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Bne.11.euue 

KaK 0TMe'faJI0Ch B rrepBOH YJaCTH Kypca rreKIIHH, B 0CH0Be BCex qJH3H'feCKHX 

l!BrreHHH ne:)l<HT B3aHM0,neiiCTBHe HrrH B03,!{eHCTBHe q>H3H'feCKHX Ten HrrH YJaCTHII ,npyr 

Ha .npyra, rrpHB0.[IJIIIIee K H3MeHeHHIO HX BHYTPeHHero C0CT0l!HHll HnH ,!{BH)KeHHll. 3TO 

B03,!{eHCTBHe ocymecTBrrlleTCll rrocpe,nCTB0M rrorreii, C03,!{aBaeMhlX q>H3H'feCKHMH 

o6'heKiaMH HrrH IIYTeM CTOrrKHOBeHHH. 

B qJH3HKe rro.n cm0llKll0BellUJlMU II0HHMaIOT rrpoIIeCChI B3aHMO,neiicTBHll Me)K,!{y 

TerraMH B IIIHp0K0M CMhICne cnoBa, a He 6yKBaJihHO corrpHK0CH0BeHHe Ten. 

CTaJIKHBaIOIIIHeCl! Tena Ha 6eCKOHe'IHOM paCCT0l!HHH ,npyr OT .npyra l!Brrl!IOTCll 

CB06o,nHhIMH. IIpoXO,[IJI .npyr MHM0 ,npyra, 0HH B3aHMO,neiiCTBYJOT Me)K,ny co6oii, B 

pe3ynhTaTe YJero M0fYT rrp0HCX0,!{HTh CaMhie pa3nH'IHhie rrpouecChI: Terra M0fYT 

coe,nHHHThCll BMeCTe, M0ryT B03HHKaTh H0Bhie Terra H, HaK0HeII, M0)KeT HMeTh MeCT0 

ynpy20e Cm0J!Kll0Be/lUe, rrpH K0T0p0M Terra rrocrre HeK0T0poro c6nH)KeHHll BH0Bh 

pacX0,[IJITCl! 6e3 H3MeHeHHll CBoero BHYTPeHHero C0CT0l!HHll. CTOnKHOBeHHll, 

corrp0B0)K,!{aIOIIIHeCl! H3MeHeHHeM BHYTPeHHero C0CT0l!HHll TeJI, Ha3hIBaIOTCll 

Heynpy2UMU. 

IIponcxo.nllIIIHe B 06hI'IHhIX ycn0BHl!X CT0JIKH0BeHHll o6hI'IHhIX Ten II0'ITH BCer,na 

6hIBaIOT B TOH HJIH HHOH CTerreHH HeyrrpymMH - y)Ke X0TJI 6b1 II0T0MY, 'ITO 0HH 

corrp0B0)K,!{aIOTCll HeK0T0phIM HarpeBaHneM Ten, T. e. rrepexo,noM YJaCTH HX 

KHHeTH'feCKOH 3HeprHH B TeIIJI0 KaK B 3HepmIO ,!{BH)KeHHll YJaCTHII, H3 K0T0phIX 3TH 

Tena C0CT0l!T. TeM He MeHee, B qJH3HKe II0Hl!THe 06 yrrpyrHX CT0JIKH0BeHHl!X HrpaeT 

Ba)KHYIO ponh, TaK KaK C TaKHMH CT0nKH0BeHHl!MH YJaCT0 rrpHX0,!{HTCll HMeTh .neno B 

qJH3H'feCKOM 3KCIIepHMeHTe B o6naCTH aTOMHhlX l!BneHHH. Ho H o6hl'IHhie 

CT0JIKH0BeHHll M0)KH0 YJaCT0 C ,!{OCTaTO'IHOH CTerreHhIO T0'IH0CTH C'IHTaTh yrrpyrHMH. 

JleKIIHH II0CBl!IIIeHhl CT0nKH0BeHHl!M YJaCTHII B aTOMHOH qJH3HKe, qJH3HKe 

rrna3Mhl, cpmnKe IIY'IK0B 3apl!)KeHHhlX YJaCTHII H H0HHhIX HCT0'IHHK0B. 1IacTh 

H3JI0)KeHH0ro MaTepHa.rra M0)KeT 6hITh HCII0nh30BaHa rrpn H3YYfeHHH fa30BOH 

,!{HHaMHKH H CMe)KHhIX C Heii B0IIp0C0B qJH3HKH HH3KOTeMrreparypHOH IIJia3Mhl, 

B03HHKaIOIIIeii Ha II0BepxH0CTH JieTaTeJihHhIX arrrrapaT0B rrpn rnrrep3BYK0BhIX 

CK0p0CTl!X, a TaK)Ke B BepXHHX CJI0JIX aTMOCcpephl 3eMJIH. OcHOBHhIM BH,!{0M 
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B3aHM0;:i:eiiCTBIUI rrpn: YKaJaHHJ,IX rrponeccax .srnmreTCJI KYJI0H0BCK0e B3aHMO,D;eiicTBHe 

3apH:lKeHHJ,IX qacTHII, K0Topoe B o6rn:eM crryqae 0IIHCUBaeTCJI Teopn:eii 

:meKrpoMarHHTH0I'O B3aHM0,D;eiiCTBHJI H ypaBHeHHJIMH MaKcBeJIJia. 

KpoMe rrepeqn:crreHHblX pro;:i:erroB qJH3HKH, MHorn:e CT0JIKH0BHTeJIJ,HJ,Ie 

npouecc1,1, CBJ13aHHUe C aCTpOHOMHeii H B3aHMO,D;eHCTBHeM K0CMHtieCKHX 061,eKTOB, 

0ilHC!,JBaIOTCJI CX0,D;HbIMH ypaBHeHHJIMH H HMeIOT 6JIH3KHe MeT0)];l,I perneHHJI, HeCM0Tpll 

Ha HHbie rrpocTpaHCTBeHHUe Macnna61,1. 

Kypc rreKIIHH "CTOJIKHOBeHHJI qacTHI1
11 

'IHTaeTC.H B Kaqecrne crreuKypca 

cry;:i:eHTaM cmprnn:x KypcoB Ml1P3A B TetieHn:e pH;:i:a rrer. BrnpaH qacTb yqe6Horo 

rroco6HJI B 3Ha'IHTeJibHOll CTeIIeHH 0CH0BaHa Ha C00TBeTCTBYIOrrt:HX rraparpaqiax 

KITaccn:qecKHX yqe6HHKOB no TeopeTHtiecKoii qJH3HKe JI. )l JlaH;:i:ay, E. M. Jln:qirnn:na 

[l, 2] C coxpaHeHHeM 0CH0BHJ,IX o603HaqeHHii H rrop.H;:i:Ka H3JI0)KeHHJI. KpoMe Toro, 

n:crrorr1,30Ban1,1 MaTepn:arr1,1 H3 KHHr E. A. Tpy6HHKoBa [4] n: G. Shirkov, G. Zschomack 

[3]. Bee 3TH H3,D;aHH.H M0ryT 6blTJ, peK0MeH,D;0BaHbl TaK:lKe B KatieCTBe yqe6HbIX 

noco6n:ii. 

1. Ynpyrue CTOJIKHOBeHHH ;:i:syx qacTHQ H JaKOHhl coxpaHeHHH 

3aKOHl,I coxpaHeHHJI :meprHH H HMnyrr1,ca M0ryT 61,rr1, HCil0JIJ,30BaHbl )];JIJI 

ycTaH0BJieHHJI COOTHOIIIeHHll Me)K,D;y pa3JIH'IHbIMH BeJIH'IHHaMH npn: CT0JIKH0BeHHJIX 

Terr. 

PaCCMOTpHM ynpyroe CT0JIKH0BeHne ,D;Byx qacTHII C MaCCaMH m1 H m2. 

O603Ha'IHM CK0p0CTH qacTHII .D:0 H nocrre CT0JIKH0BeHHJI C00TBeTCTBeHH0 qepe3 V1, V2 H 

v;, v;. Ey;:i:eM C'IHTaTb, 'ITO 0,D;Ha H3 qaCTHII, nycTJ, 3T0 6y;:i:eT qacTHIIa m2, ;:i:o 

CT0JIKH0BeHHJI Il0K0HJiac1,, T. e. V2 = 0. 

IlocKOJI!,KY npn: ynpyroM CT0JIKH0BeHHH BHyTpeHHHe :meprHH 'IaCTHII He 

MeHJIIOTCJI, TO HX MO:lKH0 Boo6rn:e He YtJHTUBaTJ, npH npHMeHeHHH 3aK0Ha coxpaHeHHJI 

:meprn:n:, T. e. CtIHTaTb KaK 61,1 paBHblMH HYJIIO. TaK KaK ;:i:o H nocrre CT0JIKH0BeHHJI 

qacTHIIl,I npe;:i:norrarruoTCJI HeB3aHMO,D;eiiCTBYIQll(HMH, T. e. CB060,D;HbIMH, TO 3aK0H 

C0XpaHeHHJI ::rneprn:n: CB0.D:HTCJI K coxpaHeHmO KHHeTH'IeCKOH 3HeprHH ( o6rn:n:ii 
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!1 
l 

MH0:lKHTerr1, 1/2 Ml,I onyCTHJIH): 

2 ,2 ,2 
m1V1 =m1V1 +m2v2. 

3aKOH :lKe coxpaneHHJI HMrryrr1,ca BMpa:lKaeTC.H BeKropHblM paBeHCTB0M 

m1v1 =m1v1 +m2v2. 

OtieH1, npocT crryqaii, Kor;:i:a Macca nepB0Hatiarr1,Ho noKonsrneiicH qacTHIIU 

3HatIHTerr1,Ho 6orr1,rne Macc1,1 Harrerruorn:eii Ha Hee qacTHIIM, T. e. m2 >> m1. 113 

qiopMyrr1,1 

, ml ( ') Vz =- V1 -v1 
m2 

crre;:i:yer, 'ITO npn: m2 >> m1 cKopocT1, v2 6y;:i:er otieH1, Marroii. AHarromtIHOe 

3aKJIJOtieHn:e M0:lKH0 c;:i:erraTh H 06 3Hepmn: 3TOH nepB0HatJaJIJ,H0 IlOKOHBIIIeiicJI 

qacTHIIbI, TaK KaK npoH3Be;:i:eHne m2 v22 
6y;:i:eT o6parno nponopnn:0Harr1,Ho Macce m2. 

OTcro;:i:a M0:lKHO 3aKJilO'IHTJ,, 'ITO 3HeprHll nepBOll (HarreTruorn:eii) qaCTHill,I B 

pe3ym,TaTe CT0JIKH0BeHHJI He H3MeHHTC.H, T. e. He H3MeHHTCJI H a6corr10rnoe 3HatieHHe 

CK0p0CTH 3TOH qaCTHIIM. TaKHM o6pa30M, npn: CT0JIKH0BeHHH rrernoii qacTHill,I C 

T.H:lKerroii M0:lKeT H3MeHHTJ,C.H TOJIJ,KO HarrpasrreHn:e CK0p0CTH rrernoii tiaCTHIIbI, 

BeJIH'IHHa :lKe ee CKOp0CTH 0CTaHeTC.H HeH3MeHHOH. 

Ecrrn: MaCCl,I CTaJIKHBaIOll(HXCJI qacTHII 0,D;HHaK0BJ,I, TO 3aK0Hl,I coxpaHeHH.H 

npn:o6peTruoT BH.D: 

v1 =vi +v2, vf =v12 +v;2. 

IlepBoe H3 3THX COOTHOIIIeHHll Il0Ka'.3UBaeT, 'ITO BeKrop1,1 V1, v;, H v; o6pa3YIQT 

rpeyrOJil,HHK, a H3 BToporo C00TH0IIIeHH.H crre;:i:yeT, 'ITO 3T0T rpeyroJibHHK .HBJIJleTCJI 

npJ1Moyrorr1,HJ,1M C rHilOTeHY30ll V1. Crre;:i:osaTeJibHO, npn: CT0JIKH0BeHHH tiaCTHilbI C 

0.D:HHaK0BbIMH MaCCaMH prorreTaIOTC.H no;:i: npllMl,IM yrrroM (pnc. I). 

~ :: 
Vt 

PHC. I. 
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PaccMOTJ)HM .L{arree "no6oBoe" CTOJIKHOBCHHe .L{Byx qacTm-1. B pe3yJibTaTe TaKoro 

CTOJIKHOBCHHJI o6e qacTHI.lhl 6y.L{yT ,L{BHraThCJI B,L{OJlb 0,L{HOH rrpJIMOll, COBIIa,L{aJOII.ICll C 

HaIIpaBJICHHeM CKopocrn HMeTaJOII.1eil: qacTHI.lhI. B 3TOM cnyqae Mbl MO)KCM. 3aMeHHTb 

B 3aKO_He coxpaHeHHJI HMIIYJibCa BCKTOpbI CKOpOCTeil: HX BenuqHHaMH, T. e. 3arrucaTb 

ero B BH.L{e 

m2 v2 = mi(vJ - v; ). 
Ilpucoe,L{HHHB CIO,L{a 3aKOH coxpaHeHHJI 3Heprnu, cornacHO KOTOpOMY 

,2 ( 2 ,2) m2v2 = mJ v1 -vi , 

MO)KHO Bblpa3HTb v; H v; qepe3 Vt. Pa3.L{CJIHB BTOpoe ypaBHCHHe Ha rrepBoe, rronyqHM 

H, CJIC,L{OBaTeJihHO, 

vi =v1 +v;, 

, m1-m2 
V1=--V1, 

m1+m2 

, 2m1 
V2= . . Vt. 

m1 +m2 
(2.1) 

HarreTaJOII.laJI (rrepBaJI) qaCTHI.la 6y.L{eT rrpO.L{OJI)KaTb ,L{BHraThCJI _B TOM )KC 

HarrpaBJICHHH HJIH )KC H3MCHHT CBOe H~paBJICHHe Ha o6paTHOe B 3aBHCHMOCTH OT Toro, 

6onhme HJIH MCHbme ee Macca m1 MaCCbI rrepBOHaqarrbHO IIOKOHBmeil:cJI qaCTHI.lbl m2. 

