEIyIONUM MHOXKE-
cTBOM coObITHil: B cuctemMe K B Moment t = ( “BrjodaeM’ Ha-
omojenre 3a BcemMu QoroHaMu B 00béMe dV um BeaéM 9TO Ha-
oronenne BIUIOTH j10 MoMmeHTa t = At. IlockonbKy mpeobpaszo-
Banus JlopeHra coxpaHstorT 4-00bEM (UeTBIPEXMEPHBIN sKOOHAaH
ot,z,y,2) /0,2’ y,2") = 1), To dVAt = dV'At'. Ecan renepn
PACCMOTPUM TO K€ MHOXKECTBO cobbITuil n3 cucrembl K', To 1po-
1ecc HabJIIOIEHNs 3 BBIJIEJICHHON rpyImoit poToHOB OYIET IPOI0II-
»KaTbesd BpeMs At', 3a KOTopoe 3TH (DOTOHBI CMECTATCH BIIOJIbL OCH
x’ ma paccrogame Ax’ = cAt' Q). Coornomenne mexay At u At/
ompeiesisiercst mpeobpazosanneM Jlopenmna |9, §4],

(3.16)

_ A pAsfe T + 5

M=, Nierh
v A 1= B 5.18)

(3.17)

OTKY/la HaXOJIUM

WA e
Comnocrapnss (3.16) n (3.18), Bumum, uro dV d3p, = dV' d3p).,

T.e. aneMenT (azoBoro oobéMa dV d3p,, BbLIeIEHHON TPy (POTO-
HOB sIBJISIETCSI PEJIATUBUCTCKUM HHBapuanToM. C yI6TOM paBeHCTBa
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(3.15) moctestee 0O3HAYAET, UTO ¥ IUIOTHOCTD 3AIIOJIHEHNS sideek (da-
30BOI0 00bEMA N, TAKKe SBJIAETCH PEJIATUBUCTCKAM UHBAPUAHTOM,

ne(t, v, Q) = (', @, , Q). (3.19)

3.3 OO0wmeH sHeprun Mexxay ¢oToHaAMN
1 3JIEKTPOHAMHU IPU KOMITOHOBCKOM
paccessHUMI

B T4 mrazme BakHYIO POJIb UI'PAET IIPOIECC paccesHus: GpoTo-
HOB Ha CBODOIHBIX 3JIEKTPOHAX. B paMkax KJIaCCHIeCKO# 3J1eKTpo-
JIMHAMUKH 9TO OOBIYHOE TOMCOHOBCKOe paccesinue |9, §78|; ¢ yué-
TOM KBaHTOBBIX 9 (PEKTOB €ro MPUHSITO HA3LIBATH KOMITOHOBCKHM
paccestaueM. Ecan ToMcoHOBCKOE paccestHre (pOTOHA MPOUCXOIUT Ha,
TTOKOSITIIEMCSI JIEKTPOHE, TO €r0 YacTOTa V' He MEHSIeTCs, a CeUeHne
paccesiHuUst JJIs HEMOJIIPU30BAHHOTO U3JIyIEeHUs] COCTABJISIET

3 \mec?

st ( e\’ —24 2
or = — = 0.665 x 107" cm”. (3.20)

HuddepennuaibHoe ceueHe PACCESTHUS UMEET PIJICEBCKYIO WH/IU-

KaTpucy

do 3 9
e 9), 21
s OT e (14 cos®0) (3.21)

rie 6 — yroj paccesiHusI.

Ecnu, onmnako, moJie M3JIy9YeHUsT TPEJICTABIATH COCTOSAIIAM W3
OTJIEIbHBIX YaCTUIl— (DOTOHOB, TO pacCCesiHhe KaxKI0ro poToHa hy
Ha TMTOKOSIIIIEMCST 3JIEKTPOHE JTOJIZKHO COMTPOBOXKIATHCS YMEHBITCHIEM
ero gactorsl v (agderm Komnmona nmu sfhexm omdavu). leticrBu-
TeJbHO, IyCTb v U §) — 9acToTa U HANPABJICHHE PACIPOCTPAHCHUSL
dOTOHA 110 paccesHus, a Vs U ), — Te e BeJMUHHBL I0CTIe PACCe-
sunst. Torga, TpuMeHssT 3aKOH COXpaHeHus 4-UMITyIbCa K CHCTEMe
“dOTOH + 3JEKTPOH”, JIETKO MOJIyIUTh CJAEIYIOIIYI0 (DOPMYILY JIJisi

100



JaCTOTBI V4 IIOCJIE paCCedHUAg:

-1

hv R

ve=v |14 2(1—9-9*) . (3.22)
mecC

B mpeneie hv < mec? cpenee OTHOCHTEILHOE H3MEHEHHE TACTOTHI

CbOTOHa, B KaK/IOM aKTe€ pacCCedHnsd COCTaBJIsACT

(Av) (v —v)  hv

(3.23)

v v MeC?
n urpaeT BazKHYIO POJIb B YCTAHOBJICHHMH TeEIIJIOBOI'O PaBHOBECHUSA
MeKIy (POTOHHBIM W IJEKTPOHHBIM ra3oM. B orimume ot sdpdex-
Ta OTJAa4Yd, KBAHTOBBIE IIONPABKH K CEYEHUIO PACCESHUSI,

hv
MeC2

occ=o0r|1—-2 +..., (3.24)
IIPAKTUYIECKOW POJIM HE UTPAIOT U HUXKE HE YIUThIBAIOTC. [locKOIb-
Ky (POTOHBI IIPU PACCESTHUN He THOHYT M HE POXKIAIOTCS, TO B IIPOIIEC-
ce KOMIITOHOBCKOT'O PAaCCesTHUSI TIOJIHOE YUCJIO (DOTOHOB COXPAHSIETCS.
Yr00bI TpaBUILHO BBITUCIUTH OOMEH YHEPTHU MEXKTY JIEKTPO-
HaMM U U3JIy4YeHHEM, HEeJOCTaTOYHO 3HATh CBOICTBa paccesHusI Ha
MMOKOSIITUXCS 3JIEKTPOHAX: HEOOXOINMO PACCMOTPETh paccesiane ¢ho-
TOHOB Ha, ABMXKYIIEMCS JJIEKTPOHE, 8 3aTEM IIPOBECTH YCPEIHEHHE 110
MaKCBeJJIOBCKOMY pacIIpeesIeHII0 TEIJIOBBIX CKOPOCTEH 9JIEKTPOH-
Horo raza. g Hadajga TpoBEIEM PACCMOTPEHHE B paMKaX KJIac-
CUY€ECKOW 3JIEKTPOIUHAMUKHU, T.€. Ipenedbperas 3pdekToM oTradn.
IIycrs U, = BEC—CKopOCTb 9JIEKTPOHA B JIADOPATOPHON CHUCTEME, U
u Q) — vacrora n HalpaBJjieHre (DOTOHA JI0 PACCESTHUS, Uy U QIE—
JK€ BEJIMYUHBI TI0CJIe PACCedHHsI B TOH 2Ke J1abopaToOpHO CHucTeMe.
[Ipeamonoyxkum jlajiee, 9TO B COMYTCTBYIOIIEH CUCTEMe, IJIe JIEKTPOH
ITOKOUTCS, IMEET MECTO IMCTO TOMCOHOBCKOE PacCesiire, U JacToTa
dborona B pesynbrare paccesHus ne Mensercd, T.e. v = v.. Torna,
BOCIIOJIb30BaBIIICH hopmysiamu 1peobpasosanust (3.12), jierko Ha-
XOJIMM M3MEHEHUEe YaCTOTHI B OJHOM aKT€ PACCESIHHUA B J-CUCTEME:

Ve U 1-43.-Q B 1-43.-0

v a Vll*ge'ﬁ*_lfge'ﬁ*.

(3.25)
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[IpuunHO 3TOr0 M3MEHEHUsT YaCTOTHl (POTOHA B /A-CUCTEME SIBJISET-
csl KJlaccu4eckuii agpgpexm Jlonaepa, BOSHUKAIOMIMIA U3-3a JIBUKEHUSI
PacCCenBaOIIErO 3JIEKTPOHA..

Hmke orpannummcs HEPEJIATUBACTCKAMY TEMIIEPATYPAME SJICK-
tporoB T, < mec?, nis xkoropeix 3. < 1. Uz (3.25) Bmamno, uTo
adpdexr ormiepa mposBiisgercs yke B IepBoM mopsake 110 SG.. B 3a-
BUCUMOCTHU OT HaHpaBﬂeHI/Iﬁ Q n Q* II0 OTHOIIIE€EHUIO K BeKTOpy ge
yacTora POTOHA B PE3YJIbTATE PACCEAHNS MOXKET KaK YMEHLIIUTLCH,
TaK 1 BO3pacCTH. I/I3MeHeHI/Ie YJaCTOTBI OI'PaHUYECHO MHTEPBaJIOM

1=fe v 1405

< — << .
1+ 6@ v 1- /86
Eciu nposectn ycpeanenue c¢asura 4actoTbl AV = V4 — UV 110 Ha-
npasjieusiM (e u ()i, TO B IEPBOM IOPsIKe 1O (e CPEIHUI CIBUT
(Av) = 0. Om4HBIi OT HyJIst pe3ynbraT s (Ar) BO3HUKAET JIUIIb
BO BTOPOM TIOPsiJIKE TIO [F¢. /111 MAKCBEJLIOBCKOTO Ta3a 3JIEKTPOHOB C
Temieparypoit T, cpeauuii caipur hoToHa 110 YacTOTE 38 CUET P PeK-
ta Jlomiepa B 0JJHOM aKTe TOMCOHOBCKOT'O PACCESHUST COCTABJISIET
(Av)

T
B e
v MeC

(3.26)

(3.27)

Takum 06pa30M, IIPU TOMCOHOBCKOM DACCESTHUN Ha MAKCBEJIJIOBCKIX
9JIEKTPOHAX MOHOXPOMATHYECKasl JIMHUS PACIIUPSIETCs 110 YacTOTe
Ha Besmunny +/((Av)2)/v ~ /T./mec? u capuraercst BBEpX 110
qactore nHa emmauny (Av)/v ~ T./mec?. TTomoxKnTeIBHBIH 3HAK
pesysbrara B (3.27) 03HAUAET, UTO YHCTO KJIACCUIECKOE (TOMCOHOB-
CKOE) paccesiHie M3JIy9IeHus Ha CBOOOIHBIX JEKTPOHAX HE MOXKET
[PUBECTU K YCTAHOBJICHUIO TEILJIOBOIO PABHOBECHSI MEXKJIY JICKTPO-
HAMU U W3JIyYeHHeM: eCjii 3aUKCUPOBATD TEMIIEPATYPY JIEKTPO-
HOB, TO 3a cuér 3ddexra lonnepa usiydenue OygaeT HENPEPHIBHO
HAIpPeBaThCsl, U ero SHEPTUsi OYIET PACTU SKCIIOHEHIMAIBHO BO Bpe-
MeHHU. YCTaHOBJIEHUE PABHOBECHS CTAHOBUTCS BOZMOXKHBIM JIUIIIH 110-
cjie Toro, Kak Oyzuer yurén adpdexkt Kommnrona, npuBogdmuiit K oT-
PUIATEIBHOMY CJIBUTY 9acTOThI (hOTOHOB (3.23).
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B obmem ciydae oOMeH SHEPrUM MEXKJy SJEKTPOHAMH W H3-
JIYIEHUEM IIPU KOMIITOHOBCKOM PACCEsITHUU OIUCHIBAETCSI UHTETPO-
muddepeHnnaabHBIM KAHETUIeCKAM ypaBHEHUEM it (DYHKITAN
n,(t, &, v, ). Ecim, o1HAKO, BHIIOIHEHB yCJIOBHS hy < mec? n
T, < MeC?, TO B 9ACTHOM CJIydae M30TPOIHOrO II0JIS H3/IyHUeHns
K UHTErpajly CTOJKHOBEHUS MOXKHO HPUMEHUTH pazjoxkerue Dok-
kepa—Illranka, cOOTBeTCTBYIOIEE CIYYIa0 MAJIONH IPUMECH JIETKOTO
rasza K Tszkénomy [40, §21|, u cBectu ero k auddepeHaIbHOMY
onepaTopy muddy3noHHOTO THIa. TaKoi yIIPOIEHHBI BAPDUAHT K-
HETHYIECKOTO ypaBHeHus1 ObLT Briepsbie noaydeH A.C. Kommanefinem
[43] u nmeer Bu

on, 10 4| Te On, h

= NeOTC—5 —V —
ot v2 Qv mec? O mec?

ny(l+mn.)|. (3.28)

B srom ypasuenuu n, = n,(t, V), ne — 9uCI0 CBOOOIHBIX JIEKTPOHOB
B equHUIle 00bEMa. YpaBHeHne Komianeiia onmuckBaeT 3BOJIOIIIO
CIIEKTPa M30TPOITHOIO M3JIyYeHUs 38 CIET KOMIITOHOBCKOIO Paccesi-
HUsT B OECKOHETHO DOJIBITOM O0BEME, 3AIT0OJTHEHHOM OTHOPOJIHBIM T'a-
30M CBOOOJIHBIX JIEKTPOHOB C IJIOTHOCTBIO N W TemuepaTrypoit Te.
[Tomumo opurunasbhoit mybsukanun A.C. Komnaneiina [43| BbiBos
9TOr0 ypaBHEHHUsI NpUBeIeH B 0030pHON crarhe 91.B. 3enbmoBuua
[44].

OcranoBuMcsT Ha OCHOBHBIX CBOMCTBaX ypaBHeHUs KoMmaneta.
[TepBbiii wieH B KBaJIpaTHO CKOOKe (3.28) OmECBIBAET SBOJIOIIIO
cIeKTpa 1o, JeiictBueM Kjiaccudeckoro sdpekra Homnepa. Coor-
BeTcTByIOMUN auddepeHnuaJbHblil oreparop uMeer auddy3noH-
HBI BUJ (T.e. BTOPOrO MOPSJIKA 10 YacTOTe) U IIPOHOPIMOHAJIEH
ornomenmio T, /mec?. T BIIOIHE COTJIACYETCS ¢ OTMEYCHHBIM BbI-
me cBoiictBoMm 3ddexkta Hommepa npuBomuTh K audy3nOHHOMY
PACILIBIBAHUIO MOHOXPOMATUIECKON JIMHUU [TPU PACCESTHUH HA MAKC-
BEJJIOBCKUX 3JIEKTpOHaX. Bropoe ciraraemoe B KBaJIpaTHON CKOOKe
(3.28), upomnopunonanbHoe nocrosinnoii [Inanka h, nepegaér poib
KOMIITOHOBCKOI'O CIBHIa II0 YaCTOTE IPU PACCETHMH Ha XOJIOIHBIX
3JIeKTpoHaxX. KOMITOHOBCKMIA CABUT OMUCHIBaeTCs audbepeHIinaib-
HBIM OIIEPATOPOM IIEPBOTO IOPSIIKA II0 YaCTOTe U HE 3aBHCHUT OT
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TemIiiepaTypbl 31eKTpoHoB Tp. Muoxkuresns (1 + n,.), onucsiBatonmit
BKJI&J HHAYIIUPOBAHHOIO paccestHus, jgejaer ypapuenne Kommnaneii-
1A HEJIMHEHHBIM OTHOCUTEIHLHO NCKOMO (ynkmmu n,.. [Ipu onpeme-
JIEHHDBIX YCJIOBUSIX 9Ta HEJIMHEHHOCTD MOYKET IIPUBOJIUTE K CIIEIUdu-
yeckuM 3¢ dexram THUIA CIEeKTPAIbHBIX “yIapHbIX BosH [44].

Herpyaao y6eaurbest, uto ypasHenue (3.28) coxpaHsieT MOJHOe
yuciao goronos N, B eaunuie oobéMa. JleficTBUTeIbHO, eCIu MBI,
Benomuns Boipazkenne (3.7) msa N, gomuoxum (3.28) na 872 /¢ n
IIPOMHTErPUPYEM 110 YaCTOTE V, TO B pesy/abrare noayanm dN, /dt =
= 0. [Tpu 3TOM, KOHETHO, IPE/IIOIAraeM BLITOJTHEHHBIMEI I'PAHUTHBIC
YCIIOBHSI

on on
. 4 T o . 4 T
glil(lju 5 = VILIQOV 5 = 0, (3.29)
lim vn, = lim vin, =0, (3.30)
v—0 V—00

rapaHTUPYIOIIHe, YTO CPEJIHEe YUCIIO 3AI0JHEHUs Ny (1) He CJUIIKOM
OnIcTpO BO3pacTaer npu v — 0 U J0CTATOIHO OBICTPO yObIBAET IPHU
v — 00. B HOpMaJIbHBIX (bU3NUecKuX cuTyarusx yciaosus (3.29) u
(3.30 ) Bcerma BbINOIHEHBI. HamoMHuM, 9TO pAaBHOBECHOE 3HAYEHUE
n, = n,p(v) [em. dopmymny (3.10)] Bo3pacraer HIPOHOPIMOHAILHO
v~ pu v — 0 U SKCIOHEHIMAIBHO yObIBAET IPH IV — 00.

Cuientyroree BaykHOe CBOHCTBO ypaBHeHust (3.28) cocTout B TOM,
YTO €ro mpaBas 9acTh TOXKJIECTBEHHO 00paIaeTcs B HYJ/Ib JJid (DyHK-
UK PACIIPE/Ie/ICHIs BHJIA

1
exp [(h’/ - ﬂ)/Te] -1

[PU [IPOM3BOJILHOM 3HAYEHUN MOCTOAHHOM 1. Dynkiust (3.31) siBisi-
eTcs paBHOBeCHOH (yHKIMENl pacipejiesieHust s HjeaabHoro Ia-
3a, MOJUUHSIONIEroCs crarucTuke Bose—Ditnmreitna [42, §54]. ITpu
3ToM i < 0 ecTh XUMUYIECKHI TOTEHITNAT STOTO ra3a, KOTOPHBIH oIpe-
JleJieTcs U3 yCIOBHA HOPMHUPOBKHN (DYHKIINH Paclipeie/IeHud Ny BE

Ny = Ny BE = (3.31)

Ha 33J1aHH0e unciio poronos N, B ejunuie oobéma. [locennee o3Ha-
qaeT, 9T0 ypapHeHne KomiaHeiia MpaBuIbHO OIMUCHIBACT PEIAKCa-
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IIUIO MPOU3BOJILHOIO HEPABHOBECHOTO CIEKTPa (POTOHOB K PABHOBEC-
HOMYy pactpejiesieanio Bose—iinmreitna (3.31) npu 3ajannoit dhuk-
CHpOBaHHO 110THOCTH Yncya poToHoB N,.. Il1aHKOBCKOe paBHOBe-
cHe COOTBETCTBYET YacTHOMY ciydaio p = 0, Korma 9ucjio pOTOHOB
HE SBJIAETCH COXPAHSIOMENCA BEIMIMHOM, a CaMO IIOJCTPAMBACTCS
110/, COCTOSTHUE TIOJTHOI'O TEPMOAMHAMUYIECKOIO PABHOBECHSI.

OsiHako riiaBHasi 1IeHHOCTH ypaBHeHus: Kommnaneitna (3.28) jyist
NTC cocTonT B TOM, YTO OHO IIO3BOJISET BBIYUCJIHTL CKOPOCTH 00-
MeHa SHepruun Me)KILy QJIEKTPOHHBIM 1 CbOTOHHI)IM ra3oM 3a C‘{éT
KOMIITOHOBCKOI'O paccesHud. JleliCTBUTEIbHO, YMHOMXKAS yPABHCHHIE
(3.28) ma 87hv3/c® m uHTErpHEpys MO YacTOTE vV, TIOJyHaeM CJieTy-
[0Illee BBIPaXKEHUE It YIeIbHON (Ha eauHuIly 0ObEMa) MOIITHOCTH
Harpesa (pOTOHHOTO ra3a:

o0

/nr(1+nT)u4dy . (3.32)
0

d&, 4T, 8mh?

= NeoTC E —
dt MeC2 MeCP
[Ipu sTOM CitestyeT nBasKbl IPOUHTEIPUPOBATD TI0 YACTSIM IIEPBOE
ciaraeMoe B mpaBoii wactu (3.28), m oauH pa3 — BTOPOE, IPUHATDH
BO BHUMaHUe onpejeienne (3.8) IIOTHOCTH JIy9uCTON Heprun &,
U BOCIIOJIb30BATHCsI TPAHUYIHBIMU yeJaoBusAME (3.29), B KOTOPBIX vt
3ameneno Ha v°. Eciii pOTOHHBIIH ra3, B3auMOIeHCTBYs CO CBOGOHEI-
MU 3JIEKTPOHAMHU, HAIPEBAETCSl CO CKOPOCTHIO (3.32), TO 3JIeKTPOH-
HBII Ta3 Oy/IeT, 0YeBUIHO, OXJIAXKIATbCs C TOM YKe CKOpOCThio. py-
rumu cioBamu, dhopmysa (3.32) naér yienbHyo (Ha eJuHUIY 00bE-
Ma,) MOITHOCTb OXJIAYKJIEHUsI SJIEKTPOHHON KOMIIOHEHTHI [I7Ia3Mbl [IPH
KOMIITOHOBCKOM PACCEsTHUU Ha UMEIOIIEMCsT B JJAHHOM MeCTe I0Jie U3~
JIydeHusi ¢ 0ObEMHON IJIOTHOCTBIO SHEPTUu &;.

OTMmeTnM, 9TO TTOJIOKUTEIBHOE TIEPBOE CJIAraeMoe B IPABON 1a-
cru (3.32), mpencrasisioniee 3dderr [Jommepa u OTBETCTBEHHOE
UMEHHO 33 OXJIAXKJIEHUE 3JIEKTPOHOB, HEe 3aBUCHT OT BUJIA CIIEKTPA
MIPUCYTCTBYIOIEr0 U3IYIE€HNUS U B 9TOM CMBIC/IE UMeeT YHUBEPCAIb-
HbIit BT, Jljisi BTOpOTO cjraraeMoro, KOTopoe OTPHUIATEIbHO U OIHU-
CBIBaET HATPEB JIEKTPOHOB 3a CIET 3 PeKTa oTaadun, B 00IeM CiIy-
qae He YHA€TCs IMOJYYUTb CTOJIb K€ YHHUBEPCAJbHOE BBbIPAaXKEHUE.
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OHAKO MPUCYTCTBYIONIAN B 9TOM CJIaraeéMOM HHTEIr'PaJI TOXKE BbIpa-
JKaeTcst 4epes &£, eCIIU MPEIOJIOKITh, YTO [I0JIe U3JIyYEHUs] UMEET
KBa3MPaBHOBECHBIN 6036—3MHINMTEAHOBCKUIT CITIEKTP

1
exp [(hv — 1))/ T,] = 1'

HO C OT/IeJIbHBIM 3HavdeHueM remueparypsl 1, # T,. B sToM BaxkHOM

n.(v) =n,ge(v,T;) = (3.33)

IPUOIMZKEHNN OTAEJBLHONR TeMIepaTyphl /IS M3JIy4YeHHs CKOPOCTh
obmena sHeprun (3.32) npuHUMAaeT 0COOEHHO IPOCTOl U HAIJISITHbIIH
BIT

d&, dnome T. — T,
== 0' [ ——
dt edT

Nmenno 3To BbIpazK€HUE HCIIOJIb3YETCA JJIdd OIIMCaHnd KOMIITOHOB-

e (3.34)

CKOI'O OXJIaK/IEHUs! TJIa3Mbl IIPU T'HJIPOJIMHAMUYECKOM MOJIEJINPOBa-
uun MmutiieHeit U'TC B mpubiimzkeHnn Tpéx OTIEIbHBIX TEMIIEPATYD —
noHOB, Tj, 31eKTPOHOB, T, u uzayuenusd, T,. YIuUTbIBas, 9TO ILJIOT-
HOCTB TEIIOBOI 9HEPIUU TOPAYIUX JIEKTPOHOB COCTABIISAET %neT e, U3
(3.34) Jierko OIEHUTDH XapaKTEPHOE BPeMsi l.s YCTAHOBJICHUS TEILIIO-
BOI'O PaBHOBECHUS MEXKJIy JIeKTpoHaMu U (DOTOHAMH 33 CUET KOMII-
TOHOBCKOI'O PACCESHUS:

T,

1 idTe _ 8or
10 k3B

S T TLdt 3mec

4
£ ~0.89 x 101 ( ) ¢l (3.35)

B sToit OleHKe /11 MJIOTHOCTH JIy9ucToil sHeprun &, = al* mpuns-
TO paBHOBECHOE IIJIAHKOBCKOe 3HaueHue (3.11). OrmeruM, 4ro Bpe-
MsI KOMIITOHOBCKOI peJIaKCalliu tes HE 3aBUCUT OT ILJIOTHOCTU 3JIEK-
TPOHOB M M YMEHBIIAETCSI OOPATHO IPOIMOPIUOHAJIBHO JIOKAJIHLHOMN
mwiorHocTu sHeprun uanaydenus: &.. [Ipu T, ~ 10 k3B 310 Bpems
cocTapjsieT oKojo 10 Ic, 9To CyIecTBEHHO KOpPOYe BPEMEHH T'HJIPO-
JMHAMAYIECKOr0 pasJjiéra Jayke IpU CyOMUJIIMMETPOBBIX pasMepax
T4 Tommsa.

