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803MO~HOCTb 3¢$€KT~BHOrO ~Cn0Db30
BaH~R KODD€KT~BHOrO yCKO­

p~Tem~ TflmenbiX ~oHoe KYTV1 /1/e Kal.leCTBe ~H~eKTopa TRmeno~oHHo­

ro c~HxpoTpoHa TV1C 121 a 3Hal.l~TeDbHO~ CTeneH~ onpeAenReTCR KoH­

¢J~rypa~~e~ $a30BOrO npOCTpaHCTBa, 3aHHMaeMOrO HOHHbiM nyl.lKOM 

KYTV1, a TaKme pacnpeAeneH~t~eM nnOTHOCTH ~t~OHOB e 3TOM npocTpaH­

CTae. 3TH xapaKT€PHCTHKH ~OHHOrO nyl.lKS OnpeA€I1R~TCR cne~H$H­

ll€CKHMH YCI108HRMH pOmAeHHR HOHOB BHYTPH 3D€KTp0HHOrO KODb~a. 

npHB€A€HHbl€ B /1/ 0U.€HKH ADR 3MHTTSHCa 1-1 HMnYDbCHOrO pa36po­

ca HOHHOrO nyllKa RBJlRIOTCR np~t~6Jli4)!(€HHbiMYI 14 Tpe6yiOT 6onee Ae­

TaJlbHOrO 6HaJlH3a. 

PaCCMOTpHM YCDOBHR pOmA€HHR HOHOB 8 penRTHBHCTCKOM ly~ 301 

3Jl€KTP0HH0M KODbU.€ CO CP€AHHM P6AHYCOM R, MaJlbiM KpyrOBbiM ce­

ll€H~€M paAHyca a 0 "' paeHoMepHo pacnpeAeneHHO~ no ero o6oeMy 

nnOTHOCTbiO 3Jl€KTp0HOB ne. l-'iOHbl, pOmAaiOUJ,H€CR B pe3YJlbTSTe 

CTOJlKH08€HHR H€~TpaJ1bHbiX aTOMOB C 3I1€KTpOHSMH KODbUa, COBep­

WSIOT KOne6aHHR B nQT€HUHaDbHOM RM€ 3D€KTPOHHOrO KOJlbtJ.a. Ha­

llaDbHbiMH ITennOBbiMHI CKOpOCTRMH HOHOB MO~HO npeHe6p€l.lb, T6K 

KSK OHH COCTaBJlRIOT B€JlHllHHY < 10-S OT CKOpOCTH KODe6aT€I1bHOrO 

ABH>KeHI-1.R HOHOB e KOnbue np~t~ XapaKTepHbiX AnR KYTl-1 napaMeTpax 

3neKTpOHHOro Konb~a I R =4 CM, a 0 =0, 2 eM, 4Hcno 3neKTpOHOB 

Ne=l 013 I. TaKitiMVI >Ke no nopRAKY 8€DVI4VIHbl 0K63biB610TCR OTHOCVI­

TeJlbHO€ OTJlHllVI€ ABVI~€HYIR HOHOB 8 KOJlbU€ OT ~eHTpSDbHOrO, 8~3-

BaHHO€ yl.leTOM HSl.lSDbHbiX CKOpOCTeei, 14 acVIMM€TpVIR ABH>K€HIIIR !riO­

HOB OTHOCiriT€JlbHO U€HTpa KOilbU.a, CBR3aHHSR C A€~CTBVI€M Ha HVIX 

npOAOilbHoro MarHVITHoro nonR, o6ecnel.l~r~Ba10W.ero apa~eH~tte 3JleKT­

poHoe. TaKHM o6pa30M, ABH)!(€HVI€ VIOHOB B nOT€HUHai1bHO~ RMe 

3neKTp0HHOrO KODbUS MO)I(HO C41r!T6Tb lc XOpOwe~ TOl.lHOCTbiOI rap­

MOHI.-14€CKYIM PSAHSJlbHbiM KOJle6aHH€M C 4aCTOTO~ 

rAe Z - aapRAHOCTb HOHa, A - ero aToM Hoe 4V1Cno, m "' M P­

C~ 3Jl€KTpOHa 1-1 npOTOHa COOTB€TCTB€HHO, re - KJ1aCCV14€CKH~ 

AHYC 3JleKTpoHa. BepORTHOCTb HOHH3a~~~ HeHTpanbHoro aTOMa 

B 3IleKTpOHHOM KOnb~e onpeA€DR€TCR B~pa~eH~eM 

-r lr. 
Wi=l-e P 1 , 

/1/ 

Mac­
pa-

/2/ 
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r,qe ai ==(neac)- xapaKTepHoe apeMfl J..10HJ..13SU,MM STOMa, a· - no.nHoe Ce4eHJ..1e J..10HJ..13SU,J..1J..1 STOMa ,QSHHOrO 3.neMeHTS 3JleKTPOHHbtM y,QapOM, a 
r ==_ll- cpe,QHee apeMfl HSXO~,QeHY!fl B KOJlbU,€ STOMa, Y!Me~~ero p v a 