Ecnu Macci.1 m1 H m2 O.L\HHaKOBhI, TO v; = 0, v2 = v1, T. e. o6e qacTHI.lhI KaK 6hr 

o6MeHHBaJOTCJI CBOHMH CKOpOCTJIMH. EcnH m2>>m1, TO v; = -vi H vi= 0. 

B o6meM cnyqae CTOJIKHOBCHHC Y.L\06Ho paccMaTpHBaTh B CHCTeMe I.ICHTJ)a 

HHCpl.lHll CTMKHBaJOII.IHXCJI- qacTHI.1. B 3TOH CHCTeMe CYMMapHblll HMIIYJibC qaCTHI.1 KaK 

,L{O, TaK H rrocne CTOJIKHOBCHHJI paBeH HYJIIO. Il03TOMY ecnu o603HaqHTb HMIIYJihCbI 

rrepBoil: qacTHI.lhl ,L{O M rrocne CTOJIKHOBCHHJI qepe3 p M p', TO MMIIYJibCbI BTOpOil: 

qaCTMI.lbl ,L{O H IIOCJie CTOJIKHOBeHHJI 6y.L{YT -p M - p'. 

Aarree, rrpMpaBHMBaJI cyMMhI KHHeTuqecKMX 3HeprMil: qacTMI.I .L{O M rrocne 

CTOJIKHOBCHMJI, Mbl Hail:,L{eM, qro ,L{OJI)KHO 6hITb p2 = p'2 , T. e. BeJIMqMHa HMIIYJibCOB 

qaCTMI.I OCTaeTCJI HCM3MCHHOil:. TaKHM o6pa30M, e,L{HHCTBCHHOe, qTo rrpOHCXO,[\HT rrpM 

CTOJIKHOBCHHH, .- 3TO IIOBOpOT MMIIYJibCOB qacTHI.1, M3MCHCHMC MX HarrpaBJICHHJI 6e3 

H3MeHeHHJI BeJIHqHHbI. BMeCTe C MMIIYJihCaMH TaKHM )KC o6pa30M MCHJIIOTCJI CKOpOCTH 

o6eMx qaCTHI.1 - OHM IIOBOpaqMBaJOTCJI, He MCHJIJI BenuqMHbI M OCTaBaJICb B3aHMHO 
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rrpoTMBOIIOJIO)KHbIMH, KaK 3TO M306pa)KCHO Ha puc. 2 (MH.L{CKC 
11
HYJib

11 
y CKOpOCTell 

CTOMT ,L{JIJI YKa3aHHJI Ha TO, qro OHM OTHOCJITCJI K CHCTeMe l.lCHTpa HHep1.1HH). 

VIO V20 

vio 

Puc. 2. 

qTO KacaCTCJI yrna, Ha KOTOpbril: rrpOMCXO,L{MT IlOBOpOT CKOpocrn, TO OH He 

orrpe,L{CJIJICTCJI O,L{HMMM TOJibKO 3aKOHaMM coxpaHeHMJI MMIIJJibCa M :meprMM M 3aBHCMT 

OT KOHKpeTHoro xapaKTepa B3aHMO,L{CllCTBMJI qacrn1.1 H OT HX B3aHMHOro 

pacrrOJIO)KCHMJI rrpM CTOJIKHOBCHHH. AnJI BbIJICHCHMJI xapaKTepa M3MCHCHHJI CKOpOCTeil: 

B MCXO,L{HOH, MJIH, KaK roBOpJIT, B J1a6opamopHOU CMCTeMe OTcqern (B KOTOpoil: O,L{Ha ITT 

qacrn1.1 ,L{O CTOJIKHOBCHHJI IlOKOHJiaCh) rrpMMeHHM CJIC.L(JIOII.IHH rpaqmqecKHll rrpHeM. 

IlOCTJ)OHM BeKTop 01, paBHblll CKOpOCTH V10 nepBOll qacTHI.lbI B CHCTeMe l.lCHTpa 

MHCPI.IHM (puc. 3). 3Ta CKOpOCTb CBJI3aHa co CKOpOCTblO VJ TOH )KC qaCTHI.lbI B 

na6oparopHOil: CHCTCMC OTcqern (JIBJIJIIOII.ICHCJI B TO )KC BpeMJI OTHOCHTeJibHOll 

CKOpOCTblO o6enx qacTHI.1) paBCHCTBOM V10 = Vt - V. r.L{e 

V 
m1vJ +m2v2 

m1+m2 

mJ 
Vt 

m1+m2 

CCTb CKOpOCTb l.lCHTJ)a HHCpl.lHM. IlpOH3BC,L{JI BbJqHTaHMe, nonyquM rpopMyny 

m, 
VIO = VJ• 

mJ+m2 

(2.2) 

(2.3) 

CKopOCTb nepBoil: qacTHI.lhl nocne CTOJIKHOBCHHJI vio rronyqaeTCJI IIOBOpOTOM CKOpocrn 

Vto Ha HeKOTOpblll yron 0, T. e. MO)KCT H306pa)KaTbCJI JII06bIM Pa.L\HYCOM 01' 

OKpJ)KHOCTH, HaqepqeHHoil: Ha puc. 3. AJIJI nepexo,L{a K na6oparopHoil: cucreMe oTCqern 

HJ)KHO npM6aBHTb KO BCCM CKOpOCTJIM CKOpOCTb l.lCHTJ)a HHCPI.IHH V. Ha puc. 3 OHa 

- -
ITTo6pa)KaCTcJI BeKTopoM AO . BeKTop Al coBna.L{aCT TOr.L{a co cKopocThIO v 1 
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HaJieTruomeii: "IaCTHIJ;bl ,11;0 CTOJIKHOBeHml, a BeKTOp AI' ,11;acT HCKOMYJO CKOpOCTb TOll 

)Ke "IaCTHIJ;bl nocne CTOJIKHOBeHmL AHaJIOfH"IHOe IlOCTPOeHne MO)KHO C,!J;eJiaTb )];JUI 

CKOpOCTH BTOpoii: "IaCTHIJ;bl. 

V10 = 01 

AO=V 

Al= V+v1o=v1 

01' = v;H 

Al'= v; = V + v;0 

A? y ., r/' 1v •IU ., b 
m, 0 ---v, 

m1 +m2 

Puc. 3. 

Ha pnc. 3 npe,11;nonaraeTcH, 'ITO m1 < m2, TaK 'ITO TO"IKa A Jie)KHT BHYTPH 

OKJ)Y)KHOCTH. Ilpn :noM BeKTOp Al', T; e: CKOpOCTb v;, MO)KeT HMeTb mo6oe 

, 
V1min 

Jmi-m2I 
V1. 

m1+m2 

< l 't'. I ~ \ >91 
JI m, 0 - m2 A --~ ~---~ 

m1 +m2 m1 +m2 

Puc. 4. 

2. MoMeHT HMDYJibca 

HanpaBJieHne. IlOMHMO :meprnn H HMilYJihCa, ,!J;JIH BCHKOH 3aMKHYTOll CHCTeMhl coxpaHHeTCH 

Ecnn )Ke m 1 > m2, TO TO"IKa A Jie)KHT BHe oKpy)KHOCTll (pnc. 4). B 3TOM cny"Iae 

yron ~ Me)K,!J;y CKOpOCTHMH "IaCTllIJ;bl ,11;0 H nocne CTOJIKHOBemrn He MO)KeT npeBbiillaTh 

HeKOTOporo MaKCHMaJibHOro 3Ha"IeHHH, COOTBeTCTByrom;ero CJIY'lJaIO, Kor,11;a npHMaH Al' 

KacaeTCH OKpy)KHOCTH. Ilpn 3TOM cmpoHa A I' TPeyroJibHHKa Al 'O 6y,11;eT 

nepneH,!J;HKYJIHpHa CTOpOHe 01', TaK 'ITO 

. 01' m2 
sm~max =AO=-;;;;· 

3aMeTHM TaK)Ke, 'ITO CKOpOCTb "IaCTHIJ;bl nocne CTOJIKHOBeHHH He MO)KeT 6hITb 

MeHbrue HeKOToporo MHHHMaJibHOro 3Ha"IeHHH, ,!l;OCTHraeMoro, Kor,11;a TO"IKa l' Ha 

pnc. 3 (HJIH Ha pnc. 4) ,!J;HaMeTPaJihHO npOTHBOilOJIO)KHa TO"IKe 1. 3TOT CJIY'lJall 

COOTBeTCTByeT JI060BOMY CTOJIKHOBeHHIO "IaCTHU, H MHHHMaJibHOe 3Ha"IeHne CKOpOCTH 

paBHO 

8 

eme 0,!l;Ha BeKTOpHM BeJIH"IHHa, Ha3hIBaeMaH M0MeH1n0M wunyllbCG HJIH npocTO 

M0MeHm0M. 3Ta BeJIH"IHHa CKJl8,!l;bIBaeTCH H3 MOMeHTOB OT,!J;eJibHbIX MaTepHaJibHblX 

TO"IeK, KOTOpbie onpe,11;eAAIOTCH cne,11;yrom;nM o6pa30M. 

IlycTb MaTepna.rrbHM TO"IKa HMeeT HMilYJibC p, a ee IlOJIO)KeHHe OTHOCHTeJibHO 

HeKOTOporo npOH3B0JlbHOrO Ha"Ia.rra OTC"IeTa O onpe,11;eJIHeTCH pa,11;nycoM-BeKTOpOM r. 

Tor,11;a MOMeHT M 3TOii: MaTepHaJibHOii: TO"IKH onpe,11;eJIHeTCH KaK BeKTOp, no BeJIH"IHHe 

paBHblll 

M=rpsinS (2.4) 

(r,11;e e - yron Me)K,!J;y p H r) H HarrpaBJieHHblll nepneH,!J;HKYJIHpHO IlJIOCKOCTH, 

npoxo,!J;Hm;eii "Iepe3 HarrpaaneHHH p H r. Ilocne,11;Hee ycnoBHe caMo no ce6e eme He 

orrpe,11;eAAeT IlOJIHOCTblO HarrpaBJieHHH M, TaK KaK OCTaIOTCH )];Be B03MO)KHOCTH -

11
BBepx" H 

11
BHH3

11
• IlpHHHTO orrpe,11;eMTb 3TO HarrpaBJieHne TaK: eCJIH rrpe,11;cTaBHTb ce6e 
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BHHT, BpamaeMblll ITO HarrpaBJieHHlO OT r K p, TO BHHT 6y,neT ITepeMemaTbC.!I B.Z(OJib M 

(puc. 5). 

M 

cb r 

Pttc. 5 

__ T ______ _ 

I 
I 

:hp 
I 
I 
I 
I 

0 

,,, 
,,,e 

PHC. 6 

p 

Benwnrny M MO)KHO ITpe,ncTaBHTb eme H B ,npyroM, 6onee Harn.11,nHOM BH,ne, ecnu 

3aMeTHTb, tffO ITpOH3Be.Z(eHue r sin 0 eCTb .Z(JIHHa hp ITepITeH.Z(HKYJI.!!pa, OITymeHHOro ll3 

TOtJKH O Ha HaITpaBJieHHe HMITYJibCa tJaCTHUbl (puc. 6); 3TO paCCTO.!IHHe qacTO 

H33bIBaIOT nJle'IOM HMITYJibCa OTHOCHTeJibHO TOtJKH 0. MoMeHT qacTHUbl paBeH 

ITpOH3Be.Z(eHHlO ITJietJa Ha BeJIHtJHHY ee HMITYJibCa 

M=php. 

IlpHBe.Z(eHHOe OITpe,neneHHe BeKTOpa M KaK p33 COBITa,naeT C ll3BeCTHblM ll3 

BeKTOpHofi anre6pb1 ITOH.!ITHeM 6eKmOpH020 npOU36eOeHtm: BeKTop M, COCTaBJieHHblll 

ITO YK33aHHblM ITpaBHJiaM ll3 BeKTOpOB r up, H33bIBaIOT BeKTOpHbIM ITpOH3Be.Z(eHHeM r ll 

p ll 3fillllCbIBaIOT ero CJie.Z(yIOIUHM o6p330M: 

M= [rp] 

HJIH, ITOCKOJibKY p = mv, 

M=m[rp]. 

3TOfi q>OpMynofi OITpe,neJI.!leTC.!I MOMeHT OT.Z(eJibHOll tJaCTHUbI. MoMeHTOM 

CHCTeMbl qacTHU H33~BaeTC.!I CYMMa 

M = [r,pi] + [r1]]2] + ... 

MOMeHTOB OT.Z(eJibHblX tJaCTHU. TaKM cyMMa M.!i JII06ofi 3aMKHYTOH CHCTeMbl ocrneTC.!I 

ITOCTO.!IHHOH BO BpeMeHH. 8 3TOM ll 3aKJIIOtJaeTC.!l 3GKOH coxpaHeHtm MOMeHma. 

O6paTHM BHHMaHHe Ha TO, tffO B OITpe,neneHHH MOMeHTa q>HrypHpyeT 

ITpOH3BOJibHO Bb16paHHOe HatJano 0, OT KOTOporo OTCtJHTbIBaIOTCH pa,nuycbI-BeKTOpbI 

tJaCTHU. Xorn BeJIHtJHHa ll HaITpaBJieHHe BeKTopa M 3aBHC.!IT OT BbI6opa 3TOll TOtJKH, HO 

10 

j 

I 
I 
! 

nerKO BH.Z(eTb, tJTO 3Ta HeOITpe,neneHHOCTb HecymecTBeHHa .Z(JI.!I 3aKOHa coxpaHeHH.!I 

MOMeHTa. ,ll;eficTBHTeJibHO, eCJIH Mbl CMeCTHM TOtJKY O Ha HeKOTopoe Ja,naHHOe (ITO 

BeJIHtJHHe ll HaITpaBJieHHIO) paCCTO.!IHHe a, TO Ha 3TY )Ke BeJIHtJHHY ll3MeH.!ITC.!I BCe 

pa,nuycbI-BeKTopbI tJaCTHU, TaK tffO K MOMeHry ITpH6aBHTC.!I BeJIHtJHHa 

[apt]+ [ap2] + ... = [a(p, + p2 + ... )] = [aP]. 

r.ne p - ITOJIHblll HMITYJibC CHCTeMbl. Ho M.!1 3aMKHYTOll CHCTeMbl P eCTb ITOCTO.!IHHa.!I 

BeJIHtJHHa. Mbl BH,nHM, CJie.Z(OBaTeJibHO, tffO ll3MeHeHHe BbI6opa HatJana KOOp.Z(HHaT He 

OTpa)KaeTC.!I Ha ITOCTO.!IHCTBe ITOJIHOro MOMeHTa 3aMKHYTOll CHCTeMbl. 