106



3.4 llorgommenune n u3jaydeHne (poTOHOB
B TEPMOSEPHO ILJIa3Me

IToMUMO KOMITOHOBCKOTO PACCEsiHUSA, IIPU PACCMOTPEHUE 00Me-
HA SHEPI'UU MeKJ[y M3JIyYeHHEM U BeIleCTBOM HeOoOXOJIMMO 00s3a-
TeJIbHO YUYeCThb MPOIECChl POXKIeHNsl (u3Jrydennsi) u rubesun (morao-
mennst) ¢oronoB. B obmem cayuae B TS miasme npucyrcrByorT
Kak CBODOJIHbIE, TAK M CBSI3aHHBIE JIEKTPOHBI. B 3TOil cBsi3u pas-
JITYAIOT TPU MeXaHU3Ma IOJIOMEeHUsT (POTOHOB, COIPOBOXK IAIOIINX-
csl TpeMsl TUIAMHU 3JIEKTPOHHBIX IEPEX0JIOB, & MMEHHO, MOIJIOoIIe-
Hue npu: 1) cBoboHO-cBoGOHBIX (free-free), 2) cBOGO/IHO-CBA3AHHBIX
(free-bound) u 3) cBszanHO-cBs3aHHbIX (bound-bound) nepexosax.
[Torytomenne pu cBOOGOIHO-CBOOOIHDBIX MEPEXO/IaX HAZBIBAIOT TAKKE
MOPMOZHBIM NOZAOUEHUEM, TTOCKOJIBKY TP 3TOM (DOTOH TIOTJIOINIA~
eTcsi B IIPOIECCe YCKOPEHHOI'O JIBUYKEHUST CBODOOIHOIO 3JIEKTPOHA B
KYJIOHOBCKOM TI0OJIE OJIHOTO M3 MOHOB ILJIa3Mbl. B Kj1accuueckoii a1ek-
TPOJMHAMEKE XOPOIIIO U3BECTEH 00PATHBIN IIPOIIECC MOPMO3HO20 U3-
ayuenua (bremsstrahlung), nmeronuit MecTo npu JABUXKEHUH CBODOT-
HOIO 3JIEKTPOHA [0 TUNEepOOIMIECKOil opouTe B KYJOHOBCKOM II0-
ne nona |9, §70]. B ycioBusix, 61M3KNX K 3aKUTAHUIO TEPMOsiIep-
Hoi peaknuu, T¢l TOMIMBO MOYKHO € XOPOIIEH TOYHOCTHIO CYUTATH
[OJIHOCTBHIO MOHU30BAHHBIM, U Ha MEPBBIN IJIAH BLICTYIIAET IIPOIECC
TOPMO3HOTrO norsomenus (u3sydenust). I[oromenne GoToHOB 11pH
CBODOIHO-CBSI3AHHBIX U CBSI3aHHO-CBSA3AHHBIX ME€PEX0/IaX CTAHOBUT-
¢l BayKHBIM JIMOO NPU HAJIMYUHE YACTUIHO MOHU30BAHHBIX THAMKCIBIX
npumeceit B T4 rommmse, ymbo B coceannx ¢ T4 TomamBoM ciosix,
COCTOSIIIUX U3 BOJIeE TSKEBIX SJIEMEHTOB U HAXOIAIIMXCS IIPU MEHee
BBICOKUX TE€MIIEPATYPax.

B katuecTBe 0CHOBHON (DOPMYJIBI TIPU OIUCAHUH TOPMO3HOTO IO-
DJIONIEHUsT BOCTIOJIB3YEMCs CJIEJLYIONUM BbIPAyKeHUEM JIJIs CEeUeHUsT
rorstorieHust (boToHa hiy Ha OJTHOM BOJIOPOIOIOI00HOM HMOHE C 3apsi-
oM +eZ; B IUIa3Me ¢ MAKCBEJUIOBCKUMH (T.€. HEBBIPOXKICHHBIMH )
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CBO60,ZLHI)IMI/I JIEKTPOHAMMU:

3273 62/CL0>1/2 <e2/a0>3
orr(v,Tp) = aad —_— ner g em?].
3.36

Bnech a = e?/he = 1/137.036 — mocTosHAAsA TOHKOIl CTPYKTYPHI,
ap = h?/mee? = 0.52918 x 1078 cm — Goposekwmit pamyc, ne [en 3] —
9UCI0 CBOOOIHBIX JIEKTPOHOB B emuHHUIE 00bEMa, §jr — Oe3pas-
MEpHBIHA KoM MUIUEHT HOPAIKA IUHAILI, HA3LIBAEMbIH (PaKTOPOM
layura. IlockoabKy TOpMO3HOE MOrJIONIEHNE (POTOHA ITPOUCXOIUT

[P CTOJIKHOBEHUU TPEX JacTull — (POTOHA, SJIEKTPOHA U MOHA — Ce-
YeHHe IIOIJVIOIIICHM A O'ff7 pacCiuTaHHOE Ha OJWH NOH, 3aBUCUT OT Tep-
MOJIMHAMUYECKUX [1aPAMETPOB JIEKTPOHHOIO ra3a — IIOTHOCTH Mg U
Temieparypbr Te.

[Tpu BeIBOJIE (3.36) 06BIYHO OTTANIKUBAIOTCS OT Aud depeHnnab-
HOT'O CEUEHUS U3JIyUEeHUs TOPMO3HBIX (POTOHOB

Sr 22 glel.c)
3V3 mec? el hv

dof f.om = dhv (3.37)

B nHTepBaJ sHepruii [hv, hv + d(hv)] npu paccesnun na wone +eZ;
3JIEKTPOHA C HAYaJIbHOUN 3Hepruei s’e B COCTOSIHAE C KOHEYHOU dHEep-
rueii €, = £, — hr, K KOTOPOMY IHPUMEHSIIOT NPUHIUI JIETATLHO-
IO PABHOBECHsI M YCPEIHSIOT 110 MAKCBEJLIOBCKOMY DACIIPEIEIEHUIO
CBOGOJIHBIX JIEKTPOHOB € SHEPIUsIMHE £, (mogpobuee cum. [1], . V).
Ipu g(el,e.) = 1 dbopmyaa (3.37) upescrapisier coboii BBICOKOUA-
CTOTHBII TIPEJIEST KIIaCCUIeCKOi (hOPMYJIbl Jjisi TOPMO3HOTO U3JIyde-
HUsT, KOTOPasi BBIBOJIUTCS B pAMKaX MOJIEJIU ITaPHBIX CTOJIKHOBEHUI ¢
MOMOIIBIO KJIACCUYIECKOTO PACUETA JIBUKEHUSI SJIEKTPOHA B KYJIOHOB-
ckoM TioJie noHa [9]; ara dopmyna Hocur umst dopmysnbl Kpamepca
(H.A. Kramers) [45]. Muoxurens g(el,e.) B (3.37), HasbiBaeMblii
dbakropom Taynra (J.A. Gaunt), yaursiBaeT pasiandHble (HU3KOYIa-
CTOTHBIE KJIACCHYECKIEe, KBAHTOBbIE) [IONPABKH K CDABHUTEJHHO PO~
croit hopmyiie Kpamepca [46, 47|. Tounoe snavenne g(el, €. ), Bbrauc-
JieHHOe 30MMepMebIOM JJIsl JIUIOJIbHBIX CBODOIHO-CBOOOIHBIX II€-
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PEXOJIOB B pAMKAX HEPEJISITUBICTCKON KBAHTOBOW MeXaHWUKN (48|, BbI-
pakaeTcs uepe3 TUIIEePreOMeTPUIECKYI0 (DYHKIIUIO U HEYT00HO JIIs
ncHoab30BaHus. Ha mpakTuke OOBITHO MPUMEHSIIOT JUOO BBICOKO-
SHEPreTUYecKoe HOPHOBCKOE MPUOJINXKEHIE

V3 Ve VR (3.38)
™ \VeL — e
Jynbo 6ojiee TOUHYIO AINMPOKCUMAIMOHHYIO (OPMYJy DJIbBEPTa

(G. Elwert) [49]

gB(el,ec) =

e 3 (5,6)1/2 1 —exp (—QFZi\/Ry/E/e) . NN
JTe e & 1—exp (—QWZi\/Ry/Ee) Ve —Vee
(3.39)
rme Ry = meet / 2%? = 13.6 5B — HOTeHIMAJ MOHU3AIINN ATOMA BO-
nopona. Hpu €, > Z?Ry, e. > Z?Ry dopmyra Dibsepra (3.39)
nepexouT B hopmysy Bopaa (3.38).
B dopmyie (3.36) mus opf(v,Te) cronT ycpeHEHHBIH 110 SHEP-
UM MAKCBEJUIOBCKUX 3JIEKTPOHOB (pakTop aynTra

€e

o0

1
gv = gy (b, Te) = ol /g(ee + hv,ee) e—ce/Te dee, (3.40)

e
0

KOTOprfI JIET'KO BBIYUCJIACTCA B 60pHOBCKOM HpI/I6JII/I}K6HI/II/I

V3 hv hv
g hv,T,) = — K, =
gm(hv, Te) —exp <2Te> 0 <2Te>

3 4T,
\7{ (111 h; — 7E> , hv < T,
IR RN (3.41)
<e> , hv > T,;
T hy
snech Ko(z) — dyukuus Makaonasnbia, yg = 0.5772. .. — nocrosiH-

Hast Ditiepa. Bojiee TouHBIe 3HAYEHUST §)y MOXKHO, HAIIPUMED, HANTH

B [50].

109



B Teopun nepenoca n3aydeHns BMECTO CEYEHUs MOTJIOMEeHIA (po-
TOHA ¢ 4YaCTO KCIOJIb3yeTCs IOHSATHE KOIPPOUUUEHTA NO2A0ULEHUA
k = no [em™!], nae n — 9mcsIo MOTIONIAIONIX 9aCTHIL B e IUHEATIE 00b-
éma. O6paTnas BeamunHa k! SBJSETCS, OYEBUIHO, HUA YeM HHBIM,
KaK CpesHeil [InHoi ¢cBoboHOrO0 mpobera dorona. Cormacuo (3.36)
K03 UIUEHT TOPMOZHOI'O IIOTJIOMICHUsI (POTOHOB € Y9aCTOTOH U B
MaKCBEJIJIOBCKOM 3JIGKTPOHHOM T'a3e OIpe/lesiseTcsl BhIpasKeHIeM

kv, T.) = opp(v,Te)n; = (3.42)

3273 b (ez/a0>1/2 <62/a0
3v6r O\ T. hv

rae N; — 9UCJI0 MOHOB C 3apsiaoM +eZ; B enuuuie obbéma. Ecim
IJ1a3Ma COCTOMT HE M3 OJHOTO, & M3 HECKOJBKHUX COPTOB BOJOPOJIO-
110/106HBIX HOHOB, TO B hopmyiie (3.42) (u Bcex €€ cieiCcTBUsIX) IPO-
u3Besienne n; Z? HeoOXOIIMO 3aMEHITh Ha CyMMY Y. 1;Z2 10 BeeM
copTaM MOHOB.

3
2 —
) nen;Z; g,

3Hasa K03 UIMEHT TOPMO3HOTO ITOTJIOMIEHHUsI, MOXKHO BOCIIO/Ib-
30BaThCA 3aKOHOM KHpxroda 1 BBIYUCIUTE TOPMO3HY IO 3Ly YaTeIb-
HYIO CHOCOOHOCTH ILJIa3Mbl. 3aKOH Kupxroda siBJIsSeTCsT YaCTHBIM
clydaeM MPHUHIIAIAE JeTaJILHOI0 PABHOBECHsI, KOTOPBIA IJIACUT, ITO
B ITOJTHOM TE€PMOIMHAMHUIECKOM PABHOBECHH JIOJI?KHO COOJIIOIATHCS
JTUHAMIYIECKOE PaBHOBECHE OTIIEJHHO 10 KaXKIOMY IIPSIMOMY M CO-
OTBETCTBYIOIIEMY eMy OOpaTHOMY IpolieccaMm. Ec/iu mpsaMbIM CYn-
TaTh IIPOIECC TOPMO3HOI'O ITOIVIOMIEHNsT (POTOHA V,ﬁ MAaKCBEeJLJIOB-
CKOI TIJ1a3MOi1, TO 0OpaTHBIM OyIeT MPOIECC TOPMO3HOTO M3JIYICHUS
Takoro ke gorona. PaccMoTpuM ycoBre IUHAMUYIECKOIO PaBHOBE-
CUd MEKJ1y 9TUMU ABYM IIPOIECCaMMU.

CrekTpaJibHast W3/IydaTeIbHast CIIOCOOHOCTD BEIIECTBA IIPU CBO-
0OJIHO-CBOOOTHBIX repexojax OIMCHLIBACTCS BEJINYNHOM
df [opr em™® ¢ crep™! T'u™!|, koropas oupeuensiercs ciesyio-
muM obpasom: jrypdv dQ} ecth KoMMUECTEO JIYYUCTON SHEPTUU, W3-
JIydaeMOil CIOHTAHHO €IMHUYHBIM OOBEMOM BEIECTBa B HMHTEPBAJ
9acTOT dV B MHTEPBAJI TEJIECHBIX YIJIOB dQ s eIMHAITY BpeMmeHu. Boi-
pakeHne “u3jIydaeMoil CIOHTAHHO CJelyeT IMOHHMATh TaK, UTO B
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TOYKE ¢ KOOPAMHATAME I 3Ta SHEPrust OyaeT U3jIydeHa B TOM CJIy-
Jyae, KOora B gdeiike pazoBOro IpocTPpaHCTBa ¢ KOOPAUHATAMUA T, V, ﬁ
ITOJIHOCTBIO OTCYTCTBYIOT (DOTOHBI. B cilydae M30TPOIHON ILIa3MBbI
J ff HE 3aBUCUT OT HAIPABJICHUSI U3JIyICHUS ﬁ

ITpu mostHOM TEPMOIMHAMIYIECKOM PABHOBECUM SJIEKTPOHBI U MO~
HBI UMeIOT 0011yIo Temueparypy 1. = 1, 1 B BEIIIeCTBE IPUCY TCTBYET
U3JIy4eHue C PABHOBECHON IJIAHKOBCKOII MHTEHCUBHOCTbHIO

2h3 2h3 1 Spr
B, T)= —5n.p=—5 [ 5 ] .
c 2 exp(hv/T)—1 |cm? ¢ crep 'y
(3.43)
Yrobbl paccMOTpeTh DalaHC MEXK Iy IMPOIECCaMU U3JIyIeHUs U
MIOTJIOIIEeHUsT (DOTOHOB, BBIOEPEM HEKOTOpPOE HAIPABJIEHUE UX Pac-
ITPOCTPAHEHU ST Q 1 MasIbLl 06bEM MLIa3MBL S dx, TpeICTaABSIONTNM
cobOM TTUIUHID JJTUHON dT BIOJIb HAIIPABJICHUS O u wiomaIbIo oc-
HoBaHus dS IepIeHIUKYIISIPHO () (puc. 3.1). 3a Bpems dt u3 3Toro
00bEMa B MHTEPBAJI 9aCTOT dV M TEJECHBIX YIJIOB d€} cnonTaHHBIM
obpazom OyJieT uzjrydeHa sHeprus j s dv dQ dS dz dt. K 9TOMY CIIOH-
TAaHHOMY HU3JIy9YeHWIO HAJ0 J0OABUTH WH/YIIMPOBAHHOE U3JIydeHHE,
KOTOPOE€ YYUTBIBACTCA YMHOXKEHHNEM CIOHTaHHO I/IBﬂy‘{eHHOﬁ QHEP-
UM HA MHOXKATEND (1 4+ n,), T1e n, — 9uciIo 3ano/IHeHns staeek da-
30BOI'0 00bEMA IS y2Ke UMEIOIINXCS B JAHHOM MecTe (POTOHOB V, Q.

Q

dx

Puc. 3.1. Daemenrapusrit nummaIpraecKuit 06bEM C IIIOMAIBI0 OCHOBAHNA dS

¥ JUIMHON dr BIOJIb HAIIpABJIEHNsSI PACIPOCTpaHenns (pOTOHOB {2

Yro0BI ONpENe/nTh MOIVIOMEHHYI0 SHEPIUI0, 3aMETUM, UTO IO
OIIpEJIE/IEHNIO MHTEHCUBHOCTH B 3a Bpemst dt B 00béM dS dxr BXO-
JIUT KOJIMYIECTBO JIy9IUCTOM dHeprun, pasuoe B dv dS)dS dt; u3 sToro
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KOJINYECTBa Ha MaJoil [JinHe dr IOIJIONAeTCs OTHOCHUTEIbHAs JI0-
as kypdr (mo onpenenenmio kosddurumenra norsomennst ker). B
pesy/Ibrare, yCJIOBAE PABHOBECHS MEXKIY MPOIECCAaMU HU3JIyYeHUsT U
[IOIJIOIIEHNS IPUHUMAET BUJI,

jppdvdQdS dedt(1 4 n,) = BdvdQdsS dt kg de, (3.44)

OTKy/1a, TIOJICTaBIsis paBHOBecHoe 3Hadenue n, = [exp(hv/T)—1]71,
ToJTyIaeM U3BeCTHBIH 3akon Kupxroda

Jrrw,T) =ks(v,T) [1 — exp(—hv/T)] B(v,T) (3.45)

U CJIEJLYIONIEE BbIPAXKEHUE JIJIs TOPMO3HON M3JIydaTebHOM CIoCo0-
HOCTU MAaKCBEJIJIOBCKOU ILJIa3MBbI:

. 8V2r 4 5 2<62/a0>1/2 ( hu) -
Jrfw,Te) = —=a’e“af | —— exp | —= | meniZ; gur-
3v3 Te Te

(3.46)
3/1eCh CJeayeT MOAIEPKHYTh, ITO TOCE TOrO, KAK Mbl BHITUCIIH-
1 0be BeMYUHBL Kfp U jff B TepMHUHAX IJIa3MEHHBIX I1apaMeTpOB
Ne, Te, My, Z;, HAM y2Ke HEBaXKHO, KAKOE B IJIa3Me IMPUCYTCTBYET
noste usnaydenusi. st npumernmoctu dopmyn (3.42) u (3.46) mo-
CTATOYHO, YTOOBI B KaXKJ0I TOUKE MIPOCTPAHCTBA B KAXKJIBI MOMEHT
BpeMeHnun CBO6OI[HI)I€ QJIEKTPOHBI IIJIa3MbI UMEJI1 PaBHOBECHOE MaKC-
BEJIJIOBCKOE pacIpejiesieHne ¢ remueparypoit T, T.e. 9T00bI I1a3Ma
HaxoJunjiaCb B YaCTUYIHOM JIOKaJIbBHOM TE€PMOJMHAMHNYIECCKOM pPaBHO-
BECUU 110 3JIEKTPOHHON KOMIIOHEHTE; IIPU ITOM I0JI€ U3JIYIEHUS MO-
ZKeT 6bITb KaK yIroJHO JaJieKO OT PpaBHOBECHOI'O. I/IMGHHO IIO3TOMY B
dbopmynax (3.42) u (3.46) crour Temmeparypa 3JeKTpoHOB T¢, a He
ob11as paBHOBecHasT Temiieparypa 1. Mcronb3oBanue NpUuOINKEeHI ST
YaCTUYIHOTO JIOKAJIHbHOI'O PABHOBECHUS 110 3JIEKTPOHHON KOMIIOHEHTE
(cokpaménno — npubsmzkenus JITP) onpasiano suaunrebHo 6oJiee
OBICTPOIT pesakcalueil 37 1eKTPOHOB B CTOJKHOBEHHUSIX MEXK Iy CODOIA,
YeM pestaKkcaliusi MexK 1y (POTOHHBIM ra30M U 3JIEKTPOHAMHU.
fBiieHre MHIYTIMPOBAHHOIO U3JIyU€HUs], UI'PAIOINee MPUHITUIIN-
AJIbHO BaXKHYIO POJIb B OOIIEH TEOPUU B3aUMOJIEHCTBUS U3JIyICHUS
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¢ BermecTBoM, yureno B (3.44) muoxkwurenem (1 + n,). Oxmako B
npubsimkennu JITP ero MoxkHO onucaTs u APyruM SKBUBAJIECHTHBIM
CIocob0OM, & MMEHHO, BBEJIsT COOTBETCTBYIONIYIO MOTMPABKY K KOI(]-
dunuenty morsormienus k. JleficTBUTENLHO, TOCKOJIBKY IIPOIECC WH-
JYIIUPOBAHHOTO U3JIYUEHUS AT TPUPAIIEHNE K Y2Ke UMEIOIEeMYCsT
IIpU JAHHBIX ¥ 1 {) [OJIO U3/1yHeHHs], IPOIOPIMOHAIBHOE €r0 HHTEH-
CHUBHOCTH, TO 3TOT MIPOTECC (DAKTUIECKN IKBUBAIEHTEH OTPHUIIATE -
HOMY MOIJIOMIEHHUIO (TOJIOKUTEIBHOE MOIVIONIEHHE J1aéT yObLIb yiKe
VIMEIOIIEroCsl U3JIyYeHNs], IPOIOPIMOHAJIBHYIO €10 MHTEHCUBHOCTH ).
OTa orpuaTesbHas 100aBKa K KOIMPUIMEHTY MOTJIoneHust k mpo-
siBsisiercsi B Bujie Muoxkuresst [1 — exp(—hv/T)| B 3akone Kupxroda
(3.45). CooTBETCTBEHHO, HAPSIILY C KOIPHUUUEHMOM UCTIUHHO20 NO-
enowenus kyf(v, T ), oupenesnseMbiM BbipazkenneM (3.42), BBOLUTCS
K0IPPUUUEHM NO2AOULEHUA, UCTPABAEHHBIT 30 UHOYUUPOBAHHOE UC-
nycxarue,

ki, T) = kpp(v, To) [1 — exp(—hv/T,)] . (3.47)

[Tepeonpeenus TakuM 06pazoM KO3(hDMUIMEHT MONIONIEeHNs (T.€. nCc-
IOJIb3YsI k BMecto k), MOXKHO TIpPH OIUCAHUK JIYIHCTOIO MEPEHOCA
B npubmmkenun JITP 3a0bITh Ipo MHIAYIIUPOBAHHOE UCIYCKAHUE U
[IPUHAMATh BO BHUMAaHNE TOJBKO CIIOHTAHHYIO U3/IyIaTe/bHYIO CIIO-
cobHOCTE. OTMETHM, 9TO TPUHITUI JIEHCTBUS Jia3epa OCHOBaH MMEH-
HO Ha& TOM, 9TO B HEKOTOPOM CIIEKTPaJIbHOM HHTEPBAJIE PEATH3YIOTCS
oTpuLATe/bHbIe 3HaYeHHs k < (), COOTBETCTBYIOMIIE OTPHIATEIIBHOI
s dexTusHoit Temmeparype T, < 0 mpu MHBEPCHON 3aCEJIEHHOCTHU
HEKOTOPBIX BO30YKIEHHBIX 9JIEKTPOHHBIX YPOBHEIA.

Ha mpakTuke 9acTo peaju3yercsl CUTYyalus, KOrga PacCMaTpH-
BaeMbIii OODBEM ILJIA3MBbI ABJISIETCST ONTUYECKH TOHKUM JIJIS POXKIaA-
foruxcst POTOHOB, T.€. MPAKTUYIECKN BCE POAUBINMIECS (DOTOHBI CBO-
0OJIHO MTOKUIAIOT PACCMATPUBAEMBII 00bEM, HE UCIIBITHIBAST B3AIMO-
JeficTBUSI C BEITECTBOM. B 3TOM ciiydae poJib WHIYIIHPOBAHHOTO M3-
JIVIEHWSI B MHTErpaJie Mo CIIeKTPY MPeHeOperkKuMOo MaJjia, U CIIOHTAH-
HOEe TOPMO3HOE U3JIyUYeHHe MPEeJCTaBjIsgeT COOOM UUCTHIH MEXaHW3M
OXJIAKJICHUsI TIJIa3Mbl. YieabHas (Ha eauHuIly o6bEéMa) MOITHOCTD
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TAKOTO OXJIaZKJICHUS TI0JIyIaeTCsl HHTErPUPOBAHUEM U3JTyYaTeTbHOM
crocobnoctu jrf(v,Te) 1m0 CIeKTPY v u HampasiaeHusM (), U s
MAKCBEJIJIOBCKOH ILJIA3MBI COCTAB/ISET

(e o]

Wyep = 47T/jff(U,Te)dU:
0
16v2r 4 5 T, \? )
3\[ e aoc<62/a0> (g)mmen; Z;

= 536x 1072 Tlﬁv neni Z2 spr em3 ¢t (3.48)

o

(9)m = (g)m / (hv, T.) exp <—’;”) dhv  — (3.49)

0

YCPeaHEHHOe 110 YacTOTe 3HadeHwme rayHT-dakTopa gis. B obiem
ciydae 6e3pasMepHbIil MHOXKUTEb (g) s siBIsIeTCsl (DYHKIMElH 0/IHO-
ro 6e3pasmepHoOro mapamerpa 0, = T, /ZfRy. B Taba. 3.1 mpusene-
HbI BBIGOPOYHBIE 3HAYEHUsI (g) p)y STOIO MHOYKUTEJIS, BBIYUCIEHHbIE
B npubsmkennn DibBepra. B npejene ©, > 1 3nauenus (g)ys Bbl-
XOJIAT Ha GOPHOBCKUI mipejes (g)py = 2V/3 /7 = 1.103, KoTOpBIii 1
UCHOJIb30BaH BO BTOPoii yactu dopmyiibl (3.48). U3 Tabu. 3.1 BujiHO,
aro B T¢I m1asme uzoronos Bonopona npu reMieparype Ie > 1.5 kaB
HOTPEeNIHOCTh OOPHOBCKOTO NPUOJIMzKeHud Jyis Beauaunbl Wy me
npesbiaer 10 %.