' ' 
CKOpQCTb Va • 

BoaMO~HbJ ,Qsa KPSI1HJ..1X Cl1Y4SFI -E..<< 1 J..1 _L >> 1. 8 nepBOM n.noT-
T i T i HOCTb Hei1Tpa.nbH~X aTOMOB B MSl10M Ce4eHYIJ..1 KOllbU,a npaKTJ..14eCKJ..1 nocTORHHS J..1 J..10Hbl PO>K,QS~TCR paBHOMepHO no Ce4€HJ..1~ KOJlbU,a. Tor­,qa HOpMY!pOBSHHOe Ha e,QJ..1HY14Y pacnpe,Qe.neHY~e O,QH03apR,QHblX YIOHOB no SMnllYITY,QaM KO.ne6aHJ..111 a=afao MMeeT BYI,Q 

131 
80 BTOPOM CJ1Y4Se YIOH~ pO~,QSIDTCR, 8 OCHOBHOM, y nOB€PXHOCTJ..1 KO.nbu,a, "' Ha4a.nbHOe pacnpe,qe.neHY~e HX no aMn.nY~TY,QaM Kone6aHY~I1 6J1J..13KO K 0 -o6pa3HOMY. 
Ou,eHKM ,qnfl np""ae,qeHHbJX BbJWe napaMeTpoa 3IIeKTPOHHoro KO.nbu,a M ce4eHY~I1 j.IIQHH3S4""M Y~3 13 •41 noKa3bJsaJOT, 4TO a cnyYae HaKonne­HMfl J..10HOB Y13 ocTaT04Horo rasa npYl T = 300 K se.ni-14Y~H~ :.a_ paBHbJ: 

'i Allfl ypaHa- 3,35; KCeHOHS- 1,61; KpJ.1nTOHa- 0,78; STOMapHOrO aaoTa - 0,135; Mo.neKynflpHoro aaoTa 0, 037. TaKHM o6paaoM, MOHbJ a30Ta 6y,QYT pom,qaTbCfl npaKTJ..14eCKJ..1 paBHOM€pHO nO·Ce4eHJ..1lO KO.nb-4S, VIOH~ ypaHa - B OCHOBHOM y nOB€PXHOCTJ.1 KOJ1b4S, a ,QIIfl KCe­HOHS J..1 KpMnTOHS J..1M€JOT M€CTO npoMe>KyT04HbJ€ C11Y4SJ..1. npl-1 HSKOn.ne-Hl-11-1 J..10HOB J..13 Cn€J.tHSJ1bHOrO J.1CT04HJ..1Ka 
Tl-1 STOMOB MOryT 6bJTb 3SMeTHO BbiWe 

T 
MO}f{eT OKS3aTbCfl _£_ < 1 . 

HeHTpa.nbH~X aTOMOB CKOpoc-
1-1 TOr,Qa ,Qa~e Allfl ypaHa 

T i 
no Mepe yse.nl-14eHJ..1R aapR,QHOCTI-1 Y~OHOB a npou,ecce noc.ne,QyJO~e~ CTyneH4STOH HOHVI3aLV1Yl, aMn11HTY,Qbl VIX KOJ1e6aHHI1 3aTyXaiOT. EC.rtJ.1 6~ 3SpFI,QH0CTb J..10HOB J..13MeHRJ1aCb HenpepbtBHO, TO SMn11YlTY,Qb1 HX KOJ1e6aHJ..1~ 3aTyxa.nJ..1 no S,QJ.1a6STJ..14€CKOMY 3SKOHy, J..1 HOpMHpOBaHHOe pacnpe,QeJ1€HJ.1e nO aMn!lYITY,QaM HOHOB C aapR,QHOCTblO Z HMeJlO 6bJ BJ.1,Q 

v z . r 1 cal np~ a .::t;~z 
r z ca) ~ 

/4/ 

- ·-0 np~ a >1/\(Z. 

AHcKpeTHOCTb H3MeHeHVIR aapfi,QHOCTJ.1 J.10HOB HecKO.rtbKO MeHReT Kap­THHY. 3Ta aa,Qa4a 6bJ.na paccMoTpeHa nacneTOM /5/ ,QllR c.ny~o~aR pas­HOMepHoro pO>K,QeHJ.1R O,QH03apR,QH~X HOHOB no Ce4eHH~ KO.rtbQa, KOr,Qa r1 (a) ~MeeT s~ll /3/. B 3TOM cny4ae AnR z~z 
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Pac.1. ~YHK~HH pacnpeAeneHH~ HOHOB no aM­

nnHTYAaM AflR pasrrnqHb~ Z: a- paBHOMepaoe 

po~eHHe HOHOB no ceqeaHID KOnb~a; G - poE­

AeHHe HOHOB Ha UOBePXHOCTH KOnb~aj - •- -

aHanHTH'tleCKaH 3aBHCHMOCTb ,[l,Jl11 Z =2; --- -
4 

_ 

npHOJlHXCeHJihle pacnpeAeneHHH /4/; X- a =1/YZ. 