O6bNHO ITPHHHTO OITpe,neJI.!ITb MOMeHT CHCTeMbl tJaCTHU, BbI6paB B KatJeCTBe 

HatJana OTCtJeTa pa,nHycoB-BeKTOpOB ueHTp HHepUHH CHCTeMbl. I1MeHHO TaKOll BbI6op 

Mbl H 6y,neM ITO.Z(p33yMeBaTb B .Z(aJibHefirneM. 

OITpe,neJIHM ITpOH3BO.Z(HYIO ITO BpeMeHH OT MOMeHTa HMITYJibCa tJaCTHUbI. CornacHo 

ITpaBHJiy .Z(llq>q>epeHUHpoBaHH.!1 ITpOH3Be,neHH.!I HMeeM 

dM =~[rp]=[dr p]+[rdp]· 
dt dt dt dt 

(2.5) 

TaK KaK dr eCTb CKOpOCTb tJaCTHUbl v, a p = mv, TO ITepBblll tJJieH eCTb. m [vv] ll 
dt 

paBeH HYJIIO, ITOCKOJibKy paBHO HYJIIO BeKTOpHoe ITpOH3Be.Z(eHHe JII06oro BeKTopa 

CaMOro Ha ce6.11. Bo BTOpOM tJJieHe ITpOH3BO.Z(Ha.!I 

.neficTBy10ma.11 Ha qacTHUY cuna F. TaKHM o6prooM, 

dM 
-=[rF]. 
dt 

dp 

dt 
eCTb, KaK Mbl 3HaeM, 

(2.6) 

BeKTOpHoe ITpOH3Be.Z(eHHe [r.FJ H33bIBaIOT MOMeHmOM CUJlbl (OTHOCHTeJibHO 

Ja,nattHoii TOtJKH O); MbI 6y.neM o6oJHatJaTb ero ITocpe.ncTBOM K: 

K = [r.FJ. 

AHanorHtJHO CK33aHHOMY BbIIIIe O MOMeHTe HMITYJibCa MO)KHO CK33aTb, 'ITO BeJIHtJHHa 

MOMeHTa CHJibl paBHa ITpOH3Be.Z(eHHIO BeJIHtJHHbl CHJibl F Ha ee 
11
ITJieqo" hF, T. e. Ha 

MHHY ITepITeH.Z(HKyJIHpa, OITymeHHOro ll3 TOtJKH O Ha HaITpaBJieHHe ,nefiCTBHH CHJibl, 

K=FhF. 
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TaKIIM o6pa30M, CKOpOCTb ll3MeHeHml MOMeHTa IIMrrynbca MaTepIIaJibHOH ToqKII 

pmrna MOMeHTY .n;e:iiCTByroll(e:ii Ha Hee CIInbI 

dM =K. 
dt 

IIonHblli MOMeHT IIMrrynbca 3aMKHYTOH CIICTeMbl coxpam,eTCH; 3TO 3HaqIIT, qTQ 

rrpOII3B0,!l;HaH ITO BpeMeHII OT cyMMbl MOMeHTOB, BXOMIIIIIX B CIICTeMy qacTIIl{, paBHa 

Hymo: 

!!_(M1 +M2+ ... )= dM1 + dM2 + ... =0. 
dt dt dt 

(2.7) 

OTc10.n;a cne.n;yeT, lfTO 

K1 +K2+ ... =0. 

Mbl Bll,!l;IIM, lfTO B 3aMKHYTOH CIICTeMe He TOnbKO cyMMa .n;e:iicTByroll(IIX Ha BCe 

qacTIIl{bl CIIn, HO II cyMMa MOMeHTOB Clln paBHbl Hymo. IIepBoe ll3 3TIIX YTBep~eHIIH 

3KBIIBaJieHTHO 3aKOHY coxpaHeHIIII IIMrrynbca, a BTOpoe - 3aKOHY coxpaHeHIIII 

MOMeHTa IIMIIynbca. 

3. ,rt;eu~euue e I(eHTpaJibHOM noJie 

3aKOH coxpaHeHIIH MOMeHTa BbIIIOnHHeTCII .n;nH 3aMKHYTOH CIICTeMbl, a He ,1l;JlH 

OT.n;enbHbIX BXOMIIIIIX B ee COCTaB qacTIIl{. Ho B03MO,KeH cnyqa:ii, Kor.n;a OH 

BbIIIOnHHeTCH ,!l;JIH O,!l;HOH lfaCTlll{bl, ,!l;BII~e:iiCH B CIInOBOM none. ,[(nH 3TOro 

Heo6xo.n;IIMO, qT06bI none 6bIJIO l{eHTPaJibHbIM. 

I.{eHmpWlbHblM Ha3b1Ba.JOT TaKOe CIInOBOe none, B KOTOpOM IIOTeHl{llaJibHaH 

3HeprIIH lfaCTlll{bl HBJIHeTCH q>yttKl{IIeli TOnbKO OT paccTOIIHIIII r .n;o orrpe.n;eneHHOli 

ToqKII -11eHTPa rroJIH: U = U(r). Cuna, .n;e:iiCTBYIOIIIaH Ha qacTIIIIY B TaKOM none, TO)Ke 

3aBIICIIT nIIIIIb OT pacCTOIIHIIII r II HarrpaBneHa B K~Oli TOlfKe rrpOCTPaHCTBa B.n;Onb 

pa.n;uyca, rrpoBe.n;eHHOrO B 3TY TQqKy II3 11eHTPa IIOJIH. 

Xorn qacTIIl{a, ,!l;Bll)Kyll(aHCII B TaKOM none, II He rrpe.n;cTaBnHeT co6o:ii 3aMKHYTYI0 

CllCTeMy, TeM He Mettee, ,1l;JlH Hee BbIIIOnHHeTCH 3aKOH coxpatteHIIH MOMeHTa IIMrrynbca, 

ecnu onpe.n;eJIHTb MOMeHT ITO OTHOIIIeHIIIO K l{eHTPY IIOJIH. ,[(e:iiCTBIITenbHO, IIOCKOnbKY 

12 

( 
11 
l~ 

!/ 
11 

11 

·I 
I, 
I 

HarrpaBnettIIe .n;eHCTByroll(eH Ha qacTIIUY Cllnbl rrpoxo.n;IIT qepe3 11eHTP IIOJIH, TO paBHO 

HynIO rrneqo CIInbI OTHOCIITenbHO 3TOH TOqKII, a IIOTOMY paBeH HynIO II MOMeHT Cllnbl. 

dM 
CornacHo ypaBHeHIIIO -- = K = 0. OTc10.n;a cne.n;yeT, lfTO M = const. 

dt 

IIocKonbKY MOMeHT M = m[rv] rreprreH.n;IIKynHpeH HarrpaBneHIIIO pa.n;uyca

BeKTopa r, TO ll3 IIOCTOHHCTBa HarrpaBneHIIII M cne.n;yeT, lfTO IIpII ,!l;BII,KeHIIII qacTIIl{bl 

ee pa.n;uyc-BeKTop .n;On,KeH OCTaBaTbCII BCe BpeMH B 0,!l;HOH rrnoCKOCTII - rrnoCKOCTII, 

rreprrett.n;IIKyMptto:ii HarrpaBneHIIIO M TaKIIM o6pa30M, B ueHTpaJibHOM none qacTIIllbI 

,!l;Bll,KJTCH ITO rrnoCKIIM op6IITaM - op6IITaM, ne,Kall(IIM B rrnocKOCTHX, rrpOXOMIIIIIX 

qepe3 ueHTP rronH. 

3aKOHY coxpatteHIIII MOMeHTa IIMrrynbca rrpII TaKOM "rrnOCKOM
11 

,!l;BII)KeHIIII 

MO)KHO rrpu.n;aTb HarJIH.n;ttyIO q>opMy. ,[(nH 3TOro 3aIIIIIIIeM MB BII.n;e 

M = m[rv]= m[r ds] = m [rds] 
dt dt . 

(2.8) 

r.n;e ds - BeKTOp rrepeMell(eHIIII MaTepIIaJibHOH TQqKII 3a BpeMH dt. BenIIlfllHa 

BeKTOpHoro rrpOII3Be.n;eHIIIl
0 

.n;Byx BeKTopoB reoMeTP11qecKII npe.n;CTaBnHeT co6o:ii, KaK 

113BeCTHO, rrnoll(a.n;b IlOCTPOeHHOro Ha HIIX rrapannenorpaMMa. IlnOII(a,!l;b ,Ke 

napaJIJienorpaMMa, IlOCTPOeHHOro Ha BeKTOpax ds II r, eCTb y.n;BoeHHaH nnoma.n;b 

6ecKOHeqHo Y3KOro ceKTOpa OAA' (p11c. 7), on11caHHOro pa.n;11ycoM-BeKTOpOM 

.n;B11,KJme:iicH TOlfKII 3a BpeMH dt. 

M 

0 

PHC. 7. 

O603Haq11B 3TY rrnoma.n;h qepe3 dS (dS = rds), MO,KHO 3arr11caTb Ben11q11ey MOMeHTa B 

Bil,!l;e 
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dS 
M=2m-. 

dt 

B ~ -
enuquHa - Ha3hIBaeTcH ceKmopuaJ1bnou cKopocmb/0. 

dt 

TaKUM o6pa30M, JaK0H coxpaHeHHH M0MeHTa HMrrynnca M0)l(H0 cqiopMyrrupoBaTb 

KaK II0CT0HHCTB0 CeKT0pHaJJhHOll CK0p0CTH: pa,n;uyc-BeKTop .l(Bll)l(YIIJeil:cH TQqKu 

OIIllCbIBaeT 3a paBHhle BpeMeHa paBHbie rrnoma,n;u. 8 TaK0M BU.l(e 3T0 yrnep)l(.l(eHue 

Ha3hIBaeTCH emopblM 3QKOHOM KeY1J1epa. 

3a,n;aqa 0 .l(Bll)l(eHUH B 11eHTpaJJbH0M rrone B oco6eHHOCTll Ba)l(Ha II0T0MY, qTo K 

Heil: CB0.l(llTCH Ja,n;aqa 06 0TH0CUTeJJbH0M .l(Bll)l(eHUll .l(Byx B3aUMO.l(eil:crny10111ux .n:pyr C 

.n:pyroM MaTepttaJJbHhIX ToqeK - TaK HaJhIBaeMaH 3QOQ'IQ oeyx me11. 

PaCCMOTpllM 3T0 .l(Bll)l(eHue B CllCTeMe 11eHTpa llHep11uu o6eux qacTUIJ. B 3TOll 

CHCTeMe 0TCqeTa cyMMapHblll llMIIYJJhC qacTUIJ paBeH Hyn10 

m1v1 + m2v2 = 0, 

r.n:e VJ, V2 - CK0p0CTH qacTHIJ. BBe.n;eM TaK)l(e 0TH0CUTennHYJO CK0p0CTh qacTUII 

V = VJ - V2. J,fa 3TllX .n;Byx paBeHCTB rrerK0 11orryquTb qiopMynnI 

m2 
V1 = V, 

m1 +m2 
v2 v, 

m1+m2 

m, 
(2.9) 

Bbipa)l(aJOIIJUe CK0p0CTll Ka)l(.l(Oll ll3 qacTHII qepe3 llX 0TH0CUTenhHYJO CK0p0CTh. 

IIo.n:cTaBllM 3TH qiopMynnI B Bbipa)l(eHue IIOnHoil: 3Heprnu qacTUII 

2 2 

E - m1V1 m2V2 U( ) ---+--+ r 
2 2 ' 

r.n:e U(r) - B3aUMHaH II0TeHIJllaJJhHaH 3Hepnrn qacTUII KaK 4JYHKIJHH llX 

0TH0CHTennH0ro paCCT0HHllH r (T. e. a6conIOTHOll BenuqUHbl BeKTOpa r = r1 - r2). 

Ilocne 11pocToro 11puBe.n;eHHH qrreHoB 11orryquM 

r.n:e µ o6oJHaqaeT BerruquHy 

µv2 
E=-+U(r), 

2 

µ m1m2 

m1+m2 

Ha3hIBaeMYJO npueeoeHHOU MQCCOU qacTHIJ. 

14 

(2.10) 

Mnl Bll.l(llM, qro 3HeprHH 0TH0CUTeJJhH0ro .l(Bll)l(eHHH .l(Byx qacTHII TaKaH )Ke, KaK 

. @ 
ecrru 61:,1 0.l(Ha qacTHIJa C Maccoil: m .l(Bttrarracb co CK0p0CThlO V = - B 11eHTpaJJhH0M 

dt 

BHeIIIHeM II0JJe C IIOTeHIJllaJJhHOll 3Heprneil: U(r). ~yrHMll cnoBaMll, Ja,n;aqa 0 

.l(Bll)l(eHUll .l(Byx qacTHII CB0.l(llTCH K Ja,n;aqe 0 .l(Bll)l(eHUll _0.l(HOll "11puBe.n;eHHOil:" 

qacTHIJhl BO BHeIIIHeM 11one. 