3.5 Cpeanue poccejlaHAOB # TJIAHKOBCKUIA
ITpo0erm 1Mo TOPMO3HOMY ITOTJIOIMTEHUTO

YT10o0bl B KOHKPETHOW CHUTyaIlMU MOHATH, B KAKOM PEKUME OCY-
MIECTBJIAETCS JIYIUCTHIN IIEPEHOC SHEPIUU B ILJIa3Me, HEOOXOIUMO,
B IEPBYIO OdYepeb, YMETh OIECHUTH CPEIHUE POCCEJAHIOB, R, U

114



Tabsuma 3.1. 3navenus aBaxabl ycpeauénnoro daxropa Layara (g) gas
JJISL yI€JIbHON MOIITHOCTH TOPMO3HOTO OXJIAXKIEHUST MAKCBEJLIOBCKOMN ILJ1a3-
MBI, TIOJIyY€HHbIE HHTEIPUPOBAHUEM AITPOKCUMAIIMOHHON (DOPMYIIBI DJIb-
Bepra (3.39) mpu PasIUUHBIX 3HAYEHUSX HOPMUPOBAHHON TEMIIEDATYDHI
3JIEKTPOHOB O,

O, 0.3162| 1.0 |3.162| 10 |31.62| 100 | 3162 | 1000

(9)En| 1.527 | 1.515] 1.468 | 1.384 | 1.292 | 1.218 | 1.170 | 1.141

IUTAHKOBCKUH, [p, npoberu maiyvueHus. Kcu xapakTepHble pa3me-
PBI ILJIa3MBI IIPEBBIIIAIOT POCCEJIAHIOB IPober (g, TO JIyIUCTHIH I1e-
PEHOC MOXKHO OnuchiBaTh B Muddy3uoHHOM TpubmzkeHnn (i B
UpUOIIMKEHNH JIyYUCTON TEIIONPOBOIHOCTH ), MOCKOJIBbKY K03 du-
nueHT uddy3un KBa3UPaBHOBECHOTO U3JIyUEHUS B 9TOM CJIydae pa-
BeH clp/3. Ecim npeanosnokuTh, 9TO €JMHCTBEHHBIM MEXaHU3MOM
HETPO3PATHOCTHU SIBJISIETCS TOPMO3HOE TOTJIONEHNE, TO JJIS POCCe-
JIAHJIOBA TTpobera B MAKCBEJJIOBCKOM IJIa3Me MOXKHO ITOJIYIUTD CJIe-
JIyIOITee BhIparXKeHNne:

fe'e) o0
. -1 90B(v,T.) 9B (v, Te)
_ r)| BT, [ [OBET) ,,
gy = [ e m)] S0 d”/ [
0 0
_ 3V6m 1 T, \"? Ckr
- 3273 aagneniZf e?/ag a
2n7/2
ekeV
= 70.677 —2— 3.50
e 2o (350

T7e IBaXKIbl YCPETHEHHBIH rayHT-haKTOp §is OTPEIEIeTCs (hopMy-

JIONA ~
_ 3 R(x)
gy = .01
9u = Ckr / O/ 1= e gu(e,00) (351
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B KoTopoit x = hv /Ty,

15  zle®

() = @m (3.52)

BecoBas (PYHKIWS I yCpeaHeHus 1o Pocceranay, HOpMIPOBaHHAS
YCJIOBUEM fooo R(z)dx =1, a nocrosinnasi Cx g paBHa

o0

3
Crn = / ¥ R(x)dx = 196.519569 . . (3.53)

B npakruyeckoii gactu dopmyist (3.50) Ty pey — 9JEKTPOHHAS TEM-
nepatypa B k3B, pg /. — IUIOTHOCTH 171a3MBI B r/cm?.

Tabauma 3.2. 3nauenns aBaxkKabl ycpeJHEHHOro gaxropa layHTa Gmas
JIIS POCCeTaHI0Ba mpobera [ ff B MAKCBEJJIOBCKOI ITa3Me, MOy JeHHbIe
UMHTErPUPOBAHUEM AIIPOKCUMAIIMOHHON (hopmysibl Dibsepra (3.39) 1pu
Pa3/IMYIHBIX 3HAYEHUAX HOPMUPOBAHHON TEMIIEPATYPHI IJIEKTPOHOB O,

O, ]0.3162] 1.0 | 3.162 10 | 31.62 | 100 | 316.2 | 1000

genm| 1.1212]1.0150| 0.8305| 0.6464 | 0.5152| 0.4371| 0.3939| 0.3705

B obmeMm ciyuae hakTop gps 3aBHCUT OT HOPMUPOBAHHOI TeM-
nepaTypbl 3JeKTpoHOB O.. B Tabi. 3.2 npusejeHbl 3HAYEHUS )/,
BBIUNCJIEHHDIE TSI Psifia 3HadeHnit O, B MpubIMKeHnn DIbBEPTA.
B 60pHOBCKOM MPUOIMIKEHUN MHOKUTETD )y UMEET YHUBEPCATHLHOE
snavyenne ggy = 0.341978.... U3 tabn. 3.2 BUAHO, 9TO B ILIA3ME
n30TOOB BoJopoaa npu 1T, > 4.5 k3B morpentHocTs nCIOIb30BaAHUS
GOPHOBCKOIO NMPUOIMZKEHNs JJIT OEHKU g/ He npesbimaer 15 %.

Cpeauit rraHKOBCKU Tpober

o0

zpjf:/B(V,Te)dy///%ff(y,Te)B(y,Te) dv (3.54)
0

0
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UCIIOJIB3YETCs TOT A, KOrjia TpedyeTcs BbIsICHUTH TPUMEHUMOCTD OII-
TUYIECKU TOHKOTO TTPUOIUYKEHUS JIJIsT CKOPOCTHU JIYIUCTOTO OXJIAK e~
s wia3Mbl. Pu3nyuecKuii CMbICII IJIAHKOBCKOTO 11pobera MOKHO I10-
SICHUTDb CJEIYIONUM IpuMepoM. KEcium paccMoTpuM KOHEUHBIN In-
JIMHAPUYECKUH 00bEM OJHOPOIHON IJIa3MbI JIJIMHON Ax (aHanomq—
HBI 1300pazkEHHOMY Ha puc. 3.1) 1, BOCIIOJIB30BABIIUCH Y PABHEHUEM
repeHoca u3jaydenus: B npudsmkennu JITP, BoraucimM moTok Jjryyan-
croit smeprun dF [spr cm~2 ¢, BeIXOmAIIMIT U3 3TOro 06LEMA B
HAIIPABJICHUN Q) B 3/1eMeHT TesecHOro yria dﬁ, TO TIOJIYIUM BEJIN-
qUHY

T A
dF 95B-e x , A$<<lp7ff,
i ™ lpgs (3.55)
ds? T
O-S'%, Az > lPfo,

e osp = w2/(60h3¢?) — nocrosmmas Credama—Bomsmvana. [To-
cJle/lHee 03HAYAET, YTO JIyIUCTOe OXJIaXKIeHNe OTPAHUIEHHOIO 00bé-
Ma, TJIa3Mbl MOXKHO (DU3UUECKU KOPPEKTHO OIEHUBATH 110 ONTUYECKH
TOHKUM (hbOPMYJIaM JIJIsi TOPMO3HOTO M3JIy9€HHUs JIUIIb JI0 TeX II0p,
IIOKa IIOIePeYHbIe PA3MePEI 9TOr0 00bEMa He MPEBBIIIAIOT p, ff.

[Moxcrapisst (3.47) u (3.42) B (3.54), nosydaem cJie/yoniee Bbl-
pazkeHue JIJIsl CPeJIHEro MJIAHKOBCKOIO 1pobera Mo TOPMO3HOMY I10-
[JIOIIEHUIO B MAKCBEJIOBCKOIT IL1a3Me:

I T 67 1 T. /2 _
b.ff 160 aadneni Z2 {g)amr \ €2/ag a
7/2
2Te7ke\/

= 2.3355 oM, (3.56)

Pz/cc Z? <9>M

e (g)p —yKe BBEICHHBIN Bbimie (3.49) mBaxKiabl yCpeIHEHHBII
rayHT-paxTop JJIsl TOPMOZHLIX II0Tephb. OTMETHUM, YTO poccesIaHIoB
cpeaHuii mpober CyIecTBEeHHO IPEBLINAeT ILIAHKOBCKHI Ipober,

l 15
RIS Cxn— (91 _ 5 99 (910 (3.57)
lpty ™ gMm gm
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B GOpHOBCKOM TIpejiesie 3TO OTHOIIEHHE COCTABJSIET MOYTH JBa IMO-
psnka, lp r¢/lp s = 97.575.

3.6 MwuHnMaJIbHasi OIIEHKAa pOCCeJIaHI10Ba
nmpobera

B onucannom Huke npubINKeHUH OTJEIbHOM TEMIIEPATYPBI JIJIs
uzjtyderust ko3 dunment quddy3un n3/IyIeHUs OIPEIeISAeTCsT POC-
ceJlaHIOBBIM ITpoberoMm [ . VI3 paccMOTPEHHBIX MEXAHN3MOB B3AMMO-
JIEWCTBUS U3J/IyY€HUsI C BEIIECTBOM OCHOBHYIO TPY/IHOCTD IIPU BBIYHC-
JIEHUU R TIPeJICTaBJIsIeT yUeT IOIJIONEHHNsT Ha CBI3AHHBIX JIEKTPO-
HaX MHOTOKPATHBIX NOHOB CPEJIHUX U TS2KEJIbIX JIEMEHTOB, T.€. Pac-
qeT DyHKINN ];’be(lj, T.). Bo mHOTUX ciyuasix, Tunuaabix st UTC,
II0JIE3HON OKA3BIBAECTCS IPOCTAS U SJIETAHTHAST MUHUMAJIbHAS OIICHKA
215t [, OCHOBaHHAsI HA TEOPEME O CyMMe CUJI OCIIMJLJISITOPA (IIPABUIIO
cymm Tomaca—Paiixa—Kyna), KOTOpyIO JIETKO MOy YnTh, €CJIH TIpe-
HEOPEUh BCEMU OCTAJIbHBIMU MEXAHU3MAMU TIOTJIONIEHNsT (POTOHOB.

JIns1 CBABAHHO-CBA3AHHOTO TIEPEX0/la ¢ YPOBHA 7. HA YPOBEeHb 1/
(morviorieHye B y3KOM JIMHUN) CUJIA OCIUILISITOPA, fry/ ONPEIeIsieTCsT
COOTHOIIIEHUEM

+oo 9
e
/ Onny (V) dv = miec Jan's (3.58)
)

rie sHeprus nepexona hvy, = E, — E, MoXkKeT ObITb KaK MOJI0KN-
TeJIbHOI, TaK U OTPHUIATE/BbHON. OTPUIATEIFHON YaCTOTE TepPexo/ia
hVpy < 0 COOTBETCTBYET OTPHUIATEILHOE 3HAUEHHME CHJIBI OCIIUJLIIS-
Topa frn < 0. JIerko moHsITH, YTO IIEPEXOJbI C OTPULIATEIbLHBIMUI
CUJIAMY OCIUJIISITOPOB 3(PPEKTUBHO YIUTHIBAIOT BKJIAJ WHIIYIIHPO-
BaHHOI'O MCIyCKaHUsl (OTPHUIATEIHLHOE HOIJIONIEHNEe B YPABHEHUN T1e-
peHoca).

st cBSA3aHHO-CBOOOMHBIX [IEPEXOI0B C YPOBHS 1 B KOHTUHYYM C
BBOJIUTCSI AHAJIOTUIHOE OIpeeeHne auddepeHmaabHoil CuIbl oc-
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HAJLISATOPA

e dfne
mec dv -
[Tpasumo cymm Tomaca—Paiixe—Kyna, cripaBegiuBoe st Bceit co-
BOKYITHOCTH JIEKTPUYECKUX JINIIOJbHBIX IIEPEXOJIOB, IIACHT

ann / dfzcdy = Nbea (360)

Ve

(3.59)

One(V) =

rjie Npe — 9UCIIO CBSI3AHHBIX 9JIeKTPOHOB B atome (none). 13 (3.60)
BBITEKAET CJIE/YIOIIee COOTHOIIEHHE IS TOJTHOTO (UCIPABICHHOTO 38
WH/IyIMPOBAHHOE UCITyCKaHue) KO3 duImeHTa morIomeHns Ha CBsi-
3aHHBIX JIEKTPOHAX:

meC

s 2
/ be(V) dv = 25 g (3.61)
0

31€Ch Npe [CM_3] — YHCJIO CBSI3AHHBIX 3JIEKTPOHOB B NHUIE 00BEMA.
Poccenannos npober onpenaeaéH cOOTHOIIEHTEM

lR,be = /f;(x)da:, (362)
kbe(:n)
0
rje
hv 15 4 —z —x\—2
x:i, G(:):):mme (I—e"%)7, (3.63)

n npegnonaraercad T, = T,. Ina Besmaunsl [gpe MOXKHO copMy-
.HI/IpOBaT]) BapI/IaLLI/IOHHyIO Baﬂa‘—ly Ha MUHUMYM: HaIU/ITI/I MUWHUMAJIb-
HOe 3Ha4YeHUe [ p. NPHU IPOU3BOJIBHOM BHJE (DyHKIUHT l;:be(x) >0
(HEIPUMEHMMO K JIa3ePHBIM CPeJlaM C WHBEPCHON 3aCeJIEHHOCTHIO,
IJle B OTIAEJIbHBIX CIEKTPAJIBHBIX YIaCTKaX MOXKET ObIThH /Ncbe(y) < 0),
yaoBerBopsitorieil yesosuto (3.61). Herpynno Bbraucauth, 9to ab-
COJIIOTHBIIT MUHUMYM [ R pe JOCTUTAETCA IIPH
. -1
we’h n
kve(z) = koy/G(x) /\/G(l') de| , ko= = (3.64)

mec T,
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n coCTraBJjideT

1 (7 735
lR,be,mm - ]‘T@ /\/édflf = WC (3) -
0
A T
= 1.65x 1074 2k oy (3.65)
Z—-z Pg/cc

3aech Z u A— aToMHBIE HOMED M Macca MOHOB ILIA3MbI, a Z — UX
CpeJiHsisi cTereHb MOHu3aImu. [1oApoOHBINH BBIBOJ 3TOH MUHUMAJIb-
HOM OIIEHKM, a TakKKe IPUMEHEeHHe IpaBUjIa CyMM JIJIsl [IOJIyIeHUs
6oJ1ee peasibHOI OIEHKHN [ R pe MOYKHO HAHTH B OPUIMHAJILHOM 11y0Jm-
kanun B.C. Ummennuka n ap. [51]

B samammoii jmreparype aHaJOrMYHAS MUHUMAJbHAS OIEHKA
qist g pe U3BecTHa Kak npenen /laiicona (the Dyson limit). IIpax-
TUYecKas eHHOCTh 1ol onenku st UTC cBszana ¢ Tem, 910 B
IJ1a3Me TSZKEJIbIX 3JIEMEHTOB IPUCYTCTBYIOT MUJITMOHBI CIIEKTPAJIb-
HBIX JIMHUI, BKJIaJI KOTOPBIX OYeHb TPYJIHO YIeCTh. B II0THOM mias-
Me TaKuX 3JeMeHTOB (xapakrepHoil jyisi yeiosuii ITC) peasbhblie
3HAYEHUS POCCEJIAHIOBA Mpobera OKa3bIBAIOTCS JOBOJIBHO OJIM3KH
(B mpenenax daxTopa 2-5) K BBIYHCICHHOMY R pemin (IIOApOOHEE
cM. [51]).

3.7 TemnjonpoBO/HOCTh TEPMOsIEPHOI
IJIa3MBbI

OnvH W3 BaXKHEUINX MEXaHU3MOB IEPEHOCA SHEPIUU B CILIOII-
HOil cpejie ODYCJIOBJIEH HEOJHOPOJHOCTSIMUA B PACIIPEIEJIEHUN aTO-
MAapHBIX YaCTHIL 110 CKOPOCTIM MUKPOCKOIIMYECKOT'O JIBUKEHUS, T.€.
HEOJIHOPOIHOCTSIMU paclpejiesienus: Temieparypol. Eciin xapakrep-
HBIII TPOCTPAHCTBEHHBINH MACIITad TeMIEPATyPHBLIX HEOITHOPOIHO-
cTeil CYIIECTBEHHO MPEBBIIIAET JJINHY CBODOIHOIO IIPobera CoOTBET-
CTBYIOIIUX AaTOMAapPHBIX YaCTHUI[, TO TaKOi IEPEHOC HEPTHH MOIK-
HO OIMCHLIBATHL B PaMKaxX HPUOIMKEHUsT TeIIonpoBogHocTU. [Ipn-
OJIMPKEHNE TEeIIOIPOBOIHOCTA OCHOBAHO Ha mepBoM 3akoHe Duka
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(A. Fick), KoTOpBIit MIaCHT, YTO IVIOTHOCTD IIOTOKA TEILIOBOI IHEP-

run g [3pr cm 2 cfl] IIPOIOPIMOHAJIbHA I'PAJUEHTY TeMIIePATyPhI

VT. B mra3me mepBOCTENEHHYIO POJIb UTPAET MePEHOC SHEPTUN Tell-
JIOBBIMH 3JIEKTPOHAMU, JIJIsT KOTOPBHIX 3aKOH DuKa IMPUHUMAET BU/I

Ge = —ke Vg, (3.66)
e Ke > 0 — K03 PUIMEHT 3J1eKTPOHHON TEIIOIPOBOIHOCTH.

S S’

o~

PI/IC. 32 HepeHoc QHEPIruu TEeIJIOBBIMU dJIEKTPOHAMU B IIJIa3Me

KauecrBennyio ornenky ko3dduiimenTa 3JeKTPOHHON TEIIONpOo-
BOJIHOCTH B IIa3Me 6e3 CHJILHBIX MATHUTHBIX [TOJIel MOXKHO CJIeJIaTh
Ha OCHOBE CJIEJIYIONIUX IPOCTBIX COOOparKeHWUii, MpeHedperasi BCeMu
qucaenabiMu Koddduimentamu tuna 3/2, 47 u .. Pacemorpum
IUIOCKHH CJION ILIa3Mbl, B KOTOPOM 3JIEKTPOHHAsi Temieparypa T,
nsMendeTcd BJI0JIb OCHU T. BbIILeJH/IM B 9TOM CJIO€ JIBa IIOIIEPETHBIX
ceuenus S um S’ pazneNéHHBIX NMPOMEKYTKOM, IMUPUHA KOTOPOTO
paBHa cpemHeil AanHE CBOOOTHOTO Mpobera TEIIOBHIX JIEKTPOHOB
le (puc. 3.2). Ilycrb B cevennn S 06bEMHAsST KOHIIEHTPAIUS, CPEIHSIST
TeIIoBasi CKOPOCTh M TEMIIEPATYPa CBOOOIHBIX 3JIEKTPOHOB PABHBI,
COOTBETCTBEHHO, M, Ve U Tp; 9TH Ke BeJIMIUHbI B ceuennn S’ GyayT
COCTABIATE N, v, u T.. DJEeKTPOH, BblIeTEBNNi U3 cedeHus S 1o
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HAIPABJIECHNIO K cedennio S’, mepeHecér Tyma cBow sHepruio T, u,
HUCHIBITaB pacCesHue, MepeslacT ITY SHEPTHUI0 OKPYIKAIOIIEH IIa3Me.
AHa/IOrMYHO 3JIEKTPOH, BBLIETEBIIMI n3 cedenus S’ 110 Hampasie-
HUIO K cevdeHnto S, nepenecér Tyia suepruto 1, Ilpu srom cymmap-
Hasl IUIOTHOCTD MOTOKA TEIIOBOI SHeprum Meskty cedenusmu S u S’
OyJeT, OYEeBHUTHO, PABHA

qe = neveTe — nLvlTe. (3.67)

YucTpiit K03(pDUIMEHT TENJIONPOBOIHOCTA OIPEIE/IAeTC U3
CYMMAPHOI'O TIOTOKA TEIJIOBON SHEPIUU IIPU JOIOJTHUTEIHHOM YCJI0-
BUHU, YTO CyMMAapHas IJIOTHOCTb IOTOKa TEIJIOBLIX YaCTHI] PaBHA
HYJIIO, T.e. IIPU YCJIOBUU

NeVe = MLV (3.68)

YuaurbiBas 9T0 yCJIOBHE, MOKEM Ipeobpa3oBaTh cooTHomIeHue (3.67)

K BULY
0T

Ox
CpasruBas (3.69) ¢ sakonom Puka (3.66), mosydaeM CieayroILyo
00IIyI0 KadecTBEHHYI0 (OpMyJIy st Koddduimenra 371eKTPOHHOMN
(nmm J1r060# IPYTOit “MOJIEKYJIPHOIT”, T.e. 00YCJIOBIEHHON CTOIKHO-
BEHUSIMU HA MOJIEKYJISIPHOM yPOBHE) TEILIONPOBOJHOCTH

Ge = NeVe(Te — T2) ~ —nevele (3.69)

Ke = NeVele. (3.70)

Cpensio IJIMHY ¢BOOOIHOIO mpobera [, TEIJIOBBIX 3JEKTPOHOB
B ILIa3ME€ MOXKHO OIIEHHUTH, BOCIIOJIb30BAaBIIHCH 00IIei (opmy/1oit
(2.51) qyist KyJIOHOBCKOi TOpMO3HOI criocobroctu dE, /dx, rie E. ~
~ mev? =~ T, — KUHeTHYecKast SHEPI Ul PACCMATPUBACMOTO 3/IEKTPO-
Ha. qu/ITbIBaH JJId IIPOCTOTHI JIMIITh KyHOHOBCKOG paccedHue 3JjIeK-
TPOHOB Ha 3JIeKTPOoHaX, u3 (2.51) mosyuaem
N E.mev? N Te2

le ™~ € ~
N ein.L ein.L’

(3.71)
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rme L — coorBeTcTBYONMiI Kya0oHOBCKHI Jorapudm. Ilogcrapisis
(3.71) B (3.70) u yunreiBast, 910 ve ~ /T, /Me, TOIYIAEM CIIE/YIO-
IIyIO KAYECTBEHHYIO (T.€. ¢ TOYHOCTBIO JI0 IUCIEHHOTO KO dunen-
Ta) dopmyiry st KoadDuImeHTa 3JIeKTPOHHON TEIIONPOBOIHOCTH
He3aMarHn4YeHHON MaKCBEJIJIOBCKOU I1J1a3MBbl:

wI? T
AL T 1 Par

(3.72)

Ke ™

Crporuit KoJIn4ecTBEeHHBIH pacdéT Ko3dduimeHTa 3J1eKTpOHHON
TEIJIONPOBO/IHOCTH B IJIA3ME, COCTOSIIEH N3 MaKCBEJIJIOBCKUX DJIEK-
TPOHOB U BOJIOPOJIONIOIOOHBIX HOHOB € 3aPSI0M +€Z, ObLII BBITOJTHEH
JI. Cournepom u P. Xspmowm (L. Spitzer, R. Harm) |52, 53| u omy6iu-
koBaH B 1953 1. [Ipu 9T0M ObLIM yUTEHBI KAK JIEKTPOH-JIEKTPOHHBIE,
TaK W JIEKTPOH-UOHHBIE CTOJIKHOBeHUsi. CriuTiiep u X3pM IIpejicra-
BHJIM CBOU PE3YJILTATHI B BUJIE

9\ 3/2 Te5/2
() s o
m me “etZ L

r7ie MHOXKHUTENb €07 ObLI HaMJIEH YUCTIEHHO JIJIsi HEKOTOPBIX M30paH-
ubix 3Hadennii Z. C rex nop dopmysa (3.73) naspiBaercs: hbopmy.ioit
Cruriepa, Uil CHUTIEPOBCKOI TEIJIONPOBOIHOCTHIO.

