N.A. KoTenbHUKOB, I'.B. Ctynakos

Jlekuuu mo pusnke mJaasmMbl



T'OCYIAPCTBEHHbBII KOMUTET
POCCHUIMCKOU ®EJEPAIIUN
[10 BBICIIIEMY OBPA3OBAHUIO

HOBOCUBUPCKUN T'OCYIAPCTBEHHBIN
VHUBEPCUTET

N.A. KoTenpHUKOB, I''B. Crynakos

Jlekuuu mo pu3sukKe NJjaa3mMbl

YuebHoe mocodue

HoBocubupck
1996



VIIK 933
BBK B333

KorensuukoB U.A., Ctynakos I'.B. Jleknuuu no ¢usuke nma3msel: Yueb.
mocoowue s CTyAeHTOB pusndeckoro pakynsrera HI'Y / HoBocu6. yH-T.
HoBocubupck, 1996. 136 c.

YuebHoe mocobue coaepKUT KOHCIIEKTHBHOE M3JIOKEHUE Kypca «Bae-
JneHue B (GU3UKY TIIa3Mbl», KOTOPBIM UMTAETCS B OCEHHEM CeMeCTpe IS
CTYJ€HTOB TpeThero Kypca ¢usnueckoro (axkyibTera, CIEHUAIN3UPYIO-
muxcs Ha Kadenpe Gusuku mia3Mel. OCHOBHOC BHUMaHUE YACISACTCS TBU-
JKEHUIO YaCTUL] B 3JIEKTPOMArHMTHOM I0JI€ U KMHETUKE IJIa3Mbl, BKIIOYast
TEOPUIO DJIEMEHTAPHBIX NPOLECCOB: KYJIOHOBCKHUX CTOJKHOBEHHI, MOHHU-
3aIliy, pEeKOMOWHALINHY, TIepe3apsaKu U U3IydyeHusi. MarHuTHas THAPOIU-
HaMHKa U TEOPHs BOJH B IUIa3Me, OOBIYHO BXOJSAINIMEC BO BBOJHBIC KYPCHI
mo Gu3uKe mIa3Mbl, paCCMAaTPUBAIOTCS B OTICIBHEIX CEMECTPOBBIX Kypcax
nexkuuil «MarauTHas rupoAuHaMHUKa» U «BoaHBI B mia3Me», YUTAEMBbIX
BCien 3a «BBemeHMEM B QU3UKY TIIa3MBI».

YpoBeHb HU3JI0KEHHUS PACCUUTAH HA CTYJEHTOB, MPOCIYIIABIIUX Kyp-
CBI 110 JICKTPOJAMHAMHUKE, MOJCKYJISIPHOH (U3MKE U 3HAKOMBIX C OCHOBaAMH
KBAHTOBOW MCXaHUKH U CTATUCTUYCCKOU (PU3UKHU.

Penensent
npodeccop b.A. Kuszes

IleyaTaeTcs o penIeHUIO PelaKUOHHO-U31aTeabCckoro cosera HI'Y.

(© HoBocubupckuit
rOCyAapCTBEHHBIH
yHupepcuret, 1996



OriaBJjienue

Ipenuciaosue 5
1 OO0mmue cBegeHHs 0 MIa3Me 7
2 JleGaeBckasi 3KpaHHUPOBKA 15
3 CreneHb HOHHM3AIMM MJIA3MBbI 20
4 KyJoHOBCKHE CTOJKHOBEHMS 26
5 Penakcanus 3Hepruu M UMNYJbca B MJaa3Me 30
6 DjemMeHTapHBbIE IPOLECCHI B MJIa3Me 39
7 JBUKeHHEe 3aPAKEHHBIX YaCTHI 45
8 AamabdaTuyeckue HHBAPHAHTBHI 58
9 Kwunernueckoe ypaBHeHHE 65
10 MarnuTHasi THAPOAMHAMHUKA 77
11 BoaHbl B mi1azme 85
12 Mlnasma B npo0KOTOpHE 86
13 Kuneruuyeckue k03¢ppuuneHTsl 87
14 IlepeHoc myia3Mbl B MATHUTHOM II0JI€ 96
15 U3ny4yeHue U3 Naa3Mbl 105



16 Kputepuii Jloycona 117
OTBeThI K 3a/1a4aM M YIIPaKHEHUAM 124

Cnucok TuTEpaTyphl 135



IpeaucioBue

Hacrosmee yuebHOE mocoOme coepKUT KOHCIIEKTUBHOE M3JI0KEHHUE Kyp-
ca «BBenenne B GU3UKY MIa3MBbI», KOTOPBIM YATAETCS B OCEHHEM CEMeCTpe
JUIsl CTYZIEHTOB TPEThero Kypca Gu3ndeckoro GpaxkyibTeTa, Clelualin3upy-
omuxcs Ha kadenpe pu3uky miaa3mMel HoBocnOUpCcKoTro rocy1apcTBEHHO-
ro yausepcurera. OCHOBHOE BHHMAaHHUE YJEJsETCS JBH)KCHHIO YaCTHUI[ B
9JEKTPOMAarHUTHOM I10JI€ ¥ KMHETHUKE IUIa3Mbl, BKJIIOUAsl TEOPHIO JIEMECH-
TapHBIX MPOIECCOB: KYJIOHOBCKHMX CTOJKHOBEHHH, MOHU3AIUU, PEKOMOU-
Haluu, nepesapaaku U U3JTy4YCHU. MaruuTtHas TUApOAMHAMHKA U TEOpUL
BOJIH B IUTa3Me, 0OBIYHO BXO/SAIIME BO BBOJHBIE KYpCHI IO (pU3HMKE MIa3MBl,
paccMaTpHUBAIOTCS B OT/ACIBHBIX CEMECTPOBBIX Kypcax JeKuui «Maraut-
Hasl THIpOJAMHAMUKa» U «BoaHBI B IU1a3Me», uuTaeMbIX Beieq 3a «Baene-
HHUEM B (QU3UKY TIa3MBbI».

Coaepxxanue yueOHOTo moco0Ous oTpaxaeT 6osiee 4eM JBalaTUICTHUI
ONBIT MpenojaBaHus BBOJAHOTO Kypca Ha kadenpe Gpusuku miasmel Hopo-
cubupcKoro rocyaapcTBeHHOro yHupepcurera. CTpykTypa Kypca Oblia
3anoxeHa akagemukoMm JI.JI. ProToBbIM; B pasHoe BpeMs JICKIHH YUTAIH
.. ProtoB, b.H. bpeiiaman, I'.B. Ctynakos, C.B. Jle6enes, U.A. Kotensb-
HUKOB. B HbIHENIHEM BH/Ie KypC U3JIaraeTcs OKOJIO JECITH JIeT, er0 OCHOBY
COCTaBMJI KOHCIEKT JEeKIui ogHoro u3 aBTopoB mocodus (I.B.C.). Ilpu
MOJATOTOBKE HACTOANIETO M3JaHUS ObLIO 100aBIEHO OOIBIIOE KOJTUIECTBO
niUTIocTpanuil u 3agad. YacTh 3amad mpeaHa3zHaueHa JJISI CAMOCTOSTEIb-
HOTO pEUICHUs CTYyACHTaMH, APYrue OOBIYHO CIy)XaT TEMaMH ISl CEeMU-
HapcKux 3aHATUH. HexoTopsle U3 3a1ad o4eHb NPOCTHI (Tak MO KpaifHen
Mepe KaXeTcs UX COCTABUTEINISIM) — 3TH 3a7aui GOPMYITUPYIOTCS IO X0y
JEKIUHU U IIPEeHa3HAYECHBI, TIIABHBIM 00pa3oM, 715 TOTO, YTOOBI 3a0CTPUTH
BHUMAaHME CIIylIaTelel Ha Kakoi-To cTopoHe obcyxknaemoro sBieHus. K
HanboJee CI0KHBIM 3aJja4aM IIPUBEACHBI PEIICHUS WM JaHbl OTBETHI.

YpoBeHb U3JI0)KEHUS PACCUUTAH HA CTYJAEHTOB, IPOCIYIIABIINX KypPChI
[0 3JICKTPOJAMHAMHUKE, MEXaHUKE M MOJICKYJsipHOU (u3uke. I[lapamiens-



HO C M3y4YeHHEM Hadal U3MKHU MJIa3MBl CTYACHTH (GU3NIECKOTO (paKkyib-
tera HI'Y caymaroT Kypc KBaHTOBOW MEXaHUKH, & CTATUCTUYECKYIO Qu3u-
Ky U3y4aloT elé Mo3Hee, M0ITOMY HEKOTOPbIE JICKIIMH 110 (PU3UKE MIa3MBbl
BKJIIOYAIOT B c€0s1 MUHUMaJIbHbIC CBEACHUS U3 3TUX KYPCOB.

Kypc paccuntan npuMepHo Ha 32 3aHATHA — 10 OJHO JTEKIUH U TIO O~
HOMY CEMHHapy B HEEII0 B TEUCHHUE MOJYyTr0J0BOT0 ceMecTpa (HEKOTOPhIe
JEKIIMHA U3 MPEJCTABICHHBIX B MOCOOUM JiaTcs Oonee AByX vacoB). Jlus
MOJIyYEHHS 3a4eTa M0 CEMHHAPCKUM 3aHATHSAM CTYJEHTHI 00S3aHbI Ipej-
CTaBUTb PEIICHUS MPUMEPHO JECSITH 3a]ad CpeJHEeH TPy JHOCTH, OTOOpaH-
HBIX MpenoJaBaTeseM g 3TOH nean. DTH 3ajaul TaK)Ke BOIILJIN B yueOHOE
nocobue. OneHka 3a Kypc IpOCTaBISIETCS MO pe3yJibTaTaM yCTHOTO JK3a-
MEHa, I'Jie CTyJIeHTaM MpeaiaraeTcs B TeUeHHUE yaca PeIIuTh OJJHY « MHOTO-
XO0/IOBYIO» 33/1ady, HOATOTOBUTH PAa3BEPHYTHIH OTBET IO OJHOW M3 JIEKIUN
(mpuveM pa3pemeHo HCTI0JIb30BaTh JI00YI0 TUTEPaTypy U KOHCIIEKTHI JIEK-
L), a TAK)KE OTBETUTH Ha JOTOJIHUTEIbHBIE BONIPOCHI 3K3aMeHaTopa (yxe
0e3 KOHCIICKTA).

Ha npoTs>keHuM MHOTHX JIET aBTOPBI UMEIN BO3MOXKHOCTh 00CYKJIaTh
colepKaHHE HacTosAIIEro Kypca co ceoumu kosuteramu b.H. bpeiizmanowm,
I'.E. Bexmreitnom, C.B. Jlebenesim, B.B. Mupuosem, [I.J[. ProToBBIM.
Bcem uM OHM BBIpaXXaroT CBOIO HCKPEHHIOIO OJIarogapHOCTb.

Aemopsl
Axanemropoaok, Hosocubupck — Cupertino, CA
7 Hos16pst 1998 1.



Aexnusa 1

Oé6mue ceegenns o naasme. Ugearbnocrn. Boipo:xaenne.
KBasuneiirparbnocrn

[Ina3mo#l Ha3pIBaeTCsl KBa3MHEUTpalbHBIM Ta3 3apsKeHHBIX dacTHL. B
Hamboyiee pacIpOCTPAaHEHHOM CiIydae IIa3Ma COCTOHUT M3 3JIEKTPOHOB U
MTOJIOKUTEIBHO 3apsKEHHBIX HOHOB. B m1azMe MOryT mpucyTCTBOBATh TaK-
K€ HeWTpalbHBIE aTOMBI: €CIIM MX JIOJIS 3HAYNTEIbHA, IJIa3Ma Ha3bIBaeTCA
yacmuyHo (MW He NOIHOCMbI) UOHU308aHHOU. ECIN M0oas HeWTpalbHBIX
aTOMOB NPEHEOPEKUMO Maya, TO MBI UMEEM JENI0 C HOJHOCMbIO UOHU30-
eéannou mina3Moil. IToHsTHEe KBa3HHEHTPATBHOCTH MOAPOOHEE MBI 00CY TUM
HIKE; MOKa )K€ TOCTAaTOYHO CKa3aTh, UTO IJIa3Ma KBa3WHEHTpalibpHA, eciau
YHCIIO MOJTOXKHUTEIBHBIX 3apAA0B B HEH PAaBHO YHCIY OTPHIIATEIBHBIX, TaK
YTO B IIEJIOM AJICKTPUUECKHUH 3apsii paBeH HYJIIIO.

Tepmun «mmasmay» 0wl BBei€H B paboTe Jlenrmiopa u Tonkca B 1929 1.
B CBS3HM C HCCJIEJOBAHHEM IPOIECCOB B JICKTPOHHBIX JaMIlax, HaloOJIHE-
HBIX MOHU30BaHHBIM razoMm. Celuac Obl MBI cKazaiau, 4To JIeHTrMIOp U
ToHkc mccinegoBany pa3psa B raze HU3Koro gasineHus. Korma x razoBomy
MPOMEXYTKY HPHUKJIAABIBACTCS BBICOKOEC HAIpPSKEHHE, MPOUCXOAHUT IPO-
00#: Ta3 YacTUYHO MOHU3YETCs, M 00pa3oBaBIINECs 3JIEKTPOHBI M HOHBI,
JBUTAsICh B HANPABJICHUU PA3HOMOJSIPHBIX AJIEKTPOJOB, CO3/AI0T pa3psii-
HBII TOK. B Hamre BpeMs ra3oBBIH pa3psg MOKHO TOBCEMECTHO HAOMI0AaTh
B JJaMIIaX JHEBHOTO CBETA, a TAKXKE B CBAPOYHBIX AYraxX U 'PO30BBIX pa3ps-
Jax.

3apoxIeHNe COBPEMEHHOW (PU3MKHU TUIa3MBl OTHOCUTCS K Hadary 50-
X IT., KOTJ1a OblJIa BBIIBUHYTA M1 CO3JAHMS TEPMOSICPHOTO peakTopa Ha
OCHOBE yMpaBJICHUS PEeaKIUIMHU CHHTE3a, IPOTEKAIOIUMHU NPH B3PHIBE BO-
nopoaHoit 6oMOb. CoOcTBEHHO mocie Toro kak B 1952 u 1953 rr. B CIIIA
n CCCP 6butu npoBeJIeHbl UCIIBITATEIbHBIE B3PBIBBI IEPBBIX BOJAOPOIHBIX
60oM0, u ObIM HayaThl PabOTHl MO MEUPHOMY IPUMEHEHHIO SHEPTHUH peak-
O cuHTe3a. MBI paCCMOTPUM 3TH PEaKIUU B 3aKIIOYNTEIbHON JIEKIIUN
Kypca U yBUAUM, YTO AJISI UX OCYIIECTBJIEHHUS BEIIECTBO C XUMMUUECKUMHU
9J€MEHTaMH, BCTyHAIOIMMK B peaKIMi CUHTE3a, HE0OX0AMMO HArpeTh J10



TEMIIepaTypbl HECKOJIBKO COT MUJUTMOHOB IPajyCoOB — IO3TOMY 3TH peak-
LMK 9aCTO HA3BIBAIOT TepPMOsiepHBIMH. [Ipu cTOIL BBICOKOW TeMIepaType
n000e BEIIECTBO HEM30ECKHO MpeBpalacTes B Iia3mMy. 3ajada HarpeBa u
yIaepKaHUs TaKOW MIa3Mbl U SIBIJIACH MIPUIUHON OBICTPOTO pOCTa HAYUYHBIX
HCCIEAOBAHUN B 001aCTH (U3UKHU TLIA3MBI.

JApyruM CTUMYJIATOPOM pa3BUTUS (PU3MKHU IJIa3MBbl BHICTYIIAIOT acTpO-
¢usmueckue ucciaenoBanus. Hepenko MoxHO ciaslmaThk, yTo 99% Bemre-
cTBa BO BceneHHOW HaXOAUTCS B COCTOSHUH IUIa3Mbl. Bo3MOXHO, 3Ta
OI[CHKa CHJIPHO IpEyBEIWYCHA, TaK KaK BO BceleHHO# mMmeeTcs Tak Ha-
3pIBa€Masi CKpbITasi Macca, Ipupo/ia KOTOPOW B HACTOsIIIEe BPEMs HE SICHA.
O HaKO HECOMHEHHO, UTO 3BE3/Ibl U UX aTMOC(epbl, ra30Bble TYMAHHOCTH U
3HAYMTEIbHAS 0JIs MEK3BE3HOTO ra3a MPeACTaBISIOT c000# mia3my. Ec-
JU BBIWTH 3a Mpenesbl 3eMHON aTMOC(epsl, TO cpa3y Ke MPUIETCI CTOJK-
HYTBCS C IUTa3MOH pagWaIlMOHHBIX IMOSCOB 3€MJIM W IJIa3MOI CONHEYHOTO
BETpa.

B npupone BcTpeuaeTcs He TOJIBKO AJIEKTPOH-MOHHAs IuiazMa. B at-
Mocdepe myJIbCapoB CYIIECTBYET 21eKMPOH-NO3UMPOHHAS T1IIa3Ma, B KOTO-
pPOH TTOJIOKUTENBHEIN 3aps HECYT MO3UTPOHBI. B mOIympoBOgHUKAaX BBO-
IAT TIOHSITHE 3.1eKMPOHHO-0bIpOYHOU TLIA3MBI, COCTOSIIEH M3 CBOOOTHBIX
SJIEKTPOHOB U TOJIOXKHUTEIBHO 3aPSKEHHBIX «ABIPOK». MBI OTpaHHIUMCS
U3Yy4YCHUCM CBOMCTB MCKJIIOUUTEIBHO SHCKTpOH-I/IOHHOﬁ I1J1a3MBbI.

Haxe ecnu BecenenHnast 7€ICTBUTEIBHO MOYTH LIETMKOM COCTOUT U3 IJ1a3-
MbI, TO B HOBC@L{HCBHOﬁ JKU3HU HAlllK BCTPEUU C HeH OrpaHUYMBAIOTCA BCC-
0 HECKOJIbKUMH MPUMEPaMH: BCIIBIIIKA MOJTHHH, MATKOE CBEUCHHE CEeBEp-
HOTO CHSHHUS, IPOBOASIINN ra3 BHYTPHU GIyOPECICHTHON TPYyOKH HIIH HEO-
HOBOM pekyiambl. B 3eMHBIX yci0BusaX HanboJiee eCTECTBEHHBIH c11ocod co-
31aTh IUIa3My COCTOMT B TOM, YTOOBI HarpeTh ras3 0 TaKOW TeMIepaTyphl,
MIPU KOTOPOW KHHETHYECKasi SHEPTUs ABMIKEHHUSI yacTUL Oy 1eT OoIblIe Ml
X0Ts OBl cpaBHUMA C HHEPTHUEH HOHU3AaUU aToMa. [Ipu 3ToM B pe3ynbTaTe
MEKYaCTHIHBIX CTOJIKHOBEHHUH 3IEKTPOHBI CPBIBAIOTCS C ATOMHBIX OpOHT,
1 00pa3yeTcs cMech CBOOOHBIX 3JIEKTPOHOB U HOHOB (a TaK)ke HEMOHU30-
BAaHHBIX HEUTPAJILHBIX ATOMOB).

B ¢usuke niasmsl remnepartypy 7 HpUHATO M3MEPSTh B dHEpreTHye-
CKHUX eIMHUIIaX, OTOKICCTBIss € ¢ aHeprueit k7, rane k=1,38-1 O’wapr/rpaﬂ—
nocrossHHas bonpnmana. Y0O0HOU eauHUIEH M3MEpPEHHS TeMIEpaTyphl
SIBIISICTCS AJICKTPOHBOJIBT:

15B=1,60-10"'25pr=11600°K.

Paccmorpum miasmy ¢ temnepatypoid 7', mIOTHOCTh KOTOPOW paBHA n
gacTul B KyOmdeckoM caHTumeTpe. [lpwm Oonbpmiol mMIOTHOCTH 7 CyIIe-



CTBCHHBIMHU CTAHOBSATCSA KBAHTOBBIC 3(1)¢)GKTBI, TOorga Kak OTHOCHTEIBHO
paspexeHHas MIa3Ma MOKET OMHMCHIBATHCA KjaccHdyeckoi Teopueit. Ilo-
Jly4uM yCIOBME, KOT/Ia [1a3Ma MOXKET CUUTAThCS KIACCUYECKOIl.

[pu Temnepatype T XapakTepHbIil IMITYIbC YACTHIL I1a3Mbl paBeH v/ m7T
rae m — macca yactun. CooTBeTCTBYIOMAs AJIWHA BOJHEI e bpoiing mpu-
MepHO paBHA

A~ (1.1)

VmT

rae h=4,14-10"1°5B-cex — nocrosunas ITnanka. Ecau Ay Mana mo cpas-
HCHHIO C MEXKYACTUYHBIM PAaCCTOSIHUEM n71/3, TO U3 BOJIH 1€ Bpof/'mﬂ MOX-
HO COCTAaBHTh AKETHI, Pa3Mep KOTOPBIX OyeT Mal 1o cpaBHenuio ¢ n~ /3 u
KOTOpbIe OYyT ABUTaThCs KBA3MKIACCHUECKH. B mepeBojie ¢ A3bIKa KBaH-
TOBOM (U3MKM Ha A3BIK KJIACCHYECKOH (DU3UMKHM TU TaKeThl OTOXKAECTBIIS-
1otcs ¢ yacTunamu. Cle0BaTeNbHO, YCIOBHE KBa3UKIACCHYHOCTH T1J1a3-
MBI 03HagaeT, uto Ay < 7~ /3. C yuerom coorHomenus (1.1) ero MoxHo
3amucaTh B BUJIE

H2n2/3

T
>>2m

(1.2)

OTO HEPABEHCTBO HApyIIAeTCsl paHblle JAJs dJIEKTPOHOB, YEM JJISI HOHOB,
TaK Kak Macca /m BXoauT B (1.2) B 3HaMeHATEb.

BaxHoli XxapaKTepUCTUKOH MJ1a3Mbl ABIAETCS OTHOCUTEIbHAS POJIb 3JIEK-
TPOCTATHYECKOTO B3aMMOJEHCTBHUA 3aPSKEHHBIX YAaCTHUI[ APYT C APYTOM.
OuenuM rpy00 2HEPTHUIO IEKTPOCTATUUYECKOTO B3aMMOJEeHCTBUS Wy nis
KJIACCUUYECKOMW MIa3MBbl U CPABHUM €€ CO CpeHell KUHETUUECKOH dHepruei
yactull Wx. I[locnenHsas paBHa 1o NOPSAAKY BEIHMYUHBI TEMIIEpaType Iaa3-
MBI,

Wi ~T, (1.3)
TOTJ[a KaK
1 &2
WENEW—‘/37 (1.4)
“1/3

rjae n €CTh CpejIHEe PAaCcCTOSHIE MEXIY dacTuiuamMu. MHuoxutens 1/2
npu rpy06oii oneHKe He UMeeT OONBIIOTO 3HAUYCHHUSI, HO OH MOAYEPKUBACT,
4TO ez/rfl/3 €CTh PHEPTHUSA B3aUMOJCHCTBHS d8yx YacTHIl. Eciu BeImonHe-
HO yCJIOBHUE

T>>e*n'l3, (1.5)

9



TO TOBOPAT 00 udeanvrou nna3Me. B uaeansHON mia3Me KyJOHOBCKOE B3a-
HMOJICHCTBHE YaCTHUI MaJIO, U BO MHOTHX 3a7a4ax UM MOXHO BOoOwIe mpe-
HeOpeub. TepMoauHAMUYECKHIE CBOWCTBA TAKOM MIa3Mbl MAJIO OTIUYAOTCS
OT CBOWCTB UAcaNbpHOro rasa. [lmasma, s KOTOPOW BBIIIOJHEHO HEPaBeH-
CTBO, obpaTtHoe (1.5), Ha3BIBACTCA HeudealbHoOu.

Hns keanmogoil (WU 8bIpodcOeHHOU) TIIA3MBI, TeMnepaTtypa 7 KoTopoit
Mana 1o cpaBHenuio ¢ h2n?/3 /m, KpuTepuii HIeaTbHOCTH H3MEHsETCS. XO-
Ts BeipaxkeHue (1.4) st SHEPTHH dIEKTPOCTATHYECKOTO B3aUMOCHCTBUS
COXpaHseT CHIly, KHHETHYECKasi dHEPTUs YacTHUI] Teepb He paBHa TeMIle-
patype mia3mbl: COTJACHO KBAHTOBOH (PM3MKE KMHETHUECKasi DHEPIrUs He
paBHa HYJIIO Jlake MpU a0CONIIOTHOM HyJle TemIepatypbl. KuHeTnueckyo
OHCPTUI0 MOXXHO OHEHUTH, €CJIN 3aMCTUTH, YTO B O}IHOﬁ TOYKE HC MOXKET
HaxOJIUTBhCs Oojiee ABYX IJIEKTPOHOB (OJUH CO CIIMHOM «BBEPX», APYroif
CO CIIMHOM «BHHU3»). [103TOMY npH cpeHeM pacCTOSHHH MEXy YacTHIa-
mu n~'/3 momywaercs, 4TO KakIblil SIEKTPOH 3alEPT B AMMK C pasMepa-
Mi Ax ~n~'/3. Tlo npuHLKIy HEONPENEIeHHOCTH, YaCTHLA, JIOKAIU30BAH-
Has B MHTepBaje AX, IOJDKHA UMETh UMIYIbC p ~ h/Ax u, cieaoBaTelb-
HO, OJUKHA MMETh KHHETHUECKYI0 dHepruio Wy = p? /2m. Cobupas Bce 3TH
OLICHKH BMECTE, HAXOJAHM, YTO

h2n2/3

- (1.6)

K ~Y
DTa BEeJIWYHMHA N0 MOPSAJKY BEITUYUHBI COBIIANacT ¢ dHeprueit epmu BeIpo-
JKJIIEHHOTO AJEKTPOHHOTO ra3a. YCclIoBHe unealnbHocT Wy > Wy nis KBaH-
TOBOM IIJIa3MBI IMIPpUHUMACT BU]J

m€2 3

Hepasenctsa (1.2), (1.5) u (1.7) BBIAEAAIOT B MIOCKOCTH MEPEMEHHBIX
n, T gersipe obmactu (puc. 1.1). D10 001acTh KJIACCUYECKONW MCATBHON
mia3mbl (1), K1accuyeckod HewaeaabHOU MIa3Mbl (2), KBAHTOBBIX HEHJIE-
anpHOU (3) m uaeampHOU (4) na3M. Bce deTsipe 00JacTH MMEIOT OJHY
00IIYI0 TOUKY, B KOTOPOI

2N\ 3
7o~y = (%) =a5®=6,75-10% cm 2,

1 4
T~E=§e2ni/3=%=Ry= 13,65B,

10



+
W

2] v

+14 ‘
m +0é 1 Puc. 1.1. Knaccudukanus mmasmser: 1
o E 4 — wujeanbHas Kiaccudeckas IuiasMa
%1) -14 2 (1" — nuskotemneparypuas, 1’ — BuI-
- ] 3 coKOoTeMIlepaTypHas); 2 — HeuIealb-

'22 Has KJaccuueckas 1miasma; 3 — Heuge-

_3; albHasg KBAHTOBad IuiasMa; 4 — uje-

E ajlbHas KBAaHTOBAs IjIa3ma
= oy e

18 20 22 24 26 28
lgn, cm”

rae ag = h? /me* o6o3navaer 6opoBcKuii pannyc, a Ry = me* /2h? — suep-
THI0 OCHOBHOTO COCTOSIHUS B aTroMe Bogopoja. Jlisi OpueHTUPOBKH B I10-
psnKax BenW4YuH B Tabiu. 1.1 mpuBeneHBI HEKOTOPBIC TUIHMYHBIE MapamMe-
TPHI IJ1a3M, BCTPEYAIOMINXCA B Mpuponae. MHoraa miasMy moapa3aensioT
Ha Huzkomemnepamypuyio (I < 103B) u evicokomemnepamypuyro (T >>
105B). XoTs Takoe neneHUE B 3HAYUTEIbHON CTENMEHH YCIOBHO, OHO OT-
pakaet TOT GakKT, YTO BEICOKOTEMIIEpaTypHasi BOJOPOAHAS IIa3Ma sIBIseT-
Csl IOJIHOCTHIO HOHMW30BAHHOM, TOT/1a KaK B HU3KOTEMIIEpaTypHOH Iiazme
0OBIYHO BAXKHBIM SIBJISIETCS YUET HAJIMUMSI HEUTPAJIbHBIX YaCTHII.

BepHeMcs K MOHATHIO KBa3MHEHTpaJbHOCTH. PaccMoTpum miasmy, B
eAUHHUIe 00beMa KOTOPOIl HAXOIMUTCS /1 AIIEKTPOHOB M CTOJBKO YK€ 0JHO03a-
psiaHBIX MOHOB. [IpemcTaBuM, 4TO BCICACTBUE TCILIOBOTO ABH)KCHUS Ya-
CTHI B 00J1acTH pa3mepa / Mponu30MIIO0 pa3aesieHue 3apsiI0B U CAaMOTIPOH3-
BOJBHO BO3HHUKJIA Pa3HOCTH IJIOTHOCTH 3JIEKTPOHOB M HOHOB. B pesynbra-
TE€ TOSIBUTCS 3JICKTPUUCCKOC MOJIC, MTOTCHIIHAT ¢ KOTOPOTO OIMpEaeasieTcs
u3 ypaBHeHnus Ilyaccona

A = —4T1edn. (1.8)

Jlnst Tpy60it OleHKH MOXKHO MOJ0KuTh Ad ~ 8 /1%, rie 8 — mepenan mo-
TeHnuaga Ha macmrabe /. 3 (1.8) Haxoaum

O ~ 4mtednl?. (1.9)

Bennunna edp He MOKET OBITH CYN[ECTBEHHO OOJBIE KHHETHICCKOI
SHEPTUH YacTHUl 7, TaK Kak B IPOTHBHOM ClIydae MOTEHIHAN OyAeT TOp-
MO3UTbh 3apsJbl U NPENATCTBOBATh UX paszfeneHuto. I[lo 3Toi nmpuuuHe
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Tabnuma 1.1

n,cM > T,»B
TepmosaepHsiii peaktop | 1013 104
Tokamak 10'2+10" | 100+ 10*
OTKpBITas JOBYIIKA 10'2=10" | 10+10°
Inaya 10'° 102
l'azoBblit paspsan 10°=10'%2 | 2
JlazepHas m1a3ma 1020=10%% | 102 =103
ConHe4yHast KOpOHaA 100 200
Conueunas atMochepa | 104 1
Honochepa 3emnu 10°=10% | 0,1
ConHeuHbIH BETEp 5 10+50
Mex3BE3MHBIN Ta3 1 0,01 +1
edd ~ T, uto npu yuete (1.9) naer

on T

—~ . 1.10

n  4Tne?/? ( )

BBoas onpenenenue nebaeBcKoro pajanyca
T
= 1.11
D 4T[l1@2 ) ( )

MBI MOJKEM CKa3aTh, UTO MJia3Ma OyIeT KBa3UHEHTpalbHOM, €CITU €€ pa3zMep
L Benuk mo cpaBHEHUIO C rp. B 3TOM cilyyae OTHOCUTENIbHBIE Pa3HOCTH B
IUIOTHOCTH 3JICKTPOHOB M HOHOB Ha MaciuTabe L mana:

2
on
~ D

: 1.12
2 (1.12)

Ecnu xe L cpaBHUMO C rp, TO TaKOW ra3, 0 CyHIECTBY, HE SIBJISETCS Ma3-
MOH, a mpeACTaBsieT cCOO0H CKOIJIEHHE OTJAEIbHBIX 3apPSIKEHHBIX YacCTHII.
Hdpyroii BEIBOJ, KOTOPBIX cienyeT u3 Gopmynst (1.12), cocTouT B TOM, 4TO
€CIIM pa3Mep IUIa3Mbl CPaBHUM ¢ 1e0aeBCKUM pagnycoM, L ~ rp, TO miIa3Ma
SIBJISIETCS CYIIECTBEHHO HE KBa3MHEHUTPalbHOM, On ~ 7.

[Ipy BBIYMCIEHHWM BEJIHMYMHBI Ae0aeBCKOTO pajuyca IOJE3HO I0Jb30-
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BAThCS «MPAKTUUECKON» POPMYIIOW:

T [»B]

D [CM] =740 m

» 3agaua 1.1
Botuucaumeo rp g4s napamempos, npusegernvix 8 maba. 1.1.

Ecnu B mia3sme ecthb pa3HbIC COPTAa HOHOB, XaPAKTCPHUIYIOUIUCCH 3aps-
JOBBIMH YHCIIAMH Za 1 IIJIOTHOCTBHIO 1y, TO YCIOBHUE KBaBHHCﬁTpaHBHOCTI/I
I1a3Mbl OY€BUIHO IPUHUMACT CJ'[C}Iy}OH_II/Iﬁ BHU:

ne = z NeZg.
a

» 3agaua 1.2
Ouenumb gebaesckuii paguyc r'p 448 NAA3MbL, COCTNOAUCH US 3ACKMPOHOB U
uonos c sapsgom Z > 1.

JebaeBckuii paguyc XxapakTepu3yeT NpOCTPAaHCTBEHHBIH MacmTald, Ha
KOTOPOM HPOUCXOIUT pa3ieieHHe 3apsI0B B Maa3Me. XapaKTepHBIM Bpe-
MCHHBIM MacCIITabOM CYIIECTBOBAHUS (QIYKTyalMH MIIOTHOCTUA B 00BEMYH-
K€ C pa3MepoM 7'p SIBJISIETCS BEJAUUHHA

1/2
; D T / (mg)1/2 ( Me )1/2
Ve 4Te? T 4Tne? ’
rae vr, — TCILJIOBAsA CKOPOCTb 3JICKTPOHOB, a m, — MaccCa JJICKTPOHA. 33
9TO BpeMs B 001acTh pa3Mepa rp MPHIETIAT HOBBIE DJIEKTPOHBI, KOTOPHIE
«3aMaxyT» BOZHUKIIYIO TaM QIyKTyanuioo. Bemuuuna ¢~ nmeromas pas-

MEpPHOCTbh YaCTOTBHI, HA3BIBAETCS DIICKTPOHHOU NIa3MeHHOU WIN JIeH2MIO-
PO6CKOU 9aCTOTOH U 0003HAYACTC ():

4Tme?
W, < (1.13)

me

B NPpaKTUYCCKUX €AUHUIAX

Wy [c7']=5,6:10%/n[cm3]

Ecau ¢haykTyanus miIoTHOCTH BO3HUKIIA B 00beMUHKE ¢ pazMepoM [ >>
rp, TEIUIOBOE JIBUKEHHUE HE ycrneBaeT e€ 3ama3aTh 3a BpeMs 0.);1. B sTtom
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Cilydae BO3HHKAIOT JICHIMIOpOBCKHE KoneOaHusA. OHH COMPOBOXKITAIOTCS
M3MEHEHHMEM MIOTHOCTH SJIEKTPOHOB C IIEPUOIOM 2TT/ W), BOKPYT CPEJHEr0
3HAY€HHUs], PABHOTO MIOTHOCTU HOHOB.

PaccMoTpuM MUIOCKNH €10 371€KTPOHOB, KOTOPBII JBH)KETCS BAOJIb OCH
X IEPIEHAUKYISAPHO CBOEH IockocTU. ECau 3TOT €10 CABUHYJICA BIIPaBO
Ha PacCTOAHHUE X —X() OT CBOETO HAYAJHbHOTO TOJIOKEHHSA X( (KOrJga MiIoT-
HOCTH 3JIEKTPOHOB OblIa OJHOPOJIHA M paBHAa IUIOTHOCTH HMOHOB 7(), TO
cJeBa OT CJIOSI BOSHUKHET M30BITOK MOJOKUTEIBHOTO 3apsiia C BETUIUHON
enp(x —xo) Ha €IMHUILY TUIONIAJIN CJIOS, TAK KaK IPU CBOEM JABMKEHHH CIIOH
«00HakaeT» MOHHBII OCTOB, OCTAIONIMICS CIeBa OT Hero. B pesymbraTe
BO3HUKHET dJIEKTpUueckoe noie E, = 4Teny(x — xp), KoTopoe OyIeT TOpMO-
3UTh JICKTPOHBI B CJIOE, CTPEMACH BEPHYTh MX B HCXOJHOE IOJIOKECHHUE.
[IpupaBHuBasi ycKOpeHHE 3JEKTPOHA B cioe (IOMHOXXEHHOE Ha Maccy) K
BO3Bpamawuei cuine —ek,, No1y4uM ypaBHEHUE JIBUKEHUS dIEKTPOHA

mx = —4Tr22no(x—xo). (1.14)

OTo0 ypaBHEHHE NEHCTBUTENBHO OMUCHIBACT KOJIeOaTeIbHOE ABM)KCHNE JIEK-
TPOHA C JIEMITOPOBCKOi 9aCTOTOM W), = \/4Thpe? /m 0KOIO ero UCXOLHOTO
MOJIOKEHHUS (CM. 3aaa4y).

OTer. DAEKTPOHBI COBEPUIAIOT KOAeHATEAbHOE !
ABHKEHHe ¢ 4acToToit Wy = \/4Thge?/m okoro :}
TOYKH CTapTa: X =X+ (Vo/mp) cos(kxg) Sin(wpl), 1
vy = vocos(kxg) cos(Wyt). YkasanHoe pemenue
uMeeT cMbIcA, ecan Vo < W, /k. Tlpu vo > W, /k
CyIIeCTByeT TaKOH MOMEHT BpeMeHH, Korga naot- Puc. 1.2. Konmebanus cios

» 3agaua 1.3 r T
B momenm spemernu t = 0 saexmponvl naasmol +i |-
npuobpeau ckopocms Vx = vy cos(kxg), zae xg — +} |
HauaavHasa koopgurnama aaeckmpona. Cuumas i} i _
UOHBL MENOJBUNCHBIMU, d HAUAAbHOE pAcnpege- +i -
AeHUe NAOMHOCMU 3ACKMPOHOB OJHOPOIHBIM U +! i -
PABHBLM 1), ONUCAMb JBUNCCHUEC IACKMPOHOB. +! VT
+1 | -

}

|

|

_ Ox
HOCTb DAEKTPOHOB N = no/m (OopMaAbHO CTAHO- SJIEKTPOHOB
BUTCSI 6€CKOHEUHOH; IIPH ITOM MPOUCXOAUT «ONPOKUABIBAHHE BOAHDBI», a ABUKE-
HHE DAEKTPOHOB CTAHOBHUTCS ABYXIOTOKOBBIM.
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Aexnus 2

Jebaepckas sxkpanupopka. JHeprus KyAOHOBCKOIo
B3aHMOJ€HCTBHA YaCTHL B MIAa3Me

KynonoBckoe B3auMojieiicTBre 3apsiJOB B IJIa3Me MPOSIBISAETCS B OTTANKH-
BAaHUH PAa3HOMMEHHO 3apsHKEHHBIX YaCTHI] M MPUTSIKEHUHU 3apsAI0B pPa3HO-
ro 3Haka. B pe3ynapTaTe BOIM3M MOJTOXKHUTEIBHOTO 3apsga yBEIHUIHBACTCS
KOHI[EHTPaLHs OTPUIATENBHO 3apPA’KEHHBIX YaCTHUL[, KOTOPBIE IKPAHUPYIOT
MOJOKUTENbHBIN 3apsan. M3-3a Tako# 3KpaHUPOBKHU NOTEHIUAJI UCXOAHOIO
3apsja yobIBaeT C pacCTOSIHMEM ropasio OvslcTpee, 4eM 1o 3akony Kynona.
AHajoTUYHAs KapTHHA UMEET MECTO U BOJIM3HU OTPHUIIATEIBLHOTO 3apsija.

Jns Toro uToO61 onncaTh 3P HEKT SIKPaHUPOBKH KOTUIECTBEHHO, Tpe-
CTaBHM, YTO B IIJIa3My MOMEIIEH CTOPOHHUH 3apsf g, M HaligeM pacrpene-
JeHue moTeHuasa ¢ BOIU3H Hero. DIIEKTPOHBI U HOHBI MJIAa3Mbl (MOCTE/-
HHUE CYUTAIOTCS OJHO3APSAHBIMHU) PACIPEISISIOTCS B MoTeHIMane ¢ mo 3a-
koHy bonbnmana

ns=noexp(—ﬂ), (2.1)
T

raes=e,i,any— IUIOTHOCTh YaCTHUIl BAAIH OT MPOOHOT0 3apsija, rJe mia3-
Ma SBISIETCS KBasMHeHTpalbHOU. B dopmyrne (2.1) MBI y4iau BO3MOXKHOE
OTJIMYUE TEeMIIepaTypbl dJIEKTPOHOB 7, OT TeMmuepatypsl HOHOB 7;. Bynem
npeanonararh, uto |esd| < Ty, Torga s3KCoHeHTY B (2.1) MOKHO pasioxuTh
B psa Teitnopa

es esd
exp(—Ts) ~1— T (2.2)
9TO JAeT I BO3MYIICHHS TUIOTHOCTH On CIENyIOIIee BEIPaKCHHUE:
on=n; —n,=—nped (l+i> , (2.3)
T T
rje e = e¢; = —e, 0003HAYAET DJIEMEHTAPHBIN 3apPsiI.
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IToactaBuM Bo3MymeHue mioTHocTH (2.3) B ypaBHenue Ilyaccona

Ap = —4Tedn = 0

— 2.4
g (2.4)
rae nebaeBcKUil paanyc rp Tenepb ompeaenseTcs no popmyie
1 11
— =4me’ng [ —+— ). 2.5

To, uto MBI 0003Ha4YMIHN yepes rp B neknuu 1 (Gopmyna (1.11)), pakrnue-
CKH OTHOCHJIOCH TOJBKO K OJHON KOMITIOHEHTE MJIa3Mbl; U3 (2.5) BUAHO, 9TO
npu yueTe 00enX KOMIOHEHT CKJIaJblBAIOTC BENIUUUHBI 'y~
Bynem uckath chepudecky CUMMETPUYHOE pelieHne ypaBHeHus (2.4),
¢ =d(r). IIpu aToM ypaBuenue (2.4) npuHUMAET BUJ
1d ,ddp ¢

—-—r .
r2dr dr r?
Jlerko HaliTH ero penieHue, oOpamnjaromeecs B HyJIb MPU ¥ — ©0:
A r
¢:—exp(——). (2.6)
r rp

KoncranTa 4 onpexpensieTcs U3 TOTO YCIOBHUS, 4TO IpH 7 — 0 MBI TOTKHBI
MOJIYYHTh HEOKPAHUPOBAHHBIH KyJTIOHOBCKHII MMOTEHI[MA ¢/F. 3HAUUT, 4 =
q, 4 II0O3TOMY

¢:gexp(7L). (2.7)

[otennunan (2.7) mpu 60npImuUX ¥ yOBIBaET 3HAYUTEIBHO OBICTpPEE, YEM HE-
9KPaHUPOBAHHBIN KYJTOHOBCKHHN MoTeHIMAN ¢/r (puc. 2.1).

» 3agaua 2.1

Ioavsysce sviparcernuem (2.7), oueHums MUHUMAABHOE PACCMOSIHUE Iy, HA KO-
mopoMm ewse MOXCHO pasaazams sxcnonenmy 8 popmyae (2.1). Y6equmocs, umo
AN UZCANBHOU NAA3BMBL I'y MEHbBULE, YEM MEHCUACMUUHOE PACCMOSTHUE.

Ecau B mia3me ecTh HECKOIBKO COPTOB 3apsIKEHHBIX YaCTHIl, TO Aebda-
eBCKHH paauyc OyaeT onmpenensiThes cueayoniei gpopmynoi (cp. ¢ (2.5)):

1 41e?Z2n;
=y ——-| (2.8)
r]% Z 15
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Puc. 2.1. [eGaeBckuii (cmiomHas
JWHUS) W KYJIOHOBCKHH (IyHKTHUD)
MOTEHIMAN B eINHUIAX ¢ /1D

78

Bepuemcs k Beipaxenuio (2.6). Iortennuan ¢(r) ckIagpiBaeTCs U3 MO-
TeHIMana IpoGHOro 3apsijia ¢/r U MOTeHIHala SKPaHUPYIOIero o6aaka 3a-
pAOOB 1Ia3MBbl Pgcr. [OCTeHMIT MOXKET OBITh HAMIEH KaK Pa3HOCTh

¢Scr:%exp(fL)fg. (2.9)

IMepexonas k npeneny » — 0 B (2.9), HaiijgeM, uTo BOIM3H 4acTUIBL (e (0) =
—q/rp — PTO MOTEHIHAN, KOTOPBINA CO3al0T BCE OCTANbHBIE 3apPs/Ibl [Ia3-
MBI B TOYKE, T/ HAaXOAUTCs NMPoOHBIN 3apsaa. 3Hast $gscr(0), MOKHO HAUTH
9HEPTHUI0 B3aUMOACHCTBH MPOOHOTrO 3apsiaa ¢ mia3mMon Kak gscr(0); oHa
paBHa

_ ¢
qPscr(0) = *g- (2.10)

Jlo cux mop peub ma o TpoOHOM 3apsije, MIOMEIIeHHOM B uazmy. Ox-
HAKO BCE CKa3aHHOE BbINIE CIIPABEMJIMBO U B OTHOLIEHUHU TEX 3apsAl0B, U3
KOTOPBIX COCTOUT cama mia3ma. B pesyabraTe Mbl IPUXOAUM K 3aKIIOUe-
HHIO, 9TO KaX I MIa3MEHHBIN 3apsg OKPYKEH dIKPAHUPYIONIUM 00JIaKoM,
a 1oJyie, KOTOpOE OH CO3/aeT, C YUYETOM JKPAaHHUPOBKH IKCIMOHECHIHAIBHO
CIajaeT ¢ paCCTOSIHUEM B COOTBETCTBHUU ¢ popmyioi (2.7).