1 

r 2 (aJ ~ 2v2 a l 
1. [1 -1-arcsin(B- - 2-ll 
2 " &2 

np>< 
- 1 a<---/2 /5/ 
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Pac.2. ITOBepxHOCTb, 
Ha KOTopoH npoHcxo­
,IJ;HT nepB.oHa-qanbHOe 
pOJK,!J;€HHe HOHOB. 

np~;~ Z >2 fz(i) Bblp8>K810TCR KpaTHbiMVI 1-lHTerpanaMI-1 C KP8THOCTbiO Z -2, KOTOPbl€ Bbi4HCJ1RIOTCfl TOilbKQ 41-1Cll€HHO. BHA 3TVIX pacnpe.qe-11€HJ.111r 1-13 /5/ np!-·IB€A€H Ha pi-1C. la: 3AeCb >K€' nYHKTVIpOM Vl306pa}f(e­
Hbl C00TB€TCTBYI011.1H€ npYt6JU1>K€HHbl€ pacnpeA€J1€.HI-1fl /4/, 

8 CJ1Y4ae, KOrt~a 'f1 (i) =8 (i"-1); T. e. ace. lo10Hbl PO>KASIOTCR Ha 
nosepXHOCTI-1 KOJ1bl.t8, f 2 (&) YIMeeT BJ.IIA 

151 

! ; 
0 - '1 np~ a<--

r/"-l= -{2 
!61 

a 1 -np~ --<a<l. 
y' (1- a2) (a2 -I/2) I2 - -

Ha p1-1c. 16 npJ.1BeAeHbl pacc4~t~TaHHI:te 411C11eHHO, aHanorlt14HO 151 , ¢lYHKI.tl11-1 pacr,lp€Ae11eHHR HOHOB nO aMnJ11-1TYASM fz(i) npl-1 pa3JH14HbiX Z AJlR cny4aR c1 (a)=li(a-1),, Ha p~c,.l6 a~AHO, 4To c poe ToM z 8 -
¢YHKLt~-tR pacn.nblaaercR, HO nono>KeH~t~e .. ee cpeAHero 3Ha4eHJ.1R xopowo cornacyeTc~ c aAtl2PaT~4ecK~M aaKOHOM aaTyXaHHR /4/, cornacHo KOTOpOMy a z= !/~ Z . 

Bee OCTanbHble B03MO>KHble Cny4aH pO>K,qeHHR HOHOB no ce4eHHIO 
KOnb~a H COOTBeTCTBYIO~He HM $YHK~HH pacnpe,qeneHHR no aMnnHTy­,qaM 6y,q.yT npoMe>KyT04HbiMH Me}l(,qy paCCMOTpeHHblMH BbiWe ABYMR Kpatf­HHMH cny4aRMitl. 
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CneAyer 3aMer~Tb, 4TO npeAnono*eH~e o cosepweH~~ ~OHaM~ 

B KOilbU,e \.I~CTO paA~a.J'1bHbiX KOne6aH~i:1 npltiBOAYIT K 6eCKOHe4HO~ 

nJJOTHOCH1 ~OHOB B LteHTpe MallOrO Ce4eHJtlfl KOJlbU,a, 3tOT 11 He¢~-

3~\.I€CK1t1JII11 p€3YJ1bTaT CBR3aH C TeM, 4T-Q see lti0Hbl 1 POAYIBW\4eCfl 

a OA1r1H MOMeHT speMeHY!, Llepe3 4ersepTb nep~t~OAa Kone6aHY~i1 oA­

HOspeMeHHO npYIXOAftT 8 u,eHTp ce\.leHJtiA KOJlbU,a. PeanbHO me 3TOro 

He npoY~CXOAHT no PRAY npH41-1H. Bo-nepsbiX, y4eT Ha4anbHbiX ren­

JlOBbiX CKOpOCTeH npHBOAHT K TOMy, 4TO lt\OHbl He AOCTJtlraiOT U,€HT­

pa, a npOXOAAT Ha H€KOTOPOM, XOTA ltl M8J10M paCCTOfiHJtiJtl OT Hero. 

Bo-sropblx, no Mepe ysenlt14eHit1fl nnorHOCTitl ~oHos s u,eHrpe ce4e­

HHR KOJlbU,a YICKamaeTCR nOT€HU,YiaJJbH8R AMa 3Jl€KTpOHHOrO KOJ\bll,8 

B6JJH31t1 U,€HTpa, 4TO TaKme npltiBOAHT K TOMy, \.ITO nnOTHOCTb JtiOHOB 

B u,eHTpe yM€HbW8€TCR. 

nocKOI1bKY 3JleKTP0HHOe KOJ\bli,O HaXOAitiTCA B nPOAOJibHOM MarHJtiT­

HOM none B , TO VIOH, POAYIBWitlii!CR H8 P8A~yce R, VI MeeT Ha4aJ1bHblill 

z eB R2 

MarHYITHbl~ MOMeHT M
0
= 2cz_· HoHbl, pO>t<A8JOU\JtlecR s pa3Hb1X T04Kax 

C€4€HVIR KOJlbU,a, ltiM€10T 38KOHOMepHbl,;:, OTHOCYIT€11bHblill pa36poc no 

MOM€HT8M, paBHbliii 

171 

rAe p1 
= r-R. 