AHajuTraeckasi 3aBUCUMOCTD (pakTopa €dr OT Z OblLIa BIEPBBIE
serauciena B.C. Ummennnkom B 1961 1. [54] merogom Yenmena—9u-
CKOTO B JBYXIOJTMHOMHUAJIBLHOM MPHUOIUKEHUN IO CKOPOCTSIM IJIEK-
TPOHOB, a 3aTeM, Hezapucumo, M. Jlamne (M. Lampe) B 1968 1. [55];
o3 1Hee 3TOT pe3ysbrar ObL1 epecuntan H.A. Bo6posoii u I1.B. Ca-
copoBbIM [56] ¢ ncnpasiieHneM He3HAYUTEIBHON OMMUOKY, BKpaBIIeli-
cd B okoHuaTespHyio opmyny Umiennuka. B nay4anoit inteparype
sIBHASI aHAJIMTHYIECKasi (DOPMyIIa Jijisk MHOYKUTeJIsI €07 ObliIa BIIEPBbIe
npuseJieHa B pabore [57]| B Buje

150 45z + 43322 1 Z L
= , 2= —— , (3.74)
256 9 + 151z + 21722 44/2 Lee

eor
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rae Le; 1 Lee — 3HaUeHMsT KYJTOHOBCKOIO JIOrapudMa JJIsl 3JIeKTPOH-
HOHHBIX U 3JIEKTPOH-3JIEKTPOHHBIX CTOJIKHOBEHMI COOTBETCTBEHHO.
Oriimuane MeXKJly 9UCAeHHBIMU pe3y/braramu paboTs [52] u dhopmy-
joit (3.74) me npesbrmaer 2.5 % uu upu xakux Z > 1. Ilonaras
J1st IPOCTOTHI Lej = Lee = L m 06bequnsist pe3ysibrarsl CrinTiepa—
Xspma u VIMimeHHHKa, TPUXOAUM K CJIELYIONIEMY aHAJIATHIECKOMY
BapuaHTy gopMmysbl CruTiiepa

433 5/2
o350 i r (3.75)
TR 1+ B2+ W2 Py

CTporoe BBIUHCJIEHHE KYJIOHOBCKOI'O Jiorapudma L BBIXOIUT 3a
paMKHU YIOMSIHYTBIX Bbiiie pabor [52, 54, 56| (rae L cuuranocsh us-
BECTHO! KOHCTAHTOMN) U HE MOYKET ObITh BBIIIOJHEHO aHAJIUTHIECKH.
Ha npakTuke 0OBI9HO UCIIOIB3YETCS Ta WK UHAS AIMPOKCUMAINOH-
nas dopmyia. s 31eKTPOH-NOHHBIX CTOJIKHOBEHUM MOXKHO IIPEI-
JIOXKUTH CJeAYIONIUH BapHmaHT Takoil ammpokcmMmaruu. VcxommMm m3

dopmyIIbI
v/wp

(262 /mev?)? + (n/2m,0)?] Y

KoTopas obbeaunsier dopmysisl Bopa—Kpamepca u Jlunaxapma—
Jlapkuna (cm. naparpad 2.8.1) mist KyJIOHOBCKOrO Jiorapudma, oru-
CBIBAIOIIEr0 B3aMMOIEHCTBIE OBICTPOIO MOHA, C 3aPAIOM +€Z U CKO-
POCTBIO ¥ C HEMOABHKHBIME 3JIEKTPOHAME I71a3MbI ([IOCTOSTHHYTO
1.123 B GopoBCKOM Tpejie/ie mojiaraeM pasHOil 1) 1o perenty, uc-
[OJTb30BAHHOMY B alllpOKCHManuoHHoit dhopmyste (2.97). Ecan re-
Iephb IepeiiTi B CUCTEMY TIOKOs MOHA, TO Ta 2Ke hopMyJia J1acT Ky-
JIOHOBCKUI JTorapudM JJIsi PACCeSHUS JIEKTPOHOB ILJIA3MBI, JTBUYKY-

L=1In

- (3.76)

IIUXCA CO CKOPOCTBIO U, HA HEIOJBUKHOM HOHE +eZ. fcHo, uTo mpu
MAaKCBEJIJIOBCKOM PaCIpe/ieIeHUN 3JIEKTPOHOB U HOHOB 110 CKOPOCTAM
OTHOCHTEJIbHAs CKOPOCTh ¥ B (opmysie (3.76) no/kHa ObITH 3aMe-
HeHa Ha BeJIMYMHY Hopsijika TeruioBoii ckopoctu (Te/ me)l/ 2 jérxux
3JIEKTPOHOB.
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Caenyst aprymenTtam, chopMylInpoBaHHBIM B paborax |52, 53,
57|, MBI 3aMeHUM aJabaTUIeCKUil MPUIEIbHBIT napaMerp v/wy, B
qucaunrese popmyist (3.76) ma nebaeBckuii paaimyc Ap (T.e. Ha paju-
yC CTATUIECKON SKPAHUPOBKHU B ILIA3MeE), & SHEPIUI0 %meUQ B 3HAMe-
HaTeje — Ha €€ cpellHee 3HAYEHNe %Te. JlebaeBckuii pajgnyc ciemyer
BBIUMCJIATE 10 00Imel dopmyiie

\-2 Arnee?  Amn;Z2e?

D — )
Te T;

KOTOpasl OIHICHIBAET KBAa3UCTATHIECKYIO SKPAHUPOBKY MMPOOHOTO 3a-

psla Kak 3JIEKTPOHAMH, TaK W MOHAMHU ILIA3MBbI; 37ech 1; U n; —
TeMmIeparypa u 00bEMHasI KOHIIeHTpaIust noHOB. [1o/102KuB 11151 TIpo-

(3.77)

crotel T; = T, W UCHOJIB30BaB YCJOBHE 3JIEKTPOHEHTPAIBHOCTH
Zn; = Ne, TPUXOIUM K AIIPOKCUMAIMH JIJIST KYJIOHOBCKOI'O JIOTA-
pudma

Ll =ty 9 T2/ (Z + 1)n.]

Tha T oM es 72 1 3(h?/meeNT,’

KOTOpasd BIIOJIHE aJleKBaTHa Jigd BBIYUCJICHU A KOS(bd)I/H_LI/IeHTa CIIUT-

[IEPOBCKOIi  TertonposogaocTn 1o dopmyrtam (3.73), (3.75). Ilox-

yepkHEM, uTo (opmysa (3.78) maér 3HaUeHHE KYJIOHOBCKOTO JIOTa-

pudMa JIUIb ¢ TOYHOCTHIO 0 MHOXKHUTEJS MOPSAJIKA €JIUHUIBI 110/

3HaKoM Jjiorapudma. Ecm xe okasbiBaercs, uro L < 1, To 310 03HA-

YaeT, YTO MbI BBIIIIN 33 PAMKH IIPUMEHIMOCTH TEOPETUIECKONH MO-
JIeJId, UCTIOJIb30BaHHOM 11pu BbiBOsie opmyi (3.73), (3.75).

(3.78)

Konumpoavhoe sonpocou

1. Touemy T 3zaxkuranume DT- u DD-tormmsa B ycmoBusx Ten-
JIOBOTO PaBHOBECHSI C U3JIyueHneM He 3P OEKTUBHO?

2. Yro mpoucxomuT ¢ 9acToTOil POTOHA V MIPU PACCESTHUM HA II0-
KOSIIIIEMCsT CBODOOTHOM 3JIEKTPOHE?

3. Kak 3BoJmonmoHMpyeT CHEKTp W3HAYAILHO MOHOXPOMATHYE-
CKOT'O M3JIYUeHHsI C JacTOTOIl I/ B NpOIlecce paccestHUsI Ha T'o-
pAYIuX CBOOOMHBIX JIEKTPOHAX C Temieparypoit T'7
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Kakas dyukius pacrpesenenust (GOTOHHOIO ra3a Mo 4acToTe
JIAET pABHOBECHOE (CTAIIMOHAPHOE) DelleHne ypaBHeHus Kom-
nmaHeina?

Kak u3 ypaBuenuss Komnaneiia oneHuTh XapakTepHOE BpeMsi
YCTAHOBJICHUSI TEILIOBOTO PABHOBECHUSI MEK, 1y (DOTOHAMU U CBO-
OOIHBIMU JIEKTPOHAMHE 32 CIET KOMITOHOBCKOT'O PACCESTHUST !

[Touemy B dpopmyse st 3pHEeKTUBHOrO CeveHusT TOPMO3HOTO
noryiotenusi GoToHa hy B ropsiveil m1a3Me MOsiBJISeTCs 3aBH-
CUMOCTB OT IJIOTHOCTH W TeMIIEpaTyphl mira3mbl! Kakosa 3Ta
3aBUCHMOCTD !

Kak 3aBucuT oT nmapamMerpoB ILIa3Mbl yIe/ibHas MOIITHOCTD 110~
TEPb YHEPTUN TOPMO3HBIM HM3JIYYEHHEM B ONTHUYECKH TOHKOM
npenene? B onrudecku TojicTom mpegesie?

YeM pocceslaiioB Cpeauuil Ipoder U3JIydeHus OTINIAeTCI OT
ILJIAHKOBCKOTO?

Kak courmepoBckuii ko3 PUITHEHT SJIEKTPOHHONU TEIIONpOo-
BOJHOCTH 3aBUCUT OT TEeMIEPATYPbl U IIOTHOCTH I1Ja3MbI?7
YeMm 00BbSICHSIETCSI €10 TEMIIEpATyPHAST 3aBUCUMOCTD !
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I's1aBa 4

OcHOBHbIE KpUTepun
1 PEXKNMBI TEPMOSIIEPHOTO
ropeHns

st ocymecTBienns yupasisiemoit 19 peakiinn HeoOX0IUMO BbI-
IIOJIHUTD PsJ YCJAOBUM, KOTOPBIM HOJI2KHBI yIOBJIETBOPATH (busmte-
ckue napamerpbl T4 mrazmbl. DTH yC/IOBUsS HAILIA OTPaXKEHUE B
HECKOJIbKUX obtenpunsaTeix kKpurepusix Y T'C. Pazinaarorcs Tpu ta-
KUX Kpurepusi: Kpurepuii Jloycona, Kpurepuit "HEpIHUAIHLHOTO YIEP-
JKaHUsl, U KPUTEPUil 3aKUTaHus.

Kpumeputi Jloycona, mOHUMaEMbIii B IMHPOKOM CMBICJIE, TIPEJI-
CTaBJIsieT cOOOM yCJIOBUE, KOTOPOMY OJIKHBI YJIOBJETBOPSTH IIapa-
MeTpol T4 mrazmer B T4 peakTope, aTo0bI OC/IeHIN MOT DYHKITH-
OHUPOBATH HA YCJOBHUSX “YHEPreTHIECKON CAMOOKYIAEMOCTH . DTOT
KpuTepuit oTHOCUTCs K T4 peakTopy ¢ JII0OBIM CIIOCOOOM Yy IeprKAHUS
wia3mel, T.e. npuMmennM Kak K U'TC, Tak u K cucreMam ¢ MarHUTHBIM
yAep2KaHUEM.

Kpumepuii unepyuasvrozo ydeporcarus siisiercss QyHIaMeH-
tajbabIM KpuTepuem UTC: or dakTrIeckn omnpee/isieT MUHIMAJb-
HO JIOIYCTUMBII pasmep (MM Maccy) TepMOsiIepHOrO TommBa. Fc-
JII IPOBOJUTH aHAJIOTHIO C TIEITHON peakIiiueil sepHOro JIeJIEHUs, TO
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MOXKHO CKa3aTh, UYTO KPUTEPHUIl MHEPIHUAJBHOTO V/EprKaHUsl OIpe-
nesisier “kpurndeckyio maccy” TS romnuea (Ha camom jese Kpu-
TUYIeCKOe 3HaYeHne B ODOWX CJIydasix MMeeT He Macca TOILINBA, a
napametrp (pr)).

Kpumepuii 3asicuzanus opeaessieT, B KAKOM 00bEMe U 10 KaKOH
TeMIlepaTypbl HeoOXoauMO HarpeTh 14 maasmy, 9ToObl B Heil Hada-
Jloch caMmonoiepxkuBalomieecs 19 ropenme. OH 3aBHCHT OT TOTO,
Kakasi UMeHHO MoJia (miu criocob) T4 3azkuranusi paccMaTpuBaeTCs.
PaznabiM Mozam 3axkuranust 6yayT, BOODIIE TOBOPsI, COOTBETCTBOBATH
pa3Hble KPUTEPUH 3a2KUTAHUA.

4.1 Kpurepwnii JIoycona

4.1.1 UWcxonuasi dpopma Kpurepus Jloycouna

Kpurepuii, chopmymuposannsrit k. 1. Jloyconom (J.D. Lawson)
B €r0 OpUTHHAJIBbHO} pabore [58], OTHOCHTCS K /1A IM3UPOBAHHOMY
T4 peakropy, paboratorieMmy B uMIitysibcHOM pexkume. Criocod yiep-
xkanus T4 mra3mbl He KOoHKpeTusupyercs. [Ipeamnonaraercs, ITo B
HagaJie KaxXKJI0r0 UMITY/IbCa HEKOTOPBIH 00bEM I1a3Mbl V' MIHOBEHHO
HarpeBaeTcs 110 pabodeil Temreparypbl 1, yIep:KUBAETCA IIPU ITOH
TeMIIepaType B TeUYeHHe HEKOTOPOI'O BPEMEHH f.on, & 3aTEM OBICTPO
OCTBIBAET. 3a BpEMs YJIEPIKAHUS leon B IJIA3ME MTPOUCXOIUT HEKO-
TOpOE KOJUYIECTBO PEAKINil CHHTe3a, B PE3yJIbTaTe KOTOPBIX BbIJie-
nsercs T sueprust Epys = WiysVicon, tiie Wy [9pr em 3 T —
CpeiHsis 110 00bEMY yie/IbHasg MOIMHOCTE 14 sneproseraesenus. Jlo-
YCOH TIPEIIOJIaraj, 9TO BCS 3Ta IHEPrusi TPAKTUIECKH MIHOBEHHO
YXOJHUT HA CTEHKHU PEAKTOPa, U B CAMON IJIa3Me HUYIETro HE OCTAeTCH.
Ipyrumu cjaoBamu, oH cauTast, 9To T4l nmmasma nmpospadna Jjis Beex
IPOJIYKTOB PEaKIuii CUHTE3A.

Hasee Jloycon mpwHsIT BO BHAMAaHNE, UTO B IIPOIECCE YIAEPKa-
HUsT TOpsidasi IJIa3Ma TepsieT SHEPIUi0 3a CUYET TEIJIOBOTO HM3JIyte-
HIA co cpefmeii ymenbroit MommaocThio Wy [apr em™2 ¢, n moa
noJiepkanusi pabodeir Temueparypbl 1’ 9TU MOTEPU JTOXKHBI OBITH
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KOMIIEHCUPOBAHBI COOTBETCTBYIOIIAM BHEITHUM HarpeBoM. [1pu sTom
OH TIPEJIIOIOKUII, YTO BCEMU JIDYTUMHU BO3MOYKHBIMUA MEXaHU3MaMU
OXJIayKJIeHNs! (KaK, HAIIPUMED, TEIJIOMPOBOIHOCTHIO) MOXKHO IPEHE-
6peub. B pesysibraTe mosinas Heprusd BHEIMTHUX UCTOYHUKOB, 3aTPa-
JeHHas Ha HaYaJbHBIN HAT'DEB NJIa3Mbl U €€ IO/iIep:KaHne Ipu pa-
Oodeil TeMIlepaType B T€YEHUE OJHOTO IUKJIA, COCTABIIAET

3 _
J —— 5(1 + Z)nT + Witeon| V, (4.1)

e n = Y. n; [em 3] — cymmapnas kommenTparmsa Beex monos TS
TomBa, a Z = Y. n;Z;/ . n; — CpejHnii aTOMHBII HOMep siJIep TOTI-
muBa; T4 mmazma mpemmonaraeTcs MOJTHOCTBIO MOHU30BAHHOM, Tak
YTO KOHIICHTPAIMsS CBOOOIHBIX 3JCKTPOHOB PAaBHA Ne = ZN.
[Tpeanonaras panee, 9To Beio sHepruio Kyrys + Feyy, BHIOPOIICH-

HYIO B Te€YeHHE OJHOIO IUKJa Ha cTeHKHu 19 peakropa, ymaércs yTu-
1
3
SHEPreTUIeCKnil Mopor paboTOCIIOCOOHOCTH HAIIEr0 PeaKTOpa MOXK-
HO 3allucaTb B IIPOCTOM BHUJE

JIN3UPOBATH ¢ HEKOTOPBIM KO3 PUITNEHTOM TPaHCHOPMAITIH 1) <2

n(Efus + Eext) > Eext- (4.2)

JlamHoe ycjoBue O3HAYAET, ITO IOC/IE MOJTHON YTUIU3AIUN SHEPIUN
TA nnma3zMpl U3 OJHOrO IUKJIA CO BPEMEHEM YJePKaHUS t.o, HAM
XBaTaeT SHEPrUU HA IOJJICPXKAHUE CJIEAYIOINIEr0 TAKOTO 2Ke IUKJIA.
[Ipu srom 7 ectb 3P deKTUBHOCTD MPeodPA30BAHUS UMEHHO B TOT
BUJ| SHEPIUU, KOTOPBIH y2Ke B YUCTOM BHJIE TIOCTyHaeT B mia3my 191
peakTopa.

Yaenbnast mompocTh T4 sneprosoiienenus Wy, 11 OunapHoit
peakIuu cuHTe3a /1 + Zo 3alUCHIBAETCS B BUJIE

qus = E12 a(l — a) n2<JU>12, (4.3)

rie E1o — 2Heprus, BbIICSIONIAsACT B OJIHON pPeaKIud CHHTE3a, o —
napruajbHasi KOHIIEHTpalus sijiep copra 1, omnpeiesi€HHAasT TaKUM
obpaszom, 9To ny = an, ny = (1—a)n; ckopocTb peakuu (0v)12 €CTh
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uzBectHas dbyHKIUs Temieparypbl 1. B ciiydae 0[HOKOMIIOHEHTHOIO
roruBa (kak, Harpumep, DD-romiuso) muoxkurens a1l —a) B (4.3)
CJIeJlyeT 3aMEHUTb Ha 5.

VienbHask MOITHOCTD JIyYHCTOrO OXJIasKjeHusi W, oleHuBaeTCst
B IIPEJIIIOJOXKEHUN, YTO OCHOBHOW BKJIAJ[ B JIyYHCTBIE TIOTEPH JAET
TOPMO3HOE U3JIydeHue, Jjis Koroporo T4 miasma moaHocTsio mpo-
spauna. Torya, Bocrosb3oBaBiuck Gopmy.noii (3.48), moaydaem

Wy =Wsp=Aps TP 0y niZ} = App Z(Z)n? T2, (4.4)

rie nocrosanas App = 5.36 x 10724 [spr em® ¢! xeB7V2], a
(Z?) =3 niZ?/ > n;. C nomompio Buipaskenmnit (4.1), (4.3) u (4.4)
kpurepuit (4.2) jerko npeobpasyercsi K BUILY

. S1+2)T
con = E12 (?7_1 — 1)_1 a(l — a) <O”U>12 — Aff Z(ZQ> Tl/Q.

nt (4.5)
Kpurepuit Jloycona (4.5) rmacur, aro s 3amycka 19 peakropa
HEOOXOAUMO 00eCIeInTh HEKOTOPOe MUHHUMAJIbHOE 3HAUYEeHHe IIPO-
U3BENEHUsT Nitcon, KOTOPOE 3aBUCUT OT cocTaBa 194 Tomnmsa m ero
TeMmirepaTypbl. Ha mepBblit B3I, 9TOT KPUTEPHUIl SIBJISETCS YUCTO
JIOKaJIbHBIM, 1 pa3Mep 1Y mmasmer B HEM He ydacTByeT. OIHAKO
HETPY/IHO HOHATH, 9TO XapPaKTEPHBI pasMep IJIa3Mbl MOXKET BOHTH
B KpuTepuii Jloycona HEeIBHO Yepe3 BpeMs yAEPKAHUS eop -
Kpurepuio Jloycona MOXKHO yI0BI€TBOPUTH JIUIIb B TOM HHTEP-
BaJie TEMIIEpaTyp, IJle 3HaMeHATe b B IpaBoil dactu (4.5) mosoxu-
teneH. [lociiemree, BooOIE TOBOpsi, BOSMOXKHO HE JIJII BCEX IIPEJI-
Jtaraembix BusioB T4 TommBa. 3Hast 0OMIMiT XapakTep 3aBUCUMOCTH
ckopocru T4 peakrmii (ov)12 oT Temmeparypsl T, JErKO YBUJETb,
9TO IpaBas 9acThb HepaBeHCTBa (4.5), paccMarpuBaeMasi Kak (pyHK-
sl OJTHON TOJIBKO TeMIepaTypbl 1, UMeeT MUHUMYM IPU HEKOTO-
pom 3nadennn T = Triy (puc. 4.1). Tlocnenuuii coorercrByer abco-
KOTOPBIA 3aBUCUT TOJILKO
st
KOHKPEeTHBIX BUIOB T4 TomamBa 00CyKIai0TCs B CJIEIYIONIEM ITapa-

rpade.

JIOTHOMY MHUHAMYMY Nteon = (Nleon)min

OT XUMHYECKOIO COCTaBa TOIINBA. SHAYCHUST Tinin U (Nleon) pmin
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1016

nt. (CM'?’C)
el el

1013 T L | T L !
1 10 100

Temneparypa T (k3B)

Puc. 4.1. Kpurepnit Jloycona ana DT- u DD-ronmsa

4.1.2 Kpwurepunii JIoycona ajs cTaljmoOHApPHOTO
TOpEeHUsl C MOJIHBIM IOTJIOIIEHNuEM
3apsKEeHHbBIX IMPOIYyKTOB

Korna /Tx. . JIoycon copmymupoBas cBoit Kpurepuii B 1957 1.,
OH UMeJI B BUY yIpaBisgeMblit T4 cuHTe3 ¢ MATHUTHBIM, & HE C MHEP-
nuajbHBIM yjep:kanueM. lIporpecc Ha mytu ocymecriaerus MTC,
JOCTUTHYTHIM 3a IIPOIIENIIe TOMbl, IPUBET K TOMY, UTO HEKOTO-
pble U3 Jomylnenuii, ceanubix Jloyconom, ycrapenu. Bpems yuep-
JKaHUs TJIa3Mbl B TOKaMaKaxX JIOCTUTJIO MHOTHUX COT€H U THICSY Ce-
KyHz [59, 60|, 4TO CyIIECTBEHHO NPEBBINIAET XapaKTePHOe BpPEMsi
II0TE€Ph SHEPTUH MEXAHM3MOM TeILJIOMPOBOIHOCTH, POJILIO KOTOPOi
Jloycon npenebper. Kpome Toro, B TUIIUYHBIX YCJIOBUSIX MATHUTHOTO
T4l peakropa 3apsizKeHHbIe TIPOJLYKThI peakiuii cuaresa (3.5-MIBHbIE
anbda-gacruipl st DT-peakiuu) yaepKUBAIOTCS MAIHUTHBIM TI0-
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JIEM W OCTABJISIIOT MPAKTUIECKH BCIO CBOIO sHepruio B T4 mrasme,
obecrieunBasi TeM caMbIM €€ caMoHarpeB. B cBere 5TuX M3MEHEHHI
1y1st coBpemeHHoro cocrostaust ¥ T'C 6oiee aeKBaTHON IpeacTaBIsi-
ercs cieayiomast (popMyJIMPOBKa Kpurepust JIoycoHa.

ITpenmonoxknum, aro TS peakTop paboTaer B cTallMOHAPHOM pe-
JKUMe IpH HEKOTOpoil TemmepaType Iiasmbl 1. B obmem ciydae,
9TO0BI KOMIIEHCHPOBATH OXJIAXKICHUE ILIA3Mbl, K PEAKTOPY MOXKET
HOJIBOJINTHCSI BHEIHUHA HarpeB €O cpejHeil (mo o6bEéMy I1a3Mbl)
YIETBHOM MOMHOCTBIO Wy [opr em™3 ¢ 7], Osmoit m3 ocHOBHBIX Xa-
PAKTEPUCTUK TAKOI'0 PEaKTOpa sIBJISIETCS KOI(PMUIMEHT YCUJICHMUSI,
OITpEJIeIEHHBIN KaK OTHOIIIEHUE

_ qus

Q We:ct

(4.6)
cpeaneii yaenpnoit momupocTu noiaroro T4 smeprosoigenenusa Wy
K yJIeJIbHOI MOIIHOCTH BHEITHero HarpeBa Weys. Bymymmuit peakTop
ITER posxken paborars npu @ > 10 [59]. Venosue 3axkuranus B
MTC ompegmensiercst Kak BO3MOYXKHOCTB CTAITHOHAPHOTO PEXKUMA, IPU
Wegt = 0, T.e. COOTBETCTBYET 3HAUYEHHIO () = 00.

Kak u panee, ynenbnasa momuoctb T4 sueprosoigenenust W,
U CKOPOCTb TIOTE€pPb Ha TOPMO3HOE uajiyderue W, ompeaessirorcst, co-
oTBeTCTBEHHO, BhIpaxkeHusmu (4.3) u (4.4). B monosmenne k srnm
JIBYM IIPOIECCAM YITEM POJIb BCEX JIPDYTUX BO3ZMOXKHBIX MEXaHU3MOB
oxyaxkaennsa T4 mmasmbr ancto HeHOMEHOJIOIHYEeCKH, B TaK Ha3bl-
BaE€MOM T-TIPUOJINZKEHU:

3(L+2Z)nT
SRm—

Wair = -

(4.7)
Kak mpaBuiio, 0CHOBHO#I BKJIaJ[ B 9TH JIOIOJHUTEbHbIE IOTEPHU 00Y-
CJIOBJIEH BBIHOCOM SHEPIMH HA CTEHKU peakTopa 3a cueT juddysun
YaCTHUII IJIA3MbI TIOTIEPEK MArHUTHOTO 11015, [IoCKOIbKY it CKOPO-
CTU TAKUX SHEPreTU4YeCKUX II0Tepb HE CyIIecTBYyeT Ha IEXKHOI yHU-
BepcaJbHOIl TEOPEeTUYECKOH OIIEHKH, OHU OIIUCHIBAIOTCS BBEJIEHUEM
TaK HA3BIBAEMOTO GPEMEHU IHEPLETNUMECK020 YICPHCAHUA: TR €CTh
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BpeMs, 3a KoTopoe T4 miaasma TepsieT Hepruio, paBHYIO BHYTPEH-
HEMY 3SHEPIrOCOIEPKAHUIO %(1 + 7 )nT, 3a cUéT BCEX MEXaHU3MOB
OXJIAZKIEHNST KPOME TOPMOBHOI'O U3JTyIE€HUS.