Bosee Toro, MoxkHO HaWTH U PHEPTHUIO0 B3aUMOAEHCTBHS IIa3MEHHBIX
3apsaaoB OpyT ¢ apyrom. Jms atoro, coriacuo (2.10), HeoOXoaqumo mpo-
CYMMHPOBATh KBaApaTHl BCEX 3apsAa0B M pe3ylbTaT pa3fgeluTh Ha BElH-
4yuHy nebaeBckoro paamyca. OJHAKO, KaK JErko MOHATH, IPU TaKOM BBI-
YHCJICHUH B3aUMOJACHCTBHE KaXKJ0I Maphl 3apsiJ0B MBI yUTEM JBaXKIbl —
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OJMH pa3 IpU YMHOXEHUHU NEPBOTo 3apsija Ha NOTEHLMaJl, KOTOPbIX co3/1a-
€T BTOPOM 3aps] B TOUKE HAXO0XKJEHHUsS MEPBOro, a BTOPOH pa3 NpH yMHO-
JKEHHHU BTOPOrO 3apsijia Ha MOTEHLHal, KOTOPbIA CO3/aeT NepBhId 3aps] B
TOYKE HaXO0XKJeHUs BTOporo. I1oaToMy npaBUIbHBIA OTBET MOIYy4aeTCs J0-
MOJTHUTEIbHBIM JIeJICHHEM pe3ynbTaTta Ha 2. Takum o6pa3om, 11 SHEPTUH
W B eIUHHUIIE 00BEeMa HAXOIUM

11
w:fEZE(ZSe)an . (2.11)

Jns nma3Msl ¢ OHO3aPSIAHBIMHA HOHAMY 3Ta (hopMysia MpHHUMAET BUJ

= (2.12)
D
Dueprus Wg =w/2n, npuxosmascs Ha OJHY 4aCTHIY, paBHA
2
e T
Wg=———=— 2.13
E o 120 (2.13)

rzie MBI BBENM uncio yactuu Np = 370 n B chepe ebast.

VYcioBre MaloCTH DHEPTHH JIEKTPOCTATHUECKOTO B3aUMOJAEUCTBHS 10
CPaBHEHHIO C KHHETHYCCKOU sHepruel yactul, |Wg| < T, IPUBOIUT K He-
paBEeHCTBY

Np > 1. (2.14)
Bripaxas Np uepes IJIOTHOCTh U TEMIIEpaTypy I1a3Mbl,
Np ~ T3/2n71/2e73,

Jerko yoeauThes, 4TO HepaBeHCTBO (2.14) HKBHBaAJICHTHO YCJIOBUIO HJle-
agpHOCTH MUIa3Mel (1.5).

[Tosie3HO 0OpPATUTh BHUMAHHUE, YTO BHIYUCIICHHAS YHEPTHUS KYJTOHOBCKO-
ro B3aUMojieHcTBUS YacTHIl B masme Wy = —e?/2rp BOBCE He COBNAIAET C
rpy6oii orenkoii 31oii sneprun Wy ~ ¢*n'/3, koTopoit MBI mONB30BATHCH HA
MpensIIyniel JeKIUN Ipu Kiraccu@uKanuu niasMel. B maeansHON mras-
Me BenuunHa 2 /rp 3HAUMTENbHO MeHbure, ueM e /n~ /3. Oxuako 310 He
BIMSCT Ha KJIacCU(DUKAIMIO BUIAOB IMJIA3Mbl, TAK KaK HA TPAHULE MEKIY
MeaTbHOM M HEMAEANbHON iasMamu rp ~ n~ /3. B HemmeanbHO# mia3-
Me Np < | u no-npexuemy Wy ~ e*n'/3. HurepecHo, 4to kmaccuyeckas
miasMa tem Ooiiee uaeaibHa (T.e. oTHoumeHue Wr /Wi TeM MeHbLIe), YeM
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MEHBIIE MIOTHOCTH MJa3Mbl, TOT/Ia K&K B KBAHTOBOH TJa3Me DIEKTPOCTa-
THUYECKOE B3aUMOJIeiCTBUE TEM MEHEE CYUIECTBEHHO, YEM BbllIE €& IMJIOT-
HOCTb.

JJ1st OpUeHTUPOBKHU B MOPSIAKE BEIMUUH OLLEHUM Np 115 IIJIa3MBbl ¢ Tapa-
merpamu n=10"cm™3 u 7= 100 5B. JIns Takoit nnasmsl rp = 7,4-10"% cm,
Np=1,7-10°.

» 3agaua 2.2
Ilaomrocmo uoros 6 naasme kax GYHKUUSL KOOPAUHATM UMEEIT BUJ CTMYNCHOKU:
ona pasra ng npu x < 0 ung+nnpu x>0, npuuem n < ny. Haiimu pacnpegeac-
HUue NOMEeHYUaAa u NAOMHOCMU 3ACKMPOHOB, eCAU IACKMPOHHAST MeMnepamy-
pa pasna T'.

» 3agaua 2.3
Haiimu ycaosue uzearbHocmu A0peHUEBCKOU NAA3MbL, COCMOsAWEN U3 3ACK-
MPOHOB U MHOZOKPAMHO UOHUBOBAHHBIX UOHOB ¢ 3apagzom Z > 1.
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Aexnus 3

Crenenp HoHM3AaUHH TEPMOJUHAMHYECKH PABHOBECHOH
naasmbr. Popmyra Caxa

Hawubosee ecrecTBeHHBIH c1I0CO0 CO3/1aHUS MJIa3Mbl COCTOUT B TOM, YTOOBI
HarpeTh Tra3 A0 BBICOKOI Temmepatypsl. [Ipu 3Tom gacTunsl rasza, obmanas
BBICOKOM KMHETUUYECKON SHEPrUei, IpU CTOJKHOBEHUSAX C HEUTPAJIbHBIMU
aTOMaMH CPBIBAIOT DJIEKTPOHBI C ATOMHBIX OpOUT, Tra3 HOHU3YETCS U BO3-
HHUKaeT mjaa3Ma. SICHO, 4TO CTeNeHb MOHU3ALMU ra3a 3aBUCUT OT TeMIIe-
patypsl 7', HO Kak? YHHUBepCalbHBIH OTBET MOXHO AaTh, €CIU NPEANOJI0-
KNTH, YTO HATPETHIf HOHN30BAHHBIN ra3 HAXOAUTCS B TEPMOJIUHAMHYCCKHU
PaBHOBECHOM COCTOSSHHH. IIpW 3TOM MOXHO BOCHOJB30BATHCS METOJAMH
CTATUCTUYECKON (QU3MKHM M PACCMOTPETh NMPOIECC HOHU3AINH KaK XUMHUYe-
CKYIO peakIuio, HOTpeOOBaB MUHUMYMa TEPMOJINHAMUYECKOTO MOTEHIINA-
Ja B COCTOSIHMM paBHOBeCHUsl. MBI BOCIIOJIb3yeMcs OoJiee HaTIIsIHBIM, XOTS
1 HE CTOJb CTPOTUM MOAX0AOM. I OompeaeIeHHOCTH OyeM paccMaTpu-
BaTh MOHM3AIMIO aTOMAapHOTO BOJAOPOJa (IIPU MHTEPECYIONINX HAC TeMIIe-
paTypax MOJEKYJIbl BOAOPOAA JUCCOMUUPYIOT).

[Tycts nepBonavanpHo B 00beMe V umeercst N,o aToMoB. B pesynbraTe
MOHHU3aLUU BO3HUKHET N; HOHOB U CTOJIBKO K€ 3JIEKTPOHOB, N, = N;; uepes
N, 0003HaYMM KOJIMYECTBO OCTABIIUXCSA aTOMOB, N, = N,o — N;.

PaccMoTpum onHO aToMHOE SApo (MpoToH). ECan 0KoJI0 HETro HaXOoIUT-
Cs CBSI3aHHBIN 2JIEKTPOH, TO MBI UMEEM aTOM, B IPOTHBHOM CIydae 3TO HOH.
B cooTBercTBNM ¢ OOIIMMH NPUHIUIIAMHI CTATUCTUYECKOH QU3UKN BEpOAT-
HOCTb Wy, TOTO, UTO 3JIEKTPOH HAXOJUTCS B COCTOSIHUM C DHEPTHEH &, paBHA

€
wk:ﬂexp(f%), 3.1)

rjae A4 — HeKoTopas HOPMUPOBOYHasI KOHCTaHTa. OTpULlaTEIbHBIM 3HaYe-
HHUSAM DHEpPTHH, £ < 0, 0OTBEYAIOT CBA3aHHBIE COCTOSHUA, a YHEpTHSA £, > 0
COOTBETCTBYET CBOOOIHOMY ABM)KEHHIO. Kak M3BECTHO, HHEPTHUS CBA3AH-
HBIX COCTOSTHUI B aTOME BOAOPOa onpeaenseTcs Gopmynon

me4

e =
Y P ek

(3.2)

20



rJe k mpuHUMaeT 1eible 3HaueHus, k = 1, 2, ... . Jlag ynpomieHus BbIYH-
CIEHHH MBI OyJeM y4YUTHIBATH TOJBKO CaMbli HWKHHH ypoBeHb, k= 1. B
TaKOM NPHOIMKEHUHN JICKTPOH JMO0 umeet sHepruto €= —/, rne / = Ry =
me* /2h* = 13,65B, mu60 HAXOAUTCS B HENPEPHIBHOM crekTpe ¢ & > 0. Be-
Au4YuHA [ Ha3bIBACTCSA NOMEHYUALIOM UOHU3AYUYU ATOMA BOJIOPOIA.

Haiinem Benmunny A, moTpeboBaB, YTOOBI MOJHAS BEPOATHOCTH K-
TPOHY UMETh KaKy0-HUOYIb SHEPTUIO PABHSJIACH EUHUIIE,

Zwk=1. (3.3)

DT10 gaet

—1

=3 en(-7)
= exp(%) + Z exp(—%k) . (3.4)

Cocrosuust ¢ § > 0 00pa3yloT HENPEPBIBHBIM CIEKTP, MO3TOMY CYMMY
110 TOJIOKUTENBHBIM 3HA4YCHHUSIM dHEpTUu B (3.4) HAg0 3aMEHUTH HA WH-
terpan. Cosepias TaKyi 3aMEHY, MBI BOCIOJIb3YEeMCSl KBa3UKJIacCHUe-
CKHUM MPHUOINKEHNEM, COTTIACHO KOTOPOMY KaXJAOMY 3HEPTE€TUYECKOMY CO-
CTOSIHHIO 3JIEKTPOHA COOTBETCTBYET dJIEeMEHTapHas s4deiika ¢a3oBOro mpo-
ctpaHcTBa', 06BeM KOTOPOIi d° pd’r paBen (2T0h)3:

dBpdr
2 = Gy
£.>0 (
Kpome Toro, Mbl mpeHeOpexxeM 3Heprueil B3auMoJelcTBHUs CBOOOIHOTO
AIIEKTPOHA C SAPOM, TOCKOIBKY B OOJBIION YaCTU COCTOSIHUN HETTPEPBIBHO-
ro CIEKTpa 3Ta YHEPTHSA 0Ka3bIBACTCS OTHOCHTEILHO Mayioi. Torma sHep-
rusa € CBO6OI[HOFO DJICKTPOHA paBHa p2/2m, YTO IMO3BOJACT JIET'KO BbIUH-

MBI yTOUHUM 3TO yTBEpkKIEHUE B KOHIIE JICKIIHH.
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CJIUTH BO3HHKaI-OHIPIﬁ UHTETpal

3
z exp( £k> d pd 3refp2/2mT
2 T 2mh)

v « 2 /7,
) (2nh)3/ amptdpe

(2mT)3/2/ dxxle™

—_——
~Vi4

(2Tfh)3

vm3/2T3/2

= AR (3-3)
B pe3ynbTaTe MHTErpUpPOBAaHMA 1O d 7 B BhIpaxeHue (3.5) Bomen o6bem
v, TOCTYIHBIH 0JJHOMY CBOOOJHOMY 3JeKTpOHY. BooO1ie roBops, Kaxabli
CBOOOHBIN 3JIEKTPOH MOXKET HaXOJUTHCS B JIFOO0H Touke oObema V', 3aHs-
TOrO 11a3Moii. O HAKO MPH MOACUYETE BEPOITHOCTH HANTHU SJIEKTPOH PSJIOM
C 3aJlaHHBIM SI[POM HE Ba)XKHO, KAKOW MMEHHO M3 MOJIHOTOo Habopa N, CBO-
OOJIHBIX DJIEKTPOHOB €CTh TOT CaMbIil 21eKTpoH. [lo3TOMY HeTpyaHO HOTa-
JaThCSl, YTO B KAYECTBE V HY)KHO B35ITh 00bEM, PAaBHBIH OTHOMICHHUIO MTOJHO-
ro 06bemMa MIa3Mbl K KOMHYECTBY CBOGOIHBIX SIEeKTpoHOB, v =V /N, =n, !
BeeneM Takxe 06003HaUeHUE A = \/_T[h/\/_ JIS TJUHBI BOJHBI J1€ Bpon-
as. Torna pe3ynbTaT BBIYUCICHNUSI HOPMUPOBOYHON KOHCTAHTHI 31U CHIBA-
€TCsl B KOMIIAaKTHOM BHJE

a- (e’/T + 1/Agng) . (3.6)

BeposATHOCTH W, TOro, 4YTO pacCMaTPUBAEMBIIl NPOTOH SBISETCA SAAPOM
HEWTpanbHOTO aToMa (T.€. BOJM3M HEro HaXOAMTCS IEKTPOH B CBA3AHHOM
COCTOSIHUH), paBHA

ol/T

IRV

a BCPOATHOCTb W; TOI'O, YTO COOTBGTCTByIOHII/Iﬁ 3JICKTPOH YyHICI B HEIpPEC-
pBIBHLIﬁ CIICKTP (a, CJICA0BAaTCIBbHO, aTOM HOHH30BaH), paBHa

1/An.

wi=1l—-w,=—m———.
T AT N,
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Nx orHOmIEeHUE NAET OTHOIIEHHE MJIIOTHOCTEH NOHOB M JIEKTPOHOB B IJ1a3-
Me
np _ wi e /T
— === (3.7)
g Wa  Agne
Otcioa MBI HaxoauM (OPMYITY, BEIPaXKAOMIYI0 INIOTHOCTH HOHOB, JJIEK-
TPOHOB ¥ ATOMOB Yepe3 TeMIepaTypy mia3mMel — Gpopmyiry Caxa:
nn, e 1T

g A

(3.8)

Tenepr HacTasno BpeMs caenaTh Ba)KHOE YTOYHEHHE, KOTOPOI'O MBI Ha-
MEPEeHHO n30eranu panee, 4ToObl HE MEPEYCIOXKHATEH PACUET.

VY Kak10TO 3JEKTPOHA, HOHA MJIM aTOMAa €CTh eIlle BHYTPECHHHUE CTCICHU
cBoOonbl. Hampumep, 2JIeKTpOH MMEET CIHUH, KOTOPBIM MOXKET OBITh Ha-
MpaBIeH JIUOO0 «BBEPX», TUOO «BHU3Y». YUYCT BHYTPCHHUX CTCICHEHU CBO-
0o0xpl (T.e. CIIMHA) HE MCHSCT YHEPTHUIO YPOBHEH CBOOOJHOTO JICKTPOHA, U
Ha OJTHOM DHEPTETHYCCKOM YPOBHE OJTHOBPEMECHHO MOTYT HaXOJIHUTHCS JBa
SNIEKTpOHA. B 3TOM ciyuae roBOpsIT, UTO YPOBHHU 8bIp0dCOeHbl. ITO 00-
CTOSITEJIbCTBO YUYUTHIBAIOT, BBOJSI CTATBEC DIIEKTPOHA g.. Kak Mbl BHAMM,
go=2. ITosTomy B popmyine (3.8) Hy)XHO TOJ 1, B AEHCTBUTEIBHOCTH I10-
HUMAaTh BEIUYHHY 7l,/g., TAK KaK MbI 3aHH3UJIH [UIOTHOCTH JJIEKTPOHOB B
nBa pa3a. TOYHO Tak ke CTaTBEC MMEIOT MOH U aToM. B okoHuUaTenbHOM
Buae Gpopmyna Caxa BRITISAUT Tak:

Mifle _ 818 C  _ k1), (3.9)

Bxonsmas B mpaByio 9acTh GyHKIHSA TemuepaTypsl K(7) Ha3bpIBaeTCs KOH-

cmanmoil paernoeecus.
OHpe)IeJ'H/IM CTEIICHb MOHMU3AIMU I1J1a3Mbl 0 KaK OTHOIIIEHUE
o= Ni
Na()

1 0003HAYUM YePe3 Ny0 TIOTHOCTD SAEP, g0 = Nyo/V . Torna
ne = n; = Ung, ng = (1 —a)ng,

n u3 popmynsl Caxa HaX0JUM

o? _ &i8e eil/T

1—a &a )\35}1“0'

(3.10)
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10— n=10" 10" 10" 10
0.8+ Puc. 3.1. CreneHb HOHU3AIUU TEPMO-
b JIUHAMUYECKH PaBHOBECHOW BOJOPOJ-
0.6+ n=10" HOM TIa3MBl IPU Pa3IUYHBIX 3HAYEHH-
3 1 X MJIOTHOCTH (yKa3aHa Ha PHUC. B €JU-
0.4+ Humax cM 3). CTaTBec aTroMa BOJIO-
] pojia g; B OCHOBHOM COCTOSHHU PaBEH
0.2 NPOM3BEIEHUIO CTATBECOB DJIEKTPOHA U
] NPOTOHA: ge U g;
00— 4—F 577
000 0.02 0.04 0.06 0.08 0.10
T/

KauecTBenHnas 3aBucumocts 0(7) uMeeT BUJI, n300pakeHHBINH Ha puc. 3.1.
[Ipu ManbIX TeMmepatypax 0 paBHO HYJIIO, IPX OOJBIIUX — SIUHUIIC, a ITC-
pexXoJ MIaBHO OCYIIECTBIsIETCS MpU HEKOTopoil Temneparype 7.. Ha mep-
BBIH B3I, MOTJIO OBl MOKA3aThCs, 4TO 7; AOJDKHO IO MOPSAAKY BEIHUH-
HBI PaBHATHCS 3HEpruu noHuzanuu /. Ilpu 3TOM cpegHell KHHETHUYECKOM
9HEPruM YacTHUIl KaK pa3 XBaTaeT, YTOOBl OCYNIECTBUTHh MOHU3aluio0. Ha
caMoOM Jene oka3bplBaeTcs, uto I, < [. DTo cBA3aHO C Te€M, 4TO Mepes IKC-
noHeHTo# B (3.10) cToUT OYeHb OOJNBIIONH MHOXHUTEIb, PABHBIN 110 ITOPS/I-
Ky BEIWYHUHBI KyOy OTHONICHHUS CPEIHETO PACCTOSHUS MEXIY YaCTHI[AMHU
n~'/3 k ne6poiinesckoii LinHe BoMHB snekTpoHOB fi/(mT)'/2. [ns npume-
pa IpHBEIEM YHMCICHHBIC 3HAYCHHUS I IJIa3Mbl C INIOTHOCTBIO Mg9 = 1013
em 3. TIpu T =1= 13,6 5B MHOKHTENb Nepe] SKCIOoHeHTOH B (3.10) paBen
6-107, a 5T0 03HAUAET, YTO NPHU TaKOH TeMIepaType BeludnHa O yiKe 0UeHb
Onu3Ka K eIUHUIIE:

l—a=2-10"%.

Jlerko nmpoBeputsh, uto O = 0,5 mpu 7 =0,0657=0,93B.

OO6cynum Tenepb, KaKyl0 OMUOKY MBI c/Ie/Ialld, TPeHEOPEeruy ypOBHSI-
MH, COOTBETCTBYIOIIMMH BO30YXIACHHBIM COCTOSIHUSM B aTOME BOJOPOJA.
[MockonpKy, Kak Mbl YCTAaHOBHIHM, MOHHM3aLMsA mpoucxoaut npu 7 </, a
paccTosHUE OT OCHOBHOTO J0 NMEPBOT0 BO3OYKAECHHOIO YPOBHSA PaBHO %I,
TO BEPOSITHOCTD JIEKTPOHY MEPEHTH Jake B IepBoe BO30YKAEHHOE COCTO-
SHHUE, NPONOPLUUOHATbHAS exp[—%]/T], o4yeHb Maja. [Ipyrumu cioBamu,
DJIEKTPOH «IIPEAIIOYUTAECT» IIEPEUTH B HEHNPEPBIBHBIM CIEKTP, BMECTO TO-
r'0o 4YTOOBI «CECTh» Ha CIEAYIOMHI ypoBeHb. lIpuunHa TaKOro MoBeaCHUS
3aKJII0YAeTCd B TOM, YTO KOJIMYECTBO YPOBHEH B HENPEPHIBHOM CIEKTpPE
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OYeHb BEINKO, U XOTS BEPOATHOCTh HAXOAUTHCSA Ha Ka)XKJOM M3 HUX OTHO-
CHUTEIBHO Majla, CyMMapHas BEpPOSTHOCTH MONACTh Ha KaKOH-TO ypOBEHB
HENPEPBIBHOTO CIIEKTPA OKa3bIBACTCsI 3HAUNTENbHOM yxe npu I’ < [.

» 3agaua 3.1
Ouenumos cmenensb uoHusauuu medcadsedgroi naasmol (cm. maba. 1.1), npeg-
nosaoxus, umo ona onucvisaemcs popmy.aoii Caxa.

» 3agaua 3.2

Boaopoa naomrnocmuio 1017 cp—3

nazpem g0 memnepamypot 19B. Jas mozo
umobbl yseAUUUMb NPOBOLZUMOCTL NOAYUUBULEIUCS NAA3MYL, 8 HeE Jobasasiom
npumeco kaaus. Kaxosa goaxna 6vime goas npumecnoix amomos, umobor uu-
€10 c80604HbIX 3NEKMPOHOB YBEAUUUN0CL 8 2 pa3da? JHepuss UOHUSAUUU KANAUS
pasta 4,398, a ez0 ocHoBHOE cOcMOsIHUE ZBYKPAMHO BbLPONCIEHO.

» 3agaua 3.3
Tpencbpezas cnun-opbumanvHuim 83aumoeiicmauem, Hailmu cmamasec amoma
8040p0Ja, HAXOAsWe20Cs Ha k-m sHepzemuueckom yposHe.

» 3agaua 3.4
Cmamsec amoma, naxogawezocs Ha k-m sHepzemuueckom yposwue, pasen 2k>,
nosmomy cymma paia’y - 2k? exp(—¢€x/T), npeacmasasiowas seposmuocmo
31eKMPOHY MAXOAUMBCA 8 CBA3AHHOM COCMOSHUU, (OPMAALHO PACXOAUMCS.
Osnauaem au amo, umo nperebpexceHue 8KAaZ0M yposHeii ¢ kK — 0 npu svigoe
popmyavt Caxa owubouro?
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Aexuus 4

Kyaonopckue crorknosennsa. Kyaonopckuii rorapugpm

Bo mMHOTHX mpoleccax B Mia3Me ONPEACNIIOMYI0 POIb UI'PAIOT KYJIOHOB-
CKHE CTOJIKHOBEHHUS MKy 3apsKEHHBIMU YacTHIIAaMU. MBI HA4YHEM U3yUe-
HHE KYJOHOBCKHMX CTOJIKHOBEHUH C pACCMOTPEHHUsI CIEAYIONIEH 3a1aun: Ha
KYJIOHOBCKHI LEHTp 3apsjia Zye HalleTaeT MOTOK j YacTHUIl C 3apsaoM Zje
(puc. 4.1). Beruncnum cuiy, AeHCTBYIONIYIO Ha pACCEUBAIONUN LIEHTP.

IIycTs p 0603HAYaET MPUIETBHOE PACCTOSHUE HAICTAIONM[EH JYaCTHIIHI.
Uepes KoJIEUKO TII0MaAbI0 2TPJP B €AUHHUILY BpEMEHH MpoieTaeT 2TPdIP j
gactuil. Kaxmast 4acTHIIa OTKJIOHSETCS HA YToJl 0, 3aBHCSIIHNA OT TPHUIIETh-
HOT'O PacCTOSIHUSA P, U epeaaéT pacCeuBarOLeMy HEHTPY NPOJOIbHBII UM-
yJIbC

Ap,=mv (1l —cos0).

Wckomas cuna F OyJaeT HampaBlieHa BOJIb CKOPOCTH HAJIETAIOMIET0 MOTO-
Ka 9YaCTHUIl ¥ paBHA UMITYJIbCY, IIEPEJaBAaCMOMY PacCEHBAOIIEMy IEHTPY B
€JJUHUIy BPEMEHH,

F:/ jmv(1 — cos8)2Tpdp = mvjGyy, (4.1
0

Puc. 4.1. Tpaextopuss 3apsjaa

Z)e, pacCeMBaIONIErocs Ha HETo-

JIBUKHOM KYJIOHOBCKOM ILIEHTpE
Zze
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rac
Orp = 2n/ (1 cosB) pdp. (4.2)
0

[Tapamerp Orp Ha3BIBAETCS MPAHCNOPMHBIM CeYeHUeM M MMEET CMBICII ILIO-
a/Jiy OTEPEYHOTO CEYEHHUsI, KOTOpOe UMeJ Obl paccenBalomnid HEHTP, ec-
71 OBl OH TOJHOCTBHIO MOTJIONIAT UMITYJIBC MAJa0MUX Ha HETO YaCTHI.

Jns Toro 94TOOB BEIUMCANTH HHTETpal (4.2), He0OX0AMMO 3HATH 3aBU-
cUMOCTh B 0T P. DTa 3aBUCHMOCTD JIETKO HAXOMHUTCS B MPUOTHKCHUH 18-
JEKUX MPOJIETOB, T.€. KOTJa NMPUIEIbHOE PACCTOSHUE HACTOJIBKO BEIHKO,
4TO yroi 0 MOXKHO cuuTaTh MasbiM, 8 < 1. B TakoM NpHOIMKEHUH MOXHO
Tak)Ke CUMTATh, YTO YACTHIA JBIKETCS MO MPSIMOH C MOCTOSHHOM CKOpO-
CTBIO V, M HAWTH U3MEHEHHE €€ MONEePEYHOT0 UMITyIbCca, IPOUHTETPUPOBAB
HNEePNEHINKYIAPHYIO K TPACKTOPUH COCTABISAIOMYIO KYJIOHOBCKOM CHUIIBI IO
BPEMEHU:

3 3 0 3 © lezeZp
ApL=mB= /ﬂoFldt - /m (P2 +1212)3/2
_ 212282 /°° dx _ 2212282
pv e (14x2)3/2 pv

OTcrona HaXOAUM

9 2leze2.

e (4.3)

Kcrartu, tounas gpopmyna Peseppopaa, paromias 3aBUCUMOCTb O 0T P npu
TOO0BIX P, HEHAMHOTO clioxkHee (4.3):

9 _ 212282

t .
8 2 mpv?

(4.4)
BosBpamascs k uaTerpainy (4.2), 3aMeTuM (1 3T0 OyeT MOATBEPKACHO pe-
3yJIbTaTOM), YTO OCHOBHOH BKJIaJl B HETO OYyT BHOCHTH OOJIBIINE PACCTO-
STHUSL, TJ1€ KaK pa3 M CIIpaBeNIMBO MPUOIIHKEHUE AaieKuX npoietos. [Tonb-
3ysICh Pa3JIOKEHUEM

1
1 —cos@= 6’
cos@= >
u ¢popmyioit (4.3), u3 (4.2) HaxoUM
41ziZ3et [d
- 1728/_9 (4.5)

Orp 5 o

m2vt
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Kak BHIHO, HATMCAaHHBIM MHTETPAJT JTOTapU(YMHUIECKN PACXOTUTCSA HA HIXK-
HEM M BEpXHeM Ipejenax. PacXxoquMoCTh Ipu MalbIX P CBsI3aHA C TEM, UTO
3/1eCh HapyIIaeTcsl UCMOJIb30BAaHHOE HAMM MPUONIDKEHNE AanéKuX Mposié-
TOB. DTOH PacXxoJMMOCTH HE BO3HHKJIO, €CJIM ObI MBI MOJIB30BAIHCH TOU-
HBIM BBIpakeHueM (4.4). McnpaBUTh MOJT0KEHNE MOXKHO, 3AMEHNUB HIDKHUU
npeaen HHTerpupoBaHus B (4.5) Ha MUHUMaIbHOE PACCTOSHUE Ppin, NPH
KOTOPOM €II[€ MOXHO I0JIb30BaThCsl HamuM npubamxeHueM. Ilockoabky
nHTerpal (4.5) 3aBUCUT OT HMXKHETO Ipe/esa TOJIbKO JIOTapu(PMUIECKH, TO
TOYHOE 3HAYEHHE Ppip HE OYEHb CYIIECTBEHHO. B kauecTBe Ppj, MOXKHO
BBIOpATh TO MPULEIBHOE PACCTOSHHUE, IPU KOTOPOM IPOUCXOAUT pacces-
HHE Ha yroJ mopsiaka T1/2:

Z1Z,e?
Pmin ~ 1 22 . (4.6)

my

PacxonmmocTs mpu OOTBIINX 3HAUYECHUSX P HOCUT Oosee riyOoKyro MpHUUH-
Hy. OHa cBsi3aHA C TeM OOCTOATEIHCTBOM, YTO KYJIOHOBCKHU MOTCHIHAI
CIUIIKOM MEJJICHHO yOBIBaeT ¢ paccTosiHueM. OIHAKO, KaK MBI YXKe 3HACM,
Ha caMoOM JIeJie B IJIa3Me MOTCHIHAT 3apsia YKpaHUPYETCs, TAaK 4TO Ha pac-
CTOSIHUSIX, OOJBINUX UeM Je0aeBCKUN paiuyc rp, Moje crnagaeT dKCIOHEH-
UaIbHO. YYeT 3TOr0 00CTOSATENbCTBA MPUBOJUT K TOMY, UYTO MIPHUIEIbHBIC
pacctosiHusI, OoNbIINe rp, PaKTUYECKH HE BHOCAT BKIaaa B (4.5), 1 mo3TO-
MY B KaU€CTBE BEPXHEI0 MPEIeia Ppax B HHTETPAIE MOKHO B3SITh BEIIHUHHY

1/2
pmax’\’( d ) . (47)

rp:

4Te?

TouHOe 3HAYCHHE OTHOIIEHUS Pmax/Pmin HE OYCHD CYI[ECTBEHHO, IIOCKOIb-
Ky OHO BXOJHT I10JT 3HAKOM Jorapudma (1o 3Toi mMpuInHE MBI HE YUUTHIBA-
7Y TaKKe, YTO Ha CAMOM JIeJIe TI0JIe 3apsija B IJIa3Me SIBJISICTCS HE KyJIOHOB-
CKHUM, a «9KPaHUPOBAHHBIM KYJIOHOM»; Y4ET 3TOT'0 00CTOSATEILCTBA JAa OBl
MHOXHTEJIb MOPSAJKA SINHUIIBI I10]] 3HAKOM Jiorapudma).

Bennunny

A = In Pmax (4.8)
Pmin
Ha3bIBAalOT KYJIOHOBCKUM HOFapI/Iq)MOM. Baxno OTMECTUTH, YTO ITOJ 3HAKOM
norapudma B (4.8) cTouT 60abIIOe YUCTO. JeHCTBUTEIBHO, TTOTOXKUM TSI
ouenku v> = 3T /m, Z; =Z, = 1, Torna
3/2
Pmax __ 3T%/
Pmin  2T0/2311/2

~Np > 1.
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st masmet ¢ T =1005B, n=10"%cm 3 maxomnm

Pmax _ 15106,  A=143.

min

OO0wBIuHO B KauecTBe A 6epyT yncio 10-15.

Wrak, nns BEITUYIMHBI Orp MBI ITOJIy42€EM BBIPAKCHUE v 16.10.98
o — 4TAZ3Z3e* (4.9)
™ m2v* :

DTo cedyeHHWe majgaeT 0O0paTHO MPOMOPIMOHATLHO KBAApPATy DHEPTUHN Ha- A
JeTarux yactui £ = mv2/2. Hpunumas Z; =7, =1 u A =15, nonydyum
MPAaKTHYCCKYI0 POPMYITy

10712

2
Opp ~ ———— cM2.
»= g2 e M

(4.10)

Jlureparypa: [10, 81, 2]; [1, §1.4];[16, rn.2, §10.1].

» 3agaua 4.1
daexkmpon, umeowuii Ha 6eCKOMEUHOCMU CKOPOCMb V, HaAemaem Ha APY2o0ii
9./1eKMpPOH, NepsoHauarbHo HenogsuxcHolii. Kaxymo smnepauio npuobpemém smo-
poii aaekmpon nocae cmoaxrnosernus? Ilpuyeavmotii napamemp pasen P. Haii-
Mu CpeHIONn dHEPIUIO, NEPEIAHHYIO HENOJBUNICHOMY 3ACKMPOHY, eCAU HAAEMA-
OWUIl 3ACKMPOH C PABHOL BEPOAMHOCMBIO MOJCEM NpPOAememb 4epes A106yio
mouxy 6 kpyze, coomsemcmayiouwem npuyeavroin paccmosnusn 0 < p < R.

» 3agaua 4.2

Haiimu mpaHcnopmHoOEe Ce4YCeHUC PACCEAHUA YAbMPAPCAAMUBUCIMCKOZO 3NCK~
mpoHa Ha HENOJABUNHOM KYAOHOBCKOM UeHmMpe.

» 3agaua 4.3

OM,CHumb nonpaskKky K mpPaHcnopmHomy Ce4eHuw, C8A3aHHYIO C 6/1M3KL{MM CMoAaK-~

nogernuamu (P < Pmin)-

» 3agaua 4.4
Ioaynpocmparcmeso x > 0 sanamo 04HOpoAHOI NAABMOL, KOMOPAST YAepINCU-
saemcs mazHummuolm noaem. B naasmy no mHopmaau k eé epanuye saemaem Heii-
mpaavHelii amom u cpasdy e uonusyemcs. Cuumas marnumroe noae 04HO-
POAHBIM, HALiIMU KOOPAUHAMY X UOHA NOCACE €20 NOAHO020 mopmodcerus. Ilepso-
HauaabHbI AAPMOPOBCKULL pajuyc uoma Po. Yeao08bim paccesnuem npeHebpeun.
Yacmoma cmoAKHOBEHUI 3HAUUMEAbHO MEHbULEC UUKAOMPOHHOU 4aCmMOmbl.
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Aeknus 5

Perakcauus umnyapca u snepruu. /Junamuka yctaHoBAeHHs
paBHOBecHOH (pyHkuuu pacnpegerenus. Boipapuupanne
9AEeKTPOHHOH H HOHHOMH Temnepatyp. [IpoBogumocTp naasmnr,
yberaHHe 3AeKTPOHOB

[Monmy4yeHHOE B mpeabIAyIIel JESKIHH BBIPaKeHUE JJIsi TPAHCIIOPTHOTO Ce-
YCHUS TO3BOJISICT HAWTU CKOPOCTH, C KOTOPOU HJACT OOMCH UMITYJIBCOM U
JHEpPTrUe MeXIy 4acTHUIIaMU B TIJIa3Me.

Hauynem Hamie paccMOTpeHHE ¢ MPOCTEHIIeH 3amauu: My4oK OBICTPBIX
SJICKTPOHOB BJIETACT B XOJOAHYIO IJIa3My. YUYTEM CHayalia TOJbKO CTOJK-
HOBCHHS JJICKTPOHOB ITyYKa C MOHAMU ILJIa3Mbl. [3-3a 00NbIIOH Macchl U
MaJIo# TEIJIOBOW CKOPOCTH MOHBI MOXHO CYUTATh OCCKOHEUYHO TSKCIBIMHU
U MOKOSIIUMHUCS. B pe3yabpTare Mbl IPUXOJAUM K IOCTAHOBKE 3a/1a9H, B TOU-
HOCTH COBIIaJaromieil ¢ Toi, 4To pacCMOTPEHA B JIEKIIHH 4.

IIycTb n 0603HaYaeT MWIOTHOCTH HOHOB. CO CTOPOHBI MMy4YKa Ha MOHHI,
HaXOoJIsIIuecs B eIHMHUYHOM 00beMe, JeicTByeT cmia (cM. (4.1))

mu jOrph.

B cuny Tpersero 3akona HeroToHa TOUHO Takasl ke cujia JeMCTBYeT Ha eu-
HUIY o0beMa Iajaroiero myyka B IPOTUBOIOJIOKHOM HanpaBieHuH. Pasz-
JIeTIMB €€ Ha MIIOTHOCTD IyYKa Ay, HaligeM cuiny F', TeficTBYIOIYI0 Ha OOHY
YacTULY IMy4dKa:

F = —mvjOgpn/ny, = —nOpvmo. (5.1)

ITox neilicTBUEM 5TOW CHIIBI Iy4OK OyJIEeT TOPMO3HUTHCS, T. €. €ro Hampa-
BJICHHAsI CKOPOCTh ¥ OyJET YMEHBIIATHCS:

dv F
T = - = —n0pvv. (5.2)

[Tonp3ysick 9TO# hopMynOil, HYKHO SICHO MOHUMATh, YTO YMEHBIICHUE Ha-
NPaBICHHONW CKOPOCTH IyYKa HE CBSA3aHO C IMOTEPEH DHEPIUM DIEKTPOHA-
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MU, TOCKOJIBKY UX pAaCCCAHNEC NPOUCXOJANUT HA HEMOABUIKHBIX TAXKEIIBIX HO-
Hax. CpeqHsisi CKOPOCTD IyYKa U3MEHETCS BCIEACTBHE TOTO, YTO IEKTPO-
HBI B PE3YJIbTATe CTOJIKHOBCHHM HAYMHAIOT IBUIATHCS MO YTIOM K HCXO/I-
HOMY HANpABJICHUIO IBHKCHHS Myuka. HeTpyIHO OUEHUTH, KAK PACTET CO
BpEMEHEM CPEHMM KBaapar yria paccesaus 0. [IoCKONbKY Mpu paccestHun
Ha MaJblii yros 0 mpogoibHas CKOPOCTh BIIEKTPOHA U3MEHSETCS Ha BEJIH-
qnny Av=1v(cos0— 1)~ —v0%/2, TO yMeHbIIEHHIO TIPOAONBHON CKOPOCTH,
omuchiBaeMoOMy ypaBHeHueM (5.2), COOTBETCTBYET HapacTaHUE CPEIHEro
KBaJpara yria:

d(e?)
dt

=2V0qpn (5.3)

(ycpenHeHue, 0003HAYEHHOE YTIOBBIMU CKOOKAMHU, TIPOU3BOIUTCS 110 BCEM
JNIEKTpOHAM Mmydka). Brwipaxkenwue (5.3) crnpaBeainBo A0 TeX MOp, MOKa
CpEHEeKBAJAPATUYHBINA YTOJ paccesHHUs MaJl MO CPaBHEHUIO C €IMHUICH,
re (07 < 1.

W3 ypaBHenuit (5.2) u (5.3) BUAHO, 4TO XapakTepHOE BpeMs T TOPMO-
JKEHHUS U YIJIOBOIO PACCESIHUS 10 MOPAAKY BEJIIMYUHBI PaBHO T = (nOTpv)fl;
BEIIMYUHY, 00PATHYIO T, HA3BIBAKOT YaCMOMOU CMOJIKHOGeHUl (3IIEKTPOHOB
C HOHAMU B paccMaTPUBAEMOM cllydac) M 0003HAYAIOT Yepe3 V:

Vei = n0rpV. (5.4)

ITonw3ysace Beipaxkenuem (4.10), moaydynuM MpakTHYECKYIO GOPMYIy ISt
YaCTOTHI JIEKTPOH-UOHHBIX CTOJIKHOBEHUN

s nfem™3] 1

Ve =6-10" E3/2[3B] CeK . (5.5)

[IpousBenenue vi, KOTOPOE UMEET CMBICH ITYTH, IPOXOJUMOTO JIEKTPOHOM
B HallpaBJICHUH JBH)KEHHS ITy4YKa 32 BpeMsI TOPMOIKEHUSI, HA3bIBACTCS O.1U-
HOU ¢80000H020 npobeza n 00603HaYaeTCs yepes A:

1 10"E?[5B]
nOrp nlem—3]

(5.6)

EcTecTBeHHO, YTO TaKHe NOHATHUSA, KaK JUIMHA podera, 4acTOTa CTOJK-
HOBEHHUM M TPAHCIOPTHOE CEUYEHUE, MOKHO BBECTH HE TOJILKO AJIS YaCTHIL
My4Ka, HO U JUIS 4acTHUIl IJ1a3Mbl. Hy>KHO TOJIbKO NpeCTaBUTh, YTO HA pac-
CEHBAIOUIMHN IIEHTP HAJETAIOT YAaCTHUIIBI C Pa3HBIMU CKOPOCTSIMHU U yCPEea-
HUTb MO pachnpejeseHuto ckopocteil. Hampumep, mis MakcBeJIOBCKOIO
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pacmpeseneHus ckopocTeii cpeqHee 3HaueHne £ paBHO %Tz (cMm. 3amauy
5.3). [losromy umcinoBbie KOAQPUIHUEHTH! B IPAKTUYECKUX (Gopmynax s
YCPEIHEHHBIX 3HAYEHUH Oypp, Vo U A oTiHuaroTcs B 2-3 pasa oT dpopmyn
(4.10), (5.6) u (5.5):

3-10713

—_ 2 /
~ 4.10
0-Tp T2 [3B] CM ) ( )

-3
vo=310-5 M (5.5")
T3/2[5B]
_ 1 12T2 B
A L) P (5.6')
nlem—3]

OOparuMcst Ternepb K aHAJIU3y CTOJK-
HOBEHHH 3JIEKTPOHOB Iy4YKa C JIEKTPOHAMH
miasmel.  J{is aToro Ham mpuaercs 00600-
IMAUTH 3aga4y O CTOJKHOBCHHUHU JABYX 3aps-
KCHHBIX YaCTHI] Ha cnyqai/'l, Korjga 4yacTu-
bl UMEIOT MPOU3BOJIbHEIE Macchl. bynem
CYUTATh, YTO MIOTOK YACTHI] € 3apsIAOM Z e U
Maccoi m| HajeTaeT Ha MOKOsIytocs (B Ha-
YJalbHBI MOMEHT) YAaCTHIYy C 3apsiaoM Zre
u Maccoit my. YtoOBl ommcaTh paccesHue
4acTHIl copTa 1, HAJO PEUINTh ypaBHEHHE

Puc. 5.1. Paguyc Bexktop R u
Pa3HOCTb T =T — Ty JJIs CTal-
KUBAIOUUXCS YaCTHULL

JABUXKCHUA

 T1—T2

mli;l :leze (57)

Iy —rof

rae r| U r; 0003HAYAKT PaJHyC-BEKTOpP YaCTHIBI | W 2 COOTBETCTBCH-
Ho. Jlnsg aToro mepeijieM B CUCTEMY IL[EHTpa Macc, 3aJaBaeMylo pajnyc-
BEKTOPOM

myry+myr;
R=11 722

my +mj

U BBEJIEM pPAa3HOCTH
r=r—r,

32



TaK 4TO

my
r=R+———r
my +my
(cm. puc. 5.1). YauteiBas, 4To MEHTP MACC JBUIKETCS C MOCTOSIHHOW CKO-
pocthio, R =0, monyunm

mli“'l =m12F=ZlZze2£ (58)

r3’

rje miy =mymy/(my+my) — npuBegcHHast Macca. Mbl OyjeM Ha3bIBaTh 4a-
CTHUILY Macchl mi, NpuBeAeHHON yacTuleil. E€ monoxxeHnue 3amaeTcs BeK-
topoMm r. CorimacHo ypaBHeHHUIoO (5.8) ABMKEeHHE YACTHUIBI | MOXHO HaM-
TH, PEIINB 3a/4a4y O JBHKCHUH MPHUBEICHHON YaCTHIIBI, MPUUEM CHJIA, AeH-
CTBYIOLAsl HA peaJbHYI0 yacTuly |, coBmagaeT ¢ CUI0H, AeHCTBYOLIEH Ha
NpUBEAECHHYIO yacTuly. Eciiu BOCHOJAb30BATHCS TEM, UTO CKOPOCThH dTOH
YacTUIBl Ha OCCKOHEYHOCTH €CTh V, TO MBI IOIyYUM, YTO CUJIa, TCHCTBYIO-
masi Ha MpUBEICHHBIE YACTUIIHI (2, CIe0BATEILHO, M HAa YACTHUIIBI 1), paBHA

B ) B L ATZIZ3e* AN ATZEZ2e*A

F =mpv°Orpn=myv T N= 3

mi,V

n (5.9)

nmipv

ITo cpaBHEHMIO C paccessHUEM Ha OECKOHEUHO TSIKENBIX IEHTPax OTINYUE
B CHJIE TIPOSIBISAETCS TOJBKO B TOM, YTO MacCy MafaloNuX JYacTHUIl HAJ0 3a-
MEHUTH Ha m1;. JJIsl 2JIeKTPOH-3IEKTPOHHBIX CTOIKHOBEHHM M1y = Me/2, U
110 MOPSJAKY BEJIMUMHBI CHIIA, JEHCTBYIONIAs Ha MyYOK 3JIEKTPOHOB CO CTO-
POHBI DJICKTPOHOB IJIa3Mbl, paBHA CUJIE, ICHCTBYIONIEH CO CTOPOHBI HOHOB.