MaKCHMaJlbHOe ero 3Ha4eHI-'te npH p 
1 
= a 0 =0, 2 eM 1t1 R =4 eM pasHo 

+10%. 
TaK~-tM o6pa3oM, ecm1 npeHe6pe4b KsaApaTH4HbiM 4neHoM s /7/, 

pomAeHJtle HOHOB npOHCXOAHT Ha nosepXHOCT~ 3!1nHnca B KOOPAHHa-

- r-R z - M-Mo 
rax p = --, z =-,-6.M,.,-M /pHc.2/ ,npoxoA.RU\ero llepe3 Ha4ano 

ao ao o ---
KOOPAHHar, HM€101l\ero npoeKU,VIIO Ha nnOCKO~ Tb p, Z B BHA€ eA14H~4-

HOrO Kpyra H yron H8KJ10H8 K Heiii fi(tgJ.t= ~). POAI-1BWIA€C.R H8 3TO~ 
R 

nosepXHOCTH HOHbl ABHr8lOTC.R 3aTeM no KOHHL!eCKJtiM noeepXHOCTAM, 

npOXOAAU\JtiM 4epe3 T04KH HX pOmA€HI4~. 

KpoMe aaKoHOMepHoro paa6poca no Ha4anbHbiM r-toMeHTaM HOHbl 

YIM010T TaK>Ke CI1Y48II!Hbli:1 pa36poc, Bbi3B8HHbiJ:1 831-1MYT8IlbHOI't COCTas­

Jl.RlOllle\:1 TenJJOBOiii CKOPOCTYI HeiiiTpailbHbiX 8TOMOB. 3ro npHBOAHT 

K 11 pa3M83bJB8HHl011 T04eK pOmA€H\II.R JtiOHOB OTHOCV!TeJlbHO YK838HHOrO 

snn~r~nca. BenH4HHa 3Toro paa6poca AJ1R ypaHa cocTasn.Rer -1%. 

8 npou,ecce KamAOH nocneAYIOU\eJ-1 140HH38U,HYI MarHHTHbiJ.1 MOMeHT 

r~ 

HOH8 B03pacTaeT CKa4KOM Ha BeJ1H4HHY ~Mi=~,38BHCA1l\Yl0 OT pa-

AHYCa ri, H8 KOTOpOM npOH30WJ1a i -R Jti0Hl-13aU,H.R. Oonara.R 

ri =R+pi cos8i, rAe Pi - aMnJ1HTYA8 paAVIailbHbiX KOne6aHHJ:1 1.10HOB 

C 38pfiAOM Z =i, e i - ¢a3a Kone6aHJ.1i1 B MOMeHT nepeXOA8 1-iOHa t-13 

38PRAH0CTH i B i+1, nony4HM 38KOH H3MeHeHVI.R MOMeHT8 140Ha 

5 



P P 2 z - 1 Pi Pi
2 

· M 2 ~M0 [ Z+2-1-+C-1 ) + l: (2-case. +--cas2 e.)]. R R I=l R 1 R 1 !8! 

C4~TaR, 4TO aMnn~TYA~ Kone6aH~~ aaTyxa~T no a,q~a6aTH46CKOMY p1 3BKOHY P. =-=- VI ycpe.QHRR no ¢a3SM KOJ1e6aHHJ1, nol1y4HM cpe.QHee ' ~i 3HB46HHe MOM6HTS HOHOB, HMeBWHX HS4Bl1bHOe pa.QVtBJlbHOe OTKJlOHe-HYie p 
1 

P P2 r z-1 1 M 2 ~ M0Z [1 + 2-1- + - 1-(1 +- l: -=- )] , RZ R 2Z 2 1~1 yi 191 

AilR Z >> 1 

p p2 yZ 
2-1- + ....._:_J_ (1 + --)] RZ R2z 2 /10/ 

npVt 3TOM npm1CXO.QJ.1T paCnilbiBBHI-16 pacnpe.Qe!leHHR no MOMeHTSM ·.C AHcnepcVte~ 

no,qcTSBJlRR Mi J.1 M i J.13 /8/ J.1 /10/' ~O!ly4aeM AJlA z >> 1 

8M ~ + . I 8M-2 = + 2M Z -v z - 0 

4-
p1 vz 

R 

/11 I 

/12/ 

8M np1o1 Z =25 J.1 p
1 

= a
0 

OTHOCJ.1T61lbHbli:1 paa6poc no MOMeHTSM --2-COCTSB-
M Z JlReT seJU14f..1Hy -J%, BKilBAOM HS4Bl1bHOrO TenJlOBOrO p_aaeflpoca B 3Ty Be11H4HHY MOmHO npeHe6pe4b, TaK KBK OH 3aTyxaeT nponop~Ho­HBilbHO Z. 