IIpenmnonaras maJjiee, 9TO BCSI SHEPIUsl 3aPs?KEHHBIX MTPOIYKTOB
T4 peakumii, cocraBisifomast 100 f. ot mojaHoro T4 sHeprowbie-
JIEHMS, TIOIVIOMAETCSI B IJIa3Me PeaKTopa, MOXKEM 3alliCaTh YCJIOBUE
baJtamca MOIHOCTH HaImero cramuonapuoro T4 peakropa B Bue

Wea}t + fc qus - Wff + Wdif- (48)

Hoacrapmsasa Wy = Wys/Q 1 uctionssys seipazkenns (4.3), (4.4) n
(4.7), MBI J1erKo 1IpeobpasyeM ycioBue cranuoHaprocTu (4.8) K Buiy

B S1+2)T
N FEis (Q_l + fc) Oé(l — a) <O’7)>12 — Aff Z<Z2> T1/2°

nTg (4.9)
KOTODBIN COBIIaJaeT ¢ UcxojHoil opmoit Kpurepust Jloycona (4.5),
€CJIu B HEM 3aMEHUTb MHOXKHUTEb (77_1 — 1)_1 na Q7+ f..

Ha puc. 4.1 uzobpaxkena 3asucumocts (4.9) npoussejenust nrg
OT TeMmIepaTypbl wiasMbl 1’ g Tpéx BujoB TH Tormmsa: st 9K-
BUMOJISIPHO#E cMecu jiefirepusi ¢ Tputuem (DT-rommmso), B KoTOpoii
nporekaeT oxHa peakius (1.26), st SKBUMOJISIDHOI cMecH JieiiTe-
pus ¢ remmem-3 (D3He-Tommmso), B KOTOPOIt IIpOTEKaeT OjiHa peak-
st (1.29), u gyt qucroro geiirepust (DD-Tormso), B KOTOpoM 1po-
TeKaloT Bce derbipe peakmuu (1.26)—(1.29). CoorsercrByIomnue 3Ha-
YeHUs] PA3JIMIHBIX IIaPAMEeTPOB, BXojsmux B dgopmyny (4.9), nepe-
qnciienbl B Tabur. 4.3. st DD-romusa cienano naubosiee 6aromnpu-
STHOE IIPEJIIOJIOMKEHNe, YTO HepBIuHble TpoayKTel T u 3He peaximit
D+D 1osiHOCTBIO CroparoT B MOCJIEIYIONIIX aKTax CJAUSHUS C si/ipa-
MU jeiirepust. AGCOTIOTHBI MUHIMYM [POU3BEIEHNS NTE, KOTOPIA
Heo0X0/IMMO 0OECIIEYUTD JIJIs PEaSIU3alnN CAMOIIO/JIEP2KMBAIOIIENCS
peakiuu pu ) = 00, cocTaBiaser (NTg)min = 1.6 X 10 em3 ¢ s
DT-tormBsa, (nTE)min = 6.5 x 101 em™3 ¢ qma D3He-ronmsa
(NTE)min = 8.7 X 10 em™3 ¢ s DD-roruusa. IIpu vHasmaum cro-
POHHETO HarpeBa, COOTBETCTBYIOIIEIO KOHEUHBIM 3HAYEHUSIM Iapa-
MeTpa ) < 00, IOPOTOBOE 3HAUCHUE NTE CHUKACTCS, KAK 9TO BUIHO
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IpY CPaBHEHUHU MITPUXOBBIX (@) = 2) 1 crutontHbixX (() = 00) KPUBBIX
Ha puc. 4.1.

Tabnuma 4.3. Ilapamerpbl kpurepus JIoycoHa /st HYeTHLIPEX BHJIOB
TEPMOSIJICPHOTO TOTLITUBA

TormmuBo Di-a)Ta |D(1—a)*Hea | DD H(1_0)Ba
1 1
= - 0 0.0821
“ 2 2
FE15 [MaB] 17.59 18.35 43.24 8.68
f. 0.20 1.0 0.618 1.0
Z 1 1.5 1 1.3284
(Z?) 1 2.5 1 2.9704
Tnin [<3B] 26 105 160 —~
(NTE) iy [eM™3 ¢]| 1.6 x 10*| 6.5 x 1014 | 8.7 x 10! -

3/ech cilellyeT OTMETUTH, YTO IPU BBIBOJEe Kpurepust JloycoHa
HESIBHO [IPEJII0JIArajioCh [OJIHOE OTCYTCTBHE B TOILIMBE “s/IePHON 30~
Jel’ B Bujie reusi-4 u Bogopo/ia (1oJiarasi, 9To STU MPOLYKThI J0CTa~
TOYHO GLICTPO BBIBOJSATCS M3 30HBI PEAKINH), & TAKKE BO3MOKHBIX
npumeceil Apyrux 6osiee TSAXKEJBIX JEMEHTOB. [UlaBHAsi ONACHOCTH
TAKUX [PUMeCell COCTOUT B BO3MOXKHOM DE3KOM YCHJICHHH [OTEPh
SHEPIUK HA TOPMO3HOE M3JlydeHre Oaroiaps HAJIUIUIO IIPOU3BeIe-
mus Z(Z?) B npasoit wactu (4.4). Tak IpHCyTCTBHE IPEMECH JKeje3a
B KosmmdecTse 1 % 110 9mcily aTOMOB MOBBIIIAET [OPOrOBOE 3HAYECHUE
nTg B DT-rommee B 1.5 pasa, a 8 DD-Toniuse — B 2.5 pasa.

[To aHAJOrMYHON NPHUYMHE DPE3KO 3aTPY/HEHO OCYIIeCTBJICHHE
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ynpasisiemoit T¢ peaxrum (1.43) B HB-rommBe, Tak kKak mpucyt-
cTBHE Oopa ¢ Z = 5 BeJET K CUJIbHOMY BO3PAaCTAaHUIO IIOTEPh HA TOP-
Mo3mHoe m3ydenne. OnTuMaibHoe cooTHoteHue sijep B u H, mpu ko-
TOPOM OTHOIIIEHHE TOPMO3HBIX 1OTeph K T4 9HeprosblIesIeHNIO MU-
HUMasTbHO, coctapser 1 : 5v/5 (a = 0.0821). Ho jaske mpu 9T0M o1I-
TUMAJIBLHOM COOTHOMIeHn: Kpurepuii Jloycona (4.9) He MoxkeT ObITH
BBIIIOJTHEH HU IIPU KAKOW TEMIIEPATYPE TOILINBA, €CJIM HPUHATH 3HA-
yenne () = oo. 3amerum, uro npu I’ > 100 k3B ucnosb3oBanHas
Bbite Qopmyra (3.48) yxe cymecrsenHo (Ha > 25 %) saHmKaer
CKOPOCTH TOPMO3HBIX HOTEPDL, ITOCKOJBbKY OHA HE YUUTHIBAET PeJs-
TUBHCTCKUH XapakKTep JIBUKEHUs 3JEKTPOHOB IuiasMbl [61]. B ka-
YeCTBE BO3MOXKHBIX IIyTell JOCTHUXKEHUS IOJIO2KUTEIBHOIO Dajianca
MOXKHO, HalIpUMep, yKa3aTh BO3MOXKHOCTb peasm3ariun HB-nimasMbr
C CIJIBHO OTJINYAIONIAMICS TEMIIEPATyPaMH 3JIeKTPOHOB U MOHOB U
HCIIOJIb30BaHNE CTOPOHHET'O HAI'DEBA, COOTBETCTBYIONIETO HE CJIMII-
KOM BBICOKUM 3HAUEHUSM TapaMerpa ().

4.1.3 Temneparypa 3a>kKuUraHus

YcjioBre TOJIOXKUATETBHOCTH TeryioBoro Oajanca B T4 mrasme
IIPUBOJIUT HAC K IIOHATHUIO TEeMIIEPaTyphbl 3aKUTaHUsd CTaIlMOHAPHON
(nmm kBasucranuonapuoit) T4 peakruu. B npocreitimux npemmosio-
JKEHUSIX, UCIIOJIb30BAHHBIX IIPU BBIBOJE Kpurepusi JloycoHna, Temie-
paTypa s3axkuranua 1’ = T, ¢r He 3aBUCUT OT IIOTHOCTH U Pa3MepPOB
IIA3MbI U OIIPEIEISIeTCs YCIOBUEM OaJianca

Er fea(l —a) (ov)iy = App Z(Z%) TY/? (4.10)

MeK/ly y/eJbHBIME MolHoCTAME 191 Harpesa u Jiydncroro oxJa-
JKJIEHUS TOPMO3HBIM H3JIydeHrueM. HalmoMHUM, 9TO MPU 3TOM IPEi-
noJsiaraercsi, 9To: 1) BCsl 9HEPIusl 3apsKeHHBIX [POJIYKTOB PeakIuii
CHHTE3a IMOIJIONIAEeTCs B IIa3Me, U 2) eJIMHCTBEHHBIM MEXaHU3MOM
OXJIAK/ICHUS SIBJISIETCST TOPMO3HOE U3JydueHue, mjsg Koroporo T4
IJ1a3Ma MOJHOCThIO npospadna. [Ipm T' < T4 r¢ HarpeB IIa3Mbl
3apsKEHHBIMU HPOJAYKTaMU sIIEPHBIX peakiuilt He MOXKEeT KOMIIEH-
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CcUpoBaTh OOBEMHBIE MOTEPW HA TOPMO3HOE W3JIydeHwe, u 0e3 J0-
[IOJIHATEJILHONO HArpeBa TeMIIepaTypa ILIa3Mbl OYIAET IalaTh. 3a-
BHCUMOCTB OT IUIOTHOCTH IUIa3Mbl B ollpejesenun Tjg f BbIIaJaeT
Ostaroyiapsi TOMy, YTO 00e yresbHble MOITHOCTH, KaK T4 Harpesa,
TaK ¥ TOPMO3HBIX [TOTEPb, MPOITOPIINOHAIBLHBI KBAIPATY ILIOTHOCTH.
3Hauenus TemiepaTypbl 3axkuranus T, r ¢, BLIYUCICHHDIE [ TPEX
Hanbosiee mHTEpecHBIX BUA0B 19 TommmBa, nmpuBeneHb! B Tab1. 4.4.

Tabsuria 4.4. Temneparypa 3axKuranus, oupeieigemas yciaosueM (4.10),
JUISL TPEX BUJIOB TEPMOSIIEPHOTO TOILIABA

Tormmmso DT | DD | D?He

Tigff [oB] | 4.5 | 11.7 | 31.8

4.2 Kpurepuii uHepIaAJIbHOTO yAepKaHUS

B umneprimanmbaom YTC pasropesmieecs T4 TommmBo Hudem He
yIIepKUBaETCs, U OCHOBHast noJisi T4l peaxknmit mporekaer Ha (oHe
OBICTPOrO THAPOIUHAMUYIECKOTO pas/éra miaasdMmbl: 14 roperne HO-
CHUT XapakTep BCHBINIKHA (MM MUKPOB3pbIBa). BaKHoil xapakrepu-
CcTUKON 9(PHEKTUBHOCTH OIHON TAKOW BCHBIIIKU SIBJISIETCS OTHOCHU-
TesibHas doaa eveoparus T4 ronnmuea 0 < f, < 1. CpaBHureinb-
HO BBICOKMMH U TNPAKTUIECKU UHTEPECHBIMHU CUUTAIOTCS 3HAYCHUS
fv 2 0.3. HeobxommMocTh TOCTHIKEHUS TOCTATOYHO BBICOKOW JOJIH
BBITOpaHUsi f; MPUBOJINAT HAC K KPUTEPUIO MHEPIMAJIBHOIO yJeprKa-
HUsl, KOTOPBIl HAKJIA/ILIBAET YHUBEPCAJIbHOE OIPAaHUYIEHUE CHU3Y Ha
sHavueHue napamempa yoepocarua {(pr) T Tormmpa Ha MOMEHT ero
BOBIOPAHUS.
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4.2.1 IIpocrasa oieHKa

HomycruMm, ato B HEKOoTOpoM 00béme V T4 rtommmsa ¢ xapak-
TEPHOI IJIOTHOCTBIO ) U XAPAKTEPHBIM IOIEPEYHBIM pa3mMepoM R
pazBuBaerca T4 Bempimika, B mporecce KOTOPOil OCHOBHAS JIOJISI Pe-
aKIMil CHHTE3a MIPOTEKaeT MPHU XapakKTepHoil Temueparype 1. Ecan
T4 mrazma HUYeM He yIAECPKUBAETCsI, TO BPeMsl €€ CYIeCTBOBAHUS
OIIPEJIEJISIeTCS XapaKTEPHBIM BpEeMeHeM CBOOOIHOIO THMIPOINHAMIU-
YEeCKOT'O pas3Jjera

Leon z, (4.11)
rjie ¢s = ¢s(T) — CKOpOCTb PacipocTpaHeHusl 3ByKa.

B obmiem cirygae mpon3BoIbHOI CMECH pearupyomX KOMIOHEHT
TOILINBa, B KOTOPON MOXKET pPeajim30BbIBATBHCS JIOBOJBHO Pa3BETB-
JIEHHAs IEMOYKa PEeAKIUil CHHTe3a, TPYAHO IPEJJIOKUTH IIPOCTOE
U yHUBEpPCAJbHOE OIpeJe/leHre JI0JM Bbiropanusi. PaccMorpum 1Ba
IIPOCTENIIIX YACTHBIX C/Iydas: SKBUMOJAPHYIO CMECh IBYXKOMIIO-
HEHTHOT'O TOILINBA, TJie CYIIECTBEeHHA JINIIh OHA Peakinud 41 + Lo,
U OJHOKOMIIOHEHTHOE TOILJIMBO C OJHON CYIIECTBEHHON peakiueit
Z1 + Z;. IlotHOE UMCIO peakInii CUHTEe3a, IPOU3OIIEIIIINX BO BCel
Macce TOIJINBA, COCTABUT COOTBETCTBEHHO BEJIUYMHY MOPSIIKA

1
- Vn2<0'7)>12 teon, Z1 + Z27

Ny = 411 (4.12)
ivn2<av>11tcon7 Zl+Z17

e n = p/m; [em™3] — cyMMapHOe YHCIo A1ep BCeX KOMIIOHEHT TOTI-
JuBa B equHuIEe o0béMa, m; = Y, nym;/ Y, N — CPeJiHsd Macca
Aj1ep ToImBa, n; [cM 3| u m; — COOTBETCTBEHHO OOLEMHAS KOHIICH-
Tpalnus U Macca ajep copra i. IIoJHOMY BBITOPAHMIO TOILIABA Oy-
JIeT, 0YEBUIHO, COOTBETCTBOBATH II0JIHOE BO3MOXKHOE YUCJIO PeaKIyil
CHHTE3a, KOTOPOe B 000X Cilydasx cOCTaBUT N fys tor = %Vn. Homnst
BBIFOPAHMS €CTECTBEHHBIM 00pPa30M OLpPEeAeIAeTcs KAK OTHOIICHNE

o= Npus PR

_ ~ P2 413
Nfus,tot Hb ( )
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riie it napamempa evieopanus Hy = Hy(T') u3 coornormenwmii (4.11)
u (4.12) nosyuaercst BbIpazKeHHe

2*.
il g 4 7,

Hy ~ <‘f”>12 (4.14)
%’ 71+ 7.

<UU>11

Dopmyia (4.13) o3navaer, 9TO JJIs JOCTUIKEHHUS OIILY TUMOI 1011
BRITOpaHusi f ~ 1 B HEKOTOPOI Macce TOIINBa HEOOXOIMMO 0bOec-
[IEYUTH JTOCTATOTHO BBICOKOE 3HAYEHHUE MTapamMerpa yiaepKanus pR,
npubJIMzKaoeecs o BeJumdynuHe K 3Hadennio Hy. B sToM u cocrour
CyTh KpUTepHUs MHEpIraabHOro yaepxkanus. [lapamerp Hp 3aBucut
JIMIIIb OT TEMIEPATYPbI IIa3Mbl 1 M UMeeT MUHUMYM IIPH HEKOTO-
POM €€ 3HAYEHUH, KOTOPOE MOXKET PACCMATPUBATLCH KaK OINTUMAJIb-
Has TeMIeparypa ropeaust. OTMeTHM, YTO, B OTJINYNE OT KPUTEPHSI
Jloycona, 118 BBIBOJA KPUTEPHUS UHEPITUATLHOTO VIEPYKAHUST Mbl HE
JesIaJii HUKaKUX IIPEeIII0IOKEHN HI O CTeIeH! ITOTJIOIIEHUsT SHEp-
run OBICTPBIX MPOJYKTOB PEAKINil CHHTE3a, HI O MEXQHU3MaX OXJIa-
Kiaenust T4 mmaa3mbl.

4.2.2 JlokasibHas O0Jisi BBITOPAHUS

[Tosyuennast Boiie oneHka fj, ~ pR/Hjp HyK/1aeTcsi B yTOUHEHUN
yKe XoTst Obl oToMmy, uto npu pR > Hp ona jnaér abcyp/Hble 3Ha-
yenns fp > 1. HToObl n30aBUTHCSI OT 9TOr0 HEJAOCTaTKa, HEOOXO0IUMO
YUEeCTb, YTO B IIPOIECCE BHITOPAHUS TOIINBA /AT OTHOCUTEIbHAS
KOHIIEHTPAIINS TJIABHBIX PEATeHTOB.

JuHaMuKy BbIrOpaHUsi TOILIMBA Ha (bOHE THIPOTMHAMUIECKO-
ro pasJiéra IPOIIE BCEro YUeCTb, PACCMOTPEB CPABHUTEILHO MAJIbIi
“arpankes” 06béM TotumBa V= V(t), BHeIHsIsI IPAHUIA KOTOPO-
ro Kak Obl IIpUKpeIieHa K (PUKCUPOBAHHBIM YaCTUIAM TOILIHBa. B
IIPOIIeCCe IBUKEHUS IJIA3MBI 3TOT 00bEM OymeT medopMupoBaThCs
U U3MEHSThC 10 BesinanHe. Kceiu Obl He OBbLIO s/IEPHBIX PEAKIIHIA,
TO TIOJTHOE YHCJIO0 SIIIEpP KaxKI0TO copTa B 00beéMe V' coXpaHsIoch OBI.

138



115 TpOCTOTHI IPEJIIIONIOKUM, ITO Ha (POHE TPOTEKAIONIINX PEAKITUI
B 9TOM 00bEME coXpaHsieTcs ToJIHas Macca BemtectBa pV . Ipyrumu
CJIOBAMU, yUITEM IIPEBPAIEHNE si/IEPHOTO TOILUIUBA B sJIEPHYIO ‘30-
Jiy”, HO OyJieM TIpeHeOperaTb BO3MOXKHBIM BBIHOCOM MACCHI OBICTDBI-
MM IIPOAYKTAMHU PEAKII U3 paccMaTpuBaeMoro oobéma V.

PaccmoTpuMm cHagasia ciaydail SKBUMOJISIDHOM CMECH JIBYXKOMIIO-
HEHTHOTO TOILINBA. ITOOBI y9IeCTb IIPOIECC BBITOPAHUsI, BBEIEM OT-
HOCHTEJIbHYIO KOHIIEHTPAIIUIO HEIIPOPearupoBasinero rommea X =
= X (t) <1, onpe/IeJiéHHYIO COOTHOIIIEHIEM

nq (t) = ng(t) = @ X(t) (4.15)
2mi

Ha nmavasibHoM srane (npu ¢ — —00), [IOKa HE HAYAJUCH siJIEPHBIE
peakin, X = X (—oo) = 1. Jlasee, mo Mepe mpeBpaIieHns TOIINBA
B “3051y”, 3Ha4uenue X Oyjer ymenbinaTbcs. [losHOMY BBITOpaHHIO CO-
OTBETCTBYET, 04eBUIHO, 3HaUYeHne X = (). Ecan ropermne oTCyTCTBY-
eT, T0 00bEMHBIE KOHIEHTPAIIUU KOMIIOHEHTOB 1;(t) M3MEHSIOTCS B
[IPOTIECCe JIBUKEHMsT TIPOITOPIMOHAIBHO TIOTHOCTH BerecTBa p(t), a
3HadeHne X OCTaETCs MOCTOSTHHBIM.

Jlerko mosryanTh auddepeHnuaibHoe ypaBHEHUE, OMIChIBAIOIIEe
u3menenune X Bo Bpemenu. [lelicTBuTe/IbHO, 3a MaJioe BpeMs dt 1MOJI-
HOE YHUCJIO Sep KaXKJIOro U3 JIByX KOMIIOHEHTOB TOILINBA B 00DHEME
V' yMeHbImmaeTcst Ha 9HCJIO TPOUBOIIEIITNX B 3TOM 00bEME peakIuit
ciustius 21 + 2o,

d (77,1V) =d (HQV) = —ning <O”U>12 V dt. (4.16)

[oncrasiss (4.15) B (4.16) u yuursiBas, aro d (pV') /dt = 0, mosy-
qaeM

dX p

— = —-X* L (ov)1a. 4.17

o 2mi< )12 (4.17)
Ypasuenne (4.16) serko perraercss B KBajaparypax. [losHast moms
BBITOPAHUS B PaCcCMATPUBAEMOM JIATPAH?KEBOM 3JIEMEHTE TOILINBA

ompeiesisiercs 3Hadennem X (t) npu t — +oo:

I'i2

—1-X(o0)= —22
To (c0) 14+ T2

(4.18)
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rjie
+oo
1
Iog=— ov)1a dt. 4.19
=g p(ov)12 (4.19)
—0oQ
Dopmyna (4.18), B omune ot onenkn (4.13), uMeer BroHE KO-
PEKTHYIO CTPYKTYPY: IIPH JTIOObIX BO3MOXKHBIX 3HadeHHAX 0 < [My <
< 00 1107151 BbIrOpanus fi ocraéres B npeaenrax 0 < f < 1.
B OJJHOKOMIIOHEHTHOM TOIIJIMBE OTHOCUTEJ/IbHaAd KOHIICHTPaITUA X

OoIIpeaessdeTCda COOTHOIIIEHeM

t
) = 29 xp (4.20)
U IMIOAINHACTCA YPaBHEHNIO

dX p
— = -X*"Z{ov)11. 4.21
o mi< )1 (4.21)
Houst Boiropanust f, Jaercst TeM ke BoipaxkenueM (4.18), B KoTopom
I'y2 cienyer 3aMeHUTH Ha

+0o0
1
'y =— dt. 4.22
n=_ /P<0'U>11 (4.22)

4.2.3 Jlonas BpIropaHus IIPU N30TEPMUYECKOM Pa3JiéTe
cepudeckKoii Macchl TOILJIMBA

YT00BI BBIYHCINTE MHTErpas B mpasoii wactu (4.19) u (4.22),
HEOOXOIMMO PENIUTh yPABHEHUs! TMAPOJMHAMUKN U HANTH 3aBUCH-
MOCTb IJIOTHOCTH p U TeMIEpaTypbl T OT BpEMEHH B KaxKJ0M JIarDaH-
JKEBOM 3JIeMEHTE Pa3JIeTaIoIerocs TolmBa. B obieM cirydae 91a 3a-
Jlada PEIaeTcst YUCIeHHO. MBI 2Ke BOCHOJIb3yeMCsl I3BECTHBIM aBTO-
MO/IETIBHBIM PEIIeHUEM JIsl K30TEPMUYUECKOro pasiiéra cepuaeckoi
Macchl rada 1], KoTopoe 103BoJISIeT MOy YUTh JOCTATOYHO aJIeKBAT-
HYIO aHAJUTHYECKYIO OICHKY JOJIM BbiropaHus fp. BeiGop MMeHHO
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9TOr0 aBTOMO/IEJIBHOTO PellieHust 00yCa0BIeH crenuduKoil paccMar-
puBaeMoil 3aja4m: HAC MHTEPECYET JUHAMUKA pasiiéra B dasze pas-
BUTOTO TOPEHHUS, KOIJIa TeMIIepaTypa TOILIMBA B IIPOIECCe PA3BUTHS
T4l BCHBIIIKU BBIXOJAUT Ha MaKCUMaJIbHBbIE 3HAYEHUSI W B TEUCHUE
HEKOTOPOI'O MPOMEXKYTKA CJIaD0 3aBHCUT OT BPEMEHU. A IOCKOJIb-
Ky ckopocTb T4 peakiuii CUIBHO 3aBUCUT OT TEMIEPATYPbI, MOXKHO
0XKUJIATH, 9TO UMEHHO B 9TOH (ra3e MPOUCXOIUT OCHOBHOE BBITOPAHUE
TOILIUBA.