[IpuHUMIHATBHOE OTINYUE IIEKTPOH-IJIEKTPOHHBIX CTOJIKHOBEHUN OT
paccesiHUsI Ha «OECKOHEYHO» TSIKEIBIX HOHAX COCTOMT B TOM, UYTO TeHEph
HPOUCXOJIUT Mepe/ladya SHEPTHH OT IEKTPOHOB ITyUYKa K AJIEKTPOHAM ILIa3-
MBI.

YT0OBI MOACUUTATE CKOPOCTH MEPENAUYN IHEPTHH, 3AMETUM, YTO NIPHUBE-
JIeHHAasl YaCcTHIla PACCEUBACTCS Ha HEMOJABMIKHOM LIEHTPE U MOITOMY DHEp-
ruto He TepsieT. Ee ckopocTs 7 mocie paccestHus no abCOMIOTHON BeINYUHE
paBHa HayaJIbHOM CKOpOCTH v. PaccMoTpuM mponecc CTOIKHOBEHUS peab-
HBIX YacCTHIl cHavaja B cuUcTeMe meHTpa Macc. OHa JABUXKETCS CO CKOPO-
CTBIO Uy . = R =myv/(m +my) oTHOCHTENbHO NaGopaTopHOi. [10CKOIBKY
B 9TOH CHCTEME CKOPOCTb YaCcTHUIBI | CBsI3aHA CO CKOPOCTHIO MIPUBEACHHON
YaCTHIBl COOTHOLIEHUEM

myr

= )
my+my
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TO BCJIMYHWHA CKOPOCTH YaCTHUIbI 1 IIOCJIC CTOJIKHOBCHUA HC MCHACTCA, a
3HAYHUT, 0OMEHA YHCPTUU MEXKAY CTAITKHBAIOMIUMUCS YaCTHIIAMH B 3TOU CU-
cTeMme He nmpoucxoauT. Ilepexoss B 1abOpaTOPHYIO CHCTEMY, MBI JOJDKHBI
3aKJII0YUTh, YTO HalICHHAs BbIlIC CUja F B eIMHUIY BPEMEHU COBEPINACT
paboTy, paBHYIO

mj

Fvyy =Fv——m,
my+my

3abupas PHepPTUI0 OT MydYka | W mepenaBas €€ IIAa3MEHHBIM DJIEKTPOHAM

2. CKOpOCTB U3MEHEHHUSI PHEPTUM YacTHUIl yyka B W = —Fvul,w HaxoauM,
HCTONB3YS HalIEHHYIO BHIIIE GOPMYITY IS CUIBI F:
ATz Z3e* An
w=-—12" (5.10)
nmjyv

HepelmcaB OTO BBIPAXCHHUEC B BUIC

mp 5 4telel An
=——mvnv.—2—

my miv
€ro MOXXHO MHTEPIPETHUPOBATH TaK, 4TO HNpHU m| K my B KaXKIOM CTOJIK-
HOBEHHUU (YacTOTa KOTOPBIX paBHA nvO) MEpeaeTcs J0JIsl SHEPTUU TOPA-
Ka my/my. Takum 06pa3oM, IPU 3ICKTPOH-IIEKTPOHHBIX CTOIKHOBEHHSIX
nepeaaeTrcs 3HAUYUTENbHAS 4acTh DHEPTHHU HaJETaloled JacTUllbl, a Ipu
DIEKTPOH-UOHHBIX CTOJKHOBEHHSAX — JUIIb €€ Mayas J0s.

Beimre Mb1 moxyumau opmynsl ansg F u W B ciaydae, KOTAa My4oK JBHU-
JKETCsI CKBO3b XOJIOJHYIO IU1a3My. Bo3HUKaeT BONIpOC, KaK OHU U3MEHSATCS,
€CIlIM TeMIIepaTypa MIa3Mbl He paBHa HyI10? O4eBUIHO, YTO €CJIM TeMIepa-
Typa IJIa3Mbl HACTOJIBKO MaJja, YTO TEIJIOBAas CKOPOCTh YAaCTHUIl NIA3MBI Vr
MHOTO MEHbIIIe CKOPOCTHU YaCTHI] ITyUYKa, TO BeIpaxxeHus aust ' u W npaktu-
4eCKH He U3MeHsITCsA. Ecnm xe v S vy, HaZI0 MPOBECTH YCPEIHEHHE MO CKO-
pPOCTSAM 4aCTHUL IUIa3Mbl. MBI OTPAaHUYNUMCS HaXO0XKIEHUEM CUJIBI [ TOJIBKO
B IIPEIEIBHOM cliydae vy < V.

BriGepem rpymiy 4acTuil B IIa3Me, CKOPOCTh KOTOPBIX paBHa v'. Yu-
CJIO0 TaKMX YaCTHIl dn pPaBHO

dn :f('v/) d*Vn,

rae f(v) o6o3HauaetT QyHKUMIO pacupeneneHus yactul, a f(v')d>V ects
BEPOATHOCTh YACTHIE MMETh cKopocTh v'. Culla TpeHHs 4acTHUIl OydKa O
BEIOPAHHYIO IPYIINY YacTHUII [IJIa3Mbl paBHA

4TZIZ3Ae*n v —v'

mi2 |lv—v|

dF =

=/ (V) a>v.
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Teneps HamoO MPOCYMMHPOBATE Ty CHIIy IO BCEM CKOPOCTAM v, 4TO CBO-
JUTCSI K BBIYUCIICHUIO HHTErpaja
v—v

——— f (V) dV. (5.11)

[v—'|
B cnyuae, xorpa f(v) — nu3oTponHas QyHKIHS pacrnpeae’aeHus, HHTeTpall
JIETKO BBIYMCIIUTH, BOCIIOJB30BABUINCH CIEAYIOUIENH 3JIEKTPOCTATUYECKOMN
anajorueii. Eciiu MHTEpHIPETUPOBATH ¥ M ¥’ KaK pajuyc-BEKTOPBI B IIPO-
CTpaHCTBE KOOpPAMHAT, TO HHTETpaJ (5.11) Oyner paBeH AIIEKTPUUECKOMY
0JII0, CO3/1aBaeMOMy C(hepHUEeCKH CHMMETPUUECKUM paclpeelIeHueM 3a-
pstmoB ¢ mIOoTHOCTEIO f(v). Kak m3BecTHO, moye cepruuecKu CHMMETPUY-
HOT'O pacHpeieNeHus 3aps/loB Ha PACCTOSHUM V OT L[EHTPa PaBHO 3apsiy
BHYTpPH cepsl paguyca v, feieHHOMY Ha v2. [ToaTomy

v
I= :—3/]‘(\/) 4/ av.
0

«3apsaa», BHEMIHMH 110 oTHOmEHHUIO K chepe Vv < v, mone He cosaaer. Tak
KaK MBI IIpeIoiaraeM, 4To v < vy, TO HOCISAHUN HHTErpall MPHOINKEHHO
pasen f(0) x 4103 /3. JIns MakcBeITOBCKOH QYHKIMK pacTpe/ieienus

3/2 12
1) = (5) " exe (-2

HaXO0AuM, 4TO
I V2v (m2 ) 3/2
3yINT ’
CnenoBaTenbHO, CHJIa TPEHUS, YCPEAHEHHAs 10 MAKCBEJIJIOBCKOMY pacIpe-
JICJIEHHUIO, B MIpeaene v < vy paBHa

F=

4212?72 Ane* 3/2
_avEnzyzyAne” (@) v (5.12)

3 nmio T

B pPE3yIabTaTC MBI IMMOJYYHUJIHN BBIPpAXKCHUA IOJIA CUJIBI TPECHUMA Fs ABYX
MpeaenbHbIX CiIydasx, v > vy 0 v << vr. [lono6HBIM 00pa3oM MOKHO ObLIO
OBl MOIYYNTH U BRIpaKEeHUE st W B penene v < vr.

[IpencraBuM Temneps, 4TO B HAYAIbHBIII MOMEHT 3JIEKTPOHBI M HOHBI Xa-
PAKTECPU3YIOTCA HEPABHOBCCHBIMUA (pyHKHI/IHMI/I pacopeacicHusd, OTINYHBI-
MH OT MaKCBEJJIOBCKUX. BciencTBre KyJTOHOBCKHX CTOJKHOBEHUH (yHK-
LUU pacupeneaeHus OyIyT « MaKCBEIIU3UPOBATHCAY.
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O6o3naunm gepe3 W, u W; cpeaHIoo 3HEPTHI0, COOTBETCTBEHHO MPUXO-
JSIIyIocs IepBOHAYAIBHO Ha OJUH 3JEKTPOH U MOH. beicTpee Bcero mpo-
HCXOAUT pellakcalus pacHpeaesicHus dJIEKTPOHOB BCIEACTBUE €-e CTOJK-
HOBEHHUH. 32 HECKOJIBKO TAKUX CTOJIKHOBEHHH SJIEKTPOHBI IPUAYT B TEPMO-
IMHAMHYECKOE paBHOBecHe ¢ Temmeparypoii 7, = 2W,/3 (monHas sHeprus
SJEKTPOHHOTO Tra3a MpH 3TOM HE U3MEHHTCS). BpeMs ycTaHOBIEHHS paB-
HOBECHS B DJICKTPOHHOM ra3e T; IpUMEpPHO PaBHO BPEMEHH MEKIIECKTPOH-
HBIX CTOJKHOBEHHMH:

Ty ~ Tee. (5.13)

Jlanee mpou30#AeT yCTAaHOBICHNE PAaBHOBECHS B MOHHOM Ta3e 3a BpeMs Mo-
PSLAKa HOH-UOHHBIX CTOJIKHOBCHHU,

I M
To~ T~ ;Tea (5.14)

[pH 9TOM TeMIlepaTypa HOHOB cTaHer paBHoit T; = 2W;/3. Camblit Me1ieH-
HBIH IPOLECC — ITO BBIPAaBHUBAHME 3JIEKTPOHHONW U MOHHON TeMIepaTyp.
OueHnM BpeMms BBIpaBHUBAHHSA T3, MONB3ysch ¢popmynoit (5.10) nuaa W u
CUNTAas HAJICTAIONIMMH YaCTUI[AMHU 3IEKTPOHHI,

T,  Ane* m T,

HIIN
M
T3 ~ —Tee- (5.15)
m

IIpuMeHUM pa3BHUTHIC BBIIIE MPEACTABICHUS K 3a/1a4e O IPOTEKAHUU TO-
Ka depes miaa3My. TOK sSBISETCS OTKJIHMKOM ILTa3Mbl Ha BHEIIHEE JJICKTPH-
yeckoe mone E. [Tox ero neiicTBueM mpexae BCETO HAYMHAIOT YCKOPSTHCS
AJICKTPOHBI, KaK caMbl¢ JIETKHE YaCTHUIBI. B pe3ynbTaTe BO3HHKHET CHiIa
Tpenuss F' co CTOpOHBI HOHOB, KOTOpasi B KOHEYHOM HTOT€ JOJKHA CKOM-
MEHCUPOBATH PIEKTPUUECKYIO CHITY,

eE+F=0. (5.16)

O0603HauUM Yepe3 u CPEHIOI HAMPAaBICHHYIO CKOPOCTH 3JIEKTPOHOB,
YCTaHOBUBIIYIOCS B pe3yinbTare O0ananca Mmexay F u F. YcpenHuB cumy
(5.12) mo pacmpeleseHHI0 2JIEKTPOHOB, HETPYAHO YCTAaHOBHUTH, YTO MPH
u < V7, CHIIa TPCHHS MPOMOPIIUOHAIBHA U:

F ~ muv;,
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NPUYEM 4aCTOTY CTOJKHOBEHHMH Vo ~ NOrpVTe B CEIEHUE Opp ~ Ae4/Te2 cie-
JyeT OLIEHUBATh MO TEIJIOBOW CKOPOCTHU 3JIEKTPOHOB. [0JI€3HO OTMETUTS,
YTO CKOPOCTB # OTHOCHTCS TOJBKO K cpedHell HaNpaBIEHHON CKOPOCTH
JBYOKECHUS 3JIEKTPOHOB, TOT/1a KAK C1y4aliHdsA COCTABIAIONIAs CKOPOCTH OY-
€T paBHa Vr.. Ilpu ycpelHEHUHU IO IPOMEXYTKY BPEMEHH, 32 KOTOPBIH
MPOUCXOJUT MHOTO CTOJIKHOBEHHH, CIydaifHast COCTABIISAIOMAs CHIIBI 00pa-
IAETCs B HYJIb, U OCTAETCS TOJILKO YacTh, HAllpaBJIECHHAsS IPOTUB CKOPOCTH
u. Ecniy ske CKOpOCTh HallPaBJIEHHOTO ABM)KEHUS JIEKTPOHOB MIPEBBICUT UX
TETIOBYIO CKOPOCTb, U 3> V7., TO YaCTOTY CTOJIKHOBEHHUH V,; HAJO OI€HHU-
BaTh I10 CKOPOCTH HAaIPaBJIEHHOTO ABUXKEHUS U, TOT 1A

FOu 2.

Kax Buano u3 puc. 5.2, cuna F, paccMma-
F TpuBaemas Kak QyHKIUS u, JOCTUTAET MaK-
CHMaJIbHOTO 3HAUYCHUA Fin,x, PABHOTO 1O MO-
PAAKY BEITUYHHBI MV7Vei, TIPH U ~ V7. Ec-
au E > Fiax/e = Ep;, CUlla TPEHUSI HE MO-
JKE€T KOMIIEHCUPOBATh MIEKTPUUECKYIO CUTY
HH TIPU KaKOH CKOPOCTH JIEKTPOHOB. B pe-
3yIbTaTe JIEKTPOHBI OyIyT 0€30CTaHOBOY-
HO YCKOPATBHCA. OTOT 3(pPeKT Ha3pIBAIOT
«yberanuem» 3JICKTPOHOB. MUHHMaJIbHOE
AJEKTPUUYECKOE MMOJIe, KOTOPOEe MPUBOIHUT K
«yOeranumw», Ha3bIBaeTCs norem [patice-

Vi u

e

Puc. 5.2. Cuna TpeHus Kax
(bYHKIHUS CKOPOCTH U

pa:

Ane? e
~ AT
T. 5

Ep; ~ (5.17)
Baxxno nonumatp, 4To noJe Jpalicepa ecTb KpUTHUECKOE TOJIE A yX0/a B
«IPOCBUCT» OCHOBHOM I'PYIIBI AIEKTPOHOB, UMEIOIIUX CKOPOCTh MOPSAKA
tettoBoi. OnmHako maxe npu E < Ep; B maa3Me UMEIOTCS 3JIEKTPOHBI (Tak
Ha3bIBa€Mbl€ MAKCBEIJIOBCKHE XBOCTHI), CKOPOCTh KOTOPHIX 3HAYUTEIHHO
MPEBBIMIAET TETIOBYIO CKOPOCTh, V > vy,. Culla TpeHHus, AEUCTBYIONAs Ha
9TH 3JIEKTPOHBI? Maja, U OHH OYIYyT YCKOPSATHCS J1aXke B MOJIC, MCHBIIEM
yeM Epy.

Hns maneix noneit, £ < Epy, MOXKHO HAUTHU MPOBOJUMOCTb I1J1a3Mbl, BbI-
pa3uB MJIOTHOCTH TOKA j Uepe3 dJIeKTpUUIecKoe moje £:

. ek 00?,
=neu=ne— = ——
J mv 4TV

)
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OTKyJa CIeayeT, 9TO

o3
4TV

(5.18)

STt

Jutepatypa: [1, §1.4]; [10, §18-20]; [14, §6—12]; [16, 1.2, §10.1].

» 3agaua 5.1
Haiimu spems sameaaenus mepmosigeprolx O-uacmuy 8 naasme ¢ nAOMHOCMbIO
n=10"cu3 u memnepamypoii T = 10x3B.

» 3agaua 5.2
Ouyenumo gauny csobosrnozo npobeza saekmporos ¢ snepzueii 1 MaB uepes
naasmy ¢ naomnocmoio n =105 cMm™3. Moacro au nHazpemb naasmy peasmu-
BUCMCKUM NYYKOM 3a CYENM MOAbKO KYAOHOBCKUX CMOAKHOBEHUIL P

» 3agaua 5.3
Hokasamv, umo cpegrue snavenus V> u v g1 maxcsearoscrkozo pacnpegenc-
Hus ckopocmeil pasmor coomsemcmeento 3T /m u 15T2/m2.

» 3agaua 5.4
Buviuucaumo cuay mpeHus npu npoussoabMHOM COOMHOWEHUU CKOPOCMU Ud-
cmuy nyuka u menaogoii ckopocmu yacmuy naasmol. Dyuxyuio pacnpesenc-
HUS Yacmuy nAasMsl cuumame mMaxkceeanosckoii. Pesyaomam soipasums uepes
— 2 [x 2
pyrryuio owmubok erf(x) = F[fo dx exp(—x-).

» 3agaua 5.5
Haiimu W npu v < vr.
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Aexuusa 6

dremeHTapHbBIe NPOLUECChl B IAa3Me: HOHH3AUHA 3AEKTPOHAMH,
TPOHHAsA peKoM6GHHAaUHA, POTOHOHH3ALHA, (poTOpeKkoMbHHaLHA,
nepesapagka. Koponaabnoe pasnosecne. Wopmyra Iabpepra

B TepMoamHaMuuecku paBHOBECHOW ILIa3Me CTENEHb MOHU3ALHMH OJHO-
3HAYHO OMpenesieTcs TeMrnepatypod 7' M MIOTHOCTBIO 77 B MOXKET OBITh
BBIUHCIeHa Mo Gopmyse Caxa. OmHAKO 9acTO MPUXOAUTCS UMETh JEI0 C
HHa3MOﬁ, KOTOpass HE HAaXOAUTCA B TCPMOAUHAMHUYCCKOM PAaBHOBECHH, U
TOT/a BaXXHBIM CTAHOBUTCS AHAIM3 21EMEHMAPHbIX NPOYECcco8, T.€. MPO-
1IECCOB, MPOTEKAIOIMUX IPU CTOJIKHOBEHUH aTOMOB, HOHOB, 3JEKTPOHOB U
¢botoHOB.

N3yueHue ajieMeHTapHbIX MPO-
1IECCOB HAYHEM € PACCMOTPEHUS HO- v =0
HHU3ALUKN aTOMa 2J1eKMPOHHbIM YOd- e
pom (Ha IpUMepe aToMa BOJOPOa):

H+e— H +e+e.

IIpexne Bcero cienyer onpeaeauThb e
ceueHue npouecca. [lasg aToro pac-
CMOTPUM CTOJIKHOBEHUE ABYX JJIEK-  pyc 6.1, [Ipubnuxenue nanekux mpo-

TPOHOB, OIMH M3 KOTOPBIX NEPBO-  jieToB mnpu BBHIYMCIECHHH HOHU3AIMY
HavdaJbHO ITOKOUJICA (CBHB&HHLIIZ DJICK- 3JIEKTPOHHBIM yIapOoM

TpoH). CHOBa BOCHOJIB3YEMCSl IPHUOIMIKEHHEM NaJIEKUX HpOJIETOB (pHC.
6.1). Berauciaum sHEpruio €, KOTOPYIO NPUOOPETET MOKOSIIUNCS IEKTPOH
nocie ctolkHOBeHHs. O003Hauast yepe3 w | yCKOpeHHE aTOMHOTO 3JIEKTPO-
Ha B HaNPaBJEHHWH, MEPIEHIUKYIIPHOM K CKOPOCTH HAJIETAIOIIETO JJIEK-
TPOHA, a Yepe3 vV, €T0 CKOPOCTh B TOM K€ HAIIPaBICHUH, HMEEM

& o

YT (P )i
e [ pdt e? /‘°° dx 26?
V= — N o e 2f
Lm e (2021232 mvp S (142232 mvp’
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10-16

10" AN Puc. 6.2. CeueHune noHU3AHUH
> aToMa BOJIOPOJAA 3JIEKTPOH-
N HbIM yJapoM. CniomHas
10" N JIMHUSA — 3KCIIEPUMEHTAIbHOE
cedyeHHe, MyHKTHPHas
BBIYHCICHHOE 10 Qopmyie

Tomcona

Giony CM

10»19

rae P — NPUILEIbHOE PacCTOsIHUE, V — MPOJO0JbHAsI CKOPOCTh HAaJIETA0-
LEeTo 3JIeKTpoHa, a W = mv2/2 — ero sHeprus. M3 BbIMMCAaHHBIX BBILIE
ypaBHEHUM HAXOUM

2e4

92%7

4TO JacT O ,Z[I/I(l)(l)epeHIII/IaHBHOFO CCUCHMUs pacCesaHUud clieayroniee CooT-
HOIICHUC

Tl'€4
do=|2Tpdp| = st. (6.1)

AToM OylleT HOHHU30BaH, €CIIA YHEPTH €, IepeIaHHasl AaTOMHOMY JJICKTPO-
HYy, MPEBBICUT NOoTeHnHan nonusanuu /, [ < & C npyroé cTOpoHBbl, sic-
HO, 9YTO € HE MOXKET OBITH OOJBIIE, YEM DHEPTHUS HAJIETAIOMIETO IEKTPOHA,
€ < W. Nnarerpupys puddepeHnnaibHOe CEUCHNE HOHU3AIUN dO B IIpeje-
nax ot / mo W, HaiiieM IMOJIHOE CCUCHHUEC HOHHM3AIUH Oj,

Tw4

Ota dpopmyna HazsiBaeTca Gopmynoi Tomcona. MakcuMadbHOE CEUCHHE
pocturaercss pu W ~ 21 u NpUGIMKEHHO PABHO Omax ~ Tt /417 = sz ~
10~"%cm?. Tlonydyennas ¢popMyna TOBOJBHO TOYHO OTPAXKAET XapaKTep
3aBUCUMOCTH O; OT dHEPrHH HallETAIOIIero JJIEKTPOHA, B YaCTHOCTH, M3
Hee clelyeT, 4To TMpu Gombmux >Heprusx O; L W', KsanToBas Teo-
pus ipeacka3biBaeT Oojiee MeJICHHOE YObIBaHUE CEUSHUSI HOHU3AIUH, O; [
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In(W)/W npu W > I, u nyduie cornacyercs ¢ 3KCIepHMEHTaIbHBIMH JIaH-
HBIMH, KaK CJIEAYET U3 puc. 6.2.

Benuuunna n,(0jv,), ycpeIHEHHAs 110 PACIIPEACICHHUIO JIEKTPOHOB, Ja-
€T YMCJIO HOHOB, KOTOPOE MPOU3BOJIUT OJIMH AJIEKTPOH B €JAMHUILY BpeMe-
Hu. CKOpOCTBh pocTa uKcIia IEKTPOHOB B €UHHIIE 00beMa OMHUCHIBACTCS
YpaBHEHUEM

dn,
dt

:nena<oive>' (6.3)

Ecnm 7eKTPOHOB CTAaHOBHUTCS MHOTO, HAYWHAET UTPATh POJb OOpaTHBIN
MPONECC MPOUHOU peKOMOUHAYUU, KOTOPBIH COCTOUT B TOM, YTO KOT/1a JBa
9JEKTPOHA CTATKUBAIOTCS C HOHOM, OJIMH U3 HUX CAJUTCS HA YPOBEHb JIUC-
KPETHOTO CIEKTPa, a BTOPOU yIETACT, YHOCS BBIICITUBIIYIOCS YHEPTHIO:

H +et+e— H+e.

Haf/'I)IGM cJlara€MoO€ B YPABHCHUHU KHMHETUKHW MOHHU3AIIUH, KOTOPOC OTBEYA-
€T 3a 9TOT mporecc. Uncio CTONKHOBEHHH SJIEKTPOHOB B €AMHUIIE 00BEeMa
paBHO 12 (0,V,), Tie 0, — COOTBETCTBYyIONIEe ceuenue. OHAKO K peKOMOHU-
HaIM¥U MPUBOJAST TOJIBKO CTOJKHOBEHMS BOJIM3M MOHA, B 00JacTH, IJe I0-
TEHIMaJIbHAsl SHEPTHs B3aUMOJCHCTBUS C MOHOM IOpsJIKAa KHHETHIECKON
9HEPTHH DJIEKTPOHOB. UMCIO TaKMX CTOJKHOBEHHWH B eIMHHIIC 00bema B
n;V, pa3 MeHbIIe MOJHOTO YHCla CTONKHOBeHHH (V. — o0bem pexomOu-
Haluu BOMW3W MOHA). B pesynbpTaTre MBI MPUXOAUM K BBIBOTY, YTO KOJIH-
YeCTBO aKTOB PEKOMOMHAIMM B efuHHUIEC 06bemMa GyjaeT paBHo Pnln;, riae
B = V*(G*vg> — KOHCMAHmMa cKOpoCmu pekomMOuHayuu, 3aBUCAIAasi OT TEM-
nepaTypsl 3JeKTpoHOB. Takum o6paszom,

dn,

= = Neng(OiVe) — Bngn, (6.4)

BwmecTo TOro 4ToObI BBIYUCIATH [3, UCXOJsI U3 JUHAMHUKU CTOJKHOBEHHUS,
KaK 3TO OBLIO CIEJIaHO BBINIEC JUISI CCUCHUS HOHU3AIUH Oj, MBI MOXEM OIIe-
HHUTBH €T0 ¢ MOMOIIbI0 popmynsl Caxa. B mogHOM TEpMOIMHAMHYECKOM PaB-
HOBECHH IJIOTHOCTH 3JICKTPOHOB HE MEHSCTCS CO BpemeHeM, 1, = 0, u u3
ypaBHeHus (6.4) cienyer, 4To

B=—""(ov.). (6.5)

C npyroil cTOpOHBI, MBI 3Ha€M, UTO B T€PMOJUHAMUUECKOM PAaBHOBECUHU
IJIOTHOCTH DJIEKTPOHOB 3anaercs ypaBHeHueMm Caxa (3.9). U3 dopmyn

41



(6.5) u (3.9) cieayer, 4TO KOHCTAHTa CKOPOCTH peKOMOMHAILMK [3 CBsI3aHa
¢ KoHCcTaHTO# paBHOBecus K(7') u cedYeHHEM HOHHU3AIUH Oj:

(Oive)

= 6.6
B Rt (6.6)
CymiecTByeT u Apyrod KaHald peKOMOWHAIIUU — (POMOPEKOMOUHAYUSL.
OH COCTOUT B TOM, 4TO 3JCKTPOH IIPH CTOJKHOBCHHH C HOHOM IICPEXOIUT B

CBSI3aHHOC COCTOSIHHE, a BBIICIUBINASICS YHEPTHSA YHOCUTCS (DOTOHOM:
H'+e— H+hw.

Yucno akToB peKOMOMHAIMK B eAMHUIIE 00beMa MOKHO HAWTH, €CJIH pas-
JICJTUTh MOIIHOCTb PeKOMOUHAYUOHHO20 U3Jy4eHUs U3 TIa3Mbl Ha dHEp-
ruto noHu3anuu /. PekoMOMHAMOHHOE M3JIyYeHHE U3 TUIa3Mbl OyJeT pac-
CMOTpeHO B yeknuu 15. 3aberas Bmepen, MbI BOCIOJIb3yeMCsS ypaBHEHH-
eM (15.11) nyst MOITHOCTH PEKOMOMHAIIMOHHOTO U3TyYEeHHUS, YTO JaeT s
CKOpocTH (POTOPEKOMONHAIINY CIIEAYIONIee BEIpAXKEHHUE!

d P,
( ;e> _ p[ex = ynine,
t dboTopex

41071
= VT[3B]

rae (st Bogopoma)
cm? /cek. (6.7)

Haxownen, cymecTByeT n 00OpaTHBIA K ()OTOPEKOMOMHALIMK MTPOIECcC —
Gdomouonuzayusa, COCTOSIIUN B TOM, 9TO (OTOH HaJIETACT HA ATOM U HOHH-
3yerT ero:

H+hw— H +e.

CKOpOCTH 3TOTO Mpollecca MPOMOPIHOHATBHA MTPOU3BEACHUIO TNIOTHOCTH

(bOTOHOB n aTOMOB,
dn,
dt - p—”aa
¢doronon

r7ie TUIOTHOCTh (DOTOHOB MBI BKJIIOUMIIN B KO3 duuueHT M.
B pesynbTaTe ¢ yueToM BCexX NPOLECCOB ypaBHEHNE KUHETUKU MOHU3A-
WU TPUHUMACT BHUL

dn,

dr = NeNg(OjVe) — Bngni + Ung — Ynen; |. (6.8)
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B TepmMoamHamMnueckoM paBHOBECHHM YHCIO KBAHTOB B €JWHHIE O0OBema
ecTb GyHKIus Temrepatypsl 7. [Ipn 3ToM MOXHO YCTAHOBUTH CBSA3b MEXKIY
M 1Y, MONB3ysich NPUHIUIIOM 0emaibH0O20 paeHOGecus, KOTOPbIH Tpedyer
oOpaleHus B HyJIb IIOTTAPHO CYMMBI IEPBOT'0 M BTOPOTO, @ TAKKE TPETHETO
U 9YEeTBEPTOTO CIAaraeMbIX,

nehnj

H=Y
n

=VYK(T). (6.9)
a

OOBIYHO B JIa0OPATOPHBIX YCIOBHUIX M3JIy4eHHUE HE 3aMepTO W IIOT-
HOCTh KBAHTOB MHOTO MEHbBIIIE TEPMOJMHAMUYECKH PaBHOBECHOH IJIOTHO-
CcTH (OTOHOB, YTO JIENACT CKOPOCTH (OTOPEKOMOMHALIMM MPEHEOPEKUMO
Masioi, [ < ne(0;jve). B He 0OYeHb IIIOTHOW IIa3Me MOXKHO TakKXKe MpeHe-
Opedb M TPOIHON pekoMOMHaLKMEH O CpaBHEHHUIO ¢ (OTOPEKOMOMHALIEH.
CpaBHEHHE BTOPOTO M YETBEPTOTO YJICHOB B ypaBHeHHUHU (6.8) maeT ycio-
BHE BO3MOXHOCTHU TaKOTO MPEHEeOpeIKeHUsI:

7/2
ng<<y/[3~1017{Rly] Y (6.10)

B ycnoBusx, korga BeImosiHsAETCA HepaBeHCTBO (6.10), paBHOBEecHAs KOH-
LEHTPAIUS YJIEKTPOHOB U HOHOB ONIpeAeNsIeTCs opmynot diveepma

(6.11)

OTO0 Tak Ha3BIBAEMOE KOPOHAIbHOE padgHOGecUe, TIONyUYUBIIEe CBOS Ha3Ba-
HHE 0 TOW MPUYHHE, 9TO OHO OCYIIECTBIISIETCS B COTHEYHOU KopoHe. Cre-
IICHb MOHU3AIMA B KOPOHAJIBHOM PaBHOBECHHU HE 3aBUCHT OT IUIOTHOCTH
ILJIa3MBI.

YroMsiHeM elle OJWH BaKHBIH 3JIEMEHTAPHBIN MPOIIECC B IIA3ME — pe-
30nancHyto nepezapaoky. OH COCTOUT B TOM, YTO aTOM, IpojeTas BOIU3U
HMOHa, IepelaeT eMy CBOH dJIEKTPOH:

H+H" - H"+H.

Ecau atom OBl OBICTPHINA, @ MOH MEJJICHHBIM, TO B PE3YyJIbTATE MOTYUUTCS
OBICTPBI HOH U MEJJICHHBIA aTOM. [[OCKOJIBKY B 3TOM IMPOIECCe ICKTPOH
MEePEXOIUT C ATOMHOTO YPOBHS Ha TaKOW e aTOMHBIA YPOBEHb Y APYTroro
AApa, TO NPOLecC HOCUT PE30HAHCHBIN XapaKTep, a CEYEHUE €ro OUYEHb Be-
nuko. Ilpu cpaBHUTENbHO HU3KOW AHEPTUM CTAJKUBAIOLIUXCS YACTHUI] OHO
npuMmepHo B 20 pa3 GoJiplie MION[aJN MOMEPEYHOT0 CEUCHUS aToMa TWZB.
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10"

10" —

s 10 Puc. 6.3. Ceuenue pe3oHaHC-
0; 107 HOU mepe3apsiAKH aToMa BOJIO-
o pola Ha MOHE BOJOPOJA B 3a-

107 BHUCHUMOCTH OT YHEPIUHU Halle-
TAIOMIEr0 aTOMa B pacdeTe Ha
10 OJMH HYKJIOH
10° 10° 10° 10° 10° 10° 10°
E, aB/amu

Ecau oTHOCUTENbHAS CKOPOCTD V aTOMa M HOHA MPEBLIIIAET CKOPOCTH Bpa-
IIEHUs DJIEKTPOHA B aTOME V,; = /2] /m, pe30HAHCHBIA XapaKTep B3aUMO-
JEHCTBUA TEPSACTCSA, a CCUCHHE Mepe3apsAaKu OBICTPO YMEHBIIACTCS C PO-
CcTOM 3Hepruu (puc. 6.3).

Jlureparypa: [7, §10, 11, 16, 17]; 8, §2, 3,6, 8, 10]; [16, r1.2, §7; Ti1.3,
§1; rn.5, §2, 3, 6].

» Baaaqa 6.1
Botruucaumo (0jv,) npu T < I, ycpearus ceuenue uonusayuu (6.2) no maxc-

8EAN0BCKOU PYHKUUU pacnpegeneHust 3I1eKmpoHos.

» 3agaua 6.2
IMouemy (npu Kakux yca08UAX ) UOHUBAUUSL UOHHBIM YAAPOM HE CYULCCTIBECHHA P

» Baaaqa 6.3
Boiuucaume KOMCMAaHMy CKOPOCMU MPOUHOU peKkomMbuHayuu B

» 3agaua 6.4
Ouenumob ceuenue pesonancHoil nepe3apsaku Ocx HA amome 8040p04a npu vV <&

V.
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Aexuusa 7

JABuikenne uacTHy B 9AeKTPHIECKOM H MATHHTHOM HOASIX.
Apeiiposoe npubrnxkenne. IreKTpHIECKHH, rPaJHEHTHDIH H
genrpobexubrii gperdnoi. Coxpanenne MarHHTHOro MOMeHTa

Jlo cux mop mpu M3y4YEHHH IIa3Mbl Mbl HE 0Opaliany BHUMaHUe, YTO OHa
O0OBIYHO HAXOJIWUTCSA B MAaTHUTHOM T0Jie. MarHuTHOE MOJIe CYIECTBEHHBIM
0o0pa3oM BIHSET Ha MHOTHE CBOWHCTBA IJIa3Mbl, HCKPHUBISLSA TPACKTOPUH
JBYOKCHUS 3apsOKCHHBIX YacTHL. B 3TOH JEKIUH MBI U3yYUM JBHM)KCHHUE
OT/AENBbHON 3apsHKEHHOI YacTHIBI B MATHUTHOM ITOJIE.

HauHeM ¢ 0JHOPOHOTO MAarHUTHOTO TOJIsI. M3 ypaBHEHUS JBMXKCHUS

mv=§[v,B] (7.1)

clIenyeT, 4To v, = const, v = const. I[lepBoe U3 ITHX COOTHOIIEHHI MOTyUa-
ercsi, ecau o0e yacTu ypaBHeHus (7.1) yMHOXUTH cKalsaspHO Ha B, BTopoe
— €CJIM YMHOXXHUTb Ha v; IPH 3TOM IIpaBas 4acTh YpaBHECHHUs oOpaniaercs B
HOJIb.

Bgojs BexTop

_eB
mc’
3amuIIeM ypaBHEHUE JBHKECHUS B BUIE
v =[v,]. (7.2)

[TockoabKy v = const, SICHO, YTO ITO YPABHEHHE OMHUCHIBAET BPAIEHUE BEK-
Topa v. Tak Kak HCU3MCHHA MPOCKIUS V,, CKOPOCTH Ha BEKTOP {2, OUEBHIHO,
YTO BEKTOP v BpaliaeTcs BOKpyT HanpasieHus (2. CKOpOCTh yIIIOBOTO Bpa-
mieHus paBHa —{2, MpUYeM 3HAK MHHYC 3][eCh CBsSI3aH C BHIOOPOM IpaBHIIa
MPaBOr0O BUHTA MPH ONPEICICHUH HAIIPABICHUS BPalCHUS OTHOCUTEIBHO
HalNpaBJIEeHUS MarHuTHOTO 1o (puc. 7.1).

TpaekTopus 4acTULBI IPEACTABISIET CO00 cupaib pajauyca

p_vac_ Vi
lelB QI
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Puc. 7.1. Bpamenue BekTopa ckopo- Puc.7.2. CnupanbHas TpaekTopus da-
CTH YaCTHIBl TPOUCXOIHUT BOKPYT Ha- CTHIIBl B MATHUTHOM I10JI¢
npaBiieHHs BeKTopa 2
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Y106HO BBECTH BEKTOP P, IPOBEICHHBINH U3 TapMOPOBCKOTO I[EHTpa K Ya-
CTULC; JJIS HEIO UMEEM BbIPaXKCHUE

[v,h], (7.3)

rae h = B/B — eAMHWYHBIA BEKTOP, HANPABICHHBIH BJOJIb MArHHUTHOTO
noJist, a yacrora Q = eB/mc BeIYHCISIETCS ¢ YYETOM 3HAKA 3apsijia 4aCTHIbI
e.

Teneps mpeacTaBuM, 4TO MarHUTHOE I10JIE HEOAHOPOAHO M UTO KpOMe
HETO €CTb dJIeKTpHuueckoe nojie . YpaBHeHUs IBUKEHHUS B ITOM ClIydae

3aMHUCHIBAIOTCSA B BHJIE!
r (7.4)

E+[v,Q]. (7.5)

I
<

v=

SRR

HaliTu TouHOE peleHre ’TUX yPaBHEHUN yaeTCs TOJIBKO B PEIKUX UCKIIIO-
YUTENBbHBIX ciydasx. Oka3pIlBaeTcs, OAHAKO, YTO OTHOCUTEIHHO IPOCTO
ONHUCATh ABMKEHUE YACTHIBI MOXKHO B IPAaKTHYECKU BAXKHOM IpeJene, Ko-
raa MacmTad U3MEHEHUs SJIEKTPUYECKOT0 U MArHUTHOTO oJIeH £ BeUK 1o
CPaBHEHHUIO C JAPMOPOBCKHUM PaJINyCOM YaCTHUIIBI:

Y
£E== 1.
€<<

HeomHOpOAHOCTP MarHUTHOTO TOJISI U HAJTUYUE DIICKTPUYCCKOTO MO-
J IPUBOAAT K TOMY, YTO HaApAAy C ABUKCHUEM BJIOJb CHJIOBOM JUHUHU U
OBICTPBIM BpAlICHUEM IO JIAPMOPOBCKOM OKPYKHOCTH YaCTHIIA MEIJICHHO
Opetighyem (mepemMeniaeTcs) ¢ OJHOU CUIOBOW JUHUM Ha Npyryro. Hama
3aJla4a COCTOUT B TOM, YTOOBI BBIBECTH yPABHEHUS, KOTOPBIM MO JIUHSICTCS
TaKOe MEJJICHHOE ABMIKEHHUE B pPAMKaX Opeligho60ll TEOPHUU.

[Mepeiinem k BeiBoay. BBengem popmansHO paguyc-Bektop R sedyueco
yenmpa NapMOPOBCKOW CIIUPAIIH:

1
R=r—p=r+_[vh],

npuuéM yCIOBHMCS, 4TO B 3TOM ompenencHnu' R Benmuumusl Q u h cie-
JIyeT BBIYUCIATH B TOYKE C paguyC BEKTOPOM T, TA€ HAXOJAUTCS YaCTHIIA B
JAHHBIH MOMEHT BpeMeHHU. Beruucaum R:

1 1 Q
R=r+g[vhl+glv,h]-55

IB nurteparype BcTpedaroTCs TaKKe HHbIE BADHAHTHI BbIGOpa BekTopa R.
y

[v,h].
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IToncrtaBus (7.4) u (7.5) B npeapiayniee ypaBHEHUE, IOy IUM

l (e 1 Q
=v+—1<— + + R — .
R=v Q {m [E,h] Q[[v,th]} [v,h] o2 [v,h]
3ametus, uto [[v,h],h] = —v+(vh)h=—v  , nepenuuem MociaeaHee ypas-
HCHUEC B BUJEC
R=vwh+—[E ,h]+ 1 [v,R] 8 [v,h] (7.6)
5 Q QT gt '

~ —,—— ——— —
1 )i Il )i

VYpaBaenue (7.6) sABiseTCS TOYHBIM — IIPH €r0 BBIBOJE MBI HE JeJalH
HUKaKuX Mpuobamkennidi. Bennunua R conepXuT B cede Kak OCHMLIHPYIO-
mue (C 4acToToi Q) WiIeHBl, KOTOPbIC IPH yCPEAHEHUH 1O BpeMeHH o0pa-
Al0TCs B HYNb, TAK M IUIABHYIO COCTABISMIONIYIO, HE OOpaIaroniyocs B
HYJIb IPU yCcpeaHEeHUH. UTOOBI BBIIEIUTH CKOPOCTH Jpelda, Hy)KHO yCpe-
HUTB 3TO ypaBHEHHUE MO OBICTPHIM OCLUIIISALHSIIM.

Haunewm ¢ nepsoro unena / = v,h. OH He COJEPX)HUT MAIOTO MapaMeTpa
g, 1.e. wh = 0O(1). Bynem cTpeMuTbCS K TOMY, YTOOBI BCE TOJIS BHIYNCIIS-
Juch B Touke R, rjie B JaHHBIH MOMEHT BPEMEHH PacCIOJOKEH BeAyL[UN
LEHTP, U pa3I0oXuM BekTop h B psag Teiimopa BOMIU3HM 3TOH TOUKH:

h(r)=h(R+p) ~ h(R)+ (pO)h(R).

I[Mocnennuil unen 3nech uMeeT Nopsaaok € Takoil ke MOpsSAOK MalloCTH,
KaK MBI YBUJIUM, HMEET CKOPOCTh apeiida. OQHAKO MpH YCPEIHCHHUH IO
OBICTPHIM OCHMJUIALHAM IIOCIHCAHUN YieH ucuesaer, Tak kak (p) = 0. Ilo-
3TOMY

(I) =v,h(R).

Bropoit unen [1 = o [E, h] yxe Mai, Tak Kak 3JI€KTPUYECKOE MOJIE B XO-
POIIO MPOBOASIIEH TIIa3Me 0OOBIYHO HE MOXKET ObITh OYeHb OoNbmuM. [lo-
aTomy B aprymenTax E, h, Q nis ycpenHeHus JOCTaTOYHO 3aMEHHUTH T Ha

R:

(1) = [E(R), B(R)].

o Bz(R)
[epeiiném k Tpetbemy uneny 111 = ;2 [v,R]. B HéM

dh 0h
h=—=—+(w0O)h.
dt Ot (vD)
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By}IeM CUUTATh, YTO MArHUTHOEC IOJIC HEC 3aBUCUT OT BPEMCHU. Torpa gact-
Has NpOUu3BOJHAsA MO BpEMEHU paBHA HYJIIO, U MBI ITOJIy4YacM

111 = & [v, (vD)h].

YTO0OBI BBINIOJIHUTH YCPEJHEHHUE B TOCICAHEM yPaBHCHUH, MTepeiaéM K HH-
JEeKCHBIM 0003HAYCHHUSAM, BBIPA3HB BEKTOPHOE MPOM3BEACHUE Yepe3 abco-
JIOTHO aHTHCHMMETPHYHBIN TEH30D TPETHETO PAHTA eqpy:

dhy

— 1
ﬂ(} = 5 QGBVVBVVa—xv.

dhy
DT0 BEIpaXEHHE COACPKUT MANYIO MIPOU3BOAHYIO 5k, m03TOMY ¢ HE0bX0-
JUMOW HaM TOYHOCTBIO MOpPsiJIKa € MOKHO CYUTATh, 4YTO U Ay BBIYUCIS-
10TCA B TOUKE J; IpU 5TOM yCPEIHATE CIIEYET TONBKO VEVy:

1 omy
(L) = QB gy, (vpw)-

PesynpTaT ycpennenus (vgvy) He JIOIKEH H3MEHAThCA IPH JTI060M II0BO-
pote BOKpyT Hanpasienus h. Ilodtomy TeH30p (vgly) AOIKEH BHIPAXKATh-
s Uepe3 MHBAPMAHTHBIE TEH30PBI Oqp, eqpy, KOTOPbIE HE MEHSIOTCSA BOOO-
e mpu J000M MoBOpOTE (0Ka3bIBAETCS, YTO BCE JPYyTrHe MHBAPHAHTHBIC
TEH30PBI BEIPAXKAIOTCS Yepe3 3TH J[Ba), © KOMIOHEHTHI BekTopa h. Jlerko
IPOBEPHUTH, 4TO Haubosee obuiee BEIpaXKeHUE NI (VgVy), KOTOPOE MOKHO
COCTaBUThH U3 UMECIOIIMXCS B HALIIEM PacIlOPsIKEHUH TEH30POB, HMEET BUJ

<va\,> = A6Bv +Bhghy + Ce[}vuhu-

OueBuano, uto koHcTanTa C goymkHa OBITH paBHA HYJIO, TaK Kak vghy HE
u3MeHseTcs npu usmeHenun 3Haka h. Koapdunuenrsr A u B naitnéwm, co-
CTaBUB CBEPTKHU (vgwy) ¢ Ogy U Aighy. IIpn 3TOM MBI IOJIyYHM JIBA yPABHEHHUS:

V2 =3A+B,
vi= A+B.
PemuB ux, Haxoaum

<VBVV> = % Vi {55\, — hghv} + Vﬁhﬁhv,

qTO JA€ET

_ V2 oh oh V2 oh
Il = —& Y hahy—Y L oo ok —.
<_G> 2Q Capy {axg B “axv Q Capyp Vaxv
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BepHyBIINCh K BEKTOPHBIM 0003HAYEHUAM, UMEEM
(IIT) = it {roth — [h,(hO)h]} + % [h,(hO)h].
AT : Q'™
BripaxkeHue B GUTypPHBIX CKOOKaX MOXXHO YIIPOCTHUTD, €CJIH 3aMETUTh, YTO

2
[h,roth] = D% —(hD)h

~—~—
=0

= —(hD)h, (7.7)
U, CIIeJOBATENIbHO,
roth —[h,(hO)h] =roth+[h,[h,roth]]
=h(hroth).