Ot.teHio1M 4-M.epHyiO nonepe4HYIO npoeKt,.tHIO ¢Jaaoaoro .o6beMa pac­cMOTPeHHoro HOHHOro ny4KS B KOOP.QHHBTSX cp, M, p, p r . 8 3Tio1X KOOPAJ.IIHaTax ny40K J.IIOHOB aapRAHOCTJ.II Z npeAcTasnReT .co6oH 4-MepHbia::i TOpOio1A c nonyoc.AMJ.II 3-MepHoro 3Jmlo1ncolo1AS11bHoro ce4eHio1R 8M 2 , a2 , Pr z ,AMpaZn z• Ero o6ceM paseH 

2 8 16 2 az -v4 ~31T2azp,z8Mz~31T Mo!fPrzyZ. /13/ 
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C414Tafl, 4TO AByMe.p.Hafl npoeKU,\IIfl ct>aaoeoro q6beMa c Ha.HMeHb.weH 

nnow.aAbiO pasHa V 2
=:!-..jV 4 

\II nOACT8BJ1flfi ,napaMeTpbl, COOTBeTCTBYIOUJ,\IIe 

KYTH, nony414M AI1fl ypaHa c 3HeprHeH 20 M3B/HyKnoH 111 

v . 

Z=25 2 =0,6-rr eM· MP8A, rAe AM v - cpeAHIIIVI 14Mnynbc 

AM v P zo 
P zo 

HOHa BAOilb oc111 z. 3Ta aen\114\IIHS AaeT MIIIH\IIManbHO BQ3MomHyiO ABY-

MePHYIO npoeKU,\1110 ct>aaosoro o6beMa ny4Ka, KOTopyiO e np\IIHU,\IIne 

MOmHO nOI1Y414Tb 1 npeo6paayfl ny40K B p83J1144H~X MarH\IITOOnT\114eCK\IIX 

CHCTeMaX, 

TaKJ..1M o6paaoM HOHbl c aapRAOM Z, HaXOARW.HecR a 3neKTPOHHOM 

KOilbU,e, npeACT8BJ1RIOT co6oi:i TOpOHA· p8,QJ..1yCa R ·C M8J1biM Ce4eHHeM 

paAHYCa aJVZ. cpeAHHM 8314MYT8J1bHbiM MarHHTHbiM MOMeHTOM M 0Z, 

Alt!CnepcHetl! no MOMeHTaM 8M z 111 paa6pocOM no npoAOI1bHb1M 14 none­

pe4HbtM CKOPOCTfiM OT 0 AO a z0. z • 

Hai:iAeM $yHKU,IIIIII pacnpeAeneH\11R J..10HOB no npoAOJlbHbiM 111 nonepe4-

HbiM CKOpOCTRM B n.nOCKOCTH M8J10rO Ce4eH!I1fl TOpa. 

8 ¢>a30BOM npocTpaHCTBe ~' ~ B KOOPAHHaTax ~ = L, [=L ABH-
a o 'IJI1z 

/14/ 

~ =-acosn
2
t, 

T, e. \IIOHbl ABHmyTCfl no OKpymHOCTRM P8AIIIYC8 a· 

TaKHM o6paaoM, B_3TIIIX KoOpA14HaTax ct>aaoaaR nnow.aAb, aaHHMae­

MaR IIIOHSMIII, npeACTaBnfleT Kpyr eAHHH4Horo paAHYca. PacnpeAene­

HHe \110HOB BHYTPH Kpyra 0AH0P0AH0 no 8314MYTY, a no P8A14YCY 

f \a) ~ 

HMeeT BillA ~. TorAa pacnpeAeneHHe HoHoa no \cf\ 6yAeT paaHo 

2rra 

'""2 
., V!-~ r <al 

<1>z<l~ll=4 I z-
2rra 

/15/ 

0 

~83JlOmHM CKOpOCTb e Ha npOAOJlbHyiO Z \II nonepe4Hyl0 r , T8K 4TO 

.f2="i2+"F2. B KOOpAHHaTax "f", i" ltiOHbl 6YAYT cocpeAOT04eHbl a Kpyre 

eAHHiti4HOro paA~t~yca. HopMHpoaaHHaR n.nOTHOCTb ltiOHOS_ BHYTPH Kpyra 

OAHOP0AH8 no 8314MYTY 14 38Bit!C14T OT p8AHyca, KaK 

/16/ 
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Tor,qa pacnpeAeneHHe I-10HOB no r /HJlH no z I HMeeT BHA 

:- y'1-'f2- ,.. . 
if; (r) ~2 [ <l>z(I,;J)dz. 

z 0 /17/ 

npH z ~1 " r1 (a) ~2a- nonyYaeM 

¢ (u)~-4-[K(k) -E(k)}, 
1 "2 

/18/ 

rAe u~; """ i, a np" r 1 (a)~o(a-1) 
- 2 ¢ 1 (u) ~ -;;;rK(k). /19/ 

3,qecb K(k) H E(k)__::._o.OI1Hble 311JmnT!-14eCKHe HHTerpa.nbl nepsoro 
H BTOporo POAa, k~y't-u2 .jlnR Z > 1 $yHK~HH o/f z(UJ 6blJlH nOJ1Y4eHbl 
4HC11eHHblM HHTerpJ.1p0BSHHeM C HCnOJ1b30BaHY!eM COOTBeTCTByiO~YIX 
¢lyHKL\HH pac-npeAeileHHR no aMn11YITy,qaM f z (a)_. 0Ka3allOCb, 4TO 1/J z (ii) 
MaJlO OTJ1J.14alOTCfl OT npH6Jli-1>KeHHblX ¢YHKL\Ht1 1/J z, COOTBeTCTBYIO~I-1X 
a,q).1a6an14eCKOMy 3aKOHY aaTyXaHVIR 