Hunamuka pasnéra cdepudeckoit maccel raza (T4 miasmbr) B
[IPOCTENIIEeM CJIy4ae OIMUCHIBAETCS JBYMsI YPABHEHUSIMU UIeaIbHOM
OJTHOMEPHOU TUJIPOJIMHAMUKHI

op 10 2
o gy () =0 2
ou Ou 10p
o Yo e Y (4.24)

rie p(t,r), u(t,r) u p(t,r) — COOTBETCTBEHHO IIJIOTHOCTH, CKOPOCTD U
JlaBJIEHNE Pa3JIeTAONIErocs rasa. IIpenmooKue, 4To TeMieparypa
I1a3Mbl 1’ IIOCTOSIHHA, B IIPOCTPAHCTBE M BO BPEMEHU, MbI N36aBJIsSeM
cebst 0T HeOOXOAUMOCTH peIaTh ypaBHeHue sHepruun. /lapaenne p B
9TOM CJIydae IPOCTEHInM 0O6pa30M BLIPaXKaeTcs Yepe3 ILIOTHOCTh

pP;
p="p, (4.25)
Po
TIe po U pg — 3HadeHus B 1eHTpe cdepol B MomenT ¢t = 0. Bymem pac-
CMATpUBaTh MOMEHTHI BpeMeHu ¢t > 0, rojiarasi Jijisi IPOCTOTHI, 9TO
npu t = 0 TemuepaTypa ObICTPO BBIXOJIUT HA ITOCTOSHHOE 3HAYUCHUE
T, ¥ 9T0O UMEHHO B 9TOT MOMEHT HAYUHAETCS MIPOIECC UHTEHCUBHOTO
ropeHusi U pas3jiéra; HavajbHasi CKOpocTh passéra u(0,7) = 0.
ABTOMOTIETHEHOE pEIIeHne CTPOUTCS TEPEXOTOM OT TTePEMEHHBIX

t,r K IepeMeHHbIM t, &, T/1e

E=—— (4.26)
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a R(t) —xapakTepHbIil pa3Mep pasJieTaromeiicss mIa3Mbl, KOTOPbIii
SABJISIETCsI HeU3BeCTHON (byHKIMel Bpemenu. Benuuunabl R u ¢ Takxke
yI00HO 00€3pa3MepPUTh ¢ IOMOIIBIO COOTHOIIEHUH

t Po cst
R(t) = RyR(1), = —,/—=—. 4.27
0= RRw), 7= P

Baech ¢ = +/po/po— M30TEpPMUYUECKasT CKOPOCTh 3BYKa, KOTODAs,
Kak u remieparypa 1, HOCTOsiHHA B IIPOCTPAHCTBE U BpemeHu. B
9THUX [IePEMEeHHbBIX HCKOMOe pellienne ypasuenuii (4.23), (4.24) umeer
BHJ

r dR dR

u(t,r) = T Csfde ) (4.28)
Po

p(t,r) = R3 exp(—fQ), (4.29)

npu yejaosun, 9ro dyuknus R(7) ymosaerBopsieT quddepeHnuaib-
HOMY YPABHEHUIO

IR _oymR (4.30)
dr

¢ HadaabHbIM ycsoBueM R(0) = 1. Pemenne (4.28)(4.30) npumas-
JIEXKAT K IIUPOKOMY KJIAcCy aBTOMOJIEIbHBIX PEIIeHuil ¢ JIMHeiHoM
3aBUCHMOCTBIO CKOPOCTH u OT pajuyca r [62, ria. IV, § 15]. B sTom
KJIacce aBTOMOJIe/IbHasl IepeMeHtasi £ siBIsSleTCs JIarpaHKeBoii, T.e.
GUKCHPOBAHHOMY 3HAYEHUIO & COOTBETCTBYET (PUKCUPOBAHHAS Ha-
CTHIIA ra3a.

IToCKOIBKY B paccMaTpUBAEMOM THIPOIMHAMUYECKOM PEIIeHNN
[JIOTHOCTb UMEET OIPeJIeIEHHBIH (rayCcCOBCKUiT) MPOMMIIb IO PAJIIy-
Cy, HEOOXO/IMMO B MIEPBYIO OU€PE/Ib BLIUUC/UTEL 3HAYEHNE apaMeTpa

yAepKaHnd
o0

(pr)y = /pdr (4.31)
0

B MoMeHT ¢t = 0, OT KOTOPOro, Kak Mbl CUATAEM, HAYMHAETCS IIPO-
necc roperns u pazséra. [logcrasmss (4.29) ¢ R(0) = 1 B (4.31),
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11oJIy4aeM
o

<p7”>0 = p0R0/€£2 d€ = \é%poRo. (4.32)
0

Dopmysner (4.18), (4.19) M03BOJAIOT BLIMUCIATH JOJIO BLINOPa-
Hus fpe B (UKCHPOBAHHOM JIAIDAHKEBOM 3JIEMEHTE TOIUIMBA, T.e.
npu PpUKCUPOBAHHOM 3HadYeHuU rnepemeHuoit £. Tak Kak Temmepa-
Typa MOCTOsIHHA, TO CKOPOCTBH peakiuu (ov)iz |wim (ov)i1| BBIHO-
curest U3-10J1 3HaKa uHTerpada B (4.19) [umm B (4.22)], u pemenne
yPABHEHHH I'HIPOIUHAMUKI HAM TPEOYeTCsI JIUIID JJIsi BBITHCIEHNS
unrerpana [* p(ov)igdt = (ov)12 [;° pdt. Unrerpuposamie Bbi-
nosstercst oT ¢ = 0, IOCKOJIBKY, KaK y2Ke IIOJI9€PKUBAIOCH, IMEHHO
B 9TOT MOMEHT TeMIlepaTypa ObICTPO BO3pACTaeT J0 3HAYEHUSI, CO-
OTBETCTBYIOIIEro pa3uToMmy ropenuto. Ilogcrasmsis (4.29) B (4.19)

u (4.18), mosmyuaem

F06_£2
= — 4.33
Joe = T e (4.33)
rae JJid ABYXKOMIIOHEHTHOI'O TOILJINBA
o0
R d
Ty = polto (ov)12 ar {(pr)o (ov)12 (4.34)

21m; s , R3 2\/§mi63 .

Bo Bropoii yactu pasercrsa (4.34) npoussejenue pgRy BbIpazKeHO
yepes mapaMerp yiaepzKaHust (pr)g, a MpPH BBIYUCICHAN WHTErPAJIA

o0

OOdT_1/ iR /7
R3VInR  2V2

HAIIPSIMYIO HCHOJIb30BaHO juddepennnanbaoe ypasaerne (4.30).
Y106bI HANTH MOJHYIO JOJIO BHITOPAHHS f; JJIsl BCETO TOILIHBA,

HEOOXO/IMMO yCPEHUTD Bhipazkerue (4.33) 1o macce pasjeratoreiics

cepuueckoii Kondurypanum, T.e. BBIYUCIUTD NWHTEIPAJT

R3 2

(4.35)

Foe 2 _52 )
f, = f/1+r €2 de. (4.36)
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[TocKOIBbKY 3TOT HMHTErpaJl aHAJUTHYECKU He OepéTcs, sl HMpak-
TUYECKUX HpI/IMeHeHI/Iﬁ €ro BIIOJIHE JOCTATOYHO alllIPOKCUMUPOBaTh
IPOCTO POPMYJIOit

4 e r
N T=—Ty [ e 2de=—-2, 4.37
fi N 00/6 Cde= O (4a)

KOTOpast MPABUJILHO MEPEJAET aCUMIITOTHYECKOE HOBejieHne f, Kak
B npenenie 'y — 0, tak u B npenene 'y — oo. Hucmennoe umnre-
rpupoBanue B (4.36) HOKa3bIBaeT, 4TO MAKCUMAJIbHAsI [IOIPEITHOCTD
anmpokcumaruu (4.37) cocrasisier +18 % npu f, ~ 0.5. Oxonua-
TEeJIbHO, JJIsl JTOJTU BBITOPAHUS MTOJTIyIaeM TPUOIMKEHHYIO (hOPMYyTy

{pr)
N — 4.38
"R T 439
e
8m;cs
> Z1+ 2,
Hy, = Hy(T) = i"l’)l? (4.39)
amics g 47,

<O”U>11

4.2.4 IlapameTtp BbITOpaHus JJisi c(pepUIecKOil Macchl
TOIJIUBA

Takum 06pazoM, BOCIIOJIH30BABIITUCH TOYHBIM PEITEHUEM ypaBHe-
HUAU THAPOJUHAMUKY JJIsT K30TEPMUYECKOT0 PA3JIéTa ra3oBoil cdepsl,
MBI TIOJIyIHJIN YTOUHEHHYIO bopmyiry (4.39) st mapameTpa BbIrO-
panusi Hy, KoTopasi oTmdaeTcst oT mpocroii orenku (4.14) monomunu-
TenbHBIM MHOXKHUTeeM 4. ITociiegHee o3HaIaET, ITO BMECTO IIPOCTO
oreaku (4.11) st 3 deKTUBHOrO BpeMeHN HHEPIMAILHOTO yIep-
JKaHus ¢PepuIecKoil MacChl TOIIUBA pajuyca R Ipe ouTuTebHO
UCIIOJIL30BAThH 00JIee TOYHOE BhIPAKEHUE

R

teon = 4765 (4.40)
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AnbrepraTuBHBIE BapuaHThl 00ocHOBaHus o1ieHKN (4.40) 1 hopmMyJIb!
(4.39) moxuo Haiitu B [63, 3|.

100

[E=Y
o

[Tapametp BoITOpanus H, (t/en)

N

10 100
Temneparypa T (k3B)

Puc. 4.2. 3asucumocts napamerpa soiropanus Hj, oT Temmeparypbl /s TPEX
BUJIOB TEPMO#AIEPHOTO TOIIUBA

3aBUCUMOCTD IapaMerpa Bbiropanust Hy or Temueparypsl 1 11o-
KazaHa Ha puc. 4.2 aiast Tpéx suaoB T4 Tommmsa. dast DT-Tommmsa
MUHUMAJbHOE 3HaveHue Hy ~ 71/ em? nocruraercs npu T ~ 40 k3B.
C rouku 3peHust 3(pPEKTUBHOCTH WHEPIUATIBLHOTO VIEpP:KAHU, 3Ta
TeMIIepaTypa sIBISeTCsI, OYEBHIHO, OIITUMAJIBHON TeMIepaTypoii ro-
PEHUsI: TTOBBIIIIEHNE TEMIIEPATYPHI 10 00Jiee BBICOKUX 3HAUYeHMit Oy-
JIeT COIPOBOXKIATHLCS IIAJEHUEM JOJIU BLITOPAHHUS H3-3& CJIAIIKOM
6BIcTpOro pasnaéra Tommmba. Ilogcrasiass Hy, = 7 v/cv? B (4.38),
BUIUM, 9TO s gocrrxkernd 30 %-ro BeIrOpaHHs HEOOXOZUMO CO-
3/1aTh KOH(MUIYPAIWIO TOILJINBA CO 3HAUYEHUEM IIapaMeTpa yIeprKa-
s (pr) ~ 3 r/cm?. Ormernm, 4to mpocrtast dopmyna (4.38) c
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HETLJIOXOH TOTHOCTBIO TIEPEIAST Pe3yIbTaThl JETAIHLHOTO YUCTEHHOTO
MozeaupoBanus T4 Muiieneit 1 JOBOJILHO IITUPOKO UCIOIb3YETCS HA
TPAKTHKE.

3/1ech cyleIyeT CIeIaTh CASLYIONIYIO OTOBOPKY. M3/I02KEHHBIN BbI-
e BbiBog opmyar (4.38) u (4.39) upojenan is U30MPOBAHHOI
chepraeckoiif MacChl TOTIMBA, CBOOOIHO pa3JjeTaroneiicss B BaKyyM.
B neiicTBUTE/IBHOCTH BO3MOXKHBI CHTYaIldH, KOTJIa Pa3rOPAaoIIeecs
T4l TonmBo OKpyzKEHO MaCCUBHON 000JIOUKOli 13 HHEPTHOTO (HEro-
prodero) marepuasa. Takas 060J0UKA MOMKET CyIIECTBEHHO yBeJIV-
YUTHh BpPEMsl YJIEPXKAHUsT MO0 CPABHEHUIO C TEM, UTO JAET WHEPITHS
OJIHOT'O JIUIITH TOILIMBA, U IpubimkerHast popmysia (4.38) craHoBuT-
¢ wasmairHe meccumuctudHoi. [lonbiTky “mogmpaButs”’ 3Ty hopmy-
Jy nobasiieHneM K (pr) ToimBa 3HadeHue (pr) obOJIOUKU K 0CO0O-
My yCrexy He MPUBOJAT u3-3a 060jee CIOXKHOTO, UeM UTHCTO MeXa-
HUYIECKOEe, B3AUMO/ICHCTBHUSI PA3rOPAIOIIErocs TOILINBA C BEIECTBOM
nHEpTHOI obooukn. B BapuaHTax ¢ BHeNIHeil 0O0JIOUKOI U3 TsIxKe-
Jjoro Merasa ous Boiropamns DT-tommsa ¢ (pr)pr ~ 3 1/cm?
MOXKeT jocturarh fi ~ 0.7.

4.2.5 HeobxoanMoOCTh CBEPXBBICOKOTO C2KATUSI
TOTLJIVBA

C oj1HOIT CTOPOHBI, KPUTEPHUIT HHEPITUAJIBHOTO yIepyKaHusi Tpedy-
eT obecriedenns JOCTATOYHO BBICOKMX (JI0 HECKOBKO T'/cM?) 3Haue-
Huii napamerpa (pr). C apyroit cropoHbl, BO3MOKHOCTb OCYIIECTB-
JIEHUsT KOHTPOJIMPYEMBIX MUKPOB3PBIBOB B JIAO0PATOPHBIX YCIOBUSIX
NTC nakmagpiBaer orpanndenue cBepxy Ha maccy T4 tormsusa B
HECKOJIbKO MUJUIMTPAMMOB. JI€rKO TOHSITH, 9TO STUM JBYM Tpebo-
BaHUSM MOXKHO VIOBJIETBOPUTb TOJIBKO TOTJA, Korja 19 Torumso
CXKATO JI0 OUeHb BBICOKUX 1oTHOCTEl, B 1000 1 60s1ee pa3 mpeBbIIia-
IOIIX HOpPMaJbHYIo TaoTHOCTE DT-1b1a ppTo = 0.22 1/cM3. Jleii-
CTBUTEJIBLHO, MACCy OJIHOPOMIHON cephl pajuyca K MOXKHO 3allicaTh
B BHJIE ;

M= 4;(’)?, (4.41)
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OTKyZa
pR N2 (1 wr\ V2

= 64.7
p 1 r/em? M

r em 3. (4.42)
Ipu pR =3 r/cm? u M = 1 mr DT-TONIMBO J0IKHO GBITH CHKATO
J10 wiotaocTu p = 340 v/ cm?, uTo B 1500 pa3 mpeBbIIIaeT II0THOCTD
TBEPJIOTO COCTOSTHUsT IPU aTMocdepHoM japjieHnn. Koaddumenrot
cxaTtusg 1o mwrotHocTr B 1000 u Oosiee pas sIBASIOTCS SKCTPEMaJb-
HBIME U TPEOYIOT JIJIsi CBOE peaJin3anuu 0ocoboil crpareruu.

Tor dakr, 9T0 B KOHEIYHOM UTOTe HAM HY>KHBI BBICOKHE 3HAE-
HIsI HE CaMOHl IJIOTHOCTHU p, & napaMeTpa yjepxKanus (pr), JUKTyeT
U TEOMETPHIO CXKATUs, KOTOpasi JTOJKHA OBITb JInOO chepruIecKoit,
b0 MMANHAPHUIEecKoi. JeicTBUTeIbHO, TIPU OJHOPOIHOM CrKATHHI
bukcupoBaHHOi Macchl mapaMeTp (pr) U3MEHSIeTCsI KaK

(pr) oc p/ 0+, (4.43)

re v =0, 1, 2 JUIT COOTBETCTBEHHO IJIOCKOTO, IIMITUHIPUIECKOTO 1
cepuyeckoro cxxkarusi. CaMbIM 3(HEKTUBHBIM sIBJISIETCSI, OYE€BUIHO,
chepuIeCKI-CAMMETPUIHOE CXKATHE.

4.3 Teopus TepmosiiepHOIl UCKPHI
B DT-TomsiuBe

Kpurepuit umuepnmaibHOro yiaepkanus (GUKCAPYET HUKHIOO
IPaHUILy JIUIst 3HaYeHuil mapamerpa (pr), Koropast o3BoJIseT obecre-
YUTDHb BBICOKYIO CTEIICHDb BBII'OPpaHUA TH TOIIJINBa Ha CTaJIUN Pa3BUTO-
I'0 TOPEHNsI, HO HIYETro He TOBOPUT O TOM, KAKHUE YCJIOBUS B 9TOM TOII-
JINBE HAJIO CO3aTh, YTOOBI OHO BOODIIE 3aropesioch. B 9ToM cMbIcie
OH SIBJISIETCST HEOOXOIMMBIM, HO He gocTarounbiM Kputepuem UTC u
JOJIZKEH OBITDH JOIOJIHEH COOTBETCTBYIOIINM KPUTEPUEM 3a KUTaHUsI.

Kpurepuii 3azkuranusi 3aBUCUT OT TOrO, Kakasi Moja (M CIIo-
co0) zaxkuranusi BeIOpaHbl. Tak B Bapmanre o0bEMHOrO (MM KBa-
3MOJIHOPOJIHOTO) TI0/KUTa, HeoOXo Mo BCio Maccy 19l rorsmsa Ha-
IPeThb J0 HEKOTOPOU IMOPOroBO#l TeMIIepaTypbl 3a KUTaHUsI, HAINHAS
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€ KOTOPOI caMOHAIrpeB IPOJyKTAMU PEAKIINA PA3TOHUT IIPOIECC I'0-
peHusd 10 IIpe,Z[e.H]::HOfI NHTEHCUBHOCTMU. O,ZLH&KO NHTYUTUBHO IIOHAT-
HO, 9TO B OOINEM CJIydae BBITOJHEE IMOJKATATh OT MaJioi ropsdyeil
obstactu — T4 uckpbl, ocTaB/isisi OCHOBHYIO MAaCCy TOILINBA OTHOCH-
TeJIbHO X0J10/1HOM. [Ipr 3TOM MBI O2KH/1aeM, 9TO B IPABUJIBHO CO3/IaH-
HO#T uckpe npouzoiinér T4 Bembiika, KOTOpasi OXBATUT TPUJIETAIO-
IIIe CJIOW XOJIOIHOI'O TOILIMBA W BBI3OBET PaCIIPOCTPAHEHHE BOJIHBI
TOpEHUs TI0 BCEll ero mMacce.

Kak y 1060#t uckpbl B xumudeckoMm Toruse, y T4 ucKpbI ecThb
MUHUMAJIbHBIA pa3Mep U MUHUMAJIbHAST TEMIEpPaTypa, HUXKE KOTO-
PBIX UCKpa TaCHET, He YCIIeBas 3aKeUb OKPY2KAIOIIee XOJI0/IHOE TOII-
JiBO. UTOOBI OmpesenTh MOporoBble mapamerpbl 19 mckpbl, HeT
HEOOXOIMMOCTH UCCJIEIOBATH JIOCTATOYHO CJIOXKHBIM mpoIecc eé 06-
pa30BaHUs: JIOCTATOYHO IIPOBECTH MAPAMETPUYECKUN AHAIM3 BCEX
TEOPETUIECKN BO3MOXKHBIX HAYAJbHBIX COCTOSIHUU y»Ke MOTOBOM UC-
kpol. Tem He MeHee, It MOHNMAHUS OOIIEIPUHSITON KiiaccuuKa-
MU UCKPOBBIX KoH(urypamuit T¢ TomimBa mojie3Ho NpUHSATH BO
BHUMAaHUE CJIEIYIONIHe ODIIue CBeIeHUs O CIIOCODaX CO3MAHUS TAKUX
KOHQUI'Y pAITHIA.

B obmiem citydae MOXKHO BBIJIEJIMTH JIBA OCHOBHBIX CIocoba co-
snanus T4 wckpbr:

a) B mporecce chepruIecKoro (Mn IUINHIPIIECKOT0) CKATHA K
IIEHTPY COBOKYMHBIHN 3(pdeKT HEOTHOPOIHOTO HAYAJIHLHOTO PAC-
peIesIeHusT YIeIbLHON SHTPOINN U THAPOTTHAMIIECKON KyMy-
JISITIAE PUBOJIAT K 0OPA30BaHUIO B IIEHTPAIBHON 06J1aCTH TOTI-
muBa ropstueii obiactu (hot spot), koropas u urpaer posn T
UCKPBI; TP 3TOM B MOMEHT MAKCHUMAJBLHOTO CXKATHUSI, TOC]E
IIPOXOXKJICHUsT OTPaKEHHOM y1apHOil BOJIHBI, 00pa3yeTcs KOH-
duryparys, B KOTOpoii 06J1aCTH TOPSAIEro U XOJIOHOTO TOTLIU-
Ba UMEOT IOYTH OJIMHAKOBOE JABJIEHHE: B 9TOM CJIyIae FOBOPSIT
00 u306apuMeckoti uckpe; IMEHHO II0 9TOI CXeMe JOJI2KHO OBITH
BIIEPBbIE IIPOJAEMOHCTPUPOBAHO 3aKuranne Ha ycranopkax NIF

n LMJ;
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6) cuagana Bcé TS TommmBo cxkuMaeTcst Gosiee UM MEHEe OJHO-
POJIHO /10 HEOOXOJMMBIX 3HAYEHUil mapaMeTpa (pr), ocraBasicCh
PH 3TOM OTHOCHUTEHHO XOJIOJHBIM; 3aTeM, B MOMEHT MaK-
CAMAJIBHOTO CKaTHUs, B IpeinosaraemMyio obnactsb T4 mckpor
0YeHb ObICTPO (IO CPABHEHMIO CO CKOPOCTBIO T'HIPOIMHAMU-
YECKOrO PasJiéTa) BIPBICKUBACTCS HEOOXOMMAast TIOPIUsT HED-
IUu, ITOOBI OCYIECTBUTH JIOKAJBHBIN HATPEB B MAJIOH J10JIe
TOILIMBA: TO BaPHMAHT TaK HA3BIBAEMOIO ObiCMP0o20 NOOHCU-
2a (fast ignition) — asbrepHarusHoe Hanpasiaenue UTC, Buep-
Bble chOPMYIUPOBaHHOe Ha peajucTuanoii ocuose js JITC B
1994 r. [64]; B 9TOM CiIy4ae BO3HUKAET U30TOPUMECKAA UCKDAL —
KOH(UTypalysi, B KOTOPOiil ropsidee U XOJIO0HOE TOIINBO UMe-
IOT IMTOYTHU OAMHAKOBYIO IIJIOTHOCTDH, HO CUJIBHO Ppa3/indalouecs
TEMIIEPATYDPY U JABJICHHE.

B nepsyto ouepenb 3aiiMénmcs onpeiesienreM napamerpos 19 uc-
KpBI JJIs HauboJiee OJIArOIMPUSTHONO BapUaHTa TOILINBA — SKBUMO-
snapuoit DT-cMmecu, yeMmy u IOCBSIIEH JaHHBIN pasmern. Ecian mocie
9TOr0 33JIATHCsI BOIIPOCOM, KaK 3TU [apaMeTPbl U3MEHSIIOTCs DU T1e-
pexozne kK DD- umu D3He- TomimmBy, To GBICTPO BBIACHAETCS, UTO HC-
KpOBasi MOJIa 3a’KUTaHUs] TUX MEJJIEHHO TOPAININX BUJIOB TOILJIUBA
Bp4A I JIX MOXKET IIpeJCTaBUThb HpaKTI/I‘—IeCKI/IIU/I nHrepec Iajid yipaBJisgie-
moro T4 cuareza. @usnvuecKast IPUINHA COCTOUT B TOM, UTO, ITOH00-
HO napamerpy Beiropanusi Hp, moporosoe 3adenue (pr) UCKPbl Kak
B uncTOM feiirepun, Tak 1 B D3He cMmecn, 1o kpaiineit Mepe Ha TOpsi-
JIOK TIPEBBIIIAET COOTBETCTBYIOIIee 3HadeHue /jist D'T-rormBa. Ecin
K 9TOMY JI00aBUTDH CyIIECTBEHHOE (TOXKe [OYTH Ha MOPsIIOK) BO3pac-
TaHUEe HEOOXOUMOI TTOPOTOBOI TeMIIEPATYPhI, TO HAYAJILHAST SHEP-
CUsl UCKPBI, KOTOPasi npu (HDUKCUPOBAHHON IIOTHOCTU MAKCHUMAJIhb-
HOTO CyKaTus Tponopimonaibha (pr)3T, moKHa GbITH yBeIMHUeHa
Ha TPHU-YeThIpE MOPSIKA, UTO JiejlaeT eé MPaKTUIeCKd He HHTepPec-
woit juist U'TC. BoJstee npakTUvHO UCIOJIB30BATH UCKPOBO 3aaJl U3
DT-rommBa, pa3Mernénublii BHyTpu cxkaroit Maccsl DD mmu D3He.
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4.3.1 OcHoOBHBIE NPEAIIOJOXKEHNA U KPUTEepuii
3a>KUTaHUsd

Hosoabuao oueBuano, ato B ycaopusx UTC, korma cxarme T
TOILJIUBA OCYIIECTBJISIETCS TTOCPEJCTBOM UMILIO3UHU, ONTHMAJIHHBIHN
MOMEHT 3aXKUTaHUs [MPUXOJUTCH HA MOMEHT MAaKCHMAJbHOI'O CXKa-
TS, KOTJa BelecTBO B objiactu 1Yl MCKpbl OCTAHOBWIIOCH W “IpH-
roroBusIoch’ mepeiitu kK ¢asze paciumpenus. VIMEHHO B 3TOT MO-
MEHT JIOCTUTaeTCsi MaKCHMaJbHOEe 3HadeHue napamerpa (pr) (Bos-
MOZKHOCTBH ITOBTOPHOT'O CXKaTHUdA TOIJIMBa Ha CTaJWuU MHTEHCHUBHOI'O
POPEHMst 3/1eCh He paccMarpuBaercs ). Vicxomust u3 sToro, HizKe Oy1eM
CUUTAaTh, 9YTO HaYdaJIbHasd KOHCbI/IpraL[I/Iﬂ HUCKPBI 3a/JlaHa MMEHHO B
MOMEHT MAKCUMAJIbHOTO CYKATHS.