Takum oOpazom,

J— v2 v2
(IIl) = ﬁ h(hroth)+ 5 [h,(RD)h].

[epexoas k mocnennemy dieny 1V = —57 [v, h], umeem
dQ  0Q
Q=—= —+( 0HQ = (vO)Q.
dt
llanLHeﬁmne BBIYUCIICHHUA IMTPOBOAUM aHAJTOTUYHO U3JTIOKCHHOMY BBIIIEC!
— 1 0Q
()= *<& Vvﬂ eaByVBhv>
1 0Q
=~ 57 5 Capriy(rvip)
1 0Q
S o eapyhy{ 3 V1 Opv + (v — 5 v )ghy}.

Taxk xax eqpyhghy = [h,h]q = 0, B uTOTE MONTYydaeM:

_ 2
IV = —5 05 [0Q,h].

Cobupas Teneppb BCce YWICHBI BMECTE, HAXOIUM

R= +vih th)h+<(E h]+vﬁ[h (hD)h]+ 1 [h,0B]. (7.8)
Vi 70 ro P oY 20B" " ’ ’

50



K

Puc. 7.3. TpanuentHselii npeiid B ue- Puc. 7.4. K BblumcieHuio paguyca
OJIHOPOJIHOM MarHUTHOM II0JIE KPUBHU3HBI CUJIOBOH TMHUU

B nmepBoM ciaraemoM monpaska K v, Majia [1o mapaMeTpy €, €10 00BIYHO Ipe-
HeOperarot. [Tocneanue Tpu 4ieHa ONUCHIBAIOT IpeHdBl: anekmpuuecKkuil,
YEeHMPOOeNCHBLI U 2PAOUECHMHBLIL.

CMBICIT DJIEKTPUUYECKOTO Jpeiida NU3BECTEH U3 TCOPUH ABUIKEHHUS 3aps-
JKEHHBIX YaCTHI] B CKPELIEHHBIX SJIEKTPUYECKOM U MATHUTHOM MOJISIX: €CJIH
HepeiTH B CUCTEMY KOOPAMHAT, IBUKYIIYIOCS CO CKOPOCTBIO

[E, B]
it |

VE = B2 )

(7.9)

TO TaM AJIEKTPUUYECKOE M0JIe NCUe3aeT, a YaCTHIIA JBHIKETCS TOJBKO I10 Jiap-
MOPOBCKOM criMpaiu.
CwmbIca TpaliueHTHOTO Apeiida

V2 0B
Vrpan = ﬁ [h, —} (7.10)

nosicHsAeT Takoi npumep. IlycTs uMeeTcs MarHuTHoe noJie B;, HallpaBJIEH-
HOE BJI0JIb OCHU Z U BO3pacTarollee B HanpapiaeHuu x. Kak BuaHo us puc. 7.3,
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YacTHIa, ABIKYINAscsS B TAKOM II0Je, MPaBYIO YacTh CBOEH TpaeKTOpHH,
pacmoioXKeHHYI0 B 001acTH 00Jiee CHIIBHOTO TOJIs, TPOXOJUT O OKPYXKHO-
CTH pajuyca, MEHBIIEro 4eM B JI€BOI 4acTu TpaekTopuu. B pesynbrare Ha
Ka)kJIOM JIApMOPOBCKOM 000pOTE BO3HHKAET HECKOMIECHCHPOBAHHOE CMe-
IICHHE BIOJb OCH y, IPUBOJsAIIEE K Apeiidy B 9TOM HalmpaBICHHUHU.

[Ipexxne yem mepexoAUTh K MHTEPIpETaIuu LIeHTpoOekHOoTOo npeiida
3ameTuM, 4To (hl)h ecTh BeKTOp KPUBU3HBI MAarHUTHBIX CHJIOBBIX JIUHUMH:

(hyh =P

Os

Kak cieayer u3 MOCTPOEHHUS Ha pUC. 7.4, BEKTOP K HANPABIEH M0 HOpMA-

/U K CUJIOBOM JIMHUU T, @ €r0 JUIMHA 00paTHO MPONOPIMOHAIBHA PAJUyCy

kpuBH3HBL |[K| =R ~'. C moMomipio BeKTOpa KpUBH3HBI HOPMYIY I CKO-
POCTH HEHTPOOEKHOrO Apeiida MOKHO 3amKMcaTh B CIEAYIONIEM BUIE:

= K. (7.11)

2

vll
Vu.gp. = Q [h, k] (7.12)

KOTOPBIH O3BOJISIET yCMOTPETh aHAJIOTHIO C JIEKTPUUIECKUM sipeiidom (7.9).

JeiicTBUTENBHO, COMOCTABUM JJIEKTpUUYeckod cuiie fr = eE meHTpoOexK-

2
HYIO CUNY finp. = —%n. Ecau 3amenuts B popmyne (7.9) ans ckopocTu

snexrpuueckoro apeiidha E Ha fi 4p./e, To nomyunm ypaBHenue (7.12):

2
_ ¢ Juap | me Hno VD
Vi ap. 3 { . ,h] B v [K,h] ) [h,k].

CiienoBaTesibHO, IEHTPOOCKHBIN Apei() MOKHO HHTEPIPETUPOBATH Kak
IpeipoBoe ABMKCHUE B CKPCIICHHOM MAarHUTHOM M «IICHTPOOEIKHOMY T0-
X,

IenTpoOexHbIl apeiid HampaBieH MO BEKTOpY Ounopmanru b =[h,n].
OH, KaK U TPaJIUCHTHHIN npeiid, 3aBUCHT OT 3HAKA 3apsAjaa YaCTUIBI, TOT1a
KaK JEKTPUICSCKUN aApeiid He 3aBUCHT OT e.

B BakyyMHOM MarHUTHOM I10Jie, Kora rot B = 0, HampaBJIeHHS EHTPO-
0eXKHOTO U TpagueHTHOrOo apeiihor copnamarT. UToObl J0Ka3aTh 3TO, UC-
MOJIb3yEeM TOXKIECTBO

[h,roth] = —K,

cuenytomee u3 (7.7) u (7.11). 3ameuaem Takxke, 4TO

B 1 1
=rot— =—rotB+|0-,B
roth rotB Brot [B’ }
=0
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U jgaiee

[h,roth] = — {h, {%ﬁ” __ LB +h(h@> .

CrnenoBaTebHO,
[h,0B]=B[h,k].

B pesynpTaTte rpalHeHTHBIH U MEHTPOOESKHBIN npeiihsl 00beNMHAIOTCS B

eIMHBII OJIOK:
2,.1.2
_V + 2Vi
Urpax T Vi.np. = T [h,K]

2,.1.2
vit sy
—_— 271 [h
=——=—=[h,n].
QR ’
ITonBOast UTOTH ATOM YACTH JICKIIMH, MPUBEAEM YpaBHEHUE AJIA CKOPO-
CTHU IBUKEHMS BEAYIIEro [[eHTPa YaCTULbI B OKOHYATEJIbHOM BHUJE:

2 2
R=vh+< S LE, h]+ [h,k ]+ZQB[h OB]|. (7.13)

HamoMHMM, 4TO IIpH BBIBOJE 3TOT0 YpaBHEHHs MbI cuutanu noist E, B He
3aBHUCSIUMHU OT BpeMeHU. OTHAKO MOXKHO MOKa3aTh, YTO IMOMPABKHU K CKO-
poctu apeiida, 00yciIoBICHHbIE HECTAIIMOHAPHOCTHIO T0JICH, Majbl, €ClIH
MOJIsl U3MEHSIIOTCSI HE3HAYHMTEJIBHO 3a MEePHOJI JIAPMOPOBCKOTO BpPAIICHUs
gactuusl, T.¢. T~ < Q, rie T — XapakTepHOE BpeMs H3MEHEHHUs IeKTPH-
YECKUX M MAarHUTHBIX Mojed. MinmocTpamuei 3Toro yTBepKJeHHUS MOTYT
CIYXXHTh pemeHus 3aaad 7.2 u 7.3 0 CKOPOCTH NOAAPUZAYUOHHO20 Opeli-
da.

I[Momumo moneit E, B B ypaBHenue (7.13) BXoAsAT mpoaoIbHAS U MO-
repeydHasl CKOpOCTH YacTHIBI v, U V| . UTOOBI 3aMKHYTh CHCTEMY ypaBHeE-
HUW ABUKEHUS 4aCTHIBI B Apeii)oBOM MpUOIMIKEHNH, HEOOX0AMMO BbIBE-
cTH emé IBa ypaBHCHUs I U3MCHCHUS BO BPEMCHHU ITHX BEIUYUH. MBI
BBIBEJIEM TH YPAaBHEHHUS B HU3IIEM IOPSIAKE PA3JIOKEHHUS 110 apameTpy &,
XapaKTepU3YIOIIeM HEOJHOPOJHOCTh CUCTEMBI. [IpH 3TOM MBI Oy1eM mpe-
mojaraTk, 4to mois E u B MOTYT MEIJICHHO U3MEHITHCS CO BPEMCHEM.

Brruncnum jt 2. Jlns 3TOTO yMHOKHM ypaBHeHHe ABuxkeHns (7.5) Ha v:

livz—m.:=v(%E+Q[v7h]) =

E.
2 dr v

e
m
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Ycpenuss mo OBICTPOMY BpalIeHUIO, YITEM, YTO
(v) =v,h.

B pesynbTare noiyyum ypaBHEHHE
—~—v’=—vy,hE, (7.14)
m

rne h m E Hago BeruucaaTh B Touke K. W3 Hero cieayer, uTo paboTy Haj
YacCTHUIEH MPOU3BOAUT MPOJOIBHOE DIEKTPHUISCKOE TTOJIE.
Teneppb BBIUUCITUM Y,

d e oh
v, = E(hv) =vh+vh= th‘*‘U (E‘*(Um)h) .

UneHowm ¢ %—’t’ MOXHO MpeHeOpedb, a MOCIeHUN YJIeH HE0OOX0AUMO yCpe/-

HUTH:

ahg
(v(vO)h) = (vavp) Fr

xp
2 2.2
v 2vi—vi Ohq
= L e LR Y
( > Oap 2 W’“) Oxp
v} g N 22—y 9 K

2 Oxg 2 Poxg 2

2
- % divh.

U3 ypasuenus div B =0 cienyer, 4To

divh = divE _divB BOB _ hl:IB.
B B B2 B
——

=0

B PE3YyJIbTAaTC HAXOAUM
_° 1,
v, = %Eh— EVL(h’DB)/B

d. 2.
BwmecTto aTOTO YpaBHCHUA 00BIYHO MOJIB3YIOTCA YPABHCHUECM 151 %VL'

dvi _d (v’ vi\_1, hOB
dt 2 dt\2 2 ’



3nech v, (h[B) MOXHO paccMaTpUBATh Kak dz BJIOJIb TPAEKTOPHUH BEIYIIETO
LIEHTPa, TaK KaK B CTAIIHOHAPHOM II0JIC

dB 0B
— = — +ROB=v,(hOB).
o 1(hUB)
N~~~
=0
Moatomy
2
42 _VidB
di’t " B dt
[Tepenucas nocienHee ypaBHEHUE B BUE
2
avi g
dt B
IPUXOJUM K BBIBOJY 00 HHBAPUAHTHOCTH MACHUMHO20 MOMEHN A YaCTUIIbI
V2
m
11—
= —= =const|.
2B

XoTs MBI HIPOBOAMIYN BBIUMCIEHHS B HU3LIEM MOPSJKE 10 IapaMeTpy &,
MOKHO, HEMHOTO HNOJINpPaBUB OINpeaesNeHue [, M10Ka3aTb, YTO MAarHUTHBIN
MOMEHT aCUMITOTHYECKU COXPaHAETCs BO BeexX mopsakax mno €. bonee To-
0, MATHUTHBIH MOMEHT COXPaHSIETCS TAaKXKe B HECTALIMOHAPHOM 3JIEKTPO-
MarHUTHOM II0JI€, €CJIH TOJIPKO YacTOTa () U3MEHEHUS MOJIeH 3HAYUTEIbHO
MEHBIIE IUKJIOTPOHHON YaCTOTHI, W< , T.¢. MATHUTHBIH MOMCHT SIBJISET-
cs aouabamuyeckum UH8apuUaHmoM. J1oKazaTeJbCTBO MOCIIEIHETO yTBEP-
KIACHUS MBI OCTABIISIEM /IS CAMOCTOSTEIbHON paboThl (cM. 3anaun 7.4 u
7.5).

Bosepaiasich K ypaBHEHUIO IS d v2 HEO00XOJUMO OTMETHUTH, UTO B TIe-
PEMEHHOM MAarHUTHOM II0JIE OHO Tpe6yeT YTOYHEHUS.

Bo-nepBrix, BMecTo v,k B (7.14) HYy’)KHO IOJICTAaBUTh CKOPOCTD BEyIIle-
ro nentrpa R. Bo-BTOpEIX, B HECTAIIMOHAPHOM I10JIe J0OaBseTcs eé 0aHO
claraeMmoe:

d , e LM
dv m

m

0B
3 5| (7.15)

CMBICII IOTIOTHUTEIBHOT'O CJIaraeMoTO0 IMPOCT: OHO OIUCHIBAET paboTy BUX-
pPEBOTrO 3AEKTPUUECKOTO MOJIS BOIb JIApMOPOBCKONH opOuThl. Tak Kak mo-
ABJICHUE 3TOTO CJIAaraeMoro HE CBA3aHO C HEOJHOPOAHOCTBIO CHCTEMBI, J0-
CTaTOYHO PAacCCMOTPETh OJHOPOJHOE II0JIe, MEJJIEHHO H3MEHSIONEecs 10
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abcomoTHON BenmunHEe. COOTBETCTBYIOIIMM BBEIOOPOM CHCTEMBI OTCUETA
MOYHO JOOHUTBCS TOT'O, YTO MPOJOJIbHAS CKOPOCTh YaCTHUIEI OyJCT paBHA
Hyio, v, = 0. B aTo#l cucteme oTcuéra yacTulla JIBUIKETCS MO 3aMKHYTOMI
OKpYyXHOCTHU. Bo3HHKalouiee Npu U3MEHEHUU B BUXPEBOE DIEKTPUUECKOE
ToJie 32 IePUOJI BpallleHHsI cCoOBepIIaeT padboTy

efEdl = e}{rotEdS ~emp’ nrotE,

r7ie eAUHUYHBIH BEKTOP 72 COCTABISET IPaBblii BUHT C HAIIpaBJICHHUEM Bpa-
meHus, T.e. HanpasiieH o —{2. Pabora, coBepuraemas 3a eIMHUILY BpeMe-
HU paBHA

Q
%enrotETrp2 =-Q rotEe—

Il
-
|

OTta pabota uaET Ha U3MEHEHHE MOJHON IHEPTUHU %mv2 1 MOXET OBITH HUC-

MMOJIb30BaHa JJIs HarpeBa mia3mel (cMm. 3axady 7.6).

Juteparypa: [12, §1, 2, 3, 10], [1, §1.2], nds
[5, rm. 3, §1-5].

» 3agaua 7.1
Bapsarxennas wacmuya ZBUXcCmMCcs 8 CKPCULCH-
HBLX MAZHUMHOM U 3AEKMPUUECKOM NOASAX, NPU- dl
4éM MazHUMHOE noae nocmosaxHo, B, =B, a saex- Q
mpuyeckoe noae NPOMOJYAUPOBAHO, mak umo £y, =
E cos(ky). Haiimu ckopocms apeiigpa, me npeg- Puc. 7.5. TnpoMarHuTHBIN

noAaazast, 4mo AapMopoOBCKUlU Pajuyc wacmuyot P sdpexr - HU3MCHCHHEC
Man. SHEPruu YaCTHIbI npu
MEIJEHHOM M3MCHEHUU
MarHuTHOTO IOJIA
» 3agaua 7.2

Haiimu ckopocmo gpeiipa 3apssiceHHOlU wacmuybl 8 04HOPOIHOM MAZHUMHOM U
MENCHHO MEHSIIOWEMCSL B0 BPCMEHU 3ACKMPUUECCKOM NOASIX.
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» 3agaua 7.3

Haiimu cxopocmo noaspusayuonmozo gpeiipa, uHmezpupys ypasHeHus A6u-

HEeHUSA Hacmuuysvl 8 OJHOPOJHOM MAZHUINMHOM noAae BZ = B u mMeANEeHHO MCHANO~

wemcs anexkmpuueckom noae Ey = E(t), komopoe nepgorauarvio omcymcmeo-

saao, E(0)=0.

» 3agaua 7.4

COZ/!(ICHO 06%1/[}% meopemam AHAAUMUYCCKOU Me-

XAHUKU, uHmezpan no B{IMKHymOIj mpaexkmopuu

deQ, eae P u Q — KAHOHU4YEeCKUE umnysaovc

u KoopguHama vyacmuuybvt, sA8AACIMCA az(ua6amu-

YCCKUM UHBAPUAHIMOM. Bbll{uC/luB uHmezpan no

3AMKHYMOU AAPMOPOBCKOU OKPYICHOCMU HACMU-

usvt 8 0O4JHOPOJHOM MAZHUMHOM NnoAae, JoOKasambv,

umo W = mvi/ZB gasasiemcst aguabamuuecKum

uHsapuaHmom.

» 3agaua 7.5

Hosmopumb A0Ka3ameAaobCmso COXpPaHeHUA maz~

HUMHOZO0 MOMecHMAa, TlpuBCﬂéHHOC 8 NCKUUU, He

npegnoaazzas, 4mo %—f = O

» 3agaua 7.6

(Tupopenaxcayuonnwviii nazpes.) INaasma
NoMeweHa 8 MAZHUMHOE NoAE, UBMEHSIOUE-
ecs ¢ nepuogom 2(T; +Ty) (puc. 7.7), npu-
win QN < T, <V <1y, 2ae V — wacmo-
ma KYyAOHOBCKUX CMOAKHOBEHUII.
HUe Nnepsozo npomexcymka spemeru T maz-
Humwoe noae pasHo B(y, samem auneiino Ha-
pacmaem go snavenus By =(1+0)Bg sa spe-
M Ty, B meuenue smopozo npomexcymra

B E
P
| i
@
B>
X
Puc. 7.6. K pemenuto 3azna-
B qu 7.2
T,+1, 21,421,
T, 2t 41, ¢

Puc. 7.7. K pemienuto 3ainauu 7.6

BpPEMEHU Tl MAZHUMHOE noae noggeprusaemcsa Ha yposHe Bl, a samem AuUHEU-

HO YymMeHbwiaemcs 40 ucxogHozo 3HaveHus B() 3a spems T2. Haﬁmu U3MeHeHuUue

CPC,Z[HCIT( dHEpZUU Yacmuy naas3mol 3a neEPUO UBMEHEHUA MAZHUIMHOZO0 NOAA.

» 3agaua 7.7

Ipogoaxcas npeaviaywyio sagauy, yxkasamo, KAKUM YCAOBUAM JOANCHBL YAO-

saemsopsimos unmepgaavt Ty u Ty, umobet ocywecmsums ceAeKMUBHbBLU 2UPOpPE-

NAKCAUUOHHDBIT Hazpes a) uoHos, 6) 341eKmpoHos.



Aexnus 8

Aanabarnueckne uusapuantol. IpaekTopun yactuy B

npob6korpoHe
X X B kadecTBe npuMepa NpUMEHEHHs pe-
\/\/ 3yJIBTAaTOB IpeiihoBON TPACKTOPHUH PAaCCMO-
® TpUM, KaK IBUKETCA 3apAKE€HHaA yacTrUla

B npoOKompoHe, T.C. B JOBYIIKE C «Mar-
/\/\ HHUTHBIMHA IpoOKaMu». MarHuTHBIMH IPO0O-
KaMU IIPUHSITO HAa3bIBATh TE 00JIACTH MPO-
Bmax CTPaHCTBA, 3aHSITOTO MAarHUTHBIM TIOJIEM,
IJe¢ OHO JOCTHUTAaeT MAaKCHMAaJIbHOTO 3Ha-
gyeHus. B mpocrelimem ciydae mpoOKo-
TpOHHAsI KOH(PUTYpaIUsi MATHUTHOTO I10-
JIsl CO3/1a€TCs IBYMsSI KOJBIIEBBIMU KaTyII-
KaMHM ¢ TOKOM. MarHuTHO€E I10Ji€ UMEET
Puc. 8.1. Ilma3sma, 3axBayeHHas MMHHUMYM MEXY KaTylIKaMM U MaKCHUMaJlb-
MEX1y MarHUTHBIMU IPOOKaMM  HO HEMOCPEJACTBEHHO o HuMu. Ha puc. 8.1
n300pakeH NpoQuib MarHUTHOTO TOJISI Ha OCH; TaKOBa ¢ Ka4YCCTBEHHO
3aBUCHUMOCTH B(Ss) Ha CHIIOBBIX JUHHAX, OTU3KUX K OCH.

CHauyana paccMOTPHUM JABHKEHHUE BEAYILIETr0 LIEHTPa YaCTUIIbl B HYyJle-
BOM IIPHOIMKCHHH 110 apaMeTpy €=p/¢, 1.e. npeHebpexem apeiipom. Ec-
T pagnyc KaTymeK b mopsijika pacCTOSHUS MEXKIYy HUMHU, TO XapaKTEePHBIN
MacmTad H3MEHEHUS MAaTHUTHOTO IOJIs B 3To# 3agaue ¢ ~ b. Umeem

B

Bmin

2 2
R=v,h, Sl const, =M const.
2 2B
VY yacTuibl, CTapTYOIIEH U3 MUHUMYMa II0JIsI, 10 MEPE ABHKCHHS B IPOO-
Ky COCTaBJISOINAas CKOPOCTH V|, MEPUCHAUKYISIPHAsT HAPaBICHUIO Mar-
HHUTHOTO IOJISI, HApacTaeT, a v, YMEHbIIAETCs, [T0Ka YacCTHUIlAa HE OCTaHO-
BUTCS B TOYKe, rae v, = 0, MOBEpHET M HAYHET ABUTAaThCs oOpaTHO. Touka
0Ccmano8KU OTMPEHACIACTCS YCIOBHEM

€= UB.
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Puc. 8.2. Konyc noteps B npoctpan- Puc. 8.3. JIpeiid 3apsikeHHON 4acTH-
CTBE CKOpOCTEeH 1Bl B IPOOKOTPOHE

CrnenoBarensHo, TaM B=¢/l. Eciu 0603Ha4uTh Yepes3 vy HOTHYI0 CKOPOCTh
YaCTHULBI U Yepe3 v €€ NONEePEUHY0 COCTABISAIOIIYI B TOUKE MUHUMYyMa
moJs B, Ha CUJIOBOM JUHUH, TO

2
B= Vo B _ Bmin
) min = . 5 >
vio sin“ @

rJie MBI BBENH numu-yeon 6 B MPOCTPAaHCTBE CKOPOCTEH, MpHUEM V| =
v sin .

BaxHoil xapakTepucTHKOIl NMPOOKOTPOHA SIBISETCS NPoOOYHOE OMHO-
wenue K = Bmax/Bmin. YacTHLbL, 111 KOTOPBIX

sin®0 < sin” Bk = Bmin/Bmax = K1

HE yAEpKHMBAIOTCS B JIOBYIIKE. B mpocCTpaHCTBE CKOPOCTEH 3TH 4aCTHIIBI
JaeXaT B KoHyce nomeps (puc. 8.2).

Bpllie MBI CUMTANIM, YTO YACTHIIA OCTACTCS BCE BpeMsl Ha OJHOI U TO#
xKe cuiaoBoi nuHMH. ChenaeM Temephb CIEAYIOUMHN mar 0 HapaMeTpy € u
ydTeM JApeiid 4acTHIbL:

v 2

var= o ol + ZVQ—iB [h,0B).
B npoOkoTpoHe, co3aBaeMOM KOJIBILEBBIMH KAaTYIIKaMH, CHUJIOBAas JIMHUS
IIJI0CKasi, a CKOPOCTh Jpelda vy, HanpaBiieHa o a3umyty (puc. 8.3). Crue-
JIOBATENIbHO, YaCTUIa MEIJICHHO Jpei(yeT B a3UMyTajJbHOM HalpaBJIeHUN
(MenymeHHo, Tak Kak V4, ~ €v), OBICTPO OCHHIIIHPYS MeX Ay npobxamu. Tpa-
EeKTOpHS BEeAyNIero IEeHTpa MOKPBIBAET dpetighosyio 0O0a0uKy, KOTOpas B
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0CECUMMETPHIHOM MPOOKOTPOHE MPEACTaBIsAET cOO0 MOBEPXHOCTH Bpa-
mieHusl, 00pa30BaHHYIO BpalleHUEM CUJIOBOW JIMHUU BOKPYT OCH IIPOOKO-

TpoOHa.

UtoObI HaliTH npeiioByr 000T0YKY B 00IIEM ciIydae, He 00513aTCIbHO
pemath apeiidpoBbie ypaBHEHHs ABUKeHU. [109TOMy BHOBb 00paTuMcs K
ypaBHEHUSM ABMKEHHUS B HYJICBOM NPUOJIMIKEHHUH I10 IapamMerpy €, HO Te-

IMEPb BKIIOYUM B HUX DJIEKTPUICCKOC ITOJIC:

d mv?
= uh7 A Eu IR) =V.
R=v 7 o cEw p=0

[IpeoOpazyem 3Tu ypaBHEHHUs K TaMUIIbTOHOBOH (opme.
[lepBoe ypaBHeHHE 3alHIIEM B BUJIE

$= Vi,

rje s — KOOpJHMHATA BIOJIb CHJIIOBON TUHHMU.
Bo BTOpOM ypaBHEHUHU yuTeM, 4TO

v
di 2

=v,+ Vivy,
a VvV BbIpAa3UM U3 TPEThEIO YpaBHCHUSA [ = 0:
1 2
Vv, = EVLB/B

Z[anee 3aMETHUM, YTO B HYJICBOM HpI/I6J'II/I)KGHI/II/I

B= ’U,,~|:|B:v,,a—B.
Os

Takum 06pa30M, N3 YPAaBHCHUS COXpPAaHCHUS DHEPTUU HAXOAUM

0B

mv, v, = eEnVu - an-la_-
A

BBoas mpogonbHEIN UMIYNBC p, = mv,, H QYHKIIHIO

S
—/E,,ds

_ 9%y 0B
Py “os ”as'

W

OKOHYATCJIBbHO MOJIYyYUM

(8.1)

(8.2)



Jlerko ybenutbcs, 9To ypaBHeHUs (8.1) n (8.2) raMunbTOHOBEL. JlelicTBH-
TEIbHO, UX MOXHO IepenucaTh B BUE

o oA

op,’

_ oA

p\l as b)

rjue
p2
}[(Sapn):i*'qu"'uB

2m

€CTh TAMUJIbTOHWAH OJTHOMEPHOW CHCTEMBbI, COOTBETCTBYIOIIEH KoJieOaHu-
SIM YaCTHULBI BOJIb CUIIOBON JIMHUU MEXY TOUKAMHU OCTaHOBKH.

IIpencTaBum Teneppb, 4TO raMUIILTOHUAH MEJIJIEHHO U3MEHSETCSI CO Bpe-
MEHEM BCJIEJCTBUE M3MEHEHHS DIEKTPUUECKOTO M MATHUTHOTO nojeit: H =
H(s,py,,t). «MeaIEHHOCTb» 03HAYAET, YTO XapaKTEPHOE BPEMS U3MEHEHUs
T BEJIWKO MO CPAaBHEHHUIO C IEPHOJOM MPOTOJIbHBIX KOJIEOAHUH:

T>0)v.

Torpa, kak U3BECTHO W3 MEXAaHHUKH, COXpaHAETCs aJnabaTUYeCKUN MHBA-
pUaHT

],,:/v‘,ds:/\/Zm(}[—elJquB)ds .

Ero nassiBarot npO@OJleblM aouabamuyeckum uHeapuanmom.

YTo0BI MOACHUTDb, KaK MOJb30BAaThCA NMOJYYCHHBIM BBIPpAXKECHUEM I
OpoOaAOJbHOTO a,Z[I/Ia6aTI/I‘{6CKOFO HWHBapuaHTa, CHa4Yalla paCCMOTPUM CJIy-
qaﬁ, Korga UIBMEHCEHUC BO BpPEMCHU llJ H B cBs3aHO C HCCTAUUOHAPHOCTBIO
3azadu. O0603HaunB TEKylI€C 3HAYCHUEC raMUJIIbTOHHMAaHa 4Yepe3 € (3TO npo-
CTO €CTh BCJIMYWHA DHCPTUHN ‘IaCTI/IHBI), 3aMCTUM, UTO

L, = 1,(€, W,1).

COOTBETCTBEHHO yclIOBHE [, = const MO3BOJAET HAWTH, KaK MEHSIETCS CO
BpPEMEHEM dHEPTrHs 4acTHIbI € = €(/,1,¢), €CJI U3BCCTHBI 3HAUCHUS aJlHa-
0aTHYCCKUX WHBAPUAHTOB U U .

Bonee BaxxHbIM siBIsieTcs Apyroe npuMmenenue /,. OHO MO3BOJsIET HAl-
T apeiipoByro 0060104YKy B ciydae, KOrla MarHUTHOE MoJe He obmamaer
aKCHAJIbHOW CUMMETpHEN (HanmpuMep, eCIN KaTyIIKH CIUTIOCHYTHI).
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IIycTh mons cTammoHapHBI, Tak 9TO € = const, HO TEMEePh y4TEM, YTO B
pesysbTare Jpelda yacTua NepexoJuT ¢ OJHON CHIOBOW JIMHUU HA JPY-
I'yl0, ¥ 3TO IIPUBOAUT K U3MEHEHHIO BO BpeMeHH Y n B. MoxHO 3amnucars,
4TO

L|J = LIJ(')_C??7S)7 B :B()_Cay7s)7

rje X, y — KOOPAUHATHI IE€PECEYEHUs] CUIOBOM JIMHUU C HEKOTOPOMU IJI0C-
KOCTBIO (BBIOOP MIOCKOCTH 3aBUCHT TOJBKO OT COOOpakeHHi ymoOCTBa).
Torpa

1,=1,(g,1,X,y),

1 yCIOBHE COXpaHEHHs /, JaeT 3aBUCHMOCTH y OT X, T.€. popMy cedeHus
npeiioBoit 06010uKHM BEIOpaHHOM MI0CKOCTHIO Xy. [Ipm aToM, pasna, cie-
ayeT yOenuThcs, 9TO XapaKTepHOe BpeMs H3MEHEHHUS CPEIHUX (3a Mepuos
MPOIOJBHBIX KoJleOaHuil) 3HaueHuiT Y 1 B BEJHMKO [0 cpaBHEHHIO ¢ £/v. D10
JIeWCTBUTEIBHO TaK, MOCKONBKY £ /vy, ~ £/€v.

Haxonen, ymomsineM o mpemvem aduabamuueckom unsapuaunme @.
IIpencraBum, uTo B mpeiablayliel 3agade tenepb emé Y u B MEJIEeHHO
U3MEHSIOTCS BO BpPEMEHHU, IPUYEM XapaKTepHOe BpeMsi HU3MEHEHHs 3HAUU-
TeabHO Oouble, yeM £ /vy,. [Ipn oTOM 3Heprust € Gosiee He COXpaHSETCs, HO
OCTaeTCsl MOCTOSSHHBIM HOBBIM aquabdaTUYeCKUil MHBApUAHT, PAaBHBIM Mar-
HHUTHOMY ITOTOKY, IPOXOAsIIeMY BHYTpH ApeiihoBoil 000JI09KH:

qb:/Bds .
Sdr

Ero COXPAaHCHUEC MMO3BOJIACT HAWTH 3aBUCUMOCTD OHEPIUU OT BpEMEHHU S(t),
TakK Kak IOTOK @ ecTh q)yHKI_[I/Iﬂ TpEeX BCJIMYHUH €, L U I,,, a IMMOoCJICIHUEC ABC
€CTh aJII/IaGaTI/I‘[eCKI/Ie WHBApUAHTHI, BEJIUYHWNHA KOTOPBIX TAKKC HCU3MCHHA.

Jurepatypa: [1, §2.3].

» 3agaua 8.1
B «xamywre Teavmzonbua» paccmosinue Mex Ay BUMKAMU C MOKOM PABHO UX

auamempy. Boruucaumo npobounoe omrowerue na ocu.
v 16.10.98

» 3agaua 8.2
B npo6ourom mazHumnoMm nose 3aX8aueH NYUOK 3APANCCHHBIX UACMUL, UMEIO-
Wux 0JUHAKOBOC 3HAYCHUe dHepeuu U numu-yzaa. Ilo kakomy saxkony usme-
HAECMCS NAOMHOCMb NYYKA 8J0Ab CUAOBOU AUHUU, eCAU UBBECTIHO, YN0 NYUOK
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ompaxcaemcs 8 mouke, 24e B =B, a naomnocmo nyuka 8 munumyme noas By
pasra ny?

» 3agaua 8.3
Haiimu gopmy konyca nomeps 8 cayuae, K024a 8 NAA3ME UMEEMCS NPOJOAbHOEC
aaexkmpuueckoe noae. Jas npocmomer npumame, umo nomenyuaa P noumu
sciogy paser Yo u auwo HenocpescmeernHo 864UsU MazHUMHBLX NPOOOK CKay-
koM obpawaemcs 8 Hyab. B o6viunvix ycaosusx Yo > 0. Omgeavro paccmo-
mpeme cAy4aii 3AeKMPOHOS8 U NOAOHCUMEABHO 3APANCCHHBLX UOHOB.

» 3agaua 8.4
Haiimu, sa xaxoe spems npomow ¢ amepzucii SkaB cosepuium noamviii o6opom
sokpyz 3emau g e¢ maznumnom noae. Paccmompems cayuaii, Kozga cocmasas-
IoWas CKOPOCMuU 84046 MAZHUMMO2Z0 NOASL PABHA HYAIO U NPOMOH CMAPMyem c
CUN0B01l AUHUU, MAKCUMAAbHOC YAAACHUE KOMOPOL om ueHmpa 3emMAu pasHo
20000xm. I[1purname, umo noae Semau cosgaemcs Junoaem, pacnoaolceHHbLM
6 eé yenmpe, a ezo seauuuna pasra 8-101°Tcm3.

» 3agaua 8.5
Idaexmpon ¢ snepeueii 1 3B gsuiemces 6 noae npamozo moxa I = 1 KA na pac-
cmosHuu =5 cM om nposogruxa. Haiimu nanpasaerue u seauuuny apeiigo-
80U CKopocmuU 3AeKkmpoHa, ecau ezo numu-yzoa pasen 60°. Ha cxoavko yse-
AUMUMCS paCcCMOosiHUE ¥, eCAU MOK 8 NPOBOJHUKE MEJAEHHO YBEAUUUMD 8 484
pasa?

» 3agaua 8.6
(Mexanusm ycxoperus Mepmu.) Ilpomon us xocmuueckux ayueil 3axsaueH 8
n08yuwiky ¢ npobounvim omroweHuem K =35. B nauarvuolii momenm smepeus
wacmuupt pasna W = 1 k0B, npuuem 8 munumyme maznumrozo noas 6 = 45°.
IIpo6xu c6aumncaromes co ckopocmoio V' =10km/cek. Jo kaxoii snepeuu paseo-
HUMCA NPOMOH, NpPelcie 4eM NOKUHem cucmemy?

» 3agaua 8.7

Ilapuk gsuxemcs co ckopocmvio v, MeXc Ay A8YMS MBEPAbIMU CIMEHKAMU, N0~
ouepegHo ynpyzo omcxkakusas om Hux. Cmenku megaenno cbauxcaomes, u pac-
cmosnue mexcay Humu £(t) MegaeHHO yMeHbUIAEMCS, MAK YMO 3 NPOMEICYMOK
spemenu I mMexncay J8ymsa N0CACI0BAMEAbHBIMU OMCKOKAMU OHO YMECHbULACTCH
na seauuuny A <K v,T. Uemy pasen npogoavrolii aguabamuyeckuil UHB8apu-
anm? Bo ck04bKo pas usMeHUMCS CKOPOCMb, CCAU PACCMOSIHUE MEHCAY CIMEH-
Kamu cokpamumecs 8480¢e?
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» 3agaua 8.8
Bo ckoavko pas usmenumcs ckopocmsv 8 npeAvlgyuiell sazave, ecau cbaudxce-
HUe CMeHOK NPOUCX0AUM HEPABHOMEPHO, MAK 4MO 8 MOMCHM YAdpd uldpuKa 8
cmenky eé ckopocmo pasHa Hyawo? ObvacHume, noueMy He coxpaHsemcs ajua-
6amuueckuii umsapuanm, gaxce ecau AL <K v, T.
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Aexnus 9

Kunernueckoe ypasnenne ¢ camocorracoBaHHbIM MOAEM.
Hurerpaa crorknosennii (Ha npumepe naasmor ¢ Z > 1).
H-reopema

Hawubosee mogHBIM SBIJISIETCS ONMCAHMUE TIa3MbI C TOMOIIBI0 KHHETHYECKO-
ro ypaBHeHUs. B KMHETHYECKOW TEOPUM KaXIbld COPT YACTHUILl B IJIa3Me
xXapakTepusyercs QyHKIHEH pacupeaeaeHus

f=f(rv,0).

Oynkuus f omnpenenseTcsa TAKUM 06pa3oM, uTo BeduuuHa f(1,v,t)d>rd>v
MMeeT CMBIC] YHCIIa YaCTHIL B 3JIeMEHTapHOM obbéMunke d>rd>v mecTu-
MEpPHOTO0 (ha308020 npocmpancmea; IPYTAMHU CIIOBaMH, QYyHKIIUSA pacrpe-
JIeJIEHUS] €CTh INIOTHOCTh YacTHULl B 3TOM IpocTpaHcTBe. lllecTuMepHbIil
BeKTOp R = {X,9,2,Vy,Vy, V. } ABIAETCA pajnyCc-BEKTOPOM 4acCTHUIEI B (azo-
BOM IIPOCTPAHCTBE, @ €ro NMPOM3BOJHAS 1O BpeMeHU Vi = {X,),z, vy, ¥y, - }
HMEET CMBICI HIECTUMEPHON CKOPOCTH.

O4eBUIHO, YTO UHTErPAN MO BCeMy 00BEMY TIIa3Mbl M 11O BCEM CKOPO-
CTSIM paBeH MOJHOMY YHCIy YaCTHI[ JAHHOTO copTa N:

oY) oY)

N:/d3r/d3vf(r,v,t).

[II0THOCTH YaCTHUIl BBIpAXaeTCs yepe3 PYHKIIUIO paclpeeICHHS CICAYIO-
M 00pa3zom:

00
n=/d3vf(r,v,t),
a IMJIOTHOCTb TOKAa paBHa
j=/d3vf(r,v,t)v.
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YpaBHeHHE, KOTOPOMY MOAUHMHAECTCS (QYHKIHSA f, JIETKO BBIBECTH MO
AQHAJIOTUU C YpaBHEHUEM HEIPEPBIBHOCTH JUJIsl IUIOTHOCTH YacTuu n(r,t) B
00BIYHOM TPEXMEPHOM NMPOCTPAHCTBE.

» 3agaua 9.1
Ioayuume ypasHenue HenpepblBHOCMU JAS NAOMHOCMU YacMUY 1, NPesNoad-
2451, 4mMo 8 KaXCJ0ll MoUKe NPOCMPAHCMBa T 8Ce HACMUUBL J8U2AIOMCS € OJUHA -
K0BOIl CKOPOCMBIO U.

ds OyHknus pacnpeneneHus f yaoBie-
TBOpSIET LIECTUMEPHOMY YPAaBHEHHUIO HeE-
MPEePBIBHOCTH, MOCKOJIBKY f — 3TO MIIOT-
HOCTh YAaCTHI[ B MIECTUMEPHOM (a30BOM

MPOCTPAHCTRE:
d
a—{+div6(V6f):0. (9.1)
31ech BBeIEeHO 0003HAUYECHUE
. 0 0 0 0 0 0
= —xf+—yf+—zf+—uvf+—v,f+—
AVe(Vel) = g/ * g+ 0 50 T 5, s,

Puc. 9.1. K svisoay ypasHenus ne-

npepeisrocmu Hcnonb3ys ypaBHEHUs ABUKEHUS

e=v, w=% (E(r,r) " l[fv,B(r,m) ,
m C

JIETKO MpoBepuTh, 4To divg Vg =0, a, ciieqoBaTesbHO,

dive(Vef) = Vslsf = UDf“Jg—i-

» 3agaua 9.2 5
Aoxasamv pasercmeso a—[’U,B] =0.
v
Brinocsa Vi u3-mox oneparopa nudde-

pennupoBanus dive B ypaBHeHuu (9.1),
MOJIYy4YUM KUHemuyeckoe ypagHeHue:

%vawaL% (E(r7t)+%[U,B(r7t)]) gl; -0|.
(9.2)

66



CTpOFO TOBOPA, DJICKTPUUICCKOC U MATHUTHOC I10OJIA B ITOJIYYEHHOM ypaB-
HEHHUH HapsAy C MEUICHHO MEHSIOIeHcs (B MPOCTPAHCTBE U BO BPEMEHH)
KOMITOHEHTOW COJepxkaT TaKKe MUKPOIOJIS, COOTBETCTBYIONINE CTOJIKHO-
BCHHSIM YacTUIL. MUKpPOTOJS 3aMETHO OTJIMYHEI OT HYJS Ha PACCTOSHUIX
mopsAaKa CpeaAHEro paCCTOAHNUA MCXKAY YaCTUIIaMU. O}:[HaKO OIIMCaHue cCu-
CTCMBI HaCTHUII ITPU ITOMOIITH (byHKI_[I/II/I pacopeaciaceHud npeamnojaract, 4YTo B
no6oM 00bEMUHKe d rd>v mecTHMEpHOTo (a30BOro MPOCTPAHCTBA COAEP-
XKUTCst MHOTO yacTul. IlosToMy ypaBHeHue (9.2) cienyer ycpeIHHUTH IO
00bEMYMKaAM, BKIIOYAIOMKUM B ce0sl JOCTAaTOYHO MHOTO YacThll. B mepBom
MPUOTMIKCHUN JJISI TAKOTO yCPEIHEHHs JOCTATOYHO MPOCTO NMpeHeOpedn
MukpornoigeM. OCTaBUIYIOCS «CPEAHIOI» YacTh AJIEKTPHUUESCKOTO U MAarHUT-
HOTO TOJIEH MPUHATO MO-TIpekHeMy 0003HauaTh uyepes E u B. Ilpu stom
KHHETHYECKOE ypaBHEHUE (OpManbHO coXpaHseT cBoil Bun (9.2), omHaKO
OHO YK€ HE YUHTHIBaeT 3 PEeKT CTOTKHOBEHUU yactuil. «CpemgHee» moie
Ha3BIBAIOT CAMOCOTJIACOBAHHBIM, TaK KaK OHO BKJIOYaeT B ceOs moie, co-
3/1aBaeMO€ «CpeAHEeH» IIOTHOCTHIO 3apsija U «CPEJHUM» TOKOM B IJIa3Me.
OTo mojie MoAUYMHACTCS ypaBHEHUSAM MakcBesia

1 0B

rotE =L 9B divB =0, (9.3)
c Ot
10E 4

rotB= LB 4T div E = 41p, (9.4)
c Ot c

rjue

pzZ/fad%, j:Z/vfad%,

a MHICKC ‘a’ o0o3HavaeT copT yacTtull. KuHetmueckoe ypaBHeHme (9.2) ¢
CaMOCOTJIAaCOBAHHBIM IOJIEM Ha3bIBaeTCs ypasueHuem Baacosa.
VYpaBuenue Bnacosa umeer npoctoii cmeici. Ecnu aa—{ OCTaBUTbH B JIEBOU
CTOpOHE, a BCe APYTHe YJIEHBl MEPEHECTH BIPABO, TO yPaBHEHHE MOXKHO
WHTEePIPETUPOBATH TaK: U3MEHEHHE f B TAaHHOW TOYKE MPOCTPAHCTBA BHI-
3BAaHO MPUXOJIOM B He€ YaCTHI[ U3 IPYTUX TOUEK U C IPYTUMH CKOPOCTSIMHU:

of __ of of

o Yo’

o or

Jpyryio uHTepupeTanuio ypaBHeHHIO (9.2) MOXHO MPUAATh, 3aMETHUB,

DY
YTO €ro JIEBAsi 4aCTh COCTABISACT MOJHYIO IPOU3BOAHYIO d—?, T.€. CKOPOCTh
n3MeHEeHHs! QYHKIHMH paclpeneleHns [ B TOUKe, IBHKYIIEHcs BMeCTe ¢ ua-
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ctunei. JlelicTBUTENbHO,

% =[f(r+dr,v+dv,t+dt)— f(r,v,1)]/dt
:[dt%_{ererervg—i]/dt
_af of
= E +r|]f+’ua—v.