/20/ 

- - u 
¢z(u)~ f>&z(x)dx, /21/ 

0 
pasHaR OTHOCHTeJlbHOMY 4HC11y HOHOB, HMeiO~HX CKOpOCTb, MeHbWYIO U. Ha p1-1c. 3 npHBe,qeHbl rpa¢HKH $yHK~HH f1 (Ul,A11~ ,qsyx KpaH~Hx 
cnyYaes Ha4aJlbHOH <!JyHK~"" pacnpeAeJleHHR f1 (a)~~ H r

1 (ii) ~o (a-1 ). 
3,qeCb >Ke nplo1Be,qeHbl COOTBeTCTBYIOIJ.IHe rpa¢J;!KVI ~25 (u), nOJJY4eHHble 
nyTeM 4HCJ1eHHOrO YIHTerp~;!pOBSHHR, a TSK>Ke rpa¢HKH npH6J1H>KeHHbiX $YHK~HH ~25(u). _paBHbiX C Y4eTOM /20/ 

-::. - 4- u 4- - - 4-.;., (u) ~ \jZ [¢ (xyZ) dx ~.;., (u\JZ). /22/ z 0 1 1 

¢YHKL\J.1H ;fr
1 
(ii) A11R paccMOTpeHHblX cny4aes c xopoweH T04HOCTbiO 

MO>KHO annpOKCJ;!MYIPOBaTb ¢YHK4HRMH 

4ii .;., (u) ~ /23/ r +au 

/24/ 

8 



, Pac. 3. fpa$HKH WYHK~HH 

fzH $ z /uJTpHx-nyHKT~p­
Haa liHHHR/, -- - fJa) = 

=2a;--- - f 1 (ii) = a(a-1); 

e H X - ~OOTBeTCTBYffi~He 

WYHKUHH f /23/, /24/, 

nony4eHHble ¢>YHK~"" pacnpeAeJleH"R /18/-/24/ AaiOT pacnpeAene­

HHe HOHOB no npOAOilbHbiM /BAOI1b ocH KOI1bl..\a z I c.KopocTflM H nnoT­

HOCTb pacnpeAeneHHfl 8 npOAOI1bHOM $S30BOM npO,CTPSHCTB.e. ,ll.nfl 

nony4eHHfl aHa.norH4HbtX pacnpeAeneHI-1~ a nonepe4HbiX AeKapTOBbtX 

KOOPAI-1HaTax x, X 1-1 y,y, CBfl3aHH~x c ocb~ KOI1bl..\a, Heo6XOA1-1Mo 

COOTBeTCTBy~·W.~t~e $YHKI..\I-1H paC.npeAeneHI-1fl _cnpOel\~t~pOBaTb Ha 3TI-1 

KOOPAI-1HSTbt. B peaynbTaTe 6yAeM I-1MeTb a nnocKOCTI-1 x, X /aHano­

ri-14HO H B y,y) 

~11);1 B KOOPAHHSTSX 

CKOpOCTb I-10HOB 

/25/ 

/26/ 

Ha pHC. 4a npHBeAeHa KOH$1-1rypa~l-1fl $a3oeo~ n.now.aAH AI1fl ypaHa 

C 3HeprHe~ 20 .M38/HyKI10H H 2=25, COOTBeTCTBYIOW.Sfl /26/ *,H HS­

HeCeH PflA I1\.1HJA~ yp0BHfl, onpeAei1fleMbiX /22/ AI1fl cny4Sfl f
1 

( 'i) = 2i. 

* TaKyto me npoeK~lttiO lo1MeeT HenpepbtBHaR CI-1CTeMa Konel\ /AViCK/ 

C pSAViYCSMH 0< r<RH SMnnHTYASMI-1 KOJ1e6aHH~ a< ~ · J_. 
-- - 4- R yZ 

•.9 



PHC e 4 ~ KomJnu·ypaiJ;Hfl $a30BOH ITJIOJita,IJ;H HOHHOro llytrKa. 
a 5e3 a3HMyTanhHOH CKOpOCTH; 5 - C a3HMYTaJibHOH 
CKOPI),CTbiO /y¢~0,5y,0 /;~ --$ 2 ~1 ;- -- $2 ~0,9; -·-ljiz=O,B;-··- -!/12=0,5. 