Ecrru 3Ta 11ocrre.n;HHH Ja,n;aqa perneHa (T. e. Hail:.n;eHa rpaeKTopuH r = r(t) 

"11puBe.n;eHHOll
11 

qaCTHIJbI), TO M0)l(H0 He11ocpe.n:crneHH0 HattTll ll pearrbHbie rpaeKT0puu 

.n;Byx qacTHII m1 u m2 110 qiopMyrraM 

r1 !!!1__ r, r2 = 
m1+m2 

m1 r, 
m1+m2 

(2.11) 

CBH3hlBaIOIIJllM pa,n;uycnI-BeKT0pbI qacTHII r1 ll r2 0TH0CUTeJJbH0 llX 11eHTpa UHep11uu C 

llX B3aHMHbIM paCCT0HHUeM r = r1 - r2 (3TH qiopMynnI BhITeKaIOT ll3 C00TH0llleHUH 

m1r1 = m2r2 = 0 ll C0OTBeTCTBYJOT 11puBe.n;eHHhIM Bhlllle aHarroruqHI,IM qiopMynaM .l(JIH 

CKOpOCTefi): 

dr1 dr2 
V1 =- ll V2 =-. 

dt dt 

OTCIO.l(a Bll.l(H0, qTo o6e qacTUIJhl 6y.n:yr .l(BllraThCH 0TH0CHTeJJbH0 11eHTpa UHep11uu 

CllCTeMhl 110 reoMerpuqecKH 110.n:06HhIM rpaeKT0pllHM, 0TJJHqaJOIIJllMCH nurnn CB0llMll 

pa3MepaMH, o6paTHO 11po11op11H0HaJJhHhIMH MaCCaM qaCTllll 

.:!..= m2 

r2 m1 

B TeqeHue .l(Bll)l(eHUH qacTUIJhl Bcer.n:a HaX0.l(HTCH Ha K0HIJax HeKOT0poil: llpHMOll, 

11poxo.n;H111eil qepe3 11eHTp uttep11uu. 

CBe.l(H 3a,n;aqy 0 .l(Bll)l(eHUll .l(Byx Ten K 3a,n;aqe 0 .l(Bll)l(eHUll 0.l(H0ro Tena, Mhl 

11purnnu B0llpocy 06 011pe.n:eneHUll .l(Bll)l(eHUH qaCTllllhl BO BHernHeM 11one, B K0T0p0M 

ee II0TeHIJllaJJhHaH 3HepruH 3aBUCllT T0nhK0 OT paCCT0HHllH r .n:o 011pe.n:eneHHOll 

HellO.l(Bll)l(HOll TQqKu; TaK0e II0JJe HaJhIBaIOT 11enmpaJ1.bHblM. Cuna 

F = _ dU(r) = _ dU !__ ' 
dr dr r 

.n:ellCTBYJOIIJaH Ha qacTHIIY, 110 a6COJJIOTHOll BenuquHe 3aBUCllT 11pu 3T0M T0)l(e T0nhK0 
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OT r Il HarrpaBJieHa B Ka)K)J;OH TOlJKe B.n:onb PMilyca-BeKTopa. 

Ilpll .n:Bil)KeHilil B ueHTPanbHOM rrone coxpamreTC.lI MOMeHT CilCTeMbl 

OTHOCilTeJibHO ueHTPa IIOJI.ll. ,ll;n.sr o.n:Hoii tJaCTilUbI :no eCTb 

M= [rp]. 

IloCKOJibKY BeKTOpbI Af II T B3ailMHO rreprreH.n:rrKyn.srpHbl, IIOCTO.HHCTBO Af 03HatJaeT, lJTO 

rrpll .n:Bil)KeHIIIl tJaCTIIUbl ee PMIIYC-BeKTOp BCe BpeM.H OCTaeTC.lI B o.n:Hoii IInOCKOCTII -

IIJIOCKOCTII, rreprreH.n:IIKyn.srpHOH KM. 

TaKIIM o6pa30M, TPaeKTOpII.H .n:BII)KeHII.lI tJaCTIIUbl B ueHTPanbHOM rrone Jie)KIIT 

uenIIKOM B 0.l{HOH IIJIOCKOCTil. 3To o6CTO.HTeJibCTBO IIpIIBO,!{IIT K cyiuecrneHHOMY 

yrrpoiueHIIIO 3a.n:a1111 IlHTerp11poBaHII.lI ypaBHeHilll ,!{Bil)KeHII.lI rrp11 HanIIlJilil 

UIIKnillJeCKIIX KOOp,n:IIHaT. 

B ,n:aHHOM cnyqae o6o6iueHHhIH IIMrrynhc coBrra,n:aeT c MOMeHTOM Mz = M, TaK 

lJTO Mbl B03BpaiuaeMC.lI K 3aKOHY coxpaHeHII.lI MOMeHTa 

M = mr2cp = const, (2.12) 

r.n:e, KaK rrpIIH.lITO B MexaHIIKe, TOlJKa Hal( BeJIII'lIIHOH o603HatJaeT IIOJIHYIO 

. dcp 
rrpOI13B0.l{HYI0 ITO BpeMeHII: cp = -. 

dt 

3aMeTIIM, lJTO .n:n.sr IIJIOCKOro ,!{BII)KeHII.lI O,!{HOH tJaCTIIUbl B ueHTPanbHOM rrone 

3TOT 3aKOH .n:orrycKaeT rrpOCTYIO reoMeTPiltJeCKYIO IlHTeprrpernu1110. 

r rdrn 
a ' -r 

0 ~ 

Pttc. 8. 

Bb1pa)KeH11e .!.r • rdcp rrpe.n:crnBn.sreT co6oii IIJIOIUMb ceKTopa, o6paJOBaHHoro ,n:ByM.sr 
2 

6ecKoHetJHo 6JIII3KliMII PMIIYCaMII-BeKTOpaMII II 3JieMeHTOM .n:yrn TpaeKTOpIIII (p11c. 8). 

O6o3HalJIIB ee KaK df, HarrmneM MOMeHT tJaCTIIUbl B BII,n:e 

M=2mj, (2.13) 
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r.n:e rrpOI13B0.l{HYI0 j HaJblBaIOT ceKmOpUaJlb1/0U CKOpocmb/0. Ilo3TOMY COXpaHeHIIe 

MOMeHTa 03HatJaeT IIOCTO.lIHCTBO CeKTOpilanbHOH CKOpOCTII - 3a paBHble rrpoMe)KYTKil 

BpeMeHII pa,n:11yc-BeKTOp ,!{Bil)KYIUeiic.sr TOlJKil OIIIICbIBaeT paBHbie rrnoiua.n:11. 

IIonHoe pemeHIIe 3a):(alJII. 0 .n:BII)KeHIIII tJaCTIIUbl B ueHTPanhHOM rrone rrpoiue 

Bcero IIOJIYtJIITb, IICXO,!{.lI 113 3aKOHOB coxpaHeHII.lI 3Hepr1111 II MOMeHTa, He BblIIIICbIBa.H 

rrpII 3TOM CaMIIX ypaBHeHIIH ,!{BII)KeHII.lI. Bbipa)Ka.H <i> qepe3 M 113 (2.12) II IIO,!{CTaBn.H.lI B 

Bblpa)KeHIIe .n:n.sr 3Hepr1111, IIOJIYtJIIM 

m( ) mr
2 

M
2 

E =- ;-2 +r2cp2 +U(r)=-+--2 +U(r). 
2 · 2 2mr 

OTCIO,n:a 

. dr 
y;:-= 

dt 

2 
m[E-U(r)]- M2 

m2r2 

IIJIII, rrocne pa3,n:eneHII.lI rrepeMeHHbIX II IIHTerp11poBaHII.lI, 

f dr 
t = -.======== + const. 

,ll;anee, HaIIIICaB (2.12) B BII,n:e 

2 M 2 

-[E-U(r)]--
m m2r2 

M 
dcp=-2 dt, 

mr 

IIO,!{CTaBJl.ll.lI CIO,n:a dt 113 (2.15) II IIHTerp11py.sr, Haxo.n:IIM 

M2 
-

2 
dr 

cp = f r + const. 
M2 

2m[E-U(r)]--
r2 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

<l>opMyJibl (2.16) II (2.17) peIIIaIOT B o6iueM BII,n:e IIOCTaBJieHHYIO 3a):(atJy. Brnpa.sr 

113 HilX orrpe,n:en.sreT CB.H3b Me)K)];y r II cp, T. e. ypaBHeH11e TPaeKToprr11. <l>opMyna )Ke 

(2.16) orrpe.n:en.sreT B He.HBHOM BII,n:e paCCTO.lIHile r .n:BII)Kyiueiic.sr TOlJKII OT ueHTpa KaK 

4JYHKUIIIO BpeMeHII. OTMeTIIM, lJTO yron cp Bcer.n:a MeH.sreTC.lI co BpeMeHeM 

MOHOTOHHbIM o6pa30M - 113 (2.12) Bil.n:Ho, lJTO <i> HIIKor.n:a He MeH.HeT 3HaKa. 

Bblpa)KeHIIe (2.14) IIOKaJbIBaeT, lJTO PMIIanbHYIO qacTb ,!{BII)KeHII.lI MO)KHO 

paccMaTPIIBaTh KaK 0,!{HOMepHoe ,!{BII)KeHile B rrone C "3qiqieKTIIBHOH
11 

IIOTeHUIIanbHOH 

: 06ie,mrneHHhIB HHCTRTYT 

smepHhIX 11cch7e,n;oBaHnfI 
I BvlBffHOTEKA 



:mepmen 

U)¢,¢, =U(r)+ M2 
2mr2 • 

(2.18) 

BeJmqnHy M 2/2mr 2 
Ha3bIBaIOT IIeHTpo6e)KHOH :mepmeil:. 3HaqeHHH r, rrpH KOTOpbIX 

KBMpaTHblll KopeHb B (2.17) paBeH HYJIIO, HJIH 

M2 
U(r)+--

2 
=E, (2.19) 

2mr 

orrpe.QeJIHIOT rpaHHI!bl o6nacTH .QBH)KeHHH ITO paCCTOHHHIO OT ueHTpa. IlpH 

BblTIOJIHeHHH paBeHCTBa (2.19) PMHaribHaH CKOpOCTb r o6paIIIaeTCH B HYJib. 3TO He 

03HaqaeT OCTaHOBKH qacTHI!bl (KaK rrpH HCTHHHOM O.QHOMepHOM .QBH)KeHHH), TaK KaK 

yrnOBaH CKOpOCTI, cp He o6pamaeTCH B HYJib. PaBeHCTBO ;- = 0 03HaqaeT "ToqKy 

IIOBOporn" rpaeKTOpHH, B KOTOpoil: <pYHKIIHH r(t) rrepexo.QHT OT yBeJinqeHHH K 

yMeHbllieHHIO HJIH Hao6opoT. 

Ecnn o6naCTb .QOIIYCTHMOfO H3MeHeHHH r orpaHnqeHa Jllillib O.QHHM ycJIOBHeM 

r ~ rmin, TO .QBH)KeHHe qacTHI!bl HH!pHHHTHO - ee · rpaeKTOpHH rrpHXO.QHT H3 

6eCKOHeqHOCTH n yxo.QHT Ha 6ecKOHeqHOCTb. 

EcnH o6naCTb H3MeHeHHH r HMeeT .!{Be rpaHHI!bl rmin H rmax, TO .QBH)KeHHe 

HBJIHeTCH !pliHHTHbIM H rpaeKTOpHH uenHKOM Jie)KHT BHYTPH KOJibIIa, orpaHnqeHHOro 

OKPY)KHOCTHMH r = rmax H r = rmin• 3To, O.QHaKo, He 03HaqaeT, qTo rpaeKTOpHH 

HerrpeMeHHO HBJIHeTCH 3aMKHyTOil: KpHBOll. 3a BpeMH, B TeqeHHe KOTOporo r 

H3MeH»eTCH OT rmax H rmin H 3aTeM .QO rmax, PMHyc-BeKTOp IIOBepHeTCH Ha yron ~cp, 

paBHblll cornaCHO (2.17) 

'ma M 
~cp=2 r ---;5dr 

'min ~2m(E-U)- M2. 
r2 

(2.20) 

y CJIOBHe 3aMKHYTOCTH rpaeKTOpHH 3aKJIIOqaeTCH B TOM, qTo6bI 3TOT yron 6bIJI paBeH 

paunoHaribHOil: qacTH OT 21t, T. e. HMen BH.Q ~cp = 2nm/ n, r.ne m, n - uenhre qucna. 

Tor.na qepe3 n IIOBTopeHnii 3Toro rrepno.na BpeMem1 pa.nttyc-BeKTop ToqKlf, c.nenaB m 
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IIOJIHblX o6opoTOB, COBIIMeT co CBOHM rrepBOHaqaJibHbIM 3HaqeHHeM, T. e. TpaeKTopml 

3aMKHeTCH. 

I 
I 
I 
I 
I 
I 
I 
I 
I 

/ 
I 

I 

/ 
/ 

/ 

/ 
/ 

/ 

P11c. 9. 

O.QHaKO TaKlfe cnyqan HCKJIIQqHTeJibHbl, H rrpH rrpOH3BOJibHOM BH.Qe U(r) yron ~cp 

He HBJIHeTCH PaIIlfOHaJlbHOH qaCTblO OT 21t. IT03TOMY B o6meM cnyqae rpaeKTopHH 

<pHHlfTHOro .QBlf)KeHHH He 3aMKHyra. OHa 6ecqttcneHHoe qttcno pa3 rrpoxo.QHT qepe3 

MlfHlfMaribHOe If MaKClfMaribHOe paCCTOHHlfe (KaK, HarrpttMep, Ha pttc. 9) If 3a 

6ecKOHeqHoe BpeMH 3aIIOJIHHeT Bee KOJlbl!O Me)K.QY .QBYMH rpaHlfqHblMlf 

OKPY)KHOCTHMlf. 