Venosue df /dt =0 o3Hadaer, 9TO MOTOK Y4acTUI B a30BOM IIPOCTPAHCTBE
HEC)KMMaeM; KaK Mbl BUIEIH, HEC)KUMAEMOCTh €CTh CIIEJICTBHE TOXKIAECTBA
divg Vg = 0. OTMeTHM aHAIOTHIO C THAPOJAWHAMHYECKUM YpaBHEHHUEM He-
npepbiBHOCTH (16.11). Eciiu divu =0, To

a—n-l-div(nu) = a—n-i-an = @ =0.
ot ot dt

[TomsiTaeMcst Teepb Y4ECTh CTOIKHOBEHHS YaCTHII.

CTONKHOBEHHS MPHUBOAAT K CKAYKOOOpa3HOMY HM3MEHEHHIO CKOPOCTH,
KoTOpoe B ha30BOM MPOCTPAHCTBE BBIMISIAUT KaK Mepedpoc 4acTHIl U3 OJ-
HO¥ Touku (a3oBoro mpocrpancrsa {ri,vi} B apyryw {r;,v,}, npuuém
r1 =7,. Takue NepecKOKU MOXKHO ONMKCATh, JOOABUB B IPaBYyI0 YaCTh ypaB-
HeHus Brmacosa (9.2) 1oOmONTHUTEIBHBIA YICH

dfa
— = t .5
di ;S ab» (9 )

rje CyMMHUpPOBaHUE UAET 110 BCEM COPTaM YaCTHII, a OTAEIbHOE CIaraemMoe
St,, Ha3BIBAETCA UHME2PANOM CIMOJIKHOGEHUL YaCTHI] COpTa ‘a’ ¢ YacTUla-
MU copTta ‘b’. UHTeTrpal CTONKHOBEHUH UMEET CMBICH YHCia YaCTHUIl, KOTO-
pble MOSABIAIOTCS (MCYE3al0T) B €UHUI]Y BPEMEHH B €UHUIIE MECTUMEP-
HOTO 00BhEMa (pa3oBOro MPOCTPAHCTBA.

Mpb! orpaHUYMMCS BBIBOJOM HMHTErpajla CTOJIKHOBEHUHN JJI JIOPEHIEB-
ckoif mna3mel. Tak IPUHATO HA3BIBATh MIA3MYy, COCTOAIIYIO U3 AIEKTPOHOB
1 O€CKOHEYHO TSKEIBIX XOJIOAHBIX HOHOB C 3apsinom Z > 1. [Ipu Z> 1 pac-
CesTHHEM JJIEKTPOHOB Ha 3JEKTPOHAX MOXKHO NMpeHeOpeds 1Mo CpaBHEHHIO C
X paccesiHueM Ha HOHaX.

PaccMOTpPHMM TOYKY ¥ B IIPOCTPAHCTBE CKOPOCTEH M 00BEMUYHK d°V B
OKpecTHOCTH 3Toi Touku (puc. 9.2). Ilpu paccesHUMH 4acTHUIBI BHIOBIBA-
I0T M3 3TOTO 00BEMYMKA, a TaK)Ke MOMAJal0T B HEro M3 Jpyrux obdiacTei
npocTpaHcTBa ckopocTeil. Haiiném BepoaTHOCTD

dw= w(11,v’)a’3\/7
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C KOTOPOUW 4acTHIla, UMEBIIAsi CKOPOCTh ¥, B PE3yIbTaTe PACCESIHUS TPHU-
06peTéT ckopocTh v’ M momanéT B 06bEMuNK d°V. Tak kak paccesHue Ha
OCCKOHEUHO TSDKENBIX MOHAX SBISICTCS yHNPYTUM, a0CONIOTHAs BEIHMYHHA
CKOpPOCTH He MeHseTcs, V' =v. YUuTéM 3T0T (akT, B SBHOM BUJIE BBIAEIUB B
w nenabTa-QyHKITUIO

w(v,v") = w(v,0)8(v—V)/v?, (9.6)

rae O — yron paccesnus. Tak Kak IpU PacCessHUU M3MEHIETCS TOJbKO
HANpPaBJIEHUE CKOPOCTH DJIEKTPOHA, JOCTATOYHO BHIYMCIUTH BEPOATHOCTD
9JIEKTPOHY PacCeAThCS B 3aJaHHbIN TeleCHbIM yroa dQ = sin0d0dd, xoro-
poiii cBssan ¢ d3V cooTHomenuneM d3V =v2 dv dQ. DTy BepOsSTHOCTD JIETKO
CBs3aTh C QU GepeHInaIbHBIM CCUEHUEM PACCESIHHS B TEIECHBLH yron dQ.

Mpgl 3Haem (cM. (4.3)), 4TO YacTHIla C
3apsioM Zje, HaJeTarIas co CKOPOCThIO
V Ha KYJIOHOBCKUHU LEHTP C 3apAaoM Z,e Ha
HOPHUIEIbHOM PACCTOSHUH P, PACCEUBAETCS
Ha yroJi

_ 212262

0 ;
Ep

rie E=mv?/2, a yron paccesHus npe-
nmomaraetcs MaieiM, 0 < 1. Huddepen-
[HATHHOC CCUCHME pacCessHus dO B Telec-
HBIH yroy d{) HaXO0IUM Kak IJIOIagb Cer-
MeHTa Konbla dd pdp, mposeras BHYTPU
KOTOPOTO, DIIEKTPOH PACCEMBAETCS B HH-

TepBaji yrioB oT 6 mo 6+d0 u or ¢ nmo
Puc.9.2. K BbIBOAY BEpPOSITHOCTH ¢ +d¢:
paccesiHus

(Z1Z,e%)?
F203
Eciu moTOK 3JIEeKTPOHOB Yepe3 eAMHUYHYIO TUIOMIAJKy 0003HAYUTh Yepes
J, TO 9UCIIO JIEKTPOHOB, PACCEHBAIOIINUXCS Ha OJHOM KYJIOHOBCKOM LICHTPE
B CIMHUIlY BPEMCHH, PaBHO jdO. UHCIIO 3IEKTPOHOB, paCCCUBAIOIINXCS B
enuHuIe o0pEma, B 1; pa3 0oJblne u paBHO jdOn;. Ilonenus 3To YuCiIO HA
[UIOTHOCTH 3JICKTPOHOB B IIOTOKE 7l = j/V, MOIYYHM BEPOSTHOCTH OT/CIb-
HOMY 3JIeKTpOHY (Z; = 1) paccesThCs B TENECHBIN YTOJ B €IMHHUIY BPEMEHHU

Ha MOHE ¢ 3apsaoM Z, = Z:

do=dbpdp= dode.

232
w(v,0)dQ=vdon; = %nivd(b de.

69



Tax kak uist Manbix yriaoB dQ ~ 0d0d¢, orcrona Haxoaum w:

(ze*)?

n;v. (9.7)
Tak Kak w He 3aBUCHT OT 3HaKa 0, MOYKHO YTBEPKIaTh, YTO
w(v,v") =w',v). (9.8)

CootHomrenue (9.8) ABAAETCA CISACTBHEM 00pPaTUMOCTH ABH)KEHHUS BO Bpe-
MEHH M CHPaBEIJIMBO JIJIsl JIOOBIX BUAOB PACCEUBAIONIMX MOTCHI[MAIOB.

[Tepexonast K BBIBOJy MHTErpajia CTOJKHOBEHHIl, YCIOBUMCS ISl Kpat-
KOCTH HE YKa3bIBaTh HECYIIECTBCHHBIC ISl JaJbHEHIIETO apTYMEHTHI T U
¢ bynkuun pacnpenenenus f. Torjaa 4mciao YacTHIl B dIeMeHTe d v Tpo-
CTpaHCTBA CKOpPOCTEeH (B pacuére Ha eMHUIy 00BbEMA) 3aNUIIETCS B BUJE
f(v)d3v. 3a BpeMs At 0HO U3MEHHTCS HA BEJIHUHHY

ALf(v)d>v] = Af(v)d>v. (9.9)

M3MeHeHre paBHO Pa3HOCTH MEXLy MPHUXO0J0M YaCTHUIl B 00bEMUHK d v n3
IPYTUX 00JIacTeil mpocTpaHCTBA CKOPOCTEH U YXOJAOM U3 HETO.

Yucio ymeamnx 4acTUll HAXOJAUM KaK MPOMU3BCACHUC YHCIIa YaCTHUIL
f(v)d?v B 06BEMUMKe HA TOTHYIO BEPOATHOCTH At~ [ w(v,v')d>V omHoil ua-
CTHIIE PACCEAThCS 3a BpeMst Af:

f(v)d3v~At-/w(v,v’)d3v’. (9.10)

Yyc1o 4acTHI, NPUIICAIINX B 00BEMUHK d>V U3 Apyroro o6bEMUHKa
d*V', paBHO mpousBegenuio yncia gactui f(v')d>V B o6bémunke d°V Ha
BeposaTHOCTh Af-w(v',v)d>v, ¢ xakoii ofHa yacTHIa 3a BpeMs Af momajgér
u3 d>v B d’v. TlonHoe 4MCIO NPUIIEAIINX YACTHI] HAXOJAUM, HHTEIPUPYS

3./
mo d°v':

d3v~At-/w(v’,v)f(v’)d3v’. (9.11)

Hpupasuusas (9.9) x passoctu (9.11) u (9.10), mocne nenenus Ha At d3v
MOy YUM

% :/W(v’,v)f(v’)dw/*/W(v7v/)f(v)d3v/-
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Tenepb BOCIOJIB3YEMCSI CHMMETPHUEN W OTHOCUTEIIBHO CBOMX apTyMEHTOB
U MaJOCThIO yrjla pacCesiHus, BCIEACTBUE YEro U3MEHEHUE CKOPOCTHU ya-
CTHIIBI U = v’ — ¥ TaKKe MaJlo:

d
& [ @)~ fa

af 1 0?
Z/W(V,e) ug—f+—ugu5 A dQ. (9.12)
Oovg 2 Ovavg
Tak xkak QyHKIUSA /' B 9TOM ypaBHEHHHU HE 3aBHCHT OT EPEMEHHBIX HHTE-
rpupoBaHusi, €€ MOKHO BBIHECTH 33 3HAK HHTETPUPOBaHus. BBous 0603Ha-
YeHUs

Aq =/wuadQ, (9.13)

1
Agp = E/wugquQ, (9.14)
nepenumem ypaBHeHnue (9.12) B Bune

df _, of &

— +Aqgp =——. 15
dt Ovqg aBavavB ©.13)

Bekrop Aq ecTh cpejiHee 3HAYEHUE BEKTOPA Ug, & TEH30P Agp €CTh Cpe-
Hee 3HAauYeHHEe TEeH30pa uauB/Z. [Tockonbky UMeeTcs eIUHCTBEHHOE Bbljie-
JICHHOE HallpaBJICHUE — HaIpaBJICHUE BEKTOPA v, PEe3ylbTaT yCPEAHECHHUS
MOJKHO BBIPA3UTh TOJBKO 4€PE3 KOMIIOHEHTHI BEKTOpAa ¥ U NHBAPUAHTHBIX
TEH30pPOB 501[3 U egpy; HATIOMHUM, YTO HHBAPHAHTHBIM HAa3bIBACTCSI TEH30D,
KOMIIOHEHTBI KOTOPOr0 HE MU3MEHSAIOTCS IPHU IMOBOPOTE CUCTEMBI KOOPIU-
Hat. CienoBaTesbHO,

Va

Ag=A2, (9.16)

v

AGB:IB%6GB+C%+D%BV%. (9.17)

Ouesuano, uro D = 0, Tak Kak Aqg HE H3MEHAETCSA NPU 3aMEHE V HA — .
Koo duuuent A naiiném, ymuaoxus (9.13) wa v/v:

1
A=Aqvg/v= —/wude.
v

V4YHUTHIBas COOTHOMEHNE uv = —u? /2, clefyioee U3 3aKOHA COXPAHEHNUs
suepruu m(v+u)?/2 =mv*/2, nepenumem A B BHIE
1 2
A=—— [ wu dQ. (9.18)
2v
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Kosdppunuentsr B u C nerxo HaiiTH, cOCTaBUB CBEPTKH ypaBHEHHUS
(9.17) ¢ dqg u vng/vz:

AGB60(B: 3B+C, (9.19)
VQVB
AGBV—2:IB+C. (9.20)
JleBBIC YAaCTH MONYUYECHHBIX YPAaBHEHUH BRIUHUCIAEM, HCTIONB3YS (9.14):
1
Aapap = Aaa = 5 /wude = —vA, (9.21)
vavg 1 5 1 4

Takum o6pa3om, Beruucienune kod3pduimentos A, B u C cBoguTcs K Bolun-
CTIEHMIO CpeIHUX 3HaueHuil u” u u*. BTopoe n3 HUX 3HAYMTENHHO MEHBIIE
mepBoro, Tak kak u (10, a 6 < 1. IlosToMy MOXHO mpeHeOpedb YICHOM
AGBVQVB/Vz B (9.20). Toraa

=-C= —% vA(v).

B pesynbrare u3 ypasuenus (9.15) nomyuaem

2
ﬁ:Avqa_fil A(%B,M) o°f

dt v Oy 2" v2 / Ovavg
1 0 vavgy 0f
- - A—(ES - )—
2" ovg B2 0vy
JleicTBUTENBHO,
9 v 0 vl varg v

dvg V2 v2ovg v owvg v Owg

BBojs BekTop

v
F=0f -z @LH=0.7,
MOJIYy4YCHHOC YPABHCHHUEC MOKHO IEPCIHUCATh B BUAC

df 1
— =~ vAdiv, F. 9.23)
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Bextop F' otnuuaercs ot Uf Tem, 4TO M3 MOCIEIHETO BBIYTEHA «Pagu-
anpHas» kommnoHeHnta Uf. B cdepuueckoil cucteme KOOpAMHAT B IPO-
crpancTBe ckopocrteil {v,0,¢} omeparop div, F Beipaxaercs uepe3 yrio-
BYIO 4acTh Ag ¢/ Nangacuana:

2
PPSEUEE S/ )

v2 \ sinB 00 00  sin20 0¢>2
1
= v—2 Ae7¢f. (924)

YT0ObI 3aBEPUINTH BHIBOJ HHTETPAJIa CTOJIKHOBEHUI, HAM OCTAJIIOCH BbI-
qucauTh Koddbumuent A. Jlus storo moacrasum (9.6), (9.7) B (9.18) u
y4TEM, 4TO U ~ vO:

_ 1 2 (Z 62)2

= [dQui = - /21‘[9d9nv o

_ _Tzeyny? / o do__mZe)n? | Omax
E2 0 0 2 Omin

v e?

(9.25)

'min

31ech BHOBb BO3HHK KYJOHOBCKHII Torapudm A = In Bmax — |p Omax  Co6m-

min emm
pas Bce K03 PUIHEHTHI, OKOHYATEIHHO MOIydaeM
21e* 2% A
Stel’: 2731A9¢f . (926)
msv

HNHTerpan cTOJIKHOBEHHUH 001a1aeT HEKOTOPBIMH OOIIMMH CBOHCTBAMH,
OYCBUIHBIMH U3 €ro (PU3UYECKOTO CMbICIIa KaK YHCJIa YaCTHII, TOSBISIO-
IIUXCSI B €IMHUIY BpEMEHH B eHHUIC 00BEéMa MPOCTPAHCTBA CKOPOCTE.
[TockoybKy MOJHOE YHUCIO YACTHUL MIPU PACCESIHUH COXPAHSETCS, TO

/d% Sty = 0. (9.27)

BCHelICTBI/Ie COXpaHCHUA DHEPTUU U UMIIYJIbCAa CTAJKHBAIOMIUXCA YaCTHUIL
UMECM

/d3vmav Stab+/d3vmbv Sty = 0, /d3vmav Stw=0,  (9.28)

/d3 ab+/d3

» 3agaua 9.3
Iposepumo svinoamerue smux ycaosuil 445 A0peHUeBCKOU naasmol (UMNYAbC

0, /d3 St =0, (9.29)

94€KMPOHOB He COXPAHACMCH ).
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I/ICXO}IHBIG JAUHAMHUYCCKUE YpPAaBHCHHUA, UCIIOJIb30BAHHBIC IIPU BBIBOIC
HWHTETpaJIa CTOJIKHOBEHUH, 0OpAaTUMBI IO BpEMEHH, OJTHAKO KHHETHYECKOe
ypaBHEHHUE C UHTErpajoM CTOJKHOBEHHN HE MHBAPUAHTHO OTHOCHUTEIHHO
W3MEHEHMsl HampaBlieHUs f. DTO yTBEpXkKJeHUE M3BeCTHO Kak H-teopema
JI. bonpumana. OH gokasaj, 4yTo cymecTByeT GyHKIHOHAT S oT QyHKIUM
pacupeneneHus [, Takoi, uto S > 0 1y 110001 GyHKIUK [, YIOBICTBOPSI-
ONe KHHETHYeCKOMY ypaBHeHHsI. DYHKIIMOHA S HA3bIBAIOT YHTPOTHEH,
a coBpeMcHHas (GopMyrupoBka H-TeopeMbl COCTOUT B TOM, YTO SHTPOIHUS
3aMKHYTOH CUCTEMBI HE yOBIBACT CO BpeMeHeM. [I[pMMeHUTENbHO K paccMa-
TPUBAEMOMY CJIy4alo JOPEHLUEBCKOM MJIa3Mbl 3aMKHYTOH CUCTEMOM MOXKHO
CYUTATh DJIEKTPOHHBIN ra3, NOCKOIbKY (QYHKIHUS pacnpesencHus «0ecKo-
HCYHO)» TAXKCIbIX MOHOB BOO6Hle HHUKAK HEC U3MCHACTCI. 3HTpOHI/IH nac-
ABHOTO JICKTPOHHOTO Ta3a BEIYUCIACTCS O popMye

S=/[1 —1nf]fd3rd3v=/f1n§d3rd3v. (9.30)

Berancnnm dS/dt. Ilogcrasnss B

3,73
———/ 3 In(f)d’rd v

NPOU3BOAHYIO0 0/ /0f N3 KNHETHYECKOTO YPABHEHHUS, IOy YUM
S = /d3rd3v1n(f) {va+ © <E+ [v B]> o St}.

[TepBoe cmaraeMoe B pUTYPHBIX CKOOKAX IPOUHTETPUPYEM C TOMOIIBIO Te-
opemsl ["aycca, yuntsiBas, uto f =0 3a npegenamu 0o0bEéMa, 3aHATOTO ILIA3-
MOM:

/d3rd3v1n(f)va /d3rd3v1n(f) divef
—/d3rd3vvf|]ln(f)=—/d3rd3vv|:|f

—/d3rd3vdivvf: 0.

TouHO Takas ke NpOoLEeaypa 0 OTHOIIEHHUIO K IEPEMEHHOM ¥ IIOKAKET, YTO
9
/d3rd3v In(f) < <E+ [v B]) 9 .
’U

B utore ocraércs Toiabpko YJICH, coaepmamnﬁ HHTEIrpal CTOJIKHOBCHHI:

- 7/d3rd3v1n(f) St.
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JanbHelmue BbIYMCICHUS NPOBEAEM JAJd JOPEHIEBCKOrO MHTErpasa
CTOJIKHOBEHUH

. F
St.; = const div, —, F=0,/f.
%

SIBHBIN BHJ const HAM HE MOHAJ00MUTCs, BaKHO TOJLKO, 4TO const > 0. Hc-
MOJB3ys yKEe OTPabOTaHHYI TEXHOJIOTHIO MpeoOpa3oBaHUS MHTETPAJIOB,
MoJy4aem

F
S = —const/d3rd3v In(f) div, —
v

O
= const/d3rd3v—vf
v

2
= const/d3rd3v7(|j”f) > 0. (9.31)
vf

MpbI noKka3any, 4TO B JIOPEHLEBCKOH Iia3Me dHTPONHUS Bo3pacTaeT. B
o01eM ciydae yTBEp)KJI€HHE O BO3PACTaAHUU SHTPOIHUHU CIPABEIIINBO IS
CTOJIKHOBEHHUI BHYTPH OJHOTO COPTA YaCTHII (JICKTPOHOB C 3JIEKTPOHAMHU
WM WOHOB C MOHAMH). UYTO KacaeTcs MepeKpECTHBIX CTOIKHOBEHHH, TO
OHHU MOTYT NPUBOJUTH K YMEHBIICHUIO SHTPOIIUHA OJHON M3 KOMIIOHEHT 3a
c4éT yBennUYeHHs SHTponuu Apyroid. CymMmapHasi SJHTPONUSA TEM HE MEeHee
Oyzer Bo3pacTaTh:

> Sa= f/d3rd3v Zln(fa) Stap 2 0.
a a

BaxuocTh H-Teopembl COCTOUT B TOM, 4TO OHA yKa3blBaeT HallpaBlieHUE
penakcanuu. Tak Kak SHTPOIHMSI MaKCHMallbHa B TEPMOJAMHAMHUYECKH PaB-
HOBECHOM COCTOSIHHH, TO CTOJIKHOBEHHS MAaKCBEUIM3YIOT (pyHKIHIO pac-
npeneneHus miasMel. Tor ¢akr, 4To paBHOBECHOH (QyHKIMEH pacrpene-
JICHUS SIBJISIETCSI MAKCBEJUIOBCKAS, HEIMIOCPEICTBEHHO HE CIEAYET U3 HAIINX
BBIUMCIICHHH ISl Cilydast IOPEHIIEBCKOM MJIa3Mbl, TaK Kak Mbl IpeHeOpera-
nu ooMeHoM sHeprueil. OmHako u3 (9.31) BUAHO, 4TO paBHOBECHAas (QyHK-
M pacupeeNeHus N0JKHA OBITh M30TPOMHA, Tak Kak S = 0 TOIbKO MPHU

Dvlfz().

» 3agaua 9.4
Haiimu cmauuonaproe pewenue ypasrernus Baacosa s apeiiposom npubauice-
HUU.
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» 3agaua 9.5
IMokasamv, umo naomrocmo u fasaeHue NAa3Mbl HA PUKCUPOBAHHOL CUN0BOIL
AUHUU BABUCSIM MOABKO OM BEAUUUHBL MAZHUMHO020 N0AS B.

» 3azaua 9.6
Boviuucaumos naomnocme u gasaenue naasmol, 8 KOMopou pacnpejencHue uo-
Hos onucvieaemcs pymkyuci pacnpegeaernusn f = NO(L—€/By)d(€—€p), 2ae N
— HOpMUpPOBOUHAS KoHCcmauma, By — maznummuoe noae 8 mouxe ocmanosku
uacmuy, a €y — sHepzus uoros. Jas npocmomot npursme, umo ¢ =0 (naasma
€ X0N04HBIMU BACKMPOHAMU ).

» 3agaua 9.7
ITyuox uoros c anepeueii 100 k3B mopmosumcs 8 naasme c saexmponmoil mem-
nepamypoii 1003B. Hauaavnuwiii yeaosoii pasbpoc uoros nyuxa nperebpesxcumo
maa. Oyenumo yeaosyio wupuny nyuxa AB nocae mozo, xak uorsr nomepsiom
N0A0BUHY HAYAADHOU 3HEPIUU.

Jlureparypa: [5, ra. 6, §1-4, 6, 7].
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Aexnus 10

MomenTpr kuHETHUYECKOTO ypaBHEHHSA. YpaBHEHHs
AByx:KHAKocTHOH rugpoannamuku. [lpu6an:xkenue
OJAHOKHIKOCTHOH MATHHTHOH THAPOAHHAMHKH

Ha npenpiaymeii JeKnuy Ml OJTYYNIM KHHETHYEeCKOe YypaBHEHHE ISl Py HK-
OuH pacnpeneneHus f(r,v,t) c HHTeTpaaoM cToIKHOBeHHH. OHO maéT Hau-
OoJiee CTPOTOe U YHHUBEpPCAIbHOE ONMKMCAHUE MPOIECCOB, MPOUCXOASIINX B
nmna3me. OIHAKO HAWTH eTro pelIeHHne yaaeTcs JajeKko He BCcerja, a, riaB-
HOE, BO MHOTHUX Clly4asX ObIBaeT JOCTATOYHO OTPAaHUYHUTHCS Ooyiee Mpo-
CTBHIM OITCAaHUEM.

PaccMOTpUM THIIHYHYIO CHUTYAIINIO, KOTJa MAKPOCKOTIMYECKHUE MapamMe-
TPBI IJIa3Mbl U3MEHSIOTCSI MEJIJICHHO 110 CPAaBHEHHUIO CO BPEMEHAMHU dJIEKTPOH-
SIEKTPOHHBIX U MOH-UOHHBIX CTONKHOBEHUH, T > T, T > T;. Torma mo-
KaJIbHO B KaXJOM HeOOJIbIIOM 00BEMYMKE IJIa3Mbl KYJIOHOBCKHE CTOJK-
HOBCHHS YaCTHUIl IPUBOASAT K MaKCBEJIM3aUuu (QYyHKIUH pacupenescHus
B OJICKTPOHHOM U MOHHOM Ta3ax:

3/2 —u)?
f=fu=n(5m) eXp(—%). (10.1)

CymiecTBeHHO, OJTHAKO, YTO apaMeTphl 71, T U U, XapaKTePU3YIOMHE MaKC-
BEJUIOBCKOE paclpeeiICHIE, MCHSIOTCS B IPOCTPAHCTBE U BO BPEMCHHU:

no = n(ryi),
= TI(r.),
u = u(r,t).

Pacnpenenenue, npu KOTOPpOM XOTsl OBl OJUH U3 MapamMeTpoB n, T WU U
HE €CTh KOHCTAHTA, Ha3bIBAIOT IOKAIbHbIM MEePMOOUHAMUYECKUM PABHOBeE-
cuem. OHO yCTaHaBIMBAETCA 3a BPEMsl CTOJIKHOBEHUN MEXJy YacTHULAMHU
OJHOTO copTa.

CocTtosiHue MIa3Mbl B JOKaJIbHOM TEPMOJIMHAMUYECKOM PAaBHOBECHHU HE
ABIACTCS MOJHOCTHIO PAaBHOBECHBIM. Pemakcanus K noiHomy mepmoou-
HaAMUyecKoMy pasHnogecuio, Ipu KOTOPOM IUIOTHOCTH n, Temiepatypa I u
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CKOPOCTH ¢ TJIa3Mbl HE 3aBUCAT HU OT KOOPJAUHAT, HU OT BpEMEHH, MPOUC-
XOJUT 33 BpEeMsi, 3HAYUTEIBHO OOJIbIIIEE BPEMEHH JJICKTPOH-3JICKTPOHHBIX
WJIM UOH-UOHHBIX CTOJKHOBEHHH. OJHO M3 CYLIECTBEHHBIX OTIUYUNA Me-
K]y MOJIHBIM U JIOKAJIbHBIM TEPMOJMHAMUYECKUMH PaBHOBECUSIMH COCTO-
WUT B TOM, YTO MPH MMOJHOM PAaBHOBECUH TeMIIepaTypa BCEX COPTOB YaCTHI]
oJMHaKoBa, T.e. T, = T;, Tak e KaK OJJMHAKOBA U UX CKOPOCTb, U, = U;, A
IIpYU JOKaJbHOM PAaBHOBECUM TeMIEpaTypbl U CKOPOCTU KOMIIOHEHT IlJIa3-
MBI, BOOOIIE TOBOPS, PA3IMYHEL. SICHO MOATOMY, YTO IS yCTAHOBIICHUS
MMOJTHOTO TePMOJIMHAMHYCCKOTO paBHOBECHUsS TpeOyeTcs Mo KpalHed Mepe
BpeMsl MOPsIJIKa BPEMEHU HOH-3JEKTPOHHBIX CTOJKHOBEHUH Tjp > Tjj >> Tee-
Yro KacaeTcs MIOTHOCTH, TO OHA JIOJDKHA YIOBIETBOPSATH YCIOBUIO KBA3H-
HEUTPaJbHOCTH JaXkKe MPU JIOKAIbHOM paBHOBecHU. COOTBETCTBEHHO, IS
IJIa3Mbl ¢ MHOTO3apsAIHBIMU HOHAMU UMEEM N, = ZH;.

OTCyTCTBHE IOJHOTO TEPMOJUHAMHYICCKOTO PAaBHOBECHS OOBIYHO CBS-
3aHO C T€M, YTO Ha IJIa3My JAEHCTBYIOT BHEIIHUE CHUJIbI, BBIBOASIIHE €& U3
paBHOBecHs. [IpW HAJIMYUM TaKUX CHJI TIOJTHOE TEPMOJIMHAMHUYECKOE PaB-
HOBECHE MOXET OBITh BOOOIIIE HE JOCTUKUMO.

Ecaun nna3zma HaXOUTCS B COCTOSIHUU JIOKAABHOTO TEPMOIMHAMUYECKO-
ro paBHOBECHS, UCIIOJb30BAHUE KUHETUYECKOTO ypaBHEHUS IS €€ onuca-
HHUS SIBJISICTCS M30BITOYHBIM. B 3TOM cllydae JOCTaTOYHO YCTAHOBUTH, KaK
OyIyT MEHSITHCS BO BpEMEHH U NpocTpaHcTBe 2, T 1 u. COOTBETCTBYIOMIAS
CHCTEeMa YPaBHEHUH JaeT cudpoouHamuyeckoe OMMMCaAaHNE IBMKCHUS TI1a3-
MBI [Tepeiiném K BRIBOIY THAPOAMHAMHYECKUX YPAaBHEHUN, MPUIEM OyaemM
MpeamnoiiaraTe BHavale, 4To ctporo f = fy. [locnenHee nmpeamnoioxkeHue B
JNEeHCTBUTEIBHOCTH O3HAYACT, YTO MBI IIPEHEOpETaeM npoyeccamu nepeHo-
ca IOTHOCTH, TEMIIEPATYPhl U CKOPOCTH, T.€. COOTBETCTBEHHO MpoOIlecca-
MU Jup@ysuu, menionpogoonocmu u gazxocmu. CTporo roBops, mpoiec-
CBHI TIEPEHOCA OTCYTCTBYIOT JIMIIL B OJTHOPOHOH MIa3Me, KOTaa MIOTHOCTh
n, remneparypa 7 U CKOPOCTb U HE 3aBUCAT OT KOOPJIMHAT, a €AUHCTBEH-
HBIM MPU3HAKOM OTCYTCTBUS MOJHOTO TEPMOJUHAMHUYECKOTO PABHOBECHUS
SIBJIIETCSI HEPABEHCTBO TEMIIEpaTyp 3JAeKTpoHOB U noHOB (T, # T}), a Tak-
xKe UX ckopocTel (u, # u;). [lpyn HanM4Yuu HEONHOPOAHOCTH MPOLECCHI Te-
peHoca 00BIYHO UAYT JHOBOJBHO MEIJIEHHO, U MTOATOMY Ha JOCTATOYHO KO-
POTKOM MPOMEKYTKE BPEMEHH UMH B TIEPBOM MPUOIMIKEHUN MOKHO MIpEeHE-
Opeub. Tak MBI M TOCTYIIHM ceif9ac, OTIOKHUB UX PACCMOTPEHHE A0 CICHY-
IOIIEN JIEKI[UHU.

Beeném o6o3HaueHue

L
(...):;/fMd%(...)
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1 3aMETHM, 4TO
<1>:l/f Pv=1
n) e
1
<v>=—/UfMd3v=u.
n

Benuuunsl (...) Ha3pIBAlOT MOMEHTaMu (QYHKIMM pacupejeincHus. Jlus
JanbHeimero ygqo6H0 BELAEIUTh Xa0THYECKYIO COCTABIAIONIYIO CKOPOCTH
v/ = v —u. O4eBUAHO, UTO

Bynem ucxoauTh U3 KHHETHYECKOTO ypaBHEHHS, 3aIMCAHHOTO B TUBEP-
TeHTHOU Gopme:
%+diVUﬁ+ﬁi(E+1[U,B])fazstab+staa. (10.2)
ot my 0V c
Kak MBI ycJIOBWJIMCH Ha MpeAbIAyLIeH JEKIUU, UHIEKCH ‘a’ U ‘b’ MOoTyT
NIPUHUMATh 3HA4YCHHUS ‘e’ 1ubo ‘i°, npuuém, eciiv @ =i, To b =e 1 Ha000POT.
Hailiném nepBbli MOMEHT KMHETHUECKOTO YpPAaBHEHHs, T.€. YMHOXKHUM
ypasuenue (10.2) Ha d3v ¥ BRIUMCIUM TPEXMEpPHBIH HHTerpai. MHTerpaisl
CTOIKHOBEHUU St,, U St,, BBINAAYT, TAK KaK YUCIO YaCTHUI IPU KyJIOHOB-
CKUX CTOJIKHOBEHHSIX COXPAHAETCSA, U MBI IOJyYUM ypPaBHEHHE HEIPEPbIB-
HOCTHU

g—lz-ﬁ-divnu:O , (10.3)

TaK KaK MHTETpay OT Tperhero ciaraemoro B (10.2) Takke paBeH HYJIIO
(Hamo Bocmonb3oBaThes Teopemoit Octporpanckoro-I'aycca u npeodpaso-
BAaTh 3TOT HHTETPAJ K HHTETPay M0 OECKOHECYHO yAaNEHHON MOBEPXHOCTH
B MIPOCTPAHCTBE cKopocTeil). s KpaTKOCTH MBI OMMyCKaeM MHIAEKC ‘@’ y
BEJIMYMH 7 U U B YPABHEHUAX, KOTOPbIC B PABHOW CTEIEHU CIPABEAIUBBI
JJI BCEX COPTOB YACTHII.

Tenepb BBIYUCIUM BTOPOH MOMEHT KMHETHYECKOTO yPaBHEHHS: YMHO-
KMM €T0 Ha 71,V U IPOUHTETPUPYEM 10 d>V; TIPH 3TOM St,, BHINAIET B CHITY
COXPAaHEHHUs UMIIYJbCa B CTOJKHOBEHMAX YacTULl ogHOro copTa. [lonyuum

0 0 1
mEnuu+6_)q;HaB_e<E+E[U’B]>an_Ra’ (10.4)
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rae Hgp = n{mvqvg) — MIOTHOCTH MOTOKA HMITYJIbCA YACTHIL COPTA ‘a’,
R:m/vStubd3v:m/v’Stabd3v (10.5)

— cmila, NeWCTBYIOImAas Ha KOMIOHEHTY d CO CTOPOHBI KOMIIOHEHTHI b.
BHOBL MBI OTyCTHIIM MHAEKC ‘@’ y BeqM4HH m, e, R, Ilgg, 4T00BI HE 3a-
rpoMoxaath Gopmynbsl. OTMETHM cpa3y, YTO BCIACACTBHE COXPAHCHUS CyM-
MapHOTO UMITYJIbCa CTAIKUBAIOMIUXCS YaCTHI]

R.=—R,. (10.6)

YtoObl 3amKcaTh ypaBHEHHE JIBM)KCHUS B CTaHJapTHOU (opme, BBIIEIUM B
Ilgg mepenoc uMIyNbCa, CBA3AHHBIN ¢ MAKPOCKOMTMYECKUM JIBUKEHUEM:

Mgg = mn((ua +ve)(ug+vp)) =
= mnugug+mn(vevg)
= mnuqug + %mn(v”}éag
= mnugug + pOqp,
rae p=nT. [loas3ysce npeodpazoBaHuEM

o .9 o . .
< NUg + s—NugUg = N Ug T NUg=—1U
a allp a BaxB a

ot Oxp ot

ru (9
Ha ot axB g )
—_—

=0

3aMUIIEM OKOHYATCIbHO YPABHCHUC ABUKCHUA B BUJAC

d
mnd—’l;:—ljp-ﬁ-neE-i-ne{E,B]-FR , (10.7)
c

rae d/dt = 0/0t + (u0) — KOHBEKTHBHas MPOW3BOJAHAs. B mpaBoil yacTu
30€Ch CTOSIT CHJIBI, ACHCTBYIOIINE HA CAHHALY 00bEMa KOMIIOHEHTHI IJ1a3-
MBI.

» 3agaua 10.1
Buviuucaumo cuay mpenus (10.5), ucnoavsys aoperuesckuii unmezpas cmoak-
nosenuii (9.26) u npegnoaazas, umo pacnpeeseHue 31¢KMPOHOB ONUCHIBALT -
ca «cgsunymoti» pyrnkuueii pacnpegerenus Maxcseana (10.1). Yuecmo, umo
U << Vre.
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IToxa MBI BEIBENIH 1B YPABHEHUS, Ky/1a BXOJST TP HEHM3BECTHBIC BEITH-
YUHBI 1, p, w. UTOOBI 3aMKHYTh CHCTEMY YpaBHEHHUH, Tpedyercs emé oHO
(ckansipHO€) ypaBHEHUE — ypasHeHue nepernoca menia. OHO MOIYUYHTCS,
eCIl YMHOXHTH KHHETHUECKOE YpaBHEHHE Ha V> /2 U IPOUHTETPUPOBATE
1o d3v. TIpu 5ToM B MPaBOii YaCTH OCTAHETCSA TOIHKO YIEH

2
@%mwfv5/%m+dfﬁwfv
=uR+/%w%W¢%, (10.8)

OTIMCHIBAIOIINN 00MEH dHeprueil Mexay komrnoHeHtamu. Ciaraemoe uR
COOTBETCTBYET paboTe culibl R, a cimaraemoe

Qz/%ﬂ&wfv (10.9)

€CTh KOJWYECTBO TEIUJIOTHI, MMOJIydaeMOi YacTUIAMH ‘@’ OT YacTHIl copTa
‘b’ B eqHUIY BpeMeHHU B equHUIE 00bEMa. Temonepenaya oTCyTCTBYET,
Q0 =0, ecnu T, = T}, (HAaOMHHUM, 4TO MOKa MBI IIpeHeOperaemM MmporeccaMu
nepenoca). Temonepenayda TakXe paBHA HYJIO B Cllydae JOPEHIIEBCKOTO
HWHTErpaja CTOJKHOBEHHH, KOTOPHIN HE OMUCHIBACT MEpeaady SHEPTUU OT
SJIEKTPOHOB K HOHAM.

Mpg1 He OyieM TPOBOJUTH ACTAIBHOTO BEIBOAA YPABHEHHUS IEpeHOCa Te-
IJ1a, TaK KaK OKOHYATEJIbHBIH Pe3yJIbTaT MOXKET OBITH IMOJIYy4EeH M3 MPOCTHIX
¢usnyecknx coodpakeHuii (Brpouem, cMm. 3agauy 10.4).

Ecau BooOme npeHeOpedb CTOIKHOBEHUSIMH M MPUHATH, 4TO Sty = 0,
TO, KaK MBI BHJEIH B NMPEABIAYIICH JEKIUU, COXPaHSIETCS PHTPOMHUS 3a-
MKHYTOU cucTtembl. IIpu OTCYTCTBUU CTOJIKHOBEHUN 3aMKHYTOM CUCTEMOM
MOXHO CUHMTATh HE TOJHKO BCIO IUIA3MYy B IIEJIOM, HO U JIO0YIO «OKHAKYIO
YaCTHIYy», COCTOSINYIO M3 (PUKCHpPOBaHHOTO Habopa wactuu. Ecnm 060-
3HAYHUTh Yyepes s SHTPONHUIO eAUHHIEI 00bEMa

s=/fm%d%7 (10.10)

TO §/n Oy IeT SHTPOMHUEl Ha OJJHY YACTHILY, & ypaBHEHHE, OMHUCHIBAIOIICE €&
COXpaHeHue, UMEeT BUJI

45y, (10.11)

» 3agaua 10.2

Bouluucaumo § 45 Makceean08cKoll yHKUUU pacnpeseacHus.
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®aktuuecku ycnosue d(s/n)/dt =0 cBOIUTCS K ypasuenuio aduabanmuvl

dp
——=0 10.12
dt nY ( )

cy=5/3.
YT06BI yuecTh CTOIKHOBEHHS, JOCTATOYHO BCIOMHHUTB, YTO COTIACHO
TMEepBOMY Hayajly TEPMOJAUHAMUKHI

a9
ds = 77
rae dS — u3MeHEeHHUEe YHTPONHUHU CUCTEeMBI, a d(0 — MoaBeAEHHOE K HEH Te-
mwio. B pacuére Ha 04HY 4acTULy U3MEHEHUE DHTPOIMU 34 €JUHULY Bpe-
MeHU paBHO d(s/n)/dt, a mogBenéHHOE TEILIO CKIAABIBACTCS U3 ABYX Ca-
raembix: Q/n—eFEwu, rae Q oupeneneno Gopmyioit (10.9). Bropoe cia-
raeMoe B 3Toi Gpopmyie, —eFwu, onuchiBaeT JUKOYJIEB HArpeB, T.e. TEIJIO-
BYIO MOIIHOCTbH, BBIJICISIEMYIO B IJIa3Me MPH IPOTEKAHUH IJIEKTPUUECKOTO
Toka. MomiHocTs ©R, cooTBeTcTBYIomas pabore cunsl R, pacxoayercs
Ha N3MEHEHHNE KMHETUYECKOW SHEPTHH «OKHJIKOW YaCTUIBI» U HE BBI3BIBACT
n3MeHeHus HTponuu. CienoBaTelIbHO,

d
2T =0 neBul. (10.13)
dtn

OTo M ecTh HCKOMOE ypaBHEHHE MepeHoca temna. [JocKkombKy, Kak MBI BH-
JleJH, B ripefesne 0ecKoHeuHo TsKENBIX noHoB Q = 0, To yacTo TeniaoodMe-
HOM MEX]y 3JIEKTpOHAMU U MOHAMH MOXHO BoOOIIe TpeHedpeds U s X0-
POIIO MPOBOAAMNICH ITa3MBI TOJIB30BAThCS ypaBHEeHHEM anuadats! (10.12).

» 3agaua 10.3
Kaxcemcs, umo ypasnenue neperoca menaa s popme (10.13) ne unsapuarnmmo
OMHOCUMEAbHO NePexoad 8 ABUNYULYIOCA CUCMEMY KOOPAUHAM, MAK KAK Npu
samene u — u+U 8 npasoii wuacmu ypasHenus nossasemes JOnoAHUMEAHBLU
unren —neEU. O6vsacnumo napagoxc.

WTax, MBI TOTYyYUIIM CUCTEMY YPABHEHHH 08YXHCUOKOCMHOU cUOPOOU-
namuku. OIHY U3 B3aUMOTPOHUKAIOMINX KUIAKOCTEH» COCTABISIOT AJICK-
TPOHBI, APYTY0 — HOHBI. YacTo ObIBaeT 10CTaTO4HO eié bosiee Tpydoro
MpuOIHKEHUS, KOT/1a IJIa3Ma paccMaTpUBaeTCs KaK CIUIOMIHAS cpepa. DTo
TaK Ha3bIBaeMoO€ MPUOIMKECHUE 00HOHCUOKO CIMHOU 2UOPOOUHAMUKU.
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st BBIBOIAa ypaBHEHU M OJJHOKUIKOCTHOU I'MIPOJAUHAMUKY BBEIEM Mac-
COBYI0 NIOMHOCHb Y 2UOPOOUHAMULECKYIO CKOPOCMb

P = men+min >~ m;n, (10.14)

1
V= B(We"ueerinui)ﬁui- (10.15)

TOFHa YpaBHEHUC HECOPCPLIBHOCTHU AJIsI HOHOB MOXHO IMEPENUCATh B BUJAC
3aKOHa COXpPAaHCHUA MaCChI

g—‘;+divpv=o . (10.16)

Janee cinoXUM ypaBHEHHS ABUIKEHHUS DJIEKTPOHOB U MOHOB, y4YTEM, UTO
R, = —R;, n npenebpexémM B CyMMapHOM ypaBHEHUU MHEPLHEH 3JIEKTPO-
HOB. B pesynbTare nojnyuum

dv

P (10.17)

1.
:*DPJ“;[LB]

rue
7 =en(u; —ue)

_ lr:
— TIOTHOCTb TOKa, p = p; + p. — naBienue, a -[j, B] — cuna nonxepo-
MOTOPHOTO BBaHMO)IeﬁCTBHﬂ TOKa B IIJIa3M€ C MAarHUTHBIM IIOJIEM (OTHC-
ceHHas K eauHuine o0béma). [locienHee ypaBHEHUE B CHCTEME IMOIYYHUM,
CII0OKUB YpaBHEHHS

3/2
nTiEIn ln = Q; —neFEu;
u
3/2
nT,— In =< = Q. tneEu,,
dt n

canenxyromue u3 (10.13) u (16.14). YuursiBas, ato Q, = —Q;, MOCIIe HECIOXK-
HBIX Mpeo0pa3oBaHuil MoJydyaeM HCKOMOE YPaBHEHHE

L T\3/2
w:ij . (10.18)

d
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[IpaBas 9acTh 3TOTO ypaBHEHHS OIMCHIBACT JKOyJIeB HarpeB. Jlms ObI-
CTPBIX ABMIKEHUH, KOTJAAa CKOPOCTb OTHOCHTEIBHOIO JBHXKEHHS U; — U,
HOHHON U JJIEKTPOHHON <«OKUJKOCTEW» 3HAUMTEIbHO MEHBIIE MacCOBOM
ckopocTu V JKOyJeBbIM HarpeBoM 4acTo npenedperator u BMecto (10.18)
TOJIB3YIOTCS ypasHeHuem aouabamoi

dp _

E&*O (10.18")

C TmokaszaTesieM ajauabdatsl Y= %

VYpasaenus (10.16), (10.17) m (10.18) cocTaBasoT cucTEMy ypaBHEHU I
00HOICUOKO CIMHOU MACHUMHOU 2UOpoOuHamurku. VIHTEpecHO, 4TO 3JIeK-
TPUYECKOE TO0JIe BHINAJIO U3 IOJYYEHHOW CUCTEMbI ypaBHeHUH. OOBIYHO
ero HaxoJsT, UCIOIb3Ys Ty WM MHYI0 Pa3HOBHJIHOCTH 3akoHAa OMa. MbI
06cyauM 3TOT Bompoc B meknuu Nel4.