BblpameHL-1.R /25/, /26! 1-1 p~t~c. 4a nony4eHbl a npeAnono>KeH~H, 4TO 
¥10Hbl He HM€10T 83H'MYTa!1bHbiX CKOPOCTe'1. 8 CKP€1lt€HHbiX 3!1eKTpii!-
4€CKOM none aneKTpOHHoro KOI1bl.l8 E r 1-1 MarHI-1THOM none B z noRa­
!lReTcR pacnpe{.teJ1€HH€ HOHOa no a3HMYT81lbHbiM CKOpOCTflM a pe3yr,b­
T8Te ,Qpet1¢a, HO 3TH CKOPOCTH a a 0/R pa3 M€HbW€ P8Aio18IlbHbrX CKO­
pOCT€!1, H HX Y4€T npJ.1aOAIIIT .m1U!b K H€KOTOpOMy 11 p83M83biB8HHI0 11 

¢aaosot1 nnotqaAH HOHHoro ny4Ka e6nH3H Ha4ana KOOPAHHaT. 
EC!1H pa3,Q€11€HI-1€ 3!1€KTpOHHOt1 H HOHHOi1 KOMnOH€HT KOI1bl.l8 npo­

HCX0AI-1T fibJCTpO no Cp8BH€HI-110 C nepHO,QOM KOI1e6aHH'1 "IOHOB, TO 
MO>KHO C'--IJ.1TBTb, 4TO pacnpeA€!1€HHe i10H08 Ha nnoCKOCTH X, y x cox­
paHR€TCR H nocne pa3,Q€I1€HHR KOMnOH€HT. npH CKOPOCTH npO,QOilb­
HOrO ,QBHlK€HHR KOJ1bl.l8 Vz 0 =0,2•C, COOTB€TCTBy~et1 3HepnH1 20 MaB/KYKilOH, HZ/A~ 0,1 KOflbliO npoxOAHT ~70 eM aa epeMR 
O,QHOrO KOne6aHHR HOHOB. no3TOMY p83,Qe!1€H¥1€ 3!1€KTp0HHOt1 Ill HOH­
HOH KOMnOHeHT KOI1bl.l8 ,QOil~HO npOHCXO,QHTb H8 MHOro M€HbWHX AilH­
HaX, 4T06~ ero MO~HO 6~no C4¥1TaTb MrHOBeHHbiM. 

no Mepe B~XOA8 ¥10HOB H3 Kpaeaoro M8rHHTHOrO nOilR ¥1X a3HMy­
Ta!lbHbll1 MarHHTHbll1 MOM€HT nepeXOA!.1T B MeXaHH4€CKI-:11, H OHH 
nony4a~T a3HMYT8IlbHY~ CKOpOCTb 

/27/ 

rAe R0 H R - P8AHYCW KOilbl.la npH pOmAeHHH HOHOB H c6poce 3!1eKT­
POHOB, COOTBeTCTBeHHO. npeAnonaraR, 4TO HOH~ npH BMXOAe H3 
MarHHTHOrO nonR npaKTH4€CKH He paCn!lMB8~TCR /pe3KH~ cnaA 
nonR/, HX pacnpeAeneHHe Ha ~aaoeoH nnocKOCTH MOmHO aanHcaTb 
B BHA€ 

10 



•on z 1 
~ (x.y )~---·--===::::::;;: 

z X 2TTXV X-2 
Zo y1-(-J 

R 

rAe Y¢= ~.np1-1 xapat<TepHbiX A11.A KYTH napaMeTpax 

aoilz Vzo 

Vz ;o/ Z . 
0 Ha pl-1c.46 np~eeAeHa t<OH~Hrypa~J.1B $aaoeoro 

C00TBeTCTByi01!4SB /28/. 
Ha pacnpeAeneH"" /26/ " /28/ HaKnaAbiBan"cb 

y = 
Xo 

pSMH B HS~a.ne KOOPAHHST, nnO~SAbiO! H 3KC~eHTPHCHTeTOM, OnTH­

MH3HP0BSHHbiM no MSKCHMSJlbHOMy ~HC11Y ~SCTJ.1~ B 3I1J1HnCe. Ha 

PHC. 5 npHBeAeHa AOI1.A o6~ero ~J.1CJ1S ~aCTH~, COAepma~HXC.A B 

TSKOM 3I1I1J.1nCe, B 3SBJ.1CHMOCTH OT ero nnO~SAH ! AI1.A cny~aes 

r 1cal=2a " r 1(al=B(a-ll. 
CneAyer OTMeTHTb, ~ro cy~ecrsyer Koppe.n.A~J.1.A MemAy aanonHe­

HvteM 3JleMeHTOB ¢S30Bb1X nnOCKOCTelll X,yx J.1 y,yy · npJ.1 3TOM HOHbl, 

aanonH.AIO~He ~eHrpanbHyiO ~aCTb ¢aaoeoH nno~aAH Ha OAHOH nnoc­

KOCTH, HSXOA.ATC.A B nepH¢epHHHO!II ee ~SCTH HS APYrO~ n.nOCKOCTH. 

Tat<, Hanp~t~Mep, ecnH Ha KamAOH J.13 ¢aaoeb1X nnocKocreH Ha pacnpe-

AeneHHfl /26/ HnH /28/ HanomHTb 3n.nHncbl c nonyocr~MH R/ .. J2 H 

y x I V2. ro e HHX He oKamercr~ OAHHSKOBbiX ~acTH~, 1-1 CYMMapHbll-1 

aa~sar 6yAeT paeeH Hyn10. CneAOBarenbHO, npH Ma.noM aaxsare 

HeJ1b3FI BeCTH pac~eT He3SBHCHMO 

no KSmAOI:i n110CKOCTH, a He06XOAH­

MO Y~HTbiBSTb KOppei1FIL.4HIO MemAy 

HHM!II. 