CymecTBYIOT Jllfllib .QBa Tlflla ueHTparibHblX rroneii, B KOTOpbIX BCe rpaeKTOPlflf 

<plfHlfTHblX .QBlf)KeHlfll 3aMKHYTbl. 3TO IIOJIH, B KOTOpbIX IIOTeHIIlfaribHaH 3HepmH 

qaCTlfl!bl rrporropIIHOHaribHa ljr lfJilf r2
• IlepBblll lf3 3TlfX cnyqaeB paCCMOTpeH B 

cne.nymmeM pa3.Qene, a BTOpoil: COOTBeTCTByeT TaK Ha3bIBaeMOMY rrpocrpaHCTBeHHOMY 

OCI!lfJIJIHTOpy. 

B TOqKe IIOBOpOTa KBa.QpaTHblll KOpeHb ·(2.15) (a BMeCTe c HlfM tt 

IIO.QbIHTerparibHbie Bbipa)KeHlfH B (2.16) If (2.17)) MeHHeT 3HaK. Ecnlf OTCqlfTblBaTb yron 

cp OT HarrpaBJieHlfH PMHyca-BeKTopa, rrpoBe.QeHHOro B TOqKy IIOBOpOTa, TO 

rrpHMbIKaIOII!lfe C .QByx cp CTOpOH K 3TOH TOqKe OTpe3Klf rpaeKTOPlflf 6y.nyr OTJilfqaTbCH 
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JIHUII, 3HaKOM <p rrpH Bcex o,nttHaKOBhIX 3HaqeHHID{ r; 3TO 3HaqHT, qTo TPaeKTopm1 

CHMMeTPHqHa OTHOCHTeJibHO yr<a3aHHOro HarrpaBrreHml. HaqaB, CKa)KeM, OT KaKOii:

JIH6o H3 ToqeK r = rmax, Mbl rrpoil:,neM OTPe30K TPaeKTOpHH .no TOqKH C r = rmin, 3aTeM 

6y,neM HMeTb CHMMeTPHqHo pacnoJIO)KeHHhlll TaKOH )Ke OTPe30K .no crre.nyiomeil: TQqKH 

Cr= rmax lI T. ,n., T. e. BC.ll TPaeKTopm1 norryqaeTC.ll noBTopeHtteM B np.l!MOM lI o6paTHOM 

HarrpaBJieHH.l!X o,nnHaKOBhIX OTPe3KOB. 3To OTHOCHTC.ll H K HH<pHHHTHhIM TPaeKTOpH.l!M, 

COCTO.l!IIJ:HM ll3 ,nByx CHMMeTPHqHbIX BeTBeil:, npOCTHPaIOIIJ:lIXC.ll OT TQqKH noBopoTa rmin 

.no 6eCKOHeqHQCTH. 

Hrumqne u;eHTPo6e)l(Hoil: :meprntt (nptt ,nBH)KeHHH c M * 0), o6pamruomeil:c.ll nptt 

r ➔ 0 B 6ecKOHeqHOCTh, KaK 1/ r 2
' npHBO,nHT o6hiqHo K HeB03MO)KHOCTH 

npOHHKHOBeHH.ll ,nBH)KYIIJ:HXC.ll qaCTHU: K u;eHTPY noJI.ll, _na)Ke ecrrn nocrre,nHee CaMO no 

ce6e HMeeT xapaKTep npHT.ll)KeHH.ll. "IIa,neHne" qaCTHU:hI B u;eHTP B03MO)KH0 JIHIIIh, 

ecrrn noTeHIJ;HaJihHa.ll 3HeprH.ll ,nOCTaToqHo 6hICTPO CTPeMHTC.ll K -00 npn r ➔ 0. J13 

HepaBeHCTBa 

HJIH 

mr2 M 2 

-=E-U(r)-->0 
2 2mr2 

, 

M2 
r2U(r )+- < Er2 

2m 

crre.n;yeT, qro r MO)KeT npHHHMaTb CTPeMHIIJ:HeCH K HYJIIO 3HaqeHHH JIHIIIh nptt ycJIOBHH 

M2 
r2U(r~ <--, 

~r➔O 2m 
(2.21) 

T. e. U(r) .n;oJI)KHO CTPeMHThCH K -oo m160 KaK - a/ r 2 
c a > M2 /2m, rrtt6o 

nponopu;HOHaJihHO - 1/ rn c n > 2. 

4. PacceHnue qacTHU: 

IloJIHOe onpe.n;erreHHe pe3yJihTaTa CTOJIKHOBeHHH .n;Byx qaCTHU: ( onpe.n;erreHHe 

yrrra X Ha pttc. 10) TPe6yeT perneHH.ll ypaBHeHHii: .ll;BH)KeHH.ll c yqeTOM KOHKpernoro 

3aKOHa B3aHMO.n;eii:CTBH.ll qacTHIJ;. 
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J 
) 

} 
I,'. 

) 
( 

l 

I 
I 
I 
I 
I 
I 
I 

\ "-.A 
______ xf ~// - o/~;------lp _____ _ 
----~-- _______ ! ______ _ 

Pttc. IO 

B COOTBeTCTBHH c o6mttM npaBHJIOM 6y,neM paCCMaTPHBaTb CHaqarra 

3KBHBaJieHTHyio 3a_naqy 06 OTKJIOHeHHH o,nHOH qacTHIJ;hI C Maccoii: m B norre U(r) 

Heno,nBH)KHOro ClIJIOBOfO u:eHTpa (pacnoJIO)KeHHOfO B u;eHTPe HHepu;HH qaCTHU:). 

TpaeKTOpH.ll qacTHIJ;hI B u;eHTPaJihHOM norre CUMMeTpnqHa no OTHOIIIeHHIO K 

np.l!MOil:, npoBe,neHHOil: B 6JIH)Kail:rnyio K u;eHTPY TOqKy op6ttThI (OA Ha pttc. 10). 

Il03TOMY o6e acttMnTOThI op6HThI nepeceKaIOT YKaJaHHyio np.l!MYIO no.n o,nnHaKOBhIMH 

yrrraMH. EcJm o603HaqttTh 3TH yrrrhl nocpe,ncTBoM <po TO yrorr x OTKJIOHeHH.ll qacTHU:hI 

npH ee nporreTe MHMO u;eHTpa eCTh, KaK BlI,nHO ll3 pncyHKa, 

x=J1t-2%J- (2.22) 

Yrorr )Ke <p onpe.n;eJI.lleTC.ll corrracHo (2.17) HHTerparroM 

oo M 
<po= f ?dr 

2m[E-U(r)]-M
2

' 
r2 

Tmin 

(2.23) 

B3.l!ThlM Me)K)];y 6JIH)KaliIIIHM K u;eHTPY H 6ecKOHeqHQ y.n;arreHHhIM noJIO)KeHH.l!MH 

qacTHU:hI. HanoMHHM, qTO r min HBJIHeTCH KOpHeM Bbipa)KeHH.ll, CTO.l!IIJ:ero no.n; 3HaKOM 

pa.n;HKaJia. 

Ilpn HHCpHHHTHOM )];BH)KeHHH, C KOTOpbIM Mhl HMeeM 3.n;ecb .n;erro, y.n;o6Ho BBeCTH 

BMeCTO nocTO.l!HHhIX E n M .n;pyrne: CKOpOCTh Voo qacTHU:hI Ha 6ecKOHeqHOCTH tt TaK 

HaJhrnaeMoe npulfeJ1b11oe paccmoR11ue p. Ilocrre.n;Hee npe.n;cTaBJIHeT co6oil: .n;rrttHy 

nepneH.n;HKyJIHpa, onymeHHoro H3 u;eHTPa Ha HarrpaBrreHne v,,,, T. e. paccTO.l!Htte, Ha 

KOTOpOM qacTnu;a npoIIIJia 6bI MHMO u:eHTPa, ecJIH 6bI CHJIOBOe norre OTCYTCTBOBaJIO 
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(pnc. 10). 3Heprm1 H M0MeHT BbipaJKaIOTCH 'lepe3 3TH BeJIH'IHHbl cornacH0 

mv;, 
E=--, M=mpv00 , 

2 

a q>OpMyna (2.23) IIpHHHMaeT BH,n 

dr 
"' P? 

<i>o = f I p2 2U 

1-2 - mv2 
r "' 

rmin 

BMeCTe C (2.22) 0Ha orrpe,nen»eT 3aBHCHM0CTI, X OT p. 

(2.24) 

(2.25) 

B qJH3H'leCKHX rrpHMeHeHHHX rrpnxo,nHTCH o6bl'IHO HMeTb .neno He C 

HH,nHBH,nyanhHhIM 0TKJI0HeHHeM 'laCTHIIhI, a, KaK r0B0pHT, C pacceR1tueM ljeJI020 ny'lKG 

o,nHHaK0BI,lX 'laCTHII, IIMaIOlllHX Ha pacceHBaIOll(Hll 11eHTp c o,nHHaKOBOll CK0p0CThlO 

Va,. Pa3JIH'IHhie 'laCTHIIhl B IIY'IKe o6na,naIOT pa3JIH'IHbIMH rrpn11enhHhIMH paCCTOHHHHMH 

H, COOTBeTCTBeHHO, pacceHBaIOTCH rro.n pa3JIH'IHh!MH yrnaMH X· O6o3Ha'IHM 

rrocpe,nCTBOM dN 'IHCJIO 'laCTHII, paccenBaeMbIX B e,nHHHIIY BpeMeHH Ha yrJihl, 

neJKall(He B HHTepBane MeJK,ny x H x + dx. CaMo no ce6e 3TO 'IHcno Hey,no6Ho ,nn» 

xapaKTepHCTHKH rrpo11ecca pacce»HHH, TaK KaK OHO 3aBHCHT OT IIJIOTHOCTH IIMaIOll(ero 

IIY'JKa (rrporrop11noHanhHO eil:). Il03TOMY BBe,neM OTHOllleHHe 

da= dN 
' 

(2.26) 
n 

r.ne n - 'IHCJIO 'laCTHII, rrpoxo,n»ll(HX B e,nHHHIIY BpeMeHH 'lepe3 e,nHHHIIY IIJIOll(a,nH 

rrorrepe'IHoro ce'leHH» rry'IKa (MhI rrpe,nrronaraeM, ecTeCTBeHHo, 'ITO rry'loK o,nHopo,neH 

IIO BCeMy CBOeMy ce'leHHIO ). 3To OTHOllleHne HMeeT pa3MepHOCTh IIJIOll(MH n 

Ha3bIBaeTCH 3qJqJeKmU611blM ce1Je11ueM pacceRIIUJl. OHO Bce11eno orrpe,nen»eTCH BH,nOM 

pacceHBaIOll(ero IIOJIH H HBJIHeTCH BaJKHeil:rneil: xapaKTepHCTHKOll rrpo11ecca pacce»HHH. 

Ey,neM C'IHTaTb, 'ITO CBH3I, MeJK,ny X H p - B3aHMH0 o,nH03Ha'IHa. 3TO TaK, ecnH 

yron pacce»HHH HBJUleTCH MOHOTOHHO y6bIBaIOll(eil: cfiynKl{Heii npmi;errhHOro 

paCCTOHHHH. 8 TaKOM cny'lae pacceHBaIOTCH B 3a,naHHhlH HHTepBaJI yrnoB MeJK,ny X H 

X + dx JIHlllh Te 'laCTHIIhI, KOTOpb!e neT»T c rrpn11eJibHhIM pacCTOHHHeM B 

OIIpe,neneHHOM HHTepBane MeJK,ny p(x) H p(x) + dp(x). lJ:HCJIO TaKHX •taCTHLl paBHO 

rrp0H3Be,neHHIO n Ha IIJIOll(a,nh K0JihIIa MeJK,ny OKPYlKHOCTHMH C pa.nnycaMH r H p + dp, 
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T. e. dN = 2rrpdpn. Ilo:noMy 3q>q>eKTHBHoe ce'leHne -

da = 2rrpdp. (2.27) 

qT06bI HattTH 3aBHCHMOCTI, 3q>q>eKTHBHOro Ce'leHHH OT yrna pacce»HHH, 

,nOCTaTO'IHO rreperrncaTI, 3TO BbipalKeHHe B BH,ne 

da = 2rrp(x)/ d~~x)I dx. (2.28) 

MbI IIHllleM 3_nec1, a6coJIIOTHOe 3Ha'leHHe rrpOH3BO,nHoil: dp/ dx, HMe» B BH,ny, 'ITO OHa 

MOlKeT 6bITb OTpHIJ;aTeJihHOll (KaK 3TO 06b1'1HO 6hrnaeT)*>. qacTO OTHOCHT da He K 

3JieMeHTy rrnocKoro yrna dx,, a K :meMeHTY TenecHoro yrna do. TenecHbltt yron MeJK.ny 

KOHYCaMH C yrnaMH pacTBopa X H X + dx eCTI, do = 2rr sin xdx. Il03TOMy HMeeM H3 

(2.28) 

da = ~(x) ldp/do. 
smx dx 

(2.29) 

Bo3Bpall(aHCI, K q>aKTH'leCKOll 3Ma'le O pacce»HHH IIY'JKa 'laCTHII He Ha 

Herro.nBHlKHOM CHJIOBOM 11eHTpe, a Ha ,npyrnx rrepB0Ha'lanbHO IIOKOHBlllHXCH 'laCTHIIax, 

Mhl MOJKeM CKa3aTb, 'ITO q>OpMyna (2.29) orrpe.nen»eT 3q>q>eKTHBHOe Ce'leHHe B 

3aBHCHMOCTH OT yrna pacce»HHH B CHCTeMe IIeHTpa HHepIIHH. ,L(rr» HaxOJK,neHHH JKe 

3q>q>eKTHBHOro Ce'leHHH B 3aBHCHMOCTH OT yrna pacce»HHH 0 B na6opaTOpHoil: CHCTeMe 

Ha,no Bblpa3HTI, B 3TOH q>OpMyne X 'lepe3 0. Ilpn: 3TOM rrony'laIOTCH Bb!paJKeHHH KaK ,nJIH 

Ce'leHHH pacce»HHH IIMaIOll(ero IIY'JKa 'laCTHII (x BblpaJKeHO '1epe3 81), TaK H ,nJIH 

'laCTHII, rrepBOHa'lanbHO IIOKOHBlllHXCH (x BblpaJKeHO 'lepe3 82). 