Jlutepatypa: [17].

» 3agaua 10.4

Bwisecmu ypasuenue (10.13), sbiuucaus momenm xuHemu4eckozo ypasHeHus

(10.2) ¢ secom mv? /2.

» 3agaua 10.5

Cucmema ypasnenuii (10.16), (10.17), (10.18) ne coaepicum napamempos,
xapakmepusyowux cmoaknoseHus mexcay wacmuyamu. Osmauaem au amo,
4mo e¢ MOJXCHO UCNO0Ab30BAMb A ONUCAHUS 6ECCMOAKHOBUMEABHOU NAASMbL?
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Aexnusa 11

Boanbr B naasme. AenrmopoBckue soaubi. Houno-3sykosnpie
BoaHbl. 3atyxanue Nangay

(39y orob od oT)
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Aexnus 12

Yaep:xanne nrasmpl B kKaaccuueckom npobroTpomne.
Am6unorspubiii noreHgHaA

(39y orob od oT)
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Aexnus 13

Iousarue o meroge Uenmena-IHckora grs HaxoxKaeHUA
KO3()(ODHIHEHTOB IMePEHOCA

Ha npomutoil nexnuuu Mbl BBIBEJIM YPAaBHEHUS ABYXKUJIKOCTHOM THAPOAU-
HAMUKH JJISI HOJTHOCTHIO HOHW30BAHHOM MJIa3MBbl, Ipeanonaras, 4To QyHK-
U pacIpeeTIeHHS YaCTHIl BCEX COPTOB SIBIISIETCS JTOKATbHO MaKCBEIIOB-
ckoil. OgHAKO, eclin CUCTEMa HEOAHOPOAHA, PYHKIHS pacrpeae’IeHus oT-
JUYAETCsI OT MAKCBEIIOBCKOM, ¥ 3TO OTIUUYME CBSI3aHO C MPOLECCAaMHU Ie-
peHoca: BSI3KOCTBHIO, TEIUIONPOBOJHOCTHIO U AU y3ueid, KoTopble Hampa-
BJICHBI HAa TO, 4TOOBI BEPHYTh CHCTEMY B COCTOSHHE IOJHOTO TEPMOIMHA-
MHYECKOTO paBHOBecusA. [Ipomeccsl mepeHOca MOXHO OMHCATh B paMKax
00Br9HOM TUApOANHAMUKNA. COOTBETCTBYIONINE YPABHEHHS I KPATKOCTH
Ha3bIBAIOT YPAGHEHUAMU NepeHocd. B IpuMeHeHn: K ra3aM OHU OBLIN BBI-
BEJCHBI MPUOIM3UTEIBLHO B TeueHUE oqHOTO0 roga (1916-1917) HezaBucumo
C. Yenmenom u JI. DHCKOTOM, IpHYEM pa3HBIMHU crocobamu. Dopmynu-
poBka Teopun YenmeHoM ObIa OCHOBAaHA CKOpee Ha MHTYHUIINHU, HEXKEIH Ha
JEIyKIUH, TOT/Aa KaK B TPAKTOBKE DHCKOTa O0JbIIee BHUMAHHUE yICIAIOCH
marematudeckoi Gopme u nzsmectBy. C. Uenmen u T. Kaynunr B cBoei
KHUTEe, BhImeAmed B 1939 roay, BEIYUCIUIN HEKOTOPBIE KOIPQUIIHCHTEI
repeHoca JIst Ja3Mbl B MAarHUTHOM I0JIe. Y IUBHUTEIbHBIM 00pa3oM OIu-
CaHHE NPOI[ECCOB NMEPEeHOCa He3aMarHWYEeHHON MJIa3Mbl OKa3ajloch Ooiee
CIIOKHOM 3a/auell, He)KeNU IJIs MJIa3Mbl B MATHUTHOM ToJie. 3aBepIII IO-
CTpOEHHUE MMOJHOW CUCTEMBI YPABHEHUN Kaaccuyecko20 IEPEHOCA B IIIa3Me
C.U. bparuHckuii, npuayMaB B KoHIE 50-X TOJ0B OpUTHHAIBHBINA CIIOCO0
«IpenapupoBaHMA» MHTErpana CTOJKHOBEHHI, OCHOBAHHBIA HAa MaJOCTH
OTHOUIEHUH MaccC JIeKTpOoHA U MoHA. He umess BO3MOKHOCTHU B IIOJIHOM Me-
pe u3noxuth Teoputo C.M. bparnackoro, Msl pacCMOTPHUM TOJIBKO HEKOTO-
pble U3 MPOLEecCOB NepeHoca, 00yCIOBICHHBIX KYJOHOBCKUMHU CTOJKHOBE-
HHUSIMH 4aCTHI] B OTHOCTHIO HOHU30BaHHON mia3me. Teopuro vexaaccuue-
CK020 TIepEeHOcCa, CBA3AHHOTO C yCHICGHHEM (IYyKTyalHH 3JIEKTPOMAarHUT-
HOTO TOJIS B IJIa3Me M3-3a pacKaukM Pa3HOTo poja HEyCTOMYMBOCTEH, 10
CHUX ITOp HEJb3s CYUTATH 3aBEPUICHHOW. MBI KpaTKo 00CY MM OJHMH IIpUMEP
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Hekmaccudecko nuddy3un Ha cleayIomen JeKIUH.

Ecim xapaktepHOe BpeMsl MPOIECCOB MEPEHOCA BEJIIMKO 10 CPABHCHUIO
CO BpPEMEHEM CTOJIKHOBCHHUH YaCTHI, TO OTIHYHEC (YHKIUH pacIpeIelIeHUs
OT MaKCBEJNIOBCKO# Maso:

S =futof, Of < fu, (13.1)
rac
3/2 Y
fM=n<2::Te> exp (—%) (10.1)

Pasznenenue hyHKIIMM pacnpeaeaeHus f Ha MAaKCBEIIOBCKUN «OCTOBY fy U
«BO3MYyIIEHUE» Of HEOMAHO3HAYHO. JIJIsl yCTpaHEHHUs 3TOW HEOTHO3HAYHO-
CTH MOTpedyeM, YTOOBI 1, T U w, BXOISIIIIUE B fy, OMPEHACISINUCH IO MOYHOU
GyHKIHYU pacipeeiaeHIs

n=/fd3v, u=1/ufd3v, T="[w-wlrd® (13.2)

n 3n

[Ipu 3Tom momnpaska Of obnanaer CAeAYHOUMMU CBOHCTBAMH:

/6fd3v=0, /véfd3v:o, /(v—u)zéfd3v=0. (13.3)

PaccmoTpuMm cnenyromyr 3amady. IlycTe B mra3mMe ¢ OJXHOPOJHOM
IUIOTHOCTBIO /1 €CTh FPAJIUEHT JIEKTPOHHOU TeMIEpaTyphl, HANPABICHHBIN
BAONBb ocH z, T.e. U7, = e,dT,/dz. Bylaem cuuTaTh, 4YTO MarHUTHOE IMOJE
OTCYTCTBYET, @ HOHBI BCIACACTBHE MX OOJBIION MacChl MOKOsITCs. [Ipeamno-
JIO)KUM, YTO 4Yepe3 IIa3My HE MPOTEKAeT TOK, TaK KaK OHAa H30JMPOBaHa
OT BHEIIHUX MPOBOJAHUKOB; TOTJa dJEKTPOHHAs KOMIIOHEHTA TaK)XKe HaXO-
JIUTCSI B OKOE, TAK 4TO €€ CpeaHsss CKOPOCTh paBHa Hynwo: u=0. Jlust 3T0-
ro HE0OXOIUMO YEM-TO YPABHOBECHTh I'PAJUCHT IJICKTPOHHOTO JAaBJICHUS
Op.=nlT,. 3TO MOXKHO CIe/1aTh, HAJTOKKUB Ha IJIa3MYy 3JIEKTPHICCKOEC T0JIE
E =Ee,, KoTOpOE JOKHO YIECPKUBATH JICKTPOHBI. ECiT mi1a3ma u3oaupo-
BaHa, JJIEKTPUUYECKOE MOJIe CO3AaéTCs 3apslaMu, CKATUIMBAIOIUMHUCS Ha eé
MOBEPXHOCTH. BenudyuHa 3T0ro motis OyaeT HalijleHa HUXKE, a TOKA TOJIbKO
3adukcupyem TOT GakT, 4YTO B MPOBOJHHUKE (KAKOBBIM SIBJISICTCS IJIa3Ma),
3JICKTPUYECKOE I10JI¢ BO3HUKACT Ja)e IPU OTCYTCTBUHU TOKA, CCIIU UMEETCS
rpanueHT Temmepatypsl (3pdext 3ecOeka).

3amnuiieM KHHETHYECKOE YpaBHEHUE JUIsl ANCKTPOHHOU (YHKIIMH pac-
npeaesieHus, yYUThIBAsl, 4TO HAllla 3a]ja4a CTAallHOHAPHA U, CJIEA0BATEIbHO,
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0f/0t=0:

af e 9 41 0 . _of
P S v_35in36_19$m80_19'

(13.4)

MBI BOCTIONTB30BANHMCH JTIOPEHIIEBCKUM HHTETPAioM CTOJIKHOBEHHH, BBEIH
o6osnauenue A = 2TiZ%e*n; A/m? u yunm, 4TO B CHIIy CHMMETPHHU 3a1auH
nckoMasi GyHKIMS f HE 3aBUCHUT OT a3UMYTaJIbHOTO yria. 3aMeTHM, 4TO
senmuuna A/v? B (13.4) IMeeT CMBICI 9AaCTOTHI 3JIE€KTPOH-HOHHBIX CTONK-
HOBeHHH. [l KpaTKOCTH MBI ONycKaeM MHIEKC ‘e’ y HEKOTOPHIX mapa-
METPOB, XapaKTePHU3YIONHUX JIEKTPOHBI U UX QYHKIHIO pacIpeaeNeHus, B
YaCTHOCTH, BMECTO €, IPOCTO MUIIEM e, ToJpazyMeBas, uto e < 0.

[MoncraBum Teneps B ypaBHenue (13.4) dpynknuio (13.1). Ilpu stom
B MPaBOM 4acTH OcTaHeTcs TOJbKO Of (Tak Kak fy npu « = 0 He 3aBUCHT
oT 9), a B JIeBOM YacTu MbI peHebOpexem Of MO CPaBHEHHUIO C YJIEHAMHU,
COoNePKAIUMHU fy

Ofu , e Ofu 4 1 0 . 08f
o o, Wsmeas e (13.5)
PackpbiBasi IPOU3BOIHBIE
Ofu _ mv. . mvcosd
E T A P
ofu 3 0T, mv? 0T, 1 0T, mv>
EZ_TeEfM-FZ—ngfMTTeE( T, 3>fM7

ypaBHenue (13.5) 3anumiem B Buae

v 07T, <mv2 eEvcosd A 1 0 o 0df
cEVEOsY 5= _

Z—Teg Te —3>fMCOS‘8—

Bynem nckath ero pemeHue o MeToy pa3eieHus MepeMeHHbIX, ITPeAIo-
710%uB, 4To Of = @(v)cosd. HeTpyiHO NIPOBEPHUTH, YTO MPH TAKOM BbIOOPE
8f mpaBas yacTh MoCNeAHEr0 ypaBHeHUs paBHa —2(4/v?)df, mosTomy cosd
COKpAaIIaeTcs, ¥ Mbl HAXOAUM ypaBHEeHHE Ha GyHKIHI0 D(v):

v [ v 0T, [ m/? eEv
CD(V)**ﬂ |:2—TeE<Te3>Te:|fM (137)

[Torpebyem Temeps BeIMONHEHHS BTOoporo yciuosus B (13.3). (Herpyano
MPOBEPHUTH, YTO Apyrue aBa mHTerpana B (13.3) oOpamaroTcs B HYIb.)
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Bcnencreue aSHMyTaHBHOﬁ CUMMETPHUU 3aga4Y1 JOCTATOYHO PaCCMOTPETH
TOJBKO Z-KOMIOHCHTY 3TOT'0O BEKTOPHOT'O COOTHOIICHUSA:

/vazd3v= 0,
nin

/cb(v)vcos28d3v 0.

Ipu ycpenHeHuu mo TeiecHoMmy yriay (cos’d) = 1/3, Tak 4To mocienuee
yCIIOBHE CBOJAUTCS K

/(D(v)vd3v:0. (13.8)

IMoxacraBnss croga yuknuto (13.7), MBI CMOYXKEM JIETKO BBIYMCIUTD BEIH-
YUHY BO3HHUKAIOUIEro B IJIa3Me 3JIEKTpUUEeCcKoro nojis. Bocnonap3zoBaBmuch
CTaHJapTHBIMU UHTErpajlaMu

2 /T, 5/2 2 /T, 7/2
/va5d3v=48\/j(—) , /va7d3v=384\/j<—> ,
T\ m T\ m

u3 ypaBHeHus (13.8) monydyaem

197,
~°(384 —3.48) = 48¢E
55 (384 —3:48) = d8e
HIIn
50T,

Mu1 npeamojgarajid, 4TO IjladMa HaxXxoAUTCA B PaAaBHOBCCHUU, U B UTOTC
Hauuy noje £, KoTopoe TpedyeTcs s TOTO, 4TOObI 3TO yCIOBHUE BBINOJI-
Hsamock. Kak MBI ceifgac mokaxem, u3 cootHomenus (13.9) caenyer, 94T0 co
CTOPOHBI HOHOB Ha DJICKTPOHKI JEHCTBYET HEKOTOpas cuia Ry,. JelicTBH-
TENBHO, 3aMMHIIEM CYMMY CHUJ, JEHCTBYIONUX HA JJICKTPOHBI:

ope
0z

IToacTaBniss crona BEMUIUHY dJIeKTprudIeckoro moust u3 (13.9) u cooTHomIE-
Hue 0p,/0z =n0T,/0z, HAXOAUM, YTO

+neE+Ryp, = 0.
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OTa cuia AEMCTBYET Ha DJIEKTPOHBI CO CTOPOHBI HOHOB M HOCUT Ha3BaHUE
mepmocuibl, TOCKOJIBKY OHa 00yCIIOBJICHA I'PAJJUCHTOM DJICKTPOHHOMN TeM-
nepatypsl. B BEKTOPHBIX 0003HAYCHUSAX BBIPAXKCHUE JJIT TEPMOCHUIIBI UME-
eT BU]I

3
Rye=—>n0T.. (13.10)

Hponcxonc)leHne TEPMOCHUJIBI CBA3aHO C HeTpHBHaHBHOﬁ 3aBUCHUMOCTBIO
YaCTOTHl CTOJIKHOBEHUH DJIEKTPOHOB C MOHAMH OT CKOPOCTH CTaJKHBAIO-
mUXcst YacTuil. B pe3yibrare okazpIBaeTCst, YTO 3JIEKTPOHBI, TPUXOSIINE
B HEKOTOPYIO TOYKY IIa3Mbl M3 Oojiee HArpeTroi oOJacTH, MCIBITHIBAIOT
MECHBIIEEC TOPMOKECHUC 00 HWOHBI, YEM DJICKTPOHBI, IPUXOAAIIUE U3 obnactu
C MEHbIIEH 2JIEKTPOHHOU TemIiepaTypoil. B pe3ynbprarte BO3HUKAET pe3ylib-
THpYIOWas CUjia TPEHUs, HallpaBJICHHAs IIPOTHB I'paJueHTa TeMIIEPaTyPHI.
Y IUBHUTENBHO TO, YTO TEPMOCHIA HE 3aBUCHUT OT YaCTOTHI CTOJKHOBECHHI.
OnHako PTOT MapaJoKCAIBHBIM PE3yJbTaT MOXHO JErKo OO0OBSCHHUTH (CM.
3amauy 13.3). B cuny 3akoHa cOXpaHEHUS UMIYJbCa MPOTUBOIOJIOKHAS
M0 HAIPaBJICHUIO CHJIa ACHCTBYET Ha HOHBI CO CTOPOHBI 3JIEKTPOHOB.

» 3agaua 13.1

Banucams ypasHeHue F8UNCCHUL UOHHOL «ICUZKOCTNIU» C YUEMOM MEPMOCUNDL.
Moiicro au cuumamo, umo uownwsl geiicmsumeabHo nokosmcs 2

[Monnas cuna R, neificTBytomnias Ha 3JIEKTPOHBI CO CTOPOHBI HOHOB, CKJIa-
naeiBaercst u3 TepMocuibl (13.10) u cunel Tpenus (cMm. 3anauy 13.5), npo-
MOPIUOHAIBHON Pa3HOCTH CPEAHUX CKOPOCTEH HOHOB U JIIEKTPOHOB!

R=R;+R,. (13.11)

Kpome TepMOCHIIBI ¢ TOMOTIB0 Of MBI MOXEM HAWTH 3JEKTPOHHBIN MO~
TOK TeIlIa:

q:/M(v—u)fd3v. (13.12)

B Hameil 3aaue 3TOT MOTOK HAMPABJICH BIOJIb OCH Z U 00YCIOBIIEH TOIBKO
momnpaskoi Of,

2
q:= / %vcosﬂ &f d°v.

IIpu eTo BBIYHMCICHHUH TTOCIIE MOACTAHOBKH Of HaMm moTpebyercs emé oanH
CTaHAApTHBIA UHTErpall v 16.10.98
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2 /T, 9/2
/va9 d*v= 3840\/j (—) .
T\ m

B pesynbTaTte nmonyuum

2n (T,\? 0T,
qz—sz\/;2<;> o (13.13)

Kospdunuent nponopunoHaIbHOCTH MEX/Iy TOTOKOM TEIlIa ¢, U IpaueH-
TOM DJICKTPOHHOM TemmepaTypsl 07, /0z (B3sThIii CO 3HAKOM «MUHYC») Ha-
3BIBACTCS KOIPPUYUEHMOM INEKMPOHHOU MENnIONPO80OHOCMIY 1 0003Ha-
yaeTcs yepes K,

‘= 128 n 7,1,
31T me

)

rie Bpems T, onpeneneHo B (16.13).
B BexTopHO# 3anucu

qr = —xOT. (13.14)

3neck wHAEKC 7 MOAYEPKUBAET, YTO BBIYMCICHHBIN MOTOK TEIJla CBSI3aH
C rpaJueHTOM Temiepatypbl. [lepeHoc Tenna NPpUBOAUT K YBEIUUECHUIO
SHTPOIIMM U JOJKEH OBITh y4TeH B ypaBHeHHMH mnepenaun terua (10.13)
npruOaBIeHUEM JIOMOJTHUTEIBHOTIO YJIEHA, TaK KaK PH BBIBOJAE ypPaBHEHUS
(10.13) MBI mpeHebperann mpomeccaMu MepeHoca. XOTsS 3TO HECI0XKHO
cnenath (cM. 3amady 13.8), Ha MpaKTUKE YaCTO HUCIOJB3YIOT Oojee Mpo-
CTOE ypaBHEHHE, KOTOPOE MBI ceiiyac MOIydHM.

PaccmoTpuMm ManeHbKHH 00beMYuK miasmbel AV. OueBuIHO, YTO BHY-
TPCHHSISI DHEPIHsl IIa3Mbl, 3aKJIIOYCHHOI B HEM, pPaBHA [, %anV. IMo-
CKOJIbKY B paccMaTpHMBaeMOM HaMH CiIydae Iula3Ma MOKOHMTCS, a TOK OT-
CYTCTBYET, TO €IMHCTBEHHBIM KaHAJIOM H3MEHEHHS dTOW DHEPTHH CIYXKHUT
TETUIOTIEPEHOC Yepe3 TpaHuly 00BbeMuHnKa, 00yCIOBICHHBIH I'pagueHTOM
Temrepatypbl. [lo3ToMy U3MEHEHNE SHEPTHH MIa3MBbl B BBIJICICHHOM 00b-
eMYHKE 32 €AMHUIlY BpEMEHH PaBHO IOTOKY TeIUla Yepe3 rpaHuIy oobema:

d 3

= | ZaT =_ .

dt/zn dv fqu
AV

3HaK MUHYC 3JIeCh CBSI3aH C TEM, YTO BEKTOp .S HanpaBiieH 1O BHEIIHEH
HOpMaJIu K TpaHUIE O6'BquI/IKa, TaK 4TO IIOJOXUTECIBbHOC 3HAYCHHUEC ITOTO-
Ka Teria ¢§ qdS cooTBeTCTBYET yObIIM BHYTPEHHEH SHEPTHHU M1a3Mbl. [10-
CKOJIBKY 00BEMUYHK MTOKOUTCSI, TPOU3BOJHYO d /dt MOKHO BHECTH MOJ] 3HAK
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nHTerpana (He nudGepeHnupys npeaessl HHTEeTPUPOBAHUS), IPH 3TOM OHA
[peBpamaeTcs B 4aCTHYIO Npou3BoaHyto 0/0¢. IIpaByro 4acTh ypaBHEHHS
npeobpasyem no teopeme Ocrporpaackoro-I'aycca:

03

Z2aT = — iva.
/dV612n /dlevq
AV AV

Tak kak 00BEMUYHK MOXHO B35ITh CKOJb YTOJIHO MajbiM (HO BMEIIAINUM
JOCTATOYHO MHOTO YaCTHII), B IOCIEIHEM YPaBHCHUH J[OJKHBI OBITh paB-
HBI HE TOJIPKO MHTETPAIIbl, HO U MOJIBIHTETpajJbHbIc BeIpaxeHus. CiaemoBa-
TEJBHO,

03 .

——nT =div(kOT).

or2
Eciit n10THOCTH MOCTOSIHHA (KaK B pacCMaTpUBaeMOM cirydae), o0e 4acTu
MMOCJICAHETO YPAaBHCHHS MOXKHO MOJCINUTh Ha 7. [loayduBiieecs B pe3yib-
TaTe ypaBHCHHUE

0 .

—T =div(xOT) (13.15)
ot

Ha3bIBAIOT YPABHEHUEM MEeNnLIonpoeooHocmu. Bxoasuiuit crona koddpuun-
eHT X = K/(%n) Ha3bIBAIOT KOOI Puyuenmom memnepamyponposoonocmu B
OTIINYHE OT K09 puyuenma mennonposoonocmu K. Ilo mopsiniky Benndn-
HBI

X ~ V3 /V ~vrA, (13.16)

VYpasuenue (13.15) u3BecTHO TakXkKe MO HA3BAHUEM YpasHeHus oughpysuu,
TaK KaK aHAJIOTHYHOE YpaBHEHUE (C APYyruM KOd(DPUIIMESHTOM X) OMHICHIBA-
€T W3MCHCHHE KOHIICHTPAIMH MEIbYalIINX YacTHI] TBEPJAOTO BEUISCTBA B
JKUJIKOCTH B Tpolecce OPOYHOBCKOI'O IBWXKCHHsS. M3 ypaBHEHHUS TEIIO-
MPOBOJHOCTH CJIEIyeT, YTO 3a BpeMsl ¢ TEIIO PaCIpOCTpaHsieTcsl Ha pac-
CTOSIHHE

[~ \/XtE.
Jlutepatypa: [17].

» 3agaua 13.2
Hexoas us svipaxcenus (13.7), oyenumeo seauuuny Of u nokasame, umo Of / fo ~
A/L, 24e N ~ V7, /Ve — aauna ceobogmozo npobeea, a L ~ T,/|0T,| — macwumab,
Ha KOMOPOM UBMCHSCMCA meMnepamypa.
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» 3agaua 13.3
IMokasamv, umo 8 naasme ¢ 2pAJUCHMOM 3ACKMPOHHON MeMNepamypvl Ha
9./1eKMPOHbL Jelicmsyem cuad MPeHUsl, Jaxe ecAu NOMOK d1CKMPOHOB 8 CPEA -
HeM PABEH HYAIO, U OUCHUMD eé BEAUUUHY.

» 3agaua 13.4

Hcnoavsys memos npeaviayweii sagauu, oyeHUums Kod3p@uyueHm menaonpo-
gogHoOCMU.

» 3agaua 13.5

Botuucaums cuay mpenus aaexmporos 06 uonvt R, npu sazanmoii cpegmeil
cKoOpoCmMuU U 31EKMPOHOB OMHOCUMEAbHO UOHOB.

» 3agaua 13.6

Bbmu(:/lumb nomok menaa, CBSABAHHBIU C OMHOCUIMEAbHBIM ABUNCCHUECM IdNEK~
mpoHOB8 U UOHOB.

» 3agaua 13.7
(Bagaua o nvanom newexoge.) Ilvanwiii newiexoa V pas 8 equHuuy spemeHu
aeaaem waz gaunoii N. On gsudsxcemcs 84046 npamoii J0pozu, HO C PABHOL Be-
POSIMHOCMbIO KAXCAbLU HOBBLU ULAZ MOJXCEM CAeAaMb KAK 8nepes, MaxK U Ha3aj.
OueHums, Ha KaKoe paccMOsIHUE OM HAYAAbHOZO0 NOA0JNCEHU YAAAUMCS Neule-
xoz 3a spemsat.

» 3agaua 13.8
O606wums ypasrnerue neperoca menaa (10.13) ma cayuaii, kozga umeemcs
paguenm memnepamypui (Yyuecms menaonpososHoOCMb ).

» 3agaua 13.9
Anas cayuas X = const naiimu pewenue ypasHeHus menaonpogogHocmu 8 6es-
panuunoii cpege ¢ Hauarvrom ycaosuem 1T (1 = 0) = Tp0(x), zze &(x) — oamo-
MepHas geavma-pyHukyusi. Beruucaume wupuny npoguas memnepamyper na
no0.A0BUHHOIL BblCOME.

» 3agaua 13.10
Aas cmenennoii 3asucumocmu Ko3QGUUUEHMA MEMNEPAMYPONPOBOIHOCTIU OM
memnepamypot X = BT" naiimu sakown, no komopomy obpauiacmes 6 HyAb MeM-
nepamypa 864usu 2paHuysbl 0b.aacmu, 40 KOMOPOLl 8 JAHHbLI MOMEHM PACNPO-
CMPAHUAOCH MENA0 OM HEKOMOPO20 NPOUSBOALHOZO UCMOUHUKA.
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» 3agaua 13.11
Paccmompemp neperoc umMnyabca UOHAMU 8 NAA3ME C HEOZHOPOLHBIM NPOPUIEM
cpeaneii ckopocmu w; = €,uy(x). Ouenums cuay saskozo conpomusaenus Oyy,
AClCMBYIOWYIO0 8 HANPABACHUU Y HA CAUHULY NAOWALU NOBEPXHOCTU, HOPMAND
K Komopoii opueHmuposara 84046 ocu X. OQuernumos KodapPuuueHm uoHHoil 853~

U
Kocmu I, onpegeaus ezo us coomuouteHust Oy, = r]a—xy.

» 3agaua 13.12

Oy,eﬂumb, 80 CKO/bKO pa3d 3/NCKMPOHHASA MENAONPOBOFHOCITIb 60/1me uOHHOﬁ,
a UOHHAas BABKOCIMDb 60/1me BﬂCKmpOHHOﬁ.
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Aexuus 14

nepeﬂoc nAasMbl B MAarHHTHOM ITOAE. Ko:-)q)qmgneﬂ’rbl
AHPQY3HH H TEMIIEPATYPONPOBOJHOCTH. AMGHHOJmpHa;I
anppysna. bomosckaa auppysua. Jppexr Xoana.
O6o6mennprii 3akon Oma

Panee MBI 00CcynuITH, K YeMy NPUBOJUT OTKIOHEHUE (DYHKIIMHU pacIpeelie-
HHS OT MAKCBEJIOBCKOM, a TAK)KE BEIYUCIIIIN KO3 PUIHCHT TEILIOMPOBOI-
HOCTH M TEPMOCHUITY B I1a3mMe 0e3 MarHuTHOTO noJst. Celiuac Mbl 3aiimemMcst
pPaccCMOTpPEHHEM IIPOIECCOB IMEPEHOCA B 3aMacHUYeHHOU TIIa3Me, TIe Jap-
MOPOBCKHUH pajuyc 4YaCTUIl MEHBIIC JUTUHBI CBOOOHOTO mpobera.

Haunem ¢ paccmorpeHms npounecca quddy3un Mmomepex MarHUTHOTO
noJist. [lycTh MarauTHoe noJjie HampaBJeHO 0 OCH Z,

B= Boez,
U €CTh FPAJIMCHT INIOTHOCTH, HATIPABJIICHHBIH IO OCH X,
n=n(x).

OTHOCHUTEIIPHO TEMIICPATYPhl HOHOB M 3JICKTPOHOB OyJEM CUHTATh, 4TO
OHU MOCTOSHHBI.

3aHI/IHI€M YpaBHECHUA ABUXKCHUA SJICKTPOHOB U MOHOB B THAPOJANHAMU -
YECKOM NMPHUOJIUKEHUHU, IPUUEM OTOPOCHM B HUX HHEPIIHOHHBIC YJIEHBI, I10-
CKOJIbLKY CKOPOCTH JBHWXEHUS, BBI3bIBAeMOTO nupPy3nueit, oObIIHO Malia ’
CHJIBI HHEPIUH HE UTPAIOT CYIICCTBCHHON POIIH:

—T,0n—enE— L [u,,B]+ R=0,
C
& (14.1)
—TiUn+enE+ —[u;, B]— R=0.
C

3)160]; Hajgo caejaThb 3aME€YaHue OTHOCHUTEIbHO CHUJIBI TDCHUA R. Mzl ee
BBIYUCIIAIN OJIA I1J1a3Mbl 0€3 MAarHUTHOTO IIOJISA:

R =mcVen(u; — u,). (14.2)
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B 3amarnuvyeHHOW mia3me JJs ABUXKEHHUU BIOJb MarHUTHOTO IOJs 3Ta
dbopMya coxpaHseT CUIy, a IS IBMKCHUN MEPIESHIUKYISIPHO OO B HEH
MCHSCTCSI TOJIBKO YHCICHHBIH Kodpdurmuent. Huke Mbl Oynem u3ydaThb
TOJTBKO IBWKCHHS MOMEPEK MATHUTHOTO IOJIS, IMMO3TOMY COXpaHHM (op-
Myiy (14.2) B HCU3MECHHOM BHU[E, BKJIIOYHB YHUCICHHBIA KOA()PUIIHCHT B
OIpe/ieIeHUE YaCTOThl CTOJIKHOBEHHUH V.

Cropoenupyem ypaBaeHus (14.1) Ha och x ¥ yuTeM, uTo R, = 0, TOCKOJb-
Ky, KaK Mbl YBUJIUM, CKOPOCTH AJIEKTPOHOB U HOHOB B HANpPaBJIECHUHU X OJIH-
HaKOBBI:

dn en
*TgafenEx*?ueyB:(L
dn
—Td +enkE)y + u,yB 0.

CkJanpiBasi, HAXOJIUM:
c dn
en(ujy — ey) = (T+T)

CrnenoBaTenbHO,

mecvg

R, = (T+T)

Temneps y-KOMIIOHEHTA JII000TO U3 ypaBHEHUH aABrkeHus (14.1) maer

en
—uB—enk,+R),=0.
c

OTtcroa
E R
ue=c2 ¥
B enB
_E, mec 2y, dn
_CE - 232 ( l e‘) dx

31ech mepBOE ciaraéMoe COOTBETCTBYET ICKTpHUUIECKOMY Apeidy. Onna-
KO 00bI4HO E), = 0, Tak KaKk HalU4Me DJIEKTPHUYECKOTO OIS BJOJb OCH )
03Hayano Obl, YTO K IJIa3Me NpHI0XkKeHOo Hanpsukenue. Ilomaras £, =0 u
YMHOXasl Uy Ha INIOTHOCTH IJIa3Mbl, HAXOIUM AU(PY3HOHHBIN MOTOK:

2
meC dn
—Vem(Tﬁ Te)d—
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\ /7
N7 /I
\\ 7/ @ B
~ —— s
Puc. 14.1. CnBur Beayuux eHTPOB Puc. 14.2. CaBur Beayuiux HEHTPOB
JIBYX TOK/JECTBEHHBIX YACTHI] IPU UX MPOTUBOIOJI0KHO 3apsKEHHBIX Ya-
CTOJKHOBEHHH MO yrioM 90° CTHII IPH JIOOOBOM CTOJIKHOBEHUHU

OH 0AMHAKOB ISl HOHOB M MOHOB, T.€. Ouhhy3us B paccMaTpuBaeMoi 3a-
Ja4ye 0Ka3ajxach aBTOMATHUECKH ambunonapnoii. II0TOK 31eKTpOHOB paBeH
MMOTOKY HOHOB, KaK M JIOJKHO OBITh JIJIsi COXPAHEHUSI KBa3MHEUTPAIbHOCTH.
Kak BUAHO M3 MPUBEJECHHOTO BBIBOJA, K BHIPAaBHUBAHHUIO MMOTOKOB MPUBO-
auT snnekTpudeckoe none Ey. Koapdunuent nuddysun pasen

_Ve(Ti+ Te)
Q2m, '

rae Q, — HUKJIOTPOHHAS YacTOTa 3JEKTPOHOB. [lo MOpSAKY BENMYHHBI
D, ~ p?,Ve, UTO COOTBETCTBYET NPOCTON (U3MUECKOH KapTUHE: MPHU Ka-
KJOM CTOJIKHOBEHHHM C HOHOM, COIPOBOK/JIAIOIIEMCSI PacCestHueM Ha yroJl
nopsinka 90°, 2JIEKTPOH cMelaeTcsl ciy4alHbIM 00pa3oM Ha pacCTOSHHUE
MOPSIJIKa TAPMOPOBCKOTO panuyca Py.. @PopMaibHO OleHEHHBIH K03 hu-
nueHT nudPy3un HoHOB D; ~ p,%”\)i B \/m;/m, pa3 Goiblie, HO N3-3a aMOu-
nossipHoTo 3 dexra uCTHHHAS CKOPOCTh AU Py3UHu onpenenseTcs Hanbo-
aee MemlieHHO TudQyHANpYoIel KOMIIOHEHTOMH, T.e. aJeKkTpoHamMu. [lpu
9TOM HYXXHO MOAYEPKHYTh BaXXHYIO 0cOOeHHOCTh — Auddy3us odycio-
BJICHA TOJBKO NEPECKPECTHBIMU CTOJKHOBCHHUAMHU DBJIEKTPOHOB C MOHAMMH,
a CTOJKHOBEHHUS MEXJy YaCTHI[AMH OJHOTO COpPTa HE MPUBOJAT K JudPy-

3I/II/Il.

'Tounee, nonpaska k ko3Gduunenty 1uddy3nu U3-3a CTOIKHOBEHUIT YACTHIL C OJUHAKO-
BBIM OTHOIICHIEM e/1 CyIIECTBEHHO MCHBIIC BEIYHCICHHOM.
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» 3agaua 14.1
Hcnoavsys puc. 14.1 u 14.2, noscnumo, nouemy cmoakHOBeHUS 0JUHAKOBBLX
wacmuy He npugogam K AuGysuu. Yumenot Au cmMoAKHOBEHUS 0JUHAKOBVIX
wacmuy 8 ypasHenusx (14.1)72

Tenepb 00CcyauM, KaKk MarHUTHOE I1OJIE BIUSIET HA TEIJIOMPOBOJHOCTD.
B mra3me 6e3 MarHMTHOTO TOJISI, KaK MOKa3aHO HAa MPeIbIAyIel TeKInu, v 16.10.98

- 2
qr. = —KOT,, K ~ vy, /Ve ~ NAVT,.

3mech A ~ vy /V — munHa npobera yacTull (IPUMEPHO OJMHAKOBA [ HO- A
HOB M 3JEKTPOHOB). MOHHas TEIIONPOBOAHOCTH B \/m;/m, pa3 MeHbIIe
BHGKTPOHHOI\/’I, IIO3TOMY BAOJIb MAaTHUTHBIX CUJIOBBIX JTAHUHN IEepEeHOC TC€IJIa
OCYIIECTBIISIETCS, IIIaBHBIM 00pa3oM, 3JIEKTpOHAMH, a KO3 HUIIMEeHT TeM-
epaTypoONpPOBOTHOCTH X ~ K/n 1O MOPSAKY BETHIUHBI pPaBeH vz /V ~ A2V,
Takast oieHKa COOTBETCTBYET HPOCTOM (U3NIECKON KapTHUHE SIBICHHS, KO-
TOPYIO MBI YXe 00CyKaau BbllIe HAa npuMepe 1H(Py3uH 4acTHIL TTOTIEPEK
MarHuTHOTO T0Js. Pa3nuyume cOCTOUT TOJIBKO B TOM, YTO IIPH KAXKIOM «aK-
T€» CTOJIKHOBEHHS B IJIa3Me 0€3 MarHUTHOI'O TOJI YaCTUIA CMEIaeTCsl Ha
paccTosiHUE MOpsAKa JIMHBI Ipobdera A = vT/V, TOTJa Kak B IJIa3M€ C Mar-
HHUTHBIM TOJIEM U B HANPAaBIEHUU MONEPEK MATHUTHOTO IOJsA CMEIIEHUE
MPOUCXOJUT Ha MEHbIIEE PACCTOSHHUE MOPSAKA JIaPMOPOBCKOTO pajguyca.
Hexonst ux »TUX HAONIOACHUH, MBI MOXKEM JIETKO OLICHUTH TeMIIEpPaTypo-
HPOBOAHOCTb 3AMAZHUYEHHOU NIA3MbL:

2 2
Xe ~ PreVe, Xi ~ PyiVi-

WoHHas TermIonpoBOAHOCTD MOMEPEK MATHUTHOTO 10JIsE 00JIbIIe HOHHOHU B
m;/me pas.

OOpaTuM BHHMaHHUE, 4YTO KO3 (PHUIMEHTHI MONEPEUYHOro nNepenoca (Tak
JJI KPAaTKOCTH HA3BIBAIOT KOA(GUIHEHTH D, X, X;) 00paTHO MPOMOPIHO-
HaJIbHBI KBaJApaTy MareuTHoOro nous, D [0 B~2. Oxuako monroe Bpems (10
Hadana 60-X T0/10B) B 9KCIIEPUMEHTAX HE yAaBajI0Ch CO3AaTh YCIOBUS, IPU
KOTOPBIX OBl peaJn30BbIBANACh 3Ta 3aBUCUMOCTh. OO0OOIIMB pe3ysbTaTh
9KCIIEPUMEHTOB C I'a30BBIMH pa3psilaMH, BHIIIOJHEHHBIX B KoHIe 40-X ro-
0B, boM mpenoxk I npocTyIo (XOTs U He pa3/ieisieMylo BceMHu GU3UKaMHu)
TEOPHUI0, KOTOpas MpeACKa3bIBAET CIASAYIONYIO 3aBUCUMOCTh KO3 hunmeH-
Ta 1upPy3uu OT HapaMeTPOB MIA3ZMBI:

1 T
16 eB

5 (14.3)
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[To3xHee cTano sICHO, 4TO B [J1a3Me, TJie K03 OHUIIMEHTHI TepeHoca MopsiaKa
OOMOBCKHX, 0053aT€JIbHO HMEIOTCSI MHTEHCUBHBIE KosieOanus (TypOyiIeHT-
Hasl I1a3Ma), KOTOpble 3HAYUTEIbHO yBEINYUBAIOT () PEKTUBHYIO 4aCTOTY
paccestHus 4acTHIl, Tak 4To popmyna boma naer BepXxHUil mpe/en Ha Belu-
YHUHY K03 PULIHEHTOB IepeHoca.

[Ipu yBenM4eHUH YacCTOTHI paccesHus KOd(DPUIHMEHTH MONEPEYHOIO
NnepeHoca B 3aMarHMYeHHOW IJIa3Me yBEJIWYUBAIOTCS MPONOPIUOHAIBHO
4acTOTE CTOJIKHOBEHUH. Ho Tak mMpOMCXOAMT 10 TeX MOp, MOKa V, UIH V;
HE MPEBBICUT LHUKJIOTPOHHYIO YACTOTY JUJIsi COOTBETCTBYIONEH KOMIOHEH-
ThI IJa3Mbl, T.€. Q. uiu Q;. [Ipu nanpHeiinieM yBeqIndyeHUH 4aCTOTHI pac-
CesiHUs JUIMHA Npodera CTAaHOBUTCS MEHBIIE JIADMOPOBCKOTO paauyca, u
MBI BO3BPAIIAEMCsl K CIydaro He3aMarHH4eHHOH MIa3Mbl, KOTaa X ~ v /V
(31ech HaNO MPUIKCATh UHJEKCHl € M | COOTBETCTBEHHO JUIS DJIEKTPOHOB
n MOoHOB, a D ~ X;). IlockosbKy B He3aMarHM4eHHOHW rmiazme kodddunu-
SHTHI TIEPEHOCa TOJIBKO YMEHBIIAIOTCS C POCTOM YaCTOTHI CTOJKHOBEHHIA,
SCHO, YTO OHU MaKCUMallbHBI 1pu V ~ Q. Tlosaras V ~ Q, HaX0IUM, 4TO
X ~Vv2/Q~ p3Q~cT /eB. C TounocTbo 10 ko3 duunenta 1/16 sTa onen-
Ka coBnajgaer ¢ popmynoi boma.

B 3aBepuienune yiekuuu 3aiiMeMcst BOIIPOCOM O NMPOBOJMMOCTH IJIa3MBbl.
MBI yKe BBRIYHCIISUTH TPOBOAMMOCTD I1JIa3Mbl 0€3 MAarHUTHOTO TOJIS:

_ W _ne?
410, MV,

B npucyTcTBMM MarHuTHOTO MOJIsI TaKas IPOBOJUMOCTD COXpaHsIeTCs BIOJb
MAarHUTHOTO MOJisl, Tak Kak npu E||B MarHuTHoe oje He BIHET Ha JBH-
JKeHUe 3apsHKeHHBIX YacTull. PaccMoTpum cinyuail, koraa mose E mpuio-
JKeHO TepreHInKyJIsipHO B.

Eciu mone MeHseTCsI TOCTATOYHO OBICTPO CO BpEMEHEM, TO MOKHO CUH-
TaTh, YTO MOHBI NOKOATCS, U; = 0, U HANMUCATh YPaBHEHUS JBUXKEHUS dJIEK-
TPOHOB:

en
—enE — —[u.,,B]+ R=0. (14.4)
c
[lyctp mosje HampaBlIeHO BJIOJbL OCH X. YdTeM, 4uTo R = —nmyV.u., J =
—enu,. Torna, pacnuceiBas NOCIEJIHEE yPABHEHUE 110 KOMIIOHEHTAM, II0-
clie YMHOXCHHUS Ha e/MmeV, nMeeM
Q.
—OE + — jy+jx=0,
Ve

Q.
— g +7,=0
VeJx Jy s
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B
X
/ »/y
Puc. 14.3. Dddexr Xonna B uuinu- Puc. 14.4. Dddexr Xonna B mI0CKOM
JIpHUYECKOil m1azme cJoe miasme

N3 3TuX ypaBHEHUI HaXOAUM:

Jx= o2 Ey = O Ey,

Jy = =5 Ex= 0, E,.

Orcrona BUAHO, YTO mone £y BBI3BIBAET Takxke TOK j,. [logBnenue B mar-
HUTHOM II0JIE€ KKOCOTO» TOKA, NEPINECHAUKYJIAPHOIO KaK HAIIPaBJICHUIO Mar-
HUTHOTO TaK U HAIPaBJICHHUIO 3JICKTPUUYCCKOTO MOJICH COCTABIACT CYyTh -
¢exma Xoana. B 10CTaTOYHO CUIBHOM MarHUTHOM 1oJie Q. > V.. [ToaTomy
0w 0B 2,20, 0B

Tenepr paccMOTpUM ciiydail CTAaIlMOHAPHOTO 3IEKTPHYCCKOTO IOJIS.
Pe3yHBTaT CHJIBHO 3aBHCHUT OT HaJIW4YUA TpaHUI] IJIa3MBbI. Nonbr TCIEPb
HENb3s CYUTATh mokogmumucs. Ilycts, kK mpumepy, miaa3sma uMeet Gopmy
nuiauaapa (puc. 14.3), a mone HanpasieHo no paauycy, 2 =FEe,. Torna B
npeHeOpeKeHUN UHepIUel nmpou3oiaeT cienyroniee. [1nasma packpyTur-
Csl M HAYHET BPaIIaThCsl CO CKOPOCTHIO

U =U;] = —

TaK 4TO DJIEKTpHUUECcKas cuia OyneT ypaBHOBemeHa cmioi Jlopenma. Ilo-
CKOJIBKY U, = u;, To R =0 u 3 =0. OTcyTCcTBUE TOKAa MPU HAJIAYHHU DIICK-
TPHUYECKOTO IMOJISI 03HAYACT, YTO IIa3Ma (PaKTUIECKH OKa3bIBACTCS HEIPO-
BOOAIIUM AUDJICKTPUKOM. Brruucium JAUDJIECKTPHUICCKYIO IMPOHUITACMOCTDH
TJ1a3MBbl €, UCXOJsI U3 TOTO, YTO MNJIOTHOCTH OHEPTUU B IUDJIECKTPUKE W paB-
Ha €E2 /8TL D70 ¢ 07HO# CTOPOHEI, a ¢ APYTOH, SHEPTHA CKIAABIBAETCS U3
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OHEPTHUHU DJIICKTPUUICCKOTO IMOJIA U KHHETUYECCKOM OHEPTUHU YaCTUI] IJIaA3MBbI:

_ E? mu?