B THC'e ropH30HTSI1bH~H H eep­

H1KSI1bHb1H SKCenTSHCbl pa3I1HI.lHbl. 

Tat<, ropH30HTanbHb1H aKcenraHc 

AI1FI ~eHTPS11bHOH 3SPFIAHOCTJ.1 pa-

N 
PHc. 5. ,!J;oJUI - o6mero 'li:Hc-

No 
na HOHOB ypaHa c 3HeprHeH 

20 M3B/HyKnoH H Z =25, co­

p;ep:JKaiiUiXCH B 3n,'1HIICe C nno­

ma,D;biD !, p;o ycTpaaeaHH a3H­

MyTanbHOH CKOpOCTH /KpHBble 

1/ H nocne ee ycTpaHeHHH 

/Kpusbie z;.- -r1(a)=2a; 
--- r1(a)=8(a-1). 

ll 



BeH 46.77 MPB.Q· CM, a ,QJlfl .QBYX C0C€,QHI-1X - 18·rr Mpa,Q· CM. Bepn1KSJlb­Hbli1 aKcenTaHC paBeH 9 ,6·17 MPSA• CM/ 21_ TSKIIIM o6pa30M, HaH6onee 
>K€CTKVI€ Tpe6oBaHY!fl K 3MHTTSHCY nyl4Ka npe,Qb.RBJ1fi€T sepn1KSilbHbl~ 
aKcenTaHc THC'a. Ha p111c.S BIII.QHO, 4TO aaiiiMyTallbHaR CKopocTb 
IIIOHOB 3HSI..JI.1T€11bHO yM~eT ,QOfliO VIOHOB, nona,QSIOUJ.IIIX 8 3S,QSHHbiC1 
aKcenTaHc. no3TOMY YCTPSH€HIIIe S3111MYTSJlbHOC1 CKOPOCTH H€06XO,QH­MO ,QJlR 3¢¢eKTIIIBHOC1 HH~eK~I-1111 IIIOHHOrO ny4KS H3 KOJ1Jl€KTHBHOrO 
YCKOpHT€Jlfl 8 H1C H MO}f{€T ,QSTb BblltlrPbiW B HHT€H01BHOCTitl 3aXBa-
4€HHbiX '-ISCTJ..11.,4 8 10-20 pas. 

Pac4eTbl noKa3bJBaiOT, 4TO c nOMOW.biO cne~l-1a11bHoro MarHI-1Ta Mom­
HO YCTpaHHTb Cpe,QHIOIO S3111MyTSJ1bHYIO CKOpOCTb HOHOB V~, nocne 
1..1ero 8 ny4K€ OCTS€TC.A Ili-1Wb paa6poc no S3VIMyTaJlbHbiM CKOpOCT.AM, 
onpe,qen.ReMbr\1 pa36pocoM no MOMeHTaM /10/, /12/, a TaK}f(e ,Qonon­
H~Te!lbHbri:1 pa36poc, BHOC~Mbri1 MarH~TOM. KaK noKa3btBaiOT OL.teHK~, 
a3~MyTa!lbHa.R pacXO,Q~MOCTb ny~Ka 33 C~eT 3T~X pa36pOCOB CKO­
pOCTe\1 COCT38!l.ReT B€Il~~~Hy -·3% OT era pa,Q~a!lbH0\1 pacXO,QHMOc­
T"· 

TaK~M o6pa30M, KaK e~.QHO ~3 pHc. 4, nonHbrl1 3¢¢leKT~BHbri1 3M~t~T­
TaHc ~t~OHHOro ny1.1Ka KYH1 e .QeKapTOBbrx KOOP.QHHaTax ~t~MeeT 6onb­
Wyl0 eenH~HHy I --60·"Mpa,q·cM/, 4TO CB.R3aHO co cneL.tH¢H~ecKol1 
KO!lblt€BOi1 !lJopMOi:f ny~Ka. 6 TO }f(€ epeM.R, KaK 0TMe4aJ10Cb BbrWe, 
nonHa.R 4€TbrpexMepHa.A nonepe~Ha.A npoeKL.t~.R ¢a3oeoro o6DeMa ny~.~­
Ka 8 Lt~IlHH.QPH4€CK~X KOOp,QHH3TaX H€B€Jl~Ka, TaK 4TO M~H~M3!lbHO 
B03MQ}f(Hbl\1 3MHTTaHC. COCTaBJl.A€T B€11~4HHy, M€HbWYIO l·rrMpa,Q• CM. 

nocne ycTpaHeH~R a3HMyTanbHOi1 cKopocTH HOHOB THC cnoco6eH 
YCBOI-1Tb ·~ 50 7 60% ~HT€HCHBHOCTH ny4Ka, np~~eM OCHOBHbiM orpaHvt-
4HBSIO~HM ¢aKTOpOM ABJl.R€TC.R 8€JlH4HH3 BepTHKaJlbHOrO 3KCenTaHca. 
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