5. <l>opMyJia Pe3ep<J>op,ll;a 

0,nHo H3 BalKHeiirnn:x rrpnMeHeHHll IIOJIY'JeHHI,IX Bb!llle tpOpMyn - pacce»HHe 

3ap»lKeHHblX 'laCTHII B KYJIOHOBCKOM none. 

IloJIOJKHB B (2.25) u = a/ r H IIpOH3B0,nH 3JieMeHTapHoe HHTerpn:poBaHHe, 

rrony'IHM 

") ECJIII q>yHKl.lllll p( x) MHOf03HaqHa, TO Ha):(O B3l1Tb cyMMY no BCeM BeTBllM 3TOH q>yHK!.11111. 
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OTKy,n:a 

a 

mv!p 
cp0 = arccos 

1+(~)2, 
mv!p 

2 a2 2 
p = ~ tg <po, 

m v00 

mm, rrplI BBe,n:eHIIII cornacHo (2.2) <ro = ( 1t - x)/2 : 

a2 "' 
p2 =--ctg2!::. 

m2v! 2 
(2.30) 

)];mpcpepeHLt:IIPYH :no BblpIDKeHIIe IIO X II rro,n:CTaBJUIH a (2.28) IIlllI a (2.29), 

rron)"IIIM 

X 

)

2 cos-
a __ 2 

da = n( -2 . 3 X 
mv"' sm 

2 

(2.31) 

1Im1 

)

2 
a do 

da = (-2 v2 .-4 X 
m "' Sln l 

(2.32) 

3TO TaJ< Hll3bIBaeMM <}JopMy11a Pe3ep</Jopoa. 0TMeTIIM, qTQ 3cpcpeKTIIBHOe ceqeHIIe He 

3aBIICIIT OT 3HaJ<a a, Tfil< qTo IIOn)"IeHHhIH pe3ynhTaT OTHOCIITCH B paBHOH CTeIIeHII K 

KynoHOBCKOMY rromo OTTMKIIBaHIIH II IIplITH,KeHIIH. 

<l>opMyna (2.31) .n:aeT 3cpcpeKTIIBHOe ceqem1e B CIICTeMe OTcqeTa, B KOTOpoii: 

IIOKOIITCH ueHTp IIHepUIIII CTMKIIBaIOIIJ;IIXCH qacTIIU. )];nH qacTIIU, rrepBOHaqanhHO 

IIOKOIIBIIIllXCH, rro,n:CTaBnAA X = 1t - 20 B (2.31 ), rronyqlIM 

dcr2 = 21t _:!_ sin02 d02 = -;- ~-( )
2 ( )2 

mv! cos3 02 mv00 cos3 02 
(2.33) 

,[l;nH II~aIOIIJ;IIX )Ke qaCTIIU rrpeo6pa30BaHIIe rrplIBO,!l;IIT B o6meM cnyqae K BeCbMa 

rpOM03,!l;KOH cpopMyne. 0TMeTIIM nlIIIIh ,n:Ba qaCTHhIX Cn)"IM. EcnlI Macca m2 

paccelIBaIOrn;eii: qacTIIUhl BenlIKa IIO cpaBHeHIIIO C Maccoii: m1 paccelIBaeMOH qaCTIIUhI, 
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TO X se01, am se m1, TaJ< ~o 

)

2 

a~. 
da1 =(4E . 481 

1 sm 
2 

(2.34) 

r.n:e E1 = m1v!/2 - 3HepmH rr~a10meii: qacmuh1. 

EcnlI MaCChl 06e1Ix qaCTIIU 0,!l;HHaKOBhl (m1 = m2, m = m/2 ), TO cornacHo (2.10) 

X = 20, II IIO.D:CTaHOBKa a (2.31) .n:aeT 

dcr1 =21t(~)2 ~0~81 d01 =(~)2 ~0!81 do1. 
E1 sm 01 E1 sm 01 

(2.35) 

EcnlI He TOllhKO MaCChl 06e1IX qaCTIIU paBHhl, HO 3TII qacTIIUhI Boo6me TO~ecTBeHHhl, 

TO He IIMeeT CMhlcna pa3n1IqaTb rrocne pacceHHIIH rrepBOHaqanhHO .D:BIIraBIIIIIeCH II 

rrepBOHaqanhHO IIOKOIIBIIIIIeCH qaCTIIUhl. 06mee 3cpcpeKTIIBHOe ceqeHIIe .D:nH Bcex 

qacTIIU Mhl IIOllyqIIM, CKn~hIBaH II dcr2 II 3aMeHHH 01 II 02 06rn;1IM 3HaqeHIIeM 0: 

da = (~)

2

(~ +-\-)cos0do. (2.36) 
E1 sm 0 cos 0 

BepHeMCH CHOBa K o6meii: cpopMyne (2.31) II orrpe.n:enlIM c ee IIOMOIIJ;hIO 

pacrrpe,n:eneHIIe pacceHHHhlX qaCTIIU IIO OTHOIIIeHIIIO K TepHeMoii: IIMII B pe3ynhTaTe 

CTOllKHOBeHIIH 3Hepr1I1I. IlplI IIp01I3B0llhHOM COOTHOIIIeHIIII Me~y MaCCaMII 

pacce1IaaeMoii (m1) II pacce1Iaa10meii: (m2) qacmu rrp1Io6peTaeMaH rrocne,n:Heii: 

CKOpOCTh Bbipa,KaeTCH qepe3 yron pacceHHIIH B lf-CIICTeMe rrocpe,n:CTBOM 

v; = ~ v"' sin! 
m1 +m2 2 

(CM. (2.6)). CooTBeTCTBeHHO, rrp1Io6peTaeMaH 3TOH qacTIIUeii:, a TeM CaMhIM II 

TepHeMaH qacT1IUeii: m1 3HepmH paBHa 

,2 2 2 m2v2 m 2 . 2 X E=--=--v sm -
2 m2 "' 2 

Bbipa31IB OTCIO,n:a sin! qepe3 E II IIO.D:CTaBIIB B (2.31 ), rronyqaeM 
2 

2 
da=21t~ de 22· 

m2V"' E 
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3Ta qiopMyna oTBetiaeT Ha rrocTaBJieHHhiii Borrpoc, orrpe.n;emrn: 3qiqieKTHBHOe ceqeHne 

KaK 4JYHKUIIIO OT IIOTepH ::meprHH E; rrocne.n;mrn: rrpo6eraeT rrpII '.HOM 3HatieHHH OT HYAA 

.LIO Emax = 2m2v;,/ m2 • 

6. PacceHHHe no~ M3JlhIMH yrJiaMH 

BbI'IIICJieHIIe 3qJqJeKTHBHOf0 ceqeHIIH 3Ha'IIITeJihHO yrrpomaeTCH, ecnn 

paccMaTpIIBaTb JIIIIIIb Te CTOJIKHOBeHHH, KOTOpbre rrpoHCXOMT Ha 60JibllIHX 

rrpnuenhHbIX paCCTOHHHHX, r.n;e none U HBJIHeTCH cna6hIM, TaK 'ITO yrJihI OTKnOHeHHH, 

COOTBeTCTBeHHO, MMbI. TipII 3TOM Bbl'IIICJieHHe MO)KHO rrpOH3BO.LIIITb cproy B 

na6opaTOpHOli CIICTe_Me OTC'IeTa, He BBOM CHCTeMy ueHTpa IIHepunII. 

BbI6epeM OCb x ITO HarrpaBJieHHIO rrepBOHa'IMbHOfO IIMIIYJihCa paccenBaeMhIX 

qacTHU (tiaCTHUbl m,), a IIJIOCKOCTb xy - B IIJIOCKOCTH pacce»HHH. O603Ha'IHB 

rrocpe.n;cTBOM p; IIMIIYJihC qacTIIUbl rrocne pacce»HIIH, IIMeeM O'IeBH,D;HOe paBeHCTBO 

. 0 P;y sm 1 =-,-. 
Pi 

,lvrn MMbIX OTKnOHeHHli MO)KHO IIpH6JIJI)KeHHO 3aMeHHTb sin01 Ha 01, a B 

3HaMeHaTene-3aMeHIITb p; rrepBoHatianbHbIM HMIIYJibCOM P1 = m,voo: 

0,"" P;y 
m,voo. 

,n:anee, rrocKOJihKY Py = Fy, TO rronHoe rrpIIpameHne nMrrynhca B.LIOJih ocII y 

Ilpn 3TOM CIIJia: 

00 

P;y = fFydt. 
-00 

F _ dU _ dU dr _ dU y 
Y -- dy --dr dy ---;:-;· 

(2.38) 

(2.39) 

IlocKOJihKY IIHTerpan (2.39) y)Ke co.n;ep)KIIT MMYIO BeJIH'IHHY U. TO rrpn ero 

Bbl'IIICJieHIIH MO)KHO B TOM )Ke rrpn6JIJI)KeHHH C'IHTaTb, 'ITO qacTHUa BOBCe He 
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OTKnOH»eTCH OT CBoero rrepBOHa'IMbHOro IIYTII, T. e • .LIBJI)KeTCH rrp»MOJIIIHeiiHO (B.LIOJlb 

rrpHMOli y = p) II paBHOMepHo ( co CKOpOCTblO Voo). CoorneTCTBeHHO 3TOMY rronaraeM B 

(2.39) 

II rronyqaeM 

dUp 
FY=--;:-;, dt= dx 

voo 

I p 00 dU dx 
Piy=-- I--. 

Voo -oo dr r 

HaKoHeu, OT IIHTerpIIpoBaHHH ITO dx rrepeii.n;eM K HHTerpIIpOBaHIIIO ITO dr. 

IloCKOJihKY .Lin» rrpHMOJIHHellHOro IIYTII r
2 = x2 

+ p
2
, TO rrpII II3MeHeHHII X OT -OCJ .LIO +oo 

r II3MeH»eTCH OT OCJ .LIO p II 3aTeM CHOBa .LIO OCJ. IT03TOMY HHTerpan ITO dx rrepeii.n;eT B 

Y.LIBOeHHblll IIHTerpan ITO dr OT p .LIO oo, rrpII'IeM dx 3aMeH»eTCH Ha 

dx = --.!!!!._ . 
,Jr2 _ p2 

OKOH'IaTeJibHO rronyqnM .n;n» yrna pacce»HII» (2.38) cne.n;YIQmee Bhrpa)KeHne: 

2p 00 dU _.!!!_ 
e, =---2 I-;: -Jr2 -r2 · 

m1V00 p 
(2.40) 

qeM II orrpe.n;en»eTCH HCKOMM 3aBHCIIMOCTb 01 OT p IIpll cna6oM OTKJIOHeHHII. EcnII 

rrpoH3BeCTII Bech II3JIO)KeHHblll BbIBOJ:1 B IJ-CIICTeMe, TO Mbl IIOJIYtJIIM .LIJIH X TaKOe )Ke 

Bbipa)KeHIIe C m BMeCTO m, B COOTBeTCTBIIH C TeM, 'ITO MMhre yrnhr e, II X .LIOJI)KHbI 

fibITb CBH3aHhI COOTHOIIIeHHeM 01 = mi X· 
m1 +m2 

3qiqieKTIIBHOe ce'IeHHe pacce»HII» (B Jl-CIICTeMe) rronyqaerc» no TaKoii 

qJOpMyne, KaK (2.29) (c 01 BMeCTO X), IIpH'IeM sin01 MO)KHO II 3,D;eCb 3aMeHIITb Ha 01: 

)Ke 

dcr = I dp I p(e,) d01 -e---do1. - (2.41) 
I 
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7. Ynpyrue {IcyJIOHOBCKHe) CTOJIKHOBeHHH DOTOKOB 3apHmeHHbIX 

qacTHQ 

3apsr)l(eHHbie qacTllUbl C03,na.K>T BOKpyr ce6sr 3JieKTpn:qecKn:e IIOJISI. ,[J;Bn:rasrcb B 

IIOIDIX ,npyrn:x qacTllU, OHll ll3MeHSIIOT CBOIO TpaeKTOpllIO ll, B CBOIO oqepe,nb, CBOllMll 

3JieKTpn:qecKllMll IIOAAMll BJillSIIOT Ha ,npyrn:e qacTllUbl. TaKllM o6pa30M, npon:cxo,nn:T 

o6MeH ll nepepacnpe,neJieHn:e 3Heprn:il: Me~y CTaJIKllBaK>IUllMllCSI qacTllUaMll. 3Tn: 

npoueccbl Mbl Ha3bIBaeM ynpy2UMU KYJIOH06CKUMU cmOJIKH06eH1mMU 3apsr)l(eHHbIX 

qaCTllU. 

PacCMOTpllM o6myro Kapnrny ,nBll)l(eHllSI 3JieKTpOHOB ll llOHOB B 11Jla3Me ll 

MHOrOKOMIIOHeHTHbIX nyqKax 3apsr)l(eHHbIX qacnrn;. 3apsr)l(eHHble qacTllUbl C03,na.K>T 

BOKpyr ce6sr ,naJibHo,neil::cTByromee 3JieKTpn:qecKoe noJie, KoTopoe y6ornaeT c 

pacCTOSIHlleM KaK ljr. 3TllMll IIOJISIMll qacmuoI BJillSIIOT ,npyr Ha ,npyra, B pe3yJioTaTe 

qero MeHSIIOTCSI llX 3Heprn:n: ll IIMIIYJibCbl. B 60JiblliIIHCTBe ceyqaeB npn: ,nBll)l(eHIIII 

qacTIIUbI npOXOMT Ha 60JiblliIIX paCCTOSIHIISIX ,npyr TO ,npyra, II 3TO conpoBo~aeTCSI 

TOJibKO He3HaqIITeJibHbIMII II3MeHeHIISIMII IIX TpaeKTOpIIil::. EcJIII npII 3TOM BHYTpeHHIIe 

COCTOSIHIISI qacmu OCTaK>TCSI HeII3MeHHbIMll, TO TaKIIe B3aIIMO,neil::CTBIISI 6y,nyr 

ynpyrIIMII KYJIOHOBCKIIMll CTOJIKHOBeHIISIMII. MHoroKpaTHbie ynpyrne CTOJIKHOBeHIISI 

co BpeMeHeM Moryr npIIBO,nIITb K II3MeHeHn:IO cpyHKUIIH pacnpe,neJieHIISI MSI K~Oro 

Tlllla qacTIIU II (3TO SIBJISleTCSI oco6eHHO Ba)l(HbIM ,nJISI IICTQqHllKOB MHOro3apsr,nHbIX 

IIOHOB) K nepepacnpe,neJieHIIIO 3Heprnil:: Me~y pa3JIIIqHbIMII 3apsr)l(eHHblMll 

KOMIIOHeHTaMII. 3TII BOIIpOCbl 6bIJIII xopomo II3yqeHbl HeCKOJibKO ,necSJTKOB JieT Ha3M 

B CBS13II C pa3BIITIIeM <pll3IIKll 11Jla3Mbl II ~e CTaJIII KJiaCcIIqecKllMll. 