B obriem citydae, 1TOOBI pacCInTATh PA3BUTHE IIPOIIECCA U OIIPe-
JIEJINTD, 3aropaeTcs JaHHas KOHMUrypalus Wid HeT, HeoOXOJINMO
YUCJIEHHO PEIUTb CUCTEMY YPaBHEHUN B YACTHBIX HPOU3BOJHBIX,
OIHMCHIBAIONINX THAPOJUHAMIYecKoe JBrKenue, T4 ropenue u me-
PEHOC HEPIrUU BCEMHU CYIIECTBEHHBIMU MEXAHU3MaMU. IJTO, OJHA-
KO, COBCEM HeE O6ﬂ3aTeﬂbHO J1J1s1 BbIZCHCHU A KavyeCcTBEHHOMN KapTHUHDBI
U TOJIyYeHUsI BIIOJIHE YOBJIETBOPUTEIbHBIX KOJMIECTBEHHBIX OIlEe-
HOK. CJ1e/1aB psiji yIPOIIAIOIIMX [PEJIIIOJIOXKEHUN, MbI CBEJIEM 3a/1a-
9y OlpeJIe/IeHIs TPAHUIIBI 3aKUTAHUS U BBIYUC/IEHUST MUHUMAJIHLHOTO
pasmepa T4 ncKpbI K HECTOXKHBIM aJredOpaniIecKuM COOTHOIIIEHUSIM.

IIycTh B MOMEHT MAKCUMAJILHOTO C2KaTHs Best Macca DT-Tormsa
npescTaBisieT coboit cdepy, kKak nmoxkazano ua puc. 4.3. IIpemnmoso-
JKHUM, 9TO B IIEHTPe 9TOM cdepbl co3aaHa ropsias cdepudecKast 00-
JIACTb pajinyca Rg ¢ MOYTH OJHOPOJHBIM paCIIPeIeJIEHUEM TLIOTHO-
cT p = ps, Temueparypsl T = Ty (Kak HETPYIHO yOEIUTHCS AIo-
CTEPUOPH, TEMIEPATYPHI JEKTPOHOB U MOHOB Ha, 3TOM 3JTaIle BCe-
[J1a MOXKHO CYHTATh OJMHAKOBBIME) ¥ JABICHUA P = ps = 2nT%;
3J1eCh Mg = ps/M; — 0ObEMHAsST KOHIIEHTPAIUS [P MOPsiYero Toll-
JmuBa, m; = 2.5m, — CpeJHss Macca d]apa B SKBUMOJIAPHOU CMecH
JieiiTepust U TpuTHsA. lopsivast eHTpaJibHasi 00J1aCTh OKPY2KeHa cde-
PHUUIECKUM CJIOEM C2KATOTO XOJIOJHOrO TortuBa. [Ipodunn Temmepa-
TYPBl U IUIOTHOCTHU I10 XOJIOJHOMY TOILIABY IOKA HE BaXKHBI. PoJib
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XO0JI. TOTUTUBO

I'op. Tomnuso

rS’ TS’ RS

Puc. 4.3. Cxemaruyeckuii Bug nenrpasibHoii cdepuyecKu-cuMmerpudnoi TSI
WCKPBI

OJTHO U3 OCHOBHBIX JIMHAMUYECKUX [IEPEMEHHBLIX OYyIeT UI'DATh Ia-
paMeTp yAepKaHudd

T

H=H(r)= /pdr [r/ca?]. (4.44)
0

B wactHOCTH, Oy/ieM pasandarh (pr) UCKpbI

R

H, = /pdr = psRs, (4.45)
0

u (pAr) XOJIOJHOTO TOILINBA

R

H, = /pdr. (4.46)
Rs
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Y066l OT/IMIUTDH 3aropatoruecs: Kouduryparun T4 Tommsa or
TacHyIIUX He pellasi COOTBETCTBYIONLYIO cucTeMy nuddepeHinaib-
HBIX yPaBHEHU, HeOOX0MUMO ¢POPMYJIUPOBATD IPABUILHBIN KPUTE-
puit 3axkuranug. B 3TOM KpuTepum HYKHO Y4UE€CTb BCE CYIIECTBEH-
HbI€ IIPOIECCHl HAIPEBA M OXJIAXKJIEHUs IJIa3Mbl B 00JIACTA UCKDHI.
Harpes ocymectBisiercss npogykrtamu DT-peaknum, a mmeHHO, 3.5-
M3BHBIMI aJiba-dacTuiiaMu n 14-M3BHBIME HefTpoHaMn. B oxira-
2KJIEHUU HEOOXOIUMO YIECTh PaUAllMOHHBIE TIOTEPH, OXJIAXKICHUE 32
CYeT 3JIEKTPOHHOI TelIONPOBOJAHOCTU (MOHHAS TeIIOIPOBOIHOCTD
B MHTEPECYIOMIEN HAC 00JIACTH TAPAMETPOB UI'PAET BTOPOCTEIICHHYIO
poJib) U a/mabaTHIecKoe OXJIaXK/ICHIE 33 CYET I'HJIPOIMHAMIIECKOTO
pazyiéTa. B pe3ysbrare, mpocTefmuii aJIeKBaTHBIN KPUTEPUIN 3a2KU-
raousg MOXKHO 3allliCaTb B BUIE

(qus - W, — Wec) teon = 3ngTs, (4.47)

rae Wiys, Wy m Wee [spr em 3 ¢~ — yepenménmbie 10 06béMy HC-
KPBI COOTBETCTBEHHO cKOpocTHu T4 HarpeBa, oX/axKIeHNs N3JTy Y€HN-
€M U JJIEKTPOHHON TeIJIOIIPOBOJIHOCTBIO, {eon — BPEMS WHEPIUAIb-
HOTO yaepkaHus, 3ns1s — 00bEMHAs JIOTHOCTD TEIJIOBOI YHEPIUU
B HCKpE.

B kpurepun (4.47) npeamonaraem, 9ro teo, €CTh BpeMsi, 32 KOTO-
poe TeMIiepaTrypa Iia3Mbl B HCKPe IagaeT IpUOIN3UTEILHO BIBOE B
nporiecce eé ajuabaTudeckoro pacmmpenus (1.e. upu Wyye = W, =
= Wee = 0) or HauanbHOrO cocrosinust ng, Ts. Torna dusnyeckuit
cMbicst kpurepus (4.47) CBOAUTCSI K CJIEIYIOIEMY: OIbEM TeMIIepa-
Typbl B T4 uckpe 3a caér cymmapHOro sHeproBbijieseHus (¢ yIéToM
BCeX HETUAPOIMHAMHNYICCKUX HOTepb) JOJIZKEH ITOJTHOCTBIO KOMIICH-
cUpoBaTh aJauabaTUdecKoe MaJeHnue TeMIIepaTypbl BCJIEICTBHE T'HI-
POJMHAMUYIECKOrO pasJiéra. Ecau 310 ycjoBue He OyjieT BBITOJIHE-
HO, B Pa3J/IeTaIONIEMCs TOILJINBE HE MOYKET OBITH MHUIIMHPOBAH CAMO-
yCKopsitomuiicst mporiecc pa3sutus T4 Benbimku. Jlanabiit Kpurepuit
MOYKHO II€PENUCATh B SKBUBAJEHTHON opme

qus - Wr - Wec - Wad > 07 (448)
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e Wyq = 3nsTs/teon €CTh XapakTepHast CKOPOCTh YUCTO THJIPOJIU-
HAMHUYIECKOT0 OXJIAXKIEHUs TP aInabaTuIecKOM PACITHPEHUN.
Ecsn xpurepnit (4.47) GymeT BBITOIHEH ¢ HEKOTOPBIM 3aIlacoM,
TO MOKHO OIPEIEJIEHHO OKUJATH, 9TO B 00bEME UCKPHI PA30BBHET-
ca T4 Bcupimka. Bermenmsiieiicss mpu 9TOM SHEPTHHU BIIOJIHE XBa-
THUT, YTOOBI IIPU HAJUYNNA COOTBETCTBYIOIIEr0 MEXaHU3Ma, [IepeIadn
sHepruu (PoJib KOTOPOro OOBIYHO UI'PAIOT OBICTPBIE alb(ha-IacTHIb]
U 9JIEKTPOHHASI TEIJIONPOBOIHOCTD) HATPETh JI0 TEMIIEPATYPbI 382K~
raHugd COCEIHUN CJION XOJIOMHOT'O TOIJIMBA CPABHUMOU MAacCChl, KOTO-
PBIil TIPU 9TOM TOXK€ BCIBIXMBAET: B PE3yJIbTaTe 0 TOIJIUBY HaYUHA-
€T PacCIpPOCTPAHSITHCS CAMOIIOIEPXKUBAOIIAsICS BOTHA 141 ropenus.

4.3.2 DBpems mHepHuaJbHOIO yJAep>KaHUS

AHaIUTUIECKYIO OLEHKY BPEMEHH HHEPLMAJILHOIO YIEPIXKAHIS
tcon MOXKHO TIOJIyIUTh, €CJIN IIpeHeOpedh BCEMU MIPOIECCaMi HarpeBa
7 OXJIAKJIEHWS ¥ PACCMOTPETH OTIIEJHHO ITPOIECC aTUabaTUIeCKOTO
pacmmpenusi cepbl TomIMBa. JIJIsT onMcaHUsT TAKOTO PACITUPEHUS
IIPUMEHUM CJIEJIYIONTLYIO MPOCTYI0 MOjie b (-MepHOU THIPOINHAMU-
Kku. IIpesaronoxum, 9To:

(1) BCE XOJI0IHOE TOIIMBO, UMesi KOHeUHbIe Maccy M, U MacCoBYIO
toyimuny H., cocpenoToueno B GECKOHEYHO TOHKOM cdeputie-
cKOM cJjioe pajgunycoMm Ry = R4(t),

(2) mmorHOCTH p = ps(t) m Temmeparypa T = T(t) DT-rommusa
OJIMHAKOBBI 110 BCEMY OOBEMY HCKDBI, a I'MPOMHAMUYECKAs]
CKOPOCTBb DACIINPEHHsI U IPOHOPIHMOHAIBHA DPACCTOSHHIO OT
IeHTpA T,

ST
u(t, T) = Rs ﬁ’ (449)

rne Ry = dR,/dt.

B HavYaJIbHBI MOMEHT { = O 3HaAY€HNsA OCHOBHBIX II€PEMEHHbIX CO-
crapasitioT Ry = Ry, Rs = 0, ps = pso, Ts = To.
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B mporiecce ajinabaTuvueckoro paciimpenns COXPAHIOTCS 10 OT-
JeJIbHOCTH Macchl ropsiuero, Mg, u xonoanoro, M., TorumBa u ux
[IOJTHAsT COBOKYIIHAS dHEPrusi. B HAIUX MPEJITIOTI0KEHUAX COOTBET-
CTBYIOIIIE€ MACChI COCTABJISIOT

4
M, = g psR%, M, = 4n R2H., (4.50)

a TIOJIHbIe KWHeTndeckast, Fi;,, U BHyTpeHHss, F;,, sneprun DT-
cepbl paBHBI

R,
1 1 :
Ein = 5 /psu2 4rr? dr + §MCR$2 =
0
3 1 :
_ (mMS i 2Mc> 2, (4.51)
3 3M,
Eiy, = ipsv; =3n, TV = —T. (4.52)
i

B dopmyiie (4.52) orcyreTByeT BHY TPEHHSISI SHEPIHS XOJIOIHOTO TOI-
JINBA, TTOCKOJILKY IIPEJIIIOIaraeTcs, 9TO 3aHUMAaEMbIl UM 00bEM IIpe-
nebpexkumo MaJgi. s ropstaero DT-TomamBa mCIoab30BaHO ypaB-
HEHUE COCTOSTHUSI UJICaTHLHOIO MaKCBE/LJIOBCKOI'O Ta3a C MOKa3aTeeM
azuabarel v = 5/3.

Jutst onrcaHus aanabaTUIecKoro pas3jéra IPUMEHNM 3aKOH CO-
XpaHEeHUsI OJIHOW SHEPIUM W BTOPOH 3aKOH TEPMOIMHAMUKHI IS
Bcell Macchl TOILJINBaA B BUJIE

d
- Ein E in) — Y, 4.
@ (Bin - Bian) = 0 (4.53)
dE;, v, R,

— s — 3y v 4.54
dt Ps™ut Ps¥sh (4.54)

C momornpbio Beipaxkenusi (4.52) ypasuenust (4.53) n (4.54) Jserko
UPUBOJSITCS K BUJLY

— Ps—, > 455
at P (4.55)
psVs5/3 = IDSOVS%/3 = const, (4.56)
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OTKYy/Ia MoJIydaeM pocToe juddepeHIuaibHoe ypaBHEeHne

o 4m pso Rgo -3

R, = 4.57
S %MS+MC S ( )

Jutst HaxoxeHust pyHkiwn Rg(t). Pemenne (4.57) numeer Bu

Ry(t) = R0/ 1+ (t/ta)?, (4.58)

M, + 2\
ta = <5> (4.59)

e

41 psoRso

€CTh XapaKTepHOe BpeMs ainabaTuvieckoro pasjéra. [lockosbky 3a
Bpems t, Temreparypa B 19 umckpe

i 2/3 Ts
Ty(t) = Tuo (50) - (4.60)

naJaeT POBHO B J(Ba Pa3a, TO 3TO BPEMsl €CTECTBEHHO NPUHATH 34
BpEMsI MHEPIUAJIBLHOIO yJIEpKaHUsl PAcCMaTPUBAeMOl KOH(MUrypa-
n. B pesynbrare, nopcrasisis (4.50) B (4.59), moiydaem

teon = la

1/2 - 1/2
Rs(Hc + %Hs) . l miHs(Hc + %Hs)
Ds Ps 2T '

(4.61)
B npasoit yactu (4.61) Bce BeJMUMHBI KOHEIHO COOTBETCTBYIOT Ha-
YaJIbHOMY MOMeHTY ¢ = 0, a JIonoTHUTeIbHBII nHjieKe “07 11 KpaT-
KOCTHU OIYIIEH.

4.3.3 TemnoBoii 6ajlTaHC B TEPMOsJIePHOII UCKpe

Cpennroro ckopoctsb Harpesa Wy, T4l mckpsl 3a caér morsonie-
Hust npoayKroB DT-peakiimy MOXKHO 3allUCATh B BUIE

1 4
Wius = Epr <5fa + 5fn14> npnr (oV)pT =

= 8.18 x 10%° (fo 4+ 4fn14) p2 (ov)pT 9pr 3 ¢ 1, (4.62)
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e Ept = 17.6 MsB —suepruss DT-peaknuu, a fo (fn14) —cpen-
HsIsl JI0JIsl SHEPIUH BCEX POXKIEHHBIX 3.5-MIBHBIX asibda-gacrury (14-
M3BHBIX HEHTPOHOB), HOIJIOMERHAs B o0siacTu HCKpbL. B (4.62), kak
U BO BCEX MPUBEJIEHHBIX HUYKE MPAKTUYIECKUX (POpMYJIax, MIOTHOCTD
ps m3MepsieTca B T/cm®, Temmeparypa Ts — B K3B, (0v)pt — B eM® /c.
fcno, uro npu Hgy > H,, rne H, — MmaccoBblii 1pober ajabda-
JacTUI[ B 00JIACTH UCKPBI, MTOTJIOIIEHHAsT J10J1s SHepruu f, ~ 1. B
IPOTUBOIIOJIOKHOM Tipejienie Hg << H, 9ra jiojs yObIBaeT Kak fo X
x Hg; Tounass acuMOTOTHKA JJI OJHOPOILHON cephbl COCTABISET
|65]
3 Hy
- 2H,’
C yueroM 3Toif ACHMITOTHKH IIPUMEM CJIEAYIONIYI0 IPOCTYIO All-
[IPOKCHAMAIIIIO

Ja

H

_ s 4.63
fa i, + 2, (4.63)

KOTOpasl TPaBUJIBHO IepenaéT INpeje/ibHble 3HAYeHUS f, KakK IIpH
H, <« H,, tak u upu Hg; > H,. Ilpober anbda-gacruir B Macco-
BBIX equHuIaX H, MOXKHO OIEHUTH II0 MOJyYEHHON paHee MPOCTOi
dbopmyite (2.141); npunsitoe B 9710i1 bopMysie 3HAUCHUE KYTOHOBCKO-
ro jiorapudma L = 5 coorBercrByer DT-1mrazme mpu miorHOCTH
ps ~ 30 r/cm3. Takum 06pa3oM, B MEPBOM HPHOIMKEHUH [, ABJIs-
eTcst mpocToit pyHKIueir aByx napamerpos Hg u Tk.

AHaJIOrn4IHO, OTTAJKUBAsICh OT 331a9l O PACCESSHUU HEATPOHOB
B OJIHOPOJIHOM cdepe, onmcanHoil B maparpade 2.1, MOrJIONEHHYO
JOJTI0 Heprur 14-M3IBHBIX HEHTPOHOB MOYKHO OIEHUTDH IO ITPOCTOMN
dopmyite

0.23H,
= 4.64
Jni = G983 H, + Hons’ (4.64)
rne Hyi4 = 4.6 P/CMQ—Hpo6eF 14-m3BHBIX HefiTpoHoB B DT-

TOILTUBE.

Kak merpymHo ybeauTbCs AlOCTEPUOPH, CKOPOCTH JIYYHUCTOrO
oxnazkenns W, TH uckpsr B DT-TormBe MOKHO ONIEHUTD B OITH-
YeCKU TOHKOM IMPUOJIMKEHNH, [ToJIarasi, YTo Ipoder n3jydeHns Kak
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110 TOPMO3HOMY TIOTJIONIEHNIO, TAK U II0 TOMCOHOBCKOMY PACCESTHIIO
CYIIIECTBEHHO MIPEBOCXOIUT pa3Mephl ropsteit obmactu. B arom ciry-
Tae KOMITOHU3AIINIO MOYKHO He YUIUTHIBATb U P BBIUNCIEHUN CKO-
POCTH JIyYHCTOIO OXJIAXKJEHUsT BOCIOJIB30BaThCsA (hopmyinoii (3.48)
JUISE 9UCTO OOBEMHBIX [IOTEPH HA TOPMO3HOE U3JIydYeHHe:

W, = Wy = 3.11 x 10 p2TY? spr ew =3 ¢ L. (4.65)

YT100bI BBIYUCIUTL CKOPOCTH OXJIAXKIEHUS IJICKTPOHHON TEILTO-
[IPOBOJHOCTBIO, 3aMETUM, 9TO INIOTHOCTH IIOTOKA SHEPIUU Ha BHEIII-
Hell IPAHKIE NCKPBI MOYKHO OIEHUTH KakK Feo = k0T /Or = K Ts/Rs.
[TostHOE KOJIMYIECTBO SHEPIHUH, BHITEKAIOIIEE U3 UCKPBI PAIuycoM s B
€JIMHUITY BPEMEHU, COCTABJISIET 47rR§FeC, 1 JIJIST OOBEMHOM CKOPOCTH
OXJIAZKIEHUS TI0JTyIaeTCsI BHIPAXKEHIE

AT R?F, 3keT. p2T7/2
Wee = s_cC TS 588 x 10" B2 sprem 3 ¢l
“ (4n/3)R: - R2 H3
(4.66)

5/2 . .
3nech ke x T~ — cuuTiepoBCKUil KOAMPUIMEHT 3JIEKTPOHHOI Terl-
JIOIIPOBOJIHOCTH B BOJIOPOJHON IIIa3Me, BHIYUCJIEHHBIN 110 (DOpMyIIe
(3.75) npu 3HAYEHUN KyJIOHOBCKOTO Jiorapudma L = 5.

4.3.4 I'panuna 3akuranus B ciiydyae OECKOHEYHOTO
yAep>KaHUS

B mepByto ouepeib pacCMOTPUM TPOCTEHIITHHN TpeIeTbHBIH CITy-
qaii GECKOHEUHOIO YAEPXKAHUS feop = OO, COOTBETCTBYIONIUN HM30-
OapwdecKoil UCKpe B OYeHb OOJILIIOM 00bEME XOJIOIHOI'O TOILINBA.
B srom ciryuae kpurepwnii (4.47) o3HAUAET, YTO JJIs 3ayKUTAHUS J10-
CTATOYHO ODECHEYNTH OOINMI ITOJIOKUTEIBHBIA TEIJIOBOH OaJiaHC B
006JIaCTH UCKDPBHI,

Wieus = Wrp + Wee. (4.67)

Yro0b! sicHee MOHATH OTHOCUTEIBHYIO POJIb OCHOBHBIX (PU3MIECKUX
IIPOIIECCOB, PACCMOTPHUM CHAYAJIa 10 OT/IEJILHOCTH JIBE KPUBBIE, OIIPe-
JleJIsTeMbIe YCJIOBUSIMU

qus = Wff (4.68)
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Wius = Wee. (4.69)

Baruanys na seipaxkenus 1 Weys, Wy u Wee, cpasy Bujum, 9T0
Kazkj10e u3 ycaosuit (4.68) n (4.69) onpesiessier o/{Hy €AMHCTBEHHYIO
KpuBylo Ha 11ockoctu T, Hy, HecMoTps Ha TO, 4TO BeJuauHbl Wy,
Wi Wee B 0bIIeil COBOKYIIHOCTH 3aBHCAT OT TPEX HAapPaMeTPOB g,
Ts u Rs. Ha puc. 4.4 kpussle, onpesensiemble yciaopusivu (4.68) u
(4.69), IpOBEIEHBI Iy HKTUPHBIMI JIMHUASIMU ¥ OTMEYEHbI MeTKaMu br
u ec coorBeTcTBEeHHO. [losIo2KuTEIbHBIN TENI0BOi OaJilaHC JoCTHra-
eTcsl ClIpaBa-BBEPXY OT KPUBOM br u cjeBa-BBEpPXy OT KPUBOI ec.

0sl XopuuecKas c |
0.6 f 1
0.4+ 1
CO"S[
0.2} J
(\IA
=
< \ %
= 01 ) &2
4 : e
& o0.08 %, ]
o \ Qs
0.06 \ N 4
I \ d: 2
3 \ br .
L 0.04 L s J
\ ,
\ 7
\ _-
0.02 | . ]
H3o6apuueckas Hckpa
¢ OecKOHEUHBIM yzepxkanueM, H, = co
001 L L L Lo 1 L L L
3 4 5 6 78910 20 30 40 50

Temnepatypa uckpsl T, (k3B)

Puc. 4.4. I'panura 3axkuranus Ha napamerpudeckoil riockoctu Ts, Hg s
pazauunbx KoHGuryparmuit D T-uckpbt BOIM31 MOMEHTa MAKCUMAJIBHOTO CIKATHS
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Ha puc. 4.4 xopormo BUJHO, 9TO NPU OTHOCUTETHHO BBICOKUX
sHaveHusix napamerpa Hg > 0.5-1.0 v/ cm? KpuBasi br BBIXOIUT Ha
IIOYTH BEPTUKAJIBHYIO ACHMIITOTY, COOTBETCTBYIOILYIO TEMIIEPATY-
pe saxkuranusa Ty ~ T, rr = 4.5 k3B, BBenénnoit B naparpacde
4.1.3 upu obcyxmenun kputepusi Jloycoma. Hamomuum, uro sra
TemiepaTypa onpenensercs ycaosuem We,s = Wiy npu fo =
n fpia = 0. Eciim paccmorpum emé 60jiee BBICOKHE 3HAYEHUS I1a-
pamerpa Hg > 5-10 v/ cM?, TpeBbiaonue mpober 14-MIBHBIX Heli-
TpoHoB H,14 = 4.6 1/ cM?, TO yBUAMM, UTO GJIaroaps IOJIKJIIOUYe-
HHMIO HEHTPOHHOIO HarpeBa I'PDAHUIA 3a’KUTaHUsl CMEIaeTcsd B 00-
JIacTh 0oJiee HU3KUX TEMIIEpaTyp, NPUOJINKAICh K 3HAUYCHUIO Ty =
= 3.0 k3B, coorBercrByiomemy kpurepuio (4.68) npu fo, = fr1a = 1.
[Tpu sTOM, O/IHAKO, BO3HUKAET JIONOJHUTEIHLHOE OCJIOXKHEHUE, CBsI-
3aHHOE C TEM, YTO MCKPa CTAHOBUTCS HEIPO3PAYHOH ITO0 TOMCOHOB-
CKOMY paccesHuIo, mpober mo koropomy B DT-Tomaupe cocTapiser
Hr=6.24r1/ cM?; mocIe iHee 03HAYAET, YTO CTAHOBHUTCS HEIPUMEHN-
Moit ipocTast hopmyiia (4.65) 1Jisi CKOPOCTH JIy IUCTOTO OXJIAK ICHUS,
IIPU BBLIYUCJIEHIH KOTOPOH MBI JIOJI?KHBI TeIePhb yIecTh Kak dpdex-
Tbl KOMIITOHHM3AIlM, OIMCAHHBIE B pasieie 3.3, TaK U YACTUIHOE
MTOTJIOTIEHNE POXKIEHHBIX (POTOHOB.