T 2
E?  mnc?E?
= + =

8Tt 2B2

2 2 2 2
:E_ 1+4& :E_ 1+C_ =
8T B2 81 vi

CrenoBaTelbHO,

e=1+ -,

Va

rjie Mbl BBelu 0003HaueHHE Vo = B/+/4T 115l TaK Ha3bIBAEMOH ab(EeH06-
CKOU CKOPpOCMU.

Hakowner, eciim umeeTcst orpaHudeHHast 00JacTh MIa3Mbl B BUJIE THJIOC-
KOTO TUIa3MeHHOTO KaHana (puc. 14.4), To ABWI)KEHHE BIOJb OCH ) HE-
BO3MOHO (BO3HHUKHET IPaJUEHT IIIOTHOCTH IO y, KOTOPEIH 00paTuT v, B
Hynb). Torna u3 ypaBHEHUS

—enEy +meVe(uj —up) =0
HaXO0IUM
Jx = OEy,

e Ho-NpexHeMy O = ne’/myVe, jx = en(iy — Uey). MarnuTHOE HOJeE, KakK
OKa3bIBAETCS, HE BIIUSIET HA TOK.

B pamMkax OJHOXHJIKOCTHONW MAarHUTHOW THAPOJMHAMHKUA Ha OCHOBE
ypaBHeHus (14.4) zanucelBaroT obobuwennviii 3akon Oma. Ecanm ydecTs,
uro U, =V — j/en (B 0603HaueHusx u3 nekiuu Nel0), a R=nmV.j/en, us
(14.4) monyuum

| 1
E+-[V,B]=L+ [} B] (14.5)
C (0} enc
[Tocnennee ciiaraemoe B MpaBOW 4acTH cOOTBETCTBYeT 3ddexty Xoia.
HpI/I I/I3y‘leHI/II/I 6LICTpBIX HBI/I)KGHI/Iﬁ mj1a3Mebl, Korjga CKOpOCTL OTHOCHUTCIb-

HOTO JIBHXKEHHUS KOMIIOHEHT IIa3Mbl j/en Maia 1o CPaBHEHHIO CO CKOPO-
cThio Ta3Mel V' addextom Xomma MOKHO TpeHeOpedb:

e+lv.B=L.
c o
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Emé 6omee nmpoctyio popmy 3akoH OMa IPUHUMAET B MPHUOIMIKCHUH He-
aJbHO IPOBOJSINEH MiIa3Mbl, KOTa (OpPMaIbHO MOXHO CUUTATh, YTO O —
0. B atom cinyuae E = f%[V,B].

Jutepartypa: [9, rn.3, §3.4]; [17, §3], [2, r. 5].

» 3agaua 14.2
Ilpeanonazas, umo mypbyaenmuocmo HeusbedHa, OUEHUMD, KAKUM JOANCCH
6vimo paguyc naasmor ¢ memnepamypoii T = 10k3B, nomewennoii 8 maznummnoe
noae B=5T1, umo6er spems cé yaeprcarus He 6110 mMeHbuie 1 CEK.

» 3agaua 14.3

Moxcem au kosppuyuenm gupdysuu 6vimo 6oabuie 60M0B8CcK020 2

» 3agaua 14.4
Hcnoavsys memoa, passumwiii 6 sagaue 13.3, nokasamv, umo npu Haruvuu
wpaguenma memnepamypor T, nepnenguxyasprozo mazHummuomy noaio B,
so3HuKaem mepmocuaa, nepnenguxyagpuas xax U, max u B, m.e. Ry, =

—An,[h,07T,]. Ouenumo xos3ppuyuerm A.

» 3agaua 14.5
Ipogoancas npegoigywyio 3agauy, noKasamo, 4mo npu HAAUYUU 2pAJUCHMA
memnepamypor 1T, nepnenguxyasprozo maznumromy noawo B, sosnuxaem
nomok menaa 8 nanpasaceHuu, npomusonoaoxrom UT. Ouenums, 80 ckoab-
KO pas coomsemcmeyowuil Ko3QEOUUUEHM MeNnA0NpPoBOAHOCTIU MEHbUIE, YeM
K03 PuUUUEHM MeNnAONPOBOIHOCMU B40Ab MAZHUMHO020 noas (NocAeAHuUl pa-
BeH KO3 PUUUECHMY MEeNAONPOBOIHOCMU HE3AMALHUUCHHON NAA3MbL).

» 3agaua 14.6
Ipogoancas npegvraywyio 3agauy, noKaAsamo, 4mo npu HAAUYUU 2pAJUCHMA
memnepamypvt U7, nepnenguxyasprozo mazHumromy noaio B, sosnuxaem
«Kkocoii» nomox menaa 8 Hanpasaenuu [h,0T,]. Ouenumo, 60 ckoavko pas
coomsemcmeyOwUil K03(hGUYUEHM MENA0NPOBOAHOCIU MEHbULE, YCM KO-
(uyueHm menAonpPoBOAHOCMU BJ0Ab MAZHUMHOZO NOASL.

» 3agaua 14.7
Banucame mensop nposogumocmu Oqp naasmot 8 MAZHUMHOM NOAE, UCXOLS UB
ezo onpegencHus jq = O'QBEB U pe3y1bmamos 8bl4UCACHUS MOKA 8 NAA3ME C yUue-
mom a¢ppexma Xoana.
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» 3agaua 14.8
Buisecmu o606wennvii saxon Oma, ucxoas us ypasmenus (14.4), zonoamen-
HO020 2PAJUCHMOM dAeKMPOHHO20 dasaenus [Ip, u mepmocuaoii.
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Aexknus 15

Hsaryuenne ns naasmpi: TopmMosHoe, peKkoM6HHAUHOHHOE,
gukaorponnoe. Ilpo6er usayuenus

Wznyuenue sBIsIeTCS OJHUM M3 OCHOBHBIX KaHaJOB NOTEPb DHEPTUM U3
mira3mpl. CHEeKTp M3IydeHHs] CIa0OMOHWU30BAHHOW IJIA3MBI SIBISICTCS JIH-
HelyaTbiM: B HEM JOMUHUPYIOT JUHUU U3JIyYECHHUS HEMOHU30BAHHBIX aTO-
MOB U HEJUCCOLMUPOBABIIUX MojieKkyd. [lo Mepe yBenuueHus Temiepary-
pHl [J1a3Mbl CTENEHb HOHU3AIUHU YBEIUYUBACTCS, @ UHTEHCUBHOCTD JIMHEH -
4aToTO M3Iy4yeHUs ociabeBaeT. [[0THOCTHIO HOHM30BaHHAS ILIa3Ma H3ITY-
YaeT B CIJIOMIHOM CHEKTpe. Mbl pacCMOTPUM JIBa OCHOBHBIX THIA U3JIy4e-
HUS CO CIUTONIHBIM CTIEKTPOM: TOPMO3HOE U peKOMOMHANImOHHOE. TOpMO3-
HOE€ M3JIyueHHE BO3HUKAET NPHU PacCEIHUU 3apsSIKEHHBIX YaCTUI[ APYT Ha
npyre. HamoMHUM, 4TO paccesiHUEM Ha3bIBA€TCsl CTOJKHOBEHHE YacCTHII,
MPU KOTOPOM YHUCJIO U COCTAaB B3aUMOJAEHUCTBYIOUIUX YACTHUL HE MEHSIOTCS
B IIPOIleCCe CTOIKHOBEHUA. PeKOMOMHAIIMOHHOE M3ITyYeHHE COMPOBOXKIa-
eT MpoIecc peKOMOWHAIINY, KOT/Ia B PEe3yIbTaTe CTOJKHOBEHHS JIEKTPOHA
C MOHOM 00pa3yercs HeUTpadbHBIA aTOM HJIM CTETIEHb MOHU3AIIUH MHOTO-
3apsAJHOTO0 MOHA MOHUKAETCH.

OueHUM MOUIHOCTb U3JyUYEHHUS IPU CTOJIKHOBEHHUH JIEKTPOHA C MOHOM,
UMEIOIINM 3apsn Ze. Tak Kak TEIIOBass CKOPOCTH MIEKTPOHOB OOBIYHO 3HA-
YUTENbHO OOJIbIIE TEIJIOBOW CKOPOCTH MOHOB, HOH MOKHO CUYUTATh HETO-
JNBUKHBIM. /[l Haualla mpearnosokKUM, YTO UCKPUBIECHUEM TPACKTOPUU
AJIEKTPOHA MOXHO IpeHeOpeub (puc. 15.1), Tak Kak OH IpoOJIETAaeT HA J0-
CTaTOYHO OOJBIIOM PACCTOSHUH OT HOHA:

P> 27e* /mov*. (15.1)
TOF}la YCKOPEHHUE DJICKTPOHA B IOJIC HOHA PaBHO

_zeém,
P22

CMBICII HCTIONB3yEMBIX 0003HaUeHUN 00BSICHEH B JIGKIUH 4. DHEPTHS, U3-
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e
p
Ze
Puc. 15.1. U3nyuenue npu panéxux Puc. 15.2. U3nyueHue npum ONHU3KUX
nponérax npoaérax

JydaeMas 3IEKTPOHOM B €JMHUILY BpPEMEHH, BEIYHCISAETCS 10 hopMyIIe au-
MOJIBHOTO U3JIy4YEHUS:

2 2wt 2 728 /mic?

J== == .
3 C3 3 (p2+v2t2)2

W3-3a 60nbmIoi Macchl HOHA €T0 M3JIyUYeHHEM MOXHO MpeHeOpeub, modTo-
MY IOJIHAsl D9HEPTUs, U3IyUEeHHas 3a BpeMs Nposéra, paBHa

2 7260 /°° dt

AE = dtJ = -
100 3m2c3 Jow (P2 +V212)2

VAT ®  dx
3 m2c3vp? /;oo (1+x2)2
o Z%eb

3 m23vp3

OIHOPONHBIM MOTOK DJIEKTPOHOB C IJIOTHOCTBIO 7., HAJIETAIONIUX Ha
HOH CO CKOPOCTBHIO V, B €IMHUIY BPEMEHH YHEPTUIO

212 7268
P1:/2Trpdp~nev~A£:Tﬂ/

203
msc

dp

e (15.2)

Tak xak P; He 3aBHCHT OT CKOPOCTH HaJIeTAOIUX JIEKTPOHOB, OoJiee cTpo-
rUi KHUHETUYECKUW pacyeT, YUYUTHIBAIOUIUHN pa3inyrue CKOPOCTEH 3JIEeKTpO-
HOB, IpUBEN OBl K TOMY K€ pe3ynbraty (15.2).

Wnterpan B popmyie (15.2) pacxoaurest Ha HUKHEM Hpejene, HO 3Ta
pacxoauMocTh GopmaibHas, TaKk KaK SICHO, YTO 3JEKTPOH HE MOXET H3-
JY4UTh SHEPTHIO GONbIIE ero KHHETHYecKoil sHeprum mev>/2. Ha mep-
BBIA B3TUIA] MOXET MOKa3aThCsA, YTO NMPUUYMHOM PACXOAMMOCTHU SIBIACTCS
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HCIIOJIb30BAHHOE HaMU NPHONMKEHUE NaNEKuX MPOJETOB, KOTJa TpaeK-
TOpUS HJIEKTPOHA cUUTAETCs npsiMoiuHedHoW. OJHAKO Mbl YBUAUM, YTO
emé OoJee CHIIbHAs PaCXOJIMMOCTh BO3HUKACT, €CIIM YYECTh HCKPUBIICHHC
ero TpaekTopuu. VICTUHHYIO NIPUYNHY BO3HUKIIUX TPYJHOCTEH BCKPBIBAET
kBaHTOBas Teopus. CormacHo e€ MocTynaTaMm, NPUIEIbHOE PACCTOSTHUE P
ONpPEENIEHO C TOYHOCTHIO MOPSIIKA JJIMHBI BOJHBI J1e-Bpoiias Ag. JlelicTBu-
TENbHO, MEXaHHYECKUH MOMEHT 3JIEKTPOHA (OTHOCHUTEIBHO HOHA) M, VP HE
MOYET OBITh MCHBIIIE KBaHTA /i (€CIIM PJIEKTPOH HE HAXOJAUTCS B CBA3aHHOM
COCTOSTHUH Ha aTOMapHO# opOuUTE), HOITOMY

p=nh/mev=NAg. (15.3)

[IpaBUIBHBIN 1O MOPSJAKY BEIUUYUHBI PE3yIbTAT MOXKHO MOJYYUTh, «00pe-
3aB» uHTerpupoBanue B (15.2) Ha HUIKHEM MpeJesie Ha 3HAYECHHUH [TPULIEITb-
HOTO mapamerpa P = Ap:

Z2e6ne
m2c3hg
[Mpubnmxenue nanekux nposéroB (15.1) COBMECTHMO C HEPaBCHCTBOM
(15.3) mpu ycnoBun

Py~ (15.4)

hv

Ze?
OHO COOTBETCTBYET CIy4ar0, KOT/1a SHEPTHS HIECKTPOHOB OOJIbIIE YHEPTUU
HOHHU3ALMH:

> 1.

2 4
MV mee” _, 2
Z-=13,6-BZ". 15.5
MOMIIHOCTh, KOTOPAs U3Ay94aeTCs U3 CAUHUIBI 00BhEMA, TTOJIYyUaeTCsI yMHO-
JKEHHEM P Ha YUCJIO HOHOB 1; B €IUHUIIE 00bEMA IIa3MBI:

Z2e0non;v

“ISh (15.6)
mic h

YacToTy M3IydeHHUs JIETKO OLEHHUTHh C IOMOIIBIO CIEAYIOIIUX paccy-
xaeHnid. I[lposierast Ha pacCTOSHUU P, SIEKTPOH M3IydaeT UMIYJBC JIIH-
TEJNILHOCTHIO P/V; COOTBETCTBEHHO YACTOTA U3IYUYCHHUS W) IMPUOIU3UTEIBHO
pasua v/p. [oactasisist P ~ Ap ~ i/ mev, IPUXOJUM K BBIBOLY, YTO SHEPTHS
¢botoHa AW MOPAIKA KHHETUYECKONH SHEPTUH DJICKTPOHA:

hw ~ mev? ~ T

TouHnast Teopust IpeACKa3bIBAET, YTO B IJIa3Me€ C MAKCBEJINIOBCKUM pacripe-
JETICHUEM 3JIEKTPOHOB IO CKOPOCTSIM MaKCHUMYM CHEKTPa U3TYyICHHUSA COOT-
BETCTBYET GOTOHAM C dHEpTHEH mpumepHoO 27,.
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» 3agaua 15.1
Ouyenumb 4uca0 POMOHOB, UBAYUCHHBIX 8 CAUHULUY BPEMCHU U CAUHUUBI 06D -

éma.

Tak Kak NpU U3JIyYEHUH DJIEKTPOH TEpsieT MOYTHU BCIO CBOIO KHUHETH-
YECKYIO PHEpPTHI0, OH MOXKET 3aXBAaTUTHCA Ha aTOMapHylo opouty. OnHa-
KO JIJISL DJIEKTPOHA C DHEPTHEH 3HAYNUTENbHO OOJbIIEH YHEPTUN NOHU3AIIUH
BEPOSTHOCTHh peKOMOMHANMU Malia. [efiCTBUTENBHO, YTOOBI OKA3aThCs 3a-
XBA4YCHHBIM Ha N-bIi YPOBCHb, JEKTPOH JOJDKCH U3IYYUTh (GOTOH C dHEP-
ruei

mev:  mee*Z? Mev> mee* 72

—+t ——5 <hw< + .
2 2h%n? 2 2h%(n—1)2

(15.7)

VauThIBas, 4TO W~ v/P, OTCIOJIa HAXOAUM HHTEPBaJ 3HAYEHHUI NPHUIEITb-
HOTO IapaMerpa, COOTBETCTBYIOMUX pekomOunanuu. [Ipu ycmosuu (15.5)
cpeaHee 3HAYEHHE P B 9TOM MHTEPBaJIC ONpEesieTcs] BEINYNHON KUHETH-
YEeCKON YHEPTUHU dIEKTPOHA

U IPUMEPHO PaBHO JuIMHE BOJHBI ge Bpoiins Ap. Ilupuna natepBana Ap
ompeaesseTcs pa3HOCTbIO YPOBHENM YHEPIUU CBSA3aHHOTO 3JIEKTPOHA B aTO-
Me:

@@ mee* 7?2
P p 2h%n3

CrnenoBatesibHO, MOUIHOCTh PEKOMOMHAIIMOHHOTO M3Jy4EeHHUs] COCTaBIsET
nomo mopsanka Ap/p ~ e*Z2 /h*v? ot nomuoit MomHocTH u3yuenus (15.6),
MpUYeM peKOMOMHAINS COMTPOBOXK/IAETCS B OCHOBHOM 3aXBaTOM JJIEKTPOHA
Ha OCHOBHOM ypoBeHb n= 1. DTa 10Js MaJjla B BBICOKOTEMIIEPATYPHOH 113~
Me, T/1e st O0JIBIIMHCTBA SJIEKTPOHOB BEINTOJIHEHO yciaoBue (15.5). Takum
00pa3oM, B BBICOKOTEMIIEPATYPHOH IJ1a3Me M3JIyUCHHUE SIBISIETCS MPEUMY-
IIeCTBEHHO TOPMO3HBIM. [IpoBens ycpennenue B popmyne (15.6) mo pyHK-
LMK paclpeeseHus JIEKTPOHOB (KOTOPOE COOTBETCTBYET 3aMEHE CKOPO-
CTH V Ha TEIUIOBYIO CKOPOCTH V7, ~ /T, /M) 1ETKO HAUTH MOLIHOCTBH TOP-
MO3HOTO H3JIy4YCHHS

Zze6nen,~Tel/2
Propy=A—r——. (15.8)
o mg/zc3h
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Tounsli pacuéT maéT 3HAYEHNE YUCICHHOT0 KO3 punuenTa B 3Toil popmy-
ae A=7,7. llpakrudeckast popmMmyia UMEET BH/ v 16.10.98

apT

Propw = 1,69-1072°Z%n i/ T,[5B] (15.9)

cM3cex

TopMO3HOE U3IIyUYeHUE MOXKET OBITh UCTIOJIB30BAHO JUJISl OUASHO CIMUKU NIA3- A

Mbl, @ IMEHHO JJIs U3MEPCHHUsI TEMIIepaTyphl U IJIOTHOCTH. Temmeparypa
9JIEKTPOHOB OINPENeseTCsl U3 aHalln3a CIIeKTPa, a IVIOTHOCTh IJIa3Mbl —
13 U3MEPEHHUsSI MOIHOCTH U3JIYUCHHUSI.

TopMO3HOE M3IIYyYCHUE BCICIACTBUEC AICKTPOH-3IICKTPOHHBIX CTOJKHO-
BCHHI MaJio, TaK KaK MPHU CTOTKHOBEHUU OJUHAKOBBIX YACTUI[ JUMOIBHOC
HU3JIy4YCHHUE OTCYTCTBYET, @ MOIMHOCTD M3JIyYCHHS B CACAYIOMIHX MOPSAIKAX
MYJIbTHUITOJIBHOTO Pa3JI0OKEHUS OBICTPO YMEHBIIACTCS 110 MEPE YBEIHUCHHUS
MOpPsiJIKa MYJIbTHIIOIbHOCTH.

» 3agaua 15.2
Jokasamov, umo npu cMoOAKHOBEHUU YACMUL ¢ 0JUHAKOBbIM OMHOUICHUCM B€-
AUYUHbL 3APAAA K MACCE, MOUWHOCTIb JUNOAbHO20 USAYUCHUSL PABHA HYAIO.

» 3agaua 15.3
Ouerums MOWHOCMb KBAAPYNOAbHOZO MOPMO3HO20 UBAYUCHUS NPU INCKMPOH -
31EKMPOHHBIX CMOAKHOBCHUAX U CPABHUMDb €& C MOUHOCMbIO MOPMOBHOZO U3~
AYUeHUS NPU 3NEKMPOH-UOHHBLX CIMOAKHOBEHUSX.

OleHKY MOIMHOCTH PEKOMOMHAIMOHHOTO M3JIydeHHUs MOTyYHM, YMHO-
xus (15.6) na e*Z? /h*v? u 3amMenuB v Ha vy, v 16.10.98

Z4eOn,n;

TS (15.10)

PpCKN

[IpakTuyeckas popmMyiia c IpaBUILHBIM YHCICHHBIM KOO QUIINEHTOM HME- A
eT BUJ

Pyex = 51024 Z%n,m; )/ T.[>B] —2— |. (15.11)

cM3cex

BcenencTBrue cuibHOW 3aBUCHMOCTH OT Z pEeKOMOMHAIMOHHOE M3IydYeHHUE
CYILIECTBEHHO BO3pacTaeT NPU 3arpsI3HEHUU IIa3Mbl TSKEIBIMU MPUMECS -
MH.

Paccmorpum Teneps ciyuai

2 4
meV mee
VA

2 2R 7

(15.12)
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oOpaTHBIM HepaBeHCTBY (15.5), KorJma B mpolecce M3JIYyYeHHUs TIaBHYIO
pOab UTParOT ONM3KUE CTOJIKHOBEHHUS C 3aMETHBIM HCKPHBICHUEM TPackK-
TOpHH IEKTpOoHA (cM. puc. 15.2).

O003HauYNM Yepe3 r, PACCTOSIHHE MEXAY 3JIEKTPOHOM M MOHOM B MO-
MEHT HAauOONIbIIEeTO CONMKEHHUsI. B 3TOT MOMEHT CKOPOCTH 2JIEKTPOHA J0-
CTHTAaeT CBOETO MaKCHUMAJbHOTO 3HAYCHUSA V. DHEPTHIO, H3TyICHHYIO MPH
MpoJeTe, MOKHO OIIEHUTH, YMHOKHB MOITHOCTH M3JIyUYCHUSI B MOMEHT MaK-
CHMaJIBHOTO CONMKEHUS

Ha €ro JJIUMTCIbHOCTD I"*/V*Z

7260

~ 3y, 3
MGCVily

AE (15.13)
[TapaMeTpsl v, U 7, BEIPA3UM Yepe3 CKOPOCTH ICKTPOHA «HAa OECKOHEYHO-
CTU» V U MPUIIETbHOE PACCTOSIHHUE P, BOCTIOJIb30BABIINCH 3aKOHAMHU COXpa-
HEHWS YHEPTUHU U MOMEHTA UMITYJIbCa:

MV mevg Ze?

=_¢x _ == 15.14
2 2 re ( )

MeVP = MVils. (15.15)

[IpenmnosoxkuB, 9TO v, > v (MHAY€ MBI BEpHEMCS K IMPUOIIKEHHUIO MIPSIMO-

NUHEWHON TpaekTopum), u3 ypasuenus (15.14) Beipasum v, >~ \/2Ze? /m,r,
yepes ry. lloacTaBWB 3TO COOTHOIIEHHE B ypaBHeHue (15.15), Haxonum
paccTossTHuEe MUHHMAIBHOTO COMMIKCHUS

-1
0 276*
re=p 22—
mev2ip ’
a3aTeM U MaKCUMAJIbHYIO CKOPOCTh
2762
=V ——s= |
mev2p

Bxonsmuit B 3T GopMyIIBI TapameTp 2Ze2/mev2p CIeayeT CYUTATh 0ONb-
UM, ZZez/mevzp > 1. IloacraBus r, u v, B (15.13), BeIpazum A‘E yepes P

nuv:
ZZ 6 27 2\ 2
Az~%<—i) . (15.16)
mzc3vp? \ mev?p
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Ecnu maoTHOCTH QJICKTPOHOB 7., @ UX CKOPOCTH V, TO HA OAHOM HOHE B

eAVHUIY BpeMEHHU Oy/IeT U3Iy4aThCs DHEPT U
Z%e%n, [dp [ 2Ze* 2
Py = [ 2mipdp- ~A‘£~—/— — ] . 15.17
1 / p p nev mgc:;v p2 <mgV2p) ( )

OO0pe3aB MHTETPUPOBAHNE HA HIDKHEM Ipejesie Ha MPHUILETbHOM paccTos-
HUU P TOPAIKAa A ¥ YMHOXHB pe3yIbTaT Ha 7;, MOJYYHUM OICHKY, COBIa-
JIAIONIY0 C OIEHKOW MOIIHOCTH PEKOMOMHAIIMOHHOTO MU3IyYECHUS U3 ClIH-
HuIpl 006EMa (15.10). DTo coBmameHue He CllydailHO, TaK KaK B HH3KO-
TEMIIepaTypHOHU Mia3Me, Ie PHEeprus OOJBIIMHCTBA JIEKTPOHOB MEHBIIE
SHEPTUU HOHU3ALNH, T.C. YAOBICTBOPSACT ycloBuwo (15.12), uznydueHue co
CINIOMIHBIM CIIEKTPOM IO MPEUMYIIECTBY SBJISETCS PEKOMOWHALIMOHHBIM.
JleficTBUTEIbHO, KHUHETUUECKAsl DHEPIHUs HAJIETAOWEr0 JIEKTPOHA 3HAUM-
TEIbHO MEHbIIIE YHEPTUH HOHU3ALNH, TOT1a KaK SHEPTHsl, yHOCUMast GpoTo-
HOM, IPUMEPHO paBHa i, HOCKOIbKY

Fo o hv, hv < Ze? )2 N mee* 7?2

re A \moviAg h?
TopMO3HOMY H3JTy4eHHIO COOTBETCTBYIOT )OTOHBI € dHEpTHEe AW < m v? /2.
HpupasuuBas m.v> /2 u v, /r, ~ (hv/p)(Ze? /mev*p)?, Haiiném npuuensHoe
PACCTOSIHHE JJIsi TOPMO3HOTO M3y YCHHUS:

7204\ 1/3
p~Ap (W) .
O6pezaB unTerpan B (15.17) Ha 3TOM pacCTOSTHUM, MOXHO OLIEHUTH MOII-
HOCTh TOpMO3HOTO mM3ny4cHus. OHa coBmagaet ¢ oneHkon (15.8). Takum
00pa3oM, OLEHKN MOIHOCTH TOPMO3HOTO U PEKOMOMHAIIMOHHOTO U3JIy4e-
HHS, TOJydYCHHBIE B NMPHUONMKEHUH AANEKUX MPOJIETOB, BEPHHI B 00IIeM
ciydJae.
[Ipexae yeM OTOXACCTBIATH BBHIYUCICHHYIO MOIIHOCTH, U3IYUYCHHYIO
W3 CAUHHUIBI 00hEMA IUTa3MBI, C MOTEPSIMH PHEPTUH, HATO YOCIUTHCS, YTO
HU3Ty4YeHHBIC (POTOHBI MOKHUAAIOT IJIa3My, a HE IMOTIomarTes B Hel. [Ipo-
I[eCC TOPMO3HOTO MOTJOMICHHS ABIACTCS OOPATHBIM 10 OTHONICHHUIO K TOP-
MO3HOMY HOTJIOLIEHNIO: (POTOH CTAIKHBAETCSI CO CBOOOJHBIM JIEKTPOHOM,
KOTJIa TOT HaXOJUTCsI BONM3U HOHA (TPOWHOE CTOJKHOBEHHE) M MOTJIO0MIa-
eTCs DICKTPOHOM.
Beraucnum nnuHy, Ha KOTOPOH MOTIONIaeTCS MEKTPOMarHUTHAS BOJHA
B IJIa3Me. JTO MOXHO cJiellaTh Ha si3bIKe Kiaccuueckoi ¢usuku. IlycTs
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aMIUTUTyJa BOJHBEI paBHa E, a e€ gacToTa (. DJIEKTPOHBI KOJECOIIOTCS B
10JIe TAaKOH BOJIHBI CO CKOPOCTHIO

eFE
v=—"-.
Me®

X kuHeTHYECKas OHEpIrud B €AMHHUILIC 00BEMa paBHa

ey (15.18)

3a CY€T CTOJKHOBEHMI C MOHAMH HaNpaBIEHHOE JABUXKEHUE DIEKTPOHOB
H30TpOmU3UpyeTcs, a ux sHeprus (15.18) mpespamaercs B Temiao, mpu-
4&M CKOPOCTD AMCCHIAINN YHEPTHH MPOMOPIIHOHAIBHA YACTOTE dJIEKTPOH-
HOHHBIX CTONKHOBEHHIH V;. YUUTHIBAS, UTO TOTOK YHEPTHH B BOJNHE paBeH
cE? /8Ty u BEIGHpas OCh X B HATIPABIEHHH PACHIPOCTPAHEHUS BOIHBI, MOy -
4YUM YpaBHEHHE

d E? Wy E2
—C—— = =V — —.
dx 8T w? 81

Ero peHICHHUEM ABJIACTCA SKCIIOHCHIMAJIBbHO y6BIBaIOIIIa$I (1)yHKIII/I$I

E? _Eg
8 8T
rae
P
Vei (*)127

eCTh MCKOMasl JUTMHA npobera uznyueHus. [logcrasiss croga Gpopmyiy
Vei = njVOrp,

clenyeT ydecTh, 4To ¢popMmyna (4.9) A1 TPaHCHOPTHOIO CEYEHHUS Orp =
4T[AleZ§e4/m2v4 OTHOCHTCS K CIIy4al0 JAJICKUX IPOJIETOB, KOI1a IPULIEIb-
HBIA apamMeTp P mopsaka aebaeBcKoro pagunyca rp. [lpu gamexnux mpoie-
Tax M3JIy4alOTCs WIIU MOIVIONMAIOTCSA 3JIEKTPOMATHUTHBIE BOJHBI C HU3KOU
4acTOTOM, W~ v/p K T /h. ®oTOHBI ¢ 2HEpTUEH /i ~ T, HOTIOMATCS IPH
6sn3kux nposerax. CooTBETCTBYIOIIEE CEUEHHE NIPUMEPHO B A pa3 MEHb-
me. [Tonaras, 9to v ~ vy, 1 hw ~ T, momy4daem

"MBI ipeamonaraem, 4T0 W > W),; dMEKTPOMATHUTHBIC BOIHBI C 4aCTOTOH HUKE MIa3MeH-
HO¥l HEe MOTYT PacIpoCTPaHAThCS B M1a3Me 0€3 MarHUTHOTO MOJIs.
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Cmg /2Te7/2

o e fe 15.19
nen;iZ2edh? ( )
TO‘IHBIC BBIYUCJIICHUS JAKOT
(T.[>B])"/?
(=25-10%7 15.20
’ ne[em 3 ]n[em—3]22 ( )

JnuHa mpobera M3IydeHHs aXe B CPABHUTEIBHO MIOTHOW M XOJOJHOM

mia3mMe o4eHb Benuka. Hampumep, ai1s Bogopoanoi nnasmsl ¢ 7, = 103B,

ne=n; =10 cm™3 umeem £ = 8-10'%cm. TTodTomMy maGopaTopHas miazMa

npo3payHa Ajs u3iiydeHus. Hempo3pauHsl Ajisl U3JIydeHHUs siapa 3BE3 .
Ilyctes L — XapakTepHbIH JIMHEHHBIN

pasmep uznydaromero tena. OO003HaAYUM S

yepe3 S MOIIHOCTb M3Jy4YeHUs, OTHECEH-

HYIO K €JMHHULE NOBEPXHOCTU U YCTaHO-

BUM 3aBUCHMOCTH S oT L. [Ipu L < ¢ mom-

HOCTH S NMPOMOPIUOHAIBHA pa3Mepy Teia

L:

pPL?
~ L /
S 2 PL.
Ipu L > { u3nyuenune BEIXOAUT TONbKO u3  Puc. 15.3. MomuocTs wn3myde-

MOBEPXHOCTHOTO CJIOSA TOJIMHBI Mopsaaka 1WA Ha CAMHHULY IHOBCPXHOCTH
E. I/ISHyl{a}OLueFO TEla

S~ PC.

Ecin IIOACTABUTH B KAUECTBEC P MOIMHOCTh TOPMO3HOTO MU3JIY4YE€HUA, TO IO~
JTYYUM:
T4

S~ 2

C TOYHOCTBIO 10 YHCIEHHOTI'0 KO3 GHUIMeHTa STOT pe3yabTaT COBIALALT C
3akoHoM Credana-bonpiiMana, coTIacHO KOTOPOMY MOTOK MOIIHOCTH H3-
JTy4deHHs abCOMIOTHO YEPHOTO Tela paBeH

® 74
60 2R3
PCaHBHaﬂ KapTrhHa U3JIy4YCHUS YCIOXKHACTCA KOHKprHHHCﬁ MCIKAY HU3-
Hy‘IeHI/IeM C HerepBlBHBIM CHeKTpOM nu I/I3Hy‘IeHI/IeM B lII/ICerTHBIX JIn-

HHUSX HCIYyCKaHHWS aTOMOB M MOJIEKYJ, a Takke yObIBaHMEM TeMIlepaTy-
PBI K IOBEPXHOCTH M3JIy4YaIOIIEro Tejaa U3-3a pagualMOHHOTO OCTHIBAHUS.

S
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Puc. 15.4. CrnexTp u3ily4yeHus HarpeTo-
ro Tella, COBEPLICHHO MPO3PAYHOro B
HEIPEepPBIBHOM CIIEKTpE, HO Hempo3pad-
HOTO B NUHHAX. [IyHKTUpHas JTHHHUS
COOTBETCTBYET MJIAHKOBCKOMY CIEKTPY
U3IIy4YeHHUs] YePHOro Teja HpHU JaHHOM
Temmneparype

Puc. 15.5. CnekTp u3iaydyeHus Ttejia ¢
TeMIepaTypoi, yMEHbIIAKOIICHCS K TO-
BEPXHOCTHU. Majiple 4acTOTHI MOTJIOA-
I0TCA cUibHee, ueM Oonbpmue. IlyHkTH-
pOM MMOKa3aH IUIAHKOBCKUH CHEKTP, OT-
BeYarO M cpeaHed 2P PEeKTUBHOU TEM-
neparype usiayudeHus. B cmekTpe BbI-
pe3aHbl JMHUU CEIEKTHBHOTO MOTJIO-
meHust. IloTok m3nydeHus B meHTpax
JIMHUN paBeH IIJIAHKOBCKOMY IIOTOKY,
OTBEYAKIIEMY TeMIIEpaType MOBEPXHO-
CTH
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OOGBIYHO B IMHEHYATOM CIIEKTPE COCPENOTOUYEHA JUIIh Majas JOJSI MOII-
HOCTHU M3JIy4€HHs, IOITOMY paclpesesleHue TeMIepaTyphsl B U3Iy4atollemM
CJI0€ 3aBUCHT, TJIABHBIM 00pa3oM, OT XapaKTepHCTHUK HEIPEPBIBHOTO CIIEK-
Tpa. Jnuna npobera nuHEHYaTOTO N3IIyYEHHSI OOBIYHO 3HAYUTEIHLHO MEHB-
IIe, YeM BBIYHMCICHHAs BBIIIC JJIMHA MpobOera U3IydeHUus B HEPEPHIBHOM
crexkTpe. B pesynpTaTte 3TOro Teno, mpo3padHoe B HENPEPHIBHOM CIIEK-
Tpe, UCITycKaeT JuHeHuaThlil cnekTp (cMm. puc. 15.4). Hamportus, B cnek-
Tpe M3Iy4YeHUs HENPO3pPayHOIro Tela UMEIOTCS JUHUH IMOTIOIMEeHUS (CM.
puc. 15.5), Tak kak auHeHYaTOE MU3Iy4YCHNUE BBIXOAUT TOJBKO M3 TOHKOTO
HNPUIIOBEPXHOCTHOTO CJIOS, T'Je TeMIepaTypa Tejla HHXe, 4YeM B IITyOuHe
Tesna, rae GopMHUpPYeETCs U3yUYeHUE C HeIPEPBHIBHBIM CIIEKTPOM.

B 3aknroueHue 3To# eKUMH 00CY JUM POIIb YUKIOMPOHHOZ0 U3NYYEHUS.
OHO BO3HHKAET, €CIIM B IJIa3M€ MMEETCSI MAarHUTHOE IOJe. DIEKTPOHBHI,
BpaIaloInecs 1Mo JIApMOPOBCKOMY KPYXKKY, H3Iy4aroT rapMOHUKH ITUKIIO-
TPOHHOHN YaCTOTHI:

w:ng:lﬁ7 I=1,2,....

meC
Jlerxo mocYNTATH NONHYIO HHTEHCUBHOCTD U3JIy4Y€HUS B AUMOIBHOM MPH-
ommxennn. Tak kKak w = Qv |, u3 GOPMYIBI TUIOJBHOTO U3TYyUYCHHS MOTY-
yaeMm
2 4p2
Puygn = 2_63 (Qevl)zne = % M-

3c 3 mecs
MOIIHOCTh HUKIOTPOHHOTO M3IYyUYCHHUS MOXKET OBITh OYCHb 3HAYUTEIbHON
I TePMOSIACPHON mra3mMbl. PopMaIbHO OHA MOXKET OBITH OOJIBIIE MOII-
HOCTH, BBIICIISIEMON B TEPMOSACPHBIX peaknuax (cMm. mexnuio 16). Ognako
B IUIOTHOH TTa3Me nepBble TapMOHUKH (/ = 1,2,3) CHIBHO MOTIOMIAIOTCS
1 HE BBIXOJAT 3 He€. B pesynbrare mM3irydarloTcst TOJBbKO Oosiee BBICOKHE
rapMOHMKHM, @ UX HHTEHCUBHOCTH Ha JBa IOPsJKa MEHbIIIE, Y€M MO HalIeH
onenke. Kpome Toro, HUKJIOTPOHHOE M3IyYEeHHE OTHOCUTEIBHO IMHHO-
BOJIHOBOE. Bocmonbs30BaBmKCE NpakTUYecKoi Gpopmymoit

Q.= 1.8:107B[Tc] cex ' |,

JIErKO MOACYUTATE, 9T0 Q, = 9-10'! cex ™! npu B=50xIc, a niimHa BOJTHBI
paBHa A = 2T/ Q, =2 cM. Takoe uznydeHue (B OTIMYNE OT TOPMO3HOTO) XO-
pOIIO OTpaXKAETCSI METANIMYECKUMH CTEHKAMHU U MOXET OBITH BO3BPAIICHO
B ILIA3MYy.

Jureparypa: [1, §1.8],[7, rn.V, §1-4], [8, §6,7], [9, §7.8].
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» 3agaua 15.4

Ouyenumb g1uny npobeza YUKAOMPOHHOZ0 USAYUCHUS.
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Aexnusa 16

Anepunie peakuun cunresa. Kyaonopcknii 6apoep. Kpurepuii
Aoycona

Hauasnom coBpeMeHHOW (QU3MKM IUIa3Mbl NPUHATO cuuTaTh 1952 r., Ko-
rja OplTa BEIABUHYTA HACA CO3IAHUSA TEPMOSAIEPHOTO peakTopa, B KOTOPOM
JOJKHBI OBITH OCYIIECTBIICHBI YIpPaBIIeMble pEaKIMU CHHTE3a, MPOTeKa-
I0IMe TP B3PBIBE BOJOPOAHON OOMOBI. [JIaBHBIMU peaknHs MU CHHTE3a C
y4acTHEM M30TOMNOB JIETKUX ATOMOB SABISAIOTCS CIENyOIIHE:

D+T — *He+n+17,6 MaB, (16.1)
3SHe+n+3,2 M5B,
D+D_’{ T+p+4,0MsB, (16.2)

Npu4€M BEPOATHOCTh ABYX KaHaJoB peakuuu D+ D npumepHo oqMHaKoOBa.
Takue ke UM aHAJIOTUYHBIE PEAKIUHU CUHTE3a OCYLIECTBISIOTCS B 3BE3/1aX.
3nech D 0603HauaeT neiiTepHuii, T.e. H30TON Bogopoaa > H ¢ aTOMHBIM BecoM
2, 11p0O KOTOPOTO MOMUMO MPOTOHA p COACPKUT €llE «IUIIHUN» HEHTPOH
n. Kak u ocHOBHO# m3oTomn Bogopoaa H, neiitepuii crabunen. OH comep-
JKUTCS B OOBIYHOM BOJIE B BHAE MOJICKYJ Tskenoi Boabl D, O. Xots Ha 6500
mornexkyn HyO mpuxoauTcs Bcero ogHa monekyina D, O, sHeprus, KoTopyio
MOJKHO H3BJI€Yb U3 JIUTPA MOPCKON BOJbI, €CIIM BBLACIUTH BECh AeHTepuUil
U «CKE4Yb» €Tr0o B TepMosigepHOM peakTope, B 300 pa3 Oosblie TemIoTBOp-
HOM crocobHOCTH AuTpa OeH3MHa. Tak 4To 3amachl HPHEPTHH AeiiTepus Ha
3emMiie MPaKTUIECKH OECKOHEUHBI, 1a)Xe €CIU COMOCTABIATh UX C YHEPTH-
eil, HICTII0JIb30BaHHON YeJIOBEYECKOW IUBUIN3AllMEN 3a BCe BpeMs €€ cylie-
ctBoBanus. Tputnii T, ABNAIOMIMICS TPETHUM H30TOIOM Bojopoaa SH, pa-
auoaktuBeH. Ero mepuopn monypacnana 12,4 rona. IloaTomy ero 3amachl
OTCYTCTBYIOT. Tputuii mpousBoasT, o0aydast JUTUH OBICTPBHIMU HEHTPO-
HaMU:

"Li+n— *He+T+n—2,47 MaB. (16.3a)
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OO6pa3oBaBIIUiicsS MEIJICHHBIH HEUTPOH MOXKET MPOPEATHPOBATH C IPYTUM
MPUPOAHBIM U30TOMOM JIUTHSL:

°Li+n— *He+T+4,8 MaB. (16.36)

B pesynpraTe momydaercs MOJIOKHUTEIBHBIA BBIXOJ IHEPTHH (IPUMEPHO
2,5M»5B), a Ha onuH OBICTPBIF HEHTPOH BHIXOAUT 0OJICC OJTHOTO TPUTOHA.
3aMeTHM, YTO PHEPrus B PEaKIUsAX CHHTE3a BBIACISCTCS B BHUJE KUHETH-
YeCcKOW dHepruu MPOAYKTOB peaknuil. Tak Hampumep, B peaknuu (16.1)
a-uactuna (t.e. *“He) ynocut snepruio 3,5 MaB, a meiitpon — 14,1 M»3B.
Peaxkmun (16.2) n (16.1) B KOHEYHOM HTOTE BEIYT K IMOSBICHUIO pa-
JUOAKTHUBHBIX MPOIYKTOB, KOTOPHIE 00pPa3y0TCs BO BTOPHYHBIX PEAKIIHUAX
C y4acTHEeM TEepPMOSICPHBIX HEHTPOHOB B CTEHKAaX peakTopa. DTOTO HEIO0-
CTaTKa JUIIEHA peaKius CHHTe3a JeHTepus ¢ JIeTKHM H30TonoM reus S He:

D+%He — *He+p+15,5 MaB. (16.4)

Ha 3emie *He mpakTuueckd OTCYTCTBYET, OJHAKO OH OOHAPYXKEH HA MO-
BepxHocTH JIyHbl. Eciau TepMosiiepHas dHEpTeTUKA KOTAa-HHOY b CTAHET
peaIbHOCTBHIO, BEPOSITHO, OHA OyJIeT OCHOBaHAa HMCHHO Ha peakuuu (16.4).

U [IpoGiiemMbl Ha TyTH JOCTHIXKEHUS YTIpa-
BisieMoit TepmosaepHoi Peakuu (coxpa-
Uy meHHo: YTC) He ucuepnbsiBalOTCS OJHOM

TOJILKO reosiorueit (ninm nmyHosorueit). s
TOT'O YTOOBI pEAKLHs CIUSHUS ABYX sep
OCYIIECTBHIIACH, HYKHO siApa COJIM3NUTH Ha
paccrosnue mopsaka ro ~ 1073 cm, Ha xo-
7 r  TOPOM Ha4yMHAIOT ACHCTBOBATH fANECPHBIC
cuiabl. Ha 60JbIIUX paccTOSHUAX JeHCTBY-
10T CHJIBI KYJIOHOBCKOT'O OTTaJIKUBaHUs. Jluist
MPEOJ0JICHHS KYyJIOHOBCKOTO Oaphepa (cMm.
Puc. 16.1. Kynonosckuii Gappep ~ PHC. 16.1) cTankuBarommecs sapa T0mxK-
HBI IMETh KHHETHYECKYIO0 SHEPTUIO 00Jb-
1€ BBICOTBI KYIOHOBCKO20 bapvepa:

el

62
Uy=— ~ 1M>5B.
ro
Ha caMOM J€JI€ HaXeE B ﬂﬂan 3BéS}I TeMnepaTypa IJ1a3dMbl 3HAYUTCIIBHO
MCHbBIIC 3T01>1 BCJIIMYWHBI, TCM HEC MCHCC peaKL[I/II/I CHUHTE3a I/IZ[yT. I[CJ'IO B
TOM, 4TO pCaKI.[I/ISI CHUHTE3a OKa3bIBACTCA BO3MO)KH017[ HpI/I .]'HO601>1 SHGPFI/II/I
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107 10
] T+D—n+'He 1 T+Dont'He
14 1074
] . 10"
10 D+D—p+'He 5
= E o 3 3
g ] D+D—n+T g 10 /) DDoptHe _“pop pir
6 104 g E
] ° 10
] 3 + E \
10 He+D—p+He A "He+D—>p+'He
E 107
0 Sl
0 100 200 300 400 0.0 50 100 150 20.0 25.0
W, xoB T, k5B
Puc. 16.2. Cedyenue peakuuii cuuresa Puc. 16.3. CxopocTb peakuuii cuHTe3a

CTAJIKUBAIOIIUXCS S/Iep M3-3a KBAHTOBOTO 3 dekTa mogbapbepHOTO MEpe-
xona. Bopouewm, ceyenue peakuuu SKCIMOHEHLMAIBHO Majo, €CJIM SHEPTUs
£ mana o cpaBHennio ¢ Uy. OHo nponopuuonansho £~ ! exp(—const/v/E).