IlpII CTpOroM paCCMOTpeHIIII, B JII06oii: MOMeHT BpeMeHll Ka~asr 3apsr)l(eHHM 

qacTIIUa IIO,nBepraeTCSI B03,neii:CTBllIO rpOMMHOro qIICJia OKp~aroIUIIX qaCTIIU, II Bee 

3Tll B3aJIMo,neii:CTBllSI ,nOJI)l(Hbl 601Tb yqTeHbl. TaKM 3a,naqa, B npIIHUIIIIe, SIBMeTCSI 

Tpy,nHO propemn:MOH. qT06bI c,neJiaTb pemeHIIe B03MQ)l(HbIM, ,neJiaroT HeKOTOpbie 

ynpomeHIISI. HaII6oJiee npOCTbIM SIBJISleTCSI npII6JIII)l(eHIIe napHbIX CTOJIKHOBeHIIH. B 

3TOM npII6JIII)l(eHllll HenpepbIBHbIH npouecc o,nHOBpeMeHHOro B3aJIMO,neil::CTBIISI 

K~OH qacTllUbI C 60JiblliIIM qIICJIOM ,npyrIIX qaCTllU CBO,nIITCSI K MrHOBeHHbIM 
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IIOCJie,noBaTeJibHbIM CTOJIKHOBemrnM nap oT,neJibHblX qacTIIU, npIIBOMIUllM K TeM )Ke 

II3MeHeHllSIM 3HeprIIII II IIMIIYJibCa. 8 TO )Ke BpeMSI TpOHHbie, qeTBepHble II T. II. 

CTOJIKHOBeHllSI, Kor,na 0,nHOBpeMeHHO Ha o,nHO II TO )Ke pacCTOSIHIIe c6Jill)l(aJOTCSI TpII II 

6oJiee qacTllU, SIBJISIIOTCSI Kpail:He MaJIOBepOSITHbIMII npoueccaMn:. Ilo 3TOH npIIqIIHe 

npII6JIII)l(eHIIe napHbIX CTOJIKHOBeHn:il:: xopomo OTpa)l(aeT peaJibHYJO KapTIIHy II 

npIIBO,nIIT K npaBIIJibHbIM <pll3IIqecKIIM pe3yJioTaTaM. 

PaccMOTpIIM paccesrHIIe 3apsr,na Z1, IIMeromero Macey m1 II HaJiernromero II3 

6eCKOHeqHQCTII co CKOpOCTbIO V Ha Heno,nBII)l(HbIH 3apsr,n Z2 C Maccoil:: m2 {pIIC. I I). 

Z1 m1 v ___________. / 
/ 

/ 
/ 

/ e 

'I 
I' 

/ 

------~-------►-------
Z2m2 

P11c. 11. Ynpyroe pacce,rn11e qaCTIIW,I C 3apl!)I0M Z1 II Maccott m1 11 C 0TH0CIITenbH0H CK0p0CTbIO V 

Ha qacTm~e c 3apl!/10M 22 11 Maccott m2 

3cpepeKTllBHoe ceqeHIIe paccesrHIIsr Ha yroJI 0 Bblpa)l(aeTcsr xopomo II3Becrnoil:: 

cpopMyJioil:: Pe3epcpop,na: 

cr{S,v)=Z1Z2e
2 

I 
2µv 2 

~• 
sm -

(2.42) 

2 

r,ne µ = mimz - npIIBe,neHHM 
m1 +m2 

Macca II tg ~ = P _j_ • 3,necb p - npIIuenoHbrn 
2 p 

zze2 
napaMeTp CTOJIKHOBeHIISI, p _j_ = ~ - npIIuenbHblll napaMeTp, npII KOTOpOM 

µv 

IIpOIICXO,nIIT pacceSJHIIe rro,n IIpSIMbIM yrJIOM. 

EcnII Mbl IIMeeM HaJieTaIOIUIIH IIOTOK qaCTIIU nepBoro copTa C IIJIOTHOCTbIO n1, TO, 

IIpOIIHTerpIIpOBaB CIIJIY, ,neil::cTByromyro OT o,nHOH HaJieTaromeil:: qacmuu, 110 BCeM 
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B03MO:>KHbIM rrpm~eJibHbIM pacCTOHHIUIM p, MO:>KeM IIOJly<IIITb cpe,llHIOIO c1my F, 

AeiicTByiomy10 Ha HeIIOABH)l(Hblll 3apHA co CTOpOHbl HaJieTaIOmIIx <JaCTIII~: 

Z2z2 4 

F- = 4 L I 2e n1 -
7t 3 v, 

µv 
(2.43) 

rAe L - TaK Ha3bJBaeMbiii KyJioHOBCKHii JiorapuqiM: 

L = PT /dp 2 = ln[.JP~ax + P~in l = In Pmax. 
Pmin Pmin + P Pmin Pmin 

(2.44) 

<l>II3H'leCKII rrpaBHJlbHblll BbI6op 3HalJeHIIH rrpe,lleJIOB IIHTerp11pOBaHIIH ycrpaHHeT 

MaTeMaTH'IeCKYIO pacXOAHMOCTb HHTerpaJia Il o6ecrretJIIBaeT KOHelJHOe 3Ha'IeH11e 

KYJIOHOBCKOro Jiorap11qiMa. 06bI'IHO Pmin rrpIIHIIMaeTCH paBHblM MaKCIIMaJibHOMY 

3HatJeHIIIO 113 rpex BeJI.IIlJIIH: 

Z Z e2 
p = ~ - rrpm~eJibHOro rrapaMerpa AJIH pacceHHIIH IIOA IIP.lIMblM yrnoM; 

µv 

ao - pa3MepoB CTaJIKIIBaIOmHXCH tJaCTHU; 

, he rr r v , v 
A,= - -AJIIIHbl BOJIHbl µ,e npOHJl,ll HaJieTaIOmeu qaCTIIUbI C IIMIIYJibCOM p. 

p 

ITocJie,llHIIH cJiy'Iaii HMeeT MeCTO rrpII 6oJibIIIHX :meprIIHX CTaJIKIIBaIOmuxcH 

tJaCTHU, KOr,lla KJiaCCII'IeCKaH MeXaHHKa CTaHOBHTCH HerrptteMJieMa. 3TO rrpoHCXOAHT, 

eCJIII V > Z1Z2ac, r,lle a= 1/137 -IIOCTOHHHaH TOHKOH crpyKTypbl. 

BepXHIIll rrpe,lleJI HHTerp11poBaHHH Pmax rrpIIHHMaeTCH paBHblM JIII6o pa3MepaM 

paccMaTpHBaeMoro cryCTKa 'IaCTHU, JIH60, IIpH 60JibIIIIIX IIJIOTHOCTHX 3ap.s::>KeHHblX 

tJaCTHU, BeJIH'IHHe 

ro = ✓8 T 2, 
1tne 

r,lle T - TeMrrepaTypa II n - KOHUeHrp8UIIH 'IaCTIIU. BeJIII'IHHa 'o Ha3bJBaeTC.ll 

,lle6aeBCKHM PaAHYCOM u orrpe,lleJIHeT xapaKTepHoe paccTOHHHe, Ha KOTOpOM 

3apH:>KeHHbie qacTIIUbl 3KpaHIIpYJOT co6crneHHbie 3JieKTPII'IeCKIIe IIOJIH. 

PeaJibHO OTHOIIIeHIIe Pmin/Pmax IIpIIHIIMaeT O'IeHb 60JibIIIIIe 3Ha'IeHIIH, II 

KYJIOHOBCKIIH JIOrapIIqJM AJIH IIIIIpOKOro KJiacca 38Aa'I 113MeHHeTCH B O'IeHb 
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He3Ha'IIITeJibHbIX rrpe,lleJiax. 06bNHO L = 10 ... 15. rro 3TOH IIpII'IIIHe oueHO'IHblll 

xapaKTep orrpe,lleJieHHH rrpe,lleJIOB IIHTerp11poBaHIIH B (2.44) BIIOJIHe AOIIYCTIIM, TaK KaK 

He rrpIIBOAIIT, B KOHe'IHOM ClJeTe, K 3HalJIITeJibHblM OIIIII6KaM. 

rro ycrnHOBIIBIIIeiic.s: TepMIIHOJIOrIIII OT,lleJibHO paccMarpIIBaeMaH <JaCTIIUa 

Ha3bJBaeTC.ll rrpo6HOH. Bee OCTaJibHbie 'IaCTIIUbl paCCMarpIIBaIOTCH KaK cpe,lla, B 

KOTopoii ABII:>KeTCH rrpo6HaH 'laCTIIUa, 3TII tJaCTIIUbl Ha3bIBaIOTCH IIOJieBblMII 

qaCTIIUaMII. 

3HaH cpeAHIOIO CIIJIY, ,lleiicrnyiomyio Ha rrpo6Hyio 'IaCTIIUY, He TPYAHO 

orrpe,lleJIIITb AJIH Hee cpe,llHee 113MeHeHIIe IIMIIYJibCa II 3Hepr1111, Bbl3bJBaeMoe IIOTOKOM 

IIOJieBblX qaCTIIU: 

\
dp)- 41tn1 z2z2 4L· 
- ----3 I 2e V, 
dt µv 

(2.45) 

(dE)- 41tn1 z2z2 4L 2 - ---- I 2e V. 
dt µv3 

(2.46) 

Terrepb paCCMOTpIIM cJiyqaii, KOr,lla IIOTOK rrpo6HbIX tJaCTIIU ABII:>KeTCH qepe3 

cpeAy IIOJieBblX 'laCTIIU, B pe3yJibTaTe CTOJIKHOBeHHH IIOTOK 6y,lleT pacIIJibJBaTbCH B 

11orrepe'IHOM II rrpOAOJibHOM HarrpaBJieHH.lIX. B 'IaCTHOCTII, roBOpH B IIOHHTIIHX ql113IIKII 

IIY'JKOB 3apH:>KeHHblX 'laCTIIU, 6yAeT yBeJIII'IIIBaTbCH 3MIITTaHc rryqKa. Orr11caTb 3TII 

rrpouecc B03MO:>KHO CJieAyiomIIMII ypaBHeHIIHMII: 

\
dp1) _ _ J!.L. 
dt - ,12, 

I 

r,lle ,)2 - cpe,llHee BpeM.ll rrpOAOJibHOro 3aMeAJieHIIH 'IaCTIIU It l" B cpe,lle "2"; 

/dP/)=- If 
\ dt ,)2' 

r,lle ,)2 - cpeAHee BpeMH rrorrepe'IHOro cpe,llHeKBaApaTII'IHOro OTKJIOHeHIIH; 

(dr;;) = r;;, 
dt 'e 

(2.47) 

(2.48) 

(2.49) 

r,lle 'ts eCTb cpeAHee BpeMH YBeJIII'IeHIIH pa36poca ITO 3HeprIIHM IIJIII paCIIJibIBaHIIH 

IIOTOKa rrpo6HblX <JaCTIIU B rrpOAOJibHOM HarrpaBJieHIIII (HaIIpIIMep - YBeJIII'leHIIe 

3MIITTaHca IIY<JKa). 
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ITpe,n;rroJIO)KllM, 'ITO IIOJieBhie qacTHilhl CaMll HIDW,D;HTCH B xaoruqecKOM 

,D;Bll)KeHHII II yrrpyro B3aI1MO,n;eiicrny10T ,n;pyr C ,n;pyroM. B 3TOM cnyqae HaII6onee 

BepOHTHO, 'ITO IIOJieBhie qacTIIIIhI pacrrpe,n;eneHhl ITO 3aKoHy MaKcBeJina: 

( )
3/2 [ 2] m2 m2v 

/ 2 =n2 -- exp --- , 
2rtT2 2T2 

(2.50) 

r,n;e T2 - TeMrrepaTypa rroneBhIX qacTIIII-

I1HTerpHpyH ypaBHeHIIH (2.47)-(2.50) c QlYHKIIIleii pacrrpe,n;eJieHIIH (2.49), 

MO)KHO IIOJI)"llifh xapaKTepHhie BpeMeHa Il3MeHeHIIH rrapaMeTpOB O,D;Hopo.n;Horo rryqKa 

qaCTIIII B cpe,n;e C MaKCBeJIJIOBCKHM pacrrpe,n;eneHileM. 

OrrycKaH BhJqIICJieHHH, IIOJiyqIIM 

12 

.~2 =-( t~) 
1+ m: y 

12 
.12 _ •1 . 

I - 2(y + y' - _1_)' 
2x2 

12 
12 •1 •e = 4y. 