B mporuBomoo;kHOM ciIydae OTHOCHTEIbHO HU3KNX 3HATEHMIA
H,<01r/ cM? MBI BBIXOJUM HA OITHYECKN TOHKMUIL npenen Hy <

< H, x Tg % 1o npobery anbda-dactuil, korga fo < Hs/Hy < 1.
Iockonbky B 3ToM npesene Wiys/Wep o< Hy T2 (ov)pr, a bynk-
st Temmepatypsl T, 2 (ov)pr umeer Maxcumym 1ipu Ty =~ 13 k3B,
1o ycsoBue (4.68) HaKJIAIbIBAET OrpAaHUYCHUE CHI3Y HA BO3MOYKHbIE
pa3Mepsbl T.9 UCKpbl H; B pe3yibrare KpuBast br JOCTUTAeT MUHUMY-
ma Hy = Hg min =~ 0.02 I‘/CM2 pu T ~ 13 x3B. ®uzndeckoit npudu-
HOIT TAHHOT'O OT'PAHUYEHUS SBJISIETCH OTHOCUTEIHHO MAaJIbI pasMep
HCKPBI [I0 CPABHEHHIO ¢ TpoberoM asbda-dactur] H, >0.3-0.5 1/ cm?,
IIPU KOTOPOM JIYUHCTOE OXJjiaxKjeHne ropsidero DT-Tormusa yxke He
MOXKET OBITH KOMIIEHCHPOBAHO HAI'PEBOM 3& CUET TOPMOXKEHUSI ITUX
JaCTUI] B 00JIACTU UCKPLL.

OJiHako Ha cjejyromeM mare, oOpaTUBIIMCH K ycsosuio (4.69),
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HETPYAHO OOHADPYKUTH, UTO 3JEKTPOHHAsSI TEIJIONPOBOIHOCTH Ha-
KJIaJIbIBaeT OoJjiee KECTKOe OrpaHMYeHne Ha MHUHUMAJIbHO JIOIYCTH-
Mble 3HaueHust H, 1eM KOHedHbIN mpober aabda-dactur,. JelicTBu-
TeJIbHO, HOCKOJIBbKY B HMHTepecylomeit Hac obsactu Wiy [Wee
o H? Ts_7/2 fa {ov)pT, TIOE DyHKIMS TEeMIEPATYPBI TS_7/2 fa {ov)DT
nMeeT YETKO BBIPAXKEHHBI MaKCUMYM, TO KpuBas ec Ha puc. 4.4,
ompeiesisieMast yesopueM (4.69), 1eMOHCTPUPYET MOJIOTHH MUHUMYM
Hs = Hg min ~ 0.16 v/cv?upu Ty ~ 3-5 x3B.

B pesynbrare, mpoaHaJIu3upPOBaB OTHOCUTEIHLHOE PACIOIOXKEHNE
KPHUBBIX br U ec, IPUXOAUM K CJICIYIOIUM BBIBOIAM:

1) morepu SHEpPruM Ha TOPMO3HOE U3JIyUYEHHE OIPEJEJISIIOT HUK-
HIOIO TpaHuIly Ajs TemnepaTypbl 14 mckpwr, Ts > 4.5 k3B,
npu ycaosuu, 9ro eé pasmep Hy < Hy1q4 = 4.6 v/cm?;

2) oxJlayKJIeHNe MCKPbI MEXaHM3MOM SJIEKTPOHHON TEIIOMPOBO/I-
HOCTH OIIpe/IeJisieT HUXKHIOK I'paHully jyisi 3Hadenuit (pr) Te
HCKPBI, KoTopas cocrasisier Hg > 0.16 v/ em?.

Hpyruvmu cioBamu, ecian B T4 mcCKpe K MOMEHTY MaKCHMAJILHO-
0 CyKaTUs CO3J/IaHA HEJIOCTATOYHO BBICOKAs TEMIIEPATypa, TO Ta-
Kasl UCKPa TaCHET 3a CYET JIyIUCTOIO OXJIAXKIEHUsI; €C/Id Ke B Hell
HE JIOCTUTHYTO JOCTATOYHO BBICOKOE 3HavYeHue (pr), UCKpa racHer,
paccachiBasiCh O OKPY2KAIONIEMY XOJIOTHOMY TOILIUBY MEXAHH3MOM
9JIEKTPOHHOM TeImonpoBogHOCTH. OIHOBPEMEHHBIN YUIET ITUX IBYX
MEXaHU3MOB OXJIaK/ieHusi B yciaoBun (4.67) npuBomuT HAC K Ipa-
HUIlE 3a’KUTaHns IPpU OECKOHEYHOM YIEpKaHUH, N300pakEHHON Ha
puc. 4.4 crutoniHoit aunuei b — ¢ — ¢ u momevueHnoit 3uaakoM co. [Ipu
STOM MUHUMAJIBHBIN pasmep UCKPbl H min ~ 0.2 7/ em? nocruraercst
pu TeMmieparype Ts ~ 7-9 x3B.

B nelictBuTenbHOCTH cHUTyalnsi OOCTOMT HECKOJIBKO CJIOYKHEE,
YeM OIIMCAHO BBIIIE, JaXKe B MPOCTeHIneM ciaydae teo, = 00. Heso
B TOM, 9TO CPABHUTEJIBLHO y3Kas M ropsdasi UCKpa, KoTopas Oymer
yracaTb, OT/aBasi TEILJIO COCEJHUM XOJIOIHBIM CJIOSIM TOILIMBA, MO-
JKeT TIOMACTb B 00/IaCTh MOJIOKUTEILHOIO TEIJIOBOTO OajiaHca mo3/1-
Hee, TI0CJIe 3HAYUTEIbHOTO ITOHUKEHUsT TeMIiepaTyphbl. leficTBuTe /b
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HO, NPHU MEPETEKAHUN YHEPTUU N3 TOPsSYero MEeHTPa Ha, XOJIOTHYIO
rnepudepuio COXpaHAETCsT TOJHAST SHEPTHS UCKPhI

3 3 4m

3
E; = - P,Vs = — — R, P; = const. (4.70)

2 2 3
C apyroit cTOpOHBI, IpU OECKOHETHOM YIAEPXKAHUYU B YCJIOBUSIX U30-
0apUMYIHOCTH B MCKPE COXPAHSETCs IOJHOe jmaBjeHne Py o« psTs =
= const; nmociesnee o3HavaeT, uTo T4 McKpa racHeT ¢ cOXpaHeHHEM
CBOEr0 TEOMETPHUUIECKOro pasmMepa R, BcacbiBas B cebsl XOJIOTHOE
TOILUTUBO W HAPAIUBas MJIOTHOCTD Ps, T.€. BJIOJb TPACKTOPUU

psTsRs = HTs = const (4.71)

na myockoctu Ty, Hg —Kak 3TO M300pazkKeHO HIDKHEH IITPUXOBOM
crpesikoii Ha puc. 4.4. B pesysbrare NpuxoiuM K BBIBOJLY, YTO €C-
Jin ucKkpa Oyzier obpa30BaHa C mapaMeTpaMu IIPaBee U BbIIIE IITPUX-
IIYHKTUPHOMN TPsIMOit ¢ —d, 3a1aBaemMoit coornorenneMm H Ty = const
U KACAIOIIENCs TPAHUIBI 3aKUTaHust b — 4 — ¢, TO paHO WU TO3/IHO
(B ycI0BHsIX GECKOHEUHOTO yJIepKaHUs) OHA MONAJET B 00JIACTh I10-
JIO2KUTEJIbHOTO TEIJIOBOr0 HajlaHCa U BCIBIXHET.

JIaHHBIN pe3yabTaT YKa3bIBACT HA TO, UYTO B KAUECTBE KPUTEPHUS
3a’KUTaHUsT IpaBUJIbHEE YKa3blBaTh HE HUXKHUI Ipejies Ha (pr) uc-
KDbl, & HUZKHUIA 11peJiest Ha Tpoiinoe npoussejenne (pRT), (wiu, 9ro
TO 2Ke caMoe, Ha npoussenenne (PR)g). Ha puc. 4.5 Tpu crurormiisre
KpuBble 00, 1 1 0 ¢ puc. 4.4 nepepucoBaHbl B BU/jIe 3aBUCUMOCTEI TTPO-
n3Benenus H Ty or Ts. Boiee TouHble pacdeThl B paMKax OJITHOMED-
HOIT ruIpoHaMuKY 66, 67| IPUBO/IAT K 3HAYCHUSIM MUHUMAJIBHBIX
mapaMeTpoB m3obapudeckoit nckpsl B DT-romanse,

>
{ T, > 6 k3B, (472)

(pRT)s > (pRT )iy ~ 11 cMm~ 2 k3B,

KOTOPBIE HEILIOXO COTIACYIOTCS C COOTBETCTBYIONIMMHU BEJIUIHHA-
mu (pRT)s u Ts wa puc. 4.5, NOJyYEeHHBIMU B HalleM OPUOJIU-
JKEHHOM aHanmse. B neficTBuTebHOCTH, Garomaps TOMY, 9TO B
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Puc. 4.5. Tpanuna zaxuramus DT-uckpe! B iepemMenHbix (pRT) s Kak byHKIHs
eé HavaJIbHOI TeMirepaTypsl 1

paccacblBaloencsa y3KO U ropadeil HCKpe dHeprus He COXpaHdAeT-
cs, a HECKOJIbKO Bo3pacTaeT u3-3a 14 Harpesa, ycjioBue Ha MUHU-
MaJIbHBIA pa3zmep n306apuyuecKkoil UCKPHI eIé 00Jiee CMATIALTC 10

(pRT5)s > (pRT*®);, (pu Ts > 6 k3B) [66]. MbI, omnako, Gy1em

~

JIJIST TIPOCTOTHI TIPUJIEPKUBATHCs GoJiee HArIsTHOTO yeaoBust (4.72).
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4.3.5 I'panunia 3a>kuranms B cjiyd4ae KOHEYHOTI'O
yaepKaHus

[Moxcranss onenky (4.61) 11 BpeMeHH WHEPIHAILHOTO YAEP-
JKAHUS teon B KpuTepuit 3axkuranus (4.47), noiaydaem ajirebpande-
CKO€ COOTHOIIEHUE, OMPEIEIsIoniee IPAHUILY 3aKUTaHusi n3006apu-
qeckoil DT-uCKpBI IpU KOHEYHBIX 3HAYEHUSAX MAaCCOBOI TOJIIMHBI
XOJIOIHOTO TOILIMBA H., T.e. IpU KOHEUYHBIX BPEMEHAX YIEPKaHUSI
teon- J1erko ybemuThest, 9TO MpH KarXKJ0M (DUKCUPOBAHHOM 3HAYCHUH
H_ ycnosue (4.47) onpeiesisieT e IMHCTBEHHY IO KPUBYIO Ha IIJIOCKOCTH
Ts, Hs. Ha puc. 4.4 noka3aHbl Tpu TaKWe KPUBbIE, COOTBETCTBYIOIIIIE
TPEM pa3HBIM 3HAYEHUsIM napamMerpa H.: 1ByM KpalHUM IIpejesiam
H. = 0 (cwromnasi kpuBas, nomedennas nudpoit 0) u H, = oo
(crtonmHasi KpuBasi, IOMEYEHHAsI CHMBOJIOM 0C), & TaKzKe OJIHOMY
pOMesKyTouHOMY 3Hadennio H. = 1 T/cM?(ciomnas Kpupas, mo-
meuenHast 1udpoit 1). Hem Boiine 3navenune H. 110 cpaBHenuto ¢ Hy,
TEeM BBIIlIe OTHOCUTEIbHAS POJIb XOJIOIHOIO TOILINBA B MHEPIIMOHHOM
yaepxkaHuu Beeit Koudurypamnuu. [ockosibKy mpejies 6eCKOHETHOTO
yaepxKauuss H. = 00 ObLI MOAPOOHO MPOAHAIU3UPOBAH B IIPEIBIITY-
meM raparpade, To 00paTuMcs K PACCMOTPEHHUIO TPOTUBOIIOJIOZKHO-
ro npenenbuoro ciaydas H. = 0.

Herpynuo mousiTh, 9To B anHOM paccMoTpenun ciydait He. = (
coorBeTcTByeT He “rosoit” TH nckpe 63 OKpyKAIOIIETO CJI0S XOI0/I-
HOTO TOIUINBA, & U30XOPUIECKON HCKpE, CO3/AHHOW ObICTPHIM (IO
CPABHEHUIO C TUJAPOJUHAMUIECKUM DPA3JIETOM) BO3JEHCTBUEM CTO-
POHHEr0 NCTOYHUKA Ha HEKOTOPYIO MAJIYIO 00JIACTb OJHOPOIHO CKa-
TOrO XOJIOJHOTO ToIIuBa. JleficTBUTEIbHO, TOCKOJIBKY B KPUTEPUH
(4.47) mpucyTCTByeT OXJIaXKJEeHUE 33 CYET TeIIONPOBOIHOCTH, Mbl
HESIBHO IPEJIIToJIaraeM, 9To 00JIaCTh UCKPBI BCET/Ia OKPY2KeHa boJiee
XOJIOHBIM BEIECTBOM, BIIMTHIBAIOIINM B cebs Terio. st “rosoit”
HUCKPBI B BAKYYMe€ [TOTE€PU SHEPIUU 38 CUET TEIJIONPOBOIHOCTU OBbLIH
OBI IPOCTO PABHBI HYJIIO.

C npyroit CTOPOHBI, €CJIN HEKOTOPYIO YaCTh OJTHOPOIHOM 110 TIJI0T-
HOCTHU KOH(pUTypaIun oueHb OBICTPO HAI'peTh 0 BBICOKOW TeMIiepa-
TYPBI, IpU KOTOPOIl [aBJIeHHE HATIPETOTO BEIeCTBa BO MHOTO pa3
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[IPEBBICUT JABJIEHUE XOJOIHOIO OKPYXKEHHUs, TO B IEPBOM IpUOJII-
JKEHUM MOYXKHO CUUTATL, YTO PA3JIET Tropddeil Macchl OyJIeT ITpouc-
XOIUTH TaK, OYATO XOJOIHOIO OKPYKEHUsI BOOOIIE HET, U IOJIOXKHUTh
H. =0 B dopmyse (4.61) ajisi BpeMeHH MHEPIUATBHOTO YJIEPIKAHUS
teon. TakuM 0OpasoM, IIPU WHTEPIIPETAINH PEe3YJIbTATOB, IIPEICTaB-
JICHHBIX Ha puc. 4.4 1 4.5, MOXKHO PYKOBOJICTBOBATHLCSI CJIELYIOIIMEI
ITOJIOZKEHUAMMN .

1) cayuait H. = oo coorercrByer nm3zobapuueckoit DT-uckpe B
OECKOHETHO OOJIBLITOM 0OBhEME XOJIOJHOIO TOILINBA; TaBJIEHNE
B UCKP€ paBHO JJaBJICHUIO B XOJIOJHOM TOILIINBE;

2) cnyuait H. = 0 coorsercrByer usoxopudeckoit DT-uckpe,
OKPY2KEHHOI CJIOEM XOJIOJHOI'O TOILIMBA, TOJIIUHA KOTOPOI'O
He MMeeT 3HAYEHWs; NJIOTHOCTL B MCKpE paBHA ILUIOTHOCTH B
XOJIOJTHOM TOILIMBE;

3) cayuaii 0 < H. < 0o coorBercTByeT nzobapudeckoit DT-uckpe
B HEKOTOPOM KOHEYHOM OOBEME XOJIOIHOIO TOILIUBA.

Tak ke Kak U Mpu OECKOHEYHOM YIE€PYKAHUH, B CJIyIae M30XOPU-
9eCKO#l MCKPbI HEOOXOAMMO YYECThb JOIOJHUTEIHHYIO BO3MOYKHOCTH
boJiee IO3/IHErO 3aXKUTAHUs IIOCTIE TTePBOiT a3bl yracaHus UCKPHI 34
CYET JIEKTPOHHOM TEILJIOMPOBOIHOCTH. Tereph, OIHAKO, MbI JOJIXKHBI
CUNTATh, YTO TOPstas U y3Kasd UCKPa PAaCcCAChIBACTC Ha (PpOHE MOCTO-
STHHOM IIJIOTHOCTH pg = const (T.e. B IBHO CBEPX3BYKOBOM DEXKUME),
yBeJIU4IuBasi Ipu 3ToM CcBO#l pasmyc Rg. B Takoit curyaruu coxpa-
HeHMe IIOJIHON sHeprum Fy psR‘ET s X pgRi’Ts = H, g’TS = const
O03HAYAET, YTO M30XOPUUECKAsT MCKPA YracaeT C COXPaHEHUEM IIPO-
mssenenus H2T,. B pesynbTaTe, B M30XOPHIECKOM CIIydae Bce Ha-
YaJibHble COCTOSIHHSI C OTPUIATE/IbHBIM TEIUIOBBIM OajiancoM (1101
crtontHoit Kpupoii 0) Ha napamerpudeckoii miockocru Ty, Hy (win
Ts,HTy), nexaiue Bbliie KacarejabHoit H. g’Ts = const, B KOHIIE KOH-
IIOB TOKE TIOIAIAI0T B 00JIACTD MTOJIOXKHUTEIHHOIO TEILJIOBOTO DaJiaHnca
7 3aroparoTcs. DTOT (PAKT HMOITBEPIKIAETCS U MPIMBIMU THIPO/IN-
HaMHUYIECKUMU PACUETAMU.
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Ha puc. 4.4 u 4.5 xopor1iio BUHO, YTO ¢ 0CJIa0JEHUEM yIePIKUBa-
OINEro BJIMsIHUSI XOJIOJHOTO TOILINBA (T.€. ¢ yMeHbinenuem H,.) rpa-
HUIA 3aKATAHUs Ha 11ockocTu 1, Hg cMeraercst K 6071€e BHICOKMM
3HAYEHUSIM ITUX IAPAMETPOB, T.e. CTAHOBUTCS HOJIee TPYIHOIOCTY -
noit. CormocraBjieHre Pa3nIHbIX KPUBBIX Ha STUX PHUCYHKAX ITOKa-
3BIBAET, YTO Hambojiee YHUBEPCAIbHBIN KPUTEPUI NCKPOBOIO 3a K-
raHUsT CBOJUTCS K MOPOIOBOMY 3HAYEHHUIO TPOMHOIO ITPOU3BEIEHMUSI
(pRT)s = HsTs, MUHUMYM KOTOPOI'O BCErJIa MONAJaeT B MHTEPBAJI
Temmeparyp 5 kaB < Ts < 10 k3B. Dror MuHUMYM (QaAKTHIECKH U
OIIpeJiesIsieT CaMblii JIEMKO JIOCTYITHBIN yIaCcTOK I'PAHUIIBI 38 KATAHUSI.
CorsnacHo pacuéram Arienu [67], mopor 3akKuranust ©30XOPUIECKOi
HUCKPBI COCTAB/ISIET

{ Ty = 810 k3B, (4.73)

(pRT)s > (pRT )iy ~ 5 1 cMm™ 2 k3B,

9TO HMPUOJIU3UTEHHO B D Pa3 MPEBBIMIAET COOTBETCTBYIONMINI IIOPOT
(4.72) nyist m306apUUIECKOil UCKPBI B OECKOHEYHOI Macce TOILTHBA.

TlonBoast mTor npojeaHHOMY aHAIU3Y, IPUXOIUM K CJIEIYIO-
UM BBIBOJAM. B 3aBHCHMOCTH OT TOIO, KaKas MacCa XOJIOIHOTO
DT-rommmsa okpyxkaer T ucKpy B MOMEHT MaKCUMAaJbHOI'O CXKa-
Tus (a TOUHee, B 3aBHCUMOCTHU OT cooTHOIIeHust Mexay H. u Hy), u
HACKOJIBKO XOPOIIIO BBIITOJIHEHO YCJIOBHE N300apUIHOCTH, MUHIMAJTb-
HbIE ITapaMeTPhl HCKPBI BAPbUPYIOTCS MEXKIY JABYMS KPAWHUMHI IIpe-
JleJIaMU, COOTBETCTBYIONMMU 3HaueHusiM H, = oo (u30bapudeckast
uckpa B 6eckoneunoii cpejie) u H. = 0 (u3oxopudeckas uckpa). [lpu
sroM mipu nepexojge or H, = oo kK H, = 0 onTuma/ibHas TeMIepa-
Typa 3akuraHus moBbimaercs oT Ty ~ 6 k3B 10 Ts ~ 9 k9B, a
MUHIMAJIbHOE 3HaYeHue Tpoitnoro npoussejenus (pRT)s = HTs —
or 1 105 r em 2 k9B.

31ech cienyer OTMETHUTHh, 9TO B JUTEPaType HepeaKko MOXKHO
BCTPETUTH yTBEPXKJIEHUsI, CBOJSIINECS] K TOMY, UTO IOPOI HCKPO-
Boro 3axkuranusi DT-rormmBa orpesessieTcss HEKOTOPBIM YHHUBEP-
canbHbIM 3HadYeHnemM H Ty = const. Kak mokasbiBaeT Halll aHa-
a3 u GoJiee TOYHbBIE I'MIPOJMHAMUYECKHEe pacdérel |66, 67|, Besu-
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unna H Ty Ha mopore 3aKMraHusi M3MEHSETCs] XOTd U B OTPaHU-
yeHHOM (B mpenesiax ¢pakropa =~ 3-5), HO BCE-TAKU B JOCTATOYHO
IMTAPOKOM MHTEPBaJe, YTOOBI 3TU BapUallid HEOOXOINMO OBLIO yUIn-
TBIBATH TIPU BBIBOJIE CKIUJIMHIOB U OIPEJIEJIEHUN IHEPIEeTUIECKUX
noporos 3axkuranusi 191 mumneneit [68, 69] —rem 6osee, uro 10JI-
Has 9HEPTHs, KOTOPYIO CJeIyeT 3aTpaTuTh Ha CO3JaHUE COOTBET-
CTBYIOIEHl KOH(MUIYpAIUU TOILJINBA, BECbMa IYBCTBUTEIbHA K 3HA-
wernmio H, T, (nponopuponanbna (HT,)? mpu hUKCHPOBAHHBIX CKO-
POCTH UMIIJIO3UH U SHTPOIIHI XOJI0HOro TommBa |69, 70]). Ormernm
TaK>Ke, 9TO BCTPEYAIONIEECs MHOTJIA YTBEPXKJIECHUE, 9TO OrPaHUYE-
mue cumzy H > 0.3-0.5 v/cm? Ha (pr) mckpsl 06yc/ioBIeHo mpobe-
roM 3.5-M3IBHBIX aJibda-dacTull (KOTOPBIi AeHCTBUTEIHHO COCTABIISA-
er H, ~ 0.3 r/cm? mpu Ty ~ 10 xaB), Tak»e He COOTBETCTBYET
uctune. [1poBeI€HHBIH Bl AHAJIN3 [TOKA3BIBAET, YTO OTPAHUYECHHE
CHU3Y Ha 3HAUYEHUsl (Pr) UCKPbI OOYCJIOBJIEHO B OCHOBHOM COBOKYII-
HBIM BJIMSTHUEM 3JIEKTPOHHON TEIIONPOBOIHOCTH M KOHEYHOI'O Bpe-
MEHU WHEPIUAJIBHOTO YIIE€PXKAHUS.

Konumpoavhoe sonpocou

1. Kakoit (pusmndecKknii CMbBIC/T BKJIAIbIBACTCS B IOHSITHE BPEMEHU
yaepxaHusi B Kpurepuu Jloycona?

2. Tlouemy xpurepuii Jloycona me moxker ObIThH Bbinosinen B BH-
ToruBe?

3. Kakyr remmeparypy B YTC HazbBaroT TeMIiepaTypoii 3a:Ku-
raaus?! Yemy ona papHa dncaenno st DT-rommusa? s DD-
u st D3He-tormmsa?

4. Kaxkwue jiBa pu3MUeCKUX IPOIECca ONPeJIeIdioT HIXKHIOK I'pa-
HUI[y Ha 3HadeHus: napamerpa (pr) T¢ romnmsa B Kpurepuu
MHEPIUAILHOTO YIEePIKAHNS !

5. Yem BbI3BaHA HEOOXOJMMOCTH CBEPXIUIOTHOIO (B THICSYU Pa3
o wiorHocrn) cxkarust T4 ronmmsa 8 UTC?

166



Kak Bpemst nnepnuonnoro yaep:kanust n3obapudeckoit T4 nc-
KPbI 3aBUCHUT OT MACChl OKPYKAIOIIEro CJI0si XOJIOIHOTO TOILIN-
Ba? ToT ke BOIIPOC [JISI M30XOPUIECKON MCKPHI.

Kakwne dusmdeckue mporeccbl urpaioT pemraionyo PoJib IpPu
omnpeJieSIeHNN HIKHEN TPAHUILI Aj1d TeMrepaTyphl 14 mckpol
B DT-romnuse?

Kaxue dpusnyeckre npoLecchl OIPeIe/IsioT HUMKHIOK IPaHUILY
no napamerpy (pr) T4 uckper 8 DT-ronmse?

Kaxkyto posb B mporiecce pasropanust T4 nckper 8 DT-rormse
urpaer Harpep Tormba 14-maBHbiMEu HeliTponamu? [Todemy?
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