Baxwueim siBnsercs ¢akrt, uto npu sneprun ‘£ no 10 k3B ceuenune Opr
peaknuu D+ T mpuMmepHO Ha ABa opsiaka Oosbiie ceueHus peaknuu D+ D.
Hns D+ T peakuuum MakKCUMYM CEUEHHUS MPUXOJUTCS HA SHEPTHUI0 TPUTOHA
E~100x>B (B mepecueTe Ha clydai, KOTAa JEUTOH TOKOUTCS). MaKCUMyM
CeUCHUS OpTmax = 5 0apH = 510724 cm? taxoke CyIIeCTBEHHO OOJbIIe 3HA-
YECHHUS TV(Z) ~ 3:1072% cM?, KOTOpOE MOXHO GBIIO GBI 0XKHIATH U3 TPOCTOMH
OICHKH I10 BEIUYNHE pagnyca IeHCTBUS Fg SAEPHBIX CHJI. Takas aHOMATuA
CBsI3aHa ¢ TeM, 4To peakuus D+ T HOCUT pe30HaHCHBIN XapakTep, U CIUs-
HHE Aep MPOUCXOAUT Yyepe3 00pa3oBaHne JOJITOKUBYIIET0 «KIacTepay.

3Has cCUCHHE PeakIWy, HETPYIHO BBIYMCIUTH YUCIO PCAKIUNA g B I~
HuIe 00pEMa B eIMHULY BpeMeHU. [ paBHOKOMIOHeHTHOH cmecu D u T,
np =nr = %n, OHO paBHO

1
g= Z"2<0DTV>’

TJle YTJIOBbIe CKOOKHM 03HAYalOT ycpeAHeHne Mo QYHKIMU paclpeaencHus
ICHTOHOB M TPUTOHOB, & V = |[vT — Up| — OTHOCHUTEIbHAsI CKOPOCTH pe-
arupyoomux yacTtul. Tak Kak Nnpu dHepruu E B HECKOJIbKO KHUIIODJIEK-
TPOHBOJILT CEUEHHE €CTh CUIbHOpAacTymas GyHKIUsS E, OCHOBHOW BKJa
B cpefHee (OpTV) BHOCST HAJATEIJIOBbIE YACTHIBI C SHEPTHEl B HECKOIBKO
pas npeBwsimarmmei temneparypy 7 (B cliydae MaKCBEJUIOBCKOH (HYHKIIUH
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pacmpeneneHus).

ITosyyum yciaoBUE MOJIOKUTEIBHOTO BbIXOJa TEPMOSAECPHON pEeaKLHu.
TepMUHOM n0.102CUmM eNbHbLI 8b1X00 XaPAKTSPHU3YIOT CUTYALHIO, KOT1a MO~
HOCTB, BBIACISIEMAasl B TCPMOSICPHON peaKIuu, MPEBBIIIACT MOTEPH dHEP-
TUH U3 TJIa3MBI.

Ecau Obl 4acTUIBI yAAT0Ch YACPKUBATH JOCTATOYHO JIOJTO, YTOOBI OHU
CMOTJIM BCE MPOPEarupoBaTh, TO EAMHCTBEHHBIM HEYCTPAHUMBIM KaHAJIOM
MOTEePh SHEPTUH OBLIO OB TOPMO3HOE H3NyUeHHE. UTOOBI HE NOMYCTUTH
OCTBIBAHHS TJIa3Mbl, MOIIHOCTh, PaBHYK MOIIHOCTH TOPMO3HBIX MOTEPh
Propy, IPUILIOCH OBl MOABOAUTE H3BHE. I1OCKONBKY Propy U n2, TO OTHO-
meHue Pyy/Propy ABISAETCS GYHKIHEH TONBKO TEMIEPaTyphl. YCIOBHE

Pay/Prop > 1

BoinosHsiercs npu 7 > 3 k9B (a npu 7 = 10 k3B 310 0oTHOMmEHHE paBHO 60).
OnHako pearbHO HEBO3MOXXHO U30aBUTHCS OT OTEPh YACTHII.
Beenem Bpems »KM3HU 4aCTHUIBI B IIa3-

10

] T+D—n+'He Me T. Torga 3a equHUIY BPEMEHHU U3 €JIU-
1 HHUIBI 00bEMa YHOCHTCSI MOIITHOCTh, PaB-
o 1
3 Has 3nT /1 (%T BBIHOCUT MOH U CTOJIBKO
3 0 )K€ JEKTPOH). YCIOBUE MOJIOKHUTEIBHOTO
< E
S BBIXO0J1a
1 1, 3nT
Pin = —n~(Optv)EpT > ——,
4 T
10" T T T T T ] ..
0 20 40 60 (rme Epr =17,6 MaB) naér
T, k3B
T>712T f(T) (16.5)
Puc. 16.4. T'padux K n = . .
S e

Gynkuus f(7) nMeeT MUHUMYM, TaK Kak P MajiblX 7 ObICTPO yMeHbIIA-
ercst (OprVv), a npu Goabux 7' pactér uncautenab (cM. puc. 16.4). Kak
BuaHO n3 rpaduka pyakuuu f(7) (cM. puc. 16.4), e MUHIMaIbHOE 3HAYE-
HHE fomin =3-1013 ceK/CM3 JNIOCTHTAETCS MpU TeMnepatype Tnin = 23,6 k3B.
310 oueHb BhIcOKas Temieparypa. C NpakKTHYeCKONW TOYKH 3PEHHS CHUXKE-
HHE TeMIepaTypsl MJIa3Mbl B 2—3 pa3a MOKET UMETh OYEHb BaKHOE 3HaUe-
Hue. [losToMy cuMTaeTcs, 4TO BHITOAHO YMEHBIIUTH I, HECMOTPS Ha TO,
4TO TIpHU 3TOM BO3pacTET nT. OOBIYHO B KaueCTBE OPUEHTHPA BBHIOMPAIOT
TeMIepaTypy

7= 1008 (166
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npu kotopoit £ =10'*cex/cm’. Toraa ycnosue (16.5) npusogutes Kk Hepa-
BEHCTBY

nt> 10" cex/cem? |, (16.7)

KOTOpO€ B COBOKYMHOCTH ¢ (16.6) Ha3pIBaeTcs kpumepuem Jloycona.

HyXHO moHHMAaTh YCIOBHOCTH NMPOBEAEHHBIX pacdeToB. C 0gHOM CTO-
POHBI, MBI IpEHEOpErany K.I.J. TEPMOAIECPHON INEKTPOCTAHIIUH, CUHUTAS,
YTO BCS BBIJICJIMBINASICS B PEAKTOPE TEPMOsIEpHAsl YHEPTUs IMEPEXOJUT B
none3nyio. C npyroil cropoHsl, Mbl cuuTanu, 4ro 3nT /T Tepsercs 6es3-
BO3BPATHO, TOTJIa KAK 4acTh €€ MOXKET OBbITh pexynepupoBaHa. OTmMeTnm
Tak)Ke, YTO €CJIH YHEPTHUSA TePsACTCS U3 MIa3MBbl OBICTPEE YeM, YaCTHIIBI, TO
B KpuTepuu JloycoHa MOIKHO CTOSATH BpeMs ynepkaHus sHepruu Tg. Ha-
KOHell, MoMuMo kputepus Jloycona, ecTh emé oaHO BaKHOE MOHITHE —
3adcueanue mepmosoepHol peakyuy. 3aXXKUTaHue HACTyNaeT, KOTia Bhljie-
asieMasi B Ijasme sHeprus O-dactul (eciam umeTh B Buny D+ T peakmuio)
KOMIICHCHPYET yTEUKy Telja W3 MiIa3Mbl. Torga peakius CHHTE3a MOXKET
uaTu 6e3 MpUMEHEHHs] BHEIIHMX MCTOYHHUKOB HArpeBa IIa3Mbl — HYKHO
TOJIBKO 00ECHEUNUTh yAaJeHHE «OCTBIBIINX)» MPOAYKTOB pEaKIIMU CHHTE3a
1 3aMEIIeHHE U3PACXO0J0BAHHOTO «TOPIOYETO» MaTepHaa.

Haumnas usydeHue GU3MKH IIa3Mbl, MBI OTMEYaIH (CM. IEPBYIO JEK-
LMI0), 4TO €€ CTAaHOBJECHUE KaK HAYKH B 3HAYUTEIbHON CTENEeHHU OBLIO CBS-
3aHO C TPOOIEeMOif OCYIIECTBICHUS YIIPABIAECMON TEPMOAICPHON PEAKIIHH.
Ctporo roBops, 3Ta 3ajjladya He pelleHa A0 CUX IOp, U OOJIBIIMHCTBO HC-
CIeOBaHMM B (pU3HMKE IIIa3Mbl A0 CHUX HOP CBA3aHO C pa3paboOTKO# mpo-
MBIIIIEHHOTO TepMosiaepHoro peakropa. O macmTabax NpOBOAUMBIX HC-
CIIeIOBAaHUH HEKOTOpOE MpeAcTaBiIeHUEe naeT puc. 16.5, rme m3obOpaxe-
Ha cxema kpymHedmero tokamaka JET, coopyxkennoro B 80-x rr. o00sb-
eIMHCHNEM E€BPOINECHCKUX CTpaH. TeopeTHYecKrne OCHOBBI TOKAMAaKOB OBI-
au paspaboransl B 1951 r. E.W. Tammom u A.J[. CaxapoBsiM, IpaBja,
cBO€ M300peTeHre OHM Ha3bIBAJIN MO-UHOMY, U JIMIIb HECKOJBKO JIET CITY-
crsa M.H. 'onoBuH npuaymai emy Ha3BaHue TOKAMAK KaK COKpalleHue OT
cI0B TOpoumaidbHast KAMepa ¢ MATHUTHOH KaTymkoil. Bcero Osvio mpen-
JI0KEHO OKOJIO JeCSATKA Pa3IWYHBIX CXEM yJeprKaHHS W Harpena IIa3MBl,
MpUYEeM HE HCKJIOYEHO, YTO IIaBHOE M300peTeHNe Ha 3TOM IyTH BCE ele
Brepenu. JIuaupyromuM HalnpaBlIeHUEM B HACTOSIIEE BpeMs ABIAETCS TO-
kamak. [lepBrIit Tokamak OblI mocTpoeH B 1955 r., u nonroe BpeMs Toka-
Maku cymectBoBaiu Tosibko B CCCP. JIumb mocne 1968 r., korma aHTIUN-
CKHME yUYEHBbIE CO CBOEH ammapaTypoil NOMEPSUIM TEMIIEPATypy IJIa3Mbl Ha
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Puc. 16.5. Kpynueiimuii B Mupe tokamak JET

tokamake T-3, moctpoenHom B MHCTHTYTE aToMHOM Hepruu uM. 1.B. Kyp-
yaToBa moja pykoBoacTBoM JI.A. ApuumoBHuYa, U MOATBEPAMIN, YTO TaM
JocTUrHyTa Temieparypa 10 MiIH rpaaycoB, B MUpE Hauyajcs HACTOSLIUI
O0ym TokamakoB. B 1993 r. na eBpomneiickom tokamake JET B ummynbc-
HOM peXKHMe B TEPMOSAEPHBIX peaKIusaX AOCTUTHYTa MoImHOCcTh 2 MBT, a
MoJITOpa roja cnycrts Ha amepukaHckoi yctaHoBke TFTR BoineneHo yxe
10 MBT. DTOro eme HEIOCTATOYHO JJIsI OCYIIECTBIACHUS CAMOTIOIIEPHKH-
Barolleiics ynpasisieMoil TEpMOSAEPHOM peaKkiui, TEM HE MEHEE 1eJIb yKe
onm3Ka.

Jutepatypa: [9,8§1.1, 1.2],[11, §2, 4]

» 3agaua 16.1

Hcnoavsys uucaosvie napamempot, npusegeqtvle 8 ACKUUU, CHOPMYAUPOBAMb
kpumepuit 3axcuzanus D+ T peaxyuu.

» 3agaua 16.2

Haiimu menaosoii nomoxk na cmenxy mpy6ul, BHYMPU KOMOPOLl yAeprcusgaemcs

-3

mepmosgepras DT-naasma ¢ naomnocmoio n = 10" cem™3 u memnepamypotu

T =10x2B. Paguyc mpybu R.
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» 3agaua 16.3
MoxcHo AU NOAYUUMb NOAOHKUMENbHBLE SHEPZEMUUECKUN 8bIX04, 006AY4as nyu-
KOM MPUMOHOB, YCKOPEHHBLX A0 BbICOKOLU HEPZUU, MUUUCHD U3 AbAd MANCENOL
sogu1?
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OTBeTHhI K 3a/1a4aM U
yIPaKHEHUSIM

1.2

2.3

3.3

[Vkazanue:] yuecTs, 4yto nipu [ ~ rp, On ~ n BeauurHa Ze O mopsaka
T.

Bocnonbs3oBaBmucs popmynamu (2.8) u (2.11), Haxoaum, 4T0 2HEP-
T'Usl DIIEKTPOCTATHYECKOI'0 B3aMMOJCHCTBHS Ha eIMHUIY 00BbEMa w
MPUMEPHO paBHa

W —\/_TIZ3e3ni3/2/Tl/2 = —\/_TIZ3/263}12/2/T1/2.

Kunetnueckas sHepTHUs MIa3Mbl B eIUHHIE 00hEMaA OMMU3Ka K %neT,
TaK Kak n, > n;. B uaeanbHO#W mjaa3Me OHa JOJDKHA OBITH OOJbIINE
SHEPrUU 3JIEKTPOCTATUUECKOTO B3aumoneucreus, T.e. T > Zezn;”.
DTO yCIIOBHE MOXKET OBITh 3amucano B Buge Np > 1, rae Np ~ ner% —

YHUCJI0 YacTHUll B jebaeBckoil chepe (mpuMepHO paBHOE YHCIY DJIEK-
TPOHOB), & I'p ~ \/4TZe%n,/T — nonublii 1ebaeBcKuii paauyc.

BHyTpeHHUMHU cTenmeHs MU CBOOOJBI aTOMOB, MOHOB M JJIEKTPOHOB
SIBIISTIOTCSL MPOCTPAHCTBECHHAS OPUCHTALHS CIUHA U OPOUTAIBHOTO
MOMeHTa. BpamatenbHbie MOMEHTHI H3MEPSIOTCS B enuHUnax h. W3-
MEpPCHHBIH B 3THX €IMHUIIAX CIIHH 0003HAYAIOT Yepe3 S, a opOuTanb-
HBI MOMEHT — 4epe3 L. DTH MOMEHTHI CKIaJAbIBAIOTCS MO MpaBUiiaM
KBaHTOBOM MEXaHHUKH, JaBas MOJTHBI MOMCHT KOJHUYECCTBA ABHIKCHUS
J, KOTOpBIH MOXET NPUHUMATh 3HadeHus ot |L — S| mo L+S uepes
enununy. CocrossHue ¢ MoMeHTOM J umeeT cratBec 2J + 1, Tak Kak
npoeKnus BekTopa J Ha MpOU3BOIBHOE HANpaBlicHUE (HAlpaBlIeHHUE,
3aJlaBaeMoe U3MEPHUTEIbHBIM MTPUOOpOM) TpobderaeT eJTOUNCICHHBIE
3HayeHus ot —J uepes 0 no +J. HeTpyaHo moacuuTaTh, 4TO MOJHOE
YUCJIO PA3IMYHBIX KBAHTOBBIX COCTOSHUHN C 33 JaHHBIMH 3HAYCHUSIMHU
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L u S paBro (2L+1)(2S+1). OpOuTanbHBII MOMEHT 3JE€KTPOHA HA k-
M DHEPTETUUYECKOM YPOBHE MOXKET UMETh LEJIOYUCICHHbIE 3HAUEHUS
ot 0 1o k — 1. Beruucinsis cymmy g = le;() (2L+1)(2S+1) u yuutsliTasi,
4YTO CIHUH 3JIEKTPOHa S paBeH %, HAaXOJHUM HUCKOMYIO BEIUYUHY CTa-
TBeca: g = 2k*. ITlpu 3a1aHHOM COCTOSHHH SIEKTPOHHOH 060JI0UKH
aTtoma s1po (IIPOTOH) MOXET HaXOAUTCS B ABYX COCTOSTHUSAX, TAK KaK
€ro CITMH TaK)Xe paBeH % [TosToMy, cTpoOro roBOps, BEIUUHHY g Clie-
JI0BAJI0 OBl yMHOXMTh HA g) = 2% +1=2. OnHako npu onpeaeneHuu
CTaTBECa aTOMa CTEIEHH CBOOOBI siApa 0OBIYHO HE YUUTHIBAIOTCS.

3.4 Ecnm TeMmepaTypa HU3Ka B CPAaBHEHUH C MOTEHIIMAJIOM HOHHM3AINH,
TO YWICHBI psiia OBICTPO YMEHBIIAIOTCS MO BEIWYNHE M IIOCJIE HEMHO-
TUX TEPBBIX YJIEHOB CTAHOBITCS IPEHEOPE)KMMO MajbiMH. Takum
00pa3oM, BO3HHMKAET BIIEUATICHUE, YTO PSJ CXOJIMUTCS, IO KpalHeH
Mepe, IIPH He CIHUIIKOM BBICOKOI TemmepaTtype. OmHaKko psax B neil-
CTBUTEJIBHOCTH SIBJIACTCS aCHUMIOTOTHYECKHM. Tak Ha3bpIBAIOTCA psa-
JIbl, TIEPBbIE WICHBI KOTOPBIX OBICTPO YMEHBIIAIOTCS, HO IMOJIHAS CYyM-
Ma psifia TeM He MeHee pacXoauTcs. IIpakTuuecku Bceraa nNoinb3yoT-
Cs TEM, YTO Ha3bIBACTCS aCUMITOTHYECKOH CXOAMMOCTBIO, T.€. 0epyT
CYMMY NECPBBIX HECKOJBKUX YJICHOB, MPAKTHUYCCKU HEC 3aBUCAIIYIO B
HEKOTOPBIX Mpeaenax OT YHCIa B3SATHIX YiIEHOB. Pusnueckoe 00-
OCHOBaHHE TAKOTO crocoba obpameHus ¢ GopMaIbHO PACXOIAIMIM-
Csl psIAOM B JAaHHOM CJIydae COCTOUT B TOM, YTO PACXOAUMOCTb BO3-
HUKaeT TOJBKO JUII M30JMPOBAHHOTO aTOMa B OECKOHEYHOM 0OBbeMme.
ITpu k — 00 GECKOHEUHO YBEIMYMBAETCS PAJANYC IEKTPOHHON opOu-
Thl, 7y = apk. CiemoBaTenbHO, B pe3ylbTaTe B3aUMOJEHCTBUS C CO-
CCIAHUMHU aTOMaMM YHUCIIO ypOBHeﬁ OKa3bIBACTCSA KOHCYHBIM.

4.4 [Otser.] po/TU
6.1 [OTBeT.] (Oyve) = 8+/2TT /ma} exp(—1/T).

6.3 ... Ucnonssys (6.6), (3.9) u pemenune 3aga4u 6.1, Haxoqum v 16.10.1998
1
B = 641 C(ca%?,

rae O =e*/hc=1/137 — nocTOAHHAS TOHKOH CTPYKTYPHI. A

6.4 JIBuxkeHHE s/lep MOKHO PacCMaTPUBATh KJIACCUYECKHU, TAK KAK JIU-
Ha BOJIHBI A€ BpOI\/'IIISI, COOTBETCTBYIOIIAA A/ApaM, Majia BCICACTBUC UX
6ospmroit Maccel. bomee Toro, ABMXKEHHE SACP MOXKHO CUMTATH MPS-
MOJII/IHCI\/'IHBIM, JaXe €CJIN UX OHEPTUA MCHBIIIC DOHEPTUU MOHHU3AIINH.
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Puc. 16.6. [ToTeHuuanpHas sHEpTUs B
moJie IByX MPOTOHOB

PaccMoTpuM MOH, NPOJIETAIOIIUNA CO CKOPOCTBIO V HA PACCTOSIHUU P
OT HEIMOJBMKHOTO aToMa. [Ipeamnonoxum, 94T0 P 3HAYUTEIBHO 00JIb-
e pajgnyca opOMTHI 3JIEKTPOHA B aTOME dp. 1eM He MeHee, corjac-
HO 3aKOHaM KBaHTOBOW MEXaHHMKH, BEPOSTHOCTh OOHAapyXHUTh aTo-
MapHBIH 2JIEKTPOH HAa PACCTOSHHUM P OT aTOMa HE paBHa HYJIO, XOTs
n mMana. DToT 3¢ PeKT Ha3bIBaeTCs MoA0aphepHBIM MPOXOXKICHUEM,
TaK KaK 4TOOBI yIAMUTHCS OT SApa aTOMa, AIEKTPOHY HYXKHO MPONTH
moJ 6apbepom, BICOTAa KOTOPOTO MPUOIN3UTENBHO paBHA MOTEHI[HA-
ny nonuzanuu / (puc. 16.6). BepossiTHOCTD 1M010apbepHOTO MPOCAUH-
BaHUs Ha PaccTOosiHUe P oleHUBaeTCs Kak P ~ exp(—2+/21/mp/h) =
exp(—2p/ap). Bpewms, B TedeHHe KOTOPOrO aTOM M MOH HAXOJST-
Cs1 Ha MHHHMAaJIbHOM PAacCTOSHHUHU P APYyT OT JIpyra, NIPUMEPHO paB-
HO At ~ p/v. Bpemst 0OpalieHus 3IeKTPOHA BOKPYT s[pa aToMa paB-
HO T ~ ag/v,. CienoBaTelnbHO, 3a BpeMsl COTMKSHHSI HOHA C ATOMOM
2JIEKTPOH Af/T pa3 MOXeT 0Ka3aThCs BOJIW3HM TPACKTOPUU MpPOJIeTa-
fomero noHa. Kax7plil pa3 BepoATHOCTb TaKOTo coOBITHS paBHa P.
Oxa3aBmInch OIMKE K HOHY, YeM K APy aTOMa, 3JIeKTPOH 3aXBaTHIBa-
eTCs Ha aTOMapHYI0 OpOUTy MOHA, a HOH CTAHOBHUTCS aTOMOM. Takum
00pa3oM, BEpOSITHOCTH Mepe3apsaJKi Ha 3aJJaHHOM PAacCTOSIHUM P IO
MOPSJKY BEJIMUYMHBI paBHA

P ~ PAt/T ~ (pvy/agv) exp(—2p/ag). (16.8)

Jnsa veGonpmux P 3Ta GpopMysa HE MPUMEHHMa, TaK Kak TaM ¢Gop-
MaiabpHO P > 1. DTO 03HadaeT, 4TO JIEKTPOH MHOTO pa3 ycleBaerT Ie-
pedTH oT ogHOTO sapa K npyromy. CrnemoBaTenbHO, BMecTO (16.8)
MOYHO HCIIOJIb30BaTh BEPOSITHOCTD Iepe3apsaku, pasuyto 1/2. Ilpu-
paBHuBas (16.8) k 1/2, mony4yum MakCUMalbHOE PACCTOSHUE Pex, Ha
KOTOpPOM TIpoIiecc 0OMeHa 3JIEeKTPOHOM MEXIy SApPaMH emé BO3MO-
KEeH: Pex ~ ap In(v,/v). Toraa cedeHue nepe3aps K OLHEHUBAETCS MO
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7.1

7.2

bopmyie

Ocx ~ TP2, ~ T In% (v, /v). (16.9)

[OtBeT:] OnHa paBHA vy = C%Jo(kp) cos(kY), rne Jo — dbynkmus bec-
cessd mepBOro pojaa, P — JApMOPOBCKUM paguyc 4acTHIbI, a ¥ — KO-
opauHaTa Beaymiero neHrpa. Ilpm kp < 1 B mepBOM NpHUOIMIKEHUH
Jo(kp) ~ 1, moaTOMy OKa3bIBaeTCs, 4TO YacTHIA Jpelidyer co ckopo-
CTBIO DNEKTPUUIECKOro apeida vy = cE /B, KoTopasi He 3aBHCHT OT .
OnHaKko ydyer clieqyIolero 4ieHa B pa3jioxkeHun GyHkuuu beccers
Jo(kp) =~ 1 — (kp)?/4, ckomb GBI Mas OH HU GBI, TOKA3BIBAET, 4TO CKO-
pocTh apeiida paznuyHa s JIEKTPOHOB M MOHOB, MOCKOJIbKY H3-3a
Pa3HUIBI MACC OHH OOBIYHO UMCIOT Pa3HYIO BEIMYUHY JIaPMOPOBCKO-
ro paauyca pP. B pesynbprare siieKTpudecKuid apeid B HEOAHOPOJ-
HOM 3JIEKTPUYECKOM I10JI¢ HPUBOJUT K Pa3AeCHUIO 3apsigoB. OTO
SIBJICHUE Ha3bIBaeTCs 9P (PEKTOM KOHEUHOTO JTAPMOPOBCKOTO paanyca
U IPUBOAUT K BAXXHBIM IMOCJICACTBUAM IJIA yCTOﬁ‘IHBOCTH I1JIa3MBbI.

[ToBTOpUB C HEOONBIIUMHU JOMOJHEHUSMH BBIBOJ, MPUBECAEHHBIN B
JICKIIMH, HETPYAHO YCTAHOBUTH, YTO ((Be}IyH_[I/If/'I LOECHTP» 4aCTUIbI Hpeﬁ-
(dyeT co ckopocThio

(R) =vp =c[(E),h]/B,

rne (FE) — cpeanee 3HaueHue E 3a meproa HUKIOTPOHHOTO Bpa-
meHnst yacTubl. OTHAKO CKOPOCTh apeiida gacTuusl (v) He pasna
CKOPOCTH «Beaylero ueHtpa» (R), mockonsky (v) = (r) = (R)+ (p).
ITpuyrHa HECOBMAACHUSI CKOPOCTEH oueHb mpocra. Kak BHIHO H3
puc. 7.6, HEHTpP JapMOPOBCKOH OKPYKHOCTH, IO KOTOPOH IBUXKETCS
4acThla, B ACHCTBUTEIBHOCTH PACIIONOKEeH B Touke (R) + (p), KoTO-
past He comanaer ¢ (R), ecnu (p) # 0. B Hamewm citydae

1

(p) = ) [ve,h].

Beluuciaus (p), HAXOJUM, YTO B MEPEMCHHOM BIIEKTPHUYCCKOM MOJIE
CKOPOCTB Apei(a YacTULBI IO CPaBHEHHIO ¢ R CONEpKUT OMOIHHU-
TEJNbHBIN YJICH: v 16.10.98

o) = ZM i, B .

B MCOJICHHO MCHAIOIEMCA MOJIE OH 3HAYUTCIIbHO MEHBIIIEC MEPBOTO, A
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OJIHAKO B OTJIMYHE OT HETO 3aBHCHUT OT MAcChl (Yepe3 MOCPeCTBO Ya-
crotel Q). [To3TOMy B EpEMEHHOM MOJI€ IAEKTPOHBI U HOHBI JpEii-
GyIoT ¢ pa3HoOll CKOPOCThIO. B pesyibprare mia3zma mnojspusyercs, a
BBIYMCJICHHBIA HAMH JOTOJHUTENBHBIA YJIEH €CTh CKOPOCTD MOJISPH-
3alMOHHOTO0 JApeida:

c
Unonap. = pey [[h,E],R]|. (16.10)

3anumniemM ypaBHEHHS IBHUKECHUS YaCTHUIIBI, TpeHeOperas nepeMeHHOi
4aCTbhI0 MAarHUTHOIO IIOJISA, TaK KaK IIPU HEPEIATUBUCTCKUX CKOPO-
CTSIX JIBM)KCHUS COOTBETCTBYIOIAs fo0aBKa K cuiie JlopeHna 3aBeno-
MO MaJjia 10 CPaBHEHHUIO C DNEKTPUYECKON YaCThIO CHIIBL:

v = B+ Q)

v, = — 1, Q.

CJ'IO)KI/IM OTH ABa YPAaBHCHHA, MPEABAPUTECIBHO TOMHOXHUB IEPBOC HA
exp(iQt), a BTopoe Ha iexp(iQ¢). [TonyunBmeecs ypaBHeHUE

d . : e ;
— (e +ivy)e ¥ = — Ee'
dt m
JIETKO MHTETPHUPYETCS MPHU MPOU3BOIBHON 3aBUCUMOCTH E(¢): v 16.10.98
. . I Ly iQ(f'—1)
vyt ivy = (vxo Tivyo)e +— [ dt'E(t)e .
m.Jo

Ecnu E(¢) n3aMeHsieTcsl HE3HAYUTENBHO 32 EPUO]] BPAIICHHUS YaCTH- A

Bl 271/, HHTErpal MOXHO MPHUOIMKEHHO BBIPA3UTh Yepes TeKyliee
3HaueHue E(¢), IpOUHTETPUPOBAB HECKOJIBKO Pa3 MO 4aCTsAM:

t
' o i U'=0) tdt' dE(t)) o
/E / lQ([ 7[): E t/ _/ ZQ(Z‘ 71‘)
/odt (#)e o PO ) ar ©

. ’ t
_E@ _ PO ED)| IA di' dE(W) ou-n
iQ (iQ)2  dr o (iQ)?2 4r?

_E(M 1 dE@)

i (iQ)? dt

Kaxx bl HOBBINM 4YJIEeH BOZHUKAIOILIEr 0 PsAJAa COACPKUT JOMOTHUTENb-

HBIN MaJIblii MHOXUTEIb é 110 CPAaBHEHUIO C MPEABbIAYIIUM. Y AepKaB
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7.6

9.1

JiBa IEPBBIX YJICHA pAAa U OTACIINB BCIIECCTBEHHYIO YaCTh YPAaBHCHUA
oT MHI/IMOI7[, HaXoaum

. c dE
Vx = Vi €08(€21) +v,08in(Q1) + 30 a1

. E

Vy = V0 €0S(Q1) — vy sin() — ¢ 3

Ocuuiuiupylomue ciaraeMble 31ech OMUCBIBAIOT JIAPMOPOBCKOE Bpa-

menue. [locnennee ciaraemMoe B MpaBOil YacTH IEPBOTO ypaBHEHUS

€CTh CKOPOCTH MOJIIPU3AIMOHHOTO Jpeida, a mociaeaHee ciaraeMoe
BO BTOPOM YPaBHEHHH €CTh CKOPOCTD JIEKTPUYECKOI0 Apeida.

B TeueHne KOPOTKMX INPOMEXYTKOB BPEMEHM NPOUCXOAUT U3MEHE-
HHE MONEePeUHoil dHepruu vactuusl W, = %mvi IPONOPLUUOHAIBHO
M3MEHEHHUIO BEJIMYMHBI MAarHUTHOTO mmoss B, tak kak U = W, /B =
const. B TeueHHe NIMHHBIX NPOMEKYTKOB BCIIEICTBHE KyITOHOBCKUX
CTOJIKHOBEHUH NPOMCXOJUT BbIpaBHUBAHUE NONEpEUHON W u mpo-
noinpHOU W, = %mvﬁ sHepruii. Benwuuwwst W, W, u W =W, +W, B
MOMEHTBI BpEMEHHU, COOTBETCTBYIOLUIUE OKOHYAHUIO OYEPEIHOI0 UH-
TepBaja, yka3aHbl B TaOIHIe:

t W, W, w
T %Wo %WO "o
T | 31 +a) 0 Wo(1+3)
24T | R (1+ R Wo(1+3)  wo(1+3)
2121, | (143 /(1+a)  (1+32) W,

CknaneiBast W u W, B mocinenHe cTpoke TaOIUITbI, HAXOIUM, YTO

e +2cx/3)(1+0(/3)W
= 0.

" 1+a

IIpu a < | u3MeHeHUe >HEPruM 4YacTHUIBl 3a Mepuoj paBHo AW =
W, —Wy =~ %G2W0. [TockonbKy 4acToTa KyJOHOBCKUX CTOJIKHOBEHUMN
HMOHOB M 3JCKTPOHOB CYLIECTBEHHO pa3jiM4Ha, HOAOOPOM JJIUTEINb-
HOCTH MHTCPBAJOB T; U Tp MOXHO 0o0ecreuuTs CeJIeKTUBHBIN Harpes
9JEKTPOHOB UJIU HOHOB.

Brigenum mpou3BONBHBIA HEMOABMKHBIA 00b6EM (puc. 9.1). B HéM
conepxurcs [nd’r wactun. IIpu OTCYTCTBHM MPOIECCOB pacraja
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9.3

9.4

9.5

UIW CIUSHUSA 4YacTul (HaIpuMep, B pe3ylbTaTe XMMHYECKUX peakK-
LUIl) U3MEHEHHE UX 4YHcia %fnaﬁr MOXET OBITH CBSI3aHO TOJIBKO C
noTOKOM 4Yactull § nudS depe3 rpanuny oobéma. [IpupaBHIB 3TOT
MOTOK K M3MEHEHUIO YUCIIa YACTHUI], HOTYyYUM

d 3. _
E/nd = j{nudS.

3HaK MUHYC B IPaBOil 4aCTH TOr0 PABEHCTBA CBS3aH C TEM, UTO BEK-
TOp JICMEHTA MOBEPXHOCTHU d.S HAINPABICH 0 BHEIIHEH HOPMAIIH K
rpanuie o0bpéma. [Ipou3BogHYIO MO BPEMCHU B JICBOW YaCTH paBCH-
CTBa MOXHO BHECTH IOJ 3HAK MHTErpaljia, MOCKOJbKY BBI}IeHeHHHﬁ
00BbEM HEMOABMIKEH; MPH ITOM IMOJIHYIO MPOHU3BOAHYIO IO BPEMEHH
HY>XHO 3aMCHHUTH Ha YaCTHYIO, YTOOBI MOMYEPKHYTh, YTO IIEPEMCH-
HYIO MHTCTPUPOBAHHS T HE HYKHO aupepeHuupoBars. B mpasoit
4aCTU PaBEHCTBA MHTETPAJ MO MOBEPXHOCTH IMpeodpa3yercs B HHTE-
rpai mo o0sEémMy npu moMoInu TeopeMsl OcTtporpanckoro-laycca:

on
at

Tak xak mpaBasi M JIeBas YaCTH MOJIyYEHHOTO COOTHOUICHUS PaBHBI
JUIS IPOU3BOJIBHOTO 00BEMa, JOIKHBEI OBITH PaBHBI TaK)XKe IMOJBIHTE-
rpailbHbIe BeIpakeHHs. ClenoBaTeNnbHO,

—d’r= —/dlv(nu)a’3

g—?ﬂLdiv(nu):O. (16.11)

[Vkazanune.] MHTETpas CTOTKHOBEHUH Y100HO 3amUCcaTh B BUJIE
St,; = constv™ ! div, F = const div,(F/v),
yunutsiBasi, 9to Fv = 0.

OO0uuM peneHueM CTallHOHApHOTO ypaBHeHust Binacosa (c df/0f = 0)
ABAseTCA nMob0as (QYHKIWS, 3aBUCAMIAS OT WHTETPAJIIOB JBUKCHUS.
B npeiidoBom mpuOIMIKEHUN WHTETpalaMU JIBMKCHHUS SBISIOTCA £ =
’”—Vz + e — dHeprus 4acTHIBl B AIEKTPOCTATHISCKOM MOJIEe C MOTEH-

2
lVL

unanom ¢, 4= = — maruuTHsli MoMenT, J, = [ 1/(2/m)(€ — UB — ed)ds
— NPOJONBHBIN azma6aTI/1qec1<1/m naBapuant. [loatomy f' = f(g,U,J,).

VuurteBas, uto d°v = 2Tv, dv, dv, = 2T(Bdy/m)(de/mv,), nonydaem
UL TWIOTHOCTH 3JIEKTPOHOB M MOHOB CIIEAYIONIEE BEIPAKEHNUE:

2\/—118/ foidedp
Nej =

YD)

\/87 ee,
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9.7

10.1

10.2

10.4

Otcroja clielyer, 4to ne; = N i(B,$). VI3 ypaBHeHHs KBa3HHEHTPalb-
HOCTH €.n, + en; = 0 3akmoyaem, 4to ¢ = ¢(B), a cieaoBaTesbHO,
Nei = Nei(B). OueBUAHO, YTO HPOJOJIBHOE U MONEPEYHOE JaBIIEHUE
B ILUTa3ME TAaK)Ke 3aBUCST TOJIBKO OT B:

4218
:Z/d3vme"ivﬁfe"i* 3/2 /\/87 — e fe,dsdu,
el e,z

me,iv2 2\/_T[B2 bided
L:;/d3v—2lfez_ / We H

e,z 3/2 €— HB - e€,i¢
[Vkazanue.] YdecTh, 4TO IpU CTOJIb OONBIION pa3HUIIE MEXKIY dHEP-
rueil HOHOB U TEMIEPATYyPON IJEKTPOHOB MEPBHIE TOPMO3SATCS B OCHOB-
HOM Ha 3JIEKTPOHAX, a PACCEHBAIOTCS HA HOHAX.

BeimonuuB uHTerpuposanue B popmyne (10.5), B pe3ynpraTe mpo-
CTBIX BBIYHCIICHUN MOJTydaem

Rgg>:_w7 (16.12)
T
rae
1 4V2m mZ%e*A
S dvemmee A (16.13)
T 3 1/2 3/2

3necs HHACKC U 'y 0003HadYeHHs cuibl R yka3pIBaeT, 4To €& Mpomc-
XOXJICHHE CBA3AHO C OTHOCHTEIIbHBIM JABUKECHHUEM JIEKTPOHOB U HO-
HOB. MBI YBUIUM Ha cieaytoniei gseknuu, 9yto JR conepxur emé oa-
HO cllaraemMoe, IPOTNOPUHOHAIBHOE TPAJAUCHTY TeMIepaTypbl. Tam
K€ MBI IMOJIYYUM TOYHOC PCIICHHUEC, BKIOYAOMICC OTBICKAHUE (pyHK-
LIUU paclpeAeeHUs 3JIeKTPOHOB AJIs Cllydas JOPEHLEBCKOH I1a3Mbl
(tounas dopmyna guaa R, oTauyaeTcs oT R,(,g) YHUCIOBBIM K03 Pu-
mueHToMm 371/32 ~ 0.29).

[OtBert:]

3/2
s=n|In——+const |. (l16.14)
n

BbrunciuB MOMEHT KHHETHUECKOTO YPABHEHHUS C BECOM mv2/2, 1oJy-
YUM

o (nmu* 3  (nmu* 5
— +Z + +Z = 0+uR. _
at( > 2nT> d1V( > 2nT>u O+uR (16.15)
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13.3

Crnaraemsle, cojepKalue MPOU3BOAHBIE OT nmu’/2, mpeobpasyewm,
CHayaJla MCII0JIb30BaB ypaBHEHUE HENPEPBHIBHOCTH

0 nmu? T di nmu> 0 mu? N Dmu2 N mu? [ on T di
—_ V—u=n|=——+tuld— — | = vau
or 2 2 ot 2 2 2 \ ot ’

a 3aTEéM COOTHOUICHUEC

9 2 2
n (5% +u[|%) = —ullp+uR+neFEu,

cienyromee U3 ypaBHeHus ABmkeHus (10.7) mociie yMHOXKEHHS CKa-
nspHO Ha u. B pesynbrare u3 (16.15) monyvaem

30 5
5 {a—lz +qu} = —neFu— Epdivu-i-Q.
B ypaBaennu HenpepsiBHOCTH (10.3) BeImonHUM mousieHHOE qudde-
peHuupoBanue B divau:

ot

Tenepb CJIOKHUM IIOCJICIAHHUEC ABAa YPaBHCHHA, YMHOXHB IIEPBOC Ha
1/p, a Bropoe — nHa —5/2n. Tak kak coraacuo (16.14) d(s/n) =

[O_n + an} = —ndivu.

3dp/2p—>5dn/2n, B pe3ynbrate momydyum uckomoe ypasuenue (10.13).

[TycTh 3I€KTPOHBI U HOHBI B CPEIHEM ITOKOSITCS, TAK YTO Yyepe3 Mpo-
M3BOJILHOE CEUCHUE z = z( CJIEBa HANpPaBO U CIIpaBa HaJIEBO B €IUHHU-
Iy BPEMEHHU MPOXOJHUT B TOYHOCTH OJIMHAKOBOE UHCIIO JIEKTPOHOB
j ~nevre. Co CTOPOHBI HOHOB HA 3TH MOTOKH JIEHCTBYIOT CUIIBI Tpe-
HUs R+ 1 R_ COOTBETCTBEHHO, MPUUYEM R4 ~ m,jVy. Tak Kak yactoTa
CTOJIKHOBEHHH V1 3aBHCHUT OT TEMIIEPATYphl, pe3yJbTUPYIOIIas CUiIa
R; = R, + R_ ne paBua HylIo, eciu 07,/0z # 0. YuursiBasi, 4TO B
TOYKY Z = z( TIOTIAZAI0T 3JIEKTPOHBI B CPEJTHEM C PACCTOSHHH MOpsaKa
A~ vTe/V, n3 obmactu z > zy OyAYT HPUXOIAUTH IJIEKTPOHBI C dHEP-
rueil mpuMepHo Ha AOT, /0z Gonbliei SHEPTHH AIIEKTPOHOB, IIPUXO -
mux U3 o0macTu z < zg. IloaToOMy pe3yapTUpyIOmas CUia Mo NOPAIKY
BEJIMYNHBI paBHA
ANOT, . mevi, OT, 0T,

Ry~ — —mejV~—ne—=— ~He —.
T, 0z T, 0z 0z
Omna HampaBJieHa IPOTUB TPaIUCHTA TEMIIEPATyPHI.
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13.5

13.6

WNmewm pemenue ypaBaeHus (13.5) ¢ af“

OIHOPOJIHA) B BUIE

= 0 (Tak Kak miIasMa Ternephb

o0f = d(v)cosT,

npudéM yCIOBUMCH, YTO fy €CTh MaKCBEeIUIOBCKasg QyHKIusI c u =0, a
MOTOK YACTHI[ OMKUCHIBAET TOMpaBka Of K QyHKIHUH pacupeneicHus.
WHpIMU ciioBaMu, NCIOIB3yEeM KalnOpPOBKY

u:l/véfd3v. (16.16)
n

B nannoii 3amade oHa ynobuee, uem (13.3). lomuoxwus (13.5) Ha
vC0s B 1 IPOMHTETpUPOBAB 1O d>V, TIONYYHM ypaBHEHHE

—eEn.= R, (16.17)
rae
. 400 8tumd
= m/ V2 s1n969 %__—/ dv®(v). (16.18)

Wcknrouns B ypaBHeHuu (13.5) anekTpuyeckoe MoJie C MOMOULIBIO
(16.17), momyunum ypaBHEHHUE It onpeaeneHus QyHknuu O (v):

4T[ mvt

O(v) = fM/ dvd(v). (16.19)

Ero pemenuem spnsercs dyukuus O(v) =B (v/vr.)?* fi ¢ mpon3Bois-
HBIM K03 dunuentom B. DToT k03P HHUIMEHT HAXOIUM U3 YCIOBUS
(16.16): B=/Tu/4vr,. lloncTaBus HaliIEHHYO GYHKIHUIO pacipese-
nenus B (16.18), HAXOAUM CHIIy TPEHHS 3JIEKTPOHOB 00 MOHBI B CIIy-
Yyae JIOPEHIIEBCKOM M1a3Mbl:

3 meneue

Rue - 3_2 T

(16.20)

Ucnonb3ys (13.12) n ¢yHKIUIO pacupeneleHus] 2JICKTPOHOB, Haii-
JICHHYIO B 3az1a4e 13.5, Bpruucisiem:

2
=/M(U—u)fd3v

mv mv

U5fd3v—/m(vu)vfMd3v— ufMd3v

3
=4n,T,u —n.J,u — =n.T,u

2

= El’leTg’U,.
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13.8

15.1

16.2

[TonHbI# 3JIEKTPOHHBIN MTOTOK TEIJIA . PABEH CYMME Qe U q7e.-

Jlo6GaBuB x mpaBoii yactu ypaBHeHus (16.15) div(KkUT) u moBTOpHB
BCE BBIKIAAKK u3 3axadu 10.4, momydaem:
d s .
HTE_: —neEu+div(kdT). (16.21)
n

[TonenuB MOLIHOCTb U3Iy4EeHHs U3 eAMHUIBI 00bEMA Ha IHEepruto ¢o-
ToHa hw, nonyuum o3 Z>Ain.nv, rie o =e? /he=1/137 — nocrosHuas
TOHKOH CTPYKTyphl. MHOXHTENb 0°Z% < 1 ecTh BEpOATHOCTH H3ITy-
9UTH (POTOH MPH «JITOOOBOM» CTOITKHOBEHHUH IEKTPOHA C HOHOM.

ITockoybKy NpUBEAEHHBIE IAPAMETPHI COOTBETCTBYIOT KpuTeputo Jlo-
yCOHa, TEIUIOBOW MOTOK M3 eAMHHUIbBI 00béMa paseH 3nT /T, rue T =
1 cex. [ToTok S Ha eMMHUIY TOBEPXHOCTH HAXOUM U3 ypaBHEHHUS 0a-
JaHca

2nR.S:nR2ﬂ.
T

Otcrona

3 3nTR
5531

B
=2,4-10°-R[m] .
M

[pu R =1 ™ nomyuum S = 240 kBt/m2. DTo 4uCIIO0 MOTYHEHO B TIPeJ-
MOJO0KEHNUH, UTO O-4aCTULBI JOCTUralOT cTeHKU. Ecnu oHM Topmo-
3sITCSI B [JIa3M€, TO TEIIOBON IIOTOK HY)KHO YMHOXHTb Ha 4 /5.
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