Xi 

3,n;eCh Mhl llCIIOJih30BaJIII o603HaqeHIIH: 

E2 m2 E1 
X2=-=--

T2 m1 Ti 

- OTHOIIIeHile 3Heprnll qacTIIII IIOTOKa K TeMrrepaType rroneBhIX qaCTHII; 

12 M 
•1 = ~ 2 2 4 

v2rtZ1 Z2e n2Li 2 

- rrpocTeiiruee BpeMH pe11aKCa1fuu; 

x2 (3 ) y=y(x2 )= Je-1✓tdt=y 2,x2 ; 

y'(x)=: =e-x✓x; 
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(2.51) 

(2.52) 

(2.53) 

(2.54) 

(2.55) 

(2.56) 

r,n;e y( a, x) eCTh HeIIOJIHaH HOpMaJII130BaHHaH raMMa-Q}YHKIIIIH • 

KpoMe rronyqeHHhIX BhIIIIe xapaKTepHhIX BpeMeH, MO)KeT 6hITh orrpe,n;eneHa 

CKOpOCTh rroTeph 3Heprl!II II rrepe,n;aqa ee cpe,n;e rrpo6HhIMII qacTHIIaMII: 

12 
•tr 

• 12 
0 

2(r·-::r)" 
(2.57) 

B OTJIIlqlle OT IIMIIYJihCa (2.47), KOTOphlli BCer,n;a rrepe,n;aeTCH TOJihKO OT IIOTOKa K 

cpe,n;e, II IIOTOK TOpM03llTCH, Il3MeHeHile 3HeprI1II qaCTIIII IIOTOKa, OIIIIChIBaeMoe 

ypaBHeHHeM 

dE1 2E1 [ ,· m1 ] ---y--y 
dt - t 12 m ' 

1 2 

(2.58) 

MO)KeT l!MeTh o6a 3HaKa, IIOCKOJihKY IIOTOK 6hICTphIX qaCTIIII 6y.n;eT HarpeBaTh cpe,n;y, 

rrpll 3TOM Ha BpeMH 3aMe,Llllil.HCh, a IIOTOK Me,D;JieHHhIX qacTHII MO)KeT ee OXJia)K,D;aTh . 

'I1pI1Be.n;eM KOHKpeTHhie 3HaqeHIIH BpeMeH penai<CaIIIIH rrpH 6onhIIIIIX 3HaqeHIIHX 

3HeprnI1 rroTOKa. B 3THX ycnoBHHX x >> 1, A(x2) = .J;,/2, y(x2) = 0. Tor,n;a, rrpHHIIMaH 

,r,;;; Ef2 
•o=----

.fi.n e4n2L' 

rronyqaeM 3HaqeHHH t/, t,, te, •tr MH cneAYIOIIIHX cnyqaeB: 

1) rryqoK 3JieKTpOHOB C 3Heprneii Ee B cpe,n;e l!OHOB C TeMrreparypoii T;, 3apH,D;OM i 

II Maccoii A1M, r,n;e A; - MaccoBoe qI1cno IIOHa; 

2) rryqoK 3JieKTpOHOB c 3Heprneii Ee B cpe,n;e 3JieKTpoHOB c TeMrrepaTYPOii Te; 

3) rryqoK l!OHOB C 3Heprneii E;, C 3apH,D;OM i II Maccoii A;M, B cpe,n;e l!OHOB C 

TeMrrepaTypoii Tk, 3apH,D;oM K II Maccoii AkM; 

4) rryqoK l!OHOB C 3Heprneii E;, 3apH,D;OM i H, Maccoii A;M, B cpe,n;e 3JieKTpOHOB C 

. TeMrrepaTypoii Te. 

3rn 3HaqeHml IIpHBe.n;eHhl B Ta6JII11Ie. 

<l>opMyJihl (2.51)-(2.53) ll Ta6JII1qffhle 3HaqeHIIH QlYHKIIIlll y(3/2, x) II03BOJIHIOT 

orrpe,n;eJIHTh BpeMeHa peJiaKCaIIIIII 't/, t1, 'te, 'ttr IIpII ,n;pyrHX OTHOIIIeHIIJIX 3HeprIIII rryqKa 

K TeMrrepaTYPe cpe,n;hI. 
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't I ei ee ik ie 

't/ I 'to/;2 'to/2 f,!~-1_ 
A; +Ak i2k2 g£~ ;2 

'tt I 'to/2;2 I 'to/2 I J¥ 'to 
2i2k2 J¥1 2i2 

e, AiM E, E; Ak ✓AiM E; g£ 'tc I 4 7/ ---;;;: 'to -'to 
4T,/k2 A; --;;;:'to 4T,/ A;M'to 4T, 

't17 
_l_A;M 'to 
2;2 m, 

'to/2 1 Ak ✓A1M 
2i2k2 A; --;;;:'to 

1 g£ 
2;2 A;M'to 

Ycnoaue Tm TkA. AM 
npHMeHH· E >>-'-' E, >> T, &->>--' E; >>T,-' -

MOCTH ' A;M I Ak m, 

11, HaKoHel(, ,nn.ll 3aaepmemrn KapnIHhI cne,nyer paccMOTpeTh ycTaHoanem1e 

paBHOBec1rn B ,nayxKOMIIOHeHTHOH cpe,ne 3ap.ll)I(eHHblX qacTJII(, r,ne Ka)I(.L{a.ll Jl3 

KOMIIOHeHT JIMeeT CBOIO TeMnepaTypy • .l{Il.ll :noro Heo6xo,nJIMO 11poJ1HTerpJ1poBaTb 

ypaBHeHJle (2.58) c q>yHKI(Jleii pacnpe,neneHJl.ll MaKcaenna qacmu nepaoro mna JI 

11onyqJ1Tb 

d1j 1j-T2 
di = #, (2.59) 

r,ne 

12 = 3-fii m2 't:2(1j + m2 T2)· 
'tr 8 m1 m1 

(2.60) 

He -rpy,nHo BJ1,neTb, qrn 

d1j dT2 n1-=-n2-
dt dt 

(2.61) 

BbIIIJlllieM B .lIBHOM BJl,ne xapaKTepHbie BpeMeHa ycTaHOBneHJl.ll paBHOBeCHOH 

TeMneparypbI Me)I(,ny ,nByM.ll KOMIIOHeHTaMJI :meK-rpOHOB C pa3HOH TeMnepaTYPOH Ti JI 

T2: 

ee 
'tr 

3.r,;;: (Tj + Ii. yt2 
8firr.e4Ln2 

:meKTJ)OHaMII JI JIOHaMJI C TeMnepaTypaMJI T, II T;: 

ei _ 3(A;MT, + m,T; Yf2 

'tr - ~ ~ 2 4 • 
8v21t-yAim,Mi e Ln; 
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(2.62) 

(2.63) 

'tei 'tie 
(3aMeTJIM, qTo BbIIIOilH.lleTC.ll oqeBJl,L{HOe paBeHCTBO i = _L.) 

n, n; 

Me)I(,ny JIOHaMJI C prom1qHbIMJI 3ap.8,naMJI i II K, MaCCaMII A;M II AkM. JI 

TeMnepaTYPaMII Ti JI T2: 

ik _ 3 ✓M (AkT; + AiTk Yf 2 
'tr -

sfirr, ,.jAiAk i2k 2e4Lnk 
(2.64) 

PaccMOTJ)JIM B KaqecTBe IIIlillOCTpal(IIJI KOHKpeTHbie 11pJ1Mepb1: 

1. 3neKTpOHHbIH nyqoK C BbICOKOH :mepmeii pacnpoc-rpaH.lleTC.ll qepe3 cpe,ny 

IIOHOB JI 3neKTJ)OHOB Hil3Koii 3HeprI1II (e, >> T;, T,). CornacHo Ta6nI1ue, ecnII IIOHhI 

IIMeIOT 3ap.ll,n z > 1, TO nyqoK pacce1rnaeTC.ll II TOpMO3IITC.ll Ha IIOHax 6bICTpee, qeM Ha 

3neK-rpoHax. B TO )Ke apeM.ll o6MeH 3Heprneii nponcxo,nnT, B nepBYIQ oqepe,nb, Me)I(,ny 

nyqKoM n 3neKTpOHaMn, KOTOpbie 6y,nyT HarpeaaTbC.ll B AiM /Pm, pro 6hlc-rpee, qeM 

lIOHbl. 

2. IlyCTb eCTb cpe,na, COCTO.llll(a.ll Il3 lICilbITbIBaIOII(IlX ynpyrne KynoHOBCKHe 

CTOilKHOBeHH.ll ,nayx KOMIIOHeHT - 3neKTpOHOB lI IIOHOB. Ilpe,nnono)I(HM, ~o 3Hepm.ll 

3IleKTJ)OHOB MHOro Bblllie, qeM 3Hepm.ll HOHOB. Tor,na Il3 (2.61)-(2.63) MO)I(HO 

nonyqnTh 

ee . ii . ei _ l . ✓ AiM 1 . A;M 
•r · •r · •r = · -- -:T · -. -.2-, 

m, 1 m,1 

n yqnThIBM, qrn M / m, = 1836i nonyqnM .~•, ,:;; << .,; . 

Cne,noBaTenbHO, npouecc ycTaHoBneHH.ll paBHOBeCH.ll ,nn.ll Ka)I(,L{OH KOMIIOHeHThl B 

OT,nenbHOCTil (B TOM qncne lI Me)I(,ny IIOHaMil pa3HbIX THIIOB lI 3ap.ll,nHOCTeii) ropro,no 

6onee 6b1c-rph1ii, qeM npouecc nepe,naqn 3Hepmii n BbipaaHnBaHH.ll TeMneparyp Me)I(,ny 

3IleKTJ)OHaMil lI lIOHaMil. 3To .lIBil.lleTC.ll cne,nCTBHeM 6onhlIIOro pa3nilqn_g Mace Me)I(,ny 

HlIMII. Y CTaHOBneHne paBHOBeCH.ll BHYTJ)II 0,L{HOH KOMIIOHeHTbI, nnn npouecc T. H. 

MaKCBennn3al(Illl, -rpe6yeT OT,nenbHOro pacCMOTpeHil.ll. 

B o6meM cnyqae ,L{BI1)I(eHI1e qaCTIII( a npoc-rpaHCTBe Koop,nnHaT r n CKOpOCTeii v 

onpe,neAAeTC.ll q>yHKI(Ilett 

KHHernqecKOMY ypaBHeHIIIO 

pacnpe,neneHil.ll f = j{r, v, t), 

df =St/, 
dt 
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r,l{e CHMB0JI Stf H83hlBaIOT lfHTerpaJI0M CTOJIKHOBeHHH, 03HatJaIOIUHM CK0p0CTb 

lf3MeHeHIUI lp)'HI<Ulflf pacnpe,l{eneHHH B pe3yJibTaTe CTOJIKH0BeHHH. ~ Hanmx 3a,l{atJ 

HlITerpaJI CTOJIKHOBeHHH onpe,l{eJIHeTCH KYJI0H0BCKHM pacceHHHeM 3apH)KeHHbIX 

tJaCTHII Ha MaJihle yrnhl H, B C00TBeTCTBHH C q>OpMynoii Pe3epqiop,l{a (2.32), CB0,l{HTCH K 

TeM )Ke Bbipa)KeHHHM, 'ITO npHBe,l{eHbl B npaBbIX qacTHX ypaBHeHHH (2.43) H (2.44). 

PaBHOBeCHaH q>)'H~H pacnpe,l{eneHHH, C0OTBeTCTBYIDIUaH CT~lf0HapHOMY perueHHIO 

ypaBHeHHH (2.65), eCTu pacnpe.l{eneHHe EonhIIMaHa, 

{ 
U(r)} ( Mv

2

) fo = exp -T exp -
2
T , (2.66) 

KOTOpoe npHBO,l{HT K pacnpe,l{eneHHIO MaKCBenna no CKOpOCTHM ,l{Blf)KeHHH tJaCTHII 

(2.50). 3,l{eCb U(r)- noTeHIIHaJibHaH :meprnH qacrn11. 

~ TOtJHOro onpe,l{eneHHH BpeMeHH ycTaH0BJieHHH paBHOBeCHOH qJ)'HKIIlflf 

pacnpe.l{eneHHH rpe6yeTcH perueHHe KHHeTHtJecKoro ypaBHeHHH. B o6meM BH.l{e 3TO 

C,l{enaTh HeB03MO)KH0. O.l{HaKO MO)KHO nOK83aTh, 'lTO no n0PMKY BeJIH'IHHbl 3TO BpeMH 

COBna,l{aeT C 

✓M 1 T 312 

·t;(T)= ~44-, 
1tv2 1 e Ln 

r.l{e T = 2E/3. 3.l{ecb E - cpe.l{HHH 3HeprnH scex tJaCTHII .l{aHHOH KOMnoHeHTbI. 

(2.67) 

Mhl paccMorpenH ynpyrne KYJIOH0BCKHe CTOJIKH0BeHHH Me)K.l{y 3apH)KeHHblMlf 

tJaCTHIIaMH npH pacnpocrpaHeHHH nyqKa qepe3 cpe.l{y H ,l{JIH cpe,l{bl, COCTOHrn;eii H3 

3apjJ)KeHHhlX tJaCTHII HeCKOJII,KlfX rnnoB. CpaBHeHHe xapaKTepHbIX BpeMeH penaKCaIIHH 

C xapaKTepHbIMH BpeMeHaMH HOHH3~HH H nepe3apH.l{KH nOK83bIBaeT, 'lT0 BeJIH'IlfHbl .•i 

0K83blBaIOTCH CpaBHHMbIMH, a .•i H 'tii rop83.l{0 MeHbIIIe, tJeM BpeMeHa 'ti =1/v,crin, H 

.a = 1/v; crern;. Cne,l{OBaTeJibHO, ynpyrHe CT0JIKHOBeHHH HBJIHIOTCH npHtIHHOH 

nepepacnpe,l{eneHHH :meprnH Me)K.l{y p83JilftJHbIMH K0MnoHeHTaMlf H MOryT OK83bIBaTb 

3HatJHTeJibH0e BJIHHHHe Ha CK0p0CTh peaKUHH H0HH3~HH H nepe3apH.l{Klf, H, 'lT0 

oco6eHHO Ba)KHO, Ha CKOpOCTh noTepb H0HOB If 3JieKrpOHOB H3 HCTO'IHHKOB 

MH0ro3apH.l{HhlX HOHOB. 
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